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Abstract

This dissertation describes the synthesis of prasplunctionalized imidazolium salts and their
use in the preparation of chelating mixed phosttankene ligands. The novel ligands were used
for the synthesis of homoleptic complexes of RH((}), Ni(ll) and Pd(Il). The reactivity of the
Rh(l) and Ir(I) complexes with respect to small emlles has been investigated and the catalytic
activity of the Pd(Il) complexes f@uzukicoupling has been explored as well.

Starting from ethylvinylimidazolium iodide and HRPRhe imidazolium ligand precursoeb and

E6 were synthesized in high yield. Their conversionthe aspired mixed phoshane carbene
ligand E7 has been accomplished in situ by deprotonatioh W[N(SiMe3),]. The degree of
conversion was almost quantitative as the readfahe resulting solutions with G$jiving the
thiocarboxylateE8 proved.

In situ generate@7 reacts with 0.5 equivalents [Rh(u-Cl)(COPY give the novel homoleptic
Rh(l) complexegis-E10, transE12, cis-E11, trans-E13 in high yields. All new complexes have
been structurally characterized by single crystata)X crystallography. NMR spectroscopic
stuidies of the dynamic behaviour of the compleixesolution have proved interconversion of
cis- andtransisomer at elevated temperatures. A mechanisnhisrréaction has been proposed.
The oxidative addition of small molecules like, &, CHgl, I, to cissRh(l) complexes10 or
E11, respectively, afforded novel Rh(lll) complex&l4, E15, E16, E17, E19. All new
complexes have been characterized by standardrepempic methodand single crystal X-ray
analysis. The complicated solution dynamics of theperoxo-Rh(lll) complexE14 was
explored in detail by'*P NMR-spectroscopy. The synthesis of nosigHr(l) complex E20 has
been achieved by reaction B7 with [Ir(u-CIl)(COD)L. It reacts with H, O,, S, CO, CHi, I,
giving the novel Ir(1ll) complexe£21, E22, E23, E24, E25, E26. Their structures ardescribed

in detail. The synthesis of novel homoleptians-Ni(ll) and Pd(ll) complexesE27, E28 and
their structural spectroscopic properties is desctias well. The interconversion betweenand
trans isomers of Pd(ll) compleXE28 at high temperature was again proved %y NMR
spectroscopy. The catalytic activity vans-Pd(Il) complexE28 with respect t&Suzukicoupling

was surveyed.
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1 Introduction

1.1 N-Heterocyclic carbenes (NHC)

Since the pioneering work @urtius*® Staudingef'® and even earlier effoft§ carbenes have
played an important role as transient intermediates the last five decadEsThe application of
carbenes into organic chemistry and organometeti@mistry was introduced Hyoeringin the
19508" and by Fischer 1964 respectively. Since then research on carbenesraydly
expanded, but almost no attempts were made tdigeabarbenes until the 1980s whEoamioka
started to study persistent triplet diaryl carbéfle3he first isolated singlet carbenes were
reported in 1988 bertrand® 1 and in 1991 byArduengd’ 2. The phosphino carberiecan be
distilled at 80-85 °C’ /102 Torr and the N-heterocyclic carbene (NHE}s a crystalline solid
that melts above 240 °C (Figure 1.1).

Me;Si i —
391 /N PI’2
\ Ad” N\ TAd
N'Pr, -
1 2

Figure 1.1: The first isolated singlett carbenes.

Although the use of N-heterocyclic carbenes asntigafor transition metal complexes was

described almost 36 years agotfgleandWanzlickwho prepared compoungsand4.®°
2+
N/—\N _I 2CIO,
CH
i P Y “ph
Hg
Cr(CO)
[N>— ° Ph__ /k _Ph
\ N N
CHs \__/
3 4

Figure 1.2: Transition metal complexes synthesised¥igleandWanzlik

In 1968Wanzlicket al proposed that there is an unfavourable ibguin between carbenes with

their corresponding dimers [eq.1]. His suggestiame from molecular weight measuremétfis.
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(eq. 1)

['212 proved Wanzlick's hypothesis of a carbene dimer equilibrium betwebe

Lema

tetraaminoethyleng and the corresponding free carbéneq. 2) by NMR spectroscopy.

TR 0
=1 O»
— — |

vy )

R R R

5 6

(eq. 2)
The particular stability of NHCs made them very plap and during the last years further
analogues were synthesized (Figure 1.3). In 1®@fiengoproved™® by preparation of NHG
that aromaticity is not needed to stabilize a Sewlet carbene. In 1998lder even isolated an
example of the acyclic NH8!
This research area is continually expanding whah lse seen from the isolation of novel four—
membered carbeld 9 by Grubbs and the alkyl carbeff& 10 by Bertrand These types of
NHCs are more electron rich, but also lack any atancharacter.

iPr iPr
ipr N iPr
)\ iPr  iPr A /
_N_ N_ b N_ N —N
mes \_/ mes iPr— vN\iPr \_/ R
iPr iPr
7 8 9 10

Figure 1.3: Stable NHCs and their derivatives



1.2 Hybridisation and structures

121 Singlet vs. triplet carbenes

Carbenes are neutral divalent carbon species litkedo adjacent groups by covalent bonds.
They possess two non-bonding electrons and sixwealelectrons. The non-bonding electrons
can be either spin paired (singlet state) or haammllel spins in different orbitals (triplet

state).Figure 1.4 shows the possible arrangemétitese two electrorts”

Fn Pt Pt Pt
S Q N Q
\\\\ \\\\ \\\\ \\\\
(o] o ol (o]

Singlet Carbenes Triplet Carbene

Figure 1.4: Electronic configuration of carben@s.

1.2.2 Electronic properties of different types of singlet carbenes

Electronic effects generally control the spin nplitity of a carbene although steric effects can
also play a role in the stabilization and spin mplittity. The difference in energy between the
and pfy orbitals can be used to predict the spin muttipfli of the carbene. The type of
substituents bonded to the carbene atom can irdéu#ime energy of orbitals by their electron
withdrawing or donating nature.The geometry of thebenes substituted with inductive electron
donating residues leads to non linear structures ¢mser to 180° than 120°) favoring triplet
states. This originates from the +| effect of thelectron donating substituents which induce a
small o-p(M) gap (HOMO/LUMO) between the non bondiwsgorbital and anti bonding pyf
orbital. In this case the energy gap is smallenttiee spin pairing energy and therefore these

carbenes favors the triplet state (Figure 7).
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Figure 1.5: Molecular orbital diagram of a triplet carbele.

o-electron-withdrawing substituents favor the sibgitate. Indeeds-electron-withdrawing
substituents inductively stablize thenonbonding orbital by increasing its s charactet keave
the prorbital unchanged. The-p(m) gap is increased and the singlet state is favared free

electrons are paired in the non bondingrbital (Figure 1.6}

Zpxy 2 —. Pr(b1)
A
I o
2s
-=b
b, 2
E a
~_a,
C XX
aq

Figure 1.6: Molecular orbital diagram for a singlet carbétfk.

1.2.3 Mesomeric effects

Substituents interacting with the carbene centerbeaclassified into two types, namely X (for
electron-donating groups such as (-F, -Cl, -Br-NR;, -PR, -OR, -SR, -SB and Z (forte-
electron with withdrawing groups such as (-COR, ;@08F;, -BR;,, -PR"). Therefore according



to the substituents singlet carbenes can be dkssifto highly bent (X,X) carbenes and linear or
quasi linear (Z,Z/X,Z) carbenes.

1.2.4 Carbenes containing two Teacceptor substituents

Most of the (Z,Z) carbenes are predicted to bealirenglet carbend®'® These carbenes are
best described by the superposition of two zwitted structures featuring a positive charge at

the carbene atom, an example of this type are gitavbened1.2%

R
\ _ /R R\ @ /R
/B— —B\ B B—C=B®
/ \
R R R L
1 12

For this type of compound, the symmetric combimatamf the substituents vacant orbitals
interacts with the porbital of the carbon atom, which is perpendicularthe valance plane
(Figure 1.7). This interaction does not affect fheorbital. Therefore the (ypy)-degeneracy is
broken leading to a singlet state for this typecofmpound$”? Note that this pattern of
substituents results in a polarized two electrogadfcentertsystem. Hence the C-Z bonds have

some multiple bond character.

Figure 1.7: Molecular orbital diagram of a (Z,Z)-carbehd

1.2.5 Carbeneswith two rtdonor substituents
(X,X)-carbenes are predicted to be bent singleberzed’®® The energy of the vacantT(

orbital on the carbene carbon atom is increasadtbyaction with the symmetric combination of



the substituents lone pairs. Thus () gap is increased and the singlet state is favored
(Figure 1.8). Donation of the X-substituent lonerpaesult in a polarized four electron three
center bonding system.The C-X bonds acquire somkipheubond character. This type of
carbenes can be described by the superpositiowmfztvitterionic structures with a negative

charge at the carbene center
Pr(b4)

Pn - 8_
E ')'(/ \)'(‘ -~ Ry
& — 128" 128"

= XX

by

Figure 1.8: Molecular orbital diagram of (X,X) carbeHé.

Representative examples for these carbenes are tifesient dimethoxycarbeffé!
dihalocarbené®! and NHC—carbenek3 in which the carbene electron deficiency is reduoe
the donation of the two nitrogen lone pairs white tcarbene lone pair is stabilized by the

inductive effect of two electronegative nitrogeoras.
R
RN
2
R™ N
R
13
As described above NHC-carbenes do not undergdrepddlic reactions like insertion or
cycloadditions. Furthermore, they can be handlegpical donor solvents including THF, liquid
ammonia or acetonitrilé?!
Wanzlickreported that delocalization oft@lectrons in unsaturated NHC five membered risgs i

responsible for the stability of these carbefigfele andHermannon the other hand, showed
that the addition of Osfdo the C-C double bond in the ring that little metdic character exidtd



(eg. 3). This observation is supported by quantum mechhnialculations of the charge

distribution confirming these propertig&2"

N
CHy | _
N - N\ /
: CH
[ M(CO)5 + OSO4 +2(:5H5N —— \ / N'(/)/S‘\O | 3
o) N
"\ © >—M(co)
CH3 N °
M =Cr, Mo W H I
CHj

(eq. 3)
1.2.6 Carbeneswith Tedonor and Teacceptor substituents
(X,Z2)-carbenes exist in the singlet state and aest lescribed by the superposition of two
zwitterionic structures with a negative chargehatd¢arbene center or as an allene type system. A

good example of this type of carbenes are phospiytcarbene&™

R\ — e R\ © L R\ @ N
P=C—SiR; == ®P=C—SiR; ~—> @P=C=SkR,
R R R
14a 14b 14c

This carbene combines electron donating and acapptiteractions (Figure 1.9). The P-
substituent lone pair interacts with the emptyogbital of the carbon atom while the Si-
substituent vacant orbital interacts with the fllig-orbital of carbon. These substituent effects
are both stabilizing and favor the singlet statee Vacant porbital is destabilized while the

filled px-orbital is stabilized.

Figure 1.9: Molecular orbital diagram of a (X,Y)-carbeli8.



1.3 Synthesis of free carbenes

In the early 1960sWanzlicktried to prepare 1,3-diphenylimdazolidin-2-ylideb@ from 15 by
thermal elimination of chloroforn{eq. 4.*® The formation of the electron-rich olefin is
generally seen in the saturated imdazolium bassigsg but not in the unsaturated imidazolium
systems. The formation of the olefin (dimer) mayibeicative that the saturated carbenes are
less stable than the unsaturated carbenes. Theased stability of the unsaturated carbenes is

likely due to the stabilization of them(orbitals by the aromatix systent”!

Ph Ph
[ >< -HCCly [ > [ / i j
—_—
N CCI3
Ph Ph PH
15 16 17

(eq. 4)
At that time, only the dimeric electron rich olefirl7 was isolated and cross coupling
experiments did not support an equilibrium betw&gmnd two carbene units @6.%% In 1970
Wanzlickand coworkers demonstrated that the imidazoliurh Kalcould be deprotonated by
potassium tert-butoxide to afford the correspondimigdazole-2-ylidenesl9 which were not
isolated, (eq. Y but allowed to react with phenylisothiocyanate teegthe betaine€0. The
analogous reaction &1 with mercury chloride results in the formationtbé mercury carbene
complex23 (eq. 6)>%

Ph
Ph N Ph_ | e Ph
J@>_H KIOBu | N I s=c=N—Ph Ph_ o
—_— > _— > /7
o’ N g, -HCIO, N> 45% ®)—cio
thO4 Ph I Ph N SH
Ph Ph
18 19 20

(eq. 5)



" W o "

K'OBu N 1/2 HgCl, N N _
[@ H —— [ | | —— [ Hg— :] 2Cl
N>_ _ -Helo, | N> 63% | N>_ TN |
Ph Ph Ph
21 22 23

(eq. 6)
However, in none of these examples the free carbasdeen observed or isolated, respectively.
The first isolated crystalline carbene was obtaifgdArduengo et al. in 1990 (eq. 7
Compounds25 was synthesized by deprotonation of 1,3-di-adayfiamtiazolium chloride24
with sodium or potassium hydride, respectivelydimethylsulfoxide. The colorless crystals of
25 are airstable and melt at 240-2€1 The free NHC has been characterized by a vaodkty

spectroscopic methods.

cf
[\
@5T \@ RT, NaH E/ NS \@ +H, + NaCl
H THF, cat. DMSO

24 25
(eq. 7)
Hermannand coworker§® showed that the deprotonation of imidazolium dites26 with NaH
occurs much faster in liquid ammonia. Carbenes Wwittctional groups like e.g. alkoxy groups,
amino groups or phosphanido grou@gd-f) as well as chiral carbenes likég and bis-imidazol

-2-ylidenes like27h have been prepared following this procedure (gq. 8

NH5/ THF (5:1)

'l? R
N NaH, - 40°C, 30 min N
@>—H : ’ > [ >| + H, + NaX
';1 N
I\ |

26 27d-F
R= CH3, O-CsH»]»]

(eq. 8)



EtO Me

Me N
Me e -,H I
DR 5o L
N l N [N> [N>' 2
S S S S '
EtO EtRN Ph,P Ph/l\l/IeH E:\\l'n
27d 27e 27f 279 27h

R=H, Et
In 1993 Kuhn and co-workers developed a new and versatile apprdao alkyl substituted
NHCsB* In the first step they reacted the N,N-dialkyltiieas29a-c with 3-hydroxyl-2-
butanone28 to yield imidazole-2(3H)-thione30a-c in high yield. The latter were reduced with
potassium in boiling THF yielding the carber#ds-c (eq. 9).

Me_ o R R
+ 1-hexanoal, A N K THFE. A Me N
; BET ‘ p=s KTHA, | )l
Me OH 2 l}l N
R Me R Me I
28 29a-c 30a-c 31a-c
a:R=Me
b:R =_Et
c:R="Pr

(eq. 9)
In the same yeakrduengoisolated and characterized the saturated carB@ig deprotonation

of the imidazolium salB2 with potassium hydride in THF at room temperatag 10)*

I\Illes Mes
N
KH THF
+)—H
[N) _ -KCI H, [ > l
Cl
Mes
32 33

(eq. 10)
In 1995Enderset al. developed another synthetic method forpteparation of NHCs. 1,2,4-
triazol-5-ylidene35 was obtained from the corresponding 5-methoxy4it@phenyl-4,4-dihydro

10



-1,2,4-triazole34 by thermal elimination of methanol at°80 under reduced pressure (0.1 mbar)

(eq. 1.5 Compound35 became the first carbene to be commercially abiaila

Ph

- :
Ph
| N><H 0.1 mbar , 80°c_ YN>|
N~\" OMe  -HOMe N\w

|
Ph Ph

34 35

(eq. 11)
Following the above described synthetic routes maiffgrent types of stable amino-carbenes
like imdazolidin-2-ylidenes36,*®! tetrahydropyrimid-2-ylidened7,*”" Imidazol-2-ylidenenes
387333841 1 2 A-triazol-5-ylidenes39P®, 1,3-thiazol-2-ylidenes40™*? as well as acyclic
diaminc-41,*4*% aminooxy42,*Y and aminothiocarbend8™® have been isolated (Figure.1.10).
In all of these compounds, the carbene center lears-donor substituents, of which at least
one is an amino group. The supernedonor ability and therefore the superior stamizeffect

of amino groups has been evidenced experimentally.

R N L N
N - N
Lo Oy 5y
\ N g N R“l\w s
R R R R
36 37 38 39 40
R—E ' }
R—N R—N
!
R—N> ) )
| R'—O R'—
R
41 42 43

Figure 1.10: N-heterocyclic carbene complexés.
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1.4 NHC-Carbene complexes

1.4.1 Classification of Fischer and Schrock-Car bene Complexes

Carbene complexes have been divided into two tgpesrding to the nature of the formal metal-
carbon double bond® The molecular orbital diagrams in (Figure 14°1 depict the bonding of
Fischer(l)-andSchrock(ll)-carbenes. IrFischertype carbene complexes a singlet carbene ligand
binds to the metal. TherefoFéschercarbenes liké5¥ (Figure 1.12) are linked the metal with
ao-bond and have an empty p-orbital which is capablEccept electron density from the metal.
Hence the carbene atom is an electrophile. At leastorganic substituent of the carbene atom is
able to act as a goagddonor. Consequently the empty p-orbital of thébeae atom is stabilized
by significantte-contribution from both the substituents and thdgamnmddowever, goodtback-
donation from the metal to the empty p-orbitalleé tarbene is critical. In order to be a goed
donor the transition metal Fischercarbene complexes lilkdb (Figure 1.12) must belong to the
late transition metals and it should be preferatly low oxidation state.

In Schrocktype carbene complexX&d a triplet carbene ligand binds to the metthrock
carbene ligands have nucleophlic character and teetshd well with early transition metals in
high oxidation states. Betterdonation from the filled p-orbital of the carbetioethe g-orbital of

the metal is achieved if the d-orbitals are emptgreby reducing electron repulsion in the
overlapping orbitals. Good organic substituentsSonrockcarbenes nardonor functions, such

as alkyl groups. Due to the presence of twdonor substituents at the carbene center the N-
heterocyclic carbene complexes are similaFischertype compounds, however imidazoline-2-
ylidenes bind to transition metals throughdonation, T-backbonding being negligible. N-
heterocyclic carbene complexes (lIl) are also dediin Figure 1.11. The stability of an NHC is
largly due to theatrdonation from the p-orbitals of the adjacent rgen atoms to the empty p-
orbital of the carbene. Due to that the electromsitg around the carbene atom increases and the
o-donating ability of the carbene ligands tendstreéase the electron density at the metal center

as shown in (Figure 1.1%!
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Figure 1.11: Orbital diagrams of &ischer(l), Schrock(ll), and N-heterocyclic carbene complexes (ftfggment
[6]

NAr

|| OMe
R'O”'YIO\\CHR coyser=<
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44 45

Figure 1.12: Schrock{44) andFischer(45) carbene complexes

1.4.2 Comparsion between NHC-ligands and phosphine ligands

NHCs act as nucleophilic two electron donor ligatidd can substitute classicald@mnor ligands
such as amide, ethers and phosphines in coordinetiemistry?>*349€IExperimental studies in
1993 have demonstrated that NHC show bonding ptiepesimilar to those of trialkyl
phosphines and alkyl phosphinit®4. Nolan et al. concluded from structural and
thermodynamical studies that generally NHC ligaadsfar better donor ligands than phosphines
and phosphinite8®¥ Several advantages are gained in using NHC rathen phosphine
analogues. These include high M-L bond strengtimspesed to phosphine ligan@8°¢% This
property appears to foster higher ligand stab#ityen under oxidizing reaction conditions (eq.
12).

K
P
LIM—PR; <=—— LM + PR;
) )
N Kc N
LnM—< j —_— LnM + |< j
N
R R
Kp >> Kc (eq 12)
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Measurements of the carbonyl stretching frequenofedi(COxL have revealed that NHC
carbonyl complexes have lower C-O stretching fregies than their phosphine
counterpart§>®® These data which have been confirmed by othefiestigliggest that NHCs
are stronges-donors than even the most basic tertiary phosphifi®ue to this strong-donor

character NHCs also stabilize metals in high oxuhatstates and their high M-L bond

dissociation energy renders them less susceptilzitiative decomposition

1.5 Synthesis of imidazolium salts as educts for the preparation of free NHC

ligands and NHC complexes

There are three different routes to synthesize turstgd imidazolium salts. The first route (eq
13) involves a reaction between potassium imidad®land a primary halide to give the
substituted imidazol7, followed by a second addition of a primary halitte yield the
imidazolium saltsig %68

(eq. 13)
The second route (eq.14) involves a reaction betvilee trimethylsilyl-substituted imidazo#®
and two equivalents of a primary alkylchloride. TthHenethylsilyl group is replaced, forming the
volatile trimethylsilylchloride and the alkyl sulisted imidazolium sal50.°!

R i N N
N = @
Messi” 7 -MesSiCl R’ \@/ R
Cl
49 50

(eq. 14)
In order to introduce a bulky substituent grouptre nitrogen atoms of the ring, a reaction
between two molecules of primary amines, glyoxatl darmaldehyde in the presence of

hydrochloric acid is carried out. The straightfordriaeaction and is depicted in (eq 151"

14



0] /:\
7 N, + R—NH, + J Het N X
R

—  _NeN

H H  3H,0/toluene R
50

(eq.15)
A combination of the previous two methods allows #fynthesis of bulky imidazolium salts by
firstly preparing a substituted imidazole througke formaldehyde/glyoxal route in the presence
of ammonium salt and a subsequently alkylation gisen primary alkylhalide giving

unsymmetrically N-substituted derivatives (eq.18).

O
2N\ PS . _ HPO,  //\ RX [\
0] O *H H + R—NH, + NH2CI —’/NVN —_—> /N\@/N\ '
R R R
X
50
(eq 16)

By use of this route a potentially bidentate immiaEn salt were synthesized through the
reaction of two equivalents of the alkylimidazel with methylene iodide to yield the bis

imidazolium iodideb2 (eq. 17).

[=\ _CHal o a)
R/NVN R/N@NVN\G%N\R
H H o~

51 52
(eq. 17)
N-arylimidazoles are synthesized by reaction of hafide 53 and imidazoles4 in the presence
of the catalyst (CuOTfPhH and the base &30; to yield an arylsubstituted imidazokb
followed by alkylation (eq. 18}

AX + HNX)N Cu(OTF),.PhH AN XN
o/ 2HI \=\-/
R R
53 54 55

(eq. 18)
A reaction between a secondary dianmb6eand triethylorthoformat87 in the presence of
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1 equivalent of ammoniumtetrafluoroborate at 12@&ls ring closure to give imidazolium salts
like 58 (eq.19)">"

R2 R2 R2 R2 _|BF4e
OFEt + -
HN N L oop  NHaBF, N\G_%N
+ — " 5
oy S
1 R’ f
R R R1
56 57 58

(eq. 19)

1.6 Synthetic routesto N-heterocyclic car bene complexes
In the literature many methods have been desctib@depare NHC-metal complexes. They vary

with the metal center of interest. NHCs can beonhiiiced as imidazolium salts, as free carbenes

or via transmetallation routes. The most imporsamthetic approaches are given below.

1.6.1 Substitution reactions with free NHCs
Generation of a free NHC succeeds by deprotonati@n imidazolium salt precursé® with a
strong base such as hydrftt&)! alkoxide®® Na / liquid NH"*! (eq. 20).

X }

)
N .
NaH,-40°C,30min N
[@>—H > [>I + Hy + NaX
N N

NH4/THF(5:1)
R R
59 60
(eq.20)
The resulting imidazol-2-yliden&0 can be reacted with many metal metal complexescem
another two-electron donor ligand (e.g. CO, sCN, phosphane, thioether etc) giving a
substitution product (eq. 2ff:7%""]
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| oc., | «co

N VW‘
[ D'+ Weo) — 07 €0+ co
N R—N" “N-R
L \—/
61

(eq.21)
Substitution of two phosphane ligands by two NH@atids inGrubbscatalyst.The resulting
product is catalytically inactive as the NHC ligartbes not dissociate at all (eq. Z3).

N_ N
R, Y R
[~ OISR u=ch—
[RUCIy(PR3),L(=CH-P-CgH,X)] + N N T ,RU=CH—CgHs  ; 2PR;
NN Cl
R Y R R, R
R =Ph, Cy N~ "N—
X =CL _
62 63 R'='Pror Cy

(eq.22)

Deprotonation of 2,6-bis(arylimidazolium)pyridisd with KN(SiMes), gave the pincer carbene
ligand 65 which was reacted with RufPPh); to give the ruthenium pincer complé& which
shows catalytic activity with respect to transfgdiogenation of carbonyl compounds (eq.238)

_ ok

N - N N N - N B N B
i N N N N
Ar” Y | AN \( “Ar KN(SiMe3),» AN | AN N
H = H THF,-10°C =
64 65

RuCl,(PPh)s , THF

Ar = 2,6-Pri2C6H3 l AN
Ar = 2,6-Me,4-Bu'CgH, N/

(eq. 23)
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1.6.2 Reaction of imidazolium saltswith metal complexes comprising basic ligands

The NHC ligand can be generated by deprotonatioanoimidazolium salt with a basic ligand
coordinated to a transition metal. In many of theases the free base (e.g. alkoxide, acetate,
acetylacetonate etc) would not be able to depratotiee imidazolium salt. Hence, the metal to
which it is coordinated to catalyses the deprotonatind traps the the liberated NHC by
coordination.

In a typical reactionHerrmann et al. synthesized a rhodium NHC-complex by reagcti
[Rh(COD)(u-OEt)} with an imidazolium salt giving the novel complgk (eq. 248"

EtOH/RT d

—\ )Cz) / N/ T‘
N N [Rh(COD)OEt], .
R \( ‘R . (N)\/Rh@
H X \
X=Cl, |

(eq. 24)
Light and coworkers prepared an iron (II) pincer-NHC-ptex 69 by direct metallation of [Fe
(N(SiMe3)2]2, which is an active catalyst for polymerization,CCbond formation or oxidation

reaction (eq.25§"

g
- N/?\N NS N/?\N NAr [rlie(N(SlMes)z l2
H U H [N>BT e_< :l
68 69

Ar = 2,6-Pri,CgHs
(eq. 25)
1.6.3 Reaction of transition metal complexes with electron rich olefines
This method was introduced khappert The reaction of electron-rich olefines like tefieyl
aminoethylenes with organometallic complexes (&). glves NHC complexes by insertion of
the transition metal into the carbon-carbon doudaed. In this way mono-, bis-, tris-, and even
tetrakis carbene complexes of various metal haee peepareti>®® These examples are shown

in Figure 1.13
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Figure 1.13: his, tris, tetreakis carbene complexes.

1.6.4 Unusual methods

(eq. 26)

e \v‘v%3 f&IAB
N N R g N
RN\) \) Q/NR ¢ RN\)

73 74

In a completely new approach a NHC complex wasgexpby the deoxygenation of M (GO)

(M = Cr, Mo, w) with aminophosphin@5 to form the corresponding isocyanide compléx

which subsequently underwent intramolecular cytlirato give77. The N-H moiety of carbene

complex77 is converted into the alkylated specr@&by treatment o 7with an excess of sodium

hydride followed by an alkylating agent to give tielC-complex aimed fof*! This procedure

is quite similar to that reported Byngeliciand co-worker&®

H

/

N=PPh; NC—M(CO)s (H,crN

H,C M(CO)g {HC) n M(CO)s
—_—

— > HyC~\
\

-PPh
\NHR ’ HQC\NHR R

75 76 77 |1.NaH
2R-X
R

/
(HoCr N
" —M(co)s
HC~N

R n=13

78
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1.6.5 Transmetallation reactions

Another synthetic method for the preparation of Netnplexes is transmetalation of transition
metal carbene complexes. A typical example of traetalation from tungsten to palladium is
shown beloW®(eq. 28).

Et EtN/w
N

Cl\ }NEt
>—W(CO)5 + (PhCN),PdCl, ——> od

/7
N Cl }N Et
Et
EIN
79 80

(eq. 28)
Recently, a novel method for preparing NHC metahplexes via silver complexes has been
developed byLin and Wand®”! Silver NHC-complexes are readily prepared upon mgjxihe
corresponding imidazolium salts with Ag in methylene chloride at room temperature as show
in (eq. 29)

et B

N | oA 0 C[ — Pd(MeCN),Cl '
= 92 Ag jij eLN)oLh =
g <+a> - -t JO

£t A: '
L J g

Br/
81 82 83

(eq. 29)

Hermann and co-workef&! synthesized rhodium and iridium complexes of nevirat N-

heterocyclic carbene ligands by transmetalatiocoofesponding silver(l) complexes (eq. 30).
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N 2.[M(COD)ClI],
/> CH,CI
+N 22
84 85 M=Rh,Ir

(eq. 30)

Also homoleptic metal carbene complex@s were synthesized by co-condensation of metal
vapors (group 10) with imidazol-2-ylidet®® (eq. 31) This synthetic route is straightforwatd b
limited by the experimental conditiof€!

R

R
N -196°C '!l '11
[N>| P M@y 2 [N>_M _<N]
R R |
86 87 M = Ni, Pd, Pt

(eq.31)
Oxidative addition of an imidazolium cation by &etiion of the C2-X (X = Me, I, H) bond has
been achieved with low valent precursors such #BPP),; giving NHC-complexe§%°
FurthermoreFurstner has shown that oxidative addition @flsmaier salts88 is a facile and
convenient method for the preparation of NHC comgsdeof P9 (eq. 32)°2

— -+ _ — -+ _
X [\ X
- Me—N N\ N N\
—\ X Pd(PPhg), Me Me” Me
N. N ———— o — >
e~ \f+\M o -2PPh; PhsP Fl’d Cl PhgP—Fd—PPhs
cl i PPh, i Cl
88 cis-89 trans-89
(eq. 32)
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Imidazolium salts react in some cases with strongeophiles like KOBUby formation of a
neutral adduct in which the nucleophile is bondethe C2 position. These adducts can eliminate
alcohol to unmask the carbene, which is then coatdil to the metal centétas illustrated in
(eq. 33).

— ®_ o
X t
PANCZN KOBu J \Mes | PeyaChoRuscHPh N Nwes
Mes Mes T» " , \< , Mes Ll
- e’ 3 “HOBU', -PC :
H H™ YoBut Y P
PCy;
90 91 92
(eq. 33)

1.7 N-heterocyclic carbenesin catalysis

Recentaly, N-heterocyclic carbenes have become rg important class of ligands in
organometallic chemistry and catalySi Their strongo-donating ability, strong metal-carbon
bond and poor-accepting ability leads to the formation of matgbdée metal complexes which
are good catalysts in numerous organic transfoomsii” The catalytic activity of various
rhodium carbene complexes has been investigatédieyn 1977 In 1981Lappertintroduced
imidazoline-2-ylidene instead of phosphane ligacaisiplexes in catalytically active complexes
of rhodium and ruthenium. The first the use of datONligated comple»@3 in theMizoroki-Heck

reaction was reported yermannin 1995 (eq. 34%"

R R
N N
»—Pd—
[N | N] COR
| cor R 9 R | >
v + = 0.5mol%cat. //
R -HX R

(eq. 34)
Catalysts containing N-heterocyclic carbenes haeenbemployed in a wide variety of
reaction§”? including polymerization (e. g. copolymerizatiorf ethylene and CGJ"

hydrogenatior?®*29" hydrosilylation!®*4  hydroboratior?””? hydroformylation??”™! allylic-
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substitutior?”"! methylation, ruthenium catalyzed olefine metathie®j4-transfer hydrogenation
reactions and cross coupling reactions to form @-C-N bondg’’?8283 %!

1.7.1 Hydrosilylation

Hermannand co-workers synthesized the chiral rhodium galmomplexd4 which was applied
as a catalyst in the asymmetric hydrosilylation asfetophenone according to (eq. 8%).
Compared to standard hydrosilylation catalysts. (B tCl / Ethanol,Karstedis catalyst) the
complex is active without an induction period andreat low temperatures.

Do
\é’ '* n\
HaC [ Rh \H )

o) 4 \CI
| Cat= <\</l‘. OS'(CsHs)zH
° O et

CHs (CeHs)2SiH, “CHs
-2°C, THf

(eq. 35)

1.7.2 Hydrogenation
The rhodium(l) complex5 containing a pyrazoyl-N-heterocyclic carbene ldjas an efficient
catalyst for hydrogenation of styrene (eq. 3%}.

@J/ THF, 1mol%cat
120 psi Hy, 55°C

(eq. 36)
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1.8 Cross-coupling in homogeneous catalysis

Cross-coupling reactions represent an extremelyatiée tool in organic synthest§* indeed C-

C, C-N bond formations are the key steps in a washgle of preparative organic reactions. From
the synthesis of natural prodUti8 to supramolecular chemistry and material sciemagipus

frequently used cross-copuling reactions are medihy palladium catalysts (Figure 1.145!

O/\/ =z C=C—R'
R—_ |
‘& ) X

HC=C—R'

Ar

=
_® O _® _rE ]
ArSnBu3 AFB(OH)z X
(1) Heck _
% M g
MgBr  RZnBr ishi

(4) Negishi
R' (5) Kumada
= | Z | (6) Stille
— R_
R NS NS

Figure 1.14: Principle of palladium catalyzed cross-couplingctms (X = I, Br, Otf, CI, FJ**®!

For several years aryl bromides and iodides weséembly used as substrates in such reactions.
The far more readily available and industrially or@ant aryl chlorides are transformed very
sluggishly by standard palladium catalysts. Theéemm with aryl chlorides is the strength of the
C-Cl bond, which impedes the oxidative additiori4oe Pd (0)-phosphine complexes.

The mechanism of palladium cross-coupling reactisnshown in Figure 1.15. A zero valent
palladium species, stabilized by electrondonating/@r bulky ligands, undergoes oxidative
addition with an aryl halide to afford a Pd(lI)(AX) complex. Ar-M then effects
transmetallation with this species removing theidealas MX to afford a Pd(Ar)(Ar)
intermediate, which undergoes a reductive elimamtio couple the two aryl moieties and

regenerate the palladium (0)species.
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Ar—Ar' L,Pd(0) Ar—X

Ar'-M = organoboron acid
organostannane
organomagnesium

organosilicon
amine

Figure 1.15: Simplified catalytic cycle for palladium mediatess-coupling reactions

1.8.1 Sonogashira coupling.

This coupling reaction proceeds with terminal akgrand aryl halides or vinyl halides. As an
example the palladium(0) speci@8 which is also active itHeck and SuzukiC-C coupling, is
employed in aSonogashiratype coupling to make the bromo-eny®8h a common building

block for natural products (eq. 37"

R

[: >»—Pd———< :] %

| /
/\ R Cul /\ Br
+ HC=C—SiR, o |
PerEt/DMF

C=C—SiR;

97

(eq. 37)
Copper free conditions were reported for tBenogashiracoupling of aryl bromides with

alkenylsilanes Pd (OAgf*
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1.8.2 Kumada coupling (Grignard cross-coupling)

The coupling of aryGrignard reagents with aryl halides, triflates or ethersolwhs catalysed by
nickef'° or palladium®? is one of the earliest methods of the catalytic trsysis of
unsymmetrical biaryls. The coupling of aryl chl@&das sketched in (eq. 38) is afforded by a
NHC-catalyst of nickel. The latter is generatedsitu from Ni(acac) and imidazolium salts.

Catalysts like98 or 99 effect the C-C coupling even at room temperatBmn¢l% Ni).

iPr Pri\

/
ZN

e j [y—— ]

Nl——<N| IPr 99 lPr
HsC\N~/ CH
CH3 3 CH3
NN N\CH 98
cl + Bng*{D—OCH3 3 > Q O OCH;
THF, 25C,-MgBrCl

1.8.3 Stille coupling

For the palladium catalyzed cross-coupling of oogaannanes and aryl halides or sulfonates (eq.

39) traditionally triaryl or trialkyl-phosphine legnds have been used.

X = Halides, Sulfonates

(eq. 39)
Mixed NHC complexes of palladium lik&0O are the most active catalysts Stille reactions.
They are even able to couple 4-bromoacetophenode paenyltributylstannane in toluene
without any promoting additive&®!
Nolan and co workers have shown that the Pd (Q/#/unjdazolium chloride system mediates the
catalytic cross coupling of aryl halides with orgatannané¥® The imidazolium sall01 in
combination with Pd(OAg) and TBAF(tetrabutyammonium fluoride) was found de most
effective for the cross coupling of aryl bromideslalectron deficient aryl chlorides with aryl

and vinyl stannanes.
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1.8.4 Heck coupling

Hermannand co-workef$™ reported NHC coordinated metal complexes for fret fime in
Heck coupling for aryl chlorides and aryl bromides witkbutyl acrylate (eq. 40). The catalysts
used for these transformations contain the monater@ind bidentate NHC ligand62, 103 as
shown in Figure 1.16. The work also demonstrated tine active catalyst can be generated
situ using Pd(dba)and the imidazolium salt 1,3-dimethylhydroimidaz@-ylidene. Turnover
numbers as high as 250,000 have been observechdse Heck reactions with the NHC
containing catalyst$!? Palladium catalysts used teck reactions have also been applied in
other cross coupling reactions.

catalyst
RX + /7R + B —— RS 4 [HBX]

R = aryl, vinyl
X = halide, sulfonate

o NQ/ Q/

/I

b \ ©:>_Pd/| [ >—Pd PR; N@\N\/\Pth

Br

(eq. 40)

102 103 104 105 106

Figure 1.16: some example of Pd(Il) complexes which useHétkreaction.
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1.8.5 Suzuki coupling
The coupling of organoboron derivatives with amhyl or alkyl halides or sulfonates (eq. 41)
has emerged as one of the most important carbdiicdrond forming methods in the synthesis
of pharmaceutical agents, organic materials andralaproduct$'** The air and moisture
stability of aryl boronic acids make this reageattigularly attractive when compared $aille
(aryl stannanes) angumada (aryl Grignard) reagents. Traditionally monodentate phosphine
ligands have been used for the palladium catal§aeniki coupling of aryl chlorides is
accomploished with sterically crowded, electrorhrithosphine8°?*? Recently NHCs have
been used as ligands for a varity of transitionatregatalysed cross-coupling reactions including
the Suzukireaction®®!

R(— R Catalyst R\— _/R'

W AN -\ e
X =Cl, Br, |, sulfonates

(eq. 41)
Caddick, Clokeand co-workers have shown that the use of a paff@dnidazolium salt system
like pd(dba)/N,N-di-(2,6-diisopropylphenyl) imidazolium chlogdpreHCI) 107 in the presence
of KOMe at 40°C and tetra-n-butylammonium bromideaaco-catalyst acts as highly efficient
catalyst inSuzuk reactions™® The synthesis and catalytical applicationadf and moisture
stable (NHC)Pd{3-C3Hs)Cl 108 was reported bilolanand co-workers. This catalyst has proven
to be highly active forSuzukicross coupling of activated and unactivated ahjbrides and
bromides, but a high reaction temperature was redub achieve acceptable yiéitf! Lebd et
al. found that N,N-di-(2,4,6-trimethylphenyl)-imialyidene (Imes,109) also works as an
effective supporting ligand inSuzuki cross coupling reactions, but again high reaction

temperatures were requir&ef’
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The use of the bis-NHC Pd(0) cataly8® by Hermannet al. was shown to be very efficient for
the room temperature cross coupling of both eleetich and electron-poor aryl chlorides with
phenyl boronic acid. The extremely efficient reawt are generally completed in 20 minutes to a
few hours with high yields. The combination of PAE), or Pd(dba) with imidazolium salts as
ligand precursors allows fan situ generation of the active catalyst f8unzukicross couplings of
aryl chlorides with aryl boronic acid&®

The Palladium/imidazolium salt system like Pd(Q}HCI 96 or Pd(ll) ImedHCI 111 were found

to be efficient in mediating thBuzukicross coupling of aryl chlorides and aryl trifight&’ with
various arylboronic acids. In this case electram @nd electron poor aryl chlorides as well as

sterically hindered substrates are converted ih fiigld under moderate reaction conditions.

@ o
R R, cl
N N [\
| >—pra—< | N.@ N
Lo Q Y Q
R R H
111

96

Glorius and co-workef$'” reported sSuzukireaction for hindered and unhindered activated and

deactivated aryl chlorides with aryl boronic acedsoom temperature. They used compoiiil
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which is a carbene ligand derived from a bisoxazelistem and Pd(OA£)The mixture acts a
highly efficient catalyst. The activity of this sgsn was attributed to the steric flexibility of the
carbene ligand. For the first time di- and tri-of$ubstituted biaryl compounds were formed
under the reaction conditions and high turnover Inens were obtainedolan and co-workers
have combined the use of highly electron donatimgj sterically demanding NHC ligands with a
palladacycle framework in compourid3. This catalyst displays the ability to cross ceupl
sterically hindered unactivated aryl chlorides wstierically demanding boronic acids at room
temperature in very short periods of time to leadlit and tri ortho-substituted biaryls in high
yields™®!
iPr

Nﬁ

g

112

The classical mechanism of Pd catalyzed cross cwupkactions (Figure 1.15) involves three
discrete steps: oxidative addition, transmetallatid finally reductive elimination. Recently a
reinvestigation of these type of reactions has shtvat the mechanism is more complicated.
Initially a precatalyst like PdgIPPh), is reduced (either by nucleophiles or by indepahde
reduction) to the catalytically active Pd(0) spscie afford the tricoordinated anionic complex
[PA(PPR).CI]” Then oxidative addition of ArX (Ar = aryl) to thisntermediate gives a
pentacoordinated-aryl palladium(ll) complex [PhPdXCI(PBj]. Subsequently the chloride
ligand is substituted by solvent giving the neutraplex [PhPdX(Solv)(PRJ3]. Nucleophilic
attack of ArM (M = counter cation associated whle nhucleophile used) on the pentacoordinated
neutral complex to yields an anionic penta cooeded complex ArPdX (Nu)(PR)f’, in which

Ar and Nu ligands are adjacent and so in a favderpbsition for fast reductive elimination
under formation of the catalytically active compRal(PPh),X", which intiates the next catalytic

cycle (Figure 1.16 (main cycle) ).
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As catalytically reactions proceed halide aniond aations are progressively released due to
ArX and Mnu conversion The released ions are fre shall be considered as in (eq. 42), as

follow

ArX + (% NC?J) — > ArNu+ nc? + >(<9 (a)

AX+RANE e ANu+ R+ R (b)

(eq. 42)

Due to this possibility, the nature of the metatiama m plays a crucial role in the overall
mechanism by controlling possible comptitation bedw the main cycle in Figure 1.17 and
classical mechanism. When halide ions are freeitikeq. 42) or free halide ions addedIBX"
and ArPdX(X)L," are formed, the main cycle is expected to domirtades ever the, the situation
is not so simple because the classical mechanishmam mechanism interconnected at the level
of intermediate ArPdX(solv)L The nature of free-ion of nucleophile is also @lgn the
selection of mechanisms.when the nucleophile ire@ &nions, the metal cation has no influence
at all except therefore the classical mechanismrewvd mechanism are finely tuned by the ion-

pairing equlibria involving halide anions and metaltions are released while the reaction
proceed$'?”!

PdCI,(PPhg),

Reductlon
[Ar—N] H L\ 90 —|e
—|@ main cycle

Ar—Pd Ar—Pd

L X |\X

J

| \

Nu®

(& J

Figure 1.17: New mechanism for palladium catalysed cross-cogpiiractions'>"
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2. Aim of Work

2. Aim of work
After the isolation of the first stable carbene Agduengd’, N-heterocyclic carbenes have

become an important class of ligands in organohetehemistry and homogeneous catalysis
These ligands are often compared to tertiary prexsghin their bonding to transition metals. In
general nucleophilic N-heterocyclic carbenes as iognfor phosphanes have attracted a
considerable amount of attention. These ligandssamgo-donors with negligiblet-acceptor
ability. Phosphanes and N-heterocyclic carbenesande combined in bidentate ligands giving
chelating ligands with extremely strong bondinggendies. These ligands don't dissociate from
the metal center, consequently only stoichiometnounts of these ligands are needed in order
to stabilize metal centers even in very low oxiolatistates. However, research into the
organometallic chemistry of mixed bidentate phogsghHC donor ligands has been
surprisingly limited and the application of metangplexes with mixed phosphane-NHC donor
ligands in homogeneous catalysis has not been yvedgllored. There are examples of palladium
catalysecdHeck!*?? Suzuki®! cross coupling, rections using P, RH'?? and Ru complexes
with mixed phosphine-NHC ligands.

According to the introduction NHC-complexes havegraat variety and uses. The aim of this

work is focused on the following questions:
1. Synthesis of homoleptic metal complexes of RH((J), and Pd(ll) with mixed phosphane
N-heterocyclic carbene ligands starting from thédamolium salts [EtImMCHCH,PPh][X]

(X =1, PRK) and the metal precursors {{{1-Cl)»(COD),] (M = Rh, Ir), and [Pd(COD)G].

2. Investigation of the reactivity of the Rh(l) airdl)-complexes towards small molecules like
0O, Hy, S, CH4l, 1, CO. Spectroscopic characterization of the rasgiitiomplexes.

3. Survey on the catalytic acivitiy of the Pd(Il) cplax with respect toSuzukicoupling.

Comparison of the catalytic acitivy with standaadatysts.

4. Synthesis of a first example of a homoleptic Mickomplex with mixed phosphane N-

heterocyclic carbene ligands.
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2. Aim of Work

The main focus of this work lies on the synthesig eharacterization of M¢-L),-complexes (M
=Rh, Ir, Pd; L = mixed phosphane N-heterocyclideae ligand) as described in the list above.
All complexes obtained within this work should bkaracterized by X-ray crystallographic
methods andH, *C and®P-NMR spectroscopy. In addition some of the comgdewill be

characterized by IR-spectroscopy and cyclovoltamynet

33



3. Results and Discussion

3. Results and Discussion
3.1 Synthesis of ligand
3.1.1Ligand precursors 3-[2-(diphenylphosphino)ethyl]-1-ethylimidazolium-hexa

fluor ophosphate (E6)
In 1996 Herrmannand co-worker$™? first synthesized the ligand precurde® which has the
potential to coordinate to a metal center as a chikelentate phosphine-NHC ligand. In our
group the ligand precursofS6 was synthesized following on another way in a eéhsteps
reaction sequence (Figure 3.1), the first stepdaikylation of 1-vinyl imidazoleE1l with an
excess of ethyl iodidE2 under reflux in methylene chloride to give 1-etBwinylimidazolium
iodide E3 in good vyield after recrystallization from methanbhe second step involves reaction
of E3 with potassium diphenylphosphide which was geeerain situ from KOBU and
diphenylphosphin&4 in THF under nitrogen atmosphere at ambient teatpe. The reaction
proceeds via a nucleophilic attack of one of theelpairs of the phosphorus atom at the vinyl
group forming a carbanion which is subsequentlytgrated by t-butanol affording the ligand
precursorE5 in good yield. Counter ion exchange with hexaftpirosphate is achieved in
degassed water. After working up the imidazoliurh E& was isolated. Alternatively we have
also obtainedE5 by refluxing the reaction mixture for 24h followég addition of diethyl ether

to precipitateE>S.

S
//\ CH,Cl, —\ |
N%/N\/ £ N > \/5%/'“\/
E1 E2 E3
[\ — Ph
Ph /—\ NIz N
N N _ t NP -H-- t @ _ t
o \/ + p—H _—KOBu_ \/gvg\/ PF;/P H--OBu" Kﬂ»
© PH THF DG
' E4
o S
\ - [\ | /—\ PFs
\/e%/ N . © HoBu' HOBuU! \/gng\/\ Ph kPR, \/@VN\/\ Ph
_ H
[ Ph KOBu! Ph 20 Ph
E5 E6

Figure 3.1: Synthesis of 3-[2-(diphenylphosphino)ethyl]-1-etmitlazolium-hexafluorophosphate.
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3. Results and Discussion

3.1.2 Properties of the imidazolium salts
The resulting imidazolium salt85 and E6 are white to yellow powders. They are extremely

hygroscopic and react with air to form the phosplorides.

6 5
3 [—\ 1 ES5 shows a low solubility in THF whil&6 is very good
BN N\/\ soluble in that solvent.
4 \ﬁ 2 P :
8 The data of théH-NMR spectrum recorded in GDN of
)((9 9 the imidazolium salt&5 andE6 are shown in Table 3.1. As
11 10 both data sets are similar only the dat&6fare discussed
ES, X=1 . : - .
E6, X= PFq in detail. E6 exhibits resonances due to the aromatic protons

of the imidazolium ring ¥ H® and H at 8.51 (s), 7.39 (1)

and 7.31 (m) ppm, respectively. The observed chamic
shifts are in good agreement with similar imidazaiisalts'?! The strong deshielding of 'Hs
the direct consequence of the positive charge efithidazolium ring. The protons of the
ethylene bridge show resonances at 2.72 (t) foartd 4.32 (td) for B respectively. The lines of
the resonance of Hare slightly broadened most likely due to couplini$h phosphorous.
However, this coupling is too weak to determine é¢act coupling constaffsy. The chemical
shifts of the ethylene and ethyl protons are in ékpected range showing no further specific
features.
The'*C resonances of the imidazolium carbon atorhs®®and € appear at 134.9, 122.6, 122.1,
respectively. The deshielding of @ typical for imidazolium salts and confirms thationic
nature of rin§*® The resonances of the carbon atoms of the ethylddge are found at 27.9
ppm for C and 47.3 ppm for € The low field chemical shift of €is a result of the high
electronegativity of the neighboring nitrogen atddoth resonances are doublet due to coupling
with phosphorous. Interestingly tHdpc coupling constant (15 Hz) is smaller than fdec
coupling constant (25 Hz). This observation is ataadance with the observed HP-coupling
constants discussed above. THe{1H} NMR spectrum ofE6 exhibits a resonance due to the
tertiary phosphours atom at -21.6 ppm as expectedlkyl diaryl phosphinéjsz“] and signal for
PR at -144 ppm which is splited into a heptet with-= 710 Hz.
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3. Results and Discussion

Table3.1: *H-NMR-spectra oE5 andE6 in CD;CN

E5 E6
6 H [ppm] "Jum [HZ] 6 H [ppm] "I [HZ]

H1 2.78 (t) %)= 8.0 2.72 (1) 3n=7.7

H2 4.35 (td) ?PH: %2 4.32 (td) ?PH: %o

JhH=7.8 Jun= 7.7

H3 1.45 (t) 3n=7.3 1.44 (t) =71

H4 4.16 (q) 3n=7.3 4.11 (q) 3= 7.67

H5 7.46 (m) 3m=1.8 7.39 (t) 3= 1.7

H6 7.30 (1) 3m=1.8 7.31 (t) 3= 1.9
H7 8.92 (s) 8.51 (s)
H9 7.51 (m) 7.47 (m)
H10 7.49 (m) 7.41 (m)
H11 7.49 (m) 7.40 (m)
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3. Results and Discussion

Table 3.2: **C-NMR-spectra 0E5 andE6 in CD,CN.

E5 E6
& C [ppm] "Jpc[HZ] 6 C [ppm] "JIpc[HZ]

c1 28.0 (d) 1pc=16 27.9 (d) 1Jpc= 15
c2 47.4 (d) 2Jpc= 27 47.3 (d) 2Jpc= 25
C3 14.5 (s) 14.5 (s)

C4 44.9 (s) 44.9 (s)

C5 121.9 (s) 122.6 (s)

C6 122.4 (s) 122.1 (s)

c7 135.8 (s) 134.9 (s)

Cs8 136.93 (d) pc=12 136.8 (d) pc= 12
C9 132.7 (d) 2Jpc= 20 132.6 (d) 2Jpc= 20
C10 128.8 (d) 3pc=17.0 128.8 (d) 3pc=7.5
c11 129.24 (s) 129.3 (s)

3.1.2.1 X-ray crystallographic analysis of 3-[2glaénylphosphino)ethyl]-1-ethylimidazolium
-hexafluorophoshaté=6)
Colorless crystals oE6 were grown by layering of hexane onto a THF solutof E6. E6
crystallized monoclinic in the space group P2(Mith four molecules per unit cell. Selected
bond lengths and angles are listed in Table 3.& milolecular structure containing the atom
numbering schemes is shown in Figure 3.2. Crygjedithic data are presented in the Table 7.1.
E6 contains an imidazole ring which is substitutetb@th nitrogen atoms. N(1) is bonding to an
ethyl group and N(2) is linked to an ethylene groupch is bonded to the diphenyl phosphide
moiety. The bond lengths within the imidazole rimg(1)-C(1)[1.320(4) A] and N(2)-
C(1)[1.322(4) A] are identical. The bond lengthsNgfl)-C(2) and N(2)-C(3) of 1.378(4) A and
1.376(4) A, respectively, are similar to the valugsorted in the literaturé?®
The bond angles in the imidazole ring N(1)-C(1)-N[®09.1(3)°], C(3)-C(2)-N(1) [107.3(3)°],
C(2)-C(3)-N(2) [106.9(3)°], C(1)-N(1)-C(2) [108.2(3 and C(1)-N(2)-C(3) [108.5(3)°] are

similar to those reported in the literatdff@:*26:12"]
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3. Results and Discussion
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Figure 3.2: Structure of the 3-[2-(diphenylphosphino)ethylgthylimidazolium cation in crystals &®.

Table 3.3: Selected Bond lengths [A] and Bond Angles [] E6r

Bond lengths
N(1)-C(1) 1.320(4) N(2)-C(4) 1.474(4)
N(2)-C(1) 1.322(4) C(2)-C(3) 1.343(5)
N(1)-C(2) 1.378(4) P(1)-C(11) 1.831(4)
N(2)-C(3) 1.376(4) P(1)-C(21) 1.836(3)
N(1)-C(6) 1.471(4) P(1)-C(7) 1.841(4)
Bond angles
N(1)-C(1)-N(2) 109.1(3) C(3)-C(2)-N(1) 107.3(3)
C(1)-N(1)-C(2) 108.2(3) C(2)-C(3)-N(2) 106.9(3)
C(1)-N(2)-C(3) 108.5(3) N(1)-C(6)-C(7) 111.9(3)
C(11)-P(1)-C(21) 99.41(5)
C(21)-P(1)-C(7) 99.90(16)
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3. Results and Discussion

3.1.3In situ synthesis of free carbene
3-[2-(diphenylphosphino)ethyl]-1-ethylimidazol-2-ylidene (E7)

The free NHC-phosphane mixed ligand 3-[2-(diphehgkhino)ethyl]-1-imidazole-2-ylideng7
was synthesized by deprotonation of the correspgnidnidazolium salt&5 or E6, respectively,
in THF using the strong non nucleophilic base KIM&)..

. © _
N o X KN(SiM B
V@vap/Ph (SiMe3), \/N\/N\/\P/Ph
Ph B ) Ph
E5, X = |
E6, X = PFg E7

Figure 3.3: Synthesis of 3-[2-(diphenylphosphino)ethyl]-1-diimjdazole-2-ylidene.

The free NHC-phosphane hybrid ligand is extremedps#tive to oxygen, water and other
electrophiles and shows indication of decompositimm attemps to remove the solvent
completely. Therefore no attempt has been madsotate it from solution. Instead we proved its
in situ formation through the reaction with €®hich gives the dithiocarboxylate compousd

in high yield.

3.1.3.1 Identification of imidazol-2-ylidendithiocar boxylat (E8)

On addition of one equivalent of €8 a solution oE£7 in THF the color changes to deep red
indicating the formation of the zwitterionic ditliarboxylateE8 which precipitates from the
solvent in high yield. The reaction is a simple leophilic attack of the carbene at the
electrophilic carbon of GSRecrystallization from CHGV Et,O gives single crystals which are

suitable for X-ray diffraction analysis.

/—\ —
N_ _N Ph N_ N Ph
N \/\,la/ CS: N\~ 6 \/\,lj/
Ph C Ph
AN

E7 E8

Figure 3.4: Transformation o7 to dithiocarboxylaté=8.
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3. Results and Discussion

5 5 The absence of a resonance above 8 ppm in thenpkittiR-

spectrum ofE8 in CDCk proves the deprotonation of the

3 N —N 1 ph
\4/ ﬂé \2/\p’ starting material and indicates coordination to,.CBhe
|
S§,C\\S Ph aromatic protons are observed at 6.85-7.4 ppm laagrotons
S

of the ethylene bridge show a resonances at 2)6@r(H" and

4.1 (q) for H, respectively. The lines of the resonance béié
slightly broadened most likely due to coupling wghosphorous atom. The signal of methyl
group is observed at 1.44 (t). THE resonance of the imidazolium carbon atoh{dDaternary
carbon) is shifted by 15 ppm to low field (149.5mppcompared to the corresponding carbon
atom of the imidazolium salt due to binding to,CBhe carbon atom of the €§roup exhibits a
low field signal at 224.7 ppm. The strong deshraydof this carbon must be attributed to its
bonding to a positively charged aromatic ring andttie electronegative sulfur atoms. The
remaining aromatic carbons of the imidazolium rarg observed at 117.3 ppm and 118.5 ppm
for C° and &, respectively. Compared to the corresponding cagtoms in the imidazolium salt
E6 they are shifted to high field by approximatelypgm. The carbon atoms of phenyl rings

exhibit signals in the same range as in the imiliazosalts.

3.1.3.2 X-ray crystallographic analysis of 3-[2-(diphenylphosphino)ethyl]-1-ethylimidazol-
2-dithiocar boxylate (E8)
Red crystals oE8 suitable for X-ray crystallography were obtaingddiffusion of diethyl ether
into a CHC} solution of E8. E8 crystallized monoclinic in the space group C2/¢hweight
molecules per unit cell. Selected bond lengths amgles are listed in Table 3.4. Molecular
structure containing the atom numberings is showrigure 3.5. Crystallographic data are
presented in the Table 7.2.H8 the molecule contains of imidazole ring which gitbted in the
three positions the N(1) binding with ethyl groupdaN(2) with ethylene group which bonded
with diphenyl phosphide and C1 bonded with, @®up.

The X-ray structure oE8 (Figure 3.5) confirms the addition of the freelbsare to Cg The C2
atom lies in the plane of the five remembered nivigle S1 and S2 lie out of plane and the
dihedral angle formed by the two planes contairtiiey C$ position and the imidazol ring is
72.6°. The bond angles in the imidazol ring, viZ6)3C(5)-(N1) and C(5)-C(6)-N(2) are
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3. Results and Discussion

107.14(15) and 107.32(13) and C(1)-N(1)-C(5) andl)@(2)-C(6) are 109.17(15) and
109.10(14), respectively. The N(1)-C(1)-N(2) anglel07.26(14). All of these bond angles are
similar to values reported in the literat{f{%:*26:127}

The bond lengths within the imidazol ring C(1)-N@1346 (2) A] and C(1)-N(2) [1.343(2) A]
are identical. The bond lengths of N(1)-C(5) an®)N{(6) of 1.384(2) A and 1.385(2) A,
respectively, are very similar to those found biothhe pentamethylimidazolium catid? and
in 2-telluro-1,3-diisopropyl-4,5-dimethylimidazo8i®® confirming that ther-electrons are
completely delocalized over the five-membered ataméang. The bond length C(6)-C(5)
amounts to 1.344 (3 )A which is indicates a dolialad.

C(5) / g
: .C(x) B : '

C(4) / : Il

/0 () .g%
i . ” Vi
. :f
\_/ ﬁ_‘( 10)
$(2) "

C(11)

Figure 3.5: Structure of 3-[2-(diphenylphosphino)ethyl]-1-dilmidazol-2-dithiocarboxylat&8 in the crystal.

The bond angle of S(1)-C(2)-S(2) is 129.40(10)° #redbond lengths of S(1)-C(1) and S(2)-C(2)
are 1.6717(17) and 1.6740(16), respectively, irndigadelocalization ofi-electrons over the,&
moiety. This leads to a shortening of the C(1)-G{2ple bond by 0.05 A to 1.491(2) A But this
is considerably longer than that observed in thé-dithiolateanion 2¢HgN,O.1/3KS,
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3. Results and Discussion

(1.375(13) A) where in the GSyroup is oriented coplanar to the five memberedssuted

imidazol ringt*3”!

It is helpful to compare the structure of the inzidiadithiolate E8 with the higher symmetrical
imidazol C$ adduct, bis-1,3-isopropyl-bis-4,5-methylimidaztthibcarboxylateE9. This was
crystallised by diffusion of diethyl ether into acetonitrile solution. The crystals belong to the

monoclinic space group C2/c containing four molesyder unit cell.

Figure 3.6: Structure of 1,3-di-isopropyl-bis-4,5-methylimiddizon-dithio-carboxylateE9 in the crystal.

In E9 the molecules contains aromatic imidazol ringsolwhare substituted in five positions the
aromatic carbons of imidazol ring C(5) and C(6) diog with methyl group while N(1) and N(2)
substituted with isopropyl group and C1 of imidadng substituted with GSgroup.

The imidazol ring inE9 is planar as k8 but there is significant difference with respecthe
dihedral angles of the planes containing the @8ups and the imidazol rings. In the compound
E9, the plane of the GSyroup is perpendicular (dihedral angle, 89.14°ht® plane of the five

membered imidazol ring while irE8 the dihedral angle is 72.6°. The deviation from
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3. Results and Discussion

perpendicular orientation iB8 seems to be due to a crystallographic packingefféhe bond

lengths and angles for bot8 andE9 are given in Table 3.4.

Table 3.4:.Selected Bond lengths [A] and Bond Angles [°]E&andE9

Bond Lengths

E8 E9 E8 E9
C(1)-N(1) 1.346(2)  1.3365(16) C(5)-C(6) 1.344 (3) .349 (3)
C(1)-N(2) 1.343(2)  1.3365(16) C(1)-C(2) 1.491(2)  485(3)
N(1)-C(5) 1.384(2)  1.3970(17) S()-C2)  1.6717(17)1.6621(9)
N(2)-C(6) 1.385(2)  1.3970(17) S(2-C2)  1.6740(16)1.6621(9)
P(1)-C(8) 1.8564(17) P(1)-C(10)  1.8383(16)
P(1)-C(9) 1.8380(16)
Bond Angles

E8 E9 E8 E9
N(1)-C(5)-C(6) 107.14(15)  107.10(8)  C(1)-N(2)-C(6).09.10(14) 108.59(12)
N(2)-C(6)-C(5) 107.32(15)  107.10(8)  N(1)-C(1)-N(2).07.26(14) 108.61(17)
C(1)-N(2-C(5) 109.10(14) 108.59(12)  S(1)-C(2)-S(2129.40(10) 129.47(12)
C(8)-P(1)-C(9)  96.88(7) C(8)-P(1)-C(10) 103.52(7)
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3. Results and Discussion

3.1.3.3 Electrochemistry of 3-[2-(diphenylphosphino)ethyl]-1-ethyl-imidazolium-hexa-
fluorophosphate (E6)

0,00010
0,00005 585 mV/NHE
669 MV
0,00000
486 m V
-921mV  -570 mV/NHE
-1005 mV/NHE
-0,00005 L— : , . : : : : :
2 1 0 1 2
E(V vsAg/ AgCl)

Figure 3.7: Cyclovoltammogram oE6 in THF.

The cyclovoltammogram of imidazolium salt E6 (0.1#adNBu4J[PF¢] was obtained at a scan
rate of 200 mV/s in THF. The imidazolium salt show®versible oxidation wave at 586
mV/NHE and two reduction waves at -570 mV/NHE ab@do5 mV/NHE.
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3.2 Rhodium complexes

3.2.1 Syntheses and characterization of cationic cis-and trans-rhodium(l) complexes with E7
The syntheses of the catiorgs andtrans Rh(l) complexes [Rh(EtImC¥CH,PPh),][X] (E10

(X = Cl), E11 (X = PR) ) [Rh(EtIMCHCHPPh),]X (E12 (X = CI), E13(X = PF)) with the
bidentate phosphine-NHC ligaiith, E6 were carried out as outlined in Figure(3.8). Thebene
ligands were obtained by the reaction of imidazulisaltE5, E6 with the base KN(SiMg; in
THF solution at room temperature under an inertagagsphere. Subsequentaly addition of the
metal precursor [RipfCI)(COD)], afforded the novelcis and trans square planar Rh(l)

complexes.

Ph
\/gVN\/\FI’/ THF NN
|
Ph - Bh
E5, X =
£6, X = PFe [Rh(1-CI)(COD)]
THF
Ph
//\ ® - ®
=\ Q Ph 3 °
EtN N~> P, \FI),_\ e
Ph Phal N
\ —
Ph"“"P—Rh—P\'"“Ph R Rh /J
A EtN
Ph .
N NEt N “NEt
= \—/
trans cis
E12, X = Cl E10, X = C|
E13, X = PFq E11, X = PFq

Figure 3.8: Synthesis otis- andtransRh(l) complexes.

E12 was obtained only in case of imidazolium iodidéssas soluble product in THF solution
while thecis-isomerE10 which is also generated in this reaction as ang&gellow precipitate.
On starting withE6 the same reaction leads selectively todisecomplexE11 in high yield. In
the solid state the latter is a compound of yelfgr@en color which in contrast #10 is easily
soluble in THF.E13 was synthesized frof&12 via counter ion exchange by adding NaRF

methyene chloride solution.
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® Ph @
= 1% P3| ©
EtN._N X Ph, *p’ \
Ph Pha:
Phip-Rh—F.Ph P- Rh_(J
A ( J\ EtN
N” "NEt N~ "NEt
trans cis
E12, X=ClI E10, X = Cl
E13, X = PFg E11, X =PFg

The new mononuclear bidentate phosphine-NHC Riof)piexes were characterized by, °C,
3IP_NMR spectroscopy and single crystal X-ray stmecanalyses.

Compared to the imidazolium s&6 the'H-NMR spectra of all complexes10, E11, E12, E13
show important differences with respect to the dbhamshift and the multiplicities of the
resonances of the ethylene protons. As expectadnEattached to‘@annot be observed due to
deprotonation and subsequent cordination to rhoditime bidentate coordination of the ligands
can be infered from the presence of four diast@iotproton resonances for the ethylene bridge
in the range of 2.50-2.56 and 3.73-3.80 ppm. Therital shift of the resonance of the carbene
carbon € were observed at low field in th&C {*H}-NMR spectra. Thesis complex shows a ddd
at 183.0 ppm ORhc 47 Hz, Jpc trans= 103 Hz, Jpc cis = 30 Hz) while for thdrans complex a
doublet of triplett is found at 185.1 ppfidgnc= 39 Hz,2Jpc= 17 Hz). These chemical shifts and
coupling constants compare well with values rembitethe literature for the Cresonance of
other rhodium NHC complexé8>91313%IThe appearance of thggn.cz) coupling constant
confirms the bonding of the carbene atom to theameg¢nter in solutiuon. The number of
aromatic resonances proves that the phenyl ringhePPhresidue are not equivalent in all

complexes.

The*P NMR resonances of the phosphorous atoms in thal m@mplexe<€10, E11, E12 and
E13 were observed at 32.2 ppm for baik complexes (d'Jrnp= 128 Hz) and at 25.9 ppm for
bothtrans complexes (d'Jrnp= 152 Hz). The resonances of the phosphorous acenshifted to
lower field compared to the values observed forfthe ligandsES5 (-21.4 ppm) and6 (-22.1
ppm), respectively. This observation confirmes toerdination of phosphorous to the metal

center.
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3. Results and Discussion

3.2.2 Single crystal X-ray structure analyses of cis-[Rh(EtlmCH;CH2PPh,),][X] (X=CI

(E10), PF¢ (E11))
Single crystals oE10 and E11 suitable for X-ray diffraction analysis were oloiad by slow
diffusion of diethyl ether into a concentrated aodtile solution ofE10 and from concentrated
THF solution ofE11, respectively.
Selected bond lengths and angles of both compoarredisted in Table 3.5. Molecular structure
containing the atomic numbering schemes are shovingure 3.9, Table 3.5 f&10 and Figure
3.10, Table 3.5 foE11, respectively., Crystallographic data are listedhe Table 7.3. Theis
complexesE10 andE11 crystallized in the triclinic space group P-1.Thater incorporated one
molecule of THF in the crystal lattice.The crystatstain two molecules per asymmetric unit.
As both complexes show only minor differences weébpect to their structure only the structure
of complexE10 will be dicussed in detail.
In the complexE10 the Rh center is coordinated by two bidentate N¥Gsphane-ligands in a
square planar arrangement. The metal center foritis @ach ligand a six membered ring
exhibiting a distorted boat conformation. Both sngan be mapped onto each other by a 180°
rotation about the axis dividing the angles P(1hfdR-P(12) and C(101)-Rh(1)-C(120). Hence
the molecule is chiral as it belongs to the poimug C,. The sums of angles at the Rh atoms
equals 360.1(2)° and 359.8(2)°, respectively, icoadance with the square planar geometry of
the complex. However, the angles C(120)-Rh(1)-P¢f231.19(15)° and P(11)-Rh(1)-P(12) of
98.74(6)° deviate strongly form the expected 90glann square planar complexes. This
observation can be traced back to the fact thaplleayl rings in theseisisomers are quite close
to each other leading to sterical strain. The lateeduced by a slight distortion from the ideal
square planar arrangement of the ligand atom. €palsion of the two PBhresidues is also
strongly indicated by the angle C(101)-Rh(1)-P(&)ich deviates by 8.34(12)° from the
expected 180° angle. Consequently this deviationatso be found in the angle C(120)-Rh(1)-
P(12). InE10, the Rh(1) atom is located only 0.036 A abovedberdination plane defined by C
(101), C(122), P(11) and P(12). The bite anglesOC\-Rh(1)-P(11) of 89.45(15°) and and
C(101)-Rh(1)-C(120) of 91.5(2), respectively, alese to the ideal angle of 90° expected for
square planar complexes. The dihedral angles df)fh(1)-P(12) to C(101)-Rh(1)-C(120) and
C (101)-Rh(2)-P(11) to C(120)-Rh(1)-P(12) amoun®i®9° and 10.31°, respectively. Again this
slight distorsion must be attributed the steriasiaction of the PRhresidues. The bond lengths
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of Rh(1)-C(101), Rh(1)-C(120), Rh(1)-P(11) and RHP{12) are 2.033(6) A, 2.034(5) A,
2.2686(15) A and 2.2781(16) A, respectively, argilsir to the those of other Rh-NHC complex

with monodentate ligands reported in the literattiet331%!

Figure 3.9: Structure ofcis-[Rh(EtImCHCH,PPhR),] " in crystals ofE10
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Table 3.5: Selected bond lengths [A] and bond angles [is{Rh(EtimCH,CH,PPR),]CI (E10)
andcis-[Rh(EtimCH,CH,PPh),][PF¢] (E11)

E10 E1l
Bond Lengths
Rh(1)-C(101) 2.033(6) Rh(1)-C(135) 2.044(4)
Rh(1)-C(120) 2.034(5) Rh(1)-C(165) 2.057(4)
Rh(1)-P(11) 2.2686(15) Rh(1)-P(11) 2.2565(11)
Rh(1)-P(12) 2.2781(16) Rh(1)-P(12) 2.2739(11)
Bond Angles
C(101)-Rh(1)-P(11) 89.45(15) C(135)-Rh(1)-P(12) 78812)
C(120)-Rh(1)-P(12) 81.19(15) C(165)-Rh(1)-P(12) 58011)
P(11)-Rh(1)-P(12) 98.74(6) P(11)-Rh(1)-P(12) 99427 (
C(101)-Rh(1)-C(120) 91.5(2) C(135)-Rh(1)-C(165) 2416)
C(120)-Rh(1)-P(11) 170.66(15) C(165)-Rh(1)-P(11) 4.23(12)
C(101)-Rh(1)-P(12) 170.46(15) C(135)-Rh(1)-P(12) 1.866(12)

For E11 the unit cell contains two independent moleculesboth of these molecules the
rhodium atoms show a slightly distorted square glawordination sphere. The rhodium atoms
are 0.072 A and 0.003 A, respectively, located abthe coordination plane. Apart from that

there are no significant differences with respedband angles and bond distances compared to

the structure oE10. Obviously the counterion does not interfere vgittuctural arrangement of

the complexes.
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Figure 3.10: Structure ofcis-[Rh(EtImCHCH,PPh),]" in crystals ofE11.

3.2.3 Single crystal X-ray structure analyses of trans-[Rh(EtlmCH>CH,PPh,),][X]

(X =CI (E12), PFs (E13))
Single crystals oE12 and E13 suitable for X-ray diffraction analysis were oloid by slow
evaporation of a concentrated solution B12 in THF and by layering of concentrated
dichloromethane oE13 solution with diethyl ether, respectively. Selecteond lengths and
angles of both compounds are listed in Table 3rgst@llographic data are presented in Table
7.4. Molecular structure containing atom numbesogemes are shown in Figure 3.11 Ed?2
and 3.12 forE13, respectivelyE12 crystallized in the monoclinic space group Cc wifill3

crystallized in the monoclinic in space group C2/c.
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Crystals of thetrans complex E12 contain 4 molecules in the unit cell. And crystafsE13
contains four molecules per unit cell in which twolecules of complex and two molecules of
diethyl ether incorporated in the unit cell In batbmplexes the arrangement around rhodium is
distorted square planar. The rhodium centers apedomated by two bidentate ligan&s. The
ligating phosphorous atoms occupgns coordination sites. The same holds for the ligatin
carbon atoms. The sums of angles at the Rh atonads§59.35(6)° foE12 and 358.56(6)° for
E13. In E12 the rhodium atom is located only 0.133 A from tlw®rdination plane. IE13 the
rhodium atom is located 0.208 A above the cooréngplane defined by C(1), C(1A), P(1) and
P(1A). InE12 andE13 the six membered rings defined by Rh(1), P(1),)CC{6), N(2), C(1)
and Rh(1), C(1), N(2), C(6), C(7), C(16), P(1), pretively, have pseudo-boat conformation.
Both complexes showC, symmetry. TheC, axis is perpendicular to the coordination plane
passing through the rhodium atom. The ligand hitgles in case oE12 C(1)-Rh(1)-P(1) and
C(2)-Rh(1)-P(1)#1 amount to 79.58(6)° and 100.09(&espectively. They deviate by
approximately 10° from the ideal 90° angle expedtadthis type of complex. Due to that the
phenyl ring in thérans complex are quite close to each other leadingetocsstrain which cases
distortion around the Rh (1) center The C(1)#-Ri(d) of 176.47 close to linearity 180° and
the P(1)#-Rh(1)-P(1) of 169.67(3) deviates fromaldengle 180° the rhodium carbene distance
of Rh(1)-C(1)# of 2.029(2) and Rh(1)-P(1)# of 2.9@)and 2.2620(6) respectively Hi3. The
bite angle C(1)-Rh(1)-P(1) of 84.81(6) close toaidangle 90°, the C(1)#-Rh(1)-P(1)# of
94.47(6) and C(1)#-Rh(1)-C(1) of 175.07(12) closethte linearity while P(1)#-Rh(1)-P(1) of
163.24(3) deviates from 180°. The Rhodium carbemkepnosphour bond lengths of 2.031(2) A
and 2.2551(5) A, respectively. Are similar to thageother Rh-NHC complexé&**3"1*¥The
Rh-P bond length is longer than Rh-C bond by 0.224A due totrans effect of phosphine
ligand.
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Figure 3.11: Structure otrans[Rh(EtimCH.CH,PPR),]" in crystals ofE12.

Figure 3.12: Structure otrans[Rh(EtiImCH.CH,PPR),]" in crystals ofE13.
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Table 3.6: Selected bond lengths [A] and bond angles [°] for
trans[Rh(EtimCHCH,PPh),]CI (E12) andtrans-[Rh(EtimCH,CH,PPh),][PF¢] (E13)

E12 E13
Bond Lengths
Rh(1)-C(1)A 2.029(2) Rh(1)-C(1)A 2.031(2)
Rh(1)-C(1) 2.029(2) Rh(1)-C(1) 2.031(2)
Rh(1)-P(1)A 2.2619(6) Rh(1)-P(1)A 2.2551(5)
Rh(1)-P(2) 2.2620(6) Rh(1)-P(1) 2.2551(5)
Bond Angles
C(1)-Rh(1)-P(2) 79.58(6) C(1)-Rh(2)-P(1) 84.81(6)
C(1)A-Rh(2)-P(1)A 79.59(6). C(1)A-Rh(1)-P(1)A 84(8)
C(1)-Rh(1)-P(DA 100.09(6) C(1)-Rh(2)-P(1)A 94.4)/(6
C(1)A-Rh(1)-P(2) 100.09(6) C(1)A-Rh(2)-P(2) 94.4y (6
P(1)A-Rh(2)-P(1) 169.67(3) P(1)A-Rh(1)-P(1) 16324(
C(1)A-Rh(2)-C(1) 176.47(12) C(1)A-Rh(1)-C(1) 175(42)
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3.3 Equilibrium between cisand transisomers at higher temper atures

The interconversion afis-complex andrans complex is studied by measurifi@-NMR of both
complexes at different temperatures and for diffetienes. Generall§'P-NMR spectra ofhe cis

isomersE10 shows a signal at 32 ppm which splitting to a deufiJzne= 126 Hz), while the
trans complexE12 exhibits a doublet at 26 pprignp= 153 Hz) as shown in Figure.3.13.

cis trans
E10 E12

\W ..M/'/ ...WMAMNMMMMMMMWWWWMMMM LLMN\J e A,

1 1 T 1 T 1 T 1 T
33 32 31 30 29 28 27 26 25 ppmr

T 1 T T T T 1 T 1 T 1 1 T T
140 120 100 80 60 40 20 0 -20 -40 -60 -80 -100 -120 ppm

Figure 3.13: 3'P-NMR spectrum of a mixture efs andtransisomersE10 andE12.

The relative stability of both isomers was checkeyl temperature dependertP-NMR
spectroscopy. Initially the sample of this isomer dissolved in®%DMSO shows a signal at 32
ppm and small signal of titeansisomers at 26 ppm as a side product with a rdtmsto trans

of 10:1 Figure 3.14. The ratio has been determinyeitegration of the peaks as the phosphorous
atoms in both complexes most likely have simildaxation times due to the similar structure of
the complexes. On heating for 2 h at 45°C the mitithe isomers did not change. Increasing the
temperature to 80°C and heating for 21 h leadsrievaratio of 2:1. Heating at 100°C for 70 h
gives a spectrum with sharp peaks of both isonmesasratio ofcis to trans1:2. Prolonged heating
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at 120°C gave no change in ratio of both isomedicating that an equilibrium due to

interconservion of both isomers (Figure 3.16).

100 h at 120°C

LJL 70 h at 100°C
ey St e ] “
0 Sy
el o i o . Nl \
ju 2hat 80°C
R S L e \ I — " o
LJ g* 2h at 45°C
0 min

35 34 33 32 31 30 29 28 27 26 25 ppr

Figure 3.14: Temperature dependeflP NMR-spectrum of isomerization ois-E10 to transE12.

In order to prove the proposed interconversiontthas isomer was dissolved in GON and
again temperature dependét®-NMR spectra were recorded. The starting matedatains both
isomers in a ratio of 10:1réns cis) at room temperature. On heating thens isomer at 50°C
for 2h there is no change in the ratio of both ismnBYy increasing the temperature to 70°C and
heating again for 8 h there the ratio changes2dttans: cis). Finally on heating at 78°C for 18

h the ratio oftrans to cis becomes 2:1. Heating for another 24 h does natgsh#éhe observed
ratio for both isomers confirming the above postdaequilibrium in solution as shown in Figure
(3.15)
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l 25 h at 78°C

‘ 23 hat78°C

18 hat 78°C

' 11 hat 75°C
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[ 0 min *: trans-E12
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Figure 3.15: Temperature dependef®-NMR spectra of thermal isomerizationtatns-E12 to cis-E10.
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Figure 3.16: The equilibrium betweenis-E10 andtrans-E12 isomers of [Rh(EtImCECH,PPR),]CI

The mechanism of interconversion toAns-E£12 and cis-£10 can occur through two different
mechanisms as depicted in Figure 3.17. In mechaAishe reaction is initiated by a dissociation
of the phosphane moieties and subsequent psewtmmaround rhodium atoms. Recoordination
of the phosphorous atom forms this complex. In mechanism B reaction occurs through a
tetrahedral transition state subsequent rearrangefie molecules. If the reaction proceeds via
pathway A the intermediate complex | should givé'&NMR resonances at about -20 ppm
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(compare to MePRh3 = -27. 1 ppm}*** However, we did not observe any signal in the regat
range of the ppm scale. This strongly points towaathanism B, but we cannot completely rule
out that the transformation via intermediate | (hegdsm A) is so rapid that NMR-spectroscopy

is not able to detect it.
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Figure 3.17: Postulated mechanisms for the interconversidal®fandE12.
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3.4 Electrochemistry of cis-[Rh(EtIlmCH,CH,PPh,),][PF¢] (E11)

524mV / NHE
0,000008 - 586mV
266mv/NHE

0,000006 328 MV

0,000004
—
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0,000000
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-0,000004 + -666mV / NHE
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-15 -1,0 -0,5 0,0 0,5 1,0 15
E(V vs Ag/AgCl)

Figure 3.18: Cyclovoltammogram oE11 in CH;CN.
The cyclovoltammogramm otis-rhodium(l) complexE11 (0.1 mol/L [NBuw][PFe]) was

obtained at a scan rate of 50 mV/s in acetonitiilee cis-Rh(l) complex shows irreversible
oxidation waves at 266 mV/NHE and 542 mV/NHE andduction wave at -666 mV/NHE.
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3.4.1 Electrochemistry of trans-[Rh(EtlmCH,CH,PPh,),]Cl (E12)

0,00010

poy | 476 mV/ NHE
i 0,00005 572 mv
N

-546mvV
-642mV / NHE

0 2

E(V vsAg/ AgCl)

Figure 3.19: Cyclovoltammogram of12 in CH;CN.

The cyclovoltammogram dE11 (0.2 mol/L [NBw][PFs]; 50 mV/s; Au/Pt/Ag-AgCl) shows quasi
irreversible electron transfers (Figure 3.19) Thedation wave at 476 mV/NHE and reduction
wave at -642 mV/NHE.
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3.5 Synthesis of peroxo complexes

3.5.1 Synthesis and dynamic behaviour of cis- and trans-[Rh(*-O,)(Etl mCH,CH ,PPh,),] X

(X = Cl (E14), PFs ( E15))

The novel peroxo complexésl4 andE15 were synthesized by exposure of methylene chloride
solutions ofE10 or E11, respectively, to air (Figure 3.20). The reactians finished after a few

minutes. The color changes in both cases fromweadi@nge to pale brown.
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Figure 3.20: Formation oftis- andtransperoxo complexeg14, E15.

The3P-NMR spectrum oE14 at room temperature shows a broad dublett at @5 (d, Jzn.p

= 125 Hz) and an extremely broad peak at 8.5 ppradtition the signal dE15 at 26.5 ppm (d,
LJrnp= 125 Hz) is observed. On heating to 343 K the @eak7.5 ppm becomes a sharp

= 125 Hz,2Jpp= 20 Hz) and the peak at 8.5 ppm is transformeal éntlublett {Jgnp= 125 Hz)
with much lower half band width than before. Thesetved transformation of the resonances
must be attributed to a fluxional proceE44 consists of two isomer&(4A andE14B) which

are in a dynamic equilibrium with each other. AB34 the interconversion is so rapid that only 2
resonances for the two phosphorous atoms can leevelos On lowering the temperature to 303
K the interconversion slows down and the peaksdaoalue to coalescence of the resonances of
E14A andE14B. This is confirmed by further temperature depenhd&-NMR spectra which
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have been mesaured down to 233 K (Figure 3.21)thén low temperature range 4 sharp
resonances at 30.9 (ddrns= 125 Hz,2Jpp= 20 Hz), 26.2 (dd"Jrnp= 125 Hz,2Jpp= 20 Hz), 12.4
(dd, YJgnp= 85 Hz,2Jpp= 20 Hz), -3.1 (dd'Jrnp= 85 Hz,2Jpp= 20Hz) are detected which must be
assigned t&14A andE14B. From the intensities of the signals it becomesi@diately clear that
the resonances at 30.9 ppm and 12.4 ppm belongetofathe isomerdH14A) and the resonances
at 26.2 ppm and -3.1 ppm belong to the other isqE#&4B). The most notable feature of their
3IP_.NMR data are the coupling constants. The recofdgdvalue of 20 Hz is typical for ais
arrangement of the two phosphorous atoms in eacheis The'Jrppvalues of 125 Hz and 85 Hz
allow the assignment of the phosphorous atoms iegpect to the Rh—(lane. The phosphorous
atoms exhibiting a coupling constant of 125 Hznhi¢he Rh—Q plane while those with 85 Hz are
perpendicular orientated with respect to that plartee assignment is based on the observed
coupling constants iE15 and other Rh-©@complexes containing phosphorous ligator atBiis.

In E15 both phosphorous lie in the Rh-@lane and show &gnp coupling constant of 125 Hz.
Are similar to [Rh(Q)(P-N)(PPR)CI],1**¥ [Rh(O,)(4-CsF4sN)(CNtBU)(PES),]***! 85Hz From the
coupling constants it is clear, thei4A andE14B have the same arrangement of the ligands
around the rhodium center. Hence the structurdemifice between both isomers must be
attributed to the conformation of the 6-memberedsiwhich are part of both molecules. This
evaluation of the recorded data is confirmed bydimgle crystal X-ray analyses &fl4A and
E16 which shows the same ligand arrangemenE®A, but another conformation of the 6-
membered rings. The latter conformation of the singust be attributed tB14B too. A deeper

discussion of these structural aspects can be fousekction 3.6.1.1.
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Figure 3.21: *'P-NMR spectrum of peroxo addugl4 at different temperature.

In order to find out if the addition of Qo cis-E10 is reversible a sample was heated during NMR
measurements (Figure 3.22). The first spectrumrdecbat 303 K shows the signalsEf4 and
small amounts otranscomplex E15B. On heating to 343 K some remarkable changes are
observed. Firstly, the signals Bfi4 a sharpened due to the rapid interconversioB1dfA and
E14B (vide supra). Secondly, the intensity of the resmes oE15A has strongly increased and
the resonances a@is-E10 can be observed with low intensity. The lattereslation is a clear
indication that the addition of Qo cis-E10 is reversible. At higher temperatuie$4 releases ©
and starts to isomerize to gi#Ed 2 (vide supra) which subsequently reacts witht®@irreversibly
form E15A. Prologned heating gives an additional minor rasce at 4 ppm which must be
attributed to the isomerization produgl5B, which shows dJrne-coupling constant of 88 Hz
typical for phosphorous perpendicular to the Rip@ne. The above discussed reaction pathways
can be proved in a single experiment. Thereforarapte ofE14 is heated in the presence of
excess @ The accompanying NMR spectra show the graduaversion ofE14 to E15A and
finally the formation ofE15B. Form the spectrum recorded after 21 hours ofimgat can be

concluded thaE15A is thermodynamically more stable tHah5B.
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Figure 3.22: *'P-NMR spectra of [Rf-O,)(EtimCH,CH,PPh),]Cl at 343K.
Notable feature of Th&H-NMR spectra 0E15 inCDsCN is the absence of a signal at 8.5 ppm

which indicates the coordination of the carbenarlifjto the Rh-atom. The protoHs andH?® of
the imidazolium ring have been detected at 6.97 fdy = 2 Hz) and 7.09 ppm (dJun =
2Hz), respectively. Compared to the protons ofithiglazolium salts the latter resonances are
shifted to high field. As a consequence of the doation to Rh the protons of the ethylene
bridge become diasterotopic and they are shiftdugb fieldé = 1.84 (m, NCH), 3.91 (dt, 1H
23 = 15 Hz,%3un = 7 Hz, PCH) and 3.03 (dg, 1HJun = 14 Hz,*Jqu = 7 Hz, PCH)]

The*C-NMR spectrum shows a high field shifted signaltfe carbene atoms at 160.4 ppm (dt,
LJrnp= 125 Hz,2Jpc= 17 Hz) due to the formation of a rhodium (lllneer. The carbon atoms of
the imidazolium ringC® andC® are observed &t125.2(s) ppm and 121.7(s), respectivéityand
3C-NMR data forE14 are given in the experimental section. The IR spet (KBr) of bothE14
and E15 shows an absorption band at 845 cattributable to oxygen-oxygen stretching band

which are typical for side-on coordinated peroxid&.
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3.5.2 X-ray crystallographic analyses of cis-[Rh(n*O,)(EtlmCH>CH,PPh,),]*

(E14A)
Single crystals oftis-peroxo complexE14A suitable for X-ray diffraction were obtained by
layering a concentrated methylene chloride solutbtdrE1l4 with diethyl ether. The peroxo
complexE14A with counterion Clcrystallizes in space group P-1 with two molecues unit
cell incorporating two chloride anions and four hy¢ne chloride solvent molecules.
Crystallographic data are presented in the TalBeaid selected bond lengths and angles are
listed in Table 3.7. Molecular structure containithgg atom numbering scheme is shown in
Figure 3.23a. The central rhodium atom is coordidah a trigonal bipyramidal fashion by the
carbene carbon donor atoms and phosphorous domms aif the two bidentate NHC ligands.
The coordination is completed by the peroxo ligdnd14A the carbene carbon atom C(35) and
phosphorous atom P(2) occupy axial positions ofttigenal bipyramid while the carbene atom
C(65), P(1) and the oxygen atoms of the peroxmtige in the equatorial plane. The sum of the
bond angles formed around the Rh atom in the eqabpbane is 360°.

Figure 3.23a: Structure of thé-isomer ofcis-[Rh(n*O,)(EtImCH,CH,PPh),]" in crystals oE14A,

with counterionCl’, (without hydrogen atoms).
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Table 3.7: Selected bond lengths [A] and angles [°] of percoxmplexE14A

Bond Lengths

0(1)-0(2) 1.442(4) Rh(1)-C(35) 2.090(4)

Rh(1)-O(2) 2.030(3) Rh(1)-P(2) 2.3113(10)

Rh(1)-0O(1) 2.062(3) Rh(1)-P(2) 2.3156(10)

Rh(1)-C(65) 2.048(3)

Bond Angles

O(1)-Rh(1)-0(2) 41.25(11) C(65)-Rh(1)-0(2) 102.83)1
C(65)-Rh(1)-0(1) 143.41(13) C(35)-Rh(1)-P(2) 176173
O(1)-Rh(1)-P(1) 112.47(8) C(65)-Rh(1)-P(1) 103.9(1
O(2)-Rh(1)-P(1) 153.02(8)

The dioxygen molecule is coordinated to rhodiumaiside on fashion. The O(1)-O(2) bond
distance is 1.442(4) A which is considerably longjean that of free dioxygen (1.21 A) and
comparable to that of 40, (1.49 A). The bonding distance is typical for caoeded peroxides.
(1421 The elongation of the O-O bond distance of thexgljen unit is also observed in the
rhodium dioxygen complexes such as RhG)(PPh)s, (1.413(9) A) and [RhCI(Q(PPh)]>
(1.44(1) A). The difference in the Rh(1)-O(1) and(R-O(2) bond lengths is 0.032(3) A while
the O(1)-Rh(1)-O(2) angle is amounts to 41.25(The Rh-C bond lengths of 2.048 (3) and
2.090 (4) A are close to those reported for conflareomplexe&*?**4 The Rh-P bond lengths
are 2.3156(10) A and 2.3113(10) A which are typiealues for phosphorous coordinated to
Rh(+IIl). The peroxide ligand is not symmetricalgoordinated with respect to the axis
C(35)/P(2). It is shifted towards the carbene at®{®5) and lifted from the equatorial plane by
0.179 A. Consequently the bond angle P(1)-Rh(1)}@&(farger than O(1)-Rh(1)-C(65) by about
9.6°. The bond angle formed by the axial ligand855Rh(1)-P(2) is 176.23(10and thus close
to linearity.

In addition single crystals afis-peroxo compleXxE14A as counter ion PE were obtained by
layering a concentrated acetonitrile solution Eif4 with diethyl ether. In this cas&l4A
crystallized in the space group P22; with four molecules per unit cell incorporating one

acetonitrile molecule in the unit cell. Moleculatrugture containing the atomic numbering
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scheme is shown in Figure 3.23b and Crystallogagaia are presented in the Table 7.5. It must
be noted that in this case a crystal containingy onle enantiomer dt14A is obtained. Hence

during crystallisation a spontaneous separatidch@enantiomers takes place.

Figure 3.23b: Structure of thé\-isomer ofcis-[Rh(n?-O,)(EtImCH,CH,PPh),]" in enantiomerically pure
crystal &14A with counterion P§, (without hydrogen atoms).

3.5.3 Single crystal X-ray structure analysis of trans-[Rh(11%-O2)(EtlmCH »CH ,PPh,),][PFe]

(E15)
Red brown crystals dE15 were grown by layering a concentrated methylererice solution
with diethyl ether.E15 crystallizes in orthorhombic space group, Pna®{ith four molecules
per unit cell in which two of the bidentate ligangl® coordinated to the Rhodium(lll) center.
Two molecules of methylene chloride are also founthe unit cell. Crystallographic data are
presented in theTable 7.6 and selected bond leagithengles are listed in Table 3.8. Molecular

structure containing the atom numbering schemsBagn in Figure 3.24.
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Figure 3.24: structure ofrans{Rh(n>0,)(EtImCH,CH,PPh),]" in crystals ofE15, (without hydrogen atoms).

The geometry around the rhodium center is trigbi@tramidal. The phosphorous atoms and the
peroxo ligand lie in the equatorial plane of thigdnal bipyramid. The sum of bond angles
formed by these donors around the rhodium atond®.3n thetrans peroxo compleX15, the
peroxo ligand is symmetrically coordinated withpest to the axis C(35)/C(65) and lies in the
equatorial plane. Hence, the angles P(1)-Rh(1)-@(® P(2)-Rh(1)-O(2) viz., 151.4(3 )° and
154.5(3) ° respectively, are almost identical. Thie phosphourous donor atoms are also lying in
the equatorial plane of the trigonal bipyramidalusture. The most significant difference
between the structures Bfl4 andE15 is that the position of the peroxo ligand.Hf&4 the the
plane Rh(1)-O(1)-O(2) shows a significant torsiomgla with respect to the equatorial plane of
the complex and the Qunit is shifted towards one of the other equatdigands. However, in
E15 the peroxo ligand is symmetrically embeded in dguatorial plane of the molecule.
Consequently if£14, the peroxo ligand exhibits almost identical baistances Rh(1)-O(1) and
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Rh(1)-0(2), 2.038(9) A and 2.043(9) A, respectv@he bond lengths of Rh-C iE14 are
similar to those found 15 while the bond distances of Rh-PHdi4 are larger than the bond
distances irfE15 by 0.037 A.

Table 3.8: Selected bond lengths [A] and angles [°] of perconmplexE15

Bond lengths

0(1)-0(2) 1.444(12) Rh(1)-C(35) 2.104(12)
Rh(1)-0(2) 2.043(9) Rh(1)-P(1) 2.280(3)
Rh(1)-O(1) 2.038(9) Rh(1)-P(2) 2.272(3)
Rh(1)-C(65) 2.103(12)

Bond angles
O(1)-Rh(1)-0O(2) 41.4(4) O(1)-Rh(1)-P(2) 151.4(3)
C(65)-Rh(1)-C(35) 176.0(5) 0O(2)-Rh(1)-P(2) 154.5(3)
O(1)-Rh(1)-P(2) 113.1(3) P(2)-Rh(1)-P(2) 95.42(12)
0(2)-Rh(1)-P(1) 110.1. (3)
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3.6 Oxidative addition of small moleculesviz, (Sg CHal,

rhodium(l) complex E11

I,) tothecis

cis-Rhodium(l) complexE11l undergoes oxidative addition recations with smadlecules like

elemental sulfur, methyl iodide and iodine underyiray reaction conditions to give the novel

rhodium(lll) complexe$16,

E17 andE18 as shown in Figure 3.25. The synthesis of comglexe

and their structures are discussed below.
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Figure 3.25: Synthesis of novel rhodium(lll) complexes

3.6.1 Synthesis and structure of cis-[Rh(n*S,)(EtlmCH,CH,PPh,),][PF¢] (E16)
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The synthesis of theis-rhodium(lll) complex [Rh§*S)(Etim
CH.CH,PPh),][PFs] (E16) was accomplished by oxidative
addition of E11 with elementary sulfur at room temperature in
methylene chloride. In the course of the reacttmn dolor of the
solution changed from yellowish brown to green. Shlvent was

removed after one hour to give the product. Gregstals of the
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novel cis-Rh(lll) complex, E16 were obtained in high yield (80 %) by layering &thylene
chloride solution with diethyl ether.

The X-ray crystal structures were corroborated bi¥RN and IR-spectroscopy. X-ray
crystallography, proves the formation of the nasisiRh(Ill) complexE16 in which the rhodium

is coordinated to two bidentate NHC-phosphine ldgaand the disulfide molecule.

The'H-NMR spectrum oE16 shows signals of diasterotopic protons around-3.88 ppm (m,
2H e,) and around 3.06-3.30 ppm (m, e’, 2H) as aglaround 4.50-5.01 ppm (m, d’, 2H) and
around 4.73-5.24 ppm (m, 2H ,d) which are shiftesvid field compared to the diasterotopic
protons in the starting materiglll. The protons of the imidazol ring were observed.@4 ppm
(m, 1H, c¢) 7.15 ppm (m, 1H, b), 7.32 ppm (m, 1H, ¢’) and 7pin (s’, 1H, b), respectively.
Accordingly the™*C-NMR spectrum shows four resonances which carsbigred to the carbon
atoms of the imidazolium rings at= 119.7 (dJsc= 5.0 Hz, c) and = 121.4 (s, ¢') and =
123.5 (d,3) = 6 Hz, b) and = 124.9 (s, b"), respectively. Two high field sig have been
observed for carbene carbon atoms bound to theiutmgl) center at 162.0 ppm (dddJrnc

= 161,%Jpc, cis = 12.7, Jpc, vans = 40 Hz, @) and 169.5 ppm (dddrnc= 48 Hz,%Jpc cis = 6 Hz,
2Jpc. vans = 19 Hz, @’). Compared tois E11 in which the carbene atoms show a resonance at
183.0 ppm the resonanceskd6 are shifted to high field.

In the **P{*H}-NMR spectrum ofE16 two signals are observed &t 3.7 (dd,*Jgnp= 128 Hz,
2Jpp= 23 Hz) andd = 18.5 (dd,*Jrnp= 76.4 Hz,2Jpp= 23 Hz) ppm. Compared to the starting
matrial E11 the phosphorous atoms BL6 are more shielded. This observation compares well
with the above described shielding of the carbéoma As discussed for the analogous Rh-O
complexE14 the rhodium-phosporous coupling constants givéeardndication of the position
of the phosphorous atoms within the complex (pabe 8ence, the signal at 3.7 ppm belongs to
the phosphorous atom in the Rh{8ane, whereas the other phosphorous resonancegseto
the remaining P-atom which is perpendicular toReS plane. The IR spectra &16 exhibit a
band at 557 cthwhich can be assigned to the S-S-stretching viratf n>S, ligand™*®!
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Figure 3.26: *P-NMR spectra otis[Rh(n*S,)(EtimCH,CH,PPh),][PFs] (E16).

3.6.1.1 Single crystal X-ray structure analyses of cis-[Rh(n*S,)(Etl mCH ,CH,PPh,),][PFé]

(E16)

Green crystals dE16 suitable for X-ray crystallographic analysis wel#ained by overlaying a

concentrated methylene chloride solution Ef6 with diethyl ether.E16 crystallizes in the

monoclinic space group, P2(1)/c with four molecyes unit cell in which two of the bidentate

ligands are coordinated in @s arrangement with respect to the rhodium(lll) cenfewo

molecules of methylene chloride are also found hia tinit cell. Crystallographic data are

presented in the Table 7.7 and selected bond Isragttt angles are listed in Table 3.9. Molecular

structure containing the atom numbering schembkaws in Figure 3.27.
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Figure 3.27: Structure otis-[Rh(n*S,)(EtimCH,CH,PPh),]* in crystals ofE16, (without hydrogen atoms).

The arrangement of the ligating atoms around thedidm(lll) atom is distorted trigonal-
bipyramidal with two bidentate NHC-phosphane liganand one disulfide ligand, which
occupies one position in the equatorila plane, dioated to Rh. The equatorial plane of the
complex is formed by the carbene carbon atom C{@msphorous atom P(2) and the disulfide
ligand. The axial positions are occupied the cagbearbon atom C(65) and the phosphorous
atom P(1). The Sligand is not symmetrically coordinated with resp® the axis C(65)-Rh(1)-
P(1). The S(2) atom is slightly shifted from by 861A toward the P(2) atom. The sum of bond

angles formed at rhodium atom in the equatoriahglby the equatorially lying donor atoms is
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360° indicating planarity. The six membered ring<€Eil6 containing the rhodium center both
exhibit a boat form conformation.

In E16 the rhodium carbene bond lengths Rh(1)-C(65) ah@L)RC(35) are 2.058(4) A and
2.061(5) A, respectively, are similar to the bommhdths of rhodium carbene bond in the
analogous Rh-©complexE14. The S(1)-S(2) bond lengths of 2.0412(17) are lamto the
Complexcis E16 shows an analogous structure compared tistperoxo compleX14 but there
are some significant differences. Firstly the baistance of Rh(1)-P(1) and Rh(1)-P(2) differ
from the value found ifE14 by 0.0824 and 0.0166 A, respectively. As expectedHe bigger
sulfur atoms the bite angle S(1)-Rh(1)-S(2) is éarthan the bite angle of O(1)-Rh(1)-O(2) by
9.18° and the equatorial bond angle of S(2)-Rh(B5Lis smaller than the bond angleE®4,
O(1)-Rh(1)-P(1) by 5.06°. The bond angle P(2)-Rig1) are similar to the bond angle in P(1)-
Rh(1)-O(2) and The bond angle of S(2)-Rh(1)-P(2%n=aller than the bond angle P(1)-Rh(1)-
O(1) by 9.86°. The angle C(65)-Rh(1)-P(1)E@6 is smaller the respective angle C(35)-Rh(1)-
P(2) by 6.83°. The former angle deviates from Iiitgay 10.6° most likely due to more steric
strain iNnE16 than inE14 due to different conformations of the 6-memberieds containg the

rhodium center. values found in literatdff&! for S-S single bonds.

Table 3.9: Selected bond lengths [A] and angles [¢isf[Rh(n*S,)(EtimCH,CH,PPh),][PFs] (E16)

Bond lengths

S(1)-S(2) 2.0412(17) Rh(1)-C(35) 2.061(5)
Rh(1)-S(2) 2.3985(13) Rh(1)-P(1) 2.3937(12)
Rh(1)-S(1) 2.3931(13) Rh(1)-P(2) 2.3322(13)
Rh(1)-C(65) 2.058(4)
Bond angles
S(1)-Rh(1)-S(2) 50.43(4) P(2)-Rh(1)-S(1) 153.03(4)
C(65)-Rh(1)-C(35) 91.33(17) C(65)-Rh(1)-P(1) 16a14)
P(2)-Rh(1)-S(2) 102.61(4) C(35)-Rh(1)-S(2) 157.89(1
S(1)-Rh(1)-C(35) 107.41(14)

73



3. Results and Discussion

3.6.2 Synthesis of cis-[Rh(CH3)(I)(EtlmCH2CH,PPh,),][PF¢] (E17, E18)

Cis-Rh(lll) complexesgE17, E18 were synthesised as depicted in Figure(3.25) hyative
addition of one equivalent of methyl iodide to @wiivalent ofcis rhodium(l) complexE1l in
THF solution at room temperature. The reaction omixtwas monitored by'P NMR spectra
which shows two signals at 13.39 ppm (8ibp= 25 Hz,'Jrnp= 88 Hz), -6.2 ppm (ddJpp= 24
Hz, “Jrnp= 88 Hz). After removing the solvent under vacutighhyield 86 % of yellow product

which characterised b\H, *C and®'P NMR spectroscopy, attempts to get crystals failed

3.6.3 Synthesis of cis-[Rh(CI)(I)(EtlmCH,CH,PPh,),][13], (E19)

The synthesis of rhodium(lll) compldx19 was carried out by conducting an oxidative additio
reaction in THF betweenis-rhodium(l) complex [Rh(EtImCECH,PPR),][PFs] E11 and two
equivalents of iodine at -50°C (Figure(3.25)). Tdwor of the reaction mixture changed from
yellow orange to dark brown yellow. The reactionswaonitored by*’P-NMR spectroscopy
which confirms the formation of five isomers in thaution. All signals are simple doublets with
similar chemical shifts and coupling constants leetw85 and 90 Hz which are typicall fdgne
coupling, confirming that the phosphourous atones @thognal to coordination plane of the
halides. In all isomers the phosphourous atomslaeenically equivalent and exhibit resonances
at 4.04 ppm (d*Jzne = 90 Hz), 1.69 ppm (dJrnp= 90 Hz), -1.11ppm (d'Jrnp= 85 Hz), -2.78
ppm (d,"Jrnp= 87 Hz) and -3.38 ppm (dJrnp= 85 Hz) with an integral ratio of 0.3:1:1:0.1:0.4.
The formation of five isomers may be attributed aoradical reaction mechanism. After
completion of the reaction the solvent was remaweder vacuum to give a yellow brown crude
product in 65% yield which gives yellow brown cmiist suitable for X-ray crystallography upon
recrystallization. The result of the single cryskalay analysis shows an unexpected iodine-
chloride adduct most likely resulting from the eanbe of iodine with chloride from small
impurities of [Rh(COD)CH in the starting material. In addition the courdaris is formed due
to reaction of iodide with excess The NMR data strongly point towards 5 isostruagtisomers
with different halide substitution. Besid&49 containing Cland I coordinated to the rhodium
center, isomers containing &nd I or CI and k™ etc. may have formed.

The 'H-NMR spectra of the mixture of isomers show thgpemrance of two signals of
diasterotopic protons at 2.69-3.65 ppm (m&HH,-P) and 2.81-3.49 (m, GHCH,-P) which are

shifted to down field compared 610, confirm the formation of a rhodium(lll) centerh&
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resonances of the NGHbrotons at 5.06 ppm and 6.22 ppm are shifted delehéompared to the
starting complex. The protons of imidazol ring weteserved at low field at 7.24 ppm and 7.8
ppm, 7.15 ppm and 7.21 ppm. In tH€-NMR spectrum the resonances of the carbene atoms
coordinated to rhodium could not be detected mkstyl due to extremely long relaxation times
of these atoms.

3.6.3.1 Single crystal X-ray structureanalysis of cis-[Rh(CI)(I)(EtlmCH,CH,PPh,),][13]

(E19)
Yellow brown single crystals d&19 suitable for X-ray crystallography are grown bydeagg a
concentrated acetonitrile solution B19 with diisopropyl ether. It crystallizes in the matiaic
space group, P2(1)/c with four molecules per ueitio which two of the bidentate ligands are
coordinated to the rhodium(lll) atom with the carbeatoms incis position. The crystal also
incorporated one acetonitrile molecule per unit. dalll crystallographic data are presented in
the Table 7.8 and the selected bond lengths antbsarage listed in Table 3.10. Molecular
structure containing the atom numbering schemehmvs in Figure 3.28. The structural
arrangement around rhodium atoms is octahedraltla@dsum of angles around rhodium(lil)
center is 360°. The rhodium atom is located ondB0.A from the coordination plane spanned by
the halides and the carbene atoms. Generallyjghed bite angles C(31)-Rh(1)-P(2) and C(1)-
Rh(1)-P(1) are close to the ideal angle of 90° etqzkin an octahedral enviroment. However, the
large iodine atom leads to noticable distortionthefgeometry of this complex. For example the
angle P(1)-Rh(1)-P(2) which is expected to be 18@%founts only to 167.05(11)° as the
phosphorous atoms are bend away from the freer@tepairs of the iodine ligand. Due to the
same reason the angle C(31)-Rh(1)-P(1) is widernma fdeally 90° to 99.3(3)°. The bonding
distances of Rh(1)-C(1) and Rh(1)-C(31) are of e&dpragth and similar to those found in the

literaturel!31:133.136]
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Figure 3.28: Structure otis-[Rh(CI)()(EtImCH,CH,PPR),]* in crystals ofE19, (without hydrogen atoms).

Table 3.10: Selected bond lengths [A] and angles [°E4D

Bond lengths

1(1)-Rh(1) 2.7531(12) Rh(1)-P(2) 2.353(3)
Rh(1)-CI(1) 2.442(3) Rh(1)-C(1) 2.038(11)
Rh(1)-P(1) 2.378(3) Rh(1)-C(31) 2.054(10)

Bond angles
C(31)-Rh(1)-P(2) 91.6 (3) P(1)-Rh(1)-CI(1) 85.26/(10
C(1)-Rh(2)-P(2) 91.9(3) C(1)-Rh(2)-1(2) 175.2(3)
P(2)-Rh(1)-CI(2) 83.85(10) P(2)-Rh(1)-P(2) 167.095(1
C(31)-Rh(2)-P(2) 99.3(3) Cl(1)-Rh(1)-C(1) 91.5(3)
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3.7. Iridium complexes

3.7.1 Synthesis of cis-[Ir (EtlmCH,CH,PPh,)][PFg] (E20)

The novelcis-iridium(l) complexE20 was synthesized according to Figure 3.29. Thedgtep of
the sequence involves the deprotonation of two wvedgemts of imidazolium salE6 in THF
solution with one equivalent of potassium dimethyllamide at room temperature under inert
gas atmosphere to afford 1-ethyl-3-ethyldiphenydisziole-2-ylideneE7. The formation of the
latter was indicated via its reaction with carbauodfide. Then one equivalent of the metal
precursor [(Ir-Cl)(COD)], was added to the carbene solution. The colorlekgien turned
immediately to orange red. Subsequently the reactioxture was stirred for 1 hour. The
formation of novekis cationic iridium(l) complexE20 was confrimed by measuring®#-NMR
spectrum which exhibits a signal of the phosphortoss at 16.8 ppm which is similar to other
phosphorous resonances in iridium(l) complexesrtegan the literatur&=®!

S
PFe
[T\ Ph ; /7 \
KN(SlMe3)2 Ph
|
E6 Fl,h E7 Ph

[Ir(u-CI)(COD)],
THF

® o
Ph PF
/—/\;‘\\\\ Ph 6

N \ Ph‘ ‘\\Ph
1Y
EtetN” N
cis-E20

Figure 3.29: Synthesis otis-[Ir(EtiImCH,CH,PPh),][PFs] (E20).
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The novel Iridium(l) complex is soluble in THF sbbn. After

o :
_|@ PFs  removing of the solvent under vacuum an orangecrede product

/”\F;h Ph | was crystallized by layering a concentrated metig/lechloride
[N>—|\rjp“b k solution with diethyl ether to give orange red tays of E20 in high
N N )@ Je yield. The structure oE20 was characterized by NMR spectroscopic
g\f/ \C:{) d methods and single crystal X-ray analysis.
B0 The'H-NMR spectrum oE20 shows the absence of the signal at 8.49

ppm proving the deprotonation of the imidazoliumt &6 and

indicating the coordination of the bidentate NHGghane ligand to
iridium(l). The signals of the diastereotopic protmf the CH-units were observed around 2.12-
2.59 ppm (m, 4H, e) and 4.36-4.91(m, 4H, d). Comgao the imidazolium salt&6 these
resonances are downfield shifted. In contrast ipeass of the protons of the imidazol ring are
shifted to higher field witls = 6.94 (d, 2H3Ju = 1.3 Hz, b) and = 7.07 (d, 2H3J44 = 2.1 Hz,
c), respectively. This shift is easy to understasdhe deprotonation of the imidazolium rings
leads to a strong decrease of their aromaticitye Signals of aromatic protons of phenyl ring
were observed at 6.82-7.80 ppm.
The resonances in tH&C-NMR spectrum oE£20 shows the signal of carbenic carbon atom (a) at
at 174.4 ppm which appears as a double douBlst €9=20 Hz,2Jpc trans) = 97 Hz) confirming
the stereochemistry of the whole complex. The dewddublett arises from phosphorous carbon
coupling. It can only be explained by phosphoraiesna located irtis- andtrans-position with
respect to the carbene atoms. The values of thplinguconstants are similar to other iridium-
NHC metal complexes reported in the literattie3>136:147:1481
The *P-NMR spectrum of the iridium complex shows a sigital6.9 ppm (s) which similar to
other value reported in the literattt&! This observation confirms the coordination of iiit
atom to the bidentate ligands. The signal of;[R#ppears at high field at -144.0 ppm (h&pe=
711 Hz).

3.7.1.1 Single crystal X-ray structure analyses of cis-[Ir(EtlmCH,CH2PPh,),][PF¢] (E20)

Orange red single crystals BRO suitable for single crystal X-ray crystallograpane obtained

by layering diethyl ether onto concentrated methglehloride solutionE20 crystallizes in the
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monoclinic space group, P2(1)/n with four molecyses unit cell in which two of the bidentate
ligands are coordinated in @s fashion to the iridium(l) center. The structuratamgement
around iridium atoms is square planar and theundatom lies in the plane of the ligating atoms
(deviation 0.003 A) and the sum of angles aroureitldium center is 360° as expected for
square planar complexes. Crystallographic datpeasented in the Table 7.9 and selected bond
lengths and angles are listed in Table 3.11. Mdé@iructure containing the atom numbering is

shown in Figure 3.30.

Figure 3.30: Structure otis-[Ir(EtimCH,CH,PPh),]"in crystals of20.

In E20 the phosphorous atoms lie on one side of the sgaraal carbene atoms are on the other
side. In E20 both six membered rings form boat conformationgmil&r pseudo-boat
conformations have also been observed in the megoX-ray structures of other Ir-NHC
complexes$t*®**% Generally, inE20 the bite angle P(1)-Ir(1)-C(35) deviates from ttieal 90°
angle by 5.6° and for P(2)-Ir(1)-C(65) by 3.5°. Tdheviation is most likely due to steric effects
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imposed by the interaction of phenyl rings. Du¢htat the arrangement around the iridium atom
is gives as ligthly distorted square. The angle)d(2)-C(35) of 176.2(3)° is close to the
linearity while the angle P(1)-Ir(1)-C(65) which aomts to 174.1(4)° is a little bit more
distorted. The bond distances of Ir(1)-C(65) ari#l)HC(35) are 2.054(12) and 2.059(12), they are
similar to other iridium-NHC metal complexes whiate found in the literatufe®®"*9""151The
bond distance of Ir(1)-P(2) and Ir(1)-P(1) are Z(&) and 2.265(3), respectively, are within the
range reported in the literature for similar conpig->2*>4

Table 3.11: Selected bond lengths [A] and angles [°§isfIr(l) complexE20

Bond lengths

Ir(1)-C(65) 2.054(12) Ir(1)-P(1) 2.265(3)
Ir(1)-C(35) 2.059(12) Ir(1)-P(2) 2.267(3)
Bond angles
C(65)-Ir(1)-C(35) 89.8(5) C(35)-Ir(2)-P(2) 176.2(3)
C(65)-1r(1)-P(2) 86.5(4) C(65)-Ir(1)-P(2) 174.1(4)
C(35)-Ir(2)-P(2) 84.4(3) P(1)-Ir(1)-P(2) 99.37(12)

The comparison betweetis-Ir(I) complex E20 and the Rh(l) comple¥1l shows the close
similarity of both complexes. There are only mirdifferences with respect to the observed
angles within both molecules. Most of the bondimgjahces are equal according to the standard
deviations determined (Table 3.12).
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c<35)

N(2) N 9 Ir(l)

\mz 3

fs& *.t;h f\

cis-[Ir(EtmMCH,CH,PPh),] cis{Rh(EtIMCH,CH,PPh),]*

Figure 3.31: Structure representation at-[Ir(EtimCH,CH,PPh),]* andcis-[Rh(EtImCH,CH,PPh),]*
in crystals of£20 andE11.

Table 3.12: Selected bond lengths [A] and angles [°]E@0 andE11

Bond length
E1l E20
Rh(1)-C(135) 2.044(4) Ir(1)-C(65) 2.054(12)
Rh(1)-C(165) 2.057(4) Ir(1)-C(35) 2.059(12)
Rh(1)-P(11) 2.2565(11) Ir(1)-P(2) 2.267(3)
Rh(1)-P(12) 2.2739(11) Ir(1)-P(1) 2.265(3)
Bond angles
E1l E20
C(135)-Rh(1)-C(165) 91.24(16) C(65)-Ir(1)-C(35) 8B)
C(135)-Rh(1)-P(11) 88.75(12) C(65)-Ir(1)-P(2) 8@)%(
C(165)-Rh(1)-P(12) 80.54(11) C(35)-Ir(1)-P(2) 88X(
C(135)-Rh(1)-P(12) 171.66(12) C(65)-Ir(1)-P(2) 1174)
C(165)-Rh(1)-P(11) 174.23(12) C(35)-Ir(1)-P(2) 18).

81



3. Results and Discussion

3.8 Reaction of small moleculesviz, (H,, O, Sg CO, CHal, I,) with cis-
Iridium(l) complex E20.

The Cisdridium(l) complex E20 undergoes reactions with small molecules like bgdn,

oxygen, elemental sulfur, methyl iodide and iodmeifferent solvents to afford the novel Ir(lll)
complexesE2l, E22, E23, E24, E25 andE26 as outlined in Figure 3.32. The synthesis of all

complexes and their structures are discussed ailsiéelow.
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Figure 3.32: Reactions of small molecules wii?0.

3.8.1. Synthesisand characterization of cis-[Ir(H)2(EtlmCH,CH,PPhj),] "(E21)

Exposure ofcis-[Ir(EtImCH,CH,PPh),]* E20 to H, (1bar) in methylene chloride solution
afforded the novel hydride complesis-[Ir(H,)(EtimCH,CH,PPh),]* E21. The reaction was
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3. Results and Discussion

completely finished within one hour. After the rerabof the solvent under vacuum the yellow
product was isolated in high yield (70 %) and rstaflised by layering diethyl ether onto a
concentrated methylene chloride solution. FHe *C and®*'P NMR spectra are in agreement
with solid state structure @&?21 (Figure 3.33).

The most significant features in the-NMR spectrum oE21 are the hydride signals &t -9.79
(td, “Iprcis= 32 Hz,2Jun = 4 Hz) and -7.71 (dddJphtrans= 129 Hz, 23w = 4 Hz,%Jpncis= 18 Hz)
corresponding to a terminal hydride ligands bondedhe iridium center. The smafly
coupling constant proves thas arrangement of the hydride ligands. Their couplgadterns
indicates that one of themd € -9.79) is intrans position to one phosphorous atoms while the
other ¢ = 7.71) is incis position to both phosphorous atof8:3*")

Coordination of the carbene ligands is confirmedhgjr **C-NMR resonances which are shifted
to high fieldd = 160.2 (m) compared to the signals&#0 in which they appeared at 170 ppm.
The *!P-NMR spectrum exhibits two signal due to the pmeseof inequivalent phosphorous
atoms at -0.86 (Jep= 15 Hz) and -2.17 (dJpp= 15 Hz). The IR spectrum shows a sharp Ir-H
stretching mode at 2013 and 2050 twhich are in good agreement with other iridium figer
complexes reported in the literatt®!

3.8.1.1 Single crystal X-ray structure analysis of cis-[Ir(H)2(EtlmCH,CH,PPh,),][PFé]

(E22)
Single crystals ofE21 were obtained by over layering diethyl ether omtoconcentrated
methylene chloride solutioriE21 crystallized in the monoclinic space group P2(1yith four
molecules in the unit cell. Figure 3.33 shows thelddular structure oE21, the relevant bond
lengths and angles are presented in Table 3.13t&llggraphic data are presented in the Table
7.10. InE21 the iridium atom is coordinated with two hydridgands incis orientation and two
bidentate NHC-phosphane ligands. Both the phospisoaboms and the carbene carbon atoms
adopt acis coordination. Hence, the complex is in an el-configuration reflecting the
stereochemistry of the starting comple0. The iridium atom exhibits a distorted octahedral
geometry. The carbene carbon atoms and the iridiemter build an angle of 93.22(17)°. The
bond angle H(1)-Ir(1)-H(2) is 96.1(29)°deviatesgbtly from ideal angle due to strong
interaction of hydride ligand with one of the hydem atoms of the phenyl ring. The angles
C(35)-Ir(1)-P(2) and P(1)-Ir(1)-P(2) deviate by ¥idm ideal 90° angle due to the interaction of
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3. Results and Discussion

the phenyl rings. The angle C(65)-Ir(1)-P(1) d&asaby 16° from linearity due to the steric
strain imposed by the phenyl rings. The angle G(8%)-H(2) is also diminished to 83.92° due
to interaction between the phenyl rings and theidgdigand. The iridium carbene carbon bond
distances of 2.043(4) and 2.099(4) A for Ir(1)-Q(&Ad Ir(1)-C(35), respectively, lie in the range
of previously reported Ir-C bond length®! The Ir-P distance amount to 2.2876(13) and
2.3174(12) A. They are similar to other Ir-P bomdiserved in Ir(1l) phosphine complex[é?.]
The iridium hydrogen bond distances are 1.68(3)&afi@(3) A.

Figure 3.33: Structure ofis-[Ir(H) 2(EtimCH,CH,PPh),] " in crystals ofE21, (without hydrogen atoms).
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Table 3.13: Selected bond lengths [A] and angles [%§isf[Ir(H),(EtiImCH,CH,PPh),] " (E21)

Bond Lengths

Ir(1)-C(65) 2.043(4) Ir(1)-P(2) 2.3174(12)
Ir(1)-C(35) 2.099(4) Ir(1)-H(1) 1.68(3)
Ir(1)-P(2) 2.2876(13) Ir(1)-H(2) 1.70(3)
Bond Angles
C(65)-1r(1)-C(35) 93.22(17) C(35)-Ir(1)-P(2) 101(33)
C(35)-Ir(1)-P(1) 92.00(13) P(1)-1r(1)-P(2) 101.95(4
C(65)-Ir(1)-P(1) 163.80(13) C(35)-Ir(1)-H(2) 176.11
P(2)-Ir(1)-H(1) 173.01 C(65)-Ir(1)-H(2) 83.92

3.8.2 Synthesisand characterization of cis-[Ir (n*Oy)(EtlmCH,CH ,PPh,),][PFe] (E22)

Exposure of compleXE20 to air at roomtemperature in THF gives the compleis-[Ir(n*
O2)(EtImCH,CH,PPh),][PFs] within 5 minutes. The formation of the peroxo quex is
immediately indicated by the change of the colothef solution from orange red to pale yellow.
3IP_.NMR spectra prove complete conversion of thetisarmaterial. The formation of the
iridium peroxo complex is irreversible which hasberoved by measuring tAi#-NMR spectra

at different temperatures (230K-345K) in ¢IN solution. Over the whole temperature range

only the signals oE22 were observed, hence dissociation of oxygen caxbleded.

T ® PR [\ —|®F>|:e6

/"\P \Ph N_ _NEt
Ph Ph ( T

'\
RT, O
>—|r—P RLO% . pwPoi— j
PhY~
[ )\ \ OQO N
N /
EtN" N thp\)
\:j =
Ph
cis-E20 E22

Peroxo compleXE22 are characterised By, °C, *'P-NMR spectra, IR-spectroscopy and single
crystal X-ray analysis. The significant featurestitNMR spectrum is a significant downfield
shift of the protons of the imidazol rings compate&20. Their resonances are observed at 7.14
(d, 1H,3J4n = 2 Hz) and 7.59 (d, 1HJuy = 2 Hz). In the*C-NMR spectrum the resonances of
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the carbene atoms were strongly shifted to loweguencies due to the formation of an
iridium(Ill) center. The signals are observed a8.64ppm (m) and 147.2 (m). TH&-NMR
spectrum shows two signals in close proximity aiuab12.5 ppm (d?Jpp= 15 Hz) (compare
figure 4). The coupling constanr proveis-orientation of the phosphorous atoms and indicates
that the stereochemistry of the starting compi20 in preserved in this type of oxidative
addition. The IR spectrum shows a sharp peak wtachbe assigned tgO-O) band at 854 cth

Its position is comparable e.g. with thand of [§%-O.)IrCI(CO)(PPh),]**” which is located at
858 cni'.

Peroxo complex at 70 °C

-10.5 -11.0 -11.5 -12.0 -12.5 -13.0 ppm

Figure 3.34: *'P-NMR spectra ofis-[Ir(n*0,)(EtimCH,CH,PPh),][PF¢] (E22) at 70°C.
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3.8.2.1 Single crystal X-ray structure analysis of cis-[Ir(n*O,)(EtlmCH;CHPPh,),][PFe]

(E22).
Yellow crystals of the novalis-peroxo compleX22 suitable for X-ray diffraction were obtained
by layering a concentrated THF solution&#2 with di-isopropyl ether. Theis-peroxo complex
E22 crystallizes in the orthorhombic space group2PZ with four molecules per unit cell
incorporating four THF molecules in the unit cellrystallographic data are presented in the
Table 7.11. Selected bond lengths and angles stedliin Table 3.14. Molecular structure
containing the atom numbering scheme is displayeBigure 3.35. The geometry around the
iridium center is trigonal bipyramidal. The coordiion polyhedron is formed by the peroxo
ligand, carbene carbon atom C(35) and the phospbeatom P(2) lying in equatorial plane and
the axial donors C(65) of the carbene moiety arid &{the phosphane moiety. The arrangement
of all ligands gives a chiral complex as can bende@m Figure 3.32. As no chiral reagents were
used to prepare this complex a racemic produckpeaed. However, the space group of the
investigated crystal proves that it consists of enantiomer only. Hence, in the course of the
crystallization a sponateous separation of themnateook place giving crystals which are made
of only one of the two enantiomers. Unfortunaltéiese two types of crystals could not be
separated by manual picking as no apparent difteenn their shape and color were observable
on inspection under the microscope. The sum of l@rgles formed by the equatorially placed
donors, C(35), P(2) and the peroxo ligand arouitiuim is 359.8°. InE22, the peroxo ligand is
not symmetrically bonded with respect to the ax{25)-Ir(1)-P(2). It is shifted towards the
phosphine donor atom P(1). The angles formed byp#rexo ligand are 149.08(11)° for P(2)-
Ir(1)-O(1) and 154.18(18) for C(35)-Ir(1)-O(2). Huermore, the peroxo ligand is shifted from
equatorial plane by 0.023 A and 0.011 A for O(2) &11), respectively. The bond angle formed
by the axial ligands C(65)-Ir(1)-P(1) deviates frdinearity by -11° due to the steric hindrance
imposed by the phenyl rings of the phosphane residiihe angles formed by the peroxo ligand
with the central iridium atoms e.g. O(2)-Ir(1)-O(jth 42.24(14)° and the distance between
0(1)-0(2) with 1.482 (5) A are typical for peroxorplexes of iridiutt®! Consequently the

iridium center is in the formaloxidation state +3.
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Figure 3.35: Structure ofis-[Ir(n*0,)(EtimCH,CH,PPh),]" in crystals ofE22, (without hydrogen atoms).

The Ir-O bond lengths are almost equivalent witb43(3) and 2.069(4) A. They are in the
typical range observed for knowni{f¢O,) complexes® The Ir(1)-P(2) and Ir(1)-P(1) distances
are 2.2857(15) A and 2.3863 (16) A and are simitarthose observed in other reported
iridium(I11) complexed®?
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Table 3.14: Selected bond lengths [A] and angles [°EisfIr(ll) complex E22.

Bond lengths

0(2)-0(2) 1.482(5) Ir(1)-C(35) 2.034(5)
Ir(1)-0(2) 2.045(3) Ir(1)-P(1) 2.3863(16)
Ir(1)-O(1) 2.069(4) Ir(1)-P(2) 2.2857(15)
Ir(1)-C(65) 2.055(5)
Bond angles
0(2)-Ir(1)-0(2) 42.24(14) C(35)-Ir(1)-0(1) 112.0901
C(65)-Ir(1)-P(1) 168.98.(15) 0(2)-Ir(1)-P(2) 106.48(11)
C(35)-Ir(1)-0(2) 154.19(18) P(2)-1r(1)-P(1) 98.5%(5
O(1)-Ir(1)-P(2) 149.08 (11) C(35)-Ir(1)-P(2) 98.18]

3.8.3 Synthesis and characterization of cis[Ir(n*S)(EtlmCH2CH2PPh,)2][PFg] (E23).

The novel iridium(lll) disulfide complex cis[Ir(n*S)(EtiMCH,CH,PPh),]* E23 was
synthesised by the reaction of one equivalent ef dis-iridium(l) complex E20 with 0.25
equivalents of elemental sulfurs 81 THF (Figure 3.32). The color of the reactionxtare
changed from orange red to yellow orange and aesis8pn was formed. It was stirred over night
and was monitored b3}¥P-NMR spectra which confirmed the formationoi$ E23. The solvent
was evaporated under vacuum and the resulting weticange residue was redissolved in a
mixture of acetonitrile /THF. Overlaying with digihether yielded yellow single crystals B£3
suitable for single crystal X-ray structure analysi

The structure of theis-ridium (Ill) complex E23 was corroborated by one and two dimensional
NMR-spectroscopy and IR spectroscopy. The signifideatures of théH-NMR spectrum of
E23 are the downfield resonances of the aromatic psotd the imidazol ringd((ppm), 7.27 (d,
2H, 334y = 2 Hz, b);7.15 (s, 1H b’); 7.03 (s, 1H, ¢') and 7.65 (d, 1,y = 2 Hz, c). Compared

to thestarting materiaE20 the resonances are shifted to higher frequeneiesoordination of
sulfur. The™C spectrum shows the resonance of the carbenercatbms at 145 ppm (dtllpc=

132 Hz,%Jpc = 9 Hz, a) and 149.7 ppm (@l-c= 12 Hz, &’). The large coupling constant of the
first signal shows that the corresponding carb@mais located opposite to a phosphorous atom
while the small coupling constants of the secorsbmance proves that two phosphorous atoms
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are incis-position to the corresponding carbon atom. Conptr&20 the resonances are shifted
to high field due to the formation of an iridiumjflicomplex. The*’P NMR spectrum o£23
shows two phosphorous signals at -12.7 ppntdg= 18 Hz) and -30.7 ppm (dJpp=15 Hz))
consistent with theis orientation of'P nuclei. The IR (KBr disc) spectrum B23 shows a band
at 557 crif tentatively assigned agS-S) which is also observed in other reportedurid(l1l)

complexes with side on coordination of theli§and*®*!

3.8.3.1 Single crystal X-ray structure analysis of cis-[IT(n*S,)(EtlmCH,CH2PPh,),][PF¢]

E23
Yellow crystals of iridium(lll)-disulfide compleX23 suitable for X-ray crystallography were
obtained by layering diethyl ether onto a mixtufean acetonitrile/THF solution dE23. E23
crystallizes in the monoclinic space group P2(1yith four molecules in the unit cell. The
crystallographic data are presented in the Taldl2 @nd the selected bond lengths and angles are
given in Table 3.15. Moleculer structureE#3 is depicted in Figure (3.36)

NH);{""' \\ N(3)
&_( /‘ “‘ =

° o

Figure 3.36: Structure otis[Ir(n*S,)(EtImCH,CH,PPh),]" in crystals ofE23, (without hydrogen atoms).

90



3. Results and Discussion

The geometry around iridium(lll) center is trigondipyramidal. The carbene and the
phosphorous donors are coordinateccis position to iridium(lll) and the disulfide ligani$
coordinated in a side on fashion. The sum of angtesnd iridium(lll) in the equatorial plane
amounts to 359.7°. The disulfide ligand is sligtghifted from the equatorial plane by 0.037 and
0.030 A for S(1) and S(2), respectively. The bondla C(31)-Ir(1)-P(1) formed by the axial
ligands is 169.02(11)° and the bending of the digainds is due to the steric hindrance imposed
by the phenyl rings of the phosphane residues. drfgtes formed by the sulfide ligand S(1)-
Ir(1)-S(2) is 50.45(3)° and the S(1)-S(2) bond kangmounts to 2.0581(14) A is equal to the
bond length in §2.06A). The bond distances between the iridiummasnd carbenic carbon
atoms Ir(1)-C(1) and Ir(1)-C(31) are 2.052(4) A @h@63(4) A, respectively. The bond lengths
Ir(1)-S(1) and Ir(1)-S(2) are equal with 2.4140(H0)d 2.4156(11). The structure of the iridium
(1) sulfide complex E23 is analogous to the iridium(lll) peroxo complextlwvimarginal
differences in the bond parameters of both of taplexes. The Ir(1)-P(2) distance &23 is
shorter than that 22 by 0.07 A and the equatorial angles C(35)-Ir(1))d6 E22 is bigger
than that inE23 (C(1)-Ir(1)-S(1)) by 5°.

Table 3.15: Selected bond lengths [A] and angles [°] fordisdridium(l1l) complex E23.

Bond lengths

S(1)-S(2) 2.0581(14) Ir(1)-C(31) 2.063(4)
Ir(1)-S(2) 2.4156(11) Ir(1)-P(2) 2.3071(10)
Ir(1)-S(1) 2.4140(10) Ir(1)-P(1) 2.3787(10)
Ir(1)-C(1) 2.052(4)
Bond angles
S(1)-Ir(1)-S(2) 50.45(3) C(1)-Ir(1)-S(2) 107.17(11)
C(31)-Ir(1)-P(1) 169.02.(11) P(2)-1r(1)-S(1) 103(8)L
C(1)-Ir(1)-S(1) 157.37(11) P(2)-1r(1)-S(2) 154.2p(4
C(1)-Ir(1)-P(2) 98.53(11) P(2)-Ir(1)-P(1) 100.21(3)
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3.8.4 Synthesis of five coordinate Iridium(l) [Ir (CO)(EtlmCH,CH,PPh,),][PFg]

(E24)
The novel five coordinate iridium(l) carbonyl coraplE24 was synthesized by bubbling carbon
monoxide gas through a solution of ttis iridium(l) complexE20 in THF at room temperature
for 30 minutes (Figure 3.32). The reaction was icordd by a change of color from red orange to
light yellow. The reaction also was monitored byasiring®*'P-NMR spectra and IR spectra.
After removal of the solvent a yellow product wdsained in high yield (95%). The latter was
characterized by NMR- and IR spectroscopy. Attertpget crystals oE24 failed
The most significant feature of th#&-NMR spectrum are two peaks of quaternary carboms:
at 191.2 (t2Jpc= 4.0 Hz) and 143.8 (fJoc= 13.0 Hz) ppm which can be assigned to CO and to
the carbene carbon atoms, respectively. i@ shift of the metal-bound carbene carbon is
significantly shifted to higher field in comparistmother iridium(l)-bound carbene carbon atoms
(170-185 ppm) reported in the literattfd 31126164150 ctahedral iridium(lll) complexes of
NHC normally have metal-bound carbeh®C chemical shifts in the range of 127-145
ppm 149151166188 ha ynexspected high field shift of the carberb@a atoms ifE24 is most
likely because of the unusual trigonal-bipyramigebmetry of the iridium(l) complex. THaP-
NMR signal observed at=-12.0 (s) ppm confirms the chemical equivaleoicthne phosphorous
atoms, which are shifted to high field compareghosphorous resonance of the starting material
observed at 16.9 ppm f&?20.
The IR spectrum in THF solution &24 shows a single CO absorption band at 19008 witich
similar to other iridium carbonyl complexe&”

3.8.5 Synthesis of theiridium(l11)complex, trans-[Ir ((CH3)(I)(EtlmCH,CH,PPh,),)]l (E25)

The cationic iridium(lll) complextransE25 was synthesized by reaction of one equivalent of
E20 with excess of methyl iodide in THF solution abmo temperature. The color of the reaction
mixture immediately changed from orange yellow étlgw brown. The progress of the reaction
was monitored by measuriftP-NMR spectra which show two signals at high field = -25.1
ppm (d,%Jpc= 20 Hz) and = -41.2 ppm (dJpc= 20 Hz) (structurdE25A). The reaction was

stirred overnight followed by measuring anotif#?-NMR spectrum which showed the same
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signals as before. Both spectra confirm the foromatf two isomer€E25A andE25B with cis
and trans orientation of the coordinated methyl group und tbdine atom, respectively. The

intregration of the phosphorous atoms in #fe-NMR spectrum gives a ratio afangcis of

o T T

e
/K K

approximately 1:4.

E25A E25B
Subsequently the solvent was evaporated givingidecyellow brown product. From the crude
productE25B was separated by fractional crystallization frororexentrated THF solution. The
colorless single crystal &25B was obtained which was suitable for x-ray crysghphy. The
structure of the molecule is in a good agreemetit #i-, *°C- and®'P-NMR spectroscopic data.
The *H-NMR-spectrum ofE25B shows the signal of methyl protonsdat 0.15 ppm (s). The
strong shielding of the protons must be attributedheir close proximity to the electron rich
metal center. The resonances of the protons ofanoidrings were observed in the range of
7.36-7.92 ppm which is a slight downfield shift quemed to imidazol protons &20. The most
important feature of th&C-NMR spectrum is the resonance of the methyl grtdp= 0.4 ppm
which unexpectedly appears only as a singlett. @isly the?Jcp coupling constant is in this
case to small to be resolved by the NMR-spectromdieo signals were observed for the
unequivalent carbene carbon atoms at 146.6 (dd?Jpc, ¢is = 13 Hz,%Jpc, rans = 115 Hz) and
147.6 (dd2Jpc= 13 Hz,%Jpc trans= 115 Hz). These values are in the range of sirmildium(lll)
complexes reported in the literatte'****€1The 3P NMR-spectrum shows two signals at -25.6
(d, 2Jpc = 20 Hz) and -42.4 ppm (dJpp= 20 Hz) for phosphourous donors of the bi-dentate

NHC-ligands as a dominant product. The couplingstamt proves their mutueis-coordination.
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3. Results and Discussion

3.8.,5.1 Single crystal X-ray structure analysis of trans-[Ir ((CH3)(l)(EtlmCH>CH,PPh,),)]I

(E25)
Single crystals oE25 suitable for X-ray crystallography were grown layéring hexane onto
concentrated THF solution of compl25 crystallized in monoclinic space group P2(1)/chwit
four molecules in the unit cell and iodide couni@ms and THF molecules in the unit cell.
Crystallographic data are presented in the Taldld @nd the selected bond lengths and angles are
given in Table 3.16. Molecular structureki?5 is depicted in Figure 3.37. The geometry around
iridium(l1l) ion is distorted octahedral with thei® of angles around iridium(lll) being 360.52°
and the iridium atom is displaced from the planeOb§22 A. The bidentate NHC phosphane
ligands are coordinated gis arrangement around iridium(lll) center in whichlE;(C(31), P(1)
and P(2) lie in the plane of molecule whereas thig &d iodide lignads arteansto each other
and lie in the axial position. The significant f@as in this molecules the bite angle C(31)-Ir(1)-
P(2) deviates by 9° from ideal angle and the egistangle C(31)-Ir(1)-P (1) and C(1)-Ir(1)-
P(2) deviates by 7° and 11° from linearity and &x&l angle C(60)-Ir(1)-I(1) slightly deviates
from linearity by 5°and the angle P(2)-Ir(1)-P(XBveates from ideal angle by +10° may due to
the close contact of phenyl ring The bond lengthr@)-C(31) and Ir(1)-C(1) are 2.077(7) and
2.096(7) A respectively the bond distance of Iff{}) is longer than Ir(1)-P(2) by 0.0292 A and
the bond length of Ir(1)-1(1) and Ir(1)-C(60) ar8@05(7) and 2.128(7) respectively. Similar to
the value found in [{Ir(COMu-1)Me}5]> 117
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3. Results and Discussion

Figure 3.37: Structure otrans{Ir((CH3)(1)(EtImCH,CH,PPh),)]* in crystals ofE25, (without hydrogen atoms).

Table 3.16: Selected bond lengths [A] and angles [?] fortta@s-iridium(lIl) complex E25.

Bond lengths

1(1)-1r(1) 2.8005(7) Ir(1)-C(60) 2.128(7)
Ir(1)-C(31) 2.077(7) Ir(1)-P(2) 2.3501(18)
Ir(1)-C(1) 2.096(7) Ir(1)-P(1) 2.3793(18)
Bond angles
C(31)-Ir(2)-C(2) 88.6(3) C(31)-Ir(1)-P(2) 172.9(2)
C(31)-Ir(2)-P(2) 81.2(2) C(60)-1r(2)-1(1) 174.87(19
C(1)-Ir(1)-P(2) 91.2(2) P(2)-Ir(1)-P(2) 99.58(6)
C(1)-Ir(1)-P(2) 168.7(2) C(60)-Ir(1)-P(1)/P(2) 8@2)/92.0(2)
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3. Results and Discussion

3.8.6 Synthesisand characterization of cis-[Ir(I)2(EtlmCH,CH2PPh,);][I3] (E26)
The synthesis of novel iridium(lll) compld26 was carried by conducting an oxidative addition
reaction in THF betweegis-iridium(l) complex E20 and iodine at -50C°, the color of the
reaction mixture changed from red orange to yeli@action was monitored ByP-NMR spectra
which confirm The formation of two isomerd\ (and B) in a ratio 1:3. In isomers A the
inequivalent phosphorous atomdis position which shows the signal at -25.2 {@k»= 20 Hz)
phosphorusis to iodine), (-54.7 (d?Jep= 20 Hz), (phosphorusans to iodine) and in isomes
shows the signal at -43.80 (s) in which the phospl® atoms irtrans position. The solvent
removed under vacuum to give high yield 65 % ofioyelcrude product which gives yellow
crystals suitable for X-ray crystallography whicbnirmed the formation of isomer B crude
product was characterised by NMR-spectroscopic oakth
P 179 — e

N ”EEJN
Mf} T

Et

| , P\)

EtN N
— PR o,
isomer A isomer B

Figure 3.38: Chemical structure of the isomersgE26.

The significant features in tHel-NMR spectrum o0E26 shows four signals of aromatic protons
of imidazol ring at downfield = 7.49 (d, 2H3Jun = 2.2 Hz, b):7.38 (s, 1H b’); 7.03 (s, 1H, ¢
and 7.65 (d, 1H3Ju4 = 2.2 Hz, ¢)) compared to this complexE20 which showe the resonances
of aromatic protons of imidazol ring at high fielsh the **C-NMR spectrum the peak of the
iridium-carbene bound resonance could not be deleand four signals were observed for
carbon atoms of imidazol ring.

31p spectra of crude product shows the presence mfstgnals consistent of presence of in
equivalent two phosphorous atomssiaposition at -25.2 (fJpp= 20 Hz) and -54.7 (dJpp= 20
Hz). In addtion another signal at -43.8 (s) whiadmsistent in the presence of two equivalent
phosphorous atoms which are in agreement with Xawgstallography which confirm the
formation of isomeB.
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3. Results and Discussion

3.8.6.1 Single crystal X-ray structureanalysisof cis-[Ir(I)2(EtlmCH2CH2PPh,);][I3] (E26)

Single crystals 0E£26 were grown by over layering diisopropyl ether icetonitrile solution
E26 crystallized in monoclinic space group P2(With four molecules in the unit cell and their
counter ion and a cetonitrile. Due to the poor tyalf the crystals, good set of data could not be
collected Structure representation B26 is depicted in Figure 3.39. The geometry around
iridium(lll) ion is distorted octahedral.

Figure 3.39: Structure of theis-[Ir(l) ,(EtimCH,CH,PPR),]* in crystals of£26, (without hydrogen atoms).
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3. Results and Discussion

3.8.7 Electrochemistry of cis-[Ir(EtlmCH2CH2PPh,),][PFg] (E20)

0,00010+

588 mV/NHE
683 mV

0,00005+

0,00000+

-0,00005+

I (uA)

-0,000104 -1691 mV
-1786 mV/NHE

-0,00015+

-0,00020 : : : : : : : : :

E(V vs Ag/AgCI)

Figure 3.40: Cyclovoltammogram oE20 in THF

The cyclovoltammogramm dais-Ir(I) complexE20 (0.1mol/L [NBw][PFs] was obtained at scan
rate 100 mV/s in THF. The Iridium(l) complex shoingversible redox process at 588 mV/NHE
and reduction waves at -1786 mV/NHE.
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3. Results and Discussion

3.9 Nickel complex
3.9.1 Synthesis and spectr oscopic characterization of trans-[Ni(EtlmCH,CH,PPh,),][I]2

(E27)
The synthesis dfrans nickel(ll) complexE27 is illustrated in Figure 3.4E27 was synthesised
by reaction of one equivalent [}H(SBu)g][BzEtsN] with 2 equivalent of carbends7 at room
temperature in THF solution the reaction color geghimmediately to brown black reaction was
completely finished in 30 min. reaction was morétbrby measuré'P-NMR spectra which
shows the signal of phosphorous atom as singlet21.0 ppm which confirm the presence of
two equivalent phosphorous atoms, which shifteddéavn field contrast to the signal of
imidazolium salts which appears at -21 ppm, afterkwup brown black residue was crystallised
by slow evaporated from concentrated acetonitsitlieition ofE27 to gives single yellow crystals
suitable of X-ray crystallograph§27 was characterised By, **C and*’P-NMR spectroscopy.

attempts to get this complex from Nj@las failed.

o Ph
N. N
NN ~ph
- |
E5 Ph E7 Ph

THF
[Ni;S(S'Bu)g][BzEt3N]

/—\ _|2+2|@

N NEt

L
P—Ni—PPh

Ph” :
Ph
EtN N

trans-E27
Figure 3.41: Synthesis ofrans[Ni(EtImMCH,CH,PPh).][l] . (E27).

The significant feature in th#l-NMR spectra 027 the apsence of the signat at 8.5 ppm which
assign to the coordinatig of the bidentate ligarithwickel (ll), the resonance of the sigmal

ofdisterotopic protonsof ethylene linkage was obserats = 4.0-6.1 ppm, it°C-NMR spectra
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3. Results and Discussion

the carbenic carbon atom BR7 was observed as a tripletiat 174 ppm, which is in the normal

range of other nickel(ll) complexes reported in literaturel*"**"*!
3.9.1.1 Single crystal X-ray structure analysis of trans-[Ni(EtlmCHCH2PPh,),][1]2 (E27)

Yellow single crystals fronE27 were grown from slow evaporated of concentratddtiesm of
E27. transNickel(ll) complex was crystallized in monoclinipace group P2(1)/n with four
molecules in the unit cell and their counter iom @awo molecules of acetonitrile. Figure 3.42
depicated the Molecular structureE7 and selected bond lengths and angles are givéalite
3.17. Crystallographic data are presented in tH#eTda.14. The Nickel(ll) center is coordinated
by two bidentate NHC-phosphane ligands in a distbdquare-planar environments with a sum
of four bond angles at Ni(1) of 358.68°. The twobeme-phosphane moieties are coordinated
transto the two ethylene linkages situated on one sfdmordination plane. Generally the C-Ni-
C angle is closer to linearity than the P-Ni-P andC(1)-Ni(1)-C(8) bond angle i&27 is
175.02(10), whereas the P(1)-Ni(1)-P(2) deviated @&yfrom the ideal 180°. The bit angle C(8)-
Ni(1)-P(2) and C(1)-Ni(1)-P(1) deviates by 7° antdfom the ideal 90°. The Ni-C and Ni-P

bond distance are within the normal range for NidNebmplexes reported in the literatliré:
176]
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3. Results and Discussion

Figure 3.42: Structureof trans[Ni(EtimCH,CH,PPh),]"" in crystals ofE27, (without hydrogen atoms).

Table 3.17: Selected bond lengths [A] and angles [°]tfans-Nickel(ll) complexE27.

Bond lengths

Ni(1)-C(1) 1.904(2) Ni(1)-P(2) 2.1909(7)

Ni(1)-C(8) 1.906(2) Ni(1)-P(1) 2.1925(7)
Bond angles

C(1)-Ni(1)-C(8) 175.02(10) C(8)-Ni(1)-P(1) 93.94(7)

P(2)-Ni(1)-P(1) 164.02(3) C(1)-Ni(1)-P(1) 84.07(7)

C(1)-Ni(1)-P(2) 97.75(7) C(8)-Ni(1)-P(2) 82.92(7)
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3. Results and Discussion

3.10 Palladium complex

3.10.1 Synthesis and spectr oscopic char acterization of

Cis-and trans-[Pd(Etl mCH,CH,PPhy),][ PFg]2 (E28)

trans-andcis-Pd(Il) complex was synthesised by treatment twaivedent of imidazolium salts
with one equivalent of KN(SiMg, in THF solution at room temperature, after depnatmn of
imidazolium salts one equivalent of [Pd(COD}lwas added to carbene soluti®&v, as
depicted in Figure (3.43).

2+ ©
=\ ©
EtNTN 2PFg Ph "\ B _‘\ 2PFe
/=) Ph Ph Php—
NNON A PACODIC,]  PREP-PG-FPh P Pd‘(j
) \Ph RT THF EN)\NEtPh N NEEN
) \—/ \—/
E7 trans-E28 cis-E28

Figure 3.43: Synthesis otis- andtrans[Pd(EtImCH,CH,PPh),][PF¢], (E28).

The color of the reaction mixture changed to oraregewhich stirred for 1 hour to give high
yield (70 %) of orange red isomers product whickegisingle yellow crystals suitable for X-ray
crystallography oftrans isomers. The product was characterized *Hy **C and **P-NMR
spectroscopy, and it is potential as a catalyStinukicoupling reaction has been investigated.
The significant features in tHel-NMR spectrum ofransE28 include the absence of a resonance
at 8.5 ppm which is diagnostic for the loss of tAebonium protons confirm the coordination of
palladium(ll) to carbene. Also the bidentate cooation of ligand around the palladium ion can
be detected from the presence of of four diasterotoroton signal for the ethylene linkage in the
range ofé = 2.37-5.01 ppm. Addtionally two signals was oliedr for aromatic protons of
imidazol ring which shifted slightly up field = 7.15 and 7.34 ppm contrast to imidazolium salts.
In the **C-NMR spectrum, the resonance of the carbene-Fubraappears as tripk = 165.4
ppm EJpc= 12 Hz).*'P-NMR spectrum of crude product shows two sighal 17.7 (s) forcis
isomer and 17.9 (s) faransisomer with a ratio 2:1 which confirm the formatiof two isomers,

X-ray crystallography show the formationtedins-isomer.
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3. Results and Discussion

3.10.1.1 Single crystal X-ray structure analysis of trans-[Pd(EtlmCH,CH-PPh;),]*" (E28)
X-ray-quality crystals oftransE28 were grown by layering diethyl ethere onto acdtdei
solution. trans-palladium(ll) complex was crystallized in triclinispace group P-1 with two
molecules in the unit cell and their counter ionl @me molecules of acetonitrile incorporated in
the unit cell. Figure 3.44 depicted the Moleculaucture ofE28 and selected bond lengths and
angles are given in Table 3.18. Crystallographitadare presented in the Table 7.15. The
geometry around the palladium(ll) center is digdrsquare planar with a sum of four bond
angles at Pd(1) of 358.41°. The palladium centezscaordinated by two bidentate ligar€s.
The ligating phosphorous atoms occumns coordination sites. The same holds for the ligatin
carbene atoms. The palladium(ll) ion lie away frtime coordination plane by 0.168 A. The
formation of the six membered chelate ring of Nplibsphane ligand distortes the coordination
geometry of the palladium only slightly with C(1R)-P(1) and C(31)-Pd(1)-P(2) bite angles
being reduced to 84.1(4) and 83.5(4) respectivbiyg, deviation from 90° ideal angle resulted
from the strain associated with the six membered. iGenerally The C-Pd-C angle is closer to
linearity than the P-Pd-P angle, C(1)-Pd(1)-C(3&hd angle inE28 is 173.8(5), whereas the
P(1)-Pd(1)-P(2) deviates by 16° from the ideal 180% Pd-C bond length at 2.030(13) A and
2.032(12) A fall within the normal range, the sammend was also observed in Pd-NHC
complexed!*"" The Pd-P bond distance are comparable to thosenafogous complexes
containing Pd-NHC phosphane ligartf&:!"®
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3. Results and Discussion

Figure 3.44: Structure otrans[Pd(EtimCHCH,PPh),]*"in crystals ofE28, (without hydrogen atoms).

Table 3.18: Selected bond lengths [A] and angles [°]tfans-palladium(Il) complexE28.

Bond lengths

Pd(1)-C(1) 2.030(13) Pd(1)-P(1) 2.308(3)

Pd(1)-C(31) 2.032(12) Pd(1)-P(2) 2.310(3)
Bond angles

C(1)-Pd(1)-C(31) 173.8(5) C(1)-Pd(1)-P(2) 84.1(4)

P(1)-Pd(1)-P(2) 164.46(13) C(31)-Pd(1)-P(2) 94 p(4)

C(31)-Pd(1)-P(2) 83.5(4) C(1)-Pd(1)-P(2) 96.5(4)
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3. Results and Discussion

3.10.2 Equilibrium between cis- and trans-isomers of E28 at higher temperatures.

Generally, palladium(+ll) and rhodium(+l) are ikmronic and therfore they have similar
properties of their complexes are to be expectade to that we anticipated the interconversion
of cis-E28 andtrans-E28 in close analogy to the isoelectromis-transrhodium(l) complexes.
The interconversion ofis isomer totrans isomer is studied by measurifiP-NMR spectra of
E28 at different temperatures. The crude producE28 shows the signal of theis-isomer at
17.7 ppm (s) and small signal at 18.0 (s) ppmtrfans complex with a ratio of 10:1cis:itrans).
The relative stability of isomers was checked byperature dependeftP-NMR spectroscopy

as shown in Figure 3.45.

* cis- E28
* trans- E28

48h at 80°C

24h at 80°C

5h at 80°C

3h at 80°C

2h at 70°C

2h at 60°C

1lhat 60°C

at 0 min

T T T T T T
19.0 18.5 18.0 175 17.0 16.5 ppm

Figure 3.45: Temperature dependetiP NMR-spectra of isomerization ois- to trans-of E28

Initially a sample of theis isomer dissolved in*CDsCN shows a signal at 17.7 ppm and small
signal of theransE28 at 18 ppm as side product with a raticcisfto trans of 10:1. The ratio has
been determined by integration of the peaks agpliosphorous atoms in both complexes have
similar relaxation times, due to the similar stares of the complexes. On heating at 60°C for
one hour the ratio of isomers changed todis2o trans By increasing the temperature to 70°C
and heating for another two hours the ratio charigedd2cis to trans Prolonged heating for 24

hours gave no change in a ratiocefto transand appearance of a signal of a new side product a
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19 ppm. Further heating at 80°C gave no changkdrrdtio of both isomers indicating that an

equilibrium due to interconservion of both isom@fgure 3.46) has been reached.

—\ 2+ @ 2+
EtN.__N [P Ph EP 2P
Ph 7\
Phy T 4“C OO0 N
Phi:P—Pd—F,1IPh R Ph’“'P—Pd—(J
Ph - EtN
N~ “NEt N NEL
trans- E28 cis- E28

Figure 3.46: The equilibrium betweeais-E28 andtrans-E28 isomers of [Pd(EtImCFCH,PPR),][PF¢]».
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3. Results and Discussion

3.10.3 Electrochemistry of trans-[Pd(EtlmCH,CH.PPh,),]*" (E28)

0,0001

[(mA)

820mV / NHE
190mV /NHE  g914mv
284 mV

0,0000

-137mV
-231mV / NHE

2 | 0
E(V vsAg/AgCI)

Figure 3.47: Cyclovoltammogram of28 in CH;CN.

The cyclovoltamogram dE28 (0.1 mo/L [NBuJ[PFs] was obtained at a scan rate of 200 mV/s in
acetonitrile solution. The compound shows severaVersible oxidation waves at 190 mV/NHE,

820 mV/NHE and 1246 mV/NHE) and reduction peak&t-mV /NHE.
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3. Results and Discussion

3.10.4 Suzuki-coupling with E28

It is known that palladium complexes with mixed ppbane NHC ligands have been used in the
Heck coupling of aryl bromides and acryldté$'?? as well as in the copolymerization of
ethylene and C&™ We examined if the palladium compleransE28 is a suitable catalyst for
the closely relate@uzukicoupling. The catalytic efficency efans-E28 in this type of coupling

reaction between aryl halides and phenyl boronidsas summarized in Table 3.19.

2+ o
[\ 2PFg
N_ NEt
\( Ph
EP-Pd—P“Ph
Ph=- ]
Ph
EtN
EtO \=/ EtO
1 mol% of E28, Cs,CO3
s, 5 ) OO
80°C/dioxane
(eq. 44)
Table 3.19: Suzukicoupling of aryl halides and 3-ethoxyphenyl bocoatid fortrans-E28.

Entry X R Time(h) Temperature(°C) Yield %
1 Br 4-Me 8 80 21
2 Br 4-Me 16 80 42
3 Br 4-Me 24 80 57
4 Br 4-Me 63 80 50
5 Br 4-Me 48 65 8
6* Br 4-Me 48 80 98
7 Br 4-OMe 24 80 14
8 Br 4-COMe 24 80 34
9 Cl 4-Me 24 80 5

Reaction conditions: 1mmol of aryl halide, 1.5 mmoblphenylboronic acid, 2.0 mmol of £30;, 1 mol% of Pd
catalyst, 3 mL of 1,4-dioxane; isolated yietd24h at 80°C, cool down to room temperature, aolditf another

mol% of Pd catalyst, heating for another 24h
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3. Results and Discussion

The efficency of cationitrans NHC-Pd complexE28 (1 mol%) as catalyst was examined with
the base GE0O; in dioxane in the reaction of 3-ethoxy phenyl bocoacid with substituted aryl
halide contains electron donating and withdrawir@ugs under argon atmosphere. It is clear that
reaction times of approximately 24 h are neededtlier production of unsymmetrical biaryl
products at 80°C in good yield. In generaR8 shows good activities for aryl bromide, the
activity with respect to aryl chlorides is very pobhow conversion of substrates to product was
obtained at 65°C, increasing the temperature t€88Sulted in a significant improvement in the
overall conversion of the substrates to the pradugkcellent yield of coupling product (Table
3.18, entry 6, 98% vyield) was achieved when thetrea was carried out for 24 h at 80°C and
subsequent additon of another mol % of catalystlsating again for 24 h. The conversion of
substrates to products was firstly determined bggration of'H-NMR spectra, secondly by
separation of the pure product by plate chromafgrdn conclusion the catalytic activity of

E28 reaches its optimum in dioxane at 80°C and 24 readtion time.
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4. Experimental Section

4. Experimental Section
4.1 Material and Methods

4.1.1 General Consideration

All manipulation were performed under pure dinigagatmosphere (99, 99.6%) dried witjOR
granulate using Schlenk techniques or in a nitrefgka glovebox and with absolute solvents.
Solvents were dried and distilled under an atmasplé nitrogen or argon using standard
proceduré$™ and also kept under nitrogen. Tetrahydrofuran ([Hdiethyl ether and-hexane,
were distilled from sodium-benzophenoneketyl. Aoétde and dichloromethane were distilled
from calcium hydride.

Chemicals were purchased from different company$ @sed as received: 1-vinyl-imidazol
(Acros), KPE (Merck), diphenylphosphine (Aldrich), 1,5-cycloodtene (Riedel-deHaen),
Ethyliodide (Fluka), KOBu (Merck), KN(SiMeg), (Aldrich), CS (Aldrich), rhodium chloride
hydrate (Degussa), iridium chloride hydrate (Alfaes&r, Degussa), palladium chloride
(Degussa), cesium carbonate (Sigma-Aldrich), 4-lmtolnene (Sigma-Aldrich), 3-
ethoxyphenylboronic acid (Sigma-Aldrich), chloratehe (Sigma-Aldrich), 4-bromoanisol
(Sigma-Aldrich), 2-bromo-1,3-dimethylbenzene (SigAldrich), lodine (Fluka), elemental
sulphur (Sigma-Aldrich), methyl iodide (Sigma-Aldn), 4-bromoacetophenone (Sigma-
Aldrich). The bulk compressed gases carbon mongxadd hydrogen were obtained from Air
Liquide Deutschland GmbH. The following compound&(uECI)(COD)LMY,  [Rh((-
CI)(COD)L™8, [Pd(COD)CH ™ and [Ni;S(SBu)g][BzEtsN] ¥ were prepared as reported in
the literature.

4.1.2 Physical measurements

The *H, **C and®'P NMR spectra were recorded on Bruker Avance B0 %00.13 MHz,**C:
125.76 MHz2'P: 202.46 MHz).The chemical shift are quoted in pfniNMR and*C chemical
shifts were referenced to the residual proton $&goé the deuterated solveritP NMR was
referenced externally usingsPIO, (85% in HO). Coupling constants]y are given in Hz. The
assignment of the proton and carbon resonanceassased by measurement of DEPT, COSY,
HMQC and HMBC spectra.

IR spectroscopy: The infrared spectra were recorded on the FTECtspmeter Nicolet P510.
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4. Experimental Section

Crystal Structure Analyses Crystal data for all measured compounds are predeim the
appendix. X-ray diffraction data were collected hwiah Bruker-AXS SMART APEX CCD
diffractometer using MoKradiation & = 0.71073 A).

Elemental analyses. The elemental analyses were performed with a P<tkirer-2400
analysator and a vario Micro Cube of the compaleynentar

Cyclic voltammetry: Cyclic voltammetric measurements were performeth whe electro
chemical device Metrohm 757 VA equipped with a pt# Model Versastat by EG&G in
combination with the PC-program electrochemicallysis software 3.0 Model 250 by EG&G.
The electrochemical cell was operated under argath, glassy C/Ag/AgCl or Au/Pt/saturated
Ag/AgCI serving as working, counter and refrencecebdes, respectively. CV curves were
obtained at scan rates of 100 mV/s working at 25n°®eCN/0.1mol T [BusN][PFe]. As most
of the complexes are exteremely air sensitive xgleemental were performed in a glove box.
The dissolved complexes were transferred into thlec€ll with a steel capillary under argon

pressure.

4.2 Synthesis of NHC-Phoshane ligands.
4.2.1 Synthesis of 3-ethyl-1-vinylimidazolium-3-iodide (E3)

b
g /_\—C © 1-vinylimidazol (20 g, 212.5 mmol) was dissolved56 mL CHCI, and
NN F” © - . .
f ® 2 4 ethyliodide (49.8 g, 319.3 mmol) dissolved in 20 @H,Cl, was added.

The reaction mixture was stirred under reflux f8rtl Subsequently the
solvent was removed under vacuum to give a crudgewlesidue which crystallized from
methanol to yield a white crystaline precipit&i® (45.18 g, 0.173 mmol, 81.7 %).

'H-NMR (500 MHz, CQCN): & = 1.47 (t, 3H3Jun = 7.9 Hz, g), 4.31 (q, 2H, ¥4y = 7.5 H2),
5.7 (dd, 1H?Juy = 2.9 Hz, €'), 5.98 (dd, 1HJun = 2.8 Hz, e), 7.35 (q , 2H , Wun = 9.0 Hz) ,
7.78 (s, 1H, ¢), 8.01 (s, 1H, b), 9.73 (s, 1H, a).

3C-NMR (125 MHz, CQCN): 8 = 14.7 (s, CH, g), 45.5 (s, CH f), 109.4 (s, CHl €), 119.7 (s,
CH, b), 122.9 (s, CH, ¢), 128.9 (s, CH, d), 135,50H, a).

E.A.: Anal. Found: C, 33.56; H, 4.32; N, 11.15Hz:N,l requires C, 33.60; H, 4.40; N, 11.20 %
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4.3 Synthesis of 3-[2-(diphenylphosphino)ethyl]-1-ethylimidazoliumiodide

(ES)
o A solution of diphenylphosphane (1.99 g, 10.8 mmi§D'Bu (0.11 g,
b c
g [\ T ¢ 0.98 mmol) in 20 mL of THF was stirred at room tergiure under
@j/a P inert gas atmosphere for 5 min. The color of thactien mixture

é}ji changed to orange yellow. 3-ethyl-1-vinylimidazatiodide (2.72 g,
I 10.8 mmol)(E3) was added. The reaction mixture was stirred atnroo
“ temperature for four days giving a colorless préaip which was
washed with diethyl ether and dried under vacuumive a high yield
of productE5 (3.62 g, 8.30 mmol, 79 %).
! H-NMR (500 MHz, CRCN): & = 1.5 (t, 3H,2Juy = 7.3 Hz, g), 2.78 (t, 2H, &Juu = 8 H2),
4.16 (q, 2H3 Iy = 7.4 Hz, ), 4.35 (td, 2HJpn= 9.2 Hz,*Jyn = 7.8 Hz, d), 7.46 (m, 1H, &)n

= 1.8 Hz), 7.30 (t, 1H, By = 1.8 Hz), 8.92 (s, 1H, a), 7.49-7.55 (m, 10H] k).

3C-NMR (125 MHz, CRCN): 3 = 14.6 (s, CH, g), 28.1 (d, Chl *Jpc = 15 Hz, €), 44.9(s , GH
f), 47.5 (d, CH, 2Jpc= 25 Hz, d), 121.9 (s, CH, b or c), 122.5 (s, Clerlz), 128.7 (d, CH, fJpc
=7 Hz), 129.2 (s, CH, i), 132.7 (d, CH,%sc = 20 Hz), 135.8 (s, CH, a), 136.9 (d, @, "Jpc =
12 Hz).

3 P.NMR (202 MHz, CQCN): 8 = -21.4 (s).

E.A: Anal. Found: C, 52.25; H, 4.68; N, 6.36,082,N.PI requires C, 52.31; H, 5.04; N, 6.42 %

4.4 Synthesis of 3-[2-(diphenylphosphino)ethyl]-1-ethylimidazolium-hexa-
fluorophosphate (E6)

g /b:C\ PFg o A solution of NaPK(1.26 g, 7.5 mmol) was added to a suspension of
@\QN\/\P imidazolium iodide salE5 (3.29 g, 7.5 mmol) in degassed water (10

i mL) The reaction mixture was stirred overnight, datid material
j  was filtered off and washed with degassed water diethyl ether.

k Finally it was dried under vacuum for 24 h to yiglte colorless
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productE6 (2.6 g, 5.73 mmol, 75.8 %).

Y H-NMR (500 MHz, CRCN): 8 = 1.44 (t, 3H3Jun = 7.3 Hz, @), 2.72 (t, 2HJ4n = 7.7 Hz,2Jpn
= 9.5 Hz, e), 4.11 (q, 2H, 1Jun = 7.6 Hz), 4.32 (td, 2HJpy= 9.5 Hz,*Jy = 7.7 Hz, d), 7.39 (t,
1H, %)y = 1.7 Hz, c), 7.31 (t, 1H)un = 1.9 Hz, b) 7.40-7.47 (m, 10H, k, i , j), 8.51 184, a).

3C-NMR (125 MHz, CQCN): & = 14.65 (s, Ch} g), 27.9 (d, CH 'Joc = 15 Hz, e), 44.9 (s,
CH,, f), 47.3 (d, CH, 2Jpc = 25 Hz, d), 122.6 (s, CH, c), 122.1 (s, CH, 28. (d, CH3Jpc

= 7 Hz, j), 129.2 (s, CH, k), 132.7 (d, CHpc = 20 Hz, i), 135.8 (s, CH, a), 136.9 (d, Epc =
12 Hz, h).

3 P-.NMR (202 MHz, CQCN): 8 = -21.4 (s), -144.0 (hept)pe = 710 Hz).
4.5 Synthesis of 3-[2-(diphenylphosphino)ethyl]-1-ethylimidazol-2-dithio-

car boxylate (E8)
To a solution of 3-[2-(diphenylphosphino)ethyl]-tr@imidazolium

b ¢
g [\ . iodide E5 (200 mg, 0.46 mmol) in THF 20 mL was added
N_ _N Ph
\f/ G \d/\P/ KN(SiMes), (100 mg, 0.46 mmol + 10 % excess). The reaction
S//(il\s i ) mixture was stirred at room temperature for 90 rdifter filtration
©

j CS (35 mg, 0.03 ml, 0.460 mmol) was added and theradtanged
immeditely to red. The reaction mixture was stirffed18 h. Then the
solvent was removed under vacuum to give a redecpudduct which was washed with diethyl
ether. Red crystalls were obtainede by layeringhgieether onto a concentrated chloroform
solution ofE8 (104 mg, 270 mmol, 58.8 %).

H-NMR (500 MHz, CDC}): 6 = 1.44 (t, 3H3Juy = 7.3 Hz, ), 2.67 (t, 2H I = 7.8 Hz, €),
4.13 (q, 2H3w = 7.3 Hz, f), 4.22 (q, 2H = 7.8 Hz, d), 6.86-7.40 (m, 12H, b, c, Ph).

3C- NMR (125 MHz, CDCL): § = 15.14 (s, Chl @), 29.0 (d, Chl *Jec= 16 Hz, €), 43.4 (s,
CHy, f), 46.1 (d, CH, %Jpc= 25 Hz, d), 117.3 (s, CH, b or c), 118.5 (s, CHrlz), 128.8 (d, CH,
3Jpc= 7 Hz, j), 129.3 (s, CH, k), 132.7 (d, CHpc= 19 Hz, i), 136.3 (d, § 3Jpc= 11 Hz, h),

149.4 (S, Garbene @), 224.6 (s, GSI).

$'P_NMR (200 MHz, CDC}): 6 = -21.1 (s).
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4.6 Synthesis of metal complexes
4.6.1 Synthesis of cis-[Rh(EtlmCH,CH,PPh,),]Cl (E10)

Fh ®
iPh, \I_D/_\_‘ Cl
k P— h—(
D Je EtNJ

d )" g
bc

E10

KN(SiMes), (100 mg, 0.46 mmol) was added to a solution of
[EtImCH,CH,PPB]I (200 mg, 0.46 mmol) in THF (20 mL). The
suspension was stirred at room temperature for 60 Avfter
filtration and removel of KI, [Riu-Cl)(COD)] (57 mg,
0.230 mmol) was added to the filtrate. The colothef resulting
suspension changed from pale yellow to orange.niixéure was
allowed to stirr for another 15 min to giveElQ,
[Rh(EtImCH,CH,PPh),]CI which was isolated by filtration and

subsequently dried in vacuo. It was obtained asl@ yellow solid

product, which forms yellow single crystals by dgfon of diethyl ether into an acetonitrile
solution ofE10 (100 mg, 0.132 mmol, 58.8 %).

'H-NMR (500 MHz, CRCN): § = 1.38 (t, 6H3Jun = 7.1 Hz, g), 2.50-2.56 (m, 4H, e), 3.73-3.80
(m, 4H, ), 3.96-4.04 (m, 4H, d), 4.42-4.54 (m, 2AHor c), 4.89-4.98 (m, 2H, b or ¢), 6.85-7.75

(m, 20H, Ph).

3C-NMR (125 MHz, CRCN): & = 14.9 (s, CH, g), 25.3 (s, Chl e), 45.1 (s, CH ), 49.3 (s,
CHy, d), 119.4 (s, CH, b or ¢), 121.0 (s, CH, b or1@7.5-127.6 (m, CH, j or k), 127.7-127.9 (m,
CH, j or k), 129.9-130.3 (m, CH, i), 135.5-135.7, @3, h), 183.0 (ddd, Earbene &, “Jrnc= 47 Hz,

2JPC,trans 103 Hz, ‘]PC cis—

= 30 Hz).

$'P_NMR (202 MHz, CRCN): & = 32.0 (d;}Jrnp= 128 Hz).
E.A: Anal. Found: C, 60.38; H, 5.28; N, 7.363384,N4P,RhCI requires C, 60.44; H, 5.6; N,

7.42%.
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4.7 Synthesis of cis-[Rh(EtImCH,CH,PPh,),][PF¢] (E11)
To a solution of 3-[2-diphenylphosphino)ethyl]-Trgtimidazoliumhexafluorophosphatg 95
mg, 0.46 mmol) in 10 mL THF was added KN(S#}g100

Ph %h ® © mg, 0.46 mmol) and the mixture was stirred at room
. -Ph/ \li)/ \ PF6 ] .
k@'ﬁp—%h—(Nj temperature under inert atmosphere for 30 min. y({irh
o e e ) C)(COD)] (57 mg, 0.115 mmol) was then added to the
d N/ f . .
b c 9 reaction mixture. The color changed from pale yelto yellow
E11 orange. After the removal of the solvent the residuas

crystallised from a concentrated THF solution tgegyellow
crystals ofE11 (0.18 g, 0.208 mmol, 92 %).
'H-NMR (500 MHz, CRCN): & = 1.38 (t, 6H3Ju4 = 7.3 Hz, g), 2.50-2.56 (m, 4H, e), 3.73-3.79
(m, 4H, ), 3.96-4.03 (m, 4H, d), 4.43-4.54 (m, 2dHor c), 4.89-4.97 (m, 2H, b or ¢), 6.84-7.78
(m, 20H, GHs).

BC-NMR (125 MHz, CRCN): § = 15.5 (s, CH, g), 25 (s, Ch €), 45.5 (s, CH f), 49.0 (s,
CHgy, d), 118.7 (s, CH, b or c¢), 120.8 (s, CH, b 0or1@7.9-128.1 (m, CH, j or k), 128.4-128.5 (m,
CH, j or k), 130.1 (t, CH3Jpc = 6, i), 134.2 (t, G 3Jpc = 8 Hz, h), 185.2 (ddd, Gibene “Jrhc = 6
Hz,%Jpc= 17 Hz, a).

'P_NMR (202 MHz, CRCN): 8 = 32.0 (d;Jrnp = 128 Hz), -144.0 (heptJpr = 710 Hz).

E.A.: Anal. Found: C, 53.23; H, 5.23; N, 6.05,,850FsN4sOPs;Rh requires C, 53.85; H, 5.38; N,
5.98 %
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4.8 Synthesis of trans-[Rh(EtlmCH,CH,PPh,),]Cl (E12)
KN(SiMe3), (111 mg, 0.460 mmol) was added to a solution of

W\ e _
| [EtImCH,CH,PPh]I (200 mg, 0.460 mmol) in 15 mL of THF.
Ph
@h P_jR/h Ph The suspension was stirred at room temperature3@min.
ef N)QN/QDh After filtration a solution of [RE(u-Cl)(COD),] (57 mg, 0.115
d \—/ f g mmol) in 5 mL THF was added dropwise to the fikrafhe
b c
1 color changed to orange and some precipitate forgnadg E9

while thetrans isomerE12 remained dissolved in the mother
liquor. The reactiom mixture was allowed to stior another 30 minE10 was separated by
filtration and the filtrate was taken to drynes®lging a brown crude product which was
recrystallized from a concentrated THF solutiogitee E12 (42 mg, 0.058 mmol, 12.6 %).
'H-NMR (500 MHz, CRCN): & = 1.16 (t, 6H2J = 8 Hz, @), 2.21-2.54 (m, 4H, e), 3.63-4.09
(m, 4H, ), 4.22-4.44 (m, 4H, d), 6.57 (d, 2841 = 1.9 Hz, c), 6.82 (d, 2H, By = 2 Hz), 7.08-
7.66(m, 20H, Ph).

C-NMR (125 MHz, CDCN): § = 15.5 (s, CH, g), 45.5 (s, CH f), 30.8 (d, CH, ‘Jpc= 15 Hz,
e), 48.7 (s, CH d), 118.7 (s, CH, c), 120.8 (s, CH, b), 128.0-628n, CH, j or k), 130.1-130.2
(m, CH, j or k), 134.2 (t, CH, i), 138.7 (tqCJpc= 19 Hz,%Jpc= 40 Hz, h), 185.1 (dt, &bene
LJrne= 40 Hz,Jpcpans = 103 Hz,2Jpc,cis = 30 Hz, a).

3P.NMR (202 MHz, CRCN): 6 = 26.0 (d;}Jrnp= 152 Hz).
4.9 Synthesis of trans-[Rh(EtlmCH,CH,PPh,),][PF¢] (E13)

® transE13 was prepared starting frora12. 250 mg (0.331
EtN/_\ —l PF6 mmol) of E12 were disolved in CkCl;, and KPE (60 mg,

I “’Ph T ol /\Ph 0.331 mmol) was added. The reaction mixture wasestifor 2
P)R@h_ hours. After filtration and removal of the solveBl3 was

d b / obtained in good yield (42 mg, 0.058 mmol, 12.6 %)was
E13 recrystallised by layering diethyl ether onto a mmyttne

chloride solution.
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'H-NMR (500 MHz, CRCN): § = 1.16 (t, 6H3Jun = 8 Hz, g), 2.21-2.54 (m , 4H, €), 3.63-4.09
(m, 4H, f), 4.22-4.44 (m, 4H, d), 6.57 (d, 28y = 2 Hz, ), 6.82 (d, 2H, BJun = 2 Hz), 7.08-
7.66 (M, 20H, Ph).

3C-NMR (125 MHz, CQCN): 8 = 15.5 (s, CH, g), 45.5 (s, CH f), 30.8 (d, CH, "Jpc= 15 Hz,
e), 48.7 (s, Chl d), 118.7 (s, CH, c), 120.8 (s, CH, b), 128.0-628n, CH, j or k), 130.1-130.2
(m, CH, j or k), 134.2 (t, CH, i), 138.7 (tqCJpc= 19 Hz,%Jpc= 40 Hz, h), 185.1 (dt, &ene
LJrne = 40 Hz,2Jpc= 17 Hz, a).

'P_NMR (202 MHz, CRCN): 6 = 25.9 (d 'Jgnp = 152 Hz), -144.0 (heptJrne = 710 Hz).
E.A: Anal. Found: C, 54.42; H, 6.09; N, 5.45,46Hs:FsN4O2-PsRh requires C, 54.50; H, 6.12; N,
5.53 %

4.10 Synthesis of cis-[Rh(n*O,)(EtlmCH,CH,PPh,),][X]
(X =Cl or PFg), (E14)

Ph Ph _l@ o . .
Ph Sp7 \l Cl A solution of cis-[Rh(EtImMCH,CH,PPR),][X] E10 or E11 (50 mg,

Ph,,,\,P_ﬁh\_<N] 0.066 mmol) in CHCI, (10 mL) at room temperature was exposed to
1 N

OJ\ Et air for 5 min. The color changed from orange toepgtllow. After
N~ NEt evaporation of the solvent [RiftO,)(EtIMCH,CH,PPh),][X] E14
cis-O,,E14 was obtained as pale yellow solid which gave yellmawn crystals

contaning both enantiomers, by layering a concesdranethylene
chloride solution with diethyl ether. Alternativell layering a
concentrated acetonitrile solution with diethyl esttgave a mixture of enantiomerically pure
crystals (48 mg, 0.064 mmol, 97.0 WA = 1/1.
$IP.NMR (202 MHz, CDC}, 233 K): & = -3.4 (dd,}Jrnp = 85 Hz,2Jpp = 20 Hz), 12.4 (dd'Jgpp=
85 Hz,%Jpp = 20 Hz), 26.2 (dd\Jrnp = 125 Hz,2Jpp = 20 Hz), 30.9 (dd‘Jrnp = 125 Hz2Jpp = 20
Hz).

$P.NMR (202 MHz, CDC}, 343 K): & = 8.5 (d,"Jgnp = 125 Hz), 27.5 (ddJrnp = 126 Hz 2Jpp=
20 Hz).
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IR (KBr disc): vlcm™] 3410, 3053, 2365, 1739, 1651, 1435, 1248, 1167911100, 845() ,
808, 746, 697, 534, 504.

4.11 Synthesis of trans-[Rh(n*0,)(Etl mCH,CH,PPh,),][PF¢ (E15)
A yellow orange solution dE11 (190 mg, 0.219 mmol) in 10

/\ “(B o ML of acetonitile was stirred exposed te for 10 min at
EtN._N PFe

TN

k©n' ----- P—R@——P\'"Ph to give a pale brown crude product which gave brown

room temperature. The solvent was removed undeswac

crystals by layering a concentrated methylene aor
solution of E15 with diethyl ether (170 mg, 0.199 mmol,
b ¢ 86.3 %).
trans-E15 'H-NMR (500 MHz, CRCN): & = 1.0 (t, 3H,%Jun = 7 Hz,
g), 1.84 (m, 2H, e), 3.91 (dt, 1By, = 15 Hz,Jun = 4 Hz,
d), 3.03 (dg, 1H 3w = 14 Hz,*Jyu= 7 Hz, ), 4.7 (dq, 1Hun = 14 Hz,*Jyn = 7 Hz, f), 6.97 (d,
1H, 33y = 2 Hz, b), 7.09 (d, 1HJ4y= 2 Hz , ), 7.48-7.59 (m, 16H, i, j), 7.63 (t, 2B = 8
Hz K), 7.71 (t, 2H3Jun = 9.8 Hz, K).

e(” 3o ‘Pn

d /E/\
N~ N f g
\—/

B3C-NMR (125 MHz, CRRCN): & = 15.7 (s, CH @), 22.7 (d}pc= 26 Hz, €), 44.9 (s, GH d),
45.3 (s, CH, ), 121.7 (s, CH, c), 125.2 (s, CH, b), 129.11.53134.4 (d, CH:Jpc= 13 Hz, i, |,
k), 134.46 (d, G “Jpc= 13 Hz, h), 160.4 (dt, Grvene “Jrhc= 34 Hz,’Jpc= 17 Hz, a)

IR (KBr disc): vfcm™] 3410, 3053, 2365, 1739, 1651, 1435, 1248, 1161911100, 85@(0),
808, 746, 697, 534, 504.

E.A: Anal. Found: C, 47.53; H, 4.50; N, 5.6230844Cl,FsN,O-PsRh requires C, 47.72; H, 4.52;
N, 5.71 %
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4.12 Synthesis of cis-[Rh(n*S,)(EtlmCH,CH,PPh,),][PF¢] (E16)
To a solution oftis-[Rh(EtImCH,CH,PPR),][PFs] (180 mg, 0.208

mmol) in 10 mL of dichloromethane 13 mg sulfur @GAmol)

b ¢ —e_©
N = 1®pr

9N N o was added at room temperature. The color changed @range

\N \ﬁ jd' yellow to green. Then the reaction mixture wasredtirovernight.

C[ 2 I|?h\—P: Ph Finally the solvent was evaporated under vacuum greken
N |_ P crystals were obtained by layering diethyletherooatmethylene
N Eﬁk chloride solution oE16 (180 mg, 0.203 mmol, 92%).

iJ
'H-NMR (500 MHz, CRRCN): & = 0.6 (t, 3 H2Juy = 15 Hz, @),
1.2 (t, 3H,%3uy = 13 Hz, g), 2.22-2.60 (m, 2H)f2.84-3.67 (m, 2H, f), 2.59-3.35 (m, 2H, e),
3.06-3.30 (M, 2H, ¥ 4.50-5.01 (m, 2H, ¥ 4.73-5.24 (m, 2H, d), 6.5-7.46 (m, 20H, Ph),47.0
(m, 1H, ¢), 7.15 (m, 1 H, b), 7.32 (m, 1H),&.71 (s, 1H, b.

“C-NMR (125 MHz, CRCN): & = 12.7 (s, Ch\ @), 14.7 (s, CHl g), 28.4 (d, CH, *Jpc = 38
Hz, e), 30.2 (d, CH, 'Jpc = 31 Hz, €), 44.4 (s, GHf), 46.5 (s, CH, f), 49.6 (s, CH, d), 49.9 (s,
CH,, d), 119.7 (d, CH?Jpc = 5 Hz, ¢), 121.4 (s, CH,)¢123.5 (d , CH'Jpc= 6 Hz, b), 124.9 (s ,
CH, b), 125.5-126.8 (d, CHJpc= 5 Hz, k), 128.4-130.4 (m, CH, j or k), 131.7-18%q, CH,
Jpc = 10 Hz, i), 140.2 (dd, §'Jpc = 3 Hz,%Jrnc = 30 Hz, h), 142.95 (dd,C Jpc = 3 Hz,%Jrnc
= 42 Hz, '), 162.0 (ddd, Gene “Jrnc= 161 Hz,2Jpc, cis = 13 Hz,%Jpc, 1rans = 40 Hz, a), 169.5
(ddd, Gearbene “Jrnc = 48 Hz,% Jpc cis = 6 HZ,%Jpc, 1rans = 19 Hz, &).

3L P.NMR (202 MHz, CRCN): 3 = 4.2 (dd,"Jgnp = 128 Hz,2Jpp= 22 Hz), 19.5 (dd*Jrnp = 77
Hz, 2Jpp= 22 Hz), -144.0 (heptJer = 710 Hz).

IR (KBr disc): vicm'], 3456, 3187, 2950, 2836, 1651, 1434, 1331, 12620, 873, 744, 690,
557(sd, 519.

E.A.: Anal. Found: C, 43.67; H, 4.16; N, 5.21, S, 5.79yHzClsFsN4s P; Rh S requires C,
43.69; H, 4.18; N, 5.09, S, 5.82 %
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4.13 Synthesis of cis-[Rh(CH5)(1)(EtlmCH,CH,PPh,),][PF¢] (E17)
To a solution ofcis{Rh(EtImCH,CH,PPh),][PF¢] (180 mg, 0.208 mmol) in 10 mL of THF
methyl iodide in excess (29.51 mg, 0.208 mmol, hb) was
—I@ o @added dropwise over 10 min. The reaction mixture stirred at
Pn

PFe room temperature for 2 hours during this periodimie the color
( T‘P changed to pale yellow. The solvent was removeceundcuum to
fPh /\ give crude yellow produdi17 (130 mg, 0.134 mmol, 61.6%).
& 'H-NMR (500 MHz, CRCN): § = 1.21 (t, 3H, g), 1.04 (t, 3H, g),
. 2.51-2.39 (m, 2H, d), 3.78 (s, 2H, @H4.13-4.56 (m, 2H, e),
b_c 6.19 (s, 1H, b or c¢), 7.37 (s, 1H, b or c), 7.591(8, b or c), 7.92-
E17 7.12 (m, 20H, Ph).

BC-NMR (125 MHz, CRCN): & = 14.9 (s, CH @), 15.5 (s, CHl @), 25.3 (s, CH e), 27.8 (d,
CH,, €), 46.7 (s, Chi f), 48.7 (s, CHl d), 49.2 (s, CH, d), 125.1 (s, CH, b or ), 119.9 (s, b or
c), 122.8 (s, CH, b or ¢), 127.0-135.2 (m, CH, Ph).

P_NMR (202 MHz, CQCN): & = 13.4 (dd2Jpp = 25 Hz,"Jrnp= 88 Hz), 6.2 (ddfJpp = 24 Hz,
1Jth: 88 HZ)

4.14 Synthesis of cis-[Rh(CI)(1)(EtlmCH,CH,PPh,),][l4] (E19)
A solution of cis{Rh(EtImCH,CH,PPhR),][PF¢] (170 mg, 0.197 mmol) in 10 mL of THF was
cooled to -50°C. Then iodine (100 mg, 0.394 mmolbimL of
1° S -
N/—_\ Pgh I;  THFwas added through a needle steel capillary uraigon

[N)\ | ‘/CI atmosphere. The reaction mixture was stirred fbodr at -50°C
g\/NEi;/R‘h\| and then allowed to warm to room temperature arehtenally
F e N\_/P,/‘Ph stirred over night. Removal of the solvent affordedyellow

b e hj : “ brown crude product which was recrystallised byefayg di-

E19 isopropyl ether into a concentrated acetonitrilitsan of E19

(240 mg, 0.122 mmol, 61 %).
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'H-NMR (500 MHz, CRCN): & = 0.18 (t, 3H,*Jyy = 7 Hz, @), 1.10 (t, 3HJ4 = 7 Hz, ),
2.22-2.60 (M, 2H, §, 2.84-3.67 (m, 2H, f), 2.69-3.65 (m, 2H, d), 2829 (m, 2H, d), 5.06-3.19
(m, 2H, e), 6.22-3.19 (m, 2H, e), 7.04 (m, 1H,&)L5 (m, 1H, b), 7.32 (m, 1H)c7.71 (s, 1H,
b).

C-NMR (125 MHz, CRCN): 8 = 12.3 (s, CH, g), 15.5 (s, Chl g), 25.4 (d, Chl “Jpc= 26 Hz,
d), 27.1 (d, CH, *Jpc= 26 Hz, d'), 44.4 (s, CH f), 46.6 (s, CH, f), 49.0 (s, CH, e), 50.0 (s,
CHy, €), 120.8 (d, CH, b or ¢), 121.0 (s, CH, b qrX36.6 (s, CH, b or c¢), 126.8 (d, CH, b or c¢),
127.1 (s, CH, i, jor k), 129.5 (s, CH, i, j or B35.4 (s, CH, i, |, k), 136.5 (dd,q,C?Jpc: 5 Hz,
Jrhc= 50 Hz, h), 136.8 (dd, {*Jpc= 5 Hz,"Jrnc= 50 Hz, h).

3 P.NMR (202 MHz, CQCN): 3 = 4.0 (d,"Jrnp= 90 Hz), 1.7 (d1Jrnp= 90HZ), -1.1 (d Jrnp=
85 Hz), -2.8 (dJrnp= 87 Hz), -3.4 (d*Jrnp= 85 Hz).

4.15 Synthesis of cis-[Ir(EtlmCH,CH,PPh,)][PF¢] (E20)
To a solution of 3-[2-(diphenylphosphino)ethyl]-1-

N/"\P[\\\\\F,F;h i ethylimidazolium-hexafluorophosphat&95 mg, 0.46 mmol) in 10
[ >_|r_;\\\\e©" mL of THF was added KN(SiM (100 mg, 0.46 mmol) and the
X \ ade mixture was stirred at room temperature under iagmosphere for

g\f/ \c:t/) 30 min. [Ir(COD)CI}E (77 mg, 0.115 mmol) was then added. The
e E20 color changed to orange red. After the removehefdolvent under

reduced pressure an orange residue was obtaineth wieided red
orange crystals by layering diethyl ether into nglthe chloride solutio&20 (0.13 g, 61.9%).
'H-NMR (500 MHz, CRCN): & = 1.05 (t , 6H3 Jun = 7 Hz, @), 2.12-2.59 (m, 4H, e), 3.76-3.9
(m, 4H, f), 4.36-4.90 (m, 4H, d), 6.94 (d, 2H 3B,y = 2 Hz), 7.06 (d, 2H, ¢Jun = 2 Hz), 6.82-
7.80 (m, 20H, Ph).

BC-NMR (125 MHz, CRCN): 5 = 14.5 (t, CH, g), 31.0-31.3 (m, CKe), 44.8 (s, CH ), 49.8
(s, CH, d), 119.3 (s, CH, b), 120.1 (s, CH, c¢), 127.5:53&, CH, j or k), 130.1-130.7 (m, CH, |
or k), 132.8-135.7 (m, CH, i), 138 .5 (dg,GJpc = 50 Hz, h), 138.8 (d , {£'Jpc = 48 Hz, h),
174.4 (dd, Garbene &, °Jpc cis = 20 HZ; Jpc rans = 98 H2).
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' P.NMR (202 MHz, CRCN): 3 = 16.5 (S), -144.4 (hept)er = 711 Hz).

4.16 Synthesis of cis-[Ir(H)(EtImCH,CH,PPh,),][PF¢] (E21)
Into a solutioncis-[Ir(EtImMCH,CH,PPh),][PFe¢] (E20), (130 mg,

e o b o
. g_f\N/CzliN d\_| PFe  0.136 mmol) in 10 mL of CkCl, H, gas was bubbled for 30 min.
?N . \@- 2 e . The color changed immediately from orange red te pallow.
b[N Z_I/'rgpxl;r']'t@ The solution was removed under vacuum to give bwetrude
j
1B - . .
llzh Ph product, which gave yellow crystals by layeringtdidether onto
e methylene chloride solution &21 (100 mg, 0.117 mmol, 83 %).
E21

'H-NMR (500 MHz, CRCly): &= -13.16 (td, 1H (2)}3u1n2 = 4 Hz), - 11.5 (ddd, 1H (13Jp1r1=
129 Hz,%Jpom1 = 18 Hz,Jparz= 16 Hz,"J1nz = 4 Hz), 0.47 (t, 3H3Juy = 7.59, @), 1.28 (t, 3H,
3Jun = 7.34 Hz, g), 2.49-2.69 (m, 2H, '), 2.68-2.95, (@H, €’), 3.22-3.58 (m, 2H, f), 4.14-4.40
(m, 2H, d’), 4.40-4.47 (m, 2H, e), 6.86 (d, 13,n = 2 Hz, b), 7.05 (s, 1H, b’), 7.16 (s, 1H, c),
7.29 (d ,1H, "), 6.60-7.49 (m, 20 H, Ph).

BC-NMR (125 MHz, CDCLy): 8= 13.1 (s, CH @), 15.0 (s, CH, g), 26.0 (s, CH d), 29.0 (s,
CHy, d), 46.0 (d, CH, ), 49.5 (s, CH, d"), 49.9 (s, CH, e), 117.8 (s, CH, b’), 118.5 (d, CH, b),
122.2 (d, CH, ¢’), 122.9 (s, CH, c), 133.8, 1271.30.4, 130.9 (m, CH, i, j, k), 152.9 (sq,&Jpc =

8 Hz, h), 153.6 (s, & 'Jpc= 8 Hz, h’), 160.2 (M, Earbene @ OF &).

% P.NMR (202 MHz, CBCL,): & = -0.86 (dJpp= 15 Hz), -2.17 (d%Jpp= 15 Hz), -144.0'0pr =
710 Hz).

IR (KBr disc): vicm'], 2050@4y), 2013@ny), 1460, 1453, 1419, 1405, 1434, 1097, 877, 755,
741, 700, 557, 534, 517, 488.

E.A.: Anal. Found: C, 49.97; H, 5.72; N, 5.2146864FsIrN4O,P; requires C, 49.90; H, 5.79; N,
5.07 %
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4.17 Synthesis of cis-[IT(n*0,)(EtlmCH,CH,PPh,),][PFs] (E22)
A solution of cis-[Ir(EtImCH,CH,PPh),][PFs] (130 mg, 0.136 mmol) in 10 mL of GBI,

o © exposed to air for 10 min. The color of the reattixture changed
. N/CI:R[‘\]\VQ' PFe immeditaly from orange red to pale yellow. The solv was
g T \ /f\g evaporated to afford a yellow residue which wasedirunder
ph'\.PO—,I_;r‘O—<N /Cb vacuum. Crystals were grown from a concentrated $blEtion or
k@? by layering diethyl ether onto a methylene chlorgtdution E22
= Py e (110 mg, 0.11 mmol, 84.6%).
E22

'H-NMR (500 MHz, CRRCN): & = 0.55 (t, 3H,2Juy = 7 Hz, g),
1.32 (t, 3H2Jun = 8Hz , @), 2.36-2.73 (m, 2H, d), 2.98 (m, 2H,,d8)95 (m, 2H, ), 4.19 (m, 2H,
), 4.73 (m, 2H, €’), 3.89-4.54 (m, 2H, e), 6.98 (H, ¢'), 7.11 (s, 1H, b"), 7.14 (d, 1By = 2
Hz, b), 7.59 (d, 1H3Juy = 2 Hz, c), 6.95-7.36 (m, 20H, Ph).

BC-NMR (125 MHz, CRCN): § = 13.2 (s, CH, g), 15.7 (s, CH @), 25.5 (s, CH, d), 27.5 (s,
CHp, d), 43.1 (s, CH, ), 45.7 (s, CH, ), 47.4 (s, CH, €’), 49.1 (s, CH e), 120.2 (s, CH, ¢),
122.8 (d,2J4n = 4 Hz, ¢'), 124.3 (s, CH, b), 127.6 (d, CH, 0.6, 133.0, 132.7 (m, CH, Ph),
139.9 (d, G, "Jpc = 50 Hz, h), 143.7 (M, &Grbene &), 147.2 (M, Carbene &).

$P_NMR (125 MHz, CRCN, 323K):8 = -11.6 (d2Jpp= 15 Hz), -11.5 (d®Jpp= 13 Hz),

-144.0 (heptipr = 713 H2).

IR (KBr disc): vicmY], 3500, 3054, 2475, 1435, 1419, 1409, 1260, 10089, 1028, 858¢c0),
748, 696, 558, 531, 506.
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4.18 Synthesis of cis-[IT(n*S,)(EtImCH,CH,PPh,),][PFe] (E23)
To a solution ofcis[Ir(EtimCH,CH,PPh),][PF¢], (E20) (130 mg, 0.136 mmol) in 10 mL of

' ' b‘
N

g “N_ N—
R
N

CH.Cl,. Sulfur (8.0 mg, 0.273 mmol) was added at onces Th
color of the reaction mixture changed from orangg to yellow
orange. The reaction mixture was stirred over night
Subsequently the solvent was removed under reduassure to
yield a yellow orange residue which gives yellowstals (yield

= 110 mg, 0.112 mmol, 82%) by layering diethyl eth@o a
solution ofE23 in THF/acetonitrile (1/1).

'H-NMR (500 MHz, CQCN): & = 0.56 (t, 3H 34y = 7 Hz, g);
1.25 (t, 3H,3un = 7 Hz, @), 2.54-2.64 (m, 2H, f), 2.83-3.68 (m,

2H, 1), 2.61-3.45 (m, 2H, €’), 3.10-3.43 (m, 2H), 4.37-4.91 (m, 2H, e), 4.66-5.21(m, 2H, d’),
7.03 (s, 1H, ¢), 7.15 (s, 1H, b’), 7.27 (d, 18, = 2 Hz, b), 7.65 (d, 1HJ4 = 2 Hz, c), 6.80-

7.43 (m, 20H, Ph).

C-NMR (125 MHz, CRCN): & = 12.6 (s, CH, g), 14.8 (s, CH @), 27.3 (t, CH, “Jpc = 49 Hz,
d), 29.7 (d, CH, “Jpc = 38 Hz, €’), 44.6 (Ch d), 46.1 (s, CH f), 49.9 (s, CH, d’), 51.1 (s, CH,
e), 119.3 (d, CH3Juy = 4 Hz, ¢’), 120.5 (s, CH, b), 123.1 (s, CH, 4.5 (s, CH, c), 128.1,
133.2, 130.4 (m, CH, i, j, k), 138.5 (dg,CJpc = 39 Hz, h), 142.5 (d, £ Jpc = 53 Hz, h'), 145.0
(dd, Gearene Jpc = 9 Hz, &), 149.7 (d, Garvene Jpc= 12 Hz, ).

P_NMR (202 MHz, CRCN): 8 = -12.7 (d2Jpp = 18 Hz), -30.7 (dPJpp = 15 Hz).

IR (KBr disc):v[cm’], 3445, 2963, 2360, 1435, 1261, 1097, 1022, 802, 669, 55fs9.
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4.19 Synthesis of cis-[Ir(CO)(EtlmCH,CH,PPh,),|[PF¢] (E24)
CO gas was bubbled for 30 min. through a red orarde

—\® solution (10 mL) of cis[Ir(EtImCH.CH,PPh),][PFe], E20
— S
i N/_\NEt PFe (130 mg, 0.136 mmol). The color changed to paldoyel
k hm,,,lp T o Then the solvent was removed under reduced pressuige
— —
E?r / a yellow precipitate ofE24 in high yield (130 mg, 0.132
v e F
</N NN mmol, 97 %).
e \—/ 9 ,
d ¢ p 'H-NMR (500 MHz, CRCN): & = 1.14 (t, 3H 4y = 7 Hz,
E24 0), 1.64-2.11 (m, 2H, e), 3.06-3.56 (m, 2H, d),0344 (m,

2H, f), 6.8 (s, 1H, ¢), 7.06 (s, 1H, b), 6.50-7(64 20H, Ph).

3C-NMR (125 MHz, CRCN): & = 14.9 (s, CH, g), 27.4 (t, CH, 2Jpc = 13 Hz, e), 45.6 (s, GH
f), 48.0 (s, CH, d), 119.8 (s, CH, b), 124.4 (s, CH, ¢), 129.29.62133.2, 130.3, 128.6 (m, CH,
Ph), 143.8 (t, Garbene “Jrc = 13 Hz, @), 191.2 (t, COJpc = 45 Hz).
P_NMR (202 MHz, CQCN): 8 = -12.0 (s), -144.4 (heptJpr = 710 Hz).
IR (CaR): v[cm™], 2018, 1900\co).
4.20 Synthesis of trans-[Ir ((CH3)(I)(Etl mCH,CH2PPh,),)]l (E25)
Methyl iodide was added dropwise over 10 min atrdemperature (1mL, 0.136 mmol) to a

solution of cis-[Ir(EtImCH,CH,PPh),][PFs] (130 mg, 0.136

®
9/\ [ \ _| PF6 mmol) in 10 mL of THF. The reaction mixture wasrrstil at
T j room temperature for 1 h. The color changed frothange to

Ir——P pale yellow. A pale yellow precipitate was observeaadch was
NH3C collected by filtration. Subsequently the solverdswemoved
‘ S ,%hph under vacuum to give the pale yellow prod&@b, which gave
E 25A white crystals from concentrated THF solution (189, 0.092

mmol, 68.4%).
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'H-NMR (500 MHz, CQCN): & = 0.15 (s, 3H, €3lIr), 0.9 (t, 3H,3Juy = 7 Hz, g), 1.35 (t, 3H,
3Jun = 7 Hz, @), 2.54-2.72 (m, 2H, e), 2.82-3.12 (rhl, 2"), 2.9-3.13 (m, 2H, d), 3.25-3.44 (m,
2H, d), 7.29 (m, 1H, b), 7.42 (m, 1H, c), 7.56 (bh, b’), 7.56 (m, 1H, c), 6.07 (t, 2H}4n = 8
Hz, Ph), 7.14 (t, 2H, Ph), 7.23 (t, 4H, Ph), 7.42 4H, Ph), 7.30 (m, 4H, Ph), 7.42 (m, 4H, Ph).

3C-NMR (125 MHz, CRCN): 8 = 0.4 (s, CH, CHs-Ir), 15.4 (s, CH g), 15.9 (s, CH @), 29.4
(d, CHb, 2Jpc = 29 Hz, ), 30.2 (d, CH?Jpc = 30 Hz, €), 43.6 (s, CHF), 44.6 (s, CH, ), 47.1
(s, CH, d), 47.8 (s, Ch d"), 120.8 (d, CH?Jcy = 4 Hz, b), 122.1 (d, CHJch = 4 Hz, c), 124.4
(d, CH,%Jcy= 4 Hz, b’), 126.0 (d, CHJcn = 4 Hz, '), 126.4 (d, CHJpc= 10 Hz, i), 127.4 (d,
CH, %Jpc = 10 Hz, i or j), 128.5 (m, CH, i, k), 130.8 (sH(, k, ), 132.3 (d, CH3Jpc = 7 Hz, )),
133.4 (d, CH3Jpc = 8 Hz, j), 134.1 (d, CHJpc = 10 Hz, i), 135.6 (d, CHJsc= 8 Hz, j), 144.1
(d, Gy "Jpc = 14 Hz, h), 145.1 (d, §£"Jpc = 14 Hz, h), 146.6 (d, &rbene Jpc = 12 Hz, a), 147.6
(d, Cearbene “Jpc = 12 Hz, @).

P_NMR (202 MHz, CRCN): § = -22.1 (d,2Jpp = 20 Hz), - 41.4 (FJpp = 20 Hz), -144.0 (hept,
1Jpr = 710 H2).

4.21 Synthesisof cis-[Ir(1)(EtlmCH,CH,PPh,),][15] (E26)
I, (69 mg, 0.272 mmol) in THF (3 mL) was added drosewi

| [_\ _|® through steel capilary needle over 10 min underorarg
¢ NS 9 atmosphere to a solution afis-[Ir(EImMCH,CH,PPh),][PFg]
T /@ (130 mg, 0.136 mmol) in THF (10 mL) which was cabl®
g;P|J\| jd i -50°C. After the reaction mixture was stirred as ttemperature
g/f\NuN e for 1 h, it was warmed to room temperature andrestirfor
b c another 1 h. The color of the reaction mixture ¢feghfrom red
E26 orange to pale yellow. Now the solvent was removeder

vacuum to give yellonE26, which gave single crystals from
layering diisopropyl ether into concentrated acitib® solution of E26 (200 mg, 0.100 mmol,
74.07 %).
'H-NMR (500 MHz, CQCN): 6 = 0.71 (t, 3H.Jun = 9 Hz, g), 1.23 (t, 3HJuy = 7 Hz, @),
2.69-2.95 (m, 2H, d), 2.82-3.16 (m, 2H, d'), 2.98B(m, 2H, f), 3.95-4.79 (m, 2H, '), 4.52-5.75
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(M, 2H, €), 4.52-5.74 (m, 2H, €’), 7.49 (s, 1H,%B8 (d, 1H, b), 7.35 (s, 1H, b’), 7.43 (t, 1H), ¢’
7.02-7.36 (M, 20 H, i, j, k).

“C-NMR (125 MHz, CRCN): & = 15.3 (s, CH, g), 15.6 (s, CHl @), 31.7 (d, CH, *Jpc = 45
Hz, d), 31.9 (d, CH 2Jpc= 45 Hz, d'), 46.4 (s, CH, f), 47.4 (s, CH, f'), 88(s, CH, €), 49.6 (s,
CH, €'), 122.2 (s, CH, c), 122.6 (s, CH, b), 125(87CH, c’), 126.6 (s, CH, b"), 126.9 (s, CH,
Ph), 127.7 (t, CHJpc = 7 Hz, i, k, j), 128.8 (d, CHJpc = 10 Hz, i), 130.05 (s, CH, i, k, j), 131.0
(t, CH,%Jpc = 7 Hz, i), 131.5 (t, CHJpc = 7 Hz, i), 132.8 (d, CHJpc= 3 Hz, j), 133.5 (d, CH,
3Jpc= 4 Hz, j), 134.1 (CH3Jpc = 5 Hz, j), 136.4 (d, & Jpc = 15 Hz, h).

P_NMR (202 MHz, CQCN): & = 25.2 (d,Jpp= 20 Hz), -54.7 (d?Jpp= 20 Hz); -43.8 (5)

(trans-Isomer, side product).

4.22 Synthesis of trans-[Ni(EtlmCH,CH,PPh,),]|[1]. (E27)
KN(SiMe3), (100 mg, 460 pmol) was added to a solution of
—|2 [EtmCH,CH,PPh]I, E5 (200 mg, 460 pmol) in THF (20 mL).
/_\ The suspension was stirred at room temperaturédonin. After
11/ PthK removal of Kl by filtration [N¥S(SBu)g][BzEt:N] (166 mg, 153
e
\__/

e
h=P R
rf \> umol) was added to the filtrate. The color of thresuiting
suspension changed from pale yellow to black. Atterreaction
E27 mixture was stirred at room temperature for anothér, it was
concentrated giving a pale yellow precipitate whics collected
by filtration and crystallised by slow evaporatioh a concentrated acetonitrile solution to give

E27 yellow crystals.

H-NMR (500 MHz, CDCY): & = 1.02 (t, 3H2Ju = 7 Hz, g), 2.38-2.89 (m, 2H, €), 3.44-4.64
(m, 2H, e), 4.98 (m, 2H, f), 5.32 (m, 2H, d), 781 2H, b), 7.23 (s, 2H, c), 6.95-7.66 (m, 20H, i,
jr K).

BC-NMR (125 MHz, CDCY): & = 15.3 (s, Cl g), 25.0 (s, CHl €), 47.0 (s, Ch f), 50.0 (s,
CHy, d), 121.0 (s, CH, b), 124.0 (s, CH, c), 128.19.22130.8, 132.6, 135.2 (CH, i, j, k), 164.2
(t, Ccarbene Jpc = 35 Hz, a).
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3P.NMR (202 MHz, CDCJ): & = 21.0 (s).

4.23 Synthesis of trans-[Pd(EtlmMCH,CH,PPh,),][PF¢]. (E28)

To a solution of 3-[2-(diphenylphosphino)ethyl]-tygimidazolium-hexafluorophosphate6
(195 mg, 0.46 mmol) in THF (10 mL) was added KN(SiM€118

)
b ¢ /f\_l 2PF2 mg, 0.46 mmol + 30%)and the mixture was stirred at room
9
:[NYNﬁ’h\Ph temperature under inert atmosphere for 30 min. TRel{COD)C}]

P-Pd-P

k@ﬁh k j (66 mg, 0.230 mmol) was added to the reaction mexénd the color
F1OENTON . .
\—/ changed from pale yellow to yellow orange. The tieacmixture was

E28 stirred another 2 h. A crude yellow prod&a8 was obtained after the

removel of the solvent under vacuum. Yellow crystakre obtained
by layering diethyl ether onto a concentrated au#ite solution ofE28 (190 mg, 0.187 mmol,
75.0 %).
'H-NMR (500 MHz, CRCN): & = 0.91 (t, 3H3J4 = 8 Hz, g), 2.81-2.89 (m, 2H, e), 2.91-3.05
(m, 2H, e), 3.32-3.75 (m, 2H, f), 3.86 (m, 2H,4)79-4.99 (m, 2H, d), 6.72 (s, 2H, b), 7.20 (s,
2H, ¢), 6.79-7.53 (m, 20H, Ph).

3C-NMR (125 MHz, CQCN): 8 = 14.1 (s, CH, g), 28.5 (d, Ckl “Jpc= 17 Hz, €), 45.8 (s, GH

f), 48.7 (s, CH, d), 121.0 (s, CH, b), 124.1 (s, CH, c), 129.9, °Joc = 6 Hz, j or k), 129.6 (t,
CH, %Jpc = 6 Hz, j or k), 130.7 (s, CH, i), 131.4 (s, CH,132.9 (s, CH, i), 134.2 (t, CAJpc = 8

Hz, j), 134.3 (t, CH Jpc = 8 Hz, ), 161.2 (d, & "Jpc = 22 Hz, h), 162.3 (d, &' Jpc = 22 Hz, h),
164.8 (t, Garvene “Jpc = 12 Hz, a).

$'P_NMR (125 MHz, CRCN): & = 17.9 (s), -144.0 (heptJpr = 710 Hz).

4.24 Synthesis of cis-[Pd(EtlmCH,CH,PPh,),][PF], (E28)
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To a solution of 3-[2-(diphenylphosphino)ethyl]-1-
ethylimidazolium-hexafluoro-phosphais (195 mg, 0.46
mmol) in THF (10 mL) was added KN(SiN)e (118 mag,

Pha_ /—\ 6
) @:ir,{.p_zd_a(N . 0.46 mmol [30% excess])The mixture was stirred at room
i jd'ﬁ J\ N\//C temperature under inert atmosphere for 30 min. Now
e NN - f 9 [PA(COD)C}] (66 mg, 0.230 mmol) in 5mL of THF was
be added dropwise to the reaction mixture and the rcolo
cis- E28 changed from pale yellow to orange red. The reactio

mixture was stirred for another 2 h. The yellowquat was
obtained after the removel of solvent under vactoimgive
cis-E28 (190 mg, 0.187 mmol, 75.0 %).
'H-NMR (500 MHz, CQCN): & = 0.91 (t, 3H2Jun = 7 Hz, g), 1.01 (t, 3H3J4u = 7 Hz, @),
2.89-2.73 (m, 2H, d), 2.78-2.93 (m, 2H, d’), 3.378(m, 2H, f), 3.24 (m, 2H, f), 3.71-4.08 (m,
2H, e), 5.03-4.74 (m, 2H, €'), 6.72 (s, 1H, b),B(3, 1H, b’), 7.16 (s, 1H, c), 7.34 (s, 1H, ¢),
6.79-7.53 (m, 20H, Ph).

BC-NMR (125 MHz, CRCN): § = 14.1 (s, CH @), 14.5 (s, CH @), 27.6 (s, CH, ), 28.5

(s,CH, f), 30.1 (d, CH, %Jpc = 5 Hz, d), 30.4 (d, CK *Jpc = 6 Hz), 45.9 (s, CH e), 48.9 (s,
CHy, €'), 121.1 (s, CH, b), 122.2 (s, CH, c), 124.2G8sl, ¢'), 129.9 (t, CH3Jpc = 6 Hz, j or i),

129.6 (t, CHZ3Jpc = 6 Hz, j or k), 130.7 (t, CH, j or i), 131.4 BH, j or k), 132.9 (s, CH, j or k),
134.2 (t, CH2Jpc = 8 Hz, ), 134.3 (t, CHJpc = 8 Hz, j), 161.2 (d, & “Jpc = 21 Hz, h), 161.3
(d, C,Jpc= 20 Hz, h), 164.8 (dd, &Grbene Jpc = 23 Hz,%Jpc = 134 Hz, a).

'P_NMR (125 MHz, CRCN): & = 17.7 (s), -144.0 (heptJpr = 710 Hz).
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4.25 Suzuki coupling reaction.

A mixture of aryl halide (1 mmol), phenylboronicid¢1.5 mmol), cesium carbonate (2 mmol),
Pd(Il)-NHC E28 (1 mol %, 0.009 g) and dioxane (3 mL) was stirre®@@fC for an appropriate
period of time (8-48 h) under nitrogen. The solntwas allowed to cool to ambient temperature.
The reaction mixture was diluted with,® (10 mL) and BEO (10 mL) followed by twofold
extraction with EfO. The combined organic layers were dried over,3@y, filtered and
evaporated under reduced pressure to a give cmaiikiqgi. The pure product was isolated by
plate chromatography to give a biphenyl produd aselorless solid, which was characterized by
'H-NMR spectroscopy.
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5. Conclusion

The mixed bidentate phosphane imidazole donor dig&b 3-[2-(diphenylphosphino)ethyl]-1-
ethylimidazoliumiodide and&6 3-[2-(diphenylphosphino)ethyl]-1-ethylimidazoliunexafluoro-
phosphate were successfully synthesized and flhifracterized (Figure 3.1). The counter ion
was exchanged due to the difficulties encountengdud in the crystallization process. The
formation of the carbene was investigated by aoldiof CS. Single crystals from this product
E8 were investigated by single crystal X-ray analy$iggure 3.5) and by NMR-spectroscopic
methods.

The novel cissRh(l) complexes [Rh(EtImC}CH.PPR),][X], (X = CIl, PFs) E10 and E11,
respectively, were synthesized and characterizepi(@ 3.8). These complexes were obtained in
high yield.E10 was obtained as yellow crystals from THF solutidnle E11 is highly soluble in
THF. Crystals of these complexes are suitable ifogles crystal X-ray analyses. They adopt a
square planar geometry around the rhodium(l) atbrgu¢e 3.9, 3.10). In addition the novel
trans-Rh(I) complex [Rh(EtImCKCH,PPh),]CI E12 was obtained by dropwise addition of the
metal precursor [RRpECI)(COD)]; to an in situ generated carbene solutiorE13
[Rh(EtImMCH.CH,PPh),][PFs] was obtained by a simple salt metathesis reactidoth
complexes were characterized by standard specpusowethods. Single crystal X-ray analyses
of both complexes exhibit a square-planar envirartraeound the Rh(l) atom (Figure 3.11, 3.12)
as expected for Rh(l) complexes.

cis-E10 can be converted toans-E12 by heating. The interconversion at elevated teatpegs
was discussed and fully elucitated by measufifgNMR spectra (Figures 3.14, 3.15). After
prolonged heating, the ratio ofs to transamounts td.:2. Further heating gave no further change
in ratio of both isomers indicating that the eduilim is reached. A proposed mechanism of
interconversion oE£10 cis-[Rh(EtImCH,CH,PPh),]CI to E12 trans{Rh(EtImCHCH,PPh),]ClI

is showen (Figure 3.17).

Furthermore, the novel peroxo complefdel andE15, cis-[Rh(n*O,)(EtimCH,CH,PPh)]* and
trans[Rh(n?Oy)(EtimCH,CH,PPh)]*, respectively, were synthesized (Figure 3.2&-NMR
spectra of these peroxo complexes at different ¢eatpres show the formation of two
conformers ofE14 (Figure 3.21)Also, *'P-NMR spectra prove that the peroxo comid is

capable of reversibl oxygen activation. These cexgsd were obtained in high yield and
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characterized by NMR-spectroscopic methods. Sicgystal X-ray analyses dE14 and E15
exihibt a trigonal-bipyramidal arrangement of tigahds around the Rh(lll) atoms (Figure 3.23,
3.24). In the IR spectra of the complexes, absomptiands at 845 cican be attributed to the

oxygen-oxygen stretching vibration typical for siole coordinated peroxide ions.

The novel compoundis-[Rh(n*S,)(EtimCH,CH,PPh)]* (E16) was synthesized as illustrated in
Figure (3.25). ltwas obtained in high yield and characterised by N$fiectroscopic methods.
Green single crystals dE16 shows a distorted trigonal bipyramidal arrangememound the
Rh(lI) metal atom (Figure 3.27). The IR spectrumEd6 exihibits a band at 557 ¢hcan be
assigned to the S-S stretching vibration of 1h&,-ligand.

The novel rhodium(lll) complexeg17 and E18 are isomers of formula [Rh(GHI)(EtIm-
CH.CH,PPh),]I. These complexes were obtained by the reactfdald with Mel in high yield
(86%). Unfortunately, all attempts to get crystaishese complexes failed.

The novel compleX19, cis-[Rh(CI)(I)(EtImCH,CH,PPh),][l 3] was synthesized by reaction of
E11 with iodine. E19 was characterised by standard spectroscopic meshddterestingly, a
single crystal X-ray analysis revealed the formatad this unexpected iodide-chloride adduct
which most likely results from the exchange of amliwith chloride contained as small impurity
in the starting material. The counter ignhi$ formed by the reaction of iodide with excesgs |
Yellow brown single crystals oE19 reveal the formation of an octahedral Rh(lll) cdemp
(Figure 3.28).

With respect tcE10 the isoelectronicis-iridium(l) complex, cis-[Ir(EtImMCH.CH,PPh),][PFs]
(E20) was synthesized (Figure 3.29) and characteriset!MR spectroscopy. Th&'P-NMR
spectrum shows the signal of the phosphorous a&bh6.8 ppm. A single crystal X-ray analysis
of red single crystals d&20 shows a square planar structure as expecteddam(l) complexes
(Figure 3.30).

The synthesis of a series of the novel iridium(dbmplexesE2l, E22, E23, E25, E26,
cis-[Ir(H) (EtIMCH,CH,PPh),]*,  cis[Ir(n*0.)(EtimCH,CH,PPh)]*,  cis[Ir(n*S,)(Etim-
CH.CH,PPR)]*, trans{Ir(CH3)(I)(IMCH,CH,PPh);]*, cis-[Ir(l) 2(lmCH,CH,PPh);]*  also
described (Figure 3.32FE21 was obtained in high yield by reaction B20 with H, and
characterised by NMR spectroscopy. The IR spectlifE?1 shows sharp Ir-H stretching mode
at 2013 and 2050 cmwhich are in a good agreement with data of othiefium hydride
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5. Conclusion

complexes. Also single crystal X-ray analysisE#f1 exhibits a distorted octahedral structure
around the Ir(lll) atom (Figure 3.33).

E22 cis[Ir(n*0,)(EtImCH,CH,PPh)]* was synthesized by reaction BRO with oxygen and
fully characterized by standard spectroscopic naghd@he reaction of iridium(l) with Ois
irreversible as confirmed by/P-NMR spectra (Figure 3.33). The IR spectrum shawsharp
band which must be assignedw@D-O) at 854 cil. An X-ray single crystal analysis @&22
shows a trigonal-bipyramidal arrangement of thards around the iridium(lll) atom (Figure
3.35).

E23 cis{Ir(n*S)(EtimCH,CH.PPh)]* was synthesized by reaction BR20 with sulfur and
characterized by standard spectroscopic methodsigde crystal X-ray analysis &?23 revealed

a distorted octahedral ligand field. In the IR gpsew, thev(S-S) band is located at 557 ¢m
According to a single crystal X-ray analysis thgahds inE23 adopt a trigonal-bipyramidal
environment around the Ir(lll) atom (Figure 3.36).

The five-coordinate Ir(I) carbonyl compl&?4 was synthesized by addition of COE@O and
identified by NMR-spectroscopic methods. The IRcspan of E24 shows an absorption band of
CO at 2080 and 1900 ¢mUnfortunately, all attempts to crystallize thesplex failed.

We observed remarkable differences in the reagtofitE 20, Ir(l) toward CO and kLl compared
to the isoelectronic Rh(l) compldéx10. The later shows no reactivity towards CO andaii
room temperature, whilE20 reacts with CO and Hven at room temperature.

In addition, the novel Ir(lll) complexeB25 and E26, trans-[Ir(CH3)(1)(IMCH2CH.PPh)]", cis-
[Ir(1) 2(ImCH,CH,PPh),]", were obtained by reaction &20 with Mel and }, respectively, in
high yields and characterized by NMR spectroscdmth complexes contain in solution two
isomers (A, B), which could not be seperated. Qedsr single crystals of isomer B of both
complexes contain according to X-ray diffraction asierements in both cases a distorted
octahedral enviroment around the Ir(lll) atoms (fFeg3.37, 3.39).

The new transNi(ll) and transPd(ll) complexes E27, E28 [Ni(EtimCH,CH,PPh);]**
[Pd(EtimCHCH,PPh),]**, respectively, were synthesized according to Figu4é and 3.43 and
fully characterized by spectroscopic methods. Bmimplexes adopt a distorted square-planar
environment around the metal(ll) atoms. The intevession ofcis to trans isomers INE28 at
high temperature was followed up BY-NMR spectroscopy (Figure 3.45). The interconverti

of cistotransat 70°C lead to an equilibrium between both is@wéth a ratio of 1:2.
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5. Conclusion

The trans-Pd(Il) complexE28 proved to be an effective catalyst duzukicoupling reactions.
Table 3.19 shows its activity for the coupling afbstituted aryl halides containing electron
donating and withdrawing groups with phenyl boroam@ds. Reaction times of about 24 h at

80°C are required for the production of unsymmatrgaryl products in good yield.
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7. Appendix

7. Appendix
Table 7.1: Crystal data and structure refinementBér
E6

Identification code al951
Empirical formula GoHyu Fs N, P
Formula weight 454.33
Temperature 120(2) K
Wavelength 0.71073 A
Crystal system Monoclinic
Space group P2(1)/n

Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected

Independent reflections
Completeness to theta = 27.88
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters

Goodness-of-fit on &
Final R indices [I>3 ()]
R indices (all data)

Largest diff. peak and hole

a=8.4391(8) A
b =13.6878(13) A
c =18.1986(17) A
a = 90°
B =97.623(2)°
y=90°
2083.6(3) &

4

1.448 Mg/n}

0.269 mmt

936

0.37 x 0.31 x 0.19 m#n
1.87 to 27.88°

-1¥h<11, -18<k<18, -23<1< 23

16418

4923 [R(int) = 0.0874]
99.5 %
Semi-empirical from equivaken
0.9507 and 0.9071
Full-matrix least-squares o F
4923/0/ 262
0.998

R1 =0.0643, wR2 = 0.1544
R1=0.1278, wR2 = 0.1942
0.521 and -0.373 e:A
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7. Appendix

Table 7.2: Crystal data and structure refinementE8randE9

E8 E9
Identification code S1616 el214
Empirical formula GoH:x NP S CoHxoN: S
Formula weight 384.48 256.42
Temperature 120(2) K 120(2) K
Wavelength 0.71073 A 0.71073 A
Crystal system Monoclinic Monoclinic
Space group C2/c C2/c

Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 27.88
Absorption correction

Max. and min. transmission

Refinement method

Data / restraints / parameters
Goodness-of-fit on &

Final R indices [I1>8 ()]

R indices (all data)

Largest diff. peak and hole

a=20.125(3) A
b=13.832(2) A
¢ =13.920(2) A
o = 90°
B = 90.884(3)°
y=90°
3874.7(10) A
8
1.318 Mg/m

0.363 mm
1616

0.43 x 0.40 X 0.38 mm

1.79 to 27.88°

-28hh<24,-16<k<18,-151<18

11269

4450 [R(int) = 0.0295

96.3 %

Semi-empirical from equivdken

0.8745 and 0.8597

. 2
Full-matrix least-squares on F

4450/0/ 226
1.037

R1 =0.0387, wR2 = 0.1058
R1 =0.0450, wR2 = 0.1100

0.447 and -0.209 e A

a=13.9880A5
b = 9.0697(10) A
¢ =11.5600(12) A
o =90°
B =110.895(2)°
y=90°
1370.1(3) R
4

1.243 Mg/m

0.366 mm
552

0.48 x 0.40 x 0.40 mm
20737.88°
-18<h<18, -11< k<11, -15<1<15
6678
1fR(int) = 0.0538
100.0 %
Semi-empirical from equivalents
028%h0.829

Full-matrix least-squares or% F
16&B177
1.076

R1 = 0.0396, wRQ.6947
RLG504, wR2 = 0.0982

0.281 and -0.289 e.A
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7. Appendix

Table 7.3: Crystal data and structure refinementEd0 andE11

E10 E1l
Identification code s1615 al772
Empirical formula GgH4; CINy P, Rh Cio Hso Fs N, O B Rh
Formula weight 755.06 936.68
Temperature 120(2) K 120(2) K
Wavelength 0.71073 A 0.71073 A
Crystal system Triclinic Triclinic
Space group P-1 P-1
Unit cell dimensions a=13.279(2) A a=11.03242)

Volume
Z

Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection

Index ranges

Reflections collected
Independent reflections
Completeness to theta = 27.88°
Absorption correction

Max. and min. transmission

Refinement method

Data / restraints / parameters
Goodness-of-fit on ¥
Final R indices [I1>8 ()]

R indices (all data)

Largest diff. peak and hole

b=16.172(2) A
c =18.636(3) A
a = 103.457(4)°
B = 100.846(4)°
y = 99.490(4)°
3730.5(9) A
4
1.344 Mg/m
0.647 min
1560
0.48 x 0.11 x 0.05 Mmm
1.33to 27.88°
-12h<17,-18<k<21, -24<1<24
32822
17669 [R(int) = 0.1163]
99.2 %
Semi-empirical from equivaken
0.9684 and 0.7466
Full-matrix least-squares dn F
17669/0/833
0.836
R1 =0.0642, wR2 =0.1158
R1=0.1376, wR2 = 0.1340
0.930 and -0.925%.A

b =19.481(4) A
¢ =20.305(4) A
a =81.115(4)°
B = 76.855(4)°
y = 87.308(4)°
4198.4(14) A
4
1.482 Mg/ni
0.586 mnt
1928
0.39 x 0.33 x 0.05 min
1377.88°
-14<h< 14, -25< k< 25, -26< 1< 25
36802
3ABER(int) = 0.0567
99.0 %
Semi-empirical from equivalents
0.9i#1tB0.8036
Full-matrix least-squares orf F
69488 / 1048
0.971
R1 =0.0557, wRQ.£153
RIL1945, wR2 = 0.1342
0.925 and -0.579 e:A
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Table 7.4: Crystal data and structure refinementEd2 andE13

E12 E13
Identification code s1614 al779
Empirical formula Gs Has CI Ny P, Rh Cis He2 Fs Ns O, P; Rh
Formula weight 755.06 1012.82
Temperature 120(2) K 120(2) K
Wavelength 0.71073 A 0.71073 A
Crystal system Monoclinic Monoclinic
Space group Cc C2/c
Unit cell dimensions a=11.8053(17) A a=20.60%3

Volume

z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 27.88°
Absorption correction

Max. and min. transmission

Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [1>2 ()]

R indices (all data)

Largest diff. peak and hole

b=16.513(2) A
¢ = 18.900(3) A
a = 90°

B = 98.510(3)°
v =90°
3643.8(9) A

4

1.376 Mg/m

0.662 mm
1560

0.37 X 0.25 x 0.14 mm
2.14 to0 27.88°

-18h<15,-21<k<21,-24<1<24

15598
4351 [R(int) = 0.0715]
100.0 %
Semi-empirical from equivaken
0.9130 and 0.7918

Full-matrix least-squares or? F
4351/0/209
1.021
R1=0.0373, wR2 = 0.0726
R1=0.0472, wR2 = 0.0755

0.692 and -0.788 e.A

150

b =11.6546(18) A
c=21.108(3) A

a =90°

B = 108.900(3)°

¥ = 90°.

4794.7(12) R

4

1.403 Mg/m

0.521 mm
2104

0.46 x 0.24 X 0.05 mm
20027.87

-27<h<27,-15< k<15, -27<1< 27

20594
5TRdnt) = 0.0485
99.9 %
Semi-empirical from equivalents
0.97410.7957

Full-matrix least-squares oﬁ F
37184281
1.042
R1 =0.0358, wRQ.6817
RLG461, wR2 = 0.0863

0.946 and -0.281 e.A



7. Appendix

Table 7.5: Crystal data and structure refinementEddA

E14A, counter ion [CI]

E14A, counter ionPFg]

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

al751
Gs He: Cls N, 05,50 B Rh
1068.09
120(2) K
0.71073 A
Triclinic
P-1
a=11.1357(17) A
b =12.1567(18) A
c =18.395(3) A

al968
Cao Has Fs Ns O, P; Rh
937.63
120(2) K
0.71073 A
Orthorhombic
P22,2,
a=10.846%
b =10.8672(4) A
c = 34.6160(12) A

a = 88.808(3)° @ =90°
B =81.782(3)° B =90°
y = 69.035(3)° y=90°
Volume 2300.2(6) B 4068.9(3) B
Z 2 4
Density (calculated) 1.542 Mg/rﬁ 1531 Mg/rﬁ
Absorption coefficient 0.779 mml 0.608 mml
F(000) 1106 1920
Crystal size 0.37 x 0.21 x 0.18 mm 0.44 x 0.27 x 0.19 mm
Theta range for data collection 1.79 to 27.88° 10B7.87°
Index ranges -14 h<14, -155 k<15, -241<24 -13<h<14, -14< k<14, -45<1< 45
Reflections collected 20292 38882
Independent reflections 10876 [R(int) = 0.0254 9egdt) = 0.0679]
Completeness to theta = 27.88 99.1 % 99.9 %

Absorption correction Semi-empirical from equivdken

0.8725 and 0.7615

Semi-empirical from equivalents
Max. and min. transmission 0.2818B0.7759

Refinement method

. 2 . 2
Full-matrix least-squares on F Full-matrix least-squares on F

10876 /01487 PB9B15
Goodness-of-fit on & 1.059 1.011

Final R indices [I>28 (1)] R1 =0.0562, wR2 = 0.1607 R1 = 0.0436, wRQ.6985
R indices (all data) R1 =0.0686, wR2 = 0.1700 RALG505, wR2 = 0.1023
Largest diff. peak and hole (971 and -0.765 e-A

Data / restraints / parameters

1.195 and -0.596 e.A
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Table 7.6: Crystal data and structure refinementEdb

E15
Identification code al732
Empirical formula Go Has Cl, Fs Ny O, P; Rh
Formula weight 981.50
Temperature 120(2) K
Wavelength 0.71073 A
Crystal system Orthorhombic
Space group Pna2(1)

Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 27.88
Absorption correction

Max. and min. transmission

Refinement method

Data / restraints / parameters
Goodness-of-fit on F

Final R indices [I1>8 ()]

R indices (all data)

Largest diff. peak and hole

a=23.394(4) A
b=14.722(2) A
c = 12.2306(19) A
a=90°
B =90°
y=90°
4212.4(11) A
4

1.548 Mg/m

0.713 mmi
2000

0.48 x 0.17 x 0.15 mm
1.63t0 27.88°
-38 h<30, -18< k<19, -1651<15
35987
9726 [R(int) = 0.0684]
100.0 %
Semi-empirical from equivdken
0.9006 and 0.7260

Full-matrix least-squares or% F
9726/ 121 /514
1.051

R1 =0.0480, wR2 = 0.0872
R1 =0.0670, wR2 = 0.0932

0.692 and -0.699 e A
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7. Appendix

Table7.7: Crystal data and structure refinementEd6

E16
Identification code al744
Empirical formula GoHi Clu FgNs P Rh S
Formula weight 1098.55
Temperature 120(2) K
Wavelength 0.71073 A
Crystal system Monoclinic
Space group P2(1)/c

Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 27.88
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters

Goodness-of-fit on 2F
Final R indices [1>28 (1)]
R indices (all data)

Largest diff. peak and hole

a=18.487(3) A
b =14.982(3) A
c=18.296(3) A
a=90°
B =117.209(4)°
y=90°
4506.9(13) &
4
1.619 Mg/nd
0.876 mmt
2232
0.33 x0.22 x 0.19 mfn
1.24to 27.88°
-24h<23,-19<k<19,-19<1<24
39010
10736 [R(int) = 0.0799]
100.0 %
Semi-empirical from equivdken
0.8512 and 0.7608
Full-matrix least-squares o F
10736/ 45/ 538
0.976

R1 =0.0588, wR2 = 0.1461
R1 =0.0951, wR2 = 0.1595
0.994 and -0.983 e:A
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Table 7.8: Crystal data and structure refinement&Ed®

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

z
Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 27.88
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters

Goodness-of-fit on 2F
Final R indices [1>28 ()]
R indices (all data)

Largest diff. peak and hole

al832
GoHas Cl 1, Ns P, Rh
1303.71
120(2) K
0.71073 A
Monoclinic
P2(1)/c
a=12.085(3) A
b =30.141(8) A
c=13.032(4) A
o =90°
B = 108.894(7)°
y=90°
4
1.928 Mg/m
3.295 mml

3.295 mmi
2496

0.18 x 0.10 x 0.04 mm
1.78t0 27.88
-18 h< 15, -39<k< 36, -1621<17
39508
10699 [R(int) = 0.2268]
99.9 %
Semi-empirical from equivdken
0.8795 and 0.5885
Full-matrix least-squares or% F
699/0/479
0.854
R1 =0.0589, wR2 = 0.0738
R1 =0.2000, wR2 = 0.1035

0.981 and -0.930 e.A
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7. Appendix

Table 7.9: Crystal data and structure refinementE20

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 27.88
Absorption correction

Max. and min. transmission

Refinement method

Data / restraints / parameters
Goodness-of-fit on F

Final R indices [1>28 ()]

R indices (all data)

Largest diff. peak and hole

al702
(Gs Haz Ir N4 P)(P )
953.87
120(2) K
0.71073 A
Monoclinic
P2(1)/n
a=15.659(2) A
b = 16.405(2) A
c=16.608(2) A
o= 90°
B =114.886(3)°
y=90°
3870.009) A
4

1.637 Mg/m

3.636 mmil
1896

0.40 x 0.32 x 0.30 mm
1.50to 27.88°
-28 h<20, -21<k<19, -2K1<21
33920
9221 [R(int) = 0.0829]
99.8 %
Semi-empirical from equivdken
0.4084 and 0.3241

Full-matrix least-squares or% F
9221/120/ 469
0.844

R1 =0.0372, wR2 = 0.0556
R1 =0.0731, wR2 = 0.0612

0.967 and -0.944 e A
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7. Appendix

Table 7.10: Crystal data and structure refinementE@i

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 27.88
Absorption correction

Max. and min. transmission

Refinement method

Data / restraints / parameters
Goodness-of-fit on F

Final R indices [1>28 ()]

R indices (all data)

Largest diff. peak and hole

al709
Gs Hasa ClLIr Ny P,
846.36
120(2) K
0.71073 A
Monoclinic
P2(1)/c
a=11.235(3) A
b=19.771(5) A
c=19.027(4) A
o =90°
B = 102.568(4)°
y=90°
4125.2(16) A
4

1.363 Mg/m

3.407 mml
1696

0.38 x 0.35 x 0.23 mm

1.50to 27.88°
-18 h< 14, -26<k< 25, -25<1<25
35712

9831 [R(int) = 0.0602]]

100.0 %

Semi-empirical from equivdken
0.5079 and 0.3575

Full-matrix least-squares or% F
9831/3/424
0.980

R1 =0.0397, wR2 = 0.0941
R1 =0.0543, wR2 = 0.0989

1.035 and -0.937 e.A
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7. Appendix

Table 7.11: Crystal data and structure refinementEa2

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 27.88
Absorption correction

Max. and min. transmission

Refinement method
Data / restraints / parameters

Goodness-of-fit on 2F
Final R indices [1>28 ()]
R indices (all data)

Largest diff. peak and hole

al871
G2 Hso Fslr Ny O3 P
1057.97
120(2) K
0.71073 A
Orthorhombic
R2,2;
a=13.817(4) A

b =16.678(5) A

c =18.534(5) A

o =90°

B =90°

y=90°

42712) &

4

1.645 Mg/m

3.309 mmi
2120

0.47 x 0.12 x 0.11 mm
1.64to 27.88°
-18 h<18, -21< k<21, -24<1<24
37415
10187 [R(int) = 0.0996]
99.9 %
Semi-empirical from equivdken
0.7123 and 0.3054

Full-matrix least-squares or% F
10187 /45 /528
0.977

R1 =0.0394, wR2 = 0.0738
R1 =0.0523, wR2 = 0.0774

1.637 and -0.636 e.A
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7. Appendix

Table 7.12: Crystal data and structure refinement B3

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 27.88
Absorption correction

Max. and min. transmission

Refinement method

Data / restraints / parameters
Goodness-of-fit on F

Final R indices [1>28 ()]

R indices (all data)

Largest diff. peak and hole

al866
GiHss R IrNsO R S
1131.14
120(2) K
0.71073 A
Monoclinic
P2(1)/c
a=18.382(2) A
b = 15.050(2) A
c=18.237(2) A
a=90°
B =116.563(3)°
y=90°
4512.7(10) A
4

1.665 Mg/m

3.224 mml
2272

0.43 x 0.38 x 0.29 mm

1.83t0 27.88°
-24h<24,-19<k<17,-22<1<23
39199

10754 [R(int) = 0.0433]

100.0 %

Semi-empirical from equivdken
0.4549 and 0.3378

Full-matrix least-squares or% F
10754 / 45/ 483
1.001

R1 =0.0342, wR2 = 0.0855
R1 =0.0468, wR2 = 0.0898

1.805 and -0.691 e.A
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7. Appendix

Table 7.13: Crystal data and structure refinementE@b5

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 27.88
Absorption correction

Max. and min. transmission

Refinement method

Data / restraints / parameters
Goodness-of-fit on F

Final R indices [1>28 ()]

R indices (all data)

Largest diff. peak and hole

al825
GaHs312IrN, O R
1149.83
120(2) K
0.71073 A
Monoclinic
P2(1)/c
a=14.259(2) A
b =13.699(2) A
c = 22.408(4) A
a=90°
B = 96.028(4)°
y=90°
4353.1(13) A
4

1.754 Mg/m

4.596 mmi
2240

0.25 x 0.20 x 0.17 mm
1.44 to 27.88°
-18 h<18, -17< k<18, -29<1< 27
38039
10368 [R(int) = 0.1097]
99.9 %
Semi-empirical from equivdken
0.5088 and 0.3929

Full-matrix least-squares or% F
10368 /0/ 475
0.919

R1 = 0.0485, wR2 = 0.1015
R1 =0.0802, wR2 = 0.1106

1.165 and -0.947 e.A
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7. Appendix

Table 7.14: Crystal data and structure refinementBEa7

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 27.88
Absorption correction

Max. and min. transmission

Refinement method

Data / restraints / parameters
Goodness-of-fit on F

Final R indices [1>28 ()]

R indices (all data)

Largest diff. peak and hole

al666
Gz Hag 12 Ng Ni P,
1011.31
153(2) K
0.71073 A
Monoclinic
P2(1)/n
a=11.4419(14) A
b=18.767(2) A
¢ =20.573(3) A
o =90°
B = 95.940(3)°
y=90°
4394.009) A
4

1.529 Mg/m

1.955 mm
2024

0.38 x 0.25 x 0.20 mm
1.47 to 27.88°
-14 h< 15, -24< k<24, -27<1< 26
38434
10465 [R(int) = 0.0361]
100.0 %
Semi-empirical from equivdken
0.6958 and 0.5237

Full-matrix least-squares or% F
10465/0/ 482
1.045

R1 =0.0328, wR2 = 0.0716
R1 =0.0436, wR2 = 0.0753

0.769 and -0.288 e.A
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7. Appendix

Table 7.15: Crystal data and structure refinementEa8

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 27.88
Absorption correction

Max. and min. transmission

Refinement method

Data / restraints / parameters
Goodness-of-fit on F

Final R indices [1>28 ()]

R indices (all data)

Largest diff. peak and hole

al807
Q4 H51 F12 N7 P4 Pd
1136.20
120(2) K
0.71073 A
Triclinic
P-1
a=11.114(2) A

b=11.343(2) A

c =20.243(4) A

o = 77.490(4)°

B = 83.580(5)°

y = 85.301(4)°

2471.4(8) A

2

1.527 Mg/m

0.590 mm
1156

0.42 x 0.20 x 0.20 mm
1.04 to 27.10°
-14 h<14, -14< k<14, -24<1< 25
20506
10803 [R(int) = 0.0318]
99.0 %
Semi-empirical from equivdken
0.8911 and 0.7896

Full-matrix least-squares or% F
10803/ 30/ 560
1.179

R1 = 0.0494, wR2 = 0.1339
R1 =0.0600, wR2 = 0.1402

0.947 and -0.960 e.A
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