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Abstract
This thesis describes the synthesis and characterization (*H, **C NMR, CHN, and X-
ray) of new NHC ligands incorporating a triazine core and their complexation with
Ag(l), Pd(1l) and Ru(Il) metals. Imidazolium salts [2.4H]I — [2.7H]Br and [2.10H] -
[2.15H]Br were obtained by reaction of 2,4-diamino-6-chloro-1,3,5-triazine (diamino
= morpholine, piperidine, diethylamine, or dimethylamine) with H- imidazole
followed by alkylation with a variety of alkyl halides such as propyl, butyl, octyl
bromides or isopropyl iodide. While the imidazolium salts [2.3H]CI, [2.8H]CI,
[2.9H]CI and [2.13H]CI were prepared by reaction of N-substituent imidazole
(mesityl, phenyl ethyl, and methyl) with 2,4-diamino-6-chloro-1,3,5-triazine (diamino
= morpholine or dimethylamine). Silver complexes were prepared from the reaction
of Ag,O with an NHC precursor salt using in situ deprotonation techniques giving the
desired structures in good yield. X-ray studies with other spectral and analytical
studies reveal the formation monodentate complexes of the NHC ligands. The
coordination geometry at Ag is slightly distorted from the idealised linear geometry.
The Ag(l)-NHC complexes were used as NHC transfer reagents to prepare Ru(Il) and

Pd(IT) complexes.

New monodentate Pd (II) complexes were prepared by in situ deprotonation of the
NHC ligand by K,CO; in the presence of PdCl,. The catalytic activity of the
complexes in the Suzuki reaction was explored with conversions of up to 100 %
being observed. Bis(carbene)Pd(II) complexes were prepared by transmetalation from
the silver complexes with Pd(MeCN)Cl,. X-ray crystallography shows a distorted

square planar geometry around the palladium metal centre for both complex types.



A series of Ru (IT) complexes were prepared by transmetalation techniques using the
silver complexes as transfer reagents with [Ru(n®-arene)Cl,], in dichloromethane.
Single crystal studies along with other spectral and analytical studies reveal the
coordination of the triazine-NHC ligand in a chelating mode where both the carbene
and one of the N-donors of the triazine group ligate the metal. The complexes are

active for the transfer hydrogenation of ketones with conversions up to 96%.
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Chapter 1: Introduction

Chapter 1: Introduction

1.1- Carbenes definition

Carbenes have been known for over 100 years. [1] They are neutral molecules
containing at least one carbon atom with 6 electrons in its valence shell. [2-4] The
carbon atom bears two sigma bonds in addition to the two remaining electrons in a

non-bonding orbital (Figurel-1).

Figure (1-1) General formula of a carbene

Depending on the multiplicity of the unshared electrons, the carbene can be classified
as either a singlet or triplet ground state. The singlet ground state occurs when the
unshared electrons occupy the same ¢ or « orbital with anti-parallel spin. Whereas the
triplet ground state occurs when the electrons are unshared, occupying the o- and =-

orbitals with parallel spins (Figure 1-2).

P- Pr

Singlet state Triplet state

Figure (1-2) Ground states of carbenes
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The geometry of the carbene carbon atom can be either bent or linear. The bent shape
implies sp? hybridization, with the Py orbital retaining pure p character, this orbital
called P,. Likewise, the S character increases in the Py orbital and this orbital forms
the o- orbital. These differences lead to a loss of degeneracy between these orbitals.
The linear shape adopts sp hybridization with two non-bonding degenerate orbitals

(Px and Py, Figurel-3). [3, 5]

E
A
S S —c
py Pn. \
P, TTTeeal___
PE%PY --------- o "%ﬁ
linear bent

Figure (1-3) Diagram illustrating the loss of degeneracy of carbene

orbitals

The ground state is determined by the relative energies of ¢ and pr orbitals, when the
gap between them is greater than 2 eV the singlet ground state is preferred, while if

the gap is less than 1.5 eV the triplet state is more stable. [6, 7]

1.2-Type of carbene ligands

Carbene ligands can be classified into three categories according to their structure and
reactivity towards a metal ion; Fischer carbenes, Schrock carbenes and Arduengo or

N-heterocyclic carbenes.
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1.2.1-Fischer carbenes

Fischer prepared the first complex of this type in 1964. The tungsten complex was
synthesised by the reaction of tungsten (0) hexacarbonyl with an alkyl lithium,
followed by treatment with diazomethane (Schemel-1). [8]

R

CH,N,

W(CO)s + RLi [W(CO)5(COR)I'Li * > W(CO)s

MeO
Scheme (1-1) preparation of first Fischer complex
Fischer carbenes display a singlet ground state, the carbene is bonded to a metal by
the lone pair located in the sp? orbital to form a o bond, the metal can then back-bond
to the empty p, orbital of the carbene to form a © bond. This type of carbene forms
complexes with a low oxidation state, with middle and late transition metals such as

Cr(0), Fe(0), Mn(0) and Co(0) (Figure 1-4).

Figure (1-4) Bonding in the Fischer carbene

1.2.2-Schrock carbene

This type of carbene was first synthesised by Schrock in 1974 via treatment of
dichlorotris(neopentyl)tantalum with neopentyl lithium (Schemel-2). [9-11] Schrock

carbenes occur in the triplet ground state and are found with high oxidation state,
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early transition metals. Schrock carbenes do not have the m-acceptor ligands, and are

nucleophilic complexes.

H
Ta(CH,CMe;);Cl,  + 2LICH,CMe; — > \fTa(Meg,CCsz

M93C

Scheme (1-2) Synthesis of the first Schrock carbene
Schrock complexes can be described as having two covalent bonds between the
carbene and metal. As the carbon atom is more electronegative than the metal, the
covalent bonds tend to be partially polarized and thus the carbene centre is

nucleophilic.

®; )=

LM ©<—C> ¢

O O

Figure (1-5) Bonding in Schrock carbene

1.2.3-NHC carbene

N-Heterocyclic carbenes refer to cyclic compounds derived from deprotonation of
azolium salts. There are similarities between NHC complexes and those of Fischer
carbenes where the lone pair is donated by the NHC to the metal to form a strong
sigma bond. [12] However in the case of NHCs the m acceptor interaction does not

occur (Figure 1-6).
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Figure (1-6) a N-heterocyclic carbene

There are two main differences between NHCs and both Fischer and Schrock
complexes, the metal-carbene bond of an N-heterocyclic carbene complex is less
reactive than both Fischer and Schrock carbenes and their ability to coordinate with

many transition metals regardless of their oxidation state.

The exceptional stability in this type of carbene has been attributed to the existence of
two nitrogen atoms adjacent to the carbene carbon. This stabilises the carbene via o
bonding (an inductive effect) and © bonding (a resonance effect). The nitrogen atoms
donate a lone pair of electrons into the empty p orbital of the carbene and pull the

electron density from the carbene by an inductive effect (Figure 1-7).

Pr @ (@
N
G%KN :’
° | 6 |
W
N N
inductive effect resonance effect

Figure (1-7) Electronic effect of NHC

Wanzlick et al tried to prepare a free NHC using a-elimination of chloroform from a
saturated imidazole. [13] However, he recovered dimer instead of the free carbene.
He assumed that dimer cleavage is the main path to form free carbenes, but cross

metathesis experiments did not support this assertion (Schemel-3).
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[X““ [Hj 7 E>

Scheme (1-3) attempted isolation of a free carbene by a-elimination

Wanzlick also tried to deprotonate tetraphenyl imidazolium perchlorate using KOtBu

but was unable to isolate the free NHC (Scheme 1-4). [14-15]

Ph /

Ph
Ph /
N KOt-Bu N
\ D> H KClo, \ >:
N - N
Ph \
Ph

Ph \

Scheme (1-4) Wanzlick’s attempted synthesis of a free NHC

Widespread interest in NHC’s began in 1991 when Arduengo synthesised the first
free carbene by deprotonation of 1,3-adamantyl imidazolium chloride (Schemel-5).
[16] The deprotonation was conducted using NaH with catalytic amounts of KOtBu
or DMSO anions. Arduengo proved that the carbene is thermally stable (mp 240-241

°C without decomposition).

Y

[ S—n ,  ~an ThE Co>:
N,

Cat N

Scheme (1-5) Arduengo free carbene
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1.3-N-Heterocyclic carbene complexes

The first NHCs with imidazol-2-ylidene bonded to a metal was reported by Ofel and
Wanzlick, independently in 1968. Ofele and co-workers synthesised a chromium
complex by heating the heterocyclic salt with the chromium carbonyl precursor
(Scheme 1-6). [17]

/

N

/
120 °C
E@> [HCr(CO)s] > [ >—cr(co)5+ H,
N N
\

\

Scheme (1-6) Ofele NHC complex

At the same time, another NH Complex was synthesized by Wanzlick and co-workers
by the direct reaction between mercury (Il) acetate and 1,3-diphenyl imidazolium
perchlorate in DMSQO. [18] The acetate ion plays an important role as an internal base
for the in situ deprotonation of the imidazolium salt. Later, Wanzlick’s route was
adopted as a general route for the synthesis of many transition metal complexes

(Schemel-7).

+2
C6H5 /c(':‘H5 CGH5
/ ClO,4~ \
N N N
DMSO -
(9 oo [
N N N
\ \ /
C6H5 CGH5 C6H5

Scheme (1-7) Wanzlick’s NHC complex
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1.4-Preparation of NHC complexes

The use of NHC’s as ligands is of interest as a result of their strong metal
coordination properties. Several methods have been utilized in the preparation of
NHC metal complexes. Generally three methods are used for the preparation of these
complexes under specific reaction conditions. [19-21] The selection of which method
to be used depends on the ease with which the carbene can be prepared and

manipulated.

1.4.1-In situ deprotonation of imidazolium salt

The pioneers of this method are Ofele and Wanzlick. [17, 18] In this route the
generation of the free carbene and complexation with metal can be accomplished in a
one pot reaction. Deprotonation of the azolium salt in the presence of a metal ion
provides a direct route to NHC-transition metal complexes. The advantage of this
method is the fact that isolation of the free carbene is not necessary.

This method is suitable when difficulties are encountered obtaining the free carbene
due to their instability. The deprotonation of azolium salts can be achieved via one of

two methods:

1- The use of an external base. The deprotonation of azolium salts is conducted using
a strong base prior to addition of the metal forming the NHC complexes. Several
bases have been used for deprotonation, such as NaH, t-BuOK, t-BuOLi and

NaOAc.[22-25]

2- The use of a basic metal as an internal base. In this method both deprotonation and

complexation can be accomplished simultaneously.
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The reaction can be carried out using a basic metal sources such as Ag,0O, Ag,COs,
Hg(OAc)2, Pd(OAC)2 or Au(SMe2)ClI to produce NHC metal complexes. AgOAcC has
been used to prepare many silver carbene complexes in this way. Lin et al used Ag,O
to prepare silver complexes of 1, 3-diethylbenzimidazol-2-ylidene, high yields of up
to 89% were obtained at ambient temperature in dichloromethane solution. [26] X-
ray diffraction showed a neutral complex with an interaction between two silver
atoms (Scheme 1-8). The reaction was controlled by removing insoluble Ag,0.[27-

29]
Et Et Et

(ry + —— (g0

>
\

Y

Et Br
Scheme (1-8) synthesis of Ag(NHC) via in situ deprotonation method

Danopoulos et al have prepared silver-NHC complexes using Ag,COs; for the

deprotonation of imidazolium salts in refluxing dichloromethane over 2 days. [30]

The first Pd-NHC complexes were prepared by Herrmann et al in 1995. The
complexes were obtained by reacting 1,3-dimethylimidazolium iodide or 3,3-
dimethyl-1,1'-methylenediimidazolium iodide with Pd(OAc),. Palladium acetate was
used as a source of both Pd and base for the deprotonation of the azolium salts

(Schemel-9). [31]



Chapter 1: Introduction

CH,
1~ N/
™ LA
N |
N / Pd
H - I
@ — - Pd(0AC), SAcon HC,_ /(
N\ N

N——cH
CH, ‘\/ 3

Scheme (1-9) synthesis of Pd-NHC via in situ deprotonation

Various solvents have been utilized for the synthesis of Ag and Pd NHC complexes
using this method such as DCM, DCE, DMF, methanol, acetonitrile, acetone and
DMSO.

1.4.2-Preparation of complexes via free carbene

This method for the synthesis of metal-NHC complexes has attracted much attention
after the first free carbene was isolated by Arduengo in 1991. [16] Several strong
bases including NaH, t-BuOK and dimsyl anion have been used to deprotonate
azoliums to generate the free carbene. [32] The first bidentate free carbene was
isolated by Herrmann et al using liquid ammonia at -50 °C in THF, obtaining up to
95% vyields. This was used in the synthesis of bis-NHC complexes of Ru(ll), Pd(ll),

Os(11), Ir(1) and Rh(I) (Schemel-10).[33]

N

/
/ N
LY
5

\

N

) -
\

Scheme (1-10) first bidentate free carbene
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a-Elimination of small molecules has been used to form thermally stable carbenes.
Small molecules such as methanol [34] or 5-methyl-triazole [35] can be removed
from suitably designed imidazolium precursors although this method is limited to

producing only thermally stable NHC’s.

Another route to free NHC’s involves the reduction of thiones. In this method
imidazole 2- thiones are reduced by potassium in boiling THF, typically achieving
good yields. Kuhn and Kratz [36] have successfully prepared free NHC’s by using

this method (Scheme-11).

One advantage of this method is that many transition metal complexes can be
prepared regardless of their oxidation state. Most free carbenes are sensitive towards
both air and moisture. Preparation of the carbene by this method often leads to

decomposition or dimerisation of the carbene.

R o R’
R" / X R' N/
N
base .
O - L)
THF.r.t
N R N
R \ \R
R
R
R' 1]
R N/ R N/
Na/ K >,
>:S > .
THF reflux
N R’ N
R \ \R
R
Ph

Ph\ N/
\N/N OMe A, vacuum N/ >:
\\\ >< -MeOH g \\\N
N H \

Ph

Scheme (1-11) preparation of free NHCs
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1.4.3-Transmetalation method of carbene ligand into other metal

Transmetalation has been widely used in organometallic chemistry for the synthesis
of metal-NHC complexes. In this method basic metals are used to deprotonate the
azolium salts to produce metal NHC complex, after that transmetallation can be
utilized to transfer the ligand onto another metal centre to produce analogous NHC
complexes of the desired metal. Silver bases such as Ag,O, Ag,CO3 or AgOAcC are
used for the preparation of silver-NHC complexes. The lability and fluxional behavior
of Ag(I)NHC complexes has led to their use as ligand transfer agents to prepare many
complexes with metals such as Au(l), Pd(l), Cu(l), Cu(ll), Ni(ll), Pt(1l), Ru(ll) and
Ru(lll). [37] This method proved its utility when Wang et al successfully prepared
Pd(Et,-Bimy),-Cl,, Au(Et,-Bimy)Br and [Au(Et,-Bimy),]PFs via transmetalation

from [Ag(Et,-Bimy),][AgBr;] and [Ag(Et,-Bimy),]PFs. (Scheme 1-12). [26]

[ I@§:> s @[ %Ag%@

|
Et

v
s/ AT Z
(-2 w
B
$ r 2
=
[=)

©: >"P°"< Q CE:/%AU_.&

Et

Scheme (1-12) First synthesis of Pd(I) and Au(Il) complexes by

transmetalation from a Ag(I) NHC complex. [26]

Transmetalation offers many advantages such as air stability and greater scope as
there is no requirement for the addition of base and deprotonation of the azolium salts

only occurs at the C2 position leaving other acidic protons in the azolium salts intact.
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This method was used to avoid the harsh conditions required by other techniques and
can be used to obtain the desired complexes when the direct reaction is unsuccessful.
The transmetalation reaction can be conducted in air and moisture need not be
rigorously removed; although, care must be taken to exclude all light from the
reaction mixture in order to avoid decomposition of the silver species.

For the preparation of Pd-NHC complexes the source of palladium is usually

PdClz(MeCN)Z, PdBrg(MeCN)z, Pd(COD)Clz, PdClz or PdC'z(PhCN)z [38-42]

Many Ru-NHC complexes have also been prepared via transmetalation from the
corresponding Ag-NHC complexes using [Ru(p-cymene)Cl,], or [Ru(benzene)Cl;],
as the ruthenium source. [43-45] Asymmetrical benzimidazolium salts react with
AQ,0 in CH,Cl, furnishing the air and moisture stable silver complex. The formation
of the complex was confirmed by the absence of the NCHN peak in the *"H NMR
spectrum and a peak corresponding to the Ru-C was observed at 189 ppm in the **C
NMR spectrum. X-ray crystallography further confirmed the expected molecular

structure (Scheme 1-13). [46]

N 1. Ag,0, CH,Cl, - Ph— L
/> 2. [RuCly(P-cymene)l, N ) cl
N® ”)N Cl
Br \r

Scheme (1-13) Synthesis of Ru complex via transmetalation method

A ruthenium—NHC complex bearing sulfonate side arms was prepared by treatment
of the silver bis(NHC) complex with [(Ru(p-cymene)Cl,], in water at 50 °C to
produce [Ru(NHC)(p-cymene)CI]PFs as a yellow powder in 86% yield. The carbene

was observed at 173.4 ppm in the *C NMR spectrum (Scheme1-14). [47]
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e
0,8

/ \ /\N/ v N\ o ,A
O3SNNYN \/ \/\803 \ /(
u ]
l 0.5 eq [Ru(p- cymene)Clzlz c—

Na+ Ag Ag Na+ o
© 50 °C
038\/\N2\\N\/N2\\N/\/803 ///N(—/
o
Scheme (1-14) Synthesis of Ru complex with sulfonate chain by

transmetalation
1.5-Triazine

1,3,5-Triazines are six-membered heterocyclic rings comprised of alternating carbon
and nitrogen atoms connected by single and double bonds. This isomer of triazine is
usually called s-triazine. The numbering for these compounds is starting with a
nitrogen atom as a number one. It is thermally stable up to 600 °C and readily
undergoes nucleophilic substitution [48, 49]

1,3,5-triazine was synthesized by Nef in 1895 by reacting hydrogen cyanide with
ethanol in an ether solution saturated with hydrogen chloride. The resultant mixture
was then treated with base and distilled to produce 1,3,5-triazine in low yields of 10

% (Figure 1- 8). [50]
N|/\N
[
N
Figure (1- 8) 1,3,5- Triazine structure
Triazine derivatives have received great attention and have found applications in

different fields, for example herbicide production, polymers and photostabilisers.

Their biological properties have also been studied for example hexamethylmelamine
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(HMM) and 2-amino-4-morpholino-s-triazine were used to treat lung cancer and

ovarian cancer respectively. [51]

Cyanuric chloride is a derivative of 1,3,5-triazine and has the formula N3C3Cls. It has
received much attention due to the reactivity of its chlorine atoms, commercial
availability and low cost. [52] Temperature plays an important role in the substitution
of the chlorine atoms, where the replacement of the first chlorine atom occurs at 0-5

°C and the second substitution occurs at approximately room temperature, the third

chloride needs high temperature at 70 - 100 °C in order to react (Scheme 1-15). [53]

Nuy Nuy

S S e

N

IS P s S-S

Scheme (1-15) Replacement of chlorine atoms
Cyanuric chloride is a colourless crystalline solid, it melts at 145 °C and boils at 198
°C. It is soluble in many organic solvents such as acetonitrile, acetone, ethanol,
heptane and acetic acid. It is insoluble in cold water and undergoes hydrolysis in
water above 10 °C. Cyanuric chloride is commonly prepared by one of three

methods:

1- Trimerization of cyanogen chloride. The reaction is conducted in a chloroform-
dioxane mixture in the presence of catalytic hydrogen chloride at 0 °C. The product
can be readily isolated due to solubility of cyanuric chloride in chloroform. On the

other hand, dioxane dissolves the hydrogen chloride but not cyanuric chloride. [54]

2- From Hydrocyanic Acid. The procedure consists of adding chlorine and hydrogen

chloride to a solution of hydrogen cyanide in cold chloroform which contains a trace
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of alcohol to produce chloral which serves as an intermediate. Chloral reacts with
HCN to form the addition compound which then decomposes in the presence of

chlorine to give cyanuric chloride (Scheme 1-16). [54, 55]

/OH

— » clC—C
CCI;CHO -+ HCN 3 H—cN

Cl

1_on PN

¢c—C " | ¢, — = CCLCOH + | N+  Hci
oH PR /K
cl N cl

Scheme (1- 16) Synthesis of cyanuric chloride

3- From cyanuric acid. Cyanuric chloride can be obtained by reaction of cyanuric

acid with phosphorous pentachloride (Schemel-17). [56]

OH cl
N/‘\N N/‘\N
)|\ + 3pcly; —— | + 3POCI; + 3HCI
/ 150-200 °C
HO N OH cl N/ cl

Scheme (1-17) Synthesis of cyanuric chloride via cyanuric acid

In 2015 Endud et al prepared a set of NHC ligands derived from imidazole and
benzimidazole by reacting cyanuric chloride with 1-butylimidazole and
benzimidazole. The reactions were conducted in dry acetone and stirred at room
temperature. Unfortunately, all attempts to prepare silver and palladium complexes of

these salts failed due to the low acidity of the C2 protons (Scheme 1- 18).[57]
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Scheme (1-18) Synthesis of triazine benzimidazoluim, imidazolium salts

1.6-NHC complexes as Catalysts
Cross coupling reactions have important roles in the synthesis of many
pharmaceuticals, optical devices, natural products and industrially important starting

materials. [58, 59]

The main reasons for the use of NHC complexes in Pd catalysed cross coupling
reactions are the remarkable ability of NHC’s to promote oxidative addition as a
result of their sigma donating ability, the steric bulk of the NHC ligand makes the
reductive elimination easier in comparison with common phosphine ligands and the
strong Pd-carbene bond protects the complexes from decomposition. Furthermore,
Pd-NHC complexes are easily accessible, stable to heat, oxygen and moisture and are
less wasteful to produce compared to phosphine analogues as only stoichiometric
quantities of the ligand need be used. [60, 61] Carbenes have found considerable
success in C-C and C-heteroatom coupling reactions including the Suzuki [62-64],
Heck reactions [65], Kumada Negishi, and Buchwald-Hartwig amination reactions.

The formation of C-C bonds is a key step to build complex molecules.

Generally, the mechanism of the cross coupling reactions is similar. The mechanism

consists of oxidative addition, transmetallation and reductive elimination. The

17



Chapter 1: Introduction

oxidative addition step consists of cleavage of the Ar-X bond of an aromatic halide
and formation of two bonds to the palladium centre from the halide and aryl moieties.
This is the rate determining step of the reaction and is highly dependent on the halide.
The transmetalation step involves the reaction of this species with an organometallic
substrate to produce intermediate compound which can then undergo reductive

elimination to produce the product and reform the active palladium catalyst.

The real potential of NHC ligands in catalysis was realized by Hermann and co-
workers in 1995 [31] who observed coupling of a variety of aryl bromide and aryl
chlorides with palladium complexes. Almost full conversion of the halide substrate
was obtained with catalyst loadings of only 0.001 mol% for aryl bromides and 0.1-I

mol% for aryl chlorides.

1.6.1-Suzuki cross coupling reaction

The Suzuki reaction has become widely used for the synthesis of many biaryl
systems. The reaction takes place between aryl or vinyl halides with aryl or vinyl
boronic esters and acids. (Scheme 1-19). [66, 67] Boronic acids are used as the
transmetalating partner due to the commercial availability of numerous substrates,
their stability toward moisture and air and non-toxic by-products that can be disposed
of easily. [68, 69]

R /— R\./— R — — R
~L > catalyst 4 v
DR S )

Base

Scheme (1-19) General Suzuki coupling reaction

Suzuki cross coupling reactions have been demonstrated with numerous different
substrates and there are many factors that can affect the outcome such as base,

solvent, temperature and palladium source.
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The generation of the active catalyst can be either isolated prior to reaction or
generated in situ. The latter is useful as it avoids the isolation of the free carbene but
the stoichiometry and composition of the active catalyst may be more difficult to
elucidate leading to wasted metal source and/or ligand precursor. For this reason,
many researchers prefer to isolate the catalyst species prior to the reaction. For
example, Herrmann and co-workers [70] revealed high activity for Suzuki cross
coupling reactions catalysed by a bis (NHC)-Pd(0) (Schemel-20).

CH; B(OH), c N)___ ra——"7 O
© + © e
C1

CH;
Scheme (1 - 20) Suzuki reaction coupling of aryl chloride with boronic

\

acid

NHC-Pd-PEPPSI complexes (PEPSI = pyridine-enhanced pre-catalyst, preparation,
stabilization and initiation) have proven highly active in Suzuki coupling reactions of
a wide range of aryl halides with boronic acids. For example, the typical NHC-Pd-
PEPPSI complexes 1, 2, and 3 are highly active with catalyst loadings of just 0.35
mol %. These complexes involve one NHC ligand, two anionic ligands (e.g, Cl, Br,
OAc) and pyridine or its derivatives. The high activity of these catalysts can be

attributed to the presence of pyridine as a good throw - away ligand (Figure 1-9). [71]

t-Bu
AN
NH /t-Bu
o HO cl N r
cl

N " P,d—N | } PL_N@
[ran [gc,/ — e
1 2 3

Figure (1-9) NHC-Pd-PEPPSI complexes
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1.7- Transfer hydrogenation reaction

Transfer hydrogenation is a valuable tool for the reduction of aldehydes and ketones
to produce the corresponding primary and secondary alcohols. [72, 73] The reaction
can also be conducted with other unsaturated compounds, such as imines, alkenes and
alkynes, with proton donor sources, such as isopropanol, which is usually present in

excess as the reaction solvent (Scheme 1-21).

OH

DH,
0]
)k M] H DH; =Hydrogen donor
R
R R

R

D

Scheme (1-21) General equation for transfer reaction

Isopropanol is often used as a source of hydrogen because of its favourable properties
such as stability, low toxicity and cost, and ability to dissolve many organic

compounds.

For transfer hydrogenation catalysts bearing NHC ligands, rhodium and iridium are
the most commonly used, although ruthenium-based catalysts have the advantage of
lower costs. [74, 75] Indeed, ruthenium-NHC catalysts have shown much promise in

transfer hydrogenations for a number of types of unsaturated substrate. [76, 77]

The first use of a metal-NHC complexes in transfer hydrogenation was reported by
Nolan et al in 2001. [78] His team prepared three Ir complexes which proved to be
active catalysts for the reduction of ketones to the corresponding alcohol using
isopropanol with KOH at 80 °C. 100 % conversion was obtained for benzophenone

within 10 minutes.
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Substituents on the NHC ligand play an important role for tuning the catalyst activity.
Crabtree et al. [79] prepared a series of Ir-bis(NHC) complexes bearing a range of
different alkyl side arms such as methyl, butyl, isopropyl and neopentyl groups. The
results clearly showed that the nature of the substituent influence the catalyst activity,
where 98% conversion was obtained for the reduction of benzophenone in 4 minutes

with neopentyl substituents (Scheme 1-22).

0—0
o
I

Scheme (1-22) Reduction of benzophenone via transfer hydrogenation

NHC-Ru arene complexes [Ru(arene)(NHC)CI;] have been employed as catalysts for
transfer hydrogenation in the preparation of many alcoholic compounds. This type of
ruthenium complex has proven highly efficient in transfer hydrogenation of ketones

to their corresponding alcohols.

Cyclometalated ruthenium complexes bearing bidentate carbene/NH, and iodide
ligands have been tested as transfer hydrogenation catalysts for the reduction of
acetophenone using isopropanol in presence of NaOtBu at 80 °C. Over 90%
conversions were obtained within 30 minutes, while no conversion was recorded at
20 °C even after 72 hours which demonstrates the important role of temperature in

this reaction. [45]
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1.8-Aims and objectives of this research

The aim of this work has been to explore the incorporation of bis (dialkylamino)
triazine substituents into a range of novel imidazolium salts and their conversion to
NHC’s and subsequent synthesis of Ag(I), Pd(Il) and Ru(Il) complexes. These
complexes were investigated as potential catalysts in Suzuki cross coupling and

transfer hydrogenation reactions.

In order to highlight the goals of this work, the thesis was divided into five chapters

according to the sequence of work.

The current chapter provides an overview of the nature of carbenes and common
methodologies for the synthesis of both imidazolium salts and NHC complexes. A
brief introduction to two potential catalytic applications of such complexes is also
discussed. Additionally, an explanation of the properties of triazine and previous

work to synthesise 2,4-diamino- cyanuric chloride is provided.

Chapter 2 describes the preparation and characterisation of imidazolium salts required
as precursors to the respective NHC ligands. The imidazolium salts were prepared by
either reacting cyanuric chloride derivatives with imidazole and subsequent
substitution at the 3-position or by building up the imidazole ring with the desired

alkyl side chain followed by reaction with cyanuric chloride derivatives.

Chapter 3 describes the synthesis and characterisation of a new range of Ag(I)NHC
complexes from Ag,O and the imidazolium salts described in chapter 2. Many of
these structures have been crystallographically characterised allowing for a discussion

of the solid state structures. Preparation of these complexes represents one of our key
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goals in order for them to be used as ligand transfer agents for the synthesis of

ruthenium and palladium.

Chapter 4 discusses the synthesis and solid state structures of a new set of Pd(II)
complexes. Mono-NHC palladium complexes [Pd(NHC)(py)Xz] were prepared via
deprotonation of the imidazolium salt using an external base with PdCl; in pyridine in
a one pot procedure. Bis-carbene palladium complexes [Pd(NHC),Cl,] were
synthesized from the reaction of the corresponding silver complexes with
Pd(MeCN),Cl; in dichloromethane via a transmetallation reaction. The potential of

these complexes to act as catalysts in Suzuki cross coupling reactions is investigated.

In chapter 5, the synthesis and characterisation of a new range of Ru(Il) complexes
are described. All the complexes have been prepared via transmetallation from the
silver complexes described in chapter 3 with [Ru(p-cymene)Cl;], or
[Ru(benzene)Cl,],. The study of these complexes in transfer hydrogenation reactions

is a goal of this work, their catalytic activity in this application is discussed.
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Chapter 2

Synthesis and characterization of new NHC ligands incorporating a

triazine core

2.1-Introduction
2.1.1-Imidazoles and Imidazolium salts

Imidazole is a planar five membered heterocyclic ring with the formula C3HsN,. It is
a highly polar compound and is highly soluble in water. Imidazole has aromatic
properties due to the presence of a sextet of m-electrons which come from a pair of
electrons from the protonated nitrogen atom, and one from each of the other atoms in
the ring (Scheme 2-1). Its *H NMR spectrum shows two peaks in the range 7.2-7.7
ppm for the imidazole protons, reflecting their aromatic nature. Imidazole has
amphoteric properties which allow use as both an acid and a base, it is found in many

natural products such as histamine, histidine, and serine.

Imidazole has two tautomeric forms, 1H-imidazole, and 3H-imidazole depending on

the position of the H atom on the nitrogen atoms in the heterocyclic ring.

H H H
® N H

Q000

Scheme (2-1) Resonance structures of imidazole

Imidazole derivatives have found applications in medicinal chemistry and have been

used in the synthesis of a large number of novel chemotherapeutic agents. [1]
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Previous investigations of imidazole derivatives have shown that they have
pharmacological activity as antifungal, [2] antibacterial, [3] anticancer, [4] antiviral,

[5] anti-inflammatory, and analgesic drugs. [6]

Substitution on both of the nitrogen atoms of an imidazole ring by various functional
groups Yyields imidazolium salts. [7] Since the first free N-Heterocyclic carbene
(NHC) compound was isolated by Arduengo in 1991 (Scheme 2-2), [8] NHC ligands
derived from imidazolium salts have received a lot of attention due to the ease of their
synthesis. These ligands sythesised through the modification of the substituents on
the nitrogen atoms. Many compounds can be obtained with a variety of steric
properties and asymmetric environments. Moreover, multidentate NHC ligands can

be obtained by use of appropriate donor groups on the nitrogen substituents. [9]

N THF

E)>—H + NaH
=N

Y
/_:\z
Vv

Cat N
DMSO

Scheme (2-2) Arduengo’s free carbene

2.1.2-Synthesis of imidazolium salts

Imidazolium salts are widely used as starting materials for the synthesis of N-
heterocyclic carbene ligands. The lack of commercial availability, storage difficulties
and high cost associated with many imidazolium salts has lead to the development of
many protocols for their synthesis, as mentioned in chapter one. In this work, two

common methods were used to obtain the desired imidazolium salts; substitution on
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the imidazole ring and generation of the imidazole ring with the substituent to

produce an N-substituted imidazoles.

2.1.2.1 - Substitution on the imidazole ring

This method is based on the deprotonation of imidazole with a strong base, usually
sodium or potassium hydroxide, followed by reaction of the salt with 1 equivalent of
an alkyl halide to produce an N-alkyl imidazole. [10] Further substitution is
conducted by reaction with 1 equivalent of an alkyl halide. The symmetrical NHC
can be accessed by stepwise alkylation or in a one pot synthesis by introducing 2
equivalents of an alkyl halide in the presence of base, furthermore, unsymmetrically
substituted NHC’s can be obtained by using different alkyl halides in a stepwise
process [11-18]. This method is limited to the use of primary alkyl halides to produce

imidazolium salts (Scheme 2-3).

Scheme (2-3) Substitution of imidazole

2.1.2.2 - Synthesis of imidazolium ring

This method is used when substituents other than primary alkyl groups are wanted,
especially aromatic substituents. Symmetrical imidazolium salts are generated from
glyoxal with 2 eq of a primary amine and formaldehyde in the presence of acid.
Initially, condensation of the primary amine with glyoxal forms the corresponding
Schiff base, while the second condensation with formaldehyde leads to the
imidazoluim salts. Symmetrical N, N -substituted imidazolium salts with various

alkyl and aryl substituents can be prepared by this method (Scheme 2-4). [19]
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o
R—N N—R )]\ /\ R

o O HX R Py
H-I—ZRNHZ_ , \>__</ H H ~NT@ON
-H,0 \ /

H H H H —

H,0

R=aryl, alkyl
Scheme (2-4) One-pot synthesis of imidazolium salts

The reaction of glyoxal, ammonium chloride, paraformaldehyde and one equivalent
of primary amine produces N-substituted imidazoles, which go on to react with alkyl

halides to produce unsymmetrical imidazolium salts (Scheme 2-5). [20]

(o] o) H3P04 R\N/\N
H + RNH, 4 OH(CH,O)nH | NH,CI >\ /
H H -3H,0

Scheme (2-5) Synthesis of N-substituted imidazole ring

This method is not applicable for the synthesis of imidazolium salts where the C4 and

C5 positions are substituted.

2.1.3-What is a triazine?

Triazine is an aromatic organic heterocyclic compound similar to benzene but three
carbon atoms are replace by nitrogen atoms. So there are three isomers occur
depending on the position of their nitrogen atoms; 1,2,3-triazine, 1,2,4-triazine and

1,3,5-triazine (Figure2-1).

N/N\N N/Nﬁ N|/\N
w bN kN)
1 2 3

Figure (2-1) Isomers of triazine
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Due to the higher symmetry, the 1, 3, 5,-triazine has been extensively studied. [21,
22]. It has been first synthesized by Nef in 1895 through the reaction of hydrogen

cyanide with ethanol in ether saturated with hydrogen chloride. [23]

1,3,5-triazine or s-triazine was used as a core in the synthesis of many compounds
due to its reactivity towards nucleophilic substitution and the increased stability of the

ring (82.5 Kcal/mol) compared to that of the benzene (39 Kcal/mol). [24]

Triazine derivatives have received great attention and have found applications in
numerous different fields, for example herbicide production, polymers and
photostabilizers. Their biological properties have also been studied for example
hexamethylmelamine (HMM), and 2-amino-4-morpholino-s-triazine have been used

to treat lung cancer and ovarian cancer (Figure 2-2) respectively. [25]

N [oj
BN P
A A

N N
/ /
1 2

Figure (2-2) Structures of HMM, and 2-amino-4-morpholino-s-triazine

Due to the reactivity of its chlorine atoms, commercial availability and low cost [26]
cyanuric chloride was used as a core to prepare many compounds, for example, by
reacting with different amino compounds in the presence of base (sodium carbonate,
bicarbonate, hydroxide or tertiary amines). Temperature plays an important role in the
replacement of the chlorine atoms, where the replacement of the first chlorine atom

occurs at 0-5 °C and the second substitution occurs at approximately room
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temperature, the third chloride needs high temperature at 70 - 100 °C in order to react

(Scheme 2-6). [27]

JA = Jm L ARAA

Scheme (2-6) Replacement of chlorine atoms

Kato et al. have synthesized a series of imidazolyl 1,3,5-triazine derivatives. These
compounds include morpholine, thiomorpholine, diethylamine and piperidine
moieties. The compounds were proven as antitumor agents for breast cancer through

inhibition of aromatase placental microsomes and cytochrome (Figure 2-3).

E] »
X

N

Jo N PN
SRS ING

(o)
Figure(2-3) 2,4-Dimorpholine-6-imidazoyl-s-triazine(left),2,4-
dipiperidine-6-imidazoyl-s-triazine(right)

Cyanuric chloride was used to prepare these compounds. Mono substitution was
conducted in the presence of water and acetone as a solvent while second and third

substitutions were conducted in DMF at varying temperatures. [28]

A series of Grignard reagents were used to prepare 2-alkyl-4,6-morpholinyl-1, 3, 5-
triazine compounds by reaction of either phenylethylmagnesium bromide,

benzylmagnesium chloride, isopropylmagnesiumchloride or S-2-methyl butyl
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magnesium chloride with cyanuric chloride under stirring for 3 hours at 0-5 °C then
at 25 °C, until the first chloride atom of cyanuric chloride was replaced. The products
react with an excess of morpholine to substitute the other chlorine atoms in 1,4-
dioxane with diisopropylamine as a base at room temperature between 15-48 hours.

These compounds have proven to be good antifungal agents (Scheme 2-7). [29]

cl R j\
A, B N
)\ )\ _ RMgx N| SN Morpholine )|\ )\
_ >
I ° )\ )\ 7
 sohvent0:5°C € W el DIPA, 25°C K\ N~ °N N/\
0/ o

Scheme (2- 7) Synthesis of 2-alkyl-4,6-dimorpholine -1, 3, 5-triazine

compounds

To avoid the harsh conditions used in the replacement of the third chlorine atom on
cyanuric chloride a microwave oven in presence of silica gel was used. Many
advantages were apparent in using this method including reduced reaction time, no
solvent usage, low cost and energy savings. lvanova and co—workers prepared a
series of melamine compounds by reacting 2,4-dimorpholine-6-chloro triazine with
various aromatic amines in the presence of silica gel under microwave irradiation at
800W power, 99% vyields were obtained in only three minutes. The efficiency of this

method is independent of the bulk of the amine used (Scheme 2-8). [30]

Cl NHAr

ey o
R e
SRS S

o o (o]

Ar = Ph, 4-MePh, MeOPh, 2-MeOPh, 4-BrPH, 4-CNPh

Scheme (2-8) Synthesis of melamine compounds
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1, 3, 5-Triazine derivatives were incorporated into a substituted imidazole for the
synthesis of NHC ligands. Large numbers of NHC complexes have been synthesized

by using this methodology.

A series of bisimidazolium salts were obtained by reacting cyanuric chloride with an
excess of various N-substituted imidazoles in a CH3CN/H,O solvent mixture

(Scheme 2-9).

J A

Cl N Cl

R = mesityl
P-Me-phenyl
P-MeO-phenyl
Cyclohexyl
tert-butyl
isopropyl

Scheme (2-9) Synthesis of bis imidazole triazine
Silver complexes were obtained by reacting silver oxide with these pro-ligands at

room temperature in the dark(Scheme 1-10). [31]

S s a e
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R R
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N

Scheme (2-10) silver complexes
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Cyanuric chloride was reacted with 1-butyl imidazole, and benzimidazole to afford
imidazolium and benzimidazolium salts. The reactions were conducted in dry acetone
and stirred at room temperature. Unfortunately, all attempts to prepare silver and
palladium complexes of these salts failed because of the low acidity of C2 protons

(Scheme 2-11). [32]

o0
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Scheme (2 - 11) Synthesis of triazine benzimidazolium and imidazolium

salts
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2.1.4-Strategy for Designing New NHC Ligands incorporating a triazine core

A range of novel imidazolium salts were prepared incorporating cyanuric chloride
derivatives as a core. Similar methods as those discussed above were used to conduct
substitution of cyanuric chloride (Scheme 1-1). Dichlorotriazine derivatives 1a, 1b,
1c, and 1d were prepared by the reaction of morpholine, piperidine, diethylamine,
and dimethylamine respectively with cyanuric chloride under mildly basic aqueous
conditions, while the third chloride was replaced by the reaction with either 1H-
imidazole or N-substituted—imidazole. Imidazolium salts have been obtained by
reaction of a variety of alkyl halides with 2a, 2b, 2c, and 2d. Imidazolium salts
containing aryl derivatives at the site of the imidazole ring have been prepared by
reacting the cyanuric derivatives with N-aryl imidazole compounds at high

temperature (Scheme 2-12).
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cl NR; NR, NR
2
/k )\ /k /k X’
N‘ SN (@) N‘ TSN ®) N‘ TSN (c) N XN
N Cl  R,N N cl R,N N N/\\\N RN N N/\FSB
—r
1 2 2.3-2.15
NR, X R’
[2.3H]CI Cl Me
[2.4H]I I i-pr
1a 2a N [2.5H]Br Br Pr
[ j [2.6H]Br Br Bu
0 [2.7H]Br Br  octyl
[2.8H]CI Cl  Mes
[2.9H]CI Cl  PhEt
e
[2.10H] /N5
N [2.11H]Br Br Pr
1b 2b O [212HBr Br  Bu
le ’e \_/ [2a3H]C Cl  Me
N [2.14 H]|Br Br Bu
1d 2d kN J [2.15H]Br Br Bu

Scheme (2-12) Synthesis of imidazoluim salts. Reagents and conditions:(a)
(1a,1b,1c,1d) 1 equiv. cyanuric chloride, 2 equiv. amine, Na,CO3 acetone-H,O, (0-5)
°C for the first 2hrs followed by Rt overnight; (b) (2a, 2b, 2c, 2d) lequiv.(1a, 1b, 1c,
1d), 1.5 eq. KOH, 1 eg.imidazole,140 °C, DMF; (c) [2.3H]CI, [2.13H]CI leq N-
methylimidazole, 1 eq. la, 1c, 140 °C; (d) [2.4H]I, [2.10H] 1 eq. la, excess
isopropyliodide, 1,3- propanesulfonate, CH3;CN, reflux; (e) [2.5H]Br, [2.6H]Br,
[2.7H]Br, [2.11H]Br, [2.12H]Br, [2.14H]Br, [2.15H]Br 1 eq. 2a, excess 1-bromo
propyl, 1-bromo butyl, 1-bromo octyl, DMF, 120 °C; (f) [2.8H]CI, [2.9H]CI 1eq. 1a,
N-mesityl imidazol, N-ethylphenylimidazol, 140 °C.
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2.2- Results and discussion
2.2.1-Synthesis of 2, 4-diamino-6-chloro -1, 3, 5-triazine

Secondary diamino —chlorotriazines 1a, 1b, 1c, and 1d were synthesised according to
the previously known methods under basic conditions (Scheme 2-12). [27, 33] Due to
the differing reactivity of the cyanuric chlorides with respect to nucleophilic
substitution reactions the first substitution is carried out between 0-5 °C during the
first 2 hours, while the second substitution occurs at room temperature overnight. The
reactions were carried out in aqueous solvent allowing the products to be isolated
easily and in high yield. [34] Recrystallization from hot ethanol afforded the products

as white crystalline solids in 62-72% yields.

The *H NMR spectrum for 1a shows a multiplet at 3.7-2.95 ppm with integration of
16H corresponding to the methylene groups of the morpholine moieties. Four peaks
appear in the > C NMR spectrum, two for morpholine and two more for the triazine
core. The *H NMR spectrum of compound 1b shows three multiplets centred at 3.94,
1.87 and 1.79 ppm integrating to 8H, 4H and 8H respectively. These correspond to
the methylene groups of the piperidine moieties. Five peaks were observed in the **C
NMR spectrum; two peaks at 169.4, 164.1 ppm for the triazine, and three peaks at

44.4,25.3, 24.6 ppm for the piperidine.

Due to a restricted rotation about the diamino-triazine bond. The * H NMR spectrum
for C1 showed two singlet peaks at 3.05, and 3.07 ppm integrating to 6H each as
expected for two methyl groups. The *3C NMR spectrum of Clshowed 3 peaks at

167.8, 163.8 for triazine, and 35.3 ppm for The methyl groups.
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'H NMR analysis of compound 1d shows two broad peaks centred at 3.46 and 1.10
ppm integrating to 8H and 12H respectively corresponding to the ethyl groups. **C
NMR spectroscopy shows four peaks, two peaks for triazine at 168.9, 163.9 ppm, and

two peaks for ethyl groups at 41.2, 13.3 ppm.

2.2.2- Synthesis of 2, 4-di amino-6-(1H-imidazol-1-yl)-1, 3, 5-triazine.

Due to the low activity of mono-chlorotriazine towards nucleophilic substitution
reactions compounds 2a, 2b, 2c and 2d were synthesised by heating 1a, 1b, 1c or 1d
with 1 equivalent of imidazole in DMF at 120 °C for 48 h. KOH was used to
deprotonate the imidazole prior to substitution and water added to the mixture to
produce white solids. Purification by column chromatography (ethyl acetate/ hexane

9:1) afforded white products in 63-84 % vyields. [28]

The formation of compounds 2a, 2b, 2c, and 2d was confirmed by *H NMR and **C
NMR spectroscopy as well as mass spectrometry. Additional sharp peaks appeared in
the 'H NMR spectra at around 8.4 ppm, as well as two peaks around 7.7 and 7.0 ppm.
Each of these peaks integrates to 1H; indicative of an imidazole group. Furthermore,
13C NMR analysis showed an additional three peaks around 136.1, 129.6 and 116.1

ppm corresponding to the imidazole group.

2.2.3- Synthesis of imidazolium salts

The imidazolium salts [2.3H]CI, [2.13H]CI were obtained by mixing 1a or 1c with
N-methylimidazole without solvent at 140 °C for overnight. [35] White solids of
[2.3H]CI and [2.13H]CI were obtained in 83 and 80% yields respectively.
Comparison of the *H NMR spectra of 1a and 1c with the products show new peaks
integrating to imidazole protons and methyl group at 10.20, 8.47, 7.92, 3.69 ppm for

[2.3H]CI, and 7.94, 7.46, 4.31 ppm for [2.13H]CI. 3C NMR spectroscopy also
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confirmed the formation of the. [2.3H]CI and [2.13H]CI as the observed peaks at
137.4, 125.1 and 119.1 ppm assigned to imidazole ring and 37.2 ppm corresponding

to the methyl group that attached to the imidazole group.

[2.4H]I was prepared by the reaction of 2,4-dimorpholine-6-imidazole-1,3,5-triazine
2a with excess isopropyl iodide in refluxing acetonitrile. Long reaction times were
necessary to complete the reaction [35]. Product formation was accompanied by a
downfield shift of the imidazole peaks in the *H NMR spectrum from 7.02 to 7.6 ppm
and from 8.46 to 10.36 ppm alongside the appearance of two peaks centred at 5.25
(multiplet) and 1.57 ppm (doublet) ppm. The integrals and chemical shifts are
consistent with the attachment of an isopropyl group at nitrogen. This assignment is
corroborated by the appearance of two peaks at 55.2 ppm and 23.3 ppm in the **C

NMR spectrum corresponding to the CH and methyl groups respectively.
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Figure (2- 4) '"H NMR spectrum of 1-(2, 4-di (morpholino-1,3,5-triazine-

2-yl)- 3-isopropyl-1H-imidazol-3-ium iodide, [2.4H]I

Salts of [2.5H]Br, [2.6H]Br, [2.7H]Br, were obtained by reaction of 24-
dimorpholine-6-imidazole-1,3,5-triazine 2a with excess propyl bromide, butyl

bromide and octyl bromide respectively, in DMF. The mixtures were heated at 120
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°C for 48 hours. Purification was achieved by recrystallisation from
dichloromethane/diethyl ether. The formation of salts was confirmed by a downfield
shift of the imidazole peak in the *H NMR spectrum from 7.02 to 7.49, 7.72 and 7.63
ppm for [2.5H]Br, [2.6H]Br, and [2.7H]Br respectively alongside the appearance of
new peaks for the propyl, butyl, and octyl chains which correspond with the previous
literature [36]. **C NMR spectroscopy also confirmed formation of the salts as new
peaks emerged corresponding to propyl, butyl and octyl groups.

The ' H NMR spectra for the imidazolium salts [2.11H]Br, and [2.12H]Br displayed
new peaks at 4.64, 1.98 and 0.99 or 4.74, 1.92, 1.32 and 0.98 ppm corresponding to
the propyl and butyl chains respectively. Also **C NMR spectroscopy confirmed
product formation as new peaks corresponding to the propyl and butyl chain were

observed at 52.0, 23.9 and 10.7 or 49.8, 31.3, 18.5, and 12.6 ppm respectively.

The synthesis of [2.14H]Br, and [2.15H]Br, were carried out under the same
conditions as described above. [2.14H]Br was synthesised from 2,4-di(dimethyl)-6-
imidazole-1,3,5-triazine with an excess of butyl bromide and [2.15H]Br was prepared
using 2,4-di(diethylamine)-6-imidazole-1,3,5-triazine with excess of butyl bromide.
NMR spectroscopy confirmed the introduction of propyl, and butyl chains to the
imidazole unit. Peaks attributed to the imidazole protons were shifted downfield as a
result of salt formation.

The 'H NMR of [2.14H]Br, Figure (2-5), showed two peaks for the protons dimethyl
amino groups. This is in consistent with a rotational barrier about the amine—triazine
bonds which is due to the extended =-conjugation network between the amino N-

atoms and the triazine ring.
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Figure (2- 5) *H NMR spectrum of 1-(2, 4-dimethylamino-1,3,5-triazine-2-yl)-butyl-
1H-imidazol-3-ium bromide, [2.14H]Br.

In order to prepare the N-aryl substituted salts [2.8H]CI, and [2.9H]CI, 1-
mesitylimidazole and ethyl phenyl imidazole were prepared by reaction of 2,4,6-
trimethylaniline and 4-ethylaniline respectively with glyoxal in methanol according to
the literature procedures (Scheme 2-13). [19, 37] Imidazolium salts [2.8H]CI and
[2.9H]CI were synthesised by reaction of 1a with 1-mesitylimidazole and 1-(4-ethyl-

phenyl) imidazole in a pressure tube in the absence of solvent at 140 °C overnight.

The product was dissolved in dichloromethane and diethyl ether was added to obtain
a white precipitate. New peaks were observed by *H NMR spectroscopy for [2.8H]CI
at 8.56 and 7.70 ppm for the imidazole protons, 7.02 ppm (2H) for the aromatic
protons and peaks at 2.34 ppm (3H) and 2.15 ppm (6H) are consistent with the
presence of a pendant mesityl group. *C NMR analysis confirmed formation of the
product; four peaks were detected in the range 141.2 - 125.9 ppm corresponding to
the aromatic mesityl atoms (in addition to the three imidazolium peaks) and two
peaks at 21.0 and 17.8 ppm corresponding to the three methyl groups. In the *H NMR
spectrum of [2.9H]CI three peaks for the imidazole were found at 10.59, 8.75, and
8.52 ppm as well as peaks at 7.87 and 7.52 ppm corresponding to the aromatic
protons and two peaks for the ethyl group at 2.72 (2H) and 1.23 (3H) ppm. *C NMR

spectroscopy also confirmed formation of [2.9H]CI, new peaks emerged
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corresponding to imidazolium carbon atoms and the phenyl group were found in the

range 147.2-119.4 ppm, in addition to peaks at 28.4 and 15.1 ppm for the ethyl group.

R4 R
R4 Ry /0 MeOH \Q[
NH, & NH,4CI, formaldehyde N&
R, H3PO, Rz =N

KOH
R4, R, = CH;
R; = CH,CHj; R,=H

o o

)
g/\) i
R’\[:;[Rz 1490 °C N

N R2

/» + \ \J‘\ \ \/NK
N7 > N= NP

N R
R, L\N O/KN cl d — 1

R2

[2.8H]CI R,;, R, =CHj;
[2.9H]ICI R; = CH,CH3, Ry=H

Scheme (2-13) Synthesis of [2.8H]CI and [2.9H]CI imidazolium salts

[2.10H] was obtained by reaction of an excess of 1,3-Propanesultone with 2a in
acetonitrile. A white precipitate was obtained for [2.10H] after purification from
ethanol/diethyl ether. The *H NMR spectrum in D,O shows three peaks at 4.38 (2H),
2.87 (2H), and 2.29 ppm (CH,-S). Elemental analysis confirmed the formation of
[2.10H] while the *C NMR spectrum shows three peaks at 49.06, 44.13 and 25.37

ppm corresponding to the propyl group. The results are compatible with the previous

literature. [38]

355D
8888

CH2 S
8§88 4 ¢8¢%

Figure (2- 6) 'H NMR spectrum ofmlm-!(2, 4-dimorpholino-1, 3, 5-triazine-2-yl)-1H-
imidazol-3-ium propane-1-sulfonate [2.10H]
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2.2.4-Solid state structural studies

The molecular structures of the [2.4H]I, [2.6H]Br and [2.10H] were determined by
single crystal X-ray diffraction. The crystals of salt [2.4H]I were grown by the slow
evaporation of a concentrated solution in acetonitrile at ambient temperature. Selected
bond lengths and angles are listed in Table (2-1). The structure consists of 1-(2,4-
di(morpholine-1,3,5-triazine)-3-isopropyl imidazolium as a cation and one iodide
anion (Figure 2-7).

The imidazole C2-C3 bond length of 1.349 (3) A is close to the reported value of 1.32
A for C (sp?) - C (sp?) bonds. This suggests a localized carbon-carbon double bond in
the imidazole ring. The N1-C1 and N2-C1 bond lengths of 1.321(3) and 1.340 (3) A
are between the expected values of 1.28 A for C (sp?) -N (sp?) double bonds and 1.38
A for C (sp?) -N (sp®) single bonds which is consistent with a delocalized double
bond system in the NCN unit of the imidazole rings. The angle between the triazine
unit and the imidazolium is twisted out of the plane by 8.96(18)°(torsion angle

N5-C7-N2-C1).

P
e
S
P

Figure (2 - 7) ORTEP ellipsoid plot at 50% probability of molecular structure of

2
C3

[2.4H]I. H atoms, counter ion and solvent omitted for clarity.
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Table (2 - 1) Selected bond lengths and angles for [2.4H]|I

Bond Angles (°)

Bond lengths (A)

N1-CI-N2  108.16(18) C1-N1 1.321(3)
C1-N1-C2  109.05(17) C1-N2 1.340(3)
C1-N2-C3  109.05(17) C3-C2 1.349(3)
N2-C3-C2  106.46(18) N1-C4 1.485(3)
N1-C3-C2  107.27(17) N2-C7 1.432(2)
C1-N1-C4  124.95(18) N1-C2 1.390(3)
C1-N2-C7  124.61(17) N2-C3 1.388(2)

Suitable crystals of [2.6H]Br were obtained from vapour diffusion of diethyl ether
into chloroform solutions. The structure consists of 1-(2,4-di(morpholine-1,3,5-
triazine)-3-butyl imidazolium as a cation and one bromide as an anion (Figure 2-8).

Selected bond lengths and angles are listed in Table (2-2).

Figure (2 - 8) ORTEP ellipsoid plot at 50% probability of molecular structure of

[2.6H]Br, H atoms, counter ion and solvent omitted for clarity
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The crystal structure of [2.6H]Br showed that C6 and C7 of the butyl group are
distorted. some in the butyl chain. The positional probability of the distorted atoms
are C6 ( C6a 0.623, C6b 0.377) and C7 (C7a 0.623, C7b 0.377). All structural
parameters are consistent with and comparable to the previously discussed data for
the similar ligand 2.4. The imidazole C-C bond length of 1.345(4) A is close to the
reported value of 1.32 A for C (sp?) - C (sp?) bonds. This suggests a localized carbon-
carbon double bond in the imidazole ring. The N1-Cland N2-C1 bond lengths of
1.324(4) and 1.332(4) A are between the expected values of 1.28 A for C (sp?) - N
(sp?) double bonds and 1.38 A for C (sp?) — N (sp°) single bonds [25] which is
consistent with a delocalized double bond system in the NCN unit of the imidazole
rings. The angle between the triazine unit and the imidazolium is twisted out of the

plane by 9° (torsion angles N3—C8-N2-C3).

Table (2-2) Selected bond lengths and angles for [2.6H]Br

Bond Angles (°) Bond lengths (A)
N1-C1-N2 108.2(3) CI-N1 1.324(4)
CI-N1-C2  1085(3) C1-N2 1.332(4)
C1-N2-C3  109.4(3) C3-C2 1.345(4)
N1-C3-C2  108.4(3) N1-C4 1.468(4)
N2-C3-C2  1055(3) N2-C8 1.444(4)
CI-N1-C4  124.4(3) N1-C2 1.379(4)
C1-N2-C8 124.6(2) N2-C3 1.392(3)

Single crystals of [2.10H] were obtained from diffusion of diethyl ether into ethanol
solutions. The molecular structure is shown in Fig (2-9). The solid state structure of
the neutral compound shows that the imidazolidinyl-triazine heterocyclic moiety

adopts a planar geometry. Structural data shows similarities with previous data for
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[2.4H]Br and [2.6H]Br with regards to imidazole bond lengths and bond angles [35,
39].

Table (2-3) Selected bond lengths and angles for [2.10H].
Bond Angles (°) Bond lengths (A)

N1-CI-N2  107.56(14) C1-N1 1.324(2)
C3-C2-N2  106.92(14) C1-N2 1.3425(19)
C1-N1-C3  109.59(13) C3-C2 1.348(2)
C1-N2-C2  10.12(14) N1-C4 1.4804(19)
N1-C3-C2  107.82(15)  N2-Cyiazine 1.4355(19)
C1-N1-C4  124.19(13) N1-C3 1.358(2)
C1-N2-C7  125.28(14) N2-C2 1.382(2)
01-S1 1.4529(12)
02-S1 1.4467(13)
03-S1 1.318(14)

@ ﬁ
\ g}
C
C17
N1
o— 3 Sl
p— Cb’écs
&W
Figure (2-9) ORTEP ellipsoid plot at 50% probability of molecular structure of

[2.10H] H atoms, counter ion and solvent omitted for clarity
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2.3-Experimental

General remarks.

All manipulations were performed using standard glassware under aerobic conditions.
Solvents of analytical grade were purified using a Braun-SP Ssolvent purification
system (DMF, MeCN). Chemical reagents (cyanuric chloride, morpholine, piperidine,
diethylamine, dimethylamine, imidazole, N-methylimidazole, isopropyl iodide,
propyl bromide, butyl bromide, octyl bromide, Ammonium chloride, 1,3,5-trimethyl
aniline, 4-phenyl aniline, glyoxal, Paraformaldehyde were used as received. NMR
spectra were obtained on either a Briiker 500 Ultrashield, Briker Avance AMX 400,
Briiker Avance or 250 spectrometer. The chemical shifts are given as dimensionless ¢
values and are frequency referenced relative to TMS. Coupling constants J are given
in hertz (Hz) as positive values regardless of their real individual signs. The
multiplicities of the signals are indicated as s, d, and m for singlets,doublets, and
multiplets, respectively. The abbreviation br is given for broadened signals, mass
spectra and high resolution mass spectra were obtained in electrospray (ES) mode
unless otherwise reported, on Waters LCT Premier XE instrument. Elemental
Analysis worked by Elemental Analysis Service Science Centre London Metropolitan
University.

X-Ray crystallographic data for [2.4H]I, [2.6H]Br, and [2.10H] collected using
Rigaku AFC12 goniometer equipped with an enhanced sensitivity (HG) Saturn724+
detector mounted at the window of an FR-E+ SuperBright molybdenum rotating
anode generator with HF Varimax optics (100um focus). Structural solution and
refinement was achieved using SHELXS97, SHELXL-2013 or SHELXL97 software,

and absorption correction analysised using CrystalClear-SM Expert software.
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Synthesis of 2, 4-dimorpholine-6-chloro-1, 3, 5-triazine, la
o

()

N)\N
K\N)l\N)\CI
0.
In a round bottom flask cyanuric chloride (9.22 g, 50 mmol) was dissolved in acetone
(200 mL) and ice water (200 mL). Morpholine (8.7 g, 100 mmol) was added to the
reaction gradually with Na,COj3 (10.69 g, 100 mmol). The mixture was stirred for 2
hours at 0-5 °C, followed by stirring at room temperature for 24 hours. The white
precipitate formed was isolated by filtration and recrystallised from hot ethanol. Yield
= 8.8g (30 mmol) 62 %, 'H NMR (250 MHz, CDCls, ppm) &y = 3.74 (m, 8 H,
morpholine), 3.59 (br,4 H, morpholine), 2.95 (br, 4 H, morpholine), **C NMR (101
MHz, CDCl3, ppm) &¢c = 170.1, 164.2 (3 x C, triazine), 67.1 (4 x C , morpholine),
44.6, 44.2 (4 x C, morpholine), MS (ES") for [M+H], C11H170,NsCl 286.10 (100%).

These data are consistent with those previously reported. [27, 33]

Synthesis of 2,4-dipiperidine-6-chloro-1,3,5-triazine, 1b

(]

N

Nl)jN\
O e

Prepared similarly from cyanuric chloride (9.22 g, 50 mmol), piperidine (8.5 g, 100
mmol), Na,COs (10.69 g, 100 mmol) Yield = 9 g (32 mmol) 64 %. *H NMR (400
MHz, CDCl3, ppm) 64 = 3.94 (m, 8 H, N-CH,), 1.87 (m, 4 H, NCH,CH,CH,), 1.79

(m, 8 H, NCH,CH,. *C NMR (63 MHz, CDCl3 ppm) 8¢ = 169.4, 164.1 (3 x C,
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triazine), 444 (CHz), 25.3 (CHz), 24.6 (CHz) MS (ES+) for [M+H], Ci13H21NsCl
282.16 (90%). These data are consistent with those previously reported. [27, 33]

Synthesis of 2,4-dimethylamine-6-chloro-1,3,5-triazine, 1c
\N/

Ay
\TKNAC,

Prepared similarly from cyanuric chloride (9.22 g, 50 mmol), dimethylamine (4.50 g,
100 mmol), with Na,C0Os3 (10.69 g, 100 mmol) were used. Yield = 7.28 g (43 mmol)
72 %. 'H NMR ( 250 MHz, CDCls, ppm) & = 3.05 (s, 6 H, N-CH3), 3.07 (s, 6 H, N-
CHs), 3C NMR (101 MHz, CDCl; ppm) & = 167.8, 163.8 (3 x C, triazine), 35.3 (4 x
CHs), MS (ES") for [M+H], C;H13NsCl 202.09 (100%). These data are consistent
with those previously reported. [27, 33]

Synthesis of 2,4-diethylamine-6-chloro-1,3,5-triazine, 1d

L
S
/\N)|\N)\CI
J

Prepared similarly from cyanuric chloride (9.22 g, 50 mmol), diethyl amine (7.3 g,
100 mmol) Na,CO3 (10.69 g, 100 mmol), Oily product. Yield = 8.5 g (33 mmol) 66
%. *H NMR (400 MHz, CDCls, ppm) 84 = 3.46 (m, 8 H, N-CH,), 1.10 (m, 12 H,
NCH,CHs)."*C NMR (63 MHz, CDCls, ppm) 8¢ = 168.9, 163.9 (3 x C, triazine), 41.2
(N-CHy), 13.3 (CH3). MS (ES") for [M+H], C11H21NsCl 258.14 (70%). These data

are consistent with those previously reported. [27, 33]
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Synthesis of 2, 4-di (Morpholine) -6-(1H-imidazol-1-yl)-1, 3, 5-triazine, 2a
o
()
W*\”
K\N)\N)\N/\N
o —
In a round bottomed flask, KOH (0.84 g, 15 mmol) was dissolved in DMF (10 mL).
Imidazole (0.68 g, 10 mmol) was added to the solution and stirred at room
temperature for 1 h. 1a (2.85 g, 10 mmol) was added to the solution and heated to 120
°C for 48 hours. The solution was diluted with distilled water (80 ml) and the product
immediately precipitated as a pearlescent solid. After filtration the product was dried
in vacuo. The product was purified by column chromatography (silica, AcOEt /
hexane 9:1) affording a colourless solid. Yield = 2.0 g (6.2 mmol) 63 %. ‘H NMR
(400 MHz, CDCls, ppm) 8 = 8.43 (s, 1H, NCHN), 7.69 (d, J = 1.2 Hz, 1 H, Cs), 7.02
(d, 0.9, 1 H, Cy4), 3.79 (s, 8 H, morpholine), 3.78 - 3.61 (br, 8 H, morpholine), *C
NMR (101, MHz, CDCls, ppm) 8¢ = 165.2, 160.5 (3 x C, triazine), 136.1 (NCHN,
imid), 129.8, 116.3 (2 x C, imid) 66.6 (4 x C, morpholine), 43.7, 44.2 (4 x C,

morpholine), MS (ES") for [M+H]", C14H20:N5 (318.16) (100%). These data are

consistent with those previously reported. [27, 33]
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Synthesis of 2, 4 —di (piperidine)-6-(1H-imidazol-yl) -1,3,5-triazine, 2b

C)

A

The 2b was prepared similarly from KOH (0.58 g, 10.6 mmol), Imidazole (0.48 g, 7.1
mmol) and 1b (2 g, 7.1 mmol). Yield = 1.5 g (5.4 mmol) 67 %. ‘*H NMR (400 MHz,
CDCls, ppm) 8y = 8.44 (s, 1 H, NCHN), 7.72 (br, 1 H, imid), 7.00 (br, 1 H, imid),
3.72 (M, 8 H, N-CH,), 1.62-1.53 (m, 12 H, NCH, CH,CH,CH,).2*C NMR (63 MHz,
CDCls, ppm) 8¢ = 164.8, 160.5 (3 x C, triazine), 136.2 (NCHN), 129.6, 116.4 (2 x C,
imid), 44.4 (CH,), 25.8 (CH,), 24.8 (CH,), MS (ES") for [M+H]*. C16H2sN7 (313.12)

(100%). These data are consistent with those previously reported. [27, 33]

Synthesis of 2,4-di(dimethylamine)-6-(1H-imidazol-1-yl)-1,3,5-triazine, 2c

\N/

N)\N
\N)|\N)\N/\N
| \—

The 2c prepared similarly from KOH (0.84 g, 15.0 mmol), imidazole (0.68, 10 mmol)
and 1c (2.01 9,10 mmol).Yield = 1.6g (6.9 mmol) 69 %, *H NMR (400 MHz, CDCl;,
ppm) oy =8.46 (s, 1 H, NCHN), 7.73 (br, 1 H, imid) 7.01 (br, 1 H, imid) 3.09 (s, 6 H,
N-CHs), 3.08 (s, 6 H, N-CHs), *C NMR(101 MHz, CDCls, ppm) ¢ = 165.7, 160.1
(3 x C, triazine), 136.45 (NCHN, imid), 129.9, 116.6 (2 x C, imid ) 36.3 (4 x CHj3),
MS (ES™) for [M+H]", C1oH1sN7 234.17 (70%). These data are consistent with those

previously reported. [27, 33]
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Synthesis of 2, 4-di (diethylamine)-6-(1H-imidazol-1-yl)-1, 3, 5-triazine, 2d

L

N)\N
/\N)LN)\N/\
J -/

The 2d prepared similarly from KOH (0.98 g, 17.5 mmol), imidazole (0.79g, 11.6
mmol) and 2d (3 g, 11.6 mmol). Yield = 2.8 g (9.68 mmol) 83 %. ‘H NMR (400
MHz, CDCls, ppm) &y = 8.46 (s, 1H, NCHN), 7.72 (br, 1H, imid), 7.01 (br, 1H,
imid), 3.51 (m, 8H, N-CHy), 1.11 (m, 12H, N-CH,CHs). *C NMR (63 MHz, CDCl;
ppm) o¢c = 164.6, 160.1 (3 x C, triazine), 136.1 (NCN), 129.6, 116.3 (2 x C, imid),

41.6 (CH,), 13.65, 12.65 (CH3), MS (ES") for [M+H]*, C1aH2sN7 (289.20) (80%).

General procedure for the synthesis of the methyl imidazolium salts [2.3H]CI,

[2.13H]CI.

In a high pressure tube, 1a or 1c was mixed with 1-methyl imidazole (1 eq). The
mixture was heated to 140 "C and left stirring overnight. After cooling to room
temperature the reaction mixture was triturated with diethyl ether and the precipitated
product was collected by filtration. Recrystallisation from CH,Cl, and Et,O afforded

the clean product.

Synthesis of 1-(2,4-dimorpholino-1,3,5-triazine-2-yl)-methyl-1H-imidazol-3-ium

chloride, [2.3H]CI.
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la (0.5 g, 1.75 mmol) and 1 - methyl imidazole (0.143 g, 1.75 mmol). Yield = 0.48
(1.47 mmol) 83 %, *H NMR (400 MHz, DMSO, ppm) & = 3.68 - 3.89 (m, 16 H,
morpholine), 3.96 (s, 3H, N-CH3), 7.92 (d, 1 H, J = 1.8, imid), 8.47 (d, 1 H, J = 1.8,
imid), 10.20 (s, 1 H, NCHN). *C NMR (75 MHz, DMSO, ppm) ¢ = 164.4, 159.2 (3
x C, triazine), 137.4 (NCHN, imid), 125.1, 119.1 (2 x C, imidazole), 66.5, 66.3, 44.4,
45.9 (8 xC, morpholine) 37.2 (CH3-N), MS (ES™) for [M-CI]*,. C1sH22N;0O, 332.18

(100%).

Synthesis of 1-(2,4-dimethylamino-1,3,5-triazine-2-yl)-methyl-1H-imidazol-3-ium

chloride, [2.13]CI

\N/ o

T
i

\N)\N/ N/\G)

| -/

The [2.13]CI was prepared similary from 1c (0.5 g, 2.48 mmol) and 1- methyl
imidazole (0.203 g, 2.48 mmol). Yield = 0.49 g (1.97 mmol) 80 %, *H NMR (250
MHz, CDCls, ppm) & = 7.94 (br, 1H, imid), 7.46 (br, 1 H, imid ), 4.31 (s, 3 H, N-
CHs), 3.24 (s, 6 H, N-CHs) 3.11 (s, 6 H, N-CH3) .3C NMR (63 MHz, CDCls, ppm)
8c = 166.7, 160.2 (3 x C, triazine), 136.1 (NCHN, imid), 125.9, 120.4 (2 x C, imid),
50.6 (CHa-N), 37.7, 37.1, 37.1 (4 x CHj3), MS (ES") for [M-CI]*,C11H:sN; 248.17

(100%).
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Synthesis of 1-(2,4-dimorpholino-1,3,5-triazine-2-yl)-isopropyl-1H-imidazol-3-

ium iodide, [2.4H]I.
®
N
A

X e
Oy

In around bottom flask compound 2a (1.0 g, 3.1 mmol) was dissolved in acetonitrile

©
I

(25 mL). Isopropyl iodide (5.27 g, 31 mmol) was slowly added and the mixture was
refluxed for 72h. The solvent was removed in vacuo and the crude product
recrystallised (CHCI3 / Et,0) to give a brown precipitate. Yield = 1.22 g (2.50 mmol)
80 %. 'H NMR (400 MHz, CDCls, ppm) & = 10.36 (s, 1H, NCHN), 8.04 (br, 1H,
imid), 7.6 (br, 1H, imid), 5.23 (m, 1H, N-CH), 3.86 (m, 8H, morpholine), 3.7-3.62
(m, 8H, morpholine), 1.57 (d, 6H, CH-(CHs),) ppm. *C NMR (101 MHz, CDCls,
ppm) dc = 164.4, 159.0 (3 x C, triazine), 134.6 (NCN), 120.95, 119.46 (2 x C, imid)
66.7 (4 x C, morpholine), 44.7, 44.2 (4 x C, morpholine), 55.2 (C-(CHa)y), 23.3 (2 %
CHs), HRMS (ES*, CH3CN), calcd mass for [M*-1], C17H26 O2N7 360.2150, measured

360.2148.

General procedure for synthesis [2.5H]Br, [2.6H]Br, [2.7H]Br, [2.11H]Br,
[2.12H]Br, [2.14H]Br, [2.15H]Br

2a, 2b, 2c, 2d was dissolved in DMF (20 mL), alkyl halides (10 eq) were added to the
solution. The mixture was heated at 120 °C for 2 days. After cooling, diethyl ether
was added resulting in immediate precipitation of the product. The product was

filtered and recrystallised by (CHCI3/ ether) to afford a white solid.
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Synthesis of 1-(2, 4-dimorpholino-1,3 ,5-triazine-2-yl)- 3-propyl-1H-imidazol-3-
ium bromide, [2.5H]Br

N ©
r\f)\N Br
K\N)\N/ N/\GL)

2a (1.4 g, 4.4 mmol) and 1-bromo propane (5.41 g, 44 mmol). Yield = 1.64 g (3.73
mmol) 84 %, *H NMR (250 MHz, CDCls, ppm) 8y = 7.97 (br, 1 H, imid), 7.49 (br, 1
H, imid), 4.62 (t, J = 7.2, 2 H, N-CHy), 3.95 (m, 4 H, morpholine), 3.72 (m, 12H,
morpholine), 1.95 (m, 2H, NCH,CH,, propyl), 0.97 (t, J = 7.3 Hz, 3H, CHjs, propyl)
3C NMR (63 MHz, CDCls, ppm) 8¢ = 164.4, 158.8 (3 x C, triazine), 137.1 (NCHN,
imid), 122.9 , 118.3 (2 x C imidazole), 66.8, 64.4, 44.5, 44.3 (8 x C, morpholine),
52.1 (N-CH,) 36.3 (CH,), 23.8 (CH,), 10.7 (CH3) HRMS (ES", CH5CN), calcd mass

for [M*- Br], C17H2s O2N7 360.2148, measured 360.2148.

of 1-(2, 4-di (morpholino-1,3,5-triazine-2-yl)- 3-butyl-1H-imidazol-3-ium
bromide, [2.6H]Br.

The [2.6H]Br was prepared from 2a (1.0 g, 3.14 mmol) and 1- bromo butane (4.3 g,
31.4 mmol). Yield = 1.21 (2.6 mmol) 84 %, *H NMR (250 MHz, CDCls, ppm) & =

9.29(s, 1 H, NCHN), 8.09 (br, 1 H, imid), 7.72 (br, 1 H, imid), 4.63 (t, J = 7.20, 2 H,
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N-CHy), 3.95 (m, 4 H, morpholine), 3.91-3.45 (m, 12 H, morpholine), 2.11(m, 2 H,
NCH,CHy), 1.56 (m, 2 H, NCH,CH,CH,CH.), 0.98 (t, J = 7.25 Hz, 3 H, CH3) **C
NMR (63 MHz, CDCl3, ppm) 6c = 164.3, 158.7 (3 x C, triazine), 136.1 (NCHN,
imid), 123.1, 118.5 (2 x C, imidazole), 66.7, 66.7, 44.3, 43.9 (8 x C, morpholine),
50.9 (N-CH,) 32.1 (CH,), 19.4 (CH,), 13.5 (CH3). HRMS (ES", CH3CN), calcd mass

for [M*-Br], C1sH2sN70, 374.2288, measured 374.2304.

Synthesis of 1-(2,4-dimorpholino-1,3,5-triazine-2-yl)- 3-octyl-1H-imidazol-3-ium

bromide [2.7H]Br.

o

L) .
NJ\N Br
K\N)l\N/ o N

NW
o —

The [2.67H]Br was prepared from 2a (1.0 g, 3.14 mmol) and 1- bromo octane (6.0 g,
31.4 mmol). Yield = 1.25 (2.45 mmol) 78 %, *"H NMR (250 MHz, CDCls, ppm) &y =
8.08 (br, 1H, imid), 7.63 (br, 1H, imid), 4.66 (t, J = 7.1, 2 H, N-CH,), 4.01 (m, 4 H,
morpholine), 3.77 (m, 12 H, morpholine), 1.98 (m, 2 H, octyl), 1.25 (m, 10 H, octyl),
0.87 (t, J = 6.3, 3 H, CHs), *C NMR (63 MHz, CDCls, ppm) 8¢ = 164.4, 158.7 (3 x
C, triazine), 136.7 (NCHN, imid), 123.1, 118.4 (2 x C, imid ), 66.8, 64.3, 44.4, 43.9
(8 x C, morpholine), 50.6 (N-CH; octyl), 31.1, 30.4, 28.9, 26.1, 22.5 (6 x CH>, octyl),
13.90 (CHs;). HRMS (ES*, CHsCN), calcd mass for [M*-Br], C22H3sN;O, 430.2918,

measured 430.2930.
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Synthesis of 1-(2,4-di(piperidin-1-yl-1,3,5-triazine-2-yl)-3-propyl-1H-imidazol-3-

ium bromide, 2.11

The [2.11H]Br was prepared from 2b (0.5 g, 1.59 mmol) and 1-bromopropane (1.95
g, 1.59 mmol). Yield = 0.57 g (1.3 mmol) 82 %. *H NMR (400 MHz, CDCls, ppm) &y
=8.01 (br, 1 H, imid), 7.71 (br, 1 H, imid), 4.64 (t, J = 7.6 Hz, N-CH,, propyl), 3.84
(m, 4 H, N-CH,), 3.73 (m, 4 H, NCH,), 1.98 (m, 2 H, CH,, propyl), 1.63 (m, 4 H,
NCH,CH,CH,), 1.57 (m, 8 H, NCH,CH,), 0.99 (t, J = 6.8 Hz, 3 H, CH3).**C NMR
(63 MHz, CDCls, ppm) 8¢ = 163.9, 158.7 (3 x C, triazine), 136.0 (NCN), 123.1,
118.4 (2xC, imid), 52.0 (C-N, propyl), 45.0 (CH,), 44.6 (CH,), 23.9 (CH,, propyl),
25.8 (CHy), 23.9 (CH,), 10.7 (CHs3, propyl) ppm. HRMS (ES*, CHsCN), calcd mass

for [M*-Br], C19H3oN7 356.2559, measured 356.2563.

Synthesis of 1-(2,4-di(piperidin-1-yl-1,3,5-triazine-2-yl)-3-butyl-1H-imidazol-3-

ium bromide 2.12

.

N

e
|

The [2.12H]Br was prepared from 2b (0.5 g, 1.59 mmol) and 1-bromobutane (2.1g,
15.9 mmol). Yield = 0.44 g (0.97 mmol) 61%. *H NMR (400 MHz, CDCls, ppm) &

= 10.65 (s, NCHN), 8.05 (br, 1H, imid), 7.67 (br, 1 H, imid), 4.74 (t, J = 7.0 Hz, 2 H,
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CH,-N ), 3.83 (M, 4 H, N-CHy), 3.72 (m, 4 H, N-CH,), 1.92 (m, 2 H, CHy-but), 1.76
(m, 4 H, NCH,CHCH,), 1.67 (m, 8 H, NCH,CHy), 1.32 (m, 2 H, CH; butyl), 0.98 (t,
J = 7.2 Hz, 3 H, CHs-but). *C NMR (63 MHz, CDCls;, ppm) 8¢ = 163.0, 159.0 (3 x
C, triazine), 134.7 (NCHN), 122.2, 117.5 (2 x C, imid), 49.8 (CH-N, but), 44.0
(CH,), 43.6 (CHy), 31.3 (CHy, but), 24.9 (CHy,), 24.7 (CH,), 23.4 (CH,), 18.5 (CH,,

but), 12.6 (CHs, butyl). MS (ES*) for [M-Br]*, CaoHs2N- (370) (100%).

Synthesis of 1-(2,4-dimethylamino-1,3,5-triazine-2-yl)-butyl-1H-imidazol-3-ium
bromide, 2.14.

\N/

)\ ©
N~ SN Br
\N)LN)\N/\ ®
| QNM
The [2.14H]Br was prepared from 2c (1g, 4.29 mmol) and1- bromo butane (5.87 g,
42.9 mmol). Yield = 1.27 g (3.45 mmol) (79 %),"H NMR (250, MHz, CDCl;, ppm)
&n =7.99 (br, 1 H, imid), 7.59 (br, 1 H, imid), 4.68 (t, J = 7.5, 2 H, N-CH,), 3.20 (s, 6
H, N-CHs) 3.11 (s, 6 H, N-CHs) 1.90 (m, 2 H, NCH,CH,), 1.36 (m, 2 H,
NCH,CH,CH,), 0.90 (t, J = 6, 3 H, CH3, butyl), *C NMR (63, MHz, CDCls, ppm) 8¢
= 164.9, 158.3 (3 x C, triazine), 136.2 (NCHN, imid), 123.5, 118.5 (2 x C imidazole
), 50.5 (CH,-N), 37.0, 36.6 (4 x CHs), 32.6, 19.6, (2 x CH,) 13.7 (CH5), MS (ES™) for

[M-Br]+, Cl4H24N7 (29027) (100%)
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Synthesis of 1-(2,4-diethylamino-1,3,5-triazine-2-yl)-butyl-1H-imidazol-3-ium

bromide, 2.15

w

N

.
A)N*N/XNQN:\A
The [2.15H]Br was prepared from 2d (2.8 g, 9.68 mmol) and1-bromobutane (13.2 g,
96.8 mmol).Yield = 2.2g (5.16 mmol) 53%. *H NMR (400 MHz, CDCls, ppm) &y =
10.77 (s, NCHN), 7.98 (br, 1 H, imid), 7.56 (br, 1 H, imid), 4.69 (br, 2 H, CH,-N,
butyl), 3.62 (m, 4 H, NCH,CH,), 3.53 (m, 4 H, NCH,CH>), 1.92 (m, 2 H, NCH,CH,,
Butyl), 1.41 (m, 2 H, NCH,CH,CH,, butyl), 1.13 (m, 12 H, 4 x CHj), 0.92 (t, J= 7.2
Hz, 2 H, CH5 butyl). **C NMR (63 MHz, CDCls, ppm) 8¢ = 163.7, 158.2 (3 x C,
triazine), 135.7 (NCN), 123.7, 118.4 (2 x C imid), 50.8 (N-C, butyl), 41.9 (4 x CHy),
32.3 (CH,, butyl), 19.4 (CH,, butyl), 13.5 (4 x CHs), 12.8 (CHs, butyl).MS (ES™) for

[M-Br]*, C1gHs2N7 (347.25) (100%).

Synthesis of 1-(2,4-dimorpholino-1,3,5-triazine-2-yl)-methyl-1H-imidazol-3-ium

chloride, [2.8H]CI.

Synthesis of 1-mesityl-1H-imidazol

N=\

\\/N

2,4,6-Trimethylaniline (6.8 g, 0.05 mol) in MeOH (25 mL) was stirred with 30 %
aqueous glyoxal (8.1 mL, 0.05 mol) for 16 h at room temperature. A bright yellow

mixture was formed. NH,4CI (5.4 g, 0.1 mol) was added followed by 37 % aqueous
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formaldehyde (8 mL, 0.1 mol). The mixture was diluted with MeOH (200 mL) and
refluxed for 1 h. HsPO,4 (7 mL, 85 % soln) was added over a period of 10 min. The
resulting mixture was then stirred overnight. After removal of solvent, the dark
residue was poured onto ice (200 g) and treated with aqueous 40 % KOH solution
until pH9. The resulting mixture was extracted with EtOAc (2 x 200 mL) and the
organic phases were combined and washed sequentially with H,O and brine before
drying with anhydrous MgSO,. After filtration, the solvent was removed and the
residue purified by distillation on a Kugelrohr under vacuum at 240 °C. *H NMR
(250, MHz, CDCls, ppm) &y =: 7.45 (s, NCHN), 7.20 (br, 1H, imid) 6.95 (s, 2 H,
mesityl), 6.84 (br, 1H, imid), 2.32 (s, 3H), 1.99 (s, 6H). These data are consistent with

previously reported. [40]

Synthesis of [2.8H]CI.

A

N” N
SRR o8

In high pressure tube, a mixture of the 1-(mesityl)-1H-Imidazole (0.65 g, 3.5 mmol)
and la (1 g, 3.5 mmol) was stirred neat at 140 °C for 16 h. After cooling the mixture
was dissolved in CH,Cl, (20 mL) and Et,O (100 mL) added. A white precipitate was
formed. Yield = 1.37 g (2.96 mmol) 85 %. *H NMR (500 MHz, CDCls, ppm) 8y =
10.55 (s, NCHN), 8.56 (br, 1H, imid), 7.70 (br, 1 H, imid) 7.02 (s, 2 H, mesityl),
4.21-3.74 (m, 16 H, morpholine), 2.34 (s, 3 H, CH3), 2.15 (s, 6 H, 2 x CH5). **C

NMR (101MHz, CDCls, ppm) 8c = 164.4, 158.9 (3 x C, triazine), 141.2, 136.7,
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134.1, 130.9, 129.8 (6 x C, Ar), 125, 1204 (2 x C imid), 66.8, 66.4 (4 x C,
morpholine), 44.5, 44.0 (4 x C, morpholine), 21.2 (CH3), 17.8 (2 x CH3). HRMS

(ES", CH3CN), calcd mass for [M*-CI], C23H3oN;0, 436.2445, measured 436.2461.

Synthesis of 1-(2,4-dimorpholino-1,3,5-triazine-2-yl)-ethylphenyl-1H-imidazol-3-

ium chloride, 2.9

Synthesis of 1-(4-ethylphenyl) 1H-imidazole

D GPEN

4-ethylaniline (6.05 g, 0.05 mol) in MeOH (25 mL) was stirred with 30 % aqueous
glyoxal (8.1 mL, 0.05 mol) for 26 h at room temperature. A bright yellow mixture
was formed. NH4Cl (5.4 g, 0.1 mol) was added followed by 37 % aqueous
formaldehyde (8 mL ,0.1 mol). The mixture was diluted with MeOH (200 mL) and
the resulting mixture was refluxed for 1 h. H3PO,4 (7 mL, 85% soln) was added over a
period of 10 min. The resulting mixture was then stirred overnight. After removal of
the solvent, the dark residue was poured onto ice (200 g), and treated with aqueous
40% KOH solution until pH9. The resulting mixture was extracted with EtOAc (2 x
200 mL) and the organic phases were combined and washed sequentially with H,O
and brine before drying with anhydrous MgSO,. After filtration, the solvent was
removed and residue was purified by distillation on a Kugelrohr under vacuum at 240
°C. (250, MHz, DMSO, ppm) &4 =: 8.25 (br, 1H),7.60 (br, 1H), 7.55 (d, J = 8.4, 2 H,

phenyl), 7.35 (d, J = 8.4, 2 H, phenyl), 2.65 (m, 2, CH,), 1.15 (t, J = 8 Hz, 3H, CHjy).
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Synthesis of [2.9H]CI

(o)

SO

N
N)\N

XL o
fN N N\§/N<>

In high pressure tube, a mixture of the 1-(4-ethyl))-1H-Imidazole (0. 3 g, 1.75 mmol)
and la (0.5 g, 1.75 mmol) was stirred neat at 140 °C for 16 h. After cooling the
mixture was dissolved in CH.Cl, (20 mL) and Et,O (100 mL) added. A white
precipitate was formed. Yield = 0.62 (1.35 mmol) (75 %),"H NMR (250 MHz, DMS,
ppm) &y = 10.5 (s, NCHN) 8.75 (br, 1 H, imid), 8.52 (br, 1 H, C,), 7.87 (d, J = 8.4, 2
H, phenyl) 7.52 (d, J = 8.4, 2 H, phenyl) 3.96-3.44 (m, 16 H, morpholine ), 2.72 (m, 2
H-CH,), 1.23 (t, J = 8 Hz, 3H, CH3) .3C NMR(63, MHz, CDCls, ppm) 8¢ = 164.4,
158.8 (3 x C, triazine), 147.2, 134.5, 131.9, 129.7, 122.4 ,122.2, 119.47 (6 x C, Ar,

imid), 28.4 (CH,), 15.1 (CHs), MS (ES*) for [M-CI]*, C2sH2sN;0; (422.22) (100%).
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Synthesis of 1-(2, 4-dimorpholino-1,3,5-triazine-2-yl)-isopropyl-1H-imidazol-3-
ium propane-1-sulfonate, [2.10H]

)
[
= N ©)
ONVNTN TN ~so,

In a round bottomed flask equipped with a reflux condenser 2a (0.623g, 2 mmol) and
1,3-propanesulfonate (0.24 g, 2.0 mmol) were dissolved in dry acetonitrile (30 mL).
The mixture was left under reflux for 72 hours. The filtrate was collected and dried
under vacuum before recrystallization from ethanol/diethyl ether to afford the product
as a white solid (0.65 g, 1.48 mmol) 75%. *H NMR (400 MHz, D,0O, ppm) &4 = 9.5
(s, 1H, NCHN), 8.16 (d, J = 2.0 Hz, 1 H, imid), 7.60 (d, J = 2.0 Hz, 1 H, imid), 4.38
(t, J=7.1 Hz, 2 H, CH,-N), 6 3.76 (s, 8 H, CH>-N, morpholine), 3.66 (m, 8 H, CH-
N, morpholine), 2.87 (t, J = 7.3 Hz, 2 H, CH,-S ), 2.29 (d, J = 6.9 Hz, 2 H, CH,) **C
NMR (101 MHz, D,0, ppm) 8¢ = 164.75, 159.39 (3 x C, triazine), 143.63 (NCHN),
122.8, 119.0 (3 x C, imidazole), 66.6 (4 x C, morpholine), 49.06 (CH,—N), 47.5 (4 x
C, morpholine), 44.1 (CH,-S), 25.3 (CH,). MS (ES") for [M+H], Ci7H2505SN-
440.17 (100%). Anal. Calcd for C17H2505SN7: C, 46.46; H 5.73; N 22.31 Found: C,

46.31; H, 5.84; N, 22.27.
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Chapter 3

Synthesis and Characterization of new N-Heterocyclic Carbene

Complexes of Ag (I)

3.1-Introduction

3.1.1-Synthesis of Ag-NHC complexes

The synthesis of silver complexes containing nucleophilic N-heterocyclic carbenes
has received increased attention in the recent past. [1] This is due to the ease of
synthesis, stability and structural diversity of the complexes, as well as their
usefulness in various applications, especially as carbene transfer agents for the

preparation of many other transition metal-NHC complexes.

The first silver-NHC complex was synthesised in 1993 by Arduengo and co-workers.
The NHC, 1,3-dimesityl imidazol-2-ylidene, was reacted in situ with silver triflate
under a dry nitrogen atmosphere at room temperature to produce the homoleptic

complex in 80 % yield (Scheme 3- 1).[2]

T J;? »@

@) )
AgO;SCF; >—Ag\<@ CFL50,

L e

Scheme (3-1) Synthesis of Arduengo silver complex
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Limited numbers of silver complexes have been obtained [3-5] by this method
because of the difficulty in preparing free carbenes due to their sensitivity to
moisture, air and heat, which leads to decomposition. [6, 7, 2]

To overcome the difficulties of obtaining free carbenes, Bertrand and his workers in
1997 described an alternative synthetic method for the preparation of silver-NHC
complexes using basic silver sources in the deprotonation of triazolium salts. 2
equivalents of silver (I) acetate was treated with a triazolium salt in refluxing THF for
2 hours to obtain the first polymeric silver(l)-NHC compound. In the solid state

structure, the silver atoms are linearly coordinated (Scheme 3-2). [8]

Danopoulos et al have prepared silver-NHC complexes using silver (1) carbonate for
the deprotonation of imidazolium salts in refluxing dichloromethane over 2 days. The
formation of complexes was confirmed by the appearance of a resonance at 165 ppm
in the *C NMR spectra and absence of the 2H-imidazolium protons around 9 ppm in

the *H NMR spectrum. [9]

R, +2 B @
R;
l' |
S THF N
2CF;S0; | 2AgOAc | _@}Ag__
N N reflux ©
e CF;S0;

\R1 R N_N\ i

R;=CH; , R,='Pr

R4

Scheme (3-2) Synthesis of silver NHC complexes with silver acetate

Lin et al used Ag,O for the synthesis of silver (I)-NHC complexes, high yields of up

to 96 % were obtained at ambient temperature in dichloromethane. X—ray diffraction
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showed a neutral complex with an interaction between two silver atoms (Scheme 3-

3). [10]
/Et Et Et\
Ag,0

N o ) - N/ N
9 v - (w1
N N E N
\ £t B |

Et Ag  Et

Br

Scheme (3-3) Preparation of Lin’s complex

This method has been used in the synthesis of many silver-NHC complexes due to the
straightforward procedure, high yield, ambient conditions, stability toward air and the
ability to protect acidic hydrogen atoms other than C2-H. On the other hand,
Arduengo’s method for the deprotonation of imidazolium salts sometimes fails due to

the presence of other acidic protons and instability of the free carbenes. [11]

Although there are other ways to prepare silver(l)-NHC complexes, such as the
reaction of imidazolium salts with silver salts in the presence of a base [10] or
transmetalation [12, 13, 14], the use of Ag,O proved successful and has been used

more often than other routes.

Due to the labile nature and fluxional behaviour [10, 15] of silver (I)-NHCs, these
complexes have been used as ligand transfer agents for the synthesis of NHC
complexes with Au(l), Pd(Il), Cu(ll), Ni(ll), Pt(Il), Ru(ll) and Ru(lll).[16-21] The

transfer method also depends on the nature of the metal and reaction conditions.

The first application of Ag(l)-NHC complexes as a transmetalating agent was by Lin

and co—workers in 1998. [7] An Ag(l)-NHC complex was first produced by reacting
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Ag,0O with benzimidazolium salts in CH,Cl, at room temperature. Reaction of this
Ag-NHC complex with Pd(MeCN),Cl, or Au(SMe,)CI in dichloromethane at room
temperature gives the Pd and Au complexes in high yield (87, 91% respectively)

(Scheme 3-4). [10]

Transmetalation can be achieved using isolated silver complexes or alternatively the
Ag (NHC) species can be prepared in situ by reacting Ag,O with an imidazolium salt
followed by addition of the desired metal in a one pot procedure. Application of

silver-NHC complexes as transfer agents will be covered in chapter 5.

' I _Br Ay E

(S, t

Et /Ag/ Et Me)2C1 |
) (L

N

Et

Scheme (3-4) Synthesis of Pd (II), Au (1) complexes by transmetallation

3.1.2-Structural variation of Ag-NHC complexes

Diverse structures for silver-NHC complexes have been observed in the solid state
dependant on the steric bulk of the NHC involved, reaction conditions and nature of
the counter ion. The structural differences can be due to the ability of silver to
coordinate to one or more NHC ligands or anions as well as Ag-Ag interactions.

Combinations of these factors lead to multiple different structures in the solid state.
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There are two types of silver-NHC complexes observed in the solid state depending
on the nature of the counter anions. The first type involves non-coordinated counter
anions such as PFg’, which lead to coordination of two NHC ligands to silver (Figure

3-1). [22, 23, 18]

Q 7 \ 2 P%s
=N
| |
ANCN. N—_ N
o Y@ | | Ag j
PFg g N ® N N
VN*N/\/ [N>/ Ag— NJ |

Figure (3-1) Silver complexes with non-coordinating anions

The second type occurs when neutral silver-NHC complexes form, usually with a
coordinated halide. Five structural forms have been characterized in the solid state;
(C-Ag-X) these complexes are neutral and linear structures with the silver ion bound

to both a carbene and a halide atom (Figure 3-2). [9, 24]

Pr
Figure (3-2) Silver complexes with coordinating anion
Other complexes form dimers with bridging halides (C-Ag-X) ,. The solid state

structure shows formation of a bridged complex with two Ag atoms connected by two

halide atoms. Neutral dimeric complexes were obtained (Figure 3-3). [9, 24]
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Figure (3-3) Silver complexes bridging (C-Ag-X)

Some silver complexes have had C-Ag-Xjs structures in the solid state. The silver
cations are tetracoordinate with silver bound by one N-heterocyclic carbene and three

bridging halides (Figure 3-4). [25]

Figure (3-4) Structure of silver complexes (C-Ag-X3)

Other structures have also been observed in the solid state; complexes of the type
[AgX,]” (C»-Ag) and [Ag.Xa]? (C-Ag-AgXs) have been reported, both types are
placed in the same category due to the similarities of their structural features. Both
types show interactions between multiple silver atoms. In [AgX;] (C,-Ag)
complexes, the silver ion is connected to two carbene moieties and the charge is
balanced by an anionic [AgX;] species. The two silver atoms are connected through

silver-silver interaction perpendicular to the silver biscarbene axis. Silver-NHC
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complexes of the type [Ag.Xs]? (C,-Ag-AgXs) are stabilized by silver-silver

interactions and are supported by three donor groups (scheme 3-5). [25- 29]

Figure (3-5) Structure of silver complex types [AgX,] (C,-Ag) and

[A§12X4]_2 (Co-Ag-AgXs)
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3.1.3-Aims

This chapter discusses the synthesis and characterization of Ag(l)-NHC complexes

via reaction of AQ,O with triazine-functionalized imidazolium salts. NMR

spectroscopy and mass spectrometry, as well as elemental analyses and X-ray
crystallography were used to confirm the formation of complexes.

NR,

S}

s S
®
RZN)\N/‘\N/\NfR' | 05Ag0 _ CHClz RzN)\N)\NuN—R'

X
NR, ’

\—/ RT24h

Ligand NR, R X Comp

[2.3H]CI N Me Cl 3.1 AgCl22.3)

[2.5H]Br Pr Br 3.2 AgBr(2.5)

[2.6H]|Br Bu Br 3.3 AgBr(2.6)

[2.7H]Br 0 Octyl Br 3.4 AgBr(2.7)

[2.8H]C1 mes Cl 3.5 AgCl(2.8)

[2.9H]CI 4-EtPh  CI 3.6 AgCl2.9)

[2.11H]Br N Pr

[2.12H]Br Br 3.7 AgBr(Z.ll)
Bu Br 3.8 AgBr(2.12)

[2.13H]Br - Me Cl 3.9 AgCl(2.13)

[2.14H]Br N Bu Br 3.10 AgBr(2.14)

[2.15H]Br L Bu  Br 311 AgBr(2.15)

N

Scheme (3-5) Synthesis of silver complexes Reagents and conditions: 1 equiv.
preligand, 0.5 equiv. Ag,O, CH,Cl,, room temperature, overnight.
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3.2 - Results and discussion

3.2.1-Synthesis of silver complexes (3.1-3.11)

The silver complexes [Ag(NHC)X] (3.1 - 3.11) were synthesized via an in situ
technique according to previous literature. [10] The reaction was conducted using the
imidazolium salts [2.3H]CI — [2.15H]Br with Ag.O in a 2:1 molar ratio in

dichloromethane. The synthetic procedure is shown in scheme (3-5).

All reactions were conducted at room temperature overnight. Silver complexes were
manipulated in the dark to avoid photodecomposition. The reactions were worked up
by filtration through a pad of celite, the filtrates were dried under vacuum to obtain
white solids. The products were purified by slow diffusion of diethyl ether into
concentrated chloroform solutions of the crude products. Suitable crystals were
obtained for some silver complexes which were analysed using single crystal X-ray

diffraction.

The deprotonation of the imidazolium moieties was evidenced by the disappearance
of the peak centred at around 10 ppm in the 'H NMR spectra. Additionally, peaks
attributed to the imidazolium C4 and C5 positions were shifted upfield as a result of

coordination to Ag(l).
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Mass spectrometry of these complexes gives [Ag(NHC)2]" as the molecular ion,

which is not uncommon for this type of complexes. [30- 33]

All the silver complexes are stable to both air and moisture and are soluble in organic

solvents such as acetone, DMF, DMSO, methanol, ethanol and acetonitrile.

The 'H NMR spectra of the Ag complexes 3.1 - 3.11 confirmed the formation of
complexes by comparison with the corresponding spectra of the precursor ligands
[2.3H]CI, [2.5H]Br, [2.6H]Br, [2.7H]Br, [2.8H]CI, [2.9H]CI, [2.11H]Br,

[2.12H]Br, [2.13H]CI, [2.14H]Br and [2.15H]Br.

NMR spectra of the silver complexes show fully resolved signals corresponding to
the morpholine, piperidine, diethylamine and and dimethylamine resonances, i.e.four
morpholine, five piperidine, four diethylamine and two dimethylamine carbon signals
are observed. This is consistent with a rotational barrier about the amine—triazine
bonds due to the extended m-conjugation network between the amino N-atoms and the

triazine ring. [34, 35]

The *H NMR spectra of complexes 3.1, 3.3, 3.5, 3.6, 3.8, and 3.11 show the absence
of a peak around 10 ppm for N-CH-N. In addition to this, the peaks assigned to
imidazolium protons for these complexes and complexes 3.2, 3.4, 3.7, 3.9, and 3.10
were shifted upfield in ranges 8.12 -7.91 and 7.31-6.92 ppm. Comparison with the
ligand precursors in the ranges 8.75-7.94 and 8.52 -7.46 suggest a lack of resonance

around the imidazoline ring (Figure 3-7).
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Figure (3- 7) *H NMR spectrum of [AgCI(2.13)], 3.9

3C NMR spectra for complexes 3.2-3.11 confirmed the formation of complexes by
the disappearance of the peak at around 137 ppm which can be attributed to C2. No
signal for the Ag-Cearbene NUClei was observed. Bergbreiter et al. have reported **C
NMR measurements of the Ag(NHC)CI/[Ag(NHC),]CI equilibria using **C-enriched
NHC ligands. [36] We suggest that our observations herein imply asimilar

equilibrium taking place for complexes 3.1. (Figure 3- 8)
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Figure (3-8) **C NMR spectrum of [AgCI(2.9)], 3.6
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The 3C NMR spectrum for 3.1 shows a resolved pair of doublets at 182.4 ppm with
coupling constants of 236 Hz (J'%agc) and 268 Hz (11'%a4c). The size of “Jagc
coupling agrees with the formation of the expected silver mono-carbene complex 3.1.
'"H NMR spectroscopy confirmed the formation of the silver complex by the
disappearance of the NCHN peak at 10.2 ppm and an upfield shift of the imidazolium
protons to 6.98 and 7.93 ppm compared with 7.92 and 8.47 ppm respectively for the
precursor salt [2.3HCI. [37] The ** C NMR spectrums for all silver complexes with
morpholine substituents showed 4 peaks for morpholine carbon atoms due to a

restricted rotation about the morpholine —triazine bond Fig (3-8).
3.2.2 - X-ray Structural Determination

Attempts were made to grow crystals suitable for single crystal X-ray diffraction
studies of all compounds. Suitable crystals were obtained by vapour diffusion of

diethyl ether into chloroform solutions for all complexes.

Colourless block crystals were obtained for complex 3.3. X-ray diffraction showed a
mixed halide, 50% CI 50% Br, occupation of the complex due to not completely
change of bromide to chloride by adding KCI salt (Figure3-9). The C1-Agl-
X(CI1,Brl) bond angles are 160.4(3) " and 158.1(2)  respectively due to an interaction
between the metal atom and the N atom of the triazine moiety where the Ag-N
triazine atom distance of 2.939 A is less than the sum of the van der Waals radii of
the constituent atoms (3.27 A for sum Ag, and N ). The angle between the triazine
unit and the imidazolium is twisted out of the plane by 9.39°, N3—C4—N,—C3 9.1(6)°.

Selected bond lengths for 3.3 and angles are shown in Table (3-1).
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Table (3-1) Selected bond lengths and angles for 3.3.

Bond Angles (°) Bond lengths (A)
N1-C1-N2 103.6(3) C1-N1 1.355(5)
N1-C1-Agl 130.4(3) C1-N2 1.3885(5)
N2-C1-Agl 125.9(3) Cl1- Agl 2.1154(4)
C3-C2-N1 107.1(4) N1-C15 1.485(5)

C1-Agl-Brl 158. 1(2) Cl1-Agl 2.482(11)
C1-Agl-Cll 160.4(3) Agl- Brl 2.496(6)

@/@\@ )
R
- \ f Br(1)
)J))\ s Ag(1) & e

cea) c(16)

“)K N(2) C {

Net) 5 c(17)
C(s)‘.
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Figure (3-9) ORTEP ellipsoid plot at 50% probability of complex 3.3. H
atoms omitted for clarity

Colourless plate crystals of 3.4 were obtained by slow diffusion of diethyl ether into
concentrated chloroform solutions. X-ray diffraction showed two (NHC)AgBr in the
unit cell, the morpholine moiety displays some disorder on one of the molecules in
the unit. Figure (3-10) shows only one of the molecules for clarity. The complex was
found to be neutral. The coordination geometry at Ag is slightly distorted from the
idealised linear geometry with a C1-Agl-Brl angle of 162.9(4) A due to the same
previous reason. The N1-C1-N2 angle of 106.3(10) degrees is somewhat compressed
when compared with previous literature as a result of coordination. the Ag—N triazine

atom distance of 2.887 A. [38] Bond lengths and angles are shown in Table (3-2).
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Table (3-2) Selected bond lengths and angles for 3.4.

Bond Angles (°) Bond lengths (A)
N1-C1-N2 106.3(10) C1-N1 1.452(16)
N1-C1-Agl 137.9(10) C1-N2 1.488(17)
N2-C1-Agl 128.5(9) Cl-Agl  1.956(14)
C3-C2- N1 107.6(11) N1-C4 1.472(17)
C1-Agl-Brl 162.9(4) Agl-Brl  2.5211(17)

T Br(1)

Ag(1)

Figure (3-10) ORTEP ellipsoid plot at 50% probability of complex 3.4.
H atoms omitted for clarity

X-ray crystallographic data of 3.5 shows that the complex displays monodentate
coordination of the imidazole ligand. The coordination geometry at Ag is slightly
distorted from the idealised linear geometry with a C1-Ag1-Cl1 angle of 175.42(7)°
[38]. N1-C1 and N2-C1 bond distances are longer than for the precurser ligand and
the corresponding N1-C1-N2 bond angle is reduced, indicative of carbene formation
(Figure 3-11). The angle between the triazine unit and the imidazolium is twisted out

of the plane by 26.45°. Bond lengths and angles are shown in Table (3-3).
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Figure (3-11) ORTEP ellipsoid plot at 50% probability of complex 3.5.
H atoms omitted for clarity

Table (3-3) Selected bond lengths and angles for 3.5.

Bond Angles (°) Bond lengths (A)
N1-C1-N2 104.2(2) C1-N1 1.344(4)
N1-C1-Agl 128.84(19) C1-N2 1.366(3)
N2-C1-Agl 126.71(19) C3-C2 1.350(4)
C3-C2- N1 106.3(3) N1-C4 1.449(3)
C2-C3 -N2 106.7(2) N2-C13  1.430(3)
C1-Agl-Cll 175.42(7) Agl-Cll  2.3259(8)

The solid state structure of complex 3.6 shows a neutral molecule, the silver atom is
associated with one N-heterocyclic carbene and one chloride atom. The coordination
geometry is close to linear with the C1-Ag1-Cl1 bond angle of 174.93(6)°, the bond
angle of N1-C1-N2 was reduced to 103.25 (18)° due to coordination to the silver
cation. The imidazolidinyl-triazine heterocyclic moiety adopts a strictly planar

geometry with the morpholine unit also displaying a planar geometry (sum of angles
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= ~348.95°), indicative of the N lone pairs delocalization into the triazine core. The
4-ethyl phenyl ring is oriented orthogonal to the imidazolyl ring as can be seen in

figure 3-12. Bond lengths and angles are shown in Table (3-4).

Table (3-4) Selected bond lengths and angles for 3.6

Bond Angles (°) Bond lengths (A)
N1-C1-N2 103.25(18) C1-N1 1.353(3)
N1-Cl-Agl  129.21(16) C1-N2 1.369(3)
N2-Cl-Agl  127.11(16) C3-C2 1.338(3)
C3-C2- N1 106.5(2) N1-C4 1.438(3)
C2-C3-N2 106.7(2) Agl-Cl 2.077(2)
C1-Agl-Cll  174.93(6) Agl-Cll  2.3289(7)

Ag(1)
N(5)

C(12‘)N(2) ) c(5) <8
@ N(1) CM@_Q €19
itl ; c(7) }
0(3%) E:g c2) c) 8 c11)

Figure (3-12) ORTEP ellipsoid plot at 50% probability of complex 3.6.

-
.

H atoms omitted for clarity

The structure of complex 3.7 shows a neutral complex with a monodentate carbene.
The C1-Agl1-Brl bond length of 173.38(7) A is close to the ideal linear structure. [36]

The Bond length for N1-C1 and N2-C1 are 1.345(4) A and 1.369(4) A respectively,

86



Chapter3: Synthesis and characterization of new N-heterocyclic carbene complexes of Ag (1)

these are elongated due to the formation of a complex (Figure 3-13). Bond lengths

and angles are shown in Table (3-5).

Table (3-5) Selected bond lengths and angles for 3.7

Bond Angles (°) Bond lengths (A)
N1-C1-N2 103.2(3) C1-N1 1.345(4)
N1-C1-Agl 128.1(2) C1-N2 1.378(5)
N2-C1-Agl 128.2(2) C3-C2 1.344(4)
C3-C2- N1 107.0(3) N1-C17  1.479(4)
C2-C3-N2 105.9(3) Agl-Cl1  2.086(3)
C1-Agl-Brl 173.38(7) Agl-Brl  2.4496(4)
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Figure (3-13)) ORTEP ellipsoid plot at 50% probability of complex 3.7.
H atoms omitted for clarity

The X-ray diffractions for the silver complexes 3.3-3.7 showed that the coordination
geometry at Ag is slightly distorted from ideally linear geometry with a Cypc-Ag-X
angle less than 180 A due to interaction between N atom on triazine and silver atom
which the distances less than the sum of the van der Waals radii of the constituent
atoms (3.27 A for sum of Ag and N). In all the measured complexes, the

imidazolidinyl-triazine heterocyclic moiety adopts a strictly planar geometry with the
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exo-amine functions also displaying a planar geometry (sum of angles = ~359.5°),

indicative of the N lone pairs’ delocalization into the triazine core.

3.3-Experimental
General remarks.

All manipulations were performed using standard glassware under Nitrogen
conditions,. Solvents of analytical grade were purified using a Braun-SPS solvent
purification system . Ag,O was used as received, imidazolium salts that have been
prepared in this work were used as a precursor ligand. NMR spectra were obtained
using Bruker Avance AMX 250, 400, 600 (cryoprobe) and JEOL Eclipse 300
spectrometers. The chemical shifts are given as dimensionless ¢ values and are
frequency referenced relative to TMS. Coupling constants J are given in hertz (Hz) as
positive values regardless of their real individual signs. The multiplicities of the
signals are indicated as s, d, and m for singlets,doublets, and multiplets, respectively.
The abbreviation br is given for broadened signals, mass spectra and high resolution
mass spectra were obtained in electrospray (ES) mode unless otherwise reported, on
Waters LCT Premier XE instrument. Elemental Analysis worked by Elemental
Analysis Service Science Centre London Metropolitan University.

X-Ray crystallographic data for 3.3, 3.4, 3.5, 3.6 and 3.7, were collected using Rigaku
AFC12 goniometer equipped with an enhanced sensitivity (HG) Saturn724+ detector
mounted at the window of an FR-E+ SuperBright molybdenum rotating anode
generator with HF Varimax optics (100um focus). Structural solution and refinement
was achieved using SHELXL-2013 and SHELXL-2013 software, and absorption

correction analysised using CrystalClear-SM Expert software

88



Chapter3: Synthesis and characterization of new N-heterocyclic carbene complexes of Ag (1)

General procedure of synthesis of Ag()NHCs

In a round bottomed flask equipped with a magnetic stirrer (1 eq) the imidazolium
salt and Ag,0O (0.5 eq) were dissolved in CH,Cl, (50 mL). The reaction was protected
from light and stirred under nitrogen overnight at room temperature. The reaction
mixture was then filtered through a bed of celite. The solvent was removed and dried
in vacuo to obtain a white precipitate. The crude product was recrystallized by
diffusion of diethyl ether into dichloromethane or chloroform solutions.

Synthesis of [AgCI(2.3)], 3.1
o

S
LA
O

The [AgCI(2.3)], 3.1 complex was prepared using imidazolium salt [2.3H]CI (0.809
g, 2.2 mmol) and Ag,O (0.278 g, 1.1 mmol). Yield: 0.997 g ( 2.1 mmol) 96 %. ‘H
NMR (300 MHz, CDCl3 ppm), 8y = 3.75-3.99 (br, 16 H, morpholine), 3.95 (s, 3H,
CHs), 6.98 (d, J = 1.8, 1 H, imid), 7.93 (d, J = 1.8, 1 H, imid). *C NMR (150 MHz,
CDCl3) 8¢ = 40.10 (CH3), 44.0, 44.6, 66.6, 67.0 (8 x C, morpholine), 119.7, 121.9 (2
x C, imid), 162.0, 164.7 (3 x C, triazine), 182.3 (d, ' AgC = 236, d, J'®AgC =
268, Cnrc). HRMS (ES*, CH3CN), calcd mass for [Ag (NHC),]*, CaoHaaN140s 1’ Ag
769.2564 measured 769.2576. Anal. Calcd for C15H,;AgCIN;O, (474.29): C, 37.95;

H, 4.46; N, 20.65. Found: C, 38.03; H, 4.38; N, 20.58.

Synthesis of [AgBr(2.5)], 3.2
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The [AgBr(2.5)], 3.2 complex was prepared using imidazolium salt [2.5H]Br (0.5 g,
1.1 mmol) and Ag,0 (0.13 g, 0.55 mmol). Yield = 0.41g (0.74 mmol) 66 %.'H NMR
(250 MHz, CDCls, ppm) &y = 7.97 (br, 1 H, imid), 6.99 (br, 1 H, imid), 4.11 (t, 2 H, J
=7, 2 H, propyl), 3.92 (m, 4 H, morpholine), 3.68 (m, 12 H, morpholine), 1.82 (m, 2
H, propyl), 0.87 (t, J = 7.3 Hz, 3 H, CHs, propyl). *C NMR (75 MHz, CDCls, ppm)
5c = 164.7, 162.1 (3 x C, triazine), 120.7, 119.7 (2 x C, imid), 66.9, 66.9 (4 x C,
morpholine), 54.9 (CH,), 44.6, 44.0 (4 x C, morpholine), 24.5 (CH,), 11.1 (CHjs,

propyl). MS (ES™) calcd mass for [Ag(NHC)2]*, CasHso N1404™*"Ag 825.31 (80%).

Synthesis of [AgBr(2.6)], 3.3

(o)
[Nj Br
o

The [AgBr(2.6)], 3.3 complex was prepared using imidazolium salt [2.6H]Br (0.5g,
1.1 mmol), Ag,0 (0.127 g, 0.55 mmol) and KCI (0.08 g, 1.1 mmol) Yield = 0.491g,
79 %.*H NMR (400 MHz, CDCl3, ppm) 8y = 7.92 (d, J = 2 Hz, 1 H, imid), 6.96 (d, J
= 1.9 Hz, 1 H, imid), 413 (t, J = 7.2 Hz, 2 H, CH, - butyl), 3.94 (m, 4 H,

morpholine), 3.74 (m, 8 H, morpholine), 3.68 (m, 4 H, morpholine), 1.77 (m, 2 H,
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butyl), 1.29 (m, 2 H, butyl), 0.86 (t, J = 7.2 Hz, 3 H, CHj3 butyl). **C NMR (75 MHz,
DMSO, ppm) &¢c = 166.8 162.1 (3 x C, triazine), 123.1 120.1 (2 x C, imidazole), 66.6,
66.3 (4 x C, morpholine), 52.6 (NCH,, butyl), 44.4 (4 x C, morpholine), 32.9(CH,,
butyl), 19.5 (CHy.butyl), 14.0 (CHs, butyl). ). HRMS (ES®, CH3sCN), calcd mass for
[Ag (NHC),]*, C3sHssN1Os **’Ag 853.3503 measured 853.3495. Anal Anal. Calcd
for [CigsH27AQBIrN;O,]: C, 38.52; H, 4.85; N, 17.47, found C, 38.72; H, 4.71; N,
17.56

Synthesis of [AgBr(2.7)], 3.4

[Nj Br
N)%N A/
NP O

The [AgBr(2.7)], 3.4 complex was prepared using imidazolium salt [2.7H]Br (0.5g,
0.98 mmol) and Ag,O (0.113 g, 0.49 mmol) Yield = 0.423 g ( 0.68 mmol) 70 %.'H
NMR (400 MHz, CDCls, ppm) 8y = 7.91 (d, J= 1.9 Hz, 1 H, imid), 6.96 (m, 1 H,
imid), 4.14 (t, J = 7.3 Hz, 2 H, CH,-N), 3.94 (m, 4 H, morpholine), 3.74 (m, 4 H,
morpholine), 3.68 (m, 8 H, morpholine), 1.78 (m, 2 H, CH,, octyl), 1.22 (br, 10
H,(CH,)s, octyl), 0.79 (t, J = 6.8 Hz, 3 H, CHs, octyl).”*C NMR (75 MHz, CDCl,
ppm) d¢c = 164.8, 162.1 (3 x C-triazine), 120.7, 119.6 (2 x C, imid), 66.6, 66.2 (4 x C,
morpholine), 53.5 (NCH,), 44.7, 44.1 (4 x C, morpholine), 31.8, 31.24, 29.2, 29.1,
26.5, 22.7, 14.1 (7 x C, octyl). ). HRMS (ES®, CH3CN), calcd mass for [Ag

(NHC),]", CaaH70N1404 " Ag 965.4755 measured 965.4797.

Synthesis of [AgCI(2.8)], 3.5
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(o)
Y
\
P

The [AgCI(2.8)], 3.5 complex was prepared similarly from [2.8H]CI (0.3 g, 0.64
mmol) and Ag,O (0.074 g, 0.32 mmol). Yield = 0.272 g (0.47 mmol) 74 %.*H NMR
(400 MHz, CDCls, ppm) 8 = 8.12 (d, J = 1.2 Hz, 1 H, imid), 6.92 (d, J = 2.0 Hz, 1
H, imid), 6.90 (s, 2 H, mes-CH), 3.97 (m, 4 H, morpholine), 3.70 (m, 12 H,
morpholine), 2.27 (s, 3 H, CHs), 1.95 (s, 6 H , (CHs),). **C NMR (75 MHz, CDCls,
ppm) &¢c = 164.7, 162.1 (3 x C, triazine), 139.7, 135.9, 134.4, 129.9 (6 x C, mesityl),
122.8, 119.7 (2 x C, imid), 67.0, 66.7 (4 x C, morpholine), 44.6, 44.0 (4 x C,
morpholine), 21.2 (CHa3), 17.9, 17.8 (2 x C, CH3). MS (ES") calcd mass for [Ag

(NHC),]" CagHsgN14O4. 1°"Ag 978.38 (95 %)

Synthesis of [AgCI(2.9) ], 3.6

L) o
A
T L
(\wkme#N

The [AgCI(2.9)], 3.6 complex was prepared similarly from [2.9H]CI (0.5 g, 1.1
mmol) and Ag,O (0.1264 g, 0.55 mmol). Yield = 0.462 g (0.82 mmol) 75 %. 'H
NMR (400 MHz, CDCls, ppm) &4 = 8.10 (d, J = 1.6 Hz, 1H, imid), 7.31 (br, 1H,
imid), 7.51 (d, J = 7.2, 2 H, Ar), 7.32 (d, J = 8.3, 2 H, Ar) 3.93-3.64 (m, 16 H,
morpholine), 2.69 (m, 2 H, CH,), 1.23 (t, J = 7.6, 3 H, CH3). *C NMR (100 MHz,

CDCls3, ppm) 6 = 164.6, 162.1 (3 x C, triazine), 145.6, 137.7, 129.8, 123.9 (6 x C,
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Ar), 121.9, 119.7 (2 x C, imid) 66.9, 66.5, 44.5, 44.1 (8 x C, morpholine), 28.5
(CH,), 15.8(CH3). MS (ES") calcd mass for *. [Ag (NHC),]*, CasHssN1sAgO, " Ag

949.35 (80%)

Synthesis of [AgBr( 2.11)], 3.7

The [AgBr(2.11)], 3.7 complex was prepared similarly from [2.11H]Br (0.3 g, 0.68
mmol) and Ag,O (0.08 g, 0.34 mmol). Yield = 0.287 g (0.53 mmol) 77 %. *H NMR
(400 MHz, CDCl3, ppm) &y = 7.94 (d, J = 1.6 Hz, 1H, imid), 6.93 (br, 1 H, imid),
4.10 (t, J = 7.2 Hz, 2 H, N-CHy), 3.80 (m, 4 H, CH,), 3.71 (m, 4 H, 2 x CH,) 1.82 (m,
2 H, CH,, propyl), 1.59 (m, 4H, (2 x CH,), 1.53 (m, 8 H, 4 x CH), 0.90 (t, J=7.0
Hz, 3 H, CHs-propyl). **C NMR (75 MHz, CDCls, ppm) 8¢ = 164.4, 162.7 (3 x C
Jtriazine), 120.1 , 119.6 (2 x C, imid), 54.8 (NCH,, propyl), 45.3, 44.1 (CH,), 25.9
(CH,), 25.8, 24.7 (CH,), 23.7 (propyl), 11.0 (propyl). MS (ES") calcd mass for

[Ag(NHC),]", CasHssAgN 14 °"Ag 817.30 (30 %)

Synthesis of [Ag( 2.12) Br], 3.8
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The [Ag Br (2.12)], 3.8 complex was prepared similarly from [2.12H]Br (0.5 g,
1.1mmol) and Ag,O (0.129 g, 0.55 mmol) Yield = 0.377 g (0.67 mmol) 61 %.'H
NMR (400 MHz, CDCls, ppm) 8y = 7.94 (d, J = 1.6 Hz, 1 H, imid), 6.93 (br, 1 H,
imid), 4.10 (t, J = 7.6 Hz, 2 H, CH,-N), 3.85 (m, 4 H), 3.71 (m, 4 H), 1.82 (m, 2 H,
butyl), 1.59 (m, 4 H, 2 x CH,), 1.53 (m, 12 H ), 0.93 (m, 3 H, CHj butyl). *C NMR
(75 MHz, CDCl3, ppm) oc = 164.4, 161.7 (3 x C, triazine), 120.8, 119.6 (2 x C, .
imid), 54.8 (CH,-N, butyl), 45.4, 44.8 (CH,), 32.9 (butyl), 26.0 (CH,), 24.7, 24.5
(CHy), 21.6 (butyl), 11.0 (butyl). ). HRMS (ES®, CH3CN), calcd mass for [Ag

(NHC),]", CaaHs4N1404 °"Ag 949.3503 measured 949.3516.

Synthesis of [Ag CI(2.13)], 3.9

The [Ag CI(2.13)], 3.9 complex was prepared similarly from [2.13H]CI (0.3 g, 1.06
mmol) and Ag,O (0.122 g, 0.50 mmol. Yield = 0.30 g (0.73 mmol) 69 %."H NMR
(400 MHz, CDCls, ppm) 84 = 7.96 (d, J = 2.0 Hz, 1 H imid), 6.94 (d, J = 1.9 1 H,
imid), 4.85 (s, 3H, N-CHs), 3.22 (s, 6 H, 2 x CH3), 3.10 (s, 6 H, 2 x CH3). *C NMR
(100 MHz, CDCl3, ppm) ¢ = 163 159.3 (3 x C, triazine), 119.4, 117.8 (2 x C, imid),
37.7 (CHs-N), 34.9, 346 (CHs3). MS (ES") calcd mass for [Ag (NHC),]",

CooH3uAgN1, ' Ag 601.18 (80 %)
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Synthesis of [Ag Br(2.14)], 3.10

The [Ag Br(2.14)], 3.8 complex was prepared similarly from [2.14H]Br.10 (0.3 g,
0.81 mmol) and Ag,O (0.094 g, 0.41 mmol). Yield = 0.294 g (0.61 mmol) 76 %.'H
NMR (400 MHz, CDCls, ppm) 8y = 7.95 (br, 1H, imid), 6.98 (br, 1H, imid), 4.14(t, J
= 7.2, 2H, N-CH,), 3.21-3.09 (br, 12 H, 2 x CHs), 1.79 (m, 2 H, CH,), 1.3 (m, 2 H,
CH,), 0.89 (t, J = 8HZ, 3 H, CHs), *C NMR (100 MHz, CDCls,ppm) ¢ = 164.9
161.3 (3 x C, triazine), 120.7 119.6 (2 x C, imid), 52.9 (CH3-N), 37.1, 36.5 (CHz3)4,
33.1 (CHy), 119.6 (CH,), 13.64 (CHs). ). HRMS (ES*, CHsCN), calcd mass for [Ag

(NHC),]", CsHasN14 1%’ Ag 685.3081 measured 685.3067.

Synthesis of [AgBr(2.15)] 3.11

The [Ag Br(2.15)], 3.11 complex was prepared similarly from [2.15H]Br (0.5 g, 1.1
mmol) and Ag,O (0.25 g, 0.55 mmol. Yield = 0.40 g (0.76 mmol) 64 %."H NMR
(400 MHz, CDCl3, ppm) &4 = 7.98 (d, J = 1.6 Hz, 1 H, imid), 6.96 (br, 1 H, imid),
419 (t, J = 7.2 Hz, 2 H, N-CH,), 3.67 (m, 4 H, 2 x CH,), 3.53 (m, 4 H, 2 x CH)),
1.75 (m, 2 H, butyl), 1.30 (m, 2 H, butyl), 1.12 (m, 12 H), 0.87 (t, 3H, J = 7.2 Hz,

CHs-but). *C NMR (75 MHz, CDCls, ppm) 8¢ = 164.1, 161.5 (3 x C, triazine), 120.3
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119.6 (2xC, imid), 53.0 (CH,-N), 42.2, 42.0 (CH,), 33.2 (but), 19.7 (butyl), 14.0
(butyl), 13.9 (butyl) ppm. MS (ES™) calcd mass for [Ag(NHC).]", CssHs2AgN14

7 Ag 797.42 (80 %).
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Chapter 4

Synthesis and characterization of new Pd(II)-NHC complexes and

their application in catalysis

4.1-Introduction

Palladium complexes have found particular importance as catalysts in coupling
reactions to form C-C and C-N bonds. NHC ligands have been used as an alternative
to phosphines for the synthesis of palladium complexes due to their properties such as
thermal stability, nucleophilic behaviour, low cost and toxicity as well as their ease of
preparation from azolium salts with no requirement for use of an excess of ligand to

synthesise the complexes. [1]

4.1.1-Synthesis of Pd-NHC complexes

The first Pd-NHC complexes were prepared by Herrmann and co-workers in 1995.[2]
The complexes were obtained by reacting 1,3-dimethylimidazolium iodide or 3,3'-
dimethyl-1,1'-methylene diimidazolium iodide with [Pd(OAc),]. Thermally stable
complexes were obtained in 40 and 70% yield respectively. Palladium acetate was
used as a source of both Pd and base for the deprotonation of the azolium salts. **C
NMR spectra proved the formation of complexes where carbene peaks at 168.2 and
185.5 ppm were observed respectively. In addition X-ray diffraction confirmed a
distorted square planar structure for the complexes. Many Pd-NHC complexes have

been synthesized since using this method (Scheme 4-1). [3, 4, 5, 6, 7]
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Scheme (4-1) First examples of Pd-NHC complexes

In this method high temperature and reduced pressure is necessary for the removal of
the acetic acid formed during the reaction. If the acetic acid is not removed
completely, the C4 position may be deprotonated, forming an abnormal carbene

(Scheme 4-2). [8]

N
N
/——'\ mes/N U N\mes mes/Nﬁj/ \mes
Pd(OAc Q
mes/N® N~ nes OAk | c—pd—c 4 Cl—Pd—Cl
\( e Dioxane,80 ° C
cl ~.—H
H mes —mes mes—N
~N7" NN
\=N
\—/ BN
mes

Scheme (4-2) Abnormal binding to Pd center.

The second method for the preparation of Pd-NHC complexes involves directly
reacting a PdX, with isolated or in situ generated NHC carbene. Free carbenes are
formed using strong bases such as potassium hexamethyldisilazide or potassium
tertiary butoxide (KOtBu). [9, 10, 11] Weak bases such as cesium carbonate
(Cs,CO3), [8] sodium acetate (NaOAc) or K,CO3; have also been used for the
deprotonation of imidazolium salts. [12] Many of the palladium complexes bearing

mono-— and biscarbene ligand sets were synthesized by using this method. [13]
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Also, transmetallation has been used to transfer NHC ligands from silver complexes
to form Pd-NHC complexes. This method can be used to avoid the harsh conditions
employed in other procedures mentioned above which may result in the degradation

of many ligands.

Palladium reagents such as Pd(cod)Cl,, Pd(cod)Br;, Pd(cod)(CHs)Br,
Pd(cod)(CH3)CI, [Pd(allyl)Cl],, PdCI;(CH3CN), and PdCIy(PhCN), were used to

obtain the Pd-NHC complexes.

These complexes can be prepared either by reacting the Pd source with an isolated

Ag(NHC) or by addition of the Pd reagent to a Ag,O/NHC.HX mixture.

Biscarbene palladium complexes were obtained by reaction of [Ag(3-methyl-1-
picolyl imidazolin-2-ylidene).l with Pd(MeCN),Cl, in dichloromethane in a 1:1
molar ratio. The reaction was conducted at room temperature for 1 hour to produce a
white powder in 58% yield. Two isomers were found by *H NMR spectroscopy in a
1:2 ratio. The complex was used in a Heck reaction where excellent conversions were

obtained (98%) (Scheme 4-3). [14]

’ \ ? Q
Pd(MeCN),Cl CI
Ag |/Ag|2 AMECNCl /N Cl Pd\<
X Pd\c
é b

Scheme (4-3) Synthesis of Pd (3-methyl-1-picolylimidazolin-2-

ylidene),Cl, via a transmetallation method

The disadvantages of this method are the high cost of silver and that the reaction must

be conducted in the dark.
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This method is not limited to the use of silver complexes as transfer agents for the
preparation of palladium-NHC complexes. Au-NHC complexes were used as transfer
agents to prepare Pd-NHC complexes by reaction of Au(NHC)CI with PdCl,(PhCN),
to produce the corresponding Pd-NHC species. The reaction was promoted by the

addition of triphenylphosphine (Scheme 4-4). [15]

Et
N Pd CI,(PhCN), >,PL ........... o\
i>7Au—CI ‘ \ N + (PPhy)AuCI
" PPh, N
| HCI---- Pd
Et l

Scheme (4-4) Synthesis of Pd-NHC complex via Gold -NHC complex

Pd-NHC complexes have also been obtained by using Hg-NHC complexes as transfer
agents. The reaction was conducted by reaction of the mercury complex with 2
equivalents of Pd(CH3CN),Cl, in acetonitrile. A yellow powder was obtained after

evaporation of the solvent in 91% yield (Scheme 4-5). [16]

— — +4
/N[_\N N/_\ CHyCN_ ! /_O’\N \

N Pd—_N />
Y :g PA(CHCN),Cl, ol Tj cl, A

Hg

>

- / H,oN” )
N/kN/ CH,CN, 60 °C CH;C ol
\—/

Scheme (4-5) Synthesis of Pd-NHC via mercury-NHC complex

\N)\N
\—/

Cu-NHC complexes were also used for the synthesis of Pd-NHC complexes by Cazin

et al in 2009. Cu-NHC complexes were obtained by reacting of Cu,O with

103



Chapter 4: Synthesis and characterization of new Pd(II)-NHC complexes and their application in catalysis

imidazolium salts before treatment with Pd(PhCN),Cl; in dichloromethane to produce
a Chloro-bridged dimeric species, [Pd(u-CI)CI(NHC)],NaCl. The low cost of copper

made it an attractive alternative to silver and gold as a carbene transfer agent (Scheme

4-6). [17]
Cl R
, \
/—\ "
R
Y / cl Pd——-(J
o8 P,
> [ 3\ Pd R
C‘“ CH,Cl,, 40 °C, 1-2 h N
Cl \R cl

Scheme (4-6) Synthesis of Pd -NHC complex via Cu-NHC complex

Pd—PEPPSI complexes (pyridine, enhanced, pre catalyst, preparation, stabilisation
and initiation) are another type of palladium N-heterocyclic carbene complex which
contain mono NHC ligands. These complexes were prepared to avoid generating free
carbene ligands. These complexes were obtained by reaction of the azolium salts with
palladium halides in the presence of a weak base such as K,COs in pyridine at 80 °C
to produce complexes stable towards both air and moisture. The purpose of the
pyridine is to increase the activity of the catalyst. Pyridine is considered a throw away
ligand, thus giving way to an incoming substrate. Pd—PEPPSI complexes have proven
to be highly active catalysts in various reactions such as Kumada-Tamao—Corriu

(KTC), Negishi, and Suzuki—Miyaura cross-coupling reactions. [18, 19, 20]

Organ et al prepared series of Pd—PEPPSI complexes in 2010. The reactions were
conducted by reacting various saturated and unsaturated imidazolium salts with PdClI,

in the presence of K,COj3 as a base in pyridine at 80 °C for 24 h. The complexes were
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tested as catalysts in Kumada—Tamao—Corriu (KTC), Negishi, and Suzuki—Miyaura

cross-coupling reactions (Figure 4-1). [21]

R e e

/ | N |
N (o] ~ | \ Cl
X

Figure (4-1) Pd—PEPPSI complexes

4.1.2- NHC-Pd cross-coupling catalysis

Cross-coupling reactions have been received much attention because of their role in
the synthesis of many drugs, natural products, industrial starting materials, and
optical devices. [22] The cross-coupling reaction provides a method for the formation
of new C-C bonds with inorganic substrates and Pd catalysts. Pd-NHC complexes
have been become alternatives to the Pd—phosphine complexes in synthetic chemistry
due to strong sigma donation of NHC ligand and strong Pd- carbene bond prevents

the complexes from decomposition.

Cross-coupling reactions are conducted between halogenated (X = CI, Br, 1)
substrates and organo metal substrate to form C-C and C-Hetero atom bonds. The
reactivity of the halogenated substrates is decreased in the order of R—Cl > R-Br > R—
| due to the value of the R—X bond dissociation enthalpies where the R-Cl bond is
found to be 95.5 kcal mol™, while R-Br is only 80.4 kcal mol™ and the R-I bond is

measured at 65.0 kcal mol™. [23]
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There are several types of cross-coupling reaction depending upon the organometal
substrates such as Heck-Mizoroki, Suzuki-Miyaura, Corriu-Kumada-Tamao and

Sonogashira-Hagihara coupling reactions (Scheme 4-7).

/ N\ \
Y

R/* R'

Suzuki-Miyaura

B(OH)
‘ X
R'/ 7
R’ § X :x??‘ R'
/ \ RMgX ‘ = O_//W

R/_ < / P R/_
Kumada-Tamao-Corriu ’V Heck-Mizoroki

R'

Sonogashira-Hagihara

Scheme (4-7) Palladium catalyzed coupling reactions

Generally, the mechanism of the cross coupling reactions is similar. The mechanism
consists of oxidative addition, transmetallation and reductive elimination. The
oxidative addition step consists of cleavage of the Ar-X bond of an aromatic halide

and formation two bonds to the palladium center from the halide and aryl moieties.
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This is the rate determining step of the reaction and is highly dependent on the type of
halide as mentioned above. The transmetallation step involves the reaction of this
species with an organometallic substrate. The final step is reductive elimination to

produce the product and reform the active palladium catalyst (Scheme 4- 8).

Pd precatalyst

L,Pd’

Oxidative
Reductive elimination addition

L Pdl—R' L,Pal—x

Transmetallation

MX R'M

Scheme (4- 8) General mechanism of cross-coupling reactions

4.1.2.1-Suzuki Miyaura cross- coupling reaction

Pd-NHC complexes are widely used as catalysts in Suzuki cross-coupling reactions in

the synthesis of a large number of drugs, [24] polymers,[25] and natural products.[26]
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This reaction is conducted between aryl or vinyl halides and aryl or vinyl boronic
esters and acids. [27, 28] The popularity of boronic acids in place of organometallic
reagents is due to the low cost and toxicity, as well as stability towards air and
moisture. [29] Pd-NHC complexes were first used as catalysts in the Suzuki reaction
by Hermann et al in 2002. [Pd(IAd);] showed efficient catalytic activity in the
Suzuki—Miyaura coupling of 4-chlorotoluene with phenyl boronic acid in the
presence of CsF at 80 °C to produce 4-phenyltoluene. 97 % conversion was obtained

within 20 minutes (Scheme 4-9). [30]

CH; B(OH), T pa——_ 1] O
+ >
1,4-Dioxane, 80 °C, CsF O

CH,

Cl1

Scheme (4-9) Suzuki reaction coupling of aryl chloride with boronic acid

In 2003 Glorious used the flexible NHC ligand (IBiox) with Pd(OAc), as a new
strategy for catalyst preparation. Excellent catalytic activity at room temperature was
observed in Suzuki-Miyaura coupling reactions. Several biaryl derivatives were
obtained using aryl halides and boronic acids, high turnover numbers of up to 1370
were obtained at room temperature with less than 3 % Pd catalyst loading. The results
obtained are attributed to the use of a flexible NHC ligand which plays a role in
accelerating the oxidative addition step compared with Herrmann’s catalyst for

Suzuki-Miyaura coupling reactions. [31]
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Figure (4-2) IBiox NHC ligand

Palladacycle complexes are another type of Pd - NHC complexes used in the Suzuki
reaction. The reactivity of (IPr)PdCl (#°-N,C-C1,HgNMe,) [IPr ) (N,N'-bis(2,6-
diisopropylphenyl)-imidazol)-2-ylidene] has been examined in Suzuki reactions. Di-
and tri-ortho-substituted biaryls have been obtained in very short reaction times by
reaction of aryl chloride or triflate at room temperature in the presence of NaOt-Bu as
a base. 90 % yield was obtained within 75 minutes at room temperature for biaryls

formed from reaction of aryl chloride with boronic acids (Figure 4-3). [32]

Cat ‘
N
2\Me

Figure (4-3) Palladacycle complexes

NHC-Pd-PEPPSI complexes (PEPPSI = pyridine-enhanced pre-catalyst, preparation,
stabilization and initiation) have proven highly active in Suzuki coupling reactions.
Interest in this type of complexes comes from their easy synthesis and capability to
carry out Suzuki cross coupling reactions under ambient conditions. These types of
complexes were prepared using the imidazolium salts with PdCl; in presence of a

base in neat pyridine. The importance of this type of complexes comes from the
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possibility of using different bases such as KOtBu, Cs,CO3, K3PO,4, and K,CO3 to
conduct Suzuki coupling reaction. This flexibility requires an appropriate choice of

the base with the appropriate substrate.

Gosh and co—workers prepared a series of PEPPSI Pd-NHC complexes and tested
their ability to act as catalysts in Suzuki reactions. Aryl bromide derivatives were
reacted with phenyl boronic acid in the presence of K,COs in acetonitrile to produce a
series of biaryl derivatives. The results showed that the aryl bromides with electron-
withdrawing substituents like NO,, CHO, and COMe moieties in the ortho and Para
positions gave high yields of > 99 %. In contrast, electron - donating substituents in
the ortho and para positions gave significantly lower yields (31-47%). These results

reveal the role of the substituents in this reaction (Figure 4-4). [18]

Oé Hoﬁ cl N/t- uBr
|
|

N

|
N7 Py N l Pd—Njé §>
e e

Cl
C

Figure (4- 4) NHC-Pd—PEPPSI complexes

Chiral PEPPSI complexes have also been utilized in asymmetric Suzuki—Miyaura
reactions by Peter et al. The Pd catalyzed Suzuki coupling reaction was used to
synthesise atropisomeric biaryl products from the coupling of 1-halo-2-substituted
naphthalene with hindered boronic acids with 3 equivalents of potassium hydroxide
in a mixture of dioxane/water as a solvent. Good yields (80%) were obtained for
coupling of 1-bromo-2-methyl naphthalene with naphthyl boronic acid at room

temperature (Scheme 4- 10). [20]
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tBu

Q, @
OO + KOH (3 eq), Dioxane/Water, 24h, RT
Br B(OH), OO

Scheme (4-10) Synthesis of atropisomeric biaryl via Suzuki coupling

reaction.
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4.1.3-Aims

This chapter discusses the synthesis, characterization and catalytic reactivity of Pd-
NHC complexes. Mono-NHC palladium complexes were synthesized via the reaction
of NHC ligands with PdCl; in the presence of K,COj3 and pyridine as a solvent at 80
°C. Biscarbene palladium complexes were synthesized from the reaction of the
corresponding silver complexes with Pd(MeCN),Cl, in dichloromethane via a
transmetallation reaction. NMR spectroscopy and mass spectrometry, as well as
elemental analyses and X-ray crystallography were used to confirm the formation of
the complexes. Mono carbene palladium complexes were tested in Suzuki-Miyaura
cross coupling reactions for the reaction of boronic acids with various aryl halides

derivatives.
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Scheme (4-11) Synthesis of Palladium complexes. Reagents and conditions: (4.1 -
4.8) 1 eq PdCl,, 1 eq imidazolium salt , 10 eq K,COg3, 8 mL pyridine, 80 °C, 24 h;

(4.9, 4.10) 2 equiv Ag(NHC)X 3.2, 3.5, 1 eq Pd(CH3CN),Cl,, CH,Cl,, room
temperature, 24 h.
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4.2-Results and discussion
4.2.1-Synthesis of Pd-NHC complexes

[PdX2(py)(NHC)] complexes (4.1-4.8) were synthesized via the reaction of PdCl,
with the corresponding imidazolium halide salts [2.4H]I, [2.5H]Br, [2.6H]Br,
[2.7H]Br, [2.11H]Br, [2.12H]Br, [2.15H]Br and [2.14H]Br in the presence of
K,CO3 (10 eq) as an external base using pyridine as a solvent at 80 °C for 24 hours

according to known procedures (Scheme 4-11). [18, 19, 20, 33]

The crude product was purified by column chromatography (silica, CHCI3/Et,0, 7:3)
to afford the complex as a yellow powder. Suitable crystals were obtained by
diffusion of diethyl ether in a chloroform solution of the complex. The complexes are
stable in air and moisture, insoluble in water and readily soluble in organic solvents

such as dichloromethane, chloroform, DMF, DMSO, methanol and acetonitrile.

NMR spectroscopy and mass spectrometry, as well as elemental analysis and X-ray

crystallography were used to confirm the formation of the complexes.

For all of the palladium complexes reported here the imidazole proton resonances of
positions 4 and 5 were shifted significantly upfield upon coordination when compared
to the NHC ligand precursor, accompanied by the disappearance of the NC(H)N

peak.

The 'H NMR spectrum for complex [Pdl,(py)(2.4)], 4.1 is typical for the
[PdX2(py)(NHC)] complexes reported here, showing three peaks corresponding to the
pyridine protons centred at 9.19, 7.68 and 7.35 ppm. Proton resonances for the
imidazolium protons were observed at 7.95 and 6.93 ppm. The characteristic carbene

carbon (Cnuc) peak at 155.6 ppm in the®®C NMR spectrum is consistent with
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previous literature reports. [4, 6, 34, 35] For the corresponding 4.2, 4.3, 4.4, 4.5, 4.6

complexes the Cync peak appears at 153.1, 153.0, 153.1, 153.2 and 153.2 ppm

respectively.

The 'H NMR spectrum for the [PdBr(py)(2.6)], 4.3 complex is shown in Figure (4-

5), and is a representative example for the [PdX,(py)(NHC)] complexes.
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Figure (4-5)'H NMR spectrum for [Pd(NHC)(py)Br,] complex 4.3

The *H NMR spectrum of complex 4.7 shows three diethyl amine peaks at 3.48, 3.79
(CH,) and 1.12 (CHs3) ppm. In the **C NMR spectrum the resonances due to diethyl
amine appear at 41.7 and 13.9 ppm.

The *H NMR spectrum of 4.8 shows two peaks at 3.35 and 3.10 ppm each integrating
to 6H for the protons dimethyl amino groups . This is consistent with a rotational
barrier about the amine—triazine bonds which is due to the extended m-conjugation
network between the amino N-atoms and the triazine (Figure 4-6). The Cnnc peak in

the °C NMR spectrum of complexes 4.7 and 4.8 appear at 153.3 and 152.0 ppm

respectively.
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Figure (4-6)'"H NMR spectrum for [Pd(NHC)(py)Br,] complex 4.8
Attempts to prepare [PdX,(py)(NHC)]-type complexes with NHCs bearing aromatic
substituents, such as the mesityl ligand [2.8H]CI, from the direct reaction of the
imidazolium salt with PdCl; using pyridine as solvent, have failed. This is attributed
to the lower acidity of the imidazolium hydrogen of the precursor and hence the
difficulty to generate the carbene ligand.

Silver transmetallation was used as an alternative method for obtaining palladium
complexes with the triazine-based NHCs.

The use of 1:1 equivalent of silver complex 3.5 and Pd(MeCN).Cl, did not result in a
mono-carbene complex [Pd(MeCN)(NHC)CI;], instead a mixture of unreacted
Pd(MeCN),Cl, and the bis-carbene complex [PdCI,(2.8);] was obtained. The
procedure was modified by using 2 equivalents of silver complex 3.5 with 1
equivalent of Pd(MeCN),Cl,. The reaction was conducted in dichloromethane as
solvent at room temperature for 24 h according to previous literature. [14, 36, 37] The
reaction was wrapped with aluminum foil to exclude light from the reaction vessel.
The product was filtered through celite to remove AgCIl formed throughout the

reaction. The residual solvent was removed by vacuum to produce a yellow powder.
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The *H NMR spectrum was complicated indicating the presence of more than one
isomer (cis /trans) (Figure 4-7).

Crystals of one isomer were isolated by the vapour diffusion of Et,O into a
concentrated solution of crude complex in CHCI; giving the cis-coordinated complex
(Figure 4-8). The mother liquors were evaporated to dryness and recrystallised from
the same solvent combination to afford the trans-coordinated complex (Figure 4-9).

X-ray crystallography was used to confirm the isomers’ structure.
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Figure (4-7) *H NMR spectrum of crude [Pd(2.8),Cl,], 4.9 (Qcis, L4 trans)

Due to restricted rotation around the Pd-Carbene and N-mesityl bonds the *H NMR
spectrum for cis isomer showed two peaks corresponding to the aryl protons each one
integrating to 2H at 6.88 and 6.36 ppm and three peaks for the methyl groups at 2.27

ppm, 2.14 ppm and 1.33 ppm, each peak integrating to 6 protons (Figure 4 - 8).
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Figure (4-8) *H NMR spectrum of cis-[Pd(2.8),Cl,] isomer, cis-4.9

The *H NMR spectrum for trans-[Pd(2.8),Cl,] showed one peak for the aromatic
protons as expected integrating to 4H at 6.78 ppm, and two resonances at 7.85 and
6.62 ppm for imidazolium moieties each peak integrating to 2H. Two peaks were
observed at 2.45 and 2.00 ppm for methyl groups, the first peak integrating to 6H

while the second one integrating to 12H, (Figure 4-9).
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Figure (4-9)'H NMR spectrum of trans-[Pd(2.8),Cl,] isomer, trans-4.9

The C NMR spectrum is complicated by the inequivalence of the carbene ligands
with numerous peaks observed at 165.4, 164.3 ppm (triazine), 161.1 (Pd-C1), 138.8,

137.7,135.9, 133.0, 129.8, 128.2 (mesityl and imidazolium), 21.3, 19.7 and 17.4 ppm
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(methyl groups). Mass spectrometry (ES) supports the formation of a bis-carbene

palladium complex with a fragmentation peak at 1013.33 for [Pd(NHC),CI] *.

The complex [Pd(2.5),Cl,],4.10, was prepared using the transmetallation method via
reaction of [Ag(2.5)Br],3.2, with Pd(CH3CN),Cl, in dichloromethane at room
temperature, in order to confirm that this was a viable procedure for the preparation
of palladium bis-carbene complexes with the N-alkyl proligands [2.5H]Br—
[2.15H]Br. This procedure also avoided the formation of trans-dichloro bis
(pyridine)palladium(ll) that was always formed as a side product from the direct

method.

In transmetallation reactions, the use of PdCl, as source of palladium failed to yield
the desired complex, so Pd(CH3CN),Cl, was used as alternative source under a 1:2

ratio with the [AgX(NHC)] complexes.

Assignment of the geometry at Pd can be achieved by interpretation of the *C NMR
spectrum. The cis and trans isomers display distinct chemical shifts for the carbene
carbons in the Pd(NHC), complexes according to previous literature. [14] *C NMR
spectroscopy for 4.10 confirmed formation of the trans isomer by the appearance of a
new peak attributed to Pd-C at 155.95 ppm in addition to the expected other peaks

corresponding to the propyl and triazine groups (Figure 4-10).

A peak at m/z 859.18 was observed in the mass spectrum of this complex and
attributed to a fragmentation peak of [Pd(NHC),CI]* confirming the formation of a

bis carbene complex.

'H NMR analysis of complex 4.10 showed two peaks assigned to the imidazolium
unit shifted upfield to 7.88 ppm and 6.95 ppm, each peak integrating to 2H and three

peaks assigned to the propyl protons at 4.73, 2.05 and 1.15 ppm each integrating to
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4,4 and 6H respectively. Broad peaks for the morpholine protons were observed in

the range 4.32-4.73 ppm.
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Figure (4-10) *C NMR specrum of [Pd (2.5),Cl,] complex 4.10
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4.2.2-X-ray Structural Determination

Attempts were made to grow crystals suitable for single crystal X-ray diffraction
studies of all compounds. For the [PdX,(py)(NHC)]-type complexes the expected
trans-isomers were obtained. Suitable crystals were obtained from vapour diffusion

of diethyl ether into chloroform solutions for all complexes.

There are some significant structural features evident in the crystal structure of
[PACI,(2.6)], 4.3. The complex shows a distorted square planar geometry around the
palladium metal centre. The bromide ligands are positioned trans to each other, (Brl-
Pd-Br2 167.209(13)°, and the pyridine is trans to the carbene ligand (N8-Pd-C1
173.65(9)°. The N1-C1-N2 angle of 105.02(2)° is somewhat compressed when
compared with 108.2(3)° to the corresponding precursor [2.6H]Br. The C1-N1 and
C1-N2 bonds are longer at 1.339(3) and 1.367(3) A than for the ligand at 1.324(4)
and 1.332(4) A respectively due to formation of the complex. The Pd-C1 bond
1.951(2) A lies within the normal range of those observed for complexes that have
been previously reported for PEPPSI complexes type . [38-41] The angle between the
triazine unit and the imidazolium is twisted out of the plane by 18.84°. Bond lengths
and angles, principally involving those around the metal centre are shown in Table

(4-1).

Table (4-1) Selected bond lengths and angles for [Pd(Py)Br,(2.6)] 4.3

Bond Angles (°) Bond lengths (A)

N1-C1-N2 105.02(2) C1-N1 1.339(3)
C1-N1-Pd1 129.81(19) C1-N2 1.367(3)
N2-C2-Pd1 124.98(17) C3-C2 1.344(4)
C3-C2-N1 107.0(2) N1-C15 1.467(3)
N2-C3-C2 106.5(2) N2-C4 1.424(3)
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Figure (4-11) ORTEP ellipsoid plot at 50% probability of complex 4.3.

A,
A

H atoms omitted for clarity

The structure of 4.2 consists of distorted square-planar molecule with a palladium
center surrounded by the NHC ligand 2.5, two bromide ligands in a trans
configuration, and a pyridine. The structure showed some disorder for the triazine and
one of morpholine moieties. The Pd-C distance is 1.9460(2) A and Pd-pyridine
distance is 2.1230(2) A. The differences in the bond distances reflect the trans

influence which are consistent with previous literature. [18, 20, 42] Bond lengths and

angles are shown in Table (4-2).
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Table (4-2) Selected bond lengths and angles for [Pd(Py)Br,(2.6)] 4.2

Bond Angles (°) Bond lengths (A)
N1-C1-N2 105.0(2) C1-N1 1.343(3)
N1-C1-Pdl  126.88(19) C1-N2 1.362(3)
N2-C1-Pdl  128.14(19) C3-C2 1.342(4)
C3-C2-N1 106.4(2) N1-C4 1.463(3)
N2-C3-C2 106.5(2) N2-C7 1.419(3)
N8-Pd1-Brl  91.11(6) C1-Pd1 1.9460(2)
N8-Pd1-Br2  92.17(6) Pd1-N8 2.1230(2)

C1-Pd1-Brl  88.17(7) Pd-Br1 2.4448(3)
C1-Pd1-Br2  88.46(7) Pd-Br2 2.4398(3)

Bri-Pd-Br2  175.7(12)

N8-Pd-C1 177.9(10)

[
jN(&)
! Br2) I Pd(1) Br(1)

(7 <)
(% N(t1) C(4)
c(2)

c(6)
.-&Cé D

Figure (4- 12) ORTEP ellipsoid plot at 50% probability of complex 4.2.

H atoms omitted for clarity

The structure of cis-[Pd(2.8).Cl,)], cis-4.9, confirms that two carbene ligands are

coordinated in a cis manner around a square planar Pd with a C1-Pd-Cli angle of
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89.63(2)°. There is a C, axis of rotation bisecting the coordination plane resulting in
equivalent ligands. The two mesityl carbene-triazine ligands are mutually parallel to
each other driven by n-m interactions between the mesityl group of one ligand and the
electron-poor triazine group of the second ligand (contact distances are in the range
3.4 — 3.7 A). Carbene formation is supported by a decreased N1-C1-N2 bond angle
(in both cases) with respect to the free ligand. In both ligands, the angle between the
triazine unit and the imidazolium is twisted out of the plane by 7.43°. The dihedral
angle between the mesityl and imidazole rings is 81.17°. Bond lengths and angles are

shown in Table (4-3).

Table (4-3) Selected bond lengths and angles for cis-[Pd (2.8),Cl,)], cis-
4.9

Bond Angles (°) Bond lengths (A)
C1-Pd1-Cll 89.63(10) Pd1-Cl1 2.3781(9)
Cli-Pd-Cl1 178.29(10) Pd1-Cl1i 2.3781(9)

C1-Pd1-CI1’ 178.29(11) Pd1-Cli 1.992(4)
C1-Pd1-CI1' 89.63(10) Pd1-C1 1.992(4)
C1-Pd1-Cli 89.8(2) N1-C1 1.361(4)
N1-C1-N2 104.2(3) N2-C1 1.369(4)

124



Chapter 4: Synthesis and characterization of new Pd(II)-NHC complexes and their application in catalysis

Figure (4-13) ORTEP ellipsoid plot at 50% probability of cis-
[Pd(2.8),Cl,)], cis-4.9 complex. H atoms omitted for clarity

A second isomer crystallised with the two carbene ligands coordinated in a trans
manner around a square planar Pd with a C1-Pd-C1i angle of 178.10(8)°. There is C,
axis of rotation perpendicular to the coordination plane resulting in equivalent
ligands. The difference in the orientation of the aromatic imidazole substituents
between the cis and trans isomers of 4.9 is that in the cis isomer the mesityl ring is
facing the triazine ring of the 2" carbene ligand, whereas in the trans isomer the
mesityl rings are facing each other. No n-m interactions were observed between the
aromatic rings in the trans isomer. In both ligands, the angle between the triazine unit
and the imidazolium is twisted out of the plane by 28.50°, much greater than for the
cis-isomer. The dihedral angle between the mesityl and imidazole rings is 78.32°.
Carbene formation is supported by a decreased N1-C1-N2 bond angle (in both cases)

with respect to the free ligand. Bond lengths and angles, are shown in Table (4- 4).
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Table (4-4) Selected bond lengths and angles for trans-[Pd(2.8),Cl,)], trans-
4.9

Bond Angles (°) Bond lengths (A)

C1-Pd1-CI1 91.24(4) Pd1-CI1 2.3266(4)
C1i-Pd-CI1 88.73(4) Pd1-Clli 2.3266(4)
CI1-Pd1-Cli 88.73(4) Pd1-Cli 2.0390(16)
Cli-Pd-CI1l 91.24(4) Pd1-C1 2.0390(16)
C1-Pd1-Cli 178.10(8) N1-C1 1.3518(19)
N1-C1-N2 103.75(13) N2-C1 1.373(2)

Figure (4-14) ORTEP ellipsoid plot at 50% probability of trans-
[Pd(2.8).Cl;], trans-4.9 complex. H atoms omitted for clarity

Yellow block crystals were obtained for [Pd(py)Br,(2.12)],4.6, X-ray diffraction
showed a mixed halide, 30% CI 70% Br, occupation of the complex due to
incomplete exchange of bromide to chloride. As the procedure we used did not

contain the addition of the excess of salt (i.e KBr) which usually used in the literature
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[20] to avoid the replacement of the original counter ion. so for all compounds were
made in this study we have not seen such exchange apart from the case of the
complex 4.6 which tends to partly exchange of bromide by chloride (from PdCl, ) to
form the complex 4.6. The triazine moiety along with one pendant piperidine showed
some disorder. The complex shows a distorted square planar geometry of ligands
around the palladium metal centre. The halide ions are observed in a trans
coordination geometry, and the pyridine with carbene ligands are also trans to each
other (C1-Pd1-N3 179.17(10)°). The Pd-NHC and Pd-pyridine bond lengths,
1.956(3) A and 2.112(2) A respectively, lie in the normal range for previous
literature. Bond lengths and angles, are shown in Table (4-5).

Table (4 - 5) Selected bond lengths and angles for[Pd(py)Br,(2.12)], 4.6

Bond Angles (°) Bond lengths (A)
N1-C1-N2 104.6(2) C1-N1 1.343(3)
N1-C1-Pd1 127.15(19) C1-N2 1.392(3)
N2-C1-Pd1 128.2(2) C3-C2 1.345(4)
C3-C2-N1 107.5(2) N1-C9 1.469(3)
N2-C3-C2 105.9(2) N2-C13 1.428(3)
N3-Pd1-Bri 91.99(8) C1-Pd1 1.956(3)
N3-Pd1-Br2 91.29(10) Pd1-N3 2.112(2)
C1-Pd1-Bri 87.98(9) Pd-Bri 2.4344(18)
C1-Pd1-Br2 88.80(10) Pd-Br2 2.445(2)
Br1-Pd-Br2 174.84(7)

N3-Pd-C1 179.17(10)
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Figure (4-15) ORTEP ellipsoid plot at 50% probability of complex 4.6.

H atoms omitted for clarity

The structure of [Pd(py)Br(2.14)], 4.8 shows a distorted square planar geometry of
ligands around the palladium metal centre. The bond distances of Pd-N8 2.111(3) and
Pd-Carbene 1.973(3) A are consistent with other complexes in this work. The
bromide ligands (and therefore the pyridine and carbene ligands) are orientated trans
to one another (Br1-Pd1-Br2 177.406 (16)°. Bond lengths and angles, are shown in

Table(4- 6).

Table (4-6) Selected bond lengths and angles for [Pd(py)Br,(2.14)], 4.8

Bond Angles (°) Bond lengths (A)
N1-C1-N2 105.4(3) C1-N1 1.346(4)
N2-C1-Pd1 127.8(2) C1-N2 1.395(4)
N1-C1-Pd1 126.6(3) C3-C2 1.340(5)
C3-C2-N1 107.3(3) N1-C4 1.469(4)
N2-C3-C2 106.8(3) N2-C8 1.425(4)
N8-Pd1-Brl 91.15(9) C1-Pd1 1.973(3)
N8-Pd1-Br2 89.86(9) Pd1-N8 2.111(3)
C1-Pd1-Brl 87.51(10) Pd-Brl 2.4358(5)
C1-Pd1-Br2 91.46(10) Pd-Br2 2.4429(5)
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Figure (4-16) ORTEP ellipsoid plot at 50% probability of complex 4.8.
H atoms omitted for clarity
X-ray diffraction for palladium complexes in this work were confirmed the square
planar geometry around the palladium metal centre in which the bond lengths and the

bond angles are consistent with the ranges previously reported for complexes of the

type PEPPSI. [38-41]
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4.2.3-Catalytic activity of [PA(NHC)(py)Br;]

We selected the nominated three complexes of palladium with three different
substituents on the triazine (ie compounds 4.3, 4.6, and 4.8 which have dimorpholine,
dipiperidine and dimethylamine respectively). The complexes have been selected to
reveal the effect of the variation in the structure on the activity of these complexes
toward Suzuki-Miyaura coupling of phenylboronic acid with aromatic bromides and
chlorides.

Previous studies have shown that the steric bulk of the carbene ligands which
coordinate the palladium centre plays an important role in the acceleration of the

reductive elimination step and completion of the reactions in short time scales. [43]

In the light of this fact palladium complexes 4.3, 4.6, and 4.8 have been tested for
determining the ability of the NHC precursors [2.6H]Br, [2.12H]Br, and [2.14H]Br

prepared in this work, as bulky ligands for Suzuki coupling reactions.

The results showed that the catalytic activity of the complexes depends on the steric
properties of ligands regardless of the nature and position of functional groups on aryl
halide [44]. This explains the similarity of the results obtained for the various

substrates used (Table 4-7).

Two solvent systems were used in the cross coupling reaction; neat water and a
mixture of DMF-H,0 (10-0.5 mL). The reactions were conducted at reflux under

aerobic conditions in the presence of K,COs as a base.

The results obtained in both solvent systems prove that these complexes are efficient
catalysts in the Suzuki reaction. The highest conversion (100%) was obtained in H,0O

which is consistent with previous studies. [45-50] The results are given in table (4-7).
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— B(OH) cat Pd K,CO; -
QX T < > ’ H,0, 100 °C % /

R or DMF-5%H,0,120 °C R

Scheme (4-12): Suzuki-Miyaura cross-coupling.

Several aryl halides were used with phenyl boronic acid. The results obtained are

similar for all complexes used regardless of type of NHC ligand.

The highest conversion was obtained for 4-bromoacetophenone in both solvents as
expected. 100% yields were obtained by reaction of 4-bromoacetophenone with
phenylboronic acid with catalytic palladium complexes 4.3, 4.6 and 4.8 within 30
minutes in water as solvent (entries 1-3). Lower yields were obtained in DMF-H,0
mixtures at about 90-94 % (entries 4-6).

The use of Pd complexes 4.3, 46 and 4.8 for the cross-coupling of 4-
chloroacetophenone in refluxing water afforded 26, 22 and 18 % vyield after 24 h

(entries 6-8) respectively.

The low reactivity of 4-chloroacetophenone has been attributed to their resistance to

oxidative addition because of the large Csp®>~Cl bond dissociation energy. [51]

Pd catalysts 4.3, 4.6, 4.8 were used in the coupling of phenylboronic acid with p-
methyl bromobenzene yielding the biphenyl product in 74, 77 and 70% yield
respectively (entries 10-12). When carried out in the DMF-H,0 solvent mixture this
decreased to 69, 70 and 66 % (entries 13-15). The catalytic activity of these
complexes appears to be unaffected by the position of other functional groups on the
bromo benzene reagent,

Similar results were achieved for the coupling of p-methoxy bromobenzene and m-
methoxy bromobenzene with phenylboronic acid regardless of the position of

substituents. Yields in the range 80-92% were found for both reactions (entries 16-18
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and 22-24) in water, and 70-80% when carried out in DMF-H,O (entries 19-21 and

25-27).

Table 4-7: Suzuki-Miyaura cross-coupling of aryl halides and phenyl boronic
acids with complexes 4.3, 4.6 and 4.8.

Entry | Substrate | Cat. | Solvent Product % Yield | TON
(mol (time, h) | (time,
%) h)
1 4.3 (1) H,0 100(0.5) | 100(0.5)
2 4.6(1) H,0 100(0.5) | 100(0.5)
3 Br | 4.8(1) H,0 100(0.5) | 100(0.5)
4 4.3(1) | DMF-H,0 94(0.5) 94(0.5)
5 o 4.6(1) | DMF-H,0 92(0.5) 92(0.5)
6 Mo 4.8(1) | DMF-H,0 | O 90(0.5) 90(0.5)
Me
7 4.3(1) H,0 Q 26(24) 26(24)
8 c | 4.6(1) H,0 22(24) 22(24)
9 o 4.8(1) H,0 Q 18(24) 18(24)
Me 0
Me
10 4.3(1) H,0 74(3) 74(3)
11 Br | 4.6(1) H,0 Q 77(3) 77(3)
12 4.8(1) H,0 70(3) 70(3)
13 43(1) | DMF-H,0 Q 69(3) 69(3)
14 Me 4.6(1) | DMF-H,0 70(3) 70(3)
15 4.8(1) | DMF-H,0 | Me 66(3) 66(3)
16 4.3(1) H,0 88(3) 88(3)
17 4.6(1) H,0 Q 92(3) 92(3)
18 Br [ 4.8(1) H,0 85(3) 85(3)
19 Q 4.3(1) | DMF-H,0 Q 74(3) 74(3)
20 MeG 4.6(1) | DMF-H,0 77(3) 77(3)
21 4.8(1) | DMF-H,0 | MeO 70(3) 70(3)
22 4.3(1) H,0 82(3) 82(3)
23 Br | 4.6(1) H,0 O 87(3) 87(3)
24 4.8(1) H,0 80(3) 80(3)
25 4.3(1) | DMF-H,0 77(3) 77(3)
26 OMe 4.6(1) | DMF-H,0 80(3) 80(3)
OMe
27 4.8(1) | DMF-H,0 79(3) 79(3)

®All reactions were carried out at 100°C (for H,O) or 120°C (for DMF/H,0), using 1.00
mmol of aryl halide, 1.2 mmol of phenylboronic acid, 3 mmol K,CO;, solvent (10 mL).
Conditions were not anhydrous or air free. % yields were determined by 'H NMR
spectroscopy using 1, 3, 5-trimethoxybenzene as internal standard. Reactions were monitored
at 30 minute intervals. TON = turnover number
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In the comparision of catalytic activity studies of the current work with previously reported
studies for other Pd complexes in Suzuki reactions under the same conditions, it is seen that
the 4.3, 4.6, 4.8 complexes used in this work have relatively similar high activety as catalysts

in the reactions of Suzuki reaction in both solvents H,O and mixture DMF-H,O (Table 4-8).

Table 4-8.Comparison of efficiency of various palladium catalysts in Suzuki

reaction
X B(OH)
| X +©/ ? pd complex‘ / \
R// R/——
Catalyst Pd | Temp R Solvent Time | Yield ref
% %
43,4.6,4.8 1 100 | CHs3CO H,O 30min | 100 This
work
Palladacycles | 0.01 | 100 | CH3;CO H,O 15min 93 20
43,4.6,4.8 1 100 OCHs H,0 3h 85-92 This
work
Pd@PMO-IL | 0.2 60 OCHs H,O 25h >99 52
43,4.6,4.8 1 120 | CHsCO | DMF-H,0 | 30min | 90-94 This
work
MPS-NHCPd 1 50 CHsCO | DMF-H,0 1h 94 53
PdL,Cl, 0.01 | 110 | CHsCO | DMF-H,O 1h 96 54
43,4.6,4.8 1 120 OCH; | DMF-H,0 3h 70-74 This
work
PdL,Cl, 0.1 110 OCH; | DMF-H,O | 12h 76 54
43,4.6,4.8 1 120 CHs DMF-H,O 3h 66-69 This
work
PdL,Cl, 0.1 110 CHs DMF-H,O 3h 86 54
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4.3-Experimental

General remarks.

All manipulations were performed using standard glassware under Nitrogen
conditions. Solvents of analytical grade were purified using a Braun-SPS solvent
purification system. PdCI, was used as received, Pd(MeCN),Cl, was synthesised by
refluxing of PdCI; in acetonitrile overnight under nitrogen atmosphere according to
previous method. [55] Imidazolium salts that have been prepared in this work were
used as a precursor ligand. NMR spectra were obtained using Bruker Avance AMX
400, 250 and JEOL Eclipse 300 spectrometers. The chemical shifts are given as
dimensionless ¢ values and are frequency referenced relative to TMS. Coupling
constants J are given in hertz (Hz) as positive values regardless of their real
individual signs. The multiplicities of the signals are indicated as s, d, and m for
singlets,doublets, and multiplets, respectively. The abbreviation br is given for
broadened signals. High resolution mass spectra were obtained using electrospray
(ES) mode unless otherwise reported, on Waters LCT Premier XE instrument.
Elemental analysis worked by Elemental Analysis Service Science Centre London

Metropolitan University.

X-Ray crystallographic data for 4.2, 4.3, 4.6, 4.8 and 4.9, were collected using
Rigaku AFC12 goniometer equipped with an enhanced sensitivity (HG) Saturn724+
detector mounted at the window of an FR-E+ SuperBright molybdenum rotating
anode generator with HF Varimax optics (70, Aand 100 pm focus). Structural
solution and refinement was achieved using: SHELXL97 , SHELXL-2012 and
SHELXL-2014 software, and absorption correction analysised using CrystalClear-

SM Expert software.
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General procedure for synthesis of [PdX,(py)(NHC)] complexes 4.1-4.8 [NHC =
[2.4],[2.5], [2.6], [2.7], [2.8] [2.11] , [2.12], [2.14], [2.15]

A mixture of NHC precursor (1eq), PdCl; (1eq) and K,COs3 (10 eq) in pyridine (8 mL)
was heated to 80 °C with stirring for 24 hour. The solvent was removed in vacuo, the
residue then dissolved in CH,Cl, (20 mL) and filtered through a bed of celite. The
product was purified by column chromatography (silica, CHCI3/Et,O 7:3) to give the
product as a yellow powder after evaporation. Products were recrystallized by

diffusion of diethyl ether in dichloromethane or chloroform.

Synthesis of [Pd(2.4)(Py)l,], 4.1

o | t
)

. )\N I—Pd—
A
fN N N\§/N

The 4.1 was prepared using imidazolium salt [2.4H]I (0.5 g, 1.02 mmol), PdCl,
(0.181 g, 1.02 mmol) and K,CO;3 (1.41 g, 10.2mmol) in pyridine (8 mL). Yield =
0.389 g (0.4 mmol) 45 %. *H NMR (400 MHz, CDCls, ppm) &y = 9.19 (d, J = 8.0 Hz,
2 H, 0-NCsHs), 7.95 (d, J = 4.0 Hz, 1 H, imid), 7.68 (t, J = 8.0Hz, 1 H, p-NCsHs),
7.35 (m, 2 H, m-NCsHs), 6.93 (d, J = 2 Hz, 1 H, imid), 5.78 (m, 1 H, CH-N), 4.04 (m,
4 H, morpholine), 3.77 (m, 4 H, morpholine), 3.62 (m, 4 H, morpholine), 3.53 (m, 4
H, morpholine), 1.52 (d, J = 8.0 Hz, 6 H, 2 x CHs). *C NMR (75 MHz, CDCl3 ppm)
8c = 165.2, 162.2 (3 x C, triazine), 155.6 (Pd-C), 147.3 (0-NCsHs), 138.0 (p-NCsHs),
124.7 (m-NCsHs), 121.9, 117.1 (2 x C, imid), 67.3, 44.0 (4 x C, morpholine), 55.7
(CHisopropyl), 44.0 (4 x C, morpholine), 22.4 (2 x C, CH3). MS (ES") for [M™-I],

Ca2HsoINgPdO, (671.51) (55%).
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Synthesis of [Pd(2.5)(Py)Br;],4.2

L C

N)\N Br—TPd—Br

|
OK\N)\N)\T;(/NJ\

The 4.2 was prepared using imidazolium salt [2.5H]Br (1 g, 2.2 mmol), PdCI; (0.403
g, 2.2 mmol) and K,CO3 (3.1 g, 22 mmol) in pyridine (8 mL). Yield = 0.64 g (0.91
mmol) 40 %. *H NMR (400 MHz, CDCls, ppm) 84 = 9.14 (d, J = 8.0 Hz, 2 H, o-
NCsHs), 7.89 (d, J= 2.0 Hz, 1 H, imid), 7.61 (t, J = 7.6 Hz, 2 H, p-NCsHs), 7.28 (m, 2
H, m-NCsHs), 6.92 (d, J = 2.0 Hz, 1 H, imid), 4.59 (t, 2H, J = 2.0 Hz, 2 H, CH..N,
propyl), 4.08 (m, 4 H, morpholine), 3.76 (m, 4 H, morpholine), 3.64 (m, 4H,
morpholine), 3.47 (m, 4H, morpholine), 2.11 (m, 2 H, CH,CH,, propyl), 1.05 (t, J =
7.6 Hz, 3 H, CHs, propyl) ppm.**C NMR (75 MHz, CDCl; ppm) 8¢ = 165.1, 161.7 (3
x C, triazine), 153.1 (Pd-C), 152.3 (0-NCsHs), 151.2 (0-NCsHs), 137.9 (p-NCsHs),
124.5 (m-NCsHs), 121.3, 121.0 (2 x C, imid) 66.9, 66.9 (4 x C, morpholine), 54.4 (N-
CH,), 44.4, 43.9 (4 x C, morpholine), 23.1 (CH,CH,, propyl), 11.4 (CHjs, propyl). MS
(ES") for [M*-Br], CyH3BrNgPdO, (623.27) (40%). Anal. Calcd for CaHsg

Br,NgPdO; (704.76): C, 37.49; H, 4.29; N, 15.90. Found: C, 38.79, H, 4.82, N, 15.66.
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Synthesis of [Pd (2.6)(py)Br-], 4.3

The 4.3 was prepared using imidazolium salt [2.6H]Br (0.5 g, 1.1 mmol), PdCl,
(0.194 g, 1.1 mmol) and K,COj3 (1.5 g, 11 mmol) in pyridine (8 mL). Yield = 0.39 g
(0.54 mmol) 50 %.'"H NMR (400 MHz, CDCls, ppm) &4 = 9.18 (d, J = 4.8 Hz, 2 H,
0-NCsHs), 7.92 (d, 1 H, J = 2.4 Hz, imid), 7.75 (t, J = 7.6 Hz, 1 H, p-NCsHs), 7.31
(m, 2 H, m-NCsHs), 6.96 (d, J = 2.4 Hz, 1 H, imid), 4.69 (t, 2 H, J = 8 Hz, N-CH,
butyl) 4.07 (br, 4 H, morpholine), 3.80 (br, 4 H, morpholine), 3.69 (br, 4 H,
morpholine), 3.52 (br, morpholine), 2.09 (m, 2 H, CH,, butyl), 1.51 (m, 2 H, butyl),
1.02 (t, J = 7.6 Hz, 3 H, CHs-butyl) .*C NMR (75 MHz, CDCls;, ppm) 8¢ = 164.9,
161.7 (3 x C, triazine), 153.0 (Pd-C), 152.2 (0-NCsHs), 137.8 (p-NCsHs), 124.4 (m-
NCsHs), 121.3, 121.0 (2 x C, imid), 66.6 (4 x C, morpholine), 53.5 (N-CH2, butyl),
44.4 (4 x C, morpholine), 31.6 (CH,, but), 20.0 (CH,-CH,, butyl), 13.8 (CHs-butyl)
ppm. MS (ES") for [M*-Br], C3,H3,BrNgPdO, (637.01) (32%). Anal.Calcd for CysHay
BroN8PdO, (718.79): C, 38.34; H, 4.49; N, 15.59. Found: C, 38.45; H, 4.58; N,

15.45.
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Synthesis of [Pd (2.7)(Py)Br;],4.4

The 4.4 was prepared using imidazolium salt [2.7H]Br (0.5 g, 0.98 mmol), PdCl,
(0.173 g, 0.98 mmol) and K,CO;3 (1.3 g, 9.8 mmol) in pyridine (8 mL).Yield =0.34 g
(0.44 mmol) 45 %. *H NMR (400 MHz, CDCls, ppm) 8y = 9.12 (br, 2 H, 0-NCsHs),
7.88 (br, 1 H, imid), 7.71 (t, J = 6.4 Hz, 2 H, p-NCsHs), 7.29 (br, 2 H, m-NCsHs),
6.92 (br, 1 H, imid), 4.62 (br, 2 H, N-CH_, Octyl), 4.02 (m, 4 H, morpholine), 3.74
(m, 4 H, morpholine), 3.63 (m, 4 H, morpholine), 3.44 (m, 4 H, morpholine), 2.09 (m,
2 H, octyl), 1.39-1.20 (br, 10 H, (CH,)s), 0.79 (t, J = 6.8, 3 H, CH3.*C NMR (75
MHz, CDCl; ppm) 8¢ = 165.4, 161.7 (3 x C, triazine), 153.1 (Pd-C), 152.2 (o-
NCsHs), 151.2 (0-NCsHs), 138.0 (p-NCsHs), 124.4 (m-NCsHs), 121.4, 121.3 (2 x C,
imid) 67.0, 66.7 (4 x C, morpholine), 52.4 (N-CHy), 44.3, 43.9 (4 x C, morpholine),
36.1, 31.8, 29.2, 26.8, 22.7, 14.18 (7 x C, octyl) ppm. (ES") for [M*-Br+Na],

C27H40BrNaNgPdO, (71627) (50%)
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Synthesis of [Pd(2.11)(Py)Br;], 4.5

@O

Br\Pd

Br

kk
(O~

The 4.5 was prepared using imidazolium salt [2.11H]Br (0.3 g, 0.68 mmol), PdCl,
(0.12 g, 0.68 mmol) and K,CO3 (0.94g, 6.8 mmol) in pyridine (8 mL). Yield =0.20 g
(0.28 mmol) 41 %. *H NMR (400 MHz, CDCls, ppm) 5 = 9.18 (d, J = 8.0 Hz, 2 H,
0-NCsHs), 7.93 (d, J = 2.4 Hz, 1 H, imid), 7.68 (t, 1 H, J = 8 Hz, p-NCsHs) 7.22 (m, 2
H, m-NCsHs), 6.90 (d, J = 2.4 Hz, 1 H, imid), 4.60 (t, J = 7.6 Hz, 2 H, CH,-N), 3.96
(m, 4 H, (2 x CHy), 3.70 (m, 4 H,(2 x CHy), 2.06 (m, 2 H, CH>, propyl), 1.52 (m, 4 H,
(2 x CHy), 1.48 (m, 8 H, 4 x CHy), 1.10 (t, J = 7.2 Hz, 3 H, CHs-propyl). *C NMR
(75 MHz, CDCl3, ppm) 6c = 164.6, 161.6 (3 x C, triazine), 153.2 (Pd-C), 150.4 (o-
NCsHs), 137.7 (m-NCsHs), 124.3 (p-NCsHs), 121.2, 120.9 (imid), 54.3 (NCH,), 44.8,
446 (4 x C, CH,), 25.8, 25.7, 23.3 (6 x C, CHy), 23.1 (CH,-propyl), 11.5 (CHa-
propyl). (ES™) for [M*-Br], C,4H34BrNgPd (619.11) (30 %). Anal. Calcd for CpsHzs

BroNgPd (700.82): C, 41.13; H, 4.89; N, 15.99. Found: C, 42.09; H, 4.98; N, 15.95.
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Synthesis of [Pd(2.12)(Py)Br;], 4.6

The 4.6 was prepared using imidazolium salt [2.12H]Br (0.5 g, 1.1 mmol), PdCl,
(0.19 g, 1.1 mmol), and K,CO3 (1.53 g, 11 mmol) in pyridine (8 mL). Yield = 0.357¢
(0.45 mmol) 45 %. 'H NMR (400 MHz, CDCls, ppm) 84 = 9.15 (d, J = 8.0 Hz, 2H, o-
NCsHs), 7.92 (br, 1 H, imid), 7.69 (t, Ju = 8.0 Hz, 2 H, p-NCsHs), 7.27 (m, 2 H, m-
NCsHs), 6.88 (br, 1 H, imid), 4.62 (m, 2 H, CH>-N), 3.96 (m, 4 H, 2 x CH,), 3.74 (m,
4 H, 2 x CHy), 2.03 (m, 2 H, CH,, butyl), 1.52(br, 12 H, 6 x CHy), 1.2(m, 2 H, CH,,
butyl), 0.94 (t, J = 7.2 Hz, 3 H, CHg, butyl). *C NMR (75 MHz, CDCls, ppm) 8¢ =
164.7, 161.6 (3 x C, triazine), 153.2 (Pd-C), 150.4 (0-NCsHs), 137.8 (m-NCsHs),
124.3 (p-NCsHs), 121.2, 120.9 (2 x C, imid), 52.5 (NCH,), 44.7, 44.6 (4 x C, CHy),
32.2 (CHy, butyl), 25.7, 25.0 (6 x C), 20.1 (CH,, butyl), 11.9 (CHs, butyl). (ES™) for
[M*-Br], Ca5H3sBrNgPd (633.12) (40%). Anal. Calcd for CasHsg BroNgPd (714.84): C,

42.01; H, 5.08; N, 15.68. Found: C, 42.13; H, 4.15; N, 15.73.

Synthesis of [Pd (2.15)(Py)Br,], 4.7
()
S
N I

A

/\N)Nl\N/T\N N
JT TN

The 4.7 was prepared using imidazolium salt [2.15H]Br (0.5 g, 1.2 mmol), PdClI; (0.2

g, 1.2 mmol) and K,COj3 (1.6 g, 12 mmol) in pyridine (8 mL). Yield = 0.4 g (0.58
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mmol) 50 %. *H NMR (400 MHz, CDCls, ppm) &4 = 9.24 (d, J = 8.0 Hz, 2 H, o-
NCsHs), 7.98 (d, J = 1.6 Hz, 1 H, imid), 7.68 (t, J =7.6 Hz, 2 H, p-NCsHs), 7.22 (m, 2
H, m-NCsHs), 6.89 (d, J= 2Hz, 1 H, imid), 4.66 (t,J = 9.6 Hz, 2 H, CH,-N), 3.79 (m,
4 H, 2 x CHy,), 3.48 (M, 4 H, 2 x CHy), 2.05 (m, 2 H, butyl), 1.46 (m, 2 H, butyl), 1.12
(m, 12 H, 4 x CH3), 0.96 (m, 3 H, butyl). *C NMR (75 MHz, CDCl;. ppm) &8¢ =
164.4, 161.2 (3%C, triazine), 153.3 (Pd-C), 149.8 (0-NCsHs), 137.7 (m-NCsHs), 124.3
(p-NCsHs), 121.3 (imid), 120.8 (2 x C, imid), 52.6 (CH,-N), 41.7 (4 x C, CHy), 31.7
(1C, butyl), 20.2 (1C, butyl), 13.9 (4 x C, CHs), 13.10 (1 C, butyl). MS (ES") for

ngngBl’NgPd [M+-Br] (61092)(40%)

Synthesis of [Pd (2.14)(Py)(Br),], 4.8
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The 4.8 was prepared using imidazolium salt [2.14H]Br (0.5 g, 1.3 mmol), PdCl;

(0.23 g, 2.4 mmol) and K,CO3 (1.7 g, 13 mmol) in pyridine (8 mL). Yield = 0.37 g
(0.59 mmol) 44 %. *H NMR (250 MHz, CDCls, ppm) 84 = 9.13 (d, J = 6.4 Hz, 2 H,
0-NCsHs), 7.91 (d, J= 7.6 Hz, 1 H, imid), 7.69 (t, 1 H, J = 8 Hz, p-NCsHs) 7.22 (m, 2
H, m-NCsHs), 6.92 (d, J = 7.6 Hz, 1 H, imid), 4.60 (t, J = 7.6 Hz, 2 H, CH,-N)), 3.35,
3.10 (br, 12 H, (4 x CH3), 2.05 (m, 2 H, CH,), 1.48 (m, 2 H, (CH,), 1.10 (t, J =7.2 Hz,
3H, CHs, butyl).”®*C NMR (100 MHz, CDCls, ppm) 8¢ = 164.3, 160.1 (3 x C,
triazine), 152.0 (Pd-C), 149.5 (0-NCsHs), 136.6 (m-NCsHs), 123.3 (p-NCsHs), 120.0,
119.9 (imid), 51.4 (NCH,), 35.9, 35.2 (4 x C, CHj3), 30.7 (CHy-butyl), 19.0 (CH,-

butyl), 12.8 (CHs-butyl). MS (ES™) for [M-Br]*, C1gH2sBrNgPd (554.81)(40%).
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Synthesis of [Pd(2.8).Cl], 4.9

Trans Cis

In a 50 mL conical flask, silver complex 3.5 (0.1 g, 0.173 mmol) and Pd(CH3CN),Cl,
(0.022 g, 0.086 mmol) in CH,Cl, (20 mL) were stirred overnight at room temperature
before filtration through celite. The solvent was removed in vacuo and the resulting
solid recrystallised (CH,Cl,/Et,0). Trans isomer *H NMR (250 MHz, CDCls, ppm)
& =7.85(d, J = 2.3 Hz, 2 H, Cs, imid), 6.78 (s, 4 H, mesityl), 6.62 (d, J = 2.0 Hz, 2
H, C4, imid), 3.85-3.63 (br, 32 H, morpholine), 2.45 (s, 6 H, 2 x CH3) 2.0 (5, 12 H, 4
x CHs). Cis isomer *H NMR (250 MHz, CDCls, ppm) 84 = 8.32 (d, J = 2 Hz, 2 H, Cs,
imid), 6.88 (br, 2 H, mesityl), 6.67 (d, J = 2.3 Hz, 2H, C4, imid), 6.36 (br, 2 H ,
mesityl) 4.02-3.69 (br, 32 H, morpholine), 2.31 (s, 6 H, 2 x CH3) 2.19 (s, 6H, 2 x
CHs), 1.38 (s, 6 H, 2 x CHs). 3C NMR (75 MHz, CDCls, ppm) 8¢ = 165.4, 164.3, (3
x C, triazine), 161.1 (Pd-C), 138.8, 137.7, 135.9, 133.0, 129.8, 128.2 (mesityl), 66.9,
66.5 (8 x C, morpholine), 45.9, 44.1 (8 x C, morpholine), 21.3, 19.7, 17.4 (methyl).

MS (ES") for [M-CI]*, CasHssCIN1404Pd 1012.33 (100 %).
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Synthesis of [Pd(2.5),Cl;], 4.10

”\/N /N N\/’
Oy
[Nll\Pd—-Cl 7\1/
o |

Prepared similarly from silver complex 3.2 (0.1 g, 0.193 mmol) and Pd(CH3CN).Cl,
(0.025 g, 0.99 mmol).*H NMR (400 MHz, CDCls, ppm) &y = 7.88 (br, 2H, Cs, imid),
6.95 (br, 2H, C4, imid), 4.73 (br, 4H-NCH,), 4.32-4.73 (br, 32 H, morpholine), 2.05
(br, 4H-CHy), 1.15 (br, 6H, CHs). *C NMR (100 MHz, DMSO, ppm) 8¢ = 164.1,
160.1 (6 x C-triazine), 155.9 (Pd-C), 66.2, 66.7, 44.3, 43.6 (16 x C, morpholine), 53.1
(2 x C, NCH_, Propyl), 22.7 (2 x C, CHx—propyl), 10.9 (2 x C, CHjs, propyl). MS

(ES™) for [M™-Cl], C34H50CIN1404Pd 859.18 (100 %)).

General procedure for Suzuki coupling of aromatic

A Schlenk flask was charged with aryl halide (1 mmol), aryl boronic acid (1.2 mmol),
K,CO3 (3 mmol), 1% catalyst, 1,3,5-trimethoxy benzene(0.33 mmol) and water (10
mL) or DMF/H,0O (10: 0.5 mL). The mixture was stirred under reflux in air for a
specific time. After the reaction was stopped, the reaction mixture was extracted with
diethyl ether 3 times. The organic phases were evaporated and the subsequent residue

was purified by flash chromatography on silica gel.
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Chapter 5

Synthesis and characterization of new Ru(l1)-NHC complexes and

their application in transfer hydrogenation reactions

5.1-Introduction

The synthesis of Ru-NHC complexes has seen some significant development due to
the wide range of accessible oxidation states and coordination geometries available to
ruthenium. [1] The complexes are obtained with ease and are efficient catalysts in
many applications such as hydrogen transfer, hydrogenation, hydrosilylation,

isomerization and ring-closing metathesis (RCM). [2-6]

5.1.1-Types of Ru-NHC complexes

Ru-NHC complexes can be classified by the other ligand types bound to the
ruthenium centre. These include hydrides (1), [7] arenes (2), [8] alkylidenes (3), [9]
vinylidenes and indenylidenes (4), [10] Schiff — bases (5). [11] Furthermore, the

NHC-Ru complex can be immobilised on a solid support (6) (Figure 5-1). [12]
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Figure (5-1) Types of Ru-NHC complexes

5.1.1.1-NHC-Ru arene complexes

Mono-carbene n°-arene-ruthenium complexes, [Ru(n®-arene)(NHC)CI,], have been
received much attention due to their ease of access from the commercially available
ruthenium dimer, [(arene)RuCl;], and their stability towards both moisture and air.
Many such complexes have displayed good catalytic activity in transfer

hydrogenation reactions.

The reaction of ruthenium(IIl) trichloride with 1,3 or 1,4 cyclohexadiene or a-
phellandrene (5-isopropyl—2-methylcyclohexane,l,3-diene) in ethanol generates [(n°-
benzene)RuCl,], or [(p—cymene)RuCl,], respectively as a brown product. These react
with NHC ligands to produce complexes such as [RuCIz(NHC)(nG-benzene)],

[RuClz(NHC)(p-cymene)] respectively (Scheme 5-1). [13]
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RuCl; + @ CH4CH,OH Ra Ru

reflux 24 h / \ / \
cl

Scheme (5-1) Preparation of [(;7°-arene)RuCl,],

The complexes are obtained by either directly reacting imidazolium salts with
[(arene)RuCl,], or via ligand transfer from Ag-NHC complexes. The reaction of the
imidazolium salts with [(arene)RuCl;], is conducted by refluxing the mixture for a

specific time. A variety of solvents have been used for this reaction.

RuCly(NHC)(arene) (NHC = 1,3-bis(2-picolyl) imidazolin-2-ylidene, arene =
Co(CHs)s) was obtained by Ozdemir by the direct reaction of 1,3-bis (2-
picolyl)imidazolin-2-ylidene with [RuCl,(Ce(CH3)s)]2 for 4 hours at 100 °C to

produce an orange product in 87% yield (Scheme 5-2). [14]

2 e .

[ >_< :l T [RuCI(Ce(CHzlp)ly ——» [ }

e 5

Scheme (5-2) Synthesis of [RUCI,(NHC)(Ce(CHaz)e)]

o—%—o
|

An unexpected cyclometalated ruthenium complex was obtained by Dixneuf et al in
2006. [15] The intramolecular product was obtained by reaction of 1-mesityl-3-halo

propyl imidazolium chloride with [Ru(p-cymene)Cl,] in the presence BulL.i.
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Formation of the complex proceeds via double deprotonation of the imidazolium salt
leading to the vinyl carbene. Elimination of HCI from the coordination sphere of
ruthenium vyields the cyclometalated product, the structure of which has been
confirmed by X-ray diffraction and is consistent with previous literature (Scheme 5-

3). [16]

A Bui
Mes—N N/\/H» [RuCl,(Pcymene)l, ——— > Mes Ru—Cl
. THF \N\{J
&/N

Scheme (5-3) Synthesis of a cyclometalated Ru complex

A series of bis—carbene complexes of ruthenium have been prepared by Paris et al via
reaction of [(p-cymene)RuCl;], with methylene bis(N-alkyl imidazolium) iodide
(alkyl = methyl, neopentyl) and ethylene bis-(N-methylimidazolium) chloride. The
reactions were conducted in refluxing CH3CN and promoted by NEt;. The complexes
were tested as catalysts for hydrogen transfer between alcohols and ketones,

unfortunately the results were unsuccessful. [17]

In 2014, Wang et al prepared a series of NHC-based cyclometalated ruthenium
complexes. The complexes were obtained by directly reacting aryl substituted
imidazolium salts with [(p-cymene)RuCl,], in the presence of Cs,COsz;. The
complexes have been characterized by *H and *C NMR spectroscopy, and single-

crystal X-ray diffraction analysis (Scheme 5-4). [18]
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(Scheme 5-4) synthesis of [Ru CI (NHC) (p-cymene)]

Ru-NHC complexes have also been prepared via transmetallation. Silver carbene
complexes have been used as a ligand transfer agents due to their lability and
fluxional behavior. This method has proven successful when Wang et al successfully
prepared Pd(Et,-Bimy),-Cl,, Au(Et,-Bimy)Br and [Au(Et,-Bimy),]PFs via ligand
transfer from [Ag(Et,-Bimy),] [AgBr;] and [Ag(Et,-Bimy),]PFs. [19]
Transmetalation offers many advantages over the direct route such as air stability, no
requirement for the addition of base and deprotonation of the azolium salts only
occurs at the C2 leaving other acidic protons in the azolium salts intact.[20]
Transmetalation can be achieved using either isolated silver complexes or
alternatively the Ag(NHC) species can be prepared in situ by reacting Ag,O with an
imidazolium salt followed by addition of the Ru source in a one pot procedure.

This method was used to avoid the harsh conditions required to obtain the desired
complexes, and can been used where the direct reaction is unsuccessful. [21, 22]
Transmetalations are usually performed in dry solvents at room temperature, [23] care
must be taken to exclude all light from the reaction mixture in order to avoid
decomposition of the silver species.

Due to these advantageous features this method has been widely used for the
preparation of ruthenium complexes. [24- 28]

Recently, [Ru(p-cymene)(NHC)CI,)] complexes have been synthesized by reacting

[RuCl,(p-cymene)], with the corresponding Ag-NHC complex. Asymmetrical
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benzimidazolium salts react with Ag,O in CH,Cl, furnishing the air and moisture
stable silver complex. The corresponding Ru complex was proven to be an efficient

catalyst for the alkylation of amines (Scheme 5-5). [29]

\‘\\\\
" |
Ph

N 1. Ag,0, CH,Cl, N \ .
/> > N el
2. [RuCl,(p-cymene)],
N ’j cl

N

-

Scheme (5-5) Synthesis of Ru complex via transmetalation

The formation of the complex was confirmed by the absence of the NCHN peak in
the *H NMR spectrum and peak corresponding to Ru-C was observed at 189 ppm in
the °C NMR. X-ray crystallography further confirmed the expected molecular
structure.

The first ruthenium—NHC complex bearing sulfonate side arms was prepared by
treatment of the silver complex with [(Ru(p-cymene)Cl;], to produce [Ru(NHC)(p-
cymene)CI]PFs as a yellow powder in 86% yield. The carbene was observed at 173.4

ppm in the *C NMR spectrum (Figure 5-2). [30]

@Y

Ru. e
N _/\ )
LN /\ N SO,

Figure (5-2) Ru complex with sulfonate chain

A cyclometalated ruthenium complex was obtained by Cross et al in 2011. The

complex bearing a bidentate amine-NHC ligand was obtained by reaction of the
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silver complex with [(p-cymene)RuCl,],. The silver complex was prepared by
reacting the aniline functionalized imidazolium salt with Ag,O prior to addition of the
ruthenium source. The product was collected in 51% vyield after column
chromatography. The **C NMR spectrum shows peaks corresponding to the Ru-C
centre at 175.9 ppm. The complex was proven to be an efficient catalyst for transfer

hydrogenation reactions. [31]

Figure (5-3) Bidentate amino-NHC Ru complex

5.1.2-Transfer hydrogenation application

Transfer hydrogenation reactions are widely used in the synthesis of many organic
compounds. The reactions take place between unsaturated compounds, such as
carbonyls, imines, alkenes and alkynes, with proton donor sources, such as
isopropanol, which is usually present in excess as the reaction solvent. Deprotonation
is facilitated by a suitable base and the reaction proceeds in the presence of a catalyst.
[32- 36] Isopropanol is an ideal hydrogen source due to its stability, low toxicity and
cost, its ability to dissolve many organic compounds and the ease with which it can
be handled. Furthermore, the use of isopropanol leads to the production of acetone as

a side product which can be easily removed (Scheme 5-6).
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Scheme (5-6) General equation for transfer reaction

Transfer hydrogenation reactions are preferred over the use of molecular hydrogen

for reduction of unsaturated compounds as it is operationally simple, environmentally

benign, economical and safe, even on large scales. [37- 41]

Two mechanisms have been proposed for transfer hydrogen reactions depending on

the number of hydrogen atoms which are transferred from the substrate to the metal.

In the monohydridic route, only one hydrogen atom is transferred from the substrate

to the metal, while in the dihydridic route both hydrogen atoms are transferred to the

metal (Scheme 5-7). [42, 43]

In both mechanisms the metal hydride is formed by B-hydride elimination from a

donor such as 2-propanol, the hydride is then transferred to an unsaturated acceptor

such as a ketone. [44]
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The monohydridic mechanism can operate by one of two routes, either an alkoxide-
metal species is formed and the hydrogen is transferred from the alcohol to the metal
in the inner-sphere of the metal or the hydrogens are transferred in the outer-sphere of
the metal without prior formation of the alkoxide. In the inner-sphere mechanism the
carbonyl first binds through n-coordination of the double bond and then inserts into
the metal-hydride to form a metal-alkoxide before displacement by isopropanol to
release the product. The metal-hydride is then regenerated by B-hydride elimination

from the isopropanol (Scheme 5-8).

R?2 R

N - (¥

(o]

B-elimination

R1
k 0)\ R?

\ M-H

OH
RZ
ligand exchange R o s
R? [ YR1
Y M-H
(o) H
OH \
M

insertion

Scheme (5-8) Inner—sphere mechanism

Transition metal-NHC complexes were first used as catalytic transfer hydrogenation
agents by Nolan et al in 2001 who prepared three Ir complexes which proved to be

active catalysts for the reduction of ketones. [45]

NHC-Ru arene complexes [Ru(arene)(NHC)CI,] have been employed as catalysts for

transfer hydrogenation in the preparation of many alcoholic compounds. This type of
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ruthenium complex has proven highly efficient in transfer hydrogenation of ketones

to their corresponding alcohols.

Ozdemir has prepared an array of (Ru(arene)(NHC)CI,) complexes and studied their
use in transfer hydrogenation reactions. (Scheme 5-9) Derivatives of acetophenone
have been reduced with isopropanol as a hydrogen source at 80 °C in the presence of
KOBU' to obtain the corresponding alcohols in good yields (86-99%) with the

exception of meta-bromoacetophenone (62-78 %). [14]

ﬁ OH (Ru(arene)(NHC)Cl,) ‘

@Chc%—l— )\ KOBu' g QCH_CHs Tome” om

Hs¢”  CH,4

Scheme (5-9) Reduction of acetophenone derivates via transfer

hydrogenation

Cyclometalated ruthenium complexes bearing bidentate carbene/NH, and iodide
ligands have been prepared and applied to transfer hydrogenation reactions. The
complexes were obtained by reacting the dimers [Ru(p-cymene)Cl,], or [RuCp*Cl;].
where Cp* - pentamethylcyclopentadienylide) with the primary amine functionalized
imidazolium salts. Acetophenone was reduced with isopropanol in the presence of
NaOBu' at 80 °C. High temperatures were found to be crucial; [Ru(p-
cymene)(C,NH,)I]I gave conversions of > 90% after only 0.5 h at 80 °C, while no

conversion was detected at 20 °C even after 72 h.[31]
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Figure (5-4) [Ru(NHC)(p-cymene)l]l

Mono and bis NHC complexes of Ru with p-cymene and benzene co-ligands were

prepared by Papish et al and applied to transfer hydrogenation reactions. For the

reduction of acetophenone with isopropanol, the highest TOF (turnover frequency)

and TON (turnover number) values obtained were 3003 h™ and 845 respectively. The

yields were determined by *H NMR spectroscopy using 1,3,5-trimethoxybenzene as

an internal standard. [46]

® O
PFe

RuiCl

L
S\

e

Figure (5-5) [Ru(NHC),(p-cymene)CI]PFg
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5.1.3-Aim

This chapter discusses the synthesis, characterisation and catalytic reactivity of
[Ru(arene)(NHC)CI]Y complexes (where Y = Cl, PFs and arene = benzene, p-
cymene). The transmetallation method was used for the synthesis of the complexes
via the reaction of the corresponding Ag-NHC complexes with [Ru(arene)Cl;], in
dichloromethane at room temperature under nitrogen. NMR spectroscopy and mass
spectrometry , as well as elemental analyses and X-ray crystallography were used to
confirm the formation of complexes. Ru-NHC complexes were tested in transfer
hydrogenation reactions for reduction of ketones to the corresponding alcohols

(Scheme 5-10).
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5.7 [Ru(p-cymene)Cl1(2.6)] PFg
3.4 Br octyl 5.8 [Ru(p-cymene)Cl1(2.7)] PF
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Scheme (5-10) Preparation of Ru(ll) complexes; Reagents and conditions (5.1, 5.5,
5.6,5.9,5.10, 5.11, 5.12) 0.5 eq [RuCl,(CsHe)]2, Ag(NHC)X (3.1, 3.3, 3.5, 3.9, 3.10),
(KPFg for 5.1, 5.10, 5.11, 5.12), CH,Cl,, 24 h, room temperature.;(5.2, 5.3, 5.4, 5.7,
5.8) 0.5 eq [RuCly(p- cymene)]., Ag(NHC)X (3.1, 3.2, 3.3, 3.4), (KPFg except 5.3),
CH,Cl,, 24 h room temperature.

160



Chapter 5: Synthesis and characterization of Ru(11)-NHC complexes and their application in transfer hydrogenation reactions

5.2-Results and discussion
5.2.1-Synthesis of Ru-NHC complexes

[Ru(n®-arene)(NHC)CI]Y complexes 5.1-5.12 (where arene = p-cymene, benzene and
Y = Cl, PFg) were synthesized by the transmetallation method. The reactions were
conducted by mixing the corresponding Ag(NHC)X complex with 0.5 equivalents of
[Ru(n’-arene)Cl,],, 2 equivalents of KPFg in order to obtain complexes 5.1, 5.2, 5.4,
5.6,5.7, 5.8, 5.10, 5.11, and 5.12 according to known procedures (Scheme 5-10).[19,
20, 21, 22]. While the complexes 5.3, 5.5, 5.9 were prepared following the same
method but without using KPFg. The crude products were purified by slow diffusion
of diethyl ether into dichloromethane solutions of the complex. Suitable crystals were
obtained for some Ru complexes which were analysed using single crystal x-ray

diffraction.

NMR spectroscopy and mass spectrometry, as well as elemental analysis and X-ray

crystallography were used to confirm the formation of complexes.

Cyclometalated ruthenium complexes were obtained via coordination of the triazine-
NHC ligand in a chelating mode where both the carbene and one of the N-donors of

the triazine group ligate the metal.

The H NMR spectra of the Ru complexes 5.1 - 5.12 confirmed the formation of
complexes by comparison with the corresponding spectra of the precursor ligands 2.3,

2.5,2.6,2.7,2.8, 213, 2.14.

The H NMR spectra of complexes 5.1, 5.2, 5.3, 5.5, 5.9, and 5.10 show the absence
of a peak around 10 ppm for N-CH-N. In addition to this, the peaks assigned to

imidazolium protons for these complexes and complexes 5.4, 5.6, 5.7, 5.8, 5.11 and
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5.12, were shifted upfield in ranges 7.57-7.91 and 7.22-7.05 ppm in comparison with

the precursor ligand in ranges 8.47-7.97 and 7.46-7.72 ppm as a result of the lack of

resonance around the imidazoline ring.

The H NMR spectra of the [Ru(p-cymene)(NHC)CI]Y (where Y = CI, PFg)
complexes 5.2, 5.3, 5.4, 5.7 and 5.8 gave further evidence of the formation of five
membered ruthenacycle by the desymmetrization of the cymene ring, indicated by the
four doublets between 6.12 and 5.34 ppm. [47] Three peaks are observed for the
isopropyl group of cymene; two doublets, each integrating to 3H, of the methyl
groups are found in the range 0.86-1.08 ppm and a multiplet integrating to 1H for the
methine group appears between 2.41-2.24 ppm, in addition a singlet peak for the
methyl group of cymene integrates to 3H and appears in the range 2.06-2.12 ppm

(Figure 5-6).[30]
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Figure (5-6)"H NMR spectrum for [Ru(p-cymene)CI(2.5)]Cl, 5.4

The formation of [Ru(CsHe)(NHC)CI]Y complexes 5.1, 5.5, 5.6, 5.9, 5.10, 5.11 and
5.12 (where Y = Cl, PFg) were confirmed by the emergence of a sharp signal between

5.92-5.39 ppm integrating to 6H and assigned to the benzene ring, which agree with
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previous literature, [48] in addition to broad peaks for morpholine protons in ranges
3.5-4.08 ppm and peaks for methyl , propyl and mesityl substituents for the
complexes 5.1, 5.5, 5.6, 5.9, 5.10. Additionally, peaks were observed in ranges 3.36-

3.20 attributed to methyl groups for 5.11 and 5.12 complexes (Figure 5-7)
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Figure (5-7)'H NMR spectrum for [Ru(CsHs)C1(2.8)]Cl, 5.9
The *C NMR spectra of [Ru(°n-arene)(NHC)CI]Y complexes 5.1-5.12 display
signals in the range 181.1-184.34 ppm which are consistent with the previous
literature and can be attributed to the carbene carbon, confirming formation of the
ruthenium complexes (Table 5-1)

Table (5-1)**C NMR data resonances in Ru-Carbene of
5.1-5.12-compelxe

Ru complex Ru-Carbene (ppm)
5.1 183.8
5.2 184.1
5.3, 184.3
5.4, 183.7
5.5, 182.2
5.6 183.3
5.7 183.9
5.8 183.3
5.9 184.3
5.10 183.8
5.11 181.1

5.12, 182.1
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The spectra show three peaks associated with the triazine C in the range 169.7-160.7
ppm compared to the two peaks which were found with the Ag precursor, which
indicates reduction of symmetry in ligands, consistent with N-coordination, which is

supported by X-ray (Figure 5-8).

The *C NMR spectra of [Ru(p-cymene)(NHC)CI]Y 5.2, 5.3, 5.4, 5.7 and 5.8 showed
6 signals attributed to the cymene aromatic ring in the range 105.4-81.7 ppm in
addition to four peaks attributed to the isopropyl and methyl groups between 31.1-

18.3 ppm which is consistent with the previous literature. [30, 31, 47]

The **C NMR spectra of 5.1, 5.5, 5.6, 5.9, 5.10, 5.11 and 5.12 show sharp signals in

the range 88.4-87.6 ppm corresponding to the aromatic carbon atoms (Figure 5-8).
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5.2.2-X-ray Structural Determination

Attempts were made to grow crystals suitable for single crystal x-ray diffraction
studies of all compounds. Suitable crystals were obtained from vapour diffusion of

diethyl ether into dichloromethane solutions for some complexes.

Yellow plate crystals of [Ru(CgHs)CI(2.3)]PFs, 5.1 were obtained by slow diffusion
of diethyl ether into a concentrated dichloromethane solution. X-ray diffraction
showed two Yellow plate crystals of [Ru(CsHg)CI(2.3)]PFs, 5.1 were obtained by
slow diffusion of diethyl ether into a concentrated dichloromethane solution. X-ray
diffraction showed two [Ru(C¢Hs)CI(2.3)]PFs molecules in the unit cell (Figure 5-9).
One PFg anion displays some disorder. Complex 5.1 exhibits a piano stool geometry
at the ruthenium center. The ruthenium center is bound by the chelating NHC,
chloride atom and benzene ring. Coordination of the triazine N-substituent is clearly
observed, with the triazine and imidazole rings adopting a coplanar geometry. The
Ru-carbene bond distance of 2.01(4)A lies in the typical range for NHC—Ru
complexes [25, 26, 29, 30] and the bite angle of the chelating triazine-carbene ligand
C(1)-Ru(1)-N(5) is 76.42(14)° and similar to that for the previously reported
cyclometalated complex. The Ru—Nb5yiaine bond distance for the cyclometalated
triazine ring is 2.201(3) A, which is practically identical with the reported pyridine
cyclometalated complex [30]. The N morpholine units atoms are sp? hybridized,
adopting an approximate trigonal planar geometry (sum of angles subtended at N(7) )
356.2(3)°; sum of angles subtended at N(6) 358.8(3)°, indicative of the N lone pairs’
delocalization into the triazine core. The angle between morpholine unit near to the
ruthencyclic and triazine unit is twisted out of the plane by 57.91° due to steric

restraints. Whereas the angle between the second morpholine and triazine by only
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14.07°. Bond lengths and angles, principally involving those around the metal centre,

are shown in table (5-2).

N(7) 0(4)
c(12) } c(7) 5 1(1) C(1) Nﬁ‘)
(5) N(Z C(2)
Cc(11) / (6) .

N(6)

c(8)

Figure (5-9) ORTEP ellipsoid plot at 50% probability of complex 5.1. H atoms and
PF¢ omitted for clarity

Table (5-2) Selected bond lengths and angles for 5.1

Bond Angles (A) Bond lengths (°)
C1-Rul-N5 76.42(14) Rul-C1 2.010(4)
N5-Rul-Cl1 90.45(8) Rul-N5 2.201(3)
Cl1-Rul-Cl1 83.75(11) Rul-Cl1 2.4119(10)
Cl1-Rul-C16 152.10(16) Rul—C16 2.255(4)
Cl1-Rul-C17 115.32(16) Rul-C17 2.183(4)
Cl1-Rul-C18 92.50(15) Rul—-C18 2.173(4)
C1-Rul-C19 96.43(15) Rul-C19 2.179(4)
Cl1-Rul-C20 124.63(16) Rul=C20 2.176(4)

The X-ray structure of 5.4 showed one [Ru(p-cymene)CI(2.5)] PF¢ molecule with one
molecule of solvent (Figure 5-10). For clarity the CH,Cl, has been removed. The Ru-

C1 and Ru-N5 bond distances of 2.012(3) A and 2.180(3) A are in the expected
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ranges. Both Nmorpholine atoms are adopting planar geometry according to the sum of
subtended angles at N (7) 347.2 (3) °, N (6) 358.6 (3) °. Angles between the Ru atom
and carbene, N-triazine and chloride ligands are distorted from ideal piano-stool
geometry. This observation is due to steric constraints of ligand [30] as well as the
reduced flexibility as a result of coordination of the Ru centre with the N atom of the
triazine. Bond lengths and angles, principally involving those around the metal

centre, are shown in Table (5-3).
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Figure (5-10) ORTEP ellipsoid plot at 50% probability of complex 5.4. H atoms and
PFe omitted for clarity
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Table (5-3) Selected bond lengths and angles for 5.4

Bond Angles (A) Bond lengths (°)
C1-Rul-N5 75.96(12) Rul-C1 2.012(3)
N5-Rul-Cl1 91.77(8) Rul-N5 2.180(3)
Cl1-Rul-Cl1 83.74(10) Rul-Cl1 2.4135(9)
Cl1-Rul-C18 97.15(13) Rul-C18 2.227(4)
C1-Rul-C19 94.21(14) Ru1-C19 2.173(3)
C1-Rul-C20 117.48(14) Rul-C20 2.179(3)
Cl1-Rul-C21 154.04(14) Rul-C21 2.287(4)
Cl1-Rul-C22 161.7(13) Rul-C22 2.299(4)
Cl1-Rul-C21 154.04(14) Rul-C21 2.287(4)

The X-ray structure of 5.6 showed four [Ru(benzene)(2.6)CI]PFs molecules in the
unit cell. Figure (5-11) shows only one of the molecules for clarity. The five-
membered ruthenacycle is clearly observed. The chloro ligand adopts the same
orientation as the butyl chain due to steric repulsion with benzene ligand. the Ru(1)-
C(1) carbenes RU(1)-N(5) wiazine bond distances of 2.018(10) A and 2.185(8) A are
within the range for previously reported. The N atoms for both morpholine units
display a planar geometry (sum of angles at = N (7) 350° (8); N (6)= 359° (7),
indicative of the N lone pairs’ delocalization into the triazine core. Bond lengths and

angles, principally involving those around the metal centre, are shown in Table (5-4).
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Figure (5-11) ORTEP ellipsoid plot at 50% probability of complex 5.6. H atoms and

PF¢ omitted for clarity

Table (5-4) Selected bond lengths and angles for 5.6

Bond Angles (A) Bond lengths (°)
C1-Rul-N5 76.6(3) Rul-C1 2.018(10)
N5-Rul-Cl1 91.82(19) Rul-N5 2.185(8)
C1-Rul-Cl1 83.4(3) Rul-CI1 2.410(2)
Cl1-Rul-C19 130.5(5 Rul-C19 2.182(10)
C1-Rul-C20 100.5(5) Ru1-C20 2.174(12)
Cl-Rul-C21 91.1(4) Rul-C21 2.157(11)
Cl1-Rul-C22 110.8(4) Rul-C22 2.190(9)
Cl1-Rul-C23 146.5 (4) Rul-C23 2.255(11)
C1-Rul-C24 166.5(5) Rul-C24 2.271(12)
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The solid state structure of complex 5.8 shows a cationic [Ru(p-cymene)(2.7)Cl]
complex with a PFg counter ion. The structure shows disorder in the octyl chain
(figure 5-12). The p-cymene group adopts an opposite orientation to the triazine to
minimise steric repulsion. Bond lengths Ru(1)- C(1)nnc = 2.007(3) A, Ru (1) -N (5) =
2.187(3) are consistent with related complexes. The imidazole and triazine rings
adopt a coplanar configuration. The N atoms of morpholine units adopt a planar
geometry. The angles between triazine and both morpholine are twisted out of plane
by 27.02 and 73.39 °.Bond lengths and angles, principally involving those around the

metal centre, are shown in Table (5-5).

Figure (5-12) ORTEP ellipsoid plot at 50% probability of complex 5.8. H atoms
omitted for clarity
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Table (5-5) Selected bond lengths and angles for 5.8

Bond Angles (A) Bond lengths (°)
C1-Rul-N5 76.18(12) Rul-C1 2.007(3)
N5-Rul-Cl1 90.63(8) Rul-Cl1 2.4086(9
Cl1-Rul-Cl1 83.33(10) Rul-N5 2.187(3)
Cl1-Rul-C23 97.88(14) Rul-C23 2.240(4)
Cl1-Rul-C24 125.96(14) Rul-C24 2.183(4)
C1-Rul-C25 163.32(14) Rul—C25 2.267(4)
C1-Rul-C26 152.51(14) Rul-C26 2.290(4)
C1-Rul-C27 116.24 (14) Rul-C27 2.169(3)
C1-Rul-C28 93.93(13) Rul-C28 2.173(3)

The solid state structure of complex 5.10 shows one molecule of
[Ru(CsHg)(2.8)CIJPFs in the unit cell. The coordination geometry is a distorted
tetrahedral. The mesityl ring is orientated almost orthogonally to the imidazole ring
with a dihedral angle about C(2)-N(1)-C(4)-C(5) of 94.2(4) °. Due to the steric
constraints the chloride ligand adopts the same orientation as the mesityl substituent.
Bond lengths Ru(1)- C(L)nuc = 2.012(3) A, Ru(1)-N(5)= 2.149(2) are consistent with
related complexes. The N morpholine units atoms are sp? hybridized, adopting an
approximate trigonal planar geometry (sum of angles subtended at N(7) ) 350.9(3)°;
sum of angles subtended at N(6)359.8(3) Bond lengths and angles, principally

involving those around the metal centre are shown in Table (5-6).
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Table (5-6) Selected bond lengths and angles for 5.10

Bond Angles (A) Bond lengths (°)
C1-Rul-N5 77.13(11) Rul-C1 2.012(3)
N5-Rul-Cl1 84.33(7) Rul—-Cl1 2.3980(8)
C1-Rul-Cl1 82.83(9) Ru1-N5 2.149(2)
C1-Rul-C24 150.39(13) Rul-C24 2.273(3)
C1-Rul-C25 164.52(12) Ru1-C25 2.285(3)
C1-Rul-C26 127.68(13) Ru1-C26 2.190(3)
Cl1-Rul-C27 98.12(12)) Rul-C27 2.190(3)
C1-Rul-C28 92.73 (12) Rul-C28 2.177(3)
C1-Rul-C29 114.03(13) Rul-C29 2.189(3)
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Figure (5-13) ORTEP ellipsoid plot at 50% probability of complex 5.10. H atoms

and PFg omitted for clarity

Yellow plate crystals were obtained for complex 5.11. The solid state structure shows

one molecule of [Ru(CgHg)CI(2.13)]PF¢ in the unit cell which clearly shows that
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cyclometallation has been achieved (Figure 5-13). The Ru-carbene distance of
1.998A lies in the typical range for NHC—Ru complexes. The N atoms for both
dimethyl units display a planar geometry (sum of angles at=N (7) 352.08°; N (6)=
357.92°. The angles between triazine and dimethyl units are out of plane by 36.79°
and 16.31° Bond lengths and angles, principally involving those around the metal

centre, are shown in Table (5-7).

C(15)

Figure (5-14) ORTERP ellipsoid plot at 50% probability of complex 5.11. H atoms

and PFg omitted for clarity
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Table (5-7) Selected bond lengths and angles for 5.11

Bond Angles (A) Bond lengths (°)
C1-Rul-N5 75.9(6) Rul-C1 1.998(17)
N5-Rul-Cl1 91.6(4) Rul-ClI1 2.419(5)
C1-Rul-C12 95.8(7) Ru1-C12 2.171(18)
Cl1-Rul-C14 114.8(7 Rul-C14 2.188(19
C1-Rul-C13 91.8(7) Ru1-C13 2.181(18)
Cl1-Rul-C14 114.8(7 Rul-C14 2.188(19)
C1-Rul-C15 152.2(7) Rul-C15 2.27(2)
C1-Rul-C16 160.6 (6) Rul-C16 2.262(19)
Cl1-Rul-C17 123.9(3) Rul-C17 2.147(19)
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5.2.3-Catalytic Transfer Hydrogenation of Acetophenone

The catalytic transfer hydrogenation was examined using 2-propanol as the hydrogen
source (Scheme 5-11).

0] OH

catalyst, 10% base
> +

IPA(5 mL); 85 °C
R R

R=H, OMe, F, Br, CN, NO2, Ph, isopropyl

Scheme (5-11) Catalytic hydrogen transfer of derivatives acetophenone

The ruthenium complexes 5.1-5.12 were tested in the transfer hydrogenation reaction
of ketonic substrates and proved to be very efficient, with all complexes having this
catalytic activity (Table 5-8). The complex [RuCl(p-cymene)(2.3)]PFs, (5.2) was used
to establish the optimum reaction conditions, with acetophenone as the test substrate.
The base has played an important role in this reaction for the generation of
nucleophilic alkoxide ions, which would rapidly attack the ruthenium complex
responsible for dehydrogenation. The three bases cesium carbonate, potassium
hydroxide and tertiary butoxide were tested (entries 1, 2, 3). KO'Bu gave a yield of
79% in contrast with 53 and 57 for KOH, and Cs,COg; respectively.

Under the standard catalytic conditions (i.e. 1% catalyst and 10 mol % of KO'Bu) the
majority of the reactions with the Ru-cymene based catalysts were completed within
four hours, typically achieving over 70 % vyields within the first hour (entries 3 and 5-
7). Better results were achieved with 1% catalyst loading were obtained with the Ru-

benzene based catalysts (entries 8 — 11).
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When comparing the effect of the PFg vs Cl counterion (complex 5.2 vs 5.3; entries 3
and 4), the PFg ruthenium complex 5.2 is faster, with TOFs of 79 and 55 observed,
respectively, after 1 hour. However, similar reaction rates were observed for both
complexes after 2 hours, A rather small influence in the reaction rate was observed
when varying the alkyl N-imidazole substituents. The order of activity based on the
N-substituent is: Bu < Pr < Me < Octyl (run 3, 5, 6 and 7).

For the [RuCI(CsHg)NHC] Y complexes, 5.1, 5.9 and 5.6, the mesityl substituted
complex was the slowest (entries 8, 10 and12).

Next we investigated the effect of the ruthenium-coordinated arene ring on the
reaction rate. Complexes with coordinated benzene showed increased activity when
compared to the Ru-cymene complexes. The superiority of the benzene complexes
becomes more apparent when the catalyst loading is reduced to 0.5%. For example,
for the methylimidazole complexes 5.1and 5.2 (entries 13 and 15), the TOF was 158

for 5.1 compared to only 52 for the cymene complex 5.2.
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Table (5-8) Catalytic transfer hydrogenation of acetophenone

Entry Cat Yield TOF Yield TON
(mol %) (In 1h) (in h™ (time, h) (time, h)
1 5.2 (1)° 57 57 80(2) 80(2)
2 5.2 (1)° 51 51 82(2) 82(2)
3 5.2 (1) 79 79 86(2) 86(2)
4 5.3 (1) 55 55 86 (2) 86 (2)
5 5.4 (1) 73 73 97 (2) 97 (2)
6 5.7 (1) 70 70 91 (2) 91 (2)
7 5.8 (1) 85 85 94 (2) 94 (2)
8 5.1 (1) 80 80 91 (2) 91 (2)
9 5.11 (1) 94 94 100 (2) 100 (2)
10 5.6 (1) 91 91 99 (1.5) 99 (1.5)
11 5.12 (1) 96 96 96 (2) 96 (2)
12 5.9 (1) 72 72 97 (3) 97 (3)
13 5.1 (0.5) 78 156 99 (3) 198 (3)
14 5.11 (0.5) 45 90 82 (3) 164 (3)
15 5.2 (0.5) 26 52 78 (4) 156 (4)
16 5.4 (0.5) 10 20 60 (7.5) 120(7.5)
17 5.6 (0.5) 78 156 100 (3) 200 (3)
18 5.12 (0.5) 82 164 90 (2) 180 (2)
19 5.6(0.5)° 3 6 13 (24) 26 (24)
20 5.6 (0.1) 24 240 80 (4) 800 (4)
21 5.12 (0.1) 31 310 78 (3) 780 (3)
22 5.4 (0.005) 0 0 5 (6) 1000 (6)

All reactions were carried out in isopropanol at 85 °C in air, using 2mmol
acetophenone and 10 mol % of KO'Bu unless otherwise stated. Conditions were not
anhydrous or air free. % vyields were determined by '‘H NMR using 1,3,5-
trimethoxybenzene as internal standard. Reactions were monitored at 30 minute
intervals. "KOH as base. °Cs,COs as base. Turnover frequency (TOF) and turnover
number (TON).®Without base
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Next we investigated the influence of the triazine ring substituents on the catalytic
activity. The comparison was made between the morpholine (5.1, 5.6) and dimethyl
amino (5.11, 5.12) complexes (entries 8-11), where much higher activities are

observed for the NMe; substituted complexes, 5.11 and 5.12.
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Figure (5-15) Progress of yield vs time for complexes 5.1, 5. 2, 5.3, 5.4,
5.7and 5.18

A common observation for the time-monitored catalytic reactions was that the
reaction rate neared zero when yields reached about 80% (Fig 5-15) Addition of more
ketone substrate to these reactions resulted in reactivation of the catalyst, implying
that the rather weak metal-ketone binding is rate limiting.

The transfer hydrogenation activity of the Ru(arene)CI,(NHC) precatalysts 5.1-5.11
and 5.12 for acetophenone can be compared to that of similar Ru(arene)CIl,(NHC)
complexes in the literature. With arene = p-cymene, arene; NHC = ImEt,CH,CH,OEt,
(Im,Et,Pentyl , methylenebis(ImEt),, our catalysts outperformed or had activity

similar to that of catalysts under similar conditions.[46]
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Catalytic Transfer Hydrogenation of Other Carbonyl Substrates with

Precatalyst 5.2,

Complex 5.2 was used for the hydrogenation transfer to investigate substrate scope.
These results are shown in Table (5-9). During the first hour of reaction, the non-
substituted, fluoro and benzophenone derivatives (entries 1, 2, 8) have similar
reaction profiles (TOF = 80). The same holds true when comparing the bromo- and
isopropyl-acetophenone derivatives (TOF = 53). However, after the first hour of
reaction significant deviations in the reaction profiles were observed (Table 5-9, %
yield in 2h), thus allowing to establish the following activity trend for the para-
substituted acetophenone derivatives: CN < OMe < iPr < Br <H < F< aryl.

The introduction of electron-withdrawing substituents, such as F (entry 2), to the para
position of aryl ring of the ketone leads to a decrease in the electron density on the C=
O bond. This improves the activity of (entry 2), increasing the ease of
hydrogenation.[14]

The electron-rich substrate 4-methoxyacetophenone (entry 5) resulted in decreased
product formation 20 % a and 42 % at 1 and 2 h, suggesting that hydride transfer is
slow in this case or perhaps catalyst inhibition occurs. The substrate 4-
nitroacetophenone (entry 7) appears to be incompatible with base, as catalyst 5.2 led
to 0% conversion at 1h with our standard conditions.

The use of benzophenone substrate (Table 3, entry 8) revealed that the steric bulk
plays important role with an enhancement to 98% conversion in this reaction after 2

h.[23]
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Table (5-9)Catalytic transfer hydrogenation of para-substituted aromatic ketone
substrates

% | TON o i
Run Substrate (m%la E/) Yield | (time, ?:r?( ierlg gnOFh'l)
) | (time, h | h)
1 ©—< 5.2(1) 86 (2) 86 79 79
@]
5 F©—< 52(1) | 942 | 94 81 81
0
3 Br@—< 52(1) | 82(2) | 82 54 | 54
0
4 >—©j< 52(1) | 69(2) 69 53 53
O
5 —o©—< 52(1) | 42(2) | 42 20 20
0
6 NC©—< 52(1) | 25(2) 25 17 17
0
-, 02N©—< 5.2 (1) - 0
0
O
8 52(1) | 98(2) 98 84 (1) 84

All reactions were carried out in isopropanol at 85 °C in air, using 10 mol% of
KO'Bu and 1 mol% of Precatalyst 5.2. Conditions were not anhydrous or air free.
Conversions were determined by 'H NMR spectroscopy using 1,3,5-
trimethoxybenzene as internal standard. All reactions were monitored at 30 minute
intervals
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5.3-Experimental

General remarks.

All manipulations were performed using standard glassware under Nitrogen
conditions. Solvents of analytical grade were purified using a Braun-SPS solvent
purification system. [RuCly(Ce¢He]. and[RuCl,(p-cymene)], were synthesized
according to a known literature procedure. [49, 50] Silver complexes that have been
prepared in this work were used as a transfer agent. NMR spectra were obtained using
Bruker Avance AMX 400 spectrometer. The chemical shifts are given as
dimensionless ¢ values and are frequency referenced relative to TMS. Coupling
constants J are given in hertz (Hz) as positive values regardless of their real
individual signs. The multiplicities of the signals are indicated as s, d, and m for
singlets, doublets, and multiplets, respectively. The abbreviation br is given for
broadened signals. High resolution mass spectra were obtained using electrospray
(ES) mode, on Waters LCT Premier XE instrument. Elemental analysis worked by
Elemental Analysis Service Science Centre London Metropolitan University.

X-Ray crystallographic data for 5.1, 5.4, 5.6, 5.8, 5.10 and 5.11, were collected using
Rigaku AFC12 goniometer equipped with an enhanced sensitivity (HG) Saturn724+
detector mounted at the window of an FR-E+ SuperBright molybdenum rotating
anode generator with HF Varimax optics (70, Aand 100 um focus). Structural
solution and refinement was achieved using: SHELXL-2013 and SHELXL-2014
software, and absorption correction analysised using CrystalClear-SM Expert

software.

Typical reaction procedure for the synthesis of the Ru(ll) complexes 5.1-5.12
In a 50 mL conical flask and under a nitrogen atmosphere the [Ag(NHC)X] complex

, [Ru(n6-arene)Cl,], and KPF6 (in case 5.3, 5.9 .5.9 without KPFg) were dissolved in
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dry CH,Cl, (40 mL) and left stirring overnight in the dark. The resulting mixture was
filtered through celite and volatiles removed in vacuo. The orange solid obtained was
recrystallized by evaporation of Et20 in a CH,Cl, solution to afford orange crystals

of the ruthenium complex

Synthesis of[Ru(CsHs)CI(2.3)]PFs, 5.1

The general procedure outlined above was followed, using silver complex 3.1 (0.1 g,
0.211 mmol), [Ru(CsHg)Cl], (0.053g, 0.105 mmol) and KPF (0.078 g, 0.42 mmol),
affording [Ru(CsHs)CI(2.3)]PFs, 5.1 as an orange solid. Yield =0.13 g (0.188 mmol)
89 %. 'H NMR (400 MHz, CDCls, ppm) 8 = 7.65 (d, J = 2.0, 1 H, C, imid), 7.12 (d,
J=2.4,1H, Cs, imid), 5.83 (s, 6 H, Ar), 4.08 (s, 3 H, CH3-N), 3.70-4.10 (br, 16 H,
morpholine).”*C NMR(101 MHz, DMSO, ppm), & = 183.8 (Cnuc-Ru), 168.3, 162.9,
161.1 (3 x C, triazine ring), 126.3, 117.6 (2 x C, imid), 87.8 (6 x C, Ar), 66.5, 66.3,
445 (8 x C, morpholine), 37.8 (CH3). HRMS (ES"), calcd mass for [M" - PFg],
CaoH24Fs N7 O2 546.0942, measured 546.0942.

Synthesis of [Ru(p-cymene)CI(2.3)]PFs, 5.2

L R
LA
o(\N N \=/N

The general procedure outlined above was followed, using silver complex 3.1 (0.2g,

0.421 mmol), (0.129 g, 0.2116 mmol) [Ru(p-cymene)Cl;],, and KPF¢ (0.154g, 0.84
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mmol) affording [Ru(p-cymene)CI(2.3)]PF¢, 5.2 as an orange solid Yield = 0.29 ¢
(0.38 mmol) 90 %.*H NMR (400 MHz, CDCls, ppm) &y = 7.58 (d, J = 4.0, 1 H, Cq,
imid) 7.13 (br, 1 H, Cs imid), 5.87 (d, J = 4.0, 1 H, cymene), 5.83 (d, J = 4.0,1 H,
cymene), 5.63 (d, 1 H, J = 8.0, cymene) 5.41 (d, 1H, J = 8.0, cymene), 4.02 (s, 3H,
CH3-N), 3.62-3.95 (br, 16 H, morpholine), 2.27 (m , 1 H, CH-Me,), 2.06 (s, 3 H,
CHgs-cymene), 0.99 (d, J = 8.0, 3 H, CH3, cymene), 0.86 (d, J = 4.0, 3 H, CHj,
cymene). *C NMR (101 MHz, CDCls, ppm) 8¢ = 184.1 (C-Ru), 168.6, 163.1, 161.2
(3 x C, triazine ring),125.9, 117.2, (2 x C, imid), 104.7, 104.1, 93.4, 87.4, 84.2, 81.7
(6 x C, cymene), 66.5, 66.4, 44.5 (8 x C, morpholine) 37.7 (N-CHj3), 31.1 (CH-Me,),
22.7,21.4 (2 x CH3, cymene) 18.3 (CH3, cymene). HRMS (ES™) calcd mass for [M™-
PFg], CasH3sN;O,CIRu 602.1584, measured 602.1557. Anal. Calcd for
CasH3sCIF6O,NPRu (747.08): C, 40.91; H, 4.72; N, 13.12. Found: C, 39.99; H, 4.58;
N, 13.17.

Synthesis of [Ru(p-cymene)CI(2.3)]Cl, 5.3

The general procedure outlined above was followed, using silver complex 3.1 (0.1 g,
0.211 mmol), [Ru(p-cymene)Cl,], (0.064 g 0.105 mmol), affording [Ru(p-
cymene)CI(2.3)]Cl, 5.3 as an orange solid Yield = 0.117 g (0.18 mmol) 87 % as an
orange solid ."H NMR (400 MHz, CDCls, ppm) &y = 7.65 (d, J = 2.0, 1 H, C4, imid),
7.2(d,1H,J=2.0, Cs, imid), 6.21 (d, 1 H, J = 6.0, cymene), 6.15 (d, 1 H, J = 6.0,
cymene), 5.75 (m, 2 H, cymene), 424 (s, 3 H, N-CH3) 3.96-4.1 (br, 16 H,
morpholine), 2.41 (m, 1 H, CH-Me,), 2.12 (s, 3 H, CH3, cymene) , 1.08 (d, J = 8.0, 3

H, CHs, cymene), 0.98 (d, J = 8, 3H, CHs, cymene).**C NMR (101 MHz, CDCls,
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ppm) 8¢ = 184.34 (C-Ru), 168.9, 163.4, 161.4 (3 x C, triazine ring), 126.7, 117.4 (2 x
C, imid)), 105.1, 102.6, 93.6, 87.8, 85.3, 83.2 (6 x C-cymene) 66.8, 66.5, 44.8, 44.7
(8 x C, morpholine) ,39.0 (CH3-N), 31.5 (CH-Me,), 23.1, (CH3-cymene), 22.1, (CH3-
cymene) 18.8 (CH3z -cymene). HRMS (ES™) for [M" - CI], C2sH3sN70,CIRu 602.1568,
measured 602.1557.

Synthesis of [Ru(p-cymene)CI(2.5)]PFs, 5.4

SN

)§
,)\l
5

The general procedure outlined above was followed, using silver complex 3.2 (0.1 g,
0.18 mmol) , [Ru(p-cymene)Cl;], (0.055g 0.09 mmol) and KPFg (0.066g,
0.364mmol), affording [Ru(p-cymene)CI(2.5)]PF¢, 5.4 as an orange solid Yield =
0.124 g (0.16 mmol) 88 %. 'H NMR (400 MHz, CDCl3, ppm) oy = 7.64 (br, 1 H, Cy4,
imid), 7.2 (d, 1H, J = 4.0, Cs, imid), 5.85 (d, 1 H, J = 4.0, cymene), 5.75(d, 1H, J =
8.0, cymene), 5.62 (d, 1 H, J = 8.0, cymene), 5.34 (d, 1 H, J = 4.0, cymene), 4.28 (m,
2 H, N-CH,) 3.57-4.04 (br, 16 H, morpholine), 2.24 (m, 1 H, CH-Me,), 2.03 (s, 3 H,
CHs, cymene) ,1.94 (m, 2 H, CH; propyl), 0.97 (m, 6 H, CH3 cymene, CHs, propyl),
0.85 (d, J = 8, 3 H, CH3, cymene).”*C NMR (101 MHz, CDCls, ppm) 8¢ = 183.7 (C-
Ru), 168.4, 163.6, 161.6 (3 x C, triazine ring), 123.5, 118.1 (2 x C-imid), 105.1,
104.4, 93.4, 87.4, 84.5, 82.6 (6 x C, cymene) 66.9, 66.8, 44.9,(8 x C, morpholine),
53.0 (CH2-N) 31.6 (CHy, propyl), 31.6 (CH-Me,), 23.9 (CH,-propyl), 22.6, 21.4, 18.3
(3 x CHs, cymene) 11.2 (CHs, propyl). HRMS (ES™) for M*- PF¢], C27H39N70,CIRu
630.1897, measured 630.1761 .Anal. Calcd for C,7H39CIFsO,N7PRu (775.13): C,

41.84, H, 5.07; N, 12.65. Found: C, 42.02; H, 5.16; N, 12.64.
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Synthesis of [Ru(C¢Hg)CI(2.6)]Cl, 5.5

E:] @ a

The general procedure outlined above was followed, using silver complex 3.3 (0.3 g,
0.534 mmol), [Ru(CeHs)Cl2]2 (0.13 g, 0.26 mmol), affording [Ru(CsHe)CI(2.6)]ClI,
5.5 as an orange solid. Yield = 0.28 g (0.45 mmol) 85%. ‘*H NMR (400 MHz, CDCl5,
ppm) 8y = 7.69 (d, 1 H, J = 2.0, Cy4, imid), 7.22 (d, 1 H, J = 2.0, Cs, imid), 5.92 (s, 6
H, Ar), 4.48 (m, 2 H, CH,-N), 3.74-4.09 (br, 16 H, morpholine), 1.92 (m, 2 H, CH,),
1.4 (m, 2 H, CH,), 0.95 (t, 3 H, J = 7.2, CH3). **C NMR (101 MHz, CDCls, ppm) 8¢
= 182.2 (C-Ru) ,168.9, 162.6, 161.8 (3 x C, triazine), 124.2, 118.3 (2 x C, imid) 88.4
(6 x C, Ar) 66.9 , 66.7, 45.1, 44.8 (8 x C, morpholine), 51.7 (CH,-N) 32.5 (CH,),
20.9 (CH,), 14.2 (CHs). HRMS (ES") for [M* - Cl], CasH33N;0,CIRuU 588.1428,
measured 588.1478.

Synthesis of [Ru(CsHg))CI(2.6)]PFs, 5.6

The general procedure outlined above was followed, using silver complex 3.3 (0.2g,
0.356 mmol), [Ru(CgHg)Cl,]2 (0.089g, 0.178 mmol) and KPF¢ (0.131g, 0.712 mmol,
affording [Ru(CsHs))CI(2.6)]PFs, 5.6 as an orange solid. Yield = 0.193 g (0.263
mmol) 74 % as an orange solid ."HNMR (400 MHz, CDCls, ppm) &4 = 7.63 (d, 1 H, J
= 4.0, Cy, imid), 7.12 (d, 1 H, J = 4.0, Cs, imid), 5.72 (s, 6 H, Ar), 4.27 (m, 2 H, CH,-

N), 3.5-4.08 (br, 16 H, morpholine), 1.8 (m, 2 H, CH,), 1.35 (m, 2 H, CH,), 0.91 (t, 3
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H, J = 8.0, CH3) .2*C NMR (101MHz, CDCls, ppm) 8¢ =183.3 (C-Ru), 167.7, 162.6,
160.7 (3 x C, triazine ring), 126.4, 117.1 (2 x C, imid)) 87.6 (6 x C, Ar) 65.8, 64.8,
43.7 (8 x C, morpholine), 49.4 (CH»-N) 37.2 (CH,), 27.4 (CH,), 19.2 (CH3). HRMS
(ES™) for [M" - PFg], C24H33N;O,CIRuU 588.1428, measured 588.1403. Anal. Calcd
for Ca3H33CIFsO,N7PRu (733.05): C, 39.32; H, 4.54; N, 13. 38. Found: C, 39.22; H,

4.38; N, 13.26.

Synthesis of [Ru(p-cymene)CI(2.6)]PFs, 5.7

The general procedure outlined above was followed, using silver complex 3.3 (0.17 g,
0.303 mmol), [Ru(p-cymene)Cl;], (0.092 g, 0.151 mmol) and KPF¢ (0.111 g, 0.606
mmol) affording [Ru(p-cymene)CI(2.6)]PFs, 5.7 as an orange solid. Yield = 0.193 ¢
(0.245 mmol) 81%."H NMR (400 MHz, CDCls, ppm) &y = 7.62 (d, 1 H, J = 4.0, C,,
imid), 7.16 (br, 1 H, Cs, imid), 5.85 (d, 1H, J = 4.0, cymene), 5.76 (d, 1 H, J = 4.0,
cymene), 5.62 (d, 1 H, J = 8.0, cymene), 5.35 (d, J = 4.0, cymene), 4.35 (m, 2 H,
CH,-N), 3.5-4.0(br, 16 H, morpholine), 2.24 (m, 1 H, CHMe,), 2.05 (s, 3 H, CHj,
cymene), 1.87 (m, 2 H, CH,, butyl), 1.36 (m, 2 H, CH,, butyl) 0.99 (d, 3 H, J = 8.0,
CHs, cymene), 0.92 (t, 3 H, J = 4.0, CHj, butyl), 0.86 (d, 3 H, J = 4.0, CHa-
Cymene)."*C NMR (101 MHz, CDCls ppm) &c = 183.9 (Cichny-Ru), 168.9, 163.4,
161.6 (3 x C, triazine), 124.1, 117.9 (2 x C, imid), 105.4, 103.8, 93.7, 87.4, 83.8 (6 x
C, cymene) 66.9, 66.7, 44.5, (8 x C, morpholine), 51.4 (CH2-N) 32.6 (CHy-butyl),
31.6 (CH-Me,), 23.2, 21.9, 18.7 (3 x CHs, cymene) 14.7(CHg-butyl). HRMS (ES")

for [M*-PFg], C2sH41N70,CIRU 644.2054, measured 644.2065.
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Synthesis of [Ru(p-cymene)CI(2.7)]PFs, 5.8
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The general procedure outlined above was followed, using silver complex 3.4 (0.4g,
0.65 mmol, [Ru(p-cymene)Cl;], (0.198 g, 0.32 mmol), and KPFg (0.239 g, 0.129
mmol), affording [Ru(p-cymene)CI(2.7)]PFs, 5.8 as an orange solid. Yield = 0.39 g
(0.47 mmol) 72 %. *H NMR (400 MHz, CDCls, ppm) 8y = 7.64 (d, 1H, J = 4.0, C,,
imid), 7.2 (br, 1 H, Cs-imid), 5.93 (d, 1 H, J = 8.0, cymene) 5.83 (d, 1 H, J = 4.0,
cymene), 5.65 (d, 1 H, J = 8.0, cymene), 5.4 (d, 1 H, J = 4.0, cymene), 4.39 (m, 2 H,
CH,-N), 3.45-4.07 (br, 16 H, morpholine), 2.3 (m, 1 H, CHMey), 2.06 (s, 3 H, CHj,
cymene), 1.89 (m, 2H, CH, octyl), 1.2 (br, 10H, (CHy)s, octyl), 1.00 (d, 3H, J = 8.0,
CHg; cymene), 0.88 (d, 3 H, J = 8.0, CH3, cymene), 0.81 (t, 3 H, J = 4.0, CHj3, octyl).
3C NMR (101 MHz, CDCls, ppm) ¢ = 183.3 (C-Ru), 168.4, 162.9, 161.3 (3 x C,
triazine), 123.8, 117.7 (2 x C, imid), 104.7, 103.7, 93.2, 87.2, 84.5, 82.1 (6 x C,
cymene ) 66.5, 66.3, 44.5 (8 x C, morpholine), 51.3 (CH,-N) 31.7 (CH-octyl), 31.1
(CHMey), 30.2, 29.1, 29.1, 26.6, 22.7 ((CH.)s)-octyl), 22.6, 22.6, 18.6 (3 x CHa,
cymene) 14.1 (CHs-octyl). HRMS (ES") for [M" - PF¢], C32HoN;O,CIRu 700.2680
,measured 700.2766 . Anal. Calcd for C3;Hs9CIFsO,N;PRuU (845.24): C, 45.47; H,

5.84; N, 11.6. Found: C, 45.29; H, 5.76; N, 11.53.
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Synthesis of [Ru(C¢Hg)CI(2.8)]Cl, 5.9

The general procedure outlined above was followed, using silver complex 3.5 (0.2 g,
0.35 mmol), and [Ru(Ce¢He)Cl], (0.086 g, 0.17 mmol), affording
[Ru(CsHs)CI(2.8)]CI, 5.9 as an orange solid. Yield = 0.21g (0.31 mmol) 90 %.'H
NMR (400 MHz, DMSO, ppm) &4 = 8.47 (d, 1 H, J = 4.0, C4, imid), 7.89 (d, 1 H, J =
4.0, Cs-imid), 7.25 (s, 1 H, Ar), 7.21 (s, 1 H, Ar) 5.46 (s, 6 H, benzene), 3.59-3.9 (br,
16 H, morpholine), 2.41 (s, 3H, mesityl), 2.23 (s, 3H, CH3, mesityl), 2.2 (s, 3H, CH3,
mesityl). *C NMR (101 MHZ, DMSO, ppm) ¢ = 184.3 (C-Ru), 168.5, 163.4, 160.8
(3 x C, triazine), 140.3, 136.3, 135.1, 134.8, 129.2 (6 x C, mesityl) 127.3, 118.8 (2 x
C-imi), 87.9 (6 x C-benzene), 66.18, 66.05, 44.36, (8 x C, morpholine), 21.08 (CHy3),
18.78 (CH3) 17.93 (CHs). HRMS (ES*) for [M* - C1], CasHasN7O0,CIRu 650.1584,

measured 650.1588.

Synthesis of [Ru(C¢Hg)CI(2.8)]PF¢, 5.10

The general procedure outlined above was followed, using silver complex 3.5 (0.2 g,
0.35 mmol), [Ru(CsHg)Cl;]2 (0.086 g, 0.17 mmol), and KPFg (0.127, 0.69 mmol),

affording [Ru(CsHs)CI(2.8)]PFs, 5.10 as an orange solid. Yield = 0.23g (0.293
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mmol) 85%.'H NMR (400 MHz, CDCls, ppm) &4 = 7.91 (d, 1 H, J = 1.0, C4-imid),
7.05 (d, 1H, J = 2.0, Cs, imid), 7.1 (s, 1H, Ar), 7.14 (s, 1 H, Ar) 5.39 (s, 6 H, Ar),
3.59-3.9 (br, 16H, morpholine), 2.42 (s, 3 H, mesityl), 2.28 (s, 3 H, CH3, mesityl),
2.26 (s, 3 H, CHs, mesityl). *C NMR (101 MHz, CDCls, ppm) 8¢ = 183.8 (C-Ru),
169.6, 163.5, 161.5 (3 x C, triazine), 141.3, 137.1, 136.4, 134.7, 130.3, 129.5 (6 x C,
mesityl) 125.6, 118.7 (2 x C, imid), 87.9 (6 x C, benzene), 66.5, 44.8, 44.7, (8 x C,
morpholine), 21.5 (CH3), 19.2 (CHs) 18.1 (CHs). HRMS (ES") for [M*-PFg],

Cy9H35N;0,CIRu 650.1584, measured 650.1569.

Synthesis of [Ru(CgHg)CI(2.13)]PFs, 5.11
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The general procedure outlined above was followed, using silver complex 3.9 (0.2 g,
0.51 mmol), [Ru(CsHe)Cl2]2 (0.127 g, 0.25 mmol) and KPFg (0.187 g, 1.02 mmol),
affording [Ru(CgsHs)CI(2.13)]PFs, 5.11 as an orange solid. Yield = 0.28 g (0.46
mmol) 90 %.*H NMR (400 MHz, CDCls, ppm) &y = 7.57 (d, 1 H, J = 2.0, C4, imid),
7.13(d, 1 H, J = 2.0, Cs, imid), 5.74 (s, 6 H, Ar), 4.01 (s, 3 H, CH3), 3.17, 3.15 (s, 12
H, (CH3)4).23C NMR (101 MHz, CDCl5 ppm) 8¢ = 181.1 (C-Ru), 168.1, 161.2, 160.7
(3 x C, triazine), 124.5, 116.2 (2 x C, imid) 86.7 (6 x C, Ar) 39.9 (CHs), 35.9, 358
(CH3)s. HRMS (ES") for [M'-PFg], CiH2N;CIRu 462.0747, measured

462.0721.Anal. Calcd for Cq17H23CIFsN7PRu (606.90). C, 33.64; H, 3.82; N, 16.16.

Found: C, 33.69: H, 3.95: N, 16.29.
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Synthesis of [Ru(CgHg)CI(2.14)]PFs, 5.12
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The general procedure outlined above was followed, using silver complex 3.10 (0.3 g,
0.62 mmol) of the silver complex 3.19, [Ru(CsHs)Cl]2 (0.15 g, 0.31 mmol) and KPFg
(0.23 g, 1.24 mmol), affording [Ru(CsHs)CI(2.14)]PF¢, 5.12 as an orange solid .Yield
= 0.34g (0.534 mmol) 85 %.'H NMR (400 MHz, CDCl; ppm) &, = 7.63 (br, 1 H, C,,
imid), 7.10 (br, 1 H, Cs, imid), 5.73 (s, 6 H, Ar), 4.30 (br, 2 H, N-CH,), 3.36 (br, 6 H,
(CH3)2), 3.20 (s, 6 H, (CH3),),"*C NMR (101 MHZ, CDCls, ppm) &¢ = 182.1 (C.Ru),
167.9, 161.5, 160.4 (3 x C, triazine), 124.8, 117.7 (2 x C, imid) 86.7 (6 x C, Ar) 52.1
(CH..N, butyl) 35.9, 358 (CHs)s (CH,), 26.7 (CH,), 13.7 (CH3) .HRMS (ES*) for

[M+-PFg], CooH29N7CIRU 504.1216, measured 504.1217.
General procedure for transfer hydrogenation

A mixture of (2 mmol) of desired substrate (i.e. actophenone or its devitives or
benzophenone), 10 mol% of base and (0.66 mmol) of 1,3,5-trimethoxybenzene as
internal standard was dissolved in 5 mL of isopropanol followed by the addition of
the catalyst solution in isopropanol. The reaction mixture was heated to 85 °C for a
specific time. The reaction was left to cool to room temperature. Hexane was added to
the solution and the filtered through celite. The filterate was pumped dry in vacue and
the residue was extracted with CDCls. *H NMR spectrum was measured and the

percentage yields calculated by the integration with the internal stanard.
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Chapter 6

6.1-Conclusions

A range of new imidazolium salts incorporating a triazine core have been synthesised
and characterised as precursors to the corresponding NHC ligands. Cyanuric chloride
was used to prepare a number of triazine derivatives, Monochlorotriazine derivatives
la, 1b, 1c, and 1d were obtained by the reaction of morpholine, piperidine,
dimethylamine and diethylamine respectively with cyanuric chloride under mildly
basic aqueous conditions. The third chloride was substituted by the reaction with
either 1-H-Imidazole followed by reaction with variety of alkyl halides to produce
2.4-2.7 and 2.10-2.15 or N —substituted —imidazoles to obtain salts 2.3, 2.8, 2.9 and

2.13 (Scheme 2-12). These methods gave good yields (61 — 85 %).

NR, o
)\ X
i
)\ )\
R,N N N/\N@\R'
_

Figure (6-1) General structure of imidazolium salts

The *H NMR spectra typically showed three signals around 10, 8, and 7.5 ppm
corresponding to the imidazole protons in addition to signals for the triazine
derivatives and the second substituent on the imidazole ring. *C NMR spectroscopy
confirmed the formation of salts by the appearance of two signals in the range 165-

160 ppm for triazine and three signals for the imidazole ring around 123,120 and 137

ppm.
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Chapter 6:Conclusions

Imidazolium salts 2.4, 2.6 and 2.10 were studied by X-ray diffraction, showed that
bond lengths and bond angles for all ligands were generally in the range of expected

by comparison with previous literatures.

The Ag(NHC)X complexes 3.1-3.11 were prepared in situ via the reaction of Ag,O
with an NHC precursor salt in dichloromethane to afford Ag(l)-NHC complexes.
AQ,0 played two roles. First, as a base to deprotonate the azolium proton generating
the free NHC and secondly it is a source of silver ions. 61-96% yields were obtained

for the complexes.

NMR spectroscopy and mass spectrometry, as well as elemental analyses and X-ray

crystallography were used to confirm the formation of complexes.

R2 N N N_R1

Figure (6-2) General structure of silver complexes

In the 'H NMR spectra the imidazole proton resonances of positions 4 and 5 were
shifted significantly upfield upon coordination when compared to the NHC ligand
precursor, accompanied by the disappearance of the NC(H)N peak. **C NMR spectra
showed the disappearance of the signal corresponding to C2 in the range 137 ppm

indicating formation of the complexes.

[Ag(NHC)X] complexes 3.4, 3.5, 3.5, 3.6 and 3.7 were studied by X-ray diffraction.

The structures consist of one NHC ligand and one halide ligand coordinated with a
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Chapter 6:Conclusions

single Ag center. The coordination geometry at Ag is slightly distorted from the

idealised linear geometry according to Cync-Ag-X bond angles.

Due to the labile nature and fluxional behaviour of silver(l)-NHCs, complexes 3.2
and 3.5 have been used as ligand transfer agents with Pd(MeCN),Cl, for the synthesis
of [PA(NHC),Cl,] 4.9 and 4.10. X-ray diffraction showed both the cis and trans

isomers for 4.9.

[PA(NHC)(Py)X_] complexes 4.1-4.7 have been prepared in situ via the reaction of
PdCl, with an NHC precursor salt in the presence of K,COs in pyridine at 80 °C

giving the product in 41-68% yield.

'"H NMR spectroscopy showed that the imidazole proton resonances of positions 4
and 5 were shifted significantly upfield upon coordination when compared to the
NHC ligand precursor, accompanied by the disappearance of the NC(H)N peak.
Additionally, three new peaks for the pyridine protons were observed around 9.0, 7.5
and 7.3 ppm. New signals were observed in the **C NMR spectra attributed to Pd-C

NHC around 150 ppm.

X

|
NR, T/

A A
R,N~ DN N\QJN\R1

Figure (6-3) General structure of [Pd(NHC)(Py)X,] complexes
[PA(NHC)(Py)X;] complexes 4.2, 4.3, 4.6 and 4.8 were studied by X-ray diffraction;
the central Pd(II) is coordinated by one carbene, two bromo ligands in a trans

configuration and a pyridine in a square planar geometry.
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[PA(NHC)(Py)X;] complexes 4.3, 4.6 and 4.8 were evaluated for the Suzuki-Miyaura
coupling of phenylboronic acid with aromatic bromides and chlorides.

Two solvent systems were used in the cross coupling reaction; neat water and a
mixture of DMF-H,O (10-0.5 ml). The reactions were conducted at reflux under
aerobic conditions in the presence of K,CO3 as a base.

The results obtained in both solvent systems prove that these complexes are efficient
catalysts in the Suzuki reaction. The highest conversion (100%) was obtained in H,O
for 4-bromo acetophenone within 30 minute. Lower yields were obtained in DMF-
H,O mixtures at about 90-94%.

The cross-coupling for 4-chloroacetophenone in refluxing water afforded 26, 22 and
18% vyield after 24h (entries 6-8) respectively. The low reactivity of 4-
chloroacetophenone has been attributed to their resistance to oxidative addition

because of the large Csp?~Cl bond dissociation energy.

Ag(NHC)X 3.1, 3.2, 3.3, 3.4, 3.5, 3.9 and 3.10 have been also used to prepare [Ru(n’-
arene)(NHC)CI]Y 5.1-5.12 complexes (where Y= PFg, Cl) by transmetallation from
the silver complexes with either [Ru(p-cymene)Cl;], or [Ru(CgHg)Cly]2 in
dichloromethane to produce cyclometalated ruthenium complexes via coordination of
the triazine-NHC ligand in a chelating mode where both the carbene and one of the

N-donors of the triazine group ligate the metal.

Figure (6-4) General structure of [Ru(nﬁ-arene)(N HC)CI]Y complexes
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Chapter 6:Conclusions

'H NMR spectra of the [Ru(p-cymene)(NHC)CI]Y (where Y = Cl, PF¢) complexes
5.2,5.3, 5.4, 5.7 and 5.8 confirmed the formation of five membered ruthenacycle by
the desymmetrization of the cymene ring, indicated by the four doublets between 6.12
and 5.34 ppm. The formation of [Ru(CeHg)(NHC)CI]Y complexes 5.1, 5.5, 5.6, 5.9,
5.10, 5.11 and 5.12 (where Y = Cl, PFg) were confirmed by the emergence of a sharp
signal between 5.92-5.39 ppm integrating to 6H and assigned to the benzene ring.**C
NMR spectra of [Ru(®n-arene)(NHC)CI]Y complexes 5.1-5.12 display signals in the
range 181.1-184.3 ppm attributed to the carbene carbon, confirming formation of the

ruthenium complexes.

[Ru(n’-arene)(NHC)CI]Y 5.1, 5.4, 5.6, 5.8, 5.10 and 5.11 were studied by X-ray
diffraction and showed that the ruthenium center is bound by the chelating NHC,
chloride atom and n°-arene ring. Coordination of the triazine N-substituent is clearly

observed.

The ruthenium complexes 5.1-5.12 were tested in the transfer hydrogenation reaction

of ketonic substrates and proved to be very successful.

The reaction takes place between a variety of ketones and isopropanol as a solvent

and proton source at 85 °C under basic conditions.
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Publication from this Thesis

Dalton
Transactions RSCPublishing

View Article Online

View Journal | View Issue

Convenient syntheses of cyanuric chloride-derived
NHC ligands, their Ag(1) and Au() complexes and
antimicrobial activityt

Cite this: Dalton Trans, 2013, 42, 12370

Foteini Almalioti, James MacDougall Stephen Hughes,? Mohammed M. Hasson,24
Robert L. Jenkins,? Benjamin D. Ward,? Graham J. Tizzard,” Simon J. Coles,”
David W. Williams, Sarah Bamford,® lan A. Fallis** and Athanasia Dervisi*®

Convenient syntheses of mono- and bis-imidazolium 1,3 5-triazine derivatives bearing piperidine and
morpholine substituents are reported. In situ deprotonation of the mono-imidazolium salts and reaction
with Ag,0 or Au(tht)Cl (tht = tetrahydrothiophene) precursors affords the corresponding Ag(NHC)Cl and
Au(NHC)C carbene complexes. In the presence of Ag() or Au() salts the bis-imidazolium pincers elimin-
ate the imidazolium group to afford ~OMe or -NMe; substituted triazines depending on the solvent
used. In solution, the Ag() and Au()) complexes show a barrier to rotation about the CizineNamine
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X-Ray crystal structure data
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Table A.1: Crystal data and structure refinement for [1- TzMorph,-3-1Pr- Im]l, (2.4)

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient
F(000)

Crystal

Crystal size

@range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to 8= 27.49°
Absorption correction

Max. and min. transmission
Refinement method

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

Final R indices [F>> 20(F?)]
R indices (all data)

Largest diff. peak and hole

2012ncs0915a

C19H29INgO>

528.40

100(2) K

0.71075 A

Triclinic

P-1

a=9.9931(4) A =103.828(7)°
b=10.9576(4) A £=108.497(8)°
c=11.7851(8) A y=97.432(7)°
1158.46(10) A®

2

1.515 Mg/ m?®

1.414 mm™

536

Block; colourless

0.05 x 0.04 x 0.03 mm?

3.00 — 27.49°
-12<h<12,-14<k<14,-15<1<15
36531

5293 [Rint = 0.0339]

99.8 %

Semi—empirical from equivalents
0.9588 and 0.9327

Full-matrix least-squares on F?
5293/01/274

1.046

R1=0.0248, wR2 = 0.0581
R1=0.0276, wR2 = 0.0593

0.826 and —0.811 e A~
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Table B.1: Crystal data and structure refinement for [1-TzMorph,-3-Bu-Im]Br, (2.6)

Identification code 2012ncs0913ab

Empirical formula C19H29BrCIsN;O,

Formula weight 573.75

Temperature 100(2) K

Wavelength 0.71075 A

Crystal system Monoclinic

Space group P21/c

Unit cell dimensions a=14.7565(10) A o« =90°
b=11.2256(8) A B =110.606(3)°

110.606(3)°
c= 16.6420(311) A y-90°

Volume 2580.4(3) A

Z 4

Density (calculated) 1.477 Mg/ m?

Absorption coefficient 1.933 mm™

F(000) 1176

Crystal Block; Colorless

Crystal size 0.160 x 0.050 x 0.040 mm?®

@ range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to = 25.242°
Absorption correction

Max. and min. transmission
Refinement method

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

Final R indices [F* > 26(F?)]
R indices (all data)
Extinction coefficient
Largest diff. peak and hole

2.921 - 27.461°
-12<h<19,-14<k<14,-21<1<21
17306

5869 [Rin: = 0.0802]

99.6 %

Semi—empirical from equivalents
1.000 and 0.619

Full-matrix least-squares on F?
5869/0/310

1.095

R1 =0.0464, wR2 = 0.0937
R1=0.0768, wR2 = 0.1067

n/a

0.574 and -0.519 e A
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Table C.1: Crystal data and structure refinement [1-TzMorph,-3-solfonat-Im],(2.10)

Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient
F(000)

Crystal

Crystal size

@ range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to §=27.49°
Absorption correction

Max. and min. transmission
Refinement method

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

Final R indices [F* > 26(F?)]
R indices (all data)

Largest diff. peak and hole

C18H28N70550S

462.53

100(2) K

0.71075 A

Monoclinic

P21/c

a=13.5640(9) A a=90°
b = 15.9055(6) A S =97.959(7)°
c=9.8977(3) A ¥ =90°
2114.78(17) A3

4

1.453 Mg / m®

0.203 mm™

980

Block; Colourless

0.08 x 0.08 x 0.08 mm®

3.02 — 27.49°
~17<h<16,-20<k<20,-8<1<12
14624

4827 [Rint = 0.0397]

99.6 %

Semi—empirical from equivalents
0.9840 and 0.9840

Full-matrix least-squares on F?
4827/ 0/ 300

1.077

R1 =0.0399, wR2 = 0.1005

R1 =0.0608, wR2 = 0.1055

0.405 and —0.502 e A~
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Table D.1: Crystal data and structure refinement for [AgBr(2.6)],(3.3)

dentification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient
F(000)

Crystal

Crystal size

@ range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to €= 24.415°
Absorption correction

Max. and min. transmission
Refinement method

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

Final R indices [F*> 26(F?)]
R indices (all data)
Extinction coefficient
Largest diff. peak and hole

2012ncs0914dlsba
C1gH27AgBr 50Clo 50N70;
539.01

100(2) K

0.68890 A

Monoclinic

P21/c

a=13.932(15) A a=90°

b=17533(17) A  =103.147(15)°

c=8.981(9) A 7= 90°
2136(4) A°

4

1.676 Mg/ m?

1.971 mm™

1092

Block; Colorless

0.090 x 0.030 x 0.010 mm?®
3.121 — 24.203°

-16<h<14,-20<k<20,-8<1<10

11862

3611 [Rint = 0.0618]

93.3%

Semi—empirical from equivalents
1.000 and 0.625

Full-matrix least-squares on F?
3611/0/272

1.060

R1 =0.0487, wR2 = 0.1316

R1 =0.0539, wR2 =0.1382
n/a

1.646 and -1.382 ¢ A~°
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Table e.1: Crystal data and structure refinement for [AgBr(2.7)] (3.4)

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient
F(000)

Crystal

Crystal size

@ range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to #=27.500°
Absorption correction

Max. and min. transmission
Refinement method

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

Final R indices [F*> 26(F?)]
R indices (all data)
Extinction coefficient
Largest diff. peak and hole

2013ncs0524rlaa
C22H3sA0:1BriN;O;

617.34

100(2) K

0.71075 A

Monoclinic

P121/cl

a=9.2025(5) A a=90°
b =17.0845(11) A £=90.837(2)°
c= 31.998(23) A y=90°
5030.2(5) A

8

1.630 Mg/ m®

2.423 mm™

2512

Plate; Colourless

0.14 x 0.1 x 0.01 mm®

2.251 — 27.483°
-11<h<11,-21<k<22,-38<1<41
45795

11325 [Rint = 0.1083]

98.1 %

Semi—empirical from equivalents
1.000 and 0.578

Full-matrix least-squares on F?
11325/ 1254 / 643

1.121

R1=0.1195, wR2 = 0.3040

R1 =0.1465, wR2 = 0.3180

n/a

5.102 and -3.221 e A~
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Table F.1: Crystal data and structure refinement [AgCI(2.8)],(3.5)

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient
F(000)

Crystal

Crystal size

@range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to 8= 25.242°
Absorption correction

Max. and min. transmission
Refinement method

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

Final R indices [F>> 20(F?)]
R indices (all data)
Extinction coefficient
Largest diff. peak and hole

2013ncs0050a
C23H29AgC|N702
578.85

100(2) K

0.71075 A
Triclinic

P-1

a=8.8720(5) A
b=10.0035(7) A

¢ =15.4909(1 2 1) A
1263.72(15) A

2

1.521 Mg/ m?®
0.937 mm™

592

Block; Colorless
0.050 x 0.040 x 0.020 mm?®
3.111 — 27.474°

-11<h<11,-12<k<12,-20<1<20

17001
5762 [Ring = 0.0397]
99.8 %

Semi—empirical from equivalents

1.000 and 0.834

Full-matrix least-squares on F?

5762/0/310
1.027

R1=0.0371, wR2 = 0.0989
R1 = 0.0408, wR2 = 0.1011
n/a

2.469 and -0.711e A3
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Table F.1: Crystal data and structure refinement [AgCI(2.9)],(3.6)

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient
F(000)

Crystal

Crystal size

@range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to 8= 27.500°
Absorption correction

Max. and min. transmission
Refinement method

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

Final R indices [F*> 20(F?)]
R indices (all data)
Extinction coefficient
Largest diff. peak and hole

2013ncs0763a
C22H27A0:C11N7O,
564.82

100(2) K
0.71075 A
Monoclinic
P121/n1
a=7.5969(5) A
b = 19.9498(14) A
¢ =15.9396(11) A 7= 90°
2363.2(3) A’

4

1.588 Mg/ m®

1.000 mm™

1152

Fragment; Brownish

0.07 x 0.05 x 0.03 mm?

2.424 — 27.485°
-9<h<7,-25<k<17,-20<1<18
16975

5409 [Rint = 0.0361]

99.6 %

Semi—empirical from equivalents
1.000 and 0.740

Full-matrix least-squares on F?
5409 /0/ 299

1.019

R1=0.0292, wR2 = 0.0688

R1 =0.0405, wR2 =0.0735

n/a

0.544 and —0.545 e A~

a=90°
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Table F.1: Crystal data and structure refinement [AgBr(2.11)], (3.7)

Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient
F(000)

Crystal

Crystal size

@range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to = 25.242°
Absorption correction

Max. and min. transmission
Refinement method

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

Final R indices [F* > 26(F?)]
R indices (all data)
Extinction coefficient
Largest diff. peak and hole

ClgHnggBrN7
543.27

100(2) K

0.71075 A
Monoclinic
P121/cl
a=11.5086(8) A
b =9.9376(7) A

c =18.9003(13) A
2129.9(3) A°

4

1.694 Mg/ m®
2.842 mm™

1096

Block; colourless
0.05 x 0.03 x 0.03 mm?
2.323 — 27.455°
-14<h<9,-12<k<11,-22<1<24
14299

4850 [Rint = 0.0326]

99.6 %

Semi—empirical from equivalents
1.000 and 0.690

Full-matrix least-squares on F?
4850/0/ 254

1.023

R1=0.0310, wR2 =0.0701
R1=0.0417, wR2 =0.0739

n/a

a=90°
£ =99.830(2)°
¥ =90°

0.913 and —0.998 ¢ A~
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Table G.1: Crystal data and structure refinement [Pd(py)Br,(2.6)].(4.3)

Identification code 2013ncs0032a

Empirical formula C,4H33Br,ClsNgO,Pd

Formula weight 838.15

Temperature 100(2) K

Wavelength 0.71075 A

Crystal system Triclinic

Space group P-1

Unit cell dimensions a=19.0549(2) A o =76.609(5)°
b =12.6900(2) A L=77.973(6)°
¢ =14.2332(10) A y = 84.223(6)°

Volume 1553.74(12) A®

z 2

Density (calculated) 1.792 Mg/ m®

Absorption coefficient 3.464 mm™

F(000) 832

Crystal Block; Yellow

Crystal size 0.15 x 0.13 x 0.09 mm®

@range for data collection 3.00 — 27.48°

Index ranges
Reflections collected
Independent reflections

~11<h<11,-16<k<15,-18<1<18
35205
7126 [Rin = 0.0321]

Completeness to 6= 27.48° 99.8 %

Absorption correction Semi—empirical from equivalents
Max. and min. transmission 0.7457 and 0.6246

Refinement method Full-matrix least-squares on F?
Data / restraints / parameters 7126 /6 /379

Goodness-of-fit on F2 1.043

Final R indices [F? > 20(F?)]
R indices (all data)
Largest diff. peak and hole

R1 =0.0298, WR2 = 0.0762
R1=0.0311, wR2 = 0.0771
2.568 and —1.383 e A3
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Table H.1: Crystal data and structure refinement Pd(py)Br»(2.5].(4.2)

Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient
F(000)

Crystal

Crystal size

@ range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to = 25.242°
Absorption correction

Max. and min. transmission
Refinement method

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

Final R indices [F* > 26(F?)]
R indices (all data)
Extinction coefficient
Largest diff. peak and hole

szHgoszNgOde

704.76

100(2) K

0.71075 A

Monoclinic

P121/n1

a=12.7034(9) A a=90°
b =8.7709(5) A £=96.803(2)°
c= 23.7349217) A ¥ =90°
2625.9(3) A

4

1.783 Mg/ m?

3.786 mm™

1400

Block; yellow

0.13 x 0.12 x 0.05 mm?®

2.478 — 27.485°
-16<h<16,-11<k<11,-30<1<19
17392

5933 [Rin = 0.0286]

98.9 %

Semi—empirical from equivalents
1.000 and 0.727

Full-matrix least-squares on F?
5933/0/393

1.044

R1 =0.0264, wR2 = 0.0645
R1=0.0343, wR2 = 0.0683

n/a

0.564 and —0.515 e A~
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Table 1.1: Crystal data and structure refinement for cis-[Pd(2.8),Cl,)], cis-4.9

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient
F(000)

Crystal

Crystal size

@ range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to = 25.242°
Absorption correction

Max. and min. transmission
Refinement method

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

Final R indices [F* > 26(F?)]
R indices (all data)
Extinction coefficient
Largest diff. peak and hole
and hole

2013ncs0520a
C6HssCI2N1404Pd

1048.36

100(2) K

0.71075 A

Orthorhombic

Pcen

a=12.5125(9) A a=90°
b =18.9010(13) A £=90°
c= 19.4406214) A y =90°
4597.7(6) A

4

1.515 Mg/ m?

0.582 mm™

2176

Needle; colourless

0.13 x 0.01 x 0.01 mm?®

2.095 — 27.411°

-15<h<16,-21<k<24,-25<1<25

31555

5233 [Rint = 0.0902]

99.9 %

Semi—empirical from equivalents
1.000 and 0.667

Full-matrix least-squares on F?
5233/0/306

1.038

R1 =0.0460, wR2 = 0.1004
R1=0.0895, wR2 =0.1176
n/a

0.607 and —0.785 e A Largest diff. peak

0.564 and —0.515 e A~
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Table J.1: Crystal data and structure refinement for trans-[Pd(2.8),Cl,)], trans-

4.9

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient
F(000)

Crystal

Crystal size

@ range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to = 25.242°
Absorption correction

Max. and min. transmission
Refinement method

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

Final R indices [F* > 26(F?)]
R indices (all data)
Extinction coefficient
Largest diff. peak and hole

Q

2013ncs0513rla
CagHs0ClgN1404Pd
1287.10

100(2) K

0.71075 A
Orthorhombic
Pbcn

a=17.6748(11) A a=90°
b =26.6161(19) A B=90°

c=12. 389129) A 7 =90°
5828.3(7) A

4

1.467 Mg/ m?

0.740 mm™

2640

Block; colourless
0.19 x 0.1 x 0.09 mm?®
2.25 — 27.48°

—22<h<22,-34<k<33,-16<1<14

29749

6669 [Rint = 0.0347]
99.7 %
Semi—empirical from equivalents
1.000 and 0.822

Full-matrix least-squares on F?
6669 /0 /342

1.047

R1=0.0264, wR2 = 0.0664

R1 =0.0345, wR2 = 0.0686
n/a

0.346 and —0.437 e A~

0.564 and —0.515 e A~
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Table K.1: Crystal data and structure refinement for [Pd(py)Br,(2.12)], 4.6

Identification code 2013ncs0651a

Empirical formula C25H368r1_39C|0.61N8Pd

Formula weight 687.67

Temperature 100(2) K

Wavelength 0.71075 A

Crystal system Triclinic

Space group P-1

Unit cell dimensions a=8.4667(5) A o = 88.798(5)°
b =12.1907(9) A L=79.162(4)°
¢ =13.8571(1 2 0) A 7= 86.720(4)°

Volume 1402.37(17) A

z 2

Density (calculated) 1.629 Mg/ m?®

Absorption coefficient 2.728 mm™

F(000) 694

Crystal Block; yellow

Crystal size 0.04 x 0.04 x 0.03 mm®

@range for data collection 2.62 — 27.48°

Index ranges

Reflections collected
Independent reflections
Completeness to 8= 27.500°
Absorption correction

Max. and min. transmission
Refinement method

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

Final R indices [F>> 20(F?)]
R indices (all data)
Extinction coefficient
Largest diff. peak and hole

-10<h<10,-15<k<15,-17<I1<17
18354

6394 [Rint = 0.0461]

99.5 %

Semi—empirical from equivalents
1.000 and 0.790

Full-matrix least-squares on F?
6394 /0/ 352

1.030

R1=0.0344, wR2 = 0.0841
R1=0.0457, wR2 =0.0910

n/a

0.902 and —0.866 e A~
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Table L.1: Crystal data and structure refinement for [Pd(py)Br,(2.14)], 4.8

Identification code 2014ncs0636a

Empirical formula C19H25Br,NgPd

Formula weight 634.71

Temperature 100(2) K

Wavelength 0.71075 A

Crystal system Triclinic

Space group P-1

Unit cell dimensions a=9.1101(11) A o =82.785(8)°
b =11.2952(11) A [ =287.938(7)°
c= 12.1936(317) A 7= 70.853(6)°

Volume 1175.9(2) A

z 2

Density (calculated) 1.793 Mg/ m?

Absorption coefficient 4.210 mm™

F(000) 628

Crystal Block; Colourless

Crystal size 0.07 x 0.04 x 0.02 mm®

@ range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to = 25.242°
Absorption correction

Max. and min. transmission
Refinement method

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

Final R indices [F*> 26(F?)]
R indices (all data)
Extinction coefficient
Largest diff. peak and hole

2.367 — 27.470°
-11<h<11,-14<k<14,-14<I1<15
15732

5341 [Rint = 0.0533]

99.8 %

Semi—empirical from equivalents
1.000 and 0.571

Full-matrix least-squares on F?
5341/0/ 276

1.036

R1=0.0411, wR2 =0.1031

R1 =0.0491, wR2 = 0.1099

n/a

0.847 and —0.697 e A~
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Table M.1: Crystal data and structure refinement FOR [Ru(CsHs)CI(2.3)] PFs, (5.1)

Identification code 2014ncs0110a

Empirical formula C,1H25CIFsN;O3PRu

Formula weight 707.99

Temperature 100(2) K

Wavelength 0.71073 A

Crystal system Monoclinic

Space group P121/n1

Unit cell dimensions a=11.4046(2) A a=90.0°
b =33.5674(7) A £=93.836(2)°
c=13. 8115(34) A 7 =90.0°

Volume 5275.5(2) A

Z 8

Density (calculated) 1.783 Mg/ m?

Absorption coefficient 0.839 mm™

F(000) 2856

Crystal Plate; Yellow

Crystal size 0.06 x 0.04 x 0.01 mm®

@ range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to €= 27.500°
Absorption correction

Max. and min. transmission
Refinement method

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

Final R indices [F* > 26(F?)]
R indices (all data)
Extinction coefficient
Largest diff. peak and hole

2.162 — 27.483°
-15<h<15,-39<k<46,-18<1<19
46225

12066 [Rint = 0.0510]

99.7 %

Semi—empirical from equivalents
1.00000 and 0.81301

Full-matrix least-squares on F?
12066 / 126 / 795

1.025

R1 =0.0486, wR2 = 0.1071
R1=0.0701, wR2 =0.1163

n/a

1.212 and -0.862 ¢ A~°
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Table N.1: Crystal data and structure refinement for [[Ru (p-cymene)CI(2.5)] PFe,

(5.4)

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

104.3680(10)°

Volume

Z

Density (calculated)
Absorption coefficient
F(000)

Crystal

Crystal size

@range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to 8= 27.500°
Absorption correction

Max. and min. transmission
Refinement method

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

Final R indices [F>> 20(F?)]
R indices (all data)
Extinction coefficient
Largest diff. peak and hole

2013ncs0839a
C28H41Cl3FsN70,P1RuUy

860.07

100(2) K

0.71075 A

Monoclinic

P121/c1

a=11.4445(8) A a=90°
b =15.0619(11) A f=

¢ =21.0597(15) A 7= 90°
3516.6(4) A’

4

1.624 Mg/ m®

0.790 mm™

1752

Plate; Yellow

0.08 x 0.04 x 0.01 mm?

2.281 — 27.482°
-14<h<14,-18<k<19,-26<1<27
24503

8044 [Rint = 0.0584]

99.6 %

Semi—empirical from equivalents
1.000 and 0.574

Full-matrix least-squares on F?
804410/ 437

1.032

R1=0.0475, wR2 =0.1154
R1=0.0734, wR2 =0.1264

n/a

0.819 and —0.764 e A~
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Table O.1: Crystal data and structure refinement for [Ru (C¢Hs)CI(2.6) ] PFg, (5.6)

Identification code 2014ncs0109a

Empirical formula Cu4H3350CIFgN;0O, 25PRU

Formula weight 737.57

Temperature 100(2) K

Wavelength 0.71075 A

Crystal system Monoclinic

Space group P121/cl

Unit cell dimensions a=29.950(7) A a=90°
b =14.365(3) A £=107.174(4)°
c=28.015(7) A 7= 90°

Volume 11516(5) A®

z 16

Density (calculated) 1.702 Mg/ m®

Absorption coefficient 0.770 mm™

F(000) 5992

Crystal

Crystal size

@range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to 8= 25.242°
Absorption correction

Max. and min. transmission
Refinement method

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

Final R indices [F*> 20(F?)]
R indices (all data)
Extinction coefficient
Largest diff. peak and hole

Lozenge; Yellow

0.13 x 0.06 x 0.04 mm?

2.602 — 27.526°
-38<h<38,-18<k<17,-35<1<36
73960

25963 [Rint = 0.0777]

98.1 %

Semi—empirical from equivalents
1.000 and 0.697

Full-matrix least-squares on F?
25963 /0/ 1529

1.069

R1=0.1028, wR2 = 0.2430
R1=0.1790, wR2 = 0.3027

n/a

7.693 and —2.080 e A~
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Table P.1: Crystal data and structure refinement for [Ru(CsHsg)CI(2.7)] PFs, (5.8)

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient
F(000)

Crystal

Crystal size

@range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to = 25.242°
Absorption correction

Max. and min. transmission
Refinement method

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

Final R indices [F>> 20(F?)]
R indices (all data)
Extinction coefficient
Largest diff. peak and hole

2013ncs0802a
C32H49Cl1FsN7O,P1RUy

845.27

100(2) K

0.71075 A

Monoclinic

P121/c1

a=11.3960(8) A a=90°
b =15.5257(11) A £=98.700(2)°
c= 20.5939(315) A 7= 90°
3601.8(4) A

4

1.559 Mg / m®

0.626 mm™

1744

Plate; Yellow

0.04 x 0.03 x 0.01 mm®

2.234 — 27.485°
-14<h<12,-20<k<20,-26<1<26
24540

8222 [Rint = 0.0619]

99.6 %

Semi—empirical from equivalents
1.000 and 0.663

Full-matrix least-squares on F?
8222 /31478

1.047

R1=0.0492, wR2 = 0.0952

R1 =0.0808, wR2 = 0.1085

n/a

0.911and -0.712e A3
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Table Q.1: Crystal data and structure refinement for [Ru(CsHg)C1(2.8)] PFs, (5.10)

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient
F(000)

Crystal

Crystal size

@range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to 8= 25.242°
Absorption correction

Max. and min. transmission
Refinement method

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

Final R indices [F*> 20(F?)]
R indices (all data)
Extinction coefficient
Largest diff. peak and hole

2014ncs0150x_twinl_hklf4
C29H35C|F6N702PRU

795.13

100(2) K

0.71073 A

Triclinic

P-1

a=28.8859(3) A a = 82.024(3)°
b =13.2681(4) A S =75.430(3)°
¢ =13.8230(6) A 7= 87.225(3)°
1561.89(10) A®

2

1.691 Mg/ m?®

0.716 mm™*

808

Block; orange

0.21 x 0.13 x 0.05 mm?®

2.483 — 27.517°
-11<h<11,-17<k<17,-17<1<17
11085

11085 [Rint = 7]

99.8 %

Semi—empirical from equivalents
1.00000 and 0.80175

Full-matrix least-squares on F?
11085/0/ 428

1.078

R1=0.0392, wR2 =0.1084

R1 =0.0400, wR2 = 0.1090

n/a

1.338and -1.222e A™®
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Table R.1: Crystal data and structure refinement [Ru(CgHs)CI(2.13)] PFe,

(5.11)

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions
90°

107.968(6)°

90°

Volume

z

Density (calculated)
Absorption coefficient
F(000)

Crystal

Crystal size

@ range for data collection
Index ranges

<1<18

Reflections collected
Independent reflections
Completeness to 8= 25.000°
Absorption correction
equivalents

Max. and min. transmission
Refinement method

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

Final R indices [F>> 20(F?)]
R indices (all data)
Extinction coefficient
Largest diff. peak and hole

2014ncs0638a
C17H23C|F6N7PRU

606.91

100(2) K

0.71075 A

Monoclinic

P121/n1

a=13.406(7) A a=

b=11.741(5) A f=
c=14.525(7) A =

2174.7(18) A3

4

1.854 Mg/ m?

0.990 mm™

1216

Plate; Yellow

0.07 x 0.06 x 0.02 mm?®
2.358 — 25.028°

-17<h<16,-15<k<15,-18

5699

3739 [Rint = 7]

97.5 %
Semi—empirical from

1.000 and 0.414
Full-matrix least-squares on F?
3739 /348 /304

1.089

R1=0.1244, wR2 = 0.3239
R1=0.1719, wR2 = 0.3528
n/a

3.384 and -1.551 e A~
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