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CHAPTER |

LITERATURE REVIEW AND INTRODUCTION



Introduction

Currently, carbenes are an extremely important class of ligandsahcatdlyzed
reactions. They have been shown to be superior to other ligands in scope andsaativitie
several catalytic reactions. This is due to several reasons, prithagyrong donor
abilities of carbene ligands. Metal carbene complexes have found uséda aawety of
catalytic applications. This chapter will provide an introduction to carbenetste,
types of carbenes, their metal complexes, and their usage in catdytiions. Chapter II
will describe the synthesis of neutral and cationic methylpalladium cosgtExbis(N-
heterocyclic carbenes), or bis(NHCs), and their use in mechanisticsstiiaresthyl
migration to CO, a key step in alkene / CO copolymerization. Chapter 11l wilsfon
the use of methylisocyanide as an IR probe to evaluate the trans effe(@id®)sand
bis(phosphine) containing palladium bis(methylisocyanide) complexes, wlogsal
correlation of ligand donicity with structural features. Chapter IV didicuss catalytic
activities of bis(NHC) and bis(phosphine) palladium complexes in electiopdelction
and correlations of their catalytic activities with ligand doniciipalty, Chapter V
describes Nazarov cyclization reactions catalyzed by bis(acycigrthaarbene), or
[bis(ADC)], palladium complexes and the role of silver salts in theséaorac

The stereoelectronic properties of ligands have a great influence on the
reactivities and properties of transition metal complexes. N-heterocglenes
(NHCs) are one of the most popular classes of ligand in metal catalyzedneathe
electronic properties of NHCs were investigated by CO stretctéggéncies;
calorimetric studie$ theoretical p values and NMR spectroscopic studies. The steric

parameters of NHCs were commonly examined by Tolman cone @&fglglid angles



Q,” and %W/g,.2 All most all these studies focus on mono-NHC ligands, and there were
few studies on mono-ADC ligarid.Even though correlations between mono-NHC
donor and structural parameters were extensively investigated, theiattorr&lith
catalytic activity has rarely been studied. In addition, little attentionfecased toward
studying the stereoelectronic properties of chelating bis(NHCs).

In the current study, comparisonsoetionicity of bis(NHCs) with bis(ADCs) and
the more commonly used bis(phosphine) ligands were made using an IR probe ligand.
Chelating bis(NHC) ligands having various alkane bridges, azole rings, and binding
position (C2, C3, and C4) were prepared to assess their donicity as a functiorrendiffe
structural parameters. Comparisons of these electronic and structarakpens were
done using IR probe and X-ray crystallography studies.

Even though the stretching frequency of GQCQ) in various transition metal-
carbonyl complexes is the most widely used method for comparing the electronic
properties of NHC and phosphine ligands, this method has the disadvantage of not
separatings-donor andt-acceptor effects. Methyl isocyanide is a stronrgeéonor and
weakern-acceptor ligand than C8Therefore, replacing CO with isoelectronic
methylisocyanide will provide a more useful assessment of retatdlanor strength of
ligandstransto it. Comparison of donicity was performed by attaching various
bis(NHC), bis(phosphine) and bis(ADC) ligands to cationic bis(methyl isocyanide
palladium(ll) complexes. These ligands donicity and structural parametegdirectly
correlated to their catalytic activities in bis(acetonitrile) mhllen(Il) complexes. This
investigation successfully predicted catalytic activities of catalgontaining

homologous ligand series using methylisocyanide as an IR probe. However, other



parameters such as steric hindrance and electronic structure have to terednghen
predicting the catalytic activity for different series of ligandsahy, the catalytic
activities of a series of palladium complexes of electronically tunabl&{3) ligands

were predicted using methylisocyanide as an IR probe.

Carbenes

Carbenes have been involved in many synthetic reactions during the past six
decades after their introduction to organic chemistry by Doering iha5@4* and to
organometalic chemistry by Fischer in 198Z heir electronic structure plays a vital role
in their properties and applications. In the early days, carbenes weigecedsas highly
reactive transient intermediates, which were rarely stable indbesfate and only
generated in a reaction mixture. Geuther in 1862 was first to propose the diatideree
can exist as a reaction intermedittelowever, it was Doering in 1954 who synthesized

dichlorocarbene and trapped it with olefins to generate cyclopropanetdesyscheme

1.1)}

H
\\“‘ C“
cy <‘:| H o \
Cl

Scheme 1.1In-situ generation of dichlorocarbene and trapping with cyclohexene.

(Adapted from Reference 11)

Most carbenes have a bent geometry, witrhgpridization and an unhybridized

Py (Pr) orbital** The ground state spin multiplicity can be either singlet or triplet, based



on the orbital location of the two non bonding electrons and depending on the relative
energies of the o) and R orbitals. A singlet state carbene has two non bonding
electrons in one of the orbitals with anti-parallel spin, usually with more than a 2.0 eV
energy gap between tleand R orbitals. A triplet carbene has two non bonding
electrons located separatelyarand R, orbitals with parallel spin, usually with less than
a 1.5 eV energy gap between thand R orbitals. The electronic (inductive and
mesomeric) and steric effects of the neighboring groups determine the spplicrtylt

via this energy gap. It is well known thatelectron withdrawing substituents favor the
singlet over the triplet state; for example the ground state chaogesriplet to singlet
when the substituent changes from electropositive lithium to electronedatvied*

This reduces the energy of the non-bondirgrbital (HOMO) of the carbene and

increases the and R, energy gap. This stabilizes the singlet state of the carbene.

Py Py

-~ -~
R R

0

Singlet state Triplet state

R

Figure 1.1 Electronic configuration and geometry of singlet and triplet carbenes

(adapted from reference 14)



Carbenes can be kinetically stabilized by bulky substituents. When electronic
effects are negligible, steric effects can determine the spin meitipBulkier
substituents favor the linear geometry and increase the carbene bond argfierethiee
triplet ground state is favoréd For example, diért-butyl)*® and diadamant}? carbenes
are triplet and dimethylcarbetés singlet.

® (@) E (Kcal /mol)

\ A s

\ —_—

Li—C—Li Lj—C
- Li _C\

,
’
,
,
’
L

\
Y \ // /

\ b2 / 45

\ ’

\ /

Figure 1.2 (i) Orbital diagram of a carbene containiglectron withdrawing

substituents, (ii) electronegativity effect on ground state. (adapted friereRee 14)

Types of carbenes
Carbene ligands coordinated to metal centers have been divided into two main
categories, Fischer and Schrock carbenes. Fischer carbenes are edrasdanglet,

electrophilic carbenes and Schrock carbenes as triplet, nucleophilicesrBeth



carbenes have different types of bonding to the metal. Fisher in 1964 syrthlesize

first stable Fischer carbene complex with tungsten (Schemé&1.2).

co C° co
oc,, | wco _CHai 0Cy,, | WCO |+ Me0'BF, OCu, | WCO

2N 7 = > 7' N\\_=OCH,
oc” | “co EtZO oc |0\( Me,0, - LigF, ©C <|:o

co CH,

Scheme 1.2Synthesis of the first Fischer carbene complex. (Adapted from me&ele)

Fischer carbenes can be found in early or late transition metals oxidation
state, withr-donor substituents such as —OMe or —Nbtaund to the carbene carbon.
Fischer carbene formation is facilitated by the preseneeasteptor ligands on the
metal. Fischer carbenes are neutral, two-electron donor ligands. Fiadbhemes are
predominantlys-donors to the metal via the lone pair present in amprid orbital.

The empty Rorbital can act as a weak acceptorrfdrack donation from metal.d
electrons. This makes the carbene electrophilic, becauseMdonation is partially
cancelled by M- C backdonatioft® The lone pairs on the carbemsubstituent and the
filled d, orbitals can compete for donation to the emptgmital on the Fischer carbene,
which produces two possible resonance structures (Figure 1.3). Resonancesdityatur
Figure 1.3 is a reasonable description of real structures determineddyy X
crystallography, which showed short C-O and long M-C bdhdis indicates lowr

back donation from metal to carbene.
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Figure 1.3 Electron donation and resonance structures of a Fischer carbene ligand

qzw

; _Cl
a 2 Li(CH,CMe,)
r

LD

[ LLLILLED
-H agostic interaction

”"llu.,

c-H abstraction
Scheme 1.3Synthesis of a Schrock carbene complex. Adapted from Reference 20
Schrock in 1974 discovered Schrock carbenes in an attempt to synthesize

Ta(CHCMes)s.™ The treatment of Ta(Ci&Mes)sCl, with 2 equivalents of
8



Li(CH.CMe;) resulted in the first stable Schrock carbene complex

(CH.CMes)3Ta(CHCMe). This carbene complex forms through a TafCMes3)s

intermediate, in which Ta forms anagostic interaction with one of the neighboring C-H

groups followed byi-hydrogen abstraction to form the carbene complex (Schem&1.3).
Schrock carbenes are commonly known as ‘alkylidenes’. Schrock carbenes can be

found in early transition metal complexes with higher oxidation states, sucli\gs Ta

Ti(IV) and W(V). Usually, these complexes lackacceptor ligands and do not need

donor substituents on the carbene to stabilize it. The bonding between metal and carbene

takes place by interaction between two unpaired electrons on the carbeneraeththe

each. This results in the formation of two covalent bonds. Therefore, the carbdree ca

considered as a formally -2 ligand. The carbon is more electronetiaivéhe metal;

therefore, the covalent bonds are polarized toward carbon, producing a nucleophilic

carbene.

v OD—(O5

R

Figure 1.4. Electron donation in a Schrock carbene complex. Adapted from Reference 18

N-Heterocyclic carbenes (NHCs)
NHCs are considered singlet neutral carbenes, with at least oneniatmgn

within a heterocyclic ring connected to the divalent caréfey can also be described

9



as an extreme type of Fisher carb&hie. the early 1960s, Wanzlick suggested the
existence of NHCs and a way to synthesize them in reaction fiddia.attempt to
synthesize free NHC from the thermal elimination of chloroform fromchsromethyl
dihydroimidazoles instead produced a dimeric electron-rich olefin (Schenf@ £ A}.

that time, crossover experiments did not support an equilibrium between this daner a

the free carben®;? but recently Denk et al. provided some evidence for this

equilibrium?
- PhT Ph  Ph
fr / I\ /"
N H -Hccl " N N N
(= [T — [ = Js= )
N CCl, N N N N
\ \ \ / \
Ph L Ph | Ph Ph Ph

Scheme 1.4Attempted free NHC synthesis by Wanzlick et al. adapted from Reference
23

Subsequently, Wanzli¢kand Ofelé" in 1968 independently reported NHCs as
ligands in Cr(0) and Hg(ll) complexes (Scheme 1.5). In 1991, Arduengo et dkedsola
and fully characterized the first free NHC, 1.3-di(adamantyl)imidazgiene (IAd),
through deprotonation of its imidazolium precursor (Scheme £5Tt)e colorless
crystals of free NHC showed thermal stability up to the melting point of 240241
without decomposition. This is the breakthrough point of NHC chemistry, after which
there was tremendous growth in the field of NHCs as ligands in metal cdtalyze

reactions.

10
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Scheme 1.5Synthesis of first NHC complexes ((a) and (b)) and isolation of the first

stable free NHC (c).

The electronic structure of NHCs is similar to that of Fischer casbéng with

an insignificant amount of backbonding. The carbene carbon has a planar geathetry w

spf hybridization. The energy gap between occupiédspand unoccupied,Porbitals is

larger than 2 eV This stabilizes the singlet ground state. The s character ofdHsital

of the carbene is increased due to the inductive effects and electron-withglpeomier

11



of neighboring N atoms, with minimal effect on thedpbital. However, the N atoms can
n-donate into the empty,@rbital on the carberid.These electronic effects will stabilize

the singlet NHC by lowering the HOMO and increasing the singlet-trgpletgy gap.

imidazol-2-ylidine imidazolin-2-ylidine

Figure 1.5 Electronic stabilization of N-heterocyclic carbenes

The electron pairs on nitrogen donate significant electron density intq the P
orbital on the carbene, which consequently minimizésick donation from metal
toward the carben¥. Therefore, NHCs are considered as strestpnors with no or
negligiblen-back donation from the metal. However, there is some evidence which
indicates considerable backdonation toward NHCs in some £a&e presence of a
C=C bond in the heterocycle neighboring N can supply additional stabilization, as
indicated by the higher stability of imidazol-2-ylidine than imidazoligliéine.*® Bulky
N-substituents can supply kinetic stabilization to free N¥@ait free NHCs with very
small methyl substituentsare also known. Therefore, the stability of NHC arises from

both steric and electronic properties, but electronics have a major contribution.

12



Unlike other carbenes, NHCs are electron-rich nucleophilic species, wiseh ar
from the electronic stabilization. NHCs are strengonor ligands and therefore form
stronger bonds with metals than most other ligands such as phosiififrieially,

NHCs were considered as structural mimics to phosphine ligands, but eveihtuaby
found that NHC-metal catalysts are superior in scope and aéfiWiyiCs have several
advantages over phosphines, such as reduced need for excess ligand in caiztigiisre
and improved air and moisture stabiffyfN\HCs provide better steric protection to the
metal active site because N-substituents shield the metal in a fenan-likeffashion.

This is different from the cone-like steric shielding provided by tertiarygifinss.

R R R
/ / "
N N

Y ) .
D> D> =T 1>
\ \ i \ \ \

R

imidazol-2- imidazolin-2- pyrazol-3- triazol-3- tetrazol-5- pyrrolidin-2-

/ /

/ NR N/R N/R ,,,,, N
O D QOO0 G-
\ \

R

R

Thiazol-2- oxazol-2- benzimidazol-2- perhydrobenimidazol-2- imidazol-4-

2 The suffix "ylidine' should be added to the end of the subclass name to get generic name

Figure 1.6. Structures of the most common five membered NHC subcfasses
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As NHCs have become more popular ligands, access to a wide variety of NHCs
with different electronic and steric properties has become possible. Eveh thoeg
four, five, six, and seven membered NHCs are knoWhonly five membered NHCs are
used in most applications. The most common subclasses of five membered NHCs are

shown in Figure 1.6. The imidazol-2-ylidine is the most widely used one among them.

Synthesis of NHC precursors and free NHCs

There are numerous methods available to synthesize NHC precursor salts
(Scheme 1.6). The easiest and most common route is alkylation reactioasiatogen
atoms of imidazolé&’ The other common method is multicomponent reacfioBsth
methods are suitable for the synthesis of symmetric and asymmetfisiydlituted
NHC salts. For example, Scheme 1.6¢ shows a multicomponent reaction with idesyani
leading to saturated backbone-containing unsymmetrical NHC'$alsourea
derivatives are alternative precursors for the synthesis of NHCsyelndthioureas are
easily accessible through the reactiomdfydroxyketones with sutiable 2-thiones
(Scheme 1.6 b & Y Triazolium salts, thiaazolium salts, and benzimidazolin-2- thione

derivatives are a few other salt precursors used to synthesize RiM{Cs.
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H > ,,>>— - H
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// \\ + )k +  2RNH, ’
d o) y y -3 H20 N
\R
(©) 1
I v [ %]
N i agone N : R°X a N
N )k + RINH, ————» Y/ o e
. s R2 R3 DCM R* N DCM R* N
R R RS Rs \RG
R
%) /

/T\ JY—’I:\%S

Scheme 1.6Synthesis of NHC precursors, (a),(b) & (c): imidazolium salt, (dutiea.

Adapted from reference 34.

Typically, free NHCs are obtained by deprotonation of the NHC (azoliuin) sa
precursors with suitable bases such as DMSO / NaH in THF, NalBuK (yuid
ammonia, or KHMDS. A few other methods include: reduction of thioureas with molten
potassiunt? vacuum pyrolysis of volatile adducts of NHEseductions of
chloroformamidinium salts with Hg(TM&§* and in-situ generation of NHC from NHC-

CO, or NHC-metal adducts (Scheme 1°7).
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(a)
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Base (NaH / KO'Bu etc.) / \
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- _MX, H* \/

(b)

K, THF / \
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/ \ CgD5Cl, 120 °C, vacuum

Mes— N—ptes > MeS/N\/N\Mes
"HCCl, -
H”  ccl,
(d (\‘
+
/N /N\ > K\‘
Mes Mes o - N N
2 Mes/ \/ \Mes
(0] O

N N Heat / \
Mes— “~Mes ea
Y - Mes/ N\/N ~ Mes

- SnCl,
o N
()
m Hg(SiMes),, THF, -78 °C ,/\‘
Mes/N%T\Mes -MeSiCl, -Hg Mes/N\,,/N\Mes
Cl

Scheme 1.7Synthesis of free NHCs
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Synthesis of NHC metal complexes

There are numerous ways to achieve NHC complexes that have arisen after
Wanzlick’® and Ofele’d! initial reports of mercury and chromium complexes. The most
commonly used method is in situ deprotonation of azolium salts in the presence of

suitable metal precursors. The basic ligafn@#¢ or H or OR)*®®

present in the metal
precursor can act as an internal base, or external’Baseh as NaOAc or KBu can be
added for in situ deprotonation. In this method, prior isolation of the free NHC is not
necessary, and this is therefore the most popular method to prepare NHC cemplexe

Reaction of the free NH€or its enetetramine dimf8mwith suitable metal
precursors is the simplest route to NHC complexes. The isolated free &lld@eacted
with metal precursors, usually at low temperature. The cleavage di@reNetetramine
dimer in the presence of coordinatively unsaturated metal precursors hasdzbtn us
synthesize benzimidazol-2-ylidene comple%es.

Trans metalation (carbene transfer reaction) using silver-NH@leass is
another popular method. This method was introduced by Lin et al. in""198@. silver
NHC complexes can be prepared by in-situ deprotonation of azolium salts gs(dg A
The labile silver carbene bond allows transfer of NHCs to another metal. démnge
method has several advantages, such as the air stability of silver complexcshane
formation occurs at the C2 position regardless of the presence of aoidicg This
method is usually employed when other methods are not successful.

Another method is the oxidative addition of C2-X (X = H, R, halogen) bonds of
azolium salts to metal complex. DFT calculations suggest that additionlafrazalts to

electron rich 8or o' metal centers proceeds most rapidly and with more favorable

17



reaction enthalpy (exothermitj When the C2 position is functionalized with halogens,
the reaction proceeds faster than in others cases. Hahn et al. reporteceteamptatied
cyclization ofp-functionalized isocyanides to produce ‘protic’ NHC complexes which
are not very stabl® These can be converted to classical NHC complexes by stepwise

alkylation.

Bis(NHC) complexes

More types of NHC structures have been explored as the application af hN3C
grown. NHCs have typically been considered as strong donor ligands which always
produce electron rich metal centers. Variations in N-substffuenbackbon& on mono-
NHC have very little effect on the donor ability. Chelating bis(NHCs) provide an
excellent way to alter the donicity by variation of bite angle, dihedrakgagingle), in
plane distortion of NHCH((yaw) angle), and length and type of linkage between two
azole rings. Bis(NHCs) also supply extra stability to a complethéyghelate effect. The
azole ring in a mono-NHC usually is orientated with its slim axis irbthiey planer of
the complex. However, bis(NHCs) can chelate in eitiseor transfashion to one metal
or bridge between two metals. In chelate bis(NHC) complexes, metal-NHi®nois
hindered, and the bulky part of the ligand might have steric interactiongheith
sterically crowded coordination plane. Peris et al. in 2009 reviewed how thess fact
affect the structural parameters of bis(NHC) complé&%&gveral studies have been done
to identify the steric factors influencing the binding of bis(NHE}&.It was identified

for pseudo-square planar complexes that shorter alkylene linkersiprpfane
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conformation, whereas longer alkylene linkers prefer a perpendicular tioarda

shown in Figure 1.7.

/.—\N

z N 1 W

— N:""' /-—_"‘:1\ - : -_

e L A
/ L/M\L / x / e IVI\L

N
N
i i
F-l R

(A} (8)
Figure 1.7. Determination of orientation by linker length: (A) in-plane conformation
(shorter linkage); (B) perpendicular orientation (longer linker). Adapted Refarence
64.

However, the N-substituents of bis(NHCs) and the nature of the coligands in the
complex also play a vital role in its stability (Figure 1.8). Bulky N-sulpstits (R) and
coligands (L) will prevent formation of chelating complexes for largéeeli sizes due to
steric repulsion. Therefore, the sizes of the linker, N-substituents and colaands

determine the stability of bis(NHC) complexes.

(B)
Figure 1.8 Steric interactions between (A) N-substituents and coligands (B) N-

substituents and N-substituents. Adapted from refe@hce
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Bis(NHC) complexes with alkylene linkages were the first known complef

chelating NHC$? Subsequently, linkers such as etH8mmines’* and aromatic rind$

in bis(NHC) complexes were developed. The synthetic routes for these cempéay

based on the type of azole ring, N-substituents, linkages and metals. ScHefe>1’8

summarizes the synthetic routes used for bis(NHC) palladium complexestdtettze

current study, many of which are similar to syntheses of mono-NHC complexes.

/N/Hn\N\

H

X

(;i
@

~.
~.
=~

oA, _ {\ /L )N\/X

n=3,4 N Pd \

: /
() Ag,0 He Nei CH,

(i) PdCI,(COD)

Pd(OAc),

Y

R
DMSO, 120 °C
R = Me, Mes, iPr

Pd(OAc),

CH;CN

Wt W N
Pd(bipy)(CH3), _ )\
o N

THF, -78 °C N
/

n=1,2 ‘Bu /Pd\ \‘Bu
H,C CH,

Scheme 1.8Synthesis of bis(NHC) palladium complexes.
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It is well known that NHC complexes catalyze a wide variety of orgaaictions.
Bis(NHC) containing palladium complexes catalyze coupling reactfaslsfin
hydrogenationg® copolymerizationé’ and C-H activation reactions such as conversion

of methane to metharfdland Fujiwara hydroarylatioff.

Acyclic diaminocarbenes (ADCSs)

ADCs are electronically similar to NHC ligarfd@&" but have found less attention
as ancillary ligands than NHCs, even though they are considered as rsttomges than
NHCs* This is due to their relative instability in the free carbene 3t8fén spite of
little attention in earlier years, ADC complexes have recently founcestiag
applications in catalysf§:® The strongs-donor ability, increased NCN bond angle, and
presence of N-substituents close to the metal centre, allow steric}urfiddd>C
complexes and introduction of chirality.

N,H;

N
/ Pt(CNCHs),

\N2H3/

(CNH;C),Pt

incorrect structure
NH,;NH, + [Pt(CNCH;)4]Cl, e
H H

\ /

He. 4\ cH
3 \ -’_J,’ \L-.-- / 3
/N— N\

H /Pt\ H

Cl Cl

correct structure

Scheme 1.9The synthesis of Chugaev’s bis(ADC) complex
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There are a few different methods available for the synthesis of ADC
complexe$? The first ADC complex was synthesized by Chugaev in £3bst its
structure was incorrectly assigned based on available techniquestahéha correct
structure was assigned by Shaw efand Burke et al* using spectroscopic and X-ray
crystallographic studies respectively in the 1970s. The 1,2-addition of protic amines t
metal coordinated isocyanides produces ADC complexes. Slaughtéf esadl this
synthetic method to prepare a series of Chugaev-type bis(ADC) complexdaditipa
These complexes showed moderate catalytic activity in Suzuki-Miyaasa coupling
reactions under air. This method was subsequently extended to the synthesissif the f
chiral bis(ADC) complexX? A palladium bis(arylisocyanide) synthon was used to
synthesize novel bis(ADC) complexes with a variety of chiral backBbti@*These

complexes show activity in enantioselective aza-Claisen rearrangethent

(-

Me,:? |=1M3 H. N/k )\N -H
7

Pd
~N
' cl Cl
FSC CF3
CH,Cl,,25°C, 3 h
then FsC (%)- CF,
N N CH3CN, reflux, 2h
C\ [«
O
/% - \
cl Ci §
Qi)
9 s .'N-H

Me” NH HN. Me / \
(18,28)-() cl ci

FsC (18,28)-(-) CF3
Scheme 1.10Synthesis of chiral palladium bis(ADC) complexes. Adapted from

references 88.
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Preliminary methylisocyanide IR probe studies showed that the bis(Ag&)ds
could be weaker donors than bis(NHC) or bis(phosphitié$dwever it, is not clear to
what extent this reflects on the intrinsic donicity of the ligands, as ligesel had

different chelating ring sizes.
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Introduction

Since the discovery of stable N-heterocyclic carbene (NHC) ligands, tisere ha
been increased attention on using these as ancillary ligands in metgteatreaction.
NHC ligands are considered as structural mimics to phosphine Ifgbamts$ there is
increasing experimental evidence suggesting that NHCs are superior phiplkessn
both catalytic activity and scopé: This is due to the improved thermal stabflind
superior donor ability of NHCs compared to phosphirEiserefore, NHCs have
replaced phosphines as ligands in several catalytic reactions such asgcoeastions;’
olefin metathesis’ hydroarylation* and polymerizatiof? Alternating copolymerization
of CO and ethylene is a commercially important polymerization reactiryhich
typically uses neutral bidentate donor ligands such as diiffiiffesd diphospine¥. The
highest activity for CO / ethylene copolymerization was reported fmalladium
complex of 1,2-bis(diphenylphosphino)propane (DPPP) by Drent and co-wtkars.
possible way to improve these catalytic systems is to replace phosphimasesr with
stronger donor NHC ligands. Cationic methylpalladium species are highlg act
initiators for this CO / ethylene copolymerizatiirHowever, NHC-containing
methylpalladium complexes are known to decompose via reductive elimination of 2-
alkylimidazolium saltg® This instability of methylpalladium NHC complexes affects the
development of NHC-based catalytic systems for copolymerization.

In 1999, Herrmann and co-workers reported CO / ethylene copolymerization
initiated by a dicatonic palladium complex containing the bidentate bis(Ng&)d 1,1-
dimesityl-3,3-methylenediimidazol-2/adiylidene? The results showed this catalytic

system produced high average molecular weight polyketones, but with low turnover
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numbers. Since Herrmann’s initial studies, there have been only two more repo@s on C
/ alkene copolymerization by palladium-NHC systéfifd The selection of the NHC
ligand is important in these catalytic systems, as methylpalladiurpleres containing
monodentate NHCs decompose rapidly via reductive elimin&tirand this process is
more rapid for cationic speciéSlt is reported that bidentate or ‘pincer’-type tridentate
chelating NHCs can prevent this decomposifitfi.Several stable cationic
methylpalladium-NHC complexes were produced in this #a5*°but they contain
mixed chelates of NHCs with other donors. There are only two example of bidentate
bis(NHC) containing methylpalladium complex8£ven though mechanistic and kinetic
details were studied and active species were identified in CO / alkpabmerization
reactions with diimin&>2and phosphiné&*® complexes, there are no such studies
involving NHC-containing systems that provide information on key catalytic staps or
nature of active species. Simple insertion reactions of CO and olefins with
methypalladium-NHC complexes have also not been observed. One attempt at such a
study with a mono-NHC ligand resulted in formation of 2-acylimidazolialts ¥y CO
insertion followed by reductive eliminatidn.

This study focused on CO insertion into methylpalladium bis(NHC) systems,
which required the synthesis of stable neutral and cationic methylpalkdisgRHC)
complexes. The N-substituent on the NHC ligand is important to stabilize the
methylpalladium species. According to Cavell’s study of a series iohaat
methylpalladium complexes with tridendate pyridyl bis(NHC) ligafidseric shielding
provided by mesityl groups appear to stabilize the methylpalladiunr bedte methyl or

“"hutyl groups. Therefore, the mesityl substituted bis(NHC) liganttdiniesityl-3,3-
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methylenediimidazol-2/2diylidene, previously reported by Herrmalfrand variations
of this ligand with longer linkers, were used for the current study. Herrmbgarsl is
referred to as DIMé¥, and the superscript is changed according to the length of the
linkage between the two imidazole rings (ethylenBIMes™, propylene> DIMes

butylene> DIMes™).

Results and discussion

Synthesis and characterization of [(DIMe¥®)Pd(CHs)] (1)

Complex1 was synthesized using the in situ generated free carbene by reaction
with a dimethylpalladium precursor. This synthesis started by placegnolar
equivalent of the bis imidazolium salt of DIMEsand two molar equivalents of
potassiuntert-butoxide in a 3-neck round bottom flask fixed with a septum and a needle
value. Dry THF was distilled onto the mixture under vacuum at°c78nd the mixture
was stirred for 45 minutes to form the free bis(carbene). The resultadyclgint pink
suspension was transferred to a solution of [(TMEDA)Pdjgh THF at — 78C via
cannula, and the resulting mixture was stirred for another 45 minutes. Thiesolere
removed under vacuum, the residue was extracted with methylene chloridegtagt di
ether was added to obtain white crystals. This complex was stable underatofgle
of hours, but then started to darken and decompose. However, it can be stored for a
couple of months at — & under inert atmosphere. Th¢ NMR spectrum in DMSO
showed two sets of doublets for the imidazole protons at 7.57 and 7.04 ppm and a singlet

each for aromatic and methylene protons at 6.90 and 6.19 ppm, respectively. These
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values are slightly downfield compared to the dibromide version of the comiplex.

Methyl protons in the mesityl groups showed two singlets at 2.51 and 1.96 ppm with a
6:12 integration ratio. The palladium-bound methyl protons showed an upfield singlet at
—1.11 ppm. In th&*C NMR spectrum, the carbene peak appeared at 189.1 ppm. The four
imidazole carbons showed two peaks at 121.7 and 119.9 ppm, aromatic carbons showed
four peaks, and the linkage methylene showed a peak at 62.5 ppm. The mesityl methyl
carbons showed two peaks at 20.59 and 18.05 ppm. An upfield resonance at — 5.38 ppm
appeared for the palladium-bound methyl carbons. These NMR data suggest @ twofol

symmetric molecule in solution.

/Mes N /Mes /Mes
2. S &
+ - N :
H 2K*-0'Bu . ( Pd(TMEDA)(CH,), NJ\ ,CHs
H  THF,-718°C N . THF, -78 °C - N Pd\ CH
- . \( 3
L N Br Q/N\ §/N\
\Mes Mes Mes

Scheme 2.1Synthesis of [(DIMe%®)Pd(CH),] (1)

Synthesis and characterization of [(DIMe¥®)Pd(CHa3)(1)] (2)

A sample of [(DIMe¥®)Pd(CH),] was placed in a two-neck round bottom flask
fixed with a septum and a needle value. Dry THF was distilled into the flask unde
vacuum at — 78C, and excess methyl iodide was added via syringe under inert
atmosphere. The reaction mixture was warmed®® &nd stirred for one hour to give a
bright white precipitate with liberation of ethane. This is similar to a piweepublished

by van Koten to produce [(TMEDA)Pd(GHBTr / 1)], which involved intermediate
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Pd(1V) specie$® This complex is very unstable and darkened rapidly with decomposition
upon standing at room temperature for more than one hour, even in inert atmosphere.
This prevented characterization by elemental analysis. The comptegnly soluble in
DMSO, but it decomposed rapidly in solution, making it very difficult to obtain adequate
3C NMR data. The complex can stored at -35 °C for several weeks without sighific
decomposition. Th&H NMR spectrum in DMSQls showed four resonances for the four
imidazole protons at 7.80, 7.71, 7.35 and 7.20 ppm. Two singlets were observed for the
four aromatic protons with a 2:2 integration ratio at 6.98 and 6.96 ppm. The methylene
resonance was observed at 6.40 ppm, slightly upfield compared to [(S)RdECH),].

Three singlets were observed for mesityl methyl protons at 2.27, 2.03 and 1.95 ppm, with
a 6:6:6 integration ratio. An upfield signal at — 0.54 ppm was found for the palladium-
bound methyl protons, which is slightly downfield compared to [(DMAg2d(CH)2].

These data suggest an unsymmetric molecule in solution.

CH;l, THF
( F’d\ 78°C,2h@0°C g < Pd\
N o TOmEYE T N
Q/N\ &/N\
Mes @) Mes
@ _ _ .
71.9% yield

——

N—NMes

/C:He

rN
3%

Pld\\CHg,
T' Hyc CHs
Mes

proposed Pd(IV) intermediate

Scheme 2.2Synthesis of [(DIMeE)Pd(CH)(1)] (2)
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Synthesis and characterization of [(DIMe¥®)Pd(CH3)(CHsCN)][BF 4] (3)

A sample of [(DIMe¥®)Pd(CH;)(1)] was suspended in acetonitrile under inert
conditions. One molar equivalent of AgBkas added to the reaction flask, and the
mixture was stirred for one hour to give an ash brown precipitate. The pecipds
removed by filtration through celite, volatiles were removed under vacuum, and the
residue was dried for an additional two hours. The solid was redissolved in adetonitri
and filtered through celite to remove residual Agl. The solution was then coneéntrat
and diethyl ether was added to obtain white crystals, which were isolatdutdiyofi.
Complex3 is stable at room temperature and soluble in polar solvents such as
dimethylsulfoxide, acetonitrile, dichloromethane and tetrahydrofuran, laltubis in
hydrocarbon solvents. THel NMR spectrum in CBCl, or CD;CN had the same
resonance pattern observed for [(DIMB®d(CH)(1)], but with a new singlet for the
methyl protons of acetonitrile. TH&C NMR spectrum in CBCl, showed two carbene
carbon signals at 186.02 and 167.31 ppm. Four resonances were observed for the four
imidazole carbons at 124.6, 123.3, 122.7, and 122.0 ppm. Two sets of signals were
observed for the two mesityl aromatic carbons. Four resonances were dlieetiie
ortho andpara methyl substitutents on the two mesityl groups. Singlets were observed
for acetonitrile and the palladium-bound methyl carbons at 3.3 and — 8.5 ppm,
respectively. X-ray quality transparent crystals were growrdwy diffusion of diethyl
ether into an acetonitrile solution of [(DIM&Pd(CHs)(CHsCN)][BF4]. This crystal
structure belonged to the monocliniciP2space group. One acetonitrile solvent
molecule was present in the unit cell per molecule. The palladium-carbeaecdifbr

C2 [2.098(2)] is significantly longer than that for C1 [1.967(1)] because of the very
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strongtransinfluence of the methyl ligand. The elongatexhs Pd-carbene bond length

is similar to that reported for dimethylpalladium complexes with bis(Ni#@nds*° The
Pd-Grethy distance of 2.064(2) A is also long and similar to those in analogous complexes
with phosphine-NHC and diphosphine ligariti¥he Pd-Ncetoniriedistance of 2.051(1) A

is similar to that found in a reported bis(acetonitrile) adduct of a PH#{E) complex:?

The bis(NHC) bite angle (GbenePd-Ceameng Of 87.86(6) is slightly larger than that

found in methylene bridged N-methyl substituted bis(NHC) palladium compleies w

two acetonitrilé® or two isocyanide ligand€.This may be arise from the greater steric
demand of N-mesityl compared to N-methyl groups. HlsensN angles in the imidazole

rings were shorter than those in N-methyl bis(NHC) palladium compfexes

comparable to those in antlirt-butyl bis(NHC) palladium comple¥.
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Figure 2.1.Molecular structure of complekwith 50% probability ellipsoids. The

tetrafluoroborate counter ion and acetonitrile solvent were omitted faryclari
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Table 2.1.Selected bond lengths (A) and bond anglgsfcomplex3

Bond Lengths (A)

Pd(1)-C(1) 1.9672(14)
Pd(1)-C(2) 2.0980(15)
Pd(1)-C(8) 2.0635(15)
Pd(1)-C(12) 2.0521(13)
C(1)-N(1) 1.3582(18)
C(1)-N(2) 1.3558(18)
C(2)-N(3) 1.3559(19)
C(2)-N(4) 1.3549(18)
C(9)-N(5) 1.135(2)

Bond angles?)

C(1)-Pd(1)-C(2) 87.38(6)
C(8)-Pd(1)-N(5) 88.06(6)
C(1)-Pd(1)-C(8) 89.75(6)
C(2)-Pd(1)-N(5) 96.42(6)
C(1)-Pd(1)-N(5) 174.65(6)
C(2)-Pd(1)-C(8) 170.76(6)
N(1)-C(1)-N(2) 103.89(12)
N(3)-C(2)-N(4) 103.36(12)
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Table 2.2.Crystal data and structure refinement details for conmplex

Empirical formula
Formula weight
Crystal system
Space group

Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient
Crystal size

6 range for data collection

Index range

Temperature

Wave length
Reflections collected
Independent reflections

Final R indices [I>25(1)]

R indices (all data)

Goodness-of-fit on £

GoH37BF4NgPd
674.87
Monoclinic
Rth
a=11.5389(1) A
a =90°
b =19.0724(2) A
B = 108.068
c=15.1677 (2) A
y = 90°
3173.43(6) A
4
1.413 Mgfm
0.638 mm
0.43 x0.23 x 0.20 mm
1.77 — 3086
-16<h< 16
-21<k<27
-20<1<21
115(2) K
0.71073 A
54834
9914(R= 0.0325)
R1=0.0278
wR2 = 0.0682
R1=0.0364
wR2 =0.0726
1.060
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Scheme 2.3Synthesis of cationic bis(NHC) methylpalladium complef@s(4) and(5)

Synthesis and characterization [(DIMe¥®)Pd(CH3)(CO)][BF 4] (4)

A sample of [(DIMe¥®)Pd(CH;)(CHsCN)][BF,] was dissolved in CkCl2in a
sealable thick-walled glass reaction vessel, and 1 atm of CO was adifiiteesolution
was stirred for 15 minutes, volatiles were removed, and the resulting soldtiees
under vacuum overnight to form a transparent residue. The residue was dissolved in
CH.Cl,, and the solution was filtered through celite to remove any palladium black

formed. Diethyl ether and hexanes were added, forming white crystalgdieatollected
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by filtration. This complex is stable at room temperature under inert phras ThéH
NMR and"*C NMR spectra in CBCl, showed resonance patterns similar to those of
[(DIMesV®)Pd(CHs)(CHsCN)][BF4] for aromatic, imidazole, methylene and N-methyl
groups. A new CO peak appeared at 183.01 ppm if@hBMR spectrum. The CH
resonance shifted slightly downfield relative to [(DIM&®d(CHs;)(CHsCN)][BF4] in the
'H NMR spectrum (-0.29 ppm) and upfield in i€ NMR (-13.16 ppm) spectrum. The
IR spectrum showed a stretching frequency at 2105fomCO. This value is
substantially lower than the range of 2122-2136 seen in analogous complexes with
nitrogen’ or phosphorou& chelating ligands. This suggests a higher donicitytearts
influence from the bis(NHC) ligand.

X-ray quality transparent crystals were grown by slow diffusion of dietiher
into a dichloromethane solution of [(DIM&PJ(CH;)(CO)][BF4]. The crystal structure
was belonged to the triclinia Bpace group. The elongated Pd-carbene bond lengths to
C1[2.047(3) A] and C2 [2.062(3) A] indicated a similar degretanfs influence from
the CH and CO ligands. The short C-O bond length of 1.095(5) A suggests littlerer no
backbonding from palladium to CO. The Pd-#nd length of 2.069(4) A is similar to
values found in cationic methylpalladium complexes with bis(phosphine) Itz
[(DIMes™®)Pd(CHs)(CHsCN)][BF4]. Stable methyl carbonyl palladium(il) complexes are
extremely rare in the literature, as there are only two reports ofigtally characterized
complexes. [(DIMe¥?)Pd(CHs)(CO)][BF4] is the first methyl carbonyl palladium(ll)
complex with an NHC ligand. A slightly smaller bite angle of 86.9({d seen compared
to [(DIMes"®)Pd(CHs)(CHsCN)][BF], possibly indicating more steric repulsion from the

CO ligand compared to a GEN ligand.
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Figure 2.2.Molecular structure of complekwith 50% probability ellipsoids.

The tetrafluoroborate counter ion is omitted for clarity.
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Table 2.3.Selected bond lengths (A) and bond andlesfcomplex4
Bond Lengths (A)

Pd(1)-C(1) 2.034(5)
Pd(1)-C(2) 2.081(5)
Pd(1)-C(8) 2.101(5)
Pd(1)-C(9) 1.918(6)
C(1)-N(1) 1.352(6)
C(1)-N() 1.351(6)
C(2)-N@3) 1.350(6)
C(2)-N(4) 1.349(6)
C(9)-0(1) 1.118(6)

Bond angles?)

C(1)-Pd(1)-C(2) 85.42(19)
C(8)-Pd(1)-C(9) 85.30(20)
C(1)-Pd(1)-C(8) 90.90(20)
C(2)-Pd(1)-C(9) 98.50(20)
C(1)-Pd(1)-C(9) 175.80(20)
C(2)-Pd(1)-C(8) 174.20(20)
N(1)-C(1)-N(2) 104.50(40)
N(3)-C(2)-N(4) 104.00(40)
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Table 2.4.Crystal data and structure refinement details for complex

Empirical formula
Formula weight
Crystal system
Space group

Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient
Crystal size

6 range for data collection

Index range

Temperature

Wave length
Reflections collected
Independent reflections

Final R indices [I>25(1)]

R indices (all data)

Goodness-of-fit on £

G7H31BF4N4Pd

620.77

Triclinic

P

a=10.7458(3) A
o = 68.230 (2
b =12.1565(4) A
B = 73.986 (2
c=12.6369 (4) A
y = 67.495 (2
1398.94(8) A
2

1.474 Mgfm

0.717 mm
0.13x0.10 x 0.03 mm

1.76 — 2354

-12<h<12
-13<k<13
-14<1<14

115(2) K
0.71073 A

15017

4140,(R= 0.0468)

R1 = 0.0467
wR2 =0.1121

R1 = 0.0637
wR2 =0.1209
1.038
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Equilibrium between [Pd(DIMes"*¢)(CH3)(CO)][BF 4] (4) and
[Pd(DIMes"®)(COCH?3)(CO)][BF 4] (5).

Exposure of a dichloromethane solutiomdd > 1 atm of CO produces
[(DIMesV®)Pd(CO)(COCH)|[BF 4] quantitatively in the solution. However, crystals
obtained by layering diethyl ether over the reaction mixture alwaysined ~5% of
complex4, preventing the characterization of compbelty elemental analysis. This
suggested an equilibrium between complend5 which was confirmed by an NMR
experiment with 1 atm of CO in a J Young NMR tube. This temperature dependent
equilibrium was measured using variable temperdtdiMR spectroscopy from 2C to
25°C. Complex4 was dissolved in 0.7 mL of GBI, in a J Young NMR tube, and 1 atm
of CO was added at 25 °C. After 15 min, CO was added again to adjust the pressure to
exactly 1 atm. The sample tube was placed in the NMR probe set at the desired
temperature (probe temperature pre-calibrated). The sample was atpdlifor 20 min
at each temperature before taking data. @dpd5 were detected under these
conditions. The solubility of CO in GICI, at 1 atm was calculated using Bryndza’s

equatior?, which also accounts for the temperature dependence of CO concentration.
Bryndza's equation: [COJym = 2.75 x 100 [T] + 6.45 x 107
[CO] in molarity and T in °C
Calculated K for different temperatures are shown in Table 2.5, together with
concentrations of different species. A Van't Hoff plot (Figure 2.3) of thelita was

used to calculataH® = - 17(1) kcal mot andAS°® = - 42(4) cal mot K. These values

were consistent with an enthalpically driven bimolecular reaction. ntees are
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reported at the 95% confidence level. These were derived from a leastsslijuzar

regression analysis of the temperature dependeri€e, of

Table 2.5.Equilibrium data betweefand5

Temperature [4] mol /dm™ | [5] mol / dm™ | [CO] mol / dm™ Keg
°C K (x 10°) (x 10°) (x 10°) (dm*/ mol)
4.1 277.3 5.32 441.89 646.12 12845
9.3 282.5 9.79 437.46 647.55 6895.0
145 | 287.7 15.39 431.87 648.97 4324.3
19.7 292.9 25.27 421.99 650.40 2567.1
24.85 298 42.27 404.99 651.83 1469.9
Van't Hoff plot
10 +
9 -
8 -
7 -
6 -
g2
X
c 4 y = 8469.2x - 21.103
Rz=0.9984
3 -
2 -
1 -
O T T T T T T 1
0.0033 0.00335 0.0034 0.00345 0.0035 0.00355 0.0036 0.00365
UT (K1)

Figure 2.3.Van’t Hoff plot for the equilibrium betweehand5
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Synthesis and characterization of [(DIMe¥®)Pd(CO)(COCH3)][BF 4] (5)

Exposure of a solution d@fto higher CO pressure (> 1 atm) produced complex
guantitatively in the solution. This allowed characterization of the complex by
spectroscopic methods. THe NMR spectrum in CBCl, showed an acyl Cf+esonance
at 1.29 ppm. Acyl resonances in ffi€ NMR appeared at 234.52 (acyl CO) and 44.30
(acyl CH) ppm, but no resonance was identified for the Pd-bound CO because of its fast
exchange with free CO. The other resonance patterns are similar to those found for
complex3 and4. IR signals for the Pd-COGH1667 cnt) and Pd-CO (2112 ¢
ligands were identified, and they are substantially lower than those seelfogoasa

phosphorou¥ or nitroger* complexes.

Kinetics of methyl migratory insertion into CO in [Pd(DIMes®)(CH3)(CO)][BF4]
4)

Approximately 2.5 mg of complekwas dissolved in 0.7 mL of GBI, under
vacuum in a J Young NMR tube. An initial NMR spectrum was taken after
equilibration for 20 minutes at — 8G. This was used to establish the initial
concentration of complekin the solution. The NMR tube with the sample was then
cooled to -84C using an ethyl acetate slush bath. CO (1 atm or 0.5 atm) was added to
the NMR tube while the liquid was held at -&2 In the J Young NMR tube used, this
corresponded to 22 equivalent of CO per mole of complxl atm and 11 equiv of CO
at 0.5 atm. The sample was shaken a couple of times while preventing warmingiand the
placed in the pre-cooled, calibrated NMR probe at’€&0rhe reaction mixture was

equilibrated for 5 minutes, and data collection was started. The residual NMR solvent
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peak (CHDCJ) was used as an internal standard to convert the integrated intensity of the
methyl peak oft into concentration units. Data were collected for disappeararte of

over 4.7 hours at 1 atm CO (3.8 half-lives) and 0.5 atm (3 half-lives). Assuming pseudo-
first order kinetics (i.e. constant [CQ]), graphs o#l]njersus time were plotted and are
shown in Figure 2.4 (1 atm CO) and Figure 2.5 (0.5 atm CO). The plots allowed
calculation of the observed rate constakig)(as 1.58(1) x 16s* at 1 atm of CO and

1.18(2) x 10 s* at 0.05 atm of CO.

In [4] vs. time

E 0 T T T T T T T 1
= 0 2000 4000 6000 8000 10000 12000 14000 00 18000
*
0.5 1
y =-0.0001177x + 1.6350621
-1

Time/s

Figure 2.4.Kinetic plot for methyl migration id at 0.5 atm of CO and - 50
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In [4] vs. time

0 2000 4000 6000 8000 10000

14000 16000 18000

-1 A y =-0.0001581x + 1.6821501

-1.5 -

Time /s

Figure 2.5.Kinetic plot for methyl migration id at 1 atm of CO and - 8C

This system is likely to follow a mechanism earlier proposed for similiauiroki
and bis(phosphine) palladium systems based on kinetic sttidi&s. this mechanism,
reversible methyl migration to the Pd-CO gives an unsaturated acy! ettt K;)
which is then trapped by C®[CO]) (Scheme 2.4). Theysdependence on CO
concentration indicates that the rate of the reverse methyl migratiorafrgrto Pd K.;)
must be comparable tQ[CO] at the pressures usedkifCO] >>k 1, kops Should not
depend on [CO]. On the other hand, if incoming CO associates with Pd prior to or during
the methyl migration step in the mechanism, this shouldkgi¥at 0.5 atm of CO

roughly one half the value observed at 1.0 atm of CO (i.e. peffectiér
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dependendence on [CO]). Assuming [CO] at 0.5 atm is one half of its value at 1 atm and

using the steady state approximation, a valu&;feras derived.

/Mes—| Mes—I * /Mes—|
(\N BF, (\N/ BF, {\N BF,
(NJ\ 0 k4 NJ\ ,COCH;  co NJ\ COCH;s

Pd =— Pd — Pd
\ N Q/N &/N

\Mes \Mes \Mes

“) @ )

Scheme 2.4Proposed mechanism for methyl migratiod iand trapping by CO to form

5.

d[5]

e = hlcolm

rate =

At steady state approximation for | (acyl intermediate)

gt[l] = ki[4] - k4ll] - K[COJI] =0

K4
1= k_+k,[CO]

dls] _ _kk)[CO][4] _ _kik,[CO]
dt ki +k,[CO] obs™ % +k,[CO]
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[CO] at — 50°C and 1 atm was estimated using Bryndza’s equétif®O] at 0.5 atm

was assumed to be one-half its value at 1.0 atm CO using Henry’s Law behavior for CO

kops (10atm) _ kiky (0:00631) ki +h (0.00316) 1.58(1) x 1074 57! e
kops (0.5atm)  ky+k, (0.00631) kik; (0.00316) 1.18Q2) x 1041 @

k., = [0.00326(22)]k,

This expression was plugged into #3g; with the concentration of CO at 1 atm and — 50
°C:
[Co]latm, -500(: =0.00631 M

k1k5[0.00631]
([0.00326(22)k,) + k,[0.00631]

kops = 1.58(1)x 104571 =

. 1.58(1)x 10 S 240065 104 <1
= 0.659(15) =240(6)x 107

For pseudo-first order conditions, the kinetic plot should have the following form:
In[4] = —Kond + In[4]o

As shown below, thg-intercepts of the kinetic plots were very close to the expected

values of Infi]o based on starting concentrations. This indicates that the steady state

model shown above, with the step effectively irreversible, is very likely valid under the

conditions used.
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PCO y intercept expected 4],

1.0 atm 1.68(1) 1.71

0.5 atm 1.64(2) 1.62

The rate constank4) of 2.40(6) x 1d' s* for the methyl migration step is
comparable with the analogous DPPE palladium complex. Both DPPE and'SIMes
form palladium complexes with similar bite angles®(2), even though DPPE forms a
five-membered chelating ring complex and DIM&forms a six-membered chelating
ring complex. The small bite angle3rand4 is due to incorporation of a less flexible
imidazolylidine ring into the chelate ring. The six membered cimgjaing
bis(phosphine) ligands,' PPP (bis(diisopropylphosphino)propane) and DPPP
(bis(diphenylphosphino)propane), formed complexes that showed a significagdy lar
rate for methyl migration. These bis(phosphine) ligands showed larger bits afigl
97°, and even the methylpalladium CO complexes showed measurable insertion rates
even at — 82C. A plausible explanation for the lower methyl migration rat# isthe
smaller C-Pd-C bite angle of the bis(NHC) ligand, since it is well knowrthbat
bis(phosphine) systems show higher methyl migration rate with increasideg~hbite
angle® Therefore, a larger bite angle chelating bis(NHC) is necessarfievadhe

higher activity shown by the DPPP systems.

Increasing the chelate ring size of bis(NHC) ligand.
The linkage between the two imidazole rings was changed from methylene to

larger alkylene linkages to obtain larger chelate ring sizes. The ggrapptoach
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followed for the DIMe¥® complexes was used to synthesize these complexes (Scheme

2.5).

Mes
s /Mes
N <
Pd(TMEDA)(CH;), NJ\ _CH3  CHyl, THF
( n > ((n Pd o
THF, -78 °C N AN -78 °C, 1h
O“ <j/ CH; _,poc
N N
\ AN \ N
Mes Mes
n=2-4 n =2; (6), 75% yield
observed in solution n=3; (7), 48% yield
/Mes Mes—l ¥ Mes ik
{\N {\N BF, {\N BF,
/' ageF,, NCCHs co, cHyel, N 0
n Pd —_—T n Pd —_—> n Pd

<:\N/ “CHs GHCN <:\N/ “cH, <:\N/ NeH,

AN AN
Mes Mes \Mes
n = 2; (8), 85% yield n =2; (10), 75% yield n=2;(12)
n =3; (9), 77% yield n =3; (11), ~10% yield observed in solution

Scheme 2.5Synthesis of larger chelate ring size bis(NHC) methylpalladiommptexes

Synthesis and characterization of [(DIMeS")Pd(CHs),] (6) and
[(DIMes™")Pd(CH3)] (7).
These ethylene and propylene linkage bis(NHC) dimethylpalladium eaewgl

were synthesized using an approach similar to that used for the ffibtaplex but
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with some modifications. Longer reaction times were given for the &deoe

formation step, the reaction of DIM&g3 h) and DIMe¥ (4 h) dibromide salts with
potassiuntert-butoxide. These dimethyl complexes decomposed very rapidly in
dichloromethane. Therefore, this solvent was avoided during extraction, and
tetrahydrofuran, diethyl ether and hexanes were used for the recrystalyratcess.

One molar equivalent of bis(imidazolium) salt and two molar equivalents of potassi
tert-butoxide were placed in a two neck round bottom flask fixed with a septum and a
needle valve. Dry THF was distilled onto the mixture under vacuum afG, zhd the
mixture was stirred for 3 — 4 hours to form the free bis(carbene). The resultant cloudy,
light pink suspension was transferred onto a solution of [[TMEDA)Pg¢Lid THF at —
78°C via cannula, and the resulting mixture was stirred for another 3 hours. Thiesolat
were removed under vacuum, the residue was extracted with THF, and dietnyrel
hexanes were added to get white crystals. These complexes were mdsie tuhatathe
analogous DIM&¥ complex, but they can be stored at °G&inder inert conditions.

The instability of bis(NHC) dimethyl palladium complexes increased witteasing

chelate ring size. Both complexes showed same resonance pattern found feH& D
dimethylpalladium complex in thetH NMR spectra taken in DMS@. The ethylene
linkage in DIMeS§' showed a very broad peak from 4-6 ppm, and the propylene linkage in
DIMes™ showed two resonances at 5.91 ppm and 4.54-4.20 ppm with a 4:2 integration
ratio. The Pd-Cklresonances were observed at upfield values of -1.15 and -1.18 ppm for
complex6 and7, respectively. Th&’C NMR spectrum of the DIMESscomplex showed a
carbene carbon signal at 189.7 ppm. The instability of the DfMemplex in solution

prevented its characterization B NMR.
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The attempted synthesis of a DINfédimethylpalladium complex failed using
this synthetic route. In an NMR tube experiment at room temperatur#] tisIR
spectrum showed formation of the free carbene Df¥idmut addition of
dimethylpalladium(TMEDA) did not result in any recognizable peaks in therspgc

indicating that both treactants had decomposed into unidentified products.

Synthesis and characterization of [(DIMe§)Pd(CHs)(1)] (8) and
[(DIMesPPd(CH3)(1)] (9).

These complexes were synthesized similarly to [(DM#(CH)(1)]. The
bis(NHC) dimethyl palladium complex was placed in a two neck round bottom flask
fixed with a septum and a swivel frit. Dry THF was distilled onto the reactartter
vacuum at — 78C, and excess methyl iodide was added via syringe under inert
atmosphere. The reaction mixture was warmed®® &nd stirred for one hour to give a
bright white precipitate with liberation of ethane. The product was isolatélragion
and washed with diethyl ether. These complexes are very unstable and dargethed ra
with decomposition upon standing at room temperature, even in inert atmosphere. These
complexesvere only soluble in DMSO, but they decomposed very rapidly in solution,
making it very difficult to obtain adequate NMR data. Only the DfVlesmplex was
characterized b{H NMR. These complexes can stored at -35 °C for several weeks

without significant decomposition.
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Synthesis and characterization of [(DIMe5)Pd(CHs)(CH3CN)][BF 4] (10) and
[(DIMesP")Pd(CH3)(CHsCN)][BF 4] (11).

Following a synthetic route similar to that used for the synthesis of
[(DIMesV®)Pd(CHs)(CHsCN)][BF4] at room temperature did not lead to isolable
products. During the recrystallization step, the formation of white crystafe
complexes with DIMES and DIMe$' ligands was observed, but the complexes started to
decompose rapidly during isolation. Therefore, the reactions were carried muéat |
temperatures using pre-cooled solvents under inert conditions. Complex
[(DIMesF)Pd(CH)(1)] was suspended in pre-cooled acetonitrile at 2<@&inder inert
condition. One molar equivalent of AgB#was added to the reaction flask, and the
mixture was stirred for one hour at —®5to give an ash-brown precipitate. The
precipitate was removed by filtration through celite. A small amount ofquked
diethyl ether was added to the filtrate to precipitate any silver saktmeand the
mixture was filtered through celite. Pre-cooled diethyl ether was tgereldon the
filtrate, and the mixture was kept in the glove box freezer at>*€36 form crystals.
White crystals formed after standing at —°85for a couple of hours. Products were
isolated by filtration while maintaining the low temperature of the solution.
[(DIMes®)Pd(CH)(CHsCN)][BF] is very unstable at room temperature, but it be can
stored at — 38C. The'H NMR spectrum in CBCN showed broad peaks with a
resonance pattern similar to that of [(DIN&$d(CHs)(CHsCN)][BF4], but the complex
decomposed during data collection, preventing full characterizatiGiCHYyMR. White
crystals of [(DIMe§)Pd(CH;)(CHsCN)][BF4] were isolated in < 10% yield. However,

the complex decomposed very quickly in NMR solution, preventing characterization.
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Synthesis of [(DIMe$")Pd(CH3)(CO)][BF 4] (12) and kinetic studies on methyl
migration

[(DIMes™)Pd(CHs)(CHsCN)][BF4] was dissolved in CECl, in a J Young NMR
tube, and the solution was cooled to <° &4 using an ethyl acetate slush bath. CO (1
atm) was added to the NMR tube while the liquid was held dtG8%he NMR tube was
then placed in a pre-cooled NMR probe —°60 The starting methyl complex was found
to be completely converted to the acyl product [(DIf)&sI(COCH)(CO)][BF.] 124
indicating a faster methyl migration step compared to the Dffiesmplex. In the
attempted synthesis of [(DIMEX¥Pd(CH)(CO)][BF4] 12, the desired product was
observed in the crude NMR spectrum, but it decomposed slowly with formation of
palladium black. It was hypothesized that replacing the small non-coordinaiomg a
BF, with the large non-coordinating anion BArcould stabilize the cationic, large

chelate ring size bis(NHC) methylpalladium complexes.

Synthesis and characterization of cationic, large chelate ring size bis(N})
methylpalladium complexes with the BAF, anion (13)

[(DIMes™)Pd(CH)(1)] was suspended in acetonitrile under inert atmosphere. One
molar equivalent of AgBAL was added to the reaction flask, and the mixture was stirred
for one hour to give an ash brown precipitate. The precipitate was removedabipfilt
through celite, volatiles were removed under vacuum, and the residue was dried for an
additional two hours. The solid was dissolved in diethyl ether and filtered through celit
to remove residual Agl. The solution was then concentrated, hexanes was layeared t

the filtrate, and the solution was kept at 285to form crystals. Crystals were isolated by
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filtration. The'H NMR spectrum in CBCN-d; confirmed the formation of
[(DIMesE)Pd(CH)(CHsCN)][BAr ). Even though the complex is stable at room
temperature, the high solubility of AgBArand the product, as well as the presence of
Agl, interfered with isolation of pure product in good yield. Therefore, an aliegnat
synthetic route was used for the synthesis of [(DfYEs(CH;)(CH;CN)][BAr 4. Equal
equivalents of (DIMES)Pd(CH), and [H(E$O),] [BAr ] were placed in a round-bottom
flask fixed to a swivel frit, and acetonitrile was distilled onto the reax&tr8 °C. The
reaction mixture was stirred for one houra@8 °C and then warmed to room
temperature. The reaction produced the desired product with liberation ohsgts
and the product was isolated by layering diethyl ether onto the reactiamenikhe

product was very stable at room temperature.
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Scheme 2.6Synthesis of [Pd(DIM&Y(CHz)(CHsCN)][BAr 4] complex(13)

Attempted synthesis of large chelate ring bis(NHC) methylpadidium complexes by

Mes—l *

{\N/ BArF,
’K _NCCH;

L

Pd

G CH;

N

AgBArF,, CH;CN N
<

(13), 35% yield

Mes—l *
J N BArF,

H(Et,0)* BArF, NJ\ _NCCHj

- Pd

CH3CN <N:‘/ \cH3

(13), 85% yield

transmetalation with silver complexes

Because of lower yield and synthetic problems during the synthesis of large
chelate ring (propylene and ethylene linkage) bis(NHC) methghitialm complexes, we
searched for alternative synthetic approaches. First, we insestithe applicability of
silver bis(NHC) complexes for transmetalation to produce methylpattadamplexes.
Di silver dihalide complexes of the bis(NHC) ligands DIMesd DIMe§",

{Ag(DIMes )Br; (14), (Agx(DIMes?)Cl, (15a), and (Ag(DIMes>")Br, (15b)} were

synthesized in good yield using a procedure published for less bulky bis(NHC)
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complexes by Ahrens et al in 206%6Transmetalation with methylpalladium precursors
such as Pd(TMEDA)(CkJ,, Pd(COD)(CH),, Pd(bipy)(CH),, Pd(COD)(CH)(Br), and
Pd(COD)(CH)(CI) failed to produce the desired bis(NHC) methylpalladium complexes
in pure form. Most of these reactions produced mixtures of products in moderate yields,
but isolation of the pure bis(NHC) methylpalladium complexes failed.

A second approach focused on synthesis of bis(NHC) palladium dihalide
complexes. It was thought that these complexes could be used to synthesize
methylpalladium complexes via reaction with methylation reagents sush(&€H)a,
Mg(CHg)(Br), Zn(CHg),, and Al(CH)s. However, all synthetic attempts with Pd(OAc)
and PdBs failed to produce desired product in pure form. Isolation of pure products from
mixtures of products failed. However, reactions of (DIfMpsg,Cl, with
Pd(CHCN).CI, or PdC} in solvents such as Gal, and CHCN did produce
(DIMes®)PdCh at room temperature. Equival molar equivalents of Pg@NLCl,

(PdCb) and (DIMe§“)Ag,Cl, were placed in a round bottom flask fixed to a needle
value, and ChKLCl, was distilled onto the reactants under vacuum. The reaction mixture
was stirred overnight under exclusion of light. The unreacted materials weredfibff
through celite. After reduction of solvent volume under reduced pressure, addition of
diethyl ether produced the desired product as a pale yellow solid, which vededdny
filtration. The'H NMR spectrum showed the presence of two isomers in a 1: 19 ratio,

which may arise from two different orientation of the butylene linkage.
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Scheme 2.7Synthesis of silver bis(NHC) complexes and their attempted transitietal

reactions

A rigid backbone, bulky bis(NHC) complex:
Synthesis and characterization of (1,1bis(2,4,6-trimethylbenzyl)-3,3-(1,2-
phenylene)diimidazolium dibromide salt (17)

Benzene was used as a linkage between two imidazole rings to get a rigid
backbone. This will reduce the flexibility of ligand and result in formation gkldite

angle. 2,4,6-trimethylbenzyl groups were incorporated as N-substituenteimnor
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produce steric shielding. One molar equivalent of 1-(bromomethyl)-2,4,6-
trimethylbenzene, 0.55 molar equivalent of {11, 2-phenylene)bis(imidazole), and
toluene solvent were placed in a thick-walled glass vessel. The reactitbmenias
heated at 100C for 24 hours, during which time white solids formed. After cooling the
reaction mixture to room temperature, the solids were isolated by dittratid then
washed with THF. The product was recrystallized using dichloromethan®keat sH
and*®C spectra indicate a symmetric molecule, and the acidic imidazole pratoas

observed at 9.19 ppm.

Synthesis of (1,%bis(2,4,6-trimethylbenzyl)-3,3-(1,2-phenylene)diimidazol-2,2'-
diylidene) (18)

Attempted synthesis of the (13-4is(2,4,6-trimethylbenzyl)-3;31,2-
phenylene)diimidazol-2,2'-diylidene) Pd (gkicomplex using a procedure similar to that
used for the synthesis of complexXe$ and7 failed. However, the free carbeh®was
isolated from the reaction betwegfhand K “O'Bu in THF. One molar equiv df7 and
two molar equiv of K"O'Bu were placed in a round bottom flask fitted to a swivel frit.
THF was distilled into the flask at -P&, and the mixture was stirred at the same
temperature for 4 hours. It was then allowed to warm up to room temperature, which
resulted in a cloudy yellow solution. The reaction mixture was filtered tovendBr
byproduct, volatiles were stripped under vacuum, and the residue was dried for an
additional two hours. The solid was extracted with hexanes, and the extract was
concentrated. The concentrated solution was kept &C-f86 a couple of days to

produce yellow crystals, which were isolated by filtration.
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Free carben&8 did not react with methylpalladium precursors like
Pd(THEDA)(CH), and Pd(bipy)(CH), in THF or benzene, even upon heating up to 50
°C. Monitoring the reaction b{4 NMR using GDs as an NMR solvent revealed that no
reaction occurred at room temperature, and decomposition of the methyipalladi
precursors and the free carbene occurred at higher temperaturesarberel 8 was
stable at room temperature during the reaction period, but started to form et réw s
peaks at 50C. However, these peaks cannot be assigned to coiplecause of the
absence of a methylpalladium signal. Free carli@weas stable at room temperature
under inert atmosphere and solutiond®fn C;Dg were stable for 8-10 hours under air.

However, solid samples were not stable under air.

Synthesis and characterization of [Pd(1,1bis(2,4,6-trimethylbenzyl)-3,3-(1,2-
phenylene)diimidazol-2,2'-diylidene)Bg] (20)

The synthesis d20 followed a procedure reported for a similar type of less bulky
bis(NHC) complexX? Equal molar equivalents of imidazolium shitand Pd(OAc) were
mixed in a thick-walled glass vessel, and wet DMSO was added as a solventaléte se
vessel containing the reaction mixture was initially heated &€50r 3 hours, followed
by 110°C for 2 hours. Cooling to room temperature produced a small amount of solids,
and addition of dichloromethane increased the solid formation. Solids were isglated b
filtration and washed with dichloromethane and diethyl ether to remove unreacted
starting material. Comple20was insoluble in most solvents but very slightly soluble in
DMSO. This low solubility prevented characterization'f§y NMR spectroscopy. Thid

NMR spectrum showed two slightly broad singlet peaks for imidazole pratahg0 and
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6.53 ppm, with a 1:1 integration ratio. The linkage phenylene showed two sets of
multiplets ranging from 7.88 to 7.86 and 7.79 to 7.71 ppm. The diasteriotropic methylene
protons showed an AB pattern at 6.05-5.41 ppm. Aromatic mesityl protons showed a
singlet at 7.00 ppm, and the methyl protons showed 2 singlets at 2.27 and 2.23 ppm with

a 6:12 integration ratio.
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Scheme. 2.8Synthesis of rigid backbone bis(NHC) complexes
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Synthesis and characterization of [Pd(1,1bis(2,4,6-trimethylbenzyl)-3,3-(1,2-
phenylene)diimidazol-2,2'-diylidene)(CHCN),][BF 4] (21)

Dicationic, bulky, rigid backbone-containing bis(NHC) comp2dwas
synthesized as a possible precursor for a cationic methylpalladiumesor@ple molar
equivalent of comple20and two molar equivalents of AgBere placed in a thick
walled glass vessel with acetonitrile. The sealed vessel waslheta@0°C for three
hours. The resultant reaction mixture was filtered through celite to renfesesslts.

The solvent was removed from the filtrate under vacuum, and the residue widedrie

an additional two hours. The resultant solid was redissolved in acetonitriss|ttien

was filtered through celite, the solvent was removed under vacuum, and the vessdue
dried under vacuum. This sequence was repeated one more time. This sequence is very
important in order to remove all silver salts present in the product. Finally whit
crystalline products were isolated by layering ether onto the solution onécé.

Complex21 was soluble in most polar solvents such as dimethyl sulfoxide,
acetonitrile, and dichloromethane. Ti&NMR spectrum is similar to that @p, but
sharper peaks were observed, and a downfield carbene carbon resonance appeared at
147.48 ppm. It was thought that replacing one acetonitrile molecule in cogipbtexild
produce a cationic methylpalladium complex analogous to comped@sandll.
However, the methylating reagents SngluHCHsMgBr, and Al(CH)s did not produce
any isolable product. Reaction of compkxwith Sn(CH), in CD,Cl, was monitored by
'H NMR spectroscopy at room temperature. A new set of peaks started to appéiaeed i
spectrum, which could be identified as the resonances from co2h(ERrd(1,1-

bis(2,4,6-trimethylbenzyl)-3,31,2-phenylene)diimidazol-2,2'-
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diylidene)(CHCN)(CHg)][BF4]). However, even after 20 days only % of the product

was produced.

Synthesis of bridging bis(NHC) dimethylpalladium complex (23)

Complex23was produced in the attempted synthesis of a cationic
methylpalladium DIMe¥%® complex analogous to compl8with the larger anion
BAr",~. It was later found that less AgBAtthan required (one molar equivalent) was
used due to weighing errors. The complex was again synthesized fromcti@rea
between complef and one half molar equivalents of AgBAm dioxane. Both
reactants were placed in a flask under inert atmosphere. Dioxane was addet/asta
and the mixture was stirred for 4 hours. The precipitate was removed Hiofiltitarough
celite, volatiles were removed under vacuum, and the residue was dried for an ddditiona
two hours. The solid was then dissolved in diethyl ether, and the mixture weedfilt
through celite to remove residual Agl. The filtrate was concentrateddmiite hexanes,
and kept at -38C in the glove freezer for a couple of days, which produced pale yellow
crystals. The X-ray crystal structure showed two palladiums bridg&adobis(NHC)
ligands and one iodo ligand, with one methyl group bound to each palladiumtatom.
NMR spectra in different solvents showed a more upfield Pe<@jal (0.16 ppm in
CD.Clyand 0.24 ppm in §Dg) than all other investigated bis(NHC) methylpalladium
complexes. An AB pattern was observed for the methylene protons, indicatiid a rig
backbone in solution. Two doublets and singlets each were observed for the imidazole
and mesityl aromatic protons, respectively. Two singlets with an 8:4 intagratio

were observed for the BAF anion. The same synthetic procedure was repeated using

69



one molar equivalent of compl&and one half molar equivalent of AgBAin
dioxane. The product has th¢ NMR resonance same as previous product, indicating

approximately one half molar equivalent of AgBAhad been used previously.

Mes
/ — ~ —l +
{\N (\N _ N BArF4'

N/ I, W \\N
NJ\ CH F Mes/ ! { \ \Mes
~7"3 0.5 AgBAr", g,
Pd - > H;C=Pd Pd<CH3

N N I dioxane M

</ o~ N N es

\ N ’\/ \)
N

Mes

2 (23)

Scheme 2.9Synthesis of bridging bis(NHC) dimethylpalladium comp2&x

Summary and Conclusion

Several stableis-dimethyl palladium and cationic monomethyl palladium
bis(NHC) complexes were synthesized. The stabilities of these pafladium
complexes decreased with increasing ring size of the chelating lii3(NHe stability of
large chelate ring size bis(NHC)-containing cationic methylgalla complexes can be
increased by using the large, non-coordinating aniorf BA& stable methylpalladium
carbonyl intermediate with a bis(NHC) ligand was synthesized for #tdifire. This
complex undergoes clean carbonylation to an acyl complex without any veducti
elimination of imidazolium salts, modeling a necessary step in CO / alkene
copolymerization. The rate of methyl migration is substantially lower theambst
active bis(phosphine) complex. This study showed that methyl migration rale ca

increased by increasing the chelate ring size. Therefore, a catichigdpadadium
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species with a larger chelating ring size bis(NHC), in combination hétBAr,~ anion,

is a potential pathway to create highly active catalysts for CO nalk@polymerization.

Experimental

General Considerations All manipulations were carried out under air unless otherwise
noted. Diethyl ether (Acrosi-hexane (Acros), THF (Pharmco) and hexanes (Pharmco)
were purified by distillation from sodium benzophenone ketyl. Dichloromethane
(Pharmco) was washed with a sequence of concentragd, Hle-ionized water, 5%
NaCOs; and de-ionized water, followed by pre drying over anhydrous CH@h

refluxed over and distilled from,®s under nitrogen. Acetonitrile (Pharmco) was pre-
dried over anhydrous Caind refluxed over and distilled from Catthder nitrogen.
NMR solvents were purchased from Cambridge Isotopes Laboratories. &S @-
CDsCN-d; were dried over activated 4 A molecular sieves followed by vacuum
distillation at room temperature. GDl, was dried over activated 4 A molecular sieves
and stored over s before distillation at room temperature for use. All other reagents
were purchased from Acros, Aldrich or Strem and used as received.
[PA(TMEDA)(CH)2],* [Pd(bipy)(CH)],* 1,2-dimesityl-3,3-methylene-diimidazolium
dibromide?? 1-(bromomethyl)-2,4,6-trimethylbenzeffel, 1- (1,2-
phenylene)bis(imidazold}, AgBAr,,*° NaBAr 4,*" H(ELO),BAr 4%’ 1,1-dimesityl-3,3-
ethylene-diimidazolium dibromid® and 1,%-dimesityl-3,3-propylene-diimidazolium
dibromidé® were prepared by literature procedures. NMR spectra were recorded on
Varian GEMINI 2000 (300 MHz) and Varian Unity INOVA (400 and 600 MHz)

spectrometers. Reported chemical shifts are referenced to residuat gelaks ¢C,
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'H). For low temperature studies, the NMR probe temperature was calibratedavit
days of the experiment using a methanol standard. IR spectra were d&aquiréNujol
mulls on a Nicolet Protégé 460 FT-IR spectrometer. Elemental analysepevéarmed
by Midwest Microlab, Indianapolis, Indiana. X-ray diffraction data weléected on a
Bruker SMART APEX Il diffractometer with a CCD detector using a comlmnaif ¢
ando scans. The crystal to detector distance was 6.0 cm. A Bruker Kryajfled li
nitrogen cooling device was used for low-temperature data collectiorsiragration
employed the Bruker Apex2 software packabPata collection employed SAINE.
Multiscan absorption corrections were implemented using SADXBS.X-ray
diffraction experiments employed graphite-monochromated Maoadiation {=0.71073
A). Structures were solved by direct methods and refined by full-matrixdgaares on
F2 using the SHELXTL software suitéNon-hydrogen atoms were assigned anisotropic

temperature factors, with hydrogen atoms included in calculated positions (ridde).

Pd(1,2-dimesityl-3,3-methylenediimidazol-2,2'-diylidene)(CH). (1)

To a solid mixture of 1,/idimesityl-3,3-methylenediimidazolium dibromide (300
mg, 0.546 mmol) and potassiuert-butoxide (125 mg, 1.093 mmol) was added THF
(40 mL) at -78C, and the mixture was stirred for 45 minutes at’&@® give a cloudy,
light pink solution. This reaction mixture was transferred onto a solution of
Pd(CH)2(TMEDA) (138 mg, 0.546 mmol) in THF (15 mL) at -78 via cannula, and
the resultant reaction mixture was stirred for another 45 minutes % -T®e volatiles
were removed under vacuum, the residue was extracted with methylende;rdad

diethyl ether was added to obtain colorless crystals, which were isolatiétdabipn.
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Yield: 133 mg, 58.5 %H NMR (400 MHz, DMSO-g): § 7.57 (2H, d3un = 2 Hz,
imid.), 7.04 (2H, d3Juy = 2 Hz,imid.), 6.90 (4H,sm-CH (mes.)), 6.19 (2H, s, I6), 2.51
(6H, s,p-CHs), 1.96 (12H, sp-CHa), -1.11 (6H, s, Pd-B3). °C NMR (101.5 MHz,
DMSO-ds): 6 189.14 (carbene), 136.8-C(mes.)), 136.83x¥C(mes.)), 134.62[¢so
C(mes.)), 128.12n¢-C(mes.)), 121.68id.-C), 119.94 imid.-C), 62.52 (CH), 20.59 p-
CHs(mes.)), 18.05¢-CHz(mes.)), -5.38 (Pd-C}). Anal. Calculated for: EHssN4Pd: C,

62.24; H, 6.58; N, 10.76 %. Found: C, 62.16; H, 6.65: N, 10.57 %.

Pd(1,1-dimesityl-3,3-methylenediimidazol-2,2'-diylidene)(CH)(1) (2)

Methyl iodide (39 ug, 0.614 mmol) was added to a solution of PeiimEsityl-
3,3-methylenediimidazol-2,2'-diylidene)(GH (100 mg, 0.192 mmol) in THF (30 mL)
at -78°C. The reaction mixture was warmed t&and stirred for one hour to give a
bright white precipitate. The solid was isolated by filtration, followed bghing with
diethyl ether. Yield: 87 mg, 71.9 %4 NMR (400 MHz, DMSO-g): § 7.80 (1H, s,
imid.), 7.71 (1H, simid.), 7.35 (1H, simid.), 7.20 (1H, simid.), 6.98 (2H,sm-
CH(mes.)), 6.96 (2H,3n-CH(mes.)), 6.40 (2H, s,i8), 2.27 (6H, sp-CHs), 2.03 (6H,
s,0-CHg), 2.03 (6H, bsp-CH3), -0.54 (3H, s, Pd-B3). Anal. Calculated for:

CaoeH31N4IPd: C, 49.34; H, 4.94; N, 8.96 %. Found: C, 47.97; H, 4.77: N, 8.44 %.
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[Pd (1,1-dimesityl-3,3-methylenediimidazol-2,2'-diylidene) (CH) (CH3CN)] [BF 4]
3)

AgBF, (31 mg, 0.158 mmol) was added a solution of Pdirtesityl-3,3-
methylene-diimidazol-2,2'-diylidene)(GHI) (100 mg, 0.158 mmol) in G&N (10
mL) at 25°C. The reaction mixture was stirred for one hour to give an ash brown
precipitate. The precipitate was removed by filtration through celitetileslavere
stripped under vacuum, and the residue was dried for an additional 2 hours. The solid was
redissolved in CBCN and filtered through celite to remove residual Agl. The solution
was then concentrated, and diethyl ether was added to obtain white crystaisyerta
isolated by filtration. Yield: 74 mg, 74.0 % NMR (400 MHz, CRCN-dy): & 7.53
(1H, d,334n = 2 Hz,imid), 7.51 (1H, d3Jun = 2 Hz,imid.), 7.05 (2H, smCH(mes.)),
7.03 (1H, d33un = 2 Hz,imid.), 7.02 (1H, d3Jus = 2 Hz,imid.), 6.97 (2H, d3Jy,= 0.8
Hz, mCH(mes.)), 6.19 (2H, s,), 2.32 (3H, sp-CH3), 2.29 (3H, sp-CH3z), 2.04 (6H,
s,0-CHs), 1.97 (6H, sp-CHg), 1.95 (3H, s, €15CN), -0.65 (3H, s, Pd4as). *H NMR
(400 MHz, CDCly-dy): 8 7.75 (1H, d3Jun = 2 Hz,imid.), 7.72 (1H, d3Jn= 2 Hz,
imid.), 7.01 (2H, sm-CH(mes.)), 6.94 (2H, sn-CH(mes.)), 6.86 (1H, ¢y = 2 Hz,
imid.), 6.85 (1H, d3Juy = 2 Hz,imid.), 6.40 (2H, bs, 6), 2.34 (3H, sp-CH3), 2.31 (3H,
s,p-CHs), 2.08 (6H, sp-CHs), 2.01 (6H, sp-CHag), 1.84 (3H, s, €15CN), -0.59 (3H, s,
Pd-CHs). *C NMR (101.5 MHz, CBCN-ds): & 182.48 (carbene), 167.85 (carbene)
140.35 p-C(mes.)), 140.160(C(mes.)), 136.69gso-C(mes.)), 136.42gso-C(mes.)),
136.38 0-C(mes.)),135.890(C(mes.)), 129.7In¢-C(mes.)), 129.62n¢-C(mes.)), 124.55
(imid.-C), 123.29ifmid.-C), 122.72ifnid.-C), 121.98 ifnid.-C), 64.08 (CH), 27.02f¢-

CHs), 21.06p-CHs), 18.830-CHs), 17.89 (0€Hs), -8.26 (Pd-CH). **C NMR (101.5
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MHz, CD,Cl,-d,): 6 182.04 (carbene), 167.31 (carbene) 139048 (fnes.)), 139.460¢
C(mes.)),135.93igso-C(mes.)), 135.87gso-C(mes.)), 135.840(C(mes.)),135.150¢
C(mes.)), 129.11 (2 m-C(mes.)), 123.64irid.-C), 122.37 iid.-C), 122.31 ifnid.-C),
121.73 {mid.-C), 120.64 CN), 63.19 (CH), 21.10 p-CHs), 21.07 p-CHs), 18.76 ¢-
CHg), 17.92 6-CHj3), 3.26 (CNCH3), -8.46 (Pd-CH). Anal. Calculated for:

CagH34BF4NsPd: C, 53.06; H, 5.41; N, 11.05 %. Found: C, 52.78; H, 5.33: N, 10.91 %.

[Pd (1,7'-dimesityl-3,3-methylenediimidazol-2,2'-diylidene) (CH) (CO)] [BF4] (4)
100 mg (0.158 mmol) of [Pd (Z;8limesityl-3,3-methylenediimidazol-2,2'-
diylidene) (CH) (CH3CN)] [BF4] was dissolved in 5 mL of Ci€l, in a sealable
reaction vessel, and 1 atm of CO was admitted. The solution was stirred fanutésni
volatiles were removed, and the resulting solid was dried under vacuum overnight. The
residue was dissolved in GEl,, and the solution was filtered through celite. Diethyl
ether and hexanes were added, forming white crystals that were colhedilé@tion.
Yield: 75 mg, 76.9 %.*H NMR (400 MHz, CBCl,-db): § 7.92 (1H, d33n= 2 Hz,
imid.), 7.90 (1H, d?J4y = 2 Hz,imid.), 7.03 (2H, sm-CH(mes.)), 7.03 (1H, ¢y =2
Hz,imid.), 6.98 (1H, dJu4y = 2 Hz,imid.), 6.96 (2H, sm-CH(mes.)), 6.50 (2H, s, Id),
2.34 (3H, sp-CHs), 2.32 (3H, sp-CHs), 2.01 (6H, sp-CHs), 1.96 (6H, sp-CHa), -0.29
(3H, s, Pd-Els). *C NMR (101.5 MHz, CBCl-db): 8 183.01 (CO) 178.30 (carbene),
169.94 (carbene) 140.7p-C(mes.)), 140.05%C(mes.)),135.560(C(mes.)), 135.38
(ipso-C(mes.)), 135.27gso-C(mes.)),135.020tC(mes.)), 129.71In¢C(mes.)), 129.40
(mC(mes.)), 124.32rid.-C), 123.24 ifmid.-C), 123.01 ifnid.-C), 122.65 ifnid .-C),

63.23 (CH), 21.16 p-CHa), 21.12 p-CH3), 18.50 6-CHg), 17.79 0-CHs), -13.16 (Pd-
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CHj3). Anal. Calculated for: EH3:0BFRN4Pd: C, 52.24; H, 5.03; N, 9.03 %. Found: C,

52.29; H, 5.27: N, 8.88 %.

[Pd (1,1-dimesityl-3,3-methylenediimidazol-2,2'-diylidene) (CO) (C(O)CH)] [BF 4]
)

[Pd (1,2-dimesityl-3,3-methylenediimidazol-2,2'-diylidene) (GH(CO)] [BF4]
(40 mg, 0.064 mmol) was dissolved in 2 mL of CH2CI2 in a sealable vessel, and 1 atm of
CO was admitted. The solution was stirred for 1 hour &C2%nd volatiles were
removed under vacuum. The solid was slurried in hexanes and collected by filtration.
Yield: 35 mg, 84.0 %H NMR analysis in CBCl, showed product to be mixture Bf
(95%) and4 (5%). NMR data were collected for a sample of this mixture placed under 1
atm CO, which resulted in quantitative conversioB o solution.*H NMR (400 MHz,
CD,Cly-dy): & 7.94 (1H, d3J4y = 2 Hz,imid.), 7.92 (1H, dJ4u = 2 Hz,imid.), 7.05 (2H,
s,mCH(mes.)), 7.04 (1H, &)y = 2 Hz,imid.), 6.98 (2H, sm-CH(mes.)), 6.91 (1H, d,
334n = 2 Hz,imid.), 6.55 (2H, s, €,), 2.35 (3H, sp-CHs), 2.32 (3H, sp-CHa3), 1.99
(6H, s,0-CH3), 1.94 (6H, sp-CHs), 1.29 (3H, s, C(0)85). 1*C NMR (101.5 MHz,
CD.Cl,-dy): 6 234.52 C(O)CHs) 178.07 (carbene), 168.16 (carbene) 140002 (Mmes.)),
140.83 p-C(mes.)),135.680(C(mes.)), 135.48C(mes.)), 135.06¢so-C(mes.)),
134.63 (pso-C(mes.)), 129.80n¢C(mes.)), 129.77tC(mes.)), 123.66 (2 inid.-C),
123.44 {mid.-C), 123.20ifnid.-C), 63.07 (CH), 44.30 (C(OFHs), 21.17 p-CHz), 21.11

(p-CHs), 18.20 6-CHs), 17.84 6-CHs).
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Pd(1,2-dimesityl-3,3-ethylenediimidazol-2,2'-diylidene)(CH). (6)

To a solid mixture of 1/Adimesityl-3,3-ethylenediimidazolium dibromide (250
mg, 0.446 mmol) and potassiuert-butoxide (100 mg, 0.892 mmol) was added THF
(40 mL) at -78C, and the mixture was stirred for 3 hours at°Z8&o give a cloudy, light
pink solution. This reaction mixture was transferred onto a solution of
Pd(CH)2(TMEDA) (113 mg, 0.446 mmol) in THF (15 mL) at -78 via cannula, and
the resultant reaction mixture was stirred for another 3 hours &E-78he volatiles were
removed under vacuum, and the residue was extracted with THF. Diethylrether a
hexanes were added to obtain colorless crystals, which were isolatédatiprii. Yield:
184 mg, 75 %'H NMR (400 MHz, DMSO-g): & 7.36 (2H, d3Jy = 1.6 Hz,imid.), 6.97
(2H, d,%34n = 1.6 Hz,imid.), 6.81 (4H,sm-CH(mes.), 5.80-4.20 (4H, bsH3), 2.20 (6H,
s,p-CHs), 1.85 (12H, sp-CHs), -1.15 (6H, s, Pd-B5). *C NMR (101.53 MHz, DMSO-
ds): 6 189.72 (carbene), 137.36-C(mes.)), 136.64pC(mes.)), 135.14igso-C(mes.)),
128.03 -C(mes.)), 122.63irfid.-C), 120.75ifnid.-C), 48.55 (CH), 20.56 p-

CHs(mes.)), 18.60d-CHz(mes.)), -4.65 (Pd-C}j.

Pd(1,2-dimesityl-3,3-propylenediimidazol-2,2'-diylidene)(CH). (7)

To a solid mixture of 1,/idimesityl-3,3-propylenediimidazolium dibromide (400
mg, 0.696 mmol) and potassiuert-butoxide (156 mg, 1.393 mmol) was added THF
(40 mL) at -78C, and the mixture was stirred for 4 hours at°G8&o give a cloudy, light
pink solution. This reaction mixture was transferred onto a solution of
Pd(CH)>(TMEDA) (176 mg, 0.696 mmol) in THF (15 mL) at -78 via cannula, and

the resultant reaction mixture was stirred for another 3 hours &C-7he volatiles were
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removed under vacuum, and the residue was extracted with THF. Diethylrether a
hexanes were added to obtain colorless crystals, which were isolatédatiprii. Yield:
174 mg, 47.7 %H NMR (400 MHz, DMSO-g): § 7.34 (2H, d3Ju = 1.6 Hz,imid),
7.01 (2H, d33un = 1.6 Hz,imid.), 6.82 (4H,sm-CH(mes.), 4.12 (4H, £}u4 = 6.2 Hz,
CHy), 2.85 (2H, t334y = 6.2 Hz, GH), 2.24 (6H, sp-CHz), 1.85 (12H, sp-CHs), -1.18

(6H, s, Pd-El3).

Pd(1,7-dimesityl-3,3-ethylenediimidazol-2,2'-diylidene)(CH)(l) (8)

Methyl iodide (39 png, 0.614 mmol) was added to a solution of Pa{imEsityl-
3,3-ethylenediimidazol-2,2'-diylidene)(Gh3 (100 mg, 0.192 mmol) in THF (30 mL) at -
78°C. The reaction mixture was warmed t&@and stirred for one hour to give a bright
white precipitate. The solid was isolated by filtration, followed by waghiith diethyl
ether. Yield: 87 mg, 71.9 %H NMR (400 MHz, DMSO-g): & 7.75 (1H, bsimid.),

7.58 (1H, sjmid.), 7.39 (2H, bsimid.), 6.96 (4H,sbm-CH(mes.), 5.70 (1H, bs, ),
5.02 (1H, bs, €,), 4.69 (1H, bs, &,), 4.54 (1H, bs, &,), 2.64 (6H, smesCHj3), 1.98
(6H, broad unresolved peakgesCHs), 1.75 (3H, bsmesCH3), 1.63 (3H, bsmesCHy3),

-0.55 (3H, s, Pd-Ba).

[Pd (1,1-dimesityl-3,3-ethylenediimidazol-2,2'-diylidene) (CH) (CH3CN)] [BF 4]
(10)

Cooled CHCN (10 mL) at — 353C was added to AgBK31 mg, 0.158 mmol)
and Pd(1,xdimesityl-3,3-ethylenediimidazol-2,2'-diylidene)(GHI) (100 mg, 0.158

mmol) in a flask under inert atmosphere. The reaction mixture was stirrededrour at

78



— 35°C to give an ash brown precipitate. The precipitate was removed blydiitra
through celite~ 2-3 mL of diethyl ether was added to precipitate Agl, and the mixture
was again filtered through celite to remove residual Agl. The solutiothgas
concentrated, cooled diethyl ether at *@5wvas added, and the solution was kept in the
glove box freezer to obtain white crystals, which were isolated bytifitra Yield: 59

mg, 58 % H NMR (400 MHz, CRCN-ds): & 7.74 (1H, d3Juy = 1.6 Hz,imid.), 7.54

(1H, d,34y = 1.6 Hz,imid.), 7.37 (1H, d3Jus = 1.6 Hz,imid.), 7.34 (1H, simid.), 6.93-
6.89 (4H, b,m-CH(mes.), 5.69 (1H,b s,i3), 4.97 (1H,b s, 65), 4.71 (1H,b s, 8)),

4.94 (1H,b s, B), 2.24 (3H, smesCH3), 2.22 (3H, smesCHj3), 1.96 (3H, smesCHy),
1.94 (3H, smesCHy3), 1.84 (3H, smesCH3), 1.55 (3H, sp-CH3), -0.59 (3H, s, Pd-

CHa).

[Pd (1,1-dimesityl-3,3-ethylenediimidazol-2,2'-diylidene) (CO) (COCH)] [BF 4]
(12a) crude product

[(DIMesF)Pd(CH)(CHsCN)][BF.] was dissolved in CECl, in a J-Young NMR
tube, and the solution was cooled to <° &4 using an ethyl acetate slush bath. CO (1
atm) was added to the NMR tube while the liquid was held &tG8Zhe solution
temperature was increased to room temperature, solvents were evaporatedawnaoey va
and the residue was dried for one hour,CPdistilled into NMR tube and the crude
product'H NMR spectrum was recordettH NMR (400 MHz, CDCl,-dy): & 7.65 (1H, d,
33un = 2.4 Hz,imid.), 7.36 (1H, d3Jyy = 2.8 Hz,imid.), 7.09 (1H, d3J4 = 2.4 Hz,imid.),

7.02 (2H, s,m-CH(mes.), 6.96 (2H, sm-CH(mes.), 6.92 (1H, dJuu = 2.8 Hz, imid.),
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4.68 (4H,t33un = 6.4 Hz, ®1,), 2.35 (3H, smesCHs), 2.33 (3H, smesCHs), 2.04 (3H,

s,mesCH3), 1.98 (3H, smesCHj3), 1.78 (6H, smesCHy3), 1.64 (3H, sacytCHs3).

[Pd (1,1-dimesityl-3,3-ethylenediimidazol-2,2'-diylidene) (CH) (CHsCN)] [BAr 7]
(13)

AgBArf, (75 mg, 0.077 mmol) was added to a solution of Pt¢inesityl-3,3-
methylenediimidazolin-2,2'-diylidene)(GMHI) (50 mg, 0.077 mmol) in GN (10 mL)
at 25°C. The reaction mixture was stirred for one hour to give an ash brown tatipi
The precipitate was removed by filtration through celite, volatileg w&ipped under
vacuum, and the residue was dried for an additional 2 hours. Solid was redissolved in
CH3CN, and the solution was filtered through celite to remove residual Agl. Thesolut
was then concentrated, and diethyl ether was added to obtain white crystaisyerta
isolated by filtration. Yield: 48 mg, 44 %4 NMR (400 MHz, CRCN-ds): & 7.72 (8H,
s,0-H( BAr",)), 7.66 (4H, sp-H( BAr",)), 7.42 (1H, d>Juy = 2.4 Hz,imid.), 7.20 (1H, d,
33un = 2.8 Hz,imid.), 7.03 (1H, d3Jyy = 2.8 Hz,imid.), 6.99 (1H, d3J4 = 2.4 Hz,imid.),
6.96 (4H, bs,m-CH(mes.), 5.91 (1H,bt, &), 4.54-4.20 (3H,bm, B,), 2.29 (3H, smes
CHy), 2.26 (3H, smesCHj3), 2.17 (3H, bsmesCHj3), 2.07 (3H, bsmesCH3), 1.82 (3H,

bs,mesCHj3), 1.58 (3H, bsp-CH3), -0.41 (3H, bs, Pdidx).

[Ag. (DIMes™") Br] (14)
DIMes™ Br, (500 mg, 0.871 mmol) and A@ (202 mg, 0.871 mmol) were
suspended in 80 mL of acetonitrile . The reaction mixture was stirred for 20 hours at

room temperature under exclusion of light. The solution was then filtered thrdiigh ce
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and concentrated. Addition of hexanes produced white crystals, which were isolated by
filtration. Yield: 612 mg, 89.2 %H NMR (400 MHz, CBCl,-db): & 7.64(2H, bsimid.),

6.97 (2H, bsmid.), 6.94 (4H,sm-CH(mes.), 4.44 (4H, = 10.2 Hz, G1,), 2.63 (2H,

P, 3Jun = 10.2 Hz, ®1,), 2.37 (6H, sp-CHg), 1.86 (12H, sp-CHs). *H NMR (400 MHz,
DMSO-dg): 8 7.76 (2H, simid.), 7.49 (2H, smid.), 6.99 (4H,sm-CH(mes.), 4.29 (4H, t,

3JHH: 8.8 Hz, G"z), 2.42 (2H, bp, ez), 2.35 (6H, Sp-CH3), 1.72 (12H, SO-CHg).

[Ag» (DIMes®™) Cl,] (15a)

DIMes™ Cl, (300 mg, 0.600 mmol) and AQ (139 mg, 0.600 mmol) was
suspended in 60 mL of acetonitrile . The reaction mixture was stirred for 20 hours at
room temperature under exclusion of light. Then solution was filtered throug aedit
concentrated. Addition of hexanes produced white crystals, which were isolated by
filtration. Yield: 343 mg, 80 %‘H NMR (400 MHz, DMSO#): & 7.72 (2H, simid.),

7.48 (2H, smid.), 7.05 (4H,smCH(mes.), 4.21 (4H, s, 185), 2.33 (6H, sp-CHs), 1.90-

1.78(16H, m, overlappingk; (4H) ando-CHs (12H)).

[Ag- (DIMes®") Br,] (15b)

DIMes™ Br, (300 mg, 0.51 mmol) and A@ (118 mg, 0.51 mmol) were
suspended in 60 mL of acetonitrile . The reaction mixture was stirred for 18 hours at
room temperature under exclusion of light. The solution was then filtered thrdiigh ce
and concentrated. Addition of hexanes produced white crystals, which were isolated by
filtration. Yield: 335 mg, 81.9 %H NMR (400 MHz, DMSO#): & 7.71 (2H, simid.),

7.45 (2H, 9mid.), 7.02 (4H,sm-CH(mes.), 4.20 (4H, s, 1d}), 2.35 (6H, sp-CH3), 1.79
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(4H, s, ), 1.74 (12H0p-CH3). **C NMR (101.53 MHz, DMSO+: § 180.11
(carbene), 138.48{C(mes.)), 135.47pC(mes.)), 134.25§so-C(mes.)), 128.85n(
C(mes.)), 123.291fid.-C), 122.29 imid.-C), 50.21 (N-CH)), 28.10 (N-CHl), 20.56 p-

CHgz(mes.)), 17.10¢-CHz(mes.)).

[Pd (DIMes®") Cl] (16)

Agz(DIMesBuU)Cb (300 mg, 0.419 mmol) and PdElL11 mg, 0.419 mmol) were
suspended in 80 mL of dichloromethane . The reaction mixture was stirred for 24 hours at
room temperature under exclusion of light. The solution was then filtered throitgh cel
and concentrated. Layering diethyl ether onto the solution produced yelloalgryst
which were isolated by filtration. Yield: 97 mg, 38.3'#bNMR (400 MHz, DMSO#d):

§7.01 (2H, d33un = 2 Hz,imid.), 6.88 (4H,sm-CH(mes.), 6.72 (2H, &y = 2 Hz,

imid), 4.74 (4H, t, ), 2.48 (6H, sp-CHs), 2.42 (4H, m, €l,), 1.90 (12Hp-CHs).

(1,1-Bis(2,4,6-trimethylbenzyl)-3,3-(1,2-phenylene)diimidazolium dibromide (17)

A mixture of 1,1-(1,2-phenylene)bis(imidazole) (500mg, 2.38 mmol) and 1-
(bromomethyl)-2,4,6-trimethylbenze @58 mg, 2.62 mmol) was suspended in toluene
(25 mL), and the mixture was heated at 30Gor 24 hours. Solids were collected by
filtration and washed with THF. Isolated product was recrystallized @h¢l, as
solvent, and the solid was dried in vacuum for 12 h. Yield: 890 mg, 7H %MR (400
MHz, DMSO-ds): 8 9.19 (2H, sjmid.), 7.89 (4H,simid.) 7.78 (2H, d3Ju= 1.6 Hz,
ph), 7.76 (2H, d3J. = 1.6 Hz, ph), 6.98 (4H,sm-CH(mes.)), 5.40 (4H, s, &), 2.27

(6H, s,p-CH3), 2.22 (12Hp-CHs). **C NMR (101.53 MHz, DMSO-): 138.74 Ar-C),
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138.23 Ar-C), 137.39 Ar-C), 131.92 Ar-C), 129.92 Ar-C), 129.36 Ar-C), 128.35 Ar-
C), 126.03 Ar-C), 123.65imid.-C), 122.82 ifmid.-C), 47.59 (N-CH), 20.56 p-
CHs(mes.)), 19.39d-CHz(mes.)). Anal. Calculated for:s@H3¢BroN4: C, 60.39; H, 5.70;

N, 8.81 %. Found: C, 57.92; H, 5.76: N, 8.57 %.

1,1'-Bis(2,4,6-trimethylbenzyl)-3,3-(1,2-phenylene)diimidazol-2,2'-diylidene (18)

One molar equiv 017 (300 mg, 0.471 mmol) and two molar equiv 6f ©'Bu
(106 mg, 0.943 mmol) were placed in a round bottom flask fitted to a swivel frit. THF
was distilled into the flask at -7&, and the mixture was stirred at the same temperature
for 4 hours. It was then allowed to warm up to room temperature, which resulted in a
cloudy yellow solution. The reaction mixture was filtered to remove KBrdmurt,
volatiles were stripped under vacuum, and the residue was dried for an additmnal tw
hours. The solid was extracted with hexanes, and the extract was concentrated. The
concentrated solution was kept at*G5or a couple of days to produce yellow crystals,
which were isolated by filtration. Yield: 94 mg, 42 4. NMR (400 MHz, THF-g): &
7.44 (1H, d33n= 1.2 Hz,imid.), 8 7.17 (1H, d33y = 1.2 Hz,imid.), 6.91-6.73(5H, m,
overlappingmes(2H) andph(3H)), 6.42 (1H, t3J4, = 8.0 Hz,ph), 6.26 (2H,sm-
CH(mes.)), 6.23 (1H, &y = 2.4 Hz,imid.), 5.40 (1H, d33y = 2.8 Hz,imid.), 5.24-
4.69 (2H, AB, Gi,), 3.77-3.43 (2H, AB, 61,), 2.41 (6H, sp-CHa), 2.25 (6H, sp-CHs).

1.90 (6H, sp-CHy).

83



(1,1-Bis(2,4,6-trimethylbenzyl)-3,3-(1,2-phenylene)diimidazol-2,2'-diylidene) Pd
Br, (20)

A mixture of Pd(OAc) (176mg, 0.786 mmol) and (I;his(2,4,6-
trimethylbenzyl)-3,3(1,2-phenylene)diimidazolium dibromide (500 mg, 0.786 mmol)
was dissolved in DMSO (10 mL) and heated atG@or 2 hours, followed by heating at
110°C for 3 hours. CkLCl, was added to the reaction mixture to obtain pale yellow
crystals. The product was isolated by filtration and dried in vacuo for 12 lol: 8i@&3
mg, 52 %*H NMR (400 MHz, DMSOdg):  7.88-7.86 (2H, mph), 7.79-7.71 (2H, m,
ph), 7.71 (2H,sjmid.), 7.00 (4H,sm-CH(mes.)), 6.53 (2H,3mid.), 6.05-5.41 (4H, AB
pattern, @1,), 2.27 (6H, sp-CHj3), 2.23 (12Hp-CH3). Anal. Calculated for:

Cs2H34BroN4Pd: C, 51.06; H, 4.63; N, 7.56 %. Found: C, 51.06; H, 4.55: N, 7.22 %.

[Pd (1,1-bis(2,4,6-trimethylbenzyl)-3,3-(1,2-phenylene)diimidazol-2,2'-diylidene)
(CH3CN)2][BF 42 (21)

A mixture of (1,1-bis(2,4,6-trimethylbenzyl)-3,31,2-phenylene)diimidazolium
dibromide (150 mg, 0.202 mmol), AgBE79 mg, 0.404 mmol), and anhydrous
acetonitrile (15 mL) was placed in a sealed ampule under nitrogen. Themeattiure
was heated at 61 for 4h with stirring. The mixture was then filtered through celite, the
solvent was removed under vacuum, and the residue was dried in vacuum for 3 h. The
product was again dissolved in acetonitrile (5 mL), the solution was filtered through
celite, solvent was evaporated, and the residue was dried in vacuum for 3 h. This
sequence was repeated one more time. In the final sequence, diethylastiaeided to

the filtrate to obtain product as white crystals. Product was isolatetiratidn and dried
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in vacuo for 12 h. Yield: 139 mg, 82%4 NMR (400 MHz, DMSO-g): & 7.95-7.91(4H,
m, overlappingmid.(2H) andph(2H)), 7.88-7.85 (2H, nph.), 7.03 (4H,sm-CH(mes.)),
6.89 (2H, d3Jun = 2 Hz,imid.), 5.68-5.24 (4H, AB, €,), 2.28 (6H, sp-CHa), 2.08
(12H, s,0-CHg). 13C NMR (101.53 MHz, CBCl-d,): & 147.48 (carbene), 140.6Ar(C),
138.41 Ar-C), 131.58 Ar-C), 131.35 Ar-C), 130.31 Ar-C), 127.48 Ar-C), 125.70 Ar-
C), 124.86imid.-C), 122.95ifnid.-C), 49.94 (N-CH), 21.17 p-CHz(mes.)), 19.92¢

CHs(mes.)), 3.41CH3CN).

[Pd(u*-DIMes™®), (I)(CH 3)][BAr 4] (23)

AgBAr", (77 mg, 0.079 mmol) was added to a solution of Pd¢inesityl-3,3-
methylenediimidazol-2,2'-diylidene)(GHI) (100 mg, 0.158 mmol) in dioxane (10 mL)
at 25°C. The reaction mixture was stirred for 4 hours to give an ash brown precipitat
The precipitate was removed by filtration through celite, volatileg w&ipped under
vacuum, and the residue was dried for an additional 2 hours. Solid was dissolv&€dl in Et
and filtered through celite to remove residual Agl. The solution was then catedntr
hexanes was added, and the solution was kept atG 86 a couple of days to obtain
pale yellow crystals, which were isolated by filtration. Yield: 84 mg, 54¥NMR (400
MHz, CD,Cl>-db): 8 7.72 (8H, sp-H( BAr",)), 7.56 (4H, sp-H( BAr",)), 7.37(2H, d,
334u = 2 Hz,imid.), 6.84 (2H, d334 = 2 Hz,imid.), 6.79 (2H,sm-CH(mes.)), 6.73 (2H,s,
m-CH(mes.)), 8.03-6.03 (2H, AB,I8), 2.43 (6H, sp-CHs), 1.79 (6H, sp-CH3), 1.77
(6H, s,0-CH3), -1.16 (3H, s, Pd-B5). *H NMR (400 MHz, GDg-ds): 8 8.41 (8H, sp-H(
BArF,)), 7.67 (4H, sp-H( BArF,)), 6.61 (2H,sm-CH(mes.)), 6.53 (2H,sn-CH(mes.)),

6.24(2H, d 234 = 2.4 Hz,imid.), 5.83 (2H, d3J4 = 2.8 Hz,imid.), 7.96-4.91 (2H, AB,
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CH,), 2.23 (6H, sp-CHa), 1.75 (6H, sp-CHa), 1.68 (6H, sp-CHs), 0.24 (3H, s, Pd-

CHy).
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CHAPTER Il

SYNTHESIS AND CHARACTERIZATION OF DICATIONIC

BIS(METHYLISOCYANIDE) ADDUCTS OF PALLADIUM(II)

BIS(CARBENE) AND BIS(PHOSPHINE) COMPLEXES
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Introduction

Since the isolation and characterization of the free first N-heterooaibenes
(NHCs) by Arduengo et al. in 199, NHCs have become widely used ligands in
transition metal catalyzed reactions such as cross-coupling reattansfin
metathesis®?’ hydrosilylation®®?° hydroformylation®® hydroaminatiort and C-H
activation®*>*Initially it was believed that NHCs are electronic mimics and ratiéres
to phosphined>* There is increasing experimental evidence that NHCs are superior to
phosphine counterparts in both catalytic activity and stoPeNHCs have several
advantages over phosphines, such as reduced need for excess ligand in catdigtis rea
due to the stronger metal-NHC bonding. They also have improved air and moisture
stability, because of the tendency for the phosphine to oxidize in air, whereasaRHCs
oxidation resistance. The superior activity of NHCs in catalysis arisesthe
combination of strong-donor, pootr-acceptor, and unique steric properties of NACs.
The strongets-donation from NHCs to metal than from phosphines was supported by
calorimetric studie&' CO stretching frequenci&&™ and theoretical pkvalues® The
stretching frequency of CQ CO) in various transition metal-carbonyl complexes is the
most widely used method for comparing the electronic properties of NH@haisphine
ligands. Initially, this method used the average infrared frequency of CQGONL
complexes, known as the Tolman electronic parameter (TEP) as developed by ‘folm
This electronic parameter has been used to quantify the electron donoradbility
phosphines and more recently has been used to study the electronic properties of NHCs
using different metal complexes such as Ni(§®HC),** Rh(COMX(NHC),*"*®

Ir(CO),X(NHC) (X = halide)**® Fe(Cp)(CO)L*® andM(CO)sL (M = Cr, Mo, W)>°
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Almost all of these IR frequency studies focused on the monodentate NHCs, and
several these studies indicate a narrow range of donor ability in the commeahly us
NHCs*#**1Changing the N-substituéfbr backbone saturatitthas very little effect
on variation of donor ability, but there are a few examples of NHCs with tunable gonicit
such as Bertand’s borazine-derived NPfGesd NHCs bearing electron withdrawing aryl
groups:® Another way to tune the donicity is to use chelating bis(NHCs), where the
donicity can be altered by variation of bite angle via changing chelatigpgize.

Another advantage of chelating bis(NHCs) is that they are expecteartorbestable
than monodente NHCs because of the chelate éffécthe current study, various
alkane-bridged chelating bis(NHC) ligands were prepared to assegsiothieity as a
function of different structural parameters. Chelating bis(NHCs) offexyato study the

effects of ligand anisotropy on the reactivity of NHC-metal complexes.

Another similar type of carbenes, acyclic diaminocarbenes (ADCs), have
electronic stabilization similar to that of NH¢%>*°However, the increased reactivity
of the free carbengs™®has limited the development of their coordination
chemistry>>*?®There are a few reports suggesting that ADCs are stronger donors than
the corresponding NHCS.ADC donicity can be easily tunable compare to NEQa.
past few years, ADCs have been used as ligands in several metal-catect®ons, in

some cases with activities comparable to those of N¥Es.

Comparisons of-donicity of bis(NHCs) with bis(ADCs) and the more
commonly used bis(phosphine) ligands will give an understanding of how changing the
bite angle (via chelate ring size) will affect the donicity within the dlogous ligand
series and between different ligand series with the same ring size.heugh CO is the
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most widely used ligand in IR probe studies, this method has the disadvantage of not
separatings-donor andt-acceptor effects. Isoelectronic alkyl isocyanides are strastger
donor and weaket-acceptor ligands than C®Therefore, replacing CO with
isoelectronic methyl isocyanide will provide a more useful assessmesiatvec-

donor strength of ligandsansto it. Upon binding to a metal complex in a higher
oxidation stateX +2), the stretching frequency of methyl isocyandd€£N) will

increase compared to the stretching frequency of free methyl isdey@rt=N) due to
electron donation from the weakdy HOMO (antibonding orbital) to the metal center,
with no significant contribution from metal-to-ligamebackbonding. A larger change in
Av (change in stretching frequency compared to free isocyanide) indicate®strong
donation from methyl isocyanide, arising from a lotvansinfluence and thus lower-
donation from the ligand bourichnsto methyl isocyanide. One study based on methyl
isocyanide as rans IR probe ligand in palladium(ll) complex&sshows that that
common bis(phosphine) DPPE is a strongielonor than a common bis(NHC) derived
from mesityl imidazole, which contradicts previous studies identifying N&kCstronger
donors than phosphines. However, it is not clear how much this reflects on the intrinsic

donicity of the ligands, as these ligands have different chelate ring size

In the current investigation, thedonicities of several bis(NHC), bis(phosphine)
and bis(ADC) ligands were investigated using methyl isocyanide as an IRligeiin
cationic (chelate)Pd(CNGH** complexes. Comparison of donicity was performed by
attaching various chelating ring size bis(NHC), bis(phosphine) and bis(Adz@ys to

cationic bis(methyl isocyanide) palladium(ll) complexes.
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Results and Discussion

Synthesis and characterization of imidazole-based bis(NHC) palladiuri) dihalide
complexes (25a-25d)

Bis(imidazolium) salts with different alkane linkage lengths conngdtum N-
methyl imidazole rings, specifically 1,1’-dimethyl-3,3’-methylenevddazolium
dibromide, 1,1’-dimethyl-3,3’-ethylene-diimidazolium dibromide, 1,1’-dimethy!-3,3
propylene-diimidazolium dibromide and 1,1’-dimethyl-3,3’-butylene-diimidagoli
dichloride were synthesized according to procedures published by Herrmarfi eeal.,
et al.® vitz et al.”® and Ahrens et & Methylene and butylene linked imidazole derived
bis(NHC) palladium complexes, (1,1'-dimethyl-3,3-methylenediimidazidiylidene)
palladium(ll) dibromide 258 and (1,1'-dimethyl-3,3'-butylenediimidazol-2,2-diylidene)
palladium(ll) dichloride 25d), were synthesized using the corresponding bis
imidazolium salts according to procedures published by Herrmann'eaat,Ahrens et.
al>* Attempted syntheses of ethyler®5k) and propylene25c) linked bis-imidazole
derived bis(NHC) palladium dibromide complexes using procedures for similar
complexed""*"*failed or did not provide significant yields. Screening of different
palladium sources and bases revealed that palladium (I1) bromide togétheodium
acetate trihydrate and bis-imidazolium salt in wet dimethyl sudfoproduced the
expected results. Wet dimethyl sulfoxide was important for the reaction. Wien dr
dimethyl sulfoxide was used for the reaction, it did not show any progress. iWa#et
dimethyl sulfoxide may facilitate the interaction of the sodium acetat \widh other

reactants by bringing it into the solution phase.
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The synthesis begins by treating one molar equivalent of palladiumdiiidbe
with 1.2 molar equivalents of Z;flimethyl-3,3-ethylene-diimidazolium dibromid@49
or 1,1-dimethyl-3,3-propylene-diimidazolium dibromid@4d) and 2.4 molar
equivalents of sodium acetate trihydrate in a thick walled glass vesget dimethyl
sulfoxide. The reaction mixture, which is bright orange in color, wasdttr&s°C for
three hours using a constant temperature oil bath. After completion of therrgattich
is indicated by significant lightening of color, solvent volume was reduced unde
vacuum. Deionized water was added to the remaining reaction mixture teesodia
formation. Products were isolated by filtration and were washed with deion&ed ta
remove unreacted bis-imidazolium salts and sodium acetate. The light gétiglene
linked (25b) and light green propylene linke&d) bis(NHC) palladium dibromide

complexes were isolated and dried under vacuum.

PdBr,
' AR

N7 RN

K\.N/e?n\N./\‘ DMSO, 75 °C, 4 hrs {\ />

1.2 ®., @ N
Pd \

. N2 DN >\
e
H;C \< >/ \CH3 / PN
H H;C Br Br

CH;

2.4 NaOAc.3H,0
n=2:25b 53% yield
n=3:25¢ 69% yield
n=2:24b
n=23:24c

Scheme 3.1Formation of bis(NHC) palladium (ll) dibromide complex@&b and25c

According to théH NMR spectrum of the ethylene linked compleslf) in

DMSO-d;, two singlets were observed for imidazole protons at 7.35 ppm and 7.29 ppm.
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The ethylene protons appeared as two sets of peaks with a 1:1 integratian 520

ppm as a broad singlet and at 4.49 ppm as a broad doublet. Two N-methyl groups
appeared at 3.86 ppm as a singlet. ‘H&MR spectrum of the propylene linked

complex 250 also showed two singlets for imidazole protons at 7.33 ppm and 7.27 ppm.
The propylene protons appeared as four sets of peaks at 4.84 ppm (triplet), 4.37-4.32 ppm
(doublet of doublets), 2.34-2.30 ppm (multiplet) and 1.78-1.68 ppm (multiplet) with a
2:2:1:1 integration ratio. The N-methyl protons appeared as a singlgtysinore

downfield than the ethylene analog2isb at 3.91 ppm.

Synthesis and characterization of imidazole derived bis(NHC) bis(ntigylisocyanide)
palladium(ll) tetrafluoroborate complexes (26a-26d)

A general synthetic procedunaas adopted to synthesize a series of bis(NHC)
bis(methylisocyanide) palladium (II) complexes with different linkagesiTwo and a
half molar equivalents of methylisocyanide was added to a suspension of bis(NHC)
palladium dihalide in dry acetonitrile. The reaction mixture was stirretv@hours,
during which time the reaction mixture became clear. Then two molar equivaients
silver tetrafluoroborate in dry acetonitrile was added to the reactitamaito replace the
outer sphere chloride anion with tetrafluoroborate anion. After addition of silver
tetrafluoroborate, silver halide immediately started to precipitatethenchixture was
stirred for two hours to complete the precipitation. The resultant reactionrenxas
filtered through celite to remove silver salts. The solvent was removedtieofilirate
under vacuum and dried under vacuum for two hours. The resultant solid was redissolved

in acetonitrile and filtered through celite, then stripped of solvent and dried under
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vacuum. This sequence was repeated one more time. This sequence is verpirngoorta
remove all the silver salts present in the product. Finally, white crystpliaticts were

isolated by layering ether on the solution in acetonitrile.

Q /l\/> 1) 2.5 CH;3;NC, CH3CN <\ /> 2BF4
2) 2 AgBF,, CH3CN Pd\ \
HC CH3 e < . cn
N N
Me Me
n=1,X=Br:25a n=1:26a 72 % yield
n=2,X=Br:25b n=2:26b 40 % yield
n=3,X=Br:25¢c n=3:26¢c 47 % yield
n=4,X=Cl:25d n=4:26d 62 % yield

Scheme 3.2Formation of bis(NHC) bis(methylisocyanide) palladium (lI) complexes

26a-26d

These complexes were synthesized in yields ranging between 40 — 72 %. All of
the bis(NHC) bis(methylisocyanide) palladium complexés-26dwere stable under air
at room temperature. These complexes were soluble in acetonitrile and dimethy
sulfoxide and partially soluble in chlorinated solvents. Table 3.1 summarizé$ the
NMR data for bis(NHC) bis(methylisocyanide) palladium comple&ass26d All of
these complexes show two sets of doublets for the imidazole protons between 7.16 — 7.77
ppm. Average chemical shifts values for imidazole protons shift upfieldtirem
methylene linkage comple6ato propylene linkage compleé6c, but these values
decreases slightly from the propylene linkage comptoto the butylene linkage

complex26d. Linkage protons were also observed, the methyle@6ams a broad
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singlet, the ethylene iB6b as two multiplets, the propylene 26cas four sets of
multiplets, and the butylene #6d as four sets of broad singlets, with chemical shifts
ranging from 1.52 — 6.35 ppm. These indicate alkylene linkages in the chelagjsg rin
were rigid in solution. The methyl protons of the two methyl isocyanides shew
singlet around 3.8 ppm, but the imidazole methyl proton chemical shifts move upfield
from the methylene linkage complex to the butylene linkage complex, with values

changing from 3.71 to 3.44 ppm.
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Table 3.1."H NMR spectral data for bis(NHC) bis(methylisocyanide) palladium(ll)

complexes (chemical shifts in ppm).

/H\ 2+
N n "N —
2BF, n=1:26a
{\/\\ Q n=2:26b
n=3:26¢c
/N Pd N\ n=4:26d
7\ CH
H;C C C 3
N N
Me Me
Complex ImidazoleH Linkage CH, C=N-CHg3; N-CH3
3a(n=1) 7.74(d, 2H3J4y = 2 Hz) 6.35(bs, 2H) 3.86(s, 6H) 3.71(s, 6H)

7.57(d, 2H3}H = 2 Hz)

3b(n=2) 7.27(d, 2H3) = 2 Hz) 4.95-4.87(m, 2H) 3.78(s, 6H)  3.50(s, 6H)

7.22(d, 2H23 = 2 Hz) 4.54-4.46(m, 2H)

3c(n=3) 7.20(d, 2H3J4 = 2 Hz) 4.61-4.55(m, 2H) 3.82(s, 6H) 3.46(s, 6H)
7.16(d, 2H23 = 2 Hz) 4.38-4.33(m, 2H)
2.33-2.26(m, 1H)

1.98-1.88(m, 1H)

3d (n=4) 7.24(d, 2H }uy = 2 Hz) 4.50(br s, 2H) 3.82(s, 6H) 3.44(s, 6H)
4.21(br s, 2H)
2.01(br s, 2H)

1.52(br s, 2H)
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Table 3.2.53C NMR spectral data for bis(NHC) bis(methylisocyanide) palladigm(l

complexes (chemical shifts in ppm).

/ﬁ\ 2+
/ N "N \ 2BF4 n=1:26a
/\\ )\ n=2:26b
n=3:26¢
/N Pd N\ n=4:26d

7/ N\
H;C C C CH;,
N N
Me Me

Complex Carbene ImidazoleC Linkage CH, N-CH3 C=N-CH3

3a(n=1) 155.56 124.07 62.38 38.24 30.40
123.02

3b(n=2) 153.96 125.77 48.18 39.28 30.99
125.04

3c(n=3) 155.74 125.69 52.99 38.82 30.89
125.45 31.67

3d (n=4) 154.64 126.66 47.12 38.87 30.96
123.97 26.00

The®*C NMR chemical shift values in acetonitrifiefor complexe®6a — 26d
are given in Table 3.2. All of these complexes showed only one signal for the carbene
carbons in each complex, indicating symmetric molecules, and these valuesoange f
154 to 156 ppm. The imidazole carbons showed two distinct carbon signals in the range

of 123 — 127 ppm. Methyl carbons of methyl isocyanide appeared between 30 — 31 ppm,
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but no signals were observed for isocyanide carbons. N-methyl carbons ofalmidaz
showed only one singlet for each complex, with values ranging from 37 to 39 ppm. One
carbon signal each was observed for the methylene carbon of caz6plard the

ethylene carbons of compl@6b, and two carbon signals were observed for the
propylene carbons of compl@6cand the butylene carbons of compksd. Both*H

NMR and™*C NMR data indicate two-fold symmetric molecules in solution.

Crystals of complexe3a-3d were grown by the slow diffusion of diethyl ether
into acetonitrile solutions of the complexes. These crystals grew assslotbcks. X-
ray crystal structures display,GCi, Cs and G symmetry respectively in complex26a,
26b, 26cand26d. One molecule of acetonitrile (solvent) was found in the unit cell of
complex26aonly. Complex26acrystals formed in the orthorhombic 22, space
group. The other three complexes did not show any solvent molecules in the crystal
structure. Complexez6b and26c¢ crystallize in the triclinic Pspace group and complex
26din the monoclinic PZc space groupBond lengths from the carbene carbon atoms
C(1) and C(2) to adjacent nitrogen atoms N(1), N(2), N(3) and N(4) were siraiigmg
from 1.341 — 1.354 A in all complexes. These values are larger than the average value for
Cspf-N double bond distances (1.28Ajlue to aromatic delocalization in the imidazole
rings. The N-GamensN bond angles in the imidazole rings for comple2és-26dwere
within the range of 105.47-106.%,4vhich is comparable to known Pd-NHC
complexes? Pd-Gamencbond lengths range from 1.9947 to 2.022 A, which is slightly
longer than those in reported bis(NHC) palladium dihalide compféxie=e isocyanide
N=C bonds were consistent with triple bonds, falling in the range of 1.131-1.94Th&.

summation of bond angles around the palladium centres for comgieae6dwas
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around 360, indicating square planar geometry around the palladium centres. The
CeabensPd-CGearbene@ngles (bite angles) increase with increasing chelating ringstapt
for complex26b. The GarensPd-Carvens@ngles were 84.0383.90 and 85.26 for
complexe64a, 26b, and26¢ respectively, which is less than the ideal bond angle ‘f 90
in square planar complexes. However for comgied, the GarbensPd-Gamenebond angle
was 89.80, which is very close to the ideal bond angle ¢f @0square planar
complexes. This may be due to the increase in the chelating ring size fodrf@ t
complexe26a-26d The GsocyanidePd-Gsocyanide@ngles for complexea-26¢(91-92)

did not change much, but for compl2&d it decreased to 88.79The increases in
chelating ring size made the plane of the imidazole rings in a ligand beessrié-|
shaped and flip away from the square plane of the complex. This structruabmaraat

be measured as dihedral angle. The lowest dihedral angle was observed fox @émple
(42.3) and the value increases with increasing chelate ring size. Howeverluddora
complex26d (79.6°) decreases slightly from the value for com®éx (80.7), even
though complexX6d has the largest chelate ring (Figure 3.5). Comptashowed the
largest distances between the imidazole ring nitrogens, N1-N4 and N2-N#jsand t
distance decreases with increase in chelating ring size. The alkylesmges in
complexe6b-26cwere slightly twisted to accommodate the larger ring sizes. These
structural changes indicate growing steric demand with larger ringFsgqaes 3.1-3.4

and Tables 3.3-3.10).
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Figure 3.1.Molecular structure of comple26awith 50% probability ellipsoids.
Tetrafluoroborate counter ions and acetonitrile solvent molecule are omitted for

clarity.
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Table 3.3.Selected bond lengths (A) and bond angdiesf{complex26a

Bond Lengths (A)

Pd(1)-C(1) 2.0075(18)
Pd(1)-C(2) 2.0083(19)
Pd(1)-C(10) 2.002(2)
P(1)-C(12) 2.0102(19)
C(1)-N(1) 1.344(2)
C(1)-N() 1.348(2)
C(2)-N@3) 1.341(3)
C(2)-N(4) 1.345(3)
C(10)-N(5) 1.139(3)
C(12)-N(6) 1.138(2)

Bond angles®?)

C(1)-Pd(1)-C(2) 84.03(8)
C(10)-Pd(1)-C(12) 91.89(8)
C(1)-Pd(1)-C(10) 91.49(7)
C(2)-Pd(1)-C(12) 92.56(8)
C(1)-Pd(1)-C(12) 176.59(8)
C(2)-Pd(1)-C(10) 173.36(8)
N(1)-C(1)-N(2) 105.47(16)
N(3)-C(2)-N(4) 105.52(17)
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Table 3.4.Crystal data and structure refinement details for conmizex

Empirical formula
Formula weight
Crystal system
Space group

Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient
Crystal size

6 range for data collection

Index range

Temperature

Wave length
Reflections collected
Independent reflections

Final R indices [I>25(1)]

R indices (all data)

Goodness-of-fit on £

GsH21B2FsN7Pd
579.41
Orthorhombic
R2:12;
a=11.08150(10) A
o =90°
b = 12.33220(10) A
B =90°
c =16.5078 (2) A
y = 90°
2255.94(4) A
4
1.706 Mgfm
0.906 mm
0.22 x 0.20 x 0.18 mm
2.06 — 29912
-15<h< 15
-16< k<16
-19<1<22
115(2) K
0.71073 A
28542
5954;(R= 0.0279)
R1 = 0.0205
wR2 = 0.0481
R1=0.0219
wR2 = 0.0487
1.040
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Figure 3.2.Molecular structure of comple26b with 50% probability ellipsoids.

Tetrafluoroborate counter ions are omitted for clarity.
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Table 3.5.Selected bond lengths (A) and bond angdiesf{complex26b

Bond Lengths (A)

Pd(1)-C(1) 2.0107(16)
Pd(1)-C(2) 1.9947(16)
Pd(1)-C(11) 2.0149(18)
P(1)-C(13) 2.0101(18)
C(1)-N(1) 1.347(2)
C(1)-N(2) 1.354(2)
C(2)-N(3) 1.339(2)
C(2)-N(4) 1.345(2)
C(11)-N(5) 1.137(2)
C(13)-N(6) 1.133(2)

Bond angles?)

C(1)-Pd(1)-C(2) 83.90(6)
C(11)-Pd(1)-C(13) 91.69(7)
C(1)-Pd(1)-C(11) 91.80(7)
C(2)-Pd(1)-C(13) 92.43(7)
C(1)-Pd(1)-C(13) 175.63(8)
C(2)-Pd(1)-C(11) 174.15(6)
N(1)-C(1)-N(2) 105.71(14)
N(3)-C(2)-N(4) 106.14(14)
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Table 3.6.Crystal data and structure refinement details for conigfidx

Empirical formula
Formula weight
Crystal system
Space group

Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient
Crystal size

6 range for data collection

Index range

Temperature

Wave length
Reflections collected
Independent reflections

Final R indices [I>25(1)]

R indices (all data)

Goodness-of-fit on £

G4H20B2FsNePd
552.38
Triclinic
P
a=10.2044(1) A
o = 95.467(1)
b = 10.3560(1) A
B =113.629
c =12.0415(2) A
y = 110.055(1y
1054.33(3) A
2
1.740 Mgfm
0.963 mm
0.38 x0.38 x 0.13 mm
1.92 — 2828
-13<h<13
-13<k<13
-15<1<16
150(2) K
0.71073 A
22255
5201;(R= 0.0250)
R1=0.0222
wR2 = 0.0579
R1=0.0233
wR2 = 0.0586
1.049
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Figure 3.3.Molecular structure of comple26cwith 50% probability ellipsoids.

Tetrafluoroborate counter ions are omitted for clarity.
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Table 3.7.Selected bond lengths (A) and bond angiesf(complex26c

Bond Lengths (A)

Pd(1)-C(1) 2.0117(15)
Pd(1)-C(2) 2.0073(14)
Pd(1)-C(12) 2.0111(16)
P(1)-C(14) 2.0077(16)
C(1)-N(1) 1.3450(19)
C(1)-N() 1.345(2)

C(2)-N(@3) 1.3438(18)
C(2)-N(4) 1.3469(19)
C(12)-N(5) 1.135(2)

C(14)-N(6) 1.141(2)

Bond angles?)

C(1)-Pd(1)-C(2) 85.26(6)
C(12)-Pd(1)-C(14) 91.26(6)
C(1)-Pd(1)-C(12) 92.65(6)
C(2)-Pd(1)-C(12) 90.81(6)
C(1)-Pd(1)-C(14) 175.78(6)
C(2)-Pd(1)-C(12) 177.84(6)
N(1)-C(1)-N(2) 105.53(13)
N(3)-C(2)-N(4) 106.11(12)
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Table 3.8.Crystal data and structure refinement details for conmizex

Empirical formula
Formula weight
Crystal system
Space group

Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient
Crystal size

6 range for data collection

Index range

Temperature

Wave length
Reflections collected
Independent reflections

Final R indices [I>25(1)]

R indices (all data)

Goodness-of-fit on £

GsH22B2FsNePd
566.41
Triclinic
P
a=10.6194(1) A
o =110.535
b =10.8662(1) A
B = 95.983(1)
c=11.6646(2) A
y= 114.757
1093.58(3) A
2
1.720 Mgfm
0.931 mm
0.32 x0.27 x 0.25 mm
1.95 — 2957
-14<h<14
-14<k<15
-16<1<26
115(2) K
0.71073 A
28899
6082;(R= 0.0251)
R1=0.0222
wR2 = 0.0557
R1=0.0233
wR2 = 0.0563
1.053
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Figure 3.4.Molecular structure of comple26d with 50% probability ellipsoids.

Tetrafluoroborate counter ions are omitted for clarity.
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Table 3.9.Selected bond lengths (A) and bond anglgsf{complex26d

Bond Lengths (A)

Pd(1)-C(1) 2.022(2)
Pd(1)-C(2) 2.022(2)
Pd(1)-C(13) 2.005(2)
P(1)-C(15) 1.999(2)
C(1)-N(1) 1.349(3)
C(1)-N() 1.347(3)
C(2)-N@3) 1.341(3)
C(2)-N(4) 1.349(3)
C(13)-N(5) 1.131(3)
C(15)-N(6) 1.132(3)

Bond angles?)

C(1)-Pd(1)-C(2) 89.80(9)
C(13)-Pd(1)-C(15) 88.79(9)
C(1)-Pd(1)-C(13) 91.72(9)
C(2)-Pd(1)-C(15) 89.65(9)
C(1)-Pd(1)-C(15) 178.82(10)
C(2)-Pd(1)-C(13) 177.39(10)
N(1)-C(1)-N(2) 105.6(2)

N(3)-C(2)-N(4) 105.7(2)
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Table 3.10.Crystal data and structure refinement details for conipbelx

Empirical formula
Formula weight
Crystal system
Space group

Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient
Crystal size

6 range for data collection

Index range

Temperature

Wave length
Reflections collected
Independent reflections

Final R indices [I>25(1)]

R indices (all data)

Goodness-of-fit on £

GeH24B2FsNgPd
580.43
Monoclinic
R&
a=11.9318(3) A
o =90°
b=12.5178(3) A
B = 93.4020°
c =15.4105 (4) A
y = 90°
2297.65(10) A
4
1.678 Mgfm
0.888 mm
0.22 x 0.15 x 0.04 mm
1.71—-2748
-14<h<15
-16< k<15
-20<1<19
115(2) K
0.71073 A
23224
5269;(R= 0.0349)
R1=0.0296
wR2 = 0.0639
R1=0.0412
wR2 = 0.0693
1.042

114



1 ! Q ~ ye y 1 \ o/
a b \ I~ 1 [ U AN A S0
~f N\ LB N e GES U QY A « N7 \ 5
\ ¥V 1R I ¥ 5,0 O < Nef\ ) N8 YR ¥l
st | N £ = | I 7 W2y AV s - Ve g =
P TR N\ Jarr > b AL Rt LN y
Y N/ X METON T YN TE NN gat- 4
7 hd N ! NS b LN S A PV A
N AL AN TN AN Y G
/7N 7~ N N = AN
P J X - s J§ -~ ra ~ g / I ¢
af N s R of B g N
/ND NE\‘\‘ % “ ! NS NS\ e st N6 \ ol 'ﬁ)” MQQ‘
=T N - T 1 ’ i i \ , NS e \ ,
"\ I A 7 \ ol ”~ n
C1-Pd-C2 84.03(8) C1-Pd-C2 85.26(6)° C1-Pd-C2 20.80(0)°

Dihedrai Dihedrali

SU.7 73.9

Av =114 cmt Av=122 cmt

Figure 3.5 Variaton ofdonicity withdihedral angle and bite andgle compleles26a-d

The IR strething frequencies ficomplexe6a-26dare shown in Table 3.11. |
spectra of these complexes sl two overlapping peaks for stretching =N, and
average values aishown in the table. The IR stretching frequencfahese complexe
were greater than the stretching frencies of free methyl isocyanid2160 cn™) by
about~100 cm*. These hig Av values indicate strongrdonation fronthe
methylisocyanides* orbital (HOMO) to empty metal-orbitals,with very weak or ner-
backbonding from filled metal orbitals the emptyr antibonding orbit:s of the
isocyanides. The averadR stretching frequenciincreased with ifmncreaing chelating
ring size, which indicatea decrease in ef-donation from carbent® palladium witr
increasingchelating ring size. Therefc, the methylene linkage bis(NF) ligand, which

formed a six memberathg with palladium, was the strongest donor lic, and the
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butylene linkage bis(NHC) ligand, which formed a nine membered ring with patiadi

was the weakest effective donor ligand basettams-ligand IR probe studies.

Table 3.11.Infrared spectral data for bis(NHC) palladium bis(methylisocyanide)

complexes

Complex Linkage Ring Size  vaeN=C (cm?) Avawe N=C (cm?)
- Free CHNC - 2160 -

3a Methylene 6 2269 109

3b Ethylene 7 2272 112

3c Propylene 8 2274 114

3d Butylene 9 2282 122

Synthesis and characterization of “abnormal” C4-bound bis(NHC)

bis(methylisocyanide)palladium (11) tetrafluoroborate complex (26e)

1,1,2,2-Tetramethyl-3,83methylenediimidazolium dibromid24e)and
(1,1',2,2'-tetramethyl-3,3'-methylenediimidazol-2,2'-diylidene) palladiycibromide
(258 were synthesized using published procedures similar to the diiodide andlbgues.
One molar equivalent of 1,2-dimethyl disubstituted imidazaol& 0.55 mol equivalent of
dibromoethane were mixed with toluene in a thick-walled glass vesseledttéon
mixture was stirred at reflux temperature for 18 h. The formed precipitetdiltered off

and washed with toluene and.@tto isolate the bis(imidazolium) salt. Then, equal molar
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equivalents of this bis(imidazolium) salt and palladium(ll) acetate wiaxednm wet
dimethyl sulfoxide in a thick-walled glass vessel. The reaction mixtasestirred at 50

°C for 2 hours, followed by 11%C for 3 hours. After cooling to room temperature,
dichloromethane and diethyl ether were added to the reaction mixture tsetrea
precipitate formation. “Abnormal” C4-bound bis(NHC) palladium(ll) dibromi2iee

was isolated as a pale yellow solid by filtration. Two and a half mqlavaents of
methylisocyanide were added to the suspension of “abnormal” C4-bound bis(NHC)
palladium(ll) dibromide 256 in dry acetonitrile. The reaction mixture was stirred for

two hours, during which time the reaction mixture became clear. A solutioroaholar
equivalents of silver tetrafluoroborate in dry acetonitrile was then addkd tedction
mixture, which immediately started to form a precipitate and wasdfior two hours.

The resultant solution was filtered through celite to remove silver saltissdlent was
removed from the filtrate under vacuum, and the residue was dried under vacuwm for t
hours. The resultant solid was redissolved in acetonitrile, the mixturgltessd through
celite, solvent was stripped and the residue was dried under vacuum. This sequence was
repeated one more time to remove silver salts. Finally, white crgstaitoduct of
“abnormal” C4-bound bis(NHCs) bis(methylisocyanide) palladium(ll) com(#ég)

was isolated by layering diethyl ether on the acetonitrile solutidme{8e 3.3).
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Scheme 3.3Formation of “abnormal” C4-bound bis(NHC) bis(methylisocyanide)

palladium(ll) complexX26e

One singlet each was observed for protons of the imidazole, the methylene
linkage, the isocyanide methyl, the imidazole N-bound methyl, and the inhed@2-
bound methyl at 6.98, 5.86, 3.67, 3.53 and 2.60 ppm respectivelyid kIR
spectrum recorded in acetonitrdle- These values are slightly upfield compared to the
analogous C2-bound methylene linkage bis(NHC) bis(methylisocyanidayljpat(II)
(263 complex. Thé*C NMR spectrum in acetonitrildsshowed one carbene carbon
signal at 144.87 ppm, which is the lowest carbene carbon value among all invéstigate
bis(NHC) bis(methylisocyanide) palladium(ll) complexes. The imidabalckbone
carbons were observed at more downfield (133.56 and 128.94 ppm) values than the
analogous C2-bound bis(NHC) bis(methylisocyanide) palladium(ll) comp(@ses
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26d), but the N-bound methyl carbon was observed slightly upfield (35.23 ppm)
compared to its analogues. The methyl carbon of methylisocyanide did not siobw m
shift (30.72 ppm) compared to the other comple26éa-{26d) Two distinct peaks were
observed for the stretching of the=Bl group of methylisocyanide in the IR spectrum.
The average value for IR stretching frequencies of this complex was 225he¢m 91
cm™), the lowest stretching frequency for the@®group in methylisocyanide for all
investigated bis(methylisocyanide)palladium(ll) complexes, indigagtronget-
donation from the “abnormal” bound bis(NHC) ligand to palladium.

Crystals of comple6ewere grown by the slow diffusion of diethyl ether into an
acetonitrile solution. These crystals grew as colorless blocks and édlagymmetry
in the crystal structure. The structure belongs to the monoclinic §i2zace group. Bond
lengths from carbene carbon atoms C(1) and C(2) to the adjacent nitrogen §pms N
and N(4) were 1.3972 and 1.4008 A. These values are larger than the values for other
bis(NHC) bis(methylisocyanide) palladium complex284-26d) The imidazole C-C
bond lengths, C(1)-C(3) and C(2)-(4), were 1.3674 and 1.3714 A which is slightly shorter
than the values for complex26a-26d indicating the presence of a conjugated double
bond. The Pd-Gwencbond lengths, 2.0058 and 2.0109 A, were longer than those of
reported “abnormal” C4-bound bis(NHC) palladium compleXé8However, values
were similar to the bis(NHC) bis(methylisocyanide) palladium compl2&a-26¢ The
N-CcarbensC bond angles in the imidazole ring were 103&7d 103.63 The GarpensPd-
Ceabene@ngle was 88.96 which is larger than the bite angles in comple2&es-26cbut

comparable to that in compl@6d. The summation of bond angles around the palladium
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centre for comple6ewas around 360 indicating disturbed square planar geometry

around the palladium centre.

!
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Figure 3.6.Molecular structure of comple26ewith 50% probability ellipsoids.

Tetrafluoroborate counter ions are omitted for clarity.
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Table 3.12.Selected bond lengths (A) and bond anglgsf(complex26e

Bond Lengths (A)

Pd(1)-C(1) 2.0058(10)
Pd(1)-C(2) 2.0109(10)
Pd(1)-C(12) 2.0108(11)
P(1)-C(14) 2.0200(11)
C(1)-N(2) 1.3972(13)
C(1)-C(3) 1.3674(14)
C(2)-N(4) 1.4008(13)
C(2)-C(7) 1.3714(14)
C(12)-N(5) 1.1437(14)
C(14)-N(6) 1.1460(14)

Bond angles?)

C(1)-Pd(1)-C(2) 88.96(4)
C(12)-Pd(1)-C(14) 91.58(4)
C(1)-Pd(1)-C(12) 88.48(4)
C(2)-Pd(1)-C(14) 90.85(4)
C(1)-Pd(1)-C(14) 171.67(4)
C(2)-Pd(1)-C(12) 177.32(4)
C(3)-C(1)-N(2) 103.67(9)

C(7)-C(2)-N(4) 103.63(9)
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Table 3.13.Crystal data and structure refinement details for conipbex

Empirical formula
Formula weight
Crystal system
Space group

Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient
Crystal size

6 range for data collection

Index range

Temperature

Wave length
Reflections collected
Independent reflections

Final R indices [I>25(1)]

R indices (all data)

Goodness-of-fit on £

GsH22B2FsNePd
566.41
Monoclinic
R&
a=12.0190(2) A
o =90°
b =12.5150(2) A
B =106.477(1y
c =14.8437(2) A
y = 90°
2141.06(6) A
4
1.757 Mgfm
0.951 mm
0.50 x 0.40 x 0.30 mm
1.77 — 3497
-19<h<19
-20< k<20
-23<1<23
115(2) K
0.71073 A
78577
9390;(R= 0.0272)
R1=0.0224
wR2 = 0.0569
R1 = 0.0254
wR2 = 0.0586
1.040
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Synthesis and characterization of bitriazole derived bis(NHC) bis(ethyisocyanide)

palladium(ll) bis(tetrafluoroborate)] complex (26f)

The acetonitrile adduct of “bitriazole” bis(NHC) palladium (lly&luoroborate
was synthesized according to a procedure published by Crabtree et al. {fi PHig8.
acetonitrile adduct was treated with 2.5 molar equivalent of methylisazyani
acetonitrile. The reaction mixture was stirred at room temperatuteddnours, and then
volatiles were evaporated under vacuum. The resultant solid was reagdtabing

acetonitrile and diethyl ether.

The'H NMR spectrum showed a downfield signal for the triazole protons at
9.20 ppm. The methyl protons of the triazole ring showed a singlet at 4.21 ppm, which is
downfield compared to the methyl protons of other bis(NHC) bis(methyhsodg)
palladium complexe26a-26¢. The methyl protons of the methylisocyanide appeared at
3.71 ppm, which is comparable to other investigated complexes. FOMNMR
spectrum, the carbene carbon signal appeared at 159.87 ppm, the highest carbene carbon
value among all investigated bis(NHC) bis(methylisocyanide) palladiunplesss 26a-
26f). The triazole ring carbon signal appeared at 135.66 ppm, similar to the “abnormal”
bis(NHC)Palladium bis(isocyanide) comple266 but much more downfield than other
bis(NHC)palladium bis(isocyanide) complex@64-269. The triazole and
methylisocyanide methyl carbon atoms showed peaks at 42.12 and 31.88 ppm, slightly
downfield compared with other complex@64-264.

The IR spectrum showed two overlapping peaks for methylisocyarsi@e N

stretching frequencies, and the average value was 22¥@em119 cnt). This value

was only lower than the butylene linkage bis(NHC) palladium bis(methyliaasia
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complex26d, indicating weaker donation from the triazole bis(NHC) ligand to

palladium.
Me,N
\<|:|H N—N
Cat. TsOH
N ¥ 4 ) Toluene T%\N_N/\ T
—_—
l!l T N\/ \%N
<|;|H NH; 2.2 (CH,);0* BF,
CH,CN
MezN
T‘/\ _\ 2BF,
N Pd(OAc), T%\N N/\T
H3C/ \ CH,CN N/ NN
/ \ HC/ \CH
N N 3 2BF, 3
c G e
Me
2.5 CH3;NC, CH,CN
N/\ /\N_‘ 2BF,"
N
N N
/ \
/ \
C C

N
Me 26f Me

Scheme 3.4Formation of “bitriazole” C3-bound bis(NHC) palladium(II)

bis(methylisocyanide) comple36f
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Crystals of comple6f were grown by the slow diffusion of diethyl ether into an
acetonitrile solution. These crystals grew as colorless blocks. Thyg &ystal structure
displays G,symmetry in the complexThe average bond length from the carbene carbon
atoms C(1) and C(2) to adjacent nitrogen atoms N(1), N(2), N(3) and N(4) was 1.3477 A.
These values are close to the average value of 1.337 A reported for thle tieaved
bis(NHC) bis(acetonitrile) palladium tetrafluoroborate complex by @zabt The Pd-
Ccaencbond lengths, 2.0231 and 2.0235 A, were slightly longer than the reported values
of 1.979 and 1.986 A for Crabtree’s comgfeut within the range of values for other
investigated bis(NHC) palladium bis(methylisocyanide) complexes, thustimdja
slightly weaker bond between palladium and the carbene carbon in this bis(NHC)
palladium bis(methylisocyanide) complex. This is likely due to the stiramg-influence
of methylisocyanide compared to acetonitrile. The eneN bond angles in the
triazole rings were 102.49 and 102 24imilar to values reported for Crabtree’s complex
(103.1 and 102.2 A¥ The GamenePd-Gaencangle was 79.50which is the smallest
among all investigated bis(NHC) bis(methylisocyanide) palladium lig{ytisocyanide)
complexes. This was the only complex with a five membered chelatingzeg s
therefore it had the smallest bite anglgaffensPd-CGarvenc@ngle). The summation of bond
angles around the palladium centre for complékwas around 360 indicating a

distorted square planar geometry around the palladium centre.
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Figure 3.7.Molecular structure of comple26f with 50% probability ellipsoids.

Tetrafluoroborate counter ions are omitted for clarity.
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Table 3.14.Selected bond lengths (A) and bond angiesf complex26f

Bond Lengths (A)

Pd(1)-C(1) 2.0231(10)
Pd(1)-C(2) 2.0235(10)
Pd(1)-C(7) 1.9958(11)
P(1)-C(9) 1.9858(11)
C(1)-N(1) 1.3269(13)
C(1)-N(2) 1.3604(13)
C(2)-N(3) 1.3285(13)
C(2)-N(4) 1.3589(13)
C(7)-N(7) 1.1387(15)
C(9)-N(8) 1.1406(14)

Bond angles®?)

C(1)-Pd(1)-C(2) 79.50(4)
C(7)-Pd(1)-C(9) 87.23(4)
C(1)-Pd(1)-C(7) 97.14(4)
C(2)-Pd(1)-C(9) 96.11(4)
C(1)-Pd(1)-C(9) 175.59(4)
C(2)-Pd(1)-C(7) 176.22(4)
N(1)-C(1)-N(2) 102.49(8)
N(3)-C(2)-N(4) 102.21(9)
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Table 3.15.Crystal data and structure refinement details for conipbéx

Empirical formula
Formula weight
Crystal system
Space group

Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient
Crystal size

6 range for data collection

Index range

Temperature

Wave length
Reflections collected
Independent reflections

Final R indices [I>25(1)]

R indices (all data)

Goodness-of-fit on £

GoH24B,FsNgPd
526.31
Monoclinic
R&
a=11.8269(2) A
o =90°
b =10.3522(2) A
B = 103.3410(10)
c =16.0081(2) A
y = 90°
1907.05(6) A
4
1.833 Mgfm
1.063 mm
0.45 x 0.38 x 0.32 mm
2.36 — 3371
-18<h<18
-15< k<15
-24<1< 24
115(2) K
0.71073 A
59789
7230;(R= 0.0244)
R1=0.0190
WR2 = 0.0484
R1 = 0.0209
wR2 = 0.0495
1.058
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Synthesis and characterization of bis(phosphine) bis(methylisocyat&)

palladium(ll) tetrafluoroborate complexes (28b-28d)

Several bis(phosphine) palladium(ll) bis(methylisocyanide) tetraflucatédo
complexes were synthesized using a common procedure (Scheme 3.7) similar to the
synthesis of bis(diphenylphosphino)ethane palladium bis(methylisocyanidghietyl
borate28adeveloped by Wanniarachchi efalThe synthesis was started by placing the
corresponding bis(phosphine) palladium dichloride, 2.2 molar equivalent of silver
tetrafluoroborate and dry acetonitrile in a thick walled glass vessel oitdegen. The
reaction mixture was heated at ®Dfor two hours to substitute the chloride ligand with
acetonitrile. The formed silver chloride precipitates were removedtiation through
celite. The volatiles in the filtrate were removed under vacuum, and the selidiied
for 3 hours to remove trace amount of acetonitrile. The remaining solids were the
dissolved in distilled dichloromethane and filtered through celite to removsilaay salt
present. The filtrate was treated with 2.2 molar equivalents of mathyhnide and
stirred for two hours. The solvent volume was reduced under reduced pressure, and
addition of distilled diethyl ether or layering of ether on the solution producealitinest
product.

This common procedure was used to attached various bis(phosphine) ligands, 1,3-
bis(diphenylphosphino)propanBRPProp), 1,4-bis(diphenylphosphino)Butane
(DPPBuULt), 1,5-bis(diphenylphosphino)pentai@RPPen), 1,2-
bis(dimethylphosphino)ethanBMPE), and 1,2-bis(diphenylphosphino)benzene
(DPPBen to bis(methylisocyanide) palladium(ll) tetrafluoroborate comple28b-281).

These synthesized bis(phosphine) complexes and previously reported 1,2-
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bis(diphenylphosphino)ethanBRPE) bis(methylisocyanide) palladium(ll) compl@8a

were used for IR probe studies.

2+
R, Ry R, \ .
N, \./ R, R, R, |2BFs4
P\ P\ N/ N/
/ / > P P
7\ R, Pd R,
Cl Cl / '\
N N
(o o3
DPPProp: R, = (CH,);, R,=Ph; 27b Me Me

DPPBut: R, = (CH,),, R,=Ph;27c
DPPPent: RI = (CH2)5, R2:Ph; 27d
DMPE: RI = (CH2)2, R2:CH3; 27e

DPPBen: R, = 1,2-C¢H,, R,=Ph; 27f

_‘ 2+ DPPPrOp: RI = (CH2)3, R2:Ph, 28b
2BF,
R, Ri R, *  DPPBut: R, =(CH,), R,=Ph;28c
\P / \P / u 1 = (CHy)y, Ry
N/ N\ DPPPent: R, = (CH,)s, R,=Ph; 28d
R; Pd R,
N N DMPE: R, = (CH,),, R,=CHj; 28e
c o
Me Me DPPBen: R, = 1,2-C¢H,, R,=Ph; 28f

Scheme 3.5Synthesis of bis(phosphine) bis(methylisocyanide) palladium

bis(tetrafluoroborate) complexe23p-284).

{1,2-Bis(diphenylphosphino)propane} palladium (II) bis(methylsocyanide)
bis(tetrafluoroborate) or [(DPPProp) Pd(ll) (CNCH 3);] [BF4]. complex 28b

Complex28b was isolated as a pale yellow crystalline solid in 67% yield.fihe
NMR spectrum showed aromatic protons as a multiplet ranging from 7.54-7.63 ppm. The
methyl protons of methylisocyanide appear as a singlet at 3.10 ppm. The linkage

propylene protons showed two sets of broad singlets and a broad triplet at 3.00 and 2.04
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ppm, respectively, with a four to two integration ratio. In*fi@NMR spectrum
aromatic carbons appeared between 127.41-132.72 ppm. The methyl carbon signal
appeared at 29.54 ppm. The propylene linkage carbons showed two peaks at 20.26
(triplet) and 17.62 (singlet) ppm. TH# NMR spectrum showed a singlet at 2.62 ppm
for the two phosphorus atoms, indicating two chemically equivalent phosphorus groups.
The IR spectrum showed two overlapping peaks for the methylisocyaretishstg
frequency ¢ N=C), and the average value was 2268'¢rv = 108 cn). This value
was lower than the values for the C2-bound imidazole based and triazole base®his(NH
bis(methylisocyanide) palladium complex264-26dand26f), indicating stronger
donation from the DPPProp ligand compare to these bis(NHC) carbene ligands. Howeve
the methylisocyanide stretching frequency value was higher than theysigvieported
value for the analogous five membered chelate complex, 1,2-
bis(diphenylphosphino)ethane bis(methylisocyanide) palladium(ll) tetrajiiozate
(2262 cm').®” Therefore, the DPPProp ligand is a weaker donor ligand than DPPE ligand,
suggesting that an increase in chelating ring size will decreastebigve donation
from ligand to metal. This trend was also observed among C2-bound imidazole-based
bis(NHC) ligands.

Crystals of comple28b were grown by the slow diffusion of diethyl ether into a
dichloromethane solution. These crystals were grown as pale yellow redX-fay
structure displayed a neag §ymmetry. The bond lengths between palladium and the two
phosphorus atoms were 2.3269 and 2.3471 A, close to the value reported for palladium

bis(phosphines) complex&sThe P-Pd-P bite angle of 89°06as larger than the

reported value of 84.08or the similar five-membered chelate
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[(DPPE)PA(CNCH),][BF4]> complex28a®’ The Pd-Gocyanigebond lengths of 2.048 and

2.072 A are similar to a previously reported similar five membered DPPE exfpl

\ /!
\ N\ Il

Y

\A N2 /7

r‘ l‘

Figure 3.8.Molecular structure of comple28b with 50% probability ellipsoids.

Tetrafluoroborate counter ions are omitted for clarity.
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Pd(1)-C(1)
Pd(1)-C(2)
Pd(1)-P(1)
P(1)-P(2)
C(1)-N(1)

C(2)-N(2)

C(1)-Pd(1)-C(2)
P(1)-Pd(1)-P(2)
C(1)-Pd(1)-P(1)
C(2)-Pd(1)-P(2)
C(1)-Pd(1)-P(2)
C(2)-Pd(1)-P(1)
Pd(1)-C(1)-N(1)

Pd(1)-C(2)-N(2)
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Table 3.16.Selected bond lengths (A) and bond angdlesfcomplex28b

Bond Lengths (A)
2.072(3)
2.048(3)
2.3269(7)
2.3471(7)
1.161(3)

1.144(3)

Bond angles®|
92.38(10)
89.06(2)
89.92(7)
88.48(8)
177.53(8)
175.40(8)
177.5(2)

174.8(2)



Table 3.17.Crystal data and structure refinement details for coniséx

Empirical formula
Formula weight
Crystal system
Space group

Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient
Crystal size

6 range for data collection

Index range

Temperature

Wave length
Reflections collected
Independent reflections

Final R indices [I>25(1)]

R indices (all data)

Goodness-of-fit on £

GiH32B2FsNoP-Pd
774.55
Monoclinic
R&
a=21.7551(2) A
a =90°
b = 16.34010(10) A
B = 93.5680(10Y
c =20.4829(2) A
y = 90°
7267.16(11) A
8
1.416 Mgfm
0.663 mm

0.29 x0.23x 0.18 mm

1.56 — 26218
-26<h<26
-19<k<19
-25<1<25
115(2) K
0.71073 A
61393
14166;{R= 0.0287)
R1 =0.0337
wR2 = 0.0798
R1 =0.0535
wR2 = 0.0863
1.123
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Bis{1,2-bis(diphenylphosphino)butane} tetrakis(methylisocyare) dipalladium(ll)

tetrafluoroborate or [(DPPBut), Pd, (CNCHz3)4] [BF4]4 complex 28c

Complex28cwas isolated as a pale yellow crystalline solid in 77% vyield. The
dilute solution of the compound in DMS@<(2-3 mg / 0.6 mL) showed aromatic protons
as a multiplet ranging from 7.54-7.63 ppm in tHENMR spectrum. The methyl protons
of methylisocyanide showed a singlet at 3.21 ppm, slightly downfield compared to the
analogous DPPProp compl2gb. Linkage butylene protons showed two sets of broad
peaks at 2.90 ppm (singlet) and 1.78 ppm (doublet) with a 4:4 integration ratio. However
when the complef8cconcentration was increased (> 5mg/ 0.6 mL) in the NMR
solution, another set of peaks started to showed th MMR spectrum, and these
disappeared upon dilution of the same solution. This new set of peaks corresponded to
butylene and aromatic protons and appeared slightly downfield compare to the original
peaks, but no change in the methyl protons of methylisocyanide was observed. This new
set of peaks was identified as a dimeric palladium complex (Scheme 3.6)aniée s

change was observed in acetonitdieNMR solvent as well.

2+ Ph Ph 14
Phop  goPh . Concentrated ph\\P/\/_\FL/Ph 4BF,
Ph” \Pd/ Ph 4  solutionin | CNMe | J
7N h - P
NC CN DMSO-dg or MeNC | MeNC ,
Me Me CD3CN

P —
Ph— |\_/\/P\ Ph
Ph Ph

Scheme 3.6Monomer-dimer equilibrium of comple28cin concentrated DMS®@; or

CD:CN solutions.
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The™*C NMR spectrum showed aromatic carbon signals from 128.49 to 132.88
ppm. The monomer and dimer equilibrium prevented the assignment of all aromatic
carbon signals. However, only one signal was observed for the methyl carbon of the
methyl isocyanides at 29.74 ppm. Butylene carbons showed two signals at 24.75 and
29.78 ppm. The IR spectrum showed a single peak at 2272acN=C stretching. This
value was greater than the® stretching value for compleé28b and the previously
reported DPPE comple28a

Crystals of comple8cwere grown by the slow diffusion of diethyl ether into an
acetonitrile solution. These crystals were grown as pale yellow culhes-Tay
structure displayed a dimeric palladium complex witlsy@nmetry. The ligand
arrangement around the palladium centre shdveat geometry, with two palladium
atoms bridging by two DPPBut ligands, and two methylisocyanide ligands boundhto eac
palladium intrans orientation. Therefore, this complex was not suitabléréorsligand
IR probe studies.

In the crystal structure, the average palladium-phosphorous bond length was
2.3518 A, which is slightly shorter than that in com®8&%. The average PdrGeyanide
bond length was 1.972 A, which is shorter than that in confiileXhis difference is due
to lessetansinfluence from isocyanide compared to an alkyl diphenyl phosphine ligand.
Because of thigansarrangement of ligands, the average P-Pd-P apgafuePd-
Cisocyanidebond angles were 176.48nd 170.17, respectively. Because of these structural
characteristics, specifically thens arrangement of the methyl isocyanides, compakgx
cannot be used in IR probe studies to access the effective donor ability loéteng

ligand DPPBut.
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Figure 3.9.Molecular structure of comple28cwith 50% probability ellipsoids.

Tetrafluoroborate counter ions are omitted for clarity.
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Table 3.18.Selected bond lengths (A) and bond anglesfcomplex28c

Pd(1)-C(1)
Pd(1)-C(2)
Pd(1)-P(1)
P(1)-P(2)
C(1)-N(1)

C(2)-N(2)

C(1)-Pd(1)-C(2)
P(1)-Pd(1)-P(2)
C(1)-Pd(1)-P(1)
C(2)-Pd(1)-P(2)
C(1)-Pd(1)-P(2)
C(2)-Pd(1)-P(1)
Pd(1)-C(1)-N(1)

Pd(1)-C(2)-N(2)
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Bond Lengths (A)
1.9787(15)
1.9657(15)
2.3516(4)
2.3520(4)
1.1410(19)

1.142(2)

Bond angles®|
176.46(6)
170.167(13)
87.77(4)
89.99(4)
87.94(4)
94.71(4)
175.68(14)

174.00(15)



Table 3.19.Crystal data and structure refinement details for coni@ex

Empirical formula
Formula weight
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient
Crystal size

6 range for data collection

Index range

Temperature

Wave length
Reflections collected
Independent reflections

Final R indices [I>25(1)]

R indices (all data)

Goodness-of-fit on £

GeH74B4F16N4PsP b
1659.25
Monoclinic
Rth
a=12.12580(10) A
a =90°
b = 16.4862(2) A
B = 105.3180(10)
c =18.9291(2) A
y = 90°
3649.65(7) A
2
1.510 Mgfm
0.666 mm
0.50x 0.50 x 0.48 mm
1.66 — 36215
-20<h<20
-27<k<26
-29<1<31
115(2) K
0.71073 A
84982
17425,(R 0.0302)
R1 = 0.0350
wR2 = 0.0934
R1 = 0.0446
wR2 = 0.1003
1.029
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Bis(1,5-bis(diphenylphosphino)pentane) bis(methylisocyanidgglladium(Il)

tetrafluoroborate or [(DPPPent) Pd (CNCH),] [BF4]. complex 28d

Complex28d was synthesized in 77% yield as a pale yellow solid.'iheMR
in DMSO-ds showed two sets of signals for the aromatic protons at 7.83 and 7.63 ppm
with an 8:12 integration ratio. The linkage pentylene protons showed three sets of broad
singlets with a 4:2:4 integration ratio. The methyl protons of the isocyagélesa
singlet at 2.90 ppm, which was upfield compare to analogous complexes with shorter
linkages. Increasing the concentration of com@@d in the NMR solvent did not
change the peak appearance as it did for congexThe'*C NMR spectrum showed
aromatic carbon signals between 132.38-124.42 ppm. The methyl carbon of
methylisocyanide appeared at 29.79 ppm. Linkage pentalyene carbons showed three
signals at 32.90, 26.03 and 25.42 ppm. The IR spectrum showed a single stretching
frequency value for NC at 2268 cnt, which is similar to the value for complégb but
lower than comple28cand indicated &ansorientation of ligands. Identification of the
geometry around the palladium centre is important to compare these valueseHowe
attempts to grow crystals failed due to poor stability of the complex in@aliReported
complexes with the DPPPent complexes mostly were dimeric or bridgmpglexes.
According to'H NMR observation and based on comp@&cand literature examples,

complex28d most likely atrans bridging complex.
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Bis(1,2-bis(dimethylphosphino)ethane) bis(methylisocyanide) datium(ll)
tetrafluoroborate or [(DMPE) Pd (CNCHy3);] [BF4]2 complex 28e

Complex28ewas air sensitive and therefore needed to be handled under inert
conditions. Layering diethyl ether on the solutior28&in acetonitrile to allow slow
diffusion gave transparent crystals in a 56% vyield. This step is imptoteaaiate the
complex in pure form, because other techniques produced impure, oily product$i The
NMR showed that one molecule of acetonitrile was trapped in the crystaisfezule
of complex28¢ and this was confirmed by elemental analysis and the X-ray crystal
structure. The methyl protons of methylisocyanide appeared downfield compdnerto ot
complexesZ8a-28d)at 3.56 ppm. The linkage ethylene protons showed a multiplet from
2.37 to 2.22 ppm, and the DMPE methyl protons appeared at 1.86 ppm as a doublet. The
methylisocyanide MC carbon and the methyl carbon showed a broad signal at 127.69
ppm and a triplet at 31.28 ppm, respectively. The linkage ethylene carbons showed a
doublet of doublets at 28.26 ppm, and the DMPE methyl carbon showed a doublet at
13.48 ppm. A single peak was observed for phosphorous atoms’i® th&IR spectrum
at 60.11 ppm, indicating a similar chemical environment for both phosphorous atoms.
The IR spectrum showed two overlapping peaks at 2268 cm

Crystals of comple28ewere grown by slow diffusion of diethyl ether into an
acetonitrile solution. These crystals were grown as transparent rods-ralyesiucture
displayed a gsymmetry. One acetonitrile molecule was found per molecule of complex
28ein the X-ray structure. The average bond length between palladium and phosphorous
was 2.274 A, which is slightly shorter than com&b. The average Pdugeyanisebond

length was 2.0312 A, which is greater than comgiétx This difference is due to the
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higher donor ability of DMPE compared to other examined bis(phosphine) ligands. The
P-Pd-P bond angle was 84°0Qlbwer than the other investigateid bis(phosphine)
complexes. The GecyanidePd-GsocyanidebOnd angle or bite angle was 92.0@reater than

those for complexe28a-28d

C1 C2

N1 N2

C4
C3

Figure 3.10.Molecular structure of comple28ewith 50% probability ellipsoids.

Tetrafluoroborate counter ions are omitted for clarity.
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Pd(1)-C(1)
Pd(1)-C(2)
Pd(1)-P(1)
P(1)-P(2)
C(1)-N(1)

C(2)-N(2)

C(1)-Pd(1)-C(2)
P(1)-Pd(1)-P(2)
C(1)-Pd(1)-P(1)
C(2)-Pd(1)-P(2)
C(1)-Pd(1)-P(2)
C(2)-Pd(1)-P(1)
Pd(1)-C(1)-N(1)

Pd(1)-C(2)-N(2)
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Table 3.20.Selected bond lengths (A) and bond angdlesfcomplex28e

Bond Lengths (A)
2.0409(16)
2.0216(17)
2.2805(4)
2.2674(4)
1.137(2)

1.137(2)

Bond angles®|
92.00(7)
84.009(16)
93.70(5)
90.19(5)
176.81(5)
173.71(5)
174.03(15)

179.19(17)



Table 3.21.Crystal data and structure refinement details for coni@ex

Empirical formula
Formula weight
Crystal system
Space group

Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient
Crystal size

6 range for data collection

Index range

Temperature

Wave length
Reflections collected
Independent reflections

Final R indices [I>25(1)]

R indices (all data)

Goodness-of-fit on £

GoH2sBoFsN3P-Pd
553.31
Orthorhombic
P12, 24
a=9.82260(10) A
a =90°
b =14.1041(2) A
B =90°
c =16.4346(2) A
y = 90°
2276.83(5) A
4
1.614 Mgfm
1.022 mim
0.40 x 0.25 x 0.25 mm
1.90 - 3051
-14<h<13
-20< k<20
-23<1<23
115(2) K
0.71073 A
39078
6947(R= 0.0265)
R1=0.0189
wR2 = 0.0463
R1=0.0197
wR2 = 0.0470
1.029
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(1,2-Bis(diphenylphosphino)benzene) bis(methylisocyanide) patlium(ll)

tetrafluoroborate or [(DPPBen) Pd (CNCH),] [BF4]. complex 28f

Complex28f was isolated in 56% vyield. THel NMR spectrum showed proton
signals for aromatic protons between 7.94-7.56 ppm. The methyl protons of
methylisocyanide appeared at 3.33 ppm, which is slightly upfield compared to complex
28eand downfield compared to complex@8b-28d In the'*C NMR spectrum, aromatic
carbons appeared between 137.55-126.62 ppm. The methyl carbon signal appeared at
31.15 ppm. Thé'P NMR spectrum showed a singlet at 63.69 ppm for the two
phosphorus atoms, indicating two chemically equivalent phosphorus groups.

The IR spectrum shows two overlapping peaks for the methylisocyanide
stretching frequencies (C=N), with an average value of 2272 ¢rgv = 112 cn). This
value was lower than the values for the triazole-based five-memberatedhis{ NHC)
bis(methylisocyanide) palladium complex and greater than the values fondivdered
chelate (DPPE) bis(methylisocyanide) palladium and (DMPE) bis(mstkcybnide)
palladium complexes, indicating moderate effective donor ability amongiemebered
chelate complexes.

Crystals of comple®8f were grown by the slow diffusion of diethyl ether into an
acetonitrile solution. These crystals were grown as pale yellow blok&sX-Fay
structure displayed {&ymmetry. The average bond length between palladium and
phosphorous was 2.275 A, and the average bond length between Ravas 2.034
A. Bond angles of P-Pd-P angdeyanidePd-Gsocyanidzewere 84.83 and 89.12Most of
these structural parameters are very much similar to the paramieteraplex28a, but

the bite angle was slightly larger in value.
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Figure 3.11.Molecular structure of compleg8f with 50% probability ellipsoids.

Tetrafluoroborate counter ions are omitted for clarity.
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Table 3.22.Selected bond lengths (A) and bond anglgsf(complex28f

Pd(1)-C(1)
Pd(1)-C(2)
Pd(1)-P(1)
P(1)-P(2)
C(1)-N(1)

C(2)-N(2)

C(1)-Pd(1)-C(2)
P(1)-Pd(1)-P(2)
C(1)-Pd(1)-P(1)
C(2)-Pd(1)-P(2)
C(1)-Pd(1)-P(2)
C(2)-Pd(1)-P(1)
Pd(1)-C(1)-N(1)

Pd(1)-C(2)-N(2)
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Bond Lengths (A)
2.040(2)
2.028(2)
2.2798(5)
2.2709(5)
1.133(3)

1.137(3)

Bond angles®|
89.12(8)
84.832(18)
96.14(6)
89.98(6)
177.02(6)
174.58(6)
171.01(19)

177.86(18)



Table 3.23.Crystal data and structure refinement details for coni@séx

Empirical formula
Formula weight
Crystal system
Space group

Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient
Crystal size

6 range for data collection

Index range

Temperature

Wave length
Reflections collected
Independent reflections

Final R indices [I>25(1)]

R indices (all data)

Goodness-of-fit on £

G4H30B2FsN2P-Pd
808.56
Monoclinic
R&
a=9.0787(2) A
a =90°
b = 24.5423(4) A
B = 98.4870(10Y
c=15.5711(3) A
y = 90°
3431.44(11) A
4
1.565 Mgfm
0.706 mm
0.40 x 0.37 x 0.25 mm
1.56 — 2621
-12<h<12
-29< k<32
-20<1<20
115(2) K
0.71073 A
38319
8437;(R= 0.0253)
R1 = 0.0302
wR2 =0.0743
R1=0.0343
wR2 = 0.0767
1.024
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Synthesis and characterization of bis(ADC) bis(methylisocyanidgyalladium(ll)

bis(tetrafluoroborate) complexes(30a30¢)

Comparison of the-donor abilities of the bis(ADC) ligands with bis(NHC) and

bis(phosphine) ligands was performed by synthesizing a new eight membelage c
bis(ADC) palladium(ll) bis(methylisocyanide) complad@aand determining the X-ray
crystal structure of a previously reported five membered chugaev typdkis
palladium(ll) bis(methylisocyanide) compl&0b’’. Along with these complexes, the
known seven-membered chelate bis(ADC) palladium(ll) bis(methylisodgacomplex

30¢°’ derived from fac) N,N’-dimethyl-1,2-diaminocyclohexane, was examined for

comparison.

30b 30c¢

Figure 3.12. Structure of five and seven membered chelate bis(ADC) palladium(ll)

bis(methylisocyanide) complexes. Adapted from References from 67 and 77.
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N,N’-Bis[(R)-1-phenylethyl]-bis(ADC) bis(methylisocyanide) palldium
bis(tetrafluoroborate) complex 30a

Reaction otis bis(p-trifluoromethylphenylisocyanide) palladium(ll) dichloride
with N,N'-bis[(R)-1-phenylethyl]-1,3-diaminopropane in dichloromethane for 2 days
produced a white microcrystaline eight membered-chelate bis(adyafignocarbene)
PdCh complex29a’® The dichloride comple29awas treated with excess
methylisocyanide in acetonitrile. This mixture was stirred at room teatype for 2
hours to produce the acetonitrile adduct. The chloride anions in the bis(ADC) palladium
acetonitrile adduct were replaced with tetrafluoroborate anions byngeatvith silver
tetrafluoroborate in acetonitrile. Immediately after the addition of Agile reaction
mixture started to precipitate silver chloride, and it was stirredvMohburs to complete
the reaction. The reaction mixture was filtered through celite to remogdvbe
chloride. The product was isolated by layering diethyl ether onto the cortedntra
solution in acetonitrile.

The'H NMR spectrum of compleX0ain DMSO-g diplayed two inequivalent
NH signals at 10.43 and 10.25 ppm, two inequivalent PEXCHHbroad signals at 5.92
and 5.83 ppm, and a pair of Pi{§JCH doublets at 1.57 and 1.41 ppm. In addition, each
of the six protons on the propylene linker gives rise to a unique multiplet, withadiemi
shifts ranging from 4.35 to 0.56 ppm. This suggests that the propylene backbone of the
chelate ring is conformationally rigid in solution. The two nitrogen-bound mgtbwyips
showed two singlets at 3.68 and 3.64 ppm. These data are consistent with a reported
chelating bis(ADC) bis(methylisocyanide) palladium complex posse€xing

symmetry®’ with the two chiral N-substituents occupying stereochemically distinct
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environments. Th&C NMR in DMSO4ds showed two signals for carbene carbons at
188.69 and 187.32 ppm. All methyl, methylene and methine carbons showed one signal

each for each carbon. Thé$€ NMR data confirm the C1 symmetry in the complex.

The IR spectrum showed two overlapping peaks for the methylisocyaretthsig

frequency ¢ C=N), and the average value was 2270'dqrv = 110 cnt).
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Scheme 3.7Formation of eight membered chelate bis(ADC) complé&®as 29band

30a

151



All attempts to grow X-ray quality crystals of comple@®&aand30awere
unsuccessful. Bis(ADC)Pd&29awas not sufficiently soluble in any solvent, and it was
converted to the more soluble bis(ADC)PgBnalogue€9b by treatment with excess
NaBr in aqueous C}#N. The'*C NMR spectrum o29b revealed two inequivalent
carbene resonances at 193.6 and 191.6 ppm, slightly downfield compared to the
analogous bis(methylisocyanide) bis(ADC) compl&g&)

Crystals of comple29b were grown by slow evaporation of an acetonitrile
solution of the complex. These crystals were grown as transparent rods, and X-r
structure confirmed a&ymmetric conformation of the chiral bis(ADC) ligand. The
complex crystallized in the chiral orthorhombic space grou@;P2 and X-ray
anomalous dispersion effects substantiated the (R,R) stereochemtbiylighnd. The
two (R)-1-phenylethyl N-substituents show the same orientation relatithe nitrogen
to which they are attached. They adopt this orientation to minimize stemnaahbns
with each other and the propylene linkage, resulting in the two phenyl grompsigoi
toward different sides of the molecule. The propylene linkage is foldey fasva the
palladium atom and forms an eight-membered chelating ring with a chair-bkeetys.

In the structure, strain in the bis(ADC) ligand is visible, caused by the steri
influence of the N-substituent. The hydrogens of the propylene carbons C3 ared C5 ar
very close to neighboring NH hydrogens (1.86 and 1.85 A) to minimize the steric
interaction between the chiral groups and the propylene linker. In addition, the
substituents on the carbene nitrogen are twisted away from the NCN planes to avoid
steric interactions, but this also disrupts favorabédectron conjugation in the carbene

units.
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This strain is evident in the torsion angles between the NCN planes and the
carbons of the chiral N-substituents: the N1-C1-N3-C3 torsion angle is ¥4ahi@}he
N2-C2-N4-C5 torsion angle is 9.0{6The N2—-C2—-N4—-C8 torsion angle of 174.0(3)

also indicates a substantial deviation from co-planarity at the end of thégmefinker
that is closest to a phenyl ring of the N-substituents, suggesting thatspergions are
occurring. The Pd-Gendistances of 1.981(4) and 2.012(3) A are similar to values

observed in the related 7-membered chelate bis(ADC) comgfiexes.
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Figure 3.13.Molecular structure of comple29b with 50% probability ellipsoids.

Tetrafluoroborate counter ions are omitted for clarity.
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Pd(1)-C(1)
Pd(1)-C(2)
Pd(1)-Br(1)
P(1)-Br(2)
C(1)-N(1)
C(1)-N@3)
C(2)-N(2)

C(2)-N(4)

C(1)-Pd(1)-C(2)
Br(1)-Pd(1)-Br(2)
C(1)-Pd(1)-Br(1)
C(2)-Pd(1)-Br(2)
C(1)-Pd(1)-Br(2)
C(2)-Pd(1)-Br(1)
N(1)-C(1)-N(3)

N(2)-C(2)-N(4)
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Table 3.24.Selected bond lengths (A) and bond anglgsf(complex29b

Bond Lengths (A)
1.981(4)
2.012(3)
2.5207(4)
2.5302(4)
1.347(4)
1.335(4)
1.338(4)

1.330(4)

Bond angles?)
84.06(13)
94.991(13)
88.68(10)
91.74(9)
173.78(10)
170.64(9)
116.6(3)

118.9(3)



Table 3.25.Crystal data and structure refinement details for conizéx

Empirical formula
Formula weight
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient
Crystal size

0 range for data collection

Index range

Temperature

Wave length
Reflections collected
Independent reflections

Final R indices [I>25(1)]

R indices (all data)

Goodness-of-fit on ¥

GsH34BraFsN4Pd
890.88
Orthorhombic
P12: 2,
a=7.31230(10) A
o =90°
b=17.5737(2) A
B =90°
Cc = 26.6940(3) A
y= 90°
3430.29(7) A
4
1.725 Mgfn
2.935 mi
0.33 x 0.07 x 0.04 mm
1.53 - 25%3
-8<h<8
21<k<21
-32<1<32
115(2) K
0.71073 A
26414
6452;(R= 0.0483)
R1=0.0265
wR2 = 0.0538
R1=0.0323
wR2 = 0.0557
1.016
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Five membered chelate Chugaev-type bis(ADC) palladium(ll) bisGethylisocyanide)
complex 30b

Complex30b was synthesized using a reported proceflifeansparent, needle-
shaped crystals were grown by the slow diffusion of diethyl ether intoehorstcile
solution. The X-ray crystal structure displayes) §/mmetry.The Pd-Campencbond
lengths, 2.012 and 2.004 A, were slightly longer than thethose in previously reported
analogous dichloride compl&%Bond lengths from the carbene carbon atoms C(1) and
C(2) to adjacent nitrogen atoms N(1), N(2), N(3) and N(4) were very close due to
delocalizedr electrons among these atoms. The average bond length was 1.319 A, and
this was longer than the reported double bond distancesf#\C(1.28 A) due to the
electron delocalization. The:£enePd-Ceamene(79.69) angle and the N-GrmeneN (avg:
118.3) angles were similar to the analogous dichloride complex. The only sagnifi
structural difference between these two complexes was the shorter paltzidhene
bond length in the dichloride complex. The IR spectrum shows two overlapping peaks f
the methylisocyanide stretching frequeneyCEN), and the average value was 2268'cm

(Av = 108 cn).
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N1 N3

Pdi

Figure 3.14.Molecular structure of comple30b with 50% probability ellipsoids

Tetrafluoroborate counter ions are omitted for cla
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Table 3.26.Selected bond lengths (A) and bond andlgsf(complex30b

Bond Lengths (A)

Pd(1)-C(1) 2.0117(19)
Pd(1)-C(2) 2.004(2)
Pd(1)-C(5) 2.019(2)
P(1)-C(15) 2.0198(19)
C(1)-N(1) 1.316(3)
C(1)-N() 1.321(3)
C(2)-N@3) 1.312(3)
C(2)-N(4) 1.327(3)
C(5)-N(5) 1.135(3)
C(7)-N(6) 1.131(3)

Bond angles®?)

C(1)-Pd(1)-C(2) 79.69(8)
C(5)-Pd(1)-C(7) 90.35(8)
C(1)-Pd(1)-C(5) 94.80(9)
C(2)-Pd(1)-C(7) 95.03(8)
C(1)-Pd(1)-C(7) 174.40(9)
C(2)-Pd(1)-C(5) 173.43(8)
N(1)-C(1)-N(2) 118.3(2)
N(3)-C(2)-N(4) 118.21(19)
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Table 3.27.Crystal data and structure refinement details for conffdéx

Empirical formula
Formula weight
Crystal system
Space group

Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient
Crystal size

6 range for data collection

Index range

Temperature

Wave length
Reflections collected
Independent reflections

Final R indices [I>25(1)]

R indices (all data)

Goodness-of-fit on ¥

GH19.8B82FsN7O5 45Pd
545.43
Monoclinic
C2/c
a=27.0958(3) A
o =90°
b = 7.796400(10) A
B = 122.2540(10)
c =22.5804(3) A
y = 90°
4034.03(9) A
8
1.796 Mgfm
1.015 mim
0.45x0.19x 0.13 mm
1.78 — 3053
-37<h<35
-10<k< 10
-32<1<28
115(2) K
0.71073 A
33776
5992;(R= 0.0252)
R1=0.0282
wR2 = 0.0685
R1=0.0342
wR2 =0.0731
1.051
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Comparison of s-donor abilities and structural features of bis(carbene) and
bis(phosphine) ligands

Figure 3.15 summarizes the datadedonicity and structural features for all
newly synthesized complexes, together with two previously investigateplexas28a
and30c. Complex26d showed the highest stretching frequency at 2282 trv = 122
cm™), indicating the weakest effectivedonor ability from the imidazole-based butylene
linkage bis(NHC) ligand. The next weakest effectivdonor ligand was the triazole-
derived bis(NHC), with its palladium compl@&6éf showing second highest stretching
frequency at 2279 cth(Av = 119 cm?). This is followed by another imidazole based
bis(NHC) ligands with a propylene linke2fc,Av = 114 cm?), the seven-membered
chelate bis(ADC) ligand30c,Av = 113 cm?), and the imidazole-based bis(NHC) ligand
with an ethylene linkage26b, Av = 112 cm®). The DPPBen palladium complégf
showed similar donation to the bis(NHC) comp®®b. The bite angles for complexes
26b, 83.90, and28f, 84.80, were very close, but the chelating ring size was one atom
larger for26b (seven membered chelating ring). DPPBen was the wealdestor ligand
among all investigated bis(phosphine) ligands. Another bis(phosphine) caa8galex
containing DPPB, also showed the same stretching freque26pamnd28f (2272
cm™), but it cannot be used in this IR probe study. Because tfathgorientation of the
chelate ligand in complex8c the methylisocyanide ligands are pobperly oriented to

assess the donation from the phosphine ligand.
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Figure 3.15.Donor scale versus ligand structure for bis(carbene) and bis(phosphine)

ligands
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The lowest stretching frequency, 2251 Cigdv = 91 cm?), was found in the
‘abnormal’ C4-bound bis(NHC) compl&6e Therefore, this is the strongest donating
ligand among all investigated. The bite angle for compkeis 88.96, very close to the
ideal value in square planar complexes. Compixwith the DPPE ligand showed the
next lowest stretching frequency, 2262 &igav = 102 cm?), followed by two more
complexes of bis(phosphine) ligan@8¢ and 28b) and a bis(ADC) comple30b at the
same value, 2268 cth These results suggest that most of the bis(phosphine) ligands are
stronger donor ligands than bis(NHC) except for the abnormal bis(NHC), ityplei®f
dicationic Pd(Il) complexes, which contradicts previous studies on NHC versus
phosphine ligand$-*° Those studies suggest that NHCs are stronger donor ligands than
phosphines, but almost all of these studies were done on monodentate ligands. Only one
previous studies done in our filindicates that bis(phosphines) are stronger donor than
bis(NHCs), but here ligands with two different chelating ring size we éde
phosphine ligands with five-membered chelating ring qi288 28eand28f) were
stronger donor ligands than the bis(NHC) five membered chelate cobfpgix
membered chelate complexes also showed the same trend where bis(phospiriep DPP
(in complex28b)was a stronger donor than the methylene linkage bis(NHC) ligand (in
complex26a) No seven membered chelate bis(phosphine) complex was synthesized, as
synthetic attempts produced dimeric com®@8&g with the DPPBut ligand.

Bis(ADC) ligands showed intermediate donor ability compared to bis(phosphine)
and bis(NHC) ligands. Within five membered chelating ring ligands, bis(AlD@plex
30bwas a stronger donor than the bis(NHC) liganédaifand a weaker effective donor

than the bis(phosphine) ligands DPPE and DMPE in compi&8aand28e However,
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another five-membered bis(phosphine) com@8kshowed weaker donation than the
Chugaev comple80b. Therefore, based on these studies, ‘abnormal’ C4-bound
bis(NHC) ligands are the strongest donor ligands, bis(phosphine) ligantie awext
strongest donor ligands, and C2-bound bis(NHC) ligands are the weakest effective dono
ligands. The bis(ADC) ligands fall in between bis(phosphine) and bis(NH@andi
donor ability.

A trend can be observed within homologous ligand seriescidmation from
the bis(ligand) decreases with increasing chelating ring sizes wthier parameters such
as substituent and backbone are kept constant. For the imidazole-derived C2-bound
bis(NHC) seriess-donation decreased froBtato 26d (Av: 109 cm’— 122 cm?) as
chelating ring size increased®). In addition, both bite angle and dihedral angle also
increased fron26ato 26d, except for bite angle fro@6ato 26b and dihedral angle from
26c¢to 26d. Similarly, the five membered chelating ring DPPE ligan@8z# (Av = 102
cm %) showed stronger donation than DPPProp, which forms the six membered chelate

complex28b (Av = 102 cm?).

Summary and Conclusion

A series of bis(NHC), bis(phosphine) and bis(ADC) palladium(ll)
bis(methylisocyanide) tetrafluoroborate complexes were synthesizedlpnd f
characterized. For all of these complexes except con@eéxX-ray crystal structures
were determined. Changes in stretching frequencies of methylisocyanisepalladium
complexes reflect the amount®fdonation from the liganttansto methylisocyanide.

All of the complexes with X-ray crystal structure except comgigxshowedcis
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orientations of the two methylisocyanide ligands, which is essentiad¢sathes-
donation from the liganttansto methylisocyanide. According to methylisocyanide
stretching frequencies, the imidazole-derived ‘abnormal’ C4-bound bis(Ng&#D) was
the strongest donor ligand among all investigated chelate ligands. Generialdzale
derived C2-bound or triazole-derived C3-bound bis(NHC) ligands are the weakest
effective donor ligands, followed by bis(ADC). Identification of strongaradion from
bis(phosphine) ligands than from bis(carbenes) contradicts most previoes 5t
This may arise from the use of cationic Pd(ll) complexes, whereassbtites used
neutral complexes. Donicity decreases with increasing chelatiggide within a

homologous ligand series, with other structural and electronic pararkepérsonstant.

Experimental

General Considerations All manipulations were carried out under air unless
otherwise noted. Diethyl ether (Acros) and hexanes (Pharmco) weregunyfi
distillation from sodium benzophenone ketyl. Dichloromethane (Pharmco) was washed
with a sequence of concentrateghidy, de-ionized water, 5% NE@0O; and de-ionized
water, followed by pre drying over anhydrous Ga@len refluxing over and distillation
from P,Os under nitrogen. Acetonitrile (Pharmco) was pre-dried over anhydrous CaCl
and then refluxed over and distilled from Gakhder nitrogen. Water was purified by an
E-pure system (Barnstead) and had a resistivity of >11726cM. NMR solvents were
purchased from Cambridge Isotope Laboratories. DMS&rd CRRCN-d; were dried
over activated 4 A molecular sieves followed by vacuum distillation at room tetaper

CD,Cl, was dried over activated 4 A molecular sieves and stored g®ebBfore
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distillation at room temperature for use. All other reagents were medHem Acros,
Aldrich, or Strem and used as receivedrifluoromethyl isocyanid®

methylisocyanid&? (COD)PdC},% [(DPPE)Pd(CHCN),][BF ]2 5a,°" (DPPProp)PdGI
4b,** (DPPBut)PdGl4¢,®® (DPPPen)PdGHKd, 2 (DMPE)PAC} 4e®” and (DPPBen)Pdgl
4% were prepared by published procedures. NMR spectra were acquired on Varian
GEMINI 2000 (300 MHz) and Unity INOVA (400 MHz) spectrometers. Reported NMR
shifts were referenced to residual solvent peks'€C) or to a calibrated external
standard {P). IR spectra were acquired from Nujol mulls on a Nicolet Protégé 460 FT-
IR or Perkin Elmer system 2000 FT-IR spectrometer using 0-5resolution. Elemental
analyses were performed by Midwest Microlab, LLC, Indianapolis. Xdif@action

data were collected on a Bruker SMART APEX Il diffractometer with a @€tctor
using a combination @f ando scans. A Bruker Kryoflex liquid nitrogen cooling device
was used for low-temperature data collections. Data integration employBrliites

SAINT software packag®.All X-ray diffraction experiments employed graphite-
monochromated Mo &radiation £=0.71073 A). Structures were solved by direct
methods and refined by full-matrix least-square&dmsing the SHELXTL software
suite®® Non-hydrogen atoms were assigned anisotropic temperature factors, with

hydrogen atoms included in calculated positions (riding model).

1,1,2,2-Tetramethyl-3,3'-methylenediimidazolium dibromide (24e)
A mixture of 1,2-dimethylimidazole (1000 mg, 10.40 mmol) and
dibromomethane (430L, 6.24 mmol) was mixed with toluene (15 ml) in a thick-walled

glass vessel. The reaction mixture was stirred at reflux temperatur2 hours. The
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formed precipitate was filtered off and washed with toluene aitd ttisolate the
bis(imidazolium) salt. Yield: 1040 mg, 69 %4 NMR (400 MHz, DMSO-g): § 7.99 (d,
4H, 3341 = 2 Hz,imidazold, 7.79 (d, 2H334 = 2 Hz,imidazold, 6.77 (s, 2H, €,), 3.79
(s, N-CHg), 2.77 (s, 6H, C-85). 3C NMR (100 MHz, DMSO-g): 5 146.53 (imid. NE-
N), 123.05 (imid. C), 120.97 (imid. C), 56.74 ®H;), 35.13 (imid.NE€H3), 10.44

(imid.C-CHy).

(1,1'-Dimethyl-3,3'-ethylenediimidazol-2,2-diylidene) palladium(ll) dbromide (25b)

A mixture of PdBs (200 mg, 0.751 mmol), sodium acetate trihydrate (245 mg,
1.803 mmol) and 1,1'-dimethyl-3,3'-ethylenediimidazolium dibromide (317 mg, 0.905
mmol) were dissolved in wet DMSO (10 mL), and the mixture was heated@tfab 3
h. The mixture was cooled to room temperature, solvent volume was reduced under
vacuum, and water was added to get product as pale yellow crystals. Produoctated is
by filtration and was dried in vacuo for 12 h. Yield: 185 mg, 5344\MR (400 MHz,
DMSO-d): 8 7.32 (d, 4H33 = 13.2 Hzimidazold, 5.20 (br s, 2H, 8,), 4.49 (br d,
2H,%3 = 7.2 Hz, G4,), 3.86 (s, 6H, N-B3). 1*C NMR (100 MHz, DMSO-g): § 156.86
(carbene), 123.73 (imid. C), 122.60 (imid. C), 46.680N), 38.26 (imid. NEHs3),
38.24 (imid.NCHs). Anal. Calculated for: €H14 BroN4Pd: C, 26.31; H, 3.09; N, 12.28

%. Found: C, 26.52; H, 3.14: N, 12.03 %.
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(1,1'-Dimethyl-3,3'-propylenediimidazol-2,2-diylidene) palladium(ll) dibromide
(25¢)

A mixture of PdBs (250 mg, 0.939 mmol), sodium acetate trihydrate (307 mg,
2.253 mmol) and 1,1'-dimethyl-3,3'-propylenediimidazolium dibromide (413 mg, 1.127
mmol) were dissolved in wet DMSO (10 mL) and heated &C7#%r 3 h. The mixture
was cooled to room temperature, solvent volume was reduced under vacuum, and water
was added to get product as pale yellow crystals. Product was isolatedalipfiland
dried in vacuo for 12 h. Yield: 307 mg, 69 . NMR (400 MHz, DMSO-g): & 7.30 (d,
4H, 3341 = 16.8 Hzimidazold, 4.84 (t, 2H33u = 12.8 Hz, ®,), 4.37-4.32 (dd, 2H}n
=14.2,5.6 Hz, €,), 3.91 (s, 6H, N-6), 2.34-2.30 (m, 1H, B,), 1.78-1.68 (m, 1H,
CH,). *C NMR (100 MHz, DMSO-g): § 1160.29 (carbene), 123.07 (imid. C), 122.96
(imid. C), 51.33 (NEHy), 37.58 (CE€H,), 31.28 (imid.NE€H3). Anal. Calculated for:

Ci1H16 BroN4Pd: C, 28.08; H, 3.43; N, 11.91 %. Found: C, 27.95; H, 3.28: N, 11.76 %.

(1,1',2,2'-Tetramethyl-3,3'-methylenediimidazol-2,2'-diylidene) pakdium(ll)
dibromide (25e)

A mixture of Pd(OAc) (100 mg, 0.445 mmol) and 1,1',2,2'-tetramethyl-3,3'-
methylenediimidazolium dibromide (163 mg, 0.445 mmol) were dissolved in DMSO (5
mL), and the mixture was heated at°&0for 2 hours followed by 11%C for 3 hours.
CH.Cl, was added to the reaction mixture to get pale yellow crystals. Product was
isolated by filtration and was dried in vacuo for 12 h. Yield: 165 mg, 75%IMR

(400 MHz, DMSO-@): 5 7.03 (s, 2Himidazold, 6.06 (s, 2H, €,), 3.67 (s, 6H, N-
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CHj), 2.65 (s, 6H, C-H3), Anal. Calculated for: GH1s BroN4Pd: C, 28.08; H, 3.43; N,

11.91 %. Found: C, 27.56; H, 3.35: N, 11.26 %.

[(1,1'-Dimethyl-3,3'-methylenediimidazol-2,2'-diylidene) palladium(ll) (CNCH 3);]
[BF4]2 (26a)

Methyl isocyanide (1L, 0.283 mmol) was added to a stirred solution of (1,1'-
dimethyl-3,3methylenediimidazol-2,2"-diylidene)palladium(ll) dibromide (50 mg, 0.113
mmol) in acetonitrile (10 mL,) and the mixture was stirred for 1 h. Then A¢BFmMQ,
0.226 mmol) was added, and the reaction mixture was stirred for 2 h. The mixture was
filtered through celite, solvent was evaporated, and the solid was dried imvémul?2
h. The product was again dissolved in acetonitrile (5 mL), it was filtered threlitgh c
solvent was evaporated, and the solid was dried in vacuum for 12 h. This sequence was
repeated one more time. In the final sequence, diethyl ether was addedltataed
obtain product as white crystals. The product was isolated by filtration atidwacuo
for 12 h. Yield: 48 mg, 72 %H NMR (300 MHz, DMSO-g): & 7.74(d, 2H 33y = 2 Hz,
imidazold, & 7.57(d, 2H 3} = 2 Hz,imidazold, 5 6.35 (br s, 2H, 65), 3.86 (s, 6H,
CN-CH3), 3.71 (s, 6H, imid.N-6). *C NMR (100 MHz, CRCN-dk): & 155.56
(carbene), 124.07 (imid. C), 123.02(imid. C), 62.38N,), 38.24 (imid. N€H3), 30.40
(CN-CHs). IR (Nujol, cmi'): 2269v(m). Anal. Calculated for GHag
B2FsNgPd.0.22CHCI,: C, 28.36; H, 3.33; N, 14.93 %. Found: C, 28.26; H, 3.15: N,

14.71 %.
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[(1,1'-Dimethyl-3,3'-ethylenediimidazol-2,2'-diylidene)palladium(ll) (CNCH3),]
[BF4]2 (26b)

Methyl isocyanide (3LL, 0.548 mmol) was added to a stirred solution of {1,1'-
dimethyl-3,3 ethylenediimidazol-2,8liylidene}palladium(ll) dibromide (100 mg, 0.219
mmol) in acetonitrile (10 mL) and the solution was stirred for 1 h. Then A¢EFmg,
0.438 mmol) was added and the reaction mixture was stirred for 2 h. The mixture was
filtered through celite, solvent was evaporated, and product was dried in vamul@nhf.
The product was again dissolved in acetonitrile (5 mL), it was filtered throeige,
solvent was evaporated, and product was dried in vacuum for 12 h. This sequence was
repeated 2 more times. In the final sequence, diethyl ether was addediltoate to
obtain product as white cryctals. Product was isolated by filtration and wesrdriacuo
for 12 h. Yield: 48 mg, 40 %H NMR (400 MHz, CRCN-dk): & 7.27 (d, 2H3Jyy = 2
Hz, imidazold, 7.22 (d, 2H3344 = 2 Hz,imidazold, 4.95-4.87 (m, 2H, B,), 4.54-4.46
(m, 2H,CH5), 3.78 (s, 6H, CN-83), 3.50 (s, 6H, imid.N-E3). **C NMR (100 MHz,
CD3CN-ds): 6 153.96 (carbene), 125.77 (imid. C), 125.04 (imid. C), 48.16KM),

39.28 (imid.NCHs), 30.99 (t3Ju4 = 7.4 Hz, CNEH3). IR (Nujol, cm?): 2272v(m).
Anal. Calculated for GHo BoFgNePd: C, 30.44; H, 3.65; N, 15.22 %. Found: C, 30.66;

H, 3.65: N, 15.21 %.

[(1,1'-Dimethyl-3,3'-propylenediimidazol-2,2'-diylidene) palladium(l) (CNCH 3),]
[BF4]2 (26¢)
Methyl isocyanide (3@L, 0.531 mmol) was added to a stirred solution of {1,1'-

dimethyl-3,3'-propylenediimidazol-2,2'-diylidene}palladium(ll) dibrom{d®0 mg,
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0.213 mmol) in acetonitrile (10 mL), and it was stirred for 1 h. Then A¢Emg,

0.425 mmol) was added to the reaction mixture, and it was stirred for 2 h. The mixture
was filtered through celite, solvent was evaporated, and product was driedunmviae

12 h. The solid was again dissolved in acetonitrile (5 mL), it was filtered thicelige,
solvent was evaporated, and product was dried in vacuum for 12 h. This sequence was
repeated 2 more times. In the final sequence, diethyl ether was addedItatbdo

obtain product as white crystals. Product was isolated by filtration and drieduio fieac

12 h. Yield: 56 mg, 47 %H NMR (400 MHz, CRCN-dk): & 7.20 (d, 2H3J4n = 2 Hz,
imidazold, 7.16 (d, 2H3J = 1.6 Hz,imidazold, 4.61-4.55 (dd, 2HJ.n= 14.8 & 11.2

Hz, CH.), 4.38-4.33 (m, 2HJ, = 15 & 5.8 Hz, &1,), 3.82 (s, 6H, CN-85), 3.46 (s,

6H, imid.N-CH3), 2.33-2.26(m, 1H, B,), 1.98-1.88(m, 1H, B,). **C NMR (100 MHz,
CDsCN-db): & 155.74 (carbene), 125.69 (imid. C), 125.45 (imid. C), 52.9€KM),

38.82 (imid. NCH3), 31.67 (CCHy), 30.89 (t, CNEH3). IR (Nujol, cri®): 2274v(m).

Anal. Calculated for @H2, BoFgNePd: C, 31.81; H, 3.92; N, 14.84 %. Found: C, 31.83;

H, 3.84: N, 14.64 %.

[(1,1'-Dimethyl-3,3'-butylenediimidazol-2,2'-diylidene) palladium(ll) (CNCH3),]
[BF4]2 (26d)

Methyl isocyanide (27L, 0.474 mmol) was added to a stirred solution of {1,1'-
dimethyl-4,4butylenediimidazol-2,2'-diylidene}palladium(ll) chloride (75 mg, 0.189
mmol) in acetonitrile (10 mL), and it was stirred for 1 h. Then AgB& mg, 0.379
mmol) was added to the reaction mixture, and it was stirred for 2 h. The nwdsre

filtered through celite, solvent was evaporated, and the product was dviescliinm for
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12 h. The solid was again dissolved in acetonitrile (5 mL), it was filtered thralitgh c
solvent was evaporated, and product was dried in vacuum for 12 h. This sequence was
repeated 2 more times. In the final sequence, diethyl ether was addedItatbdo

obtain product as white crystals. Product was isolated by filtration and drieduio fieaic

12 h. Yield: 68 mg, 62 %H NMR (400 MHz, CRCN-ds): & 7.24 (s, 4Hjmidazold,

4.50 (br s, 2H, 6), 4.21(br s, 2H, 6,), 3.82 (s, 6H, CN-85), 3.44 (s, 6H, imid.N-

CHa), 2.01 (br s, 2H, B.), 1.52(br s, 2H, &,),. *C NMR (100 MHz, CRCN-ds): &

154.64 (carbene), 126.66 (imid. C), 123.97 (imid. C), 47.12KN}, 38.87 (imid. N-

CHs), 30.96 (t, CNEHS3), 26.00 (CEH,). IR (Nuijol, cni'): 2282v(m). Anal. Calculated

for CigH24 BoFsNePd: C, 33.11; H, 4.17; N, 14.48 %. Found: C, 33.35; H, 4.25: N, 14.40

%.

[(1,1',2,2'-Tetramethyl-3,3'-methylenediimidazol-4,4'-diylidene) pallaium(ll)
(CNCHa)] [BF 4]2 (26€)

Methyl isocyanide (18.L, 0.319 mmol) was added to a stirred solution of
{1,1',2,2'-tetramethyl-3,3'-methylenediimidazol-2,2'-diylidene }palladilindibromide
(60 mg, 0.128 mmol) in acetonitrile (10 mL), and the solution was stirred for 1 h. Then
AgBF4 (50 mg, 0.255 mmol) was added, and the reaction mixture was stirred for 2 h. The
mixture was filtered through celite, solvent was evaporated, and product wasdried |
vacuum for 12 h. The product was again dissolved in acetonitrile (5 mL), it wasdfilte
through celite, solvent was evaporated, and it was dried in vacuum for 12 h. This
sequence was repeated 2 more times. In the final sequence, diethyl sthaeided to the

filtrate to obtain product as white crystals. Product was isolated byidiftrand was
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dried in vacuo for 12 h. Yield: 53 mg, 74 % NMR (400 MHz, CRCN-ds): & 6.98 (s,
2H, imidazold, 5.86 (s, 2H, €), 3.67 (s, 6H, CN-83), 3.53 (s, 6H, imid.N-6), 2.60
(s, 6H, imid.C-G13). °C NMR (100 MHz, CRCN-dk): & 144.87(carbene), 133.56
(imid.C-CHj3), 131.93 (tCN-CHjs), 128.94 (imid CH), 60.87 (NE€Hy), 35.23 (imid. N-
CHs), 30.72 (t, CNEH3), 10.52 (imid. CEH3). IR (Nujol, cm): 2251v(m). Anal.
Calculated for @Hz2 BoFgNgPd: C, 31.81; H, 3.92; N, 14.84 %. Found: C, 32.08; H,

3.92: N, 14.94 %.

[1,1'-dimethyl-4,4'-bi-1,2,4-triazol-3,3'-diylidene) palladium(ll) (CNCH 3),] [BF 4]
(26f)

Methyl isocyanide (27L, 0.475 mmol) was added to a stirred solution of [{1,1'-
dimethyl-4,4'-bi-1,2,4-triazol-3,3'-diylidene}palladium(ll) (NCGH] o [BF4]> (100 mg,
0.190 mmol) in acetonitrile (10 mL), and the solution was stirred for 2 h. Then A8§BF
mg, 0.425 mmol) was added to the reaction mixture, and it was stirred for 2 h. Solvent
volume was reduced, and diethyl ether was added to the filtrate to obtain podinitea
crystals. Product was isolated by filtration and was dried in vacuo for 12 h. 88idg,
83 %.*H NMR (400 MHz, CRCN-dk): & 9.20 (s, 2Himidazolg, 4.21 (s, 6H, CN-8),
3.71 (s, 6H, triazo.N-B5). *C NMR (100 MHz, CRCN-ds): 8 159.87 (carbene), 135.66
(triazo.C), 120.82 (tCN-CHj3), 42.12 (triazo. N=H3), 31.88 (t, CNEH3). IR (Nujol, cmi
1): 2279v(m). Anal. Calculated for GH14 BoFgNgPd: C, 22.82; H, 2.68; N, 21.30 %.

Found: C, 22.84; H, 2.67: N, 21.30 %.
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[(1,3-Bis(diphenylphosphino)propane) palladium(ll) (CNCH)2][BF 4]2 (28b)

A mixture of (DPPPropane)Pd{100 mg, 0.170 mmol), AgBK66 mg, 0.339
mmol), and anhydrous acetonitrile (10 mL) was placed in a sealed ampule under
nitrogen. The reaction mixture was heated at@@or 1 h with stirring. The mixture was
then filtered through celite, the solvent was removed under vacuum, and the residue was
dried in vacuum for 3 h. Dichloromethane (10 mL) was added, and the mixture was again
filtered through celite. The filtrate was treated with methyliso™ea (24uL, 0.424
mmol) and stirred at room temperature for 2 h. The solvent volume was reduced under
reduced pressure, and diethyl ether was added to obtain product as yellols. criista
product was isolated by filtration and dried in vacuo. Yield: 89 mg, 6A%IMR (400
MHz, DMSO-d;), § 7.63-7.54(m, 20H, Ph), 3.10 (s, 6H, CNg}, 3.00 (br s, 4H, P-8,),
§ 2.04(br t, 2H33}4 = 1.6 Hz, C-G1,). **C NMR (100 MHz, DMSO-g): § 132.72 (dd,
2Joc= 5.5 Hz,0rtho-PPh), 132.55 (spara-PPh), 129.43 (dd*Jec= 5.5 Hz,metaPPh),
127.41 (dd Jpc= 62.6,%Jpc= 5.9 Hz,ipso-PPh), 29.54 (CNEHSs), 20.26 (t3Jpn=21.8
Hz, PCH,), 17.62(CCH,). *'P NMR (162 MHz DMSO0-d6)3 2.62 (s). IR (Nuijol, cr):
2268v(m). Anal. Calculated for £gH3,B.FsNoP,Pd: C, 48.07; H, 4.16; N, 3.62 %.

Found: C, 48.18; H, 4.32: N, 3.62 %.

[(1,4-Bis(diphenylphosphino)butane)palladium(ll)-bis(methylsocyanide)][BF].
(28c)

A mixture of (DPPButane)Pd&{100 mg, 0.166 mmol), AgBK65 mg, 0.331
mmol), and anhydrous acetonitrile (10 mL) was placed in a sealed ampule under

nitrogen. The reaction mixture was heated &t@@or 2 h with stirring. The mixture was
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then filtered through celite, the solvent was removed under vacuum, and the residue was
dried in vacuum for 3 h. Dichloromethane (10 mL) was added and the mixture was again
filtered through celite. The filtrate was treated with methylisod& (23.1L, 0.414

mmol), product started to precipitate as pale yellow crystals, and ierenwas stirred

at room temperature for 2 h to complete the reaction. The product was isolated by
filtration and dried in vacuo. Yield: 87 mg, 77 %1 NMR (400 MHz, DMSO-¢); &

7.74-7.61 (m, 20H, Ph), 3.21 (s, 6H, CNgJ, 2.90 (br s, 4H, 8,), 1.83-1.78 (br d®Jcn

= 24.4 Hz, 4H, €,). °C NMR (100 MHz, DMSO-¢): 6 132.88 (t2Jpc= 5.5 Hz, Ar-C),
132.17 (s, A€), 131.96 (s, A€), 129.53 (t3Joc= 5.5 Hz, Ar-C), 129.26 (AG),

129.06 (ArC), 128.49 (Ar€), 29.78 (CNEHs), 24.75 (t, PEH,), 22.63(CEH,). 3P

NMR (162 MHz DMSO-d6)5 23.97 (s). IR (Nujol, ci): 2273v(m). Anal. Calculated

for CsoH34B2oFsNoPPd: C, 45.39-48.74; H, 4.16-4.35; N, 3.21-3.55 %. Found: C, 47.42;

H, 4.59; N, 3.45 % (1 mole GBI, trapped in compound).

[(1,5-Bis(diphenylphosphino)pentane)palladium(ll)-bis(metlylisocyanide)][BF4]»
(28d)

A mixture of (DPPPentane)Pd(L00 mg, 0.162 mmol), AgBK63 mg, 0.323
mmol), and anhydrous acetonitrile (10 mL) was placed in a sealed ampule under
nitrogen. The reaction mixture was heated at@@or 2h with stirring. The mixture was
then filtered through celite, the solvent was removed under vacuum, and the residue was
dried in vacuum for 3 h. Dichloromethane (10 mL) was added and the mixture was again
filtered through celite. The filtrate was treated with methylisome (23uL, 0.405

mmol) and stirred at room temperature for 2 h. The solvent volume was reduced under
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reduced pressure, and diethyl ether was added to obtain product as yellails.ciys
product was isolated by filtration and dried in vacuo. Yield: 91 mg, H®IMR (400
MHz, DMSO-g;), 6 7.83 (br m, 8H, Ph), 7.65 (br m, 12H, Ph), 3.12 (br s, 4#})2.90
(s, 6H, CNG3), 1.83 (br s, 2H, 8.), 1.65 (br s, 4H, 8,). 3C NMR (100 MHz,
DMSO-d): & 132.38 (t3Jec= 5.8 Hz, Ar-C), 129.36 (£Joc= 5.5 Hz, Ar-C), 129.07 (Ar-
C), 128.80 (Ar€), 124.42 (Ar€), 32.90 (br s, FEH,), 29.79 (CNEH3), 26.03 (CEHy),
25.42 (CCH,). *'P NMR (162 MHz DMSO-d6)5 20.24 (s). IR (Nujol, ci): 2268
v(m). Anal. Calculated for £gH36B2FsN.P.Pd: C, 49.38; H, 4.52; N, 3.49 %. Found: C,

49.20; H, 4.60: N, 3.52 %.

[(1,2-Bis(dimethylphosphino)ethane)palladium(ll) (CHNC),][BF 4]2 (28€)

A mixture of (DMPE)PdCI (150 mg, 0.458 mmol), AgBK178 mg, 0.916
mmol), and anhydrous acetonitrile (10 mL) was placed in a sealed ampule under
nitrogen. The reaction mixture was heated at@@or 1 h with stirring. The mixture was
then filtered through celite, the solvent was removed under vacuum, and the residue was
dried in vacuum for 3 h. Anhydrous acetonitrile (10 mL) was added, and the mixture was
again filtered through celite. The filtrate was treated with methgysnide (64.1L, 1.145
mmol) and stirred at room temperature for 2 h. The solvent volume was reduced under
vacuum, and diethyl ether was layered over it to get white crystals. The product wa
isolated by filtration and dried in vacuo. Yield: 131 mg, 56&NMR (400 MHz,
CDsCN-db): & 3.56 (s, 6H, CNEl3), 2.37-2.22 (m, 4H, P48,), 1.86 (d, 12HJpn= 12.8
Hz, P-CH3).*C NMR (100 MHz, CRCN-a): 8 127.69 (b SCN-CHs), 31.28 (t, CN-

CHs), 28.26 (ddXJpc= 36.7 Hz2Jpc= 10.3 Hz, PCH,) 13.48 (dXJpc= 33.7 Hz, P-
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CHs) *'P NMR (162 MHz CRCN-dg): & 60.11 (s). IR (Nujol, ci): 2270v(m). Anal.
Calculated for GH2,B-FsN-P,Pd.CHCN: C, 26.04; H, 4.55; N, 7.59 %. Found: C,

26.17; H, 4.48: N, 7.60 %.

[(2,2-Bis(diphenylphosphino)benzene)palladium(ll) (CHNC),][BF 4] (28f)

A mixture of (DPPBenzene)PdQqL50 mg, 0.241 mmol), AgBK94 mg, 0.481
mmol), and anhydrous acetonitrile (10 mL) was placed in a sealed ampule under
nitrogen. The reaction mixture was heated at@@or 2 h with stirring. The mixture was
then filtered through celite, the solvent was removed under vacuum, and the residue was
dried in vacuum for 3 h. Dichloromethane (10 mL) was added, and the mixture was again
filtered through celite. The filtrate was treated with methylisome (23uL, 0.405
mmol) and stirred at room temperature for 2 h. The solvent was removed under vacuum,
the residue was dissolved in acetonitrile, and diethyl ether was layeretthewaiution
to get pale yellow crystals. The product was isolated by filtration andidnextuo.
Yield: 113 mg, 65%'H NMR (400 MHz, CRCN-db): § 7.94-7.56 (m, 24H, Ph), 3.33 (s,
6H, CNCHs3). *C NMR (100 MHz, CRCN-ds): & 137.55 (dd Jpc= 60.1Hz2Jpc= 34.4
Hz, ipso-PhP), 136.12 (ddJpc= 8.1Hz,*Jpc= 2.2 Hz,metdpara-PPhP), 135.44 (dd,
2Jpc= 18.7Hz2Jpc= 4 Hz,orthad/metaPPhP), 134.77 (d*Jec= 2.9 Hz para-PPhy),
134.61 (d2Jpc= 12.4 Hz ortho-PPhy), 130.97 (d3Jpc= 12.4 HzmetaPPhy,), 126.62 (d,
1Jpc=59.3 Hz,ipso-PPh,) § 31.15 (CNEHs3). **P NMR (162 MHz CRCN-dk): & 63.49
(s). IR (Nujol, cnt"): 2272v(m). Anal. Calculated for: &Hs0B.FsN-P,Pd: C, 50.50; H,

3.74; N, 3.46 %. Found: C, 50.77; H, 3.87: N, 3.51 %.
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N,N’-Bis[(R)-1-phenylethyl]-bis(ADC) palladium dibromide complex (29b)
Bis(ADC)PdC} complex29a (95 mg, 0.12 mmol) was suspended in acetonitrile
(60 mL) in a round bottomed flask. NaBr (512 mg, 5 mmol) and 2.0 mL of deionized
water were added. The flask was sealed with a polyethylene stopper, anxitine was
stirred for 12 h at 28C. The resultant turbid solution was filtered through a sintered glass
frit, and the filtrate was concentrated to 2 mL under reduced pressure wippbuihg
heat. Deionized water (10 mL) was added, resulting in formation of a grepifatcthat
floated on the liquid surface. The solid was collected by suction filtratiomedasith
deionized water (20 mL) and diethyl ether (5 mL), and dried in vacuo overnigtd: Yiel
85 mg (0.095 mmol), 80%H NMR (400 MHz, DMSO-d6)6 d 9.64 (s, 1 H,NH), 9.58
(s, 1 H, NH), 8.23 (d®Jun = 8.0 Hz, 2 H, CEPh), 8.05 (d,*J4n = 8.0 Hz, 2 H, CEPh),
7.65-7.43 (m, 6 HAr), 7.35-7.13 (m, 8 HAr), 5.92 (q2Ju+ = 6.4 Hz, 1 H, PhB), 5.74
(0, = 6.4 Hz, 1 H, PhB), 5.64 (m, 1 H, €,), 5.49 (m, 1 H, €,), 3.82 (m, 1 H,
CHy), 3.28 (m, 1 H, €,), 1.54 (m, 1 H, E,), 1.43 (2d unresolved, 6 HHgZ), 0.76 (m, 1
H, CH,). *C NMR (101 MHz, DMSO-g): & 193.6 (carbene), 191.6 (carbene), 143.8
(CRs-Phips0),143.7 (Ck-Phipso), 138.4 (Phpso), 137.8 (Phpso), 128.9 (Ph), 128.7
(Ph), 128.6 (Ph), 128.4 (Ph), 127.4 (Ph), 126.5 (Ph), 124 §RBRetd, 124.8 (CE-Ph
metd, 124.1 (2 q overlappedC,F = 30 Hz, CfPhpara), 124.1 (2 q overlapped]C,F
= 272Hz, CF3), 122.3 (GFPhortho), 121.7 (CE-Phortho), 56.6 (NCMe), 55.8
(NCMe), 54.3 (NCH,), 53.5 (NCH,), 29.2 (NCH,CHj), 18.0(CH), 15.4 (CH). Anal.
Calculation for GsHs4BroFsN4Pd: C, 47.19; H, 3.85; N, 6.29. Found: C, 47.20; H, 3.90;

N, 6.40%.
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{IN,N’-Bis[(R)-1-phenylethyl]-bis(ADC)] palladium(ll) (CNCH 3),} {BF 4} (30a)

Methyl isocyanide (18.L, 0.31 mmol) was added to a stirred solution of
bis(ACD) palladium dichloride complega (100 mg, 0.125 mmol) in acetonitrile (10
mL), and it was stirred for 2 h. Then AgBB9 mg, 0.25 mmol) was added to the
reaction mixture, and it was stirred for 2 h. The mixture was filteredighr celite,
solvent was evaporated, and product was dried in vacuum for 12 h. The solid was again
dissolved in acetonitrile (5 mL), the solution was filtered through celite, sohesnt
evaporated, and the solid was dried in vacuum for 12 h. This sequence waslr2peate
more times. In the final sequence, diethyl ether was added to the fiti@déain product
as white crystals. Product was isolated by filtration and dried in vacuo for i&lth. %3
mg, 60 %*H NMR (400 MHz, DMSO-d6)6 d 10.43 (s, 1 H,NH), 10.25 (s, 1 H, NH),
7.62-7.51 (m, 5 H, GFPh), 7.44-7.36 (m, 9 HAr), 7.31 (d3Juy = 8.0 Hz, 2 H, CEPH),
7.10 (d,°34s = 8.0 Hz, 2 H, CEPH), 5.92 (904 = 6.8 Hz, 1 H, PhB), 5.74 (9.3 =
6.4 Hz, 1 H, Ph@), 4.35-2.20 (m, 2 H, B,), 4.08-4.05 (m, 1 H, B,), 3.69 (s, 3H,
CNCHz), 3.64 (s, 3H, CNB3), 3.50-2.35 (m, 1 H, B,), 1.52 (2d3J4 = 6.4, 3 H, Gly),
1.50-1.45 (m, 1 H, B,), 1.41 (2d33 = 6.4, 3 H, ®l3), 0.59-0.53 (m, 1 H, B,). *°C
NMR (101 MHz, DMSO-¢): 6 188.69 (carbene), 187.32 (carbene), 143.0%-@F
ips0),142.96 (CEPh ipso), 138.92 (Ph ipso), 137.65 (Ph ipso), 130.32 (Ph),130.27 (Ph),
130.13 (Ph), 130.09 (Ph), 129.51 (Ph), 127.48 (Ph), 127.44 (Ph), 127.20 (Ph), 127.19
(Ph), 127.44 (CFPhmetd, 124.8 (CE-Phmetd, 128.09 (¢fJC,F = 88 Hz, CFPh
para), 128.03 (JC,F = 88 Hz, CFPhpara), 124.43 (qJC,F = 720 Hz, Cff, 124.93
(q,’JC,F = 720 Hz, Cf, 123.21 (CE-Phortho), 122.73 (CE-Phortho), 60.10 (NCMe),

59.04 (NCMe), 56.87 (NCH,), 56.73 (\CH), 31.30 (CNCH3), 29.78 (\CH,CHy), 18.17
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(CHs), 16.28 (CH). IR (Nuijol, cm'): 2270v(m). Anal. Calculated for $HaoN4F14B,Pd:

C,47.47;H, 4.09; N, 8.51. Found: C, 44.38; H, 4.23; N, 8.51%.
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CHAPTER IV

CORELATION OF LIGAND DONICITY WITH CATALYTIC ACTIVITY
FOR ELECTROPHILIC CATIONIC BIS(CARBENE) PALLADIUMI()

CATALYSTS
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Introduction

In organic synthesis, palladium is more versatile than the other group 186 meta
nickel and platinunt? The reason for the greater usefulness of palladium compared to
the other two metals is not straightforward. Palladium has both adequateysaioilit
suitable activity for a variety of catalytic reactions, arisiragrf an intermediate nature
between nickel and platinum. Palladium catalysts can serve as typidshfesiéion
metal catalysts’ and as Lewis acid catalyst8poth types of catalytic activity being
important in organic reactions. Late transition metal catalysis is yq&ded on the
Pd(0)-Pd(Il) redox cycle. Another role of late transition metallgsteof Pd(ll) is the
activation of alkenes or alkynes towards attack of a nucleophile by thetimmméa
complex withrt-electrons of alkene or alkyne double bonds. A typical role of a Lewis
acid catalyst is enhancing the reactivity of a substrate by foranaogmplex with lone
pairs (GY; Y = O, NR, etc.) and activating the positively polarized carbon eg¢atvard
attack of a nucleophile. Despite palladium being a soft metal, the peeskeac empty
orbital in the coordinatively unsaturated 16-electron Pd(Il) species is imptotahis
Lewis acidity. In certain transformations, the presence of both latetioansietal and

Lewis acid catalysis is importah.

Nu-
N Nu Nu\c‘:/
>:< — 8+ﬁ Y
i Pd(ll) Y. 8- MX,
Pd(ll) "MX,,

Scheme 4.1Role of Pd(Il) as a late transition metal and a Lewis acid catalyap(ed

from Reference 1).
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Palladium catalyzed reactions are regulated by the amourdafation from the
ligands attached to the metal center. Strewapnating ligands on Pd(0) increase the
electron density around the metal center, promoting reactions in which the metakbec
oxidized or acts as a nucleophile. Conversely, weakflonating ligands on Pd(ll)
facilitate electrophilic reactions at the metal center (as a L&wd§. The IR probe
studies in Chapter Il gave a comparison of the donor abilities of bidenttelsigising
cationic palladium(ll) complexes. This chapter is focused on the correlatibas# t
ligands’ donor abilities with the catalytic activities of cationic mhlan(Il) complexes in
electrophilic organic reactions. For this purpose, two catalytic reactiomesselkected:
the cyclization of acetylinic aldehydes reported by Yamamoto et al. in®20@2the

hydroarylation of aromatic C-H bonds with alkynes reported by Fujiwaah iet 2000

(a)

CHO OR?
Cat. Pd(OAc),
> (0]
\ R?0OH
X / 1
R? R
(b) .
H R
R —— i , ‘ X 1-5 mol% Pd(OAc),
x/ 4:1 Tl;?:o(éHZClz R2
Me,,

Scheme 4.2Test reactions for Pd(Il) electrophilicity: (a) cyclization oéitinic

aldehyde$and (b) hydroarylation of aromatic C-H bonds with alkytfes.
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Cyclic alkenyl ethers are useful compounds with significant bicdbgic
importance, which can be prepared by the cyclization of acetylinic aldehyd
Electrophilic activation of alkynes toward different heteronucleophilase$ul for
preparation of heterocyclic compounds such as indbissguinolines? benzofurans?
and isocoumarin¥' In these studies, hydroxyl and amine functionalities have been used
as nucleophiles.

Catalytic activation of C-H bonds in arenes and formation of new C-C bonds is
useful in organic synthesis from an economical and environmental standpointr&ujiwa
reported hydroarylation reactidfisising simple palladium complexes such as Pd(@Ac)
as catalysts in an acidic medium to promote coupling reactions of areneskuibsal
This involves cheap and commercially available reagents. Other metalssuch a
platinum(I1)*®> and gold(I11}® have shown catalytic activity but with lesser efficiency.
Biffis and coworker have shown that using a bis(NHC) as a ligand in these gemple

can improve the stability and the activity of the palladium compl&X€s.

Results and Discussion
Synthesis and characterization of cationic (chelate)palladium(ll) is(acetonitrile)
complexes for catalytic studies.

Bis(acetonitrile) adducts of palladium complexes with ‘normal’ and ‘abnormal
bis(NHCs) Bla-31lewere synthesized by reacting palladium dihalide complexes with
silver tetrafluoroborate in acetonitrile. The synthesis was startecabyglone molar
equivalent of bis(NHC) palladium dihalide complex and two molar equivalentsref sil

tetrafluoroborate in a sealable thick-walled glass vessel. Adidition of acetonitrile, the
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reaction mixture was heated at ®D for a couple of hours (depending on the type of

carbene) to complete precipitation of silver halide. The resultant readtituren after

cooling to room temperature, was filtered through celite to remove silier Bae

solvent was removed from the filtrate under vacuum, and the solid was dried for a
additional couple of hours under vacuum. The resultant solid was redissolved in
acetonitrile, the solution was filtered through celite, the solvent was reinawe the

solid was dried under vacuum. This sequence was repeated one more time. This sequence
is very important to remove all the silver salts present in the product. Finhlte, w

crystalline products were isolated by layering ether on the solution imédéoThe

synthetic procedure for the bis(acetonitrile) adduct of the palladium comtexhe

‘triazole’ bis(NHC) @1f) was discussed in Chapter 3 (Scheme 3.4).

Oily products were isolated in the syntheses of bis(acetonitrile) adufucts
palladium with bis(phosphine) ligands, except for the DPPBen complex, when the
synthetic route followed for bis(NHC) complexes was used. Thereforeatalytic
reactions, one molar equivalent of bis(phosphine) palladium dichl@vae2(7f), two
molar equivalents of AgBf-and acetonitrile were mixed in a sealable glass vessel and
heated at 60C for 2 hours. The resultant reaction mixture was filtered through celite to
remove silver salts. The solvent was removed from the filtrate under vacuutheand
residue was dried under vacuum for two hours. The resultant solid was redissolved in
acetonitrile and filtered through celite, the solvent was removed, and the proguct wa
dried under vacuum. This product was dissolved in a known volume of solvent to be used
in the catalytic study. The required volume was then withdrawn and placed in the

reaction mixture.

191



2BF4

fx?

Q /> 2) 2 AgBF,, CH;CN

60 °C, 2h

/ \
3 X CH3

: 25a
:25b
: 25¢
:25d

= =55
| | I | I |
N S
HA A A
| | I | I |
[eR=R=-R-"]
- e =

I
«Q

-

CH,

H3C CH
Al fMe ’

n=1:31a 72 % yield
n=2:31b 87 % yield
n=3:31c 92 % yield
n=4:31d 82 % yield

HyG CH; 2BF4'

>>N/\

60 °C, 2h
25e

2 R4 2
No N 2) 2 AgBF,, CH,CN
/ ANEDZAN gbFy, LH3
2 Pd\ 2 >
(o]
CI/ ol 60 °C, 2h

DPPE: R] = (CH2)2, Rzzph, 27a
DPPProp: R; =(CH,);, R,=Ph;27b
DPPBen: Rl = (CH2)4, R2=Ph; 27¢
DPPPent: RI = (CH,)s, Ry=Ph;27d
DMPE: (CH2)2, R2 CH3, 27e
DPBenP: RI 1,2-CgH,, Ry=Ph; 27f

~ N/\N N
N SNy 2) 2 AgBF,, CH;CN AN
H;C—N \/L J\/N CH,4 4» CH3 H,C—N: J-‘\}N—CH‘Q,
Pd - \)\,Pd
/ \
Br Br

'\é&ne 31e
\ / / \ZBF

/\ /\
Rz /\ R;
N N
Cc Cc
Me Me

DPPProp: Rl = (CH2)3, R2=Ph; 32b
DPPPent: R, = (CH,)s, R,=Ph; 32d
DMPE: RI = (CH2)2, R2:CH3; 32e
DPBenP: R, = 1,2-C4H,, Ry=Ph; 32f

2+
m 2) 2 AgBF,, CHCN m 2BF,

C C
\Pd/ ° -
60 °C, 2h
7N\

Cl c

Me

29a = 8 membered bis(ADC) 34a
33a = Chugaev bis(ADC) 34b
33b = 7 membered bis(ADC) 34c

o =

Cc C
CMe bis(ADC) ligand
= 8 membered bis(ADC)
= Chugaev bis(ADC)
=7 membered bis(ADC)

Scheme 4.3Synthesis of bis(acetonitrile) adducts of palladium(ll) complexes.
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Bis(ADC) complexes84aand34cwere synthesized as white crystals using a
procedure similar to that used for the bis(NHC) complexes. However, the Chugaev type
five-membered chelate bis(ADC) comple4b) was prepared similarly to the
bis(phosphine) complexes, because of the instability of the isolated bis(adejoni

adduct.

Cyclization of acetylinic aldehydes to cyclic alkenyl ethers:
Initial catalytic studies

The substrate for the test catalytic reaction, 2-(phenyletjbgnzaldehydeS1),
was synthesized using a published procetlietial studies were carried out as NMR
scale reactions using J-Young NMR tubes. Mesitylene was selectednésraal
standard for the catalytic reaction. Substr&®) and the internal standard, mesitylene,
were mixed with 5% Pd catalyst in 0.6 mL of §IN. Then 1.2 equiv of C}¥DH was
added to the NMR tube, and the reaction was monitoréti INMR spectrospcopy at
room temperature. A relaxation delay of d1=5 was used during the acquisitiontod.spec
Integration ratios of the aldehyde proton of the subst&fe the methine proton of the
product P1), and the aromatic protons of mesitylene were used to determine the
concentrations of substrate and product at a given time in the reaction midsuéisR

are summarized in Table 4.1.

5 mol % Pd catalyst
7 uL. CH;0H (1.2 eq.)

0.6 mL CD;CN
5 uL mesitylene (Int. Std.)

25 mg

Scheme 4.4NMR scale catalytic cyclization of 2-(phenylethynyl)benzaldighy
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Table 4.1 Summary of NMR scale catalytic cyclization of 2-

(phenylethynyl)benzaldehyde with different catalysts

% vyield Initial rate (mM/ min.)
Pd catalyst By Time/ h Reactant Product
NMR disappearance| appearance
76.70 11
3la 0.39 0.37
98.06 30
99.05 11
31b 0.56 0.55
100 21.5
87.85 11
31lc 0.50 0.46
99.25 215
60.06 11
3le 0.14 0.13
100.0 25
51.5 11
31f 0.26 0.23
100.0 21.5
32a 100.0 2 - -
32b 84.83 9 1.24 1.40
28.46 11
32c 0.40 0.34
28.76 20
32d 5.0 75 - -
34a 65.34 11 0.40 0.35
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All tested bis(NHC) complexes gave excellent yields (>95%) within 24shour
However, reactions catalyzed by two bis(phosphine) compE3a@&®OPPE) andB2b
(DPPPro) were finished in a shorter time. An unidentified byproduct wastelgta the
reactions catalyzed by bis(phosphine) compl&&isand32cand bis(ADC) complex
34a Initial rates were calculated for 15-20% substrate consumption. All datahyewed
an induction period in the rate plots. Later it was found that acetonitrile is compéting
substrate for binding to palladium. Therefore acetonitrile cannot use as solvii for

catalytic reaction when measuring initial rates.

Selection of suitable solvent and temperature

To identify a suitable solvent for the cyclization reaction, five different stdye
dichloromethane, toluene, chlorobenzene, THF and 1,4-dioxane were used in the catalytic
reaction. Substrat®1lwas mixed with 0.5% Pd cataly&if) in the solvent, and then 1.2
equivalents of CkDH was added. The reaction mixture was heated &€60r 3 hours,
and percentage yield was determined by G.C. The reaction was monitogdriezole’
based bis(NHC) complexif. In dichloromethane solvent, the reaction temperature used
in was 40°C, and in other solvents it was B0. Reactions in dichloromethane, toluene,
chlorobenzene, and THF gave poor yields, but reactions in 1,4-dioxane solvent gave good
yields. The best yields were observed when dichloroethane was used as solvent.
Therefore, dichloroethane was the solvent of choice for this cyclizatiotmoreac

Methanol was investigated as solvent and nucleophile for the cyclization reaction.
This resulted in a mixture @nde6-membered produél andexc5-membered product

P2in various ratios with different catalysts and catalytic loadings. Vditdlyst31b, it
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was found that larger catalytic loading favored the formation oéxb&-membered ring

productP2. Belmont in 2007 reported AgOTf catalyzed cyclizatioistto form a

mixture of producPlandP2in a 5.1:1 ratid*

CHO

A\

0.5 mol % Pd catalyst (31f)

1.2 eq CH;0H

-

0.85 mL solvent
Internal standard
Heated

o

x mol % Pd catalyst (31b or 31f )

0.85 mL CH;OH

Internal standard
60 °C

OCH;, OCH,

Scheme 4.5Solvent and temperature effect on cyclization reactidilotlevant to

Tables 4.2, 4.3 and 4.4.

Table 4.2 Solvent effect on the cyclization 8fL with catalyst31f.

Solvent Temperature/ % yield (P1)
°C by G.C.
CH.CI, 40 14
Toluene 60 16
Chlorobenzene 60 31
THF 60 32
1,4-dioxane 60 82
CH,CICH.CI 60 98
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Table 4.3 Use of methanol as a solvent for cyclizatiorsato producé”l andP2

Pd catalyst | X mol % Pd| % P1° % p2° Reaction time (min.)
5 43 56 20
31f 2.5 75 25 20
1 80 20 20
31b 1 18 79 10

2% Yield by GC analysis

Using DCE as a solvent, the reaction temperature was varied to idbatify t
optimum reaction temperature. The reaction was monitored by G.C. in 20 minute time
intervals. At 50 and 60C, maximum yield was observed, but shorter reaction times were
required at 60C. When the reaction temperature was increased € 8fields dropped

to 68%, and formation of palladium black in the reaction mixtures was observed.

Table 4.4 Temperature effect on the cyclizationS#fwith catalyst31f in DCE.

TemperaturéC Maximum Time for maximum
% yield by GC yield / min.
25 65 180
50 98 80
60 98 40
80 68 40
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Therefore, the optimized reaction conditions were chosen to be one molar
equivalent 0fS1,1.2 equivalents of C¥DH and 0.5% Pd catalyst in DCE at @D
Diethylene glycol dibutyl ether was selected as a suitable intetiaradard for this

cyclization reaction.

0.5 mol % Pd catalyst
CHO 1.2 eq CH30H (50 pL)
O 0.85 mL DCE
AN >
100 pL O Diethylene glycol dibutyl
ether (50 pL, int. std.)
60 °C

Scheme 4.60ptimized reaction conditions for cyclization®1%

The reaction conditions shown in Scheme 4.6 were used in the cyclization
reaction with different catalysts. All reactants and solvent were puidtmL reaction
vial closed by a screw cap with a PTFE/silicon septum under inert atmasphere
reaction mixture was heated at®D for 5 minutes. Then methanol was injected into the
vial, and measurement of reaction time started. Aliquots of reaction mixtuee we
withdrawn via micro syringe at suitable time intervals. The catalyst iwithelrawn
sample was quenched with excess methylisocyanide in hexanes. The prdcipitate
palladium complex was filtered through glass fiber, and the filtratediated to a
known volume. These prepared samples were stored in a freezéCaindl G.C.
analysis. After G.C. analysis, concentrations of subst&djeafnd product®1) were

calculated using calibration curves. Before the initial rate studiaa) axperiment was
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used to establish the time interval for sample collection. Initial fatesubstrate
disappearance (-d[S1]/dt) and product appearance (d[P1]/dt) and uncertagnédes w
determined up to 15-20% substrate consumption. Initial rates were determined from
linear least-squares regression analyses of the plo&ljodifid [P1] versus time.
Uncertainties are reported at the 95% confidence level.

G.C. analyses were continued beyond 15-20% substrate consumption to identify
the minimum time required to produce the maximum yield. Then separate cizdmea
were set up as above, but without the internal standard, diethylene glycol dibutyl ethe
The reaction mixture was heated at°@0to a time required to get the maximum vyield
identified by G.C. experiments. Products were isolated by flash chromatiggraing
hexanes : ethyl acetate (9:1) as eluent. These results, togethi stitbtching

frequencies for methylisocyanide adducts of catalyst analoguesh@sm in Table 4.5.
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Table 4.5.Catalytic reaction data for cyclization 1 with various catalysts together

with IR stretching frequencies for analogous methylisocyanide adducts

[(MeNC), Pd | C=Np, | [(MeNC), Pd | Initial rate mM/s % Time
() cm?® | (L)]?* catalyst | d[S1)/dt | d[P1]/dt | Yield® | min.
26a 2269 3la 0.25(1) 0.21(1) 100(95) 140
26b 2272 31b 0.74(9) 0.73(2) 100(98) 70
26¢ 2274 31c 1.24(14) 1.20(6) 100(97) 30
26d 2282 31d 3.29(7) 3.29(7) 100(9B) 9
26e 2251 31le 0.018(1) 0.018(1) 96(96) 650
26f 2279 31f 1.20(7)] 0.88(9) 98(95 40
28a 2262 32a 9.47(73) 9.04(5f7) 97(94) 4
28b 2268 32b 3.09(16) 2.94(36) 96(93) 10
28c 2272 32¢c 4.62(62) 3.39(82) 72(50) 7
28e 2268 32e 0.56(4) 0.40(1) 97(9%) 140
30a 2270 34a 0.068(3) 0.068(3) 85(88) 480
30b 2268 34b 0.20(2) 0.11(3) 68(60) 22D
30c 2273 34c 1.13(3) 1.15(7)  98(93) 5(

4isolated yield in parenthesis is after column chatography

All bis(NHC) complexes3la-31) gave excellent yields (>95%) with various
reaction times. Bis(phosphine) comple82s, 32band32ealso gave excellent yields,
but the dimeric bis(phosphine) complgXcgave a moderate yield. Bis(ADC) complex

34cgave an excellent yield but the other bis(ADC) compl@&desand34b produced
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only moderate to good yields (-85%). Most of théis(phosphine) complexe32a-
320 showeda very short reaon time (4-10 minutes), witB1d being theonly bis(NHC)
complex to show a comparal reaction time (9 minutes). To correléite catalytic
activity with donor ability of ligand<a plot of initial cyclization rategersu: Avyenc for
various catalysts is shown iligure 4.1. Catalyst32¢ 32¢ and34awere excluded fror
this comparison due toans-dimeric nature o82cand the instability 082e and34a

(formation of palladium black during initial rateudies and poor elemental analy

results).
o~ o1 _a¥_ .. .2 ..~ A_.AA_AI™
CYUIIZAaliUll 1dil€ VD /AAV IVITING.
Bis{phosphines}
180 10
|
-
[ ]
[ ]
160 -k
- 5
€ =
Q [}
o 140 : 6 2
> bis(carbenes) 8
[} o
s 2
2 120 4
< “
n
100 2
80 0
BuNHC  Bitrizole  PrNHC ~ CF3ACD  EtNHC  MeNHC ChaADC  AbNHC DPPP DPPE

Ligand B Deltanu B |[nitial rate

Figure 4.1.Cyclization rate of alkenylaldehyde ver:Avyenc for various(chelate) P&

complexes.

According to Figure 4, all bis(carbene) complexes shaworrelation betwee

initial rate of cyclization and donor abilitAvuenc), but no correlatiomvas observed for
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the bis(phosphine) complexes. Cyclization rate decreased with decr&aging value
(increasing donor ability). This is attributed to weaker donor ligands (lAsgRkic)
producing electron-poor Pd centers, thus increasing Lewis acidity. dresrbigher
cyclization rates were observed. Conversely, lower cyclization raesobserved for
strong donor ligands (smallamvenc) due to a reduction in Lewis acidity by electron-

rich Pd centers. The unusual higher cyclization rate for bis(phosphine) complexes
despite their lowAvyenc Values, is proposed to result from labile phosphine ligands. Two

types of evidence for phosphine lability were found during this investigation.

— o 12
\ - Me,CO - \ / \Ph 2BPh,
—>
AN . Ph / \ _Ph
& ey 25 °C KPS
Me Me

+ [Pd(CNMe),][BPh,],

Scheme 4.7Evidence for phosphine lability during crystal growth of the DPPE complex.

Attempted synthesis of a larger chelate ring size bis(phosphine) comighethe
DPPBut ligand revealed a monomer ([(DPPBut) Pd(ll) (CHeHBF4]2)-dimer
[(DPPBut) Pd(ll); (CNCHg)4] [BF4]4 equilibrium in the NMR solution (Chapter Ill,
Scheme 3.6). This is due to the labile DPPBut ligand. The second type of evidence was
found during crystal growth of [[DPPE) Pd(ll) (CN@H [BF4]2, when complex
[(DPPE) Pd(11)] [BF4]2 was isolated instead (Scheme 4.7). This happened due to
exchange of DPPE from one complex with two methylisocyanides in anotheresompl

This product’s crystal structure was identified by X-ray crysggdphy.
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Therefore, a rigidnon-labile bis(phosphine) ligand, DPPBeias seleted for
this study. Its complex’av venc Value and cyclization rare shown in Figure 4

together with thdis(carbene) complexe
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Figure 4.2 Cyclization rate of alnylaldehyde versuav yvenc for therigid, nor-labile

DPPBen complex and bis(carbercomplexes.

For theDPPBen comple, cyclization rate andyv venc Valuewere in betwee
those found for thethylene and methylene lirge bis(NHC) complexes.ccording to
Figure 4.2, theyclizationrate decreased with increasing ligatwhor abilty (decreasing
Av menc). However, thigs not a linear relationshiElectronic effects appear to be m

important, but steric effects may also play a The highest initial rate was observed
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the weakest donor ligand, the butylene linkage bis(NHC) complex, and the loigest ra

was observed for the strongest donor ligand, the ‘abnormal’ bis(NHC).

Density Functional Theoretical (DFT) calculations

Density Functional Theoretical (DFT) calculations were done usenG#ussian
03 software package to determine the frontier orbital energies for opdimiz
(bisNHC)Pd" species. The B3LYP density functional with the CEP-31G(d) basis set was
employed for these calculations. Calculated values together with expésinaalues are
shown in Figure 4.3. The optimized (bisNHCjPhiite angles are similar to the values in
the X-ray crystal structures of bis(methylisocyanide) adducts dfiPd* species
26a-26d Very small deviations were observed 2@aand26c¢(< 2° %) but significant
deviations were observed B6b and26d (5-8 %). LUMO energies increased fradtba
to 26d (with increasing chelate ring size), with a similar increase itHBBIO energies,
but the increase in the latter is slightly lower u@éa The energy gap between the
HOMO and LUMO stays relatively similar, but the lowest gap was gbddor26d.
Dihedral angle shows the best correlation with LUMO energy, with these tugsva
increasing fron26ato 26calong with increasing chelate ring size, and then both values
drop slightly for26d relative to26c Generally, increases in bite angle, dihedral argle,
donation, reaction rate, and LUMO and HOMO energies are observed withsgttrea
chelate ring size, but this relationship is not linear and some deviation is obsexsed. B
on these results, no clear correlation can be seen, and further DFT studies may b

required.
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Figure 4.3 Virtual LUMO energies from optimized (bisNHC)?* (B3LYP/CEF-

31G(d) Gaussian03) together with experimeiand catalytic rate data.

Ligand steric effectsversus cyclization rate

Tolman cone anglf,?? solid angle?, ligand repulsive energids > Taft-

DuboisEsstericparameter®* and QALE>? are the mostommonly used steric ar
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stereoelectronic parameters for studing ligand effects. Steratstiechelates and non-
symmetrical ligands are best modeled using solid afg®slid angles reflect the size,
shape and conformation of the ligand, which is dependent on the coordination
environment and other ligands present in the system. For steric ef@atan‘be

calculated using equation (&).

9 A
G = Zpr 100 = = 100 (1)

Where,Q = solid angle, A = shadow area and r = radius.

GpdL) represents the percentage of the Pd coordination sphere shielded by ligand
L (ligand shielding), ané, represent the percentage of Pd coordination sphere shielded
by more than one ligand (ligand shadow overlap). These were calculated ugiag sin
crystal X-ray structures of different complexes. These data, togetieother
previously determined stereoelectronic parameters, are shown in Figuied lowest
bis(NHC) ‘ligand shielding’ was observed in the methylene linkage con2g@laxand
shielding increases with increasing chelate ring size. The higrgssidishielding’ was
observed in the butylene linkage comp®8d. This trend correlates with the reaction rate
andAv venc, Where both values increase with increasing chelate ring size.

More interestingly, the less sterically shielded ligand compéashowed
stronger donation compared to the more sterically shielded co@fdexhich showed
weaker donation. Nolan in 2003 reported the same type of trend Ru@yHC)CI
complexes, where bulker NHCs bind more weakly to Ru than less bulky RH@s.

largerGpqL) may reflect a weaker Pd carbene bond, thus reducing electron density
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around Pd. Thereforéhe Lewis acidity of P increases, leading to arcreas in

electrophilic cyclzation rate
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Figure 4.4 CalculatedGp4L) andG, together withother stereoelectronic parame



G,, representing the percentage of the Pd metal coordination sphere shielded by
more than one ligand, shows the highest valu@®ay decreases towabc and then
shows a slightly increased value2fd. Dihedral angle inversely correlates wi with
the lowest value observed 28a an increase towar26c, and then a slightly decreased
value in26d. The increase in dihedral angle moves the N-methyl groups away from the
methylisocyanide ligand, makir®, decreased. Largg, can reduce the catalytic activity
because of steric interaction between bis(NHC) ligand and incoming substrate
Interestingly the relative LUMO energies of bis(NHCjPalso showed the same
changes a6,. Therefore, a combination of steric and electronic parameters of the

bis(NHC) ligands affects the catalytic activities of the comgsex

The reaction mechanism
The effects of changing concentrations of S1, Pd, methanol and acetonitrile on the
rate of cyclization were measured by changing one variable and kelepiaothers
constant. The rate is affected by all of these variables, as shown in Figureséd oBa
these results and previous studiésthe reaction mechanism shown in Figure 4.6 can be
proposed, with final protonation or attack of hemiacetal on alkyne or attackiudmoé
as the rate determining step. The rate is increased with increasicentrations of S1,
Pd, and methanol, while the rate decreased with increasing ackt@uitrcentration, but
these are not in linear relationships. The rate increases with incredstogdéentration
and did not fit simple first or second order kinetic plots. Acetonitrile inhibégeaction,

which is important, because the pre-catalyst contain two acetonitrileutedett showed
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saturation kinetics at higher methanol concentration, this is may be due to ghifuegin

rate determined step to acetonitrile dissocation from pre-catalyst.

(a) Initial rate vs [S1] (b) Initial rate vs [CH;0H]
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Reaction condition: (a) [Pd] = 0.5 mM, [GBH], 750 mM = [CHCN]= 1 mM, (b)[Pd] = 0.5 mM, [S1] =
250 mM, [CHCN] = 1 mM, (c) [S1] = 0.5, [Pd] = 0.5 mM, [GBH] = 750 mM, (d)[ S1] = 250 mM,
[CH30OH], 250 mM = [CHCN] = 1 mM and diethyl glycol dibutyl ether as imal standard. Heated at 60
°C and analyzed by G.C.

Figure 4.5.Effects on reaction rate of varying concentration of S13GN\H Pd catalyst,

and CHOH.
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In the proposed mechanism, dissociation of acetonitrile from the prgstéial
produces the active catalyg). The active catalysti§ forms a complex with the oxygen
of the substrate aldehyde group (iii). This makes the aldehyde susséptitlack by
methanol to produce a hemiacetal. The coordination of the alkyne of the sutustrat
Pd(LY* (iv) activates it towards nucleophilic attack of the hydroxyl moiety of the
hemiacetal to produce the vinylpalladium intermediate (v). This Pd@an be either the
previous Pd(L3*, which activated the aldehyde or a new Pti(kpecies. This explains
why Pd did not show simplé'br 2" order kinetics. Finally, protonation of the
vinylpalladium species produces cyclic alkenyl ether product (P1) andereges the

active catalyst.

Pd(L)(NCCH,),**
(i)
2 NCCH,
OMe CHO
(i)
b Ph f‘ ‘N Q o
H+
OMe MeOH
o
Z Ph
Pd(L)*
(v) MeO
»& 3
)
H* /\ Ph
Pd(L)?*

(iv)

Figure 4.6. Reaction mechanism for cyclization of 2-(Phenylethynyl)benzalde(8ile
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Hydroarylation of aromatic C-H bonds with alkynes

A hydroarylation reaction was used to further assess the correlatiozelnetw
catalytic activity and donor ability. Mesitylene and propiolic acid welecssd as arene
and alkyne substrates, respectively. A slight modification of reaction corgdigported
for Fuijiwara was used for the reaction. Trifluoroacetic acid and dichlonethare
used as solvents in a 4:1 ratio. Excess propiolic acid was used for the reaction with a
propiolic acid to mesitylene ratio of 1.4 : 1. Because of the acidic reaction oosditi
only bis(NHC) complexes were checked for catalytic activity. Thetren conditions are
summarized in Scheme 4.8. Mesitylene, the palladium catalyst, and solMeAtar{d
DCE) were placed in a 4 mL reaction vial closed by a screw cap witkB/8lficon
septum. The reaction was initiated by injecting propiolic acid through gterseand
measurement of reaction time was started. Aliquots of the reactioarenixére
withdrawn using a micro syringe at appropriate time intervals. Withdsamples were
quenched by adding to CD@l;, and then analyzed B NMR. Dichloroethane present
in the reaction mixture was used as an internal standard to calculate the rediocsndf

products. Results are summarized in Table 4.6.

H H
Xx-H + X ~COOH
COOH H

H
| | 0.5 mol% Pd cat. Major
. Minor
c 0.20 mL DCE H H
o 0.80 mL TFA
a 40°C H—~ NH
HOOC COOH
By product

Scheme 4.8Hydroarylation reaction between mesitylene (1 equivalent) and propiolic

acid (1.4 equivalents).
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Table 4.6.Results for catalytic mesitylene (1 equivalent) addition to propiolic acid (1.4

equivalents).

Mesitylene disappearance % vyield at % vyield at % vyield at
Pd Catalyst

rate (mM /s) 0.5 h (Z:E)® 1 h (Z:E)® 4 h (Z:E)®
8a 0.015(2) 37 50 85 (40:1)
8b 0.045(2) 53 69 (40:1) 82 (35:1)

8c 0.135(12) 77 (25:1) - -

8d 0.164(25) 74 (25:1) - -
8e 0.120(30) 30 61 (15:1) 72 (20:1)
8f 0.109(16) 61 (25:1) 71 (25:1) 74 (20:1)

@Based on mesitylene using NMR

All bis(NHC) catalysts gave good yields (72 — 85 %). At the completion of the
reaction all propiolic acid was consumed and some unreacted mesitylene wégddenti
Both Z and E isomers of the alkene product were identified, with Z as prajwuct and
E as the minor isomer. Trace amounts of the 1:2 arene/alkyene addition praguct we
detected as a byproduct. Most transition metal catalysts undergo additidD nauGiple
bond in acis-fashion, resulting itrans-products, but this reaction results in tie
isomer (Z) as the major product. This is due to the reaction mechanism, winere are
addition to the alkyne happens via electrophilic substit#fidmese observations agreed
with previously reported hydroarylation reactiofd>**#*There were a few reports

suggesting that excess of arene leads to the Z isomer excessivedjoiihell of the
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reactions were repeated using a 2:1 ratio of mesitylene to propiolic acid asiag s

reaction conditions and method. The results are summarized in Table 4.7.

Table 4.7 Pd-catalyzed hydroarylation between mesitylene (2 equivalents) @pidljur
acid (1 equivalent) correlated with IR stretching frequencies for amagogigand) Pt

methylisocyanide adducts.

Pd Mesitylene disappearance [(MeNC), AVyenc
% yield®

Catalyst rate (mM /s) Pd (L)]* cm™
31a 0.018(1) 94 26a 2269
31b 0.054(1) 92 26b 2272
31c 0.144(8) 98 26¢ 2274
31d 0.212(33) 94 26d 2282
31e 0.172(17) 92 26e 2251
31f 0.178(16) 96 26f 2279

4Based on propiolic acid usirtgl NMR, E isomer is less than 3% of total product

All catalysts showed excellent yields (>92%) with excellerestelectivity (Z >
97%), and no double addition products were detected. Mesitylene concentrations were
calculated fromtH NMR integration ratios using dichloroethane as an internal standard.
Initial rates for mesitylene disappearance (d[Mes]/dt) and uncéetinere determined
up to 15-20% substrate consumption. Initial rates were determined from éastr |

squares regression analyses of the plots of [Mes] versus time. Uncestanatireported
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at the95% confidence leve To compare the catalytic activitesth donor abilitie of
ligands, hydroarylation rate versAvyenc With various catalysts askhown in Figure 4.
Figure 4.7 showa correlation between hydroarylation rate and datdity
except for theabnormal’ bis(NHC) complex26e / 31 The hghest hydroarylation rat
was observed with theeakest donor ligar, thebutylene linkage bis(NHCof complex
(26d / 319. The hydroaryldon rate decreases with increasaanor ability untilthe
methylene linkage bis(NHC) comple26a / 313. However, arunusual increase in ra
is observed for thetrongest donor ligal, the ‘abnormal’ bis(NHCfomplex 26e / 31§
There were previougports indicatingheinstability of ‘abnormal’ bis(NHC) mel
complexes in acidic mediu®* Therefore, separate experimenwtre carried out to ass:
the stability of theabnormal’ bis(NHC) metal comple31eand thebutylene linkage

bis(NHC) complex31d, the most active cataly

Hydroarylation rate vs Av MeNC
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Figure 4.7.Hydroarylation rate verstAvyenc for bis(NHC) Pd* catalyst
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Palladium complexe31d and31ewere dissolved in the solvent mixture (TFA :
DCE 4:1) used for the hydroarylation reaction without substrates. The reactiomasi
were heated at 4Q for the time required to complete the reaction for the corresponding
catalysts. The solutions were evaporated, then the residue was dried under vaduum, a
'H NMR spectra were recorded. CompBd did not show any decomposition, but
complex3ledid show significant decomposition5%) to a product that was identified
as the corresponding imidazolium salt (Scheme 4.9)fIlé¢MR of the ‘abnormal’ bis
imidazolium sal24ewas checked in GEOOD-d;. Resonances were similar to those
found in the decomposed product3dfg thus indicating ‘abnormal’ bis(NHC) complex
3ledecomposed to imidazolium salt under acidic reaction condition for hydroarylation.
No precipitate formation was observed during hydroarylation reactiorsrgilex31e
but a bright pale orange color was observed, whereas other catalysts prodigiced a |
yellow/orange color. This suggests possible formation of naked palladium or nano
particles, which lends to higher reaction rates than usual. These stuthes ¢the
correlation between electrophilic catalytic activity and ligand donditygkas observed

in the catalytic cyclization of acetylinic aldehydes.
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Scheme 4.9Stability of bis(NHC) complexe31d and31ein acidic conditions

Other electrophilic catalytic reactions investigated
The one pot synthesis of asymmetric triarylmethanes from arylborodg; aci
arylaldehydes and activated arylaldehydes with cationic Pd(ll) epested by Lu in

2007 (Scheme 4.165.

OCH;

B(OH),

CHO
H;CO OCH;
Cationic Pd(ll)
+ + ————® H,CO OCH;
CH3NO,, 80°C
NO

Scheme 4.100ne pot synthesis of asymmetrical triarylmethanes (adapted fromniefere

2

32)
The methylene linkage bis(NHC) Pd dibromide com@8k and bis(phosphine)
complex (DPPB)PdGI27d were used as palladium catalysts for initial studies. AgBF

was used to abstract halide and generate a cationic Pd(ll) compléx ink& catalytic
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study was started by placing 1.2 molar equivalents of phenylboronic acid, 1 molar
equivalent of 4-nitrobenzaldehyde, 5 mol % Pd catalyst, 10 mol % AgiBE CHNO,
in a sealable thick-wall glass vessel. The reaction mixture wesdséind heated at 8C
for 30 minutes, then 2 molar equivalents of 1,3,5-trimethoxybenzene was added, and the
mixture was heated at 8C for another 12 hours. TLC analysis suggested significant
amounts of unreacted phenylboronic acid. The resultant mixture was filheoeig/h
celite to remove palladium and silver salts, and the filtrate was coatseht he residue
was purified by flash chromatography (EtOAc : hexanes 1:9)&@% unreacted
phenylboronic acid was recovered. The expected triaryImethane was notdibigst
65 % of the double addition product ‘bis(2,4,6-trimethoxyphepyl)(
nitrophenyl)methane’ was detected. The synthesis of this compound was previously
reported with 1,3,5-trimethoxybenzene and 4-nitrobenzaldehyde using the
AuCl3y/3AgOTf catalytic syster® The blank reaction, without palladium catalyst, also
produced double addition product in excellent yield (> 90 %), suggesting silver salts al
catalyze this double addition reaction.

Using the bis(acetonitrile) adduct of bis(NHC) com@éxs, catalytic production
of bis(2,4,6-trimethoxyphenybp¢nitrophenyl)methane was examined only using 1,3,5-
trimethoxybenzene and 4-nitrobenzaldehyde. The synthesis was startedity pla
molar equivalent of 4-nitrobenzaldehyde, 2 molar equivalents of 1,3,5-
trimethoxybenzene, 5 mol % Pd catalyst, angBBt in a sealable thick-walled glass
vessel. The reaction mixture was stirred and heated & 8ir 12 hours. The resultant

mixture was concentrated, and the residue was purified by flash chroapdtpdEtOAC
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: hexanes 1:9). Bis(2,4,6-trimethoxyphengiitrophenyl)methane was isolated in good

yield (~ 80 %).

NO,
CHO O
H;CO OCH;3 Cationic Pd(ll) H,CO OCH;
1 eq. 2 eq.
q + 2eq CH3NO,, 80°C O O
NO, OCH; HsCO OCH;
OCH; OCH;

Scheme 4.11Synthesis of bis(2,4,6-trimethoxyphengb{itrophenyl)methane

These results suggests that during the triarylmethane synthesigpmilcte
addition of phenylboronic acid to 4-nitrobenzaldehyde was not occurring. Reaction of
phenylboronic acid and 4-nitrobenzaldehyde with 5% catalyst gNOkifailed. During
the time of this investigation, more electrophilic palladium catalystg wot
synthesized, and modification of the reaction condition was not performed. Therefo
using more electrophilic palladium catalysts 18 and optimizing reaction condition

may produce asymmetric triarymethanes.

Cyclization of 2-(phenylethynyl)benzaldehyde using benzyl amine asacleophile

Dihydroisoquinoline derivatives have been synthesized using
(phenylethynyl)benzaldehydad amine together with another nucleophile or reducing
agent like sodium borohydrid&>° Ye reported very trace amounts of

dihydroisoquinoline derivatives in the reaction of 2-(phenylethynyl)benzalesiyd
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benzylamine and ethynylbenzefi@ptimized reaction conditions for the cyclization of
S1with methanol were used to set up a reaction bet®8éamd benzylamine using
bis(NHC) catalysB81b. No cyclization product was observed with elongated reaction
times, but imine produd®3 was produced quantitatively within five minutes of reaction
at 60°C. The blank reaction revealed that Pd catalyst is necessary to obtain p@dtict
shorter reaction time. The solvent was changed to THF, and the reacsicetwg in a 4
mL reaction vial closed by a screw cap with a PTFE/silicon septum. éfteplete
consumption o681, 1 molar equivalent of KO'Bu in THF was injected, and the mixture
was heated at 60 until the reaction was complete. Product was isolated using flash
chromatography. The product was assignedsased on 1D-NMR data. More

investigation is necessary to confirm the structure.

o
NH,
H N
0.5 mol% Pd cat. Q N/\O
+ —_—
A THF, 60 °C N
|O P3 O
s1
K* -O'Bu,
THF, 60 °C

Scheme 4.12Pd-catalyzed reaction between of 2-(phenylethynyl)benzaldeSilyde

benzylamine, and KO'Bu.
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Summary and conclusion

The acetonitrile adducts of bis(NHC) palladium complexes showed excellent
catalytic activities towards cyclization of 2-(phenylethynyl)kdehyde and
hydroarylation of propiolic acid with mesitylene. The initial rates ofdlreactions with
bis(carbene) complexes show a correlation with ligand donicity predicted by
methylisocyanide IR probe studies in Chapter Ill. The highest ingtiasfor both
catalytic reactions were observed for bis(NHC) complest the complex with the
weakest donor ligand. Compl&ie with the strongest donor ‘abnormal’ bis(NHC),
shows the lowest initial rate for cyclization of 2-(phenylethinyl)ladsezhyde, but under
acidic hydroarylation condition it decomposed to bis(imidazolium) salts. Hoyenst
of the bis(phosphine) ligands did not show this correlation because of their lability in
palladium complexes. A non-labile, rigid bis(phosphine) compihshows the some
correlation as bis(NHC) complexes. Therefore, the methylisocyanigeolie study can
be used to predict catalytic activity in electrophilic reactions.

Steric factors also show a correlation with catalytic activity and daipibty.
Reaction rates increase with increasing percentage of the Pd metal camrdipbere
shielded by ligand L (ligand shielding¥p{L). The bis(NHC) comple81d, showing the
highestGp4L) value, also showed the highest initial rate. If a higher pergertathe Pd
coordination sphere was overlapped by more than one ligahdt(also affected the
reaction rate. Thi§, value showed a correlation with dihedral angle and LUMO
energies of (bisNHC)Pd

Because of these correlations between stereoelectronic factors aritydibrman

be suggested that a proper balance between steric and electronic fact@ssanydo
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design highly active catalysts. The bis(NHC) complexes showed widelmasiat
catalytic activity and donicity. Therefore, bis(NHC) ligands can be tuned to suppor
electrophilic catalysis by a metal, in contrast to the prevailing use of-iBIGs to

engender electron rich metal centers.

Experimental

General Considerations All manipulations were carried out under air unless otherwise
noted. Diethyl ether (Acrosi-hexane (Acros), THF (Pharmco), toluene, 1,4-dioxane and
hexanes (Pharmco) were purified by distillation from sodium benzophenone ketyl.
Dichloromethane (Pharmco) and dichloroethane were washed with a sequence of
concentrated F5Oy, de-ionized water, 5% N@O; and de-ionized water, followed by pre
drying over anhydrous Cag£khen refluxing over and distillation from®s under

nitrogen. Acetonitrile (Pharmco) was pre-dried over anhydrous,@adIrefluxed over

and distilled from Caklunder nitrogen. NMR solvents were purchased from Cambridge
Isotope Laboratories. DMS@sand CRCN-d; were dried over activated 4 A molecular
sieves followed by vacuum distillation at room temperaturexGiwas dried over
activated 4 A molecular sieves and stored oy€sPefore distillation at room
temperature for use. All other reagents were purchased from Acros, Aldrgtieor and
used as received. 2-(Phenylethynyl)benzaldehgdg{was prepared by literature
procedures. Products of 2-(phenylethynyl)benzaldehyde cyclization dnollnylation
reations were identified by comparison with published #at3\NMR spectra were
recorded on Varian GEMINI 2000 (300 MHz) and Varian Unity INOVA (400 and 600

MHz) spectrometers. Reported chemical shifts are referenced to resuealt peaks
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(13C, 1H). GC spectra were acquired from an Agilent 6850 series GC systeRi i
detectors using an HP-1 column (0.32 nm widebore, @2%Im and 30 m length).

Elemental analyses were performed by Midwest Microlab, Indianapadigna.

General procedures for catalytic reactions

Cyclization of 2-(Phenylethynyl)benzaldehyde (S1)

2-(Phenylethynyl)benzaldehyde (0.5 mmol, 1) and diethylene glycol dibutyl
ether (50uL) were mixed with 0.5 mol % Pd catalyst in 0.85 mL of 1,2-dichloroethane,
and the mixture was heated at%&Dfor 5 minutes. CkDH (0.6 mmol, 2quL) was then
added to the reaction mixture, and the temperature was maintainetCati&0u L
samples were withdrawn at appropriate time intervals and added to ext®S @
hexanes to quench the reaction. The mixture was filtered through celite to remove
catalyst, and the filtrate was diluted to a known volume and analyzed byn&C.

separate experiment, product was isolated using flash chromatography.

Hydroarylation of propiolic acid with mesitylene

Mesitylene (2.0 mmol, 286L), Pd catalyst (0.5 mol % based on propiolic acid),
0.20 mL dichloroethane and 0.80 mL trifluroacetic acid were mixed in a 4 mLaeacti
vial under argon. The mixture was heated at@®or 3 minutes, and then propiolic acid
(2.0 mmol, 63uL) was added. 10 uL samples were withdrawn at appropriate time

intervals and added to CD@b quench the reaction. Samples were analyzeé#i NMR
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using dichloroethane integration as an internal stanBaodlucts were identified by

comparsion with reported NMR spectra of products.

Kinetic Studies

Experiments were set up as described above for general catalytidymex:e
Reactant concentration was varied according to experiment. Concentodtsutstrate
and products at various time were determined using GX&l NMR. The rates of
reactions and uncertainties were determined from linear least-sggagssion analyesis
of plots of concentrations of substrate and product versus time. Uncertaintes wer

reported at the 95% confidence level.

[{1,1'-Dimethyl-3,3'-ethylenediimidazol-2,2'-diylidene}palladium(ll) (NCCH3),]
[BF4. 31b

A mixture of (1,1'-dimethyl-3,3'-ethylenediimidazol-2,2'-diylidene) PdBO0
mg, 0.218 mmol), AgBF(90 mg, 0.438 mmol), and anhydrous acetonitrile (10 mL) was
placed in a sealed ampule under nitrogen. The reaction mixture was heaté@ 60
h with stirring. The mixture was then filtered through celite, the solventevasved
under vacuum, and the residue was dried in vacuum for 3 h. The product was again
dissolved in acetonitrile (5 mL), it was filtered through celite, solventevaporated,
and the residue was dried in vacuum for 3 h. This sequence was repeated oneenore tim
In the final sequence, diethyl ether was added to the filtrate to obtain pesdwbite
crystals. The product was isolated by filtration and dried in vacuo for 12 h: Y{@d

mg, 87%.*H NMR (400 MHz, DMSO-¢): & 7.51(d, 4H>J.44 = 7.6 Hz,imidazolg, 5.31-
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5.29 (m, 2H, ©.), 4.60-4.54 (m, 2HZH,), 3.91 (s, 6H, imid.N-63) 2.08 (s, 6H, CN-
CHs). 1*C NMR (100 MHz, DMSO-g): § 144.27 (carbene), 125.00 (imid. C), 124.03
(imid. C), 118.18 (KC-CHs), 47.20 (NCH,), 37.48 (imid.NCHs), 1.18 (t,CH3-CN).

Anal. Calculated for GH» B2FsNePd: C, 30.44; H, 3.65; N, 15.22 %. Found: C, 30.80;

H, 3.77: N, 15.21 %.

[{1,1'-Dimethyl-3,3'-propylenediimidazol-2,2'-diylidene}palladium(l1) (NCCH 3);]
[BF4., 31c

A mixture of (1,1'-dimethyl-3,3'-propylenediimidazol-2,2'-diylidene) PABO
mg, 0.128 mmol), AgBF(50 mg, 0.255 mmol), and anhydrous acetonitrile (10 mL) was
placed in a sealed ampule under nitrogen. The reaction mixture was heatéa &r60
h with stirring. The mixture was then filtered through celite, the solventevasved
under vacuum, and the residue was dried in vacuum for 3 h. The product was again
dissolved in acetonitrile (5 mL), it was filtered through celite, the solweastevaporated,
and the product was dried in vacuum for 3 h. This sequence was repeated one more time.
In the final sequence, diethyl ether was added to the filtrate to obtain predubite
crystals. The product was isolated by filtration and dried in vacuo for 12 lal. 6i2img,
92%.H NMR (400 MHz, DMSO-g): & 7.47(d, 2H334 = 2 Hz,imidazold, 7.44(d, 2H,
3Jun = 1.6 Hz,imidazold, 5.05 (br t, 2H>J4n = 12.8, GH,), 4.49-4.44 (ddBJy, = 5.8,
14.2, 2H, ®l,), 4.07 (s, 6H, imid.N-83), 2.38-2.34 (m, 1H, B,), 2.07 (s, 6H, €5
CN), 1.82-1.73 (m, 1H, B,). *C NMR (100 MHz, DMSO-g): & 147.24 (Carbene),
124.84 (imid. C), 124.60 (imid. C), 118.18@MHs), 51.31 (NCHy), 37.62 (imid.N-
CHg), 30.97 (CEH>), 1.18 (t,CH3-CN). Anal. Calculated for: gH», BoFgNgPd: C,

31.81; H, 3.92; N, 14.84 %. Found: C, 32.67; H, 4.09: N, 14.93 %.
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[{1,1'-Dimethyl-3,3'-butylenediimidazol-2,2'-diylidene}palladium(ll ) (NCCHz3),]
[BF4. 31d

A mixture of (1,1'-dimethyl-3,3'-butylenediimidazol-2,2'-diylidene) PdQIr8
mg, 0.449 mmol), AgBF(175 mg, 0.897 mmol), and anhydrous acetonitrile (10 mL) was
placed in a sealed ampule under nitrogen. The reaction mixture was heaté@ 60
h with stirring. The mixture was then filtered through celite, the solventevasved
under vacuum, and the residue was dried in vacuum for 3 h. The product was again
dissolved in acetonitrile (5 mL), it was filtered through celite, the solwastevaporated
and the product was dried in vacuum for 3 h. This sequence was repeated one more time.
In the final sequence, diethyl ether was layered over the filtrate tim @tuct as white
crystals. Product was isolated by filtration and dried in vacuo for 12 h. Yield: 137 mg,
54%.'H NMR (400 MHz, CRCN-ds): & 7.21 (s, 4Himidazold, 4.89 (br m, 2H, €,),
4.24 (br m, 2H, €l,), 3.98 (s, 6H, imid.N-83), 2.05(br s, 2H, €.), 1.96 (s, 6H, CN-
CHa), 1.50 (br s, 2H, B,), °C NMR (100 MHz, CRCN-ck): § 146.23 (carbene), 126.57
(imid. C), 124.08 (imid. C), 47.19 (8H,), 38.87 (imid.NE€Hj3), 26.03 (CEH,), 1.78
(CH3-CN). Anal. Calculated for £gHo4 BoFgNgPd: C, 33.11; H, 4.17; N, 14.48 %. Found:

C, 33.03; H, 4.16: N, 14.37 %.

[(1,1',2,2'-Tetramethyl-3,3'-methylenediimidazol-2,2'-diylidene) pallaium(ll)
(NCCHy);] [BF4]2 31f

A mixture of (1,1',2,2'-tetramethyl-3,3'-methylenediimidazol-2,2'-dsie) PdBr
(200 mg, 0.212 mmol), AgBR98 mg, 0.426 mmol), and anhydrous acetonitrile (10 mL)
was placed in a sealed ampule under nitrogen. The reaction mixture was héaf&l at

for 4 h with stirring. The mixture was then filtered through celite, the solvast
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removed under vacuum, and the residue was dried in vacuum for 3 h. The product was
again dissolved in acetonitrile (5 mL), it was filtered through celite, tivesblvas

evaporated and the product was dried in vacuum for 3 h. This sequence was repeated one
more time. In the final sequence, diethyl ether was added to the filtratéato product

as white crystals. Product was isolated by filtration and dried in vacuo for i&lth. 8

mg, 82%.H NMR (400 MHz, DMSO-g): § 6.98 (s, 2Himidazold, 6.05 (s, 2H, €l,),

3.68 (s, 6H, imid.N-El3), 2.65 (s, 6H, imid.C-85), 2.08 (s, 6H, NC-83). 1°C NMR

(100 MHz, DMSO-g): & 143.17 (carbene), 126.16 (im@CHsz), 123.59 CN-CHy),

118.21 (imidCH), 59.77 (N€H), 34.16 (imid.NCH3), 9.72 (imid.CEH3), 1.20 (NC-

CHy3). Anal. Calculated for H22 BoFsNgPd: C, 31.81; H, 3.92; N, 14.84 %. Found: C,

31.90; H, 3.98: N, 14.82 %.

[(1,2-Bis(diphenylphosphino)benzene)palladium(l)(NCCH),][BF 4]

A mixture of (DPPBenzene)PdQqL50 mg, 0.241 mmol), AgBK94 mg, 0.481
mmol), and anhydrous acetonitrile (10 mL) was placed in a sealed ampule under
nitrogen. The reaction mixture was heated at@@or 2 h with stirring. The mixture was
then filtered through celite, the solvent was removed under vacuum, and the residue was
dried in vacuum for 3 h. Dichloromethane (10 mL) was added, and the mixture was again
filtered through celite. The solvent was removed under vacuum, the product was
dissolved in acetonitrile, and diethyl ether was layered over the solution talget p
yellow crystals. Product was isolated by filtration and dried in vacuo for Yield: 120
mg, 61%.H NMR (400 MHz, CRCN-d): & 7.92-7.59 (m, 24H, Ph), 1.96 (s, 6H,

NCCHs). **C NMR (100 MHz, CRCN-ds): § 136.60 (Ph), 135.24 (Ph), 135.12 (Ph),
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135.01 (Ph), 134.94 (Ph), 134.80 (Ph), 134.73 (Ph), 134.68 (Ph), 131.00 (Ph), 130.93
(Ph), 130.87 (Ph), 126.02 (Ph), 1.76 (lEs). Anal. Calculated for: €&H3oB>FsN.P,Pd:

C, 50.50; H, 3.74; N, 3.46 %. Found: C, 50.19; H, 3.84: N, 3.54 %.
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CHAPTER V

POLARIZED NAZAROQOV CYCLIZATIONS CATALYZED BY
CATIONIC BIS(CARBENE) PALLADIUM (II) COMPLEXES AND

SILVER SALTS
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Introduction

The presence of five membered carbocycles in natural products and bioactive
compounds has driven interest in the development of successful methods for their
synthesis. For the past few decades, the Nazarov cyclization reactidroivas s
tremendous growth in reaction scope and application. It has found application in key
steps of the syntheses of natural products, drugs and other compdinedsazarov
cyclization reaction is ardelectrocyclic reaction which creates a new carbon-carbon
bond stereospecifically through orbital reorganization. The mechanism involves

conversion of divinyl ketonekto cyclopentenoneésthrough Lewis acid activation.

D conrotatory E
| [
8 5+ R, H w

R R
(4]

Figure 5.1 Nazarov cyclization mechanism

First, divinyl ketone 1) binds to a Lewis acid to give a pentadienyl cat@)n (
Cyclization of @) then produces an oxyallyl catioB)(This cyclization must proceed
with conservation of orbital symmetry, so disrotatory ring closure isrefectlly
forbidden. Therefore, only the conrotatory ring closure pathway is followed, pngduc
an anti configuration of R1 and R2) @nd ensuring stereospecific bond formation.
Finally, a proton shift from3) produces cyclopentenonés through a Lewis acid-bound
enolate 4). This step produces a double bond normally in the thermodynamically more
stable position, which is that with the highest degree of substitutiansh reaction

conditions affects the position of the double bond in the final product.
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In early work, stoichiometric amounts of strong Lewis atiisften with a strong
promotef® such as BE AICIs, SnCl or TiCls, were used to get optimum yields in
Nazarov cyclization reactions. The introduction of polarized vinyl ketones conttitmute
new developments in this field. These highly reactive vinyl ketones undergoicatalyt

cyclization by a number of mild Lewis acids and transition metal comptéxes.

a
@ o S
R o R R
C2 C4
R
B B R R

s-trans/ s-trans s-cis | s-trans s-cis | s-cis

(b) o ()

EDG _c2 M ¢4 EWG

v U
C1CSR2

R1
Steric
hindrance
(d)
0 O 0]
Cu(OTf), WC(O)OMe
OCHy —0
Me Ph Me Ph
Isomerization
(0] @) 0
OCH3 \‘\\\C(O)OMG
—%—> ,
Ph 2
Me Me Ph

Figure 5.2.Effects of different substituent patterns on the catalytic activity.

232



Certain characteristics of the substrate will affect the cataygtivity, as shown
in Figure 5.2. Ther-substituents on C2 and C4 on the divinyl ketone improve the
cyclization activity due to higher rates of cyclization, favoring the&ss enone
conformers’ Electron-donating groups at the C2 position and electron-withdrawing
groups at the C4 position increase cyclization rates due to creation of azguila
divinyl ketone syster.Internalp-substitutedsubstrates encounter steric hindrance due to
the planar conformation adopted by the cation during electrocyclization. Denmark
showed that tetrasubstitued alkenes cyclize slower than trisubstitutedsfkit is
reported that isomers with Z geometry cyclize directly to give the ptogtde the E
isomer undergoes isomerization prior to cyclization, resulting in only one réiaster
being observed in reactions of mixtures of ison&ts.

Substrates with an oxygen substituent at the C4 position of the dienone are
cyclized efficiently under lower catalytic loading. Frontier et gloréed that cationic
iridium(Il) *> and palladium(Ii® complexes catalyzed cyclization of polarized vipyl
keto esters. The availability of two adjaceig-coordination sites is important for the
catalytic activity. The presence of Na salts as an additive in thedVazgclization
promoted the intermediate oxyallyl cation to undergo a Wagner-Meerweianmgament
to form spirocyclic cyclopentenon&s® Togni in 2004 reported a V(IV) salen dichloride
complex with an AgSbfadditive to catalyze the Nazarov cyclization of polarized vinyl
keto esters’ Until now, there has not much been investigation done to identify the role
of silver salts as a promoter in Nazarov cyclizations.

The current investigation focused on polarized Nazarov cyclization reactions

catalyzed by cationic bis(ADC) palladium complexes.
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Results and Discussion
Synthesis of bis(ADC) complexes

WanniarachcHf and Mirand& in the Slaughter research group reported five
different bis(ADC) palladium complexes with a cyclohexane diamine backboee.
only difference in these complexes is the ph@ayh substituent. Five differemk

substituents were used, from electron withdrawingt@Electron donating OCH

(#)- ®- H

7,
7,
','

NCu,,_ wCl
P - H\Nkpd)&N—H

X-@—Nc/ ¢i CH,Cl, / CH;CN c? g

X = CF3, F, H, CHs, OCHj
1) 2.5 CH3NC, CH4CN

2 AgBF, / CH4CN, 60 °C
2) 2 AgBF,, CH,CN

\J
2+ 2.|.
(2)- ] @ AN
g S 2BF,4 F $ 2BF,4

MejN H LI\/Ie Me_ H Me
H\N/kpd)\N,H H\N/kpd)\N'H

@L{ \LQ @L/ h

X X

L, = NCCHj3 L4 = CNCHjy

Scheme 5.1Synthesis of bis(ADC) palladium complexes (adapted from references 16
and 17)
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Bis(ADC) complexes were synthesized according to Wanniardéfactd
Miranda’s® procedure as given in Scheme 5.1. The synthesis started by placing one
equivalent of bis(isocyanide) palladium dichloride precursors and dry dichldrangein
a two neck round bottom flask fixed with a septum and a needle vial. One equivalent of
(rac)-N, N'-dimethyl-1,2-diaminocyclohexane was added to the precursor via a syringe
pump under argon, and the mixture was stirred for an additional two hours at room
temperature. The solvent was then stripped under vacuum, the residue daandridry
acetonitrile was added. The resultant mixture was refluxed for two hours ugdey ar
during which time a white precipitate began to form. The white solid, bis(ABTH)P
was isolated by filtration and dried under vacuum. In order to synthesize MeNCsadduct
for IR probe studies, the bis(ADC)PdCbmplexes were treated with excess
methylisocyanide (2.5 equivalents) in dry acetonitrile. This mixture tirasdsat room
temperature for 2 hours to produce MeNC adducts. Chloride anions in the bis(ADC)
palladium acetonitrile adducts were replaced with tetrafluoroborateshby treatment
with silver tetrafluoroborate in acetonitrile. Immediately after addition of AgBE, the
reaction mixture started to precipitate silver chloride, and the miwtasestirred for two
hours to complete the reaction. The reaction mixture was filtered throutghtogemove
the silver chloride. The product was isolated by layering diethyl ethetloato
concentrated solution in acetonitrile. IR stretching frequencies=GfiN
bis(methylisocyanide) adducts of bis(ADC) palladium complexes weoeded at high
resolution (0.5 cifl). Thep-CFs substituted ADC complex showed the highest stretching

frequency, thus indicating lowest effective donicity. ADC complexes pvittd; andp-
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OCH; substituents showed the lowest stretching frequencies and highesveffecti

donicity. These values correlated with Hammett constaftag shown in Table 5.1.

Table 5.1 Avn-c values for bis(ADC) complexes with Hammett constant

Bis(ADC) complex Hammett
Vave N=C (cm™?) | Avaye N=C (cm™)
(X) constant (op)
(CFs) 2273 113 0.53
F) 2266 106 0.15
(H) 2261 101 0.00
(CHg) 2260 100 -0.14
(OCHg) 2260 100 -0.29 or -0.12
4og K/Ko= ap

" 5, =pKa(benzoic acid) — pKa(substituted benzoic aaidgnp=1
K= acid dissociation constant of substitutedzméc acid

K,= acid dissociation constant of benzoic acid

o = substituent constant

p = sensitivity of the reaction to substituent efec

In order to synthesize acetonitrile adducts for catalytic studies, the
bis(ADC)PdC} complexes were treated with two molar equivalents of AgBBry
acetonitrile. This mixture was stirred at°@for 2 hours to produce acetonitrile adducts
and to precipitate the AgCI. The reaction mixture was cooled and filtered threlitgh c
to remove the silver chloride. The product was isolated by layering degtied onto the

concentrated solution in acetonitrile.
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Initial rate studies with Nazarov cyclization
Miranda reportelf that bis(acetonitrile) adducts of palladium bis(ADC)
complexes catalyzed the cyclization of ethyl-4-methyl-3-oxo-5-yk21(2,4,6-

trimethoxybenzylidene)pent-4-enoa&? in CH,Cl,.

Scheme 5.2Reaction conditions for cyclization 82

Initial rates for cyclization reactions with different bis(ADC) coexas were
measured using the reaction conditions shown in Scheme 5.2. The catalyst, interna
standard and C}&l, were placed into a 4 mL reaction vial closed by a screw cap with a
PTFE/silicon septum under inert atmosphere. A known amount of substrate@h CH
was then injected into the vial, and measurement of time started. Aliqubts refaction
mixture were withdrawn via micro syringe at suitable time intervals.cakedyst in the
withdrawn sample was quenched with excess methylisocyanide in acetpaitdlithe
sample was diluted to known volume. These prepared samples were store@zeadre
-4 °C until analyzed by HPLC. After HPLC analysis, the concentratiosslodtrate$2)
and productR5) were calculated using calibration curves. Before the initialstaiies,

a trial experiment was used to establish time intervals for sample wolldaitial rates
for substrate disappearance (-d[S2]/dt) and product appearance (d[&d/dt)

uncertainties were determined up to 15-20% substrate consumption. Inisalkeate
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determined from linear least-squares regression analyses of thefgle#sand [P5]
versus time. Uncertainties are reported at the 95% confidence level.

HPLC analyses were continued beyond the 15-20% substrate consumption to
identify the minimum time required to produce maximum yield. Separateaeseiere
set up as above but without internal standard. These reaction mixtures wedgatithe
time required to get maximum yield as identified by HPLC experim@ntzlucts were
isolated by flash chromatography using hexanes : ethyl acetate (8llieas These
results, together with IR stretching frequencies for methylisodgaadducts of the

catalysts, are shown in Table 5.2 and Figure 5.3.

Table 5.2 Catalytic reaction data for cyclization $2 with different bis(ADC)
palladium complexes together with IR stretching frequency for analogous

methylisocyanide adducts

Bis(ADC) Avn=c Initial rate mM/s Time
% Yield?

complex (X) cm? d[S1])/dt d[P1]/dt min.
(CF3) 113 7.47 7.01 97 (93) 25
(F) 106 3.36 3.23 98(94) 60
(H) 101 1.33 1.26 97(93) 180
(CHy) 100 1.24 1.19 96(95) 210
(OCHy) 100 1.21 1.13 98(96) 210
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Cyclization rate vs Av MeNC
0.25

5 =0.53

o
[
o

H
=
o

|

5
< =4
E G,=0.15 g

Y =
T 105 | 015 g
= G,=-0.29 RG]
g op=-0.14 or-0.12 3
< 100 010 g
- w
< N
95 | 0.05
90 — 0
CF3 F H CH3 0OCH3

m [nitial
rate

X on bis(ADC) 1 Delta
nu

Figure 5.3 Nazarov cyclization rate versiasn-c with bis(ADC) palladium catalysts

These results showed a correlation between cyclization rate and ligandydaici
the bis(ADC) complexes. The highest cyclization rate was observed foetiest
effective donor ligand, the-CF; substituted bis(ADC) complex. The cyclization rate
decreased with increasing donor ability. The lowest cyclization ratebsesved for the
strongest donor ligands, tpeCH3; andp-OCH; substituted bis(ADC) complexes. All five
bis(ADC) catalysts gave excellent yields (> 90%) but with differeaction rates.
According to the reaction rate, theCF; substituted bis(ADC) complex was the most
active catalyst. Using this most active catalyst, conditions weezltéstthe lowest
catalytic loading. It was found that down to 0.1 mol% catalyst loading can be uded whi

still achieving excellent yields (> 88%) at room temperature, as showibia 33.
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Table 5.3 Lower catalytic loading witlp-CF; bis(ADC) complex

mol % Pd Time HPLC (isolated) Yield
0.5 1h 96 (92)
0.1 1 30
3 63
10 92 (88)
0.025 7 30

Catalytic activity with a dimeric version of the £l5is(ADC) complex with
bridging chlorides, shown in Figure 5.4, was also tested in this catalydic $tshowed
the lowest initial cyclization rate for substrate disappearance (0421s) and product
appearance (0.20M / s). This catalyst has only one vacant site for substrate binding.
These results agree with Frontier, who reported that the availabitity wdcant sites is

necessary for higher activity.

' 2+
Ar\ H H ’Ar _I \ Y /
we N W Mo amars BT
) P d N ’ I { \.,
= ef ND A, !ﬁmc”"g)"
Me N N Me ’(f ¢y Pl y
Ar H H “ar I }.’l
| 4
> {
FUs
Ar' = p-CF3 phenyl, ./
* = cyclohexane-1,2-diyl ™y

Figure 5.4 Dimeric analogue gf-CF; bis(ADC) complex with bridging chloride
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Substrate scope for Nazarov cyclization

The most active catalyst, theCF; bis(ADC) complex, was tested with different
substrates to determine the reaction scope as shown in Table 5.4. The Nazarae substra
S3was cyclized rapidly (< 30 min.) at room temperature using 1 mol % catalgbhdea
to productd6 andP7. Replacing trimethoxyphenyl at C5(vinyl) position wgh
methoxyphenyB4reduced the catalytic activity, so slightly harsh reaction conditions
were needed (6TC for 30 minutes). For substrat8s andS6with phenyl and cinnamayl
at the C4 position, longer reaction times were needed, but moderate yeetédshiained.
These substrates produce only one type of products with the double bond located inside
the cyclopentenone. Electron-withdrawipdNO, phenyl groups at the C5 position, result
in only 27 % vyield after seven days of heating at®0These results indicate that an
electron donating group at the C5 position accelerates the NazaroatgoliAnother
group of substrates also showed the same tend82c$ 7T, andS89).

Frontier and Eisenberg reported Nazarov cyclization catalyzed’mantt PP
complexes for similar types of substrates, but with methyl esters angl mabistituted at
2" position of cycloheneyl ring. TheCF; substituted bis(ADC) complex showed
improved catalytic activity compare to those Pd catalysts, howevdaisoniesser

catalytic activity compared to those Ir catalysts.
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Table 5.4 Substrate scope with-CF; bis(ADC) complex

Entry Substrate time Solvent Temp. /°C % Yield?®
le} [o]
o (o]
OEt OEt
b OCHg OCH;
1 0.5h CH.Cl, 25 HsCO HoCO.
P6 P7
57 % OCHg 35% OCHg
o o
(o] o]
Cé%ma Cd’(oa
2° 0.5h CH,CICH,CI 60
P8 P9 Q
B5%  ben, 46 % OCH;§
o]
0
OEt
3° 5d CH,CICH,CI 60 . é
58 9% Q
o
Cﬂé%oﬂ
4° 5d CH,CICH,CI 60 - ~
60 % b
[e]
o
OEt
5° 7d CH,CICH,CI 60 Q
P15
27 %
6° 0.5h CH,Cl, 25
S8 g 9 o o
WS P16

I " ~
= OO O e LN CHCICHC 60 7 / . .

N 27% <Y 0™~

g° 5d CH,CICH,CI 60
O O NO, i i O O NO,

Reaction conditions: substrate (61 mM) in 4 mL sabAisolated yield1.0 mol % catalysf5.0 mol %

catalyst
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The least active monomeric catalyst, pp®CHs substituted bis(ADC) complex,
was also tested for its activity with different substrates. As shownhle Beb its activity
is lower than that of thp-CF; bis(ADC) complex with all substrates, but the same

pattern of yields is observed.

Table 5.5 Substrate scope with-OCH; bis(ADC) complex

Entry Substrate time Solvent Temp. /°C % Yield?®
o o P 7
o) o
o
| OCH, OFt OEt
b OCH; OCH,
1 12 h CH.CI, 25 H,CO. HyCO.
H;CO!
S. P6 P7
OCHs 51 % OCH; 41 % OCHj

o o

Q 5h CH,CICH,CI 60
S4 OCH; Lso/ Q P9 Q
° 47 %
0
o P
3 5d CH,CICH,CI 60

20

4° Q 7d CH,CICH,CI 60 Q
P15
S7

35h CH,Cl, 25

0™ P16

o 7
6 o, 4N CH,CICH,CI 60 O ocm

Reaction conditions: substrate (61 mM) in 4 mL sabAisolated yield1.0 mol % catalyst5.0 mol %
catalyst
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Nazarov cyclization with a rigid bis(NHC) palladium complex

A cationic rigid bis(NHC) palladium complex with labile bis(acetolajriigands
synthesized in Chapter Il was also tested as a catalyst for Nazarcat®ds2-S9 The
bis(methylisocyanide) addu8b was synthesized by procedures similar to those given in
Chapter Il for comparison of ligand donicity.

o
)

N=L__ N/—\R

1) 2.5 CH;NC, CH,CN bd
: v L 35
2) 2 AgBF,, CH,CN
L = CH,NC
Yield = 82%
Ave_y = 115 cm™

2 AgBF,, CH,CN Q 12+ 2BF,

ﬁ:Nk )=" 21

e

L =CH,CN
Yield = 82%

Scheme 5.3Synthesis of rigid bis(NHC) palladium complexes with

bis(methylisocyanide) and bis(acetonitrile) coordination.

This bis(NHC) complex showed a higher-c than thep-CF; bis(ADC)
complex, indicating weaker effective donicity. The catalytic activity wlifferent
substrates is summarized in Table 5.6. It showed slightly superior activipacedito
the activep-CF; bis(ADC) complex, but the same substrate scope pattern, consistent with
the donicity studies. For substra@sandS6this catalyst produces good yield but, it is
still unable to achieve good yields for substituents with electron witllgagvoups at

the C5 position (S7 and S9).
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Table 5.6 Substrate scope with rigid bis(NHC) compkix

Entry Substrate time Solvent Temp. /°C % Yield?®

o o 2 P
o} (o]

o
| OCH, OEt Ot
b OCHg OCH;
1 0.5h CH.CI, 25 HaCO. HsCO.
H,CO
3 P6 P7

30 % OCHg 64 % OCHg

o [o]

2° 1h CH,CICH,CI 60
s4 P8 P9 Q
OCHQ 31 OA) 59 0/“
[o]
O/\ P
| OEt
3 40h  CH,CICH,CI 60

4° I 40 h CH,CICH,CI 60 ~
P13
s6 83 %

5C

Q 5d CH,CICH,CI 60 Q
P15
S7
NO2

6° 0.25h CH,Cl, 25

WS P16

I . ~
OO U e LN CHCICHC 60 " / i .

0" 48 % ' 0"

g° 5d CH,CICH,CI 60
O O NO, i i O O NO,

Reaction conditions: substrate (61 mM) in 4 mL sabAisolated yield1.0 mol % catalysf5.0 mol %

catalyst
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Nazarov cyclization catalyzed by silver salts

Despite the reported use of silver salts as additives to promote th@Wazar
cyclization reactiort! the ability of silver salts to act as catalysts in the absence of other
metals has not been very much investigafeththea Mirand& showed that AgBA,
AgSbFs, and AgOTTf can catalyzed the cyclization of subst&dtto productP5 using
NMR tube experiments in GBl,.>” Therefore, activities of several silver salts were
examined using the reaction conditions shown in Scheme 5.2, but with 5 mol% catalyst
loading. Reactions were monitored using TLC, and the results are summarizdadiein T

5.7.

Table 5.7. Nazarov cyclization of substra® with different silver salts

Silver salt Time % Yield
AgSbFks 8 min. 94
AgOTH 10 min. 92
AgBF, 20 hours 93
AgOAc 4 days 92

AgBArF, 5 days Trace
AgPF; 5 days trace

Silver salts AgSb§and AgOTf showed rapid cyclization, formimRp in over
90% yield within 10 minutes. AgBRand AgOAc needed long reaction times (2-4 days)
to produce excellent yields (> 90%). Silver salts AgBAmd AgPE formed only trace
amounts ofP1 after long reaction times (5 days). Using the most actiwerssalt,

AgSDbF;, catalytic activity toward other Nazarov substrates was monitored.
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Table 5.8 Substrate scope with AgSh#s catalyst

Entry Substrate time Solvent Temp. /°C % Yield?®

OEt
OCH;q

OEt
CH3

1° 0.5h CH,Cl, 25 Huco Hyco
S3 Heco P6 P7

OCHs 46 % OCH3 48 %  OCH;

55
A

20

Q 1lh CH,CICH,CI 60
sS4 1’80 P9 Q
0 o
o 2 0
| OH OEt
3 40h  CH,CICH,CI 60

4° I 40 h CH,CICH,CI 60 N ~
S6 P12 P13 b
41 % 52 %

5° Q 5d CH,CICH,CI 60 Q Q
P14 P15
s7 NO, <5% |, 0, 89 % \o,
6° 8 min. CH,Cl, 25
S8 o 0
o P16 P8

= U ocu;, 1h  CH,CICH,CI 60 ® OCH

8° 5d CH,CICH,CI 60
O O NO, i i Q O NO,

Reaction conditions: substrate (61 mM) in 4 mL sabAisolated yield”5.0 mol % catalys£10.0 mol %

catalyst
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Even though high catalytst loading was required, AgS&itowed excellent
activity towards all substrates. Substré®sand S9 converted to product81l5and P17
in over 85% vyields, where it was difficult to achieve good yield$ whiese substrates
with palladium catalysts. Substre®® produces the endocyclic prodiRi1in high yield
with a small amount of hydrolyzed prodir10 The substrat8&6 produceexo andendc
cyclic product in near 50:50 ratio. The exocyclic products were notwezséor substrate

S5andS6with the palladium catalysts.

Summary and Conclusion

The acetonitrile adducts of bis(ADC) palladium complexes showed excellent
catalytic activities toward Nazarov cyclization of ethyl-4-nye8roxo-5-phenyl-2-
(2,4,6-trimethoxybenzylidene)pent-4-eno&®@)( The initial rates of the reactions
catalyzed by bis(ADC) palladium complexes show a correlation with liganttity
predicted by a methylisocyanide IR probe study. The highest initeaarelAvy-_c were
observed for the-CF; bis(ADC) complex, indicating that the weakest donor ligand
results in the highest activity. The strongest donor bis(ADC) complexesh&itbwest
Avn=c values p-CH; andp-OCH;) showed the lowest initial rates. The crystal structures
of these complexes showed a negligible structural variation upon chaagang
substituents in the phenyl ring. Therefore, bis(ADC) ligands can be tuned to support
electrophilic catalysis by the metal without altering the steric ptiege The most active
bis(ADC) catalyst§-CF;) showed reasonable substrate scope, but activity decreased
when there were less electron donating groups at the vinylic C5 positiagidA ri
bis(NHC) palladium comple®1 showed slightly improved catalytic activity compared to

most bis(ADC) complexes. According to a methylisocyanide IR probe,dtidy
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bis(NHC) ligand showed weaker effective donicity than all studied bi§{ADQands.
The most active catalysts were those with ligands predicted to have émtneffdonicity
by the MeNC IR probe study. The Silver salts AgShid AgOTf showed excellent
catalytic activity toward cyclization @2 AgSbF showed excellent activity toward all

substrates investigated, even with electron withdrawing substituents at theitieh pos

Experimental

General Considerations All manipulations were carried out under air unless otherwise
noted. Diethyl ether (Acrosi-hexane (Acros), and hexanes (Pharmco) were purified by
distillation from sodium benzophenone ketyl. Dichloromethane (Pharmco) and
dichloroethane were washed with a sequence of concentrg®€a, ie-ionized water,

5% NaCO; and de-ionized water, followed by pre-drying over anhydrous £H@h
refluxed over and distilled from,®s under nitrogen. Acetonitrile (Pharmco) was pre
dried over anhydrous Caind refluxed over and distilled from Catthder nitrogen.

NMR solvents were purchased from Cambridge Isotopes Laboratories. &S @-
CDsCN-d; were dried over activated 4 A molecular sieves followed by vacuum
distillation at room temperature. GDl, was dried over activated 4 A molecular sieves
and stored over s before distillation at room temperature for use. All other reagents
were purchased from Acros, Aldrich, or Strem and used as received. Sul®2re3&s
andS9were synthesized using published procedtitésSubstrate$3-S6were also
synthesized using the same procedure and compared with published data for the same
compounds prepared by different synthetic rotité¢ew substrat&7was also

synthesized using the same procedure and characterized by NMR and élanaysés.
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Previously known product$6, P16andP17) were compared with published datd’

For new compounds stereo-chemistry, was assigned using DEPT, HMQC and HMBC
experiments. NMR spectra were recorded on Varian GEMINI 2000 (300 MHz) and
Varian Unity INOVA (400 and 600 MHz) spectrometers. Reported chemicat singt
referenced to residual solvent peaks (13C, 1H). IR spectra were acquired from Nujol
mulls on a Perkin Elmer system 2000 FT-IR spectrometer, using 0-5eswolution and
weak apodization. HPLC spectra were recorded on a Beckman systemlé&h a
detector (UV detector) using a BDS HYPERSIL C18 columpr{bparticle size, 4.6 nm
I.D. and 100 mm length) from Thermo Scientific. Elemental analyses pegformed by
Midwest Microlab, Indianapolis, Indiana. HRMS were recorded on an Orbarajet

mass spectrometer using nano-electrospray ionization.

Nazarov substrate synthesis

Nazarov substrates were synthesized using a common procedure reported for
substrates2 by Aggarwal® and Togni® First, the corresponding acid (alpha-
methylcinnamic acid or cyclohexenylcarboxylic acid) was taeatieh oxalyl chloride in
dichloromethane, with a few drops of dimethyl formamide added?@tfér 3 h to form
the corresponding acid chloride. The volatiles were evaporated, and the resdireedla
under vacuum for a couple of hours and then dissolved in THF. Ethyl acetate ek trea
with lithium diisopropylamide generated in situ by reaction-bityl lithium with
diisopropylamine in dry THF at -7&. The acid chloride solution in THF was added to
the above solution, and the mixture was stirred for 3 hours 8€-78cid work up and
flash chromatography produced fweto esters as yellow oils. A Knoevenagel
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condensation was then used to produce Nazarov substrates by reaction Peteteen
esters and different aldehydes in the presence of catalytic essrafladetic acid and

piperidine in a Dean-Stark apparatus using benzene as a solvent.

Ethyl 2-(cyclohex-1-enecarbonyl)-3-(2,4,6-trimethoxyphenyl)acrylate S3

Yield: 63% % E / Z (7:3)*H NMR (400 MHz, CDC}-ch): & 7.95 (s, 1H, &,
major isomer), 7.23 (s, 1H,HG minor isomer), 6.72 (m, 1H, cyclohexenyHCminor
isomer), 6.65 (m, 1H, cyclohexenyHZCmajor isomer), 6.08 (s, 2H, ArkC minor
isomer), 6.01 (s, 2H, Ar48, major isomer), 4.25 (q, 2BJn = 9.6 Hz, O®l,, minor
isomer), 4.14 (q, 2HJu4 = 9.6 Hz, OG1,, major isomer), 3.84 (s, 3tg;OCH3, minor
isomer), 3.81 (s, 3H-OCHs, major isomer), 3.76 (s, 6ld;0CHs, minor isomer), 3.70
(s, 6H,0-OCHgz, major isomer), 2.35-2.04 (s, 4H, cyclohexen#-Cmajor & minor
isomer), 2.35-1.70 (s, 4H, cyclohexnyH& major & minor isomer), 1.28 (t, 3R} =

9.6 Hz, GHs, major isomer), 1,18 (t, 38}y = 9.6 Hz, &3, minor isomer).

(2)-Ethyl 2-(cyclohex-1-enecarbonyl)-3-(4-methoxyphenyl)acrylate 5

Yield: 65 % *H NMR (400 MHz, CDC}-dy): & 7.73 (s, 1H, €l), 6.72 (d, 2H, Ar-
CH), 6.72 (s, 1H, cyclohexenylH), 6.72 (d, 2H, Ar-E&l), 4.24 (g, 2H>Jun = 7.2 Hz,
OCHy;), 3.81 (s, 3H, 08s3), 2.39-2.36 (m, 2H, cyclohexenylHy), 2.16-2.13 (m, 2H,
cyclohexnyl-CH,), 1.68-1.64 (m, 2H, cyclohexenylH;), 1.61-1.56 (m, 2H,

cyclohexenyl-G1,), 1.28 (t, 3H33un = 7.2 Hz, Gi3,).
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(2)-Ethyl 2-(cyclohex-1-enecarbonyl)-3-phenylacrylate S5

Yield: 67 % *H NMR (400 MHz, CDCJ-dh): 8 7.79 (s, 1H, &), 7.34-7.28 (m,
5H, Ar-CH), 6.82 (m, 1H, cyclohexenyl4d), 6.72 (d, 2H, Ar-&l), 4.26 (q, 2H3Jn =
6.8 Hz, Oy), 2.38-2.34 (m, 2H, cyclohexenylHy), 2.14-2.12 (m, 2H, cyclohexenyl-
CHy), 1.66-1.63 (m, 2H, cyclohexenylH;), 1.63-1.54 (m, 2H, cyclohexenylH3), 1.28

(t, 3H,33}u = 6.8 Hz, Gi3)).

(2Z,4E/42)-Ethyl 2-(cyclohex-1-enecarbonyl)-5-phenylpenta-2,4-dientaS6
Yield: 58 % *H NMR (400 MHz, CDC}-dy): & 7.51 (d, 1H33, = 12 Hz, &),
7.44-7.42 (m, 2H, Ar-8), 7.37-7.31 (m, 3H, Ar-8), 6.97 (d, 1H3J}y = 15.2 Hz, &),
6.78-6.69 (m, 2H, overlapping cyclohexeny#@nd ), 4.23 (g, 2H3Ju = 9.6 Hz,
OCHy), 2.39 (bm, 2H, cyclohexenyl#;), 2.25-2.23 (m, 2H, cyclohexenylH;), 1.75-

1.62 (m, 4H, cyclohexenyl48y), 1.24 (t, 3H2J = 9.6 Hz, Gi3,).

(2)-Ethyl 2-(cyclohex-1-enecarbonyl)-3-(4-nitrophenyl)acrylate $

Yield: 64 % *H NMR (400 MHz, CDC}-d,): & 8.17 (dd, 2H3}4y = 8.8 & 2.0 Hz
Ar-CH),7.80 (s, 1H, €l), 7.49 (dd, 2H3Jy = 8.8 & 2.0 Hz Ar-G), 6.72 (m, 1H,
cyclohexenyl-®), 4.29 (q, 2H3Ju = 6.8 Hz, O®l,), 2.34-2.32 (m, 2H, cyclohexenyl-
CHy), 2.17-2.14 (m, 2H, cyclohexenylH;), 1.66-1.55 (m, 4H, cyclohexenylH3), 1.29
(t, 3H,33n = 7.2 Hz, G3,). **C NMR (100 MHz, CRCN-ds): 8 195.50 (G0), 164.44
(O-C=0), 148.03 (ipsd=-NO,), 145.88 (Arc), 139.54 (ipsoAr€), 139.43 (HEC),

138.28 (ArC), 135.69 (HEC), 130.32 (SCH), 123.81 (ECH), 61.83 (OCH,), 26.26
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(CHy), 22.55 CHy>), 21.50 CH>), 21.31 CH>), 14.04 CH3). Anal. Calculated for ¢gHig

OsN: C, 65.64; H, 5.81; N, 4.25 %. Found: C, 65.56; H, 5.84: N, 4.29 %.

General procedure for Nazarov cyclization

Catalyst was placed into a 4 mL reaction vial closed by a screw cap with a
PTFE/silicon septum. A bulk solution of substrate and internal standard, 2,7-
dimethylnaphthalene, was made with a known molar ratio, in the corresponding solvent.
The required amount was then withdrawn and injected into the reaction vial through the
septum, and measurement of time started. The reaction was monitored by HALC or
by withdrawing appropriate portions from the reaction mixture. For isblagdds the
reaction was set up without internal standard. After aqueous NaiW@®up, products

were isolated by flash chromatography.

Kinetic Studies

Experiments were set up as described above for general catalytidynex:el0
pnL samples were withdrawn at appropriate time intervals and added to Ext&ES in
acetonitrile to quench the reaction. The mixture was diluted to a known volume and
analyzed by HPLC. Concentrations of substrate and products at various @mes w
determined using calibration curves. The rates of reactions and uncertagrges
determined from linear least-square regression analyse of plots of catioentf
substrate and product versus time. Uncertainties were reported at the 95%ncenfide

level.
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Ethyl 1-oxo0-3-(2,4,6-trimethoxyphenyl)-2,3,3a,4,5,6-hexahydro-1H-indene-2-
carboxylate (P6)

'H NMR (400 MHz, CDC-dy): & 6.69 (g, 1H>J4n = 3.2 Hz, cyclohexenyl-8),
6.14 (s, 2H, Ar-®l), 4.25 (d, 1H3J.y = 12 Hz, G), 4.20-4.00 (m, 2H, O-8,), 4.25 (t,
1H, 3J4n = 12 Hz, &), 3.80 (s, 3H, 083), 3.78 (s, 6H, OH3), 2.97-2.91 (m, 1H, B),
2.34-2.19 (m, 2H, cyclohexenylH;), 1.88-1.80 (m, 2H, cyclohexenylHg), 1.49-1.42
(m, 1H, cyclohexnyl-El,), 1.17 (t, 3H3Jn = 7.2 Hz, Gis,), 1.49-1.42 (m, 1H,
cyclohexenyl-Gi,),. *C NMR (100 MHz, CDG-ds): § 199.63 (GO), 164.44 (O-€0),
159.95 (ArC), 159.73 (Ar€), 140.42 (HEC), 134.30 (ECH), 107.51 (ipso-Ar), 91.07
(Ar-CH), 60.74 (O€H,), 57.87 CH), 55.79 (O€Hs), 55.19 (O€HSs), 40.53 CH), 39.61
(CHy), 27.24 CHy), 25.72 CH,), 21.60 CH,), 14.10 CH3). HRMS calculated for

(C21H2606 + H") 375.1802, found 375.1794

Ethyl 1-oxo0-3-(2,4,6-trimethoxyphenyl)-2,3,4,5,6,7-hexahydro-1H-indene-2-
carboxylate (P7)

'H NMR (400 MHz, CDC}-dy): 8 6.14 (d, 1H3} = 2 Hz, Ar-CH), 6.04 (d, 1H,
334u = 2 Hz, Ar-CH), 4.81 (bs, @), 4.24-4.13 (m, 2H, 0-8,), 3.79 (s, 6H, OB53), 3.78
(s, 3H, OC®3), 3.54 (d, 1H3J4y = 2.8 Hz, GH), 2.18-1.94 (m, 4H, cyclohexenylHp),
1.71-1.56 (m, 4H, cyclohexenylkB), 1.26 (t, 3HJun = 7.2 Hz, Gd3,). °C NMR (100
MHz, CDCk-ds): 6 202.07 (G0), 177.46 (€C), 170.66 (O-€0), 160.70 (Arc),
159.80 (ArC), 159.58 (Ar€), 135.27 (&C), 107.42 (ipso-Ar), 91.03 (AGH), 90.90

(Ar-CH), 61.28 (O€H)), 58.72 CH), 56.26 (OCH5), 55.23 (OCHS5), 55.48 (OCHs,),
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41.78 CH), 26.52 CH,), 22.43 CH,), 21.92 CH,), 20.53 CH,),14.46 CH3). HRMS

calculated for (g1H»60¢s + H") 375.1802, found 375.1788

ethyl 3-(4-methoxyphenyl)-1-oxo-2,3,3a,4,5,6-hexahydro-1H-indene-2-carboxylate
(P8)

'H NMR (400 MHz, CDC-dy): § 7.21 (d, 2H3J4y = 8.8 Hz, Ar-GH), 6.90-6.86
(overlapping d & g, 3H, Ar-8 & cyclohexenyl-®), 4.20-4.08 (m, 2H, 0O-85), 3.79
(s, 3H, O®3), 3.47 (d, 1H33y = 12 Hz, @), 3.18 (t, 1H, cyclohexenyldd), 2.65-2.59
(m, 1H, H), 2.39-2.19 (m, 2H, cyclohexenylH;), 2.01-1.95 (m, 1H, cyclohexenyl-
CHy), 1.90-1.87 (m, 1H, cyclohexenylHp), 1.54-1.46 (m, 1H, cyclohexenylH3),1.21
(t, 3H,3}n = 7.2 Hz, Bd3,), 1.15-1.12 (m, 1H, cyclohexenylH3),. HRMS calculated for

(C1gH2,04 + H) 315.1589, found 315.1585

Ethyl 1-(4-methoxyphenyl)-3-ox0-2,3,4,5,6,7-hexahydro-1H-indene-2-carboxylate
(P9)

'H NMR (400 MHz, CDC}-dy): & 7.01(d, 2H33y = 8 Hz, Ar-CH), 6.85 (d, 2H,
33un = 8 Hz, Ar-CH), 4.22-4.19 (overlapping OG & CH), 3.79 (s, 3H, O85), 3.32
(d, 1H,%3un = 2.8 Hz, ®1), 2.24-2.05 (m, 4H, cyclohexenylH3), 1.68-1.64 (m, 4H,
cyclohexenyl-G1,), 1.28 (t, 3H33un = 7.2 Hz, Gd3,),. HRMS calculated for (GH2¢Os +

H") 315.1589, found 315.1573
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Ethyl 1-oxo-3-phenyl-2,3,4,5,6,7-hexahydro-1H-indene-2-carboxylate (P11)

'H NMR (400 MHz, CDC}-ch): & 7.28-7.18(m, 3H, Ar-6), 7.04-7.01(m, 2H,
Ar-CH), 4.18-4.11(overlapping O & CH), 3.29(d, 1H3Jy, = 2.8 Hz, ®H), 2.18-
1.99 (m, 4H, cyclohexenyldd), 1.66-1.56 (m, 4H, cyclohexenylH3), 1.21 (t, 3H3Jun
= 7.2 Hz, ®3,). °C NMR (100 MHz, CDG-ds): § 200.61 (GO), 175.23 (O-€0),
168.86 (G-C), 140.01(GC), 137.54 {pso-Ar), 129.00 (netaAr), 127.47 Ortho-Ar),
127.39 para-Ar), 61.57 (OE€H,), 61.36 CH), 52.00 CH), 26.42 CH,), 21.93 CH,),
21.33 CH,), 20.25 CH,), 14.13 CH3). HRMS calculated for (GH»00s + H) 315.1485,

found 315.1479

(E)-ethyl 1-oxo-3-styryl-2,3,3a,4,5,6-hexahydro-1H-indene-2-carboxylate (P12)
'H NMR (400 MHz, CDC}-dy): & 7.56-7.38 (m, 5H, Ar-8), 7.02 (g, 1H33 =
12 Hz, cyclohexenyl-8), 6.72 (d, 1H3Ju4 = 21.2 Hz, &CH), 6.40-6.32 (dd, 1HJ =
21.2 Hz,2Juy = 12 Hz, GCH), 4.45-4.33 (m, 2H, 048,), 3.44 (d, 1H3J. = 16 Hz,
CH), 3.00-2.98 (m, 1H, B), 2.63-2.32 (m, 4H, cyclohexenylH}, 2.11-2.08 (m, 2H,
cyclohexnyl-GH,), 1.80-1.64 (m, 2H, cyclohexenylH3), 1.47 (t, 3HJy = 7.2 Hz,

CHs,),. HRMS calculated for (fgH2003 + H") 311.1642, found 311.1630

(E)-ethyl 1-oxo-3-styryl-2,3,4,5,6,7-hexahydro-1H-indene-2-carboxylate (P13)

'H NMR (400 MHz, CDC}-dy): & 7.54-7.42 (m, 5H, Ar-8), 6.76 (d, 1H33y =
21.2 Hz, GCH), 6.16-6.07 (dd, 1HJuy = 21 Hz,*Jyy = 12 Hz, GCH), 4.44-4.37 (m,
2H, O-CH,), 3.02 (bd, 1H33}4y = 12 Hz, GH), 3.45 (d, 1H3J4, = 3.6 Hz, ®H), 2.59-2.35

(m, 4H, cyclohexenyl-8), 2.89-2.80 (m, 4H, cyclohexenylHp), 1.48 (t, 3HJy = 7.2
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Hz, CHs,),. *C NMR (100 MHz, CDG-ds): § 200.16(C0), 174.71 (EC), 169.00 (O-
C=0), 137.22 (EC), 136.27 ipso-Ar), 133.54 (G-CH), 128.62 (Ar-H), 127.87 (€CH),
126.29 (Ar-H), 61.63 (GEH,), 58.75 CH), 50.10 CH), 26.66 CH.), 22.01 CH,), 21.39
(CH,), 20.29 CH,), 14.19 CHs). HRMS calculated for (GH200s + H") 311.1642, found

311.1632

Ethyl 1-(4-nitrophenyl)-3-o0x0-2,3,4,5,6,7-hexahydro-1H-indene-2-carboxylate (P15)

'H NMR (300 MHz, CDCJ-dy): & 8.21 (d, 2H3Juy = 8.7 Hz, Ar-GH), 7.29 (d,
2H, 334 = 8.7 Hz, Ar-GH), 4.39 (br s, 1H, 8), 4.26-4.19 (m, 2H, 048,), 3.32 (d, 1H,
3341 = 2.7 Hz, ®), 2.26-1.96 (m, 4H, cyclohexenylH3), 1.72-1.68 (m, 4H,

cyclohexenyl-®1,), 1.29 (t, 3H3Jun = 6.9 Hz, Es,).

[Pd (1,1-bis(2,4,6-trimethylbenzyl)-3,3-(1,2-phenylene)diimidazol-2,2'diylidene)
(CH3CN)2][BF 42 (21)

Methyl isocyanide (17L, 0.3037 mmol) was added to a stirred solution of'{1,1
bis(2,4,6-trimethylbenzyl)-3/41,2-phenylene)diimidazolium dibromide (90 mg, 0.1215
mmol) in acetonitrile (10 mL), and the mixture was stirred for 1 h. AgBF mg, 0.243
mmol) was then added to the reaction mixture, and it was stirred for 2 h.iXtoeemvas
filtered through celite, solvent was evaporated, and the residue wasdvestium for
12 h. The product was dissolved in dichloromethane (5 mL), the solution was filtered
through celite, solvent was evaporated, and the residue was dried in vacuum for 12 h.
This sequence was repeated 2 more times. In the final sequence, drethytast added

to the filtrate to obtain product as white cryctals. The product was isdlgtitration
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and dried in vacuo for 12 h. Yield: 84 mg, 844.NMR (400 MHz, DMSO-g): & 7.96

(2H, d,%Jyn = 2 Hz,imid.), 7.82 (4H, sph), 7.05 (4H, sm-CH(mes.)), 6.97 (2H, &3

= 2 Hz,imid.), 5.48-5.34 (4H, AB, €l,), 3.63 (6H, s, B3NC), 2.29 (6H, sp-CHs), 2.27

(12H, s,0-CHs). °C NMR (101.53 MHz, CBCl,-dy): & 155.27 (carbene), 138.78r¢C),

138.13 Ar-C), 131.06 Ar-C), 130.79 Ar-C), 129.50 Ar-C), 127.52 Ar-C), 126.47 Ar-

C), 125.50ifid.-C), 123.37 CHsNC), 122.90 imid.-C), 49.21 (N-CH), 30.44

(CHsNC), 20.65 p-CHs(mes.)), 19.39d-CHs(mes.)),. IR (Nujol, crit): 2275v(m). Anal.

Calculated for: GgHa2 BoFgNePd: C, 49.85 — 51.67; H, 4.70 — 4.82; N, 9.56 — 10.05%.

Found: C, 49.33; H, 5.08: N, 9.45 %. (0.5 mol/LCH trap in the crystals).
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