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Abstract

My thesis is divided into two parts. The first perfocused on studies of N-heterocyclic
carbene (NHC) palladium(lV) intermediates, whick arvolved in oxidative addition mediated
C-C, and C-O bond formation processes as well a€-@l bond forming reactions via a
reductive elimination process. Bis-NHC-Pd(Il) coen#s have been reported as effective
catalysts to mediate direct conversion of metharte methanol. However, a H-D exchange
study revealed that the bis-NHC-Pd(Il) complexesrast the active species responsible for the
C-H bond activation reaction. This unexpected tesaplies that the high oxidation state bis-
NHC-Pd(IV) species may be the real catalyst! Thielatkve addition of methyl iodide to the bis-
NHC-Pd(Il)-Me, complex led to the successful observation of thkenétion of a transient
trimethyl bis-NHC-Pd(1V) intermediate by bothl-NMR and**C-NMR spectroscopy. Different
oxidants such as O PhI(OAc), PhI(OTFA) and C} reacted with thebis-NHC-Pd(Il)-Me
complex, and competitive C-C and C-O bond formatjoas well as C-C and C-CI bond
formations were observed. Dioxygen triggered C-@dbfmrmation under dry condition and both
C-C and C-O bond formation in the presence gdave strong indications that the bis-NHC-
Pd(ll)-Me, complex can be oxidized to a bis-NHC-Pd(IV) intediate by dioxygen. The
reaction between the hypervalent iodine regent$0Zd), and PhI(OTFA) and the bis-NHC-
Pd(Il)-Me, complex gave only reductive elimination produdiserefore, this system can act as a
model system, which is able to providing valuabigoimation of the product forming
(functionalization) step of the C-H bond activatisystem. The reaction between chlorine and
the bis-NHC-Pd(Il)-Me complex resulted in a relatively stable bis-NHGIN3®CI, complex,
which was characterized Bi-NMR spectroscopy and mass spectroscopy. Thetstruof bis-
NHC-Pd(IV)-Cl, was unambiguously established by X-ray crystadpby.

The second part of this thesis describes the sgisthaf functionalized bimagnetic
core/shell iron/iron oxide nanoparticles for theatment of cancer. Biocompatible dopamine-
oligoethylene glycol functionalized bimagnetic dstesll Fe/FgO, nanopatrticles were prepared
via ligand exchange, and purified by repeated dgpe/magneto-precipitation cycles. A
porphyrin (TCPP) has been tethered to the stealtioparticles to enhance their uptake by tumor
cells and (neural) stem cells. The stealth nanmbesthave been delivered in a mouse model to

tumor sites intravenously by using the EPR (enhdnpermeation and retention) effect.



Magnetic hyperthermia proved to be very effectigaiast B16-F10 mouse melanomas in
Charles River black mice. After hyperthermia, tlmaparticles have shown a significant effect

on the growth of tumor (up to 78% growth inhibitjon
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Chapter 1 Introduction

1.1What is C-H bond activation?

C-H bond activation is often refertedas one of the “Holy Grails” in chemistht is
my understanding of the concept of the “Holy Grain” Western culture has been used for
centuries to describe a highly prestigious, buteatlusive goal. In the chemical context of this
work carbon-hydrogen bond activation can be deferedleavage of the-C-H bond and further
reaction without the requirement of overcoming éargctivation energies. This concept is
described in an article by A. E. Shilov: What i® tactivation of an ordinarg-bond? It is
reasonable to propose that to activatedoond, such as a C-H bond is to increase the xéigcti
of this bond towards a reagent. As a consequehedydnd is capable of splitting to produce two
“particles” in place of one initial species. In nyaoases, this rupture of a saturated bond is
actually a consequence of its activation, and iilbdoe more correct to refer specifically to the
“splitting of the C-H bond in these situatiorfs.”

The main result of “activation” of a C-bbnd is the replacement of a strong bond
(thermodynamically stable) with a weaker (thermaayically less stable) bond. These weaker
bonds permit the further functionalization of malkxs much more easily than C-H bonds.

What is the rationale behind the redearc C-H-bond activation? Aliphatic hydrocarbons
are ubiquitous in nature, but their lack of chermieactivity in defined reactions (other than
combustion, cracking and the generation of synshgas} has prevented their direct conversion
into valuable chemical products. Therefore, stromgivation for my research has been derived
from the prospect that C-H activation could endab&conversion of cheap and abundant alkanes
into valuable functionalized organic compounds.

What are the principle challenges of C-H bond attbn? As already pointed out, the C-
H bond energies are usually high and the bond esf the new bonds that are formed in
place of the C-H bond are always lower as is demnaiesl in Table 1.1 This causes the severe
problem that it is difficult to control selectivitpf the C-H bond activation reaction: the
functionalized products are usually more reactiventthe starting materials, so the initially
formed reaction products will rather act as reactiotermediate and will be further reacted



instead of the starting materials, because thieisnodynamically much easier! Only especially
designed catalytic systems do not allow furthectieas after the first step has taken place. The
strategy to design such a catalyst is to lowemttigzation barrier for the first steps, the bregkin
of the C-H bond and the formation of the new C-Xwbobut to significantly increase the
activation barrier for all further reactions. Taeleonly a few catalytic systems can provide these

very special reaction conditions.

Table 1.1Representative C-H bond dissociation enefgies

Bond type Bond dissociation energy (kcal/mol)
H-CHs 105
H-CH:R 98-101
H-CHR» 95-99
H-R3 93-95
H-CH=CH, 104-111
H-CH,CH=CH, 86
H-C=CH 132-133
H-CH,-C=CH 89
H-CeHs 111-113
H-CH,CeHs 88-90
H-CH,OH 94-96
H-C(=O)R 86-88
H-CH,C(=O)R 92-98
H-CH,COH 97-99




1.2 Transition Metal Mediated Aromatic C-H Bond Activation

In the middle of 1960s, it was demonstrated thatsition metal complexes are capable
of inserting into aromatic C-H bonds through thetipgoation of ther orbitals. In 1965, Chatt
and Davidson reported that the di-(1,2-bisdimethggphinoethane)ruthenium(0) complex
[Ru(0)(dmpe)] 1.2 was generated by reduction of trans-dichlorod?~(1,
bisdimethylphosphinoethane)ruthenium(ll) complexu(@®(dmpe)Cl;] 1.1 One C-H bond of
naphthalene was activated by the Ru(O)(dmp®mplex 1.2 to form the cis-hydrido-(2-
naphthyl)di-(1,2-bisdimethylphosphinoethane)rutiieml) complex [Ru(IDH(2-
CioH7)(dmpe)] 1.3 (Figure 1.1} This is the first reported example of “C-H bondiaation” of

an aromatic hydrocarbon by a transition metal cempl

\
Cl —P
~ /! |_~ ! |l _~ <
P_I_P Na-naphthalene P P \\p_||?"‘
0 S~ St
<o I~ ™
Cl H
1.1 1.2 1.3

Figure 1.1 Ru(0)(dmpe) complex mediated C-H bond activation of naphthafen

In 1967, Garnett and Hodges reported itlterporation of deuterium in benzene and
benzene derivatives mediated by,R&Cl, in a DO/CD;COD mixture® It was found that the
degree of exchange is not markedly influenced leydlectronic character of the substituents,
which implies the H-D exchange process is not aeithlyzed. The authors proposed that the
benzene coordinated to platinum to form-eomplex intermediate, then the H-D exchange may
either go through reversible rearrangement ofithended complex to a six-coordinated hydrido
complex or a reversible electrophilic displacemehta proton from ther-bonded complex
(Figure 1.2)
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Figure 1.2 Proposed mechanisms for the platinum(ll) mediarethatic H-D exchange.

1.3 Transition Metal Mediated Alkane C-H Bond Activation

Alkanes are the major constituents déired gas and petroleum. The inertness of alkanes
toward other reagents is reflected by their otheme, ‘paraffin’, which means not enough
affinity. This chemical inertness arises from cdnsnt of atoms of alkanes all being held
together by strong and localized C-C and C-H bomsdsthat the molecules have no empty
orbitals of low energy or filled orbitals of highhergy that could participate in chemical
reactions’®

Despite this inertness of alkanes, it Il@en demonstrated in the early 1980s that
organotransition-metal complexes are capable aofrimg into alkane C-H bonds. In 1982,
Bergman’s group reported that when dihydrido-trimygihospino-
pentamethylcyclopentadienyliridium(lll) complex [&Cs)(H)2(MesP)Ir(1ll)] 1.4 was irradiated
by UV light in alkanes such as cyclohexane and eetgme, oxidative addition of C-H bond of
alkanes on the rirdium center was obserV@tie authors suggested that these reaction proceed
by loss of H from complex1.4 to form the coordinatively unsaturated trimethyppino-
pentamethylcyclopentadienyliridium(l) species ¢&g(MesP)Ir(l) 1.5 (Figure 1.3). When the

4



reaction was carried out in a 50:50 mixture of oljelxane and neopentane, the products of
hydridocyclohexanotrimethylphospino-pentamethylopentadienyliridium(lll) complex 1.6
and hydridoneopentanotrimethylphospino-pentametieidpentadienyliridium(lll) complex.7
were formed in a 0.88 ratio, indicating insertiandrs a primary over secondary C-H bond.

O P\
Megp/
uv /
irridiation 1.6
N\ (o ndeton —Ir—PMe;
Iy -H
/ N~ 2 \
MesP H 7
\ \\\H
1.4 15 /Ir.\\
MesP k

1.7

Figure 1.3Iridium complexl.4 mediated C-H bond activation of alkaries.
Consistent  results were reported by h@ma that irradiation  of

dicarbonylpentamethylcyclopentadienyliridium(l) cplex [(MesCs)(COXIr()] 1.8 by UV light
in cyclohexane and neopentane leaded to the oxedatdition of C-H bond of the alkanes to the

o)

iridium center (Figure 1.4}°

Ir

OC/
b ——
| irridiation — I —CO
Ir -CO \
7

ocC \CO \/

1.8 \| wH

"

o JV

Figure 1.41Iridium complexl.8 mediated C-H bond activation of alkartés.



In 1983, Jones reported that when dilgatrimethylphospino-
pentamethylcyclopentadienylrhodium(lll) complex EMs)(H)2(MesP)Rh(IIN)] 1.9 was
irridated by UV light in liquid propane at -5&, the oxidative addition of one terminal propane
C-H bond to rhodium complek.9 occurred to form the hydrido-(1-propano)-trimegtybspino-
pentamethylcyclopentadienylrhodium(lll) complex EMs)(H)(1-CsH7)(MesP)Rh(IID] 1.10
(Figure 1.5)** All these results showed that the inertness cdirads had been overestimated to
some extent. They can react with certain organsiian-metal complexes facilely under
relatively mild conditions.

uv
irridiation
-55°C
\ \\\\H —_— \ ‘\\\\H

Rh
/Rh‘H /\ /
MeP’ MezP

1.9 1.10

Figure 1.5Rhodium complex.9 mediated C-H bond activation of propdne.

1.4 Transition Metal Catalyzed Methane Oxidation

Methane and ethane constitute over 95%hefrtatural gas; however, the utilization of
methane is limited by the fact that most of theld/srestablished natural gas resource locations
are remote, in sites where there is little or ncaladdemand. Exploitation of such a resource is
impeded by the high cost of both gas transportaéind the current methods for converting
hydrocarbon gas into more readily transportablaidig The available conversion methods are
highly energy consuming, involving production ofn#yesis gas (carbon monoxide and
hydrogen) from methane and water at high tempe¥adad under moderate pressure, followed
by conversion to desired products (Figure 1%6).

850 °C
CHy + HLO———> CO + 3H,
10-20 atm

Ni catalyst

250 °C
CO + 2H, ————» CH3OH

50-100 atm

Figure 1.6 Syn-gas method to convert methane to meth&nol.



Several transition metal complexes taalyze direct oxidation of methane to methanol

derivatives are discussed in the following section.
1.4.1 The Shilov System

In 1969, Shilov and co-workers reported that 2.9%naeuterium incorporation was
found for methane by heating in a solution of 30#4;COOD and 30% HCI in BD at 100°C
for 6 hours in the presence ofCL.*® Without catalyst, this reaction is known to be gibke
only at a temperature about 108D. More than 26 mol% deuterium incorporation intoage
was achieved after 9 hours at 8Din the same system. This was the first reporteddgenous

system to activate-C-H bonds in an alkane.

In 1972, Shilov and coworkers observed the fornmatd oxidized alkane products by
addition of B[PtClg] into solutions of K[PtCl,] in D,O/CH;COOD (Figure 1.7}* It was found
that the Pt(Il) salt is the catalyst but stoichidmeeamounts of K[PtClg], which acts as the

oxidant are required for catalytic reaction to accu

[PtCl 4]
CH, + [PtClg]* + H,0 (CI‘)F:C> CH3OH (CHsCI) + [PtCl 4]% + 2HCI

Figure 1.7 Pt(Il) mediated methane oxidatidh.

In 1983, the Shilov group proposed a three-stephar@sm for the alkane oxidation cycle
(Figure 1.8)" In the first step the alkane C-H bond is activatgd Pt(ll) to generate an
alkylplatinum(ll) intermediate. In the second step alkylplatinum(ll) intermediate is oxidized
by [PtCE]* to form an alkylplatinum(IV) species. In the thistep the functionalized product is
liberated and the Pt center is reduced back td)Rdther by reductive elimination from the
Pt(IV) species or nucleophilic attack at the Ptabdb by an external nuclephile {8 or CI).



o™+ RCHH

RCH,0OH + H*

CI- //”h, t|V\\\\
- I ~CH,R

Figure 1.8 Proposed mechanism for the methane oxidation iilm&8ystem™

Despite the impracticality of using an expensivatipbim compound as a stoichiometric
oxidant, the Shilov system remains to date on@wfdatalytic systems that accomplish selective
alkane functionalization under mild conditions. Jleatalytic system has received considerable
attention from several research groups and conmwnekperimental results have been obtained

to identify the features of each individual reastaiep'®

In the product forming step, two different mecharss have been postulated: a

nucleophilic (|2) pathway and a concerted reductive eliminatichyay (Figure 1.9%°

~. 72-%
CH2R - Cl//,, H ’:CI
Cly, | WCl
2Pt cr= el
cI™ "] (|:|

Figure 1.9 Proposed @ pathway (a) and concerted pathway (b) in the yebfbrming steg®

The Bercaw group provided the most definitive suppg evidence for the \& type
reaction in the products forming steythro- andthreo{PtCl,CHDCHDOHJF were produced
by oxidation of isotope-labeledeise’s salfPtChk(trans-and cis-CHD=CHD)J with [PtCk]* in
water. Treatment of the erythro isonfel1 with chloride gave primarilghreo-CICHDCHDOH
1.12 (CJuu = 6 Hz), upon conversion to 2,3-dideuterioethylenéde 1.13 85+5% of the cis-
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isomer was obtained (Figure 1.10). Opposite resudt® produced when starting with the threo-
isomer. This sequence clearly showed the inversiostereochemistry in the product forming

step, which is consistent with aBSmechanisn’

-

E\\ pt'Vv HO pt'v
[} D 2- H D
T [PtCl ]
_— —
D H D
D H o HOH OH
erythro

H
H
D
Cl-
1.11 l -pt'l

OH
. Q NaOH D H
///,,Ag\\\H -~
Cl
threo
1.13 1.12

Figure 1.10Evidence for the & pathway in the product forming step for the ShiRystent.’

Another important aspect of the mechanism is thelatbon of the alkylplatinum(ll)
intermediate to alkylplatinum(1V). Two possible rheaisms have been considered: inner-sphere
two-electron transfer from RPt(Il) to Pt(IV) or glkransfer from RPt(ll) to Pt(IV) (Figure 1.11).

If the former mechanism prevails, then it is polesito circumvent the usage of expensive

platinum(IV) as oxidant, whereas the later demahdgresence of platinum(IV).



IR ES
Clu, | wCl

cr~ | el (l;| 2-
Cl Clu,, W R 2-
(’ - u'T*u + [PtCly]
@ 2- Cl
Cl////h,P \.\\\\\\\R
ci PS¢
Cl - Cl)I 2-
Il
CI////," l R \\\\CI -Pt >» Cl ////Ii, \‘\\\\\CI
|:C|’ “C| Cl’Fl)t‘CJ
R
Pt'—R

Figure 1.11Two possible pathways for oxidation of the alkyi@dium(ll) intermediate by
[PtClg]*.*°

Oxidation of Zeise's saltby [PtCk]* was used as a mechanistic model experiment to
distinguish between these two possible oxidaticthyeays>® It was found that in the course of
oxidation ofZeise’s saltan alkylplatinium(ll) intermediate is formed. Whesotopically labeled
Nay['*PtCk] was used as oxidant, tHel-NMR spectrum of the product showed the expected
intensity of'%Pt satellites for the Pt-G8H,OH peak (33% of the total peak area, equal to the
natural abundance of th&Pt) (Figure 1.12). This experiment clearly indichtieat the oxidation
of R-Pt(Il) intermediate by [Ptgf proceeds by electron transfer, not alkyl transfer.

\Y 2-
CH2 Hzo, 'H+ [195Ptc|6]2‘ [C|5Pt CH2CH20H]
= [Cl;Pt"CH,CH,0H]?* +

|
|
CHZ [195PtC|4]2-

ClgPt"

Figure 1.120xidation ofZeise’s salby [PtCk]*.*®

Based on these important results, the Bercaw gamlgpessedthere is accordingly no
inherent mechanistic reason why Pt(1V) could notréglace by another suitable oxidant, as
long as it is capable of oxidizing the alkylplatm(ll) intermediate to alkylplatinum(IV) without
fully oxidizing [PtCk(H20)u.d?™ to Pt(IV)"*® A lot of efforts have been directed to find a
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replacement oxidant that is less expensive tha@IfPt or a method to regenerate [REl A
list of oxidants including S¢) Cl,, H,O,, O,/heteropolyacids and £Lu(ll) were investigated to
carry out this transformation, but only little sess was obtained?* The reaction was also
investigated under electrochemical conditions va#talytic amount of Pt(ll), only a limited
number of turnover was achieved.

Two different of mechanisms have been considerelddarC-H bond activation step of the
Shilov system. 1) The C-H bond is cleaved by oxigataddition to Pt(ll) yielding an
alkyl(hydrido)platinum(lV) complex and then depro&ted. 2) The C-H bond is broken by
deprotonation of an intermediate Pt(ll)-alkanadduct (Figure 1.13¥

H -
+
e ——
/ /I TR - i
lm,,, Pt“'\“‘\\\\\ + RH
TR™
\\\\ /////"'lu Pt\\\\\\‘\\\\\H —B; //////Im, \\‘\\\\\\\\\ + BH
T R

- \|
R
Figure 1.13Two possible pathways for alkane C-H bond actirably Pt(11)*

Because it is difficult to study the C-H bond aatien directly, protonolysis of
alkylplatium complexes which is the microscopiceme of methane oxidation was studied to
gain the mechanistic informatiéh. Labinger and Bercaw examined the reaction between
methylchlorotetramethylethylenediamineplatinum@dmplex (tmeda)PtMed.14and HCI, the
oxidative addition product hydrydomethyldichlorotehethylethylenediamineplatinum(lV)
intermediate [(tmeda)PtMeHgI!1.15 was detected at -78, and at -60°C, the Pt(IV)1.15
undergoes reductive elimination to give methane adathlorotetramethylethylene-
diamineplatinum(ll) complex [(tmeda)PllL.16as products (Figure 1.14).
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Cchlz H

Et,0-d
CN”U/'”'Pt'QCHS +HO —— CN”}"”FI’t'V\\\CHs > CN”"/""Pt”“\\Cl + CH,
N cl 78 °C N | ¢l 60°C N ~¢i
Cl
1.14 1.15 1.16

Figure 1.14Oxidative addition of HCI to (tmeda)Pt(I1)(GKCI complex®®

When CHOD was used as solvent, deuterium exchange intccdloedinated methyl
groups was observed at -AD. The multiple deuterium incorporation into methauggested the

reversible formation of Pt(ll)-alkareeadduct (Figure 1.15).

CD2C|2 D
s 2
CN'///////PtI|\\\‘CH3 + HCI CH;0D CN”'////,J,,[N‘\CH?: - CN”’/I///PtII\\\‘CS"S
Cl CHs
Joe |
D | *
N//,,,,/ Iv\\CH3
N,/”/ \\\\Cl 25 OC N////,,”l ”\\\\CHS-nDn C (/Pt\
2CH Dy + (mmpyt " <22 C (L Zept - | [N CH,D
N( i N I\CH3-nDn

Cl
Figure 1.15Possible pathway for multiple deuterium incorpimmainto methané®

These experimental results implicated that both tdl)falkane c-adduct and a

alkylhydridoplatinum(IV) species can be the intedia¢es of the C-H bond activation reaction.

Different ligands supported Pt complexes were wsedatalysts to study the elementary
steps that constitute the oxidation of alkanes ltmhls. Four individual steps have been
established in one or more cases during platinualyzed C-H activation reactions: 1)
electrophilic C-H bond activation of alkane at Bil 2) oxidation of alkyl Pt(ll) to alkyl
Pt(IV),%’ 3) nucleophilic cleavage R-Pt bond to form ROH dhdigand exchange to regenerate
the original catalyst (Figure 1.18F The current challenge is to find a complex whign c

accomplish all four steps efficiently and in coricer
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L liy,, R\ X L hy,,, | O\ R

1] |
i Vi RX—»L,Pt‘Y +  HX
(|)H
H,0
LRy 100, 2 HipivaR Ly
L Y L | Y
OH
OH
twll’t'v;“s + HO—— tﬁpt“g‘“\?H + ROH + H,0
OH
L Iy, .,\\\\OH L lhy,, I T\ X
[ePUIQUT X P+ HO

Overal: RH + 1/20, ——» ROH

Figure 1.16Four individual steps of the platinum catalyzeti®ond activatiort®

1.4.2 The Catalytica System

In 1998, R. A. Periana and coworkersGatalytica Advanced Technology Ineported
that in fuming sulfuric acid, methane could be siely converted to methyl bisulfate catalyzed
by dichlorof>{2,2’-bipyrimidine})platinum(il) complex [(bpym)REl;] at 220°C (Figure 1.17).

Impressively, a 72% one-pass yield at 81% selégtibased on methane, was achiefed.

(bpym)PtCI ,
CH4 + 2 H2804 —_— CHgoSO3H + 2 Hzo + SOZ

X

jiN A \\\\CI
‘Pt
7

G

Structure of (bpym)PtCl

P

Z

Figure 1.17 (bpym)PtC} catalyzed methane oxidation in concentrated salfugid*?

A remarkable feature of the methane oxidation sydtethat the system is catalytic in Pt

complex and utilizes SOas oxidant. The functionalized product methylubfege can be
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hydrolyzed to methanol, and in principle the,S@&med during the reaction can be re-oxidized

by O,to SG; (Figure 1.18). All these characteristics make sliyitem potentially practical.

CH4 + H2304 + 803 —>CH30803H + Hzo + SOZ
CH30SO3H + Hy0 — CH30H + H,SO4

SOZ + 1/2 02 —_— 803

net CH; + 1/2 0, — CH30H

Figure 1.18Process scheme for the net oxidation of methaneetbanol-*?

The bipyrimidine ligand possesses high affinity Rall). It is found that loss of thgpym
ligand from the Pt center is reversible even unskeong acidic and oxidizing conditions.
Platinum metal can be dissolved in hot 96%56, in the presence of bpym ligand to produce a
homogenous solution of (bpym)Pt(H3® This “self-assembling” function prevents the
deposition of insoluble (Ptg} during the reaction process and increases théysesalifetime.
Under the strong acidic reaction condition, thetid may become protonated. Protonation will
withdraw electron density from the platinum througle c-bonding framework of the bidiazine

ligand thereby enhancing its electrophilicity.

When the reaction was carried out isgH0y, below 150°C, multiple H/D exchange can be
observed with gas-phase methane, suggesting tbbes@ment ofc-methane intermediate, but no
H/D exchange into the methyl group of methyl biatdfis observed when methyl bisulfate is
added in the catalytic system. This is becauséefstrong electron withdrawing effect of the
bisulfate group, which inhabits the electrophikaction between the platinum complex and the
C-H bond of the methyl bisulfate. The deactivateféect of the bisulfate group is of crucial
importance in that it not only leads to desiredesiVity, but also prevents undesired over-
oxidation to CQ.

It is believed that under the strong acidic cowdi$i, the catalyst (bpym)PtQlindergoes
ligand exchange to form a cationic [(bpym)PtCl(Po$peciesl.17 (Sol = HSQy,). Dissociation

14



of the solvent ligand will lead to a highly elegitolic, coordinatively unsaturated 14-electron T-
shaped [(bpym)PtCl]species which can coordinate with methane to farit(ll) c-methane
intermediatel.18 A three-step catalytic cycle was proposed forrtteghane oxidation reaction:
in the first step, C-H bond activation of metharmews from the Pt(lI-methane intermediate
1.18either by oxidative cleavage, with deprotonativom a platinum(IV) methyl hydride, or by
electrophilic substitution, with loss of proton finoPt(Il) c-methane intermediati.18 to form
the (bpym)Pt(I)(CH)CI speciesl.19 in the second step, the (bpym)Pt(11)(§€El speciesl.19

is oxidized to (bpym)Pt(IV)(CECI(OSGH), species1.20 by SQ; in the third step,

functionalized product methyl bisulfate is released the catalyst is regenerated (Figure 1.19).

(\ Solvent (\

NI/N//,,” o Cl '1?4884 NI/N////”"" + “\\\\\CI
Pt -
+ / + 2HSO,4
N |N/ \ HNZ IN \(SOI)
NG NG
1.17
Sol || CHq

CH3;0H ~-=—— CH3;0SO3H v L
C-H activation
) o 1.18
Functionalization H,0 H,SO,4

osogH m

I/ ///,, \\\\CI N I/ N //////, \\\\\C|
- Pt
HSO, / e, o ey,
\ osogH v
Oxidation
1.19
SO, + H,0 SO; + 2H,S0,

Figure 1.19Proposed mechanism for the methane oxidatiorhfoOatalytica SysteR?”
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With regard to yields, selectivity and catalystrniowver numbers, the Catalytica system
achieved the best results for catalytic methanedatdan and it made the most significant
advance in Shilov type chemistry. However, them ssme drawbacks in this system. Firstly,
this system needs concentrated sulfuric acid astiomamedia which is highly corrosive and
difficult to handle. Secondly, methyl bisulfategtproduct of the methane oxidation, is of little
direct use and need to be converted to more usefupound, such as methanol. The hydrolysis
of methyl bisulfate will lead to undesired dilutedlifuric acid as side product. Its concentration
requires a lot of energy due to the high dilutiontrepy and the enthalpy of water-binding by

sulfuric acid®

1.4.3 The NHC-Pd System by Strassner

In 2002, Strassner and co-workers reported théytiataonversion of methane to methyl
trifluoroacetate by using N-heterocyclic carbeneH@ palladium(ll) complexes as catalysts
(Figure 1.20¥° The reactions were carried out in a mixture ofluproacetic acid and
trifluoroacetic acid anhydride at a methane pressafr 20-30 bar at 80-108C, and with
potassium peroxodisulfate as an oxidant. Undemupéid condition, a TON (turnover number)
of 30 relative to NHC-Pd catalyst was reached.

/ N/R

N4< X 1.21a: R=1t-Bu, X=Br
Pd 1.21b: R=t-Bu, X =1
X 1.21c: R=Me, X=Br
N 1.21d: R=Me, X=I
&/N\R
CH, + CF3COOH ﬁ» CH3O00CCF;

K5S,0g 2KHSO,4

7\

Figure 1.20NHC-Pd(ll) complexes catalyzed methane oxidafon.
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It was found that the counterions of the NHC-Pd plaxes played an important role in
the catalytic process (Table 1.2). In contrasth&rtbromide analogs (entry 1 and entry 3), the
iodide complexes of the palladium N-heterocyclidbeme catalysts were totally inactive (entry 2
and entry 4).

Table 1.2catalytic conversion of methane into methaol.

Entry Catalyst Yield [90]
1 1.21a 519
2 1.21b 0
3 1.21c 980
4 1.21d 0
5 1.21c 3000

[a] By GC analysis, relative to palladiu= 80°C,t = 24 h,p(CH,) = 20 bar.
[b] By GC analysis, relative to palladiufi= 90°C,t = 14 h,p(CH,) = 30 bar.

As a possible reaction pathway was proposed traffitht step of the reaction is the
replacement of the anions by trifluoroacetic a¢iygre 1.21), followed by coordination of the
methane, electrophilic substitution, oxidation aaductive elimination of C£OOCH;. At the
beginning the authors thought that the initial lgelo exchange with trifluoroacetate might make
the difference. However, DFT calculations showedt tthe energy difference between the
trifluoroacetate exchange with bromide and iodigands is only 5.6 kcal/mol (Table 1.3). This
value is too small to explain the inactivity of tN&IC-Pd-} catalysts. Another possible reason is
that the basicity of iodide is lower than that odinide, which makes it difficult to protonate the
halide ligand off to create a free coordinatioe siherefore iodine takes up the coordination site

for methane?®
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N N N

(\N/CH?, (\N/CH3 (\N/CH?’
4< _< _00CCFs _< _00CCF;
+ HOOCCF4

< 4<P - H-O :XCCF3 < 4( - HX <N4< i OOCCF3
(A (e N

Figure 1.21Stepwise replacement of halogen with trifluoroatet

Table 1.3B3LYP/6-311+G(d,p) calculated free energies (koal) for the replacement of
halogen ligands by trifluoroacetic acit.

Halogen First replacement Second replacement Qvegddtion
F -2.8 +1.2 -1.6
Cl +11.1 +3.5 +14.7
Br +14.1 +6.3 +20.4
I +16.8 +9.2 +26.0

This novel NHC-Pd catalyzed methane oxidation syshas the following advantages:
first of all, the reaction can be carried out undeuch milder conditions compared to the
Catalytica System. Secondly, potassium peroxoditil€an be used as an oxidant, which is
much cheaper than platinum(lV) salt which is regdimas an oxidant in the Shilov system.
Thirdly, the methane oxidation product of this NI@(ll) catalyzed C-H bond activation
process is a methyl trifluoroacetate ester, wheh €asily be removed from the reaction mixture
by distillation and hydrolyzed to produce methafdie recovered acid and remaining methane
can be transferred back to the reaction systemrefdre, it is possible to run it as a cyclic
process. The strong electron withdraw trifluoroateetgroup also can protect the product from
over-oxidation. Last but not the least, the NHCdedhplexes exhibited extraordinary thermal
stability in the presence of strong oxidant in sg@cidic medium. This character makes them
ideal candidate catalysts for C-H bond activatieactions, because the strong acid can be used
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to protect the methane oxidation product againgtr-oxidation by forming an ester, and the
strong oxidants are almost a necessity for cata#H bond activation reactions.
Surprisingly, there are no further mechanistic &sicover this promising C-H bond

activation system.

1.5 Research Goals

As it has been discussed, this-NHC-Pd(ll) complexes catalyzed methane oxidation
system is one of the only a few reported catalyyistems that can directly convert methane to
methanol derivatives. To further improve this wadgatalytic system, a better understanding of
the details of the reaction mechanism is requi@zhsequently, the goals of the first part of my
thesis was to gain mechanistic insight of thisNHC-Pd(Il) complex-catalyzed methane
oxidation process. My research has mainly focusad 1) Synthesis ofbis-NHC-Pd(ll)
complexes; 2) Testing these NHC-Pd(Il) complexesChiH bond activation reactions; 3)
Studying the oxidative addition and reductive efiation pathways from thbis-NHC ligand
stabilized palladium species.

Because the reaction conditions are relatively mddd the catalystshis-NHC-Pd
complexes are well established, it is possible @mitor the reaction by means #1-NMR and
3C-NMR spectroscopy. We expect to isolate or obséese intermediates of the C-H bond
activation reaction, through which determine thavaccatalyst. Furthermore, by investigating
the features of the oxidative addition to thieNHC-Pd species and reductive elimination from
the bisINHC-Pd species, valuable information related to@hE bond activation and following

functionaliztion is expected.
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Chapter 2 NHC-Pd Complexes-mediated Aryl C-H Bond Ativation

Study
2.1 Possible Reaction Pathways of the NHC-Pd Catalyzédethane Oxidation

Reaction.

It must be noted again that the disarssif the reaction mechanism in the original paper
by T. Strassner was not specifitin relation to the previous discussed “Shilov 8gst and the
“Catalytica System? at least three distinctly different reaction paslys should be taken into
consideration.

The first pathway can be described asRt@l)-Pd(0)-Pd(ll) cycle: In the first step a
cationic [NHC-Pd(I)-(OOCCR]* species is generated after ligand-exchange. C-Hd bo
activation occurs at a cationic Pd(ll) center toriache NHC-Pd(I1)-Me-(OOCC§ complex. In
the second step, the product is then releasedr éathédirect reductive elimination or external
(SN2 type)-nucleophilic attack. In the third step, tdatalyst is regenerated by oxidation of NHC-
Pd(0) to NHC-Pd(Il) to complete the catalytic cy(fegure 2.1).

(\ \—CHs (\N/CHs (\ \—CHa _| (\N/CHs _|
< CF4COOH /\ e _< JOOCCF; N_< 0o

CF3COOCH;

Figure 2.1Possible methane oxidation pathway | for the StraisSystem.
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The second possible pathway is similath® “Shilov system”: In the first step, after
ligand exchange, methane C-H bond activation ocausscationic Pd(Il) center to form a NHC-
Pd(ll)-Me-(OOCCE) species. In the second step, the NHC-Pd(Il)-MOQTF;) species is
oxidized to NHC-Pd(IV)-Me-(OOCCH-Y 2, (where Y = OOCC{or OSQH); In the third step,
the product is released from the NHC-Pd(IV) cerdad palladium catalyst is regenerated
(Figure 2.2).

N_< _/00CCF; N_< e
< Pal_ =< Pd\) CF,
Os_CF ol
— N
N HO N
L N CH AN CH,
CFgCOOCH3V) ; | CH,
(\N/CH3
Y
/\N'|/CH3 N4<
<N%Pd/ooc0|=3 < F,Gl/oocc':3
U \\CHS N \CH3
SN,

<
1
o
@]
(@]
(@]
J
=}
2
3 <
w
T
/
(@]
I
w

oxidant

Figure 2.2 Possible methane oxidation pathway Il for the Sinar System.

The third pathway differs from pathwayseocand two: In the first step, the catalyst is
oxidized to a NHC-Pd(IV)-(OOCGH-Y , species (Y = OS§H or OOCCHER); In the second step,
a cationic NHC-Pd(IV) species is generated by ligdissociation; In the third step, C-H bond
activation occurs at the Pd(IV) center to genesat¢HC-Pd(IV)-Me species. In the fourth step
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of this reaction cycle, the product is releasednfrthe Pd(IV) center and Pd(ll) species is
regenerated; In the final step, NHC-Pd(I)-(OOG)zks reformed after ligand exchange. (Figure
2.3)

& N—CHs & SN—CHs /\N.|/CH3
<Nﬁpd/x CFsCOOH N%Pd _OOCCF; oxidant <N%Pd/oocu:3
N— X N— OOCCF; — < \\OOCCF3
%/N\CH3 X %/N\CHP, ! §/N\‘YCH3
(v ii\
v ®
/\N/CH3 /\N./CH3
N—C v N—<
< e ¢ o ~00CCFs
N—( Y N—( \
SNy, ~—N—ch
3
) Y Y
iv & ~N|—CHs i
AN N OOCCF
CF5COOCH; < PdC 3 CHy
N—( CH,
%/N\
| CHs

Y = OOCCF; or OSO3H

Figure 2.3Possible methane oxidation pathway Il for theaSéner System.

2.2 NHC-Pd Complex Mediated Aryl H-D Exchange

H-D exchange is usually used as a diagnostic ptioatf the C-H bond activation has
occurred®®’ | have started my studies of this system by tgstithether the NHC-Pd(Il)

complexes can initiate H-D exchange.
2.2.1 Synthesis of NHC-Pd(Il) Complexes

The NHC-Pd(ll) complexes were synthesized accordiiog literature reported
method$*'® The bisimidazolium dibromide salt2.1 was obtained by refluxing 1-
methylimidazole and dibromomethane in toluene ®haurs with 73.3% vyield. Treatment of
thebisdimidazolium dibromide salR.1 with Pd(OAc} in DMSO at elevated temperature leads to
the formation of the palladium compl&is-NHC-Pd(ll)-Br, 2.2 with 78% vyield® Bis-NHC-Pd-
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(OOCCR); 2.3a and bisNHC-Pd-(OOCCH), 2.3b were synthesized by abstraction of the
bromide with AJOOCCEFand AgOOCCH respectively (Figure 2.4).

(\N toluene Z (3/\%)/&
J/ + CHzBr 2 —> N_// \\_

N reflux 12h
/ / 2Br \
HsC H3C CHj
2.1
N
7 %/\(ﬁ AN _bmso ZN N
/i \ + Pd(OAc), _k )_
N O N N N\
/ 2BF \ HaC
HsC CHj 3 / \ Ha
Br
2.2
PN 2N N
(\N N/} CH3CN (\N N/w
+ AgOOCR — 5
N N N N
/ \ / \
/N 3 FsC
B’ Br RCOO OOCR
2.3a: R=CF;
2.3b: R=CHjg

Figure 2.4 Synthesis obisNHC-Pd(Il) complexes.
2.2.2 H-D Exchange Study

At the beginning, H-D exchange was iedrout using NHC-Pd-Bras catalyst, toluene
as substrate and deuterated trifluoroacetic acidoagent. Toluene was chosen as a substrate
because, firstly, compared to methane, it is muabiee to study by NMR spectroscopy;
secondly, it provides the opportunity to evaluatbether the catalyst has the ability to
differentiate aromatic C-H bond from benzylic C-biol in the course of C-H bond activation.

The bis-NHC-Pd(II)-Br, complex2.2 and toluene (mole ratio of 1/4) were added to 0.70
mL of deuterated trifluoroacetic acid in a J-YoUdBIR tube. The reaction system was degassed
by three consecutive freeze-pump and thaw cycldstlan protected under,NThe NMR tube
was put in an 8FC oil bath and the H-D exchange process was mauitdry ‘H-NMR
spectroscopy. It was found that the H-D exchangmpéiaed at both thegara andortho positions
of toluene. No deuterium incorporation into tmetaposition and the methyl group of toluene
was detected. After heating at 80 for 20 hours, 60.1%ara-H and 39.2%ortho-H were
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substituted with deuterium (Figure 2.5). A contextperiment was carried out under same
conditions except without addingis-NHC-Pd-Be complex 2.2 as catalyst. No deuterium

incorporation into the aromatic ring and methylyravas discerned.
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Figure 2.5 StackedH-NMR of thebis-NHC-Pd(ll)-Br, mediated toluene H-D exchange

reaction in CECOOD (expended aromatic area, the spectrum wasded@very 5 hours).

It is my working hypothesis that the aedim H-D exchange process, as mediated by the
bis-NHC-Pd(II)-Br, complex, proceeds according pathways describddguare 2.6. In the first
step, a cationic specieBi§-NHC-Pd-(OOCCER)]" 2.4 is generated after ligand exchange (Br vs
OOCCHR) in the acidic medium. In the second step, tolusyerdinates to the cationic Pd center
by its n-system to form an intermedia®eb. In the third step, C-H bond activation occurseit
by deprotonation abis-NHC-Pd(Il) o-intermediate2.6 or deprotonation from oxidative addition
type bisNHC-Pd(IV)-hydrido intermediat®.7 to form arylbis-NHC-Pd(ll) 2.8 In the fourth

step, deuterated toluene is released either bygtdieuteration of the C-Pd bond of intermediate
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2.8 or deuteration of the Pd-center to formbis-NHC-Pd(IV) specie2.9, and consecutive

reductive elimination of deuterated toluene ledgsttobis-NHC-Pd(lI).

N—
< (N
N— _ _OOCCF X
\/N\(;L%\ <N Pd\H 3 CHs
< 25
2.8 \/%/N\CH;;
2.6
H ®
FEN|CHs
N— | ooccF,
< Pd
N
S~ N~cH;
S
2.7

Figure 2.6 Possible pathways for thes-NHC-Pd(I1)-Br, complex mediated aromatic H-D

exchange reaction.
A question in need to be answered is the appamdatts/ity of thebis-NHC-Pd-Bk

complex mediated aromatic H-D exchange procesthelfproposed mechanism is valid, there
should be deuterium incorporation into theeta position of toluene, because it is more
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accessible to the Pd center than dhido position when steric effect is taken into consadien.
However, no deuterium incorporation into thetaposition was observed.

Another possible pathway is the acid catalyzed ldxohange. After ligand exchange,
small amount of DBr (pKa = -9) was introduced itite reaction system; the strong acid could
act as a catalyst to promote the H-D exchange iogadin this pathway, th@ara and ortho
positions of toluene are more prone to H-D exchadmggause they are the more electron-rich
sites. To gain more insight into the mechanisrabis-NHC-Pd-(OOCCE), complex2.3awas
synthesized and used as catalyst to mediate the ékdhange reaction. Under the same
conditions, no deuterium incorporation into toluewas observed. This result gave strong
supportive evidence that the earlier H-D exchangs @atalyzed by acid.

Whenpara-xylene was used as substrate instead of toluefi2,eildchange happened at
the same rate in the presence or absence dfisiéHC-Pd-(OOCCE), complex at 8CC. It is
reasonable to explain thpara-xylene is more electron rich than toluene, sotthkioroacetic
acid itself is strong enough to catalyze the H-Bhexge process (pKa value of {LOOH is -
0.25). The difference between the electron nedwgtof toluene angb-xylene was demonstrated
in a research paper by R. G. Peat$an which the absolute electron negativity of txle and
p-xylene were calculated to be 3.9 and 3.7 respdytive

In applying these results, | came to the conclusiat the aromatic H-D exchange in
deuterated trifluoroacetic acid is an acid catalypeocess. Thdis-NHC-Pd(I1)-(OOCCE),
complex and its dissociated cationic forrbisfNHC-Pd(I1)-OOCCE]" may not be the
catalytically active species in the C-H bond adtova of hydrocarbons! Under the strong
oxidation condition of the Strassner's system, @a@ speculate that high oxidation state
palladium species such as [NHC-Pd(IV)-(OOGEKH*" may form and then can act as the real
catalyst in the methane C-H bond activation pracess

Soon after this finding in 200%,Peter Chen reported a method to prepare the @ation
[bisNHC-Pd(Il)-(OOCCE)]" species by treating NHC-Pd(Il)-(OOC@F with p-
toluenesulfonic acid in methylene chloride. Thiedps was isolated and tested for C-H bond
activation of benzene in GEOOD®? Even after heating at 12€ for 24 hours, no deuterium
incorporation into benzene was observed (Figurg Zhis result provided further evidence that

thebis-NHC-Pd(ll) is not the active species to mediate Gerd activation.
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Figure 2.7 Test of cationiis-NHC-Pd(Il) species for aromatic H-D exchange reactf

2.3 Study ofBis-NHC-Pd(Il) Mediated C-H Bond Activation in the Presence

of Potassium Peroxodisulfate

In the Strassner system, trifluoroacetic acid arftlioroacetic acid anhydride (volume
ratio of 6/1) were used as reaction medium, patasgieroxodisulfate was used as oxidant. The
same reaction conditions were used to carry ouCtitbond activation of toluene using this-
NHC-Pd(I)-Br, complex as catalyst. 5.0 mg of ths-NHC-Pd(Il)-Br. complex was dissolved
in 0.60 mL of deuterated trifluoroacetic acid id-%oung NMR tube. Upon adding 0.10 mL of
trifluoroacetic acid anhydride, all the peaks of talladium complex were shifted up-field by
more than 1 ppm. 20 mg of potassium peroxodisuligas added to the NMR tube and the
mixture was sonicated for 5 minutésl-NMR spectra was recorded to monitor the reacitber
the undissolved potassium peroxodisulfate suspersmwly precipitated to the bottom of the
NMR tube. No reaction was observed. Subsequendlyrtg of toluene was added to the NMR
tube by means of a GC syringe, and the NMR tubeagai put in the sonicator at 80. The
reaction was kept at 5% and monitored hourly b¥H-NMR. The toluene peaks disappeared
slowly and new peaks corresponding to para-substittoluene increased slowly. After 8 hours,
all of the toluene was converted to the new spedtiethe course of the reaction, no change for
the resonances of the catalyst was observed. Tlss s@ectrum showed that the molecular
weight of the para-substituted toluene was 172 cwhnatches the molecular weight pf

toluenesulfonic acid. This result was really susimg because C-H bond activation of toluene
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was expected to happen under the oxidation comditigimilar to the methane oxidation to
methyl trifluoro-acetatep-methylphenyl trifluoro-acetate was expected toHeegroduct of this
reaction. The absence of the expected productiechphat there was no C-H bond activation
happening! Even if C-H bond activation would haeppened, the trifluoro-acetate group could
not have been delivered to toluene.

The formation ofp-toluenesulfonic acid could be explained by a felltg hypothetical
sequence: in the first step, potassium peroxodigilflissociates to form 3@ radical; in the
second step, the radical react with toluene reguhethe p-toluenesulfonic acid as product
(Figure 2.8).

I

'ﬁ—OH ?H
0] —_—c—

e} HO\ /O /\ “ 0=S=—0

S A *S—OH
7 N I
- . o) .
Mw:172

Figure 2.8 The hypothetical sequence for the formation oflpenesulfonic acid.
2.4 Discussion of the Experimental Findings

The inertness of thbis-NHC-Pd(ll) complexes towards aromatic C-H bond ati¢ne
was completely unexpectetl-heterocyclic carbenes are electron rigfdonor ligands. The
strong electron donating effect was evidenced lyoibserved IR frequency of the NHC-metal-
CO complexed® For example, in the model Rh complex Rh(CO)Gl(lthe CO stretching
frequencies are sensitive to the electron denditth® metal. The stronger electron donating
ligand will lead to a more electron rich metal @ntvhich in turn enhances the metal to £O
backdonating effect. The metal to G&backdonating can weaken the bond strength of carbo
monoxide because it increases the electron demditthe anti-bonding orbital of carbon
monoxide (Figure 2.9). The weakened bond will haviewer stretching frequency in the IR

absorption.
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Figure 2.9 Demostration of thebackdonating effect

From the data in Table 2.1, it can be seen ftiditeterocyclic carbenes induce a
significant higher electron density at the rhodigenter than the standard phosphine ligands
PMe;, PCy, and PPh

Table 2.1C-O stretching frequencies wansRhL,(CO)Cl complexes?

Rh(CO)CI(L) v(CO) (cm)*

Mo e 1924
7y

SN 1929
"
PCys 1939
PMe; 1957
PPh 1983

Because the nitrogen atoms donate their lone fetrens to the unoccupied p orbital of
the carbene throughmaresonance interaction, tleacceptor ability oN-heterocyclic carbene is
negligible*

Referring to the Shilov system, C-H bond activatiovolves electrophilic displacement
of a proton on the alkane by Pt(Il). However, ie tBtrassner system, the palladium center is
quite electron-rich, because it Bschelated to the strong electron-donatiNgheterocyclic
carbene ligands. Furthermore, this electon-richieésbe metal center is enhanced by the fact
that there is very little metal to ligand backbargleffect due to the poaracceptor ability oN-
heterocyclic carbene ligands. The lack of electiiapty of the palladium center in theis-NHC-
Pd(Il) complexes might be the reason that they camediate the C-H bond activation reaction.

On the other hand, under oxidizing conditions, gtreng electron donating NHC ligand favors

32



the formation of bisNHC-Pd(IV) species. ThebisNHC-Pd(IV) species will be more
electrophilic than théois-NHC-Pd(Il) species, and it could act as catalysttfee C-H bond

activation of methane.

2.5 Experimental

2.5.1 Syntheis of 1, 1’-Dimethyl-3,3’-methylene-dnidazolium dibromide (2.1).

In a 30 mL sealable Schlenk flask 2.00 g (24.4 mmuthyl imidazole and 2.12 g (12.2
mmol) dibromomethane were dissolved in 10 mL THE heaated to 1308C for 16 hours. After
cooling to room temperature the resulting precipitaas filtered off and washed twice with 10
mL THF. The product was dried under vacuum, yigd32 g (73.3% ) of a white powder.
'H-NMR (61; 400 Hz, DMSOdg): 3.91 (s, 6H, Ch), 6.78 (s, 2H, Ch), 7.82 (s, 2H, NCH), 8.11
(s, 2H, NCH), 9.57 (s, 2H, NCHN).

25.2 Synthesis of (1, 1’-Dimethyl-3,3-methylenetithidazoline-2,2’-diylidene)
palladium(ll) dibromide (2.2).

In a 50 mL sealable Schlenk flask 1.00 @@2mmol) of 1, 1'-dimethyl-3,3’-methylene-
diimidazolium dibromide and 0.66 g (2.9 mmol) of(@d&c), were dissolved 20 mL DMSO. The
reaction mixture was stirred at room temperature3fb minutes and then at 5G for 4 hours,
after which the reaction mixture was stirred at’@0for further 2 hours. DMSO was removed
under vacuum at 8fC to give a yellow solid, which was washed twicéhwé mL portions of
dichloromethane to give the product as a pale wedolid (1.00 g, 78%)H-NMR (54; 400 Hz,
DMSO-dg): 3.90 (s, 6H, CH), 6.27 (s, 2H, Ch), 7.33 (s, 2H, NCH), 7.59 (s, 2H, NCH).

25.3 Synthesis of (1, 1'-Dimethyl-3,3-methylenetithidazoline-2,2’-diylidene)
palladium(ll) bis(trifluoroacetate) (2.39.

In a 20 mL sealable Schlenk flask 150 m@40nmol) of 1, 1’-Dimethyl-3,3’-methylene-
diimidazoline-2,2’-diylidene) palladium(ll)  dibroasee and 149 mg (0.68 mmol) silver
trifluoroacetate were suspended in 5 mL acetoeitiiid the reaction mixture was stirred alG0

for 8 hours. The solution was filtered off and swvent was removed under vacuum to give a
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white solid (0.12 g, 69.2%JH-NMR (d,1; 400 Hz, DMSO#): 3.76 (s, 6H, Ch), 6.33 (s, 2H,
CHy), 7.40 (s, 2H, NCH), 7.67 (s, 2H, NCH).

254 Synthesis of (1, 1'-Dimethyl-3,3’-methylenetdnidazoline-2,2’-diylidene)
palladium(ll) diacetate (2.3h).

1, 1’-Dimethyl-3,3’-methylene-diimidazolir2’-diylidene) palladium(ll) diacetate was
synthesized by abstract bromo ligands with silveetate under same condition with the
synthesis of bis(trifluoroacetate) palladium(ingplex. *H-NMR (d; 400 Hz, DMSOdg): 1.74
(s, 6H, CH of acetate), 3.75 (s, 6H, G 6.20 (s, 2H, Ch), 7.27 (s, 2H, NCH), 7.55 (s, 2H,
NCH).

2.5.5Bis-NHC-Pd-Br, complex 2.2 mediated H-D toluene exchange

In a J-Young NMR tube, 10 mg 1, 1-dimetly8-methylene-diimidazoline-2,2'-
diylidene) palladium(ll) dibromide and 8.3 mg tehe (mole ratio 1:4) were dissolved in 0.7
mL deuterated trifluoroacetic acid. The NMR tubesvieated in an 8 oil bath and the H-D
exchange reaction was monitored b NMR spectroscopy at 2% every 2 hours. In th&H-
NMR spectrum the resonances of i@ NHC-Pd(11)-Br. complex showed as the following:
'H-NMR (04; 400 Hz, CECOOD): 3.90 (s, 6H, Ch), 5.94 (d, 1HJ = 12.5 Hz, CH), 6.56 (d,
1H,J=12.5 Hz, CH), 6.87 (s, 2H, NCH), 7.25 (s, 2H, NCH). Resonarfoesoluene showed as
following: *H-NMR (dy; 400 Hz, CECOOD): 2.24 (s, 3H, Ch), 7.03 (t, 1HJ = 7.42 Hz p-H),
7.09 (d, 2H, J = 7.42 Hz,0-H), 7.14 (t, 2H, J = 7.42 Hz,m-H). The reaction process was
monitored by integrations of the three sets of masgce of the benzene ring using the NHC

methyl group as an internal standard. (Detaildd\MR spectrum was showed in Figure A. 5)

2.5.6 Control experiment of toluene H-D exchange

The control experiment of toluene H-D exajg@meaction was carried out by dissolving 8.3
mg toluene in CF£0OO0D in a J-Young NMR tube and heated ta°80 The process of the H-D
exchange reaction was monitored every 2 hourdHb)MR at room temperature. (Detailéd-

NMR spectrum was showed in Figure A. 6)
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2.5.7 BissNHC-Pd-(OOCCFj3), complex 2.3a mediated toluene H-D exchange
ThebisNHC-Pd(I1)-(OOCCER), mediated toluene H-D exchange reaction was caogd
under same condition than described in sectiorb 2%cept usingpis-NHC-Pd(11)-(OOCCE); as

catalyst.

2.5.8 Bis-NHC-Pd-(OOCCFs3), complex 2.3a mediateg-xylene H-D exchange

10 mgbis-NHC-Pd(I)-(OOCCE), complex and 7.8 mpg-xylene were dissolved in 0.7 mL
CRCOOD in a J-Young NMR tube and heated to°80 The H-D exchange reaction at room
temperature was monitored every hourHyNMR. (Detailed"H-NMR spectrum was showed in
Figure A. 7)

2.5.9Control experiment of p-xylene H-D exchange study

The control experiment was carried out urtle same condition that described in 2.5.8
except without adding of théisNHC-Pd(I1)-(OOCCE), as catalyst. (DetailedH-NMR
spectrum was showed in Figure A. 8)

2.5.10 BissNHC-Pd(I)-Br », complex 2.2 mediated C-H bond activation of toluem in the
presence of potassium peroxodisulfate.

5.0 mg of thébis-NHC-Pd(Il)-Br, complex2.2 was dissolved in 0.60 mL of deuterated
trifluoroacetic acid in a J-Young NMR tube and tdieh 0.10 mL of trifluoroacetic acid
anhydride was added by means of a syrifigeNMR showed that all the peaks of the palladium
complex were shifted up-field by more than 1 ppf.n2g of potassium peroxodisulfate was
added to the NMR tube and the mixture was sonicates0°C followed by adding 5 mg of
toluene via a GC syringe. The reaction was kef#0&C and monitored hourly b{H-NMR.
(Detailed*H-NMR spectrum was showed in Figure A. 9)

35



References

1. Muehlhofer, M.; Strassner, T.; Herrmann, W. A. “Neatalyst systems for the
catalytic conversion of methane into methan@igew. Chem. Int. EQ002 41,
1745-1747.

2. Strassner, T.; Muehlhofer, M.; Zeller, A.; Herdtked.; Herrmann, W. A. “The
counterion influence on the CH-activation of methdyy palladium(ll) biscarbene
complexes-structure, reactivity and DFT calculadidrdournal of Organometallic
Chemistry2004 689, 1418-1424.

3. Gol'dshleger, N. F.; Es’kova, V. V.; Shilov, A. EShteinman, A. AZh. Fiz. Khim.
1972,46, 785.

4. Periana, R. A.; Taube, D. J.; Gamble, S.; Taube Sdtoh, T.; Fujii, H. “Platinum
catalysts for the high yield oxidation of methanemethanol derivatives,Science
1998 280, 560-564.

5. Garnett, J. L.; Hodges, R. J. “Homogenous metallga¢d exchange of aromatic
compounds. A new general isotopic hydrogen labghragedure,’J. Am. Chem. Soc.
1967, 89, 4546-4547.

6. Hodges, R. J.; Garnett, J. L. “The kinetics of log#n isotope exchange in benzene
using a homogeneous platinum catalydt,Phys. Chenl968 72, 1673-1682.

7. Gol'dshleger, N. F.; Tyabin, M. B.; Shilov, A. EShteinman, A. AZh. Fiz. Khim.
1969,43, 2174Russ. J. Phys. Chet©69,43, 1222 (English translation).

8. Claramunt, R. M.; Elguero, J.; Meco, TN-polylazolylméthanes. Ill.. Synthése et
étude rmn du proton des dérivés du méthylene-lifidazole et du méthyléne-1,1’
dibenzimidazole,J. Heterocycl. Chen1983 20, 1245-1249.

9. Herrmann, W. A.; Schwarz, J.; Gardiner, M. G. “Higkld synthesis of sterically
demandingbis(N-heterocyclic carbene) complexes of palladiu®fganometallics
1999 20, 4082-4089.

10.Pearson, R. G. “Absolute electronegativity and hesd: applications to organic
chemistry,”J. Org. Chem1989 54, 1423-1430.

11.Wang, H.; Kraft, S. “Synthesis of Pd(IN-Heterocyclic Carbene Complexes and the
Reigioselective Remote Intramolecular C-H Bond atiion,” Poster Presentation,

36



40th Midwest Regional Meeting of the American CheahiSociety, Joplin, MO,
United States, October 26-29, 2005.

12.Slootweg, J. C.; Chen, P. “Cationic palladilms-carbene carboxylate complexes,”
Organometallics2006 25 (25), 5863-5869.

13.Kocher, C.; Herrmann, W. A. “Heterocyclic carbe@mne-pot synthesis of rhodium
and iridium carbene complexes]ournal of Organometallic ChemistdQ97, 532
261-265.

14.(a) Herrmann, W. A.; Kdcher, CN:heterocyclic carbenesfAngew. Chem. Int. Ed.
Engl. 1997 36, 2162-2187. (b) Herrmann, W. AN-heterocyclic carbene: A new
concept in organometallic catalysig\hgew. Chem. Int. Ed. En@002 41, 1290.

37



Chapter 3 Study of NHC-Pd(IV) Species

3.1 Introduction

Although organoplatinum(lV) complexeshave been know since 1907 and many
organoplatinum complexes have been isolated arahsixely studied;**°organopalladium(IV)
complexes are still very rare.

The first successful synthesis and isolation ofl\Wd¢omplexes was accomplished in
1975, bidentate nitrogen-donor ligands stabilizedganometallic Pd(IV) complexes
Cly(CsFs)Pd(IV)(L-L) 3.2 were prepared by oxidative addition of chlorindhe corresponding
bis(pentafluorophenyl)palladium(ll) complexes, «f€§).Pd(Il)(L-L) 3.1, (L-L are en, bipy and
phen) (Figure 3.15.

(CeFs) Pd(I)(L-L) LIZ> Cl,(CgFs)oPd(IV)(L-L)

3.1 3.2
L-L = en, bipy, Phen

Figure 3.1 Oxidation of Pd(ll) complexes to Pd(IV) complexsschlorine®

In 1980, Stille reported the synthesis of the dhge{TRANSPHOS) palladium(ll)
complex 3.3 (TRANSPHOS = 2,11-bis(diphenyl-phosphinomethgt)ybo[c]phenanthrene)
Because the two methyl groups aretians{position to each other, this complex would not
undergo reductive elimination at 10C in DMSO4ds.” The addition of methyl iodide to
dimethyl(TRANSPHOS)palladium(ll) in DMS@s solution at room temperature produced
ethane! This result gave compelling evidence fa fiormation of a Pd(IV) intermediat®4
(Figure 3.2)
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— |_ —_— CH3CH3
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P wef ph Ph” mef i Ph
3.3 3.4

Figure 3.2 Reductive elimination of ethane from a Pd(IV) mtediate®

The Canty group reported the synthesis of Pd(I\Mglexes3.6 and3.7 by oxidative
addition of (QCPh), (EPh) (E=S, Se) tdispyridine ligand stabilized palladium(ll) dimethyl
(bipy)Pd(I1)(Me), complex3.5 (Figure 3.3)°

ochh EPh

] —

Pd (PhC02)2 Me\ _(PhE), Me\Pld/N =

/ / N/ E S, Se Me/ | \N/ 7
o CPh—= EPh =

3.7

Figure 3.3Bispyridine ligand stabilized Pd(1V) complexes fornoat?

Tris(pyrazol-1-yl)borate ligand suppalrgalladium(lV)cyclopentane complex@® and
3.10were obtained by oxidative addition of organohaditb diorganopalladium(ll) compl&x8
(Figure 3.4)°

R X
| N/ N/ / >| N/
| >Pd” 3% / RX [ >PdT / Clp, Brp, I, Pd— /
l N <x— NS N > | Y N
L\ \ ' VA
/ /’y /
7 \ B — B~ 4 \ N
N H = _N H
= N =
3.9 3.8 3.10
RX = Mel, Etl, BnBr, X =Cl, Br, |
CH=CHCHl

Figure 3.4 Tris(pyrazol-1-yl)borate ligand supported pallad{iv)cyclopentane complexes

formation?°
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In 2005, the Sanford group reportedsyrgthesis obis{phenyl-pyridine) palladium(I1V)
bisbenzoate complex@11(Figure 3.5)' These Pd(IV) complexes were stabilized by twodrigi
cyclometalated pyridine ligands, and the electrgrimperties can be manipulated by flea-
substitution of the benzoate parts. These complexedled the first detailed mechanistic

investigation of C-O bond-forming reductive elimiioa from a Pd(IV) metal center.

O2C(p-XCeHy)
|

AN
N ‘\Ngf 7 C O2C(p-XCqHa)
Pd{

- Phl

\j

O,C(p-XCgH,)
O,C(p-XCgHy)
3.11

X =H, OMe, Me, OPh, F, Cl, Br, CF 3, CN, NO,

Figure 3.5Phenylpyridine ligand supported Pd(IV) complexasrfation’

Inspired by all these examples of susfte$d(IV) research, Dr. Kraft and | had decided
to direct our efforts to synthesize and characteNHC-Pd(1V) species. Ideally we wanted to
isolate the NHC-Pd(IV) species, study their reamtitowards C-H bonds, and further study the
C-0O, C-C bond forming reductive elimination from BHPd(IV) species.

3.2 Oxidation of BissNHC-Pd(II)-(OOCCH 3), and Bis-NHC-Pd(ll)-
(OOCCFy3);

BisNHC-Pd(I)-(OOCCR), 2.3a and bis-NHC-Pd(Il)-(OOCCH), 2.3b were
synthesized by treatinigisINHC-Pd(I)-Br, 2.2 with AgOOCCE and AgOOCCH respectively
as have been described @ihaper 2 Compare with théis-NHC-Pd(Il)-Br, complex2.2, the
NHC-Pd(Il) di-acetate complexes are more solubler Example, thebis-NHC-Pd(II)-Br,
complex only can be dissolved in DMSO, DMF andiudfoacetic acid, while theis-NHC-
Pd(Il) di-acetate complexes can be dissolved in hmless polar solvents such as THF,
acetonitrile and methylene chloride etc. Differertdants such as Phl(OA¢)PhI(OTFA) and
benzolyperoxide(PhC&» were used to oxidize thieis-NHC-Pd(I1)-(OOCR) complexes2.3a
and2.3b. Various solvents and different temperatures \gargeyed, however, no reaction to the

40



bisNHC-Pd(I)-(OOCR) was observed. It should be noted that the oxida@tsyed over time.
Therefore, the attempt to observe or isolaseNHC-Pd(IV)-tetracarboxyl species failed.

3.3 Oxidation ofbis-NHC-Pd(I1)-Br , with Br,

Another approach to obtalis-NHC-Pd(IV)-tetracarboxyl species is by the reactofn
bisNHC-Pd(IV)-Br, with silver carboxyl saltlt had been reported the bromine can be use as a
oxidant to oxidized Pd(ll) complexes to Pd(IV) cdexes™® The oxidation obis-NHC-Pd(II)-

Br, with bromine was carried out in acetonitrile. This-NHC-Pd(Il)-Br. complex is not soluble

in acetonitrile, after adding one equivalent ofrbnoe to the suspension bis-NHC-Pd(Il)-Br,

in acetonitrile, a clear orange solution formed iednately. When the same reaction was carried
out in deuterated acetonitriléH-NMR spectrum broadened substantially. After remgwthe
solvent under vacuum, the obtained solid was reetlied in deuterated DMSO, interestingly,
exactly the sam&H-NMR spectrum as dbis-NHC-Pd(I1)-Br, was obtained. It is our hypothesis
that the change of the solubility could be duehe oxidation of NHC-Pd(I)-Brto NHC-
Pd(IV)-Br4, which undergoes ligand exchange with acetonitaléorm a more soluble solvent-
ligated cationic [NHC-Pd(IV)-Bf(CHsCN)]" species3.12 (Figure 3.6) However, this process
appears to be reversible. When the solvent is rechemder vacuum, the NHC-Pd(IV) species
undergoes reductive elimination to form NHC-Pd@bain. Four equivalents of AgOAc were
added to convert the proposieid-NHC-Pd(IV)-Br, to bis-NHC-Pd(IV)-(OAc), but this reaction
failed and no product suitable for NMR charactdrtra was isolated. The attempt to obtain
single crystals abis-NHC-Pd(IV)-Br, by slowly diffusion of ether into acetonitrile daming an
excess of bromine anois-NHC-Pd(II)-Br, also failed. The precipitate obtained was a powder
instead of crystals that could be analyzed by Xagstallography. ThéH-NMR spectrum of
the powder showed the characteristic peakssNHC-Pd(II)-Br,

Pd /
HeC B | Br  CH, HC  Br
r CHg Br NCCH3

PN
/AN
B

HsC  Br

Figure 3.6 Proposed reversible reaction betwéeiNHC-ligated Pd(Il) and Pd(IV)
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3.4 Synthesis of Tripodal NHC-Pd Complexes

3.4.1 Examples of Pd(IV) Complexes that Are Stab#ied with Tripod Ligands

In a study of the synthesis and charaezon of ligand stabilized Pd(IV) complexes, A.
J. Canty and coworkers found that in complexes animtg the fac-Pd(Me)} unit, tripodal
nitrogen donor ligands result in more stable coxgsethan the related bidentate ligafhtiéor
example, the tri(pyrazo-1-yl)methane ligand stabili palladium(lV) trimethyl complex
[PdMe;{(pz)sCH}]l 3.14is stable at room temperature, but the 2, 2’-bgyyrigand supported
palladium(lV) complex PdIMgbpy) 3.13 requires storage at -20C to avoid reductive
elimination of ethane to form PdIMe(bpy). It wasalfound that the stability of the Pd(IV)
species increased with stronger donor ability & ligands. For example, the ligands donor
ability increases with order of pz<py<imi, compl@x4showed a trace of ethane in Ch@&fter
4 hours at room temperature, but the compléx@s and3.16 could be heated at 6 for 1

hour without any indication of decomposition (Fig\.7).

| o
Me<_ | _N~= Me I\N
Pd \ N
Pl S N
Me” | TNF , N
Me Xx & \
N H
\
3.13 3.14 3.15 3.16

Scheme 3.Btronger donor ligand stabilize Pd(IV) speciesdrétt
3.4.2 Tripod Ligand Design and Synthesis
Inspired by the successful preparation of tripagrids stabilized Pd(IV) complexes, we

want to design a tripod ligand which contaims-chelating NHC-platforms with a pending arm.
After oxidation of the Pd(ll) to Pd(IV) complex,dltoordination geometry changed from square
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planar to octahedral. The side arm can lock upxaal aite of Pd(IV) and stabilize the Pd(IV)

complex. This concept is shown in Figure 3.8.

L'/\<L“\|im/ oxidation L ij]
L~ K TK

Figure 3.8 Tripod ligand design.

Pyrimidine has been proved to be excellgand to bind to platinum even in strongly
acidic media, as for instance in the Catalyticahaee oxidation systefi.Moreover, pyrimidine
is rather inert to oxidation, therefore it has aajradvantage over other ligands such as alkyl- or
aryl-phosphines, because ligand degradation irptesence of strong oxidants is far less likely.
In consideration of the simplicity of tHel-NMR spectrum, 4,6-dimethyl pyrimidine was chosen
as the side arm ligand. The two methyl groups camged as an indicator for coordination of
pyrimidine to the Pd, because before coordinatibe,two methyl groups are in a symmetrical
environment and only one peak will be expectechs'H-NMR spectrum; after coordination,
the two methyl groups are in a unsymmetrical emvitent, one close to the Pd and another
away from the Pd, so two set of peaks will be etgrein the'H-NMR spectrum.

The tripod ligand was synthesized accordmghe Figure 3.9: In the first step, 2-bromo-
4,6-dimethyl pyrimidine was treated with BuLi in FHat -78°C and then react with 1,3-
dichloroacetoné? The a-chloro-epoxide3.17 was obtained with a yield of 43.0%. In the second
step, thea-chloro-epoxide3.17 was treated with two equivalent of sodium imidazshlt in
DMF to yield pyrimidinebisimidazole alcohol3.18 in 46.5% vyield" In the third step, the
hydroxyl group was protected with TIPS to prod@c#a'® The introduction of the bulky TIPS
group to the ligand will help the coordination ofrijpnidine to the palladium center because it
will force the pyrimidine ligand to be close to tpalladium center. In the last step, the two
imidazoles were methylated with Mel to yield thipad pyrimidinebisimidazolium ligand3.20
with a yield of 96.0%.
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Figure 3.9 Synthesis of the tripodal ligand.

3.4.3 Synthesis of Tripodbis-NHC-Pd(Il) Complexes.

The aim of this work was the synthesistthpd-bis-NHC-Pd(Il)-Me, complex3.22 It was
anticipated that oxidative addition of alkyl hakdsuch as Mel and benzyl bromide to the
complex 3.22 will lead to a cationic pyrimidine coordinatdads-NHC-Pd(IV)-(pym)-Me-R
species3.23 (Figure 3.10). As already pointed out, the intrtchn of the pyrimidine side arm
ligand can significantly increase the stabilitytbé Pd(IV) species, so that we can isolate and
characterize the tripodal Pd(IV) speci@23 and furthermore study the reductive elimination
pathway from the Pd(IV) species.

To our disappointment, it proved to be iisgble, to synthesize the tips-protected-tripodal
bis-NHC-Pd(Il) complex3.21 The classic Herrmann methdavas applied:, Pd(OAg)was used
as base to deprotonate the 2-hydrogens of imdia#adéevated temperature to generatebike
N-heterocyclic carbene in situ, which was expedtedoordinate the Pd(ll) to formis-NHC-
Pd(ll) complex. But unfortunately, once the heatives applied, the color of the solution turned
from orange to black, a lot of black (apparentlytafiee) palladium appeared within two
minutes. After removal of the palladium black bitréition, the filtrate was concentrated to
dryness. ThéH-NMR spectrum was complicated and hard to intérprmst likely due to the
presence of several products. One possible reasaind observed behavior is the presence of
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the bulky TIPS group that makes it difficult forethwo NHC ligands to coordinate to the
palladium center, as previously expected. The twtCHB could have turned away from each

other and coordinate to palladium with another tmds of the tripod ligand.

e Y Y7

N /N N /N N /N
- O—TIPS Melior O—TIPS
0—TIPS Pd(il) MeMgl
_— —_—
s s Ys s Ws
N{> +\ N /Pd\ N N Pd\ N
\ & / \ [ I / \ Me/ Me/
3.20 3.21 3.22
TIPS, N RS
o I ol -
[
N N
reductive
RX ‘ elimination
N E— N ethane or RMe
I \ N, opg—Me l NN pa—e

X\/ 7/ ~Me &\/ 7/ ' —~Me

N N -
N SN S e

3.22 3.23

Figure 3.10Proposed approach to tripodal ligand stabilized\Bdpecies.
The “less congested” ligaB®24was used to react with Pd(OAa@) the same manner, and
although a lot of palladium black precipitated oug did obtain the tripoddis-NHC-Pd(I1)-I,

complex 3.25 after purification with column chromatography (Wpi€HCK/CH;OH = 20/1

solvent mixture as mobile phase) with a 28% yiélidgre 3.11).

Figure 3.11Synthesis of tripoddis-NHC-Pd(Il)-l, complex3.25.
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Single crystals were obtained by slowly diffusing methanol into a diluted DMSO
solution of the tripodabis-NHC-Pd(ll)-l, complex3.25 Subsequent X-ray analysis revealed
complex3.25to be monomeric with the dicarbene ligand chegatmthe palladium(ll) center in
a cis fashion with a boat-like conformation (from the Eehter) and a chair-like conformation
(from side of the pyrimidine-unit and hydroxyl bawitertiary carbon) being observed for the
eight-membered £Bl,Pd ring. The remaining two coordination sites of ttistorted square-
planar coordinated palladium center are occupiedolide anions. In addition, a H-bond is
observed between the proton of the hydroxyl grauptae oxygen of the DMSO solvent (Figure
3.12). Selected bond lengths and bond anglessaed in Table 3.1.

Figure 3.12X-ray structure of comple&.25(a: Thermal ellipsoid plot drawn at the 50%
probability level; b: The hydrogen atoms are omditier clarity reasons).
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Table 3.1Selected bond lengths and bond angles of thedutyNHC-Pd(I1)-l, complex3.25.

Length (A) Angle (deg)

Pd(1)-C(22) 1.968(2) C(22)-Pd(1)-C(12) 82.54(9)
Pd(1)-C(12) 1.977(2) C(22)-Pd(1)-I(2) 170.32(6)
Pd(1)-1(2) 2.6530(2) C(12)-Pd(1)-I(2) 87.83(6)
Pd(1)-1(1) 2.6622(3) C(22)-Pd(1)-I(1) 90.98(6)
N(11)-C(12) 1.352(3) C(12)-Pd(1)-I(1) 173.27(6)
N(11)-C(15) 1.388(3) 1(2)-Pd(1)-1(1) 98.612(8)
N(11)-C(31) 1.457(3) C(12)-N(11)-C(15) 110.39(18)
C(12)-N(13) 1.343(3) C(12)-N(11)-C(31) 125.48(18)
N(13)-C(14) 1.381(3) C(15)-N(11)-C(31) 124.13(18)
N(13)-C(16) 1.457(3) N(13)-C(12)-N(11) 105.56(18)
C(14)-C(15) 1.345(3) N(13)-C(12)-Pd(1) 126.90(15)
N(21)-C(22) 1.358(3) N(11)-C(12)-Pd(1) 127.36(16)
N(21)-C(25) 1.388(3) C(12)-N(13)-C(14) 110.39(18)
N(21)-C(33) 1.465(3) C(12)-N(13)-C(16) 124.92(19)
C(22)-N(23) 1.348(3) C(14)-N(13)-C(16) 124.68(19)
N(23)-C(24) 1.380(3) C(15)-C(14)-N(13) 107.4(2)
N(23)-C(26) 1.468(3) C(15)-C(14)-H(14) 126.3
C(24)-C(25) 1.351(3) N(13)-C(14)-H(14) 126.3
C(31)-C(32) 1.544(3) C(14)-C(15)-N(11) 106.30(19)
C(32)-0(32) 1.415(3) N(11)-C(31)-C(32) 113.57(17)
C(32)-C(42) 1.532(3) C(42)-C(32)-C(31) 107.47(17)
C(32)-C(33) 1.537(3) 0(32)-C(32)-C(42) 109.64(17)

0(32)-C(32)-C(31) 108.97(18)

0(32)-C(32)-C(33) 109.75(17)

Different oxidants such as Phi(OAend PhI(OTFAy, bromine and chlorine were used to
react with the tripodis-NHC-Pd(l)-l, complex3.25 but no Pd(IV) species was observed. The
hypervalent-iodine reagent gave no reaction, aadtbmine and chlorine cause all theNMR

resonances of the Pd(Il) complex became very baoadcould not be resolved.
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3.5 Discussion of the Experimental Findings

Although the goal to observe or isolatelQNligand stabilized Pd(IV) species was not
achieved, valuable information was obtained frora gudy. First of all, from literature reported
methods, almost all the isolated Pd(IV) speciesstabilized with bidentate or tridentate ligands,
furthermore, most of them contain strastglonating alkyl ligands such as methyl ligand. The
heterocyclic carbene ligand is strong electron-tiagdigand which should be able to stabilize
high oxidation state palladium species. The reachietweerbisNHC-Pd(Il)-Br, and bromine
provided very promising sign of formation of Pd(Isf)ecies. The newly designed tripod ligand
3.20 which containedis-NHC and pyrimidine side arm was synthesized sufaibgsbut the
synthesis of the palladium complex with this ligdaded, mostly due to the steric effect of the
bulky TIPS group. The oxidation of compl&25 was not successful. All these information
implied that in order to stabilized palladium(l\f)exies, more electron-donating ligands such as

methyl group should be introduced to the palladagnter.

3.6 Experimental

3.6.1 Synthesis of th@-chloro-epoxide 3.17

In a 50 mL Schlenk flask, 1.08 g (5.77 mmof)2-bromo-4,6-dimethylpyrimidine was
dissolved in 25 mL dry THF and cooled to -%8 in a dry ice-acetone bath. 3.6 mL 1.6 M n-
butyl-lithium (5.77 mmol) hexane solution was adided the reaction mixture was stirred for 5
minutes, to which a solution of 0.74 g (5.77 mmaf)1,3-dichloroacetone in 4 mL THF was
added dropwise under the protection of continuotr®gen flow. The reaction mixture was
stirred at -78C for 20 minutes. Then the cooling bath was remaoaed the temperature was
slowly raised to §C. The solvent was removed in high vacuum usirigjaid nitrogen trap. 100
mL hexane was added to the residue, which as cétfioe 5 minutes, 10 mL KOH-saturated
methanol solution was added; a dark oil formed idiately. The hexane phase was transferred
to a separatory funnel and washed three times ¥timL of water and once with 15 mL of
brine. After drying with anhydrous MgS0{the solvent was removed in vacuum to give 0.49 g
(43%) of a clear oil as produc¢H-NMR (54; 400 Hz, CRCI): 2.49 (s, 6H, Ch), 3.25 (d, 1H, J
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= 5.86 Hz, CICH), 3.49 (d, 1H, J = 5.86 Hz, CIGH 4.29 (s, 2H, OCH), 6.97 (s, 1H, aromatic
H). 3C-NMR (5; 400 Hz, CRCI): 23.97, 45.32, 53.84, 59.42, 119.30, 163.87, 16.

3.6.2 Synthesis of théis-imidazole alcohol 3.18

To a solution of 222 mag-chloro-epoxide3.17 (1.12 mmol) in 5 mL DMF, 222 mg (2.46
mmol) of sodium imidazole salt was added and thectien mixture was stirred at room
temperature for 8 hours. A brown solution formed &me TLC showed that all of the epoxide
was consumed. After removal of DMF in vacuum, #&due was dissolved in 15 mL methylene
chloride, to which, 1.5 mL 2N HCI ether solution svadded. A brown precipitate formed
immediately. The precipitate was collected by difion and then re-dissolved in 10 mL water
and washed three times with 3 mL of methylene atidor5 mL saturated NaHG@olution was
added, and the water phase was extracted thres tintle 10 mL of methylene chloride. The
combined organic phase was dried with anhydrous®g&nd then the solvent was removed to
give 155 mg (46.5%) white solid as produti-NMR (dy; 400 Hz, CRCI): 2.40 (s, 6H, Ch),
4.24 (d, 2H, J = 14.05 Hz, NG} 4.55 (d, 2H, J = 13.66 Hz, NGK 5.36(s, 1H, OH), 6.71 (s,
2H, NCH), 6.84 (s, 2H, NCH), 6.88 (s, 1H, aromalig 7.23 (s, 2H, NHN).**C-NMR (5; 400
Hz, CD;Cl): 23.67, 53.43, 119.10, 120.13, 128.59, 137199, 35, 167.12.

3.6.3 Tips-protection of hydroxyl group to form 3.D

4 mg (0.17 mmol) NaH was added to a solutdrb0 mg (0.17 mml) pyrimidinéis-
imidazole3.18in 5 mL dry THF and stirred at room temperatunelfd minutes, to which 33 mg
(0.17 mmol) of triisopropylsilyl chloride was addebhe reaction mixture was stirred at room
temperature for 16 hours. After removal of the cdiy filtration, THF was evaporated under
reduced pressure. 26.7 mg (35%) product was olotamfeer purification with column
chromatography (mobile phase: CHCH;OH = 20/1). *H-NMR (dy; 400 Hz, CRCI): 0.93-
1.00 (broad multiplet, 21H, tips GHand CH), 2.51 (s, 6H, G} 4.49 (d, 2HJ = 14.34 Hz,
NCH,), 4.62 (d, 2H,) = 14.34 Hz, NCH), 6.72 (s, 2H, NCH), 6.99 (s, 2H, NCH), 7.05 (s, 1
aromatic H), 7.30 (s, 2H, NHN).
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3.6.4 Tips-protectedbis-imidazolium diiodide 3.20

To a solution of 20 mg (0.044 mmol) tips4eded pyrimidinedisimidazole3.19in 5 mL
of DMSO, 31 mg (0.22 mmol) Mel was added and thection mixture was stirred at room
temperature for 24 hours. The DMSO solvent was wemaunder reduced pressure to yield
31mg (96%) white solid as produdt-NMR (dy; 400 Hz, DMSOdg): 0.90-0.92 (d, 18H, tips
CHj3), 1.02-1.11 (broad multiplet, 3H, tips-CH), 2.45 §H, CH), 3.85 (s, 6H, NCh), 4.79-4.87
(dd, 4H, J = 14.05 Hz, NG} 7.39 (s, 2H, NCH), 7.40 (s, 1H, aromatic H),87(6, 2H, NCH),
8.88 (s, 2H, NHN).

3.6.5 Synthesis of tripodbis-imidazolium diiodide 3.24

To a solution of 50 mg (0.17 mmol) pyrimidinisimidazole3.18in 8 mL acetonitrile, 238
mg (1.7 mmol) of Mel was added and the reactiontunéxwas stirred at room temperature for
10 hours. Upon removal of the solvent under redymedsure, 92 mg (95%) of product was
obtained as a white soliH-NMR (dy; 400 Hz, DMSOdg): 2.46 (s, 6H, Ch), 3.83 (s, 6H,
NCHs), 4.56 (d, 2H, J = 14.05 Hz, NGH 4.76 (d, 2H, J = 14.05 Hz, NGH 6.32 (s, 1H, OH),
7.32 (s, 1H, aromatic H), 7.38 (s, 2H, NCH), 7.612H, NCH), 8.96 (s, 2H, NHN)*C-NMR
(on; 400 Hz, CIRXCI): 23.67, 53.43, 119.10, 120.13, 128.59, 137199, 35, 167.12.

3.6.6 Synthesis of tripodsis-NHC-Pd(Il)-1 , complex 3.25

To a solution of 90 mg (0.15 mmol) ligaB®4in 4 mL DMSO, 35 mg (0.15 mmol) of
Pd(OAc) was added and the reaction mixture was stirrad@n temperature for 2 hours, the
color of the solution changed from dark red to Hlig red during this period of time. The
reaction mixture was further stirred at D for 5 hours and then at 9Q for 2 hours. A black
precipitate was formed during that time. The solweas removed under reduced pressure at 80
°C and the residue was purified by column chromaolgy (mobile phase: CHECH;OH =
20/1 solvent mixture) to give 30 mg (28%) produstaawhite solid'H-NMR (dy; 400 Hz,
DMSO-dg): 2.55 (s, 6H, Ch), 3.87 (s, 6H, NCh), 4.21 (d, 2H, J = 14.29 Hz, NGH 5.35 (d,
2H, J = 14.29 Hz, NC§), 5.96 (s, 1H, OH), 7.25 (s, 4H, NCH), 7.37 (s, Arbmatic H).

50



References

1.

Pope, W. J.; Peachey, S. J. “A new class of orgaetallic compounds. Preliminary
notice. Trimethylplatinimethyl hydroxide and itsltsaProc. Chem. Soc., Londdr®07,
23, 86-87.

Monaghan P. K.; Puddephatt R. J. “Oxidation of dmghplatinum(ll) complexes with
alcohols: Synthesis and characterization of alk&atopum(lV) complexes,”
Organometallicsl984 3 (3), 444-449.

Levy C. J.; Vittal J. J.; Puddephatt R. J. “Synikesnd characterization of group
14-platinum(1V) complexes,OrganometallicsL996 15 (8), 2108-2117.

Puddephatt R. J. “Platinum(lV) hydride chemistrgybordination Chemistry reviews
2001, 157-185.

Zhang, F.; Prokopchuk, E. M.; Broczkowski, M. Eennings, M. C.; Puddephatt, R. J.
“Hydrido(dimethyl)platinum(lVV) complexes with bisgpdine) ligands: The effect of
chelate ring size on reactivity®drganometallic22006 25, 1583-1591.

Uson, R.; Fornies, J.; Navarro, R. “Dichloro-bis{fsfluorophenyl)(chelate) complexes
of palladium(lV),”J. Organomet. Chenl975 96, 307-312.

Gillie, A.; Stille, J. K. “Mechanisms of 1,1-redix elimination from palladium,J. Am.
Chem. So¢198Q 102 4933-4941.

Moravskiy, A.; Stille, J. K. “Mechanisms of 1,1-tettive elimination from palladium:
elimination of ethane from dimethylpalladium(ll) catrimethylpalladium(lVv),”J. Am.
Chem. So¢1981, 103 4182-4186.

(a) Canty, A. J. “Development of organopalladiunj(Bhemistry: fundamental aspects
and systems for studies of mechanism in organoheetdlemistry and catalysisAcc.
Chem. Res1992 25, 83-90.

(b) Canty, A. J.; Jin, H.; Skelton, B. W.; White, M. “Oxidation of Complexes by
(O.CPh)Yy and (ER) (E = S, Se), Including Structures of
Pd(CHCH,CH,CH,)(SePh)(bpy) (bpy = 2,2‘-Bipyridine) and MMg£SePh)(L,) (M =
Pd, Pt; I = bpy, 1,10-Phenanthroline) and C:--O and C---BdBBormation at
Palladium(lV),” Inorg. Chem.1998 37, 3975.

10.Canty, A. J.; Jin, H.; Roberts, A. S.; Skelton, B.; White, A. H. “Oxidation of

diorganopalladium(ll) complexes by water and hatsge Reactions involving methyl

51



group transfer and structural studies of hydrogendied adducts formed by aryl alcohols
with the pallada(lV)cyclopentane complex PdgCH,CH,CH,)(OH){(pz)s:BH}
([(pz)sBH]- = Tris(pyrazol-1-yl)borate),Orgnometallics1996 15, 5713.

11.Dick, A. R.; Kampf, J. W.; Sanford, M. S. “Unusuallstable palladium(IV)
complexes: Detailed mechanistic investigation ofOC bond-forming reductive
elimination,”J. Am. Chem. So2005 127, 12790-12791.

12.(a) Brown, D. G.; Byers, P. K.; Canty, A. J. “Syasis of the stable organopalladium(lV)
complexes [fac-PdRMe2(tripod)]X and selective raohgc elimination of ethane from
(.eta.l-allyl)palladium(lVV) complexes to form (.&aallyl)palladium(ll) complexes,”
Organometallicsl99Q 9, 1231-1235.

(b) Canty, A. J.; Jin, H.; Roberts, A. S.; Skeltd, W.; Traill, P. R.; White, A. H.
“Synthesis and characterization of ambient tempegatstable organopalladium(IV)
complexes, including aryl-, .eta.l-allyl-, ethyliaaium(1V), and

pallada(IV)cyclopentane complexes. Structures ofe thpoly(pyrazol-1-yl)borate
complexes PdM#(pz)sBH} and PdMe{(pz):B} and three polymorphs of
PdMeEt{(pz);BH},” Organometallicsl995 14 (1), 199-206.

13.Periana, R. A.; Taube, D. J.; Gamble, S.; Taube,Sdtoh, T.; Fujii, H. “Platinum
catalysts for the high yield oxidation of methaaartethanol derivatives Sciencel 998
280, 560-564.

14.Chen, S; Fang, J. “An improved method for the addliteactions or 1,3-dichloroacetone
with combined organolithium-cerium trichloride reags,” Journal of the Chinese
Chemical SocietyTaipei, TaiwanR003 50(4), 927-930.

15.Arnold, P. L.; Scarisbrick, A. C.; Blake, A. J.; \8bn, C. “Chelating alkoxyl-N-
heterocyclic carbene complexes of silver and cgpgenem. CommurR001, 22, 2340-
2341.

16. Ogilvie, K. K.; Thompson, E. A.; Quilliam, M. A.; Bstmore, J. B. “Selective protection
of hydroxyl groups in deoxynucleosides using alikylgeagents,”Tetrahedron Letters
1974 2865-2868.

17.Herrmann, W. A.; Schwarz, J.; Gardiner, M. Gdigh-yield syntheses of sterically
demanding bis(N-heterocyclic carbene) complexgzatiddium,”OrganometallicsL 999
20, 4082-4089

52



Chapter 4 Direct Observation of Trimethyl BissNHC-Pd(IV) Species
4.1 The Principle of Microscopic Reversibility

In a reversible reaction, the mechanism in onector is exactly the reverse of the
mechanism in the other direction. This is calle@ frinciple of Microscopic Reversibility
(Figure 4.1)" To understand the mechanism of C-H bond activaiiois desirable to have the
opportunity to directly observing the oxidative doicth of a C-H bond to isolable metal
complexes. But this is normally impossible, becatseoxidative addition products M(R)(H) are
thermodynamically unstable, compared to the reéktahlowever, important mechanistic
information can be obtained from the thermodynalttyicéavorable reductive elimination
reaction from the metal complex, which is the mécapic reverse of the C-H bond activatfon.
Therefore,bisNHC-Pd-(Me)} complexes were synthesized to study the redud@iveination
behavior of these complexes under oxidative comaiti Our aim was to isolate or/and observe
the intermediates of the reaction by monitoringrésction at various temperatures HaNMR
and *C-NMR spectroscopy. Based on the principle of Mscapic Reversibility, valuable
mechanistic information could be obtained with egpto the C-C and C-X (X=0O, CI) bond

forming process which may involve high-oxidatioatstPd(IV) intermediates.

ehergy

LM LM

A-B A-B

Figure 4.1 Energy diagram of a reversible reaction (a: reglactlimination; b: oxidative
addition)?!
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4.2 Synthesis of 8is-NHC-Pd-Me, Complex

The synthesis of #is-NHC-Pd-Me complex4.1 was first attempted by treatings-
NHC-Pd-Br complex2.2 (synthesis of this complex was described in Chap}ewith MeLi in
THF at -78°C (Figure 4.2f The palladium comple®.2 was not soluble in THF at the
beginning of the reaction. A clear solution formmuce the reaction was completed. But the
removal of LiBr from the reaction mixture was preiflatic. It was found that traces of water are
capable of totally destroying thbisNHC-Pd(ll)-Me, complex 4.1, resulting in a black
precipitate. If thebis-NHC-Pd(ll)-Me, complex was exposed to air for 30 minutes, a black
precipitate was formed as well. Based on this ofagiem, it is my working hypothesis that

oxygen can trigger the reductive elimination ofagté frombis-NHC-Pd(11)-Me, complex.

{\N/\N \ | {\N/\N/B
T e T T
Me/N Br/Pd\Br N\Me Me/N e/Pd\Me N\I\/Ie

THF, -78 °C
2.2 4.1

Figure 4.2 Synthesis obisNHC-Pd(Il)-Me, complex using MeLi.

To eliminate the side effect caused by oxygen aatdryvthe reaction was carried out in a
nitrogen filled glove-box. The Grignard reagent MgB# was used instead of MeLi to introduce
methyl groups to the palladium by a transmetaliatieaction (Figure 4.3)It was found that the
reaction was completed after 1 hour at room temperaAgain the removal of MgBrcaused
some concerns in the beginning, because it is s@ble in THF and can form an adduct with
THF, and if it is not completely separated from theNHC-Pd(Il)-Me, complex, rather large
THF peaks will show up in thtH-NMR spectrum even after the sample had been dnietér
high vacuum for 24 hours. After numerous failu@ssblate purdis-NHC-Pd(I1)-Me, complex,
it was found that 1,4-dioxane is the perfect salteruse to separate the MgRalt from thebis-
NHC-Pd-Me complex. Furthermore, the MeMgBr reagent will umptetransmetallation by
itself in 1,4-dioxane to form M&lg and MgBsg, which are both not soluble in 1,4 dioxane. This

special effect of 1,4-dioxane make it possible bbam purebisNHC-Pd-Me complex even
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when the reaction was carried out with excess afrard reagent. After the reaction was

completed in 1 hour, THF solvent was removed iruvat. Pre-dried 1,4-dioxane was added to
the residue solid and stirred at room temperator® imin, then the white solid was separated by
filtering through a short pad of pre-dried celiféne filtrate was concentrated in vacuum, and
purebis-NHC-Pd(I)-Me, complex was obtained with a 90% vyield.

PR N
{\JN\ )N\/B MeMgBr {\JN\ )N\/B
Me/N B/Pd\Br N\I\/Ie Me/N e/Pd\Me N}\/Ie

THF, 25 °C

2.2 41

Figure 4.3 Synthesis obis-NHC-Pd(Il)-Me complex using MeMgBr.

4.3 Oxidative Addition of Mel to BissNHC-Pd-Me, Complex

Inspired by the successful examples of observatigmiation and characterization of
Pd(IV) complexes by oxidative addition of Mel toetidimethyl Pd(ll) complexe¥:>® the
investigation of oxidative addition of Mel tws-NHC-Pd(I)-Me, complex was carried out. 8.0
mg of thebisNHC-Pd(Il)-Me, complex4.1 was added to a J-Young NMR tube and 0.60 mL
pre-dried deuterated THéizwas added by vacuum transfer. ThENMR spectrum showed the
characteristic up-field resonance of the palladicmordinated methyl groups at -0.32 pffn.
After cooling the sample to -7, 2 equivalents of Mel in 0.1 mL TH# stock solution were
added. The sample was carefully shaken to displeseéviel thoroughly at -76C and then
quickly inserted into a pre-cooled NMR probe (°f). The reaction process was monitored by
NMR at various temperatures.

Both the oxidative addition and the reductive efiation products were observed when
the temperature was raised to -%0. The oxidative addition of Mel to thais-NHC-Pd-Me
complex resulted in a trimethyisNHC-Pd(IV) species as intermediate. Even though the
amount of this intermediate was very small, alrésonances could be clearly assigned. The two
singlet peaks appeared at 1.17 ppm and 1.29 ppin thié integration ratio of 2 to 1,
corresponding to the equatorial methyl groups aaa anethyl group on the Pd(lV) species; and
the singlet peak at 4.01 ppm was correspondingeartethyl groups on the NHC ligand; and the
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two peaks at 7.11 ppm and 7.33 ppm were correspgridi 4-,5-protons of the imidazole ring;
the CH-bridge signal was not apparent. It is very likéhat it was concealed under the £H
bridge signals of the starting material and/or tkeductive elimination product. From the
integration of the’'H-NMR spectrum, the amount of this intermedidis-NHC-Pd(IV)-Me;
species kept almost constant as long as there amas of the starting materiblsNHC-Pd-Me
complex left. The decrease of the intensity of bieNHC-Pd(Il)-Me, signals (characteristic
peak for the Pd-Meat -0.30 ppm) was accompanied by the increasdefirttensity of the
reductive elimination productas-NHC-Pd(Il)-Me-I (characteristic peak for the Pd-Mat 0.28
ppm) and ethane (0.84 ppm). The reaction was catexplin 1 hour at -56C and the clean
NHC-Pd(Il)-Me-l complex was formed. The stackH3d-NMR spectrum along the reaction

process at -58C was demonstrated in Figure 4.4, and the timevatdetween two spectra is 10

min.
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Figure 4.4 StackedH-NMR spectra recorded during the reaction probesaeerbisNHC-
Pd(I1)-(CHs)> complex4.1 and Mel at -56C in 10 min intervals.
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Based on the information obtained from the YH-NMR study, a reasonable reaction
pathway can be drawn as described in Figure 4.3hénfirst step of the reaction, oxidative
addition of Mel to theévis-NHC-Pd(ll)-(CHs), complex4.1yield either a neutral (specid<?) or
cationic (speciest.3) trimethyl bisNHC-Pd(IV) intermediate. In the second step, reidact
elimination occurs from the Pd(IV) intermediate flrm ethane andis-NHC-Pd(Il)-Me-I

complex4.4.

N
/ \ /\
e N
HsC hyc CHy CHs (\N NT N\

P
Uy . D
L | S S e
R \
HC CHs CHs

/ Pd

H;C (\N/\N N HsC H3C/ \I CHs
CH, /§ "
4.1 /N/Kéd)\,\,\ '

Figure 4.5Proposed reaction pathway betwéeiNHC-Pd(11)-(CHs), complex4.1and Mel.

4.4 Oxidative Addition of *CHsl to BissNHC-Pd-Me, Complex

To further prove the presence of a trimetbigtNHC-Pd(IV) species during the oxidative
addition of Mel to thebis-NHC-Pd(Il)-Me, complex4.1, **C labeled methyl iodide was used.
The oxidative addition reaction betwe&&H;l and bis-NHC-Pd(ll)-Me, was initiated at -76C
and slowly warmed up to -56C within 20 minutes. To preserve the intermedidtes
temperature was re-cooled to -7G and the intermediate was characterized {§+NMR
spectroscopy. Five major peaks were observed il*@¥MR spectrum: the most intense peak
at -23.16 ppm was assignedf6&H;l, the peak at -8.97 ppm was assigned to the umsjrical
bis-NHC-Pd(I1)-"*CHs-I complex produced after the reductive eliminatiminethane from the
intermediate trimethybis-NHC-Pd(IV) species; the peak at 7.46 ppm was asdigio the
reductive elimination product’CHs;CHs; the two peaks at 12.03 ppm and 16.97 ppm were
tentatively assigned to tHéC labeled methyl group of the trimethyis-NHC-Pd**CHs(CHs),
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intermediates, one for the methyl group in axiaipon and the other for the methyl group in
equatorial position, though it is not clear whieghpnal belong to which methyl group. It need to
be mention that there was a tiny peak at 13.42 yhich could not be assigned, but when the
3C-NMR was run with C-H coupling, this tiny peak ditbt show any coupling pattern.
Therefore, it is assigned to™3C- labeled impurity. The temperature was slowlyugtut to -50
°C, and the two peaks at 12.03 ppm and 16.97 ppappkésred after 40 minutes at %0 The
two peaks assigned to P#GHs-1 and **CHsCH; preserved, and an increase in the intensity of
these two peaks was observed. Due to the changmnpierature, a up-field shift (7.46 ppm to
7.20 ppm for*CHsCHzand -8.97 ppm to -9.40 ppm fbis-NHC-Pd(Il)-*CHz-I) of these two
peaks was observed. The stack#&}+NMR spectra, which were recorded during the pseas
this reaction is shown in Figure 4.6.
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Figure 4.6 Stacked*C-NMR of the reaction betwedyis-NHC-Pd(ll)-Me, complex and>CHsl
(blue: After 20 minutes reaction at -80, **C-NMR recorded at -78C; green: After 20 minutes
reaction at -50C, *C-NMR recorded at -78C with carbon-hydrogen coupling; black: After 60
minutes reaction at -5, **C-NMR recorded at -56C).
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In the'H-NMR spectrum, a mixture of GJ8Hs (major peak at 0.84 ppm) amCH;CHs
(two triplet satellites at 0.69 ppm and 0.99 pprthwi.y coupling constant of 119.2 Hz) as well
asbis-NHC-Pd(I1)-(CHs)-1 (major peak at 0.31 ppm) amis-NHC-Pd(11)-**CHs)-1 (two singlet
satellites at 0.15 ppm and 0.47 ppm wihy coupling constant of 128.2 Hz) were clearly

observed (Figure 4.7). The results obtained from #xperiment provided more supportive

information for the formation of the transient tathyl bissNHC-Pd(IV) intermediate produced
from the oxidative addition of Mel tois-NHC-Pd(Il)-Me, complex.
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Figure 4.7'H-NMR for the products after reductive eliminatifmmm the Pd(IV) species.
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4.5 Mechanistic Discussion of the Oxidative Additio of Mel to the Bis-
NHC-Pd(Il)-Me , Complex and the Reductive Elimination from the
Trimethyl Bis-NHC-Pd(IV) Species

4.5.1 Pathway for the Oxidative Addition

It has been established that the oxidagisidition of Mel to square planaf @bmplexes
follows a 2 mechanism. For example, oxidative addition of Mebpy-Pt(l)-Me complex
4.5 at -40°C in CDsCN resulted in a cationic specidss, upon warming, cationic specidsé
decayed to a pure neutral compkeX (Figure 4.8). The initial oxidative addition wasosin to
betrans by using CRI as reagent and the scrambling of {ihd CI3 groups occurred faster for

the cationic specie$.6than for neutral comple4.7.’

+
| oS oS Me I | oS Me
= N//Ill/,,," ‘“\\\“\\Me 40 °C = N/I//,,,,” | ““\“\\Me _20°C = N/I//,,,,” | “\“\\\\Me
. PtS + Mel ———> Pt —_— Pt
=~ e CDECN =~ | e =~ | e
~_ ~_ | NCCHj - 1
45 46 47

Figure 4.8 Oxidation of bpy-Pt(l1)-Me complex with methyl iodidé.

The same reaction was performed fopéiladium analog bpy-Pd(Il)-Mecomplex4.88
The neutral comple®.9 and the cationic specids10were obtained with a ratio of 3:1. When
the temperature was increased, the NMR-resonaridbe methyl groups in the cationic species
4.10 became broad and coalesced atG5but the bpy resonance for the cationic spe¢i&8
and all the resonances for the neutral bpy-Pd-Mmomplex 4.9 remained sharp. This result
indicated that intramolecular methyl groups scrangbbccurred in the cationic spec#d0Q but
not in the neutral comple4.9 (Figure 4.9).

60



| ~ NCCH3;
=Ny, awMe 40 °C 4.10
Pd‘"\ +  Mel oC + 4
= N/ Me DsCN
| ~
S |
— NI/,,,” | wwMe
4.8 b
— N/ | \ME
\ '

Figure 4.9 Oxidation of bpy-Pd(ll)-Mgcomplex with methyl iodidé&.

Kinetic studies of both [PdMépy)] and [PtMe(bpy)] in the presence of excess Mel
were carried out by Canty’s group using UV-kinefid®oth of these two oxidative addition
reactions followed second-order kinetics, (firstder for each reagent). The large negati®
values that have been determined in these expesm@ongly supported the assumption g2 S
mechanism for the oxidative addition in both cg3exble 4.1).

Table 4.1Second-order rate constants for oxidative addiibiel to [MMe,(bpy)] in acetone
(table redraw from reference 8 without permissfon).

M T,°C ks, L mol™s? Ea, kJ mol* AS (20°C)
J K*mol?

Pd 3.0 1.75 + 0.05

Pd 10.3 2.25 +0.06

Pd 20.0 3.23+0.08

Pd 30.0 4.65 +0.10 25.3+0.6 -148 + 2

Pt 75 14 +1

Pt 3.6 22 +1

Pt 20 40 +1 249+0.1 129 +1

It is our mechanistic paradigm that the oxidatideliaon of Mel to thebis-NHC-Pd(l1)-
Me, complex also follows thex\ mechanism. Only one intermediate was observétkeicourse

of the reaction at -56C, and so far we could not determine whether & iseutralbis-NHC-
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Pd(IV)-Mes-| complex or a cationichis-NHC-Pd(IV)-Mes-THF]'I” species. But, according to
the finding described in the literature, the makely intermediate is a cationic species. Our
argument is, whert®CHsl was used as a reagent, two distinct resonanaeshéo axial and
equatorial methyl groups of tHeis-NHC-Pd(IV)-Me; species were observed in tH€-NMR
spectrum, which indicated that the intramoleculzrambling of**CH; and CH had occurred
even at -50°C. Based on the results obtained by PuddephattCandy, the methyl groups
scrambling occurred faster in the cationic [(byMP4 specie$ and only in the cationic
[(bpy)PdMe] specied Therefore, it is straightforward to conclude thete observed
intermediate is the cationibif-NHC-Pd(IV)-Me-THF]" species.

4.5.2 Pathway for Reductive Elimination

The reductive elimination from a five-coordinateationic & complex has been well
studied®®° In 2005, the Goldberg group synthesized a setiesationic trimethylpyridin®is-
(diphenylphosphinoethane)platinum(IVdc-[(dppe)Pt(IV)Me(4-NCsH.X)][OTf]} complexes,
in which 4-NGH4X are uncharged 4-substituted pyridine derivate®(Mz Me, Ph, and CN).
The dependence of the reductive elimination of ¢han the electronic properties of the
platinum-bound nitrogen donor was studt®dt was found that the reaction is considerably
faster for more electron-withdrawing substituetiznt for electron-donating substituents. In the
Hammett plot showed in Figure 4.10, a posijivealue of 1.9 was obtained, indicating that the
electron-withdrawing groups decrease the donorntyahaf the pyridine, thus facilitating the

release of the pyridine ligands. This favors thenfation of penta-coordinated intermediates.

log ( k,'kc)
=}
o

T T T T T T T T T
08 06 -04 -02 0.0 02 a4 08 08 1.0

o

Figure 4.10Hammett plot for electronic effects on reductivienghation (Figure taken from
reference 10 without permissiof}).
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These results support the proposedticga mechanism for the reductive elimination
reaction. The reductive elimination of ethane pealseby a two step pathway: in the first step,
the reversible dissociation of the pyridine deiiv@toccurs from the cationic complex to
generate a five-coordinated Pt(IV) intermediatetha second step, irreversible and therefore,
rate-determining elimination of ethane occurs frma penta-coordinate Pt(IV) intermediate
(Figure 4.11).

Me sl * Me ~| +
P’ ///,‘ I \\\\\ Me k 1 P/”h I W Me
Pt =T

—_— + pyr

P” | e K P “Me
pyr
+ -|+
fast
P, Pt-“\\‘Me_I L P, Pt“‘\\\Me + MeMe
v

B NPT p

Figure 4.11Proposed reaction mechanism for the reductiveiméition reactiort’

On the basis of these literature findjnge propose that the reductive elimination of
ethane from thebis-NHC-Pd(IV)-Mes-THF]" proceeds via a penta-coordinated Pd(IV) species.
Because THF is a very weak coordinate solventait easily dissociate from the six-fold-
coordinated is-NHC-Pd(IV)-Me;-THF]" intermediate to form a penta-coordinat&is{NHC-
Pd(IV)-Mes]* species. In fact, the reductive elimination ofegtt in THFég is so fast that only a
very small amount of transienbif-NHC-Pd(IV)-Me-THF]" intermediate was observed in the
'H-NMR spectrum at -50C, and it disappeared as soon as biEeNHC-Pd(Il)-Me, was
consumed. To further verify our proposed mecharosthe reductive elimination, the oxidative
addition of **CHjl to bisINHC-Pd(I1)-Me, complex in the presence of 10 equivalent of DMAP
was carried out. A stackédC-NMR spectrum is showed in Figure 4.12. Two neson@ances
for the axial and equatorial methyl groups of thes-NHC-Pd(IV)-Me;] intermediate were
observed at 8.73 ppm and 17.50 ppm in'fleNMR spectrum at -56C. It is worth mentioning
that there is a large up-field shift for the axmkthyl resonance compared with that of the
reaction without addition of DMAP (8.73 ppm to 12.ppm). The dramatic change in chemical
shift reflected the change of the chemical envirentrfor the axial methyl group in théi$-

63



NHC-Pd(IV)-Mes]* intermediate, which is a good indication that DMABordinated to the
palladium center to form abijs-NHC-Pd(IV)-Me;-DMAP]*I" intermediate. The reductive
elimination of ethane from this Pd(lV) intermediatas very slow at -50C, but when the
temperature was raised to -2D, the reaction finished in one hour. In #ie-NMR, a resonance
at -2.86 ppm for the mono-methyl Pd(ll) speciesultesy from the reductive elimination
reaction was observed. There is a dramatic dowd-8&ift compared to that of the reaction
without addition of DMAP (-9.40 ppm). It is our wang hypothesis that instead of a neutral
Pd(ll) complex, a cationidbjs-NHC-Pd(ll)-Me-DMAP]" species has formed after the reductive

elimination.
1.0 |
THF

0.5 ]

ethane Pd-MeI-DMAP
implurity !

Normalized Intensity
o

= |
A A A A

Chemical Shift (ppm)

Figure 4.12StackedC-NMR of the reaction betwedsis-NHC-Pd(I1)-Me, and™*CHjl in the
presence of DMAP (blue: reaction at -¥Dfor 20 min; green: reaction at -30 for 20 minutes;

gray: reaction at -38C for 40 minutes; black: reaction at -3D for 60 minutes)
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4.6 Experimental

4.6.1 Synthesis obis-NHC-Pd(II)-(CH 3), complex4.1

In a nitrogen filled glove-box, 1.2 mL 0.%31 MeMgBr ether solution was added to a
suspension of 120 mgs-NHC-Pd(I)-Br, complex2.2in 10 mL dry THF. The reaction mixture
was stirred at room temperature for 1 hour, a abedorless solution formed. After removal of
the solvent under reduced pressure, 5 mL pre-drjédlioxane was added to the solid residue
and stirred at room temperature for 5 min. The sswved white solid was removed by filtering
through a short pad of dry celite and the filtekeeavas washed with 1 mL portion of dry THF
for three times. The filtrate was concentrated gndss. 76.3 mg (90.2% vyield) product was
obtained as a white solitH-NMR (dy; 400 Hz, THFdsg): -0.32 (s, 6H, Pd-Ch), 3.72 (s, 6H, N-
CHs), 5.92 (d, 1HJ = 12.82 Hz, N-CH), 6.08 (d, 1H, J = 12.82 Hz, N-GK1 7.06 (d, 2HJ =
1.83 Hz, N-CH), 7.27 (d, 2H, = 1.83 Hz, N-CH).

4.6.2 VT-NMR study of the reaction betweeiissNHC-Pd(I1)-(CH 3), complex 4.1 and CH

8.0 mg (0.025 mmob)is-NHC-Pd(Il)-Me, complex was dissolved in 0.60 mL pre-dried
THF-dg in a J-Young NMR tube, after cooling to -7D, 2 equivalents of Mel in 0.10 mL THF-
ds stock solution were added by means of a syringkeunitrogen protection. The NMR tube
was carefully shaken to disperse the Mel thoroughlthe sample at -78C, and then quickly
inserted into a pre-cooled NMR probe (°f%). The reaction process was carefully monitored by
'H-NMR at various temperatures. (The detailed NMBcsum of the intermediate is shown in
the appendipA.17).

4.6.3 VT-NMR study of the reaction betweetbis-NHC-Pd(I1)-(CH 3), and **CHsl

8.0 mg (0.025 mmob)is-NHC-Pd(Il)-Me, complex was dissolved in 0.60 mL pre-dried
THF-dg in a J-Young NMR tube, after cooling to -?0, 2 equivalents of°C labeled Mel in
0.10 mL THF#ds stock solution were added by means of a syringeemunitrogen protection. The
NMR tube was carefully shaken to disperse the Metdughly in the sample at -7Q, and then
quickly inserted into a pre-cooled -AT NMR probe. The reaction process was carefully

monitored by"*C-NMR at various temperatures.
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4.6.4 VT-NMR study of the reaction betweetis-NHC-Pd(I1)-(CH 3), and **CHsl in the
presence of DMAP

8.0 mg (0.025 mmobis-NHC-Pd(Il)-Me, complex was dissolved in 0.50 mL pre-dried
THF-ds in a J-Young NMR tube, after cooling to -?0, 2 equivalents ofC labeled Mel in
0.10 mL THFdg stock solution and 10 equivalents of DMAP in OmiD THF-dg stock solution
were added by means of a syringe under nitrogetegion. The NMR tube was carefully
shaken to disperse the Mel thoroughly in the sarapl@0°C, and then quickly inserted into a
pre-cooled -70C NMR probe. The reaction process was carefully itoced by**C-NMR at

various temperatures.
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Chapter 5 Dioxygen Triggered C-C Bond Formation andC-O Bond
Formation from the Bis-NHC-Pd(Il)-Me , Complex

5.1 Introduction

From a practical standpoint, dioxygen is undoulytatie most attractive reagent for
hydro-carbon oxidation reactiohsThe most notable example is the Wacker processhntias
been used in industry for than 40 years to oxidite/lene to acetaldehyde, using Pdahd

CuCl as catalysts and dioxygen as oxidant to regen#rateatalysts (Figure 5.1}

PdC'z/CUClz
CHZ:CHZ + 1/2 02 —_— CH3CHO
HCI/H,0

Figure 5.1 Wacker processS.

Stoichiometric reaction between dioxygend well-defined platinum and palladium
complexes were reported by different research grofip®?®

5.1.1 Examples of Reaction between Dioxygen and Pt{(Complexes

Goldberg and Bercaw reported the oxidation of diyiglatinum(ll) complexes with
dioxygen in 1998. It was found that in methanol, di-nitrogen baskgrids (bpy, phen and
tmeda) stabilized (N-N)Pt(I)(CH. complexes 5.1 can be oxidized to (N-
N)Pt(IV)(OCHg)(OH)(Me), complexess.2, and 0.5 equivalent of molecular, @as consumed
per atom of platinum(ll). The resulting Pt(IV) cplaxes were stable at room temperature and

no reductive elimination of ethane was observedufé 5.2).

OH
N//,,, Pt“‘“\\CH3 N”b,l ‘\\\\CHS
7 + 1/20, + CH3OH —> C Pt
N7 YeH, N | “YCH,
OCH,4
5.1 5.2
m = bpy, phen, and tmeda
NN py. p

Figure 5.2 Oxidation of Pt(ll) complexes to Pt(IV) complexas dioxygen®
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Further mechanistic studies carried out in Bercayvtaup revealed that the oxidation of
(tmeda)Pd(I)(CH). to (tmeda)Pt(IV)(OH)(OCE)(CHs), by dioxygen in methanol proceeds via
a two-step mechanism. In the first step, (tmed@R4), reacts with dioxygen to yield a
hydroperoxoplatinum(lV) intermediate (tmeda)Pt(OQPIIH;)(CHz), 5.3 In the second step,
the intermediate (tmeda)Pt(OOH)(OgKCHs), reacts with a second equivalent of
(tmeda)Pt(I)(CH), to yield 2 equivalents of (tmeda)Pt(l)(OgKDOH)(CHzs), as final product
(Figure 5.3)

OOH
N//, \\\\CH3 N/,, \\\CH3
P + 02 + CH3OH —_— W
N” YcH \
CHs
OCH3
51
5.3
OOH OH
N/,, \\\\CH3 N/,’ \\\\CH3 CH3OH 2 Nl’"'r!) “\\\\CHg
t
N, T 1
OCH3 OCHj
5.3 51 5.2
/_\ = tmeda
N N

Figure 5.3 A two-step mechanism for the oxidation (tmeda)slig, to
(tmeda)Pt(IV)Me(OH)(OCHs) by dioxyger®

The authors proposed that the interaabibdioxygen with (N-N)Pt(11)(CH), complexes
resulted in ethep- or > (N-N)Pt(IV)(CHs), dioxygen complexe5.4 and5.5. Protonation of
the dimethylplatinum(IV) dioxygen complex gave the intermediate
(tmeda)Pt(OOH)(OCEJ(CHs). species5.3 (Figure 5.4). It is noteworthy that the strong
donating methyl ligands of the dimethylplatinum(@@mplex showed a pronounced effect on
the reactivity towards dioxygen, whereas (tmed&Rtj, is readily oxidized by dioxygen, no
oxidation takes place with (tmeda)Pt(g€l, (tmeda)PtCGlor (tmeda)Pt(EHs)..
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(0]
N//, I I\\CHS
7 N ChsOH OOH
N CH
N/,, - \\\\CH3 L 54 3_ \ N ,,h| WCHg
N S C Pty
3 53
N” | “YCH,
CHj
55

Figure 5.4 Proposed two pathways for the interaction of digerywith Pt(ll) complexe¥.

5.1.2 Examples of Reaction between Dioxygen and Bi(Pd(ll) complexes.

In 2004, Stahl’s group reported the synthesis ef;fiperoxo (IMes)Pd(Q) complex5.7
by the reaction of (IMesfPd(0) complexs.6 with dioxygen at -78C in toluen€. This complex
was fully characterized b¥H-, *C-NMR spectroscopy and IR spectroscopy. The strectdi
this complex was definitely established by X-raystallography. The hydroperoxopalladium(ll)
complex5.8 was formed rapidly when one equivalent of acetitl avas added to a toluene

solution of comple.7 at room temperature (Figure 5.5).

iMes IMes o
-78 °C
Pd0 + 0y — = Pd”\/|
| toluene IMes
IMes
5.7
IMes IMes IMes
\ _HOAc
Pd \ / y~OAC| — AcO—Pd"—0O0H
toluene / |
IMes IMes IMes
5.8

Figure 5.5 The oxidation of (IMesPd(0) with dioxygen to formy*peroxo (IMes)Pd(Q)
complex, and protonation of this complex to forra tydroperoxopalladium(ll) compléx.
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Further studies revealed that the hydroperoxopattadl) complex 5.8 could also be
prepared by dioxygen insertion into a Pd(ll)-hydridpeciess.9, which was quantitatively
generated by the reaction of one equivalent ofi@eetd with (IMes)Pd(0) compleXs.6 (Figure
5.6)8

IMes IMes IMes

pa0  _HOAC_ aco—pPd'—H 92 . Aco—Pd'—OOH
IMes IMes IMes

5.6 5.9 5.8

Figure 5.6 Dioxygen insertion into a Pd-H bofid.

One of the possible mechanisms for the reactiodia@tygen with a Pd(ll)-hydride to
produce a Pd(ll)-hydroperoxide was proposed bylStthl, as Pd(IV)-peroxo pathway (Figure
5.7). In the first step, oxidative addition of djgen to the Pd(Il) center can yield afperoxo-
Pd(IV) intermediaté.10 In the second step, reductive elimination of akl ®ond from the;*
peroxo-Pd(IV) intermediate can lead to the hydropigle product. The authors argued that the
access to Pd(IV) oxidation state could be facdaby the presence of strong electron-donating
NHC ligands’

IMes o IMes,, /O\ IMes
2 <
ACO—Pd!'—H —» Aco—F|>d;O —> AcO—Pd'—OOH
IMes R Mes IMes
5.9 5.10 5.8

Figure 5.7 One of the proposed pathways for the dioxygerriizseinto Pd-H bond.

5.2 Synthesis of 1,1’-Di(n-butyl)-3,3’-Methylene-Diimidazolin-2,2’-Diylidene
Palladium(ll) Dimethyl Complex

| have found that théis-NHC-Pd(I)-Br, complex2.2 can be dissolved in only polar
solvents such as DMSO and DMF. This-NHC-Pd(Il)-Me, complex4.1 can be dissolved in
THF, but the solubility of thebisNHC(Me)-Pd(Il)-Me-1 complex 4.4 resulted from the
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reductive elimination of ethane is not good in THIRd with the progress of the reaction, this
species precipitates out from the solution. To meprthe solubility, an-butyl side chain was
introduced to thdisNHC ligand. 1n-butyl imidazole5.11 was obtained with over 90% yield
by treating imidazole with excess of KOH powdefTidF first, and then with n-BuBr. Thas-
imidazolium salt5.12 was obtained with 78% yield by heating neat 1-tbwnidazole and
dibromomethane at 131 for 24 hours in a sealed tube. Tdis-NHC-Pd(Il)-Br. complex5.13
was synthesized according literature reported nuethith 83% vyield:® This complex is soluble
in THF, CHCN, and slightly soluble in CHgland CHCI,. The bis-NHC-Pd(Il)-Me, complex
5.14was synthesized by the reaction of teNHC-Pd(II)-Br, 5.13with MeMgBr in THF with
82.1% vyield, and it is soluble in THF, GEIN, CHCl,. The synthesis of thkisNHC-Pd(II)-

Me, complex5.14is outlined in Figure 5.8.

1) KOH powder / N+/\+N \
[\ THE [\ CHZBr, J ”\
N _ N
Bu/ 2 \

> —_—
N 2)nBubr NV nBu 90°C
n- -
5.11 512 "B
PN
Pd(OAc) , /k /I\ MeMgBr /I\ J\
> S —— N
DMSO N N THF Pd N
Pd /
/ /N / N\
n-Bu Br Br  n-Bu n-Bu € Me  nh-Bu
5.13 5.14

Figure 5.8 Synthesis of thbisNHC-Pd(Il)-Me, complex5.14

5.3 Oxygen Triggered C-C Bond Formation

In a nitrogen filled glovebox, 10 mgs-NHC-Pd(11)-Me, complex5.14was dissolved in
0.6 mL pre-dried CECN in a J-Young NMR tube. After degassing the samipy three
consecutive freeze, pump and-thaw cycles, 1 atrprexfiried Q was introduced into the NMR
tube at -20°C. After carefully shaking in the cooling bath, tN®R tube was inserted in a NMR
probe, which was pre-cooled to -2G. The reaction was monitored Bi-NMR at various
temperatures. It was found that at -2D, the dimethylpalladium complex is stable in the
presence of © When the temperature was raised to°@Qthe integration of the resonance for
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the methyl groups on the palladium center at -@32 started to decrease, and simultaneously,
all the'H-NMR resonances for the ligand become broad. Eaetion was completed within 2
hours, and a lot of white precipitate was formedha NMR tube, and the ethane resonance,
which was masked by the resonance of the methylpgad the n-butyl side chain appeared at
0.85 ppm. Then the solvent was removed under vaciine residue in the NMR tube was re-
dissolved in pre-dried DMSO and a small amountaifagium black was filtered off'H-NMR
showed that a symmetrlus-NHC-Pd species had formed. To avoid the maskingcef the
ethane resonance by the butyl side chain, a separaaction was carried out usibig-NHC-
Pd(Il)-Me, complex4.1 as starting material. 8 mg of compléxX. was dissolved in dry 0.6 mL
dry THFdg in a J-Young NMR tube and treated with dry dioxyg&he *H-NMR clearly
showed that upon reaction, the palladium contairsipgcies precipitated out and only ethane
could be observed in the spectrum as a reductivenaltion product.

Although no intermediate was observed BiNMR spectroscopy during the reaction,
the reductive elimination of ethane gave strongciatibn that a;?-peroxo bisNHC-Pd(IV)-
(CHg)2-(0,) intermediateb. 15 had formed via oxidation difis-NHC-Pd(I1)-(CHs), complex5.14
with dioxygen. The combination of the chelated sgyaelectron-donatindpis-N-heterocyclic-
carbene ligand with the stromgdonating methyl ligand could indeed facilitate foemation of
the Pd(IV) species. The reductive elimination dfagte from this Pd(IV) species resulted iffa
peroxobis-NHC-Pd(I)-(0G,) complex5.16 (Figure 5.9).

( e Q TS | cnen F A D

CD3CN n-Bu/ Me™ | ~0 \n-Bu CD3CN
-Bu Me
5.14 5.15 5 16

nBu

Figure 5.9 Proposed pathway for the reaction between thd)Rtithethyl complex5.14and

dioxygen.
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5.4 Oxygen Triggered C-C Bond Formation and C-O Bod Formation in the

Presence of Water

In a nitrogen filled glove-box, 10 mMgsNHC-Pd(Il)-Me, complex5.14was dissolved in
0.60 mL pre-dried CECN in a J-Young NMR tube. After degassed for theeesecutive freeze,
pump and-thaw cycles, the sample was cooled dow20®C. 0.05 mL CRCN which contained
1% of water (HO) was added under the protection of nitrogen {@ivedent of HO relative to
the palladium dimethyl complex). Then, 1 atm. oé-gried Q was introduced into the NMR
tube at -20°C, and the sample was carefully swirled in the iogobath. The NMR tube was
inserted into a pre-cooled NMR probe (-20) and the reaction was monitored at various
temperatures. It was found that at 20, the bisNHC-Pd(ll)-Me, complex 5.14 slowly
decomposed and a proton resonance for methanoR@tppm appeared. During the reaction,
two new up-field shifted methyl group resonancesew@bserved at -0.23 ppm and -0.12 ppm,
and with the progress of the reaction, these tvak@slowly disappeared. This observation gave
strong indication that transient methylpalladium(lihtermediates had formed during the
reaction. The reaction was completed within 40 r@suand by the end of the reaction, all the
resonances for theis-NHC ligand became broad, and the ethane resonaieh was masked
by the resonance of the methyl group of the n-bsitye-chain appeared at 0.85 ppm. A small
amount of methane at 0.20 ppm was also observedodilne protonation of the methyl groups
on the palladium by water. The stackét:NMR spectrum is showed in Figure 5.10. A lot of
black precipitate (metallic palladium) was formedthe NMR tube upon the completion of the
reaction. After removing CEZN under vacuum, 0.80 mL DMS@-was added to the residue
and palladium black was filtered off. THE-NMR of the residue was too complicated to be

resolved.
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Figure 5.10StackedH-NMR spectrum for the reaction between the pallax{il) dimethyl

complex5.14with dioxygen in the presence of®lL

To further verify the formation of methanol artiane, thé>C labeledbis-NHC-Pd(ll)-
(**CHs), complex was synthesized by reacting this-NHC-Pd(lI)-Br. complex 5.13 with
3CHsMgl. In the *H-NMR spectrum, two up-field shifted resonancesCa47 ppm and -0.17
ppm for the palladium coordinated methyl groupsenaoserved. Although these two peaks look
like two singlets, they are actually belonging tal@ublet with a characteristicly largéC-H
coupling constant (123.64 Hz), (detaild8-NMR showed in appendix). After treating with, O
and HO under the same conditions as in the previousranpat, this complex decomposed
slowly and a doublet for*CH;OH between 3.08 ppm and 3.43 ppm wifie-H coupling
constant of 139.42 Hz (Figure 5.11) together wittioablet for"*CH;"*CH; between 0.70 ppm
and 1.00 ppm with®C-H coupling constant of 121.56 Hz (Figure 5.12)ravebserved. The
result from this experiment clearly showed thahbGtO bond and C-C bond formation occurred
during the reaction obisNHC-Pd(Il)-(CH;), complex5.14 with dioxygen in the presence of

water.
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Figure 5.11Expanded methanol region for the reaction betwieehis-NHC-Pd(I1)-(-*CHs),

complex and
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Figure 5.12Expanded ethane region for the reaction betweehisiNHC-Pd(11)-**CHs),

complex and

dioxygen in the presence ¢®DH
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There are at least two reaction patfsaas described in Figure 5.13 that should bentake
into consideration. In the first pathway, dioxygeracts with palladium(ll) dimethyl complex
5.14to form an?-peroxobisNHC-Pd(IV)-(CHs),-(O,) intermediates.15 from which, the ethane
formation goes through a intramolecular C-C bonanfaog reductive elimination process, and
similar to the Shilov system, the methanol formatgoes through a\2 type external water
attacking of the methyl group of the Pd(IV) intediade process to produce compled? as
product. In the second pathway, protonation of #figeroxo bisNHC-Pd(IV)-(CHs)>-(O,)
intermediate5.15 leads to the formation ddis-NHC-Pd(IV)-(OH)-(OOH)-(CH), intermediate
5.18 and from which, competitive C-O and C-C reductenination occurs to form methanol

and ethane as well as palladium(ll) complexd®and5.17.

N/\N ECD CN / / N\ \
TIRLS ™ ol Lo ba
NP N 5 5.16 ;
DN ned MeT 7O Vg, |52 PN 5
nBu Me ! _MeOH {\ N N/>
—
5.14 5.15 ! HO /k J\
H20 : N Pd N
g Y N N

pathway Il

Figure 5.13Two proposed pathways for the reaction betweempdtadium(ll) dimethyl

complex5.14with dioxygen in the presence op®L

This experiment provided unprecedented supportif@rination that with the facilitation
of strong electron-donating ligands, such as Nenedyclic carbenes and stromgdonating
methyl ligands, high oxidation stated of Pd(IV) ¢anachieved by using dioxygen as an oxidant.

Furthermore, both C-C bond and C-O bond formatpmssibly involving reductive elimination
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from this Pd(IV) species on@ type external attacking of methyl groups bondethe Pd(IV)
species were observed. To understand this intrggaystem in more detail, careful mechanistic

studies have to be carried out in the future.

5.5 Experimental

5.5.1 Synthesis of n-butyl imidazole 5.11.

To a solution of 6.8 g imidazole in 50 mty dHF, 30 g KOH powder was added. After
stirring at room temperature for 3 hours, the exd¢é®H was removed by filtration. 13.6 g n-
butylbromide was added to the filtrate and the tteaamixture was stirred at room temperature
for another 12 hours. The solvent was removed uratkrced pressure. 11.6 g (93.5%) product
was obtained as clear oil after removing the whiecipitate (KBr) by filtration*H-NMR (0y;
400 Hz, DMSO+dg): 0.88 (t, 3H,), 1.20 (sextet, 2H), 1.67 (quint), 3.94 (t, 2H), 6.87 (t, 1H),
7.15 (t, 1H), 7.60 (s, 1H).

5.5.2 Synthesis of 1,1’-di-n-butyl-3,3’-methylenednidazolium dibromide 5.12.

2.0 g n-butylimidazole and 1.70 g dibronethane were stirred in a sealed tube at°C30
for 24 hours. The produced solid was washed wittahe and dried under high vacuum. 2.70 g
(78%) white powder was obtainedH-NMR (dy; 400 Hz, CDCJ): 0.98 (t, 6H,), 1.39 (sextet,
4H), 1.95 (quintet, 4H), 4.27 (t, 4H), 7.51 (t, 2H)58 (s, 2H), 9.26 (t, 2H), 11.14 (s, 2H).

5.5.3 Synthesis of (1,1'-di-n-butyl-3,3’-methylenadnidazoline-2,2’-diylidene)palladium(ll)
dibromide 5.13.

A stirred DMSO solution (5 mL) of 1,1’-didoutyl-3,3’-methylenediimidazolium dibromide
(188 mg) and Pd(OAg)X100 mg) was heated at 80 for 4 hours, after which the solution was
refluxed for another 20 minutes, the solvent wamawed under high vacuum at 8G, after
washing the residue with cold methylene chlorid® fing (83%) product was obtained as a pale
yellow powder*H-NMR (dy; 400 Hz, DMSOdg): 0.88 (t, 6H,), 1.19 (sextet, 4H), 1.75 (quintet,
2H), 4.03 (m, 2H), 4.83 (broad singlet, 2H), 6.88ZH), 7.39 (s, 2H), 7.59 (s, 2HFC-NMR
(0n; 200 Hz, DMSOsg): 13.44, 19.06, 32.54, 49.97, 62.52, 121.28, 121.9
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5.5.4 Synthesis of (1,1'-di-n-butyl-3,3’-methylenadnidazoline-2,2’-diylidene)palladium(ll)
dimethyl 5.14.

To a THF solution (10 mL) of (1,1-di-n-lyx3,3’-methylenediimidazoline-2,2’-
diylidene)palladium(ll) dibromide (53.0 mg), 0.40.r8.5 M MeMgBr ether solution was added
and the reaction mixture was stirred at room tewmdpee for 1 hour. Solvents were removed
under reduced pressure. 5 mL of pre-dried 1,4-diexaas added to the residue and stirred at
room temperature for 5 minutes. The white solid veasoved by filtering through a short pad of
dry celite, and the filtrated was concentrated tgnédss in high vacuum. 32.3 mg (82.1%)
product was obtained as a white sofid-NMR (6y; 400 Hz, CRCN): -0.32 (s, 6H), 0.90 (t,
6H,), 1.24 (sextet, 4H), 1.72 (quintet, 2H), 4.02, @H), 4.23 (m, 2H), 5.77 (d, 1H), 5.99 (d,
1H), 6.92 (d, 2H), 7.14 (d, 2H).

5.5.5 Synthesis of (1,1'-di-n-butyl-3,3’-methylenadnidazoline-2,2’-diylidene)palladium(ll)
di(**c-methyl) 5.14".

This compound was synthesized by the sawweefdure as in 5.5.4 except using-labeled
3CHsMgl (which was prepared by reactifdCHsl with Mg in ether). A product was isolated as
a white solid with a 76% yieldH-NMR (64; 400 Hz, CRCN): between-0.47 and -0.16 (@~
= 123.37 Hz, 6H), 0.90 (t, 6H,), 1.24 (sextet, 4HY,2 (quintet, 2H), 4.02 (m, 2H), 4.23 (m, 2H),
5.77 (d, 1H), 5.99 (d, 1H), 6.92 (d, 2H), 7.14ZH).

5.5.6 Reaction betweehbis-NHC-Pd(Il)-Me , complex 5.14 and Q@

In a nitrogen filled glovebox, 10 nigs-NHC(Bu)-Pd(Il)-Me, complex5.14was dissolved
in 0.6 mL pre-dried CECN in a J-Young NMR tube. After degassing the sampy three
consecutive freeze, pump and-thaw cycles, 1 atrpresfiried Q was introduced into the NMR
tube at -20°C. After carefully shaking in the cooling bath, tN®R tube was inserted in a NMR
probe, which was pre-cooled to -2G. The reaction was monitored Bi-NMR at various

temperatures.

5.5.7 Reaction betweebis-NHC-Pd(Il)-Me , complex 5.14 and Qin the presence of HO
In a nitrogen filled glove-box, 10 nbgs-NHC-Pd(II)-Me, complex5.14 was dissolved in
0.60 mL pre-dried CECN in a J-Young NMR tube. After degassed for thoeesecutive freeze,
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pump and-thaw cycles, the sample was cooled dow20®C. 0.05 mL CRCN which contained
1% of H,O was added under the protection of nitrogen (livedgnt of HO relative to the
palladium dimethyl complex). Then, 1 atm. of preedrO, was introduced into the NMR tube at
-20 °C, and the sample was carefully swirled in the iogobath. The NMR tube was inserted

into a pre-cooled NMR probe (-2@) and the reaction was monitored at various teatpegs.
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Chapter 6 Phl(OAc),and PhI(OTFA), Triggered C-C Bond
and C-O Bond Formation from Bis-NHC-Pd(Il)-(CH 3)»
Complex

6.1 Introduction

Hypervalent iodine reagent such as PhlO, PhI=NTCP and PhI(OAc)" have been
applied to stoichimetrically react with Pd-aryl colexes. These reactions generally result in
clean and high yielding functionlization/cleavadettte Pd-C bond. Detailed mechanistic study
revealed that, in many cases, these transformptimreed via Pd(IV) intermediatés.

The reaction between PhlO and cyclometalated Pdgi)plex leaded to the insertion of
an oxygen atom into the Pd-C bond (Figure & Bimilarly, the reaction between PhI=NTs and
cyclmetalated Pd(ll) complex resulted in the iriserbf NTs into the Pd-C bond (Figure 6°2).
was proposed that both these two transformatiorgved Pd(IV) intermediates such as Pd(1V)-
oxo specie$.1 and Pd(IV)-imido specieB.5 resulted from oxidation of the Pd(Il) complexes

with hypervalent iodine reagents, and the collaplsthe intermediates to afford the insertion

Cl o} cl cl
; \Pd”/ (CeFsl=O)n l \Iljdlv/ 1 O

Pd!

products.

N "7\ —_— /+ N B Ny _—~
Nf SMe ¢ g SMe SN Neve
6.1 6.2 6.3

Figure 6.1 0 insertion into a PAC bond with (GFsl=0),.

Q,
N\ _Tol
Q\ \ 2 NTS Q\N/S\\o
A, pd o \
-

PhI NTs Nx

— N\
SCRRS

Figure 6.2 Double amination of palladacyocbe4.”
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The chlorination of Pd(I)-C bonds with IRl is another transformation that has been
extensively explored, and there are strong eviderst®wed that the chlorination reactions
proceed via C-Cl bond forming reductive eliminatioom Pd(IV) intermediates. For example,
the reaction between pincer Pd(Il) comp&X and PhIC] afforded a Pd(IV) intermediat.8°
which can be characterized B¥i-NMR spectroscopy at room temperature. This spgecie

decomposed over several minutes to give the C-@dl lferming produc6.9 (Figure 6.3).

NMe, NMe,

) PhICI,
R pd'—Cl ——» R
CHCl3

Cl

NMe, NMe,

6.7 6.8 6.9

Figure 6.3 Oxidation of P4 to Pd" with PhICL.°

The Sanford group demonstrated the stamédladium(lVV) carboxylate complex
(phpyxPd(IV)(O,CPh} [phpy = 2-phenylpyridine]6.11 can be isolated by the reaction of
(phpy)Pd(ll) 6.10with PhI(Q:CPh). Upon heating to 68C, this complex underwent clean C-O
bond forming reductive elimination to yield the ogenated product (Figure 6.4). The
mechanistic study showed this process occurred faofive-coordinate intermediate resulted

from pre-dissociation of one arm of the phenylpiyrédiigand’

=N
N =
T >pat”
T T Phi(o,cPh ) cocs o2CP
=N N (O2CPh); N _ 5%C5H5N
P PhI Pd'V v
; o,cPh 60 °c =

ochh \

6.10 . 0,CPh

Figure 6.4 Oxidation of P to Pd" with PhI(Q.CPh).’
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6.2 PhI(OAc), Triggered C-C Bond Formation from Bis-NHC-Pd(ll)-(CH 3),

Complex

In a nitrogen filled glove-box, 5 mgs-NHC-Pd(I)-(CHs), complex5.14was dissolved in
0.60 mL pre-dried CECN in a J-Young NMR tube. After degassing by thzersecutive freeze,
pump and-thaw cycles, the sample was cooled to°@0A solution of one equivalent of
Phl(OAc) in 0.10 mL dry CRCN was added via a syringe under the protectiamtofgen. The
NMR tube was carefully swirled in the cooling bathd quickly inserted into a pre-cooled NMR
probe (-40°C). The reaction was monitored at various tempegatuAt -40°C, only the C-C
reductive elimination product ethane was obser@e85(ppm). StacketH-NMR spectrum for
this reaction is showed in Figure 6.5. With thegoess of the reaction, the resonances for the
bisNHC-Pd species became broad due to the lower $ityulmf the complex at lower
temperature. Upon warming up to 26, resonances for a symmetridzis-NHC-Pd species
appeared, which have been identified beasNHC-Pd-(OAc)» by comparing with a standard
sample obtained by reactionlmg-NHC-Pd-Br with AQOAC.

PP B Y ]

Normalized Intensity
o
N

Chemical Shift (ppm)

Figure 6.5 StackedH-NMR spectrum for the reaction betwegis-NHC-Pd(I1)-(CHs), complex
5.14and PhI(OAQ).
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Based on this reaction result, it is our kirg hypothesis that thiis-NHC-Pd(11)-(CHs)2
complex 5.14 was oxidized by PhI(OAg) to form a bisNHC-Pd(IV)-(CHs),-(OAC),
intermediate6.12, followed by C-C reductive elimination to give atte andbis-NHC-Pd(ll)-
(OACc), 6.13as products (Figure 6.6).

Bu VAR Bu B HaC CHy Bu

HsC CHs OOCCH; H,CCOO OOCCH;

R - PR
/N(&N /NQ © iy . //N(*N - §
y Bu /Pd\ B

5.14 6.12 6.13

Figure 6.6 Proposed reaction pathwhgtweerbis-NHC-Pd(Il)-Me, and Phl(OAc).

6.3 PhI(OTFA), Triggered C-C Bond and C-O Bond Formation fromBis-
NHC-Pd(II)-(CH 3), Complex

Compared with PhI(OAg) PhI(OTFA) exhibits better solubility in common organic
solvents. Therefore, Dr. Kraft and | have decided investigate the reaction between
PhI(OTFA), andbis-NHC-Pd(Il)-(CH)a.

In a nitrogen filled glove-box, 10 nbgs-NHC-Pd(I1)-(CHs), complex5.14 was dissolved
in 0.60 mL pre-dried CECN in a J-Young NMR tube. After degassing by thce@secutive
freeze, pump and-thaw cycles, the sample was cdoletdD°C. A solution of one equivalent of
PhI(OTFA) in 0.10 mL dry CRCN was added via a syringe under the protectionitobgen.
The NMR tube was carefully swirled in the coolingthb and quickly inserted into a pre-cooled
NMR probe (-40°C). The reaction was monitored at various tempeeatut was found that at -
40°C, both C-C and C-O reductive elimination prodwattsane (0.85 ppm) and methyl trifluoro-
acetate (3.95 ppm) were observed. The reactioncarapleted within 5 minutes. The resonance
at 0.11 ppm was assigned to the methyl group ofuhgymmetricalbis-NHC-Pd(Il)-CHs-
(OTFA) resulted from the C-O reductive eliminati@action. The dioxane residue was used as
an internal standard to calculate the relative odittne C-C vs C-O reductive elimination. In the
original sample before adding oxidant, the integrabf the dioxane (3.60 ppm) was 0.95 when

the methyl resonance (-0.32 ppm) was set to 6. ikgepe integration of dioxane at 0.95 after
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the reaction, the integration of the methylbes-NHC-Pd-(CH)-(OTFA) was found to be 1.45.
This result showed that the relative rate of th€ €s C-O reductive elimination is 1/1 under this
reaction condition.

'H-NMR also showed that thais-NHC-Pd(ll)-(CHs)-(OTFA) species is stable at room
temperature, as soon as a solution of 0.50 equivaliePdI(OTFA) in CD;CN was added, it
was quickly converted tbisNHC-Pd(I)-(OTFA) and gave one equivalent of gBOCCHR. A
stacked'H-NMR spectrum for the reaction betwekis-NHC-Pd(I1)-(CHs), and PhI(OTFA) is
showed in Figure 6.7.

1.0

CH30QCCF3

1 ; CHBCH3
5] d|o>l<ane 1

Normalized Intensity
|
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I | R B |
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75 7.0 6.5 6.0 5.5 5.0 4.5 4.0 35 3.0 25 2.0 15 1.0 0.5 0 -0.5
Chemical Shift (ppm)

Figure 6.7 Stacked'H-NMR spectrum for the reaction betwebis-NHC-Pd(I1)-(CHs), and
PhI(OTFAY). (blue:bis-NHC-Pd(Il)-(CHs), at -40°C; green: adding 1 equivalent of Phl(OTEA)
at -40°C for 5 minutes; black: after adding 0.50 equivaleirPhI(OTFA) at room temperature).

In order to confirm the formation ofthoethane and methyl trifluoroacetate, the
labeled dimethylpalladium(ll) compleltis-NHC-Pd(ll)-(-*CHs), was synthesized and used as
starting material to react with PhI(OTEA)At — 40 °C, the *H-NMR clearly showed the
disappearance of the doublet between -0.52 ppm@E&& ppm with the largé€®C-H coupling
constant of 123.69 Hz, which was assigned to thtnyhgroups of the dimethylpalladium(ll)
complex. Three sets of doublets were observed #ftereaction at -40C: The one between -
0.11 ppm and 0.21 ppm witfiC-H coupling constant of 128.03 Hz was assignetthéomethyl
group of the unsymmetricdlisNHC-Pd(I1)-(-*CHs)-(OTFA) complex; the one between 0.67
ppm and 0.97 ppm witl’C-H coupling constant of 120.50 Hz was assigneth¢d’C labeled
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ethane; and the one between 3.72 ppm and 4.10 pn*®-H coupling constant of 152.50 Hz
was assigned to thEC labeled methyl group of methyl trifluoroacetate stacked*H-NMR
spectrum for the reaction betwelis-NHC-Pd(11)-(-*CHs), complex and PhI(OTFA)is showed
in Figure 6.8. In thé’C-NMR, the starting materiafC labeled dimethylpalladium(ll) complex
5.14 showed one peak at -5.34 ppm. After the reactibr4@ °C, the peak at -5.34 ppm
disappeared and three new peaks showed up. Theape@k06 ppm was assigned to tH€
labeled methyl group of thieis;NHC-Pd(I1)-(*CHs)-(OTFA); the peak at 7.06 was assigned to
13CH;CH3; and the peak at 55.68 ppm was assigned t&*6héabeled methyl group of methyl
trifluoroacetate. A stackedC-NMR spectrum for the reaction betwegs-NHC-Pd(I1)-**CHs),
complex and PhI(OTFA)is showed in Figure 6.9.The results from his expent provided
solid evidence that both C-C and C-O bond formedhm reaction betweebis-NHC-Pd(ll)-
(CHs), and PhI(OTFA).

Normalized Intensity
Sl o o o o o
= =y N w S
f f f f f |

.

8 7 6

1 0 -1
Chemical Shift (ppm)

Figure 6.8 Stacked'H-NMR spectrum for the reaction betwedsis-NHC-Pd(I1)-(*CHs),
complex and PhI(OTFA) (blue: bis;NHC-Pd(I1)-(*CHs). at -40°C; green: adding 1 equivalent
of PhI(OTFA), at -40°C for 5 minutes; black: after adding 0.20 equivalehPhl(OTFA) at

room temperature).
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Figure 6.9 Stacked™C-NMR spectrum for the reaction betweeis-NHC-Pd(Il)-(*CHs),
complex and PhI(OTFA) (blue: bistNHC-Pd(I1)-(*CHs), at -40°C; black: adding 1 equivalent

of PhI(OTFA) at -40°C for 5 minutes).

6.4 Mechanistic Discussion of the Phl(OAg)Triggered C-C Bond Formation

vs PhI(OTFA), Triggered C-C and C-O Bond Formation.

For the process of C-C bond formation in both casges our working hypothesis that a

bisNHC-Pd(IV)-(CHs),-(OOCRY) intermediate is formed by oxidation bfs-NHC-Pd-(CH).

with hypervalent iodine regents PhI(OOGRJ-C bond forming reductive elimination from this

intermediate releases ethane and genebed¢HC-Pd(I)-(OOCR) complexes (Figure 6.10).
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o, O (2| (TD)

Figure 6.10Proposed pathway for the C-C bond formation preces

For the C-O bond formation during the reaction leetvPhl(OTFA) andbis-NHC-Pd(lI)-
(CHg),, at least two reaction pathways should be takemaonsideration. In the first pathway,
C-O bond formation does not involve a palladium(livijermediate. Methyl trifluoroacetate
could be formed from the direct attack of the mdillan coordinated methyl groups by the OTFA
anion, which has been previously dissociated frémid@TFA), in solution (Figure 6.11)

/NN
g\/NgPd\)N:? - CH300CCF; {\/K p

“ 1ra0” oTFa B

BU ¢ CHy ©
5.14 6.14
TFAO\I _OTFA |

Figure 6.11Proposed C-O bond formation pathway via exterttatk.

In the second pathway, the transieistNHC-Pd(IV)-(CHs).-(OTFA), intermediate6.15
undergoes competitive C-C bond forming and C-O bimnching reductive elimination to yield
ethane and methyl trifluoroacetate as well as galla(ll) complexes6.14 and 6.16 (Figure
6.12). Similar mechanisms had beed proposed by Gadty?
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Figure 6.12Proposed C-O bond formation pathway via reduamination from Pd(IV)

species.

The first pathway can be easily ruled GdtNMR showed that the rate of dissociation of
the OAc anion from PhI(OAg)is comparable with the rate of dissociation of @EFA anion
from PhI(OTFA) in CDsCN. If the C-O bond formation is from an extern@hek of the acetate
anion, the OAc anion will lead to a more facile CbOnd formation than the OTFA anion,
because it is more electron rich. The absence dfiyhacetate suggested that the C-O bond
formation is not following this pathway. Experimehsupport was obtained by treatifif
labeled  bisNHC-Pd(ll)-*°CHs), complex 5.14° with one equivalent of
diisopropylethylammoinum trifluoroacetate salt iD{CN at -40°C. It was found that in the
presence of free OTFA anion, there was no formatiomethyl trifluoroacetate. Only methane
and bis-NHC-Pd(I1)-(*CHs)-(OTFA) complex 6.16’ were observed, due to the selective
protonation of one methyl group from this-NHC-Pd(I1)-(-*CHs), complex. After warming up
to room temperature, one equivalent of Phl(OTFAxs added to the NMR tube, this-NHC-
Pd(11)-(**CHs)-(OTFA) complex6.16’ was quickly consumed and methyl trifluoroacetates w
formed. A stacked'H-NMR spectrum for the reaction between this-NHC-Pd(I1)-(*CHs),
complex and diisopropylethylammoinum trifluoroadetsalt and further reaction of thms-
NHC-Pd(I1)-(*CHs)-OTFA with PhI(OTFA) is showed in Figure 6.13.
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Figure 6.13 Stacked'H-NMR spectrum for the reaction betweeis-NHC-Pd(I1)-(*CHs),

complex and diisopropylethylammoinum trifluoroadetaalt, and the further reaction with
PhI(OTFA). (blue: bisNHC-Pd(I)-(*CHs), at -40 °C; green: adding 1 equivalent of
diisopropylethylammoinum trifluoroacetate salt 40 °C for 5 minutes; black: after adding 1.0

equivalent of PhI(OTFA)at room temperature).

This experiment provided strong supperinformation that the C-O bond formation is
not from the external attack of the methyl groupsbis-NHC-Pd(Il)-(CHs), complex by the
OTFA anion. Therefore, it is far more likely thapalladium(IV) intermediate had been involved

in the C-O bond formation process (Figure 6.14).
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Figure 6.14 Protonation obis-NHC-Pd(Il)-(CHs), and further oxidative addition triggered C-O

reductive elimination.
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One question in need to be answered is: \leye is no C-O bond formation when
Phl(OAc), was used as oxidant? One possible reason fofiraling is that OAc is a stronger
donor ligand than OTFA, because the electron-watviltig CF; group makes OTFA a less
electron-donating ligand. OAc binds stronger topgh#adium center than OTFA, and it does not
undergo C-O reductive elimination. Ideally, we wiblike to synthesize thbis-NHC-Pd(lI)-
(CH3)-(OAc) complex and treat it with Phl(OTFAas oxidant. If the assumption we have made
is correct, then only C¥DOCCE; should be expected as reaction product. We hdeepted
several ways to synthesize this-NHC-Pd(II)-(CH;)-(OAc) complex, including the protonation
of the dimethylpalladium(ll) complex with HOAc abw temperature, and abstraction of the
iodine ligand frombis-NHC-Pd(Il)-(CHs)-I with AgOAc, but unfortunately, we could not
observe the formation of this complex. The protmmated to the complete release of methyl
groups and the AgOAc method resulted in the decasitipn of the bis-NHC-Pd(II)-CHs-1
complex to palladium black.

When thebis-NHC-Pd(11)-(CHs), complex was treated with one equivalent pafra-
chlorophenol at -26C in CD;CN, a clean mono-methylpalladium(ll) compleis-NHC-Pd(Il)-
(CHg3)-(4-CI-CsH40) 6.17 (methyl resonance at -0.08 ppm), as well as metl{egsonance at
0.20 ppm) have formed. Upon adding one equivaléemhd(OTFA),, a resonance at 3.95 ppm
assigned to methyl trifluoroacetate appeared imatelyi, and no formation of the hypothetical
methyl ether (4-CI-PhOC#iwas observed during the reaction (Figure 6.1%takkedH-NMR
spectrum of these two reactions is showed in Fighi6. Compared with OTFApara-
chlorophenoxido ligand was attached stronger to pghkadium center. The result from this
experiment showed that only weaker ligand can wgwe€-O bond forming reductive
elimination from a Pd(IV) center. This finding supfs our mechanistic hypothetic explaining of
the absence of C-O bond formation when Phi(QA@s used as oxidant to react wiis-NHC-
Pd(Il)-(CHg), complex.
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Figure 6.15 Protonation of theis-NHC-Pd(ll)-(CHs), complex withp-chlorophenol and the
further oxidation of théis-NHC-Pd(11)-(CHs)-(p-CI-CsHy) with PhI(OTFA).
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Figure 6.16 Stacked'H-NMR spectrum of the protonation of tHas-NHC-Pd(Il)-(CHs).
complex with p-chlorophenol and the further oxidatiwith PhI(OTFA). (blue: bis-NHC-
Pd(l1)-(CHs), at -20°C; green: After adding one equivalent of p-chlomepbi for 2 minutes at -
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20°C; gray: after adding one equivalent of PhI(OTEF#) 1 minute at room temperature; black:
after adding one equivalent of Phl(OTRAQr 5 minutes at room temperature).
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6.5 Experimental

6.5.1 The reaction between Phl(OAc) and bissNHC-Pd(I1)-(CH 3), complex 5.14.

In a nitrogen filled glove-box, 5 nigs-NHC(Bu)-Pd(Il)-Me, complex was dissolved in
0.60 mL pre-dried CECN in a J-Young NMR tube. After degassing by thrersecutive freeze,
pump and-thaw cycles, the sample was cooled to°@0A solution of one equivalent of
Phl(OAc) in 0.10 mL dry CRCN was added via a syringe under the protectiamtofgen. The
NMR tube was carefully swirled in the cooling bathd quickly inserted into a pre-cooled NMR

probe (-40°C). The reaction was monitored at various tempegatu

6.5.2 The reaction between PhI(OTFA) and bissNHC-Pd(ll)-(CH 3), complex 5.14.

In a nitrogen filled glove-box, 10 rbis-NHC-Pd(Il)-Me, complex was dissolved in 0.60
mL pre-dried CRCN in a J-Young NMR tube. After degassing by thceasecutive freeze,
pump and-thaw cycles, the sample was cooled to°@0A solution of one equivalent of
PhI(OTFA) in 0.10 mL dry CRCN was added via a syringe under the protectionitobgen.
The NMR tube was carefully swirled in the coolingthb and quickly inserted into a pre-cooled
NMR probe (-4°C). The reaction was monitored Hy-NMR at various temperatures. Because
of the formation of bothbisINHC-Pd(Il)-(OTFA) and bis-NHC-Pd(ll)-(CHs)-(OTFA), it is
difficult to assign peaks for each species. The peak at 0.11 ppm is assigned to the methyl
coordinated to the palladium center in this-NHC-Pd(I)-(CHs)-(OTFA) complex. And the

imidazole backbone show the characteristic unsymaoaéstructure.

6.5.3 Mono-protonation of bis-NHC-Pd(I1)-(CH 3), complex with
diisopropylethylammoinum trifluoroacetate salt and further reaction with
PhI(OTFA) ,

In a nitrogen filled glove-box, 10 nbigs-NHC-Pd(Il)-Me, complex was dissolved in 0.50

mL pre-dried CRCN in a J-Young NMR tube. After degassing by thceasecutive freeze,

pump and-thaw cycles, the sample was cooled to°@0A solution of one equivalent of

diisopropylethylammoinum trifluoroacetate salt id@ mL dry CRCN was added via a syringe
under the protection of nitrogen. The NMR tube wasgefully swirled in the cooling bath and
quickly inserted into a pre-cooled NMR probe (°@). The reaction was monitored Hy-NMR
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at various temperatures. The starting material &g consumed immediately and methane and
bisNHC-Pd(I)-(CHs)-(OTFA) were produced. After warming up to roommfeerature, a
solution of one equivalent of PhI(OTFAN 0.10 mL dry CRCN was added via a syringe under
the protection of nitrogen, and the reaction wasitooed by'H-NMR. The bis-NHC-Pd(l)-
(CH3)-(OTFA) was consumed immediately, and the fornmatad methyl trifluoroacetate was

observed.

6.5.4 Mono-protonation of bissNHC-Pd(Il)-(CH 3), complex to formbis-NHC-Pd(ll)-
(CH3)-(4-CI-CgH40) complex.

10 mgbis-NHC-Pd(11)-(CHs), complex was dissolved in 0.50 mL €N, cooled to -26C, 1
equivalent of p-chloro-phenol in 0.10 mL of gIN was added by means of syringe under the
protection of nitrogenmH-NMR showed the formation dfis-NHC-Pd(I1)-(CH3)-(4-CIl-C6H40)
in 5 minutesH-NMR (3; 400 Hz, CRCN): -0.08 (s, 3H, Pd-C#), 0.82 (t, 3H, CH), 0.95 (t,
3H, CHy), 1.12 (m, 2H, CH), 1.28 (m, 2H, CH), 1.60 (m, 2H, Ck), 1.80 (m, 2H, CH), 3.79
(m, 1H, CH), 3.99 (m, 1H, Ch), 4.32 (m, 2H, CH), 5.86 (d, 1H, Cklbridge), 6.18 (d, 1H, CH
bridge), 6.66 (d, 2H, aromatic), 6.79 (d, 2H, artin)a6.85 (d, 1H, imidazole backbone), 7.02
(d, 1H, imidazole backbone), 7.13 (d, 1H, imidazdiackbone), 7.22(d, 1H, imidazole

backbone).

6.5.5 The reaction between PhI(OTFA) and bis-NHC-Pd(ll)-(CH 3)-(4-CI-CgH40)
complex.
One equivalent of PhI(OTFA)n 0.10 mL CRCN was added to the NMR tube which
contains bis-NHC-Pd(Il)-(CH)-(4-CI-CsH40) complex (from the previous step) at room
temperature. The C-O bond formation was observed.
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Chapter 7 Chlorine Triggered C-C Bond Formation VsC-CI
Bond Formation from Bis-NHC-Pd(Il)-Me >, Complex

7.1 Introduction

Although all the oxidation of thieis-NHC-Pd(I1)-(CHs), complex chemistry | had carried
out implied the formation of Pd(IV) species, upnitmwv, | have not obtained a isolalids-NHC
ligand supported Pd(IV) species! | have tried tRelation reaction obis-NHC-Pd(11)-Br, with
bromine, as has been showedcivapter 2 The result, although not conclusive, implied that
bisNHC-Pd(IV)-Br, species had formed, which could not be isolatecharacterized, because it
readily released bromine to re-fobrs-NHC-Pd(II)-Br, complex.

It was found that the very first several isolated(I®?) complexes were obtained by
oxidative addition of chlorine to the di-nitrogeigdnds supported Pd(Il) complexes (Figure
7.1)}2

(CgFs)-Pd(I1)(L-L) S Cly(CgFs),Pd(IV)(L-L)
7.1 7.2
L-L = en, bipy, Phen

Figure 7.1 Chlorine oxidation of bidentate ligands suppoifetfll) to Pd(IV)?
In 1993, G. van Koten and co-workers rtgab the isolation of a stable palladium(lV)

complex 7.4 by oxidative addition of chlorine to a terdentatdNNC ligand supported

palladium(ll) complex?.3 (Figure 7.2)}

Me
,l\] Me\N Cl
| —>C|2 gm—Me
Pld_ll\l Me  coeis C|:‘|C, Ve
Cl Me
7.3 7.4

Figure 7.2 Chlorine oxidation of terdentate ligand suppotfet{ll) to Pd(IV)3
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Inspired by these results, Dr. Kraft and | had dedito investigate using chlorine as an
oxidant to react with thbisNHC-Pd(II)-(CHs), complex.

7.2 Chlorine Triggered C-C Bond and C-Cl Bond Formé&on at Lower

Temperature.

10.0 mgbis-NHC-Pd(I)-(CHs), complex was dissolved in 0.60 mL dry €IN in a J-
Young NMR tube, and after degassing by three caitsecfreeze, pump and-thaw cycles,1 atm.
of chlorine gas was introduced into the NMR tube4&°C, and the reaction was monitored by
'H-NMR spectroscopy at -48C. The resonance for ethane (0.85 ppm) and thenaese for
methyl chloride (3.03 ppm) showed up right afteditidn of chlorine in théH-NMR spectrum.
Three new singlet peaks also appeared: the twospaak 24 ppm and 2.27 ppm were tentatively
assigned for the equatorial and axial methyl groafdsis-NHC-Pd(IV)-(CH),-Cl, intermediate
7.5., and the one at -0.02 was assigned to the mgtbyp ofbis-NHC-Pd(I1)-(CHs)-Cl complex
7.6. It was found that the starting mateigs-NHC-Pd(I1)-(CHs). complex was consumed in 30
minutes at -40°C, and the resonances for this-NHC-Pd(IV)-(CH).-Cl, intermediate
disappeared within 5 minutes after the depletiothefdimethylpalladium(ll) complex.14 The
bis-NHC-Pd(I1)-(CHs)-Cl complex 7.6 was consumed in 20 minutes at -40 after the
disappearance of the dimethylpalladium(ll) compek4 The reaction process was recorded in
a stackedH-NMR spectrum in Figure 7.3. Using solvent residigxane as an internal standard,
the integrations showed that ethane and methyrideldormed with a ratio of 2/1 (assuming all
the palladium coordinated methyl groups were caedeto either ethane or methyl chloride).
After completion of reaction, at least tws-NHC-Pd species could be observed in'tHeNMR

spectrum, and some white precipitation formed exNIMR tube.
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Figure 7.3 Stacked'H-NMR spectrum (expended area to show the methgricte and ethane)

of the reaction between thas-NHC-Pd(Il)-(CHs), complex5.14 and chlorine gas at -4%C.
(blue: bissNHC-Pd(l)-(CHs), at -40 °C; the green and balck spectrum were recorded after
adding chlorine gas with 10 minutes intervals; fek spectrum was recorded after adding

chlorine gas for 50 minutes).

7.3 Chlorine Triggered C-C Bond and C-Cl Bond Form&ion at Room

Temperature.

In order to figure out the identity dfetfinal products, the reaction has been diluted in
order to avoid the occurrence of precipitation. 81§ bis-NHC-Pd(Il)-(CHs), complex was
dissolved in 0.60 mL dry C{€N in a J-Young NMR tube, and after degassing heeh
consecutive freeze, pump and-thaw cycles, 1 atrohloirine gas was introduced into the NMR
tube at room temperature and the reaction was oreditby '"H-NMR spectroscopy. It was
found that the starting material was consumed imately, and no intermediates were observed.
Both methyl chloride and ethane were produced,tarodpalladium complexes were present in

the spectrum. One of the species disappeared @mft@nutes and the other one remained there
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until to the end. The quickly disappearing speciasld be thebis-NHC-Pd(II)-CkL complex7.7,
which was oxidized by chlorine gashis-NHC-Pd(1V)-Cl, complex7.9 (Figure 7.4).

1.0 |
] e hlane

1 CHI3CI
0.5 |

L W AN

— lMl. | T S L_LJ -

| N M\ TS

75 7.0 6.5 6.0 5.5 5.0 4.5 4.0 35 3.0 25 2.0 15 1.0 0.5 0 -0.5
Chemical Shift (ppm)

Figure 7.4 Stacked’H-NMR spectrum of the reaction between this-NHC-Pd(Il)-(CHs)2
complex and chlorine gas at 25. (blue:bis-NHC-Pd(ll)-(CHs), at 25°C; green: right after the

addition of chlorine; the other two spectrum weeearded after adding chlorine gas with 5

Normalized Intensity
|||||||||||||

minutes intervals).

7.4 Mass Spectroscopy Characterization of the Findtroduct

A drop of solution taken from the NM&be was used to carry out a Mass spectroscopy
characterization. When applying the electrosprayizimtion method, a tiny M+H" ion was
observed at 507.1 for thes-NHC-Pd(IV)-Cl, complex, and the fragmentation ion was observed
at 471.3 corresponding tbif-NHC-Pd(IV)-Ck]" with major intensity (Figure 7.5). Because the
natural abundance 8fCl is 32.5% that of°Cl, the [M-CI]" (471.3, 100.0%), [M-Cl+2](473.2,
84.9%), [M-CI+4] (475.2, 79.8%), and [M-CI+6] (477.2, 26.1%) isotope peaks clearly

102



demonstrate that the fragmentation ion containeetlohlorine atoms.

Further fragmentation

leads to the formation of [M-2CI+HJion at 437.1, [M-3Cl] ion at 401.2, and [M-4Cl+H]at

3653
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Figure 7.5ESI" Mass spectroscopy of thes-NHC-Pd(IV)-Cl,.

7.5Discussion of The Mechanism of the Reaction betwedime Bis-NHC-
Pd(I1)-(CH 3), Complex and Chlorine.

Based on the results obtained frbwn previous two experiments, we were able to

proposed a mechanism for the, @iggered C-C bond and C-Cl bond formation frore kins-
NHC-Pd(I)-(CHs), complex. In the first step, the diemthylpalladilincomplex 5.14 was
oxidized to abisNHC-Pd(IV)-(CHs),-Cl, intermediate7.5. In the second step, both C-C bond

and C-ClI bond formation by reductive eliminatiorcaxs within the Pd(IV) intermediate. The C-
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Cl reductive elimination yields methyl chloride ab$-NHC-Pd(Il)-(CHs)-Cl complex7.6 as
reaction products, and the C-C reductive elimimayeelds ethane and thes-NHC-Pd(II)-Ck
complex7.7 as reaction products. In the third step, bieeNHC-Pd(I1)-(CHs)-Cl complex7.6is
oxidized by chlorine to théis-NHC-Pd(IV)-(CHs)-Cl; intermediate7.8, from which C-ClI
reductive elimination occurs again to form methyllocide and thédois-NHC-Pd(I1)-CL complex.
In the fourth step, thdis-NHC-Pd(I)-CL complex is oxidized to th®is-NHC-Pd(IV)-Cly
complex7.9. (Figure 7.6)

PN PN
(\N N/B (\N/C|\N/§ / N N/E
Cl, n—L ] I—n -CH3CHj
N N —, ~Pd{_ w |— > N N
/ P i BU  Hyc”| “cHy BU i / Pd \
BU 4 cHy BY cl BI o/ Ny B

5.14 75 " 7.7
i | -CHCI +Cl
PN
(\N N/E J N/Cl\N/X
Pd \ Bu C|/| \C| Bu
Bu H3C/ \CI Bu Cl
7.6 . 7.9
ii l +Cl, iv T +Cl,
PN
o~ / N N/»
TS a
-CHCl
— I ):h? CHel /N/K )\ (
Bu HC/ \Cl Bu Pd
’ C|:I Bi o/ N B
7.8 7.7

Figure 7.6 Proposed pathway for the reaction betweerbis®&HC-Pd(I1)-(CHs), complex and

chlorine gas.

7.6 The Stability of theBis-NHC-Pd(1V)-Cl 4 in Solution.

The solubility of the formdais-NHC-Pd(IV)-Cl, complex7.9is very low in CRCN, after

2 hours at room temperature, most of the complecipitated out of solution. GIGN was
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carefully removed through a long syringe needlel after drying in high vacuum, the residue
was dissolved in 0.60 mL DM#&. Both bisNHC-Pd(IV)-Cl, (7.9) and bis-sNHC-Pd(I)-ChL
(7.7) were observed in th#d-NMR. After 2 hours at room temperature, the resmes for the
Pd(lV) species completely disappeared, while thsomances for theéis-NHC-Pd(II)-ChL
remained unchanged. Using a solvent impurity (TiH#mf the glove-box “vapor”) as internal
standard, the peak positions and the integratiteeslg indicated that all of the Pd(IV) species
was eventually converted to the Pd(ll) speciesuiégr.7). When 1 atm. of chlorine gas was
bubbled through the solution for 10 seconds, 'théNMR spectrum showed that all of thés-
NHC-Pd(I1)-CL complex has been converted to BtieNHC-Pd(IV)-Cl, complex (Figure 7.8).

EDIMETHYLFORMAMIDE—d?

—s~os0 o<

Z0T"T39 T TNODQ

257 1.25 1.42 1.56 3.48 2.49 1.49 5.85 4.00 15.87
[ O O = = gy T T gy e | S T Ty

8.0 75 7.0 6.5 6.0 5.5 5.0 45 4.0 3.5 3.0 25 2.0 15 1.0 0.5
Chemical Shift (ppm)

Figure 7.7 Thebis-NHC-Pd(IV)-Cl, complex was reduced back to this-NHC-Pd(II)-Ck

complex in the absence of chlorine.
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Figure 7.8 Thebis-NHC-Pd(II)-CL complex was oxidized back to thes-NHC-Pd(1V)-Cl,

complex in the presence of chlorine.

From this experiment, we can clearlg feat thebis-NHC-Pd(IV)-Cl, complex is not
stable in DMF solution at room temperature. It sbowly dissociate chlorine gas and form the
bisNHC-Pd(II)-CkL complex. But in the presence of excess chlorirs tpebis-NHC-Pd(I1)-Ch
complex can be re-oxidize back to thie-NHC-Pd(IV)-Cl, complex (Figure 7.9).

'C|2 /

/7 N vl
LR = AR
Bu / \c Bu

7.7 7.9

Figure 7.9 Reversible reaction betwebis-NHC-ligand supported Pd(ll) complex and Pd(IV)

complex.

106



7.7 Crystal Structure of a IsolatedBis-NHC-Pd(1V)-Cl , Complex

Finally, single crystals of &isNHC-Pd(IV)-Cl, complex7.9’ were obtained by slow
vapor diffusion of CHCI, into a solution obis-NHC-Pd(II)-Br, complex in DMF in a chlorine
atmosphere (Figure 7.10). This work was achiewe®tott Mccall, a talented undergraduate
student who was working in Dr. Kraft's research ial2008. The crystal structure showed that
the bisNHC-Pd(IV)-Cl, complex to be monomeric with the dicarbene ligahédlating to the
palladium(lV) center in &is fashion with a boat-like conformation being obsehfor the six-
membered eN,Pd ring. The remaining four coordination sites bé tdistorted octahedral
coordinated palladium center are occupied by otidoeinions. Figure 7.11 showed the discrete

molecule structure. Selected bond lengths and bagtes are listed in Table 7.1.

/\
(\N N/B / N/\N \
Cl Cl
L) e Y
/ /Pd\ \Me M o’ || o Me
C

2.2 7.9

Me

Figure 7.10Formation of single crystals oftas-NHC-Pd(IV)-CL complex.

Figure 7.11X-ray structure of theisNHC-Pd(IV)-Cl, complex(a: Thermal ellipsoid plot
drawn at the 50% probability level; b: The boatfoomation of the six-membered ring).
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Table 7.1Selected bond length and bond angle obikdNHC-Pd(1V)-Cl, complex

Length (A) Angle (deg)
Pd(1)-C(22) 2.019(4) C(32)-Pd(1)-Cl(4) 89.76(11)
Pd(1)-C(32) 2.015(4) C(32)-Pd(1)-C(22) 85.80(15)
Pd(1)-Cl(4) 2.3081(9) C(22)-Pd(1)-CI(4) 89.08(11)
Pd(1)-CI(3) 2.3189(9) C(32)-Pd(1)-CI(3) 88.29(11)
Pd(1)-Cl(1) 2.3769(10) C(22)-Pd(1)-CI(3) 91.33(10)
Pd(1)-CI(2) 2.3813(9) CI(4)-Pd(1)-CI(3) 177.97(3)
C(11)-N(31) 1.448(5) C(32)-Pd(1)-ClI(1) 94.14(11)
C(11)-N(21) 1.456(5) C(22)-Pd(1)-CI(1) 179.08(11)
N(21)-C(22) 1.345(5) CI(4)-Pd(1)-Cl(1) 91.83(4)
N(21)-C(25) 1.376(5) CI(3)-Pd(1)-Cl(1) 87.76(3)
C(22)-N(23) 1.341(5) C(32)-Pd(1)-CI(2) 177.36(11)
N(23)-C(24) 1.391(5) C(22)-Pd(1)-CI(2) 92.64(10)
N(23)-C(26) 1.463(5) CI(4)-Pd(1)-CI(2) 92.35(3)
C(24)-C(25) 1.343(6) CI(3)-Pd(1)-CI(2) 89.62(3)
N(31)-C(32) 1.350(5) CI(1)-Pd(1)-CI(2) 87.39(3)
N(31)-C(35) 1.385(5) N(31)-C(11)-N(21) 109.3(3)
C(32)-N(33) 1.341(5) C(22)-N(21)-C(25) 110.7(3)
N(33)-C(34) 1.391(5) C(22)-N(21)-C(11) 125.6(3)
N(33)-C(36) 1.469(5) C(25)-N(21)-C(11) 123.7(3)
C(34)-C(35) 1.337(6) N(23)-C(22)-N(21) 105.9(3)
N(23)-C(22)-Pd(1) 131.6(3)
N(21)-C(22)-Pd(1) 122.5(3)
C(22)-N(23)-C(24) 109.7(3)
C(22)-N(23)-C(26) 130.2(3)
C(24)-N(23)-C(26) 120.1(3)

A Pd(IV) complex with which the companms@an be made is the [Pd(IV)(bipy)EI
complex, which was obtained by oxidative additioh alorine to the [Pd(ll)(bipy)Gl
complex The crystal structure is shown in Figure 7.13vas reported that Pd-Cl bond lengths
fall in the range 2.289-2.31A in [Pd(IV)(bipy)CL], and the mutualljtrans chlorines have
significantly longer bonds to Pd (2.302-2.3Ap than the chlorine atomsans to nitrogen
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(2.289-2.290R). In contrast to the [Pd(IV)(bipy)g]lcomplex, the mutuallyrans chlorines have
significantly shorter bonds to Pd (2.3081-2.3¥§%than the chlorine atontsans to the NHC
ligand (2.3769-2.3813) in the bis-NHC-Pd(IV)-Cl,complex The bond length difference in these
two Pd(IV) complexes clearly demonstrated thatNi#C ligand possesses much stronger trans

influence than the bipy ligarfd.

Figure 7.12Discrete molecule of [Pd(IV)(bipy)g]lexcluding H atoms and with 40%

probability thermal ellipsoids. (Structure copiedrh reference 5 without permissich).

7.8 Experimental

3.0 mgbis-NHC-Pd(I)-(CHs), complex was dissolved in 0.60 mL dry ¢IN in a J-Young
NMR tube, and after degassing by three consectiteeze, pump and-thaw cycles, 1 atm. of
chlorine gas was introduced into the NMR tube ainmrotemperature and the reaction was
monitored by'H-NMR spectroscopy. The starting material was coresi immediately. Both
CHsCl and CHCH; were produced. ThéH-NMR showed the resonance for thes-NHC-
Pd(IV)-Cl, complex7.9. *H NMR (dy; 400 Hz, CRCN): 0.95-0.98 (t, 6H) = 7.32Hz, CH of
butyl side chain), 1.38-1.48 (broad multiplet, 4EH, of butyl side chain), 1.76-1.85 (broad
multiplet, 4H, CH of butyl side chain), 4.59-4.67 (broad multiplatl, NCH, of butyl side
chain), 4.92-4.99 (broad multiplet, 2H, NgHf butyl side chain), 6.19-6.22 (d, 1B~ 13.11
Hz, NCH,), 7.04-7.08 (d, 1HJ = 13.11 Hz, NCH), 7.41 (d, 2HJ = 2.13 Hz, NCH), 7.52 (d,
2H,J=2.13 Hz, NCH).
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Chapter 8 Conclusion and Future Work of theBis-NHC-Pd(IV)
Studies

This work was initiated by the interest of the matkm of thebis-NHC-Pd(ll) species
mediated C-H bond activation system. Surprisinghg H-D exchange study showed that the
bisNHC-Pd(Il) complex was not the active catalyst tbe methane oxidation system! This
unexpected result directed the remainder of my wankthe pathway to study thHes-NHC-
Pd(IV) chemistry. The oxidative addition of methgtlide to thebis-NHC-Pd(l1)-Me, complex
led to the successful observation of the formatafna transient Bis-NHC-Pd(IV)-Me]
intermediate by bothfH-NMR and **C-NMR spectroscopy. Dioxygen triggered C-C bond
formation and dioxygen triggered C-C and C-O boadnftion in the presence of,® has
provided a strong indication that thes-NHC-Pd(Il)-Me, complex can be oxidized to las-
NHC-Pd(IV) intermediate by dioxygen. The reacti@ivieen the hypervalent iodine regents and
bisNHC-Pd(I)-Me, complex gave selectively reductive eliminationdarats, which can act as a
model system that is able to provide valuable miation of the product forming
(functionalization) step of the C-H bond activatisystem. The reaction between chlorine and
the bisNHC-Pd(I)-Me, complex resulted in a relatively stalides-NHC-Pd(IV)-Cl, complex,
which was characterized Bii-NMR spectroscopy and mass spectroscopy. Thetstaiof the
bisNHC-Pd(IV)-Cl, was definitely established by X-ray crystallograpBingle crystals were
obtained by Scott Mccall).

In the future, the reaction between dioxygen anel lils-NHC-Pd(Il)-Me, complex
deserves a more detailed study. The mechanismiseopdlladium-catalyzed selective aerobic
oxidation of organic molecules have been proposqutdceed via a Pd(I1)/Pd(0) catalytic cycle,
in which Pd(ll) mediates substrate oxidation andOpds re-oxidized by dioxygeh?** The
finding that it is possible that Pd(Il) can be axet to Pd(IV) by dioxygen may lead to a new
insight into the mechanism of the palladium-catatyaerobic oxidation reactions. There is no
doubt the reactivity of the isolatdds-NHC-Pd(IV)-Cl, complex toward C-H bonds should be
carefully studied. The preliminary stability studydicated that this Pd(IV) species
stoichiometrically releases chlorine gas in solutamd slowly goes back to the Pd(ll) species.

This particular character of the Pd(IV) species esak a potential chlorine storage reagent.
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Chapter 9 Synthesis of Functionalized Bimagnetic Ge/Shell

Fe/FeO, Nanopatrticles for the Treatment of Cancer
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9.1 Introduction

The application of hyperthermia in cancer treatmiess been recently attracted a lot of
attention, because it has a lot of synergy witBsiatreatment techniques, such as chemotherapy.
In hyperthermia (also called thermal therapy orrti@herapy), body tissue is exposed to high
temperatures (currently up to 45°C). Cancerousig¢isgs been shown to be more susceptible to
heat damage than healthy tisSueis also of importance that hyperthermia is know trigger
the biosynthesis and consequent release of heek ginoteins from the cancer cells, which can
stimulate the immuno-response to cancer. Severtlads of hyperthermia are currently under

study, including local, regional, and whole-bodyésthermiz:>

In local hyperthermia, heat is applied to a defiaeela, such as a tumor, using a variety of
conceptionally different techniques (including nomrave, radiofrequency, and ultrasound) that

are capable of delivering energy to heat the tuiisste®
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A/C-Magnetic hyperthermlamakes use of nanoparticles that are being delivévethe
tumor site either by using the enhanced permeadiod retention effect (EPR or passive
delivery) caused by rapid angiogenesis in the iticiaf the tumor$?® or by targeted delivery
making use of attached antibodies (ABs) or AB-fragis, or of small attached molecules that
can trigger receptors at the surface of tumor d¢e#sfacilitate their intak&°

Porphyrins are known to trigger highly seleztuptake by the cancer cells, because they
over-express porphyrin receptors in their cell membs. They are in need of porphyrins as
prosthetic groups in their elevated sugar-metatvolfs The LDL-receptor (low-density-
lipoprotein), which is over-expressed in cancelscélas the ability to take up porphyrins, either
alone and/or by a simultaneous lipid uptake meamaniThe higher the hydrophobicity of a
porphyrin, chlorin or bacteriochlorin, the easi@ncthe uptake be facilitated by the LDL-
receptor? Besides their rapid uptake by cancer cells, paiphyas well as porphyrin-labeled
nanoparticles, have a tendency to be taken upemy sells as weft® Therefore, they may enable
killing cancer stem cells by hyperthermia treatm@ggether with the fast growing tumor cells.
This would be a significant advantage when comptoeadiassic chemotherapy.

Several examples of the chemical attachmépbmphyrins and related compounds to iron
oxide nanoparticles exist in the literatafé’ All of these references follow the approach of
combining photodynamic therapy and hyperthermia.e Tpotential of porphyrin-based
fluorescence imaging of tumors and the use of awide nanoparticles as MRI contrast agents
has been discussed as w&lRlthough the porphyrins were attached primarilysamglet oxygen
photosensitizers, it must be noted that the tangegfficiency is very high and can exceed 50/1
(cancer tissue/healthy tissu&)which is significantly better than less than 1@ét classic
chemotherap$’

Since the pioneering studies of Gordon et @monstrating induced intracellular
hyperthermia using dextran magnetite nanopartideshigh frequency magnetic field (such as
100-500 kHz), the advantages of iron oxide basegnhet@c nanoparticles, such as negligible or
low toxicity, biocompatibility, injectability intothe blood stream, potentially high level
accumulation in the target tumor, make them primedidates for hyperthermia applicatidhs.
However, the specific absorption rates (SAR’s)haise early systems were low.

Magnetic nanoparticles absorb the power of an A@matc field and transmit it to their

surroundings, therefore providing heating (magnietiserthermiaf?? The important factor for
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magnetic heating experiments is the specific altgorpate or SAR, which is determined by
SAR=C*AT/At, where C is the specific heat capacity of the gamand T and t are the
temperature and time, respectively. SAR is verysiee to the material properties. While in
multi-domain particles the dominant heating is agssis loss due to the movement of domain
walls, it is not so in case of small particles. TiM® main contributing mechanisms of SAR in
single domain magnetic nanoparticles are the Bramifiotation of the entire nanoparticfés)
and Néel (random flipping of the spin without ragat of the particle) relaxatiorfs. The
transition between the two mechanisms occurs beh8ek2nm for iron and iron oxidé&s? but

it also varies with frequency.

To date, the frequencies employed in A/C-hypertheni@®3-700 kHz), as well as the
amplitudes (3-25 kA M) and nanoparticles concentrations vary considgrabl that direct
comparisons of the SAR’s (Specific Absorption Raté)various magnetic nanoparticles are
rather difficult?® The state-of-the-art of A/C-magnetic hypertherming superparamagnetic
and paramagnetic iron oxide (nano)particles has beeently summarized in several reviews.
8,29,30

Hergt et al. have demonstrated that the SAR of oride nanoparticles (maghemite) can
reach values up to more than 400 Wag 410 kHz for particles featuring diameters ofrenthan
15nm, which follow Brownian relaxatioll. The experimentally SAR’s for iron oxide
nanoparticles, which are below 8nm in diameter fnidw Néel relaxation are much smaller
(SAR < 20 W ). Only a few reports of iron(0) nanoparticles armh/iron oxide core/shell
nanoparticles for hyperthermia applications existshe literature to dat&#>* These systems,
although up to more than five times more efficiémttheir specific absorption ratésand,
therefore, in the heating of tumor tissesuffer from rapid oxidation/biocorrosion in vivo.
Furthermore, special preparation techniques anginemtjfor many of these systems, which make

their mass production and handling under clinicaiditions less likely? 3*

9.2 Research Goal

It was our aim to synthesize water-solub&akh iron/iron oxide core/shell nanoparticles that

should be sufficiently stable when injected inte thloodstream or directly into the tumor to
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perform as efficient heat transmitters in A/C-hypermia experiments. These nanoparticles
should feature an inorganic iron/ iron oxide cdmelk structure that is smaller than 10nm to
permit efficient uptake by cancer céli¥®’ Superparamagnetic iron possesses a higher magnetic
moment and a higher saturation magnetization, wipehmits both lower concentrations and
shorter A/C- heating times during the treatmenipafients® Iron oxide shell could both
protect the iron core from oxidation, and act as Magnetic Resonance Imaging (MRI)
contrast reagent to permit the detection of cancer tissue. Dopamine-anchored tetraethylene
glycol ligands should be bound to the iron oxidellsbf the core/shell nanoparticles to provide
further protection against biocorrosion caused H® aqueous environméhtand especially in
the presence of thiol-containing proteins/peptitféehe dopamine-anchored tetraethylene glycol
ligands should also provide stealth-protection gfaiapid clearance of the nanopatrticles by the
reticuloendothelial systef Furthermore, porphyrin TCPP (tetracarboxyphenyphpygrin) as
targeting ligand should be tethered to the doparaimhored tetraethylene glycol to permit

active targeting of cancer cells.

9.3 Surface Madification of the Fe/FgO, Core/Shell Nanoparticles

9.3.1 Synthesis of the Organic Ligands

The synthesis and characterization ofdityamine-anchored stealth-ligands is described
in detail in the experimental section. In shorpratection-deprotection sequence of the primary

aliphatic amine group and the phenolic OH-groupsntéed the selective reaction of the amine-

gL

group with succinic anhydride to generate carbaxgli which reacts with tetraethylene

43
l.

glycol to yield a dopamine-anchored tetraethylehed ligand The reaction sequence is

summarized in Figure 9.1.
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Figure 9.1 Synthesis of dopamine-anchored tetraethylene tylagand for the stabilization of
Fe/FeOs-nanoparticles  (t-Bu: tertiary butylate, Bn: benzylEDC: 1-Ethyl-3-[3-
dimethylaminopropyl]carbodiimide, DMAP: 4-Dimethgninopyridine, DMF:

Dimethylformamide)!*2

To enhance the solubility of the stegthtected Fe/R#©s;-nanoparticles, an Fmoc-
protected glycine-unit was connected to the doparaimchored tetraethylene glycol ligand via
an ester bond by using EDC/DMAP Both protection groups, Bn and Fmoc, were removed
together by hydrogenation in the presence of citaymount of Pd/C and acetonitrile (Figure
9.2)M
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Figure 9.2 Synthesis of “glycine-tipped” dopamine-anchoretdatethylene glycol ligands for the
stabilization of Fe/F&,-nanoparticles (Bn: benzyl, EDC: 1-Ethyl-3-[3-
dimethylaminopropyl]carbodiimide, DMAP: 4-Dimethghinopyridine, Fmoc:

Fluorenylmethyloxycarbonyl-y*#4

9.3.2Tethering the Ligands on the Nanoparticles and Intoduction of a TCPP Porphyrin as
Targeting Tag

The Fe/FgO4s-nanoparticles were dispersed in THF by sonica@ownl a mixture of
dopamine-anchored tetraethylene glycol ligand alydime-tipped tetraethylene glycol ligand
(95/5; mol/mol) was added. The mixture was allow@deact for 60 mif>*° The nanoparticles
were then collected by using a strong magnet (0.9hg excess ligands were removed by
repeated washing of the nanoparticles with THF t@md0 washing-magnetoprecipitation-re-
dispersion cycles). TCPP was co-dissolved in THiF tathered by an amide-bond to the amine-
function of the “glycine-tipped” tetraethylene gbtdigands. Since the amines of ligand (Il) are
not protonized in THF, they will react much fasitean EDC/NHS proceduf@.After sonication
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for a designated time, the un-reacted porphyrin F@Rd coupling reagents were removed by
repeated washing of the nanoparticles with THF t@md0 washing-magnetoprecipitation-re-
dispersion cycles). The last three redispersiondaivers procedures were performed in argon-
saturated PBS prior to physical characterizationsarin hyperthermia experiments (Figure 9.3).

HO.
:©\/\ I
HO H)WO\/\O/\/O\/\O/\/OH
THF

e
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)WO\A e W O \H/\NHZ
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\/\O/\/OY\NHz
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H

(0]

Figure 9.3 Synthesis of dopamine-anchored stealth nanopesticsing two ligands: dopamine-
anchored tetraethylene glycol (1) and “glycine-gdp dopamine-anchored tetraethylene glycol
(1. A molar ratio of 95 mol percent (I) and 5 mpércent (lI) was used for the organic stealth
layers of all Fe/F#, core/shell nanoparticles synthesized here. Mesbist4-
(carboxylphenyl)porphyrin was attached by usinge&C/NHS standard protocol in THF (EDC:
1-Ethyl-3-[3-dimethylaminopropyl]carbodiimide, NHS:Hydroxysuccinimide}>*°

119



9.4 Magnetic Heating of Nanopatrticles

Iron/iron oxide nanoparticles with diféert iron core sizes and diameters were provided by
NanoScale Corporation. After treating with a mafatio of 95 mol percent ligand | and 5 mol
percent ligand I, the solubility of these surfanedified nanoparticles were measured; and the
heating capability of different sized nanopartiolesre evaluated by the hyperthermia apparatus
developed by Dr. Chikan of KSU's Chemistry DepamméTable 9.1). The hyperthermia
apparatus used here has a “heavy duty” inductiatehe&onverted to allow measurement of the
temperature of a sample. In the setup, a remoee @iptic probe (Neoptix) is used to monitor the
temperature change. The frequency is fixed (366)kbine wave pattern); field amplitude is 5
kA/m. The coil diameter is 1 inch, 4 turns continsly water cooled. As it can be seen in Table
9.1, the nanopatrticles with iron cores demonstratetuch better heating capacity than the iron
oxide nanoparticle. Among all the nanoparticle siaspthe one with 5.4+1.1 nm iron core and
7.2+£2.8 nm total diameter of the nanoparticle (damd) exhibited best heating effect, a specific

absorption rate (SAR) of 63.9 was observed.

Table 9.1 Experimental data including SAR values of nanaplad synthesized by
NanoScale/KSU: H: 5.0 kA i frequency 366 kHz (sine wave pattetn).

Nanoparticle| ATmax(°C) Fe(0) Core | Diameter of | Solubility in SAR
Sample Size (nm) | theinorganic| H,O (mg/ml) | (W/g (Fe))
NP (nm)

Fe/lFeO, #1 18 2.%x0.4 55+0.8 0.015 24.5
Fe/lFeO, #2 25 4.%1.3 6.2+14 0.16 47.6
Fe/FeO, #3 23 5.31.2 7.0+22 0.11 46.4
Fe/lFeO, #4 34 5411 72+28 0.35 63.9
FeO, #5 5 / 75+£29 0.38 5.2

a) conc: 0.050 mg mitof organically coated stealth NPs (Fe-conc.: 07600150 mg mL, as

determined by ICP-fluorescence detection.)
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9.5 Light-Absorption and Emission Properties of Fe/FgO, Core/Shell
Nanoparticles Featuring Chemically Attached Porphym Units (TCPP)

The onset of the absorption&scattering@kp@f the nanoscopic Fe/f&, core/shell
nanoparticles can be observed at approx. 320 nm.higber wavelengths no UV/Vis
absorption&scattering is observed. However, whersaxtetrakis(4-carboxyphenyl) porphyrin
(TCPP) is chemically linked to the FefBa core/shell nanoparticles, it dominates the UV/Vis-
absorption in the visible range. As it can be seeRigure 9.4, the peak position of the Soret
band (extremely intense near-ultraviolet band) dre4l17nm for TCPP. The absorption
coefficients are 4.8 x oM™ cmi! for TCPP in principal agreement with the literatiir It is
noteworthy that chemical attachment to the bimagret/FgO, nanoparticles via a dopamine-
tetraethylene glycol bridge decreases the absorptoefficient of TCPP by approximately a
factor of 2.1. Figure 4 shows the UV/Vis-spectratioo TCPP-doped nanoparticles, which both
are based on core/shell nanoparticle sample #4T@ge 9.1). We have determined the ratios of
Fe/FgO, to porphyrin are 1:5 and 1:1.2.

E 1.4 T I I

Fe/Fe304
e Fe/Fe304+TCPP 1/5
Fe/Fe304+TCPP 1/1.2

1.2

1

0.8

0.6

0.4

0.2y

0= I I I I
300 400 500 600 700 800 900 1000

nm

Figure 9.4 UV/Vis-spectra of Fe/F©, core/shell nanoparticles (#4, see Table 1) comgi@,
1.2 and 5 TCPP units per nanoparticle (statistigatage) in 0.05M aqueous phosphate buffer
(pH=7.2)
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The light emission behavior is shown igufe 9.5: TCPP (non-metalated) and, tethered to
the Fe/FgO4,-NPs has two emission bandshagt 654nm .= 718nm. The fluorescence quantum
yield does not exceed a maximum ®£0.011 for the Fe/R©,;-bound porphyrins, which is
approx. 20 times lower than in agueous solution.isBimn from the iron(0)-core is not

detectable.
lel. 2.510°
= TCPP 1.2
= TCPP 5
210°
1.510°

| /\\
e I
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nm

Figure 9.5 Fluorescence emission of FefBg core/shell nanoparticles (#4, see Table 1) 1.2 and
5 TCPP units per nanoparticle (statistical averag®)05M aqueous phosphate buffer (pH=7.2);

excitation wavelength: 400 nm.

9.6 NMR-Measurement of ' and T?-Relaxation Times

Aqueous dispersions of single, stabiliset»-20nm nanocrystals (hydrodynamic size) of
iron oxides are classified as ultrasmall partictdsiron-oxide (USPIO). Typically, these
materials generate positive contrasts ipwBighted images and negative contrasts a T
weighted images. Typical relaxivities for aqueous USPIO dispersions are 10-20 hevi for
Ti-enhancement and ¥ approx. -100 mMs™ for T,-decrease in clinical MRl fields of 60-100
MHz (1.4 to 2.35 T). The relaxivities fand p are measures of the ability of the agent to
enhance/decrease the longitudinal and transvesisadation of the proton spins in the tiséte.
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In 1996, Feridex® (dextran coating) was introduasdhe world's first organ-specific MR
imaging agent for detecting and evaluating livesidas associated with an alteration in the
reticuloendothelial system (RE$)Feridex® consists of a g-F@;-core of 4-5nm in diameter
and a dextran coating. The ratigri= -10.4 of Feridex® is an important benchmark, whias
to be exceeded in any successful future developofesiinultaneous Fpositive and J-negative
MRI contrast agents.

We have determined the concentration miggece of the Fe/B@s-nanoparticles
(inorganic cores alone and after the stealth-léngesr been attached) on thednd T-relaxation
behavior of'H-spins in water employing KSU’s 400MHz NMR (Variafield strength 9.4 T)
using standard iTand T, pulse sequences. These are definitely high fieltitions, which are
usually off the maximum of proton relaxivit{ Figure 9.6 indicates that the tetraethylene-ghycol
stabilized bimetallic nanoparticles increase tha€laxation time. As anticipated, the presence
of the tetraethylene glycol layer does not hampermagnetic effects of the nanopatrticle on the
surrounding HO/D,O-mixture®® This is a clear advantage of the Feenanoparticles,
compared with gadolinium-based contrast agents.rtaemally observed increase of iE 16
times, which is close to the best results repoitethe literaturé® As Figure 9.7 shows,*Tis
remarkably decreased (up to a factor of 57) whefiF&®,-nanoparticles are added. The
observed significant decrease irf, which is very promising with respect to the use o
NanoScale’s bimetallic nanoparticles as MRI conteggents, occurs due to the presence of the
superparamagnetic iron(0)-cores in the nanopastié/€he increase of #Tat higher nanoparticle
concentrations is again in agreement with the egleliterature®>? Note that sample #5, which
was obtained by oxidation of sample #4 in air fdr days prior to the attachment of the
stabilizing dopamine-anchored stealth layer, shawsuch smaller decrease df For instance,
at a concentration of 80 pg/mL%31.24+0.22 s was measured for,®Gg (composition very close
to FeOs;) compared to F0.072+0.005 s in the presence of stealth coatg&ef®@,. The

decrease of Tto values that are significantly below 1 s at Hiighd conditions can be regarded

123



as experimental proof of the existence of an Fe@g, especially when considering that our

Fe/FeO4-nanoparticles are below 10nm in diameter.
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Figure 9.6 T*-relaxation times of bD/D,0 (9/1) at 9.4T in dependence on the concentration
Fe/FeO4-NPs (#4, see Table 1).
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Figure 9.7 T>relaxation times of bD/D,O (9/1) at 9.4T in dependence on the concentration
NPs (Fe/Fgl4: #4, FQOy: #5, see Table 1).

In a concentration range from 20 to 80 kegper mL, NanoScale Corporation’s new
materials achieved a maximal = 150420 mM §" and ar, = (-)4300+250 mM &, r,/r,;=-28,

which is advantageous in;-Enhancement, ;fdecrease and the ratio ofry. The observed
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increase of T and higher concentrations of Fe/Bgnanoparticles can be attributed to the
formation of clusters of nanoparticles, which changhe physical behavior from

superparamagnetic to paramagnétic?

9.7 Hyperthermia Experiments of Charles River Mice Fe&uring Impregnated
B16-F10-Melanomas.

Surface modified core/shell nanopartgdenple #4 in Table 9.1 tethering TCPP (the ratio
of Fe/FgO, to porphyrin is 1:5) was chosen to carry out tlgpenmthermia experiment because
these nanopatrticles exhibited highest heating efiewong all the samples. The nanoparticles
were administrated to B16-F10 melanoma bearing reiteer by intratumoral injection or
intravenous injection. Tumors were exposed to @dting magnetic field (AMF), and the effects
of magnetic hyperthermia were evaluated by meaguhe tumor size and tumor weight after

AMF exposure.
9.7.1 Cytotoxicity of Magnetic Nanoparticles on B16-F10 ells.

Potential cytotoxic effects of MNPs westudied by incubating cells in differing
concentrations of MNPs based on iron concentrafg#6-F10 cells were incubated overnight
with MNP amounts corresponding to 5, 10, 15, 2@ a6 ug/mL iron. After incubation, the
medium was removed and the cells were washed twite DMEM and cell numbers were
counted with Trypan blue staining. This method @lows counting non-viable cells since only
they allow the blue stain into the cell. All exjpeents were run in triplicate and repeated at least
twice. B16-F10 cancer cell viability assessmentha presence of varying concentration of
MNPs is shown in Figure 9.8. There was a dose-dbg@ncytotoxicity if the MNPs. A
pronounced cytotoxic effect on B16-F10 cells wasensbed when the concentration of the iron

exceeds 1Qg/mL.
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Figure 9.8 In vitro cell viability of B16-F10’s cultured in medium daming increasing
concentration of MNPs, as measured by iron conaBotr. *Statistically significant (p-value

less than 0.05).
9.7.2 Temperature Measurement on Mice

For all in vivo experiments, the mice wgiaced into the induction coil using a specially
designed Teflon supporter so that tumors were déacaxactly in the region of the AMF
possessing the highest field density. MNPs comtgidiO0 pg of iron in 100 ul of distilled water
were injected into the rear limb muscle of one neoaisd the leg was then exposed to AMF for
10 min. A fiber optical temperature probe was itestintramuscularly at the injection site and
the temperature increase was measured during AMiesexe. At the same time, the body
temperature was monitored with a separate temperatobe. A temperature increase of°Cl
was observed at the MNPs injection site within 1 of AMF exposure. There was no increase

in core body temperature (Figure 9.9). These datacthstrate specific magnetic hyperthermia.
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Figure 9.9 Temperature change at MNP injection site and idybmore during AMF exposure,
measure with a fiber optic temperature probe.

9.7.3 Intratumoral Administration of MNPs with AMF Exposure

Ten female CB57 BL/6 mice were transpdntvith 1 x 16 B16F10 melanoma cells
suspended in PBS subcutaneously into each reardimlbe the stifle. 12QL of saline was
injected into melanomas on the left leg of all macel 120uLof 1mg Fe/mL MNP (120 ug iron)
was injected into right leg tumors of all mice hrde injections on day 4, 5, 6 (total of 36§
iron) . Both left(saline) and right(MNP) leg tumarghalf of the mice(5) were exposed to AMF
for 10 minutes soon after injections and remairfimg mice left and right leg tumors were not
exposed. Based on this there were 4 groups.

Group 1: Intratumoral saline injection, not exposedMF (left legs of first five mice).
Group 2: Intratumoral injection of saline, exposed®MF (left legs of remaining five mice).
Group 3: Intumoral injecetion of MNPs, not exposedMF (right legs of first five mice).
Group 4: Intratumoral injection of MNP, exposedMdF (right legs of remaining five mice).

After three AMF exposures tumor sizesemereasured by using a caliper on day 8 to 14,
and tumor volume was calculated by using formuBa®?® (a=longest diameter b= smaller
diameter). The results were summarized in Figut®.9The tumors with administration of MNPs

and exposure to AMF showed a significant reductiotumor volume at 8, 9, 11 and 14 days
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(p<0.1) compared to the saline treated groups. &edese in size with only MNPs treatment
(without AMF) relative to the saline controls wasanoted; however, this decrease was not
significant. Since earlier intramuscular injectioasd optical probe measurements revealed
hyperthermia after AMF, the probable cause for tumattenuation shown here is local

hyperthermia.

Tumor volume measurements over time

*
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|
i

350 =

—4—Saline
=&=-MNP

Saline+AMF
= MNP+AMF

Tumor volume in mm3
" N
S

day8  day® day10 day!l day12 dayl3 dayl4

Number of days
Figure 9.10Effect on tumor burden of intratumoral injectiohMNPs followed by alternating
magnetic field (AFM) treatments. Graph depictingrage tumor volumes over time of B16-F10
tumor bearing mice which were later injected wilfner saline or MNP intratumorally and with

or without AMF treatments. *Statistically signifiea(p-value less than 0.1).

9.7.4 Intravenous Administration of MNPs with AMF Exposur e

0.35x19B16-F10 melanoma cells were injected subcutangdnsh the right legs of 27
mice. Mice were randomly divided into three groups:
Group I, IV injection of MNPs, no AMF treatment.
Group I, IV injection of MNPs, with AMF treatment.
Group llI, IV injection of DMEM, no AMF treatment.

On day 6, 9 and 11 after tumor cell tphaust, MNPs corresponding to 226 g of iron were
injected intravenously into each mouse in grougsd Il. On the same day, DMEM was injected
intravenously into group Ill. For group I, tumosgere exposed to AMF for 10 min one day after

each intravenous MNPs injection (total of three AM&atments). Tumor sizes were measured
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using a caliper on days 14 and 18, and tumor volware calculated as described above. On day
18, all mice were euthanized, tumors were exciged,tumor weights were measured. As can be
seen in figure 9.11, a significant decrease in tumeight (p<0.1) was observed in the
intravenous MNPs+AMF group, and this attenuatiotuafior weight was most likely due to the
heat generated by MNPs in tumors. Some tumor weiglctease was also observed in the

intravenous MNPs injection but without AMF treatrhgroup.

Tumor weight comparison

25

15

Tumor weightin mg

IV DMEM-AMF IV MNP-AMF IV MNP+AMF

Figure 9.11Effect of intravenous injection of MNPs and AMF mmor weight. *Statistically
significant (p-value less than 0.1) between cordra IV MNPs+AMF groups.

A marked tumor volume decrease was olsefor the mice with intravenous MNPs

injection and AMF treatment; however, this decreaas not significant (Figure 9.12).
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Tumor volume measurements over time
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Figure 9.12Tumor volume comparison of IV MNP+AMF experimemt day 14 and 18.

After AMF treatment, significant amourdf nanoparticles were found in the melanoma
tumors (Figure 9.13A), indicating that the tethepmphyrin (TCPP) can act as a “bait” to
facilitate the uptake of nanoparticles by tumoteébome nanoparticles were also found in lung
and liver (Figure 9.13B and 9.13C). Despite thiklspread distribution of nanoparticliesvivo,
no fatalities of mice due to the blocking of artsror exposure to AMF were observed.

A
e -
4 il

B v,

Figure 9.13 Prussian blue staining of tumor section (pictufe lAng section (picture B) and

liver section (picture C) after in vivo experiment.
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9.8 Conclusion

We have synthesized FefBgcore shell nanoparticles with an organic steatidtiog and

tethered porphyrin (TCPP) units. The NMR-measuréméi" and P-relaxation times showed

a significant enhancement ot felaxation time and a remarkable decrease’atlEixation time
with the increase of the nanoparticle concentrafidgrese result implied that it is very promising
with respect to use of this stealth nanopartice$/&1 contrast agents. The mice hyperthermia
experiment indicates that the ligands modified mpamtcles administrated intravenously or
intratumorally at low concentrations can signifitgrattenuate B16-F10 melanoma tumors in
mice after repetitive short AMF exposure. Theseultesdemonstrated that the core/shell
Fe/FeO4 nanoparticles possess high heating capacity inalteenating magnetic field, which
permits the small dose and short treatment timengunyperthermia therapy. Furthermore,
significant amount of nanoparticles were found ielanoma tumor when the nanoparticles were
administrated intravenously, which indicate the pbgrin tethered on the nanoparticles can

facilitate the uptake of nanoparticles by tumotscel

9.9 Experimental

9.9.1. Synthesis of porphyrin (TCPP}

COOH

1.50 g 4-carboxybenzaldehyde was dissolveédDimL acetic acid. The solution was warmed
to 100°C and a solution of 0.67 g pyrrole in 10 mL acetitid was added dropwise in 20
minutes. Upon completion of addition, the solutieas warmed up to 13 slowly and kept at
130°C for 1 hour. The mixture was cooled to ®Dand 100 mL 95% ethanol was added and the
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temperature was lowered to room temperature whilgng in 3 hours. Then the mixture was
kept in at -15°C for 24 hours. Purple solid was collected by vactfiltration. The filter cake
was washed with cold 50/50 ethanol/acetic acid 8Xband dried under high vacuum (oil
pump) overnight. 0.51g pure product was obtain&d5@ yield)."H NMR (DMSO-g) §: -2.94
(s, 2H); 8.35 (d, 8H); 8.39 (d, 8H); 8.86 (s, 8#3,31 (s, 4H)*C NMR (DMSOd6) 5: 119.31;
127.90; 130.51; 134.44; 145.42; 167.46. MS E81/2791.2. Molecular weight calculated for
790.2.

9.9.2 Boc-protection of Dopaminé*

HO HO
o O
I} B EtsN o
+  t-BuO-C-O-C-Ot-Bu — )j\
HO NH, HCI HO H Ot-Bu
9.1

A solution of dopamine (310 mg, 1.63 mmolymethanol (8 mL) was stirred undeg fér 5
minutes. TEA (1.8 mmol) was added followed by Botnadride (393 mg, 1.8 mmol). The
mixture was stirred under Nor 12 hours and the solvent was removed undercesti pressure.
The remaining residue was dissolved in 40 mL,Clkland washed with 1 N HCI (3x5 mL) and
brine (5 mL). The organic layer was dried over altbys NaSO,. After filtration, the organic
phase was kept at °& for 3 hours. A white precipitate came out as pod@.1 and collected by
filtration. Overall yield is 85%'H NMR (DMSO-dg) &: 1.73 (s, 9H); 2.48 (t, 2H); 3.02 (q, 2H);
6.40 (d, 1H); 6.54 (s, 1H); 6.61 (d, 1H); 6.831¢4); 6.85 (s, 1H); 6.76 (s, 1H).

9.9.3 Benzyl-protection of Boc-dopaminé?

Br I|3n
HO o}
o] K,CO4 ]
L ETS A
HO N Ot-Bu DMF o N Ot-Bu
H | H
9.1 Bn 9.2
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3.47 g Boc-protected dopami@dd was dissolved in 100 mL DMF. 12.6 g®0; was added
and the system was protected underdN69 g (2 eq.) benzyl bromide was added drop.Wike
mixture was stirred at room temperature for 24 bomithout light. The solid was removed by
filtering through a short pad of celite and théefdcake was washed with ether (3x100 mL). The
combined filtrate and washing solution were washatth ice-water (3x50 mL) and brine (15
mL). The organic layer was dried over anhydrousS@3 and concentrated to 150 mL. After
setting at -5°C for 5 hours, white precipitate came out as produ2 and was collected by
vacuum filtration. (overall yield 90%}H NMR (CDCk) &: 1.45 (s, 9H); 2.70 (t, 2H); 3.31 (q,
2H); 4.49 (s, 1H); 5.15 (d, 4H); 6.71 (d, 1H); 6.0 1H); 6.88 (d, 1H); 7.32 (t, 2H); 7.37 (t,
4H); 7.45 (d, 4H).

9.9.4 Deprotect of Boc-group?

Bn Bn
| |
0 o)

0 CH,Cl,

J]\ + CF3COOH ———
rt. 5h

0 N Ot-Bu 0 NH,
| H I
Bn 9.2 Bn 9.3

4.3g Bn-Boc-dopamin@2 was dissolved in 150 mL 5% TFA GEl, solution and stirred at
room temperature for 5 hours. The solvent was remownder vacuum and clear oil was
obtained as produ&.3 (100% yield)."H NMR (CDCk) &: 2.79 (t, 2H); 3.08 (m, 2H); 5.11 (s,
4H); 6.68 (d, 1H); 6.75 (s, 1H); 6.90 (d, 1H); 7@22H); 7.35 (t, 4H); 7.42 (d, 4H}*C NMR
(CDCl) 3: 32.90; 41.85; 71.50; 72.00; 115.60; 116.25; 122127.60; 127.85; 128.35; 128.45;
128.63; 128.85; 136.70; 136.85; 148.45; 149.00;880.61.20; 161.58; 161.90.
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9.9.5 Amide Formation®®

I|3n e} I|3n
(@)
o pyridine o)
+ O —_—
OH
0 NH, <|3 H
|I3n 9.3 o Bn 9.4 O

1.43 g Bn-dopamir3 and 0.43 g succinic anhydride (1/1 ratio) werealiged in 6 mL
pyridine. The solution was stirred at room tempeeafor 5 hours. The solvent was removed by
co-evaporation with toluene (toluene 5x5 ml). Wh#elid was obtained and washed with
CH.CI, for 3 times. After drying under vacuum, 1.4 g pro9.4 was obtained. 75% yieldH
NMR (DMSO-dg) 6: 2.29 (t, 2H); 2.42 (t, 2H); 2.60 (t, 2H); 3.21, @H); 5.09 (d, 4H); 6.71 (d,
1H); 6.94 (s, 1H); 6.96 (d, 1H); 7.32 (t, 2H); 7.@8 4H); 7.45 (t, 4H); 7.90 (t, 1H); 12.08 (s,
1H). MS-EST: m/z434.2. Molecular weight calculated for 433.5.

9.9.6 Synthesis of ligand.f*

D\/\ EDC DMAP
Jk/\n/ + tetraethylene glycol —_—

:©\/\ JJ\/\"/O\/\o/\/ov\ O
:©\/\ JJ\/\"/O\/\o/\/o\/\o/\/o\“/\)k /\)@[

9.6

0.964 g dopamine-based carboxylic &dand 0.426g EDC (1/1 ratio) were dissolved in
100 mL CHCI, and stirred at room temperature for 10 minute&3®g tetraethylene glycol was

added followed by 5 mg DMAP. After stirring for Iurs at room temperature, the organic
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phase was washed with 10%RD, solution (3x10 mL), water (3x10 mL) and brine (1Q)m
The organic phase was dried over anhydroug3@y After removing the solvent under vacuum,
the residue was loaded on column and eluted withatétone/methylene chloride. 0.42 g ideal
product9.5 was obtained. (40% vyield). 0.21 g side prod&& was isolated'H NMR for 9.5
(CDCly) 8: 2.39 (t, 2H); 2.57 (t, 1H); 2.70 (g, 4H); 3.44 @H); 3.60 (t, 2H); 3.65 (broad 12H);
4.24 (t, 2H); 5.15 (d, 4H); 5.74 (t, 1H); 6.71 {d); 6.81 (s, 1H); 6.89 (d, 1H); 7.31 (t, 2H); 7.37
(t, 4H): 7.46 (d, 4H). MS-ES1 m/z610.4. Molecular weight calculated for 609'B. NMR for
9.6 (CDCl) 6: 2.37 (t, 4H); 2.67 (m, 8H); 3.42 (g, 4H); 3.63 81); 3.67 (t, 4H); 4.22 (t, 4H);
5.15 (d, 8H); 5.70 (t, 2H); 6.70 (d, 2H); 6.8028l); 6.88 (d, 2H); 7.31 (t, 4H); 7.36 (t, 8H); 7.45
(d, 8H). MS-ESI: m/z610.4. Molecular weight calculated for 609.3.

De-protection of benzyl groups to produce ligand.f*

l?n
(@)

(0] Ha
CIJ H (6) 0) 10% Pd/C
Bn 0 MeOH

9.5
HO.
(0]
O NN O O
HO H (0) (@)
(0]

Ligand |

0.34 g Bn-dopamine-based tetraethylene gl9dolvas dissolved in 50 mL methanol. 77 mg
Pd/C was added undernNAfter evacuating three times, 1 atn; Was applied and the mixture
was stirred for 24 hours at room temperature. Tdtalgst was removed by filtering through a
short pad of celite. After removing solvent undecwum, 0.23 digand | was obtained as
product. (100% yield)*H NMR (DMSO-dg) &: 2.33 (t, 2H); 2.48 (q, 2H); 3.15 (broad multiplet
4H); 3.41 (t, 2H); 3.49 (t, 2H); 3.51 (broad muléip 8H); 3.59 (t, 2H); 4.11 (t, 2H); 6.41 (d,
1H); 6.55 (s, 1H); 6.61 (d, 1H). MS-ESm/z430.4. Molecular weight calculated for 429.4.
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9.9.7 Synthesis of glycine-tiped ligand (ligand 11)***°

-0 ”J\/\H/O\/\O/\/O\/\o/\/OH
O

+ 95 EDC, DMAP
ﬁ

Q CH2C|2, r.t.

0
H
SOV
O \n/ OH
0

n— OD\/\ O (@]
-0 N Jl\/\n/O\/\O/\/O\/\o/\/o\n/\ N J\o O
H H
) ) L
_HaPac

Cata. CH3CN :©\/\ J\/\n/o\/\o/\/o\/\o/\/ \n/\NH2

MeOH
Ligand II

Bn-protected dopamine tetraethylene ghy@& was treated with 1 equv. of Fmoc-Glycine
and 1.2 equiv. of EDC in the presence of catalgtivount of DMAP in methylene chloride.
After stirring for 12 hours at room temperatures tirganic phase was washed with 1046
solution (3x10 mL), water (3x10 mL) and brine (1&)mThe organic phase was dried over
anhydrous MgSQy. After removing the solvent under vacuum, a wisitdid was obtained as
pure product with 95% yield. The Bn and Fmoc growpse deprotected at the same time under
the H-Pd/C condition in the presence of catalytic amoahtCH;CN. After removing the
catalyst by filtration, solvent was removed undegtuced pressure, clear oil together with some
white solid formed. The white solid was removedvigshing the mixture with hexanex®
mL), after concentratioriigand Il was obtained as clear oil with 85% yielth NMR (DMSO-
ds) 6: 2.33 (t, 2H); 2.46 (g, 2H); 3.14 (q, 2H); 3.41ZH); 3.49 (t, 4H); 3.51 (broad multiplet,
8H); 3.59 (t, 2H); 4.10 (t, 2H); 4.57 (t, 2H); 6.48 1H); 6.55 (s, 1H); 6.61 (d, 1H); 7.90 (t, 1H);
8.62 (s, 1H); 8.73 (s, 1H}3C NMR (DMSO4k) &: 28.95, 29.83, 34.73, 60.23, 63.32, 68.30,
69.79, 72.37, 115.48, 115.95, 119.21, 130.22, B43.55.06, 170.44, 172.47.
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9.9.8 Modification of Fe/FgO,4 nanoparticles with dopamine-based ligands | and Iand
45,46

introducing of porphyrin (TCPP).

:@\/\ )WOV\ONOV\ /\/OH

ligand | THE
T
:@\/\ 0 sonication

O. O O
HO H)W \/\ AN \/\ AN \n/\NH2
ligand Il
OH
\/\ON

BSOS el

o)
Fe/Fe30q4 TCPP

B ——
D\A EDC, NHS
)W \/\

0N

(6]

OH
o) O\/\ O/\/

o\/\oN
O
Fe/ Fe3O4

\/\ “~N\_-O
O \/\O/\/OY\ N/TCPP
H

(0]

A typical example for preparing surfacediied Fe/FgO, nanoparticles featuring 5
TCPP per nanoparticle is described here. 50 mardope-basetigand | and 3 mg dopamine-
basedagand Il (mole ratio 95/5) werelissolved in10 mL THF, 20 mg Fe/R®, nanoparticles
(# 4 in Table 1) were added, after sonicating foméinutes, the nanoparticles were collected by
a magnet. The solid was washed with 3 mL portiofildF for 10 washing-magntoprecipitation-

re-dispersion cycles. The surface modified nanapest were dispersed in 10 mL of THF, 1.5
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mg porphyrin (TCPP), 1 mg NHS and 2 mg EDC wereeddd the suspension and sonicated for
60 minutes. The nanoparticles were collected blyang magnet and further washed with 3 mL
portion of THF for 10 washing-magntoprecipitatiadispersion cycles. The solid was dried

under vacuum. 17.6 mg nanopatrticles were obtained.
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Appendix A- *H and **C-NMR Data
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Appendix B- Mass Spectroscopy Data

(L 083

é / \ %
C15H24Cl3N4Pd
Exact Mass: 471.01

m/z: 473.01 (100.0%), 475.01 (68.3%), 471.01 (68.2%), 470.01 (43.2%), 469.01 (21.4%), 477.01 (20.9%)
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Figure B.1(a) ESI' Mass spectroscopy of thés-NHC-Pd(IV)-Cl, 7.9 with stepwise
fragmentation. (b) Centroided Mass spectrum forgNiion.
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Appendix C- Crystal Data and Structure

Refilnements

Table C.1 Crystal data and structure refinement3d5

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

4

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 32.58°
Absorption correction

Max. and min. transmission
Refinement method

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

Final R indices [I>2sigma(l)]

R indices (all data)

Largest diff. peak and hole

C19H2812N6 O2Pd S
764.73
120(2) K
0.71073 A
Triclinic
P-1
a=11.4450(6) A
b =11.8474(6) A
¢ =12.0978(6) A
1300.13(11) A
2
1.953 g/ém
3.195
736
0.26 x 0.24 x 0.06 rAm
2.23 t0 32.58°.

-17<=h<=17, -16<=k<=17, -18<=I<=18

27872

9131 [R(int) = 0.0320]
96.4 %

None

0.8314 and 0.4905

Full-matrix least-squares &n F
9131/0/289

1.042

R1 =0.0279, wR2 9639

R1 =0.0358, wR2 = 0.0675

1.051 and -0.741%.A

o= 71.772(2)°.
B= 64.040(2)°.
y=62.941(2)°.



Table C.2 Crystal data and structure refinement#@’

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 30.00°
Absorption correction

Max. and min. transmission
Refinement method

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

Final R indices [I>2sigma(l)]

R indices (all data)

Largest diff. peak and hole

C21 H30 CI14 N8 Pd2
1103.63

120(2) K

0.71073 A

Monoclinic

P2(1)/n

a=7.6703(6) A a= 90°.
b =18.5451(11) A B=91.644(4)°.
c=13.1767(8) A y=90°.

1873.6(2) A3
2
1.956 g/cm3
1.989 mm-1
1084
0.25 x 0.05 x 0.05 mm3
2.20 to 32.03°.

-11<=h<=3, -27<=k<=24, -19<=l<=19

19678

5968 [R(int) = 0.0462]
97.2 %

None

0.9071 and 0.6362

Full-matrix least-squares on F2
5968 /9 /223

1.056

R1 =0.0465, wR2 4070

R1=0.0710, wR2 = 0.1172

1.758 and -1.083 e.A-3
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