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Abstract

Chiral hybrid phosphine- N-heterocyclic carbenes form a unique class of bidentate ligands
which finds extensive uses as privileged ligands in homogeneous transition metal catalysis.
The current methodologies associated with their syntheses suffer from significant drawbacks
and the diversity of the structural backbones of these ligands has hence been limited. Catalytic
asymmetric hydrophosphination was contrived as a solution to address the abovementioned
problem as it is arguably one of the most efficient methods of generating chiral phosphines
with high enantiopurities and simultaneously, offering additional advantages such as a 100%
atom economy, mild reaction conditions and a diverse substrate scope. Catalytic asymmetric
hydrophosphination was employed in the syntheses of novel chiral phosphine- N- heterocyclic
carbene precursors and these precursors were subsequently transformed into chiral novel
phosphine- N- heterocyclic carbene metal complexes. The structures of the complexes were
elucidated via X-ray crystallography and their catalytic and biological applications were

explored.
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Nomenclature

The nomenclature used throughout the thesis conforms to the format adopted by Chemical

Abstracts (Chemical Abstracts, 13™ Collective Index, Index Guide, 1992-1996).

Abbreviations and Symbols

Ar aryl group

BINAP 2,2'-bis(diphenylphosphino)-1,1’-binaphthy!l
Bn benzyl

Bp boiling point

br broad

calcd. calculated

CDCls chloroform-d1

CHCIs chloroform

conc. concentrated

d doublet (NMR)

DCM dichloromethane

dec. decomposed

de diastereomeric excess

DIOP 2,3-O-isopropylidene-2,3-dihydroxy-1,4-bis(diphenylphosphino)butane

DIPAMP 1,2-bis((2-methoxyphenyl)phenylphosphino)ethane

dm decimetre(s)

DMF N,N-dimethylformamide
ee enantiomeric excess
equiv. equivalence



ESI-MS electrospray ionization mass spectrometry

Et ethyl

g gram(s)

h hour(s)

'Pr isopropyl

Hz hertz

m multiplet (NMR)

Me methyl

min minute(s)

mL millilitre(s)

mmol millimole(s)

Mp melting point

NMR Nuclear Magnetic Resonance
Ph phenyl

ppm parts per million

Pr propyl

R rectus (Latin right absolute configuration)
rt room temperature

S sinister (Latin left absolute configuration)
S singlet (NMR)

t triplet (NMR)

t time

T temperature

‘Bu tert-butyl

THF tetrahydrofuran



TMS tetramethylsilane

TOF turn over frequency

TON turn over number

) NMR chemical shift in ppm

° degree (angles)

A angstrom(s)

°C degree Celsius

[a]p specific rotation measured at sodium D line (589 nm)



Summary

In Chapter 1, an overview of chiral phosphines and chiral NHC precursors is given.
Recent developments pertaining to the syntheses of chiral phosphines and chiral NHC
precursors, along with their limitations, will be discussed. In addition, the research gap will be

introduced and the aims of this thesis will be stated.

In Chapter 2, the viability of catalytic asymmetric hydrophosphination in the syntheses
of structurally varied chiral NHC precursors, specifically phosphine-functionalized ones, from
carefully designed achiral substrates will be studied and discussed. The scope of this chapter
will primarily be focused on the importance of combinational phosphine-NHC ligands and the

formulation and optimization of a new methodology to access such chiral hybrid precursors.

In Chapter 3, the transformation of chiral phosphine-NHC precursors to the respective
phosphine-NHC complexes will be discussed. In addition to the discussions made on the post-
functionalization of selected phosphine-NHC metal complexes and the challenges encountered
in the complexation process, the solution- and solid-state structures of the phosphine-NHC
metal complexes will also be discussed. Lastly, attempts at applying these metal complexes as

homogeneous catalysts will be mentioned.

In Chapter 4, the syntheses of a series of selected functionalized phosphine-NHC
platinum complexes bearing different aryl functionalities and their uses as potential anti-cancer

drugs in two cancer cell lines, MKN74 and MCF7 will be discussed briefly.

In Chapter 5, the conclusions of this thesis will be given and the possibility of future

work will be mentioned briefly.
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Chapter 1

Introduction

1.1  Chirality

Chirality, derived from the word handedness in ancient Greek, is an intrinsic geometric
property of a chemical species and an individual species which exhibits chirality is said to have
at least one mirror image which is non-superimposable on itself. Together, the object and
mirror images form what is known as a pair of enantiomers that differ only in their spatial
orientation. Chirality plays an important role in nature, particularly in the field of biochemistry.
Classes of biological molecules such as carbohydrates,® amino acids,? steroids, hormones,?
nuclei acids,* enzymes® and pheromones® are predominantly homochiral and exist only in one
enantiomeric form. Besides microscopic discrete biomolecules, macrostructures such as
receptors and membranes also possess chirality so as to effect specific interactions such as
binding and recognition of other chiral agents.” Notoriously, the lack of attention paid to the
idea of chirality in living systems has led to one of the most infamous chiral drugs-related
incidents in history- the thalidomide incident. In that incident, a racemic mixture of thalidomide
initially prescribed and administered as a drug for morning sickness due to pregnancy
subsequently induced birth defects in new-borns due to the presence of the malignant
enantiomer of thalidomide.® As the relevance of chirality gains recognition over the years,
issues pertaining to the syntheses, properties, characterizations, and applications of chiral
compounds have also become a prominent topic, especially in chemical, biological and

pharmaceutical industries.

Broadly speaking, chirality can be classified into four distinct classes. Central chirality,

also known as point chirality, is a type of chirality that occurs in molecules which bear a set of
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ligands whose mirror image is not superimposable on itself around a centrally located atom.
Planar chirality refers to the out-of-plane arrangement of groups with respect to a mirror plane
and axial chirality refers to a combination of four atoms which are spatially different with
respect to a central axis of rotation. Lastly, helical chirality refers to the unidirectional

orientation of groups in a spiral fashion, akin to that of a screw.

5 o= O
b Fe Cl
- —= e

central chirality planar chirality axial chirality helical chirality

Figure 1.1 Chiral phosphines displaying various forms of chirality.

1.2 Chiral Phosphines

As enantiopure chemicals continue to find increasingly important applications in
applied fields such as fragrances, flavours, drugs, cosmetics, pesticides and materials around
the world, the market of demand for enantiopure chemicals continues to expand. This has in
turn provided the motivation for synthetic chemists to develop new methodologies to gain
access to these coveted chiral chemicals. Generally, enantiopure chemicals can be obtained
using four different approaches- resolution of racemates, syntheses from materials from the
chiral pool, biocatalytic (enzymes and antibodies) syntheses and asymmetric catalysis using

artificial reagents.

Out of all chiral chemicals, chiral phosphines have unequivocally established a pivotal
role in various fields such as transition metal catalysis,® agrochemicals, fine chemicals and

organocatalysis.'® In this aspect, optically active phosphine ligands may also bear more than

12



one type of chirality and the incorporated chiral moieties in turn help to transmit chiral
information throughout the molecular structure so as to produce desirable stereochemical
changes in chemical reactions. Since the 1970s, numerous chiral phosphine ligands with
varying denticities and modes of chirality have been synthesized.'! Amongst the phosphines,
notable examples which have found applications in metal-catalysed reactions with remarkable
successes include DIOP with C-stereogenic centres, DIPAMP with P-stereogenic centres,
BIPHEP with axial chirality, PHANEPHOS with planar chirality and Josiphos with a

combination of different chiralities.'?

PR’,
o Ph MeO ) PPh, g
T m o (L
o~ T2

3 M PPh, Fe
OMe =
(R.R)-DIOP (R.R)-DIPAMP (R,)-BIPHEP (Sp)-PHANEPHOS (R,Sp)-Josiphos

Figure 1.2 Diphosphines exhibiting different modes of chirality.

Particularly in the field of transition metal catalysis, chiral phosphines play an
unsurmountable role as privileged ligands in asymmetric catalysis as asymmetric catalysis
promises unprecedented improvements over other traditional methods of syntheses in terms of
its versatility, efficiency, and environmental friendliness. Chiral phosphines have also shown
to be an indispensable tool in a myriad of reactions including hydrogenation,®
hydrosilylation,’*  allylic alkylation,®>  heterofunctionalization,’®  cross coupling,*’
cycloisomerization,*® cycloaddition®® and many others. Due to the large amount of literature
on the preparation of chiral phosphines, only selected examples will be given and discussed to
illustrate the concepts behind the synthetic techniques. Lastly, the term phosphines will be used

to refer to only compounds containing a phosphorus atom covalently bonded to carbon and
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hydrogen and other phosphorus-heteroatom (P-O, P-N, P-S etc.) species will be excluded in

the discussion.

1.2.1 Resolution and Syntheses of Chiral Phosphines

In contrast to amines which undergo rapid pyramidal inversion at room temperature,
phosphines containing three dissimilar substituents are generally chiral at room temperature
and their enantiomers can be separated. The cause for the chirality in phosphines is the higher
inversion barrier due to the mixing of the highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMQO) mediated by a coupled vibrational mode in a

second-order Jahn-Teller distortion.?° (Figure 1.3)

R R R

N ,
RN $  —— N - —_— ! NewR

R & R -

Figure 1.3 Pyramidal (and chirality) inversion of amines via a trigonal planar transition state.

The inversion barrier of phosphines depends on the steric bulk and electronic properties
of the substituents but in general, the risk of inversion limits the handling of phosphines at
elevated temperatures. In addition, electron-rich phosphines are air-sensitive and hence react
quickly with oxygen and other oxidizing agents, making their handling even more cumbersome.
As a result, phosphines are usually treated as their derivatives in the form of phosphine
oxides,?* sulfide,?> boranes and metal phosphine complexes due to the relative ease of usage
and storage of these configurationally stable derivatives.'®> 22 While numerous protocols
pertaining to the deprotection of phosphine derivatives have been developed, the methods

frequently suffer from disadvantages such as incompatibility with reactive functional groups,
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harsh reagents and conditions, a poor atom economy, diminished yields, loss of chirality

through racemization and low chemoselectivities.?*

The first example of synthesis and resolution of enantiopure BINAP by Noyori
involved the coordination of a racemic mixture of BINAP 1c to a chiral auxiliary 2 to afford
diastereomers 1d.?® Due to the difference in solubilities of the two diastereomers, individual
diastereomers could be obtained through a laborious process of recrystallization. Once the
phosphine-metal derivatives 1d were separated, the phosphine was liberated from the template
via reduction with lithium aluminium hydride. From the viewpoint of environmental
friendliness, this synthetic protocol unavoidably violated many of the principles advocated by

green chemists.? (Scheme 1.1)

N cl
épd/
OO PthBrz 1.t C4HgLI
OH 3200 45% 2. thF’Cl PPh, 2
PPh

la 1b 1c
., = PPN
N
Pd o 1. recrystallization, 72-78% Pth

)3 BPh, : PPh,

Pl 2. LIAIH,, 75-82%
h

1d (5)-BINAP (R)-BINAP

Scheme 1.1 Synthesis and resolution of enantiopure BINAP reported by Noyori.

Besides exploiting the nucleophilic nature of the phosphorus atom in the utility of Lewis

acidic chiral metal complexes as resolving agents, the weakly basic behaviour of phosphines
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also allows the use of chiral acids and chiral counterions as resolving agents. Some of the

widely utilized resolving agents are given in Figure 1.4.

NH, OH
SOgH :
0 CO,H
chiral
acidic agents
(R)-10-camphorsulfonic acid (S)-1-phenylethanamine (S)-mandelic acid
S)
€07 af? 50,9, @ o._C0,°
chiral BZO\;/\OBZ © ’ . @
counterionic agents Co,H ‘ipr Ag
3 4 5
R4 ., = IPr v, P
N cl —N a —N ¢
chiral Pd, Pd/ Pd_ "
metal templates 2 5 OO 5
2 6 7

Figure 1.4 Classes of resolving agents.

Phosphine oxide 8 was directly resolved into its enantiomers through the use of (+)-
bromocamphorsulfonic acid and subsequent recrystallization from ethyl acetate.?” Similarly,
phosphine oxide 9 could be obtained using camphorsulfonic acid.?® The use of sulfonic acid
greatly relies on the protonation of the weakly basic phosphoryl oxygen and thus, this reagent
has impeded the resolution of other simple P-chiral phosphine oxides.?® Phosphine oxides 12
and 13 were resolved using binapthol through the formation of intermolecular hydrogen
bonds®® while free thiophosphine 15 and quinolinephosphine 16 were resolved using metal
template 7 by virtue of their bidentate chelating propensity.3' In addition to the above methods,
other prominent means of obtaining enantiopure phosphines include resolution via covalent

diastereomers, self-resolving systems and kinetic resolution. For instance, phosphine oxide 17
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could be obtained using camphanyl chloride as the esterification reagent.®> followed by

diastereomeric separation and hydrolysis.

9 9 | \P’H
g ~gn P= '
Ph Ph -0 Ph
Ph
8 9 10 11
9 Ph
P//O et P< Ph
— NEt, )
p <" sH
|
Ph
12 13 14 15
0
S \I\\/\> E|’>ﬂo BocN P/Ph
~ P//
N P~0 Ph” > Co,Me \
16 17 18 19

Figure 1.5 Examples of chiral phosphines obtained through resolution.

Despite the successes of the abovementioned methods of exploiting diastereomers for
the purpose of resolution, modern technology has promoted other novel methods such as
enantioselective chromatography and biocatalytic syntheses as alternative efficient routes to
access chiral phosphines. One notable example is the synthesis of phosphine 22 from a racemic

mixture of ferrocenyl ethanol 20 using chiral lipase from living organisms.*?
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.................

: ' 1. HNMe —

OH lipase OH : OAc | 2.Buli ’ q/(PArz
Fe

SN

— + 1 Fe

vinyl acetate ' o | 3.PPh,CI '
) RN | 4. HPAT, o

20 ; 21 | 2

________________

Scheme 1.2 Enzymatic synthesis of chiral diphosphine 22.

Several enzymatic systems using pig liver esterase and cholesterol esterase have also
been employed to furnish ligands 23 and 24 although a variety of drawbacks such as a)
moderate to high enantioselectivities, b) typical resolution of only one of the two enantiomers,
c) enzymatic action being a highly dependent function on the molecular structure of the
substrate since docking of the substrate in the active site of the enzyme is required, d) generally
narrow substrate scope and e) additional issues associated with the recovery of enzyme and
maintenance of a constant pH working condition for proper reaction are commonly

encountered.3*

T ph
\P/ Fla o
“/ OAC op PL_-COMe
23 24
(X=0,S) (R = Me, Et, Bn, CH=CH,)

Figure 1.6 Phosphine oxides and sulfide obtained from enzymatic systems.

1.2.2 Chiral Auxiliary-Mediated Syntheses of Chiral Phosphines

The quest for increased flexibility and applicability of generating chiral phosphines

from resolved phosphines, obtained previously from the methods described in section 1.2.1,
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eventually led to the development of other facile methods to access chiral phosphines. Several
chiral auxiliaries derived from optically active secondary alcohols (e.g. (-)-menthol, endo-
borneol),®® amines (e.g. (S)-1-phenylethanamine),?® amino acid derivatives (e.g. SAMP,
RAMP),%" and ephedrine® have been utilized. Due to the great number of examples available
in the literature, only some representative protocols illustrating the use of chiral auxiliaries in
the syntheses of phosphines bearing 1) P-stereogenic, 2) C-stereogenic, 3) axial and 4) planar

chiralities will be given.

OH
OH 61 O..n H
[ \ ~
~"~OH N OMe N OMe
PN NH, NH,

(-)-menthol endo-borneol SAMP RAMP (1R,2S)-ephedrine

Figure 1.7 Naturally occurring chiral auxiliaries.

Pioneering works by Cram and Mislow showed that unsymmetrically substituted
menthylphosphinates 25, derived from incorporation of the (-)-menthol leaving group into
phosphinates, could be separated cleanly into their diastereomeric forms via crystallization
from hexane.*® Besides monophosphine monoxides, tertiary diphosphine oxides could also be
prepared using the resolved phosphinates and organometallic reagents with inversion of
configuration at phosphorus. The phosphine oxides could then be reduced to furnish the desired

chiral diphosphines. The DIPAMP diphosphine ligand was prepared according to scheme 1.3.

1. MeCOH, pyridine 0 0 . .
b 2. Mel IFI> ¥ ’I:I, 1. o-AnMgBr O-An")P P‘..ph OMe
PhP v > w7 1>0OMen (S -An =
2 3. PCl I:)hOMen Ph 2.LDA, CuCl, Ph 0-An  0-An
4. (-)-menthol 3. HSiCl3, n-BuzN
(5)-25 (R)-25 (R,R)-26
(DIPAMP)

Scheme 1.3 Synthesis of DIPAMP.
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Despite the high level of flexibility and stereoselectivity associated with the above
protocol, an excess of the organometallic reagent under stringent conditions is usually needed
and the reaction has been shown to be sensitive to variation of substituents at the phosphorus,
oxygen and magnesium centres.®¢ Frequently, only one diastereomer is obtained pure and

unsuccessful attempts have also been reported.*°

In a similar vein, C-stereogenic phosphines can also be synthesized using materials
directly from the chiral pool, if the latter are available. Alternatively, resolution using the
abovementioned methods is another viable route. In 1971, Kagan reported the synthesis of an
enantiopure bidentate P-chiral diphosphine from naturally occurring (R,R)-tartaric acid.t 4
Tartaric acid was esterified before being reduced and attached a leaving tosylate group, which
was subsequently displaced by the nucleophilic diphenylphosphide anion in the last step to

furnish the DIOP ligand.

PhoR
COEt 1. LiAIH CH,OTs 3
9H ok TsOH, benzene Etozcﬁ/i 2. TsCI,Syridine TsOHZCY»‘\ NaPPh, Ph,P :

EO,c7 Y 4 T o —_— 5 - . o

H J( (0] (6} (0]

OH \$

MeO™ “OMe

(R,R)-tartaric acid 27 28 (R,R)-DIOP

Scheme 1.4 Synthesis of (R,R)-DIOP from naturally occurring (R,R)-tartaric acid.

Using starting materials form the chiral pool is common in the syntheses of other chiral
phosphines bearing axial and planar chiralities. Besides the resolution-based synthesis of
BINAP derivatives, Lipshutz utilized (S,S)-2,4-pentanediol as the enantiopure starting reagent

in a series of transformation to afford the axially chiral diphosphine 32.42
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Scheme 1.5 Synthesis of chiral BINAP derivative from (S,S)-2,4-pentanediol.

Another general synthetic method reported by Kagan made use of (S)-butane-1,2,4-triol
34 as a chiral ortho-directing group that guided the installation of lithium and the subsequent
phosphine moiety from chlorodiphenylphosphine. The directing group was then hydrolysed to

return the aldehyde group in the final planarly chiral ferrocene phosphine 36.43

o]
= H° = 1. /BuLi CHO
1. MeOH, TsOH 0] OMe - BuLl

Fe Fe

OH 2. PPh,CI Fe pph,
S . @ A
> o, & 3 H0 &>
34
33 35 36

Scheme 1.6 Utility of chiral ortho-directing (S)-triol 34 in the synthesis of ferrocenyl

phosphine 36.

Other than organic chiral auxiliaries, chiral metal templates can also serve as effective
auxiliaries in the generation of chiral phosphines. In the last decade, our group has reported
numerous chiral metal template-promoted asymmetric hydrophosphination with great

successes.* A few examples are illustrated below.
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Scheme 1.7 Selected electrophiles employed in chiral metal-mediated asymmetric

hydrophosphination by 7.

Hydrophosphination of an unsaturated moiety bound to a chiral metal template allows
the synthesis of enantioenriched diphosphines and P,N-products. The phosphine products could
be liberated from the metal template through treatments with concentrated hydrochloric acid
followed by aqueous potassium cyanide. It is interesting to note that in example B, the P,N-
product was formed from a sequential asymmetric hydrophosphination and asymmetric
hydroamination. Other chiral phosphines have also been prepared using similar methodologies;
while most were prepared via monohydrophosphination, some were prepared via

dihydrophosphination. (Scheme 1.7)

\

thpj_\\ R thpj/CHzc(o)R thpj/\ R @/\/COZMG | N
| Ph
N PPh
Ph,P 4 2 N

Ph,P PhyP PPh, O
2
R =P(O)Ph, R = Me, OMe R = CN, C(O)H, CH,OH
R = CH,CH,0H R = OEt
R=Ph
R = CH,CO,Me

R = CH,C(O)Me
R = CH,C(0)Ph

Figure 1.8 Chiral diphosphines and P,N-chelates obtained through chiral metal template

asymmetric hydrophosphination.

22



Chiral auxiliary-mediated syntheses, both organic and metal-based, of chiral
phosphines, while being able to afford variably substituted phosphines with high selectivities,
exhibit some significant drawbacks: 1) a stoichiometric amount of chiral auxiliary is needed
and sometimes, only one enantiomer of the auxiliary is available, 2) chiral auxiliaries are costly,
3) removal of the auxiliaries is tedious and energy-consuming, 4) chiral auxiliaries can be
highly substrate dependent and 5) undesirable by-products are produced from the reagents used
to introduce and eliminate the auxiliaries.*® In an attempt to address these unfavourable
disadvantages associated with chiral auxiliary-mediated syntheses, catalytic asymmetric

syntheses emerged as a new solution.

1.2.3 Catalytic Asymmetric Syntheses of Chiral Phosphines

Obtaining chiral phosphines through the post-functionalization of chiral alcohols or
chiral alkanes obtained from asymmetric hydrogenation and aryl triflates and aryl halides
through phosphine displacement represents a major method of accessing chiral phosphines and
many catalysts have since been developed in the fields of asymmetric hydrogenation and

asymmetric C-C coupling reactions.’: 46

Fryzuk reported the first self-breeding catalytic system involving acrylates.4” A
rhodium-catalyzed asymmetric hydrogenation of the acrylate yielded chiral compound 43 in
81% ee. The ester groups were then reduced by lithium aluminum hydride to afford a diol with
a small drop in ee of 1%. The diol was then transposed with tosylate and substituted by lithium

diphenylphosphide to furnish the final bidentate chiral diphosphines 45.
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CO,Et H, CO,Et LlAIH4 l 1. TsCl, pyrldlne
OH

oAc  [RM{(R)-PROPHOS)(NBD)]CIO, OAC 2. L|PPh2 P,

43 45

Scheme 1.8 Synthesis of chiral diphosphine 45 via asymmetric hydrogenation.

In another example, the coupling of Grignard reagents with aryl triflates in the presence
of a palladium catalyst 49 produced 47 with high enantioselectivity. Compound 47 was then
coupled to diphenylphosphine oxide by the use of palladium(ll) acetate with dppp as the
supporting ligand, followed by reduction of the oxide using trichlorosilane, to give the final

axially chiral phosphine 48.48

O 1.Pd(OAC),, dppp O 1 B, Me
TfO oTf 49 Ph O oTf HPPh,(0), Pr,NEt  Ph PPh, N

OO PhMgB, LiBr OO 2. HSICl,, NEt, OO i Ph,

46 47 48

Scheme 1.9 Synthesis of axially chiral phosphine catalyzed by chiral palladium complex 49.

The other major class of generating chiral phosphines involves a more elegant way of
directly cross coupling benzyl or alkyl halides with racemic secondary phosphines in the
presence of a metal complexes such as palladium, platinum and ruthenium bearing chiral
ligands. The enantioselectivity of these phosphination and hydrophosphination depends on
dynamic kinetic resolution. When a secondary phosphine coordinates to the metal centre
bearing a chiral ligand and undergoes a deprotonation due to its enhanced acidity,
diastereomeric phosphido-metal complexes are formed. The inversion barrier of these
phosphido-metal complexes is low and the diastereomers interconvert rapidly. The

diastereomers then react with electrophiles such as alkyl halides, alkenes and aryl iodides at
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different rates, giving rise to phosphine-metal complexes from which the free phosphine can
be liberated after dissociation from the metal centre. Kinetically, if the individual rates of P-C
bond formation between the phosphido ligand and electrophile are vastly different and
simultaneously, slower than the inversion rate, enantioenriched phosphines can be obtained.*

(Scheme 1.10)

H/P\\RZ
Rl
racemic
P.., ky P.
4 \ RZ , ’IR
LM R, . LM R,
(R) (8)
kg P-C bond formation ks
P.., P“’R
E/ \Rle E/ \RZ 1
(R) enantioenriched (S)

Scheme 1.10 Kinetic resolution as a method to access chiral phosphines.

Glueck reported the asymmetric alkylation of racemic secondary phosphines by means
of the chiral platinum complex 50.5° Substrate scope was broad and encompassed benzylic
bromides and different phosphines and high enantioselectivities were observed. Moving on,
Glueck also developed a similar methodology for the alkylation/arylation of primary
phosphines using another platinum catalyst to give numerous enantioenriched

phosphaacenaphtalenes.*%
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—=0-910,
R, = Me and R; = 2,4,6-Ph;CqH,, 2,4,6-Me;CgHs, ce =9-81%

2,4,6-("Pr)3CgH,, Ph
or R, =Phand R; = 4-MeOCg¢H,, Cy, ‘Bu

50

ey
. /\Br mol% catalyst Rl/\P/ 3 i P\
! : ! ' Pt(Ph)CI
NaOSiMe;, THF R, : Bl
Ry = Ph, 2-IC4H,, 2-CNCgH,, anthracy! Yields =77-93% | —O

Scheme 1.11 Asymmetric phosphination catalyzed by chiral platinum complex 50.

Hydrophosphination involves the direct addition of P-H across an unsaturated C-C
bond. In this class of reactions, silylphosphines,® phosphine-borane complexes and
phosphines can serve as useful substrates to react with both inactivated and activated alkenes,
dienes and alkynes. Depending on the electronic effects of the substrates, the addition of P-H
can give rise to both Markovnikov and anti-Markovnikov’s products.>? The stereoselectivity
of this reaction determines the conformation at the newly formed chiral centres. This method
of synthesizing phosphines has gained much attention as a milder alternative to classical
syntheses as the reaction occurs under generally mild conditions and is compatible with a large
variety of functional groups. In addition, the reaction is 100% atom economical and hence more
environmentally friendly than methods that involve chiral auxiliaries. Most importantly in
recent years, much progress has been made in metal complex-catalyzed hydrophosphination
and several metals have been shown to act as catalysts for the addition of secondary phosphines
to alkenes by activation of the C-electrophile.>® Due to the large number of examples in the
literature, only selected systems based on commonly available metals such as nickel,>
palladium,®® platinum®® %6 will be covered. In addition, this section will be heavily focused on

recent works by our group in the field of catalytic asymmetric hydrophosphination.
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Pt[(R,R)-Me-DuPhos)(trans-stilbene)] Ff

XxCOBu  + HPRPh P i FQ
X THE Ph” \/\COZIBU E @ ~
P

R = 2,3,6-Me;CqH,, Bu, Me St ! )3

Yields = 69-88% :
ee = 0-22% ' (R,R)-Me-DuPhos

Scheme 1.12 Enantioselective synthesis of chiral phosphine catalyzed by chiral diphosphine-

ligated platinum catalyst.

Glueck reported the synthesis of P-stereogenic phosphines from racemic secondary
phosphines and Michael acceptors such as acrylonitrile, acrylate esters and associated
derivatives in the presence of a platinum catalyst with (R,R)-Me-DuPhos as the chiral ligand.>’
The proposed mechanism includes the activation of the phosphine nucleophile through the
oxidative addition of the P-H bond across the electron rich platinum(0) centre, giving rise to
the active phosphido-platinum complex which the served as the phosphinating agent to furnish

51. The asymmetric hydrophosphination gave low enantioselectivities, however.

N [Ni(Pigiphos)(L)][CIO,], N | =
- I Fe
+ HPR, - —_!
acetone or methacrolynitrile R,P ! Ey -
-20C | Fe PPh,
5 . : PPh,
A =
R =Ph, Cy, Pr, Ad, ‘Bu, EtMe,C- . :
Yields = 10-97% i
ce=32-94% Pigiphos

Scheme 1.13 Asymmetric hydrophosphination of olefins activated by nitrile.

In addition to the platinum catalyst developed by Glueck, Togni also developed an
asymmetric hydrophosphination protocol involving a nickel complex bearing Pigiphos as the
chiral ligand. The method, however, was based on the activation of the electrophile by the
coordination of the nitrile to the Lewis acidic nickel centre. The enantioselectivities of this

reaction were generally moderate.>®
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Within our group, we have also developed a few palladium-based catalytic systems
which were efficient catalysts in asymmetric hydrophosphination in the generation of chiral
phosphines. Besides the conspicuous benefits such as a 100% atom economy, mild reaction
conditions and modest to excellent stereoselectivities, a wide range of functional groups was

also tolerated by this methodology.

: Ph Ph
1 P ®
EWG\%R v HPR, catalys EWG%R 5 OO ‘NCMe
R '
Rl Rl 2 :
i 53
E catalyst
HPPh
Base 2
AN NCMe
=\ P NCMe
C NCMe
Base.H*
v I

P PPh,H
\ N, .
[Pd] > *< o PA). o

R
R’
Base.H* /%\ [Pd]/ )\L
“PHPh, HPPh,

Base

Figure 1.9 Putative mechanism of hydrophosphination (R’ = Ph) catalyzed by 53.

Mechanistically, step I involves the displacement of the two bound labile acetonitrile
ligands in complex 53 by two equivalents of diphenylphosphine. In step I, ligand exchange
between the phosphine trans to the chelating aryl carbon and the incoming enone occurs and

subsequently, due to the intensified acidity of the bound phosphine, deprotonation by a weak
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base and the conjugate addition to the - carbon of the enone takes place intramolecularly in
step I1l. This step has been determined to be the rate-determining step and the chirality
induction step. Lastly, the coordinated P,O product dissociates from the palladium centre to
regenerate the catalytic active species (step 1V).%° From a mechanistic standpoint, it is
important to note that before the product elimination process, both the P,O product and the C,P
chiral auxiliary simultaneously chelate the palladium(ll) centre. While the electronically
unfavorable trans P-Pd-P orientation renders both P-Pd bonds kinetically labile, the
chemoselective liberation of the P,O product, rather than the alternative departure of C,P
auxiliary is itself an interesting observation that could be attributed to the anionic aryl carbon
within the C,P chelate being attracted more strongly to the palladium(ll) cation additionally
through charge stabilization as compared to the electrically neutral P,O product. Furthermore,
while the C,P auxiliary remains as a five-membered chelate ring throughout the reaction, the
addition reaction produces the six-membered P,O chelate product. The effect of ring size on
the stability of chelate rings has been previously established; while both five- and six-
membered metal chelates were stable, the five-membered rings were observably more stable
than their larger counterparts. To date, the expanded substrate scope (non-exhaustive) includes
bis(enones),®® and activated enones,’! B, y- unsaturated o - ketoesters,5? N-tosyl o, B -
unsaturated ketimines,®® N-enoyl phthalimides,® isoxazoles,®® quinoline malonates,®®

activated alkenes®’ and vinyl azoles.%®
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Figure 1.10 Functional groups tolerated in hydrophosphination by 53.

While catalyst 53 remains effective in the catalytic asymmetric hydrophosphination of

a large variety of substrates in most hydrophosphination reactions, severe poisoning was

nonetheless observed in some special situations in which stable five-membered P,N-chelate

products were generated from the addition reaction, or O,0O-chelates were formed with the

substrates prior to the catalytic reaction. Since oxygen is an efficient - donor, the

corresponding trans P-Pd-O and trans C-Pd-O bonds were stable to ligand redistribution

reactions. In such circumstances, catalyst poisoning could be inhibited by raising the steric bulk

of the substituents on the N- and O- termini.6%
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P.N-chelates 0,0-chelates

., Ph Ph Ph Ph

no poisoning:

Figure 1.11 Illustrations of steric influence in catalyst poisoning.

Alternatively, the reduction in the number of active sites in the coordination sphere of
the metal could also circumvent the issue of poisoning. As such, another class of four
palladacycle catalysts featuring only a vacant site trans to an aryl anionic carbon donor flanked
by two phosphine ligands, together with different supporting anionic ligands and backbones of
varied steric bulk, was developed from the catalytic asymmetric hydrophosphination of
bis(enone) and bis(malonate) by 53.%° The ligands produced were coordinated directly in situ
to give the desired novel catalysts 54a-d. This set of improved catalysts proved to be more
versatile than complex 53 in situations where the bidentate phosphine product is a strong

chelating agents, especially P,N-and O,O-chelates with unhindered substituents.

Ph. O Oy, -Ph Ph -0 Oy Ph MeO,C CO,Me MeO,C CO,Me
y . MeO,C Y CO,Me MeO,C CO,Me
Ph,P— Pd—PPh, Ph,P— Pd— PPh, PhyP—Pd—PPh, thP*Pd PPh,
& OAc cl Ohc
54a 54b 54¢ 54d

Figure 1.12 Tridentate pincer-type ligands with different structural backbones and supporting

anionic ligands.
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Notably, catalyst 54c showed impressive activity in the dihydrophosphination of

activated olefins in the presence of diisopropylamine in acetonitrile followed by sulfurization

to afford P-stereogenic diphosphine sulfides.®

1. Z R

54c, 'Pr,NH

HPhPHnPPhH

R=CNforn=3

2. Sg

R = CN, CO,Me, CO,Et, COMe,
CONH,, CONMe,, SO,Ph forn =2

Yields = 43-70%
ee = 62-99%

Scheme 1.14 Catalytic asymmetric dihydrophosphination catalyzed by 54c.

Catalyst 54d also avoided the issue of poisoning as diarylpyridine and derivatives were

subjected to dihydrophosphination in the absence of an external base to afford chiral

diphosphines bearing a central pyridine donor atom; the products constitute a special class of

versatile chiral P-N-P tridentate ligands.5%

r=

/\/@/\
AN
N s 1D
A 2 VS N ,’5; 0", ,
0 o} 0 0

1. HPPh, 54d
2. g

\Sf OMe
‘fn/@ NO, ' g/
(6]

Ar

N

=

; N Ar
PPh,(S)  PPhy(S)

Yields = 21-53%
ee = 3-99%

Scheme 1.15 Asymmetric hydrophosphination by 54d to furnish chiral P-N-P pincer ligands.
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1.3  Chiral N-Heterocyclic Carbenes (NHCs)

N-Heterocyclic carbenes (NHCs) are defined as singlet carbenes in which a divalent
central carbon atom is bonded to at least one nitrogen atom within a heterocycle. As there exists
a wide variety of NHCs, both achiral and chiral, in the literature, only chiral NHCs bearing two
adjacent nitrogen atoms, in addition to the absence of other heteroatoms in the cyclic backbone,

to the central carbon will be discussed in this thesis.

In as early as the 1960s, Wanzlick suggested the existence of NHCs and proposed a
practical way to generate them in situ.’® This pioneering work paved the way to their utility as
inert ligands in organometallic chemistry ever since. Even though NHCs are generally
considered to be highly elusive and reactive, Arduengo, in 1991, isolated and fully
characterized the first free NHC, 1,3-di(adamantly)imidazole-2-ylidene (IAd), from its

protonated precursor 55.7

Ne N NaH, DMSO N N
Ad- S N~ad Ad~ N N~Ad
5 ..

cl
55 IAd

Scheme 1.16 Deprotonation of 55 by a strong base, NaH, to give IAd.

Contrary to other carbenes which are generally electrophilic, NHCs are electron-rich
nucleophiles in which the carbon benefits from the o- withdrawing and m- donating character
of the nitrogen atoms.”? Electronically, NHCs have a high energy HOMO and a high energy
LUMO due to the combined electronic effects of the push-pull mechanism exerted by the
flanking nitrogen atoms in a bent geometry about the carbon. Due to the polarized lone pair

(HOMO) on carbon, NHCs form stronger bonds than classical phosphines, generating NHC-
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complexes which are more resistant to decomposition.”? In addition, in accordance with the
high LUMO, computational studies have also confirmed little to no m- accepting character in

NHCs and that the metal-NHC bonds have been reported to exhibit low rotational barriers.”

5, QO®
¥ — )
1b2 ‘\\ \\
9 [ i
070 lay : lay |
Lose
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b, o0
o framework overall MOs 1 MOs from N—N

Figure 1.13 MO diagram illustrating the HOMO and LUMO of NCN moiety in NHC.

Sterically, the substituents on the nitrogen atoms can be functionalized readily, giving
rise to NHCs with variable fan-like steric attributes. The steric influence imparted by NHCs is
spatially different from that imparted by phosphines as in the former, the substituents point
towards the metal into the coordination sphere, unlike in the latter where substituents point
away from the sphere. The difference in steric properties has since motivated the development
of NHCs with different steric properties for applications in fields such as catalysis,”* materials

and medicinal chemistry” and organocatalysis.”

\ \\\\(|\e//

____J
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Figure 1.14 Difference in steric influence exerted by NHC and phosphine ligands.

While NHCs are more stable than other classes of carbenes lacking the electronic and
steric stabilization provided by the nitrogen atoms, not all NHCs are stable enough for long
term storage as free NHCs are highly basic and nucleophilic and require stringent conditions
for storage. Thus, it has become pertinent for chemists to develop a range of synthetic
methodologies to access precursors of NHCs, which are usually air- and moisture-stable solids
easy to work with in a laboratory. Structurally, chiral NHC precursors can be seen as an
amalgamation of three different smaller subunits: a carbon backbone, an amino unit, and a pre-
carbenic unit with at least one of the former two moieties bearing the chirality component.
Assembly of these units sequentially furnishes the final chiral NHC precursors, and upon

deprotonation, yields the desired active chiral NHCs.

!

h
\ backbone
N
. ,

amino unit \ @
N~ N
R/ 7\27/\\ ~ R

" pre-carbenic unit

NHC precursor (with X as counterion)

Figure 1.15 Breakdown of the three major components of a NHC precursor.

1.3.1 Syntheses of Chiral NHC Precursors from Chiral Pool

Introduction of the C1 moiety in the final stage of cyclisation represents the most widely
utilized strategy to NHC precursors since the method generally gives high yields and tolerates

various substituents. Depending on the desired core of the NHC precursors, several reagents
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have been identified. In 1991, Saba reported the trialkyl orthoformate (HC(OR)3) as a versatile

pre-carbenic unit in the syntheses of NHC precursors.’’

Ph, Ph Bu, ,'Bu R R
R N N Ra 4 NN/ R
~ N\/N\\ e 7 \®< 2
R3 .o R3 _ .o R2 R2 o R2
Rl Rl 2
R R !
2 2 N\ R
o Rl Rl
0 o) —(
N NJ y I j RZYN N\\»\RZ
: N N—. N
R - N v ., .o
U R, F Y R Rs R,

Figure 1.16 Examples of chiral NHC ligands obtained from naturally occurring chiral amines.

As this step does not introduce chirality into the structure, trialkyl orthoformate is
usually used to simply cyclize a chiral N,N’-disubstituted tethered diamine backbone. Chiral
N,N’-disubstituted tethered diamines are frequently obtained from chiral diamine or chiral
amino acid cores and these diamines and amino acids can be coupled to achiral electrophilic
substrates such as a- halogenoacyl, glyoxal and bis-electrophilic cores to give the desired N,N -

disubstituted tethered diamines.

| x R 0 |
i * !
E HZN NH2 or H2N OH E
i diamine core amino acid core !
* F .
m chirality-bearing nitrogenous building blocks
A —
H H +
chiral N-N" ! X i
disubstituted diamine E jf X or ONO or Q E
a-halogenoacyl core glyoxal core bis-electrophilic core E
electrophilic building blocks

Figure 1.17 Retrosynthetic analysis of chiral N-N’ disubstituted diamine.
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Starting from the most reactive electrophilic building block, a- halogenoacyl cores have
been shown to react with chiral primary amines in the presence of a weak base to furnish amino-
amide compounds such as 56 which can then be reduced and ring-closed to give NHC

precursors such as 57a and b.”®

0 1. RNH,, K,CO4 0 1. LIAIH, /—\  BFRC
cl NHR’ _N _N<
CI)K/ 2. R’NH,, K,CO4 RHNJK/ 2. NH,BF,, R Ry
HC(OMe),
56 57
P N0
Mes~ N N o — N N—"70Bn
BF, B o
: BF,
57a 57b

Scheme 1.17 Synthesis of NHC precursors 57a and b from a- halogenoacyl cores and chiral

primary amines.

In the glyoxal method, Hoveyda transformed (S)-NOBIN into the chiral diamine core
58 by coupling it with an aldehyde in a reductive amination reaction and then converted 58 to

the final NHC precursor 59 using triethyl orthoformate.”®

Mes\N/vO Boc
| N 1. HCI /—\
HoN Boc Mes” N 2. HC(OEt)3 N _N C]

H Mes’®\/ Cl

HO
SeRNE gee gee

(S)-NOBIN 58 59

Scheme 1.18 Synthesis of axially chiral NHC precursor 59 from enantiopure (S)-NOBIN.

Alternatively, chiral N,N’-dialkylhydrazines 60 and 62 could also be used as ‘masked’

diamine cores which could be further transformed either by reduction or nucleophilic addition
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by a Grignard reagent to give chiral diamine cores, which could then be cyclized using triethyl

orthoformate to furnish the final chiral NHC precursors 61 and 63.8°

1. LiAIH, /—\N
2. HC(OEt),, NH,PF -N ~N e
N-N  N-N (OE)s, NH,PFg N PFs

60 61
h
_OMe MeO 1. PhMgCI Phe P
B 2. HC(OE)3, NH,PFg e
N N-
Sy A0 e
M OMe
62 0 &

Scheme 1.19 Synthesis of symmetrical chiral NHC precursors 62 and 63 from chiral N,N’-

dialkylhydrazines.

Aryl groups on pendant nitrogen atoms could be introduced via the Buchwald-Hartwig
coupling reaction using a chiral diamine core. (1R,2R)-1,2-diaminocyclohexane derived from
the chiral pool could be coupled to 2-bromotoluene in the presence of palladium(ll) acetate to
give the chiral diamine core 64, which was then cyclized using triethyl orthoformate to yield

the desired diaryl-functionalized NHC precursor 65.8!

Br Pd(OAc), HC(OEt)3 /
-BINAP NH,BF g
< I N N
H,N NH, NaO’Bu Hl}l I}IH B
Ar  Ar
(1R,2R)-1,2-diaminocyclohexane 64 65

Scheme 1.20 Buchwald-Hartwig coupling between chiral cyclic diamines with aryl bromides.
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In the event two different aryl groups were desired, sequential addition of aryl halides
in a Buchwald-Hartwig reaction could be accomplished to afford dissimilar diaryl-

functionalized NHC precursor 66.8

1. Pd(OAc), 1.BBry

Ph Ph Ph,  Ph
e ' 7~ — o
Ph Ph . O ome  "@-BINAP NaOBU HNHN O 2. HCl gVN O cl
HN :NHz I 2. MesBr (2 equiv.) Mes 3. HC(OEt),
3 Chrom o

(1R,2R)-diphenylethylenediamine 6

Scheme 1.21 Sequential C-N coupling with chiral diamines to give diaryl NHC precursor 66.

Besides a- halogenoacyl and glyoxal cores, bis-electrophilic cores could also be used
as coupling agents with chiral amines to furnish chiral diamines which could then be ring-

closed by trimethyl orthoformate to give chiral NHC precursors 67a to 67d.83

1. Pd(0), R{NH, Ry
©:Bf 2. Pd(0), R,NH, @ENHRI HX, HC(OMe), @EN> NS
/
Br NHR, N®
R,
67
Ph cy Ph yph
N® NGO OMe N®
S N®
©:\> X @[\> BPh,© @[\> S @[\>C|®
N N N ] N
Ph Ph Ph Ph
67a 67b 67¢ 67d

Scheme 1.22 Combinational alkyl/aryl and diaryl chiral NHC precursors from sequential

coupling with chiral diamines.

Lastly, using chiral amino acids as chiral starting materials, sulfamidate 69 was
obtained from the nucleophilic ring closure of 68, before being coupled to another secondary

amine HN(Boc)Mes with the expulsion of the sulfone group to give NHC precursor 70.84
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1. Arl, Cul, K,CO;4 1. SO,Cl,, pyridine /g/\
2. NaBH,, BH,.OEt, 2. NaiO,, RuCl3.3H,0 N0
L-valine QNH OH @[ s
2
i iPr

Pr

68 69
1. HN(Boc)Mes
2. TFA
3. (Et0)sCH, NH,BF,, HCO,H

70

Scheme 1.23 Synthesis of chiral NHC precursor 70 from enantiopure L-valine.

While the chiral pool of amines and amino acids allows in several cases the syntheses
of chiral NHC precursors, the reliance on the chiral pool for enantiopure starting materials has
posed significant limitations in the syntheses of other structurally different chiral NHC
precursors. As such, there exists a strong impetus to expand the methodologies associated with
the syntheses of structurally varied chiral NHC precursors and the corresponding NHC metal

complexes.

1.4 Research Objectives

In view of the ongoing efforts of our group in advancing the utility of catalytic
asymmetric hydrophosphination and the limitation associated with the syntheses of structurally
varied chiral NHC precursors and their corresponding metal complexes, an unprecedented
pursuit of introducing catalytic asymmetric hydrophosphination as a feasible tool in the
syntheses of chiral NHC precursors bearing multivariate ligand backbones and their metal
complexes will be disclosed. Challenges and solutions to the problems encountered with this
protocol will be described. Lastly, attempted catalytic and biological applications of the

complexes will also be presented.
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Chapter 2

Asymmetric Hydrophosphination of Achiral Vinyl Azoles

2.1  General Introduction to Phosphine-Azolium Salts

Since the introduction of N-heterocyclic carbenes (NHC) from Wanzlick®, Lappert?,
and Arduengo®, NHCs have adopted a ubiquitous position of significance in the fields of
homogeneous catalysis, organocatalysis and in medical applications.* In homogeneous
catalysis in particular, NHCs have proven to be a valuable asset in terms of the electronic and
steric tunability they offer. While NHCs have been commonly compared to traditional
phosphine ligands, important differences exist between these two ligand systems.
Electronically, NHCs are stronger o-donors but weaker m-acceptors than phosphines and are
thought to form stronger bonds with metals.> The strong bonds between NHCs and metals limit
ligand dissociation and subsequently complex decomposition during the catalytic cycle. This
is especially beneficial as phosphine ligands, especially electron-rich ones, once dissociated
form the metal centre, tend to get oxidized rapidly in the presence of oxidants.® Sterically, the
substituents on the nitrogen pendant arms in NHCs point towards the coordination sphere of
the metal while those on the phosphorus donor atom in phosphines point away from the
coordination sphere of the metal.” The stark differences between these two systems provide
novel and promising opportunities in the fine-tuning of the electronic and steric parameters
around a metal centre in a catalytically active complex. Following this idea, several groups
have developed synthetic protocols to produce ligand systems bearing both NHC and

phosphine moieties.?
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Scheme 2.1 Deprotonation of acidic NC(H)N to liberate free NHC.

N-tethered phosphino-azolium salts or phosphine-NHC precursors are also known as
the protonated analogues of phosphine-NHC (P-NHC or NHC-P) ligands and this class of salts
also happens to be the most widely represented amongst phosphine-containing azolium salts.
(Scheme 2.1) Structurally, phosphino-azolium salts contain a phosphine moiety attached to the
nitrogen atoms in NHCs via at least one carbon linker. These precursors can be deprotonated
by a suitable base to give a chelating P-NHC ligand. Due to the increasing interest in such

novel chelating ligands, several methodologies have been developed over the years.

2.1.1 Traditional Method of Synthesis via Nucleophilic Substitution

Structurally, the overall motif of a phosphino-azolium salt can be obtained from two
molecular fragments in a nucleophilic substitution reaction. In this synthetic method, both the
phosphine and azole fragments can bifunctionally serve as complementary nucleophile and

electrophile. (Scheme 2.2)
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Scheme 2.2 Nucleophilic displacement of halide followed by C-N coupling and reduction of

phosphine oxide to furnish phosphine-azolium salt 73.

Imidazoles can be deprotonated by a strong base to generate the highly nucleophilic
anionic imidazolide species which then attacks a phosphine or phosphine oxide species (a
subsequent reduction by silanes can be achieved in the latter) bearing a leaving group such as
a halide or a hydroxyl group.® To avoid harsh reaction conditions for the reduction step, a more
generic approach leading to a two- or three-carbon linker-tethered phosphine can be achieved
using the following method. Starting from benzimidazole, the nitrogen is first alkylated to give
an azole with a leaving group which is subsequently displaced by the lithium salt of a phosphine
derivative or a secondary phosphine in the presence of a base to give the final phosphino-

azolium salt.1° (Scheme 2.3)
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Scheme 2.3 Sequential nucleophilic displacement of halides in a dihalide to afford neutral
phosphine-azole 76 and phosphine-azolium salt 78. Counterion associated with the cation not

shown for clarity.

The introduction of chirality can be done using optically pure diamines!* which are

commercially available or a chiral phosphine electrophile. (Scheme 2.4)
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Scheme 2.4 Nucleophilic displacement of halide in a halo-phosphine bearing a chiral element

(78) and ring closure of a chiral diamine with trialkyl orthoformate (80). Counterion associated

with the cation not shown for clarity.

Pfaltz and Nanchen made use of a chiral epoxide as the electrophile in the synthesis of

a phosphinooxy-NHC salt.*? N-alkylation of imidazole with (S)-phenyloxirane followed by

quaternization using isopropyliodide and counterion exchange afforded a hydroxy-

imidazolium cation. The hydroxyl group was then swapped out with diphenylphosphine-

diethylamine in the presence of a base to yield the final phosphinooxy-azolium salt. (Scheme

2.5)
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Scheme 2.5 Pfaltz’s synthesis of phosphinooxy-azolium salt 82. Counterion associated with

the cation not shown for clarity.
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Chiral diamines obtained from the chiral pool can also be alkylated with phosphine or
phosphine oxide, followed by a reduction for the latter before the ring is closed to give the

desired chiral phosphino-azolium salt.*® (Scheme 2.6)
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R NH 1. halogeno derivative 1. reduction R
J: 2 2. phosphynyl reagent RJ: NH 2. HC(OEt),, NH,PFy J: N\>@
R™ "NH, R” NH, R N
83 84 85

Scheme 2.6 Versatility of chiral diamines as coupling agents to halogen derivatives and
phosphynyl agents. Ring closure in subsequent step was achieved using orthoformate ester to

give 85. Counterion associated with the cation not shown for clarity.

Other novel phosphino-azolium salts have also been synthesized by Hodgson and
Douthwaite. In those cases, the phosphoramidite was the donating moiety instead of the usual

phosphino group.* (Scheme 2.7)
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Scheme 2.7 Chiral cyclic diamines as useful tools in the synthesis of phosphine-azolium salt

88. Counterion associated with the cation not shown for clarity.

Phosphino-azolium salts bearing planar chirality instead of the abovementioned central
chirality have also been synthesized using chiral ferrocenyl derivatives.3 b 15 As this form of
chirality is not of interest to this project, examples of such planarly chiral salts will not be

discussed. Besides bidentate phosphino-azolium salts, analogous achiral and chiral tridentate
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bis(phosphine)-azolium salts can also be prepared using the abovementioned methods. 100 15-16

(Figure 2.1)
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Figure 2.1 Examples of chiral tridentate P-NHC(H)-P systems. Counterion associated with the

cation not shown for clarity.

In spite of the successes associated with these methods of accessing phosphino-azolium
salts, substitution reactions generally generate a considerable amount of side products and are
not atom-economical. In addition, the syntheses of chiral analogues require starting materials
from the chiral pool, and this drawback limits the potential to expand the structural diversity

of phosphino-azolium salts.

2.1.2 Proposed Novel Method of Synthesis via Catalytic Asymmetric

Hydrophosphination

Employing catalytic asymmetric hydrophosphination as a valuable methodology
described in Chapter 1, it was envisioned that hybrid chiral phosphino-azolium salts could be
synthesized from enone-bearing substrate containing an azole group. The general method

involves an initial asymmetric hydrophosphination of the enone moiety in the substrate
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followed by functionalization at the N-terminal to give the desired enantioenriched phosphino-

azolium salts. (Scheme 2.8)
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Scheme 2.8 Proposed synthetic method to access chiral phosphine azolium salt 97.

2.2 Results and Discussion

2.2.1 Substrate Design & Catalytic Asymmetric Hydrophosphination
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Scheme 2.9 Retrosynthetic analysis of substrate 95 and reference substrate 95a.

An enone-bearing substrate incorporating an azole group capable of being transformed
in further steps into an NHC functional group and a prochiral $-carbon was carefully designed.
Reference substrate 95a was synthesized by combining individual molecular fragments of an
azole with an alkyne ketone in a Michael addition reaction. The standard azole and alkyne
ketone used were imidazole and 1-phenylprop-2-yn-1-one (R:1 = R2 = H) respectively. The
alkyne ketone could in turn be obtained in a few steps from the commercially available

benzaldehyde. (Scheme 2.9)
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An initial hydrophosphination of 95a was attempted using potassium hydroxide in
methanol at room temperature. Upon the addition of pulverized potassium hydroxide, the
colorless solution turned intense red immediately, indicating the presence of a high
concentration of the diphenylphosphine anion, PPh2" (step 1). The highly nucleophilic PPhz
subsequently attacked the B-carbon in 95a to form the intermediatory phosphino-enolate anion
(step 2) before reforming the C=0O double bond by a proton transfer from water (step 3).
However, due to the high concentration of the nucleophilic PPhz", an additional undesirable
nucleophilic substitution and displacement of the imidazolide leaving group occurred to give
the unexpected diphosphine product 98 (step 4a). Alternatively, the phosphine azole 96 could
also undergo an E1cb mechanism in the presence of a strong base, OH", to give an intermediary
vinyl phosphine before a final hydrophosphination converted the former to the observed
diphosphine 98 (step 4b). Due to insufficient experimental data, both mechanisms were deemed
possible. Diphosphine 98 was insoluble in the protic methanolic solvent and precipitated out
as a highly air-sensitive white solid. Diphosphine 98 was identified via recrystallization from
tetrahydrofuran and methanol under a protective atmosphere of nitrogen at room temperature

over one week. (Scheme 2.10)
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Scheme 2.10 Proposed mechanisms of the formation of 96 and 98 from 95a.

Initially, to allow step 3 but prevent step 4 from occurring in the proposed mechanism,
aweaker base such as triethylamine was substituted for the strongly basic potassium hydroxide.
This step was taken in hope that the concentration of PPh2" would remain low and hopefully,
terminate the hydrophosphination reaction at step 3. However, even with the use of a less basic

catalyst, the sole product of the reaction was found to still be the diphosphine.

Figure 2.2 Molecular structure of achiral diphosphine 98 with thermal ellipsoids shown at 50%

probability.

To obtain the desired phosphine azole intermediate 96 in step 3, attention was then
turned to modifying the electrophilicity of the vinyl azole. The main idea was to shut down the
rapid and competing step 4 by preventing the formation of the diphenylphosphide anion.
Specifically, the nucleophilicity of the phosphine species was reduced while the electrophilicity
of the vinyl azole was enhanced; Brgnsted acid-mediated and several chiral Lewis-acidic

palladacycles-mediated phosphinations were investigated since their modes of electrophile
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activation were believed to be largely similar, that is, via the interaction between the hard

carbonyl oxygen in the vinyl azole with the acid. (Scheme 2.11)
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Scheme 2.11 Analogous modes of electrophile activation of 95a using Brgnsted and Lewis

acids.
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Table 2.1 Divergent pathways of (hydro)phosphination of 95a and protocol for post analysis

of product 96a.
S/N@ Catalyst Solvent T/°C t/h Product Yield®/% ee’/%
1 KOH MeOH 25 8 98 >99 0
2 NEts MeOH 25 8 98 >99 0
3 TsOH.H20 MeOH 25 8 96a¢ >99 0
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4 | (RR)-54c THF 25 8 96a’ 35 3

5 (R,R)-54d THF 25 8 96a’ 93 25
6° (R)-53 THF 25 8 964’ >99 78
7¢ (S)-99 THF 25 8 96a’ 75 459

[al Reactions were carried out with diphenylphosphine (0.0575 mmol), 95a (0.0575 mmol),
catalyst (0.0575 mmol for entries 1-3, and 5 mol% of catalyst for entries 4-7) in the stated
solvent (575 pL) at the respective temperature for 8 h. P131P{*H} NMR vyield. [l Determined
by chiral HPLC based on (S)-100a after a small sample of (S)-96a was oxidized by 30% w/w
aqueous hydrogen peroxide. [9Racemic 96a obtained. ] An external base, NEt3 (1 equiv.) was

required. [1Enantioenriched 96a obtained. 9 (R)-100a was the major enantiomer.

Firstly, the results confirmed the previous hypothesis that the highly nucleophilic PPh2
was indeed responsible for the expulsion of the leaving imidazolide group to give the
diphosphine product 98 as under highly acidic condition, only the phosphine azole was isolated
(entry 3). This shows that while the nucleophilicity of the attacking phosphine was diminished
greatly, the B-carbon remained sufficiently activated by the binding of the proton from the tosic
acid hydrate to the carbonyl moiety of the vinyl azole. With the chemoselectivity of the
hydrophosphination reaction controlled, attention was then shifted towards the utilization of
chiral Lewis-acidic palladacycles bearing chiral auxiliary ligands in place of tosic acid hydrate
to produce enantioenriched 96a (entries 4-7). Delightfully, all four chiral palladacycles
examined were not only able to catalyze the hydrophosphination of the vinyl azole, the
phosphine azoles 96a obtained were also enantioenriched, albeit to different extent. To quantify
the enantioselectivity of the hydrophosphination catalyzed by the four chiral palladacycles, a
small sample of the phosphine azole 96a from each trial was oxidized with 30% w/w aqueous

hydrogen peroxide to give air-stable phosphine oxide 100a. Phosphine oxide 100a was then
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purified using silica gel column chromatography to give a pure white solid which were then
analyzed spectroscopically for determination of enantiomeric excesses. From the results,
palladacycles containing two vacant sites yielded higher enantioselectivity (entries 6 and 7).
For tridentate palladacycles, the yield and enantioselectivity were higher when the anionic
ligand was acetate instead of chloride (entries 4 and 5). The catalyst which gave the poorest
performance was (R,R)-54c, which can be explained by the less labile Pd-Cl bond.
Consequentially, catalyst (R)-53 was deemed as the best catalyst for the asymmetric

hydrophosphination of vinyl azole 95a as it afforded the highest yield and enantioselectivity.

Figure 2.3 Molecular structure of (S)-100a with thermal ellipsoids shown at 50% probability.

Enantiomerically pure colourless crystals of 100a were grown via evaporation
crystallization from a saturated solution of product in a mixture of dichloromethane and hexane
at room temperature. The absolute stereochemistry of the chiral carbon centre in the phosphine
oxide was determined to be (S) via X-ray crystallography in the solid state. As oxidation did

not alter the stereochemistry at the chiral carbon in 100a, the absolute stereochemistry of the
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chiral carbon in 96a was determined to be also (S), identical to that of the chiral carbon in the

oxidized product 100a.

2.2.2 Optimization of Catalytic Asymmetric Hydrophosphination Conditions

=

95a

N

\Q/N

1. HPPh,, base, solvent

T,8h, (R)-53

2. Hy0, (aq)

O P(O)Ph,
SN
(5)-100a

Table 2.2 Asymmetric hydrophosphination and oxidation of vinyl azole 95a.

S/N? Base Base/equiv. | (R)-53/mol% | Solvent T/°C | Conv.b/% | ee/%
1 NEts 1 5} THF 25 >99 78
2 NEts 1 5 CH2Cl2 25 >99 80
3 NEts 1 5 Me2CO 25 >99 51
4 NEts 1 5 NCMe 25 >99 65
5 NEts 1 5 EtOH 25 >99 13
6 NEts 1 5 CHCls 25 >99 75
7 NEts 1 5} EtOAC 25 >99 59
8 'PraNH 1 5 CH:Cl2 25 >99 51
9 TMEDA 1 5 CH2CI2 25 >99 82

10 DBU 1 5 CH2CI2 25 >99 2
11 pyridine 1 5 CH2Cl: 25 >99 n.d.d
12 NaOAc 1 5 CH2Cl2 25 >99 73
13 Na2COs 1 5 CH:Cl2 25 >99 69
14 TMEDA 1 5) CH2Cl2 0 >99 92
15 TMEDA 1 5 CH2CI2 -40 >99 93
16 TMEDA 1 5 CH2Cl2 -78 >99 96
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17 TMEDA 1 10 CH2Cl2 -78 >99 96
18 TMEDA 1 2.5 CH2Cl2 -78 >99 96
19 TMEDA 1 1 CH2Cl2 -78 40 96
20 TMEDA 2 2.5 CH2Cl2 -78 >99 96
21 TMEDA 1 - CH2Cl2 -78 0 n.d.t

al Reactions were carried out using vinyl azole 95a (0.0575 mmol, 1 equiv.) with the stated
equivalence of diphenylphosphine, (R)-53 and respective base in the listed solvent (575 L) at
stated temperature for 8 h before being oxidized with one drop of 30% w/w aqueous hydrogen
peroxide at the stated temperature. P131P{*H} NMR Yyield. [l Determined by chiral HPLC. ]

Phosphine oxide 100a was not formed and side product could not be isolated. [ No reaction.

Reaction yields with (R)-53 were excellent in all the solvents screened with conversion
>99% as deduced from the 3'P{*H} NMR spectra of the crude mixtures. Enantioselectivities
were superior when moderately polar solvents were used (entries 1, 2 and 6) and slightly
inferior when highly polar solvents were used (entries 3,4 and 7). In addition, protic ethanol
resulted in the lowest enantioselectivity (entry 5). Next, a series of bases were screened, and it
was found that in general, the enantioselectivity was not greatly affected by the steric bulk of
base (entries 8 and 9). Inorganic bases such as sodium acetate and sodium carbonate suffered
from a marginally reduced enantioselectivity possibly due to their poor solubilities in
dichloromethane while the strongly basic 1,8-diazabicyclo(5.4.0)undec-7-ene (DBU) resulted
in an extremely low enantioselectivity with ee of just 2% (entries 10, 12 and 13). When the
reaction temperature was gradually reduced, a consistent increase in enantioselectivity was
observed alongside no adverse impact to the conversion and reaction rate (entries 14-16). For
catalyst loading, a heightened loading of 10 mol% did not further enhance enantioselectivity
while a lower loading below 2.5 mol% significantly diminished the reaction rate even though

the corresponding enantioselectivity was not compromised (entries 17-19) Base loading did
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not influence the conversion and the enantioselectivity significantly (entry 20). Lastly, it should
be noted that in the absence of (R)-53, the vinzyl azole failed to react with diphenylphosphine
at -78 °C (entry 21), hence the asymmetric hydrophosphination catalysed by (R)-53 produced
a true enantioselective effect in which no background reaction occurred to lower the

enantioselectivity of the asymmetric hydrophosphination reaction.

2.2.3 Expansion and Screening of Substrate Scope

Upon optimization of the reaction conditions for the asymmetric hydrophosphination
of the reference vinyl azole, a series of vinyl azoles bearing electronically and sterically varied

substituents on both the C- and N-termini were synthesized as shown below. (Scheme 2.12)

o 0]

0 Cpmgsr OH ‘BUOOH, CrO, HNu, THF 1.
A ) Ar)\\ o Ar X base (optional) AT Nu
r THF, 0°C AN DCM, 25°C A reflloux
95

Scheme 2.12 Detailed overall synthetic scheme of vinyl azole derivatives 95 from

benzaldehyde derivatives.

Commercially available benzaldehyde and its derivatives were reacted with acetylide
Grignard reagent in tetrahydrofuran in the cold before the reaction was raised to room
temperature and stirred overnight to furnish the propargylic alcohols. The alcohols were then
purified by vacuum distillation before being oxidized by tert-butyl hydroperoxide in the
presence of a catalytic amount of chromium(V1) oxide to yield the alkyne ketones. The alkyne
ketones were then purified using silica gel chromatography before being reacted with a suitable
azole in refluxing tetrahydrofuran overnight, in the presence of triethylamine as the catalyst for

weakly nucleophilic azoles, to give the final series of functionalized trans vinyl azoles 95. The
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vinyl azoles could be easily crystallized from boiling ethanol to give fluffy pale yellow to

colorless crystals of analytical purity.

0]

ArM Nu

95

1. HPPh,, CH,Cl,, TMEDA,

(R)-53 (2.5 mol%)

L

2. Hy0, (aq)

’

O P(O)Ph,

Ar

(5)-100

Nu

Table 2.4 Asymmetric hydrophosphination of vinyl azole derivatives 95 using the optimized

condition.

S/N? | substrate Ar Nu T/°C t/h Yield®/% | ee%/%
1 95a Ph gNj\ -78 8 92 96
o 95h Ph ;Nj\ 78 8 78 81
3 95¢ Ph Nij\ 78 8 0 nd

on
4 95d Ph Meo; 13 ) -78 8 76 90
Mo
5 95e Ph ijj\ N 40 8 89 91
bh
6 o5 Ph e 78 8 33 3
7 95¢g Ph };‘EN -78 8 0 n.d.f
gP 95h Ph TB -78 8 81 94
9 95i 4-MeCeHa E“ -20 14 87 69
109 95j 4-PrCeHs i&“ -20 14 77 69
119 95k 4-'BuCeHa %}“ -20 14 88 70
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129 951 4-FCeHa -20 14 88 65

T
z
P

13¢ 95m 4-ClCsH4 -20 14 96 69

e
z
P

149 95n 4-CO2MeCesH4 -20 14 79 2

o

v
z
P

z

158 950 4-OMeCeH4 -20 14 22 65

v
z
P

z

168 95p 4-PhCsHa -20 14 70 71

v
z
P

z

179 95q 2-Napthy| -20 14 88 71

2] Reactions were carried out with diphenylphosphine (0.0575 mmol), (R)-53 (2.5 mol%) and
base (0.0575 mmol) in CH2Cl2 (575 pL) and the listed vinyl azoles 95a to q (0.0575 mmol) at
stated temperature for the stated duration before being oxidized with 30% w/w aqueous
hydrogen peroxide at the stated temperature. [} 1150 pL of CH2Cl2 was used. [ Isolated yield
of phosphine oxide. [ Determined by chiral HPLC based on (S)-100a to g. [¢] Reaction was

halted after 96 h. [l Phosphine oxide product not formed. 91 2000 uL of CH2Cl. was used.

For the azolyl-functionalized (N-functionalized) substrates, the results show that for
electronically, electron-withdrawing substituents generally had an accelerated rate and better
enantioselectivity as compared to electron-donating substituents. This was expected as
electron-withdrawing groups lower the LUMO of the electrophile so the attacking phosphine
could interact more strongly with its HOMO. The highly electron-rich 95f was so weakly
electrophilic that it only managed to give a yield of 33% after 96 h. Notably, highly electron-
withdrawing substituents on the activated olefins such as the dicyano and triazolyl groups led
to no formation of product. The crude reaction mixtures containing the dicyano and triazolyl
substrates showed the lack of the characteristic diastereotopic proton peaks present in the

desired phosphine oxide products. This might be due to the cleavage of the C-N bond favored
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by the highly electronic-deficient leaving groups. The side products of these reactions were not
identified and isolated. Sterically, bulky substituent such as diphenyl on the activated olefin
gave roughly the same enantioselectivity (ee of 91%) as those olefins with a less bulky
substituent such as hydrogen (ee of 96%), signaling that the enantioselectivity and rate of the
asymmetric hydrophosphination of such activated olefins was more sensitive towards the

electronic structure than the steric bulk of the substrates.

For the aryl-functionalized (C-functionalized) substrates, the observed trend in
reactivity, enantioselectivity and yield paralleled that of the azolyl-functionalized analogues.
However, due to the significantly reduced solubilities of the azolyl-functionalized substrates at
extremely low temperatures, the reaction temperature and time had to be increased from -78 °C
to -20 °C and from 8 h to 14 h respectively and more solvent had to be used in the asymmetric
hydrophosphination reaction. Even though the enantioselectivities of the reaction diminished
slightly due to the higher reaction temperature, the ee values were still considerably good,
ranging from 65 to 71% across a broad spectrum of electron-rich and electron-deficient
substrates except 95n, whose extremely low ee might be attributed to a lack of stereochemical
differentiation in the chirality induction step and not a background reaction as confirmed in a
separate control reaction. These ee values were absolute as it was also determined in a separate

experiment that the asymmetric hydrophosphination of substrate 95a did not proceed at -20 °C.

2.2.4 N-alkylation of Phosphine Azoles

Next, N-alkylation of the enantioenriched phosphine azole, after removal of the solvent
and base under an inert atmosphere of nitrogen, was attempted using different alkylating agents.

(S)-96a was used as the reference standard in this section.
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@) PPh,

(S)-96a

Alkylating agent (R-X),

conditions

Y

O PPh, NC

@
IT!\\/N—R

(8)-97a

Table 2.5 N-alkylation of standard enantioenriched phosphine azole (S)-96a to give phosphine

azolium salt (S)-97a.

Additive

SIN R-X . Reaction conditions Results
(1 equiv.)

p | TAdamantyl oot | o5 eC, dark, CHaClo, 6 h nr.
iodide

2 | Trityl chloride | AgQOTf 25 °C, dark, CH2Cl2, 6 h Messy
Benzyl o

3 bromide AgOTf 25 °C, dark, CH2Cl2, 6 h n.r.

4 | Methyliodide | AgOTf 25 °C, dark, CH2Cl2, 6 h n.r.

5 | Methyl triflate

25 °C, CH2CI2, 5 h

New S3!P{'H} resonance
signals at -4 ppm and 27 ppm

6 | Methyl triflate

-40 °C, CH2Cl2, 5 h

New S3!P{'H} resonance
signal at -4 ppm

Generally, the alkylation process of the phosphine azole (S)-96a presented two

significant issues. Firstly, the need for selective alkylation at both nucleophilic N- and P-

termini was crucial and secondly, for alkylation at the N-terminal to occur, a strongly

electrophilic alkylating agent had to be used since the nitrogen in the azole moiety was weakly

nucleophilic by virtue of its lone pair of electrons in a low energy sp? hybrid orbital. In the

optimization step of the alkylation process, relatively bulky alkylating agents did not produce

the intended product even with the inclusion of a halide abstracting agent, silver(l) triflate.

(entries 1-3) Subsequently, attention was turned to more electrophilic alkylating agents such as

methyl iodide and methyl triflate. Methyl iodide was not useful as the alkylating agent, unlike
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methyl triflate which featured an excellent leaving group. Methylation using methy!l triflate at
room temperature led to a small amount of phosphonium salt being formed due to the extreme
reactivity of methyl triflate. The 3'P{*H} resonance signals at -4 ppm and 27 ppm observed in
the crude mixture from entry 5 corresponded to the methylated nitrogen in (S)-97a and
methylated phosphine species respectively. To increase the selectivity of the methylation step,
the reaction temperature was reduced to -40 °C, and fortunately, only the methylated nitrogen
species was obtained as the sole product. Spectroscopically, the *H spectrum of the crude
mixture exhibited a new resonance signal at 10.6 ppm after methylation, which corresponded
to the NC(H)N proton and another signal at 4.17 ppm, which corresponded to the methyl group
on the nitrogen pendant arm. The set of three protons corresponding to the pair of diastereotopic
protons and the proton adjacent to the phosphine functional group was also detected. The N-
methylated phosphine azole (S)-97a was a highly air-sensitive sticky solid that could not be
isolated in pure form but it could be used directly in situ for further transformations. (see

Chapter 3)
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Figure 2.6 3P{*H} NMR spectrum of (S)-97a.
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Figure 2.7 *H NMR spectrum of (S)-97a.
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2.3 Conclusion

In conclusion, the effects of base, acid and a Lewis-acidic palladacycle on the
chemoselectivity of the hydrophosphination of a series of activated vinyl azoles were discussed.
The mechanisms of the hydrophosphination and diphosphination were also illustrated. A
myriad of chiral palladacycles and substrates, both N- and C-functionalized, were synthesized
and the effects of steric bulk and electronics of the substrates on the rate and enantioselectivity
of the asymmetric hydrophosphination were mentioned. Challenges associated with the
alkylation at the N-terminal of the resulting phosphine azoles were also overcome using a
highly electrophilic methylating agent. The final highly enantioenriched phosphino-azolium
salt was synthesized with excellent yield even though it could not be purified and isolated.
Crude 3'P{'H} and 'H NMR spectral evidence to support the formation of the phosphino-

azolium salt were instead provided.
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Experimental Section

Unless otherwise stated, all reactions were carried out under a positive pressure of nitrogen
using standard Schlenk techniques. Solvents were purchased from their respective companies
(MeOH: Fulltime Reagent, DCM, EA: Fisher Chemicals, Toluene, n-hexane: Avantor, THF:
Schedelco, Acetone: VWR Chemicals) and used as supplied. Prior to use, all solvents intended
for air sensitive reactions were dried and distilled or degassed where necessary. A PSL-1820
Low Temp Pairstirrer was used for conducting low temperature reactions. Thin layer
chromatography (TLC) was done using Merck silica gel 60 F254 aluminium supported plates.
Flash column chromatography was performed using Merck silica gel 60. NMR spectra were
obtained using Bruker AV 300 (*H at 300 MHz, 3C{'H} at 75 MHz, 3'P{'H} at 121 MHz);
AV 400 (*H at 400 MHz, 3C{*H} at 100 MHz, 3P{'*H} at 162 MHz), AV 500 (*H at 500 MHz,
BBC{IH} at 125 MHz, 31P{'H} at 202 MHz) and BBFO (*H at 400 MHz, 3C{'H} at 100 MHz,
3Ip{H} at 161 MHz) spectrometers. Chemical shifts were reported in ppm and referenced to
an internal SiMes standard at 6 0 ppm, or to the residual proton signals of the respective
deuterated solvents for 'H and 3C{*H} NMR. Melting points were measured using an SRS
Optimelt Automated Point System SRS MPA100m machine. Chiral high-performance liquid
chromatography (HPLC) data were acquired using an Agilent Technologies 1200 Series HPLC
machine with Daicel CHIRALPAK I-series columns. Optical rotations were measured with a
JASCO P-1030 Polarimeter in the specified solvent and concentration in a 0.1 dm cell at 25.0°C

unless otherwise stated.
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General synthesis of substrates 95a to h

Adapted from literature and procedure was modified slightly.” A 50 mL round-bottomed flask
was charged with phenyl propargyl ketone (0.5 g, 3.84 mmol) and THF (30 mL). After which,
imidazole (0.314 g, 4.61 mmol, 1.2 equiv.) was added. The reaction was heated under reflux
overnight. Volatiles were removed under reduced pressure and the crude product was purified

using silica gel chromatography (4 DCM:1 EA) to give pure 95a.

A 50 mL round-bottomed flask was charged with phenyl propargyl ketone (0.5 g, 3.84 mmol)
and THF (30 mL). After which, 4,5-dichloroimidazole (0.631 g, 4.61 mmol, 1.2 equiv.) and
triethylamine (0.26 mL, 1.92 mmol, 0.5 equiv.) were added. The reaction was heated under
reflux overnight. Volatiles were removed under reduced pressure and the crude product was

purified using silica gel chromatography (4 DCM:1 EA) to give pure 95b.

=

PN
N7N N
NC cN

A 50 mL round-bottomed flask was charged with phenyl propargyl ketone (0.5 g, 3.84 mmol)

and THF (30 mL). After which, 4,5-dicyano-1H-imidazole (0.544 g, 4.61 mmol, 1.2 equiv.)

78



and triethylamine (0.26 mL, 1.92 mmol, 0.5 equiv.) were added. The reaction was heated under
reflux overnight. Volatiles were removed under reduced pressure and the crude product was

purified using silica gel chromatography (4 DCM:1 EA) to give pure 95c.

/N/\\

N
MeOZC)\<

CO,Me

A 50 mL round-bottomed flask was charged with phenyl propargyl ketone (0.5 g, 3.84 mmol)
and THF (30 mL). After which, dimethyl imidazole-4,5-dicarboxylate (0.849 g, 4.61 mmol,
1.2 equiv.) and triethylamine (0.26 mL, 1.92 mmol, 0.5 equiv.) were added. The reaction was
heated under reflux overnight. VVolatiles were removed under reduced pressure and the crude

product was purified using silica gel chromatography (4 DCM:1 EA) to give pure 95d.

A 50 mL round-bottomed flask was charged with phenyl propargyl ketone (0.5 g, 3.84 mmol)
and THF (30 mL). After which, 4,5-diphenyl-1H-imidazole (1.015 g, 4.61 mmol, 1.2 equiv.)
was added. The reaction was heated under reflux overnight. VVolatiles were removed under
reduced pressure and the crude product was purified using silica gel chromatography (4 DCM:1

EA) to give pure 95e.
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A 50 mL round-bottomed flask was charged with phenyl propargyl ketone (0.5 g, 3.84 mmol)
and THF (30 mL). After which, 4,5-dimethylimidazole (0.443 g, 4.61 mmol, 1.2 equiv.) was
added. The reaction was heated under reflux overnight. VVolatiles were removed under reduced
pressure and the crude product was purified using silica gel chromatography (4 DCM:1 EA) to

give pure 95f.

0
SN
NN
N~/

A 50 mL round-bottomed flask was charged with phenyl propargyl ketone (0.5 g, 3.84 mmol)
and THF (30 mL). After which, 1,24-triazole (0.381 g, 4.61 mmol, 1.2 equiv.) and
triethylamine (0.26 mL, 1.92 mmol, 0.5 equiv.) were added. The reaction was heated under
reflux overnight. Volatiles were removed under reduced pressure and the crude product was

purified using silica gel chromatography (4 DCM:1 EA) to give pure 95g.

A 50 mL round-bottomed flask was charged with phenyl propargyl ketone (0.5 g, 3.84 mmol)
and THF (30 mL). After which, benzimidazole (0.544 g, 4.61 mmol, 1.2 equiv.) and

triethylamine (0.26 mL, 1.92 mmol, 0.5 equiv.) were added. The reaction was heated under
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reflux overnight. VVolatiles were removed under reduced pressure and the crude product was

purified using silica gel chromatography (4 DCM:1 EA) to give pure 95h.

General synthesis of substrates 95i to g

A 50 mL round-bottomed flask was charged with the respective alkyne ketone (3.5 mmol) and
THF (30 mL). After which, benzimidazole (0.455 g, 3.85 mmol, 1.1 equiv.) and triethylamine
(0.24 mL, 1.75 mmol, 0.5 equiv.) were added. The reaction was heated under reflux for 4 h.
Volatiles were removed under reduced pressure and the crude product was purified using silica

gel chromatography (4 DCM:1 EA) to give pure substrates 95i to q.

Characterisation of substrates 95a to g

95a. Pale yellow solid. Yield: 0.457 g, 2.30 mmol, 60%. *H NMR (CD2Cl2, 500 MHz): § 7.17,
7.21 (m, 2H), 7.41 (s, 1H), 7.53 (t, 2H, Jun = 7.4 Hz), 7.63 (t, 1H, Jun 7.0 = Hz), 7.86 (s, 1H),
7.99 (d, 2H, Jun = 7.4 Hz), 8.04 (d, 1H, Jun = 14 Hz); 3C{*H} NMR (CDCl3, 75 MHz): § 110.,
116.3, 128.3, 128.8, 132.0, 133.4, 136.7, 137.6, 138.4, 188.9; HRMS (+ESI) m/z: (M + H)+

calcd for C12H11N20, 199.0871; found, 199.0871.
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95b. Off-white solid. Yield: 0.563 g, 2.11 mmol, 55%. 'H NMR (CD2Clz, 500 MHz): & 7.44
(d, 1H, Jnn = 14 Hz), 7.55 (t, 2H, Jnn = 7.3 Hz), 7.66 (t, 1H, Jun = 7.1 Hz), 7.92 - 7.96 (m, 2H),
8.01 (d, 2H, Jun = 7.4 Hz); BC{*H} NMR (CD2Cl, 125 MHz): § 113.1, 114.6, 128.7, 129.1,
129.3,133.6, 133.8, 134.0, 137.6, 188.4; HRMS (+ESI) m/z: (M + H)+ calcd for C12HsN20Cl,

267.0092; found, 267.0093.

95c. Yellow solid. Yield: 0.315 g, 1.27 mmol, 33%. 'H NMR (CD2Cl2, 500 MHz): & 7.58 (t,
2H, Jun=7.6 Hz), 7.69 - 7.76 (m, 2H), 7.96 - 8.02 (m, 3H), 8.14 (s, 1H); *C{*H} NMR (CDCls,
75 MHz): 6 107.8, 110.7, 116.9, 125.6, 128.6, 129.2, 132.5, 134.5, 136.3, 140.4, 140.7, 186.9;

HRMS (+ESI) m/z: (M + H)+ calcd for C1aHsN4O, 249.0776; found, 249.0775.

)

SN

MeOZC COZMG

95d. White solid. Yield: 0.761 g, 2.42 mmol, 63%. *H NMR (CD2Clz, 500 MHz): § 3.90 (s,
3H, CO2Me), 3.95 (s, 3H, CO2Me), 7.33 (d, 1H, Jun =14.4 Hz), 7.55 (t, 2H, Jun = 7.4 Hz),
7.64 (d, 1H, Jun = 6.8 Hz), 7.98 (d, 2H, Jun = 7.5 Hz), 8.10 (s, 1H), 8.29 (d, 1H, Jun = 14.5

Hz); BC{*H} NMR (CDClIs, 75 MHz): § 52.6, 53., 115.7, 125.2, 128.5, 128.9, 133.7, 135.5,
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136.7, 137.0, 137.9, 159.7, 162.0, 188.3; HRMS (+ESI) m/z: (M + H)+ calcd for C16H15N20s,

315.0981; found, 315.0981.

95e. White solid. Yield: 0.673 g, 1.92 mmol, 50%. *H NMR (CD2Cl., 500 MHz): & 7.10 (d,
1H, Jun = 14 Hz), 7.11-7.42 (m, 3H), 7.48 -7.61 (m, 10H), 7.70 (d, 1H, Jun = 14 Hz), 7.86 (d,
2H, Jun = 7.6 Hz), 8.17 (s, 1H); BC{*H} NMR (CD:Clz, 125 MHz): 5 110.8, 126.8, 127.1,
128.1,128.1,128.1, 128.7,129.3 129. 4, 129.5,131.2, 133.1, 133.6, 135.3, 135.7, 137.6, 139.9,

188.5; HRMS (+ESI) m/z: (M + H)+ calcd for CaaH1sN20, 351.1491; found, 351.1494.

95f. Yellow solid. Yield: 0.200 g, 0.883 mmol, 23%. 'H NMR (CD2Cl2, 500 MHz): § 2.15 (s,
3H), 2.28 (s, 3H), 7.22 (d, 1H, Jum = 14 Hz), 7.53 (t, 2H, Jun = 7.8 Hz), 7.62 (m, 1H), 7.90 (m,
2H), 7.97 (d, 2H, Jun = 7.5 Hz); BC{*H} NMR (CDCls, 75 MHz): § 8.9, 12.6, 109.1, 122.8 (5),
128.3,128.8, 133.2, 133.5, 135.9, 136.4, 137.8, 189.0; HRMS (+ESI) m/z: (M + H)+ calcd for

C14H15N20, 227.1184; found, 227.1177.
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95g. White solid. Yield: 0.275 g, 1.38 mmol, 36%. *H NMR (CD2Cl, 500 MHz): & 7.54 (t, 2H
Jun = 7.5 Hz), 7.63 (t, 1H, Jnn = 7.2 Hz), 7.75 (d, 1H, Jun = 13.5 Hz), 8.03-8.15 (m, 4H), 8.43
(s, 1H); BC{*H} NMR (CDCls, 75 MHz): 5 113.3, 128.6, 128.9, 133.6, 134.8, 137.3, 145.1,

153.6, 188.8; HRMS (+ESI) m/z: (M + H)+ calcd for C11H10NzO, 200.0824; found, 200.0824.

95h. White solid. Yield: 0.467 g, 1.96 mmol, 51%. *H NMR (CD:Clz, 500 MHz): § 7.40-7.47
(m, 3H), 7.56 (t, 2H, Jnn = 7.3 Hz), 7.64 (t, 1H, Jun = 6.8 Hz), 7.78 (d, 1H, Jnn = 8 Hz), 7.83
(d, 1H, Jun = 8 Hz), 8.05 (d, 2H, Jun = 7.4 Hz), 8.33 (d, 2H, Jum = 12 Hz); BC{*H} NMR
(CDCls, 75 MHz): § 109.0, 111.3, 121.3, 124.5, 125.1, 128.3, 128.9, 132.4, 133.3, 135.7, 137.8,
141.7, 144.7, 189.0; HRMS (+ESI) m/z: (M + H)+ calcd for CisH13N20, 249.1028; found,

249.1036.

95i. White solid. Yield: 0.376 g, 1.44 mmol, 41%. 'H NMR (CD:Cla, 400 MHz): 5 2.45 (s, 3H),
7.35-7.48 (m, 5H), 7.77 (d, 1H, Jun = 7.9 Hz), 7.82 (d, 1H, Jnn = 8 Hz), 7.95 (d, 2H, JuH = 8.2

Hz), 8.29-8.32 (m, 2H); *C{*H} NMR (CD:Clz, 100 MHz): §21.8, 109.5, 111.8, 121.3, 124.6,
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125.2,128.7, 129.9, 132.5, 132.9, 135.7, 142.3, 144.7, 145.1, 188.7; HRMS (+ESI) m/z: (M +

H)+ calcd for C17H15N20, 263.1184; found, 263.1185.

95j. White solid. Yield: 0.528 g, 1.82 mmol, 52%. 'H NMR (CD2Cl2, 400 MHz): 5 1.30 (d, 6H,
Jun = 6.8 Hz), 3.02 (sep, 1H, Jun = 6.9 Hz), 7.38-7.48 (m, 5H), 7.77 (d, 1H, Jun = 8 Hz), 7.82
(d, 1H, Jun = 7.8 Hz), 7.99 (d, 2H, Jun = 8.2 Hz), 8.30-8.33 (m, 2H); *C{*H} NMR (CD2Cl>,
100 MHz): 6 23.8, 34.7, 109.5, 111.8, 121.3, 124.6, 125.2, 127.3, 128.9, 132.9, 135.7, 136.0,
142.4, 145.1, 155.4, 188.7; HRMS (+ESI) m/z: (M + H)+ calcd for C19H19N20, 291.1497;

found, 291.1497.

95k. White solid. Yield: 0.479 g, 1.58 mmol, 45%. *H NMR (CD2Clz, 400 MHz): § 1.37 (s,
9H), 7.38-7.49 (m, 3H), 7.58 (d, 2H, Jun = 8.6 Hz), 7.77 (d, 1H, Jun = 7.9 Hz), 7.82 (d, 1H, Jun
=8.0 Hz), 7.99 (d, 2H, Jun = 8.6 Hz), 8.30-8.33 (m, 2H); 3C{*H} NMR (CD2Cl2, 100 MHz):
031.2,35.5,109.5,111.8,121.4, 124.6, 125.2, 126.2, 128.6, 132.9, 135.6, 135.6, 142.4, 145.2,

157.5, 188.7; HRMS (+ESI) m/z: (M + H)+ calcd for Ca0H21N20, 305.1654; found, 305.1647.
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95l. Pale yellow solid. Yield: 0.419 g, 1.58 mmol, 45%. *H NMR (CD2Clz, 400 MHz): 6 7.24
(t, 2H, Jnn = 8.7 Hz), 7.39-7.49 (m, 3H), 7.77 (d, 1H, Jun = 8.0 Hz), 7.83 (d, 1H, Jun = 7.7 Hz),
8.07-8.11 (m, 2H), 8.31-8.35 (m, 2H); 3C{*H} NMR (CD:Clz, 100 MHz): § 108.9, 111.8,
116.1, 116.4, 121.4, 124.7, 125.3, 131.3, 131.4, 134.7, 136.2, 142.3, 145.2, 187.6;, HRMS

(+ESI) m/z: (M + H)+ calcd for C16H12N20F, 267.0934; found, 267.0937.

jonas.

95m. Pale yellow solid. Yield: 0.366 g, 1.30 mmol, 37%. *H NMR (CD2Cl2, 400 MHz): § 7.39-
7.49 (m, 3H), 7.54 (d, 2H, Jun = 8.6 Hz), 7.76 (d, 1H, Jun = 8.1 Hz), 7.83 (d, 1H, Jun = 7.8 H2),
8.00 (d, 2H, Jun = 8.6 Hz), 8.32-8.35 (M, 2H); 3C{*H} NMR (CD2Clz, 100 MHz): 5 108.8,
111.8, 114.0, 121.4, 124.8, 125.3, 129.5, 130.1, 136.4, 136.7, 138.5, 139.8, 142.4, 187.7,

HRMS (+ESI) m/z: (M + H)+ calcd for C16H12N20cl, 283.0638; found, 283.0641.

/©)J\/\ N /\\N
MeO,C @

95n. White solid. Yield: 0.204 g, 0.67 mmol, 19%. *H NMR (CD2Clz, 400 MHz): § 3.95 (s,

3H), 7.40-7.50 (m, 3H), 7.77 (d, 1H, Ju+ = 8.1 Hz), 7.83 (d, 1H, Ju = 8.0 Hz), 8.09 (d, 2H, Jum
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= 7.5 Hz), 8.19 (d, 2H, Jun = 7.6 Hz), 8.33-8.37 (m, 2H): 3C{IH} NMR (CD2Cly, 100 MHz):
§52.8,109.1,111.8, 121.5, 124.8, 125.4, 128.6, 130.3, 132.8, 134.5, 136.6, 141.6, 142.4, 1452,

166.5, 188.8; HRMS (+ESI) m/z: (M + H)+ calcd for C1sH1sN203, 307.1083; found, 307.1080.

950. Yellow solid. Yield: 0.302 g, 1.09 mmol, 31%. *H NMR (CD2Clz2, 400 MHz): & 3.90 (s,
3H), 7.03 (d, 2H, Jun = 8.9 Hz), 7.38-7.48 (m, 3H), 7.77 (d, 1H, Jun = 8.1 Hz), 7.82 (d, 1H, Jun
= 7.8 Hz), 8.05 (d, 2H, Jun = 9.0 Hz), 8.28-8.32 (m, 2H); 3C{*H} NMR (CD2Cl2, 100 MHz):
056.0,109.4,111.8,114.4,121.3,124.5,125.2,130.9,131.1, 132.9, 135.3, 142.3, 145.1, 164.2,

187.4; HRMS (+ESI) m/z: (M + H)+ calcd for C17H1sN202, 279.1134; found, 279.1134.

95p. Yellow solid. Yield: 0.170 g, 0.53 mmol, 15%. *H NMR (CD2Cl2, 400 MHz): § 7.40-7.45
(m, 2H), 7.48-7.53 (m, 4H), 7.69-7.71 (m, 2H), 7.79-7.85 (m, 4H), 8.13-8.15 (m, 2H), 8.34-
8.38 (m, 2H); 3C{'H} NMR (CDzClz, 100 MHz): 5 109.4, 111.8, 121.4, 124.7, 125.3, 127.6,
127.8, 128.7, 129.3, 129.4, 132.9, 135.9, 136.9, 140.1, 142.4, 145.2, 146.2, 188.6; HRMS

(+ESI) m/z: (M + H)+ calcd for C22H17N20, 325.1341; found, 325.1330.
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950. White solid. Yield: 0.470 g, 1.58 mmol, 45%. ‘H NMR (DMSO-d6, 400 MHz):  7.41 (td,
1H, Jun = 1.0 Hz, 11.2 Hz), 7.46 (td, 1H, Jum = 1.0 Hz, 11.3 Hz), 7.66 (dq, 2H, Ju+ = 1.3 Hz,
13.3 Hz), 7.80 (d, 1H, Jun = 7.7 Hz), 8.03-8.10 (m, 3H), 8.16-8.20 (m, 3H), 8.52 (d, 1H, Jr =
14.0 Hz), 8.93 (s, 1H), 9.08 (s, 1H); 3C{*H} NMR (DMSO-d6, 100 MHz): § 109.3, 112.3,
120.2,124.0, 124.0, 124.6, 127.0, 127.8, 128.5, 128.8, 129.6, 130.3, 132.1, 132.3, 134.8, 135.1,
135.9, 143.6, 144.1, 188.5; HRMS (+ESI) m/z: (M + H)+ calcd for CaoH1sN20O, 299.1184;

found, 299.1183.

Svynthesis of enantioenriched N-methylated phosphine azole (S)-97a

o 1. HPPh,, CH,Cl,, TMEDA, O  PPhy o

- OTf
— — @
2. MeOTf, -40°C, CH,Cl,

Diphenylphosphine (10 pL, 0.0575 mmol, 1 equiv.), CH2Cl2 (1150 pL) and (R)-53 (0.0009 g,

2.5 mol%) were added to an oven-dried 10 mL storage tube and cooled to - 78 °C. Substrate
95a (0.0575 mmol, 1 equiv.) and tetramethylethylenediamine (8.6 pL, 1 equiv.) were added
sequentially into the mixture and the reaction mixture was stirred at - 78 °C for the stipulated
time. After which, the reaction mixture was filtered through a short plug of celite to give (S)-
96a. Solvent and base were fully removed by heating the mixture to 50 °C under strong vacuum
for 1 hr. CH2Cl2 (1150 pL) was then added and the reaction mixture was cooled back to -40 °C.
MeOTf (6.5 pL, 0.0590 mmol) was added and the mixture was left to stir for 5 hrs to give (S)-

97a which was not isolated due to difficulty in purifying the air sensitive sticky compound.
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General synthesis of enantioenriched phosphine oxides 100a to g

1. HPPh,, CH,Cl,, TMEDA,

O  PO)Ph
(R)-53 (2.5 mol%) - 2
Ar)J\/\Nu > ArJ\/\Nu
2. H,0, (aq)

Diphenylphosphine (10 pL, 0.0575 mmol, 1 equiv.), CH2Cl2 (1150 pL for 95b, e and h, 2000
uL for 95i to g and 575 L for the rest) and (R)-53 (0.0009 g, 2.5 mol%) were added to an
oven-dried 10 mL storage tube and cooled to the respective temperature (-78°C for 95a to h
and -20 °C for 95i to Q). The respective substrate (0.0575 mmol, 1 equiv.) and
tetramethylethylenediamine (8.6 pL, 1 equiv.) were added sequentially into the mixture. The
reaction mixture was then stirred at the respective temperature for the stipulated time. After
which, 30% w/w aqueous hydrogen peroxide (1 drop) was added to the mixture and after 5
minutes, the reaction was allowed to warm to room temperature. Volatiles were then removed
under reduced pressure and the crude mixture was purified by silica gel chromatography (90

EtOAc:10 MeOH) to afford the corresponding pure enantioenriched phosphine oxide.

Characterization of enantioenriched phosphine oxides 100a to g

100a. White solid. Yield: 0.0212 g, 0.0529 mmol, 92%. [a]o (21 °C) = -57.2°; 'H NMR
(CD2Clz, 500 MHz): § 3.42 (ddd, 1H, Jut= 18.3 Hz, 2.4 Hz, Jue = 7.2 Hz), 4.06 (ddd, 1H, Jun
= 18.3 Hz, 10.3 Hz, Jup = 4.1 Hz), 5.80 (ddd, 1H, Jun = 10.4 Hz, 2.5 Hz, Jur = 3.5 Hz), 6.85 (s,
1H), 7.26 (s, 1H), 7.42-7.48 (m, 4H), 7.53-7.66 (m, 8H), 7.88-7.90 (m, 2H), 7.96-8.00 (m, 2H);

2Cl, ). .9, 1, 128.7, 7, 128.7, 9(d,J=9.7Hz),
BC{*H} NMR (CD2Cl2, 125 MHz): 5 118.9, 128.1, 128.7, 128.7, 128.7, 128.9 (d 9 )
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129.0, 129.2, 129.3, 129.7 (d, J = 13.9 Hz), 130.6 (d, J = 9.2 Hz), 131.1 (d, J = 9.0 Hz), 132.5
(d,J=2.8Hz),132.8 (d,J=2.6 Hz), 133.9, 135.8, 137.8, 194.8 (d, J = 11.2 Hz); *'P{*H} NMR
(CH2Cl2, 121 MHz): 6 30.63; HRMS (+ESI) m/z: (M + H)+ calcd for C24H22N202P, 401.1419;

found, 401.1420.

O P(O)Ph,
Cl Cl

100b. White solid. Yield: 0.0211 g, 0.0449 mmol, 78%. [a]o (21 °C) = -169.2°; 'H NMR
(CD2Cl2, 300 MHz): § 3.50 (ddd, 1H, Jun = 18.5 Hz, 2.8 Hz, Jur = 6.7 Hz), 4.06 (ddd, 1H, Jun
= 18.4 Hz, 10.3 Hz, Jnp = 5.0 Hz), 5.75 (ddd, 1H, Ju+ = 10.2 Hz, 2.7 Hz, Jwe = 3.0 Hz), 7.41-
7.65 (m, 11H), 7.83-8.01 (m, 5H); *C{*H} NMR (CDCls, 100 MHz): & 38.6 (d, J = 4.9 Hz),
50.6, 51.3, 114.6 (d, J = 2.0 Hz), 125.9, 127.7 (d, J = 3.3 Hz), 128.3, 128.7 (d, J = 8.3 H2),
129.0, 129.0 (d, J = 12.2 Hz), 129.6 (d, J = 11.7 Hz), 130.8 (d, J = 9.6 Hz), 131.6 (d, J = 8.8
Hz), 133.3 (dd, J = 2.9 Hz, 23.1 Hz), 133.9, 134.3, 135.5, 194.1 (d, J = 10.5); 3'P{'H} NMR
(CH2CI2, 121 MHz): 6 31.88; HRMS (+ESI) m/z: (M + H)+ calcd for C2sH20N202PClz,

469.0639; found, 469.0639.

O  P(O)Ph;
: A
MeOL" o e

100d. White solid. Yield: 0.0226 g, 0.0437 mmol, 76%.[a]o (21 °C) = -131.8°; 'H NMR
(CD2Cl2, 300 MHz): § 3.46 (ddd, 1H, Jum = 18.5 Hz, 2.6 Hz, Jup = 5.9 Hz), 3.78 (s, 3H), 3.91
(s, 3H), 4.08 (ddd, 1H, Jum = 18.4 Hz, 11.0 Hz, Jwe = 5.0 Hz), 6.67 (ddd, 1H, Jun = 10.9 Hz,
2.6 Hz, Jne = 3.9 Hz), 7.36-7.76 (m, 13H), 8.00-8.06 (m, 2H), 8.15 (s, 1H); 3C{*H} NMR
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(CDCls, 100 MHz): & 39.3 (d, ] = 4.2 Hz), 50.4, 51.1, 52.3, 52.6, 52.9, 126.4, 127.7, 128.3,
128.4,128.8, 128.9, 129.5 (d, J = 11.8 Hz), 131.2 (dd, J = 26.4 Hz, 9.4 Hz), 133.0 (dd, J = 34.0
Hz, 2.6 Hz), 134.1, 135.6, 135.7, 138.4, 161.5, 162.4, 194.5 (d, J = 11.5 Hz); 3:P{'H} NMR
(CH2Clz, 121 MHz): § 32.53; HRMS (+ESI) m/z: (M + H)+ calcd for CasH26N206P, 517.1529;

found, 517.1528.

O P(O)Ph,

Ph bh

100e. White solid. Yield: 0.0283 g, 0.0512 mmol, 89%. [a]o (21 °C) = -83.6° 'H NMR
(CD2Clz, 300 MHz): § 3.50 (ddd, 1H, Jun = 18.1 Hz, 3.6 Hz, Jup = 8.1 Hz), 4.11 (ddd, 1H, Jum
=18.0 Hz, 9.4 Hz, Jup = 6.7 Hz), 5.46 (ddd, 1H, Jnn = 9.2 Hz, 3.5 Hz, Jup = 2.7 Hz), 7.10-7.85
(m, 25H), 8.23 (s, 1H); 3C{'*H} NMR (CDCls, 100 MHz): 5 39.2 (d, J = 5.0 Hz), 50.2, 50.9,
126.5,126.8, 127.3, 127.9, 128.0, 128.2 (d, J = 23.5 Hz), 128.8 (d, J = 17.8 Hz), 128.8, 128.9,
129.0, 129.3 (d, J = 11.6 Hz), 129.4, 129.5, 129.6, 129.7, 131.5, 131.6 (q, J = 8.8 Hz), 132.9
(d,J = 2.8 Hz), 133.1 (d, J = 2.5 Hz), 134.0, 134.4, 135.9, 136.0, 137.8, 194.8 (d, J =10.3 Hz);
3P{IH} NMR (CH:Clo, 121 MHz): § 31.44; HRMS (+ESI) m/z: (M + H)+ calcd for

CssH30N202P, 553.2045; found, 553.2045.

100f. White solid. Yield: 0.0081 g, 0.0190 mmol, 33%. [a]p (21 °C) =-3.1°; *H NMR (CD2Cl>,
300 MHz): 6 1.84 (s, 3H), 1.93 (s, 3H), 3.42 (ddd, 1H, Jun = 18.3 Hz, 2.5 Hz, Jup = 7.1 H2),

4.04 (ddd, 1H, Jun = 18.3 Hz, 10.3 Hz, Jup = 4.4 Hz), 5.45 (ddd, 1H, Jun = 10.2 Hz, 2.6 Hz,
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Jup = 3.6 Hz), 7.35-7.62 (m, 11H), 7.76-7.95 (m, 5H); 3C{*H} NMR (CDCls, 100 MHz): §
7.94,11.0, 39.4, 50.6, 51.3, 124.8, 127.2, 128.3, 128.9, 129.0, 129.5, 129.6, 130.7 (d, J = 9.6
Hz), 131.4 (d, J = 8.6 Hz), 133.1, 133.4, 134.3, 135.3, 137.2, 194.5 (d, J = 11.0 Hz); 3!P{*H}
NMR (CH:Clz, 121 MHz): § 34.18; HRMS (+ESI) m/z: (M + H)+ calcd for CasH26N202P,

429.1732; found, 429.1736.

O P(O)Ph;
N

©N
100h. White solid. Yield: 0.0210 g, 0.0466 mmol, 81%. [o]o (21 °C) = 7.6°; 'H NMR (CD:Cl,
300 MHz): § 3.61 (ddd, 1H, Jun = 18.5 Hz, 2.3 Hz, Jup = 7.5 Hz), 4.19 (ddd, 1H, Jum = 18.5
Hz, 9.7 Hz, Jup = 4.2 Hz), 6.09 (ddd, 1H, Ju = 9.5 Hz, 2.4 Hz, Jup = 4.0 Hz), 7.13-7.41 (m,
7H), 7.50-7.65 (m, 7H), 7.74-7.83 (m, 3H), 8.02 (t, 2H, Jun = 9.3 Hz), 8.28 (s, 1H); BC{H}
NMR (CDCls, 100 MHz): & 38.3, 50.3, 51.1, 110.8, 120.3, 122.4, 122.8, 123.3, 128.3, 128.7
(d, J = 11.9 Hz), 128.9, 129.5 (d, J = 11.6 Hz), 130.6 (d, J = 9.7 Hz), 131.4 (d, J = 8.9 H2),
132.7 (d, J = 2.6 Hz), 133.1 (d, J = 2.3 Hz), 133.8, 134.1, 135.6, 142.7, 143.1, 194.9 (d, J =

10.3 Hz); 3P{'H} NMR (CH:Cly, 121 MHz): § 31.32; HRMS (+ESI) m/z: (M + H)+ calcd for

Ca2sH24N202P, 451.1575; found, 451.1575.

O P(O)Ph,

100i. White solid. Yield: 0.0232 g, 0.0499 mmol, 87%. [a]p (21 °C) = -49°; *H NMR (CD2Clz,

300 MHz): § 2.34 (3H), 3.56 (ddd, 1H, Jun = 18.4 Hz, 2.6 Hz, Jue = 7.6 Hz), 4.16 (ddd, 1H,
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Jun = 18.3 Hz, 9.8 Hz, Jup = 4.2 Hz), 6.09 (ddd, 1H, Jun = 9.7 Hz, 2.8 Hz, Jne = 4.0 Hz), 7.12-
7.33 (M, 7H), 7.48-7.76 (m, 9H), 7.98-8.05 (m, 2H), 8.27 (s, 1H); 3C{*H} NMR (CD:Clz, 100
MHz): 5 21.8, 38.3,50.6, 51.4, 111.3, 120.2, 122.5, 123.3, 128.6, 128.9 (d, ] = 11.8 Hz), 129.2
(d, J = 10.3 Hz), 129.4 (d, J = 12.6 Hz), 129.7 (d, J = 11.4 Hz), 129.7, 130.9 (d, J = 9.5 Hz),
131.6 (d, J = 8.9 Hz), 132.8 (d, J = 2.4 Hz), 133.3 (d, J = 2.4 Hz), 133.5, 143.0, 143.3, 145.5,
194.7 (d, J = 10.7 Hz); 3'P{*H} NMR (CH:Clz, 121 MHz): § 31.03; HRMS (+ESI) m/z: (M +

H)+ calcd for C29H26N202P, 465.1732; found, 465.1732.

O  P(O)Ph,
. N

©N
100j. White solid. Yield: 0.0218 g, 0.0443 mmol, 77%. [o]o (21 °C) = -35°; 'H NMR (CD:Cl,
300 MHz): & 1.20 (d, 6H, Jnn = 6.9 Hz), 2.90 (sep, 1H, Jun = 6.9 Hz), 3.56 (ddd, 1H, Jnn =
18.4 Hz, 2.5 Hz, Jup = 7.6 Hz), 4.17 (ddd, 1H, Jun = 18.4 Hz, 9.8 Hz, Jup = 4.2 Hz), 6.09 (ddd,
1H, Jum = 9.7 Hz, 2.8 Hz, Jup = 3.9 Hz), 7.12-7.33 (m, 7H), 7.49-7.61 (m, 6H), 7.73-7.76 (m,
3H), 7.98-8.05 (m, 2H), 8.27 (s, 1H); BC{*H} NMR (CD:Clz, 100 MHz): § 23.7, 34.6, 38.3,
50.6, 111.3, 120.2, 122.4, 123.3, 127.2, 128.7, 128.9 (d, J = 11.9 Hz), 129.2 (d, J = 20.2 Hz),
129.7 (d, 3= 11.6 Hz), 130.2 (d, J = 15.2 Hz), 130.9 (d, J = 9.5 Hz), 131.6 (d, J = 8.8 Hz), 132.8
(d,J = 2.8 Hz), 133.3 (d, J = 2.6 Hz), 133.9, 134.2, 143.0, 143.4, 156.1, 194.7 (d, J = 10.8 Hz);

3IP{’H} NMR (CH2zCl2, 121 MHz): & 30.92; HRMS (+ESI) m/z: (M + H)+ calcd for

C31H30N202P, 493.2045; found, 493.2047.
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O  P(O)Ph,
. N

©N
100k. White solid. Yield: 0.0256 g, 0.0506 mmol, 88%. [a]o (21 °C) =-114°; 'H NMR (CD:Cl,
300 MHz): § 1.27 (s, 9H), 3.56 (ddd, 1H, Jun = 18.4 Hz, 2.5 Hz, Jup = 7.5 Hz), 4.18 (ddd, 1H,
Jun = 18.3 Hz, 9.8 Hz, Jup = 4.1 Hz), 6.10 (ddd, 1H, Jun = 9.7 Hz, 2.7 Hz, Jne = 4.0 Hz), 7.12-
7.34 (m, 5H), 7.39-7.42 (m, 2H), 7.49-7.61 (m, 6H), 7.74-7.77 (m, 3H), 7.98-8.05 (m, 2H),
8.27 (s, 1H); 3C{*H} NMR (CD:Cl, 100 MHz): § 31.1, 35.4, 38.4, 50.7, 51.4, 111.3, 120.2,
122.4,123.3, 126.1, 128.4, 128.9 (d, J = 12.2 Hz), 129.2, 129.7 (d, J = 11.6 Hz), 130.9 (d, J =
9.2 Hz), 131.6 (d, J = 9.0 Hz), 132.8, 133.3, 133.5, 134.2, 143.1, 143.4, 158.3, 194.8 (d, J =

10.6 Hz); 31P{*H} NMR (CHxCl2, 121 MHz): § 30.86; HRMS (+ESI) m/z: (M + H)+ calcd for

Cs2H32N202P, 507.2201; found, 507.2203.

O  P(O)Ph,

Songs,

1001. White solid. Yield: 0.0237 g, 0.0506 mmol, 88%. [a]o (21 °C) = -23°; *H NMR (CD:Cl,,
300 MHz): & 3.59 (ddd, 1H, Jum = 18.3 Hz, 2.5 Hz, Jup = 7.4 Hz), 4.14 (ddd, 1H, Ju+ = 18.4
Hz, 9.7 Hz, Jup = 4.3 Hz), 6.07 (ddd, 1H, Ju = 9.4 Hz, 3.0 Hz, Jup = 4.0 Hz), 7.04-7.09 (m,
2H), 7.12-7.34 (m, 5H), 7.49-7.61 (m, 6H), 7.73-7.76 (m, 1H), 7.83-7.87 (m, 2H), 7.98-8.04
(m, 2H), 8.27 (5, 1H); *C{*H} NMR (CD2Cl2, 100 MHz): & 38.5, 111.2, 116.1, 116.3, 120.3,
122.5,123.3,128.9 (d, J = 11.9 Hz), 129.0, 129.3 (d, J = 12.3 Hz), 129.7 (d, J = 11.6 Hz), 130.3,
130.9 (d, J = 9.4 Hz), 131.3 (d, J = 9.6 Hz), 131.7 (d, J = 8.9 Hz), 132.1 (d, J = 8.3 Hz), 132.6,

132.8 (d, J = 2.9 Hz), 133.3 (d, J = 3.2 Hz), 143.0, 143.5, 193.7 (d, J = 11.0 Hz); ¥P{'H} NMR
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(CH2Cl2, 121 MHz): & 30.70; HRMS (+ESI) m/z: (M + H)+ calcd for C2sH23N202PF,

469.1481; found, 469.1458.

O P(O)Ph,

Boags

100m. White solid. Yield: 0.0268 g, 0.0552 mmol, 96%. [a]o (21 °C) = -27°; 'H NMR (CD:Cls,
300 MHz): § 3.54-3.63 (m, 1H), 4.08-4.19 (m, 1H), 6.04-6.07 (m, 1H), 7.13-7.38 (m, 7H),
7.49-7.60 (M, 6H), 7.74-7.77 (m, 3H), 7.98-8.03 (m, 2H), 8.27 (s, 1H); 3C{*H} NMR (CD:Cl>,
100 MHz): 6 51.3,111.3,113.1, 120.3,120.3, 122.5,123.3, 128.7, 128.9 (d, ) = 12.1 Hz), 129.4,
129.6, 129.7 (d, J = 11.5 Hz), 130.0, 130.9 (d, J = 9.5 Hz), 131.5, 131.7 (d, J = 8.7 Hz), 132.0
(d, J = 4.5 Hz), 132.9 (d, J = 2.7 Hz);, 133.4 (d, J = 3.0 Hz), 134.4, 140.7,194.2 (d, J = 10.9
Hz); 3P{*H} NMR (CHzClz, 121 MHz): & 30.65; HRMS (+ESI) m/z: (M + H)+ calcd for

C2sH23N202PCl, 485.1186; found, 485.1162.

O P(O)Ph,

/@)J\/\ N /\\N
MeOZC @

100n. White solid. Yield: 0.0231 g, 0.0454 mmol, 79%. [a]p (21 °C) =-6.9°; *H NMR (CD2Clz,
400 MHz): § 3.65 (ddd, 1H, Jun = 19.0 Hz, 3.0 Hz, Jue = 7.0 Hz), 3.89 (s, 3H), 4.20 (ddd, 1H,
Jun = 19.0 Hz, 10.0 Hz, Jre = 5.0 Hz), 6.05-6.09 (m, 1H), 7.14-7.34 (m, 6H), 7.50-7.64 (m,
8H), 7.86 (d, 2H, Jur = 8.0 Hz), 8.02 (d, 2H, Jun = 8.0 Hz), 8.29 (s, 1H); *.C{*H} NMR (CD:Cl>,
100 MHz): 6 38.9,52.8, 111.2,120.3, 122.5, 123.0, 123.4, 128.5, 128.9 (d, J = 11.8 Hz), 129.3

(d, J = 12.6 Hz), 129.7 (d, J = 11.6 Hz), 130.1, 130.2 (d, J = 11.0 Hz), 130.9 (d, J = 9.4 Hz),
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131.6 (d, J = 10.0 Hz), 131.7 (d, J = 8.9 Hz), 132.8 (d, J = 2.7 Hz), 133.4 (d, J = 2.9 Hz), 135.1,
139.0, 143.0, 143.4, 166.2, 195.0 (d, J = 17.7 Hz),; 3®P{*H} NMR (CH:Clz, 121 MHz): § 30.68;

HRMS (+ESI) m/z: (M + H)+ calcd for CaoH2sN204P, 509.1630; found, 509.1629.

O P(O)Ph,

MeO @

1000. White solid. Yield: 0.0061 g, 0.0126 mmol, 22%. [a]o (21 °C) = -32°; *H NMR (CD:Cl.,
300 MH2): § 3.53 (ddd, 1H, Ju+ = 18.3 Hz, 2.6 Hz, Jwp = 7.7 Hz), 3.81 (s, 3H), 4.13 (ddd, 1H,
Jun = 18.3 Hz, 9.7 Hz, Jnp = 4.2 Hz), 6.09 (ddd, 1H, Jun = 9.7 Hz, 2.7 Hz, Jne = 4.0 Hz), 6.84-
6.87 (m, 2H), 7.12-7.33 (m, 5H), 7.48-7.61 (m, 6H), 7.73-7.81 (m, 3H), 7.97-8.04 (m, 2H),
8.27 (s, 1H); 3C{*H} NMR (CD:Cl, 100 MHz): § 55.9, 111.3, 114.2, 120.2, 122.4, 122.7 (d,
J=3.2Hz), 122.8 (d, J = 2.5 Hz), 123.2, 128.9 (d, J = 12.2 Hz), 129.1, 129.3, 129.5, 129.7 (d,
J=11.6 Hz), 130.3, 130.8, 130.8 (d, J = 9.5 Hz), 131.2, 131.5 (d, J = 7.3 Hz), 131.7 (d, J = 8.9
Hz), 132.7 (d, J = 3.3 Hz), 133.3 (d, J = 3.0 Hz), 164.6, 193.4 (d, J = 11.1 Hz); 3P{'H} NMR
(CH2Cl, 121 MHz):  30.79; HRMS (+ESI) m/z: (M + H)+ calcd for C20H2sN203P, 481.1681;

found, 481.1666.

100p. White solid. Yield: 0.0212 g, 0.0402 mmol, 70%. [a]o (21 °C) =-149°; *H NMR (CD2Clz,
300 MH2z): & 3.64 (ddd, 1H, Jun = 18.3 Hz, 2.6 Hz, Jup = 7.5 Hz), 4.21 (ddd, 1H, Jun = 18.4

Hz, 9.7 Hz, Jup = 4.3 Hz), 6.11 (ddd, 1H, Ju = 9.7 Hz, 2.7 Hz, Jne = 4.1 Hz), 7.13-7.32 (m,
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5H), 7.38-7.48 (m, 3H), 7.50-7.64 (m, 10H), 7.76-7.78 (m, 1H), 7.88-7.90 (m, 2H), 8.00-8.06
(m, 2H), 8.29 (s, 1H); BC{*H} NMR (CD:Cl, 100 MHz): & 38.5, 50.7, 51.4, 111.4, 120.2,
122.4,123.3,127.6 (d, J = 2.6 Hz), 128.8 (d, J = 2.2 Hz), 129.0, 129.1, 129.3, 129.7 (d, J =
11.5 Hz), 130.2, 130.4, 130.9 (d, J = 9.4 Hz), 131.7 (d, J = 9.0 Hz), 132.8 (d, J = 2.7 Hz), 133.3
(d,J=2.8Hz),134.2,134.7,139.8, 143.0, 143.5, 146.8, 194.8 (d, J = 10.8 Hz); 3'P{*H} NMR
(CH2Cl2, 121 MHz): 6 30.74; HRMS (+ESI) m/z: (M + H)+ calcd for C34H2sN202P, 527.1888;

found, 527.1889.

O  P(O)Ph,

100qg. White solid. Yield: 0.0253 g, 0.0506 mmol, 88%. [a]p (21 °C) =-102°; *H NMR (CD2Cl,
300 MHz): & 3.74 (ddd, 1H, Jun = 18.3 Hz, 2.6 Hz, Jup = 7.5 Hz), 4.35 (ddd, 1H, Jun = 18.3
Hz, 9.7 Hz, Jue = 4.2 Hz), 6.15 (ddd, 1H, Jun = 9.6 Hz, 2.7 Hz, Jue = 3.9 Hz), 7.13-7.34 (m,
5H), 7.52-7.60 (M, 8H), 7.79-7.84 (m, 4H), 7.91-7.94 (m, 1H), 8.02-8.08 (m, 2H), 8.32-8.40
(m, 2H); BC{*H} NMR (CDzClz, 100 MHz): § 38.5, 111.3, 120.2, 122.5, 123.3, 123.7, 127.4,
128.1,128.8, 128.9 (d, J = 5.1 Hz), 129.2 (d, J = 9.0 Hz), 129.4, 129.7 (d, J = 11.5 Hz), 130.0,
130.1, 130.3, 130.8 (d, J = 7.0 Hz), 130.9, 131.6 (d, J = 10.1 Hz), 131.7 (d, J = 8.8 Hz), 132.7,
132.8 (d, J = 2.8 Hz), 133.3 (d, J = 2.6 Hz), 134.3, 136.2, 143.1, 143.4, 195.1 (d, J = 10.8 Hz);
SIp{IH} NMR (CH2Clz, 121 MHz): § 30.90; HRMS (+ESI) m/z: (M + H)+ calcd for

C32H26N202P, 501.1732; found, 501.1721.
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Chapter 3

Syntheses of Phosphine-NHC Metal Complexes

3.1  General Introduction to Phosphine-NHC Metal Complexes

Generally, syntheses of organometallic complexes bearing phosphine-NHC moieties
are accomplished either via an intramolecular reaction between individual phosphine and NHC

fragments or through coordination of the ligand to the metal.

3.1.1 Syntheses of Phosphine-NHC Metal Complexes

3.1.1.1 Intramolecular Route

Leung reported the synthesis of a chelating phosphine-NHC palladium(Il) complex
through an internal Diels-Alder reaction between a bound phosphine and an incoming 1-
vinylimidazole. The NHC ligand formed in the product labilised the trans chiral auxiliary due

to its high trans effect and dissociated the auxiliary from the palladium centre.! (Scheme 3.1)

\ /
N
Nbd/u o NN o\ Cl N ﬂN
“p l, Cl
X 1,2-dichloroethane cl \p\
101 102

Scheme 3.1 Diels-Alder reaction between bound phosphine and 1-vinylimidazole followed by

NHC formation and palladium coordination.
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Hahn subsequently reported a base-mediated macrocyclization of a bound NHC and the
fluorophosphinoaryl ligand to furnish the final tridentate bis(phosphine)-NHC metal
complexes.? This method worked as the ligated imidazoline had two acidic hydrogens on the
pendant arms of the nitrogen which could be abstracted by a strong base with a leaving fluoride
group on a aryl group situated in close proximity to the NHC precursor. A variety of metals
including platinum? , rhenium?®, manganese* , ruthenium® and iron® supported by carbon
monoxide and cyclooctadiene ligands incorporating such structural motifs had also been

reported. (Scheme 3.2)

M = [Re(CO)s], X = Cl
M = [Mn(CO)s], X = Br

N_ N |
F —[—~_F — ' M=[CpRu], X =Cl
@[P;\ 2;@ L oRe PQQP | M=[CoFel, X = PF
, ) F ",I"M‘\\“l F c|® i
® :

103 104

Scheme 3.2 Deprotonation of acidic imidazoline followed by expulsion of fluoride leaving

group to give 104 and derivatives.

3.1.1.2 Direct Coordination of Ligand to Metal Route

Coordination of a phosphine-NHC or phosphine-NHC precursor ligand to the metal
represents a more commonly utilized class of method as compared to the intramolecular
method described in the previous section. In this approach and in the literature, phosphino-
azolium salts are commonly prepared using the synthetic protocols described in Chapter 2,
other than hydrophosphination. The phosphorus and NHC donors can then be transposed to a
metal of choice using the following four methods. In method (a), deprotonation of NHC
precursor before coordination of the bidentate phosphine-NHC ligand to a metal’ ; in (b),

coordination of phosphine donor prior to deprotonation and coordination of the azolium
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moiety?®

a NHC

; in (c), transmetallation of a silver(l)-NHC, formed by the acid base reaction between

precursor and a silver(l) base such as silver(l) oxide, silver(l) acetate or silver(l)

carbonate, to a metal of choice in situ® and in (d), oxidative addition by an electron-rich metal

to the C-H bond of the NHC precursor followed by coordination.® (Scheme 3.3)

Rpp  H ® base RP . [M] RoP—[M]
( A8k —> %N N-R — @ N r @
aN N deprotonation n coordination N N
(M]
H e R,P—[M]
RoP M] RoP base
( NLS{R > (\*N)%,E?/R — (%N)\N’R ®)
"N coordination "N deprotonation \__J
H A R,P—[M]
RoP R,P 9 2
® Ag(l) base 2 [M] (
\—/ deprotqnat{on- o transmetallation \__/
coordination
H RoP—[M24]
R,P 2
® [M] QX
( nN*N’R — > N~ ON-R (d)
\—/ oxidative addition —

Scheme 3.3 Four general methods of accessing phosphine-NHC metal complexes.

The methods are generally straightforward; however, several groups have reported

interesting findings which are worth discussing.

Ar ®
Ph,P [Ru(PPhy),(CO),] N\
Ar\N B\ @2 S i i > \§< H\> Bre Yield = 93% (Ar = Mes)
N = 0 = Di
|§\/N Br Phyp-R-PPh, 95% (Ar = Dipp)
OC co
105 106

Scheme 3.4 Formation of ‘abnormal’ carbene in 106.
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In using method (d), Lavign reported the synthesis of an ‘abnormal’ carbene-
ruthenium(Il) complex where the coordination of the ruthenium(Il) occurred through the
insertion into the C-H bond in the C4 position.!! Similar ‘abnormal’ carbene-iridium(I1I)
complexes have also been reported? and Li explained that this unique mode of coordination

depended on the size of the chelating ring.** (Scheme 3.4)

Beside the variation in the donocity of carbon in the azole moiety, the phosphine and
NHC moieties could also exhibit different modes of coordination depending on the steric bulk
of the NHC moiety. Hoffmann reported two related bis(phosphine-NHC) dicopper(l)
complexes with different coordination modes.'* As the steric bulk imposed by the mesylate
group was more influential than that of the tert-butyl group, a single copper(l) was found to
coordinate to only one NHC, instead of two, at a time. Since the substituent on the nitrogen in
NHC pointed towards the coordination sphere, this steric effect on coordination mode became,

expectedly, more pronounced when the steric bulk of the NHC increased. (Scheme 3.5)

N N
. (tBu)zP// T \é
(Bu)zP\\ /_,\ /% [CU(NCMe),][PF] Cu--Cu
N\_/N (‘Bu) P/ i
J— 2
Lk
107 =
108
- = 20
Mes’NyN\\
(BuP . [Cu(NCMe)J[PF] ch.. PrBu:
N/\N,Mes “Cu
\:/ (tBU)zp
\\N N,Mes
109 \=/
B 110 -

Scheme 3.5 Different modes of coordination depending on steric influence by the N-

substituents.
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According to Togni and Gischig'®, in the presence of strongly bridging soft donors such
as iodide, bimetallic copper(l) complexes where an unusual mode of bonding existed between

two copper(l) could be also produced. (Scheme 3.6)

=
F:e
=S

H ~—\ Fe
=\ 1. Cu(OAc), THF, 60 °C i
@J\gVN/\; > 2. BuyNI, THF, 60 °C NXN p==4
d €
Fe o PhP '
!

PPh,-Cu_ Cu——PPh
Pphz @ B 2

111 112

Scheme 3.6 Bimetallic copper(l) complex 112 exhibiting unique modes of bonding with iodide,

phosphine and NHC.

Besides copper(l), silver(l) also forms silver(l) NHC complexes with a myriad of
structures.*® A trinuclear silver(l) complex with an unsymmetrically bound chloride ligand was
obtained when a bis(phosphine)-NHC precursor was deprotonated in the presence of silver(l)

oxide.” (Scheme 3.7)

B [/ 72®
N _N Cl Ag,0 \ \(
N\~
® Ag—<AY Ag
PPh, Ph,P / Cl
i Ph,P— N B N /\/F’th_
113 114

Scheme 3.7 Multinuclear silver(l) complex 114.

Silver NHC compounds are useful transmetallating agents. When silver NHC was
transmetallated to rhodium(l) in the presence of an electrophilic solvent, dichloromethane,

oxidative addition into the solvent was observed to give a rhodium(lll) product; this
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unambiguously illustrated the electron-richness of the phosphine-NHC rhodium(l) chloride
intermediate.” Another study by Brill had also illustrated the electron-richness of iridium(l)
complexes bearing phosphine-NHC; the iridium(l) centre oxidatively added into the C-H bond
in the tert-butyl group on the nitrogen pendant arm to give a hydrido iridium(l11) species.

(Scheme 3.8)

[\
[\ N_ N
N\7N® [Rh(COD)CI],, CH,Cl, (
PPh, — Rh“—PPh
PPh, Ph,P 2 2
2 2 Cle CI/
[of
115

Scheme 3.8 Activation of electrophilic dichloromethane by electron-rich phosphine-NHC

rhodium(l) to give rhodium(l11) complex 115.

With the uncommon NH,N-tethered-phosphino-imidazolylidene, the coordination of
the ligand occurred via coordination at the C2 position.’® The condition required for this
specific C2 coordination was the presence of a benzimidazole moiety as the backbone or a

bulky group such as tert-butyl in the backbone of the imidazole.® *° (Figure 3.1)

Cl cl
*Cp.. PhaP. L
"Ru__K SoRE_R P e H
RZP\/\F Rzp\j/ RPN
N N /> <
N PR
116 17 118

Figure 3.1 Protic phosphine-NHC complexes of ruthenium(ll), rhodium(l) and iridium(l)

complexes.
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Lastly, besides bidentate phosphine-NHC metal complexes, pincer type
bis(phosphine)-NHC metal complexes had also been synthesized via the direct oxidative
addition of electron rich nickel(0), palladium(0) and platinum(0) into the C-H bond of the

imidazolium moiety.?° (Scheme 3.9)

_ —
B, DR Uty
®
p P [M] = Ni(COD), p—M=p ©
P ! ipr PR Pd(PPh3), et H 1 gy e
roPr Pt(PPhy), Pro
119 120

Scheme 3.9 Oxidative addition of electron-rich metals into C-H bond of NHC precursor to give

120 and derivatives.

3.1.2 Catalytic Applications of Phosphine-NHC Metal Complexes

The catalytic activity of phosphine-NHC complexes in coupling reactions has been
studied across a limited scope of metals such as nickel, palladium, rhodium and iridium. The
phosphine-NHC metal complexes usually contained inert ligand backbones such as alkyl, aryl
and ferrocenyl moieties with a strongly ligating NHC which allowed them to be used in a

variety of coupling reactions under harsh conditions.

3.1.2.1 Catalysis by Phosphine-NHC Nickel and Palladium Complexes

In Suzuki coupling reactions, well-defined phosphine-NHC palladium complexes
exhibited roughly the same activity and efficiency as palladium complexes generated in situ
from phosphine azolium precursors.?* While structural variation of the phosphine-NHC

ligands affected the yield of the reaction, the yields obtained from some of the better performing
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ligands were all well above 90%.%1-2? Suitable aryl halides included bromides and iodide while

chloride derivatives displayed lower activity.??® In addition, catalytic activity of the palladium

complexes in Suzuki coupling reactions could be accelerated using microwave radiation and a

high TON of up to 133 h'! could be attained.? (Scheme 3.10)

conditions

Br B(OH),
o

[PACI,(121)] 0.5 mol%, Cs,COs, 16h
[PdCI(allyl)],, 122 0.1 mol%, K5PO,, 12h
[PA(OAC),], 123 0.5 mol%, K,CO3, 2h

1,4-dioxane
80C

—\ o N_N
N. N Nx-N-Dipp \F @ Bu
N ®
Ph PPh, o ©\PPh2
—
121 122 123

>99%
93%
94%

Scheme 3.10 Suzuki coupling mediated by palladium(Il) complexes of ligands 121 to 123.

In 2010, Labande reported the asymmetric Suzuki—Miyaura reaction with a planar

chiral phosphine-NHC ligand. Binaphthyl derivatives were obtained in moderate to good yields

(30 to 95%) and low to moderate ee (10 to 42%).2* (Scheme 3.11)

5 [Pd(124)(allyl)][BF,] 0.5 mol% OO
r
toluene, K,CO4, 40C, 24h I I

+
B(OH),

(=
d SN
PPh,

Fe
-

124

Scheme 3.11 Enantioselective Suzuki coupling mediated by a palladium(l1) complex of ligand

124.
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Other than the commonly used palladium, Lee also reported a phosphine-NHC nickel
complex capable of coupling aryl chlorides with aryl boronic acids. Using 4-chloroanisole, a
comparison amongst nickel complexes containing different N-substituted pendant arms
revealed that bulkier substituents on imidazole weakened the Ni-P bond, favoured the
dissociation of the phosphine ligand and hence facilitated the facile reduction of Ni(Il) to Ni(0)

which then acted as the active catalyst in the coupling reaction.?® (Scheme 3.12)

) OMe
BOH), OMe  [Ni], KsPO.H,0, O
©/ toluene, 80°C, 2h
Cl
yields = 37-91%

Ph,P-Ni-PPh, R= OO
©
R/N/< J 2Cl

[N

- - F
125

OMe

Scheme 3.12 Suzuki coupling mediated by nickel(I1) complexes of ligands 125 and derivatives.

Besides C-C coupling reactions, phosphine-NHC palladium complexes have also been
used in C-N coupling reactions. Both aryl chlorides and bromides were reported to be active
substrates in this transformation and interestingly, the reaction gave a higher yield when the
bulk on the nitrogen pendant arm was reduced from the bulkier adamantyl to the sterically

unhindered methyl group.?® (Scheme 3.13)
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Pd(OAC)Z, O /—\

Br 127a or ! NN
[Oj 127b 2 mol% [Nj 5 Y e R
N >
: " PPh2

N
H

NaO’Bu, dioxane,
16h, 110C Fe ©
—=
126
127a: R=Me
Yields = 72% (127a), 127b: R = Ad

26% (127b)

Scheme 3.13 Buchwald-Hartwig coupling by palladium(Il) complexes of 127a and b.

3.1.2.2 Catalysis by Phosphine-NHC Rhodium and Iridium Complexes

On the other hand, phosphine-NHC rhodium complexes have found new applications
in the field of 1,2-addition, conjugate addition, hydrosilylation, hydroamination and

hydrogenation reactions.

Enantioselective addition of boronic acids to aldehydes have been reported using the
chiral phosphine oxide-imidazolium precursor in the presence of rhodium(I1) acetate dimer and

a base to give enantioenriched secondary alcohols with low to modest enantioselectivities.?’

(Scheme 3.14)
0 OH 5 L_PPh,(0)
N B(OH), 128 5 mol% | X Ph J o
* ! Br

. NaOMe, DME/H,0 4:1, 60C N : N

R ©
Yields = 56-90% ! N
ee = 21-38% ; ) +1Ph

| 128

Scheme 3.14 Asymmetric addition of boronic acids to aldehydes catalyzed by rhodium(l)

complex of phosphine oxide-NHC ligand.
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Nonetheless, some phosphine-NHC rhodium(l) complexes provided encouraging
yields and enantioselectivity in 1,4-conjugate addition of boronic acids to enones and a, f-

unsaturated esters.?® (Scheme 3.15)

0 [Rh(129)(cod)][BF ,] 3 mol% o L e Ph
B(OH), NMeEt, 2 equiv. : Pr T\
+ | N_ N
dioxane/H,0 1:1 i 7
65C, 2h ST
| Ph,P
Yield = 91% !
ee=94% 129

Scheme 3.15 Asymmetric conjugate addition of boronic acid to enone catalyzed by rhodium(l)

complex of 129.

Addition of N-H and Si-H moieties across unsaturated bonds catalyzed by rhodium and
iridium catalysts have also been reported by several groups. The advantages of such systems

include mild reaction conditions and excellent conversions.?® (Schemes 3.16 to 3.18)

_ [Rh(130)(CO),][BPh,] 1.5 mol% : PhaP
H,N = E% : ..
NP THF, 60°C, 14h N L SNTON
conv. > 97% i \=/
5 130

Scheme 3.16 Hydroamination and ring closure catalyzed by rhodium(l) complex of 130.

F@\Pth
i@e( . Mes
N~N

R

131

o [Rh(131)(cod)][BF] 2 mol% oH o

Ph,SiH,, THF, r.t., 14h
Ph)J\ ke Ph)\ ' Ph)J\

2. MeOH, HCI

98:2

Scheme 3.17 Transfer hydrogenation catalyzed by rhodium(l) complex of 131.
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[Ir(cod)CI], 0.25 mol% OH i Q O
0 132 0.5 mol% KOH 2.5 mol% ' b 0 O
)k . Ph}\ i / r>1> HN Pb
Ph PrOH, 80°C, 1h | ® QO
conv. 86% ipr o
ce=37% | o
' 132

Scheme 3.18 Asymmetric transfer hydrogenation catalyzed by iridium(l) complex of 132.

Lastly, rhodium and iridium complexes bearing phosphine-NHC ligands have also been
shown to exhibit high activity in the hydrogenation of C=C and C=N bonds. With dimethyl
itaconate, better activity and enantioselectivity were obtained with rhodium than with iridium
complex.®® (Scheme 3.19) On the other hand, electron-rich styrene gave clean conversion,
albeit low enantioselectivity, when hydrogenated with the chiral iridium complex.3% (Scheme

3.20)

conditions E . PPh, P Ph O
MeOzCJL — >  MeO.C ML | 0 | Y
CO,Me CO,Me | d N_N O

! : Ph,P
condition: [Rh(133)(cod)][BF,] 0.1 mol%, H, (30 bar) quant., ee = 98% ! <\—[\71 2
[1Ir(134)(cod)][BArg] 1 mol%, H, (50 bar) quant., ee = 89% ! R

133 134

Scheme 3.19 Asymmetric hydrogenation of olefin mediated by rhodium(l) and iridium(l)

complexes of 133 and 134.

N//\O/Pth
W
)\

Scheme 3.20 Asymmetric hydrogenation of olefin mediated by iridium(l) complex of 135.

[Ir(135)(cod)][BArg] 1 mol%
AN H, (50 bar), CH,Cl,, 25C

MeO
MeO

quant., ee = 10%
135
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With the versatile applications of phosphine-NHC ligated metal complexes in a myriad
of chemical transformations, the asymmetric hydrophosphination methodology developed in
Chapter 2 now provides a fresh and exciting perspective into the synthesis and utility of new

metal complexes incorporating novel structures.

3.2 Results and Discussion
3.2.1 Synthesis, Structure and Chemistry of Phosphine-NHC Palladium Complex

3.2.1.1 Initial Attempts and Discovery of Divergent Reaction Pathways

Using the enantioenriched N-methylated phosphine azole generated cleanly from the
methylation of the phosphine azole obtained from the hydrophosphination, attempts to
coordinate the phosphorus donor and deprotonate the azolium salt using a plethora of reaction
conditions were made. Most commonly, the azolium salt can be deprotonated using a strong
base such as n-butyllithium, sodium hydride, potassium bis(trimethylsilyl)amide and
occasionally potassium tert-butoxide in an inert aprotic solvent for substrates of a higher acidity
to generate the active free NHC ligand before a metal precursor is added to complete the
complexation. Alternatively, the silver NHC transmetallation method using silver(l) bases such
as silver(l) oxide, silver(l) acetate and silver(l) carbonate could potentially also be used to
transfer the silver(l)-bound NHC moiety onto a metal of choice. In the case of N-methylated
phosphine azoles, however, the abovementioned methods might not work as expected to
furnish the desired phosphine-NHC metal complex due to a few predictable challenges. Firstly,
in the event the active NHC ligand was formed, the highly basic nature of the NHC would
likely lead to a fast deprotonation of the a-hydrogen adjacent to the electron-withdrawing
ketone group and eventually a decomposition of the ligand backbone. Furthermore, the highly
nucleophilic active NHC ligand could also attack the electrophilic carbon in the ketone

functional group to give unwanted side products. Secondly, the presence of a highly acidic a-
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hydrogen precluded the use of strong bases which would otherwise lead to expulsion of the
excellent cationic azolium leaving group and in turn trigger a similar ligand backbone
decomposition. The choice of base was thought to be highly pertinent as the pKa of the chosen
base had to be compatible with that of the a-hydrogen and the azolium C-H. To address both
challenges, the N-methylated phosphine azole was first coordinated to a metal centre bearing a
labile ligand, before being deprotonated by a weak base to give the active NHC moiety. The
hypothesis is when the highly nucleophilic active NHC moiety is generated, assuming the
azolium C-H is more acidic than the a-hydrogen, it will coordinate to the Lewis-acidic metal
centre rapidly rather than attack other acidic or electrophilic centres within the ligand structure.
This hypothesis is supported by the close proximity of the newly formed NHC moiety to the
coordination sphere of the metal. It was thought that the NHC would be more likely to react
with the metal centre instead of with other farther reactive centres. The conditions for the final
coordination-deprotonation step were screened using palladium(ll) and platinum(ll) as the

metals of choice.

(0] PPh,
SN ® conditions
)§<N_ ©
Ph oh oTf via base-mediated

decomposition

electron-rich phosphine-azolium
(5)-97e

O  PPh,
: N/\\'\@ conditions
OTfe via base-mediated NC(H)N-
deprotonation-coordination
electron-poor phosphine-azolium not observed (5)-137h
(9)-97h

Table 3.1 Different fates of phosphine azolium salts 97e and 97h.
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SIN | Substrate Conditions? Product Yield®/%
1. PACI2(NCMe)2, CH2Cls, -40 °C, 2h
11 )97 |5 NEt 25°C, 12 h 136 50
1. PACI2(NCMe)2, CH2Clz, -40 °C, 2h
2 (S)-97h 2 NEts, 25 °C. 12 h (S)-137h 30
1. PdCI2(NCMe)2, DMF, -40 °C, 2h
3 | (997h 15 NaOAc, 25°C, 12 h (5)-137h 17
1. PACI2(NCMe)2, CH2Cls, -40 °C, 2h
C - -
4 (S)-97h 2. A0, 25°C, 12 h (S)-137h 50
1. Li2PdCls, MeOH/CH2Clz, -40 °C, 2h
d _ -
5 | 7N 15 Ag0.25°C, 121 (5)-137h 0
1. Li2PdCls, MeOH/CH2Clz, -40 °C, 2h
6 (8)-97h |, A0, 25°C, 12 h (S)-137h 49
1. Li2PdCls, MeOH/CH2Clz, -40 °C, 2h
7 (S)-97h 2. AqOAC, 25 °C, 12 h (S)-137h 0
1. Li2PdCls, MeOH/CH2Clz, -40 °C, 2h
8 | B9 1, NEts, 25 °C, 12 h (5)-137h 9

[l Reactions were carried out with the stated substrate (0.0575 mmol), 1 equiv. of [Pd]
precursor, 2 equiv. of halide source (if any) and 1 equiv. of base in the listed solvent(s) (total
volume 3 mL). PICrude 31P{*H} NMR vyield. [ 2 equiv. of NEt:Cl was added. [110.5 equiv. of

Ag20 was used.
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Scheme 3.21 Proposed base-mediated decomposition pathway of (S)-97e.

Two specific N-methylated phosphine azoles were selected for the study on the effects
of acidity on the feasibilities of the base-mediated decomposition pathway and the base-
mediated NC(H)N-deprotonation-coordination pathway, one bearing an electron-donating
diphenyl substituent (diphenylimidazole) and one bearing an electron-withdrawing benzene-
fused substituent (benzimidazole). From the initial result obtained using substrate (S)-97e with
diphenylimidazole as the substituent in the N-methylated phosphine azole, it can be seen that
when the acidity of the a-hydrogen was higher than that of the diphenylimidazolium C-H,
decomposition of the ligand backbone, as correctly predicted by the preceding hypothesis,
would occur. (entry 1) In the proposed mechanism of the decomposition pathway, the added
base would first abstract the more acidic a-hydrogen, leading to an intermediatory enolate
which then collapsed spontaneously with the cleavage of the C-N bond, expulsion of a cationic
leaving group and the formation of a C=P double bond to give two distinct molecular fragments.
Unfortunately, a loss in chirality also occurred. The disintegrated conjugated phosphine ligand
and methyldiphenyllimidazole then coordinated to the palladium(ll) centre to afford the final
decomposition product 136 as the sole product. The two molecular fragments coordinated in a
cis fashion, featuring a P-Pd and a N-Pd bond in a non-chelating manner. The
methyldiphenylimidazole phosphine palladium(Il) complex could be recrystallized from a
saturated solution of dichloromethane and hexane at room temperature to give air and moisture

stable dark orange crystals.
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Figure 3.2 Molecular structure of achiral methyldiphenylimidazole phosphine Pd(l1) chloride

complex 136 with thermal ellipsoids shown at 50% probability.

Structurally, the methyldiphenylimidazole phosphine Pd(I) complex featured a
palladium(ll) centre in a pseudo square planar geometry, with a N(1)-Pd(1)-P(1) of 94.53(7)°,
slighter wider than that of an ideal square planar. The P(1)-Pd(1) bond length was 2.2382(8) A
and the Pd(1)-CI(1) and Pd(1)-CI(2) bond lengths were 2.3646(8) and 2.2880(7) A respectively.
The P-CI bond trans to the phosphine was significantly longer than the P-Cl bond cis to the
phosphine; this disparity in bond length was attributed to the higher trans influence of the
phosphine as compared to the imidazole moiety. Lastly, the phenyl ring on C4 of the
methyldiphenylimidazole seemed to interact with one of the phenyl rings on the phosphine in

a - T stacking manner.

On the other hand, in the benzimidazole-substituted phosphine azolium salt (S)-97h,
the extensive delocalization of  electrons within the two conjugated planar rings in the latter
lowers the HOMO of the system and this lower-energy HOMO helps to substantially stabilize

the resulting conjugate base of the benzimidazolium moiety. It was thought that an increase in
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acidity of the azolium moiety would lower the feasibility or shut down completely the base-

mediated decomposition pathway and favor the NC(H)N-deprotonation-coordination pathway.

With the newly amended benzimidazolium backbone in (S)-97h, the formation of the
desired chelating phosphine-NHC palladium(ll) complex (S)-137h was attempted and was
eventually proved fruitful after an extensive series of palladium(ll) precursors, bases, both
organic and inorganic, and solvents was examined. From the results, with the new
benzimidazole-substituted substrate (S)-97h, the yields obtained ranged from modest to
excellent except for entries 5 and 7. Solvents were selected based on the solubility of the
employed base and it was assumed that the solvents played no significant role in affecting the
yield of the final product. Generally, the palladium(ll) precursor bearing two highly labile
acetonitrile ligands gave comparatively lower yields (entries 2-4) than those obtained from the
tetrachloropalladate(ll) precursor (entries 6 and 8). In addition, different bases ranging from
triethylamine in dichloromethane to sodium acetate in dimethylformamide and silver(l) oxide
in dichloromethane were plausible although their yields greatly differed. These differing yields
could be explained by the relative basicity of the base used; the stronger the base, the more
efficient the deprotonation step and hence the higher the product yield. Lastly, as the reaction
solvent for the deprotonation-coordination was protic, it was speculated that the deprotonation
and coordination probably occurred in a concerted step without involvement from the methanol
molecules although no further experiments were done to ascertain this. Spectroscopically, upon
coordination of the phosphine moiety to the tetrachloropalladate(ll) anion, a positive
coordination shift of 40 ppm was observed for the phosphorus nucleus, indicating a donation
of a significant amount of electron density from the phosphorus lone pair to the palladium
vacant orbitals. When the five-membered chelate ring formed after the addition of the base, a

further 13 ppm-increase in the chemical shift of the phosphorus nucleus was observed. The
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chemical shift of the phosphorus centre in the chelating phosphine-NHC palladium(11) complex

(S)-137h was 60.50 ppm.

3.2.1.2 Solid State Structure of Chelating Phosphine-NHC Palladium Complex (S)-137h

Figure 3.3 Molecular structure of chiral chelating P-NHC Pd(1l) chloride complex (S)-137h
with thermal ellipsoids shown at 50% probability (CCDC Ref.: 2035450). Hydrogen atoms

except H(C9) are omitted for clarity.

The chiral phosphine-NHC palladium(Il) dichloride complex (S)-137h was obtained
via slow evaporative crystallization of a saturated solution from dichloromethane and hexane
at room temperature to give yellow crystals. Interesting, the corresponding racemic phosphine-
NHC palladium(ll) dichloride complex could not be obtained using the dichloromethane-
hexane solvent system; instead, it was crystallized from a tetrahydrofuran-hexane solvent
system. The difference between the energetics of crystal packing of the enantioenriched
molecules and the racemic molecules in the solid state might have been the cause for this
solvent dependency in the crystallization process. The complex exhibited high solubility in

chlorinated solvents such as dichloromethane and chloroform and in tetrahydrofuran and
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acetonitrile. It was found to be insoluble in hexane, toluene, methanol, ethanol, water and
diethyl ether amongst the common solvents. The absolute stereochemistry at the chiral carbon
centre was found to be (S) and identical to the same chiral carbon centre in the enantioenriched
phosphine azole precursor. This was expected as coordination of the phosphine donor atom to
the metal centre should not racemize or invert the chirality at the non-reactive chiral carbon

centre.

Structurally, the phosphine and NHC moiety coordinated in a cis fashion due to the
five-membered chelate ring. The bite angle of this bidentate ligand was 82.0(6)° and the
geometry about the palladium centre was approximately square planar. The bond lengths of
Pd(1)-CI(1) and Pd(1)-CI(2) were 2.368(4) and 2.335(6) A respectively. Noticeably, the Pd-Cl
bond trans to the phosphine was longer than that trans to the NHC. As NHCs are generally
more electron- donating than phosphines, the slightly longer Pd-Cl bond trans to the phosphine
could be attributed to steric repulsion between the methyl group on C(2) and CI(1). The Pd(1)-
C(1) and Pd(1)-P(1) bonds in the five-membered chelating complex were also slightly shorter

as compared to those found in other chelating complexes.??

Between complexes (S)-137h and 136, it could be seen that the Pd-P bond in (S)-137h
was 2.206(4) A, shorter than the Pd-P bond (2.2382(8) A) in 136. This difference in bond
lengths could be attributed to the higher electron-donating propensity, and hence a stronger o-
donating effect, of the alkyl phosphine in (S)-137h than the alkenyl phosphine in 136. In
addition, the Pd-Cl bonds trans to the phosphine in both complexes had roughly the same
length even though the Pd-Cl bond in (S)-137h was trans to a weaker T-acceptor as compared
to the Pd-CI bond in 136, which was trans to a much stronger m-acceptor by virtue of the
conjugated enone moiety. This suggests that the m-accepting properties of the phosphine

ligands in both complexes had little effect on the trans Pd-Cl bonds. Lastly, the Pd-Cl bonds
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cis to the phosphine had vastly different lengths- 2.335(6) A in (S)-137h versus 2.2880(7) A in
136. This observation was again due to the higher trans influence of the NHC donor than the

imidazole ligand.

3.2.1.3 Chemistry of Chelating Phosphine-NHC Palladium Complex (S)-137h

To probe the reactivity of the Pd-ClI bonds in complex (S)-137h, one equivalent of
triphenylphosphine was added to an equimolar of the complex in tetrahydrofuran at room
temperature but no ligand substitution occurred. The Pd-Cl bonds in the complex proved to be
more inert than one would otherwise expect from the high trans influence exerted by both the
phosphine and carbon donor atoms; this low lability of the Pd-CI bond was attributed to the
low trans effect of the NHC ligand due to its negligible m- accepting property. In support of
this explanation, studies from our group have previously shown that in the presence of ligands
with a high trans effect, such as aryl and quinoline moieties which are strong - acceptors,

substitution of the trans chloride ligand takes place readily.3! (Scheme 3.22)

— - m — = n
CO,Me CO,Me
MeOZC P\th PPhs, CH,Cl, MEOZC Rphz
-PdClI A PdPPh,
Y cl Y c Lol
= =
Y: C, m=-1(138a) Y: C,n=0(139a)
N, m =0 (138b) N, n = +1 (139b)

Scheme 3.22 Ligand exchange reaction of complexes 138a and b with - accepting aryl or

quinoline donor.

To probe the reactivity of the stability of the Pd-P bond in (S)-137h, the phosphine

ligand showed no sign of sulfurization via ligand dissociation even after the complex was
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heated (in a sealed tube) with twenty equivalents of sulfur in dichloromethane at 65 °C for three
days. In addition, no sign of oxidation was observed when the complexed was reacted with
aqueous hydrogen peroxide in tetrahydrofuran at room temperature overnight. Lastly, the
addition of one equivalent of iodobenzene dichloride in dichloromethane at room temperature
over 24 h in the dark did not lead to the oxidation of the palladium centre to the +4 state. In

short, the phosphine and metal centres were generally stable to oxidants.

3.2.2 Syntheses, Structures and Chemistry of Phosphine-NHC Platinum Complexes

3.2.2.1 Syntheses and Derivatization of Phosphine-NHC Platinum Complexes

Attempts to  synthesize  phosphine-NHC  platinum  complexes  from
bis(acetonitrile)platinum(ll) chloride were made using the optimized complexation and

deprotonation conditions obtained from the palladium analogue.

%Nw%‘ N\//N‘ 0O Ph,p—PtCl,
o FPh 1. MeOTf : @ PN
N 2. PtCIy(NCMe), [0} ﬁ’th + o) ﬁ;phz NEt; N N
l: gN - Cl=pPt=Cl Cl-Pt—Cl @
|

G PPh, O  PPh,
@)MN/\\SL QMN/\\N@~ L4th
v &
140a 140b

Scheme 3.23 Formation of diastereomeric dimers 140a and b.

Interestingly, the coordination between the phosphine azolium cation derived from 95h
and bis(acetonitrile)platinum(I1) chloride gave rise to a new pair of resonance singlets at 26.39
and 25.81 ppm with equal intensities in the P NMR spectrum. As this phenomenon was not
observed when the metal precursor was changed to bis(acetonitrile)palladium(ll) chloride, it

was hypothesized that a facile coordination of two phosphine ligands to a platinum centre might
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have occurred due to the highly diffuse 5d orbitals and larger atomic radius of platinum. Upon

addition of triethylamine, the chelating phosphine-NHC platinum complex 141h formed and a

concomitant downfield shift of 13 ppm in the 3P NMR spectrum was observed. It should be

noted that potassium tetrachloroplatinate could also be employed as the source of platinum; the

yields were comparable in both cases. Lastly, the complex was purified on silica gel

chromatography to give an air- and moisture-stable off-white solid which could then be

recrystallised from a saturated solution of dichloromethane and hexane to give enantiopure

crystals.
O Ph,p—PICl; O Ph,p—PtXn
©)K/k - conditions ©)v -
141h X, = (OAC), (142h)
Cl, (143h)

Table 3.2 Derivatisation of complex 141h via ligand exchange and oxidation.

SIN Conditions? Xn Yield®/% | &3P¢ | JppdHz Pf]l())/?rigal

ref ¢ 141h cl, i 4022 | 3735 Cgé‘;‘ézfs
(oo x| o | s | son | Ol
2 Eﬂf&izflzéqo‘g%fﬁrk ( 1%4h) 599 | 3682 | 2095 | Yellow plates

[a Reactions were carried out with the starting material (0.0575 mmol) and the stated amount

of silver (1) salt or iodobenzene dichloride in the stated solvent (5 mL) in the dark at 25 °C for

123




the sated duration. [°1 Crude 3'P{*H} NMR yield. [ CD.Cl> as solvent. 9 Starting material was

included as reference for ease of comparison.

Phosphine-NHC platinum(ll) chloride 141h underwent ligand exchanges in the
presence of a silver(l) salt which acted as a chloride abstractor and oxidation with iodobenzene
dichloride to give a series of novel phosphine-NHC platinum complexes with a different
supporting anionic ligand and in a higher oxidation state. These reactions readily occurred in
the absence of light and the products could be isolated by filtration (entries 1 and 2) and

recrystallization to give colourless and yellow crystals.

When the chloride ligand was exchanged for acetate ligands, the chemical shift of the
phosphine moved upfield by roughly 10 and the *Jp-ptincreased from 3735 Hz to 4041 Hz.. The
less diffuse 2p orbitals of oxygen enabled a larger extent of - donation to platinum and
significantly increased the electron density on the platinum centre and as a result, the m-
backdonation from the now electron-rich platinum to the vacant orbitals of the trans phosphine
ligand was enhanced. This synergetic trans P-Pt-O orbital arrangement ultimately led to a

larger 1Jp-pt coupling constant and a smaller chemical shift of the phosphine in 142h.

Upon oxidation to Pt(IV), the chemical shift of the phosphine was reduced by 3 ppm
while the 1Jp-pt decreased drastically to 2095 Hz. The reduced coupling was due to the lower
extent of - backdonation from the less electron rich Pt(IV). In the solid state, the phosphine-

platinum bond was also shown to be longer in 143h than in 141h.
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3.2.2.2 Solid State Structures of Chelating Phosphine-NHC Platinum Complexes

Figure 3.4 Molecular structure of chiral chelating P-NHC Pt(I1) chloride complex (S)-141h
with thermal ellipsoids shown at 50% probability (CCDC Ref.: 2090612). Hydrogen atoms

except H(C9) are omitted for clarity.

The platinum centre was bonded to a chelating phosphine-NHC moiety and two
chloride anions in a slightly distorted square planar geometry. The bite angle of the P(1)-Pt(1)-
C(1) chelate was 83.0(5)°, expected of a smaller five-membered constrained ring and the bond
lengths of P(1)-Pt(1) and C(1)-Pt(1) were 2.199(4) A and 1.954(16) A respectively,
considerably shorter and thus stronger than those found in similar reported compounds.?® 32
Interestingly, the Pt-ClI trans to the phosphine was significantly longer, at 2.371(4) A, than the
Pt-Cl trans to the NHC, at 2.349(6) A. Since NHCs are known to exert a stronger trans
influence than phosphines, this unexpected difference in bond length could be attributed to the
steric repulsion induced by the methyl group on the NHC pendant arm since this group pointed
directly into the coordination sphere, a unique steric feature of NHCs that has also been

observed in the previous palladium analogue (S)-137h.%3
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Figure 3.5 Molecular structure of chiral chelating P-NHC Pt(ll) acetate complex rac-142h
with thermal ellipsoids shown at 50% probability (CCDC Ref.: 2090610). Hydrogen atoms are

omitted for clarity.

Figure 3.6 Molecular structure of chiral chelating P-NHC Pt(1V) chloride complex rac-143h
with thermal ellipsoids shown at 50% probability (CCDC Ref.: 2095299). Hydrogen atoms are

omitted for clarity.
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Table 3.3 Structural parameters of platinum complexes 141h, 142h and 143h.

Parameter? 141h 142h 143h
Pt(1)-P(1) 2.199 2.2088 2.300
Pt(1)-C(1) 1.954 1.970 2.009
Pt(1)-CI(2) 2.371 - 2.376
Pt(1)-CI(1) (141h)
PH(1)-CI(4) (143h) 2.349 - 2.366
Pt(1)-O(2) (142h) 2.071
Pt(1)-O(1) (142h) ) 2.067 i
Pt(1)-CI(1) (143h) 2.328
Pt(1)-CI(3) (143h) i i 2.342
P(1)-Pt(1)-C(1) 83.0 82.1 81.0

A Bond lengths and angles are given in units of A and in degrees respectively. See Appendix

for the omitted standard deviations of parameters in this table.

Table 3.3 shows that generally the identity of the trans ligand to the phosphine did not
affect the Pt-P bond length when the oxidation of platinum remained constant. However,
oxidation of the platinum centre to the +4 oxidation state significantly lengthened the Pt-P bond
length due to reduced backdonation from the Pt(IV) centre. The same trend was also observed
for the Pt-C bond for all three complexes. In terms of the trans influence of phosphine against
NHC, the ligand trans to the former consistently had a longer metal-ligand bond length than
that trans to the latter; again, this suggested the presence of significant repulsion between the

methyl group on the NHC moiety with the ligand trans to the phosphine group across all three
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complexes. Lastly, the supporting anionic ligand and oxidation state of platinum had a

negligible effect on the phosphine-NHC ligand bite angle.

3.2.3 Attempted Catalytic Applications of Phosphine-NHC Palladium and Platinum
Complexes

3.2.3.1 C(sp)-N coupling

HN catalyst 5 mol% FN>
Ph— + N /,
IE/:/ base, solvent o X N-JR

Scheme 3.24 Attempted hydroamination of phenylacetylene.

Nitrogen-containing compounds such as amines, enamines and imines are important
motifs in bulk chemicals, specialty chemicals and in pharmaceuticals and the direct formation
of amines via the highly efficient hydroamination presents a direct, valuable and significant
synthetic route.®* In view of this, phosphine-NHC palladium and platinum complexes 137h,
141h and 142h were initially screened as potential catalysts in the hydroamination of
phenylacetylene with imidazole and its derivatives. A range of electron-rich and electron-
deficient imidazole derivatives were tested as substrates in this catalytic trial. No reactions
were observed for all imidazole derivatives with phenylacetylene in the absence of an external
base at 80 °C for 12 h in a sealed tube with solvents such as dichloromethane, tetrahydrofuran
and methanol. In addition, addition of silver(l) tosylate to 137h and 141h, both one and two

equivalents, as chloride abstractor did not improve the feasibility of the reaction.

3.2.3.2 C(sp?)-C(sp?) coupling
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I catalyst 5 mol% Ar
+  ArB(OH),
base, solvent

Scheme 3.25 Attempted Suzuki coupling of iodobenzene with arylboronic acids.

Subsequently, to probe the catalytic activity of complexes 137h, 141h and 142h in other
coupling reactions, a series of other substrates was employed. Suzuki coupling remains one of
the most widely employed C-C bond formation reactions in modern synthetic chemistry as it
has found extensive uses in industrial processes ranging from polymer production and fine
chemicals synthesis to total synthesis and pharmaceuticals production.® In a preliminary trial,
the Suzuki coupling of iodobenzene with arylboronic acids was attempted. However, no
reactions were observed in a series of bases (NEts and KsPOa ) and solvents (tetrahydrofuran,
dichloromethane and acetonitrile) screened even under a harsh condition of 80 °C for a duration
of 12 h. The addition of silver(l) salts (AgPFs and AgCIO4) did not improve the reaction as

well.

3.3 Conclusion

In this chapter, the challenges associated with the deprotonation-coordination of
phosphine azolium salts bearing electronically different substituents, electron-donating and
electron-withdrawing ones, were discussed. The electronically deficient phosphine azolium
salt was complexed to palladium and platinum, with two more derivatives of the latter
synthesized. The solution- and solid-state structures of the complexes were studied and
compared. Lastly, attempted hydroamination and Suzuki coupling as catalytic applications of
the palladium and platinum complexes did not work successfully even under improved

conditions.
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Experimental Section

Unless otherwise stated, all reactions were carried out under a positive pressure of nitrogen
using standard Schlenk techniques. Solvents were purchased from their respective companies
(MeOH: Fulltime Reagent, DCM, EA: Fisher Chemicals, Toluene, n-hexane: Avantor, THF:
Schedelco, Acetone: VWR Chemicals) and used as supplied. Prior to use, all solvents intended
for air sensitive reactions were dried and distilled or degassed where necessary. A PSL-1820
Low Temp Pairstirrer was used for conducting low temperature reactions. Thin layer
chromatography (TLC) was done using Merck silica gel 60 F254 aluminium supported plates.
Flash column chromatography was performed using Merck silica gel 60. NMR spectra were
obtained using Bruker AV 300 (*H at 300 MHz, 3C{'H} at 75 MHz, 3'P{'H} at 121 MHz);
AV 400 (*H at 400 MHz, 3C{*H} at 100 MHz, 3P{'*H} at 162 MHz), AV 500 (*H at 500 MHz,
BBC{IH} at 125 MHz, 3IP{'H} at 202 MHz) and BBFO (*H at 400 MHz, 3C{!H} at 100 MHz,
31p{H} at 161 MHz) spectrometers. Chemical shifts were reported in ppm and referenced to
an internal SiMes standard at 6 0 ppm, or to the residual proton signals of the respective
deuterated solvents for 'H and 3C{*H} NMR. Melting points were measured using an SRS
Optimelt Automated Point System SRS MPA100m machine. Chiral high-performance liquid
chromatography (HPLC) data were acquired using an Agilent Technologies 1200 Series HPLC
machine with Daicel CHIRALPAK I-series columns. Optical rotations were measured with a
JASCO P-1030 Polarimeter in the specified solvent and concentration in a 0.1 dm cell at 25.0°C

unless otherwise stated.
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General synthesis of palladium complex (S)-137h

0 Ph,p—PdCl

SRS
Diphenylphosphine (10 pL, 0.0575 mmol, 1 equiv.), CH2Cl2 (1150 pL) and (R)-53 (0.0009 g,
2.5 mol%) were added to an oven-dried 10 mL storage tube and cooled to - 78 °C. Substrate
95h (0.0575 mmol, 1 equiv.) and tetramethylethylenediamine (8.6 pL, 1 equiv.) were added
sequentially into the mixture and the reaction mixture was stirred at - 78 °C for the stipulated
time. After which, the reaction mixture was filtered through a short plug of celite to give (S)-
96h. Solvent and base were fully removed by heating the mixture to 50 °C under strong vacuum
for 1 hr. CH2Cl2 (1150 pL) was then added and the reaction mixture was cooled back to -40 °C.
MeOTf (6.5 pL, 0.0590 mmol) was added and the mixture was left to stir for 5 hrs to give (S)-
97h which was not isolated due to difficulty in purifying the air sensitive sticky compound. A
methanolic solution of Li2PdCls (0.0575 mmol, 1 equiv.) was subsequently added and the
solution was left to stir for another 2 hrs before triethylamine (8 pL, 1 equiv.) was added.
Finally, the mixture was warmed up to room temperature and stirred overnight. VVolatiles were
removed under reduced pressure and the crude mixture was purified via repeated
recrystallizations (CH2Cl2/hexane) to afford the enantiopure (S)-137h. Complex (S)-137h was

observed to decompose with significant loss in yield on silica gel and was hence not purified

by column chromatography.
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General synthesis of platinum complexes 141h, 142h and 143h

0 Ph,p—PICl,

SRS
Diphenylphosphine (10 pL, 0.0575 mmol, 1 equiv.), CH2Cl2 (1150 pL) and (R)-53 (0.0009 g,
2.5 mol%) were added to an oven-dried 10 mL storage tube and cooled to - 78 °C. Substrate
95h (0.0575 mmol, 1 equiv.) and tetramethylethylenediamine (8.6 pL, 1 equiv.) were added
sequentially into the mixture and the reaction mixture was stirred at - 78 °C for the stipulated
time. After which, the reaction mixture was filtered through a short plug of celite to give (S)-
96h. Solvent and base were fully removed by heating the mixture to 50 °C under strong vacuum
for 1 hr. CH2Cl2 (1150 pL) was then added and the reaction mixture was cooled back to -40 °C.
MeOTf (6.5 pL, 0.0590 mmol) was added and the mixture was left to stir for 5 hrs to give (S)-
97h which was not isolated due to difficulty in purifying the air sensitive sticky compound.
PtCIl2(NCMe)2 (0.0575 mmol, 1 equiv.) was subsequently added and the solution was left to
stir for another 2 hrs before triethylamine (8 pL, 1 equiv.) was added. Finally, the mixture was
warmed up to room temperature and stirred overnight. VVolatiles were removed under reduced
pressure and the crude mixture was purified via repeated recrystallizations to afford the

enantiopure (S)-141h.
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O Ph,P— Pt(OAc),

s ~

141h (0.0575 mmol, 1 equiv.) was dissolved in NCMe (3 mL) and AgOAc (0.115 mmol, 2

equiv.) was added in the dark and the solution was stirred overnight at room temperature. The

mixture was filtered through a short plug of celite and dried to afford 142h.

0 Php—PICl,
s ~

o O
141h (0.0575 mmol, 1 equiv.) was dissolved in CH2Cl2 (3 mL) and PhICl2 (0.0575 mmol, 1
equiv.) was added in the dark and the solution was stirred overnight at room temperature. The

mixture was filtered through a short plug of celite, washed repeatedly with methanol and then

dried to afford 143h.

Characterisation of 137h, 141h, 142h and 143h

0 Ph,p—PdCl

o 0
137h. Pale yellow solid. Yield: 0.0065 g, 18%. [o]o (21 °C) = 209.3°; H NMR (CDClz, 500
MHz2): 5 3.45 (td, 1H, J =27.9 Hz, 2.9 Hz), 4.02-4.10 (m, 1H), 4.47 (s, 3H), 6.21-6.26 (m, 1H),
7.16 (t, 3H, Ju = 2.4 Hz), 7.35 (t, 2H, Jum = 7.9 Hz), 7.43-7.48 (m, 2H), 7.53-7.62 (m, 8H),
7.83-7.87 (m, 2H), 8.18-8.22 (m, 2H); 3C{*H} NMR (CD:Clz, 75 MHz): § 36.0, 51.2 (d, J =

6.5 Hz), 111.3, 112.1, 123.8, 124.6 (d, J = 4.8 Hz), 125.1, 125.3, 127.9, 128.2, 128.4, 128.5,
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129.6 (d, J = 11.4 Hz), 130.8 (d, J = 11.7 Hz), 132.7 (d, J = 13.0 Hz), 133.7 (d, J = 11.3 Hz),
134.1, 134.8, 135.8, 135.9, 135.9, 172.1, 194.4 (d, J = 1.8 Hz); 3'P{'H} NMR (CD:Clz, 202

MHz): 6 59.20.

0 Ph,p—PICl,

o
141h. Pale yellow-white solid. Yield: 0.0053 g, 13%. 'H NMR (CD2Cl2, 500 MHz): § 3.37-
3.45 (m, 1H), 4.09 (ddd, 1H, J = 18.0 Hz, 11.0 Hz, 11.0 Hz), 4.39 (s, 3H), 6.03 (td, 1H, J =
16.0 Hz, 3.0 Hz), 7.12-7.16 (m, 3H), 7.33-7.43 (m, 4H), 7.47-7.59 (m, 8H), 7.83-7.86 (m, 2H),
8.24-8.28 (m, 2H); *C{*H} NMR (CD2Cl2, 100 MHz): 5 35.8, 40.8, 40.8, 111.4, 112.2, 125.2,
125.4, 128.2, 128.4, 128.5, 128.6 (d, J = 4.4 Hz), 128.8, 129.2, 129.4, 129.7 (d, J = 11.6 Hz),

130.9 (d, J = 9.5 Hz), 132.8 (d, J = 2.3 Hz), 133.0 (d, J = 3.7 Hz), 134.2 (d, J = 11.4 Hz), 134.4,

135.1, 136.3 (d, J = 11.5 Hz), 195.0; 3!P{*H} NMR (CD:Clz, 202 MHz): § 40.22.

(0] thP /Pt(OAC)Z

3 N/

o )
142h. White solid. Yield: 0.0413 g, 99%. 'H NMR (CD:Cls, 400 MHz): & 2.57 (s, 6H), 3.49-
3.54 (m, 1H), 3.95-4.04 (m, 1H), 4.08 (s, 3H), 5.78 (td, 1H, J = 14.0 Hz, 4.0 Hz), 7.18-7.20 (m,
3H), 7.32-7.36 (m, 4H), 7.42-7.44 (m, 2H), 7.49-7.53 (m, 4H), 7.63 (d, 2H, J = 7.0 Hz), 7.87-
7.93 (M, 2H), 8.26-8.31 (M, 2H); 3C{*H} NMR (CD2Clz, 100 MHz): 5 14.3, 22.8, 32.0, 33.2,

41.1 (d, J =5.4 Hz), 56.2, 56.6, 111.5, 124.8, 125.0, 126.7, 128.3, 128.7, 128.8, 129.0 (d, J =

11.6 Hz), 129.2 (d, J = 6.8 Hz), 131.2 (d, J = 8.6 Hz), 132.3 (d, J = 2.3 Hz), 132.5 (d, J = 2.8
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Hz), 133.0, 134.1, 134.2 (d, J = 11.7 Hz), 135.3 (d, J = 11.4 Hz), 135.6, 136.1, 176.0, 195.8 ;

31P{IH} NMR (CD:Cls, 202 MHz): & 30.57.

0 Ph,p—PICly

2 N/

o0s o
143h. Bright yellow solid. Yield: 0.0426 g, 99%. 'H NMR (CD2Clz, 500 MHz): & 3.34 (ddd,
1H, J=19.0 Hz, 16.0 Hz, 2.0 HZ), 4.48 (ddd, 1H,J=19.0 Hz, 15.0 Hz, 8.0 HZ), 4.60 (S, 3H),
6.34 (ddd, 1H, J = 12.0 Hz, 8.0 Hz, 2.0 Hz), 7.27-7.36 (m, 5H), 7.41-7.48 (m, 4H), 7.52-7.63
(m, 6H), 7.71-7.75 (m, 2H), 8.26-8.29 (m, 2H); 3C{*H} NMR (CD:Cl,, 125 MHz): 5 36.3,
42.7, 112.2, 113.4, 118.6, 119.2, 124.2, 124.7, 126.9, 127.1, 128.4, 129.0 (d, J =123 HZ),
129.1,129.4 (d, J = 12.6 Hz). 130.8 (d, J = 9.8 Hz), 133.0 (d, J = 8.7 Hz), 134.0 (d, J = 3.4 H2),

1345 (d, J = 2.9 Hz), 134.8 (d, J = 8.4 Hz), 136.9, 137.9 (d, J = 9.6 Hz), 145.7, 195.4 (d, J =

1.9 Hz); 3P{"*H} NMR (CD2Cl2, 202 MHz): & 36.82.
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Chapter 4

Syntheses & Cytotoxicity of Aryl-functionalized Phosphine-NHC Platinum Complexes

4.1  General Introduction to Medicinal Properties of Platinum Complexes

The World Health Organization (WHO) names cancer as one of the leading causes of
death globally, responsible for nearly eight millions deaths worldwide in 2008 and is projected
to approximately double by 2030.1 One of the oldest reported metallodrugs employed in the
treatment of cancers is cisplatin, diaminedichloroplatinum(l1). This complex is a d® square
planar complex of platinum in the +2 oxidation state with the two ammonia ligands oriented in
a cis fashion.? Cisplatin was first synthesized by Peyrone in 1844 and its medicinal properties
were subsequently discovered by Rosenberg in the 1960s.> In 1978, the FDA approved
cisplatin for use as an anticancer drug, paving the way for the utility of metal-based inorganic
compounds in cancer treatments. Cisplatin can be used alone or combined with other drugs in
medical treatment for a plethora of cancers and has become one of the most important
metallodrugs in terms of its health potency and economic value.* Currently, cisplatin is usually

administered as a periodic intravenous dose after surgical removal of malignant cancer tissues.

4.1.1 Coordination Chemistry of Cisplatin

Cisplatin movement into the cells occurs either through passive diffusion across the
plasma membrane or via mediation by a copper-based protein known as the copper transporter
CTR1 in mammals.> While it has been reported that cisplatin triggers the biodegradation of
CTR1, reduces the influx of cisplatin and subsequently increases the level of drug resistance to
cisplatin, a small amount of cisplatin still enters the cells successfully.® In the cells, cisplatin

undergo a chemical activation where the chloride ligands are replaced by water molecules
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stepwise through monoaquation and diaquation. These ligand exchanges are facilitated by the
low concentration of chloride ions, roughly 2-10 mM, in the cytoplasm of cells and are
responsible for the generation of highly Lewis-acidic platinum(ll) mono and dications such as
144 and 146. These cations are highly acidic and can in turn undergo further deprotonation as
the bound activated aquo ligand loses a proton to water in the cellular environment to give the
neutral chlorohydroxoplatinum(ll) 145 and monocationic aquahydroxoplatinum(ll) 147. In
fact, cisplatin exists as an equilibrium mixture of these neutral and cationic aquated
platinum(Il) species in the cells. It is important to note that this system of equilibria is

dependent on the pH, temperature and chloride concentration of the solution. (Scheme 4.1)

OH
CI-Pt-NH;
/ NH3
¢ QH2 @ 145
CI-PtNH; <——= CI-Pt:NH,
NHs NH3 20
cisplatin 144 H,0-Pt-NHz == H,0-Pt:NH,
NH3 NH;
146 147

Scheme 4.1 Equilibration of various platinum(l1) species 144-147 in an aqueous environment.

Formation of the aqua complexes is necessary as these species exhibit higher reactivity
to Lewis bases by virtue of their increased electrophilicity and the presence of a better leaving
group. The aqua complexes also react readily with sulfur-based nucleophiles such as the
sulfhydryl functional groups in proteins and nitrogenous bases such as the purine functional
groups present in DNA molecules.® Specifically, the substrate of cisplatin is the DNA molecule
and the interaction between the former and latter form adducts which consequentially inhibit

the repair process of cancerous cells.” The complexity of this process leads to varied levels of
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coordination, forming mono-strands, inter- and intra-strand DNA-Pt adducts and these adducts
display different extent of cytotoxicity.>® 8 The propensity of the nitrogen donor atoms to
coordinate to the diammineplatinum(ll) complex is the highest for the imidazole in guanine;
Lippard proved that the oxygen from the amide functional group in guanine forms strong
hydrogen bonds with the hydrogen atoms on the ammonia ligands on the platinum centre and
this interaction helps to stabilise the G-Pt adduct.® A computational study on the binding
energies of the nitrogen and oxygen donors in the nucleotides to [Pt(NH3)2]** has also been
reported and the results showed that the order followed the sequence, G(N7) > C(N3) > C(02)

> G(06) > A(N3) = A(N1) > A(N7) > G(N3) > T(04) > T(02).% (Figure 4.1)

NH,
</NfN Adenine (4)
N N/)
HOT 0 0]
HO \fk/t' Thymine (T)
o:|%_o- N O
0 0] O Guanine (G)
N
"o 1
0=P-0r NT N""NH,
g 0 NH,
©, o
<y H ~N
“, Q | /&
%, 0=P-0- NS0
e
690 (ID 0 Cytosine (C)
% Y
%,
€ H
Q
OZ?—O
o

Figure 4.1 Binding affinities of [Pt(NH3)2]?* to different N- and O-donors in DNA.

After platinum coordination, complex structures such inter- and intra-stranded adducts
such as 1,2-d(GpG), 1,3-d(GpG), 1,2-d(GpA), 1,3-(GpXpG), Gp and protein-functionalized
DNAs form and the structure of the DNAs changes by twisting, bending and rewinding.*® If
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the contorted DNASs do not get repaired by the DNA repair enzymes, the DNAs lose their

functions and apoptosis occurs. (Figure 4.2)

NH
PROTEIN- Pt NHy

Hy N NH 3N NH
intrastrand 1,2-d(GpG) intrastrand 1,2-d(GpA) intrastrand 1,3-d(GpG) interstrand 1,3-d(GpXpG) Protein-DNA

Figure 4.2 Different modes of interaction between DNA and electrophilic Pt(Il) species.

While cisplatin remains highly effective in destroying a variety of cancer cells, it
becomes highly cytotoxic and induces a large number of side effects when the drug dosage
increases.’ The major side effects include nephrotoxicity, ototoxicity, hepatotoxicity and
gastrointestinal toxicity amongst others.*? Furthermore, cisplatin resistance has been reported
for certain cancers such as non-small cell lung cancer and colorectal cancer.% 13 In general,
cisplatin resistance may be induced by lowering of the cellular drug uptake, decreasing drug
influx or increasing drug efflux, detoxification by thiols, alteration in drug targets and repair
of DNAs. These resistance occur at various moments; during bloodstream circulation, during
movement across membranes, during time spent in the cytoplasm and after DNA binding.*
These two significant drawbacks of cisplatin eventually paved the way for the development

and testing of novel structurally-different analogue drugs of cisplatin.

4.1.2 Chemical Modifications to Cisplatin

Platinum Drugs Anticancer Activities Name/Advantages
o)
O NHg Lung, head, neck, e carboplatin
Pt .
G “NH, oesophagus etc. e Reduced nephrotoxicity
o)
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oxaplatin

H, . . .
0 Chiral ligand plays a major
N\Pt/o Colon and non-small cell ] o
N role in cytotoxicity
N 070 lung cancers etc.
2 Better safety profile than
cisplatin
HN O
’ pt’ _ nedaplatin
AN Urological tumours etc. o
HN 07 Xg Reduced nephrotoxicity

N\H 0)

pt’ :L:
/7 N\
NH O 0

Lung, ovarian and gastric

cancers etc.

lobaplatin
Displays non-Ccross-
resistance to cisplatin

Clinical trials pertaining to
increased dosage showed

positive results

Cl. NHj

Pt

/7 N\

Cl |>l\
—

Colorectal and prostate

cancers etc.

picoplatin
Shields  DNA  repair
pathway

@]
H
N2 /O»\C13H27

(T

‘N O
Hy ) CusHa
o]

Advanced hepatocellular

carcinoma etc.

miriplatin

Chiral backbone
Lipophilic platinum-based
drug with long retention

time in lesions

Table 4.1 Modifications in cisplatin analogues and their projected characteristic properties.

Besides addressing cisplatin resistance and its cytotoxicity, extensive attention have

also being paid to DNA-Pt binding, water-versus-lipid solubilities, chemical stability and an

increased spectrum of drug activity etc. Firstly, in carboplatin and nedaplatin, by changing the

leaving halide group into an anionic chelate, the rate of ligand dissociation is reduced due to
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entropic factor and the rapid formation of highly active complexes which may otherwise initiate
undesirable reaction pathways involving other reactive species physiologically is prevented.®
Similarly, in oxaliplatin and lobaplatin, the entropic stabilisation provided by the anchor ligand,
usually an amine, is enhanced by using bidentate instead of monodentate amines.*® Next, in
picoplatin, the steric bulk provided by the methyl group on the pyridine ligand inhibits DNA
enzymes from repairing the damaged DNA and subsequently heightens the drug efficiency.'®
Lastly, in miriplatin, the lipophilicity of the drug can be improved by incorporating lengthy
alkyl chains which drastically improves the solubility of the drugs in non-polar solvents.!” The
above examples evidently illustrate how chemical modifications on a molecular level can aid
in the formulation of drugs with improved efficacies by displaying characteristic properties.
The applicability and advantages offered by some of the more common cisplatin analogues

bearing modified substituents are summarised in Table 4.1.

4.1.3 Recent Developments in Platinum Drugs as Novel Medicinal Drugs

4.1.3.1 Incorporation of NHC Moieties and Post-functionalisation

Apart from the ubiquitous nitrogen-based ligands such as ammonia, amines and
pyridine found in cisplatin and cisplatin analogues, two other categories of important ligands,
N-heterocyclic carbenes (NHC) and phosphines, have also surfaced as anchor ligands in
platinum-based drugs due to their high compatibility with platinum. This affinity originates
from the soft-soft interaction between the ligands and platinum. In NHC-platinum bonds, a
high degree of covalency develops between the electrically neutral soft carbon donor and
polarisable platinum acceptor and this kinetically inert bond inhibits ligand dissociation and
slows the formation of highly electrophilic complexes which may otherwise induce undesirable
effects as these complexes react indiscriminately with biological molecules. Furthermore, in
terms of post-modifications to enhance the structural diversity of the complexes, not only can
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these complexes be post-functionalised by direct ligand substitution or by modification of the
ligand on the metal through azide-alkyne cycloaddition (156, 159 and 160) and oxime ligation
(153 and 155), chiral moieties such as amines from enantiopure amino acids (152) and alcohols
from enantiopure natural sugars (157) and steroids (158) may also be added to the (including

non-NHC ones) complexes to give a wide variety of potentially useful chemical scaffolds.!8
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Figure 4.3 NHC- (and post-modified non-NHC-) platinum complexes with medicinal activity.

4.1.3.2 Incorporation of Phosphine Moieties

Similarly, phosphines also form strong o bonds with a high degree of covalent character
to platinum by virtue of their polarisable electron clouds but unlike NHCs, phosphines can also

act as m acceptors when their substituents contain electronegative atoms such as halogens or
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oxygens or groups such as phenyl and vinyl. This secondary interaction brings about partial

double bond character and further stabilises the phosphine-platinum bond.*®
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Figure 4.4 Phosphine-platinum complexes that exhibit medicinal activity.

Phosphine-platinum complexes are easily made by the direct complexation of
phosphine ligands to a suitable platinum precursor. Electron-rich phosphines are air-sensitive
and this complexation may require the use of an inert atmosphere with carefully deoxygenated
solvents and reactants. Once the phosphine is coordinated to platinum, the resulting complex
is usually not air-sensitive and can be purified under normal atmospheric conditions.
Phosphine-platinum complexes showing anticancer properties are not as widely represented as
NHC-platinum complexes and this research gap prompts the investigation and application of
such complexes in greater details so as to widen the library of knowledge associated with these

complexes. (Figure 4.4)

4.1.4 Research Motivation and Aim

With the knowledge from the recent developments in the fields of both NHC- and
phosphine-based platinum drugs, it was envisioned that combinational unique hybrid scaffolds
featuring both NHCs and phosphines could form a new class of drugs with potential enhanced
efficacies in anticancer treatments. Factors of consideration in the design of novel platinum

drugs include a) introduction of chelation to increase the entropical stability of complex, b)
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incorporation of chirality to enhance recognisability in a chiral cellular environment, c) facile
formation of hybrid C- and P-donors to reinforce thermodynamical stability and d) addition of
biologically-active functional groups to potentially increase interactions with DNA and its side

chains.

RN A: strongly donating soft
! (Pt-compatible) anchor ligand
E S: tethered functional group

y ' that interacts with DNA/side
. t—L ! chains

P
5 ’ L: anionic leaving group
L

Figure 4.5 Structural design of novel platinum drugs.

In line with the ongoing interests of our group in advancing the utility of asymmetric
hydrophosphination, application of this methodology to a specific category of activated vinyl
azoles immediately surfaced as a valuable and viable method in the introduction of a chiral
centre and a bidentate chelate bearing both NHC (A1) and phosphine (A2) donors into a ligand
backbone. In addition, functionalization of the initial substrates for asymmetric
hydrophosphination allows the incorporation of biologically active functional groups (S) which
can potentially engage in non-covalent electronic and steric interactions such as (i) hydrogen
bonding, (ii) hydrophobic interaction, (iii) dipole-dipole interaction, (iv) steric repulsion and

(V) van der Waals’ (including - t stacking) with DNA molecules and their side chains.
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4.2

Results and Discussion

4.2.1 Syntheses of Racemic Phosphine-NHC Platinum Complexes

In a preliminary biological study to probe the potential benefits associated with the novel

molecular scaffold as anticancer drugs, a series of racemic phosphine-NHC platinum(ll)

complexes was synthesized from the corresponding vinyl azoles using the racemic form of the

palladacycle catalyst in the hydrophosphination step. The choice of racemic complexes was to

minimise additional complications which might arise from the stereochemistry of the complexes

on the drug efficacy in a chiral biological environment. Details pertaining to the effects of

different aryl substituents on the rate, enantioselectivity and vyield of the asymmetric

hydrophosphination reaction using the enantiopure form of the palladacycle catalyst can be

found in Chapter 2 of this thesis and will not be described in this chapter.

(o]

Ar

96

(0]

PPh,

e (i

»

97

Ar

O Ph,p—PICl,

7

o

141

Table 4.2 Transformation of

chloride complexes.?

racemic phosphine azoles to phosphine-NHC platinum(Il)

SIN Product Ar Effect of aryl substituent Yield®/%
e .
1 141h basic structure 13
. Y . .
2 141i steric repulsion 29
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3 141j steric repulsion 18

4 141k steric repulsion 29

'
5 1411 O hydrophobic interaction 29
F
% o :
6 141m dipole-dipole interaction 20
Cl
.1 |
7 141n hydrogen bonding 27
MeO,C
% _ .
8 141p van der Waals’ interaction 16
Ph
% .
9 141q - Tt stacking 12

[a] Reactions were carried out with phosphine azole 96 (0.0575 mmol), methyl triflate (0.0575

mmol) in CH2Cl2 (2 mL) at -40 °C for 5 h in (i) and with PtCI2(NCMe)2 (0.0575 mmol) and
NEts (0.0575 mmol) respectively at -40 °C for 2 h and 25 °C overnight respectively in (ii). [b]

Isolated yield.

The substrate scope consisted of a total of nine functional groups which could be
involved in a myriad of chemical interactions with DNA molecules and their side chains. The
synthesis of the complexes was simple albeit tedious; the starting materials were
hydrophosphinated according to the optimized process and conditions described in Chapter 2
and the resulting air-sensitive phosphine ligands were purified by passing the crude solution
through a short plug of celite before the filtrate was subjected to high vacuum at 50 °C for 1 h

to remove the solvent and TMEDA base. The solid obtained was then redissolved in
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dichloromethane at cooled to -40 °C and methylated using methyl triflate for 5 h. After which,
bis(acetonitrile)dichloroplatinum(Il) was added and the solution was stirred for another 2 h at
-40 °C. Lastly, triethylamine was added in the cold and the mixture was warmed to 25 °C and
stirred overnight to yield the series of NHC-phosphine platinum(Il) chloride complexes. The
complexes were purified on silica gel chromatography to give off-white solids. Finally, the
solubilities of the complexes in a myriad of organic solvents and water were evaluated so that
a satisfactory solvent could be selected for drug screenings in the later phase. These novel
complexes exhibited extremely high solubility in dichloromethane, chloroform and dimethyl
sulfoxide and moderate solubility in tetrahydrofuran, acetonitrile, acetone and ethanol. They

were sparingly soluble in methanol, toluene, diethyl ether, hexane and water.

4.2.2 Efficacies of Phosphine-NHC Platinum Complexes in MKN74 and MCF7 Cell

Lines

To elucidate the drug efficacies of selected phosphine-NHC platinum(l1) complexes
141h to 141q versus cisplatin on cancer cells, MKN74 and MCF7 cancer cells were treated
with respective drug complexes, with their overall cell viability determined every 24 hours,
normalised to untreated control group. Relative AUCs were calculated for the complexes across

time and compared to cisplatin.

In MKN74 cancer cells, drug complexes 141i, 141h and 141j were indicative of being
comparable to cisplatin after 24 hours. At the 48-hour timepoint, drug complexes 141h and
141k were comparable to cisplatin, while at the 72-hour timepoint, drug complexes 141i and
141m were comparable to cisplatin. In MCF7 cancer cells, complex 141h was consistently
comparable to cisplatin at all timepoints of 24, 48 and 72 hours, while complex 141i only

showed comparability to cisplatin at 24 hours.
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Figure 4.6 Cell viability (%) of MKN74 and MCF7 cultured cancer cells with respective drug
treatment every 24 hours. Compound labels read: ME(141i), H(141h), TBU(141K), IPR(141j),

PH(141p), NAP(141q), F(141l), CL(141m) and CO2ME(141n).
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Figure 4.7 Relative area under curve (AUC) of respective drug treatment in comparison to
cisplatin. Compound labels read: ME(141i), H(141h), TBU(141k), IPR(141j), PH(141p),

NAP(141q), F(141l), CL(141m) and CO2ME(141n).
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4.3 Conclusion

In conclusion, catalytic asymmetric hydrophosphination has proven to be a viable
method of accessing hybrid phosphine-NHC platinum complexes. The cytotoxic properties of
nine phosphine-NHC platinum(Il) chloride complexes were evaluated in the MKN74 and
MCF7 cancer cell lines. Of which, some of these candidates, 141j and 141m, can potentially
act as cisplatin-substitutes, given their comparable efficacies to that of cisplatin at various time
points. Further studies on drug solubilities under physiological conditions may reveal other

potential candidates undiscovered.
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Experimental Section

Unless otherwise stated, all reactions were carried out under a positive pressure of nitrogen
using standard Schlenk techniques. Solvents were purchased from their respective companies
(MeOH: Fulltime Reagent, DCM, EA: Fisher Chemicals, Toluene, n-hexane: Avantor, THF:
Schedelco, Acetone: VWR Chemicals) and used as supplied. Prior to use, all solvents intended
for air sensitive reactions were dried and distilled or degassed where necessary. A PSL-1820
Low Temp Pairstirrer was used for conducting low temperature reactions. Thin layer
chromatography (TLC) was done using Merck silica gel 60 F254 aluminium supported plates.
Flash column chromatography was performed using Merck silica gel 60. NMR spectra were
obtained using Bruker AV 300 (*H at 300 MHz, 3C{'H} at 75 MHz, 3'P{'H} at 121 MHz);
AV 400 (*H at 400 MHz, 3C{*H} at 100 MHz, 3P{'*H} at 162 MHz), AV 500 (*H at 500 MHz,
BBC{IH} at 125 MHz, 3IP{'H} at 202 MHz) and BBFO (*H at 400 MHz, 3C{!H} at 100 MHz,
31p{H} at 161 MHz) spectrometers. Chemical shifts were reported in ppm and referenced to
an internal SiMes standard at 6 0 ppm, or to the residual proton signals of the respective
deuterated solvents for 'H and 3C{*H} NMR. Melting points were measured using an SRS
Optimelt Automated Point System SRS MPA100m machine. Chiral high-performance liquid
chromatography (HPLC) data were acquired using an Agilent Technologies 1200 Series HPLC
machine with Daicel CHIRALPAK I-series columns. Optical rotations were measured with a
JASCO P-1030 Polarimeter in the specified solvent and concentration in a 0.1 dm cell at 25.0°C

unless otherwise stated.
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General synthesis of rac platinum complexes 141ito g

0 ph,p—PCl,

3 N/

Ar N@

Diphenylphosphine (10 pL, 0.0575 mmol, 1 equiv.), CH2Cl2 (1150 pL) and rac-53 (0.0009 g,
2.5 mol%) were added to an oven-dried 10 mL storage tube and cooled to the respective
temperature. Substrate 95 (0.0575 mmol, 1 equiv.) and tetramethylethylenediamine (8.6 pL, 1
equiv.) were added sequentially into the mixture and the reaction mixture was stirred at the
respective temperature for the stipulated time. After which, the reaction mixture was filtered
through a short plug of celite to give 96. Solvent and base were fully removed by heating the
mixture to 50 °C under strong vacuum for 1 hr. CH2Cl2 (1150 pL) was then added and the
reaction mixture was cooled back to -40 °C. MeOTf (6.5 pL, 0.0590 mmol) was added and the
mixture was left to stir for 5 hrs to give 97 which was not isolated due to difficulty in purifying
the air sensitive sticky compound. PtCl2(NCMe)2 (0.0575 mmol, 1 equiv.) was subsequently
added and the solution was left to stir for another 2 hrs before triethylamine (8 pL, 1 equiv.)
was added. Finally, the mixture was warmed up to room temperature and stirred overnight.
Volatiles were removed under reduced pressure and the crude mixture was purified via repeated

recrystallizations to afford the rac-141.
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Characterisation of 141ito g

0 Ph,p—PICl,
R -

Jeag s
141i. Pale yellow-white solid. Yield: 0.0121 g, 29%. 'H NMR (CD2Clz, 500 MHz): § 3.39 (ddd,
1H, J=20.0 Hz, 18.0 Hz, 3.0 Hz), 3.99 (ddd, 1H, J = 18.0 Hz, 11.0 Hz, 11.0 Hz), 4.39 (s, 3H),
6.02 (td, 1H, J = 16.0 Hz, 3.0 Hz), 7.13-7.15 (m, 5H), 7.38-7.44 (m, 5H), 7.47-7.51 (m, 3H),
7.55-7.60 (m, 4H), 7.82-7.87 (m, 2H), 8.24-8.28 (m, 2H); 3C{*H} NMR (CD2Cl2, 100 MHz):
021.8,35.8,40.7,40.7, 111.4, 112.2, 125.2, 125.4, 128.3, 128.5 (d, ] = 12.3 Hz), 129.5, 129.7

(d, J=11.6 Hz), 130.9, 131.0, 132.7, 132.8 (d, J = 3.0 Hz), 133.0 (d, ] = 2.6 Hz), 134.1, 134.2,

136.2, 136.3, 136.7, 145.6, 194.6; 3:P{*H} NMR (CD2Cl2, 202 MHz): § 40.16.

0 ph,p—PICl
s -

s
141j. Pale yellow-white solid. Yield: 0.0078 g, 18%. 'H NMR (CD2Clz, 500 MHz): & 1.23 (d,
6H, J = 7.0 Hz), 2.93 (sep, 1H, J = 7.0 Hz), 3.38 (ddd, 1H, J = 20.0 Hz, 18.0 Hz, 3.0 Hz), 3.99
(ddd, 1H, J = 18.0 Hz, 11.0 Hz, 11.0 Hz), 4.39 (s, 3H), 6.03 (td, 1H, J = 16.0 Hz, 3.0 Hz), 7.09-
7.16 (m, 3H), 7.19 (d, 2H, J = 8.0 Hz), 7.38-7.43 (m, 2H), 7.46-7.51 (m, 4H), 7.55-7.60 (m,
3H), 7.82-7.87 (m, 2H), 8.23-8.27 (m, 2H); 3C{*H} NMR (CD2Clz, 100 MHz): § 23.7 (d, ] =

2.6 Hz), 34.7, 35.9, 40.0, 40.7 (d, J = 5.2 Hz), 111.4, 112.2, 122.8, 123.4, 125.2, 125.4, 126.9,

128.4,128.5,129.7 (d, J = 11.6 Hz), 131.0 (d, J = 9.6 Hz), 132.8 (d, J = 2.8 Hz), 132.9 (d, J =
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2.8 Hz), 133.1, 134.1 (d, J = 11.3 Hz), 136.3 (d, J = 11.4 Hz), 136.7, 156.3, 160.5, 194.7;

3P{IH} NMR (CD:Cls, 202 MHz): & 40.14.

O Ph,p—PICl,
\\/@J\/é\ >\ N -
0

141k. Pale yellow-white solid. Yield: 0.0128 g, 29%. *H NMR (CD2Cl2, 500 MHz): § 1.31 (s,
9H), 3.39 (ddd, 1H, J = 20.0 Hz, 18.0 Hz, 3.0 Hz), 3.99 (ddd, 1H, J = 18.0 Hz, 11.0 Hz, 11.0
Hz), 4.39 (s, 3H), 6.03 (td, 1H, J = 16.0 Hz, 3.0 Hz), 7.09-7.16 (m, 3H), 7.34-7.42 (m, 4H),
7.47-7.50 (m, 4H), 7.57-7.60 (m, 3H), 7.82-7.86 (m, 2H), 8.23-8.27 (M, 2H); 3C{*H} NMR
(CD2Clz, 100 MHz): § 31.1, 35.5, 35.8,40.7 (d, ] = 5.1 Hz), 111.5, 112.2, 122.8, 123.4, 124.9,
125.2, 125.4, 125.5, 125.7, 128.2, 128.5 (d, J = 12.2 Hz), 129.7 (d, J = 11.6 Hz), 131.0 (d, J =
9.6 Hz), 132.6, 132.8 (d, J = 2.8 Hz), 132.9 (d, J = 2.8 Hz), 134.1 (d, J = 11.2 Hz), 136.3 (d, J

=11.4 Hz), 136.7, 158.5, 194.7; *'P{*H} NMR (CD2Cl2, 202 MHz): § 40.13.

1411. Pale yellow-white solid. Yield: 0.0122 g, 29%. 'H NMR (CD2Cl2, 400 MHz): § 3.32-3.42
(m, 1H), 4.01 (ddd, 1H, J = 18.0 Hz, 11.0 Hz, 11.0 Hz), 4.40 (s, 3H), 6.01 (td, 1H, J = 16.0 Hz,
2.0 Hz), 7.01-7.05 (m, 2H), 7.14-7.16 (m, 3H), 7.39-7.59 (m, 9H), 7.82-7-87 (m, 2H), 8.22-
8.27 (m, 2H); 3C{*H} NMR (CD2Cl2, 100 MHz): & 35.9, 40.7, 111.3, 111.8, 111.9, 112.3,

1145, 115.9, 116.1, 125.3, 125.4, 126.5, 128.3, 128.5 (d, J = 11.9 Hz), 129.7 (d, J = 11.7 Hz),
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131.0 (d, J = 9.7 Hz), 132.6, 132.8, 133.1, 134.1 (d, J = 11.2 Hz), 136.4 (d, J = 11.6 Hz), 136.7,

193.5; 31P{'H} NMR (CD2Clz, 202 MHz): & 40.23.

0 Ph,p—PICl,
s -

C.Q)VNé

141m. Pale yellow-white solid. Yield: 0.0086 g, 20%. 'H NMR (CD2Cl2, 500 MHz): § 3.38
(ddd, 1H, J = 20.0 Hz, 18.0 Hz, 3.0 Hz), 4.01 (ddd, 1H, J =19.0 Hz, 11.0 Hz, 11.0 Hz), 4.39
(s, 3H), 6.00 (td, 1H, J = 16.0 Hz, 3.0 Hz), 7.15-7.17 (m, 3H), 7.32-7.34 (m, 2H), 7.39-7.44 (m,
2H), 7.46-7.51 (m, 4H), 7.57-7.61 (m, 3H), 7.82-7.87 (m, 2H), 8.22-8.26 (m, 2H); 3C{'H}
NMR (CD2Clz, 100 MHz): 6 35.9,40.8 (d, J=5.2 Hz), 111.3, 112.3,122.8, 123.1, 123.5, 125.3,
125.5,128.6 (d, J = 12.2 Hz), 129.2, 129.6, 129.7 (d, J = 11.6 Hz), 130.9 (d, J = 9.7 Hz), 132.9
(d, J = 2.2 Hz), 133.0 (d, J = 2.8 Hz), 133.5, 134.1 (d, J = 11.4 Hz), 136.4 (d, J = 11.5 Hz),

136.7, 140.8, 160.6, 193.9; 3P{*H} NMR (CD2Cl2, 202 MHz): & 40.25.

0 ph,p—PICl,

3 N~

/@)‘K/\ N
MeO,C @

141n. Pale yellow-white solid. Yield: 0.0120 g, 27%. 'H NMR (CD2Cl., 500 MHz): & 3.43
(ddd, 1H, J = 20.0 Hz, 19.0 Hz, 3.0 Hz), 3.92 (s, 3H), 4.08 (ddd, 1H, J = 19.0 Hz, 11.0 Hz,
11.0 Hz), 4.40 (s, 3H), 6.01 (td, 1H, J = 16.0 Hz, 3.0 Hz), 7.11-7.16 (m, 3H), 7.39-7.59 (m,
9H), 7.82-7.87 (m, 2H), 7.98 (d, 2H, J = 8.0 Hz), 8.23-8.27 (m, 2H); 3C{*H} NMR (CDCls,
125 MHz): & 35.7, 40.8 (d, ] = 5.2 Hz), 52.7, 53.4, 110.9, 112.1, 122.2, 122.7, 124.4, 124.9,

125.1, 125.3,127.9, 128.4 (d, = 12.5 Hz), 129.5 (d, J = 11.7 Hz), 129.7, 132.6 (d, J = 2.2 Hz),

160



132.8 (d, J = 3.2 Hz), 133.8 (d, J = 11.5 Hz), 134.8, 136.1 (d, J = 11.6 Hz), 136.3, 137.6, 165.9,

194.5; 31P{'H} NMR (CD2Clz, 202 MHz2): & 40.23.

0 ph,p—PICl,

T

141p. Pale yellow-white solid. Yield: 0.0073 g, 16%. 'H NMR (CD:Clz, 500 MHz): & 3.44
(ddd, 1H, J = 20.0 Hz, 18.0 Hz, 3.0 Hz), 4.06 (ddd, 1H, J = 18.0 Hz, 11.0 Hz, 11.0 Hz), 4.40
(s, 3H), 6.05 (td, 1H, J = 16.0 Hz, 3.0 Hz), 7.13-7.19 (m, 3H), 7.40-7.44 (m, 3H), 7.47-7.52 (m,
5H), 7.58-7.64 (m, 8H), 7.85-7.90 (m, 2H), 8.25-8.29 (m, 2H); C{*H} NMR (CDClz, 100
MHz): 6 35.9,40.8 (d,J=5.3 Hz),58.4,111.4,112.2,113.1, 125.3, 125.4, 127.3, 127.6, 128.6
(d,J=12.2 Hz), 128.8,128.9, 129.1, 129.4, 129.7 (d, = 11.5 Hz), 129.9, 130.9, 131.1, 132.9,
133.0, 133.0,132.9 (d, J=9.0 Hz), 133.9, 134.2 (d, J = 11.4 Hz), 136.3 (d, J = 11.2 Hz), 136.5,

136.7, 139.8, 146.9, 194.6; 3P{*H} NMR (CD2Cl2, 202 MHz): & 40.22.

0 Ph,p—PICl,
7~

SERE S

141q. Pale yellow-white solid. Yield: 0.0053 g, 12%. *H NMR (CD2Cl., 500 MHz): & 3.54
(ddd, 1H, J = 19.0 Hz, 18.0 Hz, 3.0 Hz), 4.19 (ddd, 1H, J = 18.0 Hz, 11.0 Hz, 11.0 Hz), 4.40
(s, 3H), 6.08 (td, 1H, J = 16.0 Hz, 3.0 Hz), 6.95-6.98 (m, 1H), 7.08 (dt, 2H, J = 12.0 Hz, 3.0
Hz), 7.40-7.43 (m, 2H), 7.49-7.53 (m, 2H), 7.56-7.65 (m, 6H), 7.78 (d, 1H, J = 9.0 Hz), 7.85-
7.91 (m, 4H), 8.07 (s, 1H), 8.24-8.28 (m, 2H); 2*.C{*H} NMR (CD2Cl>, 100 MHz): § 32.0, 35.1,

40.9 (d, J = 5.3 Hz), 111.5, 112.2, 123.4, 125.3, 125.5, 127.5, 128.1, 128.5 (d, J = 12.2 Hz),
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128.7,129.5, 129.8 (d, J = 11.6 Hz), 130.1, 130.5, 131.0, 131.1, 132.5, 132.6, 132.8 (d, J = 2.6
Hz), 133.0 (d, J = 2.2 Hz), 134.1 (d, J = 11.3 Hz), 136.3, 136.4 (d, J = 11.5 Hz), 136.7, 160.6,

160.7, 195.0; 3:P{*H} NMR (CD:Clz, 202 MHz): § 40.17.
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Chapter 5

Conclusions and Future Work

5.1 Conclusions

5.1.1 Novel Methodology to Access Chiral Phosphine-Azolium Salts

0 ) O  PPh,
asymmetric B
| XN = N /\\N hydrophosphination | AN N /\\N®’
L/ V& s/
R/ 5z R R R’

Scheme 5.1 Main idea explored in Chapter 2.

Asymmetric hydrophosphination was devised successfully as a novel methodology to
access chiral phosphine-azolium salts, which are direct precursors to privileged phosphine-
NHC ligands in homogeneous catalysis. The rate, yield and enantioselectivity of asymmetric
hydrophosphination as a function of the electronic and steric attributes of a wide range of
functionalized enones were evaluated in depth. The direct use of the chiral phosphine-azolium
salts generated in situ cleanly was proven possible and was recommended so as to avoid tedious

purifications.

5.1.2 Challenges Associated with the Syntheses of Chiral Phosphine-NHC Metal

Complexes

optimized conditions

- . , Pt / =
e RL/=/ X Cly (OAC), Cl;, R
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Scheme 5.12 Main idea explored in Chapter 3.

The divergent pathways associated with the formation of phosphine-NHC metal
complexes were elucidated by varying the electronic properties of the phosphine azolium salts.
The decomposition product and desired phosphine-NHC complexes were isolated and their
solution- and solid-state structures were discussed. In addition, derivatization of the platinum
analogues was performed to give an unprecedented chiral chelating phosphine-NHC
platinum(IV) complex. Applications of these new complexes to C-N and C-C coupling

reactions failed however.

5.1.3 Extension to the Biological Applications of Racemic Phosphine-NHC Platinum

Complexes

0 Ph,P-MX, comparable in
T >\ N~ efficacy to cisplatin MKN74

X N
FL/ P @ MCF7

Scheme 5.3 Main idea explored in Chapter 4.

Tapping on the knowledge applied to the modifications of cisplatin by other research
groups globally, a series of aryl-functionalized chelating phosphine-NHC platinum complexes
were synthesized and evaluated as anti-cancer drugs in two cancer cell lines. The biological
results were promising and two of the nine tested complexes exhibited similar efficacies as

cisplatin.
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5.2 Future Work

steroids-ligated chiral P-NHC Pt drugs

_ substitution of X to
N enhance functionalization amino acids-ligated chiral P-NHC Pt drugs

| X N
[ = . )
R natural sugars-ligated chiral P-NHC Pt drugs

polymeric chiral P-NHC Pt drugs

Scheme 5.4 Direction and focus of future work.

To further increase the efficacies and explore the uses of novel chiral chelating
phosphine-NHC platinum drugs, incorporation of biological moieties and heterogeneous
surfaces into the structural motif of the complexes could present a viable way to improve the
delivery, absorption and recognition of the complexes in different chiral cellular environments.
Studies have shown that a myriad of biological groups such as steroids®, amino acids?, sugars?
and heterogenous phases such as nanoparticles* and polymers® are able to improve the drug
efficacy of the platinum complexes. By replacing the anionic ligand, X, with suitable
biologically active groups, new classes of biologically-functionalized platinum drugs could be

developed and studied readily.
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Appendix

Crystallographic Data

Crystallographic data for compound 98

Identification code
Chemical formula
Formula weight
Temperature
Wavelength

Crystal size

Crystal habit
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient
F(000)

leung1086m
Cs3H2s0P2
502.49 g/mol
100(2) K
0.71073 A

0.060 x 0.100 x 0.240 mm
colorless needle

monoclinic

P12i/c1

a=6.23032) A  a=90°
b=22.1355(9) A B =93.7357(15)°
c=18.7444(7) A y=90°
2579.56(16) A3

4

1.294 g/cm?

0.194 mm!

1056
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Theta range for data
collection

Index ranges
Reflections collected

Independent reflections
Coverage of independent

reflections
Absorption correction

Max. and min.
transmission

Structure solution
technique

Structure solution
program

Refinement method
Refinement program
Function minimized

Data / restraints /
parameters

Goodness-of-fit on F?

Final R indices

Weighting scheme

Largest diff. peak and
hole

R.M.S. deviation from
mean

2.36 t0 28.73°
-8<=h<=7, -29<=k<=24, -19<=I<=25

17760

97.7%

Multi-Scan

0.9880 and 0.9550

direct methods

6538 [R(int) = 0.0631]

XT, VERSION 2014/5

Full-matrix least-squares on F2
SHELXL-2016/6 (Sheldrick, 2016)

z W(Fo2 - Fcz)2

6538/0/325

1.084

4652 data;
>20(1)

all data

R1=0.0552, wR2 =
0.1188

R1=0.0916, wR2 =
0.1426

w=1/[c%(F+2)+(0.0541P)2+0.8897P]
where P=(Fo?+2F)/3

0.467 and -0.449 eA-3

0.112 eA3

Bond lengths (A) of compound 98

C1l-C2
Cl-H1
C2-H2
C3-H3
C4-H4
C5-H5
Cr7-01
C8-C9
C8-H8B

1.383(3)
0.95
0.95
0.95
0.95
0.95
1.215(3)
1.539(3)
0.99

C1-C6
C2-C3
C3-C4
C4-C5
C5-C6
C6-C7
C7-C8
C8-H8A
C9-P2

172

1.392(3)
1.382(4)
1.382(4)
1.385(3)
1.396(3)
1.499(3)
1.517(3)
0.99

1.865(2)



Co-P1
C10-C15
C10-P1
Cl1-H11
Cl12-H12
C13-H13
Cl4-H14
Cl16-C17
Cl16-P1
Cl7-H17
C18-H18
C19-H19
C20-H20
C22-C27
C22-P2
C23-H23
C24-H24
C25-H25
C26-H26
C28-C29
C28-P2
C29-H29
C30-H30
C31-H31
C32-H32

1.872(2)
1.397(3)
1.844(2)
0.95
0.95
0.95
0.95
1.394(3)
1.837(2)
0.95
0.95
0.95
0.95
1.391(3)
1.834(2)
0.95
0.95
0.95
0.95
1.393(3)
1.839(2)
0.95
0.95
0.95
0.95

Bond angles (°) of compound 98

C2-C1-C6
C6-C1-H1
C3-C2-H2
C2-C3-C4
C4-C3-H3
C5-C4-H4
C4-C5-C6
C6-C5-H5
C1-C6-C7
01-C7-C6
C6-C7-C8

C7-C8-H8A

120.8(2)
119.6
120.0
119.8(2)
120.1
119.7
120.0(2)
120.0
117.9(2)
120.3(2)
119.35(19)
108.8

C9-H9

C10-C11
Cl11-C12
C12-C13
C13-C14
C14-C15
C15-H15
Cl6-C21
C17-C18
C18-C19
C19-C20
C20-C21
C21-H21
C22-C23
C23-C24
C24-C25
C25-C26
C26-C27
C27-H27
C28-C33
C29-C30
C30-C31
C31-C32
C32-C33
C33-H33

C2-C1-H1
C3-C2-C1
C1-C2-H2
C2-C3-H3
C5-C4-C3
C3-C4-H4
C4-C5-H5
C1-C6-C5
C5-C6-C7
01-C7-C8
C7-C8-C9

C9-C8-H8A
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1.0
1.398(3)
1.387(3)
1.388(4)
1.385(3)
1.391(3)
0.95
1.395(3)
1.384(3)
1.382(4)
1.385(4)
1.394(3)
0.95
1.395(3)
1.389(4)
1.390(4)
1.376(4)
1.391(4)
0.95
1.403(3)
1.390(4)
1.383(4)
1.378(4)
1.382(3)
0.95

119.6
120.0(2)
120.0
120.1
120.6(2)
119.7
120.0
118.8(2)
123.3(2)
120.2(2)
113.94(18)
108.8



C7-C8-H8B
H8A-C8-H8B
C8-C9-P1
C8-C9-H9
P1-C9-H9
C15-C10-P1
C12-C11-C10
C10-C11-H11
C11-C12-H12
C14-C13-C12
C12-C13-H13
C13-C14-H14
C14-C15-C10
C10-C15-H15
C17-Cle-P1
C18-C17-Cle
Cl16-C17-H17
C19-C18-H18
C18-C19-C20
C20-C19-H19
C19-C20-H20
C20-C21-C16
C16-C21-H21
C27-C22-P2
C24-C23-C22
C22-C23-H23
C25-C24-H24
C26-C25-C24
C24-C25-H25
C25-C26-H26
C26-C27-C22
C22-C27-H27
C29-C28-P2
C30-C29-C28
C28-C29-H29
C31-C30-H30
C32-C31-C30
C30-C31-H31
C31-C32-H32
C32-C33-C28
C28-C33-H33

108.8
107.7
110.77(15)
111.2
111.2
125.90(17)
121.3(2)
119.3
119.9
119.3(2)
120.3
119.7
120.8(2)
119.6
124.81(18)
120.9(2)
119.6
119.9
120.0(2)
120.0
120.1
120.6(2)
119.7
114.94(18)
120.0(3)
120.0
119.7
119.9(3)
120.1
120.1
121.1(2)
1195
116.26(18)
121.2(2)
119.4
120.1
119.6(2)
120.2
1195
120.3(2)
119.8

C9-C8-H8B
C8-C9-P2
P2-C9-P1
P2-C9-H9
C15-C10-C11
C11-C10-P1
C12-C11-H11
C11-C12-C13
C13-C12-H12
C14-C13-H13
C13-C14-C15
C15-C14-H14
C14-C15-H15
C1l7-Cle-C21
C21-C16-P1
C18-C17-H17
C19-C18-C17
C17-C18-H18
C18-C19-H19
C19-C20-C21
C21-C20-H20
C20-C21-H21
C27-C22-C23
C23-C22-P2
C24-C23-H23
C25-C24-C23
C23-C24-H24
C26-C25-H25
C25-C26-C27
C27-C26-H26
C26-C27-H27
C29-C28-C33
C33-C28-P2
C30-C29-H29
C31-C30-C29
C29-C30-H30
C32-C31-H31
C31-C32-C33
C33-C32-H32
C32-C33-H33
C16-P1-C10

174

108.8
106.84(16)
105.52(11)
111.2
117.8(2)
116.20(18)
119.3
120.1(2)
119.9
120.3
120.5(2)
119.7
119.6
118.4(2)
116.76(16)
119.6
120.2(2)
119.9
120.0
119.8(2)
120.1
119.7
118.8(2)
126.25(19)
120.0
120.5(3)
119.7
120.1
119.8(3)
120.1
1195
118.0(2)
125.72(19)
119.4
119.9(2)
120.1
120.2
121.02)
1195
119.8
102.47(10)



C16-P1-C9 103.10(10) C10-P1-C9 103.57(10)
C22-P2-C28 103.99(10) C22-P2-C9 103.10(11)
C28-P2-C9 101.39(11)
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Crystallographic data for compound (S)-100a

O  PPh,O
DN

Identification code leung1172m

Chemical formula Ca2sH23CI2N202P

Formula weight 485.32 g/mol

Temperature 100(2) K

Wavelength 0.71073 A

Crystal size 0.010 x 0.020 x 0.280 mm

Crystal habit colorless needle

Crystal system orthorhombic

Space group P212121

Unit cell dimensions a=5.5429(7) A o =90°
b =19.401(3) A B =90°
c=21.533(3) A y=90°

Volume 2315.6(5) A3

Z 4

Density (calculated) 1.392 g/cm?

Absorption coefficient 0.375 mm

F(000) 1008

Ior}fggt{j‘r?ge fordata ;g3 25.00°

Index ranges -6<=h<=6, -23<=k<=23, -25<=I<=25

Reflections collected 14355
Independent reflections 4087 [R(int) = 0.1540]

Coverage of independent
reflections

Absorption correction  Multi-Scan

99.6%
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Max. and min.
transmission

Structure solution
technique

Structure solution
program

Refinement method
Refinement program
Function minimized

Data / restraints /
parameters

Goodness-of-fit on F?

Final R indices

Weighting scheme

Absolute structure
parameter

Extinction coefficient

Largest diff. peak and
hole

R.M.S. deviation from
mean

0.9960 and 0.9020
direct methods

XT, VERSION 2014/5

Full-matrix least-squares on F?
SHELXL-2018/3 (Sheldrick, 2018)
2 w(Fo? - Fe?)?

4087 / 447 / 359

1.081

R1=0.1033, wR2 =
0.2567

R1=0.1479, wR2 =
0.2892

w=1/[62(F+2)+(0.1098P)2+10.8771P]
where P=(Fo*+2F:?)/3

-0.07(14)
0.0140(50)
0.995 and -0.465 eA-3

2754 data; [>20(I)

all data

0.123 eA3

Bond lengths (A) of compound (S)-100a

C1-C2
Cl-H1
C2-H2
C3-H3
C4-H4
C5-H5
C7-01
C8-C9
C8-H8B
C9-P1
N1-C10
C10-C11
C11-N2
N2-C12

1.39 C1-C6 1.39
0.95 C2-C3 1.39

0.95 C3-C4 1.39

0.95 C4-C5 1.39

0.95 C5-C6 1.39

0.95 C6-C7 1.483(12)
1.228(13) C7-C8 1.521(15)
1.522(16) C8-H8A 0.99

0.99 C9-N1 1.398(12)
1.848(11) C9-H9 1.0

1.42 N1-C12 1.42

1.42 C10-H10 0.95

1.42 C11-H11 0.95

1.42 C12-H12 0.95
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C13-C14
C13-P1
Cl4-H14
C15-H15
C16-H16
C17-H17
C13A-C14A
C13A-P1
Cl4A-H14A
C15A-H15A
C16A-H16A
C17A-H17A
C19-C20
C19-P1
C20-H20
C21-H21
C22-H22
C23-H23
P1-0O2
C19A-C20A
C20A-C21A
C21A-C22A
C22A-C23A
C23A-C24A
C24A-H24A
C25-Cl1
C25-H25B
C25A-CI1A
C25A-H25D

Bond angles (°) of compound (S)-100a

1.39
1.791(18)
0.95

0.95

0.95

0.95

1.39
1.817(14)
0.95

0.95

0.95

0.95

1.39
1.797(12)
0.95

0.95

0.95

0.95
1.500(8)
1.39

1.39

1.39

1.39

1.39

0.95
1.63(3)
0.99
1.64(3)
0.99

C2-C1-C6
C6-C1-H1
C1-C2-H2
C4-C3-C2
C2-C3-H3
C3-C4-H4
C6-C5-C4
C4-C5-H5

120.0
120.0
120.0
120.0
120.0
120.0
120.0
120.0

C13-C18
C14-C15
C15-Cl6
Cl6-C17
C17-C18
C18-H18
C13A-C18A
C14A-C15A
C15A-C16A
C16A-C17A
C17A-C18A
C18A-H18A
C19-C24
C20-C21
C21-C22
C22-C23
C23-C24
C24-H24
P1-C19A
C19A-C24A
C20A-H20A
C21A-H21A
C22A-H22A
C23A-H23A
C25-CI2
C25-H25A
C25A-CI2A
C25A-H25C

C2-C1-H1
C1-C2-C3
C3-C2-H2
C4-C3-H3
C3-C4-C5
C5-C4-H4
C6-C5-H5
C5-C6-C1
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1.39
1.39
1.39
1.39
1.39
0.95
1.39
1.39
1.39
1.39
1.39
0.95
1.39
1.39
1.39
1.39
1.39
0.95
1.799(13)
1.39
0.95
0.95
0.95
0.95
1.57(3)
0.99
1.57(3)
0.99

120.0
120.0
120.0
120.0
120.0
120.0
120.0
120.0



C5-C6-C7
01-C7-C6
C6-C7-C8
C7-C8-H8A
C7-C8-H8B
H8A-C8-H8B
N1-C9-P1
N1-C9-H9
P1-C9-H9
C9-N1-C12
N1-C10-C11
C11-C10-H10
N2-C11-H11
C11-N2-C12
N2-C12-H12
C14-C13-C18
C18-C13-P1
C13-C14-H14
C16-C15-C14
C14-C15-H15
C15-C16-H16
C18-C17-C16
Cl6-C17-H17
C17-C18-H18
C14A-C13A-C18A
C18A-C13A-P1
C15A-C14A-H14A
C16A-C15A-C14A
C14A-C15A-H15A
C17A-C16A-H16A
C16A-C17A-C18A
C18A-C17A-H17A
C17A-C18A-H18A
C20-C19-C24
C24-C19-P1
C19-C20-H20
C22-C21-C20
C20-C21-H21
C21-C22-H22
C24-C23-C22
C22-C23-H23

122.2(6)
120.4(10)
118.9(9)
109.3
109.3
107.9
108.1(7)
108.4
108.4
125.2(7)
108.0
126.0
126.0
108.0
126.0
120.0
122.7(14)
120.0
120.0
120.0
120.0
120.0
120.0
120.0
120.0
123.9(10)
120.0
120.0
120.0
120.0
120.0
120.0
120.0
120.0
116.9(9)
120.0
120.0
120.0
120.0
120.0
120.0

C1-C6-C7
01-C7-C8
C7-C8-C9
C9-C8-H8A
C9-C8-H8B
N1-C9-C8
C8-C9-P1
C8-C9-H9
C9-N1-C10
C10-N1-C12
N1-C10-H10
N2-C11-C10
C10-C11-H11
N2-C12-N1
N1-C12-H12
C14-C13-P1
C13-C14-C15
C15-C14-H14
C16-C15-H15
C15-C16-C17
C17-Cl6-H16
C18-C17-H17
C17-C18-C13
C13-C18-H18
Cl14A-C13A-P1
C15A-C14A-C13A
C13A-C1l4A-H14A
C16A-C15A-H15A
C17A-C16A-C15A
C15A-C16A-H16A
C16A-C17A-H17A
C17A-C18A-C13A
C13A-C18A-H18A
C20-C19-P1
C19-C20-C21
C21-C20-H20
C22-C21-H21
C21-C22-C23
C23-C22-H22
C24-C23-H23
C23-C24-C19
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117.7(6)
120.7(10)
111.7(9)
109.3
109.3
112.5(9)
110.9(8)
108.4
126.7(7)
108.0
126.0
108.0
126.0
108.0
126.0
117.3(14)
120.0
120.0
120.0
120.0
120.0
120.0
120.0
120.0
116.0(10)
120.0
120.0
120.0
120.0
120.0
120.0
120.0
120.0
123.1(9)
120.0
120.0
120.0
120.0
120.0
120.0
120.0



C23-C24-H24
02-P1-C13
C13-P1-C19
02-P1-C13A
02-P1-C9
C19-P1-C9
C13A-P1-C9
C20A-C19A-P1
C19A-C20A-C21A
C21A-C20A-H20A
C22A-C21A-H21A
C21A-C22A-C23A
C23A-C22A-H22A
C24A-C23A-H23A
C23A-C24A-C19A
C19A-C24A-H24A
Cl2-C25-H25A
Cl2-C25-H25B
H25A-C25-H25B
CI2A-C25A-H25C
CI2A-C25A-H25D
H25C-C25A-H25D

120.0
112.3(9)
108.6(10)
111.5(7)
113.0(5)
105.9(7)
104.4(7)
126.6(10)
120.0
120.0
120.0
120.0
120.0
120.0
120.0
120.0
106.6
106.6
106.6
106.4
106.4
106.5

C19-C24-H24
02-P1-C19
02-P1-C19A
C19A-P1-C13A
C13-P1-C9
C19A-P1-C9
C20A-C19A-C24A
C24A-C19A-P1
C19A-C20A-H20A
C22A-C21A-C20A
C20A-C21A-H21A
C21A-C22A-H22A
C24A-C23A-C22A
C22A-C23A-H23A
C23A-C24A-H24A
Cl2-C25-Cl1
Cl1-C25-H25A
Cl1-C25-H25B
CI2A-C25A-CI1A
CI1A-C25A-H25C
CI1A-C25A-H25D
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120.0
110.8(6)
111.0(7)
110.0(9)
105.9(8)
106.6(8)
120.0
113.4(10)
120.0
120.0
120.0
120.0
120.0
120.0
120.0
123.(2)
106.6
106.6
124.(2)
106.4
106.4



Crystallographic data for compound 136

Identification code leung1155m
Chemical formula C37.50H32CIsN2OPPd

Formula weight 770.37 g/mol
Temperature 100(2) K

Wavelength 0.71073 A

Crystal size 0.120 x 0.240 x 0.280 mm
Crystal habit orange block

Crystal system triclinic

Space group P-1

Unit cell dimensions  a=10.8475(4) A  a=75.422(2)°
b=12.6373(5) A  B=287.6220(10)°
c=12.6561(5) A  y=283.0370(10)°

Volume 1666.59(11) A3

Z 2

Density (calculated)  1.535 g/cm?

Absorption coefficient 0.879 mm-!

F(000) 782

Theta range for data 2.64 to 33.78°

collection

Index ranges -16<=h<=16, -18<=k<=19, -19<=I<=17

Reflections collected 32765
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Independent
reflections

Absorption correction Multi-Scan

Max. and min.
transmission

Refinement method  Full-matrix least-squares on F2
Refinement program SHELXL-2018/3 (Sheldrick, 2018)
Function minimized X w(Fo2 - Fc2)2

Data / restraints /

13176 [R(int) = 0.0532]

0.9020 and 0.7910

parameters 13176 /16 /425
Goodness-of-fiton F2 1.026
A/omax 0.001

8581 data;

Final R indices R1 =0.0567, wR2 = 0.1055

>26(1)

all data R1 =0.1059, wR2 = 0.1286
w=1/[6%(Fo?)+(0.0339P)%+2.6595P]
where P=(Fo?+2F:?)/3

0.672 and -1.294 eA-3

Weighting scheme

Largest diff. peak and
hole

R.M.S. deviation

0.127 eA3
from mean

Bond lengths (A) of compound 136

C1-N1 1.325(4) C1-N2 1.346(4)
C1-H1 0.95 C2-N2 1.464(4)
C2-H2A 0.98 C2-H2B 0.98
C2-H2C 0.98 C3-C4 1.367(4)
C3-N2 1.383(4) C3-C11 1.486(4)
C4-N1 1.386(4) C4-C5 1.466(4)
C5-C6 1.396(4) C5-C10 1.397(5)
C6-C7 1.387(5) C6-H6 0.95
C7-C8 1.378(5) C7-H7 0.95
C8-C9 1.380(5) C8-H8 0.95
C9-C10 1.384(5) C9-H9 0.95
C10-H10 0.95 C11-C16 1.382(5)
C11-C12 1.391(5) C12-C13 1.390(5)
C12-H12 0.95 C13-Cl4 1.384(6)
C13-H13 0.95 C14-C15 1.376(6)
C14-H14 0.95 C15-C16 1.393(5)
C15-H15 0.95 C16-H16 0.95
C17-C18 1.278(5) C17-P1 1.805(4)
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Cl17-H17
C18-H18
C19-C20
C20-C25
C21-H21
C22-H22
C23-H23
C24-H24
C26-C31
C26-P1
C27-H27
C28-H28
C29-H29
C30-H30
C32-C37
C32-P1
C33-H33
C34-H34
C35-H35
C36-H36
C38-CI3
C38-H38A
Cl1-Pd1
N1-Pdl

0.95
0.95
1.444(5)
1.413(5)
0.95
0.95
0.95
0.95
1.382(5)
1.821(3)
0.95
0.95
0.95
0.95
1.383(5)
1.814(3)
0.95
0.95
0.95
0.95
1.740(12)
0.99
2.3646(8)
2.050(2)

Bond angles (°) of compound 136

N1-C1-N2
N2-C1-H1
N2-C2-H2B
N2-C2-H2C

H2B-C2-H2C

C4-C3-Cl11
C3-C4-N1
N1-C4-C5
C6-C5-C4
C7-C6-C5
C5-C6-H6
C8-C7-H7
C7-C8-C9

109.8(3)
125.1
109.5
109.5
109.5
132.1(3)
108.2(3)
123.7(3)
121.0(3)
120.1(3)
120.0
119.6
119.6(3)

C18-C19
C19-01
C20-C21
C21-C22
C22-C23
C23-C24
C24-C25
C25-H25
C26-C27
C27-C28
C28-C29
C29-C30
C30-C31
C31-H31
C32-C33
C33-C34
C34-C35
C35-C36
C36-C37
C37-H37
C38-Cl4
C38-H38B
Cl2-pPd1
P1-Pd1

N1-C1-H1
N2-C2-H2A

H2A-C2-H2B
H2A-C2-H2C

C4-C3-N2
N2-C3-C11
C3-C4-C5
C6-C5-C10
C10-C5-C4
C7-C6-Hb6
C8-C7-C6
C6-C7-H7
C7-C8-H8
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1.513(5)
1.226(5)
1.390(5)
1.374(6)
1.389(6)
1.366(6)
1.365(6)
0.95
1.396(4)
1.388(5)
1.376(5)
1.378(5)
1.392(5)
0.95
1.392(5)
1.394(5)
1.374(6)
1.378(5)
1.388(5)
0.95
1.740(13)
0.99
2.2880(7)
2.2382(8)

125.1
109.5
109.5
109.5
106.2(3)
121.7(3)
127.9(3)
118.5(3)
120.3(3)
120.0
120.9(3)
119.6
120.2



C9-C8-H8
C8-C9-H9
C9-C10-C5
C5-C10-H10
C16-C11-C3
C13-C12-C11
Cl1-C12-H12
C14-C13-H13
C15-C14-C13
C13-C14-H14
C14-C15-H15
C11-C16-C15
C15-C16-H16
C18-C17-H17
C17-C18-C19
C19-C18-H18
01-C19-C18
C21-C20-C25
C25-C20-C19
C22-C21-H21
C21-C22-C23
C23-C22-H22
C24-C23-H23
C25-C24-C23
C23-C24-H24
C24-C25-H25
C31-C26-C27
C27-C26-P1
C28-C27-H27
C29-C28-C27
C27-C28-H28
C28-C29-H29
C29-C30-C31
C31-C30-H30
C26-C31-H31
C37-C32-C33
C33-C32-P1
C32-C33-H33
C35-C34-C33
C33-C34-H34
C34-C35-H35

120.2
119.9
120.7(3)
119.6
121.3(3)
120.7(4)
119.7
120.3
120.0(3)
120.0
119.7
119.9(3)
120.1
115.4
120.1(3)
120.0
118.2(4)
118.3(4)
123.2(3)
119.9
120.5(4)
119.8
120.2
120.9(4)
1195
119.9
119.1(3)
121.2(3)
120.2
120.8(3)
119.6
120.1
119.9(3)
120.0
119.7
119.8(3)
119.1(3)
120.4
120.6(4)
119.7
119.9

C8-C9-C10
C10-C9-H9
C9-C10-H10
C16-C11-C12
C12-C11-C3
C13-C12-H12
C14-C13-C12
C12-C13-H13
C15-C14-H14
C14-C15-Cl6
C16-C15-H15
C11-C16-H16
C18-C17-P1
P1-C17-H17
C17-C18-H18
01-C19-C20
C20-C19-C18
C21-C20-C19
C22-C21-C20
C20-C21-H21
C21-C22-H22
C24-C23-C22
C22-C23-H23
C25-C24-H24
C24-C25-C20
C20-C25-H25
C31-C26-P1
C28-C27-C26
C26-C27-H27
C29-C28-H28
C28-C29-C30
C30-C29-H29
C29-C30-H30
C26-C31-C30
C30-C31-H31
C37-C32-P1
C32-C33-C34
C34-C33-H33
C35-C34-H34
C34-C35-C36
C36-C35-H35
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120.2(4)
119.9
119.6
119.3(3)
119.4(3)
119.7
119.5(4)
120.3
120.0
120.6(4)
119.7
120.1
129.3(3)
115.4
120.0
121.3(4)
120.5(3)
118.5(4)
120.3(4)
119.9
119.8
119.6(4)
120.2
1195
120.2(3)
119.9
119.7(2)
119.7(4)
120.2
119.6
119.8(3)
120.1
120.0
120.7(3)
119.7
121.1(3)
119.2(3)
120.4
119.7
120.1(3)
119.9



C35-C36-C37

C37-C36-H36
C32-C37-H37

CI3-C38-Cl4

Cl4-C38-H38A
Cl4-C38-H38B

C1-N1-C4
C4-N1-Pd1
C1-N2-C2
C17-P1-C32
C32-P1-C26
C32-P1-Pd1
N1-Pd1-P1
P1-Pd1-CI2
P1-Pd1-Cl1

120.0(3)
120.0
119.9
115.0(10)
108.5
108.5
107.6(2)
130.6(2)
125.0(3)
101.77(17)
104.76(14)
115.63(10)
94.53(7)
84.90(3)
174.54(3)

C35-C36-H36
C32-C37-C36
C36-C37-H37
CI3-C38-H38A
CI3-C38-H38B
H38A-C38-H38B
C1-N1-Pd1
C1-N2-C3
C3-N2-C2
C17-P1-C26
C17-P1-Pd1
C26-P1-Pd1
N1-Pd1-CI2
N1-Pd1-Cl1
Cl2-Pd1-Cl1
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120.0
120.3(3)
119.9
1085
1085
107.5
121.69(19)
108.3(3)
125.9(3)
103.42(16)
115.10(13)
114.52(11)
178.70(7)
89.78(7)
90.85(3)



Crystallographic data for compound (S)-137h

Identification code
Chemical formula
Formula weight
Temperature
Wavelength

Crystal size

Crystal habit
Crystal system
Space group

Unit cell dimensions

Volume

V4

Density (calculated)
Absorption coefficient
F(000)

Theta range for data
collection

Index ranges
Reflections collected
Independent reflections

Coverage of independent
reflections

Absorption correction

leungl177m_tw
C29H25CI2N20PPd
625.78 g/mol
100(2) K

0.71073 A

0.100 x 0.140 x 0.200 mm
yellow block

monoclinic

P1211

a=15.573(2) A o =90°
b=12.0833(16) A B =90.106(3)°
c=20.842(3) A ¥ =90°
3921.9(9) A3

6

1.590 g/cm?

1.002 mm™

1896

2.3510 29.58°

-21<=h<=21, -16<=k<=16, -28<=1<=28
63292
63292 [R(int) = 0.0838]

99.1%

Multi-Scan
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Max. and min.
transmission

Structure solution
technique

Structure solution
program

Refinement method
Refinement program
Function minimized

Data / restraints /
parameters

Goodness-of-fit on F?
A/Gmax

Final R indices

Weighting scheme

Absolute structure
parameter

Largest diff. peak and
hole

R.M.S. deviation from
mean

0.9060 and 0.8250
direct methods

XT, VERSION 2014/5

Full-matrix least-squares on F?
SHELXL-2018/3 (Sheldrick, 2018)
2 w(Fo? - F¢?)?

63292 / 823/ 975

1.033

0.001

43772 data; R1=0.0723, wR2 =

>206(T) 0.1445

Al data R1=0.1173, wR2 =
0.1707

w=1/[62(Fo?)+(0.0324P)2+3.0396P]
where P=(Fo?+2F?)/3

0.04(2)
1.842 and -1.780 eA3

0.216 eA3

Bond lengths (A) of compound (S)-137h

C1-N2
C1-Pd1
C2-H2A
C2-H2C
C3-C4
C4-C5
C5-C6
C6-C7
C7-C8
C8-N2
C9-C10
C9-H9
C10-H10A
Cl1-01

1.39(2) C1-N1 1.39(3)
1.93(2) C2-N1 1.45(2)
0.98 C2-H2B 0.98

0.98 C3-N1 1.370(18)
1.39 C3-C8 1.39

1.39 C4-H4 0.95

1.39 C5-H5 0.95

1.39 C6-H6 0.95

1.39 C7-H7 0.95
1.364(18) C9-N2 1.46(2)
1.52(2) C9-P1 1.864(18)
1.0 C10-C11 1.51(3)
0.99 C10-H10B 0.99
1.21(2) C11-C12 1.50(2)
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C12-C13 1.39 C12-C17 1.39

C13-Cl14 1.39 C13-H13 0.95
C14-C15 1.39 Cl4-H14 0.95
C15-C16 1.39 C15-H15 0.95
C16-C17 1.39 C16-H16 0.95
C17-H17 0.95 C18-C19 1.39
C18-C23 1.39 C18-P1 1.804(11)
C19-C20 1.39 C19-H19 0.95
C20-C21 1.39 C20-H20 0.95
C21-C22 1.39 C21-H21 0.95
C22-C23 1.39 C22-H22 0.95
C23-H23 0.95 C24-C25 1.39
C24-C29 1.39 C24-P1 1.810(9)
C25-C26 1.39 C25-H25 0.95
C26-C27 1.39 C26-H26 0.95
C27-C28 1.39 C27-H27 0.95
C28-C29 1.39 C28-H28 0.95
C29-H29 0.95 C30-N3 1.34(2)
C30-N4 1.35(2) C30-Pd2 2.011(19)
C31-N3 1.48(2) C31-H31A 0.98
C31-H31B 0.98 C31-H31C 0.98
C32-C33 1.39 C32-C37 1.39
C32-N3 1.392(17) C33-C34 1.39
C33-H33 0.95 C34-C35 1.39
C34-H34 0.95 C35-C36 1.39
C35-H35 0.95 C36-C37 1.39
C36-H36 0.95 C37-N4 1.389(16)
C38-N4 1.45(2) C38-C39 1.51(3)
C38-P2 1.85(2) C38-H38 1.0
C39-C40 1.52(2) C39-H39A 0.99
C39-H39B 0.99 C40-02 1.24(2)
C40-C41 1.51(2) C41-C42 1.39
C41-C46 1.39 C42-C43 1.39
C42-H42 0.95 C43-C44 1.39
C43-H43 0.95 C44-C45 1.39
C44-H44 0.95 C45-C46 1.39
C45-H45 0.95 C46-H46 0.95
C47-C48 1.39 C47-C52 1.39
C47-P2 1.824(9) C48-C49 1.39
C48-H48 0.95 C49-C50 1.39
C49-H49 0.95 C50-C51 1.39
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C50-H50
C51-H51
C53-C54
C53-P2
C54-H54
C55-H55
C56-H56
C57-H57
C53A-C54A
C53A-P2
C54A-H54A
C55A-H55A
C56A-H56A
C57A-H57A
C59-N5
C59-Pd3
C60-H60A
C60-H60C
C61-C62
C62-C63
C63-C64
C64-C65
C65-C66
C66-N6
C67-C68
C67-H67
C68-H68A
C69-03
C70-C71
C71-C72
C72-C73
C73-C74
C74-C75
C75-H75
C76-C81
C77-C78
C78-C79
C79-C80
C80-C81
C81-H81
C76A-C81A

0.95
0.95
1.39
1.804(16)
0.95
0.95
0.95
0.95
1.35(5)
1.795(17)
0.95
0.95
0.95
0.95
1.33(2)
2.023(17)
0.98
0.98
1.39
1.39
1.39
1.39
1.39
1.375(17)
1.51(3)
1.0
0.99
1.20(2)
1.39
1.39
1.39
1.39
1.39
0.95
1.39
1.39
1.39
1.39
1.39
0.95
1.39

C51-C52
C52-H52
C53-C58
C54-C55
C55-C56
C56-C57
C57-C58
C58-H58
C53A-C58A
C54A-C55A
C55A-C56A
C56A-C57A
C57A-C58A
C58A-H58A
C59-N6
C60-N5
C60-H60B
C61-N5
C61-C66
C62-H62
C63-H63
C64-H64
C65-H65
C67-N6
C67-P3
C68-C69
C68-H68B
C69-C70
C70-C75
C71-H71
C72-H72
C73-H73
C74-H74
C76-C77
C76-P3
Crr-H77
C78-H78
C79-H79
C80-H80
C76A-C77A
C76A-P3
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1.39
0.95
1.39
1.39
1.39
1.39
1.39
0.95
1.42(4)
1.40(5)
1.32(5)
1.33(5)
1.45(5)
0.95
1.36(2)
1.44(2)
0.98
1.371(16)
1.39
0.95
0.95
0.95
0.95
1.46(2)
1.87(2)
1.53(3)
0.99
1.46(2)
1.39
0.95
0.95
0.95
0.95
1.39
1.815(14)
0.95
0.95
0.95
0.95
1.39
1.785(15)



C77A-C78A
C78A-C79A
C79A-C80A
C80A-C81A
C81A-H81A
C82-C87
C83-C84
C84-C85
C85-C86
C86-C87
C87-H87
C82A-C87A
C83A-C84A
C84A-C85A
C85A-C86A
C86A-C87A
C87A-HB7A
Cl2-pPd1
Cl4-Pd2
Cl6-Pd3
P2-Pd2

1.39
1.39
1.39
1.39
0.95
1.39
1.39
1.39
1.39
1.39
0.95
1.39
1.39
1.39
1.39
1.39
0.95
2.335(6)
2.335(5)
2.357(5)
2.203(5)

Bond angles (°) of compound (S)-137h

N2-C1-N1
N1-C1-Pd1
N1-C2-H2B
N1-C2-H2C

H2B-C2-H2C

N1-C3-C8
C3-C4-C5
C5-C4-H4
C4-C5-H5
C7-C6-C5
C5-C6-H6
C6-C7-H7
N2-C8-C7
C7-C8-C3
N2-C9-P1
N2-C9-H9

103.7(17)
132.8(14)
109.5
109.5
109.5
108.2(10)
120.0
120.0
120.0
120.0
120.0
120.0
134.3(10)
120.0
101.5(11)
109.3

C7T7TA-HTTA
C78A-HT78A
C79A-H79A
C80A-HB80A
C82-C83
C82-P3
C83-H83
C84-H84
C85-H85
C86-H86
C82A-C83A
C82A-P3
C83A-HB3A
C84A-HB4A
C85A-H85A
C86A-H86A
Cl1-Pd1
ClI3-Pd2
CI5-Pd3
P1-Pd1
P3-Pd3

N2-C1-Pd1
N1-C2-H2A

H2A-C2-H2B
H2A-C2-H2C

N1-C3-C4
C4-C3-C8
C3-C4-H4
C4-C5-Co6
C6-C5-H5
C7-C6-H6
C6-C7-C8
C8-C7-H7
N2-C8-C3
N2-C9-C10
C10-C9-P1
C10-C9-H9
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0.95
0.95
0.95
0.95
1.39
1.841(12)
0.95
0.95
0.95
0.95
1.39
1.757(15)
0.95
0.95
0.95
0.95
2.368(4)
2.364(4)
2.371(5)
2.206(4)
2.216(5)

122.1(15)

109.5
109.5
109.5

131.8(10)

120.0
120.0
120.0
120.0
120.0
120.0
120.0

105.7(10)
112.6(15)
114.5(13)

109.3



P1-C9-H9

C11-C10-H10A

C11-C10-H10B

H10A-C10-H10B

01-C11-C10
C13-C12-C17
C17-C12-C11
C14-C13-H13
C13-C14-C15
C15-C14-H14
C14-C15-H15
C17-C16-C15
C15-C16-H16
C16-C17-H17
C19-C18-C23
C23-C18-P1
C20-C19-H19
C21-C20-C19
C19-C20-H20
C20-C21-H21
C21-C22-C23
C23-C22-H22
C22-C23-H23
C25-C24-C29
C29-C24-P1
C24-C25-H25
C27-C26-C25
C25-C26-H26
C26-C27-H27
C29-C28-C27
C27-C28-H28
C28-C29-H29
N3-C30-N4
N4-C30-Pd2
N3-C31-H31B
N3-C31-H31C

H31B-C31-H31C

C33-C32-N3

C32-C33-C34
C34-C33-H33
C35-C34-H34

109.3 C11-C10-C9
109.2 C9-C10-H10A
109.2 C9-C10-H10B
107.9 01-C11-C12
119.0(18) C12-C11-C10
120.0 C13-C12-C11
117.7(10) C14-C13-C12
120.0 C12-C13-H13
120.0 C13-C14-H14
120.0 C14-C15-C16
120.0 C16-C15-H15
120.0 C17-C16-H16
120.0 C16-C17-C12
120.0 C12-C17-H17
120.0 C19-C18-P1
122.8(7) C20-C19-C18
120.0 C18-C19-H19
120.0 C21-C20-H20
120.0 C20-C21-C22
120.0 C22-C21-H21
120.0 C21-C22-H22
120.0 C22-C23-C18
120.0 C18-C23-H23
120.0 C25-C24-P1
120.8(6) C24-C25-C26
120.0 C26-C25-H25
120.0 C27-C26-H26
120.0 C26-C27-C28
120.0 C28-C27-H27
120.0 C29-C28-H28
120.0 C28-C29-C24
120.0 C24-C29-H29
108.6(16) N3-C30-Pd2
120.0(13) N3-C31-H31A
109.5 H31A-C31-H31B
109.5 H31A-C31-H31C
109.5 C33-C32-C37
132.9(10) C37-C32-N3
120.0 C32-C33-H33
120.0 C35-C34-C33
120.0 C33-C34-H34
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112.2(16)
109.2
109.2
122.5(17)
118.5(15)
122.3(10)
120.0
120.0
120.0
120.0
120.0
120.0
120.0
120.0
117.1(7)
120.0
120.0
120.0
120.0
120.0
120.0
120.0
120.0
119.2(6)
120.0
120.0
120.0
120.0
120.0
120.0
120.0
120.0
129.7(14)
109.5
109.5
109.5
120.0
107.1(10)
120.0
120.0
120.0



C36-C35-C34
C34-C35-H35
C35-C36-H36
N4-C37-C36
C36-C37-C32
N4-C38-P2
N4-C38-H38
P2-C38-H38

C38-C39-H39A

C38-C39-H39B

H39A-C39-H39B

02-C40-C39

C42-C41-C46
C46-C41-C40
C43-C42-H42
C42-C43-C44
C44-C43-H43
C45-C44-H44
C46-C45-C44
C44-C45-H45
C45-C46-H46
C48-C47-C52
C52-C47-P2

C47-C48-H48
C50-C49-C48
C48-C49-H49
C49-C50-H50
C52-C51-C50
C50-C51-H51
C51-C52-H52
C54-C53-C58
C58-C53-P2

C53-C54-H54
C56-C55-C54
C54-C55-H55
C55-C56-H56
C58-C57-C56
C56-C57-H57
C57-C58-H58

C54A-C53A-C58A
C58A-C53A-P2

120.0
120.0
120.0
133.9(9)
120.0
102.6(12)
109.1
109.1
109.2
109.2
107.9
119.0(18)
120.0
119.8(11)
120.0
120.0
120.0
120.0
120.0
120.0
120.0
120.0
116.2(6)
120.0
120.0
120.0
120.0
120.0
120.0
120.0
120.0
121.(3)
120.0
120.0
120.0
120.0
120.0
120.0
120.0
118.(3)
122.(4)

C36-C35-H35
C35-C36-C37
C37-C36-H36
N4-C37-C32
N4-C38-C39
C39-C38-P2
C39-C38-H38
C38-C39-C40

C40-C39-H39A

C40-C39-H39B
02-C40-C41
C41-C40-C39
C42-C41-C40
C43-C42-C41
C41-C42-H42
C42-C43-H43
C45-C44-C43
C43-C44-H44
C46-C45-H45
C45-C46-C41
C41-C46-H46
C48-C47-P2
C47-C48-C49
C49-C48-H48
C50-C49-H49
C49-C50-C51
C51-C50-H50
C52-C51-H51
C51-C52-C47
C47-C52-H52
C54-C53-P2
C53-C54-C55
C55-C54-H54
C56-C55-H55
C55-C56-C57
C57-C56-H56
C58-C57-H57
C57-C58-C53
C53-C58-H58

C54A-C53A-P2
C53A-C54A-C55A
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120.0
120.0
120.0
105.9(9)
112.4(16)
114.3(13)
109.1
112.1(16)
109.2
109.2
119.7(16)
121.2(15)
120.2(11)
120.0
120.0
120.0
120.0
120.0
120.0
120.0
120.0
123.6(6)
120.0
120.0
120.0
120.0
120.0
120.0
120.0
120.0
119.(3)
120.0
120.0
120.0
120.0
120.0
120.0
120.0
120.0
119.(4)
122.(3)



C53A-C54A-H54A
C56A-C55A-C54A
C54A-C55A-H55A
C55A-C56A-H56A
C56A-C57A-C58A
C58A-C57A-H57A
C53A-C58A-H58A
N5-C59-N6
N6-C59-Pd3
N5-C60-H60B
N5-C60-H60C
H60B-C60-H60C
N5-C61-C66
C61-C62-C63
C63-C62-H62
C64-C63-H63
C63-C64-C65
C65-C64-H64
C64-C65-H65
N6-C66-C65
C65-C66-C61
N6-C67-P3
N6-C67-H67
P3-C67-H67
C67-C68-HB8A
C67-C68-H68B
H68A-C68-H68B
03-C69-C68
C71-C70-C75
C75-C70-C69
C70-C71-H71
C71-C72-C73
C73-C72-HT72
C74-C73-H73
C75-C74-C73
C73-C74-H74
C74-C75-H75
C77-C76-C81
C81-C76-P3
C76-C77-H77
C79-C78-C77

119.2
119.(3)
1205
117.9
118.(3)
121.1
120.7
107.6(15)
118.6(13)
109.5
109.5
109.5
107.2(10)
120.0
120.0
120.0
120.0
120.0
120.0
134.3(10)
120.0
102.6(12)
109.1
109.1
109.1
109.1
107.8
118.(2)
120.0
124.0(11)
120.0
120.0
120.0
120.0
120.0
120.0
120.0
120.0
118.7(16)
120.0
120.0

C55A-C54A-H54A
C56A-C55A-H55A
C55A-C56A-C57A
C57A-C56A-H56A
C56A-C57A-H57A
C53A-C58A-C57A
C57A-C58A-H58A
N5-C59-Pd3
N5-C60-H60A
H60A-C60-H60B
H60A-C60-H60C
N5-C61-C62
C62-C61-C66
C61-C62-H62
C64-C63-C62
C62-C63-H63
C63-C64-Ho64
C64-C65-C66
C66-C65-H65
N6-C66-C61
N6-C67-C68
C68-C67-P3
C68-C67-H67
C67-C68-C69
C69-C68-H68A
C69-C68-H68B
03-C69-C70
C70-C69-C68
C71-C70-C69
C70-C71-C72
C72-C71-H71
C71-C72-H72
C74-C73-C72
C72-C73-H73
C75-C74-H74
C74-C75-C70
C70-C75-H75
C77-C76-P3
C76-C77-C78
C78-C77-H77
C79-C78-H78
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119.2
120.5
124.(4)
117.9
121.1
119.(3)
120.7
132.0(13)
109.5
109.5
109.5
132.8(10)
120.0
120.0
120.0
120.0
120.0
120.0
120.0
105.7(10)
111.0(16)
115.7(15)
109.1
112.5(18)
109.1
109.1
124.1(18)
118.1(17)
116.0(11)
120.0
120.0
120.0
120.0
120.0
120.0
120.0
120.0
121.3(16)
120.0
120.0
120.0



C77-C78-H78
C78-C79-H79
C81-C80-C79
C79-C80-H80
C80-C81-H81
C77A-C76A-C81A
C81A-C76A-P3
C76A-C7T7TA-HTTA
C77A-C78A-C79A
C79A-C78A-H78A
C80A-C79A-HT79A
C79A-C80A-C81A
C81A-C80A-HB0A
C80A-C81A-H81A
C83-C82-C87
C87-C82-P3
C84-C83-H83
C83-C84-C85
C85-C84-H84
C86-C85-H85
C85-C86-C87
C87-C86-H86
C86-C87-H87
C83A-C82A-C87A
C87A-C82A-P3
C84A-C83A-H83A
C83A-C84A-C85A
C85A-C84A-HB4A
C86A-C85A-H85A
C87A-C86A-C85A
C85A-C86A-H86A
C86A-C87A-H87A
C3-N1-C1
C1-N1-C2
C8-N2-C9
C30-N3-C32
C32-N3-C31
C30-N4-C38
C59-N5-C61
C61-N5-C60
C59-N6-C67

120.0
120.0
120.0
120.0
120.0
120.0
114.1(18)
120.0
120.0
120.0
120.0
120.0
120.0
120.0
120.0
121.6(12)
120.0
120.0
120.0
120.0
120.0
120.0
120.0
120.0
125.(2)
120.0
120.0
120.0
120.0
120.0
120.0
120.0
110.2(14)
129.6(16)
125.8(13)
108.8(14)
120.3(14)
123.3(15)
109.8(13)
121.6(15)
124.6(16)

C78-C79-C80
C80-C79-H79
C81-C80-H80
C80-C81-C76
C76-C81-H81
C77A-C76A-P3
C76A-C77A-C78A
C78A-CT7A-HTTA
C77A-C78A-H78A
C80A-C79A-C78A
C78A-C79A-HT79A
C79A-C80A-H80A
C80A-C81A-C76A
C76A-C81A-H81A
C83-C82-P3
C84-C83-C82
C82-C83-H83
C83-C84-H84
C86-C85-C84
C84-C85-H85
C85-C86-H86
C86-C87-C82
C82-C87-H87
C83A-C82A-P3
C84A-C83A-C82A
C82A-C83A-H83A
C83A-C84A-H84A
C86A-C85A-C84A
C84A-C85A-H85A
C87A-C86A-H86A
C86A-C87A-C82A
C82A-C87A-H87A
C3-N1-C2
C8-N2-C1
C1-N2-C9
C30-N3-C31
C30-N4-C37
C37-N4-C38
C59-N5-C60
C59-N6-C66
C66-N6-C67
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120.0
120.0
120.0
120.0
120.0
125.2(18)
120.0
120.0
120.0
120.0
120.0
120.0
120.0
120.0
118.4(12)
120.0
120.0
120.0
120.0
120.0
120.0
120.0
120.0
115.(2)
120.0
120.0
120.0
120.0
120.0
120.0
120.0
120.0
120.2(15)
112.1(15)
122.0(16)
130.9(16)
109.5(13)
127.0(14)
128.5(16)
109.6(14)
125.3(14)



C18-P1-C24
C24-P1-C9
C24-P1-Pd1
C53A-P2-C47
C53A-P2-C38
C47-P2-C38
C53-P2-Pd2
C38-P2-Pd2
C76-P3-C82
C76A-P3-C67
C82-P3-C67
C76A-P3-Pd3
C82-P3-Pd3
C1-Pd1-P1
P1-Pd1-CI2
P1-Pd1-Cl1
C30-Pd2-P2
P2-Pd2-Cl4
P2-Pd2-CI3
C59-Pd3-P3
P3-Pd3-Cl6
P3-Pd3-CI5

109.5(6)
103.8(8)
117.2(4)
113.(2)
103.(2)
108.4(7)
119.(2)
103.9(6)
115.2(13)
108.9(12)
101.2(10)
117.3(11)
116.2(7)
82.0(6)
88.73(18)
170.32(18)
81.8(5)
87.27(18)
172.18(19)
82.7(5)
89.38(19)
171.3(2)

C18-P1-C9
C18-P1-Pd1
C9-P1-Pd1
C53-P2-C47
C53-P2-C38
C53A-P2-Pd2
C47-P2-Pd2
C82A-P3-C76A
C82A-P3-C67
C76-P3-C67
C82A-P3-Pd3
C76-P3-Pd3
C67-P3-Pd3
C1-Pd1-CI2
C1l-Pd1-CI1
Cl2-Pd1-Cl1
C30-Pd2-Cl4
C30-Pd2-CI3
Cl4-Pd2-CI3
C59-Pd3-Cl6
C59-Pd3-CI5
Cl6-Pd3-CI5
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107.1(7)
113.6(4)
104.6(6)
109.(2)
101.(2)
114.(2)
114.0(4)
104.1(16)
105.6(14)
105.6(11)
116.6(12)
112.9(10)
103.6(6)
166.7(5)
100.2(6)
90.53(18)
164.3(6)
101.0(5)
91.38(18)
166.9(6)
98.8(5)
90.55(17)



Crystallographic data for compound (S)-141h

0 Ph,p—PICl,

Identification code leung1192m_tw

Chemical formula C29H25CI2N20PPt

Formula weight 714.47 g/mol

Temperature 100(2) K

Wavelength 0.71073 A

Crystal size 0.010 x 0.020 x 0.120 mm
Crystal habit colorless needle

Crystal system monoclinic

Space group P1211

Unit cell dimensions a=15.6042(10) A  a=90°

b=12.1561(9) A B =190.022(2)°
c=20.9652(15) A  y=90°

Volume 3976.8(5) A3
z 6

Density (calculated) 1.790 g/cm?®
Absorption coefficient 5.580 mm-!
F(000) 2088

Theta range for data
collection

Index ranges -22<=h<=22, -17<=k<=17, -25<=I<=29
Reflections collected 21184
Independent reflections 21184 [R(int) = 0.0867]

Coverage of independent
reflections

Absorption correction ~ Multi-Scan

1.94 to 30.61°

97.4%
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Max. and min.
transmission

Structure solution
technique

Structure solution
program

Refinement method
Refinement program
Function minimized

Data / restraints /
parameters

Goodness-of-fit on F?

Final R indices

Weighting scheme

Absolute structure
parameter

Largest diff. peak and
hole

R.M.S. deviation from
mean

Bond lengths (A) of compound (S)-141h

0.9460 and 0.5540

direct methods

SHELXT 2014/5 (Sheldrick, 2014)

Full-matrix least-squares on F?
SHELXL-2018/3 (Sheldrick, 2018)

2 w(Fo? - Fe?)?

21184 / 1057 / 834
1.060

16163 data R1 = 0.0601, WR2 =
>20(1) 0.1242

all data R1=10.0892, wR2 =

0.1388

w=1/[0%(F+2)+(0.0456P)2+8.9002P]
where P=(Fo*+2F:?)/3

0.011(5)

4.336 and -3.512 eA-3

0.318 eA3

Pt1-C1
Pt1-Cl1
Pt2-C30
Pt2-Cl4
Pt3-C59
Pt3-CI5
P1-C18
P1-C9
P2-C53
P3-C76
P3-C67
02-C40
N1-C3
N1-C2
N2-C8

1.954(16)
2.349(6)
1.967(16)
2.368(6)
1.958(15)
2.355(6)
1.816(10)
1.863(17)
1.809(12)
1.817(11)
1.865(16)
1.22(2)
1.37(2)
1.46(2)
1.39(2)

Pt1-P1
Pt1-Cl2
Pt2-P2
Pt2-CI3
Pt3-P3
Pt3-Cl6
P1-C24
P2-C47
P2-C38
P3-C82
0O1-C11
03-C69
N1-C1
N2-C1
N2-C9

197

2.199(4)
2.371(4)
2.208(5)
2.368(5)
2.200(5)
2.364(5)
1.821(12)
1.803(11)
1.890(17)
1.819(11)
1.23(2)
1.23(2)
1.38(2)
1.37(2)
1.47(2)



N3-C32 1.367(19) N3-C30 1.39(2)

N3-C31 1.46(2) N4-C37 1.37(2)
N4-C30 1.38(2) N4-C38 1.47(2)
N5-C59 1.35(2) N5-C61 1.38(2)
N5-C60 1.48(2) N6-C66 1.35(2)
N6-C59 1.38(2) N6-C67 1.49(2)
C2-H2A 0.98 C2-H2B 0.98
C2-H2C 0.98 C3-C4 1.39
C3-C8 1.39 C4-C5 1.39
C4-H4 0.95 C5-C6 1.39
C5-H5 0.95 C6-C7 1.39
C6-H6 0.95 C7-C8 1.39
C7-H7 0.95 C9-C10 1.505(15)
C9-H9 1.0 C10-C11 1.500(13)
C10-H10A 0.99 C10-H10B 0.99
C11-C12 1.509(12) C12-C13 1.39
C12-C17 1.39 C13-C14 1.39
C13-H13 0.95 C14-C15 1.39
Cl14-H14 0.95 C15-C16 1.39
C15-H15 0.95 C16-C17 1.39
C16-H16 0.95 C17-H17 0.95
C18-C19 1.39 C18-C23 1.39
C19-C20 1.39 C19-H19 0.95
C20-C21 1.39 C20-H20 0.95
C21-C22 1.39 C21-H21 0.95
C22-C23 1.39 C22-H22 0.95
C23-H23 0.95 C24-C25 1.39
C24-C29 1.39 C25-C26 1.39
C25-H25 0.95 C26-C27 1.39
C26-H26 0.95 C27-C28 1.39
C27-H27 0.95 C28-C29 1.39
C28-H28 0.95 C29-H29 0.95
C31-H31A 0.98 C31-H31B 0.98
C31-H31C 0.98 C32-C33 1.39
C32-C37 1.39 C33-C34 1.39
C33-H33 0.95 C34-C35 1.39
C34-H34 0.95 C35-C36 1.39
C35-H35 0.95 C36-C37 1.39
C36-H36 0.95 C38-C39 1.507(15)
C38-H38 1.0 C39-C40 1.503(13)
C39-H39A 0.99 C39-H39B 0.99
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C40-C41 1.506(12) C41-C42 1.39

C41-C46 1.39 C42-C43 1.39
C42-H42 0.95 C43-C44 1.39
C43-H43 0.95 C44-C45 1.39
C44-H44 0.95 C45-C46 1.39
C45-H45 0.95 C46-H46 0.95
C47-C48 1.39 C47-C52 1.39
C48-C49 1.39 C48-H48 0.95
C49-C50 1.39 C49-H49 0.95
C50-C51 1.39 C50-H50 0.95
C51-C52 1.39 C51-H51 0.95
C52-H52 0.95 C53-C54 1.39
C53-C58 1.39 C54-C55 1.39
C54-H54 0.95 C55-C56 1.39
C55-H55 0.95 C56-C57 1.39
C56-H56 0.95 C57-C58 1.39
C57-H57 0.95 C58-H58 0.95
C60-HB0A 0.98 C60-H60B 0.98
C60-H60C 0.98 C61-C62 1.39
C61-C66 1.39 C62-C63 1.39
C62-H62 0.95 C63-C64 1.39
C63-H63 0.95 C64-C65 1.39
C64-H64 0.95 C65-C66 1.39
C65-H65 0.95 C67-C68 1.503(15)
C67-H67 1.0 C68-C69 1.505(13)
C68-H68A 0.99 C68-H68B 0.99
C69-C70 1.507(12) C70-C71 1.39
C70-C75 1.39 C71-C72 1.39
C71-H71 0.95 C72-C73 1.39
C72-H72 0.95 C73-C74 1.39
C73-H73 0.95 C74-C75 1.39
C74-H74 0.95 C75-H75 0.95
C76-C77 1.39 C76-C81 1.39
C77-C78 1.39 C77-H77 0.95
C78-C79 1.39 C78-H78 0.95
C79-C80 1.39 C79-H79 0.95
C80-C81 1.39 C80-H80 0.95
C81-H81 0.95 C82-C83 1.39
C82-C87 1.39 C83-C84 1.39
C83-H83 0.95 C84-C85 1.39
C84-H84 0.95 C85-C86 1.39
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C85-H85
C86-H86

Bond angles (°) of compound (S)-141h

C1-Ptl1-P1
P1-Pt1-Cl1
P1-Pt1-CI2
C30-Pt2-P2
P2-Pt2-Cl4
P2-Pt2-CI3
C59-Pt3-P3
P3-Pt3-CI5
P3-Pt3-Cl6
C18-P1-C24
C24-P1-C9
C24-P1-Ptl
C47-P2-C53
C53-P2-C38
C53-P2-Pt2
C76-P3-C82
C82-P3-C67
C82-P3-Pt3
C3-N1-C1
C1-N1-C2
C1-N2-C9
C32-N3-C30
C30-N3-C31
C37-N4-C38
C59-N5-C61
C61-N5-C60
C66-N6-C67
N2-C1-N1
N1-C1-Ptl
N1-C2-H2B
N1-C2-H2C
H2B-C2-H2C
N1-C3-C8
C3-C4-C5
C5-C4-H4

83.0(5)
90.55(18)
171.5(2)
82.6(4)
90.9(2)
171.8(2)
82.8(4)
88.94(19)
172.9(2)
109.7(6)
107.8(7)
112.8(5)
110.9(7)
106.9(7)
114.3(5)
110.1(6)
108.7(6)
114.2(5)
110.4(15)
128.3(17)
124.3(16)
109.5(13)
127.9(16)
125.3(13)
110.4(13)
119.6(16)
126.7(14)
105.3(15)
134.0(14)
109.5
109.5
109.5
107.9(10)
120.0
120.0

C86-C87
C87-H87

C1-Pt1-Cl1
C1-Pt1-Cl2
Cl1-Pt1-CI2
C30-Pt2-Cl4
C30-Pt2-CI3
Cl4-Pt2-CI3
C59-Pt3-CI5
C59-Pt3-CI6
CI5-Pt3-Cl6
C18-P1-C9
C18-P1-Ptl
C9-P1-Pt1
C47-P2-C38
CA7-P2-Pt2
C38-P2-Pt2
C76-P3-C67
C76-P3-Pt3
C67-P3-Pt3
C3-N1-C2
C1-N2-C8
C8-N2-C9
C32-N3-C31
C37-N4-C30
C30-N4-C38
C59-N5-C60
C66-N6-C59
C59-N6-C67
N2-C1-Ptl
N1-C2-H2A
H2A-C2-H2B
H2A-C2-H2C
N1-C3-C4
C4-C3-C8
C3-C4-H4
C6-C5-C4
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1.39
0.95

169.4(6)
99.2(5)
88.37(19)
169.4(6)
99.4(5)
88.18(19)
166.5(6)
100.3(4)
89.07(19)
103.6(7)
118.0(5)
103.9(5)
102.3(7)
117.2(5)
103.8(5)
102.6(7)
116.7(5)
103.4(5)
121.2(15)
110.9(15)
124.7(15)
122.5(15)
112.4(14)
122.1(16)
129.8(17)
112.5(14)
120.6(15)
119.6(12)
109.5
109.5
109.5
132.1(10)
120.0
120.0
120.0



C6-C5-H5
C5-C6-C7
C7-C6-H6
C6-C7-H7
C7-C8-C3
C3-C8-N2
N2-C9-P1
N2-C9-H9
P1-C9-H9

C11-C10-H10A

C11-C10-H10B

H10A-C10-H10B

01-C11-C12
C13-C12-C17
C17-C12-Cl11
C14-C13-H13
C13-C14-C15
C15-C14-H14
C16-C15-H15
C15-Cl16-C17
C17-Cl6-H16
C16-C17-H17
C19-C18-C23
C23-C18-P1
C20-C19-H19
C19-C20-C21
C21-C20-H20
C22-C21-H21
C23-C22-C21
C21-C22-H22
C22-C23-H23
C25-C24-C29
C29-C24-P1
C24-C25-H25
C27-C26-C25
C25-C26-H26
C28-C27-H27
C27-C28-C29
C29-C28-H28
C28-C29-H29
N4-C30-N3

120.0
120.0
120.0
120.0
120.0
105.4(10)
100.9(12)
109.0
109.0
108.9
108.9
107.7
120.0(13)
120.0
118.4(8)
120.0
120.0
120.0
120.0
120.0
120.0
120.0
120.0
121.1(7)
120.0
120.0
120.0
120.0
120.0
120.0
120.0
120.0
117.6(8)
120.0
120.0
120.0
120.0
120.0
120.0
120.0
104.1(14)

C4-C5-H5
C5-C6-H6
C6-C7-C8
C8-C7-H7
C7-C8-N2
N2-C9-C10
C10-C9-P1
C10-C9-H9
C11-C10-C9
C9-C10-H10A
C9-C10-H10B
01-C11-C10
C10-C11-C12
C13-C12-C11
C14-C13-C12
C12-C13-H13
C13-C14-H14
C16-C15-C14
C14-C15-H15
C15-C16-H16
C16-C17-C12
C12-C17-H17
C19-C18-P1
C20-C19-C18
C18-C19-H19
C19-C20-H20
C22-C21-C20
C20-C21-H21
C23-C22-H22
C22-C23-C18
C18-C23-H23
C25-C24-P1
C24-C25-C26
C26-C25-H25
C27-C26-H26
C28-C27-C26
C26-C27-H27
C27-C28-H28
C28-C29-C24
C24-C29-H29
N4-C30-Pt2

201

120.0
120.0
120.0
120.0
134.6(10)
112.8(13)
115.9(12)
109.0
113.2(11)
108.9
108.9
119.6(13)
120.4(11)
121.6(8)
120.0
120.0
120.0
120.0
120.0
120.0
120.0
120.0
118.9(7)
120.0
120.0
120.0
120.0
120.0
120.0
120.0
120.0
122.2(8)
120.0
120.0
120.0
120.0
120.0
120.0
120.0
120.0
121.5(12)



N3-C30-Pt2
N3-C31-H31B
N3-C31-H31C

H31B-C31-H31C

N3-C32-C37
C32-C33-C34
C34-C33-H33
C35-C34-H34
C36-C35-C34
C34-C35-H35
C35-C36-H36
N4-C37-C36
C36-C37-C32
N4-C38-P2
N4-C38-H38
P2-C38-H38

C40-C39-H39A

C40-C39-H39B

H39A-C39-H39B

02-C40-C41
C42-C41-C46
C46-C41-C40
C41-C42-H42
C42-C43-C44
C44-C43-H43
C43-C44-H44
C46-C45-C44
C44-C45-H45
C45-C46-H46
C48-C47-C52
C52-C47-P2

C49-C48-H48
C50-C49-C48
C48-C49-H49
C49-C50-H50
C50-C51-C52
C52-C51-H51
C51-C52-H52
C54-C53-C58
C58-C53-P2

C53-C54-H54

132.8(12)
109.5
109.5
109.5
109.0(10)
120.0
120.0
120.0
120.0
120.0
120.0
134.9(9)
120.0
102.0(10)
109.4
109.4
109.1
109.1
107.8
120.8(13)
120.0
121.3(9)
120.0
120.0
120.0
120.0
120.0
120.0
120.0
120.0
122.2(8)
120.0
120.0
120.0
120.0
120.0
120.0
120.0
120.0
122.5(7)
120.0

N3-C31-H31A

H31A-C31-H31B
H31A-C31-H31C

N3-C32-C33
C33-C32-C37
C32-C33-H33
C35-C34-C33
C33-C34-H34
C36-C35-H35
C35-C36-C37
C37-C36-H36
N4-C37-C32
N4-C38-C39
C39-C38-P2
C39-C38-H38
C40-C39-C38

C38-C39-H39A

C38-C39-H39B
02-C40-C39
C39-C40-C41
C42-C41-C40
C41-C42-C43
C43-C42-H42
C42-C43-H43
C43-C44-C45
C45-C44-H44
C46-C45-H45
C45-C46-C41
C41-C46-H46
C48-C47-P2
C49-C48-C47
C47-C48-H48
C50-C49-H49
C49-C50-C51
C51-C50-H50
C50-C51-H51
C51-C52-C47
C47-C52-H52
C54-C53-P2
C53-C54-C55
C55-C54-H54
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109.5
109.5
109.5
130.9(10)
120.0
120.0
120.0
120.0
120.0
120.0
120.0
104.9(9)
111.6(13)
114.7(13)
109.4
112.5(11)
109.1
109.1
119.5(14)
119.6(11)
118.5(8)
120.0
120.0
120.0
120.0
120.0
120.0
120.0
120.0
117.7(8)
120.0
120.0
120.0
120.0
120.0
120.0
120.0
120.0
117.3(7)
120.0
120.0



C56-C55-C54
C54-C55-H55
C55-C56-H56
C56-C57-C58
C58-C57-H57
C57-C58-H58
N5-C59-N6
N6-C59-Pt3
N5-C60-H60B
N5-C60-H60C

H60B-C60-H60C

N5-C61-C66
C63-C62-C61
C61-C62-H62
C62-C63-H63
C65-C64-C63
C63-C64-H64
C64-C65-H65
N6-C66-C65
C65-C66-C61
N6-C67-P3
N6-C67-H67
P3-C67-H67

C67-C68-H68A

C67-C68-H68B

H68A-C68-H68B

03-C69-C70
C71-C70-C75
C75-C70-C69
C72-C71-H71
C71-C72-C73
C73-C72-H72
C72-C73-H73
C75-C74-C73
C73-C74-H74
C74-C75-H75
C77-C76-C81
C81-C76-P3

C78-C77-H77
C79-C78-C77
C77-C78-H78

120.0
120.0
120.0
120.0
120.0
120.0
104.3(14)
121.4(11)
109.5
109.5
109.5
107.8(10)
120.0
120.0
120.0
120.0
120.0
120.0
135.0(9)
120.0
102.3(10)
108.0
108.0
109.2
109.2
107.9
120.6(13)
120.0
119.3(8)
120.0
120.0
120.0
120.0
120.0
120.0
120.0
120.0
123.2(8)
120.0
120.0
120.0

C56-C55-H55
C55-C56-C57
C57-C56-H56
C56-C57-H57
C57-C58-C53
C53-C58-H58
N5-C59-Pt3
N5-C60-H60A

H60A-C60-H60B
H60A-C60-H60C

N5-C61-C62
C62-C61-C66
C63-C62-H62
C62-C63-Co4
C64-C63-H63
C65-C64-Ho64
C64-C65-C66
C66-C65-H65
N6-C66-C61
N6-C67-C68
C68-C67-P3
C68-C67-H67
C67-C68-C69

C69-C68-H68A

C69-C68-H68B
03-C69-C68
C68-C69-C70
C71-C70-C69
C72-C71-C70
C70-C71-H71
C71-C72-H72
C72-C73-C74
C74-C73-H73
C75-C74-H74
C74-C75-C70
C70-C75-H75
C77-C76-P3
C78-C77-C76
C76-C77-H77
C79-C78-H78
C80-C79-C78

203

120.0
120.0
120.0
120.0
120.0
120.0
132.9(11)
109.5
109.5
109.5
132.2(10)
120.0
120.0
120.0
120.0
120.0
120.0
120.0
104.8(9)
114.5(13)
115.8(13)
108.0
112.3(11)
109.2
109.2
119.5(13)
119.9(11)
120.6(8)
120.0
120.0
120.0
120.0
120.0
120.0
120.0
120.0
116.7(8)
120.0
120.0
120.0
120.0



C80-C79-H79
C81-C80-C79
C79-C80-H80
C80-C81-H81
C83-C82-C87
C87-C82-P3

C84-C83-H83
C83-C84-C85
C85-C84-H84
C84-C85-H85
C87-C86-C85
C85-C86-H86
C86-C87-H87

120.0
120.0
120.0
120.0
120.0
124.0(7)
120.0
120.0
120.0
120.0
120.0
120.0
120.0

C78-C79-H79
C81-C80-H80
C80-C81-C76
C76-C81-H81
C83-C82-P3

C84-C83-C82
C82-C83-H83
C83-C84-H84
C84-C85-C86
C86-C85-H85
C87-C86-H86
C86-C87-C82
C82-C87-H87
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120.0
120.0
120.0
120.0
115.7(7)
120.0
120.0
120.0
120.0
120.0
120.0
120.0
120.0



Crystallographic data for compound 142h

0 Ph,p—PUOAC),

Q N~

SRl

Identification code
Chemical formula
Formula weight
Temperature
Wavelength

Crystal size

Crystal habit
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient
F(000)

Theta range for data
collection

Reflections collected
Independent reflections

Coverage of independent
reflections

Absorption correction

Max. and min.
transmission

leung1213m_Om_5

C33H33N206PPt
779.67 g/mol
100(2) K
0.71073 A

0.020 x 0.060 x 0.120 mm

colorless block
triclinic

P-1
a=9.4733(4) A
b =10.3270(4) A
c=16.6918(7) A
1472.17(11) A3
2

1.759 g/cm?
4.870 mm

772

2.1810 31.01°
9278

a = 92.9803(13)°
B=95.3637(14)°
v =114.4856(12)°

9278 [R(int) = 0.0698]

98.6%
Multi-Scan
0.9090 and 0.5930
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Structure solution
technique

Structure solution
program

Refinement method
Refinement program
Function minimized

Data / restraints /
parameters

Goodness-of-fit on F2

Final R indices

Weighting scheme

Largest diff. peak and
hole

R.M.S. deviation from
mean

direct methods

XT, VERSION 2018/2

Full-matrix least-squares on F?
SHELXL-2018/3 (Sheldrick, 2018)

T w(Fo? - Fc?)?

9278/01/392

1.031

7179 data;
>20(1)

all data

R1=0.0616, wR2 =
0.1307
R1=0.0923, wR2 =
0.1469

w=1/[c%(Fs2)+(0.0573P)2+6.5008P]
where P=(Fo?+2F:?)/3

3.292 and -2.039 eA3

0.254 eA-3

Bond lengths (A) of compound 142h

C1-N1 1.353(9)
C1-Ptl 1.970(7)
C3-C8 1.388(10)
C3-C4 1.400(10)
C4-N2 1.388(9)
C6-C7 1.399(11)
C9-N2 1.442(8)
C9-P1 1.866(7)
C11-05 1.215(9)
C12-C13 1.385(11)
C13-C14 1.382(11)
C15-C16 1.372(13)
C18-03 1.216(9)
C18-C19 1.528(10)
C20-01 1.304(9)
C22-C27 1.385(10)
C22-P1 1.810(7)
C24-C25 1.374(11)
C26-C27 1.371(10)

C1-N2
C2-N1
C3-N1
C4-C5
C5-C6
C7-C8
C9-C10
C10-C11
C11-C12
Cl2-C17
C14-C15
C16-C17
C18-02
C20-04
C20-C21
C22-C23
C23-C24
C25-C26
C28-C29

206

1.359(9)
1.461(9)
1.389(9)
1.380(10)
1.387(10)
1.379(11)
1.525(9)
1.525(9)
1.479(10)
1.423(10)
1.370(11)
1.377(11)
1.297(9)
1.234(9)
1.508(10)
1.402(9)
1.391(10)
1.392(11)
1.384(10)



C28-C33
C29-C30
C31-C32
O1-Ptl1
P1-Ptl

Bond angles (°) of compound 142h

1.404(10)
1.392(10)
1.374(12)
2.067(5)
2.2088(17)

N1-C1-N2
N2-C1-Ptl
C8-C3-C4
C5-C4-N2
N2-C4-C3
C5-C6-C7
C7-C8-C3
N2-C9-P1
C11-C10-C9
05-C11-C10
C13-C12-C17
C17-C12-C11
C15-C14-C13
C15-C16-C17
03-C18-02
02-C18-C19
04-C20-C21
C27-C22-C23
C23-C22-P1
C25-C24-C23
C27-C26-C25
C29-C28-C33
C33-C28-P1
C31-C30-C29
C31-C32-C33
C1-N1-C3
C3-N1-C2
C1-N2-C9
C20-01-Pt1
C22-P1-C28
C28-P1-C9
C28-P1-Ptl

107.0(6)
119.6(5)
120.5(7)
132.0(7)
105.7(6)
121.0(7)
117.4(7)
102.9(4)
111.9(6)
120.3(6)
118.8(7)
118.4(7)
120.3(7)
119.8(8)
126.9(6)
112.3(6)
120.5(7)
119.7(6)
117.4(5)
119.4(7)
119.0(7)
119.5(6)
121.5(6)
120.8(7)
121.3(8)
109.9(6)
122.1(6)
122.8(6)
121.5(5)
109.6(3)
102.8(3)
118.5(2)

C28-P1
C30-C31
C32-C33
02-Ptl

N1-C1-Ptl
C8-C3-N1
N1-C3-C4
C5-C4-C3
C4-C5-C6
C8-C7-C6
N2-C9-C10
C10-C9-P1
05-C11-C12
C12-C11-C10
C13-C12-C11
C14-C13-C12
C14-C15-Cl6
C16-C17-C12
03-C18-C19
04-C20-01
01-C20-C21
C27-C22-P1
C24-C23-C22
C24-C25-C26
C26-C27-C22
C29-C28-P1
C28-C29-C30
C32-C31-C30
C32-C33-C28
C1-N1-C2
C1-N2-C4
C4-N2-C9
C18-02-pPt1
C22-P1-C9
C22-P1-Ptl
C9-P1-Pt1

207

1.814(7)
1.383(11)
1.378(10)
2.071(5)

133.5(5)
132.6(7)
106.9(6)
122.3(6)
117.0(7)
121.8(7)
112.0(5)
114.3(5)
121.9(7)
117.8(6)
122.7(7)
120.1(7)
121.1(8)
119.9(7)
120.8(7)
124.9(7)
114.5(7)
122.7(5)
119.5(7)
121.4(7)
120.9(7)
118.7(5)
119.6(7)
119.2(7)
119.5(7)
128.0(6)
110.5(6)
126.7(6)
117.9(4)
106.6(3)
116.2(2)
101.0(2)



C1-Pt1-01 176.0(3) C1-Pt1-02 95.7(2)
01-Pt1-02 84.07(19) C1-Pt1-P1 82.1(2)
01-Pt1-P1 97.87(14) 02-Pt1-P1 176.71(15)
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Crystallographic data for compound 143h

O Ph,p—PCly

Identification code
Chemical formula
Formula weight
Temperature
Wavelength

Crystal size

Crystal habit
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient
F(000)

Theta range for data
collection

Reflections collected
Independent reflections

Coverage of
independent reflections

Absorption correction

Max. and min.
transmission

Refinement method

leung1223m_Om_5
C30H28ClsN201.50PPt

843.85 g/mol

100(2) K

0.71073 A

0.010 x 0.100 x 0.140 mm

yellow plate

triclinic

P-1

a=8.8283(5) A o =99.7053(19)°
b=21.0482(12) A B =96.4985(16)°
c=33.6991(17) A  y=90.398(2)°
6130.5(6) A3

8

1.829 g/cm?3

5.096 mm?

3296

1.94 to 29.59°

35598
35598 [R(int) = 0.1036]

98.2%
Multi-Scan
0.9510 and 0.5360

Full-matrix least-squares on F?
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Refinement program
Function minimized

Data / restraints /
parameters

Goodness-of-fit on F?
A/Gmax

Final R indices

Weighting scheme

Largest diff. peak and
hole

R.M.S. deviation from
mean

SHELXL-2018/3 (Sheldrick, 2018)

z W(Fo2 - Fc2)2

35598 /718 / 1521
1.079
0.001
29335 data; R1 =0.0690, wR2 =
>26(1) 0.1309

R1=0.0921, wR2 =
all data

0.1399

w=1/[c%(F+2)+(0.0285P)2+72.5635P]
where P=(Fo?+2F:?)/3

3.363 and -4.027 eA3

0.272 eA

Bond lengths (A) of compound 143h

C1-N1
C1-Pt1
C3-C8
C3-N2
C5-C6
C7-C8
C9-N1
C9-P1
Cl11-01
C12-C17
C13-C14
C15-C16
C18-C23
C18-P1
C20-C21
C22-C23
C24-C29
C25-C26
C27-C28
C30-N4
C30-Pt2
C32-N4

1.350(15)
2.009(12)
1.382(16)
1.404(14)
1.387(19)
1.408(16)
1.465(13)
1.867(12)
1.206(14)
1.358(18)
1.403(17)
1.39(2)

1.382(16)
1.812(11)
1.408(18)
1.372(16)
1.392(13)
1.405(17)
1.423(17)
1.353(15)
2.005(12)
1.373(11)

C1-N2
C2-N2
C3-C4
C4-C5
C6-C7
C8-N1
C9-C10
C10-C11
Cl11-C12
C12-C13
C14-C15
Cle6-C17
C18-C19
C19-C20
C21-C22
C24-C25
C24-P1
C26-C27
C28-C29
C30-N3
C31-N4
C32-C33

210

1.359(13)
1.462(15)
1.382(15)
1.392(18)
1.364(17)
1.391(14)
1.508(15)
1.534(15)
1.483(15)
1.397(16)
1.332(19)
1.39(2)
1.409(16)
1.400(16)
1.380(19)
1.367(17)
1.805(11)
1.379(16)
1.370(14)
1.361(14)
1.446(15)
1.39



C32-C37
C34-C35
C36-C37
C38-N3
C38-C39
C39-C40
C40-C41
C41-C46
C43-C44
C45-C46
C40A-02A
C41A-C42A
C42A-C43A
C44A-C45A
C47-C48
C47-P2
C49-C50
C51-C52
C53-C58
C54-C55
C56-C57
C53A-C54A
C53A-P2
C55A-C56A
C57A-C58A
C59-N6
C60-N6
C61-N6
C62-C63
C64-C65
C66-N5
C67-C68
C68-C69
C69-C70
C70-C71
C72-C73
C74-C75
C76-C81
C77-C78
C79-C80
C82-C83

1.39

1.39

1.39
1.453(14)
1.530(15)
1.542(19)
1.497(15)
1.39

1.39

1.39
1.204(19)
1.39

1.39

1.39

1.39
1.806(6)
1.39

1.39

1.39

1.39

1.39
1.393(9)
1.796(9)
1.393(9)
1.386(9)
1.354(14)
1.453(14)
1.395(13)
1.380(16)
1.374(15)
1.409(13)
1.508(14)
1.551(15)
1.484(16)
1.399(16)
1.37(2)
1.389(18)
1.39

1.39

1.39

1.39

C33-C34
C35-C36
C37-N3
C38-C39A
C38-P2
C40-02
C41-C42
C42-C43
C44-C45
C39A-C40A
C40A-C41A
C41A-C46A
C43A-C44A
C45A-C46A
C47-C52
C48-C49
C50-C51
C53-C54
C53-P2
C55-C56
C57-C58
C53A-C58A
C54A-C55A
C56A-C57A
C59-N5
C59-Pt3
C61-C66
C61-C62
C63-C64
C65-C66
C67-N5
C67-P3
C69-03
C70-C75
C71-C72
C73-C74
C76-C77
C76-P3
C78-C79
C80-C81
C82-C87

211

1.39

1.39
1.361(10)
1.525(17)
1.877(12)
1.206(19)
1.39

1.39

1.39
1.54(2)
1.498(16)
1.39

1.39

1.39

1.39

1.39

1.39

1.39
1.792(10)
1.39

1.39
1.394(9)
1.393(9)
1.379(9)
1.328(14)
2.051(11)
1.379(15)
1.404(14)
1.413(17)
1.388(15)
1.469(12)
1.858(11)
1.227(14)
1.391(17)
1.390(17)
1.40(2)
1.39
1.791(5)
1.39

1.39

1.39



C82-P3
C84-C85
C86-C87
C88-N7
C89-N8
C90-N8
C91-C92
C93-C9%4
C95-N7
C96-C97
C97-C98
C98-C99
C99-C100
C101-C102
C103-C104
C105-C106
C106-C107
C108-C109
C111-C112
Cl111-P4
C113-C114
C115-C116
C117-Cl17
C118-Cl20
C120-06
Cl2-Ptl
Cl4-Ptl
Cl6-Pt2
CI8-Pt2
Cl10-Pt3
Cl12-Pt3
Cl14-Pt4
Cl16-Pt4
P2-Pt2
P4-Pt4

1.812(5)
1.39

1.39
1.365(14)
1.482(15)
1.387(14)
1.391(19)
1.372(16)
1.405(14)
1.536(14)
1.505(16)
1.486(16)
1.407(16)
1.387(19)
1.393(19)
1.400(17)
1.385(16)
1.39(2)
1.382(15)
1.810(11)
1.381(18)
1.387(16)
1.767(15)
1.774(16)
1.361(19)
2.376(3)
2.366(3)
2.371(3)
2.391(3)
2.388(3)
2.316(3)
2.372(3)
2.340(3)
2.289(3)
2.288(3)

Bond angles (°) of compound 143h

N1-C1-N2
N2-C1-Ptl

107.2(10)
133.8(8)

C83-C84
C85-C86
C88-N8
C88-Pt4
C90-C95
C90-C91
C92-C93
C94-C95
C96-N7
C96-P4
C98-04
C99-C104
C100-C101
C102-C103
C105-C110
C105-P4
C107-C108
C109-C110
C111-C116
C112-C113
C114-C115
C117-Cl18
C118-Cl19
C119-05
Cl1-Pt1
CI3-Pt1
CI5-Pt2
CI7-Pt2
CI9-Pt3
Cl11-Pt3
Cl13-Pt4
Cl15-Pt4
P1-Ptl
P3-Pt3

N1-C1-Ptl
C8-C3-C4

212

1.39

1.39
1.336(15)
2.021(11)
1.350(16)
1.410(16)
1.424(18)
1.389(16)
1.447(14)
1.860(10)
1.209(14)
1.379(16)
1.399(15)
1.37(2)
1.392(16)
1.797(11)
1.40(2)
1.369(17)
1.391(16)
1.362(15)
1.407(17)
1.746(15)
1.744(16)
1.429(17)
2.328(3)
2.342(3)
2.318(3)
2.330(3)
2.332(3)
2.376(3)
2.318(3)
2.408(3)
2.300(3)
2.289(3)

119.0(7)
122.2(11)



C8-C3-N2
C3-C4-C5
C7-C6-C5
C3-C8-N1
N1-C8-C7
N1-C9-P1
C9-C10-C11
01-C11-C10
C17-C12-C13
C13-C12-C11
C15-C14-C13
C17-C16-C15
C23-C18-C19
C19-C18-P1
C19-C20-C21
C23-C22-C21
C25-C24-C29
C29-C24-P1
C27-C26-C25
C29-C28-C27
N4-C30-N3
N3-C30-Pt2
N4-C32-C37
C34-C33-C32
C34-C35-C36
N3-C37-C36
C36-C37-C32
N3-C38-C39
C39A-C38-P2
C38-C39-C40
02-C40-C39
C42-C41-C46
C46-C41-C40
C42-C43-C44
C46-C45-C44
C38-C39A-C40A
O2A-C40A-C39A
C42A-C41A-C46A
C46A-C41A-C40A
C42A-C43A-C44A
C44A-C45A-C46A

107.2(9)
115.3(11)
123.0(11)
106.0(10)
131.8(11)
104.2(7)
110.7(9)
119.5(10)
118.7(11)
119.0(10)
120.8(12)
119.7(15)
120.7(10)
120.8(9)
120.5(12)
121.0(12)
120.6(10)
122.0(8)
120.6(11)
119.0(10)
106.8(10)
119.2(9)
106.4(6)
120.0
120.0
132.8(6)
120.0
116.1(11)
121.(2)
111.2(12)
118.7(13)
120.0
122.6(9)
120.0
120.0
108.(2)
119.5(17)
120.0
121.6(12)
120.0
120.0

C4-C3-N2
C6-C5-C4
C6-C7-C8
C3-C8-C7
N1-C9-C10
C10-C9-P1
01-C11-C12
C12-C11-C10
C17-C12-C11
C12-C13-C14
C14-C15-Cle6
C12-C17-C16
C23-C18-P1
C20-C19-C18
C22-C21-C20
C22-C23-C18
C25-C24-P1
C24-C25-C26
C26-C27-C28
C28-C29-C24
N4-C30-Pt2
N4-C32-C33
C33-C32-C37
C33-C34-C35
C37-C36-C35
N3-C37-C32
N3-C38-C39A
N3-C38-P2
C39-C38-P2
02-C40-C41
C41-C40-C39
C42-C41-C40
C41-C42-C43
C45-C44-C43
C45-C46-C41
O2A-C40A-C41A
C41A-C40A-C39A
C42A-C41A-C40A
C41A-C42A-C43A
C45A-C44A-C43A
C45A-C46A-C41A

213

130.6(11)
122.2(11)
115.0(11)
122.3(10)
114.7(10)
115.9(8)
121.3(10)
119.2(10)
122.1(11)
119.6(12)
119.8(13)
121.0(13)
118.4(8)
118.1(11)
119.1(11)
120.2(11)
117.4(8)
119.4(10)
119.3(10)
121.0(10)
133.8(8)
133.6(6)
120.0
120.0
120.0
107.0(6)
114.4(18)
103.8(7)
112.1(10)
121.5(13)
119.6(13)
117.4(9)
120.0
120.0
120.0
122.0(17)
117.7(16)
118.4(11)
120.0
120.0
120.0



C48-C47-C52
C52-C47-P2

C50-C49-C48
C50-C51-C52
C54-C53-C58
C58-C53-P2

C54-C55-C56
C56-C57-C58

C54A-C53A-C58A
C58A-C53A-P2

C54A-C55A-C56A
C56A-C57A-C58A

N5-C59-N6
N6-C59-Pt3
C66-C61-C62
C63-C62-C61
C65-C64-C63
C61-C66-C65
C65-C66-N5
N5-C67-P3
C67-C68-C69
03-C69-C68
C75-C70-C71
C71-C70-C69
C73-C72-C71
C75-C74-C73
C77-C76-C81
C81-C76-P3
C79-C78-C77
C79-C80-C81
C83-C82-C87
C87-C82-P3
C85-C84-C83
C87-C86-C85
N8-C88-N7
N7-C88-Pt4
C95-C90-Ca1
C92-C91-C90
C94-C93-C92
C90-C95-C94
C94-C95-N7

120.0
123.4(4)
120.0
120.0
120.0
119.1(16)
120.0
120.0
120.2(9)
119.4(12)
119.0(10)
122.4(10)
108.1(9)
132.0(8)
120.9(10)
115.5(11)
120.7(11)
123.7(10)
131.7(10)
103.4(7)
112.5(9)
118.6(10)
120.5(11)
118.0(11)
119.9(13)
118.9(14)
120.0
121.9(4)
120.0
120.0
120.0
113.5(4)
120.0
120.0
107.3(10)
118.3(8)
122.9(11)
113.7(12)
120.2(11)
123.4(11)
131.3(10)

C48-C47-P2

C47-C48-C49
C51-C50-C49
C51-C52-C47
C54-C53-P2

C55-C54-C53
C57-C56-C55
C57-C58-C53

C54A-C53A-P2

C53A-C54A-C55A
C57A-C56A-C55A
C57A-C58A-C53A

N5-C59-Pt3
C66-C61-N6
N6-C61-C62
C62-C63-C64
C64-C65-C66
C61-C66-N5
N5-C67-C68
C68-C67-P3
03-C69-C70
C70-C69-C68
C75-C70-C69
C72-C71-C70
C72-C73-C74
C74-C75-C70
C77-C76-P3
C76-C77-C78
C78-C79-C80
C80-C81-C76
C83-C82-P3
C84-C83-C82
C84-C85-C86
C86-C87-C82
N8-C88-Pt4
C95-C90-N8
N8-C90-C91
C91-C92-C93
C93-C94-C95
C90-C95-N7
N7-C96-C97

214

115.9(4)
120.0
120.0
120.0
120.9(16)
120.0
120.0
120.0
120.3(12)
120.8(10)
119.2(10)
118.0(10)
119.2(8)
108.3(9)
130.8(10)
123.2(10)
116.0(10)
104.5(9)
113.1(8)
115.8(7)
121.8(10)
119.6(10)
121.4(11)
119.1(12)
121.4(13)
119.7(13)
117.8(4)
120.0
120.0
120.0
126.2(4)
120.0
120.0
120.0
133.7(9)
109.2(10)
127.7(11)
123.4(11)
116.3(11)
105.3(10)
115.7(9)



N7-C96-P4
C98-C97-C96
04-C98-C97
C104-C99-C100
C100-C99-C98
C102-C101-C100
C102-C103-C104
C110-C105-C106
C106-C105-P4
C106-C107-C108
C110-C109-C108
C112-C111-C116
C116-C111-P4
C112-C113-C114
C116-C115-C114
Cl18-C117-Cl17
C1-N1-C8
C8-N1-C9
C1-N2-C2
C37-N3-C30
C30-N3-C38
C30-N4-C31
C59-N5-C66
C66-N5-C67
C59-N6-C60
C88-N7-C95
C95-N7-C96
C88-N8-C89
C24-P1-C18
C18-P1-C9
C18-P1-Ptl
C53-P2-C47
C53-P2-C38
C47-P2-C38
C53A-P2-Pt2
C38-P2-Pt2
C76-P3-C67
C76-P3-Pt3
C67-P3-Pt3
C105-P4-C96
C105-P4-Pt4

106.4(7)
111.5(9)
119.6(10)
120.4(11)
117.0(10)
120.4(11)
120.7(13)
119.4(11)
115.5(9)
119.8(13)
120.8(13)
121.1(10)
120.0(9)
120.9(11)
120.4(11)
111.2(8)
110.7(9)
123.8(10)
129.1(10)
109.8(9)
125.3(9)
129.0(10)
110.7(9)
123.5(9)
130.3(9)
109.5(9)
125.2(9)
128.8(10)
105.9(5)
108.1(5)
121.9(4)
111.1(11)
102.6(12)
106.6(4)
114.3(10)
101.1(4)
106.7(4)
112.1(3)
101.8(3)
106.4(5)
121.2(4)

C97-C96-P4
04-C98-C99
C99-C98-C97
C104-C99-C98
C101-C100-C99
C103-C102-C101
C99-C104-C103
C110-C105-P4
C107-C106-C105
C109-C108-C107
C109-C110-C105
C112-C111-P4
C113-C112-C111
C113-C114-C115
C115-C116-C111
Cl19-C118-CI20
C1-N1-C9
C1-N2-C3
C3-N2-C2
C37-N3-C38
C30-N4-C32
C32-N4-C31
C59-N5-C67
C59-N6-C61
C61-N6-C60
C88-N7-C96
C88-N8-C90
C90-N8-C89
C24-P1-C9
C24-P1-Ptl
C9-P1-Pt1
C53A-P2-C47
C53A-P2-C38
C53-P2-Pt2
CA7-P2-Pt2
C76-P3-C82
C82-P3-C67
C82-P3-Pt3
C105-P4-C111
C111-P4-C96
C111-P4-Pt4
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116.6(8)
120.6(10)
119.7(10)
122.6(11)
118.7(11)
120.1(11)
119.7(13)
124.9(10)
120.3(12)
119.3(12)
120.3(13)
118.8(9)
119.9(11)
119.1(11)
118.4(11)
112.5(7)
124.7(9)
108.9(9)
121.9(9)
124.4(8)
109.8(9)
121.1(9)
125.2(9)
108.3(9)
121.5(9)
124.7(10)
108.8(10)
122.4(10)
105.9(5)
113.4(4)
100.4(4)
103.1(9)
107.7(9)
109.9(13)
123.0(3)
106.4(3)
105.0(4)
123.4(2)
107.5(5)
105.4(5)
114.2(4)



C96-P4-Pt4
C1-pPt1-Cl1
C1-Pt1-CI3
Cl1-Pt1-CI3
P1-Pt1-Cl4
CI3-Pt1-Cl4
P1-Pt1-CI2
CI3-Pt1-CI2
C30-Pt2-P2
P2-Pt2-CI5
P2-Pt2-CI7
C30-Pt2-Cl6
CI5-Pt2-Cl6
C30-Pt2-CI8
CI5-Pt2-CI8
Cl6-Pt2-CI8
C59-Pt3-Cl12
C59-Pt3-CI9
Cl12-Pt3-CI9
P3-Pt3-Cl11
CI9-Pt3-Cl11
P3-Pt3-CI10
CI9-Pt3-CI10
C88-Pt4-P4
P4-Pt4-ClI13
P4-Pt4-CI16
C88-Pt4-Cl14
Cl13-Pt4-Cl14
C88-Pt4-Cl15
Cl13-Pt4-CI15
Cl14-Pt4-CI15

100.5(3)
90.5(3)
88.2(3)
176.15(10)
93.45(10)
90.95(12)
177.55(11)
87.60(10)
81.8(4)
94.54(10)
88.61(10)
171.4(3)
88.38(11)
98.5(4)
90.03(11)
89.12(11)
88.2(3)
92.8(3)
177.12(10)
91.58(10)
90.98(10)
175.97(10)
87.72(10)
82.9(3)
94.72(10)
87.68(10)
170.9(3)
87.89(11)
98.2(3)
90.36(10)
89.80(11)

C1-Pt1-P1
P1-Pt1-Cl1
P1-Pt1-CI3
C1-pPt1-Cl4
Cl1-Pt1-Cl4
C1-Pt1-Cl2
Cl1-Pt1-CI2
Cl4-Pt1-CI2
C30-Pt2-CI5
C30-Pt2-CI7
CI5-Pt2-Cl7
P2-Pt2-Cl6
Cl7-Pt2-Cl6
P2-Pt2-CI8
Cl7-Pt2-CI8
C59-Pt3-P3
P3-Pt3-Cl12
P3-Pt3-CI9
C59-Pt3-Cl11
Cl12-Pt3-Cl11
C59-Pt3-CI10
Cl12-Pt3-CI10
Cl11-Pt3-CI10
C88-Pt4-CI13
C88-Pt4-Cl16
Cl13-Pt4-Cl16
P4-Pt4-Cl14
Cl16-Pt4-Cl14
P4-Pt4-CI15
Cl16-Pt4-CI15

216

81.0(3)
92.64(10)
90.75(10)
174.4(3)
90.66(11)
97.1(3)
88.95(10)
88.39(10)
87.6(3)
91.2(3)
176.41(11)
91.00(11)
93.29(11)
175.43(10)
86.82(11)
80.6(3)
94.43(10)
88.41(10)
171.2(3)
88.44(10)
98.5(3)
89.45(10)
89.59(9)
87.8(3)
89.0(3)
175.75(11)
89.46(11)
95.64(10)
174.83(10)
87.30(11)



