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Abstract

Chiral diphosphine ligands are a ubiquitous class of privileged ligand which finds extensive
application in transition metal catalysis and biochemistry. This thesis explores the development
of a new methodology of accessing P-chiral diphosphine ligands with high to excellent
enantioselectivities and moderate diastereoselectivities. Next, the synthesis of C-chiral
diphosphines from naturally occurring curcumin and derivatives was attempted and the
cytotoxicity of the diphosphine metal complexes was evaluated and compared against cisplatin
and curcumin in the MKN74 and MCF7 cancer cell-lines. Lastly, the challenges associated
with the generation of chiral phosphine-phosphino-chalcogenide and their complexes were
discussed in detail and an example of the catalytic property of the phosphine-phosphino-

chalcogenide metal complexes was illustrated.
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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).

X-ray Structural Data

The single crystal X-ray analyses were kindly performed by Dr. Li. Yongxin at the Nanyang

Technological University (Division of Chemistry and Biological Chemistry). Full structural

data (listings of crystal and refinement data, bond distances/angles, and thermal parameters)

are available from Prof. Leung Pak-Hing upon request.

AcOEt
Ar
BDMC
BINAP
Bn

Bp

br
calcd.
CDCls
CHCI;
conc.

Cur

Abbreviations and Symbols

ethyl acetate

aryl group
bisdemethoxycurcumin
2,2'-bis(diphenylphosphino)-1,1'-binaphthyl
benzyl

boiling point

broad

calculated
chloroform-d1
chloroform
concentrated

curcumin

doublet (NMR)



DBTA dibenzoyl-tartaric acid

DCM dichloromethane

dec. decomposed

de diastereomeric excess

DIOP 2,3-0-isopropylidene-2,3-dihydroxy-1,4-bis(diphenylphosphino)butane

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

dm decimetre(s)

DMC demethoxycurcumin

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

Naph naphthalene

NMR nuclear magnetic resonance



Ph

ppm

Pr

rac

rt

‘Bu
THF

TMEDA

°C

[a]p

phenyl
parts per million

propyl

rectus (Latin right absolute configuration)

racemic

room temperature

sinister (Latin left absolute configuration)

singlet (NMR)

triplet (NMR)

time

temperature

tert-butyl

tetrahydrofuran
tetramethylethylenediamine
NMR chemical shift in ppm
degree (angles)

angstrom(s)

degree Celsius

specific rotation measured at sodium D line (589 nm)
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Summary

In chapter I, an overview of chiral phosphines and diphosphines ligands is given.
Recent developments pertaining to the syntheses of chiral monophosphines, along with their
limitations, and applications of chiral monophosphines and diphosphines will be discussed. In

addition, the research gap will be introduced and the aims of this thesis will be stated.

In chapter I, an efficient catalytic protocol to access P-chiral diphosphines will be
introduced. The viability of catalytic asymmetric hydrophosphination to synthesize P-chiral

diphosphines from rac-diphosphines will be studied and discussed in greater details.

In chapter Ill, the modification of curcuminoids with secondary phosphines via
asymmetric hydrophosphination reactions will be introduced. The complexes of these modified

curcumins efficacies as anti-cancer drugs are evaluated using MKN74 and MCF7 cell-lines.

In chapter 1V, the syntheses and study of phosphine-(phosphino chalcogenide)
complexes, and details pertaining to the failure of asymmetric hydrophosphination as a viable
synthetic tool will be introduced. In addition, synthesis of enaminones using the developed

phosphine-(phosphino sulfide) complex will be discussed.

In chapter V, the conclusions of this thesis will be given and future work will be

mentioned briefly.
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Chapter I

Introduction

1.1  Chirality

Chirality, known since the 18" century, has played a vital role in many aspects in living
organisms and in the sciences. It was first observed by Louis Pasteur, in 1848, in his study on
two different crystals of sodium ammonium tartrate that were non-superimposable optically.
These crystals could be categorized into right and left hemihedral facets in which individual
non-identical compound either rotated a plane of polarized light to the right (dextrorotatory) or
to the left (levorotatory).! The ever-present phenomenon of chirality in plants and animals due
to the numerous homochiral compounds i.e. proteins, amino acids, carbohydrates, enzymes,
etc, demonstrated the prevalence of this concept.? For instance, the basic execution of genetic
control in animals requires the encoding of information between proteins and genes of specific
shapes. As such, isotacticity of amino acids is required because both the D- and L- amino acids
will give rise to two different three-dimensional spatial structures.® In another example, the
incident of the highly controversial racemic thalidomide drug in the 1950s caused thousands
of birth defects in infants born to women who had been prescribed the drug as a remedy for
morning sickness. This was due to the presence of the malignant (S)-enantiomeric form of
thalidomide that was responsible for its teratogenicity.* To date, the concept of chirality found
in many areas such as pharmaceuticals, fragrances and other fine chemicals, has exemplified
the importance of the different intrinsic chemical, biological and physical properties of the

different stereoisomers.
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(S)-(-)-Thalidomide (R)-(+)-Thalidomide

Figure 1. Racemization of Thalidomide drug.

1.1.1 Types of Chirality

There exist different types of chirality, namely point chirality, planar chirality, axial

chirality and helical chirality.

Point chirality, or central chirality, can be described as a central atom being covalently
bonded to four different substituents, that gives rise to nonplanar, non-superimposable mirror
images. The absolute configuration (R/S sequence) can be determined using the Cahn-Ingold-

Prelog (CIP) rules.®

Planar chirality exists in molecules due to a ‘potential’ plane of symmetry if not for the
fact that one or more substituents are being positioned out of the plane, but perpendicular to
the ‘potential’ plane of symmetry, destroying the plane of symmetry. One method to define the

absolute configuration was suggested by Schldgl.®

Axial chirality exists in a molecule where four substituents are positioned about a chiral

axis. The restricted rotation about a bond gives rise to two non-superimposable sterecisomers.

Lastly, helical chirality is exhibited in molecules which twist like a corkscrew. This
chirality governs the formation of many biological and artificial supramolecular assemblies. In
non-rigid molecules, like DNA, helical conformation can be a result of specific directional non-

covalent interactions between functional groups.’ In rigid molecules, energetically favoured

13



helical conformation can be adopted due to the presence of steric interactions in the non-helical

conformation.®

Point Chirality Planar/Point Chirality

o) : §o FCv: i CYaR
: : Fe PPh, : PhP” Fe
o s L
(R)-Carvone i (S)-Carvone (S)-(Sp)-Ferrocenyl i (R)-(Rp)-Ferrocenyl
Axial Chirality

Helical Chirality

PPh, | PhpP
I
I
:
I
I

(S)-BINAP

(1)
: )
De e

(M)-1-aza[6]helicene (P)-1-aza[6]helicene

> o
~

(R)-BINAP

Figure 2. Examples of molecules exhibiting different modes of chirality.

1.2 Chiral Phosphines

The studies on chirality since the 1800s have played a huge role in the development of

many areas in chemistry including the discovery of chiral phosphines.

Phosphines, defined as compounds containing a phosphorus atom bonded to carbon or
hydrogen atoms, have always been indispensable in chemistry since their discovery. The high
inversion barrier exhibited by most phosphorus centers allows phosphorus-containing
compounds to be excellent candidates for the generation of chiral center(s). In contrast to

amines which have inherently low inversion barrier of about 5-10 kcal/mol,® most phosphines
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have stable stereogenic centers about the phosphorus atom with inversion barrier greater than
30 kcal/mol.% ® &0 For inversion via the pyramidal transition state to occur, the geometry of

the center atom has to change from trigonal pyramidal to trigonal planar in which the lone pair

of electrons on phosphorus resides in a non-bonding p orbital.*

A:NorP
> 1 \
2> / \
) @ ! \ 2
c ! \ 10R
- Ay |R2 /I Ea ‘\ R\ A R3
R70%s |

Reaction Coordinate
Figure 3. General reaction profile of the pyramidal inversion of amines and phosphines.

To compare the inversion barrier of phosphines and amines, the difference in energy of
highest occupied molecular orbital (HOMO) of both the pyramidal and planar structures were
calculated by Montgomery.® In general, the energy provided at room temperature was found

to be insufficient to cause most phosphines to undergo pyramidal inversion, but sufficient to
cause most amines to readily undergo inversion.

Since the first reported optically active phosphine in 1961 by Horner et al.,'! chiral

phosphines have garnered popularity due to their potential

in metal-assisted and
organocatalytic asymmetric reactions. In the same year, the newly discovered optically pure

phosphines were used as ligands in asymmetric hydrogenation reactions by both Horner et al.?
and Knowles et al.'®* These encouraging discoveries by both teams, coupled with the high
performance of the chiral phosphines, spurred the development of a myriad of chiral
phosphines and contributed to the rapid development of asymmetricity and many other

asymmetric applications in research and industries.** During the developmental period of
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optically pure phosphine ligands, many research groups were motivated by the excellent results
these ligands could generate and these groups devoted their efforts to design and create many
additional novel privileged chiral phosphines.’® The significance of these compounds were
acknowledged with the Nobel Prize being awarded to works contributed by Noyori et al.'® and

Knowles et al.'’

S O/, Oe

3 ' PPh, Pha /N Q PPh
MeO P PL oue 2

Ph,P  PPh, o PPh, @ Ph g g PPh,

CHIRAPHOS DIOP DIPAMP BINAP

Figure 4. Examples of chiral phosphines.

Structural variation of the phosphine motifs to generate novel efficient chiral ligands
based upon the type of reaction can allow chemists to control the reactivity and selectivity of
the catalysts for use in different asymmetric applications. The electronic properties of
phosphines can be tuned by varying the substituents on the phosphorus atom. The presence of
electron-donating substituents around the phosphorus center will destabilize the HOMO
(highest occupied molecular orbital) of the phosphine. As a result, the electron density of the
phosphorus atom is increased, making it more nucleophilic. On the other hand, when there are
electron-withdrawing substituents on the phosphorus, the ¢* orbital (lowest unoccupied
molecular orbital, LUMO) will be lowered. As a result, the phosphine more electrophilic. The
quantification of the electronic properties of the phosphines can be done using the Tolman
Electronic Parameter, devised by Tolman in 1970. This technique makes use of the ability of
the bound carbonyl ligand to accept back-donated electrons from the phosphine into the z*
molecular orbital of the carbonyl ligand. When a phosphine ligand is bonded to the same metal

center as a carbonyl ligand in a complex, the electron density of the phosphine being donated

16



into the metal center will cause 7 back-donation from the metal into the z* molecular orbital
of the carbonyl. This back-donation will weaken the C=0 bond and the resulting weakened
bond can be observed using infrared spectroscopy (IR) given that wavenumber is directly
proportional force constant. Specifically, the amount of electron density available for back-
donation from the metal d-orbital to the z* molecular orbital of C=0 is dependent on the types
of substituent present around the phosphorus atom in the phosphine ligand. The presence of
electron-donating substituents will lead to greater electron density being donated into the metal
d-orbital and consequently, there will be greater back-donation from the metal d-orbital into
the 7* molecular orbital of the carbonyl, resulting in a much weaker C=0 bond. On the contrary,
the presence of electron-withdrawing substituents will result in less significant back-donating

effect due to stronger = back-donation into the ¢* molecular orbital of the phosphine.
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Figure 6. Orbital interactions between phosphorus, metal and carbon monoxide.
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Another parameter - the Tolman cone angle - has been instrumental in determining the
steric properties of phosphine ligand.'® The cone angle of the phosphine (6) was determined
using the space-filling calotte (CPK) molecular model of these phosphines. & is the apex angle
of a cylindrical cone drawn, with center being 2.28 A away from the center of phosphorus and
just touching the Van der Waals radii of the peripheral atoms. Cone angle of bidentate
phosphines is dependent on the bite angle.?° The cone angle of the individual phosphorus atom
is determined by the angle between the bisector of the P-M-P bite angle and the line extended
from the center, 2.28 A away from the center of the phosphorus, to when it just touches the

Van der Waals radii of the outermost atoms.

O |
oHe Qi O

p e OO0

(a) (b)

Figure 7. (a) Cone angle of phosphines. (b) Bite angle of diphosphines.

1.2.1 Classification of Optically Active Phosphines

Optically active phosphines can exhibit various modes of chirality. In addition to having point
chirality at the phosphorus center, chirality can also stem from other units in the compound to
afford axial or planar chirality, or even from chiral substituents along the carbon backbone of

the organic fragment.

Given that discovery of chiral phosphines has been diversified, these optically pure phosphines
could be categorized into monophosphines, diphosphines and polyphosphines, and can be

further subcategorized into their different modes of chirality.
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1) P-Stereogenic Monophosphines

. .. OMe .. OMe P
P., P. P. vy
Ph” & “n-Pr Ph”a "/ " 5
Me Me Me Ph
OMe

MPPP PAMP CAMP

2) P-Stereogenic Diphosphines

t-Bu
N = Me Ph R
N ’,_P'Me . . FT. @\'Pi
N t-Bu“'P\/Fi"Me . Fe
4 . .
X e P S,
N" R t-Bu V€ < -
Me\k R Ph
QuinoxP* MiniPhos BenzP* R: 1-naphthyl, 2-naphthyl,
2-anisyl, 2-biphenylyl,
9-phenanthryl
3) C-Stereogenic Monophosphines
Ph._
R 0
, e S o L
., —
7 PPh, W)\/X/ ><o /O pph,
PN
NMDPP 9-PBN GLYPHOS
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4) C-Stereogenic Diphosphines

PPh,
PR, PR,
} PPh,
SKEPHOS / PPCP SFDP SDP
BDPP
- R: Ph, p-Me-Ph
R: Ph, 3,5-Me-Ph p-MeO-Ph, 3,5-Me-Ph,
p-MeO-Ph, p-MeO-3,5-Me-Ph 3.4.5-Me-Ph

5) Phosphines with Axial and Planar Chirality

Since the 1990s, there has been many reports on asymmetric catalytic reactions
mediated by axially chiral diphosphines, with the most commonly utilized diphosphine being
BINAP. Thereafter, many variants of modified BINAP ligands have been synthesized to
improve the enantioselectivity of the ligands in asymmetric catalytic reactions. Among the
altered ligands, modifications of the aryl groups on the phosphorus atom and structural changes

to the atropoisomeric biaryls were the most commonly found methods of functionalization in

literatures.

SiMe3

0 I, QI L

X N""Ph PPh, 2

Ph,P | OO PPh, O‘ PPh, Me O PPh,
SiM93

MOP X: OMe AZOP TMS-BINAP

MAP X: NMe,

The most common backbone of planar chiral phosphines is based on ferrocene. This
scaffold is easily tunable electronically and sterically by simple derivatizations. These ligands

can be combined with and without other forms of chiral elements. Displayed below are
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selected examples of planar chiral mono- and diphosphines.

e N

R? PPh,

! Fe - R
- (- PhyP
< & o
: 1. 1. R2. .
R: Ph, Et R': -I; R Ph PHANEPHOS R: Me: Et: /Pr

R': -CH,OH; R?: -2-naphthyl
R': -CH,OH; R%: -2-furyl

1.3  Synthetic Methodologies of Optically Active Phosphines

Given the diverse applications of optically active phosphines, it is not surprising that
research groups around the world have devoted many years to developing various
methodologies to create useful and novel chiral phosphines. Phosphines, in general, are air
sensitive and are susceptible to oxidation. This oxidative nature of phosphines makes handling
and storage cumbersome and challenging. Many researchers choose to handle and store these
compounds in their more stable form by paralyzing the lone pair of electrons on the phosphorus
atoms. This can be done by converting the phosphines to phosphine oxides, boranes and
sulfides, etc. However, deprotection of these phosphine derivatives to return the free
phosphines could have an adverse effect on the yield and optical activity of the desired

phosphine.?!

SiHCI, -
0 NEt; Bn/P"FI,Me ee: 93% (Inversion)
I
R
~"v'Ph
Bn Me
: SiHCI
8.e: 98% * Bn/P\N'IEh ee: 82% (Retention)

Scheme 1. Reduction of chiral phosphine oxide with silanes.
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Besides the classical protection-deprotection methodology used to afford optically
active phosphine moieties, a plethora of synthetic pathways has been devised. The pathways
can be classified into syntheses via a) the chiral pool, b) chiral auxiliaries, and ¢) asymmetric
reactions. Due to the large number of literature available for the various methodologies, only

selected examples will be discussed.

1.3.1 Chiral Pool

Chiral pool synthesis utilizes cheap, natural, and readily available chiral compounds,
such as amino acids, carbohydrates and lactic acids. These chiral compounds can be converted
to the desirable chiral products without the need to induce chirality during the synthesis. One
such example is the synthesis of DIOP, the first chelating diphosphine being reported. Tartaric
acid was used in this straightforward four-step reaction. This backbone provides a scaffold that
connects the two phosphine groups in close proximity to the stereogenic carbon centers, and
the chirality on the two carbon centers can be retained throughout the process from the
protection of the diol group with acetone to the nucleophilic substitution of the tosylates by

sodium diphenylphosphide.*%?

H H £ H H
ONG COZ t [ONG COzEt LiA|H4 ><O : OH
HO L Co,Et >< o 1O
g ©02 o} n CO,Et h
H
e} 'j (OGS
>< ¥~ "OTs NaPPh, >< PPh;
., _OTs -, -PPhy
O 1,7 O /
H H
(R,R) - DIOP

Scheme 2. Four-step process to synthesize optically pure DIOP.

23



The successful invention of DIOP brought forth a few concepts about Co-symmetric
diphosphine ligands. Enlightened by this pioneering work, the early research on phosphorus
bidentate ligands yielded a number of chiral ligands with well-defined chiral backbone from
optically active natural products as starting materials. Some of these ligands include, but are
not limited to, CHIROPHOS,?? the first member of the 1,2-diphosphine family, CYCPHOS,??
PROPHOS?* and PHENPHOS.? The Ci-symmetric diphosphines were synthesized using a
very similar protocol as that of CHIROPHQOS, using other naturally occurring analogues such

as: (S)-mandelic acid, (S)-lactic acid, and (S)-hexahydromandelic acid.

Vs Y
\[OH TsCl, Py \[OTS L|PPh2 PPh,
w WN0OTs THF W' pph,
-4°Ct025°C
(S,S) - CHIROPHOS
R, _OH  |inm, R,.(OH TSCI, Py R,,EOTs LiPPh,, THF R,,[Pth
LAlR, IsCh Py
COzH CH,0H OTs  °F NaPPhy, dioxane PPh,
R = Cy; (R) - CYCPHOS
R = Me; (R) - PROPHOS
R = Ph; (R) - PHENPHOS
CHO Ph,P.
LiPPh, o]
HO - o]
_{/ THF O_L=
CHO oTf PPh, *
XYLOPHOS
Me H Me H Me
HO™ TfO™ H—=PPh;
o] 1,0, Py o] KPPh, Ph4P-O
o} - o] . . o}
/ Ol CH,Cl, o—L= THF, -78°Ct025°C O—L=
OH ~ oTf * g
B
D-(+)-glucose
Me Me Me
H—ZaOH H—ZaOTf Ph,PazH
\ (@] T,0, Py (o] KPPh, Ph4P-O
o} _— o] . . o]
OJ./ CH,Cl, O—‘.’ THF, -78 °C to 25 °C OJ/
OH *~ oTf -

Scheme 3. Synthesis of C1- and C,-symmetric 1,2-diphosphine ligands from chiral pool.
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Certain natural products that bear chiral centers in their backbone skeleton, such as
carbohydrates and their derivatives, are also good candidates for chiral phosphines synthesis.
One example is the synthesis of XYLOPHOS from the readily available D-(+)-xylose.?® From
D-(+)-glucose, Diéguez et al. were able to produce two different diphosphines with a simple
introduction of an additional stereogenic center into the backbone.?” Despite being an excellent
chiral backbone for building enantiopure phosphines, carbohydrates having the D-(+)-

configuration are often the only readily available enantiomers.

Chiral pool synthesis was also used in the early development of P-chiral diphosphines.
One such example was reported by King et al. whose group employed the widely available (-)-
menthol for the synthesis of P-chirogenic diphosphines by converting the natural product to
(-)-menthyl chloride and (+)-neomenthyl chloride.?® These chlorides were subsequently used
in the reaction with the sodium salt of phenylphosphide to give the respective chiral
monophosphines. The generation of the following P-chiral diphosphines was accomplished by

the reaction between monophosphines and vinylphosphines.

. Q.

THF, reflux, 42 h

Q/_/Pth

H P H
\“X\M\CH
HeC e, 3

PHNa H P H H P
+
©/ * Y Cl H C\\*\M\ CHS H C\\*\M\ CHS
H 3~ CHg, 3% CHg
PN
PhoP Ph,P
KBuO KBuO

THEF, reflux, 42 h

O

g

H P H

X\Mcm

HsC Ch,

PPh,

Scheme 4. Chiral pool synthesis of P-chiral-diphosphines reported by King et al.
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However, due to the finite number of naturally occurring chiral compounds, the
diversity of such compounds is limited. In addition, the occurrence of only a single hand form

in nature makes the other hand form limited in availability and expensive in production.

1.3.2 Optical Resolution/Chiral Auxiliary

With the ever-increasing demand and popularity of optically active phosphines both in
the industries and in science, optical resolution and chiral auxiliary methods provide simple
yet easily accessible methods to these phosphines. In general, the optical resolution and chiral
auxiliary methodologies as means to generate chiral phosphines have seen much improvement
over the years.?® These methodologies rely on the fact that diastereomers have different
physical properties in order to obtain enantioenriched products from a racemic mixture.
Derivatization of the racemic mixture with an optically pure reactant will yield two
diastereomeric products and these diastereomers can be separated either through column
chromatography or through crystallization. An additional step to remove the derivative is
needed to obtain the desired chiral compound. In certain cases, kinetic resolution could be used
in which the rates of reaction between the optically pure derivative and the two enantiomers of
the compound are significantly different. In such cases, it is likely that only one enantiomer

reacts with the chiral derivative while the other enantiomer remains unreactive.

Early chiral phosphines synthesized using the chiral auxiliary method were CAMP and
DIPAMP, from an optically active secondary alcohol, (-)-menthol obtained from peppermint
oil. This multistep procedure involved the formation of menthyl ester diastereomers that can
be separated using physical means. The S isomer was further reacted with a Grignard reagent,
PhMgCI, to install a phenyl group and form the common intermediate 1, before eventually

affording both CAMP and DIPAMP.17:29
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Co-symmetrical atropoisomeric BINAP was also developed by Noyori using a chiral
palladacycle, an efficient resolving agent having coordination sites on the palladium(Il) metal
center for coordination with the enantiomers to form diastereomers. The diastereomers formed
were subjected to fractional recrystallization, before undergoing a reduction to remove the
chiral auxiliary.'> Noyori further improved this process by using (+)-camphorsulfonic acid and

DBTA as the resolving agent.*°

oM MenQ Men
OMe e OMe MeP=0 MenO' P=0
MgCl /OH /Cl (-)-Menthol MeO MeO
P(OMe); + — R=0 — R0 ———— ¢ « Ve
Me Me
R isomer S isomer
O
R HSICI .
Me 3
Merl B o pw
MenO' -P=0 1 o MeO TEA Me
MeO PhMCI \ Me
> Ve (R) - CAMP
e
(@
(/C\é
S isomer 1 OMe
OMe HSiCl,
O=P-CH, —_— W
NBu; © RS
5 Meo/®
(R,R) - DIPAMP

Scheme 5. Synthetic pathway to synthesize CAMP and DIPAMP using (-)-Menthol.

27




OH Ph3PBr2 i) -BuHgLi OO PPh,
OO OH 320 °C ) Ph,PCl, THF g ‘ PPh;
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é(%

PPh, Phy,P
+
ii )NaBPh, PPh, PhaP
iii) fractional
recrystallization
iv) LiAIH,

(R)-BINAP )-BINAP

Scheme 6. Using palladacycle resolving agent to obtain enantiopure BINAP.

In addition, optically pure organic acids, such as (-)-2,3-dibenzoyl-L-tartaric acid ((-)-
DBTA) and (+)-2,3-dibenzoyl-D-tartaric acid ((+)-DBTA), are also commonly utilized as
optical resolution reagents. The established chiral phosphine, NORPHQOS, was synthesized via
the Diels-Alder reaction, with the separation of the enantiomers done using (—)-DBTA as the
resolving agent, followed by the reduction of the oxides with trichlorosilane to allow the

preparation of both NORPHOS enantiomers.®!

o)
1 0]
H_ _PPh, @ i L-(-)}-DBTA Q o
:[ NI PSeben, TORR PPh, I
heat I|:I>|:>h2 resolution PPhs

Ph,P” H
('j (6] thP:O O:PPh2
. PPh, m
HSiCl, ﬁb/ + ] PPh,
PPh, Ph,P

(R,R)-NORPHOS  (S,S)- NORPHOS

Scheme 7. Synthesis of NORPHOS via Diels-Alder reaction with optical resolution.
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Besides being used to produce C-chiral diphosphines, DBTA could also be used to form
Co-symmetric planar and C,P-stercogenic diphosphines. Merck’s chemists applied this
technique with the other hand form of the organic tartaric acid to generate chiral PHANEPHOS.
The diastereomers formed with (+)-DBTA had different solubility in chloroform at room
temperature and thermal crystallization method was used to separate the two distinct
diastereomers.®? Zhang and co-worker were able to obtain optically pure four-stereogenic

centers diphosphine, DuanPhos, from the use of either (+)-DBTA or (-)-DBTA.*

1
o PPh2
- +
N @ -
ﬁ PPh,
rac (R) (S)
HSICl, \ PPh,
> +
~
xylene, 140 °C PPh,
(R)-PHANEPHOS (S)-PHANEPHOS

Scheme 8. Synthesis of PHANEPHOS using optically pure DBTA.

D-(+)-DBTA

—_—

resolution

©COH F’,/o i) LDA, THF
_— =
—_—
OH ‘Bu iy cucl,

HSICly
Trlethylamlne
=P H R /P H P HP P H p

= ‘ Toluene
un tBuO 'BuO Bu By By By

(RRS,S) (S,S,R,R) (R,R,S,S)-DuanPhos (S,S,R,R)-DuanPhos

Scheme 9. Synthesis of DuanPhos via optically resolution with (+)-DBTA.
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Moreover, optical resolution has also been utilized in the synthesis P-chiral 1,2-
diphosphines. Imamoto et al. reported the synthesis of conformationally rigid P-chiral 1,2-
diphosphines via the aforementioned optical resolution method.?* The initial racemic
monophosphines were coupled to form a mixture of chiral and meso P-stereogenic
diphosphines dimers. Subsequent separation of the diastereomers following by resolution of
the enantiomers in the racemic mixture using DBTA afforded the individual 1,2-P-chiral

diphosphines.

i H H H H
1.s-BuLi/TMEDA, THF D e 1k
P=0  -78°Cto-50°C
SP\\O O//P + \\P\\ //P,//
2. CuCly, -50 °C to r.t A >¢ 7\ 00 N
rac meso
0
Pe P
B—‘P\ N \\o o//
—\—\—D
O B A
S,S
\P\\ /P ( )
00 >T
/\ (05 JNoH
Ao A 2
rac "P\\ P
AT
(R.R)

Scheme 10. Optical resolution in the synthesis of 1,2-P-chiral-diphosphine reported by

Imamoto et al.
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Scheme 11. Optical resolution in the synthesis of P-chiral-diphosphines reported by Leung et

al.

Leung and co-workers separated racemic P-stereogenic heterocyclic diphosphines into
their respective enantiopure variants through the use of a chiral metal template as the resolving
agent before liberating the free diphosphines with KCN.%

In some cases, separation of the P-chiral 1,2-diphosphines diastereomers formed using
optical resolution may be challenging. As such, the usage of chiral metal template, not as a
resolving agent but as a chiral auxiliary, could be an alternative methodology. Leung et al.
reported the use of a chiral auxiliary template in an asymmetric Diels-Alder reaction to access

a variety of P-stereogenic diphosphines.3®
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Scheme 12. Usage of chiral auxiliary template in the synthesis of P-chiral-diphosphines

reported by Leung et al.

While numerous examples of chiral phosphines generated from the methods of chiral
auxiliaries and optical resolution have been reported successfully to date, these two methods
have their own limitations. Firstly, chiral auxiliaries are often expensive to generate or isolate.
Secondly, the attachment and de-attachment of the auxiliaries on the racemic and chiral
phosphines make the synthetic pathway time-consuming. In addition, the separation of
diastereomers using physical means will take up additional time to produce the targeted chiral
products. Thirdly, the removal of these auxiliaries generally entails chemical structural change
to the auxiliaries which makes isolating and recovering of the same auxiliary almost impossible.
As a result, additional unwanted waste and by-products may be generated by the reactions.
Lastly, the auxiliaries used are often dependent on the specific compounds generated. Any
slight change to the functional groups could render the auxiliaries useless. The above-

mentioned limitations are in conflict with the twelve principles of green chemistry.®’

1.3.3 Enantioselective Deprotonation

Initially reported by Raston et al.,*® enantioselective deprotonation was combined with

oxidative dimerization by Evans et al. for the development of C,-symmetry P-chiral
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diphosphines.® This idea was a combination of two established chemistry concepts. First, the
possible deprotonation of methylphosphines at the methyl group with a strong base,*° and
second, the conversion of prochiral compounds to enantiopure variants using organolithium
reagents in the presence of a chiral auxiliary for enantioselective deprotonation.** The
oxidation of enantioenriched lithiated phosphine-borane complex using copper (1) salt to yield
the corresponding borane-protected chiral diphosphines has been a notable protocol to access

BisP**2 and highly rigid and electron rich bisphospholane ligands.3* 4

i) RMgX i) s-BuLi
i) MeMgX (2 equiv) (-)-sparteine
iii) BH4. THF BH; Et,0
PCls ~ R-P-Me S
Me II) CUC|2
BH; BH, i) CF3SO3H R R'Me
B B, i) aq. KOH Me R
RV AN__NWV'M _
YE R BisP*
R = Bu, Ph, 0-Me-Ph,
1-naph, ferrocenyl

Scheme 13. Enantioselective deprotonation synthesis of BisP* diphosphines.

1.3.4 Asymmetric Synthesis of Optically Active Phosphines via Catalysis

The use of chiral catalysts to generate chiral phosphines in asymmetric syntheses has
shown to be of significance to organophosphorus chemistry in recent years. The usage of this
method has since overtaken other methods in the expansion of the library associated with
optically active phosphines due to its simpler procedures and improved efficiency. Over the
years, many phosphines bearing C-stereogenic centers, axial and planar chiralities have been
synthesized due to their widespread applications in various catalytic reactions.** One such
phosphine is the C-chiral PROPHOS, generated in the “self-breeding” catalytic system devised

by Bosnich and co-worker.?* This protocol involved the use of the target ligand to generate an
33



enantiomeric intermediate that could in turn lead to the regeneration of the ligand itself. This
method yielded a significant amount of product ligand from a small catalytic amount of catalyst
containing the chiral phosphine PROPHOS. The process began with the hydrogenation of
readily available ethyl pyruvate to form (S)-ethyl O -acetyllactate 2 with the (R)-PROPHOS-
containing rhodium catalyst. The subsequent reduction and toyslation of 2 gave ditosylate 3.
Further single recrystallization of the ditosylate improved the enantiomeric excess (ee) from
80% to 99%. Finally, nucleophilic substitution of the ditosylate using diphenylphosphide

generated (R)-PROPHOS.

[Rh(R)-PROPHOS9ndb)ICIO,
OAc  H,(1atm) OAc LiAIH, OH 1) TsCl, Py PPh,

; - — PPh,
CO,Et THF, rt ~SCO.Et  THF < CO,Et 2) LiPPh /'\/
THF
(S)-2 (S)-3 (R)-PROPHOS
ee: 84% ee: 80%

Scheme 14. “Self-Breeding” catalytic system.

Bosnich and co-workers successfully performed ‘cross breeding’ using (S,S)-
SKEWPHOS as a ligand in a ruthenium complex system.* The use of SKEWPHOS ligand
and a ruthenium precursor to form the desired SKEWPHQOS containing ruthenium(ll) catalyst
was used in a asymmetric hydrogenation reaction to produce diol 4 from acetylacetone. The
optically active diol further underwent mesylation and nucleophilic substitution using lithium
phosphide salt to afford the opposite hand-form of C-chiral diphosphine, SKEWPHOS, with

different aryl groups on the phosphorus atoms.
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[Ru(benzene)Cl],

(S,S)-SKEWPHOS

O

o) OH OH

H, (80 bar), MeOH, 80 °C
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i) MsCl, NEt;, THF

PR, PR3

ii) LiPAr,, THF

(R,R)-SKEPHOS

R: Ph, 3,5-Me-Ph
p-MeO-Ph,
p-MeO-3,5-Me-Ph

Scheme 15. ‘Cross Breeding’ of SKEPHOS ligand.

In the recent synthesis of axially chiral bisphosphobiarenes, Watson and co-workers
conducted a nickel-catalyzed Ullmann coupling to access these privileged ligands.* ortho-
(iodo)phosphonates was used in this report together with a nickel catalyst in tandem with
manganese as the terminal reductant and cobalt phthalocyanine as the co-catalyst to furnish the

desired product with high enantioselectivity and yield. These bisphosphonates could eventually

be reduced to secondary chiral phosphines.
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Scheme 16. Asymmetric Ullmann coupling reaction.
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Another well-known asymmetric reaction that produced axially biaryl phosphines
ligands was the Suzuki-Miyaura coupling reaction. However, unlike the Ullmann coupling
reaction, Suzuki-Miyaura reaction could only generate biaryl phosphine ligands that were not
sterically hindered or monophosphines.” One such example reported by Zhang and co-worker
involved the synthesis of a series of axially chiral biaryl monophosphine oxides which could

again be reduced with silanes to give free axially chiral biaryl monophosphines.*’

PR,

Br O B(OH)2  pg(0AC), (5 mol%) O
PR; L (6 mol%)
-
K,COs (3 equiv) O

Toluene/EtOH (1:1)
50 °C, 36 h

HSICl5 (5 equiv)
NEt; (24 equiv) L:
PPhy Ar
Toluene, 110 °C, 18 h PR, é/\ 7
L

ee: up to 99%

Ar: 1-Naph

R: Ph, 4-OMe, 4-OCF3,
3-F, 3-Pr, 3,5-OMe,
3,5-CF4

Scheme 17. Asymmetric Suzuki-Miyaura coupling reaction to produce axially chiral

monophosphines.

Lastly, access to P-stereogenic diphosphines via the aforementioned established
protocols are often non-versatile, time-consuming and costly. The multi-step processes make
handling of the air-sensitive free secondary phosphines difficult. Whilst installation of
protecting groups on these phosphines for easier manipulation is a viable option, additional
steps to release the said moieties prior to coordination are required. Moreover, further
purification procedures may be necessary and cumbersome. Asymmetric catalytic protocols

promise solutions to the abovementioned issues by offering benefits such as simple one-step
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procedures and inherent stereoselectivities. To the best of our knowledge, there exists only one
such mentioned system to form P-stereogenic diphosphines — metal-catalyzed asymmetric

alkylation of secondary phosphines — developed by Glueck in 2006.%3

PhCH,Br
Pt(Me-Duphos)(Ph)(CI) (5 mol%)
An NaOSiMes (2 equiv) P L.
Ph—P R—Ph 2C0p Py
PN Ph CH,Ph
H H THF
-5°C 4 h, followed by -15 °C 4 days n=2or3
yield up to 87%
d.e up to 59%
e.e up to 93%
PhCH,Br
Br  Ptcat. (5 mol%) PMels
NaOSiMe; (2 equiv)
THF
Br -5°C4 h, followed by -15 °C 4 days PMels
yield = 86%
de =55%
e.e =69%
PhCH,Br
Br  ptcat. (5 mol%) PMels ' Sp
— NaOSiMe; (2 equiv) VA \_.PTMe
\ /N . N /Pt\PhIs
THF — P
Br  -5°C 4 h, followed by -15 °C 4 days PMels \1}
yield = 90%
de =17% Pt cat.
e.e =72%

Scheme 18. Metal-catalyzed asymmetric alkylation of secondary phosphines.

1.4 Applications of Chiral Phosphines

1.4.1 Asymmetric Hydrogenation

The use of chiral phosphines as ligands in asymmetric catalytic reactions had been well
established since the early breakthrough by Wilkinson et al. in 1966.*° The first reported
asymmetric catalysis utilizing these compounds was applied in the field of hydrogenation
reaction on a-substituted acrylic acids using chiral methyl(isopropyl)phenylphosphine. Despite

the fact that this reaction showed poor enantioselectivity (15% ee with a-phenylacrylic acid),'?
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13 the utilization of chiral phosphines ligands in asymmetric hydrogenation still possessed great
potential. Further modification to the methyl(isopropyl)phenylphosphine with o-anisyl group,
in an attempt to increase the steric hindrance of the ligand, significantly improved the
enantioselectivity of the hydrogenation reaction on a-dehydroamino acid.!” Dimerization of
PAMP to form the chelating diphosphine DIPAMP has proven to be more efficient in
catalyzing the reaction to form L-DOPA, a drug for treating Parkinson’s disease.l” 2 Other
successful optically active phosphines utilized in asymmetric C—H bond formation on C=C
were (S,5)-CHIRAPHOS, 15 % (S, S)-TangPHOS, *3 51 (S,S)-FerroPHOS, 52 (S,S)-DuPHOS, 15" 53

BINAP, " and QuinoxP*.%*

L: .. OMe .. OMe
NHAc RO NHAc ph P,
— H . Me Me
2
COzH CO,H
(R)-PAMP (R)-CAMP
ee: 58% ee: 88%

Scheme 19. Asymmetric hydrogenation reaction using chiral PAMP and CAMP as ligands.

In addition to asymmetric C—H bond formation reactions of C=C moiety, the scope of
chiral phosphines found to be efficient as ligands in catalyzing hydrogenation reactions was
expanded to include C=0 moieties, S- and thiol esters, imines and amides. Noyori et al. had
established the use of ruthenium-BINAP catalyst to hydrogenate -esters via dynamic kinetic
resolution.®® This method has been used to widen the scope of enantiopure building blocks,
which includes the production of Carbapenems 6 from the asymmetric hydrogenation of rac-

5, by Takasago International Corporation,®® and Fosfomycin,®’ both of which are antibiotics.
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ee: 98% Carbapenems

Scheme 20. Asymmetric hydrogenation reaction on C=0O moiety in the synthesis of

Carbapenems.
0] 9 OH 9 0
b [Ru-(S)-BINAP] o p I _OH
)K( ~(OMe), - Y T OMe), T Mes#Poy
Br H,, MeOH Br H o H
ee: 98% Fosfomycin

Scheme 21. Asymmetric hydrogenation reaction on C=0O moiety in the synthesis of

Fosfomycin.

Other efficient chiral phosphine ligands that have contributed to asymmetric
hydrogenation of C=0 functional group include (S)-SEGPhos,*® (S)-SunPhos,* (R)-MeO-

Biphep,% (R)-bishenzodioxanPhos,? (Sc,Re)-DuanPhos.*

Asymmetric C=N reduction presents an additional challenge due to the fact that the E/Z
conformation of the imine will affect the reaction outcome and that some imines are susceptible
to hydrolysis. Most of the successful asymmetric reactions involve the use of iridium complex
containing diphosphines and phosphinooxazolines. This protocol has contributed significantly
to the industrial process of producing Metolachlor, an active ingredient in the herbicide Dual,®?
and Dextromethorphan, an antitussive drug.®® Another example worth mentioning is the
asymmetric hydrogenation of unprotected imines to form unprotected simple chiral amines,

developed by Merck, Zhang and co-workers.5*
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ee: 79% (S)-Metolachlor

Scheme 22. Asymmetric hydrogenation reaction on C=N moiety in the synthesis of

Metolachlor.

_N *HgPO, [Ir-(R)-(S)-4-MeOxyl),Pf.P(‘Bu),]

\
H, (7 MPa) NH
BuyNBr (/
—_—
—_—
Toluene/NaOH aq, 20 °C, 6 h OMe
OMe g, : OMe

ee: 80.4-81.4% Dextrometorphan

Scheme 23. Asymmetric hydrogenation reaction on C=N moiety in the synthesis of

Dextrometorphan.

NH-Hcl  [Ir(cod)ClI NH, * HCI
(S,S)-f-bianphane] B

H, (0.5 MPa) /@/\
MeOH/CH,Cl,, r.t., 18 h

ee: 95%

Scheme 24. Asymmetric hydrogenation of imines.
1.4.2 Asymmetric C—C Bond Formations

Besides asymmetric C—H bond formation reactions, chiral phosphines have also been
widely utilized both as ligands in metal catalyzed reactions and as organocatalysts in

asymmetric C—C bond formation. Application of chiral phosphines includes, but are not limited
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to, asymmetric Michael addition,% Rauhut-Currier (RC) reaction,5®

asymmetric 1,4-addition
of arylboronic acids to a,f-unsaturated carbonyl compounds,® and asymmetric 1,4-addition of

organometallic reagents to o, 8-unsaturated carbonyl compounds.®’

PPh,
HN_ _O
Ph Ph
F4C CF3 10 mol% JIN\COMe
0 + Z > COMe 0
N CHCl3, -55 °C N
Boc Boc
ee: 94%

Scheme 25. Asymmetric Michael addition using chiral phosphine as organocatalysts.

)\‘APPhZ

e) S NH (0]

0 R _NH O R
| n-CizHzs (20 Mol%)

RO CH,Cl,, -30 °C

ee: 81-99.4%

Scheme 26. Asymmetric Rauhut-Currier reaction using chiral phosphine as organocatalysts.

0O [Rh-QuinoxP*] (3 mol%) Ph O
\(\)J\ +  PhB(OH), KOH \H\)J\
Dioxane, 40 °C, 1 h
ee: >99%

Scheme 27. Asymmetric 1,4-addition of phenyboronic acid to a,f-unsaturated carbonyl

compound.
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0 CulL R O L: (R,S)-JOSIPHOS or (S)-ToIBINAP

wa\RZ + R3MgBr — R1MR2 R: Aryl, Alkyl
R2: Me, Et
ee: up to >99% R3: Alkyl

Scheme 28. Asymmetric 1,4-addition of grignard reagents to «,f-unsaturated carbonyl

compounds.

1.4.3 Other Asymmetric Reactions

Apart from asymmetric C—H and C-C bond formation reactions in which the two main
reactions chiral phosphines have played a significant role in, optically active phosphines have
also been proven to be efficient in asymmetric C—X bond formation, ring-opening reaction,®®

%9 hydrosilylation,” borylation,’ etc.

BHs Pd(OAc), / iPr-PHOX BH; Py
phbon T AT " ety \[ >
tBU K2003 Ph ;Bl'j\r o
rac ee: 45% Pr-PHOX

Scheme 29. Example of an asymmetric C—X (C—P) bond formation.

Asymmetric hydrosilylation has been successfully achieved with chiral bidentate
ligands consisting of donor atoms such as nitrogen, sulfur and carbon. While some diphosphine
ligands were not as efficient in improving the enantioselectivity of the reaction, it has been
shown that trans-chelating diphosphine ligands were able to enhance the enantioselectivity of
hydrosilylation reactions. Imamoto et al. designed a rhodium catalyst consisting of a chiral P-
diphosphine as the ligand to aid in the asymmetric hydrosilylation of achiral ketone with up to

99 % enantioselectivity.”
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OMe Me,Zn (2 equiv)
Cat. (3 mol %)

AgOTf (6.6 mol%)

N—Ts

OMe

Et,Zn (2 equiv)

u, /_\ \Me
‘P P
DO

OMe NHTs

OMe Cat.
ee: >99%

OH

PdCly(cod)/QuinoxP* (5 mol%) O‘
CH2C|2, r.t.

ee: 98%

Scheme 30. Examples of asymmetric ring-opening reactions.

o ) Rh(L)(nbd)BF4 (1 mol %) 1M HCI
)k + Silane THE
Ph

ee: up to 95%

L: (S,S)-t-Bu-BisP*
(S,S)-1,2-Bis(cyclohexylmethylphosphino)ethane
(S,S)-1,2-Bis(1-adamantylmethylphosphino)ethane
(R,R)-t-Bu-MiniPHOS
(R,R)-QuinoxP

Scheme 31. Asymmetric hydrosilylation using Imamoto’s rhodium catalysts.

Complexation of P-chiral diphosphines to a copper metal generated a copper(l)

complex that was capable of catalyzing an asymmetric borylation reaction from alkenylsilane

substrates.*® The enantioselectivity of this catalyst has shown to be more efficient as compared

to chiral N-heterocyclic carbene-copper complexes.’®

R SiMe;

CuCl (5 mol%)
(R,R)-BenzP* (5 mol%)
(pin)B-B(pin) (1.5 equiv)

K(O'Bu) (1.2 equiv) (pim)B,

> S\

R SIMe3
MeOH (4 equiv)
THF, 30 °C

ee: up to 97%

Scheme 32. Asymmetric hydroborylation of vinyl silane.
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15 Aims of Thesis

Given the importance of chiral phosphines in asymmetric catalysis, decades of research have
been dedicated to devise protocols and synthetic pathways to diligently expand the library
associated with optically active phosphines. Amongst these chiral phosphines, optically active
diphosphines have garnered much attention due to their prevalent usages in numerous
asymmetric metal-assisted and organocatalytic reactions The chiral diphosphines employed in
these systems typically consist of stereogenic centers either at the carbon backbone or on the
phosphorus atoms. The presence of two chiral centers in close proximity to the metal center
and the bidentate nature of diphosphines allows a more efficient transfer of chiral information
from the ligand to the coordination sphere of the metal. As such, this thesis aims to introduce
novel chiral diphosphines and provide general yet simple asymmetric pathways to synthesize

challenging chiral diphosphines.
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2.1

Chapter 11

C2- Symmetric P*-Diphosphines via Catalytic Asymmetric Hydrophosphination

Introduction

Asymmetric Hydrogenation:

4
o o Bu Me

>\ [Rh(BenzP*)(cod)]SbFg (0.1 mol%) 5 i
HN CO,R2 HN_ CO,R?

P
R] H, (3 atm), MeOH Rl Me \'Bu

ee: up to >99% BenzP*
(E)-R": Me, R% Me

7)-R': Me, RZ Me

(

(E)-R": Pr, R% Et

(2)-R": Pr, R?: Et

(2)-R": 'Pr, R% Et

(2)-R': Ph, R%: Me

Asymmetric Hydroborylation:

Cu(O'Bu) (5 mol%)

Ph/\/\L L* (5 mol%) L™
NNF N =)
o’B_B\o ee: 95% N/ =)
(

2 equiv) Me' Bu

Me, [Bu

THF, 0°C QuinoxP*

Scheme 33. Selected examples of applications using P-chiral diphosphines.

asymmetric reactions due to their efficacy and ability to induce a high degree of
stereoselectivity. In general, chiral 1,2-diphosphines contains stereogenic centers at the carbon
and/or phosphorus. Amongst these, P*-diphosphines are conspicuous ligands due to the fact
that the chiral phosphorus donors lie in close proximity to the substrate coordination sites which
consequentially allows the efficient transfer of chiral information from the substituents on the
phosphorus atom to the ligated substrates via the metal center. The outcome of this

phenomenon is better enantiocontrol in the catalytic reaction. It is well-known that P-

Optically active 1,2-diphosphines garnered much attention in metal-assisted
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stereogenic diphosphines have been widely valorized as useful ligands in the pioneering studies
of asymmetric hydrogenation reactions,! asymmetric hydrosilyation reactions? and asymmetric

borylation reactions.?

2.1.1 Synthetic Methodologies

To date, while synthetic methodologies employed to synthesize P-chiral
monophosphines are prevalent,* synthesis of P-chiral 1,2-diphosphines has been challenging
as currently, only limited protocols are available. These protocols, which were discussed in
section 1.3, include 1) optical resolution, 2) usage of chiral auxiliaries, 3) chiral pool synthesis
and 4) enantioselective deprotonation. Consequently, in the early days of P*-diphosphines
discoveries, studies on the applications of these P-chirogenic diphosphines were not

widespread.

2.1.2 Our Group Recent Development — Asymmetric Hydrophosphination

Our group has always been diligently developing novel synthetic protocols to access
synthetically useful chiral phosphines. One prominent method developed over the years is the
catalytic asymmetric hydrophosphination reaction. Asymmetric hydrophosphination reactions
are simple, atom-economical, and readily afford the optically active phosphines in a single step.
Our odyssey in this area of catalytic asymmetric C—P bond formation started with the use of
chiral bisacetonitrile complex (R)-7 with an activated olefin — trans-chalcone. The reaction

afforded the corresponding chiral phosphine in quantitative yield and moderate ee (77%).°
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HPPh Me, Me
2 Me N
(R)-cat. 33 \ _NCMe B
fv NEt3 (05 eqUIV) )OJ\/E\PhZ Pd\NCMe C|O4
Ph N ph ~ Ph Ph
THF, -80 °C
(R)-7

Scheme 34. Asymmetric hydrophosphination reaction using palladacycle (R)-7.

To further improve the enantioselectivity and rate of reactions of the reaction,
palladacycle (R)-8 was developed. By replacing the nitrogen donor with a phosphorus donor,
a stronger trans effect could be exerted, establishing a more labile trans coordination site on
the palladium metal center. In addition, greater steric induction was introduced with the two
phenyl groups on the phosphorus atom. As a result of these changes to the bidentate ligand on
the palladium center, complex 8 showed significant improvements in both reactivity and

selectivity in the asymmetric hydrophosphination reaction.®

HPPh, PP
(R)-cat. 33 Me P
o . O  PPh, . NCMe
NEt; (0.5 equiv) - Pd 4
R1lk/\R2 > R1ﬂ\/\R2 NCMe o
T 500 e
. 0,
R" = Ph, 2-naph, 4-BrCgHy, etc e mos (R)-8

R? = Ph, 2-naph, 4-BrCgH,, etc

Scheme 35. Asymmetric hydrophosphination reaction using palladacycle (R)-8.

The superior performance of these two catalysts originated from both the steric lock of
the five-membered palladacycle ring in the 4 conformation brought about by the interaction
between the H8-naphthylene and methyl group, and the trans-effect caused by the N and P

donor atoms.
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Me, Me Ph_Ph
4 ~ <4~

Me N Me P
NCMe NCMe
QEET' \pd: QEFT' \\pd:
NCMe NCMe
ClO, ClO,

(R)-7 (R)-8

Duan et al. reported a similar hydrophosphination procedure catalyzed by pincer
catalysts.” However, the pincer catalysts used by Duan et al. were generated through the chiral
auxiliary method. Our group was able to synthesize a new generation of chiral tridentate pincer
complexes from asymmetric hydrophosphination reaction. These pincer compounds conferred
excellent stereoinductive properties and, prior to the development of (R,R)-complex 9, have
proven to be efficient catalysts in asymmetric hydrophosphination reactions.” With these

catalysts, a myriad of enantioenriched phosphines were synthesized by our group.®
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3-CICgHy, 4-CICgHs, 4-ClCeHy, 4-BrCeH,,
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2-Naoh 4-MeOCgHy, 2-furyl,
P 2-pyrrolyl, 3-pyridyl, 4-pridyl
cat. : Me, Me Ph, Ph MeO,C CO,Me
Mel N NCMe Mel R NCMe
Pd’ Pd_ MeO,C Y CO,Me
NCMe NCMe ph2|5_pld_pph2
ClO, X
(R)-7 (R)-8 X=Cl (RR)9
OAc (R,R)-10

Figure 8. Asymmetric hydrophosphinated products developed by Leung and co-workers.

2.1.3 Research Objective

In marked contrast to previous hydrophosphination attempts by our group, we

envisioned a strategy in which secondary 1,2-diphosphines themselves could be utilized as

substrates in conjunction with olefin substrates for dihydrophosphination with the aim of

creating an efficient general catalytic protocol to access Cz-symmetric tertiary P-chiral 1,2-

diphosphines. According to a study done by Marynick and co-worker®, theoretical calculation

utilizing Hartree-Fock calculations and electron correlation concluded that coordinated-

phosphido species have low inversion barrier in the order of 11-15 kcal/mol while free
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phosphines have inversion barrier of about 35 kcal/mol. As such, reactions involving
coordinated-phosphido species proceeded with a fast inversion at the chiral phosphorus center.
It was also hypothesized that the rate of inversion of the metal-phosphido complex was faster
than the rate of C—P bond formation with an electrophile predicted by Curtin-Hammett
kinetics.'® This fast inversion of the metal-phosphido complex allowed meso/rac-secondary
diphosphine mixtures as the starting materials in the generation of chiral phosphines, thereby

circumventing the need for enantiomerically pure organophosphorus precursors as reactants.

k P
: [|=>d]/FiR"V'e e Mes i
\
Ph Ph
J ks \ ke Keq >> ks & k¢
.. .. keq = rate of phosphorus pyramidal inversion
~R'Me Me“;P\
Ph R R Ph k., ks = rate of reductive elimination for C-P bond
formation for respective enantiomers
(S) (R)

Figure 9. Formation of P-chiral phosphine based on Curtin-Hammett kinetics.
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2.2

2.2.1 General Catalytic Protocol to Access Optically Enriched C,-Symmetric P-

Results and Discussion

Stereogenic Diphosphines.

H®-Base
R'RPZ *
~"y HPRR'
U R S M)
Bace H'LRR' protonolysis R'RPX\)\ y
deprotonarionK [M]* [M]* insertion
®
-B
H ase | @ —_— | @ /\Y
v P"/ . A P\ '
R R R R
rapid racemization

Figure 10. Racemization of the metal-phosphido intermediate in metal-catalyzed

hydrophosphination.

Our preliminary investigation involved bis(phenylphosphino)ethane as the 1,2-
diphosphine substrate for the dihydrophosphination reaction due to the presence of sterically
different substituents on the phosphorus center. Bis(phenylphosphino)ethane can be
synthesized from bis(diphenylphosphino)ethane via a lithium-induced phosphorus—carbon
bond cleavage reaction.! This regioselectivity of this reaction is highly temperature dependent.
This is due to the reversibility among the different species in the reaction, where the
equilibrium is thermodynamic in nature.!! Conducting the reaction at elevated temperature
favours pathways la and Ib, while lowering the temperature favours pathways lla and 11b. In
addition, it has also been studied that maintaining the temperature for the hydrolysis of the
lithium bis(phosphide) at low temperature was crucial as the formation of diphenylphosphine
during the process of hydrolysis at elevated temperature is possible. As such, the whole

synthesis process of bis(phenylphosphino)ethane was carried out at 0 °C.
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Li/TN /I/T HF

-+
PhPCH,CH,PPh + Ph Li
L Li"

Scheme 36. Equilibrium of the cleavage of phenyl group from bis(diphenylphosphino)ethane.

During the evaluation of palladacycles for the asymmetric H-P addition reaction,
Leung and co-workers had determined that two of these compounds, namely the naphthalene-
based on the palladacyclic systems 7 and 8 respectively, portrayed excellent activity and
stereoselectivity for the asymmetric procedure. Of specific mention was the presence of two
vacant sites within the coordination sphere. We hypothesized that the utility of CN palladacycle
7 in the synthesis of the diphosphines may lead to catalyst poisoning due to the chelating effect
of diphosphines onto the metal center, resulting in a stochiometric amount of complex required
for the synthesis of chiral 1,2-diphosphines.? In view of this observation, PCP pincer-type
complex 9, given the presence of only one-vacant site, prohibits the two phosphorus centers
from coordinating to the metal center simultaneously and this allows a step-wise nucleophilic
addition to the olefinyl substrates. Hence, complex 9 was chosen for the development of the
synthesis of P-chirogenic 1,2-diphosphine protocol. The Cz-symmetric pincer complex was

confirmed to have a non-interconvertible conformational lock on the two five-membered
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puckered rings, with only one conformer existing in both the solution and solid states.?* This

will result in a Si-face attack on the electrophile substrate being more favourable.?

O PR',

A
NCM 1 2
paiC e PR R Pa) HPR',

NCMe
2NCMe HBase
R, R?

P _PR',H
. Pd]? [Pd] Pd
parl P PR',H el
N
0 HPR1

R? 0 ZJ\/‘\
Deprotonation R B
NG e /
PR1 2H
[Pd]

Base P HB
ase
[ ]\ /> Ky\ PR1 2

O

F>R12

Proposed Mechanism for Complexes 7 and 8 Proposed Mechanism for Complex 9

Scheme 37. Prosed mechanisms for complexes 7, 8 and 9.

Steric hindrance to prevent bond rotation ~ CH(CO2Me),

CH(CO,Me),

CO,Me substituents in axial position
to minimise steric hindrance

Figure 11. Non-interconvertible conformation lock for Cz-symmetric pincer complex.

Acrylonitrile was used as alkene substrate for the dihydrophosphination procedure as
hydrophosphination requires the presence of a sufficiently strong electron-withdrawing group

to be present in the alkene substrate for Michael addition.
64



1. cat. 9 (2.5 mol%) CN CN

KO™Bu (5 mol%), acrylonitrile (3 equiv.) Ph ,—/ Ph
PPhH DCM, r.t P=S P=s
: S
PPhH 2.5,

P=S

P=S
PR N\ PR "\
CN CN
racimeso-11a meso-12'aa (R,R)-12aa

Scheme 38. Initial reaction condition for the asymmetric 1,2-dihydrophosphination reaction.

Preliminary dihydrophosphination reaction was done with bis(phenylphosphino)ethane
and acrylonitrile, in dichloromethane at room temperature and KO'Bu as the base. After an
overnight reaction, a 3'P{*H} NMR spectrum as obtained for the products from the reaction.
Two new signals have emerged at chemical shifts 6 —20.4 and —20.8. However, there were still
unreacted starting material as seen in the *!P{*H} NMR at 6 —46.4 (optically active) and —46.6
(meso). Even after 72 hours, the reaction remained incomplete. Upon further investigation,
there existed a minute amount of diphenylphosphine in the prepared stock
bis(phenylphosphino)ethane mixture. We hypothesized that diphenylphosphine may deactivate
the catalyst once it has been attached to it as diphenylphosphine and acrylonitrile may not be
compatible for hydrophosphination procedure due to the C=C bond within acrylonitrile being
less activated. To prove our hypothesis, a reaction was conducted with diphenylphosphine and
acrylonitrile under the same set of conditions. As expected, no reaction has occurred. Hence,

it is crucial for bis(phenylphosphino)ethane to be extremely pure.

Another attempt was done with a pure pot of bis(phenylphosphino)ethane (Table 1,
entry 1). Gratifyingly, the reaction furnished clean conversion of the substrate to diphosphines
after 16 hours of reaction. The air-sensitive diphosphines were subsequently sulfurized for ease
of purification and characterization. 3'P{*H} NMR revealed that the ratio of 12aa and 12’aa

was about 1:1, with ee at 5% for the chiral product. It should also be noted that sulfurization of
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the free diphosphines mixture did not change the diastereomeric ratio. A range of protic and
aprotic solvents were screened for reactivity and selectivity. All solvents, except acetone,
provided clean conversion of the products at ambient temperature within 16 hours (Table 1,
entries 2-6). Acetonitrile (Table 1, entry 5) offered the highest ee at 59%, albeit with poor
diastereoselectivity (4% de). On the other hand, ethanol (Table 1, entry 2) gave higher

proportion of the chiral C-symmetric isomer (14% de), but at a significantly lower ee at 30%.

Before Sulfurization

CH

[ —
%

[ <
R
F'1'Ir W,
CH
frew phosphine mixiure
|
|
T T T T T T T T T T 1
EE
After Sulfurization

Figure 12. Diastereomeric integrity of diphosphine before and after sulfurization.

Subsequent reactions with a series of organic and inorganic bases in acetonitrile was
investigated (Table 1, entries 7-15). Between the two classes, DBU was found to favour meso

12’aa at 14% de and gave a racemic mixture. No pronounced deviations in selectivity or
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reactivity were evident for the other bases. Nonetheless, sodium methoxide (Table 1, entry 8)

and diisopropylamine (Table 1, entry 15) at ambient temperature were found to provide slightly

improved diastereoselectivities and enhanced enantioselectivities at 68% and 65% respectively.

Table 1. Protocol optimization for the catalytic asymmetric 1,2-dihydrophosphination of

acrylonitrile.2

cat.

Ph Ph
CN CN MMOe ?:Z)C" o%gn we M ‘F;\Pd/»c'f
e0, ‘ -Me
itri uivy P~ Ph, PhP-~Pd~PPh “
RS e, OO,
PPhH 2.Sg P=S P=S Melph‘P-Ph NCMe Me, H
Phl ;_\ PR \_\ ' \F?d: Me N‘h-
CN CN “ NCMe
rac/meso-11a (R,R)-12aa meso-12'aa OO °ClO4 8 C|14
cat./mol base/mol temp drP ee’
entry | catalyst base solvent
% % CC) | () | (%)
1 9 2.5 KO'Bu 5 CHCl; 25 52:48 5
2 9 2.5 KO'Bu 5 CHCl3 25 46:54 33
3 9 2.5 KO'Bu 5 MeOH 25 52:48 18
4 9 2.5 KO'Bu 5 EtOH 25 57:43 30
5 9 2.5 KO'Bu 5 MeCN 25 52:48 59
B¢ 9 2.5 KO'Bu 5 (CH3)2CO 25 | 46:54 | 19
7 9 2.5 NaOH 5 MeCN 25 55:45 69
8 9 2.5 NaOMe 5 MeCN 25 58:42 68
9 9 2.5 NaOEt 5 MeCN 25 57:43 65
10 9 2.5 NaOAc 5 MeCN 25 56:44 63
11 9 2.5 CsF 5 MeCN 25 55:45 65
12 9 2.5 DIPEA 5 MeCN 25 56:44 64
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13 9 2.5 DBU 5 MeCN 25 | 43:57 0
14 9 2.5 NEts 5 MeCN 25 | 59:41 | 65
15 9 2.5 'ProNH 5 MeCN 25 | 60:40 | 65
16 9 2.5 NaOMe 5 MeCN 0 59:41 | 87
17¢ 9 2.5 NaOMe 5 MeCN 40 | 5842 | 90
18 9 2.5 'ProNH 5 MeCN 0 57:43 | 85
19 9 2.5 'ProNH 5 MeCN 40 | 59:41 | 94
201 9 1.5 'ProNH 5 MeCN —40 | 55:45 | 80
21 9 2 'Pr,NH 5 MeCN —40 | 58:42 | 90
22 9 2 'Pr,NH 20 MeCN 40 | 59:41 | 92
23 9 2 'ProNH 40 MeCN 40 | 56:44 | 76
24 13 2 'Pr,NH 20 MeCN —40 | 45555 | 94
25 8 2 'ProNH 20 MeCN 40 | 37:63 | 40
269 14 2 'ProNH 20 MeCN —40 | 45:55 | >99

#Reactions were carried out with bis(phenylphosphino)ethane (0.16 mmol), acrylonitrile (0.49
mmol), catalyst and base in the listed solvent (3 mL) at stated temperature for 16 h. Unless
otherwise stated, complete conversion to products 12aa and meso-12’aa were observed.
bDiastereomeric ratio (dr) of 12aa:meso-12’aa determined from 3'P{*H} NMR of sulfurized
reaction mixture. “Determined by chiral HPLC. “NMR vyield of 37aa/meso-37’aa mixture at
60% upon complete conversion of rac/meso-11a (byproduct found to be the monophosphinated
product). 22 h reaction time. 40 h reaction time. 9Reaction was halted after 72 h. Conversion

at 30%.

The reaction mixture containing diisopropylamine at reduced temperature (Table 1,

entry 19) afforded the optically active product 12aa at 94% ee, while the mixture with sodium
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methoxide gave a slightly poorer selectivity of 90% ee, with little to no deviation of
diastereoselectivity. Fine-tuning of catalyst loading to 2 mol% was the lowest under which the
reaction can proceed before adverse effects on the reaction time was observed (Table 1, entry
20— 21), and increasing the base loading to 20 mol% pushed the rate of reaction slightly, while
maintaining the selectivity of the protocol (Table 1, entry 22). Further increase in base loading

led to retardation of the reaction and reduced selectivity (Table 1, entry 23).

Finally, the procedure was screened with a range of catalysts known for asymmetric
hydrophosphination.® 1 It was revealed that bidentate palladacycles gave modest to excellent
enantioselectivities for the dihydrophosphination, although they were found to have preference
for the meso isomer (Table 1, entries 24-25). When screened using a chiral-at-metal iridacycle
14, an enantiomeric excess of 99% was observed (Table 1, entry 26). However, the reaction

remained mostly incomplete (at 30% conversion) even after three days of reaction.

Recrystallization of the enantioenriched solution (in a mixture of n-hexane and
dichloromethane) yielded colourless needle-like crystals of trigonal nature. The absolute
stereochemistry at the phosphorus centers of diphosphine 12aa was unambiguously confirmed
by crystallographic analysis to be R and R at centers P1 and P2 respectively, with an absolute

structure parameter of -0.02(4).
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Figure 13. Molecular structure of sulfurized P-chiral 1,2-diphosphine (R,R)-12aa with thermal

ellipsoids shown at 50% probability. Only one of two asymmetric units is shown.

Table 2. Substrate scope of the catalytic asymmetric dihydrophosphination of olefins.

1.7 R
cat. 9 (2 mol%)
'PryNH (20 mol%) s S
" MeCN, -40 °C \t‘p“ﬁp’; + S\f\pk\);p,/’/s
HPhP™ ' PPhH PROL PR PR PR
2.Sg
rac/meso-11 12 meso-12"
entry | product | n R yield® (12/12°) dre ee? (%)
1 12aa 2 | -CN 57 /36 59:41 92
2 12ab 2 | —CO2Me 64 / 30 67:33 87
3 12ac 2 | —COqEt 70/ 22 72:28 86
4 12ad 2 | —(C=0)Me 45/ 44 49:51 62
5 12ae | 2 | (C=O)NH. 59/ 41° 59:41 99
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6 12af | 2 | <(C=O)NMe; 43741 49:519 >99
7 12ag 2 | -SO2Ph 48 [ 52° 48:52 81
8 12ah 2 |-Ph - n.r.h n.r.h
9 12ai 2 | —p-CF3-CgHa - n.r.n n.r.h
10 12ba 3 | -CN 62/ 38 62:38 62

#Reactions were carried out with bis(phenylphosphino)ethane (0.16 mmol), olefin (0.49 mmol),
catalyst 9 (2 mol%) and 'Pr.NH (20 mol%) in MeCN (3 mL) at —40 °C until completion of the
reaction. PIsolated yield. ‘Diastereomeric ratio (dr) of 12:meso-12’ determined from 3P{‘H}
NMR of sulfurized reaction mixture. “Determined by chiral HPLC. ®NMR vyield determined
from 3P{*"H} NMR of reaction mixture. Isolated yield of chiral-13af and meso-13’af.

9Determined from 3P{*H} NMR of complexed reaction mixture. "No reaction.

Having identified the optimal reaction conditions, the scope of the catalytic
dihydrophosphination was surveyed and the results are summarized in Table 2. As expected,
activated olefins were compatible to hydrophosphination, rendering the desired optically active
isomers in good to excellent enantioselectivities. Vinyl esters furnished their respective
products in excellent ee, albeit with modest diastereoselectivity (Table 2, entries 2-3). A slight
improvement in diastereomeric ratio was observed upon increasing the steric bulk of the alkyl
substituent (from methyl to ethyl) within the ester moiety which is attributable to greater steric
interactions between the substrate and ligand within the coordination sphere of the intermediate.
Whilst a less activating olefin substrate — methyl vinyl ketone — could undergo the reaction,
the procedure required excess substrate and longer reaction time to achieve high conversion
(Table 2, entry 4). Both diastereoselectivity and enantioselectivity were also significantly
affected. The employment of vinyl primary and tertiary amides as substrates returned

favourable enantioselectivities of 99% ee (Table 2, entries 5-6). Disappointingly, the tertiary
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amide gave equal proportions of diastereomers. We further examined the tolerance of the
reaction to the sulfone group (Table 2, entry 7). Despite achieving a good enantioselectivity,
the diastereomeric ratio obtained was similar at approximately 1:1. Unfortunately, the reaction
condition was not suitable for substrates with low activating property as seen in our trials with
styrene and p-trifluoromethyl vinyl benzene (Table 2, entries 8-9). Given that steric interactions
may affect the selectivity of the reaction, we decided to extend the study to
bis(phenylphosphino)propane (Table 2, entry 10). Diastereoselectivity was found to increase
slightly to 24%, favouring the optically active product 12ba. However, ee achieved in this

instance was modest at 62%.

2.2.2  Access to P-, C-Stereogenic Diphosphine Using Developed Protocol

Taking advantage of the fact that the protocol may afford diphosphines with P- and C-
stereogenic centers, we extended our study to include a non-terminal olefin substrate as a proof-
of-concept. trans-Chalcone was chosen for the investigation due to its demonstrated efficiency
and stereoselectivity in asymmetric hydrophosphination reactions.® 8 When subjected to our
reaction conditions, complete conversion was achieved within 24 h (Scheme 39). On the basis
of crude *'P{*H} NMR studies, the presence of two significant stereoisomers were detected,
one of which could be easily recrystallized from a solvent mixture of n-hexane and
dichloromethane. The absolute stereochemistry of the crystalline compound 12aj was
confirmed by crystallographic analysis to be R, R, R and S at centers C9, C30, P2 and P1
respectively, with an absolute structure parameter of 0.05(4) (Figure 15). The remaining major
isomer exhibited a singlet at 6 57.24, illustrating a symmetrical structure. While other minor
isomers do exist within the crude sample, the ability of our protocol to generate preferentially
two isomers with four stereogenic centers reflects on the potential of the developed protocol as

an enantio- and diastereoselective methodology for this extremely challenging synthetic
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scenario which entails simultaneous stereo-control of newly generated C- and P-stereocenters.
It should once again be emphasized that this procedure is, to the best of our knowledge, the

first catalytic protocol to achieve a direct synthesis of free P- and C-chiral 1,2-diphosphines.

o @)
it Ph¢4>—Ph

1.Ph™ Ph Ph‘PiS

PPhH  cat. 9 (2 mol%) a significant minor
) + .
[ 'Pr,NH, MeCN g Isomer  *  isomers

PPhH  -40°C Ph” % 57.2 ppm (s)

- Ph Ph

2. Sg (@)

(Rc,Rc,Rp,Sp)-123j
(24% recrystallized yield)

rac/meso-11a

Scheme 39. Catalytic dihydrophosphination with trans-chalcone affording 1,2-diphosphines

with both P- and C-stereogenic centers.
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Figure 14. Crude reaction mixture 3P{*H} NMR spectrum of rac/meso-DPPE with trans-

chalcone.
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Figure 15. Molecular structure of sulfurized phosphine (Rc,Rc,Rp,Sp)-12aj with thermal
ellipsoids shown at 50% probability. Hydrogen atoms except H(C9) and H(C30) were omitted

for clarity.

2.2.3 Complexation of Optically Active 1,2-Diphosphines

Lastly, since 1,2-diphosphines could be utilized as ligands, we subjected the solvated
free phosphines 12aa and meso-12’aa to methanolic Li>PdCls in a one-pot procedure. The
reaction was able to provide its corresponding chelated palladium complexes 13aa and meso-
13’aa quantitatively. These species can then be easily isolated via column chromatography. X-
ray crystallographic analysis of the recrystallized complexes (R,R)-13aa, with an absolute
structure parameter of -0.018(18), (Figure 16) and meso-13’aa indicated little variance in bond
lengths and angles about the palladium center when compared against Pd(dppe)Clz, although
slight increment to CI-Pd—-Cl bond angles were observed (97.37° (chiral-13aa) and 96.27°
(meso—13’aa) vs. 94.19° (Pd(dppe)Cl.)). We further evaluated the ease of isolation of the

metallated diphosphines with tertiary amide functionality. It should be noted that our attempts
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at purifying the sulfurized diastereomers 12af and meso-12’af via column chromatography
were unfruitful. However, in the case of the chelated complexes 13af and meso-13’af,
chromatography could be performed with ease. This portrayed the versatility of the procedure
to provide a direct and efficient method to access to a plethora of optically active diphosphine

complexes for use in asymmetric applications.

PPhH

(

PPhH

rac/meso-11a

1. Z°R
cat. 9 (2 mol%)
Pr,NH (20 mol%)
MeCN, -40°C

R
Ph /_/

2. Li,PdCl,, MeOH

P\ ClI
[ pd
IP’ Cl
Ph —\
R

13

(13aa 56% isolated yield)
(13af 43% isolated yield)

R

Ph ,—/
P\ Cl

+ Pd_
7/ Cl

P
S
R

meso-13'

(13'aa 34% isolated yield)
(13'af 41% isolated yield)

Scheme 40. One-pot direct catalytic dihydrophosphination complexation reaction.
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Figure 16. Molecular structure of P-chiral 1,2-diphosphine complex (R,R)-13aa with thermal
ellipsoids shown at 50% probability. Hydrogen atoms except H(C9) and H(C30) were omitted
for clarity. Selected bond lengths and angles: P(1)-Pd (2.2255(17) A), P(2)-Pd (2.2281(17) A),
CI(1)-Pd (2.3568(18) A), CI(2)-Pd (2.3817(15) A), P(1)-Pd—P(2) (85.17(6)°), CI(1)-Pd-CI(2)

(97.37(6)°).
2.2.4 Proposed Catalytic Cycle

Our experimental observation using the crude 3'P{*H} NMR spectroscopy data showed
evidence of stepwise hydrophosphination. We have proposed a catalytic cycle based on the
mechanistic study of complexes 8 and 9 in asymmetric hydrophosphination reactions® *# in line
with our experimental observations (Figure 17). Between diphenylphosphine and
bis(phenylphosphino)ethane, the former formed a more thermodynamically stable
diphenylphosphide palladium complex in the presence of a base. Since diphenylphosphine is
more acidic than bis(phenylphosphino)ethane, the palladium complex was trapped as the

diphenylphosphide palladium complex. We also postulated that the formation of the first
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chirality on the phosphorus center would affect the formation of the second chirality on the
other phosphorus center. In general, weakly electron-withdrawing substituents on the
substrates did not lead to any reaction as electrophilic activation of the substrates was poor
(Table 2, entries 8 and 9), while stronger electron-withdrawing substituents led to quantitative

conversions.

R’
«
F)\
Ph, /[ Ph PPhH
p [Pd] HPhP™ >~
*
! '
R O
[Pld] [Pld]
F,h/P\L second hydrophosphination . ph/PH
H _Ph ]\ Ph
, P P
R | |
R R
'ProNH
i
ProNH [Pd]
I
P
Ph” . ®
Ph ’PrZNHZ
R+ PrNHY P’ R = H, -CH,CH,R’
R R = activating group

Figure 17. Proposed catalytic cycle to the asymmetric catalytic 1,2-dihydrophosphination of

secondary 1,2-diphosphines.
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Figure 18. Evidence of stepwise hydrophosphination via 3:P{*H} NMR spectroscopy.

2.3 Conclusion

In conclusion, we have developed a direct, efficient and atom-economical method in
the synthesis of P-chiral diphosphines. The reaction was found to tolerate a variety of activated
olefins to yield the corresponding diphosphines in good to excellent enantiomeric excesses.
Disappointingly, only modest diastereoselectivities were attained since there could be
conflicting influences between the chiral catalyst and the mono-hydrophosphinated species on
the coordinated stereogenic phosphido substrate. Extension of this methodology to the
synthesis of challenging P,C-chiral diphosphines, exemplified by hydrophosphination of trans-
chalcone, was also demonstrated. Complexation to palladium proceeded smoothly, providing

78



a simple one-pot access to catalyst precursors. Given the substrate scope of the protocol, as
well as its efficiency and effectiveness, we believe the procedure has immense synthetic
potential in expanding the library of invaluable P-chiral and P*,C*-diphosphines and their

derivatives.

2.4  Experimental

Reactions involving air- or moisture-sensitive compounds were carried out by means of
conventional Schlenk techniques under a positive pressure of nitrogen gas. Unless stated
otherwise, chemicals and solvents were used as received from commercial vendors without
further purification. Nuclear magnetic resonance (NMR) spectroscopy was recorded at
Nanyang Technological University Division of Chemistry and Biological Chemistry Central
Facilities Laboratory on the Bruker Avance 400 spectrometer at 400 MHz for *H NMR and
100 MHz for *C{*H} NMR. Chemical shifts (8) are quoted in ppm and referenced to chemical
shifts of residual solvent peaks for *H and *C{*H} NMR. Enantiomeric excess (ee) was
determined with an Agilent 1200 series high performance liquid chromatography (HPLC)
system fitted with Daicel Chiralpak® I-series analytical columns (250 mm), eluted with a
solvent mixture of n-hexane and 2-propanol. High resolution mass spectrometry (HRMS) via
electrospray ionization (ESI) was performed on the Waters Q-Tof Premier spectrometer.
Unless stated otherwise, acetonitrile was used as the solvent for the dissolution of compounds.
Optical rotation studies were measured on the Jasco P-1030 polarimeter in a 0.1 dm polarimetry
cell at the specified temperature using the D-line of sodium (589 nm) as the source of light.
Unless stated otherwise, dichloromethane was used as the solvent for the dissolution of

compounds.
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Optimization of Procedure for the Catalytic Asymmetric 1,2-Dihydrophosphination of
Acrylonitrile, 12aa and 12’aa. To a degassed solution (3 mL) of bis(phenylphosphino)ethane
(40 mg, 0.16 mmol) was added catalyst and base. The mixture was subsequently cooled to the
listed temperature prior to addition of acrylonitrile (26 mg, 0.49 mmol). The reaction mixture
was then stirred at the same temperature for 16 h. Sg (13 mg, 0.41 mmol) was added to the
crude mixture and stirred at ambient temperature for 2 h. The solution was purified directly by
column chromatography on silica gel with dichloromethane as the eluent to provide the

products.

General Procedure for the Catalytic Asymmetric Dihydrophosphination Reaction, 12, 12°.
Catalyst 9 (2.8 mg, 2 mol%) and 'ProNH (3.2 mg, 20 mol%) were added to a solution of
diphosphine rac/meso-11 (0.16 mmol) in degassed MeCN (3 mL). The mixture was subsequent
cooled to —40 °C prior to addition of the olefinic substrate (0.49 mmol). The reaction mixture
was then stirred at the same temperature until the reaction was completed. Sg (13 mg, 0.41
mmol) was added to the crude mixture and stirred at ambient temperature for 2 h. The solution

was purified directly by column chromatography on silica gel to provide the products.

Ph~P/ \_\Ph

Jia

NC CN
12aa

White solid; Eluent system (column chromatography): CH2Cly; Yield: 38.6 mg (57%); [a]o
(21 °C) = 4.1°; 'H NMR (400 MHz, CD2CI2): § 2.11-2.19 (m, 2H, PCHHCHHP), 2.35-2.45
(m, 6H, PCHHCH2CN, PCH2CH.CN), 2.48-2.57 (m, 2H, PCHHCHHP), 2.74-2.85 (m, 2H,
PCHHCH,CN), 7.48-7.74 (m, 10H, ArH); 3C{*H} NMR (100 MHz, CD2CI2): § 11.21 (s,

CH:CN), 25.79 (m, CH2CH2P), 29.06 (m, CH.CH,CN ), 118.44 (t, Jcr = 8.5 Hz, CN), 128.33
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(m, ArC), 129.17 (t, Jcp = 6.2 Hz, ArC), 131.07 (t, Jcp = 5.0 Hz, ArC), 132.68 (s, ArC); 3P{*H}
NMR (161 MHz, CD2CI2): & 47.61; HRMS (ESI) m/z [negative mode] calcd. for

C20N2H21P2S, 415.0621, found 415.0622.

Ph,. / \_Ph

P P
I I
/rs SI
NC CN

12’aa

White solid; Eluent system (column chromatography): CH2Cly; Yield: 24.4 mg (36%); 'H
NMR (400 MHz, CD2Cly): 6 1.91-1.96 (m, 2H, PCHHCHHP), 2.29-2.47 (m, 6H, PCHHCHHP,
PCH2CH,CN), 2.65-2.78 (m, 4H, PCH,CH,CN), 7.56-7.65 (m, 6H, ArH), 7.82-7.88 (m, 4H,
ArH); BC{*H} NMR (100 MHz, CD,Cl): 6 11.13 (s, CH2CN), 25.67 (m, CH2CH,P), 29.23
(m, , CH2CH,CN), 118.35 (t, Jcp = 8.6 Hz, CN), 128.04 (m, ArC), 129.28 (t, Jcp = 6.1 Hz,
ArC), 131.24 (t, Jcp = 5.1 Hz, ArC), 132.77 (s, ArC); 3P{"H} NMR (161 MHz, CD:Cl,): 6

47.84; HRMS (ESI) m/z [negative mode] calcd. for C2oN2H21P2S2 415.0621, found 415.620.

Ph\P/ \P‘\Ph

g8

MeO,C CO,Me
12ab

White solid; Eluent system (column chromatography): CH2Cly; Yield: 50.2 mg (64%); [a]p (20
°C) =-57.1°; *H NMR (400 MHz, CDCly): 6 2.05-2.13 (m, 2H, PCHHCHHP), 2.32-2.51 (m,
8H, PCHHCHHP, PCHHCH2CO;Me, PCH.CH.CO:Me), 2.67-2.74 (m, 2H,
PCHHCH2CO;Me), 3.58 (s, 6H, OCHs) 7.45-7.56 (m, 6H, ArH), 7.69-7.74 (m, 4H, ArH);
13C{*H} NMR (100 MHz, CD2Cl,): 6 26.02 (t, Jcp = 25.5 Hz, CH2CH,CO), 27.15 (s, CHs),

28.34 (t, Jcp = 27.8 Hz, CH2CH2P), 51.91 (s, CH2CO), 128.90 (t, Jep = 5.7 Hz, ArC), 129.66
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(t, Jop = 3.8 Hz, ArC), 131.10 (t, Jcp = 4.8 Hz, ArC), 132.10 (s, ArC), 172.43 (t, J = 7.8 Hz,
CO); **P{*H} NMR (161 MHz, CD,Cly): § 48.57; HRMS (ESI) m/z [positive mode] calcd. for

C22H29P204S, 483.0983, found 483.0998.

Ph,, / \_\Ph

7R

MEOZC COZMG
12’ab

White solid; Eluent system (column chromatography): CH2Cly; Yield: 23.5 mg (30%); 'H
NMR (400 MHz, CD2Cl,): 6 1.77-1.82 (m, 2H, PCHHCHHP), 2.14-2.35 (m, 6H, PCHHCHHP,
PCH,CH2CO2Me), 2.48-2.58 (m, 4H, PCH,CH,CO2Me), 3.44 (s, 6H, OCH3) 7.42-7.50 (m,
6H, ArH), 7.73-7.78 (m, 4H, ArH); 3C{*H} NMR (100 MHz, CD.Cl,): 6 25.77 (t, Jcp = 25.5
Hz, CH,CH2CO), 27.01 (s, CHs), 28.37 (t, Jcp = 28.0 Hz, CH2CH,P), 51.84 (s, CH2CO), 128.92
(t, Jcp = 5.8 Hz, ArC), 129.26 (t, Jcp = 1.4 Hz, ArC), 131.19 (t, Jcp = 5.0 Hz, ArC), 132.14 (s,
ArC), 172.31 (t, Jcp = 7.6 Hz, CO); 3P{*H} NMR (161 MHz, CD,Cl,): 6 48.79; HRMS (ESI)

m/z [positive mode] calcd. for C22H29P204S, 483.0983, found 483.0986.

Phe /~ \ .Ph

N P
N 1
JE IR

EtO,C CO,Et
12ac

White solid; Eluent system (column chromatography): CH2Cl; Yield: 58.1 mg (70%); [a]p (20
°C) = 10.4°; 'H NMR (400 MHz, CD,Cl): 6 1.20 (t, 6H, Jun = 7.1 Hz, CH2CHa), 2.04-2.13
(m, 2H, PCHHCHHP), 2.26-2.52 (m, 8H, PCHHCHHP, PCHHCH2CO,Et, PCH,CH2CO,EY),
2.64-2.74 (m, 2H, PCHHCH,CO,EY) 4.04 (dq, 4H, Jun = 1.1 Hz, Jum = 7.1 Hz, CH2CH3), 7.44-

7.56 (M, 6H, ArH), 7.69-7.74 (m, 4H, ArH); BC{*H} NMR (100 MHz, CD,Cl2): § 14.00 (s,
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CHg), 25.98 (t, Jcp = 25.1 Hz, CH2CH2CO), 27.36 (s, CH2CO), 28.35 (t, Jcpr = 27.4 Hz,
CH2CH2P), 60.98 (s, CH2CHs), 128.87 (t, Jcr = 5.7 Hz, ArC), 129.63 (t, Jcp = 36.9 Hz, ArC),
131.09 (t, Jep = 4.8 Hz, ArC), 132.09 (s, ArC), 171.98 (t, Jcp = 8.2 Hz, CO); 3'P{*H} NMR
(161 MHz, CD.Clp): ¢ 48.62; HRMS (ESI) m/z [positive mode] calcd. for C2sH3304P2S

511.1296, found 511.1306.

Ph,, / \_\Ph

7R

EtO,C CO,Et
12’ac

White solid; Eluent system (column chromatography): CH2Cly; Yield: 18.2 mg (22%); 'H
NMR (400 MHz, CD,Cl): ¢ 1.17 (t, 6H, Jun = 7.2 Hz, CH,CHs), 1.86-1.92 (m, 2H,
PCHHCHHP), 2.22-2.44 (m, 6H, PCHHCHHP, PCH,CH.COEt), 2.57-2.67 (m, 4H,
PCH2CH2CO2Et), 4.00 (q, 4H, Jun = 7.1 Hz, CH2CH3), 7.52-7.61 (m, 6H, ArH), 7.83-7.88 (m,
4H, ArH); BC{*H} NMR (100 MHz, CD:Cl,): 6 13.95 (s, CHs), 25.77 (t, Jcp = 25.9 Hz,
CH.CH:CO), 27.26 (s, CH2CO), 28.45 (t, Jcr = 28.6 Hz, CH2CHP), 60.92 (s, CH2CHs3),
128.94 (t, Jep = 5.9 Hz, ArC), 129.67 (t, J = 37.4 Hz, ArC), 131.22 (t, Jcp = 4.9 Hz, ArC),
132.15 (s, ArC), 171.90 (t, Jcp = 7.6 Hz, CO); 3'P{*H} NMR (161 MHz, CD.Cl,): 5 48.86;

HRMS (ESI) m/z [positive mode] calcd. for C24H3304P2S, 511.1296, found 511.1313.

Phe / \ \Ph
P P

il

MeOC COMe
12ad

White solid; Eluent system (column chromatography): CH2Cl; Yield: 32.9 mg (45%); [a]p (20

°C) = 37.9° 'H NMR (400 MHz, CDCly): ¢ 1.86-1.91 (m, 2H, PCHHCHHP), 2.04 (s, 6H,
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C(=0)CHs), 2.20-2.47 (m, 6H, PCHHCHHP, PCH,CH.C(=O)Me), 2.55-2.59 (m, 2H,
PCHHCH,C(=0)Me) 2.74-2.85 (m, 2H, PCHHCH.C(=0)Me), 7.52-7.58 (m, 6H, ArH), 7.82-
7.86 (M, 4H, ArH); ®C{*H} NMR (100 MHz, CD,Cl2): 6 26.22 (t, Jop = 25.8 Hz, CH2CH:P),
26.76 (t, Jop = 28.6 Hz, CHoCH2CO), 29.54 (s, CHs), 36.11 (s, CH2CO), 128.96 (t, Jop = 5.8
Hz, ArC), 129.79 (t, Jcp = 37.6 Hz, ArC), 131.16 (t, Jcp = 4.8 Hz, ArC), 132.10 (s, ArC), 205.70
(t, Jcr = 6.8 Hz, CO); 3'P{*H} NMR (161 MHz, CD-Cl,): § 49.41; HRMS (ESI) m/z [positive

mode] calcd. for C22H2902P2S, 451.1084, found 415.1087.

Ph,, / \_\Ph

7R

MeOC COMe
12°ad

White solid; Eluent system (column chromatography): CH2Cly; Yield: 32.2 mg (44%); H
NMR (400 MHz, CD,Cl): 6 2.00-2.03 (m, 2H, PCHHCHHP), 2.08 (s, 6H, C(=0)CHs), 2.29-
2.35 (M, 4H, PCH,CH2C(=0)Me), 2.41-2.55 (m, 4H, PCHHCHHP, PCHHCH,C(=0)Me)
2.81-2.91 (m, 2H, PCHHCH2C(=0)Me), 7.44-7.47 (m, 4H, ArH), 7.52-7.56 (m, 2H, ArH),
7.68-7.73 (m, 4H, ArH); BC{*H} NMR (100 MHz, CD,Cl,): 5 26.30 (t, Jcp = 25.9 Hz,
CH2CH2P), 26.66 (t, Jcp = 28.6 Hz, CH2CH,CO), 29.58 (s, CH3), 36.19 (s, CH,CO), 128.88 (t,
Jep = 5.7 Hz, ArC), 129.99 (t, Jcp = 37.8 Hz, ArC), 131.06 (t, Jcp = 4.9 Hz, ArC), 132.03 (s,
ArC), 205.75 (t, Jcp = 6.2 Hz, CO); 31P{*H} NMR (161 MHz, CD:Cl,): 6 49.22; HRMS (ESI)

m/z [positive mode] calcd. for C22H2002P2S; 451.1084, found 415.1088.
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Ph./ N _Ph

i

H,NOC CONH,

12ae/12’ae

White solid; Eluent system (column chromatography): EtOAc (provides pure chiral-12ae /
meso-12’ae mixture); *H NMR (400 MHz, CD3sOD): § 2.00-2.60 (m, -CH3-), 7.48-7.59 (m,
ArH), 7.79-7.84 (m, ArH (major product)), 7.92-7.93 (m, ArH (minor product)); *!P{*H} NMR
(161 MHz, CD30D): ¢ 50.02 (minor product), 50.12 (major product); HRMS (ESI) m/z

[positive mode] calcd. for C2oH27N202P2S> 453.0989, found 453.0986.

Ph./ \._Ph

s

Me,NOC CONMe,

12af/12’af

White solid; Eluent system (column chromatography): EtOAc (provides pure chiral-12af /
meso-12’af mixture); *H NMR (400 MHz, CD2Cly): § 1.91-2.72 (m, -CH»-), 2.81 (s, NCH3
(major product)), 2.84 (s, NCHz (minor product)), 2.86 (s, NCHs (major product)), 2.90 (s,
NCHzs (minor product)), 7.44-7.57 (m, ArH), 7.71-7.76 (m, ArH (minor product)), 7.83-7.88
(m, ArH (major product)); 3P{*H} NMR (161 MHz, CD,Cl): ¢ 49.41 (minor product), 49.58
(major product); HRMS (ESI) m/z [positive mode] calcd. for C2sH3sN202P2S2 509.1615, found
509.1600. Note: *H and 3P{*H} NMR spectrum of isolated pure complexed chiral-15af and

meso-15°af available below.
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/_\Ph

Jct

PhO,S SO,Ph
12ag/12’ag

White solid; Eluent system (column chromatography): CH2Cl, (provides pure chiral-12ag /
meso-12’ag mixture); *H NMR (400 MHz, CD,Cl,): 6 1.83-3.42 (m, -CHy-), 7.43-7.83 (m,
ArH); 31P{*H} NMR (161 MHz, CD.Cl,): 6 47.43 (major product), 47.64 (minor product);

HRMS (ESI) m/z [positive mode] calcd. for C3oH3304P2S4 647.0737, found 647.0735.

oP P
1l 1l
JE8
NC CN
12ba/12’ba

White solid; Eluent system (column chromatography): CH2Cl. (provides pure chiral-12ba /
meso-12°ba mixture); *H NMR (400 MHz, CD2Cly): 6 2.21-2.76 (m, -CHy-), 7.47-7.83 (m,
ArH); 3P{*H} NMR (161 MHz, CD.Cl): 6 49.01 (minor product), 49.10 (major product);

HRMS (ESI) m/z [positive mode] calcd. for C21H2sN2P2S2 431.0934, found 431.0937.

:/)\\\ ” . L\;h
12aj

Colourless needles (recrystallized); Recrystallized from n-hexanes and CHCI»; Yield: 28.3 mg
(24%) (recrystallized yield); *H NMR (400 MHz, CD,Cl): 6 1.66 (m, 1H, PCHHCHP), 1.92

(m, 1H, PCHHCH:P), 2.15 (m, 1H, PCH,CHHP), 2.54 (m, 1H, PCH,CHHP), 3.18 (ddd, Jun
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=18.1 Hz, Jup = 11.4 Hz, Jun = 3.0 Hz, 1H, CHHC(=0)Ph), 3.56 (m, 1H, CHHC(=O)Ph), 3.85
(m, 2H, CHHC(=0)Ph), 4.08 (dt, Jup = 10.2 Hz, Jun = 4.1 Hz, 1H, PCH(Ph)CHy), 4.21 (dt, Jup
= 9.9 Hz, Jun = 3.0 Hz, 1H, PCH(Ph)CHy), 6.87 (d, Jup = 8 Hz, 2H, ArH), 7.07 (m, 3H, ArH),
7.35-7.59 (m, 16H, ArH), 7.77 (d, Jwe = 7.6 Hz, 2H, ArH), 7.87 (d, Jup = 7.6 Hz, 2H, ArH),
7.98 (dd, Jne = 11.3 Hz, Jun = 8.0 Hz, 2H, ArH); *C{*H} NMR (100 MHz, CD:Cl,): § 23.53
(d, Jcp = 48.8 Hz, CH,CH,CO), 24.24 (d, Jcp = 52.1 Hz, CH,CH,CO), 39.09 (d, Jcp = 6.5 Hz,
CH,CO0), 39.11 (d, Jep = 7.0 Hz, CH2CO), 44.11 (dd, Jep = 48.0 Hz, Jcp = 2.4 Hz, , CH,CH2P),
44.77 (dd, Jep = 46.1 Hz, Jep = 2.6 Hz, CHoCHoP), 127.31-136.74 (m, ArC), 196.24 (d, Jcp =
14.1 Hz, CO), 196.60 (d, Jcp = 11.6 Hz, CO); 3'P{*H} NMR (161 MHz, CD:Cl2): & 56.46 (d,

Jpp = 54.4 Hz), 57.28 (d, Jep = 54.4 Hz).

One-Pot Direct Dihydrophosphination-Complexation of 1,2-Diphosphines, 13, 13°.
Catalyst 9 (2.8 mg, 2 mol%) and 'ProNH (3.2 mg, 20 mol%) were added to a solution of
bis(phenylphosphino)ethane rac/meso-11a (40 mg, 0.16 mmol) in degassed MeCN (3 mL).
The mixture was subsequent cooled to —40 °C prior to addition of olefinic substrate (0.49
mmol). The reaction mixture was then stirred at the same temperature for 16 h. A methanolic
solution (4 mL) of Li-PdCl4 (52.4 mg, 0.2 mmol) was added to the mixture and stirred for 2 h
at ambient temperature. The crude mixture was concentrated prior to purification by column

chromatography on silica gel to provide complexes 13 and meso-13°.
Pha /' \_ .\Ph
P P
J Pd I
/ N\

NC™ CI CI CN

13aa

Colourless blocks (recrystallized); Eluent system (column chromatography): CH2Cl2/EtOAC

(4:1): Yield: 48.2 mg (56%); []o (21 °C) = -239.3°: 'H NMR (400 MHz, CD2Cl,): § 2.06-2.16
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(m, 2H, PCHHCHHP), 2.61-2.98 (m, 10H, PCHHCHHP, PCH.CH2CN), 7.53-7.63 (m, 6H,
ArH), 8.03-8.08 (m, 4H, ArH); 3C{*H} NMR (100 MHz, CD,Cly): 6 13.45 (s, CH2CN), 24.53
(m, CH2CH2CN), 26.21 (m, CH2CH2P), 118.47 (m, CN), 125.54 (dd, J = 2.2 Hz, J = 54.7 Hz,
ArC), 129.63 (m, ArC), 133.08 (s, ArC), 133.31 (m, ArC); *P{*H} NMR (161 MHz, CD:Cl,):
0 70.87; HRMS (ESI) m/z [negative mode] calcd for CaoN2H22P2CloPd 527.6970, found

527.9661.

Ph, /~ \_\Ph
P\

P
J L
/ \
NC Cl Cl CN

13’aa

Colourless plates (recrystallized); Eluent system (column chromatography): CH2CIl2/EtOAC
(4:1); Yield: 29.3 mg (34%); 'H NMR (400 MHz, ds-DMSO): ¢ 2.19-2.37 (m, 2H,
PCHHCHHP), 2.65-3.15 (m, 10H, PCHHCHHP, PCH.CH2CN), 7.50-7.60 (m, 6H, ArH),
7.91-7.96 (m, 4H, ArH); 3C{*H} NMR (100 MHz, ds-DMSO): 6 12.54 (s, CH,CN); 23.02 (m,
CH2CH:CN), 26.57 (m, CH2CH2P), 119.54 (m, CN), 127.46 (dd, J = 1.5 Hz, J = 54.0 Hz, ArC),
129.03 (m, ArC), 132.28 (s, ArC), 132.72 (m, ArC); 3P{"H} NMR (161 MHz, ds-DMSO): &
73.45; HRMS (ESI) m/z [negative mode] calcd for CzoN2H22P2CloPd 527.6970, found

527.9672.

Pha./ \_.Ph

\\‘P\ /P
J R
/ \

Me,NOC~ CI°” CI “CONMe,
13af

White solid; Eluent system (column chromatography): Acetone/EtOAc (2:1); Yield: 43.4 mg

(43%): 'H NMR (400 MHz, CD,Cly): 6 2.09-2.12 (m, 2H, PCHHCHHP), 2.36-2.50 (m, 2H,
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PCHHCHHP), 2.60-2.71 (m, 4H, PCH,CH2CN), 2.75 (s, 6H, N(CHs)Me), 2.80-2.88 (m, 4H,
PCH2CH2CN), 2.91 (s, 6H, NMe(CHs)), 7.51-7.59 (m, 6H, ArH), 8.02-8.07 (m, 4H, ArH);
13C{'H} NMR (100 MHz, CD:Cly): § 24.17 (m, CH2CHzCN), 26.81 (m, CH2CH2P), 29.23 (s,
CH,CN), 35.31 (s, CH3), 37.08 (s, CHs), 128.59 (m, ArC), 129.17 (t, Jcp = 5.8 Hz, ArC), 132.28
(s, ArC), 133.27 (t, Jcp = 5.8 Hz, ArC), 170.43 (t, Jep = 5.2 Hz, CO); *P{*H} NMR (161 MHz,

CD-Cl): ¢ 75.25.

Ph,../~ \..\Ph
P\

/P
j /Pd\ I
Cl Cl

13’af

Me,NOC CONMe,

White solid; Eluent system (column chromatography): Acetone/EtOAc (2:1); Yield: 41.4 mg
(41%); 'H NMR (400 MHz, CD:Cly): 6 2.12-2.14 (m, 2H, PCHHCHHP), 2.70-2.81 (m, 6H,
PCHHCHHP, PCH,CH:CN), 2.92 (s, 6H, N(CH3)Me), 3.01 (s, 6H, NMe(CHsa)); 3.13-3.22 (m,
4H, PCH2CH,CN), 7.43-7.51 (m, 6H, ArH), 7.88-7.94 (m, 4H, ArH); *C{*H} NMR (100
MHz, CD,Cly): 6 24.36 (m, CH2CH,CN), 29.08 (m, CH2CH2P), 29.27 (s, CH2CN), 35.53 (s,
CHa), 37.25 (s, CHa3), 129.11 (t, Jcp = 5.2 Hz, ArC), 129.70 (m, ArC), 132.05 (s, ArC), 132.92
(t, Jcp = 5.2 Hz, ArC), 171.10 (t, Jcp = 4.8 Hz, CO); 3P{"H} NMR (161 MHz, CD2Cl,): &

73.90.
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Figure 19. Determination of Diastereomeric Ratio of 12aa/12’aa
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Chapter 111
Catalytic Asymmetric Hydrophosphination as a Valuable Tool to Access Mono- and Di-

Hydrophosphinated Curcuminoids

3.1 Introduction

3.1.1 Curcumin

Curcumin, chemically known as diferuloyl methane, is a ubiquitous dietary
phytochemical found in the Indian spice turmeric. Turmeric has often been used in Indian
system as traditional medicine, Ayurveda, to treat wounds, inflammations and growth of
disease-causing microorganisms. Turmeric has a characteristic yellow color due to the presence
of curcuminoids in it — curcumin (Cur), demethoxycurcumin (DMC) and
bisdemethoxycurcumin (BDMC). These curcuminoids make up about 5% of turmeric, of
which curcumin is the main biologically active component. Cur was first isolated in 1815 and
its chemical structure was elucidated in 1910.1 A drastic increase in the number of studies on
curcumin as an anticancer agent was observed after epidemiological studies showed a reduction
(10-15%) in occurrence of some types of cancer in patients who consumed turmeric regularly.?
Over 3000 scientific researches have been published on the study of the chemical,
photophysical, biological and anticancer effects of Cur, including uses as a chemo-preventive
and therapeutic drug against chronic diseases such as Alzheimer, cancer, cardio-vascular, skin,

inflammatory and neurological diseases.

3.1.2 Curcumin Complexes

Although clinical studies on the effects of curcumin in humans have shown that mild
side-effects only surfaced with high daily dosages of up to 129, poor bioavailability of

curcumin presented a more pertinent problem. The main factors limiting curcumin
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bioavailability were the insolubility of Cur in water, rapid metabolism, systemic elimination
and poor absorption.* One method to overcome this limitation was the incorporation of metals
into the Cur backbone. The syntheses of metal-Cur complexes make use of the naturally
occurring diketo moiety as a suitable bidentate chelate to bind to a variety of metals. The first
reported curcumin complex was prepared by Beck et al® and the versatile method developed
could be employed in the syntheses of many other complexes. The method involved the
deprotonation of Cur with a strong base followed by complexation with metal halides. Initially
used for the complexation of Cur with transition metals, the protocol has now been extended

to include main-group elements.®
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Figure 20. Selected examples of complexes containing Cur as ligand(s).

The first few reported curcumin complexes being tested for antitumor effects date back

to 1998. Vanadium(1V), cobalt(I1), nickel(11) and copper(11) complexes were among those that
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have been tested in vitro and in vivo for antitumor effects, with copper(Il) displaying the highest
selective cytotoxicity and most significant reduction in solid tumor size in ascites tumor-
bearing mice.% In addition, these complexes exhibited antirheumatic activity, angiogenesis

inhibition and anticancer potential.’

Besides being studied for its pharmacological effects as a potential chemo-preventive
and therapeutic drug, Cur has also found utility in catalytic reactions, namely the Heck, Suzuki
and Stille coupling reactions.? Japtap et al. used the naturally occurring Cur as a ligand in the
complexation with palladium(ll) for use as a catalyst in the coupling reactions.® Jani and co-
workers further improved the complex reusability by modifying boehmite surface with Cur to

anchor palladium(I1), producing Boehmite Nanoparticles Curcumin-Pd.&

14 (5 mol%)

T
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X DMF, 150 °C, 2-6 h R
)
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Scheme 41. Example of Heck and Suzuki reactions using palladium(I1) Cur 14 as catalyst.
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3.1.3 Functionalized Curcumin and Its Complexes

Structurally related compounds of curcumin have been synthesized and studied for the
evaluation of their biological activities. The first reported semi-functionalized derivatives were
done by Dutta et al. in which the keto group was replaced with nitrogen and sulfur as donors.®
These compounds showed enhanced antioxidant activity, and when comparing the
antiproliferative activity against Cur in breast cancer cell line MCF7, nitrogen and sulfur-
functionalized Cur was found to be more potent than Cur, with a decrease in cell viability by
38%.%1° Hydrazinocurcuminoids, synthesized by Shim et al., are potential antiangiogenic
agents as nanomolar concentrations are able to inhibit the multiplication of bovine aortic

endothelial cells without cytotoxicity.

N—NH
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OH  HO OH

R: NOH, NNHCONH,, NNHCSNH,
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N—n
Shht G
HO OH

Figure 21. Selected examples of functionalized Cur in the carbon backbone.

R': H, OH
R2: H, OCH,4

A few novel Cur derivatives were synthesized by Mishra et al. and their in vitro

inhibition of Plasmodium falciparum growth was evaluated. These derivatives exhibited
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enhanced potencies towards inhibiting chloroquine sensitive Plasmodium falciparum due to
the increase in cellular uptake, greater efficacies of inhibiting the target and greater retention
by the parasite. Their studies also proved the need for the hydroxy group in Cur for antimalarial

activity. !

NO,

Figure 22. Examples of functionalized Cur on the aryl groups by Mishra et al.

In addition to functionalizing the carbon backbone, functionalization of the aryl region
was also done. John et al. synthesized a series of Cur derivatives that was functionalized at the
aryl rings. These compounds were further evaluated for their efficacies as antitumor drugs and
cytotoxicity. Complexation of these curcuminoids to copper metal showed an increase in
antitumor activity and were revealed to be cytotoxic to cultured L929 cells, with 1Cso of about
2.7 x 10°° M for the curcuminoids and 2 x 10 M for the copper complexes. Complexes
containing phenolic group were the most active in the study, and an increase in conjugation
along the carbon backbone showed an increased life span (ILS578.6%) of ascites tumor-

bearing animals.'?
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Figure 23. Examples of functionalized Cur on the aryl groups by John et al.

3.1.4 Research Objective

While numerous articles have reported successful results such as improved biological
effects and significant cytotoxicity towards cancer cells associated with functionalized
curcumins, the lack of research in the incorporation of phosphorus-based functional groups
into the backbone of Cur remains extant. In addition, the conjugated enone motif in curcumin
serves as an excellent electrophile for the introduction of numerous useful nucleophiles for
post-modification of curcumin. The research gap in the studies pertaining to the methodology
and study of new functionalized curcumins in a biological setting together with the ongoing
interest of our group in asymmetric hydrophosphination of electrophilic substrates prompted
us to consider hydrophosphination as a viable tool in the introduction of phosphine groups into

Cur.
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3.2  Results and Discussion
3.2.1 Preparation of Curcumin and Curcumin Derivative

Pure Cur can be obtained from commercially available curcuminoids consisting of
roughly 75% Cur, 20% DMC and 5% BDMC (Merck source) through silica gel
chromatography in a eluent system of chloroform and methanol.'®> However, the use of
approximately 30L of solvents per 11g of curcuminoids required in this protocol is not the most
efficient way of obtaining pure Cur. Instead, a more efficient method to produce pure Cur
would be through aldol condensation between vanillin and acetylacetone.’* In this
methodology, acetylacetone was first reacted with boric anhydride 15 to form a less activated
methylene synthon to prevent a Knovenagel condensation. Subsequently, the acetone-boric
complex was subjected to a double aldol condensation with two equivalents of vanillin in the
presence of a drying agent such as tributyl borate and a base such as n-butylamine, before being
decomplexed with hydrochloric acid to produce pure Cur in 81% yield. In this reaction, the
utilization of tributyl borate served two purposes. Firstly, it acted as a desiccant to provide a
dry reaction condition, and secondly, it helped to kinetically activate the carbonyl carbon in
vanillin. This same synthetic methodology could be employed to synthesize BDMC, but with

4-hydroxybenzaldehyde in place of vanillin.
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Scheme 42. Double aldol condensation to produce Cur and BDMC.

3.2.2 Catalytic Asymmetric Hydrophosphination

Chemically, Cur exists as a significant mixture of two tautomeric forms, a diketo and
an enol form, due to the stabilization provided by the intramolecular hydrogen bonding
between the carbonyl oxygens and the acidic proton abstracted from the 1,3-diketone
framework. This enol-keto tautomerization has been studied and shown to be dependent on the
type of solvent used. In aprotic solvents, Cur exists mainly in the less electrophilic enolic form,
which is 5 to 8 kcal/mol more stabilized than its more electrophilic keto form due to the higher
extent of conjugation. In protic solvents, however, this intramolecular hydrogen bond is
disrupted by the competition for hydrogen bonding from the solvent and the diketo group,
consequentially resulting in the keto form being the predominant state of curcumin.® Since the
proportion of individual tautomers can be adjusted through the use of solvents, we envisioned
that asymmetric hydrophosphination could serve as a means to produce Cz-symmetric C-
chirogenic monophosphine and diphosphines in protic solvents by selectively favoring the

more electrophilic diketo form.
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Figure 24. Enol-keto tautomerization of Cur in aprotic and protic solvents.

Our preliminary investigation involved the hydrophosphination of Cur with
diphenylphosphine in the presence of catalyst 8 and base, diisopropylamine, in methanol. The
aforementioned mixture furnished a mixture of monophosphine 17aa, C-chiral diphosphine
17aa’ and meso-diphosphine 17aa”. These air-sensitive products were subsequently sulfurized
for purification and characterization. 3P{*H} NMR analysis revealed that chiral compound
17aa’ and meso compound 17aa” existed in an approximately 1:1 ratio, with the optically
active diphosphine species having good enantioselectivity of 71% ee. It is interesting to note
that the poor diastereoselectivity of the reaction could be attributed to the poor
enantioselectivity of the first hydrophosphination procedure, as observed by the 4% ee of the
monophosphine 17aa. It is also worth mentioning that there existed enol-keto tautomerization
due to the presence of the diketo moiety in the three products. Due to the higher degree of

conjugation in 17aa, the enol form was favoured over the diketo form.

103



o o

T

Figure 25. Characteristic signal of enolic proton in the *H NMR (CD2Cl, 400 MHz) spectrum.

Firstly, solvent screening was conducted with a series of protic and aprotic solvents to
determine their effects on the reactivity of curcumin and selectivity of the reaction. Due to the
lengthy reaction time, all reactions were halted after 120 h. Expectedly, the major product
produced when aprotic solvents were used was the monohydrophosphinated product while
protic solvents afforded a mixture of three products. No reaction was observed in toluene
(Table 3, entry 5) presumably due to the insolubility of Cur. Between the two protic solvents,
methanol (Table 3, entry 1) offered a higher ee of 71% for the chiral diphosphine 17aa’ and an
overall conversion of 90%, while ethanol (Table 3, entry 2) gave a diminished ee of 64% and
an overall conversion of 83%. It is worth mentioning that the ee for the
monohydrophosphinated product 17aa was roughly 0%, implying that the selectivity of the
dihydrophosphination reaction probably originated from the second hydrophosphination step
due to the greater steric bulk of the monophosphine and consequently, affecting the

diastereoselectivity of the reaction.

104



Table 3. Condition optimization for the asymmetric hydrophosphination of Cur.2

K 1] - 1
PPhZO‘ (0] PPh,O o
O CO “O o
HO OH HO OH
mono-17aa
+
S S
1)ca(. I 1 I N I
o PPh,0 O  PPh, PPh,0" O PPh,
o 2 o o X o
e Ly CC — e
A HO OH HO OH
17aa’
+
i £ i i
PPh,O O PPhy PPh;O" "0 PPh,
* O o — T
HO OH HO OH
K meso-17aa"
cat. Ph Ph Ph Ph Me Me Me H
M ‘P; NCM M ‘; cl Me ‘N NCMe Me0, G GO Me Me ‘N:
e, e e/, 7. ® , N
\p®d< \de \Pd< Me0,c” CO,Me e
OOV e N O O A
ecio, °cio, &
8 13 7 9 14

conversion
entry | catalyst | cat./mol% base Base/mol% | solvent ee (%)°
(%)°

1 8 2 'Pr,NH 20 MeOH 90 71
2 8 2 'Pr,NH 20 EtOH 83 64
3 8 2 'Pr,NH 20 DCM 38¢ n.d
4 8 2 'ProNH 20 MeCN 63" n.d
5 8 2 'Pr,NH 20 Toluene n.r -

6 8 2 'Pr,NH 20 THF n.r -

7 8 2 NEtz 20 MeOH 80 74
8 8 2 NaOAc 20 MeOH 88 71
9 8 2 DBU 20 MeOH 77 30
10 8 2 Cs,COs 20 MeOH 64 65
11 8 2 CsF 20 MeOH 76 52
12 8 2 DIPEA 20 MeOH 81 66
13 8 1 NEtz 20 MeOH 57 41
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14 8 4 NEt; 20 MeOH 85 79
15 8 2.5 NEt; 20 MeOH 86 80
16 8 2.5 NEt; 50 MeOH 80 66
17 8 2.5 NEt; 100 MeOH 79 64
18 13 2.5 NEt; 20 MeOH 83 52
19 7 2.5 NEt; 20 MeOH 85 25
20 9 2.5 NEt; 20 MeOH 78 34
21 14 2.5 NEt; 20 MeOH 75 5
22° 8 2.5 NEts 20 MeOH 100 26
23 8 2.5 NEt; 20 MeOH 83 95

@Reactions were carried out with curcumin (0.14 mmol), diphenylphosphine (0.28 mmol),
catalyst and base in the listed solvent (7.5 mL) at room temperature for 120 h. °Conversion was
based on percentage of diphenylphosphine reacted. “Enantiomeric excess of chiral diphosphine
determined by chiral HPLC. %Reaction furnished mostly monophosphine-17aa. ®Reaction

conducted at 50 °C for 60 h. Reaction conducted at 0 °C for 120 h. de = 30%
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Secondly, a range of organic and inorganic bases was investigated, and amongst them,
triethylamine (Table 3, entry 7) gave an improved enantioselectivity of 74%, albeit a slightly
poorer conversion, while sodium acetate (Table 3, entry 8) gave reactivity and selectivity
results similar to that of diisopropylamine. Further fine-tuning of the catalyst and base loading
(Table 3, entries 13-17) of the reaction was conducted. Increasing the catalyst loading to 2.5
mol% afforded improved selectivity with slight improvement in reaction rate (Table 3, entry
15). No significant change was observed to the overall conversion and with higher catalyst
loading. Lastly, an increase in base loading resulted in a significant loss in enantioselectivity

of the reaction.

Thirdly, catalysts*® which were known to be active in asymmetric hydrophosphination
reactions were screened. While there were no significant changes to the overall rate of reactions,

the enantioselectivity of the reactions was the worst with iridacycle 14. (Table 3, entry 21).

Finally, temperatures were adjusted in an attempt to shorten the reaction time. At 50°C,
(Table 3, entry 22) the reaction time could be reduced successfully to 60 h as full conversion
was attained but resulted in a significant drop in the ee to 26%. On the other hand, reducing the
temperature to 0 °C led to only a slight decrease in conversion but a significant improvement
in enantioselectivity of 95% (Table 3, entry 23). In addition, ee of the monophosphine-17aa

was enhanced to 76%. Diastereoselectivity was also increased to 30%.
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Table 4. Asymmetric dihydrophosphination reaction on different substrate scope.?

i
PR, O O
R = R
OH O
HO OH
mono-17
+
) cat. 8 (2.5 mol%) % ﬁ
NEt3 (20 mol%) PR'5s O 0] PR,
MeOH :
po ——— R O R
©/ DCM HO OH
17"
+
OH i i
PR, O O PR,
R O R
HO OH
meso-17"
entry Product R R’ conversion (%)° ee (%)°
1 17ab H H 80 95
2 17ac OMe 4-OMe 92 92
3 17ad OMe 2-OMe 95 5
4 17ae OMe 2-Me 17 2
59 17af OMe 3,56-CF; 93 5
6 17ag OMe 2,4,6-Me n.r -

4Reactions were carried out with secondary phosphine (0.14 mmol), Cur/BDMC (0.28

mmol), catalyst 8 (2 mol%) and NEtz (20 mol%) in dry MeOH (3 mL) at 0 °C for 120 h.
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bConversion based on amount of secondary phosphine reacted. “Determined by chiral HPLC.

dReaction conducted at room temperature for 288 h.

A variety of phosphine substrates and a curcumin derivative, BDMC, was surveyed
for their tolerance for the optimized reaction conditions. (Table 4) As the biological
application of interest in this article pertained to the biological roles the conjugation in
pure curcumin and the phosphine-gold moieties played in anticancer therapies, partially
hydrophosphinated curcumin and its derivatives, including the phosphine sulfides and
phosphine-gold complexes, were not isolated and characterized. Asymmetric
dihydrophosphination on BDMC provided comparable reactivity with excellent
enantioenriched product at 95% ee (Table 4, entry 1). Conversions were enhanced when
an electron-donating methoxy moiety was present in the secondary phosphines. However,
methyl substituted secondary phosphine (Table 4, entry 4) required longer reaction time
and tri-substituted aryl methyl group (Table 4, entry 6) did not furnish any products. This
could be attributed to the increase in steric hindrance on the phosphine substrate. In
addition, sterically demanding secondary phosphines greatly affected the selectivity of
dihydrophosphination reaction, yielding close to 0% ee as compared to less sterically
hindered bis(4-methoxyphenyl) phosphine (Table 4, entry 2), which produced an excellent

ee of 92%.

In view of the promising results curcumin and phosphine gold complexes have on
biological activities, we proceeded to extend our study of functionalized Cur to include
Cur diphosphines gold complexes.*® We subjected the solvated racemic diphosphines to
two equivalents of AuCISMe>. The reaction was able to generate the corresponding rac-

18aa and meso-18aa’, which can be separated via simple column chromatography.
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1) rac-cat. 8 (2.5 mol%)

NEt3 (20 mol%) rac-18aa
HPPh MeOH, 50 °C
+
2
2) AuCISMe; (2 equiv) (|3I (I:|
DCM Au Au

| |
PPh,0 O PPh,

SORRas®
HO OH

meso-18aa’

Scheme 43. Complexation of dihydrophosphinated-Cur with gold(l) complex.

3.2.3 Cancer Activity of Dihydrophosphinated Curcumin Gold(l) Complexes

Gold derivatives have been long used as drugs among the ancient Egyptians to treat
pulmonary tuberculosis.!” The development of the gold(l) phosphine complex, auranofin,
shifted the attention of gold complexes to the treatment of rheumatoid arthritis.®
Epidemiological study of patients being treated for rheumatoid arthritis using gold(l) drugs
were observed to have lower anti-tumoral rate. This trend was similar to that of other anti-
cancer drugs such as 6-mercaptopurine and cyclophosphamide, ¢ all of which spurred the rapid

design and testing of gold(l) compounds for antitumor activity.

In some cases, free phosphines have been shown to exhibit antitumor activity and this
has motivated the development of phosphine-gold complexes as anti-cancer drugs.'® Studies
have also shown that the main factors affecting patients’ chemotherapy outcome are highly
activated mitochondrial activity and the inactivity of mitochondrial inhibitors.*® In addition,

mitochondrial functions are important to the survival of cancer cells.?® Given that the
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mechanism of action of gold(l)-phosphine complexes is based on their ability to selectively
target mitochondria, these drugs provide an alternative towards anti-cancer research as
selective anti-mitochondrial drugs. The direct coordination of gold(l) ion to the selenolate
domain, found in the active site of the mitochondrial thioredoxin reductase, from the highly
lipophilic neutral gold(l) complexes will help in the enhanced uptake of these drugs into the
mitochondria. This will result in an increase in both the swelling and inner mitochondrial
membrane potential (IMMP),2* which then leads to cell apoptosis. Mitochondria consists
primarily of two layers that are connected by the membrane permeability transition pore (PTP).
PTP is controlled by the potential between the inner and outer membrane layers, and in situation
where cells are exposed to cell death signal, the formation of reactive oxygen species and
Bax/Bcl-2 ratio is increased to elevate the difference in potential between the inner and outer
membranes, resulting in the increase in permeability of the outer membrane that allows the
release of proteins responsible for programmed cell death. This mechanism is followed by the
production of apoptotic protease activating factor (APAF-1) cell death complexes and the cell

death signaling cascade, without affecting the surrounding tissues.??

\:L Ph. Ph Ph Ph|™ OAc
MeO,C.  CO,Me 3 \ \ |/
2 ) 2 N\:[P AuCl P—Au—P o
Ph,P  PPh, ~ [ j AcOS S~Au
AuCl AuCl NT KA RAU—R -~ OAc  PEts
A PH Ph PH PhJ ClO4

Figure 26. Examples of phosphine-gold(l) Complexes.

We examined the anti-cancer efficacies of the new dihydrophosphinated Cur gold
complexes with curcumin using stomach (MKN74) and breast cancer (MCF7) cell lines at
various timepoints. The well-established chemotherapy drug cisplatin was used as a reference
positive control (Figures 27 and 28). Relative AUCs were calculated for the complexes across

time and compared to cisplatin.
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From Figure 27, by comparing the anti-cancer properties of the drugs at concentrations
above 10 M, cisplatin fared the best in both the cancer cell lines and at all timepoints. Rac-
18aa and meso-18aa’ showed better anti-cancer properties against MKN74 at the 24h and 48h
timelines and MCF7 at 24h timeline as compared to Cur. This implies that the phosphine gold

moiety could have exerted some biological effects on the cancer cells.

From figure 28, after 24 hours of treatment, Cur was shown to be equally or more
effective than cisplatin in reducing MKN74 and MCF7 cell viability. Such effects were negated
after 40- to 72 hours. Meso-18aa’ was comparable in efficacy to cisplatin against MKN74 cells
at the 24 hours timepoint and begun to diminish after prolong incubation. Meso-18aa’ was less
effective against MCF7 when compared with cisplatin. The rac-18aa was the least effective

among the examined compound when compared with cisplatin.

112



MKNT4 24h

MCF7 24h
140 140
120 12
I
100+ .——0--.*__*_”_ 00 +——s_ e
o = . o -
g w ; g O\
1 = I.
E '.I - E 50 i
| &= , L | 2 |
5 ] = ]
3 [l 4= [} CureLmin
& 4 \ Curcurnin d |
\ & Y Fec:
[l EH - |
204 | B | Waso
i Mesa \
\ ) . \ + Csplatin
—_ -+ Cisplatin [ LS - e —
- i
L} T L L} T L L] L] T L]
LU S P S PR P R | 101 19712 401 1912 1p% 40?907 0% 10F gt apd
101 9042 10 10t 109 qpd 107 10f 10f 10t 10? Drug cencantration (M}
Drug concentration (M)
MKNT4 4Bh MCF7 4Bh
140 140
120 120
100 100 o
- g . .
-+
- & = . - £
£ t. iz PR +
g 3, g
2 0 Y g &0
F )
- ! = s
3 40 Curcumin ] 40 [T
".\_ Rac kY Rac
20 Ay Maso 20 N Meso
S + Ciaplatin . ~+ Cigglatin
L = £~ — e
2 T T T T T T T T1T.T1 = T T T T T T T T 1
A0 1002 40 100 109 40 107 10F 100 10% 407 10 102 101 10 10® 10F 107 10t 10 104 1
Drug cencentration (M) Drug concentration (M)
MKNT4 72h MCF7 72h
140+ - 140
o
1204 E I, 120
1
i % -
100 . E s LS L
. — T -
F oo kY F o< =
z = Y
2 o 3 z i
z z
5 a0 Cureumin ERES Curcariin
207 Mesa 20 Meso
I —+ Cisplatin [ - Cisglatin
| iy F—e— e e s e e T
T T T T T T T T T 1
40717 4092 4077 10700 400 40 10T 10F 10F 10t 407

b T T T T T T T T T 1
107 4092 491 450 40F 100 407 40 1T 100 107
Druy cancentration (M) Drug concentration (M)

Figure 27. Measured cell viability (%) of MKN74 and MCF7 cultured cancer cells normalized

to untreated group upon exposure to different drug compounds. Compound labels read:

Rac(rac-18aa), Meso(meso-18aa’).
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3.3 Conclusion

In conclusion, catalytic asymmetric hydrophosphination has proven to be a viable tool
to access dihydrophosphinated Cur and its derivatives with excellent enantioselectivites of up
to 95% ee. Gold(I) complexes of the dihydrophosphinated Cur were successfully prepared in-
situ and their efficacies as anticancer drugs were evaluated using the MKN74 and MCF7 cell-

lines.

3.4  Experimental

Optimization of Procedure for the Catalytic Asymmetric Dihydrophosphination of
Curcumin, 17aa’ and 17aa”. To a degassed solution (7.5 mL) of diphenylphosphine (52.1 mg,
0.28 mmol) was added catalyst. The mixture was subsequently cooled to the listed temperature
prior to addition of curcumin (51.6 mg, 0.14 mmol) and base. The reaction mixture was then
stirred at the same temperature for 120 h. Sg (9.92 mg, 0.31 mmol) was added to the crude
mixture and stirred at ambient temperature for 2 h. The solution was purified directly by column
chromatography on silica gel with 199:1 dichloromethane/MeOH as the eluent to provide the

products.

General Procedure for the Catalytic Asymmetric Dihydrophosphination Reaction, 17’
and 17”. Catalyst 8 (2.51 mg, 2.5 mol%) was added to a solution of secondary phosphines
(0.126 mmol) in dry and degassed MeOH (7.5 mL). The mixture was subsequently cooled to
0 °C before the addition of substrate 16 (0.08 mmol) and NEtz (4.46 mg, 20 mol%). The
reaction mixture was then stirred for 120 h. Sg (5.76 mg, 0.18 mmol) was added to the crude
mixture and stirred until the reaction completed. The solution was purified directly by

preparatory thin layer chromatography (PTLC) to provide the products.

115



Secondary Phosphine: Diphenylphosphine

I
PPh,O O
/OO\
HO OH
17aa

Yellow Solid; Eluent system (PTLC): DCM/MeOH (199:1); Yield: 3.75 mg (4%); [«]o (22 °C)
= -82.1°; 'H NMR (400 MHz, CD,Cl,): 6 2.90 (ddd, 1H, Jun = 16.2 Hz, Jup = 10.7 Hz, Jun =
3.1 Hz, PCHCHHCO), 3.24 (ddd, 1H, Jun = 16.1 Hz, Jun = 11.0 Hz, Jue = 6.9 Hz, PCHCHy),
3.68 (s, 3H, CH30AIr), 3.91 (s, 3H, CH30Ar), 4.56 (ddd, 1H, Jun = 10.4 Hz, Jup = 10.2 Hz, JuH
= 2.7 Hz, PCHCHHCO), 5.50 (s, 1H, OH), 5.51 (s, 1H, OH), 5.93 (s, 1H, COCHCO), 6.23 (d,
1H, Jun = 15.8 Hz, COCHCH), 6.63-6.88 (m, 4H, ArH), 7.02-7.04 (m, 2H, ArH), 7.26-7.38
(m, 3H, ArH), 7.48 (d, 1H, Jun = 15.8 Hz, COCHCH), 7.53-7.58 (m, 5H, ArH), 8.13-8.18 (m,
2H, ArH), 15.02 (bs, 1H, OHO); *C{*H} NMR (100 MHz, CD.Cl): 41.16 (s, CH2CH2CO),
42.08 (s, CHs), 42.01 (s, CH3), 56.38 (d, Jcp = 11.0 Hz, CH2P), 101.53 (s, COCH2CO), 109.84
(s, ArC), 113.09 (d, Jcp = 4.7 Hz, ArC), 113.86 (d, Jcp = 3.4 Hz, ArC), 114.99 (s, ArC), 120.09
(s, ArC), 123.19 (s, ArC), 123.24 (s, ArC), 126.62 (d, Jcp = 3.7 Hz, ArC), 127.98 (s, CHCH),
128.37 (d, Jep = 12.0 Hz, ArC), 129.23 (d, Jcp = 11.5 Hz, ArC), 131.63 (d, Jcp = 2.4 Hz, ArC),
132.02 (d, Jep = 9.5 Hz, ArC), 132.31 (d, Jep = 9.3 Hz, ArC), 140.47 (s, CHCH), 145.50 (d,
Jep = 3.0 Hz, ArC), 146.32 (s, ArC), 146.34 (s, ArC) 147.38 (s, ArC), 148.35 (s, ArC), 153.04
(s, ArC), 156.85 (s, CO), 197.92 (d, Jcp = 15.4 Hz, CO); 3P{"H} NMR (161 MHz, CD,Cl,): 5

50.82; HRMS (ESI)m/z[positive mode] calcd. for C33H3206PS 587.1657, found 587.1657.
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chiral-17aa’

White Solid; Eluent system (PTLC): DCM/MeOH (199:1); Yield: 48.9 mg (38%); [a]p (22 °C)
=-50.8°; 'H NMR (400 MHz, CD,Cly): 6 2.67 (ddd, 1H, Jun = 15.7 Hz, Jup = 10.0 Hz, Jun =
3.2Hz, PCHCHHCO), 2.95 (ddd, 1H, Jun = 15.8 Hz, Jyn = 11.2 Hz, Jup = 7.1 Hz, PCHCH2CO),
3.65 (s, 6H, CH3OAr), 4.31 (ddd, 1H, Jus = 10.6 Hz, Jwp = 10.6 Hz, Jun = 3.1 Hz,
PCHCHHCO), 5.53 (s, 2H, OH), 6.55-6.61 (m, 4H, ArH), 6.73 (s, 2H, COCH,CO), 7.23-7.55
(m, 18H, ArH), 8.03-8.08 (m, 4H ArH); 3C{*H} NMR (100 MHz, CD:Cl,): 6 39.05 (d, J =
3.9 Hz, CH,P), 42.35 (s, CH2CH2CO), 42.87 (s, CHs), 56.03 (s, COCH2CO0), 102.12 (s, ArC),
112.82 (d, J = 4.7 Hz, ArC), 113.80 (d, J = 2.3 Hz, ArC), 123.22 (d, J = 6.1 Hz, ArC), 126.08
(d, J = 4.6 Hz, ArC), 128.35 (d, J = 12.0 Hz, ArC), 129.18 (d, J = 11.5 Hz, ArC), 130.88 (s),
131.35 (s, ArC), 131.64 (s, ArC), 131.94 (d, J = 9.8 Hz, ArC), 132.17 (d, J = 9.1 Hz, ArC),
145.51 (d, J = 3.1 Hz, ArC), 146.31 (d, J = 2.5 Hz, ArC) 190.84 (d, J = 15.7 Hz, CO); 3P{*H}
NMR (161 MHz, CD,Cly): ¢ 50.55; HRMS (ESI)m/z[positive mode] calcd. for C4sHa306P2S:

805.1976, found 805.1976.

S S
PPh,0 O PPh,

HO OH
meso-17aa”

White Solid; Eluent system (PTLC): DCM/MeOH (199:1); Yield: 30.9 mg (24%); *H NMR

(400 MHz, CDCl2): ¢ 2.69 (ddd, 1H, Junw = 15.8 Hz, Jup = 10.0 Hz, Junw = 3.5 Hz,

117



PCHCHHCO), 2.92 (ddd, 1H, Jun = 15.8 Hz, Jun = 10.8 Hz, Jup = 7.7 Hz, PCHCH2CO), 3.61
(s, 6H, CH3OAr), 4.31 (ddd, 1H, Jun = 10.5 Hz, Jup = 10.5 Hz, Jun = 3.4 Hz, PCHCHHCO),
5.59 (s, 2H, OH), 6.52-6.58 (m, 4H, ArH), 6.68 (s, 2H, COCH,CO), 7.23-7.37 (m, 7H, ArH),
7.46-7.56 (M, 11H, ArH) 8.05-8.10 (m, 4H ArH); 3C{*H} NMR (100 MHz, CD.Cly): 6 39.08
(d, J = 3.5 Hz, CH2P), 42.29 (s, CH2CH2CO). 42.81 (s, CHs), 56.22 (s, COCH,CO), 102.22 (s,
ArC), 112.71 (d, J = 4.7 Hz, ArC), 113.89 (d, J = 2.7 Hz, ArC), 123.08 (d, J = 6.1 Hz, ArC),
126.10 (d, J=4.6 Hz, ArC), 128.35 (d, J = 11.7 Hz, ArC), 129.16 (d, J = 11.5 Hz, ArC) 131.00
(s, ArC), 131.35 (s, ArC), 131.63 (d, J = 3.2 Hz, ArC), 131.95 (d, J = 9.9 Hz, ArC), 132.23 (d,
J=9.4 Hz, ArC), 146.44 (d, J = 3.0 Hz, ArC), 146.32 (d, J = 2.4 Hz, ArC), 190.80 (d, J = 15.4
Hz, CO); 3'P{*H} NMR (161 MHz, CD,Cly): 6 50.52; HRMS (ESI)m/z[positive mode] calcd.

for C4sH4306P2S2 805.1976, found 805.1976.

Olefinic Substrate: bisdimethoxycurcumin

I I
PPh,0 O PPh,

HOOH

17ab’/17ab” (reported as an inseparable diastereomeric mixture)

White Solid; Eluent system (PTLC): Chloroform/MeOH (400:1) (provides pure chiral-17ab /
meso-17ab” mixture); *H NMR (400 MHz, CD,Cly): 6 1.66 (bs, -OH), 2.57-2.71 (m, -CHH-),
2.86-2.97 (M, -CHH-), 3.16-3.25 (m, -CHH-), 4.28-4.43 (m, -CHH-), 6.48-8.08 (m, ArH);
$1P{*H} NMR (161 MHz, CDCl,): ¢ 50.18, 50.46; HRMS (ESI) m/z [positive mode] calcd.

for CasH3904P2S, 745.1765, found 745.1765.

118



Secondary Phosphine: bis(4-methoxyphenyl)phosphine

17ac¢’

White Solid; Eluent system (PTLC): DCM/MeOH (199:1); Yield: 39.6 mg (41%); [a]o (22 °C)
=-105.8°; 'H NMR (400 MHz, CD-Cl,): 6 2.62 (ddd, 2H, Jun = 15.7 Hz, Jup = 9.8 Hz, Jun =
3.1 Hz, PCHCHHCO), 2.90 (ddd, 2H, Jun = 15.7 Hz, Jun = 11.4 Hz, Jup = 6.7 Hz, PCHCH2CO),
3.68 (s, 6H, CH30Ar), 3.74 (s, 6H, CH30Ar), 3.84 (s, 6H, CH30Ar), 4.17 (ddd, 2H, Ju+ = 10.8
Hz, Jup = 10.6 Hz, Jun = 3.0 Hz, PCHCHHCO), 5.54 (s, 2H, OH), 6.52-6.55 (m, 2H, ArH),
6.59 (s, 1H, COCH:CO), 6.61 (s, 1H, COCH2CO), 6.74-6.77 (m, 7H, ArH), 7.00-7.02 (m, 4H
ArH), 7.35-7.40 (m, 5H ArH), 7.92-7.97 (m, 4H ArH); 3C{*H} NMR (100 MHz, CD,Cl,): &
39.07 (d, Jcp = 3.3 Hz, CH2P), 43.10 (s, CH2CH2CO), 43.63 (s, CHs3), 55.72 (s, CH3), 55.88 (s,
CHg), 56.30 (s, COCH.CO0), 102.08 (s, ArC), 112.80 (d, Jcp = 4.3, ArC), 113.80 (d, Jcr = 13.0,
ArC), 114.67 (d, Jcp = 12.5, ArC), 121.84 (s, ArC), 122.68 (d, Jcp = 3.9, ArC), 123.24 (d, Jcp
= 6.1, ArC), 126.44 (d, Jcp = 4.8, ArC), 133.77 (d, Jcp = 11.2, ArC), 133.99 (d, Jcp = 10.4,
ArC), 145.43 (d, Jcr = 3.0, ArC), 146.31 (d, Jcp = 2.1, ArC), 162.43 (d, Jcp = 2.4, ArC), 162.88
(d, Jcp = 2.4, ArC), 191.17 (d, Jep = 16.2, CO); 3'P{*H} NMR (161 MHz, CD.Cl,): & 49.03;

HRMS (ESI)m/z[positive mode] calcd. for CagHs1010P2S2 925.2399, found 925.2399.
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1
PR, O O PR,

17ac”

White Solid; Eluent system (PTLC): DCM/MeOH (199:1); Yield: 21.2 mg (22%); *H NMR
(400 MHz, CDxCl2): 6 2.66 (ddd, 2H, Jun = 15.7 Hz, Jwp = 10.1 Hz, Jun = 3.4 Hz,
PCHCHHCO), 2.87 (ddd, 2H, Jun = 15.8 Hz, Jun = 11.0 Hz, Jup = 7.6 Hz, PCHCH2CO), 3.64
(s, 6H, CH3OAY), 3.74 (s, 6H, CH3OAYr), 3.84 (s, 6H, CH30AY), 4.17 (ddd, 2H, Jun = 10.7 Hz,
Jnp = 10.6 Hz, Jun = 3.0 Hz, PCHCHHCO), 5.57 (s, 2H, OH), 6.49-6.52 (m, 2H, ArH), 6.59
(s, 1H, COCH.CO0), 6.61 (s, 1H, COCH,CO), 6.74-6.77 (m, 7H, ArH), 7.00-7.02 (m, 4H ArH),
7.35-7.40 (m, 5H ArH), 7.92-7.97 (m, 4H ArH); 3C{*H} NMR (100 MHz, CDCl,): J 39.13
(d, Jep = 4.1 Hz, CH2P), 43.02 (s, CH2CH2CO), 43.55 (s, CHa), 55.73 (s, CH3), 55.88 (s, CHs3),
56.23 (s, COCH,CO), 102.14 (s, ArC), 112.70 (d, Jcp = 4.6, ArC), 113.80 (d, Jcp = 13.0, ArC),
114.62 (d, Jcp = 12.6, ArC), 121.91 (s, ArC), 122.71 (d, Jcp = 2.2, ArC), 123.11 (d, Jcp = 6.1,
ArC), 126.50 (d, Jcp = 4.6, ArC), 133.78 (d, Jcp = 11.0, ArC), 134.60 (d, Jcp = 10.4, ArC),
145.37 (d, Jcp = 3.1, ArC), 146.32 (d, Jep = 2.5, ArC), 162.42 (d, Jcp = 2.6, ArC), 162.87 (d,
Jep=3.1, ArC), 191.13 (d, Jep = 15.6, CO); 3P{*H} NMR (161 MHz, CD2Cl,): 6 49.04; HRMS

(ESI)m/z[positive mode] calcd. for C4gHs1010P2S2 925.2399, found 925.2413.

120



Secondary Phosphine: bis(2-methoxyphenyl)phosphine

ﬁ S
PR,

I
O O PR,
/OO\ o—
HO oH R @27

2ad’/2ad” (reported as an inseparable diastereomeric mixture)

White Solid; Eluent system (PTLC): DCM/MeOH (199:1) (provides pure chiral-2ad / meso-
2ad” mixture); *H NMR (400 MHz, CD-Cl,): § 3.12-3.19 (m, -CH-), 3.53-3.60 (m, -CH-), 3.63
(s, -CHs-), 3.65-3.69 ((m, -CH2-), 3.67 (s, -CHs-), 3.69 (s, -CHzs-), 3.74 (s, -CH3-), 4.28-4.43
(m, -CH2-), 6.44-7.89 (m, ArH); 3P{'H} NMR (161 MHz, CD:Cl,): 6 50.18, 50.46; HRMS

(ESI) m/z [positive mode] calcd. for CagHs1010P2S, 925.2399, found 925.2399.
Secondary Phosphine: bis(2-methylphenyl)phosphine

ﬁ S
PR,

I
O O PR,
/OO\
HO oH R

17ae’/17ae” (reported as an inseparable diastereomeric mixture)

White Solid; Eluent system (PTLC): DCM/Hex/MeOH (99.5:99.5:1) (provides pure chiral-
17ae / meso-17ae” mixture); *H NMR (400 MHz, CD,Cl,): 6 1.92 (s, -CHs-), 1.94 (s, -CH3-),
2.10 (s, -CHs-), 3.19-3.24 (m, -CH-), 3.65 (s, -CHa-), 3.68 (5, -CHzs-), 3.71 (5, -CHs-), 4.52-4.68
((m, -CH2-), 5.37 (s, -OH-), 6.42-8.02 (m, ArH); 3P{"H} NMR (161 MHz, CD,Cl): 6 47.15
(overlap of two signals); HRMS (ESI) m/z [positive mode] calcd. for Ca9Hs106P2S2 861.2602,

found 861.2602.
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Secondary Phosphine: bis(3,5-trifluoromethylphenyl)phosphine

17af’

White Solid; Eluent system (PTLC): DCM/Hex/MeOH (70:30:0.5); Yield: 26.1 mg (23%);
[a]b (23 °C) = 0.4°; 'H NMR (400 MHz, CD,Cl,): 6 2.77 (ddd, 2H, Jun = 16.3 Hz, Jup = 12.6
Hz, Jun = 4.0 Hz, PCHCHHCO), 2.87-2.98 (m, 2H, PCHCH2CO), 3.73 (s, 6H, CH30Ar), 4.47
(ddd, 2H, JxH = 9.4 Hz, Jup = 9.4 Hz, Jun = 4.2 Hz, PCHCHHCO), 5.61 (s, 2H, OH), 6.63-6.68
(m, 5H, ArH), 6.79 (s, 2H, COCH2CO), 7.85-7.91 (m, 7H, ArH), 8.08-8.16 (m, 2H ArH), 8.55
(d, 4H, Jun = 11.6 Hz, ArH); 3C{"H} NMR (100 MHz, CD.Cly): & 39.44 (d, Jcp = 3.9 Hz,
CHaP), 41.94 (s, CH2CH,CO), 42.47 (s, CHs3), 56.30 (s, COCH,CO), 102.12 (s, ArC), 112.24
(d, Jep = 4.5 Hz, ArC), 114.55 (d, Jcp = 2.1 Hz, ArC), 121.77 (d, Jcp = 14.1 Hz, ArC), 123.06
(d, Jep = 6.9 Hz, ArC), 124.56 (d, Jcr = 28.4 Hz, CH3), 124.65 (d, Jcr = 20.6 Hz, CHa), 126.00
(d, Jep = 3.2 Hz, ArC), 126.76 (d, Jcp = 7.8 Hz, ArC), 131.80 (d, Jcp = 12.0 Hz, ArC), 132.52
(d, Jcp = 10.3 Hz, ArC), 133.16 (d, Jcr = 189.9 Hz, CHs), 133.52 (s, ArC), 133.97 (d, Jcr =
189.5 Hz, CHs), 134.24 (s, ArC), 146.46 (d, Jcp = 2.7, ArC), 146.96 (d, Jcp = 1.9, ArC), 189.50
(d, Jep = 13.7, CO); 3'P{'H} NMR (161 MHz, CD,Cl,): & 49.44; 1°F NMR (376 MHz, CDCl.)
0 -63.47, -63.24; HRMS (ESI) m/z [positive mode] calcd. for CssH3sF2406P2S, 1349.0967,

found 1349.1034.
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S ﬁ S

PR, 0 O PR, PR, 0 O
/OO\ /OO\
R:
HO OH HO OH
17af/17af” (reported as an inseparable mixture with mono product)

Yellowish white Solid; Eluent system (PTLC): DCM/Hex/MeOH (70:30:0.5) (provides pure
mono-2af and meso-2af” / mixture); *H NMR (400 MHz, CD2Clz): *H NMR (400 MHz,
CD2Clz): ¢ 2.74 (ddd, 2H, Jun = 16.2 Hz, Jup = 11.9 Hz, Jun = 4.4 Hz, PCHCHHCO), 2.88-
2.97 (m, 2H, PCHCH,CO), 3.69 (s, 6H, CH30Ar), 4.42-4.48 (m, 2H, PCHCHHCO), 5.64 (s,
2H, OH), 6.60-6.75 (m, 7H, ArH, COCH,CO), 7.86-7.91 (m, 7H, ArH), 8.10-8.12 (m, 2H ArH),
8.57 (d, 4H, Jun = 11.6 Hz, ArH); 3'P{*H} NMR (161 MHz, CD:Cl,): 5 49.14 (meso); 1°F
NMR (376 MHz, CD2Clz) ¢ -63.48, -63.33; HRMS (ESI) m/z [positive mode] calcd. for

Cs3H3sF2406P2S2 1349.0967, found 1349.1006, C37H28F1206PS 859.1153, found 859.1172.

One-Pot Direct Dihydrophosphination-Complexation of Diphosphines, 18aa and
18aa’. To a degassed solution (7.5 mL) of diphenylphosphine (52.1 mg, 0.28 mmol) was added
rac-catalyst C1. Curcumin (51.6 mg, 0.14 mmol) and NEtz (5.7 mg, 0.056 mmol) were
subsequently added into the reaction mixture. The reaction mixture was then stirred at the 50 °C
for 48 h. AuCISMe; (82.5 mg, 0.28 mmol) was added to the crude mixture and stirred at
ambient temperature for 8 h. The solution was purified directly by column chromatography on

silica gel with 99:1 dichloromethane/ethyl acetate as the eluent to provide the products.
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(IJI CIII

Alu Alu
PPh,O (0] PPh,

/OO\
HO OH

rac-18aa

White Solid; Eluent system (column chromatography): DCM/EA (99:1); Yield: 141.8 mg
(42%); *H NMR (400 MHz, CDCl,): 6 2.72 (ddd, 2H, Jun = 15.6 Hz, Jup = 10.2 HZ, Jun = 3.5
Hz, PCHCHHCO), 2.97 (ddd, 2H, Jun = 15.7 Hz, Jup = 11.0 Hz, Jun = 8.6 Hz, PCHCH,CO),
3.77 (s, 6H, CH3OAr), 4.28 (ddd, 2H, Jun = 12.7 Hz, Jup = 12.7 Hz, Jun = 3.4 Hz,
PCHCHHCO), 5.63 (s, 2H, OH), 6.50-6.54 (m, 2H, ArH), 6.61 (s, 1H, COCH2CO), 6.63 (s,
1H, COCHCO), 6.80-6.87 (m, 2H, ArH), 7.27-7.41 (m, 11H ArH), 7.50-7.62 (m, 7H, ArH),
7.87-7.94 (m, 4H, ArH); BC{"H} NMR (100 MHz, CD2Cl,): 6 40.40 (t, Jcp = 5.4 Hz, CH2P),
40.76 (s, CH2CH2CO0), 56.14 (s, COCH,CO), 101.64 (s, CH3), 111.94 (d, Jcp = 6.4 Hz, ArC),
114.20 (d, Jcp = 2.4 Hz, ArC), 122.89 (d, Jcp = 6.4 Hz, ArC), 125.99 (s, ArC), 127.08 (s, ArC),
127.62 (s, ArC), 128.76 (d, Jcp = 11.6 Hz, ArC), 129.58 (d, Jcp = 11.1 Hz, ArC), 131.93 (d, Jcp
= 2.0 Hz, ArC), 132.62 (d, Jcp = 2.7 Hz, ArC), 133.90 (d, Jcp = 12.8 Hz, ArC), 134.30 (d, Jcp
= 13.2 Hz, ArC), 145.39 (d, Jcp = 3.3 Hz, ArC), 146.81 (d, Jcp = 2.1 Hz, ArC), 189.35 (d, Jcp
= 16.1, CO); 3P{*H} NMR (161 MHz, CD2Cl,): § 45.11; HRMS (ESI)m/z[positive mode]

calcd. for C45H4306P2Cl2AU2 1205.1243, found 1205.1243.
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CIII (IJI

Alu Alu
PPh,O (0] PPh,

/oo\
HO OH

meso-18aa’

White Solid; Eluent system (column chromatography): DCM/EA (99:1); Yield: 108.0 mg
(32%); 'H NMR (400 MHz, CD:Cl,): § 2.69-2.79 (m, 2H, PCHCHHCO), 2.91-3.00 (m, 2H,
PCHCH,CO), 3.74 (s, 6H, CH30Ar), 4.23-4.30 (m, 2H, PCHCHHCO), 5.68 (bs, 2H, OH),
6.47-6.68 (m, 4H, ArH), 6.82 (s, 2H, COCH2CO), 7.28-7.41 (m, 12H, ArH), 7.55-7.56 (m, 6H
ArH), 7.91-7.95 (m, 4H, ArH); 3C{*H} NMR (100 MHz, CDCl,): J 40.77 (s, CHaP), 41.14
(s, CH2CH2CO), 56.42 (s, COCH2CO0), 102.05 (s, CHs), 112.14 (d, Jcr = 6.3 Hz, ArC), 114.62
(s, ArC), 123.16 (d, Jcp = 6.5 Hz, ArC), 126.26 (s, ArC), 127.53 (s, ArC), 128.02 (d, Jcp = 9.6
Hz, ArC), 129.10 (d, Jep = 11.7 Hz, ArC), 129.94 (d, Jep = 11.1 Hz, ArC), 132.28 (d, Jcp = 2.3
Hz, ArC), 132.95 (d, Jcp = 2.3 Hz, ArC), 134.25 (d, Jcp = 12.8 Hz, ArC), 134.68 (d, Jcp = 13.1
Hz, ArC), 145.69 (d, Jcp = 3.3 Hz, ArC), 147.17 (d, Jcp = 2.3 Hz, ArC), 189.71 (d, Jcp = 16.4
Hz, CO); 3'P{*H} NMR (161 MHz, CD,Cl,): 5 44.99; HRMS (ESI)m/z[positive mode] calcd.

for C4sH4306P2Cl2Au2 1205.1243, found 1205.1243.
Cell culture

Non-invasive, estrogen receptor positive and progesterone receptor positive human breast
carcinoma, MCF7 and well-differentiated gastric adenocarcinoma, MKN74 cells were from
American Type Culture Collection (ATCC, USA) and Japanese Cancer Research Resources
Bank (JCRB, Japan), respectively. Both cell lines were cultured in Roswell Park Memorial
Institute 1640 (RPMI) medium (GE Healthcare, USA) supplemented with 10% Fetal Bovine

Serum (FBS) (GE Healthcare) in a humified incubator of 5% CO2 at 37°C.
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Drug treatment

Cells were seeded at a density of 10000cells/ml (3125cells/cm2) in 96 wells plate 48 h before
cell treatment. The drug complexes were resuspended in Dimethyl sulfide (DMSO) (Sigma
Aldrich, USA) before drug treatment at various concentrations (0.1pM to 1mM) in fresh culture

medium for 24 hours to 72 hours.

AlamarBlue Assay

After the drug treatment, treatment medium was replaced with 10uL of AlamarBlue cell
viability reagent and 90puL of fresh culture medium to obtain a final ratio of 1:9 of AlamarBlue:
fresh culture medium before 1 h incubation at 37°C. The absorbance of the test and control
wells was read at 570 nm and 600 nm with a spectrometer (Biotek Synergy H1) (Biotek, USA).

The percentage of AlamarBlue reduction was calculated as followed:

Percentage of Alamar Blue reduction = oot — OLXAZ) ) 00,
ercentage o amar blue reduction = (Rl < NZ) — (RZ < Nl) X 0

Percentage of Alamar Blue reduction= ((0O2 x A1)-(01 x A2))/((R1 x N2)-(R2 x N1)) x 100%

O1 = Molar extinction coefficient (E) of oxidised AlamarBlue at 570 nm

02 = E of oxidised AlamarBlue at 600 nm

R1 = E of reduced AlamarBlue at 570 nm

R2 = E of reduced AlamarBlue at 600nm

Al = absorbance of test wells at 570 nm

A2 = absorbance of test wells at 600 nm
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N1 = absorbance of negative control well (culture medium and AlmarBlue without cells) at

570nm

N2 = absorbance of positive control well (culture medium and AlmarBlue without cells) at

600nm

Statistical Analysis

Statistical analyses were performed using 1-way ANOVA via GraphPad Prism 9.1.2 (La Jolla,

USA). P-values < 0.05 is considered significant.
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Chapter 1V

Synthesis, Complexation and Application of Phosphine-(Phosphino Chalcogenide)

Ligands
4.1 Introduction
4.1.1 Non-Cz Symmetrical Chiral Bidentate Ligands

The importance of rotational symmetry in the design of chiral ligands was recognized
by Kagan in his introduction of C.-symmetric phosphines for asymmetric hydrogenation
reactions.* Chiral phosphorus bidentate ligands comprising of a large substituent and a small
substituent at the phosphorus center have been shown to induce more efficient
enantioselectivities,? and in the past decades, Cz-symmetrical chiral bidentate ligands have
been utilized extensively in transition metal-catalyzed asymmetric reactions owing to their
stereodifferentiation abilities and synthetic accessibilities.> ® In addition, the presence of a C
symmetry axis greatly reduces the possibility of generating a large number of stereoisomeric

transition states.*
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Figure 29. Illustration of the quadrant rule of bidentate ligands — Cz-symmetric chiral
environment made possible by a pair of sterically hindered ligands on opposite sides of a

quadrant (for example top left and bottom right in the figure).

While the advantages associated with symmetrical chiral bidentate ligands have been
attributed mainly to the existence of rotational symmetry within the ligands, other factors
pertaining to the electronics of the donor atoms and steric interactions of the reactive
intermediates have also been shown to contribute significantly to the effectiveness of such
ligands. Building on this, hybrid chiral bidentate ligands bearing two hetero-donor atoms
arranged in a non-Cz-symmetrical manner have since been shown to be effective ligands in
many transition metal-mediated reactions as well. One main advantage of using such hybrid
ligands is the ability to harness the innate differences in electronic and steric attributes of the
heteroatoms to diversify their reactivity and stereoinduction. Recent advancements in the
applications of non-symmetrical ligands have also shown that C>-symmetry is not an absolute
prerequisite in ensuring efficient relay of chiral information® and in some situations, Ci-
symmetrical chiral ligands with two different donor atoms have better stereocontrol than their

Co-symmetrical chiral analogues.®
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O - @ . o O
0] 50 atm \\\—Q
O THF, 50°C RoP PPhy
L1: yield 45% L1:R=Ph
ee 37% L2: R = cyclohexyl

L2: yield >99%
ee 72%

Scheme 44. Achiwa and co-worker hydrogenation studies with desymmetrized DIOP.

4.1.2 Hemilabile Chiral Bidentate Ligands and Their Applications

Hemilabile chiral ligands are defined as a group of chiral ligands consisting of a
strongly bonded anchor donor and a weakly bonded labile group on a common metal center.
These chelating chiral ligands have been of interest to researchers due to their ability to provide
an open site on the metal center during reaction that would otherwise be absent in the ground
state structure of a complex bearing non-hemilabile bidentate ligands. Hemilabile chiral ligands
have been found to be catalytically useful in a broad range of reactions including
hydrogenation,”  hydroformylation,®  carbonylation® and ring-opening  metathesis

polymerization.1°

Gao et al. designed the polydentate chiral ligand consisting of two ‘soft” phosphorus
donors and two ‘hard’ nitrogen donors complexed to a Rh(I) metal center. This complex was
subsequently used as a catalyst in the asymmetric transfer hydrogenation reaction of aromatic

ketones, affording up to 99% yield and 94% ee. ™
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Cat. (10 mol%) B r +
R2 1_©/\R2
R’ R N
'PrOK/PrOH H H
N. _N
:Rh\
R': H, CI, OCH noR
R2: CH3, CoHs PhPhPh Ph

L 4 PFg
CH(CHj3)2, C(CHa3)3

Scheme 45. Asymmetric transfer hydrogenation of aromatic ketones using hemilabile

polydentate ligand.

Gladiali et al. subjected styrene to a hydroformylation reaction with the aid of a Rh(l)
complex containing a chiral P,O-chelating ligand.® Full conversion was observed within 15h
of the reaction with a small catalyst loading of 0.05 mol%; this was comparable to many
hydroformylation of styrene catalyzed by chiral bidentate diphosphites and diphosphines metal

complexes.!

O P
, RN
_ ", H / oO=P _
Cat. (0.05 mol%) BFy4
Toluene, CO:H, (1:1) O
P

P(O)Ph,

O PPh,

Scheme 46. Hydroformylation of styrene using P,0-hemilabile ligand.

4.1.3 Research Objective

The benefits of non-symmetrical chiral ligands having two heteroatoms as donors

include their potential in influencing the electronics of the trans reaction sites on the metal
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center. However, research on the designs and applications of hemilabile chiral heteroatoms
bidentate ligands have been limited and as such, our group aimed to utilize our expertise in
asymmetric hydrophosphination to devise a new strategy to form chiral C1-symmetric ligands

bearing two heteroatoms, specifically chiral phosphine-phosphino sulfide bidentate ligands.

4.2 Results and Discussion

4.2.1 Initial Attempt

Asymmetric hydrophosphination reactions generally require highly activated olefins as
substrates, such as a carbonyl, ester or an amide group. In view of this, we attempted the
enantioselective transformation of an activated olefin, specifically one that bears a conjugated
phosphino-sulfide as the activator, into a chiral bidentate phosphine-phosphino-sulfide ligand
through asymmetric hydrophosphination. The phosphino-sulfide olefin was synthesized from
B-bromostyrene and diphenylphosphine oxide via an addition-elimination reaction'? followed

by thionation of the phosphine oxide product 19 using Lawesson’s Reagent.'3

0] S
i i
©/\/Br o Mn(OAc); Xy PPh2 Lawesson's Reagent X PPh2
—_—
+ HPPh, CH30H, 0.5 h ©/\/ THF, 80 °C, 12 h
19 20
Cat. (2.5 mol%) PPh,
ProNH ~_PPh,S
DCM, 25-40 °C

Scheme 47. Formation of activated olefin containing phosphine-sulfide functional group and

attempted catalytic asymmetric hydrophosphination using phosphino-sulfide olefin.

In the initial trials of the asymmetric hydrophosphination of 20, substrate 20 was

reacted with diphenylphosphine in the presence of catalyst 8 and diisopropyl amine as the base
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at room temperature. However, no reaction was observed after 24 hours. Further heating of the
reaction mixture to 40 °C yielded no product. No reaction was also observed when the reaction
was repeated with complex 9 as the catalyst. This result could be explained by the fact that P=S

was a weaker activating group than C=0.

4.2.2 Synthesis of Substrate 21

To increase the extent of electrophilic activation in substrate 20, an additional carbonyl
group was incorporated. This new substrate, compound 21, bearing two activating groups could
be obtained from either 22 in an addition (hydrophosphination) reaction or from 23 in a
nucleophilic substitution (phosphination) reaction. In addition, 23 could be obtained from 22
in a simple hydrohalogenation process. With this new retrosynthetic strategy in mind, the
syntheses of substrates 22 and 23 were attempted and the feasibility of their conversion to the

desired substrate 21 for asymmetric hydrophosphination was subsequently evaluated.

o) 0] 0]
%
©)J\/\PPhZS — ©)\% or ©)J\/\X
21 22 23

Scheme 48. Retrosynthesis of substrate 21.

From benzaldehyde, the intermediatory alkyne ketone 22 could be formed via a

Grignard reaction followed by an oxidation using the oxidant Dess-Martin Periodinane (DMP).
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o OH

THF, 0 °C-
H + == MgBr ©)\%
25°C,12h

DMP (1 equiv)

DCM, rt, 12 h

o]
O)\

22

Scheme 49. Synthesis of alkyne ketone 22 from benzaldehyde.

Hydrophosphination of intermediate 22 with one equivalent of diphenylphosphine was

immediately carried out but unfortunately, the reaction consistently afforded only the

dihydrophosphinated product and not the desired new substrate 21.

Moving forward, we turned our attention to the synthesis of the next candidate,
compound 23. Compound 23 was synthesized from 22 using sodium bromide (X=Br) in a
mixed ACN/'BUOH solvent system in the presence of aluminum chloride.!* As usual, the
phosphination of 23 was immediately carried out with diphenylphosphine in the presence of a

base and fortunately, compound 23 afforded the desired substrate 21 after the product was

sulfurized.

o 1) AICl3 (1.5 equiv)
NaBr (2 equiv)
X ACN/'BUOH (9:1, v/v
22 2) H,0
1) HPPh,

Rac-cat. 9 (5 mol%)

2) Sg

0O

0]

) ©)J\/\Br

23

NEt3 (1 equiv) _
Degassed DCM, -60 °C, 48 h IFI’PhZ
S

21

Scheme 50. Hydrobromination and nucleophilic substitution reactions of alkyne ketone.
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4.2.3 Challenges Associated with the Asymmetric Hydrophosphination of 21

With the new substrate bearing two electron-withdrawing functional groups, a carbonyl
and a conjugate phosphino-sulifde group, the preliminary asymmetric hydrophosphination
reaction was conducted. In an initial run, 21 was reacted with bis(4-methoxyphenyl)phosphine
in the presence of catalytic amount of 8 and triethylamine at room temperature. The reaction
furnished within two hours the phosphine-phosphino-sulfide product 24. The air-sensitive
product was sulfurized to facilitate post-analyses such as the determination of enantiomeric
excess and characterization. Unfortunately, HPLC data revealed that the product was obtained
as a racemate even though the chiral catalyst 8 was employed. Conducting the reaction at -
80 °C reduced the rate of reaction but still provided 0% ee. In addition, replacing catalyst 8
with catalyst 9 did not change the outcome of the enantioselectivity of the reaction and a
possible reason for the lack of enantioselectivity in the hydrophosphination could be catalyst
poisoning, either by the deactivation of the chiral catalyst by substrate 21 or product 24 or an
extremely rapid uncatalyzed background reaction, involving the substrate and secondary

phosphine without the need for a catalyst.

O Cat. 8 O PRy
Pz
Ir_l)th + RZPH NEt3 ©)‘\)\ﬁph2
S DCM, r.t, 2 h S
21 24

Scheme 51. Initial synthesis of product 24.

In order to verify the hypothesis on catalyst poisoning, a reaction was conducted at
room temperature with substrate 21, chemical shift at ¢35.86, in the presence of only 1
equivalent of catalyst 8, chemical shift at §63.41.1° From this reaction, there was evidence of
substrate coordination to the palladium metal center based on the shift in the 3!P{*H} signals
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of both catalyst 8 and substrate 21. Subsequent addition of bis(4-methoxyphenyl)phosphine in
the reaction mixture revealed further changes to the signals but there was no signal
corresponding to the chemical shift of product 24. The postulated structure of the product,
based on the 3'P{*H} NMR resonances and coupling constant, is shown in figure 32. The results
from this experiment precluded the use of catalyst 8 in the enantioselective synthesis of 24, as
such an attempt to synthesize a racemic mixture of 24 was attempted in another reaction. In

this second reaction, product 24 was formed quantitatively.

604

T T T T T T T T T
200 150 100 50 0 -50 -100 =150 -200 ppm

Figure 30. 3P{*H} NMR spectrum of the first reaction, before the addition of bis(4-

methoxyphenyl)phosphine.

200 150 100 50 0 -50 -100 -150 =200 rpm

Figure 31. 3P{*H} NMR spectrum of the first reaction, after the addition of bis(4-

methoxyphenyl)phosphine.
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Figure 32. Zoomed 3!P{*H} NMR spectrum of the first reaction, after the addition of bis(4-

methoxyphenyl)phosphine.

4.2.4 Syntheses of Racemic Phosphine-(Phosphino Chalcogenide) Complexes

Due to the phenomenon of catalysts poisoning as investigated in previous studies,
attention has to be, unfortunately, shifted to the synthesis of racemic phosphine-phosphino-
sulfide ligands and their lighter and heavier analogues, specifically phosphine-phosphino-oxide
and selenide ligands, instead. Reaction between compounds 21 or 25 with secondary
arylphosphines could be completed within two to nine hours to furnish racemic mixtures of
phosphine-phosphino chalcogenides. In the substrate screening stage, a series of secondary
phosphines containing withdrawing and donating aryl groups was used for the reaction shown
in scheme 52. Secondary phosphines with aryl groups substituted at the 2 or 3 positions
required the use of triethylamine for the reaction to proceed. This could be due to the presence
of steric hindrance between the substrates and hence a more nucleophilic phosphide might be
required for the nucleophilic addition step to occur successfully in the reaction. PdCl2(NCMe)2
then added to these crude mixtures to furnish the racemic phosphine-phosphino chalogenide

palladium(I1) complexes 26 to 33.

141



]

=
PPha 4 R,PH
X

21X=8S
25X=0
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PR,
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o

PdCl,(NCMe),

26 X=S, R=
27X=0, R=
28X =8, R=
29X =8, R=
30X=S, R=
31X=8, R=

4-OMeC5H4
4-OMeCGH4
4-CF43CqH,
Ph
3,5-CF3CgHs
3,5-M606H4

Scheme 52. Synthesis of phosphine-(phosphino chalcogenide) palladium(1l) complexes.

Table 5. Relevant bond lengths and bond angle of solid state complexes.?

Complex X/R Pd-P Pd-X Pd-Clirans-x | Pd-Clirans-p | P-Pd-X
26 S/4-OMeCeHs | 2.2155(10) | 2.2800(10) | 2.3176(10) | 2.3427(10) | 94.07(4)
27 O/4-OMeCgH4 | 2.2290(13) | 2.090(3) |2.2616(12) | 2.3476(12) | 90.27(9)
28 S/4-CFaCeHs | 2.2205(17) | 2.309(2) | 2.323(2) |2.3308(18) | 94.04(7)
29 S/Ph 2.2418(7) | 2.3083(6) | 2.2998(6) | 2.3595(6) | 94.65(2)
30 S/3,5-CF3CeHs | 2.2219(10) | 2.2931(11) | 2.3187(11) | 2.3333(10) | 93.29(4)
31 S/3,5-MeCsHz | 2.2434(12) | 2.3059(12) | 2.3189(12) | 2.3543(12) | 94.56(4)
33 Se/Ph 2.2393(16) | 2.3928(8) | 2.3175(17) | 2.3627(16) | 95.20(5)
34 Se/4-OMeCsHa | 2.2479(8) | 2.4198(4) | 2.3243(8) | 2.3494(8) | 93.72(2)

8Bond lengths and bond angle can be found in appendix and are given in A and ° respectively.

142




The effects of the substituents on phosphine and the identity of the phosphine
chalcogenide on the solid-state parameters such as bond lengths and angles were studied using
the single crystal X-ray structures obtained from complexes 26 to 33. In Table 5, it can be seen
that the P-Pd bond generally was not affected greatly by the identity of the chalcogen and the
substituent on the phosphine. For the Pd-CI bond trans to the chalcogen, the bond was longer
and weaker when the chalcogen was either sulfur or selenium; this was due to increased
competition for m donation between the less electronegative sulfur or selenium atom (as
compared to oxygen) and trans chloride into the vacant orbitals of Pd. Lastly, the P-Pd-X bite
angle was bigger in 26 than 27 and 33 as the bulker sulfur/selenium atom causes more
significant geometric distortion away from the ideal square planar angle due to a greater degree
of steric influence. It is worth noting that the substituents on the phosphine did not exert any
significant influence on the bite angle even though they are close to the coordination sphere of

palladium (complexes 28 to 33).
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Table 6. Chemical Shifts and Coupling Constants of Complexes in Solution.?

Complex X/R 3P of PRy | 3P of PPhy | 2Jpp | AP Of PR, | AP of PPh;
26 S/4-OMeCsHs 62.4424 41.7063 52 +80.0446 -10.0777
27 0O/4-OMeCsH4 67.5886 30.1572 28 +84.3099 -3.6599
28 S/4-CF3CsHa 63.1044 42.0149 57 +77.1755 -9.2942
29 S/Ph 62.9739 43.6581 55 +76.4902 -8.7613
30 S/3,5-CF3CsH3 63.0348 41.3090 62 +75.8673 -8.8605
31 S/3,5-MeCeHs3 62.7204 43.8736 52 +76.328 -8.5312

#Chemical shifts and coupling constants are given in ppm and Hz respectively.

0 © “ cl

_Pd-Cl _Pd~

= 1) DCM, rt, 7 h OPhP™" X OPhyP \
PPh2  +  R,PH - > P//SG + ¢

Se 2) PdCl,(NCMe), Ph, Rz
32 33 34
R: 4-OMeCgH,
+ 2 unidentifiable products

Scheme 53. Hydrophosphination reaction using phosphine-selenide substrate.

The hydrophosphination reaction with phosphine-selenide 32 and bis(4-
methoxyphenyl)phosphine showed interesting and unexpected results. After an hour of
reaction, diphenylphosphine could be observed in the 3P{*H} NMR spectrum of the crude
mixture but no further change was observed in the crude spectrum after an additional six hours
of reaction. Next, bis(acetonitrile)palladium(ll) chloride was added to the ligand solution for

complexation. Subsequent purification on silica gel and recrystallisation from DCM/Hex
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afforded complexes 33 and 34, amongst other unidentified products. The transfer of selenium

atom from one phosphorus atom to another has also been observed by Cross et al .8

4.2.5 Stability of Complexes 26 And 27

In order to probe the stability of the phosphine-palladium bonds in complexes 26 and
27, the complexes were reacted with hydrogen peroxide and sulfur separately. In both scenarios
with both complexes, no oxidation was observed and this ascertained the inertness of the

phosphine-palladium bonds with respect to hydrogen peroxide and sulfur as oxidants.

To probe the hemilability of the phosphino-chalcogenide-palladium bond in complexes
26 and 27, one equivalent of triphenylphosphine was added to both complexes in
dichloromethane and the mixtures were stirred overnight. The complexes were found to react
with triphenylphosphine as confirmed from the 3'P{*H} NMR spectra of the crude mixture. In
the case of complex 26, instead of a substitution of the phosphine sulfide ligand by the
incoming triphenylphosphine ligand, the chloride ligand was displaced by triphenylphosphine
and both the cis- and trans- forms of the product were detected. The hemilability of the
phosphino-sulfide-palladium bond was thus not observed. In addition, in the crude mixture, it
was observed that cis-35 was formed in greater proportion as compared to trans-36. This
implies that the phosphine sulfide ligand exhibited a stronger trans effect than the phosphine
ligand. In the case of complex 27, addition of triphenylphosphine to the complex in
dichloromethane resulted in numerous messy signals in the 3P{*H} NMR spectrum which

could not be identified despite enormous efforts.
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Scheme 54. Investigating the stability of the bidentate ligand using triphenylphosphine.
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Figure 33. Evidence of cis- and trans- isomers.
4.2.6 Application — Synthesis of N-Heterocyclic Enaminones

Enaminones are enamines containing S-carbonyl functional group which exhibit high
versatility as intermediates in many organic synthetic reactions,'’ as pharmaceuticals'’® 8 and
in heterocyclic syntheses.'® For example, enaminones are ubiquitous structural motifs found in
alkaloids including analogues of quinolone antibacterial and in mesembrine which is an
important serotonin reuptake inhibitor.?® Most recently and interestingly, Leung et al.
employed enaminones as starting materials to generate novel N-heterocyclic carbene

complexes.'’ Traditionally, the syntheses of enaminones involve the use of tedious protecting

146



groups, energy-consuming protocols requiring elevated or low temperatures and leaving
groups which contribute to a low atom economy and sometimes toxic waste generation. A
slightly more environmentally friendly method involving the direct addition of nucleophiles to
activated unsaturated functional groups has been reported although the number of examples

remains scarce (Selected examples shown in scheme 55).

Q o)
CN 1) Na
©)J\/ Ether/Benzene (2:1) C|3C>:?‘Ph
2) Cl,CCN H,N  CN
Reflux
R']

R'-==—COR? + R,3NH — _

R,°N  COR?

R H, CO,CH;  R3: n-C,H,,

R?: CO2CH3 (CHs),CH, Ph
cyclohex, 4-MePh,
4-OMePh, (CH3)5C

NBn2 NBn2

BNz )\(\ R?
R Z >CN 1J\[N
R1J\COZBn R

ONa O NH;

R': CH,Ph, H, Ph
R2: CH,Ph, CH3, Ph

Scheme 55. Selected examples of the formation of enaminones via conjugate addition.

Given the widespread applications of enaminones, we attempted the facile synthesis of
said compounds under mild reaction conditions using complex 26. The advantages offered by
this system include a simple one-step protocol, high atom economy and the use of benign
reagents which are environmentally friendly. In a preliminary study carried out to probe the

catalytic activity of complex 26, a series of activated alkyne ketones and N-heterocycles were
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employed as substrates in a Pd-catalyzed conjugate addition in the presence of a silver(l) salt

and weak base.

Complex 26 (5 mol%)
0 AgOTs (10 mol%)

. 0
NEt; (1 equiv)
R1ﬂ\\ + HNR2 R1Jv\NR2
S ACN, rt, 16 h
0 o) 0 o)
P
Ph)J\/\N/\\N Ph)J\/\NC/N Ph)J\/\j:?N Ph)J\/\)N:?N
@ MeOC” o e P\,

37 38 39 40

50% 99% 49% 41%

0 o] j\/\ 0
Ph)v\j:?N Ph)v\)l\l:\\<N 2-Naph N/\\N /@)]\/\N/\\N
NCT g cl o Ph @

a1 42 43 44

16% 16% 44% 50%
0 0

P P
A
/©)‘\/\N \N /@)J\/\ /@)J\/\ /@)‘\/\

45

1% 32% 32% 33%

Scheme 56. Synthesis of enaminones via catalyzed conjugate addition.

The Pd-catalyzed conjugate addition was able to tolerate a range of alkyne ketone and
imidazole substrates and the yields obtained for these products were also comparable to those
reported by Leung et al.1™ Electron-withdrawing groups (compounds 41 and 42) or bulky
substituents (compound 40) on the azole moiety generally reduced the yield of the products.
Furthermore, the variation in electronic properties of the substituents on the aryl end did not
lead to a drastic change in the reaction yield, probably because these substituents were situated

too far away from the olefin reaction site. The yields of the products were not quantitative
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despite the full conversion of the reactants into the products. This loss in product yield could
be attributed to the coordination of the product to the acidic silica during the purification

process via silica chromatography.

4.3 Conclusion

In conclusion, we have successfully developed a direct and efficient protocol for the
synthesis of C1-symmetric, hetereodonor racemic bidentate ligands. Strong coordination of the
reactants led to catalyst poisoning and hence the products could not be obtained in an
enantioenriched form. A racemic phosphine-phosphino-sulfide palladium complex generated
via the above protocol was applied successfully as a catalyst in the synthesis of a series of

enaminones under mild conditions.

4.4  Experimental

General Procedure for the Synthesis of Substrates, 21, 25 and 32. Rac-catalyst 9 (7.00 mg,
5 mol%) was added to a solution of diphenylphosphine (29.8 mg, 0.16 mmol) in dry and
degassed DCM (5 mL). The mixture was subsequently cooled to -60 °C before the addition of
substrate 24 (0.16 mmol) and NEtz (16.2 mg, 0.16 mmol). The reaction mixture was then stirred
for 48 h. Sg, Se or H202 (0.18 mmol) was added to the crude mixture and stirred until the
reaction completed. The solution was purified directly by column chromatography on silica gel

to provide the products.
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21

White Solid; Eluent system (silica column chromatography): DCM/Hex (1:1); Yield: (60%)
IH NMR (400 MHz, CD,Cl,): & 7.50-7.66 (m, 9H, ArH, HCCH), 7.73-7.85 (m, 5H, ArH),
8.00-8.09 (m, 3H, ArH); BC{*H} NMR (100 MHz, CD,Cl,): § 129.24 (d, Jcr = 4.9 Hz,
COCHCH), 129.32 (d, Jcpr = 4.9 Hz, COCHCH), 131.82 (d, Jcp = 10.8 Hz), 132.10 (s, ArC),
132.41 (d, Jcp = 3.0 Hz, ArC), 132.97 (s, ArC), 134.24 (s, ArC), 137.00 (s, ArC), 137.21 (s,
ArC), 137.98 (s, ArC), 140.47 (d, Jcp = 5.4 Hz, ArC), 188.69 (d, Jcp = 18.0 Hz, CO); 3P{'H}
NMR (161 MHz, CD2Cl): ¢ 35.86; HRMS (ESI)m/z[positive mode] calcd. for C21H1s0PS

349.0816, found 349.0816.

25

White Solid; Eluent system (silica column chromatography): DCM/Hex (1:1); Yield: (60%)
IH NMR (400 MHz, CD,Cly): 6 7.50-7.66 (m, 10H, ArH, HCCH), 7.71-7.76 (m, 4H, ArH),
7.93-8.03 (m, 3H, ArH); BC{"H} NMR (100 MHz, CDyCl): § 129.24 (d, Jcp = 7.9 Hz,
COCHCH), 129.32 (s, ArC), 131.59 (d, Jcp = 10.0 Hz, COCHCH), 131.82 (s, ArC), 132.70 (d,
Jep = 2.7 Hz, ArC), 134.21 (s, ArC), 136.74 (s, ArC), 136.92 (s, ArC), 137.67 (s, ArC), 139.84
(d, Jcp = 2.0 Hz, ArC), 188.59 (d, Jcp = 16.4 Hz, CO); P{"H} NMR (161 MHz, CD.Cl): &

21.38; HRMS (ESI)m/z[positive mode] calcd. for C21H1802P 333.1044, found 333.1044.
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32

White Solid; Eluent system (silica column chromatography): DCM/Hex (1:1); Yield: (60%)
IH NMR (400 MHz, CD,Cl,): § 7.48-7.66 (m, 9H, ArH, HCCH), 7.70-7.99 (m, 8H, ArH);
BC{*H} NMR (100 MHz, CD,Cly): 6 129.26 (s, ArC), 129.34 (d, Jcp = 6.1 Hz, COCHCH),
131.68 (s, ArC), 132.31 (d, Jcp = 11.1 Hz, COCHCH), 132.48 (d, Jcp = 3.0 Hz, ArC), 134.27
(s, ArC), 136.17 (s, ArC), 136.86 (s, ArC), 136.98 (d, Jcp = 1.3 Hz, ArC), 141.32 (d, Jcp = 6.0
Hz, ArC), 188.60 (d, Jcp = 18.5 Hz, CO); 3P{"H} NMR (161 MHz, CD:Cl,): 6 27.96; HRMS

(ESI)m/z[positive mode] calcd. for C21H1s0PSe 397.0260, found 397.0265.

General Procedure for the Synthesis of Complexes, 26-29, 33 and 34. Chalcogenide
substrate (0.16 mmol) was added to a solution of secondary phosphines (0.16 mmol) in dry and
degassed DCM (3 mL). The reaction mixture was then stirred for 2 h. PdCI,(NCMe)2 (41.5 mg,
0.16 mmol) was added to the crude mixture and stirred until the reaction completed. The

solution was purified directly by column chromatography on silica gel to provide the products.

General Procedure for the Synthesis of Substrates, 30 and 31. Substrate 21 (55.7 mg, 0.16
mmol) was added to a solution of secondary phosphines (0.16 mmol) in dry and degassed DCM
(3 mL). The reaction mixture was then stirred for 9 h. PdCI2(NCMe)2 (41.5 mg, 0.16 mmol)
was added to the crude mixture and stirred until the reaction completed. The solution was

purified directly by column chromatography on silica gel to provide the products.
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26

Yellow Solid; Eluent system (silica column chromatography): DCM; Yield: 111.2 mg (90%);
IH NMR (400 MHz, CD,Cly): § 2.89-3.03 (m, 1H, CHH), 3.51 (s, 3H, CH3), 3.71-3.86 (m, 4H,
CHs, CH), 5.10-5.17 (m, 1H, CHH), 6.57 (dd, Jun = 8.9 Hz, Jun = 2.1, ArH), 6.83 (dd, Jun =
8.9 Hz, Jun = 2.1, Hz ArH), 7.29-7.91 (m, 17H, ArH), 8.07-8.12 (m, 2H, ArH); 3C{*H} NMR
(100 MHz, CD:Cl): 6 35.45 (s, COCH,CH), 45.70 (s, COCH,CH), 50.88 (s, CHs), 55.53 (s,
CHs), 55.98 (s, ArC), 114.17 (d, Jcp = 13.4 Hz, ArC), 114.93(d, Jcp = 13.0 Hz, ArC), 116.31
(s, ArC), 116.95 (s, ArC), 123.85 (s, ArC), 124.29 (s, ArC), 125.13 (s, ArC) 128.28 (s, ArC),
128.69 (s, ArC), 129.52 (d, Jcp = 13.1 Hz, ArC), 130.21 (d, Jcp = 12.4 Hz, ArC), 132.58 (d, Jcp
= 9.8 Hz, ArC), 132.80 (d, Jcp = 10.4 Hz, ArC), 133.71 (d, Jcp = 3.0 Hz, ArC), 134.36(s, ArC),
134.98 (s, ArC), 137.19 (d, Jcp = 13.4 Hz, ArC), 138.00 (d, Jcp = 13.2 Hz, ArC), 162.85 (d, Jcp
= 27.0 Hz, ArC), 194.47 (s, CO); 3P{*H} NMR (161 MHz, CD:Cl,): 6 41.67 (d, Jep = 52.1
Hz, P=S), 62.37 (d, Jp = 52.2 Hz, P-Pd); HRMS (ESI)m/z[positive mode] calcd. for

Cas5H3303P2SCI2Pd 771.0038, found 771.0044.

cl
_cl
0 Rp—Pd

R: 4-OMeCgH,
27

Orange Solid; Eluent system (silica column chromatography): DCM/MeOH (49:1); Yield:

114.9 mg (95%); *H NMR (400 MHz, CD,Cl2): 6 2.82-2.96 (m, 1H, CHH), 3.53 (s, 3H, CHs),
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3.63-3.75 (m, 1H, CH), 3.85 (s, 3H, CHs), 4.36-4.43 (m, 1H, CHH), 6.59 (dd, Jun = 8.9 Hz,
Jun=2.1Hz, ArH), 6.88 (dd, Jun = 8.9 Hz, Jun= 2.1 Hz, ArH), 7.31-7.58 (m, 11H, ArH), 7.76-
7.91 (m, 6H, ArH), 8.10-8.15 (m, 2H, ArH); *C{*H} NMR (100 MHz, CD.Cly): & 34.57 (s,
COCHCH), 39.30 (d, Jcp = 14.6 Hz, COCH.CH), 39.95 (d, Jcp = 14.9 Hz, ArC), 55.60 (s,
CH3), 56.00 (s, CHs), 114.31 (d, Jcp = 13.7 Hz, ArC), 115.06 (d, Jep = 13.0 Hz, ArC), 116.41
(s, ArC), 128.22 (s, ArC), 128.68 (s, ArC), 129.58 (d, Jcp = 12.5 Hz, ArC), 129.93 (d, Jcp =
12.8 Hz, ArC), 131.83 (d, Jcp = 9.9 Hz, ArC), 132.06 (d, Jcp = 10.3 Hz, ArC), 133.89 (d, Jcp =
2.5 H, ArC z), 134.30 (s, ArC), 134.40 (d, Jcr = 2.5 H, ArC z), 134.97 (s, ArC), 137.26 (s,
ArC), 137.38 (s, ArC), 137.51 (s, ArC), 163.08 (d, Jcp = 2.7 Hz, ArC), 163.14 (d, Jcr = 2.8 Hz,
ArC), 194.62 (d, Jcr = 2.1 Hz, ArC), 194.73 (d, Jep = 2.0 Hz, CO); 3'P{"H} NMR (161 MHz,
CD.Cly): § 29.99 (d, Jep = 29.7 Hz, P=0), 67.50 (d, Jp = 30.1 Hz, P-Pd); HRMS

(ESI)m/z[positive mode] calcd. for C3sH3304P2Cl2Pd 755.0266, found 755.0270.

Cl
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28

Yellow Solid; Eluent system (silica column chromatography): DCM; Yield: 40.7 mg (30%);
IH NMR (400 MHz, CD.Cly): 6 2.99-3.13 (m, 1H, CHH), 3.88-3.98 (m, 1H, CHH), 5.18-5.26
(m, 1H, CH), 7.27-7.65 (m, 15H, ArH), 7.84-8.02 (m, 6H, ArH), 8.40-8.45 (m, 2H, ArH);
13C{*H} NMR (100 MHz, CDCl.): ¢ 35.31 (s, COCH.CH), 45.19 (s, COCH2CH), 45.38 (s,
CFs), 45.71 (s, CF3), 45.90 (s, ArC), 123.53 (d, Jep = 11.9 Hz, ArC), 123.55 (s, ArC), 125.38
(d, Jep = 3.7 Hz, ArC), 125.50 (d, Jcp = 3.7 Hz, ArC), 126.11 (d, Jcp = 3.7 Hz, ArC), 126.23
(d, Jep = 3.7 Hz, ArC), 128.09 (s, ArC), 129.04 (s, ArC), 129.79 (d, Jcp = 12.8 Hz, ArC), 130.50
(d, Jcp =12.5Hz, ArC), 132.74 (d, Jcp = 10.1 Hz, ArC), 133.10 (d, Jcp = 10.3 Hz, ArC), 133.63
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(d, Jep = 3.5 Hz, ArC), 133.96 (d, Jcp = 3.1 Hz, ArC),134.42 (s, ArC), 134.92 (d, Jcp = 3.0 Hz,
ArC), 134.97 (s, ArC), 135.87 (d, Jcp = 12.6 Hz, ArC), 137.12 (d, Jep = 12.3 Hz, ArC), 194.22
(d, Jep = 12.6 Hz, CO); *:P{*H} NMR (161 MHz, CD:Cly): 5 42.01 (d, Jep = 57.3 Hz, P=S),
63.10 (d, Jep = 57.3 Hz, P-Pd); 2°F{*H} (376 MHz, CD.Cly) -63.89 (s), -63.84 (s); HRMS

(ESI)m/z[positive mode] calcd. for CssH27OP2SCI.PdFs 846.9574, found 846.9581.
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29

Yellow Solid; Eluent system (silica column chromatography): DCM; Yield: 96.8 mg (85%) *H
NMR (400 MHz, CDCl,): § 2.98-3.12 (m, 1H, CHH), 3.72-3.83 (m, 1H, CHH), 5.18-5.26 (m,
1H, CH), 7.07-7.14 (m, 3H, ArH), 7.25-7.56 (m, 14H, ArH), 7.79-7.91 (m, 6H, ArH), 8.18-
8.23 (m, 2H, ArH); 3C{*H} NMR (100 MHz, CD,Cl,): 6 35.53 (s, COCH2CH), 44.57 (s,
COCH,CH), 44.77 (s, ArC), 45.09 (s, ArC), 45.29 (s, ArC), 123.81 (s, ArC), 125.46 (s, ArC)
128.19 (s, ArC), 128.63 (d, Jcp = 12.1 Hz, ArC), 128.78 (s, ArC), 129.30 (d, Jcp = 11.6 Hz,
ArC), 129.60 (d, Jep = 12.9 Hz, ArC), 130.23 (d, Jep = 12.4 Hz, ArC), 132.24 (d, Jcp = 2.8 Hz,
ArC), 132.63 (d, Jcr = 3.0 Hz, ArC), 132.64 (d, Jer = 10.0 Hz, ArC), 132.85 (d, Jcp = 10.4 Hz,
ArC), 134.03 (d, Jcp = 3.0 Hz, ArC), 134.48 (s, ArC), 134.83 (s, ArC), 135.41 (d, Jcp = 11.8
Hz, ArC), 136.27 (d, Jcp = 11.5 Hz, ArC), 194.24 (d, Jcp = 10.8 Hz, CO); 3'P{*H} NMR (161
MHz, CD2Cl,): & 43.66 (d, Jep = 51.7 Hz, P=S), 62.97 (d, Jer = 54.8 Hz, P-Pd); HRMS

(ESI)m/z[positive mode] calcd. for C33H200P.SCl.Pd 710.9826, found 710.9832.
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Ph,

0 R,

R: 3,5-CF3CGH4

30

Yellow Solid; Eluent system (silica column chromatography): DCM/EA (19:1); Yield: 85.0
mg (54%) *H NMR (400 MHz, CD2Cly): & 3.04-3.19 (m, 1H, CHH), 3.81-3.91 (m, 1H, CHH),
5.22-5.29 (m, 1H, CH), 7.31-7.69 (m, 12H, ArH), 7.88-8.04 (m, 5H, ArH), 8.16 (d, 2H, Jux =
12.2 Hz, ArH), 8.80 (d, 2H, Jun = 11.4 Hz, ArH); 3C{*H} NMR (100 MHz, CD:Cl): 6 35.13
(s, COCH2CH), 45.40 (s, COCH,CH), 45.60 (s, CFs), 45.92 (s, CF3), 46.12 (s, CFs), 123.26 (s,
CF3), 123.99 (d, Jcp = 14.9 Hz, ArC), 126.44 (d, Jcp = 4.4 Hz, ArC), 127.02 (d, Jcp = 3.5 Hz,
ArC), 128.12 (s, ArC), 129.27 (s, ArC), 130.00 (d, Jcp = 12.9 Hz, ArC), 130.74 (d, Jcp = 12.7
Hz, ArC), 131.78 (d, Jcp = 12.2 Hz, ArC), 132.12 (d, Jcp = 12.3 Hz, ArC), 132.79 (d, Jcp =
10.4 Hz, ArC), 133.26 (d, Jcp = 10.2 Hz, ArC), 133.80 (s, ArC), 135.01 (s, ArC), 135.17 (s,
ArC), 135.37 (d, Jcp = 3.0 Hz, ArC), 135.53 (s, ArC), 136.02 (d, Jcp = 4.1 Hz, ArC), 136.15
(d, Jcp = 2.8 Hz, ArC), 194.12 (d, Jep = 12.2 Hz, CO); 3P{"H} NMR (161 MHz, CD.Cl,): &
41.31 (d, Jep = 62.4 Hz, P=S), 63.03 (d, Jrr = 59.6 Hz, P—Pd); 1*F{'H} (376 MHz, CD.Cl,) -
63.48 (s), -63.23 (s); HRMS (ESI)m/z[positive mode] calcd. for Cz7H2s0P.SCIPdF12

982.9322, found 982.9329.
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cl

_cl

0 R,p~P¢
_S

P
Ph,
R: 3,5-MeCgH,

31

Yellow Solid; Eluent system (silica column chromatography): DCM; Yield: 79.9 mg (65%) 'H
NMR (400 MHz, CD>Cl,): 6 2.03 (s, 3H, CHs), 2.32 (s, 3H, CHs), 2.89-3.03 (m, 1H, CHH),
3.84-3.95 (m, 1H, CHH), 5.12-5.19 (m, 1H, CH), 6.63 (s, 1H, ArH), 6.7.04 (s, 1H, ArH), 7.27-
7.31 (m, 2H, ArH), 7.34-7.40 (m, 5H, ArH), 7.48-7.58 (m, 6H, ArH), 7.71-7.89 (m, 6H, ArH);
BC{*H} NMR (100 MHz, CD.Cl): & 21.18 (s, CHs), 21.47 (s, CHs), 35.56 (s, COCH,CH),
45.21 (s, CHs), 45.54 (s, CH3), 45.78 (d, Jcp = 7.2 Hz, COCH,CH), 127.99 (s, ArC), 128.75 (s,
ArC), 129.07 (d, Jep = 13.2 Hz, ArC), 130.22 (d, Jcp = 12.4 Hz, ArC), 130.24 (s, ArC), 132.57
(s, ArC), 132.67 (s, ArC), 132.69 (s, ArC), 132.80 (s, ArC), 133.71 (d, Jcp = 11.2 Hz, ArC),
133.73 (s, ArC), 134.02 (d, Jcp = 2.5 Hz, ArC), 134.36 (s, ArC), 134.40 (s, ArC), 134.46 (d,
Jep = 2.6 Hz, ArC), 135.10 (s, ArC), 138.67 (d, Jcp = 12.4 Hz, ArC), 139.03 (d, Jcp = 12.3 Hz,
ArC), 193.95 (d, Jcp = 12.2 Hz, CO); 3'P{*H} NMR (161 MHz, CD2Cl,): 6 43.87 (d, Jpp = 52.0
Hz, P=S), 62.72 (d, Jp = 52.3 Hz, P-Pd); HRMS (ESI)m/z[positive mode] calcd. for

C37H370P2SClI,Pd 767.0452, found 767.0460.
Cl
34—Cl
oph,p—Fd
//SG

P
Phy

33

Yellow Solid; Eluent system (silica column chromatography): DCM; Recrystallized from n-
hexanes and CHCl,: Yield: 9.7 mg (8%)(recrystallized yield); *H NMR (400 MHz, CD,Cl): 6
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3.05-3.20 (M, 1H, CHH), 3.71-3.81 (m, 1H, CH), 5.72-5.80 (m, 1H, CHH), 6.71-7.53 (m, 16H,
ArH), 7.75-8.21 (m, 9H, ArH); 3P{"H} NMR (161 MHz, CD:Cl,):  45.56 (d, Jpp = 62 Hz,
P=Se), 49.03 (d, Jer = 62 Hz, P-Pd); HRMS (ESI)m/z[positive mode] calcd. for
Ca3H200P.Cl>SePd 758.9271, found 758.9279.

Cl

\
oph,p—Pd
Se

Cl

7
R,
R: 4-OMeCgH,

34

Yellow Solid; Eluent system (silica column chromatography): DCM/MeOH (99:1); Yield: 21.0
mg (16%)(recrystallized yield); *H NMR (400 MHz, CD,Cl.): § 3.09-3.23 (m, 1H, CHH), 3.61-
3.71 (m, 1H, CH), 3.74 (s, 3H, CH3), 3.82 (s, 3H, CHs), 5.55-5.62 (m, 1H, CHH), 6.73 (dd, Ju
= 8.9 Hz, Jun = 2.7 Hz, ArH), 6.89 (dd, Jnun = 9.0 Hz, Jum = 2.6 Hz, ArH), 7.10-7.16 (m, 3H,
ArH), 7.32-7.55 (m, 8H, ArH), 7.65-7.89 (m, 6H, ArH), 8.14-8.19 (m, 2H, ArH); BC{H}
NMR (100 MHz, CD,Cl): 6 36.13 (s, COCH2CH), 46.71 (s, COCH>CH), 46.91 (s, CH3), 56.09
(s, CHa), 115.22 (d, Jcp = 13.9 Hz, ArC), 115.69 (d, Jcp = 13.6 Hz, ArC),126.15 (s, ArC),
126.72 (s, ArC), 128.19 (s, ArC), 128.56 (d, Jcr = 11.7 Hz, ArC), 128.77 (s, ArC), 129.09 (d,
Jep = 11.5 Hz, ArC), 132.00 (d, Jcp = 2.1 Hz, ArC), 132.18 (d, Jcp = 2.2 Hz, ArC), 134.41 (s,
ArC), 135.00 (s, ArC), 135.11 (s, ArC), 135.24 (d, Jcp = 2.4 Hz, ArC), 135.37 (s, ArC), 135.66
(d, Jcp = 11.9 Hz, ArC), 136.23 (d, Jcp = 11.5 Hz, ArC), 164.04 (d, Jcp = 3.3 Hz, ArC), 164.51
(d, Jep = 2.2 Hz, ArC), 194.21 (d, Jcp = 2.5 Hz, ArC), 194.30 (d, Jcp = 3.3 Hz, CO); 3P{*H}
NMR (161 MHz, CD:Cl): 6 44.74 (d, Jep = 59.9 Hz, P=Se), 46.33 (d, Jpr = 62.1 Hz, P—Pd);

HRMS (ESI)m/z[positive mode] calcd. for C3sH3303P2Cl,PdSe 818.9482 found 818.9493.
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Chapter V

Conclusion and Future Work

5.1 Conclusions

Asymmetic hydrophosphination was successfully employed as an unprecedented tool in the
syntheses of P*-chiral diphosphines. Optimization of the reaction conditions was successful
and the generation of P* chiral diphosphines in high yields and enantioselectivities was
achieved. In addition, application of the methodology was extended to natural diketones such
as curcumin and its derivatives to afford chiral diphosphines which were then transformed
into the corresponding gold complexes. These gold complexes were evaluated against

cisplatin in a biological study as cytotoxic agents in two selected cancer cell lines.

5.1.1 C»- Symmetric P*-Diphosphines via Catalytic Asymmetric Hydrophosphination

cat. 9 (2 mol%) cat.
'PrsNH, MeCN S s s S Meojc CO,Me
A -40°C N /HR v = /H"\ /’ Me0,C~ " CO;Me
HPhP ™ % PPhH pnl "Pepp t Ph‘P P =
28 S A Ph,P—=Pd~PPh
’ R R ROR P —=Pd~-PPh,
Cl [}
racimeso-11 12 meso-12'

» One-pot two-step access to chiral 1,2-diphosphine complexes

Scheme 57. Catalytic asymmetric dihydrophosphination reaction to generate P-chiral

diphosphines.
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Enantioenriched diphosphines of up to 99% ee and 44% de were obtained in the
catalytic asymmetric hydrophosphination of activated olefins by rac-diphosphines catalyzed
by 9. The free diphosphines products were successfully complexed to palladium(ll) metal
center in a one-pot manner and the chiral complexes were separated from the meso complexes
via simple silica column chromatography. This direct, efficient and atom economical protocol
could tolerate a variety of activated olefins and be extended to the synthesis of challenging

P,C-chiral diphosphines.

5.1.2 Catalytic Asymmetric Hydrophosphination as a Valuable Tool to Access Mono-

and Di-Hydrophosphinated Curcuminoids

R OH
PR, O (0]
RR
R’ 1) cat. 8 2.5mol%) HO OH Ph Ph
(0] NEt; (20 mol%) mono-17 \:
MeOH Me,, _P. ® /NCMG

+ PH ——— > + \Pd ~
©/ 2) Sg S S NCMe
' DCM ' '

R OH 17

Scheme 58. Catalytic asymmetric mono— and di-hydrophosphination reactions to generate

functionalized Cur compounds.

The incorporation of phosphorus-based functional groups into the carbon-backbone of
Cur and BDMC was successfully achieved with the concomitant generation of two chiral
centers. The asymmetric dihydrophosphination reaction genearted functionalized Cur of up to
95% ee. Meso diphenylphosphine-functionalized Cur gold(l) complex 18aa’ was also found to

exhibit high anti-cancer activity against stomach cancer cells (MKN47), comparable to that of
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pure Cur and cisplatin at the 24-hour standpoint. On the other hand, rac diphenylphosphine-
functionalized Cur gold(l) complex 18aa was not effective in reducing both MKN47 and MCF-

7 cell viability.

5.1.3 Synthesis and Application of Phosphine-(Phosphino Chalcogenide) Ligands

cl
NEt, _pg-Cl
0 DCM, rt, O RoP Y
% upto9h <
PPhy o RpPH — ©)J\/th
2
X PdCI,(NCMe),
25 28-33

Scheme 59. Hydrophosphination reactions to generate heteroatoms diphosphines.

Ci-symmetrical bidentate ligands consisting of phosphorus and phosphino-
chalcogenide donor atoms were synthesized under mild reaction conditions within nine hours.
Interesting result was observed for the phosphine-selenide hydrophosphination reaction as
selenium migration was detected alongside the formation of four other products. Tests
performed on complex 26 showed that the phosphine-palladium bond was stable to oxidants
and that the sulfur donor was a strong trans-effecter that readily labilized the trans chloride
ligand. Lastly, complex 26 showed moderate catalytic activities in the synthesis of enaminones

via a direct metal-catalyzed Michael addition under very mild reaction conditions.

5.2  Future Work — Asymmetric Boronic Acid Conjugate Addition

The syntheses of palladium(ll) complexes in chapter Il could find utility in the
generation of p-substituted carbonyl compounds via catalytic asymmetric boronic acid addition
reactions. There has been extensive research being devoted to the development of the
asymmetric syntheses of f-substituted carbonyl compounds due to their valuable synthetic

intermediatory status.® Many synthetic protocols of such carbonyl compounds require the use
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of either highly reactive copper-based organometallic reagents,'? which necessitates the use of
cryogenic temperatures and rigorously anhydrous conditions, or rhodium catalysts, which are
costly and air sensitive.? Currently, palladium—catalyzed asymmetric boronic acid conjugate
addition reactions are less well-known than their rhodium and copper counterparts and given
the high atmospheric stability and tolerance of palladium complexes towards a wide range of
boronic acids, these complexes are slowly finding applications in boronic acid conjugate
addition reactions.? In view of this slow progress, the suitability of palladium(ll) complexes
containing P-chiral diphosphines in the asymmetric catalysis of boronic acid conjugate addition
should be assessed and be compared to existing catalysts so as to expand the current
methodologies associated with this class of reaction. Our group has reported the use of
palladium catalyst in the asymmetric coupling reaction boronic acid and imine,® and this

represents a promising application of our palladium catalyst

0 B(OH), Phap

VUN
(R,R)-Complex 13aa J /Pd\
+ OMe

OMe THF/H,0 (10:1)

Scheme 60. Catalytic asymmetric conjugation addition reaction.
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Appendix

Crystallographic Data

Crystallographic data for compound chiral-12aa

Pha /" \...Ph
P P

JE o8

NC CN

Identification code leung974m

Chemical formula Ca0H22N2P2S;

Formula weight 416.45 g/mol

Temperature 100(2) K

Wavelength 0.71073 A

Crystal size 0.040 x 0.080 x 0.340 mm

Crystal habit colorless needle

Crystal system trigonal

Space group P31

Unit cell dimensions a=14.0913(3) A o =90°
b =14.0913(3) A B =90°
c =18.7668(3) A y=120°

Volume 3227.18(15) A3

Z 6

Density (calculated) 1.286 g/cm?®

Absorption coefficient 0.403 mm*

F(000) 1308

Theta range for data

) 2.74 10 31.02°
collection
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-18<=h<=20, -20<=k<=17, -
Index ranges

26<=l<=27
Reflections collected 46046
Independent reflections 13660 [R(int) = 0.0794]
Covergge of independent 99.9%
reflections
Absorption correction Multi-Scan
Max. and min. 0.9840 and 0.8750

transmission

Structure solution direct methods

technique
Structure solution XT, VERSION 2014/5
program
Refinement method Full-matrix least-squares on F?
Refinement program SHELXL-2016/6 (Sheldrick, 2016)
Function minimized T w(Fo? - F?)?
Sa"":g | restraints/ 13660 / 1/ 470
Goodness-of-fit on F? 1.059
Final R indices 11152 data; R1=10.0498, wR2 =
>26(1) 0.0791
all data R1=0.0768, wR2 =
0.0911

w=1/[6%(Fo?)+(0.0268P)?]
where P=(Fo2+2F:2)/3

-0.02(4)

Weighting scheme

Absolute structure
parameter
Largest diff. peak and hole 0.430 and -0.393 eA

R.M.S. deviation from
mean

0.085 eA

Bond lengths (A) of compound chiral-12aa

C1-C2 1.498(7) C1-P1 1.822(6)
C1-H1A 0.99 C1-H1B 0.99

C2-C3 1.489(8) C2-H2A 0.99

C2-H2B 0.99 C3-N1 1.146(8)
C4-C9 1.388(8) C4-C5 1.409(7)
C4-P1 1.805(5) C5-C6 1.390(8)
C5-H5 0.95 C6-C7 1.386(9)
C6-H6 0.95 C7-C8 1.374(9)
C7-H7 0.95 C8-C9 1.390(7)
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C8-H8
C10-C11
C10-H10A
C11-P2
Cl11-Hi1B
C12-P2
Cl12-Hi2B
C13-H13A
C14-N2
C15-C20
C16-C17
C17-C18
C18-C19
C19-C20
C20-H20
C21-C22
C22-H22A
C23-P3
C23-H23B
C24-C25
C25-C26
C26-C27
C27-C28
C28-C29
C29-H29
C30-P3
C30-H30B
C31-H31A
C32-C33
C32-H32A
C33-C34
C33-H33B
C35-C40
C35-P4
C36-H36
C37-H37
C38-H38
C39-H39
P1-S1
P3-S3

0.95
1.521(7)
0.99
1.814(6)
0.99
1.809(6)
0.99
0.99
1.139(7)
1.398(7)
1.392(8)
1.373(9)
1.375(9)
1.386(8)
0.95
1.488(8)
0.99
1.823(5)
0.99
1.383(7)
1.398(7)
1.390(9)
1.375(8)
1.401(7)
0.95
1.817(5)
0.99
0.99
1.529(7)
0.99
1.455(7)
0.99
1.377(7)
1.810(5)
0.95
0.95
0.95
0.95
1.9514(18)
1.9534(18)

C9-H9
C10-P1
C10-H10B
C11-H11A
C12-C13
C12-H12A
C13-C14
C13-H13B
C15-C16
C15-P2
C16-H16
C17-H17
C18-H18
C19-H19
C21-N3
C22-C23
C22-H22B
C23-H23A
C24-C29
C24-P3
C25-H25
C26-H26
C27-H27
C28-H28
C30-C31
C30-H30A
C31-P4
C31-H31B
C32-P4
C32-H32B
C33-H33A
C34-N4
C35-C36
C36-C37
C37-C38
C38-C39
C39-C40
C40-H40
p2-S2
P4-54
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0.95
1.808(5)
0.99
0.99
1.527(7)
0.99
1.457(7)
0.99
1.386(8)
1.810(5)
0.95
0.95
0.95
0.95
1.134(7)
1.494(7)
0.99
0.99
1.380(7)
1.814(5)
0.95
0.95
0.95
0.95
1.533(7)
0.99
1.821(5)
0.99
1.809(5)
0.99
0.99
1.128(6)
1.388(7)
1.387(8)
1.381(9)
1.365(9)
1.383(7)
0.95
1.956(2)
1.9569(19)



Bond angles (°) of compound chiral-12aa

C2-C1-P1
P1-C1-HI1A
P1-C1-H1B
C3-C2-C1
C1-C2-H2A
C1-C2-H2B
N1-C3-C2
C9-C4-P1
C6-C5-C4
C4-C5-H5
C7-C6-H6
C8-C7-C6
C6-C7-H7
C7-C8-H8
C4-C9-C8
C8-C9-H9
C11-C10-H10A
C11-C10-H10B
H10A-C10-H10B
C10-C11-H11A
C10-C11-H11B
H11A-C11-H11B
C13-C12-H12A
C13-C12-H12B
H12A-C12-H12B
C14-C13-H13A
C14-C13-H13B
H13A-C13-H13B
C16-C15-C20
C20-C15-P2
C15-C16-H16
C18-C17-C16
C16-C17-H17
C17-C18-H18
C18-C19-C20
C20-C19-H19
C19-C20-H20
N3-C21-C22
C21-C22-H22A

114.3(4)
108.7
108.7
108.1(5)
110.1
110.1
176.2(6)
120.8(4)
119.7(6)
120.1
120.3
121.2(5)
119.4
120.1
120.2(5)
119.9
108.9
108.9
107.7
109.7
109.7
108.2
108.4
108.4
107.5
108.6
108.6
107.5
119.8(5)
120.0(4)
120.0
119.8(6)
120.1
119.8
120.6(6)
119.7
120.4
178.7(6)
109.6

C2-C1-H1A
C2-C1-H1B
H1A-C1-H1B
C3-C2-H2A
C3-C2-H2B
H2A-C2-H2B
C9-C4-C5
C5-C4-P1
C6-C5-H5
C7-C6-C5
C5-C6-H6
C8-C7-H7
C7-C8-C9
C9-C8-H8
C4-C9-H9
C11-C10-P1
P1-C10-H10A
P1-C10-H10B
C10-C11-P2
P2-C11-H11A
P2-C11-H11B
C13-C12-P2
P2-C12-H12A
P2-C12-H12B
C14-C13-C12

C12-C13-H13A

C12-C13-H13B
N2-C14-C13
C16-C15-P2
C15-C16-C17
C17-C16-H16
C18-C17-H17
C17-C18-C19
C19-C18-H18
C18-C19-H19
C19-C20-C15
C15-C20-H20
C21-C22-C23

C23-C22-H22A

108.7
108.7
107.6
110.1
110.1
108.4
119.5(5)
119.6(4)
120.1
119.5(5)
120.3
119.4
119.8(6)
120.1
119.9
113.4(4)
108.9
108.9
109.9(4)
109.7
109.7
115.5(4)
108.4
108.4
114.9(5)
108.6
108.6
178.8(7)
120.2(4)
120.1(5)
120.0
120.1
120.5(5)
119.8
119.7
119.2(6)
120.4
110.1(5)
109.6



C21-C22-H22B
H22A-C22-H22B
C22-C23-H23A
C22-C23-H23B
H23A-C23-H23B
C29-C24-P3
C24-C25-C26
C26-C25-H25
C27-C26-H26
C28-C27-C26
C26-C27-H27
C27-C28-H28
C24-C29-C28
C28-C29-H29
C31-C30-H30A
C31-C30-H30B
H30A-C30-H30B
C30-C31-H31A
C30-C31-H31B
H31A-C31-H31B
C33-C32-H32A
C33-C32-H32B
H32A-C32-H32B
C34-C33-H33A
C34-C33-H33B
H33A-C33-H33B
C40-C35-C36
C36-C35-P4
C37-C36-H36
C38-C37-C36
C36-C37-H37
C39-C38-H38
C38-C39-C40
C40-C39-H39
C35-C40-H40
C4-P1-C10
C10-P1-C1
C10-P1-S1
C12-p2-C15
C15-P2-C11
C15-P2-S2

109.6
108.1
108.9
108.9
107.7
119.5(4)
120.1(5)
119.9
120.6
120.9(5)
119.5
120.0
119.2(5)
120.4
109.5
109.5
108.1
109.4
109.4
108.0
108.6
108.6
107.6
108.6
108.6
107.6
119.5(5)
119.7(4)
119.8
119.0(6)
1205
119.5
120.1(6)
119.9
119.9
105.0(2)
99.4(2)
115.10(19)
108.1(3)
104.0(2)
113.44(19)
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C23-C22-H22B
C22-C23-P3
P3-C23-H23A
P3-C23-H23B
C29-C24-C25
C25-C24-P3
C24-C25-H25
C27-C26-C25
C25-C26-H26
C28-C27-H27
C27-C28-C29
C29-C28-H28
C24-C29-H29
C31-C30-P3
P3-C30-H30A
P3-C30-H30B
C30-C31-P4
P4-C31-H31A
P4-C31-H31B
C33-C32-P4
P4-C32-H32A
P4-C32-H32B
C34-C33-C32

C32-C33-H33A

C32-C33-H33B
N4-C34-C33
C40-C35-P4
C37-C36-C35
C35-C36-H36
C38-C37-H37
C39-C38-C37
C37-C38-H38
C38-C39-H39
C35-C40-C39
C39-C40-H40
C4-P1-C1
C4-P1-S1
C1-P1-S1
C12-p2-C11
C12-p2-S2
C11-P2-S2

109.6
113.3(4)
108.9
108.9
120.8(5)
119.7(4)
119.9
118.8(5)
120.6
119.5
120.1(6)
120.0
120.4
110.5(3)
109.5
109.5
111.3(4)
109.4
109.4
114.5(4)
108.6
108.6
114.5(4)
108.6
108.6
177.9(7)
120.7(4)
120.4(5)
119.8
1205
120.9(5)
119.5
119.9
120.1(6)
119.9
108.4(2)
113.4(2)
114.34(18)
103.3(2)
113.93(19)
113.17(18)



C24-P3-C30
C30-P3-C23
C30-P3-S3
C32-P4-C35
C35-P4-C31
C35-P4-S4

104.6(2)
106.0(3)
112.97(17)
107.3(2)
104.1(2)
113.81(19)
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C24-P3-C23
C24-P3-S3
C23-P3-S3
C32-P4-C31
C32-P4-S4
C31-P4-S4

103.9(2)
114.66(19)
113.72(19)
103.9(2)
113.44(18)
113.39(19)



Crystallographic data for compound meso-12’aa

Ph,. /7 \_.\Ph

iR

NC CN

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
Index ranges
Reflections collected

Independent reflections
Coverage of independent

reflections

leung973m

C20H22N2P2S;

416.45 g/mol

112(2) K

0.71073 A

0.040 x 0.100 x 0.120 mm

colorless plate

triclinic

P-1

a=717123) A 0=63.0714(14)°
b=9.0800(4) A P =70.4805(14)°
c=9.5278(4) A  y=87.7152(16)°
516.73(4) A3

1

1.338 g/cm?®

0.419 mm™

218

2.54 10 37.87°

-12<=h<=12, -15<=k<=15, -16<=I<=16
22394
5570 [R(int) = 0.0744]

99.6%
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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 F2
A/Gmax

Final R indices

Weighting scheme

Largest diff. peak and
hole

R.M.S. deviation from
mean

Multi-Scan
0.9830 and 0.9510

direct methods

SHELXT 2014/5 (Sheldrick, 2014)

Full-matrix least-squares on F?
SHELXL-2016/6 (Sheldrick, 2016)
by W(F02 - Fcz)z

5570/0/ 118

1.066

0.001

3818 data; R1=0.0572, WR2 =

1>26(1) 0.0957

Al data R1 = 0.0994, WR2 =
0.1104

w=1/[62(Fo?)+(0.0263P)%+0.2633P]
where P=(Fo*+2F¢?)/3

0.572 and -0.585 eA®

0.101 eA

Bond lengths (A) of compound meso-12’aa

C1-N1 1.144(2) C1-C2 1.467(2)
C2-C3 1.536(2) C2-H2A 0.99
C2-H2B 0.99 C3-P1 1.8239(14)
C3-H3A 0.99 C3-H3B 0.99
C4-C9 1.394(2) C4-C5 1.401(2)
C4-P1 1.8096(14) C5-C6 1.388(2)
C5-H5 0.95 C6-C7 1.381(3)
C6-H6 0.95 C7-C8 1.387(3)
C7-H7 0.95 C8-C9 1.389(2)
C8-H8 0.95 C9-H9 0.95
C10-C10 1.524(3) C10-P1 1.8220(14)
C10-H10A 0.99 C10-H10B 0.99
P1-S1 1.9550(5)
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Bond angles (°) of compound meso-12’aa

N1-C1-C2 179.16(18) C1-C2-C3 113.66(12)
C1-C2-H2A 108.8 C3-C2-H2A 108.8
C1-C2-H2B 108.8 C3-C2-H2B 108.8
H2A-C2-H2B 107.7 C2-C3-P1 113.87(10)
C2-C3-H3A 108.8 P1-C3-H3A 108.8
C2-C3-H3B 108.8 P1-C3-H3B 108.8
H3A-C3-H3B 107.7 C9-C4-C5 119.45(14)
C9-C4-P1 121.82(11) C5-C4-P1 118.68(11)
C6-C5-C4 119.98(15) C6-C5-H5 120.0
C4-C5-H5 120.0 C7-C6-C5 120.25(16)
C7-C6-H6 119.9 C5-C6-H6 119.9
C6-C7-C8 120.08(15) C6-C7-H7 120.0
C8-C7-H7 120.0 C7-C8-C9 120.29(16)
C7-C8-H8 119.9 C9-C8-H8 119.9
C8-C9-C4 119.93(15) C8-C9-H9 120.0
C4-C9-H9 120.0 C10-C10-P1 111.69(13)
C10-C10-H10A 109.3 P1-C10-H10A 109.3
C10-C10-H10B 109.3 P1-C10-H10B 109.3
H10A-C10-H10B 107.9 C4-P1-C10 104.67(7)
C4-P1-C3 105.47(7) C10-P1-C3 105.84(7)
C4-P1-S1 114.11(5) C10-P1-S1 113.01(5)
C3-P1-S1 112.94(5)
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Crystallographic data for compound 12aj

Ph, /\ >Ph
Ph, P P, Ph
(0] S (0]
Ph Ph
Identification code leung966s
Chemical formula Ca4H1002P2S:
Formula weight 726.82 g/mol
Temperature 103(2) K
Wavelength 1.54178 A
Crystal size 0.020 x 0.040 x 0.320 mm
Crystal habit colorless needle
Crystal system monoclinic
Space group P1211
Unit cell dimensions a=6.1143(4) A o =90°
b=17.0098(11) A B =94.163(6)°
c=18.0673(11) A  y=090°
Volume 1874.1(2) A®
Z 2
Density (calculated) 1.288 g/cm?®
Absorption coefficient 2.379 mm*
F(000) 764

Theta range for data

. 2.45 10 66.69°
collection
Index ranges -6<=h<=7, -20<=k<=20, -21<=I<=19
Reflections collected 20211

Independent reflections 6538 [R(int) = 0.1608]
Coverage of independent

: 99.0%
reflections
Absorption correction Multi-Scan
Max. and min. 0.9540 and 0.5170

transmission
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Structure solution direct methods

technique
Structure solution program XT, VERSION 2014/5
Refinement method Full-matrix least-squares on F2
Refinement program SHELXL-2014/7 (Sheldrick, 2014)
Function minimized Y w(Fo? - F¢?)?
Data | restraints | 6538 /1452
Goodness-of-fit on F? 1.038
Final R indices 4174 data; R1=0.0756, wR2 =
>20(1) 0.1577
all data R1=0.1197, wR2 =
0.1836

w=1/[6?(Fo?)+(0.0411P)?]

Weighting scheme where P=(F.2+2F2)/3
Absolute structure 0.05(4)

parameter

Extinction coefficient 0.0021(4)

Largest diff. peak and hole 0.540 and -0.686 eA

R.M.S. deviation from
mean

0.090 eA

Bond lengths (A) of compound 12aj

C1-C6 1.402(14) C1-C2
C1-H1 0.95 C2-C3
C2-H2 0.95 C3-C4
C3-H3 0.95 C4-C5
C4-H4 0.95 C5-C6
C5-H5 0.95 C6-C7
c7-01 1.222(13) C7-C8
C8-C9 1.537(14) C8-H8A
C8-H8B 0.99 C9-C10
C9-P1 1.855(10) C9-H9
C10-C15 1.374(16) C10-C11
C11-C12 1.389(16) C11-H11
C12-C13 1.382(17) C12-H12
C13-C14 1.377(16) C13-H13
C14-C15 1.409(16) C14-H14
C15-H15 0.95 C16-C17
C16-C21 1.385(15) C16-P1
C17-C18 1.401(16) C17-H17
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1.405(17)
1.368(17)
1.372(17)
1.395(16)
1.381(16)
1.513(15)
1.516(14)
0.99
1.533(15)
1.0
1.379(16)
0.95

0.95

0.95

0.95
1.368(15)
1.818(11)
0.95



C18-C19
C19-C20
C20-C21
C21-H21
C22-P1
C22-H22B
C23-H23A
C24-C25
C24-P2
C25-H25
C26-H26
C27-H27
C28-H28
C30-C31
C30-P2
C31-C36
C32-C33
C33-C34
C34-C35
C35-C36
C36-H36
C37-H37A
C38-02
C39-C40
C40-C41
C41-C42
C42-C43
C43-C44
C44-H44
p2-S2

1.380(16)
1.390(16)
1.391(16)
0.95
1.807(11)
0.99

0.99
1.397(16)
1.817(11)
0.95

0.95

0.95

0.95
1.508(15)
1.847(10)
1.373(15)
1.389(16)
1.370(16)
1.406(17)
1.401(15)
0.95

0.99
1.223(13)
1.395(16)
1.393(15)
1.391(17)
1.380(18)
1.392(16)
0.95
1.955(4)

Bond angles (°) of compound 12aj

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

118.4(11)
120.8
119.6
120.8(13)
119.6
120.1
120.3(11)

C18-H18
C19-H19
C20-H20
C22-C23
C22-H22A
C23-P2
C23-H23B
C24-C29
C25-C26
C26-C27
C27-C28
C28-C29
C29-H29
C30-C37
C30-H30
C31-C32
C32-H32
C33-H33
C34-H34
C35-H35
C37-C38
C37-H37B
C38-C39
C39-C44
C40-H40
C41-H41
C42-H42
C43-H43
P1-S1

C6-C1-H1
C3-C2-C1
C1-C2-H2
C2-C3-H3
C3-C4-C5
C5-C4-H4
C6-C5-H5
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0.95
0.95

0.95
1.542(12)
0.99
1.803(10)
0.99
1.400(15)
1.391(16)
1.407(18)
1.399(18)
1.389(16)
0.95
1.520(15)
1.0
1.413(16)
0.95

0.95

0.95

0.95
1.501(14)
0.99
1.500(15)
1.403(15)
0.95

0.95

0.95

0.95
1.957(4)

120.8
120.7(11)
119.6
119.6
119.7(12)
120.1
119.8



C4-C5-H5
C5-C6-C7
01-C7-C6
C6-C7-C8
C7-C8-H8A
C7-C8-H8B
H8A-C8-H8B
C10-C9-P1
C10-C9-H9
P1-C9-H9
C15-C10-C9
C10-C11-C12
Cl12-C11-H11
C13-C12-H12
C14-C13-C12
C12-C13-H13
C13-C14-Hi14
C10-C15-C14
C14-C15-H15
C17-Cl16-P1
C16-C17-C18
C18-C17-H17
C19-C18-H18
C18-C19-C20
C20-C19-H19
C19-C20-H20
C16-C21-C20
C20-C21-H21
C23-C22-H22A
C23-C22-H22B

H22A-C22-H22B

C22-C23-H23A
C22-C23-H23B

H23A-C23-H23B

C25-C24-pP2

C26-C25-C24
C24-C25-H25
C25-C26-H26
C28-C27-C26
C26-C27-H27
C29-C28-H28

119.8
122.1(10)
120.7(10)
117.1(10)
109.4
109.4
108.0
111.0(7)
107.5
107.5
119.6(11)
119.8(11)
120.1
119.4
119.2(11)
120.4
120.3
120.8(12)
119.6
121.1(8)
120.2(10)
119.9
120.3
120.4(11)
119.8
120.3
120.0(10)
120.0
109.4
109.4
108.0
108.6
108.6
107.6
120.7(9)
118.6(12)
120.7
119.6
119.4(11)
120.3
119.7
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C5-C6-C1
C1-C6-C7
01-C7-C8
C7-C8-C9
C9-C8-H8A
C9-C8-H8B
C10-C9-C8
C8-C9-P1
C8-C9-H9
C15-C10-C11
C11-C10-C9
C10-C11-H11
C13-C12-C11
C11-C12-H12
C14-C13-H13
C13-C14-C15
C15-C14-H14
C10-C15-H15
C17-Cl6-C21
C21-Cl16-P1
C16-C17-H17
C19-C18-C17
C17-C18-H18
C18-C19-H19
C19-C20-C21
C21-C20-H20
C16-C21-H21
C23-C22-P1
P1-C22-H22A
P1-C22-H22B
C22-C23-P2
P2-C23-H23A
P2-C23-H23B
C25-C24-C29
C29-C24-P2
C26-C25-H25
C25-C26-C27
C27-C26-H26
C28-C27-H27
C29-C28-C27
C27-C28-H28

120.0(11)
117.9(10)
122.0(10)
111.2(9)
109.4
109.4
113.7(9)
109.4(7)
1075
119.5(11)
120.9(10)
120.1
121.2(11)
119.4
120.4
119.5(11)
120.3
119.6
120.3(10)
118.6(8)
119.9
119.4(10)
120.3
119.8
119.5(10)
120.3
120.0
111.1(7)
109.4
109.4
114.8(7)
108.6
108.6
121.7(11)
117.4(9)
120.7
120.8(12)
119.6
120.3
120.6(12)
119.7



C28-C29-C24
C24-C29-H29
C31-C30-P2
C31-C30-H30
P2-C30-H30
C36-C31-C30
C33-C32-C31
C31-C32-H32
C34-C33-H33
C33-C34-C35
C35-C34-H34
C36-C35-H35
C31-C36-C35
C35-C36-H36
C38-C37-H37A
C38-C37-H37B

H37A-C37-H37B

02-C38-C37
C40-C39-C44
C44-C39-C38
C41-C40-H40
C42-C41-C40
C40-C41-H41
C43-C42-H42
C42-C43-C44
C44-C43-H43
C43-C44-H44
C22-P1-C16
C16-P1-C9
C16-P1-S1
C23-P2-C24
C24-P2-C30
C24-P2-S2

118.9(11)
1205
110.3(7)
107.2
107.2
122.7(10)
120.6(12)
119.7
119.7
120.1(11)
119.9
120.7
122.1(11)
119.0
109.0
109.0
107.8
120.9(10)
119.6(10)
118.8(10)
120.3
120.6(12)
119.7
119.8
119.5(11)
120.3
119.7
105.5(5)
105.8(5)
112.5(4)
106.8(5)
103.9(5)
113.9(4)
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C28-C29-H29
C31-C30-C37
C37-C30-P2

C37-C30-H30
C36-C31-C32
C32-C31-C30
C33-C32-H32
C34-C33-C32
C32-C33-H33
C33-C34-H34
C36-C35-C34
C34-C35-H35
C31-C36-H36
C38-C37-C30

C30-C37-H37A

C30-C37-H37B
02-C38-C39
C39-C38-C37
C40-C39-C38
C41-C40-C39
C39-C40-H40
C42-C41-H41
C43-C42-C41
C41-C42-H42
C42-C43-H43
C43-C44-C39
C39-C44-H44
C22-P1-C9
C22-P1-S1
C9-P1-S1
C23-P2-C30
C23-P2-S2
C30-P2-S2

1205
113.6(10)
111.2(7)
107.2
118.0(11)
119.1(11)
119.7
120.5(12)
119.7
119.9
118.6(11)
120.7
119.0
113.1(9)
109.0
109.0
120.7(9)
118.3(9)
121.3(9)
119.3(11)
120.3
119.7
120.4(11)
119.8
120.3
120.5(11)
119.7
107.0(5)
112.4(4)
113.1(4)
105.4(5)
112.2(4)
113.9(4)



Crystallographic data for compound chiral-13aa

Pha / \P'\Ph

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
Index ranges

Reflections collected

leung1085m
C20H22Cl2N2P2Pd

529.63 g/mol

100(2) K

0.71073 A

0.160 x 0.240 x 0.300 mm
colorless block

monoclinic

P1211

a=10.33925) A  a=90°
b=14.2907(6) A B =103.424(2)°
c=15.2301(7) A y=90°
2188.83(17) A®

4

1.607 g/cm?®

1.246 mm*

1064

2.17 to 31.52°

-15<=h<=15, -17<=k<=21, -22<=1<=22
26618

Independent reflections 12998 [R(int) = 0.0458]

Coverage of independent

reflections

Absorption correction

Max. and min.
transmission

99.4%
Multi-Scan
0.8260 and 0.7060

181



Structure solution
technique

Structure solution
program

Refinement method
Refinement program
Function minimized

Data / restraints /
parameters

Goodness-of-fit on F2
A/Gmax

Final R indices

Weighting scheme

Absolute structure
parameter

Largest diff. peak and
hole

R.M.S. deviation from
mean

direct methods

XT, VERSION 2014/5

Full-matrix least-squares on F?
SHELXL-2016/6 (Sheldrick, 2016)
)y W(F02 - Fc2)2

12998 / 1808 / 738

1.047

0.001

10358 data; R1 = 0.0546, WR2 =

>20(1) 0.1050

A1l data R1=0.0751, wR2 =
0.1196

w=1/[6%(Fo?)+(0.0255P)%+3.6768P]
where P=(Fo?+2F¢?)/3

-0.018(18)
0.746 and -1.027 eA3

0.116 eA®

Bond lengths (A) of compound chiral-13aa

C1-C2
C1l-P1
C2-H2
C3-H3
C4-H4
C5-H5
C7-C8
C7-H7A
C8-C9
C8-H8B
C10-C11
C10-H10A
Cl11-P2
Cl1-Hi1B
C12-C17
C13-C14

1.386(8) C1-C6
1.806(6) C2-C3
0.95 C3-C4
0.95 C4-C5
0.95 C5-C6
0.95 C6-H6
1.532(10) C7-P1
0.99 C7-H7B
1.463(10) C8-H8A
0.99 C9-N1
1.536(8) C10-P1
0.99 C10-H10B
1.822(6) C11-H11A
0.99 C12-C13
1.39 C12-P2
1.39 C13-H13
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1.399(8)
1.387(8)
1.387(9)
1.386(9)
1.381(9)
0.95
1.830(7)
0.99
0.99
1.135(9)
1.824(6)
0.99
0.99
1.39
1.778(6)
0.95



C14-C15
C15-Cl6
C16-C17
C17-H17
C18-P2
C18-H18B
C19-H19A
C20-N2
Cl2-Pd1
P2-C12A
C21-C22
C21-P3
C22-H22
C23-H23
C24-H24
C25-H25
C27-C28
C27-H27A
C28-C29
C28-H28B
C30-C31
C30-H30A
C31-P4
C31-H31B
C32-C37
C33-C34
C34-C35
C35-C36
C36-C37
C37-H37
C38-P4
C38-H38B
C39-H39A
C40-N4
Cl4-Pd2
P4-Pd2
C21A-C22A
C22A-C23A
C23A-C24A
C24A-C25A
C25A-C26A

1.39
1.39

1.39

0.95
1.827(6)
0.99

0.99
1.140(9)
2.3817(15)
1.828(8)
1.39
1.808(8)
0.95

0.95

0.95

0.95
1.533(12)
0.99
1.462(13)
0.99
1.553(12)
0.99
1.832(10)
0.99

1.39

1.39

1.39

1.39

1.39

0.95
1.828(11)
0.99

0.99
1.145(13)
2.375(4)
2.229(4)
1.400(11)
1.385(11)
1.385(11)
1.403(11)
1.387(11)

Cl4-H14
C15-H15
C16-H16
C18-C19
C18-H18A
C19-C20
C19-H19B
Cl1-Pd1
P1-Pd1
P2-Pd1
C21-C26
C22-C23
C23-C24
C24-C25
C25-C26
C26-H26
C27-P3
C27-H27B
C28-H28A
C29-N3
C30-P3
C30-H30B
C31-H31A
C32-C33
C32-P4
C33-H33
C34-H34
C35-H35
C36-H36
C38-C39
C38-H38A
C39-C40
C39-H39B
Cl3-Pd2
P3-Pd2
C21A-C26A
C21A-P3A
C22A-H22A
C23A-H23A
C24A-H24A
C25A-H25A
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0.95
0.95

0.95
1.517(9)
0.99
1.434(10)
0.99
2.3568(18)
2.2255(17)
2.2281(17)
1.39

1.39

1.39

1.39

1.39

0.95
1.832(10)
0.99

0.99
1.134(12)
1.832(10)
0.99

0.99

1.39
1.798(7)
0.95

0.95

0.95

0.95
1.516(13)
0.99
1.446(13)
0.99
2.358(4)
2.233(6)
1.373(11)
1.807(10)
0.95

0.95

0.95

0.95



C26A-H26A
C27A-P3A
C27A-H27D
C28A-H28C
C29A-N3A
C30A-P3A
C30A-H30D
C31A-H31C
C32A-C33A
C32A-P4A
C33A-H33A
C34A-H34A
C35A-H35A
C36A-H36A
C38A-C39A
C38A-H38C
C39A-C40A
C39A-H39D
CI3A-Pd2A
P3A-Pd2A
C12A-C13A
C13A-Cl4A
C14A-C15A
C15A-C16A
C16A-C17A
C17A-H17A

Bond angles (°) of compound chiral-13aa

0.95
1.834(11)
0.99

0.99
1.132(13)
1.794(11)
0.99

0.99
1.379(10)
1.790(10)
0.95

0.95

0.95

0.95
1.516(13)
0.99
1.437(14)
0.99
2.366(6)
2.220(7)
1.39

1.39

1.39

1.39

1.39

0.95

C2-C1-C6
C6-C1-P1
C1-C2-H2
C4-C3-C2
C2-C3-H3
C5-C4-H4
C6-C5-C4
C4-C5-H5
C5-C6-H6
C8-C7-P1
P1-C7-H7A

119.4(6)
120.1(5)
120.3
121.0(7)
1195
120.1
119.4(7)
120.3
1195
115.2(5)
1085

C27A-C28A
C27A-H27C
C28A-C29A
C28A-H28D
C30A-C31A
C30A-H30C
C31A-P4A
C31A-H31D
C32A-C37A
C33A-C34A
C34A-C35A
C35A-C36A
C36A-C37A
C37A-H37A
C38A-P4A
C38A-H38D
C39A-H39C
C40A-N4A
Cl4A-Pd2A
P4A-Pd2A
C12A-C17A
C13A-H13A
Cl4A-H14A
C15A-H15A
C16A-H16A

C2-C1-P1
C1-C2-C3
C3-C2-H2
C4-C3-H3
C5-C4-C3
C3-C4-H4
C6-C5-H5
C5-C6-C1
C1-C6-H6
C8-C7-H7A
C8-C7-H7B
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1.528(13)
0.99
1.461(13)
0.99
1.520(12)
0.99
1.821(11)
0.99
1.400(10)
1.387(10)
1.386(10)
1.380(10)
1.396(10)
0.95
1.833(11)
0.99

0.99
1.144(13)
2.367(5)
2.232(5)
1.39

0.95

0.95

0.95

0.95

120.4(5)
119.3(6)
120.3
1195
119.8(7)
120.1
120.3
121.0(7)
1195
1085
1085



P1-C7-H7B
C9-C8-C7
C7-C8-H8A
C7-C8-H8B
N1-C9-C8
C11-C10-H10A
C11-C10-H10B
H10A-C10-H10B
C10-C11-H11A
C10-C11-H11B
H11A-C11-H11B
C13-C12-P2
C14-C13-C12
C12-C13-H13
C15-C14-H14
C16-C15-C14
C14-C15-H15
C15-C16-H16
C16-C17-C12
C12-C17-H17
C19-C18-H18A
C19-C18-H18B
H18A-C18-H18B
C20-C19-H19A
C20-C19-H19B
H19A-C19-H19B
C1-P1-C10
C10-P1-C7
C10-P1-Pd1
C12-P2-Ci11
C11-P2-C18
C18-P2-C12A
C11-P2-Pd1
C12A-P2-Pd1
P1-Pd1-Cl1
P1-Pd1-CI2
Cl1-Pd1-CI2
C22-C21-P3
C23-C22-C21
C21-C22-H22
C22-C23-H23

108.5
114.3(7)
108.7
108.7
179.5(11)
1105
1105
108.7
110.4
110.4
108.6
119.3(5)
120.0
120.0
120.0
120.0
120.0
120.0
120.0
120.0
109.5
109.5
108.1
108.9
108.9
107.7
104.0(3)
108.8(3)
107.8(2)
107.1(4)
107.5(3)
108.0(5)
108.5(2)
115.4(4)
89.01(7)
173.57(7)
97.37(6)
118.3(6)
120.0
120.0
120.0

H7A-C7-H/B
C9-C8-H8A
C9-C8-H8B
H8A-C8-H8B
C11-C10-P1
P1-C10-H10A
P1-C10-H10B
C10-C11-P2
P2-C11-H11A
P2-C11-H11B
C13-C12-C17
C17-C12-P2
C14-C13-H13
C15-C14-C13
C13-C14-H14
C16-C15-H15
C15-Cl6-C17
C17-Cle-H16
C16-C17-H17
C19-C18-P2
P2-C18-H18A
P2-C18-H18B
C20-C19-C18
C18-C19-H19A
C18-C19-H19B
N2-C20-C19
C1-P1-C7
C1-P1-Pd1
C7-P1-Pd1
C12-p2-C18
Cl11-P2-C12A
C12-P2-Pd1
C18-P2-Pd1
P1-Pd1-P2
P2-Pd1-Cl1
P2-Pd1-CI2
C22-C21-C26
C26-C21-P3
C23-C22-H22
C22-C23-C24
C24-C23-H23
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1075
108.7
108.7
107.6
106.2(4)
1105
1105
106.5(4)
110.4
110.4
120.0
120.5(5)
120.0
120.0
120.0
120.0
120.0
120.0
120.0
110.6(5)
1095
1095
113.3(7)
108.9
108.9
178.9(12)
104.9(3)
114.02)
116.5(3)
106.7(4)
101.3(5)
111.7(3)
114.9(2)
85.17(6)
174.17(6)
88.45(6)
120.0
121.7(6)
120.0
120.0
120.0



C25-C24-C23
C23-C24-H24
C26-C25-H25
C25-C26-C21
C21-C26-H26
C28-C27-H27A
C28-C27-H27B

H27A-C27-H27B

C29-C28-H28A
C29-C28-H28B

H28A-C28-H28B

C31-C30-P3
P3-C30-H30A
P3-C30-H30B
C30-C31-P4
P4-C31-H31A
P4-C31-H31B
C33-C32-C37
C37-C32-P4
C34-C33-H33
C33-C34-C35
C35-C34-H34
C36-C35-H35
C35-C36-C37
C37-C36-H36
C36-C37-H37
C39-C38-P4
P4-C38-H38A
P4-C38-H38B
C40-C39-C38
C38-C39-H39A
C38-C39-H39B
N4-C40-C39
C21-P3-C27
C21-P3-Pd2
C27-P3-Pd2
C32-P4-C31
C32-P4-Pd2
C31-P4-Pd2
P4-Pd2-CI3
P4-Pd2-Cl4

120.0
120.0
120.0
120.0
120.0
108.1
108.1
107.3
109.1
109.1
107.8
106.2(8)
1105
1105
104.9(7)
110.8
110.8
120.0
122.0(5)
120.0
120.0
120.0
120.0
120.0
120.0
120.0
116.7(11)
108.1
108.1
112.6(12)
109.1
109.1
178.(2)
103.7(6)
113.6(5)
112.9(5)
104.4(6)
113.8(4)
108.8(4)
175.21(19)
91.74(17)

C25-C24-H24
C26-C25-C24
C24-C25-H25
C25-C26-H26
C28-C27-P3
P3-C27-H27A
P3-C27-H27B
C29-C28-C27
C27-C28-H28A
C27-C28-H28B
N3-C29-C28
C31-C30-H30A
C31-C30-H30B

H30A-C30-H30B

C30-C31-H31A
C30-C31-H31B

H31A-C31-H31B

C33-C32-P4
C34-C33-C32
C32-C33-H33
C33-C34-H34
C36-C35-C34
C34-C35-H35
C35-C36-H36
C36-C37-C32
C32-C37-H37
C39-C38-H38A
C39-C38-H38B

H38A-C38-H38B

C40-C39-H39A
C40-C39-H39B

H39A-C39-H39B

C21-P3-C30
C30-P3-C27
C30-P3-Pd2
C32-P4-C38
C38-P4-C31
C38-P4-Pd2
P4-Pd2-P3
P3-Pd2-CI3
P3-Pd2-Cl4
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120.0
120.0
120.0
120.0
116.9(9)
108.1
108.1
112.7(12)
109.1
109.1
178.(2)
1105
1105
108.7
110.8
110.8
108.8
118.0(5)
120.0
120.0
120.0
120.0
120.0
120.0
120.0
120.0
108.1
108.1
107.3
109.1
109.1
107.8
108.8(6)
108.1(7)
109.5(5)
106.7(6)
108.5(6)
114.0(5)
84.3(2)
91.3(2)
174.2(2)



CI3-Pd2-Cl4
C26A-C21A-P3A
C23A-C22A-C21A
C21A-C22A-H22A
C22A-C23A-H23A
C23A-C24A-C25A
C25A-C24A-H24A
C26A-C25A-H25A
C21A-C26A-C25A
C25A-C26A-H26A
C28A-C27A-H2/C
C28A-C27A-H27D
H27C-C27A-H27D
C29A-C28A-H28C
C29A-C28A-H28D
H28C-C28A-H28D
C31A-C30A-P3A
P3A-C30A-H30C
P3A-C30A-H30D
C30A-C31A-P4A
P4A-C31A-H31C
P4A-C31A-H31D
C33A-C32A-C37A
C37A-C32A-P4A
C32A-C33A-H33A
C35A-C34A-C33A
C33A-C34A-H34A
C36A-C35A-H35A
C35A-C36A-C37A
C37A-C36A-H36A
C36A-C37A-H37A
C39A-C38A-P4A
P4A-C38A-H38C
P4A-C38A-H38D
C40A-C39A-C38A
C38A-C39A-H39C
C38A-C39A-H39D
N4A-C40A-C39A
C30A-P3A-C27A
C30A-P3A-Pd2A
C27A-P3A-Pd2A

92.74(17)
122.9(10)
120.8(12)
119.6
119.8
120.0(13)
120.0
121.1
123.6(12)
118.2
108.1
108.1
107.3
109.2
109.2
107.9
113.6(9)
108.9
108.9
112.3(9)
109.1
109.1
119.0(9)
120.1(9)
119.6
120.2(12)
119.9
120.2
120.0(12)
120.0
120.0
113.6(11)
108.9
108.9
113.1(13)
109.0
109.0
177.(3)
112.3(9)
107.4(6)
108.8(7)

C26A-C21A-C22A
C22A-C21A-P3A
C23A-C22A-H22A
C22A-C23A-C24A
C24A-C23A-H23A
C23A-C24A-H24A
C26A-C25A-C24A
C24A-C25A-H25A
C21A-C26A-H26A
C28A-C27A-P3A
P3A-C27A-H27C
P3A-C27A-H27D
C29A-C28A-C27A
C27A-C28A-H28C
C27A-C28A-H28D
N3A-C29A-C28A
C31A-C30A-H30C
C31A-C30A-H30D
H30C-C30A-H30D
C30A-C31A-H31C
C30A-C31A-H31D
H31C-C31A-H31D
C33A-C32A-P4A
C32A-C33A-C34A
C34A-C33A-H33A
C35A-C34A-H34A
C36A-C35A-C34A
C34A-C35A-H35A
C35A-C36A-H36A
C36A-C37A-C32A
C32A-C37A-H37A
C39A-C38A-H38C
C39A-C38A-H38D
H38C-C38A-H38D
C40A-C39A-H39C
C40A-C39A-H39D
H39C-C39A-H39D
C30A-P3A-C21A
C21A-P3A-C27A
C21A-P3A-Pd2A
C32A-P4A-C31A

187

117.4(11)
119.2(10)
119.6
120.3(13)
119.8
120.0
117.7(12)
121.1
118.2
117.0(11)
108.1
108.1
111.8(14)
109.2
109.2
176.(3)
108.9
108.9
107.7
109.1
109.1
107.9
120.8(9)
120.8(11)
119.6
119.9
119.6(11)
120.2
120.0
120.0(11)
120.0
108.9
108.9
107.7
109.0
109.0
107.8
110.6(8)
102.0(8)
115.7(8)
104.4(8)



C32A-P4A-C38A
C32A-P4A-Pd2A
C38A-P4A-Pd2A
P3A-Pd2A-CI3A
P3A-Pd2A-CI4A
CI3A-Pd2A-CI4A
C13A-C12A-P2
C12A-C13A-C14A
C14A-C13A-H13A
C15A-C14A-H14A
C14A-C15A-C16A
C16A-C15A-H15A
C17A-C16A-H16A
C16A-C17A-C12A
C12A-C17A-H17A

103.7(7)
116.1(5)
114.4(6)
88.4(3)
177.5(3)
93.9(3)
119.8(7)
120.0
120.0
120.0
120.0
120.0
120.0
120.0
120.0

C31A-P4A-C38A
C31A-P4A-Pd2A
P3A-Pd2A-P4A
P4A-Pd2A-CI3A
P4A-Pd2A-CI4A
C13A-C12A-C17A
C17A-C12A-P2
C12A-C13A-H13A
C15A-C14A-C13A
C13A-Cl4A-H14A
C14A-C15A-H15A
C17A-C16A-C15A
C15A-C16A-H16A
C16A-C17A-H17A
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108.1(8)
109.4(5)
87.2(3)
175.5(3)
90.5(2)
120.0
120.1(7)
120.0
120.0
120.0
120.0
120.0
120.0
120.0



Crystallographic data for compound meso-13’aa

Ph,. / \_.\Ph

P P
S\
/ N\

NC Cl “CcN

Cl

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
Index ranges
Reflections collected

Independent reflections
Coverage of independent

reflections

Absorption correction

leung1075m
C20H22Cl2N2P2Pd
529.63 g/mol
100(2) K
0.71073 A

0.080 x 0.200 x 0.220 mm

colorless plate
monoclinic
P121/cl
a=15.9062(6) A
b =11.5702(5) A
¢ =12.4964(5) A
2124.48(15) A®
4

1.656 g/cm?®
1.284 mm?

1064

2.24 10 29.99°

a=90°
B=112.5172(12)°
y=90°

-22<=h<=22, -16<=k<=16, -17<=I<=17

28094

6186 [R(int) = 0.0787]

99.8%

Multi-Scan

189



Max. and min.
transmission

Structure solution
technique

Structure solution
program

Refinement method
Refinement program
Function minimized

Data / restraints /
parameters

Goodness-of-fit on F2
A/Gmax

Final R indices

Weighting scheme

Largest diff. peak and
hole

R.M.S. deviation from
mean

0.9040 and 0.7650
direct methods

XT, VERSION 2014/5

Full-matrix least-squares on F?
SHELXL-2016/6 (Sheldrick, 2016)
by W(F02 - Fcz)z

6186/ 0/ 244

1.043

0.001

4841 data; R1=0.0433, wR2 =

>26(1) 0.0774

Al data R1=0.0623, WR2 =
0.0856

w=1/[62(Fo?)+(0.0209P)%+1.8959P]
where P=(Fo?+2F¢?)/3

1.341 and -1.182 eA

0.154 eA®

Bond lengths (A) of compound meso-13’aa

C1-N1
C2-C3
C2-H2B
C3-H3A
C4-C5
C4-P1
C5-H5
C6-Hb6
C7-H7
C8-H8
C10-C11
C10-H10A
Cl11-P2
Cl1-Hi1B
C12-C17
C13-C14

1.138(4) C1-C2
1.533(4) C2-H2A
0.99 C3-P1
0.99 C3-H3B
1.386(4) C4-C9
1.798(3) C5-C6
0.95 C6-C7
0.95 C7-C8
0.95 C8-C9
0.95 C9-H9
1.531(4) C10-P1
0.99 C10-H10B
1.825(3) C11-H11A
0.99 C12-C13
1.392(4) C12-P2
1.385(5) C13-H13
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1.466(4)
0.99
1.821(3)
0.99
1.393(4)
1.379(5)
1.387(5)
1.386(5)
1.382(5)
0.95
1.828(3)
0.99
0.99
1.391(4)
1.810(3)
0.95



C14-C15
C15-Cl6
C16-C17
C17-H17
C18-P2
C18-H18B
C19-H19A
C20-N2
Cl2-Pd1
P2-Pd1

Bond angles (°) of compound meso-13’aa

1.381(5)
1.384(5)
1.386(5)
0.95
1.824(3)
0.99

0.99
1.138(4)
2.3669(8)
2.2141(8)

N1-C1-C2
C1-C2-H2A
C1-C2-H2B
H2A-C2-H2B
C2-C3-H3A
C2-C3-H3B
H3A-C3-H3B
C5-C4-P1
C6-C5-C4
C4-C5-H5
C5-C6-H6
C8-C7-C6
C6-C7-H7
C9-C8-H8
C8-C9-C4
C4-C9-H9
C11-C10-H10A
C11-C10-H10B
H10A-C10-H10B
C10-C11-H11A
C10-C11-H11B
H11A-C11-H11B
C13-C12-P2
C14-C13-C12
C12-C13-H13
C15-C14-H14
C14-C15-Cl6

178.2(4)
109.7
109.7
108.2
107.9
107.9
107.2
122.7(2)
120.1(3)
119.9
119.7
119.4(3)
120.3
120.0
120.5(3)
119.8
110.0
110.0
108.4
110.3
110.3
108.6
120.5(2)
120.1(3)
120.0
120.1
120.5(3)

Cl4-H14
C15-H15
C16-H16
C18-C19
C18-H18A
C19-C20
C19-H19B
Cl1-Pd1
P1-Pd1

C1-C2-C3
C3-C2-H2A
C3-C2-H2B
C2-C3-P1
P1-C3-H3A
P1-C3-H3B
C5-C4-C9
C9-C4-P1
C6-C5-H5
C5-C6-C7
C7-C6-H6
C8-C7-H7
C9-C8-C7
C7-C8-H8
C8-C9-H9
C11-C10-P1
P1-C10-H10A
P1-C10-H10B
C10-C11-P2
P2-C11-H11A
P2-C11-H11B
C13-C12-C17
C17-C12-P2
C14-C13-H13
C15-C14-C13
C13-C14-H14
C14-C15-H15
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0.95
0.95

0.95
1.536(4)
0.99
1.472(5)
0.99
2.3556(8)
2.2234(8)

109.7(3)
109.7
109.7
117.6(2)
107.9
107.9
119.2(3)
118.0(2)
119.9
120.7(3)
119.7
120.3
120.1(3)
120.0
119.8
108.5(2)
110.0
110.0
106.9(2)
110.3
110.3
119.7(3)
119.7(3)
120.0
119.9(3)
120.1
119.8



C16-C15-H15
C15-C16-H16
C16-C17-C12
Cl12-C17-H17
C19-C18-H18A
C19-C18-H18B
H18A-C18-H18B
C20-C19-H19A
C20-C19-H19B
H19A-C19-H19B
C4-P1-C3
C3-P1-C10
C3-P1-Pd1
C12-p2-C18
C18-P2-C11
C18-P2-Pd1
P2-Pd1-P1
P1-Pd1-Cl1
P1-Pd1-Cl2

119.8
120.1
119.9(3)
120.0
108.7
108.7
107.6
108.8
108.8
107.7
109.45(15)
100.98(14)
117.74(11)
107.29(15)
108.00(15)
114.01(11)
85.92(3)
89.64(3)
172.06(3)
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C15-C16-C17
C17-Cl16-H16
C16-C17-H17
C19-C18-P2
P2-C18-H18A
P2-C18-H18B
C20-C19-C18
C18-C19-H19A
C18-C19-H19B
N2-C20-C19
C4-P1-C10
C4-P1-Pd1
C10-P1-Pd1
Cl12-p2-C11
C12-P2-Pd1
C11-P2-Pd1
P2-Pd1-Cl1
P2-Pd1-Cl2
Cl1-Pd1-CI2

119.9(3)
120.1
120.0
114.0(2)
108.7
108.7
113.8(3)
108.8
108.8
179.2(4)
105.98(15)
113.10(10)
108.25(11)
103.12(15)
115.02(11)
108.66(10)
174.12(3)
88.51(3)
96.27(3)



Crystallographic data for compound chiral-17a

1] 1}
PPh,0 O PPh,

/OO\
HO OH

Identification code leungl1217s

Chemical formula CasH4206P2S:

Formula weight 804.84 g/mol
Temperature 296(2) K

Wavelength 1.54178 A

Crystal size 0.020 x 0.200 x 0.280 mm
Crystal habit colorless needle

Crystal system monoclinic

Space group P1211

Unit cell dimensions a=6.8741(4A  a=90°

b=35.809(2) A B=111.1594)°
c=9.06495) A  y=90°

Volume 2080.9(2) A3

Z 2

Density (calculated) 1.284 g/cm?®

Absorption coefficient 2.268 mm*

F(000) 844

Thetarange fordata 7.5 67.90-

Index ranges -8<=h<=8, -42<=k<=40, -10<=I<=10

Reflections collected 27001
Independent reflections 7293 [R(int) = 0.0550]

Coverage of independent
reflections

Absorption correction  Multi-Scan

Max. and min.
transmission

99.0%

0.9560 and 0.5690

193



Structure solution
technique

Structure solution
program

Refinement method
Refinement program
Function minimized

Data / restraints /
parameters

Goodness-of-fit on F2
A/Gmax

Final R indices

Weighting scheme

Absolute structure
parameter

Largest diff. peak and
hole

R.M.S. deviation from
mean

direct methods

SHELXT 2014/5 (Sheldrick, 2014)

Full-matrix least-squares on F?
SHELXL-2018/3 (Sheldrick, 2018)
)y W(F02 - Fc2)2

7293 /1 /501

1.033

0.001

6742 data; R1=0.0421, WR2 =

>20(1) 0.1024

A1l data R1 =0.0462, WR2 =
0.1051

w=1/[62(Fo?)+(0.0482P)?+0.3982P]
where P=(Fo?+2F¢?)/3

0.030(10)
0.405 and -0.203 eA®

0.039 eA®

Bond lengths (A) of compound chiral-17aa’

C1-C6 1.361(7) C1-C2
C1-P1 1.823(5) C2-C3
C3-C4 1.372(9) C4-C5
C5-C6 1.382(9) C7-C12
C7-C8 1.387(7) C7-P1
C8-C9 1.385(7) C9-C10
C10-C11 1.356(9) C11-C12
C13-Cl14 1.513(6) C13-C21
C13-P1 1.850(4) C14-C15
C14-C19 1.403(6) C15-C16
C16-C17 1.364(6) C17-01
C17-C18 1.381(7) C18-02
C18-C19 1.383(7) C20-02
C21-C22 1.503(6) C22-03
C22-C23 1.405(6) C23-C24
C24-04 1.278(6) C24-C25

194

1.371(7)
1.401(8)
1.341(10)
1.384(6)
1.824(4)
1.370(9)
1.403(7)
1.541(6)
1.378(6)
1.375(7)
1.375(6)
1.376(5)
1.413(8)
1.272(6)
1.389(6)
1.500(6)



C25-C26
C26-P2
C27-C32
C29-C30
C30-C31
C31-C32
C34-C39
C34-P2
C36-C37
C38-C39
C40-C41
C41-C42
C43-C44
P1-S1

Bond anagles (°) of compound chiral-17aa’

1.550(6)
1.843(4)
1.381(6)
1.348(7)
1.387(7)
1.392(7)
1.376(7)
1.820(4)
1.352(10)
1.408(8)
1.376(6)
1.386(8)
1.359(8)
1.9488(15)

C6-C1-C2
C2-C1-P1
C4-C3-C2
C4-C5-C6
C12-C7-C8
C8-C7-P1
C10-C9-C8
C10-C11-C12
Cl14-C13-C21
C21-C13-P1
C15-C14-C13
C16-C15-C14
C16-C17-01
01-C17-C18
02-C18-C19
C18-C19-C14
03-C22-C23
C23-C22-C21
04-C24-C23
C23-C24-C25
C27-C26-C25
C25-C26-P2
C28-C27-C26

119.1(5)
120.4(3)
119.4(6)
120.4(6)
119.8(4)
117.2(4)
120.1(5)
120.3(5)
114.8(3)
106.9(3)
120.6(4)
121.8(4)
119.1(4)
121.6(4)
125.5(4)
120.6(4)
121.6(4)
120.1(4)
122.3(4)
120.8(4)
114.5(3)
106.9(3)
119.2(4)

C26-C27
C27-C28
C28-C29
C30-06
C31-05
C33-05
C34-C35
C35-C36
C37-C38
C40-C45
C40-P2
C42-C43
C44-C45
p2-S2

C6-C1-P1
C1-C2-C3
C5-C4-C3
C1-C6-C5
C12-C7-P1
C9-C8-C7
C11-C10-C9
C7-C12-C11
C14-C13-P1
C15-C14-C19
C19-C14-C13
C17-C16-C15
C16-C17-C18
02-C18-C17
C17-C18-C19
C22-C21-C13
03-C22-C21
C24-C23-C22
04-C24-C25
C24-C25-C26
C27-C26-P2
C28-C27-C32
C32-C27-C26
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1.520(6)
1.371(6)
1.404(7)
1.387(6)
1.360(6)
1.411(9)
1.378(7)
1.385(8)
1.375(10)
1.370(7)
1.820(4)
1.372(9)
1.397(7)
1.9535(15)

120.3(4)
119.9(5)
120.3(6)
120.9(6)
123.1(3)
119.9(5)
120.7(5)
119.2(5)
111.3(3)
117.4(4)
122.0(4)
120.6(5)
119.3(4)
114.1(4)
120.3(4)
112.4(4)
118.2(4)
120.1(4)
116.8(4)
112.3(3)
112.4(3)
118.4(4)
122.4(4)



C27-C28-C29
C29-C30-06
06-C30-C31
05-C31-C32
C27-C32-C31
C39-C34-P2
C34-C35-C36
C36-C37-C38
C34-C39-C38
C45-C40-P2
C40-C41-C42
C44-C43-C42
C40-C45-C44
C31-05-C33
C1-P1-C13
C1-P1-S1
C13-P1-S1
C34-P2-C26
C34-P2-S2
C26-P2-S2

120.9(4)
119.3(5)
120.7(5)
125.6(5)
121.0(4)
122.4(4)
120.8(6)
121.9(6)
118.8(6)
121.6(3)
121.1(5)
120.2(5)
120.8(5)
116.9(6)
108.72(19)
112.74(15)
112.26(15)
104.8(2)
113.30(16)
112.86(15)

C30-C29-C28
C29-C30-C31
05-C31-C30
C30-C31-C32
C39-C34-C35
C35-C34-P2
C37-C36-C35
C37-C38-C39
C45-C40-C41
C41-C40-P2
C43-C42-C41
C43-C44-C45
C18-02-C20
C1-P1-C7
C7-P1-C13
C7-P1-S1
C34-P2-C40
C40-P2-C26
C40-P2-S2
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120.3(5)
120.0(5)
114.9(5)
119.5(4)
120.2(5)
117.4(4)
118.9(6)
119.3(6)
118.4(4)
119.8(4)
119.7(5)
119.8(5)
117.5(5)
103.57(19)
106.05(19)
112.92(16)
104.21(19)
108.88(18)
112.17(15)



Crystallographic data for compound mono-17aa

Identification code leung1205s

Chemical formula Ca4H33Cl.06PS

Formula weight 671.53 g/mol

Temperature 100(2) K

Wavelength 1.54178 A

Crystal size 0.010 x 0.020 x 0.280 mm
Crystal habit colorless needle

Crystal system monoclinic

Space group P12l/c1

Unit cell dimensions a=12.73355) A  a=90°

b =8.8031(3) A B=91.317(3)°
c=28.6775(9) A  y=90°

Volume 3213.7(2) A3

Z 4

Density (calculated) 1.388 g/cm?®

Absorption coefficient 3.265 mm*

F(000) 1400

Index ranges -15<=h<=13, -10<=k<=10, -30<=I<=34

Reflections collected 23783
Independent reflections 5804 [R(int) = 0.0909]

Coverage of independent
reflections

Absorption correction  Multi-Scan

Max. and min.
transmission

98.4%

0.9680 and 0.4620
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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 2014/5

Full-matrix least-squares on F?
SHELXL-2018/3 (Sheldrick, 2018)
)y W(F02 - Fc2)2

5804 / 1739 / 625

1.027

4734 data; R1 = 0.0884, WR2 =

>20(1) 0.2210

A1l data R1=0.1001, wR2 =
0.2353

w=1/[6%(Fo?)+(0.1627P)?+2.3670P]
where P=(Fo?+2F¢?)/3

0.900 and -1.299 eA-3

0.128 A

Bond lengths (A) of compound mono-17aa

C1-01
C1-H1B
C2-01
C2-C7
C3-C4
C4-H4
C5-H5
C6-C8
C8-C9
C9-C10
C10-03
C11-C12
C12-0O4
C13-C14
C13-H13B
Cl14-P1
C15-C16
C16-C17
C17-C18

1.432(7) C1-H1A 0.98
0.98 C1-H1C 0.98
1.365(5) C2-C3 1.39
1.39 C3-02 1.377(5)
1.39 C4-C5 1.39
0.95 C5-C6 1.39
0.95 C6-C7 1.39
1.482(6) C7-H7 0.95
1.327(7) C8-H8 0.95
1.461(8) C9-H9 0.95
1.335(10) C10-C11 1.352(11)
1.438(7) C11-H11 0.95
1.258(8) C12-C13 1.506(9)
1.543(7) C13-H13A 0.99
0.99 C14-C15 1.535(5)
1.864(6) C14-H14 1.0

1.39 C15-C20 1.39
1.39 C16-H16 0.95
1.39 C17-H17 0.95
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C18-05
C19-06
C20-H20
C21-H21A
C21-H21C
02-H2
C1A-O1A
C1A-H1A2
C2A-0O1A
C2A-C7A
C3A-C4A
C4A-HAA
C5A-H5A1
C6A-C8A
C8A-C9A
C9A-C10A
C10A-O3A
C11A-C12A
C12A-O4A
C13A-Cl4A
C13A-H13D
Cl14A-P1
C15A-C16A
C16A-C17A
C17A-C18A
C18A-O5A
C19A-0O6A
C20A-H20A
C21A-H21D
C21A-H21F
0O2A-H2A
C22-C27
C22-P1
C23-H23
C24-H24
C25-H25
C26-H26
C28-C33
C28-P1
C29-H29
C30-H30

1.383(5)
1.367(5)
0.95
0.98
0.98
0.84
1.429(9)
0.98
1.368(7)
1.39
1.39
0.95
0.95
1.473(7)
1.327(8)
1.464(10)
1.319(11)
1.430(9)
1.257(9)
1.540(8)
0.99
1.851(7)
1.39
1.39
1.39
1.385(6)
1.366(6)
0.95
0.98
0.98
0.84
1.380(5)
1.813(3)
0.95
0.95
0.95
0.95
1.381(6)
1.822(3)
0.95
0.95

C18-C19
C19-C20
C21-06
C21-H21B
O5-H5A
0O3-H3
Cl1A-H1Al
C1A-H1A3
C2A-C3A
C3A-02A
C4A-C5A
C5A-C6A
C6A-C7A
C7A-H7A
C8A-HBA
C9A-HOA
C10A-C11A
Cl11A-H11A
C12A-C13A
C13A-H13C
C14A-C15A
Cl4A-H14A
C15A-C20A
C16A-H16A
C17A-H17A
C18A-C19A
C19A-C20A
C21A-0O6A
C21A-H21E
O5A-H5A2
O3A-H3A
C22-C23
C23-C24
C24-C25
C25-C26
C26-C27
C27-H27
C28-C29
C29-C30
C30-C31
C31-C32
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1.39
1.39
1.430(8)
0.98
0.84
0.84
0.98
0.98
1.39
1.374(6)
1.39
1.39
1.39
0.95
0.95
0.95
1.352(11)
0.95
1.508(9)
0.99
1.528(7)
1.0

1.39
0.95
0.95
1.39
1.39
1.434(9)
0.98
0.84
0.84
1.381(5)
1.398(5)
1.372(6)
1.360(7)
1.408(6)
0.95
1.391(6)
1.396(6)
1.374(8)
1.357(7)



C31-H31 0.95 C32-C33
C32-H32 0.95 C33-H33
C34-CI2 1.709(8) C34-Cl1
C34-H34A 0.99 C34-H34B
C34A-CI2A 1.700(10) C34A-CI1A
C34A-H34C 0.99 C34A-H34D
P1-S1 1.9558(13)

Bond angles (°) of compound mono-17aa

O1-C1-H1A 109.5 01-C1-H1B
H1A-C1-H1B 109.5 01-C1-H1C
H1A-C1-H1C 109.5 H1B-C1-H1C
01-C2-C3 113.5(4) 01-C2-C7
C3-C2-C7 120.0 02-C3-C4
02-C3-C2 120.9(5) C4-C3-C2
C5-C4-C3 120.0 C5-C4-H4
C3-C4-H4 120.0 C4-C5-C6
C4-C5-H5 120.0 C6-C5-H5
C5-C6-C7 120.0 C5-C6-C8
C7-C6-C8 118.6(4) C6-C7-C2
C6-C7-H7 120.0 C2-C7-H7
C9-C8-C6 126.8(6) C9-C8-H8
C6-C8-H8 116.6 C8-C9-C10
C8-C9-H9 117.8 C10-C9-H9
03-C10-C11 122.1(7) 03-C10-C9
C11-C10-C9 126.5(8) C10-C11-C12
C10-C11-H11 119.4 C12-C11-H11
04-C12-C11 121.4(8) 04-C12-C13
C11-C12-C13 116.9(7) C12-C13-C14
C12-C13-H13A 108.6 C14-C13-H13A
C12-C13-H13B 108.6 C14-C13-H13B
H13A-C13-H13B 107.6 C15-C14-C13
C15-C14-P1 110.9(6) C13-C14-P1
C15-C14-H14 106.4 C13-C14-H14
P1-C14-H14 106.4 C16-C15-C20
C16-C15-C14 120.1(4) C20-C15-C14
C15-C16-C17 120.0 C15-C16-H16
C17-Cl6-H16 120.0 C18-C17-Cl6
C18-C17-H17 120.0 C16-C17-H17
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1.392(6)
0.95
1.716(9)
0.99
1.703(11)
0.99

109.5
109.5
109.5
126.5(4)
118.8(5)
120.0
120.0
120.0
120.0
121.3(4)
120.0
120.0
116.6
124.4(6)
117.8
111.4(7)
121.3(7)
119.4
121.0(7)
114.6(6)
108.6
108.6
113.2(6)
113.0(5)
106.4
120.0
119.5(4)
120.0
120.0
120.0



05-C18-C17
C17-C18-C19
06-C19-C20
C19-C20-C15
C15-C20-H20
06-C21-H21B
06-C21-H21C
H21B-C21-H21C
C19-06-C21
C3-02-H2
O1lA-C1A-H1Al
H1A1l-C1A-H1A2
H1A1l-C1A-H1A3
O1A-C2A-C3A
C3A-C2A-C7A
O2A-C3A-C4A
C5A-C4A-C3A
C3A-C4A-H4A
C4A-C5A-H5A1
C5A-C6A-C7A
C7A-C6A-C8A
C6A-C7A-HTA
C9A-C8A-C6A
C6A-C8A-HBA
C8A-CI9A-HOA
O3A-C10A-C11A
C11A-C10A-C9A
C10A-C11A-H11A
O4A-C12A-C11A
C11A-C12A-C13A
C12A-C13A-H13C
C12A-C13A-H13D
H13C-C13A-H13D
C15A-C14A-P1
C15A-C14A-H14A
P1-C14A-H14A
C16A-C15A-C14A
C17A-C16A-C15A
C15A-C16A-H16A
C16A-C17A-H17A
O5A-C18A-C19A

119.4(5)
120.0
125.3(4)
120.0
120.0
109.5
109.5
109.5
116.6(6)
109.5
109.5
109.5
109.5
113.5(6)
120.0
118.8(7)
120.0
120.0
120.0
120.0
121.9(5)
120.0
127.6(7)
116.2
118.7
123.0(9)
121.4(9)
119.1
122.3(9)
116.8(9)
109.3
109.3
108.0
108.4(9)
110.7
110.7
117.8(6)
120.0
120.0
120.0
121.7(6)

05-C18-C19
06-C19-C18
C18-C19-C20
C19-C20-H20
06-C21-H21A
H21A-C21-H21B
H21A-C21-H21C
C18-O5-H5A
C2-01-C1
C10-O3-H3
O1A-C1A-H1A2
O1A-C1A-H1A3
H1A2-C1A-H1A3
O1A-C2A-C7A
0O2A-C3A-C2A
C2A-C3A-C4A
C5A-C4A-H4A
C4A-C5A-C6A
C6A-C5A-H5A1
C5A-C6A-C8A
C6A-C7A-C2A
C2A-C7A-H7A
C9A-C8A-HBA
C8A-C9A-C10A
C10A-C9A-H9A
O3A-C10A-C9A
C10A-C11A-C12A
C12A-C11A-H11A
O4A-C12A-C13A
C12A-C13A-C14A
C14A-C13A-H13C
C14A-C13A-H13D
C15A-C14A-C13A
C13A-C14A-P1
C13A-C1l4A-H14A
C16A-C15A-C20A
C20A-C15A-C14A
C17A-C16A-H16A
C16A-C17A-C18A
C18A-C17A-H17A
O5A-C18A-C17A

201

120.6(5)
114.7(4)
120.0
120.0
109.5
109.5
109.5
109.5
117.2(7)
109.5
109.5
109.5
109.5
126.4(6)
121.1(7)
120.0
120.0
120.0
120.0
118.1(5)
120.0
120.0
116.2
122.5(7)
118.7
115.3(8)
121.8(10)
119.1
120.9(8)
111.6(8)
109.3
109.3
115.7(9)
100.0(6)
110.7
120.0
122.2(6)
120.0
120.0
120.0
118.3(7)



C19A-C18A-C17A
O6A-C19A-C20A
C19A-C20A-C15A
C15A-C20A-H20A
O6A-C21A-H21E
O6A-C21A-H21F
H21E-C21A-H21F
C19A-O6A-C21A
C3A-02A-H2A
C27-C22-C23
C23-C22-P1
C22-C23-H23
C25-C24-C23
C23-C24-H24
C26-C25-H25
C25-C26-C27
C27-C26-H26
C22-C27-H27
C33-C28-C29
C29-C28-P1
C28-C29-H29
C31-C30-C29
C29-C30-H30
C32-C31-H31
C31-C32-C33
C33-C32-H32
C28-C33-H33
Cl2-C34-Cl1
Cl1-C34-H34A
Cl1-C34-H34B
CI2A-C34A-CI1A
CI1A-C34A-H34C
CI1A-C34A-H34D
C22-P1-C28
C28-P1-C14A
C28-P1-C14
C28-P1-S1
C14-P1-S1

120.0
125.6(6)
120.0
120.0
109.5
109.5
109.5
115.5(8)
109.5
119.4(3)
121.5(3)
119.8
119.9(4)
120.1
119.8
120.3(4)
119.8
120.1
119.7(3)
123.2(3)
120.4
120.1(4)
120.0
119.7
120.3(4)
119.9
120.0
113.3(6)
108.9
108.9
114.6(9)
108.6
108.6
105.67(15)
107.8(4)
104.7(3)
111.60(13)
113.3(4)

O6A-C19A-C18A
C18A-C19A-C20A
C19A-C20A-H20A
O6A-C21A-H21D
H21D-C21A-H21E
H21D-C21A-H21F
C18A-O5A-H5A2
C2A-0O1A-C1A
C10A-O3A-H3A
C27-C22-P1
C22-C23-C24
C24-C23-H23
C25-C24-H24
C26-C25-C24
C24-C25-H25
C25-C26-H26
C22-C27-C26
C26-C27-H27
C33-C28-P1
C28-C29-C30
C30-C29-H29
C31-C30-H30
C32-C31-C30
C30-C31-H31
C31-C32-H32
C28-C33-C32
C32-C33-H33
Cl2-C34-H34A
Cl2-C34-H34B
H34A-C34-H34B
CI2A-C34A-H34C
CI2A-C34A-H34D
H34C-C34A-H34D
C22-P1-C14A
C22-P1-C14
C22-P1-S1
C14A-P1-S1
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114.4(6)
120.0
120.0
109.5
109.5
109.5
109.5
118.7(9)
109.5
119.0(3)
120.3(3)
119.8
120.1
120.3(4)
119.8
119.8
119.8(4)
120.1
117.1(3)
119.3(4)
120.4
120.0
120.7(4)
119.7
119.9
119.9(4)
120.0
108.9
108.9
107.7
108.6
108.6
107.6
104.0(4)
108.0(3)
113.01(12)
114.1(5)



Crystallographic data for compound rac-18aa

CIJI
Alu
PPh,O O
_0
e
Identification code leung1167m
Chemical formula C47.94H48.66AU2Cl3.2206P2
Formula weight 1290.95 g/mol
Temperature 100(2) K
Wavelength 0.71073 A
Crystal size 0.020 x 0.140 x 0.200 mm
Crystal habit colorless plate
Crystal system monoclinic
Space group P12l/c1l

Unit cell dimensions a=947192) A  a=90°
b=29.6113(5) A B=101.1373(8)°
c=20.1946(3) A y=90°

Volume 5557.41(17) A3

Z 4

Density (calculated) 1.543 g/cm?®

Absorption coefficient 5.526 mm*

F(000) 2508

Theta range for data ) 304 34 34°

Index ranges -15<=h<=15, -43<=k<=47, -32<=I<=29

Reflections collected 78104
Independent reflections 23148 [R(int) = 0.0518]

Coverage of
independent reflections

Absorption correction  Multi-Scan

Max. and min.
transmission

Structure solution
technique

99.5%

0.8980 and 0.4040

direct methods

203



Structure solution
program

Refinement method
Refinement program
Function minimized

Data / restraints /
parameters

Goodness-of-fit on F2
A/Gmax

Final R indices

Weighting scheme

Largest diff. peak and
hole

R.M.S. deviation from
mean

XT, VERSION 2014/5

Full-matrix least-squares on F?
SHELXL-2018/3 (Sheldrick, 2018)
by W(F02 - Fcz)z

23148 / 430 / 660

1.047

0.003

15723 data; R1 = 0.0498, WR2 =

1>26(1) 0.1088

Al data R1 = 0.0889, WR2 =
0.1240

w=1/[02(Fo?)+(0.0375P)%+22.2845P]
where P=(Fo?+2F¢?)/3

2.550 and -2.173 eA3

0.181 eA

Bond lengths (A) of compound rac-18aa

Aul-P1
Au2-P2
C1-C2
C1-P1
C2-H2
C3-H3
C4-H4
C5-H5
C7-C8
C7-P1
C8-H8
C9-H9
C10-H10
C11-H11
C7A-C8A
C7A-P1
C8A-H8A
C9A-H9A
C10A-H10A
C11A-H11A

2.2283(12) Aul-Cl1
2.2328(12) Au2-CI2
1.390(6) C1-C6
1.814(5) C2-C3

0.95 C3-C4

0.95 C4-C5

0.95 C5-C6

0.95 C6-H6

1.39 C7-C12
1.830(4) C8-C9

0.95 C9-C10
0.95 C10-C11
0.95 C11-C12
0.95 C12-H12
1.39 C7A-C12A
1.815(6) C8A-CIA
0.95 C9A-C10A
0.95 C10A-C11A
0.95 C11A-C12A
0.95 C12A-H12A
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2.2794(14)
2.2800(12)
1.405(7)
1.378(7)
1.384(8)
1.385(8)
1.360(7)
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



C13-C14
C13-P1
C14-C15
C15-Cl6
C16-C17
C17-01
C18-02
C19-H19
C20-H20A
C20-H20C
C21-H21A
C22-03
C23-C24
C24-04
C25-C26
C25-H25B
C26-P2
C27-C28
C28-C29
C29-C30
C30-05
C31-06
C32-H32
C33-H33A
C33-H33C
C34-C35
C35-C36
C36-C37
C37-C38
C38-C39
C39-H39
C40-C45
C41-C42
C42-C43
C43-C44
C44-C45
C45-H45
O3-H3A
C50-Cl4
C50-H50A
C50A-CI4A

1.520(6)
1.849(5)
1.392(7)
1.380(7)
1.398(7)
1.358(6)
1.373(6)
0.95
0.98
0.98
0.99
1.314(6)
1.421(6)
1.243(6)
1.541(7)
0.99
1.851(5)
1.393(7)
1.395(7)
1.370(7)
1.362(6)
1.376(6)
0.95
0.98
0.98
1.395(7)
1.378(8)
1.364(9)
1.404(9)
1.388(8)
0.95
1.393(7)
1.384(8)
1.376(9)
1.386(8)
1.403(7)
0.95
0.84
1.720(12)
0.99
1.718(13)

C13-C21
C13-H13
C14-C19
C15-H15
C16-H16
C17-C18
C18-C19
C20-02
C20-H20B
C21-C22
C21-H21B
C22-C23
C23-H23
C24-C25
C25-H25A
C26-C27
C26-H26
C27-C32
C28-H28
C29-H29
C30-C31
C31-C32
C33-06
C33-H33B
C34-C39
C34-P2
C35-H35
C36-H36
C37-H37
C38-H38
C40-C41
C40-P2
C41-H41
C42-H42
C43-H43
C44-H44
O1-H1
O5-H5A
C50-CI3
C50-H50B
C50A-CI3A
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1.528(7)
1.0
1.401(7)
0.95
0.95
1.391(7)
1.391(7)
1.429(7)
0.98
1.487(7)
0.99
1.359(7)
0.95
1.516(7)
0.99
1.518(7)
1.0
1.405(6)
0.95
0.95
1.391(7)
1.382(7)
1.428(7)
0.98
1.387(7)
1.814(5)
0.95
0.95
0.95
0.95
1.391(7)
1.808(5)
0.95
0.95
0.95
0.95
0.84
0.84
1.735(13)
0.99
1.733(14)



C50A-H50C

C51-C52

C51-H51B
C52-C53

C52-H52B
C53-H53A
C54-C55

C54-H54B
C55-H55A
C56-H56A
C56-H56C

Bond angles (°) of compound rac-18aa

0.99
1.621(18)
0.98
1.528(17)
0.99
0.99
1.498(17)
0.99

0.99
0.98
0.98

P1-Aul-Cl1

C2-C1-C6
C6-C1-P1
C3-C2-H2
C2-C3-C4
C4-C3-H3
C3-C4-H4
C6-C5-C4
C4-C5-H5
C5-C6-H6
C8-C7-C12
C12-C7-P1
C9-C8-H8
C8-C9-C10
C10-C9-H9

C11-C10-H10
C10-C11-C12
C12-C11-H11
C11-C12-H12
C8A-C7A-C12A
C12A-C7A-P1
C7A-C8A-HBA
C8A-C9A-C10A
C10A-C9A-H9A
C11A-C10A-H10A
C10A-C11A-C12A

179.10(6)
119.0(4)
122.0(4)
120.0
120.5(5)
119.8
120.3
120.7(5)
119.6
119.9
120.0
117.1(4)
120.0
120.0
120.0
120.0
120.0
120.0
120.0
120.0
119.4(6)
120.0
120.0
120.0
120.0
120.0

C50A-H50D

C51-H51A
C51-H51C
C52-H52A
C53-C54

C53-H53B
C54-H54A
C55-C56

C55-H55B
C56-H56B

P2-Au2-CI2

C2-C1-P1
C3-C2-C1
C1-C2-H2
C2-C3-H3
C3-C4-C5
C5-C4-H4
C6-C5-H5
C5-C6-C1
C1-C6-H6
C8-C7-P1
C9-C8-C7
C7-C8-H8
C8-C9-H9

C11-C10-C9
C9-C10-H10
C10-C11-H11
C11-C12-C7
C7-C12-H12
C8A-C7A-P1
C7A-C8A-C9A
C9A-C8A-HBA
C8A-C9A-H9A
C11A-C10A-C9A
C9A-C10A-H10A
C10A-C11A-H11A
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0.99
0.98
0.98
0.99
1.508(17)
0.99
0.99
1.482(17)

0.99
0.98

176.85(5)
118.8(4)
120.0(5)
120.0
119.8
119.5(5)
120.3
119.6
120.2(5)
119.9
122.8(4)
120.0
120.0
120.0
120.0
120.0
120.0
120.0
120.0
120.5(6)
120.0
120.0
120.0
120.0
120.0
120.0



C12A-C11A-H11A
C11A-C12A-H12A

Cl14-C13-C21
C21-C13-P1
C21-C13-H13
C15-C14-C19
C19-C14-C13
C16-C15-H15
C15-C16-C17
C17-Cl6-H16
01-C17-Cle6
02-C18-C17
C17-C18-C19
C18-C19-H19
02-C20-H20A
H20A-C20-H20B
H20A-C20-H20C
C22-C21-C13
C13-C21-H21A
C13-C21-H21B
03-C22-C23
C23-C22-C21
C22-C23-H23
04-C24-C23
C23-C24-C25
C24-C25-H25A
C24-C25-H25B
H25A-C25-H25B
C27-C26-P2
C27-C26-H26
P2-C26-H26
C28-C27-C26
C27-C28-C29
C29-C28-H28
C30-C29-H29
05-C30-C29
C29-C30-C31
06-C31-C30
C31-C32-C27
C27-C32-H32
06-C33-H33B

120.0
120.0
112.5(4)
108.5(3)
107.7
118.8(4)
119.1(4)
119.5
120.4(5)
119.8
119.3(4)
113.7(4)
121.0(5)
120.1
109.5
109.5
109.5
111.6(4)
109.3
109.3
122.8(4)
125.0(5)
119.9
121.5(5)
120.6(4)
109.8
109.8
108.2
107.7(3)
108.4
108.4
119.9(4)
120.2(5)
119.9
119.6
120.0(5)
119.5(5)
114.7(4)
120.2(4)
119.9
109.5

C11A-C12A-C7A
C7A-C12A-H12A
C14-C13-P1
C14-C13-H13
P1-C13-H13
C15-C14-C13
C16-C15-C14
C14-C15-H15
C15-C16-H16
01-C17-C18
C18-C17-Cl6
02-C18-C19
C18-C19-C14
C14-C19-H19
02-C20-H20B
02-C20-H20C
H20B-C20-H20C
C22-C21-H21A
C22-C21-H21B
H21A-C21-H21B
03-C22-C21
C22-C23-C24
C24-C23-H23
04-C24-C25
C24-C25-C26
C26-C25-H25A
C26-C25-H25B
C27-C26-C25
C25-C26-P2
C25-C26-H26
C28-C27-C32
C32-C27-C26
C27-C28-H28
C30-C29-C28
C28-C29-H29
05-C30-C31
06-C31-C32
C32-C31-C30
C31-C32-H32
06-C33-H33A
H33A-C33-H33B
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120.0
120.0
112.4(3)
107.7
107.7
122.0(4)
121.1(5)
119.5
119.8
122.0(4)
118.7(4)
125.2(4)
119.9(4)
120.1
109.5
109.5
109.5
109.3
109.3
108.0
112.2(4)
120.2(4)
119.9
117.9(4)
109.6(4)
109.8
109.8
114.3(4)
109.6(3)
108.4
118.7(4)
121.4(4)
119.9
120.8(5)
119.6
120.5(5)
124.7(4)
120.6(4)
119.9
109.5
109.5



06-C33-H33C
H33B-C33-H33C
C39-C34-P2
C36-C35-C34
C34-C35-H35
C37-C36-H36
C36-C37-C38
C38-C37-H37
C39-C38-H38
C34-C39-C38
C38-C39-H39
C41-C40-P2
C42-C41-C40
C40-C41-H41
C43-C42-H42
C42-C43-C44
C44-C43-H43
C43-C44-H44
C40-C45-C44
C44-C45-H45
C18-02-C20
C30-05-H5A
Cl4-C50-CI3
CI3-C50-H50A
CI3-C50-H50B
CI4A-C50A-CI3A
CI3A-C50A-H50C
CI3A-C50A-H50D
C52-C51-H51A
H51A-C51-H51B
H51A-C51-H51C
C53-C52-C51
C51-C52-H52A
C51-C52-H52B
C54-C53-C52
C52-C53-H53A
C52-C53-H53B
C55-C54-C53
C53-C54-H54A
C53-C54-H54B
C56-C55-C54

109.5
109.5
123.7(4)
119.9(5)
120.1
119.2
118.9(5)
1205
119.9
120.0(5)
120.0
121.0(4)
120.5(5)
119.7
119.6
119.5(5)
120.2
119.8
119.8(5)
120.1
117.1(4)
109.5
110.4(10)
109.6
109.6
107.5(10)
110.2
110.2
109.5
109.5
109.5
103.7(15)
111.0
111.0
119.0(17)
107.6
107.6
119.2(18)
107.5
107.5
121.5(19)

H33A-C33-H33C
C39-C34-C35
C35-C34-P2
C36-C35-H35
C37-C36-C35
C35-C36-H36
C36-C37-H37
C39-C38-C37
C37-C38-H38
C34-C39-H39
C41-C40-C45
C45-C40-P2
C42-C41-H41
C43-C42-C41
C41-C42-H42
C42-C43-H43
C43-C44-C45
C45-C44-H44
C40-C45-H45
C17-01-H1
C22-03-H3A
C31-06-C33
Cl4-C50-H50A
Cl4-C50-H50B
H50A-C50-H50B
CI4A-C50A-H50C
CI4A-C50A-H50D

H50C-C50A-H50D

C52-C51-H51B
C52-C51-H51C
H51B-C51-H51C
C53-C52-H52A
C53-C52-H52B
H52A-C52-H52B
C54-C53-H53A
C54-C53-H53B
H53A-C53-H53B
C55-C54-H54A
C55-C54-H54B
H54A-C54-H54B
C56-C55-H55A
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109.5
119.4(5)
116.8(4)
120.1
121.5(6)
119.2
1205
120.2(6)
119.9
120.0
119.1(5)
119.9(4)
119.7
120.8(5)
119.6
120.2
120.3(5)
119.8
120.1
109.5
109.5
117.1(4)
109.6
109.6
108.1
110.2
110.2
108.5
109.5
109.5
109.5
111.0
111.0
109.0
107.6
107.6
107.0
107.5
107.5
107.0
107.0



C54-C55-H55A
C54-C55-H55B
C55-C56-H56A
H56A-C56-H56B
H56A-C56-H56C
C1-P1-C7A
C1-P1-C13
C7-P1-C13
C7A-P1-Aul
C13-P1-Aul
C40-P2-C26
C40-P2-Au?2
C26-P2-Au?2

107.0
107.0
109.5
109.5
109.5
108.2(3)
108.1(2)
104.5(2)
114.0(4)
112.54(16)
103.9(2)
114.77(16)
111.71(16)

C56-C55-H55B
H55A-C55-H55B
C55-C56-H56B
C55-C56-H56C
H56B-C56-H56C
C1-P1-C7
C7A-P1-C13
C1-P1-Aul
C7-P1-Aul
C40-P2-C34
C34-P2-C26
C34-P2-Au?
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107.0
106.7
109.5
109.5
109.5
105.7(3)
98.2(3)
114.46(15)
110.9(2)
105.3(2)
107.7(2)
112.77(17)



Crystallographic data for compound meso-18aa’

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

Index ranges

Reflections collected
Independent reflections

Coverage of independent
reflections

Absorption correction

Max. and min.
transmission

leungl1175m_sq
Cas50H22AU2Cl306P2
1247.01 g/mol
100(2) K

0.71073 A

0.010 x 0.020 x 0.200 mm
colorless needle

orthorhombic

P21212

a=27.9225(15) A o =90°
b =44.567(2) A B =90°
c=8.9967(6) A v =90°
11195.7(11) A3

8

1.480 g/cm?®

5.473 mm™

4816

2.23 10 26.39°

-34<=h<=33, -51<=k<=55, -
11<=I<=11

71061
22707 [R(int) = 0.1506]

99.4%
Multi-Scan
0.9470 and 0.4070
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Structure solution
technique

Structure solution
program

Refinement method
Refinement program
Function minimized

Data / restraints /
parameters

Goodness-of-fit on F2
A/Gmax

Final R indices

Weighting scheme

direct methods

XT, VERSION 2014/5

Full-matrix least-squares on F?
SHELXL-2018/3 (Sheldrick, 2018)
)y W(F02 - Fc2)2

22707 /869 / 911

0.953

0.001

13380 data; R1=0.0619, WR2 =

>20(1) 0.1084

A1l data R1=0.1312, WR2 =
0.1322

w=1/[c%(Fo?)+(0.0280P)?]
where P=(Fo?+2F¢?)/3

Largest diff. peak and hole 1.108 and -1.097 eA

R.M.S. deviation from

mean

0.178 eA®

Bond lengths (A) of compound meso-18aa’

Aul-P1
Au2-P2
Au3-P3
Au4-P4
C1-C2
Ci1-P1
C2-H2
C3-H3
C4-H4
C5-H5
C7-C8
C7-P1
C8-H8
C9-H9
C10-H10
C11-H11
C13-02
C13-H13B

2.238(5) Aul-Cl1
2.243(5) Au2-CI2
2.240(6) Au3-CI3
2.224(6) Aud-Cl4
1.39 C1-C6
1.812(10) C2-C3
0.95 C3-C4
0.95 C4-C5
0.95 C5-C6
0.95 C6-H6
1.39 C7-C12
1.831(11) C8-C9
0.95 C9-C10
0.95 C10-C11
0.95 C11-C12
0.95 C12-H12
1.444(19) C13-H13A
0.98 C13-H13C
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2.291(5)
2.288(5)
2.285(6)
2.289(5)
1.39
1.39
1.39
1.39
1.39
0.95
1.39
1.39
1.39
1.39
1.39
0.95
0.98
0.98



C14-C15 1.39 C14-C19 1.39

C14-H14 0.95 C15-02 1.347(16)
C15-C16 1.39 C16-01 1.385(16)
C16-C17 1.39 C17-C18 1.39
C17-H17 0.95 C18-C19 1.39
C18-H18 0.95 C19-C20 1.58(2)
C20-C21 1.51(2) C20-P1 1.847(18)
C20-H20 1.0 C21-C22 1.58(3)
C21-H21A 0.99 C21-H21B 0.99
C22-03 1.26(2) C22-C23 1.37(2)
C23-C24 1.36(2) C23-H23 0.95
C24-04 1.32(2) C24-C25 1.48(2)
C25-C26 1.55(2) C25-H25A 0.99
C25-H25B 0.99 C26-C27 1.51(2)
C26-P2 1.847(18) C26-H26 1.0
C27-C28 1.39 C27-C32 1.39
C28-C29 1.39 C28-H28 0.95
C29-C30 1.39 C29-06 1.423(15)
C30-C31 1.39 C30-05 1.400(16)
C31-C32 1.39 C31-H31 0.95
C32-H32 0.95 C33-06 1.43(2)
C33-H33A 0.98 C33-H33B 0.98
C33-H33C 0.98 C34-C35 1.39
C34-C39 1.39 C34-P2 1.806(10)
C35-C36 1.39 C35-H35 0.95
C36-C37 1.39 C36-H36 0.95
C37-C38 1.39 C37-H37 0.95
C38-C39 1.39 C38-H38 0.95
C39-H39 0.95 C40-C41 1.39
C40-C45 1.39 C40-P2 1.815(11)
C41-C42 1.39 C41-H41 0.95
C42-C43 1.39 C42-H42 0.95
C43-C44 1.39 C43-H43 0.95
C44-C45 1.39 C44-Ha4 0.95
C45-H45 0.95 C46-C47 1.39
C46-C51 1.39 C46-P3 1.815(10)
C47-C48 1.39 C47-H47 0.95
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-H51 0.95 C52-C53 1.39
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C52-C57 1.39 C52-P3 1.827(10)

C53-C54 1.39 C53-H53 0.95
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-H57 0.95 C58-08 1.40(2)
C58-H58A 0.98 C58-H58B 0.98
C58-H58C 0.98 C59-C60 1.39
C59-C64 1.39 C59-H59 0.95
C60-08 1.342(16) C60-C61 1.39
C61-07 1.351(15) C61-C62 1.39
C62-C63 1.39 C62-H62 0.95
C63-C64 1.39 C63-H63 0.95
C64-C65 1.53(2) C65-C66 1.59(2)
C65-P3 1.851(19) C65-H65 1.0
C66-C67 1.46(3) C66-H66A 0.99
C66-H66B 0.99 C67-09 1.35(3)
C67-C68 1.38(3) C68-C69 1.41(3)
C68-H68 0.95 C69-010 1.23(2)
C69-C70 1.52(3) C70-C71 1.54(2)
C70-H70A 0.99 C70-H70B 0.99
C71-C72 1.52(2) C71-P4 1.82(2)
C71-H71 1.0 C72-C73 1.39
C72-C77 1.39 C73-C74 1.39
C73-H73 0.95 C74-012 1.342(16)
C74-C75 1.39 C75-011 1.387(15)
C75-C76 1.39 C76-C77 1.39
C76-H76 0.95 C77-H77 0.95
C78-012 1.47(3) C78-H78A 0.98
C78-H78B 0.98 C78-H78C 0.98
C79-C80 1.39 C79-C84 1.39
C79-P4 1.811(10) C80-C81 1.39
C80-H80 0.95 C81-C82 1.39
C81-Hs1 0.95 C82-C83 1.39
C82-H82 0.95 C83-C84 1.39
C83-H83 0.95 C84-Hs4 0.95
C85-C86 1.39 C85-C90 1.39
C85-P4 1.834(10) C86-C87 1.39
C86-H86 0.95 C87-C88 1.39
C87-H87 0.95 C88-C89 1.39
C88-Hs8 0.95 C89-C90 1.39
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C89-H89
C91-Cl6
C91-HI1A
O1-H1
O7-H7

Bond angles (°) of compound meso-18aa’

1.72(2)

P1-Aul-Cl1
P3-Au3-CI3
C2-C1-C6
C6-C1-P1
C1-C2-H2
C4-C3-C2
C2-C3-H3
C3-C4-H4
C4-C5-C6
C6-C5-H5
C5-C6-H6
C8-C7-C12
C12-C7-P1
C9-C8-H8
C8-C9-C10
C10-C9-H9
C9-C10-H10
C10-C11-C12
Cl12-C11-H11
C11-C12-H12
02-C13-H13A
H13A-C13-H13B
H13A-C13-H13C
C15-C14-C19
C19-C14-H14
02-C15-C14
01-C16-C15
C15-C16-C17
C16-C17-H17
C19-C18-C17
C17-C18-H18
C18-C19-C20

177.1(2)
177.9(2)
120.0
122.2(7)
120.0
120.0
120.0
120.0
120.0
120.0
120.0
120.0
117.6(7)
120.0
120.0
120.0
120.0
120.0
120.0
120.0
109.5
109.5
109.5
120.0
120.0
124.9(11)
121.7(11)
120.0
120.0
120.0
120.0
120.2(11)

C90-H90
C91-CI5
C91-H91B
O5-H5A
O11-H11A

P2-Au2-CI2
P4-Au4-Cl4
C2-C1-P1
C1-C2-C3
C3-C2-H2
C4-C3-H3
C3-C4-C5
C5-C4-H4
C4-C5-H5
C5-C6-C1
C1-C6-H6
C8-C7-P1
C9-C8-C7
C7-C8-H8
C8-C9-H9
C9-C10-C11
C11-C10-H10
C10-C11-H11
C11-C12-C7
C7-C12-H12
02-C13-H13B
02-C13-H13C
H13B-C13-H13C
C15-C14-H14
02-C15-C16
C16-C15-C14
01-C16-C17
C16-C17-C18
C18-C17-H17
C19-C18-H18
C18-C19-C14
C14-C19-C20
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0.95

1.72(3)

0.99
0.84
0.84

174.1(2)
177.6(2)
117.8(7)
120.0
120.0
120.0
120.0
120.0
120.0
120.0
120.0
122.4(7)
120.0
120.0
120.0
120.0
120.0
120.0
120.0
120.0
109.5
109.5
109.5
120.0
115.1(11)
120.0
118.2(11)
120.0
120.0
120.0
120.0
119.7(11)



C21-C20-C19
C19-C20-P1
C19-C20-H20
C20-C21-C22
C22-C21-H21A
C22-C21-H21B
03-C22-C23
C23-C22-C21
C24-C23-H23
04-C24-C23
C23-C24-C25
C24-C25-H25A
C24-C25-H25B
H25A-C25-H25B
C27-C26-P2
C27-C26-H26
P2-C26-H26
C28-C27-C26
C27-C28-C29
C29-C28-H28
C30-C29-06
C29-C30-C31
C31-C30-05
C32-C31-H31
C31-C32-C27
C27-C32-H32
06-C33-H33B
06-C33-H33C
H33B-C33-H33C
C35-C34-P2
C36-C35-C34
C34-C35-H35
C37-C36-H36
C36-C37-C38
C38-C37-H37
C39-C38-H38
C38-C39-C34
C34-C39-H39
C41-C40-P2
C42-C41-C40
C40-C41-H41

112.5(15)
112.2(12)
108.7
111.9(15)
109.2
109.2
123.2(18)
118.3(17)
120.2
122.5(18)
123.0(17)
109.6
109.6
108.2
112.4(13)
106.8
106.8
121.6(11)
120.0
120.0
114.6(10)
120.0
121.0(11)
120.0
120.0
120.0
109.5
109.5
109.5
121.0(7)
120.0
120.0
120.0
120.0
120.0
120.0
120.0
120.0
118.9(7)
120.0
120.0

C21-C20-P1
C21-C20-H20
P1-C20-H20
C20-C21-H21A
C20-C21-H21B
H21A-C21-H21B
03-C22-C21
C24-C23-C22
C22-C23-H23
04-C24-C25
C24-C25-C26
C26-C25-H25A
C26-C25-H25B
C27-C26-C25
C25-C26-P2
C25-C26-H26
C28-C27-C32
C32-C27-C26
C27-C28-H28
C30-C29-C28
C28-C29-06
C29-C30-05
C32-C31-C30
C30-C31-H31
C31-C32-H32
06-C33-H33A
H33A-C33-H33B
H33A-C33-H33C
C35-C34-C39
C39-C34-P2
C36-C35-H35
C37-C36-C35
C35-C36-H36
C36-C37-H37
C39-C38-C37
C37-C38-H38
C38-C39-H39
C41-C40-C45
C45-C40-P2
C42-C41-H41
C41-C42-C43
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105.8(12)
108.7
108.7
109.2
109.2
107.9
118.4(17)
119.6(17)
120.2
114.5(17)
110.1(15)
109.6
109.6
115.1(15)
108.4(11)
106.8
120.0
118.3(11)
120.0
120.0
125.4(10)
118.7(11)
120.0
120.0
120.0
109.5
109.5
109.5
120.0
119.0(7)
120.0
120.0
120.0
120.0
120.0
120.0
120.0
120.0
121.1(7)
120.0
120.0



C41-C42-H42
C44-C43-C42
C42-C43-H43
C43-C44-H44
C44-C45-C40
C40-C45-H45
C47-C46-P3
C46-C47-C48
C48-C47-H47
C49-C48-H48
C48-C49-C50
C50-C49-H49
C49-C50-H50
C50-C51-C46
C46-C51-H51
C53-C52-P3
C52-C53-C54
C54-C53-H53
C55-C54-H54
C56-C55-C54
C54-C55-H55
C57-C56-H56
C56-C57-C52
C52-C57-H57
08-C58-H58B
08-C58-H58C

H58B-C58-H58C

C60-C59-H59
08-C60-C59
C59-C60-C61
O7-C61-C60
C61-C62-C63
C63-C62-H62
C64-C63-H63
C63-C64-C59
C59-C64-C65
C64-C65-P3
C64-C65-H65
P3-C65-H65
C67-C66-H66A
C67-C66-H66B

120.0
120.0
120.0
120.0
120.0
120.0
116.9(7)
120.0
120.0
120.0
120.0
120.0
120.0
120.0
120.0
121.8(7)
120.0
120.0
120.0
120.0
120.0
120.0
120.0
120.0
109.5
109.5
109.5
120.0
123.3(12)
120.0
120.9(11)
120.0
120.0
120.0
120.0
118.1(12)
108.3(11)
108.3
108.3
108.8
108.8

C43-C42-H42
C44-C43-H43
C43-C44-C45
C45-C44-H44
C44-C45-H45
C47-C46-C51
C51-C46-P3
C46-C47-H47
C49-C48-C47
C47-C48-H48
C48-C49-H49
C49-C50-C51
C51-C50-H50
C50-C51-H51
C53-C52-C57
C57-C52-P3
C52-C53-H53
C55-C54-C53
C53-C54-H54
C56-C55-H55
C57-C56-C55
C55-C56-H56
C56-C57-H57
0O8-C58-H58A
H58A-C58-H58B
H58A-C58-H58C
C60-C59-C64
C64-C59-H59
08-C60-C61
07-C61-C62
C62-C61-C60
C61-C62-H62
C64-C63-C62
C62-C63-H63
C63-C64-C65
C64-C65-C66
C66-C65-P3
C66-C65-H65
C67-C66-C65
C65-C66-H66A
C65-C66-H66B
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120.0
120.0
120.0
120.0
120.0
120.0
123.0(7)
120.0
120.0
120.0
120.0
120.0
120.0
120.0
120.0
118.2(8)
120.0
120.0
120.0
120.0
120.0
120.0
120.0
109.5
109.5
109.5
120.0
120.0
116.7(12)
119.1(11)
120.0
120.0
120.0
120.0
121.8(12)
110.9(15)
112.6(14)
108.3
113.7(17)
108.8
108.8



H66A-C66-H66B 107.7 09-C67-C68 121.(2)

09-C67-C66 115.4(19) C68-C67-C66 124.(2)
C67-C68-C69 120.(2) C67-C68-H68 119.9
C69-C68-H68 119.9 010-C69-C68 122.9(19)
010-C69-C70 117.0(19) C68-C69-C70 120.(2)
C69-C70-C71 111.7(16) C69-C70-H70A 109.3
C71-C70-H70A 109.3 C69-C70-H70B 109.3
C71-C70-H70B 109.3 H70A-C70-H70B 107.9
C72-C71-C70 114.7(16) C72-C71-P4 110.6(11)
C70-C71-P4 110.7(13) C72-C71-H71 106.8
C70-C71-H71 106.8 P4-C71-H71 106.8
C73-C72-C77 120.0 C73-C72-C71 117.7(10)
Cr7-C72-C71 122.3(11) C74-C73-C72 120.0
C74-C73-H73 120.0 C72-C73-H73 120.0
012-C74-C73 126.1(11) 012-C74-C75 113.8(11)
C73-C74-C75 120.0 011-C75-C74 123.1(11)
011-C75-C76 116.9(11) C74-C75-C76 120.0
C77-C76-C75 120.0 C77-C76-H76 120.0
C75-C76-H76 120.0 C76-C77-C72 120.0
C76-C77-HT77 120.0 Cr2-Crr-H77 120.0
012-C78-H78A 109.5 012-C78-H78B 109.5
H78A-C78-H78B 109.5 012-C78-H78C 109.5
H78A-C78-H78C 109.5 H78B-C78-H78C 109.5
C80-C79-C84 120.0 C80-C79-P4 120.9(8)
C84-C79-P4 119.0(8) C81-C80-C79 120.0
C81-C80-H80 120.0 C79-C80-H80 120.0
C80-C81-C82 120.0 C80-C81-H81 120.0
C82-C81-H81 120.0 C81-C82-C83 120.0
C81-C82-H82 120.0 C83-C82-H82 120.0
C84-C83-C82 120.0 C84-C83-H83 120.0
C82-C83-H83 120.0 C83-C84-C79 120.0
C83-C84-H84 120.0 C79-C84-H84 120.0
C86-C85-C90 120.0 C86-C85-P4 123.1(7)
C90-C85-P4 116.4(7) C85-C86-C87 120.0
C85-C86-H86 120.0 C87-C86-H86 120.0
C88-C87-C86 120.0 C88-C87-H87 120.0
C86-C87-H87 120.0 C89-C88-C87 120.0
C89-C88-H88 120.0 C87-C88-H88 120.0
C88-C89-C90 120.0 C88-C89-H89 120.0
C90-C89-H89 120.0 C89-C90-C85 120.0
C89-C90-H90 120.0 C85-C90-H90 120.0
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Cl6-C91-CI5 116.4(14) Cl6-C91-H91A 108.2

CI5-C91-HI1A 108.2 Cl16-C91-H91B 108.2
CI5-C91-H91B 108.2 H91A-C91-H91B 107.3
C16-01-H1 108.9 C15-02-C13 121.4(15)
C30-05-H5A 109.5 C29-06-C33 114.9(15)
C61-07-H7 109.5 C60-08-C58 118.4(16)
C75-011-H11A 109.1 C74-012-C78 113.6(15)
C1-P1-C7 105.9(6) C1-P1-C20 108.5(7)
C7-P1-C20 101.4(8) C1-P1-Aul 113.8(5)
C7-P1-Aul 114.1(5) C20-P1-Aul 112.2(7)
C34-P2-C40 108.9(6) C34-P2-C26 107.5(7)
C40-P2-C26 102.3(8) C34-P2-Au2 113.9(5)
C40-P2-Au2 113.1(5) C26-P2-Au2 110.4(7)
C46-P3-C52 109.5(6) C46-P3-C65 104.7(8)
C52-P3-C65 106.1(7) C46-P3-Au3 112.0(5)
C52-P3-Au3 112.7(5) C65-P3-Au3 111.3(7)
C79-P4-C71 105.2(7) C79-P4-C85 107.9(6)
C71-P4-C85 105.7(8) C79-P4-Aud 113.8(5)
C71-P4-Aud 112.4(7) C85-P4-Aud 111.3(5)
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Crystallographic data for compound 26

Cl
0 RZP/F\"{’CI
.S
Ph,
R: 4-OMeCgH,4
Identification code leung1208
Chemical formula C36H34Cl403P2PdS
Formula weight 856.83 g/mol
Temperature 100(2) K
Wavelength 0.71073 A
Crystal size 0.020 x 0.200 x 0.240 mm
Crystal habit yellow plate
Crystal system monoclinic
Space group P12l/c1
Unit cell dimensions a=116633)A oa=90°
b=18.114(5) A p=103.162(10)°
c=16.851(6) A y=90°
Volume 3466.5(18) A3
V4 4
Density (calculated) 1.642 g/cm?®
Absorption coefficient 1.034 mm!
F(000) 1736
Theta range for data 168 to 32.34°
collection
Index ranges -10<=h<=17, -27<=k<=21, -25<=|<=24

Reflections collected 36982
Independent reflections 12166 [R(int) = 0.0867]

Coverage of independent
reflections

Absorption correction  Multi-Scan

98.2%
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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 F2
A/Gmax

Final R indices

Weighting scheme

Largest diff. peak and
hole

R.M.S. deviation from
mean

0.9800 and 0.7900
direct methods

XT, VERSION 2018/2

Full-matrix least-squares on F?
SHELXL-2018/3 (Sheldrick, 2018)
by W(F02 - Fcz)z

12166/ 0/ 426

1.057

0.001

8111 data; R1 = 0.0565, WR2 =

>26(1) 0.1118

Al data R1=0.0951, wR2 =
0.1323

w=1/[62(Fo?)+(0.0268P)%+2.7517P]
where P=(Fo?+2F¢?)/3

1.050 and -1.591 eA

0.158 eA™®

Bond lengths (A) of compound 26

C1-C2 1.368(5) C1-C6
C1-P1 1.783(4) C2-C3
C3-C4 1.364(5) C4-C5
C5-C6 1.383(5) C7-C8
C7-C12 1.393(5) C7-P1
C8-C9 1.380(5) C9-C10
C10-C11 1.379(5) C11-C12
C13-Cl14 1.514(5) C13-P1
C13-P2 1.872(3) C14-C15
C15-01 1.205(4) C15-C16
C16-C17 1.378(5) C16-C21
C17-C18 1.386(5) C18-C19
C19-C20 1.369(6) C20-C21
C22-C27 1.379(5) C22-C23
C22-P2 1.798(3) C23-C24
C24-C25 1.388(5) C25-02
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1.384(4)
1.382(5)
1.368(6)
1.384(5)
1.788(4)
1.375(5)
1.379(5)
1.810(3)
1.510(4)
1.478(5)
1.386(4)
1.381(5)
1.367(5)
1.394(5)
1.370(5)
1.342(4)



C25-C26
C28-02
C29-C30
C30-C31
C32-03
C33-C34
C36-CI3
Cl1-Pd1
P1-S1
Pd1-S1

1.381(5)
1.423(5)
1.385(5)
1.368(5)
1.346(4)
1.375(5)
1.742(4)
2.3176(10)
1.9872(13)
2.2800(10)

Bond angles (°) of compound 26

C2-C1-C6
C6-C1-P1
C4-C3-C2
C4-C5-C6
C8-C7-C12
C12-C7-P1
C10-C9-C8
C10-C11-C12
C14-C13-P1
P1-C13-P2
01-C15-Cl6
C16-C15-C14
C17-C16-C15
C16-C17-C18
C20-C19-C18
C20-C21-Cl6
C27-C22-P2
C24-C23-C22
02-C25-C26
C26-C25-C24
C22-C27-C26
C34-C29-P2
C31-C30-C29
03-C32-C31
C31-C32-C33
C33-C34-C29
C25-02-C28

120.4(3)
118.1(3)
119.6(4)
120.4(3)
120.3(3)
120.1(3)
120.5(4)
119.9(4)
108.7(2)
105.40(16)
122.9(3)
116.3(3)
122.5(3)
120.8(3)
119.9(4)
119.9(4)
119.0(2)
119.7(4)
124.4(3)
119.9(3)
121.9(3)
121.7(3)
120.9(3)
116.4(3)
118.8(4)
121.7(3)
117.6(3)

C26-C27
C29-C34
C29-P2
C31-C32
C32-C33
C35-03
C36-Cl4
Cl2-Pd1
P2-Pd1

C2-C1-P1
C1-C2-C3
C3-C4-C5
C5-C6-C1
C8-C7-P1
C9-C8-C7
C9-C10-C11
C11-C12-C7
C14-C13-P2
C15-C14-C13
01-C15-C14
C17-Cl6-C21
C21-C16-C15
C19-C18-C17
C21-C20-C19
C27-C22-C23
C23-C22-P2
C23-C24-C25
02-C25-C24
C27-C26-C25
C34-C29-C30
C30-C29-P2
C30-C31-C32
03-C32-C33
C34-C33-C32
CI3-C36-Cl4
C32-03-C35
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1.381(5)
1.380(5)
1.795(4)
1.378(5)
1.387(5)
1.420(5)
1.752(4)
2.3427(10)
2.2155(10)

121.5(3)
120.1(3)
120.6(4)
118.8(4)
119.5(3)
119.2(3)
120.4(3)
119.6(3)
112.7(2)
113.5(3)
120.8(3)
119.1(3)
118.4(3)
119.2(4)
121.0(3)
118.8(3)
122.2(3)
120.9(3)
115.7(3)
118.7(3)
117.9(3)
120.4(3)
121.0(3)
124.8(3)
119.8(3)
112.1(2)
118.1(3)



C1-P1-C7
C7-P1-C13
C7-P1-S1
C29-P2-C22
C22-P2-C13
C22-P2-Pd1
P2-Pd1-S1
S1-Pd1-Cl1
S1-Pd1-CI2
P1-S1-Pd1

108.67(16)
111.21(15)
109.62(12)
107.43(16)
106.53(15)
110.22(12)
94.07(4)
176.19(4)
83.26(4)
99.89(5)

C1-P1-C13
C1-P1-S1
C13-P1-S1
C29-P2-C13
C29-P2-Pd1
C13-P2-Pd1
P2-Pd1-Cl1
P2-Pd1-Cl2
Cl1-Pd1-CI2
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107.65(16)
112.71(12)
106.99(12)
104.28(17)
117.93(11)
109.77(11)
88.08(4)
176.10(4)
94.44(4)



Crystallographic data for compound 27

CI\
o rp—PI
0
P
Ph,
R: 4-OMeCgH,4

Identification code leung1209m_0Om_5
Chemical formula CasH32Cl,04P2Pd
Formula weight 755.84 g/mol
Temperature 100(2) K
Wavelength 0.71073 A
Crystal size 0.080 x 0.100 x 0.120 mm
Crystal habit orange block
Crystal system triclinic
Space group P-1

Unit cell dimensions a=11.9486(16) A  a=112.003(3)°
b=12.2159(14) A B =101.349(3)°
c=12.2479(15) A y=95.636(3)°

Volume 1595.8(3) A3
Z 2

Density (calculated) 1.573 g/cm?®
Absorption coefficient 0.888 mm*
F(000) 768

Theta range for data
collection

Reflections collected 9052
Independent reflections 9052 [R(int) = 0.0975]

Coverage of independent
reflections

Absorption correction  Multi-Scan

Max. and min.
transmission

2.01 to 29.60°

99.3%

0.9320 and 0.9010
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Structure solution
technique

Structure solution
program

Refinement method
Refinement program
Function minimized

direct methods

XT, VERSION 2018/2

Full-matrix least-squares on F?
SHELXL-2018/3 (Sheldrick, 2018)
)y W(F02 - Fc2)2

Data / restraints /

parameters 9052 / 360 / 463
Goodness-of-fit on F? 1.029
A/Gmax 0.001
Final R indices 6373 data; R1=0.0621, wR2 =
>20(1) 0.1325
all data R1=0.1042, wR2 =
0.1571

w=1/[6(Fo?)+(0.0498P)2+3.5185P]

Weighting scheme where P=(Fo*+2F¢%)/3

Largest diff. peak and
hole

R.M.S. deviation from
mean

1.347 and -1.528 eA3

0.170 eA

Bond lengths (A) of compound 27

C1-C6 1.387(7) C1-C2
C2-C3 1.371(9) C3-C4
C4-C5 1.396(8) C5-C6
C6-C7 1.489(6) C7-02
C7-C8 1.521(6) C8-C9
C9-P2 1.815(5) C9-P1
C10-C15 1.378(7) C10-C11
C10-P2 1.794(5) C11-C12
C12-C13 1.393(7) C13-C14
C14-C15 1.399(7) C16-C17
Cl1l6-C21 1.402(6) C16-P2
C17-C18 1.388(7) C18-C19
C19-C20 1.381(7) C20-C21
C22-C23 1.393(7) C22-C27
C22-P1 1.798(5) C23-C24
C24-C25 1.396(7) C25-03
C25-C26 1.378(7) C26-C27
C28-03 1.431(6) C29-C34
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1.395(7)
1.377(9)
1.397(8)
1.211(6)
1.529(6)
1.884(4)
1.407(6)
1.370(7)
1.372(7)
1.394(7)
1.796(5)
1.394(7)
1.376(7)
1.394(7)
1.378(7)
1.366(6)
1.385(7)
1.390(8)



C29-C30
C30-C31
C32-04
C33-C34
C29A-C30A
C29A-P1
C31A-C32A
C32A-C33A
C35A-04A
Cl2-pPd1
O1-Pd1
P2-Pd1

1.395(8)
1.384(8)
1.371(8)
1.388(8)
1.39
1.824(5)
1.39

1.39
1.430(10)
2.3476(12)
2.090(3)
2.9513(13)

Bond anagles (°) of compound 27

C6-C1-C2
C2-C3-C4
C4-C5-C6
C1-C6-C7
02-C7-C6
C6-C7-C8
C8-C9-P2
P2-C9-P1
C15-C10-P2
C12-C11-C10
C14-C13-C12
C10-C15-C14
C17-Cl16-P2
C18-C17-Cl6
C20-C19-C18
C20-C21-Cl6
C23-C22-P1
C24-C23-C22
03-C25-C26
C26-C25-C24
C26-C27-C22
C34-C29-P1
C31-C30-C29
04-C32-C33
C33-C32-C31

119.6(6)
120.6(5)
120.0(6)
118.5(5)
121.8(4)
117.6(4)
110.1(3)
102.5(2)
119.3(4)
119.5(5)
120.3(5)
119.6(5)
122.6(4)
119.5(5)
120.1(5)
119.3(5)
122.6(4)
120.0(5)
124.7(5)
120.6(5)
121.2(5)
122.9(10)
120.0(8)
121.5(8)
121.2(7)

C29-P1
C31-C32
C32-C33
C35-04
C29A-C34A
C30A-C31A
C32A-0O4A
C33A-C34A
Cl1-Pd1
01-P2
P1-Pd1

C3-C2-C1
C3-C4-C5
C1-C6-C5
C5-C6-C7
02-C7-C8
C7-C8-C9
C8-C9-P1
C15-C10-C11
C11-C10-P2
C11-C12-C13
C13-C14-C15
C17-Cl6-C21
C21-C16-P2
C17-C18-C19
C21-C20-C19
C23-C22-C27
C27-C22-P1
C23-C24-C25
03-C25-C24
C25-C26-C27
C34-C29-C30
C30-C29-P1
C30-C31-C32
04-C32-C31
C32-C33-C34
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1.802(7)
1.391(8)
1.385(8)
1.421(10)
1.39

1.39
1.382(7)
1.39
2.2616(12)
1.519(3)
2.2290(13)

120.5(6)
119.6(6)
119.6(5)
121.9(5)
120.7(4)
111.7(4)
112.6(3)
120.2(4)
120.5(4)
120.4(5)
120.1(5)
120.4(4)
117.0(4)
120.0(5)
120.8(5)
119.0(5)
118.4(4)
120.0(5)
114.7(5)
119.0(5)
119.8(7)
116.5(10)
119.3(7)
117.3(7)
118.9(7)



C33-C34-C29
C30A-C29A-C34A
C34A-C29A-P1
C32A-C31A-C30A
O4A-C32A-C33A
C34A-C33A-C32A
C32A-0O4A-C35A
C25-03-C28
C22-P1-C29A
C29-P1-C9
C22-P1-Pd1
C29A-P1-Pd1
01-P2-C10
C10-P2-C16
C10-P2-C9
O1-P2-Pd1
C16-P2-Pd1
O1-Pd1-P1
P1-Pd1-Cl1
P1-Pd1-Cl2
O1-Pd1-P2
Cl1-Pd1-P2

120.5(7)
120.0
114.5(9)
120.0
118.2(6)
120.0
117.9(8)
119.0(4)
113.2(8)
103.6(7)
114.09(17)
116.4(6)
110.1(2)
111.32)
107.4(2)
42.14(12)
89.93(15)
90.27(9)
87.23(5)
177.42(5)
29.19(9)
149.68(4)

C32-04-C35
C30A-C29A-P1
C29A-C30A-C31A
O4A-C32A-C31A
C31A-C32A-C33A
C33A-C34A-C29A
P2-0O1-Pd1
C22-P1-C29
C22-P1-C9
C29A-P1-C9
C29-P1-Pd1
C9-P1-Pd1
0O1-P2-C16
01-P2-C9
C16-P2-C9
C10-P2-Pd1
C9-P2-Pd1
O1-Pd1-Cl1
O1-Pd1-Cl2
Cl1-Pd1-CI2
P1-Pd1-P2
Cl2-Pd1-P2
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117.6(8)
125.0(9)
120.0
121.6(6)
120.0
120.0
108.67(17)
110.0(8)
107.6(2)
99.7(7)
116.7(6)
103.79(15)
111.5(2)
107.9(2)
108.5(2)
151.47(16)
82.05(14)
176.75(9)
88.75(9)
93.83(5)
65.98(4)
112.38(4)



Crystallographic data for compound 28

Cl
0 Rzp/ﬁ‘{/CI
.S .
lghZ 7Y h ‘ L2 (Y33
R: 4-CF3CgH, < % N
AL
c4 ’v o
o=
c5
Identification code leung1216m
Chemical formula CasH28ClsFsOP2PdS
Formula weight 932.78 g/mol
Temperature 100(2) K
Wavelength 0.71073 A
Crystal size 0.020 x 0.060 x 0.200 mm
Crystal habit orange needle
Crystal system monoclinic
Space group P121/n1

Unit cell dimensions a=225677(9 A  a=90°
b=152023(8) A P =98.9804(12)°
c=235.2410(16) A y=90°

Volume 11942.3(10) A3

Z 12

Density (calculated) 1.556 g/cm?®

Absorption coefficient ~ 0.924 mm*

F(000) 5592

Iok;fggt{j‘:ge fordata 4 o5 16 28,720

Index ranges -26<=h<=30, -20<=k<=20, -47<=I<=47

Reflections collected 282358
Independent reflections 30868 [R(int) = 0.1269]

Coverage of
independent reflections

Absorption correction  Multi-Scan

99.8%
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Max. and min.
transmission

Refinement method
Refinement program
Function minimized

Data / restraints /
parameters

Goodness-of-fit on F2
A/Gmax

Final R indices

Weighting scheme

Largest diff. peak and
hole

R.M.S. deviation from
mean

0.9820 and 0.8370

Full-matrix least-squares on F?
SHELXL-2018/3 (Sheldrick, 2018)
by W(F02 - Fcz)z

30868 / 4395 / 1851

1.028

0.002

18415 data; R1 = 0.0686, WR2 =

1>26(1) 0.1695

Al data R1=0.1318, WR2 =
0.2157

w=1/[02(Fo?)+(0.0854P)2+58.1752P]
where P=(Fo?+2F¢?)/3

1.988 and -1.716 eA3

0.137 eA®

Bond lengths (A) of compound 28

C1-C2
C1-P2
C3-C4
C5-C6
C1A-C6A
C2A-C3A
C4A-C5A
C7-C8
C7-P2
C9-C10
Cl1-C12
C13-P2
C14-C15
C15-C16
Cl6-C21
C18-C19
C20-C21
C22-C27
C23-C24
C25-C26

1.39 C1-C6
1.809(6) C2-C3
1.39 C4-C5
1.39 C1A-C2A
1.39 C1A-P2
1.39 C3A-C4A
1.39 C5A-C6A
1.39 C7-C12
1.795(4) C8-C9
1.39 C10-C11
1.39 C13-C14
1.818(7) C13-P1
1.517(10) C15-01
1.490(7) C16-C17
1.39 C17-C18
1.39 C19-C20
1.39 C22-C23
1.39 C22-P1
1.39 C24-C25
1.39 C25-C28
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1.39
1.39

1.39

1.39
1.778(10)
1.39

1.39

1.39

1.39

1.39
1.551(9)
1.887(7)
1.224(8)
1.39

1.39

1.39

1.39
1.838(10)
1.39
1.480(10)



C26-C27
C28-F1
C22A-C23A
C22A-P1
C24A-C25A
C25A-C28A
C28A-F2A
C28A-F3A
C29-C34
C30-C31
C32-C33
C33-C34
C35-F6
C35-F5
C35-F4A
C36-C41
C37-C38
C39-C40
C42-C43
C42-P4
C44-C45
C46-CA7
C42A-CATA
C43A-C44A
C45A-C46A
C48-C49
C48-P4
C49-C50
C50-C51
C51-C56
C53-C54
C55-C56
C50A-02A
C51A-C56A
C52A-C53A
C54A-C55A
C57-C58
C57-P3
C59-C60
C60-C63
C63-F9

1.39
1.343(11)
1.39
1.787(8)
1.39
1.476(10)
1.334(12)
1.353(11)
1.39

1.39

1.39

1.39
1.324(8)
1.337(8)
1.359(14)
1.39

1.39

1.39

1.39
1.797(11)
1.39

1.39

1.39

1.39

1.39
1.540(8)
1.829(6)
1.524(9)
1.492(8)
1.39

1.39

1.39
1.213(12)
1.391(9)
1.392(9)
1.391(9)
1.39
1.822(3)
1.39
1.494(7)
1.305(8)

C28-F2
C28-F3
C22A-C27A
C23A-C24A
C25A-C26A
C26A-C27A
C28A-F1A
C29-C30
C29-P1
C31-C32
C32-C35
C35-F6A
C35-F5A
C35-F4
C36-C37
C36-P4
C38-C39
C40-C41
C42-C47
C43-C44
C45-C46
C42A-C43A
C42A-P4
C44A-C45A
C46A-C47A
C48-C49A
C48-P3
C50-02
C51-C52
C52-C53
C54-C55
C49A-C50A
C50A-C51A
C51A-C52A
C53A-C54A
C55A-C56A
C57-C62
C58-C59
C60-C61
C61-C62
C63-F8
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1.336(12)
1.355(12)
1.39

1.39

1.39

1.39
1.339(11)
1.39
1.816(3)
1.39
1.494(7)
1.322(14)
1.335(14)
1.341(8)
1.39
1.780(3)
1.39

1.39

1.39

1.39

1.39

1.39
1.803(8)
1.39

1.39
1.541(11)
1.864(6)
1.212(9)
1.39

1.39

1.39
1.524(12)
1.492(11)
1.393(9)
1.390(10)
1.391(9)
1.39

1.39

1.39

1.39
1.336(9)



C63-F7
C64-C69
C65-C66
C67-C68
C67-C70
C70-F12
C70-F10
C70A-F11A
C71-C72
C71-P6
C73-C74
C75-C76
C77-C82
C78-C79
C80-C81
C77A-C78A
CT77A-P6
C79A-C80A
C81A-C82A
C83-C84A
C83-P5
C85-03
C86-C87
C87-C88
C89-C90
C84A-C85A
C85A-C86A
C86A-CI91A
C88A-C89A
C90A-C91A
C92-C97
C93-C9%4
C95-C96
C95-C98
C98-F15
C98-F14
C98A-F13A
C99-C100
C99-P5
C101-C102
C102-C105

1.344(10)
1.39

1.39

1.39
1.499(9)
1.328(11)
1.347(12)
1.337(10)
1.39
1.793(3)
1.39

1.39

1.39

1.39

1.39

1.39
1.808(14)
1.39

1.39
1.531(10)
1.876(7)
1.219(10)
1.39

1.39

1.39
1.519(11)
1.506(10)
1.39

1.39

1.39

1.39

1.39

1.39
1.502(7)
1.321(9)
1.341(10)
1.327(13)
1.39
1.772(13)
1.39
1.474(11)

C64-C65
C64-P3
C66-C67
C67-C70A
C68-C69
C70-F11
C70A-F12A
C70A-F10A
C71-C76
C72-C73
C74-C75
Cr7-C78
C77-P6
C79-C80
C81-C82
C77A-C82A
C78A-C79A
C80A-C81A
C83-C84
C83-P6
C84-C85
C85-C86
C86-C91
C88-C89
C90-Ca1
C85A-03A
C86A-C87A
C87A-C88A
C89A-C90A
C92-C93
C92-P5
C94-C95
C95-C98A
C96-C97
C98-F13
C98A-F15A
C98A-F14A
C99-C104
C100-C101
C102-C103
C103-C104
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1.39
1.814(3)
1.39
1.494(7)
1.39
1.341(12)
1.326(9)
1.345(10)
1.39

1.39

1.39

1.39
1.807(5)
1.39

1.39

1.39

1.39

1.39
1.530(11)
1.841(6)
1.520(11)
1.505(11)
1.39

1.39

1.39
1.220(10)
1.39

1.39

1.39

1.39
1.815(3)
1.39
1.500(9)
1.39
1.326(10)
1.322(12)
1.342(13)
1.39

1.39

1.39

1.39



C105-F16
C105-F18
C99A-C14A
C10A-C11A
C12A-C13A
C13A-Cl4A
C15A-F17A
C108-Cl12
C106-Cl7
C111-Cl17
C112-Cl20
CI20-ClI16
C107-Cl10
C109-Cl14
C110-Cl16
Cl2-Pd1
Cl4-Pd2
Cl6-Pd3
p2-S1

P4-S2

P6-S3
Pd2-S2

1.234(16)
1.411(17)
1.39

1.39

1.39

1.39
1.342(14)
1.748(8)
1.744(11)
1.739(11)
1.742(11)
1.59(3)
1.738(10)
1.734(11)
1.746(12)
2.323(2)
2.3387(16)
2.3484(16)
2.007(2)
2.005(2)
2.008(2)
2.2974(15)

Bond angles (°) of compound 28

C2-C1-C6
C6-C1-P2
C2-C3-C4
C6-C5-C4
C2A-C1A-C6A
C6A-C1A-P2
C4A-C3A-C2A
C6A-C5A-C4A
C8-C7-C12
C12-C7-P2
C10-C9-C8
C10-C11-C12
C14-C13-P2
P2-C13-P1
01-C15-Cl16

120.0
120.3(5)
120.0
120.0
120.0
118.4(9)
120.0
120.0
120.0
119.2(2)
120.0
120.0
108.5(5)
103.33)
122.7(7)

C105-F17
C99A-C10A
C99A-P5
C11A-C12A
C12A-C15A
C15A-F16A
C15A-F18A
C108-Cl11
C106-CI8
C111-Cl18
C112-CI19
C107-CI9
C109-Cl13
C110-Cl15
Cl1-Pd1
CI3-Pd2
Cl5-Pd3
P1-Pd1
P3-Pd2
P5-Pd3
Pd1-S1
Pd3-S3

C2-C1-P2
C1-C2-C3
C5-C4-C3
C5-C6-C1
C2A-C1A-P2
C3A-C2A-C1A
C3A-C4A-C5A
C5A-C6A-C1A
C8-C7-P2
C7-C8-C9
C11-C10-C9
C11-C12-C7
C14-C13-P1
C15-C14-C13
01-C15-C14
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1.348(16)
1.39
1.844(7)
1.39
1.471(9)
1.238(15)
1.400(16)
1.754(8)
1.750(11)
1.742(12)
1.745(11)
1.729(10)
1.734(11)
1.738(11)
2.3308(18)
2.2893(16)
2.3078(16)
2.2205(17)
2.2403(16)
2.2264(16)
2.309(2)
2.2852(16)

119.7(5)
120.0
120.0
120.0
121.4(9)
120.0
120.0
120.0
120.8(2)
120.0
120.0
120.0
113.9(5)
113.7(6)
120.2(6)



C16-C15-C14
C17-C16-C15
C18-C17-Cle6
C18-C19-C20
C20-C21-Cl6
C23-C22-P1
C24-C23-C22
C24-C25-C26
C26-C25-C28
C26-C27-C22
F2-C28-F3
F2-C28-C25
F3-C28-C25
C23A-C22A-P1
C22A-C23A-C24A
C26A-C25A-C24A
C24A-C25A-C28A
C26A-C27A-C22A
F2A-C28A-F3A
F2A-C28A-C25A
F3A-C28A-C25A
C30-C29-P1
C31-C30-C29
C31-C32-C33
C33-C32-C35
C33-C34-C29
F6-C35-F5
F5-C35-F4
F5A-C35-F4A
F6-C35-C32
F5-C35-C32
FAA-C35-C32
C37-C36-P4
C36-C37-C38
C38-C39-C40
C40-C41-C36
C43-C42-P4
C42-C43-C44
C44-C45-C46
C46-C47-C42
C43A-C42A-P4

117.1(6)
118.1(4)
120.0
120.0
120.0
124.(2)
120.0
120.0
119.3(8)
120.0
106.1(11)
114.3(10)
111.4(11)
123.7(16)
120.0
120.0
119.7(7)
120.0
106.6(10)
113.1(8)
110.1(9)
119.4(2)
120.0
120.0
119.6(4)
120.0
107.8(6)
105.0(6)
104.9(13)
113.1(6)
111.0(6)
105.0(15)
117.95(19)
120.0
120.0
120.0
120.6(18)
120.0
120.0
120.0
119.8(12)

C17-Cl6-C21
C21-C16-C15
C17-C18-C19
C21-C20-C19
C23-C22-C27
C27-C22-P1
C23-C24-C25
C24-C25-C28
C25-C26-C27
F2-C28-F1
F1-C28-F3
F1-C28-C25
C23A-C22A-C27A
C27A-C22A-P1
C25A-C24A-C23A
C26A-C25A-C28A
C25A-C26A-C27A
F2A-C28A-F1A
F1A-C28A-F3A
F1A-C28A-C25A
C30-C29-C34
C34-C29-P1
C30-C31-C32
C31-C32-C35
C34-C33-C32
F6A-C35-F5A
F6-C35-F4
F6A-C35-F4A
F6A-C35-C32
F5A-C35-C32
F4-C35-C32
C37-C36-C41
C41-C36-P4
C39-C38-C37
C41-C40-C39
C43-C42-C47
C47-C42-P4
C45-C44-C43
C47-C46-C45
C43A-C42A-C4ATA
C47A-C42A-P4
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120.0
121.6(4)
120.0
120.0
120.0
115.(2)
120.0
120.5(8)
120.0
105.6(12)
106.2(10)
112.7(11)
120.0
116.3(16)
120.0
120.3(7)
120.0
106.2(10)
106.8(9)
113.6(10)
120.0
120.0(2)
120.0
120.2(4)
120.0
107.8(14)
107.7(6)
105.1(14)
119.8(19)
112.9(17)
111.9(6)
120.0
121.9(2)
120.0
120.0
120.0
119.0(18)
120.0
120.0
120.0
120.0(12)



C42A-C43A-C44A
C44A-C45A-C46A
C46A-C47A-C42A
C49A-C48-P4
C49A-C48-P3
C50-C49-C48
02-C50-C49
C52-C51-C56
C56-C51-C50
C52-C53-C54
C54-C55-C56
C50A-C49A-C48
O2A-C50A-C49A
C56A-C51A-C52A
C52A-C51A-C50A
C54A-C53A-C52A
C54A-C55A-C56A
C58-C57-C62
C62-C57-P3
C60-C59-C58
C59-C60-C63
C62-C61-C60
F9-C63-F8
F8-C63-F7
F8-C63-C60
C65-C64-C69
C69-C64-P3
C67-C66-C65
C66-C67-C70A
C66-C67-C70
C69-C68-C67
F12-C70-F11
F11-C70-F10
F11-C70-C67
F12A-C70A-F11A
F11A-C70A-F10A
F11A-C70A-C67
C72-C71-C76
C76-C71-P6
C72-C73-C74
C76-C75-C74

120.0
120.0
120.0
116.(2)
111.(4)
108.7(6)
119.4(7)
120.0
122.7(4)
120.0
120.0
113.1(14)
118.9(13)
120.1(11)
117.0(12)
119.1(13)
118.8(13)
120.0
117.1(2)
120.0
120.8(4)
120.0
107.5(6)
104.3(6)
111.2(6)
120.0
119.5(2)
120.0
119.9(5)
124.4(8)
120.0
107.2(13)
105.5(12)
115.0(17)
108.0(8)
106.0(8)
110.8(9)
120.0
121.03)
120.0
120.0

C45A-C44A-C43A
C45A-C46A-C4ATA
C49-C48-P4
C49-C48-P3
P4-C48-P3
02-C50-C51
C51-C50-C49
C52-C51-C50
C51-C52-C53
C53-C54-C55
C55-C56-C51
0O2A-C50A-C51A
C51A-C50A-C49A
C56A-C51A-C50A
C53A-C52A-C51A
C53A-C54A-C55A
C51A-C56A-C55A
C58-C57-P3
C57-C58-C59
C59-C60-C61
C61-C60-C63
C61-C62-C57
F9-C63-F7
F9-C63-C60
F7-C63-C60
C65-C64-P3
C64-C65-C66
C66-C67-C68
C68-C67-C70A
C68-C67-C70
C68-C69-C64
F12-C70-F10
F12-C70-C67
F10-C70-C67
F12A-C70A-F10A
F12A-C70A-C67
F10A-C70A-C67
C72-C71-P6
C73-C72-C71
C73-C74-C75
C75-C76-C71
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120.0
120.0
114.5(6)
115.6(8)
103.6(3)
120.2(6)
120.2(6)
117.2(4)
120.0
120.0
120.0
120.2(14)
120.6(13)
122.8(12)
119.2(12)
120.6(12)
119.5(12)
122.9(2)
120.0
120.0
119.1(4)
120.0
108.1(7)
113.2(6)
112.1(6)
120.3(2)
120.0
120.0
120.1(5)
115.4(8)
120.0
106.6(13)
111.(2)
111.1(16)
106.4(8)
111.7(11)
113.5(8)
118.9(3)
120.0
120.0
120.0



C78-C77-C82
C82-C77-P6
C80-C79-C78
C82-C81-C80
C78A-C77A-C82A
C82A-C77A-P6
C80A-C79A-C78A
C82A-C81A-C80A
C84-C83-P6
C84-C83-P5
P6-C83-P5
03-C85-C86
C86-C85-C84
C87-C86-C85
C88-C87-C86
C88-C89-C90
C90-C91-C86
O3A-C85A-C86A
C86A-C85A-C84A
C87A-C86A-C85A
C86A-C87A-C88A
C88A-C89A-C90A
C90A-C91A-C86A
C93-C92-P5
C94-C93-C92
C96-C95-C94
C94-C95-C98A
C94-C95-C98
C96-C97-C92
F15-C98-F14
F15-C98-C95
F14-C98-C95
F15A-C98A-F14A
F15A-C98A-C95
F14A-C98A-C95
C100-C99-P5
C101-C100-C99
C101-C102-C103
C103-C102-C105
C103-C104-C99
F16-C105-F18

120.0
122.2(6)
120.0
120.0
120.0
109.(3)
120.0
120.0
109.5(9)
120.6(14)
103.8(3)
121.1(13)
117.2(9)
118.0(7)
120.0
120.0
120.0
120.6(9)
117.9(9)
117.3(6)
120.0
120.0
120.0
122.0(2)
120.0
120.0
121.3(12)
121.3(5)
120.0
106.8(7)
112.3(6)
112.2(7)
107.2(15)
114.(2)
110.(2)
119.4(19)
120.0
120.0
120.6(9)
120.0
96.2(13)

C78-C77-P6
Cr7-C78-C79
C79-C80-C81
C81-C82-C77
C78A-C77A-P6
C77A-C78A-C79A
C79A-C80A-C81A
C81A-C82A-C77A
C84A-C83-P6
C84A-C83-P5
C85-C84-C83
03-C85-C84
C87-C86-C91
C91-C86-C85
C89-C88-C87
C89-C90-Ca1
C85A-C84A-C83
O3A-C85A-C84A
C87A-C86A-CI1A
C91A-C86A-C85A
C89A-C88A-C87A
C89A-C90A-CI1A
C93-C92-C97
C97-C92-P5
C93-C94-C95
C96-C95-C98A
C96-C95-C98
C95-C96-C97
F15-C98-F13
F13-C98-F14
F13-C98-C95
F15A-C98A-F13A
F13A-C98A-F14A
F13A-C98A-C95
C100-C99-C104
C104-C99-P5
C102-C101-C100
C101-C102-C105
C104-C103-C102
F16-C105-F17
F17-C105-F18
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117.6(6)
120.0
120.0
120.0
131.(3)
120.0
120.0
120.0
115.1(8)
113.3(11)
106.2(12)
120.2(12)
120.0
121.9(7)
120.0
120.0
116.3(11)
120.4(9)
120.0
122.6(6)
120.0
120.0
120.0
118.0(2)
120.0
118.7(12)
118.7(5)
120.0
107.2(8)
105.8(7)
112.0(7)
106.2(15)
105.2(15)
114.(2)
120.0
120.5(19)
120.0
119.4(9)
120.0
120.1(15)
98.1(15)



F16-C105-C102
F18-C105-C102
C10A-C99A-P5
C11A-C10A-C99A
C13A-C12A-C11A
C11A-C12A-C15A
C13A-C14A-C99A
F16A-C15A-F18A
F16A-C15A-C12A
F18A-C15A-C12A
CI7-C106-CI8
Cl20-C112-CI19
Cl9-C107-ClI10
Cl15-C110-Cl16
C22A-P1-C29
C22A-P1-C13
C22-P1-C13
C29-P1-Pd1
C13-P1-Pd1
C7-P2-C1
C7-P2-C13
ClA-P2-S1
C1-P2-S1
C64-P3-C57
C57-P3-C48
C57-P3-Pd2
C36-P4-C42
C36-P4-C48
C42A-P4-C4A8
C42-P4-S2
C48-P4-S2
C92-P5-C99A
C92-P5-C83
C99-P5-Pd3
C99A-P5-Pd3
C71-P6-C77
C71-P6-C83
C77A-P6-C83
C77-P6-S3
C83-P6-S3
P1-Pd1-CI2

118.2(14)
108.6(14)
120.2(10)
120.0
120.0
122.3(6)
120.0
95.5(11)
117.8(12)
111.9(9)
111.7(8)
114.2(10)
113.0(6)
115.8(12)
108.8(12)
105.0(5)
110.4(8)
116.86(15)
110.4(2)
105.3(3)
107.2(3)
110.7(5)
109.8(3)
107.61(19)
105.9(2)
110.44(14)
112.0(14)
110.1(2)
101.6(10)
110.2(12)
108.57(19)
107.3(6)
108.9(3)
115.5(14)
111.9(7)
110.9(6)
113.9(3)
107.(2)
113.6(4)
108.4(2)
86.02(7)

F17-C105-C102
C10A-C99A-C14A
C14A-C99A-P5
C10A-C11A-C12A
C13A-C12A-C15A
C12A-C13A-C14A
F16A-C15A-F17A
F17A-C15A-F18A
F17A-C15A-C12A
Cl12-C108-Cl11
Cl17-C111-Cl18
Cl16-Cl20-C112
Cl13-C109-Cl14
Cl20-Cl16-C110
C29-P1-C22
C29-P1-C13
C22A-P1-Pd1
C22-P1-Pd1
C1A-P2-C7
C1A-P2-C13
C1-P2-C13
C7-P2-S1
C13-P2-S1
C64-P3-C48
C64-P3-Pd2
C48-P3-Pd2
C36-P4-C42A
C42-P4-C48
C36-P4-S2
C42A-P4-S2
C99-P5-C92
C99-P5-C83
C99A-P5-C83
C92-P5-Pd3
C83-P5-Pd3
C71-P6-C77A
C77-P6-C83
C71-P6-S3
C77A-P6-S3
P1-Pd1-S1
S1-Pd1-CI2
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111.3(12)
120.0
119.8(10)
120.0
117.7(6)
120.0
116.8(11)
99.6(11)
112.1(10)
112.3(4)
113.8(11)
139.1(15)
113.2(10)
162.(3)
107.1(15)
103.5(2)
111.3(9)
108.3(12)
117.3(6)
100.4(6)
114.6(4)
112.40(18)
107.6(2)
102.3(2)
118.69(14)
110.93(19)
111.3(10)
105.6(14)
110.20(14)
114.6(9)
104.3(11)
101.5(5)
102.3(3)
113.07(15)
112.7(2)
110.(3)
103.5(5)
106.75(17)
111.(2)
94.04(7)
177.30(7)



P1-Pd1-Cl1
Cl2-Pd1-Cl1
P3-Pd2-S2
P3-Pd2-Cl4
S2-Pd2-Cl4
P5-Pd3-CI5
P5-Pd3-Cl6
Cl15-Pd3-CI6
P4-S2-Pd2

178.46(8)
92.99(8)
93.96(6)
178.24(6)
86.44(6)
87.61(6)
174.28(6)
92.21(6)
98.42(7)

S1-Pd1-Cl1
P3-Pd2-CI3
ClI3-Pd2-S2
CI3-Pd2-Cl4
P5-Pd3-S3
S3-Pd3-CI5
S3-Pd3-ClI6
P2-S1-Pd1
P6-S3-Pd3
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86.90(8)
88.21(6)
175.70(6)
91.28(6)
93.14(6)
175.35(7)
87.51(6)
97.93(10)
100.80(8)



Crystallographic data for compound 29

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

Index ranges
Reflections collected
Independent reflections

Coverage of independent
reflections

Absorption correction

leung1224m
C35H32ClsOP2PdS
881.70 g/mol
100(2) K
0.71073 A

0.100 x 0.120 x 0.180 mm

yellow block

triclinic

P-1

a=12.0462(6) A o =117.9699(16)°
b=13.6016(6) A B=110.1228(17)°
c=13.8617(7) A y=94.362(2)°
1804.64(15) A3

2

1.623 g/cm?®

1.134 mm™*!

888

1.99 to 31.64°

-17<=h<=15, -20<=k<=20, -16<=I<=20
29905
12080 [R(int) = 0.0512]

99.4%

Multi-Scan
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Max. and min.
transmission

Refinement method
Refinement program
Function minimized

Data / restraints /
parameters

Goodness-of-fit on F2
A/Gmax

Final R indices

Weighting scheme

Largest diff. peak and
hole

R.M.S. deviation from
mean

0.8950 and 0.8220

Full-matrix least-squares on F?
SHELXL-2018/3 (Sheldrick, 2018)
by W(F02 - Fcz)z

12080/ 0/ 415

1.019

0.001

8663 data; R1 = 0.0435, WR2 =

1>26(1) 0.0793

Al data R1 = 0.0759, WR2 =
0.0925

w=1/[62(Fo?)+(0.0218P)%+1.5421P]
where P=(Fo?+2F¢?)/3

1.533 and -0.943 eA3

0.140 eA®

Bond lengths (A) of compound 29

Pd1-P1 2.2418(7) Pd1-Cl1
Pd1-S1 2.3083(6) Pd1-CI2
C1-C6 1.386(3) C1-C2
C1-P2 1.805(2) C2-C3
C3-C4 1.383(4) C4-C5
C5-C6 1.393(4) C7-C8
C7-C12 1.396(4) C7-P2
C8-C9 1.385(4) C9-C10
C10-C11 1.382(4) C11-C12
C13-Cl14 1.531(3) C13-P2
C13-P1 1.879(2) C14-C15
C15-01 1.221(3) C15-C16
C16-C17 1.397(4) C16-C21
C17-C18 1.388(4) C18-C19
C19-C20 1.388(4) C20-C21
C22-C27 1.395(4) C22-C23
C22-P1 1.816(2) C23-C24
C24-C25 1.377(4) C25-C26
C26-C27 1.387(4) C28-C33
C28-C29 1.403(4) C28-P1
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2.2998(6)
2.3595(6)
1.400(4)
1.386(4)
1.384(4)
1.395(4)
1.804(3)
1.392(4)
1.387(4)
1.824(2)
1.529(3)
1.483(3)
1.400(3)
1.384(4)
1.385(4)
1.397(4)
1.385(4)
1.389(4)
1.395(4)
1.812(3)



C29-C30
C31-C32
C34-Cl4
C35-ClI5
p2-S1

1.391(4)
1.380(4)
1.738(3)
1.751(3)
1.9990(9)

Bond anagles (°) of compound 29

P1-Pd1-Cl1
Cl1-Pd1-S1
Cl1-Pd1-CI2
C6-C1-C2
C2-C1-P2
C4-C3-C2
C4-C5-C6
C8-C7-C12
C12-C7-P2
C8-C9-C10
C10-C11-C12
C14-C13-P2
P2-C13-P1
01-C15-Cl6
C16-C15-C14
C17-C16-C15
C18-C17-Cl6
C18-C19-C20
C20-C21-Cl6
C27-C22-P1
C24-C23-C22
C24-C25-C26
C26-C27-C22
C33-C28-P1
C30-C29-C28
C32-C31-C30
C32-C33-C28
CI5-C35-ClI6
C28-P1-C13
C28-P1-Pd1
C13-P1-Pd1
C7-P2-C13

86.29(2)
175.62(3)
92.42(2)
119.7(2)
121.00(19)
120.8(3)
119.6(3)
119.8(2)
119.4(2)
119.8(3)
119.9(3)
111.76(16)
103.96(12)
122.1(2)
119.2(2)
122.2(2)
120.1(2)
120.3(3)
120.2(3)
118.56(19)
119.8(3)
120.1(3)
121.0(2)
120.7(2)
120.0(3)
120.3(3)
119.8(3)
111.98(16)
103.56(11)
118.18(9)
109.03(8)
106.86(11)

C30-C31
C32-C33
C34-CI3
C35-Cl6

P1-Pd1-S1
P1-Pd1-Cl2
S1-Pd1-CI2
C6-C1-P2
C3-C2-C1
C3-C4-C5
C1-C6-C5
C8-C7-P2
C9-C8-C7
C11-C10-C9
C11-C12-C7
C14-C13-P1
C15-C14-C13
01-C15-C14
C17-Cl6-C21
C21-C16-C15
C19-C18-C17
C21-C20-C19
C27-C22-C23
C23-C22-P1
C25-C24-C23
C27-C26-C25
C33-C28-C29
C29-C28-P1
C31-C30-C29
C31-C32-C33
Cl4-C34-CI3
C28-P1-C22
C22-P1-C13
C22-P1-Pd1
C7-P2-C1
C1-P2-C13
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1.391(4)
1.388(4)
1.752(3)
1.780(3)

94.65(2)
178.57(2)
86.59(2)
119.27(19)
119.4(2)
120.1(2)
120.5(2)
120.52(19)
119.9(2)
120.5(3)
119.9(3)
112.65(17)
110.6(2)
118.7(2)
119.3(2)
118.4(2)
120.1(3)
120.0(2)
118.9(2)
122.2(2)
120.9(3)
119.3(3)
119.6(2)
119.71(19)
119.7(3)
120.6(3)
113.14(18)
107.07(12)
108.51(11)
110.01(9)
112.05(12)
108.29(11)



C7-P2-S1 111.70(9) C1-P2-S1 110.11(9)
C13-P2-S1 107.62(8) P2-S1-Pd1 97.49(3)
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Crystallographic data for compound 30

Cl
0 RZP/P\‘{/CI
.S
P,
R: 3,5-CF3CgHy4
Identification code leung1219m
Chemical formula Ca9H28ClgF120P2PdS
Formula weight 1153.71 g/mol
Temperature 100(2) K
Wavelength 0.71073 A
Crystal size 0.040 x 0.080 x 0.100 mm
Crystal habit orange block
Crystal system monoclinic
Space group P121/n1l
Unit cell dimensions a=13.6763(7) A o =90°
b =15.5279(9) A B =93.844(2)°
c=20.5854(11) A  y=90°
Volume 4361.8(4) A3
Z 4
Density (calculated) 1.757 g/cm?®
Absorption coefficient 0.999 mm*
F(000) 2288

Theta range for data
collection

Index ranges -18<=h<=18, -21<=k<=20, -28<=I<=28
Reflections collected 89412
Independent reflections 11724 [R(int) = 0.1304]

Coverage of independent
reflections

Absorption correction ~ Multi-Scan

2.2710 29.15°

99.7%
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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 F2
A/Gmax

Final R indices

Weighting scheme

Largest diff. peak and
hole

R.M.S. deviation from
mean

0.9610 and 0.9070
direct methods

XT, VERSION 2018/2

Full-matrix least-squares on F?
SHELXL-2018/3 (Sheldrick, 2018)
by W(F02 - Fcz)z

11724/ 57 / 587

1.026

0.004

7869 data; R1 =0.0507, WR2 =

1>26(1) 0.1163

A1l data R1 =0.0952, WR2 =
0.1372

w=1/[62(Fo?)+(0.0543P)%+9.9065P]
where P=(Fo?+2F¢?)/3

0.844 and -0.936 eA®

0.137 eA®

Bond lengths (A) of compound 30

Pd1-P1
Pd1-Cl1
C1-C2
C1-P2
C3-C4
C5-C6
C7-C8
C8-C9
C10-C11
C13-C14
C13-P1
C15-01
Cl6-C21
C17-C18
C19-C20
C22-C27

2.2219(10) Pd1-S1
2.3187(11) Pd1-CI2
1.400(6) C1-C6
1.789(4) C2-C3
1.390(7) C4-C5
1.382(6) C7-C12
1.400(6) C7-P2
1.395(6) C9-C10
1.375(7) C11-C12
1.534(5) C13-P2
1.872(4) C14-C15
1.226(5) C15-C16
1.393(6) C16-C17
1.377(6) C18-C19
1.382(6) C20-C21
1.396(5) C22-C23
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2.2931(11)
2.3333(10)
1.404(6)
1.389(6)
1.382(7)
1.395(6)
1.808(4)
1.390(7)
1.385(6)
1.836(4)
1.525(5)
1.485(6)
1.401(6)
1.387(6)
1.394(6)
1.398(5)



C22-P1
C24-C25
C25-C26
C26-C28
C28-F1
C29-F6
C29-F4
C30-C35
C31-C32
C32-C37
C34-C35
C36-F8
C36-F9
C37-F12
C38-CI3
C39-ClI5
C39A-CI5A
p2-S1

1.818(4)
1.393(6)
1.388(6)
1.502(6)
1.331(6)
1.331(5)
1.338(5)
1.403(5)
1.388(5)
1.506(6)
1.391(5)
1.310(5)
1.328(5)
1.337(5)
1.761(6)
1.761(6)
1.753(11)
2.0072(14)

Bond angles (°) of compound 30

P1-Pd1-S1
S1-Pd1-Cl1
S1-Pd1-CI2
C2-C1-C6
C6-C1-P2
C2-C3-C4
C6-C5-C4
C12-C7-C8
C8-C7-P2
C10-C9-C8
C10-C11-C12
C14-C13-P2
P2-C13-P1
01-C15-Cl16
C16-C15-C14
C21-C16-C15
C18-C17-Cl6
C20-C19-C18
C16-C21-C20

93.29(4)
175.13(4)
87.17(4)
120.0(4)
118.5(3)
120.4(4)
120.6(4)
120.0(4)
119.1(3)
120.4(4)
120.4(4)
114.6(3)
103.80(19)
121.0(4)
119.6(3)
122.9(4)
120.7(4)
120.2(4)
120.0(4)

C23-C24
C24-C29
C26-C27
C28-F2
C28-F3
C29-F5
C30-C31
C30-P1
C32-C33
C33-C34
C34-C36
C36-F7
C37-F11
C37-F10
C38-Cl4
C39-Cl6
C39A-CI6A

P1-Pd1-Cl1
P1-Pd1-Cl2
Cl1-Pd1-CI2
C2-C1-P2
C3-C2-C1
C5-C4-C3
C5-C6-C1
C12-C7-P2
C9-C8-C7
C11-C10-C9
C11-C12-C7
C14-C13-P1
C15-C14-C13
01-C15-C14
C21-C16-C17
C17-C16-C15
C17-C18-C19
C19-C20-C21
C27-C22-C23
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1.387(6)
1.505(6)
1.385(6)
1.320(5)
1.340(6)
1.337(5)
1.397(5)
1.816(4)
1.383(5)
1.400(5)
1.508(6)
1.327(5)
1.323(5)
1.342(5)
1.775(6)
1.770(6)
1.766(12)

87.28(4)
176.77(4)
92.53(4)
121.4(3)
119.4(4)
120.1(4)
119.6(4)
120.8(3)
119.0(4)
120.2(4)
119.9(4)
113.2(3)
109.8(3)
119.4(4)
119.0(4)
118.1(4)
119.9(4)
120.2(4)
119.2(4)



C27-C22-P1
C24-C23-C22
C23-C24-C29
C26-C25-C24
C27-C26-C28
C26-C27-C22
F2-C28-F3
F2-C28-C26
F3-C28-C26
F6-C29-F4
F6-C29-C24
F4-C29-C24
C31-C30-P1
C32-C31-C30
C33-C32-C37
C32-C33-C34
C35-C34-C36
C34-C35-C30
F8-C36-F9
F8-C36-C34
F9-C36-C34
F11-C37-F10
F11-C37-C32
F10-C37-C32
C15-C39-Cl6
C30-P1-C22
C22-P1-C13
C22-P1-Pd1
C1-P2-C7
C7-P2-C13
C7-P2-S1
P2-S1-Pd1

116.5(3)
119.9(4)
120.7(4)
118.9(4)
118.6(4)
120.3(4)
107.4(4)
112.7(4)
111.3(4)
106.5(4)
112.6(4)
112.1(4)
119.2(3)
119.8(4)
120.4(4)
118.6(4)
119.6(4)
119.8(4)
107.4(4)
112.7(4)
112.3(4)
106.9(4)
112.8(4)
111.4(4)
110.9(3)
107.75(18)
106.73(17)
111.63(13)
109.87(19)
104.57(18)
113.01(14)
100.02(5)

C23-C22-P1
C23-C24-C25
C25-C24-C29
C27-C26-C25
C25-C26-C28
F2-C28-F1
F1-C28-F3
F1-C28-C26
F6-C29-F5
F5-C29-F4
F5-C29-C24
C31-C30-C35
C35-C30-P1
C33-C32-C31
C31-C32-C37
C35-C34-C33
C33-C34-C36
F8-C36-F7
F7-C36-F9
F7-C36-C34
F11-C37-F12
F12-C37-F10
F12-C37-C32
CI3-C38-Cl4

CI5A-C39A-CI6A

C30-P1-C13
C30-P1-Pd1
C13-P1-Pd1
C1-P2-C13
C1-P2-S1
C13-P2-S1
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124.3(3)
120.9(4)
118.4(4)
120.8(4)
120.5(4)
107.1(4)
105.5(4)
112.4(4)
107.0(4)
106.1(4)
112.2(4)
119.4(4)
121.3(3)
121.6(4)
118.0(4)
120.8(4)
119.5(4)
107.3(4)
105.4(4)
111.3(4)
107.8(4)
106.2(4)
111.4(4)
111.03)
108.4(12)
103.52(18)
114.12(13)
112.49(13)
112.32(18)
108.60(14)
108.49(13)



Crystallographic data for compound 31

Cl
o Rzp/ﬁ‘{/CI
.S
Ph,
R: 3,5-MeCgH,

Identification code leung1215m

Chemical formula Css.25H38.50Cl4.500P2PdS

Formula weight 874.11 g/mol

Temperature 100(2) K

Wavelength 0.71073 A

Crystal size 0.040 x 0.120 x 0.240 mm

Crystal habit yellow plate

Crystal system tetragonal

Space group P-421c

Unit cell dimensions a=21.8814(4) A o =90°
b =21.8814(4) A B =90°
c=16.3351(3) A ¥ =90°

Volume 7821.2(3) A3

Z 8

Density (calculated) 1.485 g/cm?®

Absorption coefficient 0.947 mm*

F(000) 3556

Ior;fggt{::ge fordata 54 t031.02°

Index ranges -31<=h<=29, -31<=k<=29, -17<=I<=23

Reflections collected 78778
Independent reflections 12485 [R(int) = 0.1018]

Coverage of independent
reflections

Absorption correction  Multi-Scan

99.9%

245



Max. and min.
transmission

Structure solution
technique

Structure solution
program

Refinement method
Refinement program
Function minimized

0.9630 and 0.8050
direct methods

XT, VERSION 2018/2

Full-matrix least-squares on F?
SHELXL-2018/3 (Sheldrick, 2018)
by W(F02 - Fcz)z

Data / restraints /

parameters 12485 /101 /478
Goodness-of-fit on F2 1.012
A/Gmax 0.006
Final R indices 9833 data; R1 =0.0445, wR2 =
1>26(1) 0.0820
all data R1=0.0721, wR2 =
0.0934

w=1/[6(Fo?)+(0.0313P)2+6.1225P]

Weighting scheme where P=(Fo2+2F2)/3

Absolute structure

-0.028(15)
parameter
Largest diff. peak and 1.025 and -0.534 eA-3
hole
R.M.S. deviation from 0104 A2
mean

Bond lengths (A) of compound 31

C1-C2 1.388(7) C1-C6
C1-P2 1.806(5) C2-C3
C3-C4 1.391(8) C4-C5
C5-C6 1.398(8) C7-C8
C7-C12 1.398(6) C7-P2
C8-C9 1.375(7) C9-C10
C10-C11 1.392(7) C11-C12
C13-C14 1.545(6) C13-P2
C13-P1 1.878(5) C14-C15
C15-01 1.218(6) C15-C16
Cl1l6-C21 1.383(7) C16-C17
C17-C18 1.390(8) C18-C19
C19-C20 1.370(8) C20-C21
C22-C27 1.381(7) C22-C23

246

1.395(7)
1.397(7)
1.367(9)
1.389(7)
1.801(5)
1.387(7)
1.383(6)
1.823(5)
1.519(7)
1.493(7)
1.388(7)
1.391(9)
1.392(7)
1.398(7)



C22-P1
C24-C25
C25-C26
C26-C28
C30-C35
C31-C32
C32-C37
C34-C35
Cl1-Pd1
P1-Pd1
Pd1-S1
C38-CI3
C38A-CI3A
C39-ClI5

1.815(5)
1.384(8)
1.401(8)
1.502(8)
1.403(6)
1.395(7)
1.507(7)
1.389(7)
2.3189(12)
2.2434(12)
2.3059(12)
1.765(11)
1.762(14)
1.756(15)

Bond angles (°) of compound 31

C2-C1-C6
C6-C1-P2
C4-C3-C2
C4-C5-C6
C8-C7-C12
C12-C7-P2
C8-C9-C10
C12-C11-C10
C14-C13-P2
P2-C13-P1
01-C15-Cl6
C16-C15-C14
C21-C16-C15
C16-C17-C18
C20-C19-C18
C16-C21-C20
C27-C22-P1
C24-C23-C22
C25-C24-C29
C24-C25-C26
C27-C26-C28
C22-C27-C26
C31-C30-P1

121.0(5)
119.1(4)
119.4(5)
120.1(6)
120.0(4)
121.0(4)
120.4(5)
120.0(5)
109.4(3)
103.1(2)
121.7(5)
117.2(4)
123.1(5)
120.5(6)
120.0(5)
121.2(5)
119.8(4)
120.4(5)
121.5(5)
122.6(5)
120.7(5)
120.5(4)
122.5(4)

C23-C24
C24-C29
C26-C27
C30-C31
C30-P1
C32-C33
C33-C34
C34-C36
Cl2-Pd1
p2-S1
C38-Cl4
C38A-CI4A
C39-Cl6

C2-C1-P2
C1-C2-C3
C5-C4-C3
C1-C6-C5
C8-C7-P2
C9-C8-C7
C9-C10-C11
C11-C12-C7
C14-C13-P1
C15-C14-C13
01-C15-C14
C21-C16-C17
C17-C16-C15
C17-C18-C19
C19-C20-C21
C27-C22-C23
C23-C22-P1
C25-C24-C23
C23-C24-C29
C27-C26-C25
C25-C26-C28
C31-C30-C35
C35-C30-P1
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1.395(7)
1.496(7)
1.394(7)
1.390(7)
1.812(5)
1.380(7)
1.400(7)
1.505(7)
2.3543(12)
2.0128(16)
1.77(2)
1.76(2)
1.76(2)

119.8(4)
119.2(5)
121.2(5)
118.9(5)
119.0(4)
120.1(5)
119.9(4)
119.7(5)
112.9(3)
113.1(4)
121.1(4)
118.6(5)
118.2(5)
119.9(6)
119.7(5)
120.4(4)
119.9(4)
118.1(4)
120.4(5)
118.0(5)
121.3(5)
119.3(4)
118.2(4)



C30-C31-C32
C33-C32-C37
C32-C33-C34
C35-C34-C36
C34-C35-C30
C30-P1-C13
C30-P1-Pd1
C13-P1-Pd1
C7-P2-C13
C7-P2-S1
C13-P2-S1
P1-Pd1-Cl1
P1-Pd1-Cl2
Cl1-Pd1-CI2
Cl4-C38-CI3
Cl6-C39-CI5

120.6(5)
121.5(5)
122.0(5)
121.2(5)
120.8(4)
107.5(2)
112.33(15)
109.04(15)
110.6(2)
109.98(16)
107.16(15)
87.33(4)
179.14(5)
93.09(4)
108.7(8)
111.2(9)

C33-C32-C31
C31-C32-C37
C35-C34-C33
C33-C34-C36
C30-P1-C22
C22-P1-C13
C22-P1-Pd1
C7-P2-C1
C1-P2-C13
C1-P2-S1
P1-Pd1-S1
S1-Pd1-Cl1
S1-Pd1-CI2
P2-S1-Pd1
CI4A-C38A-CI3A
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118.9(5)
119.5(5)
118.3(4)
120.5(5)
107.7(2)
103.4(2)
116.22(17)
108.2(2)
109.2(2)
111.65(16)
94.56(4)
176.22(5)
84.98(4)
97.66(6)
110.9(11)



Crystallographic data for compound 33

Cl
OthP/F\"{’CI
. Se
Ph,

Identification code leung1222m

Chemical formula Css.65H33.77Cla.540P2PdSe

Formula weight 886.44 g/mol

Temperature 100(2) K

Wavelength 0.71073 A

Crystal size 0.120 x 0.200 x 0.220 mm

Crystal habit yellow block

Crystal system orthorhombic

Space group Aba?2

Unit cell dimensions a=24.1786(10) A o =90°
b = 18.5809(6) A B =90°
c = 16.6442(6) A v =90°

Volume 7477.6(5) A3

Z 8

Density (calculated) 1.575 g/cm?®

Absorption coefficient 1.908 mm?

F(000) 3543

Thetarange fordata 5.4, 31 56-

Index ranges -28<=h<=35, -27<=k<=27, -19<=I<=24

Reflections collected 55129
Independent reflections 11338 [R(int) = 0.0977]

Coverage of independent
reflections

Absorption correction  Multi-Scan

99.8%

249



Max. and min.
transmission

Structure solution
technique

Structure solution
program

Refinement method
Refinement program
Function minimized

Data / restraints /
parameters

Goodness-of-fit on F2
A/Gmax

Final R indices

Weighting scheme

Absolute structure
parameter

Largest diff. peak and
hole

R.M.S. deviation from
mean

0.8030 and 0.6790
direct methods

XT, VERSION 2018/2

Full-matrix least-squares on F?
SHELXL-2018/3 (Sheldrick, 2018)
by W(F02 - Fcz)z

11338/ 160 / 472

1.038

0.001

8702 data; R1=0.0513, wR2 =

>26(1) 0.1062

Al data R1=0.0794, wR2 =
0.1157

w=1/[62(Fo?)+(0.0471P)?+0.7259P]
where P=(Fo?+2F¢?)/3

0.025(13)
0.970 and -0.915 eA3

0.122 A’

Bond lengths (A) of compound 33

C1-C2 1.389(10) C1-C6
C1-P1 1.821(7) C2-C3
C2-H2 0.95 C3-C4
C3-H3 0.95 C4-C5
C4-H4 0.95 C5-C6
C5-H5 0.95 C6-H6
C7-C12 1.383(9) C7-C8
C7-P1 1.807(7) C8-C9
C8-H8 0.95 C9-C10
C9-H9 0.95 C10-C11
C10-H10 0.95 C11-C12
Cl1-H11 0.95 Cl12-H12
C13-C14 1.539(7) C13-P2
C13-P1 1.875(6) C13-H13
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1.399(8)
1.380(10)
1.383(10)
1.381(11)
1.368(9)
0.95
1.405(9)
1.386(10)
1.398(11)
1.360(11)
1.378(10)
0.95
1.821(7)
1.0



C14-C15
C14-H14B
C15-C16
C16-C21
C17-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
C34-Cl4
C34-H34A
C35-CI5
C35-H35A
C36-C37
C36-H36B
C37-C38
C37-H37B
C38-H38A
C39-C40
C39-H39B
C40-H40A
C41-H41A
C41-H41C
Cl2-Pd1
P2-Sel

1.518(9)
0.99
1.497(9)
1.399(10)
0.95
0.95
0.95
0.95
1.388(9)
1.792(6)
0.95
0.95
0.95
0.95
1.365(9)
1.823(6)
0.95
0.95
0.95
0.95
1.717(8)
0.99
1.54(3)
0.99
1.54(3)
0.98
1.51(3)
0.99
0.99
1.49(3)
0.99
0.99
0.98
0.98
2.3627(16)
2.1596(16)

Bond angles (°) of compound 33

C2-C1-C6

119.1(6)

Cl4-H14A
C15-01
C16-C17
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
C34-CI3
C34-H34B
C35-Cl6
C35-H35B
C36-H36A
C36-H36C
C37-H37A
C38-C39
C38-H38B
C39-H39A
C40-C41
C40-H40B
C41-H41B
Cl1-Pd1
P1-Pd1
Pd1-Sel

C2-C1-P1
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0.99
1.207(8)
1.381(9)
1.383(10)
1.393(12)
1.378(13)
1.366(11)
0.95
1.393(9)
1.380(9)
1.353(10)
1.393(11)
1.392(10)
0.95
1.395(9)
1.391(10)
1.365(12)
1.387(11)
1.393(9)
0.95
1.763(11)
0.99
1.54(3)
0.99

0.98

0.98

0.99
1.54(3)
0.99

0.99
1.55(3)
0.99

0.98
2.3175(17)
2.2393(16)
2.3928(8)

120.9(5)



C6-C1-P1
C3-C2-H2
C2-C3-C4
C4-C3-H3
C5-C4-H4
C6-C5-C4
C4-C5-H5
C5-C6-H6
C12-C7-C8
C8-C7-P1
C9-C8-H8
C8-C9-C10
C10-C9-H9
C11-C10-H10
C10-C11-C12
C12-C11-H11
C11-C12-H12
C14-C13-P2
P2-C13-P1
P2-C13-H13
C15-C14-C13
C13-C14-H14A
C13-C14-H14B
01-C15-Cl6
C16-C15-C14
C17-C16-C15
C16-C17-C18
C18-C17-H17
C17-C18-H18
C20-C19-C18
C18-C19-H19
C21-C20-H20
C20-C21-Cl6
C16-C21-H21
C27-C22-P2
C24-C23-C22
C22-C23-H23
C25-C24-H24
C24-C25-C26
C26-C25-H25
C27-C26-H26

119.9(5)
119.9
120.7(7)
119.6
120.7
121.9(7)
119.1
120.3
118.2(6)
122.6(5)
120.0
120.0(7)
120.0
120.0
120.2(7)
119.9
119.2
112.6(5)
105.5(3)
108.1
110.3(5)
109.6
109.6
120.5(6)
120.5(5)
118.8(6)
120.9(7)
1195
120.6
119.8(7)
120.1
119.1
118.8(8)
120.6
119.4(5)
120.1(6)
119.9
119.8
121.0(7)
1195
1205

C3-C2-C1
C1-C2-H2
C2-C3-H3
C5-C4-C3
C3-C4-H4
C6-C5-H5
C5-C6-C1
C1-C6-H6
C12-C7-P1
C9-C8-C7
C7-C8-H8
C8-C9-H9
C11-C10-C9
C9-C10-H10
C10-C11-H11
C11-C12-C7
C7-C12-H12
C14-C13-P1
C14-C13-H13
P1-C13-H13

C15-C14-H14A

C15-C14-H14B

H14A-C14-H14B

01-C15-C14

C17-Cl6-C21
C21-C16-C15
C16-C17-H17
C17-C18-C19
C19-C18-H18
C20-C19-H19
C21-C20-C19
C19-C20-H20
C20-C21-H21
C27-C22-C23
C23-C22-P2

C24-C23-H23
C25-C24-C23
C23-C24-H24
C24-C25-H25
C27-C26-C25
C25-C26-H26
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120.2(6)
119.9
119.6
118.6(7)
120.7
119.1
119.5(7)
120.3
119.3(5)
120.0(7)
120.0
120.0
120.0(7)
120.0
119.9
121.6(7)
119.2
114.2(4)
108.1
108.1
109.6
109.6
108.1
118.9(6)
119.9(6)
121.4(6)
1195
118.8(7)
120.6
120.1
121.8(9)
119.1
120.6
119.5(6)
121.2(5)
119.9
120.4(7)
119.8
1195
119.1(7)
1205



C22-C27-C26
C26-C27-H27
C29-C28-P2
C28-C29-C30
C30-C29-H29
C31-C30-H30
C30-C31-C32
C32-C31-H31
C31-C32-H32
C32-C33-C28
C28-C33-H33
Cl4-C34-H34A
Cl4-C34-H34B
H34A-C34-H34B
CI5-C35-H35A
C15-C35-H35B
H35A-C35-H35B
C37-C36-H36B
C37-C36-H36C
H36B-C36-H36C
C38-C37-H37A
C38-C37-H37B
H37A-C37-H37B
C37-C38-H38A
C37-C38-H38B
H38A-C38-H38B
C40-C39-H39A
C40-C39-H39B
H39A-C39-H39B
C39-C40-H40A
C39-C40-H40B
H40A-C40-H40B
C40-C41-H41B
C40-C41-H41C
H41B-C41-H41C
C7-P1-C13
C7-P1-Pd1
C13-P1-Pd1
C22-P2-C28
C22-P2-Sel
C28-P2-Sel

119.9(6)
120.0
118.9(5)
119.2(7)
120.4
119.6
120.6(7)
119.7
120.4
119.4(6)
120.3
109.2
109.2
107.9
102.5
1025
104.9
109.5
109.5
109.5
108.4
108.4
107.5
108.6
108.6
107.6
108.0
108.0
107.3
108.3
108.3
107.4
109.5
109.5
109.5
105.9(3)
111.2(2)
112.2(2)
108.5(3)
110.4(2)
112.50(18)

C22-C27-H27
C29-C28-C33
C33-C28-P2
C28-C29-H29
C31-C30-C29
C29-C30-H30
C30-C31-H31
C31-C32-C33
C33-C32-H32
C32-C33-H33
Cl4-C34-CI3
CI3-C34-H34A
CI3-C34-H34B
CI5-C35-Cl6
Cl6-C35-H35A
Cl6-C35-H35B
C37-C36-H36A
H36A-C36-H36B
H36A-C36-H36C
C38-C37-C36
C36-C37-H37A
C36-C37-H37B
C37-C38-C39
C39-C38-H38A
C39-C38-H38B
C40-C39-C38
C38-C39-H39A
C38-C39-H39B
C39-C40-C41
C41-C40-H40A
C41-C40-H40B
C40-C41-H41A
H41A-C41-H41B
H41A-C41-H41C
C7-P1-C1
C1-P1-C13
C1-P1-Pd1
C22-P2-C13
C13-P2-C28
C13-P2-Sel
P1-Pd1-Cl1
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120.0
120.9(6)
120.3(5)
120.4
120.7(7)
119.6
119.7
119.1(7)
120.4
120.3
112.2(5)
109.2
109.2
138.(6)
1025
1025
1095
109.5
1095
116.(3)
108.4
108.4
114.(3)
108.6
108.6
117.(3)
108.0
108.0
116.(3)
108.3
108.3
109.5
1095
1095
108.7(3)
101.5(3)
116.5(2)
110.03)
107.1(3)
108.21(19)
86.45(6)



P1-Pd1-CI2 179.07(7) CI1-Pd1-CI2 93.04(6)
P1-Pd1-Sel 95.20(5) Cl1-Pd1-Sel 177.38(5)
Cl2-Pd1-Sel 85.27(5) P2-Sel-Pd1 95.11(5)
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Crystallographic data for compound 34

Cl
opth/'s‘{/cI
. Se
R
R: 4-OMeCgH,4
Identification code leung1210m
Chemical formula CssH32C1203P,PdSe
Formula weight 818.80 g/mol
Temperature 100(2) K
Wavelength 0.71073 A
Crystal size 0.010 x 0.220 x 0.240 mm
Crystal habit orange plate
Crystal system monoclinic
Space group P121/n1l
Unit cell dimensions a=132411("N A  o=90°
b=16.1259(6) A B =105.776(2)°
c=15.6837(7) A  y=90°
Volume 3222.7(3) A3
Z 4
Density (calculated) 1.688 g/cm?®
Absorption coefficient 2.007 mm*
F(000) 1640

Theta range for data

) 2.04 to 34.37°
collection

-21<=h<=21, -25<=k<=18, -
24<=I<=24

Reflections collected 64021
Independent reflections 13503 [R(int) = 0.1117]

Coverage of independent
reflections

Index ranges

99.9%
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Absorption correction Multi-Scan

Max. and min.
transmission

Structure solution

0.9800 and 0.6450

direct methods

technique
Structure solution program XT, VERSION 2018/2
Refinement method Full-matrix least-squares on F?
Refinement program SHELXL-2018/3 (Sheldrick, 2018)
Function minimized > w(Fo? - F?)?
Data / restraints / 13503 /0 / 399
parameters
Goodness-of-fit on F? 1.021
A/Gmax 0.002
Final R indices 8323 data; R1=0.0516, wR2 =
>26(1) 0.0989
all data R1=0.1117, wR2 =
0.1190

w=1/[6%(Fo?)+(0.0442P)?]
where P=(Fo?+2F¢?)/3
Largest diff. peak and hole 0.983 and -2.098 eA

R.M.S. deviation from
mean

Weighting scheme

0.175 eA

Bond lengths (A) of compound 34

C1-C2 1.390(4) C1-C6
C1-P1 1.816(3) C2-C3
C3-C4 1.375(4) C4-C5
C5-C6 1.384(4) C7-C8
C7-C12 1.396(4) C7-P1
C8-C9 1.382(4) C9-C10
C10-C11 1.393(5) C11-C12
C13-Cl14 1.523(4) C13-P2
C13-P1 1.879(3) C14-C15
C15-01 1.215(4) C15-C16
C16-C21 1.394(5) C16-C17
C17-C18 1.379(5) C18-C19
C19-C20 1.375(5) C20-C21
C22-C27 1.389(4) C22-C23
C22-P2 1.798(3) C23-C24
C24-C25 1.392(5) C25-02
C25-C26 1.389(4) C26-C27
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1.407(4)
1.392(4)
1.393(5)
1.386(4)
1.827(3)
1.373(5)
1.383(4)
1.837(3)
1.510(4)
1.482(4)
1.394(4)
1.384(6)
1.378(5)
1.403(4)
1.378(5)
1.352(4)
1.378(4)



C28-02
C29-C30
C30-C31
C32-03
C33-C34
Cl1-Pd1
P1-Pd1
Pd1-Sel

1.441(4)
1.401(4)
1.373(4)
1.352(4)
1.377(4)
2.3243(8)
2.2479(8)
2.4198(4)

Bond angles (°) of compound 34

C2-C1-C6
C6-C1-P1
C4-C3-C2
C6-C5-C4
C8-C7-C12
C12-C7-P1
C10-C9-C8
C12-C11-C10
C14-C13-P2
P2-C13-P1
01-C15-Cl6
C16-C15-C14
C21-C16-C15
C18-C17-Cl6
C20-C19-C18
C20-C21-Cl6
C27-C22-P2
C24-C23-C22
02-C25-C26
C26-C25-C24
C26-C27-C22
C34-C29-P2
C31-C30-C29
03-C32-C31
C31-C32-C33
C33-C34-C29
C32-03-C35
C1-P1-C13
C1-P1-Pd1

119.1(3)
120.0(2)
120.7(3)
120.0(3)
118.9(3)
117.2(2)
120.8(3)
119.4(3)
113.7(2)
104.30(14)
121.4(3)
117.3(3)
121.1(3)
120.3(3)
120.6(3)
120.1(3)
119.3(2)
119.5(3)
124.5(3)
119.2(3)
121.2(3)
120.1(2)
119.8(3)
116.1(3)
120.0(3)
121.3(3)
117.4(3)
101.59(13)
116.27(10)

C29-C34
C29-P2
C31-C32
C32-C33
C35-03
Cl2-Pd1
P2-Sel

C2-C1-P1
C1-C2-C3
C3-C4-C5
C5-C6-C1
C8-C7-P1
C9-C8-C7
C9-C10-C11
C11-C12-C7
C14-C13-P1
C15-C14-C13
01-C15-C14
C21-C16-C17
C17-C16-C15
C17-C18-C19
C19-C20-C21
C27-C22-C23
C23-C22-P2
C23-C24-C25
02-C25-C24
C27-C26-C25
C34-C29-C30
C30-C29-P2
C30-C31-C32
03-C32-C33
C34-C33-C32
C25-02-C28
C1-P1-C7
C7-P1-C13
C7-P1-Pd1
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1.395(4)
1.791(3)
1.384(5)
1.394(4)
1.436(4)
2.3494(8)
2.1546(8)

120.7(2)
120.0(3)
119.9(3)
120.3(3)
123.8(2)
120.2(3)
119.9(3)
120.8(3)
114.2(2)
112.3(3)
121.3(3)
119.2(3)
119.6(3)
119.6(3)
120.2(4)
119.0(3)
121.2(2)
121.1(3)
116.3(3)
119.9(3)
118.8(3)
121.1(2)
120.9(3)
123.9(3)
119.1(3)
118.3(3)
108.60(14)
107.51(13)
110.42(10)



C13-P1-Pd1
C29-P2-C13
C29-P2-Sel
C13-P2-Sel
P1-Pd1-Cl2
P1-Pd1-Sel
Cl2-Pd1-Sel

111.84(10)
109.59(13)
111.88(10)
105.99(9)
176.46(3)
93.72(2)
86.48(2)

C29-P2-C22
C22-P2-C13
C22-P2-Sel
P1-Pd1-Cl1
Cl1-Pd1-CI2
Cl1-Pd1-Sel
P2-Sel-Pd1

258

112.17(14)
105.09(14)
111.68(10)
87.79(3)
92.42(3)
173.11(2)
91.91(3)



