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Nomenclature

The nomenclature used throughout the thesis conforms to the format adopted

by Chemical Abstractes (Chemical Abstracts, 13™ Collective Index, Index Guide,

1992-1996).

X-ray Structural Data

The X-ray structural analyses were kindly carried out by Dr. Li Yongxin at the

Nanyang Technological University (Division of Chemistry and Biological Chemistry).

Ar

ax

BICP

BINAP

Bn

Bu

br

ca.

calcd

CHIRAPHOS

Abbreviations and Symbols

anisoyl

aryl

axial

(2, 2°)-bis(diphenylphosphino)-(1,1’)-dicyclopentane
2,2’-bis(diphenylphosphino)-1,1’-binaphthyl

benzyl

butyl

broad

boiling point

about (Latin circa)

calculated

2, 3-bis(diphenylphosphino)butane
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cod cyclooctodiene-1,5-diene

conc. concentrated

Cy cyclohexyl

d doublet, day(s)

dd doublet of a doublet

dt doublet of a triplet

de diastereomeric excess

decomp. Decomposed

deg degree(s)

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

DIPAMP 1,2-bis[(o-methoxyphenyl)phenylphoshino]ethane

dm decimeter

DMPP 3.,4-dimethyl-1-phenylphosphole

dppe 1,2-bis(diphenylphosphino)ethane

Duphos 1,2-bis(2,5-dimethylphospholano)benzene

ee enantiomeric excess

eq equatorial

Et-FerroTANE  1,1°-bis-2,4-diethylphosphotano)ferrocene
Et ethyl

et. al. and others (Latin alii)

g gram(s)
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h hour(s)

Hex hexyl

Hz hertz

ie. that is (Latin id est)

i iso

Josiphos 1-[2-(diphenylphosphino)ferrocenyl]ethyldicyclohexylphosphine

ethanol adduct

LDA lithium diisopropylamide
m multiplet

m meta

Me methyl

Men menthyl

Meo-PIPHEP 2,2’-bis(diphenylphosphino)-6,6’-dimethoxy-1,1’-biphenyl
min minute(s)
MONOPHOS 8,9,10,11,12,13,14,15-octahydro-3,5-dioxa-4-(phosphacyclohepta

[2,1-a;3,4-a’]dinaphthalen-4-yl)dimethylamine

MOP 2-(diphenylphosphino)-2’-methoxy-1,1’-binaphthyl
mp melting point

n straight chain

NMR Nuclear Magnetic Resonance

NOE Nuclear Overhauser Effect

NORPHOS 2,3-bis(diphenylphosphino)norbornane
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0 ortho

)4 para

PAMP (o-methoxyphenyl)methylphenylphosphine

Pr propyl

Ph phenyl

3P NMR S'p{'"H} NMR

PHOX phosphinooxazolines

ppm parts per million

PYRPHOS bis-(diphenylphosphino)-1-benzylpyrrolidine
q quartet

qn quintet

r.t. room temperature

R rectus (Latin: right absolute configuration)
ROESY 2D rotating frame Nuclear Overhauser Enhancement
S sinister (Latin: left absolute configuration)

] singlet

s secondary

SEGPHOS 5,5’-bis(diphenylphosphino)-4,4’-bi-1,3-benzodioxole
t triplet

t tertiary

THF tetrahydrofuran

tol tolyl
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A angstrom(s)
0 NMR chemical shift in ppm

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

This thesis describes the development of chiral cyclometalated-amine
templates  promoted asymmetric reactions such as the Diels-Alder,
hydrophosphination and hydroarsination reactions for the synthesis of chiral
phosphine and chiral arsine ligands.

The [4+2] Diels-Alder reactions involving 3-diphenylphosphinofuran and
three  phosphine functionalized dienophiles viz. diphenylvinylphosphine,
diphenyl[(E)-2-(ethoxycarbonyl)vinyl]phosphine and divinylphenylphosphine were
carried out by employing platinum complexes containing the ortho metalated
(R)-(1-(dimethylamino)ethyl)naphthalene (R)-86 as the chiral template to generate the
endo-cycladducts. In chapter 1 the cycloaddition reaction between
diphenylvinylphosphine and di-(3-furyl)phenylphosphine is also presented. The chiral
naphthylamine auxiliary in the isolated chelating diphosphine endo-cycloadduct metal
template complexes could be removed chemoselectively by treatment with
concentrated sulfuric acid, during which the oxanorbornene skeleton of the
diphosphine metal complexes is inert to the acid treatment. Further ligand liberation
from the resultant dichloro complexes using aqueous cyanide gave the free
bis(diphenylphosphino)-substituted cycloadduct ligands which are air stable.

The asymmetric [4+2] Diels-Alder reaction involving 3-diphenylphosphinofu-
ran as the dienophile and 3,4-dimethyl-1-phenylphosphole, DMPP, as the cyclic diene

was carried out by utilizing the platinum(Il) template complex (R)-86 as the chiral

Xiv
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auxiliary. Two (Sp)-exo cycloadducts were obtained with high stereoselectivity as P-P
bidentate chelates on the platinum template. The chiral naphthylamine auxiliary was
subsequently removed by treatment with concentrated hydrochloric acid to form three
dichloroplatinum(Il) complexes in which two products were from the acid hydrolysis
of vinyl ether. Benzoylation of the hemiacetals only gave one product. The absolute
configurations and the coordination properties of the P-chiral cycloadducts have been
established by single-crystal X-ray analysis.

The organopalladium complex (R)-144 as the chiral auxiliary has also been
used to promote the asymmetric hydrophosphination reactions of diphenylphosphine
with (E)-1-phenyl-3-pyridin-2-yl-2-propenone, (E)-1-naphthyl -3-pyridin-2-yl-2-prop-
enone, (E)-1-thiophenyl-3-pyridin-2-yl-2-propenone,(E)-1-methyl-3-pyridin-2-yl-2-
propenoate and (E)-1-phenyl-3-quinolin-2-yl-2-propenone in high regio- and
stereoselectivities under mild conditions. Hydrophosphination of
(E)-1-phenyl-3-pyridin-2-yl-2-propenone, (E£)-1-naphthyl -3-pyridin-2-yl-2-propenon-
ne, (E)-1-thiophenyl-3-pyridin-2-yl-2-propenone with diphenylphosphine generated
two stereoisomeric products as five-membered 2-pyridylphosphine P-N bidentate
chelates on the chiral naphthylamine palladium template. Using the same chiral metal
template, the corresponding hydrophosphination reactions of
(E)-1-methyl-3-pyridin-2-yl-2-propen-oate and (E)-1-phenyl-3-quinolin-2-yl-2-prop-
enone only gave one product as a six-membered P-N bidentate chelate. The
naphthylamine auxiliary could be removed chemoselectively from the template

product by treatment with concentrated hydrochloric acid to form the corresponding

XV
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optically pure neutral complexes. Subsequent ligand displacement from the palladium
achieved using aqueous potassium cyanide generated the optically pure keto- and
ester-functionalized chiral P-N ligands in high yields.

The asymmetric hydroarsination reactions between diphenylarsine and
(E)-1-phenyl-3-pyridin-2-yl-2-propenone, (E)-1-naphthyl-3-pyridin-2-yl-2-propenone
and (E)-1-methyl-3-pyridin-2-yl-2-propenoate have been achieved by use of the
organopalladium complex (R)-144 as the chiral reaction template in high regio- and
stereoselectivities under mild conditions. Hydroarsination of
(E)-1-phenyl-3-pyridin-2-yl-2-propenone and (E)-1-naphthyl-3-pyridin-2-yl-2-prope-
none with diphenylarsine generated two stereoisomeric products in the ratio of 3:1 as
five-membered As-N bidentate chelates on the chiral naphthylamine palladium
template. Using the same chiral metal template, the corresponding
hydrophosphination reaction with (£)-1-methyl-3-pyridin-2-yl-2-propenoate only
gave one product as a six-membered As-N bidentate chelate. The naphthylamine
auxiliary could be removed chemoselectively by treatment with concentrated
hydrochloric acid to form the corresponding optically pure neutral complexes.
Subsequent ligand displacement from the palladium using aqueous potassium cyanide
generated the optically pure keto- and ester-functionalized chiral pyridylarsine
ligands.

The application of chiral cyclometalated-amine template for the asymmetric
hydrophosphination involving methylphenylphosphine and ethynylphosphines viz.

diphenyl(phenylethynyl)phosphine and di(phenylethynyl)phenylphosphine were

Xvi
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established. The reactions resulted in the formation of P-chiral diphosphine ligands,

while the diastereoselectivity of the reactions was low.

xXvil
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Chapter 1

General Introduction

1.1 Chiral Phosphines

Biologically active compounds, such as pharmaceuticals, agrochemicals,
fragrances, and flavors as well as functional materials, are indispensable in our daily
life.! Many biological functions of these key molecules arise from specific molecular
and chirality recognition. So preparation of optically active substances is a substantial
challenging work for chemists in both academia and industry. It is necessary to pile
up of optically active building blocks, which must be with suitable configuration,
functionality, and conformational rigidity or flexibility to generate the desired
stereoselectivity in the target complex.' In meeting the demand, asymmetric synthesis
has become to the most attractive approach that is on a par with other methods,
including optical and enzymatic resolutions.”

Enantiomerically pure phosphines have attracted great interest in transition
metal catalyzed asymmetric reactions.” Phosphine ligands with a lone pair of electrons
can be as Lewis bases and ligate to metals. Experience has shown that complexes
including “soft” phosphine ligands and “soft” metals such as rhodium, ruthenium,
palladium or iridium are sufficiently stable and can act as catalysts. Due to the
o-donating and z-accepting properties of the phosphine ligands, they can be used for
electronic “fine tuning” of the catalyst. An important advantage of phosphine ligands

over related N- or O-ligands is their facile characterization by *'P NMR spectroscopy.
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This method can give a fast and comprehensive characterization of synthetic
intermediates, ligands and metal complexes and even make some insight into the
mechanism of catalytic processes possible.*

In 1968 Knowles* and Horner’ reported that asymmetric hydrogenation was
possible by replacing the triphenylphosphine ligands of the Wilkinson’s catalyst
[RhCI(PPhs);] with P-chiral monophosphines, albeit with poor enantioselectivity.
Following this, numerous enantiomerically pure phosphines have been prepared® and
asymmetric hydrogenation of alkenes, ketones and imines can be achieved in high
enantioselectivity.” Apart from hydrogenation, chiral phosphines have also been used
successfully in other asymmetric catalytic reactions such as allylic substitution,
Hydrosilylation, Heck reaction, hydroboration, hydrogen transfer on ketones et al.’
The design and synthesis of chiral phosphine ligands have played an important role in

the development of asymmetric synthesis.

1.1.1 A Classification of Chiral Phosphines and Their Syntheses
Chiral phosphine ligands can be divided into two groups: phosphines with

chiral phosphorus centres and with chiral carbon backbones.

1.1.1.1 P-Chiral Phosphines
A. Preparation by Resolution of Racemates
The classical methods to prepare P-chiral phosphines usually involve

resolution as a critical step. The first known optically active organophosphorus
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compound, ethylmethylphenylphosphine oxide (1), was obtained by direct resolution

with (+)-bromocamphorsulfonic acid to form the separable diastereomeric salts.’

Ph
(I)I Et—PF /\ Br ~ r
M | s T+\ \\1?+
M t-Bu Ph
Ph OO ° b P\
(i)'l 28 39 410

Typically, the resolution of phosphonium salts was performed by combining
the reacemate with the silver salt of a chiral acid, for example, enantiomeric silver
menthoxyacetates® and silver camphorsulfonates''. Phosphonium salts 2-4 are some
of the examples that were resolved using this method. Subsequent electrolytic
reduction of the resolved phosphonium salts gave the corresponding phosphines with
retention of configuration at phosphorus.

A typical method for the resolution of racemic phosphorus compounds
involves the formation of covalent diastereomers. To obtain enantiomeric
4-0x0-1-phenyl-2-phospholene-1-oxide 6, Bodalski and co-workers'? resolved its
4-hydroxy precursor 5 via the formation of diastereomeric esters with
(-)-o-camphanic acid. (Rc,Sp)-5 was obtained by fractional crystallization and, by

hydrolysis, was subsequently converted into the desired ketophospholene oxide 6

(Scheme 1.1).

HO HO 0

1. camphanyl chloride ¥ CrO
2 \ ; . [\ > \
. separation o
P . P 50% P,
I \Ph 3. hydrolysis o “Ph o~ “Ph
5 (R, Sp)-5 (Sp)-6
Scheme 1.1
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Chiral  palladium  (II) complexes derived from  enantiomeric

13,14

are effective resolving agents for

The desired racemic phosphine is made to react with the

cyclometallated dimer 7 and gives a pair of mononuclear complexes 8 in 1:1

(sometimes, 0.5 equiv of the resolving agents is used and one enantiomer works while

the unreacted excess one remains in solution). Complexes 8 are diastereomeric and

can be separated by column chromatography or recrystallization. After separated, the

phosphine is displaced from the palladium by means of dppe or another strongly

coordinating agent to give the desired enantiomerically pure phosphine. This method

has been widely used to resolve monodentate and bidentate phosphines such as 9-13.

15

P
1 2 Ra""rgch Rl R?
Cl/ b N
R Cl
N\ﬁb / /‘ ) Me N\] /
/ d
N2 2 ‘\) ~Re
2 |
2 s
~ - Ra, Rb
8a,8b
R, R
ve. N @l
Y
. A _Rc  dppe _Re
“ P D
Recrystallization / e L Ra Rb Ral “Rb
8a
column chromatography Rl R?
M 7 Cl
¢ d/ dppe P/RC
A RO I\
\,P< R VR
NP Ra\\ Rb
8b

Scheme 1.2
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Kinetic resolution of racemic P-stereogenic phosphorus compounds has also
been studied. Horner and Jordan developed kinetic resolution of a preformed
aminophosphonium salt 14 (Scheme 1.3) through the reaction with silver hydrogen
dibenzoyltartrate. Due to the less soluble, the unreacted half of the phosphonium
hydrogentartrate (R)-14 was successfully isolated.'® The half of the salt containing
exchanged counterion ((S)-14a) was readily separated being poorly soluble in

hydroxylic solvents.

Et Br Ph Br Et DBHTA
N MeOH I, .
P Ph + 1/2Ag-DBHTA — >~ . P Ph
Ph/l\/ & reflux Et\\‘IP\/Ph o ‘\/
NEt, Et,N Et,N
14 (R)-14 (8)-14a
Scheme 1.3

With the development of high performance chromatographic techniques and a
range of chiral stationary phases (CSPs), chromatographic resolution of racemic
phosphorus has become a viable alternative to the existing classical methods of
resolutions.'”® Compounds 15-17 are several chiral phosphorus compounds that have

been resolved using various CSPs.
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B. Preparation by Stereoselective Synthesis

Synthetic routes using a stoichiometric amount of a chiral auxiliary was
developed due to the lack of flexibility of the methods involving resolutions of
racemic mixtures. Nudelman and Cram'® and Mislow and co-workers'*" first
explored the idea in the late 1960s, using menthol as a chiral auxiliary. They
demonstrated that unsymmetrically substituted menthylphosphinates (18, Scheme 1.4)
could be obtained as the diastereomeric forms by resolution. The chiral
menthylphosphinates could be reacted stereospecifically with Grignard reagents to
generate the tertiary phosphine oxides with a high degree of stereospecificity. This
procedure was used by Knowles and co-workers in one of the steps of the synthesis of

DIPAMP, *! as depicted in Scheme 1.5.

o
Il I
MeOH Mel P PCls P
B — S \
PhPClz —>pyr‘dine PhP(OMC)2 Me/ Il)h\OMe Me | Cl

Ph
(0]
! j
(-)-menthol Me l \OMen + Ph‘\\) \OMen (-)-menthol =
. ~ "OH
PN

Ph Me
(Sp)-18 (Rp)-18
Scheme 1.4
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0 Q 9 i
[l Il
P 0-AnMgBr WP 1.LDA P P Ph
Me" l\OMen o-A" [ “Me o-An / — \O—An
Ph Ph 2. CuCl, Ph
(Sp)-18 (Rp)-19 (R,R)-20
HSICl . P,
s o-An""' /P\_/ \ Ph
Ph 0-An
(R,R)-DIPAMP
Scheme 1.5

In 1990, Imamoto et al.??

went a step further in menthol methodology by using
phosphine-boranes instead of phosphine oxides. Phosphine—boranes offer some
distinct advantages over oxides. They can be conveniently prepared and smoothly
cleaved. Owing to the reduction in polarity of the B-H and P-B bonds, they are
crystalline and chemically and configurationally stable even under severe conditions
(oxidant, acid or basic media). The decomplexation of phosphine—borane complexes

2 .
or with

is accomplished with retention of configuration by reaction with amine
strong acids followed by hydrolysis.”> The diastercomeric phosphinite-boranes 21
were separated by means of chromatography and (Rp)-21 was then converted to
(S,S)-DIPAMP as shown in Scheme 1.6.

Optically active ephedrine has also been utilized as chiral auxiliary to
synthesize P-chiral phosphines by two sequential nucleophilic displacements on
phosphorus derivatives (Scheme 1.7).** Oxazaphospholidene (Rp)-25 prepared from
(—)-ephedrine(24), PhP(NEt;), and BH3;.SMe, underwent regio and stereoselective

rupture of P-O bond with methyllithium to give the corresponding

aminophosphine-borane complex (R,)-26. Subsequent displacement of the
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phosphinite-borane adduct (Sp)-27 with organolithium reagent resulted in the
generation of phosphine-borane complexes 28 in 85-100% ee. When required, these
products could be further purified to virtually enantiomeric purity by recrystallization.

After deboranation the respective monophosphines (Rp)-PAMP can be achieved with

excellent optical purity.

1. 0o-AnMgBr ]?H3 ]?Ha
2. (-)-menthol \\\\‘P WP
PhPCl, 2 Ormenthol_ / NOMen  + o-An l\OMen
3. BH;.THF o-All Ph
(Sp)-21 (Rp)-21
IS MeLi . ]laH3 P
P cL1 P 1. sec-BuLi
O-An\\\ \OMen Ph\\ \Me \ \"‘P P"'//
N -A
Phl o-AN 2cuc, P N/ \o-An
0-An Ph
(Rp)-21 (Sp)-22 (S,S)-23
Et,NH P P,
Ph" / N/ \o-An
0-An Ph
(S,S)-DIPAMP
Scheme 1.6
Ph
HO— Ph phy O~P" TR HOs
j PhP(NEL,), S j MeLi P
HN" e o e o BN T e N,
| Me BH;SMe, / Me ./ Me
Me Me Me
24 (Rp)-25 (Rp)-26
BH; BH, P
H* \‘II)\ o-AnLi \1|>\ Et,NH Pl\l}[‘;‘/ NoAn
7 Me, Ph'y —
McOH P OMe v o-An
(Sp)_27 28 (Rp)-PAMP

Scheme 1.7
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The enantioselective deprotonation and subsequent alkylation of
phosphine-boranes or phosphine-sulfides is an important synthetic route to P-chiral
phosphorus compounds. As the chiral deprotonation agent, the s-BuLi/(-)-sparteine

reagent system was most frequently employed.”>™>*

The generated non-racemic
organolithium species reacted with various electrophiles (carbonyl compounds, alkyl
halides, oxygen gas, disulfides, carbon dioxide, etc.) to afford their derivatives. For
example, the resultant a-carbanion can subsequently undergo nucleophilic addition to

benzophenone to synthesize phosphine-borane adducts (S,)-29 in up to 87% ee

(Scheme 1.8).%

™ B rtei 1 on
| . s-BuLi-(-)-sparteine WP R = 0-An, o-tol.
AN R [ Ph 1-naphthyT
R™ | Me  2.PhCO Ph -naphthy
Me Me
29
Scheme 1.8

On the other hand, 1-menthoxyphospholane-borane (30) was used to selective
deprotonation with s-BuLi/(-)-sparteine and subsequent benzylation to give a mixture
of products in a 9:1 ratio. Further -elaboration gave P- chiral
1,2-bis(phospholano)ethane 31 (Scheme 1.9).*° Phospholane sulfide 32 was used to
deprotonation and oxidative coupling to yield the dimerization product 33 with 95%
ee (Scheme 1.10). Subsequent purification by recrystallization, followed by

desulfurization, provided biphospholanyl 34 (abbreviated as TangPhos).”!
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1. s-BuLi-(-)-sparteine pp, \/O

2. PhCH,Br 1
2 H,B° O + H;B ™o.,
77%

\
\\

L,
53% HB Me 419 s

, thO 1. s-BuLi BH3 H3B 1. HBF,
MelLi P 2. CuClz S:\ 2. K2C03

77% ee >99% ee
31

Scheme 1.9

& Si,Cl H
1. n-BuLi/(-)-sparteine OLO 2776 W
P ~ —_— N

P H P 0 Pyge
P 2. CuCl s\ :S o 88% :
g7 “t-Bu 2 +-Bu  7Bu -Bu  7.Bu

Scheme 1.10

Palladium(Il) complexes containing enantiomerically pure forms of
orthometallated amines, discussed in 1.1.1.1.A, have been applied by Leung’s group*
to prepare a range of functionalized P-chiral phosphines via the Diels—Alder reaction.
Although the five-membered heterocycle 3,4-dimethyl-1-phenylphosphole (DMPP)
itself is not a reactive cyclic diene, it becomes reactive when it is coordinated to the
Pd atom (35),” as shown in Scheme 1.11. Since the weak and labile
perchlorato-palladium bond can be displaced by most electron-rich functionalities in
the reacting dienophiles, the addition occurs stereospecifically to yield the pair of

34-45

exo-cycloadducts intramolecularly with prior coordination of the dienophile in

high stereo- and regioselectivities. The pair of cationic diastereomeric complexes 36

10
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can then be separated by the usual techniques, yielding only one enantiomer of the
final phosphine 37. Interestingly, the readily available template site in the complex 35
can be blocked by replacing the perchlorate ligand with the chloro counterpart. Thus
the weaker donors in most organic dienophiles are not able to cleave the
thermodynamically stable and kinetically inert Pd—CI bond in 38 for interaction with
the palladium center, which therefore deters the formation of any bidentate

exo-cycloadduct. However, the activated DMPP ligand in the chloro complex can

undergo an intermolecular endo-cycloadduct reaction (Scheme 1.12).4
e Me Me
N 0c10 __E Ph
dppe or KCN P
Ph” Me— /"
Me
exo
35 36 37
Scheme 1.11
My Me Ph
d P/
o ppe or KCN y Me
Ph Q\ \/ Me
Me
E endo
E
38 39 40
Scheme 1.12

C. Preparation by Asymmetric Catalysis

The most common synthetic methods towards enantiopure P-chiral phosphines

11
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include resolution of the racemic products or reactions in which a stoichiometric
amount of chiral auxiliary is used to induce stereoselectivity. Interestingly, several
papers have been published quite recently on the application of chiral homogeneous
catalysts in the synthesis of these ligands.”' ™

Helmchen and Korff have synthesized P-chiral triarylphosphines by
palladium-catalyzed cross-coupling reactions of racemic secondary phosphines and
ortho-substituted aryl iodides.”' Enantiomeric excesses of up to 90% were achieved

using in sifu prepared catalysts modified with the chiral bisphosphetane

Et,Et-FerroTANE (41) (Scheme 1.13).

rac-HPArAr', Pd,(dba);/L*
[ j\ base, LiBr
R R
PArAr'

1
Et
b enantioenriched
P |
Fe E

t

Et,Et-FerroTANE(41)

Scheme 1.13

Gaumont and co-workers have reported the successful hydrophosphination of
unactivated alkynes using Pd complexes of various chiral diphosphines as catalyst.>
The racemic secondary phosphine MePhPH was used as a borane adduct (Scheme
1.14). The tested catalytic systems provided, for the first time, access to
enantioenriched P-chiral vinylphosphines. The highest enantiomeric excess (42%)

was achived by application of the (R,R)-DuPhos ligand.

12
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oo
BH i
i 3 Pd/ligand P—Ph
H—P—Ph + I
| CH;
CH, Il

(R,R)-Me-DuPhos

Scheme 1.14

1.1.1.2 Phosphines with Chiral Carbon Backbones

A large number of phosphine ligands with backbone chirality have been
developed and successfully used in a range of different metal-catalyzed asymmetric
reactions. Generally, these kind of phosphine ligands can be divided into three groups
according to the type of chirality present in the side-chain: (1) central chirality; (2)

axial chirality; (3) planar chirality.

A. C-Chiral Phosphines

Phosphines bearing one or more chiral carbon side chains account for the
biggest family in chiral phosphines. Some examples of the phosphines bearing chiral
carbon side chains are shown in Figure 1.1.

Phosphines with chiral center(s) in the side-chain are the easiest to prepare
since their synthesis mostly starts from a chiral natural product. Treatment of the

tosylate (or halide) of the optically active compound with the diphenylphosphide

13
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anion produced the desired chiral phosphines (Scheme 1.15). With this method,
numerous phosphines were prepared by Kagan’s group. Most of them start from the
naturally abundant tartaric acid and hence there is C> symmetry in these products. A
typical example is the preparation of (R,R)-DIOP (Scheme 1.16).° The ligand 42 was

synthesized from the chiral amino alcohol (Scheme 1.17).%

CH,PPhy Me, _PPh, _PPh,
>< :]/ ' Ph2P
\PPh2
“CH,PPh, Me PPh, PPh,

(R,R)-DIOP (S,S)-CHIRAPHOS (ref.53) (S,S)-NORPHOS (ref. 54) (R,R)-BICP(ref.55)
) Q ol Y@
- R
s PhH,C— N

0 N Me R =Me PPh,

I Et “'PPh,

PPh, PPh2 i-Pr R = Me, i-Pr,t-Bu,

Ph, CH,Ph

(1R,2S)-DPAMPP (ref. 56) (S,S)-DuPhos (ref. 57) (R,R)-PYRPHOS (ref. 58) PHOX (ref. 59)

Figure 1.1

R*X + 'Pth R*Pth + X

Scheme 1.15
CO,H N CO,Et Meo OMe COEt o CH,0H
HO:( EtOH,H HO:]/ >< j/ LiAlH, >< j/
HO "/ HO "// 0O ',,//
CH,OTs CH,PPh,
_TsCl >< j/ PhyPNa >< :(
pyrldme
“CH,OTs “CH,PPh,
(R,R)-DIOP
Scheme 1.16
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HO, NH,
1. n-BuLi /© /\ O
I S |
NC
NC 2. Ph,yPCI ZnCl S/N\ _PPh,
PPh n Ny
Br 60% 2 . R Zn

(80-90%) o

bipyridine O
/ R = Me, i-Pr,-Bu,
N PPh Ph, CH,Ph

R
42

Scheme 1.17

Besides deriving the desired chirality from the natural pool or readily available
chiral compounds, C-chiral phosphines can also be obtained by asymmetric reactions.
For example, the synthesis of DuPhos involves the use of 1,4-diols to generate
1,4-diol cyclic sulfates.® Deprotonation of 1,2-bis(phosphino)benzene with n-BuLi (2
equiv) gave dilithium bis(phosphido)benzenes, which were then treated with 1,4-diol

cyclic sulfates to afford the DuPhos ligands (Scheme 1.18).

R

OH R .
: R l.soch YW 1. n-BuLi R

RN 5 R, Nalo, O\<O @(PHZ
: S\
OH o~

0
PH, R

Scheme 1.18

B. Axial Chiral Phosphines
The diphosphine BINAP of a C,-symmetric axially chiral ligand has proven to
be one of the most effective ligands in a wide range of enantioselective

metal-catalyzed transformations.”® Inspired by the success of BINAP, analogues with

15
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various biaryl skeleta have been developed and several selected samples are shown in

Figure 1.2.
I l PPh, MeO PPh, OO O\P N,Me
l I PPh, MeO i PPh, o/ "Me
(S)-BINAP (S)-MeO-BIPHEP (ref.64) (S)-Monophos (ref.65)
S CC ’
O /> PPh, _N <o O
PPh,
O N\~ PPh, OO PPh, <0 PPh,
: AL
(S)-BITIANP (ref.66) (S)-QUINAP (S)-DTBM-SEGPHOS (ref.67)

Figure 1.2

Resolution is often used to obtain axial-chirality biaryl phosphines. The first
reliable access to optically pure BINAP was attained by synthesis of the racemate
followed by resolution with the optically active cyclopalladated-amine complex 7

(Scheme 1.19).%*

o0, «CC
o, OO, OO, OO, WO,

— PPh,
seilllocnlioopliocaes

(S)-BINAP
a: Br,, PPh;; b: --BuLi; c: CIPPh,; d: (R)-7 e: NaBPh,; f: fractional recrystallization; g: LiAIH,

Scheme 1.19

More efficient access to enantiomerically pure BINAP led to synthetic

16
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methods with direct introduction of phosphinyl groups onto an optically active
binaphthyl framework (obtained by resolution or asymmetric reactions).
Kumobayashi developed a method using the stereospecific Ni-catalyzed coupling
between the ditriflate and easy-to-handle diphenylphosphine oxide, giving a mixture

69,70

of BINAP, its monoxide and its dioxide. The mixture was then reduced with

trichlorosilane to give BINAP in high yield (Scheme 1.20).

i ! OTf Ph2P(O)H i E P(O)Ph, C1381H i ! PPh,
OO OTf NiCl,(dppe) OO POPh b \Me, OO PPh,

(S)-BINAP

Scheme 1.20
Brown et al. reported the synthesis of 1,1'-(2-diphenylphosphino-1-naphthyl)-
isoquinoline (QUINAP) 49 in 1993 (Scheme 1.21).”" The synthesis of this compound
involves two key steps: metal catalyzed coupling of two aryl precursors and
introduction of the phosphine moiety to the biaryl backbone. The racemic QUINAP
49 was further subjected to diastercomeric resolution by treatment with chiral

(R)-palladium-amine-napthyl complex 7.

B s mow, @@ OO
43

3. H,O/H* Pd(PPh3)4
NaCO, \ ‘ 45
OO OH THO OO PhyP(O)H OO I OO
g oT Pd(OAC) PPh HSiCly PPh,
/ N DMAP AN A
N < DABCO
46 47
Scheme 1.21
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C. Phosphines with Planar Chirality

Chiral phosphines with planar chirality were synthesized much later than
ligands with central and axial chirality. Most of such phosphine ligands are based on
the backbone of ferrocene complexes. Some examples of this class of chiral

phosphines are given in Figure 1.3.

[ F
@ O

|
Fe 'PPh, ¢ PPh,
e S,
(5)-51 (R,S)-Josiphos (R,S)-BPPFOMe (ref.72)

Il h2
PPh,

(R,R)~(S,S)-EtTRAP (ref.73) (R)-[2,2]PHANEPHOS (ref.74)

Figure 1.3

(5)-51 was designed by the Knochel group who started from chiral sulfoxide
(S)-50 (Scheme 1.22).” Ortho-lithiation of (S)-50 using LDA followed by
transmetallation with ZnBr, furnished the corresponding zinc reagent. Negishi
cross-coupling with (2-iodophenyl)diphenylphosphine in the presence of Pd(dba), and
tris-o-furylphosphine afforded the chiral sulfoxide in 74% yield. Sulfoxide-lithium
exchange with #-BuLi and trapping of the lithium intermediate with PPh,Cl provided

(5)-51 in 81% yield.

18
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p-Tol
A 1. LDA Ph,P

S 1. t-BuLi
4 - 2. ZnBr, : 7 . t-BuLi
o . 31D, Pd(dba),tfp P10 . 2.PPRC o
Fe O/,S Fe — ()

¢

o

(S)-50

Scheme 1.22

Planar chirality can be induced using stereospecific reactions by using the
readily available chiral compounds. An example of such methodology is given in
Scheme 1.23.7° The stepwise stereospecific lithiation of commercially available
(R)-52 enables the introduction of one or two diphenylphosphino groups on the
cyclopentadienyl rings. Alternatively, a second phosphino group can be introduced via
retentive nucleophilic displacement of the amino group to generate chiral

diphosphines.

I©)\NM62 1. BuLi, Et,O NMe2 Cy,PH, AcOH Pc_y2
Fe Fe “pph Fe “pph
Q 2. Ph,PCI Q 2 20°C 2
(R)-52 (R,S)-Josiphos
Scheme 1.23

1.1.2 Chiral Phosphine Transition Metal Complexes in Asymmetric Catalysis

1.1.2.1 Asymmetric Hydrogenation

The development of homogenous asymmetric hydrogenation was initiated by

19
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Horner and co-workers’ and Knowles and Sabacky." These were variants of

Wilkinson’s catalyst using enantiomerically pure monodentate phosphine ligands, and

provide definite, but low, asymmetric induction. In the early 1970s, a breakthrough in

this field came when Kagan and Dang prepared the bidentate ligand DIOP, which was

found to yield up to 82% ee in the rhodium-catalysed hydrogenation of

o-(acylamino)acrylic acids.”” Since then, thousands of chiral diphosphines with

diverse structures have been developed for asymmetric hydrogenation. Selected chiral

phosphines and the corresponding data in asymmetric hydrogenation of amino acid

derivatives’® are given in Scheme 1.24 and Table 1.1.

<

COOCH;
R NHCOCH;

H,

Chiral phosphine-Rh

R

Scheme 1.24

COOCH,

NHCOCH;

Table 1.1 Selected chiral phosphines and the corresponding data of asymmetric

hydrogenation

Phosphine ligand % ee of product Phosphine ligand % ee of product
(R =Ph) (R=H)
(R,R)-DIPAMP 96(S) (S,5)-Et-Duphos | >99(R)
(R,R)-PYRPHOS | 96.5(5) (R,R,S,S)-EtTRAP | 96(R)
(R)-BICHEP 95(S) (R)-PHANEPHOS | 99.6(R)
(1R,2S)-DPAMPP | 97(R) (S)-MonoPhos 99.6(R)

20




[©)]

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

[ P i-Pr
b OCH; H,C PCy, (—Pz:l
“, H;C PCy, pr
P .
O O i-Pr/uﬁj‘l-Pr

(S,5)-DIPAMP (R)-BICHEP (RR)-i-Pr-DPE

Noyori’s research on BINAP-Ru catalysts for asymmetric hydrogenation
opened up opportunities for efficient hydrogenations of a variety of substrates.”® A
wide variety of prochiral olefin, ketone and imine substrates were hydrogenated with
excellent enantioselectivity. Besides Rh and Ru complexes, chiral phosphine
complexes of Ir have also been found to be effective catalysts for asymmetric
hydrogenation. Selected examples of metal complexes in these reactions are given in

Scheme 1.25.7°

OO COOH  Ru(OAC),[(S)-BINAP] COOH
H,CO H, H,CO

97% ee
(0] (0]
RuBr,[(R,R,)-i-Pr-DPE] OH O
OMe .
H2 OMe
99.3% ee
O [NH,Me, ][ {RuCl[(R)-SEGPHOS]},(n-Cl)3] OH
)J\/OMe /K/OMG
H, 98.5% ee
[Ir(COD)Cl], + (R,R)-BICP
V
N
H, N
95.1% ee

Scheme 1.25
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1.1.2.2 Asymmetric Hydrosilylation Reaction

Hydrosilylation is the addition of organic and inorganic silicon hydrides to
carbon-carbon, carbon-oxygen and carbon-nitrogen multiple bonds. Palladium
complexes with MOP ligands which are monodentate phosphine ligands, including
MeO-MOP® and H-MOP®' are very efficient catalysts in the hydrosilylation of
olefins with trichlorosilane. For example, norbornene(53) and styrene (54) are
converted into the hydrosilylated derivatives with excellent enantioselectivity. The

trichlorosilanes were derivatised into the corresponding alcohols (Scheme 1.26).

MeO
l i PPh, i PPh,

(R)-MeO-MOP (S)-H-MOP

E HSICl, 99% E sici, KFKHCO; LbOH
[ H,0,, 90%

PdCI(n*-C3Hs)],

53 (R)-MeO-MOP 96% ee
HSiCl3,100% SiCly KR KHCO, OH
PN > ~ X
PN pdCIoP-CiHy)l, PN o gge PN
54 (S)-H-MOP 93% ee
Scheme 1.26

The rhodium-catalysed hydrosilylation of ketones has received more attention
than other metals. Uemura and co-workers have found that rhodium-based
oxazolinylferrocene-phosphine (55) are effective for catalyzing the asymmetric

hydrosilation of acetophenone (56) to provide the (R)-alcohol (57) as product in 91%

22
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ee (Scheme 1.27).%

1. [Rh(cod)Cl],
2. H"
100% conversion

Scheme 1.27

1.1.2.3 Asymmetric Allylic Substitution

Nanyang Technological University Library

Enantioselective metal-catalysed allylic substitution reactions have attracted

considerable attention. Among metals used, palladium is the most important one in

this class of catalytic reactions. The major focus in academia has been on the allylic

alkylation of 1,3-diphenyl-2-propenyl acetate (58). Many ligands have been used for

this reaction, and enantioselectivities in excess of 90% ee have often been achieved.”

Hayashi and co-workers designed the first ligand (60) to work with this level of

selectivity (Scheme 1.28).*° Other ligands such as QUINAP ligand® and Josiphos®

have also been used successfully.

OAc

PNPh

58

CH,(COOMe),/base

[Pd( N 3-C;H,)Cl],/ligand

OH
N{OH
Me OH
Ph,

€

N,
<

Scheme 1.28

P

X
59

CH(COOMe),

% Ph
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However, most of these ligands give lower enantioselectivities with cyclic
substrates. Trost and Bunt developed the ligands (61) to be generally applicable to
cyclohexenyl acetate (62) to give the substitution product (63) with excellent

selectivity (Scheme 1.29).%¢

Q Q 0
N’ N
-P

PPh,  Ph
61 CO,Me
[Pd( 1\ 3-C;H)CI],

OAc CO,Me
©/ NaCH(CO,Me),
86%

62 63 >98% ee

Scheme 1.29

1.1.2.4 Asymmetric Heck Reaction

In general, the Heck reaction is one of the most important C-C coupling
reactions in modern organic chemistry. Dihydrofuran (64) is a popular substrate for
the asymmetric Heck reaction. In 1991, Hayashi and co-workers reported that using a
Pd-BINAP catalyst, the first example of an intermolecular asymmetric Heck reaction
involving the phenylation of dihydrofuran with phenyl triflate gave different

regioisomeric product (65) and (66) in 82% ee and 60% ee (Scheme 1.30).*’

Pd(OAc),
R)-BINAP
SRR S W SN
0 PhOTSF 0~ 'Ph 0~ “Ph
64 (65: 66) 98:2 65 82% ce 66 60% ce
Scheme 1.30
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Phosphino-oxazoline ligands, such as compound (67) has also been
employed successfully to enantioselective Heck reactions, involving the coupling of

triflates to give the product (68) with excellent stereocontrol (Scheme 1.31).%

O OTf Pd(dba)z, 67 (
() T
0 0%

68 92% ee

’/

Scheme 1.31

1.1.2.5 Other Reactions

Asymmetric hydroboration has been a useful method to introduce functional
groups to organic complex. The standard hydroborating agent is catecholborane(69).
The intermediate boronate can be converted into the corresponding alcohol by
hydrogen peroxide oxidation with retention of configuration. In the presence of the

89,90

pyrazole-containing ligand (72) containing rhodium complex, reaction of styrene

(70) and catecholborane formed phenethyl alcohol (71) in 95% ee (Scheme 1.32).

0\ AN 1.[Rh(cod)L]BF,
B-H +
o 2. H,0,/NaOH
69 70 PPh, 71
Cﬁ\r? s
: N

L: Fe Me

==

72

Scheme 1.32
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Asymmetric hydroformylation (addition of hydrogen and carbon monoxide to
olefins to give optical active aldehydes) has been provided by using Rh (I) complexes
of chiral diphosphines,”"** such as BINAP and CHIRAPHOS , to give the products in
moderate to high optical purity. Chiral phosphine phosphite ligand containing
rhodium complexes also provided good enantioselectivity and regioselectivity across
a range of alkenes.”” Asymmetric coupling reactions between Grignard reagents and
organic halide were found to be catalyzed by nickel- and palladium-phosphine
complexes efficiently.”*”> Chiral p-aminophosphine ligands are amongst the best for
catalyzing these reactions with good enantioselectivity.”*®

Chiral phosphine complexes have also been used as potent asymmetric
catalysts in some cases of cycloaddition,” Michael addition,'®™ hydrovinylation of

olefins,'®" hydroboration,'** Suzuki coupling'® and epoxidation.'*

1.2 Arsine Ligands
1.2.1 Achiral Arsine Ligands

Recently, organoarsenic compounds have been found to play important roles
in many aspects of organic synthesis and catalytic reactions.'” Tertiary arsines have
been reported to be effective ligands in certain transition metal-catalyzed organic

0

reactions, for example, Stille'®® and Heck mactions,1 7 hydroformylation,108

T - . 109 . 110 ENUPSRR I
Suzuki-Miyaura coupling reaction, ~ carbonylation, = norbornene polymerization

and Wittig-type olefination of aldehydes,'” epoxidation,'” cyclization of an allylic

enyne''* and hydrosilylation.""
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There are two approaches for the preparation of tertiary arsines: classical
arsination and catalytic arsination.'® The first classical method is the nucleophilic
aromatic substitution of aryl halides with highly reducing PhobAsM (M = Li, Na, K),

116,117

which are usually prepared in situ in liquid ammonia. In addition, arylarsines can

118

also be achieved by the photoirradiation of ammonia. "~ Another method to prepare

tertiary arsines involved the reaction of Grignard or organolithium reagents with
haloarsine.'"

In 1997, Shibasaki and coworkers reported the first nickel-catalyzed arsination
of BINOL ditriflate to prepare BINAs ligands in which secondary arsine (Ph,AsH)
was utilized as the arsinating agent.'”* In 2003, palladium catalyzed As-C(sp’) bond
formation between aryl iodides and n-Bu3Sn-AsPh, with limited functional group

compatibility (-C1 and -OMe groups).'*'

This n-Bu3Sn-AsPh, reagent was synthesized
in situ from the Ph,As™ anion (generated from Ph3;As and Na metal in liquid ammonia)
and n-Bu3SnCl. In 2005, Pd(OAc), was also used to catalyze solvent-free arsination
between functionalized aryl triflates and triphenylarsine in neutral reaction

122

medium. ™ The limitation of this reaction is that heteroatom-substituted 3-pyridyl

triflate, 8-quinolyl triflate and 2-formylphenyl triflate did not work.

1.2.2 Chiral Arsines
A large number of chiral phosphine ligands have been developed and achieved
a highly stereoselective optical yield in various asymmetric reactions. In contrast, the

chemistry of analogous chiral arsines is much less developed notwithstanding that
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these ligands also show good donor characteristics towards transition metals, as they
are able to stabilize transition metal centres in both low and high oxidation states.'”
The uncatalyzed thermal barrier to inversion of tertiary arsines is around 14 kcal mol™
more stable than tertiary phosphines, also they are generally less air-sensitive. One of

the important objectives of the present study is to further explore the asymmetric

synthesis of chiral arsine ligands.

1.2.2.1 Preparation of Chiral Arsine Ligands
Based on the standard synthesis of enantiomerically pure compounds, arsine

ligands can be prepared via three different synthetic methodologies:

A. Optical Resolution

Several As-chiral arsine ligands have been resolved successfully by chiral
palladium(IT) complexes (Figure 1.4).'" For example, the synthesis of the racemic
amino-arsine ligand 73 is shown in Scheme 1.33, the racemic ligands were further

resolved using a chiral naphthylamine-Pd (II) template.'*

2

n-Bu Me

e e CHZOH
'I' AS AS\
/N
b me O @
Me
Ph

Me Ph Me Ph NH2

Figure 1.4
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)
+ CHO . CH,OH CH.OH
NT LiAlH, @( > 1.n-BuLi @( 2
Me
2.Na-NH;
| (&

v e o e
Me Me Me Me
1.n-BuLi CH,OH
e
2. Na/NH; X
3. CI(CH,),NH, \S  NH,
Me
73
Schemel.33

B. Synthesis from Chiral Pools

The use of chiral natural products as the starting material is a classical and
convenient approach in preparing a target molecule. The chiral bidentate (R,
R)-Diarsop 75 was achieved by the reaction of 1,4-ditosyl-2,3-o0-isopropylidene-D-th-
reitol 74 with potassium diphenylarsenide dioxanate (Schemel.34).'* In the presence
of 5% ZnCl,, (5)-2-amino-3-methyl-1-butanol was treated with the o-cyanoarsine
ligand to give the optical pure oxazoline functionalized As-N heterobidentate ligand

(R)-76 (Scheme1.35).'*

AsPh
O, OTs Me. O, )
Me>< "C + 2KAPhed O —= X
/ M
Me” o © 0 AsPh,

OTs
74 (R,R)-75
Schemel.34
o)
CN AsPh, N7~
AsPh, LN oH [
(R)-76
Schemel.35
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Axial chiral arsine 2,2'-bis(diphenylarsino)- 1,1'-binaphthyl (BINAs) was
efficiently synthesized by the stereospecific Ni-catalyzed coupling between readily
available optically active binaphthol ditriflate (R)-77 and diphenylarsine with
retention of configuration (Schemel.36).'*° 2-Diphenylarsino-2'-diphenylphosphino-
1,I'-binaphthyl (BINAPAs) was also prepared from binaphthol ditriflate. The ditriflate
complex was transformed to phosphine oxide 79 by the palladium catalyzed
cross-coupling reaction with diphenylphosphine oxide (Schemel.37). After reduction
of 79 with trichlorosilane, BINAPAs was efficiently synthesized by the stereospecific
Pd-catalyzed coupling between readily available optically active triflate and

diphenylarsine with retention of configuration.'

OO thAsH Ni(0) dppe
AsPh,
o OO

(R)-77 (R)-BINAs
Schemel.36
0 U, e, OO ¢
oTf PhaP(O)H s OTf _ PhyAsH AsPh,
oTf Pd(OAc)z P(O)th Et;N PPh, Pd(OAc), PPh
99 99 L =" oo™
(R)-78 (R)-79 (R)-80 (R)-BINPAs
Schemel.37

C. Asymmetric Synthesis
One of the most useful asymmetric synthetic methods involves the utilization
of a chiral precursor as an auxiliary. The stereoselectivity of the reaction could be

controlled by the steric and electronic factors of the chiral auxiliary. Scheme 1.38
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shows an excellent example of the asymmetric synthesis of As-P bidentate ligand 81

promoted by the ortho-palladated naphthylamine auxiliary.*

Me‘ Me Me‘ Me
, - Cl Me,, { Cl
Me,, N\}d/ Ph,ASCH=CH, ' 1. AgCIO,
AN
Cry > e o
Ph
(S)-7
Me Ph Me
MeMe‘ X /Il’ ) Me 1|)h o
. N Ph./°®
N\P Hel Cl\ /P \\-Me X P/S
Oy o T YT e
PH b Ph/A\S Me g
Clo, Ph 81
Scheme 1.38

1.2.3 Application of Chiral Arsine Ligands

The rhodium (I) complex containing (S,5)-82 was found to outperform its
phosphorus  analogue (§5,5)-83 in the asymmetric hydrogenation of
a-(acylamino)acrylic acids substrate, which affords the a-amido acid product (Scheme
139 and Table 12)."*" In the similar reaction, (RR)-75 gave a lower

enantioselectivity of 39% ee.'”

_—coon _[RNNBD)L)PF, (COOH
— +
R; NHCOR, ? R,  NHCOR,
B 85(a-c)
84(a-c) Phy Me Ph Me
(a) R, =Ph, R, =Me As\ P\.
(b)R, =R, =Ph : @( :
(¢) R, =i-Pr, R, = Me A_S;. P,/
Me Ph M Ph
(S,5)-82 (S,9)-83
Schemel.39
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Table 1.2 Enantiomeric excess hydrogenation of prochiral amino acids 85(a-c)

Optical pure product (S,5)-(-)-82 (S,5)-(-)-83
85a 80%(S) 79%(S)
85b 77%(S) 64%(S)
85¢ 90%(S) 94%(S)

In the intramolecular asymmetric Heck reaction (Schemel.40), the results
(Table 1.3) obtained when using BINAs in an alkenyl iodide-using system clearly
show an increased reaction rate comparing with that seen when using BINAP,'*’ and
moreover a superior yield (90%) and enantiomeric excess (82%) was obtained.
However, for the corresponding alkenyl triflate system (entries 3, 4), BINAs appears
to be less effective than BINAP.'”® To overcome this problem, the new ligand
BINAPAs was synthesized and it is more effective than BINAP in the intramolecular
asymmetric Heck reaction that use aryl triflates (Schemel.41). As shown in Table 1.3,
the asymmetric Heck reaction using BINAPAs appeared to proceed more rapidly than

the reaction using BINAP.

OTBDMS _OTBDMS
dj Pd(0)-ligand : H :
X fi
Schemel.40
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Table 1.3 Intramolecular Asymmetric Heck Reaction using BINAs and BINAP

X Pd-ligand yield(%)of product  ee(%) of product
I Pd,(dba);-(R)-BINAs 90 82
I Pd,(dba);-(R)-BINAP 55 32

OTf Pd,(dba);-(R)-BINAs 5 82

OTf Pd,(dba);-(R)-BINAP 21 93

Table 1.3 Intramolecular Asymmetric Heck Reaction using

Pd(dba)s-L

OTBDPS

Schemel.41

BINAPAs and

BINAP
chiral igand(L) | sovent | Temp(°C) | Time(h) Yield(%) | Ee(%)
(R)-BINAP THF 60 48 60 87
(R)-BINAPAs | THF 60 36 86 61
(R)-BINAP toluene | 60 14 78 87
(R)-BINAPAs | toluene | 60 14 89 86
(R)-BINAP toluene | 40 46 74 89
(R)-BINAPAs | toluene | 40 46 91 88

Studies of the complex formed in situ from optically

active 76 and

RuCl,(PPh;3); in asymmetric transfer hydrogenation of acetophenone with 2-propanol

(Schemel.42) promoted by catalytic amounts of NaOH, revealed slightly higher

activity and

enantioselectivity

in giving 89%

yield with 82% ee of

(R)-1-phenylethanol than its P,N analogue, which gives 83% yield and 73% ee.'”®
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RuCL(PPh,),/76

By
Me NaOH, 2-PrOH

Schemel.42

Ph

1.3 The Two Important Chiral Templates Used in the Project
Two chiral templates involving organopalladium complexes containing

ortho-metalated (R)-(1-(dimethylamino)ethyl)naphthalene (R)-7 and its platinum

analog (R)-86 were used in this project.

129 The

A unique stereochemical feature of the chiral naphthylamine complexes is that
there is a strong internal steric repulsion between the methyl substituent on the
proton Hg.

stereogenic carbon and its neighbouring naphthylene
crystallographic analysis and 2-dimensional solution NMR studies involving rotating
Overhauser effect (ROESY) have confirmed that the five-membered organometallic

ring is locked into the static d conformation, both in solid state and in solution."** The
methyl substituent at the stereogenic carbon adopts an axial disposition in the rigid

five —membered ring and the prochiral NMe groups are locked into nonequivalent

axial and equatorial positions. In addition, the naphthylene proton H, protrudes
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invariably towards the space somewhat above the square plane due to the rigid o
conformation and the strict planarity of the naphthylene ring. Besides the steric based
control, the auxiliary also influences an electronic control since the os-donation
nitrogen and the m-accepting naphthylene carbon of the organometallic ring control
the regioselectivity of the incoming ligands. Ligands with soft donors (like phosphole)
prefer to bind frans to NMe, entity of the auxiliary.’® It is believed that by
systematically varying the steric and electronic properties of the ligands and the
nature of the metal centers, chiral cyclometalated complexes can be applied to a wide
spectrum of asymmetric reactions.

Our group has successfully applied the chiral ortho-metalated-amine
complexes to asymmetric Diels-Alder reaction for the synthesis of a range of

functionalized P-chiral phosphines (see 1.1.1.1).

1.3.1 Asymmetric [2+2] Cycloaddition

The organoplatinum complex containing ortho-metalated
(1-(dimethylamino)ethyl)-naphthalene as the chiral auxiliary has been used efficiently
to promote asymmetric [2+2] dimerization of (E)-2-(diphenylphosphanyl) styrene."'
This dimerization reaction proceeds with high stereoselectivity to generate two
cycloadducts (S5)-88 and (S)-89 in the ratio of 6:1, respectively. As the two
cycloadducts generated could not be purified efficiently, the naphthylamine auxiliary
was removed by treatment with concentrated hydrochloric acid to generate the

corresponding dichloro complexes (Scheme 1.43). Further treatment of the

enantiomerically enriched dichloro complexes 90 with aqueous cyanide liberated an
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enantiomeric mixture of free diphosphane ligands 91.

Me, Me

. Me
Me,, Cl M Me &
S N\Pt/  Phe L AgBF, / \\
N 2P NN \ 3
OO / 2 Ph 2. Toluene,
reflux BF4 P
(S)-87
(S)-88 (5189
conc. HCI1
Pl .Phy Phy ph
PR R S S« KCN Cl al /P zS S
e o /D/ N a
P R R PV S R R 1/ \ e
Ph2 th Ph2 gh N
-8t s (-)-%0 (+)-90 ’
Scheme 1.43

1.3.2 Oxidative Coupling Reaction

As shown in scheme 1.44, chiral ortho-palladated-amine complex has been
successfully applied to promote oxidative coupling reaction between Ph,P—-CH=CH,
and a series of imines PhC(R)=N(R") [where R = H, D; R’= H, Ph, p-Me(C¢Ha),
p-Cl(C¢Hy), p-MeO(CsHs)] to produce the unexpected imino-phosphine ligands
(R’ )N=C—-C(=CPhR)PPh, where the P,N-bidentate chelates to the chiral palladium

template.'*

The coupling reactions initially adopted a [2+2] cycloaddition mechanism
followed by the ring-opening pathway to generate the acyclic ligands. The
naphthylamine moiety in the template complexes can be removed chemoselectively in
strong sulfuric acid/LiCl to obtain dichloro complex 95a-f. Then the

imino-phosphines 96a-f could be liberated from palladium by the treatment with

aqueous cyanide.
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Me M Me M
Me Me/
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(S)-92 (5)-93
Me Me $N' II{’ lI{v
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N ey
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\ C/Ph 2.Licl 1 N A_ph . N(¢-Ph
Ph R P ? g '
2 th R th R
(S)-94a-f 95a-f 96a-f

(@) R=H,R'=Ph

(b) R =D, R' = Ph

(c) R =H, R' = p-C¢H,Me
(d) R= H, R'= p-C6H4Cl
(e) R= H, R'= p-C6H4OMe
(HR=H,R =H

Scheme 1.44

1.3.3 Asymmetric Hydroamination Reaction

In the presence of the organopalladium template containing the
orthometalated (S)-(1-(dimethylamino)ethyl)naphthylene auxiliary, di(phenylethynyl)
phenylphosphine can be activated toward the asymmetric hydroamination reaction
with aniline to give two diastereomeric chelating iminophosphine complexes
(Se,S,)-98 and (S,R,)-98 in the ratio 4:1 (Scheme 1.45)." Then both P-chiral
template complexes underwent the tautomerism process in solution and transformed
quantitatively into their enamino counterparts (S.,S,)-99 and (Sc,R,)-99, respectively.
Subsequently treatment of either iminophosphine or enaminophosphine template
complexes with KCN a pair of novel and enantiomerically pure P-chiral

iminophosphines (R,,)-100 and (S;)-100 were obtained in high yields.
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1.3.4 Asymmetric Hydrophosphination Reaction

The efficiency of the chiral cyclopalladated-amine template promoted
asymmetric hydrophosphination reactions between diphenylphosphine and (E)- or
(Z2)-diphenyl-1-propenylphosphine in high regio- and stereoselectivities under mild
conditions has been illustrated by our group.”* Hydrophosphination of
(Z)-diphenyl-1- propenylphosphine with diphenylphosphine gave chiral diphosphine
(Sc)-107 as the major product. Using the same chiral metal template, the
corresponding hydrophosphination reaction with (E)-diphenyl-1-propenylphosphine

gave predominantly chiral diphosphine (R.)-107 (Scheme 1.46).
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Our group also extended the asymmetric hydrophosphination reaction to
synthesize functionalized diphosphine ligands with chirality residing on the carbon
backbone. Under mild conditions, the alkynols, 3-butyn-1-ol and 2-propyn-1-ol, were
subjected to direct hydrophosphination to give the corresponding Markovnikov
addition products. The phosphine functionalized alkenols thus obtained were

subsequently subjected to a second-stage asymmetric hydrophosphination employing
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an organopalladium complex containing the orthometalated (R)-(1-(dimethylamino)e-

135
In the presence of an

thyl)naphthalene as a chiral auxiliary and reaction promoter.
organopalladium(Il) complex derived from (S)-N,N-dimethyl-1-(1-naphthyl)ethylami-
ne an optically pure C,-symmetrical diphosphine ligand containing two ester
functional groups at the two chiral carbon stereogenic centres was prepared efficiently

from the asymmetric hydrophosphination reaction between diphenylphosphine and

dimethyl acetylenedicarboxylate.'*°

1.3.5 Asymmetric Hydroarsination Reaction

Me, Me Me , Me_ Me
Me,, g ] , /,
€,  Me Me/, S N\ Me,, g I\\ OC103
Pd Ph,P’ O O i\ R AgCIO, O \\/{
Ph Ph Ph Ph
(Sc)-101 102a 103a
Me MC Me MC

Me,, g N\+/As M Me,,. 1\\+/ j/

PhyAsH
c1o4 OO clo,

(Sc,Rc)-108 (Sc,Sc)-108

lKCN
Ph Ph
:P-_Me

jR
:P

I\
Ph Ph
(Rc)-109

Scheme 1.47
Our group has demonstrated that transition-metal complex-promoted
asymmetric hydroarsination is a potential synthetic route for the preparation of

137

asymmetric arsenic ligands. °' As shown in scheme 1.47, The dissymmetrical chiral
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bidentate (R)-(+)-1-(diphenylphosphino)-2-(diphenylarsino)propane was prepared
stereoselectively via the novel asymmetric hydroarsination reaction between
diphenylarsine and diphenyl-1-propenyl-(E)-phosphine using di-u-chlorobis{(S)-1-[1-
(dimethylamino)ethyl]-2-naphthalenyl-C,N}dipalladium(II) as the chiral reaction
promoter. However, the current asymmetric hydroarsination reaction could only be

induced effectively in polar solvents, such as methanol.

1.4 Aims of the Present Project

The project aims at contributing to the knowledge and development of
synthetic methods involving chiral bidentate phosphines and pyridylphosphines. To
date the importance of chiral phosphines in asymmetric catalysis has been well
established. This has led to the need for variety of functionalized chiral phosphines
with chirality residing either on the P or on the C-backbone or on both. Due to the
relatively few known arsine ligands, their catalytic properties are also not well studied.
Synthesis of new kinds of chiral As-N ligands is also reported in this work.

Chapter 2 describes the Diels-Alder reactions between 3-diphenylphosphinof-
uran and various vinylphosphine dienophiles in the presence of the organo-platinum
complex to give the endo-cycloadducts. This is the first instance of endo-cycloadducts
being generated in the intramolecular Diels-Alder reaction using the chiral template
method. Chapter 3 reports  the  Diels-Alder  reaction  between
3-diphenylphosphinofuran and DMPP under the promotion of the organo-platinum

complex in which the furan acts as the dienophile. Chapter 4 deals with the
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asymmetric hydrophosphination of diphenylphosphine with pyridine and quinoline
complexes in the presence of the organo-palladium complex to generate the optically
pure keto- and ester-functionalized chiral P-N bidentate ligands. Chapter 5 presents
the asymmetric hydroarsination reactions as a new and alternative technique of
preparing chiral As-N bidentate ligands promoted by the organo-palladium complex.
Chapter 6 describes the asymmetric hydrophosphination between phosphinoalkynes
and phenylmethylphosphine in the presence of the organo-palladium complex to

generate the P-chiral diphosphines.
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Chapter 2
3-Substituted Phosphinofurans as Dienes in

Asymmetric Diels-Alder Reaction

2.1 Introduction
Well-known and extensively studied for many decades, the Diels-Alder
reaction remains as one of the most frequently employed synthetic methods for the

synthesis of complex molecules'®® such as natural products, antibiotics and

139-141

prostaglandins. It is not only practically favorable but also the best understood

reaction theoretically.'*

Due to the strong aromaticity, furan is a poor diene for the Diels-Alder
reaction. However, it still constitutes an important class of dienes for the [4+2]

cycloaddition reaction, yielding versatile oxanorbornenes that have been used in the

- 143
syntheses of numerous complex molecular architectures.

In general, furans can undergo the Diels-Alder reaction with very reactive

144-147

dienophiles such as activated alkenes, alkynes and allenes. For example, phenyl

vinylsulfonate worked with furans in excellent yields at room temperature to yield a

148

5.4:1 mixture of endo/exo isomers. ~ Phenylsulfonyl allene underwent cycloaddition

with furan at 100 °C to give a 58% yield of the endo cycloadduct (together with a 3%
yield of the corresponding exo adduct).'*

Lewis acid catalysts and high-pressure protocols have been used to improve

the yields in such cycloaddition reactions.'”® Lewis acids are commonly used to
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catalyze Diels-Alder reactions as, by complexing with the dienophile, the energy gap
between the lowest unoccupied molecular orbital (LUMO) of the dienophile and the
highest occupied molecular orbital (HOMO) of the diene is reduced, thus decreasing
the activation energy required to achieve the cycloaddition. Moreover, as this
stabilization is greater for the endo transition state, as a result of beneficial
enhancement of secondary orbital overlap that is unobtainable in an exo mode of

. . . . . 151
reaction, the use of Lewis acids favors an increased ratio of endo:exo products. " |

n
the cycloaddition of methyl acrylate or acrylonitrile with furan,'* catalytic quantities
of zinc iodide can greatly accelerate the rate and improve the yield and the resulting
7-oxabicyclo[2.2.1] heptenes were achieved as mixtures of exo/endo isomers. For
sensitive dienes and dienophiles, Yb(fod); was used as a mild cycloaddition
catalyst."”* In presence of 10 mol-% of Yb(fod)s, addition of acrolein to furan afforded
a 4:5:1 mixture of exo/endo cycloadducts in 40% yield. According to the study,
high-pressure furan cycloadditions with monoactivated and diactivated dienophiles,

153
Harwood and coworkers

found that 6,6-fused ring systems with
exo-stereochemistry at the ring junction are readily prepared using high pressure.

7,6-fused ring systems can also be prepared, having a mixture of endo- and

exo-products (Figure2.1).

H

R
CoRNATS
0
Figure2.1

As for the asymmetric furan Diels-Alder reaction, numerous chiral catalysts and
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chiral auxiliaries (on the dienophile or diene)'**® have been applied for the synthesis
of optically active cycloadducts. In 1993, Corey first reported the application of an

enantioselective catalyst to furan (Scheme 2.1).

In the presence of the
oxazaborolidine-derived chiral catalyst 110, cycloaddition of 2-bromo- and
2-chloroacrolein with furan led to the cycloadducts 111a, b in >98% chemical yield
(exo/endo 99:1) with 96:4 and 95:5 enantioselectively, respectively. Another example
of a catalytic enantioselective furan cycloaddition reaction was reported by Narasaka
(Scheme 2.2)."*° The treatment of 3-methylthiofuran with acrylamide in the presence
of 1 a chiral titanium catalyst resulted in the formation of cycloadduct 112 (endo/exo

= 85:15) in 97% combined yield. The enantiomeric excess of the endo product 112

was 87%.

Me\ ~ NH

0, H-
Me S —N_ O 10mol %
B
]
X 0 nBu 499 bcm
_ﬁ/ + w \X

CHO CH,Cl,
111a: X = Br
-78°C 111b: X=Cl
Scheme 2.1
Ph oo
Me,. O
Ph>< O 7ic,(0-iPr),
0", -OH

/ Ph Ph MeS Q
0 MeS % Vi
f0) I\I‘§ + O
— 0
Scheme 2.2

45



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

HfCl4-mediated Diels-Alder reaction of furan and
(-)-(1R,2R)-2-(naphthalene-2-sulfonyl)cyclohexylacrylate in toluene proceeded at low
temperature (-45 °C) to afford the cycloadduct in good yield (83%) with high
diastereomeric excess (endo/exo = 68/32, endo = 87% de, exo = 91% de) (Scheme

2.3).1%

O,sozNaph o HfCl, L@/\
7
. +
0 w toluene,-45 °C R

Scheme 2.3

Leung and coworkers have reported the use of cyclometalated-amine complexes
as efficient chiral templates for the asymmetric synthesis of chiral phosphines and
their metal complexes via the asymmetric Diels-Alder reaction between heterocyclic
dienes, such as 3.,4-dimethyl-1-phenylphosphole (DMPP),
3.,4-dimethyl-1-phenylarsole (DMPA), 2-diphenylphosphinofuran, and

N-diphenylphosphinopyrrole, and a range of dienophiles.157'160

In general, these
cyclometalated-amine complexes promoted carbon—carbon bond formation reactions
can be related to a common intermediate in which the cyclic diene and the dienophile
are co-ordinated simultaneously to the chiral metal template during the course of
cycloaddition to give the exo-cycloadducts. In these asymmetric syntheses, the chiral
metal templates not only activate the substrates and provide the desired

stereochemical control for the cycloaddition reaction but also stabilize the resulting

cycloadducts. However in these intramolecular reactions, no endo-cycloadducts have
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been produced. In pursuing our interest and extending the scope of this class of metal
template promoted cycloaddition reactions, we hereby present the chiral platinum
template promoted asymmetric Diels-Alder reaction between

3-diphenylphosphinofuran and diphenylvinylphosphine.

2.2 Results and Discussion

2.2.1 Intramolecular Endo-Diels-Alder Reaction between 3-Diphenylphosphino-

furan and Diphenylvinylphosphine

Vs

AN
a

P
Vi

C N,
2 PPh,

AgBF,

Ph.  Ph Ph, P
Me, Me \/ Me\:Me \/

S

h
Me NG 7 RN 4
i & P\P

Py’ ph N PK Ph

BF, BF,”
endo-113a endo-113b

endo-113a:endo-113b = 17:1

Scheme 2.4

In the absence of a metal template, no reaction was observed between
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3-diphenylphosphinofuran and diphenylvinylphosphine, even under prolonged
heating. However, the corresponding Diels-Alder reaction could be induced with the
use of (R)-86 as the template precursor, to generate diphenylphosphino-substituted
cycloadducts which are coordinated as bidentate chelates onto the chiral metal
template (Scheme 2.4).

The dimeric complex (R)-86 itself is not an efficient chiral template, as it
could not induce the desired Diels-Alder reaction even upon heating. The M-Cl bond
that is trans to the aromatic carbon is inert to ligand substitution (even with

161162 Thys the chloro ligand which occupies one of the two

monodentate phosphines).
essential coordination sites hinders the simultaneous coordination of
3-diphenylphosphinofuran and diphenylvinylphosphine onto the metal template, and
no cycloaddition reaction could be observed. However, upon removal of all chloro
ligands with stoichiometric amount of silver tetrafluoroborate, (R)-86 activates the
desired Diels-Alder reaction.

Stoichiometric ~ amounts of (R)-86, diphenylvinylphosphine  and
3-diphenylphosphinofuran in 1,2-dichloroethane were treated with aqueous silver

157-158 - - - -
the corresponding asymmetric Diels-Alder reaction was

tetrafluoroborate,
completed in 7 days at 60 °C. Prior to the purification, the *'P{'H} NMR spectrum of
the crude reaction mixture in CDCl; exhibited two pairs of doublets indicative of the
formation of only two stereochemically distinct products endo-113a and endo-113b in

the ratio 17:1. The doublets of the major diastereomer were observed at 6 26.2 (Jpp

=14.5 HZ, thp: 1713 HZ) and -4.6 (Jpp:14.5 HZ, thpz3682 HZ)
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Treatment of the tetrafluoroborate salts with concentrated sulfuric acid at room
temperature removed the naphthylamine auxiliary chemoselectively (Scheme 2.5).
Upon addition of excess lithium chloride into the acidic solution, the dichloro
complex endo-114 that precipitated out of solution was recrystallized from
dichloromethane-diethyl ether as pale yellow prisms in 70% yield, [a]p +34.7° (¢ 4,
CH,Cl,). The 31P{1H} NMR spectrum of the reaction mixture in CDCI; exhibited one

pair of doublets at 6 21.2 (Jpp=14.7 Hz, Jpp= 3577 Hz) and -15.1 (Jpp= 14.7 Hz, Jpp

= 3411 Hz).
Ph Ph ph Ph
\P/ \P/
Cl
endo-113a HaSO04/ LiCl >P/ Q KCN Q
endo-113b Cl ,
s\ H PN
PHi Ph Ph/ \Ph
endo-114 endo-115
Scheme 2.5

2.2.1.1 X-ray Structural Analysis of endo-114

The molecular structure and the absolute configurations of the recrystallized
endo-114 were established by a single-crystal X-ray crystallographic analysis.
Interestingly, endo-114 crystallized as a pair of crystallographically independent
molecules in the unit cell. However, the two molecules have the same absolute
stereochemistry and molecular connectivity and differ only slightly in their bond

angles. For clarity, only one molecule (molecule 1) is depicted in Figure 2.2.
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Figure 2.2 Molecular structure of the dichloro complex endo-114 (Molecule 1)

The crystallographic study reveals that the cycloaddition reaction between the
coordinated 3-diphenylphosphinofuran and diphenylvinylphosphine has resulted in
the formation of the endo-phosphine. The chiral ligand coordinates as a bidentate
chelate via its phosphorus donor atoms to the platinum, with the diphenylphosphino
group substituted at the endo position at C(27). The geometry at platinum is distorted
square planar with angles at platinum in the ranges of 84.9(1)-87.5(1) and

174.5(1)-177.3(1)°. The absolute configurations of the three newly generated
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stereogenic centers at C(15), C(17), and C(18) are S, S, and R, respectively.
Importantly the C-O-C bonds in the oxanorbornene skeleton remained unchanged in
the strong sulfuric acid treantment. Selected bond lengths and bond angles are given

in Table 2.1 (molecule 1) and Table 2.2 (molecule 2).

Table 2.1 Selected bond lengths (A) and angles (deg) for endo-114 (Molecule 1)

PH(1)—P(1) 2.231(1) P(1)-Pt(1)-P(2) 97.8(1)
P(1)-P(2) 2.240(1) P(1)-P{(1)-CI(2)  177.3(1)
Pt(1)-CI(2) 2.352(1) PQ2)-Pt(1)-Cl(2)  84.9(1)
Pt(1)-CI(1) 2.353(1) P(1)-Pt(1)-CI(1)  87.5(1)
P(1)-C(13) 1.800(3) PQ2)-Pt(1)-CI(1)  174.5(1)
P(2)-C(17) 1.859(3) Cl2)-Pt()-CI(1)  89.8(1)
C(13)-C(14) 1.320(5) C(18)-C(13)-P(1)  120.7(2)
C(13)-C(18) 1.526(5) C(13)-C(14)-C(15) 106.0(3)
C(14)-C(15) 1.513(5) C(14)-C(15)-C(16) 104.5(3)
C(15)-0(1) 1.435(5) C(15)-C(16)~-C(17) 101.4(3)
C(15)-C(16) 1.539(5) C(16)-C(17)~C(18) 100.4(3)
C(16)-C(17) 1.543(4) C(18)-C(17)-P(2)  115.6(2)
C(17)-C(18) 1.558(4) C(13)-C(18)-C(17) 105.7(3)
C(18)-0(1) 1.428(4) C(18)-0(1)-C(15)  96.1(2)

2.2.1.2 Liberation and the Optical Purityof endo-115

The optically active ligand endo-115 can be stereospecifically liberated from
the complex endo-114 by treatment of the dichloro complex with aqueous potassium
cyanide at room temperature (Scheme 2.5). The liberated endo-115 was obtained as an
air stable white solid in 80% yield, [o]p—37.6° (¢ 1.7, CH,CL,). The *'P{'H} NMR
spectrum of the free ligand in CDCI; exhibited two doublets at 6 -12.5 (Jpp= 77 Hz)

and -20.8 (Jpp= 77Hz).
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Table 2.2 Selected bond lengths (A) and angles (deg) for endo-114 (Molecule 2)

Pt(2)-P(4)
Pt(2)-P(3)
Pt(2)—CI(3)
Pt(2)—Cl(4)
P(3)—C(43)
P(4)—C(47)
C(43)-C(44)
C(43)-C(48)
C(44)—-C(45)
C(45)-0(2)
C(45)—C(406)
C(46)—-C(47)
C(47)—-C(48)
C(48)-0(2)
P(4)-Pt(2)-P(3)
P(4)—Pt(2)—CI(3)

2.230(1)
2.234(1)
2.348(1)
2.353(1)
1.837(3)
1.783(3)
1.543(4)
1.545(5)
1.549(5)
1.422(4)
1.522(5)
1.347(5)
1.523(5)
1.426(4)
97.8(1)

174.8(1)

P(3)—-Pt(2)—CI(3)
P(4)—Pt(2)—Cl(4)
P(3)—-Pt(2)—Cl(4)
CI(3)—Pt(2)—Cl(4)
C(43)-P(3)—Pt(2)
C@47)-P4)-Pt(2)
C(47)-P(4)-Pt(2)
C(44)—C(43)—C(48)
C(48)—-C(43)-P(3)
C(43)—C(44)—C(45)
C(46)—C(45)—C(44)
C(47)—-C(46)—C(45)
C(46)—C(47)—C(48)
C(48)-C(47)-P4)
C(47)—C(48)—C(43)
C(45)-0(2)—C(48)

86.5(1)

86.2(1)

175.6(1)
89.5 (1)
119.9(1)
112.1(1)
112.1(1)
100.8(3)
118.4(2)
100.9(3)
103.8(3)
104.7(3)
105.0(3)
122.6(2)
105.9(3)
96.7(2)

2-2.1.3 Recoordination of endo-115 to (R)-117 and (S)-117

In order to determine the enantiomeric purity of endo-115 and to establish the
identity of the unisolated isomer, the liberated ligand was recoordinated to the equally
accessible (R)-117 (Scheme 2.6). This re-coordination process generated two
regioisomers in the ratio of 12:1. These two recomplexation products exhibit identical
SP{"H} NMR spectra to those recorded for the products generated from the original

cycloaddition reaction, so the products endo-113 and endo-113 generated from the

original cycloaddition reaction are identified as regioisomers.
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As a further check, endo-115 was recoordinated to (S)-117 thus generating two
regioisomers endo-116a and endo-116b in the ratio of 7:1. The major isomer showed
a pair of doublets at 6 27.6 (Jpp = 14.5 Hz, Jpp= 1710 Hz) and -6.2 (Jpp= 14.5Hz, Jpp
= 3677 Hz). These two recomplexation products exhibit different SP{'"H} NMR
spectra to those recorded for the two cycloadducts generated directly from the
asymmetric cycloaddition reaction thus reaffirming that the liberated ligand is
stereochemically pure. Eventually, the major recomplexation product in this instance
could be isolated in a diastereomerically pure form by fractional crystallization from
dichloromethane-diethyl ether as pale yellow crystals in 85% yield, [a]p-35° (¢ 1.0,

CH,Cl,). Due to the unique frans-electronic influence which originates from the
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organoplatinum unit, the larger platinum—phosphorus coupling constant observed for
the doublet signal at 6 —6.2 is diagnostic of the PPh, group coordinated trans to the
o-donating nitrogen atom.">”"**!®* On the other hand, the doublet at 6 27.6, which
shows the smaller platinum—phosphorus coupling constant, is unambiguously
assigned to the PPh, group that is coordinated frans to the strong m-accepting

orthometalated carbon atom.

2-2.1.4 X-ray Structural Analysis of endo-116b

This crystalline product was confirmed by X-ray crystallography to be
complex endo-116b, as shown in Figure 2.3. Selected bond lengths and angles are
given in Table 2.3. The geometry at platinum is distorted square planar with angles at
platinum in the ranges of 84.9(1)-87.5(1) and 174.4(1)-177.2(1)°. The absolute
configurations of the four generated stereogenic centers at C(11), C(29), C(31), and
C(32) are S, S, S, and R, respectively. Along with the significant difference in the two
Pt-P coupling constants observed in the *'P{'"H} NMR spectrum, the Pt-P(1) distance
[2.387(2) A] is clearly longer than the Pt-P(2) bond [2.242(2) A]. These spectroscopic
and structural data thus confirm that the unique trans-electronic influences which
originate from the organoplatinum unit operate strongly both in the solid state and in
solution. From the *'P{'"H} NMR spectroscopic data of endo-116b, the doublet signal
at 0 -6.2 is diagnostic of the PPh, group from 3-diphenylphosphinofuran, while the
doublet at 6 27.6 is assigned to the PPh, group from diphenylvinylphosphine. Hence it

could be established that complex endo-113b is the major component of the mixture
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generated directly from the asymmetric Diels-Alder reaction, while complex

endo-113a is the minor cycloaddition product formed.

Figure 2.3 Molecular structure and absolute stereochemistry of the cationic

complex endo-116b
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Table 2.3 Selected bond lengths (A) and angles (deg) for endo-116b

Pt(1)—C(1) 2.118(8) N(D)-Pt(1)-P(2) 169.7(2)
Pt(1)-N(1) 2.196(7) C(1)-Pt(1)-P(1) 175.2(3)
Pt(1)-P(2) 2.242(2) N(1)-Pt(1)-P(1) 96.5(2)
P(1)-P(1) 2.387(2) P(2)-Pt(1)-P(1) 93.48(8)
C(27)-C(28) 1.513(15) C(28)-C(27)-C(32) 101.5(9)
C(27)-C(32) 1.539(15) C(32)-CQ27)-P(1)  112.9(6)
C(27)-P(1) 1.946(11) C(29)-C(28)-C(27)  102.4(9)
C(28)-C(29) 1.496(15) C(28)-C(29)-C(30)  105.3(9)
C(29)-0(1) 1.447(13) C(31)-C(30)-C(29) 107.2(10)
C(29)-C(30) 1.496(15) C(30)-C(31)-C(32) 103.7(9)
C(30)-C(31) 1.331(13) C(32)-C31)-P(2)  120.9(7)
C(31)-C(32) 1.550(14) C(27)-C(32)-C(31)  105.4(9)
C(31)-P(2) 1.784(9) C(32)-0(1)-C(29)  97.0(7)
C(32)-0(1) 1.414(12) C(27)-P(1)-P(1)  119.1(3)
C(1)~Pt(1)-N(1) 79.4(3) C31)-PQ)-Py(1)  113.6(3)

C(1)-Pt(1)~P(2) 90.7(2)

2-2.2 Intramolecular Endo-Diels-Alder Reaction Between 3-Diphenylphosphino-
furan and Diphenyl[(E)-2-(ethoxycarbonyl)vinyl]phosphine

When  (R)-86, diphenyl[(E)-2-(ethoxycarbonyl)vinyl]phosphine and
3-diphenylphosphinofuran in dichloromethane were treated with aqueous silver
tetrafluoroborate (Scheme 2.7), the corresponding asymmetric Diels-Alder reaction
was completed in 20 days at room temperature. Prior to purification, the *'P{'H}
NMR spectrum of the crude reaction mixture in CDCIl; exhibited three pairs of
doublets indicative of the formation of three stereochemically distinct products in the
ratio 14:1:1. The doublets of the major diastereomer endo-118a were observed at o
28.5 (Jep=14.5 Hz, Jpp= 1713 Hz) and -3.2 (Jpp=14.5 Hz, Jpp = 3664 Hz). Upon
comparison to the NMR data from the Diels-Alder reaction of

3-diphenylphosphinofuran and diphenylvinylphosphine, the doublet signal at 6 —3.2 is
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diagnostic of the PPh, group from 3-diphenylphosphinofuran, while the doublet at o

28.5 is assigned to PPh, group from diphenyl[(£)-2-(ethoxycarbonyl)vinyl]phosphine.

Me Me
Me \N/ 0 COOEt
N a
Pt + \ + A
\) PHi Ph
2 PPh,
(R)-86
AgBF,
Ph~ Ph
e Me Ph Me\ Me \ /
\ /
COOEt Me
OO
o ph H
BF,
endo-118a endo-118b

endo-118a:endo-118b = 14:1

Scheme 2.7

Treatment of the tetrafluoroborate salt with concentrated sulfuric acid at room
temperature removed the naphthylamine auxiliary chemoselectively (Scheme 2.8).
Upon addition of excess lithium chloride into the acidic solution, the dichloro
complexes precipitated from solution as pale yellow solids. Attempts to separate the
isomers by crystallization failed. Therefore the dichloro complex was converted into
the corresponding diiodo complex which has been found to be readily crystallized.
Upon treatment of the dichloro complex with sodium iodide,'®® the *'P{'H} NMR
spectrum of the diiodo complexes in CDCl; exhibited two pairs of doublets in the

ratio of 15:1 and the doublets of the major diastereomer endo-119 were observed at o
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20.5 (Jep= 8.9, Jprp= 3396 Hz), -17.9 (Jpp= 8.9, Jpp= 3181 Hz) . The complex was
subsequently obtained as yellow crystals from dichloromethane-diethyl ether in 72%

yield, [o]p+12.7° (¢ 0.6, CHCL).

Ph
Ph\ S Ph\ /Ph
p COOEt q
DH,S0/LICl I~ KCN P COOEt
reaction mixture ————> /Pt @ N @
2) Nal AN
P
/N P.
Ph Ph Ph/ \Ph
endo-119 end 0-120
Scheme 2.8

2-2.2.1 X-ray Structural Analysis of endo-119

The isolated diiodo ccomplex was shown to be the complex endo-119 as
confirmed by the X-ray crystallographic analysis (Figure 2.4). The crystallographic
study further revealed that the cycloaddition reaction between the coordinated
3-diphenylphosphinofuran  and  diphenyl[(£)-2-(ethoxycarbonyl)vinyl]phosphine
resulted in the formation of the endo-cycloadduct. The chiral ligand coordinates as a
bidentate chelate via the phosphorus donor atoms to the platinum. The geometry at
platinum is distorted square planar with angles at platinum in the ranges of
86.0(1)-87.2(1) and 173.0(1)-174.1(1)°. The absolute configurations of the four newly
generated stereogenic centers at C(15), C(16), C(17), and C(18) are R, R, R, and S,
respectively, with the diphenylphosphino group being orientated in the endo position
at C(17). The distances of the two Pt-P bonds are similar (2.238(1) and 2.261(1) A),

and so are the two Pt-I bonds (2.628(1) and 2.643(1) A). Selected bond lengths and
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bond angles are given in Table 2.4. There is a disorder in the arrangement of CH,CH3

group where two possible orientations are displaced from on another.

N

Al

Figure 2.4 Molecular structure and absolute stereochemistry of endo-119
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Table 2.4 Selected bond lengths (A) and angles (deg) for endo-119

Pi(1)—P(1) 2.238(1) C(19-0(3) 1.302(7)
Pt(1)-P(2) 2.261(1) P(1)-Pt(1)-P(2) 98.1(1)
Pt(1)-1(1) 2.628(1) P(1)-Pt(1)-1(1) 87.2(1)
Pt(1)-1(2) 2.643(1) P(2)-Pt(1)-I(1) 174.1(1)
C(13)-C(14) 1.330(7) P(1)-Pt(1)-1(2) 173.0(1)
C(13)-C(18) 1.530(6) P(2)-Pt(1)-1(2) 86.0 (1)
C(13)-P(1) 1.773(5) 1(1)-Pt(1)-1(2) 89.0 (1)
C(14)-C(15) 1.517(7) C(18)-C(13)-P(1)  121.7(3)
C(15)-0(1) 1.419(6) C(13)-C(14)-C(15)  105.7(4)
C(15)-C(16) 1.565(6) C(14)-C(15)-C(16) 104.0(4)
C(16)-C(17) 1.550(6) C(17)-C(16)~C(15)  100.8(4)
C(17)-C(18) 1.551(6) C(16)-C(17)-C(18) 100.3(3)
C(17)-P(2) 1.851(4) C(18)-C(17)-P(2)  115.8(3)
C(18)-0(1) 1.425(5) C(13)-C(18)-C(17)  106.5(3)
C(19)-0(2) 1.195(6)

2-2.2.2 Liberation and the Optical Purity of endo-120

The optically active ligand endo-120 can be chemoselectively liberated from
the complex endo-119 by treatment of the diiodo complex with aqueous potassium
cyanide at room temperature (Scheme 2.9). The liberated endo-120 was obtained as
an air stable white solid in 90% yield, [a]sss +18 °(c 0.8, CH,CL,). The *'P{'H} NMR
spectrum of the free ligand in CDClI; exhibited two doublets at 6 —12.3 (Jpp= 81 Hz)
and -21.4 (Jpp= 81 Hz).

As there is a need to confirm the optical purity of endo-120, the liberated
ligand was recoordinated to the equally accessible (R)-117. This re-coordination
process generated two regioisomers in the ratio of 8:1. These two recomplexation
products exhibit identical *'P{'H} NMR spectra to those recorded for the product

generated from the original cycloaddition reaction, so the product endo-118a and
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endo-118b generated from the original cycloaddition reaction are regioisomers.

In a further check, endo-120 was recoordinated to (S)-117 thus generating
two regioisomers endo-121a and endo-121b in the ratio of 10:1. These two
recomplexation products exhibit different *'P{"H} NMR spectra to those recorded for
the cycloadducts generated directly from the asymmetric cycloaddition reaction thus

reaffirming that the liberated ligand is stereochemically pure.
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Me/, Me/,,’ N\;" /
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Scheme 2.9

2-2.3 Intramolecular Endo-Diels-Alder Reaction between 3-Diphenylphosphin-

ofuran and Phenyldivinylphosphine
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Scheme 2.10

In order to further explore the reactions of vinylphosphines towards
3-diphenylphosphinofuran, a further reaction was carried out involving
phenyldivinylphosphine and 3-diphenylphosphinofuran (Scheme 2.10). The reaction
was monitored using *'P{'H} NMR spectroscopy and was found to be completed in 7
d at 60 °C. Prior to the purification, the >'P{'H} NMR spectrum of the crude reaction
mixture in CDCl; exhibited four pairs of doublets indicative of the formation of four
stereochemically distinct products in the ratio 14:1:10:7. The major isomer endo-122a
was successfully crystallized from dichloromethane-diethyl ether as pale yellow
prisms in 18% isolated yield, [a]p—57° (¢ 0.5, CH,Cl,). The S'p{'H} NMR spectrum
of the reaction mixture in CDClj; exhibited one pair of doublets at 0 18.9 (Jpp=4.5 Hz,

Jeep= 1730 Hz) and —4.6 (Jpp= 14.5 Hz, Jpp = 3676 Hz). The isolated product was
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subsequently identified to be the complex endo-122a by crystallographic studies.

2-2.3.1 X-ray Structural Analysis of endo-122a

The molecular structure and absolute stereochemistry of complex endo-122a
were established by X-ray diffraction studies (Figure 2.5). Interestingly, endo-122a
crystallized as a pair of crystallographically independent molecules in the unit cell.
However, the two molecules have the same absolute stereochemistry and molecular
connectivity and differ only slightly in their bond angles. For clarity, only one
molecule (molecule 1) is depicted in Figure 2.5. The analysis showed that the
5-membered (Rc)-metallated naphthylamine PtCN ring adopts the 0 conformation.
The major isomer isolated from the cycloaddition reaction was found to be an
endo-cycloadduct. The chiral ligand coordinates as a bidentate chelate via its
phosphorus donor atoms to the platinum, with the ethenylphenylphosphino group
being substituted at the endo position at C(23). The geometry at platinum is distorted
square planar with angles at platinum in the ranges of 79.1(2)-94.0(1) and
170.0(1)-173.5(1)°. The absolute configurations of the four newly generated
stereogenic centers at P(1), C(23), C(25), and C(28) are S, S, S, and R, respectively.
The Pt-P(1) distance [2.357(1) A] is clearly longer than the Pt-P(2) bond [2.233(1) A].
The bond lengths of the both C(15)-C(16) and C(26)-C(27) [1.299(8) and 1.325(7) A]
are consistent of a double bond. Selected bond lengths and angles are given in Table

2.5 (molecule 1) and Table 2.6 (molecule 2).
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Figure 2.5 Molecular structure and absolute stereochemistry of endo-122a

2-2.3.2 Preparation of the Dichloro Complex endo-123

The complex endo-122a was treated with concentrated sulfuric acid to
chemoselectively remove the naphthylamine auxiliary (Scheme 2.11). Upon addition
of excess lithium chloride into the acidic solution, the dichloro complex endo-122 that
precipitated from solution was recrystallized from dichloromethane-diethyl ether as
pale yellow prisms in 91% yield, [a]p —19.6° (¢ 0.5, CH,CL). The *'P{'H} NMR
spectrum of endo-123 in CDCl; exhibited a pair of doublets at 6 14.1 (Jpp= 14.7, Jpp=

3573 Hz) and —15.1 (Jpp = 14.7, Jppp = 3412 Hz). Both non-equivalent phosphorus
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donors in complex endo-123 are coordinated at the position frans to the chloro ligand

as indicated by their similar Pt-P couplings. The structure of endo-123 is further

confirmed by X-ray structural analysis.
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Table 2.5 Selected bond lengths (A) and angles (deg) for endo-122a (Molecule 1)

Pt(1)-C(1)
Pt(1)-N(1)
P(1)-P(2)
Pt(1)-P(1)
P(1)-C(23)
P(2)-C(27)
C(15)-C(16)
C(23)-C(24)
C(23)-C(28)
C(24)-C(25)
C(25)-0(1)
C(25)-C(26)
C(26)-C(27)
C(27)-C(28)
C(28)-0(1)
C(1)~Pt(1)-N(1)
C(1)-Pt(1)-P(2)

2.047(4)
2.168(4)
2.233(1)
2.357(1)
1.865(5)
1.783(4)
1.299(8)
1.536(8)
1.546(7)
1.551(8)
1.447(8)
1.529(7)
1.325(7)
1.533(7)
1.456(7)
79.1(2)

91.7(1)

N(1)—Pt(1)-P(2)
C(1)-Pt(1)-P(1)
N(1)-Pt(1)-P(1)
P(2)-Pt(1)-P(1)
C(23)-P(1)-Pt(1)
C(27)-P(2)-Pt(1)
C(16)-C(15)-P(1)
C(24)-C(23)-C(28)
C(28)-C(23)-P(1)
C(23)-C(24)-C(25)
C(26)-C(25)-C(24)
C(27)-C(26)-C(25)
C(26)-C(27)-C(28)
C(28)-C(27)-P(2)
C(27)-C(28)-C(23)
C(25)-0(1)-C(28)

170.0(1)
173.5(1)
95.4(1)

94.0(1)

122.7(2)
112.6(2)
121.8(4)
101.3(4)
113.8(3)
101.5(4)
103.7(4)
104.6(5)
106.8(4)
122.5(4)
105.5(4)
95.7(4)
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Table 2.6 Selected bond lengths (A) and angles (deg) for endo-122a (Molecule 2)

Pt(2)-C(41) 2.071(4) N(2)-Pt(2)-P(4) 170.3(1)
Pt(2)-N(2) 2.153(3) C@41)-Pt2)-P3)  173.5(1)
Pt(2)-P(4) 2.234(1) N(2)-Pt(2)-P(3) 95.2(1)

Pt(2)-P(3) 2.371(1) P(4)-Pt(2)-P(3) 93.7(1)

P(3)-C(63) 1.857(5) C(63)-P3)-Pt(2)  123.2(2)
P(4)-C(67) 1.793(4) C(67)-P(4)-Pt(2)  112.0(1)
C(55)-C(56) 1.332(8) C(56)-C(55)-P(3)  122.6(4)
C(63)-C(68) 1.552(6) C(68)-C(63)-C(64) 100.1(4)
C(63)-C(64) 1.567(7) C(68)-C(63)-P(3)  114.4(3)
C(64)-C(65) 1.537(7) C(65)-C(64)-C(63) 101.4(4)
C(65)-0(2) 1.443(6) C(66)-C(65)-C(64) 105.3(4)
C(65)-C(66) 1.511(6) C(67)-C(66)—-C(65) 105.9(4)
C(66)-C(67) 1.323(6) C(66)-C(67)-C(68) 105.5(4)
C(67)-C(68) 1.524(6) C(68)-C(67)-P(4)  122.6(3)
C(68)-0(2) 1.441(6) C(67)-C(68)-C(63) 106.3(3)
C(41)-Pt2)-N@2)  78.5(1) C(68)-0(2)-C(65)  96.1(3)

C(41)-Pt2)-P@)  92.7(1)

2-2.3.3 X-ray Structural Analysis of endo-123

The molecular structure and the absolute configuration of the recrystallised
endo-123 were established by single crystal X-ray crystallographic analysis (Figure
2.6). The absolute configurations of the stereogenic centers and the oxa-norbornene
skeleton were found to be retained even after reaction under acidic conditions.

Selected bond parameters are given in Table 2.7.
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Figure 2.6 Molecular structure and absolute stereochemistry of endo-123
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Table 2.7 Selected bond lengths (A) and angles (deg) for endo-123

Pi(1)—P(1) 2.242(1) P(1)-P(1)-CI(1) __ 90.1(1)
Pt(1)-P(2) 2.249(1) PQ)-P{1)-CI(1)  172.1(1)
Pt(1)-CI(1) 2.345(1) P(1)-P{1)-CI(2)  175.2(1)
Pt(1)-CI(2) 2.371(1) PQ)-P{1)-CI(2)  84.6(1)

P(1)-C(13) 1.778(4) CI(1)-P{(1)-CI(2)  87.8(1)

P(1)-C(1) 1.813(4) C(13)-P(1)-Pt(1)  109.9(2)
P(2)-C(17) 1.846(4) C(17)-P(2)-Pt(1)  122.0Q2)
C(13)-C(14) 1.343(6) C(14)-C(13)-C(18) 103.9(4)
C(13)-C(18) 1.542(6) C(18)-C(13)-P(1)  124.8(3)
C(14)-C(15) 1.487(7) C(13)-C(14)-C(15) 106.5(4)
C(15)-0(1) 1.432(6) C(14)-C(15)-C(16) 105.5(4)
C(15)-C(16) 1.559(7) C(15)-C(16)-C(17)  99.8(4)

C(16)-C(17) 1.566(6) C(18)-C(17)-C(16) 101.3(4)
C(17)-C(18) 1.556(6) C(18)-C(17)-P(2)  115.4(3)
C(18)-0(1) 1.436(5) C(13)-C(18)-C(17)  105.7(3)
C(19)-C(20) 1.318(7) C(20)-C(19)-P(2)  125.0(4)
P(1)-Pt(1)-P(2) 97.6 (1) C(15)-0(1)-C(18)  96.4(3)

2-2.3.4 Liberation and the Optical Purity of endo-124

As illustrated is Scheme 2.11, treatment of complex endo-123 with saturated
aqueous potassium cyanide in dichloromethane gave the optically pure ligand
endo-124 from the dichloro-platinum(II) complex as an air stable white solid in 95%
yield upon removal of solvent, [o]p +15.1° (¢ 1.5, CH,Cl). The *'P{'H} NMR
spectrum of the free ligand in CDCI; exhibited two doublets at 6 -16.8 (Jpp= 81 Hz)
and -21.3 (Jp p= 81 Hz).

Furthermore, in order to determine the enantiomeric purity of endo-124, the
liberated ligand was recoordinated to the equally accessible (R)-117 (Scheme 2.12).
This re-coordination process generated two regioisomers in the ratio of 5:1. These two

recomplexation products exhibit identical *'P{'H} NMR spectra to those recorded for
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the product generated from the original cycloaddition reaction, so the product

endo-122a and endo-122b generated from the original cycloaddition reaction are

regioisomers. As a further check, endo-124 was recoordinated to (S)-117 generated

two regioisomers endo-125a and endo-125b in the ratio of 5:1.

These two

recomplexation products exhibit different *'P{"H} NMR spectra to those recorded for

the cycloadducts generated directly from the asymmetric cycloaddition reaction thus

reaffirming that the liberated diphosphine was stereochemically pure.
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Scheme 2.12

2-2.3.5 Preparation of the Dichloro Complex endo-126a,b
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To isolate the other cycloadducts 0 20.2 (Jpp= 14.7 Hz, Jpp= 1735 Hz), 4.9
(Jpp=14.7 Hz, Jppp= 3660 Hz) and 21.7 (Jpp= 15.7 Hz, Jppp= 1728 Hz) and —6.1 (Jpp=
15.7 Hz, Jpp = 3656 Hz) in their enantiomerically pure forms, the chiral
naphthylamine auxiliary in the diastereomeric mixture was removed chemoselectively
by stirring a dichloromethane solution of the diasteromeric complexes with
concentrated sulfuric acid at room temperature (Scheme 2.13). Upon addition of
excess lithium chloride into the acidic solution, the dichloro complexes precipitated
from solution. The *'P{'H} NMR spectrum of endo-126a,b in CDCl; exhibited a pair

of doublets at 6 15.4 (Jpp= 14.9, Jpip= 3581 Hz) and —13.4(Jpp= 14.9, Jpip = 3388 Hz).

2-2.3.6 X-ray Structural Analysis of endo-126a,b
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Figure 2.7 Molecular structure and absolute stereochemistry of endo-126a,b

The molecular structure of endo-126a,b was established by a single crystal
X-ray structural determination (Figure 2.7). The single crystal X-ray diffraction
analysis of endo-126a,b, however, reveals the presence of both enantiomers in the

unit cell. The geometry at platinum is distorted square planar with angles at platinum
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in the ranges of 85.6(1)-86.7(1) and 175.7(1)-176.7(1)°. The distances of the two
Pt-Cl bonds are similar (2.360(1) and 2.357(1) A), and so are the two Pt-P bonds

(2.231(1) and 2.243(1) A).

Table 2.8 Selected bond lengths (A) and angles (deg) for endo-126a,b

Pt(1)- P(1) 2.231(1) P(1)-Pt(1)-CI(1) 86.7(1)
Pt(1)-P(2) 2.243(1) P(2)-Pt(1)-CI(1) 175.7(1)
Pt(1)-C1(2) 2.357 (1) P(1)-Pt(1)-C1(2) 176.7(1)
Pt(1)-CI(1) 2.360 (1) P(2)-Pt(1)-CI(2) 85.6(1)
P(1)-C(13) 1.776(2) CI(1)-Pt(1)-C1(2)  90.0(1)
P(1)-C(1) 1.821(2) C(13)-P(1)-Pt(1)  111.5(1)
P(2)-C(17) 1.857(2) C(17)-PQ2)-Pt(1)  120.8(1)
C(13)-C(14) 1.336(3) C(14)-C(13)-C(18)  105.5(2)
C(13)-C(18) 1.524(3) C(18)-C(13)-P(1)  120.4(2)
C(14)-C(15) 1.512(3) C(13)-C(14)-C(15)  105.0(2)
C(15)-0(1) 1.441(3) C(14)-C(15)-C(16)  104.3(2)
C(15)-C(16) 1.561(3) C(15)-C(16)-C(17)  100.9(2)
C(16)-C(17) 1.552(3) C(18)-C(17)-C(16)  100.52(17)
C(17)-C(18) 1.551(3) C(18)-C(17)-P(2)  114.95(15)
C(18)-0(1) 1.436(3) C(13)-C(18)-C(17)  106.45(16)
C(19)-C(20) 1.302(3) C(19)-C(20)-P(2)  123.2(2)
P(1)-Pt(1)-P(2) 97.47(2) C(15)-O(1)-C(18)  95.76(15)

2.2.4 Intramolecular Endo-Diels-Alder Reaction Between Di-(3-furyl)phenylph-

osphine and Diphenylvinylphosphine

2.2.4.1 Preparation of Chloro Complex (R)-127
The ligand di-(3-furyl)phenylphosphine in dichloromethane was added to a
solution containing the dimeric complex (R)-86 to yield the chloro complex (R)-127

in 85% yield (Scheme 2.14)
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The *'P{'H} NMR spectrum of the complex (R)-127 showed a singlet at &
21.0 (Jpwpr = 4210 Hz). The reaction mixture was concentrated and layered with

n-hexanes to yield pale yellow prisms of (R)-127.

Me\ /Me Me\ }\/Ie
0] Me
Mea N Q NG a
Cl | | / 70
\P(\ @P/(/ Pt\ ;
+
o™ — L So
(R)-86 (R)-127

Scheme 2.14
2.2.4.2 Single Crystal X-ray Diffraction Studies on (R)-127
The single crystal X-ray diffraction analysis data showed that the ligand
bis-(3-furyl)phenylphosphine had coordinated trans to the NMe, group of the metal

template (Figure 2.8). Selected bond lengths and bond angles are given in Table 2.9.

Figure 2.8 Molecular structure and absolute stereochemistry of (R)-127
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Table 2.9 Selected bond lengths (A) and angles (deg) for endo-127

PY(1)-C(1) 2.017(3) C(28)-0(2) 1.391(7)
Pt(1)-N(1) 2.136(3) C(1)-Pt(1)-N(1) 80.61(14)
Pt(1)-P(1) 2212 (1 C(1)-Pt(1)-P(1) 95.67(11)
Pt(1)-CI(1) 2.383 (1) N(1)-Pt(1)-P(1) 176.18(10)
P(1)-C(15) 1.817(5) C(1)-Pt(1)-CI(1) 172.61(11)
P(1)-C(21) 1.824(4) N(1)-Pt(1)-CI(1)  92.07(10)
C(23)-0(1) 1.336(7) P(1)-Pt(1)-CI(1) 91.66(4)
C(24)-0(1) 1.371(5) C(23)-0(1)-C(24)  106.1(4)
C(27)-0(2) 1.406(8) C(28)-0(2)-C(27)  105.2(4)

2.24.3 Asymmetric Diels-Alder  Reaction involving (R)-127 and
Diphenylvinylphosphine

The complex (R)-127 was treated with aqueous silver tetrafluoroborate to
convert the Cl group to the more labile BF4 entity (Scheme 2.15) and then was
allowed to react with diphenylvinylphosphine. The reaction was monitored using
S'P{'H} NMR spectroscopy and was found to be complete in 7 d at 60 °C. Prior to
purification, the *'P{'H} NMR spectrum of the crude reaction mixture in CDCl;
exhibited four pairs of doublets indicative of the formation of four stereochemically
distinct products in the ratio 1:1:10:10. The doublets of two major diastereomers
(Scheme 2.15) were observed at ¢ 27.0 (Jpp=14.5 Hz, Jppp= 1706 Hz) and -26.2 (Jpp
=14.5 Hz, Jpp=3640 Hz) and 26.9 (Jpp=14.8 Hz, Jppp= 1706 Hz) and -27.9 (Jpp=14.8

HZ, thp =3624 HZ)
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Unfortunately, efforts to separate the isomers directly via column
chromatography or fractional crystallization were unsuccessful. Hence, treatment of
the tetrafluoroborate salt with concentrated sulfuric acid at room temperature removed
the naphthylamine auxiliary chemoselectively. Upon addition of excess lithium
chloride into the acidic solution, the dichloro complex precipitated from solution as a
pale yellow solid. Upon treatment of the dichloro complex with sodium iodide
(Scheme 2.16),' the *'P{'H} NMR spectrum of the diiodo complexes in CDCls
exhibited three pairs of doublets in the ratio 1:1 and at 6 18.9 (Jpp= 9.7 Jpp= 3389 Hz)
and -41.8 (Jpp= 9.7, Jppp= 3165 Hz) and 18.4 (Jpp= 10.9, Jppp= 3352 Hz) and -38.4
(Jep = 10.9, Jpp = 3198 Hz). The less soluble isomer was isolated via fractional
crystallization from dichloromethane-diethyl ether as yellow prisms in 35% yield,

[a]p +25° (¢ 0.7, CH,Cly). The *'P{'H} NMR spectrum of the diiodo complex in
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CDClI; exhibited only two doublets at ¢ 18.9 (Jpp= 9.7 Jpp= 3389 Hz) and -41.8 (Jpp=
9.7, Jpp = 3165 Hz). The product was confirmed to be complex endo-129 by X-ray

crystallographic analysis.
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Scheme 2.16

2-2.4.4 X-ray Structural Analysis of endo-129

The molecular structure and the absolute stereochemistry of endo-129 were
determined by X-ray structure analysis (Figure 2.9). The crystallographic study
reveals that the cycloaddition reaction between the  coordinated
bis-(3-furyl)phenylphosphine and diphenylvinylphosphine has resulted in the
formation of the endo phosphine. The chiral ligand coordinates as a bidentate chelate
via its phosphorus donor atoms to the platinum, with the diphenylphosphino group
substituted at the endo position at C(13). The geometry at platinum is distorted square
planar with angles at platinum in the ranges of 86.2(1)—87.2 (1) and 175.5(1)—
175.6(1)°. The absolute configurations of the four newly generated stereogenic
centers at P(2), C(13), C(15), and C(18) are S, S, S, and R, respectively. The
five-membered furan ring is disordered in the molecule. Selected bond lengths and

angles are given in Table 2.10.
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Figure 2.9 Molecular structure and absolute stereochemistry of endo-129
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Table 2.10 Selected bond lengths (A) and angles (deg) for endo-129

Pi(1)—P(2)
Pt(1)-P(1)
Pt(1)-1(2)
Pt(1)-1(1)
C(13)-C(14)
C(13)-C(18)
C(13)-P(1)
C(14)-C(15)
C(15)-0(1)
C(15)-C(16)
C(16)-C(17)
C(17)-C(18)
C(17)-P(2)
C(18)-0(1)
C(25)-P(2)
C(25A)-P(2)
C(25)-C(28)
C(25A)-C(28A)
C(25)-C(26)
C(25A)-C(26A)
C(26)-C(27)
C(26A)-C(27A)
C(27)-0(2)
C(27A)-0(2A)
0(2)-C(28)
0(2A)-C(28A)
P(2)-Pt(1)-P(1)
P(2)-Pt(1)-1(2)
P(1)-Pt(1)-1(2)

2.236(2)
2.270(2)
2.657(1)
2.658(1)
1.550(10)
1.573(10)
1.845(7)
1.552(11)
1.427(9)
1.510(11)
1.349(10)
1.522(10)
1.778(7)
1.422(9)
1.778(10)
1.789(12)
1.356(16)
1.370(17)
1.449(15)
1.459(17)
1.298(14)
1.289(17)
1.415(18)
1.40(2)
1.318(13)
1.327(14)
97.2(1)
87.2 (1)
175.5(1)

P(2)—Pt(1)-1(1)
P(1)-Pt(1)-I(1)
12)-Pt(1)-1(1)
C(14)-C(13)-C(18)
C(18)-C(13)-P(1)
C(13)-C(14)-C(15)
C(16)-C(15)-C(14)
C(17)-C(16)-C(15)
C(16)-C(17)-C(18)
C(18)-C(17)-P(2)
C(17)-C(18)-C(13)
C(18)-0(1)~C(15)
C(13)-P(1)-Pt(1)
C(17)-P(2)-Pt(1)
C(28)-C(25)-C(26)
C(28)-C(25)-P(2)
C(26)-C(25)-P(2)
C(27)-C(26)-C(25)
C(26)-C(27)-0(2)
C(28)-0(2)-C(27)
0(2)-C(28)-C(25)

C(28A)-C(25A)~C(26A)
C(28A)-C(25A)-P(2)
C(26A)-C(25A)-P(2)
C(27A)-C(26A)-C(25A)
C(26A)-C(27A)-O(2A)
C(28A)-0(2A)-C(27A)
O(2A)-C(28A)-C(25A)

175.6(1)
86.2(1)
89.4(1)
98.7(6)
115.1(5)
102.4(6)
105.0(6)
104.1(6)
105.5(6)
123.8(5)
105.9(5)
96.4(5)
121.5(2)
110.9(2)
103.9(10)
130.1(10)
125.9(11)
108.4(12)
109.1(11)
106.2(10)
112.2(11)
103.0(11)
134.7(12)
122.3(12)
109.7(14)
108.5(14)
107.6(12)
111.2(13)
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2-2.4.5 Liberation and the Optical Purity of endo-130

Ph— P!
P
end 0-130
Me, Me
®-117 Mev,, N\Pt/NCMe
endo-128a 4 endo-128b \NCMe
Clo,
(S)-117
3
Ph ¢
e h\}’hH Me\ ?l\/[e \NF
M, Me, NJ o F
PO.g=
L x
/ —
BF,
endo-13la endo-131b
Scheme 2.17

The optically active ligand endo-130 can be chemoselectively liberated from
the complex endo-129 by treatment of the diiodo complex with aqueous potassium
cyanide at room temperature (Scheme 2.16). The liberated endo-130 was obtained as
an air stable white solid in 87% yield, [a]-30° (¢ 0.6, CH,Cl,). The *'P{'H} NMR
spectrum of the free ligand in CDCIl; exhibited two doublets at 6 —13.0 (Jpp = 78 Hz)
and -48.0 (Jpp= 78 Hz).

In order to determine the enantiomeric purity of endo-130, the liberated ligand
was recoordinated to the equally accessible (R)-117 (Scheme 2.17). This

re-coordination process generated two regioisomers in the ratio of 7:1. These two
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recomplexation products exhibit identical >'P{'"H} NMR spectra to those recorded for
the product generated from the original cycloaddition reaction, so the products
endo-128a and endo-128b generated from the original cycloaddition reaction are
regioisomers. As a further check, endo-130 was recoordinated to (5)-117 generated
two regioisomers endo-131a and endo-131b in the ratio of 8:1. These two
recomplexation products exhibit different *'P{"H} NMR spectra to those recorded for
the two cycloadducts generated directly from the asymmetric cycloaddition reaction

thus reaffirming that the liberated ligand is stereochemically pure.

2.3 Conclusion

In the presence of complex (R)-86 as the chiral template,
3-diphenylphosphinofuran and bis-(3-furyl)phenylphosphine function as the dienes
with diphenylvinylphosphine, diphenyl[(£)-2-(ethoxycarbonyl)vinyl]phosphine and
divinylphenylphosphine to form endo cycloaddition adducts. The Diels-Alder
reactions between 3-diphenylphosphinofuran and diphenylvinylphosphine or
diphenyl[(E)-2-(ethoxycarbonyl)vinyl]phosphine achieved high stereoselectivities.
However, in the reactions (3-diphenylvinylfuran and divinylphenylphosphine, and
bis-(3-furyl)phenylphosphine and diphenylvinylphosphine) the stereocontrol at the
phosphorus stereogenic center is inefficient. The low selectivity may be due to the
free rotation around the Pt-P bond of a monodentate phosphine which gives rise to
162b

equal opportunity for each olefin (furan) to undergo cycloaddition reaction.

In order to investigate the behavior of the optically pure diphosphine ligands
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in asymmetric catalysis, endo-115 has been used as a test ligand in asymmetric
rhodium catalyzed hydrogenation and hydroboration.

The enantioselective hydrogenation of unsaturated enamides to amino acid
derivatives was extensively studied using Rh catalysts.*® The hydrogenation of methyl
2-acetamidocinnamate was carried out in MeOH at room temperature under ambient
H, pressure in the presence of 1 mol% catalyst formed in situ from [Rh(COD),]|BF4
and endo-115 (Rh/L = 1:1) for 12 h, leading to N-acetylphenylalanine in 100% yield

and 48% enantiomeric excess (Scheme 2.18).

COOMe | mOI% [Rh(COD),]BF,/ endo-115 /_{COOMG
~ Ph NHCOMe
Ph NHCOMe 1 atm H,/MeOH/r.t.
conv.: 100%
ee: 48%
Scheme 2.18

The asymmetric hydroboration of styrene with catecholborane using chiral
BINAP gave high enantioselectivity.” We have used the chiral ligand endo-115 in the
Rh-catalyzed asymmetric hydroboration of styrene and found 99% regioselectivity of
hydroboration leading to the branched alcohol after oxidation (30% H,0,, 2 M NaOH)

in 70% yield and 26% enantiomeric excess (Scheme 2.19).

OH

1.0 mol° ! endo-

_ 0 mol% [Rh(COD),]BF,/endo-115 )\
/ + HB Ph

Ph

\

6] THF, -30 °C, 24 h
2.2 M NaOH, 30% H,0, yield:70%
ee: 26%
Scheme 2.19

In summary, the noval chiral ligand endo-115 could be used for asymmetric

Rh-catalyzed hydrogenation of methyl 2-acetamidocinnamate leading to
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phenylalanine derivative in moderate enatioselectivity with full conversion.
Remarkably, this reaction was carried out under ambient H, pressure at room
temperature. The application of the same catalyst in the hydroboration of styrene has
furnished good result in terms of regioselectivity and yield, but the enantioselectivity
was not high. Further applications in new asymmetric catalysis of these new chiral

ligands are currently underway in our laboratories.

2.4 Experimental Section

All air-sensitive manipulations were carried out using Schlenk and cannula
techniques under a positive pressure of argon. All NMR spectra were recorded at 25
°C on Bruker ACF 300, 400 and 500 MHz spectrometers. Optical rotations were
measured on the specified solution in a 0.1-dm cell at 25 °C with a Perkin-Elmer
model 341 polarimeter. Elemental analyses were performed by the Elemental Analysis
Laboratory of the Division of Chemistry and Biological Chemistry at Nanyang
Technological University. All melting points were measured using the SRS Optimelt
Automated Melting Point System, SRS MPA100.

The compounds diphenylvinylphosphine,'®* diphenyl[(E)-2-(ethoxycarbonyl)v-
inyl]phosphine,'® divinylphenylphosphine,'® bis(u-chloro)bis[(R/S)-1-[1-(dimethyl-
amino)ethyl]-2-naphthalenyl-C,N]diplatinum (I1),"” bis(acetonitrile)[1-[ 1 -(dimethyl-
amino)ethyl]-2-naphthalenyl-C,N]diplatinum (II) perchlorate'®’ were prepared as

previous reported. Solvents were distilled, dried and degassed by standard procedures
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where necessary. Column chromatography was performed using silica gel 60
(0.040-0.063mm, Merck). Enantioselectivities were determined by High performance
liquid chromatography (HPLC) analysis employing a Daicel Chirapak AD-H or AS-H
column.

Preparation of 3-Ddiphenylphosphinofuran,

To a solution of 3-bromofuran (1 g, 6.8 mmol) in tetrahydrofuran(15 mL) was
dropped n-BuLi (1.6 M in THF, 4.25 mL, 6.8 mmol) in tetrahydrofuan over 10 min at
-78 °C. After the reaction mixture was stirred for 30 min, Ph,PCI (1.3 mL) in solution
in 20 mL of tetrahydrofuran was slowly added at -78 °C. This mixture was slowly
raised to room temperature, and the solution was stirred for 3 h. The solvent was
removed under reduced pressure and a saturated ammonium chloride solution (10.00
g in 50 mL of water) was added slowly into the reaction mixture. The product was
then extracted with diethyl ether. The organic layer was separated and dried over
magnesium sulfate. The solvent was removed and the residue (brownish oil) was
distilled (b.p. 132-134 °C, 0.6 mmHg) to give the product as a colourless viscous oil:
1.51 g (87.9% yield); the product was chromatographed on a silica column with
dichloromethane-hexane as eluent yielding a colorless oil: 0.86 g (50% yield). 'H
NMR (CDCl3): ¢ 6.33 (s, 1H, OC=CH), 7.33-7.42 (m, 11H, aromatics and
Ph,PC=CH), 7.52 (s, IH, OCH). *'P{'"H} NMR (CDCls): d -31.1 (s).

Preparation of Di-(3-furyl)phenylphosphine
To a solution of 3-bromofuran (2 g, 13.6 mmol) in tetrahydrofuran(15 mL)

was added dropwise n-BuLi (1.6 M in THF, 8.5 mL, 13.6 mmol) in tetrahydrofuan
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over 10 min at -78 °C. After the reaction mixture was stirred for 30 min, Ph,PCI (1.3
mL) in solution in 40 mL of tetrahydrofuran was slowly added at -78 °C. This mixture
was slowly raised to room temperature, and the solution was stirred for 3 h. The
solvent was removed under reduced pressure and a saturated ammonium chloride
solution (10.00 g in 50 mL of water) was added slowly into the reaction mixture. The
product was then extracted with diethyl ether. The organic layer was separated and
dried over magnesium sulfate. The solvent was removed and the residue (brownish oil)
was distilled (b.p. 120-122 °C, 0.6 mmHg) to give the product as a colourless viscous
oil: 1.40 g (85% yield); the product was chromatographed on a silica column with
dichloromethane-hexane as eluent yielding a colorless oil: 0.824 g (45% yield). 'H
NMR (CDCL): ¢ 6.40 (s, 2H, OC=CH), 7.28-7.46 (m, 7H, aromatics and
Ph,PC=CH ), 7.52 (s, 2H, OCH). *'P{'"H} NMR (CDCls): 6 -57.3 (s).
[SP-4-3-{(1S,4R,5S)-dichloro-[3,5-bis(diphenylphosphino)-7-oxabicyclo[2.2.1]-he
pt-2-ene-P*, P*}]platinum (I1), endo-114.

A solution of silver tetrafluoroborate (0.138 g, 0.71 mmol) in water (1 mL)
was added to a mixture containing the platinum template (R)-86 (0.255 g, 0.29 mmol),
diphenylvinylphosphine (0.126 g, 0.59 mmol), and 3-diphenylphosphinofuran (0.15 g,
0.59 mmol) in dichloromethane (20 mL). The solution was stirred vigorously at room
temperature for 1 h. The solution was filtered (to remove silver chloride), washed with
water, and then dried (MgSO,). Then the dichloromethane was removed and the
reaction mixture dissolved in 1,2-dichloroethane. It was further stirred at 60 °C for 7 d.

The cationic complex was treated with concentrated sulfuric acid (70%, 3 mL) for 0.5
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h, and the acidic solution was poured onto ice (ca. 4 g). Lithium chloride (0.6 g) was
then added, and the mixture was stirred for 1 h. Addition of dichloromethane (20 mL)
gave a clear yellow organic layer, which was subsequently separated, and the aqueous
layer was extracted with dichloromethane. The combined organic layer was washed
with water and then dried over anhydrous MgSOs. Subsequently fractional
crystallization from dichloromethane-diethylether gave complex endo-114 as white
prisms: mp 285-286 °C (decomp); [a]p+34.7° (¢ = 4, CH,Cl,); 0.303 g (70% yield).
Anal. Caled for CsHyCLOP,Pt: C, 49.3; H, 3.6. Found C, 49.2; H, 3.6. *'P{'H}
NMR (CDCls): 6 21.2 (d, 1 P, Jpp = 14.7 Hz, Jpp = 3577 Hz, P), -15.1 (d, 1 P, Jpp =
14.7 Hz, Jpp = 3411 Hz, P); '"H NMR (CDCls): 6 1.08-1.15 (m, 1H, H5), 2.25-2.37 (m,
1H, Hy), 3.43-3.67 (m,1H, H,), 4.98 (d, 1H, *Juu= 3.9 Hz, H}), 5.10 (d, 1H, *Jun=3.9
Hz, H;), 6.56 (dd, 1H, Jpy = 15.3 Hz, *Juu = 7.0 Hz, H,), 7.37-8.35 (m, 20H,

aromatics).

endo-114

(1S,4R,5S)-3,5-bis(diphenylphosphino)-7-oxabicyclo[2.2.1]-hept-2-ene, endo-115
and {(R)-1-[1-(dimethylamino)ethyl]-2-naphthyl-C?, N}(1S,4R,5S)-[3,5-bis(di-
phenylphosphino)-7-oxabicyclo[2.2.1]-hept-2-ene-P3, P°}platinum (11)perchlorate,
endo-116b.

A solution of endo-114 (0.2 g, 0.27 mmol) in dichloromethane (15 mL) was
stirred vigorously with a saturated aqueous solution of potassium cyanide (0.2 g) for

half an hour. The resulting colorless organic layer was separated, washed with water,
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and dried (MgSO,4). Upon the removal of solvent, a white solid endo-115 was
obtained: [0]p—37.6° (¢ 1.7, CH2CL); 0.102 g (80% yield). *'P{'"H} NMR (CDCls): 6
-12.5 (d, 1P, *Jpp = 77 Hz, P), -20.8 (d, 1P, *Jpp = 77 Hz, P) ppm. Endo-115 (0.07 g,
0.27 mmol) was added to a solution of (S)-117 (0.073 g, 0.27 mmol) in
dichloromethane (15 mL) and stirred vigorously for 1 hour. Recrystallization of the
crude product from dichloromethane-diethyl ether gave complex endo-116b as pale
yellow crystals: mp 210-212 °C (decomp); [a]p—35° (¢ 1.0, CH,Cl,); 0.122 g (85%
yield). Anal. Caled for C44H4,CINOsP,Pt: C, 55.2; H, 4.4; N, 1.5. Found: C, 54.7; H,
4.2:N, 1.4.°'"P{'"H} NMR (CDCl3): 6 27.6 (d, 1 P, Jpp = 14.5 Hz, Jpp = 1710 Hz, P’),
6.2 (d, 1 P, Jpp = 14.5 Hz, Jp.p = 3677 Hz, P’); "H NMR (CDCls): 6 1.18-1.23 (m,1H,
Hs), 1.42 (d, 3H, *Jiu= 6.2 Hz, CHMe), 2.18-2.24 (m, 1H, Hy), 2.55 (s, 3H, CHMe),
291 (s, 3H, CHMe), 3.37-3.43 (m,1H, H,), 4.69 (qn, 1H, *Jun= “Jou= 6.1 Hz,
CHMe), 4.94 (d, 1H, *Jiu= 3.9 Hz, H)), 5.03 (d, 1H, *Juu= 3.5 Hz, H;), 6.48 (d, 1H,

3Jun=9.1 Hz, H>), 6.98-8.14 (m, 26H, aromatics).

Ph
\/ H

\.
SO
Pt
N

Ph py

Me MePh

clo,
endo-116b

[SP-4-3-{(1R,4S,5R,6R)-diiodo-[3,5-bis(diphenylphosphino)-6-(ethoxycarbonyl)-7
-oxabicyclo[2.2.1]-hept-2-ene-P?, P°}]platinum (11), endo-119

A solution of silver tetrafluoroborate (0.234 g, 1.20 mmol) in water (1 mL)
was added to a mixture containing the platinum template (R)-86 (0.429 g, 0.5 mmol),
diphenyl[(E)-2-(ethoxycarbonyl)vinyl]phosphine (0.284 g, 1.00 mmol), and

3-diphenylphosphinofuran (0.252 g, 1.00 mmol) in dichloromethane (30 mL). The
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solution was stirred vigorously at room temperature for 1 h. The solution was filtered
(to remove silver chloride), washed with water, and then dried (MgSOy,).
Dichloromethane was removed and the reaction mixture dissolved in
1,2-dichloroethane. It was further stirred at room temperature for 20 d. The cationic
complex was treated with concentrated sulfuric acid (70%, 10 mL) for 0.5 h, and the
acidic solution was poured onto ice (ca. 10 g). Lithium chloride (0.8 g) was then
added, and the mixture was stirred for 1 h. Addition of dichloromethane (30 mL) gave
a clear yellow organic layer, which was subsequently separated, and the aqueous layer
was extracted with dichloromethane. The combined organic layer was washed with
water and mixed with Nal (0.10 g) in acetone (1 mL) and stirred vigorously for 2h.
The solvents were removed, and the residue was extracted with CH,Cl, and then dried
over anhydrous MgSOs.  Subsequently fractional crystallization  from
dichloromethane-diethylether gave complex endo-119 as yellow prisms: mp 233-235
°C (decomp); [a]436 +12.7° (¢ 0.6, CH,Cl,); 0.709 g (72% yield). Anal. Calcd for
C33H30l,05P,Pt: C, 40.2; H, 3.1. Found: C, 40.6.2; H, 3.6. *'P{'"H} NMR (CDCl;): 6
20.5(d, 1 P, Jpp= 8.9, Jowp= 3396 Hz, P), -17.9 (d, 1 P, Jpp= 8.9, Jpp= 3181 Hz, P); 'H
NMR (CDCls): 6 1.10 (t, 3H, *Jus= 7.1 Hz, CHj), 2.24 (dd, 1H, *Jpy = 10.6 Hz, *Jun
= 5.1 Hz, H5), 3.95 (qn, 2H, CH>), 4.11-4.14 (m, 1H, H,), 5.05 (d, 1H, *Juu= 4 Hz,

H;), 6.60 (dd, 1H, *Jpy = 15.5 Hz, *Jun= 7.3 Hz, H,), 7.96-8.32 (m, 20H, aromatics).

endo-119

(1R,4S,5R,6R)-3,5-bis(diphenylphosphino)-6-(ethoxycarbonyl)-7-oxabicyclo[2.2.1

87



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

]-hept-2-ene, endo-120

A solution of endo-119 (0.25 g, 0.25 mmol) in dichloromethane (15 mL) was
stirred vigorously with a saturated aqueous solution of potassium cyanide (0.2 g) for
half an hour. The resulting colorless organic layer was separated, washed with water,
and dried (MgSO,4). Upon the removal of solvent, a white solid endo-119 was
obtained: [a]ses +18° (¢ 0.8, CH2CLy); 0.123 g (90% yield). *'P{'"H} NMR (CDCl5): 6
-12.3 (d, 1P, Jpp = 81 Hz, P), -21.4 (d, 1P, Jpp = 81Hz, P).
{(R)-1-[1-(dime-thylamino)ethyl]-2-naphthyl-C?, N}X(1S,4R,5S)-[3-(diphenylph-
osphino)-5-(S)-(ethenylphenylphosphino)-7-oxabicyclo[2.2.1]-hept-2-ene-P?,
P°}platinum (I1)perchlorate, endo-122a:

A solution of silver tetrafluoroborate (0.233 g, 1.20 mmol) in water (1 mL)
was added to a mixture containing the platinum template (R)-86 (0.428 g, 0.5 mmol),
divinylphenylphosphine (0.162 g, 1.00 mmol), and 3-diphenylphosphinofuran (0.252
g, 1.00 mmol) in dichloromethane (40 mL). The solution was stirred vigorously at
room temperature for 1 h. The solution was filtered (to remove silver chloride),
washed with water, and then dried (MgSQOs). Dichloromethane was removed and the
reaction mixture dissolved in 1,2-dichloroethane. It was further stirred at 60 °C for 7 d.
The crude product was chromatographed on a silica column with
acetone-dichloromethane as eluent. Subsequent fractional crystallization from
dichloromethane-diethyl ether gave complex endo-122a as pale yellow crystals: mp
236-237 °C (decomp); [a]p—57° (¢ 0.5, CH,Cl,); 0.161 g (18% yield). Anal. Calcd for

C4H4BFsNOP,Pt: C, 53.7; H, 4.5; N, 1.6. Found: C, 53.4; H, 4.2; N, 1.4. *'P{'H}
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NMR (CDCls): 6 18.9 (d, 1 P, Jpp = 14.5 Hz, Jpp =1730 Hz, P°), -4.6 (d, 1 P, Jpp =
14.5 Hz, Jow = 3676 Hz, P’); "H NMR (CDCl3): 6 1.70 (m, 1H, Heenao), 1.81 (d, 3H,
Jun = 6.2 Hz, CHMe), 2.11 (m, 1H, Heexo), 2.56 (s, 3H, NMe), 2.82 (d, 3H, *Jpu= 1.5
Hz, NMe), 3.15 (m, 1H, Hs), 4.73 (qn, 1H, 3 = 6.1 Hz, CHMe), 4.77 (m, 1H, H)),
5.02 (d, 1H, *Jun = 3.8 Hz, Hy), 6.41 (t, 1H, *Jpu="Juu = 19.2 Hz, PCH=HH"), 6.45
(dd, 1H, *Jpu= 30.7 Hz, *Juu = 3.7 Hz, PCH=HH’), 6.54 (s, 1H, H>), 6.95 (m, 1H,

PCH=H,), 7.01-8.28 (m, 21H, aromatics).

Ph, =
Meg MU\ w

DO g"
Pt
\,
BF,

Ph Ph

endo-122a

[SP-4-3-{(1S,4R,5S)-Dichloro[3-(diphenylph-osphino)-5-(S)-(ethenylphenylphosp
hino)-7-oxabicyclo[2.2.1]-hept-2-ene-P?, P°]}]platinum(11), endo-123.

The naphthylamine auxiliary in endo-122a (0.1 g, 0.11 mmol) was removed
chemoselectively by addition of concentrated sulfuric acid (70%, 10 mL). The
reaction mixture was stirred vigorously for 0.5 h at room temperature, and the acidic
solution was poured onto ice (ca. 10 g). Lithium chloride (0.8 g) was then added, and
the mixture was stirred for 1 h. Addition of dichloromethane (30 mL) gave a clear
yellow organic layer, which was subsequently separated, and the aqueous layer was
extracted with dichloromethane. The combined organic layer was washed with water
and then dried over anhydrous MgSOj,. Subsequently, fractional crystallization from
dichloromethane-diethylether gave complex endo-123 as white prisms: mp 268-270
°C (decomp); [a]p —19.6° (¢ 0.5, CH,Cly); 0.069 g (91% yield). Anal. Calcd for

CasH24CLOP,Pt: C, 45.9; H, 3.6. Found: C, 46.2; H, 3.4. *'P{'"H} NMR (CDCl): &
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14.1 (d, 1 P, Jpp = 14.7 Hz, Jpp = 3573 Hz, P), -15.1 (d, 1 P, Jpp = 14.7 Hz, Jppp = 3412
Hz, P); '"H NMR (CDCls): 6 1.70 (m, 1H, Heenao), 2.11 (m, 1H, Heexo), 3.20 (m, 1H,
Hs), 5.01 (m, 2H, H,, Hy), 6.09 (dd, 1H, *Jpu= 42.1 Hz, *Juy = 12.1 Hz, PCH=HH"),
6.18 (t, 1H, *Jpu=Juu = 19.4 Hz, PCH=HH"), 6.31 (d, 1H, H>), 6.87 (dt, 1H, *Jpy=
3Jun = 18.8 Hz, *Juyy = 12.1 Hz, PCH=H,), 7.43-8.29 (m, 15H, aromatics).
(1S,4R,5S)-3-(diphenylphosphino)-5-(S)-(ethenylphenylphosphino)-7-oxabicyclo[
2.2.1]-hept-2-ene, endo-124.

A solution of endo-123 (0.05 g, 0.073 mmol) in dichloromethane (10 mL) was
stirred vigorously with a saturated aqueous solution of potassium cyanide (0.1 g) for
half an hour. The resulting colorless organic layer was separated, washed with water,
and dried (MgSO,4). Upon the removal of solvent, a white solid endo-124 was
obtained: [o]p +15.1° (¢ 1.5, CH,Cly); 0.029g (95% yield). *'P{'"H} NMR (CDCL): &
-16.8 (d, 1P, Jpp = 81 Hz, P), -21.3 (d, 1P, Jpp = 81 Hz, P).
Chloro[(R)-1-[1-(dimethylamino)ethyl]-2-naphthyl-C,N][di-(3-fural)phenylphosp
hine]platinum(ll), (R)-127

A solution of di-(3-furyl)phenylphosphine (0.29 g, 1.2 mmol) in
dichloromethane (20 mL) was added dropwise with stirring to a solution of complex
(R)-86 (0.513 g, 0.6 mmol) in dichloromethane. The reaction was allowed to stir for 2
h after which solvent was removed under reduced pressure to give the crude product
as pale yellow solid. The crude product was purified via silica gel column
chromatography using acetone-dichloromethane as eluent. The pure product was

crystallized from dichloromethane-n-hexanes as pale yellow prisms: mp 256-257 °C
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(decomp); [a] —25° (¢ 0.6, CH,Cl); 0.68 g (85% yield). Anal. Caled for
CasHa27CIONPPt: C, 50.1; H, 4.1, N, 2.1. Found: C, 50.6; H, 4.3, N, 1.9. *'P{'H}
NMR (CDCl3): 6 21.0 (s, 1 P, Jpp= 4210 Hz,); '"H NMR (CDCls): 6 1.97 (d, 3H, *Jun
= 6.4 Hz, CHMe), 2.83 (s, 3H, NMe), 3.16 (d, 3H, “Jou= 3.0 Hz, NMe), 4.60 (qn, 1H,

3 = 6.4 Hz, CHMe), 6.55-7.85 (m, 17H, aromatics).

M, Me
Me N a
@ _

(R127
[SP-4-3-{(1S,4R,5S)-diiodo-[3-(S)-(furylphenylphosphino)-5-(diphenylphosphino)
-7-oxabicyclo[2.2.1]-hept-2-ene-P3, P*}]platinum (11), endo-129

A solution of silver tetrafluoroborate (0.234 g, 1.20 mmol) in water (1 mL)
was added to a mixture containing (R)-127 (0.429 g, 0.5 mmol) and
diphenylvinylphosphine (0.284 g, 1.00 mmol) in dichloromethane (30 mL). The
solution was stirred vigorously at room temperature for 1 h. The solution was filtered
(to remove silver chloride), washed with water, and then dried (MgSOy,).
Dichloromethane was removed and the reaction mixture dissolved in
1,2-dichloroethane. It was further stirred at 60 °C for 7 d. The cationic complex was
treated with concentrated sulfuric acid (70%, 10 mL) for 0.5 h, and the acidic solution
was poured onto ice (ca. 10 g). Lithium chloride (0.8 g) was then added, and the
mixture was stirred for 1 h. Addition of dichloromethane (30 mL) gave a clear yellow
organic layer, which was subsequently separated, and the aqueous layer was extracted
with dichloromethane. The combined organic layer was washed with water and mixed

with Nal (0.10 g) in acetone (1 mL) and stirred vigorously for 2 h. The solvents were
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removed, and the residue was extracted with CH,Cl, and then dried over anhydrous
MgSO4. Subsequently, fractional crystallization from dichloromethane-diethylether
gave complex endo-129 as yellow prisms: mp 242-244 °C (decomp); [o] +25° (¢ 0.7,
CH,Cl); 0.310 g (35% yield). Anal. Calcd for C,sH241,0P,Pt: C, 37.9; H, 2.7. Found:
C, 37.4; H, 3.1. *'P{'"H} NMR (CDCls): 6 18.9 (d, 1 P, Jpp= 9.7, Jpp= 3389 Hz, P),
-41.8 (d, 1 P, Jop= 9.7, Jowp= 3165 Hz, P); '"H NMR (CDCl): 6 0.99-1.05 (m, 1H, H5),
2.35-2.41 (m, 1H, Hy), 3.54-3.67 (m, 1H, Hy,), 4.96 (d, 1H, *Juu =4 Hz, Hj), 5.35 4.96
(d, 1H, *Juy= 3.8 Hz, H)), 6.29 (dd, 1H, *Jpu= 15.5 Hz, *Juu= 7.2 Hz, H>), 7.00-8.48

(m, 18H, aromatics).
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endo-129
(1S,4R,5S)-3-(S)-(furylphenylphosphino)-5-(diphenylphosphino)-7-oxabicyclo[2.2
.1]-hept-2-ene, endo-130

A solution of endo-129 (0.1 g, 0.11 mmol) in dichloromethane (10 mL) was
stirred vigorously with a saturated aqueous solution of potassium cyanide (0.2 g) for
half an hour. The resulting colorless organic layer was separated, washed with water,
and dried (MgSO,4). Upon the removal of solvent, a white solid endo-130 was
obtained: [a]-30° (¢ 0.6, CH,Cly); 0.043 g (87% yield). *'P{'"H} NMR (CDCls): &
—-13.0 (d, 1P, Jpp = 78 Hz, P), -48.0 (d, 1P, Jpp = 78 Hz, P).
Procedure for the hydrogenation with endo-115

A solution of [Rh(COD);]|BF4 (4.0 mg, 0.01 mmol) and endo-115 (4.7 mg,
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0.01 mmol) in MeOH (5 mL) was stirred under argon at room temperature for 10 min
to generate the catalyst. This catalyst solution was added into the solution of methyl
2-acetamidocinnamate (0.205 g, 1 mmol) in MeOH (5 mL) and the reaction mixture
was left stirring at room temperature under ambient H, pressure for 12 h. After
releasing H, the reaction mixture was passed through a short silica gel column and
concentrated under reduced pressure to give hydrogenation product in quantitative
yield (48% ee): HPLC (Chiralcel OJ, ‘PrOH/Hex (10/90), 1.0 mL/min) fg = 11.12 min
(major isomer), s = 16.37 min.
Procedure for the hydroboration with endo-115

A mixture of [Rh(COD),]|BF4 (8.1 mg, 0.02 mmol) and endo-115 (9.3 mg,
0.02 mmol) in dry THF (5 mL) was stirred under argon at room temperature for 10
min. Styrene (2 mmol) was added to the resulting orange solution at —30 °C.
Catecholborane (2.4 mmol, 0.26 mL) was added at —30 °C, and the mixture was
stirred at =30 °C for 24 h and then quenched with 5 mL of ethanol. The mixture was
added 5 mL 0f 2 M NaOH and 0.5 mL of 30% H,O,, and it was stirred at roon
temperature for 3 h. Extraction with Et,O followed by chromatography on a silica gel
column with hexane/diethyl ether (v/v, 10:1) as eluent gave 171 mg (70%) of
(R)-1-phenylehtanol, 99% secondary isomer, 24% ee: HPLC (Chiralcel ADH,

‘PrOH/Hex (15/85), 1.0 mL/min) fg = 19.57 min, s = 25.00 min (major isomer).
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Chapter 3
3-Diphenylphosphinofuran as Dienophile in

Asymmetric Diels-Alder Reaction

3.1 Introduction
Despite their aromaticity, many furan derivatives react with ethylenic and

168

acetylenic dienophiles to form bicycle compounds with one oxygen bridge. ™ In

contrast, furans in general do not efficiently participate as dienophiles in Diels-Alder
reactions.'®*!"

Until now, there are three different ways to activate furan as the dienophile in
Diels-Alder reactions. (a) High pressure. Takeshita found that under high pressure,
furan can be forced to participate in [4n + 2m] cycloadditions as the 2m component.
Thus, treatment of furan, 2-methoxyfuran, or 3,4-dimethoxyfuran with tropone at 3
kbar and 130 °C produced a 1:1 mixture of cycloadducts 132 in 6% yield and 133 in
5% yields.'®™ (b) High temperature. Heating a 12:1 mixture of isoprene and
3-furaldehyde at 195 °C for 72 h afforded a ca 1:1 mixture (74%) of aldehydes 134a
and 134b. The formation of 1:1 adducts in respectable yields showed that B-acylfurans
could function as normal dienophiles.”h1 (c) Reactive dienes. In 1969, Tedder and
coworkers have reported the cycloaddition of furan as a dienophile with
tetrachloro-o-benzoquinone which often reacts as a conjugated diene rather than a

dienophile in boiling benzene to give a single product in 62% yield.'® Later, a highly

electron-rich 3,4-dialkoxyfuran underwent Diels-Alder addition with alkyl coumalates
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by refluxing in methanol for 2 h to give two products 135a and 135b in combined
yield of 52% (Scheme 3.1). This type of cycloaddition is probably not a concerted
Diels-Alder reaction but rather the addition of the electron-rich olefin to the pyrone to

generate a zwitterions 136a and 136b which closes to give the bridged lactone in

171b

preference to the cyclobutane.

132 133 134a 134b

MeO OMe o) MeOH
BN e
o (O N~

Ay
COOMe 2h
MeOOC _0
McO 0 MeO 0
@) + 7 T 1/
O ‘\ O O ‘\
FOMe OMe COOMe
135a 135b
H
MeO OMe O]+ / \
7 1 K\ \ 10 0
0o =
o MeO OMe COOMe
H  ~“cooMe
136a 136b
Scheme 3.1

In 1998, it has been reported furan can function efficiently as a dienophile
towards to highly reactive diene masked o-benzoquinones (MOBs) 137 which was
generated in situ by oxidation of 2-methoxyphenol with (diacetoxy)iodobenzene

1n methanol at to obtain a single stereoisomer 1n o (dcheme 5.2).
DAIB) i hanol at 50 °C to obtain a singl i in 80% (Scheme 3.2).'"**
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MeO,C MeO,C OMe
2 OMe  paB e K:\E
- . OMe
OH MeOH o
137

Scheme 3.2

The 3,4-dimethyl-1-phenyl-phosphole (DMPP) ligand is one of the most
versatile phosphine ligands in coordination chemistry. The P-substituted phospholes
are not planar and the geometry of the phosphorus in the phospholes is pyramidal
(Figure 3.1).'™ Hence, there is a significant overlap between the o-orbital of P-R
exocyclic bond and the z-dienic system. The character of such phospholes is that their
electronic delocalization is weak, therefore no aromatic chemistry of phospholes has
been discovered.””*!'” So it is inert to dienophiles due to its apparent cyclic
delocalization within the five-membered ring. This was proven experimentally where
no coupling reaction was observed when DMPP was left to react with
diphenylvinylphosphine at 60 °C in a sealed glass tube over a period of one month.'”®
On the contrary, the DMPP ligand could be activated toward Diels-Alder reaction
upon metal complexation. The possible reasoning for the observation was that the
coordination of the phosphole to the metal centre helps to polarize the 5S-membered
ring, hence increasing the electron density on the a-carbon while decreasing that on
the p-carbon,'’® then DMPP shows high reactivity towards various dienophiles. The

group of Mathey and Nelson discovered that transition metals such as Cr(0),"”
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Mo(0),'”® W(0),"” Rh(0),"* Ir(0),"™" Ru(0),'® Pd(11),'® Pt(I)'** and Ni(I)'* activate
DMPP effectively, and the double bonds of the dienophiles that are coordinated on the
metals are also polarized in a reverse order to DMPP. Coordination of the reactants to
the transition metals provides further stereochemical control over the transition state
that only the syn-exo diastereomerism is adopted. The dimerization reaction of DMPP
also can be promoted by transition metals such as Cr(0), Mo(0), W(0) under UV

irradiation with moderate yields.'”

poor overlap

/0 lone pair
P
bR 8 bond

/

some overlap

Figure 3.1 The pyramidal structure of phospholes

Our group have reported a series of asymmetric Diels-Alder reactions between
the cyclic diene 3,4-dimethyl-1-phenylphosphole and various dienophiles in the
presence of an organopalladium complex containing the enantiomerically pure form
of N, N-dimethyl-1-(1-naphthylethyl)amine in which it is an efficient reaction
promoter and stereochemical controller for the activation of DMPP in these
asymmetric synthesis.”> On the other hand, the analogous cycloplatinum complex was
used to activate the dimerization of DMPP in which DMPP can be act as cyclic diene

as well as a dienophile to obtain an optically pure P-chiral diphosphine.'®
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Recently, we have discovered that 3-diphenylphosphinofuran reacted
chemoselectively as the dienophile in the Diels-Alder reaction when it is treated with

DMPP. This reaction will be described in detail in this chapter.

3.2 Results and Discussion

3.2.1 Asymmetric Diels-Alder Reaction Involving 3-Diphenylphosphinofuran and
1-phenyl-3, 4-dimethylphosphole

Without a metal template, no reaction was observed between
3-diphenylphosphinofuran and 3, 4-dimethyl-1-phenylphosphole (DMPP), even upon
prolonged heating. However, with the use of chiral platinum complex (R)-86 (after

157-158 -
) as the reaction promoter,

chloro ligands were abstracted with silver perchlorate
the corresponding asymmetric Diels-Alder reaction was completed in 14 days at 40 °C
(Scheme 3.3).

Prior to purification, the *'P{'H} NMR spectrum of the crude reaction mixture
in CDCI; exhibited two pairs of doublets indicative of the formation of only two
stereo/regio- chemically distinct products in the ratio 1:1. The doublets of one product
(Rc,Sp)-138a were observed at 0 89.4 (Jpp=13.3 Hz, Jpp = 3256 Hz) and 35.3 (Jpp
=13.3Hz, Jpp =1612 Hz) and the doublets of the other product (R.,Sp)-138b were
recorded at 0 111.1 (Jpp= 13.3 Hz, Jppp=1536 Hz) and 30.1 (Jpp= 13.3 Hz, Jpp= 3560

Hz). The *'P{'H} NMR signals in the low field region at 5 89.4 and 111.1 are typical

for bridgehead phosphorus adopting the exo-syn stereochemistry.'®® According to the
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spectroscopic information, both products were generated from the reaction in which
DMPP was reacted as cyclic diene. Therefore, a pair of diastereomeric
phospha-norbornene complexes where obtained via the intramolecular [4+2]

cycloaddition reaction mechanism.

Me\ /Me
Ph
Me |
N 0
AN 5\ /Z + q /Z
L -
(R)-86
AgCIlO,
Me Me Me Me Ph Me
+/P € ]\L‘ +/P
Pt 0
o OO e
ﬁ Phy
Clo,
(Re,Sp)-138a (Re,Sp)-138b

(Re.Sp)-138a:(Rc,Sp)-138b = 1:1

Scheme 3.3
The two products could be separated into their stereoisomerically pure forms by
fractional recrystallization from dichloromethane—diethyl ether. (Rc,Sp)-138b was
obtained as pale yellow prisms in 35% yield, [a]p—5.8° (¢ 0.5, CH,Cl,). Due to the
unique trans—electronic influences which originate from the organoplatinum unit, the
larger platinum-phosphorus coupling constants observed for the doublet signal at &

30.1 is diagnostic of the PPh, group coordinated trans to the o-donating nitrogen atom.

3157185 O the other hand, the doublet at 6 111.1, which show the smaller
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platinum-phosphorus coupling constant, is unambiguously assigned to the PPh, group
that is coordinated frans to the strong z-accepting aromatic carbon atom. The structure
of this crystalline product was confirmed by X-ray crystallography. The crystallization
of the more soluble isomer was less efficient, and it was isolated in 30% yield as pale

yellow microprisms, with [a]p+32 (¢ 0.7, CH,Cl,).

3.2.2 X-ray Structural Analysis of (R¢,Sp)-138b

Figure 3.2: Molecular structure and absolute configuration of (Rc,Sp)-138b

The molecular structure and the absolute stereochemistry of (Rc,Sp)-138b

were determined by X-ray structure analysis (Figure 3.2). The crystallographic study
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revealed that absolute configurations at P(1), C(11), C(21), C(24), C(27) and C(30) in

the complex were S, R, R, S, S, and R respectively.

Table 3.1 Selected bond lengths (A) and (deg) angles for (Rc,Sp)-138b

Pt(1)-C(1) 2.056(4) C(28)-O(1) 1.379(6)
Pt(1)-N(1) 2.141(3) C(1)-Pt(1)-N(1) 79.2(1)

Pt(1)-P(2) 2.241(1) C(1)-Pt(1)-P(2) 96.2(1)

Pt(1)-P(1) 2.315(1) N(1)-Pt(1)-P(2) 174.6(1)
P(1)-C(24) 1.847(4) C(1)-Pt(1)-P(1) 174.2(1)
P(2)-C(31) 1.820(4) N(1)-Pt(1)-P(1) 101.2(1)
C(21)-C(27) 1.545(6) P(2)-Pt(1)-P(1) 83.7(1)

C(24)-C(30) 1.576(6) C(24)-P(1)-P(1) 106.9(1)
C(27)-0(1) 1.456(5) C(21)-P(1)-Py(1) 121.5(2)
C(27)-C(30) 1.574(6) C(30)-P(2)-PY(1) 105.1(1)
C(28)-C(29) 1.312(6) C(28)-0(1)-C(27)  106.4(3)

The geometry at the platinum centre is slightly distorted square planar with
angles in the range of 79.2(1)-101.2(1)° and 174.2(1)-174.6(1)°. The bond angle at
the bridgehead phosphorus, C(21)-P(1)-C(24)[80.7(2)°], is indicative of the elevated
levels of strain at the bridge.'®” This bridgehead angle was similar to that observed for
the cycloadduct obtained from the asymmetric dimerization of DMPP promoted by

the same template.'®

It is important to note that the structural investigations
reaffirmed that furan functions as a dienophile whereas DMPP functions as the cyclic
diene in the cyclo addition reaction. In agreement with the marked differences in the
two Pt-P coupling constants observed in the 3P NMR spectrum, the Pt(1)-P(1)

distances (2.315(1)A) are clearly longer than the Pt(1)-P(2) bonds (2.241(1)A). These

spectroscopic and structural data are consistant with the unique trams-electronic
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influences which originate from the organoplatinum unit."””'**'*" Selected bond

lengths and angles are given in Table 3.1.

3.2.3 Preparation of Dichloro Complexes for (Sp)-139 and (Sp)-140

The chiral naphthylamine auxiliary in complex (R¢,Sp)-138b was subsequently
removed chemoselectively by treatment with concentrated hydrochloric acid at room
temperature (Scheme 3.4). Interestingly when the reaction was stirred for 4h, the
S'P{'H} NMR spectrum of the reaction mixture in CDCl; exhibited three pairs of
doublets in the ratio of 5:4:1, thus indicating that three new complexes have been
formed. This is in stark contrast to the usual facile auxiliary cleavage we have

. . 174
observed in our studies.

Me Me

Me\ /Me Ph Me ph Me e Ph Me

Me p 7 g F

+ P

N‘Pt/ _na Cl\Pt/ ' * Cl\Pt/
OO Np L a0 a” 0

Ph = OH
clo, 2 Ph, Ph, 4
(Rc,Sp)-138b (Sp)-139 (Sp)-140
Scheme 3.4

The major product (Sp)-139 was subsequently isolated by crystallization from
dichloromethane-diethyl ether as white prisms in 36% yield, [a]p —60° (¢ 0.5,
CH,Cl,). The 31P{1H} NMR spectrum of the neutral dichloro complex in CD,Cl,
exhibited two doublets at d 88.3 (Jpp= 16.9 Hz, Jppp= 3225 Hz) and 21.1 (Jpp= 16.9

Hz, Jpp= 3411 Hz). In the absence of the asymmetric naphthylamine auxiliary, two
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Pt-P coupling constants are similar in magnitude. The molecular structure and
absolute stereochemistry of (Sp)-139 was established by X-ray crystallography
(Figure 3.3). The other two dichloro complexes were recrystallized from CDCl; in
the ratio of 4:1 as white prisms. The *'P{'"H} NMR spectrum of the crystallized
product in CDCl; showed two pairs of doublets at ¢ 23.2 (Jpp= 18.0, Jpp= 3408 Hz)
and 96.2 (Jpp=18.3, Jppp= 3147 Hz) and 6 22.7 (Jpp= 18.0, Jpp= 3426 Hz) and 99.2

(Jpp: 180, JPtP: 3141 HZ)

3.2.4 X-ray Structural Analysis of (Sp)-139

Figure 3.3: Molecular structure and absolute configuration of (Sp)-139
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The molecular structure and the absolute configuration of the recrystallised
(Sp)-139 were established by single crystal X-ray crystallographic analysis (Figure
3.3). The absolute configurations of the stereogenic centers were found to be retained
even after reaction under acidic conditions. Selected bond lengths and angles are

given in Table 3.2.

Table 3.2 Selected bond lengths (A) and (deg) angles for (Sp)-139

Pt(1)-P(1) 2.209(1) P(1)-Pt(1)-CI(1) 91.2(1)
Pt(1)-P(2) 2.252(1) P(2)-Pt(1)-CI(1) 175.8(1)
Pt(1)-CI(1) 2.354(1) P(1)-Pt(1)-CI(2) 176.4(1)
Pt(1)-C1(2) 2.369(1) P(2)-Pt(1)-CI(2) 94.7(1)
P(2)-C(13) 1.869(2) CI(1)-Pt(1)-CI(2) 89.6(1)
C(13)-C(16) 1.574(3) C(12)-P(1)-P(1) 109.5(1)
P(1)-Pt(1)-P(2) 84.65 (2) C(13)-P(2)-PY(1) 103.8(1)

3.2.5 Liberation and the Optical Purity of (Rp)-141

The optically active ligand (Rp)-141 can be stereospecifically liberated from the
complex (Sp)-139 by treatment of the dichloro complex with aqueous potassium
cyanide at room temperature (Scheme 3.5). The liberated (Rp)-141 was obtained as a
colourless oil in 88% yield, [a]p —18.6° (¢ 1.2, CH,Cl,). The S'p{'H} NMR spectrum
of the free ligand in CDCl; exhibited two doublets at 6 58.1 (Jpp= 7.6 Hz) and 106.6
(Jop= 7.6 Hz). The low field resonance signal confirms the retention of the exo-syn

133

stereochemistry. ~ It is noteworthy the apparent inversion of configuration that occurs

at the tertiary phosphorus stereogenic center when the ligand is liberated from the

metal is merely a consequence of the Cahn-Ingold-Prelog (CIP) sequence rule.'
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Owing to the susceptibility of the non-coordinated bridgehead phosphorus to
oxidation, the liberated (Rp)-141 cannot be stored in its pure form. Hence the liberated
ligand was re-complexed to selected metal ions to form stable metal complexes.
Furthermore, in order to determine the enantiomeric purity of (Rp)-141 and to
establish the identity of the other isomer, the liberated ligand was recoordinated to the
equally accessible (R)-86, and the resulting chloride counterion was replaced with a
perchlorate anion by treatment with AgClO,. This re-coordination process generated
two regioisomers in the ratio of 5:1. These two recomplexation products exhibit
identical *'P{"H} NMR spectra to those recorded for the product generated from the
original cycloaddition reaction, so (R¢,Sp)-138a is the regioisomer of (R,Sp)-138b.
As a further check, (Rp)-141 was recoordinated to (S5)-86. No resonance signal could
be detected at 0 111.1 and 30.1, thus reaffirming that the liberated (Rp)-141 is

enantiomerically pure.

M
Me ¢
Ph
\P “
Cl\Pt/ KCN
AN 0
PN
Ph,
(Sp)-139 (Rp)-141
Scheme 3.5

3.2.6 X-ray Structural Analysis of (Sp)-140
The X-ray crystallographic analysis of a single crystal showed that only one of

the diastereomers was present in the unit cell of the selected single crystal. However,
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as indicated by NMR spectroscopy this was not representative of the crop of crystals
which were a mixture of diastercomers (Sp)-140a and (Sp)-140b. The structural
analysis of (Sp)-140a (Figure 3.4) reveals that the enol ether moiety underwent
hydrolysis in hydrochloric acid with the introduction of a hydroxyl group. The
crystallographic study revealed that absolute configurations at P(1), C(7), C(8), C(13),
C(14) and C(16) in the complex were S, R, S, S, R and R, respectively. The geometry
at the platinum centre is slightly distorted square planar with angles in the range of
84.6(1)-89.7(1)° and 175.2(1)— 176.5(1)°. Selected bond lengths and angles are given

in Table 3.3.

Figure 3.4: Molecular structure and absolute configuration of (Sp)-140a
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Table 3.3 Selected bond lengths (A) and (deg) angles for (Sp)-140a

Pt(1)-P(1) 2.216(2) P(2)-Pt(1)-CI(1) 175.2(1)
Pt(1)-P(2) 2.228(1) P(1)-Pt(1)-CI(2) 176.5(1)
Pt(1)-CI(1) 2.360(1) P(2)-Pt(1)-CI(2) 93.3(1)
Pt(1)-C1(2) 2.362(1) CI(1)-Pt(1)-CI(2) 89.7(1)
O(1)-C(16) 1.310(9) C(8)-P(1)-C(7) 82.6(2)
C(15)-C(16) 1.544(9) C(8)-P(1)-Pt(1) 109.8(2)
P(1)-Pt(1)-P(2) 84.6(1) C(14)-P(2)-P(1) 103.7(2)
P(1)-Pt(1)-CI(1) 92.7(1) 0(2)-C(16)-C(15) 107.8(5)

3.2.7 Preparation of the Diiodo complex (Sp)-142

After benzoylation'® of (Sp)-140, and subsequent treatment of the dichloro
complex with sodium iodide (Scheme 3.6),'®* the *'P{'H} NMR spectrum of the
diiodo complex in CDCIlj; exhibited only two doublets at 6 21.1 (Jpp= 18.2, Jpp= 3400
Hz) and 97.4 (Jpp = 18.2, Jppp = 3130 Hz). The complex was obtained as yellow
crystals in 72% yield, [a]p —34° (¢ 0.5, CH,Cl,). This crystallized product was

subsequently confirmed by X-ray crystallography.

Me
Me
Ph )
e P 1) C4H5COCI Et;N, DMAP
Pt
cl \P 0 2) Nal
Ph, ) OH
(Sp)-140 (Sp)-142

Scheme 3.6

3.2.8 X-ray Structural Analysis of (Sp)-142

The molecular structure and the absolute stereochemistry of (Sp)-142 were

determined by X-ray structure analysis (Figure 3.5). The absolute configuration at
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P(1), C(7), C(8), C(13), C(14) and C(16) in the complex were S, R, S, S, R and S,

respectively. Selected bond lengths and angles are given in Table 3.4.

Figure 3.5: Molecular structure and absolute configuration of (Sp)-142

Table 3.4 Selected bond lengths (A) and (deg) angles for (Sp)-142

Pt(1)-P(1) 2.220(1) P(1)-Pt(1)-1(1) 94.5(1)
Pt(1)-P(2) 2.249(1) P(2)-Pt(1)-1(1) 177.2(1)
Pi(1)-I(1) 2.633(1) P(1)-P(1)-1(2) 174.1(1)
P(1)-1(2) 2.653(1) P(2)-Pt(1)-1(2) 91.1(1)
C(15)-C(16) 1.534(6) I(1)-Pt(1)-1(2) 91.1(1)
C(16)-O(1) 1.394(5) O(1)-C(16)-C(15)  108.6(3)
C(16)-0(2) 1.438(5) 0(2)-C(16)-C(15)  108.2(3)
P(1)-Py(1)-P(2)  83.3(1) C(17)-0(2)-C(16) 117.7(3)

108



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

3.2.9 Liberation and the Optical Purity of (Rp)-143

The optically pure free diphosphine ligand (Rp)-143 was obtained by ligand
displacement of (Sp)-142 with aqueous cyanide (Scheme 3.7), as a white solid in
quantitative yield, [a]p +67°(c 1.0, CH,Cl,). The S'p{'H} NMR spectrum of the free
ligand (Rp)-143 in CDCl; exhibited two doublets at 5 58.12 (*Jpp = 7.6Hz) and 106.65
(Jep = 7.6Hz). The low field *'P{'"H} NMR resonance indicated that the exo-syn
stereochemistry remains. It is to be noted that the apparent inversion of configuration
that takes place at the phosphorus stereogenic centre during the liberation process is

merely a consequence of the Cahn-Ingold-Prelog (CIP) rules.'*®

(Sp)-142 (R)-143

Scheme 3.7

3.2.10 The Role of the Platinum Template

The central metal ion in transition metal promoted organometallic reactions can
regulate the electronic environment of organic substrates within its coordination
sphere. The outer layer orbitals of platinum(Il) are easier polarized than those of
palladium(II). Therefore its d orbitals can accept, donate and redistribute electrons to
fit into the electronic requirement of the incoming ligands. Through the possible direct

dn-drn-dr overlap of molecular orbitals, the metal center gives a pathway for
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electronic movement between DMPP and 3-diphenylphosphinofuran. This special
feature provides the most favorable electronic environment for the reaction. As for
palladium(Il), its outer layer orbitals are relatively harder polarized. Therefore, the
incoming ligands could take mostly the specific directions to the metal centre and lead
to unstable formation in some instances.'” There was NMR spectroscopic evidence
that that the Diels-Alder reaction between DMPP and 3-diphenylphosphinofuran
possibly occurred on palladium complex (R)-7, but the product complex decomposed
rapidly.

The organoplatinum complex also provided the stereochemical control for the
cycloaddition reaction. A correlation between the X-ray crystallography data of the
cycloaddition product and a Dreiding model study indicated that in the (R¢,Sp)-138b,
the absolute configuration at P is § and the P-C-C-P linkage may be viewed as part of
the rigid five-membered P-Pd-P chelate ring which adopts the rigid 6 conformation,
hence, P-Ph occupied a pseudoequatorial position above the CNPP square plane and
P-Ph' is in an axial position below the plane. The bridgehead substituent, P-Ph,
projects toward the space below the plane. Model studies indicate that there is no
major steric repulsion between the two chelated metals. Figure b, on the other hand,
shows the structure of the unfavored diastereomer that was not formed in the
Diels-Alder reaction. In this unfavored complex, the absolute configuration at P is R
and the P-C-C-P ring adopts the A conformation. Accordingly, P-Ph occupies the axial
position above the square plane and P-Ph' is equatorially disposed below it. In contrast

to its counterpart in (R¢,Sp)-138b, P-Ph in this unfavored diastercomer projects to the
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space above the plane. Model studies also indicate that two major interchelate
repulsions within the isomer (b): one exists between the sterically protruding H
naphthyl proton and the equatorial P-Ph' group; another severe steric constraint is
observed between the proximal N-Me(eq) steric group and P-Ph. These interchelate
repulsive forces are the discriminating factors that hinder the formation of this

unfavored diastereomer in the Diels-Alder reaction.

N
Me \ H
N

@ (b)

3.3 Conclusion

In conclusion, the chiral organoplatinum template promoted asymmetric [4+2]
Diels-Alder reaction between DMPP and 3-diphenylphosphinofuran proceeded
smoothly with furan activing exclusively as dienophile and DMPP as diene. Two
regioisomeric P-chiral phosphines with furan fused polycyclic rings carrying
phosphorus and three carbon chiral centers were obtained from the reaction with high
yield and stereoselectively under mild conditions during which two non-benzenoid
aromatic systems lost their aromaticity in a single thermal cycloaddition.

3.4 Experimental Section
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3,4-dimethyl-1-phenylphosphole'”® was prepared according to the method

reported in literature.

Synthesis of [SP-4-3-{(R)-1-[1-(dimethylamino)ethyl]-2-naphthyl-C,N}{(1S,4R,
6S,10S)-[5-(diphenylphosphino)-6-oxa-2,3-dimethyl-5-ethylene-10-phenyl-10-
phosphabicyclo [2.2.1]-hept-2-ene-P° P'°[}platinum (I1) perchlorate [(Rc,Sp)
-138b] and [SP-4-4-{(R)-1-[1-(dimethylamino)ethyl]-2-naphthyl-C,N}{(1S,4R,
6S,10S)-[5-(diphenylphosphino)-6-oxa-2, 3-dimethyl-5-ethylene-10-phenyl-10-
phosphabic-yclo [2.2.1]-hept-2-ene-P° P*°]}]platinum (11) perchlorate [(Rc,Sp)-
138a]

A solution of silver perchlorate (0.83 g, 4 mmol) in water (2 mL) was added to a
mixture containing the platinum template (R)-86 (0.86 g, 1 mmol), 3, 4-dimethyl
-1-phenylphosphole (0.38 g, 2mmol), and 3-diphenylphosphinofuran (0.5 g, 2mmol)
in dichloromethane (75 mL). The solution was stirred vigorously at room temperature
for 1 h. The solution was filtered (to remove silver chloride), washed with water, and
then dried (MgSO,). The dried reaction mixture was further stirred at 40 °C for 14 d.
The crude product was chromatographed on a silica column with acetone-dichlorome-
thane as eluent. Subsequent fractional crystallization from dichloromethane-diethyl
ether gave complex (Rc,Sp)-138b as pale yellow crystals: mp 206-207 °C (decomp);
[a]p —5.8° (¢ 0.5, CH,Cly); 0.65 g (35% yield). Anal. Calcd for C4,H4>CINOsP,Pt: C,
49.3; H, 4.3; N, 1.3. Found: C, 48.9; H, 4.2; N, 1.4. *'P{'H} NMR (CDCls): 6 30.1 (d,

1 P, Jpp =33 HZ, thp = 3560 HZ, Pj), llll(d, 1 P, JPP =133 HZ, thp = 1536 HZ,
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P'%;'"H NMR (CDCI3): 6 1.38 (s, 3H, C=CMe), 1.78 (s, 3H, C=CMe), 2.62 (d, 3H,
3Ju=6 Hz, CHMe), 2.85 (s,1H, H,), 4.37 (d, 1H, *Juu= 5 Hz, H,), 4.85 (qn, 1H, *Juu
= YJpu= 6.1 Hz, CHMe), 5.60 (dd, 1H, *Jpy=21.9 Hz, *Juy= 5 Hz, H;), 6.34-6.36 (m,
1H, Hy), 6.86-6.90 (m, 1H, Hy), 7.07-8.44 (m, 21H, aromatics). After isolation of the
less soluble isomer, the more soluble isomer (R,Sp)-138a subsequently crystallized
from the concentrated mother liquor as pale yellow microplates: mp 208-209 °C (dec);
[a]lp= 132 (¢ = 0.7, CH,Cl); 0.631 g (30% yield). Anal. Calcd for C4,H4,CINOsP,Pt.
1.5CH,Cly: C, 49.3; H, 4.3; N, 1.3. Found: C, 48.9; H, 4.8; N, 1.5. *'P{'"H} NMR
(CDCl3, 0): 35.3 (d, 1 P, Jpp = 14.3 Hz, Jpp = 1612 Hz, P°), 89.4 (d, 1 P, Jpp = 14.3 Hz,
Jow = 3256 Hz, P'). '"H NMR (CDCl;, d): 1.42 (s, 3H, C=CMe), 1.83 (s, 3H, C=CMe),
2.65 (d, 3H, *Jun = 6 Hz, CHMe), 2.91 (s,1H, Hy), 4.39 (d, 1H, *Juu = 5 Hz, H)), 4.85
(qn, 1H, *Juu = “Jpou = 6.1 Hz, CHMe), 5.62 (dd, 1H, *Jpy = 21.5 Hz, *Juu = 5.2 Hz,
Hy), 6.37-6.40 (m, 1H, H7), 6.96-6.92 (m, 1H, Hs), 7.10-8.42 (m, 21H, aromatics).
Mey Me P Ms
+ /QP

Clo4

(Re,Sv)-138b
Dichloro-{[(1S,4R,6S,10S)]-[5-(diphenylphosphino)-6-oxa-2,3-dimethyl-5-eth-
ylene-10-phenyl-10-phosphabicyclo [2.2.1]-hept-2-ene-P°, P°J}platinum (11),
(Sp)-139 dichloro-[5-(diphenylphosphino)-6-oxa-8-hydroxy-2, 3-dimethyl-10-
phenyl-10-phosphabicyclo [2.2.1]-hept-2-ene-P°, P*J}platinum(I1) [(Sp)-140]
The naphthylamine auxiliary in (R¢,Sp)-138b was removed chemoselectively by

adding concentrated hydrochloric acid (12 mL) to a solution of the complex (0.40 g)
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in dichloromethane (20 mL). The reaction mixture was stirred vigorously for 4 h at
room temperature. The reaction mixture was then washed with water (4 x 10 mL), and
dried (MgSO0,). Subsequently fractional crystallization from
dichloromethane-diethylether gave complex (Sp)-139 as white prisms: mp 255-256 °C
(decomp); [a]p —60° (¢ 0.5, CH)Cly); 0.11 g (36% yield). Anal. Caled for
CasHasCLOP,Pt: C, 47.6; H, 3.7. Found: C, 47.3; H, 3.6. *'P{'"H} NMR (CDCl): 6
21.1(d, 1 P, Jpp = 16.9 Hz, Jppp = 3411 Hz, P°), 88.3(d, 1 P, Jpp = 16.9 Hz, Jppp = 3225
Hz, P'%); "H NMR (CDCls): 6 1.56 (s, 3H, C=CMe), 1.73 (s, 3H, C=CMe), 3.23 (s,1H,
Hy), 4.03 (d, 1H, *Juy= 5 Hz, H)), 5.25 (s, 1H, Hy),5.76 (dd, 1H, *Jpy = 22.0 Hz, *Jun
=5 Hz, Hg), 6.36 (m, 1H, Hy), 7.49-8.24 (m, 15H, aromatics).

A diastereomer mixture of hemiacetal (Sp)-140 were subsequently isolated
from the concentrated mother liquor as white prisms: 0.145 g (47% yield). Anal.
Caled for CysHosCLO,P,Pt: C, 45.3; H, 3.8. Found: C, 44.9; H, 4.1. *'P{'"H} NMR
(CDCls): 6 23.2 (d, 1 P, Jpp = 18.3 Hz, Jpip = 3408 Hz, P’), 96.2(d, 1 P, Jpp = 18.3 Hz,
Jow = 3147 Hz, P'%); 6 22.7(d, 1 P, Jpp = 18.0 Hz, Jpp = 3426 Hz, P°), 99.2(d, 1 P, Jpp
= 18.0 Hz, Jpp= 3141 Hz, P'’); '"H NMR (CDCls): 6 1.69 (s, 3H, C=CMe), 1.76 (s,
3H, C=CMe), 2.48 (s,1H, Hy 19), 2.89 (m, 1H, Hy 19), 3.17 (s, 1H, Hy), 3.23 (s, 1H, H,),
3.84 (s, 1H, H;), 4.66 (m, 1H, Hy), 5.42 (m, 1H, Hy), 5.50(dd, 1H, *Jpu = 18 Hz, *Jun
= 5 Hz, Hy), 5.75 (dd, 1H, *Juu = 16.5 Hz, “Jou = 4 Hz, Hy), 7.47-8.23 (m, 15H,

aromatics).
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M Me
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(55)-139 (Sp)-140
(1S, 4R, 6S, 10S)-[5-(diphenylphosphino)-6-oxa-2, 3-dimethyl -5-ethylene-10-phe
-nyl-10-phosphabicyclo [2.2.1]-hept-2-ene [(Rp)-141]

A solution of (Sp)-139 (0.1 g) in dichloromethane (20 mL) was stirred
vigorously with a saturated aqueous solution of potassium cyanide (0.5 g) for 1min.
The resulting colorless organic layer was separated, washed with water, and dried
(MgS0Oy4). Upon the removal of solvent, a white solid (Rp)-141 was obtained: [a]p
~18.6° (¢ 1.2, CH,Cl,); 0.055 g (88% yield). *'P{'"H} NMR (CDCls): 6 9.9 (d, 1P, Jpp
=121.2 Hz, P), 94.6 (d, 1P, Jpp = 21.2 Hz, P).
Diiodo-{[(1S,4R,6S,8S,10S)]-[5-(diphenylphosphino)-6-oxa-8- benzoyloxy
-2,3-dimethyl-10-Phenyl-10-phosphabicyclo [2.2.1]-hept-2-ene-P°, P°]} platinum
(11) [Sp)-142]

Hemiacetal (Sp)-140a (0.05 g, 0.07 mmol), triethylamine (0.008 g, 0.077 mmol),
and DMAP (0.68 mg, 0.006 mmol) were dissolved in dichloromethane (5 mL). The
solution was cooled to 0 °C and benzoyl chloride (0.011 g, 0.077 mmol) was added in
three portions. After 10 h, the reaction was quenched with 1 N NaOH, the layers were
separated, and the organic layer was washed with 2N HCI followed by water. The
combined organic fractions were mixed with Nal (0.10 g) in acetone (1 mL) and
stirred vigorously for 2 h. The solvents were removed, and the residue was extracted

with CH,Cl, and then dried over anhydrous MgSO4. Removal of the solvent gave
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(Sp)-142 as a yellow solid, which was then recrystallized from
dichloromethane-diethyl ether forming yellow prisms: mp 217-219 °C (decomp); [a]p
—34° (¢ 0.5, CH,Cly); 0.05 g (72% yield). Anal. Caled for CssH31,05P,Pt: C, 41.6; H,
3.2. Found: C, 41.9; H, 2.9. *'P{'"H} NMR (CDCls): 6 21.1(d, 1 P, Jep= 18.2 Hz, Jpp=
3400 Hz, P°), 97.4 (d, 1 P, Jpp= 18.2 Hz, Jpp= 3130 Hz, P'’); '"H NMR (CDCls): &
1.76 (s, 3H, C = CMe), 1.81 (s, 3H, C = CMe), 2.77-2.83 (m, 1H, Hexo), 2.89-2.95 (m,
1H, Henao), 3.22 (s, 1H, Hy), 3.87 (d, 1H, *Jun= 5 Hz, H,),5.89 (dd, 1H, *Jpy=15.9 Hz,

=5 Hz, Hg), 6.34-6.35 (m, 1H, Hg), 7.11-8.23 (m, 20H, aromatics).

Me
Ph\
l\Pt/ P
i ~p j)\
Ph, ;0" ~Ph
(Sp)-142

(1S,4R,6S,8S,10S)-[5-(diphenylphosphino)-6-oxa-8-benzoyloxy-2,3-dimethyl-10-p
henyl-10-phosphabicyclo [2.2.1]-hept-2-ene] [(Rp)-143]

Diphosphine ligand (Rp)-143 was similarly obtained from the reaction of
(Sp)-142 (0.05 g) and saturated aqueous KCN (1 g), as a white solid: [a]p +67° (¢ 1.0,
CH,Cly); 0.024 g (86% yield). *'P{'"H} NMR (CDCls): 6 17.5 (d, 1P, Jpp = 141.6 Hz,

P), 112.1 (d, 1P, Jop = 41.6 Hz, P).
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Chapter 4

Asymmetric Hydrophosphination Reaction

4.1 Introduction

Pyridylphosphines are an important class of functionalized phosphines
containing both P- and N-donor centres.'”! Recently, chiral 2-pyridylphosphines have
received considerable attention. This type of unsymmetrical chiral ligand possesses a
combination of hard (N) and soft donor (P) atoms, and therefore have different
features associated with each donor atom that provide unique reactivity to their metal
complexes in catalytic asymmetric processes. Hence, they have been used very
successfully in asymmetric catalytic reactions.'” However synthesis of these P-N
ligands often involves tedious organic manipulations and the methodologies are
limited to compounds that are not base sensitive or those including aryl halide/ triflate
groups. Until now, no efficient synthesis of enantiomerically pure keto- and ester-
substituted C-chiral 2-pyridylphosphines have been reported.

The asymmetric addition reaction of the P-H moiety to carbon-carbon
multiple bonds is generally considered a straightforward and efficient reaction

193

pathway in organophosphorus chemistry. ~ In general, metal complexes offer

superior reaction rates, selectivity and stereocontrol in hydrophosphination reactions

19 195 196

than other reaction promoters such as strong bases,'™ acids'’ and free radicals.
Moreover, many functional groups can be incorporated into substrates without special

protection as relatively mild conditions are usually required in these metal-activated
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addition reactions.

Our group recently has reported the use of organopalladium complex
containing (R)- or (S)-(1-(dimethylamino)ethyl)naphthalene as the chiral auxiliary to
promote the asymmetric hydrophosphination of vinylic phosphines to generete chiral

134,135
> In order to extend

diphosphines in high enantioselectivity under mild conditions.
this protocol to the hydrophosphination of other functionalized olefinic systems, we
hereby prepared the keto- and ester- functionalized chiral pyridylphosphine ligands

via the asymmetric hydrophosphination reaction promoted by the chiral

cyclopalladated-amine template.

4.2 Results and Discussion

4.2.1 Hydrophosphination of (E)-1-phenyl-3-pyridin-2-yl-2-propenone

In the absence of a metal ion, diphenylphosphine shows no reactivity with
(E)-1-phenyl-3-pyridin-2-yl-2-propenone. However, as illustrated in Scheme 4.11, in
the presence of chiral complex (R)-144, the reaction proceeded smoothly at room
temperature.

The reaction was found to be completed in 4 days. Before purification, the
S'P{'H} NMR spectrum of the reaction mixture in CDCl; exhibited two sharp singlets
at 0 60.2 and 54.0 in the ratio of 1:8; thus indicating that only two diastereomeric
complexes have been formed. While the addition of the secondary phosphine to

134

vinylic phosphines resulted in cis—trans regioisomers of the products, ™ the addition
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of diphenylphosphine in this case is 100% regioselective, wherein the P atom
occupies the coordination site trans to NMe,. The high regioselectivity observed in the
present case is in agreement with what has been observed for other P-N
heterobidentate ligands.* The diastereomeric products were subsequently separated
by column chromatography. The major diastereomer (R¢, R¢)-145 was obtained as a
pale yellow solid in 70% isolated yield. The *'P{'H} NMR spectrum of (R¢, R¢)-145

in CDCl; exhibited a singlet at 6 54.0.

Me (0]
NCMe
d< + PhPH + N |
NCMe |
clo,
(R)-144
Me Me Me Me =
; d/ ) N\ d/
rt. \P )J\
— K Ph / Ph
PH Ph Ph Ph
clo; clo;
(ReR()-145 (RcSc)-145

(Rc,Rc)-l452(Rc,Sc)-l45 =8:1

Scheme 4.11

Although it is stable in the solid state and in solution, (R¢, R¢)-145 is highly
soluble in most organic solvent systems and could not be induced to crystallize. Upon
subsequent treatment of the perchlorate salt with concentrated hydrochloric acid, the
resultant dichloro complex (R)-146 was obtained as yellow prisms in 85% isolated
yield (Scheme 4.12), [a]p —54° (¢ 0.7, CH,Cl,). The S'p{'H} NMR spectrum of

(R)-146 in CD,Cl, exhibited a sharp singlet at 6 52.4. The chelating properties and the
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absolute configuration of the coordinated pyridine-substituted phosphine ligand in

complex (R)-146 were studied by X-ray crystallography.

clo,
(Re,R0)-146 (R)-147

Scheme 4.12

4.2.1.1 Single Crystal X-ray Structural Analysis of (R)-146

Figure 4.1 Molecular structure and absolute configuration of (R)-146
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The molecular structure and the absolute stereochemistry of (R)-146 were
determined by X-ray structure analysis (Figure 4.1). The structure analysis established
that the newly formed stereogenic center at C(6) adopted the R absolute configuration.
The geometry at the Pd center is distorted square planar with angles of
84.5(4)-95.1(4)° and 172.4(4)-179.4(1)°. Both the Pd-P and Pd-N bond lengths,
2.184(4) and 2.055(1) A are typical, but the two Pd-Cl distances 2.304(4) and 2.387(4)
A differ significantly, with the bond trans to the phosphorus being noticeably longer
than normal."’ This reflects the stronger electronic trans effect of the phosphorus
relative to the aromatic nitrogen donor. The C(6)-C(7) bond distance [1.536(2) A]
showed marked lengthening, which is clearly attributed to the intrachelate repulsive
interactions between the COPh moiety and the phenyl groups on the phosphorus. The
CH,COPh substituent at C(6) of the five-membered Pd-N chelate is in the preferred

equatorial disposition.'”® Selected bond parameters are given in Table 4.1.

Table 4.1 Selected bond lengths (A) and (deg) angles for (R)-146

PA(T)-N(1) 2.055(1) Pd(1)-P(1) 2.184(4)
Pd(1)-C1(2) 2.304(4) Pd(1)-CI(1) 2.387(4)
C(1)-N(1) 1.345(2) C(5)-N(1) 1.357(2)
C(6)-P(1) 1.859(2) C(8)-0(1) 1.220(2)
C(6)-C(7) 1.536(2) C(5)-C(6) 1.516(2)
N(1)-Pd(1)-P(1) 84.5(4) N(1)-Pd(1)-Cl2)  172.4(4)
P(1)-Pd(1)-Cl2)  88.0(1) N(1)-Pd(1)-CI(1)  95.1(4)

P(1)-Pd(1)-CI(1)  179.4 (1) N(1)-C(5)-C(6) 119.3(1)
CI(2)-Pd(1)-CI(1)  92.3(1) C(5)-C(6)-C(7) 113.8(1)
C(4)-C(5)-C(6) 119.8(1) C(7)-C(6)-P(1) 114.0(1)
C(5)-C(6)-P(1) 109.3(9) C(1)-N(1)-C(5) 118.5(1)
C(8)-C(7)-C(6) 114.3(1) C(6)-P(1)-Pd(1) 104.7(5)

C(5)-N(1)-Pd(1) 121.5(1)
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4.2.1.2 Liberation and the Optical Purity of (R)-147

(R)-146 (R)-147
M Me
RN
(R)-144 Me,,, \l;d/ NCMe
NCMe
(RC,RC)—145 4 (S)-144

(ScRc)-145

Scheme 4.13

The liberation of the free P-N ligand (R)-147 was achieved by the treatment of
the dichloro complex with aqueous potassium cyanide (Scheme 4.13). Thus, the
(2-pyridyl)phosphine was obtained as a white solid in 81% yield, [a]p +58° (¢ 2.0,
CH,CL,). The *'P NMR spectrum of (R)-147 in CDCl; exhibited a sharp singlet at &
0.5. Because of the potential air sensitivity of the noncoordinated phosphorus atoms,
the liberated (R)-147 was not stored in its pure form but was recoordinated again to
(R)-144. The recoordination process is also a means of verifying the optical purity of
the released ligand to establish the identity of the minor isomers that were generated

199,134

in the original hydrophosphination reaction. The recoordination procedure was
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monitored by *'P{'H} NMR spectroscopy. In CDCls, the *'P{'H} NMR spectrum of
the crude recoordination product showed only one singlet at 6 54.0, thus confirming

that the liberated (R)-147 is optically pure.

In order to establish the identity of the minor product that was formed from
hydrophosphination reaction, (R)-147 was recoordinated regiospecifically to (S¢)-144
to generate the diastereomeric complex (S¢, R¢)-145. The *'P{'H} NMR spectrum of
the crude product in CDCl; showed one singlet at 6 60.2. The phosphorus resonances
for complex (S¢, R¢)-145, which is the enantiomer of (R¢, Sc)-145, was identical with
those observed from the minor product generated from the hydrophosphination
reaction. Hence, it could be confirmed that complex (R¢, Sc)-145 was the minor
product of the original hydrophosphination reaction. No *'P{'H} NMR signals could
be detected for the major diastereomer, thus reaffirming that liberated (R)-147 was

enantiomerically pure.

4.2.2 Hydrophosphination of (E)-1-naphthyl-3-pyridin-2-yl-2-propenone
Complex (R)-144 in dichloromethane (40mL) was treated with (£)-1-naphthyl
-3-pyridin-2-yl-2-propenone and Ph,PH at room temperature for 6 days (Scheme
4.14). The *'P{'"H} NMR spectrum of the reaction mixture in CDCl; exhibited two
sharp singlets at 6 60.4 and 54.2 in the ratio of 1:6; thus indicating that two
diastereomeric complexes have been formed. After purification by column

chromatography, the major diastereomer (R¢, Rc)-148 was subsequently crystallized
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as yellow prisms from dichloromehane-diethyl ether in 51.4% isolated yield, [a]p

-175° (¢ 0.6, CH,CL,).

0]

Me
N\P NCMe
RN A
N
CLY v |
=

Clo,
(R)-144
Me 1\/1e Me, Me

clo, -

clo,”

(Re.R0)-148 (Rc:Sc)-148

(Rc,Rc)-l48:(Rc,Sc)-148 =6:1

Scheme 4.14

.4.2.2.1 Single Crystal X-ray Structural Analysis of (Rc, Rc)-148

The molecular structure and the absolute stereochemistry of (R¢, Rc)-148 were
determined by X-ray structure analysis (Figure 4.2). The structure analysis established
that the newly formed stereogenic center at C(20) adopted the R absolute
configuration. The geometry at the Pd center is distorted square planar with angles of
80.6(3) -98.8(2)° and 170.8(2)-177.0(3)°. The C(20)-P(1), C(19)-C(20), C(20)-C(21),
and C(21)-C(22) distance [1.853(8), 1.519(10), 1.510(12), and 1.529(11) A] are
elongated noticeably by the intrachelate interactions. Selected bond parameters are

given in Table 4.2.
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Figure 4.2 Molecular structure and absolute configuration of (Rc, R¢)-148

Table 4.2 Selected bond lengths (A) and (deg) angles for (Rc, Rc)-148

Pd(1)-C(9) 1.970(9) NQ)_Pd(1)N(1) __ 101.4(2)
Pd(1)-N(2) 2.149(6) C(9)-Pd(1)-P(1)  98.8(2)

Pd(1)-N(1) 2.156(6) N@)-Pd(1)-P(1)  79.6(2)

Pd(1)-P(1) 2.234(2) N(1)-Pd(1)-P(1)  170.8(2)
C(15)-N(2) 1.335(9) N(Q2)-C(19)-C(20)  116.3(7)
C(19)-N(2) 1.357(9) C(21)-C(20)-C(19) 111.6(6)
C(19)-C(20) 1.519(10) C(21)-C(20)-P(1)  112.4(6)
C(20)-C(21) 1.510(12) C(19)-C(20)-P(1)  104.7(5)
C(20)-P(1) 1.853(8) C(20)-C(21)-C(22) 116.6(6)
C(21)-C(22) 1.529(11) O(1)-C(22)-C(23)  120.6(7)
C(22)-0(1) 1.218(9) 0(1)-C(22)-C(21)  119.7(8)
C(22)-C(23) 1.479(12) C(23)-C(22)-C(21) 119.7(7)
C(9)-Pd(1)-N(2) 177.03) C(19)-N(2)-Pd(1)  118.5(5)
C(9)-Pd(1)-N(1) 80.6(3) C(20)-P(1)-Pd(1)  98.3(2)
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4.2.2.2 Liberation and the Optical Purity of (R)-150

Upon subsequent treatment of the perchlorate salt with concentrated
hydrochloric acid, the resultant dichloro complex (R)-149 was obtained as yellow
prisms in 91.5% isolated yield, [a]p -111° (¢ 0.7, CH,Cl,) (Scheme 4.15).The SIp{H)
NMR spectrum of (R)-149 in CD,Cl, exhibited a sharp singlet at 6 51.8.

The optically active ligand (R)-150 can be stereospecifically liberated from the
complex (R)-149 by treatment of the dichloro complex with aqueous potassium
cyanide at room temperature. The liberated (R)-150 was obtained as an air sensitive
white solid in 89% yield, [a]p +80° (¢ 0.7, CH,Cl,). The Sp{'H} NMR spectrum of
the free ligand in CDCl; exhibited one singlet at 0 -0.2.

The enantiomeric ligand was confirmed to be optically pure by the methods

described in Chapter 4.2.1.2.
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4.2.3 Hydrophosphination of (E)-1-thiophenyl-3-pyridin-2-yl-2-propenone
(R)-144 in dichloromethane (40mL) was treated with
(E)-1-thiophenyl-3-pyridin-2-yl-2-propenone and Ph,PH at room temperature for 6
days (Scheme 4.16). The S'p{'H} NMR spectrum of the reaction mixture in CDCl;
exhibited two sharp singlets at 0 60.2 and 53.8 in the ratio of 1:6; thus indicating that
only two diastereomeric complexes have been formed. The diastereomeric products
were subsequently separated by silica gel column chromatography. The major
diastereomer (Rc, R¢)-151 was obtained as pale yellow prisms in 64.3 % isolated
yield. The *'P{'H} NMR spectrum of (R¢, R¢)-151 in CDCl; exhibited a singlet at o

53.8.
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Scheme 4.16

4.2.3.1 Single Crystal X-ray Structural Analysis of (Rc, Rc)-151

The molecular structure and the absolute stereochemistry of (R¢, R¢)-158 were
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determined by X-ray structure analysis (Figure 4.3). The structure analysis established
that the newly formed stereogenic center at C(20) adopted the R absolute
configuration. The geometry at the Pd center is distorted square planar with angles of
80.7(2)-99.1(1)° and 171.28(1)-177.7(2)°. The C(20)-P(1), C(19)-C(20),
C(20)-C(21), and C(21)-C(22) distance [1.859(4), 1.507(6), 1.533(6), and 1.517(6) A]
are elongated noticeably by the intrachelate interactions. One of two phenyl rings in
the phosphorus atom is disordered in the molecule. Selected bond parameters are

given in Table 4.3.
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Figure 4.3 Molecular structure and absolute configuration of (Rc, R¢)-151
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Table 4.3 Selected bond lengths (A) and (deg) angles for (Rc, Rc)-151

Pd(1)-C(1) 2.001(4) C(33A)-P(1) 1.839(9)
Pd(1)-N(1) 2.141(4) C(34A)-C(35A) 1.380(12)
Pd(1)-N(2) 2.144(4) C(35A)-C(36A) 1.360(13)
Pd(1)-P(1) 2.230(1) C(36A)-C(37A) 1.381(13)
C(13)-N(1) 1.481(5) C(37A)-C(38A) 1.385(13)
C(15)-N(2) 1.354(6) C(1)-Pd(1)-N(1) 80.69(16)
C(19)-C(20) 1.507(6) C(1)-Pd(1)-N(2) 177.7(2)
C(20)-C(21) 1.533(6) N(1)-Pd(1)-N(2) 101.60(13)
C(20)-P(1) 1.859(4) C(1)-Pd(1)-P(1) 99.02(14)
C(21)-C(22) 1.517(6) N(1)-Pd(1)-P(1) 171.21(10)
C(22)-0(1) 1.193(6) N(2)-Pd(1)-P(1) 78.80(10)
C(22)-C(23) 1.472(7) 0(1)-C(22)-C(23) 121.0(4)
C(23)-C(24) 1.314(8) C(23)-C(22)-C(21) 116.0(4)
C(23)-S(1) 1.727(5) C(34)-C(33)-P(1) 116.2(7)
C(24)-C(25) 1.410(9) C(33)-C(34)-C(35) 118.9(9)
C(26)-S(1) 1.683(8) C(36)-C(35)-C(34) 120.1(9)
C(33)-C(34) 1.371(11) C(35)-C(36)-C(37) 119.7(9)
C(33)-C(38) 1.380(11) C(38)-C(37)-C(36) 121.1(9)
C(33)-P(1) 1.821(7) C(37)-C(38)-C(33) 117.9(9)
C(34)-C(35) 1.388(11) C(36A)-C(35A)-C(34A) 117.3(13)
C(35)-C(36) 1.361(12) C(35A)-C(36A)-C(37A) 123.2(12)
C(36)-C(37) 1.392(12) C(20)-P(1)-Pd(1) 97.92(14)
C(37)-C(38) 1.367(10) C(37A)-C(38A)-C(33A) 121.4(13)
C(33A)-C(34A) 1.400(13) C(26)-S(1)-C(23) 91.1(3)

C(33A)-C(38A) 1.401(12) C(34A)-C(33A)-P(1)  122.3(9)

4.2.3.2 Two Dimensional *H-'H ROESY NMR of (R, R¢)-151

In order to confirm the structure of R¢, R¢)-151 in solution state, a 500 MHz
solution 2D *H-"H ROESY NMR study was carried out in CDCls.

Similar to the 2D 'H-'H ROESY NMR analysis of the other analogous
organometallic  complexes'”” comprising the 5-membered ortho-metalated
dimethyl[(S/R)-1-(1-naphthyl)ethyl]amine auxiliary, the 5-membered

organo-palladium(ll1) complex moiety of (Rc, Rc¢)-151 is locked in a stable
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conformation defined by a set of characteristic NOE patterns: NOE signals (A-C) are
observed due to the interactions of H(11) with Me(12)-Me(14), the very strong
interaction between this proton and H(8) of the aromatic ring (D) indicates the close
proximity of these protons with each other while the weaker signal (E) shows that the
methyl group on the stereogenic carbon Me(12) exclusively adopts the axial position
locking the 5-membered organometallic ring in a stable 6 conformation (Figure 3.3).
There is no signal showing any interaction between this methyl group and the axially
oriented Me(14) on nitrogen, only its interaction with the equatorial methyl group
Me(13) of nitrogen was observed (F). The strong signal corresponding to G represents
the interaction of the pyridine ring H15 with ortho protons of the axial Ph group on
phosphine. The signal (H) shows H16 also interacts with the o-H, which establishes
that H16 and the Ph group are located on the same side below the square plane. On
the other hand, the signal (I) shows a strong interaction between H17 and H18 with
the equatorial Ph group on phosphine which means that they are located on the other

side of the square plane. Therefore, C(16) has an R absolute configuration.
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Figure 4.17. 2D-ROESY NMR of R¢, Rc)-151. Selected NOE Interactions: A:
Hii-Mi2, B: Hy-Mus, C: Hy-Mys, D: Hy-Hg, E: Mip-Hg, F: Mp-Mps, G

H15—0—PhP(aX), H: Hm—O—PhP(&X), I: H17,H18—O—PhP(Cq), J: H16—H19, K: H16—H17,H18.
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4.2.3.3 Liberation and the Optical Purity of (R)-153

Upon subsequent treatment of the perchlorate salt with concentrated
hydrochloric acid, the resultant dichloro complex (R)-152 was obtained as yellow
prisms in 90% isolated yield, [a]p -345° (¢ 0.6, CH,Cl,).The S'p{'H} NMR spectrum
of (R)-152 in CDCl; exhibited a sharp singlet at 6 51.2. The optically active ligand
(R)-153 can be stereospecifically liberated from the complex (R)-152 by treatment of

the dichloro complex with aqueous potassium cyanide at room temperature (Scheme
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4.17). The liberated (R)-153 was obtained as an air sensitive white solid in 85% yield,
[a]p +217° (¢ 0.7, CH,CLy). The *'P{'H} NMR spectrum of the free ligand in CDCl;
exhibited one singlet at 0 -0.3.

The enantiomeric ligand was confirmed to be optically pure by the methods

described in Chapter 4.2.1.2.

clo,”
(R R )-151

KCN

(R)-153

Scheme 4.17

4.2.4 Hydrophosphination of (E)-1-methyl-3-pyridin-2-yl-2-propenoate

In principle, the hydrophosphination reaction between (£)-1-methyl-3-pyridin-
2-yl-2-propenoate and Ph,PH may generate similar five-membered P—N chelate
products as that obtained from the reaction involving
(E)-1-phenyl-3-pyridin-2-yl-2-propenone. Interestingly after 7 days at room
temperature the crude product mixture only exhibited a new sharp singlet at 0 46.4 in
the *'P{'"H} NMR spectrum, indicating the formation of only one diasterecomer

(Scheme 4.18). After purification by column chromatography, the product (Rc,
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Sc)-154 was subsequently crystallized as pale yellow prisms from chloroform, [a]p

—91° (¢ 1.5, CH,Cly).
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Scheme 4.18

4.2.4.1 Single Crystal X-ray Structural Analysis of (R¢, Sc)-154

The X-ray crystallographic analysis of the complex reaffirms that an
enantiomerically pure product has been formed in which the six-membered P-N
chelate coordinated to palladium as a bidentate chelate with a twist-boat conformation
(Figure 4.4). Furthermore, the structure analysis unambiguously established that the
newly formed stereogenic center at C(21) adopts the S configuration. The P and N
donor atoms of the new heterobidentate are bonded regiospecifically to the Pd atom,
with the softer P donor taking up the position frans to the NMe, group. Selected bond
lengths and angles are listed in Table 4.4. The angles formed by the P-N chelate and

the naphthylamine template at the Pd metal center were in the range of 80.5(7)-
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95.6(7)° and 172.1(5)-173.3(9)°. The C(21)-P(1) and C(20)-C(21) distance [1.883(2)

and 1.539(3) A] are elongated noticeably by the intrachelate interactions.

Figure 4.4 Molecular structure and absolute configuration of (Rc, Sc)-154
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Table 4.4 Selected bond lengths (A) and (deg) angles for (Rc, Sc)-154

Pd(1)-C(1) 2.006(2) PA(T)-N(1) 2.136(2)
Pd(1)-N(2) 2.136(2) Pd(1)-P(1) 2.239(5)
C(15-N(2) 1.339(3) C(19)-N(2) 1.349(3)
C(19)-C(20) 1.492(3) C(20)-C(21) 1.539(3)
C(21)-P(1) 1.883(2) C(22)-0(1) 1.203(3)
C(22)-0(2) 1.334(3) C(30)-P(1) 1.810(2)
C(1)-Pd(1)-N(1)  80.5(7) C(1)-Pd(1)-N(2)  173.39)
N(1)-Pd(1)-N(2)  95.6(7) C(1)-Pd(1)-P(1) 95.6(6)

N(D)-Pd(1)-P(1)  172.1(5) N(2)-Pd(1)~(1) 88.9(5)

N(2)-C(19)-C(20)  117.6(2) C(19)-C(20)-C(21) 111.5(2)
C(22)-C(21)-C(20) 110.3(2) C(22)-C(21)-P(1)  111.9(1)
C(20)-C(21)-P(1)  112.4(1) C(15)-N(2)-C(19)  118.9(2)
C(19)-N(2)-Pd(1)  122.9(2) CQ1)-P(1)-Pd(1)  107.6(6)

4.2.4.2 Liberation and the Optical Purity of (Sc)-156

7\
HCl Cl\
(R, Sp)-154 ——= ol / KCN
\

Ph OMe b OMe
(8)-155 (S)-156
Scheme 4.19

The treatment of complex (R¢, Sc)-154 with concentrated hydrochloric acid
generated (S¢)-155 (Scheme 4.19). The dichloro complex was subsequently
crystallized from dichloromethane-diethyl ether as yellow prisms in 86% yield, [a]p
~85° (¢ 0.4, CH,Cl,). The *'P{'"H} NMR spectrum of this neutral dichloro complex in
CD,Cl, exhibited one singlet at 0 37.0. Further treatment of (S¢)-155 with aqueous

cyanide liberated the optically pure (S¢)-156 as a white solid in quantitative yield,
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[a]lp —27° (¢ 0.4, CH,CL). The *'P{'H} NMR spectrum of (S¢)-156 in CDCls
exhibited one singlet at 0 0.5. The recoordination of the free ligand to (R)- and (5)-144

confirmed that (S¢)-156 is optically pure.

4.2.5 Hydrophosphination of (E)-1-phenyl-3-quinolin-2-yl-2-propenone

(R)-144 in dichloromethane (40mL) was treated with
(E)-1-phenyl-3-quinolin-2-yl-2-propenone and Ph,PH at room temperature for 4 days
(Scheme 4.20). The *'P NMR spectrum of the reaction mixture in CDCl; exhibited
one sharp singlet at 6 42.3; thus indicating that only one diastereomeric complex has
been formed. After purification by column chromatography, (Rc, Sc¢)-157 was
subsequently crystallized as yellow prisms from dichloromethane-diethyl ether in

70% isolated yield, [a]p -30° (¢ 1.5, CH,Cly).
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4.2.5.1 Single Crystal X-ray Structural Analysis of (R¢, S¢)-157

Figure 4.5 Molecular structure and absolute configuration of (R¢, Sc)-157

The X-ray crystallographic analysis of the complex reaffirms that an
enantiomerically pure product has been formed in which the six-membered P-N
chelate coordinated to palladium as a bidentate chelate (Figure 4.5) with a twist-boat
conformation with the COPh group at C(25) occupying the sterically favorable
equatorial position. The newly formed stereogenic center at C(21) adopts the §
configuration. The P and N donor atoms of the new heterobidentate are bonded

regiospecifically to the Pd atom, with the softer P donor taking up the position trans
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to the NMe, group. Selected bond lengths and angles are listed in Table 4.5. In this
molecule, the quinoline proton H(16) is far away from the two NMe groups to achieve
the least steric repulsion state. The phenyl groups on P(1) and the naphthylene proton
H(2) adopt a staggered orientation to relieve the interchelate steric interactions. The
angles formed by the P-N chelate and the naphthylamine template at the Pd metal
center were in the range of 79.7(2)-99.9(2)° and 165.1(2)-175.2(2)°. The C(25)-P(1),
C(24)-C(25) and C(25)-C(26) distance [1.864(6), 1.532(8) and 1.525(8) A] are
elongated noticeably by the interchelate interactions. There is orientational disorder in

the arrangement of phenyl ring at the C(26).

4.2.5.2 Liberation and the Optical Purity of (Sc)-158

The liberation of free P-N ligand (S¢)-158 was achieved by the treatment of
the palladium template (Sc,Rc)-157 with aqueous potassium cyanide (Scheme 4.21).
Thus, the quinolinylphosphine was obtained as a white solid in 75%, [a]p-150° (c 0.4,
CH,CL,). The *'P{'"H} NMR spectrum of (S¢)-158 in CDCl; exhibited a sharp singlet
at 0 0.5. The recoordination of the free ligand to (R)- and (S)-144 confirmed that

(S¢)-158 is optically pure.
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Table 4.5 Selected bond lengths (A) and (deg) angles for (Rc, Sc)-157

C(27)-C(28) 1.386(13) C(31)-C(32)—C(27) 120.4(11)
C(27)-C(32) 1.407(11) C(28A)-C(27A)-C(32A) 117.9(14)
C(27)-C(26) 1.486(10) C(28A)-C(27A)-C(26)  122.1(13)
C(28)-C(29) 1.397(12) C(32A)-C(27A)-C(26)  120.0(13)
C(29)-C(30) 1.343(13) C(27A)-C(28A)-C(29A) 121.8(16)
C(30)-C(31) 1.364(13) C(30A)-C(29A)-C(28A) 118.3(17)
C(31)-C(32) 1.365(10) C(29A)-C(30A)-C(31A) 121.1(18)
C(27A)-C(28A)  1.382(17) C(30A)-C(31A)-C(32A) 121.6(19)
C(2Q7A)-C(32A)  1.402(16) C(31A)-C(32A)-C(27A) 119.0(17)
C(27A)-C(26) 1.485(14) C(1)-Pd(1)-N(1) 79.7 (2)
C(28A)-C(29A)  1.391(16) C(1)-Pd(1)-N(2) 175.2 (2)
C(29A)-C(30A)  1.345(17) N(1)-Pd(1)-N(2) 99.9 (2)
C(30A)-C(31A)  1.36(2) C(1)-Pd(1)-P(1) 100.0(2)
CB1A-C(32A)  1.363(15) N(1)-Pd(1)-P(1) 165.1(2)
Pd(1)-C(1) 1.987(5) N(2)-Pd(1)-P(1) 81.6 (1)
Pd(1)-N(1) 2.129(5) N(2)-C(23)-C(24) 116.8(5)
Pd(1)-N(2) 2.173(4) C(22)-C(23)-C(24) 120.6(6)
Pd(1)-P(1) 2.246(2) C(23)-C(24)-C(25) 114.3(5)
C(23)-N(2) 1.328(7) C(26)-C(25)-C(24) 108.4(5)
C(23)-C(24) 1.492(8) C(26)-C(25)-P(1) 110.3(4)
C(24)-C(25) 1.532(8) C(24)-C(25)-P(1) 112.3(4)
C(25)-C(26) 1.525(8) 0(1)-C(26)-C(27A) 117.7(10)
C(25)-P(1) 1.864(6) 0(1)-C(26)-C(27) 120.6(7)
C(26)-0(1) 1.227(7) CQ7TA-C(26)-C(27)  4(2)

C(28)-C(27)-C(32) 117.9(9) 0(1)-C(26)-C(25) 118.6(5)
C(28)-C(27)-C(26) 124.1(9) C(27A)-C(26)-C(25)  123.7(10)
C(32)-C(27)-C(26) 117.8(9) C(27)-C(26)-C(25) 120.7(7)
C(27)-C(28)-C(29) 120.4(9) C(23)-N(2)-C(15) 119.5(5)
C(30)-C(29)-C(28) 119.5(11) C(23)-N(2)-Pd(1) 120.2(4)
C(29)-C(30)-C(31) 121.7(10) C(15)-N(2)-Pd(1) 119.9(4)
C(30)-C(31)-C(32) 120.1(12) C(25)-P(1)-Pd(1) 102.8(2)

4.2.6 Mechanistic Considerations

2 . . .
% the simultaneous coordination of

From a mechanistic standpoint,
diphenylphosphine and pyridine on the chiral palladium template polarized the P-H

and vinylic C=C bonds concurrently. An intermediate involving the deprotonated
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form of the highly reactive coordinated phosphido ligand could thus be generated.
This nucleophilic phosphido moiety subsequently undergoes addition to the activated
alkene. A correlation between the X-ray -crystallography data of the
hydrophosphination product and a Dreiding model study confirmed that the formation
of the P-Pd-N six-membered ring would markedly relieve the interchelate repulsive
interactions than a five-membered ring. Therefore, the formation of the six-membered
ring between (E)-1-methyl-3-pyridin-2-yl-2-propenoate and Ph,PH must be due to the
predominant steric factors. The X-ray crystallographic analysis of (Rc, Sc¢)-154
revealed that the COOMe group at C(21) occupies the sterically favorable equatorial

position in the twist boat conformation (Figure 4.6).""

The Hg of the pyridine ring is
far way from the two NMe groups and there should not be any significant steric
repulsions. In addition, less steric repulsion exists between the naphthylene proton Hy

and the quasi-axial phenyl group on P.'*!

However, model studies show that in (R,
R¢), the COOMe group occupies the sterically unfavorable axial position. Although
the Hg of the pyridine ring is far way from to the two NMe groups, there is still
significant steric repulsion between the naphthylene proton H, and the quasi-quasi
phenyl group on P. We believe that these interchelate repulsive forces are the
discriminating factors that hinder the formation of the unfavored diastereomer.

The formation of the five-membered ring between
(E)-1-phenyl-3-pyridin-2-yl-2-propenone and Ph,PH is because there are more severe

interchelate steric constrains within phenyl groups of Ph,P and COPh in the

six-membered ring. The model studies clearly indicate that in the major isomer (R,

140



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

R()-145, the COPh group at C(6) of the five-membered P-Pd-N chelate occupies the
sterically favorable equatorial position (Figure 4.7). In this molecule, however, the Hg
of the pyridine ring is unfavorably oriented towards the NMe group which is in the
equatorial position. In the minor isomer (R¢, S¢)-145, the COPh group occupies the
sterically unfavorable axial position. In addition, the Hg of the pyridine ring intrudes
into the space between the two methyl groups on N to achieve the least steric
repulsion state.

As to the hydrophosphination reactions between quinoline complexes and
diphenylphosphine, the quinoline ring is a more bulky group than the pyridine ring, so
P-Pd-N six-membered ring is the best choice to relieve the interchelate repulsive
interactions. The X-ray crystallographic analysis of (R¢, S¢)-157 revealed that the
COPh group at C(25) occupies the sterically favorable equatorial position in the twist
boat conformation.

In conclusion, the efficient synthesis of keto- and ester- functionalized C-chiral
(2-pyridyl)phosphines and (2-quinolinyl)phosphines via chiral organopalladium
template promoted asymmetric hydrophosphination has been demonstrated. The
hydrophosphination reactions proceed with high regio- and stereoselectivities under

mild conditions.
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Figure 4.7 Interchelate interactions in (Rc, R¢)-145 and (Rc, Sc)-145
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4.3 Experimental Section

Both  enantiomerically pure forms of the complexes (R)-144,
(S)-144,2*(E)-1-phenyl-3-pyridin-2-yl-2-propenone, (E)-1-thiophenyl-3-pyridin-2-yl-
2-propenone, (£)-1-phenyl-3-quinolin-2-yl-2-propenone, (E)-1-naphthyl-3-pyridin-
2—y1—2—propenone203 and (E)—l—methyl—3—pyridin—2—yl—2—propenoate,204 were prepared

as previously reported.

Dichloro-[(R)-1-phenyl-3-(diphenylphosphino)-3-pyridin-2-yl-pentan-1-one-N*,
P?]palladium (11), [(R)-146].

The bis(acetonitrile) Pd complex (R)-144 (1.50 g, 3.09 mmol) in
dichloromethane (50 mL) was treated with (E)-1-phenyl-3-pyridin-2-yl-2-propenone
(0.99 g, 4.80 mmol) and Ph,PH (0.57 g, 3.09 mmol) at room temperature for 4 days.
Removal of solvent under reduced pressure gave the crude product as a yellow solid.
The crude product mixture was then purified through a column with
dichloromethane-acetone as the eluent and then crystallized from
dichloromethane-diethyl ether to give the complex (R¢, R¢)-145 as pale yellow solid
(1.727 g, 70% yield) that could not be crystallized from any of the solvents attempted:
SP{'"H} NMR (CDClLs): 6 54.0 (s). The cationic complex (0.50 g, 0.62 mmol) in
dichloromethane (20 mL) was treated with concentrated hydrochloric acid (12 mL)
for 1 h at room temperature. The reaction mixture was then washed with water (4 x 10
mL), and dried (MgSO4). Subsequently fractional recrystallization from

dichloromethane-diethyl ether gave complex (R)-146 as yellow prisms: 0.304 g (85%
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yield); mp 243-244 °C (decomp.); [a]p —54° (¢ 0.7, CH,Cly). Anal. Calcd for
C2sHCLNOPPd: C, 54.5; H, 3.9; N, 2.5. Found: C, 54.1; H, 3.6; N, 2.6. *'P{'H}
NMR (CD,Cly): d 52.4 (s); "H NMR (CD,Cl,): d 3.57-3.81(m, 2H, CH,), 5.12(dt, 1H,
*Jou = 14.8 Hz, *Juu = 6.5 Hz, CH), 7.33-8.08 (m, 18H, aromatics), 9.76(d, 1H, *Juy =

5.9 Hz, H,).

Cl\ /N

P wHe
o \s
PH

N
P COPh

(R)-146
(R)-1-phenyl-3-(diphenylphosphino)-3-pyridin-2-yl-pentan-1-one, [(R)-147].

A solution of (R)-146 (0.25 g, 0.44 mmol) in dichloromethane (20 mL) was
stirred vigorously with a saturated aqueous solution of potassium cyanide (1 g) for 5
min. The resulting colorless organic layer was separated, washed with water, and
dried (MgSOy4). Upon the removal of solvent, a white solid (R)-147 was obtained:
yield 0.155 g (90%); [a]p +58° (¢ 2.0, CH,CL). *'P{'H} NMR (CDCl): 6 0.5 (s).

{(R)-1-[1-(Dimethylamino)ethyl]naphthyl-C*N}-[(R)-1-naphthyl-3-(diphenylph
osphino)-3-pyridin-2-yl-pentan-1-one-N*,P?]palladium (1) perchlorate, [(Rc,
Rc)-148].

The bis(acetonitrile) Pd complex (R)-144 (1.2 g, 2.5 mmol) in
dichloromethane (40mL) was treated with (E)-1-naphthyl-3-pyridin-2-yl-2-propenone
(0.704 g, 2.75 mmol) and Ph,PH (0.459 g, 2.5 mmol) at room temperature for 6 days.
Removal of solvent under reduced pressure gave the crude product as a yellow solid.
The crude product mixture was then purified through a silica gel column with

dichloromethane-acetone as the eluent and then crystallized from
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dichloromethane-diethyl ether to give the complex (Rc, R(¢)-148 as pale yellow
crystals: mp 198-199 °C (decomp.); [a]p-175° (¢ 0.6, CH,Cl,); 1.078 g (51.4% yield).
Anal. Calcd for C44H4CIN,OsPPd: C, 62.2; H, 4.8; N, 3.3. Found: C, 62.5; H, 4.3; N,
3.6. *'P{'H} NMR (CDCls): d 53.5 (s); '"H NMR (CDCls): 6 2.28 (d, 3H, *Juu = 6.4
Hz, CHMe), 3.01 (s, 3H, NMe), 3.18 (s, 3H, NMe), 4.64 (qn, 1H, *Juy = *Jpu = 6.3 Hz,
CHMe), 3.94-3.99 (m, 1H, *Jun = 6.1 Hz, *Juu = 18.1 Hz, H,), 4.07-4.14 (m, 1H, *Juy
= 6.5 Hz, 2Jun = 18.1 Hz, H,), 5.09 (t, 1H, *Jun = 6.2 Hz, H.), 6.89-8.33 (m, 26H,

aromatics ), 8.82(d, 1H, =55 Hz, H;).

Me
Me‘ R

N

clo,”

(RoRc)-148
Dichloro-[(R)-1-naphthyl-3-(diphenylphosphino)-3-pyridin-2-yl-pentan-1-one-
N P?]palladium (11), [(R)-149].

The naphthylamine auxiliary in (R¢, Sc)-148 was removed chemoselectively by
adding concentrated hydrochloric acid (15 mL) to a solution of the complex (R,
Sc¢)-148 (0.45 g, 0.66 mmol) in dichloromethane (30 mL). The reaction mixture was
stirred vigorously for 1 h at room temperature. The reaction mixture was then washed
with water (4 x 10 mL), and dried (MgSQO4). Subsequent fractional crystallization
from dichloromethane-diethyl ether gave complex (R)-149 as yellow prisms: mp
235-236 °C (decomp); [a]p-111° (¢ 0.6, CH,Cl,); 0.268 g (91.5% yield). Anal. Caled
for C30Ho4CLNOPPd: C, 57.9; H, 3.9; N, 2.6. Found C 57.5, H 3.5, N 2.9. *'P{'H}

NMR (CD,Cl):  51.8 (s); 'H NMR (CDCls): 6 3.72-3.87 (m, 2H, CH>), 5.11(dt, 1H,
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Jo.u = 14.6 Hz, *Jiu = 6.6Hz, CH), 7.31-8.24 (m, 20H, aromatics), 9.84(d, 1H, *Juu
=6.0 Hz, H,).
(R)-1-naphthyl-3-(diphenylphosphino)-3-pyridin-2-yl-pentan-1-one, [(R)-150].

A solution of (R)-149 (0.1 g, 0.53mmol) in dichloromethane (20 mL) was stirred
vigorously with a saturated aqueous solution of potassium cyanide (0.5 g) for 5 min.
The resulting colorless organic layer was separated, washed with water, and dried
(MgS0y4). Upon the removal of solvent, a white solid (R)-150 was obtained: [a]p
+80° (¢ 0.7, CH2CLy); 0.06 g (89% yield). *'P{'"H} NMR (CDCls): 6 -0.2 (s).

Dichloro-[(R)-1-thiophenyl-3-(diphenylphosphino)-3-pyridin-2-yl-pentan-1-on
e-N*,P?]palladium (I1), [(R)-152].

The bis(acetonitrile) Pd complex (R)-144 (1.00 g, 2.06 mmol) in
dichloromethane (40 mL) was treated with
(E)-1-thiophenyl-3-pyridin-2-yl-2-propenone (0.49 g, 2.3 mmol) and Ph,PH (0.38 g,
2.06 mmol) at room temperature for 6 days. Removal of solvent under reduced
pressure gave the crude product as a yellow solid. The crude product mixture was then
purified through a silica gel column with dichloromethane-acetone as the eluent and
then crystallized from dichloromethane-diethylether to give the complex (R¢, Rc)-151
as pale yellow crystals (1.065 g, 64.3% yield): 3'p{'"H} NMR (CDCls): 6 53.8 (s). The
cationic complex (0.50 g, 0.62mmol) in dichloromethane (30 mL) was treated with
concentrated hydrochloric acid (12 mL) for 1 h at room temperature. The reaction
mixture was then washed with water (4 x 10 mL), and dried (MgSQO4). Subsequent

fractional recrystallization from dichloromethane-diethylether gave complex (R)-152
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as yellow prisms: mp 253-254 °C (decomp.); [o]p -345° (¢ 0.6, CH,Cly); 0.323 g (90%
yield). Anal. Caled for C,4H,0C1,NOPPAS: C, 49.8; H, 3.5; N, 2.4. Found: C, 54.1; H,
3.6; N, 2.6. *'P{'"H} NMR (CDC3):  51.2 (s); 'H NMR (CDCls): 6 3.45-3.54(m, 2H,
CH>), 5.00(dt, 1H, *Jpy = 14.8 Hz, *Jun = 6.6Hz, CH), 7.07-8.01 (m, 17H, aromatics),

9.81(d, 1H, *Jun = 6.0 Hz, H).

Me, Me

o d

clo,”

(Re.Re)-151
(R)-1-thiophenyl-3-(diphenylphosphino)-3-pyridin-2-yl-pentan-1-one,
[(R)-153].

A solution of (R)-152 (0.2 g, 0.346 mmol) in dichloromethane (20 mL) was

stirred vigorously with a saturated aqueous solution of potassium cyanide (1 g) for 5

min. The resulting colorless organic layer was separated, washed with water, and

dried (MgSOy). Upon the removal of solvent, a white solid (R)-153 was obtained: [a]p

+217° (¢ 0.7, CH,Cl); 0.118 g (85% yield). *'P{'H} NMR (CDCls): 6 -0.3 (s).

{(R)-1-[1-(Dimethylamino)ethyl]naphthyl-C*N}-[(S)-methyl-2-(diphenylpho
sphino)-3-pyridin-2-yl-propanoate-N*,P?]palladium  (I1)  perchlorate, [(Rc,

Sc)-154].

The bis(acetonitrile) Pd complex (R)-144 (0.60 g, 1.23 mmol) in
dichloromethane (40 mL) was treated with (£)-1-methyl-3-pyridin-2-yl-2-propenoate

(0.302 g, 1.90 mmol) and Ph,PH (0.23 g, 1.23 mmol) at room temperature for 7 days.

Removal of solvent under reduced pressure gave the crude product as a yellow solid.
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The crude product mixture was then purified through a column with
dichloromethane-acetone as the eluent and then crystallized from chloroform to give
the complex (R¢, Sc)-154 as pale yellow crystals: yield 0.772 g (83%); mp 193-194 °C
(decomp.); [a]p—91° (c 1.5, CH,Cl,). Anal. Calcd for C35H36CIN,OgPPd: C, 51.2; H,
4.4; N, 3.4. Found: C, 51.5; H, 4.3; N, 3.6. *'P{'H} NMR (CD,CL,): § 46.4 (s); 'H
NMR (CD,Cly): 6 2.22 (d, 3H, *Jun = 6.4 Hz, CHMe), 2,53 (d, 3H, “Jpy = 3.5 Hz,
NMe), 2.90 (d, 3H, “Jpyy = 1.7 Hz, NMe), 3.14 (s, 3H, COOMe), 3.54 (dt, 1H, *Jyu =
Jer= 13.1 Hz, “Jun = 2.4 Hz, H,), 3.74 (dddd, 1H, *Jpy = 35.7 Hz, *Jun = 14.3Hz,
*Jun = 2.4 Hz, Hy), 420 (dd, 1H, *Jpy = 27.8 Hz, *Juu = 14.3 Hz, H.), 4.54 (qn, 1H,
3Jun = Ypu = 6.3 Hz, CHMe), 6.51-8.40 (m, 19H, aromatics ), 8.74(d, 1H, *Jun = 5.3

Hz, Hd).

clo, -
(ReSc)-154

Dichloro [(S)-methyl-2-(diphenylphosphino)-3-pyridin-2-yl-propanoate-N*,
P?]palladium (11), [(Sc)-155].

The naphthylamine auxiliary in (R¢, Sc)-154 was removed chemoselectively by
adding concentrated hydrochloric acid (15 mL) to a solution of the complex (R,
S¢)-154 (0.50 g, 0.66 mmol) in dichloromethane (30 mL). The reaction mixture was
stirred vigorously for 1 h at room temperature. The reaction mixture was then washed
with water (4 x 10 mL), and dried (MgSQO,4). Subsequent fractional crystallization

from dichloromethane-diethyl ether gave complex (S¢)-155 as yellow prisms: 0.301 g
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(86% yield); mp 219-220 °C (decomp); [a]p —85° (¢ 0.4, CH,Cly). Anal. Calcd for
C21H20CLNO,PPd: C, 47.9; H, 3.8; N, 2.7. Found: C, 47.9; H, 3.5; N, 3.0. *'P{'H}
NMR (CD,Cly): 6 37.0 (s); "H NMR (CD,CL): § 3.21(s, 3H, COOCHj3), 3.37(dt, 1H,
3Jun = *Jeu = 12.3 Hz, “Juu = 1.9 Hz, H,), 3.66 (dddd, 1H, *Jpy = 33.6 Hz, *Juy =
14.6Hz, 2Jan = 1.9 Hz, Hp), 3.98-4.13(m, 1H, H.), 7.34-8.33(m, 13H, aromatics ),
9.37(d, 1H, *Juu = 5.7 Hz, H,).
(S)-methyl-2-(diphenylphosphino)-3-pyridin-2-yl-propanoate, [(Sc)-156].
A solution of (S¢)-155 (0.28 g, 0.53mmol) in dichloromethane (20 mL) was
stirred vigorously with a saturated aqueous solution of potassium cyanide (0.5 g) for 5
min. The resulting colorless organic layer was separated, washed with water, and
dried (MgSO4). Upon the removal of solvent, a white solid (S¢)-156 was obtained:
0.155 g (90% yield); [a]p—27° (c 0.3, CH,CL). *'P{'"H} NMR (CDCl5): 6 0.5 (s).
{(R)-1-[1-(Dimethylamino)ethyl]naphthyl-C*N}-[(S)-1-phenyl-2-(diphenylpho
sphino)-3-quinolin-2-yl-pentan-1-one-N* P?] -palladium (11) Perchlorate, [(Rc,
Sc)-157].

The bis(acetonitrile) Pd complex (R)-144 (1.3 g, 2.673 mmol) in
dichloromethane (40 mL) was treated with (E)-1-phenyl-3-quinolin-2-yl-2-propenone
(0.762 g, 2.937 mmol) and Ph,PH (0.498 g, 2.673 mmol) at room temperature for 4
days. Removal of solvent under reduced pressure gave the crude product as a yellow
solide. The crude product mixture was then purified through a silica gel column with
dichloromethane-acetone as the eluent and then crystallized from acetone-diethyl

ether to give the complex (Rc, Sc)-157 as pale yellow crystals: mp 234-235 °C
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(decomp); [a]p -30° (¢ 1.5, CHxCL); 1.703 g (75% yield). Anal. Calcd for
C44H4CIN,OsPPd: C, 62.2; H, 4.8; N, 3.3. Found: C, 62.6; H, 4.4; N, 3.6. *'P{'H}
NMR (CD,Cly): 8 42.3 (s); 'H NMR (CD,Cly): 6 2.33 (d, 3H, *Jpu = 3.2 Hz, NMe),
2.54 (d, 3H, *Jun = 6.4 Hz, CHMe), 2.75 (d, 3H, “Jpu = 1.5 Hz, NMe), 4.05 (dddd, 1H,
3Jor=35.2 Hz, *Juu = 13.5 Hz, “Jun = 4.1 Hz, H,), 4.49 (qn, 1H, *Juu = *Jpu = 6.3 Hz,
CHMe), 4.73-4.82 (m, 1H, H.), 5.54 (dt, 1H, “Jpy = *Juu = 12.0 Hz, *Juu = 4.1 Hz, H)),

6.78-8.71 (m, 27H, aromatics).

\
Me, Me
M +
YN ) )
s
CLY 7
P Ph Ph

clo, ~
(Re.Sc)-157

(S)-1-phenyl-2-(diphenylphosphino)-3-quinolin-2-yl-pentan-1-one [(Sc)-158]

A solution of (S¢)-157 (0.50 g, 0.59mmol) in dichloromethane (20 mL) was
stirred vigorously with a saturated aqueous solution of potassium cyanide (1 g) for 5
min. The resulting colorless organic layer was separated, washed with water. The
solution was dried over magnesium sulfate then filtered. Upon the removal of solvent,
a white solid (S¢)-158 was obtained: [a]p -150° (¢ 0.4, CH,Cl,); 0.197 g (75% yield).

SP{"H} NMR (CDCl5): § 0.5 (s).
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Chapter 5

Asymmetric Hydroarsination Reaction

5.1 Introduction

The number of reports on the addition of As—H moiety to C=C or C=C bonds
is only a few. King’s group reported the addition of As-H bond to the carbon-carbon

double bonds of vinylphosphines in the presence of base catalyst potassium

205

tert-butoxide to give the As-P ligand in 77% yield at room temperature.”~ However

the reaction between diphenylarsine and vinyl isocyanide only give 31% yield in

s 206
boiling benzene.

The intermolecular hydroarsination of phosphinoalkyne Mo
complex and diphenylarsine can be achieved under base catalysis to give 159 in 46%

yield (Scheme 5. 1).2

©\ )@ KOBu' thAs\C'O e PP

/P\ + Ph,AsH —— /MO\
(0OO)sMo  C=CCH; oc” co “co
159
Scheme 5.1

Although several chiral arsine compounds have been used in asymmetric

08

catalytic reactions,”™ these earlier studies have not involved optically active

pyridylarsines which would provide a variety of applications in asymmetric catalysis

191

as shown by their phosphorus analogues.” However, most available arsination
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protocols are limited to compounds that are not base and reducible agent sensitive'**

and devoid of functionalities. The only straightforward method for synthesis of

d,'**® Pd-catalyzed arsination of aryl

functionalized arsines has been recently reporte
triflates using triphenylarsine as the arsinating agent. However via that methodology,
heteroatom-substituted pyridyl triflates did not react at all. Until now, no synthesis of
enantiomerically pure keto- and ester- substituted C-chiral pyridylarsines have been
reported.

Recently our group reported the first use of an organopalladium complex
containing (S)-(1-(dimethylamino)ethyl)naphthalene as the chiral auxiliary to promote
the asymmetric hydroarsination between vinylphosphine and diphenylarsine to
generate chiral an As-P ligand in high enantioselectivity under mild conditions (see
1.3.5). In order to extend this protocol to the hydroarsination of functionalized
olefinic systems, we hereby prepared the keto- and ester- functionalized chiral

pyridylarsine ligands via the asymmetric hydroarsination reaction promoted by the

chiral cyclopalladated-amine template.

5.2 Results and Discussion

5.2.1 Hydroarsination of (E)-1-phenyl-3-pyridin-2-yl-2-propenone
In the absence of a metal ion, diphenylarsine shows no reactivity with
(E)-1-phenyl-3-pyridin-2-yl-2-propenone. However, as illustrated in Scheme 5.2, in

the presence of chiral complex (R)-144, the reaction is completed in 12 days at room
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temperature to give a 3:1 diastereomeric mixture of (R¢, R¢)-160 and (R¢, Sc¢)-160.
While the addition of the secondary phosphine to vinylic phosphines resulted in

: .. 134
cis-trans regioisomers of the products,

the addition of diphenylarsine to vinylic
pyridines is 100% regioselective, wherein the As atom occupies the coordination site
trans to NMe,. The high regioselectivity observed in the present case is in agreement
with what has been observed for similar N-P heterobidentate ligands.*” The
diastereomeric products were subsequently separated by column chromatography. The
major diastereomer (R¢, Rc)-160 was obtained as a pale yellow solid in 30% isolated
yield. Although it is stable in the solid state and in solution, it is highly soluble in
most organic solvents and could not be induced to crystallize. Upon subsequent
treatment of the perchlorate salt with concentrated hydrochloric acid, the resultant

neutral dichloro complex (R)-168 was obtained as yellow prisms in 87% isolated yield,

[o]p ~122° (¢ 0.6, CH>Cl,) (Scheme 5.3).

Clo,
(R)-144
Me, Me Me, Me X
M N Me +
t (& N\ P+ < . N\P < [e)
r.t. .,
— A As ')I\Ph
v S Ph / Ph
PH Ph Ph
Clo,~ clo,
(Re:R)-160 (RcS¢)-160

(Rc,Rc)-lGO:(Rc,Sc)-l60 =3:1

Scheme 5.2
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Me‘ Me
Me N\P+ N
<
A - -
PH
clo,”
(R R )-160 (R)-161
Scheme 5.3

5.2.1.1 Single Crystal X-ray Structural Analysis of (R)-161

Figure 5.1 Molecular structure and absolute configuration of (R)-161
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Table 5.1 Selected bond lengths (A) and (deg) angles for (R)-161

PA(1)-N(1) 2.071(2) Pd(1)-As(1) 2.279(1)
Pd(1)-C1(2) 2.305 (1) Pd(1)-CI(1) 2.376 (1)
C(1)-N(1) 1.341(4) C(5)-N(1) 1.368(3)
C(6)-As(1) 1.971(3) C(8)-0(1) 1.216(4)
C(6)-C(7) 1.536(4) C(5)-C(6) 1.510(4)
N(1)-Pd(1)-As(1)  84.3 (1) N(1)-Pd(1)-Cl2)  171.0(1)
As()-Pd(1)-C12)  86.7 (1) N(1)-Pd(1)-Cl(1)  96.1 (1)

As(1)-Pd(1)-CI(1)  179.4(1) N(1)-C(5)-C(6) 120.8(2)
C(4)-C(5)-C(6) 118.7(2) C(5)-C(6)-C(7) 114.4(2)
C(5)-C(6)-As(1) 108.6 (2) C(7)-C(6)-As(1) 112.7 (2)
C(8)-C(7)-C(6) 113.8(2) C(1)-N(1)-C(5) 118.1(2)
C(5)-N(1)-Pd(1) 118.6(2) C(6)-As(1)-Pd(1)  102.3(1)

The chelating properties and the absolute configuration of the coordinated
pyridine-substituted arsine ligand in complex (R)-161 were studied by X-ray
crystallography (Figure 5.1). Selected bond distances and angles of the complex are
given in Table 5.1. The structure analysis established that the newly formed
stereogenic center at C(6) adopted the R absolute configuration. The geometry at the
Pd center is distorted square planner with angles of 84.3(1)-92.8(1) and
171.0(1)-179.3(1)°. Both the Pd-As and Pd-N bond lengths, 2.278(1) and 2.071(2) A,
are typical, but the two Pd-Cl distances 2.305(1) and 2.376(1) A differ significantly,
with the bond trans to the As being noticeably larger than the bond #rans to the NMe:.
This reflects the stronger electronic trans effect of the As relative to the aromatic
nitrogen donor. The C(6)-C(7) bond distance [1.536(4) A] showed marked
lengthening, which is clearly attributed to the intrachelate repulsive interactions

between the COPh moiety at C(7) and the phenyl groups on the As donor atom . The
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CH,COPh substituent of the five-membered Pd-N chelate is in the preferred
equatorial disposition.'”® The bond length of Pd-As in (R)-161 (2.278(1) A) is longer
than that of the corresponding Pd-P (2.184(4)A),”™ which is in agreement with the

0.10-0.11 A difference in the covalent bond radii of As (1.21 A) and P (1.10 A).*'°

5.2.1.2 Liberation and the Optical Purity of (R)-162

N
cl N
\ o
a” S
Ph/ “Ph
(R)-161 (R)-162
Me‘ Me
(R)-144 Mey,, N\l;_d<NCMe
CLY e
clo,
(R R)-160 4 (5)-144
Me
Me\ R

Me/,, N\ +d/N
P

olv
Ph/ Ph

clo,

Ph

(SR )-160

Scheme 5.4

The liberation of the free As—N ligand (R)-162 was achieved by the treatment of
the dichloro complex with aqueous potassium cyanide (Scheme 5.4). Thus the

pyridylarsine was obtained as a white solid in 75% yield, [a]p +78° (¢ 0.4, CH,Cl,).

156



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Because of the air sensitivity of the noncoordinated As atom, liberated (R)-162 was
not stored in its pure form but was recoordinated again to (R)-144. The recoordination
process is also a means of verifying the optical purity of the released ligand and to
establish the identity of the minor isomers that were generated in the original

199,134 o - 1
*>" The recoordination procedure was monitored by H

hydroarsination reaction.
NMR spectroscopy. In CDCls, the '"H NMR spectrum of the recoordination product

showed only one product, thus confirming that the liberated (R)-162 is optically pure.

In order to establish the identity of the minor product that was formed from
hydroarsination reaction, (R)-162 was recoordinated regiospecifically to (S¢)-144 to
generate the diastereomeric complex (S¢, R¢)-160 (Scheme 5.4). The 'H NMR
spectrum of the complex (S¢, Rc)-160 was identical with those observed from the
minor product generated from the hydroarsination reaction. Hence, it could be
confirmed that complex (R¢, S¢)-160 is the minor product in the original
hydroarsination reaction. No 'H NMR signals could be detected for the major

diastereomer thus reaffirming that liberated (R)-162 is enantiomerically pure.

5.2.2 Hydroarsination of (E)-1-naphthyl-3-pyridin-2-yl-2-propenone

A solution of (R)-144 in dichloromethane (40 mL) was treated with
(E)-1-naphthyl-3-pyridin-2-yl-2-propenone and Ph,AsH at room temperature for 15
days to give a 3:1 diastereomeric mixture of (R¢, R¢)-163 and (R¢, S¢)-163 (Scheme

5.5). The major diastereomer (R¢, Rc)-163 was obtained as a pale yellow solid in 28%
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isolated yield. Although it is stable in the solid and in solution, it is highly soluble in
most organic solvents and could not be induced to crystallize. Two products were
subsequently separated by silica gel column chromatography. Treatment of the
perchlorate salt with concentrated hydrochloric acid, the resultant dichloro complex
(R)-164 is thus obtained from dichloromethane-diethyl ether as yellow prisms in 92%

isolated yield, [a]p —76.5° (c 0.7, CH,Cl,) (Scheme 5.6).

Me, Me (0]

\:
Me NCMe
N\ﬁd‘< + PhAsH + N | OO
~

OO e |
=

cio; (R)-144

Me\ Me Me\ Me = ,
N T N
Me N Me +
o Y o
r.t. + \ .,
—— \ S ‘r
s 7" Ph
Clo," Cloy Q
(Rc,R()-163 (R, Sc)-163

(Rc,Rc)-163Z(Rc, Sc)-163 =3:1

Scheme 5.5

(ReR()-163

Scheme 5.6
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5.2.2.1 Single Crystal X-ray Structural Analysis of (R)-164

Figure 5.2 Molecular structure and absolute configuration of (R)-164

The chelating properties and the absolute configuration of the coordinated
pyridine-substituted arsine ligand in complex (R)-164 were studied by X-ray
crystallography (Figure 5.2). Selected bond distances and angles of the complex are
given in Table 5.2. The structure analysis establishes that the newly formed
stereogenic center at C(13) adopts the R configuration. The geometry at the Pd center
is distorted square planner with angles of 84.3(1)-96.0(2)° and 172.4(2)-178.9(1)°.
Both the Pd-As and Pd-N bond lengths, 2.292(1) and 2.086(6) A, are typical, but the
two Pd-Cl distances 2.280(2) and 2.366(2) A differ significantly, with the bond trans

to the As being noticeably longer than normal. This reflects the stronger electronic
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trans effect of the As relative to the aromatic nitrogen donor. The C(12)-C(13) bond
distance [1.535(10) A] is marked lengthening, which is clearly attributed to the
intrachelate repulsive interactions between the naphthylene moiety and the phenyl
groups on the As donor atom. The CH,CONAP substituent at C(13) of the

five-membered Pd-N chelate is in the preferred equatorial disposition.?”

Table 5.2 Selected bond lengths (A) and (deg) angles for (R)-164

Pd(1)-N(1) 2.086(6) CI(1)-Pd(1)-As(1) _ 88.1(1)

Pd(1)-CI(1) 2.280(2) N(1)-Pd(1)-Cl2)  96.0(2)

Pd(1)-As(1) 2.292 (1) CI(1)-Pd(1)-Cl(2)  91.6 (1)

Pd(1)-C1(2) 2.366(2) As(1)-Pd(1)-Cl(2)  178.9 (1)
As(1)-C(13) 1.973(7) C(13)-As(1)-Pd(1)  101.7(2)
C(10)-C(11) 1.484(10) O(1)-C(11)-C(10)  120.8(7)
C(11)-0(1) 1.215(9) O(1)-C(11)-C(12)  120.1(7)
C(11)-C(12) 1.504(10) C(10)-C(11)-C(12)  119.1(6)
C(12)-C(13) 1.535(10) C(11)-C(12)-C(13)  114.2(6)
C(13)-C(14) 1.511(10) C(14)-C(13)-C(12)  113.1(6)
C(14)-N(1) 1.364(8) C(14)-C(13)-As(1)  108.3(4)
C(18)-N(1) 1.331(9) C(12)-C(13)-As(1)  111.3(5)
N()-Pd(1)-CI(1)  172.4(2) N(1)-C(14)-C(13)  122.0(6)
N(1)-Pd(1)-As(1)  84.3(2) C(14)-N(1)-Pd(1)  121.9(5)

5.2.2.2 Liberation and the Optical Purity of (R)-165

The liberation of free (R)-165 was achieved by the treatment of the dichloro

complex with aqueous potassium cyanide (Scheme 5.7). Thus the pyridylarsine was
obtained as a white solid in 85%, [a]p+174° (CH,Cl,).

The enantiomeric ligand was confirmed to be optically pure (Scheme 5.7) by
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the methods described in Chapter 5.2.1.3.

(R)-164
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(R)-144 Me.,, N\P+/NCM6
e
clo,
Re RC)-163 4 (5)-144

M

e Me
M N N
e/,, +/
]\\Pd

SO
Ph

clo,
(ScR()-163

Scheme 5.7

5.2.3 Hydroarsination of (E)-1-Methyl-3-pyridin-2-yl-2-propenoate

In principle, the hydroarsination reaction between
(E)-1-methyl-3-pyridin-2-yl-2-propenoate and Ph,AsH should generate similar
five-membered As-N chelate products as that obtained from the reaction involving
(E)-1-phenyl-3-pyridinyl-2-yl-2-propenone. Interestingly, after 14 days at room
temperature the chelating As-N complex (R¢, Sc)-166 was generated as the sole

product in the hydroarsination reaction (Scheme 5.8). After purification by column
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chromatography, the product (Rc, S¢)-166 was subsequently crystallized from
dichloromethane—diethyl ether as pale yellow prisms in 51% yield, [a]p —77° (c 0.6,

CH,CL).

M
Me, Me 0]

Me { NCMe
N\P+d/ + PhyAsH + |

N
Se A .
=

OMe

clo,
(R)-144
Me\ Me &
s N
Me N +/
I.t. d\ (¢
— L ¥
Ph/ Ph OMe
clo,
(RS )-166
Scheme 5.8

5.2.3.1 Single Crystal X-ray Structural Analysis of (R¢, Sc)-166

The X-ray crystallographic analysis of the complex (R¢, S¢)-166 confirmed that
an enantiomerically pure product has been formed in which the six-membered As-N
ligand coordinated to palladium as a bidentate chelate (Figure 5.3) with a twist-boat
conformation. Furthermore, the structure analysis unambiguously established that the
newly formed stereogenic center at C(21) adopts the S configuration. The As and N
donor atoms of the new heterobidentate ligand are bonded regiospecifically to the Pd

atom, with the softer As donor expectedly taking up the position trans to the NMe,
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group. Selected bond lengths and angles are listed in Table 5.3. The angles formed by
the As-N chelate and the naphthylamine template at the Pd metal center were in the
range of 81.0(2)-97.8(2) and 169.6 (1)-171.6(2)°. The C(21)-As(1) and C(20)-C(21)
distances [2.002(5) and 1.533(7) A] are elongated noticeably by the intrachelate
interactions. The bond length of Pd-As in (R¢, S¢)-166 (2.345 (1) A) is also longer

than that of the corresponding Pd-P (2.239 (1H)A).2!

Cc17
c16
Cl4
c18
C13 C15 c19
N1
N2 C20
1"
¢ C12
Pdi
c21
c8 c10 o1
€35
. % c30 2\,
C34 )
31
C2 c2s\ &=
24 €32 c23
C4 c3
() C26
s =/C29
c27
c28

Figure 5.3 Molecular structure and absolute configuration of (Rc, Sc)-166
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Table 5.3 Selected bond lengths (A) and (deg) angles for (Rc, Sc)-166

Pd(1)-C(1) 1.994(5) PA(1)-N(1) 2.123(4)
Pd(1)-N(2) 2.168(4) Pd(1)-As(1) 2.345 (1)
C(15)-N(2) 1.348(6) C(19)-N(2) 1.346(6)
C(19)-C(20) 1.505(7) C(20)-C(21) 1.533(7)
C(21)-As(1) 2.002(5) C(22)-0(1) 1.195(6)
C(22)-0(2) 1.334(7) C(30)-As(1) 1.938(4)
C(1)-Pd(1)-N(1) 81.0(2) C(1)-Pd(1)-N(2)  171.6(2)
N(1)-Pd(1)-N(2) 95.6(1) C(1)-Pd(1)-As(1)  95.57(6)
N(1)-Pd(1)-As(1)  97.7 (2) N(@)-Pd(1)-As(1)  169.6 (2)
N@2)-C(19)-C(20)  117.1(4) C(19)-C(20)-C(21) 111.0(4)
C(22)-C(21)-C(20)  110.9(4) C(22)-C(21)-As(1) 110.6(3)
C(20)-C(21)-As(1)  110.0(3) C(15)-N(2)-C(19)  118.9(2)
C(19-N(2)-Pd(1)  118.5(4) C(21)-As(1)-Pd(1)  106.4 (1)

5.2.3.2 Liberation and the Optical Purity of (S)-168

7\ 7\
N
HCI CI, KCN o
(Rc»S)-166 o % \A —_— As\
S
i’ p  OMe Ph  ph OMe
(S)-167 (S5)-168
Scheme 5.9

The treatment of complex (R¢, Sc)-166 with concentrated hydrochloric acid
generated (S)-167 (Scheme 5.9). The dichloro complex was subsequently crystallized
from dichloromethane-diethyl ether as yellow prisms in 91% yield, [o]p —113° (¢ 0.6,

CH,Cl,). Further treatment of (S)-167 with aqueous cyanide liberated the optically
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pure (S)-168 as pale yellow solid in 80% yield, [a]p —-102° (¢ 1.0, CH,Cl,). The
recoordination of the free ligand to (R)- and (S5)-144 employing the same protocol
used for (R)-161 confirmed that (S)-168 is optically pure.

From a mechanistic standpoint, we believe that the mechanism involved in the

asymmetric hydroarsination is similar to that of the hydrophosphination reaction.?”

5.3 Conclusion

The chiral organopalladium template promoted asymmetric hydroarsination of
pyridine and quinoline complexes has been demonstrated. The reaction showed
regiostereoselectivity in the case of (F)-1-phenyl-3-pyridin-2-yl-2-propenone and
(E)-1-naphthyl-3-pyridin-2-yl-2-propenone with the hydroarsination products being
formed in the ratio 3:1 as five-mumbered As-N bidentate chelates on the chiral
naphthylamine palladium template. While using the same chiral metal template, the
corresponding hydrophosphination reaction with (£)-1-methyl-3-pyridin-2-yl-2-prop-

enoate only gave one product as a six-numbered As-N bidentate chelate.

5.4 Experimental Section

Diphenylarsine*'' was prepared according tp the literature methods.
Dichloro-[(R)-1-phenyl-3-(diphenylarsino)-3-pyridin-2-yl-propanone-N* As’]-p
alladium (1), [(R)-161].

The bis(acetonitrile) Pd complex (R)-144 (1 g, 2.05 mmol) in dichloromethane
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(40 mL) was treated with (E)-1-phenyl-3-pyridin-2-yl-2-propenone (0.473 g, 2.26
mmol) and PhyAsH (0.473 g, 2.05 mmol) at room temperature for 12 days. Removal
of solvent under reduced pressure gave the crude product as a yellow solid. The crude
product mixture was then purified through a silica gel column with
dichloromethane-acetone as the eluent and then crystallized from
dichloromethane-diethylether to give the complex (R¢, R¢)-160 as a pale yellow glass
(0.52 g, 30% yield) that could not be crystallized from any of the solvents attempted.
The cationic complex (0.50 g, 0.593mmol) in dichloromethane (30 mL) was treated
with concentrated hydrochloric acid (12 mL) for 1 h at room temperature. The
reaction mixture was then washed with water (4 x 10 mL), and dried (MgSO,).
Subsequent fractional recrystallization from dichloromethane-diethylether gave
complex (R)-161 as yellow prisms: mp 207-208 °C (decomp). [a]p —122° (¢ 0.6,
CH,Cl); 0.318 g (87% yield). Anal. Calcd for C,cH2,CLLNOASsPd: C, 50.6; H, 3.6; N,
2.3. Found: C, 50.6; H, 4.0; N, 2.0. '"H NMR (CD,Cl,): 6 3.57 (dd, “Juu = 18.6 Hz,
*Jun = 5.6 Hz, 1 H, CH,Hy), 3.87 (dd, Juu = 18.6 Hz, Juu = 8.0 Hz, 1H, CH.H,),
5.14 (dd, *Jun = 5.6 Hz, *Juy = 8.0 Hz, 1H, H.), 7.30-8.02 (m, 18 H, aromatics),

9.81(d, *Jun = 5.9 Hz, 1H, H,).
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(R)-161

(R)-1-phenyl-3-(diphenylarsino)-3-pyridin-2-yl-propanone, [(R)-162].

A solution of (R)-161 (0.0617 g, 0.1mmol) in dichloromethane (15 mL) was
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stirred vigorously with a saturated aqueous solution of potassium cyanide (0.2 g) for 5

min. The resulting colorless organic layer was separated, washed with water, and

dried (MgSOy). Upon the removal of solvent, a white solid (R)-162 was obtained: [a]p

+77.8° (¢ 0.4, CH,Cly); 0.033 g (75% yield). '"H NMR (CD,Cl): 6 3.23 (d, 1H, *Juy =

16Hz, CH,Hy), 4.30-4.41 (m, 2H, H.+ CH,H};), 6.84-7.88 (m, 18H, aromatics), 8.48(d,

1H, *Jun = 4.6 Hz, H).
Dichloro-[(R)-1-naphthyl-3-(diphenylarsino)-3-pyridin-2-yl-pentan-1-one-N*,
As?]-palladium (11), [(R)-164].

The bis(acetonitrile) Pd complex (R)-144 (1.2 g, 2.468 mmol) in
dichloromethane (40 mL) was treated with (£)-1-naphthyl-3-pyridin-2-yl-2-propenon-
e (0.692 g, 2.668 mmol) and PhyAsH (0.568 g, 2.468 mmol) at room temperature for
15 days. Removal of solvent under reduced pressure gave the crude product as a
yellow solid. The crude product mixture was then purified through a silica gel column
with dichloromethane-acetone as the eluent and then crystallized from
dichloromethane-diethylether to give the complex (R¢, R¢)-163 as a pale yellow glass
(0.617 g, 28% yield) that could not be crystallized from any of the solvents attempted.
The cationic complex (0.40 g, 0.448mmol) in dichloromethane (30 mL) was treated
with concentrated hydrochloric acid (10 mL) for 1 h at room temperature. The
reaction mixture was then washed with water (4 x 10 mL), and dried (MgSO,).
Subsequent fractional recrystallization from dichloromethane-diethylether gave
complex (R)-164 as yellow prisms: mp 199-200 °C (decomp.); [a]p —76.5° (¢ 0.7,

CH,Cl); 0.275 g (92% yield). Anal. Calcd for C30H24CLLNOASsPd: C, 54.0; H, 3.6; N,
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2.1. Found: C, 54.1; H, 3.6; N, 2.5. '"H NMR (CDCls): & 3.69 (dd, 1H, *Juy = 18.3Hz,
3Jun = 6.4Hz, CH_Hy), 3.91 (dd, 1H, *Juy = 18.3Hz, *Juy = 7.2Hz, CH.H,), 5.11(t, 1H,

3Jun = 6.87Hz, H.), 7.20-8.16 (m, 20H, aromatics), 9.87(d, 1H, *Juu = 5.9 Hz, H,).

(R)-1-Naphthyl-3-(diphenylarsino)-3-pyridin-2-yl-pentan-1-one, [(R)-165].
A solution of (R)-164 (0.12 g, 0.18 mmol) in dichloromethane (10 mL) was
stirred vigorously with a saturated aqueous solution of potassium cyanide (0.4 g) for 5
min. The resulting colorless organic layer was separated, washed with water, and
dried (MgSOy). Upon the removal of solvent, a white solid (R)-165 was obtained: [a]p
+174° (¢ 0.5, CH,Cl,); 0.075 g (85% yield). "H NMR (CD,Cl): 6 3.34 (d, 3H, *Juu =
15.0Hz, CH,Hy), 4.40-4.50 (m, 2H, H.+ CH,H,), 6.82-8.47 (m, 21H, aromatics).
{(R)-1-[1-(Dimethylamino)ethyl]naphthyl-C? N}-[(S)-methyl-2-(diphenylarsino
)-3-pyridin-2-yl-propanoate-N* As’]-palladium (1) perchlorate, [(Rc, Sc)-166].
The bis(acetonitrile) Pd complex (R)-144 (1.1 g, 2.3 mmol) in
dichloromethane (40 mL) was treated with (£)-1-methyl-3-pyridin-2-yl-2-propenoate
(0.411 g, 2.53 mmol) and Ph,AsH (0.529 g, 2.3 mmol) at room temperature for 14
days. Removal of solvent under reduced pressure gave the crude product as a yellow
solid. The crude product mixture was then purified through a silica gel column with
dichloromethane-acetone as the eluent and then crystallized from
dichloromethane-diethylether to give the complex (R, S¢)-166 as pale yellow crystals:

mp 204-205 °C (decomp). [a]p—77° (¢ 0.6, CH,Cl,); 0.92 g (51% yield). Anal. Calcd
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for C35H36CIN,OgAsPd: C, 52.7; H, 4.6; N, 3.5. Found: C, 52.3; H, 4.5; N, 3.1. 'H
NMR (CD,Cly): 6 2.23 (d, *Jun = 6.4 Hz, 3 H, CHMe), 2,60 (s, 3 H, NMe), 3.00 (s, 3
H, NMe), 3.09 (s, 3 H, COOMe), 3.49 (dd, *Jun = 13.0 Hz, “Jun = 2.3 Hz, 1 H, H,,),
3.82(dd, “Jun = 14.3 Hz,*Juu = 2.3 Hz, 1 H, H,), 4.13 (m, 1 H, H,), 4.56 (qn, “Juu =

6.3 Hz, 1 H, CHMe), 6.63-8.08 (m, 19 H, aromatics ), 8.80(d, =53 Hz, 1 H, H,).
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Dichloro [(S)-methyl-2-(diphenylarsino)-3-pyridin-2-yl-propanoate-N* As?]-
palladium (11), [(S)-166].

The naphthylamine auxiliary in (R¢, Sc)-166 was removed chemoselectively
by adding concentrated hydrochloric acid (15 mL) to a solution of the complex (Rc,
S¢)-166 (0.3705 g, 0.46mmol) in dichloromethane (20 mL). The reaction mixture was
stirred vigorously for 1 h at room temperature. The reaction mixture was then washed
with water (4 x 10 mL), and dried (MgSQO4). Subsequent fractional crystallization
from dichloromethane-diethylether gave complex (S5)-167 as yellow prisms: mp
233-234 °C (decomp); [a]p—113° (¢ 0.6, CH,Cl,); 0.2 g (91% yield). Anal. Calcd for
Co1Hy0CIbNOLAsPd: C, 44.2; H, 3.5; N, 2.5. Found: C, 44.3; H, 3.9; N, 2.1. 'H NMR
(CD,Cly): 6 3.18 (s, 3 H, COOCH3), 3.35 (dd, 2Jun = 12.3 Hz, *Jun =2 Hz, 1 H, H,,),
3.78 (dd, “Juu = 14.5 Hz, *Jun = 2 Hz, 1 H, Hy), 4.04(dd, *Jun = 14.5 Hz, *Juu = 12.3

Hz, 1 H, H.), 7.34-8.14 (m, 14H, aromatics ), 9.34 (d, =53 Hz, 1H, H,).

(S)-methyl-2-(diphenylarsino)-3-pyridin-2-yl-propanoate, [(S)-168].
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A solution of (S)-167 (0.057 g, 0.1mmol) in dichloromethane (15 mL) was stirred
vigorously with a saturated aqueous solution of potassium cyanide (0.2 g) for 5 min.
The resulting colorless organic layer was separated, washed with water, and dried
(MgS0y4). Upon the removal of solvent, a white solid (S)-168 was obtained: [a]p
~102° (¢ 1.0, CH,CLy); 0.031 g (80% yield). 'H NMR (CD,Cl): 6 3.13 (dd, *Jun =
14.8 Hz, *Juny = 4.7 Hz, 1 H, H,), 3.22(s, 3 H, COOCHj3), 3.47 (dd, *Juy = 14.8 Hz,
Jan = 109 Hz, 1 H, H,), 3.93(dd, *Jug = 10.9 Hz, “Juy = 4.7 Hz, 1 H, H,),

7.07-7.63(m, 14H, aromatics ), 8.49(d, *Juu = 4.5 Hz, 1 H, Hy).

(5)-168
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Chapter 6
Asymmetric Hydrophosphination Reaction of

Phosphinoalkynes

6.1 Introduction

In many organoalkynyl complexes, the carbon-carbon triple bonds are
chemically reactive and are able to undergo various addition reactions, such as
hydrogenation, acid-catalyzed hydration, hydroboration, and other hydrometallation

reactions.”’” Addition of P-H bonds to carbon-carbon unsaturated compounds of

215 1216

alkynes also can proceed by thermal,”" acidic,"””**"* basic,”"> or free radica
pathways. The metal-catalyzed hydrophosphination of alkynes has been less explored
than the corresponding reaction involving alkene derivatives, only a few examples of
intramolecular processes with organolanthanide complexes have been reported,
together with some palladium-, rhodium-, and nickel-catalyzed intermolecular
reactions.”*

The ytterbium-imine complex (Yb(nz—thCNPh)(hmpa)3) can catalyze the
intermolecular hydrophosphination of alkynes with diphenylphosphine to give

alkenylphosphine oxides after treatment with H,O, (Scheme 6.1).2"’

Aromatic alkynes
gave exclusively the products 169a and 169b where a Ph,P(O) group was added to the
opposite side of the aryl group, with E-adducts 169a being formed predominantly.

With aliphatic alkynes, a mixture of the products, 169 and 170 are produced with
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Z-adduct 169b predominant.

1. YD catalyst R R' R P(O)Ph, R R'
R——R'+ Ph,PH ~, o — + — + —
2 2. H,0, =
P(O)Ph, R' Ph,(O)P
R = Ph, alkyl 169 170
R'= alkyl, SiMe;, H 16%
R =R'=Ph
Scheme 6.1

In 2001, Beletskaya reported palladium and nickel complexes catalyze the
hydrophosphination of aliphatic and aromatic alkynes in high yields (Scheme 6.2).>'®
The regio- and stereoselectivities of the reaction depends on the nature of the catalyst,
alkyne and solvent. Pd(0), Ni(0) and Ni(acac), complexes generated

anti-Markovnikov vinylphosphines 172 as the major products, while Pd(Il) or Ni(II),

complexes favoured Markovnikov adducts 171 as the major products.

metal catalyst /t —
R—=—  + Ph,PH ~— PhpP + \opi + R __ PP
2

171a 172a 172b

Scheme 6.2

Stoichiometric transition metal complexes were used to promote the P-H
addition to alkynes. Diphenylphosphine chromium, molybdenum and manganese

complexes were first deprotonated with strong base to generate the phosphido

172



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

complex, which subsequently underwent Michael addition to alkynes, followed by

protonation with acid to give the products in low to moderate yields (Scheme 6.3).2"

CO Ph,
1. BuLi, THF, -78 °C oc\ | PR
cis-M(CO) ,(PPh,H), > M

2. alkyne, -78 °C OC/ | Sp7 R

3. H+ co Ph
M = Cr, Mo
alkyne = MeO,C——CO,Me, Ph———CO,kEt,

Ph———H
Scheme 6.3

In this chapter, we would like to extend the scope of the chiral
cyclometalated-amine template promoted asymmetric hydrophosphination to those
between ethynylphosphines and methylphenylphosphine to form a P-chiral

diphosphine.

6.2 Results and Discussion

6.2.1 Hydrophosphination of Diphenyl(phenylethynyl)phosphine

In the presence of chiral palladium complex (R)-144 and a trace amount of
Et;N, the reaction between diphenyl(phenylethynyl)phosphine and
methylphenylphosphine proceeded smoothly at -78 °C for 1 h to generate two
stereochemically distinct products (Scheme 6.4). Prior to purification, the SIp{'H)

NMR spectrum in CDCI; exhibited two pairs of doublets in the ratio of 1:1.5. The
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doublets of major diastereomer (R¢, Sp)-173 were observed at 6 52.9, 38.2 (Jpp = 16.1
Hz) and the doublets of the other isomer (R¢, Rp)-173 were recorded at 6 51.5, 37.5
(Jrp = 16.0 Hz). After purification by column chromatography, the major isomer (Rc,
Sp)-173  was  subsequently  crystallized as colorless crystals from

dichloromethane-diethyl ether in 35% yield, [a]p +36.7° (¢ 0.9, CH,Cl,).

Me\ Me
3 NCMe
Me N\ +d / Ph.
P *  PhMePH +  P—=—Me
AN Ph
NCMe
clo,~
(R)-144
Me, Me Ph Ph e Me Ph P
N S R
-78°C O \
E;N Ph Me
Clo, ~ Clo,
(Re.Sp)-173 (Re-Rp)-173

(Re,Sp)-173:(Re,Rp)-173 = 1.5:1

Scheme 6.4

6.2.1.1 Single Crystal X-ray Structural Analysis of (Rc, Sp)-173

The molecular structure and the absolute stereochemistry of the major product
(Rc, Sp)-173 were determined by single crystal X-ray diffraction analysis (Figure 6.1).
As expected, the five-membered diphosphine chelates were formed and the absolute
stereochemistries at the newly generated P(2) was S. The geometry at the Pd centre is
distorted square planar with angles of 84.2(1)-103.5(1)° and 167.9(1)-174.3(1)°. In

this molecule, the phenyl group on P(1) and the neighboring N-Me groups on the
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organometallic ring are in an unfavorable pseudoeclipsed orientation. In addition, the
naphthylene proton H(2) is protruding toward the quasi-axial phenyl group on P(2). A
serious tetrahedral distortion of 10.3° is observed in the square planar geometry at
palladium. This geometrical adjustment is crucial in providing partial relief to the
unfavorable interchelate steric repulsions. Selected bond lengths and angles are given

in Table 6.1.

Figure 6.1 Molecular structure and absolute configuration of (R¢, Sp)-173
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Table 6.1 Selected bond lengths (A) and (deg) angles for (R¢, Sp)-173

Pd(1)-C(1) 2.046(4) N(1)-Pd(1)-P(2) 167.9(1)
Pd(1)-N(1) 2.157(3) C(1)-Pd(1)-P(1) 174.3(1)
Pd(1)-P(2) 2.241(1) N(1)-Pd(1)-P(1) 103.5(1)
Pd(1)-P(1) 2.349 (1) P(2)-Pd(1)-P(1) 84.2 (1)
C(27)-C(28) 1.311(6) C(28)-C27)-P(1)  120.6(3)
C(27)-P(1) 1.810(4) C(27)-C(28)-C(29)  123.7(4)
C(28)-C(29) 1.506(5) C(27)-C(28)-P(2)  117.4(3)
C(28)-P(2) 1.832(4) C(29)-C(28)-P(2)  118.7(3)
C(1)-Pd(1)-N(1) 80.1(1) C(27)-P(1)-Pd(1)  106.3(2)
C(1)-Pd(1)-P(2) 93.1(1) C(28)-P(2)-Pd(1)  109.6(1)

6.2.1.2 Preparation of the Dichloro Complex (Sp)-174

Upon subsequent treatment of the perchlorate salt with concentrated
hydrochloric acid, the resultant dichloro complex (Sp)-174 was obtained as colorless
crystals in 88.2% isolated yield, [a]p +44° (c 0.5, CH,Cl,) (Scheme 6.5).The SIp{HY
NMR spectrum of (Sp)-174 in CD,Cl, exhibited two doublets at 6 68.7, 58.3 (Jpp=

14.6). The structure of (Sp)-174 is further confirmed by X-ray structural analysis.

6.2.1.3 X-ray Structural Analysis of (Sp)-174

The molecular structure and the absolute configuration of the recrystallised
(Sp)-174 were established by single crystal X-ray crystallographic analysis (Figure
6.2). The absolute configurations of the stereogenic centers were found to be retained

even after reaction under acidic conditions. Selected bond parameters are given in

Table 6.2.
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Figure 6.2 Molecular structure and absolute configuration of (Sp)-174

177



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Table 6.2 Selected bond lengths (A) and (deg) angles for (Sp)-174

Pd(1)-P(2) 2.208(2) P(2)-Pd(1)-CI(2) 87.3(1)

Pd(1)-P(1) 2.220(2) P(1)-Pd(1)-C1(2) 172.7(1)
Pd(1)-CI(2) 2.365(2) P(2)-Pd(1)-CI(1) 176.2(1)
Pd(1)-CI(1) 2.370(2) P(1)-Pd(1)-CI(1)  90.5(1)

C(13)-C(14) 1.340(9) CI(2)-Pd(1)-CI(1)  96.4(1)

C(13)-P(1) 1.805(6) C(14)-C(13)-P(1)  118.8(5)
C(13)-H(13) 0.950 C(13)-C(14)-C(15)  124.1(7)
C(14)-C(15) 1.499(9) C(13)-C(14)-P2)  116.1(5)
C(14)-P(2) 1.819(7) C(13)-P(1)-Pd(1)  109.1(2)
C(16)-P(2) 1.808(6) C(16)-P(2)-C(14)  104.6(4)
P(2)-Pd(1)-P(1) 85.7(1) C(14)-P(2)-Pd(1)  110.2(2)

6.2.1.4 Liberation and the Optical Purity of (Rp)-175

It is noteworthy that the optically active diphosphine ligand with chirality
residing on the P atom (Rp)-175 can be stereospecifically cleaved from the complex
(Sp)-174 by treatment of the dichloro complex with aqueous potassium cyanide at
room temperature for 1 h.

The liberated (Rp)-175 was obtained as an air stable white solid in 87% yield,
[a]p +80° (¢ 0.7, CH,Cly). The *'P{'H} NMR spectrum showed resonances at o -26.0
and -33.5 (*Jpp = 160 Hz). To establish the identities of the minor products generated
in the hydrophosphination reaction, (Rp)-175 was re-complexed to the bis(acetonitrile)
complex (R)-144. The re-complexation of the related ligand (Rp)-175 to the
bis(acetonitrile) complex (R)-144 was monitored by Sp{'"H} NMR spectroscopy and
gave signals at 0 52.9, 38.2 (Jpp = 16.1 Hz) and 51.2, 40.6 (Jpp = 16.3 Hz). The

resonance signals at ¢ 52.9, 38.2 (Jpp = 16.1 Hz) are identical to those observed for the
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major product (Rc, Sp)-173 in the original hydrophosphination reaction. The signals at
0 51.2 and 40.6 (Jpp = 16.3 Hz) were not seen in the original reaction mixture and so

the two products in the original reaction are not the regioisomers.

The re-complexation reaction with (S)-144 gave signals at 0 51.5, 37.5 (Jpp

16.0 Hz) and 50.9, 39.7 (Jpp = 15.5 Hz). The resonance signals at 0 51.5, 37.5 (Jpp
16.0 Hz) are identical to those observed for the minor product (Rc, Rp)-173 in the
original hydrophosphination reaction. So the minor product (Rc, Rp)-173 is the

diastereomeric complex of the major product (Rc, Sp)-173.

Me Me Ph Ph

N \/ Ph  Ph
Me . P \/ Ph\ /Ph
| HOL O P KCN P
- . P | |
S e Ar A
Me 7 P
— Ph Ph Me 7 7
Clo, Ph Me
(Re,Sp)-173 (Sp)-174 (Rp)-175

Scheme 6.5

6.2.2 Hydrophosphination of Di(phenylethynyl)phenylphosphine

In the presence of chiral palladium complex (R)-144 and a trace amount of
Et;N, the reaction between di(phenylethynyl)phenylphosphine and
methylphenylphosphine proceeded at -78 °C for 2 h to generate four stereochemically
distinct products. Prior to purification, the *'P{'"H} NMR spectrum in CDCl;
exhibited four pairs of doublets in the ratio of 1:3:4:1.1(Scheme 6.6). The doublets of
these diastereomers were observed at 0 54.1, 13.2 (Jpp= 14.8 Hz), and 53.8, 13.0 (Jpp

= 16.1Hz), and 52.4, 12.4 (Jpp = 14.8 Hz), and 50.9, 13.5 (Jpp =16.1Hz). After
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purification by column chromatography, the major product (Rp,Rp, Rp)-176 ( 6 52.4,
124 (Jop = 14.8 Hz)) could be obtained as the predominant species in a
diastereomerically enriched mixture, with only a small amount of the other isomeric

product 0 50.9, 13.5 (Jpp = 16.1 Hz) (<10%).

Me
‘<N +  PhMePH + Ph-Pt==—Meo),
NCMe

(R)-144

MeMePh// MMePh//3
AU
\/ “\»
O Ph Me

clo; Cloy

R RoR-AT6 (R Rp,Sp)-176
PP

-78°C CH3 CH3
—_—
Et,N Me, Me Ph // Meg Me
Pa‘/ l
Ph Me
clo, Clo,
(Rc»Sp.Rp)-176 (R¢,Sp.Sp)-176
Scheme 6.6

Subsequent treatment of this mixture with concentrated hydrochloric acid
effected the chemoselective removal of the chiral naphthylamine auxiliary. Upon
recrystallization of the crude product from dichloromethane-diethyl ether, the

optically pure dichlorocomplex (Rp, Rp)-177 was obtained as colorless crystals in

180



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Libra

25.4% vyield, [a]sz6 T47.5° (¢ 0.4, CHyCly). The SIp{'"H} NMR spectrum of this
neutral dichloro complex in CDCl; exhibited two doublets at 6 70.6, 29.7 (Jpp = 14.6
Hz). The chelating properties and the absolute configuration of the coordinated

diphosphine ligand in complex (Rp, Rp)-177 were studied by X-ray crystallography.

Mey Me  Ph // Py // CH,

7 m
l c1\P <Pl ke \PA\
- A
O Ph Me P’
clo; o Me
(R Rp,Rp)-176 (Rp.Rp)-177 (Sp.Sp)-178

Scheme 6.7

6.2.2.1 Single Crystal X-ray Structural Analysis of (Rp, Rp)-177

The molecular structure and the absolute configuration of (Rp, Rp)-177 were
established by single crystal X-ray crystallographic analysis. The absolute
configurations at P(1), and P(2) in the complex were R and R. The geometry at the
palladium centre is distorted square planar with angles at palladium in the range of

85.4(1)-95.4(1)° and 173.8(1)-176.2(1)°.
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Figure 6.3 Molecular structure and absolute configuration of (Rp, Rp)-177
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Table 6.3 Selected bond lengths (A) and (deg) angles for (Rp, Rp)-177

C(1)-P(1) 1.805(4) C(12)-C(1)-P2) 177305
C(8)-C(9) 1.504(5) C(11)-C(12)-C(13)  178.8(7)
C(9)-C(10) 1.333(6) C(1)-P(1)-C(9) 105.1(2)
C(9)-P(1) 1.814(4) C(1)-P(1)-C(2) 108.0(2)
C(10)-P(2) 1.812(4) C(1)-P(1)-Pd(1) 116.5 (2)
C(11)-C(12) 1.176(7) C(9)-P(1)-Pd(1) 109.6(2)
C(11)-P(2) 1.753(5) C(11)-P(2)-C(10)  106.9(2)
C(12)-C(13) 1.462(8) C(11)-P2)-Pd(1)  115.5(2)
CI(1)-Pd(1) 2.356(1) C(10)-P(2)-Pd(1)  109.2(2)
CI1(2)-Pd(1) 2.355(1) P(2)-Pd(1)-P(1) 85.4 (1)

P(1)-Pd(1) 2.215(1) P(2)-Pd(1)-CI(2)  90.8(1)

P(2)-Pd(1) 2.212(1) P(1)-Pd(1)-C1(2) 176.2 (1)
C(10)-C(9)-C(8) 123.8(4) P(2)-Pd(1)-CI(1) 173.8(1)
C(10)-C(9)-P(1) 116.9(3) P(1)-Pd(1)-CI(1) 88.4(1)

C(9)-C(10)-P(2) 117.9(3) CI(2)-Pd(1)-CI(1)  95.4 (1)

6.2.2.2 Liberation and the Optical Purity of (Sp, Sp)-178

The optically active diphosphine ligand (Sp, Sp)-178 can be stereospecifically
cleaved from the complex (Rp, Rp)-177 by treatment of the dichloro complex with
aqueous potassium cyanide at room temperature for 1 h (Scheme 6.7). The liberated
(Sp, Sp)-178 was obtained as an air stable white solid in 80% yield, [a]p +27° (¢ 0.5,
CH,CL,). The *'P{'"H} NMR spectrum showed resonances at d -25.5 and -32.0 CJpp =
164 Hz).

In order to confirm the optical purity of the liberated diphosphine ligand (Sp,
Sp)-185 and to established the identity of the other isomers that were generated in the
original hydrophosphination reaction, (Sp, Sp)-178 re-complexed to the bis(acetonitrile)
complex (R)-144 to give only a pair of regioisomeric complexes. The resonance

signals at ¢ 52.4, 12.4 (Jpp = 14.8 Hz) are identical to those observed for the major
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product (Rp,RpRp)-176 in the original hydrophosphination reaction. Recoordination of
(Sp, Sp)-178 with (S)-144 to gave signals at 6 49.5, 15.0 (Jpp = 15.7 Hz) and 50.9, 13.5
(Jpp =16.1Hz). The resonance signals at 6 50.9, 13.5 (Jpp = 16.1 Hz) are identical to
those observed for the minor product (Rc,SpSp)-176 in the original
hydrophosphination reaction. So (Rc,SpSp)-176 is the diastereomeric complex of the

major product (Rp,RpRp)-176.

6.3 Conclusitons

In summary, we have demonstrated that transition metal complex-promoted
asymmetric hydrophosphinaton is a potential synthetic route for the preparation of
P-chiral diphosphines. However the stereocontrol at the phosphorus center is not very

efficient (Sp:Rp=1:3 or 1:1).

6.4 Experimental Section
Methylphenylphosphine, **° diphenyl(phenylethynyl)phosphine and di(phenyl-

ethynyl)phenylphosphine®' were prepared according to literature methods.

{(R)-1-[1-(Dimethylamino)ethyl]naphthyl-C?N}-[(S)-1-methyl-(1-phenyl)phosp
hino-2-diphenylphosphinopropene-P* P?Jpalladium  (I1)  Perchlorate, [(Rc,
Sp)-173].

To the bis(acetonitrile) Pd complex (R)-144 (0.486 g, 1 mmol) in

dichloromethane (40 mL), PhMePH (0.124 g, 1 mmol) and diphenyl(phenylethynyl)p-
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hosphine (0.224 g, 1 mmol) were added at -78 °C. Then a trace anount of Et;N was
added into the solution with stirring for 1 h. Removal of solvent under reduced
pressure gave the crude product as a dark yellow solid. The crude product mixture
was then purified through a silica gel column with dichloromethane-acetone as the
eluent and then crystallized from dichloromehane-diethyl ether to give the complex
(Rc, Sp)-173 as colorless crystals: mp 216-217 °C (decomp.); [o]p +36.7° (¢ 0.9,
CH,Cl); 0.264 g (35% yield). Anal. Calcd for CscH33CINO4P,Pd: C, 57.5; H, 5.1; N,
1.9. Found: C, 57.9; H, 4.8; N, 1.6. *'P{'"H} NMR (CDCls): § 52.9 (d, 1 P, Jpp= 16.1,
P), 382 (d, 1 P, Jep= 16.1, P); '"H NMR (CDCls): § 1.77 (d, 3H, *Juu = 6.1 Hz,
CHMe), 2.14 (d, 3H, *Jpou = 8.9 Hz, Me), 2.20 (d, 3H, “Jpu = 10.3 Hz, PMe), 2.64 (s,
3H, NMe), 2.81 (s, 3H, NMe), 4.42 (qn, 1H, *Jun = *Jou = 6.1 Hz, CHMe), 6.80-7.90

(m, 21H, aromatics+CH ).

Me Ph Ph
Meg 2 \/

NN
SCR

clo, ~
(Rc.Sp)-173

Dichloro-[(S)-1-methyl-(1-phenyl)phosphino-2-diphenylphosphinopropene-P*,
P?]palladium (11), [(Sp)-174].

The naphthylamine auxiliary in  dichloromethane was removed
chemoselectively by adding concentrated hydrochloric acid (15 mL) to a solution of
the complex (Rc, Sp)-173 (0.100 g, 0.13mmol) in dichloromethane (15 mL). The
reaction mixture was stirred vigorously for 1 h at room temperature. The reaction
mixture was then washed with water (4 x 10 mL), and dried (MgSQO4). Subsequent

fractional crystallization from dichloromethane-diethyl ether gave complex (Sp)-174
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as colorless prisms: mp 255-256 °C (decomp); [a]p +44° (¢ 0.5, CH,Cly); 0.07 g
(88.2% yield). Anal. Calcd for C;0H24Cl,NOPPd: C, 50.3; H, 4.2. Found C 50.5, H
3.8.”'P{'"H} NMR (CD,Cl,): 6 68.7 (d, 1 P, Jpp=14.6, P), 58.3 (d, 1 P, Jpp= 14.6, P);
'H NMR (CDCl): 6 2.15 (d, 3H, *Jpy = 8.7 Hz, Me), 2.32 (d, 3H, “Jpu = 10.3 Hz,
PMe), 6.83 (dd, 1H, “Jpu = 63.5Hz, *Jpu = 13.0 Hz, CH), 7.54-7.96 (m, 15H,
aromatics).

[(S)-1-methyl-(1-phenyl)phosphino-2-diphenylphosphinopropene, (Rp)-175].

A solution of (Sp)-174 (0.02 g, 0.02mmol) in dichloromethane (20 mL) was stirred
vigorously with a saturated aqueous solution of potassium cyanide (0.5 g) for 5 min.
The resulting colorless organic layer was separated, washed with water, and dried
(MgS0Oy4). Upon the removal of solvent, a white solid (Rp)-175 was obtained: [a]p
+80° (¢ 0.7, CH2CLy); 0.011 g (87% yield). *'P{'"H} NMR (CDCls): 6 -26.0 (d, 1P, *Jpp
=160 Hz, P), -33.5 (d, 1P, *Jpp = 160 Hz, P).

Dichloro-[(1R,2R)-1-methyl-(1-phenylphosphino)-2-phenyl-(methylethynyl)ph
osphinopropene -P*,P?Jpalladium (11), [(Re, Rp)-177].

To the bis(acetonitrile) Pd complex (R)-144 (0.392 g, 0.81 mmol) in
dichloromethane (40 mL), PhMePH (0.1 g, 0.81 mmol) and
di(phenylethynyl)phenylphosphine (0.15 g, 0.81 mmol) were added at -78 °C. Then a
trace anount of Et;N was added into the solution with stirring for 2 h. Removal of
solvent under reduced pressure gave the crude product as a dark yellow solid. The
crude product mixture was then purified through a silica gel column with

dichloromethane-acetone as the eluent and the diastereomerically enriched portion
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which contained predominantly the major product (Rc,Rp,Rp)-176 was stirred
vigorously with concentrated hydrochloric acid (12 mL) for 1 h at room temperature.
The reaction mixture was then washed with water (4 x 10 mL), and dried (MgSQy,).
Subsequent fractional recrystallization from dichloromethane-diethylether gave
complex (Rp, Rp)-177 as colorless crystals: mp 288-289 °C (decomp.); [a]436 +47.5° (c
0.4, CH,Cl,); 0.1 g (25.4% yield). Anal. Caled for C,4H20CLNOPPAS: C, 46.8; H, 4.1.
Found: C, 46.5; H, 3.6. *'P{'"H} NMR (CDCls): 6 70.6(d, 1 P, Jpp= 14.6, P), 29.7 (d, 1
P, Jpp=14.6, P); "HNMR (CDCl): 6 2.13 (d, 3H, *Jpu = 8.8 Hz, PMe), 2.25 (d, 3H,
“Jon=4.4 Hz, = Me), 2.33 (d, 3H, *Jpi = 12.3 Hz, CHs), 6.67 (dd, 1H, “Jpy = 63.2

Hz, on=13.5 Hz,CH),7.92-7.98 (m, 10H, aromatics).

CH;
m
¥
C—pg” l
Ph Me
(Rp,Rp)-177
(1R,2R)-1-methyl-(1-phenylphosphino)-2-phenyl-(methylethynyl)phosphinoprop
ene, (Sp, Sp)-178].
A solution of (Rp, Rp)-177 (0.03 g, 0.06mmol) in dichloromethane (10 mL)
was stirred vigorously with a saturated aqueous solution of potassium cyanide (0.5 g)
for 1 h. The resulting colorless organic layer was separated, washed with water, and
dried (MgSOs). Upon the removal of solvent, a white solid (Sp, Sp)-178 was obtained:

[alo +27° (¢ 0.5, CH2CL); 0.015 g (80% yield). *'P{'"H} NMR (CDCls): d -25.5 (d,

1P, *Jpp = 164 Hz, P), -32.0 (d, 1P, *Jpp = 164 Hz, P).
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Appendix

TableAl. Crystal Data and Structure Refinement for endo-114

Empirical formula C30 H26 C12 O P2 Pt

Formula weight 730.44

Temperature 1732) K

Wavelength 0.71073 A

Crystal system Monoclinic

Space group P2(1)

Unit cell dimensions a=11.1119(5) A a=90°.
b=17.0141(6) A B=90.983(2)°.
c = 14.4999(6) A v =90°.

Volume 2740.93(19) A3

Z 4

Density (calculated) 1.770 Mg/m3

Absorption coefficient 5.454 mm-1

F(000) 1424

Crystal size 0.25 x 0.20 x 0.15 mm3

Theta range for data collection 1.40 to 28.00°

Index ranges -14<=h<=14, -22<=k<=22, -19<=1<=19

Reflections collected 48195

Independent reflections 12971 [R(int) = 0.0286]

Completeness to theta = 28.00° 100.0 %

Absorption correction Semi-empirical from equivalents

Max. and min. transmission 0.4951 and 0.3426

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 12971/ 85/ 649

Goodness-of-fit on F2 0.947

Final R indices [[>2sigma(])] R1=0.0181, wR2 = 0.0381

R indices (all data) R1=0.0198, wR2 = 0.0388

Absolute structure parameter 0.003(2)

Largest diff. peak and hole 0.794 and -0.590 e.A-3

213



Table A2. Crystal Data and Structure Refinement for endo-116b

Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

V4

Density (calculated)

Absorption coefficient
F(000)
Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 27.00°
Absorption correction

Max. and min. transmission

Refinement method

Data / restraints / parameters

Goodness-of-fit on F2

Final R indices [[>2sigma(])]
R indices (all data)
Absolute structure parameter

Largest diff. peak and hole

C45 H44 CI3 N O5 P2 Pt
1042.19

296(2) K

0.71073 A

Orthorhombic
P2(1)2(1)2(1)

a=10.0786(17) A a=90°.
b=10.2927(15) A B=90°.
¢ =42.255(7) A = 90°.

4383.4(12) A3
4

1.579 Mg/m3

3.502 mm-!
2080

0.20 x 0.20 x 0.16 mm3
0.96 to 27.00°

-12<=h<=12, -7<=k<=13, -53<=1<=53

31320

9507 [R(int) = 0.0617]

99.4 %

Semi-empirical from equivalents
0.6042 and 0.5410

Full-matrix least-squares on F2

9507 /191 /517

1.153

R1 = 0.0441, wR2 = 0.0996
R1 = 0.0606, wR2 = 0.1324
0.045(10)

0.830 and -1.801 e.A-3
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Table A3. Crystal Data and Structure Refinement for endo-119

Empirical formula C33 H3012 O3 P2 Pt

Formula weight 985.40

Temperature 296(2) K

Wavelength 0.71073 A

Crystal system Orthorhombic

Space group P2(1)2(1)2(1)

Unit cell dimensions a=10.7290(3) A a=90°.
b=17.1175(4) A B=90°.
c=17.8711(4) A v=90°.

Volume 3282.09(14) A3

Z 4

Density (calculated) 1.994 Mg/m3

Absorption coefficient 6.286 mm-!

F(000) 1864

Crystal size 0.28 x 0.26 x 0.24 mm3

Theta range for data collection 1.65 to 30.61°

Index ranges -13<=h<=135, -24<=k<=24, -25<=]<=25

Reflections collected 61823

Independent reflections 10064 [R(int) = 0.0346]

Completeness to theta = 30.61° 99.9 %

Absorption correction Semi-empirical from equivalents

Max. and min. transmission 0.3138 and 0.2720

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 10064 / 64 / 391

Goodness-of-fit on F2 1.034

Final R indices [[>2sigma(])] R1=0.0252, wR2 =0.0508

R indices (all data) R1=0.0394, wR2 = 0.0557

Absolute structure parameter -0.003(3)

Largest diff. peak and hole 0.803 and -1.272 e.A-3
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Table A4. Crystal Data and Structure Refinement for endo-122a

Identification code leung232

Empirical formula C40H40BF4NO2P2
Pt - 0.75CH2CI2 - H20

Formula weight 976.28

Temperature 173(2) K

Wavelength 0.71073 A

Crystal system Monoclinic

Space group C2

Unit cell dimensions a=41.4687(15) A o= 90°.
b=10.2502(4) A B=93.778(2)°.
c=18.7603(7) A v=90°.

Volume 7957.0(5) A3

Z 8

Density (calculated) 1.630 Mg/m3

Absorption coefficient 3.763 mm-!

F(000) 3884

Crystal size 0.25 x 0.20 x 0.10 mm3

Theta range for data collection 1.97 to 30.50°

Index ranges -57<=h<=58, -14<=k<=14, -26<=1<=26

Reflections collected 60390

Independent reflections 22703 [R(int) = 0.0328]

Completeness to theta = 30.50° 99.6 %

Absorption correction Semi-empirical from equivalents

Max. and min. transmission 0.7047 and 0.4530

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 22703 /3/966

Goodness-of-fit on F2 1.011

Final R indices [[>2sigma(])] R1=0.0311, wR2 =0.0705

R indices (all data) R1=0.0377, wR2 =0.0727

Absolute structure parameter -0.012(3)

Largest diff. peak and hole 2.121 and -1.381 e.A-3
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Table A5. Crystal Data and Structure Refinement for endo-123

Empirical formula C26 H24 C12 O P2 Pt
Formula weight 680.38

Temperature 1732) K

Wavelength 0.71073 A

Crystal system Monoclinic

Space group P2(1)

Unit cell dimensions a=7.8064(2) A a=90°.

b=19.7736(6) A  B=110.3940(10)°.
c=84846(3) A y=90°.

Volume 1227.59(7) A3

Z 2

Density (calculated) 1.841 Mg/m3

Absorption coefficient 6.081 mm-1

F(000) 660

Crystal size 0.25 x 0.25 x 0.20 mm3

Theta range for data collection 2.56 to 30.57°

Index ranges -11<=h<=11, -28<=k<=25, -12<=1<=12
Reflections collected 22218

Independent reflections 6879 [R(int) = 0.0302]
Completeness to theta = 30.57° 99.4 %

Absorption correction Semi-empirical from equivalents
Max. and min. transmission 0.3760 and 0.3117

Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 6879 /1/289

Goodness-of-fit on F2 1.158

Final R indices [[>2sigma(])] R1=10.0243, wR2 = 0.0529

R indices (all data) R1=0.0258, wR2 =0.0549
Absolute structure parameter 0.037(5)

Largest diff. peak and hole 2.082 and -1.196 e.A-3
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Table A6. Crystal Data and Structure Refinement for endo-126

Empirical formula C26 H24 C12 O P2 Pt

Formula weight 680.38

Temperature 2732) K

Wavelength 0.71073 A

Crystal system Monoclinic

Space group P2(1)/n

Unit cell dimensions a=10.9588(5) A a=90°.
b=14.6679(7) A B=95.564(3)°.
c=15.2178(6) A v=90°.

Volume 2434.62(19) A3

Z 4

Density (calculated) 1.856 Mg/m3

Absorption coefficient 6.132 mm-1

F(000) 1320

Crystal size 0.24 x 0.22 x 0.16 mm3

Theta range for data collection 2.19 to 30.53°

Index ranges -15<=h<=14, -20<=k<=20, -21<=1<=21

Reflections collected 34391

Independent reflections 7064 [R(int) = 0.0325]

Completeness to theta = 25.00° 97.5%

Absorption correction Semi-empirical from equivalents

Max. and min. transmission 0.4404 and 0.3208

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 7064 /0 /289

Goodness-of-fit on F2 1.037

Final R indices [[>2sigma(])] R1=0.0178, wR2 =0.0394

R indices (all data) R1=0.0218, wR2 = 0.0405

Largest diff. peak and hole 0.493 and -1.288 ¢.A-3
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Table A7. Crystal Data and Structure Refinement for(R)-127

Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

V4

Density (calculated)

Absorption coefficient
F(000)
Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 30.50°
Absorption correction

Max. and min. transmission

Refinement method

Data / restraints / parameters

Goodness-of-fit on F2

Final R indices [[>2sigma(])]
R indices (all data)
Absolute structure parameter

Largest diff. peak and hole

C28 H27 CIN O2 P Pt
671.02

173(2) K

0.71073 A
Orthorhombic
P2(1)2(1)2(1)

a=12.7754(6) A a=90°.
b = 13.0064(5) A B=90°.
¢ =15.4619(7) A = 90°.

2569.18(19) A3
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4

1.735 Mg/m3

5.653 mm-1

1312

0.25 x 0.25 x 0.20 mm3

2.05 to 30.50°

-17<=h<=18, -18<=k<=16, -22<=I<=16
18258

7735 [R(int) = 0.0317]

99.4 %

Semi-empirical from equivalents
0.3977 and 0.3322

Full-matrix least-squares on F2

7735/18/310

0.932

R1 = 0.0267, wR2 = 0.0565
R1=0.0317, wR2 = 0.0578
0.022(5)

1.044 and -0.626 e.A-3
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Table A8. Crystal Data and Structure Refinement for endo-129

Empirical formula C28 H24 12 O2 P2 Pt

Formula weight 903.30

Temperature 1732) K

Wavelength 0.71073 A

Crystal system Orthorhombic

Space group P2(1)2(1)2

Unit cell dimensions a=14.1983(6) A a=90°.
b =21.4240(10) A B=90°.
c=9.2044(4) A v=90°.

Volume 2799.8(2) A3

Z 4

Density (calculated) 2.143 Mg/m3

Absorption coefficient 7.355 mm-1

F(000) 1688

Crystal size 0.26 x 0.18 x 0.08 mm3

Theta range for data collection 1.72 to 31.18°

Index ranges -20<=h<=19, -30<=k<=29, -13<=Il<=13

Reflections collected 32074

Independent reflections 8991 [R(int) = 0.0492]

Completeness to theta =31.18° 99.4 %

Absorption correction Semi-empirical from equivalents

Max. and min. transmission 0.5907 and 0.2508

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 8991 /225/362

Goodness-of-fit on F2 1.045

Final R indices [[>2sigma(])] R1=0.0334, wR2 = 0.0927

R indices (all data) R1=0.0410, wR2=10.1123

Absolute structure parameter 0.043(6)

Largest diff. peak and hole 1.650 and -2.451 e.A-3
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Table A9. Crystal Data and Structure Refinement for (R¢,Sp)-138b

Empirical formula C43.50 H45 C14 N O5 P2 Pt

Formula weight 1060.64

Temperature 1732) K

Wavelength 0.71073 A

Crystal system Orthorhombic

Space group P2(1)2(1)2(1)

Unit cell dimensions a=10.2693(4) A a=90°.
b =18.0459(8) A B=90°.
c=25.1613(11) A v=90°.

Volume 4662.9(3) A3

Z 4

Density (calculated) 1.511 Mg/m3

Absorption coefficient 3.349 mm-!

F(000) 2116

Crystal size 0.20 x 0.10 x 0.10 mm3

Theta range for data collection 2.14 to 30.54°

Index ranges -11<=h<=14, -25<=k<=25, -34<=1<=35

Reflections collected 37115

Independent reflections 14107 [R(int) = 0.0344]

Completeness to theta = 30.54° 99.3 %

Absorption correction Semi-empirical from equivalents

Max. and min. transmission 0.7306 and 0.5539

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 14107 /3 /528

Goodness-of-fit on F2 0.989

Final R indices [[>2sigma(])] R1=0.0363, wR2 =0.0706

R indices (all data) R1=0.0529, wR2 =0.0751

Absolute structure parameter 0.002(4)

Largest diff. peak and hole 1.126 and -0.436 ¢.A-3
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Table A10. Crystal Data and Structure Refinement for (Sp)-139

Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

V4

Density (calculated)

Absorption coefficient
F(000)
Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 30.59°
Absorption correction

Max. and min. transmission

Refinement method

Data / restraints / parameters

Goodness-of-fit on F2

Final R indices [[>2sigma(])]
R indices (all data)
Absolute structure parameter

Largest diff. peak and hole

C28 H26 C12 O P2 Pt
706.42

296(2) K

0.71073 A
Orthorhombic
P2(1)2(1)2(1)

a=9.8151(3) A a= 90°.
b=12.5262(4) A B=90°.
¢ =22.0264(7) A = 90°.

2708.06(15) A3
4

1.733 Mg/m3

5.516 mm-1
1376

0.14 x 0.10 x 0.08 mm3
2.27 to 30.59°
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-14<=h<=14, -17<=k<=17, -31<=1<=31

66946

8285 [R(int) = 0.0320]

99.6 %

Semi-empirical from equivalents
0.6666 and 0.5122

Full-matrix least-squares on F2

8285/0/309

0.964

R1=0.0166, wR2 = 0.0289
R1=0.0210, wR2 = 0.0297
-0.007(2)

0.639 and -0.271 e.A-3
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Table All. Crystal Data and Structure Refinement for (Sp)-140

Empirical formula C30 H30 CI8 O2 P2 Pt

Formula weight 963.17

Temperature 1732) K

Wavelength 0.71073 A

Crystal system Orthorhombic

Space group P2(1)2(1)2(1)

Unit cell dimensions a=13.6338(5) A a=90°.
b =14.5439(5) A B=90°.
c=17.8652(7) A v=90°.

Volume 3542.5(2) A3

Z 4

Density (calculated) 1.806 Mg/m3

Absorption coefficient 4.683 mm-1

F(000) 1880

Crystal size 0.30 x 0.20 x 0.20 mm3

Theta range for data collection 1.81 to 30.60°

Index ranges -19<=h<=19, -20<=k<=20, -25<=1<=25

Reflections collected 28061

Independent reflections 10641 [R(int) = 0.0296]

Completeness to theta = 30.60° 99.5 %

Absorption correction Semi-empirical from equivalents

Max. and min. transmission 0.4544 and 0.3340

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 10641 /0/391

Goodness-of-fit on F2 1.040

Final R indices [[>2sigma(])] R1=0.0368, wR2 =0.0975

R indices (all data) R1=0.0461, wR2 =0.1075

Absolute structure parameter 0.024(6)

Largest diff. peak and hole 1.750 and -1.416 e.A-3
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Table A12. Crystal Data and Structure Refinement for (Sp)-142

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume
Z

Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 35.22°

Absorption correction

Max. and min. transmission
Refinement method

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

Final R indices [[>2sigma(])]
R indices (all data)

Absolute structure parameter

Largest diff. peak and hole

C35H321203 P2 Pt
1011.44

173(2) K

0.71073 A
Orthorhombic
P2(1)2(1)2(1)

a=1231712) A a=90°.
b= 14.4668(2) A B=90°.
c=18.6833(3) A v=90°.

3329.16(9) A3
4
2.018 Mg/m3

6.200 mm-1
1920
0.30x 0.16 x 0.16 mm3

2.17 to 35.22°
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-19<=h<=19, -23<=k<=22, -30<=1<=30

47363

14708 [R(int) = 0.0340]

99.8 %

Semi-empirical from equivalents
0.4370 and 0.2578

Full-matrix least-squares on F2
14708 /0 /390
1.023

R1=0.0293, wR2 = 0.0637
R1=0.0407, wR2 = 0.0826
-0.002(3)

1.126 and -1.715 e.A-3
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Table A13. Crystal Data and Structure Refinement for (R)-146

Empirical formula C26 H22 CI2NOPPd

Formula weight 572.72

Temperature 1732) K

Wavelength 0.71073 A

Crystal system Orthorhombic

Space group P2(1)2(1)2(1)

Unit cell dimensions a=28.9444(2) A a=90°.
b=10.3498(3) A B=90°.
c=25.0386(7) A v=90°.

Volume 2317.89(11) A3

V4 4

Density (calculated) 1.641 Mg/m3

Absorption coefficient 1.120 mm-!

F(000) 1152

Crystal size 0.20 x 0.20 x 0.18 mm3

Theta range for data collection 3.01 to 36.49°

Index ranges -14<=h<=14, -10<=k<=17, -40<=1<=40

Reflections collected 38018

Independent reflections 10761 [R(int) = 0.0318]

Completeness to theta = 36.49° 97.9 %

Absorption correction Semi-empirical from equivalents

Max. and min. transmission 0.8238 and 0.8070

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 10761/0/289

Goodness-of-fit on F2 1.059

Final R indices [[>2sigma(])] R1=0.0275, wR2 =0.0551

R indices (all data) R1=10.0313, wR2 =0.0564

Absolute structure parameter -0.023(12)

Largest diff. peak and hole 0.774 and -0.698 ¢.A-3
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Table Al14. Crystal Data and Structure Refinement for (Rc, Sc)-148

Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

V4

Density (calculated)

Absorption coefficient
F(000)
Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.00°
Absorption correction

Max. and min. transmission

Refinement method

Data / restraints / parameters

Goodness-of-fit on F2

Final R indices [[>2sigma(])]
R indices (all data)
Absolute structure parameter

Largest diff. peak and hole

C45 H42 CI3 N2 O5 P Pd
934.53

296(2) K

0.71073 A

Monoclinic

C2

a=23.97113) A a=90°.
b=10.7414(14) A
c=19.357(3) A v=90°.

4435.1(10) A3
4

1.400 Mg/m3

0.681 mm-1
1912

0.32x 0.28 x 0.10 mm3
1.73 to 25.00°
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B=117.146(7)°.

-28<=h<=28, -12<=k<=12, -21<=1<=23

25750

7730 [R(int) = 0.0591]

99.2 %

Semi-empirical from equivalents
0.9350 and 0.8116

Full-matrix least-squares on F2

7730/52/518

1.071

R1 = 0.0528, wR2 = 0.1179
R1 = 0.0909, wR2 = 0.1535
-0.03(4)

0.701 and -1.168 e.A-3
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Table A15. Crystal Data and Structure Refinement for (Rc, S¢)-151

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume
Z

Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 30.79°

Absorption correction

Max. and min. transmission
Refinement method

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

Final R indices [[>2sigma(])]
R indices (all data)

Absolute structure parameter

Largest diff. peak and hole

C40 H40 CISN2O5PPd S
975.42

173(2) K

0.71073 A

Orthorhombic
P2(1)2(1)2(1)

a=10.5379(3) A a=90°.
b=14.9811(5) A B= 90°.
¢ =27.5202(9) A v=90°.

4344.6(2) A3
4
1.491 Mg/m3

0.863 mm-1
1984
0.40 x 0.12 x 0.10 mm3

1.48 to 30.79°
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-14<=h<=15, -21<=k<=21, -39<=1<=39

47748

13422 [R(int) = 0.0530]

98.9 %

Semi-empirical from equivalents
0.9186 and 0.7239

Full-matrix least-squares on F2
13422 / 118 / 554
1.068

R1=0.0532, wR2 = 0.1384
R1=0.0777, wR2 = 0.1602
-0.043)

1.139 and -0.885 e.A-3
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Table A16. Crystal Data and Structure Refinement for (Rc, Sc)-154

Empirical formula C36 H37 Cl4 N2 O6 P Pd

Formula weight 872.85

Temperature 1732) K

Wavelength 0.71073 A

Crystal system Triclinic

Space group P1

Unit cell dimensions a=19.7638(3) A a= 84.9060(10)°.
b=9.9971(3) A B=73.042(2)°.
c=10.0920(3) A y=66.7710(10)°.

Volume 938.04(5) A3

Z 1

Density (calculated) 1.545 Mg/m3

Absorption coefficient 0.869 mm-1

F(000) 444

Crystal size 0.30 x 0.22 x 0.12 mm3

Theta range for data collection 2.83 t0 36.57°

Index ranges -16<=h<=16, -16<=k<=16, -16<=1<=16

Reflections collected 42144

Independent reflections 15882 [R(int) = 0.0295]

Completeness to theta = 36.57° 99.2 %

Absorption correction Semi-empirical from equivalents

Max. and min. transmission 0.9029 and 0.7805

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 15882 /3 /455

Goodness-of-fit on F2 1.010

Final R indices [[>2sigma(])] R1=0.0331, wR2 =0.0657

R indices (all data) R1=0.0376, wR2 = 0.0686

Absolute structure parameter -0.011(9)

Largest diff. peak and hole 0.438 and -0.706 ¢.A-3
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Table A17. Crystal Data and Structure Refinement for (Rc, Sc¢)-157

Empirical formula C44 H40 CIN2 O5 P Pd

Formula weight 849.60

Temperature 296(2) K

Wavelength 0.71073 A

Crystal system Orthorhombic

Space group P2(1)2(1)2(1)

Unit cell dimensions a=9.877(3) A o= 90°.
b=19.319(7) A B=90°.
c=20.743(6) A v=90°.

Volume 3958(2) A3

Z 4

Density (calculated) 1.426 Mg/m3

Absorption coefficient 0.625 mm-1

F(000) 1744

Crystal size 0.32x 0.26 x 0.20 mm3

Theta range for data collection 1.44 to 25.08°

Index ranges -11<=h<=11, -22<=k<=22, -24<=1<=24

Reflections collected 19776

Independent reflections 6954 [R(int) = 0.0466]

Completeness to theta = 25.08° 99.3 %

Absorption correction Semi-empirical from equivalents

Max. and min. transmission 0.8853 and 0.8252

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 6954 /174 /539

Goodness-of-fit on F2 1.107

Final R indices [[>2sigma(])] R1=0.0400, wR2 = 0.1065

R indices (all data) R1=0.0532, wR2 =0.1332

Absolute structure parameter -0.03(4)

Largest diff. peak and hole 0.616 and -0.875 e.A-3
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Table A18. Crystal Data and Structure Refinement for (R)-161

Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

V4

Density (calculated)

Absorption coefficient
F(000)
Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 32.00°
Absorption correction

Max. and min. transmission

Refinement method

Data / restraints / parameters

Goodness-of-fit on F2

Final R indices [[>2sigma(])]
R indices (all data)
Absolute structure parameter

Largest diff. peak and hole

C26 H22 As CI2 N O Pd
616.67

173(2) K

0.71073 A
Orthorhombic
P2(1)2(1)2(1)

a=8.9848(4) A o= 90°.
b=10.5337(5) A B=90°.
c=25.0414(12) A 1= 90°.

2370.00(19) A3
4

1.728 Mg/m3

2.414 mm-1
1224

0.26 x 0.20 x 0.20 mm3
1.63 to 32.00°

-5<=h<=13, -15<=k<=135, -37<=I<=37

29480

8228 [R(int) = 0.0330]

100.0 %

Semi-empirical from equivalents
0.6439 and 0.5726

Full-matrix least-squares on F2

8228 /0/289

1.121

R1 = 0.0245, wR2 = 0.0556
R1=0.0310, wR2 = 0.0740
0.020(7)

0.650 and -0.697 e.A-3
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Table A19. Crystal Data and Structure Refinement for (R)-164

Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

V4

Density (calculated)

Absorption coefficient
F(000)
Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 27.50°
Absorption correction

Max. and min. transmission

Refinement method

Data / restraints / parameters

Goodness-of-fit on F2

Final R indices [[>2sigma(])]
R indices (all data)
Absolute structure parameter

Largest diff. peak and hole

C30 H24AsCI2NOPd
666.72

296(2) K

0.71073 A
Orthorhombic
P2(1)2(1)2(1)

a=9.1122(4) A a= 90°.
b = 10.6490(4) A B=90°.
¢ =27.6610(12) A = 90°.

2684.11(19) A3

4

1.650 Mg/m3

2.138 mm-!

1328

0.30 x 0.26 x 0.24 mm3

2.92 to 27.50.

-9<=h<=11, -13<=k<=13, -33<=I<=35
19937

6118 [R(int) = 0.0334]

99.7 %

Semi-empirical from equivalents
0.6279 and 0.5664

Full-matrix least-squares on F2

6118/0/325

1.233

R1=0.0548, wR2 = 0.1150
R1=0.0676, wR2 = 0.1218
0.041(19)

0.912 and -1.272 e.A-3
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Table A20. Crystal Data and Structure Refinement for (Rc, Sc)-166

Empirical formula C36 H38AsCI3N206Pd

Formula weight 882.35

Temperature 296(2) K

Wavelength 0.71073 A

Crystal system Monoclinic

Space group P2(1)

Unit cell dimensions a=10.0428(6) A a=90°.
b=17.9964(11) A B=94.719(3)°.
c=10.3669(6) A v=90°.

Volume 1867.30(19) A3

Z 2

Density (calculated) 1.569 Mg/m3

Absorption coefficient 1.637 mm-1

F(000) 892

Crystal size 0.30 x 0.30 x 0.10 mm3

Theta range for data collection 1.97 to 30.58°

Index ranges -14<=h<=14, -25<=k<=25, -14<=1<=14

Reflections collected 28535

Independent reflections 11419 [R(int) = 0.0356]

Completeness to theta = 30.58° 99.8 %

Absorption correction Semi-empirical from equivalents

Max. and min. transmission 0.8534 and 0.6394

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 11419/31/ 446

Goodness-of-fit on F2 1.041

Final R indices [[>2sigma(])] R1=0.0414, wR2 = 0.0966

R indices (all data) R1=0.0675, wR2 =0.1254

Absolute structure parameter 0.009(10)

Largest diff. peak and hole 1.104 and -0.699 e.A-3
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Table A21. Crystal Data and Structure Refinement for (R¢,Sp)-173

Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

V4

Density (calculated)

Absorption coefficient
F(000)
Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 30.73°
Absorption correction

Max. and min. transmission

Refinement method

Data / restraints / parameters

Goodness-of-fit on F2

Final R indices [[>2sigma(])]
R indices (all data)
Absolute structure parameter

Largest diff. peak and hole

C36.50 H39 CI12 N O4 P2 Pd
794.93

173(2) K

0.71073 A

Monoclinic

C2

a=23.872(4) A a=90°.
b=10.2793(15) A
c=15.057(4) A v=90°.

3583.1(12) A3
4

1.474 Mg/m3

0.796 mm-1
1628

0.30 x 0.28 x 0.10 mm3
1.39 to 30.73°
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B=104.126(16)°.

-34<=h<=33, -14<=k<=14, -21<=I<=21

36284

10643 [R(int) = 0.0616]

99.1 %

Semi-empirical from equivalents
0.9246 and 0.7962

Full-matrix least-squares on F2

10643 /1 /425

1.128

R1=0.0413, wR2 = 0.0938
R1=0.0579, wR2 = 0.1251
0.05(2)

0.660 and -1.464 ¢.A-3
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Table A22. Crystal Data and Structure Refinement for (Sp)-174

Empirical formula C22.50 H23 CI3 P2 Pd

Formula weight 568.10

Temperature 1732) K

Wavelength 0.71073 A

Crystal system Orthorhombic

Space group P2(1)2(1)2(1)

Unit cell dimensions a=8.6265(2) A a=90°.
b=13.1695(3) A B=90°.
c=22.0432(5) A v=90°.

Volume 2504.26(10) A3

Z 4

Density (calculated) 1.507 Mg/m3

Absorption coefficient 1.196 mm-!

F(000) 1140

Crystal size 0.20 x 0.20 x 0.18 mm3

Theta range for data collection 1.80 to 30.62°

Index ranges -12<=h<=11, -18<=k<=18, -31<=]<=29

Reflections collected 24409

Independent reflections 7555 [R(int) = 0.0561]

Completeness to theta = 30.62° 98.1 %

Absorption correction Semi-empirical from equivalents

Max. and min. transmission 0.8135 and 0.7959

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 7555/2/273

Goodness-of-fit on F2 1.221

Final R indices [[>2sigma(])] R1=0.0615, wR2 =0.1784

R indices (all data) R1=0.0748, wR2 = 0.2090

Absolute structure parameter -0.04(5)

Largest diff. peak and hole 1.902 and -2.692 e.A-3
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Table A23. Crystal Data and Structure Refinement for (Rp,Rp)-177

Empirical formula C19 H20 C12 P2 Pd

Formula weight 487.59

Temperature 1732) K

Wavelength 0.71073 A

Crystal system Orthorhombic

Space group P2(1)2(1)2(1)

Unit cell dimensions a=10.0605(3) A a=90°.
b=13.6842(5) A B=90°.
c=14.8086(4) A v=90°.

Volume 2038.70(11) A3

Z 4

Density (calculated) 1.589 Mg/m3

Absorption coefficient 1.328 mm-!

F(000) 976

Crystal size 0.22 x 0.12 x 0.10 mm3

Theta range for data collection 2.03 to 30.59°

Index ranges -12<=h<=14, -18<=k<=19, -21<=1<=21

Reflections collected 20695

Independent reflections 6244 [R(int) = 0.0564]

Completeness to theta = 30.59° 99.7 %

Absorption correction Semi-empirical from equivalents

Max. and min. transmission 0.8787 and 0.7588

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 6244/0/220

Goodness-of-fit on F2 1.114

Final R indices [[>2sigma(])] R1=0.0388, wR2 =0.1007

R indices (all data) R1=0.0469, wR2 =0.1148

Absolute structure parameter -0.08(3)

Largest diff. peak and hole 1.266 and -0.981 e.A-3
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