Chiral Arsenium—Phosphine Complexes

Nathan Laird Kilah

BSc(Hons) Queensland

December 2007

A thesis submitted for the degree of Doctor of Philosophy

of The Australian National University




Declaration

The work described in this thesis is the author’s own unless stated otherwise.

ML

Nathan L. Kilah
December, 2007




Acknowledgements

First and foremost I would like to thank my supervisor Professor Bruce Wild.
Bruce’s great sense of humour and knowledge has made my time in Canberra very
rewarding. I have learnt so much about chemistry and also about the wider issues
of academia under his guidance. I am alsb very appreciative of the opportunities he
has given me in the preparation of manuscripts and enabling me to attend a number
of conferences.

The members of the Wild group have also contributed greatly to the time I
have spent in Canberra — Paul Gugger, Heather Kitto, Elizabeth Krenske, Ilham
Maulana, Jorg Steinbach, Rebecca Warr, Michelle Weir, Kerri Wells and Xiangting
Zhou, you have all helped and motivated me in so many different ways. Special
mention must go to Paul for his wonderful technical assistance and sense of humour
which is greatly appreciated, Heather and Rebecca for showing me the ways of the
RSC upon joining the group and Michelle for our conversations, lunches, excursions
to the Union and assistance in proof reading.

I am also grateful to Professor Tony Hill and his group members who have
provided a source of laughter and Inorganic solidarity. Special mention goes to
Michael Bartlett, Ian Cade, Lorraine Caldwell, Spike Cordiner and Rian Dewhurst
for their friendship and good humour. The assistance of Rosemary Enge, Marilyn
Holloway, Val Murray, Gavin Perri and Maureen Slocum in administrative matters

is also appreciated.

1



iii

Many thanks to Professor Peter Gill and past and present members of his group
for their lunch time conversations and Thursday afternoon badminton. A extra
big thanks to Andrew Gilbert and Leaf Lin for their friendship, many hours of
conversation, our DVD and book exchange program and occasional use of their car!

I am very grateful for the patience and expertise of Dr Tony Willis for the
training he provided in the use of the X-ray diffractometer and associated software,
especially when the structure solutions turned up more difficult problems. Dr Jorg
Wagler also deserves thanks for his enthusiasm and assistance, even when it included
mutual bewilderment at why a number of perfectly good looking crystals wouldn’t
diffract! The professional technical assistance of the staff of the NMR centre, mass
spectrometry centre and microanalysis unit is also greatly appreciated. Thanks to
Dr Max Keniry for discussions regarding NMR spectra.

Thanks to all of my friends in Brisbane, Canberra, the RSC and beyond. I
have met so many wonderful people in Canberra and it has made my time here so
memorable.

I would also like to thank my parents Cynthia and Harold and my sister Brooke
for their support and encouragement over the years of my PhD. Thank you for
asking how things were going, even when there wasn’t much to report.

Finally, I thank my wonderful partner Ahyoung. Your love, 1aughter and support

have been a huge help in the completion of my thesis.



Abstract

The first enantiomerically pure secondary chloro- and iodoarsines based on the 2,2'-
bis(methylene)-1,1'-binaphthyl group have been prepared. The seven-membered
(aR)-iodoarsepine has been prepared by the disproportionation of the correspond-
ing enantiomerically pure (aR)—phenylarsepiﬁe with one equivalent of triiodoarsine
in boiling toluene. The (aR)-chloroarsepine was prepared from the iodoarsepine by
halide metathesis with silver chloride in dichloromethane. The isolation of these
novel compounds facilitated an investigation of the interactions between an enan-
tiomerically pure arsenium ion and symmetrical and P-chiral tertiary phosphines.
Phosphine-stabilised arsenium hexaﬁuorophosphates were prepared from the
enantiomerically pure (aR)-iodoarsepine by reactions with the phosphine in
dichloromethane in the presence of aqueous potassium hexafluorophosphate. The
complexes have been characterised by X-ray crystallography and NMR spec-
troscopy. The crystal structure determinations in each case revealed the signif-
icant twist in the (aR)-binaphthyl framework of the arsenium ion and the co-
ordination of the phosphine orthogonal to the trigonal AsC, plane of the ar-
senium ion. The 'H NMR spectra of the dimethylphenylphosphine and [2-
(methoxymethyl)phenyljdimethylphosphine complexes indicated significant differ-
ences in their stabilities. The 'H NMR spectrum of the dimethylphenylphosphine—
arsenium complex in CD,Cl, at 25 °C showed diastereotopicity of the PMe dou-
blets and broad resonances for the methylene protons of the (aR)-arsenium ion

because of phosphine exchange. At the slow exchange limit (ca. —50 °C) the reso-
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nances for the PMe groups sharpened and the methylene protons appeared as AB
and A'B' spin systems with additional phosphorus coupling, which was consistent
with an asymmetric molecule. The 'H NMR spectrum of the closely related [2-
(methoxymethyl)phenyl]dimethylphosphine—arsenjum complex in CD,Cl, at 25°C
was sharp, in agreement with the additional stabilisation of the complex by coordi-
nation of the methoxymethyl group.

Exploratory work was undertaken concerning the interactions of the (aR)-
iodoarsepine with racemic P-chiral tertiary phosphines with the view to the poten-
tial asymmetric synthesis of tertiary phosphines by deracemisation in the presence

of iodide.
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Chapter 1

Introduction

1.1 Chirality

The term chirality stems from the Greek word cheir, meaning hand. An object
is termed chiral if it is non-superimposable on its mirror image.! In the absence
of an external chiral influence, individual enantiomers (from the Greek enantios
— opposite) display identical physical and chemical properties, the exception being
their interaction with plane polarised light, where they display an equal and opposite
rotation of the incident beam. The introduction of an external chiral influence
leads to distinct differences between the enantiomers of a molecule. An example of
this influence is observed in the interaction of the human olfactory receptors with
the two enantiomers of limonene; naturally occurring (R)-limonene, (R)-1, has the
characteristic smell of citrus fruits such as orange and lemon, while the opposite
enantiomer (S)-limonene has a pine-like smell, similar to other terpenes.

The varied influence of two enantiomers has also been observed in the administra-
tion of the chiral drug (+)-thalidomide as a racemate. The two enantiomers of this
drug interact with the proteins of the target receptor with different physiological
efficacies, (S)-thalidomide causing tetratogenic effects on developing fetuses; (R)-

thalidomine has a beneficial effect on morning sickness in pregnant women. Thus,
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CHAPTER 1. INTRODUCTION 2

Me

R

Me \CHz

(R)-1

the investigation of the properties of both enantiomers of a chiral chemical is crucial
prior to the use of either one in a pharmaceutical application.

The study of molecules possessing chirality requires the establishment of system-
atic methods for the description of the enantiomorphic arrangements of atoms. The
configuration of a chiral molecule is usually assigned by application of the Cahn—
Ingold-Prelog (CIP) sequence rules.? These rules are commonly applied to organic
compounds, where four different groups (ligands) are frequently bound to a tetra-
hedral carbon stereocentre. The ligands are assigned priorities from one to four
(1 > 2 > 3 > 4) in the CIP priority sequence. When the tetrahedral molecule is
viewed from the side opposite the ligand of lowest priority (4), the sequential ar-
rangement of the remaining ligands can be made from the highest priority to the
lowest. In Figure 1.1 the sequence 1 > 2 > 3 is clockwise, the molecule is assigned
the R (rectus) configuration; the non-superimposable mirror ima,ge enantiomer will
have an anticlockwise arrangement of these atoms and is assigned the S (sinister)

configuration.

1 /V 15
4NT2

3

¥

Figure 1.1: Assignment of R conﬁgﬁration to a tetrahedral stereocentre.

The assignment of configuration to a molecule containing a chiral axis can also be

made with use of the CIP rules. The molecule is viewed down the principle axis and
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the priorities 1 and 2 are given to the nearest pair of substituents; the remote pair
is assigned similarly and the chirality descriptor aR or aS is assigned as indicated
for the biaryl molecule shown in Figure 1.2.3 Assignment of chiral planes is more
difficult because the chirality arises from a plane containing as many atoms of the

molecule as possible, with at least one ligand not being within the chiral plane.?.

Figure 1.2: Assignment of aR configuration to chiral biaryl.

1.2 Tertiary phosphine and arsine inversion
barriers

Tertiary phosphines and arsines of the type ER'R2R? (E = P or As) are suitable for
resolution into enantiomers because of their stability to racemisation by unimolecular
pyramidal inversion. The tertiary phosphine (+)-methylphenyl(n-propyl)phosphine
has a free energy of activation (AG) to inversion of 32.1 kcal mol™! at 130.0 =+
0.3 °C in decalin.* The tertiary arsine (&)-ethylmethylphenylarsine is more resis-
tant to pyramidal inversion, having an activation energy for this process of 42.4 +
2 kecal mol™! at 217.6 & 0.3 °C in decalin.® This barrier for the arsine corresponds
to a half-life for racemisation of 740 h at 200 °C. The practical consequence of this

higher pyramidal inversion barrier for arsines compared to phosphines means that
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many optically active arsines can be distilled without racemisation. A clear trend
in the energy barrier for pyramidal inversion of molecules of the type (+)-ERj3 is
observed within the Group 15 elements, where amines possess the lowest barrier.
.The increased activation barriers to pyramidal inversion for trivalent derivatives of
the larger Group 15 elements is best considered through analysis of the hybridised
orbitals available. The phosphorus atom of a pyramidal phosphine possesses four
sp® hybrid orbitals, of which three are engaged in ¢ bonds with the substituents and
the other contains a lone pair of electrons. The transition state between one enan-
tiomer and its non-superimposable mirror-image counterpart consists of a trigonal
planar arrangement of the substituents, o bonded through three sp? (sp.p,) hybrid
orbitals, the lone pair of electrons being in a p, orbital perpendicular to this plane
(Figure 1.3). The barrier to inversion can be considered as the energy difference
between the pyramidal sp® hybridised phosphine and the trigonal planar sp?p hy-
bridised transition state. As the energy difference for the tertiary arsine [Ar] 4sp3
ground state and the [Ar] 4sp?4p transition state is larger than the gap between [Ne]
3sp? and [Ne| 3sp?3p configurations of the tertiary phosphine, the activation energy

increases for the larger elements within the Group.

Q 0 K
Rp — Ri-poF RS R
R1” V'R '
R2

Figure 1.3: Pyramidal inversion of a chiral tertiary phosphine.

Support for a planar intermediate in the racemisation of a tertiary phosphine
was provided by the observation that substitution of the cyclohexyl substituent in
(£)-cyclohexylmethyl(n-propyl)phosphine with a phenyl group increased the rate of

inversion 78 fold.* Stabilisation of the postulated planar transition state is believed
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to occur via conjugation of the phosphorus-centred lone pair of electrons (p orbital)

across the delocalised pi system of the phenyl group, as shown in Figure 1.4.

Figure 1.4: Proposed planar transition state for inversion of (%)-
methylphenylpropylphosphine.

1.3 Phosphine-stabilised arsenium salts

The initial reports of adducts of tertiary phosphines with chloro- and iodoarsines des-
ignated the reaction products as arsinophosphonium salts,® the ionic formulation be-
ing demonstrated by conductometric titration.” More recent publications have made
reference to “stibinostibonium salt” and “trimethylstibine adduct of the dimethyl-
stibenium ion”,® “phosphinophosphonium salts”,® “phosphine-phosphenium coordi-
nation complexes,”® and “phosphine-stabilised arsenium salts”.!! The two possi-
ble representations of the core intramolecular interaction in a tertiary phosphine—

iodoarsine complex are shown in Figure 1.5.

R R R R
\ / — \ + 7 —
R—P—As: | R—,P—>A§ |
R R R R
(a) (b)

Figure 1.5: (a) Arsinophosphonium jodide; (b) phosphine-stabilised arsenium iodide.

Both representations are reasonable, but the chemical properties of known salts
support the ligand-stabilised formulation (Figure 1.5(b)). This representation can
be considered as a coordination complex, where the phosphine donates a pair of elec-
trons to the positively charged, two coordinate, six electron arsenium ion (RyAst).

The coordination of the phosphine can be considered as the dative donation of a
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lone pair of electrons on phosphorus into the vacant p orbital of the sp? hybridised
arsenium centre.

In the initial reports, the compounds [R3PAsR;|I were formulated as arsinophos-
phonium salts, but the addition of alkoxides to the salts resulted in nucleophilic

attack at the arsenic, generating arsinous acid esters (Eq 1.1).7

[Et;PAsMey)I + NaOMe — MeAsOMe + PEt, + Nal (1.1)

This nucleophilic attack at arsenic has recently been used for the synthesis of ter-
tiary arsines by the addition of carbanionic reagents such as n-butyllithium to a solu-
tion of an (aR)-phosphepine-stabilised methylphenylarsenium hexafluorophosphate,
as discussed further in Section 1.6.2.1%!3 Crystallographic analysis of the molecular
geometry of triphenylphosphine-stabilised methylphenylarsenium hexafluorophos-
phate, [(Ph;P)AsMePh|PF,, supports the formulation shown in Figure 1.5(b).!! The
methyl group, ipso-carbon of the phenyl group, and the lone pair of electrons on the
arsenic atom are situated in a trigonal plane. The effect of the lone pair is significant,
as the angle between the methyl-carbon atom, arsenic, and ipso-carbon atom of the
phenyl group is 101.73(7)°. The triphenylphosphine ligand is coordinated orthogo-
nal to this plane, with angles of 92.31(8)° for the P-As-C angle to the methyl group
and 97.04(6)° for the P-As-C angle to the phenyl group. The long P-As distance of
2.3480(5) observed in the complex falls outside the sum of the covalent radii for the
two atoms and is consistent with the highly labile nature of the P—As interaction. 4
Orthogonal coordination of the phosphine to the arsenium plane has been observed
in a number of related complexes, including phosphine-stabilised arsenium ions de-
rived from 10-chloro-5-hydrophenarsazine 15 and tetra(trimethylphosphine-stabilised
diphenylstibenium) halide complexes 2 (X = Cl, Br).16

Although the considerations above suggest classification of these compounds as

ligand-stabilised salts, analysis of the 3*P{*H} NMR spectrum of [(PhsP)PPhy]OTf



CHAPTER 1. INTRODUCTION 7

Me,. Y _Me

-
>
14

=
o

M

®
Y
I
(72]
7
i
0
i
(2}
i
o
i
<
o

‘.

Ph Ph

<
o

(D+
Or=meen===
Y

0

=
)
\

V)

in CD,Cl, complicates the assignment because the peaks observed at 6 +15 and
—10 ppm for the PPhs and PPh, groups, respectively, are similar to those for the
tetraphenylphosphonium ion (PhsP*) at § +20 ppm and tetraphenyldiphosphine
(PhyPPPhy) at § —15 ppm.*!° Crystallographic analysis of [(PhsP)PPh,|OTf fur-
ther supports the view that this compound is a phosphinophosphonium salt because
the PPh, group has a distorted pyramidal geometry, with the P-P—C angles to the
phenyl groups being 100.38(11)° and 100.73(11)°.° The corresponding arsenium and
stibenium hexafluorophosphates, [(PhsP)EPh,|PFs (E = As, Sb), have been pre-
pared and a trend is observed where the angles between the phosphorus—arsenic or
—antimony bond and the ipso-carbon of the phenyl group decreases from 99.89(6)°
and 97.98(6)° in the arsenic compound to 97.61(12)° and 93.70(12)°) in the anti-
mony compound.®!” This trend is also observed in the series of related compounds
[(MesP)EPh,|PFg (E = As, Sb, Bi) where the orthogonal coordination becomes more
apparent for the heavier elements, the P-E-C angles being 97.33(9)° and 99.60(9)°
for As, 90.34(8)° and 100.24(8)° for Sb, 87.030(18)° and 97.51(19)° for Bi.® The

increasing orthogonality of the P-E bonds in the compounds on proceeding down
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Group 15 is considered to indicate an increasing contribution of the sp?p configura-
tion on the geometry of the planar ER, unit.

Although there is crystallographic and solution evidence supporting the formula-
tion of [(RsP)PRy)X as shown in Figure 1.5(a), the compounds undergo rapid phos-
phine exchange in solution. %10:1%20 This lability of the P-P bond supports the formu-
lation of the complexes as phosphine-stabilised phosphenium salts. Rapid exchange
of the triphenylphosphine is also observed in the 'H and 3'P{*H} NMR spectra of
[(PhsP)AsMePh]PFg at room temperature. Cooling of the solution of the complex
slows the exchange process, where the emergence of phosphorus coupling to the pro-
tons of the AsMe group is observed below 8 °C.!! The lability of the P-As bond
was further demonstrated in a crossover experiment between [(MePhoP)AsMe,|PFg
and [(PhsP)AsMePh|PFg; thus, the mixing together of equimolar CD,Cl, solutions
of the two complexes at 20 °C resulted in an equilibrium mixture of the starting
materials and the corresponding crossover complexes [(MePth)AsMePh]PFs and
[(PhyP)AsMe,|PFg within the time taken to prepare the solution and record the

spectrum (Eq 1.2).1!

[(MePh,P)AsMe,|PF, + [(Ph,P)AsMePh|PF, =

[(MePh,P)AsMePh|PF + [(PhyP)AsMe,]PF, (1.2)

Phosphine-stabilised arsenium salts are easily prepared by three methods. One
convenient method makes use of a two-phase mixture of a secondary iodoarsine and
a tertiary phosphine in dichloromethane and an aqueous solution of ammonium or
potassium hexafluorophosphate. Separation of the phases, drying of the organic
phase with magnesium sulfate, and recrystallisation of the residue remaining af-

ter removal of the dichloromethane affords high yields of the colourless crystals of
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the phosphine-stabilised arsenium hexaﬂuorophosphates. 1 Another method makes
use of an equimolar solution of a secondary chloroarsine, a tertiary phosphine, and
trimethylsilyl trifluoromethanesulfonate in dichloromethane. Removal of the sol-
vent and the volatile by-product chlorotrimethylsilane in vacuo and recrystallisa-
tion of the residue from dichloromethane by the addition of diethyl ether furnishes
phosphine-stabilised arsenium triflates. 15! This method is useful when the products
or reagents are moisture sensitive, as is the case for phosphine-stabilised phosphe-
nium and arsine-stabilised arsenium salts. A third method involves the addition of
excess thallium(I) hexafluorophosphate to a dichloromethane solution of secondary
halo-arsine, -stibine, or -bismuthine and tertiary phosphine; the thallium(I) halide
precipitates and the complex can be isolated as the hexafluorophosphate after the
thallium salts have been filtered off. This is an effective route to the complexes
[(PhsP)EPhy)PFg (E = As, Sb or Bi) and [(PhsP);EPh,|PFs (E = Sb or Bi).”
The common thread of the three methods is the abstraction of a halide in the pres-
ence of a tertiary phosphine and non-nucleophilic counterion to generate the desired

complex (Scheme 1.1).

Scheme 1.1: Methods for the synthesis of phosphine-stabilised arsenium, stibenium,
and bismuthenium salts

KPFg, H,O
RsP + AsRjl — > [(R3P)AsR,]JPFg + Ki
CH,Cl,

Me3SiOTf
RP + AsRCl ——— 5 [(RP)ASR,OTF + MesSiCl
CH,Cl,

TIPFs
R3P + ER,X —_——— I R3 P)ERZ]PFG + TIX
CH,Cly

(E = As, Sb, Bi; X =ClI, Br, )
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1.4 Naked arsenium ions

Arsenium ions are positively charged, six-electron species in which arsenic(IIl) is
surrounded by two substituents and a lone pair of electrons. Thus, arsenium ions
are main group analogues of carbenes, and, based on valence-shell electron-pair
repulsion (VSEPR) theory, have distortéd trigonal planar geometries. Arsenium
ions were first observed in the mass spectra of five-membered heterocyclic arsines
where the majority of the compounds investigated readily lost their extra-cyclic
substituent, generating the corresponding heterocyclic arsenium ion, generally as

the base peak (Scheme 1.2).%2

Scheme 1.2: Arsenium ions generated by mass spectrometry

Relative Intensity

R X Y Arsenium Ion (%)

Ph S S 32

Ph o) O 2

Ph (@) S 50

« . Me,N S S 32
I: Ms— -R ot Me,N O o} 100

s—R ——> As

v v Me,N O S 62
Me;N NMe O 100

Et,N S S 17

EtaN O (0] 100

Et.2N O S 100

Bt S 8 100

Et O 0] 100

Et O S 100

Et NMe O 100

Fragmentation of dimethylphenylarsine, methyldiphenylarsine, and (%)-
ethylmethyphenylarsine in the mass spectrometer gives a.rsénium ions by loss of
a methyl group for the first two compounds and an ethyl group for the third
compound.?® Arsenium ions arising from the loss of other groups were also ob-

served, but had lower intensities. The mass spectra of chloromethylphenylarsine
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and iodomethylphenylarsine indicated the formation of the méthylphenylarsenium

ion.28

The attempted synthesis of naked arsenium ion salts has focused on the stabil-
isation of the electron deficient arsenium centre by chelation with electronegative
elements. Thus, chloride abstraction from a secondary chloroarsine with ECl; (E =

Al, Ga, or In) facilitated the synthesis of the four membered arsenium salt 3.24%
t-Bu
N
SN
MeZSI\ ’AS ECly
N
t-Bu

3

The bicyclic salt 4 has been preparéd by chloride abstraction from the parent
chloroarsine with aluminium(IIT) chloride. 26:27 Crystallographic data for the salt
indicate that the charge on the arsenium ion is delocalised across the conjugated
organic framework. The crystallographic analysis revealed the planarity of the core
hetereocycle within a mean of 0.0020 A. The As-N and As-S bonds in the cation
were the shortest known for an arsenic(IIT) system at the time, and it was suggested
that there could be double bond character in these bonds because of aromatisation
involving a number of resonance structures. Following the isolation of this arsenium
salt, other salts were subsequently isolated, viz. 5, 6 (Y, Z = NMe, NEt, or S and
X~ = AlCl,, GaCly, or OTf") and the acyclic compounds 7 (R = Me, Et, +Pr, Z
= NEt,, Cl and X~ = AICl;, OTf").%-3

H
N Y, Y, RoN
N N _
©i A" ACIy I: AsTX (0 ASTX st X
s z z z

4 5 6 7

Donation of electron density from the heteroatom lone pairs to the arsenium ion
in each case is a possible mechanism for the stabilisation of these species. Scheme

1.3 shows some plausible resonance structures for the acyclic species 7 where R =

Et and Z = NEt,.
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Scheme 1.3: Resonance stabilisation of an arsenium ion

.o + .o

Et,N *) ELN ) Et,N

Ny \ \
lAs B IAS ~— As

Et,N Y "

EtN, N EtN,

1.5 Preparation of optically active phosphines
and arsines

The separation of the enantiomers of a racemate is traditionally achieved by resolu-
tion. The separation of a racemate with use of a configurationally stable resolving
agent is feasible where there is a sufficient difference in solubility (or retention times
on a chromatographic column) between two diastereomers. Removal of the resolving
agent from a pure diastereomer provides the resolved enantiomer of the racemate
in a maximum yield of 50%. The resolutions of chiral phosphines and arsines have

been thoroughly reviewed, but some historically significant examples are presented

below. 3236

1.5.1 Resolution via salt formation

The first resolution of a racemate was achieved by Pasteur by triage of the sponta-
neously resolved hemihedral crystals of sodium ammonium tartrate tetrahydrate. 37
Since then numerous resolutions have been achieved by the formation of appropriate
salts of racemates with enantiomerically pure counterions. Indeed, the first resolu-
tion of an optically active tertiary arsine, (+)-10-methylphenoxarsine-2-carboxylic
acid ((£)-8) was achieved by the fractional crystallisation of the corresponding (—)-
strychninium salts.3® Acidification of the less soluble diastereomer of the salt gave
the optically pure tertiary arsine (+)-8. The investigators, however, considered the

optical activity of the arsine to arise from the conformational rigidity of the folded
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ring system rather than the presence of a configurationally stable arsenic stereocen-
tre because of the inability of leading workers in the field at that time to resolve

non-cyclic tertiary arsines. 3¢

SOSURINeSe
prs CO,H HO,C As
Me .

R4
Me

()-8

Although crystalline (—)-strychninium and (—)-quininium salts were prepared
from these non-cyclic arsine carboxylates, the rotations for the separated diastere-
omers were similar in each case. The work up of the salts, however, involved the use
of chloroform which is now known to racemise chiral arsines if it contains a trace
of hydrogen chloride. The mechanism of this process will be discussed in Section
1.8.%9 Regrettably, much of the work concerning the decomposition of diastereomeric
ammonium salts of arsine-carboxylates involved the use of dilute aq. hydrochloric
acid. The resolution of the first non-cyclic triarylarsine, (£)-9, was achieved by
the fractional crystallisation of the diastereomeric salts derived from (%)-phenyl-
(3-carboxyphenyl)-4-biphenylylarsine and (—)-a-phenylethylamine, which resulted
in the isolation of the (+) enantiomer of the tertiary arsine.? It should be noted
that the less-soluble diastereomeric salt of (+)-9 was decomposed with dilute sul-
furic acid. There are available comprehensive reviews concerning the resolution of

tertiary arsines.36:4!
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The  first tertiary  phosphine oxide to be  resolved, (£)-
ethylmethylphenylphosphine oxide, was achieved by the fractional crystalli-
sation of the diastereomers arising from the protonation of the oxide with
d-bromocamphorsulfonic acid.#?> The first isolation of optically active tertiary
phosphines was achieved by the cathodic reduction of resolved phosphonium
salts.*3 The electrolytic reduction resulted in cleavage of the functional group most
stable as an anion, usually the benzyl group, with retention of configuration at
phosphorus (Scheme 1.4). This electrochemical method was also applicable to the

reduction of optically active benzylarsonium salts. 4445

Scheme 1.4: Electrolytic reduction of a phosphonium salt with retention of config-
uration at phosphorus

Me
— + LX)
gtoox 2R |
R1. NG R3 1.P\'u R3
R2 R2

1.5.2 Resolution by metal complex formation

The separation of the neutral diastereomers of dichloroplatinum complexes con-
taining (+)-deoxyephedrine and (+)-(¢-butyl)methylphenylphosphine was achieved
by fractional crystallisation, although the phosphine was not liberated from
the metal.#® The resolution and isolation of the individual enantiomers of (+)-
ethylmethylphenylarsine was achieved by fractional crystallisation of the salts 10.4
This method was put forward as a general procedure for the resolution of tertiary
arsines.

The chloro-bridged palladium(II) dimer (Sc,Sc)-11 is suitable for the partial
kinetic resolution of certain tertiary arsines and phosphines by bridge splitting. 4’

The phosphine or arsine coordinates trans to the dimethylamino group, generat-
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10

ing monopalladium diastereomers that can be separated by fractional crystallisa-
tion. The addition of chelating ligands such as 1,2-bis(diphenylphosphino)ethane
or 1,2-diaminoethane displaces the resolved phosphine or arsine with retention of

configuration at the donor stereocentre (Scheme 1.5).

Ve, N” N M y

e e e

s\ /C'\ / S R \ /C'\
Pd Pd

(Sc,5¢c)-11 (Rc,Rc)-12
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Scheme 1.5: Resolution and recovery of chiral tertiary phosphines

Mez
Me
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o Pd
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o~ Pd”
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Resolutions of chiral tertiary arsines and phosphines with the enantiomerically
pure palladium(II) dimer (Rg,Rc)-12 have been remarkably successful;4! bidentate
and multidentate ligands can also be resolved with this reagent, for example, (+)-13
(E = P, As) has been resolved and (Ras,Ras)-14 has been obtained by asymmetric
synthesis from the meso macrocycle (Ras*,54s*)-14 and (Rc,Rc)-12.4849

As N
( ) j
N RA
S
N | ‘Me
~
N
EMePh

(+£)-13 (Ras,Ras)-14
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The cheaper N, N-dimethyl-a-methylbenzylamine-derived reagent (Rc,Rc)-11 is
often employed for the resolution of chiral phosphines and arsines because of the high
cost of the naphthalenyl reagent. The use of the naphthalenyl complex, however, can
be necessary when there are special structural constraints within the diastereomers
containing the chiral ligand and the resolving agent. This has been demonstrated
by the resolution of the atropisomers of QUINAP, (+)-15. The resolution of this
ligand was undertaken by complexation with (Sg,S¢)-12 and fractional crystalli-
sation of the diastereomers: the (aS,R¢) diastereomer crystallised from chloroform
and the (aR,Rc) diastereomer crystallised from 2-butanone upon the addition of
diethyl ether.® In an earlier publication it was stated that use of (R¢,Rc)-11 in the
resolution of (4)-15 resulted in formation of a mixture of diastereomeric complexes,
as observed by NMR spectroscopy, but that no separation could be obtained by
fractional crystallisation. It was later found that the diastereomers derived from
(£)-15 and (S¢,Sc)-11 formed a quasiracemate.5! Closer examination of the solid
state structure of the cocrystallised diastereomers of the complex indicated signifi-
cant conformational differences between the orthometallated—amine chelate ring of
the two diastereomers, with the § conformation of the ring placing the chirotopic
methyl group in an axial position and the A conformation of the organometallic ring
positioning the methyl group in an equatorial position. Interconversion between
the two conformations of this ring can occur by ring-flipping. In the naphthalenyl
system, however, a locked asymmetric envelope conformation of the five-membered
organometallic ring persists in the diastereomers because of a steric interaction be-
tween the chirotopic methyl group and the hydrogen atom on position 8 of the
naphthalene ring. The axial disposition of the methyl group in the complex is as-

sured because inversion of the five-membered ring is impossible on steric grounds.
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A
N

asS

I ] PPh,

(a8)-15
1.6 Synthesis of chiral tertiary phosphines and

arsines

1.6.1 Synthesis of chiral tertiary phosphines

Chiral tertiary phosphines (and to a lesser extent chiral arsines) play an important
role in asymmetric synthesis. The field has been dominated by ligands possessing a
stereogenic backbone, such as in BINAP, DIOP, Chiraphos and Duphos.3? Far less
attention has been applied to the use of P-chiral phosphines (and As-chiral arsines)
in asymmetric synthesis although there are examples of syntheses where ligands of

this type have out-performed those with stereogenic backbones. 5

Me., ,RQ
OO R h
PPh, Me, O Pth PPhy

aR

(Ro,Rc)-DIOP  (Rg,Rc)-Chiraphos
(aR)-BINAP (Rc,Rc,Rc,Rc)-Duphos

MeR

In addition to the resolution methods outlined in Section 1.5, there are also
examples of the asymmetric synthesis of P-chiral phosphines. A recent re-
view has highlighted some of the current methods.’? The synthesis of enan-

tiomerically pure (Rp,Rp)-DIPAMP from enantiomerically pure (1R¢,2S5¢,5Rc,Rp)-
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menthoxymethylphenylphosphine oxide (1R¢,25c,5Rc,Rp)-16 is shown in Scheme
1.6.3* Here, (1Rc,25¢,5Rc,Rp)-16 was isolated by fractional crystallisation of
the products of the reaction between (&)-chloromethylphenylphosphine oxide
and (1R¢,2S5c,5Rc)-(—)-menthol. Treatment of (1Rc,25¢,5Rc,Rp)-16 with o
anisylmagnesium bromide gave the tertiary phosphine oxide (Sp)-17, which was
coupled by deprotonation of the PMe group and subsequent oxidation of the re-
sulting carbanion to give (Sp,Sp)-18. Reduction of the diphosphine diozride gave
configurationally pure (Rp,Rp)-DIPAMP, which was employed with great success
for the asymmetric synthesis of the compbund L-DOPA, a precursor to the neuro-
transmitter dopamine, which is capable of crossing the blood-brain barrier.5* More
recent work concerning menthoxyphosphine diastereomefs has involved the use of
phosphine-borane adducts in preference to phosphine oxides: the phosphine-borane
adducts are easily handled in air and can be separated and purified by fractional
crystallisation and column chromatography.5® Removal of the borane from a con-
figurationally pure phosphine—borane adduct is readily achieved by mild heating in
an amine such as morpholine. For phosphine oxides and phosphine-borane adducts,
attack by a nucleophile results in displacement of the menthoxy group and inversion

at phosphorus.
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Scheme 1.6: Synthesis of (Rp,Rp)-DIPAMP
O o]

P o-AnMgBr ll:; S
MeLe “oMen AL “Me
(1Rc,25c,5Rc,Rp)-16 (Sp)-17
1. LDA
2. CuCl,
R HSICly ﬁs SO
o-An‘ “ph T o-An‘ P R Ph
v \(}An N/ N
(RP,RP)-DIPAMP (Sp,Sp)-18

1.6.2 Asymmetric synthesis of tertiary arsines

Recent work within our group has focussed on the asymmetric synthesis of
enantiomerically enriched tertiary arsines from phosphine-stabilised arsenium
salts containing (aR)-4-[2-(methoxymethyl)phenyl]-4,5-dihydro-3 H-dinaphtho(2,1-
c;1',2'-e]phosphepine, (aR)-19.121356 Tnitial investigations dealt with the (aR)-
19-stabilised methylphenylarsenium hexafluorophosphate, (aR,Ras)/(aR,Sas)-20,

which was synthesised by the two-phase method described in Section 1.3.

OO aR P PFg
Ol C
SRY4
Cr
OMe Ph

(aR)-19 (aR,Ras)/(aR,Sas)-20

The C; phosphine (aR)-19 can bind to either face of the prochiral arsenium jon,
generating the diastereomers (aR,Ras) and (aR,Sas)-20. The diastereomers of 20
can be observed by 'H and 3'P{'H} NMR spectroscopy, where the ratio (aR,Ras)-
20/(aR,Sas)-20 = 79/21 (58% de) at 20 °C.! Cooling of the equilibrating mixture
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of diastereomers to —90 °C increases the diastereomeric excess to 88%. Addition
of n-butyllithium to a dichloromethane solution of the equilibrating mixture of di-
astereomers at —80 °C gave (S)-(n-butyl)methylphenylarsine in 77% ee, as deter-
mined from the 'H NMR spectrum of the diastereomers formed by bridge splitting
of the palladium complex (S¢,S5c)-12 with the enantiomerically enriched tertiary
arsine. 123 The influence of the phosphine on the approach of the n-butyl ion to the

prochiral arsenium ion is shown in Scheme 1.7.

Scheme 1.7: Attack of a prochiral phosphine-stabilised arsenium by the n-butyl ion

pro-R ﬁ
+ Y .Ph

—As’
Me
pro-S
PR3 PR3
PR3 n-Bu

R 'L+ . soin S (
— As"\Ph — - As“\Ph
j Me t Me

n-Bu PR,

- PR3 l - PR3 1
R :Ph s /n-Bu
— As=Me «—As-'Ph
\ S
n-Bu Me

Recent work has extended this method to the asymmetric synthesis of diarsines,
in particular (Ras*,Ras*)-(£)/(Ras*,Sas*)-1,2-bis[(n-butyl)phenylarsino]ethane,
(Ras*,Ras®)-(£)/(Ras*,94s%)-21.%% The reaction of 2 equiv (aR)-19 with 1,2-

bis(chlorophenylarsino)ethane (22) and 2 equiv trimethylsilyl trifluoromethanesul-
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fonate in dichloromethane, followed by removal of chlorotrimethylsilane and the
solvent gave a mixture of (aR,Ras,Ras,aR)/(aR,Sas,Sas,aR)/(aR,Ras,Sas,aR)-23
(Scheme 1.8). Analysis of this equilibrating mixture of diastereomers by 3'P{'H}
NMR spectroscopy at low temperature revealed three overlapping sets of resonances

for the three possible diastereomers.

Scheme 1.8: Synthesis of a bis(phosphepine-stabilised)diarsenium triflate

2 (aR)-19 + CIPhAY  AsPhCl
22
2 Me;SIOTf
CH,Cl,
— 2 Me,SiCl

99

arR P
l ,OMe
(et
_As
PA™ N\ 4+ ph (OTF),

(a’RaRAs7RAs’a'R)/(a’RaSAs,SAS)a’R)/(aRa RAsasAs,a‘R)_zs

The reaction of the mixture with n-butyllithium at —78 °C produced
(Ras*,Sas™)/(Ras,Ras)/(Sas,Sas)-21. Complexation of these stereoisomers with the
enantiomerically pure platinum(II) ditriflate (Rp,Rp)-24 gave complexes that could

be analysed by 3'P{'H} NMR spectroscopy to give the diastereomeric and enan-
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tiomeric excesses of 21 (Scheme 1.9). Spectroscopic analysis of the platinum-
diarsine complexes gave (Ras,Sas,Rp,Rp)/(Sas,Sas,Rp,Rp)/(Ras,Ras,Rp,Rp)-25 =
29/9/62, which corresponded to a de of 42% for the (Ras*,Ras*)-(+) diastereomer
of the diarsine, which in turn was composed of 87% of the (Sas,5as) enantiomer and

13% of the (Ras,Ras) enantiomer. 5

Scheme 1.9: Asymmetric synthesis of a chiral diarsine [(aR)-PR3 = (aR)-19]

(aR)-PR3 (aR)-PR; Ph R)-PR
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2. 2 BH3SMe,
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. “n-Bu
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Me,
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Ph™ \Me
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1.7 Asymmetric transformation

Resolutions typically involve the separation of enantiomers that are not capable of
interconversion. Asymmetric transformation refers to a process whereby a mixture
of enantiomers or diastereomers (generally 50/50) in solution is transformed into a
single stereoisomer (or stereoisomer enriched mixture) by the influence of an external
chiral reagent on an equilibrium process.! Thus, the neutralisation of the configu-
rationally stable acid (£)-X by the enantiomerically pure base (+)-Y will result in
the diastereomeric salts (+)-X—(+)-Y and (—)-X—(+)-Y. Separation of the 50/50
mixture of salts by fractional crystallisation amounts to a chemical resolution, where
the maximum yield of each diastereomer is 50%. Where the component (+)-X is
configurationally labile, however, the two diastereomers will be in equilibrium. If
the equilibrium constant K # 1, enrichment in one diastereomer has occurred by
asymmetric transformation. The first use of the term asymmetric transformation
was in relation to the addition of the organic base (—)-brucine to a solution of (+)-2-
o-carboxybenzyl-a-hydrindone in acetone, where the solid that crystallised was ex-
clusively derived from (—)-brucine and the (+)-acid.?” The dextrorotatory acid was
subsequently recovered from the salt and was found to readily racemise. The trans-
formation of a mixture of diastereomers in solution, followed by the crystallisation of
a solid enriched in one diastereomer, is termed a second-order asymmetric transfor-
mation (or more correctly an asymmetric transformation of the second kind).! The
addition of (—)-hydroxyhydrindamine to (+)-chlorobromomethanesulphonic acid in
dry acetone results in a change in the optical rotation (mutarotation), which cor-
responds to the enrichment of the (—)-amine—(—)-acid salt resulting from a shift
in the equilibrium position between the optically active base and the racemising
acid.%® The enrichment of a diastereomer in solution is known as a first-order asym-
metric transformation (or more correctly as an asymmetric transformation of the

first kind). This effect is referred to in the literature of coordination chemistry as
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the ‘Pfeiffer effect’, owing to the initial observation of the influence of optically active
anions on the proportions of the enantiomers of labile (£)-[Zn(phen);}?* (phen =
1,10-phenanthroline) in water.5® The concepts of resolution and asymmetric trans-

formation are summarised in Scheme 1.10.60:61

Scheme 1.10: Overview of asymmetric transformations

()X + (+)Y
50% 50%

dissolution
separation
(XY 4 OXAY e (XY (XY
50% 50% 50% 50%
asymmetric classical resolution
equilibrium transformation
of the first kind

(+)X—(+)Y 4—%”—,—— (XA+)Y

(50 + x)% - (50 - x)%
fast precipitation slow precipitation
(F)X=(+)-Y + (-)-X—(+)Y (+)-X—(+)-Y asymmetric
B0+x)%  (30-x)% 100% of the second kind

1.7.1 Examples of asymmetric transformation

The (Ras*,94s*) diastereomer of the bis(tertiary arsine) 26 undérgoes an asymmetric

transformation into less soluble (Ras*,Ras*)-(3)-26 in methanol in the presence of
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a trace of hydrochloric acid and sodium iodide after seeding of the solution with

crystals of the (Ra.*,Ras*)-(£) diastereomer (Scheme 1.11).6?

Scheme 1.11: Asymmetric transformation of the second kind

Ph, Me Me, .Ph:Ph, Me
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Two interesting examples of asymmetric transformations have been observed in
the synthesis of the As,S; macrocycle 27. The dissolution of (Ras*,Ras*)-(£)-27 in
chloroform to which a trace of aq. hydro‘éhloric acid had been added furnishes spar-
ingly soluble (Ras*,54s*)-27 in quantitative yield by an asymmetric transformation
of the second kind (Scheme 1.12).%% The meso diastereomer (Rps*,Sas*)-27, how-
ever, when complexed to palladium(II) and heated in DMSO at 150 °C furnishes

(Ras*,Ras*)-(£)-27 in quantitative yield in an asymmetric transformation of the
first kind (Scheme 1.13).

Scheme 1.12: Asymmetric transformation of the second kind of (Ras*,Ras*)-()-27
into (RAs*aSAs*)'27

ST Me:Me, IR
S As As Sj HCI
—————.
[ CHCls
As S S As
Me | S Rl ‘Me

s

(Sas,Sas)-27 (Ras,Ras)-27 (Ras*,Sas*)-27
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Scheme 1.13: Asymmetric transformation of the first kind of [Pd(Ras*,Sas*)-
27](0104)2 into [Pd(RAS*,RAS*)-27](0104)2 .

Me iR RY MeiMe, 1S
As\ /S S\ As As S
- [} /
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5" “as DMSO AS S s” A<
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\2/
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/

(ClOz )2 (CIOZ ),

[PA(Ras*,Sas*)-27](ClO4), [PA(Ras,Ras)-27](ClOy4)s [Pd(Sas,Sas)-27](ClO4),

An asymmetric transformation of the second kind has been demonstrated for the
resolution of a borane adduct of a P-chiral secondary phosphine.54®5 An (Rp/Sp)
54/46 mixture of the diastereomers of (1R¢,2S5¢,5 Rc)-menthylmesitylphosphine (28)
in benzene was treated with borane-dimethylsulfide; the corresponding borane
adducts were initially formed in a similar ratio but the solution became enriched in
one diastereomer over 18 h (Scheme 1.14). Removal of the benzene and redissolution
of the residue in n-hexane brought about the crystallisation of the major diastere-
omer in 66% yield and 97% diastereomeric purity. The mother liquor was enriched
in the isolated diastereomer. The crystal structure of the less-soluble borane adduct
indicated the S configuration at phosphorus. Liberation of the borane from the pure

adduct gave the secondary phosphine in 97% diastereomeric purity.
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Scheme 1.14: Asymmetric transformation of the second kind of (1R¢,2S¢,5Rc, Rp)-
28 into (1Rc,250,5Rc,Sp)—28

N HsB, H Me Me R _\ H. .\SBH3Me
RP - RP 1
S Me S Me
Me Me Me Me Me Me

(lRC>ZSCf5RCaRP)'28 (1RC72SC75R03SP)'28

The asymmetric transformation of tertiary phosphines has also been demon-
strated for (Rp/Sp)-9-fluorenyl[(1Rc,2S5¢,5Rc)menthyl|phenylphosphine (29),
where a 20/1 mixture of (1Rc,25c,5Rc,Sp)/(1Rc,250,5Rc, Rp)-29 was obtained by
recrystallisation of a 3/1 mixture in acetonitrile containing 4 mol % iodine (Scheme

1.15).66

Scheme 1.15: Asymmetric transformation of the second kind of (1R¢,2S5¢,5Rc,Rp)-
29 into (1Rc,25c,5Rc,Sp)-29

& ~Me
e
(1RC72SCy5RC;RP)'29 (1RC,250,5R0,SP)'29

The attempted resolutions of secondary halophosphines has also revealed asym-
metric transformations of the second kind (Scheme 1.16).67""'»8 (£)-Chlorophenyl (s
propyl)phosphine (£)-30 (X = Cl) reacts with (Rg,Rc)-12 in dichloromethane to
give the diastereomers (Rc,Rp)/(Rc,Sp)-31 (X = Cl). Analysis of the mixture of
complexes in solution by 3!P{*H} spectroscopy indicated a 22/78 mixture of the
two diastereomers, which persisted over several days. The isola,tion of the major di-
astereomer of the complex was achieved by successive crystallisations from enriched

solutions, with four crystallisations providing (Rc,Rp)-31 (X = Cl) in 82% yield.®”
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The fluorophosphine (+)-30 (X = F) combines with (R¢,Rc)-12 in a similar manner
to give (Rg,Rp)/(Rc,Sp)-31 (X = F) (Scheme 1.16). Observation of the mixture
by 3'P{*H} spectroscopy indicated the presence of the two diastereomers in almost
equal amounts; upon standing of the solution for 18 h, however, the proportion of
one diastereomer increased to 75%. Isolation of the crystalline solid by the addition
of diethyl ether to the solution gave the major diastereomer (Rg,Rp)-31 (X = F) in

64% yield by an asymmetric transformation of the second kind. 58

Scheme 1.16: Asymmetric transformation of the second kind of coordinated ((+)-30
(where X = F or Cl)
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Complexes of the type A-[Co(en),AA|Cl, (AA = (S)-valine, (S)-alanine) are
configurationally stable at cobalt. The addition of a small quantity of base to the
complexes deprotonates the coordinated amino acids at the a-carbon, which results
in the establishment of an equilibrium mixture of the two possible diastereomers
by rapid inversion at carbon. The equilibrium constants for the reactions indicate
the ratio 63/37 for the diastereomers A-[Cb’o(en)Q(R-va,l)]2+ /A-[Co(en),(S-val)]?+ and
50/50 for the diastereomers A-[Co(en)q(R-ala)]2* /A-[Co(en),(S-ala)]?+.%° The con-
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figuration at cobalt(III) is stable under these conditions. This procedure was further
explored by reactions of a variety of tetraamine—cobalt(III) complexes with a range
of amino acids, where diastereomeric ratios of up to 91/9 were observed.”®"? The
asymmetric transformations of the first kind were monitored by CD and NMR spec-
troscopy. 2

The configurations of metal complexes can also been influenced by external com-
ponents, such as chiral anions and other chiral additives. An interesting asymmetric
transformation of the first kind was observed for the addition of (=)-[Fe(bipy)s]?*
(bipy = 2,2'-bipyridine) to an aq. solution of double-stranded DNA.” The CD spec-
trum of the mixture resembled that of (+)-[Fe(bipy)s]?*, which indicated the trans-
formation of the racemate by association with the anionic surface of the DNA dou-
ble helix. The asymmetric transformatibn of helices containing achiral ligands has
also received attention. The binding of sugars to boronic-acid functionalised 1,10-
phenanthroline-copper(I) complexes induces helicity at copper (Scheme 1.17).747
In this example, the enrichment in the P or M helicate is dependent on the sugar

used for the asymmetric transformation, as determined by CD spectroscopy.



CHAPTER 1. INTRODUCTION 31

Scheme 1.17: Asymmetric transformation of the first kind of a boronic acid-
functionalised 1,10-phenanthroline—copper(I) complex

R=H, OMe
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Many successful asymmetric transformations have been effected with use
of the enantiomers of the (&)-tris(tetrachlorobenzenediolato)phosphate(V) ion
(TRISPHAT), including axially chiral ammonium and diammonium salts, 8
supramolecular systems, "% helicates,®' metallospiranes,3283 and three-bladed pro-

peller complexes.348 The subject has recently been reviewed.”

cl
cl cl
cl 0 cl
o.. cl
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o Iy |
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cl 0
cl

(A)-TRISPHAT

An asymmetric transformation of the second kind has been demonstrated
in our group for a double-stranded, dicopper(I) helicate containing achiral
bis(bidentate) Schiff base ligands (Scheﬁle 1.18).8 The diastereomer [(Rcu,Rcu)-
32] crystallises upon the addition of an aqueous solution containing 2 equiv of
A-(—)-tris(catecholato)arsenate(V) to an equilibrium mixture of the (+)-helicate
in dichloromethane. Crystal structure determinations on two individual crystals of
the complex indicated crystallisation of a single diastereomer. Confirmation of the
asymmetric transformation of the second kind was given by X-ray powder diffrac-
tion on the bulk solid, with the collected data corresponding to the data obtained
for the two single crystals. Interconversion between the two enantiomers of the he-
licate in solution occurs by an intramolecular process, since intermolecular ligand
crossover between similar helicates are slow compared to the rate of racemisation of

the resolved helicate.
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Scheme 1.18: Asymmetric transformation of the second kind for a double-stranded,
dicopper(I) helicate
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1.8 Chemical racemisation of chiral tertiary phos-
phines and arsines

As described in Section 1.2, chiral tertiary phosphines and arsines racemise by uni-
molecular pyramidal inversion at elevated temperatures. There are also a number

of chemical conditions under which tertiary phosphines and arsines racemise.

1.8.1 Racemisation of tertiary arsines by haloacids

Tertiary phosphines are strong bases and form stable salts with strong acids. For ex-
ample (Rp*, Rp*)-1,2-phenylenebis(methylphenylphosphine) ((Rp*,Rp*)-(%)-33) is
protonated stereospecifically by dilute aqueous tetrafluoroboric acid with retention
of configuration at phosphorus; the mono-protonated phosphonium salt is stable to
racemisation, as indicated by recovery of the free (Rp*,Rp*)-(+)-33 by neutrali-
sation. Indeed, optically pure (Rp,Rp)-33 can be recovered unchanged after three
weeks in concentrated hydrochloric acid.5%%

Me, [Ph.Ph, Me

QP. ' P
R
R'l P\

s
PhY ‘Me:!Me Ph

(Rp*,Rp*)-33

Tertiary arsines, however, are weak bases and cannot be isolated as protonated
salts under normal conditions.?! Nevertheless, optically active tertiary arsines chiral
at arsenic racemise rapidly in the presence of halo acids, purportedly by a five-

coordinate intermediate as shown in Schéme 1.19.
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Scheme 1.19: Racemisation of tertiary arsines by haloacids
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1.8.2 Racemisation of tertiary phosphines by iodoarsines

The asymmetric synthesis of tertiary érsines has been achieved with use of the
phosphepine ligand (aR)-19, as outlined in Section 1.6.2. The racemic phosphine-
stabilised arsenium salt (Ras*,Rp*)-(£)-34 was prepared to determine the suitability
of the ligand for the asymmetric synthesis of tertiary arsines.!? It was hoped that
the enantiomerically pure form of the phosphine would coordinate selectively to
one face of the prochiral arsenium cation; subsequent addition of n-butyllithium to
the equilibrating mixture of diastereomers of the complex, one diastereomer being
in excess, would produce an enantioselectively enriched tertiary arsine by a novel

method of asymmetric synthesis.

+ OMe PF6
Ph‘
MePhP

(+)-35 (Ras* Bo*)-34

OMe

S
P\'l’ Ph
Me

In this earlier work, the racemic phosphine (£)-35 and (+)-
iodomethylphenylarsine in dichloromethane was treated with aqueous sodium
hexafluorophosphate; (Ras*,Rp*)-(£)-34 was isolated in 59% yield from the
organic phase. Analysis of the recrystallised complex by 'H and 3P{'H} NMR
spectroscopy in CD,Cl, indicated two diastereomers in a 64/36 ratio or 28%
diastereomeric excess. The de of the more stable complex increased to 38% when
the solution was cooled to —50 °C. The phosphine (+)-35 was then resolved

with use of the palladium(II) dimer (Sc,S¢)-12 and the two-phase synthesis of the
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phosphine-stabilised arsenium hexafluorophosphate described above was repeated
with the optically pure (+)-35, (+)-iodomethylphenylarsine, and aqueous ammo-
nium hexafluorophosphate. Disappointingly (at the time), the optical activity of the
resolved phosphine was lost during the synthesis and workup.'? The racemisation
of the phosphine by the iodoarsine was considered to proceed via a five-coordinate
intermediate (Scheme 1.20). Psuedorotation of the five coordinate intermediate will
result in rapid racemisation of the phosphine by the mechanism proposed for the

racemisation of tertiary arsines in the presence of haloacids.

Scheme 1.20: Racemisation of (+)-35 by (+)-iodomethylphenylarsine
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The confirmation of the racemisation of the phosphine by the secondary iodoar-
sine was made by the addition of a trace of (%)-iodomethylphenylarsine to a
dichloromethane solution of (Rp*,Rp*)-(+)-33.12 Epimerisation' of (Rp*,Rp*)-(%)-
33 into an equimolar mixture of (Rp*,Rp*)—(:l:) /(Rp*,Sp*)-(£)-33 was observed
by 'H NMR spectroscopy to be complete within the time taken to prepare the
solutions and record the NMR spectrum. The experiment was repeated with
(£)-chloromethylphenylarsine as the possible racemising agent; no racemisation of
(Rp*,Rp*)-(+)-33 was observed. I reinvestigated this work by treating a solution
of (Rp*,Rp*)-(£)-83 in CD,Cl, with 0.2 equiv (4)-iodomethylphenylarsine. The
epimerisation occurred, but at a considerably slower rate than originally reported.
The addition of 1 equiv of (%)-iodomethylphenylarsine to a CD,Cl, solution of

(Rp*,Rp*)-(£)-33 resulted in complete epimerisation at phosphorus into the 1/1

tThe term epimerisation is defined as follows: The interconversion of diastereomers by change
of configuration at one or more than one stereogenic centre. !
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(Rp*,Rp*)-(£)/(Rp*,Sp*)-33 equilibrium mixture within the time taken to prepare
the sample and record the 'H and 3!P{*H} NMR spectra. 'H NMR spectra showing
P Me resonances for the (Rp*,Rp*)-(+) and (Rp*,S5p*) diastereomers of 33, as well

as the mixture generated by the addition of the iodoarsine, are shown in Figure 1.6.
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Figure 1.6: PMe resonances in CD,Cl, at 25 °C for (Rp*,Rp*)-(£)-33 (a)
and (Rp*,5p*)-33 (c) and spectrum of either solution in the presence of (+)-
iodomethylphenylarsine (b).
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1.9 Objectives of current work

The resolution of tertiary phosphines chiral at phosphorus by complexation with an
enantiomerically pure, chloro-bridged orthometallated (a-methyl)benzylamine or -
naphthylamine—palladium(II) resolving agent is an extremely effective route to chiral
phosphines of high enantiomeric purity (>99%). Nevertheless, the maximum yield
of an enantiomer that can be obtained by resolution of a racemate is 50%. We have
therefore explored in this thesis a new method for the asymmetric synthesis of chiral
phosphines, where the maximum yield of the enantiomerically pure phosphine could
be 100%. The primary goal of the work was the synthesis of a configurationally
stable haloarsine and to generate from this by methods known within the group the
first phosphine-stabilised arsenium salt containing an enantiomerically pure arse-
nium auxiliary. Because secondary haloarsines lack conﬁgurafional stability due to
rapid intermolecular halide exchange it was necessary to devise a system in which
the chirality was not at arsenic but was within the framework of the molecule. It
was envisaged that a phosphine bound to the chiral arsenium ion could be racemised
under the influence of iodide, resulting in the enrichment of one diastereomer in solu-
tion by an asymmetric transformation. Subsequent isolation of the enantiomerically

enriched tertiary phosphine would provide a new asymmetric synthesis of P-chiral

tertiary phosphines.
* ® *
<A:s% ASR @
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Chapter 2

Chiral Haloarsines

2.1 Introduction

Arsenium ions, AsR{, can be generatéd from tertiary arsines and secondary
haloarsines by ionisation in a mass spectrometer,?>?® can be isolated as ligand-
stabilised species by reactions of secondary iodoarsines in the presence of aqueous
hexafluorophosphates, or by the addition of trimethylsilyl triflate or thallium(I)
salts to a chloroarsine.!!?! The primary aim of this project was the synthesis of
an enantiomerically pure haloarsine that could be used for the possible asymmet-
ric transformation of racemic, P-chiral tertiary phosphines into an enantiomerically

enriched tertiary phosphine, as indicated in Figure 2.1 for an arsenium ion of R

configuration.
> S
Asp R Asp
S 1 - R1- F|’ .R3 i R T
i

Figure 2.1: Deracemisation of a chiral tertiary phosphine in the environment of an
enantiomerically pure arsenium host of R configuration.

40
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A suitable chiral haloarsine was therefore required for the synthesis of appropri-
ate phosphine-stabilised arsenium salts. Halo-arsines and -phosphines of the type
(£)-ERR'X are configurationally labile because of rapid intermolecular halogen ex-
change (Figure 2.2).%%°2 A number of mechanisms have been proposed for degenerate
halide exchange in chloroarsines and chlorophosphines, with kinetic investigations

indicating bimolecular exchange as the most likely mechanism. %

R R
R=Ast----CIE “As'-CP
A2 ' '
C|A A\S'R CIA"'AS?
R k R

Figure 2.2: Degenerate bimolecular halide exchange between chloroarsines.

The two-phase method used for the preparation of phosphine-stabilised arse-
nium salts from iodoarsines and tertiary phosphines in dichloromethane in the
presence of aqueous potassium hexafluorophosphate requires stability of the result-
ing phosphine-stabilised arsenium salt to aqueous hydrolysis; the hydrolysis of a
ligand-stabilised arsenium salt was observed in the attempted two-phase synthesis

of triphenylarsine-stabilised methylphenylarsenium hexafluorophosphate. 2

2.2 Design of a chiral host

Arsenium ions of C; symmetry were considered attractive possibilities for this in-
vestigation because of the degeneracy of the axial sites to coordination above and
below the angular AsC, plane of the arsenium ion. Initial investigations were di-
rected towards the use of enantiomerically pure diamines as chelating components of
heterocyclic chloroarsines. The chloroarsines chosen for this investigation were the
bis(mesitylmethyl)-functionalised diamino derivative (Rc,Rc)-36 and the related

atropisomeric compound (aR)-37.
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Me Me Me Me
(Rc,Rc)-36 (aR)-37

The resolutions of the two parent bis(primary diamines) required for the syn-
theses of the above compounds are described in the literature. % Mesitylation of
each bis(primary amine) was achieved by condensation with two equiv of mesityl
aldehyde. Reductions of the resulting Schiff bases with NaBH, or LiAlH, fur-
nished the desired bis(secondary diamines). The synthesis of (aR)-N,N'-bis(2,4,6-
trimethylbenzylidene)-6,6'-dimethyl-1,1'-biphenyl-2,2'-diamine, (aR)-38, is shown

in Scheme 2.1.

The synthesis of (Rc,Rc)-36 by the addition of trichloroarsine to a solution
of the diamine in the presence of excess 1,8-bis(dimethylamino)naphthalene was
evident from the 'H NMR spectrum of the crude product, but attempts at isolating

the pure compound were unsuccessful. No formation of (aR)-37 was observed under

similar conditions.
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Scheme 2.1: Synthesis of (aR)-38
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Arsenium ions derived from haloarsines containing the 2,2'-bis(methylene)-1,1'-
binaphthyl group will be configurationally stable because rotation about the 1,1'-
bond of the binaphthyl group is prevented by steric hindrance between the methylene
groups in the 2,2' positions and the hydrogen atoms in the 9 and 9' positions. The ab-
straction of a halide ion from (aR)-39 (X = Cl, I) will generate (aR)-40 (Scheme 2.2).
The axial chirality of (aR)-40 under normal experimental conditions will be assured
because hindered rotation about the C—C bond of the 1,1'-binaphthyl group will
lock the seven-membered arsepine ring into a chiral twist-boat conformation. This
ring can only be inverted by racemisation of the 1,1'-binaphthyl framework. Fig-
ure 2.3 shows a representation of the twist-boat conformation of (aR)-40 when the
molecule is viewed down the C, axis. Locking of the conformation of the arsepine-
nium ring by steric resistance ensures that no additional conformers are present
for (aR)-39 (X = I) or (aR)-40 in solution or in the solid state. Intermolecular
halide exchange or pyramidal inversion at arsenic in (aR)-39 (X = Cl, I) does not
result in racemisation because of the Cy symmetry of the rigid 2,2'-bis(methylene)-
1,1'-binaphthyl framework. The coordination of a phosphine (L) to either face of
(aR)-40 is degenerate because of its Cy symmetry, but lowers the symmetry of the
resulting phosphine-stabilised arsenium complex to C; (Figure 2.4).

Scheme 2.2: Formation of (aR)-40 from (aR)-39 (X = Cl, I)

9¢ 99
X X

aR As—X ——— aR As"
CC oo
ANz
(aR)-39 (X = CL 1) (aR)-40

Unlike the As-N bonds in (R,R)-36 and (aR)-37, the As—C bonds in (aR)-40

will be stable to hydrolysis and the conditions usually applied to the synthesis and
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Figure 2.3: Twist-boat conformation of the seven-membered arsepine ring in (aR)-
40.

N
/\As+—: g,
)

Figure 2.4: Degenerate axial approach of L to (aR)-40.



CHAPTER 2. CHIRAL HALOARSINES 46

reactions of phosphine-stabilised arsenium salts. These include attack at arsenic
by strong nucleophilic reagents such as n-butyllithium and alkali metal alkoxides.!!
The framework in (aR)-40 is also attractive because of the success of the related
phosphepine (aR)-19 in the asymmetric synthesis of enantiomerically enriched ter-
tiary arsines by the addition of n-butyllithium to appropriate phosphine-stabilised

arsenium salts, as discussed in Section 1.6.2.

2.3 Phosphepine synthesis

Axially dissymmetric phosphepines possessing the 2,2'-bis(methylene)-1,1'-
binaphthyl framework have been employed for a number of asymmetric synthe-
ses, such as the asymmetric hydrogenation of methyl a-acetamidocinnamate with
dihydrogen in the presence of [Rh(COD),|BF,.% The substrate in this reaction
was reduced quantitatively in up to 96% enantiomeric excess (ee). The synthe-
sis of the phosphepine (3)-41 was achieved by metallation of (+)-2,2'-dimethyl-
1,1'-binaphthyl, (£)-42, with n-butyllithium/potassium t-butoxide/TMEDA in n-
hexane, which gave (£)-43; addition of dichlorophenylphosphine to the dilithium
complex (£)-43 gave the crude phosphepine (+)-41 (Scheme 2.3). The pure
phosphepine was isolated in 30% yield by flash chromatography of the crude mate-

rial. 97

Scheme 2.3: Synthesis of (£)-41

Meﬂ‘{
Li=NMe,
Me n-Buli/
TMEDA PPhCl,
. E— —_— P—Ph
M Et,O
® T Yo e

Me2



CHAPTER 2. CHIRAL HALOARSINES 47

The resolution of (+)-41 was achieved by complexation with the enantiomerically
pure palladium complex (Rc,Rc)-12; the diastereomer (aS,Rc)-44 was the least
soluble of the two formed and was isolated in 47% yield by recrystallisation of the

1/1 mixture from dichloromethane/n-hexane (Scheme 2.4).

Scheme 2.4: Synthesis and resolution of (a5)-41
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The preparation of the enantiomerically pure precursors (aR)-42 and (a5)-42 be-
gan with the coupling of 1-bromo-2-methylnaphthalene to give the racemate (£)-42
(Scheme 2.5). The resolution of (+)-42 was accomplished by cyclisation of the cor-
responding bis(bromomethyl) derivative (+)-45 with (—)—ephedrine and fractional
crystallisation of the diastereomeric azepinium bromides (+)-46 from ethanol. Re-
ductions of the individual diastereomers (+)-46 with LiAlH, in the presence of an-

hydrous nickel(II) chloride as catalyst gave the resolved atropisomers of (+)-42.%

Although this method was effective for the production of (aR)- and (aS5)-42, the
large number of steps required made a simpler procedure more desirable. An alterna-

tive route to (aR)- and (aS)-42 begins with the commercially available enantiomers
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Scheme 2.5: Synthesis and resolution of (+)-42
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of BINOL, (aR)- and (a$)-47.% The preparation of the enantiomers of (£)-42 from
the enantiomers of BINOL is readily accomplished, as showﬁ in Scheme 2.6. Thus,
the diester (aR)-48, which was prepared and isolated in 99% yield as a crystalline
solid, was treated with an excess of methylmagnesium bromide in the presence of

the transfer catalyst [Ni(dppp)Cly] to give (aR)-42 in a similarly high yield.

Scheme 2.6: Synthesis of (aR)-42 from (aR)-47

MeMgBr/ OO
g g OH " 1t,0mpy g g OTf INiCl,dpppl Me

arR W ar aR
o T oo Y .o
(99%) (99%)
(aR)-47 (aR)-48 (aR)-42

The metallation of (aR)-42 with n-butyllithium in the presence of TMEDA
in diethyl ether gives (aR)-43 as dark red crystals.!®19 Subsequent reactions of
sparingly soluble (aR)-43 suspended in n-hexane with a seconda.ry dihalophos-

phine or dihaloarsine furnishes phosphepines and arsepines in modest yields (Scheme

2.7) . 96,97,101

Scheme 2.7: Synthesis of (aR)-41
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Although there is no literature synthesis of (aR)-39 (X = Cl, I), there are syn-

theses available for the corresponding chlorophosphepine (aR)-49, which is a pre-
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cursor to a number of enantiomerically pure tertiary phosphepines by reactions with
Grignard reagents. 1027105 The synthesis of (aR)-49 has been achieved directly by
the reaction of (aR)-43 with trichlorophosphine,?? and by treatment with (diethy-
lamino)dichlorophosphine followed by removal of the amino group from (aR)-50
with anhydrous hydrogen chloride (Scheme 2.8).96:103-105 Tt was envisaged that the
synthesis of (aR)-39 (X = Cl, I) could be accomplished by similar routes to those
used for the phosphepine analogues.

Scheme 2.8: Synthesis of (aR)-49 from (aR)-43
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2.4 Synthesis of (aR)-39 (X = 1)

2.4.1 Direct addition of haloarsines to (aR)-43

The direct additions of trichloroarsine or triiodoarsine to (aR)-43 in n-hexane were
unsuccessful. Analysis by *H NMR spectroscopy of the prodiict in each case indi-
cated a mixture of compounds, although mass spectrometry showed molecular ions
corresponding to the desired products. The attempted preparation of (aR)-39 (X
= Cl) by the addition of (diethylamino)dichloroarsine to a siispension of (aR)-43

in n-hexane, followed by treatment of the reaction mixture with anhydrous hy-
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drogen chloride, also appeared promising by EI mass spectrometry and 'H NMR

spectroscopy, but the pure product could not be isolated from the reaction mixture.

2.4.2 Hydriodic acid

A model system for a synthesis of (aR)—39 (X =1) has been demonstrated by the
synthesis of 2-iodoisoarsindoline (51) in quantitative yield by the reaction of either
2-phenylisoarsindoline 52 (R = H) or 2-(p-methoxyphenyl)isoarsindoline 52 (R =
OMe) with boiling hydriodic acid (57%, constant boiling azeotrope) (Scheme 2.9).1%
No further cleavage of the arsenic—carbon bonds by the hydriodic acid was observed

in either reaction.

Scheme 2.9: Aryl-arsenic bond cleavage by HI
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An examination of the reactivity of anisyl-functionalised tertiary arsines has been
undertaken where tris(p-anisyl)arsine was heated with aqueous hydriodic acid, which
resulted in complete cleavage of all three As—C bonds in the tertiary arsine with
formation of triiodoarsine and 3 equiv of anisole.®” Anhydrous hydriodic acid has
also been used for the conversion of arylarsines into iodoarsines in good yields. 108109
It was envisaged that a reaction similar to the one used for the successful synthesis
of 2-iodoisoarsindoline could be used for the synthesis of the iodoarsepine (aR)-39
(X =1), as indicated in Scheme 2.10.

The only known arylarsine containing the 2,2'-bis(methylene)-1,1'-binaphthyl
group is the phenylarsepine (aS)-53; quaternisation of (a.5)-53 with methyl bromoac-

etate gives the arsonium salt (aS)-54, which can be deprotonated to an ylide that
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Scheme 2.10: Aryl-arsenic bond cleavage by HI
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(aR)-39 (X = 1)

undergoes Wittig-type reactions with 4-substituted cyclohexanones to give enan-

tiomerically enriched olefins (Scheme 2.1.1).101

Scheme 2.11: Synthesis of the arsonium bromide (aS)-54 from (a5)-53
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The structure of the arsonium salt (aS)-54 was confirmed by an X-ray crystal
structure determination, but the details for the synthesis and characterisation of
(a5)-53 were not given. To examine the potential use of (aR)-53 for the synthesis
of (aR)-39 (X = I) by treatment with équeous hydriodic acid, (aR)-53 was pre-
pared by the reaction of (aR)-43 with dichlorophenylarsine in n-hexane at 0 °C.
Work up of the reaction mixture under Schlenk conditions and crystallisation of
the crude product from toluene by the addition of methanol gave pure, crystalline
(aR)-53 in reasonable yield (57%). 'H NMR spectroscopy of (aR)-53 in CDCl,
indicated a tertiary arsine of C; symmetry, where the C; symmetry of the 2,2'-
bis(methylene)-1,1'-binaphthyl group was reduced to C; by the phenyl substituent
at the pyramidally stable tertiary arsenic stereocentre. (Pyramidal inversion at ar-

senic generates the equivalent C; molecule.) The arsepine (aR)-53 is highly resistant
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to oxidation in the solid state, with no oxidation being observed in the 'H NMR
spectrum of the compound after two months exposure to the atmosphere. A single
crystal X-ray diffraction analysis of (aR)-53 was undertaken to confirm the abso-
lute configuration of the molecule and to examine structural features of the arsepine
ring. The arsine (aR)-53 crystallises in the monoclinic space group P2; with two
independent molecules in the asymmetric unit and four molecules in each unit cell
(Table 2.1). An ORTEP diagram of the two independent molecules in the unit cell
is shown in Figure 2.5. The molecules are arranged into alternating layers within
the crystal lattice, with each layer being composed exclusively of symmetry related
molecules. The two independent molecules display an edge—fo—face aryl-aryl em-
brace at a distance of 2.512(2) A (C(112)H(1121)- - - C(214-219)); indeed, a number
of these interactions are observed within the crystal lattice. The coordination ge-
ometry around the arsenic centre in both molecules is pyramidal with the angles
approximating those of a tetrahedron, as listed in Table 2.2. The torsion angles
of the binaphthyl groups in the two molecules are —72.2(5)° and —71.4(6)°. The
absolute configuration of the molecule was correlated with the known configuration

of (aR)-47 and refinement of the Flack parameter, which was 0.017(9).
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Figure 2.5: ORTEP diagram of the independent molecules of (aR)-53 with selected
atoms labelled (30% ellipsoid probability shown). Hydrogen atoms have been omit-
ted for clarity.
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Table 2.1: Crystallographic data and experimental parameters for X-ray structural

analysis of (aR)-53

empirical formula
fw, (g mol™)
cryst syst

space group

a’

b, A

¢, A

v, A

Z

D.aica, (g Cm_g)
cryst size, mm
p, o ~!
instrument
radiation

no. of unique reflns

no. of reflns obsd (I > 30(1)

temp, K

struct refinement
final Rl, ’sz
Flack parameter

CogHy As

432.395
monoclinic

P2,

9.5841(5)
14.0425(6)
15.6167(6)
2101.55(16)

4

1.367

0.26 x 0.21 x 0.03
1.628

Nonius Kappa CCD
Mo Ko

9600

4162

200
CRYSTALS0
0.0284, 0.0298
0.017(9)

Table 2.2: Selected bond lengths (A) and angles (°) in (aR)-53

As(1)-C(11)
As(1)-C(12)
As(2)-C(21)
As(2)-C(22)
As(1)-C(130)
As(2)-C(230)

2.011(4)
1.982(4)
1.994(6)
1.971(5)
1.964(4)
1.968(5)

C(11)-As(1)-C(130)
C(12)-As(1)-C(130)
C(21)-As(2)-C(230)
C(22)-As(2)-C(230)
C(11)-As(1)-C(12)
C(21)-As(2)-C(22)

C(119)-C(110)-C(120)-C(129)
C(219)-C(210)-C(220)-C(229)

101.11(17)
100.68(18)
100.3(2)
100.7(2)
96.71(18)
95.1(2)
~72.2(5)
—71.4(6)

The attempted synthesis of the iodoarsine (aR)-39 (X = I) was undertaken by

the addition of an excess of freshly distilled aqueous hydriodic acid (57%, constant

boiling azeotrope) to solid (aR)-53 under nitrogen. The suspension was heated

under reflux; an orange colouration typical of iodoarsines appeared within 5 min.
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After 2 h, dichloromethane was added to the cooled suspension to extract the sticky
orange product. Analysis by 'H NMR spectroscopy of the extract indicated the
presence of (aR)-39 (X =1I) and 2,2'-dimethyl-1,1'-binaphthyl (aR)-42 (Figure 2.6).

CH;

CH CH CH CH

.. .

T L T

AL U DL BN L IR SRR BN BN BN BN B T — T T
33 32 31 3 29 28 27 26 ng.S 24 23 22 21 2 1.9 18
pp

Figﬁre 2.6: 'H NMR spectrum of (aR)-39 (X = I) and (aR)-42 arising from reaction
of (aR)-53 with boiling hydriodic acid.

The experiment was repeated, this time by maintaining the heating with hydri-
odic acid for 24 h; under these conditions, complete cleavage of all three arsenic—
carbon bonds in (aR)-53 occurred to give triiodoarsine and (aR)-42. Many adjust-
ments were made to the reaction conditions in attempts to cleave only the arsenic—
phenyl group in (aR)-53. At best, a ratio of 14/1 of (aR)-39 (X =I) to (aR)-42
was obtained by heating (aR)-53 with a small excess of hydriodic acid over 3 h
at reflux. Recrystallisation of the 14/1 mixture from diethyl ether brought about
the removal of the (aR)-42 impurity, but the remaining by-product, triiodoarsine,
could not be separated from the desired ﬁroduct. The reaction of (aR)-53 was also
attempted with freshly distilled hydrochloric acid (20%, constant boiling azeotrope)

and hydrobromic acid (48%, constant boiling azeotrope). No reaction was observed
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when (aR)-53 was heated under reflux in hydrochloric acid for 24 h; a similar re-
action with hydrobromic acid generated a mixture of products. The treatment of a
dichloromethane solution of (aR)-53 with anhydrous hydrogen chloride or hydrogen

bromide for 1 h brought about no bond cleavage.

2.4.3 Disproportionation reactions

Disproportionation reactions are common in antimony(III) and bismuth(III)
organometallic chemistry, an example being the synthesis of chlorodiphenylstibine
at room temperature by the solvent free reaction of 1 equiv of trichlorostibine with
2 equiv of triphenylstibine.!!! The mixing of the two components in an inert atmo-
sphere leads to localised formation of a melt phase. This phase extends throughout
the solid mixture, ultimately giving a free flowing liquid that solidifies on standing
as pure SbClPhy, which can be recrystallised from dichloromethane or used with-
out further purification (Eq 2.1). Changing the stoichiometry of the reactants to 2
equiv trichlorostibine and 1 equiv triphenylstibine furnished dichlorophenylstibine,
also in high yield. A similar reaction between trichlorobismuthine and triphenyl-
bismuthine in diethyl ether affords chlorbdiphenylbismuthine.112 The reactions of
trialkyl or triarylbismuthines with trihalobismuthines in varied stoichiometries pro-

vide a means of synthesising mixed halo(organyl)bismuthines. *1-13

SbCl, + 2 SbPhy —> 3 SbCIPh, (2.1)

Such disproportion reactions are less common for arsenic(III), where they are
usually undertaken at high temperatures, often producing mixtures of mono and
dihalogenated arsines. 45 Thus, the disproportionation of (aR)-53 and triiodoar-
sine was attempted for a 1/1 mixture in boiling benzene (Scheme 2.12). Aliquots
were removed from the reaction mixture after 2, 8, and 52 h and the solvent was

removed in vacuo. Analyses of the solutions by *H NMR spectroscopy in CgDg
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indicated the growth of new, broad methylene and aromatic signals corresponding
to (aR)-39 (X = I) with a corresponding decrease in the much sharper methylene

signals of (aR)-53 (Figure 2.7).

Scheme 2.12: Formation of (aR)-39 (X =I) from (aR)-53 and triiodoarsine

99 nes

aR As—Ph + Asly —— aR As—| + Asl,Ph
i l benzene l I
(aR)-53 (aR)-39

Since the reaction in boiling benzene was not complete after 52 h, the benzene
was removed from the reaction mixture and toluene was added to the residue and
the resulting solution was brought to reflux: an aliquot was concentrated to dryness
and the *H NMR spectrum of the solution (C4Ds) indicated complete conversion
of (aR)-53 into the desired (aR)-39 (X = I) within 24 h. The reaction rate was
further increased in boiling xylenes; complete conversion of (aR)-53 into (aR)-39
(X = I) being observed after 2 h at reflux, but the reaction was accompanied by
thermal decomposition of the product. The reaction of (aR)-53 with triiodoarsine
in boiling toluene over 24 h is quantitative, as determined by *H NMR spectroscopy.
Removal of the toluene from the reaction mixture left a dark orange oil, that, when
dissolved in dichloromethane and the solution allowed to evéiiorate under a stream
of dry nitrogen, afforded copious crystals of (aR)-39 (X = I) that were coated with
diiodophenylarsine. The latter was removed from the product by covering the crude
product with n-hexane and triturating and sonicating the mixture to assist in the
dissolution of the diiodophenylarsine. The crude (aR)-39 (X = I) was recrystallised
from dichloromethane by the addition of methanol, providing yellow crystals of pure
compound in 75% yield.
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Figure 2.7: Methylene region of 'H NMR spectra in CgDg at 25 °C for synthesis of
(aR)-39 (X = 1) from (aR)-53 and triiodoarsine in boiling benzene: (a) (aR)-53,;
(b) after 2 h; (c) after 8 h; (d) after 52 h reflux, reaction incomplete; (e) (aR)-39
(X =1), after an additional 24 h in boiling toluene.
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The iodoarsepine (aR)-39 (X = I) crystallises in the hexagonal space group P65
with six molecules in the unit cell (Table 2.3). An ORTEP diagram of the com-
pound is shown in Figure 2.8. Analysis of the crystal structure solution revealed a
solvent accessible void of 184 A3. Further analysis of the structure with Squeeze in
PLATON indicated electron density corresponding to 22 electrons, ca. 3.7 electrons
per (aR)-39 (X = I). The coordination geometry around arsenic is pyramidal, al-
though the interatomic angles indicate a significant deviation from those observed
in (aR)-53 (Table 2.4). The C(19)-C(10)-C(20)-C(29) dihedral angle in (aR)-39
(X =1) is 118.5(5)°, which is smaller than the corresponding angle in (aR)-53. The
absolute configuration of the 1,1'-binaphthyl framework was assigned on the basis
of the known configuration of the starting material (aR)-47 and was confirmed by

refinement of the Flack parameter, which was 0.008(12).
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Figure 2.8: ORTEP diagram of (aR)-39 (X = I) with atom labelling (30% ellipsoid
probability shown). Hydrogen atoms have been omitted for clarity.



CHAPTER 2. CHIRAL HALOARSINES

62

Table 2.3: Crystallographic data and experimental parameters for X-ray structural

analysis of (aR)-39 (X = 1)

empirical formula
fw, (g mol™!)
cryst syst

space group

a,

¢, A

v, A

Z

Dca.lcda (g cm—3)

cryst size, mm

p, mm™!

instrument

radiation

no. of unique reflns

no. of reflns obsd (I > 3o (1)
temp, K

struct refinement

final Rl, ’I.UR2

Flack parameter

CyoH gAsI

482.20

hexagonal

P65

16.8728(5)
11.2567(2)
2775.34(13)

6

1.731

0.23 x 0.07 x 0.05
3.505

Nonius Kappa CCD
Mo Ko

4121

2929

200
CRYSTALS!
0.0285, 0.0301
0.008(12)

Table 2.4: Selected bond lengths (A) and angles (°) in (aR)-39 (X =1I)

As(1)-1(1) 2.5751(5)
As(1)-C(1) 1.983(4)
As(1)-C(2) 1.992(4)

1(1)-As(1)-C(1)
1(1)-As(1)-C(2)
C(1)-As(1)-C(2)
C(19)-C(10)-C(20)-C(29) 118.5(5)

99.38(12)
96.51(13)
94.82(16)

The success in synthesising (aR)-39 (X = I) by disproportionation of triiodoar-

sine and (aR)-53 encouraged us to examine disproportionation reactions between

(aR)-53 and trichlorophosphine, trichloroarsine, and trichlorostibine. Thus, equimo-

lar amounts of the two reactants in each case were dissolved in toluene and the

solutions were heated under reflux for 24 h. Analyses of the reaction mixtures by

'H NMR spectroscopy indicated no reactions between the components under these

conditions.
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2.5 Preparation of (aR)-39 (X = Q1)

Another method for the preparation of a particular haloarsine involves the exchange
of one halogen for another with use of a silver halide.??!16 Thus, (aR)-39 (X = I)
was dissolved in dichloromethane and 5 equiv of silver chloride were added. The
suspension was stirred overnight in the absence of light; a colourless solution resulted,
which was accompanied by the precipitation of yellow silver iodide. Filtration of the
reaction mixture to remove the silver halides, followed by evaporation of the solvent
and recrystallisation of the residue from a small quantity of boiling ethyl acetate,
gave (aR)-39 (X = Cl) as colourless needles (76% yield).

The chloroarsepine (aR)-39 (X = Cl) crystallises in the hexagonal space group
P65 with six molecules in the unit cell, and is isomorphous with (aR)-39 (X = I)
(Table 2.5). An ORTEP diagram of the compound is shown in Figure 2.9. Selected

bond distances and angles in the molecule are listed in Table 2.6.
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C17

C16

C15

Figure 2.9: ORTEP diagram of (aR)-39 (X = Cl) with atom labelling (30% ellipsoid
probability shown). Hydrogen atoms have been omitted for clarity.
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Table 2.5: Crystallographic data and experimental parameters for X-ray structural
analysis of (aR)-39 (X = Cl)

empirical formula CyoH, sAsCl
fw, (g mol™!) 390.74
cryst syst hexagonal
space group P65

a, 16.7760(4)
¢, A 11.0926(2)
Vv, A3 2703.59(10)
Z 6

Dearea, (g cm™3) 1.440

cryst size, mm
-1

0.18 x 0.08 x 0.08

[, mm 2.033

instrument Nonius Kappa CCD
radiation Mo Ko

no. of unique reflns 4113

no. of reflns obsd (I > 30(1) 2972

temp, K 200

struct refinement CRYSTALS!0
Flack parameter 0.007(12)

Table 2.6: Selected bond lengths (A) and angles (°) in (aR)-39 (X = Cl)

As(1)-Cl(1) 2.5126(13) Cl(1)-As(1)-C(1) 98.34(12)
As(1)-C(1) 1.981(4) Cl(1)-As(1)-C(2) 95.91(13)
As(1)-C(2) 1.992(4) C(1)-As(1)-C(2) 95.17(14)

C(19)-C(10)-C(20)-C(29) —63.2(4)



Chapter 3

Arsenium Complexes of Tertiary

Phosphines

3.1 Phosphine-stabilised arsepinenium salts

Phosphine-stabilised arsenium salts were synthesised from the iodoarsepine (aR)-
39 (X =1I) and achiral phosphines by the two-phase method. An examination of
model complexes was undertaken to provide details about the structure and bonding
of the previously uncharacterised arsepinenium group (aR)-40 and its interactions
with tertiary phosphines.

Dimethylphenylphosphine was chosen as the model ligand for the arsepinenium
system because the methyl groups of the phosphine become diastereotopic in a chi-
ral environment. Thus, dimethylphenylphosphine was added to a dichloromethane
solution of (aR)-39 (X = I); the addition of the phosphine resulted in decolouration
of the initial yellow solution of the iodoarsepine. An équeous solution of potassium
hexafluorophosphate was then added and the mixture was stirred vigorously for 30
min. The almost colourless organic phase was separated, dried with anhydrous mag-
nesium sulfate, filtered, and the filtrate evaporated to dryness. The colourless solid

that remained was crystallised from dichloromethane by the addition of diethyl ether.
66
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Colourless needles of (aR)-(dimethylphenylphosphine-P)[2,2'-bis(methylene)-1,1'-
binaphthylarsepinenium| hexafluorophosphate 1-dichloromethane, (aR)-55-CH,Cl,,
were thus obtained in 92% yield.

~

+ —
aR As PFg

OO PMe,Ph

(aR)-55

Recrystallisation of this material from 2-butanone/diethyl ether provided nee-
dles of (aR)-55-C,HgO suitable for X-ray crystallography. The solvate crystallised
in the orthorhombic space group P2;2:2; with four formula units within the cell
(Table 3.1). The cation of (aR)-55-C,HgO is shown in Figure 3.1. The 2-butanone
molecule of crystallisation is disordered, with high thermal parameters being ob-
served for the refined atoms. Attempts to model the disorder did not provide a
satisfactory model. The absolute configuration of the (aR)-2,2'-bis(methylene)-1,1'-
binaphthylarsepinenium group was assigned on the basis of the knowledge of the
absolute configuration of the starting material (aR)-47 and was confirmed by re-
finement of the Flack parameter (0.032(11)).

Principle bond lengths and angles for the cation are given in Table 3.2. The
As(1)-P(1) distance of 2.3382(9) A is longer than the sum of the covalent radii
of the two elements (2.22 A“) and is similar in length to the arsenic—phosphorus
distance in [(PhsP)AsMePh]PFg (2.3480 A).!! The coordination geometry around
the arsenic centre is best described as a distorted trigonal pyramid in which the
six-electron AsC, group of atoms and the lone pair of electrons occupy the base and
the phosphorus atom the apex. This is evident from the angles P(1)-As(1)-C(1),
102.08(11)°, and P(1)-As(1)-C(2), 99.46(10)°, which align the phosphine orthogonal
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Figure 3.1: ORTEP diagram of the cation of (aR)-55-C,HgO with selected atoms
labelled (30% ellipsoid probability shown). Hydrogen atoms have been omitted for
clarity.
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Table 3.1: Crystallographic data and experimental parameters for X-ray structural

analysis of (aR)-55-C,H,O

empirical formula
fw, (g mol™?)
cryst syst

space group

a,

b, A

c, A

v, A3

Z

Deaiea, (g cm™2)
cryst size, mm

p, mm~
instrument
radiation

no. of unique reflns

no. of reflns obsd (I > 30(I)

temp, K

struct refinement
final Rl, 'sz
Flack parameter

Cy4Hy5AsFOP,
710.51 "
orthorhombic
P212121

8.2770(1)
13.4613(2)
29.0898(4)
3241.16(8)

4

1.456

0.35 x 0.19 x 0.09
1.209

Nonius Kappa CCD
Mo Ko

7730

4937

200
CRYSTALS!0
0.0287, 0.0367
0.032(11)

Table 3.2: Selected bond lengths (A) and angles (°) in (aR)-55-C,HgO

As(1)-P(1) 2.3382(9)
As(1)-C(1) 2.000(3)
As(1)-C(2) 1.987(3)
P(1)-C(30) 1.800(4)
P(1)-C(40) 1.803(4)
P(1)-C(50) 1.792(4)

P(1)-As(1)-C(1) 102.08(11)
P(1)-As(1)-C(2) 99.46(10)
C(1)-As(1)-C(2) 97.38(13)
As(1)-P(1)-C(30) 109.98(13)
As(1)-P(1)-C(40) 105.12(14)
As(1)-P(1)-C(50) 116.06(11)
C(10)-C(19)-C(20)-C(29) —70.0(4)

to the AsC, plane of the arsenium ion. These angles are notably larger than those

of previously characterised [(Ph3P)AsMePh]PFg, where the equivalent angles are

92.31(8)° and 97.04(6)°.!! The increase in these angles may be caused by the steric

influence of the (aR)-2,2'-bis(methylene)-1,1'-binaphthyl group on phosphine coordi-
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nation. An additional point of interest in the structure is the C(1)-As(1)-C(2) angle
of 97.38(13)°, which is smaller than the corresponding angles in [(PhsP)AsMePh]PFg
and [(Ph3P)AsPh,y|PFs, (101.73(7)° and 105.11(9)°, respectively).!’!” The seven-
membered twist—boat arsepine ring apparently constrains this angle because it is
close to the corresponding angles in the tertiary arsine (aR)-53, where the angles
96.71(18) and 95.1(2)° are observed for the two molecules in the unit cell. It was
previously observed for the MePhAs* cation that the substituent groups and the
lone pair of electrons appear to be coplanar, with the methyl group deviating by
0.192 A from the plane of the phenyl group. It is considered that this coplanarity
stabilises the arsenium ion through conjugation of the donated electrons with the
phenyl ring, thus delocalising the positive charge on arsenic. Coplanarity of the
phenyl groups and the arsenic atom was not observed in [(Ph3P)AsPhy|PFg; in this
complex, the phenyl rings show significant dihedral displacement.!” The planarity of
the arsenium cation in (aR)-55-C,HgO was analysed within CRYSTALS by defining
a plane comprised of As(1), C(1) and C(2) and calculating the angle between the
normal of this plane to the line between As(1) and P(1): the deviation is 16.53°.
Other features of interest within the crystal structure of (aR)-55-C4H80 are the
interaction between As(1) of the cation and F(5) of the hexafluorophosphate ion
at 3.347(3) A and the embrace between C(12)-H(121) of a naphthalenyl group and
the phenyl ring of the dimethylphenylphosphine group at 2.7228(3) A. This em-
brace appears to be the major influence on the preferred rotamer of the coordinated

phosphine (Figure 3.2).
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Figure 3.2: ORTEP diagram of the cation of (aR)-55-C,HgO with selected atoms
labelled (30% ellipsoid probability shown). The selected hydrogen atom indicates
the direction of the intramolecular aryl-aryl embrace.
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The 'H NMR spectrum of (aR)-55-CH,Cl, in CD;Cly at 25 °C shows di-
astereotopicity of the PMe groups due to the influence of the chiral arsenium ion
(Figure 3.3(a)). Although diastereotopicity of the PMe doublets (2J(*H3'P) =
11.10 Hz) is observed at 25 °C, exchange of the phosphine is still fast at this temper-
ature because the resonances for the methylene protons in the arsepine ring appear
as an averaged AB quartet, which is indicative of a C system; at the slow exchange
limit for phosphine coordination, AB and A'B' spin systems with additional coupling
to the 3'P nuclei are expected for the two sets of methylene protons. The coalescence
temperature for the methylene protons and P Me resonances will not necessarily be
the same because of variations in the magnitude of their chemical shift differences
and in the unequal population of the rofameric sites of the phosphine substituents.
Dissociative exchange of the phosphine in this complex is consistent with the results
of crossover experiments with a pair of closely related complexes (Section 1.3).!!
Variable temperature 'H NMR spectra of (aR)-55-CH,Cl, in CD,Cl, were recorded
between 25 and —90 °C to investigate the symmetry of the complex at the slow ex-
change limit for phosphine coordination. Cooling of the solution of the complex to
—30 °C resulted in broadening of the arsépine methylene resonances and an increase
in the separation of the pair of P Me doublets (Figure 3.3(b)). Further cooling of the
solution resulted in the appearance of a cdmplex multiplet between —50 and —60 °C
(Figure 3.3(c)), with baseline separation of the PMe resonances and resolution of
a greater number of the multiplet peaks at —90 °C (Figure 3.3(d)). The 'H{3!P}
spectra at —90 °C, revealed distinct AB and A'B' spin systems (Figure 3.3(e)).
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Figure 3.3: Aliphatic regions of the 'H NMR spectra of (aR)-58-CH,Cl, in CD,Cl,
at 25 °C (a), —30 °C (b), —60 °C (c), —90 °C (d), and the 'H{3'P} NMR spectrum
at —90 °C (e).
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Previous work in our group concerned with the asymmetric synthesis of tertiary
arsines by the additions of organolithium reagents to phosphine-stabilised arsenium
salts identified the [2-(methoxymethyl)phenyl] group on phosphorus as an important
element in the orientation and diastereofacial selection of the prochiral methylpheny-
larsenium ion (Section 1.6.2). It was therefore appropriate to examine the inter-
action of a [2-(methoxymethyl)phenyl]-substituted phosphine with the chiral ar-
sepinenium ion. [2-(Methoxymethyl)phenyl|dimethylphosphine was chosen as the
ligand to examine this interaction because the coordinated phosphine will show di-
astereotopic P Me resonances in the 'H NMR spectrum below the fast exchange limit
for phosphine coordination. [2-(Methoxymethyl)phenyl]dimethylphosphine (56) was
prepared by the reaction of 2 equiv of methylmagnesium iodide with dichloro[2-
(methoxymethyl)phenyl|phosphine, (57); the product was isolated in 70% yield by
distillation as a colourless oil, bp 78 °C (0.7 mmHg) (Scheme 3.1).

Scheme 3.1: Synthesis of 56
OM

e OMe
PCl, + 2MeMgl —m87F é/PMez

57 56

The coordination of the phosphine 56 to the arsepinenium ion was achieved
under conditions similar to those employed for the synthesis of (aR)-55-CH,Cl,; re-
crystallisation of the crude product from dichloromethane by the addition of diethyl
ether furnished the pure product as off-white prisms suitable for X-ray crystallog-
raphy.

The phosphine-stabilised arsenium salt (aR)-58 crystallises in the monoclinic
space group C2 with four formula units within the unit cell (Table 3.3). The
asymmetric unit contains one Cj,H;, ASOP cation and one PFg ion. The fluo-

rine atoms of the hexafluorophosphate ion are disordered and were modelled as
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aR ast PMe b,
oM
(aR)-58

two sets of six fluorine atoms by refinement of their relative occupancies. The [2-
(methoxymethyl)phenyl] group was also disordered and was modelled as two compo-
nents having occupancies of 64.2% and 35.8%. The ORTEP diagram of the major
conformer of the molecule is shown in Figure 3.4(a) and the minor conformer is
shown in Figure 3.4(b). The two conformers are related by rotation about the
phosphorus—carbon bond of the [2-(methoxymethyl)phenyl]phosphine group. Rele-
vant bond lengths and angles in the cations are given in Table 3.4.

The two conformers of the cation of (aR)-58 exhibit distinct oxygen—arsenic
and oxygen-phosphorus interactions. The major conformer shows interactions
of the oxygen with the arsenic atom, where As(1)---O(11) is 3.111(4) A, and
with the phosphorus atom, where P(1)---O(11) is 2.944(4) A. In the minor com-
ponent, the oxygen is further away from the P-As bond, viz. As(1)---0O(21)
3.721(8) A, P(1)---O(21) 3.039(8). It is interesting to note that the oxygen
atom in both conformers is closer to the phosphorus atom than the arsenic
atom, which suggests a greater positive charge on the phosphorus or steric hin-
derance between the methoxymethyl grdup and the arsenic. The source of the
disorder is unclear, but a phenyl-phenyl embrace can be seen between the [2-
(methoxymethyl)phenyl] groups of symmetry related molecules within the crys-
tal lattice. Previously characterised phosphine-stabilised arsenium salts containing
the [2-(methoxymethyl)phenyl] group have indicated a weakening of the arsenic—
phosphorus bond by a destabilising chelate effect, but this was not observed in

the present structure where the As(1)-P(1) distance of 2.3358(8) A compares very
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(b)

Figure 3.4: ORTEP diagram of the major (a) and the minor (b) conformers of the
cation of (aR)-58 with selected atoms labelled (30% ellipsoid probability shown).
Hydrogen atoms have been omitted for clarity.
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Table 3.3: Crystallographic data and experimental parameters for X-ray structural

analysis of (aR)-58

empirical formula
fw, (g mol™?)
cryst syst

space group

a,

b, A

¢, A

v, A3

Z

Dealea, (g cm™2)
cryst size, mm

p, mm™!
Instrument
radiation

no. of unique reflns

no. of reflns obsd (I > 3o(J)

temp, K

struct refinement
final Rl, ’UJR2
Flack parameter

Cy,Hj, AsF4OP,
682.46

monoclinic

C2

20.4881(3)
7.9518(1)
19.5861(3)
2992.92(7)

4

1.514

0.25 x 0.15 x 0.09
1.306

Nonius Kappa CCD
Mo Ko

7079

4555

200
CRYSTALS!0
0.0262, 0.0300
0.009(7)

Table 3.4: Selected bond lengths (A) and angles (°) in the two conformers of (aR)-58

As(1)-P(1)
As(1)-C(1)
As(1)-C(2)
P(1)-C(30)
P(1)-C(40)
P(1)-C(150)
P(1)-C(250)
As(1)--- O(11)
P(1)--- O(11)
As(1)---O(21)
P(1)--- O(21)

2.3359(8)
1.988(3)
1.990(3)
1.800(4)
1.791(4)
1.810(9)

1.811(15)
3.111(4)
2.943(4)
3.721(8)
3.039(8)

P(1)-As(1)-C(1)
P(1)-As(1)-C(2)
C(1)-As(1)-C(2)
As(1)-P(1)-C(30)
As(1)-P(1)-C(40)
As(1)-P(1)-C(150)
As(1)-P(1)-C(250)

C(10)-C(19)-C(20)-C(29)

99.58(9)
97.94(9)
95.66(11)
113.51(13)
111.33(12)
106.8(4)
109.0(8)
—67.5(4)
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closely with that of As(1)-P(1) in (aR)-55-C,H,,0 (2.3382(9) A). The structures
of [((2-MeOCH;,C¢H,)PhyP)AsMePh|PFg and [(PhsP)AsMePh]PFg revealed As—P
distances of 2.3703(5) and 2.3480(5) A, respectively, indicating a significant length-
ening upon anchimeric chelation by the oxygen and phosphorus (Axs_p 0.0223 A). u
This lengthening effect is also seen in the arsine-stabilised arsenium salts [((2-
MeOCH;CgsH4)PhyAs)AsMePh]PFg and [(Ph3As)AsMePh|PFg, where an increase
of 0.0363 A is observed for the As—As bond in the methoxymethylphenyl-containing
compound.?! Comparison of the structures [((2-MeOCH2C6H4)Me2E)AsMePh] OTf
and [(PhMeyE)AsMePh]OTf were also made. The As-E bond lengths in
[(PhMe,P)AsMePh|OTE and [(PhMeyAs)AsMePh]OTS of 2.3402(8) and 2.4448(6)
A, respectively, are similar to the corresponding bond lengths in the adducts [((2-
MeOCH;CgHy)MeoP)AsMePh]OTf and [((2-MeOCH,CgH, )MeyAs)AsMePh]OTH,
which are 2.3482(6) and 2.4394(3) A, respectively. A comparison of the structures
of the two phosphine complexes indicates a lengthening of the As—-P bond by 0.008
A, whereas the As—As bonds in the arsine complexes reveals a decrease by 0.0054 A.
These variations are considerably smaller than those observed in the triaryl systems
and are accompanied by a lengthening in the distance between the oxygen atom
and the arsenium arsenic atom, and the oxygen atom and the Lewis donor atom.
The extent of the influence of the anchimeric oxygen coordination on the arsenic—
phosphorus distance appears to be dependent on the Lewis basicity of the electron
pair donor — it is considered that the increased Lewis base character of the phos-
phine results in a greater donation of electron density to the arsenium ion through
the coordinate bond, which decreases the influence of the electronegativity of the
oxygen on the arsenium ion.

The 'H NMR spectrum of (aR)-58 in CD;Cl; at 25 °C indicated that the sys-
tem is at the slow exchange limit, as indicated by the baseline separation of the
diastereotopic P Me resonances and the coupling of the diastereotopic pairs of methy-

lene protons to the 3P nuclei, as shown in Figure 3.5(a). The 'H{3!P} spectrum
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of (aR)-58 in CD,Cl; at 25 °C indicated AB and A'B' spin systems for the methy-
lene protons as expected for a C;-symmetric phosphine-stabilised arsenium cation
at the slow exchange limit (Figure 3.5(b)). The observation of slow exchange of the
phosphine at 25 °C indicates a significant influence of the methoxymethyl group on
the strength of the phosphine coordination to the arsenium ion by chelation. The
[2-(methoxymethyl)phenyl] substituent on the phosphine has been shown elsewhere

to facilitate face discrimination of the prochiral methylphenylarsenium ion. !
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Figure 3.5: Aliphatic regions of 'H (a) and 'H{3'P} (b) NMR spectra of (aR)-58 in
CDzClg at 25 °C.



Chapter 4

Deracemisation of tertiary

phosphines

4.1 Attempted deracemisation of a P-chiral phos-
phine

An investigation of the ability of (aR)-39 (X = I) to deracemise (&*)-
ethylmethylphenylphosphine was undertaken by isolation of the diastere-
omers of (aR,Rp)/(aR,Sp)-(ethylmethylphenylphosphine-P)[2,2'-bis(methylene)-
1,1'-binaphthylarsepinenium] hexafluorophosphate, (aR,Rp)/(aR,Sp)-59. Thus, the
racemic phosphine was added to a dichloromethane solution of (aR)-39 (X = I); af-
ter 5 h, a solution of potassium hexafluorophosphate in water was added to exchange
the iodide for hexafluorophosphate. The dichloromethane solution was dried with
magnesium sulfate, filtered, and evaporated to dryness. The powder that remained
was redissolved in a small quantity of dichloromethane and diethyl ether was added,

which led to the precipitation of a colourless powder in 47% yield.

The 'H and 3'P{*H} NMR spectra of the powder at 25 °C indicated a 1/1 mix-

ture of the (aR,Rp) and (aR,Sp) diastereomers of the complex, as indicated by the
81
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(aR,Rp)-59 (aR,Sp)-59

intensities of the P Me doublets (Figure 4.1(a)) and the phosphine- P singlets (Figure
4.1(b)). These data are consistent with simple coordination of each enantiomer of
the phosphine to the arsepinenium ion, but do not rule out iodide-induced racemi-
sation of the phosphine because the coordination of the two enantiomers could be
non-diastereoselective. In order to explore further the stabilities and structures of
phosphine complexes of the arsenium ion (aR)-40, a number of structurally related

complexes were prepared and characterised.
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Figure 4.1: Selected region of 'H NMR spectrum (a) and 3P{'H} NMR spectrum
(b) of (aR,Rp)/(aR,Sp)-59 in CD,Cl; at 25 °C.
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4.2 Design of a P-chiral phosphine for deracemi-
sation

Analyses of the interactions present within the solid state structures
of the complexes of (aR)-40 with achiral dimethylphenylphosphine and
[2-(methoxymethyl)phenyl|dimethylphosphine  (56) indicated that (%)-[2-
(methoxymethyl)phenyl]methylphenylphosphine, (£)-35, would be a favourable
chiral phosphine for attempted deracemisation by asymmetric transformation in

the presence of an enantiomerically pure arsenium auxiliary.

OMe

PMePh
(£)-35

4.2.1 Synthesis of (+)-35

The phosphine (4)-35 was prepared from 2-bromotoluene in three steps (Scheme
4.1).12117.118 Rirgt  2-bromotoluene was reacted with 1 equiv of bromine under ir-
radiation with a tungsten lamp to give 2-bromobenzyl bromide (60);'” the subse-
quent reaction of 60 with sodium methoxide in methanol furnished the methyl ether
61 in 86% yield. The pure ether had bp 99 °C (15 mmHg) [Lit.}*® 106—107 °C
(16 mmHg)]. The reaction of 61 with sodium methylphenylphosphide, which was
generated in THF from (&)-methylphenylphosphine and ex'céss sodium, gave the
crude product as a cloudy orange oil that was distilled to give pure (£)-35 in 70%
yield, bp 146-148 °C (1.25 mmHg).
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Scheme 4.1: Synthesis of (:I:)~35

Br

Me
Bry, h NaOM
Br rp, hv Br aO e NaPMePh PMePh
H,O MeOH
60 61 (:I:)-35

4.2.2 Deracemisation of (+)-35

The possible deracemisation of (+)-35 with (aR)-39 (X = I) was investigated by
allowing the two reagents to equilibrate for 3 h and then adding an aqueous solution
of potassium hexafluorophosphate. After 1 h, the organic phase was separated from
the aqueous phase, dried (MgSO,) and filtered; removal of the solvent left an off-
white powder. Attempted analysis of the reaction mixture by 'H or *'P{'H} NMR
spectroscopy failed to indicate the ratio of diastereomers due to rapid exchange of a
small quantity of excess phosphine in the crude solution. The powder was dissolved
in dichloromethane and a large quantity of diethyl ether was added to precipitate

the phosphine-stabilised arsenium salt (aR,Rp)/(aR,Sp)-62 in 38% yield.
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Scheme 4.2: Synthesis of (aR,Rp)/(aR,Sp)-62
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The 'H and 3'P{*H} NMR spectra of the precipitate in CD,Cl, indicated an
unequal mixture of the two diastereomers. Examination of the relative intensities
of the PMe doublets for the mixture indicated a ratio of 74% (6 1.86) to 26% (&
2.28) (Figure 4.2(a)); integration of the phosphorus resonances for the compound in
the 3'P{*H} NMR spectrum gave the similar ratio of 73% (§ 9.58) to 27% (6 12.30)
(Figure 4.2(b)). The experiment was repeated four times, and in each case the same
approximate ratio of the two diastereomers was obtained. Fractional crystallisation
of the 74/26 mixture of (aR,Rp)/(aR,S)-62 from dichloromethane-diethyl ether
furnished the major diastereomer as colourless needles in spectroscopically pure
form. Repeated attempts at determining the crystal structure of this compound
were unsuccessful: even though the crystals appeared to be uniform and were me-
chanically strong, they showed no X-ray diffraction peaks. Extracting the crystals
directly from the crystallising media and placing them in an inert mounting oil in an
attempt to avoid the loss of possible solvent of crystallisation also proved fruitless.

An attempted structural determination on a crystal at room temperature was also
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undertaken to avoid the possibility of low temperature induced microcracking of the
crystals, but without success. The crystals appeared to maintain their integrity (as
analysed by optical microscopy) throughout these manipulations and could be cut
cleanly with a scalpel blade. Attempted recrystallisations of the spectroscopically
pure diastereomer from acetone or 2-butanone by the addition of diethyl ether were

also unsuccessful.
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Figure 4.2: Aliphatic region of 'H NMR spectrum (a) and 3*P{*H} NMR spectrum
(b) of (aR,Rp)/(aR,Sp)-62 in CD,Cl, at 25 °C.
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The absolute configuration of the coordinated phosphine in the crystalline di-
astereomer of (aR,Rp)/(aR,Sp)-62 was subsequently determined by the resolution
of (£)-35 with (Rc,Rc)-12 and the structural characterisation of the less soluble
diastereomer of the mixture (Rc,Rp)/(Rc,Sp)-63 (Scheme 4.3).

Scheme 4.3: Resolution of (+)-35 with (Rc,Rc)-12

Mew N
e
rRY \ C
Pd\
Ph
I
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MeO
Me mez OMe ©
Cc ,5p)-63
R Pa” + 2 PMePh (RC P)
\ +
I >
Me _N
rRY \ C
(Rc,Rc)-12 (£)-35 Pd”

L e
RP
Ph
MeO

(RC,RP)'63

Thus, (£)-35 and a small excess of (Rg,Rc)-12 were dissolved in
dichloromethane. After stirring overnight, the dichloromethane was removed in
vacuo; methanol was added to dissolve the residue and the solution was filtered to
remove the excess of the resolving complex. Evaporation of the solvent from the
filirate afforded a yellow foam. The 'H and 3!P{'H} NMR spectra of the foam in
CDCl; indicated a 1/1 mixture of (Rc,Rp)/(Rc,Sp)-63. Fractional crystallisation of
this mixture from acetone yielded a single diastereomer in poor yield (6.5%), which
had 'H and 3'P{*H} NMR spectra consistent with the presence of a single diastere-
omer of the original 1/1 mixture. No attempt was made to increase the yield of this

complex. An ORTEP diagram of the complex is shown in Figure 4.3. The absolute
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configuration at phosphorus was assigned as R on the basis of the known configura-
tion of (Rc,Rc)-12 and refinement of the Flack parameter (0.020(16)). The resolved
complex (Rg,Rp)-63 crystallises in the orthorhombic space group P2;2;2; with four
molecules in the unit cell (Table 4.1). The palladium(II) centre in the molecule dis-
plays a significant tetrahedral distortion, most likely due to steric repulsion between
the hydrogen attached to the chirotopic carbon C(51) and the hydrogen at C(48) of
the naphthylenyl ring. Notable bond lengths and angles in the complex are given in
Table 4.2

D
&2 AN O Ci1
c51G ' S
7
C48 - ) Pd1
() < .
. 9
¥
\D
N 3
> Q

Figure 4.3: ORTEP diagram of (Rc,Rp)-63 with selected atoms labelled (30% el-
lipsoid probability shown). Hydrogen atoms have been omitted for clarity.
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Table 4.1: Crystallographic data and experimental parameters for X-ray structural

analysis of (Rg,Rp)-63

empirical formula
fw, (g mol™)
cryst syst

space group

a,

b, A

c, A

v, A

Z

Dca.lcda (g Cm-—s)
cryst size, mm

pt, mm™?
instrument
radiation

no. of unique reflns

no. of reflns obsd (I > 30(I)

temp, K

struct refinement
final R;, wRy
Flack parameter

CqooH33CINOPPA
584.41
orthorhombic
P2,2:2,

9.7943(1)
11.5628(2)
24.0072(3)
2718.80(6)

4

1.428

0.30 x 0.24 x 0.23
0.86

Nonius Kappa CCD
Mo Ko

7935

6699

200
CRYSTALS0
0.0220, 0.0262
0.020(16)

Table 4.2: Selected bond lengths (A) and angles (°) in (Rc,Rp)-63

Pd(1)-CI(1)
Pd(1)-P(1)
Pd(1)-N(1)
Pd(1)-C(41)

2.1453(16)
2.0080(18)

CI(1)-Pd(1)-P(1) 88.17(2)
CI(1)-Pd(1)-N(1) 95.27(5)
P(1)-Pd(1)-N(1) 175.59(5)
Cl(1)-Pd(1)-C(41) 175.06(5)
P(1)-Pd(1)-C(41) 96.71(5)
N(1)-Pd(1)-C(41) 79.82(7)

The structural determination of (Rg,Rp)-63 enabled the configuration of the

phosphine in the major diastereomer of the 74/26 mixture of (aR,Rp)/(aR,Sp)-62 to

be established. Thus, the tertiary phosphine was liberated from a diastereomerically

enriched sample of phosphine-arsenium complex (aR,Rp)/(aR,Sp)-62 by treatment

with 5 equiv tetraphenylarsonium chloride and coordinated to (Rg,Rc)-12 (Scheme
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4.4). After 1 h, the solvent was removed from the solution and the residue was
dissolved in CD,Cl,. The 3'P{'H} NMR spectrum of the solution contained two
peaks of unequal intensity correspondiﬁg to (Rc,Sp)/(Rc,Rp)-63 in a ratio of ca.
32/68 (Figure 4.4). Thus, the major diastereomer of (aR,Rp)/(aR,Sp)-62 in the
original 74/26 precipitate has the (aR,Rp) configuration.

Scheme 4.4: Liberation and coordination of the tertiary phosphine from
(aR, Rp)/(aR,Sp)-62
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Figure 4.4: 3P{'H} NMR spectrum of the unequal mixture of (Rc,Rp)- and

(Rc,Sp)-63 in CD2C12

From these data it is not clear if the original (aR,Rp)/(aR,Sp)-62 = 74/26

mixture obtained by precipitation following the two-phase synthesis with the

iodoarsepine (aR)-39 (X = I) and (%)-35 is the result of iodide-induced deracemi-

sation of the phosphine, or selective precipitation of the (Rc,Rp)-62 by the diethyl

ether. It was not possible to recover a sample of (aR,Rp)/(aR,Rp)-62 by use of other

methods that was sufficiently pure for diagnostic *H or 3!P{*H} NMR spectra to be

recorded. In order to investigate steric effects of the phosphines on the diastereose-

lectivity of coordination to the arsenium ion, a pair of 1- and 2-naphthyl-substituted

phosphines were prepared.
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4.3 Synthesis of chiral (1- and 2-naphthyl)

phosphines (+)-64 and (4)-65
@f\OMe
PMe
O O PMe OMe

(+)-64 (+)-65

The routes to (£)-64 and (+)-65 are summarised in Scheme 4.5. The Grignard
reagents derived from 1- or 2-bromonaphthalene and magnesium were reacted with
chlorobis(diethylamino)phosphine; the iresulting arylbis(diethylamino)phosphines
were then treated in situ with hydrogen chloride to give the known dichloro(1-
naphthyl)phosphine (66) in 86% yield!1®120 and dichloro-(2-naphthyl)phosphine
(67) in 87% yield after distillation.’?® The dichlorophosphines were reduced
with lithium aluminium hydride in THF to give the primary phosphines 68
and 69 after the usual work up procédures;120 the phosphine 69 was isolated
as an oil that crystallised over several days. The secondary phosphines (&)-
methyl-1-naphthylphosphine, (+)-70, and (%)-methyl-2-naphthylphosphine, (+)-
71, were prepared by a modification of the methods used for the synthesis of [2-
(methoxymethyl)phenyljmethylphosphine. ?? Thus, n-butyllithium was added to a
cooled solution of the primary phosphine in diethyl ether or THF, followed by the
addition of iodomethane in the same solvent. The crude products were purified
by vacuum distillation; (£)-71 crystallised on standing, mp 54-55 °C. The ter-
tiary phosphines, (+)-64 and (+)-65 were prepared by the addition of sodium to
THF solutions of the appropriate seconda.ry phosphines followed by the addition
of 1-bromo-2-methoxymethylbenzene (61) to the cooled solutions of the resulting

sodium methyl(1- and 2-naphthyl)phosphides. Extractions of the products into di-
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ethyl ether and subsequent drying of the solutions (MgSO,) gave the crude products
as cloudy oils; distillation gave pure (:I:)-65 in 45% yield as a viscous oil that crys-
tallised on standing, mp 54-55 °C. Pure (:I:)§64 could not be isolated by fractional
distillation, but the phosphine-borane adduct was amenable to purification by col-
umn chromatography with use of toluene as the eluant. The adduct (+)-64-BH;3 was
prepared by the mixing of the crude phosphine with borane-dimethylsulfide complex
in THF (Scheme 4.6). The phosphine-borane adduct (+)-64-BH; was isolated as a
colourless oil that crystallised on standing, mp 127-130 °C. Removal of the borane
from (+)-64-BH3 was effected by the addition of an excess of hot morpholine; the
phosphine was isolated in 82% yield by removal of the excesé morpholine in vacuo
and extraction from the morpholine-borane adduct with dichloromethane/water;

pure (£)-64 crystallised on standing, mp 59—62 °C.
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Scheme 4.5: Synthesis of (£)-64 and (+)-65
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Scheme 4.6: Synthesis of (+)-64-BH;
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4.3.1 Deracemisation of (+)-64

The reaction of the phosphine (+)-64 with (aR)-39 (X = I) by the two-phase
method gave the phosphine-stabilised arsenium salt (aR,Rp)/(aR,Sp)-72. Thus,
a dichloromethane solution of (+)-64 and (aR)-39 (X = I) was stirred for 3 h
and then treated with aq. potassium hexafluorophosphate. After 1 h, the organic
phase was separated, dried (MgSO,), ﬁltered, and the solvent removed from the
filtrate. The attempted analysis of the crude material by *H and 3'P{*H} NMR
spectroscopy failed to indicate a ratio of diastereomers due to the rapidly exchang-
ing phosphine. The off-white powder that remained was dissolved in a small amount
of dichloromethane and a large quantity of diethyl ether was added to precipitate
the phosphine-stabilised arsenium salt (aR,Rp)/(aR,Sp)-72 in 15% yield (Scheme
4.7). The 'H and 3!P{'H} NMR spectra of the salt indicated an unequal mixture
of the two diastereomers of the complex. Unlike (aR,Rp)/(aR,Sp)-62, the reso-
nances for (aR,Rp)/(aR,Sp)-72 overlapped in many regions. The resonances for the
methylene protons of the [2-(methoxymethyl)phenyl] groups in (aR,Rp)/(aR,Sp)-
72, however, appeared as distinct AB doublets (Figure 4.5(a)). Integration of the
baseline-separated doublets in the spectrum gave the ratio 43% (& 3.79 (d, 2J(*H'H)
= 12.30 Hz, CHH)), 4.14 (d, 2JOH'H) = 12.30 Hz, CHH)) to 57% (5 3.88 (d,
2J(*H'H) = 12.30 Hz, CHH))), 4.23 (d, 2J(*H*H) = 12.30 Hz, CHH))) for the two

diastereomers. Analysis of the phosphorus resonances in the 3'P{*H} NMR spec-
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trum of the mixture gave the identical ratio 43% (6 7.89) to 57% (¢ 9.39) (Figure
4.5(b)).

Scheme 4.7: Synthesis of (aR,Rp)/(aR,Sp)-72

X ar As+ OMe PF;
OO !
aR As—| Me";:

(aR)-39 _1.CHiCl (aR, Sp) 72
+ 2. KPFg H,0
OMe
Me
P aR + OMe 6—
. L
(£)-64

(aR,Rp)-72
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CHHOMe(major) CHHOMe(major)

CHHOMe(minor) CHHOMe(minor)

T T M T L L | T T T T T I L B T v T T T N I v I
43 425 42 415 41 405 P 4 395 39 38 38 375 37
pm
(a)

P(major) P(minor)

*

) M ) T T T T T M T M T T T 1 M T
1 105 10 95 9 85 8 75 7 65
ppm
(b)

Figure 4.5: Methylene region of 'H NMR spectrum (a) and 3'P{'H} NMR spectrum
(b) of (aR,Rp)/(aR,Sp)-72 in CD,Cl; at 25 °C. * Impurity.
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4.3.2 Deracemisation of (+)-65

The reaction of the phosphine (+)-65 with (aR)-39 (X = I) to furnish the phosphine-
stabilised arsenium salt (aR,Rp)/(aR,Sp)-73 was performed in an identical manner
to the earlier example (Scheme 4.8). Precipitation of the product was effected by
the addition of a large quantity of diethyl ether to a concentrated dichloromethane
solution of the initial solid that was isolated; the resulting white powder was collected
and dried in vacuo. The 'H and 3P{*H} NMR spectra of the powder indicated an
unequal mixture of two diastereomers. Integration of the PMe resonances in the
'H NMR spectrum of the complex gave the ratio of 79% (6 1.96) to 21% ( 2.37)
(Figure 4.6(a)); integration of the phosphorus resonances gave the identical ratio of
79% (5 10.14) to 21% (5 12.73) (Figure 4.6(b)).

Recrystallisation of the 79/21 mixture of (aR,Rp)/(aR,Sp)-73 from
dichloromethane by the addition of diethyl ether afforded the major diastere-
omer as colourless needles, mp > 165 °C dec. The needles were too small for
X-ray crystallography. A further recrystallisation of the pure diastereomer from
2-butanone by the addition of diethyl ether, however, provided crystals suitable for
an X-ray crystal structure determination. The major diastereomer crystallises in
the tetragonal space group P432,2, with eight units within the cell (Table 4.3). The
asymmetric unit contains the cation of the (aR,Rp)-73 and a hexafluorophosphate
ion distributed over two sites of symmetry, as well as 0.5 molecules of 2-butanone.
Attempted modelling of the disordered solvent molecule did not provide an ade-
quate solution. Analysis through the plane of the peripheral atoms of the modelled
solvent by a Slant Fourier in CRYSTALS indicated the presence of electron density,
but no obvious atomic locations could be identified. When the data was analysed
with Squeeze in PLATON, which indicated a solvent accessible void of 1404.6 A3
containing 64 electrons was indicated, which corresponded to 0.5 equiv 2-butanone

per asymmetric unit. The absolute configuration of the cation was assigned on
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Scheme 4.8: Synthesis of (aR,Rp)/(aR,Sp)-73

99

aR As—I
(aR)-39 1. CHCly (aR,Sp)-73
+ 2. KPFg, H,0
e ¢
M

oM
[
é/lj 1~x ar As+ OMe PFg
O

Me' P

OO

(aR,Rp)-73

(+)-65
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P M. €(major)

P M. €(minor)

CHHOMe(majo,) CHHOMe(majO,)

T T T T T T T 1 — T T T T T T T 1
46 45 44 43 42 41 4 39 24 23 22 21 2 1.9
ppm
(a)
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(b)

Figure 4.6: Methylene region of 'H NMR spectrum (a) and 3'P{*H} NMR spectrum
(b) of (aR,Rp)/(aR,Sp)-73 in CD,Cl, at 25 °C. * Impurity.
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the basis of the known configuration of the starting material (aR)-47 and was
confirmed by refinement of the Flack parameter, which was —0.012(11). The major
diastereomer in the mixture has the (aR,Rp) configuration. The structure of the

cation of the complex is shown in Figure 4.7.

The bond between As(1) and P(1) in (aR,Rp)-73 of 2.3433 A is similar to those
observed in (aR)-55-C,H3O and (aR)-58. Orthogonal coordination of the phosphine
to the planar arsenium ion is evident from the angles P(1)-As(1)-C(1) and P(1)-
As(1)-C(2), which are 98.19(19) and 98.20(17), respectively. The oxygen atom of the
methoxymethyl group interacts with the arsenic and phosphorus atoms at distances
of 2.931(5) and 2.955(5) A, respectively. Additional bond lengths and angles of note
are given in Table 4.4. The naphthyl group of the phosphine does not interact with
the binaphthyl group in an aryl-aryl embrace. The large size of the naphthyl group
compared to the methyl group may prevent the approach of the other enantiomer
of the phosphine towards the cavity beneath the binaphthyl. The similarity of the
shifts of the 3IP{*H} NMR resonances for (aR,Rp)-73 with those of the phenyl
analogue (aR,Rp)-62 suggests a similar mode of binding of the enantiomers of (+)-
35 and (£)-65 to the arsenium cation (aR)-40. This suggests that the phenyl group
of the phosphine in (aR,Rp)-62 is also located away from the region beneath the

binaphthyl group of the arsenium ion.
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Figure 4.7: ORTEP diagram of the cation of (aR,Rp)-73-0.5C,HgO with selected
atoms labelled (30% ellipsoid probability shown). Hydrogen atoms have been omit-
ted for clarity.
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Table 4.3: Crystallographic data and experimental parameters for X-ray structural
analysis of (aR,Rp)-73-0.5C,HO

empirical formula C43H39AsF¢O; sP2
fw, (g mol™?) 830.59

cryst syst tetragonal

space group P452,2

a, 18.7230(4)

b, A 18.7230(4)

c, 23.0827(4)

Vv, A3 8091.7(3)

Z 8

Deatea, (g cm™3) 1.36

cryst size, mm 0.22 x 0.08 x 0.07
i, mm™? 0.98

instrument Nonius Kappa CCD
radiation Mo Ka

no. of unique refins 9636

no. of reflns obsd (I > 20(1) 3553

temp, K 200

struct refinement CRYSTALS™
final R;, wRy 0.0389, 0.0412
Flack parameter —0.012(11)

Table 4.4: Selected bond lengths (A) and angles (°) in (aR,Rp)-73-0.5C,H,0

As(1)-P(1) 2.3433(17)  P(1)-As(1)-C(1) 98.19(19)
As(1)-C(1) 2.003(6)  P(1)-As(1)-C(2) 98.20(17)
As(1)-C(2) 1.976(5)  C(1)-As(1)-C(2) 97.0(2)
P(1)-C(30) 1.808(6)  As(1)-P(1)-C(30) 110.5(2)
P(1)-C(40) 1.795(6)  As(1)-P(1)-C(40) 110.24(19)
P(1)-C(50) 1.798(7)  As(1)-P(1)-C(50) 115.2(2)
As(1)---0(1) 2.931(5)  C(19)-C(10)-C(20)-C(29) —66.0(7)
P(1)---O(1) 2.955(5)
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Conclusions

The first enantiomerically pure and configurationally stable chloro- and iodoarsines
based on the 2,2'-bis(methylene)-1,1'-binaphthyl group have been synthesised in
high yield. The seven-membered (aR)-iodoarsepine (aR)-39 (X = I) was synthe-
sised by disproportionation of triiodoarsine with the enantiomerically pure (aR)-
phenylarsepine (aR)-53 in boiling toluene; the (aR)-chloroarsepine (aR)-39 (X =
Cl) was prepared by halide metathesis of the iodoarsepine with silver chloride in
dichloromethane.

Phosphine-stabilised arsenium salts of the enantiomerically pure arse-
nium ion were prepared by a two-phése method from the (aR)-iodoarsepine
and dimethylphenylphosphine or [2-(methoxymethyl)phenyl]dimethylphosphine in
dichloromethane and aq. potassium hexafluorophosphate. The resulting phosphine-
stabilised arsepinenium hexafluorophosphates were characterised by X-ray crystal-
lography and 'H NMR spectroscopy.

Moderately fast dissociative exchange of the phosphine was indicated for the
dimethylphenylphosphine complex, (aR)-55-CH,Cl,, as evidenced in the 'H NMR
spectrum of the complex in CD,Cl, at 25 °C by the diastereotopic P Me resonances
and a single, broad AB quartet corresponding to the averaging of the resonances for

the two pairs of methylene protons of the arsenium group. The complex containing

106
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[2-(methoxymethyl)phenyl|dimethylphosphine, (aR)-58, under these conditions had
a 'H NMR spectrum consistent with slow exchange of the phosphine compared
to the NMR timescale, as indicated by two baseline separated diastereotopic P Me
resonances in the 'H NMR spectrum and a complex multiplet corresponding to
the AB and A'B' spin systems for the four inequivalent methylene protons in the
asymmetric molecule, with additional coupling to the 3P nucleus of the phosphine.

A new method for the asymmetric synthesis of tertiary phosphines was
investigated by the attempted asymmetric transformation of racemic P-
chiral tertiary phosphines with the enantiomerically pure iodoarsine (aR)-
39 (X = I) in dichloromethane, followed by trapping of the diastereomer-
ically enriched product by the addition of aq. potassium hexafluorophos-
phate.  The reaction of (+)-[2-(methoxymethyl)phenyllmethylphenylphosphine
with the (aR)-iodoarsepine under these conditions indicated a ratio of 74/26
for the (aR,Rp)/(aR,Sp) diastereomers of the isolated phosphine-stabilised ar-
senium hexafluorophosphate. A further analysis of this effect was under-
taken with (3)-[2-(methoxymethyl)phenyljmethyl-1-naphthylphosphine and (+)-
[2-(methoxymethyl)phenyl|methyl-2-naphthylphosphine. = The diastereomers of
the phosphine-stabilised arsenium salt of the l-naphthyl isomer were found
to be in a very similar ratio, with minimal asymmetric induction (43/57).
This was in contrast to the diastereomeric ratio of the phosphine-stabilised
arsenium salt of the 2-naphthyl isomer, where the ratio of diastereomers
(79/21) was similar to that obtained for the arsenium complex of (%)-
[2-(methoxymethyl)phenyljmethylphenylphosphine. The major diastereomer of
the (+)-[2-(methoxymethyl)pheny]] methyl—2-naphthylphosphjné-stabilised arsenium
hexafluorophosphate was isolated by fractional crystallisation, and was found to have

the (aR,Rp) relative configuration by X-ray crystallography.



Chapter 6

Experimental

6.1 General

Reactions involving air sensitive compounds were performed under
a positive pressure of nitrogen wusing Schlenk techniques. Dry, de-
gassed solvents were obtained by distillation over appropriate drying
agents and stored under nitrogen.!?® Dichlorophenylarsine,’** (aR)-1,1'-
binaphthol—2,2'-bis(triﬂuorometha.nesulfdﬂate) ,126 (aR)-2,2'-dimethyl-1,1'-
binaphthyl, % (:I:)-rnethylphenylphosph‘jne,89 dimethylphenylphosphine, 1?6 (+)-
ethylmethylphenylphosphine, 1?7 triiodoarsine, 128 2-bromonaphthalene,?° chloro-
bis(diethylamino)phosphine,'®  dichloro[2-(methoxymethyl)phenyl|phosphine, 2
(£)-1-naphthylphenylphosphine, 13! a.nd (Rc,Rc)-12,48132  were synthesised
by published methods. (aR)-BINOL, triflic anhydride, 2-bromotoluene, 1-
bromonaphthalene, iodomethane, n-butyllithium in hexanes, and tetraphenylarson-
ium chloride were purchased from commiercial sources. Routine NMR spectra were
measured on a Varian Mercury spectrometer operating at 300 MHz (*H), 75 MHz
(C{*H}) and 120 MHz (*'P{'H}); routine and variable temperature NMR were
measured on a Varian Inova spectrometer operating at 300 MHz (*H), 75 MHz

(33C{'H}) and 120 MHz (*P{'H}). Chemical shifts (§) are reported in parts per
108
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million (ppm) relative to the residual solvent peaks for 'H and 3C{'H} spectra
and external aq. H3POy4 (85%) for 3'P{'H} spectra. The following abbreviations
have been used to describe the multiplicity and shapes of the NMR resonances: s
(singlet), d (doublet), t (triplet), q (quartet), sept (septuplet), m (multiplet), br
(broad).

Melting points were measured with use of a Reichart hot stage melting point
apparatus or a Stanford Research Systems OptiMelt melting point apparatus in
sealed glass tubes. Melting and boiling points are uncorrected. Elemental analysis
were performed by staff within the Microanalytical Unit of the Research School of
Chemistry. EI mass spectra were recorded with a VG AutoSpec M series sector in-
strument, and ESI mass spectra with a VG Quattro II triple quadrupole instrument.
For mass spectral data reported for salts, the notation [M] indicates the cation of
the complex. Optical rotations were recorded with a Perkin—Elmer Model 241 MC
polarimeter, using 1 dm quartz cells on solutions of ¢ g of material in 100 mL of
solvent.

X-ray diffraction data were recorded on a Nonius Kappa CCD diffractometer with
the crystal under a stream of nitrogen gas at 200 K. Structures were solved by direct
methods (SIR92)!3? and refined by full matrix on F with use of CRYSTALS. 1% All
non-hydrogen atoms were refined with anisotropic displacement parameters. Hydro-
gen atoms were included at calculated positions and allowed to ride on the atoms

to which they are attached. Molecular graphics were produced with ORTEP-3.134
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6.2 Preparations

(aR)-[{Li(TMEDA)}2{2,2'-bis(methylene)—1,1'-binaphthylyl}], (aR)-43

Li~NMe
Sep

MezN

This compound was prepared by a modified literature procedure.?® n-
Butyllithium (47.0 mL, 1.6 M in hexanes, 75.2 mmol) was placed in a 250 mL Schlenk
flask under nitrogen. The hexanes were then removed in vacuo with stirring to leave
an oil. Diethyl ether (35 mL) was added to the oil and the solution was cooled
to 0 °C. Solid (aR)—2,2‘-dimethyl—1,1'—binaphthyl (aR)-42, (7.00 g, 24.79 mmol)
was added and the mixture was stirred to dissolve the solid. TMEDA (11.30 mL,
75 mmol) was added slowly by syringe to the solution, which was then allowed to
slowly come to RT. The flask was left to stand for at least 12 h before the solution

was filtered to collect the air sensitive, deep red prisms of the product. Yield: 8.07 g,
(62%).

(aR)-4-Phenyl-4,5-dihydro-3 H-dinaphtho[2,1-c;1',2'-e]arsepine, (aR)-53

0

aR As

(I

The dilithium complex (aR)-43 (17.86 g, 33.91 mmol) was stirred under freshly
distilled n-hexane (150 mL) with a magnetic stirrer bar. The suspension was cooled

to 0 °C with an ice/water bath and dichlorophenylarsine (4.60 mL, 34.0 mmol) was
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added. The temperature of the reaction mixture was maintained at 0 °C for 2 h and
was left to stir overnight as it warmed to RT. The reaction vessel was then fitted
with a reflux condenser and the suspension was refluxed for 2 h. The n-hexane
was removed in vacuo and toluene (175 mL) and deoxygenated water (200 mL)
were added. The organic layer was separated and the aqueous phase washed with
toluene (2 x 25 mL). The combined organic fractions were dried (MgSO,) and
the solution filtered through a Schlenk frit. The collected solids were washed with
toluene (2 x 50 mL) and the toluene was removed in vacuo. The resulting foam
was dissolved in toluene and methanol was added; the product crystallised and was
collected, washed with methanol, and dried in vacuo. Yield: 8.34 g (57%); mp
> 150 °C dec; [a]}) = +233.8 (¢ 1.0, CH,Cl;). *H NMR (CDCl;): § 2.65 (d, 1H,
2J(H'H) = 12.60 Hz, CHH), 2.69 (d, 1H, 2J(*H'H) = 12.60 Hz, CHH), 2.78 (d,
1H, 2J(*H'H) = 10.50 Hz, CHH), 2.96 (4, 1H, 2J*H'H) = 10.50 Hz, CHH), 6.85-
7.94 (m, 17H, ArH). ¥C{*H} NMR (CDCl;): § 29.93, 30.62, 124.62, 124.87, 125.73,
125.93, 126.36, 126.40, 127.00, 127.06, 128.08, 128.12, 128.16, 128.24, 128.38, 132.08,
132.13, 132.49, 132.59, 132.84, 134.87, 135.67, 139.34. EI MS: m/z 432 ([M]*, 100),
355 amu ([M—Ph]*, 8). Anal. Calcd for CogHyy As: C, 77.8; H, 4.9. Found: C, 77.5;
H, 5.2.

(aR)-4-Iodo-4,5-dihydro-3 H-dinaphtho[2,1-c;1',2'-e]arsepine, (aR)-39 (X
= 1)

aR As—I

(L

The phenylarsepine (aR)-53 (3.47 g, 8.034 mmol) and triiodoarsine (3.70 g,

8.12 mmol) were placed in a Schlenk tube under nitrogen and toluene (15 mL) was
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added. The solution was heated under reflux for 24 h. The toluene was removed
in vacuo and the resulting oil was dissolved in dichloromethane. The solution was
filtered and the filtrate was evaporated under a stream of nitrogen, which resulted
in the crystallisation of the crude product. n-Hexane was added to cover this solid,
and the vessel was sonicated for 1 h. The solid was collected by filtration and
the procedure repeated until the product was free of orange diiodophenylarsine.
The resulting solid was recrystallised from warm dichloromethane by the addition
of methanol, giving yellow needles of the pure product. Yield: 2.90 g (75%); mp
> 136 °C dec; [a]¥ = —249.0 (¢ 1.0, CgH). 'H NMR (CgDg): 6 2.38 (d, 1H,
2J(*H'H)= 13.20 Hz, CHH), 2.68 (d, 1H, 2J(*H'H) = 13.20 Hz, CHH), 2.84 (d, 1H,
2J(*H'H) = 10.95 Hz, CHH), 3.00 (d, 1H, 2J(*H'H) = 10.95 Hz, CHH) 6.88-7.72 (m,
12H, ArH). 3C{*H} NMR (C¢Ds): & 30.86, 34.95, 125.42, 125.82, 126.06, 126.40,
126.65, 126.70, 127.08, 127.68, 128.54, 128.71, 128.74, 132.56, 133.01, 133.17, 133.46,
133.53, 133.68, 134.59, 134.11 (One resonance obscured by C¢Dg). EI MS: m/z 482
(IM]*, 38), 355 amu ((M—I}*+, 100). Anal. Caled for CpHjgAsh: C, 54.8; H, 3.3.
Found: C, 54.6; H, 3.6.

(aR)-4-Chloro-4,5-dihydro-3 H-dinaphtho([2,1-c;1',2'-e]arsepine, (aR)-39
(X = Cl)

aR As—Cl

The iodoarsepine (aR)-39 (X = I) (2.00 g, 4.15 mmol) and freshly prepared
silver chloride (2.97 g, 20.74 mmol) were placed in a Schlenk tube under nitrogen and
dichloromethane (150 mL) was added. Aluminium foil was used to cover the flask to

reduce exposure of the suspension to light and the solution was stirred overnight at
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RT. The suspension was filtered to remove silver iodide and unreacted silver chloride.
The solvent was removed from the filtrate in vacuo and the residue was recrystallised
from a small quantity of boiling ethyl acetate to give colourless prisms of the pure
product. Yield: 1.23 g (76%); mp > 137 °C dec; [a]¥ = —237.0 (c 1.0, C¢Hy). H
NMR (CD,Cl): § 2.70 (d, 1H, 2J(*H'H) = 13.5 Hz, CHH), 2.76 (d, 1H, 2J(*H'H)
= 11.0 Hz, CHH), 3.15 (d, 1H, 2J(*H'H) = 13.5 Hz, CHH), 3.49 (d, 1H, 2J(*H'H)
= 11.0 Hz, CHH) 7.14-7.92 (m, 12H, ArH). *C{*H} NMR (CD,Cly): § 37.13,
40.16, 125.50, 125.87, 126.31, 126.55, 126.63, 126.82, 126.95, 127.80, 128.58, 128.62,
128.77, 128.90, 132.41, 132.96, 133.04, 133.28, 133.50 (two signals superimposed),
133.87, 133.94. EI MS: m/z 390 ([M]*, 88), 355 amu ([M—CI]*, 6). Anal. Calcd for
Ca2H,6AsCl: C, 67.6; H, 4.1. Found: C, 67.8; H, 4.4.

(aR)-(Dimethylphenylphosphine-P)[2,2'-bis(methylene)-1,1'-

binaphthylarsepinenium| Hexafluorophosphate  1-Dichloromethane,

aR As' PFq

E ‘ PMeoPh

The iodoarsepine (aR)-39 (X = I) (504 mg, 1.05 mmol) was dissolved in
dichloromethane (75 mL) and dimethylphenylphosphine (156 pL, 1.10 mmol) was
added via syringe. A solution of potassium hexafluorophosphate (0.97 g, 5.25 mmol)
in water (50 mL) was deoxygenated with nitrogen and added to the dichloromethane
solution and the two-phase mixture was vigorously stirred for 30 min. The organic
phase was separated, dried (MgSQO,), and the solvent removed in vacuo. The re-
sulting powder was recrystallised from dichloromethane/diethyl ether to furnish the
pure complex. Yield: 0.615 g (92%); mp > 176 °C dec; [d]ng = —23.7 (¢ 1.0,
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CH,Cly). 'H NMR (CD,Cly): & 2.05 (d, 3H, 2J(*H3'P) = 11.10 Hz, PCHj), 2.09
(d, 3H, 2J(*H3'P) = 11.10 Hz, PCHs), 2.98 (d, 2H, 2J(*H'H) = 11.70 Hz, CHH),
3.18 (d, 2H, 2J(*H'H) = 11.70 Hz, CHH), 7.00-7.99 (m, 17H, ArH). *'P{*H} NMR
(CD,Cly): 6 5.16 (s), —143.27 (sept, *J(**F3'P) = 711.52 Hz, PF;). ES MS: m/z
493 ([M]*, 69), 355 ([M—PMe,Ph]*, 67), 139 amu ([PMe,Ph|*, 100). Anal. Caled
for C3;HogAsClFePy: C, 51.5; H, 4.0. Found: C, 52.0; H, 4.1. Crystals suitable
for X-ray crystallographic analysis were grown from an 2-butanone solution of the

complex by the addition of diethyl ether.

[2-(Methoxymethyl)phenyl]dimethylphosphine, 56

OMe

PMe,

A solution of the Grignard reagent derived from iodomethane (1.90 mlL,
30.2 mmol) and magnesium (0.81 g, 33.2 mmol) in diethyl ether (20 mL) at
0 °C was treated with dichloro[2-(methoxymethyl)phenyl|phosphine (57)'2 (3.06 g,
13.7 mmol) in diethyl ether (25 mL). After the addition was complete, the reaction
mixture was refluxed for 30 min and then cooled to 0 °C. Saturated aq. ammo-
nium chloride (25 mL) was slowly added to the reaction mixture with stirring. The
two-phase mixture was left to warm to RT and then it was transferred to a Schlenk
separating funnel via cannula. The reaction vessel was washed with diethyl ether
(3 x 30 mL) and the organic fractions combined. The organic layer was separated
and the aqueous phase extracted with diethyl ether (2 x 50 mL). The combined
organic fractions were dried (MgSO,), filtered and the solvent removed in vacuo
from the filtrate to leave an oil. Distillation gave the colourless product; bp 78 °C
(0.7 mmHg). Yield: 1.78 g (70%). 'H NMR (CDCl): 6 1.18 (d, 6H, 2J(H3IP) =
3.30 Hz, PCH3), 3.32 (s, 3H, OCHjz), 4.60 (s, 2H, CH,), 7.21-7.40 (m, 4H, ArH).
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S1P{'H} NMR (CDCl;): § —58.04 (s). EI MS: m/z 183 amu ([M]*, 100). Anal.
Caled for C1oH;50P: C, 65.9; H, 8.3. Found: C, 66.0; H, 8.4.

(aR)(Dimethyl[2-(methoxymethyl)phenyl]phosphine- O, P)[2,2'-

bis(methylene)-1,1'-binaphthylarsepinenium)] Hexafluorophosphate,
(aR)-58
aR ast POMe pe-

C

The iodoarsepine (aR)-39 (X = I) (0.503 g, 1.04 mmol) was dissolved in
dichloromethane (50 mL) and [2-(methoxymethyl)phenyl|dimethylphosphine (56)
(0.210 g, 1.15 mmol) was added. A solution of potassium hexafluorophosphate
(0.96 g, 5.20 mmol) in water (50 mL) was added to the dichloromethane solution
and the two-phase mixture was vigorously stirred for 30 min. The organic phase was
separated, dried (MgSQ,), and the solution evaporated to dryness. The resulting
off-white solid crystallised as X-ray quality crystals from dichloromethane/diethyl
ether. Yield: 0.524 g (74%); mp > 145 °C dec; [a]} = +147.2 (¢ 1.0, CHyCl,).
'H NMR (CD,Cly): 6 1.88 (d, 3H, 2J(*HS'P) = 12.50 Hz, PCH;,), 2.13 (d, 3H,
2 JAHSIP) = 12.50 Hz, PCH;), 2.83-3.31 (m, 4H, CH,), 3.51 (s, 3H, CH,OCHj),
4.73 (d, 1H, 2J(*H'H) = 12.50 Hz, CHHOCHj3), 4.76 (d, 1H, 2J(*H'H) = 13.00 Hz,
CHHOCH3;), 6.29 (d, 1H, 3J(*H'H) = 8.50 Hz, ArH) 6.96-7.99 (m, 15H, ArH).
SIP{'H} NMR (CD;Cly): 6 4.26 (s), —143.83 (sept, ! J(1°F3'P) = 711.69 Hz, PFy).
ES MS: m/z 537 ([M]*, 5), 355 ([M—P(CHj),(CHsOCH,CH,)|*, 8), 183 amu
([HPCH3OCH,CgHy))]*, 100). Anal. Caled for CsyHaAsFsOP,: C, 56.3; H, 4.6.
Found: C, 56.0; H, 4.4.
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(aR,Rp)/(aR,Sp)-(Ethylmethylphenylphosphine- P)[2,2'-bis(methylene)-
1,1'-binaphthylarsepinenium] Hexafluorophosphate, (aR,Rp)/(aR,Sp)-59

99

+

aR As  PFg
TRS
OO P.’
Et” 1 "Me
Ph

The iodoarsepine (aR)-39 (X = I) (0.144 g, 299 pmol) was dissolved in
dichloromethane (20 mL) and (&)-ethylmethylphenylphosphine (50 L, 314 pmol)
was added via syringe. The solution was stirred for 5 h and then a solution of
potassium hexafluorophosphate (0.55 g, 2.99 mmol) in water (20 mL) was added;
the two-phase mixture was vigorously stirred for 30 min. The organic phase was sep-
arated, dried (MgSQO,), and the filtrate evaporated to dryness. The resulting powder
was recrystallised from dichloromethane/diethyl ether to afford the pure product as
a 1/1 mixture of diastereomers. Yield: 0.092 g (47%). 'H NMR (CD,Cl,): § 1.14—
1.31 (m, 6H, PCH,CH;), 1.81 (d, 3H, 2J('H3'P) = 13.50 Hz, PCH;), 2.02 (d, 3H,
2 JOHS'P) = 13.20 Hz, PCH;), 2.43-2.59 (m, 4H, PCH,CHs), 2.84-3.42 (m, 8H,
As(CHy),), 6.94-8.08 (m, 34H, ArH). 3'P{'H} NMR (CD,Cl,): § 12.57 (s), 14.52
(s), —143.27 (sept, LJ(°FS!P) = 711.47 Hz, PF;). ES MS: m/z 507 ([M]*, 57), 355
amu ([M—PEtMePh]*, 38). Anal. Calcd for Cs;HygAsFgPs: C, 57.1; H, 4.5. Found:
C, 56.8; H, 4.8.
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2-Bromobenzyl bromide, 60

Br

Br

This compound was prepared by the literature procedure with the following
modifications.'!” 2-Bromotoluene (183.6 g, 1.07 mol), water (3.5 L), and bromine
(171.6 g, 1.07 mol) were placed in a 5 L round-bottomed flask fitted with a reflux
condenser. The solution was irradiated with a tungsten lamp for 2 h with vigor-
ous stirring, which resulted in decolourisation of the solution and warming of the
solution by the lamp. Irradiation was continued for an additional 1.5 h to ensure
reaction completion. The final solution was brought to RT and dichloromethane
(2 x 100 mL) was added to extract the product from the aqueous layer. The aque-
ous layer was then separated from the organic phase; the latter was dried (MgSO,)
and the dichloromethane removed in vacuo. The crude product was distilled to give
the pure product as a colourless oil after djsca.rding an initial fraction; bp 120~124 °C
(9.5 mmHg) [Lit.!3 74 °C (0.3 mmHg)]. Yield: 207 g (77%). 'H NMR (CDCl3):
§ 4.61 (s, 2H, CH,Br), 7.15-7.59 (m, 4H, ArH). *C{*H} NMR (CDCl;): § 33.44,
124.47, 127.93, 130.10, 131.25, 133.33, 136.99.

1-Bromo-2-(methoxymethyl)benzene, 61

OMe

Br

This compound was prepared by the literature procedure with the following
modifications.''® Sodium (21.50 g, 0.935 mol, large chunks) was added cautiously

to methanol (500 mL) under nitrogen in a 1 L, 2-necked flask fitted with a reflux
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condenser. The reaction was controlled by cooling the flask in an ice bath. Upon
complete reaction of the sodium, the sodium methoxide solution was cooled to 0 °C
and 2-bromobenzyl bromide (60) (203.2 g, 0.813 mol) was added. The solution was
left to warm to RT and then it was heated under reflux for 2 h. The resulting
solution was filtered to remove precipitated sodium bromide and water (350 mL)
was added to the filtrate. The methanol was removed in vacuo and diethyl ether
(3 x 150 mL) was used to extract the product. The combined organic layers were
washed with water (2 x 200 mL), brine (100 mL), dried (MgSO,), and filtered. The
diethyl ether was removed in vacuo from the filtrate and the crude product distilled;
bp 99 °C (15 mmHg) [Lit.!® 106—107 °C (16 mmHg)]. Yield: 141 g (86%). 'H
NMR (CDCl;): & 3.47 (s, 3H, CHs), 4.52 (s, 2H, CH,), 7.13-7.55 (m, 4H, ArH).
13C{'H} NMR (CDCl;): 58.55, 73.81, 122.62, 127.33, 128.84, 128.86, 132.44, 137.46.

(£)-[2-(Methoxymethyl)phenyl]methylphenylphosphine, (+)-35

OMe

PMePh

This compound was prepared according to a previously published procedure.!2
(£)-Methylphenylphosphine (9.08 g, 73.2 mmol) was dissolved in THF (100 mL),
sodium (1.68 g, 73.1 mmol) was added, and the mixture left to stir overnight. Addi-
tional sodium (1.0 g, 43.5 mmol) was added and the mixture was stirred for a further
12 h. Excess sodium was removed and the solution was cooled to —78 °C. 1-Bromo-
2-(methoxymethyl)benzene (61) (15.4 g, 76.82 mmol) in THF (50 mL) was added
to the cooled solution of sodium methylphenylphosphide. The reaction mixture was
allowed to warm to RT and then it was stirred for 2 h. Deoxygenated water (80 mL)
was added, the THF was removed in vacuo, and diethyl ether (50 mL) was added.

The two-phase mixture was transferred to a separating funnel, the organic layer
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separated, and the aqueous phase extracted with diethyl ether (3 x 50 mL). The
combined organic fractions were dried (MgSQ,), filtered, and the filtrate evaporated
to dryness. The resulting cloudy, orange liquid was distilled to give the pure prod-
uct; bp 146-148 °C (1.25 mmHg). Yield: 12.5 g (70%). 'H NMR (CDCl;): § 1.62
(4, 3H, 2J(*H3'P) = 3.90 Hz, PCH;), 3.39 (s, 3H, OCHs), 4.54 (d, 1H, 2J(*H'H) =
12.00 Hz, CHH), 4.84 (d, 1H, 2J(*H'H) = 11.90 Hz, *J(*H3'P) = 2.40 Hz, CHH),
7.30-7.52 (m, 9H, ArH). 3'P{!H} NMR (CDCl3): § —37.87 (s).

(Rc,Rp)-Chloro[1-[1-(dimethylamino)ethyl]naphthalenyl- C, N][(2-
(methoxymethyl)phenyl)methylphenylphosphine- P]palladium (II),
( RC ’ RP )"63

The phosphine (%)-35 (7.12 g, 29.2 mmol) and di-p-chlorobis|(R)-1-[1-
dimethylamino)ethyl]-2-naphthalenyl-C?, N]-dipalladium(II) (Rc,Rc)-12 (12.27 g,
16.0 mmol) were combined in dichloromethane (150 mL) under nitrogen. The re-
sulting solution was stood overnight and then the solvent was removed in vacuo.
Methanol (100 mL) was added to dissolve the diastereomers of the complex and
the solution was filtered to remove the small excess of palladium(II) dimer. The
solution was evaporated to dryness to leave a yellow foam. The 3'P{'H} NMR
spectrum of a CDCI; solution of the foam indicated equimolar quantities of the
diastereomers (dp 14.75 (s), 19.25 (s)). The mixture was recrystallised from ace-
tone, giving the (Rc,Rp) diastereomer as yellow prisms. Yield: 1.10 g (6.5%); mp
200-203 °C dec; [}y = —133.73 (¢ 1.0, CH,Cl,). 'H NMR (CDCls): 6 1.99 (d,
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3H, 3J('H'H) = 6.30 Hz, CHCH), 2.26 (d, 3H, 3J('H®P) = 10.50 Hz, PCH;), 2.74
(d, 3H, “J('H¥P) = 1.80 Hz, NCH;), 2.94 (d, 3H, *J('HS'P) = 3.60 Hz, NCH,),
3.28 (s, 3H, CH,OCHs), 4.33 (q, 1H, 3J("H'H) = 6.30 Hz, CHCH;), 452 (d, 1H,
2 JOH'H) = 12.30 Hz, CHH), 5.42 (dd, 1H, 2J('H'H) = 12.00 Hz, 2J(H%P) =
2.10 Hz, CHH), 6.52-8.14 (m, 15H, ArH). 3P{'H} NMR (CDCl;): 6 19.39 (s). EI
MS: m/z 585 (]M]*, 10), 229 amu ([M—C,sH,,CINPd]*, 100). Anal. Caled for
CpoHzNCIOPPA: C, 59.6; H, 5.7; N, 2.4. Found: C, 59.5; H, 6.0; N, 2.3. The

identity of the diastereomer was established by X-ray crystallography.

(aR,Rp)-[(2-(Methoxymethyl)phenyl)methylphenylphosphine- O, P)[2,2'-
bis(methylene)-1,1'-binaphthylarsepinenium] Hexafluorophosphate,
(aR, Rp )-62

The iodoarsepine (aR)-39 (X = I) (0.54 g, 1.12 mmol) was dissolved in
dichloromethane (15 mL) and a sohition of (£)-35 (0.29 g, 1.18 mmol) in
dichloromethane (10 mL) was added. The solution was stirred for 3 h and then
a solution of potassium hexafluorophosphate (1.04 g, 5.6 mmol) in water (25 mL)
was added. The two-phase mixture was vigorously stirred for 60 min and then the
organic phase was separated, dried (MgSQO,), filtered, and the filtrate evaporated to
dryness. The resulting powder was dissolved in a small quantity of dichloromethane
and a large quantity of diethyl ether was added to precipitate all of the crude prod-
uct as a solid. Yield: 0.316 g, (38%). 'H and *'P{*H} NM.R. spectroscopy of the

solid indicated an unequal mixture of the two possible diastereomers of the product,
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(0g 1.86 (74%, 2J(*H3'P) = 12.00 Hz, PCHs), &y 2.28 (26%, 2J(*H3'P) = 12.90 Hz,
PCHs), ép 9.58 (73%), ép 12.30 (27%)). The (aR,Rp) diastereomer was obtained
pure by three fractional crystallisations of the mixture from dichloromethane by
the slow addition of diethyl ether. Yield of the less soluble diastereomer: 0.120 g
(14%); mp > 103 °C dec; [a]¥ = +280.3 (¢ 1.0, CH;Cly). H NMR (CD;Cly):
5 1.86 (d, 3H, 2J(*H*'P) = 11.70 Hz, PCHj), 2.91 (s, 3H, CH,OCHs), 2.98-3.36 (m,
4H, As(CH,),), 3.93 (d, 1H, 2J(*H'H) = 12.90 Hz, CHH), 4.18 (d, 1H, 2J(H'H) =
12.60 Hz, CHH), 6.04 (d, 1H, 3J(*H'H) = 8.40 Hz, ArH) 7.01-8.05 (m, 20H, ArH).
81p{1H} NMR (CD,Cly): 6 10.02 (s), —143.37 (sept, 1 J(*°F3!P) = 711.52 Hz, PFy).
ES MS: m/z 599 ([M]™*, 8), 355 ([M—-P(2—CH3OCH2)CGH4)CH3Ph]+, 10), 213 amu
([P(2-CH,CgH4)CH3Ph| ™, 100). HRMS: Calcd. for Cy,Hy3AsOP 599.1485. Found:
599.1470.

Determination of Absolute Configuration of Major Diastereomer of
(aR,Rp)/(aR,Sp)-62 by Liberation of Phosphine and Complexation with
(-RC,-RC)‘]-2

The 74/26 mixture of diastereomers (aR,Rp)/(aR,Sp)-62 (0.0432 g, 58.8 pmol) was
dissolved in dichloromethane (5 mL) and tetraphenylarsonium chloride (0.219 g,
294 pmol) was added. The solution was stirred for ca. 5 min and then (R¢,Rc)-12
(0.0495 g, 64.7 pymol) was added and the solution left to stand for 1 h. The solvent
was removed from the reaction mixture and the product was analysed by 3*P{*H}
spectroscopy, which indicated unequal quantities of (Rg,Sp)/(Rc,Rp)-63 (dp 14.28
(s, 32%), op 18.92 (s, 68%)).
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Dichloro(1-naphthyl)phosphine, 66

PCl,

Chlorobis(diethylamino)phosphine (30.0 g, 142 mmol) was dissolved in diethyl
ether (75 mL) and added dropwise to a solution of the Grignard reagent prepared
from magnesium (4.20 g, 173 mmol) and 1-bromonaphthalene (22.0 mL, 32.5 g,
157 mmol) in diethyl ether (100 mL) at 0 °C. The mixture was stirred at 0 °C for
30 min, and then it was warmed to RT and heated under reflux for 60 min. The
mixture was cooled and the solvents were removed in vacuo and n-hexane (250 mL)
was added to extract the phosphine. The suspension was brought to reflux for 60 min
to complete the extraction of the phosphine from the magnesium salts. The mixture
was filtered and the solids were washed with n-hexane (3 x 50 mL) Anhydrous
hydrogen chloride gas was bubbled through the filtrate for 45 min. The solution was
filtered to remove |Et,NH,)C], which was washed with n-hexane (3 x 50 mL). The
combined extracts were concentrated in vacuo to leave an off-white solid. Distillation
gave the pure product as a colourless liquid, which crystallised on standing; bp 135-
137 °C (0.5 mmHg). Yield: 28.0 g (86%).' 31P{1H} NMR (CD,Cl,): 4 164.1 (s).
[Lit. 120 31P{'H} NMR (CD,Cly): 6 164.2 (s)]

1-Naphthylphosphine, 68

PH,

(2

This compound was prepared by the reduction of dichloro(1-naphthyl)phosphine
with lithium aluminium hydride, following the literature procedure.!?® Yield: 28.0 g
(86%). 3'P{'H} NMR (CD,Cl;): § —133.61 (s). [Lit.!?0 31P{1H} NMR (CD,Cl,):
0 —133.5 (s)]
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(£)-Methyl(1-naphthyl)phosphine, (+)-70

PMeH

(L

An n-butyllithium solution in hexanes (30.7 mL, 76.8 mmol, 2.5 M) was added
slowly by syringe to a solution of 68 (11.72 g, 73.2 mmol) in diethyl ether (100 mL)
at —78 °C. The solution was allowed to warm to RT whereupon it became a
dark orange. This solution was cooled to —78 °C and a solution of iodomethane
(4.78 mL, 10.90 g, 76.8 mmol) in diethyl ether (50 mL) was added dropwise with
stirring over 5 min. Warming of the solution to RT and stirring overnight resulted
in decolourisation of the phosphide. Water (100 mL) was added and the two-phase
mixture was transferred to a separating funnel. The organic phase was separated and
the aqueous phase was extracted with dichloromethane (5 x 30 mL). The combined
organic fractions were dried (MgSO,), filtered and the solvents removed in vacuo to
leave a turbid oil. Distillation of this material gave the pure product as a colourless
oil; bp 114 °C (1.6 mmHg). Yield: 11.9 g (93%); 'H NMR (CD,Cl): § 1.49 (dd,
3H, 3J(*H'H) = 3.30 Hz, 2J('H%'P) = 7.50 Hz, PCHs), 4.53 (dq, 1H, 3J(*H'H)
= 7.50 Hz, 'J('H3'P) = 212.60 Hz, PH), 7.42-8.26 (m, 7H, ArH); SIP{'*H} NMR
(CD;Cl): 6 —79.58 (s). EI MS: m/z 174 ([M]*, 100), 159 ([M—CHs]*, 70), 128
amu ([M—PHCHj;|*, 82). Anal. Caled for C;;Hy;P: C, 75.9; H, 6.4. Found: C, 75.6;
H, 6.1.
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(£)-[2-(Methoxymethyl)phenyl|methyl-1-naphthylphosphine, (+)-64
@(\ OMe
PMe

The secondary phosphine (£)-70 (11.91 g, 68.4 mmol) was dissolved in THF
(100 mL). Sodium (1.57 g, 68.4 mmol) was added and the mixture was stirred
overnight. Additional sodium (1.29 g, 47.9 mmol) was added and the mixture was
stirred for a further 2 h. Excess sodium was removed and the solution was cooled to
—78 °C. 1-Bromo-2-(methoxymethyl)benzene (61) (14.44 g, 71.8 mmol) dissolved in
THF (50 mL) was added to the cooled phosphide solution and the resulting solution
was left to warm to RT and then stirred overnight. Deoxygenated water (50 mL)
was added to destroy the remaining phosphide. The THF was removed in vacuo and
diethyl ether (100 mL) and water (100 mL) were added. The two-phase mixture
was transferred to a separating funnel, the organic layer separated, and the aqueous
phase extracted with dichloromethane (3 x 50 mL). The combined organic fractions
were dried (MgSO,), filtered, and evaporated to dryness. The resulting cloudy liquid
was distilled to give the impure product as an oil; bp 170 °C (0.05 mmHg). Repeated
attempts at fractional distillations were unsuccessful in improving the purity of the
product. The crude phosphine (6.99 g) was dissolved in THF (50 mL), the solution
cooled to 0 °C, and borane dimethylsulfide (2.50 mL, 1.99 g, 26.12 mmol) was added
dropwise with stirring. The solution was left to warm to RT aﬁd then it was stirred
overnight. The THF was removed in vacuo to leave a viscous oil of the borane
adduct of the phosphine. Purification of this mixture was accomplished by silica
gel column chromatography of 5.30 g of the crude material with use of toluene as
the eluant. The pure borane-phosphine adduct (+)-64-BHj3 was thus isolated as an
oil, which crystallised as a colourless solid on standing. Yield: 2.32 g (45%); mp
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127-130 °C; 'H NMR (CD,Cly): 6 1.14 (br q, 3H, ! JCHB) = 109.82 Hz, BH;) 2.07
(d, 3H, 2J(*H3'P) = 9.90 Hz, PCH;), 2.94 (s, 3H, OCHj;), 3.96 (d, 1H, 2J('H'H) =
12.30 Hz, CHH), 4.26 (d, 1H, 2J(*H'H) = 12.30 Hz, CHH), 7.29-7.35 (m, 1H, ArH),
7.43-7.55 (m, 4H, ArH), 7.59-7.65 (m, 1H, ArH), 7.80~7.93 (m, 3H, ArH), 8.05-8.20
(m, 2H, ArH). 3'P{'H} NMR (CD,Cl,): § 10.20 (br d, *J(**B3'P) = 153.11 Hz).
EI MS: m/z 308 ([M]*, 20), 294 ([M—BHs]*, 55), 279 amu ([M—(CH3;BH3)]*, 100).
Anal. Caled for CygHyBOP: C, 74.1; H, 7.2. Found: C, 73.8; H, 7.2.

The borane adduct, (+)-64-BHj3, (2.32 g, 7.53 mmol) was dissolved in morpholine
(25 mL) and the solution was heated at 100 °C for 3 h. The volatiles were removed
in vacuo and water (25 mL) and dichloromethane (40 mL) were added and the two-
phase mixture stirred for 15 min. The aqueous phase was extracted and the organic
phase washed with water (2 x 25 mL), dried (MgSO,), and filtered. The volatiles
were removed in vacuo, leaving an oil that crystallised on standing. Yield: 1.83 g
(82%); mp 59—62 °C; 'H NMR (CD,Cly): § 1.65 (d, 3H, 2J(*H3'P) = 4.95 Hz,
PCH;), 3.37 (s, 3H, OCHz), 4.58 (4, 1H, 2JHH) = 11.70 Hz, CHH), 4.90 (dd,
1H, 2J(H'H) = 11.70 Hz, 4J('H*P) = 2.40 Hz, CHH), 7.12-7.16 (m, 1H, ArH),
7.28-7.33 (m, 1H, ArH), 7.40-7.50 (m, 5H, ArH), 7.84-7.88 (m, H, ArH), 8.31-8.84
(m, 1H, ArH). 3P{'H} NMR (CD,Cl,): § —47.64 (s). EI MS: m/z 294 ([M]*, 55),
279 amu ([M—(CHj3)]*, 100). Anal. Caled for Ci9HogOP: C, 77.5; H, 6.5. Found:
C, 77.2; H, 6.5.
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(aR,Rp)/(aR,Sp)-[(2-(Methoxymethyl)phenyl)methyl-
1-naphthylphosphine- O, P)[2,2'-bis(methylene)-1,1'-
binaphthylarsepinenium] hexaﬂuorbphosphate, (aR,Rp)/(aR,Sp)-72

+ OMe -
S

arR A PFG

U

The iodoarsine (aR)-39 (X = I) (521 mg, 1.08 mmol) was dissolved in
dichloromethane (25 mL) and (£)-64 (334 mg, 1.14 mmol) in dichloromethane
(10 mL) was added. After stirring for 3 h, a solution of potassium hexafluorophos-
phate (1.00 g, 5.4 mmol) dissolved in distilled water (25 mL) was added to the
dichloromethane solution and the two-phase mixture was vigorously stirred for 1 h.
The organic phase was separated, dried (MgSQO,) and the solvent was removed in
vacuo. The resulting powder was dissolved in a small quantity of dichloromethane
and re-precipitated with a large excess of diethyl ether. Yield: 0.130 g, (15%). 'H
and 3'P{'H} NMR spectroscopy of the solid indicated an unequal mixture of di-
astereomers, dp 7.89 (s, 43%), dp 9.39 (s, 57%)). ES MS: m/z 649 ([M]*, 21), 389
‘amu ([M—P(2-MeOCH,CsH,)Me(CyoH7)]*, 13). HRMS: Caled. for C,HysAsOP
649.164150. Found: 649.161999.

Dichloro(2-naphthyl)phosphine, 67

This compound was prepared by the literature procedure with the following mod-

ifications. 2! Chlorobis(diethylamino)phosphine (30.0 g, 142 mmol) in THF (75 mL)
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was added dropwise to a solution of the Grignard reagent prepared from magnesium
turnings (4.20 g, 173 mmol) and 2-bromdnaphthalene (32.5 g, 157 mmol) in diethyl
ether (100 mL) at 0 °C. The mixture was stirred at 0 °C for 30 min, warmed to
RT, and then heated under reflux for 60 min. The solvents were removed in vacuo
and n-hexane (250 mL) was added to dissolve the phosphine. The suspension was
brought to reflux for 60 min to complete extraction of the phosphine from the magne-
sium salts. The resulting solution was filtered and the collected solids were washed
with n-hexane (3 x 50 mL). Anhydrous hydrogen chloride was bubbled through
the filtrate for 45 min. The solution was filtered, the collected solids washed with
n-hexane (3 x 50 mL), and the combined filtrates were concentrated in vacuo to
leave an off-white solid. Distillation of this material gave a colourless liquid, which
crystallised on standing; bp 138 °C (1.75 mmHg) [Lit.'2* bp 100 °C (0.2 mmHg)];
mp 70-71 °C. Yield: 28.2 g (86.5%); 'H NMR (CD,Cl,): & 7.58-8.36 (m, 7H, ArH);
31P{1H} NMR (CDyCly): 6 161.79. EI MS: m/z 228 ([M]*, 5), 192 ([M—ClJ*, 48),
128 amu ([M—PCl,]*, 100).

2-Naphthylphosphine, 69

This compound was prepared by a procedure similar to the one used for 1-
naphthylphosphine.'® Yield: 11.9 g, (95%); P{*H} NMR (CD,CL): § —122.53
(s). [Lit.13¢ 3'P{1H} NMR (CDCl;) —122.0 (s)]
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(£)-Methyl(2-naphthyl)phosphine, (+)-71

An n-butyllithium solution in hexanes (31.1 mL, 77.8 mmol, 2.5 M) was added
slowly by syringe to a solution of 69 (11.86 g, 74.1 mmol) dissolved in THF (100 mL)
at —78 °C. The solution was allowed to warm to RT and stirred for 30 min, resulting
in a dark orange solution of the corresponding phosphide. This solution was cooled
to —78 °C and a solution of iodomethane (4.61 mL, 10.51 g, 74.1.8 mmol) in THF
(50 mL) was added dropwise. The mixture was stirred for 5 min and then it was
warmed to RT and stirred overnight. The decolourised solution was treated with
water (100 mL) and the THF was removed in vacuo. Diethyl ether (150 mL) was
added and the two-phase mixture was transferred to a separating funnel. The organic
phase was separated and the aqueous phase was extracted with dichloromethane
(5 x 30 mL). The combined organic extracts were dried (MgSQO,), filtered, and
the volatiles removed in vacuo to leave a turbid oil. Distillation of this oil gave
the colourless product, which crystallised on standing; bp 122 °C (2.5 mmHg); mp
33-34 °C. Yield: 10.35 g (80%); 'H NMR (CD,Cl,): 4 1.49 (dd, 3H, 3J(*H'H) =
3.00 Hz, 2J(*H3'P) = 7.80 Hz, PCH;), 4.37 (dq, 1H, 3J(*H'H) = 7.80 Hz, ! J(*H3'P)
= 216.20 Hz, PH), 7.45-8.00 (m, 7H, ArH); 3'P{'H} NMR (CD,Cl,): § —69.77 (s).
EI MS: m/z 174 ([M]*, 100), 159 ([M—CHs]*, 50), 128 amu ([M—PHCH;]*, 75).
Anal. Caled for C;Hy;P: C, 75.9; H, 6.4. Found: C, 76.0; H, 6.2.
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(£)[2-(Methoxymethyl)phenyl|methyl(2-naphthyl)phosphine, (£)-65

“/l ! PMe OMe

The secondary phosphine (£)-71 (10.03 g, 57.6 mmol) was dissolved in THF
(100 mL), sodium (1.39 g, 60.5 mmol) was added, and the solution left to stir
overnight. Additional sodium (1.10 g, 47.9 mmol) was added and the solution was
stirred for a further 2 h. The excess sodium was then removed and the solution was
cooled to —78 °C. 1-Bromo-2-(methoxymethyl)benzene (61) (12.16 g, 60.5 mmol) in
THF (50 mL) was added to the cooled phosphide solution and the resulting solution
was left to come to RT and stirred overnight. Deoxygenated water (50 mL) was
added to destroy any remaining phosphide. All volatiles were removed in vacuo and
diethyl ether (100 mL) and water (100 mL) were added. The two-phase mixture
was transferred to a separating funnel, the organic layer separated, and the aqueous
phase extracted with dichloromethane (3 x 50 mL). The combined organic fractions
were dried (MgSO,), filtered, and the volatiles removed in vacuo. The resulting
cloudy liquid was fractionally distilled to give the pure product as a colourless viscous
oil, which crystallised on standing; bp 168 °C (0.05 mmHg); mp 54-55 °C. Yield:
7.63 g (45%); 'H NMR. (CD,Cl,): 4 1.67 (d, 3H, 2J(*H3'P) = 3.90 Hz, PCHs), 3.35
(s, 3H, OCH;), 4.56 (d, 1H, 2J(*H'H) = 11.70 Hz, CHH), 4.82 (dd, 1H, 2J(*H'H)
= 11.70 Hz, *J('H3'P) = 2.10 Hz, CHH), 7.26-7.92 (m, 4H, ArH). 3'P{*H} NMR
(CDCl): & —37.87. EI MS: m/z294 ([M]*, 55), 279 amu ([M—(CHjs)]*, 100). Anal.
Calced for C1gHo9OP: C, 77.5; H, 6.5. Found: C, 77.5; H, 6.8.
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(aR,Rp)-[(2-(Methoxymethyl)phenyl)methyl(2—naphthyl)phosphine-
O, P)-[2,2'-bis(methylene)-1,1'-binaphthylarsepinenium] Hexafluorophos-
phate, (aR,Rp)-73

The iodoarsine (aR)-39 (X = I) (0.523 g, 1.08 mmol) was dissolved in
dichloromethane (25 mL) and (+)-65 (0.335 g, 1.14 mmol) in dichloromethane
(10 mL) was added and the solution stirred for 3 h. A solution of potassium hexaflu-
orophosphate (1.00 g, 5.4 mmol) in water (25 mL) was added to the dichloromethane
solution and the two-phase mixture was vigorously stirred for 60 min. The organic
phase was separated, dried (MgSQO,), and the dichloromethane removed in vacuo.
The resulting powder was dissolved in a small quantity of dichloromethane and di-
ethyl ether was added to precipitate the solid. Yield: 0.40 g, (47%). 'H and 3'P{'H}
NMR spectroscopy of the precipitated solid indicated an unequal mixture of diastere-
omers, (o 1.96 (79%, 2J(*H3'P) = 12.00 Hz, PCHs), 0y 2.37 (21%, 2J(*H3'P) =
12.90 Hz, PCHjs), dp 10.14 (79%), dp 12.73 (21%)). Fractional crystallisation of the
mixture was achieved by the addition of diethyl ether to a dichloromethane solution
of the mixture. Yield of the less soluble diastereomer: 0.185 g (22%); mp > 165 °C
dec; [a]¥ = +221.0 (c 1.0, acetone). *H NMR (CD,CL): & 1.95 (d, 3H, 2J(*H3'P)
= 11.70 Hz, PCHs), 2.89 (s, 3H, CH,OCHjz), 3.02-3.42 (m, 4H, As(CH,),), 3.90 (d,
1H, 2J(*H'H) = 11.70 Hz, CHH), 4.39 (d, 1H, 2J(H'H) = 12.60 Hz, CHH), 6.07 (d,
1H, 3J(*H'H) = 8.40 Hz, ArH) 6.98-8.24 (m, 22H, ArH). 3'P{*H} NMR (CD,CL):
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§9.61 (s), —143.88 (sept, 1 J(1°F3!'P) = 711.08 Hz, PF;). ES MS: m/z649 ([M]*, 28),
389 ([M—P(2-MeOCH,CsH,)Me(CyoH7)]™, 4), 213 amu ([P(2-CHyCgHs)Me,Ph] ™,
100). HRMS: Calcd. for C,;H;,AsOP 649.16415. Found: 649.16160. Crystals suit-
able for X-ray crystallographic analysis were grown from a 2-butanone solution of

the pure diastereomer by the addition of diethyl ether.
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