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Abstract

The work presented herein is concerned with the design, synthesis and characterisation of
novel phosphorus containing ligands and the metal complexes thereof. Chapter 1 will
provide an introduction to the field and present an overview of recent developments in the
literature.

Chapter 2 deals with the development of a synthetic route towards triphosphine
macrocycles. The synthesis of bis(2-(phosphino)ethyl)phosphines is presented and their
coordination chemistry with first row transition metals (Cr, Fe, Ni, Cu) is described. The ability
of these complexes to act as templates in the formation of macrocyclic ligands is assessed.
Chapter 3 explores the synthesis of novel chiral multidentate phosphine ligands derived from
glycidyl phosphine synthons. The reaction of diphenylglycidyl phosphine with P, N and S
based nucleophiles results in the rapid construction of chiral heterodonor ligand
frameworks. Preliminary studies of the reactivity of these ligands with metal centres will be
presented.

Chapter 4 investigates the synthesis of chiral-at-aluminium complexes based upon a novel
v-amino-B-hydroxyphosphine oxide ligand. Two discreet aluminium alkyl complexes were
identified and the interconversion of these species was studied by spectroscopic and
computational means.

Chapter 5 concerns the coordination chemistry of bicyclic multidentate ER-NHCs with Pd(0),
Pt(0) and Au(l) metal centres. The M(0) complexes display an unexpected proclivity towards
the k-C coordination mode. This further informs the discussion of the factors controlling the

variable coordination chemistry of such ligands in the design of novel catalytic systems.
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Chapter 1 - Introduction

Phosphorus(lll) ligands: An overview

Phosphines and other trivalent phosphorus compounds (Figure 1) are amongst the most
widespread and effective ancillary ligands for transition metal coordination chemistry.
Complexes of P(lll) ligands have been found with all transition metals as well as many main
group and f-block metals.! Complexes of the late transition metals are particularly favourable
and such complexes have long been fundamental to the development of new homogeneous

catalysts.?

®
.0 Q L
P P >LPJ<
ST U S SR

Me iPr
a b c d e
R
O.__O.
H.p-H Fap-F RN.p NR, PR R R
| |
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\ PhP”PPh, PP,
I m n o
e
P OO @L o
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e N7
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z z PhyP™ ™" ~""pph, PPh,  PPh,
t u v

Figure 1: Selected examples of tertiary phosphines (a-e), other monodentate P(lll) donors
(f-k), diphosphines (I-0), chiral phosphines (p-s) and tridentate ligands (t-v)
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Chapter 1 - Introduction

The chemistry of phosphines was pioneered by the work of Mann and Chatt in the first half
of the 20" century.® Since then, the design and synthesis of new P donor ligands has
developed at great pace and phosphorous containing compounds remain widely sought after
due to their continued used in many synthetically and commercially important catalytic
systems. One particular example is given by Monsanto’s synthesis of L-DOPA (a drug used in
the treatment of Parkinsons syndrome), which uses a Rh complex bearing a chiral phosphine
in the key asymmetric hydrogenation step (Scheme 1).*® Synthetic routes to new phosphine

synthons are therefore of inherent interest to organometallic and coordination chemists.
MeO SN CO-H [Rh(R,R-D|PAMP)(COd)]BF4 MeO CO,H HO CO-H
NHACc H NHAG NH
AcO 2 AcO HO 2
L-DOPA
MeO

R,R-DIPAMP = F’\/\p

OIVIe @

Scheme 1: The industrial synthesis of L-DOPA*>

Properties of phosphines

Chemical properties

Most phosphines are colourless, often pyrophoric, distillable oils with unpleasant alliaceous
odours. Furthermore, phosphorus, as with the other heavier pnictogens, differs from
nitrogen in that the P(V) oxidation state is readily accessible. For this reason, phosphines are
often prone to oxidation in air and must be manipulated under an inert atmosphere.!
However, phosphoryl compounds have been proven to be effective ligands, particularly for
early transition metals and other hard metal ions.78910

Phosphines have also proven to be good Brgnsted bases with pK, values similar to those of

analogous amines.’ However, the increased size of phosphorus compared to nitrogen

results in phosphines being much softer bases than amines and thus exhibit a much higher
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Chapter 1 - Introduction

affinity for comparatively soft metal ions. As ligands they display strong bonding to most
transition metals and exhibit a strong trans- effect which makes them ideal spectator ligands

in homogeneous catalysis.

Electronic properties

b)
%F@QMQ
AT

Figure 2: Orbital interactions and bonding of PR; donors with d-block metals. a) o bonding,
b) m backbonding

P(I) ligands are good o-donors by virtue of the lone pair of electrons in the sp® hybridised
orbital (Figure 2, a). The nature of the substituents has a dramatic effect on the o- basicity of
phosphines, where electron withdrawing substituents decrease the availability of the lone
pair with a concomitant decrease in donor ability. Thus, an approximate basicity scale can be
constructed such that PR¥'; > PR®; > P(OR); > PX3; a scale which is reflected in the
frequencies of the A: carbonyl stretching mode of phosphine containing [Ni(CO)sL]
complexes (Table 1).12 The frequency of this vibration is dependent on the degree of back-
bonding from the metal, which is in turn dependent upon the electron density on the metal,
hence correlating with the donor ability of the phosphorus ligand. Furthermore, PR ligands
can act as m-acceptor ligands by interaction of the metals d-orbitals with an appropriate
orbital of the ligand (Figure 2, b). Early descriptions of this interaction invoked the o* orbital
of the PR3 ligand in this interaction, however, it is now accepted that the orbital responsible
for the i acceptor ability of phosphines results from mixing of the o* orbital and a low lying
phosphorus d-orbital. It was found that the degree of backbonding is highest for electron
poor PR3 ligands where the LUMO is relatively low in energy.?3'® Electron rich

trialkylphosphines are good o donors but poor it acceptor ligands, whereas electron deficient
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Chapter 1 - Introduction

phosphites and halo phosphines are weak o donors and strong m acceptors. Thus, the
electronic properties of phosphorus donors are readily predictable and tuneable by
systematic variation of the substituents.

Table 1: Comparison of vibrational data for a series of Ni(CO)sL complexes'?

P ligand Vo / em?
P'Bus 2056.1
PEt; 2061.7
PMes 2064.1
PPh; 2068.9
P(p-CeHaCl)s  2072.8
P(OEt)s 2076.3
PH3 2083.2
P(OPh)s 2085.3
PCls 2097.0
PFs 2110.8

Steric properties

Figure 3: Pictorial representation of Tolman cone angle

The steric profile of ancillary ligands can have a critical influence on the reactivity of metal
complexes and can affect factors such as coordination number, substitution kinetics and
complex stability. Bulky ligands tend to promote dissociative reactions at metal centres,? and
so catalytic cycles in which the rate determining step is the dissociation of a ligand or a
reductive elimination can be expected to be promoted via the use of larger ancillary ligands.
Conversely, reactions which are limited by the rate of substrate association are aided by the

use of smaller ligands. The primary metric used to compare steric bulk in phosphine ligands
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Chapter 1 - Introduction

is the cone angle.’>'71® Tolman'’ defines a cone angle as “the apex angle of a minimum cone,
centred 2.28 A away from the centre of the P atom, which just touches the outermost
extremities of a ligand folded back while maintaining Cs symmetry”. Tolman’s initial studies
concerned direct measurement of a physical model of tertiary phosphine Ni(0) complexes,
however the concept is also useful more widely and cone angles can be more broadly defined
in terms of the apex angle of a cone described by the outermost extent of a ligands
substituents (Figure 3). Cone angles for phosphines can vary greatly (Table 2), as the bulkiest
ligands can occupy over half of the coordination sphere whereas PH; is comparable to some
of the least bulky ligands. The utility of this approach is demonstrated by the fact that many
physical, spectroscopic and chemical parameters correlate strongly with this measure of
steric bulk.

Table 2: Cone angles for some selected PR3 ligands. For comparison, the cone angles of
other common ligands are included

Ligand Cone Angle / °
PH; 87
PFs 104
P(OEt); 109
PMes 118
PCl; 124
PPh; 145
PCys 170
P'Bus 182
P(mes); 212
H 75
co ~95
n°-CsHs 136

Care must be taken in the interpretation of these data as such measurements necessitate
use of a single fixed conformation and thus for ligands whereby multiple conformations are
accessible, cone angles may be more flexible than first envisioned.' Indeed, it is likely that a
number of conformations are accessible for any given system, thus giving rise to dynamic
equilibria in solution. Furthermore, the treatment of unsymmetrical and/or polydentate

ligands using this method is often not straightforward and thus cone angles are best
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considered as a guide in understanding trends rather than an absolute quantitative measure
of steric bulk. Nonetheless, cone angles remain a useful tool for rationalising the reactivity

of phosphine complexes.
Structural features of primary and secondary phosphines

Primary and secondary phosphines; RPH, and R;PH respectively; exhibit a number of unique
properties resulting from the presence of the P-H bond. These effects are perhaps most
pronounced in the parent molecule, PHs. The structure of PHjs is in stark contrast to that of
its lighter congener NHs;. Both compounds have a trigonal pyramidal structure with Csy
symmetry, NHs displays bond angles (107.8 °) close those of an ideal tetrahedron (109.5 °) in
accordance with VSEPR theory, whereas the heavier analogue has H-P-H bond angles of
93.6°. The much reduced bond angle results from a lack of hybridisation of the phosphorus
valence orbitals. As the atomic radii of the central atom increases the steric repulsion of the
small H substituents diminishes and thus hybridisation of the orbitals is far less efficient
giving rise to bond angles close to those expected of atomic p orbitals.? H atoms are thus
described as binding to the 3p orbitals of phosphorus resulting in relatively weak and hence
reactive P-H bonds. The lone pair of electrons occupies an orbital with a substantial degree
of s character as can be observed spectroscopically by the highly shielded 3!P NMR chemical
shift of & =-240 ppm.

Given the unusual bonding displayed in P-H bonds, it is perhaps unsurprising that primary
and secondary phosphines have been shown to be highly reactive. The reactivity of the P-H
bond is such that primary and secondary phosphines are unsuitable as spectator ligands for
catalysis and thus the chemistry of these species has been largely restricted to their use as
synthetic intermediates in the construction of more complex phosphorus containing species

(vide infra).?%*
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Multidentate ligands

Multidentate ligands have long been known to form complexes which are more kinetically
inert and thermodynamically stable than analogous monodentate ligands through ‘the
chelate effect’.??3 The chelate effect is demonstrated by comparison of the reactions of
[Cd(H20)6]** with NHs and ethylene diamine (Figure 4).2 During the reaction, two Cd-O bonds
are broken and two similar Cd-N bonds are formed, leading to a similar enthalpic change.
However, it is clear that in the case of a chelating ligand the total number of molecules
increases with an associated increase in the entropy of the system. Hence, the higher
thermodynamic stability is primarily an entropic effect. Additionally, it is observed that
coordination of a single donor of a bidentate ligand favours chelation due to the close
proximity of the pendant donor atom and hence chelate complexes are also kinetically

robust.

Logks = 4.95
[Cd{H20)5]2+[aq} + 2NH3 (aq) - [Cd{NH3)2(H20)4]2+(aq} + 2H20[aq}, AH=-298 kJ |'|'10|_‘1
AS = +5.2 kJ mol”

Logk; = 5.84
+ 2H,00q AH = -29.4 kJ mol-!
AS = +13.0 kJ mol™

[CA(H,0)* +oeng, ——* [Cd(en)(H,0),]**

{aqg) (aq)

Figure 4: Formation constants and thermodynamic data for the reaction of Cd complexes.
en = 1,2-ethylene diamine
Formation of a chelate complex inevitably leads to the creation of a heterocyclic ring, the
length of the bridge joining the two donor atoms greatly affects the distance between the
two donor groups and hence the metal coordination geometry. Indeed, it has been shown
that the chelate ring size has a strong effect on complex stability. Ring sizes which minimise
strain within the molecule are favoured, hence the effect is maximised for five and six
membered chelate rings (especially for first row transition metals) but is diluted upon moving

to larger ring sizes.
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Larger bridges necessitate a wider angle between the two coordinating groups of a
multidentate ligand. This ‘bite angle’, B (Figure 5), is a key consideration in the design of

ligand architectures.

p

N

M

Figure 5: Bite angle of a bidentate ligand

The term, natural bite angle (Bn), is usually applied to diphosphine ligands but can also be
defined more generally as the preferred chelation angle formed by the two donor atoms of
a chelating ligand as determined by the ligand backbone. Furthermore, it is possible to define
a flexibility range, i.e. the range of accessible bite angles for a given ligand.?* It is therefore
clear that the nature of the backbone in multidentate ligands has a critical effect on the
properties of the complexes, the length and rigidity of the backbone can be altered to
enforce particular geometries upon chelation. Multidentate ligands will tend to bind metal
ions in a cis- geometry and thus the ideal natural bite angles for coordination to an octahedral
complex would be 90°. Likewise, the equatorial sites of a trigonal bipyramid require a bite
angle of 120°. Deviations from an idealised coordination geometry introduce a strain within
the coordination sphere of the complex and are generally disfavoured.?> However, this must
be balanced against the strain induced in the ligand caused by deviations from the natural
bite angle. Often, multiple geometries, coordination numbers and oxidation states are found
at various stages throughout a catalytic cycle and thus the ability to stabilise varied
coordination environments is often desirable. In these cases, some degree of geometric
strain may in fact be beneficial. Selected natural bite angles for some common diphosphine

ligands are shown in Table 3.
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Table 3: Bite angle data for selected diphosphine ligands.?® Ligand structures shown in
Figure 6. a) average bite angle as found by X-ray diffraction; b) natural bite angle
determined from molecular mechanics calculations. Values in parentheses indicate
flexibility range for the given ligand.

Ligand P-M-P angle® / ° B.b/° Ref.
dppe 82.55 84.4 (70-95) &
dppp 91.56 82.6 28
DIOP 100.0 102.2 (90-120) 2
BISBI 119.64 122.6 (101-148) 2
Xantphos 104.64 111.7 (97-135) 29 30

H
PPh © PPh ‘ Pen.
ph,p~ " 12 PR ~"TUPPh, X 2
PPN, 0
: PPh,
H PPh, PPh,

dppe dppp DIOP BISBI Xantphos

Figure 6: Structures of the ligands detailed in Table 3

Synthesis of phosphine ligands

Numerous methods have been developed for the synthesis of phosphines and other
phosphorus containing species. The most common of these fall into one of two categories.
The first utilises an electrophilic phosphorus centre such as PCl; or P(OEt); in combination
with a nucleophile such as Grignard reagents, alkyl/aryl lithium species, alcohols or amines
(Scheme 7, a). The second and perhaps most straightforward procedure for the formation of
P-C bonds however, is via the formal deprotonation of a primary or secondary phosphine to
give an anionic phosphido species. Phosphides, in addition to displaying a rich coordination
chemistry in their own right,3%3? are strong nucleophiles and are thus useful reagents for
organic synthesis® (Scheme 7, b). This methodology is particularly useful in synthesising
asymmetrically substituted phosphines.3* Neutral P(lll) species are also often effective
nucleophiles and can take part in nucleophilic substitution reactions.®> However, the initial

product of these reactions is either a 4 coordinate phosphonium species (Scheme 7, c) or an
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oxidised P(V) species (e.g. Michaelis-Arbuzov reaction.¢38 Scheme 7, d) which must undergo

further synthetic preparation in order to be used as a ligand.

b)

c)

d)

e)

Nu
PCI, or P(OEt); —NYs B
Nu”™ "Nu
Na,P RX, PR,
i) Base
RPH, ii)R'X |
R-/ “Ru
i) Base
i) R'X R’
R,PH — P
R” "R
R'X R x®
PRy, ——» G
R R
R
RX I
P(OEt); ——> _ _R-ogt *EXX
R
= R R
RPH ——» RPTY
H
R0 PR,
R,PH —— 1 H

Figure 7: Some common P-C bond forming reactions

The P-H bonds of primary and secondary phosphines have been shown to add across multiple

bonds in numerous unsaturated compounds, especially alkenes, alkynes and carbonyls

(Scheme 7, e).* These reactions may occur spontaneously but are often promoted via the

action of base, free radicals, UV light or metal catalysts. Such hydrophosphination reactions

are often problematic as they have the potential to produce numerous regio- and stereo-

isomers. Many primary and secondary phosphines are commercially available but are easily

synthesised via the reduction of halo phosphines or P(OR) groups with LiAlH,, NaBH, or
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hydrosilanes. Similarly, trivalent species can be accessed via reduction of the P(V)

intermediates in the presence of strong reducing agents.
Macrocyclic effect

Homogeneous catalysis is widely used in order to promote chemical transformations, these
catalysts are often highly selective and can perform transformations not accessible by
conventional means. Typically, this requires expensive transition metals with low natural
abundance (Pt, Pd, Rh etc.) and complex ligand sets. Due to the expense of many transition
metal catalysts, they must attain comparable activities and lifetimes to heterogeneous
catalysts in order to become commercially viable.* It is for these reasons that homogeneous
catalysis in industry is often limited to high-value products where alternative catalytic
systems are not suitable.** Therefore, it is desirable to develop novel materials which exhibit
high stabilities whilst retaining an advantageous reactivity profile.

Macrocycles have long been known to exhibit an exceptionally high affinity for metal ions,*?
the enhanced stability imparted upon metal complexes by the strong binding is the primary
factor of interest here. Decomposition of the transition metal complex is a major issue
prohibiting the large-scale exploitation of homogeneous catalysis in industrial settings and
thus development of durable catalysts and catalytic processes may have significant
commercial implications.*® Furthermore, the high stability of such complexes may allow
access to unconventional oxidation states, coordination numbers and geometries allowing

for the development of novel reactivity. The origins of the macrocyclic effect are both

thermodynamic and kinetic in nature and can be viewed as an extension of the chelate effect.
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The origins of the macrocyclic effect
Thermodynamic effect
The thermodynamic macrocyclic effect can be observed as an increased binding constant
(logPB) for macrocyclic ligands when compared to open chain analogues. The magnitude of
this aspect can be given by the equation:

Alog B = log Bmacrocycie — 108 Bopen chain
This effect can be demonstrated by considering the copper(ll) complexes of 1, 4, 8, 11 -
tetraazaundecane and (7R, 14S) — 5, 5, 7, 12, 12, 14 — hexamethyl — 1, 4, 8§, 11 —
tetraazacyclotetradecane (Figure 8). The open chain species has a binding constant around
10,000 times less than that of the analogous cyclic ligand. Therefore, the strength of binding
in this case cannot be explained in terms of a chelate effect alone and has been interpreted

as evidence for a distinct macrocyclic effect.

NH HN
N/ N
Hy Ha

%\) "-m,.,/

LogP =23.9 Logp = 28.0

Figure 8: Binding constants of linear and macrocyclic tetraaza- ligand sets*

This effect in part arises as the entropic penalty paid upon binding is decreased in the case
of a cyclic ligand. The free macrocycle is relatively rigid with donors ‘preorganised’ for binding
and thus has fewer degrees of conformational flexibility available compared to the linear
analogue. The ring size has an important effect in determining the extent and strength of the
binding to metal ions. If the macrocycle cavity size is mismatched with respect to the metal
ions diameter, then this introduces a significant strain within the molecule. Thus, the

macrocyclic effect is maximised when the ring is of an appropriate size to effectively
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coordinate a metal ion and the resultant metal-ligand bonds are strengthened accordingly.
In some cases, factors such as pH and solvation of the macrocycle have also been shown to
effect the strength of binding* and therefore it is often impossible to explicitly quantify the
various contributions to the observed macrocyclic effect.

Kinetic effect

The kinetic contribution to the macrocycle effect results from the absence of an end which
inhibits stepwise removal of each donor group thus rendering macrocyclic complexes
kinetically inert with respect to dissociation of the ligands. Likewise, coordination of
macrocyclic ligands is a relatively slow process, pendant donors can often be included in
order to facilitate coordination of the macrocyclic moiety. Both of these effects can be
observed in the tetrathioether complexes shown in Figure 9.%¢ Although the rate of formation
(k¢) for the macrocyclic complex is an order of magnitude slower than that of the open chain

analogue, the dissociation rate (kq) is markedly diminished.

m K\

Cu‘I Cu”\
]
Et Et

ke=2.8x10% M1s? ke=4.1x10° M1s?
kg=9s? kg=3.0x10%s?

Figure 9: Comparison of formation/dissociation kinetics for macrocyclic and linear thioether
ligands*®

Macrocyclic ligands
Overview
Macrocyclic ligands have found a broad range of applications such as medical imaging (TACN,

cyclen, cyclam),*#® chelating agents (crown ethers, cryptands),*>2 supramolecular
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chemistry (calixarenes, rotaxanes),**** biological systems (porphyrins)®®> and catalysis®®
(Figure 10). Due to the well-developed synthetic routes and the ability to readily introduce
further functionality, the N, 0,%°25859 § 60 and more recently CN"®donor®® macrocycles are

most commonly studied.

Cuy) e % oS

TACN Cyclen Cyclam 18-crown-6

(\/ﬁ
Y]

| [
OH OH oH HO
[2.2.2]Cryptand Porphyrin Calix[4]arene

= T

1293 . Lo
@/ v CL D T

An aziridination catalyst Heterodonor macrocycles

Figure 10: Selected examples of macrocyclic ligands®%°3

Macrocyclic phosphines

Comparatively little is known about the chemistry of macrocycles containing phosphines
within the carbocyclic moiety. Such species are particularly desirable as they incorporate the
myriad advantages of phosphine ligands (vide supra) into a macrocyclic framework, thereby
enhancing the strength of binding and allowing for the formation of robust complexes which
may have applications in areas such as homogeneous catalysis and radionuclear imaging. The

relative lack of progress in this area is largely due to synthetic difficulties.®* A general
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methodology for the synthesis of P donor macrocycles is yet to be developed and successful
strategies typically entail use of highly reactive, unstable or air/moisture sensitive reagents
and intermediates. Reactions typically give low to moderate yields and are only viable for
small scale studies. Furthermore, the versatility of such reactions is very low and thus a
bespoke synthesis must be designed for each target molecule. Despite this, numerous
examples of macrocycles containing P/S, P/O, P/N and P/CN"¢ donor sets have been reported

(Figure 11).%>7°

Ph. WE/\,Ph NQN
o Cree

P P’ Ph” "Ph
PR g JPh

E=0, S, NPr
\_ﬂf_ |
Ph ™8Si £ Si— Ph Ph TSi-O O-Si— Ph
N RN/ i Ry 7
E
Ph _-Si Si-. Ph Ph _.-Si-O  O-Si— Ph
LS
E=0,S

Figure 11: Selected heterodonor macrocycles containing phosphorus atoms®>"*

Of particular interest with respect to coordination chemistry and potential applications in
homogeneous catalysis are the homoleptic tridentate P donor macrocycles (Figure 12), as
these are expected to display highly favourable bonding properties. The saturated
macrocycles are desirable as the relatively flexible aliphatic linkers may allow these species
to accommodate metal ions with a wide range of ionic radii. Comparison with analogous aza-
and thia-crown chemistry indicates that the 9 membered rings are likely to display more
idealised coordination geometry (cf. 12 membered rings) and thus cyclononane macrocycles
represent the optimal ring size to encourage strong binding.”> The small ring size restricts the
ligand to a facially capping coordination geometry as they are too small to encircle a metal

ion,% the implication of this is that a mutually cis— geometry is enforced upon the remaining
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ligand set and are thus more prone to reactivity due to their close proximity. Cis-reaction
sites are implicated in the key classical reaction mechanisms of small molecule
transformations at transition metal centres and are thus typically required in applications
such as efficient homogeneous catalytic activity amongst others. Also, o donor/m acceptor
phosphine ligands have a strong trans effect thereby labilising the remaining ligands which
may allow for substitutions and/or introduction of a vacant site within the coordination

sphere.

R ) ¢
P P R.. R .
C S

YGOSR
G0 @\Q\%

[9]aneP, [12]aneP,

Figure 12: Selected triphosphine macrocycles.”
Macrocycle synthesis
General remarks
Macrocycle syntheses can be categorised as one of two methodologies.”* The first involves
the combination of one or more precursors via conventional organic chemistry reactions.
Their synthetic simplicity make these attractive routes towards target species but
polymerisation and formation of higher macrocyclic products is a common side reaction
which must be minimised by careful control of reaction conditions such as concentration,
stoichiometry, addition rate and reaction temperature. Furthermore, these reactions are
typically carried out under high dilution conditions which can limit the practical scale at which
reactions can be performed.
The second category involves the use of transition metal ions which can act as a template for
macrocycle formation. These bind the reactive species and preorganise the system towards

macrocycle formation; the proximity of the reactive groups discourages polymerisation as
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the reaction becomes intramolecular and thus is kinetically favoured. This allows for a
greater degree of control over stoichiometry and stereochemistry but care must be taken in
the choice of template to allow for release of the macrocyclic product through
decomplexation of the metal.

Numerous examples of P containing macrocycles have now been prepared via these
techniques. A brief summary of the key developments in this field are given herein but for a
thorough treatment of the synthesis and coordination chemistry of macrocyclic phosphine
ligands readers are directed to the recent review by Swor and Tyler.®*

Direct synthesis

Early syntheses of macrocyclic phosphines focussed on cyclocondensation reactions of
acyclic precursors. The first example of such a species was prepared by Horner in 1975 and
involved equimolar reaction of a, w — bis(dibenzyl)phosphines with a, w — dihaloalkanes to
generate tetraphosphonium species in low yields (Scheme 2).7>7¢ Reductive cleavage of the
benzyl groups with LiAlH, produces the parent tetraphospha-macrocycles as a mixture of

stereoisomers.

Bn

‘ R_Bn R
R P.. By
\E)/\M; R (/\'ﬁp X (ﬁ;l:l)/f\)w?
R. 2B
Bn > pe =3¢ " »RP P-R
o e 0T
Br™ A Rty P
Bn R R
n=2or3
R = Ph, Bn

Scheme 2: Horner’s synthesis of P; macrocycles.”™®

Kyba synthesised 11- and 14-membered benzanullated macrocycles under high dilution
conditions (Figure 13).778° The use of aromatic moieties in the ligand backbone may promote
cyclisation as the rigid linkers reduce the conformational flexibility of the intermediate
species. This technique was further utilised to generate macrocyclic secondary phosphines

by subsequent cleavage of a 1-naphthylmethyl group with potassium naphthalenide.®! The
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presence of secondary phosphines in the macrocyclic ring is highly desirable as they provide
a route to numerous P-substituted derivatives via nucleophilic substitution and
hydrophosphination reactions. The ability to easily investigate the stereoelectronic profile
whilst introducing further functionality and complexity into a ligand structure is crucial for

the design of any homogeneous catalytic system.

PhK\‘Ph mPh

Phxp/_> S/_F>—Ph
CL s CLm o0 50D o 0

Ph~ K) “Ph U “Ph
D
el

E =PPh, S or AsMe

Cres

Figure 13: Kyba’s benzannulated macrocycles’” 8!

A notable recent example is given by Helm’s synthesis of a [9]aneP; species by the slow
mixing of dilute solutions of a linear triphosphorus species with 1,2-dichloroethane at
elevated temperatures (Scheme 3).8This represents the only synthesis of a [9]anePs species
in the absence of a transition metal template (vide infra). The macrocycle is reportedly

formed in 85 % yield with a 3:7 ratio of the syn/syn and syn/anti stereoisomers respectively.

F"h
h. P -Ph
E)/\/ \/\I_T)

) ) 7 CD
oo @”‘@ =0

Scheme 3: Helm’s synthesis of [9]anePsPh3.52

Cyclocondensation reactions can provide efficient routes to some macrocyclic systems
although these routes do suffer from some significant drawbacks. Reactions typically give

poor yields of macrocycle, suffer from slow kinetics and require large solvent volumes and
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lengthy work-up procedures. The products are further complicated by the presence of
multiple stereoisomers as a stereoselective route has yet to be developed, significantly only
one isomer will be able to fully coordinate to a metal centre as the inversion barrier at P
centres is typically high. Furthermore, uncoordinated macrocycles and many of their P(lll)
precursors are prone to oxidation or hydrolysis and reactions must be carried out using
rigorously dried and degassed solvents, apparatus and reagents.

Template methods

In an attempt to overcome some of the problems associated with the cyclocondensation
route to macrocyclic phosphines a number of researchers have turned to transition metal
templates. Use of a template affords a greater degree of control over the reactive species
and can lead to improved yields for the cyclisation step. The metal centre also increases the
acidity of P-H bonds present in many key intermediates thereby activating the P centre with
respect to alkylation. Furthermore, the ability to carry out reactions at higher concentrations
and in a stereospecific manner are particularly advantageous.

A typical example of a templated synthesis is given by the works of Rosen,®2* Stelzer8>%8 and
Mizuta® in their syntheses of tetradentate macrocycles around square planar Ni(ll) or Pd(ll)
templates (Scheme 4). This methodology draws the reactive sites into close proximity
thereby favouring the cyclisation reaction as can be seen in the excellent yields of
tetraphosphine macrocycles observed. This methodology has proved to be remarkably

versatile in the preparation of 14- to 16-membered tetraphosphine macrocycles.
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Scheme 4: P, Macrocycle synthesis around group 10 templates
Gladysz et al. provide an impressive demonstration of the power of this approach in the
synthesis of a 1, 16, 31 —triphosphacyclopentatetraconta—8, 23, 38 —triene, a 45-membered
triphosphine macrocycle, on a tungsten(0) tricarbonyl template (Scheme 5).°° Somewhat
unusually, the ring closure step is carried out via ring closing metathesis using the 1%
generation Grubbs’ catalyst rather than the more conventional hydrophosphinations or
nucleophilic substitution reactions. Despite the fact that such a large ring is unlikely to show
any significant macrocyclic effect this example is instructive in that it demonstrates the ability
of a template to facilitate cyclisation over other less desirable reactions. Indeed, cyclisation
appears to be favoured to a remarkable degree as the macrocyclic product is formed in 83 %
yield. Furthermore, such a species would be highly unlikely to form by other means, even if
carried out at very low concentrations. Recently, this methodology has been adapted in the
synthesis of a series of tricyclic dibridgehead diphosphines around an Fe(CO); template

featuring 22- to 38-membered macrocyclic rings.>! No attempts were made to isolate the
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free ligand and the complexes and their derivatives were found to exhibit molecular rotator

behaviours.
/
=
/
Ph Ph
P RCM P
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Scheme 5: Gladysz’s synthesis of a 45-membered Ps macrocycle®®
As can be seen from the analogous aza-, oxa- and thia-macrocylic chemistry, 9- to 15
membered ring systems demonstrate the most favourable characteristics for many potential
applications. Norman prepared [12]anePs and [15]anePs; macrocycles in good yield around a
Mo(CO)s template via the free radical catalysed hydrophosphination of allyl and butenyl
phosphine respectively (Scheme 6).%%% A key advantage of this approach is that the resultant
macrocycles contain only secondary phosphines and thus can be readily alkylated in the final
step allowing for the straightforward preparation of a diverse range of derivatives containing
alkyl, aryl, amino, ethereal, thioether and phosphino functional groups.®#°> Despite this early
success, a number of limitations to this procedure are apparent. Attempts to extend the
scope of this methodology to 9 membered rings failed, instead leading to formation of
polymeric by-products or partially cyclised products.®® Most significantly, the strength of
binding was such that the ligand could not be demetallated and isolated in an uncoordinated
state. While this is a promising indication of the formidable stability of this type of complex,
it severely limits the utility of this route for further studies. However, it has since been shown
that although these complexes do not undergo dissociation, the phosphine can be made

labile by oxidation at Mo (vide infra).%”*8
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Scheme 6: Norman’s seminal synthesis of [12]anePsHs**%3

Building on the work of Norman, the Edwards group have investigated the free radical
hydrophosphination of vinyl phosphines with diphosphines around an Fe(ll) template
(Scheme 7).°%1% These ‘piano stool’ templates allow for the stereospecific synthesis of the
previously inaccessible 9- to 12-membered macrocycles. The smaller ionic radius of Fe(ll)
compared to Mo(0) results in a contraction of the non-bonded P-P distance and hence the
formation of 5-membered chelate rings becomes viable.
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Scheme 7: Edward'’s synthesis of [9]anePs species around an Fe piano stool template®

Demetallation

Templated syntheses for the full series of 9- to 12- membered rings have now been
developed. However, these procedures do have one major drawback, the strength of binding
which makes these ligands so desirable means that they are exceedingly difficult to
demetallate. Access to the uncoordinated macrocyclic compounds is crucial if their potential
is to be realised. Common routes to macrocycle demetallation involve displacement with
other strongly binding ligands (CN~, S*, phosphines, chelating agents) or digestion in highly
acidic or basic solutions. In the case of kinetically inert metal centres it is often necessary to
disrupt the coordination sphere by changing oxidation states with oxidants such as halogens,

peroxides or ozone or reducing agents such as alkali metals.
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Norman’s molybdenum tricarbonyl templated macrocycles were observed to be particularly
inert and were unreactive to displacement upon exhaustive treatment with PPhs, PF;3,
P(OMe)s or KCN, even at elevated temperatures.®® However, it was later shown that these
Mo(0) species could be oxidised to Mo(ll) compounds with Cl, or Br,.°” Reaction of the
initially formed cationic halo-halide species, [Mo(CO)sPsX]X, with KCN reforms the original
Mo(0) species.’® However, upon standing in CH,Cl, a neutral dihalo species, Mo(CO),PsX,,
forms with concomitant loss of one carbonyl (Scheme 8). It was found that treatment of this
compound with ethanolic NaOH or KCN in DMSO resulted in liberation of the free macrocycle

from the metal template.%®10°

\/ <y + X KCN/DMSO
PR PR C “of r> or R« LR
RP\MO, PR ClyorBr; RPa. : PR -CO X NaOH/EtOH P P.
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I R R
(o) O

Scheme 8: Oxidation and demetallation of ([12]aneP3)Mo(CO);

Digestion of Edwards’ [12]aneP; Fe piano stool complexes with Na/NH; leads to
demetallation of the macrocycle in good yield (Scheme 9). Analagous reactions with the 9-
to 11-membered macrocycles did not result in release of the ligand reflecting the superlative
binding properties of these species. It was found that [9]aneP; species could be oxidatively
demetallated from these templates with aqueous Br, or H,0; to give the trioxide in high
yield.?® Attempts to recover the phosphino species by reducing the trioxide with LiAlH4 or

PhSiHs failed due to its insolubility in compatible solvent systems.
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Scheme 9: Macrocycle liberation from Fe piano stool templates

Reactivity of macrocyclic phosphine complexes

The only system to receive any detailed study with respect to coordination chemistry is the
[12]aneP; ligand isolated by Edwards (vide supra). M([12]anePs)Cls (M =Ti, V, Cr) complexes
are readily formed from coordination of the macrocycle to the metal chlorides or their THF
adducts (Scheme 10).1% A related species bearing a tripodal phosphine has been reported as
the seven coordinate THF adduct by Girolami.'” However, TiCl3P; complexes (where P = PCys,
P'Pr; or PBus) have only been isolated at low temperature.’® Upon warming to room
temperature, phosphine dissociation occurs forming TiClsP, species, the macrocyclic P3
ligands stabilise the hexacoordinate Ti(lll) complex as dissociation rates for macrocycles are
much slower. V([12]aneP3Et3)Cls is indefinitely stable as a solid in air in contrast to many
other V"(phosphine) complexes which are typically 5 coordinate and sensitive to air and
moisture. The macrocyclic effect in addition to coordinative saturation appears to impart
unusual stability upon this complex. However, solutions of the complex exposed to air
undergo selective oxidation of the metal forming V(0O)([12]aneP3Ets)Cl,, the first octahedral

vanadyl phosphine complex (Scheme 10).1%
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Scheme 10: Some early transition metal complexes of [12]JanePs; and formation of the
octahedral vanadyl complex

Addition of [12]anePs to solutions of TiCls, ZrCl, and HfCls resulted in coordination of the
phosphine as observed by spectroscopic methods but the complexes could not be isolated
for further study. Treatment of frozen solutions of NbCI;(DME) or NbCls(THF), with
[12]anePsEt; produced air sensitive materials which were too unstable for reliable
characterisation to be obtained, although EPR spectra indicated the presence of Nb" and
NbY compounds respectively. The Nb" solution exhibited reversible thermochromism,
potentially due to the dimerisation of the Nb species above room temperature.

Ti, V and Ni complexes of [12]aneP3R; (where R = Et or (CH2)s0Me) when combined with a
suitable initiator (such as MAO) have been shown to be active catalysts for ethene and
propene polymerisation.1® The activity and stability of the complexes, whilst only moderate;
was considerably larger than that of related catalysts with linear phosphine ligands
suggesting that the macrocyclic effect is responsible for the enhanced stability.

Reaction of the macrocycle with ReCl3(PPhs),(MeCN) leads to formation of
Re([12]anePsBus)Cls, which can be reduced with Na amalgam under a CO atmosphere,
producing Re([12]anePsBus)(CO),Cl in high yield.!®® An analogous Mn compound was
synthesised directly by photolysis with Mn(CO)sBr producing Mn([12]anePs'Bus)(CO),Br. The
Re(l) complex can undergo a number of further transformations; reaction with LiAlH4 leads
to the monohydride, whilst halide abstraction followed by coordination of terminal alkynes
generates vinylidene and cumulene structures (Figure 11). Reactions of the Re and Mn
halides and the related complex, ([12]-ane-PsEts)RuCl(dmso),!'! with norbornene were

investigated leading to the polymerisation of the alkene monomer via a ROMP mechanism.
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The molecular weight and polydispersity of the resulting polymers was highly dependent on
the steric environment surrounding the metal centre, thus it is possible to tune the reactivity
by varying the pendant alkyl chain of the macrocycle. Analogous reactions with the well-
known Ru alkylidene catalysts such as Grubbs’ catalyst,!*? are thought to require a labile
phosphine ligand in order to open a vacant site to accommodate the incoming alkene.
Intriguingly, no phosphine dissociation was observed spectroscopically and an associative
mechanism is unlikely in these electronically saturated species, suggesting that these

complexes follow a unique mechanistic pathway.
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Scheme 11: Synthesis of Re and Mn complexes

Recently, it has been shown that coordination of [12]aneP3R; to Cu(l) halides results in
formation of a novel bimetallic complex featuring a unique mono-halide bridged Cu-Cu

interaction (Figure 14). It was found that increasing the steric congestion around the metal
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centre with bulkier R groups or larger halides switches off this novel coordination mode and

instead favouring the typical monometallic tetrahedral geometry (Scheme 12).113

Figure 14: Molecular structure of ([12]anePsEts)Cu,Cl,

v (\/

RP\\ PR - (/ \j N ‘ "
‘ N

Ci
X U\
X
R =Et, X=Br, | R=Et, X=CI, Br
R="Pr,X =Br, | R=Pr,X=Cl

Scheme 12: Variable product formation in Cu(l) halides
Aside from the Fe piano stool template species (vide supra), there is a single example of
[9]anePs ligands being coordinated to a metal centre.®? [9]anePsPhs was synthesised as a
mixture of the syn/syn and syn/anti isomers. Treatment of [9]anePsPh; with Mo(C;Hsg)(CO)3
results in formation of fac-([9]aneP3)Mo(CO)s in moderate yield; in this case, the increased
bond strength associated with the macrocyclic effect appears to be sufficient to overcome
the energetic barrier to P inversion as the syn/syn- isomer was the sole product observed
(Scheme 13). Comparison of this complex with the analogous [12]anePs species prepared by
Norman (vide supra) suggests a higher degree of o- basicity in the former ligand. This is

evident in the shorter Mo-P bond lengths and the increased mt back-bonding to the carbonyls,
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apparent in both the bond lengths and vibrational frequencies. This supports the contention

that the cyclononane species displays exceptionally strong binding properties.

" &Y T o
DEAOROLA S

Scheme 13: Formation of ([9]aneP3)Mo(CO);

Aims

Multidentate phosphines and other ligands containing P donor atoms are of continued
interest due to their applications in homogeneous catalysis where ligand choice can
drastically effect activity and efficiency of the system. Modern catalysts are expected to
deliver ever higher performance in terms of turnover, activity and substrate scope, often
under mild conditions. There is also a need to develop catalysts capable of novel
transformations in order to expand the applicability of catalysis in synthetic chemistry.
Furthermore, there is a desire to move away from noble metals as active species due to cost
and toxicity issues.’'* The stringent demands placed upon catalysts provide a substantial
challenge to the organometallic chemist and the preparation of new ligand structures is
imperative to the continued progress in this area.

Therefore, there is a need to develop novel ligands to support these endeavours and
presented herein are recent investigations in this field. In particular, this thesis will describe
work towards a synthetic route to macrocyclic phosphines (Chapter 2), investigations of
glycidyl phosphines as intermediates in the synthesis of ambidentate heterodonor ligands
(Chapter 3), synthesis of chiral-at-aluminium complexes (Chapter 4) and finally a discussion
of the coordination chemistry of a chiral expanded ring N-heterocyclic carbenes bearing

pendant phosphine donors (Chapter 5).
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Aims of chapter 2

Ligand design and methodology
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Scheme 1: Selected retrosynthetic approaches to [9]aneP; species

Selected strategies for the synthesis of [9]anePs; macrocycles are shown in Scheme 1. The
success of each route critically relies on the choice of macrocycle template. Furthermore, the
choice of route may influence factors such as synthetic complexity, cost and the stability of
intermediates. The work of Norman provides an illustrative example of route a);? whereas
route b) has been demonstrated by Edwards® (See Chapter 1). Both routes resulted in
macrocyclic species, although they each have significant drawbacks. The latter of these
routes, C, has received relatively little attention and has only been attempted under high
dilution conditions.*

Previous work within the Edwards group investigated the reactivity of a, w - diprimary
phosphines around an Fe piano-stool template.”> Treatment of these species with strong
bases results in deprotonation to cleanly form the terminal phosphido species. However,
reaction of this species with dibromopropane does not result in macrocycle formation
instead forming a coordinated phosphetane species (Scheme 2). Similar observations were

made following treatment with dibromoethane.
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Scheme 2: Attempted synthesis of macrocycles from a,w-diprimary phosphines. Reagents
and conditions: i) [n>-CpFe(CsHs)]*, MeCN, hv; ii) KO'Bu, 1,3-dibromopropane, THF

This chapter will assess the reactivity of a, w — disecondary phosphines (Figure 1) towards
the synthesis of 9- to 11- membered macrocycles. It is anticipated that use of secondary
phosphines over primary phosphines will prevent formation of the heterocyclic by-products
and support macrocyclisation. Numerous synthetic routes to linear triphosphines have been
developed; indeed, some oligomeric phosphines are commercially available. Alteration and
functionalisation of these ligand structures is comparatively straightforward using well
known protocols. It should be noted that triphosphine species are putative intermediates in
the macrocyclisations in most other macrocycle syntheses. Introduction of bulky groups at
the central tertiary phosphine centre can be expected to further promote cyclisation due to

the Richman-Atkins effect.®’

Figure 1: Generic structure of target molecule for cyclisation studies

As has been demonstrated (vide supra), the major limiting factor in the exploration of
[9]anePs chemistry is the inability to demetallate the macrocyclic ligand from the template
of choice. The increased chelate effect of a tridentate ligand (cf. bidentate and monodentate
ligands) can be envisioned to allow ligand binding with relatively ‘hard’ metal centres. It is
anticipated that the desired [9]anePs species would bind to such metals in a way which is

more favourable towards demetallation than the ‘softer’ ions studied to date. This effect can
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be accentuated via use of phosphido- species which, in addition to being more nucleophilic

than phosphines, are more likely to bind to ‘hard’ ions.

Results and Discussion

Ligand synthesis

Q
R <2 s B KO8 Ro R b Ror LAM 5 .
2 \\/IX‘R' i e SpT T
ORI’I’ O O H H

Scheme 3: Initial synthetic route to cyclisation substrate
The first route investigated was via Michael-type additions of a primary phosphine to vinyl
phosphinates followed by reduction of the resultant diphosphinate with LiAlH, affording the
desired a,w-disecondary triphosphines (Scheme 3).2 In principal, this allows for a wide range
of triphosphine derivatives to be made. Therefore, it would be possible to methodically
approach the cyclisation reaction by systematically varying the steric and electronic
environments at the central and terminal phosphine. Unfortunately, it was found that
preparation of such species was highly problematic. Reaction of the diphosphinate species
with LiAlH,; at room temperature resulted in incomplete reaction with 3!P{*H} NMR spectra
suggesting the presence of various phosphine oxide species. Use of more forcing conditions
did not give improved results and none of the desired products could be isolated. The
difficulties encountered in this route likely arise from the high P=0 bond strength, making
the reduction unfeasible. Due to the relative complexity and synthetic difficulty associated

with this route, hydrophosphination reactions of vinyl phosphines were attempted.
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Scheme 4: Synthesis of a,w-disecondary phosphines
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The triphosphine backbone is constructed via a modified version of Du Bois’ protocol® for
free radical coupling of diphenyl phosphine with a divinylphosphine to produce the tri-
tertiary phosphine intermediate, 1, in good vyield (Scheme 4).° Cleavage of two terminal
phenyl groups using the procedure developed by Helm!! furnishes the a,w-diphosphido
phosphine, 2, which can be conveniently identified by the upfield shift of the two resonances
(which appear at 8p=—4.6 (t, 3Jpp = 44.6 Hz) and —=53.7 (d, 3Jpr = 44.6 Hz) ppm for the ‘Bu
derivative) in the 3'P{*H} NMR spectrum for the central and terminal P nuclei respectively
(c.f. 6p = 9.5 and -12.3 ppm for the tritertiary species). 2 is readily protonated in situ with
deoxygenated saturated NH4Cl solution. After filtration and extensive drying in vacuo, the
target o,w-disecondary phosphine, 3, is collected as a viscous oil of sufficient purity for
subsequent coordination studies. This procedure produces a significant improvement upon
the reported yield of diphosphide!! and has been performed on a scale to produce around
100 g of material with no apparent detriment to yield or purity of the product. Compound 3
can also be prepared directly by the hydrophosphination of divinylphosphines with PhPH;
under UV irradiation. However, a large excess of the primary phosphine is required in order
to achieve selectivity for the triphosphine and the purity of 3 is inferior when produced in
this manner.

Unfortunately, this procedure does not allow for control of the stereochemistry at the
terminal P centres and thus the secondary phosphines are found as mixtures of
stereoisomers. The 3P{*H} NMR spectra display two signals consistent with the expected
overlapping AXX’ spin systems; a pseudotriplet and a complex multiplet centred at 6, = —-18.6
(®Jer = 61.1 Hz) and —45.9 ppm or &p = 4.8 (3Jpp = 20.7 Hz) and —46.2 ppm for 3" and 3t®v
respectively. The latter of these resonances corresponds to the secondary phosphine groups
as can be shown by the upfield resonance compared to the tertiary phosphine environment
observed in 1 and the splitting by Ypy = 211.0 and 208.4 Hz respectively in the 3P NMR

spectra, characteristic of secondary phosphine resonances.!? The *H NMR spectrum shows
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the R,PH protons as doublets of triplets centred at 6y = 4.22 (Yyp = 211.0 Hz) and 4.16 (Ypp =
208.4 Hz, 3Juy = 6.8 Hz) ppm respectively. The remaining resonances are of little diagnostic
value with respect to coordination and reactivity.

The higher o- basicity of alkyl phosphines make it desirable to substitute the phenyl rings
with alkyl chains. Analogous reactions with alkylphosphines or alkyl(benzyl) phosphines gave
no indication of any hydrophosphination products, it appears that the relatively electron rich
phosphines do not undergo hydrophosphination under the conditions studied. Helm
demonstrated that the diphosphido species may undergo nucleophilic attack to generate a
terminal alkyl-aryl phosphine.'* Treatment of these compounds with Li in an analogous
procedure to that carried out in the synthesis of 3 failed to yield the desired PH(alkyl):
compounds. The P-C cleavage in this case was found to lack the requisite selectivity for the
aryl substituent. Finally, attempts were made to cleave both phenyl groups under similar
conditions, which would provide terminal diphosphido compounds which may subsequently
be alkylated with various electrophiles. However, following prolonged exposure to Li or
Na/NH; the desired species were not observed spectroscopically. It seems likely that
coulombic repulsions of 2 with the reactive metals prevents further phenyl cleavage

reactions.

Cyclisation reactions with ‘hard’ metal templates

Alkaline earth metals as transient templates

A prime consideration for the choice of template is the ability to dissociate the macrocyclic
ligand, thus, it is important to consider the reaction kinetics. High rates of
dissociation/substitution are desirable, and thus alkaline earth metals are an attractive
system for consideration. Helm demonstrated that linear lithium a,w-diphosphides (2°") can
be cyclised under high dilution conditions;* it is anticipated that metathesis of 2 with a group
2 metal halide or deprotonation of 3 with an alkaline earth metal base would result in an

analogous alkaline earth metal diphosphide (equivalent to the well-known bis-dialkylamide
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complexes).* This approach is conceptually similar to the Cs thiolate templated macrocycle
synthesis pioneered by Kellog and Butler.'* Use of a divalent cation will inevitably bring the
reactive phosphides within close proximity and therefore reduce the possibility of competing
oligomerisation by-products. Furthermore, the potential for coordination of the tertiary
phosphine to the metal centre may improve the stereoselectivity via a ‘transient template
effect’. Reaction of this a, w - diphosphide with a suitable electrophilic reagent, such as
ethylene sulfate, will result in macrocycle formation and concurrent precipitation of an

insoluble salt (Scheme 5).
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Scheme 5: 'Transient template' methodology to P; macrocycles
It is likely that the success of this approach will depend on balancing the two conflicting
parameters of size and ‘softness’. In order to improve stereoselectivity, a strongly o-basic
trialkyl phosphine must coordinate to the metal ion. There is some evidence for the existence
of these species, especially with the relatively ‘soft’ heavier group 2 metals but due to the
highly labile phosphine the complexes are very unstable.’® Moreover, Miiller has shown that
trialkylphosphine complexes of Mg can be stabilised by exploiting chelating ligands,®® it
seems plausible therefore that some degree of coordination of the neutral phosphine may
occur with many of the alkaline earth metals. Conversely, the only examples of group 2

metals with ‘hard’ phosphide ligands exist with the lighter elements in the group, although
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even these are rare."*° Additionally, the size/dimensions of the ions vary greatly down the
group and so, the propensity for chelate formation is also variable.

Deprotonation of the secondary phosphine enhances nucleophilicity at P and produces a
donor ligand more suited to coordination to a ‘hard’ metal centre. In some cases,
deprotonation in situ with a strong base is sufficient; however, it is advantageous to isolate
2 prior to reaction with the appropriate metal centres. This can be readily achieved via the
action of very strong bases such as "Buli or Na(dimsyl). However, the stoichiometry of these
reactions must be controlled with great care as any excess metal alkyls are difficult to remove
and may hinder subsequent reactivity. A superior methodology is to deprotonate using an
alkali metal hydride, which can be easily removed by filtration. Reaction of 3 with KH in THF
at elevated temperatures quantitatively forms 2 with concurrent evolution of H, gas. After
filtration the red/orange solution can either be used directly for subsequent reactions or
dried to yield an orange microcrystalline powder.

Reaction of 2 with anhydrous MX; (M = Mg, Ca, Ba; X=Cl, I) in THF or DMSO gives pale yellow
solutions with a fine white solid suspended therein. As discussed above the P donors are not
expected to interact strongly with the group 2 cations; accordingly, there is a negligible shift
in the resonances observed by 3!P{*H} NMR spectroscopy but cation exchange is assumed on
the basis of the observed colour change.

Direct formation of such species with alkaline earth metal bases was also investigated. 3 was
found to be unreactive with CaH, even after heating to reflux, likely a result of the reduced
basicity of CaH, compared to KH. However, treatment of 3 with an equimolar quantity of
Mg'Pr, gives a pale yellow solution with a beige precipitate. 3'P{*H} NMR spectra indicate the
presence of both 2 and 3 in this solution.

These materials were found to be highly unstable; further characterisation was not
attainable and these solutions were used directly in cyclisation studies. Treatment of these

materials with various dielectrophiles (ethylene sulfate, dichloroethane, dibromoethane,
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dibromopropane and a,a’-dibromo-o-xylene) in either THF or DMSO gave oily residues after
filtration and removal of the solvent. No macrocyclic products could be identified by either
NMR spectroscopy or mass spectrometry and the resultant oily residues most likely consist
of oligomeric species. Given the polar nature of the solvents it is likely that the bonding
between the phosphides and the metal centres is largely ionic in nature. There is very little
evidence for the formation of discrete M-P bonds and thus this methodology does not afford

the desired level of chemoselectivity to necessitate further investigation.

Fe piano stool complexes

Previous work within the Edwards group has shown Fe piano stool complexes to act as
excellent templates for the stereoselective formation of triphosphorus macrocycles (vide
supra).?® As triphosphine species were spectroscopically detected as intermediates in these
reactions the analogous chemistry with 3 was investigated in order to better understand the
reactivity with respect to macrocyclisation. Two-fold deprotonation of the triphosphine
piano stool complex was predicted to form an anionic diphosphido complex, [FeCp(2)],,
which upon treatment with various dielectrophiles would furnish macrocyclic products.
Alternatively, reaction with vinyl and allyl halides can be envisioned to produce complexes
structurally related to the intermediates identified by Edwards,®> which could be converted

to the macrocycles via hydrophosphination of the pendant alkenes.

Synthesis

Photolysis of an acetonitrile solution of [Fe(Cp)(CO)2(NCMe)]* (where Cp = CsHs™, CsMes™ or
CsHs(SiMes)y™) in the presence of 3R delivers the corresponding iron piano stool template
compounds, [Fe(Cp)3®]*, in high yield. Examination of the 3P{*H} NMR spectra indicate a
mixture of the various isomers in all cases. The tertiary phosphine environments appear in
the range 117 - 153 ppm, whereas the secondary phosphines are observed between 60 — 86
ppm. The meso- isomers appear as an apparent triplet and a pair of double doublets as

expected of an AMX spin system, while the syn- and anti- isomers display the typical AB;
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patterns. Examination of the 'H and 3C NMR spectra of [Fe(Cp)3®]* suggests a degree of
fluxionality as broad resonances are observed even at temperatures down to -80 °C, probably
as a result of the relatively flexible ligand backbone.

Reactivity

Due to its favourable solubility in appropriate solvents, [Fe(CsMes)3™®“]PFs was used as a
model system for further reactivity with respect to macrocycle formation. Surprisingly,
treatment of this compound with an excess (24 equivalents) of "Buli does not yield the
analogous anionic diphosphido species, resulting instead in the formation of a highly air and

moisture sensitive dark red material which is readily soluble in hydrocarbon solvents.
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Figure 2: 3P{*H} NMR spectra of [Fe(CsMes)3"®"]* (top) and after reaction with excess BulLi
(bottom)

The 3'P{*H} NMR spectra (Figure 2) suggests three distinct P environments. Two downfield
resonances, a doublet of doublets (8, = 128.3 ppm, 3Jpp = 14.7, 11.9 Hz) and a doublet (&p =
99.4 ppm, 3Jpp = 14.7 Hz), are reminiscent of the tertiary and secondary phosphines of the
precursor respectively, while an upfield doublet (6, = 26.9 ppm, 3/pp = 11.9 Hz) is also
observed. The presence of secondary phosphine environments is shown by a large splitting
of the peak at 8 = 99.4 ppm (Ypn = 339.5 Hz) in the 3!P NMR spectra. The upfield peak does
not appear to have any strong coupling to 'H nuclei and has thus been attributed to a
phosphido group. The spectroscopic evidence suggests deprotonation only occurs at one of
the two chemically identical secondary phosphines to yield an unusual phosphido-phosphine

complex (Scheme 6). Further characterisation (IR, mass spectrometry, elemental analyses)
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was attempted but no reasonable data could be attained due to the instability of the
material. The proposal of a neutral complex is further supported by its solubility in non-polar

solvents (petroleum ether, toluene, diethyl ether) in contrast to the ionic precursor.
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Scheme 6: Deprotonation of Fe piano stool complex
The presence of a secondary phosphine environment is surprising given the large excess of
strong base used. Furthermore, DFT calculations confirm that the deprotonation of such a
species with a monomeric butyl anion in a THF solvent field is thermodynamically favourable
(AG = -272.0 KJ mol?) and therefore the lack of reactivity can be ascribed to kinetic
deactivation rather than any inherent decrease in reactivity. Upon examination of the
frontier molecular orbitals, it is clear that the HOMO is largely centred on the phosphido
group and projects into the space between the two terminal phosphorus atoms (Figure 3);
the proximity of this electron density to the remaining secondary phosphine may introduce

a prohibitively high activation barrier with respect to further deprotonation by anionic bases.

a) b) c)

Figure 3: a) Optimised structure of Fe Piano stool cation b) HOMO c) LUMO

To further examine the reactivity of this remaining secondary phosphine moiety, the
solutions were treated with various strong bases (potassium hydride, ‘BuLi, LDA or KO'Bu)

but no further reaction was witnessed in any case. Attempts to protonate the phosphido
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group with deoxygenated saturated aqueous NH4Cl solution or NH4PFs thus reforming
[Fe(CsMes)3t™U]*, led to decomposition to an intangible brown solid. Likewise, attempts to
alkylate this material with a variety of mono and dielectrophilic reagents failed, no

reasonable structure could be assigned to the resulting materials.

Coordination chemistry of tertbutylbis(2-phenylphosphinoethyl)phosphine

Due to this unfavourable reactivity coupled with the well-known problems associated with
dissociating macrocyclic phosphine ligands from Fe-piano stool templates,® the coordination
chemistry of 3 with other transition metals was assessed in an effort to identify novel
templates for macrocycle formation. The tertbutyl derivative was chosen as the basis for
these studies as its larger steric bulk is likely to favour macrocycle formation due to the
Richman-Atkins effect.

Template Survey

CrCh(thfls 5

CHaCly 4 [CrCl(3"™)]

5 [FeCh(3BY)]
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Scheme 7: Coordination chemistry of ligand 3t

Initial studies of the reactivity of 3t with respect to selected first row transition metals have
been carried out (Scheme 7) and the products characterised by spectroscopic and analytical
techniques (Table 1). IR spectroscopy is an invaluable tool for the characterisation of
secondary phosphine complexes as the energy of the characteristic ve_n stretching mode is
increased upon coordination due to the increased s character of the P-H bond.??? In all

cases, coordination of the secondary phosphine function can be identified by a significant
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increase in the P—H stretching frequency of between 32 — 108 cm™. In order to gain further
insights into the coordination chemistry of 3 the structures of 4-9 were evaluated
computationally. In all cases the optimised structures were found to have only a negligible
energetic difference between the syn-, anti- and meso- isomers. Hence, it is likely that
complexes 4-9 exist as statistical mixtures of the various diastereomers.

Table 1: Characterisation data for 3-9

Compound Appearance Elemental analysis / % 6p / ppm Vp_H A(g) Am/
C H Jcm™ Scm2mol
Calcd. Found Calcd. Found PR3 PHR:
3tBu Colourless
66.3 66.4 8.1 8.2 4.8 -46.2 2278 -
oil
616
CrCl5(3tv) Blue solid 46.1 46.0 5.6 5.5 - - 2361 30.7
(715)
88.0,
FeCly(3Y) Red solid 49.1 48.8 6.0 6.0 126.3 2318 - 28.5
78.2
Red-brown 87.9,
FeBr(3t®Y) 41.6 41.8 5.1 5.1 119.5 2325 - 28.2
solid 80.3
100.6,
Fely(3%Y) Purple solid  35.8 35.9 4.4 4.5 124.5 2319 - 49.9
93.3
133.6, 416
[NiCI(3®BY)]* Brownsolid  39.9 40.1 4.9 5.0 67.8 2337 80.5
135.9 (980)
12.5,
CuCl(3t®v) White solid ~ 52.1 51.9 6.3 6.5 39.9 2310 - 5.3
-43.6

Treatment of a suspension of Cr(thf)sCls in methylene chloride with 3'™" results in the
formation of a dark blue paramagnetic material, 4, which exhibits similar physical behaviour
to the related mer-(triphos)CrCls (where triphos = PhP(CH,CH,PPh,),).2 The 1:1
stoichiometry is confirmed by elemental analysis and a strong molecular ion ([M—Cl+MeOH]*,
516.0527) with the appropriate isotopic distribution is observed in the mass spectrum.

Solutions of 4 in acetone are not strongly conductive (Am = 30.7 Sm?mol™) suggesting that
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the chloride ligands remain coordinated under these conditions. Interrogation of the IR
spectrum of 4 reveals a weak peak (ve-u) at 2361 cm™ and the magnetic moment (er = 3.6

Us) is consistent with an octahedral d® metal ion.

Ci

1

Crl

P1
,f-—-f
ciz Cl3
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Figure 4: ORTEP representation of the structure of 4. Selected bond lengths (A) and
angles (°): Cr1-P1 2.4536 (16), Cr1-P2 2.4536 (15), Cr1-P3 2.4858 (14), Cr1-Cl1 2.3132 (16)
Cri1-Cl2 2.3274 (15), Cr1-CI3 2.3100 (16), P1-Cr1-P2 88.63 (5), P1-Cr1-P3 78.01 (5), P2-Cr-P3
80.53 (5), P1-Cr1-CI3 170.34 (6), P2-Cr1-CI2 169.55 (6), P3-Cr1-Cl1 164.50 (8)

Crystals of 4 were grown from a methylene chloride/diethyl ether solution at —25 °C. An
ORTEP diagram of the X—ray crystal structure is shown in Figure 4. The neutral complex
consists of a distorted octahedral Cr centre with the syn—triphosphine ligand coordinated in
a facial manner. The average Cr—P and Cr—Cl bond lengths (2.464 and 2.317 A respectively)
are typical and resemble those of the related compound mer—CrCls(P(CH,CH2PPh,);).2 The
Cr—P3 bond is marginally elongated with respect to the Cr—P1/2 bonds likely due to the
higher steric bulk at the central position. The structure shows a distinct distortion which can
be attributed to the strain incumbent in the two chelate rings. The trans— P-Cr—Cl bond
angles range from 170.3 ° to 164.4 ° and the bite angles of the two chelate rings are 78.0 °
and 80.5 °. Analysis of the extensive literature on Cr complexes reveals that complexes of

this type usually show a marked preference for either fac- or mer- geometries for any given
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ligand set.?* Facial binding of the triphosphine is advantageous as this minimises the P(H) —
P(H) distance and thus provides the optimum geometry for macrocycle formation.
Interestingly, Levason and co—workers obtained exclusively mer—Cr(triphos)Xs (where X = F,
Cl, Br) using an identical procedure.” To our knowledge, no other chelating triphosphine of
the general form RP(CH,CH,PR3); (where R denotes various alkyl and aryl groups) has been
found to bind in a fac— geometry. The differing steric bulk present at the terminal phosphine
positions may explain the observed dissimilarities between these two ligands as relatively
small secondary phosphines present in 3 allow the P centres to be placed in a cis— position
with respect to one another without inducing a prohibitive steric repulsion between the arms
of the ligand. Furthermore, Levason reported that complexes containing facially coordinated
triphosphine ligands tend to exhibit greater sensitivity to moisture. Contrarily, 4 appears to
be entirely air and moisture stable as no decomposition is observed even upon suspension
in water for prolonged periods. This may be due to decreased steric strain incumbent within
the coordination sphere. The calculated structure of the chromium complex, 4, displays the
expected octahedral geometry and there appears to be no significant thermodynamic
preference for either fac- or mer- coordination of the ligand. Calculated bond lengths and
angles are generally in good agreement with those measured by crystallographic means.

Addition of 3" to FeX; (X=Cl, Br, 1) in methylene chloride leads to the immediate formation
of diamagnetic non—conductive red (5, 6) or purple (7) solutions. The properties of these
materials appear in stark contrast to the analogous triphos complexes which are found as
either colourless polymeric materials®® or paramagnetic complexes (Hess = 4.8 pg)? for the
chloro- and bromo- analogues respectively. Similarly, the phenyl(bis(2—
(dimethylphosphonityl)ethyl)phosphine complex, FeCl;(PhP(CH,CH,P(OMe),);), is a
paramagnetic (Ueff = 5.2 ps) conductive brown material.?” Elemental analyses confirm the
empirical formulae as Fe(3®“)X, and the [M-X]* species ([M—Cl]*, 453.0509; [M-Br]*

497.0015; [M-I]*, 544.9883) are observed in the mass spectrum. The solids are moderately
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stable in air but decompose rapidly in solution forming orange/brown precipitates.
Conductivity measurements suggest that the complexes are neutral although the higher
conductivity of the iodo complex likely reflects the higher Ilability of the iodide ligands
compared to the lighter halides. Three distinct P environments are detected in the 3!P{H}
NMR spectra, all of which are shifted downfield in comparison to the free ligand. The most
downfield chemical shifts are associated with the central tertiary phosphine whilst the other
two signals are attributable to secondary phosphine environments. Assuming a trigonal
bipyramidal geometry, the apparent inequivalence of the secondary phosphine
environments suggests that both axial and equatorial positions are occupied with the two
secondary phosphines in a mutually cis geometry with respect to one another. *H and 3C
NMR spectroscopy is of little benefit to the characterisation of these complexes as only broad
resonances are observed, even at low temperatures (80 °C). The flexibility of the ligand may
result in a high degree of fluxionality although the existence of solution phase equilibria with
other (paramagnetic) species must also be considered a possibility as must the existence of
several stereoisomers. Coordination of the ligand to Fe is further confirmed by examination
of the IR spectra which show strong broad peaks at vp- = 2318, 2325 and 2319 cm™ for 5, 6
and 7 respectively.

DFT optimised structures of the iron(ll) halide complexes, 5-7, suggest that these species are
likely to adopt square pyramidal geometries (Figure 5). This prediction provides a potential
explanation of the observed broadening in the NMR spectra as these structures may exist in

equilibria with trigonal bipyramidal geometries.
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Figure 5: Structure of Fe(3)Cl as calculated by DFT simulations. Hydrogen atoms omitted
for clarity

Reaction of 3™ with NiCl, in the presence of NH4PFs in refluxing ethanolic solution leads to
the formation of a dark brown diamagnetic material formulated as [Ni(3*®")CI]PFs (8) on the
basis of elemental analysis. Furthermore, the conductivity of a 1.06 mM solution of 8 in
acetone (Am = 80.5 Scm?mol™), while relatively low, is consistent with a 1:1 electrolyte.?®
Coordination of the secondary phosphine can be confirmed by the ve_y stretch in the IR
spectrum (2337 cm™), and the electronic spectrum displays a single absorption band at 416
nm (g = 980 Mcm™), characteristic of square planar Ni(ll) complexes, a structure which is

supported by DFT optimisations of this species (Figure 6).

Figure 6: Structure of [Ni(3)CI]* as calculated by DFT simulation. Hydrogen atoms omitted
for clarity
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At room temperature only the heptet of the PFs anion is visible by 3'P{*H} NMR spectroscopy;
however, upon cooling to -80°C at least 15 separate phosphorus environments are
observed. These appear in 2 discrete groups between 6p = 125-150 ppm and 32-75 ppm for
the tertiary and secondary phosphine environments respectively. In the former group, two
major resonances are observed as triplets centred at 6p = 133.6 ppm (J = 29.2 Hz) and 135.9
ppm (J = 28.3 Hz) with other peaks of low intensity found at &, = 143.4, 144.8, 146.8, 148.3
and 150.7 ppm. The major secondary phosphine resonances appear as doublets centred at
Op = 67.8 ppm (J = 26.8 Hz) and 54.5 ppm (J = 35.7 Hz) and an apparent triplet centred at &
= 65.4 ppm (J = 26.7 Hz) while other peaks in this range are found at 6p = 32.3, 41.1, 62.1,
63.3 and 70.8 ppm. Similar chemical shifts to these have been reported for closely related
systems.?® The 'H and 3C NMR spectra of 8 are not informative, the resonances are
considerably broadened and do not sharpen upon cooling. The complexity observed by NMR
spectroscopy must be attributed to solution-phase equilibria whereby rapid interconversion
between several related structures; further complicated by the presence of at least 3 distinct
stereoisomers; gives rise to the numerous observed resonances. Such fluxional behaviour is
reflective of the high degree of flexibility of the ligand backbone.

Addition of a methylene chloride solution of 3" to CuCl yields 9 as a white solid. The 1:1
stoichiometry is confirmed by elemental analysis and the molecular ion ([M—Cl]*, 425.0786)
is observed in the mass spectrum. The IR spectrum shows an increase in the ve_y stretching
mode of 32 cm™ to 2310 cm™; this is the smallest change in vibration frequency upon
complexation observed for any of the complexes reported here and may reflect a weaker M—
P bond. NMR spectroscopy is complicated by coupling to the quadrupolar ®3Cu and ®°Cu
nuclei (both S = 3/2) which is known to result in broad signals, although it has been shown
that this effect can be minimised at high temperature.®® Indeed, at 140 °C in proteo—o—
dichlorobenzene signals in the 3!P{*H} NMR spectrum appear sharper although the fine

structure remains unresolved. The ligand appears to display a degree of fluxional behaviour
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as numerous peaks attributed to the various k3-, k?- and k*- coordination modes are identified
although the two peaks associated with free ligand (6r = 4.8, —46.2 ppm) are of very low
intensity suggesting that complete dissociation only occurs at highly elevated temperature.
The major peaks are recorded at 6p = 57.4, 45.3, 39.1, 27.5 to 26.1, 16.9 to 14.2, —6.3 and —
37.4 to —44.0 ppm. In particular, the broad overlapping resonances between &, =-37.4 and
—44 ppm are of similar chemical shift to the free ligand and therefore likely arise from
uncoordinated secondary phosphines in the k*~ and k!~ coordination modes. Likewise, the
broad resonance at 6p = —6.3 ppm is attributed to uncoordinated tertiary phosphines. The
presence of uncoordinated phosphines may facilitate equilibria between higher oligomeric
species further obfuscating the NMR spectra. The remaining signals are shifted significantly
downfield from the free ligand and can thus be assigned as the various coordinated P centres.
The peak at 6p = 45.3 ppm appears as a triplet (/ = 41.7 Hz) and can thus be assigned as a
tertiary phosphine and it is likely that the other two downfield peaks (6p = 57.4 and 39.1
ppm) also arise from tertiary phosphine environments. The remaining two peaks are in the
expected range for the coordinated secondary phosphines of the k*- and k’>- coordination
modes. It is likely that dissociation of the ligand is facilitated by the high temperatures
necessary to attain a reasonable level of resolution in the 3!P{*H} NMR spectrum although it
appears that this occurs to some extent in solution even at room temperature as very broad
features can be discerned in the appropriate ranges. Measurement of the 3!P{*H} NMR
spectrum at —80 °C did not noticeably alter the appearance and only broad features were
observed. Only two examples of similar chelating triphosphine complexes of Cu(l) have been
reported.3>*2 In both cases, the NMR data are broad and the structures are poorly defined.
DFT calculations suggest a highly distorted tetrahedral structure for 9 (Figure 7). The P-Cu-P
bite angles are calculated to be ca. 88 °, a significant contraction from the ideal tetrahedral
bond angle. The difference in this case can likely be ascribed to the steric restraints imposed

by the chelate rings. Nonetheless, this is likely to introduce a significant amount of strain
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within the molecule which may account for the ligand dissociation observed in solution. This
strain is further demonstrated by an elongation of the Cu-P bond lengths when compared to

related tetracoordinate Cu(l) species.?

Figure 7: Structure of Cu(3)Cl as calculated by DFT simulations.
Hydrogen atoms omitted for clarity

Analogous reactions of 3*® with MnCl, and CoCl, failed to yield clearly defined products. In
the case of the reaction with MnCl,, only starting materials were recovered which is perhaps
unsurprising as to our knowledge there are no known MnPsX; (where P = Phosphine, X =
halide) complexes. The reaction with CoCl, yields a dark green paramagnetic solid. IR
spectroscopy confirms coordination of the ligand (ve-n = 2345 cm™) but despite elemental
analyses and mass spectrometry, the identity of this material remains elusive.

Reactivity with respect to macrocycle formation

Facial coordination of the triphosphine is thought to be a prerequisite for macrocycle
formation, thus the Cr, Fe and Cu complexes have potential as novel templates. However,
the observed dissociation of the triphosphine in the Cu complex 9 is likely to be problematic
as this is likely to lead to polymeric side products.

Treatment of a THF solution of the Cr complex 4 with 2 equivalents of LDA at —78 °C results
in formation of a dark green solution. Following treatment with 1,2-dichloroethane the green
colour persists. Upon warming to room temperature an insoluble precipitate forms. The
material appears to be highly unstable towards both air and moisture and no products could

be reliably identified in the mass spectrum. It is known that the ionic radius of the template
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is an important factor determining the minimum accessible ring size (vide supra) as the
terminal P-P distance must be matched to accommodate the dielectrophilic reagent.
Accordingly, the reactivity of this system with a,a’-dibromo-o-xylene was studied. The rigid
4 carbon bridge may be more favourable towards cyclisation, the result of which would be
an 11-membered triphosphine species. Treatment of 4 in Et,0 with 2 equivalents of Buli at
—100 °C again resulted in a green solution. Addition of a,a’-dibromo-o-xylene gives an orange
solution and a dark coloured precipitate which appears unchanged upon warming to room
temperature. Again, no products were readily identified by mass spectrometry and the
identity of these species cannot be assigned with any certainty. Orange-red colours are often
associated with Cr(VIl) compounds. Oxidation of the Cr ion may occur either by the action of
adventitious oxygen or by disproportionation of two Cr(lll) centres.

Treatment of 5 with 2 equivalents of KO'Bu in THF yields a brown solution which upon
reaction with 1,2-dichloroethane and removal of the solvent gives a poorly defined brown
solid. Interrogation of the 3P and 'H NMR spectra shows only very broad features.
Furthermore, no macrocyclic species could be identified by mass spectrometry. Analogous
reactions with 6 and 7 also failed to yield the desired macrocyclic products.

A common feature of these complexes are the halide co-ligands, formation of a macrocycle
around these complexes would be beneficial as the halide ligands are relatively easily
substituted for other anionic and neutral ligands allowing for the study of a broad range of
reactivity. Unfortunately, it appears that this same reactivity may play a role in the apparent
decomposition of the intermediary species. Deprotonation of the secondary phosphine
ligand in 4 — 7 gives rise to putative anionic species. It is reasonable that the halide ligands in
such complexes would dissociate resulting in coordinatively and electronically unsaturated
complexes. Such species are expected to be extremely unstable and are likely to rapidly
decompose under normal conditions. These complexes do not appear to display the level of

stability necessary for successful macrocycle formation.
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Cationic Cu complexes

Replacement of the X type halide donors with neutral L type ligands should yield materials
which are less prone to competing side reactions. Specifically, Cu(l) complexes are of
particular interest as templates for macrocycle formation. Cu(l) is a d*® ion with inherently
fast reaction kinetics comparable to the main group metals. Furthermore, oxidation to Cu(ll)
introduces a Jahn-Teller distortion which radically increases the lability of the ligands.
Coordination of a linear triphosphine to a Cu(l) centre is envisioned to produce a tetrahedral
complex where the P3 ligand occupies one face. It is anticipated that the coordination sphere
will remain sufficiently flexible to accommodate a range of dielectrophiles allowing for the
synthesis of a number of macrocyclic ring systems. Oxidation of the metal would induce
significant distortions in the coordination sphere allowing for displacement of the poorly

suited phosphine ligand by hard chelating agents such as EDTA.
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Scheme 8: Synthetic route to Cu-Macrocycles

Reaction of 3™ with [Cu(NCMe)4]PF¢ gives 10 as a hygroscopic white powder (Scheme 8). As
with the chloro complex, 9, NMR spectra of 10 are very broad. However, no improvement in
resolution could be attained by measurement of the spectra at either high or low
temperature. The *H NMR spectrum displays only broad features associated with the
aromatic and aliphatic hydrogen environments. The PH environments are apparent as a
broad doublet centred at 6y = 5.41 (Unp = 316.8 Hz) ppm. The downfield shift compared to

the free ligand (3", 6, = 4.16 (1Yup = 208.4 Hz) ppm) confirms coordination and deshielding
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of the secondary phosphine moieties. The 3'P{*H} NMR spectrum shows two broad features
at &p = 34.9 and -31.6 ppm, which are consistent with Cu coordination of the tertiary and
secondary phosphines respectively. This is further confirmed by examination of the IR
spectrum, which displays a shift in the ve.4 stretching mode to 2311 cm™. A second absorption
is detected at vp.y = 2274 cm™ which can be attributed to the uncoordinated secondary
phosphine suggesting that the ligand may undergo dissociation. This observation is
supported by the presence of some very weak signals in the 3P{*H} NMR spectrum
reminiscent of 3'Y, Satisfactory elemental analyses could not be attained for this complex,
although the parent ion is observed in the mass spectrum (10 = 466.1044, [M]* = 466.1045).
Treatment of a THF solution of 10 with KO'Bu generates an orange solution, suggesting
deprotonation of the secondary phosphines. Treatment of this solution with dielectrophilic
reagents (Scheme 9) causes the colour to fade and a fine white precipitate to form. Filtration
and removal of the solvent yielded white powders. 'H spectra of this material do not appear
to show PH environments and new broad features are observed in the 3P{*H} NMR spectra
between 20 and 60 ppm consistent with tertiary phosphines bound to Cu(l). Furthermore,
mass spectra of these materials show strong peaks compatible with 11 and 12 (m/z =
492.1197 and 568.1493 respectively). Satisfactory elemental analyses could not be attained,
but taken together, this is compelling evidence for the Cu(l) templated synthesis of

macrocyclic ligands.
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Scheme 9: Synthesis of macrocyclic phosphines

Attempts were made to demetallate the macrocycle directly by treating this compound with

a concentrated aqueous NaOH solution. However, after prolonged heating for several days
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the material appears unchanged and thus oxidation of the Cu ion was investigated in an
effort to liberate the free ligand. 12 was mixed with 1 equivalent of ferrocenium
hexafluorophosphate and the dark blue solution gradually turns yellow/green at which time
an excess of EDTA was added and the solution stirred briefly. Following removal of the
solvent and extraction of the residue with methylene chloride, no P containing species where
detected by NMR spectroscopy. Furthermore, mass spectral analysis of the residue did not
reveal the presence of any oxidised macrocycles. Aqueous solutions of 12 exposed to
atmospheric oxygen exhibited the blue hue typical of Cu(ll) species, however, free

macrocycle or any of its oxides could not be detected by any spectroscopic technique.

Conclusion

In conclusion, the synthesis of triphosphine macrocycles via the ring closure of a linear
triphosphine around a metal template has been investigated. An efficient synthetic route to
a, w — disecondary phosphines was developed in order to facilitate these studies. The use of
alkaline earth metal ions as templates failed to provide adequate selectivity to prevent
polymerisation. A series of Fe piano stool complexes were synthesised but were unable to
be converted to the diphosphido species resulting instead in the production of an unusual
phosphino-phosphido compound. The reactivity of this species was examined by
experimental and computational techniques but no macrocyclic ligands were prepared. A
survey of the coordination chemistry of these a, w — disecondary phosphines was carried
out. The ligand was found to be extremely flexible and able to accommodate a range of metal
ions and geometries. In some cases, the ligand was observed to be dynamic in solution and
numerous species were identified spectroscopically. Attempts to cyclise the phosphine
ligand in these cases resulted in decomposition due to the highly reactive template moieties.
Attention was subsequently turned to a cationic Cu(l) template which was shown to support

the desired cyclisation reactions. Unfortunately, initial attempts to selectively oxidise the
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metal centre and isolate the free macrocyclic ligands failed. Nonetheless, this methodology

appears to be a promising basis for future studies.

Experimental

General considerations

All synthetic procedures and manipulations were performed under dry nitrogen using
standard Schlenk line techniques. Solvents were freshly distilled from sodium (petroleum
ether, toluene), sodium/benzophenone (tetrahydrofuran, diethyl ether) or calcium hydride
(dichloromethane, ethanol, acetonitrile) under N, before use. H (500 or 400 MHz) NMR
spectra were obtained on Bruker 500 or 400 spectrometers whilst the 3P (121.7 MHz) and
13C (75.6 MHz) NMR spectra were recorded on a Jeol Eclipse 300 spectrometer. Chemical
shifts were determined relative to 85% HsPO4 (6p = 0 ppm) or tetramethylsilane (61/c =0 ppm)
and are reported in ppm. Infrared spectra were recorded either as KBr disks on a Jasco FT/IR-
660 Plus spectrometer or on a Shimadzu IRAffinity-1S spectrometer equipped with an ATR
attachment. Mass spectra were obtained on a Waters LCT Premier XE mass spectrometer at
Cardiff University. UV-Vis absorption spectroscopy was performed on a Perkin Elmer
Lambda 20 UV/Vis spectrometer or a Shimadzu UV-1800 spectrometer in methylene chloride
solutions (10™* M). X-ray crystallography was carried out by Dr B. Kariuki, Cardiff University.
Magnetic susceptibility measurements were carried out using a Sherwood Scientific MK 1
Magnetic Susceptibility Balance at 21 °C. Conductivity was measured on a Hanna HI 8733
conductivity meter in acetone or methylene chloride solutions (10™ M). Elemental analysis
was carried out by the elemental analysis service at London Metropolitan University.
Tertbutyldivinylphosphine,3* anhydrous iron(Il) jodide,® CrCls(thf)s,3®
[Fe(CsHs)(CO)2(NCMe)]BF,4 and [Fe(CsRs)(CO).(NCMe)]PFs¥” were prepared according to the

literature procedures. Diphenylphosphine was prepared by the action of LiAlHs on Ph,PCI.
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Freshly cut Li was washed successively with petroleum ether prior to use. All other chemicals

were obtained commercially and used as received.

DFT calculations

Density functional theory calculations were carried out using the Gaussian 09 package.®
Proposed structures were initially optimised using the Universal Forcefield (UFF) molecular
mechanics forcefield.?® The resultant structures were then subjected to DFT geometry
optimisations using the B3LYP hybrid functional*®? with the Stuttgart/Dresden basis set and
pseudo core potentials for all heavy atoms (Z>20) and 6-31G(d,p) basis set on all other atoms.
Vibrational frequency analysis was performed on the optimised structures to confirm that

the structures were minima.

Synthesis of tertbutylbis(2—(diphenylphosphino)ethyl)phosphine, 1

To a mixture of tertbutyldivinylphosphine (23.2 g, 149 mmol) and diphenylphosphine (120
mL, 690 mmol) held at 130 °C was added ABCN in small portions (ca. 5 mg) over a period of
4 hours. Excess diphenylphosphine and other volatiles were removed in vacuo at 150 °C to
yield tertbutylbis(2-(diphenylphosphino)ethyl)phosphine as a colourless oil (68.5 g, 130
mmol, 87 %).

84 (400 MHz, CDCls) 0.98 (9H, d, %Jpy = 11.4 Hz, 'Bu), 1.39-2.22 (8H, m, CH,CH,), 7.37-7.51
(20H, m, Ph); 8¢ (75.6 MHz, CDCls) 19.5 (dd, Yep = 20.3 Hz, 2Jep = 15.3 Hz), 25.8 (dd, Yep = 20.3
Hz, 2Jep = 13.7 Hz), 27.0 (d, 2Jep = 13.1 Hz), 28.0 (d, 2Jep = 12.8 Hz), 128.2, 132.4, 133.6, 138.1;

8p (121.7 MHz, CDCl3) =12.3 (d, %Jpp = 33.5 Hz, PPh>), 9.5 (t, %Jpp = 33.5 Hz P'Bu)

Synthesis of tertbutylbis(2—(phenylphosphino)ethyl)phosphine, 3"

A solution of 1'®" (10.0 g, 18.9 mmol) in THF (75 mL) was transferred onto Li pieces (5 g, 720
mmol) and briefly stirred. The reaction flask was irradiated in an ultrasonic bath held at 0 °C
for up to 4 hours. The reaction was followed by 3!P NMR spectroscopy. Once all of 18 was

consumed the resultant red solution was filtered from the Li before treatment with minimal
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deoxygenated, saturated aqueous NH4Cl. The mixture was filtered, and the solvents removed
in vacuo. The residues were redissolved in DCM and dried over MgSO4. Removal of solvent
and other volatiles in vacuo at 150 °C yielded
tertbutylbis(2-(phenylphosphino)ethyl)phosphine as a viscous colourless oil (4.45 g, 65 %).

Found: C, 66.4; H, 8.2. C0H29P5 requires C, 66.3; H, 8.1; vmax/cm™ 3067 (CH), 3050 (CH), 2933
(CH), 2278 (PH); 61 (300 MHz; CDCl3) 0.88 (9H, d, 3/up = 11.4, 'Bu), 1.33-1.52 (4H, m, CH,PH),
1.83 (4H, m, '‘BuPCH,), 3.81-4.50 (2H, dt, YJup = 208.1, *Jus = 6.8 ppm, PH), 7.2 =7.4 (10H, m,
Ph); 6¢ (75.6 MHz, CDCl5) 15.43, 22.81, 27.59, 28.58, 128.60, 133.18, 133.91, 135.21; 6p
(121.7 MHz, CDCls) — 46.2 (dm, ey = 208.1, PH), 4.8 (t, 3Jpp = 20.7, 'BuP); m/z (ES+) 363.1558

(IM+H]*, C20H30P3 = 363.1560)

Synthesis of phenylbis(2—(phenylphosphino)ethyl)phosphine, 3"

This compound was prepared similarly to 3®" from phenylbis(2-diphenylphosphinoethyl)
phosphine (73 %).

Found: C, 69.2; H, 6.7. C22HasPs requires C, 69.1; H, 6.6; Vmax/cm™ 3051 (CH), 2903 (CH), 2280
(PH); &4 (300 MHz; CDCl3) 1.63-2.02 (8H, m, CH3), 4.22 (2H, d, *Jwp = 211.0 Hz, PH), 7.28-7.55
(15H, m, Ph); &¢ (75.6 MHz, CDCls) 19.1, 25.9, 128.3, 128.7, 132.0, 132.2, 133.5, 134.6; 6

(121.7 MHz, CDCl3) —45.9 (dm, Ypn = 211.0, PH), -18.6 (tt, Jep = 61.1 Hz, J = 18.0 Hz, PhR,P)

General synthesis of Fe piano stool complexes

A solution of [Fe(CsHs)(CO)2(NCMe)]BF4 (84 mg, 0.28 mmol) and 3 ( 0.28 mmol) in acetonitrile
(5 mL) was stirred at room temperature under UV irradiation for 24 hours. The resultant red
solution was filtered through celite and the solvent removed in vacuo to yield the product as
a dark brown solid

Cyclopentadienyl tertbutylbis(2—(phenylphosphino)ethyl)phosphine iron(ll)
tetrafluoroborate

This material was prepared similarly using [Fe(CsHs)(CO)2(NCMe)]BF4 (84 mg, 0.28 mmol) and

3% (0.1 g, 0.28 mmol) (153 mg, 97 %).
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Found: C, 52.6; H, 6.0. CasH34BF4FePs requires C, 52.7; H, 6.0; Vmax/cm™ 3054 (CH), 2922 (CH),
2869 (CH), 2298 (PH) ; 8¢ (121.7 MHz, acetone—ds) 68.2 (d, Jee = 29.8 Hz, syn/anti-PHR), 70.3
(dd, Jep = 53.6 Hz, Jep = 29.8 Hz, meso-PHR3), 79.6 (dd, Jep = 50.6 Hz, Jpp = 26.8 Hz, meso-PHR,),
86.5 (d, Jep = 26.8 Hz, syn/anti-PHR,), 143.8 (t, Jer = 29.8 Hz, syn/anti-PR3), 149.2 (app. t, Jep =
29.8 Hz, meso-PRs), 152.5 (t, Jep = 26.8 Hz, syn/anti-PRs); m/z (ES+) 483.1212 ([M—-BF.]*,
CosHasFeP; = 483.1223)

Cyclopentadienyl phenylbis(2—(phenylphosphino)ethyl)phosphine iron(ll)
hexafluorophosphate

This material was prepared similarly using [Fe(CsHs)(CO)>(NCMe)]PFs (500 mg, 1.31 mmol)
and 3”7 (0.5 g, 1.31 mmol) (830 mg, 98 %).

Found: C, 50.25; H, 4.60. Ca7HsoFsFePs requires C, 50.0; H, 4.7; Vmay/cm ™ 3057 (CH), 2922 (CH),
2359 (PH), 2323 (PH); &p (121.7 MHz, acetone—ds) 63.7 (d, Jee = 33.9 Hz, syn/anti-PHR;), 63.8
(dd, Jep = 53.1 Hz, Jep = 31.8 Hz, meso-PHRy), 65.4 (dd, Jep = 53.1 Hz, Jpp = 31.8 Hz, meso-PHR,),
82.6 (d, Jpp = 27.1 Hz, syn/anti-PHR,), 123.6 (t, Jer = 33.9 Hz, syn/anti-PR3), 128.0 (app. t, Jep =
31.8 Hz, meso-PRs), 132.0 (t, Jpp = 27.1 Hz, syn/anti-PR3); m/z (AP+) 503.0906 ([M—PF¢]*,
Cz7H30FeP; = 503.0910)

Pentamethylcyclopentadienyl tertbutylbis(2—(phenylphosphino)ethyl)phosphine iron(ll)
hexafluorophosphate

This material was prepared similarly using [Fe(CsMes)(CO)2(NCMe)]PFs (598 mg, 1.38 mmol)
and 3*®" (0.5 g, 1.38 mmol) (952 mg, 99 %).

Found: C, 51.5; H, 6.3. C3oHa4FsFeP4 requires C, 51.6; H, 6.35; Vmax/cm™ 3057 (CH), 2961 (CH),
2917 (CH), 2369 (PH); &¢ (75.6 MHz, acetone—dg) 9.4, 10.8, 10.9, 19.7, 28.1, 89.6, 129.8,
131.6, 133.0, 133.8; 6p (121.7 MHz, acetone—ds) -140.1 (sept, PFs), 78.7 (dd, Jep = 35.7 Hz, Jpp
= 26.8 Hz, meso-PHR>), 79.8 (d, Jer = 17.8 Hz, syn/anti-PHR;), 82.6 (d, Jee = 11.9 Hz, syn/anti-

PHR3), 84.9 (dd, Jee = 35.7 Hz, Jep = 17.8 Hz, meso-PHR,), 127.1 (t, Jer = 17.8 Hz, syn/anti-PRs),
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128.3 (app. t, Jep = 22.3 Hz, meso-PRs), 130.9 (t, Jep = 11.9 Hz, syn/anti-PR3); m/z (ES+)
553.1981 ([M-PFg]*, CsoHasFePs = 553.2005)

Pentamethylcyclopentadienyl phenylbis(2—(phenylphosphino)ethyl)phosphine iron(ll)
hexafluorophosphate

This material was prepared similarly using [Fe(CsMes)(CO)2(NCMe)]PFs (567 mg, 1.38 mmol)
and 37 (0.5 g, 1.31 mmol) (904 mg, 96 %).

Found: C, 53.6; H, 5.7. Cs;HaoFsFeP4 requires C, 53.5; H, 5.6; Vmax/cm™ 3057 (CH), 2906 (CH),
2312 (PH); &¢ (75.6 MHz, acetonitrile—ds) 9.9, 24.7, 31.1, 89.8, 129.5, 130.0, 131.4, 131.5,
131.9,132.7,133.1, 133.6; 6p (121.7 MHz, acetonitrile—ds) -143.3 (sept, PF¢), 74.2 (br s, meso-
PHR,), 74.4 (br s, meso-PHR,), 77.5 (d, Jee = 20.8 Hz, syn/anti-PHR,), 114.7 (t, Jep = 17.8 Hz,
syn/anti -PRs3), 116.6 (app. t, Je» = 19.7 Hz, meso -PR3); m/z (ES+) 573.1706 ([M-PF¢]*,
CszHaoFePs = 573.1692)

1,2-bis(trimethylsilyl)cyclopentadienyl tertbutylbis(2—(phenylphosphino)ethyl)phosphine
iron(ll) hexafluorophosphate

This material was prepared similarly using [Fe(CsH3(SiMes),)(CO),(NCMe)]PFs (598 mg, 1.38
mmol) and 3 (0.5 g, 1.38 mmol) (1.048 g, 98 %).

Vmax/cm™ 2953 (CH), 2872 (CH); &p (121.7 MHz, acetonitrile—ds) -139.9 (sept, PFs), 66.4 (brs,
syn/anti-PHR;), 71.4 (dd, Jee = 52.3 Hz, Jpp = 32.1 Hz, meso-PHR>), 83.6 (dd, Jep = 52.3 Hz, Jpp =
32.1 Hz, meso-PHRy), 140.4 (br s, syn/anti-PRs), 145.9 (app. t, Jer = 32.1 Hz, meso-PRs); m/z
(ES+) 627.2032 ([M-PFg]*, C31HsoFePsSi> = 627.2013)

1,2-bis(trimethylsilyl)cyclopentadienyl phenylbis(2—(phenylphosphino)ethyl)phosphine
iron(ll) hexafluorophosphate

This material was prepared similarly using [Fe(CsHs(SiMes);)(CO)2(NCMe)]PFs (133 mg, 0.26
mmol) and 3" (0.1 g, 0.26 mmol) (195 mg, 94 %).

Vmax/cm™2 3059 (CH), 2953 (CH), 2902 (CH), 2322 (PH); &¢ (75.6 MHz, acetone—d¢) -0.9, 128.1,

128.7,129.0,129.9,130.4,131.0,131.3,132.1; 6 (121.7 MHz, acetone—ds) -140.3 (sept, PF¢),
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60.7 (d, Jep = 28.3 Hz, syn/anti-PHR,), 61.3 (d, Jee = 30.9 Hz, syn/anti-PHR5), 67.6 (dd, Jep = 47.4
Hz, Jep = 31.0 Hz, meso-PHR;), 80.1 (dd, Jep = 47.4 Hz, Jep = 35.7 Hz, meso-PHR3), 117.0 (t, Jep =
30.9, syn/anti-PRs), 121.6 (dd, Jep = 35.7, 31.0 Hz, meso-PRs), 125.4 (t, Jer = 28.3, syn/anti-

PR3); m/z (ES+) 647.1714 ([M-PFe]*, C33H46Si2FePs = 647.1700)

Synthesis of trichloro tertbutylbis(2—(phenylphosphino)ethyl)phosphine chromium(lll), 4
To a suspension of CrCls(thf); (114 mg, 0.30 mmol) in methylene chloride (1 mL) was added
a solution of 38 (110 mg, 0.30 mmol) in methylene chloride (1.1 mL). The purple solid rapidly
dissolves to form a deep blue solution. After stirring at room temperature for 5 minutes the
crude product was filtered through celite to remove an insoluble blue by—product. The
product was isolated by removal of solvent to give a blue solid material (91 mg, 0.17 mmol,
58 %).

Found: C, 46.0; H, 5.5. C0H29CIsCrPs requires C, 46.1; H, 5.6; Amax/nm 482, 616 (¢/dm> mol™
cm™ 227, 715); Vmax/cm™ 3054 (CH), 2956 (CH), 2918 (CH), 2361 (PH); m/z (ES+) 516.0527

([M—C|+CH30H]+, C21H33C|2CFOP3 = 516.0526); /\m/ScmZmoI‘l 30.7.

Synthesis of dichloro tertbutylbis(2—(phenylphosphino)ethyl)phosphine iron(ll), 5

To a suspension of anhydrous iron chloride (70 mg, 0.55 mmol) in methylene chloride (2 mL)
was added a solution of 3" (0.20 g, 0.55 mmol) in methylene chloride (2 mL). After 5 minutes
the red solution was filtered through celite and the solvent removed from the filtrate in
vacuo yielding the product as dark red solid (146 mg, 54%).

Found: C, 48.8; H, 6.0. CaoH29Cl,FePs requires C, 49.1; H, 6.0; Vmax/cm™ 3050 (CH), 2919 (CH),
2864 (CH), 2318 (PH); 6 (121.7 MHz, CD,Cl,, —80 °C) 78.2 (br s, PH), 88.0 (br s, PH), 126.3 (br

S, P'Bu); m/z (ES+) 453.0509 ([M—CI]*, C20H29CIFePs = 453.0520); Am/Scm”mol™ 28.5.

Synthesis of dibromo tertbutylbis(2—(phenylphosphino)ethyl)phosphine iron(ll), 6
This material was prepared similarly to 5 from FeBr, (60 mg, 0.28 mmol) and 3% (0.1 g, 0.28

mmol) yielding the product as a red solid (99 mg, 62 %).
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Found, C, 41.8; H, 5.1. CyoH29Br,FePs requires C, 41.6; H, 5.1; Vmax/cm™ 3051 (CH), 2918 (CH),
2325 (PH); 6p (121.7 MHz, CH,Cl,) 80.3 (br's, PH), 87.9 (br s, PH), 119.5 (br s, P'Bu); m/z (ES+)

497.0015 ([M—Br]*, CooH29BrFePs = 497.0015); Am/Scm?mol™ 28.2.

Synthesis of diiodo tertbutylbis(2—(phenylphosphino)ethyl)phosphine iron(ll), 7

This material was prepared similarly to 5 from Fel, (85 mg, 0.28 mmol) and 3'*®" (0.1 g, 0.28
mmol) yielding the product as a purple solid (91 mg, 49 %).

Found, C, 35.9; H, 4.5. CyoHa9l2FePs requires C, 35.8; H, 4.4; vmax/cm™ 3049 (CH), 2918 (CH),
2865 (CH), 2319 (PH); &p (121.7 MHz, CH,Cly) 93.3 (br s, PH), 100.6 (br s, PH), 124.5 (br s,

P'Bu); m/z (ES+) 544.9883 ([M—I]*, CaoHasIFeP; = 544.9876); Am/Scm?mol 49.9.

Synthesis of chloro tertbutylbis(2—(phenylphosphino)ethyl)phosphine nickel(ll)
hexafluorophosphate, 8

A solution of NiCl,-6H,0 (0.39 g, 1.6 mmol) in ethanol (15 mL) was slowly added to a refluxing
mixture of 3®“ (0.60 g, 1.7 mmol) and NH4PFs (0.27 g, 1.7 mmol) in ethanol (30 mL)
immediately forming a red—brown solution. After 3 hours, the mixture was filtered hot, the
filtrate cooled and solvent removed in vacuo. The residue was washed with petroleum ether
(3 x 10 mL), taken up in methylene chloride (20 mL) and filtered through celite. Removal of
the solvent in vacuo yielded the product as a brown powder (0.83 g, 1.4 mmol, 84 %).
Found: C, 40.1; H, 5.0. CxoH29CIFsNiP4 requires C, 39.9; H, 4.9; Amax/nm 416 (¢/dm3 mol™ cm™
980); Vmax/cm ™1 2962 (CH), 2337 (PH); &p (121.7 MHz, acetone—ds, —80 °C) —141.7 (heptet, Lp
=711.6 Hz, PFg), 32.3 (brs, PH), 41.1 (br s, PH), 54.5 (d, J = 35.7 Hz, PH), 62.1 (s, PH), 63.3 (br
s, PH), 65.4 (app t, /= 26.7 Hz, PH), 67.8 (d, J = 26.8 Hz, PH), 70.8 (d, J = 29.7 Hz), 133.6 (t, / =
29.2 Hz, P'Bu), 135.9 (t, J = 28.3 Hz, P'Bu), 143.4 (m, P'Bu), 144.8 (m, P'Bu), 146.8 (s, P'Bu),

148.3 (d, J = 41.7 Hz, P'Bu), 150.7 (d, J = 38.7 Hz, P'Bu); Am/Scm?mol™ 80.5.
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Synthesis of chloro tertbutylbis(2—(phenylphosphino)ethyl)phosphine copper(l), 9

To a suspension of CuCl (27 mg, 0.27 mmol) in methylene chloride (1 mL) was added 3" (100
mg, 0.28 mmol) in methylene chloride (1 mL). The resultant pale yellow solution was stirred
at room temperature for 5 minutes before filtration through celite. The filtrate was
concentrated and the product precipitated by addition of petroleum ether (2 mL). The white
solid was isolated by filtration (117 mg, 0.25 mmol, 93 %).

Found: C, 51.9; H, 6.5. CxoH29CICuPs requires C, 52.1; H, 6.3; Vmax/cm™ 3047 (CH), 2935 (CH),
2898 (CH), 2864 (CH) 2310 (PH); 6p (121.7 MHz, o—dichlorobenze, 140 °C) —44.0 ——37.4 (m,
PH), —6.3 (br s, P'Bu), 14.2 — 16.9 (m, PH), 26.1 — 27.5 (m, PH), 39.1 (m, P'Bu), 45.3 (t, J=41.7
Hz, P'Bu), 57.4 (br s, P'Bu); m/z (ES+) 425.0786 ([M—CI]*, CaH2sCuPs = 425.0778);

Am/Scm?mol™ 5.3.

Synthesis of acetonitrile (bis(2-(phenylphosphino)ethyl)tert-butylphosphino) copper(l)
hexafluorophosphate, 10

A solution of bis(2-(phenylphosphino)ethyl) tert-butylphosphine (0.50 g, 1.4 mmol) in THF (5
mL) was added to [Cu(NCMe)4]PFs (0.60 g, 1.6 mmol) suspended in methylene chloride
(50 mL). The mixture is stirred at room temperature for 30 mins before being filtered and
concentrated in vacuo. The product is precipitated by addition of petroleum ether to yield a
fine white powder in good yield (0.74 g, 88 %).

54 (400 MHz, d®-acetone) 1.02 (9 H, br s, 'Bu), 1.5-2.5 (8 H, br m, CH,), 4.9-5.6 (2 H, br d,
PH), 7.0-7.6 (10 H, br s, Ph); & (121.7 MHz, CDCl3) —=143.5 (1 P, sept, PF¢), —31.6 (2 P, brs,

PH), 34.9 (1 P, brs, '‘BuP); m/z (AP+) 466.1045 (M*, C2H3:NP3Cu = 466.1044)

General procedure for cyclisation reactions
To a suspension of 10 (100 mg, 0.16 mmol) in THF (40 mL) was added KO'Bu (72 mg, 0.64
mmol). The resulting yellow solution was stirred at room temperature for 1 hour before

addition of a suitable dielectrophilic reagent (1.00 equivalents). The mixture is filtered and

32



Chapter 2 — Towards the synthesis of macrocyclic phosphines

the filtrate concentrated in vacuo. The product is isolated as a white powder following
precipitation with petroleum ether.

Acetonitrile 1-tertbutyl-4,7-diphenyl-1,4,7-triphosphacyclononane copper
hexafluorophosphate, 11

&p (121.7 MHz, CDCl5) -144.1 (1 P, sept, PFs), 27.6 (2 P, br s, PPh), 57.8 (1 P, br s, '‘BuP); m/z
(AP+) 492.12 (M+, C4H34CuNP3 = 568.1513)

Acetonitrile 5-(tert-butyl)-2,8-diphenyl-2,3,4,5,6,7,8,9-octahydro-1H-
benzo[i][1,4,7]triphosphacycloundecine copper hexafluorophosphate, 12

8p (121.7 MHz, CDCl3) -144.1 (1 P, sept, PFs), 25.9 (2 P, br s, PPh), 57.2 (1 P, br s, '‘BuP); m/z

(AP+) 568.1493 (M+, C30H33CuNP; = 568.1513)
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Introduction

The high ring strain inherent in epoxides make them highly reactive electrophiles (Scheme 1)
and has given rise to their widespread use in organic synthesis.! They are useful motifs for
introducing further functionality into a molecule of interest. Furthermore, stereochemical
information is retained during the course of these reactions and thus chiral epoxides are
often used in the asymmetric synthesis of natural products, pharmaceuticals and ligands for

homogeneous catalysis.

Scheme 1: Sy2 reaction of an epoxide with a nucleophile

A wide range of nucleophiles have been shown to react with epoxides, most commonly,
amines, alcohols, water and thiols. The analogous reactivity with phosphorus based
nucleophiles is relatively unexplored and may represent a valuable methodology for the
synthesis of chiral phosphine ligands. Despite recent progress in the design and synthesis of
phosphine ligands (See Chapter 1), novel routes to these structures remain of interest due
to the demand for ever more effective asymmetric catalysts for organic transformations.

Numerous groups have utilised this reactivity to synthesise phosphino-alcohol structures,?”’
however, these examples are mostly trivial variations and derivatives lacking any further
functionality which may allow for construction of more complex multidentate ligands and/or
systematic variation of their steric and electronic properties. Ciardi et al. have synthesised a
series of enantiomerically enriched B — hydroxyl - y — amino phosphines derived from amino
acids (Scheme 2).2 The naturally occurring amino acids were first converted to epoxides
which were subsequently ring-opened with lithium diphenylphosphido borane. Following

deprotection, these phosphines were used as ligands in complexes of Rh(ll), Ir(ll) and Ru(ll)
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where they act as monodentate P donor ligands despite their potential to chelate via the

other heteroatoms.
f;]HBOC I;lHBoc I}IHBOC R = CH5Ph (Phe),
R COOH — R —— R/'j(OH CH(CH3g), (Val),
0] CH,C(CHs3), (Ser),
Ph,P (CH3)4NHBoc (Lys)
Scheme 2: Synthesis of chiral 8 — hydroxy! - y —amino phosphines®

Miiller and Feustel investigated a symmetrical ambidentate tripodal ligand derived from the
exhaustive substitution of 1,1 — bis(chloromethyl)oxirane with LiPMe, (Scheme 3).° This
methodology is of particular interest in the development of novel ligand structures as initial
attack of the phosphide at the epoxide results in formation of a halohydrin, which under the
reaction conditions collapses again to reform an epoxide. The symmetrical tripod ligand is
built up through successive substitution and ring closure reactions. The proposed
intermediary species in this scheme are themselves attractive synthetic targets. If such
species could be isolated, it may allow for the selective formation of asymmetrically

substituted ligands.

OH

0O
PMe,

Scheme 3: Miiller and Feustel’s synthesis of a tripodal ligand®

A similar methodology has been applied in the synthesis of carbohydrate based 1,3 —
bisphosphines (Scheme 4).1° Furthermore, in this case the intermediary epoxy phosphine
species could be isolated facilitating the controlled synthesis of an asymmetrically
substituted species bearing both P and S donors. The Rh and Ru complexes of these were
found to be active catalysts for the asymmetric hydrogenation of olefins and ketones,
although ee’s were found to be poor. Nonetheless, this illustrates the potential utility of the

glycidylphosphine motif in the synthesis of chiral multidentate ligands.
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@)

(:)Ts

PPh, PPh,

Scheme 4: Stepwise synthesis of chiral carbohydrate based diphosphines®
An early report from Issleib and Rockstroh demonstrates the reaction of potassium
diphenylphosphide with epichlorohydrin in order to generate the archetypal glycidyl
phosphine species in 61 % yield.'* More recently, the same procedure was used by the group
of Huttner to synthesise a series of chiral diphosphine ligands (Figure 1, a).}?> The phosphide
was found to attack epichlorohydrin selectively at the terminal position of the epoxide rather
than at the halide position and thus racemisation of the chiral centre was not observed. The
scope of this reaction was also successfully extended to encompass amine and thiol
nucleophiles (Figure 1, b). The Rh complexes of these ligands were active catalysts in the
hydrogenation of (Z)-2-acetamidocinnamic acid although reported ee’s were low. These
ligands were further developed to convert the alcohols to various phosphite donor groups
(Scheme 5).1314 Reaction of these ligands with [Rh(COD)Cl], in the presence of KPF¢ furnishes

[(tripod)Rh(COD)]PFs in good yield.

CH
H OH
RQP\/\/PR'Q
P N
R = Ph, R'= Ph, \©
o-tol, o-tol,
Mes, Mes,
E—tI\/IeOPh DBP,
2-MeOPh
2-EtPh, OH
2-Me,NPh P s
3,5-Me,Ph o \©
a) b)

Figure 1: a) chiral diphosphines; b) examples of amino- and thio- phosphine ligands*?
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0
c._A> - LA__pph,

SN

PhP” 7 PPh, Ph,P” " P(ptol),  PP” Y DBP PhP” ™ NER,

OH OH OH OH

PhQP/Y\Pth PhP” >y P(ptol),  PhoP” Y DBP PhP” " NEL
Ix : : i
2 0" "0 0" "0 0" "0

X; =1, 2 - ethanedioxy-,
e (OO OO OO
X =Ph, Cl
Scheme 5: Synthetic route to chiral tripodal phosphines®?
The glycidylphosphine motif is attractive as a potential synthon for the construction of novel
ligand structures but has remained relatively unexplored. To date, diphosphine ligands have

received most attention; complexes of these ligands and their derivatives have been used in

15 10,12,14,16,17 18-22

Negishi couplings,™ catalytic hydrogenation, solid supported catalysis and
myocardial imaging.® The ligands typically chelate via the two P donors, however alkoxide

binding has been observed in Li and Na aggregates®?* and Ti and Ta alkylidene complexes.?

Aims of chapter 3

This chapter will assess the scope and utility of the glycidyl phosphine motif in the synthesis
of a number of chiral heterodonor ligands. Epichlorohydrin is a cheap and readily available
precursor and via well-known hydrolytic kinetic resolution techniques can be readily
enantiomerically enriched to a high degree.?® The reaction of epichlorohydrin with lithium
diphenylphosphide occurs cleanly in a stereospecific and regioselective manner (vide supra)
allowing rapid access to glycidyldiphenylphosphine. The subsequent reaction of this key

intermediary species with various nucleophiles will result in ring opening to produce a series
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of heterodonor ligands (Scheme 6). The presence of a pendant alcohol in such structures
may result in these species acting as hemilabile ligands which have proven useful in the
stabilisation of many interesting structures.?” Incorporation of a chiral alcohol is also of
interest synthetically as it may allow for functionalisation of the ligand backbones via
formation of various ether/ester derivatives. Derivatives such as these will allow for rational

catalyst development by tuning properties such as steric bulk or solubility.

ORrR'
L I

PR,
E =PR,, NR,, SR

«%

Scheme 6: Design of chiral heterodonor ligands
Synthesis and stability of glycidyl phosphines

Glycidyldiphenylphosphine, 1, is unstable and cannot be stored for prolonged periods. The
initial colourless oil becomes a viscous orange resin-like substance within hours. Similar
observations have previously been made with the analogous glycidyl amines.?® These
observations suggest that the mechanism of decomposition is not a simple matter of
oxidation at phosphorus and is likely due to a polymerisation reaction. This may potentially
occur via two pathways (Scheme 7), either through nucleophilic attack of the phosphine lone
pair at the epoxide ring generating phosphonium alkoxides or via ring opening of the epoxide
to give a polyether bearing pendant phosphines. Additionally, it is likely that some degree of
oxidation to P(v) species does indeed occur and in principle a combination of all three

degradation routes is possible.
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Ph,P
- I>/\PPh2 E—
& 0 o
P PPh, o
/\ n 1 n

Pi Ph g
e

Scheme 7: Potential polymerisation products of 1
The pendant phosphine material may possess some utility in applications such as
immobilised heterogeneous catalysis or heavy metal scavenging materials, thus it is of
interest to further explore the nature of this material. The MALDI mass spectrum shows
peaks attributable to di-, tri- and tetrameric species suggesting that although oligomerisation
is occurring large polymeric chains are not formed under these conditions. The 3!P{*H} NMR
spectrum (Figure 2) of this material displays a number of peaks between &, = —25 and —12
ppm while a second grouping of resonances are observed between 6p = 10 and 40 ppm.
1 appears at 8p = -24.8 ppm,*3 thus the primary grouping are likely those of similar tertiary
phosphine environments. The downfield grouping correlates with resonances of phosphine

oxide and/or phosphonium species.

*_“_MI'AMJ.J. N A SR LL_._HLMM\ o

0 -5
& (ppm)

Figure 2:31P{*H} NMR spectrum of glycidylphosphine after degradation

79



Chapter 3 —Synthesis and reactivity of novel
ligands derived from glycidyl phosphine

The spectroscopic evidence suggests that the decomposition route proceeds largely via
nucleophilic attack at the epoxide yielding phosphonium alkoxide species. It has been shown
that phosphonium salts are unstable in the presence of alkoxides and tend to degrade to
phosphine oxides and ethers.?3° The presence of the internal alkoxide moiety may further
promote this pathway. Many of the potential intermediary species in this process have the
potential for further side reactions thus providing a source for the observed complexity in
the 3'P{*H} NMR spectrum.

In order to fully investigate the reactivity of these species an alternative system was sought
which would provide air stability and prevent nucleophilic substitution reactions. It was
envisaged that donation of the phosphine lone pair to a suitable Lewis acid would achieve
both of these goals and thus the borane adduct, 2 (Scheme 8), was prepared and
characterised by H, 3C and 3P NMR spectroscopy. Due to the complexity of its *H NMR
spectrum, 2 can be conveniently identified by its resonance (& = 22.2 ppm) in the 3!P NMR

spectrum.

i) BuLi 0 BH;

Ph,PH==BH, 1) epichlorohydrin - A/iph
2

2

Scheme 8: Preparation of borane adduct 2

Initial stability tests of 2 proved favourable as no obvious degradation occurred of the white
solid when exposed to air. However, after 2 hours it was apparent that 2 was hygroscopic as
the friable solid gradually became oily. The 3P NMR spectrum of the oil shows a small
qguantity of 1 present in this sample. The presence of water appears to slowly displace the
borane, liberating the free phosphine which is then free to undergo various degradation
processes (vide supra). Dissolution of the oil in chloroform gives a white solid, presumably

borane hydrolysis products, suspended in a pale yellow solution. Subsequently, for synthetic
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ease and integrity of the products, 1 was not routinely isolated, but formed immediately

prior to reaction with various nucleophilic substrates.
Reactions with phosphides

Given the prevalence of diphosphino ligands in the literature (vide supra), the reaction of 1
with  dialkylphosphines was studied. Thus, reaction of (S)-1 with lithium
diisopropylphosphide at -78 °C affords (5)-1-(diisopropylphosphanyl)-3-

(diphenylphosphanyl)propan-2-ol, 3, in good yield (Scheme 9).

. . OH
Cl\/A — O%/Pphz s Y\F(/-\VP :

1 3

Scheme 9: Synthesis of chiral diphosphine. Reagents and conditions; i) Ph,PH, BulLi,
THF, -78 °C; ii)Pr:PH, , BuLi, THF, -78 °C

Diphosphine 3 was isolated as a colourless oil and displayed two peaks in the 3P NMR
spectrum typical of diarylalkyl and trialkyl phosphines. Preliminary studies of the
coordination chemistry of 3 were carried out. Hence, a solution of 3 in toluene was added to
a suspension of CoCl;-6H,0 in toluene, whereupon the pink solid dissolved to give a
green/blue solution. Following workup, the paramagnetic product was identified as the bis-
diphosphine complex, 4, on the basis of mass spectrometry and elemental analysis. Likewise,
following treatment of 3 with excess NiCl,:6H,0 a dark red crystalline material, 5, was
collected. Upon coordination the two 3P NMR peaks are significantly broadened and shifted
downfield. The material has been formulated as the neutral bisphosphino complex (Scheme
10) on the basis of X-ray diffraction data (vide infra). Contrarily, the mass spectrum of this
material shows no evidence for the 1:1 adduct, instead displaying a strong signal associated
with the cationic 2:1 complex. This unexpected observation can be rationalised as a result of

fragmentation under the conditions within the spectrometer. All evidence suggests a
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chelating k?>-P,P’ coordination mode of the diphosphine rather than any of the potential

alternative bridging, mono- or tridentate coordination modes.

PPr2 Cl
N
[ oM = HO Ni
3 5

Scheme 10: Formation of Ni diphosphine complex
The Ni complex, 5, crystallises readily from saturated MeOH solution giving crystals suitable
for X-ray diffraction. There are 4 independent molecules in the unit cell, one of which is
shown below (Figure 3). The complex adopts a square planar geometry around Ni as might
be expected of such a complex. The average bond lengths (P1-Ni = 2.156 A, P2-Ni=2.176 A,
Cl1-Ni=2.195 A, CI2-Ni = 2.195 A) are typical of such complexes and are in accord with other
known structures. The slight increase in bond length of the P2-Ni bond compared to that of
P1-Ni bond is reflective of the increased steric bulk provided by the isopropyl substituents.
The average P1-Ni-P2 bite angle of 95.4 ° is slightly in excess of the ideal bond angle for a
square planar geometry due to the need to accommodate a six membered chelate ring at Ni.

7N~ 1 B
N D

Figure 3: ORTEP representation of the structure of 5. H atoms omitted for clarity.
Asymmetric unit contains 4 independent molecules. Selected bond lengths (A) and angles
(°): P1-Nil = 2.164(2), P2-Nil1 =2.177(2), Cl1-Ni = 2.196(2), CI2-Ni = 2.211(2), P1-Ni-P2 =
94.04(9), P1-Ni-CI2 = 165.96(11), P2-Ni-Cl1 = 173.97(11)
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Reactions with amines

Ligand synthesis

Reaction of 1 with dialkylamines allows ready access to a series of chiral y-amino-B-
hydroxyphosphines (Scheme 11). The dimethyl-, diethyl- and morpholinyl- substituted
species, 6, 7 and 8, respectively, were formed as air stable colourless oils in moderate to
good yield. The stereochemistry of the hydroxyl group can be controlled by use of chirally
resolved epichlorohydrin in the preparation of 1. It was anticipated that these species would
exhibit rich coordination chemistry due to the varied properties and characteristics of the

three potential donor sites.

0 MR, | o Ny i s
[ >~ PPh, RN._L__pph, b
—
4N 7
(-
0., HNR, OH SN
PPy T pN L pPh, 4N 0 8

Scheme 11: Synthesis of chiral aminophosphines

Ru complexes

thpﬁ/\NRz [RUCl;(cymene)], =
OH a” (|:| \P NR,
N2 On
(R)-6 (R)-9
(R)-7 (R)-10
(R)-8 (R)-11

Scheme 12: Synthesis of RuCl,(cymene)(phosphine) complexes. Identical procedure used for
the synthesis of (S)- enantiomers.

Reaction of the chiral phosphino amines with [RuCl;(cymene)]; in methylene chloride gives
the k*-P Ru piano stool complexes, 9-11 (Scheme 12). Coordination to Ru is accompanied by

a shift in the 3!P NMR signature from around & = -20 ppm to around & = 20 ppm. 'H NMR
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spectra resemble those of the free ligands with additional resonances associated with the
cymene moiety. A large number of Ru(n®arene) complexes are now known and such
complexes have found extensive use as catalysts for various organic transformations,3%32
including  oxidation,?*  epoxidation,®* hydroformylation,®> olefin = metathesis,®
hydrogenation®”3 and hydrogen transfer.®® It is of interest therefore to assess the catalytic
competency of Ru complexes 9-11. The pendant chiral hydroxyl can be anticipated to impart
only a small steric influence but may affect the stereochemistry of the product through
hydrogen bonding interactions with polar substrates.** The systems developed by Noyori et
al. affect the catalytic reduction of benzoin and benzils to the 1,2-diol species in high yield
and enantiomeric excess under relatively mild conditions (Scheme 13).*! The catalyst

structure in this reaction has proven to be remarkably variable; a number of chiral co-ligands

are able to be incorporated in order to tune the properties of catalyst.*

[Ru] = Cl

Scheme 13: Noyori’s asymmetric reduction of benzil*!

Under identical conditions to those used by Noyori*® using 9-11 in place of
RuCl[(R,R)-Tsdpen](cymene) no conversion was seen and benzil was recovered
guantitatively. The presence of the anionic sulfonamide is critical for operation of Noyori’s
catalyst by facilitating efficient hydrogen transfer to the substrate.®® Given the absence of
this functionality in the present systems it is unsurprising that similar reactivity is not
observed. Beyond this, the most striking dissimilarity between the two catalyst structures is
the differing coordination modes of supporting chiral ligands, 8-10 possess monodentate

phosphine ligands whereas most other systems incorporate a bidentate chelating ligand at
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the Ru centre.® This will have a marked influence on the electronic properties of the Ru
centre in addition to influencing the stability and longevity of the complex under the reaction
conditions. Furthermore, a more rigidly bound ligand can be expected to more precisely
define the chiral space around the metal centre resulting in a greater degree of chiral
discrimination. The amine and/or alcohol functional groups present in ligands 6-8 may
potentially facilitate such a chelating geometry. Halide abstraction is envisioned to open up
a vacant site around the metal centre and allow for coordination of the pendant donor
atoms.

Described below is the reactivity and spectroscopic data associated with complex ($)-9,
closely similar results were observed in the case of (R)-9, ($)-10, (R)-10, (S)-11 and (R)-11.
Following addition of 1 equivalent of AgPF¢ to a solution of (§)-9 in methylene chloride, the
solution turned a paler shade of orange and a cloudy, off white precipitate was formed. After
filtration and removal of the solvent the product was collected as a red solid. High resolution
mass spectra indicated the presence of mono-chloro cations, [Ru(p-cymene)((S$)-9)CI]*, in the
sample. 3P NMR spectrum (Figure 4) shows a number of species with resonances at &p =
19.9, 20.4 and 49.9 ppm alongside three small signals appearing at 6p = 51.1, 53.6 and 56.8
ppm. The peak at § = 20.4 ppm corresponds to (S5)-9 and thus the peak at 6p = 19.9 ppm can
be assumed to be a similarly monodentate ligated complex, potentially a dimeric structure
formed from the putative coordinatively unsaturated species. A downfield shift of the 3!P
NMR signal is often associated with chelate ring formation.*** Furthermore, the similar
complexes [(n®-CsMeg)Ru(PA0)CI]BPhs and [(n®-p-cymene)Ru(PAN)CI|BF; (where PAO =
PPh,(CH,CH,0Me),* and PAN = [n°-(R,R)-0-{(NMe2)CHMe}CsHsPPh,]Cr(CO)s)* display 3P
NMR chemical shifts in this region (6r = 51.2 and 42.7 ppm respectively); thus the peaks

between 49.9 and 56.8 ppm can be reasonably assigned as chelating structures.
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Figure 4: Expanded *'P NMR spectrum of (S)-9 following treatment with 1 equivalent of
AgPFs. Inset: Full spectrum

It is hypothesised that abstraction of a chloride from ($)-9 generates a transient 16 e
intermediate, which is highly reactive towards incoming ligands. One potential route by
which this species may alleviate the electronic unsaturation is via dimerization giving a
bis(chloro-bridged) diruthenium complex. In subsequent reactions MeCN was used as the
solvent as its donor ability may mitigate the tendency towards decomposition of the
coordinatively unsaturated species. Indeed, following addition of further AgPF¢s in MeCN the
resonance at 6, = 19.9 ppm was no longer observed. Otherwise the 3!P NMR spectrum
remains unaffected. The major resonances in this case were those of (§)-9 and the peak at
6p =49.9 ppm presumably that of the PAN chelate species. Attempts to purify these materials

further to allow for catalytic studies and structural determination failed.
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Reactions with thiols

Ligand Synthesis

Reaction of 1 with p-thiocresol in the presence of catalytic triethylamine gives
1-(diphenylphosphanyl)-3-(p-tolylthio)propan-2-ol (Figure 14), 12, as an air stable pale
yellow oil. Similarly, reaction of 1,2-ethanedithiol with ($)-1 gives the multidentate ligand
(2R,2'R)-3,3'-(ethane-1,2-diylbis(sulfanediyl))bis(1-(diphenylphosphanyl)propan-2-ol), 13. In
contrast to compound 12, this compound is sensitive to oxidation in air. The 3P NMR
spectrum of 13 shows a single resonance at 6 = -22.9 ppm, whereas the oxide appears at
5 =35.1 ppm. The *H NMR spectrum of 13 confirms the proposed structure; in particular, the
resonance associated with the ethylene bridge appears as a singlet (6 = 2.59 ppm) reflecting

the symmetry of the ligand and confirming twofold substitution of the dithiol.

OH
\©\ 1 s._J.__ppn,
— -
SH NEt /©/
12
OH
; S._~__PPh,
HS\v/\ - - [
SH
NEt s PPh,
OH
13

Scheme 14: Synthesis of P,0,S donors

To date only very few reports have been made of compounds containing this
P,0,S motif, %1248 and the coordination chemistry of these ligands is relatively unexplored.
The soft nature of thioether donors give them similar utility to phosphines as supporting
moieties in homogeneous catalysis. Furthermore, S donors tend to be more labile than
phosphines and are used in homogeneous catalysis to temporarily introduce vacant

coordination sites during catalytic cycles.*
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Coordination chemistry with transition metals

Complexes of the general form [M(13)]Cl,; where M = Ni (14), Pd (15) or Pt (16); were formed
by refluxing the ligand in EtOH or EtOH/H,0 mixtures with NiCl-6H,0, Nax[PdCls] or K,[PtCl,]
respectively. All complexes were characterised by NMR, MS, IR and elemental analyses.
Crystals suitable for X-ray diffraction of the Pd complex, 15, were grown from a saturated
solution in MeOH. The structure of 15 is shown in Figure 5. Complex 15 has C; symmetry with
the ligand bound in a P,S,S,P tetradentate manner around a distorted square planar metal
centre. The two alcohol groups are trans to one another and have a hydrogen bond to the
chloride anions. Bond lengths and angles are in good agreement with similar complexes from
the literature.®® The five membered S-Pt-S chelate ring adopts a puckered conformation,
while the two six membered P-Pd-S chelate rings adopt distorted chair conformations. The
stereochemical information of the ligand backbone appears to have been transferred to the
S donors, which are both of (S)- stereochemistry, upon coordination. The hydroxyls are
observed in both axial and equatorial arrangements with only a slight preference for the

equatorial conformation (53% equatorial).

N/

Figure 5: ORTEP Representation of complex 15. Hydrogen atoms, chloride counter ions and
disordered -OH groups (47:53%) omitted for clarity. Selected bond lengths (A) and
angles (°): Pd-S 2.3227(12), Pd-P 2.2867(10), S-Pd-S  90.65(6), P-Pd-S 87.34(4), P-Pd-P’
99.88(5)
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The structure of the Ni complex, 14, appears to be far more complex than that of the heavier
congeners. The 3P NMR spectrum shows the presence of at least three distinct P
environments with resonances visible at 6 = 21.7, 31.4 and 34.0 ppm. Further qualitative
evidence of this diversity is given by the fact that in chloroform solution 14 has a distinctive
violet colour rather than the red/orange colour usually associated with square planar Ni(ll)
complexes. Furthermore, upon standing for a prolonged period small green crystals were
precipitated from the violet solution. The colour observed for complexes of this type typically
arises from electronic transitions between d orbitals of the metal and thus the observed
colour is indicative of the ligands and coordination geometry of the inner coordination
sphere. Machan et al. have observed a similar complexity in the coordination chemistry of a
very closely related complex, [Ni(k*-P,S-Ph,PCH,CH,SMe),Cl,].>* The structure of this green
complex was unambiguously identified as an octahedral coordination with the two bidentate
ligands in the equatorial plane and two chlorides occupying apical positions. Given the
qualitative similarities between the properties of this complex with 14 it is plausible to assign
a similar octahedral structure to observed the green precipitate. The nature of the species in
solution is less clear, it is likely that the ligands are similarly labile but dissociation of the
internal thioethers is unlikely in this case. Ciampolini et al. have reported a number of violet
Ni complexes bearing a tetraphosphino-dithia-macrocyclic ligand which display pseudo-
octahedral geometries with elongated Ni-S bonds.>? It is highly likely that in solution the
halide ligands dissociate to some extent resulting in a square planar species. This is
corroborated by conductivity measurements of 14 in MeOH (Am = 120.5 S cm™® mol?) which
are consistent with a structure intermediate between a 1:1 and a 1:2 electrolyte. As
previously mentioned, square planar Ni(ll) complexes usually display an orange/red
colouration although it is possible that a weak octahedral interaction may affect the square

planar NiS;P, chromophore in a similar manner to that observed in Ciampolini’'s complex.
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Such an interaction could occur with the halide ions, the pendant alcohol moieties or solvent
molecules. *H and 3C NMR spectra are very broad and offer no relevant structural data but
mass spectra of 14 show the presence of both [M-H] and [M-HCl,]* species in solution,

providing further support to the proposed structures in solution (Scheme 15).

OH

R ’Cl
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[ NiCl, HO{ NI >OH
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sy PP,

OH
13 14
Violet solution
Green precipitate
8p=21.7,31.4,34.0 ppm
Machaneta. 7 iCiampolinietal
Ph 2+ 2+ 2+
Leripn . E?Ph &4 : en S e
FANETRY FIRERY LTS ! Pl. :.\P,
EP’N"sj - CP'N"Sj s EP'N"Pj : I:P'NI'P:J
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Ph | ph | Ph Ph | PSP
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8p = 31.8 ppm 8p = 39 ppm 8p =57 ppm '

Scheme 15: Synthesis of Ni complex 16 and comparison with related species from the
literature®*?

Conclusion

In, conclusion this chapter has investigated the synthesis of a number of phosphine ligands
incorporating P, N or S donors and a chiral alcohol within the ligand backbone. Preliminary
investigations into the coordination chemistry of these ligands have been carried out and a
number of transition metal complexes have been synthesised. Many of the complexes
investigated herein have potential applications in homogeneous catalysis, although further
studies are required to investigate this promising area. Nonetheless, it is clear that the use
of glycidyl phosphine intermediates, as discussed here, is a highly effective method of rapidly

introducing heteroatoms, chirality and complexity into multidentate ligand structures.
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Experimental

General considerations

All synthetic procedures and manipulations were performed under dry nitrogen using
standard Schlenk line techniques. Dry solvents were freshly distilled from
sodium/benzophenone (tetrahydrofuran, diethyl ether) or calcium hydride
(dichloromethane, ethanol) under N, before use. All other solvents (chloroform, hexane,
water) were sparged with N, immediately prior to use. NaOH (2 M) and HCI (1 M) solutions
were prepared from NaOH pellets and 37% HCl respectively, and thoroughly sparged with N,
immediately prior to use. 'H (500 or 400 MHz), 3!P (121.7 MHz) and *3C (75.6 MHz) NMR
spectra were obtained on Bruker 500 or 400 spectrometers. Chemical shifts were
determined relative to 85% H3POs (&p = 0 ppm) or tetramethylsilane (61/c = 0 ppm) and are
given in ppm. Infrared spectra were recorded on a Shimadzu IRAffinity-1S spectrometer
equipped with an ATR attachment. Mass spectra were obtained by the mass spectrometry
service at Cardiff University. Conductivity was measured on a Hanna HI 8733 conductivity
meter in methanol solutions (10~ M). Elemental analyses were carried out by the elemental
analysis service at London Metropolitan University. (R/S)-epichlorohydrin was resolved from
the racemate using the procedure of Jacobsen.? Diphenylphosphine was prepared by the
action of LiAlHs on Ph,PCI. All other chemicals were obtained commercially and used as

received.

(oxiran-2-ylmethyl)diphenylphosphinoborane, 2

To a solution of diphenylphosphine (5 mL, 28.7 mmol) in THF (10 mL) was added
borane-tetrahydrofuran solution (30 mL, 30 mmol) and stirred for 3 hours at room
temperature. The solution was cooled to -78 °C and BuLi in hexanes (18 mL, 28.8 mmol) was
added. The orange solution was allowed to warm to room temperature before the addition

of rac-epichlorohydrin (2.5 mL, 31.8 mmol). The volatiles were removed in vacuo and the
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residue dissolved in chloroform. Filtration through celite and removal of the solvent yields
the product as a white solid (5.6 g, 77 %).

84 (400 MHz, CDCls) 0.77 — 0.94 (3H, m, BHs), 1.19 — 1.37 (2H, m, CH2P), 1.46 — 1.54 (1H, m,
CHy), 3.44-3.71 (*H, m, CH), 3.73 — 3.82 (1H, m, CH,), 7.35 — 7.79 (10H, m, aromatics); &.
(100.6 MHz, CDCl3) 14.0, 19.2, 33.9,129.1 (d, /= 13.9 Hz), 130.9 (d, J = 12.7 Hz), 132.2, 132.7;

6r (121.7 MHz, CDCls) 22.2

(S)-1-(diisopropylphosphanyl)-3-(diphenylphosphanyl)propan-2-ol, 3

To a solution of diphenylphosphine (4.5 mL, 25.8 mmol) in THF (30 mL) at -78 °C was added
"Buli in hexanes (16 mL, 25.8 mmol). The resulting orange solution was warmed to room
temperature for 10 minutes before cooling back to -78 °C. The above solution was then
transferred onto a solution of R-epichorohydrin (2 mL, 25.5 mmol) in THF (20 mL) also held
at -78 °C. The solution was warmed to room temperature and stirred until the orange colour
faded. To a separate flask containing diisopropylphosphine (3.8 mL, 25.8 mmol) in THF (30
mL) was added "Buli in hexanes (16 mL, 25.8 mmol). This solution was stirred for 30 mins at
room temperature before addition of the former solution at -78 °C. The solution was heated
to reflux for 30 mins and then allowed to stir at room temperature for 2 hrs. The reaction
was treated with deoxygenated saturated aqueous NH4Cl solution (5 mL) and filtered
through celite. The filtrate was dried with Na,SOjs filtered and the solvent removed in vacuo.
Passage of the residual oil through a short plug of alumina (eluent: diethyl ether) gave the
product as a colourless oil (8.046 g, 81%).

Found: C, 69.9; H, 8.5; C21H300P; requires C, 70.0; H, 8.4; vmax/cm™ 3467, 2975, 2914, 1463,
1382; &4 (400 MHz, CDCl3) 1.02 (12H, m, CHs), 1.52 — 1.91 (4H, m, CH;), 2.46 (2H, ddd, J =
21.0, 13.7, 6.5 Hz, CH(Me)3), 2.64 (1H, br s, OH), 3.79 (1H, m, CH(OH)), 7.31 —7.48 (10H, m,
Ph); & (100.6 MHz, CDCls) 18.6 (dd, J = 11.5, 8.7 Hz, Me), 19.9 (dd, J = 15.4, 5.4 Hz, Me), 23.0
(d,J=10.0 Hz, C(Me),), 23.4, (d, J = 10.3 Hz, C(Me),), 32.0 (dd, J = 16.9, 7.4 Hz, CP(iPr),), 38.35

(dd,J =12.7, 7.3 Hz, CPPh,), 68.7 (dd, J =18.7, 16.9 Hz, COH), 128.5 (dd, J = 6.9, 2.3 Hz, m-Ph),

92



Chapter 3 —Synthesis and reactivity of novel
ligands derived from glycidyl phosphine

128.7 (d, J = 11.7 Hz, p-Ph), 132.9 (dd, J = 22.2, 19.0 Hz, 0-Ph), 138.4 (dd, J = 26.7, 11.8 Hz, i-
Ph); & (121.7 MHz, CDCls) -20.9 (s, PPh,), -3.84 (s, P'Pr2); m/z (ES-) 395.1473 ([M+CI[",

C21H300P,Cl = 395.1460)

Dichloro bis((S)-1-(diisopropylphosphanyl)-3-(diphenylphosphanyl)propan-2-ol) Cobalt, 4
To a suspension of CoCl,-6H,0 (45.1 mg, 0.19 mmol) in toluene (10 mL) was added (S)-1-
(diisopropylphosphanyl)-3-(diphenylphosphanyl)propan-2-ol  (0.138 g, 0.38 mmol)
whereupon the pink solid dissolved giving a green/blue solution. Following filtration the
solvent was removed in vacuo to give the product as a paramagnetic solid. (161 mg, 99 %)

Found: C, 59.2; H, 7.1; Ca2HeoCl2Co04P4 requires C, 59.3 H, 7.1; m/z (ES-) 845.26 ([M-HCl+

MeOH]*, C43He3CICoOsP,4 = 845.27)

Dichloro (S)-1-(diisopropylphosphanyl)-3-(diphenylphosphanyl)propan-2-ol Nickel, 5

To a solution of (S)-1-(diisopropylphosphanyl)-3-(diphenylphosphanyl)propan-2-ol (0.58 g,
1.6 mmol) in toluene (5 mL) was added an excess of NiCl:6H,0 (0.75 g, 3.2 mmol) in
methanol (50 mL). An immediadte colour change is observed to dark red. After stirring for
15 minutes the solvent was removed in vacuo. The residue was taken up in chloroform, dried
over MgS0O, and filtered. The solvent was removed to give the product as a red solid (405
mg, 52 %). Crystals suitable for x-ray diffraction were grown from a saturated solution in
MeOH.

Vmax/CM™ 2876, 2056, 1485, 1382, 833; 6y (400 MHz, CDCls3) 1.24 (6H, brs, CHs), 1.54 (3H, br
s, CHs), 1.75 (3H, brs, CHs), 1.94 (2H, br s, CH,), 2.17 (2H, br m, CH,), 2.74 (2H, br s, CHMe>),
3.04 (*H, br's, HCOH), 3.73 (1H, br's, OH), 7.23-8.29 (10H, m, Ph); 6. (100.6 MHz, CDCl3) 18.1,
19.1, 25.0, 35.4, 64.8, 128.4, 128.95, 130.6, 131.6, 133.2; 6p (121.7 MHz, CDCls) 14.1 (br s,

PPh,), 37.0 (br s, P'Pr,); m/z (ES+) 777.2809 ([M+L-2CI-H]*, C42HseNiO,P4 = 777.2819)
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(S)-1-(dimethylamino)-3-(diphenylphosphanyl)propan-2-ol, (S)-6

This material was prepared according to a variation on a previously reported procedure.
To a solution of diphenylphosphine (4.5 mL, 25.8 mmol) in THF (30 mL) at -78 °C was added
"Buli in hexanes (16 mL, 25.8 mmol). The resulting orange solution was warmed to room
temperature for 10 minutes before cooling back to -78 °C. The above solution was then
transferred onto a solution of (R)-epichorohydrin (2 mL, 25.5 mmol) in THF (20 mL) also held
at -78 °C. The solution was warmed to room temperature and stirred until the orange colour
was faded at which time the volatiles where removed in vacuo. The colourless oily residue
was immediately redissolved in ethanol (25 mL) and deoxygenated water (10 mL). A solution
of dimethylamine in ethanol (10 mL, 56 mmol) was added and the emulsion stirred at room
temperature for 16 hrs. The volatiles were removed in vacuo followed by addition of
deoxygenated water (10 mL). The pH of the mixture was lowered with deoxygenated HCI
solution (pH 2) before extraction with diethyl ether. The aqueous phase was then treated
with deoxygenated NaOH solution (pH 10) and extracted with dichloromethane. The organic
washings were combined and dried over Na,SO4. The solvent was removed and the residue
passed through a short plug of silica (eluent: petroleum ether/THF/NEts, 79:20:1) yielding
the product as a pale yellow oil (5.57 g, 75%).

Found: C, 71.25; H, 7.9; N, 5.0; C17H,2NOP requires C, 71.1; H, 7.7; N, 4.9; vmax/cm™ 3840,
3406, 2868, 1477, 1385, 839; 64 (400 MHz, CDCls) 2.13-2.18 (2H, m, CH,PPh,), 2.21 (6H, s,
NMe;), 2.33-2.39 (2H, m, CH,NMe,), 3.66 (1H, br s, OH), 3.70-3.78 (1H, m, CHOH), 7.31-7.47
(10H, m, PPhy); & (100.6 MHz, CDCl3) 34.5(d, YJcp = 13.7 Hz), 45.5, 65.3 (d, cp = 16.8 Hz), 66.2
(d, *Jp = 9.2 Hz), 128.5, 128.6, 132.8, 138.7; 6 (121.7 MHz, CDCl5) -22.9; m/z (El+) 287.1436

(IM]*, C17H2NOP = 287.1439)

(R)-1-(dimethylamino)-3-(diphenylphosphanyl)propan-2-ol, (R)-6
This material was prepared similarly to (S)-6 using diphenylphosphine (25.8 mmol), (S)-

epichlorohydrin (25.5 mmol) and dimethylamine (56 mmol) (6.63 g, 91%). Spectroscopic data
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for this compound were identical to that of (S)-1-(dimethylamino)-3-

(diphenylphosphanyl)propan-2-ol.

(S)-1-(diethylamino)-3-(diphenylphosphanyl)propan-2-ol, (S)-7

This material was prepared similarly to (S)-6 using diphenylphosphine (25.8 mmol),
(R)-epichlorohydrin (25.5 mmol) and diethylamine (97 mmol) (4.66 g, 58%).

Found: C, 72.15; H, 8.1; N, 4.3; C19H2sNOP requires C, 72.4; H, 8.3; N, 4.4; vma/cm™ 2945,
2870, 2769, 2135, 1477,1387, 1007; 61 (400 MHz, CDCl3) 0.97 (6H, t, *Jun = 7.1 Hz, N(CH,CHs)>,
2.11-2.68 (8H, m, CH,), 3.68 (1H, m, CHOH), 3.93 (1H, br s, OH), 7.28-7.50 (10 H, m, PPh;) ; 6.
(100.6 MHz, CDCl3) 12.0, 34.5 (d, Yer = 13.5 Hz), 47.0, 60.4 (d, Yep = 16.8 Hz), 65.1 (d, 3Jep =
9.5 Hz), 128.4, 128.6, 132.8, 138.9; &p (121.7 MHz, CDCls) -23.2; m/z (ES+) 316.1835 ([M+H]*,

CigH27NOP = 3161830)

(R)-1-(diethylamino)-3-(diphenylphosphanyl)propan-2-ol, (R)-7

This material was prepared similarly to (S)-6 using diphenylphosphine (25.8 mmol), (S)-
epichlorohydrin (25.5 mmol) and diethylamine (97 mmol) (4.99 g, 62%). Spectroscopic data
for this compound were identical to that of (S)-1-(diethylamino)-3-

(diphenylphosphanyl)propan-2-ol.

(S)-1-(diphenylphosphanyl)-3-morpholinopropan-2-ol, (S)-8

This material was prepared similarly to (S)-6 using diphenylphosphine (25.8 mmol),
(R)-epichlorohydrin (25.5 mmol) and morpholine (70 mmol) (7.21 g, 86%).

Found: C, 69.15; H, 74.4; N, 4.3; C15H24NO>P requires C, 69.3; H, 7.3; N, 4.25; Vmax/cm™ 2864,
2227, 2011, 1824, 1477, 1386, 858; &4 (400 MHz, CDCl3) 2.16 (1H, dd, *Jus = 13.8 Hz, )y =
6.3 Hz, CH;N), 2.32-2.41 (4H, m, morpholine), 2.45-2.62 (3H, m, CH,N + CH;P), 3.51 (1H, s,
OH), 3.61-3.72 (4H, m, morpholine), 3.80 (1H, m, CHOH), 7.29-7.52 (10H, m, PPh;) ; 6. (100.6

MHz, CDCls) 34.4 (d, Yep = 14.0 Hz), 53.7, 64.6 (d, 2 = 16.5 Hz), 65.4 (d, 3Jcp = 9.6 Hz), 67.1,
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128.6, 128.8, 132.9, 138.6; & (121.7 MHz, CDCls) -22.9; m/z (ES+) 330.1624 ([M+H]*,

C19H25NO,P =330.1623)

(R)-1-(diphenylphosphanyl)-3-morpholinopropan-2-ol (R)-8

This material was prepared similarly to (S)-6 using diphenylphosphine (25.8 mmol), (S)-
epichlorohydrin (25.5 mmol) and morpholine (70 mmol) (6.627 g, 91%). Spectroscopic data
for this compound were identical to that of (S)-1-(diphenylphosphanyl)-3-

morpholinopropan-2-ol.

General procedure for the synthesis of Ru complexes (R/S) - 9-11

To a solution of ligand (R/S) — 6-8 (ca. 100mg) in methylene chloride (25 mL) was added
[RuCly(cymene)], (0.5 eq.). The solution was stirred at room temperature for 24 hours at
which point it was filtered through celite and the solvent removed in vacuo. Products were
collected as red/orange solids.

(S)-1-(dimethylamino)-3-(diphenylphosphanyl)propan-2-ol p-cymene ruthenium
dichloride, (S)-9

vmax/cm™ 2939, 2868, 1389, 815; &4 (400 MHz, CDCls) 0.87 (d, 3H, /sy = 6.9 Hz, cymene-
CH(CHs),), 1.05 (d, 3H, 3Juy = 6.9 Hz, cymene-CH(CHs),), 1.21-1.34 (m, 6H, N(CHs),), 1.42 (br
m, 1H, CHMe;), 1.86 (s, 3H, cymene-CHs), 2.51 (septet, 1H, 3Jun = 6.9 Hz, cymene-CH(CHs),),
2.5-2.92 (m, 8H, CH3), 3.95 (br s, 1H, OH), 4.90 — 5.32 (m, 4H, cymene-C¢H,), 7.41-7.95 (m,
10H, Ph); 6 (100.6 MHz, CDCl5) 17.6, 21.4, 22.3, 30.1, 44.6, 53.6, 62.9, 85.0, 87.0, 88.5, 91.4,
95.4,109.3,128.5, 130.7, 132.7,134.2; 6 (121.7 MHz, CDCls) 20.35; m/z (ES+) 586.0934 ([M-
H]*, C27H3sNOPRuCI2 = 586.0909)
(R)-1-(dimethylamino)-3-(diphenylphosphanyl)propan-2-ol p-cymene ruthenium
dichloride, (R)-9

All spectroscopic and analytical data are concurrent with that of the opposite enantiomer.
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(S)-1-(diethylamino)-3-(diphenylphosphanyl)propan-2-ol p-cymene ruthenium dichloride,
(s)-10

Vmax/cm™ 2947, 2868, 1489, 1389, 829; 61 (400 MHz, CDCl3) 0.79 (d, 3H, */un = 6.9 Hz, cymene-
CH(CHs)2), 1.01 (d, 3H, 3Jun = 6.9 Hz, cymene-CH(CHs),), 1.16 (br s, 6H, N(CH,CHs),), 1.42 (br
m, 1H, CHMe,), 1.81 (s, 3H, cymene-CH3), 2.44 (septet, 1H, 3Juy = 6.9 Hz, cymene-CH(CHs),),
2.54-3.49 (m, 8H, CH>), 4.18 (br s, 1H, OH), 4.81 — 5.31 (m, 4H, cymene-C¢Ha), 7.36-7.89 (m,
10H, Ph); &. (100.6 MHz, CDCls) 9.4, 17.5, 21.1, 22.3, 24.1, 30.1, 34.2, 48.1, 124.5, 126.3,
128.6,129.0,130.7, 131.4,132.2,134.3; 6p (121.7 MHz, CDCls) 20.5; m/z (ES+) 614.1227 ([M-
H]*, C2sH3sNOPRuUCl; = 614.1222)

(R)-1-(diethylamino)-3-(diphenylphosphanyl)propan-2-ol p-cymene ruthenium
dichloride, (R)-10

All spectroscopic and analytical data are concurrent with that of the opposite enantiomer.
(S)-1-(diphenylphosphanyl)-3-morpholinopropan-2-ol p-cymene ruthenium dichloride,
(5)-11

vmax/cm™ 3404, 2966, 1393, 837; &4 (400 MHz, CDCls) 0.86 (d, 3H, 3Jus = 6.9, cymene-
CH(CHs),), 1.01 (d, 3H, 3Juu = 6.9 Hz, cymene-CH(CHs),), 1.86 (s, 3H, cymene-CHs), 2.03-2.31
(m, 6H, CH2N), 2.53 (septet, 1H, 3uu = 6.9 Hz, cymene-CH(CHs),), 2.70-2.75 (m, 2H, CH,P),
3.36 (br s, 1H, CHOH), 3.52 (br s, 4H, CH;0), 3.68 (br s, 1H, OH), 4.94-5.29 (m, 4H, cymene-
CeHa), 7.46-7.97 (m, 10H, Ph); &. (100.6 MHz, CDCls) 17.6, 21.4, 22.2, 30.1, 53.6, 62.5, 67.1,
85.0, 86.8,89.0,95.0,109.1, 128.4, 130.7,133.1, 133.9; 6p (121.7 MHz, CDCl5) 19.7; m/z (ES+)
630.1183 ([M+H]*, C9H3sNO2PRuCl, =630.1171)
(R)-1-(diphenylphosphanyl)-3-morpholinopropan-2-ol p-cymene ruthenium dichloride,
(R)-11

All spectroscopic and analytical data are concurrent with that of the opposite enantiomer.
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1-(diphenylphosphanyl)-3-(p-tolylthio)propan-2-ol, 12

To a solution of diphenylphosphine (4.5 mL, 25.8 mmol) in THF (30 mL) at -78 °C was added
"Buli in hexanes (16 mL, 25.8 mmol). The resulting orange solution was warmed to room
temperature for 10 minutes before cooling back to -78 °C. The above solution was then
transferred onto a solution of rac-epichorohydrin (2 mL, 25.5 mmol) in THF (20 mL) also held
at -78 °C. The solution was warmed to room temperature and stirred until the orange colour
was faded at which time the volatiles where removed in vacuo. The colourless oily residue
was immediately redissolved in ethanol (25 mL) and p-thiocresol (5.97 g, 48.1 mmol) was
added. The solution was treated with a catalytic amount of triethylamine and stirred at room
temperature for 16 hrs. The volatiles were removed in vacuo and the residual material was
taken up into chloroform (20 mL) and filtered through celite. Removal of solvent and
chromatographic purification of the residue (eluting with hexane, CH,Cl, and finally MeOH)
yields the product as a yellow oil (5.75 g, 61%).

Found: C, 72.3; H, 6.4; C22H230PS requires C, 72.1; H, 6.3; vmax/cm™ 3477, 2981, 2864, 1604,
1475, 1386, 810; 6 (400 MHz, CDCls) 2.32 (3H, s, CHs), 2.38 (2H, dd, Jup = 6.6 Hz, *Jun = 2.5
Hz, CH,PPh,), 2.61 (1H, br's, OH), 2.94 (1H, dd, 2Jus = 13.8Hz, *Jus = 8.2 Hz, CH,S), 3.23 (1H,
dd, Yun = 13.8 7, *Jun = 3.9 Hz, CH,S), 3.67 (1H, m, CHOH), 7.06 (2H, d, 3Jun = 7.9Hz, SCeH4CH3),
7.22 (2H, d, 3w = 7.9Hz, SCeH4CHs), 7.28-7.43 (10H, m, PPh.); 6. (100.6 MHz, CDCls) 21.1,
35.9 (d, Yep = 13.8), 43.4 (d, *Jep = 9.0 Hz), 67.7 (d, %cp = 16.9 Hz), 128.6, 128.8, 129.9, 130.9,
131.3, 132.9, 136.9, 138.1; &p (121.7 MHz, CDCl3) -22.6; m/z (El+) 366.1204 ([M]*, C22H230PS

=366.1207)

(2R, 2’R)-3,3’-(ethane-1,2-diylbis(sulfanediyl))bis(1-(diphenylphosphanyl)propan-2-ol), 13
To a solution of diphenylphosphine (2.2 mL, 12.6 mmol) in THF (30 mL) held at -78 °C was
added "Buli in hexanes (5.1 mL, 12.6 mmol). The resulting orange solution was warmed to
room temperature for 10 minutes before cooling back to -78 °C. The above solution was then

transferred onto a solution of (S)-epichorohydrin (1 mL, 12.8 mmol) in THF (20 mL) also held
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at -78 °C. The solution was warmed to room temperature and stirred until the orange colour
was faded at which time the volatiles where removed in vacuo. The colourless oily residue
was immediately redissolved in ethanol (25 mL) and 1,2-ethanedithiol (0.5 mL, 6.0 mmol)
was added. The solution was treated with a catalytic amount of triethylamine and stirred at
room temperature for 16 hrs. The volatiles were removed in vacuo and the residue taken up
in methylene chloride (10 mL). Filtration and removal of the solvent gave the product as a
colourless oil (3.47 g, 100 %)

Vmax/cm™ 3478,2981, 2864, 1475, 1386; 6 (400 MHz, methanol-ds) 2.38 (4H, ddd, 2/ = 70.1
Hz, 2Jup = 13.8 Hz, 3Juy = 6.9 Hz, CH,P), 2.59 (4H, s, (CH2SR)), 2.63 — 2.78 (4H, m, CH,CH(OH)),
3.61 (2H, g, J = 6.9 Hz, CHOH), 3.70 (2H, br s, OH), 7.28 — 7.48 (20 H, m, Ph); &. (100.6 MHz,
methanol-ds) 33.7,37.9 (d, J = 12.7 Hz), 40.9 (d, J = 7.2 Hz), 70.0 (d, J = 16.4 Hz), 129.6 (t, J =
5.0 Hz), 129.8 (d, J =25.6 Hz), 133.9 (dd, J = 43.9, 18.8 Hz), 139.9 (dd, J = 40.9, 12.1 Hz); &p

(121.7 MHz, methanol-d4) -22.9; m/z (ES+) 579.1726 ([M+H]+, C32H37,04P,S; = 579.1710)

Dichloro (2R, 2’R)-3,3’-(ethane-1,2-diylbis(sulfanediyl))bis(1-
(diphenylphosphanyl)propan-2-ol) Nickel, 14

To a solution of NiCl,:6H,0 (200 mg, 0.84 mmol) in EtOH (50 mL) was added 13 (0.534 g, 0.92
mmol) in toluene (6 mL). The mixture was stirred at room temperature for 4 hours over which
time the solution changed colour from green to violet. The solvent was removed in vacuo
and the residual oily solid was triturated with diethyl ether (10 mL). The product was isolated
as a violet solid. (544mg, 92%)

Vmax/CM™ 3292, 2870, 2194, 2075, 1475, 1454, 1377, 831; 6 (121.7 MHz, CDCl5) 21.6, 31.4,
33.9; m/z (ES+) 635.0902 ([M-HCl,]*, C32H3sNiO2P,S; = 635.0907); (ES-) 705.0317 ([M-HJ,

C32H35Cl2NiO,P,S; = 705.0284); Am/Scm?mol™ 120.5
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(2R, 2’R)-3,3’-(ethane-1,2-diylbis(sulfanediyl))bis(1-(diphenylphosphanyl)propan-2-ol)
Palladium dichloride, 15

To a solution of 13 (290 mg, 0.5 mmol) in ethanol (50 mL) and water (2 mL) was added
Nay[PdCl4] (147 mg, 0.5 mmol). The mixture was heated to reflux for 1 hour before being
allowed to cool. The solvent was removed in vacuo and the pale yellow residue was
redissolved in chloroform. The solution was filtered and the filtrate dried over Na,SOa.
Following removal of the solvent the product was collected as a yellow solid. Crystals suitable
for X-ray diffraction were grown from saturated solutions in methanol. (265 mg, 70 %)
Vmax/CM™! 2870, 2198, 2096, 1492; &y (400 MHz, methanol-ds, -50 °C) 1.0 — 4.5 (m, 14H,
aliphatics), 6.5-8.5 (m, 20H, aromatics); & (121.7 MHz, CDCls) 24.8; m/z (ES+) 681.0602 ([M-

HC|2]+, C32H35PdOLP,S; = 6810594)

(2R, 2’R)-3,3’-(ethane-1,2-diylbis(sulfanediyl))bis(1-(diphenylphosphanyl)propan-2-ol)
Platinum dichloride, 16

To a solution of 13 (247 mg, 0.43 mmol) in ethanol (50 mL) and water (10 mL) was added
K3[PtCl4] (177 mg, 0.43 mmol). The mixture was heated to reflux for 24 hours before being
allowed to cool. The volatiles were removed in vacuo and the remainder was extracted with
CHCls (3 x 10 mL). The organic solution was dried over Na,SO,4 and the solvent was removed
in vacuo yielding the product as a pale yellow solid. (81 mg, 22 %)

Vmax/cm™ 3406, 2875; 64 (400 MHz, methanol-d4, -50 °C) 0.5 — 4.0 (m, 16H, aliphatics), 7.0-
8.5 (m, 20H, aromatics); &p (121.7 MHz, CDCl3) 34.7; m/z (ES+) 789.1291 ([M-HCl»+H,0]*,

C32H37PtO3P,S, = 789. 1286)
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Introduction

Chiral-at-metal complexes

Asymmetric synthesis relies on the ability to selectively favour formation of one enantiomer
over another. One method by which this is commonly achieved is by use of a chiral catalyst;
In general, for metal based catalysis, the chiral environment around the metal centre
controls the approach of the substrate such that the pathway leading to a particular
enantiomer is favoured over the other. If one considers the conversion of a prochiral
substrate such as an alkene or ketone into a chiral product it is clear that attack on one face
will lead to formation of the (R)-enantiomer whereas attack on the opposite face will lead to
an (S)-stereocentre in the product. The catalyst binds to the substrate in order to facilitate
the transformation and if the catalyst is achiral then the resulting product will be a racemate.
Contrarily, if the catalyst is chiral and enantiomerically pure then the transition state leading
to the product will inevitably be diastereotopic. If one of these diasteromeric transition
states is of higher energy than the other, it will disfavour formation of the product via that
pathway and hence the product will become enriched in one enantiomer over the other.
Thus, the ability to induce asymmetry in a catalytic transformation relies on the presence of
chirality around a metal centre

The most common way to introduce chiral space around a metal centre is by use of chiral
ligands, i.e. ligands which posess at least one stereocentre and/or axial chirality within the
ligand scaffold. However, in recent years a number of systems have emerged which contain
stereogenic centres at the metal ion.? The simplest case is given by tetrahedral complexes
which are directly comparable to chiral carbon centres. In cases where at least 4 differing
donor groups coordinate the metal centre the resultant complexes contain a chiral centre at

the metal ion (Figure 1, a).?
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Figure 1: Selected generic structures of chiral-at-metal complexes. a) tetrahedral
complexes; b) fac- complexes are chiral whereas mer- complexes are not; c) helical chirality

The complexity of the chiral-at-metal systems rises with increasing coordination number as,
in principal, any metal ion bound to four or more dissimilar donors may be chiral. Variations
in the configuration of the ligands and geometry of the metal centre can further complicate
the picture (Figure 1, b). A special case is given by octahedral metal ions bound to at least
two bidentate ligands, e.g. [Ru(bpy)s]?*. Such complexes exhibit helical chirality and are
found in both A and A forms (Figure 1, c).

In practice, compounds containing stereogenic metal centres are usually found as a mixture
of isomers as the potential number of isomers is very large. Several strategies have been
employed in an effort to reduce the number of potential isomers; rigid facially bound ligands,
such as Cp™ or n®-arenes, and/or induction by a chiral ligand or counterion can be used in the
preparation of enantiomerically enriched coordination compounds. A further strategy is the
chiral resolution of a racemate through chromatography or selective crystallisation. A
number of compounds containing stereogenic metal centres have now been prepared by

these methods (Figure 2). A further complication is encountered when one considers
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reactions at metal centres. Labile metals, e.g. Al(lll), will not form stable stereocentres as
rapid redistribution of the ligands leads to complex mixtures. Hence, it is necessary to

incorporate multidentate ligands to control the chirality.

- - Ph Ph

PF f -

bpe—H N\\—(/N“Mes
cl”
THF —Zn

=S
(menthyl)O o=y 0 ”
- = 0

Figure 2: Selected examples of chiral-at-metal complexes®*

Organoaluminium chemistry

Organoaluminium compounds have long been of interest as initiators and/or catalysts for
ethylene polymerisation.>® The propensity for Al alkyls to undergo insertion, B-hydride
elimination and alkane elimination reactions (under protic conditions) in addition to the high
Lewis acidity of Al make these attractive systems for the development of novel C-C bond
forming agents. Al complexes typically contain hard X-type ligands (e.g. alcoholato-, alkyl-,
amido-, halo-) but the inherent Lewis acidity of aluminium species means that neutral L-type
donors (e.g. amino-,” ethereal,® phosphoryl-°) can also be incorporated under appropriate
conditions. Al complexes typically show relatively low coordination numbers of 4-6 where at
least 3 of the ligands are anionic to achieve charge neutrality and the remaining sites are
filled by various other donors depending on the precise steric requirements of the ligands in

question.

Aims of chapter 4

Use of chiral tridentate ligands invariably induces chirality at the metal ion and thus the
tridentate donors investigated here may provide a framework for the construction of chiral

Al complexes which may be active for stereoselective C-C bond formation. This chapter will

investigate the synthesis of chiral-at-aluminium compounds via the complexation of
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aluminium with an enantiopure, tridentate ligand containing three disparate donors. The
phosphine donors explored elsewhere in this thesis are poor ligands for aluminium.
However, phosphine oxides have been shown to bind very well to hard metals such as Al and
thus oxidation of y-amino-B-hydroxyphosphines (see Chapter 3) will furnish a novel

tridentate ligand ideally suited to form chiral-at-aluminium complexes.

Results and discussion

Ligand synthesis and reactivity

H-O OH O

) S e A

\/N\/'\/P\O ? ‘F;Eh
1

Scheme 1: Synthesis of phosphine oxide ligand 1

Treatment of (R)-1-(diethylamino)-3-(diphenylphosphanyl)propan-2-ol (synthesised as
reported in Chapter 3) with hydrogen peroxide gives the phosphine oxide species, 1, as a
colourless oil (Scheme 1). H and 3C NMR spectra of 1 are very similar to those of the
phosphine precursor and so the phosphine oxide can be readily identified by its 3P NMR
signal which shifts downfield to 6=32.1 ppm upon oxidation.

Initial reactivity studies of 1 with an excess of AlEt; (5 equivalents) in toluene showed strong
evidence for complexation. *H NMR spectra were shifted downfield with respect to the free
ligand but were considerably broadened and fine structure was not observable. The 3P NMR
spectrum displayed a number of signals with major peaks observed at § = 32.1, 36.1 and
49.4 ppm in addition to numerous other low intensity signals. The former corresponds to the
free ligand but the downfield shift of the remaining signals is suggestive of coordination of
the P=0 moiety to Al. Reaction of an equimolar quantity of AlEt; with 1 displayed the same

three major peaks but with little or no evidence of further side products. It is apparent that
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several species are formed in solution in potential equilibria through the operation of
dynamic solution processes.

In order to better understand the solution speciation, some NMR titrations were performed.
To a solution of 1 in toluene was added sequentially 0.25 equivalent aliquots of AlEt; at room
temperature. After each addition the mixture was stirred for 30 minutes before interrogation
of the 3P NMR spectra to gain insight into the processes in solution (Figure 3). At low
concentrations of AlEt; the free ligand predominates but as the concentration increases a
broad peak at § = 36.1 ppm grows in intensity with a concurrent decrease in the intensity of
the ligand signal. This reaches a maximum at ca. 0.5 equivalents at which point addition of
further AlEts results in the appearance of the sharp peak at 6 = 49.4 ppm. The second peak
reaches a maximum at a 1:1 stoichiometry (Figures 3 & 4) and addition of further AlEt; does

not significantly alter the appearance of the spectrum.

Free ligand

0.25 equivalents jt

0.5 equivalents

0.75 equivalents

1.0 equivalents

A .

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
57 56 55 54 53 52 51 50 49 48 47 46 45 44 43 42 41 40 39 38 37 36 35 34 33 32 31 30 29 28 27
Chemical shift (ppm)

Figure 3: Stacked plot showing the observed changes to the 3P NMR spectra of 1 as it is
titrated with AlEts
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Ligand 1 m Complex 2 Complex 3

% Composition
]

0 0.25 0.5 0.75 1
Number of equivalents of AlEt; added

Figure 4: Change in composition of the reaction mixture as a function of stoichiometry. Values
measured from integration of the 3P NMR spectra shown in Figure 3

These data can be rationalised as the result of an equilibrium in solution between 3 distinct
species; the free ligand, 1, and two discreet complexes, 2 and 3. Given the stoichiometries at
which these signals were observed a tentative composition for complex 2 and complex 3 can
be suggested as Al(1),Et and Al(1)Et, respectively (Scheme 2). Signals attributable to both 2
and 3 are observed in the mass spectra of these solutions as the [M-Et]* ions. No evidence
was observed of a threefold substituted species, likely as a result of steric congestion around
the metal centre. Compound 2 is represented here (Scheme 2) as a trigonal bipyramidal
structure with trans- P=0 groups. This is one of a number of potential isomers including
square pyramidal and tridentate species; The observation of but a single signal in the 3!P
NMR spectrum suggests either one thermodynamically preferred species or rapid

interconversion between the various isomeric structures (vide infra).

Ph Ph
NEt, P Et_ Et
OH © o~ Al
0.5 AIEt | AIEt -
eN_ LR — O:Al—oj\ 2 o o
2 »'Ph -EtH Et | I
1
Ph P”o NEt, Et:N P»."Ph
> Ph
PH Ph
1 2 3

Scheme 2: Proposed equilibrium of aluminium complexes 2 and 3. Coordination geometries
at Al are arbitrary
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With the knowledge gained from the NMR titrations to hand, larger scale preparations were
performed. Hence, reactions of AlEt; with ligand 1 in the appropriate stoichiometries allowed
for the preparation of solutions of complexes 2 and 3. The composition of these solutions
was confirmed by 3P NMR spectroscopy before removal of the solvent to isolate the
complexes as white solids. As before, complex 2 gives a broad signal in the 3P NMR spectrum
and a signal is observed at the appropriate mass for the [M-Et]* species in the mass spectrum.
The *H NMR spectrum closely resembles that of the free ligand 1 with the addition of signals
associated with the Al-Et group. Integration of the signals indicates the presence of one ethyl
group for every two ligands, confirming the composition of this complex. As for the 3P NMR
spectra, the signals associated with ligand 1 in the *H NMR spectra are considerably
broadened and shifted downfield, indicating both coordination of the ligand to the Al centre
and the likely presence of fluxional behaviour.

Similarly, complex 3 was isolated from the reaction of 1 with 1 equivalent of AlEts. The 3P
NMR spectrum consists of a single sharp peak at 6 =49.4 ppm and the mass spectrum shows
the peak associated with an [M-Et]* ion. The *H NMR spectrum again resembles that of ligand
1 with a downfield shift and some broadening, however in this case fine structure is observed
with many of the peaks and thus it is possible to ascertain some structural information about
the complex. In particular, the peaks associated with the AlEt, moeity appear as complex
multiplets, similar observations have previously been made with related complexes where
the complexity was ascribed to inequivalence of the alkyls resulting from proximity to a chiral
centre.®

Al has a maximum coordination number of 6, therefore assuming that each of the X type
donors are bound then there is potential to accomodate up to three more ligands in the
coordination sphere. The 3P NMR spectra give strong evidence for interaction of the
phosphine oxides as the P centres are deshielded by the Lewis acidic Al drawing electron

density away through the Al-O=P bonds. Furthermore, the 3P NMR chemical shift of complex
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2 is less deshielded than that of complex 3, which could be rationalised as a result of
decreased interaction between a hemilabile ligand and the Al centre. The remaining
coordination site may be left vacant or occupied by one or other of the two amine donors.
Each of these amines is identical and so there is no preference for binding either one. DFT
optimisation calculations carried out at the B3LYP level of theory with a 6-31G(d,p) basis set
indicate that the systems in which ligand 1 is bound in a tridentate manner do not represent
a stationary point on the potential energy surface. Complexes of lower coordination number
with non-coordinated amines had the lowest energy for both 2 and 3. It appears that the
phosphine oxides are prefered over the tertiary amines despite the fact that the amines
would form a five membered chelate ring rather than the six membered ring formed with
the k*-0,0’ coordination mode.

The lowest energy structure of complex 2 is a five coordinate trigonal bipyramid with both
ligands in chelating k*>-0,0’ coordination modes whereby the phosphine oxides are
positioned trans to each other in the axial sites (Figure 2, a). A second geometry was found
whereby the metal adopts a tetrahedral geometry with both bidentate k2-0,0’ and
monodentate k-O coordination modes (Figure 2, b). The former structure whereby both
ligands chelate via the alcohol and phosphoryl groups was found to be 10.6 kJ mol™ lower in
energy than the tetrahedral structure. Similarly, complex 3 was calculated to display a

tetrahedral geometry with ligand 1 bound in a k2-0,0’ coordination mode (Figure 2, c).

a) complex 2 b) complex 2 c) complex 3

Figure 5: DFT optimised structures of complexes 2 and 3
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The tridentate coordination mode of the ligand is likely disfavoured as it would require
formation of 5 and 6 membered chelate rings fused along two sides. Given the small size of
AlP*ions it is likely that such a coordination mode would introduce high levels of strain within
the chelate rings and steric repulsion between ligands both of which would favour lower
coordination numbers. The interchange of the two phosphoryl donors provides a plausible
explanation for the observed broadening in the NMR spectra of complex 2 as the hemilabile
nature of similar ligands is well documented.’*™ There is only minimal energetic difference
between the four and five coordinate species of 10.6 kJ mol™. The magnitude of this energy
change is well within the experimental error associated with the DFT calculations and thus
the thermodynamic barriers to this process are negligible under standard conditions and
hence such a fluxional process is feasible at room temperature. However, in the absence of
low temperature NMR experiments or crystallographic characterisation this assertion

currently remains speculative.

Conclusion

In conclusion, the synthesis of a chiral alkoxy phosphoryl ligand has been achieved. Reaction
of this novel ligand with AlEt; resulted in the formation of two distinct complexes, which
were observed to interconvert in solution depending on the stoichiometry of the mixture.
Crystals suitable for X-ray diffraction were not available and thus a detailed crystallographic
investigation was not possible. However, both species were isolated and characterised by
multinuclear NMR spectroscopy and mass spectrometry. Furthermore, the equilibrium
between the mono- and bis- ligated species was investigated by spectroscopic and

computational means.
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Experimental

General considerations

All synthetic procedures and manipulations were performed under dry nitrogen using
standard Schlenk line techniques. Dry solvents were freshly distilled from
sodium/benzophenone (tetrahydrofuran, diethyl ether) or calcium hydride
(dichloromethane, ethanol) under N, before use. All other solvents (chloroform, hexane,
water) were sparged with N, immediately prior to use. NaOH (2 M) and HCI (1 M) solutions
were prepared from NaOH pellets and 37% HCl respectively, and thoroughly sparged with N,
immediately prior to use. 'H (500 or 400 MHz), 3!P (121.7 MHz) and *3C (75.6 MHz) NMR
spectra were obtained on Bruker 500 or 400 spectrometers. Chemical shifts were
determined relative to 85% H3POs (&p = 0 ppm) or tetramethylsilane (61/c = 0 ppm) and are
given in ppm. Mass spectra were obtained by the mass spectrometry service at Cardiff
University. (R)-1-(diethylamino)-3-(diphenylphosphanyl)propan-2-ol was prepared as

reported in Chapter 3. All other chemicals were obtained commercially and used as received.

DFT Calculations

Density functional theory calculations were carried out using the Gaussian 09 package.*
Proposed structures were initially optimised using the Universal Forcefield (UFF) molecular
mechanics forcefield.’® The resultant structures were then subjected to DFT geometry
optimisations using the B3LYP® hybrid functional with the 6-31G(d,p) basis set on all
atoms. Vibrational frequency analysis was performed on the optimised structures to confirm

that the structures were minima.

(R)-(3-(diethylamino)-2-hydroxypropyl)diphenylphosphine oxide, 1
To a vigorously stirred solution of (R)-1-(diethylamino)-3-(diphenylphosphanyl)propan-2-ol
(3.9 g, mmol) in methylene chloride (30 mL) was added H,0; solution (30 wt % in H,0, 7mL).

The biphasic mixture was stirred for 12 hours before separation of the organic layer. The
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aqueous phase was extracted with methylene chloride (3 x 15 mL) and the combined organic
phase was dried over Na,SO4. Removal of the solvent in vacuo yielded the product as a yellow
oil. (2.65 g, 63 %)

&1 (300 MHz, CDCl3) 0.89 (t, *Jun = 7.1 Hz, 6H, NCH,CHs), 2.40-2.71 (m, 8H, CH,), 4.05 (m, H,
CHOH), 7.55-7.71 (m, 10H, Ph); & (100.6 MHz, CDCls) 11.9, 35.4, 47.3, 60.1, 63.6, 128.8,

130.8, 133.6; 6p (121.7 MHz, CDCls) 32.1; m/z (AP+) 332.2 ([M+H]*, C1gH27NO,P =332.18)

bis(((R)-1-(diethylamino)-3-(diphenylphosphoryl)propan-2-yl)oxy)(ethyl)aluminum, 2

To a solution of 1 in toluene (0.79 mL, 0.151 mmol) was added AlEt; in toluene (0.87 mL,
0.075 mmol). The mixture was stirred at room temperature for 30 minutes before removal
of the solvent in vacuo. The resultant oil was triturated with petroleum ether (5 mL) yielding
a white solid which was isolated by filtration. (73 mg, 67%)

84 (400 MHz, C¢Dg) 0.30, (s, 2H, AICH,), 0.77 (t, 12H, J = 7.0 Hz, NCH,CHs), 0.82 — 1.46 (m, 8H,
CH,), 2.01-2.70 (m, 8H, CH,), 2.25 (m, 3H, AICH,CHs), 4.26 (br s, 1H, CH), 4.88 (brs, 1H, CH),
7.03-7.79 (m, 20H, Ph); 6p (121.7 MHz, C¢D¢) 36.1; m/z (El+) 687.33 ([M-Et]*, C3sHs0AIN204P;

= 366.1207)

(R)-((1-(diethylamino)-3-(diphenylphosphoryl)propan-2-yl)oxy)diethylaluminum, 3

To a solution of 1 in toluene (0.79 mL, 0.151 mmol) was added AlEt; in toluene (1.37 mL,
0.151 mmol). The mixture was stirred at room temperature for 30 minutes before removal
of the solvent in vacuo. The resultant oil was triturated with petroleum ether (5 mL) yielding
a pale yellow solid which was isolated by filtration. (148 mg, 78%)

&n (400 MHz, ds-tol) 0.57 (app dq, 4H, J = 22.0, 8.1 Hz, AICH,), 1.01 (t, 6H, *Juy = 7.1 Hgz,
NCH,CHs), 1.50 (m, 2H, CH,P), 1.73 (app dt, 6H, J =22.0, 8.1 Hz, AICH,CHs), 2.24-2.26 (m, 2H)
2.40-2.62 (m, 4H, NCH>), 4.75 (m, *H, CHOH), 7.05 — 7.24 (m, 10H, Ph); 6. (100.6 MHz, ds-tol)
1.4,10.3,10.5, 12.6, 21.4, 30.3, 35.4, 64.0, 66.4, 130.5-133.2 &p (121.7 MHz, ds-tol) 49.4; m/z

(AP+) 386.18 ([M-H]*)
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Introduction

Carbenes are neutral divalent species in which the C atom possesses only six valence
electrons, two of which are non-bonding. As a consequence, carbenes are inherently reactive
and are usually very short lived.! Recently, a number of carbenes derived from deprotonation
of azolium salts have been prepared and the resultant N-heterocyclic carbenes, NHCs (vide
infra), have attained great popularity as supporting ligands in organometallic chemistry.2

The electronic configuration of carbenes can be described as either singlet or triplet states.
Triplet carbenes have a linear structure with an sp hydbridised C atom, the two remaining p
orbitals each contain a single electron. Whereas singlet carbenes display a bent structure

with a pair of electrons located in the sp? orbital and an empty orthogonal p orbital (Figure 1)

PR

Figure 1: Structure of carbenes. Left: a triplet carbene, Right: a singlet carbene
N-Heterocyclic carbenes
N-Heterocyclic carbenes contain a carbene centre which is stabilised by one or more adjacent
N atoms. The singlet electron configuration is enforced by the cyclic structure and the non-
bonding electron pair are stabilised by an inductive effect from the electron withdrawing N
atoms. Furthermore, orbital overlap between the lone pairs centred on the N atoms with the

empty p orbitals provide further stability through mesomeric effects (Figure 2)

Figure 2: Stabilisation of NHCs via inductive (-1) and mesomeric (+M) effects
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NHCs are strong o-donor ligands are capable of stabilising both high and low valent
complexes of metals from across the periodic table. Their similarity in binding and
exceptional utility in organometallic chemistry has led them to be widely compared with
phosphines. However, it is increasingly apparent that rather than surpassing phosphine
ligands, NHCs offer a range of complimentary properties which add to the growing number
of supporting ligands available to the organometallic chemist. NHCs tend to form very robust
bonds to metals by virtue of their higher bond strength compared to phosphine ligands.
Furthermore, the electronic properties are highly tuneable by variation of the backbone and
sidearm structures and NHCs are readily synthesised from azolium (typically imidazolium)
species. One noteworthy dissimilarity to phosphines is in the steric profile of the ligands.
Whereas substituents on phosphines point away from the metal centre in three dimensions,
NHCs are typically planar and project their substituents towards the metal (Figure 3). In cases
where large substituents (adamantyl, dipp etc.) are incorporated, this can impart kinetic

stability on the metal complex.

R —
~ .:)R ,N\_/N\

P R /WI\/I/\\R

R

M

Figure 3: Differing steric profile of NHCs compared to phosphines
NHC complexes have found many applications in homogeneous catalysis; perhaps the most
well-known example is the Grubbs 2" generation catalyst, which employs the bis
(mesityl)imidazolidinylidene ligand in place of a tricyclohexylphosphine ligand (Figure 4). The

greater coordinating ability of NHCs results in higher activity and greater air stability.
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P(Cy)s
Figure 4: 2nd generation Grubbs catalyst

Expanded ring N-heterocyclic carbenes
NHCs typically contain 5-membered heterocycles, however there is growing interest in six->*
seven->"" and eight-membered® carbenes (Figure 5).° The greater ring size inherent to these
species induces a significantly wider NCN bond angle (often >120 °). Expanded ring carbenes
(ER-NHCs) are stronger o donors than conventional NHCs due to the resulting changes in
hybridisation at the carbene centre. Furthermore, the expansion of the NCN angle projects

the substituents towards the metal centre even more conferring greater steric shielding over

the resultant complexes (Figure 5).

o ONES

L L N N N
R - R R/Y\R /VN\

Figure 5: Comparison of 5-membered NHC with expanded ring NHC structures

Chiral carbenes

Given the growing prevalence of NHCs in organometallic chemistry it is perhaps unsurprising
that many chiral derivatives of these species have now been developed. Two methods are
typically used to introduce chiral space around the metal centre. The first involves use of a
chiral backbone. However, in this instance the stereochemistry is fairly remote from the
metal centre and very bulky groups must be included to achieve any significant

stereoselectivity from catalysts based on these structures. The second common
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methodology uses chiral N-substituents to introduce stereochemical information close to the
reactive metal centre although reported ee’s typically remain low. Indeed, there are
numerous reviews detailing the design, synthesis and applications of chiral NHCs.10-%5

Investigations of chiral expanded ring NHCs are far less well developed and only a few
examples of this class of ligand have emerged. Trapp et al. developed a series of 6 membered
NHCs bearing (d)-camphor N-substituents (Figure 6, a).1® The Pd complexes of these ligands
gave good yields in the asymmetric a-arylation of amides, although the stereoselectivity was

low. McQuade synthesised a rigid imidazoquinazolinium based species which acted as a

precursor to a chiral 6 membered carbene (Figure 6, b).Y” The Cu complex has proven to be

18-20 21-23

an effective catalyst for the borylation or silylation of many unsaturated substrates.
Finally, Stahl et al. have synthesised a number of 7 membered carbenes based around a biaryl
scaffold (Figure 6, c).>?*?” The biaryl backbone in these molecules induces a significant
torsional twist into the N-heterocycle and hence these compounds display axial chirality

along the M-CN""¢ bond.

Y gPy Jn

Figure 6: Chiral expanded ring NHCs. a) Trapp’s camphor substituted NHCs,*® b) McQuade’s
chiral imidazoquinazolium,*’ c) Stahl’s biaryl carbenes>**%’
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Further to these, a number of species based upon a rigid bicyclic skeleton derived from
(1R,3S)-(+)-camphoric acid have been investigated, such species embed the carbene within
fused six- and seven- membered rings providing a novel framework for carbene formation.
Camphoric acid is first converted to the diamine via a Schmidt reaction, the amines may then
be alkylated with either a reductive amination or by nucleophilic substitution of an alkyl
halide. Finally, the bicyclic structure is constructed via ring closure with triethylorthoformate

(Scheme 1).

O o} /R R
HOW\OH - - ~NH, — ~NH - “Ng
NH
NH, )
R R

Scheme 1: Synthetic route to camphor base bicyclic carbenes

B

~Z

Initial reports from Wilhelm et al. describe a series of variously substituted benzyl
derivatives.?® Furthermore, it was found that the differing steric bulk surrounding the two
amine moieties facilitated selective alkylation and hence construction of asymmetrically
substituted carbenes. Newman has further incorporated pendant pyridyl and phosphino
moieties within the N-substituents, thereby creating a series of tridentate pincer-type
ligands.?>3* Notably, despite the superficial similarity of the pendant donors, they are
inequivalent due to the chirality of the carbene backbone and thus the complexes resulting
from such ABA’ ligands can contain a stereogenic metal centre. Catalysts incorporating these
ligands are of interest for applications in homogeneous catalysis, although, preliminary
studies have failed to deliver any significant enantioselectivity. It has been shown that the
coordination chemistry of the diphosphino-NHC is far more variable and complex than
originally envisaged. Reactions with Pd(0), Pd(ll), Pt(ll), Ag(l), Rh(0) and Rh(l) precursors
demonstrated a rich wealth of chemistry with u-P,P’, k?-P,P’ and «3-P,CN"¢,P’ coordination

modes identified (Figure 7).3
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Figure 7: Selected complexes of Newman'’s tridentate pincer ligands?>3%:3234

Recently, Glinay prepared a series of PEPPSI-type Pd-NHC complexes using this camphor
derived bicyclic carbene bearing substituted benzyl groups.®®> The conformation of the

resultant complexes was found to be highly dependent on the nature of the N-substituents.

Aims

Ph,P.

NVeCP

Figure 8: Newman's multidentate heterodonor ER-NHCs

This chapter will further develop the coordination chemistry of Newman’s camphor-based
expanded ring NHC ligands (Figure 8). By virtue of the chiral centre in the carbene backbone
the two phosphine donors are non-equivalent and thus complexes featuring tridentate
coordination of the ligand can possess a stereocentre at the metal ion, most notably when
the metal adopts a tetrahedral structure.33 Furthermore, the PCP’ and related NCN’ and
32,34

NMeCP ligands (Figure 8) have previously been shown to bridge multiple metal centres.

The factors which effect the preference for one configuration over another are not entirely
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clear and thus further investigations are of importance to the fundamental understanding of
this unusual ligand system. It is envisaged that through thorough examination of such
factors, a degree of control can be exerted upon the structural conformation and hence

properties of the complexes.

Results and Discussion

Amidinium proligand synthesis

Each of Newman’s tridentate amidinium proligands are derived from 1R,35-diamino-1,2,2-
trimethylcyclopentane via reductive amination and subsequent ring closure with
triethylorthoformate.?3? It has been shown that the differing steric profiles of the amines
can be exploited to selectively substitute at the 3-amino position prior to functionalisation
of the 1-amino group, enabling construction of unsymmetrically substituted carbenes.?*34To
date, this methodology has only been utilised in the synthesis of tridentate heterodonor
ligands; analogous bidentate species have not been investigated. NHCs bearing only a single
pendant donor species can reasonably be expected to display less complexity and variability
in their coordination chemistry and may therefore be of interest in the effort to provide a
rational grounding for the observed chemistry of these species.

Buchwald-Hartwig amination of 1R,3S-diamino-1,2,2-trimethylcyclopentane  with
mesitylbromide selectively substituted the less sterically encumbered amine to give the
mono-mesityl species.3® Reductive amination of the remaining primary amine with 2-pyridine
carboxaldehyde gave the disecondary intermediate 1 which is converted to the amidinium

proligand [2]BF, via treatment with triethyl orthoformate (Scheme 2).
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1) picolaldehyde
ii) NaBH,
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.

[2]BF, 1
Scheme 2: Synthesis of bidentate amidinium proligand
The *H NMR spectrum of [2]BF is in agreement with the proposed structure and similar to
the previously reported complexes. A notable feature is the inequivalence of the ortho-
methyls (6 = 2.25, 2.37 ppm) and meta-hydrogens (6 = 6.95, 6.98 ppm) of the mesityl group.
The observed dissimilarity of these peaks strongly suggests that the rotation of the aryl ring
about the C-N bond is restricted. The amidinium proton is observed to have a chemical shift
of 6 = 7.97 ppm, slightly upfield of the relevant signal in the spectrum of [NCN’]BF, (6 = 8.16
ppm). The *H NMR chemical shift associated with this proton has been used as a proxy for
the basicity of the conjugate base, i.e. the free carbene.?® As may be anticipated, this N-aryl

species is less acidic than the previously studied tridentate ligands.

Reactions with zerovalent metals

Both carbenes and phosphines are particularly adept at stabilising soft low oxidation state
metal centres. Complexes of PCP’ with Cu(l),3! Ag(l), Pd(ll), Pt(Il) and Pt(0)** metal centres
have been reported. To date, little has been reported of the zerovalent metal complexes.
Pd(0) and Pt(0) complexes have a d'° electronic configuration and hence show a preference
for four coordinate tetrahedral geometries. Coordination of the enantiopure chiral PCP’
ligand previously synthesised by Newman as tridentate donors should therefore facilitate

construction of chiral-at-metal complexes.
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Scheme 3: Synthesis of bis-NHC complexes
Treatment of the amidinium diphosphine proligand with KHMDS (potassium
hexamethyldisilazide) in THF followed by addition of 0.5 equivalents of either Pd(dba), or
Pt(dvtmds), (dba = dibenzylideneacetone; dvtmds = 1,3-divinyltetramethyldisiloxane) gave
the bis-NHC complexes, 3 and 4 respectively (Scheme 3). Both complexes have been
characterised by mass spectrometry, elemental analysis and NMR spectroscopy. Given the
similarity between the 3P NMR chemical shifts to the proligand (Table 1), it is likely that the
ligand adopts a k*-C-coordination mode and the pendant phosphines remain uncoordinated
in these complexes.
Table 1: 3P chemical shift for PCP’ proligand and M(0) complexes

Compound &0 / ppm

[PCP’]PFs -16.6, -17.5

3, Pd(PCP’); -15.25,-15.3

4, Pt(PCP’);  -15.0,-15.3
Such two coordinate species, although less numerous than analogous tetracoordinate M(ll)
species, are known in the literature and analogous bis-carbene complexes of palladium3~*

and platinum? have been constructed, although to date, no examples have been reported

containing chiral ligands or expanded ring carbenes.
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Scheme 4: Oxidation of Pt(0) complex

The reaction of the Pt complex with PhICI, oxidised the metal to give the tetracoordinate
Pt(l1) complex, Pt(PCP’)Cl, 5 (Scheme 4). Two signals were observed in the 3!P NMR spectrum
at 8§ =-17.3 and -15.5 ppm suggesting that the carbenes remain in a k*-C-coordination mode
upon oxidation. Satisfactory elemental analysis was not obtained but the identity of the
material was confirmed by NMR spectroscopy and mass spectrometry where a peak at m/z
= 1663 ([M-Cl+MeOH]*) was observed. The proposed structure of 5 is distinct form the k>-P,P
and k3-P,C,P complexes previously formed with the PCP’ ligand (Scheme 5).32This variation is
likely observed as a result of the differing synthetic strategies and suggests that the preferred
coordination mode may be dependent on the order in which the ligands coordinate.

1 PFe

® PP, PPh,
. K,PtCl —N. Cl< KO'Bu —
[PCPIPFy -2 & ot — Nﬁ>—Pt— cl

| \
PPh, \ PPh,

Scheme 5: Newman's synthesis of Pt(ll) complexes3?

A further explanation to the observed differences in coordination mode of the ligand may lie
in the stoichiometry of the reactions. Accordingly, 1:1 reactions of PCP’ with Pd(dba), and
Pt(dvtmds), were examined. Pd(PCP’)(dba), 6, was isolated from the former reaction as
confirmed by a peak in the mass spectrum corresponding to the mono-oxide species

(IM+0+H]* = 1055.3284, CgsHs1N,0,P,Pd = 1055.3249). No analogous Pt species was found.
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The 3P NMR spectrum of 6 indicated the presence of two distinct phosphine environments,
the first (&6p = -14.3, -17.5 ppm) correlates well with the uncoordinated phosphine (vide
supra) whilst the second environment (&p = 9.4, 11.3 ppm) likely corresponds to phosphine
coordinated to Pd. The PCP’ ligand appears to adopt a k2-C,P-coordination mode (Figure 9)
although given that two signals are observed in each environment it would appear that there
is little, if any, preference for coordination of one phosphine over the other. 6 is extremely
prone to oxidation, which prohibited attempts to further characterise the complex.
Satisfactory elemental analysis could not be obtained and the *H NMR spectrum displayed
only broad features associated with the PCP’ framework. The proposed structure of 6 is
tentatively suggested based on the available data and by comparisons with similar

compounds in the literature.*4°

Figure 9: Proposed structure of Pd complex 6
Given the presence of pendant donors in complexes 4-6 it seemed prudent to investigate the
reaction of PCP’ with higher quantities of metal. Thus, to a solution of PCP’ was added 2
equivalents of Pd(dba), or Pt(dvtmds),. The reaction with Pd did not yield any identifiable
product, whereas the bimetallic Pt complex, 7, was obtained from the latter reaction

(Figure 10).
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Figure 10: Proposed structure of complex 7 (left) and comparison to previously reported
structure (right)

A peak associated with the parent ion ([M+H]* = 1461.4243, Cs3Hs3N20,SisP,Pt = 1461.4261)
was observed in the high resolution mass spectrum of compound 7. Furthermore, the
complex has been characterised by *H and 3P NMR spectroscopy. The 3P NMR spectrum
displayed two signals at 6 = 18.6 and 20.7 ppm which correspond to coordinated phosphine
environments; coordination of the phosphine environments is further confirmed by the
presence of satellites in the 3'P NMR spectrum (Yp.p: = 3505, 3521 Hz). The chemical shift and
coupling constants are comparable to those reported for a closely related complex previously
reported by Newman et al. (Figure 10)32as well as similar complexes reported elsewhere in
the literature.*® Newman’s previously reported bimetallic complex differs from 7 only in that
the amidinium of the latter is deprotonated facilitating chelation with a Pt centre. The PCP’
ligand adopts a bridging coordination mode whereby one Pt atom is chelated by both
carbene and a phosphine while the remaining phosphine coordinates to the second Pt atom.
Attempts to grow crystals of complexes 3-7 suitable for X-ray crystallography were frustrated
by their instability in solution and propensity for oxidation of the metal and pendant
phosphines. In the absence of crystallographic characterisation, it is difficult to draw any
quantitative conclusions, but nonetheless, a number of general features can be elucidated.
Firstly, as may be expected considering the greater kinetic stability of carbenes (cf.
phosphines), in all experiments, both those reported here and previously by Newman et al.,
234 wherever the amidinium is deprotonated, the resulting carbene will coordinate to the

metal in preference to the phosphine donors.
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For the reactions reported here, chelating coordination modes appear to be disfavoured.
Upon reaction with Pd(0) and Pt(0), the PCP’ ligand adopts k*-C or k?>-C,P coordination modes,
in no cases were k3 coordination modes observed. This is in stark contrast to the previously
observed prevalence of k3-LCL’-coordination (where LCL’ is any of the variously substituted
carbenes reported by Newman (Figure 8)) wherever the amidinium is deprotonated.?=3* It
would appear that the order in which the donor groups coordinate is critical in determining
the coordination mode. If the metal source is added to a preformed carbene in solution, then
monodentate coordination appears to be favoured (3-5) with the phosphines only
coordinating in instances where the metal is sterically unencumbered (6-7). However, as
noted above, in situations whereby bonds to the pendant donors (either N or P based) are
preformed, deprotonation of the carbene proligand invariably results in tridentate
coordination. Care must be taken in the interpretation of this data and in the comparison to
previous works as there are numerous factors which may account for this differing reactivity.
Further work is required to confirm these assertions and examine whether this hypothesis

holds for the other carbene ligands and with other metal centres.

Synthesis of Gold(l) complexes

Recently, there has been growing interest in the chemistry of gold(l) and its complexes with
NHC'’s; Gold(NHC) complexes have found particular use within catalysis and medicine.*’~>°
Au(l) is a d'° ion and thus its coordination chemistry is characterised by a preponderance of
linear two-coordinate species. This inclination towards linear structures limits the denticity
of the ligands to k!-coordination and thus the pendant donors of Newman’s carbenes will
remain available for coordination to other metal centres. To date, only the reactivity of the
unsymmetrical NMeCP ligand with Au(l) has been reported.?* The potential to form
multimetallic species is intriguing as similar complexes have proven to display novel

photophysical properties.>™>
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Scheme 6: Synthetic scheme for bis(ER-NHC)Au complexes

Treatment of [PCP’]PFs, [NCN’]BF,; and [2]BF; with KHMDS followed by the addition of 0.5
equivalents of Au(tht)Cl yielded the bis-NHC complexes, 8-10 respectively (Scheme 6). The
complexes were characterised by mass spectrometry, *H and *3C NMR spectroscopy which
all confirm the proposed structures. The 3!P NMR spectrum of 8 contains a single broad
resonance at &p = -17.8 ppm arising from the uncoordinated phosphine environments. The
broadening likely arises from rotation about the Au-C"¢ axis. 'H NMR are comparable to
those of the respective ligands and no duplication of the peaks is apparent suggesting that
the complex is symmetrical on the NMR timescale. Furthermore, crystallographic
characterisation of complexes 8 and 9 was obtained, their molecular structures are displayed

in Figures 11 and 12.

Figure 11: ORTEP representation of the molecular structure of 8. Hydrogen atoms and PFs
counter ion omitted for clarity
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Figure 12: ORTEP representation of the molecular structure of 9. Hydrogen atoms and BF,
counter ion omitted for clarity

Both complexes display a linear two coordinate geometry around the Au centre and the
average C-Au-C bond angles are 168.2° and 175° for complexes 8 and 9 respectively. Au-C
bond lengths range from 2.043 — 2.065 A for compound 8 and between 2.009 — 2.065 A for
the pyridyl complex and are closely similar to bis(ER-NHC) Au complexes reported in the
literature.>® Furthermore, the structures of (ER-NHC)AuCl complexes of N-alkyl camphor
based bicyclic carbenes have been reported.®® The Au-C bonds of 8 and 9 are slightly
elongated compared to the chloro- complexes but all other structural metrics are in close

agreement with those observed here.
Conclusion

In conclusion, a novel bidentate ER-NHC proligand has been synthesised and the
coordination chemistry of this and other carbenes bearing the camphor based backbone
have been investigated. The reactivity of the PCP’ ligand with Pd(0) and Pt(0) metal centres
has been investigated and found to display diverging chemistry from that previously
displayed. This study has allowed for the proposal of a rational description of the

coordination chemistry which is consistent with the observations presented here and with
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those reported elsewhere in the literature. Further work is necessary to confirm and expand

upon these hypotheses.

Experimental

General Considerations

All synthetic procedures and manipulations were performed under dry nitrogen using
standard Schlenk line techniques. Solvents were freshly distilled from sodium (petroleum
ether, toluene), sodium/benzophenone (tetrahydrofuran, diethyl ether) or calcium hydride
(dichloromethane, ethanol, acetonitrile) under N, before use. *H (500 or 400 MHz), 3!P (121.7
MHz) and 3C (75.6 MHz) NMR spectra were obtained on Bruker 500 or 400 spectrometers.
Chemical shifts were determined relative to 85% H3PO. (6r = O ppm) or tetramethylsilane
(6u/c = 0 ppm) and are given in ppm. X-ray crystallography was carried out by Dr B. Kariuki,
Cardiff University. Mass spectra were obtained by the mass spectrometry service at Cardiff
University. PCP’,32 NCN’® and (1R,3S)-N*-mesityl-2,2,3-trimethylcyclopentane-1,3-diamine3®
were synthesised according to published procedures. All other chemicals were obtained

commercially and used as received.

(15,5R)-2-mesityl-5,8,8-trimethyl-4-(pyridin-2-ylmethyl)-2,4-diazabicyclo[3.2.1]oct-2-en-2-
ium tetrafluoroborate, [2]BF,

A solution containing (1R,3S)-N*-mesityl-2,2,3-trimethylcyclopentane-1,3-diamine (0.660 g,
2.54 mmol) and picolaldehyde (0.041 mL, 2.54 mmol) in ethanol was heated to reflux for one
hour. The mixture was cooled to room temperature before the addition of NaBH, (0.14 g,
3.80 mmol). After 4 hours the excess reductant was quenched by the slow addition of HCI (1
mL) and the solvent was removed in vacuo. The resultant brown oil was dissolved in H,0O and
basified with NaOH solution (2 M, pH 9). The solution was extracted with methylene chloride
(3 x 20 mL) and the combined organic layers were dried over MgS0O,. The solution was

filtered and the solvent removed in vacuo to leave the diamine intermediate, 1, as a brown
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oil. To a solution of 1 (0.742 g, 2.1 mmol) in triethylorthoformate (15 mL) was added
ammonium tetrafluoroborate (92 mg, 2.8 mmol) and the resulting solution was heated to
reflux for two hours. After cooling the excess triethylorthoformate was decanted and the
residue was triturated with Et,;0 to give the azolium salt [2]BF,4 as a green solid. (0.596 g,
52%)

6+ (400 MHz; CDCls) 1.19 (s, 3H, CHs), 1.46 (s, 6H), 1.92 - 2.06 (m, 4H), 2.25 (s, 3H), 2.37 (s,
3H), 2.51 (s, 3H), 2.74 - 2.81 (m, 1H), 4.86 (d, 2Jun= 16 Hz, 1H), 5.13 (d, 2Juu= 20 Hz, 1H), 6.95
(s, 1H), 6.98 (s, 1H), 7.01 (s, 1H), 7.49 (d, 3/un= 16 Hz, 1H), 7.76 (t, aJuu= 8 Hz, 1H), 7.97 (s, 1H),
8.58 (d, aJun = 4 Hz, 1H); 6¢ (75.6 MHz, CDCl5) 17.9, 18.2, 19.1, 20.8, 22.0, 31.5, 39.3, 42.4,
55.0, 70.8, 122.8, 123.6, 130.5, 131.0, 134.6, 137.6, 139.6, 149.5, 154.1, 156.7; m/z (ES+)

362.27 ([M]", C24H32Ns = 362.26)

bis((1R,55)-2,4-bis(2-(diphenylphosphanyl)benzyl)-1,8,8-trimethyl-2,4-
diazabicyclo[3.2.1]octan-3-ylidene))palladium(0), 3

To a solution of [PCP’]PFs (101 mg, 0.12 mmol) in THF (3 mL) held at -78 °C was added KHMDS
(30 mg, 0.15 mmol). The mixture was stirred for 10 minutes and transferred via canula onto
a solution of Pd(dba), (34 mg, 0.06 mmol) in THF (2 mL) at -78 °C. The mixture was allowed
to warm to room temperature at which point the solvent was removed in vacuo. The residue
was washed with petroleum ether (5 mL) and then taken up in toluene (10 mL). The solution
was filtered through celite and the solvent removed in vacuo to give the product. (63 mg,
70%)

Found: C, 74.7; H, 6.1; N, 3.6. CoaHs:N4P4Pd requires C, 74.9; H, 6.15; N, 3.7; &p (121.7 MHz;

CeDe) -15.3, -15.25; m/z (ES+) 1557.50 ([M+MeOH+NH4]*, CosH100NsOP4Pd = 1557.59

bis((1R,5S)-2,4-bis(2-(diphenylphosphanyl)benzyl)-1,8,8-trimethyl-2,4-
diazabicyclo[3.2.1]octan-3-ylidene))platinum(0), 4
To a solution of [PCP’]PFs (403 mg, 0.48 mmol) in THF (5 mL) held at -78 °C was added KHMDS

(0.1043 g, 0.52 mmol). The mixture was stirred for 10 minutes and transferred via canula
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onto a solution of Pt(dvtmds), (0.216 g, 21.2 wt % Pt, 0.24 mmol) in THF (2 mL) at -78 °C. The
mixture was allowed to warm to room temperature at which point the solvent was removed
in vacuo. The residue was washed with petroleum ether (5 mL) and then taken up in toluene
(4 mL). The solution was filtered through celite and the solvent removed in vacuo to give the
product. (196 mg, 51%)

Found: C, 70.8; H, 5.8; N, 3.6. CoaHs:N4P4Pt requires C, 70.7; H, 5.8; N, 3.5; 64 (400 MHz; CsDs)
0.47 (s, 6H), 0.80 (s, 6H), 0.92 (s, 3H), 1.04-1.67 (m, 8H), 2.45 (dd, 2H J=17.7, 8.8 Hz), 3.86 —
3.94 (m, 2H), 4.06 (ddd, 2H J = 13.0, 5.7, 2.1 Hz), 4.97 (dd, 2H, J = 16.5, 4.0), 5.29 (d, 2H, J =
6.3 Hz), 7.11-7.23 (m, 28H); 8¢ (75.6 MHz, CsDg) 17.9, 21.5, 22.5, 27.7, 33.9, 44.6 (d, 3Jcp = 36
Hz), 48.6, 51.6 (d, 3Jcp = 22.6 Hz) 65.4, 68.5, 118.6-152.7 (m, aromatics), 163.2; 8p (121.7 MHz;

CeDe) -15.3, -15.0; m/z (ES+) 895.2870 ([M-L+H]*, Cs7H47N2P,Pt = 895.2841

bis((1R,55)-2,4-bis(2-(diphenylphosphanyl)benzyl)-1,8,8-trimethyl-2,4-
diazabicyclo[3.2.1]octan-3-ylidene))platinum(ll) dichloride, 5

To a solution of 4 (123 mg, 0.08 mmol) in toluene (2 mL) was added PhICl; (21.1 mg,
0.08 mmol). The solution was stirred at room temperature for 48 hours during which time a
yellow precipitate was formed. After filtration the residue was taken up in THF (3 mL) filtered
through celite and evaporated to give the product as a yellow solid. (57 mg, 43%)

6+ (400 MHz; CDCls) 0.89 (s, 6H), 1.01 (s, 6H), 1.08 (s, 6H), 1.64-1.88 (m, 8H), 2.10 (s, 2H),2.91
(dd, 2H, J = 18.3, 9.2 Hz), 3.65 (s, 2H), 4.28 (d, 2H, J =13.7 Hz), 5.08 (s, 2H), 7.0-7.5 (m, 28H);
6¢ (75.6 MHz; CDCl3) 18.6, 21.1, 21.6, 24.7, 25.7, 33.0, 48.0, 63.9, 68.1, 68.2, 125.3-134.2 (m,
aromatics), 163.5; 6 (121.7 MHz; CDCls) -17.3, -15.5 m/z (ES+) 1663.56 ([M-Cl+MeOH]*,

CosHosCIN4OP4Pt = 1663.59)

(1R,5S5)-2,4-bis(2-(diphenylphosphanyl)benzyl)-1,8,8-trimethyl-2,4-
diazabicyclo[3.2.1]octan-3-ylidene)(dibenzylideneacetone)palladium(0), 6
To a solution of [PCP’]PFs (100 mg, 0.12 mmol) in THF (3 mL) held at -78 °C was added KHMDS

(28 mg, 0.14 mmol). The mixture was stirred for 10 minutes and transferred via canula onto
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a solution of Pd(dba), (68 mg, 0.12 mmol) in THF (4 mL) at -78 °C. The mixture was allowed
to warm to room temperature at which point the solvent was removed in vacuo. The residue
was washed with petroleum ether (5 mL) and then taken up in toluene (10 mL). The solution
was filtered through celite and the solvent removed in vacuo to give the product. (95 mg,
76%)

Found: C, 74.7; H, 6.1; N, 3.6. CeaHeoN2OP,Pd requires C, 73.8; H, 5.8; N, 2.7; 6p (121.7 MHz;
Toluene-dg) -17.5, -14.3, 9.4, 11.3; m/z (ES+) 1055.3284 ([M+H]*, CesHe1N,O,P,Pd =

1055.3249)

((1R,55)-2,4-bis(2-(diphenylphosphanyl)benzyl)-1,8,8-trimethyl-2,4-
diazabicyclo[3.2.1]octan-3-ylidene)) bis(1,3-divinyl-1,1,3,3-tetramethyldisiloxane)
diplatinum(0), 7

To a solution of [PCP’]PF¢ (147 mg, 0.17 mmol) in THF (5 mL) held at -78 °C was added KHMDS
(0.36 mg, 0.18 mmol). The mixture was stirred for 10 minutes and transferred via canula
onto a solution of Pt(dvtmds), (0.319 g, 21.2 wt % Pt, 0.34 mmol) in THF (2 mL) at -78 °C. The
mixture was allowed to warm to room temperature at which point the solvent was removed
in vacuo. The residue was washed with petroleum ether (5 mL) and then taken up in toluene
(4 mL). The solution was filtered through celite and the solvent removed in vacuo to give the
product. (196 mg, 51%)

&+ (400 MHz; CDCls) -0.5 - -0.15 (m, 24H), 0.47 (s, 3H), 0.67 (s, 3H), 0.85 (s, 3H) 1.37-1.77 (m,
4H),3.71(d, 1H, J = 15 Hz), 4.43 (d, 1H, J = 16.7 Hz), 4.53 (d, 1H, J=15.1 Hz), 4.71 (d, 1H, J = 14.6 Hz),
4.85 (d, 1H, J = 18.4 Hz), 5.54-6.19 (m, 12H), 6.87-7.51 (m, 28H); &p (121.7 MHz; CDCls) 18.6 (Yp.pt
= 3521 Hz), 20.7 (Ypp = 3505 Hz); m/z (ES+) 1461.4243 ([M+H]*, Ce3HssN20:P,SisPt =

1461.4261)
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bis((1R,5S5)-2,4-bis(2-(diphenylphosphanyl)benzyl)-1,8,8-trimethyl-2,4-
diazabicyclo[3.2.1]octan-3-ylidene)) gold(l) hexafluorophosphate, 8

A solution of [PCP’]PFs (0.245 g, 0.29 mmol) and Au(tht)Cl (43 mg, 0.15 mmol) in THF was
stirred for 4 hours. The mixture was cooled to — 40 °C and KHMDS (70 mg, 0.35 mmol) was
added. The solution was stirred at room temperature overnight after which the solvent was
removed in vacuo. The residual solid was dissolved in CHCl; and filtered. Removal of the
solvent and crystallisation by vapour diffusion of Et,0 into acetone solution gave the product
as an orange solid. (0.058 g, 23%)

84 (CDCl3, 400 MHz) 0.83 (s, 6H) 0.87 (s, 6H), 1.22 (s, 6H), 1.76-1.89 (m, 8H), 3.10 (s, 2H), 4.40
(d, 2Jun = 16 Hz, 2H), 4.47 (s, 2Jui = 20 Hz, 2H), 4.70 (d, 2Jun = 8 Hz, 4H), 6.85-7.53 (m, 70H); 8¢
(CDCls, 400 MHz) 13.2, 14.7, 17.9, 20.8, 29.4, 37.9, 41.2, 65.3, 71.65, 71.7, 125.8, 125.9,
126.3, 126.4, 126.5, 126.8, 126.9, 127.4, 127.8, 128.8, 128.8, 128.9, 129.1, 129.5, 129.6,
130.1, 130.2, 132.4, 133.5, 133.7, 133.9, 134.8; 65 (CDCls, 400 MHz) -17.8, -144.29 (sept, 1Jrr

714.42 Hz); m/z (ES+) 1598.62 ([M+H]*, CoaH93N4PsAu = 1598.60)

bis((1R,5S5)-2,4-bis(pyridine-2-ylmethyl)-1,8,8-trimethyl-2,4-diazabicyclo[3.2.1]octan-3-
ylidene)) gold(l) tetrafluoroborate, 9

A solution of [NCN’]BF, (0.253 g, 0.60 mmol) and Au(tht)Cl (87 mg, 0.30 mmol) in THF was
stirred for 4 hours. The mixture was cooled to — 40 °C and KHMDS (130 mg, 0.65 mmol) was
added. The solution was stirred at room temperature overnight after which the solvent was
removed in vacuo. The residual solid was dissolved in CHCl; and filtered. Removal of the
solvent and crystallisation by vapour diffusion of Et,0 into acetone solution gave the product
as an orange solid. (0.251 g, 44%)

6+ (DMSO-ds, 400MHz) 0.60 (s, 6H), 0.66 (s, 6H), 0.80 (s, 6H), 1.62-1.64 (m, 4H), 1.95-2.00
(m, 4H), 3.00 (d, /i1 = 2 Hz, 2H), 4.67 (d, 2Jun = 12 Hz, 2H), 4.86 (d, s = 20 Hz, 2H), 4.90 (d,
2Jun= 16 Hz, 2H), 5.01 (d, 2Jnun= 16 Hz, 2H), 7.01-7.15 (m, 8H), 7.47 (dt, aJun= 36 Hz, aJun= 8 Hz,

4H) 8.25 (d, /i = 20 Hz, 4H); &4 (CDCls, 400MHz) 0.76 (s, 6H), 0.78 (s, 6H), 0.95 (s, 6H), 1.86

139



Chapter 5 — Coordination chemistry of chiral
expanded ring N-heterocyclic carbenes

(m, 4H), 2.12 (m, 4H), 3.03 (d, 3Jur= 2 Hz, 2H), 4.73-5.16 (m, 8H), 7.01 (q, Jux= 8 Hz, 2H), 7.11
(g, i = 8 Hz, 2H), 7.24 (d, 3/ii = 4 Hz, 2H), 7.28 (d, ur = 4 Hz, 2H), 7.45 (t, 3Jun = 8 Hz, 2H),
7.54 (t, 3Jui = 8 Hz, 2H), 8.27 (d, /i = 2 Hz, 2H), 8.34 (d, wur = 2 Hz, 2H); 8¢ (acetone-ds, 400
MHz) 15.6, 16.6, 18.4, 22.0,31.7,39.7, 41.2, 59.0, 62.9, 68.7, 71.4, 122.2, 123.5,123.8, 124.0,

137.4,134.5, 150.0, 156.7, 158.9, 203.5; m/z (ES+) 865.39 ([M]*, Ca2Hs2NsAu = 865.4)

bis(((1R,5S)-4-mesityl-1,8,8-trimethyl-2-(pyridin-2-ylmethyl)-2,4-diazabicyclo[3.2.1]octan-
3-ylidene))gold(l) tetrafluoroborate, 10

A solution of [2]BF4 (0.237 g, 0.67 mmol) and Au(tht)Cl (96 mg, 0.33 mmol) in THF was stirred
for 4 hours. The mixture was cooled to — 40 °C and KHMDS (143 mg, 0.72 mmol) was added.
The solution was stirred at room temperature overnight after which the solvent was
removed in vacuo. The residual solid was dissolved in CHCl; and filtered. Removal of the
solvent and crystallisation by vapour diffusion of Et,0 into acetone solution gave the product
as an orange solid. (0.251 g, 40%)

64 (400 MHz; CDCls) 0.83 (s, 6H), 1.04 (s, 12H), 1.55-1.78 (m, 8H), 1.91 (s, 6H), 2.04 (s, 6H),
2.21 (s, 6H), 2.95 (d, 2Jui= 4 Hz, 2H), 4.04 (d, 2Jun = 16 Hz, 2H), 4.30 (d, 2/un= 16 Hz, 2H), 7.14
(s, 2H), 7.16 (s, 2H), 7.24-7.29 (m, 4H), 7.72 (t, /i = 8 Hz, 2H), 8.50 (d, 3Ju = 4 Hz, 2H); 6¢ (400
MHz; CDCl;) 16.7, 16.9, 17.0, 17.1, 18.5, 27.8, 28.0, 39.3, 55.8, 67.2, 67.4, 68.4, 74.8, 119.4,

120.6, 127.3, 131.6, 134.2, 135.5, 146.7; m/z (ES+) 919.48 ([M]*, CssHs2NeAu = 919.47)
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Appendix A




Crystallographic data

Trichloro tertbutylbis(2—(phenylphosphino)ethyl)phosphine chromium(lil)

Figure 13: Molecular structure of Cr(triphosphine)Cls
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Table 2: Crystal data and structure refinement details

Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Y

Density (calculated)
Absorption coefficient
F(000)

Crystal size

© range for data collection
Index ranges

Reflections collected
Independent reflections
Absorption correction
Refinement method
Goodness-of-fit on F?
Final R indices [F? > 26(F?)]
R indices (all data)
Extinction coefficient

Table 3: Bond lengths [A] and angles [°]

c1-c2 1.377(9)
C1-C6 1.418(9)
C1-P1 1.808(6)
c2-c3 1.396(9)
C2-H2 0.93
c3-ca 1.337(12)
C3-H3 0.93
C4-H5 1.394(12)
C4-Ha 0.93
C5-C6 1.395(9)
C5-H5 0.93
C6-H6 0.93
c7-c8 1.499(9)
c7-P1 1.823(6)
C7-H7A 0.97
C7-H7B 0.97
C8-P; 1.845(6)
C8-HSA 0.97
C8-HSB 0.97
€9-C10 1.549(7)
C9-P; 1.838(5)

Conng'sCf‘Ps
520.69

293 (2)

1.54184
Monoclinic
P21/C
a=13.1018 (6) A
b =14.1626 (4) A
c=13.8160 (6) A
2345.71 (18) A3
4

1.474 Mg / m3
9.119 mm-1
1076

0.192 x 0.055 x 0.027 mm?

3.687 — 74.006°
-16<h<15,-17<k<17,-17<1<17
4685

3371

Semi-empirical from equivalents
Full-matrix least-squares on F?

1.049

R1=0.0725, wR2 =0.1942
R1=0.0982, wR2 =0.2205

a=90°
b=113.795 (5)°
g =90°

n/a

C9-H9A 0.97
C9-H9B 0.97
C10-P2 1.809(5)
C10-H10A 0.97
C10-H10B 0.97
C11-C12 1.393(9)
C11-C16 1.393(9)
C11-P2 1.812(5)
C12-C13 1.410(9)
C12-H12 0.93
C13-Ci14 1.369(11)
C13-H13 0.93
C14-C15 1.370(10)
C14-H14 0.93
C15-Cl16 1.399(8)
C15-H15 0.93
Cl6-H16 0.93
C17-C18 1.507(10)
C17-C19 1.527(9)
C17-C20 1.540(9)
C17-P3 1.859(6)
C18-H18A 0.96
C18-H18B 0.96
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C18-H18C
C19-H19A
C19-H19B
C19-H19C
C20-H20A
C20-H20B
C20-H20C
P1-Crl
P1-H1
P2-Crl
P2-H2A
Cr1-CI3
Cri-Cl1
Cr1-Cl2
Cr1-P3

C2C1Ce6
C2C1P1
C6C1P1
c1cac3
C1C2H2
C3C2H2
C4C3C2
C4C3H3
C2C3H3
C3C4acs
C3C4H4
C5C4H4
C4C5C6
C4C5HS
C6C5HS5
C5C6C1
C5C6H6
C1C6H6
C8C7P1
C8C7H7A
P1C7H7A
C8C7H7B
P1C7H7B
H7AC7H7B
C7¢8pP3
C7C8H8A
P3C8H8A
C7C8H8B
P3C8H8B
H8AC8HS8B
C10C9P3
C10C9H9A
P3C9H9A
C10C9H9B
P3C9H9B

0.96
0.96
0.96
0.96
0.96
0.96
0.96
2.4536(16)
0.98
2.4536(15)
0.98
2.3100(16
2.3132(16
2.3274(15
2.4858(14

—_— — — —

120.0(6)
122.7(5)
117.3(5)
119.5(7)
120.3
120.3
120.6(8)
119.7
119.7
122.1(7)
118.9
118.9
118.4(7)
120.8
120.8
119.4(7)
120.3
120.3
115.7(4)
108.4
108.4
108.4
108.4
107.4
115.5(4)
108
108.4
108.4
108.4
107.5
110.5(4)
109.5
109.5
109.5
109.5

H9AC9H9B
C9C10P2
C9C10H10A
P2C10H10A
C9C10H10B
P2C10H10B
H10AC10H10B
C12C11C16
C12C11P2
C16C11P2
CliCi2C13
C11C12H12
C13C12H12
C14C13C12
C14C13H13
C12C13H13
C13C14C15
C13C14H14
C15C14H14
C14C15C16
C14C15H15
C16C15H15
C11C16C15
C11C16H16
C18C17C19
C18C17C20
C19C17C20
C18C17P3
C19C17P3
C20C17P3
C17C18H18A
C17C18H18B
H18AC18H18B
C17C18H18C
H18AC18H18C
H18BC18H18C
C17C19H19A
C17C19H19B
H19AC19H19B
C17C19H19C
H19AC19H19C
H19BC19H19C
C17C20H20A
C17C20H20B
H20AC20H20B
C17C20H20C
H20AC20H20B
H20BC20H20C
C1pP1C7
C1PiCr1
C7P1Cr1

108.1
107.3(4)
110.2
110.2
110.2
110.2
108.5
120.6(5
118.8(5
120.6(4
118.8(7
120.6
120.6
119.7(7)
120.1
120.1
121.9(6)
119

119
119.4(6)
120.3
120.3
119.6(6)
120.2
120.2
110.3(6)
110.1(6)
107.8(5)
108.8(4)
111.5(5)
108.3(4)
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
103.5(3)
123.7(2)

)
)
)
)
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C1P1H1
C7P1H1
CrlP1H1
Cio0P2C11
Cio0P2Cr1
C10P2H2A
C11P2H2A
CrlP2H2A
Ci3cCricii
Ci3Crici2
Clicrici2
Ci3Cr1P1
ClicriP1
Ci2Cr1P1
Ci3Cr1P2
Cl1Cr1P2
Cl2Cr1P2
P1Cr1P2
Ci3Cr1P3
Cl1Cr1P3
Cl2Cr1P3
P1Cr1P3
P2Cr1P3
C9P3C8
C9P3C17
C8P3C17
C9P3Crl
C8P3Cr1
C17P3Crl

108.6(2)
106.6
106.6
106.6
105.6(2)
107.08(18)
124.6(2)
106.1
106.1
106.1
98.52(6)
98.48(6)
98.37(6)
170.34(6)
90.22(6)
84.20(5)
87.41(6)
89.22(6)
169.55(6)
88.63(5)
92.64(5)
164.50(8)
90.54(5)
78.01(5)
80.53(5)
102.6(3)
106.4(3)
104.6(3)
107.07(18)
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Appendix

(2R, 2’R)-3,3’-(ethane-1,2-diylbis(sulfanediyl))bis(1-(diphenylphosphanyl)propan-2-ol)

Palladium dichloride

Figure 1: Molecular structure of 2016ncs0202 (MD326) — grown fragment. Atomic
displacement ellipsoids — 50% probability.
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Appendix

Table 1: Crystal data and structure refinement details.

Identification code 2016ncs0202 (MD326)

Empirical formula C32H34Cl20,P,PdS;

Formula weight 753.95

Temperature 100(2) K

Wavelength 0.71075 A

Crystal system Orthorhombic

Space group Pbcn

Unit cell dimensions a =13.2585(4) A a=90°
b=19.1735(7) A B=90°
c=13.9583(6) A 7 =90°

Volume 3548.3(2) A3

V4 4

Density (calculated) 1.411 Mg / m3

Absorption coefficient 0.908 mm™

F(000) 1536

Crystal block; yellow

Crystal size 0.1 x 0.04 x 0.02 mm3

© Range for data collection 1.867 — 29.970°

Index ranges —-17<n<17,-26< k<25, -13<4A<18

Reflections collected 25906

Independent reflections 4738 [Rint = 0.0575]

Completeness to &= 26.000° 100.00%

Absorption correction
Max. and min. transmission

Semi—empirical from equivalents
1.00000 and 0.59201

Refinement method Full-matrix least-squares on F?
Data / restraints / parameters 4738 /0/ 198
Goodness-of-fit on F> 1.058

Final R indices [F? > 26{F?)] R1=0.0612, wR2 = 0.1387

R indices (all data) R1=0.0775, wR2 = 0.1454
Extinction coefficient n/a

Largest diff. peak and hole 2.580and -1.533 e A3
Diffractometer: Rigaku AFC12 goniometer equipped with an enhanced sensitivity (HG)

Saturn724+ detector mounted at the window of an FR-E+ SuperBright molybdenum rotating
anode generator with HF Varimax optics (100m focus). Cell determination and data
collection: CrystalClear-SM Expe. rt 3.1 b27 (Rigaku, 2012). Data reduction, cell refinement
and absorption correction CrystalClear-SM Expert 3.1 b27 (Rigaku, 2013) Structure solution:
SHELXT (Sheldrick, G.M. (2015). J. Appl. Cryst. 40, 786-790). Structure refinement: SHELXL-
2014 (Sheldrick, G.M. (2015). Acta Crystallogr. Sect. A Found. Adv. 2015, 71, 3-8.). Special
details: In the crystal structure —OH group 01-H1 is disordered and modelled over two sites

with approx. 53/47 ratio.
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Table 2: Atomic coordinates [x 10%], equivalent isotropic displacement parameters [A? x 10°]
and site occupancy factors. Ueq is defined as one third of the trace of the orthogonalized U’

Atom x

Pd01 5000
S1 4743(1)
P1 4235(1)
C1 4873(3)
Cc2 5845(3)
Cc3 6341(4)
Ca 5871(4)
cs5 4909(5)
C6 4400(4)
c7 3837(3)
Cc8 4142(4)
Cc9 3801(5)
C10 3177(5)
Cl1 2885(5)
C12 3204(4)
C13 3020(3)
Ci14 3037(4)
C15 3384(5)
Cl6 5085(8)
01 3438(6)
O1A 2161(6)
cli 2701(2)

Table 3: Bond lengths [A] and angles [°].

Pd01-S1
Pd01-S1
Pd01-P1
Pd01-P1
$1-C15
$1-C16
P1-C1
P1-C7
P1-C13
C1-c2
C1-Ceé
C2-H2
c2-C3
C3-H3
C3-C4
C4-H4
C4-C5
C5-H5

y

4005(1)
4857(1)
3238(1)
3013(2)
3252(2)
3049(3)
2618(3)
2384(3)
2582(2)
2416(2)
1773(2)
1164(3)
1198(3)
1832(3)
2444(2)
3617(2)
4296(3)
4926(3)
5624(3)
4237(4)
4416(4)
5550(1)

z

7500
6342(1)
6478(1)
5376(3)
5203(3)
4365(3)
3721(3)
3878(4)
4701(3)
7007(3)
6656(3)
7090(4)
7867(4)
8222(4)
7805(3)
6118(3)
5550(4)
6118(4)
7008(5)
4763(4)
5138(6)
3533(1)

2.3228(12)
2.3227(12)
2.2867(10)
2.2867(10)
1.834(6)
1.798(6
1.808(4

1.837(4
1.389(6
1.401(6

0.93

)
)
1.818(4)
)
)
)

1.398(6)

0.93

1.371(8)

0.93

1.371(8)

0.93

tensor

Ueq

20(1)
42(1)
20(1)
24(1)
28(1)
36(1)

o
b

PP RPRPRPPPPPRPRPRPRPRPREPRERRPRO®V

1

0.470(9)

0.530(9)
1

C5-Cé6
C6—-H6
C7-C8
C7-C12
C8-H8
c8-C9
C9-H9
C9-C10
C10-H10
C10-C11
C11-H1i1
C11-Ci2
C12-H12
C13-H13A
C13-H13B
C13-Ci4
C14-C15
C14-01
C14-01A
C15-H15A

1.386(6)
0.93
1.386(6)
1.396(6)
0.93
1.392(7)
0.93
1.367(8)
0.93
1.370(8)
0.93
1.376(7)
0.93
0.97
0.97
1.525(7)
1.516(8)
1.225(9)
1.316(8)
0.97
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C15-H15B 0.97 C10-C9—C8 120.2(5)
C16-C16' 1.392(14) C10-C9-H9 119.9
Eig—:i:’; g-g; C9-C10-H10 120
o1 H1 0.82 C9-C10-C11 120.1(5)
O1A—H1A 0.82 C11-C10-H10 120

C10-C11-H11 119.4
S1-Pd01-S1' 90.65(6) C10-C11-C12 121.1(5)
P1'-Pd01-S1’ 87.34(4) C12-C11-H11 119.4
P1-Pd01-S1 87.34(4) C7-C12-H12 120.3
P1-Pd01-S1' 162.08(5) C11-C12-C7 119.4(5)
P1-Pd01-S1 162.08(5) C11-C12-H12 1203
P1-Pd01—P1 99.88(5) P1-C13-H13A 107.8
C15-51-Pdo1 108.25(19) PrecE 107.8
C16-S1—Pdo1 100.3(2) H13A—C13-H13B  107.2
C16-51-C15 106.1(4) GG 1722
C1-P1-Pdo1 118.45(14) C14-C13-H13A 1078
C1-P1—C7 105.96(19) C14-C13-H13B 107.8
C1-P1-C13 105.8(2) C15-C14-C13 114.3(4)
C7-P1-Pdo01 115.67(13) 01—C14—C13 113.2(5)
C7-P1-C13 101.5(2) 01-C14-C15 114.2(6)
C13-P1-Pd01 107.73(15)

01A—C14—C13 111.3(6)
c2-C1-P1 120.2(3) 01A-C14—C15 111.0(6)
C2-C1-C6 119.6(4)
C6—C1—P1 120.2(3) S1-C15-H15A 109.8
C1-C2-H2 120.3 S1-C15-H15B 109.8
C1-Cc2-C3 119.3(4) C14-C15-S1 109.3(4)
E:_E:_:g ﬁg-g C14-C15-H15A 109.8
432 120.2 ) C14-C15-H15B 109.8
CA—C3—H3 119.9 H15A-C15-H15B  108.3
C3-C4—H4 119.5 S1-C16-H16A 107.8
C5—-C4—C3 121.1(4) S1-C16—H16B 107.8
EZ—E‘S‘—:‘; Egi C16-C16-S1 118.0(5)
45 CE T15.8] C161—C16—H16A 107.8
C6—C5—H5 120.1 Cl6'-C16—H16B 107.8
C1-C6-H6 120 H16A—-C16-H16B  107.1
C5—-C6—C1 120.0(5) C14-01-H1 109.5
C5-C6—H6 120 C14-01A-H1A 109.5
C8-C7-P1 122.8(3) Symmetry transformations wused to
C8—C7-C12 119.4(4)
C12-C7-P1 117.7(3) generate equivalent atoms:
C7-C8-H8 120.1
C7-C8—C9 119.9(5) (i) —x+1,y,—z+3
C9-C8-H8 120.1
C8—C9—H9 119.9
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Dichloro (S)-1-(diisopropylphosphanyl)-3-(diphenylphosphanyl)propan-2-ol Nickel

Figure 2: Molecular structure of 2016ncs0536 (MD344) — Four independent molecules
present in the asymmetric part of the unit cell are shown (Z’=4). Atomic displacement
ellipsoids — 50% probability
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Table 4: Crystal data and structure refinement details

Identification code

Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient
F(000)

Crystal

Crystal size

g range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to q = 26.000°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [F? > 26(F?)]

R indices (all data)

Absolute structure parameter
Extinction coefficient

Largest diff. peak and hole

2016ncs0536 (MD344)

CssH119ClIsNisO4Ps

1958.98

100(2) K

0.71075 A

Monoclinic

P1211

a=15.1710(3) A a=90°
b =14.5398(3) A b = 107.698(2)°
c=21.5317(5) A g =90°
4524.75(18) A3

2

1.438 Mg / m3

1.244 mm-1

2046

Block; orange

0.16 x 0.07 x 0.05 mm?

1.717 - 27.484°
-19<h<19,-18<k<16,-27<I|£27
57162

18812 [Rint = 0.0489]

98.40%

Semi-empirical from equivalents
1.00000 and 0.88239
Full-matrix least-squares on F?
18812 /1809 / 1005

1.069

R1=0.0844, wR2 =0.2271
R1=0.0881, wR2 =0.2334
0.07(2)

n/a

2.038 and -1.165 e A2

Diffractometer: Rigaku AFC12 goniometer equipped with an enhanced sensitivity (HG)

Saturn724+ detector mounted at the window of an FR-E+ SuperBright molybdenum rotating

anode generator with HF Varimax optics (100um focus). Cell determination and data

collection: CrystalClear-SM Expert 3.0 r27 (Rigaku, 2012). Data reduction, cell refinement

and absorption correction: CrystalClear-SM Expert 2.0 r13 (Rigaku, 2011). Structure

solution: ShelXT (Sheldrick, 2015). Acta Cryst. A64, 112-122). Structure refinement: SHELXL-

2014 (Sheldrick, G.M. (2008). Acta Cryst. A64, 112-122).Special details: In the crystal

structure, O4 is disordered and modelled over two sites O4a/0O4b with 75/25 ratio.
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Table 5: Atomic coordinates [x 10%], equivalent isotropic displacement parameters [A? x 10°]
and site occupancy factors. Ueqis defined as one third of the trace of the orthogonalized U”

tensor.
ATOM X Y z Uq  S.OF.
NIl | 5133(1)  3513(1) 4489(1)  19(1) 1
NI2 | -319(1) 6465(1) 5372(1)  26(1) 1
NI4 | -275(1) 6504(1) 10443(1) 21(1) 1
NI3 | 5264(1)  3468(1) 9588(1)  20(1) 1
P7 -33(1) 5790(2) 9620(1)  21(1) 1
cLo6 | -1537(2)  7082(2) 9739(1)  35(1) 1
P3 -198(2) 5731(2) 4522(1)  25(1) 1
P1 4001(1)  4096(1) 3719(1)  19(1) 1
CLo9 | -1599(2)  7076(2) 4706(1)  35(1) 1
CLOA |5156(2)  2368(2) 3829(1)  31(1) 1
CLOB | 5446(2)  2414(2) 8909(1)  37(1) 1
P5 4197(2)  4083(2) 8798(1)  24(1) 1
P8 871(1) 5901(2) 11179(1) 26(1) 1
P2 5056(2)  4545(2) 5203(1)  30(1) 1
CLOF | 6498(2)  3115(2) 5160(1)  38(1) 1
CLOG | -535(2) 7281(2) 11246(1) 44(1) 1
CLOH | -437(2) 7319(2) 6181(1)  41(1) 1
P6 5015(2)  4319(2) 10348(1) 32(1) 1
CLo) | 6575(2)  3066(2) 10331(1) 42(1) 1
P4 827(2) 5787(2) 6063(1)  40(1) 1
o1 2763(4)  6147(5) 4404(3)  30(1) 1
03 2848(4)  6051(5) 9478(5)  44(2) 1
c81 | 441(7) 6323(8) 8482(5) 36(2) 1
02 2074(5)  4083(6) 5069(5)  52(2) 1
c73 | -231(7) 3813(7) 12377(5) 33(2) 1
C67 | 2868(7)  7951(8) 12562(5) 39(2) 1
C39 | 266(9) 6262(8) 3388(5) 48(3) 1
c72 | 705(7) 3998(7) 12559(5) 34(2) 1
c31 | -242(7) 3834(7) 7347(5) 38(2) 1
c30 | 691(8) 3879(9) 7446(6) 50(3) 1
C69 | 1671(6)  6814(7) 12378(4) 32(2) 1
C64 | 1653(5)  6726(7) 11732(4) 29(2) 1
C61 | 4860(8)  3443(9) 10970(5) 47(2) 1
c32 | -842(7) 4371(7) 6889(5)  37(2) 1
o) 4499(8)  6083(8) 2499(6)  42(2) 1
C4a5 | 4749(8)  6102(7) 7621(5) 39(2) 1
C68 | 2266(7)  7394(8) 12785(5) 41(2) 1
C27 | 1666(6)  6664(8) 7255(5)  39(2) 1
c1 3239(6)  3294(6) 3163(4) 27(2) 1
C13 | 3148(5)  4825(6) 3912(4) 22(1) 1
c6 3105(7)  3329(7) 2490(4)  35(2) 1
C79 | 152(6) 6676(6) 9069(4)  28(2) 1
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C74
C75
Cc71
Cc33
Cc28
C70
Cc37
C55
C78
Ci4
C25
c7

Cc43
Cc22
C49
C54
C65
Cc44
c8

C17
Cc3

C16
C66
ca7
c77
C56
Cc1o
C80
C15
C26
C12
C11
C51
c4

Cc2

Ca6
Cc48
C57
C38
C76
C29
C42
C52
C82
C62
C58
C60
C40

-828(7)
-517(6)
1035(6)
-547(7)
402(7)
428(6)
-40(6)
3288(6)
958(7)
3542(5)
2931(8)
4538(6)
4764(7)
1646(6)
3500(7)
3496(9)
2245(6)
4288(7)
4062(7)
4530(9)
2159(7)
5142(8)
2844(6)
6196(9)
1363(6)
3628(5)
5415(8)
868(7)
3984(6)
2293(7)
5462(6)
5883(7)
2367(8)
2044(8)
2757(6)
5711(8)
5735(7)
3949(6)
663(8)
1738(6)
1019(8)
-1313(9)
2382(9)
-1072(7)
4309(10)
5905(7)
6606(9)
-1258(7)

4289(8)
4921(7)
4631(7)
4962(8)
5026(7)
5112(7)
6622(7)
4781(6)
5035(7)
5597(6)
7748(11)
4816(6)
4852(6)
6550(9)
3315(7)
3332(9)
7266(7)
5515(7)
5517(7)
3109(11)
2045(7)
3933(10)
7872(8)
5413(9)
4574(7)
5485(6)
5940(7)
7396(7)
5215(7)
7245(9)
4684(7)
5230(8)
2100(9)
2083(8)
2646(6)
6057(8)
4831(8)
5006(7)
7354(8)
5225(7)
4485(9)
4598(10)
2120(10)
5136(7)
2676(10)
5168(8)
4845(11)
5094(8)

11873(5)
11519(4)
12197(5)
6508(4)
6572(4)
11671(4)
3962(4)
8957(4)
9726(5)
4397(4)
7454(8)
3246(4)
8378(4)
6608(5)
8194(4)
7541(5)
11505(4)
7927(5)
2837(5)
5838(5)
2977(5)
5965(5)
11920(5)
8227(7)
10395(5)
9501(5)
2556(5)
9480(5)
5074(4)
7661(6)
3301(5)
2946(6)
7921(6)
2314(5)
3403(4)
7781(5)
8537(6)
10164(5)
4349(6)
10941(5)
7064(6)
3503(6)
7288(7)
9178(5)
10651(6)
10755(7)
11393(8)
4135(5)

35(2)
31(2)
33(2)
36(2)
36(2)
28(2)
31(2)
26(2)
33(2)
22(2)
68(3)
25(2)
28(2)
42(2)
32(2)
51(3)
33(2)
37(2)
33(2)
58(3)
36(2)
53(2)
39(2)
59(3)
34(2)
31(2)
41(2)
37(2)
28(2)
50(2)
36(2)
42(2)
51(3)
42(2)
30(2)
44(2)
43(2)
37(2)
44(2)
36(2)
50(3)
54(3)
62(3)
33(2)
62(3)
55(3)
75(4)
37(2)

R R R R R R R RRPERRPERRPRRAPRRRRPERRPRRPRRARRRRERRRRRRRRERRPERRPRRPRRRRERRPRRBR
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C18
C5
C50
C36
C35
Cc84
C19
C59
C53
c23
C24
c83
Cc20
C34
c21
ca1
ce63
O3A
04B

4961(11)
2523(8)
2919(7)
761(9)
1337(10)
-1006(13)
5978(6)
6362(10)
2937(10)
2297(7)
2917(8)
-1484(8)
6166(8)
1634(10)
6849(9)
-1516(12)
4525(12)
2100(8)
679(13)

4558(13)
2703(8)
2674(7)
4951(9)
4610(12)
4566(13)
5460(8)
5522(9)
2736(9)
7072(11)
7664(12)
4636(9)
5743(10)
5089(13)
5183(11)
4489(11)
3963(16)
4015(8)
4027(16)

6486(5)
2076(5)
8378(6)
4584(5)
5200(7)
8613(8)
5364(6)
10286(8)
7101(6)
6405(7)
6820(8)
9640(5)
4737(7)
5772(6)
5916(8)
4618(7)
11498(7)
10306(7)
10560(11)

Table 6: Bond lengths [A] and angles [°]

Ni1-P1
Ni1-CI0A
Ni1-P2
Ni1-CIOF
Ni2-P3
Ni2-Cl09
Ni2-CIOH
Ni2-P4
Ni4-P7
Ni4-Clo6
Ni4-P8
Ni4-CloG
Ni3-CloB
Ni3-P5
Ni3-P6
Ni3-CloJ
P7-C79
P7-C78
P7-C82
P3-C37
P3-C40
P3-C36
P1-C1
P1-C13
P1-C7

2.164(2)
2.196(2)
2.177(2)
2.211(2)
2.172(2)
2.219(2)
2.191(2)
2.153(2)
2.179(2)
2.215(2)
2.152(2)
2.200(2)
2.194(2)
2.154(2)
2.175(2)
2.219(3)
1.829(9)
1.818(9)
1.839(9)
1.835(9)

1.823(11)
1.819(10)
1.814(9)

1.816(8)

1.817(9)

79(4)
46(2)
40(2)
51(3)
72(4)
100(7)
46(2)
73(4)
59(3)
64(3)
72(3)
42(2)
62(3)
77(4)
81(4)
67(4)
99(6) 1

59(3) 0.750(15)
21(4)  0.250(15)

PR R PR R RRRRRPERRPERRBR

P5-C55
P5-C43
P5-C49
P8-C64
P8-C70
P8-C76
P2-C16
P2-C15
P2-C19
P6-C61
P6-C57
P6-C58
P4-C28
P4-C22
P4-C34
O1-H1
01-Ci14
0O3-H3B
03-C56
C81-H81A
C81-H81B
C81-H81C
C81-C79
02-H2A
02-C35
C73-H73
C73-C72

1.827(8)
1.810(9)
1.794(9)
1.845(10)
1.824(10)
1.834(9)
1.836(12)
1.842(9)
1.885(11)
1.915(12)
1.839(10)
1.842(11)
1.809(12)
1.808(13)
1.840(12)
0.82
1.431(9)
0.82
1.429(10)
0.96

0.96

0.96
1.547(12)
0.82
1.452(12)
0.93
1.380(14)
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C73-C74
C67-H67
C67-C68
C67-C66
C39-H39A
C39-H39B
C39-H39C
C39-C37
C72-H72
C72-C71
C31-H31
C31-C30
C31-C32
C30-H30
C30-C29
C69-H69
C69-C64
C69-C68
C64-C65
C61-H61
C61-C62
C61-C63
C32-H32
C32-C33
C9-H9
C9-C8
C9-C10
C45-H45
C45-C44
C45-C46
C68-H68
C27-H27
C27-C22
C27-C26
C1-Cé
C1-C2
C13-H13A
C13-H13B
C13-Ci14
C6-H6
C6-C5
C79-H79
C79-C80
C74-H74
C74-C75
C75-H75
C75-C70
C71-H71

1.371(14)
0.93
1.410(15)
1.376(15)
0.96
0.96
0.96
1.537(12)
0.93
1.393(14)
0.93
1.368(16)
1.367(14)
0.93
1.394(18)
0.93
1.389(12)
1.347(15)
1.389(13)
0.98
1.437(19)
1.571(17)
0.93
1.354(16)
0.93
1.394(13)
1.372(15)
0.93
1.390(14)
1.396(16)
0.93
0.93
1.393(13)
1.371(17)
1.403(11)
1.385(13)
0.97
0.97
1.525(10)
0.93
1.386(14)
0.98
1.573(14)
0.93
1.367(15)
0.93
1.398(12)
0.93

C71-C70
C33-H33
C33-C28
C28-C29
C37-H37
C37-C38
C55-H55A
C55-H55B
C55-C56
C78-H78A
C78-H78B
C78-C77
C14-H14
C14-C15
C25-H25
C25-C26
C25-C24
C7-C8
C7-C12
C43-C44
C43-C48
C22-C23
C49-C54
C49-C50
C54-H54
C54-C53
C65-H65
C65-C66
C44-H44
C8-H8
C17-H17A
C17-H17B
C17-H17C
C17-Ci6
C3-H3
C3-C4
C3-C2
C16-H16
C16-C18
C66-H66
C47-H47
C47-Ca6
C47-C48
C77-H77
C77-H77A
C77-C76
C77-03A
C77-04B

1.409(12)
0.93
1.407(15)
1.420(13)
0.98
1.561(15)
0.97

0.97
1.523(12)
0.97

0.97
1.537(13)
0.98
1.513(12)
0.93
1.391(17)
1.36(2)
1.397(12)
1.384(12)
1.402(13)
1.409(13)
1.416(15)
1.406(13)
1.419(14)
0.93
1.371(16)
0.93
1.380(15)
0.93

0.93

0.96

0.96

0.96
1.49(2)
0.93
1.386(14)
1.387(13)
0.98
1.531(16)
0.93

0.93
1.382(15)
1.390(14)
0.98

0.98
1.483(15)
1.442(13)
1.44(2)
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C56-H56
C56-C57
C10-H10
C10-C11
C80-H80A
C80-H80B
C80-H80C
C15-H15A
C15-H15B
C26-H26
C12-H12
C12-Ci1
Cl1-H11
C51-H51
C51-C52
C51-C50
C4-H4
C4-C5
C2-H2
C46-Ha6
C48-H48
C57-H57A
C57-H57B
C38-H38A
C38-H38B
C38-H38C
C76-H76A
C76-H76B
C29-H29
C42-H42A
C42-H42B
C42-H42C
C42-C40
C52-H52
C52-C53
C82-H82
C82-C84
C82-C83
C62-H62A
C62-H62B
C62-H62C
C58-H58
C58-C60
C58-C59
C60-H60A
C60-H60B
C60-H60C
C40-H40

0.98
1.528(15)
0.93
1.383(15)
0.96

0.96

0.96

0.97

0.97

0.93

0.93
1.385(13)
0.93

0.93
1.372(19)
1.365(15)
0.93
1.352(17)
0.93

0.93

0.93

0.97

0.97

0.96

0.96

0.96

0.97

0.97

0.93

0.96

0.96

0.96
1.521(14)
0.93
1.37(2)
0.98
1.499(15)
1.513(13)
0.96

0.96

0.96

0.98
1.533(19)
1.48(2)
0.96

0.96

0.96

0.98

C40-C41
C18-H18A
C18-H18B
C18-H18C
C5-H5
C50-H50
C36-H36A
C36-H36B
C36-C35
C35-C34
C84-H84A
C84-H84B
C84-H84C
C19-H19
C19-C20
C19-C21
C59-H59A
C59-H59B
C59-H59C
C53-H53
C23-H23
C23-C24
C24-H24
C83-H83A
C83-H83B
C83-H83C
C20-H20A
C20-H20B
C20-H20C
C34-H34A
C34-H34B
C21-H21A
C21-H21B
C21-H21C
C41-H41A
C41-H41B
C41-H41C
C63-H63A
C63-H63B
C63-H63C
O3A-H3A
04B-H4B

P1-Ni1-CIOA
P1-Ni1-P2
P1-Ni1-CIOF
CIOA-Ni1-CIOF
P2-Ni1-CI0A

1.503(15)
0.96

0.96

0.96

0.93

0.93

0.97

0.97
1.436(17)
1.367(19)
0.96

0.96

0.96

0.98
1.519(19)
1.539(16)
0.96

0.96

0.96

0.93

0.93
1.38(2)
0.93

0.96

0.96

0.96

0.96

0.96

0.96

0.97

0.97

0.96

0.96

0.96

0.96

0.96

0.96

0.96

0.96

0.96

0.82

0.82

88.07(9)
94.04(9)
165.96(11)
91.63(9)
173.97(11)
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P2-Ni1-CIOF
P3-Ni2-CI09
P3-Ni2-CIOH
CIOH-Ni2-CI09
P4-Ni2-P3
P4-Ni2-CI09
P4-Ni2-CIOH
P7-Ni4-Cl06
P7-Ni4-CI0G
P8-Ni4-P7
P8-Ni4-Cl06
P8-Ni4-CI0G
Cl0G-Ni4-Cl06
CIOB-Ni3-Cl0J
P5-Ni3-CIOB
P5-Ni3-P6
P5-Ni3-Cl0J
P6-Ni3-CIOB
P6-Ni3-Cl0J
C79-P7-Ni4
C79-P7-C82
C78-P7-Ni4
C78-P7-C79
C78-P7-C82
C82-P7-Ni4
C37-P3-Ni2
C40-P3-Ni2
C40-P3-C37
C36-P3-Ni2
C36-P3-C37
C36-P3-C40
C1-P1-Ni1
C1-P1-C13
C1-P1-C7
C13-P1-Nil
C13-P1-C7
C7-P1-Ni1
C55-P5-Ni3
C43-P5-Ni3
C43-P5-C55
C49-P5-Ni3
C49-P5-C55
C49-P5-C43
C64-P8-Ni4
C70-P8-Ni4
C70-P8-C64
C70-P8-C76
C76-P8-Ni4

87.69(9)
86.22(9)
174.87(12)
91.12(9)
95.75(10)
173.79(12)
87.35(10)
87.05(9)
177.41(12)
96.11(9)
174.71(10)
85.91(9)
91.06(9)
91.70(10)
88.86(9)
95.63(10)
166.56(11)
170.25(11)
85.95(10)
106.7(3)
107.7(4
121.5(3
102.9(4
107.4(5
109.8(3
105.6(3
110.3(3
109.3(5
121.0(4
103.1(5
106.9(6
116.9(3
99.8(4)
107.7(4
120.5(3
105.3(4
105.6(3
120.7(3
107.1(3
104.5(4
116.7(3
99.7(4)
106.8(4
115.3(3
109.0(3
108.2(4
104.4(5
120.0(3

)
)
)
)
)
)
)
)
)
)
)
)

)
)
)
)
)
)
)
)

)
)
)
)
)
)

C76-P8-C64
C16-P2-Nil
C16-P2-C15
C16-P2-C19
C15-P2-Nil
C15-P2-C19
C19-P2-Nil
C61-P6-Ni3
C57-P6-Ni3
C57-P6-C61
C57-P6-C58
C58-P6-Ni3
C58-P6-C61
C28-P4-Ni2
C28-P4-C34
C22-P4-Ni2
C22-P4-C28
C22-P4-C34
C34-P4-Ni2
C14-01-H1
C56-03-H3B

H81A-C81-H81B
H81A-C81-H81C
H81B-C81-H81C
C79-C81-H81A
C79-C81-H81B
C79-C81-H81C

C35-02-H2A
C72-C73-H73
C74-C73-H73
C74-C73-C72
C68-C67-H67
C66-C67-H67
C66-C67-C68

H39A-C39-H39B
H39A-C39-H39C
H39B-C39-H39C
C37-C39-H39A
C37-C39-H398B
C37-C39-H39C

C73-C72-H72
C73-C72-C71
C71-C72-H72
C30-C31-H31
C32-C31-H31
C32-C31-C30
C31-C30-H30
C31-C30-C29
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98.8(4)
107.0(4)
102.2(5)
109.3(6)
119.5(3)
103.1(4)
114.8(3)
103.6(4)
119.3(3)
103.0(5)
102.1(5)
118.0(4)
110.0(6)
109.7(3)
105.4(7)
114.8(4)
106.4(4)
99.4(7)
119.9(4)
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
119.9
119.9
120.1(10)
120.9
120.9
118.2(10)
109.5
109.5
109.5
109.5
109.5
109.5
120.6
118.9(9)
120.6
119.5
119.5
121.0(11)
120.8
118.5(10)
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C29-C30-H30
C64-C69-H69
C68-C69-H69
C68-C69-C64
C69-C64-P8
C65-C64-P8
C65-C64-C69
P6-C61-H61
C62-C61-P6
C62-C61-H61
C62-C61-C63
C63-C61-P6
C63-C61-H61
C31-C32-H32
C33-C32-C31
C33-C32-H32
C8-C9-H9
C10-C9-H9
C10-C9-C8
C44-C45-H45
C44-C45-Ca6
C46-C45-H45
C67-C68-H68
C69-C68-C67
C69-C68-H68
C22-C27-H27
C26-C27-H27
C26-C27-C22
C6-C1-P1
C2-C1-P1
C2-C1-Cé
P1-C13-H13A
P1-C13-H13B

H13A-C13-H13B

C14-C13-P1
C14-C13-H13A
C14-C13-H13B
C1-C6-H6
C5-C6-C1
C5-C6-H6
P7-C79-H79
C81-C79-P7
C81-C79-H79
C81-C79-C80
C80-C79-P7
C80-C79-H79
C73-C74-H74
C75-C74-C73

120.8
119.5
119.5
121.0(9)
121.3(7)
119.9(7)
118.8(9)
106.6
111.0(7)
106.6
116.8(12)
108.7(11)
106.6
119
122.0(11)
119
120.2
120.2
119.5(9)
120.2
119.5(9)
120.2
119.6
120.9(10)
119.6
119.6
119.6
120.8(10)
121.5(7)
119.6(6)
118.9(8)
108.4
108.4
107.5
115.3(5)
108.4
108.4
119.9
120.2(10)
119.9
107
115.7(7)
107
111.1(8)
108.7(6)
107
119.2
121.6(9)

C75-C74-H74
C74-C75-H75
C74-C75-C70
C70-C75-H75
C72-C71-H71
C72-C71-C70
C70-C71-H71
C32-C33-H33
C32-C33-C28
C28-C33-H33
C33-C28-P4
C33-C28-C29
C29-C28-P4
C75-C70-P8
C75-C70-C71
C71-C70-P8
P3-C37-H37
C39-C37-P3
C39-C37-H37
C39-C37-C38
C38-C37-P3
C38-C37-H37
P5-C55-H55A
P5-C55-H55B

H55A-C55-H55B

C56-C55-P5
C56-C55-H55A
C56-C55-H55B
P7-C78-H78A
P7-C78-H78B

H78A-C78-H78B

C77-C78-P7
C77-C78-H78A
C77-C78-H78B
01-C14-C13
01-C14-H14
01-C14-C15
C13-C14-H14
C15-C14-C13
C15-C14-H14
C26-C25-H25
C24-C25-H25
C24-C25-C26
C8-C7-P1
C12-C7-P1
C12-C7-C8
C44-C43-P5
C44-C43-C48

119.2
119.8
120.4(9)
119.8
119.4
121.3(9)
119.4
120
120.0(9)
120
121.6(7)
117.3(10)
121.1(9)
121.4(7)
117.6(9)
120.9(7)
107.5
114.8(7)
107.5
109.6(9)
109.6(7)
107.5
108.6
108.6
107.5
114.8(6)
108.6
108.6
107.9
107.9
107.2
117.5(6)
107.9
107.9
105.4(6)
110.6
108.7(7)
110.6
110.8(7)
110.6
120.8
120.8
118.3(14)
122.7(7)
119.2(7)
118.1(8)
123.2(7)
117.6(8)

Appendix

162



C48-C43-P5
C27-C22-P4
C27-C22-C23
C23-C22-P4
C54-C49-P5
C54-C49-C50
C50-C49-P5
C49-C54-H54
C53-C54-C49
C53-C54-H54
C64-C65-H65
C66-C65-C64
C66-C65-H65
C45-C44-C43
C45-C44-H4a4
C43-C44-H4a4
C9-C8-C7
C9-C8-H8
C7-C8-H8
H17A-C17-H17B
H17A-C17-H17C
H17B-C17-H17C
C16-C17-H17A
C16-C17-H17B
C16-C17-H17C
C4-C3-H3
C4-C3-C2
C2-C3-H3
P2-C16-H16
C17-C16-P2
C17-C16-H16
C17-C16-C18
C18-C16-P2
C18-C16-H16
C67-C66-C65
C67-C66-H66
C65-C66-H66
C46-C47-HA7
C46-C47-C48
C48-C47-HA7
C78-C77-H77
C78-C77-H77A
C76-C77-C78
C76-C77-H77
C76-C77-H77A
03A-C77-C78
03A-C77-H77
03A-C77-C76

119.1(7)
121.6(8)
116.1(12)
122.3(9)
122.4(8)
118.5(10)
119.1(7)
120.2
119.6(13)
120.2
119.9
120.2(9)
119.9
121.6(10)
119.2
119.2
121.6(9)
119.2
119.2
109.5
109.5
109.5
109.5
109.5
109.5
119.7
120.6(10)
119.7
107
110.8(7)
107
111.8(12)
112.8(10)
107
121.0(10)
119.5
119.5
119.8
120.5(11)
119.8
109.8
108.1
114.3(9)
109.8
108.1
103.1(9)
109.8
109.8(9)

04B-C77-C78
04B-C77-H77A
04B-C77-C76
03-C56-C55
03-C56-H56
03-C56-C57
C55-C56-H56
C55-C56-C57
C57-C56-H56
C9-C10-H10
C9-C10-C11
C11-C10-H10
C79-C80-H80A
C79-C80-H80B
C79-C80-H80C
H80A-C80-H80B
H80A-C80-H80C
H80B-C80-H80C
P2-C15-H15A
P2-C15-H15B
C14-C15-P2
C14-C15-H15A
C14-C15-H15B
H15A-C15-H15B
C27-C26-C25
C27-C26-H26
C25-C26-H26
C7-C12-H12
C7-C12-C11
C11-C12-H12
C10-C11-C12
C10-C11-H11
C12-C11-H11
C52-C51-H51
C50-C51-H51
C50-C51-C52
C3-C4-H4
C5-C4-C3
C5-C4-H4
C1-C2-C3
C1-C2-H2
C3-C2-H2
C45-C46-H4a6
C47-C46-C45
C47-C46-H4a6
C43-C48-H48
C47-C48-C43
C47-CA8-H48
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111.1(11)
108.1
106.8(12)
106.0(7)
110.5
108.8(8)
110.5
110.4(8)
110.5
120.4
119.2(9)
120.4
109.5
109.5
109.5
109.5
109.5
109.5
108.1
108.1
116.9(6)
108.1
108.1
107.3
122.3(13)
118.9
118.9
120.1
119.9(9)
120.1
121.6(9)
119.2
119.2
119.6
119.6
120.7(13)
119.9
120.1(9)
119.9
119.6(9)
120.2
120.2
120
119.9(10)
120
119.6
120.7(9)
119.6
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P6-C57-H57A
P6-C57-H57B
C56-C57-P6
C56-C57-H57A
C56-C57-H57B
H57A-C57-H57B
C37-C38-H38A
C37-C38-H38B
C37-C38-H38C
H38A-C38-H38B
H38A-C38-H38C
H38B-C38-H38C
P8-C76-H76A
P8-C76-H76B
C77-C76-P8
C77-C76-H76A
C77-C76-H76B
H76A-C76-H76B
C30-C29-C28
C30-C29-H29
C28-C29-H29
H42A-C42-H42B
H42A-C42-H42C
H42B-C42-H42C
C40-C42-H42A
C40-C42-Ha2B
C40-C42-H42C
C51-C52-H52
C53-C52-C51
C53-C52-H52
P7-C82-H82
C84-C82-P7
C84-C82-H82
C84-C82-C83
C83-C82-P7
C83-C82-H82
C61-C62-H62A
C61-C62-H62B
C61-C62-H62C
H62A-C62-H62B
H62A-C62-H62C
H62B-C62-H62C
P6-C58-H58
C60-C58-P6
C60-C58-H58
C59-C58-P6
C59-C58-H58
C59-C58-C60

108

108
117.3(6)
108

108
107.2
109.5
109.5
109.5
109.5
109.5
109.5
108.4
108.4
115.4(6)
108.4
108.4
107.5
121.2(11)
119.4
119.4
109.5
109.5
109.5
109.5
109.5
109.5
119.9
120.2(12)
119.9
104.2
116.6(8)
104.2
114.3(10)
111.6(7)
104.2
109.5
109.5
109.5
109.5
109.5
109.5
106.3
115.4(10)
106.3
109.6(9)
106.3
112.2(11)

C58-C60-H60A
C58-C60-H60B
C58-C60-H60C
H60A-C60-H60B
H60A-C60-H60C
H60B-C60-H60C
P3-C40-H40
C42-C40-P3
C42-C40-H40
C41-C40-P3
C41-C40-C42
C41-C40-H40
C16-C18-H18A
C16-C18-H18B
C16-C18-H18C
H18A-C18-H18B
H18A-C18-H18C
H18B-C18-H18C
C6-C5-H5
C4-C5-C6
C4-C5-H5
C49-C50-H50
C51-C50-C49
C51-C50-H50
P3-C36-H36A
P3-C36-H36B
H36A-C36-H36B
C35-C36-P3
C35-C36-H36A
C35-C36-H36B
C36-C35-02
C34-C35-02
C34-C35-C36
C82-C84-H84A
C82-C84-H84B
C82-C84-H84C
H84A-C84-H84B
H84A-C84-H84C
H84B-C84-H84C
P2-C19-H19
C20-C19-P2
C20-C19-H19
C20-C19-C21
C21-C19-P2
C21-C19-H19
C58-C59-H59A
C58-C59-H598B
C58-C59-H59C

109.5
109.5
109.5
109.5
109.5
109.5
105
116.8(7)
105
111.1(9)
112.8(11)
105
109.5
109.5
109.5
109.5
109.5
109.5
119.8
120.4(9)
119.8
120.1
119.9(11)
120.1
106.8
106.8
106.7
122.1(8)
106.8
106.8
106.9(10)
112.5(11)
126.7(13)
109.5
109.5
109.5
109.5
109.5
109.5
106.4
111.0(7)
106.4
114.2(11)
111.9(10)
106.4
109.5
109.5
109.5
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Appendix

H59A-C59-H59B  109.5 P4-C34-H34B 107
H59A-C59-H59C 109.5 C35-C34-P4 121.1(10)
H59B-C59-H59C 109.5 C35-C34-H34A 107
C54-C53-H53 119.4 C35-C34-H34B 107
C52-C53-C54 121.1(12) H34A-C34-H34B 106.8
C52-C53-H53 119.4 C19-C21-H21A 109.5
C22-C23-H23 118.9 C19-C21-H21B 109.5
C24-C23-C22 122.3(13) C19-C21-H21C 109.5
C24-C23-H23 118.9 H21A-C21-H21B 109.5
C25-C24-C23 120.2(12) H21A-C21-H21C 109.5
C25-C24-H24 119.9 H21B-C21-H21C 109.5
C23-C24-H24 119.9 C40-C41-H41A 109.5
C82-C83-H83A 109.5 C40-C41-H41B 109.5
C82-C83-H83B 109.5 C40-C41-H41C 109.5
C82-C83-H83C 109.5 H41A-C41-H41B 109.5
H83A-C83-H83B 109.5 H41A-C41-H41C 109.5
H83A-C83-H83C 109.5 H41B-C41-H41C 109.5
H83B-C83-H83C 109.5 C61-C63-H63A 109.5
C19-C20-H20A 109.5 C61-C63-H63B 109.5
C19-C20-H20B 109.5 C61-C63-H63C 109.5
C19-C20-H20C 109.5 H63A-C63-H63B 109.5
H20A-C20-H20B 109.5 H63A-C63-H63C 109.5
H20A-C20-H20C 109.5 H63B-C63-H63C 109.5
H20B-C20-H20C 109.5 C77-03A-H3A 109.5
P4-C34-H34A 107 C77-04B-H4B 109.5
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Appendix

Bis((1R,55)-2,4-bis(2-(diphenylphosphanyl)benzyl)-1,8,8-trimethyl-2,4-

diazabicyclo[3.2.1]octan-3-ylidene)) gold(l) hexafluorophosphate

Figure 3: Molecular structure of bis(diphosphino carbene) gold complex, pdn1506d. H
atoms, anion and solvent molecules omitted for clarity.
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Appendix

Table 7: Crystal data and structure refinement details

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

V4

Density (calculated)
Absorption coefficient
F(000)

Crystal size

© Range for data collection
Index ranges

Reflections collected
Independent reflections
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [F? > 20(F?)]
R indices (all data)
Extinction coefficient

Table 8: Bond lengths [A]

Atoml Atom2 Length

c1 N1 1.33(1)
c1 N2 1.33(2)
c1 Aul 2.07(1)
c2 c3 1.54(2)
c2 c6 1.54(1)
c2 c7 1.53(1)
c2 N1 1.50(1)
c3 H3A 0.97
c3 H3B 0.97
c3 ca4 1.55(2)
ca H4A 0.97
ca4 H4B 0.97
ca 5 1.53(1)
5 H5 0.98
5 3 1.52(1)

pdn1506d
CosHorAuFeN4Ps
1743.53

298(2) K
0.71073 A
triclinic

P1
a=13.3125(4) A
b =14.2180(5) A
c=23.9651(8) A
4350.0(3) A3

2

1.311 Mg/ m3
1.843 mm™
1784

a=73.630(3) °
B=88.218(3) °
7 = 89.839(3) °

0.229 x 0.098 x 0.046 mm?

3.363 -29.729°

-17<n<17,-19<x<19,-30<41<30

40800

31177 [Rine = 0.0611]
Semi—empirical from equivalents
0920 and 0.678

Full-matrix least-squares on F?
40800 /3 /1993

1.038

R1=0.0605, wR2 =0.1204
R1=0.0923, wR2 =0.1392

n/a

5 N2 1.49(1)
c6 cs 1.55(2)
6 c9 1.54(2)
c7 H7A 0.96
c7 H7B 0.96
c7 H7C 0.96
cs H8A 0.96
cs HSB 0.96
cs H8C 0.96
c9 H9A 0.96
c9 H9B 0.96
c9 HOC 0.96
C10 H10A 0.97
C10 H10B 0.97
C10 c11 1.51(2)
C10 N1 1.47(2)
c11 C12 1.42(2)
c11 C16 1.39(1)
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C12
C12
C13
C13
Ci4
Ci4
C15
C15
Ci6
Cc17
C17
C17
C18
C18
C19
C19
C20
C20
C21
Cc21
C22
Cc23
Cc23
Cc23
C24
C24
C25
C25
C26
C26
Cc27
Cc27
C28
C29
C29
C29
C30
C30
C31
C31
C32
C32
C33
C33
C34
C35
C35
C35

c13
P1
H13
c14
H14
C15
H15
C16
H16
C18
22
P1
H18
C19
H19
20
H20
c21
H21
22
H22
C24
28
P1
H24
25
H25
C26
H26
27
H27
28
H28
30
C34
C042
c31
P4
H31
32
H32
33
H33
C34
H34
36
40
P4

1.37(2)
1.85(1)
0.93
1.38(2)
0.93
1.39(2)
0.93
1.38(2)
0.93
1.38(2)
1.39(1)
1.83(1)
0.93
1.40(2)
0.93
1.35(2)
0.93
1.37(2)
0.93
1.38(2)
0.93
1.38(2)
1.37(2)
1.83(1)
0.93
1.39(2)
0.93
1.39(2)
0.93
1.37(2)
0.93
1.40(2)
0.93
1.39(1)
1.41(2)
1.53(2)
1.39(2)
1.84(1)
0.93
1.38(2)
0.93
1.37(1)
0.93
1.40(2)
0.93
1.40(2)
1.40(2)
1.82(1)

C36
C36
C37
C37
C38
C38
C39
C39
C40
Cc41
C41
C41
Co42
Co42
C042
C42
C42
C43
C43
C44
C44
C45
C45
C46
C47
C47
C47
C48
C48
C48
C48
C49
C49
C49
C50
C50
C50
C51
C51
C51
C52
C52
C53
C53
C53
C54
C54
C54

H36
C37
H37
C38
H38
C39
H39
C40
H40
C42
C46
P4
HO4A
HO4B
N2
H42
C43
H43
C44
H44
C45
H45
C46
H46
N3
N4
Aul
C49
C52
C53
N3
H49A
H49B
C50
H50A
H50B
C51
H51
C52
N4
C54
C55
H53A
H53B
H53C
H54A
H54B
H54C

0.93
1.38(2)
0.93
1.39(2)
0.93
1.40(2)
0.93
1.39(2)
0.93
1.41(2)
1.38(2)
1.83(1)
0.97
0.97
1.48(1)
0.93
1.38(2)
0.93
1.37(2)
0.93
1.39(2)
0.93
1.36(2)
0.93
1.33(1)
1.35(2)
2.06(1)
1.52(2)
1.58(2)
1.52(2)
1.53(1)
0.97
0.97
1.55(2)
0.97
0.97
1.52(2)
0.98
1.53(2)
1.49(2)
1.49(2)
1.56(2)
0.96
0.96
0.96
0.96
0.96
0.96
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C55
C55
C55
C56
C56
C56
C56
C57
C57
C58
C58
C59
C59
c60
c60
Cce61
Cce61
C62
ce3
ce3
ce3
ce4
ce4
C65
65
C66
C66
C67
Cce67
C68
69
Cc69
Cc69
C70
C70
C71
C71
C72
C72
C73
C73
C74
C75
C75
C75
C75
C76
C76

H55A
H55B
H55C
H56A
H56B
C57
N3
C58
C62
C59
P3
H59
c60
H60
Cce61
H61
C62
H62
ce4
C68
P3
H64
65
H65
C66
H66
Cce67
H67
68
H68
C70
C74
P3
H70
C71
H71
C72
H72
C73
H73
C74
H74
H75A
H75B
C76
N4
c77
c81

0.96
0.96
0.96
0.97
0.971
1.52(2)
1.44(2)
1.40(2)
1.39(1)
1.44(2)
1.81(1)
0.93
1.35(2)
0.93
1.36(2)
0.93
1.41(2)
0.93
1.42(2)
1.37(3)
1.82(2)
0.93
1.37(3)
0.93
1.38(3)
0.93
1.38(4)
0.93
1.41(4)
0.93
1.44(2)
1.38(2)
1.80(1)
0.93
1.38(2)
0.93
1.44(2)
0.93
1.32(3)
0.93
1.39(2)
0.93
0.97
0.97
1.51(2)
1.44(2)
1.42(2)
1.38(2)

c77
c77
C78
C78
C79
C79
C80
C80
c81
C82
C82
C82
83
C83
C84
C84
C85
C85
C86
C86
Cc87
C88
88
C88
C89
C89
Cao0
C9o0
ca1
c91
C92
C92
Co3
C030
C030
C030
Co4
Co4
Co4
C95
C95
C95
C95
C96
C96
C96
co7
Cc97

C78
P2
H78
C79
H79
Cc80
H80
c81
H81
c83
Cc87
P2
H83
c84
H84
C85
H85
C86
H86
Cc87
H87
C89
C93
P2
H89
C90
H90
Cc91
H91
C92
H92
C93
H93
HO030
C182
C186
N5
N6
Au2
C96
C99
C100
N5
HI96A
H96B
Cc97
H97A
H97B

1.37(2)
1.83(1)
0.93
1.39(2)
0.93
1.41(2)
0.93
1.36(2)
0.93
1.43(2)
1.35(2)
1.83(1)
0.93
1.40(2)
0.93
1.36(2)
0.93
1.40(3)
0.93
1.41(2)
0.93
1.45(3)
1.38(2)
1.78(1)
0.93
1.37(3)
0.93
1.38(5)
0.93
1.36(4)
0.93
1.43(2)
0.93
0.93
1.38(2)

1.50(2)
0.97
0.97

1.55(2)
0.97
0.97
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Cc97

C98

C98

C98

C99

C99

C100
C100
C100
C101
Ci101
C101
C102
C102
C102
C103
C103
C103
C103
C104
C104
C105
C105
C106
C106
C107
C107
C108
C108
C109
C110
C110
C110
C111
C111
C112
C112
C113
C113
C114
C114
C115
Clie
Clie
Clie
C117
C117
C118

Co8
H98
C99
N6
C101
C102
H10C
H10D
H10E
H10F
H10G
H10H
H10l
H10J
H10K
H10L
H10M
C104
N5
C105
C109
C106
P5
H106
C107
H107
C108
H108
C109
H109
C111
C115
P5
H111
C112
H112
C113
H113
C114
H114
C115
H115
C117
Ci121
P5
H117
C118
H118

1.49(2)
0.98
1.53(2)
1.49(1)
1.53(2)
1.56(2)
0.96
0.96
0.96
0.96
0.96
0.96
0.96
0.96
0.96
0.97
0.97
1.52(2)
1.45(2)
1.40(2)
1.41(2)
1.37(2)
1.85(1)
0.93
1.38(2)
0.93
1.38(2)
0.93
1.38(2)
0.93
1.40(2)
1.36(2)
1.81(2)
0.93
1.37(3)
0.93
1.37(2)
0.93
1.33(2)
0.93
1.42(2)
0.93
1.39(2)
1.39(2)
1.82(1)
0.93
1.41(2)
0.93

C118
C119
C119
C120
C120
C121
C122
C122
C122
C122
C123
Ci23
Cl124
Cl124
C125
C125
C126
C126
C127
C127
C128
C129
C129
C129
C130
C130
C131
C131
C132
C132
C133
C133
C134
C135
C135
C135
C136
C136
C137
C137
C138
C138
C139
C139
C140
C141
C141
C141

C119
H119
C120
H120
C121
H121
H12A
H12B
C123
N6
C124
C128
C125
P6
H125
C126
H126
C127
H127
C128
H128
C130
C134
P6
H130
C131
H131
C132
H132
C133
H133
C134
H134
C136
C140
P6
H136
C137
H137
C138
H138
C139
H139
C140
H140
N7
N8
Au2

1.37(2)
0.93
1.36(3)
0.93
1.41(2)
0.93
0.97
0.97
1.52(2)
1.45(2)
1.40(1)
1.41(2)
1.38(2)
1.86(1)
0.93
1.36(2)
0.93
1.42(2)
0.93
1.34(2)
0.93
1.39(2)
1.41(2)
1.83(1)
0.93
1.39(2)
0.93
1.40(2)
0.93
1.39(2)
0.93
1.39(2)
0.93
1.42(2)
1.35(2)
1.81(1)
0.93
1.34(2)
0.93
1.37(2)
0.93
1.37(2)
0.93
1.39(2)
0.93
1.33(1)
1.34(2)
2.04(1)
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C142
C142
C142
C142
C143
C143
C143
C144
C144
C144
C145
C145
C145
C146
C146
C147
C147
C147
C148
C148
C148
C149
C149
C149
C150
C150
C150
C150
C151
C151
C152
C152
C153
C153
C154
C154
C155
C155
C156
C157
C157
C157
C158
C158
C159
C159
C160
C160

143
C146
C147
N7
H14A
H148B
Cl144
H14C
H14D
C145
H145
Cl46
N8
C148
C149
H14E
H14F
H14G
H14H
H14l
H14)
H14K
H14L
H14M
H15A
H158
C151
N7
C152
C156
C153
P7
H153
C154
H154
C155
H155
C156
H156
C158
C162
P7
H158
€159
H159
C160
H160
c161

1.58(2)
1.53(2)
1.53(2)
1.53(1)
0.97
0.97
1.59(2)
0.97
0.97
1.48(2)
0.98
1.53(2)
1.49(2)
1.56(2)
1.51(2)
0.96
0.96
0.96
0.96
0.96
0.96
0.96
0.96
0.96
0.97
0.97
1.53(2)
1.48(2)
1.41(2)
1.38(1)
1.38(2)
1.86(1)
0.93
1.34(1)
0.93
1.39(2)
0.93
1.39(2)
0.93
1.36(2)
1.39(2)
1.82(1)
0.93
1.38(2)
0.93
1.39(2)
0.93
1.32(2)

Cie1
Cie1
C162
Ci63
Ci163
Ci63
Cl64
Cl64
C165
C165
C166
C166
C167
C167
C168
C169
C169
C169
C169
C170
C170
C171
C171
C172
C172
C173
C173
C174
C174
C175
C176
C176
C176
C177
C177
C178
C178
C179
C179
C180
C180
Ci81
C182
C182
C183
C183
C184
C184

H1l61l
Ci62
H162
Cl64
C168
P7

H164
C165
H165
C166
H166
C167
H167
C168
H168
H16A
H16B
C170
N8

C171
C175
C172
P8

H172
C173
H173
C174
H174
C175
H175
C177
Ci81
P8

H177
C178
H178
C179
H179
C180
H180
Ci81
H181
C183
P8

H183
C184
H184
C185

0.93
1.38(2)
0.93
1.38(2)
1.39(2)
1.84(1)
0.93
1.42(3)
0.93
1.33(3)
0.93
1.37(2)
0.93
1.38(2)
0.93
0.97
0.97
1.52(2)
1.46(2)
1.37(1)
1.40(2)
1.41(2)
1.85(1)
0.93
1.40(2)
0.93
1.37(1)
0.93
1.39(2)
0.93
1.38(2)
1.41(2)
1.82(1)
0.93
1.37(2)
0.93
1.40(2)
0.93
1.37(2)
0.93
1.36(2)
0.93
1.38(2)
1.83(1)
0.93
1.39(2)
0.93
1.35(2)
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C185 H185
C185 C186
C186 H186
F1 P9
F2 P9
F3 P9
F4 P9
F5 P9
F6 P9
F7 P10
F8 P10
F9 P10
F10 P10
F11 P10
F12 P10

0.93
1.37(2)
0.93
1.55(1)
1.54(1)
1.50(2)
1.53(1)
1.62(1)
1.52(1)
1.589(9)
1.593(9)
1.60(1)
1.595(8)
1.59(1)
1.56(1)

Table 9: Bond angles (°)

C(282)-Au(404)-C(189)

C(96)-Au(403)-C(1)

F(392)-P(402)-F(391)
F(392)-P(402)-F(390)
F(392)-P(402)-F(389)
F(392)-P(402)-F(388)
F(392)-P(402)-F(387)
F(391)-P(402)-F(390)
F(391)-P(402)-F(389)
F(391)-P(402)-F(388)
F(391)-P(402)-F(387)
F(390)-P(402)-F(389)
F(390)-P(402)-F(388)
F(390)-P(402)-F(387)
F(389)-P(402)-F(388)
F(389)-P(402)-F(387)
F(388)-P(402)-F(387)
F(386)-P(401)-F(385)
F(386)-P(401)-F(384)
F(386)-P(401)-F(383)
F(386)-P(401)-F(382)
F(386)-P(401)-F(381)
F(385)-P(401)-F(384)
F(385)-P(401)-F(383)
F(385)-P(401)-F(382)
F(385)-P(401)-F(381)
F(384)-P(401)-F(383)
F(384)-P(401)-F(382)
F(384)-P(401)-F(381)

166.304
169.965
178.809
89.153
92.027
91.198
90.497
89.679
87.72
89.966
89.745
89.286
179.238
90.195
90.026
177.415
90.478
175.017
91.351
89.128
92.112
103.737
88.187
85.9
87.987
81.23
88.345
174.451
90.493

F(383)-P(401)-F(382)
F(383)-P(401)-F(381)
F(382)-P(401)-F(381)
C(364)-P(400)-C(353)
C(364)-P(400)-C(344)
C(353)-P(400)-C(344)
C(329)-P(399)-C(318)
C(329)-P(399)-C(309)
C(318)-P(399)-C(309)
C(271)-P(398)-C(260)
C(271)-P(398)-C(251)
C(260)-P(398)-C(251)
C(236)-P(397)-C(225)
C(236)-P(397)-C(216)
C(225)-P(397)-C(216)
C(82)-P(396)-C(71)
C(82)-P(396)-C(60)
C(71)-P(396)-C(60)
C(143)-P(395)-C(132)
C(143)-P(395)-C(123)
C(132)-P(395)-C(123)
C(178)-P(394)-C(167)
C(178)-P(394)-C(158)
C(167)-P(394)-C(158)
C(48)-P(393)-C(37)
C(48)-P(393)-C(28)
C(37)-P(393)-C(28)
C(340)-N(380)-C(290)
C(340)-N(380)-C(282)
C(290)-N(380)-C(282)
C(305)-N(379)-C(283)
C(305)-N(379)-C(282)
C(283)-N(379)-C(282)
C(247)-N(378)-C(197)
C(247)-N(378)-C(189)
C(197)-N(378)-C(189)
C(212)-N(377)-C(190)
C(212)-N(377)-C(189)
C(190)-N(377)-C(189)
C(154)-N(376)-C(104)
C(154)-N(376)-C(96)
C(104)-N(376)-C(96)
C(119)-N(375)-C(97)
C(119)-N(375)-C(96)
C(97)-N(375)-C(96)
C(83)-N(374)-C(9)
C(83)-N(374)-C(1)
C(9)-N(374)-C(1)

Appendix

87.373
167.108

92.895
101.275
100.171
104.139
104.064
102.769
102.647
101.645
102.261
103.371
104.683
100.646
105.293
102.004
102.122
102.302
103.468

98.739
105.171
102.993
103.892
102.234
101.665
104.047
104.388
117.667
121.094

120.64
117.417
116.478
123.581

116.29
122.544
120.988
119.035
117.479
121.685
117.168
121.748
119.885
115.942
119.034
123.939
116.013
122.731
120.697
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C(24)-N(373)-C(2) 116.979 P(400)-C(344)-C(345) 121.208
C(24)-N(373)-C(1) 116.999 P(400)-C(344)-C(343) 119.343
C(2)-N(373)-C(1) 123.483 C(345)-C(344)-C(343) 119.348
H(372)-C(371)-C(369) 120.175 C(351)-C(343)-C(344) 119.113
H(372)-C(371)-C(61) 120.307 C(351)-C(343)-C(340) 118.22
C(369)-C(371)-C(61) 119.518 C(344)-C(343)-C(340) 122.602
H(370)-C(369)-C(371) 120.13 H(342)-C(340)-H(341) 107.657
H(370)-C(369)-C(367) 120.333 H(342)-C(340)-C(343) 108.882
C(371)-C(369)-C(367) 119.536 H(342)-C(340)-N(380)  108.697
H(368)-C(367)-C(369) 119.076 H(341)-C(340)-C(343) 108.797
H(368)-C(367)-C(365) 119.204 H(341)-C(340)-N(380)  108.731
C(369)-C(367)-C(365) 121.72 C(343)-C(340)-N(380) 113.9
H(366)-C(365)-C(367) 119.909 H(339)-C(338)-C(336) 119.792
H(366)-C(365)-C(364) 120.123 H(339)-C(338)-C(329) 119.846
C(367)-C(365)-C(364) 119.968 C(336)-C(338)-C(329) 120.362
P(400)-C(364)-C(365) 124.286 H(337)-C(336)-C(338) 119.855
P(400)-C(364)-C(61) 117.226 H(337)-C(336)-C(334) 119.898
C(365)-C(364)-C(61) 118.487 C(338)-C(336)-C(334) 120.247
H(363)-C(362)-C(360) 119.411 H(335)-C(334)-C(336) 119.737
H(363)-C(362)-C(353) 119.285 H(335)-C(334)-C(332) 119.696
C(360)-C(362)-C(353) 121.304 C(336)-C(334)-C(332) 120.568
H(361)-C(360)-C(362) 119.438 H(333)-C(332)-C(334) 119.69
H(361)-C(360)-C(358) 119.569 H(333)-C(332)-C(330) 119.629
C(362)-C(360)-C(358) 120.994 C(334)-C(332)-C(330) 120.681
H(359)-C(358)-C(360) 120.146 H(331)-C(330)-C(332) 120.345
H(359)-C(358)-C(356) 120.015 H(331)-C(330)-C(329) 120.337
C(360)-C(358)-C(356) 119.839 C(332)-C(330)-C(329) 119.318
H(357)-C(356)-C(358) 120.834 P(399)-C(329)-C(338) 116.972
H(357)-C(356)-C(354) 120.823 P(399)-C(329)-C(330) 124
C(358)-C(356)-C(354) 118.343 C(338)-C(329)-C(330) 118.694
H(355)-C(354)-C(356) 118.215 H(328)-C(327)-C(325) 119.837
H(355)-C(354)-C(353) 118.507 H(328)-C(327)-C(318) 119.705
C(356)-C(354)-C(353) 123.278 C(325)-C(327)-C(318) 120.458
P(400)-C(353)-C(362) 126.115 H(326)-C(325)-C(327) 119.421
P(400)-C(353)-C(354) 117.551 H(326)-C(325)-C(323) 119.433
C(362)-C(353)-C(354) 116.205 C(327)-C(325)-C(323) 121.145
H(352)-C(351)-C(349) 119.21 H(324)-C(323)-C(325) 119.975
H(352)-C(351)-C(343) 119.204 H(324)-C(323)-C(321) 119.877
C(349)-C(351)-C(343) 121.586 C(325)-C(323)-C(321) 120.148
H(350)-C(349)-C(351) 120.28 H(322)-C(321)-C(323) 120.684
H(350)-C(349)-C(347) 120.378 H(322)-C(321)-C(319) 120.505
C(351)-C(349)-C(347) 119.342 C(323)-C(321)-C(319) 118.811
H(348)-C(347)-C(349) 120.04 H(320)-C(319)-C(321) 119.002
H(348)-C(347)-C(345) 120.016 H(320)-C(319)-C(318) 119.097
C(349)-C(347)-C(345) 119.944 C(321)-C(319)-C(318) 121.901
H(346)-C(345)-C(347) 119.796 P(399)-C(318)-C(327) 125.11
H(346)-C(345)-C(344) 119.59 P(399)-C(318)-C(319) 117.368
C(347)-C(345)-C(344) 120.614 C(327)-C(318)-C(319) 117.522
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H(317)-C(316)-C(314)
H(317)-C(316)-C(308)
C(314)-C(316)-C(308)
H(315)-C(314)-C(316)
H(315)-C(314)-C(312)
C(316)-C(314)-C(312)
H(313)-C(312)-C(314)
H(313)-C(312)-C(310)
C(314)-C(312)-C(310)
H(311)-C(310)-C(312)
H(311)-C(310)-C(309)
C(312)-C(310)-C(309)
P(399)-C(309)-C(310)
P(399)-C(309)-C(308)
C(310)-C(309)-C(308)
C(309)-C(308)-C(316)
C(309)-C(308)-C(305)
C(316)-C(308)-C(305)
H(307)-C(305)-H(306)
H(307)-C(305)-C(308)
H(307)-C(305)-N(379)
H(306)-C(305)-C(308)
H(306)-C(305)-N(379)
C(308)-C(305)-N(379)
H(304)-C(301)-H(303)
H(304)-C(301)-H(302)
H(304)-C(301)-C(292)
H(303)-C(301)-H(302)
H(303)-C(301)-C(292)
H(302)-C(301)-C(292)
H(300)-C(297)-H(299)
H(300)-C(297)-H(298)
H(300)-C(297)-C(292)
H(299)-C(297)-H(298)
H(299)-C(297)-C(292)
H(298)-C(297)-C(292)
H(296)-C(293)-H(295)
H(296)-C(293)-H(294)
H(296)-C(293)-C(283)
H(295)-C(293)-H(294)
H(295)-C(293)-C(283)
H(294)-C(293)-C(283)
C(297)-C(292)-C(301)
C(297)-C(292)-C(290)
C(297)-C(292)-C(283)
C(301)-C(292)-C(290)
C(301)-C(292)-C(283)
C(290)-C(292)-C(283)

119.515
119.506
120.979
120.523
120.493
118.984
119.961

119.81

120.23
118.923
118.775
122.302
123.219

117.92
118.522
118.958
118.629
122.323
107.431
108.226

108.09
108.374
108.155
116.246

109.58
109.336
109.493
109.457
109.588
109.372
109.429
109.522
109.442
109.537
109.423
109.475
109.531
109.493
109.366
109.425
109.456
109.556
108.561
109.459
110.729
115.883
114.853

96.912

H(291)-C(290)-C(292)
H(291)-C(290)-N(380)
H(291)-C(290)-C(287)
C(292)-C(290)-N(380)
C(292)-C(290)-C(287)
N(380)-C(290)-C(287)
H(289)-C(287)-H(288)
H(289)-C(287)-C(290)
H(289)-C(287)-C(284)
H(288)-C(287)-C(290)
H(288)-C(287)-C(284)
C(290)-C(287)-C(284)
H(286)-C(284)-H(285)
H(286)-C(284)-C(287)
H(286)-C(284)-C(283)
H(285)-C(284)-C(287)
H(285)-C(284)-C(283)
C(287)-C(284)-C(283)
C(284)-C(283)-N(379)
C(284)-C(283)-C(292)
C(284)-C(283)-C(293)
N(379)-C(283)-C(292)
N(379)-C(283)-C(293)
C(292)-C(283)-C(293)
Au(404)-C(282)-N(380)
Au(404)-C(282)-N(379)
N(380)-C(282)-N(379)
H(281)-C(280)-C(278)
H(281)-C(280)-C(271)
C(278)-C(280)-C(271)
H(279)-C(278)-C(280)
H(279)-C(278)-C(276)
C(280)-C(278)-C(276)
H(277)-C(276)-C(278)
H(277)-C(276)-C(274)
C(278)-C(276)-C(274)
H(275)-C(274)-C(276)
H(275)-C(274)-C(272)
C(276)-C(274)-C(272)
H(273)-C(272)-C(274)
H(273)-C(272)-C(271)
C(274)-C(272)-C(271)
P(398)-C(271)-C(272)
P(398)-C(271)-C(280)
C(272)-C(271)-C(280)
H(270)-C(269)-C(267)
H(270)-C(269)-C(260)
C(267)-C(269)-C(260)

Appendix

110.653
110.712
110.652
107.521
106.195
110.971
108.545
110.443
110.419
110.432
110.376
106.627

109.41

111.83
111.856

111.77
111.713

100.04
105.966
106.275

114.09
105.926
108.841
115.072
122.639
119.664
116.546
118.322
118.444
123.233

120.46
120.516
119.024
120.549
120.404
119.046
119.261
119.273
121.466
119.449
119.307
121.244
125.347
118.718
115.864
119.641
119.737
120.622
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H(268)-C(267)-C(269)
H(268)-C(267)-C(265)
C(269)-C(267)-C(265)
H(266)-C(265)-C(267)
H(266)-C(265)-C(263)
C(267)-C(265)-C(263)
H(264)-C(263)-C(265)
H(264)-C(263)-C(261)
C(265)-C(263)-C(261)
H(262)-C(261)-C(263)
H(262)-C(261)-C(260)
C(263)-C(261)-C(260)
P(398)-C(260)-C(269)
P(398)-C(260)-C(261)
C(269)-C(260)-C(261)
H(259)-C(258)-C(256)
H(259)-C(258)-C(250)
C(256)-C(258)-C(250)
H(257)-C(256)-C(258)
H(257)-C(256)-C(254)
C(258)-C(256)-C(254)
H(255)-C(254)-C(256)
H(255)-C(254)-C(252)
C(256)-C(254)-C(252)
H(253)-C(252)-C(254)
H(253)-C(252)-C(251)
C(254)-C(252)-C(251)
P(398)-C(251)-C(252)
P(398)-C(251)-C(250)
C(252)-C(251)-C(250)
C(258)-C(250)-C(251)
C(258)-C(250)-C(247)
C(251)-C(250)-C(247)
H(249)-C(247)-H(248)
H(249)-C(247)-C(250)
H(249)-C(247)-N(378)
H(248)-C(247)-C(250)
H(248)-C(247)-N(378)
C(250)-C(247)-N(378)
H(246)-C(245)-C(243)
H(246)-C(245)-C(236)
C(243)-C(245)-C(236)
H(244)-C(243)-C(245)
H(244)-C(243)-C(241)
C(245)-C(243)-C(241)
H(242)-C(241)-C(243)
H(242)-C(241)-C(239)
C(243)-C(241)-C(239)

119.611
119.559
120.829

120.76
120.781
118.459
119.569
119.525
120.906
119.506
119.294
121.199
125.579
116.475
117.928

118.85
118.962
122.189
120.603
120.446
118.951
120.332
120.419
119.248
118.772

119.01
122.218
121.398
119.816
118.715
118.507
119.463
122.023
107.837
109.017
108.999
108.878
108.829
113.146
118.947
119.143
121.909
121.376
121.291
117.333
118.152
118.261
123.587

H(240)-C(239)-C(241)
H(240)-C(239)-C(237)
C(241)-C(239)-C(237)
H(238)-C(237)-C(239)
H(238)-C(237)-C(236)
C(239)-C(237)-C(236)
P(397)-C(236)-C(245)
P(397)-C(236)-C(237)
C(245)-C(236)-C(237)
H(235)-C(234)-C(232)
H(235)-C(234)-C(225)
C(232)-C(234)-C(225)
H(233)-C(232)-C(234)
H(233)-C(232)-C(230)
C(234)-C(232)-C(230)
H(231)-C(230)-C(232)
H(231)-C(230)-C(228)
C(232)-C(230)-C(228)
H(229)-C(228)-C(230)
H(229)-C(228)-C(226)
C(230)-C(228)-C(226)
H(227)-C(226)-C(228)
H(227)-C(226)-C(225)
C(228)-C(226)-C(225)
P(397)-C(225)-C(226)
P(397)-C(225)-C(234)
C(226)-C(225)-C(234)
H(224)-C(223)-C(221)
H(224)-C(223)-C(215)
C(221)-C(223)-C(215)
H(222)-C(221)-C(223)
H(222)-C(221)-C(219)
C(223)-C(221)-C(219)
H(220)-C(219)-C(221)
H(220)-C(219)-C(217)
C(221)-C(219)-C(217)
H(218)-C(217)-C(219)
H(218)-C(217)-C(216)
C(219)-C(217)-C(216)
P(397)-C(216)-C(217)
P(397)-C(216)-C(215)
C(217)-C(216)-C(215)
C(223)-C(215)-C(216)
C(223)-C(215)-C(212)
C(216)-C(215)-C(212)
H(214)-C(212)-H(213)
H(214)-C(212)-C(215)
H(214)-C(212)-N(377)

Appendix

120.954
120.934
118.111
119.525
119.621
120.853
124.134
117.704
118.136
119.146
119.248
121.606
119.67
119.708
120.621
120.587
120.524
118.889
119.397
119.327
121.276
119.155
119.117
121.728
125.114
118.202
115.863
119.7
119.627
120.673
119.783
119.859
120.358
120.284
120.259
119.457
119.524
119.59
120.885
122.404
116.829
120.767
117.838
120.951
120.854
107.292
107.99
108.173
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H(213)-C(212)-C(215)
H(213)-C(212)-N(377)
C(215)-C(212)-N(377)
H(211)-C(208)-H(210)
H(211)-C(208)-H(209)
H(211)-C(208)-C(199)
H(210)-C(208)-H(209)
H(210)-C(208)-C(199)
H(209)-C(208)-C(199)
H(207)-C(204)-H(206)
H(207)-C(204)-H(205)
H(207)-C(204)-C(199)
H(206)-C(204)-H(205)
H(206)-C(204)-C(199)
H(205)-C(204)-C(199)
H(203)-C(200)-H(202)
H(203)-C(200)-H(201)
H(203)-C(200)-C(190)
H(202)-C(200)-H(201)
H(202)-C(200)-C(190)
H(201)-C(200)-C(190)
C(208)-C(199)-C(204)
C(208)-C(199)-C(197)
C(208)-C(199)-C(190)
C(204)-C(199)-C(197)
C(204)-C(199)-C(190)
C(197)-C(199)-C(190)
H(198)-C(197)-C(199)
H(198)-C(197)-N(378)
H(198)-C(197)-C(194)
C(199)-C(197)-N(378)
C(199)-C(197)-C(194)
N(378)-C(197)-C(194)
H(196)-C(194)-H(195)
H(196)-C(194)-C(197)
H(196)-C(194)-C(191)
H(195)-C(194)-C(197)
H(195)-C(194)-C(191)
C(197)-C(194)-C(191)
H(193)-C(191)-H(192)
H(193)-C(191)-C(194)
H(193)-C(191)-C(190)
H(192)-C(191)-C(194)
H(192)-C(191)-C(190)
C(194)-C(191)-C(190)
C(191)-C(190)-C(199)
C(191)-C(190)-C(200)
C(191)-C(190)-N(377)

108.032
108.074
116.907
109.445
109.372
109.518
109.514
109.455
109.523
109.374
109.352
109.522
109.527
109.531
109.521
109.619
109.469
109.431
109.5
109.334
109.475
104.995
115.955
114.95
109.182
113.941
98.008
111.213
111.165
111.226
107.591
104.729
110.678
108.586
110.51
110.558
110.444
110.423
106.319
109.144
111.218
111.231
111.306
111.352
102.49
103.985
114.022
106.147

C(199)-C(190)-C(200)
C(199)-C(190)-N(377)
C(200)-C(190)-N(377)
Au(404)-C(189)-N(377)
Au(404)-C(189)-N(378)
N(377)-C(189)-N(378)
H(188)-C(187)-C(185)
H(188)-C(187)-C(178)
C(185)-C(187)-C(178)
H(186)-C(185)-C(187)
H(186)-C(185)-C(183)
C(187)-C(185)-C(183)
H(184)-C(183)-C(185)
H(184)-C(183)-C(181)
C(185)-C(183)-C(181)
H(182)-C(181)-C(183)
H(182)-C(181)-C(179)
C(183)-C(181)-C(179)
H(180)-C(179)-C(181)
H(180)-C(179)-C(178)
C(181)-C(179)-C(178)
P(394)-C(178)-C(179)
P(394)-C(178)-C(187)
C(179)-C(178)-C(187)
H(177)-C(176)-C(174)
H(177)-C(176)-C(167)
C(174)-C(176)-C(167)
H(175)-C(174)-C(176)
H(175)-C(174)-C(172)
C(176)-C(174)-C(172)
H(173)-C(172)-C(174)
H(173)-C(172)-C(170)
C(174)-C(172)-C(170)
H(171)-C(170)-C(172)
H(171)-C(170)-C(168)
C(172)-C(170)-C(168)
H(169)-C(168)-C(170)
H(169)-C(168)-C(167)
C(170)-C(168)-C(167)
P(394)-C(167)-C(168)
P(394)-C(167)-C(176)
C(168)-C(167)-C(176)
H(166)-C(165)-C(163)
H(166)-C(165)-C(157)
C(163)-C(165)-C(157)
H(164)-C(163)-C(165)
H(164)-C(163)-C(161)
C(165)-C(163)-C(161)

Appendix

115.524
106.554
109.905
118.484
121.756
118.214
119.224
119.186
121.589
119.121
119.259
121.619
122.127
121.451
116.421
117.487
117.476
125.036

120.46
120.616
118.924
120.818
121.602
116.362
119.322
119.334
121.344
120.156
120.196
119.648
120.239
120.245
119.516
119.527
119.428
121.045
120.206
120.086
119.707

115.93
125.449
118.617
118.189
118.334
123.477
120.789
120.645
118.566
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H(162)-C(161)-C(163)
H(162)-C(161)-C(159)
C(163)-C(161)-C(159)
H(160)-C(159)-C(161)
H(160)-C(159)-C(158)
C(161)-C(159)-C(158)
P(394)-C(158)-C(159)
P(394)-C(158)-C(157)
C(159)-C(158)-C(157)
C(158)-C(157)-C(165)
C(158)-C(157)-C(154)
C(165)-C(157)-C(154)
H(156)-C(154)-H(155)
H(156)-C(154)-C(157)
H(156)-C(154)-N(376)
H(155)-C(154)-C(157)
H(155)-C(154)-N(376)
C(157)-C(154)-N(376)
H(153)-C(152)-C(150)
H(153)-C(152)-C(143)
C(150)-C(152)-C(143)
H(151)-C(150)-C(152)
H(151)-C(150)-C(148)
C(152)-C(150)-C(148)
H(149)-C(148)-C(150)
H(149)-C(148)-C(146)
C(150)-C(148)-C(146)
H(147)-C(146)-C(148)
H(147)-C(146)-C(144)
C(148)-C(146)-C(144)
H(145)-C(144)-C(146)
H(145)-C(144)-C(143)
C(146)-C(144)-C(143)
P(395)-C(143)-C(144)
P(395)-C(143)-C(152)
C(144)-C(143)-C(152)
H(142)-C(141)-C(139)
H(142)-C(141)-C(132)
C(139)-C(141)-C(132)
H(140)-C(139)-C(141)
H(140)-C(139)-C(137)
C(141)-C(139)-C(137)
H(138)-C(137)-C(139)
H(138)-C(137)-C(135)
C(139)-C(137)-C(135)
H(136)-C(135)-C(137)
H(136)-C(135)-C(133)
C(137)-C(135)-C(133)

120.814
120.934
118.251
118.467
118.266
123.267
123.833

118.14
117.985
118.428
120.786
120.786

107.78
108.959
108.926
108.844
108.701

113.48
118.828
118.765
122.407
120.105
119.941
119.954
119.185
119.146
121.669

120.85
120.924
118.225
119.816
119.719
120.464
117.567
125.085
117.258
119.839

119.77

120.39
120.989
120.295
118.704
118.945
118.546
122.507
121.258
121.163

117.58

H(134)-C(133)-C(135)
H(134)-C(133)-C(132)
C(135)-C(133)-C(132)
P(395)-C(132)-C(133)
P(395)-C(132)-C(141)
C(133)-C(132)-C(141)
H(131)-C(130)-C(128)
H(131)-C(130)-C(122)
C(128)-C(130)-C(122)
H(129)-C(128)-C(130)
H(129)-C(128)-C(126)
C(130)-C(128)-C(126)
H(127)-C(126)-C(128)
H(127)-C(126)-C(124)
C(128)-C(126)-C(124)
H(125)-C(124)-C(126)
H(125)-C(124)-C(123)
C(126)-C(124)-C(123)
P(395)-C(123)-C(124)
P(395)-C(123)-C(122)
C(124)-C(123)-C(122)
C(123)-C(122)-C(130)
C(123)-C(122)-C(119)
C(130)-C(122)-C(119)
H(121)-C(119)-H(120)
H(121)-C(119)-C(122)
H(121)-C(119)-N(375)
H(120)-C(119)-C(122)
H(120)-C(119)-N(375)
C(122)-C(119)-N(375)
H(118)-C(115)-H(117)
H(118)-C(115)-H(116)
H(118)-C(115)-C(106)
H(117)-C(115)-H(116)
H(117)-C(115)-C(106)
H(116)-C(115)-C(106)
H(114)-C(111)-H(113)
H(114)-C(111)-H(112)
H(114)-C(111)-C(106)
H(113)-C(111)-H(112)
H(113)-C(111)-C(106)
H(112)-C(111)-C(106)
H(110)-C(107)-H(109)
H(110)-C(107)-H(108)
H(110)-C(107)-C(97)

H(109)-C(107)-H(108)
H(109)-C(107)-C(97)

H(108)-C(107)-C(97)

Appendix

118.88
118.941
122.178
116.771
124.518

118.56
119.685
119.671
120.643
120.192

120.22
119.588

119.41
119.394
121.196
119.284
119.217
121.499
124.507
118.365
117.122
119.911
120.218
119.744
106.932
107.737
107.771
107.788
107.781
118.318
109.524
109.505
109.398

109.54

109.47

109.39
109.442
109.532
109.493
109.425
109.418
109.517
109.288
109.512
109.346
109.549
109.498
109.633
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C(115)-C(106)-C(111)
C(115)-C(106)-C(104)
C(115)-C(106)-C(97)
C(111)-C(106)-C(104)
C(111)-C(106)-C(97)
C(104)-C(106)-C(97)
H(105)-C(104)-C(106)
H(105)-C(104)-N(376)
H(105)-C(104)-C(101)
C(106)-C(104)-N(376)
C(106)-C(104)-C(101)
N(376)-C(104)-C(101)
H(103)-C(101)-H(102)
H(103)-C(101)-C(104)
H(103)-C(101)-C(98)
H(102)-C(101)-C(104)
H(102)-C(101)-C(98)
C(104)-C(101)-C(98)
H(100)-C(98)-H(99)
H(100)-C(98)-C(101)
H(100)-C(98)-C(97)
H(99)-C(98)-C(101)
H(99)-C(98)-C(97)
C(101)-C(98)-C(97)
C(106)-C(97)-N(375)
C(106)-C(97)-C(98)
C(106)-C(97)-C(107)
N(375)-C(97)-C(98)
N(375)-C(97)-C(107)
C(98)-C(97)-C(107)
Au(403)-C(96)-N(376)
Au(403)-C(96)-N(375)
N(376)-C(96)-N(375)
H(95)-C(94)-C(92)
H(95)-C(94)-C(82)
C(92)-C(94)-C(82)
H(93)-C(92)-C(94)
H(93)-C(92)-C(90)
C(94)-C(92)-C(90)
H(91)-C(90)-C(92)
H(91)-C(90)-C(88)
C(92)-C(90)-C(88)
H(89)-C(88)-C(90)
H(89)-C(88)-C(86)
C(90)-C(88)-C(86)
H(87)-C(86)-C(88)
H(87)-C(86)-C(82)
C(88)-C(86)-C(82)

109.604
108.602
109.682
114.841
115.801

97.649

111.11
111.196
111.139
107.445
105.448
110.291
108.796
110.693
110.905
110.776
110.834
104.815
108.829
110.836

110.74
110.703

110.66
105.052
105.064
103.138
111.851
106.824
112.163
116.793

123.37
118.602
117.705
118.614
118.757
122.628
120.623
120.735
118.642
119.255

119.34
121.405
120.518
120.573
118.909
119.312
119.304
121.384

H(85)-C(83)-H(84)
H(85)-C(83)-N(374)
H(85)-C(83)-C(59)
H(84)-C(83)-N(374)
H(84)-C(83)-C(59)
N(374)-C(83)-C(59)
P(396)-C(82)-C(86)
P(396)-C(82)-C(94)
C(86)-C(82)-C(94)
H(81)-C(80)-C(78)
H(81)-C(80)-C(71)
C(78)-C(80)-C(71)
H(79)-C(78)-C(80)
H(79)-C(78)-C(76)
C(80)-C(78)-C(76)
H(77)-C(76)-C(78)
H(77)-C(76)-C(74)
C(78)-C(76)-C(74)
H(75)-C(74)-C(76)
H(75)-C(74)-C(72)
C(76)-C(74)-C(72)
H(73)-C(72)-C(74)
H(73)-C(72)-C(71)
C(74)-C(72)-C(71)
P(396)-C(71)-C(72)
P(396)-C(71)-C(80)
C(72)-C(71)-C(80)
H(70)-C(69)-C(67)
H(70)-C(69)-C(59)
C(67)-C(69)-C(59)
H(68)-C(67)-C(69)
H(68)-C(67)-C(65)
C(69)-C(67)-C(65)
H(66)-C(65)-C(67)
H(66)-C(65)-C(63)
C(67)-C(65)-C(63)
H(64)-C(63)-C(65)
H(64)-C(63)-C(60)
C(65)-C(63)-C(60)
H(62)-C(61)-C(371)
H(62)-C(61)-C(364)
C(371)-C(61)-C(364)
P(396)-C(60)-C(63)
P(396)-C(60)-C(59)
C(63)-C(60)-C(59)
C(83)-C(59)-C(69)
C(83)-C(59)-C(60)
C(69)-C(59)-C(60)

Appendix

107.817
109.122
109.053
109.032
109.199
112.506
124.081
118.867
117.031

118.96
118.725
122.315
120.725
120.857
118.418
119.968

120.04
119.992
119.583
119.781
120.636
119.697
119.768
120.535
115.642
126.264
118.043

120.34

120.55

119.11

119.31
119.306
121.383
120.927
121.002

118.07

118.33
118.449

123.22
119.605

119.73
120.665
122.793
119.171
117.892
116.913
122.552
120.319
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H(58)-C(57)-C(55)
H(58)-C(57)-C(48)
C(55)-C(57)-C(48)
H(56)-C(55)-C(57)
H(56)-C(55)-C(53)
C(57)-C(55)-C(53)
H(54)-C(53)-C(55)
H(54)-C(53)-C(51)
C(55)-C(53)-C(51)
H(52)-C(51)-C(53)
H(52)-C(51)-C(49)
C(53)-C(51)-C(49)
H(50)-C(49)-C(51)
H(50)-C(49)-C(48)
C(51)-C(49)-C(48)
P(393)-C(48)-C(49)
P(393)-C(48)-C(57)
C(49)-C(48)-C(57)
H(47)-C(46)-C(44)
H(47)-C(46)-C(37)
C(44)-C(46)-C(37)
H(45)-C(44)-C(46)
H(45)-C(44)-C(42)
C(46)-C(44)-C(42)
H(43)-C(42)-C(44)
H(43)-C(42)-C(40)
C(44)-C(42)-C(40)
H(41)-C(40)-C(42)
H(41)-C(40)-C(38)
C(42)-C(40)-C(38)
H(39)-C(38)-C(40)
H(39)-C(38)-C(37)
C(40)-C(38)-C(37)
P(393)-C(37)-C(46)
P(393)-C(37)-C(38)
C(46)-C(37)-C(38)
H(36)-C(35)-C(33)
H(36)-C(35)-C(27)
C(33)-C(35)-C(27)
H(34)-C(33)-C(35)
H(34)-C(33)-C(31)
C(35)-C(33)-C(31)
H(32)-C(31)-C(33)
H(32)-C(31)-C(29)
C(33)-C(31)-C(29)
H(30)-C(29)-C(31)
H(30)-C(29)-C(28)
C(31)-C(29)-C(28)

119.627
119.472
120.901
120.539
120.613
118.847
119.35
119.44
121.21
120.549
120.591
118.86
119.748
119.605
120.647
116.53
123.735
119.522
119.402
119.382
121.217
120.093
120.118
119.789
120.013
119.8
120.187
119.853
119.631
120.515
119.738
119.488
120.774
118.505
123.975
117.499
119.497
119.455
121.049
120.566
120.562
118.872
119.507
119.472
121.021
119.686
120.025
120.289

P(393)-C(28)-C(29)
P(393)-C(28)-C(27)
C(29)-C(28)-C(27)
C(28)-C(27)-C(35)
C(28)-C(27)-C(24)
C(35)-C(27)-C(24)
H(26)-C(24)-H(25)
H(26)-C(24)-C(27)
H(26)-C(24)-N(373)
H(25)-C(24)-C(27)
H(25)-C(24)-N(373)
C(27)-C(24)-N(373)
H(23)-C(20)-H(22)
H(23)-C(20)-H(21)
H(23)-C(20)-C(11)
H(22)-C(20)-H(21)
H(22)-C(20)-C(11)
H(21)-C(20)-C(11)
H(19)-C(16)-H(18)
H(19)-C(16)-H(17)
H(19)-C(16)-C(11)
H(18)-C(16)-H(17)
H(18)-C(16)-C(11)
H(17)-C(16)-C(11)
H(15)-C(12)-H(14)
H(15)-C(12)-H(13)
H(15)-C(12)-C(2)
H(14)-C(12)-H(13)
H(14)-C(12)-C(2)
H(13)-C(12)-C(2)
C(16)-C(11)-C(20)
C(16)-C(11)-C(9)
C(16)-C(11)-C(2)
C(20)-C(11)-C(9)
C(20)-C(11)-C(2)
C(9)-C(11)-C(2)
H(10)-C(9)-C(11)
H(10)-C(9)-N(374)
H(10)-C(9)-C(6)
C(11)-C(9)-N(374)
C(11)-C(9)-C(6)
N(374)-C(9)-C(6)
H(8)-C(6)-H(7)
H(8)-C(6)-C(9)
H(8)-C(6)-C(3)
H(7)-C(6)-C(9)
H(7)-C(6)-C(3)
C(9)-C(6)-C(3)

Appendix

122.472
117.597
119.655
119.014
118.857
122.018
107.112
107.783
107.862
107.832
107.805
117.981
109.434
109.504
109.483

109.46
109.498
109.447
109.474
109.378
109.458
109.596
109.516
109.407
109.549
109.413
109.457
109.442
109.465
109.501
107.827
109.176
111.976
114.338
115.514

97.729
111.181
111.214
111.356
107.651
104.805

110.39
108.821

110.88
110.869
110.818
110.859
104.567
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H(5)-C(3)-H(4)
H(5)-C(3)-C(6)
H(5)-C(3)-C(2)
H(4)-C(3)-C(6)
H(4)-C(3)-C(2)
C(6)-C(3)-C(2)
C(11)-C(2)-C(3)
C(11)-C(2)-C(12)

108.975
110.998
110.938
110.956

110.91
104.016
103.985

113.59

C(11)-C(2)-N(373)
C(3)-C(2)-C(12)
C(3)-C(2)-N(373)
C(12)-C(2)-N(373)
Au(403)-C(1)-N(373)
Au(403)-C(1)-N(374)
N(373)-C(1)-N(374)

Appendix

106.296
113.996

107.27
111.097
118.522
122.751
117.244
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Appendix

Bis((1R,55)-2,4-bis(pyridine-2-ylmethyl)-1,8,8-trimethyl-2,4-diazabicyclo[3.2.1]octan-3-

ylidene)) gold(l) tetrafluoroborate

Figure 4: Molecular structure of bis(dipyridyl carbene) gold complex, pdn1505

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

V4

Density (calculated)
Absorption coefficient
F(000)

Crystal size

© Range for data collection
Index ranges

Reflections collected
Independent reflections
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [F* > 20({F?)]

pdn1505

C45H53AUBF4N30

1743.53

298(2) K

1.54184 A

monoclinic

P2;

a=16.7838(2) A a=90°
b =13.04800(10) A B=91.259°
c=20.4063(2) A 7=90°
4467.8 A

4

1.503 Mg/ m3

6.688 mm™!

2048

0.414 x 0.233 x 0.141 mm?
3.373 -74.030°

~14< <20, -16< k<16, -25< 1< 25
17626

17021

Semi—empirical from equivalents
0.920 and 0.678

Full-matrix least-squares on F?
17626 /2016 / 1353

1.041

R1=0.0347, wR2 = 0.0895
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R indices (all data)

Extinction coefficient

Atom1
c1
Cc1
c1
C2
C2
Cc3
C3
Ca
Ca
Cc5
Cc5
((3)
ceé
((3)
c7
c7
c7
c8
c8
c8
c8
Cc9
Cc9
Cc9
Ci10
Cc10
Cci10
C11
C11
C11
C12
C12
C13
C13
C13
Ci14
Ci14
Ci14
C15
C15
C15
Cile

Atom2
C2
C6
N1
H2
c3
H3
Ca
H4
(65
H5
N1
H6A
H6B
N2
N2
N3
Aul
H8
(°]
C12
N2
H9A
H9B
Cci10
H10A
H10B
C11
C12
C13
N3
Ci14
C15
H13A
H13B
H13C
H14A
H14B
H14C
H15A
H15B
H15C
H16A

Table 10:Bond lengths (A)

Length
1.31(2)
1.49(1)
1.37(2)
0.93
1.32(2)
0.93
1.37(3)
0.93
1.38(3)
0.93
1.46(2)
0.969
0.97
1.47(1)
1.33(1)
1.33(1)
2.062(8)
0.98
1.52(1)
1.53(1)
1.50(1)
0.97
0.97
1.54(1)
0.97
0.97
1.54(1)
1.54(1)
1.52(1)
1.53(1)
1.51(1)
1.54(1)
0.96
0.96
0.96
0.96
0.96
0.959
0.96
0.96
0.96
0.97

R1=0.0367, wR2 = 0.0917

n/a

Ci6
Ci6
Ci6
Cc17
C17
C18
C18
C19
C19
C20
C20
Cc21
C21
C22
C22
C22
Cc23
Cc23
C24
C24
C25
C25
C26
C26
C27
Cc27
C27
Cc28
Cc28
Cc28
C29
C29
C29
C29
C30
C30
C30
C31
C31
C31
C32
C32
C32
C33

H16B
ci7
N3
Cc18
N4
H18
C19
H19
Cc20
H20
Cc21
H21
N4
H22
Cc23
N5
H23
Cc24
H24
C25
H25
C26
Cc27
N5
H27A
H27B
N6
N6
N7
Aul
C30
C33
C34
N6
H30A
H30B
C31
H31A
H31B
C32
H32
C33
N7
C35

0.97
1.51(1)
1.46(1)
1.39(1)
1.33(1)

0.93
1.39(2)

0.93
1.37(2)

0.93
1.35(2)

0.93
1.35(1)

0.93
1.34(2)
1.34(2)

0.93
1.37(3)

0.93
1.43(2)

0.93
1.38(2)
1.51(1)
1.34(1)

0.97

0.97
1.46(1)
1.35(1)
1.34(1)

2.051(8)
1.55(2)
1.55(1)
1.51(1)
1.53(1)

0.97

0.97
1.53(1)

0.97

0.97
1.53(1)

0.981
1.52(1)
1.47(1)
1.54(1)
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C33
C34
C34
C34
C35
C35
C35
C36
C36
C36
C37
C37
C37
C37
C38
C38
C39
C39
C40
C40
C41
C41
C42
C42
N9

N9

C43
C43
C44
C44
C45
C45
C46
C46
Cc47
C48
C48
C48
C49
C49
C49
C50
C50
C50
C50
C51
C51
C51

C36
H34A
H34B
H34C
H35A
H35B
H35C
H36A
H36B
H36C
H37A
H378B
C38
N7
C39
N8
H39
C40
H40
Cc41
H41
Cc42
H42
N8
Cc43
Cca7
H43
C44
H44
C45
H45
C46
H46
ca7
C48
H48A
H48B
N10
N10
N11
Au2
C51
C54
C55
N10
H51A
H51B
C52

1.54(1)
0.96
0.96
0.96

0.959
0.96
0.96
0.96
0.96
0.96

0.971
0.97

1.50(1)

1.47(1)

1.39(1)

1.34(1)
0.93

1.38(1)
0.93

1.40(1)
0.93

1.40(1)

0.929
1.34(1)
1.390(9)
1.391(9)
0.929
1.390(9)
0.93
1.390(9)
0.93
1.390(9)
0.929
1.390(9)

1.50(1)
0.97
0.97

1.48(2)
0.97
0.97

1.56(2)

C52
C52
C52
C53
C53
C53
C54
C54
C55
C55
C55
C56
C56
C56
C57
C57
C57
C58
C58
C58
C58
N12
N12
C59
Ce60
ce0
ce61
ce1
C62
C62
ce63
Cce4
Cce4
Cce4
C65
C65
C66
C66
ce67
ce67
C68
C68
Cc69
c69
Cc69
C70
C70
C70

H52A
H52B
C53
H53
C54
N11
C56
C57
H55A
H55B
H55C
H56A
H56B
H56C
H57A
H57B
H57C
H58A
H58B
N11
C59
C59
Cc63
Cc60
H60
c61
H61
C62
H62
C63
H63
H64
C65
N13
H65
Ccé66
H66
Cce67
H67
c68
Cc69
N13
H69A
H69B
N14
N14
N15
Au2

0.97
0.97
1.54(2)
0.98
1.53(2)
1.46(2)
1.56(2)
1.54(2)
0.96
0.96
0.96
0.96
0.96
0.96
0.96
0.96
0.96
0.97
0.97
1.38(2)
1.48(2)
1.39(1)
1.39(1)
1.39(1)
0.93
1.39(1)
0.929
1.39(1)
0.93
1.39(1)
0.93
0.93
1.35(2)
1.34(1)
0.93
1.40(2)
0.93
1.37(2)
0.93
1.39(1)
1.52(1)
1.35(1)
0.969
0.97
1.47(1)
1.35(2)
1.36(2)
2.01(2)
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C71 C72
C71 C75
C71 C76
C71 N14
C72 H72A
C72 H72B
C72 C73
C73 H73A
C73 H73B
C73 C74
C74 H74
C74 C75
C74 N15
C75 C77
C75 C78
C76 H76A
C76 H76B
C76 H76C
C77 H77A
C77 H77B
C77 H77C
C78 H78A
C78 H78B
C78 H78C
C79 H79A
C79 H79B
C79 N15
C79 C80
C80 C81
C80 N16
C81 H81
C81 C82

H(325)-C(322)-H(324)
H(325)-C(322)-H(323)
H(325)-C(322)-C(317)
H(324)-C(322)-H(323)
H(324)-C(322)-C(317)
H(323)-C(322)-C(317)
H(321)-C(318)-H(320)
H(321)-C(318)-H(319)
H(321)-C(318)-C(317)
H(320)-C(318)-H(319)

1.55(2)
1.55(2)
1.54(2)
1.50(1)
0.97
0.97
1.54(2)
0.97
0.97
1.54(2)
0.98
1.53(2)
1.51(1)
1.54(2)
1.52(2)
0.96
0.96
0.96
0.96
0.96
0.96
0.96
0.96
0.96
0.97
0.97
1.42(1)
1.39(2)
1.39(1)
1.39(1)
0.931
1.39(1)

Table 11: Bond angles (°)

108.95
109.449
109.926
109.015
109.608
109.871
109.281
109.409
109.375
109.606

c82
c82
cs3
cs3
c84
cs4
F1
F2
F3
F4
F5
F6
F7
F8
o1
85
85
cs6
cs6
cs6
c87
c87
c87
02
cs8
css
c89
c89
c89
€90
€90
€90

H82
C83
H83
C84
H84
N16
B1
B1
B1
B1
B2
B2
B2
B2
C85
C86
C87
H86A
H86B
H86C
H87A
H87B
H87C
C88
C89
C90
H89A
H89B
H89C
HO0A
HO0B
H90C

0.932
1.39(1)
0.93
1.39(1)
0.93
1.39(1)
1.32(2)
1.28(2)
1.35(2)
1.31(2)
1.32(2)
1.35(2)
1.36(2)
1.34(2)
1.22(4)
1.49(3)
1.39(4)
0.96
0.96
0.96
0.96
0.96
0.97
1.23(3)
1.49(3)
1.49(3)
0.96
0.96
0.96
0.96
0.96
0.96
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H(320)-C(318)-C(317)
H(319)-C(318)-C(317)
C(322)-C(317)-C(318)
C(322)-C(317)-0(316)
C(318)-C(317)-0(316)
H(315)-C(312)-H(314)
H(315)-C(312)-H(313)
H(315)-C(312)-C(307)
H(314)-C(312)-H(313)
H(314)-C(312)-C(307)
H(313)-C(312)-C(307)
H(311)-C(308)-H(310)
H(311)-C(308)-H(309)
H(311)-C(308)-C(307)
H(310)-C(308)-H(309)
H(310)-C(308)-C(307)
H(309)-C(308)-C(307)
C(308)-C(307)-C(312)
C(308)-C(307)-0(306)
C(312)-C(307)-0(306)
F(301)-B(305)-F(300)

F(301)-B(305)-F(299)

F(301)-B(305)-F(298)

F(300)-B(305)-F(299)

F(300)-B(305)-F(298)

F(299)-B(305)-F(298)

F(297)-B(304)-F(296)

F(297)-B(304)-F(295)

F(297)-B(304)-F(294)

F(296)-B(304)-F(295)

F(296)-B(304)-F(294)

F(295)-B(304)-F(294)

H(252)-C(251)-C(253)
H(252)-C(251)-C(249)
C(253)-C(251)-C(249)
H(250)-C(249)-C(251)
H(250)-C(249)-C(247)
C(251)-C(249)-C(247)
H(248)-C(247)-C(249)
H(248)-C(247)-N(256)
C(249)-C(247)-N(256)
C(255)-N(256)-C(247)
H(254)-C(253)-C(255)
H(254)-C(253)-C(251)
C(255)-C(253)-C(251)
C(257)-C(255)-N(256)
C(257)-C(255)-C(253)
N(256)-C(255)-C(253)

109.622
109.533
109.199
119.718
128.472
108.918
109.212
109.444
109.571
109.752
109.924
109.762
109.286
109.594
109.372
109.554
109.257
127.313
104.038
128.649
104.358
103.518
103.993
118.283
114.362
110.423
115.691
112.607
106.301
114.234
102.696
103.637
120.037
119.966
119.997
119.983
120.053
119.964
119.957
120.045
119.998
120.023

120.14
119.889
119.971
119.958
119.995
120.048
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H(259)-C(257)-H(258)
H(259)-C(257)-N(283)
H(259)-C(257)-C(255)
H(258)-C(257)-N(283)
H(258)-C(257)-C(255)
N(283)-C(257)-C(255)
H(282)-C(279)-H(281)
H(282)-C(279)-H(280)
H(282)-C(279)-C(270)
H(281)-C(279)-H(280)
H(281)-C(279)-C(270)
H(280)-C(279)-C(270)
H(278)-C(275)-H(277)
H(278)-C(275)-H(276)
H(278)-C(275)-C(270)
H(277)-C(275)-H(276)
H(277)-C(275)-C(270)
H(276)-C(275)-C(270)
H(274)-C(271)-H(273)
H(274)-C(271)-H(272)
H(274)-C(271)-C(261)
H(273)-C(271)-H(272)
H(273)-C(271)-C(261)
H(272)-C(271)-C(261)
H(269)-C(268)-C(270)
H(269)-C(268)-C(265)
C(270)-C(268)-C(265)
H(267)-C(265)-H(266)
H(267)-C(265)-C(268)
H(267)-C(265)-C(262)
H(266)-C(265)-C(268)
H(266)-C(265)-C(262
C(268)-C(265)-C(262
C(275)-C(270)-C(279
C(275)-C(270)-C(268
C(275)-C(270)-C(261
C(279)-C(270)-C(268
C(279)-C(270)-C(261
C(268)-C(270)-C(261
H(264)-C(262)-H(263)
H(264)-C(262)-C(265)
H(264)-C(262)-C(261)
H(263)-C(262)-C(265)
H(263)-C(262)-C(261)

)

)

)

)
)
)
)
)
)
)
)

C(265)-C(262)-C(261
C(271)-C(261)-C(270
C(271)-C(261)-C(262
C(271)-C(261)-N(283)

111.192
113.598

113.25
113.638
113.124

90.667
109.821
109.792
109.755
108.937
109.328
109.189
109.568
109.521
109.481
109.364
109.487
109.407
109.586
109.481
109.334
109.579
109.449
109.398
112.284
112.202
105.564
109.386
111.344
111.373
111.613
111.544
101.418
107.193
108.844
111.661
115.964
115.975

96.921
108.836

110.86
110.889
110.908
110.781
104.538
114.229
116.755
104.971
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C(270)-C(261)-C(262)
C(270)-C(261)-N(283)
C(262)-C(261)-N(283)
C(261)-N(283)-C(260)
C(261)-N(283)-C(257)
C(260)-N(283)-C(257)
Au(303)-C(260)-N(283)
H(245)-C(244)-N(246)
H(245)-C(244)-C(242)
N(246)-C(244)-C(242)
H(243)-C(242)-C(244)
H(243)-C(242)-C(240)
C(244)-C(242)-C(240)
H(241)-C(240)-C(242)
H(241)-C(240)-C(238)
C(242)-C(240)-C(238)
C(244)-N(246)-C(237)
H(239)-C(238)-C(240)
H(239)-C(238)-C(237)
C(240)-C(238)-C(237)
C(238)-C(237)-N(246)
C(238)-C(237)-C(232)
N(246)-C(237)-C(232)
H(234)-C(232)-H(233)
H(234)-C(232)-N(236)
H(234)-C(232)-C(237)
H(233)-C(232)-N(236)
H(233)-C(232)-C(237)
N(236)-C(232)-C(237)
H(231)-C(228)-H(230)
H(231)-C(228)-H(229)
H(231)-C(228)-C(219)
H(230)-C(228)-H(229)
H(230)-C(228)-C(219)
H(229)-C(228)-C(219)
H(227)-C(224)-H(226)
H(227)-C(224)-H(225)
H(227)-C(224)-C(219)
H(226)-C(224)-H(225)
H(226)-C(224)-C(219)
H(225)-C(224)-C(219)
H(202)-C(201)-C(203)
H(202)-C(201)-C(199)
C(203)-C(201)-C(199)
H(200)-C(199)-C(201)
H(200)-C(199)-C(197)
C(201)-C(199)-C(197)
H(198)-C(197)-C(199)

109.581
105.518
104.564
115.488
106.829
136.86
123.912
120.058
119.936
120.006
119.946
120.111
119.943
119.922
119.975
120.102
119.88
120.052
120.016
119.931
120.138
121.444
118.274
108.51
110.313
110.195
110.289
110.273
107.263
109.473
109.44
109.402
109.513
109.484
109.514
109.438
109.63
109.411
109.497
109.347
109.503
120.87
120.73
118.4
120.779
120.713
118.507
117.647
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H(198)-C(197)-N(293)
C(199)-C(197)-N(293)
C(205)-N(293)-C(197)
H(204)-C(203)-C(205)
H(204)-C(203)-C(201)
C(205)-C(203)-C(201)
C(206)-C(205)-N(293)
C(206)-C(205)-C(203)
N(293)-C(205)-C(203)
H(208)-C(206)-H(207)
H(208)-C(206)-N(235)
H(208)-C(206)-C(205)
H(207)-C(206)-N(235)
H(207)-C(206)-C(205)
N(235)-C(206)-C(205)
H(186)-C(185)-C(183)
H(186)-C(185)-N(177)
C(183)-C(185)-N(177)
H(184)-C(183)-C(185)
H(184)-C(183)-C(181)
C(185)-C(183)-C(181)
H(182)-C(181)-C(183)
H(182)-C(181)-C(179)
C(183)-C(181)-C(179)
H(180)-C(179)-C(181)
H(180)-C(179)-C(178)
C(181)-C(179)-C(178)
C(185)-N(177)-C(178)
C(179)-C(178)-N(177)
C(179)-C(178)-C(172)
N(177)-C(178)-C(172)
H(174)-C(172)-H(173)
H(174)-C(172)-C(178)
H(174)-C(172)-N(176)
H(173)-C(172)-C(178)
H(173)-C(172)-N(176)
C(178)-C(172)-N(176)
H(171)-C(168)-H(170)
H(171)-C(168)-H(169
H(171)-C(168)-C(159)
H(170)-C(168)-H(169
H(170)-C(168)-C(159)
H(169)-C(168)-C(159)
H(167)-C(164)-H(166)
H(167)-C(164)-H(165
H(167)-C(164)-C(159
H(166)-C(164)-H(165
H(166)-C(164)-C(159

)
)

)
)
)
)

117.675
124.678
116.433
120.42
120.311
119.269
117.211
119.873
122.689
107.482
108.581
108.702
108.549
108.753
114.551
119.982
119.929
120.089
120.044
120.042
119.913
119.994
119.908
120.098
120.04
120.007
119.953
119.954
119.992
109.654
130.352
109.149
111.466
111.504
111.466
111.527
101.6
110.123
108.899
109.216
109.826
109.779
108.973
109.831
109.602
109.239
109.77
109.263
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H(165)-C(164)-C(159)
H(193)-C(192)-C(194)
H(193)-C(192)-C(190)
C(194)-C(192)-C(190)
H(191)-C(190)-C(192)
H(191)-C(190)-C(188)
C(192)-C(190)-C(188)
H(189)-C(188)-C(190)
H(189)-C(188)-N(187)
C(190)-C(188)-N(187)
H(195)-C(194)-C(196)
H(195)-C(194)-C(192)
C(196)-C(194)-C(192)
C(196)-N(187)-C(188)
C(194)-C(196)-N(187)
C(194)-C(196)-C(146)
N(187)-C(196)-C(146)
H(148)-C(146)-H(147)
H(148)-C(146)-C(196)
H(148)-C(146)-N(175)
H(147)-C(146)-C(196)
H(147)-C(146)-N(175)
C(196)-C(146)-N(175)
H(223)-C(220)-H(222)
H(223)-C(220)-H(221)
H(223)-C(220)-C(210)
H(222)-C(220)-H(221)
H(222)-C(220)-C(210)
H(221)-C(220)-C(210)
H(163)-C(160)-H(162)
H(163)-C(160)-H(161)
H(163)-C(160)-C(150)
H(162)-C(160)-H(161)
H(162)-C(160)-C(150)
H(161)-C(160)-C(150)
H(216)-C(214)-H(215)
H(216)-C(214)-C(217)
H(216)-C(214)-C(211)
H(215)-C(214)-C(217)
H(215)-C(214)-C(211)
C(217)-C(214)-C(211)
C(224)-C(219)-C(228)
C(224)-C(219)-C(217)
C(224)-C(219)-C(210)
C(228)-C(219)-C(217)
C(228)-C(219)-C(210)
C(217)-C(219)-C(210)
H(213)-C(211)-H(212)

109.118
120.063
119.946
119.991
120.038
119.952
120.01
120.055
119.954
119.992
119.915
120.074
120.011
119.998
119.998
133.376
106.489
105.868
105.801
105.941
106.04
106.161
125.623
109.356
109.412
109.482
109.537
109.439
109.601
109.143
109.323
109.051
110
109.658
109.648
109.019
111.033
111.016
111.03
111.125
103.557
101.39
111.107
113.414
117.994
116.024
97.529
108.711
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H(213)-C(211)-C(214)
H(213)-C(211)-C(210)
H(212)-C(211)-C(214)
H(212)-C(211)-C(210)
C(214)-C(211)-C(210)
H(218)-C(217)-C(219)
H(218)-C(217)-N(236)
H(218)-C(217)-C(214)
C(219)-C(217)-N(236)
C(219)-C(217)-C(214)
N(236)-C(217)-C(214)
C(232)-N(236)-C(217)
C(232)-N(236)-C(209)
C(217)-N(236)-C(209)
C(211)-C(210)-C(219)
C(211)-C(210)-C(220)
C(211)-C(210)-N(235)
C(219)-C(210)-C(220)
C(219)-C(210)-N(235)
C(220)-C(210)-N(235)
C(210)-N(235)-C(209)
C(210)-N(235)-C(206)
C(209)-N(235)-C(206)
H(156)-C(154)-H(155)
H(156)-C(154)-C(157)
H(156)-C(154)-C(151)
H(155)-C(154)-C(157)
H(155)-C(154)-C(151)
C(157)-C(154)-C(151)
C(164)-C(159)-C(168)
C(164)-C(159)-C(157)
C(164)-C(159)-C(150)
C(168)-C(159)-C(157)
C(168)-C(159)-C(150)
C(157)-C(159)-C(150)
H(153)-C(151)-H(152)
H(153)-C(151)-C(154)
H(153)-C(151)-C(150)
H(152)-C(151)-C(154)
H(152)-C(151)-C(150)
C(154)-C(151)-C(150)
H(158)-C(157)-C(159)
H(158)-C(157)-N(176)
H(158)-C(157)-C(154)
C(159)-C(157)-N(176)
C(159)-C(157)-C(154)
N(176)-C(157)-C(154)
C(172)-N(176)-C(157)

110.755
110.737
110.677
110.689
105.259
110.872
110.921
110.995
110.428
102.879

110.49
117.965
123.162
118.801
102.325
113.378
112.866
112.967
106.593
108.482
120.372
121.496
117.659
109.165
110.576
110.648
110.893
110.977

104.53
104.934
109.815
111.328
122.806
105.526
102.267
108.566

110.36
110.139
110.288
110.318
107.171
112.751
112.671
112.454
107.588

99.472
111.089

96.297
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C(172)-N(176)-C(149)
C(157)-N(176)-C(149)
C(159)-C(150)-C(151)
C(159)-C(150)-C(160)
C(159)-C(150)-N(175)
C(151)-C(150)-C(160)
C(151)-C(150)-N(175)
C(160)-C(150)-N(175)
C(150)-N(175)-C(149)
C(150)-N(175)-C(146)
C(149)-N(175)-C(146)
Au(303)-C(209)-N(236)
Au(303)-C(209)-N(235)
N(236)-C(209)-N(235)
Au(303)-C(149)-N(176)
Au(303)-C(149)-N(175)
N(176)-C(149)-N(175)
C(260)-Au(303)-C(209)
C(260)-Au(303)-C(149)
C(260)-Au(303)-C(108)
C(209)-Au(303)-C(149)
C(209)-Au(303)-C(108)
C(149)-Au(303)-C(108)
H(145)-C(144)-C(142)
H(145)-C(144)-N(136)
C(142)-C(144)-N(136)
H(143)-C(142)-C(144)
H(143)-C(142)-C(140)
C(144)-C(142)-C(140)
H(141)-C(140)-C(142)
H(141)-C(140)-C(138)
C(142)-C(140)-C(138)
H(139)-C(138)-C(140)
H(139)-C(138)-C(137)
C(140)-C(138)-C(137)
C(144)-N(136)-C(137)
C(138)-C(137)-N(136)
C(138)-C(137)-C(131)
N(136)-C(137)-C(131)
H(133)-C(131)-H(132)
H(133)-C(131)-C(137)
H(133)-C(131)-N(135)
H(132)-C(131)-C(137)
H(132)-C(131)-N(135)
C(137)-C(131)-N(135)
H(130)-C(127)-H(129)
H(130)-C(127)-H(128)
H(130)-C(127)-C(118)

143.757
119.844
99.864
114.965
107.837
113.903
108.423
111.105
119.544
127.31
113.01
117.345
122.831
119.341
115911
121.591
122.002
3.618
177.968
175.735
176.001
172.134
5.094
120.065
119.97
119.965
119.948
120.038
120.013
120.078
119.865
120.057
120.118
119.891
119.991
120.009
119.964
117.809
122.226
107.742
108.985
108.823
108.877
108.89
113.376
109.405
109.51
109.525
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H(129)-C(127)-H(128)
H(129)-C(127)-C(118)
H(128)-C(127)-C(118)
H(126)-C(123)-H(125)
H(126)-C(123)-H(124)
H(126)-C(123)-C(118)
H(125)-C(123)-H(124)
H(125)-C(123)-C(118)
H(124)-C(123)-C(118)
H(122)-C(119)-H(121)
H(122)-C(119)-H(120)
H(122)-C(119)-C(109)
H(121)-C(119)-H(120)
H(121)-C(119)-C(109)
H(120)-C(119)-C(109)
C(131)-N(135)-C(116)
C(131)-N(135)-C(108)
C(116)-N(135)-C(108)
H(115)-C(113)-H(114)
H(115)-C(113)-C(116)
H(115)-C(113)-C(110)
H(114)-C(113)-C(116)
H(114)-C(113)-C(110)
C(116)-C(113)-C(110)
H(117)-C(116)-C(118)
H(117)-C(116)-N(135)
H(117)-C(116)-C(113)
C(118)-C(116)-N(135)
C(118)-C(116)-C(113)
N(135)-C(116)-C(113)
C(123)-C(118)-C(127
C(123)-C(118)-C(116
C(123)-C(118)-C(109
C(127)-C(118)-C(116
C(127)-C(118)-C(109
C(116)-C(118)-C(109
H(112)-C(110)-H(111)
H(112)-C(110)-C(113)
H(112)-C(110)-C(109)

)

)

)
)
)
)
)
)

H(111)-C(110)-C(113
H(111)-C(110)-C(109
C(113)-C(110)-C(109)
Au(303)-C(108)-N(134)
Au(303)-C(108)-N(135)
N(134)-C(108)-N(135)
C(118)-C(109)-C(110)
C(118)-C(109)-C(119)
C(118)-C(109)-N(134)

109.477
109.406
109.504
109.467
109.565
109.415
109.412
109.474
109.495
109.516
109.399
109.437
109.544
109.51
109.42
107.447
128.51
123.916
108.655
110.338
110.394
110.445
110.407
106.6
113.246
113.341
113.346
106.135
101.713
108.177
109.841
108.235
111.353
113.61
113.401
100.003
108.98
111.075
111.093
111.092
111.154
103.385
123.93
118.444
117.478
104.673
114.446
106.617
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C(110)-C(109)-C(119)
C(110)-C(109)-N(134)
C(119)-C(109)-N(134)
C(109)-N(134)-C(108)
C(109)-N(134)-C(105)
C(108)-N(134)-C(105)
H(107)-C(105)-H(106)
H(107)-C(105)-N(134)
H(107)-C(105)-C(104)
H(106)-C(105)-N(134)
H(106)-C(105)-C(104)
N(134)-C(105)-C(104)
H(103)-C(102)-C(104)
H(103)-C(102)-C(100)
C(104)-C(102)-C(100)
H(101)-C(100)-C(102)
H(101)-C(100)-C(98)
C(102)-C(100)-C(98)
H(99)-C(98)-C(100)
H(99)-C(98)-C(96)
C(100)-C(98)-C(96)
H(97)-C(96)-C(98)
H(97)-C(96)-N(95)
C(98)-C(96)-N(95)
C(104)-N(95)-C(96)
C(105)-C(104)-C(102)
C(105)-C(104)-N(95)
C(102)-C(104)-N(95)
H(94)-C(93)-N(292)
H(94)-C(93)-C(91)
N(292)-C(93)-C(91)
H(92)-C(91)-C(93)
H(92)-C(91)-C(89)
C(93)-C(91)-C(89)
H(90)-C(89)-C(91)
H(90)-C(89)-C(87)
C(91)-C(89)-C(87)
C(93)-N(292)-C(86)
H(88)-C(87)-C(89)
H(88)-C(87)-C(86)
C(89)-C(87)-C(86)
C(87)-C(86)-N(292)
C(87)-C(86)-C(83)
N(292)-C(86)-C(83)
H(85)-C(83)-H(84)
H(85)-C(83)-C(86)
H(85)-C(83)-N(291)
H(84)-C(83)-C(86)

110.641
107.232
112.673
120.92
124.616
113.967
107.632
108.624
108.64
108.64
108.627
114.472
119.953
119.998
120.049
120.003
119.984
120.012
120.004
119.959
120.037
120.113
119.919
119.967
119.988
127.955
112.098
119.946
118.827
118.697
122.477
120.626
120.571
118.803
120.903
120.935
118.162
118.287
120.314
120.48
119.206
122.994
121.833
115.153
107.866
109.377
109.4
109.373
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H(84)-C(83)-N(291)
C(86)-C(83)-N(291)
H(82)-C(79)-H(81)
H(82)-C(79)-H(80)
H(82)-C(79)-C(70)
H(81)-C(79)-H(80)
H(81)-C(79)-C(70)
H(80)-C(79)-C(70)
H(78)-C(75)-H(77)
H(78)-C(75)-H(76)
H(78)-C(75)-C(70)
H(77)-C(75)-H(76)
H(77)-C(75)-C(70)
H(76)-C(75)-C(70)
H(53)-C(52)-C(54)
H(53)-C(52)-C(50)
C(54)-C(52)-C(50)
H(51)-C(50)-C(52)
H(51)-C(50)-C(48)
C(52)-C(50)-C(48)
H(49)-C(48)-N(289)
H(49)-C(48)-C(50)
N(289)-C(48)-C(50)
C(56)-N(289)-C(48)
H(55)-C(54)-C(56)
H(55)-C(54)-C(52)
C(56)-C(54)-C(52)
C(57)-C(56)-N(289)
C(57)-C(56)-C(54)
N(289)-C(56)-C(54)
H(59)-C(57)-H(58)
H(59)-C(57)-N(290)
H(59)-C(57)-C(56)
H(58)-C(57)-N(290)
H(58)-C(57)-C(56)
N(290)-C(57)-C(56)
H(74)-C(71)-H(73)
H(74)-C(71)-H(72)
H(74)-C(71)-C(61)
H(73)-C(71)-H(72)
H(73)-C(71)-C(61)
H(72)-C(71)-C(61)
H(67)-C(65)-H(66)
H(67)-C(65)-C(68)
H(67)-C(65)-C(62)
H(66)-C(65)-C(68)
H(66)-C(65)-C(62)
C(68)-C(65)-C(62)

109.462
111.296
109.406
109.389
109.503

109.59
109.439
109.501
109.566
109.538
109.444
109.561
109.339
109.378
119.057
118.987
121.955

121.78
121.698
116.522
117.186
117.243

125.57
117.145
122.542
122.444
115.014
117.209
118.914
123.759
107.472
108.371
108.543
108.293
108.421
115.471
109.547
109.579
109.353
109.394
109.529
109.426
108.816
110.844
110.687
110.702
110.646
105.126
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C(79)-C(70)-C(75)
C(79)-C(70)-C(68)
C(79)-C(70)-C(61)
C(75)-C(70)-C(68)
C(75)-C(70)-C(61)
C(68)-C(70)-C(61)
H(64)-C(62)-H(63)
H(64)-C(62)-C(65)
H(64)-C(62)-C(61)
H(63)-C(62)-C(65)
H(63)-C(62)-C(61)
C(65)-C(62)-C(61)
H(69)-C(68)-C(70)
H(69)-C(68)-N(291)
H(69)-C(68)-C(65)
C(70)-C(68)-N(291)
C(70)-C(68)-C(65)
N(291)-C(68)-C(65)
C(83)-N(291)-C(68)
C(83)-N(291)-C(60)
C(68)-N(291)-C(60)
C(70)-C(61)-C(62)
C(70)-C(61)-N(290)
C(70)-C(61)-C(71)
C(62)-C(61)-N(290)
C(62)-C(61)-C(71)
N(290)-C(61)-C(71)
C(61)-N(290)-C(60)
C(61)-N(290)-C(57)
C(60)-N(290)-C(57)

Au(302)-C(60)-N(290)
Au(302)-C(60)-N(291)

N(290)-C(60)-N(291)
C(60)-Au(302)-C(13)
H(47)-C(46)-N(288)
H(47)-C(46)-C(44)
N(288)-C(46)-C(44)
H(45)-C(44)-C(46)
H(45)-C(44)-C(42)
C(46)-C(44)-C(42)
H(43)-C(42)-C(44)
H(43)-C(42)-C(40)
C(44)-C(42)-C(40)
C(46)-N(288)-C(39)
H(41)-C(40)-C(42)
H(41)-C(40)-C(39)
C(42)-C(40)-C(39)
C(40)-C(39)-N(288)

108.714
108.835
111.236
114.537
114.316

98.873
108.792
110.729
110.618
110.664
110.756
105.266

111.52
111.514
111.543
107.724
104.367
109.877
117.666
120.897
120.994
103.057
105.798
114.727
106.067
114.451
111.839
122.214
118.426

119.17
120.963
121.209
117.824
179.195
117.964
117.952
124.085
120.367
120.162
119.471
120.664

120.72
118.615
116.258

120.94
120.895
118.165
123.399
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C(40)-C(39)-C(36)
N(288)-C(39)-C(36)
H(38)-C(36)-H(37)
H(38)-C(36)-C(39)
H(38)-C(36)-N(287)
H(37)-C(36)-C(39)
H(37)-C(36)-N(287)
C(39)-C(36)-N(287)
H(35)-C(32)-H(34)
H(35)-C(32)-H(33)
H(35)-C(32)-C(23)
H(34)-C(32)-H(33)
H(34)-C(32)-C(23)
H(33)-C(32)-C(23)
H(31)-C(28)-H(30)
H(31)-C(28)-H(29)
H(31)-C(28)-C(23)
H(30)-C(28)-H(29)
H(30)-C(28)-C(23)
H(29)-C(28)-C(23)
H(9)-C(8)-N(285)
H(9)-C(8)-C(6)
N(285)-C(8)-C(6)
H(7)-C(6)-C(8)
H(7)-C(6)-C(4)
C(8)-C(6)-C(4)
H(5)-C(4)-C(6)
H(5)-C(4)-C(2)
C(6)-C(4)-C(2)
C(8)-N(285)-C(1)
H(3)-C(2)-C(4)
H(3)-C(2)-C(1)
C(4)-C(2)-C(1)
C(10)-C(1)-N(285)
C(10)-C(1)-C(2)
N(285)-C(1)-C(2)
H(12)-C(10)-H(11)
H(12)-C(10)-N(286)
H(12)-C(10)-C(1)
H(11)-C(10)-N(286)
H(11)-C(10)-C(1)
N(286)-C(10)-C(1)
H(27)-C(24)-H(26)
H(27)-C(24)-H(25)
H(27)-C(24)-C(22)
H(26)-C(24)-H(25)
H(26)-C(24)-C(22)
H(25)-C(24)-C(22)

—_—

—_— —

119.863
116.692
107.546
108.321

108.43
108.399
108.441
115.442
109.498
109.409
109.549
109.362
109.539
109.471
109.454
109.474
109.538
109.322
109.497
109.542
121.841
121.835
116.323
119.981
119.971
120.048
118.569
118.432
122.999
117.236
120.699

120.86
118.441
121.535
114.072
124.376
107.943
109.111

109.32
109.304
109.297
111.786
109.493
109.538
109.453
109.451
109.416
109.477
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Au(302)-C(13)-N(286)
Au(302)-C(13)-N(287)
N(286)-C(13)-N(287)

C(36)-N(287)-C(22)
C(36)-N(287)-C(13)
C(22)-N(287)-C(13)
H(21)-C(19)-H(20)
H(21)-C(19)-C(22)
H(21)-C(19)-C(16)
H(20)-C(19)-C(22)
H(20)-C(19)-C(16)
C(22)-C(19)-C(16)
C(14)-N(286)-C(13)
C(14)-N(286)-C(10)
C(13)-N(286)-C(10)
C(23)-C(22)-N(287)
C(23)-C(22)-C(24)
C(23)-C(22)-C(19)
N(287)-C(22)-C(24)
N(287)-C(22)-C(19)
C(24)-C(22)-C(19)
C(32)-C(23)-C(28)
C(32)-C(23)-C(22)
C(32)-C(23)-C(14)
C(28)-C(23)-C(22)
C(28)-C(23)-C(14)
C(22)-C(23)-C(14)
H(18)-C(16)-H(17)
H(18)-C(16)-C(19)
H(18)-C(16)-C(14)
H(17)-C(16)-C(19)
H(17)-C(16)-C(14)
C(19)-C(16)-C(14)
H(15)-C(14)-C(23)
H(15)-C(14)-C(16)
H(15)-C(14)-N(286)
C(23)-C(14)-C(16)
C(23)-C(14)-N(286)
C(16)-C(14)-N(286)

120.581
120.548
118.871
117.566
119.908
122.356
108.769
110.82
111.048
110.698
111.003
104.477
120.17
117.632
122.198
106.113
113.907
103.327
112.409
106.633
113.667
108.856
111.348
108.469
115.146
114.099
98.5
108.723
110.75
110.67
110.651
110.671
105.365
111.786
111.647
111.599
104.764
107.024
109.706
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