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Abstract

The synthesis and characterisation of a new class of multidentate conformationally
flexible phosphino-alkene ligands, called dbaPHOS (127) and monodbaPHOS (128),
are described is this PhD thesis. The related phosphine sulphide ligands, namely
dbaTHIOPHOS (137) and monodbaTHIOPHOS (149), have also been prepared.
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The coordination chemistry of the novel ligands was investigated with a variety of late-
transition metals, including Cu, Rh, Pd and Pt. X-ray crystal structure determination of
the complexes containing these ligands highlights the multiple coordination modes and
versatility of each ligand system. The ability of the 1,4-dien-3-one backbone to adopt
different conformational geometries around metal centers is of particular note.
DbaPHOS (127) was found to act as a cis- and trans-chelating bisphosphine in both
square planar Pd" and Pt" complexes. The 1,4-dien-3-one motif is hemilabile;
exchange between coordinated and non-coordinated alkenes is observed in both the Pd"

complex, 167, and the related cationic Cu' complex, 193.

An investigation into the Cu' complexes’ activity in the cyclopropanation of styrene, as

catalysts, showed that they are commensurate with other recently reported systems.

In addition to the coordination chemistry of the novel ligand systems, some interesting
findings emerged in the ligand synthesis and characterisation studies. For example,
monodbaTHIOPHOS (149) undergoes an interesting solid-state [2+2] intramolecular
cycloaddition transformation, giving cycloadduct, 206. Furthermore, 2-
hydroperoxytetrahydrofuran was found to be an impurity in the microwave-assisted
Horner-Wadsworth-Emmons reaction of 2-(diphenylthiophosphine)benzaldehyde (136)
with 1,3-bis-(ethoxyphosphonato)-acetone (130) to give of dbaTHIOPHOS (137) and
an unexpected THF insertion product, 138. The latter is explained by a side reaction
involving the reduced compound, tetrahydrofuran-2-ol, derived from 2-

hydroperoxytetrahydrofuran.
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Chapter 1: Introduction

Synthetic organic chemistry is concerned with the preparation of novel compounds and
development of methodologies, particularly for the formation of C-C, C-O and C-N
bonds. As a result the synthetic community is striving to increase the number of
transformations available and the efficiency with which these transformations can be
achieved. One common way of increasing efficacy (either in terms of increasing the
yields and/or selectivities, the atom efficiency or the energy efficiency, i.e. reducing
temperature) of a reaction is to use catalysis. There are two main areas in catalysis:
heterogeneous catalysis and homogenous catalysis. The focus of this thesis is the

design of ligands for homogenous catalysis using late-transition metals.

In homogenous transition metal catalysis, the active catalyst is usually a metal complex,
which consists of a metal centre surrounded by a number of ligands dependent on the
metal and reaction type. These ligands can range from simple molecules, such as
triphenylphosphine, ethylenediamine and carbon monoxide (CO), to more complex
compounds such as RNA and calixarenes.! There are numerous methods that have been
used to classify ligands from systems that merely look at the number of coordination
sites a ligand has (monodentate vs. polydentate) to those based on the electronic
properties of the ligand. One common way to classify ligands is by the number of
electrons they donate to the metal centre, i.e. L or X-type ligands.” L-type ligands are
those that donate two electrons, whereas X-type ligands donate one electron. In cases
where a ligand donates more than two electrons a mixture of L and X is used e.g. LX for
three electrons and L, for four electrons. The main classes of two-electron donors are

described below.

Metals and ligands can also be classified according to Pearson Hard-Soft Acid Base
principle.3 The metals we are mostly interested in, Rh, Ir, Pd, Pt, Ag, are class B (or
soft) metals and therefore prefer to bind to soft bases, e.g. P and S; whereas class A
(hard) metals prefer N and O donors. Cu, Ni, Co and Fe are regarded as borderline
metals. The hardness of a metal also depends on the oxidation state of the metal, for

example Cu' is considered soft, whilst Cu" is considered borderline.



1.1 Metal-heteroatom complexes
1.1.1 Nitrogen-containing ligands

Complexes where the metal binds to a heteroatom have been known since the early 19"
century and are often referred to as classical or Werner complexes.' These complexes
represent some of the simplest ligands and metal-ligand bonds. Perhaps the simplest of
all complexes are those between a metal and either ammonia or water molecules e.g.
[Co(NH3)6]*" and [Ni(OHa)e]*". It was with these types of complexes that coordination
chemistry research began.* Although amine ligands have been extensively studied in
coordination chemistry they are not as common in organometallic chemistry. There are
two main reasons for this: a) the N-H bond of the coordinated amine tends to be very
reactive, and b) amines prefer class A metals and most organometallic chemistry
focuses on class B metals which tend to only coordinate weakly. When amines do
appear in organometallic chemistry it is most often with the borderline metals such as
Cu' as there is less of a hard/soft mismatch. The coordination can be strengthened by
replacing monodentate amines with polydentate ligands such as ethylenediamine, due to
the chelate effect. The chelate effect states, “chelating ligands are much less easily
displaced from a complex than monodentate ligands of the same type”.” This is due to

the increase in entropy on displacing monodentate ligands as illustrated in Scheme 1.

HoN 3+

TN

/ N\ HoN7. A \NH
[Co(NHg)6l®* + 3 H,N NH, ————— H:N'C|O‘NH2 + 6 NH3

(_NH,

Scheme 1: Increasing entropy on replacement of NH; with ethylenediamine.

Today, the nitrogen ligands available range from simple amines such as
ethylenediamine, mentioned above, to pyridine ligands, such as 2,2’-bipyridine (bipy, 1)
and phenathroline (phen, 2), oxazolines (4 and 5), porphyrins, and imines (Figure 1).
Pyridine, imine and oxazoline based ligands are more common in organometallic
chemistry as they are softer than amines.” In many cases the ligands are multidentate
and include other heteroatoms such as phosphorus and oxygen. One famous class of
N,O donor ligands are the salens (3), which have been used in both catalysis and

coordination chemistry. They are prepared from the condensation of a salicylaldehyde

2



and a 1,2-diamine. The use of chiral amines leads to chiral salens suitable for

asymmetric catalysis, e.g. the Jacobsen epoxidation.’

—N  \=
N\ 7/ N\ /) N\ 7N
N N N N= OH HO
bipy, 1 phen, 2 salen, 3
| X
O N/ O
0 PPh; <// \
K{N —N N
4 MeoHC 5 CHMe,

oxazoline based ligands

Figure 1: Examples of nitrogen-containing ligands.

1.1.2 Phosphorus containing ligands

The first phosphorus-metal complex, triethylphosphine platinum trichloride, was
described by Hofmann in 1857.° Since then phosphines (PR3) have become a traditional
and versatile ligand class for transition metal-catalysed reactions. Their steric and
electronic properties can be altered in a systematic and predictable fashion by varying R
(R = aryl, alkyl), allowing for a wide range of ligand reactivity profiles to be accessed.”
Tolman quantified the dependence of the phosphine’s electronic properties on R in the
1970s, by looking at the changes in the A; C=0 stretching frequency in [Ni(CO);(PR3)]
(Table 1)."° In this work one of the CO molecules was displaced from Ni(CO), with the
phosphine of interest, allowing the resulting shift in the C-O stretching frequency, to be
assessed by IR spectroscopy. More electron-rich R-groups increase the electron density
on the phosphorus, which in turn increases the back-bonding to the CO. This lengthens
the C-O bond resulting in a decrease in the stretching frequency (see Figure 2).
Ni(CO), is very toxic, so other carbonyl complexes such as those of Rh and W have

11
also been used.
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4 R A N\ 17 A N\
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d- orbital metal d-orbital of PR;  d-orbital

Figure 2: Phosphines as o-donors and w-acceptors.

Table 1: CO stretching frequencies in [Ni(CO);(PR;)] complexes.

-1
Phosphine Vco (Ay), em™,

CH,Cl,

PtBu; 2056
PCy; 2056
PMe; 2064
PPhs 2069
P(OMe); 2080
P(OPh); 2085
P(C4Fs)s 2091
PF, 2111

One disadvantage of these carbonyl complexes is that although it works very well for
the majority of phosphine ligands, [Ni(CO);L] complexes of other ligands such as
pyridine and H>O do not give rise to stable complexes. This means that it is difficult to
compare other ligands to phosphines. Another method of measuring the electronic
parameters was developed by Lever using the electrochemical E, value for the
Ru(IIT)/Ru(1I) redox couples in complexes with the ligands of interest.'”> A wider range
of ligands were covered, however, the method is not as simple as using IR spectroscopy.
More recently the advances in computational chemistry have made it possible to
compute the values of the A, v(CO) vibration as an alternative.’> This allows the

electronic parameters of almost any ligand to be approximated.

However, Gusev has shown that care needs to be taken when choosing the complexes to

study.'* He showed that for phosphines and N-heterocyclic carbenes (hereafter referred

4



to as NHCs) the use of the calculated and experimental v(CO) of [Ni(CO);L] complexes
gave good agreement as did the calculated v(CO) and C-O bond distance. Overall the
order of the net donor power of phosphorus ligands was found to be in agreement with
the Tolman parameters. For oxygen and nitrogen ligands the values were quite
scattered, so a number of other complexes were explored. The results from
[[rCl(CO),L] did not give good agreement, due to the averaging of the two carbonyl
frequencies. Gusev also looked at the theoretical values from two more complexes,
[IrCp(CO)L] and [IrCp(H,C=CH,)L]. A number of surprising results were obtained
with these complexes. For example, water was found to give v(CO) and d(CO) values
close to those of the best phosphorus donors in the [IrCp(CO)L] complex. In the
[IrCp(CO)L] complexes NMes is found to be the second best donor, outperformed only
by the abnormal carbene 1,3-dimethylimidazol-4-ylidene. This is unexpected, as it is
generally believed that they are worse donors than carbenes. The reason for the
discrepancies is that the calculations only dealt with net donor properties. Amines and
water are pure o-donors and have no m-acceptor properties, whilst NHC’s and
phosphines do undergo some back donation reducing their net donation. Overall it is
found that the order within the same ligand class is very reliable, however comparing
different ligand classes is less reliable. Use of more than one parameter is best in these

casces.

Phosphines are regarded as o-donors due to the lone pair on phosphorus that can be
donated to the metal. Increasing the electron density on phosphorus through the use of
electron-donating substituents on R, increases the strength of o-donation. They can also
act as m-acceptors (sometimes referred to as m-acids), with the o*-orbital of the P-R
bonds playing the role of acceptor (Figure 2). Alkyl phosphines are the weakest -
acceptors, followed by aryl phosphines, then phosphites, with PF; being similar to
CO." Electron-withdrawing substituents on R favour nt-back donation. It is difficult to
separate out the o-donor and m-acceptor properties of the phosphine by experimental
methods; however, numerous computational methods have been applied.'® These
studies confirm that phosphines are both o-donors and m-acceptors, with o-bonding
primarily arising from the lone pair of phosphorus, and m-bonding arising from the
donation of electron density from the metal into an empty orbital of the ligand

exhibiting phosphorus 3p character.



Tolman also quantified the steric effects of phosphines by looking at their cone
angles.'”'” A bulkier phosphine (one with a larger cone angle as defined in Figure 3)
tends to have a greater dissociation rate then a smaller phosphine. The cone angle also
dictates the geometry of the complex. More recently another method has been
developed to quantify the steric effects of ligands, known as the buried volume
method.'® An advantage of this method is that it allows the determination of sterics in
ligands were the cone angle is hard to determine, for example NHCs, and thus allows

for greater comparison between ligand types.

®
OSP)/O | I2.00A
rI\IA\B Iz.zeA v

6 = cone angle

Percent buried volume %V,
Figure 3: Steric parameters used for phosphines and other ligands.

Common phosphine ligands used in both commercial and research laboratories range
from simple alkyl and aryl phosphines, PCy; and PPh;, to more complex phosphines,
e.g. XantPHOS (6), and BINAP (7) (Figure 4).

L D
T e o o
0]
PCy2 PCy2

PPh,
PPh PPh OO ; i
2 2 MeO OMe i-Pr ‘ i-Pr
Xantphos, 6 BINAP, 7 O

i-Pr
P(t-Bu)s SPhos, 10 XPhos, 11
e
PPh, PPh, ==
) Examples of Buchwald Ligands
DPEPhos, 8 Josiphos, 9

Figure 4: Commercially available phosphines.



Phosphine ligands have undergone continuous development since their introduction as
successful ligands for transition metal ligands. A brief look at the history of the
Buchwald-Hartwig amination reaction illustrates the development of phosphine
ligands."” Initially simple phosphines such as P(z-Bu); and P(o-Tol); were used. These
were then superceded by chelating bisphosphines, such as BINAP (7). These defined
the state-of-the-art until 1998 when Buchwald reported the synthesis and use of
monophosphines containing a biphenyl backbone. Over the next few years the
Buchwald group developed a large number of ligands based on this biaryl-framework,
e.g. SPhos (10) and XPhos (11) (Figure 4). These increased the scope of the reaction
allowing aryl chlorides and unactivated aryl halides to be aminated under very mild
conditions. The ligands have also proved efficient in a number of C-C, and C-O bond

formations.

Along with amination reactions, hydroformylations and Pd-catalysed cross-coupling
reactions have driven forward the design of new ligands.® Many groups have been
involved in further research. In the mid-1990s, van Leeuwen developed the
bisphosphines XantPHOS (6) and DPEPhos (8) for use in Rh-catalysed
hydroformylations reactions.”’ They later showed that these ligands also showed high
activity for coupling of aryl halides with a variety of nitrogen containing moieties.*
Interestingly, these bisphosphines can act in a frans-chelating mode, due in part to

their very wide bite angles.

Bite angle is used in place of cone angle for bisphosphines to give an approximation of
their steric bulk. The bite angle of a particular ligand can vary quite a lot depending on
the metal. The ligand’s preferred bite angle will be dependant on the ligand backbone
and the sterics around the phosphrous atoms, and the metal will have preferred
geometries depending on the d-orbitals involved in bonding.** The “natural bite angle’
of a ligand is calculated using a metal dummy atom and a fixed M-P distance typical for
the metal in question. The flexibility range of a ligand can be calculated by forcing the

P-M-P angle to deviate from the natural bite angle.”

The bite angle of a ligand can
have a large effect on catalyst.® For example, in Rh-catalysed hydroformylation
reactions the bite angle plays a role in determining the reaction selectivity, large bite

angles favour linear products.”®®



As well as phosphines numerous other phosphorus-based ligands have been studied and
utilised in coordination and catalytic chemistry to enhance the electronic and steric
properties of phosphorus ligands. These include phosphites, phosphinites and
phosphoramidites.”’ Phosphites are considered to be electron-withdrawing compared to
the majority of phosphines and hence have been used to great effect in promoting

reductive elimination.>”®

1.1.3 Sulfur containing ligands

Sulfur containing ligands include thioethers, sulfoxides and phosphine sulfides.”**’

Thioethers are regarded as poorer o-donors than phosphines but greater than amines;
their m-acceptor properties are also between phosphines and amines. Like amines, due
to the weak M-S bond they are often polydentate (14) and/or combined with other
donors (12, 13), for example phosphines (Figure 5).°° Although the M-S bond of
thioethers is weaker than a metal-phosphine bond, it is stronger than the M-O bond of
ethers.”’ Often this means that the M-S bond is not labile. Phosphine sulfides on the

other hand are more labile than thioethers and therefore poorer ligands.*

@St-Bu OO s Et Et
PR, PPh, ) <S,p-tol

Fe ,cHoI\'S 52

= PPh; oy 0
FesulPHOS, 12 OO 13 14
SPh SPh
Pd(PhCN),Cl,
AcHN AcHN Pd—CI
MeCN, reflux, 14 h
O,
15 SPh 85% 16 SPh

Figure 5: Examples of sulfur-containing ligands.

Whilst numerous late transition metal complexes of phosphine sulfides have been
prepared,” their use in catalysis has been more limited. Triphenylphosphine sulfide
was found to be a successful ligand in Pd-catalysed bisalkoxycarbonylation of alkenes.**
Triphenylphosphine was found to inhibit the reaction with styrene, whilst both
triphenylphosphine oxide and triphenylphosphine sulfide gave highly improved yields
(Scheme 2). The authors propose that the lability of the ligand may play a central role.



PdCl, (10 mol%), L (20 mol%) Ph

A
PI™S  7Cucl (1eq), COIO, (Tatm)  MeO,C COMe
MeOH, 3 d, rt
L %
none 36
PheP 0
PhsPO 60
Ph,PS 80

Scheme 2: Pd-catalysed bisalkoxycarbonylation of styrene using triphenylphosphine
sulfide.

The use of mixed phosphine/phosphine sulfide ligands has been explored in allylic
amination,”” carbonylation reactions,”> and Suzuki cross-coupling reactions.’® For
example, le Floch and coworkers reported the use of 1-phosphabarrelene phosphine
sulfide complexes in Suzuki cross-couplings.’® Complex 17 was found to give high
yields of cross-coupled product at low catalyst loadings (0.001-0.00001 mol%). The

sulfide groups did not lead to catalyst poisoning.

©/B(OH)2 /©/Br 17 (0.001 mol%), O
+ .
" 9
R

K5COg, toluene,

R = H, OMe, COMe, Me 110 °C, 2-24 h
63-97%

COQMe
MeOZC
Ph;/,’ 7 Me
P
Ph” /@ pkh
Pd< g ~Ph
/f\
17

Scheme 3: Cross-coupling reactions of bromoarene and phenylboronic acid using a 1-
phosphabarrelene phosphine sulfide Pd" complex.

Coordination studies suggest that in mixed phosphine/ phosphine sulfide systems the
ligands are hemilabile.”” However, it is unclear if this plays a role in their catalytic

activity. >

1.1.4 Oxygen containing ligands

Common oxygen donor ligands include H,O, MeOH, THF, acetone and phosphine

oxides. The coordination between oxygen and the late-transition metals is weak as
9



oxygen is a hard donor. However, due to the prevalence of oxygen in common solvents
it is often able to influence complex coordination and catalysis. Often the presence of
these solvents can allow for the crystallisation of unstable intermediate complexes via

trapping by the solvent, especially in the case of THF.*®

‘ ‘ OMe @ _ HsiCl; SiCls  KF, KHCO, OH
—_—
Phef Pd/18 H,0,
(0.01 mol%)
93-96% ee

(S)-MeO-MOP, 18

Scheme 4: An example of a MOP ligand in catalysis.

As seen with amines and sulfur ligands, oxygen ligands that have found the most use in
organometallic chemistry are those combined with other donors such as phosphines.*
One well-known class are the chiral monophosphine ligands (MOP ligands) such as 18,
which derive from BINOL a common asymmetric precursor (and bidentate oxygen
ligand itself) and have been widely used in Pd-catalysed reactions (an example is shown
in Scheme 4).*

Me,Zn (3 eq.)
(CuOTf),.toluene (5 mol%)

O ph Ligand (5 mol%) ?P.’/ Ph
N HN"' “Ph
)|\ Toluene, rt, 48 h /'\
Ph” ~H Ph” ~Me 21

Me-DuPHOS 48%, 92% ee
BozPHOS 87%, 97% ee

Me-DuPHOS, 19 BozPHOS, 20

Scheme 5: Asymmetric catalysis with bidentate phosphine/phosphine oxide ligands.

Like phosphine sulfide ligands, phosphine/phosphine oxide ligands have also been
explored to see if they will act as hemilabile ligands containing one soft and one hard

10



donor. Whilst studying the Cu-catalysed asymmetric synthesis of amines such as 21,
Charette and co-workers found that bidentate phosphines only gave good yields and
enantioselectivities at high catalyst loadings.*' It was observed that hemilabile bidentate
ligands accelerated the reaction. When the authors changed from Me-DuPHOS (19) to

the monoxide ligand (20) the yields and enantioselectivities increased.
1.2 Organometallic complexes

Organometallic complexes are those with organic fragments bound via M-C bonds.
Ligands that bind to the metal through carbon include alkyls (e.g. Me),* Cp,* allyls,
aromatics (e.g. CgHs), carbenes,* alkylidenes,” vinylidenes,*® and alkenes.*” Many of
these ligands have been extensively studied and would require whole books to do them
justice. A discussion of all these ligands is outside the remit of this project and a
number of comprehensive reviews are available elsewhere,” hence only alkenes are

discussed in this work.

1.2.3 Alkenes

The first reported alkene-metal complex was Zeise’s salt, K[PtCl3(C,H4)], in 1830,
although its formula was not confirmed until 1861 by Griess and Martius.*’ It was
almost another century before Dewar, Chatt and Duncanson proposed a reliable metal-
alkene bonding model in the early 1950s.”® According to this model a o-bond is formed
between the m orbital on the alkene and an empty hybrid orbital on the metal (L—M
donation). This is complemented by the back-donation of electron density from a filled
hybrid orbital on the metal to the m*-orbital on the alkene (M—L back-donation).
These two types of interactions are synergistic (Figure 6). The result is the weakening
and lengthening of the C-C bond and the partial hybridisation of the coordinated carbon
centre from sp” to sp’. The extent to which back-donation occurs depends on the metal

and the alkene.

11
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Figure 6: Bonding orbitals of metal-alkene interaction.

weakly st-basic metals M~— ” VS. Mj strongly n-(t))asicc): m%tals
e.g. Pt Pd" e.g. Pd°, PO, Ni

Figure 7: Different binding modes of alkenes.

Weakly m-basic metals (PdH, P, Au', CuI) undergo minimal back-bonding, whereas
strongly m-basic metals (Pd’, Pt’, Ni’, Ir') maximise back-donation, in some cases
leading to metallopropane type structures, with complete hybridisation of the carbon
atoms to sp’. This results in complexes with different geometries, for example Pd’ and
Pt’ complexes are mostly trigonal planar with the alkene lying in the plane (I), whereas
Pd" and Pt" complexes, such as Zeise’s salt, form square planar complexes with the
alkene perpendicular to the plane (II). Other geometries have also been observed, for
instance, Pt"" complexes having a trigonal bipyramidal structure with the alkene lying in
the trigonal plane (IIT). Discrepancies from the above statements have been observed in
the case of cationic Pd" and Pt" square planar complexes and Rh complexes which

exhibit in-plane alkene coordination.”'

L
Lrs-d
L. |,_7,f":|_‘ | 7|y[j—:>//
M ey
I 1I 111

Figure 8: Geometry of metal-alkene complexes.

The electronic properties of the alkene also have an affect on the amount of back-
donation occurring. Non-activated alkenes (such as ethene and hepta-1,6-diene) form
less stable complexes with Pd’, whereas electron deficient alkenes increase stability due

to increased back-donation, ie. the order of stability of a series of

12



[(neocuproine)Pd’(alkene)] complexes is maleic anhydride (ma) > fumaronitrile (fn) >
naphthoquinone (nq) >> dimethyl fumarate.’> Complexes with tetracyanoethylene
(tcne) are towards the extreme end of back-donation, indeed, [Pt(PPh;s),(tcne)] forms the

metallocyclopropane structure.”

The extent to which hybridisation occurs, and thus the degree of back-donation can be
measured by the shift in NMR signal of the alkene carbon atoms coordination to the
metal, A = (Ocomplex - Ofrce ligand). The stronger the back donation, the lower the
frequency of the resonance of the complexed carbon atom and the greater Ad. One also
expects a decrease in the C=C stretching frequencies upon coordination to a late

transition metal centre.’*>

However, compared to carbonyl stretch in CO, the C=C
stretching frequency is weak and overlaps with many other groups e.g. organic carbonyl

stretches. This makes it a less reliable indicator of the strength of back-donation.

Theoretical calculations have been carried out to try and quantify the different orbital
contributions to the metal-alkene bond.’® In a series of theoretical studies, Lin and co-
workers calculated the relative alkene dissociation energies and structures of
[Pd(PH3)2(m*-CH,CHX)], [Pd(PH3),Cl(m*-CH,CHX)]" and trans-[Pd(PH3)ClL(n*
CH,CHX)] {X = CN, Cl, Br, Me, OMe, NMe,} with B3LYP density functional
theory.”” They concluded that o-donation is more important than s-back donation for
interactions between alkenes and Pd". In the case of unsymmetrical alkenes this will
lead to asymmetric coordination of the alkene, particularly with cationic Pd" centres.
For Pd’-alkene complexes m-back donation plays a dominant role, however, o-donation
also plays a role, leading to near symmetrical coordination. The authors also observed a
trend between the alkene dissociation energies and the partial charges of the alkenes.
The alkene dissociation energies for Pd" are greater for electron donating substituents
(e.g. OMe and NMe,), and give a linear correlation with partial charge. Conversely, for
Pd’-alkene complexes the alkene dissociation energies are greatest for alkenes with
electron withdrawing substituents (e.g. CN), however a non-linear relationship is

obtained indicating that more than one bonding interaction is occurring.

Steric effects also have a role to play in the strength of alkene binding: disubstituted
alkene form stronger bonds than tri or tetra-substituted alkenes. There are also

differences between cis and frans alkenes. No clear trend in coordination strength is

13



seen; it appears to be dependent on the alkene substituents and the other ligands around

the metal centre.”>>®

1.3 Alkene ligands in catalysis

Numerous transition-metal catalysed reactions are now available to the synthetic
chemist. These range from reactions done on an large scale such as hydroformylation,
carbonylation and polymerisation to reactions such as the Pd-catalysed cross-couplings
which are widely used in research laboratories and for smaller scale industrial
applications such as fine chemical and pharmaceutical synthesis. Ligands such as

59,60

phosphines and NHCs have been extensively investigated in these reactions. In

. . . . 61
comparison alkene ligands have received far less attention.

Alkenes can be utilised in transition metal-mediated reactions in different ways; they
can be part of the metal source, for example, the dibenzylideneacetone (dba) in

13

[Pdy(dba);], added as exogenous additives, used as the “working” ligand or as an
ancillary ligand, or they can form part of the substrate (e.g. in the Heck reaction or in
alkene metathesis). It is therefore useful to have an overview of how the alkene
interacts with the metal centre and how it affects the catalytic cycle. Due to the
comprehensive review by Rovis and Johnson in 2008,°™ the focus of the discussion
below is the use of alkenes in metal precatalysts, in particular [Pd,(dba)s;] (24), and

alkenes as ligands.

1.3.1 Alkenes in precatalysts

Alkene coordination to metals has been studied extensively (see Section 1.2.1) and
complexes of this type are often seen in transition metal catalysis as precatalysts. The
use of these complexes as precatalysts assumes that the alkene takes no part in the
catalytic cycle as they are more labile than the “working” ligands, e.g. phosphines or
NHCs. The extent of lability is dependent on the strength of the metal-alkene bond.
Electron rich alkenes will be more labile due to decreased back-donation, which will
increase reactivity; however, this makes the compound less stable and harder to handle
(practically). A balance of reactivity and stability needs to be reached for useful
transition metal sources and catalysts. Most of the commercially available transition

metal complexes contain dienes such as 1,5-cyclooctadiene (cod), norbornadiene (nbd)
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and dicyclopentadiene (dcp) as they are more stable, although some mono-alkene metal

complexes are available (Figure 9).

. LC N o N|
Rh_ _Rh_ S
S S

RhCI(nbd)),], 22 Pd Ph [Ni(cod),], 25
[(RRCI(nbd),} i W .
Pd
l \ y
Z ol N\ thT(\/Ph /\,PtjCI:Pt‘\C'
\th:C|thj/ i ol aT Sy
7 [Pdy(dba)s], 24 [{PtClx(C2oHy)}ol

[{RhCI(CoHy) 2], 23 Zeise's dimer, 26

Figure 9: Common transition metal precursor complexes containing alkenes.

Since the 1990s a number of studies have come to light that challenge the notion that

6263 This immediately presents a problem to

alkenes are more labile than phosphines.
the catalytic chemist, as they can no longer assume that any alkene present in their
system from precatalysts or substrates are innocent in the catalytic processes involving
the metal centre. Studies have shown that the presence of alkenes, such as dba, can

62,64

affect the rate of both oxidative addition and reductive elimination. B-Hydrogen

elimination is also influenced by the presence of alkenes (see below).

1.3.2 Trisdibenzylidene acetone dipalladium(0)

The most common Pd’-alkene precatalyst is [Pdy(dba)s], as it is easy to prepare and air
and moisture stable. The dba ligand has been found to be non-innocent in catalysis as

described below.

1.3.2.1 Dba effects on oxidative additon

Elegant studies by Jutand et al.®> showed that in the case of [Pdydbas] the dba ligand
was not as labile as previously thought and could need as much as 50 equivalents of
PPh; to displace it entirely, i.e. dba has a higher affinity than PPh; for [Pd(PPhs),]. As a
result, the equilibrium shown in Scheme 6 is set up and means that dba reduces the rate
of oxidative addition by reducing the amount of active catalyst “[SPd’L,]”. Increasing
the amount of dba or monophosphine will lead to a slower reaction as the [SPd’L,] is
diminished. By increasing the electron density of the phosphine the equilibrium is
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pushed towards [Pd’(dba)L,], further decreasing the amount of active catalyst and thus
influencing the rate of oxidative addition. Unfortunately, one often uses electron rich
phosphines to promote oxidative addition as they will favour Pd" over Pd’. Therefore,
in these cases the behaviour of the dba can be considered to have a detrimental effect on

the rate of oxidative addition.

deactivation
* 1
-dba + S +L
% T Pddba)l, __—=  SPdL, —=——— Pdl,

-dba, - L +dba - S L

Phl

Palladium cluster
PhPdIL,

L = monophosphine
S =DMF, THF

Scheme 6: Oxidative addition equilibrium in the presence of dba.

In some cases the decrease in rate of oxidative addition is beneficial to the overall
catalytic cycle, as it brings the rate of oxidative addition in line with the rest of the steps
and improves the overall efficiency of the reaction.’® The dba ligand may also help to
prevent deactivation processes to Pd-black, improving catalyst longevity.” Therefore,
it is too simplistic to argue that dba is detrimental to catalysis as Hartwig has done.’®
Indeed, Pd,dbas has been widely used in numerous Pd-catalysed reactions, a fact that

should not be easily dismissed.

The realisation that dba was not as labile as previously thought led Fairlamb and co-
workers to study the effect of changing the electronic properties of dba in [Pdy(dba);] on
the rate of oxidative addition in a range of cross-coupling reactions.””* By changing the
aryl substituents (Z) on dba, they could influence the extent of back-donation between
the palladium and the alkene. An electron withdrawing substituent would increase
back-donation, whereas an electron donating substituent would destabilise back

bonding.
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4,4"-H
Pd(dba-n,n-2), 4,4'-CF4
0 3,3',5,5'-OMe
| N N~ |
- 4,4"-H
27 - 4,4'-CF,
Pdy(dba-n,n*Z); < 4,4-F
Z=H, 4,4-OMe, 4,4-t-Bu, 4,4'-CF3, 4,4"-F, 4,4'Cl, 4,4"-Br 4,4-t-Bu
3,5,3',5-OMe, 3,3-NO, 4,4-OMe

Pd,(dba-3,3'-NO5),
Figure 10: Substituted dba ligands and their Pd’ complexes.

A range of aryl-substituted dba ligands were synthesised and their Pd’ complexes
prepared (Figure 10).” The complexes were studied in a Suzuki-Miyaura system
utilising an N-heterocyclic carbene (NHC) as a ligand (Scheme 7), as well as under
ligand free conditions.”” The catalytic activity of the [Pdy(dba-n,n’-Z),] complexes
varied by an order of magnitude between the most electron-donating complex, [Pd(dba-
3,5,37,5’-OMe),] (most active) and the most electron-withdrawing complex [Pd,(dba-
3,3’-N0O,),.H,0] (least active). A linear correlation was observed between the observed
rate constants and the Hammett parameter o~ for the [Pda(dba-4,4’-Z);] complexes. The
effect was independent of substrate and the presence of NHC donor ligands, suggesting

that it is related to the relative strength of the Pd-n’*-dba interaction.

1 Ar = 2,6-i-PrPh
Ar- NN A
Cl (3 mol%)

Pdy(dba-n,n*Z),

(3 mol% based on Pd)

n-BuyNBr (10 mol%)
KOMe (3 eq. in MeOH),
toluene, 40 °C

Scheme 7: Benchmark Suzuki reaction for assessing the effect of Pd’ precursors
containing dba-n,n’-Z ligands.
In collaboration with Jutand, Fairlamb reported kinetic studies on the oxidative addition
of iodobenzene with Pd’ complexes generated from these precursors.”” In all cases the
addition of two equivalents of triphenyphosphine led to the formation of
[Pd°(PPhs),(dba)]. The kinetics of this complex in the presence of Phl was monitored

by amperometry and showed the order of reactivity was Z = OMe > H > F. It was
17



shown that it is possible to increase the rate of oxidative addition by changing the
substituents on the aryl rings in dba to more electron-donating moieties, which reduce
the strength of the Pd’-alkene bond. Theoretical calculations undertaken with the
Gaussian 3 software suite using the B3LYP functional and 6-311G(d,p) basis set
support this conclusion. A good correlation between the observed rates and the
calculated C=C Mulliken charges populations of the dba-4,4’-Z ligands was found
(Figure 11).”" A similar correlation was found between the rate and the calculate C=0O
stretching frequency of the ligand, enabling future variants of these types of ligands to

be evaluated in-silico.

6.0E-05

] @® Suzuki
508051 % @ 4-|:1 ® CL'AI'ylﬂtlonl

' ® @ Heck arylation

|

4.0E-05

3.0E-05 7

2.0E-05

1.0E-05 1

0.0E+00 w | T T
-0.204 -0.2 -0.196 -0.192 -0.188  -0.184

Pseudo first-order coupling rate constant / s

Calculated C=C Mulliken charge population /

Figure 11: Linear correlation of the observed rate constants with the C=C Mullikan
charge population for dba-4,>-Z ligands.”"

Pd,(dba-n,n*2),
(8 mol% based on Pd)

o t-BuzP.HBF, (3.6 mol%) o)
Q)oY . /
On-Bu Cs,COg3, dioxane On-Bu
100 °C
Rate, s™

Pdy(dba-4,4-OMe);  5.13x 10 (5.1 x 10°6)
Pd,(dba-4,4-CF3);  2.04 x 10°° (7.6 x 10°6)
Pdy(dba-3,3-NO,),  4.12x 10 (+6.2x 107)

Scheme 8: Intermolecular Heck reaction (errors in bracket).
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This phenomenon could be applied to a number of other catalytic reactions. In the o-
arylation of esters and intermolecular Heck reaction (see Scheme 8) changing the aryl

a

substituent of dba affected the rate of reaction.”® The addition of electron-donating
substituents led to an increase in the pseudo first order rate for the consumption of
bromobenzene. Again there was an order of magnitude difference between the most

active [Pdy(dba-4,4’-OMe);] and the least active [Pdy(dba-3,3’-NO,),].

(R)-BINAP (3 mol%)

Pd,(dba-4,4'-Z)3 (3 mol% based on Pd)
(i-Pr)oNEt (3 eq.)

dioxane, 50 °C, 7 d

@@ : % : @\@
\ ~ _/

Z H CF; F OMe
Yield, % 51 42 69 63

Scheme 9: Benchmark reaction for asymmetric Heck arylation.

Not all of the reactions studied by Fairlamb and co-workers had the same reactivity
profile. On looking at an asymmetric intermolecular Heck reaction (Scheme 9) the
fluorine substituted dba gave the greatest yield.”® As the reaction time was long (7 d) it
is believed the dba-4,4’-F plays a role in stabilising the Pd’ and prevents the formation
of palladium black. No benefit was gained from using more electron donating
substituents or more electron withdrawing substituents, showing a subtle balance is
needed between stabilising the catalyst over time and still having an active catalyst. It
can be argued that the 4-fluoro-substituent can undertake two roles electronically
depending on whether inductive or mesomeric effects are taken into account. The best
explanation is that the 4-fluoro-group will put most of the charge at the para-position

(due to m-conjugation with the enone), and therefore act as an activating group.

Work by Bras and co-workers also supports the ability of alkenes to stabilise Pd’

species. Whilst investigating the dehyrogenative coupling of furans (Scheme 10), they
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showed that in the presence of dba less Pd black formation was observed, and full
conversion was obtained.”” This suggests that dba is aiding catalyst longevity. In some
of the reactions, Pd black formation was not observed even in the absence of dba. The
authors attribute this to the presence of an alkene in the products, which allows some of
them to behave in a similar manner to dba. It should also be noted that benzoquinone
(bq) is used as the oxidant, but can also act as an alkene ligand.

Pd(OAc), (5-10 mol%)
bqg (10-25 mol%) R'

R' N Xy Cu(OAc), (0.5 eq.) | N
KNS A P
o R EtCO,H |

Et,0, 40 °C or THF, 60 °C ~ R""~%
05,24 h 29 examples, 50-78%

Scheme 10: Palladium catalysed dehydrogenative coupling of furans with styrenes.

Overall it has been shown that the more electron-rich dba ligands can increase catalytic
activity. This is rationalised in terms of the strength of the Pd-n’-dba interaction and its
effect on oxidative addition. In longer reactions the ability to stabilise the Pd’ catalyst
from aggregation also becomes important. It should be noted that this effect is not
always seen, in some examples, the dba appears to have no effect on oxidative addition
and thus the dba can be regarded as innocent in these reactions, e.g. where it is

: 69
chemically consumed.”

1.3.2.2 Supporting studies showing alkene effects on oxidative addition

X — =
THF, ,
X =Br, | -10-25 °C Bt Pt
R = OMe, H, CF3, CN, NO,

intramolecular
THF, 40-68 °C

PEts
Pt-X
PEt,

Scheme 11: Kinetically favoured alkene coordination followed by oxidative addition.
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Numerous studies on other alkenes support the observations of Jutand, Fairlamb and co-
workers. In a series of elegant studies, van der Boom and co-workers showed that aryl
halide substrates containing an alkene undergo n’*-coordination to Pt before oxidative
addition occurs (see Scheme 11).”” Although the oxidation addition step is still rate-
determining, as shown by aryl iodides reacting faster than aryl bromides, the order of
alkene reactivity (OMe > H > CF; > CN > NOQO,) is the opposite of that expected for
substituted aryl halides indicating that it is controlled by alkene coordination. The rate
of reaction increases with electron-donating substituents, which can be explained by
weaker back-donation between the metal and the alkene, leading to a less stable

intermediate that undergoes oxidative addition faster.

4 4

Z = F N F‘>Et3
> E’t -Br
Pt(PEtg)4, THF, rt PEL,
Z Z
Z=H
int olecular
PH(PEty),, THF z Z THE. 65 °C

Pt
BtsP pEt, z  Z

Scheme 12: ‘Ring-walking’ with stilbazoles.

Kinetic studies on a stilbazole substrate (27, Z = H) revealed that the rate-determining
step was unimolecular and that the Pt “walks” along the ring prior to intramolecular
insertion into the aryl-bromide bond (Scheme 12).”* Fluorination of the aryl ring

changes the kinetically favoured process from n*-coordination to oxidative addition.””

A number of alkenes have been used to great effect in Pd-based catalytic studies.
Alkenes such as dimethyl fumarate, fumaronitrile, and maleic anhydride have been used
to create active Pd catalysts. Van Koten and co-workers studied how the electronic
nature of the alkenes could influence the -catalytic activity of Pd’-alkene
bis(triarylphosphine) complexes in the methoxycarbonylation of styrene (Scheme 13).7
The degree of conversion was seen to be dependent on the electronic nature of the
alkene; the more electron deficient the alkene the lower the conversion. This matches

the same trends observed by Fairlamb and co-workers (see above). The exception to
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this was maleic anhydride, which has similar electron withdrawing properties to

fumaronitrile, gave twice the conversion (Table 2).

Pd cat. (1:150 Pd:styrene) o O._OMe
CO (30 bar)

/
, : OMe *+
MeOH/a,a,a-trifluorotoluene (1:1)
p-TsOH, 80 °C, 1.5h

Scheme 13: Methoxycarbonylation of styrene using Pd’-alkene complexes.

Table 2: Effect of different alkenes on the methoxycarbonylation of styrene

Entry Complex Conversion, %  branched:linear
ratio
1 Pd(PPh;),(ma) 80 41:59
2 Pd(PPhs),(tcne) 2 42:58
3 Pd(PPh;),(fn) 40 40:60
4 Pd(PPh;),(bq) 27 41:59
5 Pd(PPh3),>(C,Ha) 80 41:59

In all cases the linear vs. branched ratio of the products was the same suggesting the
same active catalyst is generated each time. This is believed to be a Pd" hydride species
formed from the reaction of the Pd’ complex and acid. It is unclear which step is rate-
determining and how the reaction is influenced by the alkenes, as no detailed kinetic

studies have been carried out.

28 29 30 31
Pd j R CO,Me CN CN CO,Me
R' 4'MeOCGH4 CMes 4'MeOCGH4 CM93

Figure 12: Iminophosphine-Pd’ complexes stalbilised by alkene ligands.

Crociani and Antonaroli studied the reactivity of Pd’-iminophosphine complexes which
were stabilised by activated alkenes such as dimethyl fumarate, 1,4-naphtoquinone,
fumaronitrile and maleic anhydride (Figure 12).”” Less m-accepting ligands such as

methyl acrylate did not form stable complexes that could be isolated. They showed that
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the dimethyl fumarate could be exchanged with the other ligands, following the
accepted order of reactivity based on n*-coordination strength.”> In collaboration with
Scrivanti, the authors went on to use the dimethyl fumarate complexes, 28 and 31, as
highly active catalysts in both the Stille and Suzuki coupling reactions.”® Dimethyl
fumarate has also been used as a stabilising ligand in Pd’ precatalysts for hydrogenation

9
pI'OCGSSGS.7

1.3.2.3 Effect on reductive elimination and p-hydride elimination

It has been known that electron-deficient alkenes can accelerate reductive elimination
since the 1970°s, when Yamamoto observed reductive elimination from Ni complexes
following alkene coordination (Scheme 14).°* The rate of reductive elimination from
the Ni complexes is greatest when more electron deficient alkenes such as maleic
anhydride are used. When unactivated alkenes such as ethene, norbornene or styrene

are used, the reaction either happens slowly or not at all.

X XX CN N
=N R + CH,=CHCN _N| R =N
Ni{ Nl /Ni—l + R-R
= N R >N R = :\l CN
N A ! NN
stable at rt unstable at rt

R = CH3, CZHS’ n'C3H7, i'C4Hg
Scheme 14: Alkene effects on reductive elimination from Ni(bipy) complexes.

Alkene additives have also been shown to have an effect on the selectivity of many

reactions, by interfering with isomerisation and p-H elimination pathways.*'""

The nature of the dba ligand can have an effect on -H elimination and reductive
elimination processes, as well as that seen above in oxidative addition. The studies on
the effect of dba on these steps is not as extensive as those on oxidative addition,

nevertheless the results are informative.

Firmansjah and Fu recently reported an intramolecular Heck reaction, which showed a
remarkable dba-effect (Scheme 15).*° There are two possible products from the

reaction: 1) the cyclised product (32) where intramolecular insertion of the alkene
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occurs before 3-H elimination, and 2) the diene product (33) where 3-H elimination is

faster than alkene insertion.

Pd,(dba-4,4'-Z)5 (5 mol%)
5 SIMes.HBF, (20 mol%
r
\ KO#Bu (20 mol%)
CS2COS (1 1 eq
CH4CN, 65 °C

Ar = 4-(MGO)CGH4 Z=H 4% 0%
Z =0Me 80% 6%

Ar

Scheme 15: Intramolecular Heck reaction displaying a remarkable dba effect.

Using the Pd° precursor [Pd,(dba);] they got almost equal quantities of the cyclised and
1,5-diene products, whereas the use of [Pdy(dba-4,4'-OMe)s] resulted in cyclisation
becoming the dominant pathway. It can be hypothesised that dba-4,4'-OMe slows down
B-H elimination before alkene insertion, by coordinating to the Pd" oxidative addition
species, thus removing the vacant site needed. Dba-4,4'-OMe is more electron rich than

dba-H, and so likely interacts more strongly with Pd".

Ph
OTf Pd,(dba); (3 mol%) )\
/L XPhos (5 mol%) HN
+
Ph™ "NH, K3sPO, (3 eq.), dioxane
100 °C, 16 h

92%, 94% ee
Scheme 16: Chiral amination of aryl triflates.

Woodward and Meadows attributed the superior behaviour of [Pd,(dba);] to [Pd(OAc);]
as a precatalyst for the amination of aryl triflates and nonaflates, to the ability of dba to
occupy a vacant site on the Pd thus stopping f-H elimination.®’ When they used XPhos
as a ligand no deprotection products were observed. The use of chiral amine substrates
(Scheme 16) led to only small amounts of racemisation, in comparison to previous
studies by Buchwald who saw racemisation when using a Pd/P(o-Tol); system.*”
Racemisation occurs via -H elimination, which requires a vacant site on the palladium,
e.g. in the monoligated Pd/P(o-Tol); system. It is proposed that the XPhos binds though
both the phosphine and the substituted aryl ring in an m'-interaction as shown in 34

(Figure 13). This removes the vacant site needed for $-H elimination, and this limits
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the amount of racemisation that occurs. It is hypothesised that the dba can also fulfil

this role via n’>-binding of the alkene, 35.

%H =~

P N- ﬁ R N
O Pd\ Ar = naphthyl ‘e
Ar R = 2,4,6-i-PrCgH, Pd ~Ar

i-Pr R o)

i-Pr Ph
n'-binding of XPhos, 34 n2-binding of dba, 35

Figure 13: Removal of the vacant site by XPhos and dba.

RoA~_M + Ar-X —— R\(\ + (\/R + K\

Y a Ar Ar Ar R

y-coupled E-a-coupled Z-a-coupled
Scheme 17: Possible products of cross-coupling between allylic partners and aryl halides.

Denmark and Werner found that alkenes had an effect on the site-selectivity of cross-
coupling between aromatic bromides and allylic silanolate salts.> For unsymmetrically
substituted allylic donors, the coupling can afford a mixture of products (Scheme 17)
depending on the relative rates of reductive elimination and isomerisation/B-H
elimination. In the course of Denmark and Werner’s investigation into fluoride free

conditions, they observed that the presence of alkenes affected the site selectivity.

A comparison of [Pdy(dba)s;] and [Pd(dba),] in the crotylation of 1-bromonaphthalene
showed that an increase in dba concentration increased the y-selectivity. Adding

additional alkene ligands was also beneficial, leading to increased conversion and

similar or better selectivities (Table 2, entries 4 and 5).
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Table 3: Crotylation of 1-bromonaphthalene.

Br Pd cat. (5 mol%)
Me_ Me ligand Zeq /Pd)

M i +
e\/\/SI\o-Na+ OO toluene 70 °C

Entry Pdsource Ligand  Conversion, % v
1 Pdy(dba); PPh; 57 3.9:1
2 Pd(dba), PPh; 59 5.0:1
3 Pd(dba), None 47 10:1
4 Pd(dba), cod 90 9.5:1
5 Pd(dba), dba 77 16:1

A range of different alkenes were investigated, and in general, the more electron
deficient alkenes gave better y-selectivity. This is consistent with previous studies on
reductive elimination.* 1,4-Benzoquinone gives very high y-selectivities but low yields
(Table 4, entries 4 and 5), due to its ability to oxidise Pd” to Pd" which cannot re-enter
the catalytic cycle under the reaction conditions. When allyl palladium(II) chloride
dimer (APC) instead of [Pd(dba),] was used as the Pd source, only dba and dba-4,4'-CF;
gave better than a 10:1 ratio, y:a (Table 4, entries 7 and 9).

The alkene additives not only increase the y:oo ratio but they also increase the
conversion of the reaction in some cases. In particular, the use of norbornadiene with
APC led to high conversions but low site-selectivity. This suggests norbornadiene does
not influence reductive elimination and the resulting product distribution in this reaction
system. Two alternative roles it may play are: i) it increases the catalyst lifetime by
stabilising the catalyst resting state, or ii) the electron rich norbornadiene increases the

rate of oxidative addition.
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Table 4: The effect of alkene ligands on the crotylation of 1-bromonaphthalene.

Br Pd(dba), (5 mol%) o ~._Me
Me  Me APC 25mo|%
Me\/\/S| + Ilgand eq./Pd)
O'Na*
toluene 70 °C

Entry Pd Ligand Eq./Pd Conversion, % Yo
source
1 none n/a 45 11:1
2 tetramethylethylene 4 41 6.5:1
3 Pd(dba), ma 6 41 10:1
bq 4 28 19:1
5 bq 8 13 61:1
6 dba 4 64 7.9:1
7 dba 10 85 18:1
8 dba-4,4’-OMe 4 72 5.1:1
APC

9 dba-4,4’-CF; 4 61 12:1
10 cod 4 80 1.3:1
11 nbd 1 92 2.0:1

Me\S./Me APC (0.5-2.5 mol%) Me Me

| B _ 1 o -
/M ~ONa* . X Bf  dba-4,4'-CF3 (20 mol%) | N = Me
Me \/ Me R toluene, 70 °C, 6-24h o AA
36 Me 8 examples, 66-78%
E-y = 87-98%
er after derivatisation:
98:2 to >99:1

Scheme 18: Preparative cross-coupling of chiral allylic silenolates to aryl bromides.

Denmark and Werner have taken on their findings to develop a protocol for the
preparative cross-coupling of an enantioenriched allylic silenolate (36) with a variety of
aryl bromides (Scheme 18).* The use of the electron-deficient dba ligand, dba-4,4’-

CF3, led to high selectivities and conversions. The reaction shows good substrate scope,
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allowing both electron rich and electron poor aryl bromides to be used, along with

ortho-substituted and heteroaromatic aryl bromides.

Despite less systematic studies into the role of dba in the later catalytic steps, it has been
seen that dba (and other alkenes) can play a pivotal role in both 3-H elimination and
reductive elimination. As a result, improved product selectivity can be obtained via the
use of a [Pdy(dba-n,n'-Z);] precatalyst or the addition of dba-n,n'-Z ligand to an

alternative Pd source.

1.3.3 Mono- and polydentate alkene ligands in catalysis

In all the above examples, apart from the ligand free Suzuki couplings and some of the
hydrosilylation examples, alkenes have been used as auxiliary ligands in the presence of
a “working” ligand, such as a phosphine, iminophosphine or carbene, to obtain the
effective catalyst. There has been far less exploration of alkenes as “working” ligands

in the literature, particularly in reference to Pd-catalysed reactions.®

1.3.3.1 Palladium catalysis

Pd(OAc),
= Additive
R H _—
EtOH, 12-36 h R NC CN

NC CN

Scheme 19: Intermolecular hydrocarbonation of ¢-alkynyl malononitriles.

In the late 1990s Yamamoto and Tsukada published an example of intramolecular
hydrocarbonation of e-alkynyl malononitriles catalysed by Pd-alkene complexes
(Scheme 19).% The addition of alkenes (l-octene and cod) to [Pd(OAc),] led to
increased yields. In contrast, the addition of triphenylphosphine did not lead to an
increase in yield. The use of cod allowed both the reaction temperature and catalyst
loading to be reduced. When 1-octene was used Pd black formation was seen, which
was not observed with cod. Presumably the Pd’-cod complex formed is more stable due
to the chelating nature of cod, however no direct evidence of Pd’-cod complexes was

obtained.
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Lei and co-workers observed that dba facilitated reductive elimination in a Csp-Csp’
system.®” Using [Pd(dba),] without added phosphines gave higher selectivities in the

cross-coupling of alkylzinc and alkynylstannane reagents than other ligands (Scheme
20).

0] Pd(dba), (2.5 mol%)
desyl-Cl (1 eq.)
O R'—2ZnCl + R'—==—SnBu, R—=— R"
Cl 2 eq. 1.2 eq. THF, 60 °C, 5 h 10 examples
desyl-Cl 67-95%

Scheme 20: Palladium catalysed oxidative cross-coupling.

The use of alkyl zinc reagents leads to the possibility of B-H elimination and
isomerisation side reactions after transmetallation, especially if the reductive
elimination step is slow. Alkenes have been shown to increase the rate of reductive
elimination, which should limit the amount of time for $-H elimination/isomerisation to
occur. The authors designed ligand 37 to examine the possibility of increasing the rate
of reductive elimination and to inhibit isomerisation pathways when alkyl

organometallic reagents are used.*

PdCl,(MeCN), (5 mol%)
37 (10 mol%) ; COEt
Ar—| + R-ZnCl Ar—R

THF, 60 °C, 2 h CO-Et
1.5 eq. ’ ’ 13 examples

70-99% 37

Scheme 21: Negishi reaction catalysed by diene 37.

Lei and co-workers showed that the electron deficient diene, 37, could be added to
[PACI,(MeCN),] to efficiently catalyse Negishi reactions using Csp’-zinc reagents
(Scheme 21).*® Clear advantages were observed with ligand 37 when secondary alkyl
zinc reagents were used. When just [Pd(dba),] was used, inconsistent yields between
different zinc reagents were observed, and isomerisation of secondary alkylzinc
reagents was a problem. Using a dialkylzinc source and ligand 37 with either
[Pd(dba);] or [PACl,(MeCN)] increased selectivity by inhibiting isomerisation (Table
5).
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Table 5: Selectivity in Negishi couplings of secondary alkylzinc reagents in the presence of

ligand 37.
CO.Et R R Pdcat. (5 mol%) COEL CO,Et
@l ' )732(:;\ THF, 60 °C, 2 h R7 @LAR
Entry Pd cat. R Yield, Selectivity, %
% linear  branched
1 Pd(dba), Me 90 26 74
2 Pd(dba), + 37 Me 87 91 9
3 PdCl,(MeCN),/37 Me 92 97 3
4 PdCL,(MeCN),/37  n-C,Hs 88 91 9

Attempts to synthesise the Pd’ complex of 37 using a similar method to that used to
prepare [Pd(dba),] resulted in a black powder that gave similar results in catalysis but
was hard to characterise, meaning the exact nature of the Pd catalyst (is it homogenous

or heterogenous) and the precise role of ligand 37 is not known.

I:LN\/\/\N'R
\ >
R= Me, CsH5

Figure 14: Porschke’s triene ligands.

[Pd»(dba)s] has three alkenes around each Pd atom, suggesting that trienes may be able
to provide stable complexes. Both Porschke and Moreno-Mafias have independently
designed a variety of triene ligands that form stable Pd’ complexes. Péorschke and co-
workers designed an open chain triene ligand, Figure 14, based on the premise that
‘naked’ Pd’ sources of the type [Pd’»(1,6-diene)s] were more stable than 1,5-diene based
structures.”” ‘Naked’ is used to mean a Pd’ complex without strongly coordinating
ligands like phosphines, but instead the metal centre is stabilised by ligands that are
easy to displace. The use of trienes would make the complexes much more stable than

the corresponding tri-alkene complexes due to the chelate effect. In turn this makes
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their description as naked more circumspect. These complexes were found to be more
stable than the [Pdy(1,6-diene);] complexes where 1,6-diene = 1,6-heptadiene and
diallyl ether, but less stable than cyclic triene ligands.

ArIOZS_N\ ?OzAr"
_ N
N-SOAT Ar'0,5-N~ F R
\
74
\
N 38
ArO,S Y
Ar Ar' Ar"0,S” xR
a MePh MePh ! "
b MePh Fe SORAr
c 2,4,6-i-PrPh 2,4,6-i-PrPh Ar'" = MePh
d  2,4,6-i-PrPh 4-PolymerPh R = H (39), CO,C(Me), (40)
f  4-FPh 4-FPh

Figure 15: Macrocyclic and open-chain trienes designed by Moreno-Maiias.

Moreno-Mafias and co-workers designed a series of macrocyclic ligands, with a 1,6-
diene type motif and compared these to a number of open-chain trienes (Figure 15).”
The Pd complexes of the macrocyclic ligands were found to be more stable than the
open chain variants. Unexpectedly this does not appear to inhibit catalysis. A
comparison of the open chain and macrocyclic ligands in a Suzuki-type reaction
(Scheme 22) showed that in all cases the Pd’-macrocycle complex was fully recovered
by column chromatography. Recovery of the open-chain Pd’-complexes was not
possible when the sulfonamide nitrogens were left free (ligand 39), and base was
required to enable the reaction. No trends were observed over the series of ligands and

the yields were variable.

o N2BF4 BF3K Pd cat. (5 mol%) —
| » I W W
e = R base (1.1 eq. when needed) R’

1,4-dioxane, rt

R' = H, p-OMe, 1.2 eq.
m-Me, p-Me R"=H, F, OMe

Scheme 22: Suzuki-type cross-coupling for comparison of macrocyclic vs. open chain
ligands.
Pd complexes of the macrocyclic ligands have been found to act as catalysts for a
number of processes including the Heck reaction and alkyne hydroarylation.”””' As

mentioned above the palladium complexes can be recovered after the reaction by
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chromatography. Solid-supported catalysts can be prepared by attaching a polymer
(based on styrene and divinylbenzene) to one of the aryl groups (ligand 38d). This
enables the palladium complexes to be recovered by filtration alone and reused at least

five times before any noticeable decrease in conversion.

Pd nanoparticles stabilised

with macrocycles 38d CO-5Bu
o O om0

BusN (1.2 eq), THF

1-4eq. 90 °C, 24 h
Macrocycle with SCH,CH,CgH7 chains Macrocycle with O(CH,CH,0)5CHj chains
Run 1:97% (7 h) Run 1: 97% (79% isolated)
Run 2: 99% Run 2: 94%
Run 3: 99% (94% isolated) Run 3: 88%
Run 4: 99% Run 4: 84%
Run 5: 99% Run 5: 86%

Run 6: 90% (95% at 38 h)

Scheme 23: Mizorok-Heck reaction catalysed by Pd nanoparticles stabilised by
macrocyclic ligands.

The activities of the Pd complexes with macrocyclic ligands were tested in ionic liquids
as well as in conventional solvents. Ligand 38a was found to effectively catalyse the
hydroarylation of alkynes in [bmim]BF,.”® The ionic solution could be recycled up to
six times before loss of activity occurred, whereas traditional Pd sources gave lower

yields and recovery.

0]

/.
CeF17 O 41 O CeF17

Figure 16: “Fluorous dba”.

The introduction of fluorous chains or polyoxyethylenated chains onto the aryl rings of
the macrocycles gave rise to ligands that were found to be excellent stabilisers of Pd
nanoparticles.”” Nanoparticles stabilised with these macrocycles were found to give
excellent conversion in a Mizoroki-Heck reaction, and could be recovered and reused
(Scheme 23). The yield dropped after the fifth run; examination of the nanoparticles

revealed they had agglomerated to particles sized ~100 nm — which is quite large
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compared to other cross-couplings catalysed by Pd nanoparticles, where 2-5 nm

. 93
nanoparticles are common.

Moreno-Mafias and co-workers also prepared Pd nanoparticles stabilised by “fluorous-
dba” (41, Figure 16), which are 4-5 nm in diameter.”® These were tested in both
Mizoroki-Heck and Suzuki reactions in a biphasic fluorinated solvent system
(perfluorooctylbromide/benzene). Once again the catalyst could be recovered and
reused at least five times, whilst maintaining reasonable yields.

Table 6: Suzuki polycondensation reaction utilising Pd,(dba-4,4’-Z);, including water
soluble da ligands.

A oD

Pd,(dba-4,4'-Z)3 (1 mol%)
P(o-Tol)3 (2 eq.), KsPO4 (3M)
CH,CI,/H,0, 50 °C, 3 d

B

Z =CFj, Cl, H, CHg,
OCHjs, OH and OAc

(0]
O
5 n

Entry Z P(o-Tol)s, eq. M,, g/mol My, g/mol Yield, %
1 H 2 60 600 112 400 93
2 CF; 2 65 700 118 000 88
3 OMe 2 81 500 144 000 74
4 OH 2 131 000 290 000 94
5 OAc 2 104 000 244 000 96

Similary, dba ligands substituted with OH or OAc have been prepared by Goodson and
co-workers to probe ligand design in a biphasic aqueous system.  Suzuki

polycondensation reactions are carried out in biphasic medium. The traditional catalyst
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is [Pd(P(o-Tol)s),], which is not easy to handle i.e. is light, heat and oxygen sensitive.”
The authors want to try and replace this catalyst with one that is easier to handle;
unfortunately, the use of [Pdy(dba-n,n’-Z);] had a detrimental effect on the polymer
molecular weights (Table 6, entries 1-3), and [Pd(P(o-Tol);):] still gave the best
molecular weights (M, = 188 000 g/mol, My, = 464 000 g/mol, Yield = 89%).

As these reactions are carried out under biphasic conditions, the authors reasoned that a
water soluble dba ligand could be used which would give a stable precatalyst, but under
the basic aqueous conditions transfer into the water phase so as not to play a role in any
of the catalytic steps. To test their hypothesis they synthesised [Pd,(dba-4,4'-OH);] and
[Pd,(dba-4,4'-OAc);]. In both cases the polymer molecular weights were higher than
with the other dba ligands tested (Table 6, entries 4 and 5), though still not matching the
[Pd(P(0-Tol););]. The authors propose that designing dba ligands with more water
solublising groups could lead to more effective catalysts and once the ligands are
completely solubilised one would have a system where the dba was truly innocent. At
this point it would be possible to go back to optimising other parts of the system, e.g.
the phosphine. However, it is not clear if this approach would work, particularly under
the biphasic conditions. The phosphine is presumably in the organic layer, so
increasing the water solubility of the Pd’ precursor [Pdy(dba-Z3)] could hinder the
formation of [Pd(P(o-Tol)3),], the active catalyst, as the Pd” may stay in the aqueous

phase.
O
- oD
A N
| O O/\E@ © I\I/Ie
Me X
7 42 43

Z = H, OMe, NO,
X = Br, PF6, N(SOQCF3)2

Figure 17: Novel ionic w-acidic alkene ligands.

Fairlamb, Slattery and co-workers designed a range of ionic alkene ligands based on
chalcones (42) and benzylidene acetone (43), Figure 17.°° The authors were interested
in addressing one of the drawbacks of using dba in catalysis: the complications in
purification of products that are similar in polarity to dba. They identified a Hiyama-

type cross coupling which had previously shown strong alkene effects and used this as a
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benchmark for a coupling in ionic liquids (Scheme 24).”” Using a neutral chalcone in
THF gave similar conversions as the doped ionic liquids, confirming the effectiveness
of the ligands in the reaction medium. No ligand contamination was observed in the
products by "H NMR spectroscopy after extraction from the ionic liquids and filtration
through a silica plug, indicating that the use of ionic alkene ligands in ionic liquid

solvents can simplify and improve product recovery.

In all cases Pd nanoparticle formation was observed. The size of the nanoparticles
formed depended on the aryl substituent on the ionic chalcone ligand; the nitro-
substituted ligands gave larger nanoparticle sizes (10-15 nm) than the methoxy-
substituted ligand (1-3 nm). This can be linked to the rate of reaction, which was faster
for the methoxy ligand. Previously, it has been shown that nanoparticles that are <5 nm

are optimal for related coupling processes.”

Pd(OAc), (10 mol%)
O\n/OEt Si(OEt)3 42 or 43 (20 mol%) O
+
©/ o ©/ [CsMPyrr][TfoN] ‘

2 eq. [n-BuyNJF (4 eq.), 55 °C, 16 h

Scheme 24: Benchmark Hiyama type coupling in ionic liquids.

MMe
0
Me Pd(OAC),, 0" ™.
O Pd o}
Me MeOH, 50 °C NL o
0
le a4

67%
Scheme 25: Chiral Pd-diene complex.

The ligands described above have been achiral and only used in non-asymmetric
processes. Very few chiral alkene ligands have been studied in Pd-catalysed reactions,
despite their use in Rh and Ir-catalysed reactions (see below). Trauner and co-workers
reported the synthesis of the chiral complex, 44 (Scheme 25), inspired by the
unexpected observation of a Pd” tetraalkene complex by Mulzer.”® Complex 44 is a
tetraalkene Pd’ complex, whose air and moisture stability is attributed to the increased

back-donation caused by the electron-withdrawing carbonyl substituents. The complex
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exhibited some activity in a Pd-catalysed 1,6-enyne cycloisomerisation, but no
asymmetric induction was observed. No further studies have been carried out with this

interesting chiral diene.

Recently, Lin and co-workers carried out the first asymmetric Suzuki-Miyaura coupling

using Pd-diene complexes to give axially chiral biaryls (Scheme 26).”

Ar
45 (5 mol%) OO )
M /,
Me + Cs,COg, toluene © 2\ /(
80°C,0.5h Pd s
Br B(OH) o] C|45

Scheme 26: Chiral diene catalysed Suzuki-Miyaura.

Similar yields were obtained regardless of the electronic nature of the diene, however,
lower enantioselectivities were observed with bulkier ligands. Having determined that
the best yields and selectivities were obtained when Ar = 3,5-(dimethyl)phenyl, further
optimisation was carried out. The addition of the opposite enantiomer led to a racemic
product, indicating that fast ligand exchange was occurring. They hypothesised that
additional free ligand would be beneficial to catalyst turnover and asymmetric
induction. The addition of 15 mol% free ligand enabled the temperature to be lowered
to 25 °C, whilst seeing further improvements in yield and selectivity. The optimised
reaction was effective for the formation of a variety of biaryls all in high yield (72-99%)

and moderate to good enantioselectivity (48-90% ee).

1.3.3.2 Rhodium and iridium catalysis

The use of chiral dienes in Rh and Ir catalysed processes has met with more success
than in Pd-catalysed reactions. The metal-alkene bond strength depends on the metal.
Alkenes bind more strongly to Rh and Ir and therefore provide a more definite steric
environment. Hayashi and Carreira have made seminal contributions to the use of chiral
dienes as ligands in Rh and Ir catalysis. In 2003, Hayashi and co-workers showed that
chiral diene 46, based on norbornadiene, could be successfully utilised as a chiral ligand
in the Rh-catalysed 1,4-addition of organoboron reagents to enones.'” High yields and

enantioselectivities were obtained (Scheme 27).
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0 [RhCI(C2H,),]o/(R, R)-46

RB(OH), (3 mol% Rh, L/Rh = 1.1) Q
, + or , Ph
. (RBO), KOH (50 mol%) ; « Ph
dioxane/H,0 (10:1) R
20-50 °C
15 examples (R,R)-46
R = Ph, 3-MeOCgH,, 4-MeOCgH,, 73-96%
4-MeCgHy, 3-CICgH,, 4-CF5CgH.,, 88-99% ee (R)

4-FCgH,, 2-naphthyl, (E)-n-C5H{;CH=CH

Scheme 27: Rh-catalysed 1,4-addition of organoboron reagents to cyclic (5 and 6
membered rings) and acyclic enones.

The high catalytic activity of the chiral diene, (R,R)-46, over chiral phosphines such as
BINAP, has meant that less reactive transmetallation reagents can be used efficiently,

e.g. the otherwise almost inert organostannane, PhSnMe; (Scheme 28).

PhSﬂMeg
[RhCI(C2H,)olo/L OSnMe,

(3 mol% Rh, L/Rh =1.1)
NaOMe (6 mol%)

toluene, 60 °C, 22 h

Ligand (R)-47
(R)-BINAP <10%
(R,R)-46 80%, 95% ee

Scheme 28: Asymmetric conjugate addition to a,f3-unsaturated carbonyl compounds.

Meanwhile, in early 2004, Carreira and co-workers published their studies into chiral

dienes as ligands for Ir.'""’

Following their observation that [IrCl(cod)], was active in
allylic displacement reactions but [IrCl(coe),], was inactive, they designed chiral dienes
for the kinetic resolution of allyl carbonates. Starting from (R) or (S)-carvone (48) they

were able to prepare a variety of chiral dienes (49) in 4 steps (Scheme 29).
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Me Me—_OMe Me—,-OMe

1. NBS, MeOH 1. LDA, PhNTf,
2. +BuOK, +BuOH 2. ArZnCl, cat. Pd ;
/
68% o
O ° Me o) 46% Me
Me R =H (a), Ph (b), Q
mixture of OPh (c), t-Bu (d)
(-)-carvone, 48 diastereomers 49

R

Scheme 29: Synthesis of carvone-based diene ligands.

The kinetic resolution gave high enantioselectivities and good yields, for a broad range
of aryl (electron-rich and electron poor) and alkyl-substituted allylic carbonates

(Scheme 30).

[IrCl(coe),]s (1.5 mol%)
OCO,Me 49d (3.6 mol%) OCO.Me OPh

= = + =
R)\/ PhOH (0.5 64 RNF R)\/

CH2C|2, rt

80->98% ee(R) 45-92% ee
30-46% 38-50%

R = Ph, (4-Z)CgH,, naphthyl, c-CgH44, BROCH,

Z = Me, Br, Cl, F, CF3, NO3, CO,Me

Scheme 30: Kinetic resolution of allylic carbonates with Ir-diene complexes.

The authors also compared the reactivity of ligand 49d with that of Hayashi’s ligand 46
and found that 46 failed to form an Ir complex. This indicated that the small change in
ligand backbone might favour different metals. In the Rh-catalsyed 1,4-addition of
PhB(OH), to cyclohexanone they found that ligand 49d was not as active as 46, giving
only 52% yield and 71% ee. This supports the observation that the slightly different

ligand backbones may favour different metals.

OMe OMe OMe OMe
R
Ph

R = Bn (a), allyl (b), n-Pr (¢), 3-butenyl (d)
Figure 18: Bicyclo[2.2.2]octane Ligands for Rh-catalysed conjugate additions.

Further studies by Carreira assessed whether a [2.2.2]-bicyclooctadiene scaffold was

intrinsically a disadvantage to the norbornadiene scaffold in Rh catalysis or if different
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substitutes would afford more active catalysts. They found that changing the
substitutents on the alkenes led to an increase in yields and enantioselectivities for a

variety of Rh-catalysed conjugate additions.'*

A comparison of ligands 52 and 53
(Figure 18), in the addition of PhB(OH), to cyclohexanone showed that the rigid diene
core was essential for good conversions; with 53 less than 10% conversion was obtained
compared to 93% with 52. The enantioselectivities were greater with 50 and 51 over 52
(82-95% vs. 58%), presumably due to the increased steric congestion around the diene.
Ligands 54 and 55 were studied in the conjugate addition of arylboronic acids to
cinnamaldehyde derivatives (Scheme 31). Ligand 55a gave high yields and

enantioselectivies with both electron rich and electron poor organoboronic acids. The

reaction was chemoselective with none or only minor amounts of 1,2-addition products

observed.
[RhCl(CzH4)2]2 (3 mol%)
55a (3.3 mol%) Ar
ArB(OH), (1.2-2 eq.)
pr N\ CHO (AN CHO
KOH (0.5 eq.), 11 |
MeOH/H,0 (10:1), examples
oG 75 t10:1) 63-90%, 89-93% ee
MeO MeO
R R
4 4
Ph Bu
54 55
R = Bn (a), allyl (b)

Scheme 31: Rh-catalysed synthesis of 3,3-diarylpropanals.

Following the initial use of chiral dienes in Rh-catalysed conjugate addition to a,f3-
unsaturated carbonyl compounds, the reaction scope has been expanded to include
catalysed asymmetric 1,4-addition of arylboronic acids to maleimides,'” arylative

104

cyclisation of alkynals,'” and the arylation of imines.'” In many of the reactions

studied, chiral dienes outperform phosphine ligands (Scheme 32).

As well as expanding the reaction scope, the development of other chiral dienes has
continued (Figure 19); further variants of [2.2.2]-bicyclooctadiene scaffolds have been

examined by Hayashi and Darses independently, 60, 61, and 67,'°'"" as well as [3.3.1]-
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bicyclononadiene frameworks, 65.'% Separate investigations by Corey and Toste have

109
6

examined the extension of norbornadiene-based frameworks, 62 and 66, =~ Griitzmacher

has studied cyclooctene backbones,''

and Lin has studied dicyclopentadienes as
ligands, 64.""" More complex ligand systems such as DNA-diene hybrid ligands, 59,

have also been developed.'"?

/TS [RhCl(CQH4)2]2/L /TS
N (3 mol% Rh) HN
y  + (PhBO) Ph
KOH/H,0
Cl dioxane, 60 °C, 6 h Cl (R)
;@P“ ﬁ JbA
/
Ph
(R,R)-56 (R,R)-57 (R,R)-46
96%, 98% ee 98% 94% ee 98%, 92% ee
0 (),
o EEEZ
T YN
(R)-BINAP R)-SEGPHOS -
28%, 31% ee 30%, 70% ee 44%, 6% ee

Scheme 32: A comparison of phosphines and dienes in the arylation of imines.

The majority of the ligands mentioned above have had bicyclic core structures, which
impart rigidity to the ligand framework. This partially accounts for the high reactivities
and enantioselectivities observed using these ligands. The rigid frameworks provide a
very defined environment around the metal centre. The aryl group of the organoboronic
acid coordinates first to the Rh complex, and will occupy the least sterically congested
site. It has also been suggested that the aryl-Rh bond will form opposite the most
electron deficient double bond. The imine or enone will then approach from the least
hindered face minimising steric repulsion, leading to stereochemical control (Error!
Reference source not found.). Disappointingly the studies cited do not attempt to

distinguish between steric and electronic factors.
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Figure 19: Selected examples of chiral dienes utilised as ligands.
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Scheme 33: Stereochemical control in the arylation of /V-tosylarylimines by a Rh-
dicyclopentadiene complex.

Du and co-workers tested the feasibility of chiral chain dienes in some simple Rh-

catalysed conjugate additions (Scheme 34).'"

Excellent yields and moderate to good
enatioselectivities were obtained for a number of substrates, showing that ligand 68 was
successful. As expected the enantioselectivities were not as high as those seen for

dienes with a rigid ligand frameworks.

41



0 68:Rh 1.2:1 (5 mol% Rh) o OH
+ PhB(OH), KOH (7.5 mol%), ONNF
dioxane/MeOH (10:1) z
50 °C, 3 h Ph OH
>99% conv. 68

61% ee
Scheme 34: Rh-catalysed conjugate addition with a chiral diene ligand.

Du and co-workers developed further acyclic dienes giving rise to increased
enantioselectivities for conjugate additions. Surprisingly changing the hydroxyl groups
(68) for protected amines (69) led to good to excellent enantioselectivities and yields

(Scheme 35), suggesting that rigid frameworks are not essential.''*

O [RhCI(C,Hy)5]5 (2.5 mol%) o
69 (6 mol%)
MsHN  NHMs X T RB(OH), X
KOH (7.5 mol%) "R
= — dioxane/MeOH (2/1)
69 X= CH2, O, R= aryI, 10 c)C, 2h 14 examp|es
CH,CH, alkenyl 54-99%, 76-95% ee

Scheme 35: Rh-catalysed conjugate addition with a chiral chain diene ligand containing
protected amines.

Yu and co-workers recently reported that a,p-divinyl tetrahydopyrroles (e.g. 70) can
also act as effective acyclic chiral dienes in Rh-catalysed conjugate additions (Scheme
36).'"° The reaction gave good yields and enatioselectivities for a range of substrates
including ortho-substituents on the aryl boronic acid. However, a number of electron

deficient aryl boronic acids gave low yields, as did acyclic a,p-unsaturated ketones and

esters.
o) [RhCI(C2Hy)sl, (2.5 mol%) 0
Y 70 (6 mol%)
g / X | +RB(OH) - X
""( KOH (10 mol%) R
TsN n-Bu dioxane/MeOH (2/1)
70 X=CH,, O, R=aryl rt,2h 19 examples
CH,CH, 55-96%, 85-92% ee

Scheme 36: The use of a,p-divinyl tetrahydopyrroles in Rh-catalysed conjugate additions.

Overall, a wide range of alkenes have been successfully utilised in transition metal

catalysed reactions. In particular, alkenes have been widely applied in Pd-catalysed

42



cross-couplings to minimise unwanted side reactions such as isomerisation, and to
facilitate the recovery of palladium from the reaction medium. In many cases where
successful catalysis has been observed, dienes or polyene ligands have been used rather
than mono-alkenes. The added alkene moieties increase the stability of the catalysts via

the chelate effect.

Chiral alkenes, such as chiral dienes have not been widely utilised in Pd-catalysis. In
contrast their use in Rh and Ir catalysis is well documented, especially for Rh-catalysed
conjugate addition reactions to enones and imines with chiral dienes becoming the

benchmark ligands in these reactions.
1.4 Heterobidentate alkene ligands

Alkenes have been shown to be beneficial in catalysis in a variety of different ways.
However limitations do exist; the strength of the metal-alkene bond is dependant on the
metal and its oxidation state, thus effective ligands with one metal often turn out to be
unsuccessful ligands for other metals or oxidation states. As a result, a number of
research groups have been interested in combining alkenes with other well studied
ligands to gain access to more effective catalysts. Of particular interest has been
combining alkenes with phosphorus donor groups, e.g. phosphines, to give bidentate
ligands. The phosphine component ensures a strong binding to the transition metal,
while the alkene provides both the opportunity to create a chiral environment in close
proximity to the transition metal, or to provide another way to vary the electronic

properties of the catalyst.

The first chelating phosphino-alkene ligand (71) was reported by Nyholm and co-
workers in 1964, followed soon after by a number of further varients (72, 73, and 74;
Figure 21)."'° They observed that if the alkyl tether was less than (CH,),, no metal-
alkene interaction was observed. A number of groups have observed that a tether of
(CH,), gives the best chelate ligands for Pd" and Pt".""”  However, there is some
evidence from tungsten complexes that the alkene may coordinate in the solution phase

118

when the tether is only CH,." © Phosphino-alkene ligands can therefore be considered

hemilabile.
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Figure 21: Phosphino-alkene ligands.

Since Nyholm’s first publication the exploration of the coordination chemistry of
phosphino-alkene ligands has continued, with many different transition metals being
explored. The coordination of the alkene is dependant on the metal type. Metals such
as Rh, Ir, Pt and Pd will generally coordinate to both the phosphine and alkene. The

strength of alkene coordination in these complexes is in the order Ag' < Cu' < Pd" < Pt"

117b,119

~ Rh' < IrI, as shown by a decrease in vc=c. In general the free alkene C=C

stretching frequency is ca. 1640 cm™, on coordination this decreases by 100-150 cm™.

Care must be taken as the assignment of the vc-c is not straight-forward, due to a

dl23a

number of reasons. The vc-c band may be weak in the starting ligan or unclear due

to overlapping bands with any carbonyl stretches present. In addition there is

disagreement in the literature over which bands to assign to the C=C stretching

119d 119a,116,

frequency. In some cases bands at ca. 1500 cm™ have been assigned as ve-c,

20in other cases bands at ca. 1250 cm™ have been assigned as vczc,m * whilst the band

119¢

at 1500 cm™ is assigned to the C-H bending mode. In further cases it has been bands

at both 1500 and 1250 cm™ have been described as combinations of the C=C stretching

frequency and the CH, bend, 1194121

In more complex molecules it is likely that it will
be even harder to assign the C=C stretching frequency, and care must be taken with any
comparisons made about the strength of the metal-alkene bond based on IR

measurements.

The coinage metals are much less likely to coordinate to both the alkene and the

phosphine, with often just the phosphine coordinated complexes being isolated,
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particularly with Ag".'"" It was only in 2008 that the first Au' phosphino-alkene

complex was crystallised.'” W, Cr and Mo complexes of the internal alkene isomer of

74, showed alkene coordination

Tripodal and tetradentate ligands such as 72, 75, and 76 have been synthesised.''® """

19¢ 123 1y the Rh(L)X and Ir(L)X complexes (X= Br, Cl), the phosphine and all the
alkenes were seen to coordinate leading to 5-coordinate complexes. In contrast with
Pd" and Pt" the phosphine and only one of the alkenes would coordinate to give square

planar M(L)X, complexes.

Ligands with other heteroatoms as well as phosphorus have also been synthesised, along
with their metal complexes; Rh' for ligand 78,'** and Pd" and Pt" for ligand 79."* In the
[RhCI(PPh;3)(78b)] complex fluxional behaviour of the alkene was observed. The
double bond uncoordinates to give a 3-coordinate intermediate which can then either

give the 4-coordinate complex with either the alkene trans to the Cl or to the PPhs.

In the last 10 years, the focus of investigations into these ligands has moved from

coordination chemistry to catalysis.

1.5 Heterobidentate ligands in catalysis

As shown above a number of phosphino-alkene ligands have been synthesised. More
recently many more examples of phosphino-alkene ligands have followed from
Griitzmacher,'*° Carreira,'?’ Hayashi,128 Widhalm,'*’ Ellmann'* and Lei among others
(Figure 22)."' The latter reported ligand 84 during the first months that the current
project was started in York. These phosphino-alkene ligands have been utilised in a

wide range of Pd, Rh and Ir catalysed reactions, as outlined below.
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Figure 22: Further examples of phosphino-alkenyl ligands.
1.5.1 Phosphino-alkene ligands in palladium catalysis

Le Floch, Williams, and Lei have all independently investigated phosphino-alkene
bidentate ligands in Pd-catalysed cross-couplings. Le Floch used a phosphole-based
catalyst, 85, to cross-couple bromoarenes with phenylboronic acid using very low
catalyst loadings, 0.0001 mol% (Scheme 37)."** The catalyst was not active enough to

be used for the less reactive chloroarenes.

©/Br ©/B(OH)2 85 (0.0001 mol%)
+
K>COs (2 eq.), toluene

1.5 eq. 100 °C, 14 h 96%

Scheme 37: Suzuki coupling using a phosphole based Pd" catalyst.

Williams and co-workers investigated a series of phosphino-alkene ligands in the

Suzuki-Miyaura reaction (Scheme 38).'*

They found that the more electron-deficient
and the more sterically hindered the alkene, the greater the yield and the stability of the
catalyst. As complexes with just phosphine ligands are known to catalyse cross-
couplings, control reactions with the saturated ligand were carried out to see if the
alkene was necessary. A saturated version of ligand 87 gave poor yields, indicating that

the alkene plays a role.

46



Pd(OACc), (5 mol%)
Ligand (10 mol%) O

Br
O . B(OH),
NG @ KsPO4, DMF, O
NC

110°C, 24 h
86 = 26%
87 = 85%
Ph,P Ph,P 88 = 93%
Ph,P
87 88
MeOZC MeOQC

Scheme 38: A range of phosphine-alkene ligands studied in the Suzuki reaction.

As seen in section 1.3.2.3, alkene ligands can accelerate reductive elimination and
reduce -H elimination. Although Williams and co-workers did not carry out detailed
kinetic studies, they propose that in this case the rate-limiting step is one of the steps
involving Pd" species (i.e. transmetallation or reductive elimination), and not oxidative

addition.

Williams and co-workers went on to investigate their ligands in the Pt-catalysed

% They used the [PtCly(L),] complexes as

hydroformylation of styrene (Scheme 39).
the catalyst and found the best conversions were obtained with the ethyl and i-Pr ester
versions of 88. Although the ligands were active, the regioselectivity for the branched

aldehyde was only between 50-55%.

CHO
©/\ PtClg(L)g (1 moI%) ©/\/CHO
+
CO/H, (40 bar), toluene

100 °C, 24 h

Scheme 39: Pt-catalysed hydroformylations with phosphino-alkene ligands.

For the platinum complexes there is no evidence for the alkene coordination apart from
with ligand 87. The elemental analysis is consistent with [PtCl,(87),], however, the
alkene protons are at 2.3 and 4.6 ppm with decreased *Jun values consistent with the
alkene binding to Pt. The authors do not comment on this discrepancy. There is no
indication if there is free phosphine in solution indicating that one ligand has been

displaced by the alkene to give the square-planar complex.
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Pd(dba),/84 (4 mol%)
NEt; (2 eq.), Cul (2 mol%)

Rl—=Br *+ =—R? Rl———=—R?
DMF, rt, 2-9 h
16 examples
77-99%
PPh, 0 PPh, 0
0 O d
84 84(H,)

Scheme 40: Pd-catalysed C(sp)-C(sp) cross coupling employing a chalcone based
phosphine-alkene ligand.

Lei and co-workers have carried out kinetic studies on a number of Pd-catalysed cross-
coupling reactions using a chalcone based phosphino-alkene ligand, 84. In a C(sp)-

5 and a C(sp’)-C(sp”) Negishi cross-coupling,

C(sp) cross-coupling (Scheme 40)
(Scheme 42),"%° it was observed that the phosphino-alkene ligand facilitated reductive
elimination. In the former example the bidentate character of the ligand was held to be
responsible for accelerating reductive elimination by promoting the isomerisation of 89

to 90 (see Scheme 41), which must occur before reductive elimination can take place.

7 : P
|
R-=-Pd-=-R ——= R—=Pd R—=—F
é +S reductive
| | elimination
89 cis-trans 90
isomerisation R?

Scheme 41: Cis-trans isomerisation before reductive elimination.

PdCI5(MeCN), (1 mol%)

CO,Et 84 or 84(H,) (1 mol%) CO,Et CO,Et
@[ + n'C12H252nC| + ©/
| THF, rt C1oHos

91 92

Scheme 42: Negishi cross-coupling employing a chalcone based phosphine-alkene ligand.

In the Negishi coupling, p-H elimination competes with reductive elimination; if the
saturated version of ligand (84(H_)) is used large amounts of ethyl benzoate (92) are
observed along with product 91, whereas ligand 84 has a very high selectivity for 91

(Scheme 42). This is credited to the reductive elimination being much faster than $-H
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elimination in the presence of ligand 84, as the hemilabile alkene blocks the
coordination sites needed for B-H elimination. The authors used a variety of different
kinetic regimes to analyse their data including a zero-order, first-order and a more
complex regime. Regardless of which method was used, they observed the rate of
reductive elimination to be much larger than those previously reported for other C(sp°)-
C(sp’) systems."?” It was also observed that the overall conversion decreased if 84(H,)

was used, indicating that the alkene plays a crucial role in the reaction.

The above processes have all utilised achiral ligands. Another key objective of ligands
in catalysis is to enable asymmetric transformations. It was observed that chiral dienes
were able to coordinate strongly enough Rh or Ir to induce chirality. A number of
groups that had been interested in chiral dienes went on to prepare chiral phosphine-
alkene ligands, utilising the alkene as the source of chirality. Only one successful
example of a chiral diene in Pd-catalysis has been observed, however, the phosphino-
alkene ligands have met with more success. This is presumably due to the presence of
the strongly coordinating phosphorus donor atom. Hayashi developed chiral phosphino-
alkene ligands based on the norbornene framework (83 and 93) and demonstrated their

138

use in a Pd-catalysed asymmetric allylic alkylation of 94 (Scheme 43).”® The reaction

proceeded in high yields and enantiomeric excess.

Dimethyl malonate (3 eq.)
PPh, [Pd(C3H5)Cl], (3 mol% Pd) o O
OAc ligand (3 mol%)
R o /\)\ o MeO OMe
94 KOACc (6 mol%) Ph AN Ph
BSA (3 eq.), CHyCl,, 1t, 14 h
R ;E?sg’)f’)’ (-)-93: 96%, 81% ee (S)
(-)-83: 87%, 96% ee (S)

Scheme 43: Asymmetric allylic alkylation using a chiral P-alkene ligand based on
norbornene.
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ligand (5 mol%
94 'gand (5 mol%) MeO OMe

KOAc, BSA \
CH,Cl,, 35 °C Ph Ph

><Oj/\ PPh, >99% conversion
O "’//
96

© PPh; Dimethyl malonate (3 eq.)
><O - / [Pd(C3H5)C|]2 (5 mol% Pd) O 0]
95

95: 74% ee (R)
96: 42% ee (S)

Scheme 44: Asymmetric allylic alkylation using phosphino-alkene ligands based on diethyl
L-tartrate.

Du and co-workers previously synthesised acyclic chiral dienes for asymmetric
catalysis. They found that the Rh complexes of their ligands were active in conjugate
addition, however the enanitioselectivities were often only moderate. They believe this
was partially due to weak coordination between flexible dienes and the metal centre. To
address this they developed a variety of chiral phosphino-alkene ligands based on
diethyl L-tartrate, (see 95 in Scheme 44 as an example) which they hypothesised would
bind more strongly to transition metal and thus provide a suitable chiral backbone. The
ligands have been utilised in a number of palladium-catalysed reactions giving high
yields and good enantioselectivity."” Interestingly, in both the asymmetric alkylation
and etherification of 94 (Scheme 44 and Scheme 45 respectively), the use of the
saturated ligand 96 led to products of the opposite configuration. This suggests that the
active catalyst species is different between the two ligands, and that the terminal alkene
plays an unidentified role in the asymmetric induction. The enantioselectivity of both
reactions can be improved to >90% ee by reducing the temperature to -40 °C and
changing the aryl groups on the phosphine to 3,5-Me,C¢H3. For the alkylation reactions
the use of lithium acetate rather than potassium acetate improved the enantioselectivity

and allowed lower catalyst loadings (0.5 mol%) to be used.
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[Pd(C3Hs)Cll, (5 mol% Pd)
OAc ligand (5 mol%) OBn

oAy, + BNOH oA

94 )
>99% conversion

95: 77% ee (+)
96: 41% ee (-)

CSzCOa, CHQC|2, 35 °C

Scheme 45: Asymmetric etherification using P-alkene ligands based on diethyl L-tartrate.

Ligand 95 was also shown to be an effective ligand for the asymmetric allylic

substitution of 94 with morpholine.

Indoles (1 eq.)
OAc  [Pd(CsHs)Cll,/97a H@
Pd:L 1:1 (3 mol%)
Ar'A/S\Ar' \_

1.2eq. Na,COj3 (2 eq.) S
CH,Clp, 0°C, 24h  Ar~ > Ar

Ar' = Ph, 4-CICgHy, 14 Examples,
4'MeCGH4, 3'C|CGH4 72-99%, 75-94% ee

OO 97a: Ar=Ph,R=H
PArs

97b Ar = 3,5'M€206H3, R = H
97c: Ar = 2-Napthyl, R=H

~_R
OO 97d: Ar = Ph, R= Ph

Scheme 46: Pd-catalysed allylic alkylation of indoles using phosphino-alkene ligands based
on binapthyl.

Du has gone on to investigate another set of chiral phosphino-alkene ligands, utilising
BINOL as the backbone.'*" Ligand 97a was found to give the highest enantio- and
regio-selectivities, in the allylic alkylation of indoles (Scheme 46). No product was
observed when the saturated ligand or the related MOP ligand was utilised in the
reaction, suggesting the vinyl group plays a crucial role not only in the
enantioselectivity of the reaction but also the reactivity. Increasing the ratio of ligand to
palladium had a detrimental effect on the reactivity (dropping from 95% conversion and
92% ee at Pd:L ratio 1:1 to 35% conversion and 64% ee at Pd:L ratio 1:2), presumably

as the diphosphine complex is now formed and is unreactive. The authors also
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demonstrated the allylic alkylation of pyrrole, although other N-heterocycles such as 1-

methylpyrrole and benzimidazole were unreactive under these conditions.

Dimethyl malonate (3 eq.)
[Pd(C3Hs)Cl]» (5 mol% Pd)

o 0
OAc Ligand (5 mol%
/v\ igand (5 mol%) MeO OMe
Ph Ph KOAc (10 mol%), BSA (3 eq.) ph X"~ pp

4 CH,Cl,, 22 °C, 20 h

100% conversion
12-43% ee [R] or [I]

Ph Ph on
/l // /;
PPh, PPh, PPh,

Ligands = Fe Fe Fe
< <= <
98 99 100
0
<~ CO,Et @J(
@;;2 —~pph, Me
Fe Fe
<= <=
101 102

Scheme 47: Alkenylferrocene ligands.

Stepnicka and co-workers prepared a series of novel alkenylferrocene phosphines, 98-

102 with planar chirality.'*!

The catalytic effectivness of these ligands was probed in
the Pd-catalysed asymmetric allylic alkylation of 94 (Scheme 47). In all cases the
reaction went to completion, even in the saturated version of 98, indicating that the
double bond is not necessary for an active catalyst. However, the ligands appear to
have an as yet unexplained effect on the enantioselectivity with some giving the (S5)-
enantiomer and some the (R)-enantiomer, in poor to moderate selectivity (see Table 7).
The saturated ligand gave lower enantiomeric excess than the unsaturated version,

which along with the unexplained selectivity suggests the double bond moiety does play

an as yet undefined role.
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Table 7: Enantioselectivities of allylic alklylation products using alkenylferrocene

phosphine ligands.

Entry Ligand Conversion, %  ee, % (Config.)

1 (Sp)-98 100 32 (R)
2 (Sp)-99 100 22(S)
3 (Sp)-100 100 43 (S)
4 (Sp)-102 100 26 (S)
5 (Sp)-101 100 12 (R)
6 (Sp)-98(H>) 100 18 (R)

In the majority of phosphino-alkene ligands the phosphorus has been a simple
phosphine. Other phosphorus environments commonly seen in ligands for metal
catalysis include phosphites, phosphinites and phosphoramidates. A few examples of
these environments in bidentate alkenyl ligands have surfaced. Boysen reported an
alkene-phosphinite ligand based on D-glucose (103) and utilised it in Pd-catalysed

asymmetric allylic alkylations (Scheme 48).'*

O._ .OEt Dimethyl malonate
TrOA(J‘ gluco-enoPhos (0.55 mol%) 6 O
Q\v = 04 [Pd(CgH5)Cl], (0.25 mol%) MeO OMe
PPh, N, O-bis(trimethylsilyl) acetamide, Ph AN Ph
KOAC, CHQC'Q, 0 o(:, 16 h
gluco-enoPhos, 103 90%, 61% ee

Scheme 48: Pd-catalysed asymmetric allyic alkylation using gluco-enoPhos.
1.5.2 Phosphino-alkene ligands in rhodium and iridium catalysis

Chiral phosphino-alkene ligands have also been studied extensively in Rh and Ir-
catalysed reactions, as a continuation of the success of chiral dienes in this area.
Griitzmacher and co-workers reported the first use of phosphino-alkene ligands in
transition metal catalysis.'*® They were interested in the effect of alkenes in Ir-catalysed
hydrogenations (Scheme 49). Initially they tested the Ir complexes of achiral ligands 81
and 104 in hydrogenation of benzylidene aniline, 105, and the substituted amine 106.
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Excellent turnovers were observed for 105, whereas lower activity was seen for 106 as

expected.
Q ph [IF(L)(cod)ICFsS0; (0.1 mol%) Ph
N H, (50 bar) HN
| P
. PR R' A Ph 50 °C, THF R'” Ph
O R'=H (105), TOF h"
Me (106) 105 106
R =Ph (81), 81 >2000 82
Cy (104) 104 >6000 76

Scheme 49: Hydrogenation of imines using achiral phosphino-alkene Ir complexes.

The authors went on to prepare unsymmetrically substituted alkene variants of the
ligands. The Ir complex of the (R R)-107 ligand gave high yields and good
enantioselectivities in imine hydrogenation (Scheme 50). In comparison the Rh

complex of (S,R)-107 showed no catalytic activity.

PPh,
OCO pp  [IM(R.A-107)(cod)]CF3S0; (1 mol%) _Ph
N~ H, (50 bar) I-ﬁ\l\
|
o Me)\ Ph 50 °C, CHCl3, 2 h Me~ Ph
'< >98%, 86% ee (S)
(R,R)-107

Scheme 50: Asymmetric hydrogenation of imines using phosphino-alkene Ir complexes.

Almost concurrently, Hayashi and co-workers found that their phosphino-alkene ligand
based on norbornadiene, 83, exhibited higher activities and selectivities than diene
ligand 108, in a Rh-catalysed asymmetric 1,4-addition of arylboronic acids to

maleimides (Scheme 51).'*

The chiral diene, which had outperformed phosphines, had
been considered the benchmark ligand for a number of years. However, phosphine-
alkenyl ligands increased the ee from 69 to 93%. The Rh complex of ligand 83, was

also found to be effective in the 1,4 addition to o, B-unsaturated carbonyl compounds.'®
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0 [{RhCl(ligand)},] @]
(5 mol% Rh)

| 'NBn  + PhB(OH), - NBn
KOH (50 mol%) PH "
o) 30ea jioxane / H,0 (10:1) 0
50°C, 3 h

PPh,

; Ar Ph

Ar

(R,R)-108: Ar = 2,4,6-MeCqH (+)-83

Ligand Yield, % % ee

(R)-BINAP 70 58 (R)
(RR)-108 88 69 (R)
(+)-83 98 93 (S)

Scheme 51: Asymmetric 1,4-addition of aryl boronic acids to malenides.

As a result, Rh-catalysed conjugate additions to enones have become benchmark
reactions for new chiral phosphino-alkene ligands. Boysen and co-workers found that
their ligand, gluco-enoPHOS (103) was active in Rh-catalysed addition of boronic acids

2

to enones (Scheme 52), as well as Pd-alkylations.'* Good to moderate yields and

excellent stereoinduction was observed for cyclic enones and lactone.

[RhCl(CQH4)2]2 (1 .5 m0|°/o)

0 gluco-enoPHOS (3.3 mol%) 0]
PhB(OH),
X X
/' KOH, dioxane/H,0, 30 °C, 16 h /
Ph
X =CH, 82%, 99% ee
CH.CH,  80%, 99% ee
CH,O 48%, 94% ee

Scheme 52: Rh-catalysed conjugate assition of boronic acids to enones using gluco-
enoPHOS.

Widhalm and co-workers also tested their phosphepine-alkene ligand (80) in the Rh-

catalysed addition of phenylboronic acid to enones.'*’

Good yields and excellent
enatioselectivities were obtained for a variety of cyclic enones and lactones, and

arylboronic acids.
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Dorta and co-workers studied the use of chiral phosphoramidate-alkene ligands in Rh-

catalysed conjugate additions.'*

They investigated a range of cationic and neutral Rh
complexes. Overall they found that the cationic complex and the Rh-dimer complex of
ligand 109, gave the highest yields and enantioselectivities. They also looked at copper

146b

catalysed conjugate additions with these ligands. However, in the copper complexes

[Cul(L),] there was no evidence of alkene coordination (only the 1:2 Cu:Phosphine
complex was observed by NMR or X-ray crystallography), and as a result there was
either no stereoinduction or only moderate induction. Again the cationic complex of

ligand 109 gave the best enantioselectivities (39% ee) and excellent yields.
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Figure 23: Phosphoramidite-alkene ligands.
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Scheme 53: Dehydrogenation of cyclohexylphobane ligands in Rh complexes.
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Ellman, Bergman and co-workers have used simple achiral phosphine alkene ligands in
a very different Rh-catalysed reaction: the direct arylation of benzaimidazoles.'*” They
designed these ligands after the observation of the dehydrogenation of

cyclohexylphobane ligands when reacted with [RhCl(coe):], (Scheme 53). Ligand 114
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gave the best conversions, though ligand 115 had a faster initial rate, but moderate

conversions were obtained due to catalyst inactivation.

@P—Cy H [RhCl(coe)s), (5 mol%)
N 114 (15 mol%) “
14 ©: /> + ArBr >_ Ar
N i-Proi-BuN (3 eq.), THF N/
| b _ph microwave, 200 °C, 2h
16 examples

115 56-100%

Scheme 54: Direct arylation of benzamidazole with (£)-2,3,6,7-tetrahydrophosphepine
ligands.

After optimising the reaction conditions with ligand 114 it was seen that the arylation of
benzimidazole was compatible with a variety of aryl bromides in good to excellent yield
(Scheme 54). A variety of functional groups were tolerated under the reaction
conditions including free amine and hydroxyl groups. However, ortho-substitution was
not tolerated. The conditions could also be applied to a number of different
heterocycles including benzoxazole and benzothiazole in moderate yields. The reaction
could be further optimised to avoid the need for using the glove box to prepare the
reactions by utilising the HBF, salt of the phosphine and [RhCI(cod)],. Once again a
range of aryl bromides and heterocycles could be coupled with only modest decreases in
product yield. Further optimisation of the solvent and catalyst loading improved the
yields to similar levels as before. Despite the optimisation and the functional group
tolerance it should be noted that the conditions are still quite harsh, requiring 2 h at 200
°C for the unprotected phosphine and 165 °C for the protected phosphine. As a result
the methodology would be unsuitable for substrates containing more sensitive

functional groups.

The success of any ligand, chiral or achiral, depends not only on its activity and
selectivity but also on the ease of synthesis. Weller, Frost and co-workers developed a
very simple route to phosphino-alkene ligands by the in-situ dehydrogenation of PCyp;
(Cyp = cyclopentyl) when preparing cationic Rh complexes (Scheme 55).'** Complex
116 was found to be an effective catalyst at low catalyst loadings (0.1 mol%) for the

conjugate addition of PhZnCl to a,B-unsaturated carbonyl compounds.
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Scheme 55: In-situ preparation of phosphino-alkene ligands.

The synthesis of 118 is another simple example of P,alkene ligand synthesis; starting
from the commercially available (S)-BINOL (117) the phosphoramidite ligand is

obtained in just one step (Scheme 56).

OH +PCl; + HN P N
117

Scheme 56: Synthesis of a phosphoramidite-alkenyl ligand by Carreira and co-workers.

Carreira and co-workers have successfully employed the chiral and achiral ligands 118
and 119, respectively, in the iridium-catalysed synthesis of primary allylic amines from
allylic alcohols (Scheme 57).'*" Tt is the first time that sulfamic acid (H,NSO3H) has
been used in the direct transformation to amines from alcohols without the need for
prior activation. When the saturated ligand 120 was used instead of 119, only 20%
conversion of alcohol 121 was achieved compared to >99% indicating that the alkene
was key for the activity of the complex. Ligand 119 can also be used to enable
stereospecific substitution of optically active allylic alcohols by sulfamic acid.'* The

addition of Lil and molecular sieves (4 A) was found to be key to stereospecificity.
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1. Ligand (3 mol%) Yield, %

[{IrCl(cod)}] . _  R=Ph 78
OH + - (1.5 mol%) NH;CI Cy 75
* HgN-SO
R)\/ 8 ®  DMF, 50°C, 3h R)\/ PhCH,CH, 82
121 2. HCI (2M) BnOCH, 71

H,C=CHCH, 75

Op.N |
T
119 = unsaturated
120 = saturated

Scheme 57: Iridium-catalysed synthesis of primary allyic amines.

Ligand 118 was successfully utilised in the direct generation of a primary
enantomerically enriched allylic amine from allylic alcohol, 1-cyclohexylprop-2-en-1-
ol, using Ir catalysis. This is unusual as Ir is not normally a very good metal for kinetic

resolution.

Overall, it can be seen that initial studies with phosphino-alkene ligands show they
provide active catalysts in a variety of different transition metal-mediated
transformations. In a number of cases, they have been shown to be more effective than
either phosphines or alkene ligands alone, and have opened up new doors in the use of
unactivated substrates. Other developments not mentioned above include the use of

phosphino-alkene ligands as mechanistic probes in the Pauson Khand reaction.'
1.5.3 Nitrogen-alkene ligands in catalysis

The focus of this project is on phosphino-alkene ligands, however alkenes have been
combined with other donor atoms. Amino-alkene ligands have been developed (Figure
24) though not to the same extent as phosphino-alkene ligands."”' Griitzmacher and co-

workers have utilised ligands 124 and 125 in Rh-catalysed transfer hydrogenation

151e,f

reactions, whereas Glorius and co-workers have tested their alkene-oxazoline

ligands in the Rh-catalysed addition of boronic acids to cyclic enones."”'
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125

Figure 24: Amino-alkene ligands.

1.6 Conclusion

It has been shown that the addition of alkene ligands to transition metal catalysed
reactions can benefit them in a number of ways: 1) electron-rich alkenes can increase the
rate of oxidative addition; ii) side reactions, such as isomerisation and 3-H elimination,
can be hindered by coordination of the alkene to the metal removing the vacant sites
needed for these processes; iii) electron-deficient alkenes can increase the rate of
reductive elimination. For Pd-catalysed reactions the focus of the studies has been on
Suzuki-Miyaura, Mizoroki-Heck, Hiyama-type and Negishi cross-coupling reactions.
Whilst studies continue to investigate the effect of alkenes on the fundamental steps in
catalysis, research has broadened to designing alkene and alkene-containing
‘hemilabile’ ligands for catalysis. The initial results are promising and show that the
field is ripe for exploitation. In particular, N-alkene, P-alkene and chiral alkene ligands
have been underdeveloped for Pd catalysis compared to the explosion of interest in Rh
and Ir catalysis with these types of ligands. Even fewer examples exist with other
transition metals. For phosphino-alkene ligands the majority of studies have focused on
the catalysis with little detailed investigation into the coordination chemistry and
reactivity of the ligands themselves since the initial development of phosphino-alkene

ligands in the 1960s. For the development of ligands for more challenging catalytic
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reactions such as alkyl cross-coupling reactions and C-H functionalisation a greater
understanding of possible coordination modes of phosphino-alkene ligands and their
influence on important steps in catalytic cycles of late-transition metal mediated

reactions will be needed.

1.7 Project summary

The use of bidentate hemilabile ligands has been underexplored in transition metal
catalysis, particulary in Pd-catalysed cross-coupling reactions. It has been shown that
dba can be used as a tuneable ligand framework, and can influence all steps of a
catalytic cycle. The addition of PR, in the ortho-position of dba would lead to a
hemilabile bidentate class of phosphine ligands. This project provides an opportunity to
investigate the coordination chemistry of multidentate phosphino-alkene ligands and
their variants. The early studies on phospino-alkene coordination were carried out in
the 1960-70s. Often these studies relied on IR spectroscopy, and the occasional single
X-ray crystal structure or 'H NMR spectrum to determine the structure of the
complexes. Since then, substantial developments in analytical chemistry have occurred.
However, recent studies have chosen to focus on the catalytic properties of these
ligands. Systematic studies of the structure of transition-metal complexes of these
ligands are rare. We aim to use the wide variety of techniques now available to study
the coordination chemistry and reactivity of dba-based phosphino-alkene ligands and
their complexes. The insights gained will be utilised in the development of transition

metal-catalysed reactions.

Phosphino-alkene ligands are not the only underutilised ligands; others include the
phosphine sulfides. Phosphine sulfides have been found to act as successful ligands in a
number of preliminary studies. One advantage of phosphine sulfides is unlike
phosphines they are not susceptible to oxidation. Another aim of this project is to
prepare the phosphine-sulfide variants of our ligands, to explore there coordination and

catalytic chemistry further.

The overall aim for this project is to develop a diverse series of novel ligands based on
the dba backbone and examining their coordination chemistry and catalytic properties.

The specific objectives of this project are:
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To develop a rapid, efficient and simple methodology that allows access to
the target phosphino-alkene ligands, dbaPHOS (127) and monodbaPHOS
(128).

(@] 0]
D OO0
PPh, Ph,P PhoP
dbaPHOS, 127 monodbaPHOS, 128

To apply solid-state and solution studies to elucidate the structures of the
ligands and to probe their coordination chemistry with a variety of late
transition metals.

To synthesis variants of the target ligands. The phosphine sulfide variant
will be prepared and its coordination chemistry investigated.

To investigate the reactivity of the ligands.

To screen any novel ligands in catalytic reactions.
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Chapter 2: Synthesis of multidentate phosphino-alkene ligands

2.1 Design of ligands

The dba ligand has been shown to be a tuneable alkene framework (see Section 1.3.2).!
The global aim of this project is to combine this framework with phosphine
substituents, to provide access to tuneable phosphino-alkene ligands. A family of mono
and bidentate phosphine ligands was envisioned, with alkene sites available for
coordination in the ligand backbone (Figure 1). By changing the substituents on the
aryl rings the electronic properties of the alkenes could be tuned in a manner similar to
how Fairlamb and co-workers tuned dba-Z ligands.' The substituents on phosphorus

could also be tuned depending on the electronic and steric properties desired.

A PR, 0 H/P;iz/\

R groups on S _ Mono or bidentate
phosphorus N phosphine
can be tuned | —z
=
Tuning of alkene
. electronics
Alkene ligand by aryl substituents

Figure 1: Design rationale of new multidentate phosphino-alkene ligands. Key:-Bold
comments: mandatory requirements; italic comments: desirable properties.

The initial targets of the project were 127, and 128, shown in Figure 2.

PPh, (@) PPh, PPh, 0]

o0 OO

U . U UL O
Figure 2: Initial ligand targets.

2.2 Synthesis of ligands

The two most obvious disconnections for the formation of the target ligands are the

C=C bonds and C-P bonds (Figure 3).
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PPh, PPh,
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K :&Q{x@
C-P formation k

C=C formation

Figure 3: Ligand disconnections.

There are a wide variety of C=C bond formation methods known. The simplest
reactions are the condensation reactions, such as the Claisen-Schmidt reaction, between
the relevant aldehyde and acetone mediated by an appropriate base. This method works
well for a number of symmetrically aryl-substituted dba ligands (Scheme 1).'” An
adaptation of this synthetic route using benzylidene acetone facilitates the preparation of

the unsymmetrical dba ligand systems.’

/©/CHO o NaOH
+

z )J\ EtOH/H,0
2 eq.

0to25°C

Z = CFa, H, OMe

Scheme 1: Claisen-Schmidt condensation reaction.

In cases where the Claisen-Schmidt type reactions do not work, are very slow or
susceptible to side-reactions, e.g. when using picolinaldehyde, 129 (see Scheme 2),*
alternative C=C bond forming reactions can be used such as the Wittig," Horner-

4c,5

Wadworth-Emmons*** and Heck arylation reactions.’

= KQCOS (13 eq)

EtOH/H,0, rt, 1 h

131, 83%

+
0
(Et0),0p._JL__Po(OEY,

130

Scheme 2: Horner-Wadsworth-Emmons reaction for the synthesis of dba-based ligands.

There are many classical synthetic routes to tertiary phosphines: a) reaction of
halophosphines with aryl Grignard reagents or organolithium reagents;” b) addition of

P-H compounds to unsaturated compounds;® ¢) by reduction of either phosphine oxides
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or phosphine sulfides;® d) the cross-coupling of aryl halides (or pseudo halides) with
diarylphosphines (HPAr,), or phosphides (e.g. KPAr).”

2.2.1 Bisphosphine ligands

The commercial availability of 2-(diphenylphosphino)benzaldehyde, 135 (£45.80/g,
Aldrich, 2011) influenced the decision to explore C=C bond formation methodology, as
it would allow efficient access to the ligands making them accessible to both the
academic and industrial community. The aldehyde 135 can also be synthesised in-
house on a large scale (15 grams) relatively simply from the 2-bromobenzaldehyde, via
protection of the bromoaldehyde as the hemiacetal, 133, followed by halogen-lithium
exchange, trapping with chlorodiphenylphosphine and deprotection to reveal the
aldehyde (Scheme 3)."

CHO HOCH,CH,OH 03 1) n-BuLi, THF, -78 °C O/>
©i p-TsOH, toluene o 2) PhyPCl, -78 to 22 °C @O
Br 89% 70% PPh,

132 Br 133 134

cat. p-TsOH CHO
acetone, reflux, 8 h ©i
PPh,

76% 135

Scheme 3: Preparation of 2-(diphenylphosphino)benzaldehyde, 135.

The initial attempt to synthesise 127 (referred to as dbaPHOS) via the Horner-
Wadsworth-Emmons reaction followed similar conditions to those used in the synthesis
of (1E,4E)-1,5-di(2-pyridinyl)penta-1,4-dien-3-one 131 (Scheme 2 and Scheme 4). The
phosphonate ester, 130, was prepared according to literature procedures.'
Unfortunately, the ligand was obtained in low yields (circa 10%). Thin layer
chromatography (TLC) revealed that no starting benzaldehyde remained. No other
products were obtained by column chromatography suggesting that the remainder of the

mass balance were polar side products, possibly the phosphine oxide derivative.
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K,CO3 (10 M)

135

P
+
THF/H,0, 22 °C
Q 127, 10%
y ©
(eto),0p._JL_Po(oe),
130

Scheme 4: Horner-Wadsworth-Emmons reaction in the synthesis of substituted dba
ligands.

During attempts to optimise the reaction it was realised that the phosphine ligand was
surprisingly air sensitive. As a result it was difficult to tell if any changes made to the
reaction conditions were having a positive effect, as it is possible a considerable
quantity of the ligand was oxidised during the purification. The phosphine oxides are
more polar and so remained on the column, making quantification difficult. Attempts to
prepare 127 and trap the phosphine as the borane adduct using BH;*SMe were also
unsuccessful. Multiple phosphorus-containing products were observed by *'P NMR
spectroscopy. In addition, the '"H NMR spectrum showed disappearance of the alkene
bonds, and the appearance of peaks between 3 and 1 ppm. The IR spectrum has a
number of weak bands between 2400 and 1900 cm™, indicating the presence of both
terminal and bridging B-H bonds. The bands at 1654, 1614 and 1596 cm™ attributed to
the carbonyl and alkene stretches disappeared. Mass spectrometry (APCI) on the crude
compound supports the observation of the removal of the carbonyl, and a peak at m/z
615.2 is attributed to C4H3oP,B,. In contrast to the °'P spectrum, the C NMR
spectrum was very simple showing 3 broad peaks in the aromatic region, 133, 131 and

130 ppm, and no evidence of a carbonyl peak.

An alternative synthetic approach was pursued by protecting the dbaPHOS as a carbon
disulfide adduct.'” Interestingly, the product obtained was dbaPHOS, 127 as shown by
the "H NMR spectrum, not the carbon disulfide adduct as expected. Crucially, almost
no phosphine oxide was observed in the *'P NMR spectrum. Inauspiciously, this
reaction was found to be irreproducible. This coupled with the modest yields (10-45%)

obtained suggested that an alternative synthetic route was necessary.
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CHO THF, 18 h, rt CHO
+ Sy @ —
0,
PPh, 81% P(S)Ph,
135 136

Scheme 5: Preparation of 2-(diphenylthiophosphino)benzaldehyde, 136.

Another synthetic method for the protection of phosphines is to prepare the phosphine
sulfide and then reduce the P=S bond at a later stage. A number of synthetic methods
exist for the reduction of P=S bonds, ranging from quite harsh conditions, such as
Si,Cle"® and Raney® Nickel,14 to milder conditions such as Schwartz’s reagent,15
nickelocene,'® and a sacrificial phosphine.'” The 2-(diphenylphosphine)benzaldehyde
(135) can easily be protected as the 2-(diphenylthiophosphine)benzaldehyde (136) by
stirring overnight in THF in the presence of sulfur (Scheme 5), allowing access to 137
(hereafter referred to as dbaTHIOPHOS)."*  DbaPHOS could then be obtained by
reduction of the P=S bond. One possible drawback of this synthetic route is that a
number of the deprotection methodologies could interfere with the conjugated 1,4-dien-
3-one moiety of dbaTHIOPHOS, 137. However, phosphine sulfides are also ligands in
their own right (see Section 1.1.3) and have been utilised in a number of different

catalytic reactions.'’

The synthesis of dbaTHIOPHOS, 137 was achieved via the Horner-Wadsworth-
Emmons reaction with some optimisation. After screening several bases, sodium
hydroxide was found to be the most effective (entries 1-3, Table 1). Increasing the
reaction temperature by employing 1,4-dioxane (entry 5, Table 1) did not increase
yields further. It was found that an excess of base was essential to push the reaction to
completion (entries 3, 4, and 6,Table 1). By following the *'P signal of 136 by NMR
spectroscopy it was determined that full conversion was reached under the conditions
described in entry 6. If these conditions could be translated to the unprotected
phosphinobenzaldehyde, 135 it would avoid the need for extensive purification, and

potentially remove the need for phosphine protection and then deprotection.
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Table 1: Optimisation of the Horner-Wadsworth-Emmons reaction.

cHO o) Base. P(S)Ph, O P(S)Ph,
SN SRARS

P(SPh,  (EtO),0P  PO(OEY), 'HH/H0 O O

136, 2.eq 130 dbaTHIOPHOS, 137
Entry Base Eq. Time Temperature, °C Yield of 137, %

1 K»>COs 13 6d 25 to reflux 43

2 KDMO 2.5 6d 25t0 50 30

3 NaOH 1 48 h 25 to reflux 15°

4 NaOH 2 6d 25 to reflux 63, 87°

5 NaOH 2 5d reflux 68°

6 NaOH 4 48 h reflux 84

“ Conversion determined by "H NMR spectroscopy. ° Repeat runs of this reaction. ¢ 1,4-

dioxane.

Using similar conditions to those described in entry 6 the reaction of

2-

(diphenylphosphino)benzaldehyde, 135, with 130 reached full conversion in 2 hours.

Work-up by an aqueous wash (using degassed water), followed by extraction with

degassed dichloromethane and removal of the solvent afforded dbaPHOS, 127 with

>97% purity, as determined by *>'P NMR spectroscopy. An excess of phosphonate ester

was used to ensure no benzaldehyde remains, as column chromatography (on silica-gel)

under N, is required to remove any remaining benzaldehyde. By contrast, the excess

phosphonate ester is removed in the aqueous work-up. Recrystallisation conditions

were also investigated, however dbaPHOS, 127 was found to be soluble in CH,Cl,,

acetone, EtOH, toluene, MeCN, even dissolving to some extent in hexane and EtO.

CHO NaOH (6 M, 4 eq.) PPh; o PPh,
CL, 0 e s

THF/H,0, 2 h,
PPhy  (Et0),0P  PO(OEt); g 2" N,

135, 2 eq. 130, 1.3 eq. dbaPHOS, 127
84%

Scheme 6: Optimised synthesis of dbaPHOS (127).
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2.2.2 Microwave studies: An unexpected THF addition product

Table 2: Conventional vs. microwave conditions.

Entry Base Amount, eq. Time, h Temperature, °C Yield of 137,

1 NaOH 4 48 reflux 84
2 NaOH 4 1.5 uw, 110 67
3 NaOH 4 1 uw, 110 80°

*1.2 eq. 1,3-bis(ethoxyphosphonato)acetone.

The synthesis of dbaTHIOPHOS, 137 was considerably slower than that of dbaPHOS,
127. The successful synthesis of dbaTHIOPHOS was achieved by conventional heating
methods in a closed system (in a Schlenk flask) to give yields of 84% after 48 h at
reflux (Table 2, entry 1). It was found that the reaction gave lower yields when an open
system was used (i.e. round-bottomed flask and condenser). This indicated that an
increased pressure under the closed system could have a positive effect on the reaction.
Due to this effect and the extended reaction times at higher temperatures, the use of
microwave technology was investigated. It was found that the reaction gave similar
yields after 1 h if the amount of phosphonate ester was increased to 1.2-1.3 eq. (Table 2,
entry 3 vs. entry 2). It is believed that the increase in temperature and pressure led to

further ester decomposition.

However, on one attempt the yield was reduced substantially and a second product was
formed (Scheme 7). The 'H NMR spectrum of the second product revealed a distinctive
set of alkyl protons that could not be accounted for from the starting materials (see

Figure 4).

M

T T ™ I
- o = o o
— — - -

1.0
2.0+
1.0

-

42 39 36 33 30 27 24 21 18 15 12
ppm
Figure 4: '"H NMR spectrum detail of 138 (400 MHz, CDCl;, * = toluene, # = H,0).
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CHO
Clam, * cool )
P(S)Ph, (Et0),0P  PO(OEt),

136, 2 eq. 130,1.2 eq.

NaOH (6 M, 4 eq.)
THF/H,0, microwave,

110°C, 1 h
P(S)Ph, O P(S)Ph, P(S)Phy O
AN
+ o)
137, 25% 138, 25%

Scheme 7: THF side product from microwave preparation of dbaTHIOPHOS.

The only remaining source of alkyl protons in the reaction was the solvent, THF. ESI
mass spectrometry revealed that the side-product had a m/z 433.1380, which
corresponds to CysH260,PS, giving CysHos0,PS as the formula of the side product.
Two possible structures involving THF meet this mass, 138 and 139. Inspection of
reported 'H NMR spectra of compounds in the literature that contain either the THF or
tetrahydropyran motif, revealed that the compound (2-tetrahydrofuryl)-propan-2-one
was the best match for the alkyl portion of the side-product (see Table 3).*° The
diastereotopic protons between 2.7 and 2.4 ppm were especially distinctive, exhibiting
roofing doublets of doublets with large coupling constants (~15 Hz). Single crystal X-

ray diffraction analysis confirmed compound 138 as the side-product, (Figure 6).

P(S)Ph, O P(S)Ph, O

138 139

Figure 5: Possible structural isomers of the side product C,sH,s0,PS.
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Table 3: Comparison of the '"H NMR spectroscopic data of tetrahydrofuran and
tetrahydropyran motifs (selected peaks).

Compound '"H NMR, ppm

1-(2-tetrahydrofuran-2’-  4.26-4.17 (m, 1H), 3.90-3.82 (m, 1H), 3.76-3.67 (m, 1H),
yl)-propan-2-one*’ 2.74 (dd, J = 15.9, 7.2 Hz, 1H), 2.55 (dd, J = 15.9, 5.6 Hz,
1H), 2.15-2.04 (m, 1H), 1.97-1.83 (m, 2H), 1.52-1.40 (m,

2-acetyl 3.5 (m, 3H), 1.5 (m, 6H).
tetrahydropyran®'
0]
O
E’)Kij
138 4.09 (quintet, J = 6.6 Hz, 1H), 3.80 (ddd, J = 8.2, 7.2, 6.3

Hz, 1H), 3.70-3.64 (m, 1H), 2.60 (dd, J = 15.6, 7.1 Hz,
1H), 2.46 (dd, J = 15.6, 6.0 Hz, 1H), 2.04-1.94 (m, 1H),
1.91-1.77 (m, 2H), 1.42-1.31 (m, 1H)

The unexpected introduction of a THF motif has previously been observed in the
literature.”> The formation of these products has been attributed to either carbene or
radical mechanisms. The deliberate synthesis of these compounds using both
intermediates has also been described in the literature. The groups of Davies and Pérez
have both described transition metal-catalysed carbene reactions,” whereas Zhang and
co-workers have functionalised a variety of ring-containing ethers using radical
methodology.** In our reaction, it is not immediately obvious by which mechanism 138
is being formed, as no transition metals or radical initiators were present. However, the
reaction conditions could be considered ‘forcing’ for a microwave reaction (1 h at 110

°C), and 138 had never been observed in the conventionally-heated reaction.
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Figure 6: X-ray crystal structure of 138. Thermal ellipsoids shown at 50% probability;
disorder is observed around the THF moiety. Selected bond angles (°): O(1)-C(21)-C(20)
119.69(13), C(18)-C(13)-P(1) 120.25(10).

A study was therefore conducted to explore the mechanism by which the 138 was being
formed. It was carried out with the assistance of a second year undergraduate student,

Ms Elizabeth Wells in the summer of 2010.

We also conducted reactions with benzaldehyde. Interestingly, in this example, only a
small quantity of the THF product, 140, was obtained (Scheme 8). Furthermore, dba
(141) formation (the Horner-Wadsworth-Emmons product) was slow under these

conditions suggesting that the benzaldehyde is surprisingly slow to react.

CHO i
o o
1eq. NaOH (6 M, 4 eq.) . 140,3%
=+

THF/H,0, microwave,

O
O 110°C, 1 h
(EtO)ZOP\)J\/ PO(OEt),
130, 1.1 eq. 141, 6%

Scheme 8: THF addition product using benzaldehyde.

The reaction was also carried out in the absence of aldehyde (Scheme 9). Once again
only small amounts of the THF addition product 142 were obtained. The benzylidene
acetone phosphonate ester (143), which was prepared via literature procedures,” was
also tested under the reaction conditions (Scheme 10). An increase in yield for 140 was
observed, although the conversion was still poor. One possibility was that the

phosphonate ester needed to be hydrolysed before the side reaction took place, and if
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the hydrolysis was slow and unfavourable then it may account for the poor yields.
However, the related benzylidene acetone phosphonic acid did not give any of 140
ruling it out as a possible intermediate. This is perhaps unsurprising as hydrolysis is
often difficult; the synthesis of phosphonic acids from the phosphonate esters requires

TMSX (X= Br, I) to form the TMS esters prior to hydrolysis by acid*®

Q NaOH (3.3 eq), o
THF/H,O, microwave, M
(Et0),0P ] 30PO(OEt)2 110°C, 1 h 142, 8%

Scheme 9: THF addition in the absence of benzaldehyde.

o) O
S ,g\_OEt NaOH (6 M, 3.3 eq.) X
OEt

THF/H,0, microwave

143 110°C. 1 h 140, 19%

Scheme 10: THF addition using the benzylidene acetone based phosphonate ester.

Having shown that the THF addition occurred both in the presence and absence of the
aldehydes, the reaction mechanism was investigated further. There are two plausible
reaction mechanisms: either the formation of a carbene (possibly by an a-elimination
process)’’ followed by C-H insertion, or a reaction involving THF radicals® If carbene
intermediates were present it was hypothesised they would partake in alkene
cyclopropanation reactions. A variety of alkenes (cyclohexene, norbornene, 1,2-
tetramethylethene; 5 eq.) were added to the above reactions as carbene traps. However,
no evidence for cyclopropanation products was gathered by NMR spectroscopic or mass
spectrometric analysis. It is possible that the THF was out competing the alkenes as it
is in vast excess as it is the solvent. To eliminate this possibility, 1,4-dioxane was used
as a solvent in place of THF. The addition of alkenes to these reactions still did not

reveal any carbene intermediates.

With no evidence for carbene intermediates, the possibility of a radical-based
mechanism was explored. It is well known that ethers form radical products in the
presence of oxygen and light, hence the requirement for separate ether waste bottles
fitted with copper rods in the modern laboratory and regular testing of opened ethers by

peroxidase test strips.”’ Several research groups have studied the preparation of 2-
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hydroperoxytetrahydrofuran, 144, from THF in the presence of light and oxygen.*
Testing THF batches with peroxidase test strips prior to the reactions being undertaken
revealed variable concentrations of peroxide, and thus the results were considered

inconclusive that peroxides were responsible for the THF side products.

0" g50C 0" OH
145

O,, hv O\ P(OEt)s
_OH + PO(OEt)5
OO O
144

Scheme 11: Formation of hydroperoxide THF and subsequent detection by triethyl
phosphite.

Table 4: Addition of triethyl phosphite.

CHO Q
@ + HH + P(OEt)5
P(S)Ph, (EtO),0P PO(OEt),
136, 1.7 eq. 130, 1 eq.

NaOH (6 M, 4 eq.)
THF/H,O, microwave

110°C,1h
P(S)Ph, O P(S)Ph, P(S)Phy O
M
@ S
137 138
+ PO(OEt),
Entry P(OEt);, P(OEt);:PO(OEt); PO(OEt);,eq. Peroxide Yield 138
eq. ratio by *'P NMR formed conc., mM 137), %
1 1 1:0.2 0.17 25 19 (33)
2 0.5 1:0.5 0.17 25 17 (22)

Another method for testing the presence of 144 is to add triethyl phosphite.’’ The
hydroperoxide will oxidise the reactive phosphite, giving the phosphate and
tetrahydrofuran-2-ol, 145, (Scheme 11). Upon addition of triethyl phosphite to the
reaction with 136, the formation of triethyl phosphate was observed by *'P NMR
spectroscopy (Table 4). Regardless of the amount of phosphite added the same amount
of triethyl phosphate (17 mol%) was observed (entries 1 and 2, Table 4), which matches
the yields of 138 observed. A control reaction indicated that triethyl phosphite was not
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oxidised under the reaction conditions, suggesting that 144 was present. From the
extrapolation of the amount of PO(OEt); formed, the concentration of peroxides present
was found to be 25 mM. Another observation supporting the hypothesis of 144 as an
intermediate was that when the reactions were performed under a N, atmosphere, using
dry and degassed THF that had been kept in the dark, no THF addition products were

formed.

A base is necessary for this side-reaction, therefore the base stoichiometry was probed.
It was found that lowering the amount of base improved the yield (Table 5). Studies on
the conjugated phosphonate ester showed that no conversion was observed if NaOMe or
NaOEt were used under anhydrous conditions (Table 5, entries 6 and 7), or if Et;N was

used (Table 5, entry 5).

Table 5: Effect of base on the formation of the THF addition products.

0 NaOH, THF/H,0,
J\ microwave, 110 °C, 1 h \)O@
R R
PO(OE), Base °

Entry R Base Base, eq. Yield, %

1 CH,PO(OEt), NaOH 0 0

2 CH,PO(OEt), NaOH 1.7 13

3 CH,PO(OEt), NaOH 3.3 8

4 CH,PO(OEt), NaOH 8 5

5 CH=CHPh NEt; 3.3 0

6 CH=CHPh NaOMe* 3.3 0

7 CH=CHPh NaOEt" 3.3 0

8 CH=CHPh NaOH 3.3 19

9 CH=CHPh  NaOMg" 3.3 21

* anhydrous conditions” “wet” conditions

From the evidence showing the presence of hydroperoxides and the necessity for base,
it was hypothesised that under the microwave conditions 144 was being reduced to 145,
which can be regarded as a masked aldehyde. Compound 145 could act as a competing
substrate in the Horner-Wadsworth-Emmons reaction. Following the formation of the
C=C double bond, the alkoxide could undergo a 5-exo-trig cyclisation with the enone to

reform the THF ring leading to the observed product (Scheme 12).
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144 145
0, o o
L) Rk/P\\OEt
o) O OFEt
R = CH,PO(OE),, CH=CHPh

)O@ 5-exo-trig cyclisation )o@
R o H,0 R 0

©

Scheme 12: Proposed mechanism for the formation of the THF addition products.

The reason for the differences observed between the conventionally heated reaction and
the microwave reaction are not clear. Under the conventional conditions the reduction
of 144 may not be occurring. On addition of one equivalent of triethyl phosphite to the
conventionally heated reaction, the THF product 138 was now observed (17% yield),
supporting the hypothesis that 145 is the reactive intermediate (e.g. under the
conventionally heated reaction a reductant is needed). To test whether 145 acted as an
effective substrate for the HWE reaction under the microwave conditions, the reaction
was carried out using 145 obtained from the reduction of y-butyrolactone with
DIBAL.* An increase in yield to 56% was recorded, demonstrating that 145 is a
feasible substrate. Competition reactions with 1 equivalent of 136 and 1 equivalent of
145 show no evidence of dbaTHIOPHOS 137, just the remaining 136, and the products
138 and 142 (Scheme 13). This suggests that the 145 ‘masked aldehyde’ is the more

activated electrophile.

O AL

145, 1 eq. Q NaOH (4 eq.), 142

THF/H,O, microwave,

CHO (Et0),0P  PO(OEY), 110°C,1h
©i 130, 2 eq.
P(S)Ph,

136, 1 eq.

Scheme 13: Competition reaction between 145 and 136 in the HWE reaction.
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In summary, the mechanistic studies suggest that hydroperoxides present in the THF as
a result of storage conditions (light, oxygen) led to the formation of 144 initially, then
reduction gave 145 under the microwave conditions. Compound 145 acted as a
competing ‘masked’ aldehyde in the Horner-Wadsworth-Emmons reaction to give the
THF addition products. In the conventionally heated reaction it is hypothesised that 145

is unable to form intermediate 144, hence no THF addition products are observed.
2.2.3 Monophosphine ligands

The other target ligand was monophosphine variant 128. Attempts to synthesise the
phosphonate ester, 143, for the HWE reaction via two different literature procedures

were found to be unsatisfactory, leading to poor yields (Scheme 14).% >

Using Route
A, the crude NMR revealed ca. 40% of the starting phosphonate ester remained. After
column chromatography, the majority of the material recovered was unidentified (~30%
by weight). Using route B, 8% of the cinnamoyl chloride was recovered. The crude 'H
NMR for route B suggested that the majority of the material was the product, indicating
that inefficient purification procedures gave rise to the low yields. It is possible that the
polar product remained on the silca-gel during column chromatography. Attempts to

purify the product by distillation gave mixed fractions at a range of temperatures.

Route A
O 1. n-Buli, -70 °C, THF
Et -P~Me 2. Cul, -40 °C
tO 3. Cinnamoyl chloride o
11% A
PO(OEt),
30%
o O 3. Cinnamoyl chloride
I 2. MgCl,
Et P
(E10)20 \)J\OH 1. TMSCI, NEt5, 0 °C
toluene
Route B

Scheme 14: Attempted syntheses of the phosphonate ester.

During the progress of this work, Lei and co-workers published the synthesis of the
phosphine-chalcone ligand, 84 by using the Wittig reaction.”® We were able to
reproduce Lei’s results to give 84 in a moderate yield (54%). However, we also

identified an unexpected side product, 147 — the phosphine oxide with the double bond
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reduced (Scheme 15). This was confirmed by 'H, *'P, °C NMR, MS and IR. It is
unclear how this product arises, though it is formally the addition of H,O to 84, which is

presumably formed first.

CHO Toluene
reflux 48 h \/©
PPh2 PhoP F’th
146, 1.5 eq. 84, 54% 147,15% O

Scheme 15: Synthesis of phosphine-chalcone ligand, 84.

Following literature procedures, it was possible to synthesise the ylide needed to
prepare monodbaPHOS, 148, in good yield”®> The Wittig reaction to give
monodbaPHOS was successful (Scheme 16). MonodbaPHOS 128 was found to be air
sensitive, with phosphine oxide contaminating the product even after column
chromatography on silica-gel. Column chromatography using a solvent eluent purged

with N, gave pure monodbaPHOS (98% by '°P NMR).

CHO o Tol 0
oluene,
CLo o ¢
| 80 °C, 36-48 h
R PPhg R
148
1eq. 1.5 eq.

128 R = PPh,, 73%
149 R = P(S)Ph,, 81%

Scheme 16: MonodbaPHOS synthesis.

Compound 149 (monodbaTHIOPHOS) was synthesised from 2-
(diphenylthiophosphino)benzaldehyde 136. Similar reaction conditions were used as for

monodbaPHOS 128, though higher yields were recorded.
2.3 Reactivity of the ligands

As mentioned above the phosphine ligands were found to be more air sensitive than
expected. The phosphorus is surrounded by two phenyl groups and one aryl group with
an electron withdrawing substituent in the ortho-position, as a result the ligand was

expected to behave in a similar fashion to PPhs.
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To probe the electronics of the phosphine, the selenium variant of dbaPHOS, 127, was
synthesised. The Se-P coupling constant varies depending on the electronic nature of
the ligand (see Table 6).° The more electron-withdrawing the groups on the
phosphorus atom are the larger the Jpse value. There is also a clear relationship between
the phosphorus chemical shift of the phosphine and the phosphine selenides, for
phosphines with carbon groups directly attached (Figure 7). The dbaPHOS ligand, 127,
falls within the area of the graph with phosphines that are more electron-poor than
triphenylphosphine.  This is to be expected, as the dba backbone is electron

withdrawing.

For Se-dbaPHOS, 150, Jpse = 732 Hz, which is almost the same as triphenylphosphine
selenide (Jpse = 733Hz), supporting the hypothesis that the ligand electronics of
dbaPHOS, 127, are similar to triphenylphosphine. Therefore, it is believed that the

increase in air sensitivity is due to sterics and conformational preferences.

PPh, O PPh, Ph,P” o) “PPh,
P Se N =
O O toluene, reflux, 1.5 h O O
127
Op =-14.1 ppm 150, 47%

Op =32.2 ppm, J=732 Hz

Scheme 17: Synthesis of Se-dbaPHOS, 150.

Table 6: Se-P Coupling constants as an electronic parameter for phosphines (CDCly).

No. Phosphine Op, ppm Selenide Op, Jpse, HZ  Adp,
ppm ppm
1 PCy; 11.1 SePCy; 59.2 673"’ 48.1
2 PMes; -14.5% SePMe; - 684°° -
3 PPhCy, 5.0 SePPhCy, 55.9 701°7 50.9
4 PPh,Cy -1.3 SePPh,Cy 46.3 72577 47.6
5 PPh; 5.3 SePPhj; 36.8 729°7 42.1
6 P(4-FC¢H,)s -8.3  SeP(4-FC¢Hy);  33.2 740° 41.5
7 P(2-furyl)s -76.9  SeP(2-furyl);  -21.7 787 55.2

Ads-toluene
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Figure 7: Graph showing the relationship between 5[*'P(III)] and 5[*'P(V)].

Conformational and steric constraints can have a large effect on the ease of oxidation as
shown with Buchwald’s ligands, which are more stable than expected due to the
difficulty of the oxygen molecule in approaching the phosphine and then being attacked
by another phosphine.”” The opposite may be happening in the case of dbaPHOS,
where once the oxygen molecule is close to one phosphorus the other phosphorus atom
is correctly positioned to attack (Figure 8). If the compound has the s-trans,s-trans

backbone geometry it can be seen that the oxygen will fit in very closely.
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P _O:R.
N \V'Ph
S

Figure 8: Steric influences on the ease of oxidation by O,.

An initial X-ray crystal structure determination of monodbaTHIOPHOS revealed a
[r24+ m2] cycloaddition product, indicating that the ligands may also undergo

photochemical reactions. This will be discussed in further detail in Chapter 5.
2.4 Comparison of the structure of the ligands

The single crystal X-ray structures were obtained for dbaPHOS, 127, dbaTHIOPHOS,
137, and monodbaTHIOPHOS, 149, allowing comparisons to be made between them
and dba-type compounds. Compound 138 could also be considered a ligand and has
been included for comparison. Crystals of dbaPHOS, 127, suitable for X-ray diffraction

were obtained from hot acetonitrile.

Figure 9: X-ray crystal structure of dbaPHOS, 127. Selected hydrogen atoms removed for
clarity. Thermal ellipsoids shown at 50%. Selected Bond lengths (A): C(2)-C(3) = 1.324(2),
C(1)-O(1) =1.214(3), P(1)-C(9) = 1.8438(14). Symmetry transformations: (A) -x+1, y, -z+5/2.
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Crystals suitable for X-ray diffraction of dbaTHIOPHOS were obtained from
dichloromethane layered with diethyl ether. The dichloromethane is present in the

crystal structure as disordered solvent.

C(18) c(7)

c(19)

C(20)

c(11) ¥¢c(12)

Figure 10: X-ray crystal structure of dbaTHIOPHOS, 137. Solvent and selected hydrogen
atoms removed for clarity. Thermal ellipsoids shown at 50%. Selected Bond lengths (A): C(2)-
C(3) = 1.324(5), C(1)-O(1) = 1.221(6), P(1)-C(9) = 1.826(3), P(1)-S(1) = 1.9619(11).
Symmetry transformations: (A) -x, y, 1/2-z.

Crystals suitable for X-ray diffraction of monodbaTHIOPHOS, 149, were obtained
from a dichloromethane solution layered with diethyl ether (kept in the dark).

Figure 11: X-ray crystal structure of monodbaTHIOPHOS, 149. Selected hydrogen atoms
removed for clarity. Thermal ellipsoids shown at 50%. Selected Bond lengths (A): C(8)-C(7)
=1.3360(19), C(10)-C(11) =1.3307(18), C(9)-O(1) =1.2239(16), C(17)-P(1) = 1.8219(12),
P(1)-S(1) = 1.9593(5).
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Table 7: Comparison of bond lengths between dba-4,4’-Me and the different ligands.
Numbers in brackets estimated standard deviations (esd’s).

R = CH=CHPh, CH=CH(PPh,)Ph,
PPhyH O

Length, A
Bond Dba-44’- dbaPHOS dbaTHIOPHOS monodbaTHIOPHOS 138
Me*
C=C 1.329 (3) 1.324(2) 1.324(5) 1.3307(18)" 1.3350(19)
1.3360(18)°

C=0 1.211 (4) 1.214(3) 1.221(6) 1.2239(16) 1.2258(17)
C-p 1.8438(14) 1.826(3) 1.8219(12) 1.8242(13)
=S 1.9619(11) 1.9593(5) 1.9504(5)

TC(10)-C(11), ° C(8)-C(7)

A comparison of the bond lengths of the different compounds shows that the bond
lengths are broadly similar. The C=0O bond lengths are the same within error across all
the compounds. DbaTHIOPHOS, 137, and monodbaTHIOPHOS, 149, have C-P and
P=S bond lengths that are within error. The P=S bonds are all within the range you
would expect for a P=S double bond (P-S = 2.00-2.15 A).* The C-P bond length is
shorter in the phosphine sulfide ligands than in dbaPHOS, 127. A comparison of PhsP,
Ph;PS and Ph;PO show the same trend, with PhsP exhibiting longer C-P bonds then
Ph;PO, and Phs;PS sits in the middle of this series. The addition of electronegative
groups to the phosphine, such as oxygen, decreases the C-P length as electrons from the

aromatic groups are attracted towards the more positive phosphorus.*'®

" Within error is used throughout this thesis to indicate the following conditions are met: In normally
distributed data, 99% of measurements fall within +3 standard deviations of the mean. In crystallography
bond distances and angles are only considered different if there is no overlap of the two measurements
within +3 of their esd’s. For further discussion on errors in crystallography see Haestier, J. Crystallogr.

Rev. 2010, 76, 133-144.
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Table 8: C-P bond length comparison.

C-P bond length, A C-P-C bond angle, °
Ph;P* 1.825(2) — 1.836(2) 102 - 103
Ph;PS*¥ 1.809(6) — 1.824(6) 103 - 107
Ph;PO* 1.799(2) — 1.806(2) 106

The C=C bond lengths are all within error of each other. There is no difference
between the C=C bond lengths in dbaPHOS, 127, and dbaTHIOPHOS, 137, indicating
the difference between oxidation state on the phosphorus has little effect on the dba
backbone in the solid-state. In solution there is very little difference in the chemical
shifts of the alkene and carbonyl carbons between the compounds. However, there is an
increase in the NMR chemical shift difference between the a- and p-protons on going
from P(III) to P(V) (see Table 9), in both dbaPHOS, 127, and monodbaPHOS, 128.

There is also an upfield shift in the o proton.

Table 9: Comparison of the dba backbones between P(III) and P(V) compounds.
Compound 4, ppm (CD,Cl,, 400 MHz)

H, Hg Ad,p C, Ce C=0

dbaPHOS (127) 6.78  8.30 .52 127.2 141.4 188.7

dbaTHIOPHOS (137) 6.48  8.17 1.69  126.8 141.5 188.6

monodbaPHOS (128) 6.88  8.38 1.50 128.1 141.5 189.0

monodbaTHIOPHOS (149)  6.61 8.41 1.80 129.2 1419 189.4

The phenyl ring on the dba backbone deviates from the plane of the enone by 30.9(5)°
in dbaTHIOPHOS, 137, in dba-4,4’-Me it only varies by 11.2(4)°, this increased non-
planarity could be considered to result from the increase in steric bulk at the ortho-
position of the aryl ring. However, in dbaPHOS, 127, the backbone is only twisted by
9.5(2)°. This is surprising, as it also has increased steric bulk at the ortho-position of
the phenyl ring in the dba backbone. In monodbaTHIOPHOS, 149, the backbone is
twisted by 6.9(2)°. In the solid-state, both dbaPHOS, 127, and dbaTHIOPHOS, 137,
possess s-cis,s-cis geometry, whereas monodbaTHIOPHOS, 149, crystallises in the s-

cis,s-trans geometry, and 138 in the s-trans geometry.
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H[j (0] H[5
= | X =
\ H(l H(l
s-Cis,s-Cis s-trans,s-cis s-trans,s-trans

Figure 12: Dba backbone conformers.

The geometry of the basic dba backbone in solution can be determined from the 'H
NMR spectrum.* The s-cis,s-cis and s-cis,s-trans geometry will be favoured over the
s-trans,s-trans to minimise the repulsion between the two f-alkene hydrogens.
Kawazura and co-workers showed that the intramolecular shift Ad, can be viewed as a
parameter of the conformation of an enone. Similar differences in the intramolecular
shifts of 1,3-butadiene have been used to get conformational information.*® Kawazura
and co-workers looked at the change in Ad,p over temperature. They observed a
decrease in Ad,p (tending towards 0.5 ppm) on decreasing the temperature. At lower
temperatures the equilibrium will lie towards the s-cis,s-cis form. From comparing
these results with the results from the ASIS effect (Aromatic Solvent Induced Shift) and
the results from thermodynamic treatment the authors deduced that values of ~0.5 ppm

are seen for the s-cis form, whereas values of 1.5 ppm are attributed to the s-trans form.

The alkene protons in monodbaPHOS could be said to illustrate this nicely. One set of
doublets are 1.5 ppm apart indicating the s-trans geometry and the other pair are 0.5
ppm apart indicating s-cis geometry. Although we have been unable to obtain a crystal
structure of monodbaPHOS, 128, the crystal structure of monodbaTHIOPHOS, 149,
shows the backbone is s-cis,s-trans. However, in the crystal structure the bond nearest
the phosphorus group is s-cis, whilst the conformer parameters obtained from the NMR
spectroscopic data suggest this alkene is the s-¢rans alkene. It is well known that crystal
structures do not always adequately reflect the solution structures, as crystal packing

can influence the geometry of the compound.
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Table 10: Conformation parameters of the ligands.

Compound Ad.p, ppm (400 MHz)
dba, 141 0.66"
monodbaPHOS, 128 1.50° ~0.5
monodbaTHIOPHOS, 149 1.80°  not observed
dbaPHOS, 127 1.52°
dbaTHIOPHOS, 137 1.69°
Se-dbaPHOS, 150 1.72°

THF addition product, 138 2.02°
*CDCL, °CDCL.

Other inconsistencies are noticed with the observations for dba. In particular, much
higher values of A, are observed, up to over 2 ppm for 138. This could mean that the
presence of substituents such as Ph,P on the aryl rings leads to bigger chemical shift
differences between the two alkene protons. As a result it is not clear what the limits
would be: is 2 ppm now indicative of s-frans or can the difference be even larger?
What is the difference for a fully s-cis alkene, 0.5, 1 or 1.5 ppm? Are we observing the
average of the two conformers in these compounds? Further NMR investigations would
be needed to find reliable parameters for substituted dba’s, before any concrete
conclusions can be made about the geometry in the dba backbone of these ligands, and

indeed other new substituted dba compounds.

2.5 Summary

The target ligands, dbaPHOS, 127, and monodbaPHOS, 128, as well as their phosphine
sulfide variants have been synthesised in good yields using a versatile synthetic
methodology. The phosphine ligands were found to be more air sensitive than
expected; an observation attributed to the conformational properties of the ligands. This
interaction could be probed by the reaction of dbaPHOS with a 1:1 mixture of '°O, and
80, and subsequent analysis by mass spectrometry. If only compounds with '°O, and
%0, isotopomers are observed than it would be evidence of an intramolecular process."’
Low temperature °'P and '’O NMR spectroscopic studies could also be used to try and
observe intermediates such as phosphadioxiranes.*® Theoretical calculations could also

be used elucidate viable intermediates and their relative energies. The formation of (£)-
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4-(2-(diphenylphosphorothioyl)phenyl)- 1 -(tetrahydrofuran-2-yl)but-3-en-2-one, 138,
was observed on moving from conventional heating to microwave heating for the
synthesis of dbaTHIOPHOS. An investigation into the mechanism explaining the
formation of this side-product revealed that it most likely arose from the HWE reaction
with tetrahydrofuran-2-ol, 145, a ‘masked aldehyde’, formed in situ from 2-
hydroperoxytetrahydrofuran, 144, in the solvent. This compound could also be
investigated as a ligand. The crystal structures of the ligands and 138 are mostly as
expected. Both the s-cis and s-trans geometries around the 1,4-dien-3-one backbone

were observed.
2.6 Future work
2.6.1 Tuning the alkene electronics

One of the main design features for these ligands was that the alkenes could go on to be
tuned. For the monodbaPHOS ligands, it is easy to see that starting with a substituted
benzyilidene acetone you could potentially use the same methodology to make the
phosphonium ylide and then the ligand. The substituted benzylidene acetones (151,
152) are accessible from the relevant benzaldehyde and acetone, using the Clasien-

Schmidt condensation reaction (Scheme 18).

PHT, THF, 22 °C

Z = OMe (151), CF; (152) z Clcngl(e1514?3
1) PPhg, toluene
2) NaOH (1M)
NaOH,
EtOH/H,O H,O/MeOH
o)

OCHO 0 w
+ |
7 )]\ 2 PPhg

Scheme 18: Synthesis of ylides for monodbaPHOS variants.

The benzylidene acetones would need to be a-halogenated. A preliminary study using
the same method utilised for monodbaPHOS, gave a low yield in the case of 154, and
no product in the case of 153. In the 'H NMR spectrum of the product 153, the alkenyl
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protons signal had shifted from 7-8 ppm to ~5 ppm indicating that the bromine atoms
had added to the double bond carbons as well as the a-carbon. As a result alternative
halogenation methods need to be found to make this synthetic route viable. Different
bromination agents could be tried, e.g. 2-bromo-2-cyano-N,N-dimethylacetamide,” or

the a-lithiation of the benzylidene acetone, followed by trapping with chlorine.”’

0 0 PPh,
9
B
XNF ' X
X = OMe, CFy4

commercially available
Scheme 19: Ligands based on 84 for the investigation of electronic effects on alkene
coordination.
The ligand 84, developed by Lei, could also be tuned in a similar way and used for
comparison. This route would be less labour intensive, as the substituted starting

materials are commercially available (Aldrich, 2011).
2.6.2 Changing the phosphine substituents

Electron-rich phosphines and NHCs have shown great potential in the Pd-catalysed
cross-coupling of alkyl halides. For example, in the intermolecular Heck reaction Fu
used an NHC whilst also finding benefits in tuning the Pd-alkene precursor. Electron-
rich phosphines such as P(+-Bu); have been used to cross-couple aryl chlorides.”’ As a
result, ligands containing electron-rich phosphines and an alkene could be beneficial in
thwarting 3-H elimination from the c-alkyl-palladium(Il) species following oxidative
addition (Scheme 20), whilst also being reactive enough to successfully undergo
oxidative addition with a wide variety of halides.

electron-rich

phosphine
O O
R Alkyl—Cl (:INWJW
_Pd_ Pd R'
P S P~ ;Y/
t-Bu, t-Bu, 7' H
I
S =solvent or L no free coordination
site for B-hydride
elmination

Scheme 20: Utilising phosphino-alkene ligands in catalysis.
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So far this project has not focused on investigating different phosphine substituents, but
it is likely that a ligand with a different phosphine would ultimately be needed for some
catalytic reactions. The successful preparation of the ligands was made using the 2-
(diphenylphosphino)benzaldehyde, 135. This means that the phosphine is introduced
early on in the synthesis, making changes to the phosphine quite time-consuming.
Another drawback is that the more electron-rich phosphines are more air sensitive and
thus would either need to be protected (introducing further protection/deprotection
steps) or kept under an inert atmosphere, potentially complicating the purification of the

intermediates.

It has been shown that protection as borane adducts does not give a clean product and
reactions occur with the double bond. In contrast, the protection of the phosphines with
sulfur has been successful and also allows access to the phosphine sulfide ligands.
Preliminary studies into the removal of the sulfur have been conducted. We were
unable to reduce triphenylphosphine sulfide with HSiCl; in a test reaction. By contrast,
using Raney Ni with dbaTHIOPHOS, 137, did appear to give the free phosphine,
however, the crude '"H NMR spectrum did not match that of dbaPHOS, 127, as the
alkene protons were no longer visible, but a number of multiplets were identified
between 3.2 and 2.5 ppm, with HSQC showing the carbons related to them came around
45 and 30 ppm. MS analysis provided further evidence of the reduction of the double
bond. It is unclear how the double bonds were reduced as no obvious hydrogen donor
was in the reaction mixture with the exception of THF. Schwartz’s reagent was
partially successful at reducing triphenylphosphine sulfide (94% yield, PPhs;:SPPhs,
3:2). Another approach not attempted is the protection of the phosphine as the salt
using HBF4.>

A different approach is to change the methodology, so that the phosphine is introduced
nearer the end of the synthesis of the ligands. Two alternative synthetic methods are
proposed (see Scheme 21). The advantage of the cross-coupling route is that it is short,
and includes the possibility of creating a stereogenic phosphorus atom if an asymmetric
protocol is followed. One disadvantage could be that the product acts as a ligand to the
metal, possibly deactivating the catalyst. An advantage of the lithiation route is that the

methodology introducing the phosphorus substituent is well understood and can be
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carried out to give high conversions minimising any purification needed. The

deprotection should also give a quantitative yield.

C-P cross
coupling

o0  Clasien-Schmidt

Protection of

X =Cl, Br, I, (OTf) carbonyl

CHO ,

1. Lithium/halogen exchange
2. PR,CI
3. Deprotection

Scheme 21: Possible alternate synthetic strategies for the preparation of dbaPHOS with
different phosphine substituents.

2.6.3 Reduction of the alkene double bond

To understand the role of the alkene in any catalysis, the reaction would need to be
compared to the same reaction without the alkene bonds present. As a result, the
synthesis of the reduced dbaPHOS would be desirable. The alkenes in dba can be
reduced selectively with a range of reagents e.g. Pd/C,>® or zinc-copper couple.”® Lei
and co-workers successfully reduced the double bond in their chalcone ligand using

InCl; and NaBH4, however, no experimental details or references were provided.55
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2.7 Experimental
2.7.1 General information

NMR spectra were obtained in the solvent indicated, using a JEOL ECX400 or JEOL
ECS400 spectrometer (400MHz for 'H, 100 MHz for °C and 162 MHz for *'P), or a
Bruker 500 (500 MHz, 126 MHz and 202 MHz for 'H, °C and *'P respectively).
Chemical shifts are reported in parts per million and were referenced to the residual
undeuterated solvent of the deuterated solvent used (CHCI; 6 = 7.26 and 77.16, CDHCI,
d = 5.31 and 53.80, (CHD,)SO(CDs), & 2.50 and 39.52, 'H and *C respectively). All
BC NMR spectra were obtained with 'H decoupling. °'P NMR were externally
referenced to H;PO4, and obtained with "H decoupling. NMR spectra were processed
using MestrNova software. For >C NMR spectra the coupling constants are quoted to
+1 Hz. For the '"H NMR spectra the resolution varies from £0.15 to +0.5 Hz; the

coupling constants have been quoted to 0.5 Hz in all cases for consistency.

Melting points were recorded using a Stuart digital SMP3 machine. IR spectroscopy
was undertaken using a Jasco/MIRacle FT/IR-4100typeA spectrometer using an ATR
attachment on solid and liquid compounds; solution and KBr IR spectra were obtained
on a Nicolet Avatar 370 FT-IR spectrometer. The relative intensities of the peaks are
denoted by (s) = strong, (m) = medium and (w) = weak, whilst (br) is used to describe
broad peaks. MS spectra were measured using a Bruker Daltronics micrOTOF MS,
Agilent series 1200LC with electrospray ionisation (ESI and APCI) or on a Thermo
LCQ using electrospray ionisation, with <5 ppm error recorded for all HRMS samples.
LIFDI mass spectrometry was carried out using a Waters GCT Premier MS Agilent
7890A GC. Mass spectral data is quoted as the m/z ratio along with the relative peak
height in brackets (base peak = 100). UV-visible spectra were recorded using a JASCO
V-560 instrument with quartz cells (1 cm path length). Elemental analysis was carried

out on an Exeter Analytical CE-440 Elemental Analyser.

TLC analysis was carried out on Merck TLC aluminium sheets (silica gel 60 F254) and
visualised with UV light (254 nm), iodine vapour or an aqueous solution of potassium
permanganate. All column chromatography was run on silica gel 60 using the solvent

systems specified in the text. The fraction of petroleum ether used was 40-60.
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Dry and degassed toluene, CH,Cl, and hexane were obtained from a Pure Solv MD-7
solvent purification system. THF and Et,O were either obtained from a Pure Solv MD-
7 solvent purification system and degassed by the freeze-pump-thaw method or purged
with N, under sonication, or dried over sodium-benzophenone ketyl and collected by
distillation. Benzene was dried over sodium-benzophenone ketyl, EtOH was dried and
distilled from magnesium-iodine, and triethylamine was dried over KOH. All air
sensitive procedures were carried out using Schlenk techniques. Nitrogen gas was
oxygen free and was dried immediately prior to use by passage through a column
containing sodium hydroxide pellets and silica. Room temperature was between 13-25
°C. Commercial chemicals were purchased from Sigma-Aldrich and Alfa Aesar and

used directly unless stated in the text. Brine refers to a saturated aqueous solution of
NaCl.

Microwave reactions were carried out using a CEM Discover S-class instrument

(maximum limits set for Power = 150 W and Pressure = 250 psi).
2.7.2 Synthesis of ligands

Methyl 2-[2-chloro-1-(chloromethyl)ethylidene]-1-hydrazinecarboxylate," 155
,N HCOzMe

Cl )N'\/m

To a solution of methyl 1-hydrazinecarboxylate (4.90 g, 1 eq., 0.054 mol) in MeOH
(100 mL) was added 1,3-dichloroacetone (6.97 g, 0.055 mol) in two parts. The reaction
was stirred at 23 °C for 4 h and then left in the fridge overnight. The solvent was
removed in vacuo until ~20 mL remained and the white product had precipitated. The
known product was isolated by filtration and washed with ether to afford a white
powder (5.80 g, 54%). No further purification was carried out, before taking on in the
following experiment. "H NMR (400 MHz, CDCls) & 8.37 (s, 1H), 4.32 (s, 2H), 4.18 (s,
2H), 3.88 (s, 3H); HRMS (ESI) m/z 220.9854 [MNa]" (calculated for CsHsCL,N,NaO, =
220.9854).
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Methyl 2-2-(diethoxyphosphoryl)-1-[(diethoxyphosphoryl)methyl]ethylidene-1-
hydrazinecarboxylate,'' 156
'N HCOQMG

N
(eto),0r__L__Po(0E,

To a suspension of the hydrazinecarboxylate, 155 (5.8 g, 1 eq., 0.029 mol) in toluene
(50 mL), triethylphosphite (11.15 mL, 2.2 eq., 0.064 mol) was added portion wise. The
resulting mixture was refluxed for 18 h. The toluene was removed in vacuo, and the
residue taken up in H,O (40 mL) and extracted with EtOAc (3x 20 mL). Solvent and
excess triethylphosphite were removed in vacuo to give the crude known product (12.8
g, >95% pure by >'P NMR). No further purification was carried out. 'H NMR (400
MHz, CDCl3) § 9.48 (s, 1H), 4.20-4.07 (m, 9H), 3.80 (s, 3H), 3.15 (dd, “Jip = 22.5 Hz,
*Jun = 2.5 Hz, 2H), 3.00 (dd, Jpy = 21.5 Hz, *Juyy = 2.5 Hz, 2H), 1.33 (td, Juu = 7.0, 3.0
Hz, 13H); *'P NMR (162 MHz, CDCL;) & 23.86-23.58 (m, br), 23.50 (d, *Jpp = 11.0
Hz); HRMS (ESI) m/z 425.1225 [MNa]+ (calculated for C;3H2sNoNaOgP, = 425.1213).

[3-(Diethoxy-phosphoryl)-2-oxo-propyl]-phosphonic acid diethyl ester, (1,3-
Bis(diethoxy-phosphonato)-acetone),'' 130
0]

(et0),0p._J_Po(0EY,

To a solution of the crude product, 156 (12.8 g) in acetone (20 mL) was added 3M HCI
(20 mL). The reaction mixture was stirred at 23 °C for 5 h. H,O (40 mL) was added
and the acetone removed. Extraction with CHCl; (3x 20 mL), followed by drying over
NaySQ,, filtration and removal of the solvent in vacuo, gave the known product as
yellow oil (10.15 g, 94% purity by '"H NMR, 99% vyield). B.p. 200 °C, 1.5 mbar,
(Lit."'185 °C, 0.03 mbar); 'H NMR (400 MHz, CDCls) § 4.18-4.04 (m, 8H), 3.31 (dd,
*Jup = 23.0 Hz, *Juy = 1.0 Hz, 4H), 1.31 (td, *Jun = 7.0 Hz, >Juyy = 1.0 Hz, 12H); °C
NMR (100 MHz, CDCl3) & 193.9, 62.9-62.7 (m), 43.3 (d, 'Jep = 126.6 Hz), 16.5-16.2
(m); >'P NMR (162 MHz, CDCl;) & 19.48 (s); HRMS (ESI) m/z 331.1076 [MH]
(calculated for Cy;H,50,P, = 331.1070).
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2-(o-Bromophenyl)-1,3-dioxolane,'" 133

O
o

Br
2-Bromobenzaldehyde (15.0 g, 1 eq., 0.08 mol), ethylene glycol (6.7 ml, 1.33 eq., 0.12
mol) and para-toluenesulfonic acid (63 mg) were dissolved in toluene (100 mL) and
refluxed while the evolved water was collected in a Dean-Stark trap (ca. 2 mL,
theoretically 1.5 mL). After water is no longer evolved (ca. 24 h) the solution is cooled
and washed with a saturated solution of NaHCO; (40 mL), followed by a saturated
solution of NaCl (20 mL). The solution is dried over MgSQs, filtered, concentrated on
a rotary evaporator and distilled at 100 °C, 0.5 mmHg, (Lit."”* 135-137 °C, 4 mmHg),
to give the known title compound as a colourless oil (16.33 g, 89%). 'H NMR (400
MHz, CDCls) 6 7.60 (dd, Jun = 8.0, 2.0 Hz, 1H), 7.56 (dd, Jun = 8.0, 1.5 Hz, 1H), 7.34
(ddd, Jun = 7.5, 7.5, 1.5 Hz, 1H), 7.22 (ddd, Jun = 7.5, 8.0, 2.0 Hz, 1H), 6.10 (s, 1H),
4.20-4.03 (m, 4H). °C NMR (100 MHz, CDCL) &: 136.7, 133.1, 130.7, 127.9, 127.5,
123.0, 102.7, 65.6; HRMS (ESI) m/z 228.9859 [MH]" (calculated for CoH;oBrO, =
228.99); IR (ATR, v ecm™): 2955 (w, br), 2886 (m, br), 1730 (w), 1592 (w), 1571 (w),
1472 (w), 1443 (w), 1387 (m), 1270 (w), 1211 (m), 1124 (m), 1084 (s, br), 1042 (m),
1021 (m), 969 (m), 941 (m), 754 (s).

2-(o-Diphenylphosphinophenyl)-1,3-dioxolane, " 134

(0]
o
PPhy
A solution of compound 133 (20.95 g, 1 eq., 91 mmol) in dry THF (220 mL) was
cooled to -78 °C and kept under an inert atmosphere. n-BuLi in hexanes (40 mL,
1.03eq, 93 mmol) was added by syringe pump at a rate of 30 cm® h™'. After stirring for
2 h at -78 °C, diphenylphosphine chloride (16.3 mL, 1 eq., 91 mmol) was added by
syringe pump at a rate of 40 cm’® h”'. The reaction was allowed to warm up to 24 °C
overnight, before the addition of H,O (240 mL). The organic phase was extracted with
Et,0, dried over anhydrous Na,SO,, decanted and the solvent removed. The resulting
oily liquid was purified by recrystallisation from hot EtOH and cooled to -25 °C, to

afford the known title compound as a waxy white solid (21.24 g, 70%). M.p. 94-95 °C,

(Lit."" 96 °C); '"H NMR (400 MHz, CDCl;) & 7.7 (dddd, J = 8.0, 4.0, 1.5, 0.5 Hz, 1H),
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7.4 (ddd, J=17.5,7.5, 1.5 Hz, 1H), 7.35-7.30 (m, 6H), 7.30-7.22 (m, 5H), 6.96 (ddd, J =
7.5, 4.5, 1.5 Hz, 1H), 6.43 (d, J = 5.0 Hz, 1H), 4.14-3.92 (m, 4H); °C NMR (100MHz,
CDCl3) § 142.1 (d, Jep = 22 Hz), 137.1 (d, Jep = 10 Hz), 136.0 (d, Jep = 19 Hz), 134.2
(d, Jep = 1 Hz), 134.0, 133.8, 129.4 (d, Jcp = 18 Hz), 128.7, 128.6 (d, Jep = 7 Hz), 126.6
(d, Jop = 6 Hz), 101.8 (d, Jep = 24 Hz), 65.5; >'P NMR (162 MHz, CDCL) § -15.86 (s);
LRMS (ESI) m/z (rel.%) 291.1 [M-C,H40]" (100), 273.1 (26), 261.1 (3), 242.1 (5),
213.0 (8).

2-(Diphenylphosphino)benzaldehyde,'’* 135

Compound 134 (21.24 g, 1 eq., 64 mmol) and para-toluenesulfonic acid (0.45 g) were
dissolved in acetone (450 mL) and refluxed for 8 h. Whilst still warm, HO (100 mL)
was added and the volume reduced to ~125 mL by solvent evaporation. The resulting
mixture was cooled to -25 °C overnight, and the precipitate filtered and dried in vacuo
to afford the known title compound as a bright yellow powder (15.88 g, 85%). M.p.
114-117 °C, (Lit.'"™ 118-119 °C); '"H NMR (400 MHz, CDCL) & 10.50 (d, J = 5.5 Hz,
1H), 8.00-7.95 (m, 1H), 7.53-7.44 (m, 2H), 7.38-7.26 (m, 10H), 6.99-6.94 (m, 1H); °C
NMR (100 MHz, CDCl3) 8 191.9 (d, Jcp = 19 Hz), 141.4, 136.2 (d, Jcp = 10 Hz), 134.3,
134.1, 134.0, 133.8, 130.9 (d, Jcp = 4 Hz), 129.3, 129.0, 128.9 (d, Jep = 7 Hz); >'P NMR
(162 MHz, CDCl;) & -11.03 (s); HRMS (ESI) m/z 291.0944 [MH]" (calculated for
C19H40P: 291.1016); IR (ATR, v cm™): 3057 (w, br), 2851 (w), 1696 (m), 1672 (m),
1583 (w), 1432 (m), 1198 (m), 843 (m), 751 (s), 744 (s), 696 (s), 670 (s).
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(1E,4E)-1,4-di[2-(1,1-diphenylphosphino)phenyl]-1,4-pentadien-3-one, DbaPHOS,
127
PPh,, O PPh,

0
g e
f
Dry and degassed THF (17 mL) was added by cannula to an N,-flushed Schlenk
containing 135 (2.09 g, 2 eq., 7.2 mmol). 1,3-bis(diethoxy-phosphonato)-acetone (130)
(1.55 g, 1.2 eq., 4.7 mmol) was added dropwise and a yellow solution formed on
stirring. A solution of NaOH (576 mg, 4 eq., 14.4 mmol) in degassed water (2.2 mL)
was added dropwise. The resulting mixture was stirred vigorously for 2-3 h at 80 °C
(the reaction could be followed by *'P NMR spectroscopy and extra 1,3-bis(diethoxy-
phosphonato)-acetone (130) added if needed). Saturated N>-purged NH4CI (5 mL) was
added to the mixture, followed by degassed H,O (5 mL) and the aqueous layer extracted
with dry and degassed CH,Cl, (3x 10 mL until the CH,Cl, layer remained colourless)
and the organic layer transferred by cannula to a Schlenk containing dry Na,SO,. After
filtration under N, the solvent was removed in vacuo, to give a yellow oily solid which
turned to green oil overnight. The green oil was redissolved in dry and degassed Et,O,
washed with degassed H,O, transferred to a Schlenk containing dry Na,SOy, filtered by
cannula under N, and the solvent removed to give the product as a green’ solid (1.81 g,
84%, >96% pure by *'P NMR).* Mp. 67 °Cieey; 'H NMR (400 MHz, CD,Cl,) & 8.30
(dd, *Jun = 16.0 Hz, “Jyp = 5.0 Hz, 2H, H,), 7.69 (dddd, J = 8.0, 4.5, 1.5, 0.5 Hz, 2H,
Hu), 7.44-7.39 (m, 2H, H,), 7.37-7.21 (m, 22H, Hr and Ar), 6.96 (ddd, J = 7.5, 4.5, 1.5
Hz, 2H, H.), 6.78 (dd, *Jun = 16.0 Hz, *Jyp 1.5 Hz, 2H, Hy); °C NMR (100 MHz,
CD,Cl,) 8 188.7 (C,), 141.4 (d, *Jep = 26 Hz, C.), 139.7 (d, 'Jep = 22 Hz, ipso-C), 138.8
(d, 'Jep = 16 Hz, ipso-C), 136.3 (d, *Jcp = 10 Hz, Cy), 134.3 (d, Jep = 20 Hz, Ar), 134.0
(Co), 130.3 (d, *Jep = 1 Hz, Cy), 129.5 (Cy), 129.3 (p-C), 129.0 (d, Jep = 7 Hz, Ar), 127.2
(d, *Jep = 3 Hz, Cp), 127.0 (d, “Jep = 4 Hz, Cy); *'P NMR (162 MHz, CD,CL,) & -14.09
(s); HRMS (ESI) m/z 603.1993 [MH]" (calculated for C4;H330P5: 603.2001); IR (ATR,
vem™): 3051 (w), 2962 (w), 1654 (w), 1614 (w), 1596 (w), 1457 (w), 1434 (w), 1325

T On repeat synthesis the product colour varied to give yellow and red products.
" If the benzaldehyde still remains, column chromatography on silica gel eluting with Et,O:hexane (20:80
v/v) under N, can be used to purify the product. The benzaldehyde is the first yellow band, the second
bright yellow band is the product.
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(br, w), 1260 (w), 1182 (w), 1093 (m), 1026 (w), 975 (w), 799 (br, w), 741 (s), 694 (s);
Anal. Calcd. for C4H3,0P, (602) C 81.71, H 5.36; Observed C 80.82, H 5.40. It is
possible that the compound is being oxidised during the elemental analysis. The
calculated results for 20% oxidation match those observed; Anal. Calcd. for 20%

phosphine oxide C 80.86, H 5.30.

Crystals suitable for X-Ray diffraction were recrystallised from hot MeCN.

Attempted protection of dbaPHOS, 127 as the CS, adduct:

Dry and degassed THF (4 mL) was added to an N»-flushed Schlenk containing 135 (500
mg, 2 eq., 1.72 mmol). 1,3-bis(diethoxy-phosphonato)-acetone (130) (360 mg, 1.2 eq.,
0.95 mmol) was added dropwise and a yellow solution formed on stirring. A solution of
K,CO; (10M, 1 mL) was added dropwise. The resulting mixture was stirred vigorously
for 86 h at 25 °C. The product was extracted with dry THF (5 x 5 mL) under an inert
N, atmosphere, dried over MgSO, and filtered. The solvent was removed and degassed
CS; (0.5 mL) added and the mixture stirred for 1 h at r.t.. Upon addition of dry EtOH
(5 mL) the solution turned red and was then cooled to -10 °C and stirred for 45 min.
The yellow precipitate formed was isolated by filtration and dried in vacuo to afford

dbaPHOS as the product (216 mg, 45%).

Attempted protection of dbaPHOS, 127 as the borane adduct:*

To a solution of dbaPHOS (50 mg, 1 eq., 0.08 mmol) in dry and degassed CH,Cl, (1
mL) was added BH3;*SMe (0.8 mL, 20 eq., 1.6 mmol) dropwise at 0 °C. The mixture
was stirred at r.t. for 24 h, during which time the solution changed from yellow to
colourless. Saturated NH4Cl,q solution (3 mL) was then added portionwise to the
reaction mixture and left for 1 h, before pouring into H,O (30 mL) and extracting with
CH,Cl, (3 x 30 mL). The combined organic phases were washed with saturated
NaHCO; solution (30 mL), dried over MgSQs, filtered and concentrated in vacuo. The
residue was then dissolved in CH,Cl, (5 mL) and filtered through a silica plug, eluting
with CH,Cl, (50 mL). The solvent was removed to give a mixture of products as a
white solid (22 mg). '"H NMR (400 MHz, CDCls, crude) & 7.84-6.61 (m, 31H), 3.07-
2.06 (m, 4H), 1.95-0.96 (m, 11H, -BH;), 0.94-0.78 (m, 1.4H); °*C NMR (100 MHz,
CDCls) & 133.3 (br), 131.2 (br), 128.9 (br); >'P NMR § 25.1 (br, m, 1P), 20.5 (br, s,

15P), 16.6 (br, m, 1.7 P), 7.1 (br, s, 2.5P); ''B NMR & -37.0 (br, s); LRMS (APCI) m/z
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(rel%) 615.2 [CaHsoP,Ba]" (78) {isotope pattern 614 (46), 615 (100), 616 (43);
calculated 49, 100, 44}, 605.2 (100); IR (ATR, v cm™): 2962 (w), 2372 (br, w), 2161
(br, w), 2036 (br, w), 1980 (br, w), 1482 (w), 1436 (m), 1259 (m), 1069 (br, m), 1014
(br, s), 906 (W), 868 (W), 795 (s), 738 (m), 693 (s); LRMS (ESI) m/z (rel%) 779, 758,
741, 684, 657, 635, 621, 610, 536, 519.

(E)-1-Bromo-4-phenyl-3-buten-2-one, (Bromomethylstyryl ketone),”’ 157

XX
T

Pyrrolidone hydrotribromide (20.3 g, 1.2 eq., 40.9 mmol) in THF (80 ml) was added
dropwise over 45 min to a solution of benzylidene acetone (5 g, 1 eq., 34.2 mmol) in
dry, degassed THF (120 mL) under an inert N, atmosphere. The mixture was stirred at
23 °C for 24 h. The solid was removed by filtration, and the filtrate concentrated in
vacuo to dryness. The residue was dissolved in Et;O, washed with brine and dried over
NaSO,. Filtration followed by removal of the solvent in vacuo afforded a crude
product that was purified by column chromatography on silica gel eluting with
Et,O:petroleum ether (5:95 v/v) to give the known title compound as a colourless solid
(5.2 g, 68%). Mp 48-49 °C, (Lit.”® 44-45 °C); '"H NMR (400 MHz, CDCls) & 7.68 (d,
*Jun = 16.0 Hz, 1H), 7.59-7.54 (m, 2H), 7.44-7.36 (m, 3H), 6.93 (d, *Juy = 16.0 Hz,
1H), 4.08 (s, 2H); °C NMR (100 MHz, CDCL) & 191.0, 145.3, 133.9, 131.1, 129.1,
128.7, 122.2, 33.3; HRMS (ESI) m/z 224.9916 [MH]" (calculated for C;oH;(BrO:
224.9910); LRMS (ESI) m/z (rel.%) 249 [M*'BrNa]" (40%), 247 [M"’BrNa]" (41%),
227 [M*'BrH]" (100%), 225 [M°BrH]" (99%), 145 [M-Br]" (12%), 117 (17%).}

¥ In some instances over bromination was observed to give the dibrominated product LRMS (ESI) m/z
(rel.%) 329 [M*'Br,Na]" (30%), 327 [M*'Br”’BrNa]" (61%), 325 [M"°Br,Na]" (30%), 307 [M*'Br,H]"
(49%), 305 [M*'Br’’BrH]" (100%), 303 [M"’Br,H]" (51%).
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[(E)-2-0x0-4-phenyl-3-butenyl|(triphenyl)phosphonium  bromide, (Cinnamoyl
methylenetriphenylphosphonium bromide),** 158
O

N
© PPhg

Brr ®

A solution of 157 (2.644 g, 1 eq., 11.8 mmol) in toluene (12 mL) was added dropwise to
a solution of triphenylphosphine (3.096 g, leq., 11.8 mmol) in toluene (12 mL) under
N,. The mixture was stirred overnight at 23 °C. The toluene was removed in vacuo to
afford the title compound as a colourless solid (5.091 g, 88%), which was carried
forward without further purification. M.p. 242-246 °C, (Lit.>>* 245-247 °C); '"H NMR
(400 MHz, CDCl;) & 8.44 (d, *Jun = 16.5 Hz, 1H), 7.95-7.86 (m, 6H), 7.80-7.72 (m,
5H), 7.70-7.62 (m, 6H), 7.41-7.34 (m, 3H), 7.10 (dd, *Jun = 16.5 Hz, *Jyp = 2.5 Hz,
1H), 5.96 (d, *Jup = 12.5 Hz, 2H); °C NMR (100 MHz, CDCl3) 8 191.6 (d, Jcp = 6 Hz),
149.5 (d, Jer = 2 Hz), 134.9 (d, Jop = 3 Hz), 134.1 (d, Jop = 11 Hz), 134.1, 131.5, 130.3
(d, Jep = 13 Hz), 129.7, 129.0, 125.3 (d, Jep = 6 Hz), 119.0 (d, 'Jep = 89 Hz), 38.6 (d,
'Jep = 60 Hz); >'P NMR (162 MHz, CDCl3) & 22.22 (s); HRMS (ESI) m/z 407.1558
[M]" (calculated for Co3Ha4OP: 407.1559); IR (ATR, v cm™): 2928 (w), 1627 (s), 1436
(s), 1331 (m), 1171 (s), 1110 (s), 977 (m), 764 (m), 750 (s), 718 (s), 686 (s).

(E)-4-Phenyl-1-(1,1,1-triphenyl-A’-phosphanylidene-3-buten-2-one, (Cinnamoyl
methylenetriphenylphosphorane),’* 148
0]

AN
|
PPhs

Compound 158 (4 g, 1 eq., 8.23 mmol) was suspended in a H,O/MeOH mix (150 mL
each), and stirred for 3 h. Aqueous NaOH solution (1 M) was added until pH 7
(monitored using pH indicator paper), and the mixture stirred for 2 h. The resulting
solid was filtered off, washed with H,O (20 mL), followed by Et,O (20 mL), and dried
to give the known title compound as a colourless solid (3.02 g, 90%). M.p. 149-150 °C,
(Lit.** 147-149 °C); 'H NMR (400 MHz, CDCL) § 7.74-7.66 (m, 6H), 7.60-7.54 (m,
3H), 7.53-7.45 (m, 8H), 7.41 (d, *Jun = 15.5 Hz, 1H), 7.33-7.28 (m, 2H), 7.26-7.21 (m,
1H), 6.90 (dd, *Juy = 15.5 Hz, “Jyp = 0.5 Hz, 1H), 4.02 (d, *Jip = 25.0 Hz, 1H); °C
NMR (100 MHz, CDCl;) 6 183.0 (d, Jcp = 3 Hz), 136.9 (d, Jcp = 1 Hz), 134.0 (d, Jcp =
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3 Hz), 133.2 (d, Jep = 10 Hz), 132.3 (d, Jop = 3 Hz), 129.6 (d, Jep = 19 Hz), 129.1 (d,
Jep = 12 Hz), 128.6, 128.2, 127.6, 126.8 (d, 'Jep = 91 Hz), 56.6 (d, 'Jep = 109 Hz); *'P
NMR (162 MHz, CDCls) & 16.30 (s); HRMS (ESI) m/z 407.1570 [MH]" (calculated for
CasHp4OP: 407.1559); IR (ATR, v cm™): 1634 (w), 1514 (s), 1482 (m), 1435 (m), 1384
(s, br), 1103 (s), 972 (m), 883 (s), 754 (s), 727 (s), 688 (s).

(1E,4E)-1-[2-(1,1-diphenylphosphino)phenyl]-5-phenyl-1,4-pentadiene-3-one,
MonodbaPHOS, 128
PPh, . O

n b

m | k a
To a Schlenk containing 135 (0.500 g, 1 eq., 1.7 mmol) and 148 (1.05 g, 1.5 eq., 2.6
mmol) under an inert atmosphere was added dry, degassed toluene (30 mL). The
mixture was stirred at 50 °C for 16 h, before increasing the temperature to 80 °C for 24
h. After the toluene was removed in vacuo, purification by column chromatography on
silica gel eluting with EtOAc:petroleum ether (4:96 to 8:92 v/v) afforded the title
compound as a solid (0.518 g, 73%, 10% phosphine oxide by >'P NMR). M.p. 107-109
°C; 'H NMR (400 MHz, CD,Cl,) & 8.38 (dd, *Jun = 16.0 Hz, *Jip = 5.0 Hz, 1H, H)),
7.77 (d, J = 8.0, 4.0 Hz 1H, Ha,), 7.63-7.54 (m, doublet peaks visible, 3Jun = 16.0 Hz,
3H, Ha, and Hg), 7.46-7.26 (m, 15H, Hy,), 7.00-6.93 (m, doublet peaks visible, 3 Jan =
16.0 Hz, 2H, Hya, and Hy), 6.88 (d, *Jun = 16.0 Hz, 1H, Hy); °C NMR (100 MHz,
CD,Cl,) 8 189.0 (C=0), 143.2 (C.), 141.5 (d, *Jep = 26 Hz, C)), 139.7 (d, 'Jep = 22 Hz,
ipso-C), 138.8 (d, 'Jep =16 Hz, ipso-C), 136.3 (d, *Jep = 10 Hz, C)), 135.2 (Cy), 134.4
(d, *Jep = 20 Hz, 0-C), 134.1 (Ar), 130.7 (Ar), 130.4 (d, Jop = 1 Hz, Ar), 129.6 (C,),
129.4 (p-C), 129.3 (C.), 129.0 (d, *Jcp = 7 Hz, m-C), 128.7 (Cy), 128.1 (d, *Jep = 3 Hz,
Cy), 127.1 (d, Jep = 4 Hz, Ar), 125.1 (Cp); *'P NMR (162 MHz, CD,Cly) 8 -13.75 (s)
and 30.43 (s, “P=0" impurity); HRMS (ESI) m/z 419.1568 (calculated for C,9H»4OP =
419.1566); IR (CH,Cl,, v em™): 3061 (w), 3045 (w), 2963 (w), 1656 (s), 1619 (s), 1600
(s), 1577 (m), 1460 (w), 1450 (w), 1433 (m), 1336 (m), 1187 (s), 1099 (s). Anal. Calcd.
for C41H3,0P, (418) C 83.24, H 5.54; Observed C 82.66, H 5.68. It is possible that the
compound is being oxidised during the elemental analysis. The calculated results for
20% oxidation match those observed; Anal. Calcd. for 20% phosphine oxide C 82.60, H
5.50.
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2-(Diphenylphosphorothioyl)benzaldehyde,'® 136
O

Z > Pph,

S

2-(Diphenylphosphino)benzaldehyde, 135 (1.48 g, 1 eq., 5 mmol) and Sg (1.31 g, 1 eq.,
5 mmol) were stirred in THF (60 mL) overnight at rt. The resulting mixture was
centrifuged (3000 rpm, 3 min) to remove the solid sulfur, and the solvent removed in
vacuo. Purification by column chromatography on silica gel eluting with petroleum
ether to remove the remaining sulfur, and then Et,O:pentane (1:4 to 3:7 v/v), afforded
the title compound as a cream powder (1.31 g, 81%). M.p. 136-137 °C, (Lit.”® 131-132
°C); 'H NMR (400 MHz, CDCl3) § 10.71 (s, 1H), 8.12 (ddd, J = 8.0, 4.0, 1.0 Hz, 1H),
7.85-7.77 (m, 4H), 7.66-7.61 (m, 1H), 7.60-7.44 (m, 7H), 7.03 (ddd, Jup = 14.5 Hz, Jun
= 8.0, 1.0 Hz, 1H); >C NMR (100 MHz, CDCL) § 190.3 (d, Jcp = 8 Hz), 138.0 (d, Jcp =
7 Hz), 137.9 (d, 'Jep = 79 Hz), 132.8 (d, Jep = 12 Hz), 132.7 (d, Jep = 10 Hz), 132.5 (d,
Jep = 11 Hz), 132.3 (d, Jep = 3 Hz), 132.17 (d, Jep = 3 Hz), 132.13 (d, 'Jep = 85 Hz),
129.9 (d, Jep = 9 Hz), 129.0 (d, Jep = 13 Hz); *'P NMR (162 MHz, CDCLs) & 40.74 (s);
HRMS (ESI) m/z 345.0478 [MNa]" (calculated for C;oH;sNaOPS: 345.0473); IR (ATR,
vem™): 1685 (s), 1580 (w), 1435 (m), 1199 (m), 1099 (s), 822 (w), 749 (m), 711 (s),
691 (s), 640 (s), 633 (s), 613 (m).

(1E,4E)-1,5-bis(2-diphenylphosphorothioyl)phenyl)pentan-1,4-dien-3-one,

DbaTHIOPHOS (137)
d S A~
O : O
g e

f
1,3-Bis(phosphonato)acetone (130) (256 mg, 1 eq., 0.776 mmol) was added to a
magnetically stirred solution of compound 136 (500 mg, 2 eq., 1.56 mmol) in THF (3
mL). To this was added dropwise NaOH (124 mg, 4 eq., 3.11 mmol) dissolved in H,O

(0.5 mL) and THF (1 mL). The mixture was refluxed for 48 h. After cooling, the
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solution was washed with saturated NH4Cl(,q) (5 mL), extracted with EtOAc (5 x 5 mL),
dried over Na,SO; and filtered. After removing the solvent in vacuo the product was
recrystallised from CH,Cl,:hexane (1:3 v/v) to afford the title compound as a yellow
solid (435 mg, 84%). M.p. 133-138 °Cyec; 'H NMR (400 MHz, CD,Cl,) & 8.17 (d, *Jun
= 16.0 Hz, 2H, H,), 7.84-7.69 (m, 10H, H, and 0-Ar), 7.64-7.57 (m, 2H, Hy), 7.56-7.49
(m, 4H, p-Ar), 7.49-7.41 (m, 8H, m-Ar), 7.34 (tdd, J = 7.5, 2.5, 1.5 Hz, 2H, H,), 7.09
(ddd, *Jup = 14.5 Hz, Jun = 8.0, 1.0 Hz, 2H, Hy}), 6.48 (d, *Jun = 16.0 Hz, 2H, Hy); °C
NMR (100 MHz, CD,CL,) 8 188.6 (C=0), 141.5 (d, *Jcp = 8 Hz, C.), 138.9 (d, *Jep =7
Hz, Cq), 133.9 (d, 'Jep = 83 Hz, ipso-C), 133.4 (d, *Jep = 11 Hz, Cy), 132.7 (d, 2Jep = 11
Hz, 0-Ar), 132.5 (d, 'Jep = 85 Hz, ipso-C), 132.4 (d, *Jep = 3 Hz, Cy), 132.2 (d, *Jep = 3
Hz, p-Ar), 129.6 (d, *Jep = 12 Hz, Cy), 129.0 (d, *Jcp = 13 Hz, m-Ar), 128.8 (d, *Jep =
10 Hz, C.), 126.8 (Cp); *'P NMR (162 MHz, CDCls) & 42.07 (s); HRMS (ESI) m/z
[MNa]" 689.1266 (calculated for C4;H3NaOP,S,: 689.1262); LRMS (ESI) m/z (rel.%)
689.1 [MNa]" (100), 667.1 [MH]" (3); IR (ATR, v cm™): 3053 (w), 1656 (w), 1619 (w),
1602 (w), 1460 (w), 1436 (m), 1184 (w), 1098 (m), 753 (m), 711 (s), 692 (s), 636 (s),
614 (m), 575 (m); UV-vis (CH,CL) Amax nm: 318 (¢ = 19513 mol'dm’cm™); Anal.
Calcd. for C41H3,0P5S,.1/10CH,Cl, (675) C 73.10, H 4.81; Observed C 73.32, H 4.83.

Elemental analysis conducted with crystals used for XRD analysis.

Crystals suitable for X-ray crystallography were grown from a solution of X in CH,Cl,

layered with Et,O.

(1E,4E)-1-(2-(diphenylphosphorothioyl)phenyl)-5-phenylpentan-1,4-dien-3-one,
MonodbaTHIOPHOS, 149

I
PPh,. O

e c
PN —~d
n > g : b
m k a

2-(Diphenylthiophosphino)benzaldehyde, 136 (0.75 g, 1 eq., 2.3 mmol) and cinammoyl
methylenetriphenylphosphorane, 148 (1.42 g, 1.5 eq., 3.4 mmol) were dissolved in
toluene (35 mL) and heated to 80 °C for 48 h. The toluene was removed in vacuo.
Purification by column chromatography on silica gel eluting with EtOAc:toluene (3:97

v/v) gave the product as a yellow solid (0.84 g, 81 %). M.p. 199-200 °C. "H NMR (400
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MHz, CD,CL,) & 8.41 (dd, *Juu = 16.0 Hz, 'Jyp = 1.0 Hz, 1H, H;), 7.89-7.77 (m, 5H, Hy
and o-Ph), 7.64-7.39 (m, 13H, Ar), 7.33 (apparent tdd, J = 7.5, 2.5, 1.0 Hz, 1H, Hy),
7.06 (dddd, J = 14.5, 8.0, 1.5, 0.5 Hz, 1H, H,), 6.90 (d, *Juu = 16.0 Hz, 1H, Hy), 6.61 (d,
*Jun = 16.0 Hz, 1H, Hy); “C NMR (100 MHz, CD,Cl,) & 189.4 (Cy), 143.0 (C.), 141.9
(d, *Jep = 8 Hz, C)), 138.8 (d, “Jep = 8 Hz, C), 135.3(Cy), 134.0 (d, 'Jecp = 83 Hz, ipso-
C), 133.4 (d, *Jep = 11 Hz, Hy), 132.7 (d, 2Jcp = 11 Hz, 0-Ph), 132.4 (d, *Jcp = 3 Hz, H),
132.3 (d, 'Jep = 85 Hz, ipso-C), 132.2 (d, *Jep = 3 Hz, p-Ph), 130.7 (C.), 129.7 (d, *Jep =
12 Hz, Hp), 129.2 (Ar), 129.2 (Cp), 129.0 (d, *Jep = 13 Hz, m-Ph), 128.8 (d, *Jep = 9 Hz,
Hy), 128.7 (Ar), 123.4 (Cy); *'P NMR (162 MHz, CD,Cl,)  42.14 (s); HRMS (ESI) m/z
451.1285 [MH]" (calculated for CooH,4OPS: 451.1280); LRMS (ESI) m/z (rel.%) 473
[MNa]" (20), 451 [MH]" (100), 346 (7); IR (ATR, v cm™): 3057 (w), 1653 (m), 1593
(m), 1436 (m), 1331 (br, m), 1182 (br, m), 1096 (s), 984 (m), 764 (s), 749 (m), 708 (s),
689 (s), 636 (s). UV-vis (DCM) Amax nm: 306 (¢ = 4218 mol'dm’cm™); UV-Vis (solid)
Amax nm: 289, (br shoulder to 450); Anal. Calcd. for C,9H,30PS (450) C 77.31, H 5.15;
Observed C 77.10, H 5.14.

Crystals suitable for X-ray crystallography were grown from a solution of 4 in CH,Cl,

layered with Et;O.

2-Phenyl(triphenylphosphoranylidene)ethan-2-one, (o-triphenyl-
phosphoranylideneacetophenone,) 146
0]

|
ED)HPPh3

A solution of a-bromoacetophenone (2 g, 1 eq., 10 mmol) in dry and degassed toluene
(8 mL) was added dropwise to a solution of triphenylphosphine (2.63 g, 1 eq., 10 mmol)
in dry and degassed toluene (8 mL) under a N, atmosphere. The mixture was stirred
overnight and the resulting phosphonium salt was suspended in a mixture of H,O (100
mL) and MeOH (100 mL). After stirring for 1 h, aqueous NaOH (1 M) was added
dropwise until pH 7 was reached. The mixture was then stirred vigorously for 1 h. The
white phosphorane precipitate was filtered, washed with H,O and dried. Purification by
recrystallisation from EtOAc afforded the known title compound as an off white solid
(2.36 g, 68%). M.p. 185-186 °C, (Lit.*° 175 °C); '"H NMR (400 MHz, CDCl;) & 7.99-
7.92 (m, 2H), 7.75-7.65 (m, 6H), 7.57-7.50 (m, 3H), 7.50-7.44 (m, 6H), 7.36-7.30 (m,
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3H), 4.42 (d, “Jpu = 25 Hz, 1H). "*C NMR (400 MHz, CDCL;) & 185.0 (d, Jep = 3 Hz),
141.3 (d, Jep = 15 Hz), 133.2 (d, Jep = 10 Hz), 132.1 (d, Jep = 3 Hz), 129.4, 129.0 (d,
Jep = 12 Hz), 127.5, 127.1 (d, 'Jep = 91 Hz), 127.0, 51.0 (d, 'Jep = 112 Hz); *'P NMR
(162 MHz, CDCl;) & 17.23 (s). HRMS (ESI) m/z [MH]" 381.1403 (calculated for
Ca6H2,OP: 381.1403). IR (ATR, v cm™): 1586 (m), 1511 (s), 1482 (m), 1435 (s), 1385
(s), 1104 (s), 871 (m), 747 (m), 707 (s), 688 (s).

(E)-3-(2-(Diphenylphosphino)phenyl)-1-phenylprop-2-en-1-one,** 84
o

0
Ph,P

Compounds 135 (0.25 g, 1 eq., 0.86 mmol) and 146 (0.46 g, 1.5 eq., 1.2 mmol) were
added to an oven dried Schlenk flask charged with degassed toluene (7 mL) under an
inert N, atmosphere. The resulting mixture was heated to reflux for 48 h. After the
toluene was removed in vacuo, purification by column chromatography on silica gel
eluting with EtOAc:petroleum ether (10:90 v/v) afforded the known title compound as a
cream solid (0.285 g, 54%). M.p. 91-94 °C (no reported M.p.); '"H NMR (400 MHz,
CDCls) § 8.35 (dd, *Jun = 16.0 Hz, *Jyp = 4.5 Hz, 1H), 7.75-7.71 (m, 3H), 7.55-7.51
(m, 1H), 7.42-7.25 (m, 14H), 7.18 (dd, *Juu = 16.0 Hz, *Jip = 1.0 Hz, 1H), 6.94 (ddd, J
= 7.5, 4.5, 1.0 Hz, 1H). C NMR (100 MHz, CDCls)  192.1, 143.7 (d, Jep = 25 Hz),
139.8 (d, Jcp = 22 Hz), 138.5 (d, Jep = 16 Hz), 138.0, 136.0 (d, Jcp = 10 Hz), 134.2 (d,
Jep =20 Hz), 133.8, 132.6, 130.1, 129.3, 129.1, 128.81, 128.76, 128. 7 (d, Jcp = 24 Hz),
127.1 (d, Jep = 4 Hz), 125.7 (d, Jep = 3 Hz); *'P NMR (162 MHz, CDCL) & -13.32 (s);
HRMS (ESI) m/z [MH]" 393.1405 (calculated for C,7H,,0OP: 393.1403); IR (ATR, v
em™): 1667 (s), 1605 (s), 1432 (s), 1309 (m), 1214 (m), 1011 (m), 744 (s), 694 (s).

. 0]

Ji fed
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Further elution with EtOAc:petroleum ether (1:1 v/v) gave a side product as an off-
white solid, 147 (52 mg, 15%). M.p. 129-131 °C; 'H (400 MHz, CDCl3) 8 7.96-7.83 (m,
2H, Ar), 7.69-7.60 (m, 4H, Ar), 7.57-7.35 (m, 11H, Ar), 7.16 (tdd, J = 7.0, 2.5, 1.5 Hz,
1H, Hy), 7.09 (ddd, *Jup = 14.0 Hz, Juy = 8.0, 1.0 Hz, H,), 3.34-3.14 (m, 4H, H; and

Hy); "C NMR (100 MHz, CDCl3) & 199.6 (Cy), 147.1 (d, *Jep = 8 Hz, C.), 136.8 (C),
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133.8 (d, Jep = 13 Hz), 133.1 (d, 'Jep = 103 Hz, ipso-C), 133.0 (C)), 132.5 (d, *Jep = 3
Hz, C.), 132.0 (d, *Jcp = 10 Hz, 0-Ar), 132.0 (d, *Jep = 3 Hz, p-Ar), 131.9 (d, Jep = 10
Hz), 131.1 (d, 'Jep = 103 Hz, ipso-C), 128.7 (d, *Jep = 12 Hz, m-Ar), 128.5 (Cy or C)),
128.4 (Cy or C)), 125.8 (d, Jep = 13 Hz), 41.1 (Cy), 29.7 (d, *Jep = 5 Hz, Cy); >'P NMR
(162 MHz, CDCl3) & 32.0; HRMS (ESI) m/z 433.1322 [MNa]  (calculated for
C,7H,3NaO,P = 433.1328), 411.1504 [MH]" (calculated for Co7H40,P = 411.1508); IR
(ATR, v cm™): 1680 (m), 1437 (m), 1288 (w), 1207 (w), 1178 (m), 1119 (m), 1000 (w),
982 (w), 750 (m), 722 (m), 706 (m), 692 (m).

(1E,4E)-1,5-Bis(2-diphenylphosphoroselenoyl)phenyl)pentan-1,4-dien-3-one, 150

i i
PPh;, O PPh,

0
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f

A mixture of dbaPHOS, 127 (100 mg, 1 eq. 0.016 mmol) and selenium (31.6 mg, 2.5
eq., 0.04 mmol) in degassed toluene (2.5 ml) was heated at reflux for 1.5 h under N,.
After cooling, the excess selenium was removed via filtration. Column chromatography
on silica gel eluting with toluene gave the product as a yellow solid (58 mg, 47%). M.p.
147-152 °C; '"H NMR (400 MHz, CDCl;) & 8.23 (d, *Jun = 16.0 Hz, 2H, H,), 7.85 (dd,
*Jup = 13.5 Hz, *Juy = 8.0 Hz, 8H, Ar), 7.72 (dd, J = 8.0, 4.5 Hz, 2H, H.), 7.56
(apparent t, 3 i = 8.0 Hz, 2H, Hy), 7.52-7.40 (m, 12H, Ar), 7.33 (apparent t, =175
Hz, 2H, H,), 7.13 (dd, *Jip = 15.0 Hz, *Jun = 8.0 Hz, 2H, Hy), 6.51 (d, *Jun = 16.0 Hz,
2H, Hp); *'P NMR (162 MHz, CD,CL) & 32.17 (*Jps. = 732 Hz); °C NMR (100 MHz,
CDCl3)™" & 188.8 (C,), 141.3 (d, *Jep = 8 Hz, C.), 138.8 (d, 2Jep = 8 Hz, Cy), 133.2,
133.1 (d, Jep = 11 Hz, Ar), 132.3 (d, 'Jep = 74 Hz, ipso-C), 132.2 (d, Jep = 3 Hz), 132.0
(d, *Jep = 3 Hz, p-Ar), 130.6 (d, 'Jep = 76 Hz, ipso-C), 129.3 (d, Jep = 12 Hz), 128.9,
128.8 (d, Jcp = 13 Hz, Ar), 126.44 (Cy); HRMS (ESI) m/z 785.0160 [MNa]" (caculated
for C4H3NaOP,Se, = 785.0160), 763.0370 [MH]" (calculated for C4H33:0P,Se; =
763.0340); IR (ATR, v cm™): 1654 (w), 1601 (br, w), 1478 (w), 1458 (w), 1435 (m),
1312 (br, w), 1183 (w), 1119 (w), 1093 (m), 997 (w), 968 (w), 745 (m), 687 (m); Anal.
Calcd. for C41H3,0P;Se; (762) C 64.75, H 4.24; Observed C 64.10, H 4.29.

" Some signals underlying others, therefore not all doublets reported.
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(E)-diethyl 2-0x0-4-phenylbut-3-enylphosphonate, ($-ketophosphonate), 143
O O

I
X NN P(OEt),

=

Method 1:*

To a solution of diethylphosphonoacetic acid (3.21 mL, 1 eq. 20 mmol) in dry toluene
(50 mL) at 0 °C was added triethylamine (11.2 mL, 4 eq. 80 mmol, dried and distilled
before use) and TMSCI (3.8 mL, 1.5 eq. 30 mmol). The solution was stirred at r.t. for 1
h, before the addition of more toluene (15 mL) and MgCL (1.9 g, 1 eq. 20 mmol). After
a further 1 h stirring at r.t., cinnamoyl chloride (3.99 g, 1.2 eq. 24 mmol) in dry toluene
(10 mL) was added dropwise. After stirring at r.t. for 6 h, NH4Cl (30 mL) was added,
followed by extraction of the organics using Et,0 (3 x 50 mL). The combined organic
phases were dried over MgSOy, the mixture filtered and the solvent removed in vacuo to
give the crude product. Column chromatography on silica gel using EtOAc:petroluem
ether (60:40 v/v) as the eluent afforded the known product as a colourless oil (1.72 g,
30%). '"H NMR (400 MHz, CDCl) & 7.64 (d, *Jun = 16.0 Hz, 1H), 7.60-7.54 (m, 2H),
7.40 (m, 3H), 6.89 (d, *Jun = 16.0 Hz, 1H), 4.23-4.06 (m, 4H), 3.32 (d, *Jup = 22.5 Hz,
2H), 1.33 (t, *Jun = 7.0 Hz, 6H); *'P NMR (162 MHz, CDCls) & 20.87 (s); HRMS (ESI)
m/z [MH]" 283.1094 (calculated for C4HO4P = 283.1094).

Method 2:*

A solution of nBuL.i in hexanes (2.5 M, 4.4 mL, 1.1 eq., 11 mmol) in dry and degassed
THF (10 mL) under a N, atmosphere was cooled to -60 °C. To this was added a
solution of diethylmethylphosphinate (1.46 mL, 1 eq., 10 mmol) in dry and degassed
THF (5 mL) dropwise, and stirred for 10 min. Cul (2.09 g, 1.1 eq., 11 mmol) was
added portion-wise to the solution making sure the temperature did not exceed -30 °C,
and stirred for 1 h at -30 °C. The mixture was then cooled down to -45 °C, and the
cinnamoyl chloride (1.75 g, 1.05 eq., 10.5 mmol) added as a solution in Et,O (8 mL).
The reaction was then left for a further 3 h at -30 °C, before being allowed to warm up
to ambient temperature overnight. To the mixture was added water (10 mL) before
filtration through Celite™ and washed with CH,Cl, (30 mL). The organic phases were

dried with MgSOy, filtered and solvent removed in vacuo. Column chromatography on
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silica gel eluting with EtOAc:petroluem ether (60:40 v/v) gave the known product as an
0il (307 mg, 11%)."

2.7.3 Microwave studies
2.7.3.1 General microwave method

The relevant phosphonate ester (0.65 mmol) was added to a stirring solution of the
benzaldehyde, if using, in THF (3 mL). (Triethylphosphite was added at this point
when used.) To this was added dropwise NaOH dissolved in H,O (2.174 mmol in 0.35
mL to give a 6M solution). The mixture was heated in a microwave for 1 h at 110 °C in
a 10 mL microwave tube. After cooling to ambient temperature the solution was
washed with saturated NH4Clag) (5 mL) and extracted with EtOAc (5 x 5 mL). The
combined organic phases were dried over Na,SO; and filtered. Purification was carried

out by column chromatography on silica gel to give the organic product(s).
2.7.3.2 Detailed microwave experimental

(E)-4-(2-(diphenylphosphorothioyl)phenyl)-1-(tetrahydrofuran-2-yl)but-3-en-2-
one, 138

1,3-Bis(phosphonato)acetone (130) (215 mg, 1.2 eq., 0.65 mmol) was added to a
stirring solution of compound 136 (350 mg, 2 eq., 1.09 mmol) in THF (3 mL). To this
NaOH (87 mg, 4 eq., 2.17 mmol) dissolved in H,O (0.35 mL) was added dropwise. The
mixture was heated in a microwave for 1 h at 110 °C. After cooling, the solution was
washed with saturated NH4Clag) (5 mL) and extracted with EtOAc (5x 5 mL). The
organic phases were combined and then dried over Na,SO; and filtered. After
removing the solvent in vacuo the product was purified by column chromatography on
silca gel eluting with EtOAc:toluene (5:95 v/v) to afford dbaTHIOPHOS, 137 (88 mg,
25%) and the title compound as an off-white solid (71 mg, 25%). M.p. 152-154 °C; 'H

1 Distillation using a Kugelrohr was attempted, but this led to mixed fractions being obtained.
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NMR (400 MHz, CDCl;) & 8.36 (d, *Jun = 16.5 Hz, 1H, Hy), 7.87-7.78 (m, 4H, Ar),
7.73-7.68 (m, 1H, H;), 7.57-7.43 (m, 7H, Hy, p-H and Ar), 7.29 (apparent tdd, J = 7.5,
2.5, 1.5 Hz, 1H, Hy), 7.03 (ddd, *Jup = 14.5 Hz, Jun = 8.0, 1.5 Hz, 1H, Hy,,), 6.34 (d,
3Jun = 16.5 Hz, 1H, H,), 4.09 (apparent quintet, 3Jau = 6.5 Hz, 1H, Hyg), 3.80 (ddd, Jun
= 8.0, 7.0, 6.5 Hz, 1H, H,), 3.70-3.64 (m, 1H, H,), 2.60 (dd, *Juy = 15.5 Hz, *Juy = 7.0
Hz, 1H, H.), 2.46 (dd, *Juu = 15.5 Hz, *Jun = 6.0 Hz, 1H, H,), 2.04-1.94 (m, 1H, H,),
1.91-1.77 (m, 2H, Hy), 1.42-1.31 (m, 1H, H,); *'P NMR (162 MHz, CDCls) & 42.23 (s);
BC NMR (100 MHz, CDCl;) & 199.5 (Cy), 143.3 (d, *Jcp = 8 Hz, Hy), 138.5 (d, 2Jcp = 8
Hz, C)), 133.6 (d, 'Jep= 83 Hz, ipso-C), 133.1 (d, *Jep = 11 Hz, Cpy), 132.60 (d, Jep = 11
Hz, Ar), 132.56 (d, Jep = 11 Hz, Ar), 132.2 (d, *Jep = 3 Hz, Cy), 132.2 (d, 'Jep = 84 Hz,
ipso-C), 132.1 (d, 'Jep = 85 Hz, ipso-C), 132.1 (d, *Jep = 3 Hz, p-Ar), 132.0 (d, *Jep =3
Hz, p-Ar), 131.7 (d, *Jep = 10 Hz, C;), 129.6 (Cy), 129.4 (d, Jep = 12 Hz), 128.9 (d, Jep
= 13 Hz, Ar), 128.8 (d, Jep = 13 Hz, Ar), 128.6 (d, *Jep = 9 Hz, C)), 75.3 (Cy), 67.9 (C.),
44.4 (Ce), 31.6 (Cy), 25.7 (C.); HRMS (ESI) m/z 433.1380 [MH]" (calculated for
CasHa6OPS = 433.1386); LRMS (ESI) m/z (rel.%) 455 [MNa]" (80), 433 [MH]" (100),
401 (4), 301 (4), 236 (7); IR (ATR, v cm™): 2966 (w), 2861 (w), 1658 (br, m), 1583
(W), 1478(w), 1457 (w), 1435 (m), 1387 (w), 1311 (w), 1260 (w), 1184 (w), 1162 (m),
1120 (w), 1097 (m), 1059 (m), 1027 (m), 998 (m), 970 (m), 798 (br, m), 755 (m), 709
(s), 690 (s).

Crystals suitable for X-ray diffraction were grown by slow evaporation from 1,4-

dioxane.

(E)-4-phenyl-1-(tetrahydrofuran-2-yl)but-3-en-2-one, 140
From (E)-diethyl 2-ox0-4-phenylbut-3-enylphosphonate, 143:

The reaction was carried out following the general procedure in section 2.7.3.1.
Purification by column chromatography on silica-gel eluting with EtOAc:petroleum
ether (20:80 v/v) gave the title compound as a yellow oil (26 mg, 19%). "H NMR (400
MHz, CDCl3) 6 7.59-7.52 (m with underlying d, 3Jan = 16.0 Hz, 3H, H;, and Ar), 7.43-
7.32 (m, 3H, H; and Ar), 6.77 (d, 3Jun = 16.0 Hz, 1H, H,), 4.33 (apparent dq, Juu =

13.0, 6.5 Hz, 1H, Hy), 3.89 (apparent dt, Jun = 8.5, 7.0 Hz, 1H, H,), 3.80-3.70 (m, 1H,
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H.), 3.05 (dd, “Jun = 15.5 Hz, *Juy = 6.5 Hz, 1H, H,), 2.78 (dd, *Jun = 15.5 Hz, *Juyy =
6.0 Hz, 1H, H,), 2.21-2.09 (m, 1H, H,), 1.98-1.88 (m, 2H, Hy), 1.61-1.47 (m, 1H, H.);
BC NMR (100 MHz, CDCls) & 198.6 (Cy), 143.2 (Cy), 134.6 (Cy), 130.6 (C)), 129.1
(Ar), 128.5 (Ar), 126.6 (C,), 75.6 (Cq), 68.0 (C,), 46.9 (C.), 31.7 (CH,), 25.7 (CHy);
HRMS (ESI) m/z 239.1035 [MNa]" (calculated for C14H;¢NaO, = 239.1043), 217.1213
[MH]" (calculated for Ci4H;,0, = 217.1223); IR (ATR, v cm™): 2929 (w), 2865 (w),
1685 (m), 1653 (m), 1607 (m), 1576 (w), 1495 (w), 1448 (m), 1380 (w), 1332 (w), 1180
(br, m), 1128 (w), 1046 (br, s), 977 (m), 918 (W), 748 (s), 690 (s).

From 1,3-Bis(diethoxy-phosphonato)-acetone, 130:

The reaction was carried out following the general procedure (section 2.7.3.1) using
benzaldehyde (0.056 mL, 1 eq., 0.544 mmol), 1,3-Bis(diethoxy-phosphonato)-acetone,
130 (197 mg, 1.1 eq., 0.598 mmol) and NaOH (87 mg, 4 eq., 2.17 mmol). Both E,E-
dibenzylidene acetone (7 mg, 6%) and the title compound (3 mg, 3%) were obtained
after column chromatography on silica-gel eluting with EtOAc:petroleum ether (10:90

v/v). Characterisation was as above.

1,3-Bis(tetrahydrofuran-2-yl)propan-2-one, 142

O f s O
The reaction was carried out following the general procedure described above in section
2.7.3.1. Purification by column chromatography on silica-gel eluting with EtOAc gave
the title compound as a clear oil (11 mg, 8%, 1:1 mixture of diastereoisomers). 'H
NMR (400 MHz, CDCls) 6 4.22 (apparent tdd, Juy = 10.5, 7.0, 3.5 Hz, 2H, Hy), 3.88-
3.81 (m, 2H, H,), 3.76-3.63 (m, 2H, H,), 2.77 (ddd, *Jun = 16.0 Hz, Juy = 7.0, 2.5 Hz,
2H, H,), 2.58 (ddd, *Jug = 16.0 Hz, Jyn = 5.5, 1.0 Hz, 2H, H.,), 2.15-2.04 (m, 2H, H,),
1.93-1.82 (m, 4H, Hy), 1.46 (ddd, Juu = 16.0, 12.0, 8.0 Hz, 2H, H,). >C NMR (100
MHz, CDCls) ¢ 207.9 (Cy), 207.8 (Cp), 75.04 (Cq), 75.02 (Cy), 67.95 (C,), 67.95 (C,),
49.5 (Ce), 49.4 (Ce), 31.6 (CH»), 25.7 (CHy); HRMS (ESI) m/z 221.1148 (calculated
C11HsNaO; = 221.1148); IR (ATR, v em™): 2952 (br, w), 2877 (br, w), 1709 (br, m),
1458 (br, w), 1383 (br, w), 1240 (br, w), 1163 (br, w), 1029 (br, s), 982 (br, m), 855 (br,

W).
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(E)-2-0x0-4-phenylbut-3-enylphosphonic acid, 159

« 7 9

e \c b5 P(OH)2
g

To a solution of 143 (300 mg, 1 eq., 1.06 mmol) in dry and degassed CH,Cl, (10 mL) at
0 °C was added trimethylsilyliodide, TMSI (0.3 mL, 2 eq., 2.12 mmol). The solution
was stirred overnight at r.t. MeOH (10 mL) was added and the solution stirred, before
removal of the solvents in vacuo. This was repeated two further times. The resultant
oily solid was stirred with CHCls; filtration afforded a pale brown solid, which was
dried in vacuo (234 mg, 98%). M.p. 139-145 °C; 'H NMR (400 MHz, DMSO-ds) & 7.68
(dd, Juu = 6.5, 3.0 Hz, 2H, Hy), 7.60 (d, *Jum = 16.0 Hz, 1H, Hy), 7.47-7.41 (m, 3H, H,
and Hy), 6.94 (d, *Jug = 16.0 Hz, 1H, H,), 6.59 (br s, OH), 3.21 (d, *Jip = 22.5 Hz, 2H,
H.); “C NMR (100 MHz, DMSO-ds) & 192.8 (d, *Jep = 5 Hz, Cy), 142.92, 134.40,
130.57, 129.03, 128.45, 126.69, 43.4 (d, Jep = 122 Hz, C,); *'P NMR (162 MHz,
DMSO-ds) § 15.6 (s); HRMS (ESI) m/z 227.0463 [MH]" (calculated for C;oH;,04P =
227.0468); IR (KBr, v cm™): 3300-3000 (br, s), 2942 (s), 2905 (s), 2500 (br, m), 2256
(br, m), 1700 (w), 1621 (s, br), 1599 (s), 1576 (s), 1494 (w), 1450 (m), 1370 (w), 1344
(br, s), 1305 (w), 1265 (m), 1200 (br, s), 1153 (br, s), 976 (br, s), 949 (br, s), 885 (m),
866 (m), 822 (m), 750 (s), 686 (s), 655 (m), 525 (s).

Alkene additions:

The following reactions were carried out following the general procedure described in
section 2.7.3.1, using between 0.54 and 0.59 mmol of benzaldehyde (1 eq.), with the
addition of alkenes (5 eq.). Analysis of the crude reactions mixtures was carried out

using 'H NMR spectroscopy and mass spectrometry.

Entry = Benzaldehyde  Phosphonate Eq. NaOH, Eq. Alkene

1 136 130 1 4 Cyclohexene

2 Benzaldehyde 130 1.1 4 Cyclohexene

3° Benzaldehyde 130 1.1 4 Cyclohexene

4 Benzaldehyde 130 1.1 4 Norbornene

5 None 130 1 (0.652 33 2,3-dimethylbut-2-
mmol) ene

6" None 143 1 (0.652 33 Cis-cyclooctene
mmol)

* Solvent: dioxane, ® alkene used as the solvent.
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Changing the base

The following reactions were carried out following the general procedure (described in
section 2.7.3.1), using the phosphonate esters stated in the table below (1 eq., 0.65
mmol). Purification of the products was carried out by column chromatography on

silica-gel eluting with EtOAc for 130, and EtOAc:petroleum ether (20:80 v/v) for 143.

R Base Base, Eq. Yield, %
130 NaOH 0 0
130 NaOH 1.7 13
130 NaOH 3.3 8
130 NaOH 8 5
143 NEt3 3.3 0
143 NaOMe* 33 0
143 NaOEt* 3.3 0
143 NaOH 3.3 19
143 NaOMe 3.3 21

* anhydrous conditions using dry and N, purged THF.

Triethyl phosphite reactions
Triethyl phosphite and NaOH (6M) in dioxane was subject to microwave irradiation at
110 °C. After 1 h, *'P NMR spectroscopic analysis of the crude mixture revealed that
none of the triethyl phosphite had been oxidised under the reaction condition. *'P NMR
(Dioxane, 400 MHz) & 137.88.

The following reactions were carried out following the general procedure described in
section 2.7.3.1, using 2-(diphenylthiophosphino)benzaldehyde, 136 (1.67 eq., 0.37
mmol) and 1,3-bis(diethoxy-phosphonato)-acetone, 130 (1.0 eq.).

Entry P(OEt);, P(OEt);:PO(OEt)  Yield

Eq. 3 ratio by *'P 138
NMR (137),
%
1 1 1:0.2 19 (33)
2 0.50 1:0.5 17 (22)
3 1 - 14 (17)°

* conventionally heated reaction, reflux, 48 h, using 0.65 mmol 130.
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Tetrahydrofuran-2-ol,’' 145
O._OH

o

To a stirred solution of y-butyrolactone (0.45 mL, 1 eq., 5.8 mmol) in dry Et,0 (6 mL)
at -78 °C, was added a solution of DIBAL (6.5 mL, 1.12 eq., 6.5 mmol) under N,. The
resulting solution was stirred at -78 °C for 3 h, and then quenched with MeOH (1.2
mL). After warming to 0 °C, brine solution (3 mL) was added. The precipitate was
removed by filtration through Celite™ and the filtrate dried with Na,SQOy, filtered and
the solvent removed in vacuo. The crude known product (58%, ~90% pure by 'H NMR
spectroscopy) was used without further purification. B.p. 75 °C (35 mbar), (Lit.” 63-65
°C (15 mbar)); 'H NMR (400 MHz, CDCl3) 8 5.51 (s, 1H), 4.06-3.91 (m, 2H), 3.86-
3.75 (m, 1H), 2.10-1.77 (m, 4H); °C NMR (400 MHz, CDCl;) & 98.4, 67.4, 33.2, 23.5;
IR (ATR, v cm™): 3369 (br, m), 2955 (w), 2892 (w), 1713 (w), 1646 (br, w), 1442 (br,
w), 1366 (w), 1342 (w), 1280 (w), 1184 (m), 1116 (m), 1052 (m), 1032 (s), 984 (s), 918
(m), 843 (m).

Formation of 1,3-Bis(tetrahydrofuran-2-yl)propan-2-one, 142 using 2-
hydroxytetrahydrofuran 145.

1,3-Bis(phosphonato)acetone (130) (215 mg, 1.2 eq., 0.652 mmol) was added to a
stirring solution of tetrahydrofuran-2-ol, 145 (96 mg, 2 eq., 1.09 mmol) in THF (3 mL).
To this was added dropwise NaOH (87 mg, 4 eq., 2.17 mmol) dissolved in H,O (0.35
mL). The mixture was heated in a microwave for 1 h at 110 °C. After cooling, the
solution was washed with saturated NH4Cl(,q) (5 mL), extracted with EtOAc (5 x 5 mL),
dried over Na,SO; and filtered. After removal of the solvent in vacuo the product was
purified by column chromatography on silica gel eluting with EtOAc to afford the title
compound as a clear oil (60 mg, 56%). The product exhibited identical characterisation

data as that given in section 2.6.3.2.

Competition reaction between 2-(diphenylthiophosphino)benzaldehyde, 136 and

tetrahydrofuran-2-ol, 145.

Tetrahydrofuran-2-ol, 145 (22 mg, 90% pure, 1 eq., 0.224 mmol) and 2-

(diphenylthiophosphino)benzaldehyde, 136 (72 mg, 1 eq., 0.244 mmol) were added to a

solution of 1,3-bis(ethoxyphophonato)acetone, 130 (74 mg, 1 eq., 0.224 mmol) in THF

(1.5 mL). A NaOH solution (30 mg in 0.12 mL H,O, 6M) was added dropwise. The
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mixture was then heated in a microwave for 1 h at 110 °C. After cooling, the solution
was washed with saturated NH4Cl,q) (5 mL), extracted with EtOAc (5 x 5 mL), dried
over Na,SO; and filtered. After removal of the solvent in vacuo the crude product was
analysed by '"H NMR spectroscopy and mass spectrometry. No dbaTHIOPHOS or
phophonate ester was observed. 1,3-Bis(tetrahydrofuran-2-yl)propan-2-one, 142, (E)-4-
(2-(diphenylphosphorothioyl)phenyl)-1-(tetrahydrofuran-2-yl)but-3-en-2-one, 138 and
the 2-(diphenylthiophosphino)benzaldehyde, 136 were observed in a 0.18:0.30:0.53

ratio respectively.
2.7.4 Deprotection of phosphine sulfides

Deprotection of triphenylphosphine sulfide using silanes

To a solution of triphenylphosphine sulfide (118 mg, 1 eq., 0.4 mmol) in dry toluene
(15 mL) was added SiCl3H (0.2 mL, 5 eq., 2 mmol) and the resulting solution heated to
80 °C for 2.25 h under a N, atmosphere. The solution was then cooled to 0 °C, and a
solution of NaOH (15 mL, 30% w/w) added dropwise. The solution was heated at 50
°C until the organic and aqueous layers became clear (ca. 30 min). The solution was
extracted with toluene (60 mL), the combined organic phases washed with NaOH
solution (30 mL), dried over MgSQO, and filtered Following removal of the solvent in
vacuo the starting material was returned; 'P NMR (162 MHz, CDCL) & 43.97
(PhsP=S).

Deprotection of triphenylphosphine sulfide using Schwartz’s reagent'

Schwartz reagent (Cp.ZrHCIl) (175 mg, 2 eq., 0.66 mmol) and triphenylphosphine
sulfide (100 mg, 1 eq., 0.33 mmol) were placed under a N, atmosphere. Dry and
degassed THF (4 mL) was added to the reaction and the solution stirred for 3 h at 60 °C.
The solution turned from white to yellow to green. The solvent was removed in vacuo,
the residue dissolved in a hexane:EtOAc mixture (5:1 v/v, 13 mL) and passed through a
silica plug. Removal of the solvent gave a white solid (82 mg, 3:2 PPh;:SPPh; as
shown by *'P NMR spectroscopic analysis). °'P NMR (162 MHz, CDCl;) & 43.97
(Ph3P=S), -4.80 (PPhs3).
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Deprotection14 of dbaTHIOPHOS using Raney® Nickel

A N; flushed Schlenk tube was charged with Raney nickel (3.3 g) and washed
sequentially with MeOH (3 x 10 mL), dry Et,O (3 x 10 mL), and dry THF (3 x 10 mL).
A solution of dbaTHIOPHOS, 137 (163 mg, 1 eq., 0.25 mmol) in dry and degassed
THF (10 mL) was transferred to the flask and the reaction mixture stirred under a N,
atmosphere over three days. The mixture was filtered through Celite™ under N», and
washed with dry and degassed THF (30 mL). Removal of the solvent in vacuo gave the
crude product. This was not purified further as at the product was clearly not dbaPHOS.
'H NMR (400 MHz, CDCl3) § 7.67-7.00 (m, 21H), 6.89-6.83 (m, 1H), 3.16-2.43 (m,
8H); *'P NMR (162 MHz, CDClL) & -15.00 (s); HRMS (ESI) m/z 639.2212
[oxidisedMH]" (calculated for C4H3,03P;, = 639.2212), 623.2266 [oxidisedMH-O]"
(calculated for C4;H370,P; = 623.2269), 607.2304 [MH]" (calculated for C4;H3;0P, =
607.2314); LRMS (ESI) m/z (rel%) 661 [oxidisedMNa]® (100), 639 [oxidisedMH]"
(23), 623 [oxidisedMH-0]" (67), 607 [MH]" (25), 541 (23), 461 (52), 423 [MH-PPh,]"
(23); IR (ATR, v cm™): 2919 (m), 2851 (m), 1706 (w), 1436 (m), 1366 (w), 1178 (m),
1116 (m), 1028 (w), 747 (m), 720 (m), 694 (s).

2.7.5 X-Ray Diffraction details

Single X-ray diffraction data were collected at 110 K in the dark on an Oxford
diffractometer or on a Bruker Smart Apex diffractometer with Mo-Ka radiation (1 =
0.71073 A°) using a SMART CCD camera unless otherwise stated. Diffractometer
control, data collection and initial unit cell determination was performed using
“SMART”.®> Frame integration and unit-cell refinement software was carried out with
“SAINT+”.°  Absorption corrections were applied by SADABS (v2.10, Sheldrick).
Structures were solved by direct methods using SHELXS-97°* and refined by full-
matrix least squares using SHELXL-97. All non-hydrogen atoms were refined
anisotropically. Hydrogen atoms were placed using a “riding model” and included in

the refinement at calculated positions.
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Table 11: Single Crystal data

Compound reference 1jf0821m, 137  1jf0904a, 127 ijf0909m, 149 ijf1013m, 138
Chemical formula C41H320P282‘2( C41H320P2 C29H23OPS C26H2502PS

CHxCl)
Formula Mass 836.58 602.61 450.50 432.49
Crystal system Monoclinic Monoclinic Monoclinic Triclinic
a/A 24.539(3) 19.718(2) 9.4829(7) 8.7345(14)
b/A 9.8002(10) 17.231(2) 17.0177(13)  9.0917(15)
c/A 17.1991(17) 9.9214(13) 14.5741(11)  14.239(2)
al° 90.00 90.00 90.00 99.344(3)
p/° 90.768(2) 109.031(4) 101.8810(10) 91.734(3)
y/° 90.00 90.00 90.00 99.613(3)
Unit cell volume/A®  4135.8(8) 3186.6(7) 2301.5(3) 1098.2(3)
Temperature/K 110(2) 110(2) 110(2) 130(2)
Space group C2/c C2/c P2(1)/n P1
No. of formula units 4 4 4 2
per unit cell, Z
No. of reflections 15724 13353 23431 11375
measured
No. of independent 3666 4562 5718 5415
reflections
Rint 0.0302 0.0273 0.0248 0.0169
Final R; values (/>  0.0569 0.0458 0.0360 0.0367
20(1))
Final wR(F”) values (I 0.1612 0.1165 0.0940 0.0949
> 20(1))
Final R; values (all 0.0679 0.0611 0.0425 0.0439
data)
Final wR(F”) values  0.1732 0.1272 0.0991 0.1002
(all data)

For ijf1013m (138) the structure contained a mixture of compounds which differed in
the stereochemistry of the THF attached to C22. The two forms which were modelled

had a refined occupancy of 54:46.

For 1jf0821m (dbaTHIOPHOS, 137) considerable solvent disorder was observed. Two
CH,Cl, molecules modelled as disordered, each over two positions refined to relative
occupancies 74:26 and 52:48 respectively. Atoms Cl4a and C14b were constrained to
the same position and same ADP. Atoms Clla and Cl1b were constrained to the same
position and same ADP, as were atms Cl2a and CI2b, and Cl3a and CI3b. Atoms C23a
and C23b were restrained as approximately isotropic. Further solvent disorder was

evident but could not be modelled satisfactorily.
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Chapter 3: Late-transition metal complexes of dbaPHOS and
monodbaPHOS

The target ligands, dbaPHOS, 127, and monodbaPHOS, 128, can be regarded as
multidentate ligands. They are able to bind through the phosphine, alkene and possibly
even the carbonyl group. As shown in the introduction chapter, phosphino-alkene
ligands have been utilised in both Pd- and Rh-catalysed reactions successfully. In this
chapter coordination studies involving Pd and Rh are described. These allow one to
obtain a greater understanding of the ligand environment created around the metal
centre, which could be used to inform any catalytic studies. The platinum complexes
were also studied, as the NMR active platinum nuclei can provide confirmation of

structural analysis, e.g. cis versus trans coordination of phosphines.

3.1 Palladium and platinum complexes with dbaPHOS

The target ligand dbaPHOS, 127, has five possible coordination sites. Alkenes are often
considered as hemilabile moieties compared to phosphines (although the extent of
hemilability depends on the metal centre).! It was anticipated that the coordination of
the alkene would depend on the metal centre and its oxidation state. The dba compound
itself is seen to either coordinate through the carbonyl with Lewis acids and uranium
(160),” or through its alkenes with late-transition metals such as Pd (162 and 24), Pt and
Rh (161) (Figure 1).* In the [Pd,dbas] complex the dba ligand acts as a bridging ligand
between two Pd centres with the alkenes bound to different Pd atoms.* If another ligand
is on the Pd, such as bipy in [Pd(bipy)(dba)], only one alkene of the dba coordinates.’
In [RhCp*(n*-dba)] both alkenes are bound to one Rh atom.” All possible geometries

are observed: s-cis,s-cis, S-cis,s-trans, s-trans,s-trans.

9.9 v
S d

S-Cis,s-Cis s-trans,s-trans S-CiS,s-Cis s-cis,s-trans

Figure 1: Coordination of dba to metal centres.

133



In our ligands, the phosphines would be expected to be the most strongly coordinating
moiety to late transition metals. The coordination of the alkenes and/or the carbonyl
will depend on the oxidation state (e.g. Pt°/Pd’ are expected to be more likely to
coordinate the alkene than PtH/PdH), the other ligands around the metal, the coordination
number of the complex and the geometry of the ligand backbone as compared to the rest

of the complex.

3.1.1 Pt" and Pd" complexes

Platinum(IT) and Palladium(II) complexes are mostly square-planar.” Common starting
materials to these complexes include [MCl(cod)] and [MCly(MeCN),], where upon
addition of dbaPHOS, 127, one would expect the phosphines to displace the labile cod
or MeCN ligands to give the corresponding [MCL(P-P)] complexes.

o
PtCl,(cod),
HyClp, 23 ©
CH:Cla, 23 °C, Ph=P~p~P=Ph
0.066 M Pt o F
PPh, O PPh, o o

163, 78%
127 O

trans-Pt(MeCN)Cl,,
CH2C|2, rt
0.041 M

Cl
PhoP—p"

cI’ Ph,
164, 50%

Scheme 1: Platinum(II) complexes of dbaPHOS.

Platinum(Il) complexes of dbaPHOS were prepared from both [PtCly(cod)] and
[PtCl,(MeCN)z] (Scheme 1). Initial attempts using [PtCly(cod)] gave an insoluble
material which was possibly polymeric; on reducing the reaction concentration to ~0.07
M a product partially soluble in CH,Cl; (~2 mg in 1 mL) was formed. The single peak
in the *'P NMR spectrum indicated that the two phosphorus centres were in the same
environment and therefore the ligand acts as a symmetrical bidentate phosphine ligand.
The 'Jpp coupling value can be used to identify cis vs. trans coordination of the two

phosphines in a square planar complex. Typically, if the phosphines in [PtCl(PR3):]
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are trans a coupling constant of 1500-3000 Hz would be expected, whereas the coupling

constant for a cis complex would be higher, >3500 Hz in most cases (see Table 1).”

Table 1: *'P chemical shifts and lthp values of common cis and trans-PtCI2(PR3)2 and
PtCl,(P-P) complexes.

Complex Sp, ppm, (CDCL)  Upp, Hz

cis-[PtCLy(PEt;),]” 9.6 3520
trans-[PtCLy(PEts),] ™ 13.1 2490
cis-[PtCLy(PPhs),]’ 14.3 3673
trans-[PtCLy(PPhs),]’ 19.8 2637
cis-[PtCly(dppm)]"! -64.2 3084
cis-[PtCly(dppe)] ! 40.8 3616
cis-[PtCly(biphep)]"? 7.9 3610
cis-[PtCl,(DPEPhos)]" 19.7° 3796
cis-[PtCly(XantPHOS)]"* 7.1 3693

trans-[Pt(*CN)»(XantPHOS)]'* 5.5 (t, Jpc=14.1 Hz) 2612
“ CD,CL, " CHCl;

In CD,Cly, the Jpp coupling constant of the complex from [PtCly(cod)] (complex 163)
is 3553 Hz indicating that the phosphines are cis to each other (as shown in Scheme 1).
The crystal structure of 163 supports this (Figure 4). If 163 is dissolved in ds-DMSO it
quickly starts to isomerise to a trans complex with a Jpp value of 2565 Hz. On heating

to 60 °C for 4 h 163 completely isomerises to the trans complex (164).

P\ of CL N

p ly<dmso | P lrP Cl—P Cl
el P—Ptig = CI-Plep — ~dmso
cli_/ dmso dmso) P
DMSO -dmso
F: o

P-Pt-CI P-Pt-P
Cl Cl

Scheme 2: Berry pseudoratation in the isomerisation of square-planar complexes.

Extensive investigations into the mechanism of cis-trans isomerisation in square-planar
platinum complexes have been reported in the literature.”” The most commonly

observed mechanism proceeds by an associative path, especially when coordinating
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solvents are present (see Scheme 2). In light of these studies it is proposed that the
DMSO coordinates to the platinum(II). The resulting five-coordinate complex can then
undergo Berry pseudorotation'® to give the phosphines #rans to each other, followed by
dissociation of the DMSO. No free phosphine or intermediate complexes are observed
by *'P NMR spectroscopy, suggesting this process is faster than the NMR timescale.
After the formation of the soluble frans-monomeric complex, a precipitate is seen to
form. It is proposed that this is a dimeric (such as 164(dimer)) or higher order

polymeric species (Scheme 3).

O Op = 15.3 ppm
60 OC, 4 h ) thp = 2565 Hz

P
Ph™"~pi~ "~ Ph
« Ph
Phar o
163
Op = 4.7 ppm
thp = 3554 Hz

precipitation

or higher order
polymeric species

0] 164(dimer)

Scheme 3: Isomerisation of cis-|PtCl,(dbaPHOS)] in DMSO.

Complex 164 could also be synthesised directly from trans-[PtCl,(MeCN),] to give a
product with 'Jpp = 2577 Hz indicating the phosphines are frans to each other. From
the NMR evidence it is unclear whether complex 164 is a monomeric or dimeric
platinum complex in the bulk material. From the '"H NMR spectrum the ligand is still
observed as being symmetrical, suggesting that the dba backbone must either be in the
s-cis,s-cis or s-trans,s-trans geometry. Due to its insolubility in DMSO compared with
the cis-[PtCly(dbaPHOS)] complex, and the observation of a precipitate following the
formation of trans-[PtCl,(dbaPHOS)], we believe it is more likely to be the binuclear
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complex in the bulk insoluble material. The species in the 'H NMR spectrum is still
most likely the mononuclear complex from the evidence available. Comparison of the
melting points of the bulk material of 163 and 164 also supports this conclusion, 164
melts (decomposes) at 230 °C whilst 163 melts (decomposes) at a substantially lower
temperature, 140 °C. This is a larger difference than you would expect if they were just

the cis- and trans-isomers.

0
PPha Q PPhy PdCl,(cod), (1 eq.)
X _— 2 ’ q O
|O |O CH,Cly, 1 h, 23 °C Cl
0.066 M PhoP by p
dbaPHOS, 127, 1 eq. cr Ph,

165, 76%

Scheme 4: Synthesis of [PdCL,(dbaPHOS)].

Complex 165 was prepared from [PdCly(cod)] in the same manner as the platinum
complexes. The *'P NMR spectrum shows a singlet at 19.45 ppm, showing that the
phosphorus environments are the same. Compared to Pt complexes it is harder to
determine if the complex is cis or frans. The *'P NMR chemical shift is nearer that of
complex 164 (14.89 ppm) than complex 163 (4.72 ppm), suggesting it is the trans
complex. The 'H NMR spectra are also very similar to the trans complex obtained
from trans-[PtCl,(MeCN),] (spectra b and ¢ in Figure 2). The solid-state >'P NMR
spectrum shows a slightly distorted “solution” AB multiplet with Jpp = 540 Hz.
Crucially, the large size of the PP spin-spin coupling constant is indicative of a trans-

chelating phosphine.'’

Once again it is not possible to tell from the NMR spectroscopic analysis if 165 is the
monomeric complex as shown in Scheme 4, or a dimeric/polymeric species. The
melting point is higher than that of complex 164, once again possibly indicating that it
is a dimeric compound. The "H NMR spectra of 163, 164 and 165 indicate that the
highest resonating alkene protons have shifted downfield on coordination to M". In
complex 163 the alkene protons (H(7) and H(11) in the crystal structure) have shifted
by +1.52 ppm compared to the free phosphine (9.82 vs. 8.30 ppm), whereas in complex
164 and 165 the shifts are only +0.6 and +0.4 ppm, respectively. This could be

evidence of a proton-metal interaction, in particular in 163.
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Figure 2: (a) dbaPHOS (400 MHz, CD,Cl,), (b) [PdCl,(dbaPHOS)] (400 MHz, CD,Cl,), (c)
trans-[PtCl,(dbaPHOS)] (500 MHz, CD,Cl,), (d) cis-[PtCl,(dbaPHOS)] (400 MHz,
CD,Cl).

In all cases the complexes were not soluble enough in CH,Cl, or DMSO to get fully
resolved ’C NMR spectra. The ?C NMR spectrum of 163 showed numerous multiplet
signals, which appeared to be triplets or overlapping doublets; however, due to the low
signal-noise ratio this could not be confirmed. Triplet-like multiplets have been
reported in >’C NMR of Ni and Pt phosphine complexes previously, and are attributed
to the magnetic inequivalence of chemically equivalent °C environments.'® The solid-
state °C NMR spectra were obtained for complexes 163 and 165. As expected the
majority of the carbons are within the aromatic region, with only the carbonyl signal
distinct. In complex 163 the carbonyl was observed at 192.2 ppm, and in 165 at 194.3
ppm, where you would expect carbonyl shifts (the *C chemical shift of the carbonyl of

dbaPHOS in CD;,Cl; is 188.7 ppm).
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spinning side bands

100 5‘0 0 -50 100 5‘0 0 -50
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Figure 3: Solid-state 3p CPMAS-NMR spectroscopic analysis of cis-[PtCl,(dbaPHOS)],
163 (left) and trans-|PdCl,(dbaPHOS)], 165 (right).

The elemental analysis of these metal complexes was always too low on carbon. Along
with their insolubility it was possible that we had a mix of monomers, dimers and
polymeric material. Solid-state *'P NMR spectroscopic analysis was carried out on the
material to see if there was any indication of polymeric material such as extra
phosphorus signals for end of chain versus middle chain phosphorus atoms, or broad
signals indicating a lack of long range order. In the case of complex 163 two slightly
different signals with Pt satellites were observed (1.9 and 4.4 ppm, 'Jep = 3590 Hz,
1:4:1 pattern), and a broad signal centred ~10 ppm. The singlets are assigned to the two
phosphorus atoms that are in slightly different environments in the solid-state (see the
X-ray crystal structure in Figure 4), whilst the broad signal could be due to polymeric
side products of varying composition. This would explain the lack of consistency with
the elemental analysis. In the solid-state >'P NMR spectroscopic analysis of complex
165 there was no evidence for polymeric material. As a result a different explanation
for the lack of agreement with the elemental analysis is needed. The 'H NMR spectrum

(solution-state) clearly shows there are no organic impurities; other possibilities include
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that there are inorganic impurities, e.g. PdCl,, the compounds are hydroscopic (H,O

was observed in IR spectra) or the complexes are not combusting well.

Crystals of complex 163 suitable for X-ray diffraction were obtained by slow
evaporation from a solution of 163 in CD,Cl, (Figure 4). The ligand acts as a wide bite
angle bidentate phosphine. The P-Pt-P bite angle is fairly large (105.9°), which is
similar in size to the bite angles quoted for other wide bite angle ligands such as
Xantphos, DPEPhos, Trost ligand, and POP ligands (107-112° calculated for Pt(allyl)
complexes).13 A comparison of the bite angle of Xantphos, 6, and dbaPHOS, 127, on
PtCl, shows that dbaPHOS has the larger bite angle by 5° (Table 2). A search of CSD
for [PtCl(P)(P)] gave 549 hits (638 observations),”” the majority of P-Pt-P angles were
in the region associated with cis-coordination modes (68-115°). It shows that the
dbaPHOS bite angle on PtCl, is one of the largest cis-coordinating bidentate
phosphines, with only six other crystal structures recorded with bidentate phosphine bite

angles the same size or larger.”

Figure 4: X-ray crystal structure of cis-PtCl,(dbaPHOS) (163). Selected hydrogen atoms
removed for clarity. Thermal ellipsoids shown at 50%. Selected angles (°) include: P(2)-Pt(1)-
P(1) = 105.89(5), P(2)-Pt(1)-Cl(2) = 81.18 (5), P(1)-Pt(1)-CL(2) = 169.71 (4), P(2)-Pt(1)-CI(1) =

167.60 (4), P(1)-Pt(1)-CI(1) = 86.49 (5), C1(2)-Pt(1)-CI(1) = 86.45 (5).

Other angles of interest in the crystal structure of 163 include the dihedral angle of the
(P, P, Pt, Cl, Cl) plane and (P, P, C=0) plane, which is 83.2° showing that overall the
ligand backbone is almost perpendicular to the square-planar Pt. In cis-
[PtCl,(XantPHOS)] the backbone is almost perpendicular to the (P, P, Pt, Cl, Cl) plane,
the dihedral angle between the (P, P, Pt, Cl, Cl) plane and (P, P, C2, C12) plane is
86.8°. If the same two planes are used for 163 ((P, P, Pt, CI, Cl) and (P1, P2, C1, C17))
the dihedral angle is now calculated to be 61.0°. The difference in the two dihedral
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angles for 163 shows that there is considerable twist in the ligand backbone. This is
also supported by the large dihedral angle of C7-C8-C10-C11, 47.01°, which brings

about a twist of the alkenes around the 1,4-dien-3-one.

Table 2: Table showing the bond lengths around the metal for cis-PtCl,(dbaPHOS) and
comparing it to other phosphine complexes.

L PPh, O O Ph,R O PPh,
T B L O
PPh,  PPh, PPh, PPha

166

Tript-PPhy biphep Xantphos
P(1 Cl
( >Pt_ ")
P2 Cl(2)
Bond Lengths, A ‘ Bond
Angl
Cis-Complex 0 lngPet
P(1)-Pt P(2)-Pt Cl(1)-Pt  Cl(2)-Pt (1)-Pt-
P(2)
Il’;(élz(dbaPHOS), 2.2802(13) 2.2534(14) 2.3592(13) 2.3395(12) 105.89(5)
PtCly(PPhs),! 2.2713(9) 2.2515(8) 2.3632(8)  2.3294(9)  99.12(3)
PtCly(dppe) 2.208(6) 2.208(6) 2.341(6) 2.355(6) 86.3

PtCly(biphep) > 2.248(2)  2.236(2)  2.345(2)  2.354(2)  93.40(6)
PtClLy(Xantphos)™*  2.253(3)  2.264(2)  2.354(2)  2.348(2) 100.87(8)

PtCly(166)% 2.2576(10) 2.2638(10) 2.3577(11) 2.3522(11) 105.82(4)
ﬁ;ilj)(;“pt' 2.2392(12) 2.2391(12) 2.3339(13) 2.3339(13) 107.54(6)

The X-ray crystal structure shows that the dbaPHOS, 127, is not symmetrical around
the Pt as shown by the difference of 0.0268(19) A in the two P-Pt bond lengths. The
longest P-Pt bond is trans to the shortest Pt-Cl bond, and vice versa. The P-Pt bonds
are on the longer side of the P-Pt lengths seen in platinum chloride phosphine
complexes. A search of the CSD reveals that the mean P-Pt distance in cis complexes is
2.233 A (see Appendix 5), which is shorter than both the distances seen in
[PtCl,(dbaPHOS)]. The Pt-Cl distances are within the majority of observed distances
(LQ=2.333 A, HQ =2.374 A, see Appendix 5).
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It can be seen that the C-C double bonds in the ligand backbone are within error of each
other, although compared to the free ligand one of the alkene bonds is the same whilst
the other is now longer. The shorter alkene (C7-C8) also displays a fairly short Pt-H
interaction, 2.642 A. This provides further evidence of a metal-proton interaction in

these complexes.

Table 3: Comparison of the bond lengths in dbsPHOS, 127, and complex 163.
Bond dbaPHOS, 127 cis-PtCly(dbaPHOS), 163

C=0 1.214(3) 1.230(6)
C=C 1.324(2) 1.329(7), 1.348(7)
C-P 1.8438(14) 1.823(5), 1.845(5)

3.1.2 DFT studies on cis-Pt(dbaPHOS)Cl,

Interactions between N-H and C-H bonds and transition metals have been well
recognised.”’ Two different types of interactions have been clearly identified, agostic
and anagostic interactions.”®  Agostic interactions refer to 3-center-2-electron
interactions and are characterised by small M---H bond lengths (ca. 1.8-2.3 A), small C-
H-M bond angles (ca. 90-140°), and an upfield shift in dy of the CH upon coordination,
along with low 'Jey values. Agostic interactions require the metal centre to be co-
ordinately unsaturated, with an empty orbital available for o-donation from the C-H
bond. The term “anagostic” was used by Lippard and co-workers to describe any C-H--
-M interactions that were not agostic.”’ Other terms such as “pregostic” have been
used, and anagostic interactions also cover those described by hydrogen bonding.
Anagostic interactions are characterised by larger M---H distances (ca. 2.3-2.9 A),
larger C-H-M angles (ca. 110-170°) and by a downfield shift in Jy of the CH upon
coordination (a general feature of hydrogen bonds). Anagostic interactions do not need
an empty orbital and therefore can involve 18 electron metal centres. For dg square
planar complexes either agostic or anagostic interactions are able to occur. While the
N-H---M(d®) interactions can be confidently described with a 3-center-4-electron bond
(hydrogen bond), the C-H---M(d®) interactions are believed to be much more

complicated. It has been proposed that a weak hydrogen bond is involved.*”
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The experimental data for complex 163 shows a Pt-H interaction of 2.642 A in the
crystal structure, and a downfield shift of the H(7) and H(11) protons in the '"H NMR
spectrum, suggesting an anagostic interaction of some sort is present. Using theoretical
calculations we wished to gain a greater understanding of this interesting interaction. It
was also clear from the 'H NMR spectrum that the exchange of the H(7) and H(11)
protons was rapid, as the spectrum was sharp and with only one signal observed for
these protons. DFT calculations were performed in collaboration with Zhang and Lin
(HKUST, Hong Kong) with no simplification of complex 163, to gain an insight into
the nature of the short platinum-proton interaction and the exchange process shown in

Scheme 5.

rapid exchange

Scheme 5: Rapid exchange of Pt---Ha/b.

Density functional theory calculations at the MPW1PW91 level were carried out to
optimize all of the complexes studied.’® This level of theory plus the basis set described
below has been confirmed to give good results regarding C-H---M(d®) interactions.””
The intrinsic reaction coordinate (IRC)’' analysis was also carried out to confirm that all
stationary points are smoothly connected to each other. Gibbs free energy at 298.15 K
was obtained on the basis of the frequency calculations. The SDD basis set with the
Stuttgart relativistic effective core potentials was used in the calculations.® An
additional d polarization shell was added for CI, P, S and Se, with exponents of 0.640,
0.387, 0.503 and 0.364, respectively. All calculations were performed with Gaussian 03

packages.’

The structure of complex 163 was optimised. The calculated structural values agree
with the experimental ones (Table 4). The largest deviation was seen between the
calculated and experimental C-H,---Pt distances. This might be expected as the
hydrogen atoms were placed using a “riding model”. As the calculated C,---Pt and C,--
-Pt distances were in good agreement with the experimental it is believed that the

calculated C-H---Pt is more realistic than the experimental value.
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Table 4: Comparison of experimental and calculated bond lengths in complex 163.

/7 N

Cl(1) Cl(2)
Bond Experimental Calculated Difference
Pt---H,  2.642 2.543 0.099
Pt---C,  3.425 3.450 -0.025
Pt---C,  3.485 3.480 0.005
Pt-P(1)  2.2802(13) 2.353 -0.0728
Pt-P(2)  2.2534(14) 2.347 -0.0936
Pt-CI(1)  2.3592(13) 2.406 -0.0468
Pt-CI(2)  2.3395(12) 2.401 -0.0615

The barrier for the exchange was calculated to be 1.04 kcalmol in electronic energy
and 1.16 kcalmol™ in free energy, which is consistent with the experimental observation
that the exchange is very rapid. It is also consistent with a previously reported

theoretical estimates of a C-H---Pd(II) interaction of 0.8 kcalmol.*?

NBO 2d
order energy

Pt
H,---Pt C,—--Pt lowering
CI/ \CI (aﬁgstrom) (aa;]gstrom) (kcal/mol)

X=0 2747  3.701 1.62
X=S 2760 3.711 1.54
X=Se 2768 3717  1.51

Figure 5: NBO results for a simplified model.

In order to understand the nature of the C-H---Pt interactions, natural bond orbital
(NBO) analyses®* were carried out on the basis of the electronic structures calculated for

the complex 163. No appreciable Wiberg bond index®® (a measure of bond strength)
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was seen for the close C-H---Pt contact. However, an appreciable second order
perturbation energy related to the donor-acceptor interaction of Pt(dz’)—C,-H.(0%)
(where, z is defined as the axis perpendicular to the square plane of the complex
studied)’* was found. This second order energy lowering was calculated to be 1.59
kcalmol™, which points to the involvement of a weak hydrogen bond. The second order
energy lowering is a measure of the donor-acceptor interaction.”® To further support the
notion of a weak hydrogen bond, the C-H---Pt contact distances for the simplified
model complexes shown in Figure 5 were calculated and the relevant NBO analysis
performed. The results indicate that the less electronegative X is (X= O, S and Se), the
longer the C-H---Pt contacts are and a smaller second order energy lowering is
observed. The changes along the series of different X are only marginal suggesting the

C-H---Pt interactions are weak.

The results from the NBO analysis are consistent with both the small energies
calculated from DFT for the exchange and with the experimental observations. A
deshielded proton resonance for Hy/Hy is seen in the 'H NMR spectrum of 163 with
respect to the free ligand. In light of the calculations, the deshielding effect in 163 can
be attributed to a weak hydrogen bond resulting from the Pt(dz*)—C,-Ha(0%)

interaction.

3.1.3 Pd" and Pt’ complexes

As expected no coordination of the alkene was observed in the square-planar Pt" and
Pd" complexes of dbaPHOS, 127. It was anticipated that by changing to Pt’ and Pd’,

alkene coordination would be observed.

Initially, NMR scale experiments with dbaPHOS, 127 and [Pd,dbas] were carried out in
a number of solvents (at 20-55 mM conc.). In all cases a mixture of different
phosphorus signals were observed, including broad peaks at 30 and -15 ppm (Scheme
6). In THF/CD,Cl, the peaks attributed to A and B were clearly seen. On changing the
solvent to THF/acetone-ds only the peaks of A were clearly seen. As a result A and B
were initially assigned as 168 and 169, respectively. However, the independent
preparation of 167 (see below) showed that A corresponded to 167. The addition of dba
to 167 led to the peaks attributed to B, meaning that B corresponds to 168, not 169 as

initially thought. However, there is a substantial difference in the chemical shifts of 168
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(B) compared to [Pd(n>-dba)(PPhs),] (unresolved doublets at 28.2 and 26.0 in ds-

toluene).”’

On leaving a sample of 167 in CDClI; the peaks corresponding to C were observed, it
was thought these could correspond complex 169. However, similar peaks where also
observed in the reaction of Pd,dba; and dbaPHOS in benzene. On heating the complex
167 in CD,Cl, to 55 °C for 48 h, similar peaks to those of C were observed at 47 and 40
ppm (J = 22 Hz) as well as peaks corresponding to another complex at 39 and 22 ppm
(/=21 Hz). It is therefore unclear what complex the peaks for C might correspond to,
as similar peaks have been observed both in the presence and absence of chlorinated

solvent.

Pd,(dba-H)s A B c
dbaPHOS, 127 —————— 5 31and13 * o 38and22 *+ & 47 and 40
(J =23 Hz) (J=15 Hz) (J=21 Hz)

o)
o)
o)
A\
0 D o
Pd PPh, O
~p | _—-PPh; PPh, PPh
Ph, Ph Pd | 2 -PPh

w C|2DC'Pd~
167 4 N\—Ph 168 Cl 169

Scheme 6: NMR study on dbaPHOS and Pd,(dba-H);.

Using Ptydba; in benzene with dbaPHOS also leads to a mixture of products.
Regardless of M:L ratio, free ligand was always observed, suggesting incomplete
solvation of the metal complex or that the metal complex was contaminated by
nanoparticles. A number of new peaks were observed in the *'P NMR spectrum
including a peak at 21.2 ppm with Pt satellites (Jp.p = 3127 Hz), and a new peak at -15

ppm without any satellites.
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0
PPh, O PPh,

Pt(PPh,)-(C-H ™ =
“ P (PPhg3)o(CaHy) O \ O
O O CDCly, 18 h, p-"—p
Ph, Ph,

HRMS (ESI): Obs. = 798.1631
(CalC. for C41 H330P2Pt =798.1 649)

Scheme 7: Complexation study of dbaPHOS with Pt’.

The use of Pt(PPh;),(CyHy) as the metal precursor also led to a mixture of products.
The 'H NMR spectrum was very unclear due to the large number of aromatic protons
from the triphenylphosphine and the ligand 127. The *'P NMR spectrum showed a
number of peaks; only one had any evidence of possible Pt satellites indicating binding
to the metal. This was a very broad peak at ~20 ppm. There was also free
triphenylphosphine observed indicating that some of the triphenylphosphine had been
exchanged. The HRMS results provide evidence for one of the products being 170
(Scheme 7). No further attempts were made to prepare Pt’ complexes of dbaPHOS.

The results so far indicated that a better metal precursor was needed, which would not
contain ligands that would compete with dbaPHOS, 127. Baird and co-workers recently
described the use of [Pd(n’-CsHs)(m’-1-PhC;3Hy)] (171) as a ‘stable precursor’ for Pd’
complexes.”® Upon addition of two equivalents of phosphine the allyl fragment and the
Cp undergo reductive elimination to give the Pd°(Phosphine), complexes. In our hands,
only moderate yields of 171 were obtained (~30%, Lit. 73%) and the work-up needed to
be conducted under an inert atmosphere to reduce the degradation of the product. The
complex was also temperature sensitive, suggesting that the description of the complex
as a ‘stable precursor’ may be an overstatement. The addition of dbaPHOS to 171 gave

Pd’(dbaPHOS) (167) in good yields (Scheme 8).

0
PPhe  Q PPhe 4D CH,Cly, 1 h, tt <
X = + Pd /D
o PdL11,005M / \Eh
dbaPHOS, 127 171 Ph, :
167, 67%

Scheme 8: Synthesis of [Pd’(dbaPHOS)] 167.
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Figure 6: Variable temperature '"H NMR spectra of [Pdo(dbaPHOS)] (500 MHz, CD,Cl).

The *'P NMR spectrum indicated there were two phosphorus environments, suggesting
that one of the alkenes was bound to the Pd centre. More concrete evidence was
provided by the "H NMR spectrum (Figure 6), which showed two alkene environments
shifted upfield at 5.28 and 5.95 ppm. On cooling the sample it was clear that signal due
to H, of the coordinated alkene exhibits a much greater coupling to phosphorus Jup =
8.0 Hz (as shown by the "H{’'P} spectrum), than is observed in the free alkene Jip =
1.5 Hz). The H; signal at 5.9 ppm (245 K) is coupling to two different phosphorus
nuclei Jyp = 6.5 and 4 Hz. This provides further evidence of the alkene coordination as
in the free ligand only coupling to one phosphorous nuclei is observed for Hg, Jup = 4.5
Hz. Conclusive evidence was provided by the C NMR and HSQC spectra, which
showed the alkene carbons associated with the upfield alkene protons had shifted
upfield to give broad signals at 83 and 69 ppm. The Hy signal (83 ppm) was well
enough resolved to show a doublet with Jcp = 21 Hz, which is similar to the value for

the free ligand, Jcp = 26 Hz.

The UV-visible spectrum also supports the presence of a M-alkene bond as an
absorption band due to MLCT is seen at 454 nm, £ = 7088 mol” dm’ cm™ (CH,CL).
This is between the values seen for Pd(n’-dba)(PPhs),, (396 nm, DMF, 405 nm

148



MeOH)*** and Pd,dba; (530 nm, MeOH).* The IR spectrum (CH,Cl,) also supports
the presence of a M-alkene bond. The bands at 1654 and 1616 cm™ have moved to
1627 and 1567 cm™', along with new shoulders appearing to the left of the bands at 1480
and 1454 cm™ (Figure 7).

100 TdhaPHOS

504

1584.3
14779
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B0 -
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1566.91
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80+
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Wavenumbers (crm-1)

Figure 7: IR spectra of dbaPHOS (top) and [Pdo(dbaPHOS)] (bottom) in CH,Cl,.

In Chapter 2 the use of the chemical shift difference of the H, and H; protons as an
indication of the dba backbone geometry was discussed. For dba, s-cis geometry is
determined by a minimum Ad,; of 0.5 ppm, whilst the s-frans form must have a
maximum Ad,; value of 1.5 ppm. For Pdxdba; a similar trend in the Ad,, value was
seen, values less than 0.2 ppm were attributed to alkenes in the s-cis form and values
higher than 0.6 ppm were observed for the s-frans alkenes.”’ In [Pd’(dbaPHOS)] the
Ad,, value of the unbound proton is much larger than the Ad, value of the bound
alkene (2.98 vs. 0.64 ppm). This could indicate that the bound alkene is in the s-cis
form, and the unbound alkene in the s-trans form. However, these values are just a
guide and it is not clear if they can be considered accurate for substituted dba ligands
(see discussion in Chapter 2.3 and Section 3.2.1). Definitive evidence for the complex
having an s-cis,s-trans backbone is given by the 'H-'H ROESY experiment, which

shows a nOe contact between H;; of the unbound alkene and H, of the bound proton
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(Figure 10)." For the other dba conformations the only nOe’s expected are those

between both o-protons (s-cis,s-cis) or both B-protons (s-trans,s-trans) (Figure 8).

(0]
(0
S-Cis,s-Cis s-trans,s-cis s-trans,s-trans

Figure 8: Protons which would show nOe’s in the different dba backbone geometries.

167(dimer)
Figure 9: Dimer of [Pd’(dbaPHOS)].

X-ray crystallographic analysis on a poor quality crystal allowed us to unambiguously
define the connectivities of the atoms in 167. However, the data set obtained was not
adequate enough to refine the structure with acceptable R-values for accurate structure
determination (R; = 12%). The crystal structure confirmed the s-cis,s-trans backbone
geometry (Figure 9). However, it was clear that the crystal was a binuclear complex,
not the monomer so far proposed. It is unclear if this is the case in solution. A similar
complex was obtained with Cu' and dbaTHIOPHOS (see Chapter 4 for a full analysis
and discussion), in this case the "H NMR spectrum at 298 K was very broad. This is not
the case with complex 167, which has a comparatively sharp spectrum in contrast.
Further information is needed to confirm if the complex is a monomer or not, such as
DOSY experiments or freezing point depression. For the remainder of this chapter, the

complex has been depicted as the monomer for clarity.

" The assumption is made that the H, will always be the furthest upfield proton of the alkene, which is
consistent with enones in general and related dba structures.
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Figure 10: 1H-1H ROESY NMR spectrum of [Pd’(dbaPHOS)], 167 (700 MHz, CD,CL,).

CDCl,

0.03 M

Figure 11: Alkene exchange in [Pd’(dbaPHOS)], 167, phenyl groups not shown for clarity.

The broad alkene environments and the ROESY experiment showed that the alkenes

Ip*'P EXSY experiments can be used to obtain

were exchanging (Figure 10 and 11).
rate constants for this process by varying the mixing time (d8) at different
temperatures.”> As EXSY experiments are the same as NOESY experiments we wanted
to be sure that the exchange seen in the 1D EXSY spectrum at 298 K was indeed
exchange and not a nOe. The exchange processes will be affected by temperature to a
greater extent than nOe processes, and therefore it should be possible to freeze out the
exchange. We were pleased to find that at 268 K in CD,Cl, that no cross-peaks were
observed on irradiating at 31.2 ppm, showing that there is not a nOe between the two
phosphorus atoms. As a result we are confident that we are only observing exchange

processes. To enable a sufficient number of temperature points to be obtained for an

Arrhenius plot the *'P->'P EXSY were carried out in CDCl;.
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Table 5: Rate constant data for the alkene exchange in [Pd"(dbaPHOS)] (0.03 M, CDCL,),
167.

Temperature, K 293 298 303 308 313 318
Kops, s 0.58 0.85 1.42 2.23 3.34 5.09
(£0.03) (£0.05) (£0.05) (£0.17) (£0.14) (£0.27)

In{2k)

y =-8208.9x + 28.131
R?=0.9987

0
0.0031 0.00315 0.0032 0.00325 0.0033 0.00335 0.0034 0.00345

1/T, K2

Figure 12: Arrhenius plot for the alkene exchange in [Pd’(dbaPHOS)] in
CDCl.

An Arrhenius plot of 1/T against In2k gives a straight line with slope —E./R, allowing
the activation energy to be estimated (68.2 kJ mol™) and the pre-exponential factor to be
determined (1.65 x 10™"? ) (Figure 12). Using the Eyring equation, a plot of In(2k/T)
against 1/T gives a straight line (R* = 0.9989) from which the enthalpy and entropy of
activation can be calculated; AH* = 65.7 (+ 3.4) kJ mol™" and AS* =-19.5 (+ 11.1) J mol’
"K' The small value for AS* is in keeping with the exchange being intramolecular,
and with most of the barrier to exchange being explained by enthalpic differences. The

free energy of activation (AG*) at 298 K is 71.5 (+ 4.7) kJ mol ™.

T The errors correspond to the difference between rate constants calculated with the maximum and
minimum integral values obtained from the EXSY experiment using MestreNova™. The values of ks
given are for the average integrals (each integral was measured at least 5 times). These average kops
values were then used to plot the Arrhenius and Eyring equations. The error values given for AH* and
AS* were obtained by linear regression analysis of these plots and does not include any contribution from
the error values on K.

152



Phl (~1 eq.)

THF-dg, 1 h, 300 K

N
PhoP—pg:l
Ph’ Ph,
167 172
Scheme 9: Stochiometric oxidative addition of PhlI to complex 167.

One of the aims of this project was to develop ligands for use in transition metal
catalysed reactions, such as cross-coupling reactions. The stoichiometric oxidative
addition reaction, the first committed step in cross-coupling, with Phl was carried out
(Scheme 9). The reaction of Pd’(dbaPHOS), 167, and PhI (1 eq.)* in THF-ds was
followed by NMR spectroscopy. The oxidative addition took 1 h to go to completion at
300 K. Surprisingly the >'P NMR spectrum of this reaction showed just a single peak
(0p = 16.83 ppm) indicating that the ligand was acting as a trans-spanning ligand, as
shown in 172. Four of the protons from the PhlI also appeared to be further upfield than
expected occurring between 5.9 and 6.4 ppm (Figure 13). This is due to shielding from
the phenyl rings of the phosphine.*

* =jodobenzene

i EtO ‘r“zo Et.0
-

H Grease

19- m=—
-

@ o--ooQ
0

95 90 85 80 75 70 65 60 55 50 45 40 35 3.0 25 20 15 10 05 O
ppm

Figure 13: 1H NMR spectrum of 172 (THF-d8, 300 K, 500 MHz).

Cooling the sample to 18 °C provided crystals of 172 suitable for X-ray diffraction,
which provides further evidence of the trans nature of the ligand (Figure 14). The bite
angle of the ligand in this complex is 172.37(3)°. The C(7)-H(7) bond points towards
the Pd centre, the distance between the M and H is longer than in the cis-
[PtCl(dbaPHOS)], 163, complex, 2.90 vs. 2.64 A. The other ligand bond distances
(C=0, C=C and C-P) are within error of those in the cis-[PtCl,(dbaPHOS)], 163,

complex. This is expected, as Pt and Pd" are quite similar. The P-Pd distances are

' The [Pd°(dbaPHOS)], 167, was not fully dissolved, further details provided in the experimental (Section
3.6.2.1).
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longer than the P-Pt" distances, presumably due to the frams-nature of the ligand
defining the sterics. As in 163 the ligand backbone is almost perpendicular to the (P,P,
C, I) plane, and a considerable twist is observed around the 1,4-dien-3-one backbone.

The dihedral angle between C(16), C(17), C(14), and C(13) is -49.0°.

Figure 14: Single crystal X-ray structure of 172. Disordered solvent molecules (THF) and
selected hydrogen atoms remoed for clarity. Thermal ellipsoids shown at 50%. Selected bond
lengths (A) and bond angles (°): C(15)-O(1) = 1.226(5), C(16)-C(17) = 1.342(5), C(14)-C(13)

=1.335(5), P(1)-C(7) = 1.827(4), P(2)-C(23) = 1.831(4), P(2)-Pd =2.3181(10), P(1)-Pd =
2.3459(10), Pd-I1 =2.6810(5), Pd-C(1) = 2.028(4); P(1)-Pd-P(2) = 172.37(3).

3.2 Platinum(II) and palladium(II) complexes of monodbaPHOS

The dbaPHOS ligand 127 was found to act as bidentate phosphine with Pd" and Pt",
whilst in the Pd” complexes alkene coordination was also observed. In a number of
cases dimers were observed and it is possible that higher polymers were also formed. In
monodbaPHOS, 128, only one phosphine is present. It is therefore more likely that
alkene coordination will be observed with Pd" and Pt" if the right stoichiometries are

used (i.e. 1:1, M:L).

Solution NMR spectroscopic studies were carried out with monodbaPHOS, 128, and
[PACly(cod)] and [PtCly(cod)] in both metal:ligand ratios of 1:1 and 1:2. The Pd"
complexes crashed out of solution almost instantaneously, to give a product that was

insoluble in benzene, DMSO, CH,Cl, and CHCls. The Pt" complexes stayed in solution
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longer, allowing NMR spectroscopic data to be obtained. In the 1:2 case, one
phosphorus signal was observed at 12.0 ppm with (Jpep = 3644 Hz) indicating that the
monodbaPHOS is acting as a monodentate ligand and the two ligands are cis to each
other (i.e. complex 173 in Scheme 10). No evidence for alkene coordination was

observed in the "H NMR spectrum.

Ml\/ l PtCly(cod), PtL 1:2
CDQC'Q (008 M), rt

monodbaPHOS, 128

8p = 12.0 (Jpp = 3644 Hz)

Scheme 10: Preparation of [PtCl,(monodbaPHOS);,].

The *'P NMR spectrum of the 1:1 Pt:L experiment showed two different chemical
shifts, 24.8 and 12.0 ppm, indicating two complexes in solution, e.g
[PtCl,(monodbaPHOS)] (174) and [PtCly(monodbaPHOS),] (173), respectively. The 'H
NMR spectrum shows that [PtCly(cod)] still remains, along with 174 and 173. A larger
scale reaction (0.1 mmol) at higher dilution (5 mM) gave 174 in a 76% yield (Scheme
11). The '"H NMR spectrum gives clear evidence of the coordination of the alkene as
two of the alkene protons have shifted upfield to 6.3 and 5.1 ppm and have Pt satellites
(Jep = 28 and 37, respectively) (Figure 15). The *C NMR spectrum also gave clear
evidence of coordination of the alkene as evidence by the upfield shift of the alkenyl
carbons to 81 and 87 ppm. Compared to the free ligand the P-C coupling constants
have decreased substantially from Jcp = 26 and 3 Hz (C; and C, respectively) to Jep = 4
and 0 Hz). The CH carbons of the phenyl rings exhibit slightly different shifts in the
BC NMR spectrum, showing that the two phenyl rings of the PPh, are in different

chemical environments.
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N = PtCl,(cod), Pt:L 1:1 XN %
/
Cl—pt
CHQC|2 (0.005 M), CI/ P
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Sp = 24.7 (Jpip = 3080 Hz)

Scheme 11: Synthesis of [PtCl,(monodbaPHOS)] 174.
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Figure 15: 1H NMR spectrum of [PtCl,(monodbaPHOS)] 174 (400 MHz, CD,CL,).

Crystals suitable for study by X-ray diffraction were grown from solutions of the
compounds in CH,Cl,. Surprisingly, X-ray diffraction analysis showed that from both
the experiments (1:1 and 1:2 Pt:L ratios) a 1:1 Pt:LL. complex crystallises. This evidence,
together with the mixture of complexes observed by NMR spectroscopy when a 1:1
Pt:L ratio is used, could suggest that complex 173 is the kinetic product, whereas 174 is
the thermodynamic product. Alternatively, 174 could crystallise more easily in the

solvent systems used.

Complexation experiments were also carried out with [PtCl,(MeCN),] (30-60 mM), and
[PACL;(MeCN),] (~40 mM). In this case the platinum complexes were now found to be
completely insoluble suggesting polymeric complexes had formed. The IR spectra
(KBr) of the complexes from experiments run at both 1:1 and 1:2 Pt:L stoichiometries
were the same and showed that no [PtCl,(MeCN),] remained. The elemental analysis
of the compounds was inconclusive, suggesting either mixtures of products, polymers

or the presence of inorganic impurities. The solid-state >'P NMR spectra of the material
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from the 1:2 reaction showed a mixture of products, all with Pt-P couplings of ~2550

Hz suggesting that the phosphines were trans to each other.

The material from the palladium complexations with [PdCl,(MeCN),] was now found
to be completely soluble in MeCN and CH,Cl, unlike the material from the
[PdClx(cod)] complexations. However, with both 1:1 and 1:2 Pd:L stoichiometries a
mixture of complexes was obtained. Attempts to separate the complexes by
crystallisation proved unsuccessful. The material from the 1:2 reaction in CD;CN
showed two phosphorus signals in the >'P NMR spectrum. Heating the sample to 60
°C, the two phosphorus signals became one and on cooling returned to the original two
signals. This could indicate that the backbone of the ligand is changing conformation
(as shown in 175a vs. 175b Scheme 12) or some other type of isomerisation-like
process is occurring. The 'H NMR spectrum shows a signal shifted downfield to 9.2
ppm. This could indicate a C-H---Pd interaction similar to that seen in complexes 163

and 165.

0)

PhaP. — cli

og
o d 175a
PPh, o)

PPh, O NN
N P PdCIQ(MeCN)Z, Pd:L 1:2
+
O O CD,Cl, (0.02 M), rt O

monodbaPHOS, 128

PPh, Phy \\

R

ClV
-, 175b

In CD3CN: 8p 20 °C 27.8, 24.9 (br)
8p 60 °C 27.5 (br)
Sp 20 °C 27.8, 24.9 (br)

Scheme 12: Reaction between monodbaPHOS (2 eq.) and [PdCl,(MeCN);| (1 eq.).

The material from the 1:1 Pd:L reaction also showed two phosphorus signals in the *'P
NMR spectrum this time at 27.1 and 54.0 ppm. The one at 27.1 ppm may correspond to
a complex with a 1:2 Pd:L stochiometry (175), and a similar downfield shift to 8.8 ppm
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is seen in the 'H NMR spectrum. It is unclear from the '"H NMR spectrum whether the
alkene is coordinated. Pd"-alkene interactions are weaker than Pt"-alkene interactions**
and therefore coordinated alkene protons will not exhibit such strong upfield shifts in
the '"H NMR spectrum. Crystals suitable for X-ray diffraction were obtained from the
NMR sample of the 1:1 reaction, and found to be 176. NMR spectroscopic analysis of
the crystals obtained, showed that 176 had a dp of 54.6 ppm.

PPh, o)

monodbaPHOS, 128

PdCly(MeCN),, Pd:L 1:1
CD,Cl, (0.04 M), rt

Clo O
PhP, o O
(‘Pd; +
" %pPn, 0O
NN
w1

Scheme 13: Reaction between monodbaPHOS, 128 (1 eq.) and [PdCL,(MeCN);] (1 eq.).

3.2.1 X-ray crystallographic analysis

As mentioned above crystals suitable for X-ray crystallography were obtained from
both the 1:1 and 1:2 Pt:L reactions with [PtCly(cod)], both crystals had the same
stochiometry (1:1 Pt:L). The X-ray structures show that monodbaPHOS acts as a
chelating bidentate ligand binding through both the phosphorus and the alkene in each
complex. The complexes are both square planar, which is expected for Pt" as it is d*.
However, in the crystal from the 1:1 complexation reaction the coordinated C=C bond
was E as it is in the free ligand (174), whilst in the crystal from the 1:2 complexation
reaction the coordinated C=C bond is Z (177). Subtle differences in the enone
conformer were also observed. For example, in 174 the backbone had the s-cis,s-cis

geometry (Figure 16) and in 177 it was s-cis,s-trans (Figure 17).
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c(22)

Figure 16: X-ray crystal structure of s-cis,s-cis| Pt(E,E-monodbaPHOS)Cl,], 174. Hydrogen
atoms removed for clarity. Thermal ellipsoids shown at 50 %. Selected bond angles (°): C(8)-
Pt(1)-P(1) = 88.51(9), C(7)-Pt(1)-P(1) = 84.89(9), P(1)-Pt(1)-CI(1) = 91.88(3), C(8)-Pt(1)-Cl(2)
=92.15(9), C(7)-Pt(1)-C1(2) = 91.29(9), P(1)-Pt(1)-C1(2) = 172.89(3), CI(1)-Pt(1)-C1(2) =
90.20(3).

c(22)

Figure 17: X-ray crystal structure of s-cis,s-trans[Pt(Z,E-monodbaPHOS)ClL,], 177.
Hydrogen atoms and solvent removed for clarity. Thermal ellipsoids shown at 50 %. Selected
bond angles (°): C(20)-Pt(1)-P(1) =93.67(8), C(19)-Pt(1)-P(1) = 84.29(8), P(1)-Pt(1)-Cl(2) =

90.72(3), C(20)-Pt(1)-C1(1) = 86.38(8), C(19)-Pt(1)-CI(1) = 94.47(8), P(1)-Pt(1)-CI(1) =

177.90(2), C1(2)-Pt(1)-CI(1) = 89.90(3).
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Table 6: Bond lengths in [PtCl;(monodbaPHOS)|] 174(E,E) and 177(Z,E) and comparison
with other alkene complexes (esd’s in brackets). Pt-Cl(zrans) = trans to alkene, Pt-Cl(cis) =
cis to alkene.

0 1., (1_@
|
O A O PhsP—I!Dt—CI(Z‘) (3)CI—Pt—CI(2)
P' Cl Cl Cl
Ph, () (1)
178 179 Zeise's Salt
Bond Lengths, A 174 177 178 179 Zsizfti;s
Pt(1)-P(1) 22363 (8) 22409 (7)  22452(8) 2.2610(7)
Pt(1)-Cl(cis) 23429(8)  23545(7)  23579(8)  2.3623(8) 2233%22((22))
Pt(1)-Cl(trans) 22995(8) 23043 (7)  22924(8) 2.3195(8) 2.340 (2)
Pt(1)-C(nearest C=0)  2.132(3) 2.138 (3) 2152(3)  2.146(3) 2.128(3)
Pt(1)-C 2.175 (3) 2.173 (3) 2161 (3)  2.188(3) 2.135(3)
C=C coord 1.399 (5) 1.413 (4) 1402 (5)  1394(5) 1375(4)
C=C uncoord 1.341 (5) 1.334 (4)
C=0 1.215 (4) 1.219 (4) 1.214 (4)
Angles, °
CI-Pt-Cl 90.20 (3) 89.90 (3) 88.85 (3)
P(1)-Pt(1)-Cl(cis) 172.89 3) 17790 (2)  177.84 (3)
P(1)-Pt(1)-Cl (trans) 91.88 (3) 90.72 (3) 91.76 (3)

The C-C bond length for ethane is 1.54 A, which shortens to 1.33 A in ethene. The
non-complexed double bond in the two [Pt(mono-dbaPHOS)CI,] complexes is similar
to ethene, 1.334 A. The complexed double bond has lengthened by ca. 0.6-0.8 A,
indicating an increase in sp’-character on complexation. For both 174 and 177 the
alkene bond lengths (both bonded and non-bonded) and carbonyl bond lengths are
within error of each other, suggesting that the change from £ to Z does not affect the
alkene coordination strength. The alkene and carbonyl bond lengths in 178 are also
similar. The coordinated C=C bond in phosphine-alkene ligands are longer than the
double bond in Zeise’s salt indicating that there is either more o-donation from alkene-
Pt or more back-donation, leading to greater sp> character. It is impossible to tell from

the experimental data as both result in the lengthening of the C=C bond.

The coordinated double bonds in all the complexes compared are perpendicular to the
PtCL,P plane. This is expected for neutral Pt" square planar complexes, and suggests
that o-donation is the dominating alkene-metal interaction, as the m-bond of the alkene

will overlap with the empt dXz- 2 orbital of the Pt. Analysis of both crystal structures
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show that the Pt-C bonds are unsymmetrical, with the Pt-C(8) bond shorter than the Pt-
C(7) bond. This is also seen in complex 179, whereas Zeises’s salt and 178 both have
symmetrical coordination. The unsymmetrical coordination of the alkene can be
explained electronically, as the a-carbon is 6-negative and thus will exhibit greater o-

donation. This also supports o-donation as the major interaction.

To explain the trans-cis alkene isomerisation at Pt" one needs to consider nucleophilic
attack on Pt-coordinated alkenes. Markovnikov regioselectivity is usually observed,
with the more hindered carbon (most stable carbocation) being attacked.*® During the
reaction the n*-coordination of the alkene to Pt slips towards 1'-coordination. In a
number of alkene complexes where this slippage towards the n'-coordinated complex is
observed, the ground state complexes show unsymmetrical bonding of the alkene.”® In
174 it is possible that an equilibrium exists between the two extremes allowing
isomerisation to occur, as shown in Scheme 14. The P-carbon would be the most
stablised carbocation, leading to m'-coordination to the a-carbon. The Pt-P bond of the
bound alkene must be broken for rotation to occur. It is possible the presence of excess

phosphine favours this process as it can stabilise the v'-intermediate (at Pt").

O C|2 C|2
PtCl, 0] o
Ho R ——= Pt ”\ —_ Pt ”\
R' H R' H’ ‘
R =Ph \ ‘
R'=

ﬂ

©jpph2 Cl,Pt cLpt O
2 >aL‘"L R |n

R' H H

Scheme 14: Proposed mechanism of alkene isomerisation in the Pt" complexes of
monodbaPHOS.

The Pt-P bond length in 178 are within error of one of the monodbaPHOS complexes
(s-trans), but not the other. All the phosphino-alkene complexes have shorter Pt-P
distances than in 179. This is presumably determined by the chelating nature of the
ligand.

In all cases the Pt-Cl bond trans to the phosphine was longer than that trans to the
alkene. All the Pt-Cl bonds frans to the phosphine exhibit similar bond lengths;

independent of the ligand, presumably as in all cases the phosphine is very similar
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electronically. The difference between the Pt-Cl lengths can be understood by the trans
influence. Phosphines have a greater trans influence than alkenes (the trans influence is
dominated by c-donation) and hence will lengthen the bond opposite them more than an
alkene would. Similar differences are seen in other phosphino-alkene complexes both

when they are bidentate and separate.

The phosphino-alkene complexes all show only very slight deviations from square
planar geometry. Complex 174 has a smaller P(1)-Pt(1)-Cl(cis) angle (172.9°) than 177
(177.9°). The monodbaPHOS complexes both have the largest CI-Pt-Cl angle at almost
exactly 90°.

In the two crystal structures two different backbone geometries are observed s-cis,s-cis
and s-trans,s-cis, with the difference in the uncoordinated alkene. In Chapter 2 the use
of the chemical shift difference of the H, and H; protons as an indication of the dba
backbone geometry was discussed. For dba, the s-cis geometry is determined by a
minimum Ad,; of 0.5 ppm, whilst s-trans form must have a maximum Ad,; value of 1.5
ppm. Studies were also carried out on [Ptydbas] and [Pdydbas], where similar trends
were found with the s-cis form of the alkene always having a lower Ad,; value than the

41 These trends were also observed in the Pd” complex of dbaPHOS above and

S-trans.
in the Cu' complexes of dbaTHIOPHOS (Chapter 4). In both these cases the
conclusions from the "H NMR spectroscopic analysis are supported by further NMR

evidence such as NOESY spectra and X-ray diffraction analysis.

i Q/\}/ZZ W
o
\Cl
thCI Ph,Cl

s-cis s-trans s-cis s-trans
Figure 18: Ligand backbone conformations.

In the case of complex 174, the NMR spectroscopic data and the crystallographic data
seem to give different interpretations. In both crystal structures the coordinated alkene
is s-cis, however, the Ad,; value of this alkene is 1.29 ppm, whilst the Ad,; value of the
uncoordinated alkene is ~0.6 ppm. This would imply that the coordinated alkene is
actually s-frans in solution, and the uncoordinated alkene is s-cis if the same rules as for
dba are followed. Analysis of the Ad,, values of the ligands themselves (see Chapter
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2.3), requires some caution to be exerted in using these parameters to discern the
geometrical preferences of the ligands and the related metal complexes. Firstly, as with
the ligands it is unclear what the limits of the Ad,4 values are for each geometric form,
and whether or not we are observing an average of the two conformers. It is possible
that future studies using NMR spectroscopic techniques at various temperatures could
address this. Secondly, one needs to consider the influence of the strained-bicyclic
structure of the P,alkene chelate at Pt" (shown in Figure 18). It is possible that this
plays a far greater role in determining the 'H chemical shifts than the backbone
conformation. Thirdly, the alkene is unsymmetrically bound to the platinum. Overall,
the evidence suggests that Ad, values are not a conclusive parameter for the

determination of the 1,4-dien-3-one backbone geometry in our ligands.
3.3 Rhodium complexes of dbaPHOS

In contrast to Pt"" and Pd", which both usually give square-planar complexes; Rh' can
give rise to trigonal-bipyramidal complexes as well as square planar complexes. In
some cases, geometries closer to square-pyramidal are also observed. In the early work
on the coordination of phosphino-alkene ligands a number of Rh complexes were
prepared and the alkenes were always found to coordinate as long as there were free
coordination sites. It is therefore predicted that the alkenes in dbaPHOS, 127, will
coordinate. However, it is not immediately obvious whether both alkenes will
coordinate to give a five-coordinate geometry or just one alkene will coordinate to give

the square-planar complexes.

PPh, O PPh,  [Rh(cod)Cll,,
CD,Cly, 1 h, 1t

dbaPHOS, 127 0

2 182
Scheme 15: Rhodium(I) complexation of dbaPHOS (possibilities).
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Initial NMR scale studies (ca. 0.02 mmol, 20 mM) on Rh' complexes of dbaPHOS
reveal two products, the *'P NMR spectrum after 1 h (Figure 19) shows a major product
(95%) possessing two phosphorus environments indicating that at least one of the
alkenes is bound, possible structures are 180 or 182 (Scheme 15). The broad peaks
suggest that the alkene is labile. In the minor product (5%) only one phosphorus
environment is present suggesting that the ligand is symmetrically bound through both
phosphines, a suggested structure is 181. The minor product is always present in
amounts of 5% or less. After leaving overnight a number of smaller peaks appeared in
the *'P NMR spectrum. Rhodium(I) complexes are known to activate CH,Cl, so it is
possible that this could have been the cause,”” or that complexes containing COD are

being formed.

ppm

Figure 19: *'P NMR spectrum of Rh' complexation after one hour in CD,Cl,. Major
product: 8 55.52 (Jrur = 127 Hz, Jp.p = 36 Hz), 29.97 (Jrnr = 141 Hz, Jpp = 36 Hz). Minor
product: 8 38.93 (J =127 Hz) (5%).

The experiment was repeated in ds-benzene. Once again the two products were
observed, along with some smaller peaks possibly due to cod containing complexes.
After leaving, for a few weeks an orange precipitate appeared. Isolation of the
precipitate revealed it was the same mixture of the two products (180 and 181, 93:7
ratio by >'P and '"H NMR) as initially seen. However, no further peaks were seen if the
precipitate was dissolved in CH,Cl, and left overnight. The 1,5-cyclooctadiene (cod)
had been removed by filtration. This suggests that the original degradation of the
complexes was due to free cod, or small amounts of starting material, not activation of

CH,Cl,. Unfortunately, scaled up reactions (0.2 mmol) proved unsuccessful.
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The cod ligand appears to be acting as a competing ligand. To eliminate any side
products due to this, the reaction was tried using [Rhy(C,H4)4Cl;] as a precursor. On
stirring the Rh precursor and dbaPHOS, 127, together in toluene overnight the reaction
turned from red to brown and gave a brown precipitate, with the same 'H and *>'P NMR
spectrum as before. Once again it is the same mixture of complexes, 180 and 181 (10:1
ratio by "H NMR at 255K). The mixture is only sparingly soluble in benzene, CH,Cl,,
THF, and MeNO,.

[Rh(C5H,4)oCl]o,
PPhy Q PPhy Toluene, 18 h, rt

AN =
O O 0.033 M, 30%

dbaPHOS, 127

Scheme 16: Large-scale synthesis of Rh complexes of dbaPHOS.

Both the 'H and *'P NMR spectra appeared quite broad at 295 K due to exchange
pocesses, such as Berry psuedorotation, occurring. Cooling the sample down sharpened
the spectra up and revealed the multiplicities on the alkene protons (Figure 20). The two
alkene protons at 3.6 and 2.6 ppm show a COSY correlation indicating that they are one
of the alkenes. The large upfield shifts from the free ligand alkene protons (4.7 and 4.2
ppm) are evidence for the alkene binding to the rhodium centre. In comparison the
other alkene has only shifted by 2.7 and 1.2 ppm. The alkene coupling constants have
decreased in both cases from 15.8 to 13.3 and ~7 Hz, again an indication of M-alkene
binding. Coupling to the phosphorus nuclei is observed on both protons of the upfield
alkene and the furthest downfield of proton of the other alkene. All the above data
points to both alkene moeities coordinating to the Rh' centre, meaning that a 5-
coordinate complex is formed, as chloride is not often observed as an non-coordinated

anion.

Previous work with phosphino-alkene ligands has shown that in 5-coordinate trigonal
bipramidal Rh' complexes the alkenes will preferentially bind in the equatorial plane.’’
From the P-P spin-spin coupling constant of 36 Hz it is clear that the phosphines are not
trans to each other, as much larger coupling constants are observed in those cases (~300
Hz).>> As alkenes prefer the equatorial plane it makes sense to place one phosphine and
the chloride in the axial positions and one phosphine in the equatorial plane. However,

there is a large difference in the chemical shifts of the two alkenes indicating that they
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are in very different positions. Based on the evidence available it is more likely that the
alkene shifted furthest upfield is the most strongly bound and therefore is in the
equatorial plane, whilst the other alkene has swapped positions with chloride (to give an

unsymmetrical 1,4-dien-3-one system, 180).
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8:2 I 7:8 74 7:0 [ 6:6 l 6I.2 ‘ 5I.8 ‘ 5.|4 ' 5.0 ' 4:6 ‘ 4.2 ' 3:8 ' 3:4 I 3:0 I 2:6 I
ppm
Figure 20: Variable temperature "H NMR spectra (500 MHz, CD,Cl,).
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NOESY and ROESY experiments were attempted to give an indication of the ligand
backbone geometry. At 265 K only exchange processes were observed between the two
a-protons and the two B-protons, and no nOe processes were observed. Cooling the
temperature down further to 225 K stopped the exchange processes, and an nOe was
observed between the proton at 2.6 ppm (H,) and one of the protons at 5.6 ppm.
However, the signals at 5.6 ppm were not sufficiently resolved to diffrentiate which
proton the nOe contact related to. Therefore, both s-cis,s-cis and s-cis,s-trans
geometries are possible, (if it were s-trans,s-trans the p-proton of the lowest alkene

should show the nOe).

In an attempt to try and obtain more information about the Rh' complexes formed, the
material was stirred in CH,Cl, under a CO atmosphere. It was proposed that the CO
would displace the alkenes to give square planar bisphosphine complex, 183 (Scheme
17). '"H NMR spectroscopic analysis shows that the alkenes are still shifted upfield
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indicating that they are bound to Rh. The material is also still a mixture of at least two
species. The CH,Cl, solution IR spectrum shows two bands in the metal-carbonyl
region; a weak band at 2083 cm™ and a strong band at 2001 cm™. Both stretches
correspond to terminal metal-carbonyls, the weak band is presumably due to the minor
species, and the strong band for the major species. Unfortunately this has not helped

determine what the original Rh' species was.

CO

CH,Cly, 20 °C, 18 h

Cl
—P
oc” Ph,

180 183
Scheme 17: Reaction of the Rh' complex with CO (one possible outcome).

3.4 Summary

The phosphino-alkene ligands coordinate in a variety of modes depending on the metal
and its oxidation state. DbaPHOS, 127, acted as a bidentate phosphine ligand to give
square planar complexes with Pt and Pd". It is a wide bite angle ligand and both cis
and trans chelation was observed. There is also evidence that dbaPHOS acts as a
bridging ligand to form dimers and possibly higher order aggregates. In contrast, with
Pd’ both phosphine and alkene coordination are observed, to give the complex,
[Pd’dbaPHOS], 167. This complex undergoes slow oxidative addition with PhI to give
trans-[Pd(dbaPHOS)I(Ph)], 172, confirmed by a X-ray single crystal structure. The
observation that dbaPHOS can act as a trans-spanning ligand is exciting as trans-
spanning bisphosphines are still quite rare.”> Both phosphine and alkene coordination is

observed for the Rh' complexes of 127.

MonodbaPHOS, 128, can act as a monodentate phosphine or a P,alkene chelate with Pt
depending on the stoichiometry of the reagents used. @ We were unable to obtain
crystals of complex 173, instead obtaining P,alkene-chelate complexes (174 and 177)
from both reaction stoichiometries used. The results with Pd" were less conclusive, it
is clear that the phosphine is coordinated to the metal centre but less clear what the role
of the alkene is. The isolation of complex 176 suggests that the alkene will coordinate
to the metal but that it is reactive, and liable to undergo C-H insertion. This potentially

reduces the use of monodbaPHOS as a potential ligand for catalysis involving Pd. A
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common problem identified with the Pt" and Pd" complexes was that they were often
very insoluble. Again, this could cause problems in catalysis, and suggests that initial
catalytic attempts may be best conducted with the Pd’ complexes, which are far more

soluble.

In a number of the complexes downfield shifts of the p-alkenyl proton are observed.
The most dramatic shift occurs in the Pt" complex of dbaPHOS, 163, where a shift of
+1.52 ppm (from the free ligand) was seen. The experimental data indicates an
anagostic interaction between the hydrogen and the Pt'. Theoretical calculations

support the conclusion of a weak hydrogen bond in this complex.

The X-ray crystal structures obtained show the dba ‘1,4-dien-3-one’ backbone in all
three different geometries: s-cis,s-cis, s-cis,s-trans, and s-trans,s-trans. Kawazura and
co-workers have previously used the Ad,, values in dba and complexes of dba to
elucidate the solution geometries of the alkenes. In general they observed larger A,
values for s-trans alkenes then s-cis. When comparing the solution 'H NMR
spectroscopic data and the crystal structures, we observed discrepancies with these
trends. As a result, we feel that the use of Ad,, values as a parameter for alkene
geometry determination in dba-like backbones must be used with caution, and in

conjunction with other techniques.

3.5 Future Work

The aims of this project were to design ligands for use in transition-metal catalysis.
Having successfully synthesised the ligands we then studied their coordination modes to
several transition metals. This has led to a number of observations including the wide
bite angle nature of dbaPHOS, 127, and its ability to be a cis- or trans-chelating
bidentate phosphine. Future work with these ligands will need to concentrate on their
applications in catalysis. The success of the catalytic studies depends on the
identification of reactions that will benefit from the properties of the ligands. In light of
the coordination studies a number of possibilities present themselves. Firstly, dbaPHOS
could be tested in reactions previously known to benefit from wide-bite angle ligands,
such as hydroformylation.>* Secondly, dbaPHOS could be tested in reactions that work
well with bidentate phosphines able to undergo cis-trans isomerism and where trans-

chelating phosphines have shown good activity, such as amidation reactions.” Thirdly,
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as alkene coordination was observed for both dbaPHOS, 127, and monodbaPHOS, 128,
they could be tested in reactions such as the Negishi coupling and C(sp)-C(sp) cross-
coupling reactions where other phosphino-alkene ligands have been seen to be
successful.’®  Other more ambitious catalytic reactions to study are alkyl Heck
reactions,”’ with both alkyl halides and alkenes. This would test whether the presence
of an alkene in the phosphine backbone reduces unwanted -hydride elimination, as

hypothesised in the introduction.

One of the possible problems with some of these reactions, for instance
hydroformylation, is that they use alkenes as substrates. It is therefore possible that the
alkene backbone will be chemically modified under the catalytic conditions. The
reactivity of the backbone could also be exploited to detect catalytic intermediates in
reactions involving alkenes as substrates, such as the Heck reaction. Both dbaPHOS,
127, and monodbaPHOS, 128, can be regarded as phosphines with tethered alkenes.
The presence of the phosphine could be utilised as a NMR active mechanistic probe
(Scheme 18). Phosphino-alkene ligands have previously been used in this way to study

the meachanism of the Pauson-Khand reaction.”®

idat |
g)(;lddigc%e Phl reductive

elimination

Base

-HI

Scheme 18: Phosphine-alkene, 127 as a tethered alkene substrate for potential
intermediate detection in catalysis.

169



3.6 Experimental
3.6.1 General Information

NMR spectra were obtained in the solvent indicated, using a JEOL ECX400 or JEOL
ECS400 spectrometer (400MHz for 'H, 100 MHz for °C and 162 MHz for *'P), a
Bruker 500 (500 MHz, 126 MHz and 202 MHz for 'H, °C and *'P respectively) or on a
Bruker AV700 (700 MHz and 283 MHz for 'H and *'P respectively). Chemical shifts
were referenced to the residual undeuterated solvent of the deuterated solvent used (see
Table 7). All °C NMR spectra were obtained with 'H decoupling. *'P NMR were
externally referenced to H;POy, and obtained with 'H decoupling. For °C NMR spectra
the coupling constants are quoted to +1 Hz. For the 'H NMR spectra the resolution
varies from +0.15 to £0.5 Hz; the coupling constants have been quoted to +0.5 Hz in all
cases for consistency. For>'P NMR spectra the coupling constants have been quoted to

either £0.5 or £1 Hz. NMR spectra were processed using MestrNova software.

Solid-state NMR spectroscopy was carried out by the National Solid-State Service in
Durham. The spectra were obtained on a Varian VNMRS spectrometer operating at
161.87 MHz (spin rate = 10000 Hz) for >'P and 100.56 MHz (spin rate = 6800 Hz) for
BC. A 4 mm probe was used for the >'P measurements and a 6 mm probe for the "*C.
In the ">C measurements the conditions used put a sideband over the ketone signal, so a
TOSS sideband suppression experiment was used to reveal the ketone signal. Spectral

referencing is with respect to 85% H3PO, or neat tetramethylsilane.

Table 7: Chemical shifts of the residual undeuterated solvent of the deuterated solvents
used for NMR spectroscopic analysis.

Solvent O, ppm ¢, ppm

CHCl; 7.26 77.16
CDHCI, 5.31 53.80
C¢DsH 7.16 n/a
THF 3.58 n/a
CD,;HCN 1.94 n/a
Acetone 2.05 n/a
DMSO 2.50 n/a

Melting points were recorded using a Stuart digital SMP3 machine. IR spectroscopy
was undertaken using a Jasco/MIRacle FT/IR-4100typeA spectrometer with an ATR
attachment on solid and liquid compounds; KBr and solution IR spectra were obtained

on a Nicolet Avatar 370 FT-IR spectrometer as stated. The relative intensities of the
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peaks are denoted by (s) = strong, (m) = medium and (w) = weak, whilst (br) is used to
describe broad peaks. MS spectra were measured using a Bruker Daltronics micrOTOF
machine with electrospray ionisation (ESI) or on a Thermo LCQ using electrospray
ionisation, with <5 ppm error recorded for all HRMS samples. LIFDI mass
spectrometry was carried out using a Waters GCT Premier MS Agilent 7890A GC, with
<15 ppm error recorded for all HRMS. Mass spectral data is quoted as the m/z ratio
along with the relative peak height in brackets (base peak = 100). UV-visible spectra
were recorded using a JASCO V-560 instrument in quartz cells (1 cm path length).

Elemental analysis was carried out on an Exeter Analytical CE-440 Elemental Analyser.

TLC analysis was carried out on Merck TLC aluminium sheets (silica gel 60 F254) and
visualised with UV light (254 nm) and iodine vapour. All column chromatography was
run on silica gel 60 using the solvent systems specified in the text. The fraction of

petroleum ether used was 40-60.

Dry and degassed toluene, CH,Cl, and hexane were obtained from a Pure Solv MD-7
solvent purification system. THF and Et,O were either obtained from a Pure Solv MD-
7 solvent purification system and degassed by the freeze-pump-thaw method or purged
with N, under sonication; or dried over sodium-benzophenone ketyl and collected by
distillation. Benzene was dried over sodium-benzophenone ketyl, and ethanol was dried
and distilled from magnesium-iodine. All air-sensitive reactions were carried out using
Schlenk techniques or in a MBraun MG-20-G with TP170b glove-box with an N,
atmosphere. Nitrogen gas was oxygen free and was dried immediately prior to use by
passage through a column containing sodium hydroxide pellets and silica. Room
temperature was between 13-25 °C. Commercial chemicals were purchased from
Sigma-Aldrich or Alfa Aesar. PdCl, and RhCl; were obtained from Precious Metals

Online.”
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3.6.2 Complex Synthesis

3.6.2.1 Pt and Pd with dbaPHOS

Cis-[PtCl,(dbaPHOS)], 163

hPh=P~p~PpPh
PR C|‘Pt‘C| Ph
To a solution of dbaPHOS, 127 (200 mg, 1 eq., 0.33 mmol) in dry and degassed CH,Cl,
(5 mL) was added [PtCly(cod)] (125 mg, 1 eq., 0.33 mmol). The solution was stirred for
1 h under N, at rt. A pale yellow precipitate formed. Et,O (2 mL) was added and the
mixture filtered through a funnel with a sintered glass frit and washed with Et,O (15
mL) to afford the product as a pale yellow powder (224 mg, 78 %). M.p. 140 °C (gec.); 'H
NMR (400 MHz, CD,Cl,) & 9.82 (d, *Jun = 16.5 Hz, 2H, H,), 7.88-7.81 (m, 4H, 0-Ph),
7.78 (dd, J = 8.0, 4.0 Hz, 2H, Ar), 7.61-7.55 (m, 2H, p-Ph), 7.52-7.43 (m, 8H, m-Ph and
Ar), 7.38-7.23 (m, 2H, Ar), 7.05-6.98 (m, 2H, p-Ph), 6.91-6.82 (m, 4H, 0-Ph), 6.74-6.65
(m, 6H, Hy, and m-Ph); >'P NMR (162 MHz, CD,CL) & 4.72 (s, 'Jpp = 3562 Hz); HRMS
(ESI) m/z 868.1046 [MH]" (calculated for C4;H33C1,OP,Pt = 868.1026), 833.1235 [M-
Cl]" (calculated for C4H3,CIOP,Pt = 832.1259), 796.1467 [M-HCl,]" (calculated for
C41H3,0P,Pt = 796.1492); IR (KBr, v cm™): 3680-3300 (w, br, H,0), 3055 (m), 3020
(W), 1635 (s), 1616 (s), 1586 (w), 1481 (m), 1461 (m), 1434 (s), 1313 (w), 1293 (m),
1271 (m), 1199 (w), 1188 (w), 1121 (w), 1096 (s), 998 (W), 968 (m), 904 (w), 886 (W),
876 (w), 846 (w), 760 (s), 745 (s), 693 (s), 570 (m), 548 (s), 517 (s), 475 (w); Anal.
Calcd. for C41H3,0OP,PtCl,.H,0O (868) C 55.54 , H 3.87, Observed C 55.70, H 3.62.

Water is observed in the IR spectrum.

Solid-state CPMAS-NMR: *'P NMR (162 MHz) & 4.4 ("Jpp = 3590 Hz), 1.9 ("Jpp =
3590 Hz); °C NMR (101 MHz) & 192.2, 145.2, 141.5, 139.3, 138.3, 135.8, 134.0,
132.9, 129.6, 125.6.

In DMSO-ds *'P NMR (162 MHz, DMSO-ds) & 15.33 ("Jpp = 2565 Hz, trans-
[PtCl,(dbaPHOS)]), 4.68 (‘Jpp = 3554 Hz, cis-[PtCly(dbaPHOS)]). After heating at 60
°C for 4 h only the trans-[PtCly(dbaPHOS)] is now observed: 'H NMR (400 MHz,
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DMSO-ds) 6 8.81 (d, *Jun = 16.5 Hz, 2H), 8.20 (d, J = 8.0 Hz, 2H), 7.98-7.27 (m, 22H),
7.14-7.04 (m, 2H), 6.97 (d, *Juu = 16.5 Hz, 2H), 6.87-6.78 (m, 2H); >'P NMR (162
MHz, DMSO-ds) & 15.33 (‘e = 2565 Hz). A minor product was also observed in the
*'P NMR spectrum & 43.04 (d, “Jpp = 12.0 Hz), 20.32 (d, *Jpp = 12.0 Hz); no Pt satellites

were observed.

Trans and cis-[PtCl,(MeCN),]*

Cl<_.._NCMe MeCN._ _Cl
and

ClI” "'NCMe ClI”~ "NCMe

A solution of K,[PtCl4] (500 mg, 1 eq., 1.2 mmol) and MeCN (1 mL, 16 eq., 19 mmol)
in water (10 mL) was stirred at 25 °C for 7 days. The pale yellow precipitate was
filtered and washed with water (20 mL) and dried in air. The cis and trans isomers were
separated by column chromatography on silica gel eluting with acetone:CH,Cl, (v/v
1:9), (the products could be visualized on TLC plates by iodine vapour). A better

separation would be achieved by using a less polar elutant.

Trans-[PtCl,(MeCN),] (36 mg, 9%); Rs = 0.58 (White/grey spot in I,); "H NMR (400
MHz, Acetone-ds) 6 2.77 ().

Cis-[PtCl;(MeCN),] (33 mg, 8%); R¢ = 0.26 (Black spot in L,); "H NMR (400 MHz,
Acetone-ds) 6 2.67 (s).

Mixed isomeric fractions (227 mg, 54 %). IR (KBr, v cm™): 2969 (m), 2922 (m), 2332
(m), 2302 (w), 1408 (m), 1355 (w), 1030 (m); Anal. Calcd. For C4HsCIl,N,Pt (348)
C13.80 H 1.74, N 8.05, Observed C 13.93, H 1.69, N 7.68.
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Trans-[PtCly(u-dbaPHOS)|, 164

To trans-[PtCl;(MeCN),] (12 mg, 1 eq., 0.033 mmol) was added a solution of
dbaPHOS, 127 (20 mg, 1 eq., 0.033 mmol) in dry and degassed CD,Cl, (0.8 mL) in a
glove-box. The reaction was monitored by 'H and *'P NMR spectroscopy. A pale
yellow precipitate formed. After 3 h the precipitate was collected by filtration, washed
with Et,O (5 mL) and dried in vacuo to give a pale yellow solid (14 mg, 50%). M.p.
>230 °Cigec); 'H NMR (500 MHz, CD,Cl,) & 8.90 (d, *Jun = 16.5 Hz, 2H, H,), 7.98 (d,
Jun = 8.0 Hz, 2H, Ar), 7.71-7.62 (m, 8H, Ph), 7.51-7.46 (m, 6H, p-Ph and Ar), 7.43-
7.36 (m, 8H, Ph), 7.30-7.23 (m, 2H, Ar), 6.93 (dtd, J = 7.0, 5.5, 1.0 Hz, 2H, Ar), 6.78
(d, *Jun = 16.5 Hz, 2H, Hp); >'P NMR (202 MHz, CD,Cl,) & 14.89 (‘Jpp = 2577 Hz);
HRMS (ESI) m/z 796.1470 [M-HCl,]" (calculated for C4;H3,0P,Pt = 796.1496); LRMS
(LIFDI) m/z (rel%) 868.05 [M]" (28), 832.02 [M-CI]" (12), 795.11 [M-HCl,]" (100); IR
(KBr, v ecm™): 3680-350 (w, br, H,0), 3053 (m), 1634 (s), 1560 (w), 1478 (w), 1462
(m), 1432 (s), 1301 (m), 1274 (w), 1202 (m), 1122 (w), 1095 (m), 970 (m), 770 (w),
750 (m), 740 (w), 705 (m), 692 (s), 570 (w), 514 (s), 485 (w). Not enough material was

available for elemental analysis.
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Trans-[PdCly(n-dbaPHOS)], 165

To a solution of dbaPHOS, 127 (100 mg, 1 eq., 0.17 mmol) in dry and degassed CH,Cl,
(2.5 ml) was added [PdClx(cod)] (48 mg, 1 eq., 0.17 mmol). The solution was stirred for
1.25 h under N; at rt. A pale yellow precipitate had formed. Et,O (2 mL) was added and
the mixture stirred for 10 min. The precipitate was filtered through a funnel with a
sintered glass frit and washed with Et;O to afford the product as a pale yellow powder
(98 mg, 76 %). M.p. 252-255 °Cigec); 'H NMR (400 MHz, CD,Cly) & 8.70 (d, *Jim =
16.5 Hz, 2H, H,), 8.01-7.95 (m, 2H, H.), 7.71-7.63 (m, 8H, 0-Ph), 7.54-7.47 (m, 6H, p-
Ph and Hy), 7.43-7.37 (m, 8H, m-Ph), 7.30-7.25 (m, 2H, Hy), 6.96-6.89 (m, 2H, Hy),
6.83 (d, *Jun = 16.5 Hz, 2H, Hp); *'P NMR (162 MHz, CD,CL,) & 19.45 (s); HRMS
(ESI) m/z 784.0906 [MMeCN-Cl]" (calculated for C43H3sCINOP,Pd = 784.0924),
743.0649 [M-CI1]" (calculated for C4;H3,CIOP,Pd = 743.0658); LRMS (ESI) m/z (rel%)
784.1 [MMeCN-C1]" (100), 743.1 [M-C1]" (77), 707.1 [M-HCL,]" (86); IR (KBr, cm™):
3660-3200 (v.w, br H,0), 3053 (m), 3004 (w), 1633 (s, shoulder at 1616), 1560 (w),
1482 (m), 1462 (m), 1432 (s), 1301 (m), 1274 (m), 1202 (m), 1168 (w), 1121 (w), 1093
(m), 1027 (w), 999 (w), 972 (m), 907 (w), 872 (w), 853 (W), 770 (m), 749 (m), 692 (s),
668 (w), 570 (m), 551 (w), 511 (s), 482 (m); Anal. Calcd. for C4;H3,0P,PdCl,.2H,0
(815) C 60.35, H 4.45, Observed C 60.30, H 3.78. Water was observed in the IR

spectrum.
Solid-state CPMAS-NMR: *'P NMR (162 MHz) § 24.0 (d, *Jpp = 540 Hz), 9.9 (d, *Jpp =

540 Hz); >C NMR (101 MHz) § 194.3, 139.4, 137.0, 135.0, 133.3, 132.2, 129.9, 129.1,
127.1.
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[Pd2(dba);] experiments

Experiment 1:
Reaction conducted by I. J. S. Fairlamb

In a glove box, [Pdx(dba)s] (10 mg, 0.5 eq., 0.011 mmol) and dbaPHOS 127 (13.4 mg, 1
eq., 0.022 mmol) were desolved in dry CD,Cly/ds-THF (1:1, 1 mL). The mixture was
left to stir for 2 h and then an aliquot (0.7 mL) was removed and filtered (glass wool
pipette), and then analysed by *'P NMR spectroscopy, which revealed two major
complexes in a ratio of ~1:1. *'P NMR (202 MHz, CD,Cly/ds-THF) & 37.7 (d, Jpp =
15.5, 1P), 30.9 (d, Jep = 21.5, 1P), 29.2 (d, Jpp = 15.5, 1P), 12.9 (d, Jpp = 21.5, 1P).
Three other minor phosphorus signals were observed at 27.5, 28.3 and 28.6 ppm as
singlets. 'H NMR spectroscopy showed a mixture of species, in addition to

considerable amounts of free dba ligand.

Experiment 2:
In a glove box, [Pdx(dba);] (16 mg, 0.5 eq., 0.018 mmol) and dbaPHOS 127 (22 mg, 1

eq., 0.036 mmol) were dissolved in dry and degassed THF (0.7 mL). Acetone-ds (10%)
was added to facilitate analysis by >'P NMR spectroscopy. The *'P NMR spectrum
showed broad signals around 35-29 ppm and the two doublets at 31.4 and 13.1 ppm (Jpp
=25 Hz). On heating the sample to 50 °C, further signals appeared at 27.8, 26.7, and
16.6 (d, Jop = 21 Hz).

Experiment 3:

The reaction above was also conducted in C4Ds. The *'P NMR spectrum showed broad
signals around 32-26 ppm and -12—16 ppm. Five other phosphorus signals were
observed at 0.1, -11.2, -14.0, -16.3 and -17.9 ppm as singlets. 'H NMR spectroscopy
showed a considerable amount of free dba. On heating the sample to 60 °C two distinct
doublets were observed in a ratio of 10:1. *'P NMR (162 MHz, C¢D¢) & 46.9 (d, Jpp =
20.0 Hz, 1P), 39.7 (d, Jpp = 20.0 Hz, 1P), 37.9 (d, Jpp = 20.0 Hz, 0.1P), 22.2 (d, Jpp =
20.0 Hz, 0.1P). Six other other phosphorus signals were observed at 29.0, 28.5, 28.3,
26.9, 0.6, -13.6 ppm as singlets, the latter one broad. A broad peak was still observed
between 33-27 ppm. No product signals could be clearly observed in the '"H NMR

spectrum due to considerable amounts of free dba.
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[Pda(-CD: {n*-1-Ph(CsHy) 2"
Ph
§Pd:g::Pd—§
Ph

Under air, PdCL, (0.5 g, 1 eq., 2.8 mmol) and LiCl (0.5 g, 4.2 eq., 11.8 mmol) were
added to a large Schlenk. H,O (0.7 mL) was added and the mixture heated to 70 °C for
20 min. Once the mixture had cooled to rt, a solution of cinnamyl chloride (1.6 mL, 3.9
eq., 10.9 mmol) in EtOH (5.6 mL) was added whilst stirring. The Schlenk was then
placed under a CO atmosphere after a freeze-pump-thaw cycle, and stirred at rt. After
2.5 h the Schlenk was filled again with CO and stirred overnight. Yellow precipitate
appeared, and the mixture was cooled to 0 °C, the precipitate collected by filtration and
washed with MeOH (10 mL). The yellow solid was recrystallized from CHCl; (50 mL)
and Et,O (150 mL) at 4 °C, and the bright yellow known product collected by filtration
(632 mg, 87%). M.p. 188 °Caecy, (Lit.”* 218-220 °C);'"H NMR (400 MHz, CDCls) &
7.50 (d, *Jun = 7.5 Hz, 2H), 7.35 (t, *Jun = 7.5 Hz, 1H), 7.27 (t, *Jun = 7.5 Hz, 2H), 5.80
(ddd, *Juy = 12.0, 11.5, 7.0 Hz, 1H), 4.62 (d, *Jun = 11.5 Hz, 1H), 3.97 (d, *Juu = 7.0
Hz, 1H), 3.04 (d, *Juy = 12.0 Hz, 1H); Anal. Calcd. for C;sHsCl,Pd, (517) C 41.73, H
3.50, Observed C 41.52, H 3.46.

[Pd(n’-CsHs){n*-1-Ph(C;H,)}], 171%

To a suspension of [Pdy(u-Cl)2 {n’-1-Ph(C3Hy)},] (250 mg, 1 eq., 0.48 mmol) in dry and
N, purged THF (20 mL), was added 2M NaCp solution (0.5 mL, 2 eq., | mmol) in extra
THF (4.5 mL). The mixture was stirred for 35 min, before removing the solvent in
vacuo. The residue was extracted using dry and degassed hexane (20 mL), the volume
of solvent was reduced in vacuo to ~6 mL and the solution cooled to -40 °C. The
resulting red/purple precipitate was collected by cannula filtration to give the known
product (103 mg, 37%). M.p. 51.2-52.9 °C, (Lit.* 50 °C); '"H NMR (400 MHz, CsDs) &
7.37-7.21 (m, 2H), 7.07-6.95 (m, 3H), 5.68 (s, 5H), 5.16 (ddd, *Jun = 10.5, 10.0, 6.0 Hz,
1H), 3.87 (dd, *Juu = 10.0 Hz, “Jiyu = 0.5 Hz, 1H), 3.35 (d, *Jun = 6.0 Hz, 1H), 2.17 (dd,
Jun = 10.5 Hz, Jug = 0.5 Hz, 1H); Anal. Calcd. for Ci4H,4Pd (288) C 58.25, H 4.89,

Observed C 58.47, H 4.98.
177



[Pd’(dbaPHOS)], 167
NMR experiment

PPh, o] PPh, @ /
+ Pld ; +CyqHyy
~_ - ~
\’/\Ph / P

Ph,
167

dbaPHOS, 127 171 Phy

In a glove-box, a solution of 171 (10 mg, 1 eq., 0.034 mmol) in dry and degassed
CD,Cl; (0.65 mL) was added to dbaPHOS, 127 (20.5 mg, 1 eq. 0.034 mmol). The
reaction mixture was analysed directly. A *'P NMR spectrum was obtained: & 31.74 (d,
*Jpp = 20.5 Hz), 13.79 (d, *Jpr = 20.5 Hz). The solvent was removed and the resulting
purple residue washed with dry and degassed Et,O to remove the organic side products,
to give the product as a purple solid (7.5 mg, 31%). HRMS (ESI) m/z 707.0884 [M-
H]" (calculated for C4H3;OP,Pd = 707.0894).

Preparative synthesis of [Pdo(dbaPHOS)], 167

g
—f e
bd
' c
n a
/ Py
0 Phy

p Ph,
To a Schlenk containing dbaPHOS, 127 (100 mg, 1 eq., 0.17 mmol) and [Pd(n’-
CsHs) {n’-1-Ph(C3H,)}], 171 (47 mg, 1 eq., 0.17 mmol) was added dry and degassed
CH,Cl; (3.5 ml), which was stirred at rt. for 2 h. The solvent was then removed in
vacuo to give a red solid. Dry and degassed Et,O (8 ml) was added and the mixture
stirred to dissolve any remaining organics. Filtration by cannula, followed by drying
the solid in vacuo gave the product as a red/purple solid® (79 mg, 66%). M.p. 188
°Caecy; 'H NMR (500 MHz, CD,Cl,, 295 K) 8.92 (dd, *Jun = 16.5 Hz, *Jup = 4.5 Hz,
1H, Hy), 7.47-6.67 (m, 28H, Ar), 5.95 (m with underlying d, 3 = 16.5 Hz, 2H, H;j and
Hy), 5.28 (dd, *Jim = 11.5 Hz, *Jup = 8.0 Hz, 1H, Hy); *'P NMR (202 MHz, CD,Cl,) &
31.15 (d, *Jpp = 20.5 Hz), 13.19 (d, “Jpp = 20.5 Hz); °C NMR (126 MHz, CD,CL)"" &
185.7 (Cj), 134.6 (d, Jep = 17 Hz), 133.9 (d, Jep = 16 Hz), 133.1, 132.6 (d, Jcp = 13 Hz,
Cy), 131.2 (Cy), 130.6, 129.9, 129.6, 129.3, 128.9 (d, Jer = 9 Hz), 128.7-128.5 (m),

¥ The product varied from purple to brick red depending on the batch - no differences were observed by
UV-vis spectroscopy.
" Observed signals given, doublets given when observed.
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128.2 (d, Jep = 10 Hz), 127.7 (d, Jep = 5 Hz), 82.9 (d, Jep = 21 Hz, Cy), 69.5-69.2 (m,
Cp); HRMS (LIFIDI) m/z 708.0887 [M]" (calculated for C4;H3,0OP,Pd = 708.0963); IR
(KBr, v ecm™): 3050 (w), 1653 (m), 1588(m), 1478 (m), 1457 (m), 1433 (s), 1298 (m),
1209 (w), 1180 (w), 1118 (w), 1093 (m), 1026 (w), 998 (w), 968 (w), 830 (w), 742 (m),
693 (s), 574 (W), 505 (m); UV-vis (CH,Cly) Amax nm: 454 (¢ = 7088 mol'dm’cm™), 284
(¢ = 18951 mol'dm’cm™); Anal. Calcd. for C4Hs,OP,Pd (708) C 69.45 H 4.55,
Observed C 69.32 H 4.55.

Crystals of [Pda(u-dbaPHOS);|, 167(dimer), were obtained from CD,Cl, layered with
Et,0 (1:1 CD,Cly:Et;0). The crystals were of low quality (R; = 0.09) due to disorder
and twinning, so no bond lengths etc. could be determined. However, it was clear that
the complex existed as a dinuclear complex with the dbaPHOS acting as a bridging
ligand. The 1,4-dien-3-one backbone geometry was found to be s-cis,s-trans. Unit cell
details: @ = 16.3500(4) A, b = 17.7477(4) A, ¢ = 25.4143(10) A; o = 78.161(3)°, B =
89.978(3)°, y = 89.9313(18)°.

A solution of [Pd°(dbaPHOS)], 167, in CD,Cl, was heated at 55 °C for 48 h. *'P NMR
(162 MHz, CD,Cl,) & 47.10 (d, *Jpp = 22.0 Hz, 1P), 39.53 (d, 2Jpp = 22.0 Hz, 1P), 38.54
(d, *Jpp = 20.5 Hz, 0.4P), 31.74 (d, *Jpp = 20.5 Hz, 1.5P), 21.95 (d, *Jpp = 20.5 Hz,
0.4P), 13.79 (d, *Jep = 20.5 Hz, 1.1P). "H NMR (400 MHz, CD,Cl,) & 8.91 (d,J=11.0
Hz, 0.8H), 8.0-5.9 (m, 66H), 5.98-5.87 (m, 1H), 5.29-5.23 (m, 1H), 4.21-4.11 (m,
0.7H), 4.03-3.90 (m, 0.4H), 3.32-3.19 (m, 0.5H), 3.08-2.83 (m, 1.6H).
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[Pd’(dbaPHOS)] + iodobenzene, 172

To a solution of [Pd’(dbaPHOS)], 167 (11.6 mg, 1 eq., 0.015 mmol)'" in THF-ds (0.8
mL) in a Youngs tap NMR tube was added iodobenzene (1.8 pL, measured as 1 eq.)
under a flow of Ar. The reaction was monitored by 'H and *'P NMR spectroscopy.
After 1 h the oxidative addition was complete (100% conversion by *'P NMR
spectroscopy). 'H NMR (500 MHz, THF-ds) & 8.88 (d, *Jun = 16.5 Hz, 2H, H.), 8.02-
7.91 (m, 6H, Ar), 7.41-7.30 (m, 8H, Ar), 7.24 (apparent t, =175 Hz, 2H, Ar), 7.17
(d, *Jun = 7.5 Hz, 1H, H,), 7.09-7.04 (m, 6H, Ar), 7.01-6.95 (m, 4H, Ar), 6.93-6.84 (m,
underlying d, *Juu = 16.5 Hz, 4H, H,, and Ar), 6.42 (apparent t, *Juy = 7.5 Hz, 1H, H,),
6.36 (apparent t, =175 Hz, 1H, Hy,), 6.15 (apparent d, =175 Hz, 1H, Hy), 5.95
(apparent t, *Juy = 7.5 Hz, 1H, H)); >'P NMR (202 MHz, THF-ds) & 16.83 (s); LRMS
(LIFDI) m/z (rel%) 911.06 [M]" (8){isotope pattern 908.99 (24), 910.12 (47), 911.10
(86), 912.01 (40), 913.08 (100), 914.07 (25), 915.08 (21)}, 784.14 [M-I]" (100) {isotope
pattern: 782.14 (17), 783.15 (58), 784.14 (100), 786.13 (67), 788.14 (25), 789.45 (8)},
706.09 (31), 679.26 (44); HRMS (LIFDI) m/z 784.1377 [M-I]" (calculated for
C47H360P,Pd = 784.1276).

Crystals of 172 suitable for X-Ray diffraction were grown by cooling the reaction

mixture to -18 °C (ds-THF). Not enough material was recovered for elemental analysis.

[PtCL(PPh;),]*

Cl.._ \PPh,
Cl” "PPhy

A solution of K,[PtCls] (250 mg, 1 eq. 0.6 mmol), and triphenylphosphine (474 mg, 3
eq. 1.8 mmol) in p-xylene (5 mL) was heated to 140 °C for 6.5 h, and then left to stir
overnight at rt. The precipitate was then filtered and washed with EtOH (3 x 5 mL),

" Not all the material dissolved, only the solution was transferred to the Youngs tap NMR tube, therefore
the iodobenzene was actually in excess, estimated from the NMR spectra to be 2.5 eq.
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H,O (3 x 5 mL), EtOH (5 mL) and Et;0O (3 x 5 mL). The product was then dried in
vacuo to give the known product (404 mg, 85%). M.p. 301-303 °C, (Lit.%”> 193-195
°Cldecy); 'H NMR (400 MHz, CDCl3) § 7.55-7.44 (m, 12H), 7.37-7.29 (m, 6H), 7.17 (td,
J=8.0, 2.0 Hz, 12H); *'P NMR (400 MHz, CDCl;) & 14.93 (s, 'Jpp = 3680 Hz); Anal.
Calcd. for C36H39CLLP, Pt (790) C 54.69, H 3.83, Observed C 54.57, H3.75.

[Pt(C2H,)(PPh;),]*
i

Dry and degassed CH,Cl, (5 mL) and EtOH (5 mL) were put into a three-necked flask.
[PtCl(PPhs),] (300 mg, 1 eq., 0.38 mmol) was added and the mixture stirred. After
three freeze-pump-thaw cycles the mixture was placed under a C,Hs atmosphere,
NaBHj (72 mg, 5 eq., 1.9 mmol) was added in small amounts under a stream of C;Ha.
The resulting mixture was stirred for 30 min under a C;H4 atmosphere. EtOH (20 mL)
was added, stirring continued for 5 min. The C,H4 atmosphere was removed and the
precipitate filtered by Biichner filtration and washed with H,O (20 mL), EtOH (20 mL)
and pentane (20 mL). After air drying the known product was obtained (217 mg, 77%,
80% purity by *'P NMR spectroscopy). Mp. 124 °Cigee) (Lit. >65 °Cger)); 'H NMR (400
MHz, CDCls) § 7.62-7.43 (br m, 12H), 7.03-6.88 (br m, 18H), 2.75 (s, “Jpw = 60 Hz,
2H), 2.74 (s, “Jpm = 60 Hz, 2H); >'P NMR (400 MHz, CDCls) & 35.16 (s, 'Jpp = 3739
Hz).

Pt’ complexation of dbaPHOS:
Using [Pt;(dba);]:
To [Pty(dba);] (11 mg, 1 eq., 0.01 mmol), was added a solution of dbaPHOS (12 mg, 2
eq., 0.02 mmol) in dry and degassed C¢Dg (0.7 mL). The *'P and '"H NMR spectra were
recorded. *'P NMR (500 MHz, C¢Dy) & 21.23 ("Jpp = 3128 Hz), 20.39 (d, 2Jpp = 14.6
Hz, Pt(dbaPHOS)(dba)?), 19.18 (d, “Jpp = 14.6 Hz, Pt(dbaPHOS)(dba)?), and other
signals at 0.10, -11.24, -13.98, -14.52, -14.92; "H NMR (500 MHz, CsD¢) & 8.78 (dd,
3Jun = 16.0 Hz, “Jup = 4.5 Hz, 1.5H, uncoordinated C=C from dbaPHOS), 8.67 (dd,
3Jun = 15.5 Hz, *Jup = 4.0 Hz, 1H, uncoordinated C=C from dbaPHOS), 7.86 (d, 3 =
16.0 Hz, 6H), 7.38 (td, J = 7.5, 2.0 Hz, 10H), 7.33-7.28 (m, 18H), 7.13-7.09 (m, 20H),
7.09-7.03 (m, 24H), 7.02-6.88 (m with underlying d, *Juu = 16.0 Hz, 25H), 6.85 (t, *Jun
=7.5 Hz, 3H), 6.79 (d, *Jun = 16.0 Hz, 2H), 6.75 (t, *Jun = 7.5 Hz, 1H), 6.51-6.36 (m,
1H), 5.31-5.17 (m, 1H), 4.64 (d, *Jun = 9.5 Hz, *Jpq = 34 Hz, 1H, bound C=C).
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Nothing distinctive occurred on leaving for 48 h, and a very similar *'P NMR spectrum

was obtained for a Pt:L ratio of 1:2.

Using [Pt(C,H4)(PPhs),] as a precursor:

To a yellow solution of dbaPHOS, 127 (13.6 mg, 1 eq. 0.026 mmol) in degassed CDCls
(1 mL) was added [Pt(C,H4)(PPhs),] (16.8 mg, 1 eq. 0.026 mmol). The reaction mixture
turned red immediately. After stirring for 10 min the mixture was left to stand
overnight, before characterisation 'H and >'P NMR spectroscopy. 'H NMR (400 MHz,
CDCls) & 8.12-5.32 (br m, 40H), 5.02-3.41 (br m, 1H); *'P NMR (400 MHz, CDCl;) &
20.46 (br, 0.9P), -4.83 (br, PPh; 1P), -14.33 (br, 0.14P), -14.45 (br, 0.14P); HRMS
(EST) m/z 798.1631 [MH]" (calculated for C4;H330P,Pt = 798.1649).

3.6.2.2 P/" and Pd" complexes of monodbaPHOS

From M(COD)Cl,

NMR scale reactions:

Pd:monodbaPHOS 1:1 (/PdCl,(monodbaPHOS)])

To monodbaPHOS, 128 (22 mg, 1 eq. of free phosphine if take as 90% pure, 0.046
mmol) was added a solution of [PdCly(cod)] (13 mg, 1 eq., 0.046 mmol) in dry and
degassed CD,Cl, (0.7 mL). The monodbaPHOS dissolved and almost immediately
precipitate started to form. The reaction mixture was analysed directly. *'P NMR (162
MHz, CD,CL) & 30.56 (s, “P=0" impurity, 1P), 21.26 (s, 0.3P). In the 'H NMR
spectrum (400 MHz, CD,Cl,) only one peak was assignable to the product 6 6.33 (d,
Jun = 16.2 Hz, C=C, 0.06H). Free COD § 5.54 (s, 1H), 2.34 (s, 2H). Coordinated COD
3 6.27-6.20 (m, 1.2H), 2.94-2.80 (m, 1.2H), 2.61-2.48 (m, 1.2H).

Pd:monodbaPHOS 1:2 (/PdCl,(monodbaPHOS);])

To monodbaPHOS, 128 (43 mg, 2 eq. of free phosphine if take as 90% pure, 0.089
mmol) was added a solution of [PdCly(cod)] (13 mg, 1 eq., 0.045 mmol) in dry and
degassed CD,Cl, (0.7 mL). The dbaPHOS dissolved and almost immediately
precipitate started to form, and only the phosphine oxide is observed in the *'P NMR.
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[PtCly{s-cis,s-cis(E,EmonodbaPHOS)}]|, 174

C e Q i k
b dF g h// j |
a C"/PLP m
Cl ph, N

To monodbaPHOS, 128 (27 mg, 1 eq. of free phosphine if taken as 90% pure, 0.055
mmol) was added a solution of [PtCly(cod)] (21 mg, 1 eq., 0.055 mmol) in dry and
degassed CD,Cl, (0.7 mL). The reaction mixture was analysed directly and shown to
give a 1:1 ratio of products. *'P NMR (162 MHz, CD,Cl,)  30.47 (s, “P=0" impurity),
24.75 (s, "Jep = 3080 Hz, 1:1 product), 11.96 (s, 'Jpp = 3644 Hz, 1:2 product);
Independent observed signals for Pt(monodbaPHOS)CL: 'H NMR (400 MHz, CD,Cl,)
8 8.11-8.00 (m, 2H), 7.80-7.71 (m, 4H), 7.36-7.31 (m, 2H), 6.72 (d, *Jun = 16.5 Hz, 1H,
Hy), 6.35 (d, *Jun = 11.5 Hz, “Jpy ~ 30 Hz, 1H, H;), 5.06 (dd, *Jun = 11.5 Hz, “Jygp = 3.0
Hz, “Jpy = 35 Hz, 1H, Hy); LRMS (ESI) m/z (rel%) 1329 (9), 891 (26), 725
[M+MeCN]" (10), 703 [M+H,0]" (14), 649 [M-CI1]" (100), 612 (12), 567 (19), 499 (16),
457 [monodbaPHOS oxideNa]" (47).

Crystals of [PtCly{s-cis,s-cis-(E,E-monodbaPHOS)}], 174, suitable for X-Ray
diffraction were obtained by layering a CH,Cl, solution with Et,O (ijf0826m).

[PtCly,(monodbaPHOS),], 173

ey

Phy N\
2

To a solution of monodbaPHOS, 128 (25 mg, 2 eq. of free phosphine if taken as 90%
pure, 0.0518 mmol) in dry and degassed CD,Cl, (0.7 mL) was added [PtCl,(cod)] (9.7
mg, 1 eq., 0.0258 mmol). The reaction mixture was analysed directly. No bound COD
was observed by '"H NMR spectroscopy. P NMR (162 MHz, CD,Cl,) & 30.44 (s,
“P=0” impurity, 1P), 11.96 (s, 'Jepp = 3647 Hz, 8P); 'H NMR (400 MHz, CD,Cl,) &
7.90 (d, *Jun = 16.0 Hz, 2H), 7.53 (d, J= 11.5 Hz, 8H), 7.51-7.33 (m, 20H), 7.28 (t, J =
7.5 Hz, 4H), 7.09 (t, J = 7.0 Hz, 8H), 6.82 (d, *Jun = 16.0 Hz, 2H), 6.28 (d, *Juu = 16.0
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Hz, 2H); LRMS (ESI) m/z (rel%) 1341 (8), 1325 (30), 1151 (10), 1125 [MNa]" (10),
1062 (49), 1031 [M-Cl>]" (9), 891 (100), 457 monodbaPHOSoxideNa]” (34).

Crystals of [PtCL{s-cis,s-trans-(Z,E-monodbaPHOS)}], 177, suitable for X-Ray

diffraction were obtained on layering a CH,Cl, solution with hexane (ijf0839m).

Preparative scale reactions:

[PtCly{s-cis,s-cis(E,E-monodbaPHOS)}|, 174

b d \f g // ) |
a C"Pt\P m

Cl'" pp, N

To a solution of [PtCly(cod)] (37 mg, 1 eq., 0.1 mmol) in dry and degassed CH,Cl, (20
mL, 0.005 M) was added monodbaPHOS, 128 (42 mg, 1 eq., 0.1 mmol). The mixture
was stirred at 20 °C for 4 h. The solvent was removed under reduced pressure and the
residue redissolved in CH,Cl, (~5 mL) and Et,O (15 mL) added. After leaving in the
fridge overnight a pale yellow precipitate was observed. The solid was collected by
vacuum filtration using a sintered glass frit and washed with Et,O (5 mL). The solid
was dried to give the title compound (52 mg, 76 %). M.p. 170 °Cdec; "H NMR (400
MHz, CD,Cl,) 6 8.10-7.98 (m, 2H, Ar), 7.86-7.68 (m, 4H, Ar), 7.59-7.50 (m, 2H, Ar),
7.48-7.15 (m, 12H, H,, H,, Hy, H, and Ar), 6.71 (d, *Jun = 16.5 Hz, 1H, Hy), 6.34 (d,
3Jun = 11.5 Hz, “Jpy; = 28 Hz, 1H, Hj), 5.05 (dd, *Jun = 11.5 Hz, “Jyp = 3.0 Hz, *Jpyy =
37 Hz, 1H, Hy). *'P NMR (162 MHz, CD,Cl,) & 24.72 (s, 'Jpp = 3080 Hz); °C NMR
(100 MHz, CD,Cl,) & 188.0 (Cy), 150.2 (d, *Jcp = 16 Hz, C)), 144.7 (s, C.), 134.7 (d, Jcp
=3 Hz), 134.6 (Cq), 134.0 (d, Jcp = 11 Hz, Ar), 133.6 (d, Jcp = 3 Hz, Ar), 133.5 (d, Jep
=3 Hz, Ar), 133.3 (d, Jcp = 11 Hz, Ar), 132.8 (d, Jep = 3 Hz, Ar), 131.2 (C,), 130.5 (d,
Jep = 12 Hz, Ar), 130.4 (d, Jop = 9 Hz, Ar), 129.2 (Ar), 129.0 (d, Jcp = 13 Hz, Ar),
128.7 (Ar), 127.7 (d, Jep = 13 Hz, Ar), 127.4 (Cy), 126.2 (d, 'Jep = 74 Hz, ipso-C), 125.2
(d, 'Jep = 62 Hz, ipso-C), 86.6 (d, *Jep = 4 Hz, Cj), 80.7 (Cy); HRMS (ESI) m/z
648.0828 [M-CI1]" (calculated for C,0H,3CIOPPt = 648.0820); IR (KBr, v cm™): 3030
(m), 1683 (s), 1658 (m), 1607 (s), 1576 (m), 1495 (w), 1481 (m), 1436 (s), 1330 (m),
1315 (m), 1231 (w), 1176 (m), 1135 (w), 1090 (s), 1071 (m), 1026 (w), 998 (m), 975
(m), 764 (s), 753 (m), 710 (s), 691 (s), 570 (m), 558 (s), 542 (s), 513 (m), 502 (m), 474
(m); Anal. Caled. for C,9H,3CLPPt(613) C 50.89, H 3.39, Observed C 50.63, H 3.38.
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From M(MeCN),Cl,

Pt:monodbaPHOS 1:1 (/PtCly(monodbaPHOS)])

To a suspension of cis-[PtCl,(MeCN),] (33 mg, 1 eq., 0.095 mmol) in dry and degassed
CH,Cl, (3 mL) was added monodbaPHOS, 128 (40 mg, 1 eq., 0.095 mmol) and the
mixture stirred for 16 h. Et,O was added and the precipitate collected by filtration,
washed with Et,O (10 mL), and acetone (25 mL) and then dried to give a pale yellow
solid (44 mg, 68 %) insoluble in CH,Cl,, CHCl3;, acetone, DMSO, MeCN. Mp 240-244
°Claec); IR (KBr, v em™): 3057 (w), 1655 (s), 1617 (m), 1600 (s), 1574 (m), 1495 (w),
1481 (w), 1460 (m), 1434 (s), 1329 (s), 1282 (w), 1187 (s), 1168 (m), 1124 (m), 1097
(s), 1028 (w), 1000 (w), 976 (m), 950 (m), 873 (w), 847 (w), 771 (m), 750 (m), 710 (m),
692 (s), 668 (w), 560 (m), 524 (s), 510 (s), 477 (m), 452 (m); LRMS (LIFDI) m/z
(rel%) 648.05 [M-HCI]" (100) {isotope pattern 646.04 (40), 647.05 (63), 648.05 (100),
649.06 (29), 650.05 (21)}; LRMS (ESI) m/z (rel%) 719 (100), 684 [MH]" (10), 610
(31), 522 (42), 481 (21), 419 [monodbaPHOS+H]" (85), 371 (45), 330 (35), 289 (24),
208 (28).

Pt:monodbaPHOS 1:2 (/PtCly(monodbaPHOS),])

To a suspension [PtCl,(MeCN);] (41 mg, 1 eq., 0.12 mmol) in dry and degassed CH,Cl,
(4 mL) was added monodbaPHOS, 128 (100 mg, 2 eq., 0.24 mmol). The solution was
left to stir for 2 h, during which time a pale yellow precipitate formed. EtO (5 mL) was
added and the resulting solid collected by filtration, washed with Et,O (10 mL) and
dried to give a pale yellow solid (112 mg, 85 %) insoluble in CH,Cl,, CHCIs, acetone,
DMSO, MeCN. Mp 244-245 °C(qec; IR (KBr, v cm'l): 3660-3300 (w, br, H,O), 3058
(W), 3032 (w), 1655 (s), 1624 (m), 1599 (s), 1495 (w), 1481 (m), 1459 (m), 1437 (s),
1329 (s), 1282 (w), 1187 (s), 1167 (m), 1097 (m), 1028 (w), 1000 (w), 977 (m), 950
(w), 874 (w), 850 (w), 763 (m), 749 (m), 707 (m), 692 (s), 560 (W), 525 (s), 514 (s), 491
(W), 476 (w); LRMS (ESI) m/z (rel%) 1125 [MNa]'(4), 899 (26), 758 (9), 684 (22), 610
(54), 536 (30), 481 (100); Anal. Calcd. for CssHgsCl,O,P, Pt.3H,0 (1156) C 60.21 H
4.53, Observed C 60.66, H 4.15. Water was observed in the IR spectrum.
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Pd:monodbaPHOS 1:1 (176)

Ul
PhP, o O

PdCI,(MeCN),, Pd:L 1:1 cr’

P
O O CD,Cl, (0.04 M), rt

monodbaPHOS, 128

A solution of monodbaPHOS, 128 (~90% pure, 80 mg, 1.15 eq., 0.19 mmol) in dry and
degassed CH,Cl, (4 mL) was added to [PdCI;(MeCN),] (43 mg, 1 eq., 0.166 mmol).
After stirring for 16 h at rt a yellow precipitate appeared. The mixture was left to stand
and the precipitate obtained by filtration. The precipitate was found to be a mixture of
two products by *'P NMR spectroscopy. °'P NMR (162 MHz, CD;CN) & 53.98 (s, 1P),
27.14 (s, 2.2P); '"H NMR (400 MHz, CD;CN) & 8.79 (d, *Jun = 15.0 Hz, 1H), 8.14-8.06
(m, 1H), 7.91-7.86 (m, 1H), 7.86-7.75 (m, 9H), 7.72 (br s, 2H), 7.70-7.40 (m, 26H),
7.36 (t,J = 7.5 Hz, 2H), 7.29 (d, *Jun = 15.5 Hz, 1H), 7.19 (d, *Jun = 16.0 Hz, 1H), 7.13
(dd, J=12.5, 8.0 Hz, 1H), 6.83 (d, *Jun = 15.5 Hz, 1H).

Redissolving the precipitate and the filtrate together gave the bulk material, which was
shown to be the same mixture of two products (8 54:27 ratio 1:0.55 by *'P NMR
spectroscopy). IR (KBr, v cm™): 3053 (w), 2961 (w), 2922 (w), 1653 (w), 1617 (m),
1576 (w), 1545 (s), 1456 (m), 1436 (m), 1363 (w), 1334 (w), 1261 (w), 1186 (w), 1145
(w), 1099 (m), 1026 (w), 999 (w), 803 (w), 768 (w), 748 (w), 692 (m), 668 (m), 538
(W), 513 (w); LRMS (LIFDI) m/z (rel%) 559.97 [M-CI1]" (100), 522.98 (10), 435.10
[monodbaPHOSNH,]" (13), 417.10 [monodbaPHOS-H]" (17), 309.11 (10); LRMS
(ESI) m/z 1519, 1074, 968, 891, 837, 684, 610, 564 [MH,-Cl1]", 457, 435.
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Crystals of 176 where obtained from CD3CN. Subsequent characterisation was carried
out on the crystals: "H NMR (400 MHz, CD;CN) 8.12-8.06 (m, 2H, H.), 7.8417.75 (m,
6H, o-Ph and Ar), 7.71-7.57 (m, 6H, p-Ph and Ar), 7.557.48 (m, 7H, m-Ph and Ar), 7.19
(dd, *Juu = 16.0 Hz, J = 0.5 Hz, 1H, Hy); >'P NMR (162 MHz, CD;CN) & 54.58 (s);
HRMS (LIFDI) m/z 558.0140 [M]" (calculated for C ,0H,,OPCIPd = 558.0132); LRMS
(LIFDI) m/z (rel%) 560.00 [M]" (100) {isotope pattern 555.99 (26), 557.00 (59), 558.00
(99), 559.00 (43), 560.00 (100), 561.00 (23), 562.00(50), 562.99 (10), 563.99 (8)},
522.99 (42), 451.09 (38). Not enough material remained for further characterisation.

[PdCl;(monodbaPHOS),], 175

PPh, o)
PdCl,(MeCN),, Pd:L 1:2 PhoP, ¢ O

N = R
C C 2
CD,Cl, (0.02 M), r.t. " PP, O

monodbaPHOS

To a solution of monodbaPHOS, 128 (~90% pure, 80 mg, 2.3 eq., 0.19 mmol) in dry
and degassed CH,Cl, (4 mL) was added [PdCI;(MeCN),] (21.5 mg, 1 eq., 0.083 mmol)

and the solution stirred at r.t. for 35 min. During this time precipitate started to appear.
After leaving overnight in the 4 °C the precipitate was collected by filtration to give a
yellow solid (5.6 mg). *>'P NMR spectroscopy showed the material was a mixture of
products. "H NMR (400 MHz, C¢Dg) & 9.20 (d, *Juu = 16.0 Hz, 1H), 9.08-8.92 (m, 1H),
7.93-7.86 (m, 3H), 7.80-7.65 (m 5H), 7.51-7.32 (m, 6H), 7.07-6.57 (m, 23H); *'P NMR
(162 MHz, C¢Ds) 6 29.10 (br, 1P), 28.69 (s, 0.8P), 21.73 (s, 0.8P).

In MeCN one of the signals disappeared. It was felt that the remaining two products
may be isomers of some sort, so the 'H and *'P NMR spectra were recorded at 20 °C, 60
°C and then at 20 °C again. >'P NMR (162 MHz, CD;CN, 20 °C) § 27.79 (s, 1P), 24.91

(br s, 0.3P); *'P NMR (162 MHz, CD;CN, 60 °C) & 27.47 (br); '"H NMR (400 MHz,
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CDsCN, 60 °C) 6 8.92-8.70 (br m, 1H), 7.92-7.80 (m underlying d, > Jun = 16.0 Hz, 5H),
7.78-7.70 (m, 2H), 7.70-7.48 (m, 5H), 7.50-7.41 (m, 6H), 7.36 (ddd, J = 7.5, 4.5, 1.5
Hz, 2H), 7.18 (dd, J = 12.0, 8.0 Hz, 1H), 6.77 (br d, 3 Jun = 15.0 Hz, 1H). The sample

gave the original spectra when cooled down to 20 °C again.

The filtrate and the yellow solid were recombined, and the solvent removed in vacuo to
give the bulk material (30 mg). *'P NMR (162 MHz, CD;CN) & 30.08 (br, “P=0"
impurity?, 1P), 27.79 (s, 3P); IR (KBr, v cm™): 3054 (w), 2962 (w), 1675 (w), 1652
(m), 1617 (m), 1594 (m), 1574 (m), 1494 (w), 1481 (w), 1448 (w), 1436 (m), 1333 (w),
1262 (s), 1186 (m), 1097 (s), 1026 (m), 801 (m), 765 (w), 750 (w), 692 (m), 538 (m),
509 (m); LRMS (LIFDI) m/z (rel%) 1127 (9), 1082 (4), 957 (100), 868 (29), 795 (33),
560 (36), 434 (29), 417 (52), 340 (31); LRMS (ESI) m/z 1074, 943, 891, 853. No

evidence for dimers or polymers was observed in the MS.

3.6.2.3 Rh' complexes with dbaPHOS

/N _Cl_ _\
Rh_ ~ 'Rh
ﬁ/ \CI \%

An EtOH:H,O (5:1, 5 mL) mixture was deoxygenated by bubbling N, whilst under
sonication. A Schlenk containing RhCl; (500 mg, 1 eq., 1.9 mmol) and Na,COs (210

[Rhy(n-C1)2(cod),]*’

mg, 1.05 eq., 2 mmol) was evacuated and refilled with N, three times. To this was
transferred the solvent mixture and COD (0.75 mL, 3.2 eq., 6.1 mmol). The solution
was heated at 95 °C for 15.5 h. After cooling the precipitate was collected by filtration,
washed with pentane (10 mL) and then a MeOH:H,O mix (1:5) until no more chloride
was observed in the filtrate by the addition of AgNO; solution. The olive green* air
stable known product was dried in vacuo (422 mg, 90%). '"H NMR (400 MHz, CDCls) &
4.23 (br s, 4H), 2.57-2.41 (m, 4H), 1.75 (apparent br q, J = 7.0 Hz, 4H). >C NMR (100
MHz, CDCl) & 78.9 (d, 'Jcrn = 14 Hz), 31.0; IR (ATR, v cm™): 2936, 2873, 2827,
1468, 1423, 1322, 1300, 1172, 995, 960, 868, 815; Anal. Calcd. for RhCsH;>Cl (493) C

38.97 H 4.91, Observed C 38.77, H 4.82.

* Other colours are reported in the literature.
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[Rha(u-CI)2(C2H4)a]®

/\Rh/Cl. h/\\

\ ety
RhCl; (575 mg, 1 eq., 2.18 mmol) was dissolved in H,O (1 mL) at 50 °C. MeOH (12
mL) was added when the solution cooled to rt. The mixture was then freeze-pump-
thawed twice, and placed under a C;H4 atmosphere and stirred for 30 min. More C,H4
was added and then the mixture left to stir overnight. The orange precipitate was
filtrated to give the known product (303 mg, 71%). IR (ATR, v cm‘l): 1430, 1217, 999,
710; Anal. Calcd. for Rh,CgH;6Cl (493) C 24.71 H 4.18, Observed C 21.59, H 3.80.

Rh' complexation, 180 and 181:

major product, 180 minor product, 181

1. A yellow solution of dbaPHOS (20 mg, 2 eq. 0.033 mmol) in dry and degassed
CD,Cl; (0.5 mL) was added to a solution of [Rhy(u-Cl)x(cod):] (8.2 mg, 1 eq.
0.017 mmol) in CD,Cl, (0.5 mL). The solution went red immediately. The
reaction was followed by *'P NMR spectroscopy.

* Immediately (~10min): 6 68.73-62.48 (series of br small peaks, 3.7P),
55.62 (dd, 'Trnp = 120, “Jpp = 36 Hz, 4P), 38.96 (d, 'Jrwp = 124 Hz, 1P),
30.36 (br m, 9.7P).

e After 1h: major product, 180 (95%): °'P NMR (162 MHz, CD,Cl,) &
55.52 (dd, "Jrnp = 127, 2pp = 36 Hz), 29.97 (dd, 'Jrnp = 141, “Jpp = 36
Hz); minor product, 181 (5%): *'P NMR (162 MHz, CD,Cl,) & 38.95 (d,
'Jrnp = 124 Hz); "H NMR (400 MHz, CD,CL,) & 8.52-6.50 (m, 38H), 5.6
(br s, 1.2H), 5.53 (br s, cod, 4H), (4.5 (br m, 0.4H), 4.0 (br, s,
0.4H(minor product)), 3.6 (br s, 1.2H), 2.51 (br s, 1.2H), 2.34 (s, cod,
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8H); HRMS (ESI) m/z 705.0948 (calculated for C;H;OP,Rh =
705.0978).

e After more time the number of peaks in the *'P NMR spectrum

increased, including peaks at 06 54.9, 54.1, 44.5, 19.3 (dd, /= 72, 15 Hz).

2. A yellow solution of dbaPHOS (20 mg, 2 eq. 0.033 mmol) in dry and degassed
CeDg (0.5 mL) was added to a solution of [Rhy(u-Cl)x(cod)z] (8.2 mg, 1 eq.
0.017 mmol) in C¢Dg (0.5 mL). The solution went red immediately. The initial
*'P NMR showed a more complicated spectrum: & 65.68 (br d, J = 200.0 Hz),
55.48 (dd, "Jrnp = 128.0, 2Jpp = 35 Hz), 39.61 (d, 'Jrnp = 126.0 Hz), 29.08 (dd,
! Jrnp = 140.0, 2Jpp = 35 Hz).

A solid precipitated and this was dissolved in CD,Cl; to give the two products in
a ratio of 93:7 (180:181): 'H NMR (500 MHz, CD,Cl,) & 7.94 (br s, 2H), 7.67-
7.04 (m, 25H), 7.04-6.53 (m, 10H), 5.60 (br s, 1H), 5.50 (brs, 1H), 4.51 (dd, J =
10.0, 3.0 Hz, 0.2H), 3.98 (ddd, J=10.5, 6.5, 1.5 Hz, 0.2H), 3.54 (br s, 1H), 2.50
(br s, 1H).*'P NMR (162 MHz, CD,Cl,) & 55.51 (dd, 'Jrpp = 131, *Jpp =36 Hz),
38.94 (d, 'Jrnp = 124 Hz), 29.96 (dd, 'Jrnp = 141, “Jpp = 36 Hz).

3. [Rha(u-Cl)(C2H4)4] (32 mg, 0.5 eq., 0.083 mmol) was placed in a Schlenk flask
and the flask evacuated and refilled with N, three times, under a flow of N»
dbaPHOS (100 mg, 1 eq., 0.166 mmol) was added. Then dry and degassed
toluene (5 mL) was added and the reaction mixture stirred. The reaction mixture
goes from red to brown. After leaving overnight a brown precipitate was
collected by cannula filtration, (37 mg, 30%). This gave virtually identical
spectra as before. M.p. 222-240 °C(gec.); "H NMR (500 MHz, CD,Cl,, 255 K)
major product (180) 8:*% 7.86 (dd, J=11.0, 7.5 Hz, 2H, Ar), 7.56 (t, J = 8.0 Hz,
2H, Ar), 7.45-7.28 (m, 10H, Ar), 7.24-6.94 (m, 13H, Ar), 6.86 (t, J = 6.5 Hz,
2H, Ar), 6.75-6.65 (m, 3H, Ar), 5.57 (dd, *Jus = 13.5 Hz, J = 2.5 Hz, 1H, H;),
5.52 (d, *Jum = 13.5 Hz, 1H, Hy), 3.56 (d, J = 6.5 Hz, 1H, Hy), 2.56 (dd, J = 8.5,
7.5 Hz, 1H, Hy); minor product (181) visible peaks &: 7.51-7.45 (m, 1H), 6.83-
6.75 (m, 1H), 4.51 (dd, J = 10.5, 3.0 Hz, 0.2H), 3.94 (dd, J = 10.0, 5.5 Hz, 0.2
Hz); *'P NMR (202 MHz, CD,Cl,, 255 K) & 55.32 (dd, 'Jrwp = 128.0, 2Jpp =
35.5 Hz, 0.97P), 38.27 (d, "Jrnp = 124.0 Hz, 0.03P), 30.04 (dd, 'Jrnp = 143.5,

¥ Four extra protons are observed due to underlying protons from the minor product.
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2Jop = 35.5 Hz, 0.97P); IR (KBr, v cm™): 3051 (w), 1628 (w, br), 1554 (m),
1482 (m), 1454 (m), 1434 (s), 1419 (s), 1354 (w), 1291 (w), 1273 (w), 1246 (W),
1209 (m), 1187 (w), 1156 (w), 1120 (w), 1093 9m), 1068 (w), 1028 (w), 999
(W), 980 (w), 877 (w), 868 (W), 829 (W), 753 (m), 740 (m), 705 (m), 694 (s), 657
(W), 626 (w0, 592 (W), 534 (m), 517 (m), 505 (s), 464 (w). HRMS (ESI) m/z
705.0948 [M-C1]" (calculated for C4;H3,OP,Rh = 705.0978).

UV-vis of a 1.35x10* M solution in CH,Cl, showed no distinctive peaks. The

baseline started going up at ~400 nm to give a broad shoulder to the solvent cut off.

Rh complex + CO

A solution of the Rh complexes, 180 and 181 (28 mg) in CH,Cl, (20 mL) was stirred
under an atmosphere of CO for 18h at 20 °C. The solvent was removed in vacuo and
the residue redissolved in CD,CL (1 mL). 'H NMR (400 MHz, CD,CL) & 7.91-6.75
(m, 48H), 6.65 (ddd, J =11.0, 8.5, 1.0 hz, 2.4H), 6.56 (d, J = 12.5 Hz, 1 H), 6.09 (br,
0.6H), 5.62 (br d, J =12.5 Hz, 0.5H), 4.69 (br, 0.5H), 3.86 (br, 1H), 3.39 (br, 1H), 2.55
(br, 0.5H); *'P NMR (162 MHz, CD,CL) & 56.03 (dd, 'Jrnp = 128.0, 2Jpp = 34.5 Hz,
0.6P), 53.65 (d, 'Jrnp = 116.7 Hz, 0.1P), 48.39 (dd, 'Jrnp = 131.6, “Jpp = 19.7 Hz, 1P),
44.79 (dd, 'Jrnp = 88.1, “Jpp = 19.7 Hz, 1P), 34.57 (br d, 'Jrpp = 199.4 Hz, 0.6P), 24.66
(d, "Jrnp = 122.6 Hz, 0.1P); HRMS (ESI) m/z 1465.1748 (calculated for
Cs4He304PsRh; = 1465.1781) 705.0985 (calculated for Cs4;H3,OP,Rh = 705.0978);
LRMS (LIFDI) m/z (rel%) 732.12 [ Rh(dbaPHOS)CO]" (100); IR (CD,Cl,, v cm™):
3060 (w), 2083 (w), 2001 (s), 1629 (s), 1563 (w), 1482 (m), 1467 (w), 1436 (s), 1263
(W), 1094 (m), 1028 (w).

3.6.3°'P-'P EXSY experiments

To monitor the alkene exchange in Pd(0)dbaPHOS a series of 1D *'P->'P EXSY spectra
were recorded. In a typical run, data were collected for a series of mixing times
(usually d8 = 0.02, 0.05, 0.1, 0.2, 0.3, 0.4, 0.5, 0.7, 1.0, 1.2 s) at selected temperatures
(293, 298, 303, 308, 313 and 318 K). The sum of the integrals of the irradiated (31
ppm) and cross-peak (13 ppm) were normalised to 100%. The rate of alkene exchange
was then determined by stimulation; the change in intensity of the signal at 31 ppm (100

when d8 = 0) was modelled as a function of mixing time. This was carried out using
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Microsoft Excel. The peak intensities were calculated for 0.01 s intervals from 0.01 to
40 s, and those were than compared with the experimental values via a minimised linear
least-squares difference analysis. The associated rate constants were varied until the
sum of the squares of the difference between the measured and stimulated points was
minimised. Rate constants obtained in this way were denoted as kons. For further
thermodynamic analysis the rate constants were multiplied by a factor of 2 to take into
account the analysis method.” The kinetic model used assumed an A — B reaction

following first-order kinetics.
3.6.4 X-Ray Diffraction Data

Diffraction data for 163, 174 and 177 were collected at 110 K on a Bruker Smart Apex
diffractometer with Mo-K_, radiation (A = 0.71073 A) using a SMART CCD camera.
Diffractometer control, data collection and initial unit cell determination was performed
using “SMART”.”” Frame integration and unit-cell refinement was carried out with
“SAINT+"."" Absorption corrections were applied by SADABS.”” Structures were
solved by “direct methods” using SHELXS-97 (Sheldrick, 1997)” and refined by full-
matrix least squares using SHELXL-97 (Sheldrick, 1997).”* All non-hydrogen atoms
were refined anisotropically. Hydrogen atoms were placed using a “riding model” and
included in the refinement at calculated positions. Exceptions to this were the
placement of the hydrogen atoms of the coordinated alkene in 174 and 177, which were

placed using the difference map and allowed to refine.

Diffraction data for 176 (ijsf1104) were collected at 110 K on an Oxford Diffraction
SuperNova diffractometer with Mo-K_, radiation (A = 0.71073 A) using a EOS CCD
camera. The crystal was cooled with an Oxford Instruments Cryojet. Diffractometer
control, data collection, initial unit cell determination, frame integration and unit-cell
refinement was carried out with “Crysalis”.” Face-indexed absorption corrections were
applied using spherical harmonics, implemented in SCALE3 ABSPACK scaling
algorithm.”® OLEX2"” was used for overall structure solution, refinement and
preparation of computer graphics and publication data. Within OLEX2, the algorithms
used for structure solution were “direct methods”, using the “A short history of SHELX
(Sheldrick, 2007)/Bruker”. Refinement by full-matrix least-squares used the SHELXL-

977 algorithm within OLEX2.”® All non-hydrogen atoms were refined anisotropically.

Hydrogen atoms were placed using a “riding model” and included in the refinement at
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calculated positions. The H8 atom in ijsf1104 was located by difference map after all

other atoms had been located.

Table 8: Single Crystal X-Ray Details

Compound reference ijf0803, 163 ijsf1102, 172 ijf0826m, 174 1jf0839m, 177 1ijsf1104, 176
Chemical formula C41H32C120P2Pt C57H57IO3.50P2Pd C29H23C120PPt C29H23C120PPt‘ ngszClOPPd

CH,Cl,
Formula Mass 868.60 1093.27 684.43 769.36 559.29
Crystal system Triclinic Triclinic Triclinic Triclinic Monoclinic
alA 10.9691(5) 12.4868(17) 9.6208(6) 10.1809(11) 8.8974(3)
b/A 11.9562(7) 14.079(3) 10.1270(7) 11.0444(12) 22.4140(6)
c/A 14.2851(8) 14.7391(15) 13.3171(9) 14.1359(16) 12.5622(4)
al® 80.970(3) 86.400(11) 101.8980(10) 103.095(2) 90.00
p/° 85.202(4) 89.126(10) 96.0040(10)  93.769(2) 110.563(4)
p/° 69.949(4) 67.573(15) 93.7290(10)  112.847(2) 90.00
Unit cell volume/A* 1737.21(16) 2390.3(6) 1257.63(14)  1405.6(3) 2345.61(14)
Temperature/K 120(2) 110(2) 110(2) 110(2) 110.0
Space group P1 P1 P1 P1 P121/c1
No. of formula units 2 2 2 2 4
per unit cell, Z
No. of reflections 35786 17216 14195 14631 17699
measured
No. of independent 7957 11935 7061 6938 7467
reflections
Ry 0.0903 0.0203 0.0181 0.0143 0.0271
Final R; values (/> 0.0432 0.0443 0.0282 0.0217 0.0274
20(D))
Final wR(F") values 0.0791 0.1063 0.0669 0.0534 0.0589
(> 20(D))
Final R; values (all 0.0745 0.0603 0.0320 0.0231 0.0334
data)
Final wR(F") values 0.0876 0.1199 0.0687 0.0541 0.0616
(all data)
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Chapter 4: Copper(I) Complexes of the phosphine sulfide

ligands

The work detailed in this chapter resulted in the following publication: A. G. Jarvis, A.

C. Whitwood, and 1. J. S. Fairlamb: “Cu' complexes containing a multidentate and

conformationally flexible dibenzylidene acetone ligand (dbathiophos): Application in

catalytic alkene cyclopropanation” Dalton Trans. 2011, 40, 3695-3702.

4.1 Introduction

Copper(I) complexes have been of interest to inorganic and organometallic chemists

due to their varied coordination chemistry and the resulting properties. In recent years,

synthetic research has focused on the use of copper in catalytic reactions as both the

main metal centre (e.g. conjugate addition to o, B-unsaturated carbonyl compounds,' N-

arylation,” hydroboration of styrenes’ and cyclopropanation reactions’) and as a co-

catalyst (e.g. direct C-H functionalisation of arenes and heteroarenes’). Research has

also focused on the physical properties of copper(I) complexes (such as in fluorescence’

and ferroelectric applications’) and on their cluster and supramolecular chemistry.®
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Figure 1: Selected examples of Copper(I) phosphine complexes from the literature.
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Traditionally, copper(I) is regarded as a metal ion with soft Lewis acid character,” and
therefore it will form covalent bonds with soft ligands (e.g. with S or P as the donor
atom). An indication of the soft character of copper(l) is evidenced by the number of
examples of copper clusters stabilised by ligands containing group 16 elements (in
particular S and Se) in the literature.'” A number of phosphorus ligands, such as
diphenylphosphine benzene, diphenylphosphine methane and Ph,P(CH>),P(O)Ph,, have

also been successfully coordinated to copper(I) centres (see complexes 184-186, Figure
1) 6(3,83,11

Contrary to this are the large number of stable copper(I) complexes known in which Cu
coordinates to nitrogen ligands (N is regarded as a hard donor).* It has been observed
that the stability of copper(I) complexes is increased by a mixture of hard and soft
ligands rather than by all soft ligands, as would be expected if copper(I) was a classic
soft acid.'” Indeed, ligands such as triphenylphosphine are often used as ancillary
ligands to help stabilise complexes with hard donors (Complex 187, Figure 1).
Experimental and theoretical studies have shown that copper(I) is an exception to

Pearson’s Hard-Soft Acid-Base (HSAB) principle.'"'>’

Another feature of copper(I)’s coordination chemistry is its ability to form close
Cues+Cu contacts of less than twice the van der Waals radius of Cu (2.8 A), referred to
as “cuprophilicity”.”” This metal-metal interaction was originally observed in gold
complexes.'* The precise nature of short CueesCu interactions, and whether they can be
considered as bonds at all is controversial."” In many cases it is hard to determine if the
short distances are due to M-M bonding (either ionic or covalent) or due to the ligands
‘fixing’ the copper centres close to each other. As copper(l) is a @'’ metal one would
expect repulsion between the metal centres. However, Pyykko has determined that
attractive dispersion forces (e.g. van der Waals type interactions) are able to overcome

this repulsion to give interactions with strengths roughly comparable to hydrogen bonds

(AusesAu interactions are stronger due to relativistic effects).'®
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4.1.1 Copper(I)-alkene complexes

Copper(I) complexes are catalytically active in a wide range of reactions, particularly
those involving alkenes, for example cyclopropanation. At some point during the
catalytic cycles of these reactions it is likely that copper-alkene coordination occurs.
Intermediate copper(I)-alkene complexes have been observed in conjugate addition to
a,B-unsaturated carbonyls.'”  Copper(I)-alkene complexes also catalyse aziridine
formation (Scheme 1)'® and the conversion of alkynes and alkenes to cyclopropenes and

cyclopropanes, respectively (Scheme 2)."

TsNIPh (1.5 eq.), YANS
Cu cat. (5 mol%) Ts NN
— MeCN, 25 °C N O,{, ,{,O
R = N\

R FaC

Cu catalyst

Scheme 1: Aziridination of alkenes using a Cu' complex containing a fluorinated

tris(pyrazolyl)borate ligand and ethene."

CO,Et
' - n
R” R N,CHCO,Et
300 eq. Tp'Cu(CoHy) (1 mol%) ~ R" R
DCE, 25 °C
or or
R—=——R" CO-Et
5eq. /A\
Rl Ru

Scheme 2: Cyclopropanation and cyclopropenation of alkenes and alkynes (Tp’ =
hydrotris(3,5-dimethyl-1-pyrazolyl)borate).
The ability of copper(I) to bind alkenes has allowed it to be used in the separation of
alkenes from alkanes or aqueous media,”® and the resolution of racemic allylic
alcohols.”’  Copper(I)-alkene polymers and complexes have also been shown to be
useful in the resolution of alcohols® and as sensitisers in alkene photoreactions,
including rearrangments and cycloadditions of cyclooctadiene and norbornadiene.*

Copper(I)-alkene complexes have also been used in materials chemistry,”* and in
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biological chemistry. For the latter, it is well known that ethene is the smallest plant
hormone and plays a key role in fruit development. The ethene receptor ETR 1 contains

Cu and research suggests it acts as a co-factor in the active site and binds to ethene.”

The first copper(I)-alkene complex was reported by Manchot and Brandt when they
reacted ethene with CuCl to give an unstable compound.”® Since then many ethene
copper(I) complexes have been reported and studied. However, the exact structures of
these complexes remained unknown until the 1960’s when van den Hende and Baird
reported the X-ray crystal structure of di-u-chlorido-tetracthenedicopper.””  Other
structures  quickly followed including those with cyclooctatetraene®™  and
norbornadiene.”” In 1983 Thompson and co-workers demonstrated that stable ethene-
copper(I) complexes could be synthesised and were consistent with the tight ethene
binding to copper(I) observed in the ethene receptor site.’® Since the mid-1980’s the
number of copper(I)-alkene crystal structures reported has steadily increased.** Recent
work has focused on the use of bidentate and tridentate N-donors ligands to stabilise
copper(I)-alkene complexes.”’ Walton and co-workers observed that in [CuL(C,H4)]PFs
(L = N,N’-bis(2,4,6-trimethylbenzylidene)-1,2-diaminocyclohexane) the binding of
ethene was reversible in MeCN.>> The binding could be followed by UV-visible
spectroscopy as the ethene bound complex is colourless, whereas [CuL(NCCHs)]" is

yellow.

One of the reasons for the interest in copper(I) complexes and their properties is due to
the large number of possible coordination geometries they possess. Copper(I)-alkene
structures are no exception and exhibit a wide variety of coordination modes (see Figure
2).* Often a four coordinate copper(I) centre is observed with a distorted tetrahedral
arrangement. When bulky ligands are present, steric constaints dictate that a three
coordinate copper(l) centre is formed with a trigonal planar geometry. Cationic
complexes of copper(I) are also known. In the case of [Cu(norbornene);][SbF¢], a three

coordinate spoke wheel complex was obtained.”
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Figure 2: Coordination modes exhibited in copper(I)-alkene complexes (counter-ions not
indicated).?*

Considering the increasing interest in alkene complexes, copper(I) complexes of dienes,
polyenes and other conjugated alkenes are relatively rare. The copper(I) complexes of
simple dienes such as isoprene were only structurally determined in the early 1990°s.>*
In these complexes the dienes act as an m>,n>-donor ligand bridging two copper(I)

> Often just one alkene of a diene

centres, rather than as an n*-donor to one Cu atom.
will coordinate.’® There are only a handful of complexes where crystallographic
evidence shows a single Cu centre is bound to two or more alkenes in the same
polyene.37 The polyenes used or these studies were 1,5-cyclooctadiene, 1,2,5,6,9,10-
tribenzocyclododeca-1,5,9-triene-3,7,11-triyne and cyclododecatriene. There are a
number of coordination polymers that make use of copper(I)-alkene binding to stabilise
large supramolecular networks.”® Xiong used 4-HPYA (4-pyridylacrylic acid) and 3-
HPYA to make a series of 1D and 2D copper(I)-alkene coordination polymers with high

thermal stability.*

To the best of our knowledge, compounds such as benzylidene acetone and
dibenzylidene acetone have not been explored as ligands for copper(I)."” In 1999

Buchwald reported the use of dba as an additive in a copper-catalysed C-N bond
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formation (Scheme 3).*' In the presence of dba the reaction could be carried out in air
with high yield; whereas in the absense of dba an inert environment was needed. This
result suggests that the dba is stabilising the copper(I), presumably by coordinating to
copper(I). However, no information was given on role played by the dba ligand in this

chemistry.
5 mol% (CuOTf),.PhH

Me Br H 1 eq. phen, 1.1 eq. Me
N N Cs,COg, xylene, 110 °C N/§N
Lo ~
N "Moist air"

Me Me

Yield
without dba = <5%
with 5 mol% dba = 67%

Scheme 3: Buchwald amination using dba.
4.1.2 Copper complexes with phosphino-alkenyl ligands

A number of simple phosphino-alkenyl ligands have been coordinated to copper(I)
centres. Kelly and co-workers reported the synthesis of diphenylvinyl-phosphine and
diphenyl-o-styrenyl-phosphine complexes of copper(I), 189 and 188, respectively.” In
both cases only the phosphine was bound to the copper(I) centre, with the alkene left
non-coordinated. By contrast the allenylphenyl-phosphine did show evidence for alkene
coordination in complex 190.* In the free ligand the IR stretch of the alkene occurs at
1640 cm™. On coordination to copper(I) this disappears and a weak band at 1560 cm’’
appears, which the authors attributed to the Cu-bound alkene. Silver(I) complexes were
also studied, with no evidence found for alkene coordination. This led to the conclusion
that the Cu'-alkene bond is more stable than the Ag'-alkene bond. It is worth noting

that gold(I) complexes of phosphino-alkenes are also known.**
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192
Figure 3: Copper(I) complexes with phosphino-alkenyl ligands.

10 % [191]
Cs,CO5 (2 €q.)
R X MeCN., 82 °C RN
|\\ + NuH ; A
_— =
X=1,Br 70 -100%

Scheme 4: Copper-catalysed arylation of nucleophiles using butadienylphosphine ligands.

Taillefre and co-workers used 4-phenyl-1,3-butadienylphosphine as a ligand for the
copper-catalysed arylation of nucleophiles such as pyrazoles and phenols.”” In their
work they isolated copper(I) complex 191, which gave the same results in the arylation
reactions as using Cul and two equivalents of ligand. Once again only the phosphine
was found coordinated to the metal centre, in keeping with Kelly’s studies,* leaving the
diene moiety non-coordinated. Dorta and co-workers also evaluated the use of
phosphoramidate based phosphino-alkene ligands in Cu-catalysis.*® Interestingly, in the
rhodium complexes of these ligands alkene coordination was observed. However, on
moving to the copper(I) complexes no evidence for such interactions was found.
Instead, complexes of the type 192 shown in Figure 3 were obtained. These complexes
were evaluated in a catalytic 1,4-addition of organoaluminum reagents to conjugated
enones. The neutral copper(I) complexes did not catalyse the reaction; indeed, they

stopped the reaction completely. This is noteworthy as the ‘control’ reaction gives a
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64% yield with no Cu catalyst present! By contrast, the cationic copper(I) complexes

gave excellent yields, though only with moderate enantioselectivities.

Searches of online chemical databases such as SciFinder and the CCDC reveal that Cu

complexes containing alkenes and phosphine sulfide ligands are very rare.”’
4.1.3 Aims

Relatively little work has been carried out on copper(I) complexes containing
conjugated alkene ligands. Extending this to phosphino-alkenyl ligands reveals only a
few previous investigations. In Chapter 2, the development of phosphino-alkenyl
ligands and their corresponding phosphine sulfide derivatives was described. The aim
for this part of the project is to investigate copper(I) complexes of the these ligands, and
their activity in benchmark catalytic reactions. We choose to concentrate on the

phosphine sulfide ligands.
4.2 Results and Discussion

An initial copper(I) complex was formed by the reaction of dbaTHIOPHOS 137 with
tetrakis(acetonitrile)copper(I) hexafluorophosphate in CH,Cl, at room temperature.48 A
new product was observed which shows very broad signals in the 'H NMR spectrum
(see Figure 8). Crystallisation of the solid material from CH,Cl, layered with Et;O gave
both pale yellow (the majority) and bright yellow crystals suitable for study by X-ray
diffraction. A pale yellow crystal was identified as dinuclear copper(I) complex 193,
whereas a bright yellow crystal was found to be tetranuclear copper(I) complex 194 (see

Scheme 5).

Complex 194 includes chloride ions, which are not present in the reactants. Elemental
analysis of the tetrakis(acetonitrile)copper(I) hexafluorophosphate confirmed that it was
not contaminated with chloride. Mass spectrometry (LIFDI) of the product before
crystallisation showed the presence of one ion (m/z 729) which is
[Cu'(dbaTHIOPHOS)]". The ESI-MS showed the same peak along with a number of
others including a peak at m/z 1397 attributed to [Cu(dbaTHIOPHOS),]", and one at m/z
829 attributed to [Cu,Cl1(dbaTHIOPHOS)]". It is believed that the presence of chloride

in the MS spectrum is due to the mass spectrometry conditions as the peak at m/z 829
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also appears in the product from the reaction conducted in THF (i.e. no chloride present
at all). It is therefore believed that 193 is the product from the reaction, and that 194

was formed under the crystallisation conditions.

137, (1 eq.)

[Cu(MeCN),JPFs (1 eq.)
CH20|2, 2 h, rt
69%

193 194
Sol = solvent formed on crystallisation in CH5Cl,

Scheme 5: Reaction between dbaTHIOPHOS (137) and copper(I).

The chloride ions in 194 are believed to have originated from the crystallisation solvent,
either by halide abstraction from a molecule of CH,Cl, or from trace quantities of HCI
formed by photolysis of CH,Cl,. Halide abstraction from CH,Cl, by copper(l)
complexes is known in the literature. For example, Rothenberger reported the
abstraction of halides from both CH,Cl, and CH,Br, by [Cu(dppm’)] (see Scheme 6).*
The reactions were performed under the exclusion of light to avoid potential photolysis
of the solvent. Under these reported reaction conditions ~BuOH was present and

assumed to play a role in the abstraction of halide or HX from the solvent.
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CheCle [Cus(dppm)(dppm"),(Ot-Bu)Cl,]

[CuOt-Bu] + dppm — [Cu(dppm’)] + HOt+-Bu —

———— [Cug(dppm)3Bra][CuBr,]
CH,Br,

Scheme 6: Extraction of halides by a copper(I)-phosphine complex.

Lui reported a series of copper(I) complexes with dithiophosphates and
bis(diphenylphosphino)alkanes as ligands.”® In a series of complexes, Cu clusters
formed with the abstraction of chloride from CH,Cl, or CHCl;. The halide abstraction
was found to be dependent on the ligand-to-metal ratio. This observation, along with
the reasonable yields, suggest that the mechanism was indeed abstraction of chloride
from the solvent molecules, but no control reactions were carried out in the dark to
eliminate photolysis of the solvents to give HCl. Due to the conditions used for our
crystallisation, we were unable to rule out either mechanism. However, as no changes
are observed after long periods of time in dry and degassed CD,Cl, solutions, it is
reasonable to conclude that C-H activation is unlikely to be occurring, and the chloride

comes from trace HCI in the solvent used for the crystallisation.

8 S, c
Ph,P” 0] PPh,
CuCl (2 eq.)
N = PhoR cl
CHQC|2, rt S~ \C|O
137,(1 eq.)

195, 73%

Scheme 7: Neutral copper(I) complex formation.

The reaction of dbaTHIOPHOS with CuCl in CH,Cl, at room temperature gave the
neutral complex 195 in good yield (see Scheme 7). Complex 195 was crystallised from
CH,Cl, solutions layered with pentane, to give crystals suitable for analysis by X-ray

diffraction (Figure 7).
4.2.1 Comparison of X-ray single crystal structures

In both the cationic complexes the Cu is tetracoordinate (see Figure 4 and Figure 6). In
complex A, the copper is in a distorted tetrahedral arrangement; the sulfur atoms and

alkene form an almost planar triangle with the water sitting perpendicular to this.
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Figure 4: X-ray crystal structure of 193. Hydrogen and counter ion atoms have been removed
for clarity. Thermal ellipsoids shown at 50%. Selected bond angles (°): S(3)-Cu(1)-S(1) =
117.91(6), C(60)-Cu(1)-0(3) =99.81(19), C(61)-Cu(1)-O(3) = 92.0(2), S(3)-Cu(1)-0(3) =
96.37(14), S(1)-Cu(1)-0O(3) =98.68(13), S(4)-Cu(2)-S(2) = 119.86(7), C(23)-Cu(2)-0O(4) =

98.3(2), C(22)-Cu(2)-0(4) = 93.8(2), S(4)-Cu(2)-0(4) = 96.28(14), S(2)-Cu(2)-0(4) =
95.78(15).

The coordination geometry of the copper in 194 is similar to that described as Mode IV
by Xiong and co-workers (see Figure 2).>* The same ‘pleated ladder’ polymeric core is
observed; the central step is a rhombus whereas the two outside steps all have different
angles leading to a twisted system. The two dbaTHIOPHOS ligands bridge two

copper(I) atoms each side of the ladder with the phosphine sulfides capping the ends.

Two chloride ions fill the remaining coordination sites.

Ph Ph _|@PF6@
PhP” P P pph Eh Eh
2I | | 2 PhQP/\T/\W/\Wth
|

T/?E\T/ /LT e y Cu_ Cu_ Cu_ C
LU u u u.
qrgrgts e Tl T Lo
thP\/li’\/lf\/Pth 2 \/Igh\/lé’h\/ 2
Ph Ph
® denotes CI

Figure 5: Examples of related copper chloride ladder complexes.

Note the presence of the chloride anions in 194 is only supported by X-Ray diffraction

analysis. To confirm that chlorides were present, a comparison with literature Cu-ClI
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bond lengths in related complexes were carried out. The Cu-Cl bond lengths of similar
complexes (see Figure 5) were found to be between 2.3 and 2.8 A,”' which matches our
data, 2.3-2.6 A. This is a closer match than other anions such as hydroxides, which
have Cu-OH bonds distances in ladder complexes of 1.9-2.3 A’* The copper
environment in 194 is nearer a classic tetrahedral arrangement than in complex 193, but
still distorted. Complex 195 on the other hand exhibits trigonal planar geometry around
the copper(I) centres. The Cu-Cl bond distances in 195 are considerably shorter than
those in 194.

Figure 6: X-ray crystal structure of 194. Hydrogen, solvent and counter ion atoms have been
removed for clarity. Thermal ellipsoids shown at 50%. Selected bond angles (°):C(7)-Cu(1)-
S(2) = 102.24(8), C(8)-Cu(1)-S(2) = 139.68(8), C(7)-Cu(1)-CI(1) = 125.06(8), C(8)-Cu(1)-CI(1)
=102.56(8), S(2)-Cu(1)-CI(1) = 104.95(3), C(7)-Cu(1)-S(1) = 115.78(8), C(8)-Cu(1)-S(1) =
93.14(8), S(2)-Cu(1)-S(1) = 112.26(3), CI(1)-Cu(1)-S(1) = 96.37(2).

Figure 7: X-ray structure of 195. Thermal elipsoids shown at 50% probability; Selected bond
angles (°): C(3)-C(2)-Cu(1) 70.22(18), C(1)-C(2)-Cu(1) 105.11(17), P(1)-S(1)-Cu(1) 98.81(4),
C(3)-Cu(1)-S(1) 104.51(9), C(2)-Cu(1)-S(1) 143.46(10), CI(1)-Cu(1)-S(1), 111.34(4).

In all the copper(I) complexes the C=C and P=S bonds have lengthened on
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coordination, as you might expect, due to the removal of electron density and the
increase in sp> character. In 193 all the P=S bonds are identical (within error).” By
contrast in 194 the P=S distances in different environments are different; the P=S bond
capping the ladder structure, i.e. coordinated to two Cu atoms, are longer than those
coordinated to just one Cu atom. This is also matched by a difference in the Cu-S bond
lengths; the Cu-S bond outside of the ladder is the shortest (2.2767(8) A), whilst the Cu-
S distances within the ladder are longer (2.2948(8) and 2.4872(8) A). The Cu-S
distances in 195 are even shorter (2.2546(9) A) and are consistent with those in a
reported neutral copper(I) complex containing phosphine sulfide ligands.> The Cu-Cl

bond distances are also consistent.

Table 1: Comparison of bond lengths (A) in dbaTHIOPHOS, 137, and complexes 193-195.

Cpd. Key bonds and lengths (A)

Cc=C C=0 P=S Cu-S Cu-C Cu-Cl

137 C2)-C(3)  C()-0(1)  P(1)-S(1) - - -

1.324(5) 1.221(6) 1.9619(11)

193 C(22)-C(23) C@21)-0(1) P(1)-S(1)  Cu(1)-S(1)  Cu(1)-C(60) -
1.360(9) 1.224(7) 1.993(2) 2.2826(18)  2.091(6)
C(19)-C20) C(62)-02) P(2)-SQ2)  Cu(1)-S(3)  Cu(1)-C(61)
1.346(8) 1.225(7) 1.987(3) 2.2488(16)  2.125(6)
C(60)-C(61) P(3)-S(3)  Cu2)-S2)  Cu(2)-C(22)
1.384(8) 2.002(2) 22619(18)  2.089(6)
C(63)-C(64) P@4)-S@)  Cu(2)-S@)  Cu(2)-C(23)
1.319(8) 1.995(2) 2.2585(18)  2.087(7)

194 C(8)-C(7)  C(9)-0(1)  P(1)-S(1)  Cu(1)-S(1)  C(7)-Cu(l)  Cu(1)-CI(1)
1.373(4) 1.224(4) 2.0221(10)  2.4872(8) 2.112(3) 2.4155(7)
C(10)-C(11) P2)-S(2)  Cu(1)-SQ2)  C(8)-Cu(l) Cu(2)-CI(1)
1.373(4) 1.9936(10)  2.2767(8) 2.164(3) 2.3330(7)

Cu(2)-S(1)  C(10)-Cu(2) Cu(2)#1-CI(1)

2.2948(8) 2.108(3) 2.5906(7)
C(11)-Cu(2) Cu(2)-Cl(1)#1
2.089(3) 2.5907(7)

195 C2)-C(3)  C(1)-0(1)  P(1)-S(1)  Cu(1)-S(1)  CQ)-Cu(l)  Cu(1)-CI(1)
1.375(4) 1.228(5) 2.0072(12)  2.2546(9) 2.060(3) 2.1908(9)

C(3)-Cu(1)
2.053(3)

" Within error is used throughout this thesis to indicate the following conditions are met: In normally
distributed data, 99% of measurements fall within +3 standard deviations of the mean. In crystallography
bond distances and angles are only considered different if there is no overlap of the two measurements
within +3 of their esd’s. For further discussion on errors in crystallography see Haestier, J. Crystallogr.
Rev. 2010, 16, 133-144.
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The Cu-C bond lengths also vary between the complexes. The shortest Cu-C bond
lengths are seen in 195 and the longest seen in 194. In complex 194, the Cu-C bonds
are unsymmetrical with the Cu-C bonds a to the carbonyl longer than those in the 3
position. In all cases the coordinated alkenes adopt the s-cis conformation. This leads
to complex 193 having an s-cis,s-trans backbone, whilst both 194 and 195 are in the s-
cis,s-cis conformation.  The s-cis,s-trans geometry was also observed in the
palladium(0) complex of dbaPHOS (see Section 3.1.3). The carbonyl bond length is the

same (within error) in both the ligand and the complexes.
4.2.2 NMR spectroscopic studies on complexes 193, 194 and 195

The "H NMR spectrum of 193 in CD,Cl, exhibits very broad peaks at 300 K (Figure
8). It was suspected that the broadness was due to free and coordinated alkenes
exhanging on the NMR timescale (Scheme 8). The *'P NMR spectrum exhibits two
broad singlets (6 46.4 and 40.6), plus a septet at -143.8 ppm from the PF¢ anion.
This indicates that the two phosphorous environments of the ligand are different.
This would be the case if only one alkene was coordinated to copper(I). A variable
temperature 'H NMR experiment confirmed that at low temperatures this fluxional
behaviour could be frozen out to reveal the free and coordinated alkenes separately
(Figure 8). At 230 K, the proton chemical shifts of the coordinated alkene (6 5.94
and 5.99) possess a coupling constant of 13.3 Hz, whereas the non-coordinated
alkene (0 6.60 and 7.82), have a coupling constant of 16.4 Hz, which is supported by
a low temperature 2D 'H-"H COSY experiment (see Figure 9). The reduction of the
coupling constant and the shift upfield in consistent with coordination to a metal.
The two broad singlets in the *'P NMR spectrum sharpen on lowering the
temperature to 230K. A 2D 'H”'P HMQC experiment shows that the *'P signal at o
40.6 couples with the proton at 0 5.94, whereas the *'P signal at 6 46.4 couples with
the proton at 6 7.82.
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Figure 8: Variable temperature "H NMR spectra of 193 (CD,Cl,;, 500 MHz).
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Figure 9: '"H and *'P NMR assignment of alkene protons.

Using gNMR software,”® it was possible to simulate the line shape of the
experimentally observed spectra to calculate the rate constants for the exchange
process at a number of temperatures. An Arrhenius plot of 1/T against Ink gives a
straight line with slope —E./R, allowing the activation energy to be estimated (58.23
kJ mol™). In addition, an Eyring plot of In(k/T) against 1/T afforded a linear plot
from which the enthalpy, AH* = 56.0 6.4 kJ mol™, and entropy, AS* = 0.43 +6.9]
mol 'K, of activation were determined. The small AS* value is in keeping with
exchange being intramolecular and therefore independent of water dissociation. The
AH* value indicates that the barrier to rotation is mostly enthalpic. The free energy

of activation (AG*) at 300 K is 55.9 +9.7 kJ mol™ (13.4 +2.3 kcal mol™).
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Scheme 8: Alkene exchange in 193.

Interestingly, a  related cationic copper(I) complex, [Cu(2,6-(Ph,P(o-
CsH4)CH=N),CsH3N),][BF4]> (196) was reported by Yeh and Chen’ recently. They
noted dynamic exchange between the coordinated and the non-coordinated imine groups

in solution {AG:£ = 8.8 kcal mol ' (36.8 kJ mol™), estimated} (Scheme 9).

C
Ph - . Phy § c
__—Cu 2 — 2.2 uZ_
PhoP PPh Ph,P PRh2
2 2
Q/V/N Ny NS=NC N=
\__~ U
196

Scheme 9: Imine exchange in 196.

Complex 167 ([Pd’(dbaPHOS)]) reported in Chapter 3 also undergoes alkene exchange.
The exchange parameters were determined by P-P EXSY experiments: AS* = -19.5 (+
11.1) J mol™ K" and AH* = 65.7 (+ 3.4) kJ mol”. It can be seen that once again the
barrier is mostly enthalpic. The free energy of activation (AG*) at 300 K is 71.6 kJ mol”
"(17.1 keal mol™). In both our complexes the free energy of acivation is almost double

that of the imine exchange in 196.
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Figure 10: Variable temperature '"H NMR spectra of 195 in CD,Cl, (700 MHz).

The *'P NMR spectrum of 195 shows one phosphorous singlet at 40.8 ppm, confirming
that the both phosphorus environments are the same. The 'H NMR spectrum of
complex 195 is as expected, with the alkenyl protons shifted upfield to 6.07 and 5.83
ppm, indicating coordination to copper(I). The C NMR spectrum of 195 is also as
expected, with the alkenyl carbons shifted upfield as broad peaks at 95.3 and 94.4 ppm.
However, at 293 K, one of the alkene protons appears broad in the '"H NMR spectrum
(see Figure 10). A variable temperature '"H NMR experiment shows that the alkene
sharpens on cooling to give a doublet with the same coupling constant (13.9 Hz) as the
other alkenyl proton. A '"H-"H COSY experiment also confirms that both peaks are
associated with the alkene. If the alkenes were exchanging with each other by breaking
their coordination with the Cu, then both alkene proton environments would be
expected to appear broad. As the other alkene proton peak is sharp another explanation
is required. Possible explanations could include that one side of the alkene is much
closer to the Cu or that exchange and/or rotational processes are occurring which only
affect one end of the alkene. The former suggestion is unlikely as the crystal structure
shows the two C-Cu bond lengths are the same within error. The broadness of the a-
proton is therefore tentatively attributed to a partially restricted rotation about the C-C

single bonds connecting the carbonyl moiety.
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4.2.3 Interconversion of the complexes

Using dbaTHIOPHOS 137, three different copper(I) complexes have been isolated, each
with different Cu:Cl ratios. It was hypothesised that it may be possible to interconvert
between the different complexes by chloride addition (193—194—195) or chloride
abstraction using silver salts (195—194—193) (Scheme 10). It was proposed that this
would enable further characterisation of 194. The forward conversion was assessed by
the addition of aliquots of a n-BusNCl solution in CD,Cl, to a solution of complex 193
in CD,Cl,. The 'H and *'P spectra were recorded after the addition of each aliquot.
Unfortunately, after the addition of ~0.5 eq. of chloride no clear intermediate complex
was observed. The addition of further equivalents of chloride leads to sharpening of the
aromatic peaks and appearance of broad alkene protons between 6.2 and 6.4 ppm. On
addition of more than 3 eq. chloride only the free ligand was observed (spectra k and |

in Figure 11) and not complex 195.

In a separate NMR spectroscopic study, crystals suitable for X-ray diffraction were
obtained after the addition of 0.5 eq n-BusNCl. They were found to be complex 195,
thus possessing a 1:1 Cu:Cl ratio rather than the expected 1:0.5 ratio. The unexpected
stoichiometry suggests that either a mixture of products is formed on addition of
chloride or the species formed with a 1:0.5 Cu:Cl ratio is unstable and decomposes to
give 195 and free ligand. The crystal structure was similar to the previous structure of
195, with the exception that the unit cell contained disordered dichloromethane

molecules (see Appendix 3).
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Scheme 10: Interconversion of the copper(I) complexes by addition or abstraction of
chloride anions.

The addition of chloride was also monitored by UV-visible spectroscopy, which
revealed a number of Cu species in solution. It appears to show an initial product
forming up to the addition of 0.4 eq. of chloride and then a new product forming on
addition of up to 1 eq. of chloride. However, together with the NMR spectroscopic data

no clear conclusions can be drawn.

A similar NMR spectroscopic study was carried out for the reverse reaction - the
abstraction of chloride by silver salts. The reactions of complex 195 with varying
amounts of AgPFs were carried out in CD,Cl,, and the 'H and *'P NMR spectra
recorded. The addition of 2 eq. AgPFs gave a similar '"H NMR spectrum to complex
193. When the reaction was repeated with ca. 2.5 eq. AgPFs, again a similar spectrum
was obtained at 298 K, and on cooling the proton signals did not sharpen up as seen in
complex 193. It was proposed that silver(I) coordination could be occurring. Indeed,
silver(I) complexes of dbaTHIOPHOS have been synthesised (see Section 4.2.4). It is
therefore likely that silver(I) complexation is competing with copper(I), which would

account for the differences observed.
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Figure 11: "H NMR spectroscopic study of the addition of chloride anions to 193 (500
MHz, CD,Cl,, 295 K): a) 193;b) 0.3 eq. Cl;¢) 0.6 eq.; d) 0.9 eq.; ) 1.2 eq.; f) 1.5eq.; g) 1.8
eq.; h) 2.1 eq.; 1) 2.4 eq.; j) 3 eq.; k) 3.6 eq.; 1) dbaTHIOPHOS (137); m) 195.
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Figure 12: UV-visible spectroscopic analysis on addition of varying equivalents of chloride
to a solution of 193 in CH,Cl, (5.7x10”° M). The legend depicts the number of equivalents of
chloride relative to Cu.
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Figure 13: "H NMR spectroscopic analysis of the addition of silver(I) salts to 195 (400
MHz, CD,Cl,, 298 K): a) 193 (contains trace toluene); b) 2 eq. AgPF¢; ¢) 1 eq. AgPFg; d) 0.5
eq. AgPFg; e) 195; f) dbaTHIOPHOS, (137).

4.2.4: Silver complexes of the phosphine sulfide ligands

The silver(I) complexes of both dbaTHIOPHOS, 137, and monodbaTHIOPHOS, 149,
have been synthesised in good yield (Scheme 11 and 12).

@
PSPh, O AGNOG ML1:1 [ 870 NO,©
™ = 2
CH,Cl,/MeCN, NS
1h,rt O O
monodbaTHIOPHOS, 149 197, 53% "

Scheme 11: Silver(I) complex of monodbaTHIOPHOS.

For the nitrate complexes, a small shift is observed in the *'P NMR spectrum from
42.07 ppm in the free ligand to 44.54 ppm in the 198a, and from 42.14 ppm to 45.52
ppm, 197. The alkene proton shifts have moved closer together: Ad,, = 1.69 in
dbaTHIOPHOS, 137, and Ad,z = 1.39 in 198b (Figure 14). The proton shift is mostly
due to the shift in the B-proton from 8.2 to 7.9 ppm on complexation. The NMR

spectroscopic data gives no indication that the alkene moieties are coordinated to
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silver(I). As a result, 197 and 198 have been proposed as the structures of the
complexes.

P(S)Ph, O P(S)Ph,

dbaTHIOPHOS, 137

AgX, M:L 1:1
CH,CI,/MeCN, 1 h, rt

_ _ 0 2®o xO
o) 2@o xO / \
X _—
® () o
PPh, PhyP PPh,Ph2P
U o
Ag Ag o A A9
| S
3 3 2 P
PPhy  PhyP /Pth 2 O
\ 1
(@]
I O —

X = NOg 198a, 67%,
PF, 198b, 58%

Scheme 12: Synthesis of silver(I) complex of dbaTHIOPHOS.

Unfortunately single crystals suitable for X-ray diffraction were not obtained, so we are
unable to confirm these structures. As mentioned in previous chapters, NMR
spectroscopic data can be used to give an indication of the backbone geometry of the
ligand in the complex.”® Only two alkenyl protons are observed for 198 indicating the
alkenes are in the same environments. As a result both the s-cis,s-cis and s-trans,s-trans
backbone geometries could be envisaged (Scheme 12). The Ad,, value is quite large
(1.39 ppm) which may indicate that the geometry is s-trans. However, care must be

taken with these values as they were described for dba and no rigorous assessment of

their use in related compounds has been carried out (see Section 2.4, Chapter 2).
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Figure 14: '"H NMR spectra of a) dbaTHIOPHOS, 137, b) 198a (400 MHz, CD,Cl,). Alkene
protons in dbaTHIOPHOS, 137: 8.16 and 6.47 ppm; in 198: 7.89 and 6.50 ppm.

Mass spectrometric analysis (ESI) of 198 showed the presence of two ions (m/z 1439
and 773). The highest weight molecular ion could suggest the presence of a complex
with Ag:L ratio 1:2 (199). To confirm that this was not the species present a NMR
scale reaction between AgPF¢ and dbaTHIOPHOS, 137, (2 eq.) in CD)Cl, was
conducted (Scheme 13). The resulting 'H and *'P NMR spectra were different from
those for 198b ("H NMR spectrum shown in Figure 15). The dp for 198b is 44.5 and for
199 is 43.1 ppm.

8.6 8.4 8.2 8.0 7.8 7.6 74 7.2 7.0 6.8 6.6 6.4 6.2 6.0
ppm

Figure 15: '"H NMR spectra of a) 198b, b) 199 (400MHz, CD,Cl, and CDCl;).
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Scheme 13: Proposed synthesis of 199 (NMR scale).

4.2.4 Catalysis

Cyclopropanation of alkenes is a common benchmark reaction for Cu' complexes.’’
The cyclopropanation of styrene with EDA does not occur in the absence of copper(l)
(Table 2, entry 1). Our complexes were tested in this reaction; both 193 and 195 were
found to be more active than CuBr (Table 2, entries 3 and 5 vs. entry 2). The
diastereomeric ratios were moderate, but similar to those achieved with a recently
reported copper(I)/copper(IIl) complex, 200 (Figure 16).”® Complex 195 was a slightly
superior catalyst to 193 for this reaction. Reducing the temperature had a detrimental
effect on both the conversion and diastereomeric ratio achieved (Table 2, entry 4). The
minor side products of the reaction, diethyl maleate and diethyl fumarate, are formed by

well-established competing pathways.>

Figure 16: Copper(l)/copper(11l) complex, 200.
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Table 2: Comparison of Cu' complexes in the cyclopropanation of styrene.

Cu cat. (1 mol%)
N7~ COGE! Ph““ACO Et PhACO Et
Styrene, 60 °C, 45 min 2 2

trans cis
Entry Complex  Conversion, % * cis:trans ratio®
1 None 0 -
2 CuBr 24 40:60
3 193 85 32:68
4 193 18° 50:50
5 195 91 30:70

%04 conversion to cyclopropane products determined by 'H NMR spectroscopy (by-
products include diethyl maleate and diethyl fumarate) ® 40 °C, 90 min. ¢ determined by
"H NMR spectroscopy.

One potential concern for these complexes is the presence of alkene moieties in the
ligand backbone, which are susceptible to cyclopropanation. However, no
cyclopropanation of the ligand has been observed by mass spectrometric analysis. In a
stoichiometric reaction of 193 with ethyl diazoacetate (EDA) (Cu:EDA, 1:1) at ambient
temperature in CD,Cl, no observable formation of diethyl maleate or diethyl fumarate
was observed after 1 h. After 24 h small quantities of diethyl maleate and diethyl
fumarate were observed. In the *'P NMR spectrum two new phosphorus signals
appeared at 42.2 and 41.6 ppm. But, the majority of the material was still the starting
complex. The "H NMR spectrum showed a number of small peaks below 4 ppm, but
nothing that could be clearly identified. Under ‘catalytic’ conditions, in the absence of
styrene (193:EDA, 1:100), conversion to diethyl maleate and diethyl fumarate was
observed (ratio 60:40, 80% conversion) by 'H NMR spectroscopic analysis.

Oxidation reactions are also catalysed by copper(I) complexes.”” One example is the
oxidation of hydroquinone to quinone (Scheme 14).”® However, complex 193 showed
no activity in this oxidation reaction under these conditions.

OH 0

\

Complex 193 (10 mol%)
02, CH20|2/MGCN (53), rt24 h
OH

Scheme 14: Copper(l) catalysed oxidation of hydroquinone.
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4.3 Summary

The coordination chemistry of dbaTHIOPHOS 137 with copper(I) has been studied in
detail, where the ligand was found to be multidentate and hemilabile. X-ray single
crystal structures have been obtained for three unique copper(I)-alkene complexes, all
with different Cu:Cl stoichiometeries. In all the complexes the coordinated alkenes
where found to adopt the s-cis conformer of the enone whilst the free alkenes were s-
trans. Complex 193 was found to be dynamic in solution. Low temperature NMR
studies allowed further characterisation of the complex and the determination of the rate
constants for the alkene exchange. The activation parameters of this exchange were
determined (AS* = 0.43 +6.9J mol'K!, AH" = 56.0 +6.4 kJ mol"' and AG* = 55.9 9.7

kJ mol™ at 300 K), showing the exchange barrier is primarily enthalpic.

Attempts to interconvert between the complexes, by addition of chloride or halide
abstraction with silver salts were unsuccessful. Independent investigations show
silver(I) coordinates to both dbaTHIOPHOS and monodbaTHIOPHOS through the
sulfur atom of the phosphine sulfide (complexes 197-199). No evidence for alkene

coordination was observed, unlike in the copper(I) complexes.

Complexes 193 and 195 were found to be catalytically active in the cyclopropanation of
styrene at low catalyst loadings (1 mol%). High conversions were obtained (85-91%)

and moderate diastereotopic ratios (cis:trans 30:70).
4.4 Future work

No studies so far have been carried out with monodbaTHIOPHOS (149) and copper(I).
In particular it would be interesting to see if the second alkene would be able to
coordinate as well to the copper(I). A comparison of the resulting complexes in the
cyclopropanation reaction could be carried out. If the second alkene did coordinate it
would be interesting to see if this slowed down/stopped the decomposition of EDA to

diethyl maleate and diethyl fumarate, or if the alkene was cyclopropanated.
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no reaction

EDA (100 eq.), CH,Cl,, 60 °C

Scheme 15: Possibilities for copper(I) complexes of monodbaTHIOPHOS.

The substrate scope of the cyclopropanation reaction could be expanded, to examine the
stereoselectivity, e.g. is there retention of stereoselectivity when cis/trans alkenes are
used. Further work could evaluate the use of chiral variants of the ligands (e.g. chiral at
phosphorus) in an asymmetric variant. A related reaction to transition metal-catalysed

cyclopropanation of alkenes, is the azridination of alkenes,’' which could also be tested.

It would also be interesting to study the copper(I) coordination chemistry of the

phosphine selenide variants of the ligands.

In our studies on the coordination chemistry of monodbaPHOS and palladium(II), we
observed the coordination of the oxygen from the carbonyl group, (complex 176).
Further work could investigate the whether similar observations are observed with the
copper(I) complex of monodbaTHIOPHOS, and what effect changing the oxygen for
sulfur or selenium would have. One could envisage that the C=S variant may act

similarly to S,C,S pincer ligands.®*

Figure 17: Carbonyl (C=X) coordination.
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4.5 Experimental
4.5.1 General information

NMR spectra were obtained in the solvent indicated, using a JEOL ECX400 or JEOL
ECS400 spectrometer (400MHz for 'H, 100 MHz for "°C and 162 MHz for *'P,
respectively), a Bruker 500 (500 MHz, 126 MHz and 202 MHz for 'H, "*C and *'P,
respectively) and low temperature NMR studies were carried out on a Bruker AV700
(700 MHz and 283 MHz for 'H and °'P, respectively). Chemical shifts were referenced
to the residual solvent of the deuterated solvent used (CHCIl; 6 = 7.26 and 77.16,
CDHCI, & = 5.31 and 53.80, 'H and "C respectively). All °C NMR spectra were
obtained with 'H decoupling. *'P NMR spectra were externally referenced to 85%
H3PO,, and obtained with 'H decoupling. For >C NMR spectra the coupling constants
are quoted to 1 Hz. For the '"H NMR spectra the resolution varies from +0.15 to +0.5
Hz; the coupling constants have been quoted to +0.5 Hz in all cases for consistency.
For *'P NMR spectra the coupling constants have been quoted to either +0.5 or +1 Hz.

NMR spectra were processed using MestreNova software.

Melting points were recorded using a Stuart digital SMP3 machine. IR spectroscopy
was undertaken using a Jasco/MIRacle FT/IR-4100 type A spectrometer with an ATR
attachment on solid compounds; or solution IR spectra were obtained on a Nicolet
Avatar 370 FT-IR spectrometer in the solvent stated. The relative intensities of the
peaks are denoted by (s) = strong, (m) = medium and (w) = weak, whilst (br) is used to
describe broad peaks. MS spectra were measured using a Bruker Daltronics micrOTOF
machine with electrospray ionisation (ESI) or on a Thermo LCQ using electrospray
ionisation, with <5 ppm error recorded for all HRMS samples. LIFDI mass
spectrometry was carried out using a Waters GCT Premier MS Agilent 7890A GC.
UV-visible spectra were recorded using a JASCO V-560 instrument in quartz cells (1
cm path length). Elemental analysis was carried out on an Exeter Analytical CE-440

Elemental Analyser.

Dry and degassed toluene, CH,Cl,, hexane and acetonitrile were obtained from a Pure
Solv MD-7 solvent purification system. THF and Et,O were either obtained from a

Pure Solv MD-7 solvent purification system and degassed by the freeze-pump-thaw
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method or purged with N, under sonication; or dried over sodium-benzophenone ketyl
and collected by distillation. Benzene was dried over sodium-benzophenone ketyl, and
EtOH was dried and distilled from magnesium-iodine. All air-sensitive reactions were
carried out using Schlenk techniques or in a MBraun MB-20-G with TP170b glove-box
under a N, atmosphere. Nitrogen gas was oxygen free and was dried immediately prior
to use by passage through a column containing sodium hydroxide pellets and silica.

Commercial chemicals were purchased from Sigma-Aldrich or Alfa Aesar.
4.5.2 Complex synthesis

Tetrakis(acetonitrile)copper(I) hexaﬂuorophosphate63

To a stirred suspension of Cu,O (1 g, 7 mmol) in MeCN (20 mL) was added 60 % HPFg
(2.5 mL) in 0.5 mL portions. Heat is released, which helps dissolve the white solid
formed. The hot solution was stirred for 3 min and filtered through a funnel with a
sintered glass frit; any remaining white solid was washed through with a small amount
of acetonitrile. The solution was cooled to -20 °C for 3 h and the resulting precipitate
collected by filtration and washed with ether. The precipitate was then redissolved in
acetonitrile (25 mL), filtered through a funnel with a sintered glass frit, ether (25 mL)
added and cooled to -20 °C overnight. The white precipitate was filtered, washed with
ether, dried in vacuo to afford the title compound as a white solid (4.17 g, 80%). The
solid was stored in a glove-box. M.p. 147-152 °C, (Lit.”* 160 °C4ec)); 'H NMR (400
MHz, CD,CL) 8 2.18 (s); *C NMR (100 MHz, CD,CL) & 117.0, 2.53; IR (ATR, v cm’
): 1419 (w, br), 1037 (w), 833 (s, br); Anal. Calcd. for CsH,CuF¢N4P (372.72) C
25.78, H 3.25, N 15.03; Observed C 25.77, H 3.20, N 14.80.
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[Cua(u-dbaTHIOPHOS),][(PF¢)s].(solvent), 193
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Php-S-cy-Sol T /
S\

PPh,

A solution of Cu(MeCN)4PFs (168 mg, 1 eq., 0.45 mmol) in dry, degassed CH,Cl, (5
mL) was added by cannula to a solution of dbaTHIOPHOS, (137), (300 mg, 1 eq., 0.45
mmol) in dry, degassed CH,Cl, (10 mL)." The resulting solution was stirred for 2 h at
20 °C. CH)Cl, was removed in vacuo to give a concentrated solution (4 mL) and
layered with dry, degassed toluene (5 mL) to afford yellow crystals (270 mg, 69 %)
separated by filtration. M.p. 200 °C(gec); 'H NMR (400 MHz, CD,Cl,)  8.20-7.26 (br
m, ~56H), 6.98 (dd, J = 15.0, 7.5 Hz, 4H), 6.52 (br s, 2H), 6.21 (br s, 2H); >'P NMR
(162 MHz, CD,Cl) 8 46.43 (br s), 40.59 (br s), -143.80 (hept, 'Jpr =711 Hz); >C NMR
(126 MHz, CD,Cl,) 6 137.8 (d, Jcp = 8 Hz), 136.4, 136.1, 134.8-134.3 (m), 134.0-132.1
(m), 131.1 (d, Jep = 14 Hz), 131.0-130.8 (m), 130.6-129.9 (m); HRMS (ESI) m/z
729.0708 (calculated for C41H3,0P,S,Cu: 729.0660); LRMS (ESI) m/z (rel%) 1397.2
[Cu(dbaTHIOPHOS),]" (74), 829.0 [Cuy(dbaTHIOPHOS)+CI]" (6), 729.1
[Cu(dbaTHIOPHOS)]" (100), 667.1 [dbaTHIOPHOS+H]" (33); LRMS (LIFDI) m/z
(rel%) 729.27 [Cu(dbaTHIOPHOS)]" (100); IR (ATR, v cm™): 1652 (m), 1457 (m),
1438 (m), 1312 (w), 1170 (w), 1103 (m), 836 (s), 691 (s); UV-vis (CH2Cly) Amax nm:
320 (¢ = 18345 mol'dm’em™); Anal. Caled. for CgHesCusF 2Ps
(Cu(dbaTHIOPHOS),PF¢) C 56.26, H 3.69, N 0.00; Observed C 56.61, H 4.02, N 0.20.

Crystals of [Cuz(u-dbaTHIOPHOS),(H20),][(PF¢):] suitable for XRD were obtained
by layering CH,Cl, with Et,0O, along with crystals of [Cus(u-Cla(uu-
dbaTHIOPHOS),][(PFe)2] (194) presumably formed by halide abstraction from HCI or
CHyCL.

T The reaction was also carried out in THF. The product precipitated overnight and the resulting yellow

crystals were collected by filtration (48%).
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[Cu,Cly(n-dbaTHIOPHOS)], 195

In a glovebox, dbaTHIOPHOS, (137), (125 mg, 1 eq., 0.188 mmol) was dissolved in
dry, degassed CH,Cl, (7 mL) and CuCl (37 mg, 2 eq., 0.375 mmol) was added. After
stirring for 1 h at 23 °C, more CH,Cl, (2 mL) was added to dissolve the last traces of
CuCl and the reaction stirred overnight, until no solid remained. Half the solvent was
removed in vacuo, and the concentrated solution left overnight. The precipitate was
filtered, washed with pentane and dried in vacuo to give a yellow crystalline product
(119 mg, 73%). The solid was stored in a glove-box. M.p. 223 °Cdec.; "H NMR (400
MHz, CD,Cl) & 7.83-7.79 (m, 2H, H.), 7.79-7.67 (m, 12H, Ar), 7.66-7.54 (m, 10H, H;
and Ar), 7.37-7.31 (m, 2H, Hy), 6.92 (ddd, J = 14.5, 7.5, 1.0 Hz, 2H, Hy), 6.07 (d, *Jim =
14.0 Hz, 2H, H,), 5.83 (d (br), *Jun = 14.0 Hz, 2H, Hy); >*C NMR (100 MHz, CD,CL,) 8
184.2 (C=0), 139.8 (d, “Jcp = 8 Hz, Cy), 134.4 (d, *Jop=2 Hz, Cy), 133.9 (d, “Jep = 3
Hz, p-Ar), 133.1 (d, Jep = 11 Hz, Ar), 132.9 (d, *Jep = 11 Hz, Cy), 131.8 (d, 'Jep = 85
Hz, ipso-C), 131.6 (d, *Jep = 9 Hz, C.), 129.6 (d, Jop = 13 Hz, Ar), 128.6 (d, *Jep = 13
Hz, Cy), 127.2 (d, 'Jep = 86 Hz, ipso-C), 95.3 (br, C=C), 94.4 (br, C=C);*'P NMR (162
MHz, CD,Cl,) § 40.78 (s); LRMS (LIFDI) m/z (rel.%) 829 [M-CI]" (100), 729 [M-
CuCly]" (27), 667 [dbaTHIOPHOS+H]" (8); HRMS (ESI) m/z 826.9623 (calculated for
C41H3,CICu,0P,S; = 826.9645); IR (ATR, v ecm™): 1653 (w), 1537 (w), 1455 (w), 1433
(m), 1312 (m), 1247 (w), 1103 (m), 1084 (m), 1064 (m), 967 (m), 756 (s), 691 (s); IR
(CH,Cly, v em™): 3046 (w), 1653 (w), 1539 (w), 1457 (w), 1439 (m), 1314 (w), 1271
(m), 1265 (m), 1261 (m), 1106 (w); UV-vis (CH2Cly) Amax nm: 396 (¢ = 12199 mol
'dm’cm™) shoulders at 326 (¢ = 10213 mol'dm’cm™) and 258 (¢ = 34000 mol'dm’cm
"; Anal. Caled. for C4;Cl,CuyH3,0P,S,.CH,Cl, (949) C 53.12, H 3.61; Observed C
53.17, H 3.58.

Crystals of [CuyCl,(dbaTHIOPHOS)], 195, suitable for XRD were obtained by from a

solution of CH,Cl, in an atmosphere of Et,O.
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[Ag:(u-dbaTHIOPHOS),][(PFe)2], 198b
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To a solution of dbaTHIOPHOS, 137 (100 mg, 1.25 eq., 0.15 mmol) in dry and
degassed CH,Cl, (6 mL) in the dark was added a solution of silver hexafluorophosphate
(31.2 mg, 1 eq., 0.12 mmol) in dry and degassed CH3CN (1.5 mL). The yellow solution
was stirred for 1 h, and then the solvent removed in vacuo. The solid was then
dissolved in CH,Cl, (1 mL) and layered with E,O (5 mL). The resulting pale yellow
solid was filtered (64 mg, 58%). The solid was stored in the dark under N,. M.p. 150
°Ciaeey; 'H NMR (400 MHz, CDCls) & 7.82 (d, *Jum = 15.5 Hz, 2H, H,), 7.74-7.57 (m,
16H, H., Hr and Ph), 7.54-7.45 (m, 8H, Ph), 7.43-7.36 (m, 2H, H,), 7.03 (dd, *Jup = 15.5
Hz, *Jun = 8.0 Hz, 2H, Hy), 6.58 (d, *Jun = 15.5 Hz, 2H, Hy); *'P NMR (162 MHz,
CDCls) & 44.76 (s), -143.55 (hept, 'Jpr = 708 Hz); >°C NMR (100 MHz, CD,Cl,) &
188.3 (Ca), 139.4 (d, *Jep = 6 Hz, C.), 138.0 (d, *Jep = 8 Hz, Cy), 134.1 (d, “Jep = 2 Hz,
Cy), 133.9 (d, *Jep = 12 Hz, Cp), 133.6 (d, *Jep = 3 Hz, p-Ph), 132.5 (d, *Jep = 11 Hz, o-
Ph), 130.5 (d, *Jep = 9 Hz, Cy), 130.6 (d, 'Jep = 82 Hz, ipso-C), 130.1 (d, *Jep = 9 Hz,
Ce), 129.7 (d, *Jcp = 13 Hz, m-Ph), 128.7 (d, 'Jep = 86 Hz, ipso-C), 126.9 (Cy); LRMS
(ESI) m/z (rel.%) 1441.2 [Ag(dbaTHIOPHOS),]" (38), 775.0 [Ag(dbaTHIOPHOS)]"
(100), 729.1 (21), 667.1 [dbaTHIOPHOS+H]" (58); IR (ATR, v cm™): 1653 (w), 1617
(w), 1580 (w), 1480 (w), 1457 (w), 1473 (m), 1327 (w), 1267 (w), 1185 (w), 1098 (m),
977 (w), 971 (w), 875 (w) and 834 (s);
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NMR experiment: Preparation of [Ag(dbaTHIOPHOS),|[PFg|, 199

®PFO

A solution of dbaTHIOPHOS, 137 (20 mg, 2 eq., 0.03 mmol) in dry and degassed
CD,ClI; (0.5 mL) was added to AgPFs (3.8 mg, 1 eq., 0.015 mmol) in the dark. NMR
spectroscopic analysis was carried out directly on the reaction mixture. 'H NMR (400
MHz, CD,Cl,) & 8.01 (d, *Juy = 16.0 Hz, 4H, H,), 7.75-7.59 (m, 24H, Ar), 7.59-7.50
(m, 8H, Ar), 7.50-7.39 (m, 16H, Ar), 7.38-7.31 (m, 4H, Ar), 7.08 (ddd, *Jyp = 15.0 Hz,
Jun = 8.0, 1.0 Hz, 4H, Hy,), 6.45 (d, *Juu = 16.0 Hz, 4H, Hy); *'P NMR (162 MHz, CD.
2Cly) 8 43.14 (s), -143.88 (hept, 'Jpr = 708 Hz); >C NMR (100 MHz, CD,Cl,) & 189.0
(C.), 141.5 (d, *Jep = 8 Hz, C.), 138.9 (d, *Jep = 8 Hz, Cy), 134.0 (d, Jep = 11 Hz), 133.2
(d, Jep = 3 Hz), 132.9 (d, *Jep = 3 Hz, p-Ph), 132.7 (d, Jep = 11 Hz, Ph), 131.9 (d, 'Jep =
83 Hz, ipso-C), 130.9 (d, 'Jep = 85 Hz, ipso-C), 130.0 (d, Jep = 13 Hz), 129.3 (d, Jep =
13 Hz, Ph), 129.2 (Cy), 127.5 (Cy).
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[Ag2(dbaTHIOPHOS),][(NO3),], 1982
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In the dark, dbaTHIOPHOS, 137 (100 mg, 1 eq., 0.15 mmol) was dissolved in CH,Cl,
(6 mL) and a solution of silver nitrate (26 mg, 1 eq., 0.15 mmol) in acetonitrile (1.5 mL)
was added. The mixture was stirred for 1 h at 23 °C. The solvent was removed, the
crude product dissolved in CH,Cl, (1.5 mL) and precipitated with ether (5 mL). An off-
white powder was obtained (84 mg, 67%). Mp. 145 °Cgec.); '"H NMR (400 MHz, CD-
»Cl) & 7.89 (dd, *Jun = 15.5 Hz, J = 1.0 Hz, 2H, H.), 7.74-7.63 (m, 12H, H,, H¢ and o-
Ph), 7.62-7.56 (m, 4H, p-Ph), 7.53-7.43 (m, 8H, m-Ph), 7.43-7.33 (m, 2H, H,), 7.06
(ddd, J = 9.0, 7.5, 1.0 Hz, 2H, H,), 6.50 (d, *Juu = 15.5 Hz, 2H, Hp); *'P NMR (162
MHz, CD,CL,) & 44.54 (s); °C NMR (100 MHz, CD,CL,) & 189.4 (C=0), 141.4 (d, *Jcp
= 8 Hz, C.), 138.9 (d, *Jep = 11 Hz, Cy), 134.2 (d, 2Jep = 11 Hz, Cy), 133.8 (d, *Jep =3
Hz, Cy), 133.3 (d, *Jep = 3 Hz, p-Ph), 132.8 (d, *Jep = 11 Hz, 0-Ph), 130.4 (d, 'Jep = 83
Hz, ipso-C), 130.2 (d, *Jep = 13 Hz, C, or Ce), 126.7 (d, *Jcp =10 Hz, C. or Cy), 129.54
(d, *Jep =13 Hz, m-Ph), 129.45 (d, 'Jep = 86 Hz, ipso-C), 127.8 (Cy); HRMS (ESI) m/z
1439.1820 [Ag(dbaTHIOPHOS),]" (calculated for CsrHeAgO,P4Ss = 1439.1785) and
773.0414 [Ag(dbaTHIOPHOS)]" (calculated for C4H3AgOP,S; = 773.0415); IR
(ATR, v em™): 1653 (w), 1617 (w), 1458 (w), 1437 (m), 1311 (m, br), 1186 (w), 1000
(s), 998 (W), 972 (w), 745 (m), 689 (s).
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[Ag(monodbaTHIOPHOS)|,[NOs],, 197
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In the dark, monodbaTHIOPHOS, 149 (68 mg mg, 1 eq., 0.15 mmol) was dissolved in

n

CH,Cl, (6 mL) and a solution of silver nitrate (26 mg, 1 eq., 0.15 mmol) in acetonitrile
(1.5 mL) was added. The mixture was stirred for 1 h at 23 °C. The solvent was
removed, the crude product dissolved in CH,Cl; (1.5 mL) and precipitated with ether (5
mL). An off-white powder was obtained (49 mg, 53%). Mp. 97 °Cgec.); "H NMR (400
MHz, CD,Cl,) § 7.89 (d, *Jus = 15.5 Hz, 1H, H;), 7.86-7.82 (m, 1H, Hy), 7.82-7.75 (m,
4H, o-Ph), 7.72-7.66 (m, 1H, H)), 7.65-7.60 (m, 3H, Ar), 7.56-7.49 (m, 6H, m-Ph and
Ar), 7.46-7.37 (m, 4H, H,, and Ar), 7.27 (ddd, *Jup = 15.5 Hz, Juyu = 8.0, 1.0 Hz, 1H,
H,), 6.83 (d, *Jun = 15.5 Hz, 1H, H}), 6.79 (d, *Jun = 16.0 Hz, 1H, Hy); *'P NMR (162
MHz, CD,Cl,) & 45.52; >C NMR (100 MHz, CD,Cl,) 5 188.4 (Cy), 144.1 (C.), 139.4
(d, *Jep = 7 Hz, C)), 138.8 (d, Jep = 8 Hz, C)), 135.0 (Cy), 134.4 (d, Jep = 12 Hz), 134.2
(d, Jep = 3 Hz), 133.8 (d, *Jep = 3 Hz, p-Ph), 132.8 (d, *Jcp = 11 Hz, 0-Ph), 131.0 (C,),
130.4 (d, Jep = 13 Hz), 129.9 (d, 'Jep = 83 Hz, ipso-C), 129.84 (d, *Jcp = 13 Hz, m-Ph),
129.77 (d, Jep = 9 Hz), 129.3 (Ar), 128.8 (Ar), 128.7 (d, 'Jep = 86 Hz, ipso-C), 128.6
(C=C), 124.6 (C=C); HRMS (ESI) m/z 557.0266 [M-NOs]" ( calculated for
Ca9H23AgOPS = 557.0253. LRMS (ESI) m/z (rel%) 1458.2
[Ag(monodbaTHIOPHOS);]" (16), 1009.1 [Ag(monodbaTHIOPHOS),]" (48), 557.0
[M-NO;]" (100); IR (ATR, v cm™): 1648 (w), 1617 (w), 1437 (m), 1332 (m), 1184
~(w), 1100 (m), 977 (w), 765 (m), 686 (s); Anal. Calcd. for C20H,3AgNO4PS (620) C
56.14, H 3.74, N 2.26, Observed C 56.54, H 3.77, N 2.03.

4.5.3 NMR and UV spectroscopic experiments
Chloride doping of 193

UV-vis: Aliquots of nBuNCl in CH,CL (0.1 mL, 1.47 x10” M) were added to a
solution of 193 (5.76 x10° M) in CH,Cl,. The UV-visible absorption spectrum was

measured after the addition of each aliquot until 2 eq. had been added.
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NMR spectroscopic analysis: To a solution of the 193 (15 mg, 0.01 mmol, 0.015 M) in
CD,Cl, was added aliquots of a solution of #nBusNCI (0.01 ml, 0.3 eq., 0.25M) in
CD,Cl,. The 'H and *'P NMR spectra were recorded after each aliquot was added.

Addition of AgPFs to 195: To solutions of 195 (9.5 mg, 0.011 mmol) in dry and
degassed CD,Cl; (0.8 ml) was added AgPFs, (0.5 eq., 1 eq. and 2 eq. respectively). The
'H and *'P NMR spectra were recorded for each.

4.5.4 Catalysis

Cyclopropanation of styrene™

Cu cat. (1 mol%)
N7~ “CO,Et Ph\“'Aoo Bt PhACO Et
Styrene, 60 °C, 45 min 2 2

trans cis

To a solution of 193 (9.2 mg, 1 mol%, 0.0053 mmol) in distilled styrene (1 mL) at 60
°C was added ethyldiazoacetate, EDA, (55 ul, 0.53 mmol) in three portions over 20
min. The reaction was stirred for a further 25 min at 60 °C. The reaction was left to cool
and an aliquot (40 ul) measured into CDCl; (0.5 mL). "H NMR spectroscopic analysis
determined that the product was formed in 85% conversion (not isolated) with a
cis:trans ratio of 32:68 (Figure 1).

Control experiments were performed using CuBr and without the presence of Cu.
When no Cu is present the reaction does not occur. When CuBr is used, after 45 min
there is still EDA remaining, shown by the broad singlet at 4.7 ppm. 'H NMR
spectroscopy determined that the product was formed in 24% conversion (not isolated)
with a cis:trans ratio of 40:60. Using 193, a small amount of product (18% conversion)
was observed by 'H NMR spectroscopy after 90 min if the temperature was lowered to

40 °C with a cis:trans ratio of 50:50.

The reaction was also carried out with complex 195 using the same procedure as above.
"H NMR determined that the product was formed in 91% conversion (not isolated) with

a cis:trans ratio of 30:70.
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Figure 18: '"H NMR spectrum (400 MHz, CDCl;, referenced to TMS) of the crude reaction
mixture of the cyclopropanation with 193.

Reaction of 193 plus EDA (catalytic amounts of Cu)

Complex 193 (4.6 mg, 1 mol%, 0.0026 mmol) was dissolved in CD,Cl, (0.5 mL). EDA
(28 puL, 1 eq., 0.26 mmol) was added and the reaction monitored by 'H NMR
spectroscopy at room temperature. After ~1 h at room temperature over 80%
conversion of the EDA to diethyl maleate and diethyl fumarate had occurred. After 24 h
all the EDA had been converted.

Reaction of 193 plus EDA (stoichiometric amounts of Cu)

Complex 193 (3.1 mg, 1 eq., 0.0017 mmol) was dissolved in CD,Cl, (0.5 mL). EDA
(3.7 uL, 2 eq., 0.0035 mmol) was added and the reaction followed by 'H and *'P NMR
spectroscopy at room temperature. After 6 h no conversion to diethyl fumarate or
diethyl maleate is observed. No changes are observed in the *'P NMR spectrum and
only very minor new peaks have appeared in the 'H NMR spectrum. After 24 h two
small peaks in the "H NMR have appeared at § 6.2 and 6.8 ppm, diethyl maleate and
diethyl fumarate, however most of the EDA remains. Two new phosphorous signals

also appeared in the *'P NMR spectrum at § 42.21 and 41.55 ppm.
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Oxidation of hydroquinone

To a solution of 193 (9 mg, 1 mol%, 0.005 mmol) in CH,Cl, (2.5 mL) was added a
solution of hydroquinone (55 mg, 1 eq., 0.5 mmol) in THF (1.5 mL). The resulting
solution was subjected to one freeze-pump-thaw cycle and placed under an O,
atmosphere. The reaction was followed by 'H, '*C and *'P NMR spectroscopic analysis

on 0.5 mL aliquots ran without lock. No products were observed.
4.5.5 X-ray diffraction data

All crystals were crystallised in the solvents stated in Section 4.5.2 and mounted in inert
oil. Diffraction data for 193, 194 and 195 were collected at 110 K on a Bruker Smart
Apex diffractometer with Mo-K_, radiation (A = 0.71073 A) using a SMART CCD
camera. Diffractometer control, data collection and initial unit cell determination was
performed using “SMART”.*> Frame integration and unit-cell refinement was carried
out with “SAINT+”.°® Absorption corrections were applied by SADABS.®’ Structures
were solved by “direct methods” using SHELXS-97 (Sheldrick, 1997)* and refined by
full-matrix least squares using SHELXL-97 (Sheldrick, 1997).” All non-hydrogen
atoms were refined anisotropically. Hydrogen atoms were placed using a “riding
model” and included in the refinement at calculated positions, except for the alkene

hydrogens in 194 and 195, which were located by difference map.

1jf0829a (193): The crystals contained disordered solvents, presumably a mixture of
dichloromethane and diethyl ether which could not be modelled as discrete atoms.
Therefore the SQUEEZE algorithm was used to account for the solvent. The solvent
void was measure to be 1469 A’ and 776 electrons were attributed to the solvent. Since
this is a due to mixture of solvents it is not possible to determine the overall formula,
formula weight or density for the crystals. It is assumed that the oxygen ligands bound
to the copper are water molecules but suitable locations for the hydrogens could not be

determined and so these were omitted.

1jf0825m (194): The crystals contained a mixture of disordered solvents. Relative
occupancy of each solvent was allowed to refine; overall occupancy was restrained to
be 1.0. The solvents were modelled as an ether (79.4%) [with one terminal carbon
disordered over two sites (C42 and C42a)] and a dichloromethane disordered over two

sites (7.2% and 13.4%). All solvent atoms were modelled isotropically. Within the
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solvents, C-C bonds were restrained to be 1.51 A, C-O bonds to 1.425 As and C-Cl to

1.728 A.

iif1015m (195): There is a small void in the model (volume 31 A%). However, the

largest peak in the difference map in the void is only 0.62 e/A, so the space is assumed

to be empty.

Table 3 Single crystal XRD data.

Compound reference
Chemical formula

Formula Mass

Crystal system
a/A

b/A

c/A

al®

Bl

y/°

Unit cell volume/A®
Temperature/K
Space group

No. of formula units
per

unit cell, Z

No. of reflections
measured

No. of independent
reflections

Rint

Final R, values (I >

20(D))

Final wR(F") values (I

>20(1))

Final R; values (all
data)

jf0829a (193)

PFy)

1782.47
Monoclinic
25.838(3)
25.365(3)
14.7220(15)
90.00
97.563(2)
90.00
9564.7(17)
110(2)
P2(1)/c

4

16818

16818

0.0000
0.0828

0.1993

0.1422

Final wR(F") values (all 0.2117

data)

ijf0825m (194)
C82H64CUQO4P4S4‘2( C82H64C12CU402P4S4°2(PF@)‘
1.58(C4H,00)+0.41(CH,CL,)

2117.11
Triclinic
12.0204(7)
14.5437(9)
15.1233(9)
71.942(1)
71.271(1)
66.585(1)
2246.5(2)
110(2)

P1

1

23138

11056

0.0218
0.0452

0.1207
0.0614

0.1305

ijf1015m (195)
C41H32C12CUQOP282

864.71
Monoclinic
29.431(3)
8.9496(10)
16.2751(18)
90.00
115.307(2)
90.00
3875.4(7)
110(2)
C2/c

4

18084

4810

0.0640
0.0423

0.0954
0.0880

0.1134
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Chapter 5: The photochemistry of monodbaTHIOPHOS

Introduction

During an investigation into the synthesis and reactivity of some novel phosphine and
phosphine sulfide ligands, we came across the serendipitous discovery of a solid-state
[n2s+n2s] intermolecular photocycloaddition.  This was unexpected though not
unprecedented. A brief summary of solid-state reactions and general aspects of

photochemistry, which aids the discussion of the results gathered, is given below.

5.1 Solid-state reactions

Solid-state reactions of organic compounds have been around since the beginning of
synthetic organic chemistry. It is widely stated that organic synthesis started when
Woéhler heated ammonium cyanate to give urea in 1828." This would make the reaction
the very first solid-state reaction as well. However, it is clear from his original paper
that the urea was obtained by accident as Wohler was actually trying to make
ammonium cyanate itself.” It has since been recognised that ammonium cyanate can be
transformed into urea both in the solid and solution state. Investigations into solid-state
reactions have continued to the present day. By 2001 over twenty different reaction
types had been identified, where solid-solid or gas-solid reactions are known (see Table

1 for examples).

Table 1: Examples of reactions that can occur in the solid-state (taken from reference 3).

Solid-state reaction types

1. Cycloadditions 13. Oxygenations
2. Cyclisations 14. Aromatic substitutions
3. Eliminations 15. Hydrogenations
4. Cascade reactions 16. Additions of RR’NH, H,0,
5. Rearrangements 17. Methylations
6. Inclusion reactions 18. Additions of halogens and HX
7. Condensation of carbonyls 19. Nitrations at N and C
8. Electron transfers 20. Diazotizations
9. Proton transfers 21. Azocoupling
10. Cycloreversions 22. C-C bond formation
11. Oxygen transfer 23. Sandmeyer reactions
12. Substitutions with RX 24. Carboxylations with CO,
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Recent investigations have highlighted the sustainability of these reactions. If the
reactions run to completion then high atom efficiency results, which generates very little
waste and avoids the need for the use of organic solvents and costly work-up

3,4
procedures.™

In a number of reactions the solid-sate can be used to give different products to
“normal” solution-based reactions. It should be pointed out that solid-state synthesis
(solids interacting directly to form another solid product) is different from solvent-free
synthesis (where neat reactants react in the absence of solvent via a fluid phase) and
solid-phase synthesis (the reaction of molecules in a fluid phase with a solid, e.g.
polymer supported peptide synthesis).* In this investigation we are interested solely in

solid-state synthesis.

5.2 Photochemistry

The photo-rearrangement of o-santonin, 201, was one of the first organic
photochemical reactions to be observed. It was initially reported in 1834, when
Trommsdorff observed how crystals of oa-santonin changed colour and burst on
exposure to sunlight.” Since then light has been used to effect a number of organic

transformations both in the solution and in the solid state.

hv, [4+4]
O - L L e

)

a-santonin, 201 S

Scheme 1: Transformation of a-santonin in the solid-state.

A glance through a modern organic chemistry textbook brings up the following
examples: cis/trans isomerisation of C=C bonds, polymerisation, cycloaddition, di-rt-
methane rearrangement (often referred to as the Zimmerman rearrangement), and the
Norrish type I and type II reactions.® More recently photochemical reactions have been
investigated as “green” alternatives to thermal processes.’” The focus of this

investigation is on the reactivity of alkene “C=C” bonds.
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5.2.1 E/Z isomerisation of C=C bonds

It is well known that alkenes can undergo C=C bond isomerisation.” For this to occur
photochemically simple alkenes, such as 1,3-butadiene, need light of less than 200 nm.
The addition of other functional groups (e.g. phenyl) in conjugation makes
isomerisation viable at longer wavelengths (Woodward-Fieser rule). In many cases
light of similar wavelengths promotes the isomerisation in both directions. As a result,
full conversion cannot occur and after extended irradiation the photostationary state is

reached (Figure 1).

Cis =————————= Trans

[Trans] - &% ¢ = Molar absorption coefficient
[Cis] eTdT ® = Quantum yield

Figure 1: Photostationary state.

This is not the same equilibrium point as one would expect from thermodynamics. In
thermal reactions sterics often play a part in determining the equilibrium point. One
expects the equilibrium of alkenes with bulky substituents to lie toward the trans
isomer. However, it is possible for the cis-isomer to be favoured under photochemical
conditions where the product is determined by the exit from the S; (or T)) states to Sy

(Scheme 2) i.e. under kinetic control.’

Triplet
sensitiser
hv |
t-Bu t-Bu
5% 95%

Scheme 2: Trans/cis isomerisation of a bulky alkene.

Despite being a relatively simple transformation, studies are still ongoing into the
mechanism of alkene isomerisation both in the solution® and solid-state.” A number of
mechanisms have been proposed, for example if you look at polyenes in the solid-state
these include: the bicycle-pedal mechanism, which involves simultaneous rotation in the
S, state about two polyene bonds (Scheme 3), and the hula-twist mechanism involving

simultaneous rotation about a double bond and an adjacent essential single bond."
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hv
- o ™™
solid O

Scheme 3: An example of a disrotatory double bicycle-pedal process in the S; stage of the
cis-1,6-diphenyl-1,3,5-hexatriene to trans-1,6-diphenyl-1,3,5-hexatriene.

5.2.2 Cycloaddition

The most ubiquitous photochemical reactions are cycloaddition processes.
Photochemical pericyclic reactions are typified by formal [n2s+n2s] cycloadditions (s =
suprafacial), involving a concerted mechanism. However, often the mechanism is
complex and involves both triplet states and/or biradicals.!  The [n2s+m2s]
cycloaddition between an enone and an alkene is very efficient. These reactions can
proceed from either the m, T or n, 7 states associated with the enone as the two states
are close in energy. Electron-rich alkenes react more rapidly and with predictable

regiochemistry (Scheme 4).%'

o 0 o
hv @ er
5© | MeOs®OMe OMe

H OMe
T4

Scheme 4: Illustration of the cycloaddition reaction between an enone and an alkene.

Often [n2s+n2s] cycloadditions benefit from sensitisers (common photosensitisers
include benzophenone) or photocatalysts to enable efficient intersystem crossing to and
from the triplet state. Recent examples include the use of Ru complexes as
photocatalysts (Scheme 5)."

5 mol% Ru(bipy)sCl,

o) o 2 eq. i-ProNEt o) 0 0 e}
4 eq. LiBF, \\|]\

Ph + Ph “““Me + Ph Me

| | Me MeCN | |

Me visible light Me™ Me™

2.5 eq. 4h major isomer minor isomer
84%
>10:1 d.r.

Scheme 5: Ru(bipy);Cl, as a photocatalysis in a [r2s+n2s] cycloaddition.
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5.2.3 Photochemical solid-state reactions

By the 1920s the study of solid-state reactions was hampered by the lack of methods for
analysis. It was the advent of X-ray crystallography that provided a method suited to
the structural study of solids and solid-state reactions. Systematic research into solid-
state reactions begun in the 1960s with Schmidt and co-workers’ investigation into the
dimerisation of cinnamic acids (202).
Ph
Hozw Head-to-tail,
on /Otr phCOZH a-truxllic acid
HCOZH * ol
cinnazr?)ig acid CO,H
CO,H

Head-to-head,
p-truxinic acid

Scheme 6: Photochemical reactions of cinnamic acid.

Their results showed that the photochemical behaviour of these compounds did not
correlate to the different ring substituents. Instead they saw differences in
photochemical behaviour depending on crystal type, a or B (Scheme 6). Therefore
Schmidt postulated that the photo-reactivity of the cinnamic acids was dependant on the
crystal structure. He proposed the following topochemical'® rules for [m2s+m2s]
cycloaddition:
“...the stereochemistry of the dimer (1 and m) is determined by the contact
geometry [antiparallel (i.e. related by a crystallographic centre of symmetry) or
parallel (i.e. related by a translational axis)] of nearest-neighbour double bonds,
provided that the centre-to-centre distance d of these double bonds is of the
order of 4 A (experimentally observed limits 4.2 >d > 3.5 A).”'
The rules ensure that there is a good overlap between the p-orbitals of the double bond
allowing the reaction to occur. These rules give a good indication of whether
cycloaddition will occur, however there are numerous exceptions (Scheme 7). There
are photostable crystals with double bonds less than 4.2 A apart (e.g. 203) and
photoreactive crystals with larger double bond distances (e.g. anthracene, 204, d = 6.04

A) and unparallel bonds."
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hv, crystal
Oom

203
d=412 A

O O O hv, crystal O"O
204 0 O

d=6.04 A

Scheme 7: Examples of adherence and breakdown of the topochemical rules.

A number of reasons were put forward to explain these exceptions. The main one
favoured by Schmidt was that the formation of ‘topochemically forbidden’ dimers,
which is due to defects in the crystal structure that bring the starting compound into the
‘correct’ geometry for cycloaddition.'® This view was backed up by the work of
Thomas and Williams on anthracene.!” Cohen went further and introduced the concept
of ‘reaction cavity’, which described the area that the starting molecules occupy.'® The
topochemical principles can be interpreted to mean that reactions that occur with the
minimum distortion to the surface of the reaction cavity will be favourable. Gavezzotti
took this approach and updated it with the quantification of the free space around the
reaction site by volume analysis using D; maps, a three-dimensional measure of
occupied space showing any holes or channels.'” Despite the above breakdowns,
Schmidt’s topochemical rules still provide a good first indication of whether a reaction

. 20
will occur.

By the 1990s developments in surface techniques such as AFM (Atomic Force
Microscopy) had enabled scientists to observe the surface of crystals before and after
irradiation. This led chemists to recognise that the crystal structure played a larger role
than just aligning the double bonds at close distances. Indeed, the formation of
microscopic face-selective features (up to nine different types)”’ was observed,
suggesting that long range molecular movements occurred that were governed by the
crystal lattice. Kaupp highlighted the use of AFM, SNOM (scanning near-field optical
microscopy) and SXM (scanning X-ray microscopy) in determining the mechanism of
solid-solid reactions, as well as solid-gas reactions. By 2001 he had distinguished three

distinct steps in the solid-state mechanisms:’

249



1. Phase rebuilding (initial continuous change)
2. Phase transformation (sudden change when product crystals are formed)

3. Crystal disintegration/detachment (fresh surface is created)

AFM will pick up changes in the surface for both steps 1 and 2. The failure of either of
these steps will result in non-reactivity. Kaupp’s mechanism explains why enone 203
does not react despite a short distance (4.12 A). The two reacting molecules are heavily
interlocked so cannot move out of the original lattice and then rebuild the solid phase.
It also explains why cis/trans isomerisations around a C=C double bond can occur
despite large molecular movements being necessary (an example is given Scheme 8).*'

The long range migrations allow enough movement for the internal rotation of 180° that

O Y hv, crystal SN

d=4.07 A d=4.41A,
no freedom
for interconversion

occurs.

Scheme 8: An example of cis/trans isomerisation in the solid-state.

Depending on the size of the phase transformation and the crystal disintegration, the
crystals may break up. In these cases, grinding the crystals may lead to higher
conversions. If the crystals do not disintergrate with the associated loss of crystallinity
then the reaction can be referred to as a single-crystal to single-crystal (SCSC) process.
In rare instances there is almost no change in the unit cell dimensions between the
reactants and product. The reaction is said to be topotactic when there is <4%
difference. It should be noted that this value is arbitrary. This is most likely to happen
in intramolecular reactions, but has been seen in intermolecular reactions, e.g. in 2-

benzyl-5-benzylidene-cyclopentanone, 205 (Scheme 9).%
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Scheme 9: An example of a topotactic reaction.

There is some disagreement in the literature over the exact designation of topotactic
reactions. Kaupp maintains that true topotactic reactions are those where no long-range
lattice movements are observed, i.e. there is no observable change to the surface crystal.
In contrast, Enkelmann and co-workers differentiate between homogenous and
heterogenous topotactic reactions.”> Homogenous reactions are those that meet Kaupp’s
criteria and maintain the crystal throughout the reaction. In heterogeneous reactions a
phase separation does occur, leading to the breakdown of the crystal. If the reactant and
product crystal unit cell dimensions are less than 4% different it would still be correct to
call them topotactic. Foxman and co-workers, meanwhile refer to both one-phase and
two-phase topotactic reactions.”* They describe a one-phase reaction as one in which
“there is no change of space group, and only a single diffraction pattern is visible at any
time during the process”. Whilst a two-phase reaction is described as one where “the
diffraction patterns of reactant and product are simultaneously visible”. Overall,
scientists working in the area agree that topotactic SCSC transformations are rare. One
caveat to this discussion is the observation that instrumentation and data processing
methodologies used have an impact on the designation of SCSC transformations, which

may not relate directly to the reaction being observed.”

Despite the advances made, the elucidation of solid-state reactions and their
mechanisms is still on-going, even cinnamic acid has not yet given up all its secrets.**
In the last 15 years solid-state NMR spectroscopy has begun to be used as a tool. *°
Solid-state NMR spectroscopy compliments the other major techniques used as it can
provide information on polymorphs and other side reactions, as well as being used

quantitatively.”’

The advances made in understanding the mechanism of solid-state reactions since

Schmidt’s work in the 1960s means that researchers are able to explain the reactivity
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they observe. It has also allowed scientists to engineer solutions if the desired reactivity
was not seen. Crystal engineering has become popular and each major publishing house
has journals associated specifically with this area.”® A number of different approaches
have been utilised by crystal engineers to effect efficient [n2s+n2s] cycloaddition
reactions.”” The most common are the use of hydrogen bonding,’’ metal-templating,”'
n-n stacking®® and halogen bonding.** This has enabled complex molecules such as

ladderanes to be synthesised in high yield (Scheme 10).*

Under the right conditions [n2s+n2s] cycloadditions are reversible.”> This makes them

potential candidates for molecular switches,’* and the storage of information.*

O-H---N_D>—= =~ < N---H-0
MeO OMe
O-H---N7_ D> = = < N----H-0
1. hv

2. remove template

Scheme 10: Methoxyresorcinol as a template for the synthesis of ladderanes.

5.3 Aims

The aim for this part of the project was to explore the photoreactivity of the ligands we
have synthesised: dbaPHOS 127, dbaTHIOPHOS 137, monodbaTHIOPHOS 149 and

monodbaPHOS 128. The focus was on solid-sate [n2s+n2s] cycloaddition reactions.
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5.4. Results and Discussion

During the course of our research into phosphino-alkene ligands, the phosphine sulfide
variant, monodbaTHIOPHOS 149, was prepared. The initial crystal structure obtained
for monodbaTHIOPHOS was a mixture of the discrete compound 149 and the
dimerised cycloadduct 206 in a 19:81 ratio as determined by atom occupancy (Figure 2a
and b). The presence of the dimerised product was unexpected, though as the
introduction section shows not unprecedented. It is worthy of note that the [2+2]

reaction has occurred on the most hindered alkene (chemoselective).

monodbaTHIOPHOS, 149

Figure 2a: Mixture of compounds in the initial X-ray single crystal structure
determination of monodbaTHIOPHOS.

“__C(6A) C(5B)
\ e
g

Figure 2b: X-ray crystal structure of monodbaTHIOPHOS 149, and 206. Ellipsoids shown
at 50%. Hydrogen atoms removed for clarity.
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The dbaPHOS family of ligands are based on dibenzylidene acetone (dba) and contain
the 1,4-dien-3-one backbone. Dba has been shown to undergo intermolecular [n2s+n2s]
cycloaddition in the solution state.'® In isolation dba does not undergo photochemical
[n2s+n2s] cycloaddition in the solid state as the structure does not meet the required
criteria.  According to Schmidt’s topochemical principles dba cannot undergo
cycloaddition in the solid-state as the double bonds in adjacent molecules are all more
than 4 A apart. It should be noted that on irradiation single crystals of dba lose their
diffracting properties.”> However, the bis-(dichlorobenzylidene)acetones (e.g. 207) tend
to crystallise in cells where the ¢ axis = 4 A, controlling the distance between the
molecules and are therefore able to undergo double cycloaddition to give the
tricycle[6.2.0.0>%]decane system (Scheme 11).>° It has also been shown that similar
compounds such as 2,5-dibenzylidenecyclopent-3-ene-1-one, 208 (nearest double bonds

3.92 A, but non-parallel) undergo [n2s+n2s] cycloaddition (Scheme 11).

208

Scheme 11: Solid-state [n2s+n2s] cycloadditions in dba-like compounds.

Dba has been shown to undergo photochemical cycloadditions when co-crystallised
with additives such as UO,Cl, and SnCl,.*® These additives change the crystal packing
of the dba molecules, therefore aligning the alkene bonds in an orientation that allows

them to react.

The presence of the mixture of compounds in the crystal suggested that a photochemical
[n2s+n2s] reaction could be occurring in the solid-state. Further studies were conducted

to answer the following questions:
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a) Does the [2+2] cycloaddition reaction occur in the solid or solution state?
b) Is the reaction an example of a single-crystal to single-crystal reaction?
c¢) Does the reaction go to full conversion?

d) Do any of the other phosphino-alkene compounds exhibit photoreactivity?

5.4.1 Solution studies

During our work on the phosphino-alkene compounds and their phosphine sulfide
variants, no observations had been made of any degradation of the compounds:
dbaTHIOPHOS 137, monodbaTHIOPHOS 149, or monodbaPHOS 128, on storing in
solution in the presence of light. For example, NMR samples of monodbaTHIOPHOS
149 left for up to a week in the laboratory (exposed to fluorescent light and sunlight)
showed no sign of any cycloaddition products. DbaPHOS 127 was found to degrade
when an O, free solution in C¢Dg was stored in light for long periods (ca. 3 weeks); a
mixture of unidentified products (20 peaks between 27.5-30 ppm in the *'P NMR) were

observed.

: Il i |

g MJA | "

8.9 8.6 8.3 8.0 77 7.4 7.1 6.8 6.5 6.2 5.9
ppm

Figure 3: a) monodbaTHIOPHOS 149 before irradiation, b) after 10 h irradiation at 325
nm, c) after 48 h in the dark. * represents the alkenyl protons whose 13C peaks have C-P
coupling.

Irradiation of monodbaTHIOPHOS, 149 in CD,Cl;, (0.07 and 0.25 M) using a 325 nm
laser followed by in-situ NMR spectroscopy revealed that no [n2s+n2s] cycloaddition
occurred even in a saturated solution (~0.25 M). Instead the sample underwent partial
trans-cis isomerisation of one of the double bonds, shown by the reduction in the *Juy

from 15.8 to 12.7 Hz. Once the sample was placed back in the dark for 48 h the
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isomerisation reversed to give the original compound (Figure 3). 'H-"C HSQC
experiments reveal that the alkenyl protons exhibiting the change in coupling constant
were associated with the alkenyl carbons without C-P coupling. Therefore it is the
alkene furthest away from the phosphine sulfide that undergoes C=C isomerisation

(Scheme 12).

325 nm, CDQC'Q

.S EZ149
P/
Pho

Scheme 12: Trans-cis isomerisation on irradiation of monodbaTHIOPHOS 149 at 325 nm.

The weaker sample (0.07 M) gave the same product however, there was another set of
peaks seen to grow in and then disappear as those indicated above appeared. The peaks
were two doublets at 6.1 and 6.5 ppm with coupling constants of 12.3 and 16.2 Hz,
respectively. It is unclear what these correspond to but it could be the isomerisation of

the other double bond.

Overall, the evidence suggests that the [n2s+n2s] cycloaddition is not a solution-phase

photochemical reaction. As a result our attention turned to examining the solid-state

photochemistry of monodbaTHIOPHOS.

5.4.2 Single crystal studies

Analysis of the crystal structures of dbaPHOS, dbaTHIOPHOS and
monodbaTHIOPHOS revealed that monodbaTHIOPHOS met the criteria determined by
Schmidt for solid-state photodimerisation (parallel C=C bonds and <4.2 A apart), one
pair of double bonds are parallel and 3.575 A apart (Figure 5). It is therefore likely that
the presence of cycloadduct 206 in the initial crystal structure of monodbaTHIOPHOS
was the result of a [n2s+n2s] cycloaddition, following the formation of the crystal. It
can also be seen that due to the crystal packing, all the molecules in the crystal structure
form close contacts with a partner molecule (Figure 4). Therefore, theoretically the

[n2s+n2s] cycloaddition would be able to go to 100% conversion.
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Figure 4: Crystal packing of monodbaTHIOPHOS viewed along the a axis of the unit cell.
Black atoms indicate reacting alkene atoms, dashed lines indicate the shortest distance between
alkenes (3.575 A).

C@3)
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0) e

Figure 5: X-ray structure of monodbaTHIOPHOS showing close double bonds. Ellipsoids
shown at 50%. Hydrogen atoms removed for clarity.

The crystal structures revealed that for dbaPHOS and dbaTHIOPHOS, the nearest

double bonds were situated far further apart (6.308 A and 7.602 A, respectively). In

both cases the double bonds are not parallel (Figure 6 and Figure 7), which would lead

to poor orbital overlap. Therefore it is not expected that dbaPHOS 127 and

dbaTHIOPHOS 137 will undergo photochemical [n2s+n2s] cycloaddition in the solid

state.
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Figure 6: Crystal packing of dbaTHIOPHOS viewed along a) the a axis, b) the b axis and
¢) ¢ axis. Black atoms indicate the alkene carbon atoms, dashed line indicates the shortest
interaction (7.602 A).

Figure 7: Crystal packing of dbaPHOS viewed along the b axis. Black atoms indicate the
alkene carbon atoms, dashed line indicates the shortest interaction (6.308 A).

Crystals of monodbaTHIOPHOS 149 were grown from a solution of the compound in
CH,Cl, layered with Et,O and kept in the dark. The photocycloaddition was then
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followed by single crystal X-ray diffraction. No reaction occurred on exposure of a
single crystal to incandescent light for 2 h at 110K. After 48 h under fluorescent light at
room temperature the reaction had reached a 31% conversion to the cycloadduct 206.
Fluorescent light is mostly comprised of light over 400 nm.” Solid-state UV-visible
spectroscopy indicates that monodbaTHIOPHOS’S Amax is at 289 nm, and that the
ligand has a long tail of absorbance across the visible region. Therefore the crystal is
absorbing some radiation to enable excitation. Light of a wavelength that is absorbed in
the tail-end of the absorption band has been previously shown to promote SCSC

. 24,23
transformations.”™

P\\
PhP?° O @ s 0
hv ’u =

monodbaTHIOPHOS,
149

206
Scheme 13: Solid-state [n2s+n2s] cycloaddition.

Unfortunately, after further irradiation the crystal was found to have disintegrated. This
could be due to a number of reasons:

1. The X-ray diffraction data were collected at 110 K, so the movement of the
crystal between room temperature and the cryostream would have resulted in
thermal stress. Eventually, this could cause the crystal lattice to decompose.

2. The reaction in the solid-state may not be homogenous, i.e. the crystal may
undergo a phase change as the [n2s+n2s] cycloaddition occurs leading to the
disintegration of the crystal. This is relatively common in these types of
reactions, hence the rarity of SCSC transformations.”

3. The crystal was moved into sunlight, which would have exposed it to higher
energy light. In some cases, the exposure to non-tail end light (<400 nm) has
been held responsible for crystal degradation as the reaction occurs too quickly
or side reactions occur which disrupt the crystal lattice.*'*’

As a consequence of the above problems, a collaboration was initiated with Professor
Paul Raithby (University of Bath). The single crystal X-ray diffraction experiments
were repeated with in-situ irradiation of the crystal using UV LEDs (400 nm) whilst the
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crystal is on the diffractometer.*’ This ensures the thermal stress is kept to a minimum,
as the crystal does not need to be removed from the cyrostream. It also enables the

reaction to be performed at different temperatures easily.

The cycloaddition was followed by single crystal XRD at 180 K. The majority of the
conversion occurred in the first 4 h, after which the rate of reaction slowed down
considerably reaching maximum conversion after 14 h (Table 2). The crystal was still
intact and diffracting well, showing the reaction is a SCSC transformation at least up
until 64% conversion. The unit cell parameters for the crystal at t = 0 and t= 18 h are
very similar (Table 3); the largest difference is 1.5% for the a axis. This indicates the
reaction could be topotactic, though it should be noted that we have not gone to 100%
conversion. Attempts to probe the topotacity of the reaction using AFM (in York) were
unsuccessful. The crystals were too small to place flatly on the conductive surface to

allow good tip contact in the AFM analysis.

Changing the temperature or using smaller crystals (to improve the penetration of light)
did not lead to higher level of conversion than 70% (see Table 4 for temperature
results). At higher temperatures the space around the double bonds is seen to increase
(show by the increase in offset see Table 5). This increase in
space would allow more room for any isomerisation processes. After prolonged
irradiation, the crystals were found to degrade. It is possible that the strain on the

crystal above 70% conversion is large enough to break the crystal.
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Table 2: Conversion of Table 3: Unit cell parameters, before

monodbaTHIOPHOS 149 on irradiation irradiation and after 18 h.
at 180 K.
Time, h Excitation % Time, h 0 (149) 18 (149
(nearest whole %) and 206)

0 0 a, A 9.5167(3)  9.3801(2)
2 38 b, A 17.0830(4) 17.2580(2)
4 53 c, A 14.5809(6) 14.7370(3)
6 57 a, ° 90 90
8 59 B, ° 101.961(3) 102.273(2)
10 61 v, ° 90 90
12 62
14 63
16 64
18 64

Table 4: Conversion of monodbaTHIOPHOS 149 on irradiation at different temperatures
after 12-16 h.

Temperature, K Excitation %"
(nearest whole %)
298 decomposition (59)°
220 70
180 69
173 46
170 35
160 17
150 11
140 and below negligible

% after 12-16 h irradiation, ° after 5 h, heavily disordered.

Table 5: Centroid-centroid and offset distances at different temperatures.

Temperature, Centroid-Centroid,” Offset’,
K A A
220 3.689 1.655
180 3.718 1.604
173 3.679 1.549
170 3.643 1.362
160 3.612 1.358
150 3.604 1.339

? calculated in the irradiated structure for each temperature, using the unexcited component (the centroid
centroid distance is taken as the distance between the mid-point of the C=C double bond), b offset of
centroid positions between carbons of each C=C bond (the offset is calculated as the distance between the
point when a perpendicular from one centroid is dropped to intersect with the vector generated through
the other C=C bond, and the centroid position of the second C=C double bond).

In some cases it has been seen that different irradiation methods give different
conversions.”’ Our initial crystal had a higher conversion of 81% (Scheme 14). Prior to

the X-ray diffraction data being collected this crystal had been kept in an environment
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shielded from direct light, over the winter holidays (ca. 3 weeks). As a result it would
have had very little exposure to light allowing it to convert very slowly. This would
mean that any stress building up in the crystal would have time to dissipate, so long as
the crystal has a pathway to achieve this. The compound undergoes two different
structural changes on irradiation, the [t2s+n2s] cycloaddition and isomerisation around
the single bond in the remaining enone from the s-trams to s-cis conformer. It is
possible that the change in conformer allows the crystal to release some of the strain

resulting from the [n2s+n2s] cycloaddition.

C@3)

c(7a) C(6A) J
C(26) C(25) 7A) c(5A)  Clé4A)

Scheme 14: Solid-state [n2s+n2s] cycloaddition of 149 to 206 depicted by crystal
structures.
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We anticipated that under the right conditions it would be possible to reach 100%
conversion. The use of “2-photon” excitation to obtain full conversion in SCSC
systems has been described in the literature.*” The two-photon excitation mentioned
here refers to the simultaneous absorption of two photons by the compound, rather than
two sequential one-photon absorption processes. For full conversion to be obtained two
requirements of the light used for excitation need to be met; the crystal must only
absorb a small amount of light, and the product must not absorb strongly at that
wavelength. If these conditions are not met then the centre of the crystal does not get
exposed to the light and thus cannot undergo excitation and reaction. In our system the
product absorbs at lower wavelength than the starting material (300 nm (¢ = 4218 mol
'dm’ecm™) compared to 306 nm (¢ = 56471 mol'dm’cm™) in CH,ClL,). These two
values are quite close, although the product is absorbing at a slightly lower Anay, it has a
much higher molar absorption coefficient suggesting that it would absorb a significant
proportion of the photons. As the probability of a two-photon excitation is smaller than
a one-photon excitation the light intensity remains almost constant in the bulk of the
crystal. It was proposed that this would enable greater penetration of the light and

therefore allow greater conversions to be reached.

Using a Nd:YAG laser pumped dye laser, 605 nm radiation was obtained and so single
crystals of 149 irradiated. After 10 min of light of 0.5 mJ per pulse no change had
occurred and the crystal was almost exactly the same as before (R; = 4.65% before and
4.61% after). After 25 min of irradiation (10 mJ per pulse), 70% conversion of the
crystal had been obtained, however the crystal had cracked into smaller pieces. It was
hypothesised this could be due to irradiation approaching from one face of the crystal,
leading to strain on the crystal packing causing disintegration. A single piece of the
crystal was irradiated for a further 30 min, but no further conversion was obtained.
Once again to obtain the diffraction data the crystal was being moved in and out of a
cyrostream and thus the degradation could be in part due to thermal stress, as well as the

intense irradiation.

It had been seen that one removal from the cryostream and replacement had no effect on
the crystal quality, therefore to reduce the thermal stress, the crystals were only placed
in the cryostream for a unit cell determination, followed by irradiation at 10 mJ per

pulse for 1 h, rotating the crystal 180° half way through. It was proposed that the longer
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time, and the rotation would be enough to reach full conversion. However, degradation
of the crystal still occurred suggesting it was due to irradiation and not thermal stress.
A repeat of the experiment at 10 mJ per pulse, whilst rotating the crystal for 20 min
gave only 26% conversion. There are two plausible explanations for the lower
conversion:

1. The rotation of the crystal may not have been true causing the crystal to be in
and out of the path of the laser.

2. In some cases it has been seen that dimerisation occurs at defect and
dislocation sites leading to autocatalytic reactions.”’ The strain from
irradiation from one side of the crystal could have increased the rate of the
reaction by causing more defect sites. However, in these cases mixed product

regioselectivities are often found which we do not observe.

Overall, the two-photon excitation did not appear to increase the amount of conversion.
However, to be certain it would be preferable to do the irradiation in-situ as the
goniometer head can rotate, and thermal stress will once again be minimised. It would
also allow multiple temperatures to be studied. The rate of conversion is faster than
with the one-photon excitation, as 70% conversion was obtained after just 25 min (75
us of irradiation). This could be due to the use of a laser as the light source. Taken
together, the two-photon studies and the single X-ray crystallographic studies at Bath,
suggest that the crystal lattice of 149 is confining the conversion to 70%. The
observation with each technique of degradation of the crystal at some point, suggests
that thermal stress is only one possible factor, and in some cases played no role in the
degradation. It is therefore much more likely to be a result of the irradiation conditions,

and rate of reaction.

5.4.3 Powder studies

Previous work detailed in the literature has shown SCSC reactions that do not go to
100% conversion, will go to completion upon grinding the crystals.’* ** On leaving a
sample of 149 under ambient conditions the reaction went to 100% conversion after 2-3
months, as determined by '"H NMR spectroscopy. Powder X-ray diffraction and solid-
state NMR spectroscopic techniques allow reaction progress to be followed in the
microcrystalline state. Powder X-ray diffraction gives basic information about the unit
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cell dimensions, and solid-state reactions can be followed and any phase changes will
be observed.' Solid-state NMR spectroscopy can also be utilised to give information

26.27a 1 collaboration

about different polymorphs, and intermediates in the reaction.
with Dr. Hazel Sparkes (University of Durham), both powder X-ray diffraction and
solid-state NMR spectroscopy were used to follow the photochemical [n2s+m2s]

cycloaddition of monodbaTHIOPHOS 149.

Samples for solid-state NMR spectroscopic analysis were obtained by irradiation of
monodbaTHIOPHOS 149 using UV LEDs. Samples were taken before irradiation, and
after 2.5, 5 and 43 h. The material was shaken every 30 min to ensure even irradiation.
The °C CPMAS-NMR spectra clearly show the formation of the cyclobutane ring with
the appearance of two peaks between 30 and 60 ppm (Figure 8). Although it is hard to
unambiguously assign the peaks in the aromatic region, it is likely that the peaks at
either side of the bulk of the aromatics are the C=C carbons. Interrupted decoupling
measurements to remove the CH/CH, peaks, show these peaks are due to CH carbons.
In the solution spectra the peaks corresponding to the alkene carbons are seen at either
side of the bulk of the aromatics. It is also clear that the peak at 121.5 ppm disappears
on irradiation, which suggests that the peak could be attributed to the C=C bond.

cyclobutane C-Hs

210 190 170 150 130 110 9 8 70 60 50 40 30 20 10
ppm

Figure 8: C CPMAS-NMR spectra of a) monodbaTHIOPHOS 149, b) after 2.5 h
irradiation, c) after 5 h irradiation and d) after 43 h irradiation.
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Figure 9: *'P CPMAS-NMR spectra of a) monodbaTHIOPHOS 149, b) after 2.5 h
irradiation, c) after 5 h irradiation and d) after 43 h irradiation.

The carbonyl peaks exhibited more complicated behaviour than you would expect from
an ‘A to B’ reaction. The initial peak at 188 ppm is joined by two more (186 and 197
ppm) after 2.5 h irradiation. After 5 h the initial peak has disappeared and three other
peaks are now present including the final carbonyl peak of the product (196 ppm). The
number of peaks could indicate that we are observing a number of intermediates

(Scheme 15), or that polymorphism is occurring.

The *'P CPMAS-NMR spectroscopic analysis proved inconclusive. The non-irradiated
material exhibits a peak at 39.7 ppm with spinning sidebands (Figure 9). On irradiation
the peak broadened at first, before a new peak was observed at 43 ppm after 5 h
irradiation. After 43 h the original peak had disappeared, however there were two peaks
remaining, one sharp (43.1 ppm) and one broader (41.6 ppm). Deconvolution of the
bandshape gives 32% at 43.1 ppm and 68% at 41.6 ppm, and closer inspection of the
P NMR spectrum shows that there are two singlets of similar intensities, one of which

is partially obscured by another broad peak (Figure 10).
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s-trans to s-cis
[2+2] isomerisation

s-cis,s-trans-(206)

s-trans to s-cis
isomerisation

Ph,

s-trans to s-cis
isomerisation

Scheme 15: Possible intermediates in the solid-state reaction.

It is unclear whether the observed spectrum is due to three separate products or two
products, one of which has different phosphorus environments. Solution-state NMR
spectroscopic analysis of the solid-state samples at 43 h confirmed that the reaction had
reached 100% conversion, and the only product observed was 206. Therefore it is
likely that the different products are isomers that interchange in solution, i.e. the
different conformers around the single bond in the enone (Figure 11). After 5 h 66% of
the starting material had been converted to the cycloadduct 206. This matches the
results obtained from the single-crystal X-ray diffraction experiments which gave ~59%

conversion after 5 h at 298 K.
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49 47 45 43 41 39 37 35 33

O Ss

P
Ph,
s-cis,s-trans S-CiS,s-Cis

Figure 11: Conformers of the cycloadduct, 206.

Single needle-like crystals of 206 were grown from CH,Cl, layered with Et0O.
However, these crystals were unsuitable for X-ray diffraction and disintegrated on
removal from the mother liquor. The observation of colourless needle crystals
compared to the yellow blocks of the starting material could indicate that a different
polymorph is formed on the recrystallisation of the cycloadduct 206, from that formed
during the SCSC reaction. This could be the limiting factor in the reaction reaching

100% conversion in the single-crystal.
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The [n2s+n2s] cycloaddition was also followed by powder X-ray diffraction, using the
same irradiation source as for the solid-state NMR experiments. A simulation of the
powder X-ray diffraction pattern from the crystal structures of monodbaTHIOPHOS
149 and the crystal at 81% conversion indicated that the changes in the powder
diffraction pattern would be observable (see Appendix 6). This was found to be the
case, see Figure 12. The simulated and observed diffraction patterns matched quite
well, suggesting that the reaction does not undergo polymorphism in the powder
samples. A sample of monodbaTHIOPHOS 149 was irradiated whilst being monitored
by powder X-ray diffraction. The majority of the changes occurred in the first 10 h
(Figure 13). The sample quality reduces on irradiation as shown by the broader peaks
after 16 h and the lack of clear signals above 25° (Figure 12). This is unsurprising
considering the observations from several of the single crystal experiments, which

showed the breakdown of long-range order with in the crystals upon irradiation.
6000 =

4000

Lin (Counts)
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Figure 12: PXRD patterns monodbaTHIOPHOS 149 before irradiation (bottom) and after
16 h (top) (300 K).
We wished to obtain information about the rate of the reaction and the effect of
temperature. The biggest changes occurred in the first few hours of the reaction. The
quality of the crystals meant that a 20 scan from 0-35° took ~20 min. To obtain more
data along the time domain we focused on a smaller scan width of 20 (18.0-19.6°, ~3
min per scan), and repeated the experiment at 300 and 240 K (Figure 14-Figure 16).
The change in the intensities of two peaks, 20 = 18.8 and 19.4°, was normalised
according to the following formula where: a = normalised intensity, I; = intensity at a
specified time, Iy = intensity of mondbaTHIOPHOS 149, I, = intensity after 16 h.
o = (I = Ip)/(L, - Tp)
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The normalised intensity, o, was plotted against time, to give an indication of the

relative rate of reaction at each temperature.
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Figure 13: PXRD patterns of monodbaTHIOPHOS 149 on irradiation.
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Figure 14: PXRD pattern ff)-;'hett;l-es;l(; range used for kinetics (300 K).
From the overall diffraction pattern between 18-19.6° the reaction appears to take
longer at lower temperatures (Figure 15 vs. Figure 16). This is certainly borne out by
the normalised data for the peak at 18.8°. At 300 K, the change in intensity has stopped
after 2.5 h, whilst at 240 K the change was almost 3.5 times slower taking 8.5 h to reach
completion. However, when compared with the solid-state NMR spectroscopic data it
is clear that the reaction had not reached completion after 2.5 h at 298 K. As well the
data from the peak at 19.4° shows no change in rate on changing the temperature.
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These results clearly indicate that care must be taken when following the reaction by
powder X-ray diffraction. Only looking at a couple of peaks can give misleading
information on what is happening in the bulk material. This is because each peak is
associated with certain reflections, thus if they do not change much over the course of
the reaction, or are changing independently of the reaction centre the information they

give may not be directly relevant.

Figure 16: 240 K
Figure 15: 300 K teure
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Figure 17: Plot of the normalised PXRD intensities for the peak at 20 = 18.8° against time,
at both 240 K and 300 K.

271



0.9

0.8

0.7

0.6 -

+ 300K m 240K

@ 05 -
0.4 -
[
03 - o B
0.2 *m ]
* . - -
* ¢+ N
0.1 ] [ IR ] -
¢ B g o " H § g,y ¢ g
- * o o g
* * ¢ ] *
0 : : : : : : : ‘
0 1000 2000 3000 4000 5000 6000 7000 8000 9000
Time, sec

Figure 18: Plot of the normalised PXRD intensities for the peak at 20 = 19.4° against time,
at both 240 K and 300 K.

5.5 Summary

An unexpected photochemical [n2s+n2s] cycloaddition of monodbaTHIOPHOS 149 to
the cycloadduct 206 was observed. Further studies by single crystal X-ray diffraction
showed that the reaction reached 70% conversion in the single crystal, when either UV
light from LEDs (400 nm) or two-photon excitation methods were used. The reaction
was found to be a topotactic SCSC transformation up to conversions up to 70%. After
this point it is assumed that the crystal needs to disintegrate to reach higher conversions
(Step 3 in Kaupp’s general mechanism, see section 5.2.3). However, crystals exposed
to low-level ambient light over a period of weeks show greater conversions (81%). We
propose that 100% conversions would be reached, whilst retaining the crystal integrity,
if low intensity tail-end radiation was used over extended periods of time. When the
crystals are irradiated in the powder then 100% conversion is obtained within 2 days.
The reaction was followed using both solid-state NMR and powder X-ray diffraction
techniques. The solid-state NMR spectroscopic analysis revealed a number of
intermediates in the reaction, presumably due to the isomerisation and cycloaddition

processed that are occurring.

On a different note, the observation of a solid-state reaction and the subsequent
investigation, has opened my eyes to a whole new area of chemistry. It is an area often
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ignored by synthetic organic chemists despite the complementary activities that can be

obtained.

5.6 Future Work

It is still unclear how the reaction progresses in the solid-state in particular with
reference to the multiple carbonyl peaks observed by the solid-state NMR spectroscopic
analysis. Further solid-state NMR experiments with "*C labelled monodbaTHIOPHOS
149 (either the carbonyl or double bond carbons) could help elucidate the intermediates
formed. If larger crystals can be grown, it is also possible that AFM experiments may
reveal any long-range interactions that are occurring, giving a greater insight into the
reaction mechanism. The results obtained so far suggest that the reaction kinetics and
activation parameters of the SCSC transformation could be obtained.* Our studies so
far show at least two processes are occurring in the crystal, namely the [n2s+n2s]
cycloaddition and the isomerisation around the enone single bond. Therefore we do not
expect the reaction to be first-order (indeed treatment of the data as first order does not
reveal a straight line for In[149] vs. time), but instead it is expected that more
complicated kinetics will be observed. = The kinetics will also be affected by the
penetration of the light which may change over the course of the reaction, and the
decrease in the number of molecules available as the reaction approaches 100%

conversion.

Figure 19: n-n stacking in [cis-{PtCl,(s-cis,s-trans-monodbaPHOS)}] (177).
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On a more general note, it appears that the bulky group on one-side of the dba backbone
leads to crystal packing that places one of the double bonds close together, an
observation that may be exploited in crystal engineering. This has also been seen in
other compounds in our laboratory including the platinum(Il) complex of

monodbaPHOS, 177 (Figure 19).

Further work could investigate the reversibility of the cycloaddition, with the view to
investigating molecular switches. In particular, the photochemistry of the metal
complexes of monodbaTHIOPHOS 149 and monodbaPHOS 128 could be explored. It
would also be interesting to see if other polymorphs of monodbaTHIOPHOS 149
formed and to investigate their photoreactivity. If the other double bond was also
aligned for cycloaddition, it could lead to the formation of new polymers (Figure 20). It
is possible the phosphine sulfides could then be used to coordinate metals to give
different material applications, e.g. stabilise Pd nanoparticles for solid-supported

catalysis.

Figure 20: Hypothetical 2D polymer. Red lines indicate [n2s+n2s] cycloaddition already
observed.
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5.7 Experimental

5.7.1 General information

NMR spectra were obtained in the solvent indicated, using a JEOL ECX400 or JEOL
ECS400 spectrometer (400MHz for 'H, 100 MHz for "°C and 162 MHz for *'P).
Chemical shifts were referenced to the residual solvent of the deuterated solvent used
(CHCI; 8 = 7.26 and 77.16, CDHCI, & = 5.31 and 53.80, 'H and "°C respectively). All
C NMR spectra were obtained with 'H decoupling. *'P NMR spectra were externally
referenced to 85% H3PO,, and obtained with "H decoupling. For ?C NMR spectra the
coupling constants are quoted to +£1 Hz. For the '"H NMR spectra the resolution varies
from +0.15 to +0.5 Hz; the coupling constants have been quoted to +0.5 Hz in all cases
for consistency. NMR spectra were processed using MestreNova software. Melting
points were recorded using a Stuart digital SMP3 machine. IR spectroscopy was
undertaken using a Jasco/MIRacle FT/IR-4100typeA spectrometer on the solid
compounds, or KBr IR spectra were obtained on a spectrometer. The relative intensities
of the peaks are denoted by (s) = strong, (m) = medium and (w) = weak, whilst (br) is
used to describe broad peaks. MS spectra were measured using a Bruker Daltronics
micrOTOF machine with electrospray ionisation (ESI) or on a Thermo LCQ using
electrospray ionisation, with <5 ppm error recorded for all HRMS samples. UV-visible
spectra were recorded using a JASCO V-560 using quartz cells (1 cm path length).
Solid-state UV-visible spectra were recorded using JASCO ISV-469 instrument.
Elemental analysis was carried out on an Exeter Analytical CE-440 Elemental Analyser.

Room temperature was between 13-25 °C.

5.7.2. Synthesis

For the synthesis of MonodbaTHIOPHOS, 137, see Chapter 2.6.2. Characterisation

data is included below for convenience:

M.p. 199-200 °C. '"H NMR (400 MHz, CD,Cl,) & 8.41 (dd, *Jun = 16.0 Hz, J = 1.0 Hz,
1H), 7.89-7.77 (m, 5H), 7.64-7.39 (m, 13H), 7.33 (apparent tdd, J = 7.5, 2.5, 1.0 Hz,
1H), 7.06 (dddd, Jup = 14.5 Hz, Juy = 8.0, 1.5, 0.5 Hz, 1H), 6.90 (d, *Jux = 16.0 Hz,
1H), 6.61 (d, *Jun = 16.0 Hz, 1H); °C NMR (100 MHz, CD,CL,) & 189.4, 143.0, 141.9
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(d, Jep = 8 Hz), 138.8 (d, Jep = 8 Hz), 135.3, 134.0 (d, 'Jep = 83 Hz), 133.4 (d, Jep = 11
Hz), 132.7 (d, Jep = 11 Hz), 132.4 (d, Jep = 3 Hz), 132.3 (d, 'Jep = 85 Hz), 132.2 (d, Jep
=3 Hz), 130.7, 129.7 (d, Jep = 12 Hz), 129.2, 129.2, 129.0 (d, Jep = 13 Hz), 128.8 (d,
Jer = 9 Hz), 128.7, 123.4; *'P NMR (162 MHz, CD,Cl,) & 42.14 (s); HRMS (ESI) m/z
451.1285 [MH]" (calculated for CoH,4OPS: 451.1280); LRMS (ESI) m/z (rel.%) 473
[MNa]" (20), 451 [MH]" (100), 346 (7); IR (ATR, v cm™): 3057 (w), 1653 (m), 1593
(m), 1436 (m), 1331 (br, m), 1182 (br, m), 1096 (s), 984 (m), 764 (s), 749 (m), 708 (s),
689 (s), 636 (s); UV-vis (DCM) Amax nm: 306 (¢ = 4218 mol'dm’cm™); UV-Vis (solid)
Amax nm: 289 (br shoulder to 450); Anal. Calcd. for C,9H,30PS (450) C 77.31, H 5.15;
Observed C 77.10, H 5.14.

Yellow block crystals suitable for X-ray crystallography were grown from a solution of
137 in CH,Cl, layered with E,O in the dark (ijf0909m). An earlier crystal not grown in
the dark was found to be 81% photo-dimer 206 (ijf0902). This crystal was exposed to

stray external winter sunlight over 3 weeks.

[2+2] Intermolecular cycloaddition product, 206

Compound 4 was left as a solid in a clear colourless glass flask for two months under
ambient conditions (i.e. exposed to stray external sunlight and fluorescent light). The
product was obtained as a white solid (>99% conversion to a single product determined
by "H NMR spectroscopy). M.p. >225 °Cgec). 'H NMR (400 MHz, CDCl3) & 7.88-7.78
(m, 4H), 7.76-7.67 (m, 4H), 7.54-7.44 (m, 12H), 7.43-7.38 (m, 4H), 7.37-7.23 (m,
10H), 7.10 (d, *Jug = 16.0 Hz, 2H), 6.96-6.89 (m, 2H), 6.86 (d, *Jun = 16.0 Hz, 2H),
6.68 (ddd, Jup = 15.0 Hz, Jun = 8.0, 1.0 Hz, 2H), 5.44 (ddd, J = Hz, 2H), 4.34 (dd, J =
10.5, 7.5 Hz, 2H); *C NMR (100 MHz, CDCL) & 196.9 (C=0), 142.9 (d, Jcp = 9 Hz,
4°), 142.1 (C=C), 135.3 (4°), 133.5 (d, 'Jep = 85 Hz, ipso-C), 133.1 (d, Jep = 12 Hz),
132.8 (d, Jep = 10 Hz), 132.2 (d, 'Jep = 84 Hz, ipso-C), 132.2 (d, Jep = 11 Hz), 132.0 (d,
Jep = 3 Hz), 132.0 (d, Jep = 3 Hz), 131.9 (d, 'Jep = 85 Hz, ipso-C), 131.5 (d, Jep = 3
Hz), 129.9, 129.7 (d, Jcp = 10 Hz), 128.8 (d, Jep = 13 Hz), 128.70, 128.69, 128.6 (d, Jp
=12 Hz), 126.4 (d, Jcp = 13 Hz), 125.7 (C=C), 54.0 (cyclobutane), 39.9 (d, Jcp = 7 Hz,
cyclobutane); *'P NMR (162 MHz, CDCls) & 43.19 (s); HRMS (ESI) m/z 901.2449
[MH]" (calculated for CssHy70,P5S,: 901.2487); IR (KBr, v cm™): 3055(m), 2919 (w),
1682 (m), 1650 (w), 1609 (s), 1575 (m), 1480 (w), 1448 (w), 1437 (s), 1329 (m), 1128
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(w), 1099 (s), 1079 (m), 1067 (m), 770 (w), 748 (m), 712 (s), 691 (s), 636 (s), 614 (m),
532 (w), 516 (m); UV-vis (CH2CLy) Amax nm: 300 (& = 56471 mol'dm’cm™).

Colourles needle crystals unsuitable for X-ray diffraction were obtained from CH,Cl,

layered with Et;O.

5.7.3 Photochemistry experiments

5.7.3.1 Single crystal XRD experiments

Single X-ray diffraction data were collected at 110 K in the dark on an Oxford
diffractometer or on a Bruker Smart Apex diffractometer with Mo-Ka radiation (1 =
0.71073 A°) using a SMART CCD camera unless otherwise stated. Diffractometer
control, data collection and initial unit cell determination was performed using
“SMART”.*® Frame integration and unit-cell refinement software was carried out with
“SAINT+”.*”  Absorption corrections were applied by ADABS (v2.10, Sheldrick).
Structures were solved by direct methods using SHELXS-97* and refined by full-
matrix least squares using SHELXL-97. All non-hydrogen atoms were refined
anisotropically. Hydrogen atoms were placed using a “riding model” and included in
the refinement at calculated positions. Due to the disorder in the irradiated crystals
restraints and constraints were applied, depending on the refinement requirements. The

following possibilities were used: AFIX 66, ISOR, EADP, SADI.

The full diffraction dataset for a single crystal of monodbaTHIOPHOS 149 was
obtained (ijf0909m). The crystal was then exposed to light from an incandescent bulb
whilst at 110 K for 2 h. The full diffraction dataset was then collected again. The
solution showed that no change had occurred. The crystal was then exposed to light
from a fluorescent strip light for 48 h at room temperature. The diffraction data was
then collected at 110 K and showed that 31% of the crystal had converted to the [2+2]
photo-dimer 206 (ijf0911m). To see if the conversion could be increased the crystal
was left in sunlight for 1 week. Unfortunately, the crystal was no longer of sufficient

quality to diffract.
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Table 6 Single crystal structures.

Compound reference jf0909m (149)  ijf0911m (149 ;0902 (149 and
and 206) 206)

Chemical formula C29H23OPS C29H23OPS 0.81(C58H4602P282)

‘0.38(C29H23OPS)

Formula Mass 450.50 450.50 901.03

Crystal system Monoclinic Monoclinic Monoclinic

a/A 9.4829(7) 9.3900(7) 9.39010(10)

b/A 17.0177(13) 17.1409(14) 17.15340(10)

c/A 14.5741(11) 14.6595(12) 14.8607(2)

al/° 90.00 90.00 90.00

p/° 101.8810(10) 102.038(2) 102.3283(10)

y/° 90.00 90.00 90.00

Unit cell volume/A® 2301.5(3) 2307.6(3) 2338.45(4)

Temperature/K 110(2) 110(2) 120(2)

Space group P2(1)/n P2(1)/n P2(1)/n

No. of formula units per unit 4 4 2

cell, Z

No. of reflections measured 23431 23321 21056

No. of independent reflections 5718 5737 4254

Rint 0.0248 0.0259 0.0287

Final R; values (I > 2a(1)) 0.0360 0.0421 0.0395

Final wR(F?) values (I > 26(I)) 0.0940 0.1043 0.0981

Final R; values (all data) 0.0425 0.0548 0.0468

Final wR(F?) values (all data) 0.0991 0.1126 0.1022

1jf0911: Mixture of monodbaTHIOPHOS, 149, and [2+2] photo-dimer, 206, with a
refined ratio of 0.689:0.311(3). ADP of pairs of disordered atom constrained to be
equal as follows: C1 C1A, C2 C2A, C3 C3A, C4 C4A, C5 C5A, C6 Co6A, C12A C12,
C13A C13, C14 C14A, C15A C15, C16A C16, C17A C17. Same distance restraint on
C7-C6 & CTA-C6A; C7-C8 & C7A-C8A. Rigid bond restraint on C9-C8; C8A-CI9A-
C10A. Isotropic ADP restraint on C8A C7A C9 C9A C10A O1 Ol1A.

Follow-up experiments were carried out by Professor Paul Raithby at the University of

Bath:

The data were collected on an Oxford Diffraction Gemini A Ultra CCD Diffractometer
with Mo-Ka radiation (1 = 0.71073 A®) fitted with an Oxford Cryojet crystal cooling
apparatus. The crystal of monodbaTHIOPHOS 149 was placed on the diffractometer at
180 K and between the data sets the crystal was irradiated for 2 h with 6 400 nm LEDs

placed at a distance of 1 cm from the crystal.*”
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A range of experiments, assessing the effect of temperature, were carried out. Crystals
of monodbaTHIOPHOS 149 were irradiated for 12-16 h, at the required temperature,
followed by collection of the diffraction data.

5.7.3.2 2-Photon irradiation experiments:

Non-resonant coherent two-photon absorption was achieved using the fundemental
output of a single dye laser (Radiant Narrowscan, DCM/Rhodamine B) pumped by the
second harmonic of a Nd:YAG laser (Continuum Surelite III) generating 5 ns pulses at
10 Hz, under the direction of Dr. Martin Cockett (University of York). The energy of
the laser pre-amplifier was measured at 0.5 mJ per pulse (effectively 5 mW). With both
preamplifier and amplifier on, the energy increased to between 10 and 13 mJ per pulse

(ca. 100 to 130 mW).

Diffraction data were collected at 110 K on an Oxford Diffraction SuperNova
diffractometer with Mo-K_, radiation (A = 0.71073 A) using a EOS CCD camera. The
crystal was cooled with an Oxford Instruments Cryojet. Diffractometer control, data
collection, initial unit cell determination, frame integration and unit-cell refinement was
carried out with “Crysalis”.”° Epirical absorption correction using spherical harmonics,
implemented in SCALE3 ABSPACK scaling algorithm.”' OLEX2’* was used for
overall structure solution, refinement and preparation of computer graphics and
publication data. Within OLEX2, the algorithms used for structure solution were
“direct methods”, using the “A short history of SHELX (Sheldrick, 2007)/Bruker”.
Refinement by full-matrix least-squares used the SHELXL-97> algorithm within
OLEX2.>* All non-hydrogen atoms were refined anisotropically. Hydrogen atoms were
placed using a “riding model” and included in the refinement at calculated positions.
Due to the disorder in the irradiated crystals, restraints and constraints were applied,

depending on the refinement requirements. The following were used in those cases:

AFIX 66, ISOR, EADP, SADI.

Experiment 1:

The full diffraction dataset of a single crystal of monodbaTHIOPHOS, 149, was
collected at 110 K (ijf1027). The crystal was then exposed at room temperature to 605

nm radiation at 0.5 mJ per pulse for 10 min. The diffraction data was then obtained at
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110 K (ijf1028). No change was observed. The energy was then increased to 13 mJ
pulse and the crystal exposed to 605 nm for 25 min. The XRD data was then collected
(1j£1029); the data was not of high quality as the crystal split. A rough estimation of the
percentage converted to the [2+2] photo-dimer 206 was 66%. As the crystal had spilt,
the pieces were divided and one of the pieces was exposed to further irradiation at the
higher output energies (605 nm, 15 min one side and then rotated 180° and exposed for
a further 15 min). The XRD data was obtained and solved showing that 71%
conversion to [2+2] photo-dimer 206 was recorded (ijf1030).

Experiment 2:

The unit cell of a single crystal of monodbaTHIOPHOS, 149, was determined at 110 K
(a=19.482(4), b = 17.025(4), ¢ = 14.501 (3); o = 90°, B = 102.12(3)°, ¥ = 90°). The
crystal was irradiated at 605 nm at the higher output energies for 1 h, rotating the crystal
180° after 30 min. The crystal split and the remaining pieces were too small to diffract

well enough for further data collection.

Experiment 3:

The unit cell of a single crystal of monodbaTHIOPHOS, 149, was determined at 110 K
(a=19.492(2), b = 16.998(7), ¢ = 14.578(4); o = 90°, B = 101.84(2)°, y = 90°). The
crystal was then irradiated with 605 nm light at the higher output energies at ambient
temperature for 20 min, whilst rotating on a mechanical stirrer (Citeno AQts9, F.H.P.
Motors) at the lowest speed. The diffraction data were obtained at 110K and the crystal

structure solved showing that 25% of the crystal had converted to the [2+2] photo-dimer
206 (ijf1038).
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Table 7 2-Photon transformations

Compound reference 1jf1027 1jf1028 1j£1029 1jf1030 1jf1038
Chemical formula C29H23OPS C29H23OPS C29H23OPS C29H23OPS C29H23OPS

Formula Mass 450.50 450.50 450.50 450.50 450.50
Crystal system

a/A 9.4598(10) 9.4904(3) 9.3365(5) 9.3733(3) 9.3833(3)
b/A 16.9974(14) 17.0028(5) 17.1396(6) 17.2097(5) 17.1058(4)
c/A 14.5643(13) 14.5622(4) 14.7354(13) 14.8077(5) 14.6168(3)
a/° 90.00 90.00 90.00 90.00 90.00

p/° 101.853(9) 101.951(3) 102.311(8) 102.379(3) 102.040(3)
y/° 90.00 90.00 90.00 90.00 90.00

Unit cell volume/A®  2291.9(4)  2298.89(11) 2303.8(2)  2333.12(13) 2294.51(10)
Temperature/K 110.0 110.0 110.0 110.0 110.0
Space group P2i/n P2,/n P2i/n P2i/n P2i/n

No. of formula units 4 4 4 4 4

per unit cell, Z

No. of reflections 7539 7096 4050 9725 9051
measured

No. of independent 4017 4020 3037 5517 5202
reflections

Rint 0.0225 0.0199 0.0229 0.0239 0.0257
Final R; values (/>  0.0379 0.0377 0.0639 0.0640 0.0600
20(1))

Final wR(F") values (I 0.0826 0.0836 0.1349 0.1338 0.1346

> 20(1))

Final R; values (all 0.0465 0.0461 0.0850 0.0857 0.0836
data)

Final wR(F”) values  0.0887 0.0890 0.1485 0.1463 0.1517
(all data)

1jf1029: The crystal contained a disordered mixture of monodbaTHIOPHOS, 149, and
[2+2] photo-dimer, 206. The ratio of these compounds refined to 0.340:0.660(4). The
ADP of the following pairs of atoms were constrained to be equal: O1 O1A, C1A C1,
C2 C2A, C3A C3, C4A C4, C5A C5, C6A Co, C9A C9, CI12A C12, C13A C13, C14A
Cl14, C15A C15, C16A Cl6, C17A C17. The ADP of the following atoms were
restrained to be isotropic C1 C1A C6 C6A C7 C7A C8 C8A Ol OIlA. Rigid bond
restraints were applied to C10-C11, C7-C8 & C7A-C8A. Two phenyl rings (C12-C17 &
C12A-C17A) were constrained as regular hexagons with a C-C bond length of 1.39 A.

1jf1030: The crystal contained a disordered mixture of monodbaTHIOPHOS, 149, and
[2+2] photo-dimer, 206. The ratio of these compounds refined to 0.293:0.707(3). The

ADP of the following pairs of atoms were constrained to be equal: O1 O1A, C1A C1,

C2 C2A, C3A C3, C8a C8, C9A C9, C12A C12, C14A Cl14, CI5A C15, C16A Cl6,
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CI17A C17. The ADP of the following atoms were restrained to be isotropic C11 C13
CI3A. The bond lengths of C10-C11 & CI10A-C11A were restrained to be equal. The
bond lengths of C11-C12 & C11A-C12A were restrained to be equal. Two phenyl rings
(C12-C17 & CI12A-C17A) were constrained to be regular hexagons with a C-C bond
length of 1.39 A.

1jf1038: The crystal contained a disordered mixture of monodbaTHIOPHOS 149 and
[2+2] photo-dimer 206. The ratio of these compounds refined to 0.752:0.248(2)
(occupancy). The ADP of the following pairs of atoms were constrained to be equal:
O1 O1A, C1A CI, C2 C2A, C3A C3, C4A C4, C6A C6, C7 CT7A, C8 C8A, CIA (9,
C10, C10A, C11 C11A, C12A C12, C13A C13, C14A Cl14, C15A C15, Cl16A Cl6,
C17A C17. The ADP of the following atoms were restrained to be isotropic C9 C9A.
The bond lengths C10-C11 & CI10A-C11A were restrained to be equal. The bond
lengths C11-C12 & C11A-CI12A were restrained to be equal. Two phenyl rings (C12-
C17 & C12A-C17A) were constrained to be regular hexagons with a C-C bond length
of 1.39 A.

5.7.3.3 Powder XRD experiments:

This study was carried out in collaboration with Dr. Hazel Sparkes at the University of

Durham:

Powder X-ray diffraction data were collected on Bruker D8 powder diffractometers
using Cu Ko radiation (1.5406 A). Data were collected at 300 K (20 = 0-35°) and at
240 and 300 K (26 = 18-19.6°), using an Oxford Cryostream Pheonix to maintain the

temperature over the run.

The samples for the PXRD experiments were prepared as follows.
MonodbaTHIOPHOS 149 obtained by crystallisation from CH,Cly:Et,O (1:3, v/v) was
ground to a fine powder using a pestle and mortar, and the material sieved (120 um)
onto a silicon disc coated in Vaseline. An initial PXRD scan was obtained in the dark.
The sample was then irradiated using a Xenon lamp (Bentham 150W Xe lamp, model

IL7), whilst recording the PXRD data.
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5.7.3.4 Solid-state NMR experiments:

This study was carried out in collaboration with Dr. Hazel Sparkes at the University of

Durham:

One batch of monodbaTHIOPHOS 149 (200 mg) was irradiated using a Xenon lamp
(Bentham 150W Xe lamp, model IL7) and agitating the mixture every 30 min. After
2.5 h and 5 h samples (100 mg) were removed from the light for solid-state °C NMR
spectroscopic analysis. A second batch was irradiated in the same manner for 43 h.
The samples were submitted to the Durham Solid-State Research Service for analysis.
The spectra were obtained on a Varian VNMRS spectrometer operating at 161.87 MHz
(spin rate = 10000 Hz) for *'P and 100.56 MHz (spin rate = 6800 Hz) for °C. A 4 mm
probe was used for the *'P measurements and a 6 mm probe for the °C. In the °C
measurements the conditions used put a sideband over the ketone signal, so a TOSS
sideband suppression experiment was used to reveal the ketone signal. Spectral
referencing is with respect to 85% H3PO, or neat trimethylsilane. All the spectra were

obtained with a 120s recyle delay.

MonodbaTHIOPHOS 149: °C CPMAS NMR § 188.6, 143.4, 139.7, 136.3, 131.9,
131.1, 129.7, 128.8, 127.6, 126.1, 121.5; Quaternary carbon environments were found
by TPPM decoupling experiments & 188.6 (C=0), 136.3, 132.4, 132.0, 129.6, 128.9;°'p
CPMAS NMR § 39.82.

2.5 h: °C CPMAS NMR § 197.2, 188.8, 186.3, 143.2, 138.9, 136.2, 131.2, 129.7,
126.8, 122.1, 54.2, 37.8; >'P CPMAS NMR & 39.86 (br, AV1,=1.95 ppm).

5 h: °C CPMAS NMR § 197.4, 195.6, 186.2, 143.4, 138.8, 136.3, 131.3, 129.6, 126.9,
122.1, 53.2, 37.9; Quaternary carbon environements were found by TPPM decoupling
experiments 6 197.4 (C=0), 195.7 (C=0), 188.9 (C=0), 186.1 (C=0), 143.4, 136.3,
134.2,133.7, 131.7, 129.7; °'P CPMAS NMR & 43.19 (s), 40.18 (br s with a shoulder).

[2+2] Photo-dimer 206: °C CPMAS & 195.7, 147.4, 143.5, 142.8, 141.5, 139.1, 134.3,
131.9, 130.6, 129.1, 125.1, 53.9, 37.4; Quaternary carbon environments were found by
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TPPM decoupling experiments & 195.6 (C=0), 147.5, 142.8, 134.3, 130.5, 129.4; *'P
CPMAS 6 43.22 (s), 41.76 (br s with a shoulder).

5.7.3.5 Solution state in-situ laser experiments:

This study was conducted with the assistance of Professor Simon Duckett and Mr. John
Clarke (University of York). 'H and *'P NMR spectroscopy was carried out on a
Bruker DRX 400 Advance fitted with an in-situ 325 nm cw 25 mW He-Cd laser as a
light source.” Samples of monodbaTHIOPHOS, 149, in CD,Cl, (0.07 and ~0.25 M)
were irradiated for 18 h at 298 K, whilst 'H and *'P NMR spectra were obtained every

20 minutes.

monodbaTHIOPHOS 149 (0.25 M): '"H NMR (400 MHz, CD,Cl,) 8 8.43 (d, J = 16.0
Hz, 1H), 7.99-7.72 (m, 5H), 7.70-7.38 (m, 13H), 7.33 (apparent t, J = 7.0 Hz, 1H), 7.09
(dd, J = 14.5, 8.0 Hz, 1H), 6.92 (d, J = 16.0 Hz, 1H), 6.63 (d, J = 16.0 Hz, 1H); °>'P
NMR (162 MHz, CD,Cl,) 8 41.11 (s).

10 h (0.25 M): 'H NMR (400 MHz, CD,Cl,) § 8.43 (d, J = 16.0 Hz, 1H), 8.30 (d, J =
16.0 Hz, 0.1H), 7.93-7.75 (m, 5.5H), 7.70-7.21 (m, 14.4H), 7.09 (dd, J = 14.5, 8.0 Hz,
1.1H), 6.92 (d, J=16.0 Hz, 1H), 6.77 (d, J = 12.5 Hz, 0.1H), 6.63 (d, J = 16.0 Hz, 1H),
6.38 (d, J=16.0 Hz, 0.1H), 6.05 (d, J = 12.5 Hz, 0.1H);*'P NMR (162 MHz, CD,Cl,) &
41.11 (s, 1P), 40.89 (s, 0.1P).

monodbaTHIOPHOS 149 (0.07 M): '"H NMR (400 MHz, CD,Cl,)  8.39 (d, J = 16.0
Hz, 1H), 7.88-7.69 (m, 5H), 7.64-7.38 (m, 13H), 7.32 (ddd, J = 7.5, 5.0, 1.5 Hz, 1H),
7.06 (ddd, J = 14.5, 8.0, 2.0 Hz, 1H), 6.89 (d, J = 16.0 Hz, 1H), 6.60 (d, J = 16.0 Hz,
1H); *'P NMR (162 MHz, CD,CL) 8 41.09 (s).

1h (0.07 M): '"H NMR (400 MHz, CD,Cl,) & 8.40 (d, J = 16.0 Hz, 1H), 7.90-7.75 (m,
5.9H), 7.62-7.38 (m, 16.3H), 7.37-7.20 (m, 2.8H), 7.13-6.99 (m, 1.3H), 6.89 (d, J = 16.0
Hz, 1H), 6.60 (d, J = 16.0 Hz, 1H), 6.52 (d, J = 16.0 Hz, 0.3H), 6.09 (d, J = 12.0 Hz,
0.3H); *'P NMR (162 MHz, CD,CL) 8 41.13 (s, 0.3P), 41.09 (s, 1P).
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15 h (0.07 M): '"H NMR (400 MHz, CD,Cl,)  8.40 (d, J = 16.0 Hz, 1H), 8.27 (d, J =
16.0 Hz, 0.2H), 7.90-7.75 (m, 6H), 7.62-7.38 (m, 15H), 7.37-7.22 (m, 1.6H), 7.13-7.00
(m, 1.2H), 6.89 (d, J = 16.0 Hz, 1H), 6.76 (d, J = 12.5 Hz, 0.2H), 6.60 (d, J = 16.0 Hz,
1H), 6.36 (d, J = 16.0 Hz, 0.2H), 6.03 (d, J = 12.5 Hz, 0.2H); *'P NMR (162 MHz,
CD,Cl,) 8 41.09 (s, 1P), 40.87 (s, 0.2P).
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Chapter 6: Conclusions

The overarching aim of this project was to prepare new ligand phosphine-alkene
ligands. We were interested in phosphine-alkene ligands as they presented a relatively
underdeveloped ligand target. Recent reports have established that these types of ligand

show promise as ligands in transition metal catalysis.

Previous work within the Fairlamb group had explored dba as a tuneable alkene ligand
for Pd-catalysis. In this project the dba backbone has been used as the framework for a
series of multidentate phosphino-alkene and phosphine sulfide ligands. An advantage
of using dba type ligands is that it is easily accessible by simple and straightforward
synthetic routes. Ligands dbaPHOS, 127, and dbaTHIOPHOS, 137, have been prepared
via a Horner-Wadsworth-Emmons reaction in excellent yields. Ligands
monodbaPHOS, 128 and monodbaTHIOPHOS, 149 were synthesised via a Wittig
reaction in good yields. As a result, the novel ligands are easily accessible for use by

the rest of the scientific community.

Having met the first objective of the project-: to synthesise the phosphino-alkene
ligands, attention turned to their coordination chemistry with common transition metals
used by the catalysis community, Pd, Rh and Cu. A number of groups have been
interested in the use of phosphino-alkene ligands in catalysis. However, often the
discussion of their coordination chemistry goes little further than to determine the
binding of the alkene, using either NMR spectroscopic analysis or a lone X-ray single-
crystal structure determination. To complement this work we focused on the

coordination chemistry of these ligands.

The Pt", Pd", Pd’ and Rh' complexes of dbaPHOS were synthesised, and the ligands
found to act as hemilabile flexible multidentate ligands. For the Pt" and Pd" complexes
the ligand acts as a bidentate phosphine ligand, and a X-ray crystal structure was
obtained for the cis-[PtCl,(dbaPHOS)] complex (163). The crystal structure showed
that dbaPHOS could be regarded as a wide bite angle ligand (106°). Further solution-
state NMR spectroscopic analysis provides evidence for the synthesis of monomeric
complexes with both cis- and trans-chelation of the phosphine depending on the

conditions used. For example, cis-[PtCl,(dbaPHOS)] (163) dissolved in DMSO and
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then underwent associative isomerisation to the trams complex, 164. Overtime a
precipitate formed. We believe the initial cis- and frans-complexes are monomeric
complexes, whilst the final precipitate is a dimer or higher order polymeric species.
This was the first indication that the ligand could act as both a cis and trans chelating

ligand.

Despite this success, the insolubility of some of the complexes meant it was difficult to
know whether the bulk material was a monomer, dimer or polymer. Solid-state NMR
spectroscopic analysis showed that both the Pt' and Pd" complexes had long-range
order, suggesting that the material was not polymeric. These observations point to the
first problems that may be encountered with these ligands in catalysis. One advantage
to using Pd"/Pt" complexes directly in catalysis is that they are often more air stable
than the Pd’/Pt’ complexes or the free ligand, making then easier to handle. However,
if the complex does not dissolve or only partially dissolves then the true amount of

palladium or platinum present will be unknown (in solution) and catalysis may fail.

The Pd’ and Pt” complexes were also investigated, and [Pd’(dbaPHOS)] (167)
successfully prepared. In comparison with the Pd" complexes, [Pd’(dbaPHOS)] (167)
was readily soluble in a variety of solvents including CH,Cl,, benzene and THF. NMR
spectroscopic analysis showed that one alkene was coordinated to give a 3-coordinate
Pd’ centre (16 electron). Once again it was unclear from the solution characterisation
whether a monomeric or dimeric complex was formed. A single crystal structure was
obtained which allowed the unambiguous conformation of a dimeric complex. The free
and coordinated alkenes were exchanging, and using >'P-'P EXSY experiments the
entropy, AS*=-19.5 (+ 11.1) J mol K" and enthalpy, AH* = 65.7 (+ 3.4) kJ mol™, of
exchange were determined. This indicated that the barrier to exchange was primarily
enthalpic in origin, supporting an intramolecular exchange. The similarity in values
observed to those in Cu dimer 193, provides further support for the intramolcular

exchange in a dimeric complex.

The aim for organic and organometallic chemists in designing any new ligand system is
their use in catalysis. The stoichiometric addition of PhI to Pd’(dbaPHOS) (167) was
carried out to examine the behaviour of the complex in the common first step of a large
number of Pd catalysed reactions (e.g. cross-couplings). The soluble Pd" complex 172

was formed. To our surprise only one signal was observed in the >'P NMR spectrum,
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indicating the formation of the trans-phosphine complex. The single crystal X-ray
structure of 172 provided unequivocal evidence for the trams-spanning nature of the
dbaPHOS ligand 127. This is an exciting discovery as interconverting cis- and trans-
chelating bisphosphines are still relatively rare. Other ligands that can be trans-
spanning include SPANPhos (210), XantPhos (6), TRANSPHOS (209), and the TRAP
ligands (212) (Figure 1). The relatively low number of successful chiral trans-
bisphosphine ligands indicates how rare and underdeveloped these ligands are, so far
only the TRAP family of ligands have met with great success in asymmetric
transformations. Preliminary studies in collaboration with Anny Jutand indicate that the
dimer is in equilibrium with the monomer, which undergoes very rapid oxidative

addition with Phl.
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Figure 1: Trans-spanning ligands.

The next phase of the project would be to examine the complex in the other common
steps of Pd-catalysed reactions, e.g. transmetallation and reductive elimination, and to
screen the ligands in a variety of catalytic reactions. The Pd’ complex and the resulting
Pd" complex from oxidative addition are far more soluble than the other Pd" complexes
of dbaPHOS. This suggests that any preliminary catalytic experiments with palladium
would be best conducted starting with a Pd’ species. The ability of the dbaPHOS to act
as a cis- and trans-chelating ligand and its wide-bite angle, provide a starting point for
catalytic screening. Trans-chelating ligands have been found to have applications in a
number of transformations including amination reactions, whilst wide-bite angle ligands

(100-120°) are often used in hydroformylation.

One potential problem for the ligand in catalysis is that the alkene could act as a

substrate, for example in either Heck arylation or hydroformylation, leading to the
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nature of the catalyst changing during the reaction. In reactions where the alkene is
found to be essential, either due to coordination of the alkene stabilising intermediates
or due to the rigidity they provide to the backbone, this would be detrimental.
However, the dbaPHOS ligand could be viewed as a bidentate phosphine with a
tethered alkene, and utilised as a reaction probe for observing catalytic intermediates.

The monodbaPHOS could be utilised as a monophosphine variant.

Along with the phosphino-alkene ligands, the phosphine sulfide variants were also
studied. The phosphine sulfide ligand, dbaTHIOPHOS, was found to be a viable ligand
for Cu'. Cationic and neutral Cu' complexes of dbaTHIOPHOS were prepared. In the
cationic complex, 193, the alkenes were found to be hemilabile, with exchange
occurring between the coordinated and free alkenes. Using variable temperature 'H
NMR spectroscopic analysis the exchange parameters were estimated to give enthalpy,
AH* = 56.0 £6.4 kJ mol”, and entropy, AS* = 0.43 +6.9J mol'K™'. As with the Pd’
complex 167, the results supported intramolecular exchange of the alkenes, without the
involvement of the solvent molecules. Crystal structures were obtained for three unique
Cu' complexes.  Crystallisation of 193 gave crystals of an interesting ladder type
complex, 194, with four Cu' atoms and two chloride ions, along with crystals on 193.
In all the structures obtained dbaTHIOPHOS acts as a bridging ligand between at least

1
two Cu centres.

Complexes 193 and 195 were found to be catalytically active in the cyclopropanation of
styrene at low catalyst loadings (1 mol%). High conversions were obtained (85-91%)
and moderate diastereotopic ratios (cis:trans 30:70). These preliminary results show
that phosphine-sulfides are viable ligands for catalytically active complexes, and their
previous underutilisation should not lead to these ligands being ignored by the catalytic
community. Further work is needed to optimise the ligand design for these reactions
and determine their substrate scope. It would also be interesting to investigate related

reactions such as arizindination and chiral variants.

In the development of the synthetic routes to these ligands a number of side reactions
were observed and investigated. The observation of 138 in the microwave-assisted
synthesis of 137 was at first quite puzzling. Further studies revealed that the side
product arose from the favourable reduction of 2-hydroperoxytetrahydrofuran 144
(present in the THF due to storage conditions) to tetrahydrofuran-2-ol 145, in the
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microwave. The tetrahydrofuran-2-ol 145 then acts as a competing ‘masked’ aldehyde
in the Horner-Wadsworth-Emmons reaction. This tale serves to act as a reminder that
the reaction solvent is not always just an innocent medium for a reaction. In particular,
the possibility of peroxides and lactones in THF (and ethereal solvents) should be taken
into account when planning reaction conditions particularly if high temperatures or

pressures are to be used.

The observation of a solid-state [n2s+n2s] cycloaddition led to a detailed investigation
into the photoreactivity of the ligands concentrating on monodbaTHIOPHOS 149.
Utilising a range of techniques available including single crystal X-ray diffraction,
powder X-ray diffraction and solid-state NMR spectroscopic analysis, it was possible to
monitor the reaction in both the single crystal form and the microcrystalline state. In
the single crystal, 70% conversion to the cycloadduct 206 was obtained. Two structural
changes had occurred; the [n2s+m2s] cycloaddition and an isomerisation about the
single bond of the remaining enone. The reaction could be considered topotactic as the
change in unit cell parameters between the starting material and product was <4%. This
was exciting as novel topotactic reactions are quite rare. Unfortunately attempts to push
the conversion to 100% conversion in the single crystal failed. In the bulk material the
reaction reached 100% conversion with retention of the regiocontrol seen in the single
crystal experiments, as revealed by powder XRD with in-situ irradiation and by solid-
state NMR spectroscopy. A number of intermediates were observed by the latter
technique. This can be explained by considering that at least two structural changes are
observed. The results from all the techniques indicate that for full conversion to be
obtained movement has to occur within the crystal lattice in the later stages of the
reaction. In the single crystal this manifests itself as crystal degradation after
approximately 70% conversion. Only in the initial crystal were higher conversions to
206 seen (81%), whilst retaining structural integrity. This still points to the possibility

of a fully SCSC reaction if the correct irradiation conditions can be found.

A number of other interesting findings were made in this project, which were not
studied in further detail, in part, due to the inherent time restraints of the PhD program.
Both the reactivity of the phosphine ligands to borane, and the apparent reduction of the
double bonds of dbaTHIOPHOS 137 when treated with Raney® Nickel, in the absence
of a known hydrogen donator, deserves further investigation. It is my opinion that each

of these could serve as the basis of an undergraduate project. In particular, using
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ReactIR™ in conjunction with the reactions with borane would provide a simple way to

quickly gain some insight into the reaction, the products and the reaction mechanism.

Overall, this project has lead to the successful synthesis of a new class of phosphino-
alkene ligands and their phosphine sulfide variants. Extensive coordination studies
show the ligands act as hemilable multidentate ligands. Of particular note is the
observation that dbaPHOS 127 can act as both a cis and trans-chelating bisphosphine
ligand. The impact of this has not yet been fully studied in catalytic applications, but it

is clearly set-up for explotation.
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