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Abstract

Cubic Polyhedral Oligomeric SilSesquioxanes (POSS) of general formula SigOi,Rg (R =
alkenyl, alkoxy, aryl, hydrogen...) have found applications in various fields ranging from
biology to chemistry. Besides the advantage of presenting the characteristic dendritic globular
shape at low generation, these three-dimensional molecules, easily modified by organic or
inorganic reactions, quickly exhibit multiple end groups at their periphery, thus featuring

attractive properties in catalysis and photoluminescence applications.

Various dendritic POSS containing diphenylphosphine moieties at their periphery have been used
in the methoxycarbonylation of ethene. Those with a -CH,CH>— spacer between the silicon and
the phosphorus atoms (G0-8ethylPPh, and G1-16ethylPPh;) only produce methyl propanoate
whilst a similar dendrimer with a -CH,— spacer between Si and P (G1-16methylPPh;) gives only
copolymer. The effect of the molecular architecture is discussed in comparison with the
selectivities observed when using small molecule analogues. A wide range of non dendritic
monodentate phosphines has also been studied in this reaction showing that low steric bulk and

high electron density favours polyketone formation.

The poorly active, monodentate SemiEsphos phosphine has been turned into an active ligand for
rhodium catalysed vinyl acetate hydroformylation by attachment to the periphery of a Polyhedral
Oligomeric Silsesquioxane. Whilst some of these dendritic ligands have shown activity, others
precipitated upon mixing with the rhodium precursor. Modelling studies correlating the
experimental facts have shown that the former are more compact and rigid in comparison to the
latter, which are more flexible and hence more prone to monodentate binding to rhodium and

cross-linking.

Grubbs cross metathesis has been used to functionalize octavinylsilsesquioxane with fluorescent
vinylbiphenyl modified chromophores to design new hybrid organic-inorganic nanomaterials.
Those macromolecules have been characterized by NMR, microanalyses, MALDI-TOF mass
spectrometry and photoluminescence. This last method was shown to be an interesting tool in the
analysis of the purity of the cube derivatives. Reduction of the peripheral 4'-vinylbiphenyl-3,5-
dicarbaldehyde groups on a Polyhedral Oligomeric Silsesquioxane (POSS) with NaBH4 or
LiAlH, activates the fluorescence of this macromolecule by turning the aldehydic functions into

primary alcohols providing novel optical sensors for reducing environments.
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|. About dendrimers and silsesquioxanes

I.1 The chemistry of dendrimers

At the end of 1970s, considerable attention was devoted to the construction of large and

" 2 and supramolecular chemistry.” The first

substrate-selective ligands in host-guest
successful synthesis of such a molecule (a dendrimer) was reported by Végtle in 1978.% Over
the next few years, research groups led by Tomalia,” Denkewalter ® and Newkome ’ made this
class of new polymers of considerable interest. Prompted by the pioneering work of these
groups, research into dendrimers took off rapidly as exemplified by the huge number of
papers and patents that followed and their current commercial availability. A deeper insight

into their general properties and applications will be described in the following sections to

illustrate this high degree of interest in dendrimer chemistry.

I.1.1 The dendritic structure and its properties

A dendrimer, (from the Greek “dendron” ~ tree and “meros” ~ part), is a tree-like,
hyperbranched and symmetrical structure that is found widely in nature (e.g. tree branching,
lightning patterns, snow flakes...). These monodisperse, nanoscaled macromolecules are
composed of three distinct domains (Figure 1.1): i) a central core, which is either a single
atom or a molecule, ii) branches radiating from the core, constituted of repeated branching

units and iii) surface groups, generally located on the exterior of the dendrimer.

Highly Branching
branched oY units
Intemal
Core "
maiety cavities
Glcbular 44N AMY Closely-packed
structiure surface groups

Figure 1.1 The dendritic structure *



Dendrimers, also known as fractal polymers, cascade molecules or arborols, can be described
as multi-layer compounds in which each new layer creates a new generation (Gn) that doubles
the number of end groups and approximately doubles the molecular weight of the previous
generation (Figure 1.2). The core molecule without surrounding dendrons is referred to as the
zero generation. Each successive branching unit along the dendrimer forms the next

generation.

’L Core molecule
s+ Branching molecules @
. Surface molecules

Figure 1.2 Successive generation of a dendrimer °

Dendrimers are characterised by the presence of a large number of closely packed functional
surface groups. The pseudo-globular to globular 3D structures, which many of them adopt,
resemble biomolecules such as proteins and exhibit similar characteristics including low
intrinsic viscosity, high solubility and high reactivity (from the presence of many chain ends).
However, one has to remember that some of the surface groups are in reality back-folded i.e.
pointing towards the inner core. This particular organisation of the molecule is mainly
controlled by steric factors within dendrons. Indeed, the structural properties of the arms and
branching units, as well as the size of the dendrons and the interaction between end-groups
and the surrounding medium also influence the spatial shape of the dendritic molecule.® For
higher generation dendrimers, solubility characteristics depend predominantly on the
properties of the surface groups. It thus becomes possible to tune the structure, size, shape and
solubility of these dendrimers to give persistent, controllable dimensions (1-100 nm) and

topologies with specific functionalities in predetermined positions.

I.1.2 The construction of dendrimers

Dendrimers are produced in an iterative sequence of reaction steps by either a convergent or

divergent approach (Scheme 1.1).



Core Chain end

k- -

divergent
route

convergent
route

0

Scheme 1.1 Iterative dendrimer synthesis '

In the divergent approach (Scheme 1.2), pioneered by Tomalia > and Newkome ’ in 1985, the
synthesis starts from the core moiety to the periphery of the dendrimer. A series of coupling
and deprotection/activation reactions characterize this process. Its major drawback is the
inherent difficult purification of the higher generation dendrimers that is often necessary

owing to low yield preparations even in the presence of a large excess of reagents.

—
Growth

EE— EE—
Surface Growth
aciwation

C‘:j = Feactive branchingunit () = Passive functionality

Scheme 1.2 Divergent approach in dendrimer synthesis '’

Moreover, as the dendrimer grows larger, the end groups on the surface become more and
more closely packed and eventually, because of steric hindrance, the dendrimer reaches its

> 12 after Pierre-Gilles

upper generation limit. This is known as the “de Gennes dense packing
de Gennes or “starburst effect” after Tomalia.'
The paradigm of this divergent approach is PolyAmidoAmine (PAMAM) developed by

Tomalia in 1985 (Figure 1.3).°
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Figure 1.3 A PolyAmidoAmine (PAMAM) dendrimer (reproduced from ')

Hawker and Fréchet developed the convergent methodology, in 1990, which assembles the

macromolecule from the outside to finish at the core (Scheme 1.3 and Figure 1.4).15

] e 02
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Focal point Grouwth
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Scheme 1.3 Convergent approach in dendrimer synthesis '

In this case, the reactive species remains at the focal point of the growing molecule; its
building only involves two or three active groups and thus limits undesired or incomplete
reactions. However, steric hindrance at the reactive point prevents the preparation of high
generations of dendrimers because the final macromolecule is synthesized by coupling two or

more wedges, which themselves are highly sterically demanding.



Figure 1.4 A polyether Fréchet type dendron (reproduced from ')

A major problem inherent to dendrimer synthesis, and common to the two approaches, lies in
the fact that the quantity of defects potentially increases with each successive dendritic layer.
Thus, to reduce the number of synthetic steps and obtain a high yield of dendrimer, several

methods have been investigated but alternative synthetic methods are still needed."”’

I.1. 3 Applications of dendrimers

A large number of applications can be envisaged for dendrimers and many interesting papers
in the scientific literature and popular press have accounted for their great potential. The steric
crowding of the branches at a dendrimer’s surface forces it to adopt a globular shape.
Depending on the degree of backfolding of the terminal groups, cavities inside the dendrimer
can also be created, offering the potential for applications such as drug delivery systems '*
or molecular recognition.zo'23 Moreover, their nanometric size, combined with their multiple

surface groups, make them interesting candidates for catalyst supports,®*2® light emitting

27, 28 31

- 29 30 .
materials, membranes components,” MRI contrast agents,” gene transfection vectors

and DNA intercalation compounds.™

Currently, more than 50 different families of dendrimers have been specifically developed for

the ever increasing number of applications in a diverse range of fields. Whilst



Polyamidoamines (PAMAM),” polypropylene imines (PPI),”® polybenzyl ethers (Fréchet-

37
and

type),"” polyaliphatic esters,’® polycarbosilanes,” polyphenylene,”® polyphosphorus
polyester amides (Newkome-type)” are among the most common, Polyhedral Oligomeric
SilSesquioxane (POSS) have recently emerged as a new class of dendrimers featuring

appealing properties and applications, which will be described in the following section.

|.2 The chemistry of silsesquioxanes

The term silsesquioxane is derived from the Greek word “sesqui” meaning one and a half, and
refers in this case to the 3 to 2 stoichiometry between oxygen and silicon in the POSS cube.®
Silsesquioxanes, with the general formula RSiOs3,, are three-dimensional oligomeric, organo-
silicon compounds * which possess a wide range of different shapes (random, ladder, cage,

. . .. . . . [ 40. 41
etc). Their mixed organic-inorganic structures are of interest as aluminosilicates,”

42,43

. . 44 [ . . 4
microporous materials, sol-gel precursors ** and silica-reinforced composites ** or as pre-

ceramic coatings that can be pyrolysed to silicon carbide ** and nitrided glass.’

The following discussion will predominantly focus on Polyhedral Oligomeric
SilSesquioxanes of general formula SigO;,Rs (TsRg) with a cubic structure (Figure 1.5),48
although a variety of other structures of polyhedral silsesquioxanes (RSiO3/), with n = 6, 8§,
10, 12 are detailed in the literature.*’ (R = alkenyl, alkoxy, aryl, hydrogen, etc.) The silicon

atoms, bound to a pendant R group, are situated at each corner of the cube bridged by oxygen.

R\ /R
Si—O0—Si (R)s
/ | / |
@) o)
R./ O /RO
SII—O|—S|I | - = POSS
~Si—|-0O—Si
@) I;/ 0O o/ A
VRV
R/SI-O—SI\R

Figure 1.5 POSS molecule based on a cubic structure

Recent advances have seen many POSS species prepared by either cross metathesis,” °" 3

hydrosilylation **>* or hydrolysis of RSiY3.> In the latter case, solvent, pH, temperature and
y y ydroly



the nature of the side chain are some of the many parameters that can influence the structure

of POSS systems.

The incompletely condensed cage, in which one of the silicon groups is missing, has attracted

a great deal of attention in the field of metallasilsesquioxanes. (Figure 1.6)

R
\Si'OH
l,ll
05  9HoH
I:{“‘Sl—OD S|—___R

R- |- |--O-|--S|
‘?O Y 00 R
Sl—D S|

R R

Figure 1.6 An open cage POSS molecule

Here, the mono-functionalisation of one corner of the cube may provide insights into the
chemistry of silica-supported transition metal catalysts that are for instance, widely used in
alkene polymerisation.”® Although many studies have devoted their attention to open-cage
cubic POSS molecules, in which one of the corners was either directly substituted with a

63, 64

metal > or indirectly, through phosphines coordination, an extensive discussion on this

class of compounds is beyond the scope of this report and it will not be discussed further.

Dendritic macromolecules based on closed polyhedral oligomeric silsesquioxane (POSS)
cores have been mainly used in materials chemistry applications ranging from models of silica
surfaces  and zeolites °® to organic-inorganic hybrid polymers.”” A standard method of
preparation of these latter nanomaterials is the substitution of one or more of the POSS corner
groups by a functional moiety capable of undergoing polymerization, followed by its

incorporation into organic polymers (Scheme 1.4).°*7°



Scheme 1.4 Nanocomposite materials from cubic silsesquioxanes ’'

These new materials exhibit greatly enhanced thermal stability,”* mechanical ™ and electrical
properties '* while providing higher brightness and photo-luminescence efficiency to
conjugated polymers.” Similarly, higher photoluminescence efficiency was reported for
polyfluorenes grown at the eight corners of the silicon oxide cube,’® and chromophore-
substituted octa-vinyl silsesquioxane has recently started to be developed for OLED
applications.”” " POSS have also been shown to be useful when employed as additives to
alter the chemical and physical properties of a variety of materials used in e.g. paints,
coatings, resins, elastomers and advanced plastics.””®' Their ability to produce water-soluble

84, 85

micelles,” nanocomposite foams,* liquid crystals and CVD coatings *® is also well

documented.

Completely condensed POSS molecules have also been proposed as catalytic supports
because the characteristic dendritic globular shape they possess at low generation enables the
quick exhibition of multiple end groups which may be quite attractive in catalysis. However,
little work has been published so far in this field. What there is will be discussed further in the

following section and next chapter.

Feher et al. reported the synthesis of an octadiphenylphosphine POSS cored molecule (Figure
1.7, (a)) but no catalytic activity was observed in hydroformylation or alkene isomerisation.®’
The same group functionalized the POSS core with pendant amino/phosphine groups to create

new ranges of dendritic molecules (Figure 1.7, (b)).¥ ¥
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Figure 1.7 Schematic representation of dendritic POSS substituted by (a) benzyldiphenylphosphine group, (b)
aminomethyldiphenylphosphine group

Miscellaneous functionalizations of POSS molecules with ferrocene or Ru' based

chomophores have respectively featured interesting electrochemical properties *° as well as

attractive redox- and photo-active attributes, respectively (Figure 1.8).”"

PPh2

00
B

Figure 1.8 POSS core substituted by redox-active and photoactive [Ru(bpy)a(tpy)]*" groups

Despite the relative ease of tailoring Polyhedral Oligomeric Silsesquioxane cubes by organic
or inorganic reactions, their chemistry and properties seem far for being fully exploited,
especially in the field of catalysis where a number of dendrimers have already been shown to

be more active and selective than their small molecules analogues.



|. 3 Dendrimers in catalysis

I. 3.1 The three different types of dendritic catalysts

In recent years, several groups have investigated the incorporation or complexation of
transition metal fragments within dendritic architectures to yield a variety of metallodendritic
species.” Among them, dendrimer-supported catalysts °° combine the main advantages of
both homogeneous and heterogeneous catalysts.”* On the one hand, they present excellent
solubility in common organic solvents, a good activity resulting from the high availability of
the catalytic centres and a well-defined structure that enables deep characterisations and better
mechanistic understanding. On the other hand, their persistent shape and large size permit
their separation from the reaction products and solvents by ultrafiltration using suitable
membranes.”” ! Thus, they offer a neat solution to the separation problem, which has dogged

the commercialisation of otherwise very attractive homogeneous catalytic systems.”

Different dendritic structures afford the distribution of catalytic units in the core, along the

branches of the interior or at the periphery of the macromolecule (Figure 1.9).

102

Figure 1.9 Type of dendritic catalysts

Although excellent examples of heterogenised dendritic catalytic systems have been reported

103-106 . - . .
emphasis herein will be placed on dendrimers as homogeneous

in the literature,
catalysts, particularly those exhibiting so-called “dendritic effects”, which arise from the

immobilisation of a catalyst onto a dendritic support.

10



[.3.1.1 Catalysis at the dendrimer’s core

Placing the catalytic site at the core of a dendrimer allows the creation of a microenvironment,

which resembles in many ways the active sites of natural enzymes.

Brunner et al. first prepared a so-called “dendrizyme” in 1994, by growing chiral dendritic
branches around a metal (Figure 1.10) to catalyze the cyclopropanation of styrene with
ethyldiazoacetate. Unfortunately, enantioselectivities were found to be rather low,'*” '*®

possibly because of the lack of secondary structure within dendrimers employed.

0
-
N 0 o) N
HO AL OH
N
Y
OH
A

HO an

Figure 1.10 Example of Brunner's “dendrizyme” (reproduced from °*)

However, the steric bulk of Fréchet-type dendrons around BINAP has been shown positively
to affect the stereoselectivity of the asymmetric hydrogenation of a modified acrylic acid
(92.6% compared to 89.9% obtained for the parent BINAP).109 Similarly, Seebach and co-
workers reported significantly higher enantioselectivities than those obtained by the parent

molecules in protonation reactions catalyzed by TADDOL dendritic complexes.'"

In addition to the enhancement of stereoselectivity offered by the dendrimer over its small

molecule analogue, dramatic increases in the regioselectivity, stability and/or activity of the

11



catalyst on increasing the generations of the dendrimers have also been reported. Some
examples of this so-called “positive dendritic effect”, which are the subject of an excellent

review by Helms and Fréchet,''" are given below.

Studies on oxidation catalysts or oxygen carriers have related the excellent stability and
longer lifetimes of porphyrin or phthalocyanine cored dendritic catalysts due to the efficient
shielding of the higher generation dendrimers.® ''? An example of this effect is the cobalt
phthalocyanine complex represented in Figure 1.11, which shows enhanced stability by

encapsulation of the active centre within the dendritic structure.

Figure 1.11 Dendritic phthalocyanine (reproduced from ')

A similar concept is found in the chemistry of PolyOxoMetalate cored dendrimers, where the

dendritic structure increases the stability of these non-covalently linked clusters in various

114

oxidation reactions (Figure 1.12)."" While the dendrimer catalysts are easily recovered and

12



recycled without a discernable lost of activity, the small molecule analogues have shown

unsatisfactory results.
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Figure 1.12 PolyOxoMetalates cored dendrimer '*

Dendritic thodium(I) complexes bearing N-heterocyclic carbenes have been used in the
hydrosilylation of ketones under mild conditions, although these reactions are usually limited
by factors such as catalyst stability and activity.'"> The observed positive dendrimer effect,
resulting in an increase in the yield of the reaction, was attributed to the folding of the
dendrimer around the active site leading to a greater stability and higher turnover as a

consequence.

This protective effect of the dendritic architecture can also be correlated to the ability of
dendrimers to select appropriate substrates and reject others, which could be referred to some
sort of shape or size selectivity analogous to the behaviour of enzymatic systems. Chow and
co-workers demonstrated this concept in the dendrimer catalyzed Diels-Alder reaction
between cyclopentadiene and a 1 : 1 mixture of dienophiles of different sizes.''® For all

dendrimers investigated (generation 0 to generation 3), the smaller dienophile always reacted

13



much faster than the larger dienophiles thereby highlighting the aptitude of the dendrimers to

offer some degree of steric selectivity during catalysis.

While the previous example invoked one single dendritic ligand in the catalytic reaction, it is
also common for several ligands to be present at the active metal centre. Indeed, several
catalytic species with different activities may be present in solution. For instance, nickel
complexes bearing P,O ligands, such as o-diphenylphosphinophenols, tend to dimerize
forming inactive bis(P,O)nickel complexes. Suppression of dimerisation, through the “site-
isolation” of o-diphenylphosphinophenol within a carbosilane platform (Figure 1.13), allows

the dendritic ligand to outperform the parent molecule in the oligomerisation of ethylene."”

Il_ r \\_ F hY lf‘ \_ .'I
TS si— —si_ siT

Figure 1.13 Van Leeuwen's core functionalized P, O ligand '

Although it has been shown that the dendritic encapsulation of a reactive species may offer
advantages in terms of activity, selectivity and/or stability of a catalyst, in general slower rates

of reaction with increasing dendrimer generation are observed.

The example of the Henry reaction (aldol-type addition of nitro-ethane to benzaldehyde)
catalyzed by a tertiary amine located at the core of poly-L-lysine or a Fréchet-type dendrimer,
led the groups of Cossio and Lopez to conclude that steric hindrance from increasing
generations and branching multiplicity was responsible for slower rates and a low syn/anti

stereoselective ratio compared to the small molecule analogues.118

14



Van Leeuwen and co-workers drew the same conclusions concerning the palladium catalyzed

allylic amination of 3-phenylallyl acetate with diethyl 2-methylmalonate using ferrocenyl

phosphorus cored carbosilane dendrimers (Scheme 1.5).'"

EtOhOEt R _
0]
[crotyl-PdCI], 0 0

L (Dendrimer)

trans branched

Scheme 1.5 Allylic alkylation of 3-phenylallyl acetate with diethyl 2-methylmalonate catalyzed by dendritic
palladium complexes (reproduced from '*)

Seebach and co-workers also attributed their decreasing yield from generation 3 to 4, in the
titanium-TADDOLate (Figure 1.14) catalyzed addition of diethylzinc to benzaldehyde, to

steric problems associated with mass transport limitations and substrate access to the catalytic

.12
site. 12°
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Figure 1.14 Seebach’s TADDOL cored catalytic dendrimer (reproduced from '*)

However, taking full advantage of the cavity inside a dendrimer could be a driving force for

substrate penetration of crowded surfaces and further reactions inside the dendrimer.
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I.3. 1.2 Catalysis within a dendrimer’s interior

An elegant way to circumvent the problem of steric crowding and mass transport limitations
described in the previous section is to use dendrimer voids as a substrate concentrator and/or

stabilizer of transition states or charged intermediates.

Piotti et al. applied this principle in the E1 elimination of hydrogen iodide from iodoalkane in

cyclohexane, using a dendrimer with a polar core (Scheme 1.6)."*!
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Scheme 1.6 Elimination reaction of tertiary alkyl halides in cyclohexane within the interior of a polar-cored
dendrimer (reproduced from %)

The charged transition state is stabilized inside the dendrimer, which allows the reaction to
proceed catalytically whereas no product was detected without dendrimer. The authors
attributed this result to a “concentrator effect” whereby the polarity gradient intrinsic to the
dendrimer drives the relatively polar substrate into the macromolecule’s core. Subsequently,
the substrate accumulates in a polar nanoenvironment that is more suitable for the El
elimination than the external apolar medium. In addition, the non-polar alkene product has
more affinity for the hydrophobic surrounding medium thereby achieving the so-called

“catalytic pump”.
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The concepts of concentrator effect, the accumulation of substrates near a catalytically active
site, and catalytic pump, for the prevention of product inhibition, have been broadly applied

with different amphiphilic dendrimers.

Several research groups have used the hydrophobic interior of dendrimers to concentrate
hydrophobic reagents and release hydrophilic products.'* For instance, the hydrophobic core
of the aliphatic polyester dendrimer represented in Scheme 1.7 and equipped with a
benzophenone photosensitizer, catalyzes the [4+2] cycloaddition of singlet oxygen to

cyclopentadiene in a polar solvent.®

ey
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%‘ T
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oy OH
Scheme 1.7 [4+2] cycloaddition of singlet oxygen to cyclopentadiene in a polar solvent (reproduced from 122y
The hydrophobic, dendritic microenvironment allows the binding of the non-polar
cyclopentadiene but not of the diol product, which is thus “pumped out” of the dendrimer.
Since the product has a greater affinity for the surrounding polar medium, vacant sites for

incoming cyclopentadiene are generated and a high turnover can be achieved.
In addition to the amphiphilic nature of the nanoenvironment generated by the dendrimer, the

globular dendritic architecture also functions to bind molecules, another important factor for

achieving efficient catalysis. This ability to bind substrates is exhibited by enzymes in which
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substrate binding features prominently in determining the substrate selectivity.'* A nice
example of this phenomenon has been reported by Zhang et al. who studied diselenide-cored
Fréchet-type dendrimers for the reduction of hydrogen peroxide.'** Substrate binding was
enhanced on passing from dendrimer generations G1 to G3, which caused a concomitant

increase in the initial rate (vy) of the reaction (Scheme 1.8).

H-0, > H,O
PhSH

D, = Fréchet-type dendron of generation [G-n]

1

In vo (1M min™)

o N £ (o)} (oo} o
|

— B = =

none G1 G2 G3

Diselenide Catalyst

Scheme 1.8 Hydrogen peroxide reduction by dendritic diselenides (reproduced from ''")

A totally different approach that benefits from the interior cavities of dendrimers is to entrap

and stabilize metallic nanoparticles for further catalytic reactions. The research groups of

126 12

Tomalia,'™ Crooks '** and Torigoe '*” pioneered this work but an extensive discussion of

their results is beyond the scope of this report.

Before investigating the catalysis at the periphery of dendrimers in more detail, the effect of
placing catalytic groups on the macromolecule on the outcome of a reaction will be described.
The effect of dendritic quaternary ammonium salts on the decarboxylation of 6-
nitrobenzisoxazole-3-carboxylate was studied using either internal or peripheral modified

dendrimers (Scheme 1.9).'2% 1%
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Scheme 1.9 Decarboxylation of 6-nitrobenzisoxazole-3-carboxylate using either internal or peripheral modified
dendrimers (reproduced from ''')
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The internally decorated dendritic catalysts showed improved rates over their peripheral
analogues, probably because of the enhancement of hydrophobicity necessary to destabilize

the carboxylate for subsequent reaction.

This study clearly illustrates the importance of the placement of the catalytic groups within

the dendritic framework.

I. 3. 1. 3 Catalysis at the periphery of dendrimers

Using the surface of dendrimers to locate catalysts offers a high loading of active sites that are
available for reactions. The dendritic support can also give rise to proximity interactions that
lead to cooperative effects or steric crowding at the periphery, that are either beneficial or

detrimental in nature.

In 1994, the groups of Van Koten and Van Leeuwen reported the first carbosilane based
dendrimer decorated at its periphery by pincer-Ni(II) catalysts (Figure 1.15)."°
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Figure 1.15 Dendritic [NiCI(NCN)] polycarbosilane complex (reproduced from '*%)
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Unfavourable interactions between nickel sites were responsible responsible for a decrease in
the catalytic activity of this system in the Kharasch addition of tetrachloromethane to

methylmethacrylate (Figure 1.16).

competing 'mixed valence' dendrimer
outer-sphere intermediate
reaglion
CaClg

dendrimer surface

Figure 1.16 Possible negative cooperative effects between adjacent nickel moieties leading to deactivation of
catalytic sites *!

The decrease of catalytic activity as a consequence of “surface congestion” in peripherally

132, 1
32133 Astruc and co-workers, for

modified dendrimers has precedents in the literature.
instance, demonstrated that increasing steric bulk around the active metal centres leads to a

negative dendritic effect in Pd(II) catalyzed Sonogashira carbon-carbon coupling.'*

However, other dendritic systems have proven to be much better performing than their
isolated small analogues."*>"*® One of these strongest positive dendritic effects was reported
in 2003 by Detty and co-workers who studied the oxidation of bromine and subsequent
bromination of cyclohexene (Scheme 1.10)."*’ The increase in generation of this selenium
terminated polyaryl ether dendrimer led to the formation of more reactive catalysts
responsible for a high turnover number (> 60 000 mol'l) as a consequence of enhanced

interactions between selenium species at the surface of the macromolecule.
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Scheme 1.10 Selenium terminated poly(benzyl ether) dendrimer in the oxidation of bromine and subsequent
bromination reaction of cyclohexene. (reproduced from '%)

Similarly, the specific and unique ionic interaction, between the active, cationic zirconocene
[(Ind),ZrMe] ‘and the crowded anionic surface of a carbosilane modified dendrimer, was
found to be the origin of the positive dendritic effect observed in the polymerisation of

ethylene.'*
A Co(salen) terminated PAMAM (Poly(amidoamine)) dendrimer, created by Jacobsen and
co-workers, also shows significant rate enhancement in the hydrolytic resolution of terminal

epoxides.141 This was attributed to positive cooperative effects between two metallic species,

each activating either the epoxide or the nucleophile (Scheme 1.11).
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Scheme 1.11 Illustration of positive cooperative effect between metal Co(salen) sites in the ring opening of an
epoxide (reproduced from '%)
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Astruc and co-workers reported another interesting positive dendritic effect that was observed

during the initiation of the ROMP of norbornene with dendritic ruthenium-benzylidene

133

complexes (Figure 1.17).

Figure 1.17 Astruc’s dendritic star polynorbornene '*

This effect was rationalized in terms of labilization of a ruthenium-phosphorus bond at each
Ru centre within the dendrimer, which is known to play an important role for the Grubbs’

catalyst.'"*

Ropartz et al. demonstrated that a POSS cored dendrimer with 16 terminal
diphenylphosphines gives much higher selectivity to the desired linear product (linear:
branched ratio (I:b) = 13.9) in the hydroformylation of oct-1-ene when compared to its small

molecule analogues (I:b typically 2-5) (Figure 1.18).'**
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Figure 1.18 Diphenylphosphine terminated POSS cored dendrimer

This dramatic enhancement in linear selectivity appears to be caused by steric interactions on
the surface of the dendrimer that force the binding groups into the desired equatorial
equatorial configuration.'* It is known that such a geometry around the rhodium centre leads

to increased linear selectivity for hydroformylation reactions.'*’

Supramolecular dendrimers (Figure 1.19), in which the catalyst is anchored at the periphery of
the dendritic support via Coulombic interactions, have also been synthesised independently by

99, 146-148 . L . -
’ although similar activity was observed in comparison to

a number of research groups,
their small molecule analogues. However, this new concept has great potential since ligand
modifications with the binding motifs provide a straightforward alternative to the complex

synthesis of sophisticated dendrimers.
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Figure 1.19 (left) Phosphine ligand assembled to the periphery of a urea adamantyl functionalized
poly(propyleneimine) dendrimer (right) Octa-cationic core-shell together with eight anionic Pd(II) guest
molecules '

In conclusion, it has been observed that whilst the stability and lifetime of a dendritic-cored
catalyst is often enhanced upon growing generations, its activity often decreases because of
mass transport problems and difficult access to the core. However, these limitations can be
circumvented by the concentration of reagents and/or stabilization of transition states or
charged intermediates within a dendrimer. Additionally, while a positive dendritic effect may
occur as a consequence of cooperativity between dendrons or catalytic sites at the periphery
of a dendrimer, surface congestion can also lead to deactivation and a negative dendritic

effect.

The application of dendrimers based on the POSS core in catalysis could profit from the
cooperative effect between dendrons as well as the “constructive” steric interactions between
end groups that give rise to positive dendritic effects. Emphasis will be placed on such

applications, throughout the major part of the work reported further in this thesis.
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ll. Diphenylphosphine based ligands in the palladium
catalyzed ethene methoxycarbonylation

Il. 1 Introduction

During a study of Polyhedral Oligomeric Silsesquioxane dendrimers with phosphine ligands
attached to their periphery, Cole-Hamilton and co-workers discovered that a dendrimer with
16 terminal diphenylphosphines (Figure 2.1) gave much higher selectivity to the desired linear
product (linear: branched ratio (I:b) = 13.9) in oct-1-ene hydroformylation reaction than any
of its small molecule analogues (I:b typically 2-5)." * This was one of the very first positive
dendritic effects to be discovered and was very specific for a dendrimer in which the Ph,P
groups were separated by a -(CH;),Si(CH»),»- spacer. Shorter or longer chains, or replacing a
C atom in the spacer by O were ineffective. Modelling studies using molecular mechanics
suggest that the reason for the enhanced selectivity is that crowding on the dendrimer
periphery forces the phosphines into a position that is ideal for coordination in two equatorial
sites of trigonal bipyramidal intermediates in the catalytic cycle.’ It is known that such
equatorial equatorial binding leads to increased linear selectivity for hydroformylation

. 4
reactions. PPh,

h,P
Ph,P gPh PR Phop
PPhZ N\ 2 )

/
Si— ~.Si~/PPh;

Figure 2.1 Chemdraw (left) and space filling (right) model of dendrimer used for selective hydroformylation
reaction *°

We now wish to explore further the exciting preliminary results described above in order to

develop new highly selective catalysts for different reactions. Our strategy will be therefore to
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design dendrimers with terminal groups that are not only able to bind metals but also to mimic
monodentate ligands which are either ineffective in selective catalysis whilst bidentate
analogues are effective, or which show a different selectivity from that shown by bidentate
analogues. The rewards here may include easier synthesis than for bidentate ligands, possible
enhanced selectivity as a result of the greater steric crowding at the periphery of the

dendrimer and easier catalyst separation by ultra-filtration.

Among the numerous choices of terminal binding groups, we decided to develop the
diphenylphosphines as similar studies and savoir-faire in the Cole-Hamilton group have been
previously established in this field.” Moreover, these phosphines are commonly used, in a
variety forms, in the methoxycarbonylation of ethene. In this reaction, carbon monoxide and
ethene, two of the most readily available feedstocks in all of chemistry, react together in the
presence of methanol and a suitable catalyst to give either methylpropanoate (MeP),"® a key
intermediate in the production of methylmethacrylate, the monomer used for making Perspex,
or a perfectly alternating copolymer (PK) which has excellent structural properties and is
biodegradable.* * '° In some cases short chain oligomers can also be produced.® The best
catalysts for these reactions are cationic palladium complexes containing tertiary phosphines.
Monodentate phosphines (e. g. PPh;) generally give methylpropanoate, whilst bidentate
phosphines (e.g. PhoP(CH;)3;PPh,) form copolymer (Scheme 2.1).

0
Unidentate \)k

phosphines
methylpropanoate
Palladium
/ + CO + MeOH —_—
H+
0]
Bidentate
phosphines n
copolymer

Scheme 2.1 Usual selectivity in the methoxycarbonylation of ethene catalysed by palladium phosphine
complexes

This observation was originally ascribed ® '! as arising due to the sites at which the catalytic
reactions occur being stabilised in the mutually cis position when a bidentate ligand is present,

so that migration of the growing chain onto ethene can readily occur. Monodentate ligands

34



prefer to adopt the thermodynamically more stable trans configuration, in which migration
cannot occur and so rapid termination by reaction with methanol to give methylpropanoate

occurs (Scheme 2.2).
q W o ,
< /Pd < >pd
P \/ P \co

@ = polymer growing chain Cis - chain growth

P\ )\/ —| MeOH P\ / H—‘ i
/Pd Pd + /
N\ \P \/ \P o

methylpropanoate

Scheme 2.2 Rationale of the selectivity of CO-ethene reactions (P-P = Ph,P(CH,);PPh,, P = PPh;) *®

In recent years however, a few bidentate ligands, mostly with bulky electron donating
substituents, such as Bu',P(CH,);PBu'; ' and 1,2-(Bu',PCH,),CsHy,"> '* have been shown
to be extremely effective for the selective formation of methylpropanoate. Indeed one is
so effective that it is being commercialised. These ligands call into question the argument
based on mutually cis or trans active sites as being responsible for the chemoselectivity of
the reactions, although it is possible that these ligands give methylpropanoate because
they become monodentate at some point in the cycle.® The precise mechanistic reason for
this unusual selectivity is the subject of continuing debate,® 7 but an alternative
explanation has been proposed "> on the basis of careful studies of the rate of methanolysis
of model palladium acetyl cations. Complexes containing trans bidentate diphosphines
either do not react with methanol under CO or react very slowly, whilst cis complexes
react rapidly with larger ligands being generally more reactive. These observations have
led to the proposal that the population of the cis isomer, at least in part determines the
reactivity. The relative rate of acyl migration onto coordinated ethene and methanolysis

determines the chemoselectivity between methyl propanoate and polyketone.
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The conventional literature does not have extensive information on monodentate phosphines
leading to polymer, because the majority give selective methylpropanoate formation. It has
been shown that the selectivity can be tuned to polyketone formation by limiting termination
by controlling the reaction conditions, for example by varying the solvent, increasing pressure
or changing the anion, as was reported in early research.'® An intriguing instance of activity
to polyketone being promoted by monodentate phosphines under different reaction conditions
was reported by Drent.'” He observed that under low phosphine:palladium ratios, some
activity to polyketone was afforded by triphenylphosphine (35 g PK (g Pd. h)™"). This change
in selectivity compared with the more usual methylpropanoate formation was explained by
the suppression of the isomerism between the cis/trans species (this isomerisation is known to
be catalysed by excess PPh3) shown in Scheme 2.2, thus causing some cis intermediate to be
present, and hence to polyketone. The only other system in the open literature reporting
polyketone formation when using hemilabile phosphines is by Keim et al.,”° using heteroatom
containing phosphines which are themselves capable of bidentate coordination to palladium
so giving the required cis geometry. The most significant and relevant consideration of
monodentate phosphines, outwith the conventional literature, is work patented by Nozaki
(Shell),”! where catalysts of general formula PR;R,R; are proposed to be active for the

production of polyketone, where R, is an alkyl group and R,, Rj are aryl groups.

Before any further discussion of this reaction using POSS dendritic ligands and for clarity
reasons, we will first report our investigation using non-dendritic monodentate phosphines

trying to rationalize our results in terms of steric and electronic effects of the phosphines.

Il. 2 Non dendritic monodentate ligands in the
methoxycarbonylation of ethene

Triaryl-, dialkylphenyl-, alkyldiphenyl- and trialkylphosphines have been examined in this
study. The same catalytic conditions, pressure, temperature, reaction time, catalyst
concentration as well as the same acid promoter (MeSOs;H) were applied, for ease of
comparison with previous studies. The palladium to phosphine ratio was varied from 1:4 to
1:30, along with the nature of the phosphine in order to focus on the steric and electronic

effects of the ligands. The results obtained with triaryl phosphines are collected in Table 2.1.
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[I.2.1 Triaryl phosphines

Table 2.1 Rates of formation of methyl propanoate (MeP) and /or polyketone (PK) from the palladium catalysed
methoxycarbonylation of ethene in the presence of aryl phosphines.” Electronic parameters and cone angles of
aryl phosphines.

. Tum(oTV SrFﬁr’eﬂl_llency PK rate, Electronic | Cone
Run Phosphine P'Pd g (g Pd. h)'1 Param_elter, Angle,
ratio cm 0
MeP PK
1 4 4.5 - <1
2 PPh; 10 10.5 0 0 2069 145
3 30 19.8 0 0
4 4 5 0 0
5 P(4-C¢H4F); 10 23.2 0 0 2071.1 *
6 30 67.8 0 0
; P(C¢Fs)3 340 g 8 g 2089.7 184
9 4 4.1 0 0
10 | P(4-C¢H4sOMe); | 10 5.4 0 0 2066.3 *
11 30 8.8 20.1 5
12 4 0 0 0 N

* Reaction conditions: catalyst (0.02 mmol), MeSO;H (0.4 mmol), MeOH (10 mL), pco = 30 bar, Pgmene = 30
bar, temp = 85 °C, t =2.5 h. TOF’s are averaged over 2.5 h; * not determined

This related family of phosphines contains triphenylphosphine, which has historically been
widely studied, particularly by early researchers such as Sen who showed that methyl
propanoate was produced along with small amounts of short chain oligomer.'® ** Thus, this
gives a reference point from which we can rationalise the observed product selectivity of
related triarylphosphine containing catalysts. When triphenylphosphine (Pd:P = 1:4) is used,
both methylpropanoate and polyketone are formed, but at very low rates (Runs 1-3). This
observation is entirely consistent with Drent’s observations >* that at low phosphine to
palladium ratios, some activity to polyketone can be observed, because cis-trans isomerisation

in the acyl intermediate is slower.

For triphenylphosphine (Runs 1-3), tris-(4-fluorophenyl)phosphine (Runs 4-6) and tris-(4-

methoxyphenyl)phosphine (Runs 9-11) a general increase in the rate of formation of
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methylpropanoate can be observed from the 1:4 to 1:30 ratio for each phosphine. This
observation may also be related to the increase in the rate of cis-frans isomerisation. Tris-(2-
methoxyphenyl)phosphine (Runs 12, 13) totally inhibits the reaction, presumably because the
high degree of steric bulk directly around the phosphorus atom provided by the ortho
substituents prevents any monomer molecules from coordinating to palladium in the catalytic
complex or leads to complexes containing only one phosphine ligand. No activity is observed

using the electron poor P(C¢Fs)s (Runs 7, 8).

In addition to this steric effect, we can also observe an electronic effect when the
methylpropanoate rate is compared between the first four phosphines in Table 2.1 (Runs 1-
11). A general increase in the rate of methylpropanoate formation moving from the electron
donating 4-methoxy groups, through triphenylphosphine, to the electron withdrawing 4-fluoro
groups is apparent at all ratios studied. However this rate increase is most pronounced when
the P:Pd ratio is high (Runs 3, 6 and 11). This result is unsurprising, as it can be related to
previous work on the electronic effect of substituents on product rate when using bidentate
phosphines.”> Electron donating bidentate phosphines increase the rate of polyketone
formation through intermediate stabilisation, whilst electron withdrawing substituents are
expected to increase the rate of termination by nucleophilic attack by methanol, thus affording
the high rates of methylpropanoate observed. Methanolysis is believed to be rate determining

. . 2
in these reactions. 6

The only unexpected result is that some activity (TOF = 20 h™") to polyketone is observed
when using tris-(4-methoxyphenyl)phosphine under high phosphine:palladium ratios (Run
11). Even though this seems a moderate rate, the productivity in g PK (g Pd h)" shows
that the weight of polymer produced is small. This result is still surprising and may

suggest that this phosphine in some way favours the cis isomer of the palladium complex.

II. 2. 2 Mixed alkyl aryl and trialkyl phosphines

Moving from aryl phosphines to alkyl phosphines, we will first focus our attention on
alkyldiphenyl phosphines before investigating more closely dialkylphenyl phosphines and
trialkyl phosphines (Table 2.2).
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Table 2.2 Rates of formation of methyl propanoate (MeP) and /or polyketone (PK) from the palladium catalysed
methoxycarbonylation of ethene in the presence of alkyl phosphines.” Electronic parameters and cone angles of
alkyl phosphines.

Turnover frequency .
(TOF), B! PK rate, Electronic Cone
Run | Phosphin P:Pd (g Pd h)'l Parameter, Angle,
u osphine ratio glgrd. cm’! 0
MeP PK
14 PPh,Me 4 0.6 289 2 2067.3 136
15 30 2.0 0 0
16 4 1.0 5.2 1.3
PPh,Et 2066.5 140
17 30 10.4 0 0
1 4 1. .
8 PPh,Pr 8 35 8.7 2066.3 141
19 30 20.4 0 0
20 PPh,Pr' 4 2.8 14.1 35 2065.7 150
21 30 62.4 0 0
22 4 2.3 0 0
PPh,Bu’ 2064.7 157
23 30 140 0 0
24 4 0.5 409 101.8
PPhMe, 2065.6 122
25 30 0.8 0 0
26 4 0.3 413 102.8
PPhEt, 2064 136
27 30 0.7 0 0
28 4 0.8 220 54.8
29 PMe; 30 0.6 0 0 2063.9 118
30° 30 0.5 39 9.8
31 4 0.3 165 41.1
32 PEt; 30 0.7 0 0 2061.5 132
33° 30 0.6 111 27.6
34 4 0.7 0 0
P'Bus 2056.1 182
35 30 0 0 0
36 P'Bus 4 0.1 0 0 2059.7 143
37 30 0.4 0 0
4 . .
38 P"Bus 0.3 365 20.9 2060.3 132
39 30 0.8 0 0
40 4 0.6 323 80.4
P(oct)s 2057.9 132
41 30 0.6 0 0

# Reaction conditions: catalyst (0.02 mmol), MeSO;H (0.4 mmol), MeOH (10 mL), pco = 30 bar, Prenc =

bar, temp = 85 °C, t =2.5 h. TOF’s are averaged over 2.5 h; ®MeSO;H (0.8 mmol); * not determined
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Unusually for monodentate phosphines, all of the alkyldiphenylphosphines, except the very
bulky Ph,PBu' (Run 22), give polyketone at low P:Pd ratios (Runs 14, 16, 18 and 20).
Productivities of 1.3, 8.7 and 3.5 g PK (g Pd. h)" for the ethyl, n-propyl and i-propyl are
observed, corresponding to moderate TOFs. The rate of polyketone formation decreases when
using Ph,PR along the series Me > Pr > Pr' > Et > Bu' (Runs 14, 18, 20, 16 and 22). Either
steric or electronic effects (or both) could be responsible for this effect. Similarly, it is not
possible to deconvolute steric and electronic effects upon the rate of formation of methyl
propanoate when using alkyldiphenylphosphines, which increases along the series Me > Et >
Pr > Pr' > Bu/, especially at high P:Pd ratios, where polyketone is not formed (Runs 15, 17,
19, 21 and 23) .

None of the dialkylphenyl or trialkyl phosphines studied showed any significant activity
for methyl propanoate formation, even at high (P:Pd) ratios, where no activity to any
products was observed (Runs 25, 27, 29, 32, 35, 37, 39 and 41). These results are
particularly  surprising due to the significant rates achieved with their
alkyldiphenylphosphine analogues. One possible reason for this lack of activity is that the
highly basic phosphines may neutralise the acid and hence inhibit the formation of the
catalytically active hydridopalladium species. We note, however, that diprotonated 1,2-
CsH4(CH,PBu"Y); is sufficiently acidic to protonate the related Pd complexes.”’ Support
for the suggestion that excess phosphine does prevent protonation of the Pd centre is
provided by the results obtained using PR3 (R = Me or Et) with a Pd:P:H" ratio of 1:30:40,

where polyketone formation is again observed (Runs 30 and 33).

The excellent chemoselectivity to polyketone when using the dialkylphenyl and
trialkylphosphines, with the exception of PBu'; (Run 34) and PBu’; (Run 36), at low
phosphine ratios (Runs 24, 26. 28, 31, 33, 38 and 40) is unprecedented for monodentate
phosphines apart from PPh,Me (see above). We note also that small amounts of CO-
ethene oligomers are formed when using these more basic phosphines. These are

discussed in detail below.

In order to attempt to rationalise the differences in selectivity between these related alkyl
phosphines in terms of the ligand structure, the productivity for polyketone formation has
been plotted in a Tolman Map in Figure 2.2. Steric-electronic maps were devised by Tolman

and were first described in his seminal paper of 1977.® They relate a parameter of interest, in
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this case the polyketone productivity rate, to the steric and electronic parameters of the

ligands, which may be calculated according to empirical rules.”®
24 98

100

a0

60
PK Rate { g PK (g Pd. h)"
40
20
i
2085
2060 190
2065 1?JSD
2070 60
2075 -
Electronic Parameter /o' 2080 140
2085 130 Cone Angle /@

2090 120

110

Figure 2.2 Tolman map of trialkyl, dialkylphenyl and alkyldiphenyl phosphines (1:4, Pd:P) in the palladium-
catalyzed methoxycarbonylation of ethene. The parameters are defined in ref 28 1 PPhy, 7 P(C¢Fs);, 14 PPhoMe,
16 PPh,Et, 18 PPh,Pr, 20 PPh,Pr', 22 PPh,Bu', 24 PPhMe,, 26 PPhEt,, 28 PMe;, 31 PEt;, 34 PBu';, 36 PBu';, 38
PBu";, 40 P(Oct);

By showing the relationships in three-dimensions, even if a parameter of interest is dependant
on a mixture of steric and electronic properties, the qualitative deconvolution of both effects is
possible. Figure 2.2 shows the averaged polyketone rates for all the phosphines studied. It
shows that there is a well defined area in terms of steric and electronic parameters for active
and selective polymer formation when using monodentate phosphines. The parameters
required seem to be a combination of good electron donating ability and small size. How
subtle this reliance is can be shown by the examples of methyl- and ethyldiphenylphosphine
(Runs 14 and 16). The cone angles are 136 ° and 140 ° respectively for these phosphines, but
one is active and the other has very low activity. Thus, an increase in steric bulk by 4 ° seems
to cause an almost complete loss of activity to polyketone, which is a very surprising, but

reproducible observation.
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II. 2. 3 Oligoketone formation

Analysis of the distribution of soluble oligomers (containing 2-5 -CH,CH,C(O)- units)
produced during co-polymerisation of CO and ethene in methanol can also help to give
information on the origins of the selectivity of the reaction.'® As the bite angle of a
bidentate phosphine increases, the pocket angle decreases and it has been argued that this
favours termination '® so that the Flory-Schulz constant, o (rate of propagation / (rate of
propagation + rate of termination)) will be lower. For monodentate ligands, the pocket
angle is expected to be smaller for the larger cone-angle ligands, so they should favour

termination over chain growth and hence should favour methyl propanoate production.

Under our conditions, negligible amounts of co-oligomers are obtained when using any of
the triaryl phosphines, PBu'; or PBu'; (only methyl propanoate is formed) or when using
PMePh; (only polyketone is formed). The amounts are extremely small for PR,Ph (R =
Me or Et) and for PR3 (R = Me, Et or Oct), all of which produce predominantly
polyketone. Significant amounts of co-oligomers are observed only for the catalysts which
produce smaller amounts of polyketone and significant amounts of methyl propanoate;
those containing PRPh; (R = Et, Pr, Pr' and Bu'). In all cases the oligomers have one keto

and one ester end group, although traces of 2-pentanone are also observed in some cases.

The end group analysis shows that only one mechanism (probably carried by Pd-H)
operates.6 Quantitative analysis of the soluble co-oligomers formed for PRPh, (R = Et, Pr,
Pr' and Bu') shows a Flory-Schulz distribution with o (see Table 2.3) being 0.49 for R = Et
dropping to 0.41 (R = Bu') as the bulk of the ligand increases.

Table 2.3 Flory-Schulz constants (o) for soluble oligoketones formed using different ligands (Pd:P = 1:4)*

Ligand | PEtPh, | PPrPh, | PPr'Ph, | PBu'Ph,

o 0.49 0.47 0.46 0.41

@ Calculated as described in refs ° and *°

These results indicate that bulky ligands promote methyl propanoate formation, but that,
as the bulk of the phosphine is reduced, the rate of chain growth increases relative to that
of termination. Only the smallest ligands give polyketone. These results then reinforce the

conclusions made on the basis of bidentate ligands that the reaction selectivity is
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determined largely by the size of the pocket angle, with smaller pocket angles favouring

. . 16
termination.

It is noteworthy that co-oligomers and polyketone are only ever observed when the P:Pd
ratio is low. Most of the ligands promote methyl propanoate formation at higher
phosphine loading. One possible explanation is that monophosphine complexes, which
will have even wider pocket angles may promote polyketone formation at low P:Pd ratios.
This observation does not appear to be consistent with the suggestion that the reduction of
electron density on Pd caused by a bulky electron donating ligand becoming monodentate

leads to faster attack by methanol and hence favours methyl propanoate formation.®

II. 2. 4 Studies of model complexes

In order to try to obtain more information about possible catalytic intermediates and their
stereochemistry, [Pd(COD)MeCl] was treated with phosphines (2 equivalents) in order to
synthesise [PdCIMeP;] (P = PMePh,, PM6:3,31 PMe,Ph 3 and PPh, 32), a model for the
ethyl intermediate in the copolymerisation. Using PMe,Ph, a singlet was observed at 26.6
ppm in the *'P{'H} NMR spectrum suggesting that the phosphines must be coordinated

trans about the metal centre (Figure 2.3).
353 K

3K

33K

- 208 K
A 283K
M 213K
|.I
o AN — 263K
]
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193K
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Figure 2.3 Variable temperatures *'P{'H} NMR spectra of a ds-toluene solution of [(COD)PdMeCl] with 2
equivalents of PPh,Me
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In addition, the triplet Pd-Me (*Jpy = 6 Hz) signal in the "H NMR spectrum confirms trans
co-ordinating phosphines, at least in the methyl complex.’® There is no evidence of any
cis-species despite the selectivity towards polyketone formation when using this
phosphine. On heating, the singlet broadens and shifts slightly to lower frequency,
presumably because of exchange between free and bound phosphine. This has been
confirmed by studying reactions in which the Pd:P ratio is 1:4. In this case singlets are
observed at dp = 26.6 and -16.5 ppm from the bound and the free phosphine respectively.
On heating both broaden together with the coalescence temperature being > 353 K. At
any given temperature, the resonance from the phosphines attached to Pd are slightly
broader when excess phosphine is present. An Eyring plot (P:Pd = 4:1) based upon
simulation of the line shapes over the temperature range 223-293 K gives activation
parameters: AH* = 19.9 kJ mol™' and AS* =-119 J (mol K)™. The high negative entropy of
activation confirms that the exchange is associative. Very similar behaviour is observed
for PMe; (&p = -14.5 ppm), PMe,Ph (8p = -1.9 ppm) and PPh; (6p = 30.5 ppm). The
coalescence temperatures (Table 2.4) are in the order PPh; > PMePh, > PMe; > PMe,Ph,
suggesting that the exchange of free and bound phosphines is faster for the smaller more
basic ligands, as expected for an associative process, with steric effects dominating. The
position of PMe; is slightly anomalous, perhaps because its poor m-acceptor properties

lead to a lower stability of the proposed 5-coordinate intermediate.**

Finally, addition of excess COD to a solution containing [Pd(COD)MeCl] and 2 PMePh,
leads to a sharpening of the 3'P NMR signal (6p = 26.0 ppm) at room temperature
suggesting that exchange of free and bound P is accelerated by excess COD. In no case

can signals from the cis isomer be observed.

Table 2.4 Coalescence temperatures (T) for exchange of free and bound phosphine in [PdMeCI(PR;),] as
determined from variable temperature NMR studies of solutions containing [PdMeCl(COD)] and 2 PR;*

Ligand PMe; PMe,Ph | PMePh, PPh;

T/K 300 250 340 >350

* Traces of excess phosphine are present in all the solutions. The coalescence temperature is defined as the
temperature at which the line width is highest
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Il. 2.5 Conclusions

It has been shown that the copolymerisation of carbon monoxide and ethene is possible
using a wide range of monodentate phosphines when the P:Pd ratio is low (4:1) This is an
unexpected result, as most of the literature teaches that methyl propanoate should be
selectively produced. Our results show that active, selective catalysts for polyketone
formation can be generated from palladium complexes containing simple monodentate
phosphines, although the rates are not very high compared with the best previously
reported using e. g. Ph,P(CH,);PPh,, which can be as high as 6,000 g PK (g Pd. h)™.
Analysis of the results shows that monodentate phosphines must lie within a well defined
area of steric and electronic properties to provide active catalysts for polyketone
formation, with phosphines having low steric bulk and high electron density being most
favoured. Analysis of the Flory-Schulz constants for the formation of co-oligomers, which
are only significantly observed for alkyldiphenyphosphines, shows, as suggested
previously,'® that steric bulk favours methyl propanoate formation. A P:Pd ratio of 4
allows polyketone formation when using smaller ligands, but higher phosphine ratios give
methyl propanoate or inhibit the reaction. This would appear to indicate that

monophosphine complexes, if they form, do not favour methyl propanoate formation.

After this investigation of non-dendritic monodentate ligands in the methoxycarbonylation of
ethene, we will now turn our attention to POSS based dendritic diphenylphosphine ligands to

observe the influence of the dendritic architecture on the outcome of the reaction.

ll. 3 Polyhedral Oligomeric Silsesquioxane dendritic ligands in
the methoxycarbonylation of ethene *

Because it seemed possible that bidentate coordination might be forced on ligands, which act
as monodentate ligands in their small molecule forms, by steric crowding at the periphery of a
dendrimer, it appeared interesting to use dendrimers bearing diphenylphosphines at their
periphery to probe the influence of the dendritic architecture on the chemoselectivity of the
methoxycarbonylation of ethene. In addition, there may be significant advantages in terms of
product separation in the instances where the product is methylpropanoate.

Very few examples of changes in chemoselectivity being brought about by dendritic effects

are available in the literature, although a change from di to mono functionalisation of 1,4-
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diiodobenzene was observed for Heck coupling with butyl acrylate catalyzed by a
(poly(propyleneimine)) modified dendrimer-bound Pd-z-allyl complex.’® The mono-Heck
adduct was obtained in a 92/8 (mono/di) ratio upon using the G4 dendrimer whilst the parent

model showed little selectivity 45/55 (mono/di).

II. 3.1 Generation 0 Polyhedral Oligomeric Silsesquioxane
decorated diphenylphosphines

Our initial studies centred on the macromolecule, G0-8ethylPPh,, in which the eight PPh,
groups are attached through an ethylidene spacer to the corners of a polyhedral oligomeric

silsesquioxane (POSS) cube (Figure 2.4).

PhaP PPh,
o~

Ph,P PPh,
GO0-8ethylPPh,

Figure 2.4 Structural formula of G0-8ethylPPh,

In the presence of palladium, this ligand promoted the formation of methyl propanoate.

There are three possible explanations for this chemoselectivity.

1) GO-8ethylPPh, may simply act as a monodentate ligand to palladium, since monodentate
ligands usually give methyl propanoate. However, the small molecule analogue, Ph,PEt (M2),
mainly promotes the formation of polyketone under similar reaction conditions, so this

explanation in itself is inadequate.

2) Although Ph,PEt (M2), mainly promotes the formation of polyketone, replacing the Et
group with the bulkier Bu' group ** changes the chemoselectivity so that small amounts of
methyl propanoate and no polyketone are formed. The steric bulk of the POSS cube may, thus
be responsible for the observed chemoselectivity, although the rate of formation of methyl

propanoate is higher with the POSS based ligand than when using Ph,PBu.
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3) A third possible explanation, which may be related to the second one, above, is that the
steric pressure applied by the peripheral POSS cube on the polymer chain may prevent its
growth. Steric pressure has been invoked to explain the formation of lower molecular weight
polymers in the copolymerisation of carbon monoxide with 4-tert-butylstyrene >’ and in
ethene polymerisation ** when using dendrimer based catalysts. A similar explanation has
been used to rationalise the formation of methyl propanoate when using palladium complexes
of bulky bidentate ligands for ethene carbonylation in methanol.'® It is proposed that the
smaller pocket angle, the area where migratory insertion and reductive elimination reactions

occur, encourages termination rather than chain growth.

In order to obtain more insight into the binding ability of G0-8ethylPPh, and its related high
activity in comparison with small models, we measured variable temperature >'P{'H}NMR
from -80 °C to +80 °C of G0-8ethylPPh, together with [(COD)MeCIPd] in toluene-ds. Upon
mixing the ligand and the metal together at a 1/5 (Pd/P) ratio, a precipitate instantaneously
formed. This can be related to the formation of oligomeric dendritic species, bound to each
other through a trans palladium metal complex. This observation clearly demonstrates
monodentate binding of GO0-8ethylPPh, to Pd, which is consistent with the formation of
methyl propanoate by this ligand. One single peak at -9.8 ppm, distinctive of the non
palladium-bound GO0-8ethylPPh,, clearly dominates all spectra (Figure 2.5).

353 K

333K
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243 K
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-
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Figure 2.5 Variable temperatures 3'P{'H} NMR spectra of a dg-toluene solution of [(COD)MePdCl] with GO-
8ethylPPh,
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A small bump can be observed at +28.7 ppm which can be attributed to the small quantity of
GO0-8ethylPPh, bound palladium complex soluble in toluene-ds. Overall, mainly free

phosphine is present in solution as the precipitate contains bound phosphine.

In order to try to distinguish between the 3 various aforementionned explanations
concerning the chemoselectivity observed with GO0-8ethylPPh,, we have carried out

ethene methoxycarbonylation using generation 1 POSS based molecules (Figure 2.6).

Il. 3. 2 Generation 1 Polyhedral Oligomeric Silsesquioxane
decorated diphenylphosphines

PPh,
PR pph PhoP— \ P2 P hoR thp
PhP N\ ? PPh, SN
e Jpphz / PPh
9 / PPh i/ SI\/_ 2
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Figure 2.6 Structural formulas of G1-16methylPPh, and G1-16ethylPPh,

One, G1-16ethylPPh,, has previously been shown to produce dendritic effects as a result of
bidentate binding,2 whilst the other, G1-16methylPPh,, did not show the same effect.! We
have also employed some more realistic small molecule models (Figure 2.7). MePPh, (M1)
might be considered a good model for G1-16methylPPh;, whilst EtPPh, (M2) might
normally be seen a good model for G0-8ethylPPh; and G1-16ethylPPh,. However, we have
shown that the chemoselectivity in ethene methoxycarbonylation when using monodentate
ligands can vary depending upon small changes in cone angle and electronic parameters,” so
Ph,P(CH;),Si(OMe); (M3) may be a better model for G0-8ethylPPh,, Me,Si(CH,CH,PPh;),
(M4) for G1-16ethylPPh; and Me,Si(CH,PPh;),; (MS5) for G1-16methylPPh,.
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Figure 2.7 Structural formulas of molecular ligands M1, M2, M3, M4, M5 and M6

Ethene carbonylation (CO:ethene, 1:1, 60 bar) reactions using all the macromolecular ligands
and the small molecule analogues were carried out in a methanol/toluene mixture in the
presence of catalysts prepared in situ from [Pd(OAc);], the ligand (Pd:P = 1:4 or 1:30) and
methanesulphonic acid (MSA) at 85 °C. The results are summarised in Table 2.5.

A comparison between the results obtained using G1-16methylPPh, with those from its
closest analogues, M1 and M5 (P:Pd = 4:1) shows that they all produce polyketone as the
major product. Although this is somewhat unexpected for M1, we have shown above that this
arises because of the relatively small size and electron donating capability of this phosphine.22
MS is a bidentate phosphine with the three atom bridge between the P atoms leading to a
small bite angle, so is expected, like Phy(CH,);PPh, to be active for polyketone formation.''
G1-16methylPPh;, gives a very similar rate of formation of polyketone to that for MS5,
suggesting that the macromolecular architecture does not interfere with bidentate binding of
the ligand, nor significantly alter the bite angle. Similar behaviour between the dendritic
complex and the monomer complex has been reported by Van Leeuwen and co workers
where similar activity and selectivity were observed between phosphine functionalized urea

adamantyl poly(propylene imine) dendrimers and bare phosphines in palladium-catalyzed

allylic amination.”
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Table 2.5 Results of ethene carbonylation in methanol catalysed by Pd complexes of various ligands in the
presence of MSA*®

Methyl
Run Ligand P:Pd Propanoate b Polyketonel
/ mol (mol Pd h)’ /e (gPdhy
1 GO0-8ethylPPh, 4 47.3 <1
2 G1-16ethylPPh, 4 3.0 <l
3 G1-16methylPPh, 4 <1 369
4 M1 4 <1 72
5 M2 4 1.0 1.3
6 M3 4 2.8 <1
8 M4 4 36.7 <l
9 M5 4 <1 304
10 M6 4 66.5 <1
11 GO0-8ethylPPh, 30 4.3 <1
12 G1-16ethylPPh; 30 1.6 <1
13 M1 30 2.0 <l
14 M2 30 10.4 <1
15 M3 30 29.6 <1
16 M4 30 109.2 <1

* Conditions: [Pd(OAc),] (2.4 x 10 mol), MeSO;H (4.8 x 10 mol), ligand, MeSO;H/Pd = 20/1, methanol (8
cm3), toluene (4 cm3), 85 °C, 2.5 h., CO 30 bar, C,H, 30 bar. °GC yields determined with external standard and
expressed as average turnover number over 2.5 h

Comparing G0-8ethylPPh, with M2 and M3 shows that the macromolecule promotes rates of
formation of methyl propanoate an order of magnitude higher than either of the two small
molecule analogues which appears to represent a positive dendritic effect. Forcing bidentate
coordination might be expected to encourage polyketone formation as for Ph,P(CH,),PPh, it
has been shown that these ligands tend to give polyketone with both the chain length and the
reaction rate increasing from n = 1 — 3 and decreasing again for n = 3 — 6."' On the other hand,
wider bite angle ligands have been shown to give methyl propanoate, especially if the P atoms

can be mutually cis."
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The alternative explanation for the formation of methyl propanoate when using larger ligands
is that the pocket angle is smaller and that increases the rate of termination.'> We have shown
above that the selectivity of methoxycarbonylation reactions of ethene when using palladium
complexes of monodentate phosphines at low P:Pd (1:4) can also be explained largely on
steric grounds, with larger ligands giving higher rates of formation of methyl propanoate and

less polyketone.?

Analysis of the cooligomers is also instructive with the Flory-Schulz constant, a (rate of
propagation)/(rate of propagation + rate of termination), being lower for larger ligands.'® For
the model compound, M3, all of the soluble cooligomers H(C,H4C(0)),CO,Me (n = 1-6) are
observed. Quantitative analysis shows that the value of a is 0.43, between those of PPh,Pr
(0.47) and PPh,Pr’, (0.46) and of PPh,Bu' (0.41),% as would be expected for the extra bulk on
the alkyl substituent.

The lack of observable polyketone when using M3 makes it more like PPh,Bu'. In the case of
GO0-8ethylPPh, very little co-oligomer production is observed and the rate of methyl
propanoate formation is higher. Thus, the positive dendritic effect can be attributed to the
increased bulk afforded by the POSS substituent leading to a smaller pocket angle and higher

rate of methanolysis.

G1-16ethylPPh; provides another somewhat surprising result. Methyl propanoate is formed
at a rate an order of magnitude lower than that of its closest analogue, M4 indicating a
negative dendritic effect. G1-16ethylPPh, is the molecule that shows very high linear
selectivity in rhodium catalysed alkene hydroformylation;* much higher linear:branched ratio
(I:b) (13.9) than is observed for M4 (I:b = 3.8). This high selectivity has been attributed to the
ability of this ligand to bind two equatorial sites in a key trigonal bipyramidal intermediate
and hence to have at least some of the phosphines constrained to have a bite angle close to
120 °C.’

In a seminal paper, it has been shown that wide bite angle ligands including xantphos (M6),
which also binds to two equatorial sites in 5 coordinate rhodium complexes, binds with the
two P atoms mutually trans in the model Pd acyl complex, [Pd(M6)(C(O)Me)][CF3;SO;] and
with the fourth coordination site occupied by the O of the central ring in M6. '° The rate of

methanolysis of the Pd-C bond, which is assumed to model the rate determining step in the
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methoxycarbonylation of ethene, is low compared with that in more active complexes. This
suggests that wide bite angle ligands of this type might give low rates of formation of methyl
propanoate. Of course, being bidentate, they might also give polyketone.
Methoxycarbonylation of ethene using xantphos as a ligand to palladium does not appear to
have been reported, although it has been reported that the related ligand O(2-C¢H4PPhy),
(DPEphos) gives high rates of co-oligomerisation (2,500 mol (mol Pd h)', a = 0.1)."
DPEphos also binds to palladium in the acyl cation with P,O,P binding and mutually trans
phosphines. This structure is maintained in the presence of CO or acetonitrile, but
[Pd(DPEphos)(C(O)Me)PPh;][CF3SOs] with the DPEphos occupying cis sites is formed on
reaction with PPh; showing that DPEphos can have the P atoms coordinated mutually cis or
trans. Cis coordination is also observed in [Pd,(u-H)(u-CO)(DPEphos),][CF3SOs3], which is
formed on reaction of the acyl complex with CO and methanol. The trans form is expected to
be inactive in co-oligomerisation, so the cis form must have very high activity. In contrast
with [Pd(M6)(C(O)Me)]’, which gives a slow reaction (t;, = 3 h at 12 °C) with methanol, the
rate of methanolysis of [Pd(DPEphos)(C(O)Me)]" was too fast to measure by 'H NMR
spectroscopy at room temperature. All of this suggests that M6 should give a low rate of
formation of methyl propanoate compared with that using DPEphos. We, therefore, tested M6
as a ligand under our reaction conditions for the methoxycarbonylation of ethene. Indeed the
rate (66.5 mol (mol Pd h)™) is much lower than that reported for DPEphos, but high compared
with that observed with G1-16ethylPPh,. No co-oligomers were observed in this case.

Since for bidentate ligands, larger bite angles (smaller pocket angles) increase the rate of
termination and hence methyl propanoate formation, we conclude that the bite angle for G1-
16ethylPPh; must be less than that of M4 or of M6, hence accounting for the lower rate of
methyl propanoate formation. It must, however, not be so low that chain growth to give
polyketones competes with termination. This conclusion is consistent with our earlier
observations based on rhodium catalysed hydroformylation reactions and modelling studies
that G1-16ethylPPh, affords diequatorial binding (bite angle ~ 120 °) to rhodium and that
interactions at the periphery of the macromolecule constrain some phosphorus atoms to be

closer to one another than those in the small molecule analogue, M4.> *

It appears that very subtle changes in the bite angle of the ligand can have dramatic effects
upon the rates of methoxycarbonylation reactions, with ligands favouring mutually trans

coordination of the P atoms being essentially inactive.'”” Where frans coordination is
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favoured, the rate of isomerisation to the cis isomer as well as the equilibrium position will
determine the overall rate of methoxycarbonylation of ethene in otherwise similar ligands.

In order to try to determine the stereochemistry of a related palladium complex attached to
G1-16ethylPPh,, we have studied the *'P NMR spectrum of the complex formed between
[PACIMe(COD)] (COD = 1,5-cylooctadiene) and G1-16ethylPPh; at a 1/5 (Pd/P) ratio in

toluene-dg (Figure 2.8) at different temperatures.

— e e

) . 223K

30 25 20 15 10 5 0 -5 -10 -15 ppm

Figure 2.8 Variable temperatures *'P{'H} NMR spectra of a ds-toluene solution of [(COD)MePdCl] with G1-
16ethylPPh,

At 193 K three signals are observed. Two of these (6 = -15.8 ppm (sharp) and -11.2 ppm
(broad)) arise from the macromolecule bound phosphine, with the sharp resonance having
been attributed to phosphorus atoms that are backfolded (buried in the macromolecule).' This
phenomenon might mirror the poor activity of this ligand in the production of methyl
propanoate in comparison with G0-8ethylPPh,: fewer phosphines are accessible at the edge
of the dendrimer to form the active catalytic complex, which results in an important decrease
in activity. The third resonance is a broad singlet at & =29.8 ppm in the region expected for

Pd bound phosphines. On warming, this signal broadens and disappears, but the signals from
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the free phosphine are not affected. Unfortunately, the data are not good enough to propose a

stereochemistry for the complex formed.

Il. 3. 3 Conclusions

The methoxycarbonylation of ethene using palladium complexes of macromolecules in which
8 or more equivalent phosphines are placed on the surface gives either methyl propanoate or
polyketone. In the case where the groups on the surface are —Si(Me)(CH,PPh,),, the
macromolecule and the small molecule analogue, Me,Si(CH,PPh;), behave very similarly to
produce comparable amounts of polyketone. This is as expected for a ligand of this type that
can bind, like Ph,P(CH,);PPh,, in a bidentate fashion with a relatively small bite angle and
low steric hindrance. For ligands containing P atoms that are separated by longer spacers, the
product is methyl propanoate with very little chain growth. This is expected for monodentate
binding or for ligands which have wide bite angles. In one case, that using G0-8ethylPPh,,
the rate using the macromolecule is significantly enhanced in comparison to that obtained
with the small molecule as a result of the extra steric bulk associated with the presence of the
POSS core and its other arms. For G1-16ethylPPh;, the rate is reduced compared with its
small molecule analogue. This is probably because interactions on the periphery reduce the
effective bite angle of the bidentate ligand, hence increasing the pocket angle and reducing the
rate of termination. The rate of termination is not reduced enough, however for chain growth
and polyketone formation to become competitive. These effects are only observed at low P-Pd
ratios (4:1). At a higher ratio (30:1), all the ligands promote methyl propanoate formation,
with the macromolecules generally being less efficient than their small molecule analogues
(Table 2.5, Runs 11-16). Perhaps monodentate binding is preferred in all these cases and the

ligand bulk determines the reaction rates.
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lll. Diazaphospholidine terminated Polyhedral Oligomeric
Silsesquioxanes cored dendrimers in asymmetric
hydroformylation

I1I. 1 Introduction

Asymmetric hydroformylation has attracted significant attention in the last decades as a
powerful tool to the production of enantiomerically pure aldehydes from readily available
cheap feedstocks.' Considerable effort has been made to identify effective chiral ligands for
this reaction but only a few of them, including the bisphosphites Chiraphite * and Kelliphite,’
the phosphine-phosphite Binaphos * and some bis-phosphacycles such as bis-phospholanes °

or bis-diazaphospholanes © have been effective (Figure 3.1).

t-Bu

(2R, 4R)-Chiraphite

M SN
0 <0
7 - H
HN—; ) SN
__ F‘h—\ )
(R,S)-Binaphos bis-diazaphospholane

Ph Fh

~ e
<:J\i=h PH""ILE/

bis-phospholane

Figure 3.1 Efficient ligands for asymmetric hydroformylation ’
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Among the numerous papers about dendrimers in catalysis,® few of them really focused on
asymmetric catalysis. Relevant examples include the application of the Ti-TADDOL system

in the addition of diethylzinc to benzaldehyde,”

chiral Salen complexes in the hydrolytic
resolution of terminal epoxides,"'  bis(diphenylphosphino)pyrrolidine functionalized
poly(propyleneimine) PPI dendrimers in allylic amination,'” dendritic BINAP,"* biphenyl

16, 17

phosphines 15 and phosphoramidate dendritic ligands as well as various types of chiral

ferrocenyldiphosphine '8 and iminophosphine ligands ¥ in asymmetric hydrogenation (Figure
3.2). Moreover, other miscellaneous enantioselective reactions such as hydrosilylation,** *!
allylation,'® hydroboration '* or hydrovinylation > ** have been studied but in general similar

activity and enantioslectivity were obtained for the monomeric and dendritic catalysts.

R
PhyP. PPhZ R = PCy;
Ph,P
" f
fPh2 Me Me. Feibj-
S'M Me~
QFeQ > { Si~Me PPh2
Me me  Fe
Rl ML o Me <
PhyP 00 NH

N
Me e H R Me Me
0" Ne N SRS AN
Me Me  H o-R_ © - @
> ﬁg‘,simxf“" OO 7 o] H PPhy
NH =
phoe’ L7 r o O NH Me,§._4?
- HN O \M Me PPhy
Z>Si'Me NH  HN F Me @la
Fe  Me me / .

R
Ph
o Phy Ph ~Ph Ph { ) Ph
\ 0O o A Ph Ph N, P Ph
Ph o] o r . O O o
- ! Ph Ph O Ph
N > o) 0

: WY o pto g
/0 o 0~0 - 0 o
~ 000 . o -
Y PPh
(8] = 0 o 2
g PH /j‘ “Ph
“PPh,

Figure 3.2 Top: Dendritic ferrocenyldiphosphine ligands; Bottom left: Dendritic phosphoramidate ligand;
Bottom right: Dendritic bis(diphenylphosphino)pyrrolidine (reproduced from **)
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These interesting features are well summarized by Majoral and co-workers in a review on
dendrimeric phosphines in asymmetric catalysis.** Surprisingly, no example of asymmetric
hydroformylation using dendritic ligands has been reported so far, although Alper and co-
workers reported the use of diphenylphosphine terminated PAMAM silica supported
dendrimers in the achiral version of this reaction.” In addition, the group of Rodriguez et al.

has developed chiral dendrimers with the chirality directly situated on the phosphorus atom.**

Figure 3.3 Grafting of chiral phosphines to carbosilane dendrimers %

The intrinsic ability of dendrimers to outperform their parent models,”® which is more
commonly called “positive dendritic effect”, has been previously discussed (Chapter 1)
and observed in oct-1-ene hydroformylation with Polyhedral Oligomeric SilSesquioxane
(POSS) terminated by 16 terminal diphenylphosphines.”’ Bearing in mind that these
peripheral constraints can change the selectivity of catalytic reactions so that the
selectivities normally associated with bidentate ligands can be obtained with monodentate
analogues, we postulated that an inactive monodentate ligand might be turned into an

active bidentate upon attachment to the periphery of POSS cored dendrimers.

The bis(diazaphospholidine) ligand, ESPHOS, is a bidentate C, symmetric ligand,
capable of acting as a ligand to rhodium for the asymmetric hydroformylation of vinyl
acetate with regio- and stereo-selectivities that are amongst the highest yet reported

(Scheme 3.1).*® The monodentate analogue, SemiEsphos, is a very poor ligand for this
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. . . 28
reaction giving very low conversions (Scheme 3.1).

0.5 mol% H o
rOAC [Rh(acac)(CO),]//ESPHOS
| 8 bar CO/H,
60°C OAc
99% conversion 90% vyield
b:194.5:5.5

89% e.e. (S)

h
"\ / TN /? N »
E ; ", / OMe

ESPHOS SemiEsphos

Scheme 3.1 Asymmetric hydroformylation of vinyl acetate catalysed by rhodium complexes of ESPHOS.
SemiEsphos gives very poor results (yield < 15 %, b:1 70:30, e.e <2 %) even under forcing conditions (120 °C,
100 bar) 28

We thus investigated the attachment of the inactive monodentate SemiEsphos ligand onto the
periphery of a POSS cored dendrimer,” anticipating that two or more of the SemiEsphos
moieties might be held in such a way that they effectively promote bidentate binding and give

good selectivity, possibly even better than ESPHOS itself (Figure 3.4).

Figure 3.4 Mimicry of bidentate ESPHOS through monodentate SemiEsphos at the periphery of a POSS cube
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lll. 2 Synthetic approaches to the binding of SemiEsphos
onto Polyhedral Oligomeric Silsesquioxane cored
dendrimers

lll.2. 1 The SemiEsphos oxide route

One synthetic appealing pathway to attach SemiEsphos onto the POSS cube, recently
developed in our group,®® was the functionalization of the phosphine oxide ligand (1),
synthesized according to literature procedures,”’ with a terminal vinyl biphenyl tail (Scheme
3.2). O-alkylation of (1) with 4-iodobenzylic bromide in the presence of K,CO; and 18-
crown-6 as phase transfer agent afforded iodinated SemiEsphos oxide (2) in 80 % yield.
Suzuki coupling reaction between (2) and commercially available styrylboronic acid produced

the desired vinylbiphenyl modified SemiEsphos oxide (3) in good yield (90 %).

18-crown-6
K,CO3
THF, reflux

[Pd(PPh3),]
ag. K,CO; B(OH)2
THF, reflux /

®)

Scheme 3.2 Derivatisation of SemiEsphos oxide ligand (1) with a vinyl biphenyl tail 30
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The POSS cored dendrimer decorated with eight SemiEsphos oxide moieties has been
obtained through Grubbs cross-metathesis between octavinylsilsesquioxane and (3), after

precipitation in hexane (Scheme 3.3).

Grubbs' catalyst
+ »
CH,Cl,, reflux, 90 hours

[y
ls&?‘:‘;-)&g) g

[ o
Q \
S o >

fSil\io/Sn"d ]

Scheme 3.3 Grubbs metathesis between G0-8vinyl and modified SemiEsphos oxide ligand *°

\O/
<
@
O

Several attempts at reducing this dendrimer with phenylsilane or trichlorosilane failed and the
systematic presence at the end of the reaction of (1) (detected by *'P{'H} NMR spectroscopy)
revealed a cleavage of the dendrimer at the benzylic position. Similar observations have been
made by Feher et al. as they never managed to reduce properly peripheral benzylic

diphenylphosphine oxides on the POSS cube.*

Indeed, the reduction of the non-dendritic phosphine oxide (1) with phenylsilane (Scheme
3.4) did provide the expected free phosphine as attested by the main peak observed by
J'P{'"H} NMR spectroscopy at 8 = 100.6 ppm but its purification via silica gel column
chromatography turned out to be very difficult.
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Scheme 3.4 Reduction of phosphine oxide (1) with phenylsilane

The X-Ray crystal structure of (1) (Annexe 1) clearly shows the preferential orientation of the
hydroxyl group towards the oxygen of the phosphine oxide, via hydrogen bonding, to adopt
the thermodynamically favored 6-membered ring conformation (Figure 3.5) (d(H10)...0(1) =
1.609 A). This may explain the difficulties encountered during the purification of the free
phosphine as the inherently stable chelate present in (1) through to the phosphine oxide

disappears after reduction.

Figure 3.5 X Ray crystal structure of (1) (Annexe I)
This failure to reduce non-dendritic and dendritic SemiEsphos phosphine oxides prompted us

to investigate the SemiEsphos phosphine with borane protection, using a similar methodology

as above, as the tolerance of Grubbs' catalyst towards borane is well established.*
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lll. 2. 2 The SemiEsphos borane protected route

O-alkylation of the borane protected SemiEsphos (4), synthesized according to literature
methods,** with the readily available 4-vinylbenzylbromide ** in DMF at room temperature

with NaH afforded compound (5) in low yield (34 %) (Scheme 3.5).

4 ®)
Scheme 3.5 O-alkylation of the SemiEsphos protected borane (4) with 4-vinylbenzylbromide

The unexpected failure of the Grubbs cross-metathesis between octavinylsilsesquioxane and
the borane protected phosphine (5) with both 1% and o generation Grubbs” catalyst remained
unclear. The formation of a gel-like solution upon mixing the two starting materials in
CH,Cl,, their presence at the end of the reaction (96 hours) confirmed by 'H NMR
spectroscopy together with the absence of the two doublets at 6.49 and 7.51 ppm in 'H NMR
spectrum characteristic of the internal double bond attached to the inorganic core reveal the

failure of the reaction.

The two preceding unsuccessful synthetic pathways to attach SemiEsphos to the periphery of
the POSS cube, employing oxide or borane protected modified ligands, led us naturally to
consider an approach where the unprotected SemiEsphos phosphine would be directly

attached onto the POSS macromolecule.

[ll. 2. 3 The unprotected SemiEsphos route

The first synthetic route we considered started with the formation of the bromobenzene
modified diazaphospholidine (6), thermodynamically driven by the displacement of gaseous

dimethylamine (Scheme 3.6).

64



~

N~
o

H
s —N Br
Toluene
NH HN + —_— N\P\
N

—N Reflux
Br

(6)

Scheme 3.6 Formation of the bromobenzene modified diazaphospholidine (6)

Attachment of (6) onto a POSS cube terminated by Si-Cl groups (G0-ethyl-8Cl, Figure 3.6) *°

was then envisaged using several different methods.

Cl cl
\Si/\ CI\Si/ S/I/\
CI\Si/ /
/ \ o
0-SiI— Vg
Si/q s|//O \

Figure 3.6 G0-ethyl-8Cl

First, "BuLi was used to promote a lithium-halogen exchange with the bromine atom of (6),
followed by a nucleophilic attack onto the electrophilic silicon atoms located at the periphery
of the cube. However, the high nucleophilicity of the organolithium reagent opened the
diazaphospholidine ring resulting in a variety of side products, whose purification was not
attempted. The more bulky and less nucleophilic ‘BuLi did not seem to open the ring but a
wide range of products was present in solution as assessed by *'P NMR spectroscopy, even

when the reaction was carried out at -120 °C.

Then, the Grignard derivative of (6) was successfully made following the method conceived
by Knochel and co-workers,”” using a mixture of isopropylmagnesium chloride, lithium
chloride solution in THF. Unfortunately, the resulting compound was not nucleophilic enough

to displace the peripheral silicon atoms of G0-ethyl-8Cl.
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Eventually, we investigated the strategy depicted in Scheme 3.7, to attach the unprotected
SemiEsphos at the periphery of the POSS cube. Lithiation of 3-
bis(dimethylamino)phosphinobromobenzene, prepared by a literature method,*® followed by
reaction with readily available chlorosilane terminated POSS (7) *° led to
bis(dimethylamino)phosphine terminated dendrimer (8). The synthesis was completed by
amine exchange with (S)-2-(phenylaminomethyl)pyrrolidine *° to form the desired cube (9)

driven by the thermodynamic displacement of gaseous dimethylamine.

{ _/P(NMe2)2 ]

“ \7 n
SiMe;_ Cl, | = P(NMe2), SiMeg., (n=1, 20r3)

(n=1,20r3) Br 8

8

™) ®)
—— =Si—0 —Si

-HNMez(g)
\
\\\\H
N
F’/\N
AN\
\ / Ph
) (n=1,20r3)
SiMes
8

©)

Scheme 3.7 Synthetic strategy for the preparation of SemiEsphos decorated POSS cored dendrimers

Following this method, four first generation SemiEsphos decorated POSS cored dendrimers —
G1-8SemiEsphos, G1-16SemiEsphos, G1-24SemiEsphos and G1-24SemiEsphos(ext) and
two second generation dendrimers G2-16SemiEsphos and G2-32SemiEsphos have been

designed and successfully elaborated (Figure 3.7). %> * The first generation dendrimer G1-
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24SemiEsphos(ext) represents an extended version of G1-24SemiEsphos in which an extra -

Si(CH_)2- unit has been placed in the dendron arm.

Increasing Crowding with Increasing Extension and Generation
Peripheral SemiEsphos @
Groups Q
N RN
Si< N,
& 5 \
|
P!
-Si P-N Isf\/Q N@
| >.

G1-8SemiEsphos G2-16SemiEsphos
/\H\?
N
Q SIS
Si

P as
R [l

P.
“ N
G o LaS)
H
H
G1-16SemiEsphos G2-32SemiEsphos

Y 2 5 w?@d

G1-24SemiEsphos G1-24SemiEsphos(ext) _ _
— =Si—O0—Si

Figure 3. 7 Generation 1 and 2 SemiEsphos terminated POSS cored dendrimers
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The red arrows highlight an increase in the steric crowding at the periphery of the dendrimer
via an increase in the number of functional groups linked to one single silicon atom upon
moving from G1-8SemiEsphos to G1-16SemiEsphos and G1-24SemiEsphos, whilst the
blue arrow shows a reduction of steric crowding and enhancement of the branch flexibility
between G1-24SemiEsphos and G1-24SemiEsphos(ext) but operating via the branch
extension (two silicon atoms are now present on each branch in contrast of one and three
silicon atoms per branch for G1 and G2, respectively). The purple arrows present the relation
between generation 1 and generation 2 POSS, G1-8SemiEsphos vs G1-16SemiEsphos and
G2-16SemiEsphos vs G2-32SemiEsphos, where the number of silicon atoms per branch is
now equal to three. The formation of a generation 2 POSS surrounded by 48 peripheral
SemiEsphos was not attempted as it was expected that steric hindrance at the periphery of the

cube would have led to incomplete functionalisation.*'

While already known chlorosilane terminated POSS *® were employed in the synthesis of G1-
8SemiEsphos, G1-16SemiEsphos and G1-24SemiEsphos, new precursors (7) —G1-ethyl-
24Cl(ext), G2-ethyl-16Cl and G2-ethyl-32Cl— were prepared following the literature method
developed by Morris and co-workers *° to produce G1-24SemiEsphos(ext), G2-
16SemiEsphos and G2-32SemiEsphos (Figure 3.8). Alkenylation of chlorosilane-terminated
dendrimers with homemade vinylmagnesium bromide and hydrosilylation of vinyl terminated
POSS led to the formation of 3 new chlorosilane terminated POSS molecules, which have all

been characterized by multinuclear (*C, "H and *’Si) NMR spectroscopy and microanalyses.
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Figure 3.8 Representation of G1-ethyl-24Cl(ext), G2-ethyl-16Cl and G2-ethyl-32Cl

—PNMe, terminated compounds (8) were only worked up with basic water to destroy any
traces of remaining n-butyllithium and used in the next step without any further purification.
SemiEsphos terminated POSS were precipitated in hexane to wash away the excess of small
molecules (3-bis(dimethylamino)phosphinobromobenzene and (S)-2-
(phenylaminomethyl)pyrrolidine) until no phosphorus signal attributed to the small molecules
could be detected by *'P NMR spectroscopy. Routine multinuclear NMR techniques (*'P and

*Si) were used to assess the completeness of the syntheses.The final *'P NMR spectrum
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contained only one signal from each of the desired SemiEsphos terminated POSS cored
macromolecules. ’Si NMR was also very useful in monitoring this synthesis as 3 different
signals —Si(T) (Silicon on the vertex of the cube), Si-Cl and Si-Phenyl are present in the final
product. The purity of the final product was shown by the presence of a single *Si NMR
signal at -67 ppm from the Si atoms in the cube. This resonance shows that the cube remains
intact and that each corner has been substituted by the same group showing the presence of
only one cube. Moreover, the nucleophilic substitution of the chlorine atoms on (7) by the
lithium aryl entity, was confirmed by the observation in the *’Si NMR spectrum of downfield
signals characteristic of the Si-Phenyl bond at -1.3 ppm, -1.6 ppm, -6.0 ppm, -6.3 ppm, -9.4
ppm and -10.1 ppm (respectively for G1-8SemiEsphos, G2-16SemiEsphos, G2-
32SemiEsphos, G1-16SemiEsphos, G1-24SemiEsphos(ext) and G1-24SemiEsphos). In
addition microanalysis was also carried out and testified to the high degree of purity of these

compounds.

lll. 3 SemiEsphos decorated Polyhedral Oligomeric
Silsesquioxane cored dendrimers in vinyl acetate and
styrene hydroformylation %

lll. 3.1 Vinyl acetate hydroformylation

All the dendritic SemiEsphos species were investigated in rhodium catalysed
hydroformylation of vinyl acetate to see whether crowding at the periphery might
encourage bidentate binding and induce activity. Catalytic solutions were prepared in
toluene by mixing the dendritic ligand with [Rh(acac)(CO),] at the desired rhodium to
phosphine ratio, before being transferred to a batch Hastelloy autoclave via canula. The

conditions and results are summarized in Table 3.1.

70



Table 3.1 Hydroformylation of vinyl acetate with catalysis by rhodium complexes ™

Entry Ligand P-Rh Concentration | Conversion | Aldehyde [ Aldehyde [ Aldehyde| Alcohol [ Alcohol
: [Mol/L] (%] yield [%]™'| b:1 ee [%] |yield [%]'Y| ee [%]
P s | [ oee [ [ 3 [en [ e | o0 [ oo
3 Esphos 1.5 [ﬂ;u[g] 0.010 100.0 34.9 159 | 76.0(S) 58.8  |84.0(S)
4 6.0 0.010 -ppt - — - — —
5 3.0 0.010
6 G1-8SemiEsphos 6.0 0.010 -ppt - - - - -
7 6.0 0.001
8 3.0 0.010
9 | Gi-16SemiEsphos | 6.0 0.010 PPt - - - - -
10 6.0 0.005 11.0 6.7 1.5 0.0 0.0 0.0
11 6.01 0.010 60.2 42.0 11.6 0.0 5.9 0.0
12 G1-24SemiEsphos 3.0 0.010 51.5 48.4 15.5 0.0 0.0 0.0
13 6.0 0.005 13.6 9.2 2.1 0.0 0.0 0.0
14 3.0 0.010
15 | G1-24SemiEsphos(ext)| 6.0 0.010 -ppt - - - - -
16 6.0 0.001
17 3.0 0.010
18 G2-16SemiEsphos 6.0 0.010 -ppt - - - - -
19 6.0 0.001
20 3.0 0.010
21 G2-32SemiEsphos 6.0 0.010 -ppt - - - - -
22 6.0 0.001

[a] Catalyst prepared in situ from [Rh(acac)(CO),] and the phosphine in toluene (4 mL) containing vinyl acetate
(I mL). Pcomz 1y = 40 bar. Temp = 80 °C, t = 20 hours. [b] Yield refers to 2-acetoxypropanal (1-
acetoxypropanal decomposes under the reaction conditions to acetic acid and propenal). [c] Refers to aldehyde
formation before decomposition/hydrogenation. Determined from the ratio of branched chain product
(aldehyde+alcohol) to acetic acid. [d] This refers to 2-acetoxy-l-propanol plus 1-acetoxy-2-propanol. [e]
Acetoxyacetone (0.3-1.3 %) is also a product. [f] t =3 hours

Entries 1 and 2 show the low activity of monomeric SemiEsphos at different phosphine to
metal ratio (around 11.5 % conversion, low b:l ratio (0.5) and no ee) whilst entry 3
emphasizes the very good behavior of ESPHOS in this reaction as total conversion is
reached after 3 hours.”® Entry 4 shows an interesting fact, namely the complete absence of
activity of ESPHOS when a 6 to 1 phosphine to rhodium ratio is employed. This can be
rationalized by the formation of an inactive complex containing two bidentate ESPHOS

ligands which appears as a precipitate after opening the autoclave.*?

Upon mixing G1-8SemiEsphos or G1-24SemiEsphos(ext) and the rhodium precursor in
a 3 to 1 phosphine to metal ratio (entries 5 and 14), a white precipitate instantaneously
appeared. For both G1-8SemiEsphos and G1-24SemiEsphos(ext), increasing the ratio to

6/1 (entries 6 and 15) or decreasing the precursor concentration (entries 7 and 16) did not
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prevent the formation of such insoluble material. The same conclusions can be drawn
about G1-16SemiEsphos (entries 8 and 9) except that no precipitate was present when the
rhodium concentration was reduced to 0.005 mol dm™ (entry 10). Activity in vinyl acetate
hydroformylation was observed, but the conversion and branched selectivity were poor
(11 % and b:l = 1.5). However, when changing from G1-16SemiEsphos to G1-
24SemiEsphos at 0.01 mol dm™ of [Rh(acac)(CO),], no precipitate was visible after
mixing and significant activity in the hydroformylation of vinyl acetate was observed (60
% of vinyl acetate was converted with a branched to linear ratio of 11.6, entry 11). None
of the G2 ligands could be tested in this reaction as again a white precipitate
instantaneously appeared upon mixing with the rhodium precursor (entries 17-22). The
lack of rigidity inside their dendritic architecture is presumably the cause of the formation
of these insoluble materials but it is still surprising as precipitation occurs even at high
phosphine to metal ratio (6/1) where a better stabilisation of the rhodium would be
expected as a result of the higher number of phosphines involved. The formation of these
insoluble "oligomeric® species results presumably from the rhodium bridging between two
dendritic ligands. This precipitate could not be dissolved again even at higher temperature
or on addition of excess ligands. A similar phenomenon of precipitation has been
observed in the case of diphenylphosphine terminated dendrimers bound to
[Rh(acac)(CO)], although at lower phosphine/rhodium ratios (below 3/1),* and was also
attributed to rhodium cross-linking between two dendrimers, i.e two phosphine groups of
two different dendritic ligands bind to the same rhodium atom, leading to insoluble
oligomeric species.43 Steric hindrance within such complexes presumably prevents the

complexation of any excess ligand.

For the dendritic SemiEsphos ligands, the compact and rigid macrostructure of G1-
24SemiEsphos displays enough crowding at its periphery to constrain the SemiEsphos
groups to allow bidentate binding to a single rhodium so that partial emulation of the
active ESPHOS can be observed, whilst the more flexible arms of G1-8SemiEsphos, G1-
16SemiEsphos, G1-24SemiEsphos(ext) and G2 ligands allow the formation of
oligomeric species, which precipitate. However, in order to ascertain that the whole POSS
molecule is needed for this effect, it would have been better to compare GI1-
24SemiEsphos with the small molecule analogue where the Si of the tris(SemiEsphos)
substituent is bound to a methyl group rather than via the ethylidene group to the POSS

core. Unfortunately, despite many attempts, we were unable to prepare this compound.
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A slight diminution in the yield (51.5 %) together with an increase in the branched to
linear ratio to 15.5, comparable to that obtained with ESPHOS, was observed upon
decreasing the ligand to metal ratio to 3/1 (entry 12). Although G1-24SemiEsphos does
give conversion and branched selectivity in the hydroformylation of vinyl acetate, no ee
was obtained. So this ligand does not behave exactly like ESPHOS, although it is known
that asymmetric catalysis using dendritic ligands can sometimes be unsuccessful.***° The
bridge between the two SemiEsphos portions is quite different in G1-24SemiEsphos from
that in ESPHOS, so, although bidentate coordination may occur and allow reactivity, the

chiral environment may be very different.

The positive role in both conversion and especially branched selectivity (entry 11)
conferred by the dendritic architecture compared with SemiEsphos is even more apparent
when comparing G1-24SemiEsphos and ESPHOS at different phosphine to metal ratios.
Upon increasing this ratio from 3/1 to 6/1, the ESPHOS gives a dramatic drop of activity
whilst its dendritic counterpart shows an increase in activity. This is believed to be due to
the increased stabilization of the rhodium complex in the case of the dendritic ligand,

which, unlike ESPHOS, cannot form a bis bidentate complex for steric reasons.

The performances of G1-16SemiEsphos and G1-24SemiEsphos (entry 13), under the
only catalytic conditions where G1-16SemiEsphos is active (entry 10), are very similar
suggesting that at low rhodium concentration and high SemiEsphos:Rh ratio, bidentate

binding might also occur for G1-16SemiEsphos.

lll. 3. 2 Styrene hydroformylation

G1-16SemiEsphos and G1-24SemiEsphos were also tested in the hydroformylation of
styrene to observe whether or not any chiral induction could be achieved as neither

SemiEsphos nor ESPHOS are enantioselective in that reaction (Table 3.2, entries 23-29).

73



Table 3.2 Asymmetric hydroformylation of styrene with catalysis by rhodium complexes [

]

Ent Licand P-Rh Concentration | Conversion | Aldehyde [ Aldehyde [ Aldehyde| Alcohol [ Alcohol
Yy & ' [Mol/L] %] |yield [%]™] b1 | ee[%] |yield [%]9] ee[%]
23 2 913 85.0 15 0.0 1.1 0.0
SemiEsph . 0.010
24 CIIESPROS | ¢ 91.0 86.0 16 0.0 0.9 0.0
25 1,5 99.6 98.9 3.5 0.0 0.0 0.0
Esph - 0.010
26 SPROS 611 -ppt - - - -
27 | G1-16SemiEsphos| 6 0.005 17.8 17.8 2.4 0.0 0.0 0.0
28 G 1-24SemiEsohos 6 0.005 70.5 69.0 2.8 3.0 0.0 0.0
29 P 6 0.010 72.2 70.9 1.2 3.7 1.4 0.0

[a] Catalyst prepared in situ from [Rh(acac)(CO),] and the phosphine in toluene (4 mL) containing styrene (1
mL). 10 bar CO/H; (1/1). Temp = 80 °C, 2 hours. [b] Yield refers to 2-phenylpropanal + 3-phenylpropanal. [c]
Refers to aldehyde formation before aldehyde decomposition/hydrogenation. Determined from the ratio of
branched chain product (aldehyde + alcohol) to straight chain product (aldehyde + alcohol). [d] This refers to 2-
phenyl-1-propanol plus 3-phenyl-1-propanol. [e] Acetophenone (<2 %) is also a product

Once again, G1-24SemiEsphos shows significant activity (70.5 % conversion,
[Rh(acac)(CO),] = 0.005 mol dm™, entry 28). At higher metal concentration (0.01 mol
dm™) the conversion is slightly higher (72.2 %, entry 29). G1-16SemiEsphos is also
weakly active (entry 27) but very little or no chiral induction was observed for any of
these catalysts. It may be that the excess of ligand may partly be responsible for the low
enantioselectivity observed since it has been shown with other ligands that excess ligand

can lead to a sharp decrease of enantioselectivity in hydroformylation reactions.’

G1-16SemiEsphos and G1-24SemiEsphos are the only POSS based ligands to show
activity in vinyl acetate or styrene hydroformylation. The four other dendritic ligands
precipitate upon mixing with the rhodium precursor leading to insoluble oligomeric
species.

In order to try to understand the different behaviours of the various ligands, we have

carried out molecular dynamics calculations.

lll. 3. 3 Molecular Dynamics Studies

Molecular dynamics studies of SemiEsphos terminated POSS macromolecules were
performed by Dr. Pascal André, in order to gain insight into the role of the dendritic
architecture and identify the most probable conformations accessible to the
macromolecules for the control of the outcome of alkene hydroformylation reactions. All

the molecular dynamics calculations were completed in vacuum at 580 K following the
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protocol detailed in the experimental section (Chapter 5). Their main outcomes are

summarized in Table 3.3 and detailed in the associated figures.

Table 3.3 Molecular Dynamics results. Average radius of gyration (Rg) and distance between phosphorus atoms
and the silicon atom connecting arm and POSS core (ds;p: average, minimum and maximum), intra-dendron
distances between phosphorus atoms (dpp.inga: average, minimum and maximum) and inter-dendron distances
between phosphorus atoms (dpp _ineer: @verage, minimum and maximum). Molecular Dynamics calculations were

completed in vacuum at 580 K

Rg / A dSi-P / A dPP-imra / A dPP-imer / A

(Ot dev) avg min  Max avg min  Max avg min  Max
G1-8SemiEsphos 8.74(0.23) | 7.7(1.0) 4.7 103 NA NA NA |113@3.7) 33 222
G1-16SemiEsphos 9.92(0.15) | 82(1.3) 49 104 | 85(1.5) 48 114 |123(3.3) 34 223
G1-24SemiEsphos 10.65(0.07) | 84 (1.3) 5.1 104 | 87(1.5) 45 11.6 |12.6(4.1) 3.1 225

G1-24SemiEsphos(ext) | 11.73 (0.16) [ 10.4 (1.8) 3.8 14.7 | 8.6(1.6) 44 11.6 |155(4.7) 34 303
G2-16SemiEsphos 11.03 (0.17) | 99(22.0) 34 145 (11934 34 198 |148(5.1) 32 293
G2-32SemiEsphos 12.57(0.08) |11.2(1.8) 4.7 147 |10.6(3.5) 3.1 202 |16.2(5.2) 3.5 289

Ligand

All the dendrimers regardless of their complexity have a spherical shape as illustrated by

the small values of the asphericity of the moment of inertia in Figure 3.9A and 3.9B.
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Figure 3. 9 Normalized population of the asphericity of the moment of inertia (A, B) and radius of gyration
(C, D) of G1-8SemiEsphos (A), G1-16SemiEsphos (¢), G1-24SemiEsphos (®), G1-24SemiEsphos(ext) (¢),
G2-16SemiEsphos (V) and G2-32SemiEsphos (m). Molecular Dynamics calculations were completed in

vacuum at 580 K

As expected, the radius of gyration is increased with the macromolecule complexity and
generation from 8.7 A to 12.6 A, see Table 3.3 and Figure 3.9C and 3.9D. In addition a
direct observation of Figure 3.9C and 3.9D shows that as the complexity of the
macromolecules is increased, the curves of the radius of gyration populations become
narrower consistent with an increase in the steric hindrance of phosphine groups at the

periphery, see Figure 3.7 and oy 4ev in Table 3.3, to compare G1-8SemiEsphos to G1-
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24SemiEsphos (0.23 vs 0.15, respectively), G1-24SemiEsphos(ext) and Gl1-
24SemiEsphos (0.16 vs 0.07, respectively), G2-16SemiEsphos to G2-32SemiEsphos
(0.17 vs 0.08, respectively) as well as the comparison between the 1% and 2nd generations
G1-8SemiEsphos to G2-16SemiEsphos (0.23 vs 0.17, respectively) and Gl1-
16SemiEsphos to G2-32SemiEsphos (0.15 vs 0.08, respectively).

I1l. 3. 3. 1 “Branch extensions”

Figure 3.10 describes the normalised population of the arm extension defined as the
distance between the phosphorus atoms and the associated silicon corner of the POSS
cored dendrimers. In an attempt to find a compromise between averaging and blurring the
range of conformations accessible to the arms of the dendrimers, when the macromolecule
contains several phosphine groups, see Figure 3.7, then each of them was discriminated,

averaged and plotted individually to obtain Figure 3.10 displaying up to three curves per

graph.
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Figure 3.10 Normalized population of the extension of the arms calculated as the Si-P distances along the each
arm. Molecular Dynamics calculations were completed in vacuum at 580 K. To find a compromise between
averaging and blurring the range of conformations accessible to the arms of the dendrimers, when the
macromolecule contains several phosphine groups each of them were discriminated, averaged and plotted
individually leading to full, empty and half empty symbols, see text for details
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For instance, G1-8SemiEsphos contains a single phosphorus atom per branch leading to a
single curve, G1-16SemiEsphos and G2-16SemiEsphos contain two phosphorus atoms
per branch leading to two curves, G1-24SemiEsphos and G1-24SemiEsphos(ext) contain
three phosphorus atoms per branch leading to three curves, and G2-32SemiEsphos
contains four phosphorus atoms per branch leading to four possible combinations. As for
Figure 3.9, the distribution of conformations which can be seen in Figure 3.10, results
from thermal agitation. Consistent with the radius of gyration behaviour, see Table 3.3,
the average distance between the silicon corners of the POSS core to phosphorus atoms on
the same arm shows a progressive increase from 7.7 A to 10.4 A for the generation 1
macromolecules and from 9.9 A to 11.2 A for the 2™ and extended 1st generation
macromolecules, see Table 3.3. The arm extension of all the Ist generation
macromolecules covers the same interval of distances, see min-max in Table 3.3, while as
expected the 2™ and extended 1% generations of macromolecules cover a larger interval

with a peak shifted towards longer distances, see Figure 3.10.

No strong back-folding is observed for any of the dendrimers probably because of the
bulky structure of the phosphine groups. However; the 2" and extended 1% generation
macromolecules (right hand side of Figure 3.10) display a small peak at short distances,
around 7 A, indicative of some of the phosphorus atoms being embedded under the
peripherical shell and consistent with the larger flexibility provided by the additional
Si(CH,), group when compared with the 1% generation dendrimers, see Figure 3.7 and
right hand side column of Figure 3.10. However, flexibility is not synonymus with free
space. Indeed the more free space there is between peripheral groups, the more Gaussian-
like the extension distribution is expected to be. However G2-16SemiEsphos and G2-
32SemiEsphos display peaks on the lower side of the arm extension indicative of
crowding confinement, space restriction or attractive interactions, whereas G1-
24SemiEsphos(ext) only diplays a shoulder indicative as expected of a lower degree of
crowding. For hydroformylation to occur with the poorly active SemiEsphos, the
formation of a complex between one rhodium and two phosphorus atoms is thought to be
required so as partially to emulate the active ESPHOS. This can only happen when the
phosphorus to phosphorus distance is in the order of 4 to 7 A. The PP distances were
numerically probed both within a single arm (intradendron) and between adjacent arms

(interdendron).
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Il. 3. 3. 2 “Intradendron PP distances”

Figure 3.11 displays the normalized population of the PP distances within the same arms
for all dendrimers except G1-8SemiEsphos, for which there is only one P atom per arm.
For instance, G1-16SemiEsphos and G2-16SemiEsphos contain two phosphorus atoms
per branch leading to a single curve, G1-24SemiEsphos and G1-24SemiEsphos(ext)
contain three phosphorus atoms per branch leading to three possible combinations, and
G2-32SemiEsphos contains four phosphorus atoms per branch leading to six possible

combinations and curves.
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Figure 3.11 Illustration of intradendron PP distances (Top left hand side) and normalized population of the intra-
dendrons PP distances within the same arms for each dendrimer (rest of the figure as labelled). Molecular
Dynamics calculations were completed in vacuum at 580 K, see text for details

In all cases, most of these distances are in the region of 6-7 A, even though they differ by
double and triple end group functionalisations. G1-16SemiEsphos and G1-24SemiEsphos
exhibit the same range of distances, 4.5 to 11.5 A see Table 3.3, indicating similar
packing of the intradendron terminal groups at the periphery of the macromolecules. The
Si(CH,), group extension does not impact significantly on the intra dendron PP distances.
Indeed G1-24SemiEsphos and G1-24SemiEsphos(ext) both cover the same range of
intradendron PP distances. This is not very surprising, see Figure 3.7, as the external Si

atom is fully substituted by three diazaphospholidine groups. This also indicates that any
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variation of the intradendron PP distances with the generation would result from a

dentritic effect and not an extension effect.

It is clear from Figure 3.11 that both G2-16SemiEsphos and G2-32SemiEsphos have
intradendron PP distances spreading over a much wider interval than the 1% generation
dendrimers. A direct comparison can be made between G1-16SemiEsphos and G2-
32SemiEsphos with the latter extending toward longer distances even though still
covering the short distances between 4 and 11 A charactistic of the 1*' generation. This is
consistent with the double substitution of the external silicon atom by diazaphospholidine
groups as well as the presence of two of such external substituted silicon atoms on a
single arm. However spreading over such a wide range of PP distances also implies that
the probability of finding the PP distance suitable for the formation of a complex with
rhodium is actually lower than for materials displaying narrow PP distance intervals and
this favours the first generation dendrimers to form bidentate coordination with the

catalyst instead of forming insoluble polymer like materials, see Table 3.3.

Indeed G1-16SemiEsphos and G1-24SemiEsphos as well as G1-24SemiEsphos(ext)
show most of their intradendron PP distances below 10 A which is favourable for
bidentate coordination. In addition, it has been shown previously that Gl1-
24SemiEsphos(ext) has a more flexible structure than generation 1 species (see Figure
3.10), which favours the two first ligands for possible reactivity as space contraints
associated with the 4 to 7 A PP distance will increase the probability of bidentate complex
formation. As a direct consequence it also reinforces the idea of the flexible dendritic
structure to be more prone to form oligomeric species in contrast to the compact and rigid
1** generation dendritic structure able to promote bidentate coordination and hence

activity.

I1l. 3. 3. 3 “Interdendron PP distances”

Interdendron bidentate binding could also occur, so these were numerically probed, see
Figure 3.12. Again each phosphorous atom on each dendron was discriminated, distances
with each phosphorus atoms on neighbouring dendrons were averaged to be plotted with
Figure 3.12 displaying up to four curves per graph. In this context, G1-8SemiEsphos

contains a single phosphorus atoms per branch leading to a single curve, GI-
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16SemiEsphos and G2-16SemiEsphos contain two phosphorus atoms per branch leading
to two curves, G1-24SemiEsphos and G1-24SemiEsphos(ext) contain three phosphorus
atoms per branch leading to three curves and G2-32SemiEsphos contains four phosphorus

atoms per branch leading to four curves.

N.P. P-Pjpier-dendrondistances

N.P. P-Pjipier-dendrondistances

N.P. P-Pjpier-gendgrondistances

Figure 3.12 Normalized population of the interdendron PP distances. Molecular Dynamics calculations were
completed in vacuum at 580 K, see text for details

All the first generation dendrimers cover an interdendron PP distance interval between 3
and 22 A. Table 3.3 illustrate that average interdendron PP distances are of the order of 12
A which seems less favorable to bidentate coordination when compared with the

intradendron PP average distances of about 8.6 A.

As opposed to G1-8SemiEsphos, both G1-16SemiEsphos and G1-24SemiEsphos show a
shoulder around 6-7 A which is also favourable to promote bidentate coordination. This
shoulder is more prononced for the more active G1-24SemiEsphos and the same
statistical argument developed for intradendron PP distances can be used here to make
G1-16SemiEsphos and G1-24SemiEsphos distinct from the other dendrimers.

Compared with the 1% generation, the 2nd generation species cover a wider range of
interdendron PP distances, with an interval between 4 and 29 A, see Table 3.3 and Figure

3.12, indicative of an even lower probability of finding two phosphorus atoms at the
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appropriate distance for bidentate coordination. The same rationale applies to Gl1-

24SemiEsphos(ext) for which the average interdendron PP distances is around 15.5 A.

To summarize, we assume that bidentate coordination will be favoured for dendrimers for
which PP distances of 4 to 7 A are available, but otherwise monodentate binding occurs
to give insoluble oligomers. More free space (G1-8SemiEsphos and Gl-
24SemiEsphos(ext)) and the larger the range of accessible conformation (G2-
16SemiEsphos and G2-32SemiEsphos) reduce the probability of bidentate coordination
thus favouring cross-linking and precipitation, as is observed. Only G1-16SemiEsphos
and G1-24SemiEsphos combine the desired balance of crowding. The external silicon
atoms of each dendron bare two or three bulky phosphine groups, which confine the
intradendron PP distances in the appropriate regime for bidentate binding. Being 1
generation, the two dendrimers are fairly crowded and compact at the periphery which

reduces the mobility of the phosphorus atoms.

G1-8SemiEsphos and G1-24SemiEsphos(ext) are not crowded enough to force bidentate
binding, leaving more opportunities to oligomeric species. G2-16SemiEsphos and G2-
32SemiEsphos, are less crowded at the periphery than G1-16SemiEsphos and GI1-
24SemiEsphos because the surface area is higher for the second generation dendrimers.
They thus offer too large a range of accessible conformations, reducing the probability of
bidentate binding and hence favouring the observed oligomerisation and precipitation.
Even though the average intradendron PP distances in G1-16SemiEsphos and G1-
24SemiEsphos are very close to the 4 to 7 A needed for bidentate coordination, it is hard
to discriminate the exact contributions and roles of both intra- and interdendron bidentate

binding.

Il. 3.4 Conclusions

New diazaphospholidine terminated Polyhedral Oligomeric Silsesquioxane (POSS)
molecules have been synthesized and tested in styrene and vinyl acetate hydroformylation.
Some of them have been shown to precipitate upon mixing with rhodium precursors,
whilst others remain in solution and show activity. These latter are more compact and
rigid in comparison to the former, which are more flexible and hence more prone to

monodentate binding to rhodium and cross-linking. Molecular dynamics investigation has
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been able to rationalise these observations. PP distance calculations show that the ligands,
for which precipitation occurs upon mixing with the rhodium precursor, have PP distances
too big to promote bidentate coordination, whereas the two active ligands display more
rigid and compact structures with PP distance falling in the range of possible bidentate
coordination. We have, therefore succeeded in using macromolecular design to induce a
dendritic effect by sufficiently crowding SemiEsphos units at the periphery of a dendrimer
like molecule that the properties of ESPHOS (a bidentate analogue of monodentate
SemiEsphos) are at least partially reproduced. The activity, branched selectivity and even
the activity for subsequent aldehyde hydrogenation to alcohol of ESPHOS are reproduced,
but not the enantioselectivity. This suggests that despite the crowding initiating bidentate

binding, the exact chiral environment provided by ESPHOS has not been achieved.
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I\VV. Polyhedral Oligomeric Silsesquioxane cored
dendrimers in photoluminescence applications

IV. 1 Introduction

The relative simplicity of the iterative synthesis of dendrimers allows the very precise location
of functional groups throughout the macromolecule. The dendritic structure, including a
central core from which radiates dendrons of controlled complexity, each being terminated by
peripheral end groups, enables the incorporation of luminescent units all over the dendritic
architecture. These luminescent fragments can display features including energy or electron

), ? conversion of UV light into visible

transfer in light harvesting systems (“antenna effect
or infrared emission > * or sensing molecules with signal amplification properties.” In the
latter case, gas,” ions "' or organic compounds ' '* have been found to induce significant
and quantitative changes in physical, electrochemical or optical properties of the resultant
dendritic-analyte complexes. Some selected examples of dendrimers as molecular sensors are
reported below, highlighting the host-guest chemistry rather than providing comparisons
between the dendrimer and its small molecule analogue. The field of biology makes extensive

. .13 14 15, 16 .
use of dendrimers as sensors for bacteria, ” DNA, ™ and glucose ™ ° for instance but these

applications will not be discussed further.

IV. 1.1 Dendrimers as gas sensors

Detection of gases remains a current challenge in materials science even though important
gases such as oxygen or carbon dioxide are now routinely detected.'” Sensors should possess
high selectivity and sensitivity to be efficient, properties that can be displayed by specially

designed dendrimers.
Platinum(II) pincer ligand decorated dendrimers synthesised by Van Koten and co-workers

can reversibly absorb sulphur dioxide (SO,) to yield macromolecules with enhanced solubility

characteristics and drastic colour changes (Scheme 4.1).°
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Scheme 4.1 Reversible bonding of SO, on platinum(II) pincer decorated dendrimers '*

The metal-to-ligand charge transfer complex, which turns the solution orange, can detect SO,
concentrations as low as 10 mg dm™, which makes these compounds highly active sensors for

toxic SO, gas.

Another toxic gas, carbon monoxide, was successfully detected by measuring conductance
variations of dendritic carbosilane thin films peripherally decorated with ferrocenyl groups.19
This sensor has been found to be very sensitive and selective to CO as the conductance
linearly increased by an order of magnitude up to 40%, where it saturated. Following the same
principle, Sulu et al. resorted to the high electrical conductivity of phthalocyanine compounds
to produce dendritic carbon dioxide sensors that were sensitive to a large range of

concentrations (from 500 to 8000 ppm).*°
A remarkable example of gas sensing was reported by Vinogradov and co-workers who

designed metalloporphyrin cored dendritic complexes, for which the strong phosphorescence

is totally quenched in the presence of oxygen (Figure 4.1).*!
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Figure 4.1 Scheme of the phosphorescence sensor, its Jablonski diagram and related wavelength scale %!

The chromophores embedded in the dendrimeric matrix and located at the periphery of the
metallophorphyrin core, absorb radiation that is then transferred to the emissive core (antenna
effect). The emissive core can release its energy by either emitting fluorescence or passing it
onto a quencher molecule, e.g oxygen. The dendrimer shown in Figure 4.1 is not only
required to protect the core from oxygen but also to provide a matrix in which the active sites
of the device (antenna and core) are positioned at the appropriate distance to facilitate energy

exchange.

IV. 1. 2 Dendrimers as ion sensors

Numerous efforts have been devoted to the design and construction of sensors capable of
detecting ions.”** Dendritic supports represent ideal candidates because of their ability to
coordinate a large number of ions throughout their scaffold by electrostatic interactions.

Many research groups have exploited the flexible luminescence property of dendrimers to
detect ions, mainly by quenching or enhancing fluorescence after ionic interaction between

the detected ion and the dendrimer.?*%

An elegant example was reported by the group of Balzani and Végtle in 2000 for the

detection of Co*" ions with poly(propyleneimine) dendrimers (Figure 4.2).”
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Figure 4.2 Poly(prolyleneimine) dendrimer terminated with 32 dansyl units >

It was demonstrated that complete quenching of fluorescent dansyl units, present at the
periphery, occurs upon coordination of cobalt ions to the tertiary amines of these dendrimers.
The true mechanism (electron or energy transfer) could not be revealed, since the excited state
of the dansyl units is both a good energy- and electron donor, while Co(Il) amine complexes
have several low-energy excited states making it susceptible to oxidation. In addition, a strong

amplification of this signal is observed with increasing dendrimer generation (Figure 4.3).
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Figure 4.3 Schematic representation of (a) a conventional fluorescent sensor and (b) a fluorescent sensor with
signal amplification °
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One cobalt ion is able to quench 32 dansyl units and this is the origin of amplified sensitivity
compared to a monodansyl compound.
Conversely, Grabchev et al. showed a large fluorescent enhancement of 1,8-naphtalimide,

grafted at the periphery of a PAMAM dendrimer, in the presence of protons or Cu®".*’ B

y
interacting with amines, these ions quench the photo-induced electron transfer from the amino
groups of the core to the peripheral chromophores, which produce a strong emissive signal.

The same idea was developed by Vdgtle and co-workers where the coordination of Zn*" to the
lone pairs of nitrogen atoms in their cyclam cored dendrimer resulted in an intense naphtyl

30
fluorescence.

Another powerful tool to sense inorganic ions has originated in the field of electrochemistry

and has been thoroughly developed by Astruc and co-workers.” 31 32

They designed redox-
active metallodendrimers capable of electrostatically binding oxo-anions, including
adenosine-5’-triphosphate, H,PO4  or halogens and followed their concentration through

variations in cyclic voltammetry of ferrocenyl decorated dendrimers (Figure 4.4).

Figure 4.4 Example of electrostatic coordination of H,PO, at the periphery of supramolecular dendrimer
decorated with termini ferrocenyl moieties *
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IV. 1. 3 Dendrimers as organic compound sensors

Sensing methods based on the variations of optical properties of the dendrimer upon binding
the analyte are also common and useful in the detection of organic molecules. Others, more

physical, are also successfully applied as reported below.

During the past few years, growing interest in the detection of Volatile Organic Compounds
has led many research groups to study the application of dendrimers immobilized on surfaces
for this purpose. Different physical detection methods were used such as mass balance

11, 33- : . ..
+3335 ¢yelic voltammetry *® or electric conductivity measurements.”” ** As a

measurements,
general rule, two types of interaction enable sensing of two categories of solvents: m —x
interactions between planar cycles favour recognition of hydrophobic compounds with
polyphenylene dendrimers whereas hydrophilic PAMAM dendrimers were highly sensitive to

alcohols or water due to hydrogen bonding.

Many papers report colour or fluorescence changes that occur as consequence of hydrogen
interactions between the host dendrimer and the detected guest molecules for the design of

sensors,””* some of which are highlighted below.

Pu and co-workers, for example, developed optically active dendrimers with a binaphtyl core
and successfully used them as enantioselective fluorescent sensors for chiral aminoalcohols **
and mandelic acid.** Through hydrogen bonding interactions, the acid can enhance the

fluorescence of these dendrimers whereas the alcohols decrease it.

De Cola and co-workers exploited the multiple hydrogen-bonding ability of the Hamilton
receptor to detect barbiturates.* Upon complexation of these molecules to the receptor site, a
photo-induced energy transfer from the receptor to the bipyridylrhenium moiety of the probed

molecules is easily monitored by fluorescence variations (Figure 4.5).
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Figure 4.5 Hamilton receptor of barbiturates *°

A more sophisticated means of exploiting dendrimers as sensors for organic molecules is to
use them as a “cage” able to physically entrap target molecules. This idea of a “dendritic box”
was pioneered by Meijer and co-workers in 1994:*” They designed a polypropyleneimine
dendrimer capable of physically encapsulating Rose Bengal and further releasing it after
chemical reactions at the periphery of the macromolecule by breaking the outer shell (Figure

4.6).
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Figure 4.6 Meijer’s dendritic box with Bengal Rose molecules inside (reproduced from *%)
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Following this principle, the research groups of Zimmerman * and Suslick *° developed the
concept of Molecular Imprinting inside Dendrimers. Cavities created inside dendrimers,
following removal of templates, were able to host specific amines and alcohols via hydrogen
bonding interactions. This chemical information was translated into optical signals by azo-dye
chromogenic reporters, turning the system into highly selective sensors for amines and
alcohols (Scheme 4.2).

Scheme 4.2 Creation of specific amines and alcohols sensors via Molecular Imprinting inside Dendrimers *

In conclusion, it has been shown that dendrimers can be used as ideal candidates for
recognition of gases, ions or molecules because they induce significant and quantitative
changes in physical, electrochemical or optical properties of the resultant complexes with the
analytes. In addition to their high sensitivity, they also present good selectivity, and their

physical persistence and robustness give them a promising future as chemical sensors.

IV.2 Sensing reducing agents through fluorescence
activation of a Polyhedral Oligomeric Silsesquioxane **

Besides the abovementioned examples relying mainly on non-covalent interactions
between the substrate and the dendritic receptor, the complete chemical transformation of
the latter in the presence of the analyte has not been widely investigated. For instance, it
has been shown that -OH terminated PAMAM dendrimers displayed stronger
luminescence upon oxidation of hydroxyl groups,”> however the complete characterization

of the luminescent centers was not reported.

93



We thus investigated the use of Polyhederal Oligomeric Silsesquioxanes decorated with vinyl
biphenyl units to provide novel fluorescent chemosensors. The 4-vinyl biphenyl chromophore
was chosen for its ability to be chemically modified, its relatively high Photoluminescence

Quantum Yield (PLQY) and its weak oxygen quenching.”

IV. 2.1 Synthesis of a dialdehyde functionalized Polyhedral
Oligomeric Silsesquioxane and its reduced alcoholic
form

The macromolecule synthesis involves a Suzuki coupling reaction between styrene boronic
acid and bromobenzenedicarbaldehyde ** to give the dendron arm M7 in good yield (82 %).
Grubbs cross-metathesis between the readily available octavinylsilsesquioxane and M7 allows
the synthesis of the macromolecule S1 in good yield (78 %), see Scheme 4.3. The side
product resulting from the self metathesis of M7 was separated chromatographically.

M7 and S1 were characterized by Electrospray lonisation (ESI) and Matrix Assisted Laser
Desorption/lonisation (MALDI) mass spectrometry, microanalysis and routine NMR
techniques ('H and "°C): the disappearance of the terminal vinyl of M7 corresponds to the
appearance of the internal double bond attached to the inorganic core (signals at 6.49 ppm and

7.51 ppm in the 'H-"H COSY 2D NMR spectrum), see Figure 4.7.
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Figure 4.7 'H-'"H COSY 2D NMR of S1
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Scheme 4.3 Synthesis of monomer M7 and macromolecule S1

M7 and S1 were next reduced with NaBH4 to the primary alcohols, M8 and S2, as illustrated
in Scheme 4.4.
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Scheme 4.4 Reduction of M7 and S1 with NaBH, affording M8 and S2

IV. 2.2 Molecular dynamics investigations of  both
macromolecules S1 and S2

Numerical simulations at various levels of theory can be used to determine molecular
conformations and to gain insight into electronic properties.”™’ In the context of dendritic
molecules, hydrodynamic radii, extension and back-folding, crowding and arm flexibility
have then been investigated as a function of dendrimer generation and solvent quality.”®®
Assemblies of nanostructured POSS networks have been studied by lattice Monte-Carlo
simulations in order to explore the effect of linker length on porosity and spatial distributions
of the building blocks in 3D structures.”’ Other examples are based on numerical simulations
compared with experimental data, to provide insight into the properties of single hybrid

organic-inorganic nanomaterials.®* % ¢

To gain insight into the molecular conformations of the two macromolecules S1 and S2,

molecular dynamics calculations were completed and the outcome is presented in Table 4.1

and Figure 4.8.
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Table 4.1 For each macromolecule S1 (m), S2 (A): Photoluminescent quantum yield (PLQY), Peak and
standard deviation (8) of the normalized populations of the radius of gyration, extension of the vinyl biphenyl
branches from the Si atom of the POSS core to C; and C;, and distance between C;, atoms located on adjacent
arms. Molecular Dynamics was completed in vacuum and at 400 K

Rg Si-C3 | si-Cl0()/ | clo-clo
PLQY 1 5/ A @)/ A A ®)/ A
412 1112 15.8
st | 000 1007004 | o 0 o
10.19 4.08 11.12 15.8
§2.| o0lo (0.05) (0.07) (0.14) 2.8)

From this approach it is clear that all the parameters accessible by molecular dynamics
indicate a similar structure and range of conformation for both S1 and S2: a radius of gyration
of ~10.2 A, branch extension peaks of ~4.1 A and ~ 11.1 A for Si-C3 and Si-C10, as well as
a distance between the tips of the vinyl biphenyl groups, C10, located on two adjacent arms,
of ~ 15.8 A. As the chemical grafting of the arms to the POSS core increases the degree of
freedom (vibrational, translational, rotational) of the macromolecule relative to the free

67, 68

ungrafted chromophore, the gaussian distributions in Figure 4.8 illustrates the large

number of conformations accessible to the eight arms of the macromolecule.

97



(A) (B)
1t ga 4 1t
A
A
& 0
0.8} { o8} N
: £ k.
06| 1206} Aff
o L S o ‘a
z = Q A‘
041 o -‘“ 1 o4l am A
= o ;.,' r]
0.2 1Zo02] =
u , £ 1% ,
Rq (A d(A
oL ‘ 3 (A) o ’ ‘ (A)
98 10 102 104 106 3.6 4 4.4
(@) (D)
1r P 1 a
[}
$o8 . 1 Sos| »
g o'y 8 F ¥
506 " 1506} 4 %
Ei ‘. ™ S A
Q AN om %04 1 %
. 4% . F %
T o
202} A'.' . 1202} i 1
SN WL
0 , ) 0 , , ,
10 11 12 4 12 20 28

(E) Si_=_C3_/>_<\_/:C10

Figure 4.8 For each macromolecule S1 (m), S2 (A): Normalized population of the radius of gyration (A)
extension of the vinyl biphenyl branches for from the Si atom of the POSS core to C; (B) and C, (C), distance
between Cy atoms located on adjacent arms, and distance between the Si atom at the corner of the cube and C,
(D), atom labeling (E). Molecular Dynamics was completed in vacuum and at 400 K

Figure 4.8B shows a single peak in the average distribution of the silicon to carbon
distances along the eight branches. If two peaks were observed it would then indicate that
the double bonds in some arms are £ (~ 4.1 A), i.e. more extended, while others are Z. For
the Z configuration, C; would be (~3.2 A according to molecular modelling) However the
current results of the molecular dynamics simulations of both macromolecules illustrate
the presence of a single (£) configuration for the olefinic bond as indicated by the C3
extension and consistent with the NMR data (3JHH = 19.3 Hz, SiCH=H). For the two
macromolecules, the populations of the Si-C10 distance show a narrow single peak,
Figure 4.8C, indicating that the vinyl bridge is stiff enough to give the arms a fully
extended conformation regardless of the thermal agitation. In addition, the structure of the
macromolecules remained similar in both reduced and non reduced forms. The anisotropy
of the moment of inertia remains very small, indicating an isotropic average branch

distribution consistent with a spherical shape (Figure 4.9).
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Figure 4.9 For each macromolecule S1 (m) and S2 ( A): Normalized population of the asphericity of the moment
of inertia. All simulations were completed in vacuum at 400 K

All the modelling data demonstrate that from a molecular dynamics view point, there is little
variation in the conformation of the arms between the two macromolecules S1 and S2
presented in this study regardless of their functional groups: all exhibit similar spherical
shape, extension of the arms, angle between the centre of the POSS core, presence of a single

trans configuration for the double bond, etc.

IV. 2.3 Photoluminescence spectral characteristics  of
monomers M7 and M8 and macromolecules S1 and S2

The photophysical properties of these materials were investigated in a THF-methanol
mixture (7:3 vol. ratio) at room temperature and the resulting absorbance (Abs) spectra

are shown in Figure 4.10A.

Norm. Abs. & PL (au)

Figure 4.10 Normalized absorbance (Abs., empty symbols) and luminescence (PL, full symbols) spectra
associated with the un-reduced (A) and reduced (B) compounds M (m) and S (A). Measurements were
completed at room temperature in THF-methanol solution
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Not surprisingly, the grafting to the POSS core led to slight alterations in the absorption
spectra of the vinyl biphenyl based chromophore, such as the change in relative intensity
of the two absorption bands and a red shift (about 7 nm) of the lower energy absorption
peak, which can be explained by a slight increase of the conjugation length or a slight
inductive effect via the delocalization of the vinyl biphenyl electrons to the silicon
atoms.®” ® Athough vinyl biphenyl itself is highly luminescent, photoluminescence (PL)
measurements showed that the emission is completely quenched by the presence of the

aldehyde functionalities.

As M7 and S1 were reduced with NaBHj4 to the primary alcohols, M8 and S2, see Scheme
4.4, the appearance of the alcohol function on the macromolecule S2 was confirmed by 'H
NMR spectroscopy. A doublet at 4.60 ppm (CH,OH) and a triplet at 5.30 ppm (CH,OH)
replaced the former singlet at 10.20 ppm assigned to the aldehyde groups. The
characteristic pattern of the internal double bond attached to the corner of the inorganic
core previously observed in the 'H-'"H COSY 2D NMR spectrum for S1 (Figure 4.7) was
still present in the case of S2. Monomer M8 was fully analyzed by routine NMR
techniques and microanalysis; For M7 at room temperature, NaBH4 not only reduced the
aldehydic function but also the terminal double bond, whilst under the same conditions the
internal double bond of the macromolecule S1 was unaffected. This can be explained by
the easier reduction of monosubstituted double bonds compared to disubstituted ones due
to steric factors. Another contribution may be found in the macromolecule architecture for
which the well buried olefin is protected by the peripheral groups preventing contact
between the olefin and the reducing agents. The peripheral aldehydic groups create a polar
shell whereas vinyl biphenyl groups provide the interior of the macromolecule with apolar

properties possibly repelling polar molecules and reducing agents from the double bond.

The photophysical properties of S2 and M8 are presented in Figure 4.10B. The
absorbance peaks are slightly altered when compared to the unreduced species. The
environment and functional groups are known to influence the optical transition
strength,”’” leading in the present case to the disappearance of the absorbance band located
at high energy (~ 240-250 nm) and the relative strengthening of the transition at lower
energy (~ 285 nm). The reduced macromolecule, S2, has absorbance features much more
similar to that of its parent small molecule, M8, and to those of other vinyl biphenyl based

53,67, 68

compounds than does the aldehyde macromolecule, S1.
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The main difference in the photophysical properties of the oxidised and reduced
molecules is the recovery of the photoluminescence properties of the chromophores on
reduction, confirming that the aldehyde molecules are responsible for the quenched
emission. Indeed the reduced free chromophores M8 and S2 display emission with a
substructure similar to vinyl biphenyl homologues.68 The maximum values of their PLQY
are respectively 13 % (M8) and 10 % (S2) at saturation. As expected, the POSS derivative
with the reduced arms shows a red shift and broader spectral emission associated with a
slight electronic delocalisation on the POSS core and a larger range of conformations

accessible to the macromolecule compared with the free arm.

IV. 2. 4 Reducing agents titration with S1

The promotion of luminescence on reduction allows the use of the macromolecule to
monitor the reducing properties of solution environments. This ability was confirmed by
titrating S1 with NaBH4 in THF/MeOH (7/3) and with LiAlH4 in THF, see Figure 4.11. A
steady increase in the PLQY of the reduced macromolecular species is observed until a
plateau at 16 equivalents is reached corresponding to the complete conversion of the
aldehyde groups into primary alcohols to obtain S2, see Scheme 4.4. Within experimental
error, NaBH, and LiAlH4 both give the same saturation values of about 10 % PLQY, see
Figure 4.11.
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Figure 4.11 PL efficiency of the aldehyde based macromolecule in THF-methanol solution as a function of
reducing agent equivalent, NaBH, (¢) and LiAlH, (®). Measurements were completed at room temperature with
290 nm as the excitation wavelength

PLQY and the amount of reducing agents have a “non-linear” but continuous relation.
This behaviour is very common to many detectors or sensors and, combined with

calibration curves, make S1 a promising hybrid organic/inorganic photoluminescent
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chemosensor.

While clear solutions were observed when adding NaBH4 at any ratio, salts precipitated
after the first addition of LiAlH4. This precipitation may explain the discrepancies noticed
in Figure 4.11 between the PL efficiencies for the two reducing agents. In addition,
similar switching on of the luminescence has been observed with excess BH3 as a

reducing agent.

IV.2.5 Conclusion

Complementing chemical sensor macromolecules based on non-covalent interactions between
substrates and dendritic receptors, we have shown that a Polyhedral Oligomeric
Silsesquioxane decorated with eight peripheral 4'-vinylbiphenyl-3,5-dicarbaldehyde groups
displays the unusual ability to become luminescent when exposed to a reducing environment
such as NaBH,4, LiAlH4 or BH3;. We have, thus, demonstrated that the photoluminescence of
POSS molecules can be used as a quantitative sensor for hydridic reducing agents.

In addition, a few drops of ethylenediamine added to S1 also switch on the fluorescence of the
macromolecule, whilst butanediol or TMEDA do not. Further studies would be required to

understand this phenomenon, but it may be associated with Schiff base formation.

The synthesis of this dialdehyde functionalised POSS S1 and its application in titrating
reducing agents have not only proven to be successful but have also highlighted the potential
of the vinylbiphenyl chromophore when anchored onto the cube. POSS-chromophore hybrid
macromolecules have also attracted interest, among other reasons, because of their better
casting and layer forming properties than those of pure chromophores, especially in the
context of applications including organic semiconductors and solution processable light
emitting diodes.””" Additionally, the attachment of luminescent chromophores to the rigid
POSS core is of scientific interest with regard to its effect on fluorescence quantum yield as
well as for the design of multifunctional colloidal molecules.®® 7> We thus decided further to
extend our studies by building a new family of photoluminescent vinylbiphenyl terminated

POSS cored dendrimers and exploring their photoluminescent properties.
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IV.3 Synthesis and characterization of photoluminescent
vinylbiphenyl decorated Polyhedral Oligomeric
Silsesquioxanes "

Four macromolecules (S) have been prepared via Grubbs metathesis between the readily
available octavinylsilsesquioxane and vinylbiphenyl decorated monomers (M) (Scheme
4.5). During the Grubbs coupling, the homometathesis side product (H) from M was
always produced together with the macromolecule and ethene. The reaction system is even
more complex, as the alkene metathesis is reversible (equilibra); in the given case, the
removal of ethene assures complete conversion from octavinylsilsesquioxane + (M) to (S)
+ (H). The cross-metathesis between two POSS species was never observed probably for

steric reasons.
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Scheme 4.5 Synthetic pathway of macromolecule (S) and homogrubbs (H) from vinylbiphenyl monomer (M)
and octavinylsilsequioxane
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IV. 3.1 Synthesis and photoluminescent properties of
vinylbiphenyl monomers

The chemical functionalising groups R were chosen for their abilities to further elaborate
on the resulting compound structure and properties by simple chemistry. In this context,
four monomers (M) were synthesised via Suzuki coupling between styreneboronic acid
and the desired haloaromatic compound. This yielded chromophores with a vinylbiphenyl
backbone decorated with one methylenedioxy group M9, two methoxy groups M10, two
methyl dicarboxylate groups M11 and one acetylacetonate moiety M12 (Scheme 4.6). The
two first monomers M9 and M10 can lead, after deprotection, to diol decorated biphenyls
which allow subsequent functionalization through a variety of reactions such as trans-
esterification or nucleophilic substitution which could lead among other examples to novel
polyester nanostructured materials for coating and fiber related applications.” Dimethyl
ester groups present on M11 are interesting candidates for polymerisation and the
formation of porous hybrid materials as well as photoluminescent thin films whilst the
acetylacetonate function of M12 show great potential in the binding of molecules like

metals including lanthanides for the purpose of sensing > and extraction applications.
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Scheme 4.6 Formation of monomer (M) via Suzuki coupling between styreneboronic acid and the desired
haloaromatic compound
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The photophysical properties and mass characterisation of these four compounds were then
investigated through a combination of absorbance (Abs), photoluminescence (PL),
photoluminescence excitation (PLE) measurements and high resolution mass spectroscopy as

reported in Figure 4.12 and Table 4.2.
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Figure 4.12 Normalized absorbance (Abs., m), photoluminescence (PL, A, A.: 290 nm) and photoluminescence
excitation (PLE, ®, A4.: 340 nm) spectra associated with the monomers M9 (A), M10 (B), M11 (C) and M12
(D). Measurements were completed in THF and at room temperature

The photophysical properties of the four monomers are fairly consistent with those of
vinylbiphenyl which is characterised in THF by absorption and photoluminescent peaks at

278 nm and 317 nm, respectively,’®

while the observed shifts result from the slight
perturbation of the electronic properties induced by the functional groups, see Table 4.2.
The variation in PLQY observed between the different monomers can be rationalised by
the degree of freedom, i.e. rotational and vibrational, associated with the external
functional groups as would be expected in rigidochromic systems.’® ’’ For instance, the
methoxy groups of M10 induce an increase of the PLQY when compared to the pure
vinylbiphenyl chromophore, 60 % and 45 % respectively, whereas the PLQY decreases
dramatically passing from the rigid diol protected monomers M9 and M10 to the more
flexible ester M11. The even lower PLQY of M12 may be associated with the extra CH;
providing further flexibility to the functional groups when compared to the other

monomers. Because of the low signal to noise ratio the PL and PLE spectra of M12 are

not displayed in Figure 4.12. For each monomer, the close match between the PLE spectra
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and the absorbance testifies to the high purity of the prepared compounds, further
confirmed by High Resolution Mass spectroscopy (HRMS, Table 4.2)

Table 4.2 High Resolution Mass Spectrospcopy (HRMS), Absorbance peak, position of the first
photoluminescence peaks and photoluminescence quantum yield (PLQY) measured at the absorbance maximum

Structure M9 M10 Mi11 M12
225.0921 requires 263.1046 requires 297.1129 requires 293.1541 requires
HRMS (g/mol) 225.0916 263.104 207112 203.154
Abs. Peak (nm) 301 300 280 292
1% PL peak (nm) 374 374 355 340
PLQY (%) 40 @ 300 nm 60 @ 300 nm 14 @ 280 <1 @ 285nm

IV. 3.2 Synthesis and photoluminescent properties of
vinylbiphenyl functionalized Polyhedral Oligomeric
Silsesquioxanes

Monomers (M) were then coupled to octavinylsilsesquioxane via a Grubbs type reaction
affording the corresponding macromolecules (S), as illustrated in Figure 4.13. After
precipitation in a mixture of ethyl acetate (120 mL) and petroleum ether (40-60) (500 mL),
the four macromolecules were subjected to column chromatography, and their purity was
attested on the one hand by both microanalysis and Matrix Assisted Laser Desorption/
Ionization (MALDI) mass spectroscopy (Table 4.3) and on the other hand by the cross peaks
which appear on their *’Si'H HMQC 2D NMR spectra, illustrated in Figure 4.14 for the
macromolecule S4. The cross peaks correspond to the clean coupling between a corner silicon
atom and the alkenyl protons at 6.49 ppm and 7.51 ppm. The sharp cross peaks indicate that
the cube is intact and unique and that each corner is equivalent. Similar observations have
been made for the other four macromolecules highlighting the uniqueness and full substitution

of each cube.
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Figure 4.13 Representation of macromolecules, S3, S4, S5 and S6
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Figure 4.14 *Si'H HMQC 2D NMR of $4

The optical characterisation and mass spectroscopic characterisation of the

macromolecules are reported in Figure 4.15 and Table 4.3.
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Figure 4.15 Normalized Abs. (m), PL (A Ae: 290 nm) and PLE (e, Ageec: 420 nm) spectra associated with the
macromolecules S3 (A), S4 (B), S5 (C) and S6 (D). Measurements were completed at room temperature

Due to a more extensive electron delocalisation into the POSS core, grafting M monomers
onto the POSS cube leads to the expected slight red shift in the absorbance and PL spectra

compared to the free dendrons.”®

Broader PL spectra are also observed for the four S
macromolecules as more conformations become accessible to the chromophores.®” The PLQY
values seem to increase, but it is difficult to be certain as each macromolecule (especially S4
and S5) is contaminated by a small amount of side product. The side products give rise to

absorption features at ca. 345 nm, confirmed by extra peaks in this region in the PLE
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spectrum. These photophysical methods seem to provide the only analytical technique that
reveals the presence of this side product. In the case of S3 and S4, the side-products
precipitated as powders during the course of the Grubbs coupling and were isolated by
filtration, whilst silica gel column chromatography was performed for S5 and S6 as both

product and side product were soluble in the reaction mixture

Table 4.3 Matrix Assisted Laser Desorption/Ionization (MALDI) mass spectroscopy, absorbance peak, position
of the first photoluminescence peaks and photoluminescence quantum yield (PLQY) measured at the absorbance
maximum

Structure S3 S4 S5 S6
2202.44 requires 2330.3 requires 2802.41 requires 2768.93 requires
MALDI (g/mol) 3201.84 2329.92 2801.0 3769.24
Abs. Peak (nm) 311 310 285 288
1* PL peak (nm) 382 380 375 391
PLQY (%) <50 @ 300 nm <55 @ 300 nm <11 @290 nm <3 @290 nm

IV. 3. 3 Photoluminescent properties of homometathesis side
products

The H side products were identified by HRMS as arising from self metathesis of the M
monomers (Table 4.4 and Figure 4.16). In the mixtures S3 + H1 and S4 + H2, the grafted
M segments possess low solubility in apolar solvents, not much enhanced by the
substituents R. In the POSS compounds S, the grafted M segments have worse
possibilities for higher regular crystallization than in the H products, which are hence less
soluble and precipitate more easily. In the case of S5 and S6, this effect is cancelled by
the high solubility of the M segments given by the ester groups on them. The
chromatographic behavior of both mixtures S5 + H3 and S6 + H4 is thus dominated by

mutual affinity and similar high solubility making their separation more complex.
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Figure 4.16 Representaion of homometathesis H1, H2, H3 (X-Ray crystal structure, see Annexe II) and H4

H3 with substituent MeO,C- groups was characterised crystallographically (see Annexe II for
details). The X-ray structure of H3 reveals that the molecule is planar, has an £ double bond
and is disposed about a centre of symmetry at the centre of the double bond. The central bond
length is 1.330(3) A. The terminal aryl rings are inclined by 26 ° with respect to the central
aryl rings whilst the ester substituents are essentially coplanar with the terminal aryl rings.

One discrepancy can be notice for H4, as a mass of 418.32 g/mol was found by both Electro-
Spray lonisation (ESI) and Chemical lonisation (CI), whilst a mass of 556.38 g/mol would
have been expected. The obtained mass 418.32 g/mol corresponds however to the dimer
where the benzylic acetylacetonate functions are both oxidized to form carboxylic acid
groups, such a process being likely to occur in the course of the mass spectroscopy

measurement (Figure 4.17).
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Figure 4.17 Carboxylic group terminated homomethathesis product

The photophysical properties of these homometathesis products are shown in Figure 4.18

and Table 4.4.
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Figure 4.18 Normalized Abs. (m), PL, (A, Aex: 290 nm) and PLE (e, Ay 420 nm) spectra associated with the
homogrubbs H1 (A), H2 (B), H3 (C) and H4 (D). Measurements were completed at room temperature

Table 4.4 High Resolution Mass Spectrospcopy (HRMS), Absorbance peak, position of the first
photoluminescence peaks and photoluminescence quantum yield (PLQY) measured at the absorbance maximum

Structure H1 H2 H3 H4
421.1436 requires 453.2061 requires 565.1864 requires "

HRMS (g/mol) 421.1440 453.2066 565.1860
Abs. Peak (nm) 350 350 345 335

st

1" PL peak 402 400 390 390

(nm)
PLQY (%) 66 @ 350 nm 80 @ 350 nm 70 @ 350 nm 30 @ 335 nm

* acid group formation see text for details.
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As a result of the increase in the conjugation length associated with the dimerisation, the
expected red shift of both the absorption and PL features for the four homometathesis
products compared with the free momomers is observed, see Table 4.2 and Table 4.4. The
PL spectra of the homometathesis products display similar substructures, although they
are shifted slightly because of the different effects of the aromatic substituents. For all
four H chromophores, the PLQY is much higher than for M and S molecules, being up to
80 % for H2 consistent with the rigidochromy already mentioned for the monomers. In
addition, absorption and PLE spectra match one another and the maxima correspond
exactly to the side products identified during the photophysical studies of the S

macromolecules.

In this context, the high PLQYs of these dimers explain why the relatively small amount
of homometathesis product remaining after purification of the macromolecules would lead
to overestimation of the PLQY of the macromolecules. The higher intensity of the
photoluminescence from the side products observed in the PLE for S5 and S6, see Figures
4.15C and 4.15D, can now be explained: H3 and H4 have been isolated
chromatographically but their similar polarity or intercalation within the macromolecule,
make complete separation from the macromolecule difficult, even after several cycles.
Conversely, the precipitation of H1 and H2 in the course of the Grubbs reaction followed

by their filtration, allow for better purification.

The PLQY of all the compounds synthesized and characterised in the present section are

compared in Table 4.5.
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Table 4. 5 Comparison of the PLQY’s of the four families

M S H Molecular Structure of M
40 @ 300 nm |<50 @ 300 nm| 66 @ 350 nm 7 O (3
O
O_
60 @ 300 nm |<55 @ 300 nm| 80 @ 350 nm /_" /
YA
7
0]
o
14 @280 nm (<11 @290 nm| 70 @ 350 nm j O O
O
o
\
O
O
<l @280nm | <3@290nm | 30 @ 350 nm
avad

On the basis of simple considerations of translational, vibrational and rotational degrees of
freedom the “ester” and “acetylacetonate” families should, and do exhibit the lowest
PLQYs. Rather unexpectedly, the PLQY’s for the “methoxy” family are higher than those

for the “methylenedioxy” family. The origin of this effect is not clear.

While targeting specific applications in the biomedical and material fields, it is crucial to
select the appropriate synthetic pathways to control the exact composition of the final
product without inducing side effects, nor altering thermal / mechanical / electrical
material properties. In this context it is then worth noting that the presence of the
homometathesis product within the final product has only been identified through its
photophysical properties. None of NMR, MALDI-TOF nor microanalysis were able to

distinguish between the small molecule and the macromolecule.

In conclusion, we have shown the synthesis and characterization of new macromolecules
based on vinylbiphenyl decorated Polyhedral Oligomeric Silsesquioxane. The new molecules
have been characterized by NMR, microanalysis and MALDI-TOF spectroscopy. Optical
measurements were shown to be an interesting tool in analyzing the purity of these
compounds. In the present study we have investigated different terminal functionalities,
making the macromolecules good candidates for applications ranging from cross-linkable

hybrid nano-structured polymers, to nano-probes, sensors and carriers. In the context of these
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last applications, the fluorescent properties would allow monitoring or metal atom extraction
from solution environments. Further investigations are needed to quantify the potential of
these hybrids macromolecules for these applications. Some preliminary results aimed at

exploring the properties of the macromolecules are presented below.

The conversion of methylenedioxy terminated POSS S3 and dimethoxy peripherally modified
cube S4 to alcohols was attempted with BCl; and BBrs, leading in each case to powders
which were barely soluble in common organic solvents. MALDI-TOF analyses of both
compounds failed, giving no signal at all. Encouraging results were however, obtained by 'H
NMR in d¢-DMSO. First, the usual sharp peak of water in neat de-DMSO transforms into a
broad peak, possibly because of exchange between the protons of water in de-DMSO and the
16 hydroxyl groups. In addition, the complete disappearance of the methylene signal of S3
and the methyl signal of S4 after the reaction suggests successful deprotection. The only fear
is that the POSS cube decomposes into insoluble powders, in the presence of BCl; or BBr; as
previous studies have shown the cleavage of the Si-O-Si bond occurs when strong acids (HX)

78
are present.

The attempted transesterification of S5 with butanediol using different catalysts such as I, or
H,SO4also led to insoluble powders, showing no signal in the MALDI-TOF mass spectra.

The binding of EuCl;, xH,O or transition metals, such as ([IrCl(ppy):]2), RhCl;, xH,O,
[Rh(acac)(CO),], NiCl,, 6H,0 or V,0s to the benzylic acetylacetonate moieties of S6 failed in
each case as indicated by the retention of the enolic proton of S6 resonating at around 15 ppm

in the "H NMR spectrum after reaction with the coordinating ions.
On the whole, even though functionalizations of the four macromolecules have not shown any

promising results yet, more detailed investigations should be carried on to exploit the

potential of these macromolecules.
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V. Experimental




V. Experimental

V.1 General

All experiments were carried out in oven-dried glassware using standard Schlenk techniques
under an atmosphere of nitrogen. Nitrogen was dried through a Cr(Il)/silica packed glass

column.

All chemicals were purchased from Sigma-Aldrich, Acros Organics or ABCR and used as
received unless otherwise stated. Compounds 1,' 27 37 47 M3 M4, M5}
octavinylsilsesquioxane,® G0-8ethylPPh,,” G1-16methylPPh, ® and G1-16ethylPPh, * were
prepared according to literature methods. Chlorosilane compounds were distilled under inert
atmosphere before used. All gases were purchased from BOC. Toluene, petroleum ether (40-
60), diethyl ether and THF were purified using a solvent purification system from Innovative
Technologies, UK. They were dried by passing through an activated alumina column and
degassed in a second column containing copper catalyst, except in the case of THF where the
second column also contained activated alumina. THF was degassed by repeated freeze-
pump-thaw cycles. Dichloromethane was distilled over CaH, under nitrogen. Methanol was
distilled over magnesium ethoxide under nitrogen. Cyclohexane and hexane were distilled
over sodium under inert atmosphere. Water was distilled and stored under nitrogen.
Deuteriated solvents (Cambridge Isotope Laboratories) were degassed by repeated freeze-

pump-thaw cycles and stored under nitrogen over molecular sieves.

Proton, carbon and phosphorus NMR spectra were recorded on a Bruker AM 300 NMR
spectrometer (‘H, 300.13 MHz; °C, 75.5 MHz; *'P, 121.5 MHz) or Bruker Avance II 400
NMR spectrometer (‘H, 400.13 MHz; "*C, 100.6 MHz; *'P, 162.0 MHz, *°Si, 79.5 MHz).
Broad band decoupling was used for °C and *'P NMR spectra. 'H and ">C were referenced
internally to deuteriated solvents: CDCls: 4,5, 7.27 ppm, B, 8,772 ppm; (CD;3),SO: 'H, 8,
2.54 ppm, °C, 8, 39.6 ppm and are reported relative to Me,Si. *'P and *’Si NMR spectra were
referenced externally respectively to 85 % H3;PO,4 and Me4Si.

Microanalyses were carried out by the University of St Andrews Microanalysis Service on a

Carlo Erba 1110 CHNS analyser. A Micromass GCT provided Chemical Ionisation (CI) at
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low and high resolution and a Micromass LCT provided a low and high resolution

Electrospray lonisation Service (ESI).

Matrix assisted laser desorption/ionization (MALDI) mass spectra were obtained using a
Micromass TOF Spec 2E mass spectrometer system equipped with a 337 nm N2 laser
operating in the positive ion detection mode. Samples were generated by addition to the
matrix (o-cyano-4-hydroxycinnamic acid or 2,5-dihydroxybenzoic acid, with Nal as an
ionization promoter) and dissolved in a suitable solvent (THF or CH,Cl,) before being
transferred to the sample holder and dried. The spectra were calibrated using a tryptic digest

of the beta-galactosidase protein.

Optical rotations were measured on a PERKIN ELMER (MODEL 341) polarimeter at A = 589

nm.

V. 2 Photophysical measurements

Absorption spectra were recorded using a Cary 300 spectrophotometer, 10 mm optical
path fluorescence cuvettes (Hellma) and the concentration was adjusted to reach an optical
density of about 0.1. Photoluminescence (PL) spectra were recorded with a Jobin Yvon
Horiba Fluoromax 2 fluorimeter. Spectra were corrected for grating and detector
sensitivity variation with wavelength. Except when stated otherwise, all the photophysical
properties were characterised at room temperature and in THF solution. The
photoluminescence quantum yields (PLQY) were measured against quinine sulphate
(Fluka) in 0.5 M sulphuric acid (Sigma-Aldrich) solution used as a standard because of its
known quantum yield of 54.6 % as well as its very small sensitivity to oxygen quenching.

The following equation was used to perform the appropriate corrections:’

oo el ] (3

where @ stands for PLQY, the subscripts x and r refer to the compound to be characterized

and to the reference solutions, respectively. A is the excitation wavelength, A(A) is the
absorbance, I(1) is the relative intensity of the exciting light, n is the solvent refractive index,

and D is the integrated area under the corrected emission spectrum.
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V. 3 Molecular Dynamics: Protocole and Modelling Analysis

These studies were carried out by Dr. P. André. The geometries of the dendritic molecules
were built using Hyperchem.'® All the relevant atoms were labeled in order to prepare the
data analysis. After having optimized the structure of each dendritic molecule, MD was
used to determine the average conformations.

The geometries of the molecules were optimized in vacuum using steepest descent /
conjugate gradient methods until a minimum energy derivative of RMS < 0.0001 kcal
mol™' A™' was reached. The molecules were then subjected to a slow heating and
annealing process at 1200 K designed to exclude high-lying energy minima. Next, the
temperature was reduced to 400 K and the data were collected at constant temperature. In
a typical simulation, the heating time was 200 ps, the step size was 0.0008 ps, the bath
relaxation time was 0.1 ps and the data were collected every 350 time steps.

For every simulation, energies, temperatures and atom coordinates were monitored to
allow the analysis of the trajectories. Atomic coordinates of the dendritic molecules were
extracted from the snapshot files and used to calculate distances and angles over more
than 1500 frames. For each dendritic molecule, snapshots were used to calculate average
values and standard deviations of the radius of gyration, the angle between the branches
and the POSS core centre and the branch extension from the silicon corners; the latter
parameter being defined as the distance between a silicon corner of the POSS core and a
given carbon atom located on grafted branch. These were subsequently averaged and
analyzed to produce frequency histograms of parameters such as radii of gyration,
moments of inertia, distances between atoms, backfolding and torsion angles.

Further insight was sought by analysis of the trajectories obtained by the molecular
dynamics simulations. For each frame of the snapshots, the centre of mass (G.,), radius of

gyration (Rg), moment of inertia (x,y,z) and asphericity of the moment of inertia () were

calculated based on the following equations:

Gcm—Zm (x +ypu +z,u, /Zm (D)
—<Zm /Zm 2)
1= Zmill, -16F 6, - 20 | &)

<IJ,+I11 +11, >

o= <(Ix+1y +IZ)2 >

“)
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where p is the atom index, mp and xp-yp-zp are the mass and Cartesian coordinates of the
atom of index p, respectively. rp is the distance to the centre of gravity for the atom of
index p, Iy is the x-component of the moment of inertia, with YG and ZG being the

coordinates of the centre of mass along the y- and z-axes, respectively, and with ¢ being

the asphericity of the moment of inertia.

V.4 Procedure for alkene hydroformylation

A Hastelloy™ autoclave of internal capacity 250 mL was used for vinylacetate and styrene
hydroformylation. The reactor was purged three times with CO/H, (1/1); subsequently, the
catalytic solution containing [Rh(acac)(CO),] (5.4 mg, 2.4 x 10 mol), toluene (4 mL),
substrate (1 mL) and the SemiEsphos functionalised dendrimer was added via cannula. The
autoclave was then pressurised with syngas and heated at the desired conditions. At the end of
the reaction, the autoclave was rapidly cooled and the unreacted gases were vented. The
liquids products were analyzed by GC with a flame ionization detector (quantitative) and GC-
MS (qualitative). Both analysis methods employed a Supelco™ beta-DEX™ [nonbonded
phase with 25 % 2,3-di-O-acetyl-6-O-TBDMS-B-cyclodextrin in SPB-20 poly(20 % phenyl /
80 % dimethylsiloxane)] fused silica capillary column (60 m (2 x 30 m) x 0.25 mm x 0.25
um). The enantioselectivity of the reaction was determined by comparison with authentic

product samples.

V.5 Procedure for ethene methoxycarbonylation

Catalytic reactions were carried out in identical 250 mL Hasteloy™ autoclaves. The
reactor was purged with CO prior to the catalytic solution containing palladium acetate
(0.02 mmol), methanesulfonic acid (0.4 mmol) and the ligand, either in methanol (10 mL)
for non-dendritic phosphines (work largely carried out by Mr. Graeme Smith) or in a
mixture of methanol/toluene (8 mL/ 4 mL) for dendritic phosphines, being cannulated in
under nitrogen. The autoclave was then pressurised to 60 bar using ethene and carbon
monoxide (1:1) and heated at 85 °C for 2.5 hours. At the end of the reaction, the autoclave
was rapidly cooled and the unreacted gases were vented. The reaction slurry was then
collected by filtration, washed with fresh methanol and dried at 70 °C under vacuum. The

solution was analysed by GC chromatography using a Hewlett-Packard 6890 series gas

122



chromatograph, fitted with a Supelco'™ Meridian MDN-35 (35 % phenyl / 65 % methyl-
polysiloxane) fused silica capillary column (30 m x 0.25 mm x 0.25 pm) and equipped
with an Agilent 6890 series injector. Both quantitative analysis by a flame ionisation
detector (GC-FID) and qualitative analysis by a Hewlett-Packard 5973 series mass
selective detector (GC-MS) were performed. A Hewlett-Packard Chemstation allowed the
computerised integration of peak areas. The catalyst activity for polymer formation was
determined both by the weight of the polymer produced (g PK (g Pd. h)'l) and by average
turnover frequency over 2.5 h (mol ethene introduced (mol Pd. h)"'); the mass of the
polymer was divided by 56 (CO + ethene) to give an approximation of the turnover
number. This approximation is reasonable for longer chain polymers. This number is
included in an attempt to obtain a comparison with the rates of formation of methyl
propanoate). The activity for methyl propanoate and cooligomer formation was

determined by gas chromatography.

V.6 SemiEsphos terminated Polyhedral Oligomeric

Silsesquioxanes
V.6.1 SemiEsphos modified dendrons

(2R, 5S)-2-[2-(4 -vinylbenzyloxy)phenyl]-3-phenyl-1,3-diaza-2-phosphabicyclo[3.3.0""]octane-
Borane (5)

A solution of 4 (2.5 g, 8.01 mmol) ((2R, 55)-2-(2-hydroxyphenyl)-3-phenyl-1,3-diaza-2-
phosphabicyclo[3.3.01’5]0ctane—B0rane) in DMF (5 mL) was added dropwise to a suspension
of NaH (288 mg, 12.0 mmol) in DMF (20 mL) cooled down at 0 °C. After 30 minutes, 4-
vinylbenzyl bromide (1.57 g, 8.00 mmol) in DMF (5 mL) was added and the mixture stirred

overnight at room temperature. The reaction was quenched with H,O (50 mL) and the
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aqueous layer was extracted with Et,O (4 x 20 mL). The combined organic layers were dried
with MgSO,, filtered and concentrated in vacuo. The residue was precipitated by addition of
petroleum ether (50 mL) affording a white powder (1.15g, 34 %); du(400.13 MHz; CDCl;;
Me4Si) 0.10-1.62 (3 H, m, BH3), 1.65 (2 H, m, -CH,-), 1.84-2.02 (2 H, m, -CH>-), 3.00-3.19
(3 H, m, -CH>-), 3.40 (1 H, m, NCH), 3.78-3.90 (1 H, m, -CH,-), 4.93 (2 H, d, *Juu 12.4, -
OCH,-), 5.01 (2 H, d, “Jun 12.4, -OCH>-), 5.27 (1 H, d, *Jun 10.9, CH=CH), 5.78 (1 H, d,
Jun 17.8, CH,=CH), 6.71 (1 H, dd, *Juy 17.8, *Jun 10.9, CH,=CH), 6.84 (2 H, m, ArH), 6.89
(2 H, d, *Jun 9.2, ArH), 6.91 (2 H, d, J 7.5, ArH), 7.01 (1 H, td, J 1.6, J 7.6, ArH), 7.16 (2 H,
m, ArH), 7.17 2 H, d, *Jun 9.2, ArH), 7.39 (1 H, t, J 7.6, AtH) and 7.99 (1 H, m, ArH);
d¢c(100.6 MHz; CDCl3; MeySi) 26.0 (-CH»-), 32.0 (-CH»-), 47.5 (-CH»-), 53.8 (d, Jep 5.3, -
CH»-), 61.7 (-CH;-), 70.5 (OCH»), 111.8, 113.5 (CH,=CH), 116.2, 191.4, 120.6, 126.2, 128.6,
129.3, 130.1, 133.8, 135.6, 135,9, 136.3, 136.7, 145.6 (ipso NC) and 162.3 (ipso OC);
op(162.0 MHz; CDCl3) 100.3 (br); m/z (CI) 437.1762 (M+Na—BH;. C;sH,7N,ONaP requires
437.1759).

(2R, 55)-2-[3-bromophenyl]-3-phenyl-1,3-diaza-2-phosphabicyclo[3.3.0"|octane (6)

Br
N—

AV
H\

An oven-dried flask equipped with a condenser and a magnetic stirring bar was charged under
nitrogen with 3-(bis(dimethylaminophosphine))bromobenzene .42 g, 8.8 mmol) and (S)-
2-(Phenylaminomethyl)pyrrolidine '* (1.55 g, 8.8 mmol) in toluene (40 mL). The solution was
refluxed for 5 days until no more release of HNMe, was detected as indicated by damp litmus
paper. The solvent was then removed under vacuo leading to an oil which solidified upon
cooling at -30 °C. A white powder was obtained in 73 % yield (2.32 g). 6r(300.13 MHz;
CDCls; MesSi) 1.79 (1 H, m, -CH-), 1.91 (2 H, m, -CH>-), 2.08 (1 H, m, -CH>-), 3.07 (1 H,
m, -CH»-), 3.27 (1 H, m, NCH), 3.38-3.52 (2 H, m, -CH>-), 3.98 (1 H, m, -CH>-), 6.81 (1 H, t,
Jun 7.4, ArH), 6.90 (2 H, m, ArH), 7.11-7.33 (4 H, m, ArH), 7.41 (1 H, d, *Juy 7.8, ArH) and
7.56 (1 H, d, *Jup 5.5, ArH); 8c(75.5 MHz; CDCls; Me,ySi) 26.6 (d, Jep 5.7, -CHy-), 31.7 (-
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CH,-), 52.9 (-CH,-), 53.4 (d, Jep 4.5, -CH,-), 64.6 (d, Jep 7.9, NCH,), 114.7 (d, Jep 12.8),
117.9, 122.9, 127.8, 129.3, 129.7, 131.6, 131.8, 146.3 and 146.6 (ipso NC); 8p(162.0 MHz;
CDCl3) 98.6; m/z (ESI) 361.0460 (C7H;sN,PBr” requires 361.0469) and 363.0449
(C17HsNoPBr® requires 363.0434).

V.6.2 SemiEsphos terminated Polyhedral Oligomeric
Silsesquioxane building blocks

G1-ethyl-24Cl(ext)

cl
Cl

NGy | o

a—" Si~cj
Si— \ : Si/

HSiCl; (0.94 mL, 9.29 mmol) was added to a solution of G1-8vinyl "* (548 mg, 0.42 mmol)
in Et,O (40 mL), followed by 10 drops of Karstedt catalyst (1,3-divinyl-1,1,3,3-
tetramethyldisiloxaneplatinum(0) in xylene). The resulting solution was refluxed for 15 hours.
The solvent was removed in vacuo to give G1-ethyl-24Cl(ext) as a waxy solid (910 mg, 91
%) (Found: C, 23.9; H, 3.8. Si240,2C43H12Cly4 requires C, 24.0; H, 4.7%); 6u(300.13 MHz;
CDCls; MesSi) 0.02 (48 H, s, Si(CHs),), 0.57 (32 H, m, O3SiCH,CH,Si), 0.70 (16 H, m,
SiCH,CH,SiCl3) and 1.26 (m, 16H, SiCH,CH,SiCly); d¢(75.5 MHz; CDCls; MesSi) -4.6
(Si(CH3),), 4.4 (0O3SiCH,CH,Si), 5.7 (SiCH,CH,SiCl3), 6.0 (O3SiCH,CH,Si) and 17.6
(SiCH,2CH;SiCly); 3si(79.5 MHz; CDCls; MesSi) -67.4 (SiO3), 6.5 (Si(CH3),) and 13.5 (SiCls).
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G2-ethyl-16Cl
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HSiMe,Cl (1.63 mL, 14.67 mmol) was added to a solution of G1-16vinyl " (520 mg, 0.37
mmol) in Et;O (40 mL), followed by 10 drops of Karstedt catalyst (1,3-divinyl-1,1,3,3-
tetramethyldisiloxaneplatinum(0) in xylene). The resulting solution was refluxed for 15 hours.
The solvent was removed in vacuo to give G2-ethyl-16Cl as a waxy solid (946 mg, 88 %)
(Found: C, 36.0; H, 7.5. Si3,012CssH216Clj6 requires C, 36.1; H, 7.4%); du(300.13 MHz;
CDCls; MesSi) -0.02 (24 H, br, SiCH3), 0.39 (96 H, m, Si(CH;3),Cl), 0.51 (32 H, m,
SiCH,CH,SiCl), 0.55 (32 H, m, O3SiCH,>CH,Si) and 0.67 (32 H, m, SiCH,CH,SiCl); ¢(75.5
MHz; CDCl;; MesSi) -6.6 (SiCH3), 1.1 (Si(CH3):Cl), 3.9 (SiCH,CH,SiCl), 4.2
(O3SiCH,CH,Si), 4.5 (03SiCH,CH,Si) and 11.4 (SiCH,CH,SiCl); 3si(79.5 MHz; CDCls;
Me4Si) -67.4 (SiO3), 8.3 (SiCH3) and 32.5 (SiCl).
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G2-ethyl-32C1
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HSiMeCl, (2.61 mL, 25.05 mmol) was added to a solution of G1-16vinyl "* (888 mg, 0.63
mmol) in Et,0O (50 mL), followed by 10 drops of Karstedt catalyst (1,3-divinyl-1,1,3,3-
tetramethyldisiloxaneplatinum(0) in xylene). The resulting solution was refluxed for 30 hours.
The solvent was removed in vacuo to give G2-ethyl-32Cl as a waxy solid (1.88 g, 92 %)
(Found: C, 27.8; H, 4.9. Si,401,C7,H,63Cls, requires C, 28.5; H, 5.5%); on(400.13 MHz;
CDCls; MesSi) 0.00 (24 H, s, SiCH3), 0.51-0.59 (32 H, m, OsSiCH,CH,Si), 0.63 (32 H, m,
SiCH,CH,SiCl,), 0.75 (48 H, s, SiCl,) and 0.95 (32 H, m, SiCH,CH,SiCl,); 6¢(75.5 MHz;
CDCl;; MesSi) -6.7 (SiCH3), 3.6 (SiCH,CH,SiCl), 3.9 (O3SiCH,CH,S1), 4.2
(O3SiCH,CH;Si), 4.5 (SiCH;3Cly) and 14.4 (SiCH,CH,SiCly); 8si(79.5 MHz; CDCl3; MesSi) -
66.7 (Si0O3), 8.8 (SiCH3) and 33.3 (SiCly).

V. 6.3 SemiEsphos terminated Polyhedral Oligomeric
Silsesquioxanes

G1-8SemiEsphos

/\SiQP_QQ

\
N
ar

—— =Si— 0 — i
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n-butyllithium (2.10 mL, 2.5 mol L in hexane, 5.25 mmol) was added dropwise to a stirred
solution of 3-(bis(dimethylaminophosphine))bromobenzene (144 g, 5.25 mmol) in
diethylether (30 mL) cooled at -78 °C. The reaction mixture was warmed gradually to -20 °C
and maintained for 30 minutes at this temperature before being cooled to -78 °C. This solution
was then slowly transferred via canula to a Schlenk flask containing G1-8Cl 13 (810 mg, 0.58
mmol) in THF (30 mL) and allowed to warm overnight with constant stirring. A saturated
solution of NaHCO3 was subsequently added to quench the reaction, followed by DCM (10
mL). The aqueous layer was extracted twice with DCM (2 x 20 mL) and the combined
organic fractions washed with brine (30 mL), before being dried over MgSO,. After filtration,
the solvent was evaporated and the resulting yellow oil was used without any further
purification in the next step. An oven-dried flask equipped with a condenser and a magnetic
stirring bar was charged under nitrogen with the residue (1.29 g, 0.48 mmol) and (S)-2-
(Phenylaminomethyl)pyrrolidine '* (923 mg, 5.25 mmol) in toluene (40 mL). The solution
was refluxed for 5 days until no more release of HNMe, was detected as indicated by damp
litmus paper. The solvent was then removed leading to a waxy solid, which was purified by
precipitation in hexane (60 mL) after dissolution in toluene (3 mL). This procedure was
repeated twice affording the desired compound as a white powder (1.23 g, 63 %); [a]p = -0.5
(c = 1.0, CHCl,); (Found: C, 59.7; H, 7.3; N, 6.9. Si;6012N6PsCi6sH224 requires C, 60.1; H,
6.7; N, 6.7%); 6u(300.13 MHz; CDCl3; MesSi) 0.16 (48 H, br, Si(CHz),), 0.51 (16 H, m,
03;SiCH,CH,Si), 0.73 (16 H, m, O3SiCH,CH,Si) 1.69-2.06 (32 H, m, -CH>-), 2.95-3.03 (8 H,
m, -CH>-), 3.27 (16 H, m, -CH>-), 3.41 (8 H, m, -CH>-), 3.97 (8 H, m, NCH), 6.73 (8 H, m,
ArH), 6.85 (16 H, m, ArH), 7.07-7.20 (32 H, m, ArH), 7.33 (8 H, m, ArH) and 7.56 (8 H, m,
ArH); dc(75.5 MHz; CDCls; MesSi) -2.1 (Si(CHs),), 4.9 (0O3SiCH,CH,Si), 7.5
(O3SiCH,CH,S1), 26.3 (d, Jep 6.3, -CH»-), 31.3 (-CH;-), 53.1 (-CH»-), 53.5 (d, Jcp 4.7, -CH»-
), 64.8 (d, Jep 8.5, NCH), 115.6 (d, Jcp 13.4), 118.3, 127.9, 129.5, 129.6, 129.7, 134.4, 139.0
(ipso SiC), 141.9 (d, Jcp 26.3, ipso PC) and 147.9 (d, Jep 15.3, ipso NC); dp(162.0 MHz;
CDCls) 100.6; 6si(79.5 MHz; CDCls; MesSi) -66.9 (SiO3) and -1.3 (Si(CHs),).
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G1-16SemiEsphos
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n-butyllithium (1.53 mL, 2.5 mol L™ in hexane, 3.82 mmol) was added dropwise to a stirred
solution of 3-(bis(dimethylaminophosphine))bromobenzene '' (1.05 g, 3.82 mmol) in
diethylether (20 mL) cooled at -78 °C. The reaction mixture was warmed gradually to -20 °C
and maintained for 30 minutes at this temperature before being cooled to -78 °C. This solution
was then slowly transferred via canula to a Schlenk flask containing G1-16Cl " (330 mg,
0.21 mmol) in THF (20 mL) and allowed to warm overnight with constant stirring. A
saturated solution of NaHCO; was subsequently added to quench the reaction, followed by
DCM (10 mL). The aqueous layer was extracted twice with DCM (2 x 10 mL) and the
combined organic fractions washed with brine (30 mL), before being dried over MgSOj,. After
filtration, the solvent was evaporated and the resulting yellow oil was used without any
further purification in the next step. An oven-dried flask equipped with a condenser and a
magnetic stirring bar was charged under nitrogen with the residue (737 mg, 0.18 mmol) and
(S)-2-(Phenylaminomethyl)pyrrolidine 2673 mg, 3.82 mmol) in toluene (30 mL). The
solution was refluxed for 5 days until no more release of HNMe, was detected as indicated by
damp litmus paper. The solvent was then removed leading to a waxy solid, which was
purified by precipitation in hexane (60 mL) after dissolution in toluene (2 mL). This
procedure was repeated twice affording the desired compound as a white powder (834 mg, 72
%); [a]p = -0.8 (c = 1.0, CHCl3); (Found: C, 64.9; H, 6.2; N, 8.2. Si;6012N32P16C206H344
requires C, 64.8; H, 6.3; N, 8.2%); 61(300.13 MHz; CDCl;; Me4Si) 0.08 (24 H, m, SiCH3), B
hydrosilylation (<25 %, m, 0.21-0.60), 0.62-0.74 (16 H, m, OsSiCH,CH,Si), 1.01-1.16 (16 H,
m, O3SiCH,CH,Si), 1.46-2.06 (64 H, m, -CH,-), 2.84-3.04 (16 H, m, -CH>-), 3.11-3.41 (48 H,
m, -CH>-), 3.74-3.98 (16 H, m, NCH), 6.61-6.86 (48 H, m, ArH), 7.00-7.21 (64 H, m, ArH)
and 7.31-7.66 (32 H, m, ArH), dc(75.5 MHz; CDCls; MesSi) -5.2 (SiCH3), 4.6

129



(0:SiCH,CH,Si), 5.5 (03SiCH,CH,Si), 25.8 (d, Jep 5.3, -CHa-), 31.4 (-CHy), 52.6 (-CHa-),
52.9 (d, Jep 4.7, -CHy-), 64.2 (d, Jep 8.7, NCH), 115.1 (d, Jep 13.5), 117.8, 127.7, 129.2,
129.3, 129.9, 135.1, 139.3 (ipso SiC), 141.1 (d, Jep 26.6, ipso PC) and 146.8 (d, Jep 15.3, ipso
NO); 8p(162.0 MHz; CDCls) 100.1; 85(79.5 MHz; CDCly; Me,Si) -66.1 (SiOs) and -6.3
(SiCHs).

G1-24SemiEsphos

N

CO0

——— =Si— O — Si

o oS

n-butyllithium (3.10 mL, 2.5 mol L™ in hexane, 7.75 mmol) was added dropwise to a stirred
solution of 3-(bis(dimethylaminophosphine))bromobenzene '' (2.13 g, 7.75 mmol) in
diethylether (35 mL) cooled at -78 °C. The reaction mixture was warmed gradually to -20 °C
and maintained for 30 minutes at this temperature before being cooled to -78 °C. This solution
was then slowly transferred via canula to a Schlenk flask containing G1-24Cl 13 (493 mg, 0.
29 mmol) in THF (20 mL) and allowed to warm overnight with constant stirring. A saturated
solution of NaHCO; was subsequently added to quench the reaction, followed by DCM (10
mL). The aqueous layer was extracted twice with DCM (2 x 20 mL) and the combined
organic fractions washed with brine (30 mL), before being dried over MgSO,. After filtration,
the solvent was evaporated and the resulting yellow oil was used without any further
purification in the next step. An oven-dried flask equipped with a condenser and a magnetic
stirring bar was charged under nitrogen with the residue (1.26 g, 0.23 mmol) and (S)-2-
(Phenylaminomethyl)pyrrolidine '* (1.36 g, 7.75 mmol) in toluene (40 mL). The solution was
refluxed for 5 days until no more release of HNMe, was detected as indicated by damp litmus
paper. The solvent was then removed leading to a waxy solid, which was purified by
precipitation in hexane (60 mL) after dissolution in toluene (10 mL). This procedure was

repeated twice affording the desired compound as a white powder (1.32 g, 60 %); [a]p = -1.0
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(c =1.01, CHCly); (Found: C, 66.6; H, 6.7; N, 8.3. Si;602N4sP24Ca24Hu64 requires C, 66.9; H,
6.1; N, 8.8%); 6u(300.13 MHz; CDCl3; MesSi) 0.62 (16 H, m, O3SiCH,CH,S1), 1.28 (16 H,
m, O3SiCH,CH,Si), 1.46-1.93 (96 H, m, -CH,-), 2.74-2.93 (24 H, m, -CH>-), 2.98-3.30 (72 H,
m, -CH-), 3.68 (24 H, m, NCH), 6.51-6.82 (72 H, m, ArH), 6.92-7.21 (96 H, m, ArH) and
7.26-7.75 (48 H, m, ArH); 6c(75.5 MHz; CDCls; MesSi) 4.2 (03SiCH,CH,Si), 5.1
(O3SiCH,CH»Si), 25.8 (d, Jep 5.3, -CH2-), 31.3 (-CH2-), 52.5 (-CH2-), 52.9 (d, Jcp 4.7, -
CH2-), 64.3 (d, Jcp 8.7, NCH), 115.0 (d, Jep 13.3), 117.7, 127.7, 129.1, 129.3, 130.2, 134.6,
139.2, 141.1(ipso SiC) (d, Jcp 26.9, ipso PC) and 146.8 (d, Jep 15.3, ipso NC); 6p(162.0 MHz;
CDCl3) 99.1; 8si(79.5 MHz; CDCls; MesSi) -66.7 (SiO3) and -10.1 (SiAr).

G1-24SemiEsphos(ext)

—— =Si— 0 — Si

n-butyllithium (4.24 mL, 2.5 mol L' in hexane, 10.6 mmol) was added dropwise to a stirred
solution of 3-(bis(dimethylaminophosphine))bromobenzene X g, 10.6 mmol) in
diethylether (40 mL) cooled at -78 °C. The reaction mixture was warmed gradually to -20 °C
and maintained for 30 minutes at this temperature before being cooled to -78 °C. This solution
was then slowly transferred via canula to a Schlenk flask containing G1-ethyl-24Cl(ext) (910
mg, 0.38 mmol) in THF (35 mL) and allowed to warm overnight with constant stirring. A
saturated solution of NaHCO; was subsequently added to quench the reaction, followed by
DCM (10 mL). The aqueous layer was extracted twice with DCM (2 x 10 mL) and the
combined organic fractions washed with brine (30 mL), before being dried over MgSO,. After
filtration, the solvent was evaporated and the resulting yellow oil was used without any
further purification in the next step. An oven-dried flask equipped with a condenser and a

magnetic stirring bar was charged under nitrogen with the residue (2.23 g, 0.36 mmol) and
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(S)-2-(Phenylaminomethyl)pyrrolidine '* (1.86 g, 10.6 mmol) in toluene (40 mL). The
solution was refluxed for 5 days until no more release of HNMe, was detected as indicated by
damp litmus paper. The solvent was then removed leading to a waxy solid, which was
purified by precipitation in hexane (60 mL) after dissolution in toluene (5 mL). This
procedure was repeated twice affording the desired compound as a white powder (1.64 g, 52
%); [a]p = -1.2 (¢ = 1.04, CHCl3); (Found: C, 65.5; H, 6.6; N, 8.6. Si>4012N4gP24CascHsas
requires C, 65.9; H, 6.6; N, 8.1%); ou(300.13 MHz; CDCl;; MesSi) -0.16 (48 H, br,
Si(CH3),), 0.23-0.60 (32 H, m, O3SiCH,CH,Si), 0.64-0.91 (16 H, m, SiCH,CH,Si), 0.98-1.33
(m, 16H, SiCH,CH,Si), 1.50-2.07 (96 H, m, -CH»-), 2.83-3.05 (24 H, m, -CH>-), 3.10-3.39
(72 H, m, -CH>-), 3.83 (24 H, m, NCH), 6.62-6.86 (72 H, m, ArH), 6.92-7.21 (96 H, m, ArH)
and 7.26-7.75 (48 H, m, ArH); 5c(75.5 MHz; CDCls; MesSi) -4.4 (Si(CHs),), 4.3, 5.0, 6.2,
7.0, 25.7 (d, Jep 5.3, -CH»-), 31.3 (-CH»-), 52.5 (-CH»-), 53.1 (d, Jcp 4.6, -CH-), 64.3 (d, Jep
8.8, NCH), 115.1 (d, Jep 13.3), 117.8, 127.6, 129.2, 129.5, 129.7, 134.6, 139.2 (ipso SiC),
140.1 (d, Jep 27.4, ipso PC) and 146.8 (d, Jcp 15.3, ipso NC); 6p(162.0 MHz; CDCls) 99.8;
3si(79.5 MHz; CDCls; MesSi) -66.1 (SiO3), -9.4 (SiAr) and 6.3 (Si(CH3),).

G2-16SemiEsphos

AN P~N
N 8
7
— =S5i— 0 — Si

n-butyllithium (5.25 mL, 2.5 mol L™ in hexane, 13.13 mmol) was added dropwise to a stirred
solution of 3-(bis(dimethylaminophosphine))bromobenzene '' (3.61 g, 13.13 mmol) in
diethylether (40 mL) cooled at -78 °C. The reaction mixture was warmed gradually to -20 °C
and maintained for 30 minutes at this temperature before being cooled to -78 °C. This solution
was then slowly transferred via canula to a Schlenk flask containing G2-ethyl-16Cl (2.14 g,
0. 73 mmol) in THF (40 mL) and allowed to warm overnight with constant stirring. A

saturated solution of NaHCO3; was subsequently added to quench the reaction, followed by
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DCM (30 mL). The aqueous layer was extracted twice with DCM (2 x 40 mL) and the
combined organic fractions washed with brine (40 mL), before being dried over MgSO,. After
filtration, the solvent was evaporated and the resulting yellow oil was used without any
further purification in the next step. An oven-dried flask equipped with a condenser and a
magnetic stirring bar was charged under nitrogen with the residue (3.45 g, 0.63 mmol) and
(S)-2-(Phenylaminomethyl)pyrrolidine '* (2.31 g, 13.13 mmol) in toluene (40 mL). The
solution was refluxed for 5 days until no more release of HNMe, was detected as indicated by
damp litmus paper. The solvent was then removed leading to a waxy solid, which was
purified by precipitation in hexane (60 mL) after dissolution in toluene (5 mL). This
procedure was repeated twice affording the desired compound as a white powder (2.83, 56
%); [a]lp = -1.3 (¢ = 1.0, CHCl3); (Found: C, 62.8; H, 8.3; N, 6.4. Si3012N3,P16C360Hs04
requires C, 63.0; H, 7.4; N, 6.5%); 6u(400.13 MHz; CDCls; Me4Si) -0.15 (24 H, br, SiCHj3),
0.13, (br, 96H, Si(CH3),), 0.24-0.65 (96 H, m, O3SiCH,CH,Si(CH,CH,Si),), 1.60-2.05 (64 H,
m, -CH,-), 2.95-3.08 (16 H, m, -CH>-), 3.10-3.45 (48 H, m, -CH>-), 3.94 (16 H, m, NCH),
6.70 (16 H, m, ArH), 6.85 (32 H, m, ArH), 7.01-7.23 (64 H, m, ArH), 7.33 (16 H, m, ArH)
and 7.54 (16 H, m, ArH); 8c(100.6 MHz; CDCls; MesSi) -6.4 (SiCHs), -3.4 (Si(CHs),), 4.3,
4.6,4.8,7.9,25.7 (d, Jep 5.8, -CH»-), 30.7 (-CHz-), 52.7 (-CHy-), 53.8 (d, Jcp 4.7, -CH>-), 64.3
(d, Jep 8.5, NCH), 115.8 (d, Jep 12.3), 117.6, 127.5, 129.4, 129.5, 129.7, 134.8, 139.0 (ipso
SiC), 140.3 (d, Jcp 27.1, ipso PC) and 147.9 (d, Jep 15.3, ipso NC); 6p(162.0 MHz; CDCls)
100.5; 3si(79.5 MHz; CDCls; MesSi) -66.8 (SiO3), -1.6 (Si(CH3),) and 8.3 (SiCH3).

G2-32SemiEsphos

—— =Si— 0 — Si
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n-butyllithium (2.97 mL, 2.5 mol L in hexane, 7.44 mmol) was added dropwise to a stirred
solution of 3-(bis(dimethylaminophosphine))bromobenzene .04 g, 7.44 mmol) in
diethylether (30 mL) cooled at -78 °C. The reaction mixture was warmed gradually to -20 °C
and maintained for 30 minutes at this temperature before being cooled to -78 °C. This solution
was then slowly transferred via canula to a Schlenk flask containing G2-ethyl-32Cl (655 mg,
0.20 mmol) in THF (30 mL) and allowed to warm overnight with constant stirring. A
saturated solution of NaHCO; was subsequently added to quench the reaction, followed by
DCM (10 mL). The aqueous layer was extracted twice with DCM (2 x 20 mL) and the
combined organic fractions washed with brine (30 mL), before being dried over MgSO,. After
filtration, the solvent was evaporated and the resulting yellow oil was used without any
further purification in the next step. An oven-dried flask equipped with a condenser and a
magnetic stirring bar was charged under nitrogen with the residue (1.43 g, 0.17 mmol) and
(S)-2-(Phenylaminomethyl)pyrrolidine '* (1.31 g, 7.44 mmol) in toluene (50 mL). The
solution was refluxed for 5 days until no more release of HNMe, was detected as indicated by
damp litmus paper. The solvent was then removed leading to a waxy solid, which was
purified by precipitation in hexane (60 mL) after dissolution in toluene (4 mL). This
procedure was repeated twice affording the desired compound as a white powder (1.45 g, 65
%); [a]p = -0.9 (c = 1.0, CHCl3); (Found: C, 65.7; H, 7.3; N, 7.6. Si3,012Ne4P3:Cs16H744
requires C, 66.5; H, 6.8; N, 8.1%); 6u(300.13 MHz; CDCls; Me4Si) -0.19 (24 H, br, SiCHj3),
0.18, (br, 48H, SiCHi(Ar),), 0.25-0.80 (m, 96H, O;SiCH,CH,Si(CH,CH,Si),), B
hydrosilylation (<22 %, m, 1.15), 1.55-1.98 (128 H, m, -CH>-), 2.83-3.39 (128 H, m, -CH>-),
3.83 (32 H, m, NCH), 6.55-6.82 (96 H, m, ArH), 6.95-7.22 (128 H, m, ArH) and 7.32-7.79
(64 H, m, ArH); 6¢(100.6 MHz; CDCls; MesSi) -6.3 (SiCH3), -5.2 (SiCH3(Ar)y), 4.3, 4.6, 4.8,
6.0, 25.8 (d, Jep 5.8, -CH»-), 31.2 (-CH»-), 52.8 (-CH»-), 53.8 (d, Jcp 5.3, -CH»-) , 64.4 (d, Jcp
8.5, NCH) 115.2 (d, Jep 12.2), 117.8, 127.5, 129.1, 129.2, 129.9, 134.8, 139.1 (ipso SiC),
140.7 (d, Jcp 26.8, ipso PC) and 147.8 (d, Jcp 15.3, ipso NC); 8p(162.0 MHz; CDCl3) 100.1;
3si(79.5 MHz; CDCl3; MesSi) -66.8 (SiO3), -6.0 (SiAr) and 8.3 (SiCHj3).
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V.7 Photoluminescent Polyhedral Oligomeric Silsesquioxane
cored dendrimers and associated dendrons

4" -vinylbiphenyl-3,5-dicarbaldehyde (M7)

aYel

A mixture of 5-bromoisophthalaldehyde '* (2.77 g, 13.01 mmol), 4-styrene boronic acid (2.41
g, 16.29 mmol), [Pd(PPh;)4] (374.8 mg, 0.32 mmol), K,CO3 (2M, 22.8 mL, 45.51 mmol) and
THF (70 mL) was heated at 75 °C for 48 hours. After cooling to room temperature, CH,Cl,
(50 mL) and water (20 mL) were added and the layers were separated. The aqueous layer was
extracted with CH,Cl; (2 x 30 mL). The combined organic layers were washed with water (20
mL) and dried over MgSO,. After evaporation of the solvents, the residue was loaded onto a
silica gel column and eluted with CH,Cl, affording M7 as a white powder (2.51 g, 82 %)
(Found: C, 81.30; H, 5.12. C;sH,0; requires C, 81.36; H 5.08%); 614(400.13 MHz; CDCls;
Me,Si) 5.35 (1 H, d, *Jun 11.2, CH,=CH), 5.85 (1 H, d, *Juy 17.6, CH,=CH), 6.78 (1 H, dd,
3Jan 11.2, Jun 17.6, CH=CH), 7.55 (2 H, d, *Jun 8.4), 7.65 2 H, d, *Jun 8.4), 8.33 (1 H, t,
*Jun 1.5), 8.37 (2 H, d, “Juy 1.5) and 10.18 (2 H, s, CHO); 8¢(100.6 MHz; CDCls; Me,Si)
115.2 (CH,=CH), 127.2, 127.4, 129.9, 133.2, 136.6, 137.6, 137.7, 138.2, 143.0 and 191.3
(CHO); m/z (CI) 237.0913 (M+1. Cy¢H30; requires 237.0916).

4" -vinylbiphenyl-3,5-dimethanol (M8)
OH
SO~
OH
4’ -vinylbiphenyl-3,5-dicarbaldehyde M7 (50 mg, 0.21 mmol) was dissolved in THF/MeOH
(5 mL, 4/1) and cooled to 0 °C. NaBH, (32 mg, 0.85 mmol) was added and the solution stirred
at 0°C for 30 min. After addition of water (1 mL), the aqueous layer was extracted with

EtOAc (2 x 10 mL). The organic layer was washed with brine (10 mL) and dried over
MgSOs. After evaporation of the solvents, M8 was obtained as a white powder (40 mg, 78 %)
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(Found: C, 80.0; H, 6.6. C;sH;s0; requires C, 80.0; H, 6.7%); du(400.13 MHz; (CD3),S0O;
MesSi) 4.58 (4 H, d, *Jun 5.7, CH;OH), 5.25 (2 H, t, *Jun 5.7, CH,OH), 5.31 (1 H, d, *Jun
11.1, CH,=CH), 5.90 (1 H, d, *Jun 17.9, CH,=CH), 6.80 (1 H, dd, *Juy 11.1, *Juy 17.9,
CH,=CH), 7.30 (1 H, t, “Jun 9.6), 7.48 (2 H, m), 7.58 (2 H, d, *Jun 8.5) and 7.66 (2 H, d, *Jun
8.5); 8c(100.6 MHz; (CD3),SO; Me,Si) 63.7 (CH,OH), 114.3 (CH,=CH), 123.0, 124.4, 126.4,
126.5, 136.7, 137.8, 139.7, 142.9 and 143.0.

1,3,5,7,9,11,13,15-octakis[2-{4"-vinylbiphenyl-3,5-dicarbaldehyde}ethenyl]pentacyclo-
[9.5.1.13’9.15’15.17’13]0ctasiloxane (S1)

An oven-dried flask equipped with a condenser and a magnetic stirring bar was charged under
nitrogen with octavinylsilsesquioxane ® (305 mg, 0.48 mmol) and 4 -vinylbiphenyl-3, 5
dicarbaldehyde M7 (2 g, 8.47 mmol) in CH,Cl, (10 mL). A solution of Grubbs’ catalyst (16
mg, 0.019 mmol) in CH,Cl, (3 mL) was injected into the mixture heated at 55 °C to maintain
a gentle reflux. The reaction was stopped and cooled to room temperature after disappearance
of the vinyl signals in '"H NMR (90 hours). The mixture was filtered, concentrated and
precipitated by adding the crude product in CH,Cl; to a solution of ethyl acetate (120 mL) and
petroleum ether (40-60) (500 mL). The residue was loaded onto a silica gel column and eluted
with a gradient of CH,Cl,, EtOAc and (CH3),CO (CH,Cly/ EtOAc (10/1) — (CH3),CO)
affording S1 as a white powder (0.865 mg, 78 %) (Found: C, 67.23; H, 3.86. C;23HggO23Sis
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requires C, 66.89; H 3.83%); d1(400.13 MHz; CDCls; Me,Si) 6.49 (8 H, d, *Juy 19.3,
SiCH=CH), 7.51 (8 H, d, *Juu 19.3, SICH=CH), 7.70 (32 H, m), 8.36 (8 H, m), 8.40 (16 H,
m) and 10.18 (16 H, s, CHO); 6¢(100.6 MHz; CDCls; Me4Si) 118.5 (SiCH=CH), 127.5,
127.7, 130.5, 132.7, 137.3, 137.9, 139.0, 142.7, 143.4, 148.6 (SiCH=CH) and 191.1 (CHO);
m/z (MALDI) 2270.56 (M-CO. C1,7Hs30,7Sig requires 2269.91).

1,3,5,7,9,11,13,15-octakis[2-{4"-vinylbiphenyl-3,5-dimethanol}ethenyl|pentacyclo-
[9.5.1.1*°.1>.1"P| octasiloxane (S2)

HO

HO

S1 (50 mg, 0.022 mmol) was dissolved in THF/MeOH (10 mL, 8/2) and cooled to 0 °C.
NaBH4 (26 mg, 0.70 mmol) was added and the solution stirred at 0 °C for 30 min. After
addition of water (1 mL), the aqueous layer was extracted with EtOAc (20 mL). The organic
layer was washed with brine (20 mL) and dried over MgSO,. After evaporation of the
solvents, S2 was obtained as a white powder (36 mg, 71 %). 61(400.13 MHz; (CD;),SO;
MesSi) 4.55 (32 H, d, *Juy = 5.8, CH,OH), 5.27 (16 H, t, *Juu 5.8, CH,OH), 6.57 (8 H, d,
*Jun 19.3, SiCH=CH), 7.24 (8 H, m), 7.47 (8 H, d, *Jun 19.3, SiCH=CH), 7.50 (16 H, m) and
7.74 (32 H, m); 8¢(100.6 MHz; (CD3),SO; MesSi) 63.6 (CH,OH), 117.5 (SiCH=CH), 123.3,
124.6, 127.3, 127.9, 136.5, 137.3, 139.2, 143.1, 142.9 and 149.3 (SiCH=CH).
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4-styryl-1,2-(methylenedioxy)benzene (M9)

adals

»

A mixture of 4-bromo-1,2-(methylenedioxy)benzene (1.3 mL, 10.8 mmol), 4-styrene boronic
acid (2 g, 13.5 mmol), [Pd(PPh3)4] (374 mg, 0.32 mmol), K,CO3 (2M, 37.8 mmol) and THF
(70 mL) was heated at 75 °C for 48 hours. After cooling to room temperature, CH,Cl, (50
mL) and water (20 mL) were added and the layers were separated. The aqueous layer was
extracted with CH,Cl, (2 x 30 mL). The combined organic layers were washed with water (30
mL) and dried over MgSOj. After evaporation of the solvents, flash column chromatography
with CH,Cl, afforded M9 as a white luminescent powder (2.38 g, 98 %) (Found: C, 79.96; H,
5.16. Ci5H 20, requires C, 80.37; H 5.35%); 61(300.13 MHz; CDCls; MesSi) 5.27 (1 H, d,
Jun 11.6, CH,=CH), 5.79 (1 H, d, *Jun 18.3, CH,=CH), 6.01 (2 H, s, OCH,0), 6.76 (1 H, dd,
Jun 11.6 Hz, *Jyn 18.3, CH,=CH), 6.90 (1 H, m), 7.09 (2 H, m) and 7.49 (4 H, m); 8¢(75.5
MHz; CDCls; MesSi) 101.6 (OCH,0), 107.9, 109.0, 114.2 (CH,=CH), 120.9, 127.3, 127.4,
135.5, 136.7, 136.8, 140.7, 147.5 and 148.8; m/z (CI) 225.0921 (M+1. C;sH;30, requires
225.0916).

1,3,5,7,9,11,13,15-Octakis[2-{4-styryl-1,2-

13,9. 15,15.17,13

(methylenedioxy)benzene}ethenyl]pentacyclo[9.5.1. Joctasiloxane (S3)
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An oven-dried flask equipped with a condenser and a magnetic stirring bar was charged under
nitrogen with octavinylsilsesquioxane ° (100 mg, 0.16 mmol) and 4-styryl-1,2-
(methylenedioxy)benzene M9 (624 mg, 2.78 mmol) in CH,Cl, (10 mL). A solution of
Grubbs’ catalyst (5 mg, 0.006 mmol) in CH,Cl, (3 mL) was injected into the mixture heated
at 55 °C to maintain a gentle reflux. The reaction was stopped and cooled to room
temperature after disappearance of the vinyl signals in '"H NMR (90 hours). The mixture was
filtered, (isolation of H1), concentrated and precipitated by adding the crude product in
CH,CI; to a solution of ethyl acetate (120 mL) and petroleum ether (40-60) (500 mL). The
residue was loaded onto a silica gel column and eluted with CH,Cl, affording S3 as a white
powder (231 mg, 67 %) (Found: C, 65.19; H, 4.02. Cj30HssO2sSis requires C, 65.45; H,
4.00%); 81(300.13 MHz; CDCls; Me,Si) 6.01 (16 H, s, OCH,0), 6.37 (8 H, d, *Jun 18.6,
SiCH=CH), 6.90 (8 H, m), 7.09 (16 H, m), 7.44 (8 H, d, *Jun 18.6, SICH=CH) and 7.54 (32
H, m); d¢(75.5 MHz; CDCls; MesSi) 101.6 (OCH,0), 108.0, 109.0, 117.0 (SiCH=CH), 120.9,
127.3, 127.4, 135.5, 136.7, 140.7, 147.6, 148.5 (SiCH=CH) and 149.0; 3si(79.5 MHz; CDCl;;
Me4Si) -77.6 (0357); m/z (MALDI) 2202.44 (M. Ci20HsgO25Sis requires 2201.84).
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H1 (282 mg, 69 % based on unreacted M9) (Found: C, 79.93; H, 4.86. C,304H; requires
C, 79.98; H 4.79%); m/z (CI) 421.1436 (M+1. C,304H;; requires 421.1440)

3,4-dimethoxy-4"-vinybiphenyl (M10)

A mixture of 4-bromo-1,2-dimethoxybenzene (2.3 mL, 16.0 mmol), 4-styrene boronic acid (3
g, 20.3 mmol), [Pd(PPhs)4] (562 mg, 0.48 mmol), K,CO3 (2M, 56.8 mmol) and THF (70 mL)
was heated at 75 °C for 48 hours. After cooling to room temperature, CH,Cl, (50 mL) and
water (20 mL) were added and the layers were separated. The aqueous layer was extracted
with CH,Cl; (2 x 20 mL). The combined organic layers were washed with water (20 mL) and
dried over MgSO,. After evaporation of the solvents, flash column chromatography with
CH,Cl, afforded M10 as a white luminescent powder (2.05 g, 53 %) (Found: C, 79.52; H,
6.90. C16H 60, requires C, 80.01; H, 6.66%); 613(300.13 MHz; (CD3),SO; Me4Si) 3.79 (3 H, s,
OCHs3), 3.85 (3 H, s, OCHs), 5.28 (1 H, d, *Juu 11.1, CH=CH), 5.87 (1 H, d, *Jun 17.8,
CH,=CH), 6.77 (1 H, dd, *Jun 11.1, *Juy 17.8, CH,=CH), 7.03 (1 H, d, *Ju 8.3), 7.22 (1 H, d,
Jun 8.3), 7.23 (1 H, s), 7.53 (2 H, d, *Jun 8.2) and 7.65 (2 H, d, *Juy 8.2); 8c(75.5 MHz;
(CD3),S0; MesSi) 55.5 (OCH3), 110.2, 112.1, 114.0 (CH,=CH), 118.7, 126.4, 126.6, 132.3,
135.6, 136.2, 139.5, 148.6 and 149.0 ; m/z (ESI) 263.1046 (M+Na. C;sH;02Na requires
263.1048).
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1,3,5,7,9,11,13,15-Octakis|2-{3,4-dimethoxy-4"-vinybiphenyl }ethenyl|pentacyclo
[9.5.1.1*°.1>.1"P| octasiloxane (S4)

An oven-dried flask equipped with a condenser and a magnetic stirring bar was charged under
nitrogen with octavinylsilsesquioxane ¢ (100 mg, 0.16 mmol) and 3,4-dimethoxy-4'-
vinybiphenyl M10 (662 mg, 2.76 mmol) in CH,Cl, (10 mL). A solution of Grubbs’ catalyst (5
mg, 0.006 mmol) in CH,Cl, (3 mL) was injected into the mixture heated at 55 °C to maintain
a gentle reflux. The reaction was stopped and cooled to room temperature after disappearance
of the vinyl signals in 'H NMR (90 hours). The mixture was filtered, (isolation of HZ2)
concentrated and precipitated by adding the crude product in CH,Cl, to a solution of ethyl
acetate (120 mL) and petroleum ether (40-60) (500 mL). The residue was loaded onto a silica
gel column and eluted with a gradient of CH,Cl, and (CH3),CO (CH,Cl, — (CHj3),CO)
affording S4 as a white powder (252 mg, 69 %) (Found: C, 65.28; H, 4.75. C23H;20S1302s
requires C, 65.97; H, 5.15%); 6u(300.13 MHz; CDCls; MesSi) 3.93 (24 H, s, OCHs»), 3.96 (24
H, s, OCHs), 6.39 (8 H, d, *Jun = 19.2, SiICH=CH), 6.95 (8 H, d, *Ju 8.68) , 7.16 (16 H, m),
7.46 (8 H, d, *Jun 19.2, SiCH=CH) and 7.58 (32 H, m); 8¢(75.5 MHz; CDCls; Me,Si) 56.0
(OCH3), 110.3, 111.5, 117.2 (SiCH=CH), 119.4, 127.0, 127.4, 133.5, 136.0, 141.6, 148.8
(SiCH=CH), 148.9 and 149.2; 3si(79.5 MHz; CDCls; MesSi) -78.3 (03S87); m/z (MALDI)
2330.30 (M. Ci23H120S13055 requires 2329.92).
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H2 (271 mg, 63 % based on unreacted M10) (Found: C, 79.6; H, 6.2 C;3yO4H;5 requires C,
80.1; H 6.3%); m/z (CI) 453.206 (M+1. C3004Hy9 requires 453.2066)

Dimethyl 4°-vinylbiphenyl-3,5-dicarboxylate (M11)

/

A mixture of dimethyl 5-iodobenzene-1,3-dicarboxylate 13 (755 mg, 2.36 mmol), 4-styrene
boronic acid (436 mg, 2.95 mmol), [Pd(PPh;3)4] (82 mg, 0.071 mmol), K,COs (2M, 4.2 mL,
8.40 mmol) and THF (70 mL) was heated at 75 °C for 48 hours. After cooling to room
temperature, CH,Cl, (50 mL) and water (20 mL) were added and the layers were separated.
The aqueous layer was extracted with CH,Cl, (2 x 20 mL). The combined organic layers were
washed with water (20 mL) and dried over MgSOs. The residue was loaded onto a silica gel
column and eluted with CH,Cl; to afford M11 as a white powder (531 mg, 76 %) (Found: C,
73.0; H, 4.6. CisH;604 requires C, 73.0, H 5.4%); 01(300.13 MHz; CDCls; MesSi) 3.99 (6
H,s, OCOCH3), 5.33 (1 H, d, *Jun 11.1, CH,=CH), 5.83 (1 H, d, *Jun 17.8, CH,=CH), 6.78 (1
H, dd, *Jun 11.1, *Jun 17.8, CH=CH), 7.53 (2 H, d, *Jun 8.3), 7.65 (2 H, d, *Jun 8.3), 8.48 (2
H, d, “Jus 1.6 ) and 8.65 (1 H, t, “Juu 1.6); 8¢(75.5 MHz; CDCly; Me,Si) 52.6 (OCOCH3),
114.8 (CH,=CH), 127.0, 127.5, 129.5, 131.3, 132.3, 136.3, 138.0, 138.4, 141.7 and 166.2
(OCOCH3); m/z (CI) 297.1129 (M+1. CsH ;704 requires 297.1127).
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1,3,5,7,9,11,13,15-octakis[2-{4 Dimethyl 4'-vinylbiphenyl-3,5-dicarboxylate
}ethenyl]pentacyclo-[9.5.1.13’9.15’15.17’13]octasiloxane (SS5)

An oven-dried flask equipped with a condenser and a magnetic stirring bar was charged under
nitrogen with octavinylsilsesquioxane ® (20 mg, 0.032 mmol) and dimethyl 4'-vinylbiphenyl-
3,5-dicarboxylate M11 (164 mg, 0.55 mmol) in CH,Cl, (10 mL). A solution of Grubbs’
catalyst (1 mg, 0.001 mmol) in CH,Cl, (3 mL) was injected into the mixture heated at 55 °C
to maintain a gentle reflux. The reaction was stopped and cooled to room temperature after
disappearance of the vinyl signals in 'H NMR (90 hours). The mixture was filtered,
concentrated and then precipitated by adding the crude product in CH,ClI, to a solution of
ethyl acetate (120 mL) and petroleum ether (40-60) (500 mL). The residue was loaded onto a
silica gel column and eluted with a gradient of CH,Cl, and EtOAc (CH,Cl, — CH,Cl,/EtOAc
(20/1) — EtOAc) affording S5 as a white powder (54 mg, 61 %) (Found: C, 61.8; H, 3.6.
Ci20Hss044Sis requires C, 62.3; H 4.3%); 64(300.13 MHz; CDCls; MesSi) 3.99 (48 H, s,
OCOCH3), 6.47 (8 H, d, *Juy = 19.2, SiICH=CH), 7.50 (8 H, d, *Jun 19.2, SiCH=CH), 7.68
(32 H, m), 8.49 (16 H, d, “Jux 1.6) and 8.66 (8 H, t, “Juy 1.6); 8c(75.5 MHz; CDCls; Me,Si)
52.7 (OCOCH3), 118.3 (SiCH=CH), 127.1, 127.4, 127.9, 131.3, 131.5, 137.8, 138.5, 141.3,
147.8 (SiCH=CH) and 166.4 (OCOCH3); 0si(79.5 MHz; CDCls; Me4Si) -78.5 (0387); m/z
(MALDI) 2802.41 (M+Na. C;20HgsO44SigNa requires 2801.08).
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/o H3 oo\
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H3 (72 mg, 64 % based on unreacted M11) (Found: C, 72.3; H, 4.3. C3403Hy9 requires C,
71.7; H 4.6%); 51(400.13 MHz; CDCls; Me,Si) 4.00 (12 H, s, OCOCH3), 7.24 (2 H, s,
CH=CH), 7.67 (4 H, d, *Juu 8.5), 7.71 (4 H, d, *Jun 8.5), 8.50 (4 H, d, *Juu 1.7), 8.50 (4
H, d, *Jun 1.7), 8.67 (2 H, d, “Juu 1.7); 8c(75.5 MHz; CDCls; MeySi) 52.6 (OCOCH3),
127.3, 127..5, 128.6 (CH=CH), 129.4, 131.3, 132.0, 137.2, 138.2, 141.4, and 166.3
(OCOCH3). m/z (CI) 565.1864 (M+1. C34,05H, requires 565.1860).

3-((4"-vinylbiphenyl-4-yl)methyl)pentane-2,4-dione (the mixture of enol and keto form,
enol/keto = 3/1) (M12)

adaV

4-styryl-benzyl-bromide ' (350 mg, 1.28 mmol) and lithium 2,4-pentanedioate (408 mg, 3.85
mmol) were dissolved in DMF (20 mL) and agitated overnight at room temperature. The
mixture was then poured onto approximately 10 g of ice and stirred until all the ice had
melted. Et;O (30 mL) was added and the layers separated. The aqueous phase was extracted
with Et;0O (4 x 20 mL). The combined organic layers were washed with brine (2 x 30 mL) and
dried over MgSOj. The residue was loaded onto a silica gel column and eluted with CH>Cl, to
afford M12 as a white powder (177 mg, 47 %) (Found: C, 81.5; H, 6.9. Cy0H30O, requires C,
82.2; H, 6.9%); 01(400.13 MHz; CDCl3; MeySi) 2.12 (6 H, s, enol CHj), 2.20 (6 H, s, keto
CH3), 3.20 (2 H, d, *Jun 7.5, keto CH,), 3.71 (2 H, s, enol CH,), 4.05 (1 H, t, *Juy 7.5, keto
CH), 5.28 (1 H, d, *Jun 10.9, CH,=CH), 5.80 (1 H, d, *Juy 18.2, CH,=CH), 6.76 (1 H, dd,
3Jan = 10.9, *Juy 18.2, CH,=CH), 7.23 (2 H, m) and 7.53 (6 H, m); 8c(75.5 MHz; CDCl;
Me,Si) 23.5, 29.9, 32.6, 32.8, 69.4 (keto CH), 108.4, 114.1 (CH,=CH), 126.8, 127.2, 127.4,
128.1, 129.2, 136.5, 137.3, 138.2, 139.1, 140.2, 192.4, 203.5 (keto C=0) and 207.4; m/z (CI)
293.1541 (M+1. CyH;,0, requires 293.1542).
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1,3,5,7,9,11,13,15-octakis[2-{3-((4"-vinylbiphenyl-4-yl)methyl)pentane-2,4-

1515 173

dione}ethenyl]pentacyclo-[9.5.1.13’9
form, enol/keto = 1/3) (S6)

Joctasiloxane (the mixture of enol and keto

An oven-dried flask equipped with a condenser and a magnetic stirring bar was charged under
nitrogen with octavinylsilsesquioxane ® (31 mg, 0.049 mmol) and 3-((4'-vinylbiphenyl-4-
yDmethyl)pentane-2,4-dione M12 (250 mg, 0.86 mmol) in CH,Cl, (10 mL). A solution of
Grubbs’ catalyst (2 mg, 0.002 mmol) in CH,Cl, (3 mL) was injected into the mixture heated
at 55 °C to maintain a gentle reflux. The reaction was stopped and cooled to room
temperature after disappearance of the vinyl signals in "H NMR (90 hours). The mixture was
filtered, concentrated and precipitated by adding the crude product in CH,Cl; to a solution of
ethyl acetate (120 mL) and petroleum ether (40-60) (500 mL). The residue was loaded onto a
silica gel column and eluted with a gradient of CH,Cl,, EtOAc and (CHj3),CO (CH,Cl,/
EtOAc (10/1) — (CH»),CO) affording S6 as a white powder (102 mg, 76 %) (Found: C,
70.24; H, 4.97. C160H152028Sis requires C, 69.97; H, 5.53%); 01(400.13 MHz; CDCls; MesSi)
2.10 (48 H, s, enol CH3), 2.15 (48 H, s, keto CH3), 3.19 (16 H, m, keto CH>), 3.70 (16 H, br s,
enol CH>), 4.04 (8 H, m, keto CH), 6.37 (8 H, d, *Jun 19.1, SICH=CH), 7.21 (16 H, m), 7.43
(8 H, d, *Jun 19.1, SiCH=CH) and 7.57 (48 H, m); 8c(75.5 MHz; CDCls; Me,Si) 23.5, 29.9,
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32.6, 33.9, 69.9 (keto CH), 108.4, 117.3 (SiCH=CH), 126.7, 127.0, 127.9, 128.1, 129.2,
136.4, 137.7, 138.5, 139.1, 140.2, 149.2 (SiCH=CH), 191.8, 203.5 (keto C=0) and 207.3;
3si(79.5 MHz; CDCl3; MesSi) -78.5 (03Si); m/z (MALDI) 2768.93 (M+Na. Ci60H152025SisNa
requires 2769.24).
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VI. Conclusions and future work

VI. 1 Conclusions

It has been shown that the copolymerisation of carbon monoxide and ethene is possible using
a wide range of monodentate phosphines when the P:Pd ratio.is low (4:1) This is an
unexpected result, as most of the literature teaches that methyl propanoate should be
selectively produced. Our results show that active, selective catalysts for polyketone
formation can be generated from palladium complexes containing simple monodentate
phosphines having low steric bulk and high electron density. Complexes of Polyhedral
Oligomeric Silsesquioxane in which 8 or more equivalent phosphines are placed on the
surface were also tested in this reaction and give either methyl propanoate or polyketone. In
the case where the groups on the surface are —Si(Me)(CH;,PPh,),, the macromolecule and the
small molecule analogue, Me,Si(CH,PPh,), behave very similarly to produce comparable
amounts of polyketone. For ligands containing P atoms that are separated by longer spacers,
the product is methyl propanoate with very little chain growth. In one case, that using GO-
8ethylPPh,, the rate using the macromolecule is significantly enhanced in comparison to that
obtained with the small molecule as a result of the extra steric bulk associated with the
presence of the POSS core and its other arms. In contrast, for G1-16ethylPPh,, the rate is
reduced compared with its small molecule analogue, probably because interactions on the
periphery decrease the effective bite angle of the bidentate ligand, hence increasing the pocket

angle and reducing the rate of termination.

New diazaphospholidine terminated Polyhedral Oligomeric Silsesquioxane (POSS) molecules
have been synthesized and tested in styrene and vinyl acetate hydroformylation. Some of
them have been shown to precipitate upon mixing with rhodium precursors, whilst others
remain in solution and show activity. These latter are more compact and rigid in comparison
to the former, which are more flexible and hence more prone to monodentate binding to
rhodium and cross-linking.. Modelling studies have been able to rationalise these
observations. PP distance calculations show that the ligands, for which precipitation occurs
upon mixing with the rhodium precursor, have PP distances too big to promote bidentate
coordination, whereas the two active ligands display more rigid and compact structures with
PP distance falling in the range of possible bidentate coordination. We have, therefore

succeeded in using macromolecular design to induce a dendritic effect by sufficiently
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crowding SemiEsphos units at the periphery of a dendrimer like molecule that the properties
of ESPHOS (a bidentate analogue of monodentate SemiEsphos) are at least partially

reproduced.

Novel photoluminescent vinylbiphenyl decorated Polyhedral Oligomeric Silsesquioxane
cored dendrimers have been synthesised and characterized by NMR, microanalysis and
MALDI-TOF spectroscopy. Optical measurements have proven in some cases to be an
interesting tool in analyzing the purity of these compounds by showing the presence of
light emitting side products not detected by NMR. In addition, dialdehyde modified
vinylbiphenyl chromophores grafted at the periphery of the cube have displayed the
unusual ability to become luminescent when exposed to reducing environments such as
NaBHy, LiAlH4 or BH3. The photoluminescence of this POSS molecule has been used as a

quantitative hybrid organic/inorganic chemosensor for hydridic reducing agents.

VI. 2 Future work

VI. 2. 1 Catalysis

POSS decorated with —PBu'; endgroups, synthesised by similar methodologies developed for
—PPh, terminated dendrimers, could be investigated in the methoxycarbonylation of ethene to
observe whether higher rates than 1,2-(Bu',PCH,),C¢H, ' in methylpropanoate formation can
be achieved, and how the selectivity varies with the dendritic architecture.

1,2-(Bu',PCH,),CgH, is also the most selective ligand for the synthesis of linear esters by

? and for the synthesis of

methoxycarbonylation reactions of internal or terminal alkenes >
branched products from vinyl acetate carbonylation.* °> The use of —PBu', terminated
dendrimers for these reactions would be interesting since here the product separation is a
problem that has not so far been solved. Separation by ultrafiltration appears to be an exciting
possibility. Similar recycling processes could be used with GO-8ethylPPh,, bearing 8
diphenylphosphines at its periphery, as this dendrimer has been shown selectively to produce

methylpropanoate (no copolymer or oligomers are formed).

The design of more rigid SEMI-ESPHOS terminated POSS should prevent any

oligomerisation of dendrimers from occurring, giving rise to efficient catalysts in alkene
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asymmetric hydroformylation. Enantiomeric excess (ee) may also be enhanced by those less
flexible structures. The development of a suitable of membrane and its application in a
recycling process should be again the major target for future research as filtration of this
nanometric ligand combining with its high reactivity may provide a separable asymmetric

catalyst.

VI. 2. 2 Photoluminescence

Modified vinylbiphenyl chromophores have shown promising results when attached onto a
POSS core so that widening the scope of their applications should open new exciting
horizons.

For instance, chiral derivatisation of the reducing agents probe, POSS S1, would allow chiral
amines to be quantified as amines have been shown to activate the fluorescence of the
macromolecule. In addition, detailed investigations should be carried out to exploit the
potential of these fluorescent macromolecules in applications ranging from cross-linkable
hybrid nano-structured polymers, to nano-probes, sensors and carriers. The fluorescent
properties of these systems may allow sensing or metal atom extraction from solution

environments.
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Annexes




Annexe I: X-Ray Crystallographic Data for C;sH,;;N,O;P (1)

(2S,5S)-2-(2-Hydroxy-6-methoxyphenyl)-3-phenyl-1,3-diaza-2-phosphabicyclo[3.3.01,5]octane-2-
one
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Table 1. Crystal data and structure refinement for C;sH,;N,O;P (1)

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.00°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F 2

Final R indices [I>2sigma(l)]
R indices (all data)

Extinction coefficient

Largest diff. peak and hole

nvdch3
CisH21N0;P
344.34

932) K
0.71073 A
Monoclinic
P2(1)/n
a=13.606(3) A
b=28.4675(15) A
c=14.752(3) A
1673.4(6) A°

4

1.367 Mg/m’
0.183 mm’'

728

0.1300 x 0.0800 x 0.0500 mm’

1.88 t0 25.36°

-16<=h<=12, -10<=k<=7, -15<=1<=17
10737

3053 [R(int) = 0.0510]

99.9 %

Multiscan

1.0000 and 0.8877

Full-matrix least-squares on F*
3053/1/224

0.996

R1=0.0479, wR2 =0.0976
R1=0.0775, wR2 =0.1109
0.0046(9)

0.268 and -0.347 e.A”

alpha = 90°
beta = 100.050(5)°

gamma = 90°
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Table 2. Atomic coordinates ( x 10%) and equivalent isotropic displacement parameters (A”x 10°) for
C1sH21N>O3P. U(eq) is defined as one third of the trace of the orthogonalized Uij tensor

X y z U(eq)
o(1) 6707(1) 4454(2) 5442(1) 24(1)
P(1) 6911(1) 2731(1) 5577(1) 21(1)
N(2) 7579(2) 2237(2) 6593(1) 20(1)
C(@3) 7098(2) 1003(3) 7066(2) 24(1)
C(4) 6006(2) 1008(3) 6617(2) 22(1)
C(%) 5321(2) 2124(3) 7019(2) 27(1)
C(6) 4447(2) 2316(3) 6221(2) 33(1)
C(7) 4911(2) 2234(3) 5352(2) 26(1)
N(8) 5939(2) 1609(2) 5661(2) 21(1)
C(9) 7538(2) 2096(3) 4671(2) 18(1)
C(10) 7744(2) 3153(3) 3994(2) 21(1)
0(10) 7469(1) 4702(2) 3981(1) 27(1)
C(11) 8238(2) 2654(3) 3296(2) 24(1)
C(12) 8554(2) 1118(3) 3282(2) 29(1)
C(13) 8388(2) 49(3) 3948(2) 27(1)
C(14) 7888(2) 535(3) 4635(2) 22(1)
0(14) 7692(1) -428(2) 5326(1) 28(1)
C(15) 8090(3) -1996(3) 5366(2) 45(1)
C(16) 8610(2) 2528(3) 6852(2) 22(1)
C(17) 9094(2) 3585(3) 6345(2) 25(1)
C(18) 10110(2) 3845(3) 6589(2) 30(1)
C(19) 10658(2) 3106(3) 7346(2) 34(1)
C(20) 10190(2) 2087(3) 7858(2) 32(1)
C(21) 9170(2) 1774(3) 7614(2) 26(1)
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Table 3. Bond lengths [A] and angles [°] for C;gH, N,O3P

Atoms Length Atoms Length
O(1)-P(1) 1.4926(16) C(15)-H(15C) 0.9800
P(1)-N(8) 1.650(2) C(16)-C(21) 1.397(4)
P(1)-N(2) 1.664(2) C(16)-C(17) 1.402(4)
P(1)-C(9) 1.789(3) C(17)-C(18) 1.385(4)
N(2)-C(16) 1.410(3) C(17)-H(17A) 0.9500
N(@2)-C(3) 1.472(3) C(18)-C(19) 1.379(4)
C(3)-C(4) 1.517(4) C(18)-H(18A) 0.9500
C(3)-H(3A) 0.9900 C(19)-C(20) 1.374(4)
C(3)-H(3B) 0.9900 C(19)-H(19A) 0.9500
C(4)-N(8) 1.487(3) C(20)-C(21) 1.398(4)
C(4)-C(5) 1.518(3) C(20)-H(20A) 0.9500
C(4)-H(4A) 1.0000 C(21)-H(21A) 0.9500
C(5)-C(6) 1.530(4)

C(5)-H(5A) 0.9900

C(5)-H(5B) 0.9900

C(6)-C(7) 1.528(4)

C(6)-H(6A) 0.9900

C(6)-H(6B) 0.9900

C(7)-N(8) 1.490(3)

C(7)-H(7A) 0.9900

C(7)-H(7B) 0.9900

C(9)-C(10) 1.406(3)

C(9)-C(14) 1.409(3)

C(10)-0(10) 1.363(3)

C(10)-C(11) 1.390(4)

0(10)-H(100) 0.980(5)

C(11)-C(12) 1.371(3)

C(11)-H(11A) 0.9500

C(12)-C(13) 1.383(4)

C(12)-H(12A) 0.9500

C(13)-C(14) 1.378(4)

C(13)-H(13A) 0.9500

C(14)-0(14) 1.368(3)

0(14)-C(15) 1.431(3)

C(15)-H(15A) 0.9800

C(15)-H(15B) 0.9800
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Atoms Angle Atoms Angle
O(1)-P(1)-N(8) 116.11(11) C(6)-C(7)-H(7B) 110.7
O(1)-P(1)-N(2) 115.16(10) H(7A)-C(7)-H(7B) 108.8
N(8)-P(1)-N(2) 96.14(11) C(4)-N(8)-C(7) 108.1(2)
O(1)-P(1)-C(9) 107.21(10) C(4)-N(8)-P(1) 110.55(17)
N(8)-P(1)-C(9) 112.11(11) C(7)-N(8)-P(1) 119.61(15)
N(2)-P(1)-C(9) 109.87(11) C(10)-C(9)-C(14) 117.4(2)
C(16)-N(2)-C(3) 120.0(2) C(10)-C(9)-P(1) 121.30(17)
C(16)-N(2)-P(1) 124.18(18) C(14)-C(9)-P(1) 121.26(19)
C(3)-N(2)-P(1) 112.73(17) 0(10)-C(10)-C(11) 116.7(2)
N(2)-C(3)-C(4) 105.9(2) 0(10)-C(10)-C(9) 122.3(2)
N(2)-C(3)-H(3A) 110.6 C(11)-C(10)-C(9) 121.0(2)
C(4)-C(3)-H(3A) 110.6 C(10)-0(10)-H(100) 104.3(17)
N(2)-C(3)-H(3B) 110.6 C(12)-C(11)-C(10) 119.6(2)
C(4)-C(3)-H(3B) 110.6 C(12)-C(11)-H(11A) 120.2
H(3A)-C(3)-H(3B) 108.7 C(10)-C(11)-H(11A) 120.2
N(8)-C(4)-C(3) 107.9(2) C(11)-C(12)-C(13) 121.3(3)
N(8)-C(4)-C(5) 102.55(19) C(11)-C(12)-H(12A) 119.3
C(3)-C(4)-C(5) 116.9(2) C(13)-C(12)-H(12A) 119.3
N(8)-C(4)-H(4A) 109.7 C(14)-C(13)-C(12) 119.3(2)
C(3)-C(4)-H(4A) 109.7 C(14)-C(13)-H(13A) 120.3
C(5)-C(4)-H(4A) 109.7 C(12)-C(13)-H(13A) 120.3
C(4)-C(5)-C(6) 102.3(2) 0(14)-C(14)-C(13) 123.8(2)
C(4)-C(5)-H(5A) 111.3 0(14)-C(14)-C(9) 114.8(2)
C(6)-C(5)-H(5A) 111.3 C(13)-C(14)-C(9) 121.5(2)
C(4)-C(5)-H(5B) 111.3 C(14)-0(14)-C(15) 117.6(2)
C(6)-C(5)-H(5B) 111.3 0(14)-C(15)-H(15A) 109.5
H(5A)-C(5)-H(5B) 109.2 0(14)-C(15)-H(15B) 109.5
C(7)-C(6)-C(5) 105.1(2) H(15A)-C(15)-H(15B) 109.5
C(7)-C(6)-H(6A) 110.7 0(14)-C(15)-H(15C) 109.5
C(5)-C(6)-H(6A) 110.7 H(15A)-C(15)-H(15C) 109.5
C(7)-C(6)-H(6B) 110.7 H(15B)-C(15)-H(15C) 109.5
C(5)-C(6)-H(6B) 110.7 C(21)-C(16)-C(17) 118.8(3)
H(6A)-C(6)-H(6B) 108.8 C(21)-C(16)-N(2) 121.0(2)
N(8)-C(7)-C(6) 105.2(2) C(17)-C(16)-N(2) 120.3(2)
N(8)-C(7)-H(7A) 110.7 C(18)-C(17)-C(16) 120.2(3)
C(6)-C(7)-H(7A) 110.7 C(18)-C(17)-H(17A) 119.9
N(8)-C(7)-H(7B) 110.7 C(16)-C(17)-H(17A) 119.9
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Atoms

Angle

C(19)-C(18)-C(17)
C(19)-C(18)-H(18A)
C(17)-C(18)-H(18A)
C(20)-C(19)-C(18)

C(20)-C(19)-H(19A)
C(18)-C(19)-H(19A)
C(19)-C(20)-C(21)

C(19)-C(20)-H(20A)
C(21)-C(20)-H(20A)
C(16)-C(21)-C(20)

C(16)-C(21)-H(21A)
C(20)-C(21)-H(21A)

120.8(3)
119.6
119.6
119.6(3)
120.2
120.2
120.8(3)
119.6
119.6
119.93)
120.1
120.1
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Table 4. Anisotropic displacement parameters (Azx 10° ) for CgH,N,O3P. The anisotropic

displacement factor exponent takes the form: -27°[ h” a**U"' + ... + 2 hk a* b* U'?]
Ull U22 U33 U23 Ul3 U12
o(1) 30(1) 18(1) 26(1) 0(1) 9(1) 3(1)
P(1) 22(1) 20(1) 21(1) -1(1) 6(1) 0(1)
N(2) 17Q2) 23(1) 21(1) 2(1) 4(1) -1(1)
Cc@3) 26(2) 26(1) 20(2) 2(1) 7(1) 1(1)
C(4) 25(2) 20(1) 22(2) 1(1) 9(1) -1(1)
C(5) 29(2) 30(1) 24(2) 2(1) 10(1) 2(1)
C(6) 31Q2) 41(2) 27(2) 2(1) 102) 5(1)
C(7) 212) 312) 26(2) -1(1) 4(1) -1(1)
N(8) 19(2) 23(1) 22(1) 0(1) 5(1) -1(1)
C(9) 17Q2) 19(1) 18(1) -1(1) 2(1) -1(1)
C(10) 20(2) 20(1) 22(2) -1(1) 1(1) 2(1)
0(10) 34(1) 21(1) 28(1) 4(1) 10(1) 1(1)
c(11) 25(2) 27(1) 20(2) 1(1) 9(1) -8(1)
C(12) 28(2) 33(2) 28(2) -6(1) 12(1) (1)
C(13) 29(2) 21(1) 30(2) -3(1) 9(1) 2(1)
C(14) 24(2) 22(1) 22(2) -1(1) 6(1) -3(1)
0(14) 44(1) 18(1) 26(1) 3(1) 15(1) 3(1)
C(15) 80(3) 212) 40(2) 5(1) 24(2) 14(1)
C(16) 23(2) 20(1) 23(2) -7(1) 6(1) -1(1)
C(17) 25(2) 23(1) 26(2) -7(1) 4(1) -3(1)
C(18) 25(2) 31(2) 37(2) -11(1) 102) -7(1)
C(19) 2102) 37(2) 42(2) -11(1) 0(2) 3(1)
C(20) 31(2) 27(2) 34(2) -8(1) 2(2) 10(1)
@l 28(2) 20(1) 30(2) -4(1) 2(1) 3(1)
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Table 5. Hydrogen coordinates ( x 10%) and isotropic displacement parameters (A’x 10%)
for C18H21N203P

X y z U(eq)
HGA) 7170 1240 7731 28
H(3B) 7403 -40 6991 28
H(4A) 5734 -90 6603 26
H(5A) 5652 3148 7192 32
H(5B) 5101 1656 7566 32
H(6A) 3953 1458 6227 39
H(6B) 4110 3343 6261 39
H(7A) 4523 1520 4892 31
H(7B) 4934 3295 5074 31
H(100) 7180(20) 4830(30) 4539(13) 62(11)
H(11A) 8355 3371 2831 28
H(12A) 8895 782 2806 35
H(13A) 8615 -1010 3932 32
H(15A) 7872 2524 4774 68
H(15B) 7849 2588 5855 68
H(15C) 8820 -1948 5497 68
H(17A) 8723 4126 5832 30
H(18A) 10435 4540 6231 36
H(19A) 11353 3301 7513 41
H(20A) 10565 1588 8384 38
HQ21A) 8857 1051 7965 32
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Table 6. Torsion angles [°] for C;sH,N,O;P.

Atoms

Angle

O(1)-P(1)-N(2)-C(16)
N(8)-P(1)-N(2)-C(16)
C(9)-P(1)-N(2)-C(16)
O(1)-P(1)-N(2)-C(3)
N(8)-P(1)-N(2)-C(3)
C(9)-P(1)-N(2)-C(3)
C(16)-N(2)-C(3)-C(4)
P(1)-N(22)-C(3)-C(4)
N(2)-C(3)-C(4)-N(8)
N(2)-C(3)-C(4)-C(5)
N(8)-C(4)-C(5)-C(6)
C(3)-C(4)-C(5)-C(6)
C4)-C(5)-C(6)-C(7)
C(5)-C(6)-C(7)-N(3)
C(3)-C(4)-N(8)-C(7)
C(5)-C(4)-N(8)-C(7)
C(3)-C(4)-N(8)-P(1)
C(5)-C(4)-N(8)-P(1)
C(6)-C(7)-N(8)-C(4)
C(6)-C(7)-N(8)-P(1)
O(1)-P(1)-N(8)-C(4)
N(2)-P(1)-N(8)-C(4)
C(9)-P(1)-N(8)-C(4)
O(1)-P(1)-N(8)-C(7)
N(2)-P(1)-N(8)-C(7)
C(9)-P(1)-N(8)-C(7)
O(1)-P(1)-C(9)-C(10)
N(8)-P(1)-C(9)-C(10)
N(2)-P(1)-C(9)-C(10)
O(1)-P(1)-C(9)-C(14)
N(8)-P(1)-C(9)-C(14)
N(2)-P(1)-C(9)-C(14)

C(14)-C(9)-C(10)-0(10)
P(1)-C(9)-C(10)-0(10)
C(14)-C(9)-C(10)-C(11)

-72.9(2)
164.49(18)
48.3(2)
127.27(16)
4.61(18)

“111.58(17)

-179.8(2)
-19.0(2)
26.6(2)
-88.2(3)
40.7(2)
158.5(2)
-33.7(3)
13.8(3)

-157.26(19)

33.3(2)
-24.6(2)
99.4(2)
12.1(2)

-115.6(2)

-109.89(16)

12.05(17)
126.42(16)
16.6(2)
138.58(19)
-107.0(2)
-0.7(2)
127.92)
-126.5(2)
176.2(2)
-55.2(2)
50.4(2)
-177.8(2)
-0.8(4)
2.5(4)
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Atoms

Angle

P(1)-C(9)-C(10)-C(11)
0(10)-C(10)-C(11)-C(12)
C(9)-C(10)-C(11)-C(12)
C(10)-C(11)-C(12)-C(13)
C(11)-C(12)-C(13)-C(14)
C(12)-C(13)-C(14)-0(14)
C(12)-C(13)-C(14)-C(9)
C(10)-C(9)-C(14)-O(14)
P(1)-C(9)-C(14)-0(14)
C(10)-C(9)-C(14)-C(13)
P(1)-C(9)-C(14)-C(13)
C(13)-C(14)-0(14)-C(15)
C(9)-C(14)-0(14)-C(15)
C(3)-N(2)-C(16)-C(21)
P(1)-N(2)-C(16)-C(21)
C(3)-N(2)-C(16)-C(17)
P(1)-N(2)-C(16)-C(17)
C(21)-C(16)-C(17)-C(18)
N(2)-C(16)-C(17)-C(18)
C(16)-C(17)-C(18)-C(19)
C(17)-C(18)-C(19)-C(20)
C(18)-C(19)-C(20)-C(21)
C(17)-C(16)-C(21)-C(20)
N(2)-C(16)-C(21)-C(20)
C(19)-C(20)-C(21)-C(16)

179.5(2)
178.5(2)
-1.8(4)
0.3(4)
0.4(4)
-179.6(2)
0.4(4)
178.2(2)
1.2(3)
-1.8(4)
-178.8(2)
43(4)
-175.6(2)
6.5(3)

-164.99(18)

173.5(2)
15.0(3)
1.3(3)

-178.7(2)
-1.8(4)
0.8(4)
0.8(4)
0.23)

-179.8(2)
-1.3(4)
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Table 7. Hydrogen bonds for C;gH, N,Os;P [A and °]

D-H..A d(D-H) d(H...A) d(D...A) <(DHA)

0(10)-H(100)...0(1) 0.980(5) 1.609(10) 2.559(2) 162(3)
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Annexe II: X-Ray Crystallographic Data for C;;H,30g (H3)

1,2-ethene(bis(1,1’-biphenyl[3’,5’-dimethylester]))
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Table 1. Crystal data and structure refinement for C34H,305 (H3)

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.00°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F 2

Final R indices [I>2sigma(l)]
R indices (all data)

Extinction coefficient

Largest diff. peak and hole

nvdch5
C34H2505
564.56

932) K
0.71073 A
Monoclinic
P2(1)/c
a=4.7172(6) A
b=14.805(2) A
c=19.787(3) A
1378.8(3) A®

2

1.360 Mg/m’
0.097 mm’'

592

0.2000 x 0.0300 x 0.0300 mm’

1.72 to 25.35°.

-5<=h<=3, -17<=k<=17, -23<=1<=20
8788

2459 [R(int) = 0.0307]

97.6 %

Multiscan

1.0000 and 0.9330

Full-matrix least-squares on F*
2459/0/ 194

1.051

R1=0.0432, wR2=0.1124
R1=0.0499, wR2 =0.1201

0.010(3)

0.203 and -0.196 e.A™

alpha = 90°
beta = 93.810(4)°

gamma = 90°
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Table 2. Atomic coordinates (x 10%) and equivalent isotropic displacement parameters (A’x 10%) for

C34H2505. U(eq) is defined as one third of the trace of the orthogonalized Ul tensor

X y z U(eq)
C(1) 14371(3) 5135(1) 274(1) 20(1)
CQ2) 12309(3) 4613(1) 634(1) 20(1)
C(3) 11315(3) 3764(1) 416(1) 21(1)
C4) 9457(3) 3278(1) 787(1) 20(1)
C(5) 8477(3) 3614(1) 1389(1) 19(1)
C(6) 9364(3) 4480(1) 1589(1) 21(1)
C(7) 11244(3) 4963(1) 1222(1) 21(1)
C(8) 6636(3) 3063(1) 1808(1) 20(1)
Cc) 4914(3) 2372(1) 1526(1) 20(1)
C(10) 3218(3) 1850(1) 1925(1) 20(1)
C(11) 3221(3) 2001(1) 2616(1) 22(1)
C(12) 4930(3) 2684(1) 2909(1) 23(1)
C(13) 6611(3) 3204(1) 2506(1) 21(1)
C(14) 1380(3) 1155(1) 1569(1) 22(1)
0O(14) 1297(2) 1007(1) 968(1) 29(1)
O(15) -205(2) 704(1) 1997(1) 27(1)
C(15) -2090(3) 32(1) 1684(1) 30(1)
C(16) 4907(4) 2844(1) 3651(1) 29(1)
0O(16) 3663(3) 2379(1) 4033(1) 55(1)
0O(17) 6419(2) 3574(1) 3852(1) 29(1)
C(17) 6588(5) 3772(1) 4569(1) 46(1)
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Table 3. Bond lengths [A] and angles [°] for C34H,305

Atoms Length
C(1)-C(1)#1 1.330(3)
C(1)-C(2) 1.4637(19)
C(1)-H(1A) 0.9500
C(2)-C(7) 1.3974(19)
C(2)-C(3) 1.400(2)
C(3)-C(4) 1.383(2)
C(3)-H(3A) 0.9500
C(4)-C(5) 1.3967(19)
C(4)-H(4A) 0.9500
C(5)-C(6) 1.397(2)
C(5)-C(8) 1.4853(19)
C(6)-C(7) 1.3828(19)
C(6)-H(6A) 0.9500
C(7)-H(7A) 0.9500
C(8)-C(13) 1.396(2)
C(8)-C(9) 1.399(2)
C(9)-C(10) 1.3948(19)
C(9)-H(9A) 0.9500
C(10)-C(11) 1.386(2)
C(10)-C(14) 1.492(2)
C(11)-C(12) 1.395(2)
C(11)-H(11A) 0.9500
C(12)-C(13) 1.3936(19)
C(12)-C(16) 1.489(2)
C(13)-H(13A) 0.9500
C(14)-0(14) 1.2077(17)
C(14)-0(15) 1.3450(17)
0(15)-C(15) 1.4467(18)
C(15)-H(15A) 0.9800
C(15)-H(15B) 0.9800
C(15)-H(15C) 0.9800
C(16)-0(16) 1.2030(18)
C(16)-0(17) 1.3412(19)
0O(17)-C(17) 1.4466(18)
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Atoms Angle Atoms Angle
C(D#1-C(1)-C(2) 125.81(16) C(12)-C(11)-H(11A) 120.3
C(D)#1-C(1)-H(1A) 117.1 C(13)-C(12)-C(11) 119.86(13)
C(2)-C(1)-H(1A) 117.1 C(13)-C(12)-C(16) 121.24(14)
C(7)-C(2)-C(3) 117.26(12) C(11)-C(12)-C(16) 118.90(12)
C(7)-C(2)-C(1) 119.80(13) C(12)-C(13)-C(8) 121.72(14)
C(3)-C(2)-C(1) 122.93(12) C(12)-C(13)-H(13A) 119.1
C4)-C(3)-C(2) 120.95(12) C(8)-C(13)-H(13A) 119.1
C(4)-C(3)-H(3A) 119.5 O(14)-C(14)-0(15) 123.20(14)
C(2)-C(3)-H(3A) 119.5 O(14)-C(14)-C(10) 124.81(13)
C(3)-C(4)-C(5) 121.66(13) O(15)-C(14)-C(10) 111.99(12)
C(3)-C(4)-H(4A) 119.2 C(14)-0(15)-C(15) 115.02(12)
C(5)-C(4)-H(4A) 119.2 O(15)-C(15)-H(15A) 109.5
C(4)-C(5)-C(6) 117.34(12) O(15)-C(15)-H(15B) 109.5
C(4)-C(5)-C(8) 121.27(12) H(15A)-C(15)-H(15B) 109.5
C(6)-C(5)-C(8) 121.36(12) O(15)-C(15)-H(15C) 109.5
C(7)-C(6)-C(5) 121.03(12) H(15A)-C(15)-H(15C) 109.5
C(7)-C(6)-H(6A) 119.5 H(15B)-C(15)-H(15C) 109.5
C(5)-C(6)-H(6A) 119.5 0O(16)-C(16)-0(17) 123.19(14)
C(6)-C(7)-C(2) 121.64(13) 0O(16)-C(16)-C(12) 124.37(15)
C(6)-C(7)-H(7A) 119.2 O(17)-C(16)-C(12) 112.43(12)
C(2)-C(7)-H(7A) 119.2 C(16)-0(17)-C(17) 116.53(12)
C(13)-C(8)-C(9) 117.42(12) O(17)-C(17)-H(17A) 109.5
C(13)-C(8)-C(5) 120.95(13) O(17)-C(17)-H(17B) 109.5
C(9)-C(8)-C(5) 121.62(12) H(17A)-C(17)-H(17B) 109.5
C(10)-C(9)-C(8) 121.32(13) 0(17)-C(17)-H(17C) 109.5
C(10)-C(9)-H(9A) 119.3 H(17A)-C(17)-H(17C) 109.5
C(8)-C(9)-H(9A) 119.3 H(17B)-C(17)-H(17C) 109.5
C(11)-C(10)-C(9) 120.35(13)

C(11)-C(10)-C(14) 122.71(12) Symmetry transformations used to generate
C(9)-C(10)-C(14) 116.91(13) equivalent atoms:

C(10)-C(11)-C(12) 119.33(12) #1 -x+3,-y+1,-z

C(10)-C(11)-H(11A) 120.3
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Table 4. Anisotropic displacement parameters (Azx 10° ) for C34H,50s. The anisotropic

displacement factor exponent takes the form: -2n”[ h* a**U"' + ... + 2 hk a* b* U]
Ull U22 U33 U23 UI3 U12
c() 21(1) 18(1) 20(1) 2(1) 2(1) 0(1)
CQ) 18(1) 21(1) 20(1) 3(1) 2(1) 1(1)
Cc@3) 22(1) 22(1) 18(1) -1(1) 4(1) 1(1)
C@) 23(1) 17(1) 21(1) -1(1) 2(1) -1(1)
C(5) 18(1) 20(1) 18(1) 2(1) 1(1) 1(1)
C(6) 23(1) 23(1) 18(1) 2(1) 5(1) 0(1)
c(7) 23(1) 19(1) 21(1) -1(1) 2(1) -1(1)
C(8) 20(1) 18(1) 21(1) 3(1) 4(1) 3(1)
C9) 20(1) 20(1) 19(1) 2(1) 3(1) 3(1)
C(10) 20(1) 17(1) 25(1) 3(1) 2(1) 2(1)
C(11) 22(1) 20(1) 26(1) 6(1) 6(1) 1(1)
C(12) 27(1) 20(1) 22(1) 4(1) 6(1) 4(1)
C(13) 21(1) 18(1) 22(1) 1(1) 2(1) 1(1)
C(14) 21(1) 19(1) 26(1) 6(1) 2(1) 2(1)
0(14) 34(1) 28(1) 27(1) -1(1) 2(1) -7(1)
o(15) 26(1) 24(1) 31(1) 6(1) 1(1) 9(1)
C(15) 26(1) 25(1) 38(1) 1(1) -1(1) (1)
C(16) 41(1) 24(1) 24(1) 4(1) 7(1) (1)
0(16) 99(1) 41(1) 28(1) 1(1) 24(1) -28(1)
0(17) 41(1) 28(1) 17(1) 1(1) 1(1) 3(1)
c(17) 81(2) 39(1) 17(1) -1(1) 0(1) -6(1)
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Table 5. Hydrogen coordinates ( x 10*) and isotropic displacement parameters (A’x10°)

for C;4H,505
X y z U(eq)

H(1A) 14855 5717 447 24
H(3A) 11927 3518 7 25
H(4A) 8831 2701 630 25
H(6A) 8664 4740 1984 25
H(7A) 11827 5547 1373 25
H(9A) 4900 2257 1054 24
H(11A) 2070 1643 2888 27
H(13A) 7771 3666 2711 25
H(15A) -3337 316 1329 45
H(15B) -3244 -234 2026 45
H(15C) -966 -443 1483 45
H(17A) 4677 3757 4736 69
H(17B) 7418 4372 4647 69
H(17C) 7783 3319 4811 69
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Table 6. Torsion angles [°] for C34Hp505

Atoms Angle
C(1)#1-C(1)-C(2)-C(7) 177.18(18)
C(1#1-C(1)-C(2)-C(3) 2.9(3)
C(7)-C(2)-C(3)-C(4) 2.9(2)
C(1)-C(2)-C(3)-C(4) 177.24(13)
C(2)-C(3)-C(4)-C(5) 0.6(2)
C(3)-C(4)-C(5)-C(6) 2.3(2)
C(3)-C(4)-C(5)-C(8) -175.83(13)
C(4)-C(5)-C(6)-C(7) -3.02)
C(8)-C(5)-C(6)-C(7) 175.18(13)
C(5)-C(6)-C(7)-C(2) 0.7(2)
C(3)-C(2)-C(7)-C(6) 2.2(2)
C(1)-C(2)-C(7)-C(6) -177.89(13)
C(4)-C(5)-C(8)-C(13) 152.98(14)
C(6)-C(5)-C(8)-C(13) -25.1(2)
C(H)-C(5)-C(8)-C(9) -25.6(2)
C(6)-C(5)-C(8)-C(9) 156.30(14)
C(13)-C(8)-C(9)-C(10) 0.6(2)
C(5)-C(8)-C(9)-C(10) 179.20(12)
C(8)-C(9)-C(10)-C(11) 0.5(2)
C(8)-C(9)-C(10)-C(14) 177.71(12)
C(9)-C(10)-C(11)-C(12) 0.2(2)
C(14)-C(10)-C(11)-C(12) -177.87(13)
C(10)-C(11)-C(12)-C(13) 0.1(2)
C(10)-C(11)-C(12)-C(16) 179.72(13)
C(11)-C(12)-C(13)-C(8) 0.12)
C(16)-C(12)-C(13)-C(8) -179.62(13)
C(9)-C(8)-C(13)-C(12) -0.4(2)
C(5)-C(8)-C(13)-C(12) -179.03(13)
C(11)-C(10)-C(14)-0(14) 179.42(14)
C(9)-C(10)-C(14)-0(14) 1.3(2)
C(11)-C(10)-C(14)-O(15) -0.56(19)
C(9)-C(10)-C(14)-0(15) -178.72(11)
0(14)-C(14)-0(15)-C(15) -1.3(2)
C(10)-C(14)-0(15)-C(15) 178.69(12)
C(13)-C(12)-C(16)-0(16) -174.52(16)

170



Atoms Angle
C(11)-C(12)-C(16)-O(16) 5.7(3)
C(13)-C(12)-C(16)-0(17) 6.0(2)
C(11)-C(12)-C(16)-O(17) -173.72(13)
0(16)-C(16)-0(17)-C(17) 2.2(2)
C(12)-C(16)-0(17)-C(17) -178.38(13)

Symmetry transformations used to generate equivalent atoms:

#1 -x+3,-y+1,-z
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