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Abstract

Most homogeneous catalytic processes based on transition metal complexes make use of late row
transition metals such as Pd and Pt, which are scarce, expensive and toxic. To facilitate the transition
to base metals such as Fe, Co and Ni, which are cheaper, more abundant and less toxic, smart ligand
design plays an important role. Late row metals favour 2e  processes, which is necessary for
elementary chemical steps such as bond breaking and making. Base metals favour le™ processes,
associated with radical formation. Bifunctional or hemilabile ligands can help base metals overcome
this problem.

In this project the synthesis of two new phosphine ketone ligands, (2-(di-o-
tolylphosphaneyl)phenyl)(2-(diphenylphosphaneyl)phenyl)methanone (oTe'PCOPP) and (2-
(dicyclohexylphosphaneyl)phenyl)(2-(diphenylphosphaneyl)phenyl)methanone (“PCOPP), is
demonstrated. These ligands are derivatives of the previously researched bis(2-
(diphenylphosphaneyl)phenyl)methanone (""dpbp) ligand, which was shown to have a hemilabile and
bifunctional character when bound to Ni(0), ariding from the ketone moiety in the backbone of the
ligand. Complexes of P"dpbp and Ni(0) required a co-ligand however, to prevent the formation of a
dinuclear species. This hampered its usefulness in catalysis.

In order to make a complex where the nickel centre is exclusively stabilized by the ligand (°™'PCOP"P
or “PCOP"P), the substituents on the phosphine arms are changed. Going from PPh; to P(o-Tol), greatly
increases the steric bulk around the nickel centre, which may weaken the bond between the nickel
centre and a co-ligand. The same applies to PCy,, which also increases the steric bulk around the nickel
centre, and is much more electron-donating, binding stronger to the metal centre.

In this research the coordination behaviour of both ligands is investigated. Coordination °™'PCOP"P
failed to give complexes, except when phenylacetylene was used as co-ligand. The complex formed is
not known but assumed to be a nickel-alkyne species where the ketone moiety of the ligand is not
bound.

Coordination of “PCOP"P without co-ligand, or with phenylacetylene or acetophenone, resulted in a
species which is most likely the nickel centre supported only by “PCOP"P, but isolation proved
unsuccessful. Stable complexes with PPhs and BPI as co-ligands were obtained.

A catalytic comparison for the [2+2+2] cyclotrimerization of alkynes was done. Changing the system
from P"dpbp and Ni(COD); to >™'PCOP'P or “PCO""P showed no significant change in the catalytic
outcome, so the increase in bulk and/or change in electronic properties does not influence this
reaction.

The reactivity of (YPCOP"P)Ni(BPI) towards small molecules was investigated as well. (Y“PCOP"P)Ni(BPI)
proved inactive towards H; activation in the tried conditions, but proved reactive towards diphenyl
silane. As a proof of concept, the hydrosilylation of alkenes and alkynes was investigated.
(“PCOP"P)Ni(BPI) proved slightly active in the hydrosilylation of 1-octene, and more active in the
hydrosilylation of diphenylacetylene.
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1. Introduction

Catalysis plays a very important role in our current chemical industry. Roughly 90% of all chemicals
are produced in processes using a catalyst®. Catalysts have play roles such as reduction of energy
costs, increasing selectivity or allowing a reaction to occur in the first place. The global demand
for catalysts amounted to 33.5 billion $ in 2014, and is still growing?. While most processes in
industry are catalysed by heterogeneous catalysts, the field of homogeneous catalysis, in which
the catalyst is in the same phase as the substrates, contrary to heterogeneous catalysis, also plays
an important part®. Homogeneous catalysis is usually based on transition metal complexes, built
around 2" or 3™ row transition metals. Here the reaction steps necessary for the formation of the
desired product usually revolve around a transition metal centre supported by ligands, together
forming a metal complex. Many well understood and well behaving homogeneous catalysts are
based on noble metals like platinum, palladium and rhodium [*7]. Complexes of noble metals like
these usually favor 2e” processes, which are favourable for elementary chemical steps like the
breaking and formation of bonds. These metals are, however, expensive, quite rare and rather
toxic. Looking at their 1t row counterparts, we find base metals like Iron, Cobalt and Nickel. These
metals are more abundant, cheaper (Table 1) and less toxic, making them good alternatives in
term of green chemistry and costs. However, base metal complexes react differently than noble
metal complexes, and tend to facilitate 1e” processes, resulting in radical reaction pathways. While
catalysis involving radical pathways is possible, and sometimes beneficial, the generated radical
species are often hard to predict, control and study. Also comparing the reactivity with
mechanisms for noble metal complexes is not possible, as the reactivity is completely different. In
literature, strategies exist to tune the reactivity of base metal complexes from le to 2e” processes,
called cooperative strategies®.

Element Price Estimated abundancy

(USD/mol)*® in  earth’s  crust
(ppm)*

Fe 3.9e-3 56300

Co 3.5 25

Ni 0.76 84

Cu 0.38 60

Ru 8.5e2 0.001

Rh 8.4e3 0.001

Pd 3.5e5 0.015

Ag 50 0.075

Table 1: Price in USD/mol (august 2017) and estimated abundance of some base metals and their heavy counterparts.




1.1. Cooperative Catalysis

The 1le” processes that base metal complexes usually undergo can be helped by a ligand scaffold to
behave more like 2e” processes. This is widely seen in biological systems, where enzymes incorporate
a base metal such as iron and nickel? into a very specifically tailored active site. In these sites the
ligands are usually not traditional spectator, but so-called actor or cooperative ligands. Their role is
not only to stabilize the metal centre, but they are designed in such a way that they can take part in
catalytic steps. There are multiple ways for ligands to implement cooperative behaviour, as shown in
Figure 18,

A /-_\ Redox /_?
: M&/ Reaction M--L
M xy M
B M—L ——» X-M L-Y
/
ML M
c. ML —— /M—L
Y L p))

Figure 1: Three classes of cooperative ligands. A Redox-non-innocent ligand scaffold. B: Bifunctional ligand scaffold. C:
Hemilabile ligand scaffold®.

First, in the case of so-called redox non-innocent ligands (Figure 1A), the ligand scaffold can cooperate
in catalysis by changing its oxidation state, allowing for storage or releasing of electrons. Combining a
le change in the ligand with a 1e” change in the oxidation state of the metal centre can result in an
overall 2e” process. The ligand then functions as an electron sink, allowing the complex to accept or
release electrons depending on the requirements of the catalytic cycle. A representative example of
a redox-active ligand, used in the production of Hy, is found in the work of Crabtree!® (Scheme 1).
Troughout the catalytic cycle, the complex overall gets reduced and oxidized, but the nickel centre
retains its formal 2+ oxidation state, as the electrons are stored in radical form on the ligand backbone.

X 2+
»
N
o
N—Ni"—N
H, NCMe e
H* - \\

A | A 1+
» »
N N
N—l}li”—N N—I\Ili”—N
H NCMe

1e’, H*

Scheme 1: Reduction of protons using a nickel centre and bisaryliminopyridine catalyst. The nickel centre retains its formal
+2 oxidation state through the cycle.
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Scheme 3: A PC=CP ligand with a copper centre. The alkene moiety in the backbone can be free or coordinated, depending
on the electronic demands of the copper centre.

A second kind of cooperative behaviour is called hemilability (Figure 1B), which was first introduced
by Jeffrey and Rauchfuss 19794 The concept of hemilability is based on the possibility for
multidentate ligands to vary their coordination to a metal depending on the electronic and steric
properties of the ligand. During the catalytic cycle, the chelate arms can (de)coordinate to the metal
centre, creating and/or filling vacant sites, which can be useful to stabilize multiple different catalytic
intermediates. The hemilability of a ligand can be quite easily tuned by varying the strength of the
donor groups or the length and rigidity of the linker arms. Labile ligands usually consist of a weak
donor group, such as an ether® (OR;) or amine®® (NRs). A o-acceptor, such as boranes'’ (BRs) or m-
accepting moiety such as alkenes (R,C=CR;) or ketones® (R,C=0) can also function as hemilabile
groups. A representative example of a hemilabile rt-ligand is found in the work of lluc et al.®, in which
an alkene moiety was introduced in the backbone of a ligand with two chelating phosphorus groups,
as shown in Scheme 3. It was demonstrated that the alkene moiety can be coordinated or not,
depending on the electronic requirements of the copper centre.

y-xI" v x

0 - [

L-M=I[IL-M/=L—-M

Scheme 2: General scheme of bifunctional activation.

Finally, the last class of cooperative system is based on a bifunctional ligand. In cases like this the
substrate is usually heterolytically split into an electrophile and a nucleophile, respectively X and Y in
Scheme 2. The nucleophile usually binds to the electrophilic metal centre and the ligand scaffold takes
up the electrophile. In the example of dihydrogen activation this would result in a metal hydride and
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Scheme 4: Example of bifunctional activation by the group of Milstein 2°. The dihydrogen is heterolytically split, with the
hydride (in blue) binding to the metal and the proton on the ligand scaffold (in red).



a protonated ligand. This activation of dihydrogen is researched extensively, because it would add a
very atom-efficient method for reducing molecules to a chemist’s synthetic toolbox. The group of
Milstein investigated the activation of hydrogen via an iron PNP complex, which was active in the
catalytic hydrogenation of ketones?® (Scheme 4). The dihydrogen was heterolytically split over the
complex, ending as a hydride on the iron centre and a protonated ligand arm. The ligand arm is then
again deprotonated in the product formation, giving back the original complex. Other work in this field
is done by the group of Chirik?!. For this system, shown in Scheme 6, iron and a PNNP ligand, the same
principle applies. Here the proton ends up on a nitrogen atom, which changes its coordination to iron
from X-type to L-type. The L-type dihydrogen goes to an X-type hydride, so the total coordination
around iron does not change during this catalytic step.

Ph Ph Ph Ph

Bt
(R — R

PCP

Scheme 6: Example of bifunctional activation by the group of Chirik 1. The complex heterolytically splits the dihydrogen,
protonating a backbone imine and forming a metal hydride.

G
B\ el

B~ Ni—E

P,' ‘— ,

P

E= H, SiH,Ph, SiHPh,
Scheme 5: Catalyst used by the group of Peters, which was able to activate dihydrogen and silanes?223, P = PPh,

The group of Peters also designed a catalyst that showed bifunctional behaviour, both in the activation
of hydrogen? and silanes (Si-H)?%. As shown in Scheme 5, the catalyst consists of two phosphine arms
and a borane moiety in the backbone. This borane binds the hydrogen upon activation of the
substrate, thus giving the ligand its bifunctional character. This is one of the very few examples of
bifunctional silane activation.

Our group recently reported the hemilabile beavhiour of a diphosphine ketone ligand ligand (""dpbp)
when complexated to nickel’® and other base metals?*, as described in section 1.2.3. Additionally, the
Phdpbp ligand is also hypothesized to show bifunctional behaviour from its ketone moiety.
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1.2.  The diphosphine benzophenone ligand

1.2.1. Background
The Phdpbp (bis(2-(diphenylphosphaneyl)phenyl)methanone) (1) ligand is, as previously mentioned,
based on research by Moret et al. and master students in the group®2>2, It consists of two chelating
phosphorus atoms, with a carbonyl function built in the linker, as shown in Figure 2.

PPh,0  PPh,

Fhdpbp (1)
Figure 2: Phdpbp ligand used by Moret et al.

As shown in Scheme 7 the ketone moiety in the ligand backbone can coordinate in multiple ways with
to the metal centre. The carbonyl moiety can bind in two ways to the metal centre: An n! binding
mode, where the oxygen atom donates a lone pair and an n? binding mode, which is described by the
Dewar-Chatt-Duncanson model. The n' binding mode is preferred by more electrophilic metals, as this
increases the electron density on the metal centre, and the n? binding mode is preferred by more

O:—M (@) (0]
R ~
7 S

R
®0O Yo <lla
N
®CO DC“/

Scheme 7: Different binding modes of a ketone moiety to a metal centre.

electron rich metals, such as Ni(0). The n? binding mode is described by two extremes. In the Dewar-
Chatt extreme?, the filled rt orbital of the C=0 double bond donates to an empty d-orbital on the metal,
like an L-type ligand. In the metallocycle extreme a filled metal d-orbital donates to the nt* orbital of
the double bond. This, in the most extreme case, results in breaking of the m-bond and formation of a
metallo-cycle, similar to an X,-type ligand. For both extremes the charge on the metal can be reasoned
out, going from 0 to +2, but as the actual binding of the ketone is somewhere in between these
extremes, the exact charge on the metal centre is ambiguous.

1.2.2. Reactivity of P"dpbp with noble metals
The groups of Baratta?” and Ding?® used this ligand in combination with a diamine ligand and Osmium
or Rhodium, respectively (Figure 3). Both groups were investigating the asymmetric hydrogenation of
ketones, and for both the 1 ligand was chosen because of its propeller-like structure, which, upon
complexation, results in chirality (Scheme 8). For both they obtained catalytically very active
complexes, using catalytic loadings as low as 0.01% and ee’s up to 90% (Baratta) and 97% (Ding).
However, they did not look into the possible bifunctional character. The non-innocent character was
investigated by the Young group, in a ruthenium complex®. They showed that when adding a

Ph
O p2C|

2
/l\Nj\

O Ph, ©

Figure 3: Complex used by Baratta and Ding, where M= Os or Rh, respectively?’.28.

o)
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Scheme 8: The propeller-like structure of dpbp ligands in solution and the resulting chirality upon complexation. Figure
taken from [20}%.

ruthenium hydride, the carbonyl picked up the hydrogen, resulting in an alcohol and metal-alkyl bond.
The same complex could be obtained by adding the ruthenium hydride to the alcohol derivative of
Phdpbp, where dihydrogen is formed as well.

O QG
O

'RuH’ RuH"
s Lo Ru—PPhy ~—— OH

Grom Ot G

Scheme 9: Formation of a Ruthenium complex using a Ruthenium-Hydride source, from the Phdpbp ligand as well as its
alcohol derivative.

1.2.3. Reactivity of P"dpbp with base metals

The hemilabile properties of the 1 ligand have been demonstrated in our group®®, by complexating the
ligand to nickel in different oxidation states, as shown in Scheme 10. When the ligand was used in
combination with Ni(COD), (COD = 1,5 cyclooctadiene), a Ni(0) source, and PPhs as co-ligand,
compound 4 was obtained. The crystal structure of the 4 showed the ketone was bound to the metal.
Using a Ni(ll) source, (dme)NiCl,, instead of Ni(COD), gave compound 3. For 3 the crystal structure
showed the ketone was not bound to the nickel centre. A complex with Ni(l) was also obtained,
compound 2, by comproportionation of (dme)NiCl, (dme = dimethoxyethane) and Ni(COD); in
presence of the ""dpbp ligand. This resulted in a complex where the carbonyl was again bound to the
nickel centre. Ketone binding is observed only for the complexes where nickel has a higher electron
density, and 1 can be classified as a hemilabile ligand.

Complex 4 proved not very effective in catalysis. It is hypothesized that the PPh; co-ligand is bound
too strongly to the nickel centre and does not dissociate or exchange for a substrate to come in and
bind to the nickel centre. Complexation of 1 to Ni(COD), without co-ligand led to compound 5, a
dinuclear complex bearing three ligands.

Complexating 1 to other base metals showed similar trends?. When complexating 1 to an M' -Metal,
the ketone moiety showed an n? coordination mode. Complexes with an M" metal (M = Fe, Co, Ni)
showed no binding between the ketone moiety and the metal centre. The C=0 bond did lengthen
slightly, however, when using more electron-rich metals. The exact origin of this trend is thought to
be a through-bond inductive effect, not an effect of geometry changes or overlap with the metal
orbitals.

12
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Scheme 10: Reactive behaviour of 1 with nickel in d/fferent oxidation states, or with a co-ligand*8,

PPh Ph
L0\

TNi—-N—

’ PPhH o

6
Figure 4: Result of the complexation of 1 Ni(COD), and BPI

A complex with benzophenone imine (BPI) as co-ligand was also formed, as shown in Figure 4. The BPI
co-ligand could be easily exchanged with a number of other co-ligands, such as phosphines, nitriles or
olefins®. This already demonstrates that it is a weaker co-ligand than PPhs, which proved too strongly
bound for catalysis. Complex 6 proved active in the [2+2+2] cyclotrimerization of alkynes and showed

|

o Olzlljhz | ORth
-BPI ' AH ’ PPh,

R
X

PPh o

e R

R

| X

R// R

Scheme 11: [2+2+2] cyclotrimerization of alkynes using 6 as precatalyst31.

|
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hemilabile behaviour during catalysis, as shown in Scheme 113, Upon binding the first alkyne, the
ketone decoordinates from the nickel centre, and binds again upon binding of the second alkyne.

Me 1+ "OTf
l-PPh, Ph
MeOTf Oo\
6 — Ni—N—

Scheme 12: Activation of MeOTf by 6.
The bifunctional character was probed using the methylating agent methyl triflate (MeOTf)*°. When
reacting 6 with MeOTf, the methyl group ended on the oxygen of the backbone, and the triflate stayed

in solution as counterion (Scheme 12). The oxygen picking up the methyl group demonstrates that this
catalyst system can be used to activate substrates in a bifunctional fashion.

1.2.4. Ligand modification

To increase the reactivity of complexes like 5 and 6, the bond between the metal and co-ligand should
be weakened, allowing for an easier exchange with the substrate. Obtaining a complex without co-
ligand or a solvent molecule as co-ligand, as shown in Figure 5, would be optimal, as this makes it facile
for a substrate to bind to the complex. To weaken bond between the metal and the co-ligand, more
steric bulk can be introduced around the metal centre, or the electronic properties of the metal can
be tuned. To achieve either in the case of this ligand, the substituents on the phosphorus atoms can
be altered.

PPh PR PR
PN PN L3P\
—Ni—L —Ni—] —Ni—Sol
’ PPh, ’ PR, ’ PR,
5,6
Figure 5: Left: Complex 5 (PPH3) and 6 (BPI). Middle: Desired complex without co-ligand. Right: Desired complex with a
solvent molecule (Sol) as co-ligand.

The effect of changing the substituents of the phosphines has both an impact on the steric and
electronic properties of the phosphine group, which were extensively studied by Tolman3?. Looking at
the so-called Tolman plot in Figure 6A, where the cone angle and vco are plotted, one can easily see
what properties change for a PR3 functioning as ligand when the R-groups are exchanged. The cone
angle is a parameter which describes the size of the PR; group. It is defined as the size of the cone in
which all the R-groups still fit (Figure 6B). The Tolman electronic parameter vco is a parameter which
describes how electron-donating the PR3 group is. It is found by measuring the IR-frequency of the
C=0 stretch of a (PR3)M(CO), complex. When CO binds to a metal the C=0 bond is weakened due to
backdonation into the t* orbital. This results in a decrease in vco. When the PR; group is very donating,
the electron density on the metal increases, and with it the amount of backdonation. So, a very
donating PR3 group lowers the vco more than a less donating group, allowing you to compare different
PR3 groups.

14
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Figure 6: A: Tolman plot of phosphines. The Tolman electronic parameter v(CO) is plotted against the Tolman cone angle. B:
visualization of how the Tolman cone angle is measured, using PMes as phosphine. C: the Tolman electronic parameter v(CO)
is measured using a MPR3(CO); complex and measuring the frequency of the CO stretch vibration with IR-spectroscopy.

The strength of the bond between the metal and its co-ligand can be changed by changing both the
bulk or electronic properties. An increase in bulk simply leaves less space around the metal centre,
preventing the co-ligand from coming too close to the centre and thus binding too strongly.
Exchanging the R-groups around phosphorus to make it more donating makes it bind more strongly
to the metal and increases its electron density, which can also weaken the bond between the metal
and co-ligand.

(o-Tol),P (0] P(o-Tol),

O O Ni(COD), . No Reaction

o-Tol dpbp
Scheme 13: Attempted complexation with the °ldpbp ligand

An increase in bulk around the nickel centre can be achieved by exchanging the PPh,-groups with P(o-
Tol), groups. This increases only the steric properties, as the electronic properties of these groups are
almost the same. The °T™dpbp ligand (bis(2-(di-o-tolylphosphaneyl)phenyl)methanone) was
synthesized in our group®, but the yield was quite low, 10% at most. Also, when trying to complexate
the ligand to nickel (Scheme 13) no reactivity towards nickel was observed. Both the low yield and the
unsuccessful complexation most likely come from the increase in bulk, which was too large, making
complexation too sterically demanding.

CyZP O PCy2 CyZP PCYZ

HO
Saclleas
SYdpbp CYdptm

Figure 7: The Ydpbp and Ydptm ligands.

Exchanging the phenyl substituents for cyclohexyl substituents increases the steric bulk around nickel
as well, but less than for o-tolyl substituents. More importantly, PCy, is a much more donating
phosphine than PPh,, so it will bind more strongly to the metal centre. An attempt to synthesize the
Ydpbp (bis(2-(dicyclohexylphosphaneyl)phenyl)methanone) ligand has been done in our group, but
the synthesis proved difficult, as only the oversubstituted compound, “4dptm (tris(2-
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(dicyclohexylphosphaneyl)phenyl)methanol) was observed? (Figure 7). No method to prevent this
side-reaction has been found.

(O‘TO')2P (0] PPh2 Cy2P (0] PPh2
oTlpCOP P, L1 CYPCOPMP, L2

Figure 8: ©T0'PCOPhP and YPCOP'P ligands

As substituting both phosphines proved unsuccessful, in this work only one of the phosphine arms will
be substituted, yielding a mixed ligand (Figure 8). With these mixed ligands we hope to avoid the
drawbacks of °™'dpbp and “dpbp, but still impose the desired properties on the new ligands.

1.3. Envisioned Cooperative behaviour
If the ligand behaves as desired and complexes are formed, its’ activity towards small molecules can
be investigated. The activation of small molecules should ideally go in a bifunctional fashion (Scheme
14). The nickel complex should ideally not have to carry an extra co-ligand, allowing substrates to
access the nickel centre more easily.

PR2 gP\RZ
/ Ni'—X
PPh2 PPh2 PPh,

Scheme 14: Envisioned cooperative activation of small molecules.
Other methods of activation, using the backbone, can be thought of. While unlikely, the electrophile
(Y) can end up on the carbon of the ketone moiety, or the whole substrate could be split over the

backbone (Figure 9).
..PR2 SRR
N|”
PPh2 th

Figure 9: Other possible ways of activating small molecules no the backbone of the ligand.

16



2. Research aims

To further improve the reactivity of nickel complexes bearing a benzophenone diphosphine ligand
(P"dpbp) towards the activation of small molecules, nickel complexes bearing the modified ligands L1
and L2 are aimed to be synthesized. The project can be divided into 4 major parts.

The first goal is to find an effective synthesis route for the mixed ligands L1 (°™'PCO"P) and L2
(“PCOP"P) (Figure 10). The synthesis route relies on a modificated version of the previously reported
Phdpbp. Based on the problems encountered for °™'dpbp (low yields) and “dpbp (oversubstitution)
we would like to find out if this approach is useful for the mixed ligands proposed here.

(o-Tol),P O  PPh, Cy,P O PPh,
o-TolpcoPhp, |1 CypcoOPP, L2

Figure 10: Proposed ligands L1 and L2.

Secondly the coordination chemistry of L1 and L2 to Ni(0) will be investigated. The modifications
presented are envisioned to change the steric bulk and/or electronic properties around the nickel
centre in such a way the bond between nickel and co-ligand is weakened. In the ideal case complexes
without co-ligand, or a solvent molecule filling the vacancy, can be accessed (Scheme 15). If these are
obtained, the binding of the carbonyl moiety will be studied. Also, we would like to investigate how
the change in steric and electronic properties influences the coordination to nickel.

PR,
nicony, 4PN s

’ PPh,
Target compound
Scheme 15: Target complex of the reaction between L1 or L2 with Ni(COD),

L1orlL2

Thirdly, complexes of L1 or L2 and nickel will be tested as catalysts in the [2+2+2] cyclotrimerization
of alkynes to assess if the change in properties of the phosphines influences the catalytic outcome.

R

//R L + Ni(COD), | A
_
R R

Scheme 16: Envisioned [2+2+2] cyclotrimerization of alkynes

Finally, the activation of small molecules (H, and H,SiPH;) will also be investigated (Scheme 17). During
these reactions the behaviour of the carbonyl moiety should be investigated to see if the envisioned
bifunctional or hemilabile character indeed plays a role in the activation. As a proof of concept the
activated complexes (when accessible) will be tested for catalytic activity e.g. hydrogenation or
hydrosilylation reactions.
H
PR, PR,
g}\li O ]lli—E

+E-H ———

,

O PPh, O PPh,

E = H, SiR3 Envisioned activated complex
Catalytically active?

Scheme 17: Envisioned activation of small molecules with the desired complex
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3. Results & Discussion

3.1. Ligand Synthesis
Both ligands, L1 and L2, shown in Figure 11 were synthesized using a similar route. The first step starts
with a palladium catalysed carbon-phosphorus cross-coupling, as shown in Scheme 18. 7 ((2-
PPh,0 P(o-Tol), PPh,O  PCy,

o-TelpcoPhp (L1) CYPCOP'P (L2)

Figure 11: Both desired ligands, targets of these syntheses

bromophenyl)diphenylphosphane) and 8 ((2-bromophenyl)di-o-Tolylphosphane) were obtained in a
yield of 89% and 94%, respectively, by the coupling of o-iodobromobenzene with diphenylphosphine
or di(o-tolyl)phosphine, respectively, with Pd(PPhs) as catalyst and EtsN as base®®. 9 ((2-
bromophenyl)dicyclohexylphosphane) was obtained according to a procedure by the group of
Buchwald® and was isolated in a yield of 49%. Here Pd(OAc), and DiPPF formed the catalyst, and
Cs,COs functioned as base.

PR2 | PCy2
Br _HPRe Br HPCy, _ Br
Pd(PPh3) (0.5 Mol%) Pd(OAc),, DiPPF (2 mol%)
Et;N (1.4 equiv.) Cs,CO3 (1.2 equiv)
Toluene, 100°C, x h Dioxane, 80°C, 21h 9)

(7): R=Ph,x=18

(8): R=0-Tol, x =36
Scheme 18: Conditions of the cross-coupling reaction of disubstituted phosphines with o-iodobomobenzene, yielding the
desired phosphine-bromine species (7-9).

The next step in synthesis is a lithium-halogen exchange followed by nucleophilic substitution with
one equivalent of the carbonyl source, N,N-dimethyl carbamoylchloride (DMCC). The DMCC has two
leaving groups with very different properties: The chloride is a better leaving group than the
dimethylamine and will thus be substituted more easily. The first equivalent of the lithiated phosphine
will therefore only substitute the chlorine, and the second equivalent the dimethylamine. Via this
stepwise approach, mixed diphosphines with different substituents on the phosphine arms could be

1)n-BulLi (1.1 equiv) 1) t-BuLi (2 equiv.)

@PRZ Et,0, -60°C to RT, 3h PR, @PCVZ Et,0, -60°C to -10°C, 1h PCy2
gr 2 O NMe, Br 2) O NMe,

N o) CI)]\NMez o)

ClI” “NMe,
(7): R=Ph (10): R=Ph (9) (12)
(8): R = 0-Tol Et,0, -60°C to RT, O.N.  (11): R = o-Tol Et,0, -60°C to RT, O.N.

3) NH,CI (aq, 2.5 M) 3) NH,CI (aq, 2.5 M)

Scheme 19: Lithiation and nucleophilic substitution conditions of the arylphosphines 3 and 4 (left), yielding compounds 6
and 7, and of 5 (right), yielding compound 8.

obtained. As Scheme 19 shows, to introduce the DMCC, the phosphorus species was first lithiated at
-60°C in Et,0, after which it was allowed to warm to RT over 3 hours to promote lithiation. Both
arylphosphines (7 (R=Ph) and 8 (R = o-Tol)) were first lithiated using n-BuLi. However, for 9 (R = Cy) t-
BuLi was needed to prevent alkylation as side reaction. As Scheme 20 shows, 2 equivalents of t-Buli
were needed, due to the formation of t-butylbromide, which is also very reactive towards t-Buli,
forming LiBr, butene and butane. After lithiation, the DMCC was introduced at -60°C and then stirred
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t-BuLi + Ar-Br —» t-BuBr + Ar-Li

t-BuLi + t-BuBr — | iBr + i-Butane + 2-methylpropyl-1-ene

Scheme 20: Self quenching reaction of 'Buli.

O.N. at RT. The obtained mixtures were quenched with a solution of NH4Cl and the phosphine amide
species were obtained. The isolated yield of 10 (2-(diphenylphosphaneyl)-N,N-dimethylbenzamide)
and 11 (2-(di-o-Tolylphosphaneyl)-N,N-dimethylbenzamide) was 61% and 59%, respectively. Due to
the high sensitivity of 12 towards air and moisture, the isolation of 12 was not successful. Most of the
purification methods attempted either failed to isolate a (side)product or resulted in the formation of
more oxidated product. For this reason, the crude mixture of 12 was used in the further synthesis of
L2, with a purity of 74% according to 3!P-NMR. Additionally, it has to be mentioned that during the
synthesis of 10 (R = Ph), the P"dpbp ligand was observed as a side product, ranging from 1 to 22 %
based on 3!P-NMR. This is the result of a double substitution reaction, instead of the desired
monosubstitution. Adding the DMCC solution to the lithiated 10 at once instead of slowly dripping
decreased the amount of oversubstituted product, but it still was always present as an impurity at the
end of reaction.

1)n-BuLi (1.1 equiv.) PPh,O P(o-Tol),
7 Et,0, -60°C to RT, 3h

2) 11 in Et,0 O O

-60°C to RT, 96h L1

3) NH,4CI (aq, 2.5 M)

Scheme 21: Lithiation and nucleophilic substitution conditions of 7, leading to the formation of L1.
Finally, the second phosphine arm was introduced in a similar way, as shown in Scheme 21, starting
with lithiation of 7 (R = Ph) again at -60°C in Et,0. The reaction is allowed to warm to RT for three
hours to promote the lithiation. After lithiation a solution of 11 (R = 0-Tol) in Et,0 was added at -60°C
and left stirring for 96 hours at RT. L1 was isolated in 33% yield using column chromatography, with
neutral alumina and a solvent system of PE and EtOAc. This brings the overall yield of L1 to 16%.

A

B
P!\‘f«w_ Bt
'
00
4 o

Wﬂ
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||||||||| T LI s s e e e T
8.3 -85 -8.7 -89 =91 -9.3 -85 -240 -242 -244 -246 -248 -250 -252 -254
1 {ppm)

Figure 12: Zoom of the 31P-NMR spectrum of L1
L1 (°T'PCOP"P) was isolated as a bright yellow solid. As Figure 12 shows, the 3!P-NMR spectrum shows
two doublets, at -8.5 and -25.2 ppm. The coupling between the phosphorus atoms goes through 6
bonds and hence is quite small, ®/pp = 4.3 Hz. The carbonyl peak is found in the *C-NMR spectrum
(Figure 13), at 197 ppm, as a triplet coupling to both phosphorus atoms (3Jcp = 3.4 Hz). It is also
observed in IR, at 1658 cm™. All spectroscopic data point to a successful synthesis of L1, with no
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oversubstitution. This is further confirmed by ESI-MS, where the found weight for [M + Ag]* is
687.0983, which agrees with the calculated weight of 687.0979.

750
700
650
g L500 600

550

500

450

T T T T T
146 144 142 140 138 136 134 132 130 128 126 ||
1 (ppm) 400

T T T T

\‘. / ‘ﬂ ‘ X [t
'/J/ l = (
\ ¥ 7/ \V/*\Tf//: 1300
250
I 200

5 F150

100

50

--50

T T T T T T T T T T T

T T T T T T T T T
190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0
1 (oom)

Figure 13: 13C-NMR spectrum of L1.

1)n-BulLi (1.1 equiv.) PCy,0 PPh, 1)t-BuLi (2 equiv.)
7 Et0,-60°C to RT, 3h Et,0O, -60°C to -20°C, 1h
2)12 in Et,0 O O 2)10in Et,0
-60°C to RT, 96h L2 -60°C to RT, 96h
3) NH4CI (aq, 2.5 M) 3) NH4ClI (aq, 2.5 M)

Scheme 22: Lithiation and nucleophilic substitution conditions of 9 and 7, leading to the formation of L2.

Again, as the final step, the second phosphine arm was introduced, as shown in Scheme 21 (left
reaction), starting with lithiation of 7 (R = Ph) again at -60°C in Et,0. The reaction is allowed to warm
to RT for 3 hours to promote the lithiation. After lithiation a solution of impure 12 (R =Cy) in Et,0O was
added at -60°C and left stirring for 96 hours at RT. In the 3!P-NMR of the crude mixture peaks that can
be ascribed to the ligand can be seen, but the purity is only 50% based on integrals. Starting with the
impure 12 made the work-up more difficult, so the approach to L2 was changed. Now a solution of 9
was lithiated using t-Buli at -60°C, after which it was allowed to warm to -20°C for one hour. Then a
solution of 10 in Et,0 was introduced to the mixture at -60°C and stirred for 96 hours at RT. L2 was
isolated in a yield of 14% using column chromatography, with neutral alumina and a solvent system
of PE and EtOAc. The overall yield of L2 now comes to 4%. The low yield of (L2) can be partly ascribed
to its sensitivity towards air and water, and most likely oxidized partly while running the column. No
other way to isolate (L2) has been found.
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Figure 14: Left: Zoom of the 31P-NMR spectrum of L2. Right: 33C-NMR spectrum of L2.

L2 (“PCOP'P), was isolated as a bright yellow solid. This ligand is quite moisture and air sensitive and
started oxidizing immediately when using non-dried and degassed solvents. In the 3'P-NMR spectrum
the ligand appears as two peaks, a doublet at -3.5 with a coupling constant of ®Jp» = 5.3 Hz, and a broad
singlet at -10.2 (Figure 14, Left). 3C-NMR shows the carbonyl at 189 ppm, this time as a doublet with
3Jcp =6.1 Hz (Figure 14, Right). All the spectroscopic data point to the successful formation of L2,
without any oversubstitution product.The weight found with ESI-MS, 671.1608 m/z, nicely matches
with the calculated value of 671.1605.
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3.2. Coordination chemistry of mixed phosphine ligands to Nickel (0)
As the synthesis of the desired ligands L1 (°™'PCO"P) and L2 (“PCOP"P) proved successful, their
complexation behaviour with Ni® was investigated. Ni® is a d*° metal, which makes it quite electron-
rich. Coordination of the carbonyl moiety is expected, as previously observed with the P"dpbp ligand*®.

Complexations of L1 and L2 without co-ligands were first attempted, as the aim is to form a stable
complex without neeing a co-ligand. Ideally the co-ligand, if necessary, would be just a solvent
molecule like THF, but other co-ligands such as BPI were investigated as well. In the previous work!®
done with the P'dpbp ligand dinuclear species was observed when no co-ligand was present (Figure
15). We aim to avoid the formation of this dinuclear species by the extra steric bulk introduced in L1

and L2 compared to P"dpbp.
)

SRR:
//
N'_D’SO' \Nl—PRz o thP—Nl
PPh,
PPh2 th

Desired compound Unwanted dinuclear species
Figure 15: Right: The desired complex with a vacancy or loosely coordinating solvent molecule. Left: Dinuclear species,
avoided by the increase in bulk.
Secondly, also complexations of L1 and L2 to Ni(0) in the presence of co-ligands were attempted. The
increase in bulk or the more electron-rich properties provided by L1 and L2 are expected to weaken
the coordination of the co-ligand to the nickel centre (Figure 16). Ideally a solvent molecule (e.g. THF)
would act as a stabilizing co-ligand, but other co-ligands such as BPl and PPhs; were also investigated.

Weakly bound

PR, l
g,llli----L
’ PPh,

Figure 16: Target complex of L1 and L2 and nickel, with a weakly bound co-ligand.

Most of the information presented in the coming sections comes from the 3'P-NMR spectra, as they
give an indication about whether and how the phosphorus arms are bound to the metal. In addition,
31P-NMR can also be used to see if the ligand has reacted. 'H-NMR can be used to observe if COD is
released from the nickel source, Ni(COD),, during the reaction. With 3C-NMR the binding of the
carbonyl can be observed. In the free P"dpbp ligand the carbonyl appears around 197 ppm, but when
it is bound to a nickel centre, which is supported by the crystal structure, this peak shifts to 120 ppm?°.
For 1 and 2 the free carbonyl is observed at 197 and 189 ppm respectively and are expected to show
a similar shift in the 3C-NMR when binding to the nickel centre.

In the next two sections the coordination behaviour to Ni(0) of L1 (Section 3.2.1) and L2
(section 3.2.2) are investigated and compared to the coordination chemistry of P"dpbp.

3.2.1. Coordination chemistry of ©T'PCOP"P
The coordination chemistry of L1 to Ni(COD), was studied, as summarized in Scheme 24. For all
complexation attempts, except for phenylacetylene as co-ligand, 3!P-NMR analysis of the reaction
mixtures shows the presence of complicated mixtures, characterized by very broad resonances in
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NMR. A colour change from yellow to brown-black does indicate a reaction is occurring, however,
none of the isolation attempts proved successful.

31P.NMR 1P-NMR

25 oo

'II:HI(COD/)%HF \ /; ratio L:Ni(COD),
oluene Broad NMR, unclear reaction

Broad NMR, unclear reaction
(o-Tol)P O  PPh,

Ni(COD),, PPh; O O
Broad NMR, unclear reactio Ni(COD),, BPI
/ Broad NMR, unclear reaction

31P-NMR 31P-NMR
L1

NG

i i
/A f"\"'. ,'u\ M\ - ol il T . "

1o K
11 (ppm) ¢ 11 (ppm) *

Scheme 24: Coordination behaviour of L1 without co-ligand, or in the presence of BPI and PPhs, analysed using 31P-NMR.

(o-Tol),P (0] PPh,

O O + Ni(COD), Toluene or THF_ gryaq NMR, unknown species formed

Scheme 23: Complexation attempt of L1 to Ni(0) in THF and Toluene
First, complexations of L1 and Ni(COD), without a co-ligand were attempted (Scheme 23). The reaction
was performed in both THF and toluene, which gave the same result according to 3!P-NMR (Scheme
24, Top left). Both complexations resulted in a black-brown solution, indicating a reaction occurred.
In 31P-NMR spectrum traces of free L1 are observed, in addition to two very broad peaks around 25
and 22 ppm. H-NMR indicates the COD was released, confirming that a reaction occurred. What the
species formed is, is unknown, as isolation proved unsuccessful. To see if the dinuclear species, which
was observed with the P"dpbp ligand (Scheme 10, Bottom) is formed, an complexation with a 3:2 ratio

of L2:Ni(COD); was attempted.
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(o- Tol)2P PPh2 o Tol)» (o- Tol)zP Q

CsDa o Tol)z
+ 2 Ni(COD), NI—P P—NI
PPh2 W Ph2P

Possible formed structure

Scheme 25: Attempted complexation with a ratio of 3:2 L1:Ni(COD),. The dinuclear species was not observed.

From the attempted complexation of L1 and Ni(COD), in a 3:2 ratio again a black-brown solution was
obtained. The 31P-NMR, shown in Scheme 24 (Top right) again shows some free L1, in addition to broad
resonances, at 40, 22 and -18 ppm, with an integral ratio of 1.5:1:2 respectively. These do not agree
with the dinuclear complex, as that would give a peak pattern of 4 peaks, with an integral ratio of
2:2:1:1. No further evidence for the species formed was obtained, and isolation proved unsuccessful.

As complexations without co-ligand did not behave well, complexations with different co-ligands were
attempted. PPh; and BPI were tried, as they were shown to form a well-defined complex with the
Phdpbp ligand®®3,

(o-Tol),P O  PPhy

, CsDs Broad NMR resonances,
O O + Ni(COD), + L ™ unknown species formed

L= PPhg, BPI
Scheme 26: Attempted complexation of L1, Ni(COD), and PPhsor BPI.

Both the complexation with L1 and Ni(COD), with PPhs and BPI did not behave as expected. Again an
unclear brown-black mixture was formed, with broad resonances in 3!P-NMR (Scheme 24: Bottom left:
PPhs, Bottom right: BPI). Since isolation of these complexes was again unsuccessful, and due to their
unclear behaviour in solution characterizing these compounds was not straightforward, and no further
evidence for a formed species was obtained.

All the reactions shown in Scheme 24 resulted in unclear, broad NMR spectra. Most likely the increase
in bulk from PPh; to P(o-Tol), is too large, so no stable complexes can be formed. The formed species
might be in an equilibrium within the NMR time scale, which explains the broadness of the peaks.

(o-Tol),P O  PPh, ’ P(o-Tol),
sh

(Y ) reoone ™ 2 270
70" Ppn

Proposed structure

Scheme 27: Attempted complexation of L1 and Ni(COD), with phenylacetylene.

Oppositely, in-situ complexation of L1 and Ni(COD), with phenylacetylene as co-ligand (Scheme 27)
gave a clear 3'P-NMR spectrum, with 2 sharp doublets at 35 and 25 ppm, coupling with each other
with 27.6 Hz. L1 has fully reacted, but quite some minor impurites between -5 and -30 ppm are still
present. 'H-NMR shows all the COD is released. Isolation of the major species was unsuccessful, and
decomposition happened quickly. Isolation was unsuccessful, so no further evidence towards the
proposed complex could be given. However, from previous work with the P"dpbp ligand it is known
that upon complexation of an alkyne, the ketone is unbound. This makes the ligand backbone
slightly more flexible, possibly allowing for a geometry where the P(o-Tol), group can bind, whereas
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for the previous complexation attempts the ketone was bound, putting too much strain on the
system.

In summary, looking at all the attempted complexations with L1, all resulted in unclear species, with
the exception of the complexation with phenylacetylene, and all isolation attempts proved
unsuccessful. Using only one phosphine arm substituted with o-tolyl groups still seems to resultin a
ligand that is too bulky to complexate in the desired fashion. An exception can be made when the
ketone moiety is not coordinating, as proposed for the reaction with phenylacetylene.

3.2.2. Coordination chemistry of ““PCOP"P
As complexation of the L1 ligand proved difficult, the focus was changed to L2 (“PCOP"P). The PCy,
group is not only less bulky than its o-Tolyl analogue, but also binds stronger to transition metals
because it is more electron-donating. Both these properties should lead to more stable complexes.

CY2 Y2
PCy,0  PPh, ’ PCy, O
0\
CeD =
O O +NiCOD), = Ni—CVso \
’ 2
13 PPh2 th O

Proposed structures
Ratio 13:14 = 34:66

C«D N
O O + Ni(COD), + //Ph —5 Pi';lr:_D/SOI
’ 2
13

Proposed structure

CY2
PCy20 PPh2 PCy2
D
Oy e S0 pﬁ'ﬁj’“
2
Ph
13 PPh2 thP

Proposed structures
Ratio 13:14 = 31:69

Scheme 28: Coordination attempts of L2 with Ni(COD), and different co-ligands: Top: No co-ligand. Middle: Acetophenone.
Bottom: Phenylacetylene. The products are proposed structures, the ratios of which differed per reaction.

Again first coordination of L2 to Ni(COD), without co-ligand was attempted (Scheme 28).
Complexation attempts with acetophenone and phenylacetylene gave similar results, as the 3'P-NMR
spectra shown in Figure 17. All free L2 was consumed, and no bound COD was observed in 1H-NMR.
Because the species observed in 3'P-NMR (Figure 17, 1-3) appeared to form with different co-ligands,
the co-ligand does not influence the structure. Therefore complex 13 ((L2)Ni), without co-ligand or a
solvent molecule, is proposed to be the species observed at 17.5 and 28.2 ppm (Coupling with %pp =
82 Hz). A second species is observed in the complexation without co-ligand or with acetophenone.
Both peaks appear as singlets, at 44.0 and 3.5 ppm. As the value of 3.5 is close to the value of free L2,
a structure is proposed with one of the arms bound, and one free. As no bound COD is observed in
the 'H-NMR spectrum, a structure like 14 is proposed, with a nickel centre stabilized by two L2, with
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Figure 17: 31P-NMR spectra of: (4): Free L2. (3): Coordination of L2 and Ni(COD),. (2): Coordination of L2 to Ni(COD), with
phenylacetylene. (1): Coordination of L2 to Ni(COD), with acetophenone.

one phosphine arm of both ligands bound, and one free. The binding phosphines of 14 should be the
equivalent, as no coupling is observed.

(EjNi(COD) Cszi(COD)

P Ni(COD), 15 PhCN More
CeHe + CoHe +
p Leg 6Me
NP NiSED
P/ P 7 P
16 Less

Scheme 29:Coordination of a chelating phosphine to Ni(cod),, and the influence of a non-coordinating benzonitrile

A similar observation was made by Louie et al.3*, where a range of chelating phosphines were

coordinated to Ni(COD), (Scheme 29). A mixture of compounds 15 and 16 was observed. Adding PhCN
(benzonitrile) did not exchange any of the ligands, but did change the ratio 15:16, favouring compound
15. It is hypothesized that the addition of PhCN creates an equilibrium between 15 and 16. A similar
equilibrium could exist between our proposed compounds 13 and 14, promoted by phenylacetylene
in our case, as no 14 was observed when coordinating L2 to Ni(COD), in the presence of
phenylacetylene. The presence of acetophenone does not seem to influence the coordination
products, as the ratio 13:14 found (31:69) is similar to that found when coordinating L2 to Ni(COD),
without co-ligand (33:69).

As isolation of either species proved unsuccessful, no further evidence toward the proposed structure
was obtained. However, matching the spectroscopic data of the experiments shown in Scheme 28, it
is proposed that compound 13 was formed.
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Because isolation of proposed compound 13 proved unsuccessful, coordination of L2 to Ni(COD); in
the presence of PPhs or BPI was done as well. These co-ligands gave stable complexes for the P'dpbp

analogue of the ligand?®%.

PCy, 0O PPh, O F{Cyz
CgD S N[i—
(Y ) e B
2
L2 17

Scheme 30: Complexation of L2, Ni(COD), and PPhs, resulting in complex 15 (L2)Ni(PPhs)
When coordinating L2 to Ni(COD), with PPh; as co-ligand, as shown in Scheme 30, the 3!P-NMR (Figure
18) shows three signals, all doublets of doublets, at 39.0 ppm (2Jpp = 17.1 Hz, 2Jpp =34.7 Hz), 29.4 ppm
(¥pp=17.1 Hz,2Jpp = 65.3 Hz) and 10.8 ppm(¥pp = 34.7 Hz, 2pp = 65.3 Hz). These signhals come from
the two phosphorus groups from the ligand and one from PPhs, all coupling with each other. *H and
3IP-.NMR are in agreement with the proposed structure and are comparable with the related
(P"dpbp)NiPPhs analogue reported by Moret et al.*®

< ™~ <t

d g

g ") 3

40 30 20 10
f1 (ppm)
Figure 18: Zoom of the 31P-NMR spectrum of the (YPCOP"P)Ni(PPhs)
PCy,0O PPh PC
Y2 2 .O \ Y2 Ph
- CDs —Ni-N=(
+ Ni(COD), + BPI ————> SH
’ PPh, Ph
L2 18

Scheme 31: Complexation of L2, Ni(COD), and BPI, resulting in complex 16, (L2)Ni(BPI)
Coordination of L2 to Ni(COD), with BPI as co-ligand (Scheme 31) also resulted in a clean 3P-NMR
spectrum, shown in Figure 20. Two doublets are observed, at 35.1 and 7.7 ppm, coupling with 2Jpp =
82Hz. The *H-NMR shows a peak of bound BPI at 9.90 ppm, and traces of free, but no bound, COD left.
In the 3C-NMR shown in Figure 19 both the C=0 and C=N were observed as double doublets,
appearing at 117.70 (Ypc = 4.1 Hz, 2Jpc = 6.2 Hz) and 167.88 (3Jpc = 4.7 Hz, 3Jpc = 6.2 Hz), respectively.
This indicates the ketone moiety is bound, as well as the BPI. Single crystals suitable for XRD diffraction
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Figure 20: Zoom of the 31P-NMR spectrum of (¢/PCOPhP)Ni(BPI)
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Figure 19: 13C—NM2 {s[);?c)trum of (L2)Ni(BPI). 7

were obtained by vapour diffusion with a toluene/hexane system, in which the crystal structure of this
complex was obtained (Figure 21). The most important bond lengths and angles, and their comparison
with the (""dpbp)Ni(BPI) complex are shown in Table 2. In accordance with the **C-NMR, the structure
of 18 contains a side-on bound ketone moiety, with Ni1-C7 and Nil1-O1 bond lengths of 1.968 and
2.018 A, respectively. The C7-01 binding length (1.318 A) is between that of the unbound P'dpbp
(1.213 A)® and that of a single C-O bond (1.43 A in ethanol)®. This binding length is similar to that of
6 (""dpbp)Ni(BPI), indicating a similar extent of activation of the ketone in both species. The sum of
bond angles around C7 (A) lies between the expected values for sp? and sp? hybridization (328.5° and
360°, respectively), as expected from the Dewar-Chatt-Duncanson model. The N1-C38 bond length of
1.284 A lies close to the value of the free ligand (1.28 A)*® and is comparable to the binding length of
n! bound BPI, 1.294 A, as found by Zhao et al.?’, using an NHC-based Ni(0) complex ((IPr)Ni(n>BPI)(n'-
BPI), IPr = 1,3-bis(diisopropylphenyl)-imidazolium)), indicating the m-backdonation to the imine is
small. The P1-Nil1-P2 bite angle of 126.08° is slightly larger than that of 6 and indicates that the
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Figure 21: X-ray structure of (L2)Ni(BPl). Co-crystallized toluene and hydrogen atoms were omitted for clarity. Ellipsioids are
shown at 50% probability level.

geometry around the nickel is a distorted tetrahedral. All in all the crystal structure of 18 is very similar
to that of 6, indicating that the change in bulk and electronic properties of the PCy,-group does not
influence the crystal structure.

YYPCOPPP | Phdpbp
Nil-C7 1.968 1.976
Nil-01 2.018 2.022
C7-01 1.318 1.320
P1-Nil1-P2 | 126.08 123.08
N1-C38 1.284 1.289

Table 2: Selected bond distances (A) and bond angles (°) for 17 and 6
All in all, L2 behaves better in complexation reactions than L1. Coordination without co-ligand, with
acetophenone or phenylacetylene resulted in a similar species in the 3!P-NMR, proposed to be
compound 13. Obtaining a complex like 13 was one of the goals of this project, but as isolation and
further characterization proved unsuccessful, the project was continued with another complex.

Coordinating L2 to Ni(COD), with PPh; or BPI as co-ligand resulted in a clean reaction, respectively
obtaining compounds 17 (L2)Ni(PPhs) and 18 (L2)Ni(BPI). A crystal structure of 18 was obtained, and
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comparison with the ""dpbp analogue®® showed coordination occurred in a similar fashion, so the
change in bulk or electronic properties does not influence the coordination of L2 to Ni(0).
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3.3.  Catalytic comparison in alkyne cyclotrimerization
Recently our group found that 1 (""dpbp) in combination with Ni(COD), efficiently catalyses the
[2+2+2] cyclotrimerization reaction of terminal alkynes®! (Scheme 32). The origin of the high catalytic
activity was assigned to the hemilabile character of the ligand. In order to see the effect of substitution
of the phosphine arms, nickel systems supported by L1 and L2 were tested as catalyst for the
cyclotrimerization of methylpropiolate.

R R
H
_— Ni(COD), + L (0.5 mol%)_ + +
CgHe, 18h
R e R R R
R
1,2,4 1,3,5 Tetramerization
isomer isomer products

Scheme 32: General scheme of the [2+2+2] alkyne cyclotrimerization reaction. The ratios between the different products
depended on the catalyst and alkyne used.

The [2+2+2] alkyne cyclotrimerization reaction catalysed by transition metals is an efficient reaction
to get substituted benzene-derivatives. These reactions themselves are very atom-efficient, but
multiple isomers can be formed, potentially leading to side-products. Not only are there 2 isomers
formed in the trimerization, isomers with a 1,2,4 and 1,3,5 substitution pattern, but also
tetramerization products can be observed3®%. A scheme showing the origins of the different isomers
is shown in Scheme 33.

R R R
=~ . R
— Mij\ _—R +
_— —_—
R R R
2,4 isomer R
R R
—R ~
| _ " | —
M » M/;[
R R
3,4 isomer R
——R
R
L~ Mij i R
—
R
2,5 isomer

Scheme 33: Different pathways lead to different isomers in the [2+2+2] cyclotrimerization reaction. The 2,4 intermediate
(Top) can lead to both isomers, where the 3,4 (middle) and 2,5 (bottom) intermediates always lead to the 1,3,5 isomer.

The P"dpbp ligand, in combination with Ni(0), proved active in the cyclotrimerization of alkynes®!. As
the modified ligands used in this research have their bulk increased on only one side of the ligand, it
is possible that one of the intermediates is favoured due to steric hindrance. Also, the more electron-
donating properties of the PCy, group can influence the catalytic outcome.

As a model substrate methylpropiolate is chosen. This proved an easily activated substrate in previous
research®!, most likely because of the very electron-withdrawing carboxylic ester group, leaving the
alkyne relatively electron-poor.
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PR, O PPh,

+ Ni(COD), Toluene  Catalyst mixture
unknown nature
L1orlL2

Scheme 35: Preparation of the catalyst mixture used in cyclotrimerization reactions

Cyclotrimerization reactions were carried out by making a catalyst solution first, as shown in Scheme
35.L1or L2 and Ni(COD), were combined and dissolved in toluene, yielding the black catalyst solution.
The exact nature of the active catalyst mixture is unknown. Then slowly a solution of the alkyne (200
equivalents) in toluene was added to the catalyst mixture and stirred for 18 hours (Scheme 34).

R R
R
Ni Cat. (0.5 mol%)
/ >
/ Toluene, 18 h + +
R R R
R
R = COOMe 1,2,4 isomer 1,3,5 isomer Tetramerization

products

Scheme 34: [2+2+2] cyclotrimerization reaction of methylpropiolate, using 0.5 mol% of nickel catalyst. Multiple isomers can
be formed in this reaction.

The reactions were analysed using 'H-NMR. The integral of the peak of the 1,3,5 isomer could be
compared with the integrals of the peaks of the 1,2,4-isomer, and from these integrals the ratio
between the isomers could be calculated. The results of these reactions, and their comparison with
the PT'dpbp analogue® are shown in Table 3.

Ligand Alkyne 1,2,4 (%) 1,3,5 (%) | Tetramerization
products (%)

L1, °™'pCcOPP H=COOMe 92 8 <1

L2, “PCOPP H=COOMe 91 9 <1

1, P"dpbp3! H=COOMe |91 7 2

Table 3: Results of the [2+2+2] cyclotrimerization reaction using a different ligand and methylpropiolate. The ratio between
the isomers is based on NMR integrals. The results for 1 are from the literature3X.

The calculated ratios do not differ significantly from each other. The system using 1 as ligand gives a
selectivity for the 1,2,4 isomer of 91%, which is comparable for the selectivities found for the L1 or L2
systems (92 and 91%, respectively). Tetramerization products were not observed in *H-NMR with the
L1 and L2 systems, but the formation of these products is also very minor in the system using 1 (2%).
Overall, the modification of the phosphine on the ligand by bulkier and/or electron-rich substituents
does not affect the performance of the catalyst in term of selectivity for the investigated conditions.
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3.4. Reactivity of (“YPCOP"P)Ni(BPI) towards the activation of small molecules
Next the reactivity of (YPCOP"P)Ni(BPI) towards the activation of small molecules was investigated. L2
was chosen over L1 because it behaved much better in coordination reactions. From the complexes
formed with L2 the (L2)Ni(BPI) complex (Compound 18) was chosen. The bifunctional character of the
Phdpbp analogue, compound 6, was already demonstrated using MeOTf, making 18 a potential
candidaite for bifunctional activation as well.

First the reactivity towards dihydrogen (H,) was investigated (Section 3.4.1). Secondly the activity
towards diphenylsilane is investigated in section 3.4.2, and as a proof of concept the catalytic activity
in the hydrosilylation of alkenes and alkynes is shown (Section 3.4.2.1). The focus will lie on the
hydrosilylation of alkynes, as currently only few examples exist in the literature of the hydrosilylation
of alkynes using a nickel catalyst*®4?,
3.4.1. Attempted hydrogenation

First the reactivity of 18 towards H, was investigated. Hydrogen gas (approx. 1 atm.) was introduced
to a degassed solution of 18 in C¢Ds and the reaction was followed in situ with NMR in a J. Young type
NMR tube. Following the reaction shown in Scheme 36 over time, no changes in NMR were observed
for the starting materials, neither at room temperature or at 70°C O.N. at the tested conditions.
Complex 18 is inactive in the activation of hydrogen at the tested conditions

H, (1atm.) )
1 > No Reaction

CgDg, RT or 70°C O.N.

Scheme 36: Reaction conditions to test the reactivity of 17 towards H,

3.4.2. Reactivity of (YPCOP"P)Ni(BPI) towards H2SiPh>
Secondly the activation of 18 towards H,SiPh, was investigated, as shown in Scheme 37. Reactions
were carried out on NMR scale in CsDs at RT and monitored using *H- and 3!P-NMR.

RCy, .
700\ Ph 1 siPh,

—Ni—N —— > New complex
, PPh,  pn  CeDs
18

Scheme 37: Reaction between complex 17 and H,SiPh; in CsDs.

In Figure 22 and Figure 23 the reaction between 18 and H.,SiPh; is monitored using *H and 3!P-NMR
respectively. Adding one equivalent of silane to a solution of 18 changed the colour from black to
dark green. In the 3!P-NMR (Figure 23,Spectrum 4) a new major species is observed with two
doublets at 59.64 ppm and 46.29 ppm, with a quite large coupling constant of J = 192 Hz. This
species disappears over the course of 6 hours, and a species at 22.84 ppm and 20.64 ppm, coupling
with 51 Hz can be observed (Figure 23,Spectrum 3). *H-NMR shows that for the H,SiPh; is not
consumed after 1 hour (Figure 22, spectrum 4), but is fully consumed after 6 hours (Figure 22,
spectrum 3). The peak of bound BPI seems to lose intensity and a new peak is observed at 10.46
ppm, indicating the release of BPI.

Adding a second equivalent of silane changed the colour of the solution from dark green to
yellow/orange. Looking at the 3'P-NMR spectrum of the reaction after 1 hour (Figure 23, spectrum 2)
shows the previously observed species are still present, and a new, third, species at 16.51 ppm and
28.33 ppm is formed, coupling with J = 21 Hz. Leaving the reaction overnight resulted in more of this
new species (Figure 23, spectrum 1). In the *H-NMR, shown in (Figure 22, Spectrum 2), free H,SiPh; is
present after 1 hour, as well as some unknown silane species between 5 and 6.5 ppm. More of the
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Figure 23: 31P-NMR spectra of 18 with H;SiPh;. 5: No H,SiPh;. 4: 1 equiv. H,SiPh,, after 1 hour. 3: 1 equiv. H,SiPh;, after 6
hours. 2: 2 equiv. H,SiPhy, after 1 hour. 1: 2 equiv. H;SiPh,, after O.N. reaction.
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Figure 22: 1H-NMR spectra of 18 with H,SiPhy. 5: No H,SiPh,. 4: 1 equiv. H,SiPh;, after 1 hour. 3: 1 equiv. H3SiPh,,
after 6 hours. 2: 2 equiv. H,SiPh;, after 1 hour. 1: 2 equiv. H,SiPh, after O.N. reaction.

silane species appear after reaction overnight, and still not all the H,SiPh; is consumed (Figure 22,
spectrum 1). No species are observed in the region below 0 ppm, so it is unlikely a nickel-hydride
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species is obtained.

The nature of the complexes formed when reacting (YPCOP"P)Ni(BPI) with H,SiPh; is still unknown,
as isolation proved unsuccessful. No further evidence towards a formed species was obtained.
However, the colour change upon adding 1 equivalent of silane to 18, turning the solution dark
green, indicates a reaction is occurring, and this reaction is completed, or a second reaction occurs,
when a second equivalent of silane is added and reacted O.N, turning the solutions yellow/orange.
According to the colour change, the consummation of H,SiPh, and the release of BPI, 18 is reactive
towards H,SiPh,. Subsequently, 18 will be tested for catalytic activity in hydrosilylation reaction.

3.4.3. Proof of concept in Hydrosilylation reactions with (Y“PCOP"P)Ni(BPI)
As 18 proved reactive towards H,SiPh,, the reactivity of 18 in the hydrosilylation of alkenes was
investigated. In previous work with the P"dpbp ligand** complexed to Co(l) and Co(ll), it proved active
in the hydrosilylation of 1-octene (Scheme 38).

H SiHR, H H
Co Cat. (1 mol%)_

= ; .
CsHy” N7 +HaSIRy THE an RT CsHas CsHis™ “SiHR,
Markovnikov  Anti-Markovnikov
product product

Scheme 38:Hydrosilylation of 1-octene with H>SiPh; using a Cobalt catalyst bearing a Phdpbp ligand

In *H-NMR the Markovnikov and anti-Markovnikov products will be observed as a doublet and triplet
for the Si-H, respectively. If the 'H-NMR is not sufficiently clear, an APT-NMR measurement can be
used to establish which product is formed, as the Markovnikov has two CHs and a CH group, and the
anti-Markovnikov only one CHs group.

PR,
N

PR,

Figure 24: The imine derivative of the fdpbp ligand, RPCNRP

Also, the imine derivative of this ligand, "PCNRP (Figure 24), bearing an imine group in the backbone
instead of a ketone, shows activity in hydrosilylation when complexated to a Ni° centre®,

For L2 the catalysis was done using complex 18 (“PCO""P)Ni(BPI). For L1 a mixture of L1 and Ni(COD),
in benzene was used. As Scheme 39 shows, in a normal hydrosilylation experiment, a solution of 1.1
equivalent H,SiPh, and 1-octene in benzene was stirred overnight in the presence of 1 mol% nickel
catalyst. The yields reported are the NMR yields, based on mesitylene as internal standard.

Ni cat. (1 mol%) SiHPh;
1.1 HySiPhy + SN
Ce¢Hg, 18h. RT
19
Catalyst Conversion of H,SiPh; (%) Yield of 19
L1 + Ni(COD), <1 <1
17 38 15

Scheme 39: Hydrosilylation reaction of 1-octene with H,SiPh,, using 1 mol% of nickel catalyst, stirring O.N. at RT in benzene.
The product is the anti-Markovnikov product. The results are shown in the table above. Yields are calculated from H-NMR,
with mesitylene as internal standard.

For the hydrosilylation of 1-octene the catalyst solution of L1 and Ni(COD), proved inactive (Scheme
39). 18 performed better as a catalyst for the hydrosilylation of 1-octene. According to the H-NMR,
octyldiphenylsilane was formed with a yield of 33 mg, or 15%. The product is observed as a triplet in

35



the NMR, which means it is the anti-Markovnikov product. The conversion of H,SiPh, was calculated

to be 38%. Still 18 proved to be not a very good catalyst for the hydrosilylation of 1-octene under the
tried conditions.

Next, the hydrosilylation of alkynes was investigated using our catalyst system. The products of these
reactions, vinylsilanes, are important building blocks in synthetic chemistry®. Very few examples of
hydrosilylation of alkynes using a nickel catalyst are found in literature. The groups of Montgomery*®
and Bouwman*” both investigated this reaction using a NHC-nickel complex, as shown in Figure 25

- !

YN R, R1/NYN\R2
Ni

i Ni

Ry

N’R1 Ra~N

Figure 25: NHC-nickel complexes used in the hydrosilylation of alkynes. R; = Me, iPr, Bn. R2 = Me, iPr, Ph, Bn*2.
Ni Cat. (5mol%), ZnEt, (20 mol%) H  SiEts
h +2HSE THE "50°C, 150min

Ph———FP
PH  Ph
20

Scheme 40: Hydrosilylation of diphenylacetylene with triethylsilane. The catalyst used is shown in Figure 25. 99% conversion
was reached in 150 min.

With catalyst systems shown in Figure 25, diphenylacetylene could efficiently be hydrosilylated to 20,
using 5 mol% of catalyst at 50°C, reaching 99% vyield after 150 minutes (Scheme 40)*. The group of

\\ S
Me- 2

N’ N\

N— Nl—Nl—

S ‘z\

Figure 26: Dinuclear nickel catalyst used by Uyeda et al*®.

NiCat. (5mol%) ~ H  SiHPhy
CeDg, RT, 210 min

Ph—==—Ph + 2 H,SiPh,
Ph

21
Scheme 41: Hydrosilylation of diphenylacetylene with H,SiPh,. The catalyst used is shown in Figure 26. 20 was obtained in
93% yield “8.

Uyeda made use of a dinuclear nickel catalyst, shown in Figure 26.

Using the catalyst shown in Figure 26, the hydrosilylation of diphenylacetylene ws done in benzene,
at RT, and reached 93% yield after 210 minutes (Scheme 41).
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Diphenylacetylene was used as a model alkyne. For L2 the catalysis was done using complex 18
(“PCOP"P)NI(BPI). For L1 a mixture of L1 and Ni(COD); in benzene was used. As Scheme 42

Catalyst Conversion of H,SiPh; (%) Yield of 21
L1 + Ni(COD), <1 <1
18 91 49

Scheme 42: Hydrosilylation of diphenylacetylene with H,SiPh,, using 1 mol% of catalyst. Both the E and Z-isomer can be
formed, but the product is the E-isomer. The results are shown in the table above. Yields are calculated from *H-NMR, with

mesitylene as internal standard.

Catalyst Conversion of H,SiPh; (%) Yield of 19
L1 + Ni(COD), <1 <1
17 38 15
Ni Cat. (1 mol%) Ph  Ph
1.1 H,SiPh, + Ph—=—=—Ph > —
CgHg, 18h. RT H SiHPh,
E-lsomer, 21

shows, in a normal hydrosilylation experiment, a solution of 1.1 equivalent H.SiPh, and
diphenylacetylene in benzene was stirred overnight in the presence of 1 mol% nickel catalyst. The
yields reported are the NMR yields, based on mesitylene as internal standard.

The isomer formed is the E-isomer, based on *H-NMR and comparison with the literature®. From H-
NMR the yield could be calculated, based on mesitylene as internal standard. The system of L1 proved
inactive in the hydrosilylation of phenylacetylene under the tried conditions. 18 showed a high
conversion of H,SiPh; (91%) and a moderate yield (49%).

The reaction was done again on NMR-scale, with mesitylene added as internal standard and
monitoring over time. The reaction was carried out in a J. Young type NMR tube, without stirring. The
results of this reaction are shown in Figure 27. The yield of 21 increases slowly over time, approaching
50% only after 92 hours. Even though the yield is quite low, the selectivity stays quite high, as the

Remainder of diphenylsilane, Yield of (1,2-
diphenylvinyl)diphenylsilane and mass balance of the
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amount of H,SiPh, remaining and desired product formed together account for about 90% of the
starting amount of silane over the whole course of the reaction. Stirring of the reaction mixture greatly
increases both the yield and conversion.

Ph
H 17 (1 mol%) SiHPh, Ph,HSI
; X
M, ———— 7~ g = or |
Ph CeHe, 18n  PH PH S,

Ph
Scheme 43: Hydrosilylation of phenylacetylene with H,SiPh,, and the different possible products.”

The hydrosilylation of phenylacetylene, a terminal alkyne, was also attempted. Scheme 43 shows that
this reaction can give different isomers of the hydrosilylated product, both of which have been seen
in literature using a different cobalt catalyst*>*°, Another possibility is that the hydrosilylation does
not occur, but that the cyclotrimerization product is formed. When analysing the reaction with H-
NMR, none of the proposed products were observed, so 18 is inactive in the hydrosilylation of terminal
alkynes under the tried conditions.

The hydrosilylation of diphenylacetylene using 18 as catalyst was carried out in different solvents.
These reactions were carried out as described above, changing the solvent from benzene to THF, Et,0
or toluene. The results of these reactions, which were stirred O.N. at RT, are shown in Scheme 45.

Ni Cat. (1 mol% Ph Ph
1.1 H,SiPh, + Ph—==—Ph ( ) =
Solvent, 18h. RT H SiHPh,
E-lsomer, 20
Solvent Conversion of H,SiPh; | Yield of 21(%) Mass balance of H,SiPh;
(%) and 21 (%)
Benzene 91 49 56
THF 28 25 97
Et,0 81 55 75
Toluene 73 41 76

Scheme 45: Results of the hydrosilylation of diphenylacetylene with H,SiPh; and (YPCOP"P)Ni(BPI) as catalyst, in different
solvents at RT. The values were calculated from *H-NMR integrals, based on mesitylene as IS. The yield of E-(1,2-
diphenylvinyl)diphenylsilane is calculated with respect to the starting amount of H,SiPh.

The reactions in benzene, Et,0 and toluene all behaved similarly. The conversion of H,SiPh; is quite
high in all case (91%, 81% and 73%, respectively), and the yields of 21 lie close to each other (49%,
55% and 41%). The results of the reaction done in THF are quite different. The conversion and yield
are quite low, only 28% and 25% respectively. What stands out however, is the very high mass balance,
indicating little side-reactions occur during this reaction.

18 (2 mol%) Ph  Ph
1.1 HySiPh, + Ph—=——Ph - =<
THF, 18h. RT H  SiHPh,
E-lsomer, 21

Scheme 44: Hydrosilylation of diphenylacetylene with HSiPh,, using 17 as catalyst in THF. 20 was obtained in 91% yield,
calculated from *H-NMR based on mesitylene as IS.

As the mass balance of the hydrosilylation of diphenylacetylene with H,SiPh, (18 as catalyst) in THF
was quite promising, a reaction with a higher catalyst loading was executed (Scheme 44). The yield of
21 was 91%, calculated from H-NMR, using mesitylene as internal standard. H,SiPh, was fully
converted. The hydrosilylation of diphenylacetylene using H,SiPh; in THF with a catalyst loading of 2
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mol% looks like a promising reaction, although the reaction time of 18 hours is still longer than that
for other nickel-based catalyst (99% and 93% yield in 150 min®? or 210 min“, respectively).

For the hydrosilylation reactions attempted, using the catalyst system with L1 proved inactive towards
either the hydrosilylation of alkenes or alkynes. 18 proved moderately active in the hydrosilylation of
1-octene, reaching a yield of 15% after 18 hours under the attempted conditions. 18 proved more
active in the hydrosilylation of diphenylacetylene, achieving a yield of 91% after 18 hours, in THF at
RT. Still, compared to the reaction times in the literature, the reaction time of 18 hours is quite long.

39



4. Conclusions

In conclusion, the synthesis of the new, mixed bulky diphosphine ketone ligands proved to be
successful. L1 and L2 were synthesized with an overall yield of 16% and 4%, respectively.

Attempts were done to complexate L1 to Ni(0) without success. Nonetheless, the complexation of L1
to nickel in the presence of phenylacetylene results in the possible formation of a nickel-alkyne
species, in which the ketone is not bound to the metal centre. This observation, that the ketone is
unbound, might be an explanation to the difference in reactivity compared to the other co-ligands
tested.

Complexations of L2 behaved better. From the complexations of L2 to Ni(COD), without co-ligand, or
with phenylacetylene or acetophenone as co-ligand, a complex is proposed where nickel is only
supported by L2. Isolation of this compound was unsuccessful, however. Complexations of L2 to
Ni(COD), with PPhs or BPI resulted in the well-defined (L2)Ni(PPhs) and (L2)Ni(BPl) complexes. For
(L2)Ni(BPI) a crystal structure was obtained, which is very similar to the (""dpbp)Ni(BPI) complex,
showing no effect of the increase in bulk or change in electronic properties the PCy, group brings.

Both L1 and L2, in combination with Ni(COD),, proved active in the [2+2+2] cyclotrimerization of
methyl propiolate. No significant change in reactivity when compared to the ""dpbp ligand was found
however. The change in bulk and/or electronic properties of the phosphine arms does not influence
the [2+2+2] cyclotrimerization of alkynes under the tried conditions.

The complex of (L2)Ni(BPI) proved inactive towards the activaton of H,. It showed reactivity towards
H.SiPh,, but the formed compound is unknown. It is proposed that the BPI ligand dissociates and a
complex with the silane is formed.

In the hydrosilylation of alkenes and alkynes, L1 and Ni(COD), proved inactive under the tried
conditions. The (L2)Ni(BPl) complex proved moderately active in the hydrosilylation of 1-octene,
reaching 15% vyield after 18 hours at RT with a catalyst loading of 1 mol%. The activity towards the
hydrosilylation of diphenylacetylene proved higher, reaching a yield of 91% after 18 hours, using a
catalyst loading of 2 mol% and doing the reaction in THF at RT. Still, when comparing to the literature,
the reaction time is very long. (L2)Ni(BPI) proved inactive in the hydrosilylation of a terminal alkyne,
phenylacetylene, under the tried reaction conditions.
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5. Outlook

5.1. Optimization of ligand synthesis
The ligands L1 and L2 were synthesized with an overall yield of 16% and 4%, respectively, which is
quite low if complexes with these ligands are going to be studied more intensively. Especially the
synthesis of L2 proved difficult and hard to reproduce. None of the reaction steps seem to reach full
conversion and a column is required for the work-up, in which quite some product oxidizes. Optimizing
the reaction conditions, e.g. longer reaction times, different solvents, might give a reaction with a
higher conversion and thus less side-products, and potentially a simpler work-up is necessary.

A possible way to improve the reaction is to change the carbonyl source. The chlorine of the used
DMCC is an excellent leaving group, while the -NMe; group is a very poor one. If this group is changed
to a better leaving group, -OR for example, the last step of the reaction should be more facile®. The
difference in leaving character between this group and the chlorine should stay big enough to prevent
disubstitution.

To make the work-up simpler the phosphorus might be protected before the work-up. A protection
with BHs, which can be helpful for alkylphosphines®?, was attempted in our group before, but removal
of the protecting borane proved difficult, most likely for steric reasons®. Protection of the phosphine
using sulphur is another possibility, but the conditions are not very mild>3. As Scheme 46 shows, first
the phosphine is refluxed in the presence of elemental sulphur, in CS,, to yield the protected
phosphine. Deprotection is done by refluxing O.N. in a 2:1 mixture of MeOH and P(t-Bu)s. CS; is very
toxic, however, so a (de)protection protocol based on this is undesirable for personal safety reasons.

S,CS, MeOH, P(t-Bu); (2:1)
Reflux, 16 h Reflux, 16 h

Scheme 46: Protection and deprotection of phosphines based on sulphur.

PR RsP=S PR,

Simply allowing the phosphine to be oxidated and reducing after the work up can also be looked into,
if a suitable reduction protocol can be found. Most reduction protocols are for triarylphosphines or
diarylalkylphosphines only, and dialkylarylphosphines are not mentioned®*. Another protocol, which
mentions trialkylphosphines as well, require a distillation step®®, which will be hard, if not impossible,
with the finished ligand.

5.2. Ligand modifications

Other phosphine arms can also be investigated. Forone, the [R_Group Cone angle (°) | vco(cm™)
-PPh; group could be exchanged for a -P(p-Tol) group. This | phenyl 145 2068.9
group has similar properties, electronic as well as steric, as p-Tolyl 145 2066.7
the phenyl, but due to the -CH; group it is easier to monitor | Cyclohexyl | 179 2056.4
in NMR, and the -CHs helps with the solubility of the ligand. | i-Propyl 160 2059.2
The -PCy, group can also be modified, changing the | t-Butyl 182 2056.1

cyclohexyl to e.g. isopropyl or t-butyl groups. As seen in Table Table 4: Cone angle and vco for used and potential
4, this changes the electronic parameter vco only slightly, so Phosphine substituents, based on a PRs group®.
the phosphorus will still donate strongly to the nickel centre. What does change is the steric bulk
around nickel, with i-propyl lowering the bulk and t-butyl increasing it compared to cyclohexyl. These

ligands can be made using the method of synthesis of “PCOP'P.

Also, the Ydpbp ligand could still be of interest. The two strongly donating -PCy, groups might allow
for a complex without co-ligand, which is also helped by the increase in bulk. As no oversubstitution
was observed in the synthesis route followed here, it might be applied to this ligand as well.
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5.3.  Coordination to other base metals
In this research, L1 and L2 were only complexated to Ni®. Complexations with Ni' or Ni" can be of
interest, as can other first row transition metals such as iron or cobalt. These have a lower electron
density than Ni° a d'° metal. This means the ketone might be not coordinated, allowing for greater
backbone flexibility. This proved to be useful for L1, when complexated to Ni(COD), with
phenylacetylene as a co-ligand, as the binding of the ketone prevented the formation of stable
complexes with other co-ligands.

5.4. 9PCOP"P complexes
An often-observed species in complexations with “PCOP"P and Ni(COD), gives two doublets in 3'P-
NMR at 17.5 ppm and 28.1 ppm. The exact nature of this species is unknown, but as it appears when
using different co-ligand, or no co-ligand at all, it is proposed to be e a complex without co-ligand or
a solvent adduct. To establish the nature of this species isolation is most likely required, which has
not succeeded yet. If the complex can be obtained purely, more information can be acquired from
NMR, and a crystal structure, if obtainable, would be very helpful in characterizing this species.

5.5.  Reactivity of (PCOP"P)Ni(BPI) towards small molecules

(L2)Ni(BPI) proved inactive towards activation of H; in the tried conditions. If the isolation of the (L2)Ni
complex proves successful, its reactivity towards the activation of H, can be investigated as well. For
the hydrosilylation of alkynes with the (L2)Ni(BPI) complex the conditions can still be optimized.
Hydrosilylation might be improved be screening different catalyst loadings, reaction temperatures or
reaction times. Also, the substrate scope can be extended, as only the hydrosilylation of 1- octene and
diphenylacetylene was investigated here. Different alkynes, both terminal or internal, or carbon-
heteroatom bonds, such as imines and ketone, can also be investigated as substrates for
hydrosilylation reactions. Other classes of small molecules can also be tested for reactivity towards
(L2)Ni(BPI), such as alkyl halides (e.g. Mel).
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6. Experimental

6.1. Materials
Unless otherwise stated, dry degassed solvents were used. Et,0, toluene and hexane were purified
using a MBRAUN MB SPS-800 solvent purification system. These solvents were degassed by bubbling
N, through for at least 30 minutes and dried overnight over molecular sieves prior to usage. Dioxane
and THF were distilled over sodium/benzophenone under N, atmosphere and bubbled through with
N; for at least 30 minutes. These solvents were dried overnight over molecular sieves prior to usage.
CsDs and ds-THF were degassed using the freeze-pump-thaw procedure and stored over molecular
sieves prior to usage. EtsN was degassed by bubbling N, through for at least 30 minutes and dried
overnight over molecular sieves prior to usage.

All other chemicals were used as received from their supplier, unless stated otherwise.

6.2. Analysis methods
NMR spectra were recorded using a Varian 400 MHz or an Agilent 400 MHz NMR spectrometer, at
25 °C. H, 13C and 3P NMR spectra were recorded at 400 MHz, 100 MHz and 162 MHz respectively.
The chemical shifts are presented in ppm, referenced to the solvent residual peak®®, determined
relative to TMS. Attenuated Total Reflectance (ATR) IR spectra were recorded using a Perkin Elmer
Spectrum One FT-IR spectrometer. GC-MS measurements were executed using a Perkin Elmer Clarus
680 GC (column: PE, Elite 5MS, 15m x 0.25mm. ID x 0.25 um), fitted with a Clarus SQ8T MS and
analysed using TurboMass software. ESI-MS analysis was recorded with a Waters LCT Premier XE
spectrometer. Elemental analysis was provided by Mikroanalytisches Laboratorium Koble, Miillheim
an der Ruhr, Germany.

6.3. Synthesis methods

6.3.1. Ligand synthesis
Synthesis of (2-bromophenyl)diphenyl phosphine (7)
PPh, Based on a procedure by Moret et al.’® 2-iodobromobenzene (6.8 ml, 53.7 mmol),
gr diphenyl phosphine (10.09 g, 54.2 mmol), Pd(PPhs)s (0.32 g, 0.28 mmol) and EtsN (10.5
ml, 75.2 mmol) were dissolved in 100 ml dry, degassed toluene under N,. After heating
to 100°C for 18 hours the mixture was extracted with 80 ml degassed brine. The aqueous
layer was washed with Et;0 (4x30ml) and MeOH (1x5ml). All organic layers were
combined, dried over MgS0,4 and the solvent was evaporated. The remaining solid was washed with
cold MeOH. The product was obtained (16.51 g, 48.39 mmol, 89%) as a pale-yellow solid after drying
in vacuo overnight.
14 NMR (400 MHz, CeDs, 25°C): 81 7.34 (ArH, m, 5H), 7.04 (ArH, m, 6H), 6.88 (ArH, ddd, 3/ n = 7.6 Hz,
SJH,p =2.4 Hz, 4JH,H =1.6 Hz, lH), 6.76 (AI"H, dt, 3JH,H =7.4 Hz, 4JH,H =1.3 Hz, 1H), 6.67 (AFH, dt, 3JH,H =7.6
HZ, 4J|-|,H =18 HZ, lH).
31p NMR (161 MHz, CsDs, 25°C) 8p -4.7.
ATR-IR: v [cm™]: 3053, 1552, 1476, 1445, 1434, 1417, 1090, 1015, 754, 742, 694, 513, 488.
EI-MS: m/z: Calculated for [M]*: 341, found 1.

Synthesis of (2-bromophenyl)di-o-tolylphosphine (8)

P(o-Tol), Dissolved 2-iodobromobenzene (6 ml, 46.7 mmol), di(o-tolyl)phosphine (8.9 g, 41.5
Br mmol), Pd(PPhs)s4 (0.50 g, 0.43 mmol) and EtsN (9 ml, 64.6 mmol) in 100 ml dry,
degassed toluene under N,. After heating to 100°C for 94 hours the mixture was
extracted with 45 ml degassed brine. The aqueous layer was washed with Et,O
(3x20ml). All organic layers were combined, dried over MgS0O, and the solvent was
evaporated. The remaining solid was washed with cold. The product was obtained (15.35 g, 41.69

mmol, 94%) as a light-yellow solid after drying in vacuo overnight.
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'H NMR (400 MHz, C¢D¢, 25°C): 64 7.32 (ArH, ddd, 3Jun = 7.3 Hz, 3Jup = 3.8 Hz, “Jun = 1.4 Hz, 1H), 6.96
(ArH, m, 6H), 6.85 (ArH, m, 3H), 6.69 (ArH, dt, 3y = 7.5 Hz, *Jun = 1.3 Hz, 1H), 6.63 (ArH, dt, 3Jun = 7.7
Hz, %y = 1.8 Hz, 1H), 2.36 (CHs, d, “Jup = 1.3 Hz, 6H).

31p NMR (161 MHz, CsDs, 25°C) 6p -19.6.

ATR-IR: v [cm™!]: 3054, 302, 2968, 2941, 2912, 1587, 1554, 1466, 1445, 1422, 1377, 1269, 1250, 1200,
1161, 1130, 1098, 1017, 746, 716.

EI-MS: m/z: Calculated for [M]*: 369, found 369.

Synthesis of 2-(di-o-tolylphosphino)-N,N-dimethylbenzamide (11)

(2-bromophenyl)di-o-tolylphosphine (7.05 g, 19.1 mmol) was dissolved in 40 ml

dry, degassed Et,0 under N, and cooled to -70°C. n-Buli (1.6 M in hexane, 13.5 ml,

@) 21.6 mmol) was added to the solution dropwise over 5 minutes while stirring. The

solution was allowed to warm to RT and after 3 hours cooled back to -70°C. A
solution of dimethyl carbamoyl chloride (2.33 g, 21.7 mmol) in 25 ml dry, degassed

Et,0 was added dropwise over 5 minutes to the reaction mixture. The mixture was allowed to warm

to RT again, while stirring for 20 hours. The reaction was cooled to 0°C and quenched with a solution

of NH4Cl (2.5 M in water, 30.5 ml) The aqueous layer was washed with Et,O (3x15ml). The organic

layers were combined, dried over MgSQO, and the solvent was. The solid product was washed with cold

Et,0. The product was obtained (4.11 g, 11.4 mmol, 59%) as an orange solid after drying overnight in

vacuo.

'H NMR (400 MHz, C¢De¢, 25°C): 64 7.04 (ArH, m, 3H), 6.98 (ArH, dd, J = 7.4 Hz, J = 1.4 Hz, 2H), 6.93

(ArH, m, 3H), 6.87 (ArH, dd, J=7.2 Hz, J = 1.3 Hz, 2H), 6.83 (ArH, dd, J = 7.5 Hz, J = 1.4 Hz, 2H), 2.71 (N-

CHs, s, 3H), 2.36 (Ar-CHs, d, 3Jup = 1.3 Hz, 6H), 2.22 (N- CH3, s, 3H).

13C NMR (100 MHz, C¢Dg, 25°C) : 8¢ 169.9 (C=0, d, Jcp = 3.4 Hz), 144.7 (C-P, d, YJcp = 35.2 Hz), 142.2

(C-P, d, Ucp = 26.5 Hz), 135.0 (Ar 4°, d, YUcp = 11.7 Hz), 134.8 (Ar ,s), 133.9 (Ar 4°, d, Ucp = 15.4 Hz),

133.3 (Ar, s), 130.2 (Ar, d, ¥Jcp = 4.6 Hz) 128.8 (Ar, s), 128.56 (Ar, s), 126.3 (Ar, d, 3Jcp = 8.0 Hz), 125.9

(Ar, s), 37.8 (N-Me, s), 33.8 (N-Me, s), 21.1 (Ar-Me, d, 3Jcp = 21.9 Hz).

31p NMR (161 MHz, CsDs, 25°C): 65 -28.1.

ATR-IR: v [cm™!]: 3053, 2937, 1634, 1451, 1386, 1271, 1212, 1169, 1122, 1090, 1050, 779, 748.

EI-MS: m/z: Calculated for [M]* : 362, found 362.

NM62

P(o-Tol),

Synthesis of (2-(di-o-tolylphosphinophenyl)(2-(diphenylphosphino)phenyl)methanone (L1)
PPh,O P(o-Tol), (2-bromophenyl)diphenyl phosphine (4.00 g, 11,7 mmol) was suspended
in 30 ml dry, degassed Et,0 under N> and cooled to -70°C. n-BuLi (1.6M in
hexane, 8.5 ml, 13.6 mmol) was added to the solution dropwise over 5
minutes while stirring. The solution was allowed to warm to RT and after
3 hours cooled back to -70°C. 2-(di-o-tolylphosphino)-N,N-
dimethylbenzamide (4.29 g, 11.9 mmol) was dissolved in 9 ml dry, degassed THF, and added dropwise
to the reaction mixture, over 5 minutes. The reaction was kept at -70°C for 10 minutes, after which it
was warmed to RT and left stirring overnight (20 hours). The reaction was cooled to 0°C and quenched
with a solution of NH4CI (2.5 M in water, 30.5 ml) The aqueous layer was washed with Et20 (3x15ml).
The organic layers were combined, dried over MgS0O, and the solvent was evaporated. The resulting
mixture was purified using column chromatography, using a column packed with neutral alumina and
PE:EtOAc (20:1) as eluent. The product was obtained as a bright yellow solid after evaporating the
solvent (2,20 g, 3.80 mmol, 33%).
'H NMR: (400 MHz, CsD¢, 25°C): 61 7.31 (ArH, m, 4H), 7.17 (ArH, m, 4H), 7,00 (ArH, m, 10H), 6.93 (ArH,
m, 2H), 6.87 (ArH, t, *Juu = 7.4 Hz, 2H), 6.80 (ArH, dt, 3Jyu = 7.6 Hz, *Jup = 1.4 Hz, 2H), 6.74 (ArH, dt, *Ju 4
=7.4 Hz, *Jup = 1.4 Hz, 1H), 6.66 (ArH, dt, 3Jun = 7.5 Hz, “Jup = 1.3 Hz, 1H), 2.32 (Ar-CHs, d, *Jup = 1.4 Hz,
6H).
13C NMR: (100 MHz, C¢Ds, 25°C) : 6¢ 196.9 (C=0, t, 3Jcp = 3.4 Hz), 144.6 (Ar, d, cp = 25.5 Hz), 144.2 (Ar,
d,%Jcp=24.9 Hz), 142.5 (C-P, d, * Jcp =27.4 Hz), 139.3 (dd, * Jcp =24.8 Hz, ® Jcp =1.5 Hz), 138.4 (C-P, d, *
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Jep =12.6 Hz), 137.7 (C-P, dd, * Jcp =21.8 Hz, ® Jcp =1.8 Hz), 136.0 (Ar, d, 3 Jcp =12.1 Hz), 134.9 (Ar, m),
133.9 (Ar, d, 2Jcp=20.3 Hz), 133.4 (Ar, s), 130.7 (Ar, dt, 3Jcp=5.0 Hz, °Jcp =1.5 Hz), 130.4 (Ar, d, 3Jcp =8.8
Hz), 130.1 (Ar, d, 3 Jcp =4.6 Hz), 128.42 (Ar, s), 128.2 (Ar, s), 128.1 (Ar, d, * Jcp =4.1 Hz), 125.9 (Ar, s),
21.2 (Me, d, 3 Jcp =22.9 Hz)

31p NMR: (161 MHz, CsDs, 25°C): 5¢-8,5 (d, ®Jpp = 4.3 Hz), -25,2 (d, ®Jpp = 4,3 Hz).

ATR-IR: v [cm™]: 3051, 1658, 1583, 1451, 1433, 1296, 1161, 1121, 1027, 928, 743, 717

HRMS (ESI, CHsCN, AgNOs): Calculated [M+Ag]*: 687.077. Found [M+Ag]*: 687.0983.

EA: Calculated: C: 80.95 %, H: 5.57 %. Found: C: 81.12 %, H: 5.81 %

Synthesis of (2-bromophenyl)di-cyclohexyl phosphine (9)
PCy, Based on a procedure by Buchwald et af**. DiPPF (0.33 g, 0.78 mmol), Pd(OAc), (0.19 g,
Br 0.85 mmol) and Cs,CO3 (10.4 g, 31.9 mmol) were combined in a Schlenk flask and put
under vacuum for 30 minutes. 40 ml of dry, degassed dioxane was added under N; to
form an orange suspension, which quickly turned brown. After stirring for 1 hour, 2-
lodobromobenzene (7.49 g, 26.4 mmol) and dicyclohexylphosphine (4.97 g, 25.9 mmol)
were added and the mixture was heated to 80°C for 22 hours. After allowing the mixture to cool down,
30 ml Et,0 was added and the mixture was filtered over a neutral alumina plug and over celite. The
solvent was removed in vacuo to obtain a white solid (4.5 g, 12.7 mmol, 49%). Characterization values
of 'H and 3P NMR, ATR-IR and EI-MS correspond to literature.
1H NMR (400 MHz, C¢Dg¢, 25°C): 84 7.49 (ArH, ddd, 3Jun = 7.6 Hz, 3Jup = 3.0 Hz, “Jun = 1.2 Hz, 1H), 7.25
(ArH, td, 3Jup = 7.6 Hz, 3Jun = 1.5 Hz, 1H), 6.95 (ArH, td, 3Jun = 7.6 Hz, 3Jun = 1.2 Hz, 1H), 6.73 (ArH, td,
3Jun =7.6 Hz, Yy = 1.5 Hz, 1H), 2.04-0.98 (CyH, m, 22H)
31p NMR (161 MHz, C¢Ds, 25°C) 8¢ 0.7.
ATR-IR: v [cm™]: 2920, 2847, 1445, 1414, 1262, 1091, 1018, 1002, 799, 740.
EI-MS: m/z: Calculated for [M]*: 352, found 352.

Synthesis of 2-(dicyclohexylphosphaneyl)-N,N-dimethylbenzamide (12)
PCy,0 (2-bromophenyl)di-cyclohexyl phosphine (2.4 g, 6.68 mmol) was added to a
dried Schlenk flask and which was evacuated for 30 minutes. Under N2
NMe, atmosphere, 20 ml of dry, degassed Et,O was added and the solution was cooled
to -60°C. t-BuLi (1.6 M in hexane, 10.5 ml, 16.8 mmol) was added dropwise to the
solution over the course of 5 minutes. A white precipitate formed in the orange
solution. The solution was allowed to warm for 1 hour while stirring, then cooled back to -60°C. under
N,, Dimethyl carbamoyl chloride (0.66 ml, 0.72 g, 6.70 mmol) was put in a dried Schlenk flask and
dissolved in 10 ml dry, degassed Et,0O. The solution was degassed by bubbling N, through for 20
minutes, after which it was slowly transferred to the reaction flask over the course of 5 minutes. The
mixture was allowed to warm to RT and left stirring overnight. After cooling the reaction to 0°C, 10 ml
of a dry, degassed 2.5 M solution of NH4Cl was added. The aqueous phase was washed with Et,0 (3x
10 ml). The organic layers were combined and dried over MgSQ.. The solvents were removed in vacuo.

The compound was used without further purifications for the next step.

Synthesis of 2-(diphenylphosphaneyl)-N,N-dimethylbenzamide (10)

PPh,O (2-bromophenyl)di-phenyl phosphine (10.0 g, 29.3 mmol) was added to a dried
Schlenk flask and was evacuated for 30 minutes. Under N,, 40 ml of dry,

NMe, degassed Et;0 was added. The solution was cooled to -60°C, and n-Buli (1.6 M
in hexane, 21.0 ml, 33.6 mmol) was added slowly to the solution over the
course of 5 minutes. A white precipitate formed in the orange solution. The

solution was allowed to warm for 1 hour while stirring, then cooled back to -60°C. Under N,

Dimethyl carbamoyl chloride (2.8 ml, 3.3 g, 30.3 mmol) was put in a dried Schlenk flask and dissolved

in 20 ml dry, degassed Et,0. The solution was bubbled through for it 20 minutes with N,, after which

it was transferred to the reaction flask. The mixture was allowed to warm to RT and left stirring
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overnight. After cooling the reaction to 0°C, NH.4Cl (2.5M in water, 45 ml) was added. The organic
layer was separated and extracted 2 times with 10 ml of water. The aqueous phase was washed with
Et,0 (3x 20 ml). The organic layers were combined and dried over MgS0O,. The solvents were
removed in vacuo. The resulting mixture was purified using column chromatography, using a column
packed with neutral alumina, PE:EtOAc (20:1) as eluent. After removing the solvent in vacuo, the
product was obtained as a yellow glue (6.0 g, 18.0 mmol, 61%).

1H NMR: (400 MHz, C¢De, 25°C): 61 7.40 (ArH, td, *Jun = 7.6 Hz, “Jup = 2.1 Hz 4H), 7.23 (ArH, m, 1H),
7,11 (ArH, m, 1H), 7.07-7.00 (ArH, m, 6H), 6.98 (ArH, m, 1H), 6.91 (ArH, td, 3Jun = 7.4 Hz, “Jp = 1.4
Hz, 2H), 2.79 (NCHs, s, 1H), 2.32 (NCH3, s, 1H)

31p NMR: (161 MHz, C¢Ds, 25°C): 6p-11.4

Synthesis of (2-(di-cyclohexylphosphinophenyl)(2-(diphenylphosphino)phenyl)methanone, L2
PPh,O PCy, (2-bromophenyl)dicyclohexyl phosphine (6.21 g, 17.6 mmol) was dissolved in

40 ml dry, degassed Et,0 under N; and cooled to -70°C. t-BulLi (1.6M in hexane,
22.0 ml, 35.2 mmol) was added to the solution dropwise while stirring over the
course of 5 minutes. The solution was allowed to warm to -20°C and after 1
hour cooled back to -70°C. 2-(di-phenylphosphino)-N,N-dimethylbenzamide

(5.85 g, 17.5 mmol) was dissolved in 30 ml dry, degassed Et,0, and added to the reaction mixture over

the course of 5 minutes. The reaction was kept at -70°C for 10 minutes, after which it was warmed to

RT and stirred for 96 hours. The reaction was cooled to 0°C and quenched with a solution of NH,Cl (2.5

M in water, 30.5 ml) The aqueous layer was washed with Et,0 (3x15ml). The organic layers were

combined, dried with MgS0, and the solvent was evaporated. The resulting mixture was purified using

column chromatography, with a column packed with neutral alumina and PE:EtOAc (20:1) as eluent.

The solvents were removed in vacuo and after washing with Et,0 the product was obtained as a bright

yellow solid (1.40 g, 2.49 mmol, 14%).

1H NMR (400 MHz, CsDs, 25°C): 84 7.56 (ArH, t,J = 7.1 Hz, 3H), 7.43 (ArH, m, 1H), 7.39 (ArH, dd, J= 7.6

Hz, J = 3.7 Hz, 1H), 7.28 (ArH, dd, J = 7.6 Hz, J = 3.4 Hz, 1H), 7.12 (ArH and C¢Ds, m, 7H), 6.99 (ArH, t, J

= 7.4 Hz, 1H), 6.93 (ArH, t, J = 7.4 Hz, 1H), 6.87 (ArH, t, J = 7.4 Hz, 1H), 1.80 (CH, CH,, m, 4H). 1.57 (CH,

m, 8H), 1.07 (CHz, m, 11H)

13C NMR (100 MHz, CsDs, 25°C): 6 189.1 (C=0, d, *Jcp = 6.1 Hz), 149.6 (Ar 4°, dd, Ycp=31.4 Hz, *Jcp =

1.2 Hz), 142.7 (Ar 4°, dd, Ycp = 17.3 Hz, >Jcp = 1.8 Hz), 142.2 (Ar 4°, dd, 2Jcp = 29.3 Hz, “Jcp = 1.8 Hz),

139.8 (Ar4°,d, Jcp =12.4 Hz), 135.5 (Ar 4°, d, Jep = 0.9 Hz), 135.3 (Ar 3°, m), 134.7 (Ar 3°, d, 2Jcp=20.5

Hz), 133.1 (Ar 3°,d, 2Jcp= 30.2 Hz), 131.6 (Ar 3°, s), 128.6 (Ar 3°, m), 127.5 (Ar 3°, s), 34.3 (CH, d, Ycp

=15.1 Hz), 30.5 (CH,, d, 3Jcp= 16.5 Hz), 29.7 (CHa, d, Yep=29.2 Hz), 27.4 (CH2, m), 26.7 (CHy, $)

31p NMR (161 MHz, CsDs, 25°C): 8p-2.4 (d, ®Jpp = 5.3 Hz), -10.2 (broad s).

HRMS (ESI, CH3CN, AgNQOs): Calculated [M+Ag]*: 671.1605. Found [M+Ag]*: 671.1808.

6.3.2. Complexation reactions

Attempted Complexation of L1 with Ni(COD), in THF

L1 (47.6 mg, 82 umol), Ni(COD); (23.6 mg, 86 umol) were weighed in a glovebox and dissolved in 3 ml

THF. The solution was stirred for 1 minute and turned black immediately. The solvent was removed in

vacuo, and the remaining solid was dissolved in 0.3 ml THF. 1.5 ml hexane was added and put in the

fridge overnight. The black suspension was filtered using a pipette filtration and washed with cold

hexane. The resulting black solid was analysed using NMR.

3P NMR (161 MHz, C¢Ds, 25°C): 65 25.2 (s), 21.5 (s), -19.8 (s), -23.6 (s)

'H NMR and 3P NMR spectra are shown in appendix B10 and C10 respectively.

Attempted Complexation of L1 with Ni(COD); in the presence of BPI

L1 (11.2 mg, 19.4 umol), Ni(COD), (4.8 mg, 17.4 umol) and BPI (3.3 mg, 18.2 umol) were weighed in a
glovebox and dissolved in CsDs. The black solution was followed in situ using NMR.

31p NMR (161 MHz, C¢Ds, 25°C): 8 20.1 (broad s), 12.8 (Broad d, Jpp = 104 Hz), 6.9 (Broad d, Jpp = 104
Hz), 1.2 (Broad s)
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'H NMR and 3P NMR spectra are shown in appendix B11 and C11 respectively.

Attempted complexation of 3 equiv. L1 with 2 equiv. Ni(COD);in THF

L1 (14.7 mg, 25.4 umol) and Ni(COD); (4.5 mg, 16.4 umol) were weighed in a glovebox and dissolved
in THF. The solution was stirred for 1 minute and turned black immediately . Precipitation of a black
solid was observed after vapour diffusion of HMDSO into a toluene solution of the crude product. The
black precipitate was filtered, dried in vacuo of and analysed using NMR.

31p NMR (161 MHz, C¢De, 25°C) : 8520.1 (s), 12.8 (d, J=104.0 Hz), 6.8 (d, J=104.0 Hz), 1.2 (s) -8,5 (d, 5Jpp
=4.3 Hz),-25,2 (d, %Jpp = 4,3 Hz).

'H NMR and 3P NMR spectra are shown in in appendix B12 and C12 respectively.

Attempted Complexation of L1 with Ni(COD); in the presence of PPh;

L1 (49.5 mg, 85.6 umol), Ni(COD), (23.5 mg, 85.4 umol) and PPh; (22.5 mg, 89.6 umol) were weighed
in a glovebox and dissolved in THF. The solution was stirred for 1 minute and turned black
immediately. The solvent was then evaporated and precipitation of a black solid was observed via
vapour diffusion of HMDSO into a toluene solution of the crude product. The black precipitate was
filtered of, dried in vacuo and analysed using NMR.

31p NMR (161 MHz, C¢D¢, 25°C): 8p34.7 (s), 33.1 (s), 17.2 (s), 7.8 (s), 1.8 (s), -8,5 (d, ®Jpp = 4.3 Hz), -22.4
(m), -25,2 (d, ®Jpp = 4,3 Hz).

IH NMR and 3P NMR spectra are shown in appendix B13 and C13 respectively.

Attempted Complexation of L1 with Ni(COD), in the presence of Phenylacetylene

L1 (10.7 mg, 18.5 umol), Ni(COD), (4.9 mg, 18 umol) and Phenylacetylene (2.3 mg, 23 umol) were
weighed in a glovebox and dissolved in C¢Ds and the black solution was followed in situ with NMR.
31p NMR (161 MHz, CsDs, 25°C: 8¢35.3 (d, Jpp = 27.9 Hz), 25.1 (d, Jop = 27.9 Hz)

'H NMR and 3P NMR spectra are shown in appendix B14 and C14 respectively.

Complexation of L2, Ni(COD), and PPhs (17)

5PR2 L2 (10.3 mg, 18.3 mmol), Ni(COD), (4.5 mg, 16 mmol) and PPhs (4.4 mg, 17 mmol)
/——Ni’-PPh; were weighed in a glovebox and dissolved in 0.8 ml C¢Dg. Crystallization was
O PPh, achieved using solvent evaporation with toluene as solvent, hexane as antisolvent.

3':ll:’ NMR (161 MHZ, CeDe, 25°C)I 6p 39.0 (dd, Jp,p =17 HZ, Jp,p = 36HZ), 29.4 (dd, Jp,p =
17 HZ, JP,P =66 HZ), 10.8 (dd, ./p,p =35 HZ, Jp,p =65 HZ).
1H NMR (400 MHz, CsDs, 25°C): & 9.90 (NH, s, 1H), 8.36 (ArH, m, 2H), 7.98 (ArH, d, Joys = 7.4 Hz, 2H),
7.82 ArH, t, Jou = 7.9 Hz, 2H), 7.77-7.67 (ArH, m, 3H), 7.44-7.3 (ArH, m, 2H), 7.15-6.83 (ArH, m, 16H),
1.97-0.63 (CyH, m, 22H)
13C NMR (100 MHZ, Cst, 25°C)Z 6c 168.3 (C:N, dd, 3Jp,c =7.1 HZ, 3Jp,c =48 HZ), 158.4 (ArC, d, ./p,c =354
Hz), 156.6 (ArC, d, Joc = 33.3 Hz), 139.6 (ArC, d, Joc = 2.8 Hz), 139.3 (ArC, d, Joc = 2.9 Hz), 138.8 (ArC, d,
Joc = 14.4 Hz), 138.4 (ArC, d, Joc = 28.9 Hz) 138.7 (ArC, m), 134.4 (ArC, s), 134.0 (ArC, d, Jpc = 15.0 Hz)
133.1 (ArC, d, Jpc = 13.4 Hz), 130.8 (ArC, dd, Jpc = 6.3 Hz, Jpc = 2.4 Hz), 129.4 (ArC, s), 129.0 (ArC, s),
128.8 (ArC, d, Jpc = 3.6 Hz), 128.6 (ArC, s), 127.5 (ArC, d, Jpc = 15.9 Hz), 127.2 (ArC, s) 126.3 (ArC, dd,
Joc = 18.5 Hz, Jpc = 4.0 Hz), 125.4 (ArC, d, Jpc = 15.2 Hz) 118.1 (C=0, dd, *Jpc = 5.4 Hz, *Jpc = 3.9 Hz),
37.2(CH, d, Jpc =12.8 Hz), 29.6 (CH>, d, Jp,c =7.8 Hz), 29.1 (CH,, d, Jp,c =3.3 Hz), 28.6 (CH,, d, Jpc =7.1 Hz)

Complexation of L2, Ni(COD), and BPI (18)

OP{?z Looph L2 (10.0 mg, 17.7 mmol), Ni(COD), (4.3 mg, 16 mmol) and BPI (4.3 mg, 24 mmol)
/——Ni>-N=— were weighed in a glovebox and dissolved in 0.8 ml CgD¢. Crystallization was
O PPh; Ph achieved using vapour diffusion with toluene as solvent, hexane as antisolvent.

3P NMR (161 MHz, C¢Dg, 25°C): 6p 35.08 (d, ®Jpp = 82 Hz), 7.72 (d, ®Jpp = 83 Hz).
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'H NMR (400 MHz, CeDs, 25°C): 64 8.02 (ArH, d, Jpy = 7.2 Hz, 1H), 7.86 (ArH, t, Jpu = 7.9 Hz, 2H), 7.78
(ArH, m, 4H), 7.58 ArH, t, Jpu = 6.3 Hz, 1H), 7.40 (ArH, m, 3H), 7.27 (ArH, , t, Jo = 5.6 Hz, 1H), 7.15-6.90
(ArH, m, 18H), 2.10-0.46 (CyH, m, 22H)

Attempted complexation of L2, Ni(COD), and Phenylacetylene

L2 (10.0 mg, 17.7 mmol), Ni(COD), (4.3 mg, 16 mmol) and phenylacetylene (1.6 mg, 16 mmol) were
weighed in a glovebox and dissolved in 1 ml CsHs. The solvent was evaporated in vacuo and the
resulting mixture washed with HMDSO. After drying in vacuo the remaining black solid was analysed
by NMR.

31p NMR (161 MHz, C¢Ds, 25°C): 8p 28.2 (d, ®Jpp = 89 Hz), 17.5 (d, &Jpp = 89 Hz).

'H NMR, *C NMR and 3P NMR spectra are shown in appendix B17, C17 and D6 respectively.

Attempted complexation of L2, Ni(COD), and acetophenone

L2 (10.0 mg, 17.7 mmol), Ni(COD); (4.3 mg, 16 mmol) and acetophenone (1.9 mg, 15 mmol) were
weighed in a glovebox and dissolved in 1 ml CsHs. The solvent was evaporated in vacuo and the
resulting mixture washed with HMDSO. After drying in vacuo the remaining black solid was analysed
by NMR.

31p NMR (161 MHz, C¢Ds, 25°C): 6p 44.0, 28.2 (d, Jep = 89 Hz), 17.5 (d, Jpp = 90 Hz), 3.5.

31p NMR spectrum is shown in appendix C19

Attempted complexation of L2 and Ni(COD);
L2 (14.0 mg, 24.8 mmol), Ni(COD), (6.0 mg, 22 mmol) were weighed in a glovebox and dissolved in 1
ml C¢He. The solvent was evaporated in vacuo and the resulting mixture washed with HMDSO. After
drying in vacuo the remaining black solid was analysed by NMR.
31p NMR (161 MHz, CsDs, 25°C): 8p 44.0, 28.2 (d, Jop = 89 Hz), 17.5 (d, Jpp = 90 Hz), 3.4.
31p NMR spectrum is shown in appendix C18.

6.3.3. Activation of small molecules
Attempted reaction of 18 with H,
In a glovebox, 18 (10 mg, 12.4 umol) was dissolved in CsDg and transferred the solution to a J. Young
type NMR tube. N; was replaced with H, gas (approx. 1 atm.) using a freeze-pump-thaw cycle (3x). m.
The reaction was followed in situ over time at RT during which no changes in NMR were detected.
Heating the reaction at 70°C O.N. does not produce any changes.
IH NMR, and 3P NMR spectra are shown in appendix B18 and C20 respectively

Reaction of 18 with H,SiPh;

In a glovebox, 18 (5 mg, 6.2 umol) and H,SiPh; (1.16 pl, 1.15 mg, 6.2 umol) were dissolved in 0.8 ml
CsDe. The dark green solution was analysed using NMR after 1 and 6 hours before adding H,SiPh; (1.16
ul, 1.15 mg, 6.2 umol). After letting the mixture react O.N. the yellow mixture was again analysed
using NMR.

31p and 'H NMR spectra are shown in appendix B19 and C21

6.3.4. Catalytic comparison in alkyne cyclotrimerization
Cyclotrimerization of methyl propiolate with L1 and Ni(COD);
CO,Me In a glovebox, L1 (11.0 mg, 19 umol) and methyl propiolate (290 mg, 3.45
mmol) were dissolved in 4 ml Toluene. The solution was then added to
| Ni(COD); (5.2 mg, 19 umol). The reaction was left stirring for 16 hours. The
work up was performed by adding 10 ml water, removing the organic phase
and extracting with Et,0 (3x5 ml). The organic layers were combined, dried
over MgSQ,, filtered and dried in vacuo. The resulting colourless oil was analysed using NMR. Isomeric
ratios are reported according to *H-NMR. NMR values correspond to literature

=

MeO,C ~  CO2Me
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'H NMR (400 MHz, C¢Ds, 25°C) of the major product: 84 8.52 (ArH, d, *Jun = 1.6 Hz, 1H), 7.91 (ArH, t,
3Jun = 8.0 Hz, YJup = 1.6 Hz, 1H) 7.37 (ArH, d, 3Jun = 8.0 Hz, 1H), 3.53 (CHs, s, 3H), 3.44 (CHs, s, 3H), 3.39
(CHs, s, 3H)

IH NMR spectrum is shown in appendix B20

Cyclotrimerization of methyl propiolate with L2 and Ni(COD);
CO,Me In a glovebox, L2 (10 mg, 18 umol) and Ni(COD); (4.9 mg, 18 umol) were
dissolved in 2 ml CgHes. Methyl propiolate (334 mg, 3.97 mmol) was dissolved
| in 2 ml C¢Hs and added slowly to the catalyst mixture. The reaction was left
CO,Me stirring for 16 hours. The work up was performed by adding 2 ml water,
removing the organic phase and extracting with Et,O (3x2 ml). The organic
layers were combined, dried over MgSQ,, filtered and dried in vacuo. The resulting brown oil was
analysed using NMR. Isomeric ratios are reported according to *H-NMR. NMR values correspond to
literature
1H NMR (400 MHz, CsDs, 25°C) of the major product: 64 8.52 (ArH, d, YJuu = 1.6 Hz, 1H), 7.91 (ArH, t,
3Jun = 8.0 Hz, *Jyu = 1.6 Hz, 1H) 7.37 (ArH, d, 3Jun = 8.0 Hz, 1H), 3.53 (CHs, s, 3H), 3.44 (CHs, s, 3H), 3.39
(CHs, s, 3H)
IH NMR spectrum is shown in appendix B21

=

MeO,C

6.3.5. Hydrosilylation reactions
Hydrosilylation with H,SiPh; of 1-octene with L1 and Ni(COD),
In a glovebox, °™'PCOP"P (8 mg, 13.8 umol) and Ni(COD), (3.8 mg, 13.8 umol) were dissolved in 1 ml
CeHs, giving a black solution. After adding H,SiPh; (257 ul, 255 mg, 1.38 mmol) and 1-octene (217 pl,
155 mg, 1.38 mmol) the resulting dark yellow mixture was left stirring for 17 hours. The work up was
performed by adding 2 ml water, removing the organic phase and extracting with Et,0 (3x2 ml). The
organic layers were combined, dried over MgSQ,, filtered and dried in vacuo. The resulting brown oil
was analysed using NMR. Conversion of H,SiPh, and yield of (E)-(1,2-diphenylvinyl)diphenylsilane
were calculated according to NMR by adding mesitylene as internal standard and comparison with
literature.
IH NMR spectrum is shown in appendix B23

Hydrosilylation with H,SiPh; of 1-octene with 18

In a glovebox, 18 (5 mg, 6.2 umol) was dissolved in 1 ml CsDs. After adding H,SiPh, (185 ul, 184 mg,
1.00 mmol) and 1-octene (156 pl, 112 mg, 1.00 mmol) the resulting orange mixture was left stirring
for 17 hours. The work up was performed by adding 2 ml water, removing the organic phase and
extracting with Et,0 (3x2 ml). The organic layers were combined, dried over MgSQ,, filtered and dried
in vacuo. The resulting brown oil was analysed using NMR. Conversion of H,SiPh; and yield of (E)-(1,2-
diphenylvinyl)diphenylsilane were calculated according to NMR by adding mesitylene as internal
standard and comparison with literature.

'H NMR spectrum is shown in appendix B24

Hydrosilylation with H,SiPh; of diphenylacetylene with 18

In a glovebox, 18 (5 mg, 6.2 umol) and H,SiPh; (1.16 pl, 1.15 mg, 6.2 umol) were dissolved in 1 ml CgDs,
giving a dark green solution. After adding H,SiPh; (116 pl, 115 mg, 623 umol) and diphenylacetylene
(111 mg, 623 umol) the reaction was left overnight. The work up was performed by adding 2 ml water,
removing the organic phase and extracting with Et,0 (3x2 ml). The organic layers were combined,
dried over MgSQ,, filtered and dried in vacuo. The resulting orange oil was analysed using NMR.
Conversion of H,SiPh; and yield of (E)-(1,2-diphenylvinyl)diphenylsilane were calculated according to
NMR by adding mesitylene as internal standard and comparison with literature.

IH NMR spectrum is shown in appendix B22
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Hydrosilylation with H,SiPh; of phenylacetylene using 18

In a glovebox, H,SiPh; (152 mg, 0.82 mmol) and phenylacetylene (82 ul, 76 mg, 0.75 mmol) were
dissolved in 2 ml C¢Hg and added to 18 (3 mg, 3.73 umol). The yellow solution was stirred for 18 hours,
after which it turned green. The work up was performed by adding 2 ml water, removing the organic
phase and extracting with Et,0 (3x2 ml). The organic layers were combined, dried over MgSQ,, filtered
and dried in vacuo. The resulting brown oil was analysed using NMR.

IH NMR spectrum is shown in appendix B25

Solvent optimization of the hydrosilylation with H.SiPh, of diphenylacetylene

In a glovebox, H,SiPh; (76 ul, 75 mg, 406 mmol) and diphenylacetylene (92 mg, 516 mmol) were
dissolved in 2 ml solvent and added 18 (3 mg, 3.73 umol). The yellow solution was stirred for 18 hours,
after which it turned green. The work up was performed by adding 2 ml water, removing the organic
phase and extracting with Et;0 (3x2 ml). The organic layers were combined, dried over MgSQ,, filtered
and dried in vacuo. The resulting brown oil was analysed using NMR. Conversion of H,SiPh; and yield
of (E)-(1,2-diphenylvinyl)diphenylsilane were calculated according to NMR by adding mesitylene as
internal standard and comparison with literature.

IH NMR spectra are shown in appendix B26-B29
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9. Appendices

A. IR spectra
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Figure A 1: ATR-IR spectrum of (2-bromophenyl)diphenylphosphine (7)
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Figure A 2: ATR-IR spectrum of (2-bromophenyl)di(o-tolyl)phosphane (8)
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B. 'H-NMR Spectra
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Figure B 1: 'H-NMR spectrum in CsDg of (2-bromophenyl)diphenylphosphane (7)
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Figure B 16: 1H-NMR spectrum in CsDs of 18
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Figure B 20:*H-NMR spectrum of the [2+2+2} cyclotrimerization product of methylpropiolate, using a catalyst mixture of
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Figure B 22: 1H-NMR spectrum of the hydrosilylation of diphenylacetylene with diphenylsilane, using 18
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Figure B 23: 1H-NMR spectrum of the hydrosilylation of 1-octene with diphenylsilane , using a catalyst mixture of Ni(COD),
and L1.
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Figure B 24: 1H-NMR spectrum of the hydrosilylation of 1-octene with diphenylsilane, using 18.
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Figure B 27: 1H-NMR spectrum of the hydrosilylation in THF of diphenylacetylene with H,SiPh,, using 18.
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Figure B 28: 1H-NMR spectrum of the hydrosilylation in Et,0 of diphenylacetylene with H,SiPh,, using 18.
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C. 3P-NMR spectra
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Figure C 1: 3P -NMR spectrum in C¢De of (2-bromophenyl)diphenylphosphane (7).
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Figure C 2: 3P -NMR spectrum in C¢Ds of (2-bromophenyl)di(o-tolyl)phosphane (8).
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Figure C 3:31P -NMR spectrum in C¢Dg of 2-(di(o-tolyl)phosphaneyl)-N,N-dimethylbenzamide (11).
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Figure C 4: 3P -NMR spectrum in C¢De of 1, (2-(di-o-tolylphosphaneyl)phenyl)(2-(diphenylphosphaneyl)phenyl)methanone
(L1)
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Figure C 5: 31P-NMR spectrum in CsDg of (2-bromophenyl)dicyclohexylphosphane (9).
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Figure C 6: 31P-NMR spectrum of the crude mixture of the synthesis of 2-(dicyclohexylphosphaneyl)-N,N-dimethylbenzamide
(10).
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Figure C 7: 31P-NMR spectrum of 2-(diphenylphosphaneyl)-N,N-dimethylbenzamide (11).
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Figure C 8: 31P-NMR spectrum of (2-(dicyclohexylphosphaneyl)phenyl)(2-(diphenylphosphaneyl)phenyl)methanone, (L2).
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Figure C 9: 31P-NMR spectrum in CsDg of a 1:1 mixture of L1 and Ni(cod),
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Figure C 10: 3'P-NMR spectrum of the complexation of L1 and Ni(COD); in toluene.
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Figure C 11: 3'P-NMR spectrum in C¢Ds of a 1:1:1 mixture of L1, Ni(cod),and BPI
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Figure C 14:31P-NMR spectrum of the complexation in CsD¢ of L1, Ni(COD), and phenylacetylene
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Figure C 15: 31P-NMR spectrum of 17 in benzene
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Figure C 17:31P-NMR spectrum of the reaction between L1, Ni(COD), and phenylacetylene
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Figure C 20s: 31P-NMR spectrum in CsDg of the attempted hydrogenation of acetophenone with 18 and H,
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D. 33C-NMR Spectra
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Figure D 1: 133C-NMR spectrum in CsD¢ of 2-(di(o-tolyl)phosphaneyl)-N,N-dimethylbenzamide (7).
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Figure D 2: 13C-NMR spectrum in C¢D¢ of 1, (2-(di-o-tolylphosphaneyl)phenyl)(2-(diphenylphosphaneyl)phenyl)methanone
(L1).
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Figure D 3: 133C-NMR spectrum in CsDg of (2-bromophenyl)dicyclohexylphosphane (9).
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Figure D 4:3C-NMR of (2-(dicyclohexylphosphaneyl)phenyl)(2-(diphenylphosphaneyl)phenyl)methanone (L2).
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Figure D 5: 13C-NMR of 18
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Figure D 6: 33C-NMR of the reaction between L2, Ni(COD), and phenylacetylene, in CsDe.
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E. X-ray diffraction data of 18

10989a
Formula CsoHs1NNiOP; - 0.5(C7Hs)
Fw 848063
Crystal Colour Dark red
Crystal Size (mm3) 0.17x0.21 x 0.40
T (K) 150
Crystal System Monoclinic
Space Group P21/c (No. 14)
a(A) 9.1682(4)
b (A) 22.4026(9)
c (A) 21.164(2)
B(9) 90.136(5)
Vv (A?) 4346.9(5)
VA 4
Deac (g/cm?) 1.297
©(min/max) (°) 1.8/27.6
i (mm?) 0.561
Abs. corr. Multi-scan
Abs. corr. Range 0.868-0.909
Refl. Measured/unique 43272 /9826
R1/wR2 (all refl.) 0.057/0.162
S 1.085
P(min/max) [€A] -0.68/0.48
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