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Phosphorus Cations and Bulky Cyclopentadienyl Ligands
by Alex J. Veinot

Abstract

The synthesis and characterisation of some ethynylphosphonium salts are described
starting from 1-bromo-2-phenylacetylene and tertiary phosphines. Structural information
for these molecules has been obtained using X-ray crystallography, and deviant reactivity

was observed at elevated temperatures when the electron-rich tris(2,4,6-
trimethoxyphenyl)phosphine was employed. A new approach to the corresponding 1,4-
bis(ethynylphosphonium) salts was also developed by a similar reaction, and the first
bis(ethynylphosphonium) salts were characterised using X-ray crystallography.

Exploratory research into the synthesis of m-terphenyl substituted cyclopentadienyl
ligands (TerMesCp and Ter®PPCp) is also described. A new synthetic route is presented
and is accomplished through the reaction of aryl lithium reagents with cobaltocenium

salts, followed by oxidation of the intermediate cobalt(l) species to afford the
corresponding cyclopentadiene. The preparation, structural, and spectroscopic properties
of the alkali metal salts (Li—Cs) is described, and some preliminary coordination
chemistry is presented.

April 27, 2017
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Preface

The following thesis is divided into two sections with references appearing at the end
of each section, with each section representing a major research project that was undertaken
during the Master of Science in Applied Science program. The first project investigated
the structural and spectroscopic properties, in addition to the preparation and reactivity of
some derivatives of ethynylphosphonium salts. The second project focused on the
preparation of new sterically hindered cyclopentadienyl ligands and the exploration of
some of the coordination chemistry that these new molecules are capable of participating
in with both main group and transition metal elements. These projects are mutually

independent and only fundamental academic interest relates them.

Fundamental academic research (or basic research) is an important first step in
research and development; the other two being applied research and then development.
Basic research promotes curiosity with little or no specific commercial goals, but fosters
creative solutions to relevant problems and can evolve into applied research that serves to
discover new knowledge related to a specific commercial objective. As applied research
progresses, development quickly follows which often focuses on inventing or improving a
specific process or product. This process is both cyclical and heavily intertwined, with
basic and applied researchers producing the scientific capital that is required to bring new
products or processes to market. The development stage often uncovers new problems that
spur further curiosity by basic and applied researchers and once again provides further

knowledge that may lead to commercial applications.

XViii



An example of this is the ethynylphosphonium salts studies during the first project.
These molecules were first discovered in 1962, and have since remained as a subject of
academic interest. Only just recently, however, it has been discovered that some of these
molecules exhibit anticancer properties, and has shifted research interests towards applying
these molecules in medicinal chemistry. These molecules have not reached the
development stage as of yet, but do show promise and have the potential for future

therapeutic use.
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1 Ethynylphosphonium Salts

1.1 Overview

Phosphonium salts are polyatomic ionic species and can be generally described by
the formula [PR4]X in which PR4is a quaternary phosphorus cation (R= any group) and X
may be any anion to balance the net ionic charge. Replacement of one or more R groups

with an alkynyl group gives rise to the more electrophilic ethynylphosphonium derivatives

(Figure 1.1).
R X@ R X®
@/ -V
R—P,\,// R' P.\,,/
R R R R
a b

Figure 1.1. Generic phosphonium salt (a) and ethynylphosphonium salt (b).

Since their initial discovery, ethynylphosphonium salts continue to be popular and
extremely valuable building blocks in organic synthesis. The reactivity of these molecules
with various nucleophiles has been studied extensively,!! however, more recently it has
been discovered that mono-substituted (phenylethynyl)phosphonium salts have the
potential to be used as therapeutic agents for cancer treatment.*2* Ethynylphosphonium
salts of the type [R3PC=CR’][X] are uncommon in the literature and are most commonly
synthesised via quaternisation of tertiary phosphines with alkynyl halides.2%18 Other
routes have been reported'®?°, but have not seen extensive use. Modification of
ethynylphosphonium salts typically takes place at the R’ position!®?! (Figure 1.1), while

structural diversity within the ligands bound to phosphorus remains an underdeveloped



area. The lack of diversity in the ligands attached to phosphorus comes as quite a surprise
given that traditional interest in ethynylphosphonium species lies primarily on their
reactivity with nucleophiles,® which would likely be sensitive to the electronic properties
of the phosphorus cation. Likely the lack of variety originates from the ease of synthesis
of [PhsPC=CR’]Br and the effectiveness of the phosphorus cation in activating the
alkyne.®® After examining the literature, it was found that despite their widespread use
there is relatively little structural data available for even the simplest of
ethynylphosphonium  salts, and early spectroscopic data collected for
phenylethynylphosphonium salts was determined to be incomplete (Figure 1.2,
[PhC=CPBus]Br, for a discussion of what has been previously reported see section 1.3.1),2
or scattered throughout the literature (Figure 1.2, [PhC=CPPh3]Br).2'822 To date, only
[PhC=CPMes]Br'’ and [PhC=CP(0-An),Ph][BF4]° (0-An = 2-methoxyphenyl) have been

structurally characterised using X-ray crystallography.

R
<: :>—: ®I:’—R' X@
R

R=R'=Bu, X=ClI, Br
R=R'=Ph, X=Cl, Br, I
R =R'=Me, X = Br, PhC=CAuBr, (C4F5)C=CAuBr
R =Me, R'=Ph, X = Br
R = 0-(MeO)C¢H,, R' = Ph, X = Br, BF,
R =R'=p-(MeO)C¢H,, X =Br

Figure 1.2. Currently known phenylethynylphosphonium derivatives.




Structural properties related to these compounds are significant because it has been
recently discovered that [PhC=CPPhs]Br is capable of inhibiting the mammalian protein
HSP70 and its bacterial analogue DnaK by binding to C-terminal allosteric pockets within
these proteins via its phenylacetylene fragment.!? These proteins are important for
mediating a wide variety of cellular functions, particularly during periods of increased
cellular stress, and are essential for the survival of tumour cells.’? Recent studies have
demonstrated that the inhibition of these proteins with [PhC=CPPhs]Br is a promising
strategy for the treatment of cancers that heavily rely on HSP70 or DnaK, such as multiple
myeloma.'>* Evidence that the phenylacetylene fragment interacts significantly with
DnaK was provided by protein crystallography, and it was shown that these interactions
are primarily due to the complimentary shape of the phenylacetylene fragment with the
allosteric pockets within these proteins.!? The resolution limit for the structure of DnaK-
[PhC=CPPhs]Br was 3.45 A, which is suitable for protein crystallography but inadequate
for elucidating any fine structural details of the inhibitor that could allow fine-tuning of
structural features of the ethynylphosphonium species. Some closely related compounds
involving the acetylenic fragment either o- or m-bound to a metal > or cationic
phosphorus heterocycles have been structurally characterised,?528 but these examples are
too specific to provide representative structural details that may be relevant for further
applications. Limited information is also available for the electrochemical properties of
these compounds; only one cyclic voltammetry study could be found which included

[PhC=CPPh;3]Br.%®

The closely related bis(ethynylphosphonium) salts are much less common in the

literature; all known bis(ethynylphosphonium) salts separated by an organic linker are
3



shown in Figure 1.3. Beyond demonstrating their syntheses, these compounds have
received very little attention despite being likely to exhibit chemistry similar to their related
mono-substituted analogues. The initially published synthesis required the
carbodiphosphorane PhsP=C=PPhgz, limiting the scope of these compounds to phenyl
substituents attached to phosphorus.'® A more recent synthesis has also been reported,?°
but is also undesirable because it requires multiple steps to complete and produces multiple

equivalents of toxic BusSnCN as waste. For reaction schemes, see section 1.1.1.2.

:( @ ):@PPh3

n

o
Ph, 2X

n=1 n=2
X =Cl, OTf X =0Tf

@ @
Ph,P— ——PPh;,
n

n=2,4,5
Figure 1.3. Currently known bis(ethynylphosphonium) derivatives in which the

©
2 0Tt

ethynylphosphonium fragment is separated by an organic linker.

Considering recent developments in the medicinal properties of these compounds
and their relevance in organic synthesis, it seemed prudent to reinvestigate several of these
mono(ethynylphosphonium) salts to determine their structural features and to consolidate
the characterisation data in the literature. Additionally, a simplified and more
environmentally benign approach to the synthesis for bis(ethynylphosphonium) salts is
reported herein to expand the applications of these compounds that are potentially useful

for organic synthesis.



1.1.1 Synthesis of Ethynylphosphonium Salts

1.1.1.1 Mono(phenylethynyl)phosphonium Salts

The earliest synthetic routes towards phenylethynylphosphonium salts were
discovered while studying nucleophilic substitution reactions at acetylenic carbons,
specifically between triphenyl- or tributylphosphine and 1-bromo-2-phenylacetylene
(Scheme 1.1).%° Kinetic studies suggest that triphenylphosphine may follow both paths A
and C, while tributylphosphine prefers to react according to path C (Scheme 1.1).%°
Pathway C is proposed based on products obtained after quenching the reaction with
methanol (reaction E).%® Kinetic data was also collected for both 1-chloro- and 1-bromo-2-
phenylacetylene, and indicated that paths A and C are prevalent for 1-chloro-2-
phenylacetylene, while 1-bromo-2-phenylacetylene follows path C.*> Regeneration of the
carbon-carbon triple bond in the intermediate 1 (reaction B), or nucleophilic addition by
the acetylide to the phosphonium cation of 2 (reaction D) afford the desired
ethynylphosphonium salts 3 (Scheme 1.1).%°

Unfortunately 1-chloro- and 1-bromo-2-phenylacetylene are prohibitively
expensive, so synthesising these starting materials is the first step. Early synthetic routes
to 1-bromo-2-phenylacetylene often utilised aqueous alkaline mixtures of bromine (Br»)
with phenylacetylene,?° however this reaction is rather inconvenient because it requires
at least 60 hours to reach completion, 800 mL of water as the solvent, and the use of a large
mechanical shaker. The benefit of this route is that it allows for a relatively large scale,
with the above time and volume suitable for approximately 100 g of 1-bromo-2-
phenylacetylene.2® Alternatively 1-chloro-2-phenylacetylene can be prepared using a

similar procedure and with some phosphines even displayed higher rates of substitution.?

5



Unfortunately chlorine (Cl2) gas was required for these earlier procedures making this
synthetic route even less convenient.2*® Early reports of the analogous reactions with 1-

iodo-2-phenylacetylene could not be found.

CH,CN ® 10
Ph—=—Br + PR, - [Ph — PR3lBr
R = Bu, Ph
R ®PR ®
c=( | —Bs [RC=CPR,X”
0. @

3
7 R y’
Ph—=X +PR, o a "
“ONG [RC=CH + [XPR,] ROMLR'X + RC=CH + R;PO
2

Scheme 1.1. Earliest synthetic route to ethynylphosphonium salts.

An alternative and efficient synthesis of 1-haloalkynes has since been reported,!
which uses DBU (DBU = 1,8-diazabicyclo(5.4.0)undec-7-ene), N-haloimides and terminal
alkynes. When this new synthetic route is used, multi-gram quantities of 1-bromo-2-
phenylacetylene can be prepared within several minutes, followed by purification via flash
chromatography and also allows for the synthesis of dibromoethynylacetylenes

(Scheme 1.2).



1.1 DBU

@{ + 1.1 NBS @%Br
CH3CN, r.t.

5 min
3.2 DBU _
= —— + 3.2 NBS Br—— ——Br
\_/ CH;CN, r.t. \_7/
1h
O
NBS = N-Br DBU-= Ci/j
N
O

Scheme 1.2. Synthetic route to 1-bromoalkynes used during this project. Equivalents of

NBS and DBU were based on optimised syntheses.®!

Aside from nucleophilic substitution reactions, the only other synthetic route to
mono(ethynylphosphonium) salts incorporates aromatic acid chlorides and
hexaphenylcarbodiphosphorane as starting materials (Scheme 1.3). The authors of the
paper claim to generate a diphosphorus species which eliminates triphenylphosphine oxide
upon heating to generate the corresponding mono(ethynylphosphonium) salts.®
Unfortunately *H and *C{*H} NMR spectroscopic data were not reported; compounds
were characterised by melting point, elemental analysis (no values provide, only statements
they were correct), IR (only C=C stretches provided), and 3P NMR spectroscopies. Details
regarding the preparation of samples for analysis are also not provided; such as method of
preparation of IR samples (i.e. KBr pellet or NaCl/Nujol mull), and the solvent used for

NMR spectroscopic analysis.



O

O
)J\ + Ph;P=C=PPh;  benzene Ar)H/PP}% C<19
Ar~ °Cl @
PPh,

Ar = Ph, p-CH3O(C6H4), Q-C10H7

O
PPh,| © A @ o

S gel _OPPh, |AT—= PPh3] Cl
PPh,

Scheme 1.3. Synthetic route to mono(ethynylphosphonium) salts via phosphine oxide

elimination (a-C1oH7 = 1-naphthyl).

1.1.1.2 Bis(ethynylphosphonium) Salts

The first reported preparation of a bis(ethynylphosphonium) salt occurred in 1977
using the phosphine oxide elimination route.'® Reaction of terephthaloyl dichloride and
hexaphenylcarbodiphosphorane  furnishes  the  bis(ethynylphosphonium)  salt
[PhsPC=C(CeH4)C=CPPh3]Cl> after heating (Scheme 1.4). Unfortunately, like the
monoethynylphosphonium salts prepared using the same route, this compound was
characterised by only melting point, IR (only C=C stretches provided), and 3P NMR
spectroscopies with only vague details for sample preparation provided.

0.0l

benzene, A ®_ /4N _® ©
PPN 2 OPPh, PhsP—=— ) ——= PPh; 2Cl

+2 PhyP=C=PPh,

Cl” ™0
Scheme 1.4. Earliest reported synthesis of a bis(ethynylphosphonium) salt.

Only one alternative synthesis has been reported since 1977, and is essentially a
modification of the nucleophilic substitution reactions reported earlier for monoethynyl

species (Scheme 1.5).2° The key difference to this route in comparison to the haloacetylene
8



routes is that the leaving group is much better; 1-iodobenzene is a much weaker base (and
therefore a superior leaving group) than any halogen consequently making the nucleophilic

substitution reaction much more favourable.

Reaction between a bis(tributyl)tin diacetylene and Stang’s reagent, [PhICN][OTf],
yields the corresponding bis(phenyliodonium) diyne triflate salts, which can then be
combined with triphenylphosphine to afford the bis(ethynylphosphonium) triflate salts
(Scheme 1.5).%% The bis(ethynylphosphonium) triflate salts were verified on the basis of
strong C=C stretches ranging from 2205-2171 cm™ in the IR spectra, consistent with
known mono(ethynylphosphonium) salts and the bis(ethynylphosphonium) salt
[PhsPC=C(CgH4)C=CPPh3]Cl>,% in addition to multinuclear (*H, *C, '°F, and 3'P) NMR
spectroscopies and fast atom bombardment high resolution mass spectrometry (FAB

HRMS).?



2 eq. [PhICN][OTS]

H,Cl
Bu3Sn%@%SnBu3 CHCl -
n -78 °C > 25 °C

n=1,2 - 2 Bu3SnCN

2 OTf@

®
Phi—={- \:@Iph
\\—/"

2 eq. [PhICN][OTS]

o o CH,Cl,
Bu;Sn _/ﬁ_ SnBuy e C 5 95°C

-2 Bu3 SnCN

2 OTf@

@ ©)
Phl :ﬁ: IPh

n=2,4,5

2 eq. PPhy

o  CHyL
20T —55ec =

-2 Phl

S)
2 OTf

® ®
Phﬁ%é@neppm

Phl®:/ 7\ \:®1Ph
\\—""

2 eq. PPh,
©  CHyCl,

20Tf —— "~ »

25°C

® ® ® @
PhI :ﬁ: IPh Ph;P :ﬁ: PPh,
-2 Phl

Scheme 1.5. Synthesis of bis(ethynylphosphonium) salt using phenyliodonium salts.

2 OTf@

Interestingly, the ethynylphosphonium triflate salts exhibited singlets in their 3!P
NMR spectra between & 6-8 ppm in CD3CN, which the authors claim is characteristic of
an acetylenic phosphonium species.?’ This appears to be contrary to the earlier reports
given with the synthesis of [PhsPC=C(CsH4)C=CPPhs]Cl, (5 = -6.5 ppm),® in which the
authors suggest the low chemical shifts in the 3P NMR spectra are a result of strong
interactions between the m-electrons of the acetylenic fragment and the phosphorus
cation.® This conclusion is debatable when the corresponding alkyl
mono(ethynylphosphonium) salt [MeC=CPPhs]Br is considered, which resonates at
§ 5.3 ppm in CDCls, and should display similar interactions.®? Interestingly, the possibility
of triphenylphosphine (5 -6.0 ppm)® being present in the reaction mixture was not

discussed. However, it is difficult to make comparisons between the chloride and triflate
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ethynylphosphonium salts because the anions are significantly different; furthermore the
solvent used for collecting the 3P NMR spectrum for [PhsPC=C(CsH4)C=CPPh3]Cl, was
not reported.'® Unfortunately no further studies have been carried out on these compounds;
rather, the primary focus of the journal article was to discuss synthesis and reactivity of the

bis(phenyliodonium) diyne triflate salts instead.?

1.1.2 Other Pnictogen Derivatives

A precursory survey of the literature revealed that analogues of ethynylphosphonium
salts with the remaining pnictogens N,3* As,33¢ Sp 37 and Bi,%®*° are also known. The
number of examples decline with an increase of the period: nitrogen and phosphorus
analogues are the most studied, while arsenic, antimony, and bismuth analogues are the
least. Early kinetic studies involving haloacetylenes and tertiary amines have indicated that
the isolated products are quite dependent on the reaction conditions.3*4° Ethynylarsonium
derivatives can be prepared in a similar fashion to the phenyliodonium route outlined for
ethynylphosphonium salts,®® but are also accessible via quaternisation using
methyliodide.® Ethynylstibonium analogues are also accessible using methyliodide and
has even lead to the synthesis of the bis(ethynylstibonium)  salt
[(iPr)2MeSbC=CSbMe(iPr)2]12.2” Ethynylbismuthonium salts were first synthesised using
triphenylbismuth  difluoride, alkynylisopropoxyboranes and BFs-OEt;, and the
tert-butyl derivative [tBuC=CBiPPhs][BF4] has been structurally characterised by X-ray

crystallography.®
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1.2 Experimental

All manipulations were carried out under an inert atmosphere of dry nitrogen or
argon gas using either standard Schlenk techniques or in an mBraun inert atmosphere
glovebox unless otherwise stated. Calculations (B3LYP,** 6-31G(d)*) were completed
using the Gaussian 09W suite of programs*® and results were visualised using the program
GaussView.*” Glassware was dried for a minimum of four hours prior to use in a 150 °C
oven. Alumina and 4 A molecular sieves were pre-dried in an oven at 150 °C for one day
prior to drying at 300 °C in vacuo. Celite and silica gel were dried by storing in a 150 °C
oven for a minimum of three days prior to use. NMR solvents were purchased from
Cambridge Isotope Laboratories, Inc. and stored over 4 A molecular sieves for a minimum
of one day prior to use. NMR spectra were recorded at 298 K on a 300 MHz spectrometer
(Bruker) unless otherwise indicated and are reported in ppm. *H NMR spectra are collected
in deuterated (2H, defined as D) solvents and referenced*® internally to either residual protio
(*H) solvents relative to tetramethylsilane, TMS (8 = 0 ppm), or using an internal TMS
standard (CDCls only). The 3C{*H} NMR spectra were referenced*® internally to the
respective deuterated solvents in which they were collected relative to TMS (6 = 0 ppm).
3P NMR chemical shifts are referenced to an external standard of 85% phosphoric acid (&
= 0 ppm). Coupling constants are reported in Hz and are given as absolute values. IR
spectra were collected as KBR pellets using an ALPHA FT-IR spectrometer (Bruker)
unless otherwise indicated. Melting points were recorded on an Electrothermal MEL-Temp
3.0 using glass capillaries sealed under inert conditions. Elemental analysis was performed
by the Centre for Environmental Analysis and Remediation (CEAR) facility at Saint
Mary’s University using a Perkin Elmer 2400 Il series Elemental Analyser. Deionised
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water was used in synthetic procedures unless otherwise indicated. Dichloromethane
(Caledon Laboratory Chemicals), diethyl ether (ACP Chemicals Inc.), THF (Caledon
Laboratory Chemicals), toluene (Caledon Laboratory Chemicals) and pentane (Fisher
Scientific) were dried using an alumina-based solvent purification system from Vacuum
Atmospheres. Diethyl ether, THF, toluene and pentane were further dried using KH
followed by filtration through alumina and stored over 4 A molecular sieves.
Dichloromethane was stored over 4 A molecular sieves for a minimum of three days prior
to use. Acetonitrile (Fisher Scientific) was pre-dried using CaH before drying with P2Os,
and purified by distillation. All reagents were purchased from Sigma-Aldrich and used as
received, unless otherwise noted. Isopropyldiphenylphosphine was purchased from Alfa

Aesar and used without further purification.

1.2.1 X-ray crystallography

Under inert conditions, crystals were prepared for mounting by suspending them in
paratone-N oil on a microscope slide. Crystals were attached to the tip of an appropriately
sized MiTeGen loop with paratone-N oil and cooled to 125 K. Measurements were made
on a Bruker APEX2 CCD equipped diffractometer (30 mA, 50 mV) using monochromated
Mo Ko radiation (A = 0.71073 A) at 125 K. The initial orientation and unit cell were
indexed*® using a least-squares analysis of a random set of reflections collected from three
series of 0.5° wide scans, 10 seconds per frame and 12 frames per series that were well
distributed in reciprocal space. For data collection, four w-scan frame series were collected
with 0.5° wide scans and 366 frames per series at varying ¢ angles (¢ = 0°, 90°, 180°,
270°). The frame length was adjusted between 10 s and 60 s to provide an expected

resolution limit below 0.8 A. The crystal to detector distance was set to 6 cm and a complete
13



sphere of data was collected. Cell refinement and data reduction were performed with the
Bruker SAINT software,>® which corrects for beam inhomogeneity, possible crystal decay,
Lorentz and polarization effects. Data processing and a multi-scan absorption correction
was applied using the APEX3 software package.>® Structures were solved using direct® or
intrinsic methods® and all non-hydrogen atoms were refined anisotropically using the
ShelXLE®? graphical user interface and SHELXL.> Hydrogen atoms were included at
geometrically idealized positions and were fixed (Ar-H, C-H, CH>) or in the case of methyl
groups, the dihedral angle of the idealized tetrahedral CHs fragment was allowed to refine,
and coupled with isotropic temperature factors. Figures were made using ORTEP-3 for

Windows.>*

During the refinement of 3, one molecule was present along a three-fold axis. This
caused disorder in the phenyl ring. This was modelled by fixing the site occupancies of
C36, C37, and C38 to 0.3333, and 0.5000 for C39 and C40. The atoms P2, Brl, and Br3
were also part of this disorder and their occupancies were fixed at 0.3333, 0.1667, and
0.1667, respectively. Toluene had co-crystallised with 3 and also exhibited disorder along
a three-fold axis. C51, C52, and C53 were part of this disorder and were modelled using
the PART-1 command. The site occupancy for C53 was fixed to 0.3333. The thermal
ellipsoids of C10, O1, and C15 were restrained to be approximately isotropic using the

ISOR command.

During the refinement of 4a+b, substitutional disorder was encountered in the atoms
attached to C1 (either H1 or C35). This was modelled using the PART command and the

site occupancies were allowed to freely refine. Disorder was also modelled for some of the
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methoxy substituents using the PART command, with site occupancies freely refined. The
anisotropic displacement paramters of C16a, C16b, C1, and C35 were constrained using

the EADP command.

During the refinement of 6, the butyl groups were disordered and different
components of the disorder were separated using the PART command. Site occupancies
were allowed to freely refine. Rigid bond restraints were applied using the RIGU
command. The thermal ellipsoid of C7B was restrained to be approximately isotropic using
the ISOR command. For the butyl groups, P-C bond lengths, 1,2-distances, and 1,3-

distances were restrained appropriately using the DFIX command.

During the refinement of 7, disorder was encountered in a molecule of co-crystallised
dichloromethane. Different components of the disorder were separated using the PART
command. Site occupancies were allowed to freely refine. Distances between C-Cl were
restrained to be approximately equal using the SADI command, and restrained using the

DFIX command.

1.2.2 Synthesis of PhC=CBr

CH;CN
= + 1.1 NBS + 1.1 DBU - ——Br
5 min, r.t.
O
N S
via Q@ EléN
Br
(0]

Following a procedure similar to what was reported in the literature, in a 250 mL

Erlenmeyer flask, 5.02 g (49.0 mmol, 1 eq.) of orange coloured phenylacetylene were

dissolved in 100 mL of acetonitrile producing a pale yellow coloured solution. To this
15



solution, 9.88 g (55.4 mmol, 1.13 eq.) of colourless NBS were added, producing a
brownish-orange coloured mixture. Subsequent addition of 8.30 g (54.5 mmol, 1.11 eq.) of
pale yellow coloured DBU via syringe instantly produced a warm, bright orange coloured
mixture with a copious amount of colourless precipitate, presumably caused by the transfer
of Br from NBS to DBU.3! Shortly after the mixture turned brown in colour and no further
change was observed for the duration of the reaction. After one hour, 100 mL of water
were added, producing a dark brown coloured mixture. After stirring for ca. 5 minutes, the
reaction mixture was transferred into a 250 mL separatory funnel and extracted with
CH2Cl> (3 x 75 mL). The brown coloured organic layers were combined and washed with
water (2 x 60 mL) before removing the solvent via rotary evaporation which produced a
viscous yellow coloured liquid. This residue was extracted with ca. 200 mL pentane, and
passed through a silica gel plug yielding a pale yellow coloured solution. Removal of the
pentane by rotary evaporation yielded a pale yellow coloured liquid which darkened upon
storage at ambient temperature.
Yield: 7.07 g (80 %)
IH NMR (CDCls): & 7.45-7.42 (m, 2H), 7.33-7.25 ppm (m, 3H).
1.2.3 Synthesis of 1,4-BrC=C(CsH4)C=CBr

CH,;CN

— ( M =— +32NBS+32DBU — -
\_/ 1 h,rt. Br Br

Following a procedure similar to what was reported in the literature,®! in a 250 mL
Erlenmeyer flask, 1.98 g (15.7 mmol, 1 eq.) of orange coloured 1,4-diethynylbenzene

crystals were dissolved in 100 mL of acetonitrile producing a reddish-orange coloured
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solution. To this solution, 8.99 g (50.5 mmol, 3.22 eq.) of colourless NBS were added,
producing a brownish-orange coloured mixture. Subsequent addition of 7.75 mL (51.8
mmol, 3.31 eq.) of pale yellow coloured DBU via syringe instantly produced a warm,
bright orange coloured mixture with a copious amount of colourless precipitate. Shortly
after the mixture turned brown in colour and no further change was observed for the
duration of the reaction. After one hour, 100 mL of water were added, producing a dark
brown coloured mixture. After stirring for ca. 5 minutes, the reaction mixture was
transferred into a 250 mL separatory funnel and extracted with CHCl, (3 x 75 mL). The
brown coloured organic layers were combined and washed with water (2 x 60 mL) before
removing the solvent via rotary evaporation, which produced a brown coloured solid. This
solid was extracted with ca. 100 mL pentane, and passed through a silica gel plug yielding
a colourless solution. Removal of the pentane by rotary evaporation yielded a minimal
amount of colourless powder which was identified as the desired product by comparing the
'H chemical shifts with those reported in the literature. The brown coloured residue was
dissolved in ca. 10 mL of CH2Cl, and another 100 mL of pentane were added before
transferring the brown coloured mixture to a silica gel plug and eluting with pentane
(3x250 mL), yielding a bright yellow coloured solution each time. Removal of the pentane
solvent yielded bright yellow coloured crystals which were impure by H NMR
spectroscopy. These were dissolved in pentane before repeating the work up once more
which yielded extremely pale yellow coloured crystals that were pure by *H NMR

spectroscopy.

Yield: 1.85 g (41 %)
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'H NMR (CDCls): 6 7.37 ppm (s, 4H).

1.2.4 Synthesis of [PhC=CPBus]Br -1

::: pentane :::

In a 20 mL scintillation vial, 2.00 g (11.0 mmol) of pale yellow coloured 1-bromo-

Br

2-phenylacetylene liquid were dissolved in 10 mL of pentane producing a pale yellow
coloured solution. To this solution, 2.24 g (2.76 mL, 11.1 mmol, 1.01 eq.) of colourless
tributylphosphine liquid were added dropwise, immediately producing a beige coloured
precipitate. Further addition of tributyl phosphine produced a dark brown coloured viscous
oil. This mixture was left to stir overnight. The following day the stirring was stopped and
the pentane was decanted off, and contents of the flask were washed with a small amount
of THF and dried in vacuo, producing a dark brown coloured oil which crystallised upon
standing overnight. These crystals were not of suitable quality for X-ray diffraction, and
so the brown mixture of oil/crystals was triterated multiple times with ca. 5 mL of pentane,

and dried in vacuo to produce a brown coloured powder.
Yield: 3.55 g (84%)

EA: Calc. for CxHs2PBr: C: 62.66 %, H: 8.41 %, N: 0.00 %. Found: C: 61.15 %, H: 8.21

%, N: 0.02 %.
m.p. (°C): 71.7-72.0.

$1P{'H} NMR (CD2Cly): § 21.5 ppm (s).
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H NMR (CD2Cl): § 7.68-7.63 (m, 2H), 7.60 (tt, 3Jun = 7.5 Hz, *Jun = 2.3 Hz, 1H), 7.48
(t, 3un = 7.5 Hz, 2H), 2.87-2.78 (m, 6H), 1.69-1.66 (m, 6H), 1.57 (sextet,

3Juyn = 7.4 Hz, 6H), 0.99 ppm (t, 2Jun = 7.3 Hz, 9H).

13C{H} NMR (CD2Cly): & 133.2 (d, “Jcp = 2.2 Hz, 0-(CsHs)), 132.7 (s, m-(CeHs)), 129.3
(s, p-(CeHs)), 118.1 (d, 3Jcp = 4.4 Hz, P-C=C-C), 114.2 (d, 2Jcp = 23.2 Hz, P-C=C), 69.5 (d,
Lep = 149.5 Hz, P-C=C), 24.7 (d, 2Jcp = 5.5 Hz, CHy), 24.0 (d, 3Jcp = 16.6 Hz, CHy), 22.6

(d, YJcp=53.3 Hz, CHy), 13.6 ppm (s, CHs).

IR (KBr pellet): v 3054 (w), 3013 (m), 2960 (vs), 2932 (vs), 2903 (s), 2869 (vs), 2179 (vs,
C=C), 1623 (w), 1489 (s), 1462 (s), 1446 (s), 1402 (m), 1382 (m), 1314 (w), 1283 (m),
1231 (m), 1206 (w), 1185 (w), 1158 (w), 1099 (s), 1027 (w), 1003 (w), 967 (w), 911 (s),

866 (s), 819 (m), 767 (vs), 726 (m), 695 (s), 635 (W), 540 (M), 466 (w), 446 cm™ (w).

Attempts at producing crystals suitable for X-ray diffraction from the brown
coloured powder using standard methods (evaporation, vapour diffusion, solvent layering)
were unsuccessful. To obtain crystals suitable for X-ray diffraction, the reaction was
repeated under the following conditions: In a 20 mL test tube, 0.239 g (1.32 mmol) of pale
yellow coloured 1-bromo-2-phenylacetylene liquid were added and cooled to -35 °C using
a freezer. Once cooled, 5 mL of pentane were layered over the bromophenylacetylene, and
the mixture was cooled once again to -35 °C. This process was repeated once more for a
total of 10 mL of pentane layered over the neat 1-bromo-2-phenylacetylene. The two layers
were cooled to -35 °C before layering a colourless solution of 0.265 g (1.31 mmol,
0.99 eq.) of tributyl phosphine in 10 mL of pentane. The test tube was sealed using a rubber

septum pierced with a needle and left to sit overnight. The following day the pentane was
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decanted, and an incredibly viscous, pale yellow coloured oil remained in the bottom of
the test tube. The oil readily crystallised upon standing to form pale yellow coloured

crystals suitable for X-ray diffraction. The yield of this reaction was not recorded.

1.2.5 Synthesis of [PhC=CPPhs]Br -2

pentane ©) Q
Q%Br +PPhy ————» @%PP@ Br

In a 100 mL round-bottomed flask, 4.00 g (22.1 mmol) of pale yellow coloured 1-

bromo-2-phenylacetylene liquid were dissolved in 40 mL of pentane producing a pale
yellow coloured solution. To this solution, 5.80 g (22.1 mmol, 1.0 eq.) of colourless
triphenylphosphine granules were added, producing a pale yellow coloured mixture. This
mixture was left to stir overnight. The following day the stirring was stopped and the
contents of the flask were allowed to settle, producing a pale yellow coloured solution over
a tan coloured precipitate. The pentane was decanted, and the residual solid was washed
with pentane and dried in vacuo to afford a pale yellow coloured powder which was

recrystallised from dichloromethane layered with pentane to afford pale yellow crystals.
Yield: 5.46 g (56 %)

EA: Calc. for C2H20PBr: C: 70.44 %, H: 4.55 %, N: 0.00 %. Found: C: 70.25 %, H: 4.43

%, N: 0.02 %.
m.p. (°C): 209.6-210.2.
$1p{IH} NMR (CDCls): 8 6.5 ppm (s).

IH NMR (CDCls): & 7.97-7.79 (m, 17H), 7.66 (tt, 3Ju = 7.5 Hz, “Jnn = 2.3 Hz, 1H),

7.55 ppm (t, 2Jun = 7.4 Hz, 2H).
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BC{'H} NMR (CDCls): § 136.2 (d,*Jcp = 3.1 Hz, p-Phs) 133.7 (d, *Jcp = 2.2 Hz, 0-(CsHs)),
133.5 (s, m-(CeHs)), 133.2 (d, 2Jcp = 12.4 Hz, 0-Phs), 131.1 (d, 3Jcp = 14.2 Hz, m-Phs),
129.4 (s, p-(CsHs)), 118.7 (d, 2Jcp = 31.4 Hz, P-C=C), 118.0 (d, 1Jcp = 100.3 Hz, ipso-Phs),

116.7 (d, *Jcp = 4.8 Hz, P-C=C-C), 69.0 ppm (d, 1Jcp = 188.0 Hz, P-C=C).

IR (KB pellet): v 3046 (m), 3023 (m), 3014 (m), 2998 (m), 2985 (m), 2911 (w), 2584 (w),
2465 (w), 2167 (vs, C=C), 2099 (m), 1810 (w), 1626 (w), 1584 (m), 1482 (m), 1317 (w),
1287 (w), 1261 (w), 1234 (w), 1185 (), 1163 (), 1113 (vs), 1025 (w), 997 (m), 930 (W),
871 (s), 840 (m), 803 (w, br), 770 (s), 759 (s) 750 (m), 727 (vs), 701 (s), 687 (vs), 655 (M),

621 (W), 543 (s), 523 (vs), 495 (s), 460 cm™ (w).

1.2.6 Synthesis of [PhC=CP(CsH2(OMe)3)]Br — 3

heptane @ S,
®%Br + PAr; 34 80°C @%PAQ Br

Ar= 2,4,6-(MGO)3C6H2

In a 100 mL sealed reaction vessel, 0.882 g (1.66 mmol) of colourless tris(2,4,6-
trimethoxyphenyl)phosphine were suspended in 25 mL of heptane producing a colourless
suspension. To this suspension, 0.319 g (1.76 mmol, 1.06 eq.) of pale yellow coloured 1-
bromo-2-phenylacetylene were added, producing a pale yellow coloured mixture. This
mixture was warmed to 80 °C and left to stir for three days, monitoring by 3'P{*H} NMR
spectroscopy. The reaction did not reach completion after three days at 80 °C but a new
signal appeared in the 31P{*H} NMR spectrum with an integration of 0.6:1 with respect to
starting material. The stirring was stopped and the contents of the flask were allowed to
settle, producing a pale yellow coloured mixture. The heptane was decanted off before

suspending the contents of the flask in ca. 10 mL of pentane and transferring to a vial. The
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pentane was decanted, and the residual solid was washed with 3 x 15 mL portions of
toluene and dried in vacuo to afford a colourless powder. Large colourless block-shaped
crystals suitable for X-ray analysis were obtained by dissolving the phosphonium salt in a

5:1 mixture of toluene and acetonitrile and allowing the mixture to slowly evaporate.
Yield: 0.10 g (8 %)

EA: Calc. for C3sH3309PBr: C: 58.91 %, H: 5.37 %, N: 0.00 %. Found: C: 59.52 %, H:

5.70 %, N: 0.04 %.
m.p. (°C): 94.1-94.7.
$1P{*H} NMR (CD3CN): & -27.7 ppm (S).

IH NMR (CDsCN): § 7.56-7.48 (m, 3H, 0-CeHa, p-CeHa), 7.46-7.40 (m, 3Jun = 7.6 Hz,
334 = 6.8 Hz, 2H, m-CsHa), 6.28 (d, *Jnp = 5.8 Hz, 6H, m-ArHy), 3.88 (s, 9H, p-OCHs)

3.61 ppm (s, 18H, 0-OCH3).

BBC{'H} NMR (CD3CN): & 167.5 (s, p-ArC), 165.1 (d, 2Jcp = 1.6 Hz, 0-ArC), 133.1 (d, “Jcp
= 2.3 Hz, 0-CeHs), 131.8 (s, p-CsHs), 129.9 (s, m-CeHs), 121.3 (d, 3Jcp = 4.9 Hz, ipso-
CeHs), 102.9 (d, 2cp = 36.6 Hz, P-C=C), 93.0 (d, 3Jcp = 7.5 Hz, m-ArC), 92.1 (d, Wcp =
126.8 Hz, ipso-ArC), 77.9 (d, Xcp = 205.5 Hz, P-C=C), 57.1 (s, 0-OCHs), 56.7 ppm (s, p-

OCHg).

IR (KBr pellet): v 3181 (w), 3001 (m), 2940 (s), 2840 (m), 2186 (vs, C=C), 2080 (w), 1937
(W), 1604 (vs), 1466 (vs), 1412 (vs), 1340 (vs), 1301 (m), 1234 (vs), 1208 (vs), 1161 (vs),
1127 (vs), 1098 (vs), 1024 (s), 949 (m), 917 (m), 858 (m), 816 (s), 762 (M), 735 (W), 693
(vs), 646 (w), 588 (W), 535 (m), 482 (vs), 444 cm™ (m).
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1.2.7 Synthesis of 3 + Ring-closed isomers — 4a,b

toluene >—< A
@%Br +PAT3W(:> 3+ O P;AI{‘

S
Br
<: /}o
Ar =2,4,6-(MeO);C¢H, \

;; (a) X = H, (b)_Me

Following the same procedure as for synthesis of 3 using instead toluene as the
solvent, the reaction was repeated at 105 °C using 0.300 g (1.66 mmol, 1 eq.) of 1-bromo-
2-phenylacetylene  and 0.853 g (1.60 mmol, 0.96 eqg.) of tris(2,4,6-
trimethoxyphenyl)phosphine. The pale yellow coloured reaction mixture was left to sit for
three days without stirring. After this time, a red coloured reaction mixture was present
with red coloured crystals on the side of the flask. These were analysed by X-ray diffraction
and were revealed to be cyclised by-products. The red coloured supernatant was decanted
off, and the red coloured crystals were washed with 3 x 15 mL portions of pentane and
dissolved in 20 mL of acetonitrile. The red coloured acetonitrile mixture was filtered
through Celite, and the solvent was removed in vacuo to produce a brown coloured semi-
solid that was triturated with 10 mL of pentane to produce a brown coloured powder

containing a mixture of 3, 4a and 4b.
Yield: 0.76 g (in a 2.7:2.5:1 ratio from the 3P NMR spectrum for 3:4a:4b)
31P{1H} NMR (CDsCN): § 4a -21.9 (s); 4b 0.0 ppm (s).

1.2.8 Synthesis of [PhC=CP(iPr)Phz]Br — 5

. heptane
@%Br + P(1Pr)Ph2 W
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In a 100 mL sealed reaction vessel, 0.593 g (2.60 mmol) of colourless
isopropyldiphenylphosphine were suspended in 25 mL of heptane. To this suspension,
0.437 g (2.41 mmol, 0.93 eq.) of pale yellow coloured 1-bromo-2-phenylacetylene were
added, producing a pale yellow coloured mixture. This mixture was warmed to 95 °C and
left to stir for six days to ensure reaction completion, but showed no visible changes after
the first day. The stirring was stopped and the contents of the flask were allowed to settle,
producing a pale yellow coloured mixture. The heptane was decanted before suspending
the contents of the flask in ca. 10 mL of pentane and transferring to a vial. The pentane
was decanted, and the residual solid was washed with 3x15 mL portions of toluene and
dried in vacuo to afford a colourless powder. Long needle-like colourless crystals suitable
for X-ray analysis were obtained by dissolving the phosphonium salt in a 5:1 mixture of

toluene and acetonitrile and allowing the mixture to slowly evaporate.
Yield: 0.32 g (32 %)

EA: Calc. for Co3H22PBr: C: 67.49 %, H: 5.42 %, N: 0.00 %. Found: C: 66.82 %, H: 5.25

%, N: 0.04 %.
m.p. (°C): 151.9-152.3.
$1P{IH} NMR (CD2Cly): § 24.0 ppm (s).

IH NMR (CD,Cl2): & 8.35 (dd, 3Jup = 14.0 Hz, 3Ju = 7.6 Hz, 4H, 0-CeHs), 7.86 (d, 3Jnn =
7.6 Hz, 2H), 7.80-7.66 (M, 7H), 7.57 (t, Jun = 7.6 Hz 2H), 4.84 (oct, 3Jun = 7.0 Hz, 1H,

CH(CHs)2), 1.39 ppm (dd, 2Jup = 21.5 Hz, 3Jnn = 6.9 Hz, 6H, CH(CHs),).
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BC{'H} NMR (CD:Cl,): 8 135.3 (d,*Jcp = 3.1 Hz, p-Phy), 133.7 (d, *Jcp = 2.2 Hz, 0-CsHs),
133.4 (s, p-CeHs) 133.1 (d, 2Jcp = 11.8 Hz, 0-Phy), 130.6 (d, *Jcp = 13.8 Hz, m-Phy), 129.5
(s, m-CeHs), 118.5 (d, YJcp = 93.4 Hz, ipso-Phy), 118.1 (d, 2Jcp = 26.3 Hz, P-C=C), 117.5
(d, 3Jcp = 4.5 Hz, ipso-CsHs), 66.3 (d, 1Jcp = 170.8 Hz, P-C=C), 25.7 (d, YJcp = 51.2 Hz,

CH), 16.1 ppm (s, CHa).

IR (KBr pellet): v 3052 (m), 2974 (m), 2930 (m), 2834 (m), 2176 (vs, C=C), 2098 (w),
1596 (m), 1485 (m), 1462 (m), 1439 (s), 1413 (w), 1388 (w), 1339 (W), 1265 (w), 1232
(m), 1208 (w), 1162 (m), 1110 (s), 1044 (W), 1025 (W), 997 (w), 871 (s), 811 (W), 762 (s),

725 (m), 692 (s), 626 (W), 542 (m), 519 (s), 480 cm™ (w).

1.2.9 Synthesis of [BusPC=C(CsH4)C=CPBus]Br2- 6

CH5;CN @ ®
Br%Q%Br-i- 2 PBuy Ahri Buﬁ%@%PB@

In a 20 mL scintillation vial, 0.166 g (0.584 mmol) of pale yellow coloured 1,4-

S
2 Br

di(bromoethynyl)benzene powder were combined with 5 mL of acetonitrile producing a
pale yellow coloured mixture. To this mixture, 0.30 mL (1.20 mmol, 2.1 eq.) of colourless
tributyl phosphine were added via syringe to produce an orange coloured mixture. After
ca. 10 minutes, the colour of the reaction mixture changed to black and was left to stir
overnight. The following day an aliquot was removed for 3P{*H} NMR spectroscopy and
showed multiple signals with a small trace of the starting tributyl phosphine. Storage of a
mixture of acetonitrile/diethyl ether (5 mL:5 mL) placed in a -35 °C freezer overnight
produced oily, black coloured crystals suitable for X-ray crystallography. Subsequent
washings with pentane produced a black coloured crystalline powder, however various by-

products were still detected in the *:P{*H} NMR spectrum.
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Yield: 0.07 g (16 %).

EA: Calc. for CasHsgP2Br2: C: 59.31 %, H: 8.49 %, N: 0.00 %. Found: C: 59.45 %, H: 8.54
%, N: 0.07 %.

m.p. (°C): 112.4-113.0.

$1P{IH} NMR (CD.Cly): § 18.5 ppm (s, 2P).

IH NMR (CD:Cly): 8 7.73 (s, 4H, CeHa), 2.87-2.78 (m, 12H), 1.74-1.66 (m, 12H), 1.60—

1.48 (sextet, 3Jun = 7.3 Hz, 12H), 0.96 ppm (t, 3Jun = 7.3 Hz, 18H).

C{H} NMR (CD2Cl): § 133.5 (d, “Jcp = 2.2 Hz, 0-(CsHa)), 121.5 (d, *Jcp = 4.4 Hz, ipso-
(CeHa)), 111.5 (d, 2Jcp = 22.7 Hz, P-C=C), 73.5 (d, Wcp = 146.1 Hz, P-C=C), 24.5 (d, 2Jcp
= 6.1 Hz, CHy), 24.0 (d, ®Jcp = 16.8 Hz, CH,), 22.3 (d, Lcp = 52.8 Hz, CHy), 13.5 ppm (s,

CHa).

IR (KBr pellet): v 2959 (vs), 2931 (vs), 2869 (vs), 2362 (w), 2182 (vs, C=C), 1584 (m, br),
1498, (m), 1462 (s), 1402 (s), 1383 (s), 1344 (m), 1315 (w), 1230 (s, br), 1128 (w), 1096

(vs), 1006 (m), 967 (m), 916 (vs), 851 (vs), 815 (s), 725 (s), 560 (m), 477 cm™ (m, br).

1.2.10 Synthesis of [PhsPC=C(CsH4)C=CPPhs]Br2—7

CH,CI ® =\ ® ©
Br%@%Br+2PPh3 = |PhsP—=—(  )—=—PPh,|2 Br

In a 20 mL scintillation vial, 0.352 g (1.24 mmol) of pale yellow coloured 1,4-

di(bromoethynyl)benzene powder were dissolved in 10 mL of dichloromethane producing
a pale yellow coloured solution. To this solution, 0.651 g (2.48 mmol, 2.00 eq.) of

colourless triphenylphosphine granules were added, producing a pale yellow coloured
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mixture. After ca. 10 minutes, the mixture changed to a blue coloured solution. This
mixture was left to stir overnight. The following day an orange coloured solution remained.
To this orange coloured solution, 10 mL of pentane were added to facilitate the
precipitation of the product. After stirring for ca. 10 minutes, the solvent was decanted and
the solid was dried in vacuo to afford the product as a yellow coloured powder, which was
recrystallised from dichloromethane (3 mL) layered with pentane (15 mL) to produce pale

yellow coloured crystals.
Yield: 0.97 g (97 %).

EA: Calc. for CssH34P2Bro: C: 68.33 %, H: 4.24 %, N: 0.00 %. Found: C: 67.93 %, H: 4.17

%, N: 0.02 %.

m.p. (°C): 106.0-106.8 (slight darkening), 210 (turns black, decomposes).
31P{IH} NMR (CD.Cl): § 7.1 ppm (s, 2P).

IH NMR (CD2Cl,): & 8.23 (s, 4H), 7.95-7.85 (m, 12H), 7.84-7.76 ppm (m, 18H).

BC{'H} NMR (CD.Cly): § 136.5 (d,*Jcp = 3.2 Hz, p-Phs) 134.7 (d,*Jcp = 2.2 Hz, 0-(CeH4)),
133.8 (d, 2Jcp = 12.4 Hz, 0-Phs), 131.2 (d, 3Jcp = 14.0 Hz, m-Phs), 121.5 (d, 3Jcp=4.7 Hz,
P-C=C-C), 117.9 (d, YJcp = 100.1 Hz, ipso-Phs), 116.2 (d, 2Jcpr = 30.3 Hz, P-C=C),

72.7 ppm (d, YJcp = 184.0 Hz, P-C=C).

IR (KB pellet): v 3046 (m), 3004 (m), 2687 (w), 2580 (W), 2465 (W), 2317 (w), 2177 (Vs,
C=C), 1615 (m, br), 1582 (m), 1480 (m), 1438 (vs), 1400 (w), 1360 (m), 1312 (w), 1282
(m), 1238 (), 1184 (), 1109 (vs), 1018 (W), 996 (m), 934 (w), 857 (vs), 754 (s), 727 (vs),
688 (vs), 616 (w), 561 (M), 526 cm™ (vs).
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1.3 Results and Discussion
1.3.1 Mono(ethynyl)phosphonium Salts

Reaction  between 1-bromo-2-phenylacetylene and tributylphosphine or
triphenylphosphine yielded the previously known ethynylphosphonium salts 1 and 2
(Figure 1.4) from pentane in high to moderate yields (84% and 56%, respectively). Pentane
was chosen as the reaction medium to facilitate direct precipitation of the product. This
method worked well for 2, however 1 produced an oil that required multiple triturations

with pentane before yielding a brown coloured powder.

[©%@%’Bu3 B [@%@Ppml B [@%@%A@l Br

2 3
Ar= 2,4,6-(MGO)3C6H2

[ Ph X
L WAr
O @P‘Ar © ® o
@O\ Br [Q%P(iPr)thl Br
-0 5

4; (a) X=H, (b) Me
Ar= 2,4,6-(MCO)3C6H2
Figure 1.4. Compounds synthesised that will be discussed in this section.

After extensively searching the literature, it was apparent that 1 has only been
characterised by *H NMR spectroscopy with vague peak assignments (e.g. 7.55 ppm is
reported for all aromatic peaks for 1 as a multiplet, and multiplicities were not provided
for the butyl resonances), IR spectroscopy with only the acetylenic vibration reported,

melting point, and by elemental analysis.? It has not been previously characterised by

BC{H} and 3'P{*H}NMR spectroscopy or structurally by X-ray crystallography. Taking
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into consideration that publication standards have changed since 1 and 2 were initially
reported,’® and that the objective of the earlier reports was to evaluate the kinetics of the
formation of 1,2 it seemed appropriate to reinvestigate and expand upon the characterisation
data available. More characterisation data is available for 2: *H, 3C{*H}, and 3P{‘H}
NMR spectroscopic properties have been studied,'®?? and have often been supplemented
by IR spectroscopy and melting point,218?2 and one cyclic voltammetry study has been
done as well.?° These data will be combined and compared to our own but will not be
discussed in detail. Discussion will be limited only to the new structural information

obtained through single crystal X-ray diffraction.

The *H NMR spectrum of 1 collected in CD-Cl, displayed no unusual characteristics
and was similar to previous reports in CDCls.? The sample was collected in CD2Cl; to
compare spectroscopic properties with the related trimethylphosphine derivative
[PhC=CPMes]Br, which was also measured in CD2Cl,.1” The methylene bound directly to
phosphorus was detected as a multiplet in the H NMR spectrum
(5 2.87-2.78 ppm, 2Jup = 14.6 Hz) and is similar to that of the methyl groups found in
[PhC=CPMes]Br (& 2.57 ppm, 2Jup = 15.2 Hz).!” The remaining methylene resonances
appear as a multiplet (5 1.79—1.65 ppm), and as a sextet (8 1.56 ppm, 3Jun = 7.2 Hz) while
the terminal methyl group was identified as a triplet (§ 0.99 ppm, 3Jun = 7.2 Hz). In the
aromatic region the o-ArH (8 7.65 ppm, 3Jun = 7.8 Hz), m-ArH (5 7.48 ppm,
3Jun= 7.5 Hz), and p-ArH (5 7.59 ppm, *Jun = 7.6 Hz) resonances are visible as multiplets
and appear in a 2:1:2 ratio. These were assigned on the basis of their integration values as
well as the degree of coupling observed. Resonances for the acetylenic carbon resonances

appear as two sets of doublets (8 114.2 ppm, 2Jcp = 23.2 Hz and 69.5 ppm, *Jcp = 149.5 Hz)
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in the 3C{*H} NMR spectrum. These are similar to other reported ethynylphosphonium
salts such as [PhC=CPMes]Br (72.9 ppm, 1Jcp = 163.7 Hz and 112.5 ppm, 2Jcp = 29.2 Hz)
and [PhC=CPPhs]Br (68.7 ppm, 1Jcp = 187.0 Hz and 118.5 ppm, 2Jcp = 31.2 Hz).17"?2 Peak
assignments for the remaining resonances were made based on the magnitude of their Jcp
values,?? and using the *C{!H} DEPTQ experiment. The acetylenic vibration
(v 2179 cm™) matches the literature,> while the melting point (71.7-72 °C) was
considerably higher than previously reported (57-59 °C). The 3P{*H} NMR spectrum of
1 displayed a singlet resonance (6 21.5 ppm). Other phosphorus-containing impurities
could be seen near the baseline, but could not be identified on the basis of their 3P chemical
shifts. The ethynylphosphonium salt 1 is known to react with another equivalent of
tributylphosphine to afford the a,B-bis(tributylphosphonium) styrene dibromide (Scheme
1.6) which may be what is observed in the 3P{*H} NMR spectrum.? Unfortunately 3P
chemical shifts were not reported, and no explanation of the extra equivalent of “HBr” was
provided other than from the reactants and medium. The presence of these impurities after
multiple pentane washings indicates that these contaminates are poorly soluble in pentane,
suggesting that any remaining impurities are likely some form of ionic species such as a
bisphosphonium salt. Mass spectrometry may be useful in determining the identity of some

of these by-products.

©

@ €
= PBu; |[Br —>

2 Br

@ nHBrn

Bu3P @C @ Br

Y “PBu,

Bu
[ Ph > Y PBu3

+ PBU3
Scheme 1.6. Possible by-product observed during the synthesis of 1.
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In the powder form, 1 could not be crystallised using routine techniques. Crystals of
1 were instead obtained by slow reagent diffusion in pentane (see Experimental section
1.2.4 for details). Compound 1 crystallises in the monoclinic space group P2i/c as
colourless rectangular blocks, and features only one molecule in the asymmetric unit. The
structure of 1 (Figure 1.5) is consistent with the observed spectroscopic data and features
a tetra-coordinated phosphorus cation with a bromide anion nested between three butyl
groups. The P1-C1 and C1-C2 bond lengths were found to be 1.739(2) A and 1.197(3) A,
respectively, and are similar to the measurements found in [PhC=CPMe3]Br (1.739(3) A
and 1.202(4) A, respectively),’” and [PhC=CP(0-An)Ph2][BFs] (1.719(2) A and

1.190(2) A).®

O
Figure 1.5. Molecular structure of 1. Ellipsoids are shown at the 50% probability level.

Hydrogen atoms have been omitted for clarity. Selected bond lengths (A) and angles (°):

P1-C11.732(3), P1-C9 1.791(3), P1-C13 1.792(3), P1-C17 1.776(3), C1-C2 1.200(4), C2-
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C3 1.445(4), C1-C2-C3 176.4(3), C2-C1-P1 163.3(3), C1-P1-C9 110.83(13), C1-P1-C13

105.89(14), C1-P1-C17 108.30(14).

Crystals of 2 were obtained by layering a concentrated dichloromethane solution
with pentane. Compound 2 crystallises as colourless rectangular blocks in the
orthorhombic space group Pbca, and features only one molecule in the asymmetric unit.
The structure of 2 (Figure 1.6) is also consistent with spectroscopic data and is structurally
similar to 1. The P1-C1 and C1-C2 bond lengths were found to be 1.727(2) A and
1.200(3) A respectively. Recent evidence suggests that the phenylacetylene fragment in 2
is responsible for anticancer activity,'>1* so the overall length of the phenylacetylene
fragment determined by the distance between P1-C6 was measured and found to be
7.106(2) A. When the same measurement is done for 1 it is found that the distance between
P1-C6 is 7.045(3) A, indicating that modification of the groups attached to phosphorus can

cause significant structural differences.

Figure 1.6. Molecular structure of 2. Ellipsoids are shown at the 50% probability level.

Hydrogen atoms have been omitted for clarity. Selected bond lengths (A) and angles (°):
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P1-C1 1.727(2), P1-C9 1.786(2), P1-C15 1.7923(19), P1-C21 1.785(2), C2-C1 1.200(3),
C2-C3 1.437(3), C1-C2-C3 179.2(2), C2-C1-P1 168.6(2), C1-P1-C9 107.96(10), C1-P1-

C15 109.11(10), C1-P1-C21 107.60(9).

Several attempts were made at expanding the library of known derivatives of 2 with
varied aryl substituents, however many of these were unsuccessful. Reactions involving
sterically hindered or electron deficient phosphines (PMesz (Mes = 2,4,6-trimethylphenyl),
P(o-Tol)z (o-Tol = 2-methylphenyl), P(CeFs)3) were attempted at 60 °C in either toluene or
heptane, and with or without silver triflate added to abstract the bromide, but were
unsuccessful in producing the desired ethynylphosphonium salts; reactivity was observed
in the form of a colour change from pale yellow to brown, but the products could not be
unambiguously identified. Reaction of  the electron-rich tris(2,4,6-
trimethoxyphenyl)phosphine (TMPP) was also attempted due to the majority of related
examples possessing methoxy substituents. This reaction did not proceed at room
temperature, presumably due to the steric demands of the phosphine. Varied modes of

reactivity, however, were observed at elevated temperatures.

When TMPP was combined with 1-bromo-2-phenylacetylene in heptane and heated
to 80 °C for 3 days, the ethynylphosphonium salt 3 was obtained in only 8% isolated yield.
Compound 3 was characterised by multinuclear NMR and IR spectroscopies, as well as by
melting point determination and X-ray crystallography. Analogous to triarylphosphines,
the 3P{*H} chemical shift of 3 is considerably lower in frequency than related
ethynylphosphonium salts, appearing as a singlet (6 -27.7 ppm) when measured in CD3CN.

Collectively, the resonances in the *H NMR spectrum attributed to the TMPP moiety are
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shifted to a slightly higher frequency than the parent phosphine,® while the acetylenic
carbon resonances appear as two sets of doublets (8 102.9 ppm, 2Jcp = 37.0 Hz and
77.9 ppm, YJcp = 205.5 Hz). Further evidence for a carbon-carbon triple bond is given by a
strong signal in the IR spectrum (v 2186 cm™), which is significantly different from 2
(v 2167 cm™). When compared to the parent compound 2, modification of the aryl groups
on phosphorus with more electron donating substituents significantly changed the
electronic properties of the ethynyl fragment, however the consequences of this have yet
to be evaluated.

Large colourless block-shaped crystals of 3 were obtained by dissolving the
phosphonium salt in a 5:1 mixture of toluene and acetonitrile and allowing the solution to
slowly evaporate. Compound 3 crystallises in the cubic space group Pa3 and features only
one and a third of a molecule in the asymmetric unit. The structure of 3 (Figure 1.7) is
consistent with spectroscopic data and is structurally similar to 2. The P1-C1 and C1-C2
bond lengths were found to be 1.752(2) A and 1.194(3) A, respectively. The overall length
of the phenylacetylene fragment determined by the distance between P1-C6 was measured
and found to be 7.141(3) A. The steric demands of the 2,4,6-methoxyphenyl rings are
clearly much greater than the simple phenyl rings in 2 however, and prevent a direct
comparison. The C2-C1-P1 bond angle (174.6(2)°) deviates slightly from linearity, and is
less than what is observed for both 1 and 2. The phosphorus-Cipso bond lengths are all quite
similar with bond lengths of 1.785(2) A, 1.797(2) A, and 1.788(2) A between C9, C18, and
C27, respectively. A larger bond angle is observed for C1-P1-C9 (108.93(10)°) compared
to C1-P1-C18 (105.84(10)°) and C1-P1-C27 (104.14(9)°) and is most likely required to
reduce steric repulsion with the phenylacetylene group.
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Figure 1.7. Molecular structure of the cation of 3. Ellipsoids are shown at the 50%
probability level. Hydrogen atoms and the bromide anion have been omitted for clarity.
Selected bond lengths (A) and angles (°): P1-C1 1.752(2), P1-C9 1.785(2), P1-C18
1.797(2), P1-C27 1.788(2), C1-C2 1.194(3), C2-C3 1.450(3), C1-C2-C3 176.2(2), C2-C1-

P1174.6(2), C1-P1-C9 108.93(10), C1-P1-C18 105.84(10), C1-P1-C27 104.14(9).

It was speculated that poor solubility was the reason for such a slow conversion, so
to accelerate the reaction toluene was chosen as the reaction medium for its higher boiling
point and solvent polarity. When the same reaction was performed in toluene at 105 °C for
3 days, the initial formation of the ethynylphosphonium salt 3 occurred and partially
underwent an intramolecular cyclisation to form two additional products. The
phosphoniapyrans 4a and 4b were first identified crystallographically and co-crystallised
in a 3:1 ratio, and were later identified with similar ratios (2.5:1) using P and 3P{‘H}

NMR spectroscopies (4a 6 -21.9 ppm, 4b & 0.0 ppm).
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Scheme 1.7. Proposed formation of 4a,b from 3. Ar = 2,4,6-trimethoxyphenyl.

The most probable source of 4b is the initial formation of 3, followed by an
intramolecular cyclisation via nucleophilic attack at the B-carbon of the acetylene by a
methoxy group in the ortho position. Intermolecular nucleophilic attack at the oxonium
centre may transfer the methyl group to the vinylic position. Nucleophilic reactions at the
B-carbon have been studied extensively,>®78 and such a reaction would be possible given
the orientation of the methoxy groups of the C9-containing aromatic ring in the structure
of 3 (Figure 1.7). The intermediate reacting with the medium would also be analogous to
what was observed in reactions of additional equivalents of tertiary phosphines in which
the products of these reactions seemingly acquire an additional equivalent of HBr.?
Attempts at elucidating the pathway leading to the formation of 4a have been unsuccessful
thus far; an initial hypothesis was that 4a formed after an intermediate reacted with the
solvent. To test this, the reaction was repeated in deuterated toluene, however no deuterium
incorporation into 4a or 4b was evident thereby eliminating the solvent as a possible
reactant for the formation of 4a. The fate of the methyl group has yet to be determined also;
given the lack of deuterium incorporation it may be the source of a proton, and escape in

the form of a simple gas such as ethylene or methane, but no evidence for this has been
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found based on *H NMR spectroscopy after repeating the reaction in a sealed NMR sample
tube.

Structurally 4a and 4b differ by only a hydrogen atom or methyl group attached to
C1 (Figure 1.8) and crystallise in the monoclinic space group P21/n as yellow rectangular
blocks. The phosphorus centre deviates significantly from an ideal tetrahedral geometry,
with the most acute angles being between C1-P1-C27 (101.42(13)°) and C1-P1-C9
(105.87(13)°). The phosphorus-carbon bond lengths are all similar, however a slight
shortening was noted for P1-C1 (1.763(3) A) and P1-C27 (1.766(3) A) when compared to
P1-C9 (1.798(3) A) and P1-C18 (1.790(3) A) of the non-cyclised aryl rings. These
measurements are similar to those found in the only other structurally characterised

phosphoniapyran in the literature.>®

Figure 1.8. Molecular structure of the cation of 4a. Ellipsoids are shown at the 50%
probability level. Hydrogen atoms (excluding H1) and the bromide anion have been

omitted for clarity. Methoxy groups of the non-cyclised tris(2,4,6-trimethoxyphenyl)
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substituents have been removed for clarity. Selected bond lengths (A) and angles (°): C1-
C2 1.348(4), P1-C1 1.763(3), P1-C9 1.798(3), P1-C18 1.790(3), P1-C27 1.766(3), 09-C2
1.356(3), 09-C32 1.374(3), C1-P1-C9 105.87(13), C1-P1-C18 111.72(13), C1-P1-C27
101.42(13), C2-C1-P1 122.2(2), C1-C2-09 125.1(3), C2-09-C32 123.7(2), 09-C32-C27

124.2(2), C32-C27-P1 121.6(2).

The final objective of the project was to attempt to expand the library of mixed
alkyl/aryl ethynylphosphonium salts as these may also exhibit different properties from
either alkyl or aryl analogues. The mixed alkyl/aryl ethynylphosphonium salt 5 was
prepared in 32 % isolated yield by reacting isopropyldiphenylphosphine with 1-bromo-2-
phenylacetylene in heptane at 95 °C for six days. Compound 5 was characterised by
multinuclear NMR and IR spectroscopies, as well as by melting point determination and
X-ray crystallography. The chemical shift as measured by 3P{*H} NMR spectroscopy of
5 is higher in frequency than 1 or 2, appearing as a singlet (5 24.0 ppm) when measured in
CD.Cl,. An intense signal appearing at 2176 cm™ in the IR spectrum provides strong
evidence of the acetylene fragment, and is supplemented by resonances in the *C{*H}
NMR spectrum, appearing as two sets of doublets (5 118.1 ppm, 2Jcp = 26.3 Hz and
66.3 ppm, 1Jcp = 170.8 Hz). Resonances for the isopropyl group are clearly visible in the
'H NMR spectrum, with the methyl groups appearing as a doublet of doublets (5 1.39 ppm,
3Jup = 21.8 Hz, 3Jun = 6.9 Hz) and the methine as an octet (5 4.84 ppm, 3Jun= 7.0 Hz). The
magnitude of the 2Jup coupling could not be determined with certainty. Most likely, the
coupling due to phosphorus overlaps with the signals observed for 3Jun coupling. For both
1 and [PhC=CPMes]Br’ the 2Jup observed is ca. 15 Hz, which is slightly more than twice

as much as typical 3Jun values, which are roughly 7 Hz in magnitude. It is also unlikely
38



that >'P NMR would be able to determine the 2Jup because of overlap with the 3Jup observed
for the ortho-phenyl environments, which appear at 8.35 ppm in the *H NMR spectrum as
a doublet of doublets (*Jup = 14.0 Hz, 3Jun = 7.6 Hz). The remaining resonances in the
aromatic region of the *H NMR spectrum could not be unambiguously identified, but the
sum of the integration values (2+7+2 = 11) match with what is left unassigned for the
product.

Long colourless needle-shaped crystals of 5 were obtained by dissolving the
phosphonium salt in a 5:1 mixture of toluene and acetonitrile and allowing the solution to
slowly evaporate. Compound 5 crystallises in the orthorhombic space group Pbca and
contains three molecules in the asymmetric unit in an alternating head-to-tail arrangement.
In the molecular structure of 5 (Figure 1.9) the P1-C1 bond length of 1.733(3) A is much
longer when compared to other ethynylphosphonium salts while the C2-C1-P1 fragment is
bent significantly at an angle of 170.0(3)°, possibly due to the steric demands of the aryl

groups attached to phosphorus or due to crystal packing forces.
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N m—
Figure 1.9. Molecular structure of the cation of 5, only one third of the asymmetric unit is

shown. Ellipsoids are shown at the 50% probability level. Hydrogen atoms and the bromide
anion have been omitted for clarity. Selected bond lengths (A) and angles (°): P1-C1
1.733(3), P1-C9 1.786(3), P1-C15 1.786(3), P1-C21 1.812(3), C1-C2 1.198(4), C2-C3
1.432(4), C1-C2-C3 177.6(4), C2-C1-P1 170.0(3), C1-P1-C9 108.63(14), C1-P1-C15

107.89(15), C1-P1-C21 107.63(15).

The significant deviations of the P-C=C angle in the solid state structures of the
ethynyl phosphonium salts prompted a further computational investigation of energetic
impact of the P-C=C angle when it deviates from linearity. These angles range from
163.3(3)° for 1 to 175.9(3)° for 7 and even in the solid state structure for compound 7, the
three independent molecules in the asymmetric unit have P-C=C angles that range from
167.1(3)° to 175.9(3)°. A scan of the P-C=C angles in the model cation, [Ph-C=C-PMes]",
shows that decreasing the P-C=C angle from the fully optimised angle (B3LYP/6-31G(d))

of 179.57° to 139.57 (40° total) there is only a 4.7 kcal mol™?* (19.7 kJ mol™) penalty for
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this deviation, reinforcing that in the solid state these angles are impacted by crystal

packing forces (Figure 1.10).
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Figure 1.10. The relative energies of the P-C=C angle in the model cation,
[Ph-C=C-PMes]*, scanned over 75° from the optimised angle of 179.57°. Calculations
performed at the B3LYP/6-31G(d) level of theory. The P-C=C bond angle was scanned in
1° increments while the remaining bond lengths and angles were allowed to optimise freely

to a minimum along the potential energy surface.

1.3.2 Bis(ethynylphosphonium) salts

For  reasons  previously stated, current  synthetic  routes  for
bis(ethynylphosphonium) salts are undesirable. An alternative, atom-economical approach
was found by reacting the tertiary phosphines PBuz and PPhsz with 1,4-(dibromo-
ethynyl)benzene in either acetonitrile or dichloromethane, giving the new
bis(ethynylphosphonium) salts [RsPC=C(CsH4)C=CPR3]Br2 (R = Bu, 6; Ph, 7) in 16% and

97% isolated yields, respectively. Both 6 and 7 were fully characterised using multinuclear
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NMR spectroscopy, IR spectroscopy, X-ray crystallography, cyclic voltammetry, melting
point determination, and elemental analysis. These molecules displayed similar
spectroscopic properties and structural parameters as their analogous monophenylethynyl

derivatives 1 and 2.

® _ . ®
Bu3PT©TPBu3

6 7
Figure 1.11. Bis(ethynylphosphonium) salts synthesised and are discussed in this section.

© ® @ ©
2Br  |PhP—=— == PPhs|2Br

All attempts at the synthesis of 6 with dichloromethane produced a complex
mixture of phosphorus-containing products that could not be identified by 3P NMR
spectroscopy. Acetonitrile produced a similar mixture but yielded higher amounts of 6 and
was chosen as the solvent for this reason. These impurities could not be completely
removed by multiple pentane washings or by recrystallization and efforts to obtain high
purity material severely impacted the isolated yield and are likely similar to those found in
1. The 3P{*H} NMR spectrum of 6 displayed a singlet resonance (& 18.5 ppm) in CD2Cl..
In the 'H NMR spectrum the central aromatic ring also exhibited singlet resonance (8 7.79
ppm), while the butyl methylene resonances displayed complex multiplet patterns (6 2.87—
2.78 ppm, 2Jup = 14.6 Hz, 1.74-1.62 ppm, and 1.60-1.48 ppm) and a characteristic triplet
(8 0.96 ppm, 3Jun = 7.2 Hz) was observed for the terminal methyl groups. The integration
values for these peaks did not match the expected structure, however, this is most likely
caused from the multiple impurities clearly present in both the *H and *'P{*H} NMR
spectra. The butyl groups could still be assigned reliably based on characteristics similar

to 1. The acetylenic carbons were identified by two doublets in the *C{*H} NMR spectrum
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(8 111.5 ppm, ZJcp=22.7 Hz and 73.5 ppm, YJcp = 146.1 Hz), and also by a strong vibration

in the IR spectrum (v 2182 cm™).

Long, yellow coloured needle-shaped crystals of 6 suitable for X-ray diffraction were
obtained by dissolving the black coloured powder in a 1:1 mixture of acetonitrile and
diethyl ether and storing in a -35 °C freezer overnight. Compound 6 crystallises in the
monoclinic space group P2:/c and features one half of the molecule in the asymmetric unit.
In the structure of 6 (Figure 1.12) the P1-C13 and C13-C14 bond lengths were found to be
1.735(6) A and 1.208(6) A, respectively, and are similar to the related monoethynyl species
1 and 2, and those of the literature.>” No structurally characterised
bis(ethynylphosphonium) salts were available for comparison, however these parameters
were found to be similar to 7. Considerably more disorder was encountered in the butyl
groups of 6 relative to 1 and resulted in some C-C bond lengths being inaccurate. This was
most likely caused by using different methods of crystallisation, and had little effect on the
bond lengths of interest. The butyl groups were disordered and different components of the
disorder were separated using the PART command. Site occupancies were allowed to
freely refine and rigid bond restraints were applied using the RIGU command. For the butyl
groups, P-C bond lengths, 1,2-distances, and 1,3-distances were restrained appropriately
using the DFIX command. The C14-C13-P1 bond angle (178.2(5)°) is much more linear
than the related bond angle found in 1 (163.3(3)°), possibly due to increased amount of

conjugation in the molecule from an additional ethynyl substituent.
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Figure 1.12. Molecular structure of the dication of 6. Ellipsoids are shown at the 50%
probability level. Hydrogen atoms and bromide anions have been omitted for clarity. One
component of the butyl disorder has been omitted for clarity. Selected bond lengths (A)
and angles (°): P1-C13 1.735(6), C13-C14 1.208(6), C14-C15 1.434(7), C14-C13-P1

178.2(5).

The synthesis of 7 was much more straightforward and allowed for the use of
dichloromethane as the solvent followed by the addition of pentane to facilitate
precipitation. Spectroscopically 7 is similar to 6 with a strong diagnostic acetylenic
vibration in the IR spectrum (v 2177 cm™). When measured in CD,Cl; resonances related
to the acetylenic carbons were also identified as doublets in the 3 C{*H} NMR spectrum
(8 116.2 ppm, 2Jcp = 30.3 Hz and 72.7 ppm, YJcp = 184.0 Hz), while a singlet is observed
in the *P{*H} NMR spectrum (8 7.1 ppm) indicating only one unique phosphorus
environment. The bridging aromatic ring was clearly visible as a singlet in the *H NMR
spectrum (& 8.23 ppm), however the remaining aromatic resonances could not be

unambiguously assigned due to their complexity.
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Crystals of 7 suitable for X-ray diffraction were obtained by layering a concentrated
dichloromethane solution with pentane. Compound 7 crystallises in the monoclinic space
group P21/c and features one half of the molecule in the asymmetric unit. In the structure
of 7 (Figure 1.13) the P1-C1 and C1-C12 bond lengths were found to be 1.743(5) A and
1.196(7) A, respectively. Interestingly, the P1-C1 distance is significantly longer than
found in 2 (1.727(2) A), while the related distances in 1 and 6 are much more similar but
show the reverse trend. The phosphorus-Cipso bond lengths are all quite similar with bond
lengths of 1.790(5) A, 1.781(5) A, and 1.780(5) A between C6, C12, and C18, respectively.
The geometry at phosphorus is almost tetrahedral (C1-P1-C6 109.9(3)°, C1-P1-C12
107.1(3)°, C1-P1-C18 108.0(2)°) while the C2-C1-P1 bond angle (175.8(5)°) is slightly
larger than the analogous bond found in 2 (168.6(2)°). Similarly to 1 and 6, this is possibly
due to the increased amount of conjugation from an additional ethynyl substituent, however

the effect is much more subtle and may also be a consequence of crystal packing.

Figure 1.13. Molecular structure of the dication of 7. Ellipsoids are shown at the 50%
probability level. Hydrogen atoms and bromide anions have been omitted for clarity.

Selected bond lengths (A) and angles (°): P1-C1 1.734(5), P1-C6 1.790(5), P1-C12
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1.781(5), P1-C18 1.780(5), C1-C2 1.196(8), C2-C3 1.432(7), C1-C2-C3 177.4(5), C2-C1-

P1 175.8(5), C1-P1-C6 109.9(3), C1-P1-C12 107.1(3), C1-P1-C18 108.0(2).

1.3.3 Summary of Crystal Tables and Relevant Data

Table 1.1. Summary of relevant characterisation data for compounds 1-7.
Compound 3P NMR BC{'H} NMR (C=C) IR (C=C) P-C=C angle

(ppm) (8, ppm; Jep, Hz) (cm™) )
1 215 69.5:149.5, 114.2:23.2 2179 163.3(3)
2 6.5 69.0:188.0, 118.7:31.4 2167 168.6(2)
3 277 77.9: 205.5, 102.9:36.6 2186 174.6(2)

4alb  -21.9 (a), 0.0 (b)

5 24.0 66.3;170.8, 118.1;26.3 2176 170.0(3)
6 18.5 73.5;146.1, 111.5;22.7 2182 178.2(5)
7 7.1 72.7;184.0, 116.2;30.3 2177 175.8(7)
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Table 1.2. Summary of crystallographic data for compounds 1-7.

Compound reference
Chemical formula

Formula Mass
Crystal system

a/lA
b/A
c/A
al®
pI°
y°

Unit cell volume/A3

Temperature/K
Space group

No. of formula units per unit cell, Z
No. of reflections measured
No. of independent reflections

Rint

Final Ry values (1 > 24(1))
Final wR(F?) values (I > 24(1))
Final Ry values (all data)

Final wR(F?) values (all data)

1

CooHzBrP  CosH20BrP

383.33
Monoclinic

10.8535(18)
12.907(2)
14.799(2)
90
90.604(2)
90
2073.0(6)
125(2)
P21/c

4

14799
4521
0.0410
0.0341
0.0698
0.0599
0.0780

2

443.30

3

2946.26

Orthorhombic Cubic

16.9774(12) 30.2286(16)
14.1780(10) 30.2286(16)
17.9615(13) 30.2286(16)

90

90

90
4323.4(5)
125(2)
Pbca
8
31900
4720
0.0330
0.0292
0.0731
0.0406
0.0790

90

90

90
27622(4)
125(2)
Pa3

8
338038
11397
0.1190
0.0369
0.0734
0.0657

4ab 5
C147H160BraO36Ps Caa.25H36.50BrOgP  Cp3H22BrP
703.01 409.28
Monoclinic Orthorhombic
8.6131(13) 11.7797(10)
28.993(4) 19.4453(17)
13.087(2) 53.906(5)
90 90
102.416(2) 90
90 90
3191.7(8) 12347.6(19)
125(2) 125(2)
P21/n Pbca
4 24
24668 126861
6944 12122
0.0395 0.0931
0.0426 0.0434
0.0960 0.0884
0.0634 0.0564
0.1050 0.0925

0.0829

6 7
CasaHseBroP2 CagHasBroClsPs
688.56 978.34
Monoclinic Monoclinic
11.680(7) 8.3143(8)
17.067(10) 10.2810(9)
10.080(6)  25.844(2)
90 90
102.178(8) 90.1960(10)
90 90
1964(2)  2209.2(3)
125Q2)  125(2)
pP21/c P21/c

2 2

17450 14711
3163 4024
0.0501 0.0257
0.0560 0.0698
0.1392 0.2316
0.1240 0.0825
0.1732 0.2430
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1.4 Conclusions

The ethynylphosphonium salts 1 and 2 were reinvestigated and the newly reported
structural information indicated that exchanging alkyl and aryl groups bound to phosphorus
leads to significant structural differences in the phenylacetylene fragment. Several attempts
at diversifying the steric or electronic properties of the phosphorus were also made, but
were mostly unsuccessful in producing the desired ethynylphosphonium salts. At room
temperature the reaction between 1-bromo-2-phenylacetylene and the electron-rich,
sterically hindered tris(2,4,6-trimethoxyphenyl)phosphine was also unsuccessful, but
varied reactivity was observed at elevated temperatures. In hot heptane, only a minimal
amount of 3 could be isolated after three days, while a mixture of 3 with the cyclised by-
products 4a and 4b were isolated from the same reaction when hot toluene was used as the
reaction medium. IR spectroscopy demonstrated similarities in the acetylenic vibrations
between 1 and 2 and 5, however 3 demonstrated a significant difference indicating that
modification of the aryl rings with electron-donating substituents may influence the
properties of the acetylene fragment. The consequences of this observation still require

further study.

A new, greener synthetic route to the related bis(ethynylphosphonium) salts has also
been discovered and the newly synthesised derivatives 6 and 7 have been reported. These
compounds exhibit similar spectroscopic and structural properties to their related mono-
substituted derivatives, and are the first bis(ethynylphosphonium) salts to be structurally

characterised using X-ray crystallography.
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1.5 Future Work

The unique reactivity observed for the ethynylphosphonium salt 3 provided an
exciting new synthetic route to the phosphoniapyrans 4a and 4b. The intermediate
proposed for this rearrangement involves a transient ylidene, which reacts with the medium
to produce 4a as the major product. Future work with this molecule will be directed towards
synthesising 4a exclusively, and attempting to generate the corresponding ylidene from the
addition of a strong base (Scheme 1.8). Alternatively acyclic ylidenes may be targeted
using other nucleophiles and the ethynylphosphonium salts 2, with the preference given
for 2 due to its ease of synthesis and previous reactivity studies with nucleophiles. A cyclic
ylidene derived from 4a would be expected to be more stable than acyclic derivatives of 2
due to more steric protection from the 2,4,6-trimethoxyphenyl substituents and possibly
push-pull interactions as well. Therefore it may be necessary to generate the acyclic ylidene
in situ at low temperatures and trap them using a metal complex. These ylidenes could then

be used as ligands for metal centres.

[ Ph H Ph o ..
= Ar KH /=S Ar
0@ P‘Ar © _KBr 0@ P\Ar
o |Br 0
\ -H, \
e | 0
CuPPh
[Ph ® eph }1;9 Nu N éu 3 2 Be
— —_— u N
350 TpPhyCuBr | Y PPhy [T
php @

Scheme 1.8. Ylidene synthesis from 4a and 2. Nu is any nucleophile.
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Another avenue that has yet to be pursued is the reactivity of the ligands bound to
phosphorus in these systems. The ethynylphosphonium salt 5 is a particularly interesting
molecule in that it has the potential to form a phosphonium ylide following deprotonation
of the isopropyl group (Scheme 1.9). Reactions of ethynylphosphonium salts with
phosphorus ylides have been studied,?W-ERROR - Unable o find reference:189 hg\yever to date no such
ethynylphosphonium ylides have been prepared. These compounds would be expected to
participate in reactions that are typical of other phosphorus ylides such as the Wittig
reaction, but the unique electronic properties that are likely possessed by these molecules
are much more interesting. These molecules are expected to be highly electron rich, and
would likely exhibit unique chemical properties due to the proximity of the alkyne moiety
next to the phosphorus centre. One pursuit that should be investigated in the future is the
synthesis and characterisation of such a species and its corresponding radical anion, and

evaluating the reactivity of both compounds.

@ © BuLi _® . -
P — R i PQ@ — =1

Ph——=— P:< [Red] _  [Red]® | Ph

Scheme 1.9. Proposed reactivity of 5 that should be further explored. [Red] is a reducing

agent.
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Another aspect of these molecules that should be explored in the future is the
potential of these molecules to act as starting materials for new derivatives of classical
ligands such as N-heterocyclic carbenes. Using a copper catalysed cross-coupling reaction,
the ethynylbismuthonium salt [tBuC=CBi(p-An)s][BF4] has been shown to react with
cyclic imides such as succinimide to yield the corresponding ynimides.®® Using similar
chemistry, it may be possible to extend this synthesis to ethynylphosphonium salts, and use
it to synthesise N,N’-phenylethynyl substituted imidazolium salts, which can then be

converted to their respective carbenes using a strong base such as potassium hydride ().

2 [Ph :®PPh3] }g* + HNC/N M, Phxg4\N/Ph §>r
= - PPhs -[PhC=C], \—/
) Ph_ Ph -
i J I
R N [NQ‘M
N - KBr N N /
\ N
_  Ph- Ph on

Scheme 1.10. Possible synthetic route to N,N’-phenylethynyl imidazolium salts and

carbenes.

These carbene ligands are of interest as they could function as hemilabile ligands
by coordinating to metal centres using the acetylenic n-bonds of the flanking phenylethynyl
groups. These interactions would be weak enough to be easily displaced by incoming
substrates, but could be strong enough to stabilise any reactive intermediates.

Unfortunately the reaction between ethynylbismuthonium salts and imides was shown to
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yield the dimeric acetylene species [PhC=C]2,*® and so a similar by-product would be

expected in this case as well.
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2 m-Terphenyl Substituted Cyclopentadienyl Ligands

2.1 Overview

Cyclopentadiene is an organic molecule with the molecular formula CsHs. In terms
of hydrocarbon molecules, the cyclopentadiene molecule is unusually acidic (pKa ca. 15)*2
and is readily deprotonated by strong bases such as alkali metal hydrides or amides to

produce the aromatic cyclopentadienyl anion (CsHs~, abbreviated as Cp) (Figure 2.1).

L g MaX
0 © % =X
==

|
R
Figure 2.1. Cyclopentadiene (left), the cyclopentadienyl anion (middle left), the first

metallocene complex, ferrocene (middle right), and a typical cyclopentadienyl-amido

complex (right).

Since the serendipitous discovery of ferrocene (Figure 2.1) by Pauson and Kealy in
1951,% and elucidation of its structure and bonding the following year,* the Cp ligand has
become one of the most fundamental ligands in organometallic chemistry. Complexes
incorporating cyclopentadienyl ligands are known for most main group elements, all
abundant transition metals, and most accessible f-block elements. Cyclopentadienyl
ligands have demonstrated excellent utility in catalytic processes: particularly those
incorporating chelating cyclopentadienyl-amido ligands bound to Group IV metals for
olefin polymerisation reactions (Figure 2.1; M = Ti, Zr, or Hf).>° The importance of
cyclopentadienyl ligands and their respective complexes have also been highlighted in

11-14

various review articles!*'* and have rich potential in asymmetric catalysis.*®
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One of the most attractive features of cyclopentadienyl ligands is that they are easily
modified, which allows for specific tailoring of their combined steric and electronic
properties. The permethylated analogue (CsMes~, abbreviated as Cp*) is an excellent
example and has remained a popular ligand in organometallic chemistry due to its (often
beneficial) properties in comparison to the parent unsubstituted Cp complexes. These
properties include increased steric hindrance at the metal centre, superior electron donating
capabilities, and improved solubility in organic solvents.'®1® Cyclopentadienyl ligands
incorporating even bulkier substituents have demonstrated their usefulness in accessing

unprecedented or unusual molecular structure, spin states, or reactivity,6:1%-24

Ph Ph Ph
PhyAs, Cul ~_HNEy pH
Ph

Ph Et,N-4 Zr "NEt,
+ CpSnBuy + 2 isomers NEt
2

Scheme 2.1. Solitary synthetic route for m-terphenyl cyclopentadienyl ligand precursors

and its only known metal complex.

Presently, examples of free m-terphenyl substituted Cp ligands and their
corresponding metal complexes are extremely limited in the literature. The bulky
cyclopentadienyl ligand precursor TerPCpH (Ter™ = CgH,-2,6-Phy) synthesised through a
Pd-catalysed cross-coupling reaction, and a corresponding Zr complex (Scheme 2.1) are
the only examples.?® It was hypothesised and highly anticipated that by expanding the
library of known m-terphenyl substituted Cp ligands, a new class of hemilabile, bidentate
cyclopentadienyl ligands would emerge that are capable of binding to metal centers

through both cyclopentadienyl and aryl substituents. Furthermore, an improvement in
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solubility and simplification of *H and *C{*H} NMR spectra is expected from the addition
of substituents to the m-terphenyl ligand thereby increasing the utility of these molecules

in organometallic chemistry.

2.1.1 Sterically Hindered Cyclopentadienyl Ligands

The description for a “bulky Cp” ligand is poorly defined in the literature and is often
dependent on the authors’ perspective. For example, a mono tert-butyl substituted Cp
ligand may be considered as sterically demanding in some situations. The most recent
review on the subject (1991)%° offered the clearest description and included only
cyclopentadienyl ligands with three or more substituents larger than a methyl group - an
arbitrary decision meant to limit the size of the article. Under these criteria the m-terphenyl
Cp molecules synthesised over the course of this project would not be considered as bulky
cyclopentadienyl ligands. However, the m-terphenyl Cp molecules synthesised in this
project will be treated as bulky ligands due to the already well-established opinion that m-
terphenyl ligands are sufficiently large to allow the isolation of novel molecular structures

that are otherwise inaccessible.?’-3!

The use of sterically hindered cyclopentadienyl ligands has followed closely in line
with how convenient the ligands are to prepare. The coordination chemistry of polyarylated
cyclopentadienyl ligands was the first to be developed due to convenient synthetic routes,
and used relatively inexpensive, commercially available starting materials. Synthetic
routes to tri- and tetraphenylcyclopentadiene were first described in 1898,%23% while the
initially reported synthesis of pentaphenylcyclopentadiene occurred in 19253

Development of the coordination chemistry of polyalkylated cyclopentadienyl ligands
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occurred much later due to the increased difficulty in obtaining the parent dienes: which
often require organometallic reagents or techniques such as sequential
metalation/alkylation (e.g. Scheme 2.4). Unsurprisingly, many developments involving
these ligands were made by organometallic chemists themselves in their search for new
ligands, as is exemplified by molecules such as tetra- and penta(isopropyl)

cyclopentadiene,®+® or 1,2,4-tri(isopropyl)-3,5-dimethyl cyclopentadiene.®’

As mentioned earlier, the chemistry of sterically hindered cyclopentadienyl ligands
is significantly influenced by the availability of economical, high yielding, large scale
synthetic routes to the precursor dienes or their bromine derivatives. While economical and
high yielding are relative terms, large scale synthetic routes on the order of tens or hundreds
of grams are essential for bulky cyclopentadienyl ligands due to their inherently low
mole/mass ratio. Unfortunately most sterically demanding cyclopentadienyl ligands are not
commercially available or are prohibitively expensive for routine use. Therefore under
most circumstances the synthesis of the bulky cyclopentadiene precursor is an important

first step before the exploration of any coordination chemistry can begin.

Three general synthetic routes®® are available for the synthesis of sterically
demanding cyclopentadienes: (1) construction of the Cs ring from a combination of Cs, C,
or C: fragments in which the bulky substituents are already attached; (2) through
replacement of hydrogen atoms of the parent cyclopentadiene, CsHs, with bulky groups or
(3) by modifying an already sterically demanding Cs system. Some conventional organic

and organometallic routes to sterically hindered cyclopentadienes are given below (many
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of these routes are also applicable to non-bulky dienes), but these are by no means a

comprehensive list.
Method 1: Assembly of the Cs ring system

Tetra- and pentaphenylcyclopentadiene can be synthesised via the homocoupling
of diphenylacetylene with elemental lithium followed by the subsequent reaction of the
dilithiated intermediate with either methylene bromide or benzal chloride (Scheme 2.2).8
Yields for the corresponding dienes are 51% and 66%, respectively. Amounts were not
specified, but the dilithiated intermediate was produced on a 2 g scale. The main setback
this route suffers from is the tendency for the dilithiated intermediate to undergo
dimerisation yielding 1,2,3-triphenylnapthalene.®® To circumvent this issue the conversion
was only allowed to reach 60% (determined by quenching the intermediate with methanol

and weighing the tetraphenylbutadiene) before the addition of dihalogenated reagents.=®

Ph Ph Ph Ph
Et,O PhCHCIl,
2 Ph———Ph +2Li ——> 7\
Ph ) Ph Ph Ph
Li L1
Ph
CHzBrz
Ph Ph
Ph Ph

Scheme 2.2. Synthetic route to tetra- and pentaphenylcyclopentadienes using

diphenylacetylene.

Tetraphenyl cyclopentadiene derivatives can also be synthesised through the
coupling of substituted phenylacetophenones with formaldehyde via a base-catalysed
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condensation reaction.*® Subsequently the 1,5-diketone can be reductively cyclised with
zinc in acetic acid to produce the corresponding 1,2-diol, which affords the corresponding
tetraaryl cyclopentadiene following an acid-catalysed dehydration.*® Reaction scales

ranged between 3.8 g and 28.8 g with yields ranging between 32 % and 94%.

0] MeOH, CH,0 Ar OO\ Ar zZwAcoH AHO Oi
2 ANAT RO Q ﬁ \
Ar Ar' Ar' Ar' Ar'
-H0 HH H,80,, AcOH
o A
Ar = Ar' = R =H, Cl, Me, -2 H,0
OMe, NMe, Ar Ar
R
Ar' Ar'

Scheme 2.3. Synthesis of tetraaryl cyclopentadienes from phenylacetophenone derivatives.

Method 2: Hydrogen atom replacement

Reaction of the cyclopentadienyl anion with alkyl halides affords polyalkylated
cyclopentadienes. The primary advantage of this route over others is that it allows for the
specific tailoring of steric properties through the stepwise addition of groups. However, it
lacks selectivity and leads to the production of non-acidic isomers that require removal and
lower overall yields. This route is also applicable to ethyl (up to pentasubstitution),?® tert-

butyl,® and trimethylsilyl** (up to trisubstitution) with minimal modification.
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Scheme 2.4. Stepwise synthesis of polyalkylated cyclopentadienyl ligands.

Triisopropylcyclopentadiene is obtained in a 4:1 ratio of 1,2,4- and 1,2,3-substituted
isomers.®® Non-acidic isomers dialkylated at the 5,5’ position and are removed by

evaporation in vacuo.

This route is largely inapplicable for aryl halides as they are resistant to nucleophilic
substitution reactions, however, special cases are known. Sodium cyclopentadienide has
been shown to react with an excess of hexafluorobenzene and sodium hydride to give either
mono- or di-substituted,*? or a mixture of mono-, di-, and triaryl substituted
pentafluorophenyl cyclopentadiene products and their respective isomers in a one-pot
reaction.®** This reaction is believed to occur via a series of SnAr reactions, and is
therefore analogous to Scheme 2.4.  Purification of this mixture by column
chromatography afforded the respective dienes albeit in low individual yields relative to

sodium cyclopentadienide (2—26% in dimethoxyethane at 85 °C).* Longer reaction times
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at higher temperatures increase the degree of substitution, allowing for the isolation of the
tetrasubstituted isomer as the dominant product (57% in diglyme at 110 °C for two days).**
The pentasubstituted cyclopentadiene could not be obtained from this reaction even with

higher temperatures or longer reaction times.
Method 3: Modification of a Preassembled, Sterically Hindered Cs system

Modification of a preassembled sterically congested Cs system is often the most
direct route to bulky cyclopentadienes. The first reported synthesis of
pentaphenylcyclopentadiene followed this method;** the reaction between tetracyclone and
phenyl lithium produces pentaphenylcyclopentadienol following aqueous work up. This
can be isolated directly or reduced to produce the respective cyclopentadiene (Scheme 2.5).
This route is highly effective due to the relatively low cost of tetracyclone (or the benzil
and dibenzyl ketone required to synthesise tetracyclone®), and the moderate to high yields

(50—70%) on reaction scales between 50 and 100 grams.3*46

0] 1. PhLi or HO Ph HCl/Zn Ph
Ph Ph _ PhMgBr  pp Ph AcOHor pp Ph
2. HCl (aq) HI, H,PO,
Ph Ph Ph Ph AcOH Ph Ph

Scheme 2.5. Synthesis of pentaphenylcyclopentadiene from tetracyclone.

This reaction is only applicable for highly substituted cyclopentadienones; those with
smaller or fewer substituents may undergo dimerization via 4+2 cycloaddition.*” This can
be prevented by using cyclopentenones instead of cyclopentadienones and have led to the
isolation of significantly substituted cyclopentadienes such as 1,2,4-tri(isopropyl)-3,5-

dimethyl cyclopentadiene (Scheme 2.6).%” The parent cyclopentenone can be prepared on
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the scale of several hundred grams with a yield of 77%, while the cyclopentadiene is

prepared on a 20 g scale in 72% yield from commercially available isopropylmagnesium

chloride.®’
1. iPrMgCl,
(@) Et,O iPr @ iPr
2. HCI (aq) NaNH, 5
Bl S
iPr iPr - MgCl, iPr iPr iPr iPr

+ isomers

Scheme 2.6. Synthesis of sterically hindered cyclopentadienes from cyclopentenones.

While this route is very general,’* a caveat is that it is limited to moderately
substituted cyclopentenones. While this seems like a harmless condition if highly
substituted molecules are desired, it does provide a challenge during the initial substitution
reactions particularly when metallated arenes are used as nucleophiles. Two deviant
reactions are particularly problematic (Scheme 2.7); (i) nucleophilic attack may occur at
the p-carbon resulting in a 1,4-addition, followed by tautomerisation after hydrolysis to
yield a formal 3,4-addition product or (ii) deprotonation of the ketone may occur by the
carbanion, which regenerates the starting ketone upon hydrolysis.}*¢ Additives capable of
suppressing these side reactions are known for Grignard reagents such as CeCls,*® which
functions by lowering the basicity of Grignard reagents while activating the carbonyl group
due to the high oxophilicity of cerium, however these are not always effective at mediating

the reaction.*°
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Scheme 2.7. Deviant reaction pathways of Sn2 reactions with cyclopetenones.

As previously stated, this is only an outline of a small number of the conventional
syntheses; more comprehensive reviews on sterically hindered,? aryl substituted,'* and
chiral*® cyclopentadienyl ligands are given in the literature and provide less common
examples such as the synthetic route used for the synthesis of the m-terphenyl
cyclopentadienyl ligands described in this project using cobaltocenium salts (refer to

section 2.3.1.2 of the Results and Discussion section for a detailed explanation).

2.1.2 Preparation of Cyclopentadienyl Metal Complexes

Many of the conventional synthetic routes used to make typical unhindered Cp
complexes are also compatible with the bulkier analogues. The three reactions most
frequently used are (i) salt metathesis, (ii) oxidative addition, and (iii)

metalation/deprotonation (Scheme 2.8).

CpM + M'X — CpM'+ MX (i)
CpX + M™L, —=CpM"™2'L X +qaL (i)

2CpH+2M —— 2CpM +H, (iii)
Scheme 2.8. General reaction schemes for the preparation of Cp metal complexes using

conventional synthetic routes.?® For process (i) M is typically an alkali metal salt, M’ is

any other metal, and X is a halide, (ii) X is a halide (typically Br), M™ is often a low
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oxidation state metal (m = 0-2), and L is typically CO and in (iii) M is typically a Group |

metal.

The latter is particularly useful as it allows the direct synthesis of alkali metal salts
of Cp ligands from their respective elements (e.g. NaCp or KCp from CpH and Na or K
metals).3"°! Their respective hydrides or amides are also acceptable reagents. Transition
metal amides have also been used to prepare cyclopentadienyl complexes from the parent
dienes.*% Salt metathesis was the first to be discovered for complexes beyond alkali metal
salts (e.g. ferrocene®) and is frequently used to prepare the majority of new Cp complexes,
while oxidative addition reactions are typically reserved for low oxidation state metals and
require the bromine derivative of a highly substituted cyclopentadienyl ligand.?® Bromine
derivatives are preferred for these reactions due to their compatibility with low oxidation
state metals (c.f. soft-hard acid base theory) and their higher stability in comparison to Cpl
derivatives, while multiple substituents reduce the rate of nucleophilic substitution

reactions that occur on the Cp ring.%*3

Methods (i) and (iii) are the most relevant for discussing the new molecules
synthesised over the duration of this project, however it is expected that (ii) will become
increasingly important in the near future for targeting electron-rich metals such as Cu or
Pd. There are other synthetic routes that have been developed out of fundamental
interest,>*® but these are far too specific to discuss and irrelevant to the methods used in

this work.
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2.1.3 Concepts for Using Bulky Cyclopentadienyl Ligands
Four main conceptual areas for using bulky cyclopentadienyl ligands were outlined
in the most recent review?® and have persisted as general areas of research and interest in

the field of cyclopentadienyl chemistry. 161924

The first and arguably most fundamental idea is the use of bulky ligands to provide
kinetic inertness to thermodynamically unstable species. This is a well-established concept
in the field of molecular chemistry and is governed by the idea that unstable species can be
isolated by using large substituents to shield highly reactive sites. These substituents act as
a protective barrier, lowering the rate of decomposition through homomolecular collisions

in solution or by reacting with small molecules such as water or oxygen.

A second concept of perpetual interest is the use of sterically hindered
cyclopentadienyl ligands to invoke new and unusual molecular geometry. Significantly
different molecular geometry is often facilitated by extremely bulky ligands by shifting the
balance of steric and electronic properties. This shift often allows the isolation of molecules
that lie in local minima along the potential energy surface that are otherwise inaccessible
using smaller ligands. This concept was applied to isolate the first terminal cerium hydride
Ce[CsH2(tBu)s]H.*" These molecules have a tendency to dimerise or oligomerise when less
sterically demanding substituents are employed such as Cp*,% but are isolable if the
ligands employed are large enough to block low-lying vacant orbitals at the metal centre

(Figure 2.2).
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Figure 2.2. Steric influence of Cp ligands in cerium(l11) hydride complexes.

The third and fourth concepts are closely related, and are focused on the rotation
dynamics and chirality of the organometallic complexes. In the most trivial cases, chirality
will be present if a chiral substituent is present on the Cp ring (Figure 2.3, i), or if two or
more different substituents are present on the Cp ring (Figure 2.3, ii). Another common
example of chirality is when rotation is prevented in achiral substituents (Figure 2.3, iii).
Lastly, sterically crowded cyclopentadienyl rings are more likely to experience reduced
rotation about the metal centre due to repulsive forces between the bulky substituents
bound to each ring. While this makes rotation dynamics much easier to study in-depth,
chirality is frequently encountered even with achiral substituents if rotation is completely

inhibited (Figure 2.3, iv).

-9
L
%

?ﬁﬁ? R_,R R\_R

(iii)
(iv)
E‘ indicates hindered rotation
Figure 2.3. Possible configurations for chiral cyclopentadienyl complexes; (i) chirality will

occur if R* is a chiral substituent, (ii) if R1 and Rz are different chirality will occur, (iii)
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chirality will occur if rotation is prevented for a substituent and (iv) chirality will occur if
the orientation of the Cp rings are fixed in place (note that this is only a schematic

representation to illustrate the principal).

The primary purpose for targeting m-terphenyl substituted cyclopentadienyl ligands
IS to investigate the bonding properties of both cyclopentadienyl and aryl substituents,
therefore the first two concepts are the most relevant to this project. If both the
cyclopentadienyl and aryl rings participate in bonding with the metal centre, then it is likely
that rotation dynamics will not be applicable as rotation about the Cp-M axis would be
locked. However, chirality may become important as this project progresses, particularly

if other substituents are added to the cyclopentadienyl ring in the future.

2.2 Experimental

All manipulations were carried out under an inert atmosphere of dry nitrogen or
argon gas using either standard Schlenk techniques or in an mBraun inert atmosphere
glovebox unless otherwise stated. Calculations (B3LYP,>%2 6-31G(d)%®) were completed
using the Gaussian 09W suite of programs® and visualised using the program
GaussView.%® Glassware was dried for a minimum of four hours in a 150 °C oven prior to
use. Alumina and 4 A molecular sieves were pre-dried in an oven at 150 °C for one day
prior to drying at 300 °C in vacuo. Celite® and silica gel were dried by storing in a 150 °C
oven for a minimum of three days prior to use. NMR solvents were purchased from
Cambridge Isotope Laboratories, Inc. and stored over 4 A molecular sieves for a minimum
of one day prior to use. NMR spectra were recorded at 298 K on a 300 MHz spectrometer

unless otherwise indicated and are reported in ppm. *H NMR spectra are collected in
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deuterated (°H, defined as D) solvents and referenced®® internally to either residual protio
(*H) solvents relative to tetramethylsilane, TMS (8 = 0 ppm), or using an internal TMS
standard (CDCls only). The C{*H} NMR spectra were referenced®® internally to the
deuterated solvents in which they were collected relative to TMS (5 = 0 ppm). 3P NMR
chemical shifts are referenced to an external standard of 85% phosphoric acid (6 = 0 ppm).
Coupling constants are reported in Hz and are given as absolute values. IR spectra were
collected as KBR pellets using an ALPHA FT-IR spectrometer (Bruker) unless otherwise
indicated. UV-Vis absorption spectra were collected in 1 cm quartz cuvettes using a Cary
50 Bio spectrophotometer (Agilent) unless otherwise indicated. Melting points were
recorded on an Electrothermal MEL-Temp 3.0 using glass capillaries sealed under inert
conditions. Elemental analysis was performed by the Centre for Environmental Analysis
and Remediation (CEAR) facility at Saint Mary’s University using a Perkin Elmer 2400 11
series Elemental Analyser. Deionised water was used in synthetic procedures unless
otherwise indicated. Dichloromethane (Caledon Laboratory Chemicals), diethyl ether
(ACP Chemicals Inc.), THF (Caledon Laboratory Chemicals), toluene (Caledon
Laboratory Chemicals), and pentane (Fisher Scientific) were dried using an alumina-based
solvent purification system from Vacuum Atmospheres. Diethyl ether, THF, toluene, and
pentane were further dried using KH followed by filtration through alumina and stored
over 4 A molecular sieves in the glovebox. Dichloromethane was stored over 4 A molecular
sieves for a minimum of three days prior to use. Acetonitrile (Fisher Scientific) was used
without further purification. All reagents were purchased from Sigma-Aldrich and used as
received, unless otherwise noted. Sodium hydride and potassium hydride were purchased
as mineral oil dispersions (60% and 30% respectively) from Sigma-Aldrich and washed
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three times with an appropriate amount of pentane, and dried in vacuo until a free-flowing
powder was obtained. Cobalt(ll) chloride hexahydrate (ACP Chemicals Inc.) was ground
into a fine powder and dried in a 150 °C oven until uniformly blue in colour and used

without further purification.

2.2.1 X-ray crystallography

Under inert conditions, crystals were prepared for mounting by suspending them in
paratone-N oil on a microscope slide. Crystals were attached to the tip of an appropriate
sized MiTeGen loop with paratone-N oil and cooled to 125 K. Measurements were made
on a Bruker APEX2 CCD equipped diffractometer (30 mA, 50 mV) using monochromated
Mo Ka radiation (L = 0.71073 A) at 125 K. The initial orientation and unit cell were
indexed®’ using a least-squares analysis of a random set of reflections collected from three
series of 0.5° wide scans, 10 seconds per frame and 12 frames per series that were well
distributed in reciprocal space. For data collection, four o-scan frame series were collected
with 0.5° wide scans and 366 frames per series at varying ¢ angles (¢ = 0°, 90°, 180°,
270°). The frame length was adjusted between 10 s and 60 s to provide an expected
resolution limit below 0.8 A. The crystal to detector distance was set to 6 cm and a complete
sphere of data was collected. Cell refinement and data reduction were performed with the
Bruker SAINT software,% which corrects for beam inhomogeneity, possible crystal decay,
Lorentz and polarization effects. Data processing and a multi-scan absorption correction
was applied using APEX3 software package.®® Structures were solved using direct®® or
intrinsic methods® and all non-hydrogen atoms were refined anisotropically using the
ShelXLE"™ graphical user interface and SHELXL.”™ Hydrogen atoms were included at

geometrically idealized positions and were fixed (Ar-H, C-H, CHy) or, in the case of methyl
73



groups, the dihedral angle of the idealized tetrahedral CH3 fragment was allowed to refine,
and coupled with isotropic temperature factors. Figures were made using ORTEP-3 for

Windows.”?

During the refinement of the homocoupled dimer 9°, some disorder was encountered
in the central cyclopentadiene. This was modelled using a combination of SIMU and

DELU restraints.

During the refinement of the lithium cyclopentadienide 10, two-site lithium disorder
was encountered Different components of the disorder were separated using the PART

command. Site occupancies were allowed to freely refine.

During the structure refinement of [Na(THF) TerM®Cp-NaCp(THF)].., some disorder
was present in one of the coordinated THF molecules and could not be modelled, so bond
lengths and angles have been excluded. This structure has been included to show

connectivity.

During the structure refinement of [KTerM®Cp],[KN(SiMes).]> (12°) disorder was
encountered in a molecule of co-crystallised pentane. Different components of the disorder
were separated using the PART command. Site occupancies were allowed to freely refine.
The C-C distances for the molecule of pentane were restrained to be approximately equal
using the SADI command, and restrained using a combination of SIMU, DELU, and ISOR

commands.

Multiple (>7) non-coordinating solvent molecules were visible during the structure
refinement of the caesium cyclopentadienide 14, some of which were disordered and could

not be modelled properly. To remedy this, the residual electron density attributed to these
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molecules was removed by implementing PLATON‘s squeeze command,® removing a
total electron density of 347 electrons per unit cell, which corresponded to ca.8.5 molecules

of THF.

During the structure refinement of the cobaltocene 16 disorder was encountered in a
molecule of co-crystallised pentane. Different components of the disorder were separated
using the PART command. Site occupancies were allowed to freely refine. The C-C
distances for the molecule of pentane were restrained to be approximately equal using the

SADI command, and restrained using a combination of SIMU and DELU commands.

During the structure refinement of the bismuth complex 19, the orientation of the
hydrogen atoms in the methyl groups C19 and C20 were modelled as disordered between

two positions. Site occupancies were allowed to freely refine.

During the refinement of the TerP®? cobalt intermediate 20 and cyclopentadiene 21,
significant disorder was encountered that could not be modelled. These structures have

been included for connectivity.

2.2.2  Synthesis of TerMes|

Br MgBr
THF

+12Mg ———
8 24 h, 65 °C

Following a similar procedure as those reported in the literature,”>* magnesium
powder (7.21 g, 296 mmol, 1.18 eq.) and a PTFE-coated magnetic stir bar were added to a
250 mL, 3-necked round bottom flask equipped with a 100 mL pressure-equalising

dropping funnel capped with a rubber septum, and a reflux condenser capped with a gas
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adaptor. A glass stopper was added to the remaining neck, and 10 mL of THF were added
to the magnesium through the dropping funnel to produce a slurry. The magnesium slurry
was heated to 60 °C before adding ca. 100 mg of I» to activate the magnesium. The slurry
became slightly green and the THF began to boil. In the dropping funnel, 2-
bromomesitylene (50.0 g, 251 mmol, 1 eq.) and 40 mL of THF were combined to produce
a 1:1 MesBr:THF solution, which was then added dropwise to the magnesium slurry,
producing a dark brown coloured mixture. The dropping funnel was rinsed with an
additional 60 mL of THF, and the reaction mixture was left to reflux for 6 h. The reaction
mixture was adjusted to just below reflux temperature (ca. 65 °C) and left to stir overnight.
The following day the mixture was left to cool to room temperature before being used in

the next reaction.

cl cl THF Cl I Cl
+ "BuLi -
\©/ 105 Buld =507 i, 78 °C \©/

The following day, a 1 L, 2-necked round bottom flask equipped with a PTFE-coated

magnetic stir bar, a reflux condenser fitted with a gas adaptor and a 125 mL pressure-
equalising dropping with a rubber septum was assembled. To the dropping funnel, pale
yellow coloured 1,3-dichlorobenzene (14.7 g, 99.8 mmol, 1 eq.) were added and transferred
to the round bottom flask. The contents of the flask were diluted by rinsing the dropping
funnel with 150 mL of THF, producing a pale yellow coloured solution. The reaction flask
was then cooled to -78 °C using a liquid nitrogen/isopropanol bath. To the dropping funnel,
42.5 mL of a pale yellow coloured solution of BuLi (2.5 M in hexanes, 106 mmol, 1.06
eq.) were added via syringe. While maintaining a temperature of -78 °C, the pale yellow

coloured solution of BuLi was added dropwise to the pale yellow coloured solution of 1,3-
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dichlorobenzene to produce a peach coloured mixture. After the addition was complete,
the dropping funnel was rinsed with 10 mL of THF and the reaction mixture was left to stir
for 30 minutes at -78 °C. During this time, the brown coloured MesMgBr Grignard solution

was transferred to the 125 mL dropping funnel via cannula.

. MgB
Li s MgBr
THF
' 3h,-78°C
24 h, -78 °C > r.t.

The MesMgBr Grignard solution was then added dropwise to the peach coloured

reaction mixture over a period of 3h while maintaining a temperature of -78 °C. Over the
course of the addition, the colour of the reaction mixture changed from an initial peach
colour, to yellow, then orange, then reddish-orange, before finally reaching a reddish-
brown colour. After the addition was complete, the reaction mixture was left to warm up

to room temperature overnight.

O MgBr 1. THF, 1.5 h, 0 °C O 1
+
O 20L 5,50, @9 O

The following day, the dark brown coloured mixture of TerM®MgBr was cooled to

0 °C using an ice-water bath. The reflux condenser was removed and dropping funnel was
replaced with a gas adaptor, leaving the centre neck open to the atmosphere. Using a funnel,
violet coloured I, crystals (50.9 g, 201 mmol, 2.01 eq.) were slowly added to the flask, and
the colour of the reaction mixture changed to dark reddish-brown. This mixture was left to
stir in the ice-water bath for 1.5 h. Excess I> was then quenched using 500 mL of a 1 M

aqueous solution of Na,SOs. Addition of the colourless solution of Na>,SOz to the reddish-
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brown coloured reaction mixture produced a bright yellow coloured mixture that was left

to warm up to room temperature and stir overnight.

The following day, the yellow coloured mixture was left to separate into a bright
yellow coloured top organic layer and a pale yellow coloured bottom aqueous layer, with
some colourless precipitate in the bottom of the flask. The reaction mixture was transferred
into a 1 L separatory funnel and the yellow coloured organic fraction was collected and
washed once with 200 mL of a saturated aqueous solution of NaCl. The yellow coloured
organic fraction was then dried with MgSO4 for 20 minutes before removing the solids by
vacuum filtration. The yellow coloured filtrate was transferred to a 1 L round bottom flask

and the volatiles were removed in vacuo to yield a yellow coloured solid.

The yellow coloured solid was broken up with a spatula, and ca. 500 mL of methanol
were added to the 1 L round bottom flask. A reflux condenser with a balloon covering the
top was attached to the flask and the yellow coloured mixture was refluxed for 4h. The
precipitate was then separated via hot vacuum filtration, washed with cold methanol, and
dried in vacuo to yield a pale yellow coloured powder. A portion of the yellow coloured
methanol filtrate was collected, the solvent removed in vacuo, and a *H NMR spectrum
was collected of the filtrate; a negligible quantity of TerM®| remained so the filtrate was

discarded without further purification.
Yield: 19.41 g (44 % yield)

IH NMR (CDCls): § 7.45 (t, 3Jun = 7.5 Hz, 1H, p-CeHs), 7.07 (d, 3Jun = 7.5 Hz, 2H, m-

CeHa), 6.95 (s, 4H, m-CsH2(CHz)3), 2.35 (s, 6H, p-CHa), 1.98 ppm (s, 12H, 0-CHz).
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3C{*H} NMR (CDCls): § 147.3, 142.2, 137.3, 135.5, 129.0, 128.2, 127.9, 107.8, 21.4,

20.4 ppm.

2.2.3 Synthesis of TerMesLj

I L Qs
' pentane
O + 1.0 BuLi m’ O

Following a similar procedure as reported in the literature,” to a 125 mL Erlenmeyer
flask equipped with a PTFE-coated magnetic stir bar, 10.36 g (23.5 mmol, 1.0 eq.) of pale
yellow TerMes| were suspended in 40 mL of pentane to produce a pale yellow mixture. To
this mixture, 14.75 mL of a pale yellow coloured BuLi solution (1.6 M in hexanes, 23.6
mmol, 1.0 eq.) were added to produce a bright yellow coloured mixture. This mixture was
left to stir overnight. The following day, the stir bar was removed and the bright yellow
coloured mixture was filtered through a coarse glass frit, washed with a minimal amount

of cold pentane, and dried in vacuo to yield a colourless powder.
Yield: 5.95g (79 % yield)

IH NMR (CeDs): 5 7.23 (t, 3Jum = 7.6 Hz, 1H, p-CeHs), 6.84 (s, 4H, m-CsH2(CHs)s), 6.82

(d, 33un = 7.5 Hz, 2H, m-CeHs), 2.17 (s, 6H, p-CHs), 1.83 ppm (s, 12H, 0-CHs).

2.2.4 Synthesis of TerPp|

Br Cl Cl I
2.75 n \©/ —

TerPPP| was synthesised following a similar method as the synthesis of TerM®| using

50.0 g (207 mmol, 2.5 eq.) of 1-bromo-2,6-diisopropylbenzene, 5.54 g (228 mmol, 2.75
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eq.) magnesium, 57 mL of a BuLi solution (1.6 M in hexanes, 91.2 mmol 1.1 eq), 12.19 g
(82.9 mmol, 1 eq.) of 1,3-dichlorobenzene, and 42.28 g (167 mmol, 2.0 eq.) of iodine. The
product was isolated as a viscous brown coloured oil that could not be purified by refluxing
in methanol. This was due to a large amount of 1-iodo-2,6-diisopropylbenzene that was
recovered as a pale yellow coloured liquid from the reaction between unreacted Grignard
reagent and iodine, and was removed via short-path vacuum distillation. Afterwards the
product was crystallised from ethanol and washed with 3 x 15 mL portions of cold ethanol

to produce pale yellow coloured crystals.
Yield: 5.19 g (12 %)

IH NMR (CDCls): § 7.42 (m, 3Jun = 7.3 Hz, 3H, p-CeHs, p-CeHa(iPr)2), 7.22 (d, 3Jum= 7.6
Hz, 4H, m-CeHa(iPr)2), 7.15 (d, 33w = 7.5 Hz, 2H, m-CsHs), 2.53 (sept, 3Jnn = 7.1 Hz, 4H,

iPr-CH), 1.22 (d, 3Jun = 7.1 Hz, 12H, iPr-CHs), 1.09 ppm (d, 3Jun = 7.1 Hz, 12H, iPr-CHa).

13C{*H} NMR (CDCls): § 146.6, 146.2, 142.8, 128.6, 128.3, 127.6, 123.0, 110.3, 31.0,

25.0, 23.4 ppm.

While it may seem that the *C{*H} NMR spectrum possesses an extra peak, it is in fact
correct. The isopropyl groups contain chemically inequivalent methyl groups and will

produce three resonances instead of two (also evident by the *H NMR spectrum).

2.2.5 Synthesis of TerPiPrLj

L 94899
) pentane
O +1.10 BuLi m’ O
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To a 20 mL scintillation vial equipped with a PTFE-coated magnetic stir bar,
0.971 g (1.85 mmol, 1 eq.) of pale yellow coloured Ter®*"Pl were dissolved in 10 mL of
pentane to produce a pale yellow coloured mixture. To this mixture, 0.80 mL of a pale
yellow coloured solution of BuLi (2.5 M in hexanes, 2.0 mmol, 1.1 eq.) were added and a
colourless precipitate began to form. This mixture was left to stir overnight. The following
day, the stir bar was removed and the pale yellow coloured mixture was left to settle before
decanting off the pale yellow coloured supernatant. The colourless precipitate was washed

three times with ca. 2 mL of cold pentane, and dried in vacuo to afford a colourless powder.
Yield: 0.70 g (94 %)

IH NMR (CsDe): & 7.31 (t, 3Jun = 7.6 Hz, 1H, p-CeHs, p-CeHa(iPr)z), 7.20 (d, 4H, 3Ju =
7.4 Hz, m-CeH2(CHa)s), 7.10 (d, 3Jnn = 7.5 Hz, 2H, m-CeHs), 3.22 (sept, 3Jun = 6.9 Hz, 2H,
iPr-CH), 2.91 (sept, 3Jun = 6.9 Hz, 4H, iPr-CH), 1.14 (d, 3Ju = 6.9 Hz, 12H, iPr-CHa),

1.13 ppm (d, 3Jnn = 6.8 Hz, 12H, iPr-CHs).

2.2.6 Synthesis of TerM®sH and TerP"PPH

These molecules were synthesised by adding methanol to ca. 50 mg of their
respective lithium salts, extracting the mixture with pentane, and removing the solvent in
vacuo. These compounds were desired to verify the presence of TerM®H and TerP"PH
during the synthesis of their respective cobalt(l) intermediates 8 and 20. Their respective
'H NMR spectra were used frequently as reference standards during the synthesis of these

compounds and are included for future reference.

TerMesH
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H NMR (CsDs): & 7.25 (t, 3Jun = 7.6 Hz, 1H, p-CsHa), 6.99 (dd, 3Jun= 7.6 Hz, *Jpn=1.6
Hz 2H, m-CeH4), 6.87 (s, 4H, m-CsH2(CHz3)3), 6.77 (t, 4Jun= 1.6 Hz, 1H, i-CsHa), 2.21 (s,

6H, p-CHz3), 2.07 ppm (s, 12H, 0-CHjs).

IH NMR (THF-dg): & 7.46 (t, 3Jun = 7.6 Hz, 1H, p-CeHa), 7.06 (dd, 3Jum = 7.6 Hz, “Jun =
1.6 Hz 2H, m-CsHa), 6.88 (5, 4H, m-CsH2(CHs)s3), 6.86 (t, “Jum= 1.6 Hz, 1H, i-CeHa), 2.26

(s, 6H, p-CHa), 2.01 ppm (s, 12H, 0-CH3).
TerPiPPH

H NMR (CsDe¢): & 7.34 (m, 3Jun = 6.9 Hz, 3H, p-CeHa, p-CsHs(iPr)2), 7.20 (d, 3Jun = 6.8
Hz, 4H, m-CgHs(iPr)2), 7.10 (m, 3Jun= 7.5 Hz, 2H, m-CsHa), 7.04 (t, 4J4n=1.5Hz, 1H, i-
CeHa), 2.90 (sept, 3Jun = 6.8 Hz, 4H, iPr-CH), 1.13 (d, 3Jun = 7.0 Hz, 12H, iPr-CHa), 1.12

ppm (d, 3Jun= 6.9 Hz, 12H, iPr-CHs).

2.2.7 Synthesis of NaCp

165 °C ®
+2 Na % — Na
-1t

(large excess)

Following a similar procedure as reported in the literature®, 5.16 g (224 mmol, 2 eq.)
of gray coloured sodium metal were added in air to a 500 mL Schlenk flask containing a
PTFE-coated magnetic stir bar and 200 mL (1500 mmol, 6.7 eq.) of pale yellow
dicyclopentadiene. A Vigreux column was attached to the flask to serve as an air condenser
and was equipped with a gas adaptor, and the reaction vessel was purged with a light flow
of argon for 5 minutes. The reaction mixture was slowly heated to 165 °C for 6 hours, and

the reaction mixture slowly became orange in colour and a copious amount of colourless
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precipitate had formed. Once all of the sodium metal was consumed (as monitored by the
evolution of hydrogen gas) the reaction mixture was cooled to ca. 50 °C before removing
the orange coloured supernatant using a syringe. Alternatively it was found that similar
assembly using a 2-necked flask with a cotton-plugged gas adaptor in the second neck to
decant the supernatant directly into a beaker was also sufficient. The colourless precipitate
was washed twice with 50 mL of pentane and transferred to the glovebox to collect via
vacuum filtration, washing once more with 50 mL of pentane and drying in vacuo to afford

the desired product as a colourless precipitate.
Yield: 16.5 g (87 %)

'H NMR (THF-ds): & 5.66 ppm (s, SH).
BC{'H} NMR (THF-ds): 5 103.1 ppm.

2.2.8 Synthesis of Cp2Co

2 NaCp + CoCl, —1H-05°C 3/
<

Similarly to a previously reported procedure’, in a 500 mL Schlenk flask equipped

with a PTFE-coated magnetic stir bar, 12.10 g (93.2 mmol, 1 eq.) of blue coloured CoCl>
were suspended in 100 mL of THF producing a blue coloured mixture. Separately, 16.29
g (185 mmol, 1.98 eq.) of colourless NaCp were dissolved in 140 mL of THF producing a
pale orange coloured solution. This solution was added directly to the suspension of CoClo,
immediately producing an intensely violet coloured mixture. A condenser equipped with a

gas adaptor was added to the flask, and the entire assembly was removed from the glovebox
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and refluxed for two hours. The solvent was removed in vacuo and the violet coloured solid

was purified by sublimation at 175 °C under dynamic vacuum yielding violet crystals.
Yield: 9.16 g (52 %)

2.2.9 Synthesis of [Cp2Co][l]

@ benzene : ®| 6

2 Co +hL ——= 2| Co |
<= <

Similar to a previously reported procedure,”” in a 250 mL round-bottom flask
equipped with a PTFE-coated magnetic stir bar, 2.02 g (10.7 mmol, 1 eq.) of violet coloured
cobaltocene were dissolved in 30 ml of benzene producing an intense violet coloured
solution. Separately, 1.33 g (5.24 mmol, 0.49 eq.) of violet coloured iodine crystals were
dissolved in 100 mL of benzene producing an intense reddish-violet coloured solution, and
transferred to a 125 mL pressure-equalising dropping funnel. Dropwise-addition of the
iodine solution to the cobaltocene solution immediately produced a bright yellow coloured
precipitate. The reaction mixture was left to stir for two and a half hours before collecting
the yellow coloured precipitate by vacuum filtration in air, and washing the product with 3
x 20 mL portions of pentane. The precipitate was dried in vacuo to afford the product as a

bright yellow coloured powder.
Yield: 2.81 g (84%)
'H NMR (CDsCN): § 5.73 ppm (s, 10H).

13C{*H} NMR (CDsCN): & 86.0 ppm.
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2.2.10 Synthesis of [Cp2Co][PFs]

THF, 65 °C < H,0, O,

2 NaCp + CoCl, Co ———3 0.5[Cp,Co],0
<=
0.5 [Cp,Col,O + KPF, —122 . | 0@ o
. (0} —_—
p2L0]p 6 _KOH Co ™ | PFg

<=

Following a similar procedure as previously reported,’®® Cp,Co was synthesised
using 17.66 g (0.20 mol, 2.0 eq.) of NaCp and 13.06 g (0.10 mol, 1.0 eq.) of CoCl.. Instead
of subliming the crude violet solids, 300 mL of boiling water were added and the dark
brown reaction mixture was sparged with compressed air for 4 hours. The black coloured
precipitate was separated by gravity filtration producing a greenish-yellow coloured
solution, and the black coloured solids were extracted once with 100 mL of boiling water
and filtered off again. The aqueous portions were combined, transferred to a 1 L separatory
funnel, and washed twice with 100 mL of diethylether before reducing the volume to ca.
80 mL. To this yellow coloured solution, 250 mL of a 0.40 M solution of KPFs in water
(0.10 mol, 1.0 eq.) were added, immediately producing an olive-green coloured precipitate.
The greenish-yellow coloured reaction mixture was placed in an ice-water bath for 10
minutes before collecting the product by vacuum filtration using a medium porosity frit.

The product was dried in vacuo overnight prior to use.
Yield: 6.35 g (19%)
'H NMR (CDsCN): § 5.67 ppm (s, 10H).

13C{*H} NMR (CDsCN): & 85.8 ppm.
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2.2.11 Synthesis of TerMesCpH(CoCp) — 8

|
Li v® | ©  toluene
O O T Co I 2h,rt
(SN ’

In a 20 mL scintillation vial, 0.502 g (1.57 mmol) of colourless TerM®Li powder

were dissolved in 10 mL of toluene to produce a pale yellow coloured mixture. This
mixture was transferred to a 50 mL pressure-equalizing dropping funnel equipped with a
PTFE stopcock and sealed with a rubber septum. In a separate 20 mL scintillation vial,
0.496 g (0.157 mmol, 1.00 eq) of bright yellow coloured [Cp2Co][l] were measured and
added to a 25 mL Schlenk flask equipped with a PTFE-coated magnetic stir bar. The
[Cp2Co][l] was suspended in 5 mL of toluene, producing a bright yellow coloured mixture.
The Schlenk flask was fitted with the dropping funnel, and the entire apparatus was
removed from the glovebox. The Schlenk flask was fitted with the dropping funnel, and
the reaction vessel was removed from the glove box, connected to a Schlenk line, and the
mixture of [Cp2Co][l] was cooled to 0 °C using an ice-water bath. The pale yellow coloured
TerMesLi mixture was added dropwise to the bright yellow coloured [Cp2Co][l] suspension
to quickly produce a red-orange coloured mixture. Once the addition was complete, the
dropping funnel was removed and the resultant mixture was transferred back to the glove
box and left to stir overnight. The following day, an aliquot was removed for *H NMR
analysis, which indicated that the reaction was complete and that approximately 20% of
TerMeH was produced as a by-product. The reddish-orange coloured mixture was filtered

through silica gel to afford a cherry red coloured solution. Removal of the solvent in vacuo
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yielded the crude product as a red coloured solid. Crystallization was achieved by
dissolving the red colored solid in pentane and storing in a freezer at -30 °C overnight. The
red coloured supernatant was decanted from the red coloured crystals, and the crystals were

washed three times with ca. 1 mL portions of cold pentane.

The same procedure was suitable for [Cp2Co][PFe] and was identical to [Cp2Co][l]
in terms of *H NMR spectroscopy, and it was later found that cooling with an ice-water
bath was not necessary however no isolated yields were recorded as 8 was generated and

subsequently oxidised without isolation.
Yield: 0.53 g (66 %)

EA: Calc for CssH3s5Co: C: 81.25 %, H: 7.02 %, N: 0.00 %. Found: C: 81.48 %, H: 7.11 %,

N: 0.08 %.
m.p. (°C): 138.8-140.1
UV (pentane): 327 (Amax, € = 1200 L mol* cm™), 390 nm (¢ = 570 L mol* cm™).

IH NMR (CsDg): & 7.03 (t, 3Jun = 7.5 Hz, 1H, p-CeHs), 6.92 (s, 4H, m-CgH2(CHs)s), 6.77
(d, 3Jun = 7.5 Hz, 2H, m-CgHs), 4.55 (M, *Jun = 2.0 Hz, 2H, Cp-CH), 4.32 (s, 5H, CsHs),
4.18 (t, *Jun = 2.6 Hz, 1H, Cp-CH), 2.50 (m, *Jun = 2.5 Hz, “Jun = 1.5 Hz, 2H, Cp-CHy),

2.27 (s, 6H, p-CHz) 2.10 ppm (s, 12H, m-CHy).

13C{'H} NMR (CsDs): 5 140.8, 140.0, 139.8, 136.2, 136.1, 129.8 (s, m-CeHs), 128.3 (m-
CeH2(CHa)s), 126.7 (p-CeHs), 79.3 (CsHs), 75.3 (Cp-CH), 54.3 (Cp-CH), 44.5 (Cp-CHy),

21.4 (m-CHs), 21.3 ppm (p-CHa).
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Interestingly the cobalt(l) intermediate 8 is structurally different in solution (Figure
2.4), as indicated by the methylene resonance at 2.50 ppm in the H NMR spectrum.
Currently it is unknown which methylene isomer is present, HMBC data will be collected

and should identify the nature of 8.

Mes Mes
‘1 h
or or '
\/ Mes v
Mes o Ie

Figure 2.4. Possible isomers of the cobalt(l) intermediate 8. The methine isomer has been

confirmed in the solid state by X-ray crystallography, while in solution a methylene isomer

is evident based on *H NMR spectroscopy.

2.2.12 Synthesis of TerMesCpH — 9a+b

2 Fecl, ( N

toluene/THE g Mes T Mes Mes
' 1.5h,-78°C O O

- FeCl,, - CpCoCl,

8 9a 9b

Following a similar procedure for the synthesis of 8 (without isolation), 3.00 ¢
(9.36 mmol) of colourless TerM®Li powder were dissolved in 20 mL of toluene to produce
a pale yellow coloured mixture. This mixture was transferred to a 125 mL pressure-
equalising dropping funnel equipped with a PTFE stopcock, diluted with toluene to a total
volume of 60 mL, and sealed with a rubber septum. Separately 3.14 g (9.40 mmol, 1.00

eq.) of yellow coloured [Cp2Co][PFs] were measured and transferred to a 250 mL Schlenk
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flask equipped with a PTFE-coated magnetic stir bar. The [Cp2Co][PFs] was suspended in
30 mL of toluene, producing a bright yellow colored mixture. The Schlenk flask was fitted
with the dropping funnel, and the reaction vessel was removed from the glove box,
connected to a Schlenk line, and cooled to 0 °C using an ice-water bath. The pale yellow
coloured TerMeLi mixture was added dropwise to the bright yellow coloured [Cp2Co][PFe]
suspension to quickly produce a red-orange coloured mixture. Once the addition was
complete, the dropping funnel was removed and the resultant mixture was transferred back
to the glove box and left to stir overnight. The following day, an aliquot was removed for
'H NMR spectroscopic analysis, which indicated that the reaction was complete and that
ca.17% of TerM®H was produced as a by-product. The bright red coloured mixture was
filtered through silica gel into a 500 mL Schlenk flask equipped with a PTFE-coated
magnetic stir bar, and the flask was fitted with a 125 mL pressure-equalising dropping
funnel. In a 20 mL scintillation vial, 2.54 g (15.4 mmol, 2.00 eq. scaled based on the yield
determined by *H NMR spectroscopy) of dark green coloured FeCls were measured out,
and carefully dissolved in 20 mL of THF to produce a green colored solution. The green
coloured solution of FeClz was transferred to the 125 mL dropping funnel before sealing
the reaction vessel with a rubber septum. The entire reaction vessel was removed from the
glove box and connected to a Schlenk line before cooling the red colored solution of 8 to
ca. -60 °C using a liquid nitrogen-isopropanol bath. Once cold, the green coloured solution
of FeCls was added dropwise over 30 minutes to immediately produce a bluish-green
coloured mixture. The mixture was left to stir at between -60 and -70 °C for one hour and
the temperature of the cold bath was monitored using a thermocouple. While cold, the blue-
green coloured mixture was transferred to a column containing ca. 250 mL of silica gel
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and toluene and eluted through the column using toluene in air. The initial bright yellow
coloured fraction was collected into a 600-mL beaker (ca. 275 mL of toluene was used to
isolate the product) while the slower eluting blue and red coloured fractions were
discarded. The solvent was removed by evaporation to yield a yellow coloured solid that
was found to contain a mixture of two isomers of the product, as well as TerM®H that could
not be completely separated by crystallisation. In some instances, it was observed that one
isomer was formed exclusively but would quickly equilibrate with the other isomer in

solution within one week when monitored by *H NMR spectroscopy.
Yield: 2.90 g as a mixture of 9a+b (83 %) and TerM®H (17 %) by 'H NMR spectroscopy

EA: Calc for CagHzo: C: 92.01 %, H: 7.99 %, N: 0.00 %. Found: C: 91.05 %, H: 7.78 %,

N: 0.02 %.
m.p. (°C): 150.7-151.5.
UV (pentane): 270 nm (Amax, € = 4340 L mol™* cm™).

'H NMR (CeDs): & 7.19 (dd, 3Jun = 8.2 Hz, 3Jun = 6.77 Hz, 1H, p-CsH3), 7.15 (dd, 3Jnn =
8.3 Hz, 3Jun = 6.6 Hz, 1H, p-CeHs), 7.08-7.02 (M, 3Jun = 8.3 Hz, 3Jun = 7.9 Hz, 4H, m-
CeH3 a+b), 6.79 (s, 4H, m-CeHa(CHs)s a+b), 6.22 (dq, 3Ju+ = 5.1 Hz, “Jnn = 1.6 Hz, 1H,
Cp-CH), 6.05-6.02 (m, 2H, Cp-CH), 5.90 (dq, Jun = 5.20 Hz, “Jun = 1.53 Hz, 1H, Cp-
CH), 5.84-5.78 (m, 2H, Cp-CH), 2.72 (q, “Jun = 1.5 Hz, 2H, Cp-CHy), 2.40 (q, “Jun = 1.5
Hz, 2H, Cp-CH), 2.14-2.13 ppm (s (possibly overlapping), 24H, 0-Ce¢H2(CH3)3) 2.09 ppm

(s, 6H, p-CeH2(CHz3)3).
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13C {IH} NMR (CeDe): & 144.8, 144.2, 141.0, 140.8, 136.7, 136.3, 136.2, 136.0, 135.8,
132.9, 132.4, 132.3, 131.4, 131.0, 129.6, 129.4, 128.5, 128.2, 127.9, 127.6, 127.3, 43.6,

41.5, 21.1 (br, two overlapping signals), 21.0, 20.9 ppm.

2.2.13 Synthesis of Li(TerMeCp) — 10

O I O . . pentane
+1.0 LI[N(SI(CH3)3)2] m 0.25

+ isomer

4

In a 20 mL scintillation vial equipped with a PTFE-coated magnetic stir bar,
0.500 g of a 5:1 mixture of 9a+b:TerMesH (1.1 mmol) were dissolved in 10 mL of pentane
to produce a pale yellow coloured mixture. Separately in another 20 mL scintillation vial,
0.182 g (1.1 mmol, 1.0 eq.) of lithium bis(trimethylsilyl)amide were dissolved in 5 mL of
pentane to produce a colourless solution. Dropwise addition of the colourless lithium
bis(trimethylsilyl)amide solution to the pale yellow mixture immediately produced an
orange coloured mixture. This mixture was left to stir for 2.5 h before removal of the stir
bar. The contents of the vial were left to settle before decanting off the orange coloured
supernatant and washing the orange coloured precipitate three times with ca. 2 mL portions
of pentane, yielding a yellow coloured powder. Crystals suitable for X-ray diffraction were

isolated from evaporation of an NMR scale reaction completed in CgDes.

Yield: 0.17 g (40 %)

EA: Calc for CagHagLii: C: 90.59 %, H: 7.60 %, N: 0.00 %. Found: C: 88.02 %, H: 7.36 %,

N: 0.14 %.
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m.p. (°C): 292.4-294.8.
UV (THF): 313 nm (Amax, € = 4020 L mol™ cm™).

'H NMR (THF-ds): & 7.04 (m, 3Jun = 7.5 Hz, 1H, p-CsH3), 6.83 (d, 3Jun = 7.5 Hz, 2H, m-
CeHs), 6.75 (s, 4H, m-CsH2(CHs)s), 5.26 (pseudo-t, °Jun = 2.9 Hz, °Jun = 2.5 Hz, 2H, Cp-
CH), 5.21 (pseudo-t, °Jun = 2.9 Hz, °Jun = 2.5 Hz, 2H, Cp-CH), 2.23 (s, 6H, p-CeH2(CHzs)s3)

1.97 ppm (s, 12H, 0-CeH2(CHs)3).

13C{*H} NMR (THF-ds): & 143.2, 140.6, 140.0, 136.3, 135.0, 129.7 (m-CgH3z, C®?), 128.2
(M-CeH2(CH3)s, CY), 123.6 (p-CeH3, CY), 117.2, 106.9 (s, Cp-CH), 103.0 (s, Cp-CH),

21.0 (s, p-CHs, C), 20.9 (s, 0-CH3, C%9) ppm.

While it may appear that resonances are missing in the 3C{*H} NMR spectrum of
10, it is likely that coordinated THF molecules break up the tetrameric structure and
produce a THF-saturated monomeric structure (Figure 2.5). This results in a total of 13

unique carbon environments, consistent with what is observed experimentally.

O Mes

Mes (>
THF " THF
THF

Figure 2.5. Proposed structure of 10 and unique carbon environments when dissolved in
THF based on NMR spectroscopic data obtained in THF-ds. Dashed bond indicates the

THF may or may not be coordinated to the lithium ion.
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2.2.14 Synthesis of Na(TerMeCp) — 11

toluene/THF
+ 5.8 NaH
O 3w,r.t.

+ isomer

n

A 200 mL solution of a 5:1 mixture of 9a+b isomers (ca. 6.4 mmol) and TereH
was prepared following the procedure described starting from 2.5 g (7.8 mmol) of TerMeLi,
and filtered through a silica gel column directly into 0.472 g (19.6 mmol, 3.0 eqg.) of NaH
suspended in 20 mL of toluene in a 500 mL Schlenk flask. This mixture was left to stir for
one week, periodically monitoring the reaction progress by *H NMR spectroscopy. Only
approximately 50% conversion based on starting material had been achieved after one
week, so a further 0.429 g (17.9 mmol, 2.8 eq.) of NaH were added, and the dark brown
coloured reaction mixture was left to stir for another two weeks. After a total reaction time
of three weeks, the reaction was complete and the excess NaH was removed by vacuum
filtration through Celite®. The solvent was then removed in vacuo, and the dark brown
coloured residue was suspended in 50 mL of pentane. The solids were isolated via vacuum
filtration, and the brown coloured solid was washed with pentane and dried in vacuo to
afford the desired product as a grey coloured powder. Recrystallisation of a concentrated
THF solution yielded crystals suitable for X-ray diffraction, however these were found to
not correspond to the intended product. Alternatively, 11 could be synthesised in an
analogous manner as 10 using 0.118 g (0.26 mmol, 1 eq.) of 83% purity of 9a+b, and

0.045 g (0.245 mmol, 0.94 eq) of sodium bis(trimethylsilyl)amide.
Yield: 1.37 g (52 %) from NaH, 0.08 g (78%) from NaN(SiMe3).
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EA: Calc for CogHzgNa: C: 86.96 %, H: 7.30 %, N: 0.00 %. Found: C: 87.46 %, H: 7.26 %,

N: 0.05 %.
m.p. (°C): 367.0-369.0 (decomposes).
UV (THF): 322 nm (Amax, € = 4550 L mol™ cm™).

'H NMR (THF-dsg): & 7.08 (t, 3Jun = 7.4 Hz, 1H, p-CeHs), 6.85 (d, 3Jun = 7.4 Hz, 2H, m-
CeH3), 6.71 (s, 4H, m-CsH2(CHz3)3), 5.27 (s, 4H, Cp-CH), 2.19 (s, 6H, p-CsH2(CHz3)3),

2.02 ppm (s, 12H, 0-CeH2(CH3)3).

13C{*H} NMR (THF-ds): & 143.9, 143.2, 141.1, 136.4, 135.0, 128.6 (m-CsH3, C?), 127.9
(m-CgH2(CHs)s, C1Y), 123.8 (p-CsHs, CY), 118.0, 105.4 (Cp-CH), 103.0 (Cp-CH), 21.0

ppm (M-CHs, C9 and p-CHs, C¥),

The solution-state structure of the sodium cyclopentadienide 11 is likely similar to
the lithium salt 10. Coordinated THF molecules produce a THF-saturated monomeric
structure (Figure 2.6), resulting in a total of 13 unique carbon environments, consistent

with what is observed experimentally.

O Mes

Mes &
THF-N? 'THF
THF

Figure 2.6. Proposed structure of 11 and unique carbon environments when dissolved in
THF based on NMR spectroscopic data obtained in THF-ds. Dashed bond indicates the

THF may or may not be coordinated to the sodium ion.
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2.2.15 Synthesis of K(TerMeCp) — 12

O O oK toh;e(rile/THF 025

A 400 mL solution of a 5:1 mixture of 9a+b isomers (ca. 13.3 mmol) and TerVeH

+ isomer 4

was prepared following the procedure described starting from 5.0 g (15.6 mmol) of
TerMeLi, and filtered through a silica gel column directly into 1.64 g (41.0 mmol, 3.1 eq)
of KH suspended in 20 mL of toluene in a 1 L Schlenk flask. This was left to stir for 3
days, periodically monitoring the reaction progress by *H NMR spectroscopy. Once the
reaction was complete, excess KH was removed by vacuum filtration through Celite®. The
solvent was removed in vacuo, and the dark brown colored residue was suspended in 50
mL of pentane. The solids were isolated via vacuum filtration, and the brown colored solid
was washed with pentane and dried in vacuo to afford the desired product as a gray colored
powder. Crystals suitable for X-ray diffraction were obtained from pentane vapour
diffusion into a concentrated toluene solution. It was later determined that the reaction

could be completed with only 1.2 equivalents of KH instead.
Yield: 1.71 g (31 %)

EA: Calc for Ca9H29K: C: 83.60 %, H: 7.02 %, N: 0.00 %. Found: C: 83.36 %, H: 7.17 %,

N: 0.03 %.
m.p. (°C): >400.
UV (THF): 325 nm (kmax, € = 5440 L mol™* cm™).
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!H NMR (CsDe¢): & 7.25 (t, 3Jun = 7.5 Hz, 1H, p-CeHs), 7.04 (s, 2H, m-CsH2(CHs)s), 6.92
(d, *Jun = 7.5 Hz, 2H, m-CgHs), 6.55 (s, 2H, m-CsH2(CHs)s), 5.70 (s, br, 3H, Cp-CH), 5.63

(s, br, 1H, Cp-CH), 2.36 (s, 6H, 0-CH3), 2.27 (s, 6H, 0-CHz), 2.11 ppm (s, 6H, p-CHz).

BC{'H} NMR (CsD¢): & 144.0, 143.1, 142.9, 136.6 (two partially overlapping signals),
134.7, 128.9 (s, m-CsH3(CHs)s, C®) or C19)), 127.9 (m-CeHs, C?), 127.2 (m-CsH3(CHs)s,
C(3) or C19),126.2 (p-CeHs, CV), 120.7, 104.1 (Cp-CH), 103.8 (Cp-CH), 102.8 (Cp-CH),
102.7 (Cp-CH), 21.5 (br, 0-CH3, C1 or C1®)), 21.2 (br, 0-CH3, C® or C(®), 21.0 ppm

(p-CHs, C™9).

In the absence of a strong donor solvent, aryl interactions in the tetrameric structure
of the potassium salt 12 remain intact, resulting in different *H and **C{*H} NMR spectra.
As confirmed by X-ray crystallography, the tetrameric structure of 12 consists of a large
macrocyclic ring with chemically different inner and outer components. Therefore
assignments are based according to Figure 2.7. The number of resonances in the *C{*H}

NMR spectrum match this proposal.

Figure 2.7. Unique carbon environments for 12 when dissolved in Ce¢De.

IH NMR (THF-dg): 5 7.07 (t, 3Jun= 7.5 Hz, 1H, p-CeHs), 6.80 (s, 4H, m-CsHa(CHa)s), 6.74
(d, 3Jun = 7.5 Hz, 2H, m-CsHs), 5.40 (s, 4H, Cp-CH), 2.20 (s, 6H, p-CsH2(CHz)3), 2.09 ppm

(s, 12H, 0-CsH2(CHa)s3).
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BC{*H} NMR (THF-ds): 5 144.3, 143.3, 139.7, 136.7, 135.9, 135.0, 129.1, 128.1 (p-CsHs,
C® or m-CgH3(CHs)s, C1V), 128.0 (m-CgHs), 104.2 (Cp-CH), 103.4 (br, Cp-CH), 20.9

(p-CHs, C®9), 20.8 ppm (m-CHs, C19).

The solution-state structure of the potassium cyclopentadienide 12 is likely similar
to the other alkali metal salts when dissolved in THF. Coordinated THF molecules produce
a THF-saturated monomeric structure (Figure 2.8), resulting in a total of 13 unique carbon

environments, consistent with what is observed experimentally.

O Mes

Mes
THF- K" THF
THF

Figure 2.8. Proposed structure of 12 and unique carbon environments when dissolved in
THF based on NMR spectroscopic data obtained in THF-ds. Dashed bond indicates the

THF may or may not be coordinated to the potassium ion.

2.2.16 Synthesis of Rb(TerMesCp) — 13

LT o o
O +1.0Rb 31, 60 °C

Using a heat gun, rubidium metal was melted and 0.25 g (2.93 mmol) of bluish-grey

+ isomer n

coloured rubidium metal were measured by difference and carefully added to a 100 mL
sealed reaction vessel equipped with a PTFE-coated stir bar using a pipette. In a separate

20 mL scintillation vial, 1.356 g of a 5:1 mixture of 9a+b isomers (ca. 2.97 mmol, 1.0 eq.)

and TerM®H were dissolved in 15 mL of THF to produce a yellow coloured solution and
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added to the sealed reaction vessel. The reaction vessel was sealed with a PTFE stopcock
and removed from the glove box and heated to 60 °C for 3 hours using an oil bath. After
30 minutes, a colourless precipitate began to form and the reaction mixture became pink in
colour. After all of the rubidium was consumed, the reaction mixture was left to cool to
room temperature before being transferred back into the glove box. The pink coloured
reaction mixture was filtered through a coarse ground glass frit and the pink coloured
precipitate was washed three times with 5 mL of pentane, to produce a pale pink, nearly
colourless powder. This was dried in vacuo overnight and stored in the freezer as a

precaution against potential decomposition.
Yield: 0.91 g (67 %)

EA: Calc for CagH29Rb: C: 75.23 %, H: 6.31 %, N: 0.00 %. Found: C: 74.41 %, H: 6.25 %,

N: 0.02 %.
m.p. (°C): >400.
UV (THF): 326 nm (Amax, € = 4590 L mol™* cm™), 357 nm (e = 1410 L mol* cm™).

H NMR (THF-ds): § 6.75 (s, br, 5H, p-CsHs and m-CgH2(CHs)s), 6.73 (d, 3Jun = 7.5 Hz,
2H, m-CgHs), 5.31 (s, 4H, Cp-CH), 2.19 (s, 6H, p-CeH2(CHs3)3), 2.05 ppm (s, 12H, o-

CeH2(CHg)3).
1BC{*H} NMR (THF-ds): 5 138.2, 137.0, 136.8, 128.7, 125.8, 21.3, 21.1 ppm.

Signals are missing from the **C{*H} NMR spectrum due to the poor solubility of
the rubidium complex 13. Insufficient data was obtained after collecting over 24 hours, and

so only a partial list of resonances are given for future reference.
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2.2.17 Synthesis of Cs(TerMeCp) — 14

S QO FINE I
+10CST6OOC>01

Using a heat gun, caesium metal was melted and 0.22 g (1.65 mmol) of yellow

+ isomer 6

coloured caesium metal were measured by difference and carefully added to a 100 mL
sealed reaction vessel equipped with a PTFE-coated stir bar using a pipette. In a separate
20 mL scintillation vial, 0.750 g of a 5:1 mixture of 9a+b isomers (ca. 1.64 mmol, 1.0 eq.)
and TerMeH were dissolved in 15 mL of THF to produce a yellow coloured solution and
added to the sealed reaction vessel. The reaction vessel was sealed with a PTFE stopcock
and removed from the glove box and heated to 60 °C for 3 hours using an oil bath. After
30 minutes, a colourless precipitate began to form and the reaction mixture became
reddish-pink in colour. After all of the caesium was consumed, the reaction mixture was
left to cool back to room temperature before being transferred back into the glove box. The
reddish-pink coloured reaction mixture was filtered through a coarse ground glass frit and
the pink coloured precipitate was washed three times with 5 mL of pentane, to produce a
pale pink, nearly colourless powder. This was dried in vacuo overnight and stored in the
freezer as a precaution against potential decomposition. A small portion (ca. 20 mg) was
recrystallised from 15 mL of a hot THF solution to yield crystals suitable for X-ray

diffraction analysis.

Yield: 0.72 g (86 %)
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EA: Calc for Co9H29Cs: C: 68.24 %, H: 5.31 %, N: 0.00 %. Found: C: 65.76 %, H: 5.64 %,

N: 0.04 %.
m.p. (°C): 388.0-391.0.
UV (THF): 323 nm (Amax, € = 5920 L mol™* cm™), 355 nm (e = 2510 L mol* cm™).

'H NMR (THF-ds): & 6.97 (t, 3Jun = 7.6 Hz, 1H, p-CeHs), 6.76 (d, 3Jun = 7.5 Hz, 2H, m-
CeH3), 6.71 (s, 4H, m-CsH2(CHz3)3), 5.16 (s, 4H, Cp-CH), 2.19 (s, 6H, p-CeH2(CHs3)z3), 1.99

ppm (s, 12H, 0-CgH2(CHz)s).

13C{*H} NMR (THF-ds): § 144.2, 144.0, 140.3, 137.1, 134.7, 129.5, 129.0, 128.7, 128.0,

125.8, 122.8, 109.7 (Cp-CH), 106.9 (Cp-CH), 21.2 (p-CHz), 21.0 ppm (s, 0-CH3).

Signals are missing from the *C{*H} NMR spectrum due to the poor solubility of
the caesium complex 14. Insufficient data was obtained after collecting over 24 hours, and
so only a partial list of resonances are given. Based on X-ray diffraction data it is expected

that 18 resonances would be visible in the *C{*H} NMR spectrum, similar to 12.

2.2.18 Synthesis of (TerMesCp)zFe — 15

Mes

THF TerMes@
2h,rt Fe
> ek @TerMes

In a 20 mL scintillation vial equipped with a PTFE-coated magnetic stirring bar,
0.034 g (0.26 mmol, 1 eq.) of beige coloured anhydrous FeCl, were dissolved in 3 mL of
THF. Separately, 0.206 g (0.496 mmol, 1.90 eq.) of gray coloured K(TerMesCp) powder

were dissolved in 3 mL of THF producing an orange coloured solution. The orange
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coloured solution of K(TerMesCp) was slowly added dropwise to the FeCl, suspension
and immediately produced an intense orange coloured mixture. As more K(TerMesCp)
was added, the reaction mixture gradually became an intense red colour. After the addition
was complete, the reaction mixture was left to stir for 2 hours before removing the solvent
in vacuo to produce a red coloured residue. This residue was dissolved in 10 mL of pentane,
and filtered through Celite® to yield a red coloured solution, which when concentrated in
vacuo yielded a red coloured semi-solid. The product was crystallised from a minimal
amount of pentane by storing the concentrated solution at -35 °C overnight. The percent
recovery was low, but the crystals that were obtained were washed carefully using 1 mL of
cold pentane and dried in vacuo. Material suitable for elemental analysis and X-ray

diffraction was obtained in this manner.
Yield: 0.20 g (88 %) — 56 mg (28 %) recovered from recrystallisation.

EA: Calc for CsgHsgFe: C: 85.90 %, H: 7.21 %, N: 0.00 %. Found: C: 85.55 %, H: 7.05 %,

N: 0.02 %.
m.p. (°C): 252.2-253.0.
UV (THF): 311 nm (Amax, € = 30600 L mol* cm™), 458 nm (¢ = 60 L mol™* cm™).

H NMR (CgDg): & 7.02 (t, 3Jun = 7.5 Hz, 2H, p-CsHz3), 6.88 (s, 8H, m-CsH2(CHs)s), 6.81
(d, 3Jun = 7.5 Hz, 4H, m-CgHs), 3.90 (pseudo-t, 4H, 3Jun = 2.1 Hz, Cp-CH), 3.78 (pseudo-
t, 4H, °Jww = 2.1 Hz, Cp-CH), 2.19 (s, 12H, p-CeHz(CHs)s), 1.99 ppm

(s, 24H, 0-CsH2(CHb3)3).
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BC{*H} NMR (CsDg): & 142.2, 140.9, 136.4, 135.9, 135.7, 131.3 (m-CeHs), 129.0
(m-CsH3(CHs3)3), 126.0 (p-CsHs), 84.5 (Cp-CH), 71.0 (Cp-CH), 69.6 (Cp-CH), 21.2 ppm

(p-CHs and 0-CHa).

Resonances in the H NMR suggest symmetry, likely Cs configuration. Therefore

the number of resonances in the 3C{*H} NMR spectrum should be 13 (Figure 2.9).

Figure 2.9. Unique carbon environments proposed for 15.

IR (KBr pellet): v 3146 (w), 3097 (w), 2946 (s), 2916 (vs), 2855 (m), 2730 (w), 1724 (w),
1610 (m), 1569 (W), 1483 (s), 1453 (vs), 1403 (s), 1377 (), 1312 (W), 1249 (w), 1159 (w),
1085 (m), 1032 (m), 1013 (M), 879 (m), 849 (vs), 820 (s), 810 (s), 780 (W), 763 (vs), 748
(m), 710 (w), 650 (w), 601 (), 586 (W), 578 (W), 556 (W), 532 (), 501 (m), 486 (m), 470

(m), 427 cmt (w).

2.2.19 Synthesis of (TerMesCp)2Co — 16

Mes

THF TerMes@
2h,rt Co
> @TerMes

In a 20 mL scintillation vial equipped with a PTFE-coated magnetic stirring bar,
0.040 g (0.31 mmol, 1 eq.) of blue coloured anhydrous CoCl, were dissolved in 3 mL of
THF. Separately, 0.254 g (0.613 mmol, 2.00 eq.) of gray coloured K(TerMesCp) powder

were dissolved in 10 mL of THF producing an orange coloured solution. The orange
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coloured solution of K(TerMesCp) was slowly added dropwise to the blue solution of
CoCl; to produce a more intense blueish-violet coloured mixture. This was left to stir for
2 hours before removing the solvent in vacuo to produce a dark blue coloured oily residue.
This residue was dissolved in 10 mL of pentane, and filtered through Celite® to yield a dark
blue coloured solution, which when concentrated in vacuo yielded a dark blue coloured

semi-solid.

Yield: 0.22 g (88 %) — 28 mg (11 %) recovered from recrystallisation.

m.p. (°C): 250.4-251.6.

UV (THF): 310 nm (Amax, € = 6430 L mol* cm™), 581 nm (e = 2560 L mol* cm™).

'H NMR (CsDs): & 8.98 (s, br, 9.70-8.10 ppm, 6H), 7.14 (s, br, 8.10-5.70 ppm, 16H), 2.10

ppm (s, br, 3.80-0.00 ppm, 36H).

The product 16 is paramagnetic, resulting in the relative integrations in the *H NMR

spectrum to be inaccurate.

IR (KBr pellet): v 3141 (w), 2946 (s), 2915 (vs), 2855 (m), 2730 (w), 1723 (w), 1611 (m),
1578 (m), 1483 (m), 1454 (vs), 1400 (vs), 1375 (s), 1306 (w), 1261 (w), 1242 (w), 1231
(W), 1210 (W), 1171 (w), 1085 (m), 1061 (m), 1032 (m), 1011 (m), 883 (w), 867 (w), 849
(vs), 804 (m), 788 (s), 759 (vs), 748 (M), 714 (w), 678 (w), 630 (W), 599 (), 586 (m), 554

(w), 503 (w), 461 cm™® (w).
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2.2.20 Synthesis of (TerMeCp)2Ni — 17

Mes

THF TerMes/@

N1

2 h, r.t. @/TGI'MCS

In a 20 mL scintillation vial equipped with a PTFE-coated magnetic stirring bar,
0.076 g (0.25 mmol, 1 eq.) of bright orange coloured NiBr2(dme) were dissolved in 3 mL
of THF producing a blue-violet coloured solution. Separately, 0.205 g (0.496 mmol, 1.98
eq.) of gray coloured K(TerMesCp) powder were dissolved in 3 mL of THF producing an
orange coloured solution. The orange coloured solution of K(TerMesCp) was slowly added
dropwise to the NiBrz(dme) solution and immediately produced an intense brownish-
orange coloured mixture. After the addition was complete, the reaction mixture was left to
stir for 2 hours before removing the solvent in vacuo to produce a green coloured residue.
This residue was dissolved in 10 mL of pentane, and filtered through Celite® to yield a
brownish-yellow coloured solution, which when concentrated in vacuo yielded a green
coloured semi-solid. The product was crystallised from a minimal amount of pentane by
storing the concentrated solution at -35 °C overnight. The percent recovery was low, but
the crystals that were obtained were washed carefully using 1 mL of cold pentane and dried

in vacuo. Material suitable for X-ray diffraction was obtained in this manner.
Yield: 0.18 g (92 %) — 15 mg (8 %) recovered from recrystallisation.
m.p. (°C): 265.3-266.8.

UV (THF): 385 nm (Amax, € = 15700 L mol™* cm™).
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H NMR (CsDs): & 8.70 (s, br, 9.10-8.30 ppm, 3H), 7.15 (s, br, 7.40-7.00 ppm, 5H), 6.78
(s, br, 7.00-6.50 ppm, 5H), 4.02 (s, br, 4.75-3.45 ppm, 11H) 2.39 ppm (s, br,

2.50-1.50 ppm, 18H).

The product 17 is paramagnetic, resulting in the relative integrations in the *H NMR

spectrum to be inaccurate.

IR (KBr pellet): v 3140 (w), 3114 w, 3103 (w), 2998 (m), 2968 (S), 2943 (s), 2914 (vs),
2854 (m), 2728 (w), 1930 (w), 1875 (W), 1729 (W), 1611 (m), 1570 (m), 1483 (m), 1454
(vs), 1410 (s), 1376 (vs), 1310 (w), 1260 (w), 1232 (w), 1212 (w), 1181 (w), 1159 (w),
1085 (m), 1065 (m), 1054 (m), 1030 (vs), 1009 (s), 890 (m), 848 (vs), 808 (s), 768 (vs),
758 (s), 743 (vs), 712 (m), 657 (w), 587 (m), 577 (m), 553 (w), 501 (w), 466 (W),

404 cm™ (w).

2.2.21 Synthesis of (TerMsCp)nZrClsn — 18a or 18b

o Qe
Mes (>

THF

K(TerMeSCp) + ZrCl4(THF), W , or Mes NG
» 1L ;o M Zr.
cI—4c XK a
Cl
18a Mes
18b

In a 20 mL scintillation vial equipped with a PTFE-coated magnetic stirring bar,
0.186 g (0.610 mmol, 1 eq.) of colourless ZrCls(THF)2 were dissolved in 8 mL of THF
producing a colourless solution. Separately, 0.255 g (0.612 mmol, 1.00 eq.) of gray
coloured K(TerMesCp) powder were dissolved in 10 mL of THF producing an orange

coloured solution. The orange coloured solution of K(TerMesCp) was slowly added

105



dropwise to the ZrCls(THF)2 solution and immediately produced a pale orange coloured
mixture. After the addition was complete, the reaction mixture was left to stir for 2 hours
before removing the solvent in vacuo to produce a dark gray coloured residue. This residue
was dissolved in 10 mL of toluene, and filtered through Celite® to yield an orange coloured
solution, which when concentrated in vacuo yielded a dark gray coloured powder. The
target molecule was the monosubstitution product TerM®CpzZrCl; (18a), however
spectroscopic methods were unable to determine if the disubstituted product

TerM®sCp,ZrCl, (18b) or a mixture thereof was isolated instead.
Yield: 0.176 g (51 % based on 18a,64% based on 18b).

EA: Calc for CaoH29ZrCls: C: 60.56 %, H: 5.08 %, N: 0.00 %. Calc for CsgHsgZrClo:

C: 75.95 %, H: 6.37 %, N: 0.00 %. Found: C: 74.55 %, H: 5.87 %, N: 0.03 %.
m.p. (°C): 300 (irreversibly turns beige, remains like this >400).

UV (THF): 269 nm (Amax, € = 12900 (18a) or 20600 (18b) L mol™* cm™), 340 nm (& = 3260

(18a) or 5200 (18b) L mol* cm™).

'H NMR (CsDs): & 6.87—6.80 (m, 3H, p-CsHs, m-CgHs), 6.69 (s, 4H, m-CsH2(CHs)s), 6.11
(pseudo-t, °Jun = 2.8 Hz, 2H, Cp-CH), 5.60 (pseudo-t, °Jun = 2.8 Hz, 2H, Cp-CH), 2.07 (s,

12H, 0-CsH2(CHz)3), 2.05 ppm (s, 6H, p-CsH2(CH3)3).

3C{’H} NMR (CsDs): 5 141.7, 141.3, 140.9, 138.9, 137.2, 136.6, 136.0, 131.6 (m-CsHs3),

129.2 (M-CeH3(CHa)s) 115.6 (Cp-CH), 112.6 (Cp-CH), 21.5 (0-CHs), 21.1 ppm (p-CHs).

IR (KBr pellet): v 2950 (m), 2918 (m), 2857 (m), 1611 (m), 1570 (m), 1453 (m), 1379 (m),

1087 (vs, br), 851 (w), 792 (s), 767 (s), 619 (w), 474 cm™ (w).
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2.2.22 Synthesis of TerMesCpBiClz2 — 19

Cl

Mes
THF Mes <&

K(TerMeCp) + BiCl, —I5 :
Bl
Cl
19

In a 20 mL scintillation vial equipped with a PTFE-coated magnetic stirring bar,
0.022 g (0.07 mmol, 1 eq.) of colourless BiClz were dissolved in 1 mL of THF producing
a colourless solution. Separately, 0.026 g (0.06 mmol, 0.86 eq.) of gray coloured
K(TerMesCp) powder were dissolved in 1 mL of THF producing an orange coloured
solution. The orange coloured solution of K(TerMesCp) was slowly added dropwise to the
BiCls solution and immediately produced a bright yellow coloured mixture that gradually
changed to orange in colour. After the addition was complete, the reaction mixture was left
to stir for 1 hour before removing the solvent in vacuo to produce an orange coloured
residue. This residue was dissolved in 5 mL of pentane, and filtered through Celite® to
yield an orange coloured solution, which when concentrated in vacuo yielded an orange
coloured powder. Crystals suitable for X-ray diffraction were obtained by dissolving the

compound in ca. 1 mL of pentane and storing in the freezer overnight at -35 °C.
Yield: 0.02 g (46 %).

'H NMR (CsDs): & 7.14-7.11 (m, 1H), 7.03—-7.00 (m, 1H), 6.99 (d, *Jun = 7.6 Hz, 1H), 6.77
(m, 2H), 6.65 (s, 2H, m-CeH2(CHa)3), 6.55 (pseudo-t, Jun = 2.5 Hz, 1H, Cp-CH), 6.22

(pseudo-t, Jun = 2.5 Hz, 1H, Cp-CH), 5.10 (pseudo-t, Jun = 2.5 Hz, 1H, Cp-CH), 4.23
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(pseudo-t, Jun = 2.5 Hz, 1H, Cp-CH), 2.15-2.05 (m, 12H, CsH2(CHs)3) 1.89 ppm (s, 6H,

CsH2(CHa)3).

Based on X-ray crystallography data, the cyclopentadienyl ligand adopts an
n3-coordination mode. Assuming this structure remains in solution, all cyclopentadienyl
positions become chemically inequivalent, resulting in four resonances in the 'H NMR

spectrum. The mesityl rings are also inequivalent with overlapping resonances.

2.2.23 Synthesis of TerPPPCpH(CoCp) — 20

: ‘>
Li .@ o toluene
" Co PF¢ 2h,rt

@ =)

In a 20 mL scintillation vial, 0.498 g (1.23 mmol, 1 eq.) of colourless TerDippLi

powder were dissolved in 10 mL of toluene to produce a pale yellow coloured mixture.
Dropwise addition to a stirring suspension of 0.416 g (0.124 mmol, 1.01 eq) of yellow
coloured [Cp2Co][PFs] in 5 mL of toluene, producing an orange-red coloured mixture. The
mixture was left to stir for 2 hours before filtration through a silica gel plug to produce a
bright cherry-red coloured solution. Removal of the solvent in vacuo yielded the crude
product as a red coloured semi-solid. Crystals suitable for X-ray diffraction studies and
elemental analysis were obtained by dissolving the residue (approximately 700 mg in total

mass) in 5 mL of pentane and storing in a freezer at -35 °C overnight.

Yield: 0.541 g (74 %) — 349 mg from recrystallization and an additional 192 mg from

filtrate.
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EA: Calc for C4oH47Co: C: 81.88 %, H: 8.07 %, N: 0.00 %. Found: C: 81.90 %, H: 7.14 %,

N: 0.04 %.
m.p. (°C): 186.6-188.0 (at elevated temperatures, the compound became blue).
UV (pentane): 327 (Amax, € = 1540 L mol* cm™), 391 nm (¢ = 750 L mol* cm™).

'H NMR (C¢De¢): & 7.36 (t, 3Jun = 7.6 Hz, 2H, p-CeHs(iPr)2), 7.22 (d, 3Jun= 7.6 Hz, 4H, m-
CsHs(iPr)2), 7.00-6.92 (m, 3H, m-CeHs, p-CsHs), 4.61 (M, “Jun= 2.0 Hz, 2H, Cp-CH), 4.42
(t, *Jun = 2.6 Hz, 1H, Cp-CH), 4.36 (s, 5H, CsHs), 2.70 (sept, 3Jun = 6.8 Hz, 4H, iPr-CH),
2.50 (M, *Jpn= 2.5 Hz, “Jun = 1.6 Hz, 2H, Cp-CHy>), 1.36 (d, 3Jun = 6.9 Hz, 12H, iPr-CHy)

1.03 ppm (d, 3Jnn = 6.8 Hz, 12H, iPr-CHs).

BC{*H} NMR (C¢De¢): 5 146.8, 140.7, 140.0, 138.9, 136.4, 131.0, (s, m-CsHs or p-CeH3),
128.3 (s, p-CeH3(iPr)2, m-CeH3(iPr)2), 124.7 (s, m-CeHs or p-CsHz), 122.8 (s, p-CeH3(iPr)2,
m-CeH3(iPr)2), 79.2 (s, CsHs), 76.0, 54.3, 45.2 (s, Cp-CHy»), 31.1 (s, iPr-CH), 25.7 (s, iPr-

CHz3), 23.0 ppm (s, iPr-CHz).

The cobalt(l) intermediate 20 is also structurally different in solution (Figure 2.10),
as indicated by the methylene resonance at 2.50 ppm in the *H NMR spectrum. Currently
it is unknown which methylene isomer is present, HMBC data will be collected and should
identify the nature of 20. It was also noted that additional peaks are present in the *C{*H}
NMR spectrum. While it may seem that the *C{*H} NMR spectrum possesses an extra
peak, it is in fact correct. The isopropyl groups contain chemically inequivalent methyl
groups and will produce three resonances instead of two (also evident by the *H NMR

spectrum).

109



Dipp (f'

Figure 2.10. Possible isomers of the cobalt(l) intermediate 20. The methine isomer has
been confirmed in the solid state by X-ray crystallography, while in solution a methylene

isomer is evident based on *H NMR spectroscopy.

2.3 Results and Discussion
2.3.1 Development of a Synthetic Route to TerMeCpH

2.3.1.1 Unsuccessful Attempts

Prior to finding a viable synthetic route, two other approaches for synthesising
cyclopentadienyl ligands were attempted and were unsuccessful at producing the desired
m-terphenyl substituted cyclopentadienyl ligands. Attempts at reactions similar to the Pd-
catalysed cross-coupling in THF-dg at 66 °C using the aryl halide (CeH2-2,4,6-Ph3)Br failed
to yield the corresponding cyclopentadiene compound. Another attempt using similar

conditions was also unsuccessful with the biphenyl derivative o-MesPhl.

Ph Ph Mes cat. Mes
i Br Pd(NCPh)2C12 /‘\/’ I Pd(NCPh),Cl,
N/
/\
Ph Ph Ph3AS CuI A Ph Ph Ph3AS, Cul, A O

+ CpSnBuy + 2 isomers + CpSnBu3 + 2 isomers

Mes c.D Mes
Li 6 6
OL1

Scheme 2.9. Unsuccessful reactions attempted with blphenyl and m-terphenyl molecules.
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Nucleophilic addition reactions to cyclopentenone have been well documented to
produce substituted cyclopentadienyl derivatives, and avoid the oxidative addition step that
was thought to be preventing the Pd-catalysed route from working. Unfortunately reaction
attempts between cyclopentenone and the biphenyl o-MesPhLi were also unsuccessful.
This route did not seem likely to work with the even more sterically hindered m-terphenyl

systems that were the target of this project and so this synthetic route was also abandoned.

2.3.1.2 Synthesis of m-TerM®=CpH with Cobaltocenium Salts

The cobaltocenium cation is isoelectronic to ferrocene but it exhibits differing
reactivity due to its cationic nature. It has been well documented that nucleophilic
substitution reactions on unsaturated hydrocarbons (e.g. ethylene, butadiene, benzene)
produce the corresponding exo-addition products when bound as ligands to cationic
transition metal complexes.*7%8 Examples also include cyclopentadienyl ligands, and a
commonly observed reaction in cobalt chemistry is the nucleophilic substitution reactions

on the cyclopentadienyl ligands of cobaltocenium cations, [Cp2Co]" (Figure 2.11).

(
&@

®(l: ol

< <

Figure 2.11. Canonical structures used to describe the cobaltocenium cation.

Nucleophilic substitution reactions to cobaltocenium cations were first reported in
1961,%! and can be rationalised when the canonical structures of the cobaltocenium cation
are considered (Figure 2.11). The cobaltocenium cation be considered as a Co'"' complex

substituted by two anionic cyclopentadienyl ligands, or as a CpCo' stabilised
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cyclopentadienyl cation, (CsHs)*.8 When the latter description is considered, formally no
redox chemistry occurs at the cobalt centre and it becomes perfectly reasonable to expect
a nucleophilic substitution to occur at the cyclopentadienyl ring due to the highly
electrophilic character and anti-aromaticity of the cyclopentadienyl cation. An alternative
description is that a nucleophilic attack occurs at one of the n°-bonded Cp rings, converting
the ligand to an n*-bonded cyclopentadiene ligand while the Co(lll) centre is reduced to
Co(l). Subsequent oxidation of the corresponding Co' complex to Co'!! then liberates the

substituted cyclopentadienyl derivative following purification.

By following the same approach and reacting the organolithium reagent TerMesLij
(TerMes = CgH2-2,6-Mesz, Mes = CsH2-2,4,6-Mes) with [Cp2Co][l], the corresponding air-
stable cobalt(l) (n®-cyclopentadienyl)(n*-cyclopentadiene) complex 8 was isolated in 66%
yield following crystallisation from pentane (Scheme 2.10). Alternatively [Cp2Co][PFe]
may be used in lieu of the [Cp2Co][I] and is more convenient because its preparation avoids
the tedious step of subliming cobaltocene.”® However, 8 was used immediately without
isolation following spectroscopic confirmation so no yield was recorded for reactions with
[Cp2Co][PFs]. Aliquots collected from the crude reaction mixture of 8 synthesised using
either cobaltocenium salt were nearly identical based on *H NMR spectroscopy. In each
reaction there was a considerable amount of TerM®H present that was isolated along with
8. The most logical source of this by-product is from TerM®Li, however the cause of such
significant contamination could not be definitively identified. Considerable formation was
present even with rigorously dried solvents and glassware. After performing several NMR
scale experiments in various solvents, it was determined that the formation of Ter®H was

solvent dependent with the greatest proportion of TerM®H being formed when the reaction
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was carried out in THF (ca. 50 %). Very little conversion to 8 or TerM®H occurred at all
when the reaction was carried out in diethyl ether. The least amount of TerM®H, and highest
yielding syntheses were when the conversion was carried out in benzene and toluene (ca.
20 %). Toluene was chosen over benzene because of its much lower freezing point, which

is beneficial for recrystallisation, and a slightly better solubility of the starting materials.

, S
Li .@ ©  toluene
Tl TaRr
<

Scheme 2.10. Nucleophilic substitution of cobaltocenium iodide with TerMesLi.

Crystals of 8 suitable for single crystal X-ray diffraction studies were grown by
evaporation of a toluene solution. The structure of 8 (Figure 2.12) was found to be similar
to related structures,® and features a cobalt atom 1.6745(11) A from the Cp centroid and
1.6045(11) A from the plane defined by C6-C9. The plane made up by the butadienyl
fragment (C6-C9) is tilted 6.49(12)° away from the n°-Cp fragment. The sp3-hybridized
C10 lies 0.597(3) A above the butadiene plane causing the cyclopentadiene ring to pucker,
and exhibits an angle of 34.74(17)° between the C6-C10-C9 and C6-C7-C8-C9 planes.
The flanking mesityl groups are nearly parallel and twist out of the plane of the central aryl

ring by 82.86(7)° and 80.72(6)°.
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Figure 2.12. Molecular structure of 8. Ellipsoids are shown at the 50 % probability level.
Hydrogen atoms (except H10) have been removed for clarity. Selected bond lengths (A)
and angles (°) (note Cpc denotes the ring centroid): Col-C6 2.0023(17), Col-C7

1.9627(19), Co1-C8 1.9649(19), Co1-C9 2.0181(17), Col-Cpe 1.6745(11).

Interestingly the cobalt(l) intermediate 8 is structurally different in solution (Figure
2.13), as indicated by the methylene resonance at 2.50 ppm in the *H NMR spectrum, which
was confirmed to be part of the cyclopentadiene ring by examination of correlations
between resonances at 4.18 ppm and 4.55 ppm in the *H-!H COSY NMR spectrum. While
the type of rearrangement is still unknown at this time, it is most likely required to
accommodate the significant steric demand of the m-terphenyl ligand bound to the

cyclopentadiene fragment.
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Figure 2.13. Possible isomers of the cobalt(l) intermediate 8. The methine isomer has been
confirmed in the solid state by X-ray crystallography, while in solution a methylene isomer

is evident based on *H NMR spectroscopy.

Subsequent oxidation of 8 using two equivalents of FeCls, followed by column
chromatography (silica gel, toluene) to remove all metal containing by-products yielded
the desired cyclopentadienyl ligand precursors 9a+b in 83 % isolated yield (Scheme 2.11)
. The *H NMR spectrum in C¢Ds revealed TerV®H as the major by-product carried through
from the synthesis of 8, which could not be completely removed by crystallization of either
8 prior to oxidation, or from 9a+b. This prevented suitable elemental analysis data, so
HRMS was also collected and confirmed the presence of 9a+b from its corresponding
[M+H]" peak (m/z = 379.2424). Initial preference for the formation of one isomer was
observed by 'H NMR spectroscopy immediately after isolation, but quickly reached a 1:1
equilibrium with its other isomer within one week. The initially formed product could not
be determined from the coupling constants using a 300 MHz spectrometer and is still under
investigation; likely the orientation of the methylene group remains unchanged from the
Co(l) starting material 8. Attempts at elucidating the structure of both 8 and the initial
oxidation product 9 using NOESY NMR spectroscopy are planned in the future to verify
this hypothesis. No evidence of the more sterically hindered allylic isomer 9c could be

detected in the H NMR spectrum. This observation was investigated using DFT
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calculations (B3LYP/6-31G(d)) and revealed that 9b is only ca. 0.8 kJ mol™? lower in
energy than 9a, and ca. 33 kJ mol* more stable than 9c, consistent with experimental
observations that a mixture of 9a and 9b are obtained without 9c. No indication of the [4+2]
Diels-Alder dimerisation product was observed after standing for a week both in the solid
state and in solution and Cp-H resonances in the *H NMR spectrum were identified
between 6.25 and 5.75 ppm and at 2.72 and 2.40 ppm, and are similar to the parent

Ter""CpH.%

Mes
2 FeCl ( A ()
Mes H\\O toluene/THF . Mes Mes * Mes Mes |Mes Mes
Co 5T, 78 °C O O O
- FeCl,, - CpCoCl,

8 9a 9b 9¢
not observed

Scheme 2.11. Synthetic route to m-terphenyl substituted cyclopentadienyl compounds

from the oxidative decomposition of 8.

Crystals of 9a+b were grown by evaporation of a CsDs solution. Both 9a and 9b co-
crystallise together as colourless blocks in the orthorhombic space group Pbcn. Structurally
9a+b adopts a paddlewheel-type configuration about the C6-C11 aryl ring, with the mesityl
groups relatively unchanged from 8, while the cyclopentadiene ring twists 55.24(11)° out
of the plane of the central aryl fragment to minimize steric interactions. The bond lengths
and angles within the cyclopentadiene ring vary slightly, with the longest bonds and most
acute angle occuring at the methylene position between C2-C3 and C3-C4 (1.487(5) A and
1.411(5) A respectively) with an angle of 105.8(3)° between C4-C3-C2. The C1-C6 bond

length (1.485(4) A) is slightly shorter than found for the ipso-carbons of flanking mesityl
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groups (C7-C12 1.497(4) A and C11-C18 1.494(4) A) which may be indicative of partial

conjugation between the central aromatic and cyclopentadiene rings.

Hydrogen atoms (except for those on the cyclopentadiene ring) have been omitted for

clarity. Selected bond lengths (A) and angles (°): C1-C2 1.383(4), C2-C3 1.487(5), C3-C4
1.411(5), C4-C5 1.394(4), C1-C6 1.485(4), C7-C12 1.497(4), C11-C18 1.494(4), C1-C2-
C3 108.1(3), C4-C3-C2 105.8(3), C5-C4-C3 109.2(3), C4-C5-C1 109.1(3), C2-C1-C5
107.8(3), C2-C1-C6 127.8(3), C5-C1-C6 124.3(2), C6-C7-C12 121.2(3), C6-C11-C18

121.5(2).

From reactions carried out in THF, several small orange coloured crystals were
obtained during crystallisation attempts. Not enough material was isolated for a complete
characterisation, however single crystal X-ray diffraction studies revealed this product to
be a dimeric form of 9, which will be referred to as 9 (Figure 2.16). The origins of this
homocoupled by-product 9” are still unknown and no relevant examples could be found in
the literature for comparison. It may be catalysed by an excess amount of FeClz from the
oxidation of 8, however this has not been tested as it was beyond the scope of this project.

Provided such a dimer could be produced reliably, it would be particularly interesting to
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see whether bimetallic or even tetrametallic systems could be obtained with this molecule
following multiple deprotonations. The molecule 9 crystallises in the monoclinic space
group P2/c with only one half of the molecule in the asymmetric unit. At an initial glance
the structure of 9” appears to be a substituted fulvalene derivative, and admittedly hydrogen
atoms can be quite difficult to identify using X-ray crystallography due to their weak X-
ray scattering capabilities. However the C4-C5 bond length
(1.515(3) A) is much longer than a double bond, which would be expected for a fulvalene

derivative (Figure 2.15), and is clearly in support of the proposed assignment as a dimeric

form of 9.

Figure 2.16. Molecular structure of 9’ obtained from the oxidation of 8 in THF. Ellipsoids
are shown at the 50% probability level. Hydrogen atoms (except for those on the

cyclopentadiene rings) have been omitted for clarity. Selected bond lengths (A) and angles
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(°): C1-C2 1.387(3), C2-C3 1.458(3), C3-C4 1.500(3), C4-C5 1.515(3), C3-C3 1.356(4),
C1-C2-C3 110.31(17), C2-C3-C4 107.38(16), C3-C4-C5 105.01(16), C2-C1-C5

109.81(18), C3’-C3-C2 130.02(11), C3’-C3-C4 122.60(10).

2.3.2 Alkali Metal Complexes of the TerMeCp Anion

2.3.2.1 General Remarks for Practical Use
The crude mixture of 9a+b containing TerM®H as the sole contaminate, is able to be

transformed into the corresponding alkali metal salts 10-14 when combined with the
appropriate alkali metal transfer reagent. The TerM®H and any unreacted 9a+b is easily
removed from the alkali metal salts by washing multiple times with pentane, however it
was observed that 12 displayed moderate solubility in pentane, which must be considered
during purification.
M=Li 10

Na 11

K 12

Rb 13
Cs 14

n
Figure 2.17. Synthesised alkali metal complexes of the TerM®Cp anion. For structurally

characterised complexes (10, 12, and 14) oligomeric structures were found (10, n = 4; 12,

n=4;and 14, n = 6).

It was found that the reaction between the cyclopentadiene isomers 9a+b and BuL.i
was unsatisfactory for the synthesis of the lithium cyclopentadienide 10, and produced a
product that was highly insoluble in most organic solvents (but slightly soluble in THF).
This product could not be identified by *H NMR spectroscopy and the *H NMR spectrum

bore no resemblance to what would be expected for 10 and this reagent was abandoned.
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Reaction between a mixture of 9a+b and LiN(SiMes). was the most effective route to 10,
however some lithium-containing impurities were evident in the 'Li NMR spectrum (8 =
0.30 ppm), which prevented satisfactory elemental analysis from being obtained. An
additional signal was present in the *H NMR spectrum (5 0.05 ppm), which is close to the
starting lithium bis(trimethylsilyl) amide (5 0.12 ppm in CsDs).2? Additional support for
this is based on a relatively high percentage of nitrogen (0.14 %). Similarly 11 could also
be obtained from reactions of 9a+b with NaN(SiMes)2 and was found to be the best route,
but is also accessible with NaH although the reaction is much slower and required nearly
6 equivalents of NaH to go to completion. It was found that the corresponding alkali metal
bis(trimethylsilyl)amides were the best reagents for 10 and 11, but not for the preparation
of 12. Reaction in pentane between 9a+b and KN(SiMes). followed by filtration and
storage in a -35 °C freezer produced crystals that were later identified as
[KTerMeCp]o[KN(SiMes)2]2 using X-ray crystallography. This method was not pursued
further following this observation, but structural information on the salt will be discussed.
Alternatively 1.2 equivalents of KH offered a much cleaner, albeit slower synthesis for 12
within three days without the use of additives such as 18-crown-6 to accelerate the reaction.
No attempts at synthesising 10-12 using lithium, sodium, or potassium metal were made
due to the unknown thermal stability of 9a+b but should be investigated in the future.
Lastly, 13 and 14 were easily accessible from the reaction between a mixture of 9a+b and
their respective alkali metals in hot THF. Unfortunately these compounds exhibited poor
solubility in most organic solvents with the exception of pyridine, and required a more

extensive drying step making them inconvenient for further use.
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To summarise, it was determined that 12 was most suitable for further reactions
partially due to its moderate to high solubility in both polar (THF, high) and non-polar
(toluene, moderate; pentane, slightly to moderate) solvents making it a versatile reagent for
organometallic chemistry, but mostly for its highly reliable synthesis with KH and its
tendency to crystallise well from toluene. Oligomeric structures were observed for all
structurally characterised (10, 12, and 14) alkali metal complexes in the solid state
(described later), but in solution the degree of aggregation could not be determined
quantitatively. Nonetheless 12 behaved as a reliable monomeric "KTerM®Cp" source when
reacted with transition metal compounds and is recommended as the choice starting

material for further coordination chemistry.

2.3.2.2 Structural and Spectroscopic Characterisation

The *H NMR spectrum of the lithium cyclopentadienide 10 in THF-ds reveals a
symmetric set of Cp-H resonances between 5.30-5.15 ppm as pseudo-triplets (Jun = 2.9
Hz, 2.5 Hz). This pattern is characteristic for AA’BB’ spin systems in monosubstituted
cyclopentadienyl complexes, and indicates that a mirror plane is present orthogonal to the
plane of the Cp ring.2>® A total of 13 resonances were identified in the *C{*H} NMR
spectrum, which is also an indication of a mirror plane. The remaining Ter™e resonances
are clearly visible with methyl groups appearing as singlets at 2.23 ppm and 1.97 ppm in a
1:2 ratio, a broad singlet at 6.75 ppm for the m-MesH environments, and the central
aromatic ring appears as a doublet at 6.83 ppm (3Jun = 7.4 Hz) and a pseudo-triplet at 7.04
ppm ((Jun = 7.4 Hz) in a 2:1 ratio. Based on *H-*C HSQC NMR spectroscopy it was
determined that both mesityl rings were equivalent with the *H resonance at 6.75 ppm

correlating to a single 3C resonance at 128.3 ppm. Typically lithium cations prefer to adopt
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a coordination number of four,3 however recent DOSY NMR experiments have shown
that the solution state structure of cyclopentadienyl lithium is CpLi-2THF.®* Based on the
spectroscopic data obtained, the likely configuration of 10 when dissolved in THF is a
piano-stool type geometry with two or three THF molecules occupying the vacant

coordination sites of the lithium ion (Figure 2.18).

O Mes

Mes L
THF~ " THF
THF

Figure 2.18. Proposed structure of 10 and unique carbon environments when dissolved in
THF based on NMR spectroscopic data obtained in THF-ds. Dashed bond indicates the

THF may or may not be coordinated to the lithium ion.

The solid-state structure of 10 was confirmed by single crystal X-ray diffraction
(Figure 2.20). Colourless hexagonal shaped crystals of 10 were obtained by evaporation of
a CeDs solution of an NMR scale reaction between LiN(SiMez)2 and a mixture of 9a+b.
The organometallic complex 10 crystallises in the monoclinic space group 12/a as an
acyclic tetramer (Figure 2.19, Figure 2.20) with two separate molecules in the asymmetric
unit, each comprised of two-site lithium disorder with ca. 50/50 occupancy. The solid-state
structure consists of a mixture of “chelated” and “non-chelated” lithium atoms, and are
similar for each component of the disorder. Therefore only one component will be
discussed in detail. The Cp-rings are twisted by 65.66(9)° and 52.50(7)° relative to the
central aryl rings and each lithium atom adopts an n°-coordination mode to the Cp-rings
and Lila is n®-coordinated to the mesityl ring via C12, C16, and C17 with bond lengths of
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2.468(7) A, 2.552(7) A, and 2.357(7) A respectively. The Cp-Lila bond lengths ranged
from 1.863(8) A to 2.454(8) A and were within previously reported ranges for structurally
characterized n°-CpLi compounds.®® The longest Cp-Li bond lengths described in the
literature are 2.419 A and 2.455 A reported for the crown ether complexes CpLi-(12-crown-
4) and (RO).BCpLi-(12-crown-4) respectively.?> The distance between Li2a and C4
(2.466(9) A) may be indicative of a bond and is statistically identical to C2-Lila (2.454(8)

A), however this value surpasses known Cp-Li bond lengths.®

Figure 2.19. Molecular structure of 10 illustrating the tetrameric structure. Ellipsoids are
shown at the 50% probability level. One component of the lithium ion disorder has been

omitted for clarity. Hydrogen atoms and methyl groups have been omitted for clarity.
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50% probability level. One component of the lithium ion disorder has been omitted for

clarity. Hydrogen atoms and methyl groups have been omitted for clarity. Selected bond
lengths (A) and angles (°): C1-Lila 2.201(8), C2-Lila 2.454(8), C3-Lila 2.345(7), C4-
Lila 1.987(7), C5-Lila 1.863(8), Cl2-Lila 2.468(7), C16-Lila 2.552(7), C17-Lila
2.357(7), C30-Li2a 2.308(8), C31-Li2a 2.199(8), C32-Li2a 2.004(7), C33-Li2a 1.953(7),
C34-Li2a 2.152(8), C5-C1-C6-C7 60.7(3), C6-C7-C12-C17 80.3(2), C10-C11-C21-C22
90.0(2), C34-C30-C35-C36 52.8(2),C37-C36-C41-C42 86.4(2), C35-C40-C50-C55

83.4(2).

The *H NMR spectrum of 11 in THF-ds exhibited a broad singlet Cp-H resonance
(6 5.27 ppm), which is different from what is observed for 10; however broadening could
be due to the coalescence of two pseudo-triplets with similar chemical shifts. Support for
this proposal is evident based on correlations observed between resonances at 5.27 ppm,

103.0 ppm and 105.4 ppm in the *H-*C HSQC spectrum of 11. Another singlet resonance
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was observed in this region (*H & 5.72 ppm, ¥*C{*H} § 103.3 ppm) which was later
determined to be caused by contamination with sodium cyclopentadienide,>* when crystals
of the polymer [Na(THF) TerM®Cp-NaCp(THF)].. (11°) were obtained unexpectedly during
crystallisation attempts from THF (Figure 2.21). Similarly to 10, a total of 13 resonances
were identified for 11 in the BC{*H} NMR spectrum when coupled with 2D data and after
exclusion of the peak belonging to sodium cyclopentadienide. Like 10, this is also a clear
indication of a mirror plane and suggests a similar structure as proposed for 10 in THF
albeit with a higher coordination number between four and six for the sodium cation most
likely.8384 Additional evidence of molecular symmetry is given by the remaining TerMes
resonances, which possess similar characteristics to 10 such as two unique methyl groups
appearing as singlets at 2.19 ppm and 2.02 ppm in a 1:2 ratio, and a broad singlet at
6.71 ppm for both m-MesH environments which pairs with a single *C resonance at

127.9 ppm.

showing connectivity only. Ellipsoids are shown at the 50% probability level. Hydrogen

atoms have been omitted for clarity. During structure refinement some disorder was present
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in one of the coordinated THF molecules, and so bond lengths and angles have been

excluded.

Large block-shaped, orange coloured crystals of 12 were obtained via pentane vapour
diffusion into a saturated toluene solution. Compound 12 was found to crystallise in the
monoclinic space group 12/a. The molecular structure of 12 features a cyclic tetramer with
a large central square-shaped cavity (Figure 2.22). Each potassium cation occupies a corner
of the cavity and are separated by 5.7652(7) A and 5.7625(7) A between K1-K2 and K2-
K3 respectively, while the geometry of the cavity is defined by the acute K1-K2-K3 angle
of 90.579(11)°. The overall cavity size as measured from opposite Cp-H atoms spans ca.
3.7 A and was found to contain no solvent molecules during the structure refinement. Each
potassium cation is n-coordinated by two Cp-rings and n®-coordinated by two mesityl
rings with an average K-Cp centroid distance of 3.0182 A, significantly longer than what
is found for typical K-Cp centroid distances (2.816 A for CpK,® 2.783 A for

Cp*K-(pyridine)2,%” and 2.785 A for MesSiCpK®).
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shown at the 50% probability level. Hydrogen atoms have been omitted for clarity. Selected

bond lengths (A) and angles (°): K1-C3 3.0929(19), K1-C4 2.9254(18), K1-C5 3.0993(18),
K1-C18 3.369(2), K1-C19 3.492(2), K1-C20 3.445(2), K1-C21 3.3344(17), K1-C22

3.1980(17), K1-C23 3.2080(16), K1-K2-K3 90.579(11).

The NMR spectroscopic properties of 12 in THF-dg are similar to the lighter
homologues 10 and 11. Like 11, a single Cp-H resonance is present in the *H NMR
spectrum (3 5.40 ppm) and was observed as a singlet, however it was found to correspond
to only one resonance at 104.2 ppm in the C{*H} NMR spectrum. A relatively broad
resonance is close to this chemical shift (6 103.4 ppm), and is in the proper region to
correspond to some of the remaining Cp carbon chemical environments. Molecular
symmetry was also clearly defined by two unique methyl groups appearing as singlets at
2.20 ppm and 2.09 ppm in a 1:2 ratio, a broad singlet at 6.80 ppm for both m-MesH

environments which pairs with a single *C NMR signal at 128.1 ppm. It is likely that 12
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also adopts a similar configuration as its lighter analogues when dissolved in THF-ds. To
further investigate its solution-state molecular structure a non-coordinating solvent was
chosen to collect NMR spectroscopic data. The *H NMR spectrum of 12 in CsDs was much
simpler to interpret than data previously collected in THF-dg and is consistent with the
molecular structure of 12. Resonances for the central aromatic ring were the easiest to
identify by their characteristic triplet (3Jun = 7.5 Hz) and a doublet (3Jun = 7.5 Hz) at 7.25
ppm and 6.92 ppm respectively in a 1:2 ratio. Three unique methyl environments are
present (6 2.36, 2.27, and 2.11 ppm) in a 1:1:1 ratio, and in addition two unique m-MesH
environments are observed in the tH NMR spectrum as singlets (8 7.04 ppm and 6.55 ppm)
with a 1:1 ratio. Without prior knowledge of the molecular structure of 12 these
observations were initially confusing to rationalise; however once the structure of 12 had
been determined these resonances make complete sense when 12 is considered as a ring
with both inner and outer components. Two broad Cp-H resonances could also be identified
at 5.70 ppm and 5.63 ppm with a 3:1 ratio, consistent with the n*-coordination mode of 12.
Based on *C{*H} NMR data, it was determined that 18 unique carbon environments are

present (Figure 2.23) which is also consistent with the tetrameric structure of 12.

Figure 2.23. Unique carbon environments for the TerMeCp anion of 12 when dissolved in

CsDs.
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As mentioned previously the reaction in pentane between 9a+b and KN(SiMes)2
followed by filtration and storage in a -35 °C freezer produced crystals of
[KTerMeCp]2[KN(SiMes)2]2 (12°). The structure of this complex is similar to 12 and
features a large central, hexagonal shaped cavity. Each potassium cation is n°-coordinated
to one Cp-ring, n®-coordinated to one mesityl ring, and lastly coordinated to a bridging
N(SiMes), fragment. The K-Cp centroid distances were determined to be 2.8128(12) A and
2.7836(12) A between K1 and K2 respectively, and are typical for cyclopentadienyl
potassium complexes.®8 Two different K-N distances were found (K1-N1 2.7978(18) A
and K2-N1’ 2.8648(16) A), and are similar to the K-N distances reported for the dimer
[KN(SiMes)2]2 (2.770(3) A and 2.803(3) A).8° This structure is an exciting discovery as it
exemplifies the potential for these molecules to form bimetallic systems (i.e. those with a

2:1 ratio of metal to Cp ligand), an avenue that should be explored in the future.

Figure 2.24. Molecular structure of 12°. Ellipsoids are shown at the 50% probability level.
Hydrogen atoms and the pentane solvate have been omitted for clarity. Selected bond

lengths (A) and angles (°): K1-C1 3.241(2), K1-C2 3.103(2), K1-C3 2.899(2), K1-C4
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2.907(2), K1-C5 3.113(2), K1-N1 2.7978(18), K2-C1 3.1979(19), K2-C2 3.085(2), K2-C3

2.893(2), K2-C4 2.882(2), K2-C5 3.074(2), K2-N 1’ 2.8648(16), K1-N1-K2 121.05(6).

After observing a large cyclic, oligomeric structure for 12, it seemed pertinent to
synthesise the heavier rubidium and caesium analogues to investigate if this trend
continues. The complexes 13 and 14 are isolated directly from the reaction mixture as
faintly pink, nearly colourless powders in moderate to high yields with melting points
>400 °C for 13 and between 388-391 °C for 14. Unfortunately this failed to yield
analytically pure samples of 13 or 14, as determined by elemental analysis, due to excessive
solvent incorporation into the crystal lattice. Attempts were made at removing the
incorporated solvent by heating solid samples of 13 and 14 at 120 °C under vacuum for
three days. This heating improved the results obtained from elemental analysis but were
still unsatisfactory even with attempts at quantifying the amount of solvent present. To
supplement the elemental analysis data, HRMS data was collected for 13 and 14 and both
species were identified by their [M+H]" (m/z = 463.1451) and [M-CHs]" (m/z = 495.1083)
mass peaks respectively. Due to poor solubility of the complexes 13 and 14 in THF-ds
only *H NMR data could be collected; attempts at collecting suitable *C{*H} NMR data
were unsuccessful even with 24 hour collection times and were not pursued any further.
Incomplete *C{*H} NMR spectroscopic data is provided in the Experimental section for

13 and 14 as future reference.

A single broad Cp-H resonance was observed in the *H NMR spectrum at 5.31 ppm
for 13. Contamination of the reaction mixture was evident based on the presence of a

second sharp signal at 5.50 ppm, which was identified as rubidium cyclopentadienide,®*
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likely due to the diffusion of cyclopentadienyl vapours into the reaction mixture or from
cyclopentadiene and/or dicyclopentadiene present from the starting material. Two
resonances for the methyl groups were observed (6 2.19 ppm and 2.05 ppm) in a 1:2 ratio,
and in addition a single resonance was observed for the meta-MesH environments
(8 6.75 ppm) and overlaps with a doublet (8 6.74 ppm, 3Jun = 7.5 Hz) attributed to the
meta-positions of the central aromatic ring. Resonances for the para-position could not be
found, however a shoulder peak (6 6.77 ppm) is present with the resonances due to the
meta-MesH environments, suggesting that a partial overlap is occurring. Further evidence
for this is given by the integration value, which is slightly high. The structure of 13 is likely
oligomeric in both solution and solid states. In solution, the binding energy of THF would
be expected to decrease with an increase in ionic radius. This is prediction is based on the
concept of soft-hard acid base theory and has been predicted for similar ligands using
computational results.®® Further evidence of an oligomeric structure is provided by the poor
solubility of 13 in THF even at elevated temperatures, which suggests a large molecular
structure that is stable in THF solutions. *H NMR spectroscopic data collected in pyridine-
ds, a slightly better donor solvent, indicated that a partial deaggregation of 13 had occurred.
In addition to a single broad Cp-H resonance at 4.94 ppm, additional pseudo-triplets
resembling an AA’BB’ spin system had appeared between 5.93-5.83 ppm (*Jun = 2.9 Hz,
“Jun = 2.5 Hz). The degree of aggregation was estimated using relative integration values
and was found to be roughly 0.3:1 for monomer/oligomer or roughly 25% monomer, which
was found to remain constant after standing for one week in the glovebox. Unfortunately

no solid-state structural information for 13 could be obtained using X-ray crystallography,
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however both 12 and 14 adopt large, macrocyclic oligomers (discussion on 14 is provided

below) and so it seems very likely that 13 would adopt a similar structure.

Crystals of 14 were obtained from allowing a hot (ca. 60 °C) saturated THF solution
to cool toroom temperature. Compound 14 crystallises in the triclinic space group P-1 as
large, colourless hexagonal-shaped plates. Similar to 12, the molecular structure of 14
exhibits a large central cavity spanning ca. 7.8 A across (Figure 2.25). However, the
Cs1-Cs2-Cs3 angle of 119.357(7)° produces a hexagonal shape instead. The Cs-Cp bond
lengths ranged considerably from 3.122(4) A to 3.6668(5) A, but are otherwise in the range
of structurally characterized n°-coordinated Cs-Cp compounds while each of the mesityl
rings are n°-coordinated. Multiple (>7) non-coordinating solvent molecules were visible
during the structure refinement, some of which were disordered and could not be modelled
properly. To remedy this, the residual electron density attributed to these molecules was
removed by implementing PLATON‘s squeeze command,®® removing a total electron

density of 347 electrons per unit cell, which corresponded to ca.8.5 molecules of THF.
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Hydrogen atoms and THF solvate have been removed for clarity. Selected bond lengths

(A) and angles (°) (Cpc and Mes. denote the ring centroids): Cs1-Cpc (C1-C5) 3.129(2),
Cs1-Mes: (C12-C17) 3.191(3), Cs1-Cpc (C30-C34) 3.128(3), Cs1-Mes; (C41-C46)
3.159(2), Cs2-Cpc (C30-C34) 3.170(2), Cs2-Mes. (C50-C55) 3.259(3), Cs2-Cpc (C59-
C63) 3.186(3), Cs2-Mes. (C79-C84) 3.251(2), Cs3-Cpc (C59-C63) 3.170(3), Cs3-Mesc

(C70-C75) 3.208(2), Cs1-Cs2-Cs3 119.357(7).

The NMR spectroscopic properties for 14 were similar to 13, with the Cp-H
resonance appearing as a broad singlet at 5.16 ppm. The remaining TerM® resonances were
identified by the triplet-doublet pair for the central aromatic ring (8 6.97 ppm, 3Jun = 7.4
Hz, and 6.76 ppm 3Jun = 7.4 Hz respectively) with a 1:2 integration ratio, a broad singlet
at 6.71 ppm for the m-MesH positions, and a pair of singlets (6 2.19 ppm and 1.99 ppm) in
a 1:2 ratio for the methyl groups. Like 13, 'H NMR spectroscopic data collected in
pyridine-ds revealed a single broad Cp-H resonance at 4.99 ppm and additional pseudo-
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triplets for an AA’BB’ spin system between 5.86-5.74 ppm (*Jun = 2.9 Hz, °Jun = 2.6 Hz)

with a relative integration ratio of 0.7:1, corresponding to ca. 40% monomer.

2.3.3 Exploring the Reactivity of the K(TerMeCp) Tetramer
2.3.3.1 Reactions with Transition Metals

As stated earlier, 12 was determined to be the best reagent for further reactions due
to its solubility properties, its highly reliable synthesis with KH, and its behavior as reliable
monomeric K(TerM®Cp) source. Once the synthesis of 12 had been optimised, the next
step was to explore the coordination chemistry of this new ligand. Several different
transition metals and main group elements were explored with varying degrees of success

and completion. This section will summarise these results.

Metallocenes are generally described as molecules possessing a metal centre with
two mn°-coordinated cyclopentadienyl ligands and were the first cyclopentadienyl
complexes discovered (e.g. ferrocene). These complexes were chosen as initial targets due
to their ease of synthesis and vast abundance of relevant examples for comparison. Since
only one example of an m-terphenyl Cp complex has been synthesised in the literature,
very little is known about the steric or electronic properties that these molecules impart on
their respective coordination complexes. Therefore it seemed pertinent to synthesise some
metallocene derivatives incorporating the TerM®Cp ligand to establish some of these

properties.

The metallocenes 15-17 were synthesised from a salt metathesis reaction by

combining 12 with the appropriate metal halide source in a 2:1 mole ratio at room
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temperature (Scheme 2.12). Attempts at isolating the monosubstitution products from this

reaction using a 1:1 mole ratio were unsuccessful.

2 K(TerMCp) + MCL, (M = Fe, Co) Ar@
or THF >
2 K(TerM®Cp) + NiBr,(dme) <= A

M =Fe, 15; Co, 16; Ni, 17
Ar = TerMes

Scheme 2.12. Synthesis of metallocene complexes containing the TerM®Cp anion.

- —0 O—
dme 4 b

The crude yields for 15-17 are high (ca. 90%) however these were not found to be
analytically pure. Attempts at purifying these molecules have been challenging as they
exhibit high solubility in most organic solvents making recrystallisation difficult. After
recrystallisation from pentane, the yields diminish rapidly for 15 (28%), 16 (8%), and 17
(8%). The melting points have increased significantly for 15-17 (252.2-253.0 °C,
250.4-251.6 °C, and 265.3-266.8 °C for 15, 16 and 17 respectively) in comparison to the
parent metallocenes,®% which may prevent these compounds from subliming as well. One
possibility is to purify 15-17 by column chromatography, but no attempts have been made
so far at finding a suitable solvent system using thin-layer chromatography due to time
restraints. Structural information for these compounds has been collected using X-ray
crystallography and it was found that 15 (Figure 2.27) and 16 (Figure 2.28) display similar

characteristics while 17 (Figure 2.29) is markedly different.

Most notably, the central aryl ring of the TerM® groups are significantly twisted away
by 61.44(10)° from the central Cp ring in 17, while the largest analogous angles for 15 and

16 are only 19.35(13)° and 17.89(9)° respectively. This difference may be caused by a
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combination of dispersion and/or crystal packing forces coupled. Another factor that may
be responsible is the longer C-M bond lengths for 17 in comparison to 15 and 16. The
overall trend observed for C-M bond lengths was 15<16<17, which is expected since the
ferrocene analogue 15 possesses an ideal 18-electron configuration, while 16 and 17
possess additional electrons in an anti-bonding eig* molecular orbital (Figure 2.26),

resulting in lower C-M bond orders for these complexes.

P R

15 16 17
Figure 2.26. Frontier molecular orbitals with the greatest d-character for (n°-Cp).M

complexes, assuming a Dsq (staggered) geometry. Labels on the molecular orbitals are as

follows: ezq (dxz, dyz), a1g” (dz), €16 (Ce-yz, Oxy).

Two crystallographically independent molecules were present in the asymmetric unit
of 16 with two orientations for the TerM® groups; one molecule has been shown
(Figure 2.28) while the other orientation is similar to what is found for 15 (Figure 2.27).
This is most likely influenced by packing forces® in the crystal lattice; the rotation barrier

for the parent ferrocene is quite low (ca 4 kJ mol™)% in the solid state.
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Figure 2.27. Molecular structure of 15. Ellipsoids are shown at the 50% probability level.

Only one molecule of the asymmetric unit is shown. Hydrogen atoms have been omitted
for clarity. Selected bond lengths (A) and angles (°): Fe1l-C1 2.068(3), Fe1-C2 2.035(3),
Fel-C3 2.047(3), Fel-C4 2.039(3), Fel-C5 2.024(3), Fel-Cp. (C1-C5) 1.6434(17), Fel-
C30 2.098(3), Fe1-C31 2.047(3), Fel-C32 2.030(3), Fel-C33 2.021(3), Fel-C34 2.043(3),
Fel-Cpc (C30-C34) 1.6491(17), Cp (C1-C5)-Ar (C6-C11) 19.35(13), Cp (C30-C34)-Ar

(C35-C40) 4.90(13).

Figure 2.28. Molecular structure of 16. Ellipsoids are shown at the 50% probability level.

Only one molecule of the asymmetric unit is shown. Hydrogen atoms and pentane solvate
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have been omitted for clarity. Selected bond lengths (A) and angles (°): Co1-C1 2.210(2),
Co1-C22.093(2), Co1-C32.065(2), Col-C4 2.086(2), Col-C5 2.078(2), Col-Cpc (C1-C5)
1.7237(11), Co1-C30 2.209(2), Co1-C31 2.102(2), Co1-C32 2.069(2), Co1-C33 2.089(2),
Co1-C34 2.078(2), Col-Cpc (C30-C34) 1.7263(12), Cp (C1-C5)-Ar (C6-C11) 7.78(9),

Cp (C30-C34)-Ar (C35-C40) 17.89(9).

Hydrogen atoms have been omitted for clarity. Selected bond lengths (A) and angles (°):

Ni1-C1 2.340(3), Ni1-C2 2.197(3), Ni1-C3 2.104(2), Ni1-C4 2.138(3), Ni1-C5 2.264(3),

Ni1-Cp. (C1-C5) 1.8527(12), Cp (C1-C5)-Ar (C6-C11) 61.44(10).
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The *H NMR spectrum of 15 in CgDs suggests a staggered Cs orientation with a
mirror plane bisecting the Cp rings, evident by two pseudo-triplet resonances at 3.90 ppm
(Jun = 2.1 Hz) and 3.78 ppm (*Jun = 2.1 Hz) with an AA’BB’ pattern for the Cp-H
environments. The remaining Ter™® resonances were identified by their characteristic
features: a triplet-doublet pair was observed for the central aromatic ring (6 7.02 ppm,
3Jun = 7.5 Hz, and 6.81 ppm 3Jun = 7.5 Hz respectively) with a 1:2 integration ratio, a
broad singlet was clearly visible at 6.88 ppm for the m-MesH positions, and lastly a pair of
singlets (6 2.19 ppm and 1.99 ppm) were present in a 1:2 ratio for the methyl groups. This
ratio is different from what would be expected for the molecular structure obtained for 15
but is likely due to a low rotational barrier about the Cp-Fe axis. No cyclic voltammetry
has been performed for the metallocenes 15-17 as of yet due to difficulties in obtaining

significant quantities of pure material due to solubility issues and time restraints.

Another area of fundamental interest is cyclopentadienyl complexes of Group IV
metals (Ti, Zr, Hf). These complexes (e.g. Cp2ZrCl) have already demonstrated practical
applications in catalytic processes; most importantly they are used as precursors to catalysts
that efficiently mediate the polymerisation of a-olefins,>° allowing the mass production
of useful materials such as polypropylene. The reaction between ZrCl4(THF)2 and one
equivalent of 12 produced presumably the Zr piano-stool complex 18a in 51% isolated

yield (Scheme 2.13).
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Mes
K(TerMesCp) + ZrCl,(THF), _THF _ Mes ©, or Mes \Z“\\\Cl
M

; T
clI—4 el R ORK
Cl
18a Mes

18b

Scheme 2.13. Synthesis of a zirconium complex with the Ter®Cp anion.

In Ce¢Ds characteristic pseudo-triplets with an AA’BB’ pattern were observed in the
'H NMR spectrum for the Cp-H at 6.12 ppm and at 5.61 ppm (3Jun = 2.9 Hz). This supports
a piano-stool complex similar to what is found for Ter""CpZr(NEt,)s,?® but admittedly the
NMR spectroscopic properties for 18a would likely be similar to the disubstituted product
(TerMeCp),ZrCl; and therefore this cannot be ruled out as a possible product. Elemental
analysis data certainly supports the notion that 18b was produced inadvertently instead
based on the calculated values for 18a (C: 60.56 %, H: 5.08 %) and 18b (C: 75.95 %, H:
6.37 %), and what was obtained experimentally (C: 74.55 %, H: 5.87 %). Unfortunately
attempts at resolving the two products by their number of IR active Zr-Cl stretches (3 for
18a, 2 for 18b) was unsuccessful due to the position of the Zr-Cl (v 350-150 cm™)%
vibrational bands falling outside of the lower end of the working range for KBr pellets (ca.
400 cm™). Currently it is anticipated that the product is the monosubstituted piano-stool
complex due to the stoichiometry of the reagents used and the steric demands of the
TerMesCp ligand, however a lack of further reactivity when a second equivalent of 12 is
added would suggest 18b. Attempts at determining the product using HRMS were also
unsuccessful, and so X-ray diffraction data is required to elucidate the structure.

Additionally, preliminary reactivity studies demonstrated that the product of this reaction
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reacts further with sodium cyclopentadienide, based on the observance of four new quartets
(0 5.88 ppm, J =3.4Hz, J=25Hz, 578 ppm, J =3.4 Hz, J = 2.5 Hz, 5.36 ppm, J = 3.1
Hz, J=2.7 Hz, and 5.10 ppm, J = 3.1 Hz, J = 2.7 Hz) appearing in a 1:1:1:1 ratio, but the
identity of the product could not be determined. Future work will be focused on studying
the reactivity of zirconium complexes incorporating the TerMeCp ligand and determining
the structure of the complex using X-ray crystallography. The analogous reaction with 12
and TiCls(THF)2 was unsuccessful presumably due to the reducing properties of the
cyclopentadienyl ligand®, this phenomenon is quite common between alkali metal salts of

Cp* and transition metal reagents in high oxidation states that are prone to reduction.

2.3.3.2 Reactions with Main Group Elements

The reactivity of 12 as well as the mixture 9a+b was also explored with some typical
main group element transfer reagents. Attempts at synthesising magnesium complexes
from both Mgl and 12 via salt metathesis or with 9a+b and MgBu by deprotonation were
unsuccessful. Gradual conversion of 12 to 9a+b was observed over one hour when
combined with Mgl> while no reaction occurred at all between 9a+b and MgBu. (Scheme
2.14). The reaction with Mgl> may have been inhibited by the low solubility of Mgl in

THF, however it still remains unclear why MgBu: failed to react with 9a+b.

2 K(TerM*SCp) + Mgl +»THF Ar
(Ter™M*Cp) + Mg, =
or 1
pentane Mg

2 TeMSCpH + MgBu, —X— ="

Ar = TerMes
Scheme 2.14. Unsuccessful attempts at synthesising magnesium complexes.
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Moving on to the p-block elements, the reactivity of 12 was tested with BiCls.
Cyclopentadienyl complexes incorporating bismuth are quite rare and remain relatively
underexplored in organometallic chemistry, so it seemed pertinent to investigate these
molecules and develop this area further. The corresponding bismuth(l11) compound 19 was
isolated in 46% yield via a salt metathesis (Scheme 2.15), however only preliminary results

are available for discussion.

Cl

Mes
. THF M >
K(TerM®Cp) + BiCl, ©s .

Bl

Cl
19

Scheme 2.15. Synthesis of a bismuth(111) cyclopentadienyl compound.

Compound 19 was characterised by X-ray crystallography and H NMR
spectroscopy. In CeDs four unique Cp-H resonances are visible in the *H NMR spectrum
(6 6.55 ppm, Jun = 2.5 Hz, 6.22 ppm, Jun = 2.4 Hz, 5.10 ppm, Jun = 2.5 Hz, and
4.23 ppm, Jun = 2.4 Hz), but unfortunately most the remaining resonances could not be
unambiguously assigned based on only H NMR spectroscopic data. Perhaps the
orientation of the bismuth centre results in a desymmeterisation of the molecule and causes
a complex *H NMR spectrum to be observed; the integration values are consistent with the
structure of 19. The molecular structure of 19 features a trigonal pyramidal bismuth centre
bound to two chlorides and an n3-coordinated cyclopentadienyl ring (Figure 2.30). Short
intermolecular contacts between Bil-CI12’ (3.2984(13) A) and CI2-C12’ (3.473(3) A) were

observed in the crystal of 19. The Cp-Bi bond lengths were found to be 2.743(5) A,
142



2.324(5) A, 2.782(5) A between C2, C3, and C4 respectively and are within the expected
range®’ for cyclopentadienyl bismuth compounds. The CI1-Bi1-CI2 (92.57(5)°), C3-Bil-
CI1 (93.99(14)°), and C3-Bil1-ClI2 (89.74(13)°) bond angles are close to 90° and indicate
that minimal mixing is occurring between the px, py, and p; orbitals. The lone pair of
electrons on bismuth likely occupy a low lying 6s orbital,®® and may not be accessible due
to the inert pair effect; therefore a priority will be investigating the reactivity of this

molecule with Lewis acids.
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Figure 2.30. Molecular structure of 19. Ellipsoids are shown at the 50% probability level.
Hydrogen atoms have been omitted for clarity. A portion of a neighbouring molecule
(related by the symmetry operator [-x, —y+1, —z]) is shown with the short contacts denoted
by dashed lines. Selected bond lengths and short contacts (A) and angles (°): Bi1l-CI2’
3.2984(13), CI2-C12’° 3.473(3), Bil-Cl1 2.4839(15), Bil-Cl2 2.5387(14), Bi1l-C2 2.743(5),
Bi1-C3 2.324(5), Bi1-C4 2.782(5), CI1-Bi1-Cl2 92.57(5), C3-Bi1-CI1 93.99(14), C3-Bi1l-

CI2 89.74(13).

144



Other preliminary reactions involving main group elements included exploring the
reactivity of 12 with Alls, PClz, and SiMesCl (Scheme 2.16). These compounds were
chosen because the former two allowed for the collection of %’Al and 3P NMR
spectroscopic data respectively, which are simpler to interpret than their corresponding H
NMR spectra and are of fundamental interest, while the latter was chosen because
trimethylsilylated cyclopentadienyl ligands are important precursors to transition metal

complexes; particularly for those of the Group IV metals.*

toluene

K(TerM*Cp) + All, "(TerM*Cp)AlL,"

THF
K(TerM*Cp) + 1.2 PCl4

CeDg

K(TerM*Cp) + 1.2 SiMe;Cl
Mes ‘><SiMe3
Scheme 2.16. Explored reactivity of 12 with elements of the main group. Hashed bonds

indicate multiple substitutional isomers.

Reaction between 12 and one equivalent of Alls produced an intensely violet
coloured reaction mixture with a lavender hue. When the *H NMR spectrum was collected
in CeéDs two new Cp-H resonances appeared at 5.50 ppm and 4.52 ppm as a broad singlet
and doublet (J = 6.0 Hz) respectively, while the remaining signals were too complex for
interpretation. Two signals were visible in the 2’ Al NMR spectrum; one signal at 82.4 ppm

corresponded to the starting material Alls*® while a new signal appeared at -36.5 ppm. A
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value for Cp*All, could not be found for comparison, however this value is very close to
what has been reported for the dimer [Cp*All]> (5 -41.75 ppm).1® The nature of this
product has not been determined as of yet and is only given as “(TerM®=Cp)All,”. A

preliminary yield on this reaction based on the (TerM®Cp)All, product is 60%.

Reaction between 12 and a slight excess of PClz produced a yellow coloured reaction
mixture. In the *H NMR spectrum, complex multiplet patterns were observed at 6.29 ppm,
5.78 ppm, and 5.73 ppm, while what appeared to be a doublet was visible at 3.77 ppm
(J = 8.5 Hz) all with a 2:1:1 integration ratio. Five signals with two distinct regions were
visible in the *'P NMR spectrum: two signals at 153.2 ppm and 150.8 ppm in a 0.13:1 ratio
likely corresponded to substitutional isomers of (TerM®Cp)PCI; (e.g. 1,2- or 1,3-substituted
cyclopentadienes) while, three additional signals were present at 72.9 ppm (0.09),
72.6 ppm (0.13), and 71.2 ppm (0.16), likely substitutional isomers of the disubstituted
product. A combined yield for both products based on starting material was found to be

S57%.

An NMR scale test reaction between 12 and a slight excess of SiMezCl also produced
a yellow coloured reaction mixture. In the *H NMR spectrum, five new broadened peaks
were observed at 6.55 ppm, 6.24 ppm, 5.99 ppm, 5.91 ppm, and 5.58 ppm in a 2:3:3:3:2
relative integration ratio, while two additional singlets appeared at 0.17 ppm and -0.35 ppm
in a 1:1 relative integration ratio, which do not correspond to chlorotrimethylsilane ( ca.
0.5 ppm).2% These results were promising because it demonstrated that 12 can react with

SiMesCl and should allow a broader range of transition metal compounds to be targeted.
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2.3.4 Towards Other m-Terphenyl Derivatives

The final question that remained was the general utility of this synthetic approach.
From failed attempts at replicating the Pd-catalysed cross-coupling reported in the
literature®®, it became clear that synthetic routes to m-terphenyl substituted
cyclopentadienes are highly sensitive to steric factors when using such a bulky substitutent.
Therefore the even bulkier TerP®P analogue (TerP'® = CsH,-2,6-Dipp2, Dipp = CsH2-2, 6-

iPr2) was targeted using Ter®*PLi and [Cp2Co][PFs] (Scheme 2.17).

. >
Li .@ ) toluene \
*| Co | PFq ~7q i~ Dipp HED

Scheme 2.17. Reactivity of Ter®"PLi with cobaltocenium hexfafluorophosphate.

This reaction successfully produced the desired cobalt(l) complex 20 with a 49%
yield following crystallisation from pentane, the crystals of which were suitible for X-ray
diffraction studies. The overall yield increased by 26% after removing the solvent from the
pentane filtrate resulting in a total isolated yield of 75%. The production of TerPPPH was
also observed during this reaction (ca. 20%), which is the major factor that reduces the
overall yield of this reaction. The *H NMR spectroscopic properties of 20 are similar to
that of 8 in CeDs. A methylene resonance at 2.50 ppm was confirmed to be part of the
cyclopentadiene ring by examination of correlations between resonances at 4.42 ppm and
4.61 ppm in the *H-'H COSY NMR spectrum. A resonance for the n°-cyclopentadienyl is
clearly visible as a singlet at 4.36 ppm. The isopropyl resonances of the TerP"*? fragment

are clearly defined by a pair of doublets at 1.36 ppm (3Jun = 7.0 Hz) and 1.03 ppm
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(3Jun = 6.8 Hz) that are present in a 1:1 ratio, and a septet at 2.70 ppm (3Jun = 6.8 Hz).
Most of the aromatic resonances are also well-defined, the Dipp groups are visible as a
triplet-doublet pair at 7.36 ppm (3Jun = 7.6 Hz) and 7.22 ppm (3Jun = 7.6 Hz) respectively
in a 1:2 ratio, while the remaining resonances for the central aromatic ring coalesce into a

complex multiplet pattern between 7.00-6.92 ppm.

Figure 2.31. Molecular structure of 20. Ellipsoids are shown at the 50% probability level.
Hydrogen atoms and one component of disorder at the cobalt centre have been omitted for
clarity. The disorder has not been completely modelled therefore bond lengths and angles

are unreliable.

The molecular structure of 20 will not be discussed in great detail due to a significant
amount of unresolved disorder in the molecule. The structure does show connectivity and
is consistent with the NMR spectroscopic data, and it becomes immediately clear that the

TerP® analogue exhibits significantly different steric properties. Preliminary reaction
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studies have also shown that 20 can be oxidatively decomposed yielding the corresponding
diene Ter®PPCpH (21) as well, and is evident by new multiplet Cp-H resonances
(6 6.01, 5.92 and 2.62 ppm) in a 2:1:2 ratio, and by preliminary X-ray diffraction studies
(Figure 2.32). The data is of insufficient quality to discuss bond lengths in detail; however
it does provide information on connectivity and provides additional evidence that this route
can be extended to bulkier m-terphenyls. Different solubility properties of the TerPPp
fragment complicated the column chromatography step but efforts are presently underway

to optimise this reaction and obtain better structural information.

Figure 2.32. Molecular structure of 21 showing connectivity only. Ellipsoids are shown at
the 50% probability level. Hydrogen atoms been omitted for clarity. The disorder has not

been completely modelled therefore bond lengths and angles are unreliable.
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2.3.5 Summary of Crystal Tables

Table 2.1. Summary of crystallographic data for compounds 8—12.

Compound reference
Chemical formula
Formula Mass
Crystal system

a/lA
b/A
c/A
al®
pI°
y°

Unit cell volume/A3
Temperature/K

Space group

No. of formula units per unit cell, Z
No. of reflections measured
No. of independent reflections

Rint

Final Ry values (1 > 24(1))
Final wR(F?) values (I > 24(1))
Final Ry values (all data)

Final wR(F?) values (all data)

8

Cs4H3sCo
502.55
Monoclinic

11.3211(6)
13.8783(7)
17.3882(9)
90
108.0690(10)
90

2597.3(2)
125(2)

P21/n

4

21154

6267

0.0344
0.0382
0.0910
0.0538
0.0981

9

CaoHazo

378.53
Orthorhombic

33.276(4)
8.4963(9)
15.9855(17)
90

90

90
4519.4(8)
125(2)
Pbcn

8

32954
4888
0.0550
0.0863
0.2006
0.1091
0.2131

g
CaoHzo
378.53
Monoclinic

16.706(2)
9.3800(13)
15.616(2)
90
113.886(2)
90
2237.5(5)
125(2)
P2/c

4

17958
5309
0.0531
0.0579
0.1257
0.1158
0.1537

10
Cu6H116L i
1537.84
Monoclinic

17.9551(17)
13.7241(13)
36.353(4)
90
94.531(4)
90
8930.0(15)
125(2)

12/a

4

36496
10527
0.0518
0.0563
0.1178
0.1135
0.1432

11
C21H2sNaO
316.40
Triclinic
9.2095(11)
9.7986(12)
20.732(3)
95.129(2)
98.483(2)
103.703(2)
1782.6(4)
293(2)

P1

4

11824
6141
0.0538
0.0753
0.2276
0.0963
0.2410

12
Ci16H116K4
1666.48
Monoclinic

22.732(2)
17.8679(12)
25.5510(14)
90
113.133(5)
90
9543.7(12)
125(2)

12/a

4

39266
11560
0.0430
0.0451
0.1001
0.0767
0.1127
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Table 2.2. Summary of crystallographic data for compounds 12°-19.

Compound reference
Chemical formula
Formula Mass
Crystal system

alA

b/A

c/A

al®

pl°

y°

Unit cell volume/A3
Temperature/K
Space group

No. of formula units per unit cell, Z
No. of reflections measured
No. of independent reflections

Rint
Final Ry values (1 > 24(1))

Final wR(F?) values (I > 24(1))

Final Ry values (all data)

Final wR(F?) values (all data)

12'

C19.08H27.20KNo.50Si

330.85
Monoclinic

15.1601(11)
8.8159(6)
29.811(2)
90
93.2320(10)
90
3977.9(5)
125(2)
P21/c

8

31807
9489
0.0451
0.0492
0.1095
0.0860
0.1240

14
C22.75H23.75CS0.7500.25
400.85
Triclinic
16.903(2)
17.111(2)
19.298(3)
101.929(2)
111.436(2)
100.858(2)
4865.2(12)
125(2)

P1

8

60097
23614
0.0748
0.0553
0.1294
0.0936
0.1444

15 16
CsgHssFe Ci21H128Co02
810.89 1700.09
Monoclinic Triclinic

23.2478(13) 13.1712(7)

10.0865(6) 19.0291(10)
40.059(2)  20.3053(11)
90 73.0420(10)
106.0080(10)75.8870(10)
90 84.2750(10)
9029.2(9) 4718.8(4)
125(2) 125(2)

P2/c PT

8 2

72877 40494
21914 22353

0.0547 0.0454
0.0652 0.0545
0.1319 0.1194
0.1066 0.0955
0.1458 0.1392

17
CsgHssNi
813.75
Tetragonal

13.9919(7)
13.9919(7)
45.126(2)
90

90

90
8834.5(10)
125(2)

17 2d

8

37025
5753
0.0669
0.0376
0.0881
0.0499
0.0932

19
Ca9H29BICl,
657.40
Monoclinic

8.8386(5)
12.1051(7)
23.8287(14)
90
94.9870(10)
90
2539.8(3)
125(2)
P21/c

4

20535
6212
0.0490
0.0380
0.0833
0.0591
0.0905

Note: Crystal data for 20 and 21 have not been included since the data was of poor quality and/or incompletely refined.
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2.4 Conclusions

Nucleophilic substitution reactions to cobaltocenium salts by the organolithium
reagent TerM®Li leads to the formation of the Co(l) intermediate 8, which when reacted
with FeClz liberates the cyclopentadienyl precursors 9a+b. The corresponding lithium (10),
sodium (11), potassium (12), rubidium (13), and caesium (14) salts were prepared using
routine synthetic approaches and were characterized using X-ray crystallography (10, 12,
14) and by multinuclear NMR and UV-Vis spectroscopies. It was also determined that 12
was the most suitible reagent for further coordination chemistry. Based on the molecular
structures of 10, 12, 14 it was established that the TerM®Cp anion is capable of bonding

through both Cp and aryl interactions.

The ferrocene (15), cobaltocene (16), and nickelocene (17) TerMeCp substituted
analogues were accessible by salt metathesis reactions between 12 and their corresponding
metal halides and exhibit properties similar to their parent complexes. Similarly a
zirconium(lV) complex was also accessible via salt metathesis between 12 and
ZrCls(THF)2. However, the identity of this product could not be definitively determined as
both 18a and 18b are theoretically possible. Regardless of which product was isolated, it
was found that this new Zr(1V) species exhibited reactivity with sodium cyclopentadienide.
The nature of this product has yet to be determined, but may be useful as a future catalyst
precursor for olefin polymerisation reactions. Reactivity was also explored with main
group elements, and the bismuth(I11) species 19 was prepared via salt metathesis with BiCl3
and 12. Structural information for this molecule revealed an n3-cyclopendadienyl ligand
bound to the Bi(lll) centre with close Bi-Cl and CI-CI contacts between a neighbouring

molecule. Additional evidence for the nature of 19 was provided by*H NMR spectroscopy,
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but additional spectroscopic data is still required for a complete characterisation. Further
reactivity studies with Alls, PCls, and SiMesCI show promising preliminary results but the

nature of the products isolated still need to be determined.

Lastly, but arguably the most important result is that this synthetic route was
successfully applied to produce the Co(l) intermediate 20, which features an even bulkier
TerPPP substituent. This result is significant because it exemplifies the versatility of this
method with respect to tolerating a variety of steric demands, and demonstrates that the
steric (and in theory electronic) properties can be tailored to suit almost any situation with
only a few common reagents. Further work is still required to oxidatively decompose 20
on a large scale and fully characterise the parent diene, however preliminary results show

promise.

2.5 Future Work

Overall this project is very open-ended, and will likely serve as the foundation for
future developments given the scant literature examples. Obviously there is a lot of
potential to further develop organometallic complexes of both main group and transition
metal elements that incorporate the TerM®Cp anion, and there is also the potential to
develop new cyclopentadienyl ligands incorporating bulkier, or electronically different m-
terphenyl substituents. This possibility was lightly touched upon during this work but can
certainly be expanded upon. An immediate priority is to complete all of the outstanding
characterisation data for 15-19 (covered during the Results and Discussion section) and

resolve the disorder encountered during the structure refinement of 20.

153



Another area that needs to be investigated immediately is the synthesis of additional
cyclopentadienyl transfer agents, specifically the bromine and trimethylsilyl derivatives.
These milder reagents are important because they possess a lower reduction potential than
their respective alkali metal salts and may allow reactivity with electrochemically sensitive
metal complexes. The trimethylsilyl derivative was investigated briefly during this project
but it was not made on a synthetically useful scale, therefore this reaction will be repeated
and optimised on a larger scale and its reactivity will be investigated with TiCl4(THF)2. In
a similar manner the bromine derivative is a milder reagent, and should be accessible from
the reaction of 9a+9b with N-bromosuccinimide (Scheme 2.18). The reactivity of TerMes
CpBr will then be investigated with late transition metals (e.g. Cu, Ag, Au, Pt, Pd) that

favour low (0-2) oxidation states.

pentane

TerM*CpH + NBS

Scheme 2.18. Bromination of TerM®CpH with N-bromosuccinimide (NBS) to afford

TerMesCpBr derivatives. Hashed bonds indicate multiple substitutional isomers.

Another aspect that needs to be considered for the future is the electrochemical
properties of the Co(l) intermediates 8 and 20. Cyclic voltammetry could be used to
determine an alternative oxidising agent to the FeCls such as aqueous hydrogen peroxide.
Hydrogen peroxide is one of the cleanest oxidising agents available, and would ultimately
reduce the environmental impact of this chemistry. This change may also improve the
synthetic route by removing the column chromatography step; the oxidised cobalt by-

products would likely be water soluble and easily separated from the desired
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cyclopentadiene. Most importantly this change would eventually allow the reaction to be

done on a larger scale thereby increasing the synthetic utility of this process.
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