Ruthenium Half-Sandwich Zwitterions:
Coordination Behaviour of New Hemilabile

(Phosphino)benzimidazole Anions

by
Jesse M. Walker

Department of Chemistry

A dissertation submitted in partial fulfillment of the
requirements for the Degree of Doctor of Philosophy

Supervisor: Dr. Gregory J. Spivak

Faculty of Graduate Studies,
Lakehead University
Thunder Bay, Ontario,
Canada

December 2016




To my wife Laura and our children Harrison and Hannah.

This is for you, in its entirety,
with all my love.



J. M. Walker

Abstract

A series of tetraphenylborate-fuctionalized anionic [P,N]-hybrid ligands
based on a 2-(diaryl- or dialkylphosphino)benzimidazole scaffold were
synthesized from conveniently accessible 1-(4-bromobenzyl)-2-(diaryl- or
dialkylphosphino)benzimidazole precursors. The corresponding anionic 2-(diaryl-
or dialkylphosphino)-1-(4-(triphenylborato(1-))benzyl)benzimidazole ligands were
isolated as their lithium salts, and are abbreviated as [Li(THF)X][PRNBPh4] (R=
phenyl, x = 2 (1a); R = isopropyl, x = 2 (1b); R = cyclohexyl, x = 4 (1¢)). The
corresponding tetraphenylphosphonium salts (Ph4P*) of 1a-c (1a’, 1b’, and 1¢’
respectively) are easily accessed via metathesis with PhysPX (X = Cl or Br). For
comparative purposes, two charge-neutral variants of ligand 1a were also
prepared with methyl and benzyl substituents in the 1-position of the 2-
(phosphino)benzimidazole scaffold. The corresponding selenides of all five [P,N]-
ligands were prepared, and their electronic properties were assessed using
¥P{"H} NMR spectroscopy.

The coordination behaviour of the anionic (phosphino)borate ligands with
ruthenium was influenced by the identity of the ligand cation. In general, in all
cases the lithium salts facilitated chloride abstraction from classic piano-stool
ruthenium-chloro precursors resulting in the formation of chelated k%-P,N
complexes. No reactions were observed between 1a’-¢c’ with (CsR's)RuCI(PPh3);
(R" = H or Me); in contrast, the lithium salts promoted chloride and PhsP

dissociation leading to the corresponding chelated k?-P,N complexes
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[(CsR's)RUCI(PPhs)(k*P,N-PRNBPh,)]. Interestingly, in reactions with [(p-
cymene)RuCly];, 1a’-c’ either produced the monodentate K'-P, complex
exclusively (with 1a’), or an equilibrium mixture containing k'-P and «k*-P,N
complexes (with either ligand 1b’ or 1¢’).

The propensity of the chelated ruthenium complexes to undergo ring-
opening of the k%-P,N ligands was examined in reactions with MeCN and CO. It
was found that the extent of ring-opening was dependent upon the identity of the
phosphine donor. Ruthenacycles formed by the anions of ligands 1b and 1c were
observed to be more resilient towards ring-opening compared to the ruthenacycles
formed with the anion of 1a.

Ring-opening was also observed in reactions involving
[CPRUCI(PPh3)(k*P,N-P*NBPh,)] or [Cp*RuCI(PPhs)(k’P,N-PRNBPhs] with 1-
alkynes. Evidence suggests that these reactions proceed via ring-opened
vinylidene intermediates that subsequently lead to products in which the
vinylidene ligand has formally inserted into the ruthenium-nitrogen bond of the k*
PRNBPh, ligand.

Ruthenium-vinylidene complexes of the form [Cp*Ru(CCHR)CI(k?P,N-
P“YNBPh4)] (R= phenyl or tert-butyl) were formed by reacting ligand 1c with
[Cp*RuCl]4 followed by the addition of the corresponding 1-alkyne. Attempts to
protonate the vinylidene ligands using HBF4 at low temperatures to produce
ruthenium carbynes resulted in the degradation of the tetraphenylborate

functionality.
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Chapter One: Introduction

1.1. Ruthenium Complexes and their Importance to Chemical
Synthesis

There is no doubt that the field of organometallic chemistry has evolved
into a mature and multifaceted subset of chemistry. In particular, ruthenium-based
organometallic complexes have displayed astonishing diversity with respect to
their functional roles in novel chemical applications. Modern applications of
organometallic ruthenium compounds span from innovative biological functions,
including anticancer™® and antiviral chemotherapies,®® to efficient catalytic
hydrogen production via splitting water,”®"*! a process crucial to the development
of a dependable hydrogen-fuel economy. In fact, one area in which ruthenium
compounds have attained a great deal of attention from the research community
is in homogeneous catalytic applications, as illustrated by the fact that a share of
two Nobel Prizes, to Grubbs (2005) and Noyori (2001), have been awarded
recently for the development of novel ruthenium-catalyzed homogeneous
chemical transformations.

Although organometallic chemistry has a historical prominence in
homogeneous catalysis -- an application that has propelled its expansion since

the field was in its infancy!'® --

the development of catalytically active
organometallic ruthenium complexes remains an intense and exceptionally

productive area of research, having a profound impact on numerous areas of
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chemical synthesis."”®?% Not only are ruthenium complexes valued from an
industrial standpoint, but also with respect to more specialized processes such as
fine-chemical?"* and natural product synthesis,**?® to name a few.

It is difficult to overstate the importance of catalysis to the chemical
industry. The industry, undeniably, has become reliant on catalysis to operate in
the most environmentally and economically viable fashion. Amazingly, it is
estimated that 75% of industrial chemical processes utilize catalysts, and it is also
projected that 90% of newly developed chemical transformations will employ a
catalyst.””! These figures are incredible given the magnitude on which the present-
day chemical industry operates. Often, when reviewing the importance of
ruthenium as a transition metal for use in catalysis, many overlook the importance
of cost a major contributing factor. Indeed, prices of this metal continue to remain
low when compared to those of the other popular, catalytically significant metals
such as Pd, Pt, Rh and Ir. This is an important factor that can have huge
ramifications when dealing with chemistry on an industrial scale, large-scale
research programs, or programs having a restricted budget.

Placing catalysis at the heart of the green-chemistry movement, the
development of new catalysts that improve reaction efficiencies can have
profound effects on the amount of chemical waste that is generated as well as the
amount of energy and reagents required for the process.”®>% Also, the use of a
catalyst may eliminate the requirement to use hazardous chemicals and

specialized equipment.’?® There have been a number of ruthenium complexes that
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have found use as catalysts in industrial applications. Recent advancements
involving the industrial-scale synthesis of some chemicals important to the flavor
and fragrance trade (Figure 1) provide a perfect example of how the development
of new, highly effective ruthenium catalysts can have incredible consequences

pertaining to the aforementioned attributes of chemical transformations.**!

OH H
A B (o

Figure 1. Examples of olfactive compounds synthesized on an industrial scale using

ruthenium catalysts. A = Nirvanol®, B = Dartanol®, C = Pamplewood®.”’!

The new methodologies reported, which produce various unsaturated
alcohols on an industrial-scale, employ organometallic ruthenium complexes to
perform catalytically key regio- and stereoselective hydrogenation reactions.
These methods proved to be significantly advantageous when compared to
traditional methods.”® The new synthetic approaches to these commercially
relevant fine-chemicals allowed the company to avoid using wasteful
stoichiometric reagents including Wittig reagents and traditional hydrides as well
as evading the use of chemical feedstocks that are hazardous and difficult to

employ.®®?!
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Interestingly, these reactions were also used to produce naturally
occurring chemicals or to provide easy access to suitable chemical substitutes for
natural products.”® The design of synthetic chemical pathways that lead to the
production of naturally occurring products is not only a fascinating area of
synthetic chemistry, but is also extremely important from an ecological and
environmental perspective.

Gaining access to a natural product by means of harvesting the organism
that produces it poses great environmental complications. Typically, in order to
obtain sufficient quantities of these naturally occurring compounds, a large
number of a specific type of organism must be harvested.?" This can be due to
low concentrations of the product in the organism or biological tissue as well as
low yields from processing the biomaterial to obtain a pure compound. These
aspects can cause difficulty in meeting the demand for the natural product while
staying within the parameters of environmental and ecological sustainability. In
addition, the environmental implications of natural product cultivation can be
particularly problematic in areas that are less economically developed where the
perceived economic benefits of harvesting the organism at a rapid and
unsustainable pace may be greater than the environmental impact of such
aggressive harvesting practices.®? Further complicating the situation, these
geographical regions may lack enforced environmental regulations that would

hinder such extreme exploitation of local flora and fauna.?
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From an environmental standpoint, it is of great importance that synthetic
chemists are able to produce valuable natural products in the most efficient cost-
effective manner possible to meet demand for the product while preventing the
mismanagement of the organism that produces it. Indeed, complexes of ruthenium
have not only played a vital role in the development of efficient natural product
syntheses but have also expanded the scope of this branch of chemistry.*!! There
has emerged a number of natural products that are reliant on ruthenium catalysts
for their efficient synthesis.” Therefore, it is evident that the continued
improvement of ruthenium catalysts and the study of their fundamental properties,
will ensure that synthetic chemists are provided with the best tools possible to
produce naturally occurring products in a cost-competitive manner and, thus, will
contribute to the conservation and preservation of susceptible biological
populations.

Undeniably, nature is a most formidable synthetic chemist, for the
complexity of many naturally occurring biomolecules is simply amazing (Figure
2).243% As impressive as these molecules are, the architectural complexity of
many biomolecules pose an ultimate challenge to synthetic chemists since
naturally occurring chemicals are important to numerous aspects of human
endeavors. Most notable are the applications of natural products in medicine.
Interestingly, nature has evolved in such a way that has made it a master of
stereochemistry and chemical selectivity.**! Many of these macromolecules have

structures laden with stereocentres and functional groups making their synthesis
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challenging in a laboratory setting without the intricate methodology inherent to
biological systems. It is for these reasons that ruthenium has found much of its
success in organic synthesis as a whole. Actually, ruthenium catalysts tend to
display exceptional functional group tolerance and selectivity (Figure 2). It is on
this basis that ruthenium-catalyzed olefin metathesis, for instance, has become
one of the most important and successful chemical transformations to emerge

from organometallic chemistry.

Figure 2. The structure of ciguatioxin CTX3C, an example of the chemical complexity
present in many natural products. The arrows indicate the bonds that are formed by

ruthenium catalysis during the synthesis of this compound.®*

1.2. The Success of Ruthenium-Mediated Olefin Metathesis and the
Quest for an Alkyne Counterpart

Olefin metathesis is certainly one of the most successful and renowned

developed chemical reactions in catalysis. It has been hailed as one of the most
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prominent triumphs in advanced organic synthesis./?” The reaction, in essence, is
the scrambling of groups across carbon-carbon double bonds as illustrated in
Scheme 1. Olefin metathesis is applicable to a wide range of syntheses including
polymerization®®*! (Scheme 1), natural products® and pharmaceuticals.® One
feature that stands out with regard to olefin metathesis, is that it affords chemists
a facile route to construct macrocyclic-ring structures that are frequently

encountered in natural product and pharmaceutical molecular scaffolds.!?*>®!

1
M=~ R1 R1 M R
+ ‘—_‘ M[ | ‘—_‘ u + ﬁ (A)
RZ/: R3 R2 R3 R2 R3

©_> ) ®

Scheme 1. Olefin metathesis: A) The general reaction scheme illustrating the exchange

of functional groups.®” B) an example of ring-opening metathesis polymerization.”

There remain two broad classes of organometallic catalysts that are used for
olefin metathesis, those that are based on early metals such as the Schrock-type
carbenes, and those based on late-metals such as the Grubbs-type carbenes
(Figure 3). In particular, the Grubbs-type ruthenium catalysts have been

immensely successful.
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Enhancing functional group tolerance, the utilization of ruthenium as the core
of these catalysts is beneficial for olefin metathesis in that it takes advantage of
the preferential soft-Lewis acid/soft-Lewis base interaction between the ruthenium
metal-centre and the olefinic substrate. In fact, the expansion of olefin metathesis

catalysts to include ruthenium complexes was accompanied by other important

A,
iPr iPr CI,,,,_| Ph

N =
| Ph c” lru
(F3C)2Mec0u"')M°\\)< PCy,
(F1C),MeCO
A B

Figure 3. Examples of early- and late-metal olefin metathesis catalyst developed by

Schrock (A) and Grubbs (B).*

benefits in addition to the enhanced functional group tolerance, when compared
to metathesis initiators based on early metals. The ruthenium complexes afforded
practitioners the ability to store the catalysts in an air atmosphere for weeks
without considerable degradation, making them easier to employ.® Not only were
these complexes tolerant to small amounts of reagent impurities, but they were
also cheaper to synthesize and, therefore, more readily available.* Indeed, they
were truly olefin metathesis catalysts for the masses.

Based on the metallacyclobutane-containing reaction mechanism inherent

to metal-catalyzed olefin metathesis, it would seem logical that this general



J. M. Walker

transition would be amenable to alkyne substrates as well, if the metal-carbon
double bond of the catalyst was substituted for a triple bond. In fact, metal-
catalyzed alkyne metathesis (Scheme 2) has been lurking in the shadow of its

more renowned counterpart, olefin metathesis, for some time now.

Scheme 2. The general reaction scheme of alkyne metathesis illustrating the exchange of

functional groups.™

Interestingly, its initial developmental progression has mimicked that of olefin
metathesis to some degree, since catalysts based on early-metal carbyne
scaffolds hold prominence in the field (Figure 4). Research in this area has gained
momentum recently with a series of molybdenum and tungsten alkylidyne
complexes developed by the groups of Furstner and Tamm (Figure 4), some of
which have shown remarkable stability and functional group tolerance. %%
Intriguingly, these molybdenum carbyne catalysts have been used to
synthesize some macrocyclic alkyne-containing rings of natural products in the
presence of numerous functional groups.*"! Furthermore, some of the novel

molybdenum carbyne complexes were shown to catalyze alkyne metathesis of

some challenging substrates including a few examples of the unprecedented
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alkyne metathesis involving terminal alkynes.!*®! This reaction has typically been
complicated by alkyne cyclotrimerization as well as catalyst degradation when

using traditional alkyne metathesis catalysts, and has posed a significant hurdle

Ar
. ..!J,!o F3C ‘ll\ll
Ph3SIO“ \OSiPhg Fsc,/o“\“‘/ \O,\CF3
Ph5SiO E _0— CF;
¢ &r,
A B

Figure 4. Examples of the early-metal alkylidyne complexes developed by Furstner (A)
and Tamm (B). These alkyne metathesis catalysts are stable and functional group

tolerant.2%40

in widening the substrate-base of alkyne metathesis.*®4%*243l The recent
development of these complexes has certainly expanded the scope of alkyne
metathesis, and it will prove interesting to observe future advancement of this
innovative class of catalyst.

Indeed, the synthetic utility of alkyne metathesis does not stop at offering
chemists the ability to construct new alkynyl functionalities. This transformation
can also afford a convenient method of synthesizing stereospecific alkenes, by
using established, methods to partially reduce the newly formed alkyne,***°! a
limitation of olefin metathesis that has only recently been addressed with headway

by Hoveyda and Grubbs though the development of olefin metathesis catalysts
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capable of selective Z-isomer formation.!*>*?! Furthermore, groups can be added
across the alkyne providing a wealth of synthetic possibilities.#*4°47]

In light of the success and advantages that ruthenium-based catalysts have
contributed to olefin metathesis, the expansion of metal catalysts capable of
initiating alkyne metathesis to include ruthenium complexes may benefit from the
same advantages, and would propel alkyne metathesis to the main stage of
organic synthesis. Therefore, it is surprising that the development of ruthenium
alkyne metathesis chemistry has received considerably less attention from the
organometallic research community,***" as compared to ruthenium-catalyzed
alkene metathesis. Not only are ruthenium carbyne complexes rare in the
literature, but ruthenium complexes that display the ability to catalyze alkyne
metathesis also remain elusive. Only a single example of a ruthenium carbyne
complex that can dimerize terminal alkynes exists in the literature.®? In light of the
scarcity of ruthenium carbyne complexes capable of catalyzing this reaction, more
insight with regards to structure/activity relationships is required to push the
development of ruthenium-mediated alkyne metathesis forward.

Tuning the reactivity patterns of organometallic complexes through variation
of ligand structure remains a vital component to their development and is a
fundamental process in the art of organometallic chemistry. Subtle structural
differences in ligand configuration may lead to surprising differences in chemical
reactivity and, perhaps, superior catalysts. Since ligands can provide both a

supportive role as well as being active participants in organometallic processes,
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innovative ligand structures can have profound effects on all aspects of the

catalytic performance of metal complexes.

1.3. Anionic Phosphine Ligands: An Underdeveloped, Yet Intriguing
Collection of Ligands

Undoubtedly, tertiary phosphine ligands are amongst the most diverse and
well-developed ligand systems used in the design of coordination compounds.
Variation in the groups attached to the phosphorus donor atom allows for a
versatile means of manipulating both the electronic and steric effects, providing
an easily accessible method to fine-tune the reactivity of the metal complexes that
incorporate these structural variants. The search for phosphine ligands that have
enhanced electron-donating abilities remains an important focus in the
development of transition metal catalysts since electron-rich phosphine ligands
are able to provide stabilizing effects during key stages in catalytic processes
including coordinatively-unsaturated intermediates as well as transient species
that contain metal centres in elevated oxidation states. Furthermore, electron-rich
phosphine ligands can provide a level of activation in pre-catalyst complexes by
exerting a labilizing effect on other ligands within the coordination sphere (high
trans influence), thereby facilitating the generation of the active catalyst.

One design strategy that could potentially improve the activity of metal-
based catalysts is to incorporate an anionic charge into the phosphine ligand
structure. However, most of the methods used to generate anionic phosphine

ligands employ electron withdrawing groups such as sulfonates, which often
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decrease the electron-donor power of this class of ligand.”® In an attempt to
circumvent these electronic effects, the use of a less electronegative group, such
as an alkyl- or aryl-borate, to generate the anion allows for the negative charge to
be less polarized and the donating power of the phosphine may be improved.**
%8l Interestingly, only a few examples of these types of ligands appear in the
literature.

The first reported anionic phosphinoborate emerged from Fu’s synthesis of
the PMes adduct of boratabenzene.”! Reaction of this precursor with KPPh, (pKa
of PMes= 8.70 vs pKa of Ph,PH= 22.9)°% resulted in the formation of
diphenylphosphidoboratabenzene (Scheme 3), an elegant anionic and isosteric

homologue of the ubiquitous PPhs ligand.!®”!

. »

B” KPPh, ~  K©
\\“l ~N -PM93 P \
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Scheme 3. Synthesis of diphenylphosphidoboratabenzene ]

Initial studies with regard to the coordination chemistry of this unique ligand
provided evidence that it was considerably more electron donating than PPh3 as
indicated by the carbonyl stretching frequencies in analogous Fe-CO

complexes.k”] Surprisingly, although it has now been twenty years since its
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inception, very little has been published regarding this innovative ligand. However,
the simple synthetic utility of the (formally negative) BCsHs unit as a means to
render traditional and well-established phosphine ligands anionic is a seemingly
untapped resource to establish innovative ligand structures that have enhanced
electron-donating power.

One of the earliest reported anionic phosphinoborate ligands was a
phenylborate-derivative of the classic 1,1,1-tris(diphenylphosphinomethyl)ethane
(triphos) tridentate ligand, introduced by the Tilley group.® The novel design of
this ligand adopted the basic framework of a tetra-coordinate boron moiety,
commonly utilized as weakly coordinating counterions in cationic transition metal
salts, and incorporated this molecular unit into the ligand backbone (Figure 5)
thereby replacing the apical ethyl bridgehead of triphos with an anionic PhB-
group. By far, this ligand, and its derivatives of the form [RB(CH2PR’;)s] (hereafter
abbreviated as ['BP3" | accordingly), represent the most studied class of anionic

(phosphino)alkyborates with almost fifty publications reporting their use.”

¢

B
B
PhP” {  PPh,
PPh,

Figure 5. The structure of the anionic tridentate phosphino(borate) ligand [""BPs™T.*
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Interestingly, these alkylborate-derivatives of triphos are isoelectronic with
cyclopentadiene (Cp) and tris(pyrazolyl)borate (Tp) and their derivatives are
arguably two of the most popular and well-studied ligand systems in coordination
chemistry. However, evidence from CO stretching frequencies in corresponding Ir
complexes suggests that ""BP;™" is a better electron-donor than both
pentamethylcyclopentadiene (Cp*) and hydridotris(3,5-dimethylpyrazolyl)borate.
There are numerous accounts of [F'BP] being employed as supporting ligands
in transition metal complexes,’®® and many of these complexes have displayed
interesting reactivity, including the activation of silanes,®¢* CO,!® H,,6>%¢l gngd
CO,. %1

Our experience with ["BP3""]" in ruthenium chemistry resulted in the study
of a highly active transfer hydrogenation catalyst (Figure 6).°®! Even though the

steric demand of the face-capping [""BP3""] ligand was rather large (as evidenced

*
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Figure 6. Molecular structure of [[""BPs™")Ru(MeCN)s]PFs, a highly active catalyst for the

transfer hydrogenation of acteophenone and other ketones.”*®
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by the MeCN displaying limited substitution chemistry, and being displaced only
by ligands which have modest steric profiles) this complex catalyzed the transfer
hydrogenation of ketones at very high turnover frequencies.’®®

Another notable catalytic reaction of a ruthenium complex containing
[""BP5™"" was the selective hydrogenation of cinnamaldehyde to cinnamy! alcohol
by the ruthenium dimer [Ru(""BP3"")(u-Cl)]o.*"! Amazingly, this dimer represents
one of the most powerful catalysts for this transformation in terms of both activity
and selectivity.’®® The novel reactivity patterns displayed by complexes containing
[*BP5"7 fueled research focused on the study of other anionic (phosphino)borate
ligands.

Soon after the initial reports of the novel [""BPs""]" ligand, other anionic
phosphines featuring an alkyl/aryl-borate backbone appeared in the literature. A
bidentate version of the [F'BP3~] system was synthesized by the Peters group.!’”!
Essentially, these ligands are homologues to the classic bidentate

bis(dialkylphosphino)propane ligands (Figure 7)."" Initial efforts to explore these

ligands in Pt chemistry resulted in a complex

Ph,

SN
O O

Figure 7. The structure of the anionic bidentate phosphino(borate) ligand [Ph,B(PPhs),]." !
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capable of benzene C-H activation. Interestingly, access to the active Pt-THF
species was only possible using the anionic (phosphino)borate ligand whereas the
analogous precursor containing 1,3-bis(diphenylphosphino)propane was not
susceptible to protonation to generate the active species (Scheme 4). This
illustrates the differing reactivity patterns that anionic phosphinoborates

complexes can impart compared to their neutral analogues.m]

- Ph;
B\ . Ph M—| x©
e
P ! (CODIPHMe), O —Pupy -
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[PrEtNH][BPhy] | -[XI[BPh,]
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e
PhBY T PtL
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Scheme 4. The protonation of (Ph,B(PPh.),)Pt(Me). to afford an active Pt-THF complex,

a reaction not observed for the analogous complex containing a neutral dppp ligand.”"

The bulky [R’2B(P'Bu.)2]” anion was explored as a supporting ligand in Cu
chemistry and was shown to stabilize low-coordinate complexes,!’? including the
first examples of fully characterized Cu(l)-diazoalkane complexes.”! Although

some very interesting and unique features have emerged concerning the use of
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tridentate [FBPs"] and bidentate [R2B(PR2)2]” monoanionic (phosphino)borate
ligands in coordination chemistry, there were a few problems with regard to the
stability of these ligands towards air oxidation and hydrolysis as well as rapid
decomposition in chlorinated hydrocarbons such as chloroform and methylene
chloride.®>"4 7l

It was suspected that the instability aspects of the alkyl-bridged bis- and
tris(phosphino)borate ligands were a result of the -B-CH,- tether. This notion was
supported by the detection of MePPh; as a hydrolysis decomposition product!’®!
of [Li(TMEDA)][Ph3B(CH2)PPhy] (TMEDA= N,N,N’,N’-
tetramethylethylenediamine). Since it had been established that arylborate groups
are generally more stable than alkylborates,®" a logical progression of these
ligands would be to generate an anionic (phosphino)borate containing only aryl
linkages to the boron atom. Indeed, a series of [PRz(p-Ph3sBCgH4)]" ligands were
synthesized by the Peters group containing, at least conceptually, R.P-donor
moieties bound to a [BPh4] anion (Figure 8). The initial series of this type of ligand
was varied with respect to the substituents at the phosphorus (Ph and iPr) as well
as the substitution geometry about the aryl bridging unit (meta- and para-
substitution). It was found that these ligands were more robust with regard to
stability towards solvents, hydrolysis and air oxidation, more so than the
aforementioned ligands containing the -B-CHy- linker.["”!

The seminal communication describing this ligand series briefly described

preliminary coordination chemistry regarding Rh and Pt. In the case of Pt, a
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complex that incorporated the meta-substituted (diisopropylphosphino)borate was
shown to promote the Suzuki cross-coupling of aryl halides in significantly greater

yields than analogous complexes containing neutral isosteric phosphines.™

©BPh,
[NEt,]®

A

Figure 8. The structure of the anionic monodentate phosphino(borate) ligand

[INEt][PR(p-PhsBCgH4)).>*

These observed differences in reactivity were attributed to the greater electron-
donating power of the anionic phosphine ligand.**

As novel as these ligands are, they have not received considerable attention
from the research community. Our group expanded the series to include the para-
substituted -PCy, analogue and explored the use of these ligands in Ru-arene
chemistry.l”® From this work emerged interesting observations of unique solution
dynamics involving these types of complexes, including pronounced chloride
dissociation taking place which seemed to be dictated by increased donor-power
of the phosphines./"® It was proposed that we were witnessing the formation of a
three-component equilibrium between monomeric dichloride species and both

mono and di-p-clorido complexes.”® In addition, facile chloride abstraction from
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RuCl,-arene complexes containing the monodentate (phosphino)borates resulted
in the isolation of numerous solvento-trapped, zwitterionic complexes

incorporating either acetonitrile or pyridine into the coordination sphere (Figure

9).l"®!
| ® | o
/Ru,,' _Ru.
Ph,p” L “NCMe PhP” N N
Cl cr ol
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Figure 9. Examples of solvento-trapped ruthenium complexes containing the anionic

[PR(p-PhsBCeH,)] ligand."™

Another study from our laboratory using these anionic (phosphino)borate
ligands probed the electron-releasing power as a function of borate proximity to
the phosphorus donor atom. By converting analogous sets of anionic and neutral
phosphine ligands to the corresponding selenides, these experiments employed
the use of *'P-""Se coupling constant data, obtained by *'P NMR spectroscopy,
to compare the effects of inserting aryl and alkyl groups between the phosphorus
donor centre and the [BPhs] unit.””! It was found that, in all instances, the o-
donating ability of the anionic ligands were enhanced, albeit to varying degrees,
compared to their neutral counterparts.[m Certainly, the proximity of the borate
group to the phosphine donor has a pronounced impact on the electronic

properties of these anionic ligands. It was found that attaching the [BPh4]" unit
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directly to the phosphine had the greatest effect on o-donation, whereas
introducing an aryl group between the borate and the phosphine moieties resulted
in diminished electronic effects.!’”!

In retrospect, this year marks the 20" anniversary of the first anionic
phosphino(borate) ligand, diphenylphosphidoboratabenzene, introduced by the
pioneering work of Fu and coworkers.””! Given that, for some time now, the search
for new ligands with enhanced electron-donating abilities has been a continuous
theme in organometallic research, it remains puzzling that anionic
(phosphino)borate ligands have not received more interest from the research
community. Despite the fact that most studies on this class suggest that they have
unique properties as compared to their neutral counterparts, anionic

(phosphino)borate ligands continue to be an underdeveloped, yet extremely

promising, class of ligand.

1.4. Organometallic Zwitterions

Since the majority of transition metal compounds used in homogeneous
catalysis are cationic, incorporation of an anionic ligand could afford charge-
neutral zwitterionic catalysts having several advantages over their cationic
analogues. For example, charge-neutral zwitterionic catalysts would eliminate the
need for a counterion, thereby alleviating any inhibitory ion-pairing interactions
between the active catalyst and the counterion.’®*®"! Furthermore, cationic

catalysts usually display poor solubility in low-polarity solvents whereas
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zwitterionic alternatives may be soluble in these types of media.l”®®? This can be
beneficial from a catalytic standpoint in alleviating solvent/substrate
incompatibilities as well as gaining mechanistic insight through solution phase
studies.!””!

Amongst the first zwitterionic complexes in the literature are those reported
by Schrock and Osborn. It was found that, when studying hydrogenation reactions
involving complexes of the general form [Rh(PPhs)Hz(sol)2][X] (where sol =
solvent, X = OCly, PFg or BPhs), a mechanism was present that selectively
hindered the activity of the BPh, salt. Further investigation revealed that the
[BPh4] counterion was coordinating to the metal via one of the Ph groups through
a facial n°-type coordination mode. This discovery led the researchers to
synthesize systematically a series of Rh and Ir complexes featuring this new
zwitterionic motif. However, it wasn’t until much later that Alper and co-workers
realized the true potential of these systems when they discovered that [Rh(r]6—
PhBPh3)(COD)] (COD= 1,5-cyclooctadiene) (Figure 10) was capable of catalyzing

a plethora of chemical transformations!”®®, a true catalytic ‘workhorse’. Indeed, a

oBPh3

@_sh..u\ |
/, \5

Figure 10. Molecular structure of [Rh(n®-PhBPhs)(COD)]. This zwitterionic complex

features a coordinated BPh,” group.®?
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number of zwitterionic complexes have appeared in the literature since these Rh
systems were reported, yet the rational design of this class of complex with respect
to late transition metals is a fairly recent phenomenon,’ aided by the
development of novel ligand structures that sequester anionicity from the ligated
metal cation.

Although a few comparative studies involving zwitterionic organometallic
complexes and suitable cationic analogues have emerged in the literature, clear
insight concerning the structure/activity relationships of these complexes is rather
limited. However, in many of these comparative studies, the contrast between the
zwitterionic and cationic analogues can be very pronounced exposing differences
in chemoselectivity and/or activity.!"%:8%848°]

When Alper and co-workers were studying the catalytic performance of
[Rh(n®-PhBPhs3)(COD)], they noticed, in a number of reactions, that this complex
behaved differently, with respect to stereochemical outcomes, than analogous
cationic or charge-neutral counterparts.’>®%%71 For instance, when comparing
[Rh(n®-PhBPhs3)(COD)] with cationic [Rh(dppb)(COD)][BPh4] (where dppb= 1,4-
bis(diphenylphosphino)butane) for use in the silylformylation of terminal alkynes,
it was found that the zwitterionic and cationic complexes afforded different

isomeric alkenes as illustrated in Scheme 5.
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Scheme 5. The different reactivity patern displayed by zwitterionic [Rh(n®-PhBPhs)(COD)]

and [Rh(dppb)(COD)][BPh4]."!

Keeping with the theme of (phosphino)borate zwitterion chemistry, an
exemplary study highlighting the reactivity difference between complexes differing
by the presence of a negative charge residing on the backbone of the ancillary
ligand was published by Betley and Peters. The authors describe the difference
between complexes of the form (P*P)Rh(MeCN), (where PP =
[Ph2B(CH2PPh,),], Ph,Si(CH2PPhz),, Ph,P(CH2).PPh, or Ph,P(CH;);sPPh,) to
catalyze the hydroacylation of 4-methyl-4-pentenal.®® The results of this

comparative study revealed that the hydroacylation activity of the zwitterionic
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complex containing the (phosphino)borate was around forty times greater than the
activity observed for its cationic relatives.®®

Interestingly, changing the solvent identity (for example, C¢Hs, THF, MeCN)
decreased the hydroacylation activity significantly for the reactions involving the
cationic catalyst, whereas the zwitterionic catalyst was not affected by this
parameter.®® The authors suggested that the solvent effects were likely due to
the cationic complexes being only marginally soluble in C¢Hgs, whereas neither
THF nor substrate were able to break up Rh-Rh dimer intermediate species, and
strong ligation of MeCN may occur thereby inactivating the cationic complexes.’®®!
Surprisingly, in switching to the zwitterionic catalyst, these issues were avoided.’®®!

A remarkable set of zwitterionic complexes reported by Stradiotto and
coworkers employ an alternate approach to ligand anionicity than the
aforementioned borate ligands. This approach utilizes a P,N donor set with an
anionic indenide backbone to sequester the charge on the ligand.® Interesting
comparative studies were reported with regards to the catalytic activity of a
zwitterionic ruthenium half-sandwich complex containing the indenide-P,N ligand
compared to the analogous cationic complex containing the protonated version of
the ligand (Figure 11). It was observed that the cationic complex was only
marginally active for the transfer hydrogenation of acetophenone, providing final
conversion to 1-phenylethanol of less than 25%. However, the zwitterionic
complex was extremely active under the same conditions, yielding 99%

conversion to 1-phenylethanol after five minutes. Amazingly, this complex is
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amongst the most active catalysts for transfer hydrogenation that have been

reported.!®”
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Figure 11. Cationic (A) and zwitterionic (B) complexes developed by Stradiotto and
coworkers. Where the cationic complex is only marginally active for transfer
hydrogenation, the zwitterionic complex is amongst the most active transfer hydrogenation

catalysts reported.

When structural alterations of metal complexes give rise to pronounced
distinctions in catalytic activity, there exists unique opportunities for the
organometallic chemist to provide additional tools to widen the scope of chemical
synthesis. The development of organometallic zwitterions represents such an
opportunity, for it is clear from comparative studies involving these complexes and
their corresponding cationic analogues that organometallic zwitterions can provide
complementary stereochemical outcomes as well as increased catalytic activity

compared to traditional cationic complexes.
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1.5. [P,N] Hybrid Ligands: Implications of [P,N] Donor Systems,
Hemilabilty and Ligand Cooperativity

Another ligand design strategy that has gained popularity is the
incorporation of two or more distinctive donor functionalities into the ligand
framework. These multidentate structures, termed hybrid ligands, can have
remarkable ligative properties. Indeed, this is an expansive class of ligand, as one
can imagine, due to the virtually endless possible combination of donor groups
that are capable of binding to metal centers. Arguably, the most well-studied and
abundant hybrid ligands reported in the literature are those based on a
combination of phosphorous and nitrogen (that is, [P,N] donors).®" This is not
surprising since, independently, P and N donor ligands are both ubiquitous in
organometallics. Interestingly, when embedded within the same ligand
architecture, [P,N] ligands display noteworthy properties not only as supporting
ligands but also with regard to more functional roles by displaying hemilability
and/or ligand cooperativity.

Having both P and N donor groups arranged to facilitate chelation can
amalgamate their complimentary donor properties into a single ligand structure.
In late metal chemistry, the P donor can provide a strong o-donating anchor to the
metal as well as the stabilization of electron-rich metal centres through its
propensity to act as a T-acceptor.”'** Furthermore, the N donor can help stabilize

higher oxidation states and facilitate oxidative addition through added o-
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donation.® Metal complexes containing [P,N] hybrid ligands have shown
outstanding catalytic activity for a multitude of transformations.!®"°!

In addition to the mixed donor characteristics, [P,N] hybrid ligands can
display other interesting phenomena as a consequence of their heterodentacity.
Not only can [P,N] ligands provide stabilizing effects through hemilability they can
also play more of an active role in catalytic transformations, a process termed
ligand cooperativity.®”! These functional roles of [P,N] hybrid ligands can serve to
stabilize catalysts throughout the catalytic cycle as well as dramatically increase
catalytic activity.

Hemilability is a process that arises through the ability of one of the donor
groups of a multidentate ligand system to exhibit reversible displacement. The
labile nature of a donor group serves to preserve the integrity of the catalyst by

reversibly occupying vacant site(s) on the metal during catalysis,!**°!

prohibiting
potential degradation pathways that would otherwise inactivate the catalytic
species. In essence, these ligands act as organometallic protecting groups
thereby generating a more robust catalyst (Scheme 6).

With respect to [P,N] ligands and late transition metals, the favourable
soft/soft P-metal interaction provides a strong anchor of the ligand to the metal,
whereas the generally hard/soft incongruity of the N-metal interaction usually
serves as the site of hemilability. Indeed, substitution of the N donor group can

provide a means by which to fine-tune the extent of hemilability.'°>'°") However,

there exists a balance where the N-donor must be sufficiently labile to allow for
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Scheme 6. The hemilability of a [P,N] hybrid ligand. Chelation stabilizes the complex
whereas displacement of the N provides a vacant site on the metal for substrate

interaction.

displacement, either by substrate or other species involved in the catalytic
transformation, but still able to bind to the metal when stabilization is necessary.
The chelation effect certainly promotes N-metal interaction since the ligand
remains bound to the metal through the P donor moiety holding the N donor close
to the coordination sphere. Therefore, the proximity of the two donor groups can
also be utilized as a hemilability tuning mechanism since hybrid [P,N] ligands that

chelate to form strained metallacycles contributes to the degree of hemilability.['*

104]

Remarkably, in addition to the stabilization effects inherent to hemilability,
hybrid [P,N] ligand systems can exhibit cooperative effects that can influence
catalytic performance dramatically. Ligand cooperation refers to a ligand partaking
directly in the catalytic transformation through secondary interactions which
promote the catalytic activity of the complex.®”! This chemical interaction has also
been referred to as ligand non-innocence since ligands acting in a cooperative

fashion are more than just innocent spectators serving exclusively as electron-
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donor functionalities. Certainly, a testament to the advantageous nature of this
concerted metal-ligand partnership is the fact that the metalloenzyme galactose
oxidase has evolved to include a cooperative tyrosinyl ligand which aids in the
conversion of primary alcohols to aldehydes with extraordinary activity.”!
Interestingly, in most reports of metal complexes containing hybrid ligands,
hemilability and cooperativity are implied and not often observed directly.!®":%!
Computational, crystallographic, and spectroscopic evidence have been
employed to support the formation of transient species that result from hemilabile
and/or cooperative processes.®®'%""% One method to provide experimental
evidence for hemilability is to document the reversible ring-opening of
metallacycles containing [P,N] chelates. For example, phosphino(imidazole)
ligands have been established as useful [P,N] hybrid ligands in a variety of
catalytic transformations, including Suzuki C-C bond couplings,"""**! Buchwald-
Hartwig aminations,"""""! and hydrogenation reactions.''"™ These ligands

have displayed reversible metallacyclic ring-opening in both Rul'®! and Pd!""®!

systems. The Ru complexes containing (phosphino)imidazoles (Scheme 7)

1] cie
—=>—< —o—<
| |
/Ru," D — /RU."
PhyP g | “Cl thp)_él “C|
QN NS

Scheme 7. Ruthenium-phosphinoimidazole complex displaying dynamic ring opening of

the 4-membered metalacycle."™
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studied by Caballero and co-workers displayed dynamic solution behavior where
equilibrium was established through reversible displacement of the coordinated
imidazolyl N donor by a chlorido ligand. Similar observations have been reported
by Lee and co-workers involving Ru-PTA-amine (PTA= 1,3,5- triaza-7-

phosphaadamantane) complexes.[*®!

1.6. Concluding Remarks

Organometallic ruthenium complexes have proven to be among the most
remarkable classes of homogeneous catalysts. Through novel ligand design, the
integration of such concepts as zwitterionicity, hemilability, and ligand
cooperativity continue to push the boundaries of organometallic chemistry
providing synthetic chemists with state of the art methodologies to perform a
plethora of catalytic transformations in various areas of chemistry. Advancement
with regard to the understanding of these complexes is crucial in order to continue

the design of innovative complexes in a coherent and rational manner.
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Chapter Two: Research Objectives and Rationale

2.1. Ligand Design

The focus of the research presented within this work centres on the
development of novel [P,N] hybrid ligands based on the benzimidazole scaffold
(Figure 12). It was reasoned that this general scaffold would provide a highly
tunable ligand system, providing control over the electronics of the P-donor group
as well as the hemilability of the N-donor. Altering the identity of the groups on the
phosphorus centre would allow for the regulation of the electronic and steric nature
of this group, whereas variation of the chelate ring size by variation of the proximity
between the phosphine group and the benzimidazole backbone, may provide a
means to manipulate the hemilability of these ligands. In addition, we aimed to
sequester sufficiently a negative charge within the framework, through a BPh,

group tethered to N-1 of the heterocycle by a -CH,- spacer (Figure 12), providing

Figure 12. General molecular structure of the proposed anionic [P,N] ligand system.
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access to zwitterionic ruthenium complexes. Initial focus would be on the
development of a reliable synthetic method to provide access to these ligands
followed by investigations concerning their electron-donating power.
Derivatization by substitution of the groups at the phosphorus donor or by
distancing the phosphorus group from the benzimidazole ring would ensue.
Analogous neutral ligands having a similar steric profile, as the example illustrated

in Figure 13, would be synthesized and serve for comparative purposes.

X

Figure 13. A neutral ligand analogue used for comparative purposes.

2.2. Coordination Chemistry

Our intent was to explore the use of these new ligands in ruthenium half-
sandwich complexes containing facially coordinated Cp, Cp* and p-cymene
supporting ligands. Reactions with small, potentially coordinating, molecules were
chosen to investigate the ability of the anionic phosphino(benzimidazole) ligands
to display hemilability (Scheme 8). In addition, due to our long-standing interest in
the synthesis of ruthenium-carbyne complexes as potential initiators of alkyne

metathesis, we planned attempts to synthesize these types of complexes
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Scheme 8. Ring opening of a metallacycle containing the target anionic ligands.

incorporating our new [P,N] hybrid ligand systems. Previous success with
synthesizing ruthenium-carbynes via the protonation of ruthenium-vinylidene
precursors prompted us to explore this technique to synthesize our target carbyne

complexes (Scheme 9).1"171"]

TN <= <y | B
Potentially l® l®
b .Ru. H .-Rux
Hemilabile N Q\i/ ~c§c/ HBF,4 Q\JN\/ \C\CHZ
[ I
N">pR, R’ N™ PR, R’
@ R= Ph, iPr, Cy
o R' = Ph or Bu <)
[BPh,]" group BPh; BPh;

Scheme 9. Proposed synthesis of a Ru carbyne target complex via protonation of a Ru

vinylidene precursor. Specific features of the new [PN] ligands are highlighted.
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Chapter Three: Ligand Syntheses

3.1. Attempts to Synthesize Various [P,N] Ligands

At the onset of this project, the intent was to synthesize a library of
heterobidentate [P,N] chelating ligands with the common feature of a pendant
[RBPh3]" anion incorporated into the ligand architecture. Much time and effort
during this venture was spent exploring the synthesis of different [P,N] scaffolds,
largely trying to install the borate unit (Figure 14). However, introducing the boron-

containing functionality strategically into the general ligand

A
. < N e
PhsB /N NZ BPh,

Ph,P PPh,
S
/_N>j\/e ] A\
Ph,P N BPh; PhP N o

BPh;

Figure 14. Some Examples of target ligands explored during the first stage of the project.

framework proved to be a very synthetically challenging task, and during the early
stages of exploration, "B NMR spectroscopy was not being utilized to its full

extent to monitor the fate of the boron.
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As research progressed, it became clear that "B NMR spectroscopy was
perhaps the best tool to monitor the synthesis stages involving the introduction of
boron to the general ligand scaffold. Ultimately, this assisted with the successful
development of the ligand systems reported herein, and which formed the basis
of the majority of the research. Nonetheless, it is important that a general
statement be made regarding attempts to design and synthesize a number of
different libraries of anionic phosphine-based ligands, as it would represent a
disservice to the amount of time and work that was devoted to the early stages of
this research project. However, discussing the details regarding the composition
and structure of these other ligand targets would largely be speculative. Thus, in
order to provide congruence with respect to the progression of this research

project, any discussion on the synthesis of these other targets has been omitted.

3.2. The Synthesis of Anionic 2-(Diphenylphosphino)benzimidazoles

Tertiary phosphine ligands containing imidazole groups have been used in
transition metal chemistry for decades ['**'?? and these hybrid ligands have
attracted much interest over recent years.!''?114116.123126 \When we originally set
out to synthesize a library of [P,N] hybrid ligands containing N-heterocycles, we
first considered utilizing imidazole as a building block in order to access
(ultimately) heterobidentate [P,N]-ligands. Installing the necessary 4-bromobenzyl
group at the N-1 position of imidazole to produce the required 1-(4-

bromobenzyl)imidazole precursor was straightforward.'”?! The subsequent
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phosphination step also proceeded smoothly using LDA as base, and yielded 1-
(4-bromobenzyl)-2-(diphenylphosphino)imidazole in reasonable yields (Scheme
10). However, during the final step in the synthesis of the desired target — the
installation of the BPhs group at the C-Br bond of the pendant 4-bromobenzyl

substituent — difficulties were encountered with regioselectivity. In

N

| Y
3
>~

Scheme 10. Synthetic  strategy = for  preparing  1-(4-bromobenzyl)-2-

(diphenylphosphino)imidazole.

particular, the use of "BuLi as a metallating agent not only lithiated the C-Br bond
of the 1-(4-bromobenzyl)-2-(diphenylphosphino)imidazole precursor but also at C-
4 and C-5 positions of the imidazole core.!'*® The resulting mixture of phosphine-
containing products proved difficult to purify, and modifying the reaction
parameters (e.g., temperature, time and solvents) and metallating agents (e.g.,
'BuLi) did not improve the product distribution. It was therefore decided that a
slightly different approach would be pursued.

In an effort to circumvent the reactivity issue of the imidazole backbone,
benzimidazole was chosen as an alternative heterocyclic scaffold. We reasoned

that, if deprotonation was occurring at the 4- and 5-positions of the imidazole ring,
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then employing benzimidazole would eliminate these sites, and preference for
lithiation would be at the desired C-Br bond of the 4-bromobenzyl substituent.
Indeed, switching to the benzimidazole group would also preserve the desired

ligand characteristics of the imidazole design.

3.3. Synthesis of an Anionic 2-(Diphenylphosphino)benzimidazole
Ligand

A major convenience of including benzimidazole into the ligand design was
that benzimidazole is readily available and inexpensive. In addition, coupling of a
benzyl group to the 1-position of benzimidazole can be achieved in a fairly straight-
forward manner using KO'Bu and 4-bromobenzyl bromide (Scheme 11)."#1 With
this precursor in hand, the plan was first to introduce a —PPh, group at the 2-
position of the benzimidazole ring using LDA and PPh,ClI. It was expected that the
use of LDA would selectively lithiate at the 2-position leaving the Br-phenyl group
intact for subsequent functionalization with BPhs. After lithium-halogen exchange
at the 4-bromophenyl group via 'BuLi, the final step of this synthetic approach
would be to displace the lithium using BPhs. This last step in the synthesis would
be congruent with the installation of the borate group on (phosphino)borate ligands
of the form [PR2(p-PhsBCgH.)].**"® The complete synthesis of the target anionic
[P,N] ligand (i.e., ligand 1a) is outlined in Scheme 11.

The penultimate step in the synthesis of 1a involved the introduction of the

—PPh; group to the 1-(4-bromobenzyl)benzimidazole scaffold. LDA proved



39
J. M. Walker

effective at regioselectively deprotonating the C-1 position of the 1-(4-

bromobenzyl)benzimidazole precursor, and subsequent quenching with the

N
Br @ \>
N KO'Bu N
S + —E
N THF O
H BY (98%) | P
Br
i) LDA,
ii) PPh,ClI
THF ®
',Il_i(THF)z

N

N @E‘)—Pth

Y—PPh N
©:N>_ 2 tBuLi, BPh;, -90°C

>
\@\ THF OQ
B

(96%) ZBr '

(73%)

\W)

1a

Scheme 11. Synthesis of ligand 1a.

electrophile PPh,Cl led to the synthesis of 1-(4-bromobenzyl)-2-
(diphenylphosphino)benzimidazole in very high yields (96%). Strict attention to
reaction temperature, base and time was required for the synthesis of the
precursor 1-(4-bromobenzyl)-2-(diphenylphosphino)benzimidazole otherwise
tetraphenyldiphosphine monoxide was observed to form as a by-product after
work-up.['?!

Similarly, the final step in the synthesis of 1a from 1-(4-bromobenzyl)-2-

(diphenylphosphino)benzimidazole also required special consideration. Through

experimentation, it was determined that 'BuLi worked well at regioselectively
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lithiating the C-Br bond of the 1-(4-bromobenzyl)-2-
(diphenylphosphino)benzimidazole precursor. The metalating agents "Buli,
'PrMgCl and 'PrMgCI-LiCI'"*” were less effective than 'BuLi. However, the addition
of the BPhs electrophile to the metalated intermediate proved to be more
challenging. For example, rapid addition (<1 minute) of the BPhs; produced a
solution whose *'P{"H} NMR spectrum revealed two signals at 5 -30.2 ppm and &

-30.6 ppm (Figure 15). Through the use of ''B NMR spectroscopy, it was

W‘*

—_—

Figure 15. *'P{"H} NMR spectrum of the solution generated by the addition of BPhs to
lithiated 1-(4-bromobenzyl)-2-(diphenylphosphino)benzimidazole. The peak upfield is a
result of the compound formed by BPhj3 attaching to the N-3 of the benzimidazole ring. A
sealed capilliary tube containg DO was used along with a sample of the reaction mixture

to obtain in situ NMR data.
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speculated that, in addition to the production of 1a, a second product, arising from
the BPh3 adding to the N-3 position of the benzimidazole unit, was also forming

(Figure 16), appearing as a broad signal at § 0.26 ppm.!"*""*® Independent

®
Li(THF),

N
@[ “—PPh,
N
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Z > BPh,

BPh;
/

S N

Figure 16. "B NMR spectrum of the mixture obtained by the addition of BPh; to lithiated
1-(4-bromobenzyl)-2-(diphenylphosphino)benzimidazole. The broad signal at 6 0.26 ppm
is from the B-N adduct as illustrated whereas the signal at -6.6 pertains to the desired

product.

experiments between 1-(4-bromobenzyl)-2-(diphenylphosphino)benzimidazole
alone with BPhs also produced ''B NMR spectra with a broad signal around & 0.26

ppm. Eventually, it was determined that the rate of BPh3 addition, as well as the
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temperature, had a significant effect on the formation of the N-addition product.
Very slow addition of this reagent, as a dilute THF solution, at -90 °C produced
maximum vyield of ligand 1a (73%).

Ligand 1a produces a singlet at § -24.1 ppm in the *'"P NMR spectrum, while
the "H NMR spectrum reveals that two equivalents of THF are retained in the
product. The "B NMR chemical shift for ligand 1a appears at § -6.7 ppm, which is
similar to that observed for NaBPh, (5 -6.2 ppm).'"** The Ph4P* salt of ligand 1a
(1a’) can easily be prepared via cation metathesis using Ph4PX (X = Cl or Br) in
CHxCl,. Interestingly, the 3P chemical shift of the anion of 1a’ appears further

upfield (8 -28.1 ppm) of that observed for 1a, suggesting that in the latter case the

anion [PPhNBPh4]' chelates to the [Li(THF),]" cation in solution. Indeed, the "Li
NMR spectrum of 1a in CDCI; shows a sharp singlet at 6 -0.35 ppm, and appears
in a region observed for other similar systems;!"*>'%"! at lower temperatures,
however, this signal only broadens, and unfortunately no distinct coupling to
phosphorus is observed. A set of 1:1:1:1 quartets with different intensities were
observed in the *C NMR spectrum of 1a, appearing downfield around 164 ppm
pertaining to the ipso carbons of the two different B-Ph linkages (Figure 17). The
multiplicity of these signals arises from "'B-">C coupling (*'B has a nuclear spin of

3/2).
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Figure 17. >C NMR spectrum of ligand 1a revealing the two quartets generated by the

set of chemically inequivalent B-Ph carbon atoms.

3.4. Ligand Derivatization: Chelate Expansion

In an effort to explore the impact of the distance between the donor atoms
of the anionic (phosphino)benzimidazole ligands on their hemilability, a number of
different strategies geared towards increasing the distance between the —PR;
group and N-3 of the benzimidazole core were explored. Unfortunately, these
strategies eventually revealed several synthetic challenges. One method which
provides access to the general benzimidazole ring structure is through

condensation of 1,2-diaminobenzene, or its derivatives!™®®, with carboxylic
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acids.!" We chose to explore this method in order to generate ligands which
would allow an expanded chelate ring size compared to 1a. However, these efforts
were met with difficulties, either during the phosphine or boron addition steps. For
example, we envisioned a synthetic path to insert a methyl spacer between the
phosphorus and the benzimidazole groups as illustrated in Scheme 12. Although
laborious, the steps towards generating 1-(4-bromobenzyl)-2-
(chloromethyl)benzimidazole proceeded smoothly. However, addition of the -PR;
group to this precursor using KPPh, proved to be problematic, and produced
significant amounts of HPPh, as the major product. It was suspected that perhaps
the proton source for the HPPh; might be the chloromethyl group of the 1-(4-
bromobenzyl)-2-(chloromethyl)benzimidazole precursor since this group would be
experiencing electronic effects from both the chloride as well as the benzimidazole
ring. To try and impart selective phosphine addition at the desired position, the
same reaction was tried, but instead with 1-(4-bromobenzyl)-2-
(bromomethyl)benzimidazole, reasoning that Br, a better leaving group, would
help in this regard. Unfortunately, a number of species were generated from this
reaction, as evidenced by multiple peaks in the *'P{'"H} NMR spectrum. Variation
of the reaction parameters (time, temperature, solvent) also did not provide a
viable pathway to the target ligand precursor.

An alternative strategy which would allow distancing the phosphine donor

from the benzimidazole core was to install a phosphite group using a
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Scheme 12. Proposed synthetic scheme to derivatize ligand 1a.

2-(hydroxymethyl)benzimidazole precursor (Scheme 13). Addition of PPh,ClI to

the benzimidazole precursor in the presence of trimethylamine as a chloride
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13. Attempted synthesis of 1-(4-bromobenzyl)-2-

(((diphenylphosphino)oxy)methyl)benzimidazole.
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scavenger afforded the phosphite in good yield (Figure 18). It was necessary to

be very vigilant and ensure that the reaction vessel, reagents, and syringes were

devoid of residual moisture to ensure clean conversion to the product.

Unfortunately, lithiation of the phosphite precursor, en route to the installation of

the borane moiety in the final step of the synthesis of the target, resulted in

cleavage of the P-O bond. Evidence for this degradation pathway was provided

by an upfield shift in the *'P{'"H} NMR spectrum from & 119 ppm (parent phosphite)

to 8 -15 ppm when "BuLi was used as the lithiating agent.
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Figure 18:; SP{HY spectrum of 1-(4-bromobenzyl)-2-

(((diphenylphosphino)oxy)methyl)benzimidazole.

The chemical shift of this product is consistent with the formation of "BuPPh;,!*"!
and its formation is perhaps assisted by the chelating nature of the phosphite
precursor. At this point, it was decided, largely due to time constraints, to abandon
these initiatives in order to explore further variations of the groups attached to the
phosphorus donor atom of 1a and 1a’.

In the course of studying the synthesis of [Li(THF),J[P""NBPhy], it was
found that the general synthetic method could be adapted to include other PRxCI
phosphine reagents. Specifically, the use of P'Pr,Cl and PCy.Cl provided access

to the ligands [Li(THF)2][P""NBPh4], 1b, and [Li(THF)4[PSNBPh,], 1¢ (Figure 19),
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albeit in only moderate yields compared to 1a. It was found that 1c was isolated
as the Li(THF)," salt (as opposed to Li(THF)," for 1a and 1b) likely due to the
increased size of the anion of 1c. In light of the cost of the reagents used in these
syntheses, optimization of the reaction conditions to produce 1b and 1c were

explored. Aspects of the final lithiation step were first investigated. For

® ®
_.Li(THF), _.Li(THF),

1b 1c
Figure 19. Molecular structures of [Li(THF),][P"'NBPhs] (1b) and [Li(THF)4[P<YNBPhy]

(1c).

example, increasing the molar ratio of 'BuLi (up to two equivalents) had little effect
on the yields. Although reducing the addition rate of the boron reagent for the
production of ligand 1a had a significant effect on the yield of this reaction, an even
further

reduction in the addition rate of BPhj3 for the synthesis of ligands 1b and 1¢ had
little effect. The only parameter that seemed to provide an increase in yield was
the temperature at which the BPh3 was added. In fact, lowering the temperature

below -100 °C provided optimal yields of ligands 1b and 1c. Interestingly, a
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much more pronounced effect regarding the phosphine-lithium interaction was
observed in these ligands. For instance, the *'"P{"H} NMR signal pertaining to
ligand 1b was significantly broadened compared to that of ligand 1a whereas the
corresponding signal generated by 1c was, at times, difficult to distinguish from
the baseline. However, removal of Li* via salt metathesis with PPh4ClI (or by
reaction with ruthenium precursors, vide infra) resolved this issue (generating
ligands [PPh4][PT'NBPh,], 1b’, and [PPh4][P*YNBPhy], 1¢’), producing sharp
¥P{"H} NMR signals (Figure 20). Parallel to the observations for 1a, there is an
absence of phosphorus-lithium coupling in the “Li NMR spectra for 1b and 1c.
As expected, spectroscopic details for 1b and 1c were similar to those of 1a,
including single *'P{"H} (CD.Cl,) NMR spectra peaks resonating at & -8.0 ppm
(1b) and & -19.7 ppm (1¢), and sharp "B NMR spectra peaks around -6.7 ppm.
Furthermore, two sets of overlapping four-line multiplets are observed in the 3c
NMR spectra pertaining to the ipso carbons of the two different B-Ph linkages.

In addition to the anionic (phosphino)benzimidazole ligands, neutral
variants of ligand 1a were synthesized for comparative purposes (vide infra).
Similar to the synthesis of 1a, benzimidazole was first alkylated at N-1 using either
benzyl bromide!"" or methyl iodide to produce 1-benzyl- or 1-

methylbenzimidazole, respectively (see Scheme 14). Each N-alkybenzimidazole
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Figure 20. *'P{"H} NMR spectra highlighting the effect of cation exchange for ligand 1c.
The PPh, " resonates at 23.0 ppm whereas the anion of ligand 1¢’ appears at -22.8 ppm.

Inset is the spectrum of the Li(THF)," salt appearing as a broad signal at -22.6 ppm.

was then phosphinated using the same procedure described for 1a, yielding 1-
benzyl-2-(diphenylphosphino)benzimidazole (abbreviated as [PN®]) and 1-

methyl-2-(diphenylphosphino)benzimidazole (abbreviated as ([PNY]).
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Scheme 14. Synthesis of neutral homologues of 1a.

3.5. Electron Donating Power: Assessment via 3'P-"Se Coupling
Constants

Probing the electronic character of phosphine ligands though the
measurement of *'P-""Se coupling constants has gained popularity recently due
to the simplistic nature of this method compared to traditional techniques.!126:14%-
8 Indeed, the selenide method for measuring the basicity of phosphines
coincides well with measuring this property using IR spectroscopic stretching
frequencies of metal carbonyl compounds,®®'**! but perhaps represents a more
convenient alternative method. A decrease in the magnitude of the "Jpse coupling
constant of a P-Se bond of R3PSe corresponds to an increase in the o-donating
ability of RsP (i.e., lower degree of s-character of the parent phosphine). For
example, when the Ph groups of PPh; are sequentially replaced by Cy groups in

the series PPhs, PPh,Cy, PPhCy,, PCys the ' Upse coupling constant of the
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corresponding phosphine selenides decrease in magnitude (Table 1).'*¢! The
trend is fairly consistent except for phosphorus environments of extreme steric
bulk such as that found in P'Bug.l"*¥

Facile generation of the selenides of ligands 1a-c, as well as the neutral
ligands [PN®?] and [PN™°], was achieved by heating the ligands in the presence of
a slight excess of elemental selenium. Measurement of the *'P-"’Se coupling
constants allowed for the comparison of the electronic properties of the different
phosphine ligands. The results are summarized in Table 1. Interestingly, the
presence of the borate in the structure of 1a does not seem to have a significant
effect on the electronic nature of the phosphine group since the ' Jpse Of the
selenide for this system is very similar to those of the neutral analogues [PNB?]
and [PNMe]. This is not surprising given that the borate is far removed from the
phosphorus donor and is in agreement with related systems comparing the effect
of borate proximity on the Lewis basicity of the phosphorus.”® The relative donor
strengths of the anionic ligands follows the trend of 1a < 1b < 1¢, and suggests
the cyclohexyl analogue 1c is the most powerful donor phosphine of the series,
while the phenyl analogue 1a is the weakest. These observations are consistent
with the traditional tertiary phosphines PPhs, PMes, and PCys; as illustrated in
Table 1."**1%%1 |n this series, when the substituents on the phosphorous become
better electron donors (ie. Ph < Me < Cy) the direct spin-spin coupling constant of

the corresponding phosphine selenide decreases.[*?!
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With reliable ligand syntheses in hand, we next turned our attention towards

their coordination behavior in ruthenium half-sandwich chemistry.

Table 1. *'P{"H} NMR data for the phosphine selenides in CDCl.

51
. P{'H} |1
Selenide (S/ppm) Jpse (HZ)
N /Se
@:\)—Pth
N 20.32 7412
\©\ Li(THF),
BPh,
N /Se
@:‘)—Pth
N 20.4° 7422
Se
N/
I -+ 20.4° 742°
\
Se
N/
©:\)—PiPr2
N 51.0° 7122
\()\ Li(THF),
x-"~Bph,
N /Se
@:\H’ch
N 42.6° 7042
\()\ Li(THF),
x-"~Bph,
PhsP—Se 36.8° 730°
(Ph),.CyP—Se 46.3° 725°
Ph(Cy);P—Se 55.9° 701°
Cy;P—Se 59.2° 673°
Me;P—Se - 684°

@Data from this work. ° Taken from references.

[144,146]
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Chapter Four: Coordination Chemistry

4.1. Ligand Complexation Involving Ruthenium-Cp and Ruthenium-
Cp* Precursors

Our initial efforts focused on reacting ligand 1a and 1a’ with ruthenium-
cyclopentadienyl precursors (Scheme 15). For example, stirring an equimolar
mixture of CpRuCI(PPhs), and ligand 1a in refluxing 1,2-dichloroethane leads to
the substitution of the chloride ligand and one PPhj ligand, and yields the yellow,

air-stable, chelated zwitterionic complex 2. The corresponding reaction with

[Ph4P][PP"NBPh,]
4

¢

R
R

'@R

\\PPh
(n5-C5R5)RUCI(PPh3), —> 3
-PPh, )\Pph

-LiCl
Ue
BPh,

R =H (2) or Me (3)
Scheme 15. Synthesis of complexes 2 and 3. The presence of Li* is crucial for the
formation of these species, as evidenced by the absence of reaction when the precursor

is mixed with ligand 1a’.
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Cp*RuClI(PPhs), occurs under milder conditions (i.e., at room temperature), and
produces yellow-orange complex 3. The difference in reactivity between the Cp
and Cp complexes is likely a result of the increased electronic and steric profiles
of the Cp ligand, factors that would help facilitate labilization of the PPhj
ligands.!'4%-1>4]

These results are in contrast most other reactions between
(CsRs)RuUCI(PPh3), (R=H or Me) and neutral bidentate phosphine ligands, where
often both PPhs ligands are displaced, and the chloride is retained as a ligand in
the product."®>""1 The *'P{'H} NMR spectra of 2 and 3 each reveal two doublets
of an AX pattern corresponding to the PPhs ligand (&a 49.7 ppm for 2, 64 50.1 ppm
for 3) and the -PPh, group (6x 17.6 ppm for 2, &x 20.1 ppm for 3) of the chelated
anion of ligand 1a, with cis Jpp coupling constants of 36 Hz and 33 Hz,
respectively. The chiral ruthenium centres (since they lack an improper rotation
symmetry element, Sn) of 2 and 3 cause the protons of the ligand’s bridging
methylene group to be diastereotopic, with each group appearing as two doublets
of an AB spin pattern (da 5.09 ppm and &g 4.71 ppm for 2, &4 5.00 ppm and &g
4.57 ppm for 3, both with 2Jpy = 16 Hz) in their respective '"H NMR spectra (Figure
21).

In situ monitoring of each reaction by *'P{"H} NMR spectroscopy at regular
intervals showed only a steady increase in the concentrations of either 2 or 3,
along with free PPhs in each case, and a decrease in concentrations of the parent

ruthenium complexes CpRuCI(PPhs), or Cp*RuCI(PPhs),. No monodentate
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intermediates were observed, suggesting chelation rapidly occurs following initial
ligand displacement in the formation of 2 and 3. For comparison, reactions
between CpRuCI(PPhs), and either 2-(diphenylphosphino)pyridine!™®® or 4-

(diphenylphosphino)-2-isopropylimidazole!'?" result in the displacement of only

) VO VOV G

e
T T T T T T T
50 4 1.8 7 15 i

Figure 21. "H NMR spectrum (CD,Cl,) of complex 2 showing the two doublets generated
by the diastereotopic protons of the bridging —CH,- group (6 5.09 ppm and 4.70 ppm) of
[P™NBPh,] and the singlet pertaining to the n°>-Cp ligand (& 4.43 ppm). The signal at &

5.23 ppm is from CH,Cl,.

one PPhs ligand, to yield the monodentate products; ring-closing only occurs once

a halide abstractor has been added. Thus, in these cases, formation of the
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strained four-membered chelate ring only occurs on irreversible removal of a
ligand, in this case the chloride.

This also seems to be the case for 2 and 3 since both PPhs; and LiCl are
formed as by-products. Interestingly, when either CpRuCIl(PPhs), or
Cp*RuCI(PPhs3), was mixed with 1a’ in 1,2-dichloroethane, no reaction was
observed, even under reflux conditions. Indeed, LiCl is much less soluble in 1,2-
dichloroethane than PPh4Cl, and these results suggest halide displacement is
likely the first step in the reaction towards the formation of 2, and not the
displacement of triphenylphosphine. In support of this, refluxing the neutral ligand
[PNM€] and CpRuClI(PPh3), together in MeOH for 19 hours yields only starting
materials. However, the chelated complex [CpRu(PPhs)(k*P,N-PN"®)]BPh, could
be obtained when NaBPh,4 was added to assist in chloride abstraction.

Crystals of 2:2CH,Cl,+(CH3CH>).O suitable for a crystallographic study
were obtained via slow diffusion of diethyl ether into a concentrated CH.Cl
solution of 2. Selected bond lengths and angles are provided in Figure 22 along
with a partially labelled structure (a more complete crystallographic data set is
provided in the Experimental section). X-ray data for complex 2 was collected and
refined by Dr. Hilary Jenkins at the McMaster Analytical X-Ray Diffraction Facility.
The solid-state structure reveals several interesting features. As expected,
complex 2 adopts a three-legged piano-stool structure typically observed for n°-
Cp and -Cp* complexes of ruthenium, with the remaining octahedral sites

occupied by a PPhs ligand, and the k*-PP"NBPh, ligand. Several structural
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features of the k*-P,N ligand clearly show the strain of the chelate. The angles

around the C(6) carbon atom of the benzimidazole moiety bearing the -PPh, group

Figure 22. Crystallographic representation of complex 2 (hydrogen atoms and solvent
molecules have been omitted for clarity). Selected bond lengths (A) and angles (°): Ru(1)-
P(1), 2.342(2); Ru(1)}-P(2), 2.316(2); Ru(1)-N(1), 2.164(4); Ru(1)-C(1), 2.233(7); Ru(1)-
C(2),2.217(7); Ru(1)-C(3), 2.178(8); Ru(1)-C(4), 2.167(8); Ru(1)-C(5), 2.193(6); P(1)-C(6),
1.824(6); P(1)-C(6)-N(1), 104.4(4); P(1)}-C(6)}-N(2), 142.0(4); N(1)-Ru(1)}-P(1), 67.6(1);

P(2)-Ru(1)-N(1), 90.9(1); P(2)-Ru(1)-P(1), 97.89(5).

reveal a substantial amount of bending in order to accommodate the strained

chelate (i.e., P(1)-C(6)-N(1) = 104.4(4)° vs. P(1)-C(6)-N(2) = 142.0(4)°). Moreover,
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the -PPh; group is pulled out of the plane of the planar benzimidazole group by
about 13°. The N(1)-Ru(1)-P(1) chelate bite angle of 67.6(1)° is small, but not
unusual."®® The distance between the ruthenium and the -PPh, group (Ru(1)-P(1)
= 2.342(2) A) is slightly longer than that observed between the ruthenium and the
PPhj3 ligand (Ru(1)-P(2) = 2.316(2) A), and this is undoubtedly attributed to the
strained chelate. The different ruthenium-phosphorus distances seem to impact
the distances between the ruthenium and the carbon atoms of the
cyclopentadienyl ligand. For example, the PPhs ligand adopts a position that is
roughly trans to the C(1)-C(2) bond of the cyclopentadienyl ligand, with the plane
containing the ruthenium-PPhs vector Ru(1)-P(2) approximately bisecting C(1)-
C(2). The ruthenium-carbon distances here are the longest (Ru(1)-C(1) = 2.233(7)
A and Ru(1)-C(2) = 2.217(7) A). In contrast, the position of the -PPh, moiety is
roughly trans to the C(3)-C(4) bond of the cyclopentadienyl ligand, with the Ru(1)-
P(1) plane approximately bisecting C(3)-C(4). Here, the ruthenium-carbon
distances are the shortest (Ru(1)-C(3) = 2.178(8) A and Ru(1)-C(4) = 2.167(8) A).
The remaining Ru(1)-C(5) distance (2.193(6) A) is intermediate between the two
sets. Perhaps these differences in Ru-C(cyclopentadienyl) distances may be
linked to the inability of the -PPh, group to exert its trans influence to the same
extent as the PPhs ligand as a result of the strained metallacycle.

Structurally similar products were observed when ligands 1b and 1c were
reacted with CpRuCI(PPhs), resulting in the isolation of complexes 4 and 5

respectively (Figure 23). Both of these complexes show similar NMR
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Figure 23. Structure of complex 4 and 5.

spectroscopic details compared to complexes 2 and 3 (Table 2). Complexes 4 and
5 both display a set of doublets in the *'P NMR spectrum arising from the chelated
anions of ligands 1b or 1¢ coupling with the adjacent PPhs ligand. The *'P{'H}
NMR chemical shift pertaining to the PPh3 signal for complexes 2-5 were all close
in magnitude, resonating downfield from the chelated anions of ligands 1a-c. The
¥IP{'"H} NMR generated by the coordinated (phosphino)borate ligands varied in
these complexes. The -P'Pr, donor group of complex 4 produced the furthest
downfield *'"P{"H} NMR shift (5 46.0 ppm), whereas the —PPh; donor of complex 2
displayed a signal the furthest upfield >'P NMR shift (5 17.9 ppm). The proton NMR
spectra of complexes 4 and 5 displayed diastereotopic -CH,- signals pertaining to
the coordinated anions of ligands 1b-c and these signals were similar to those
observed for 2 and 3 providing evidence for a chiral metal centre for these

complexes In addition, "*C{’"H} NMR spectra for these complexes each showed
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two sets of quartets pertaining to the two chemically inequivalent B-C bonds of the

borate groups.

Table 2. Summary of key spectroscopic data for complexes 2-5.

*'P (ppm) "H (ppm)* "°C (ppm)
Complex | 8,° 8x° 2Jpp(Hz) | 8o 88  2Jun (H2) 5 'Jgc (Hz2)
2 49.8 17.9 36 509 4.70 16 1122'_?; jg:
3 50.1 20.1 33 499 4.58 16 1122'%? ‘;%j
4 477 46.0 34 532 5.14 16 1122';? ‘;%T
5 48.3 37.3 35 511 5.04 16 112‘;'2? 1%?

? Chemical shifts refer to the methylene linker of the anions of ligands 1a-c. ° Chemical shift of the PPhs
ligand. ¢ Chemical shift of the -PPh, moiety of coordinated anions of ligands 1a-c. ° Chemical shift of the
benzyl C*-B of coordinated anions of ligands 1a-c (See experimental for ligand numbering scheme). f
Chemical shift of the ipso C of B-Ph of coordinated anions of ligands 1a-c.

Even though the Lewis basicity of the phosphorus donor groups was found

to increase across the ligand series (1a < 1b < 1c), the presence of Li* to

effectively abstract a chloride ligand was essential to the formation of these

complexes. For example, no reaction was observed when CpRuClI(PPhs), was

mixed with 1¢’ under refluxing conditions in 1,2-dichloroethane, indicating that the

basicity of the phosphine is not likely the prohibitive factor for PPhs or chloride

substitution in these reactions.
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Crystals of complex 4 (as 4*CH,Cl,) suitable for X-ray structural analysis
were obtained via slow diffusion of diethyl ether into a concentrated CH,Cls
solution of 4. Selected bond lengths and angles are provided in Figure 24 along
with a partially labelled structure (a more complete crystallographic data set is
provided in the Experimental section). X-ray data for complex 4 was collected and
refined by Dr. Hilary Jenkins at the McMaster Analytical X-Ray Diffraction Facility.
A comparison of the crystal structures of complexes 2 and 4 reveals several
structural differences about the metal framework as a result of changing the
substituents at the phosphorus donor atoms on ligands 1a and 1b. As anticipated,
the general form of the solid state structure of complex 4 was analogous to
complex 2. However, there are a few interesting differences. For instance, the
increased steric bulk of ligand 1b did not have a significant effect on the bite angle
of the chelate (N(1)-Ru(1)-P(1)= 67.5(1)° for 4 vs. 67.6(1)° for 2). Perhaps the
most interesting differences between the two structures was the variance in the
respective Ru-P(1) and Ru-N(1) bond lengths. Although, the -P'Pr, group has
enhanced electron releasing power compared to -PPh,, the Ru-P(1) bond
distance for complex 4 (where Ru(1)-P(1)= 2.3824(15) A) is actually longer in
comparison to the analogous bond of complex 2 (where Ru(1)-P(1)= 2.342(2) A).
Furthermore, one might expect that the Ru-N(1) bond might be lengthened for
complex 4 compared to complex 2 due to the increased electron density and steric
profile at the ruthenium centre. However, the opposite was observed (where

Ru(1)-N(1)=2.136(4) A for complex 4 and Ru(1)-N(1)= 2.164(4) A for complex 2).



63
J. M. Walker

These structural differences may simply be linked to the increased steric bulk of
the -P'Pr, group in 4, which repels itself from the metal centre (and thus leads to
a lengthening of the Ru-P(1) bond), and provides more space within the

coordination sphere of the metal for the Ru-N(1) interaction. Another possible

Figure 24. Molecular structure of complex 4 (hydrogen atoms omitted for clarity). Selected
bond lengths (A) and angles (°) are provided: Ru(1)}-P(1), 2.3824(15); Ru(1)-P(2),
2.3227(19); Ru(1)-N(1), 2.136(4); Ru(1}-C(57), 2.231(8); Ru(1)-C(58), 2.216(7); Ru(1)-
C(59), 2.198(6); Ru(1)-C(60), 2.202(6); Ru(1)-C(61), 2.214(7); P(1)-C(1), 1.840(6); P(1)-
C(1)N(1), 102.9(4); P(1)-C(1)-N(2), 145.2(4); N(1}-Ru(1)-P(1), 67.5(1); P2)-Ru(1)}-N(1),

91.79(14); P(2)-Ru(1)-P(1), 98.15(6).
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explanation could be that placing a more electron-rich group on the 2-position of
the benzimidazole ring may increase the Lewis basicity of the coordinating
nitrogen, through delocalization or inductive electron attraction,[®® thereby
shortening the Ru-N(1) bond in complex 4 as compared to that of complex 2. If
this was the case, it would be expected that the P-C bond distance between R;P-
and the apical C of the benzimidazole ring (C6 for Figure 22 and C1 in Figure 24)
would be smaller for complex 4 compared to that of complex 2. However, the
opposite is observed. Since these phenomena arise from the comparison of a pair
of crystal structures, a larger population of analogous crystal structures would

certainly prove insightful with regards to the true nature of these observations.

4.2. Ligand Complexation Involving [(p-cymene)RuCl,],

In light of the success of ligands 1a-c to provide chelated products when
reacted with ruthenium-Cp precursors, we next turned our attention towards
reacting these ligands with [(p-cymene)RuCl,],. These efforts afforded the

isolation of complexes 6, 7 and 8, as illustrated in Scheme 16.

—=—<
||a®
: R ~RU(
1/2 [(p-cymene)RuCl,], [L(TRF)IIP NBPh4]> Q\{“" / Cl+ Licl

CH,Cl, NJ\PR

2
R= Ph (6), IPr (7), Cy (8) @
(€]

BPh;

Scheme 16. Synthesis of complexes 6, 7, and 8.
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Reaction of the ligands 1a-c with [(p-cymene)RuCl;]2 in CH,Cl, in a 2:1
ratio results in cleavage of the chloride bridges of the parent dimer, and provides
the chelated products 6-8. Downfield shifts of the *'P{'"H} NMR signals pertaining
to complexes 6, 7 and 8 (5 -6.43 ppm, 38.0 ppm and 26.8 ppm, respectively, in
CDCI3) were observed compared to those of the free phosphine ligands. Indeed,
this trend parallels that observed for the *'P{'"H} NMR resonances obtained for 2,
4 and 5, with the -P'Pr, donor providing the furthermost downfield shift and the -
PPh; resonating the furthest upfield. Another revealing spectroscopic feature of
complexes 6-8 are the set of doublets observed mid-field in each of the respective
'H NMR spectra (for example, see Figure 25) arising from the diastereotopic
protons of the bridging methylene group of these ligands. Similar spectroscopic
features were observed for complexes 2-5, and reveal the chirality of the
ruthenium centre in each complex (see section 4.1). The asymmetry of the chiral
ruthenium centre also gives rise to four distinct doublets pertaining to the aryl
protons of the p-cymene group (see Figure 25). Indeed, these spectroscopic
details are observed in similar systems.!'®!

Despite many attempts, a suitable single crystal for X-ray structural
analysis of 6, 7 or 8 could not be obtained. Complex 6, in particular, displayed low
solubility in most of the common solvents, and consequently crystallized out as
powders in all attempts. Although crystals of moderate quality of complexes 6 and

8 were examined on one occasion by Dr. Hilary Jenkins at the McMaster Analytical
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Figure 25. Proton NMR spectrum of complex 6 (acetone-ds). Inset is the region displaying
the four p-cymene signals (red circles) and the two methylene signals (green squares).
The additional signals in the upfield region are due to residual hexanes used as a

precipitating solvent.

X-Ray Diffraction Facility, they suffered from substantial solvent disorder and thus
could not be solved. Attempts to produce crystals of X-ray quality for these
complexes were eventually abandoned.

The identity of the ligand cation was, once again, important to the outcomes
of the reactions with [(p-cymene)RuCly],. For example, the reaction of [(p-

cymene)RuCl,], with 1a’ gives rise to a different *'"P{'"H} NMR signal resonating



67
J. M. Walker

downfield at & 8.55 ppm, compared to that of the chelated complex 6 (6 -6.43
ppm). This new signal was evidence for the formation of the monodentate complex
9 (Scheme 17). In fact, it is typical for bidentate phosphines which can form
strained four-membered metallacycles to display *'P{'H} resonances further
upfield compared to the *'P{'H} resonances of the phosphine adopting a
mondentate mode.l"'"1%3 This shielding effect observed for strained 4-
membered phosphine metallacycles is a result of diminished electron donation
capability from the phosphorus to the metal centre arising from the phosphine
adopting a strained chelate structure, thus the lone pair of electrons provide
greater shielding of the phosphorus nucleus in a strained chelate compared to a
monodentate binding mode. The "H NMR spectrum of this complex also supports
the proposed structure since only two signals, each with an integration of 2 H,
arise from aryl protons of the symmetric p-cymene ring. Furthermore, the

methylene spacer of the [P,N] ligand appears as a single peak, instead of a set of

—>—< | eed
o

[PPh,][PPPNBPh,] . ci-Ru.,

CH2C|2 @N
S—PPh,
N
(C]

1/2 [(p-cymene)RuCl,],

Scheme 17. Synthesis of complex 9. This reaction exemplifies the effect of changing the

cation of the ligand on chelation.
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diastereotopic doublets for chelate complex 6, indicating symmetry at the Ru atom
in 9 as opposed to chiral Ru atom in 6. Indeed, complex 9 was easily converted
to 6 by adding AgBF4 to remove a chloride ligand. Similarly, the cationic complex
10 can be generated by reacting the neutral ligand [PN®?] with [(p-cymene)RuCla];

in the presence of NaBPh, (Scheme 18).

PNBZ __-'Ru\
1/2 [(p-cymene)RuCl,], _ [PNF Q,N / cl
NaBPh, M

N
-NaCl
o

Scheme 18. Synthesis of cationic complex 10.

Interestingly, ligands 1b’ and 1¢’ showed different behaviours in these
reactions involving [(p-cymene)RuClz.. In situ monitoring via *'P{'"H} NMR
spectroscopy showed that when 1b’ or 1¢’ were combined with the [(p-
cymene)RuCly], precursor, equilibria were established between the k'-P and the
k%-P,N complexes over time. In each case, disappearance of the *'P{'"H} NMR
signal pertaining to the anion of the free ligand was observed, and was
accompanied by the rapid formation of downfield signals at  29.2 ppm and 6 22.4

ppm for the reactions involving 1b’and 1¢’, respectively. However, in contrast to
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the analogous reaction with 1a’, new *'P{"H} NMR signals slowly begin to form
downfield at 6 37.7 ppm and & 26.9 ppm for the reactions involving 1b’ and 1¢’,
respectively, corresponding to the k%-P,N complexes 8 and 9.

Indeed, the most likely explanation for the generation of the first peak in
these reactions is that the PPh," salts rapidly cleave the Ru dimer forming the K'-
P complexes. Whereas the Li* cation is able to facilitate chelation by the
abstraction of a chloride ligand from the metal complex and precipitate LiCl, the
PPh4" cation is less efficient at the removal of the chloride ligand from the system
enabling equilibrium conditions between the kK'-P and the k*>-P,N complexes

(Scheme 19).

R | ®
112 [(p-cymene)RuCl,], L FnallP"NBPh,] > CI“R(3~C| PPhs
cDCl,

S]
ﬂBPh3

PPh,CI
—=—< -PPh,CI
lo
Qy-f”‘cn
R=Pr,C
NJ\PRZ y
©
BPh,

Scheme 19. Reaction ligands 1b’ and 1¢’ with [(p-cymene)RuCly)..
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Evidence to support the formation of the k'-P complexes was also provided
by periodic monitoring of the reaction mixtures by 'H NMR spectroscopy. The Cs
symmetric K'-P complex provides a simpler '"HNMR signature for the arene ligand
compared to the k*>-P,N complexes, which have a chiral Ru centre. Although the
arene signals for both complexes overlap and made full assignment difficult, some
distinguishing features were at least discernible. For example, in reactions of
ligand 1b’ with [(p-cymene)RuCl],, three signals with similar integrations may be
identified. Two of these signals are doublets pertaining to two chemically
inequivalent sets of arene protons on the p-cymene ring of [Ph4P][(n6-p—
cymene)RuCly(k'P,PP"NBPh,)] (indicated by green squares in Figure 26), while
the third may be assigned to the -CH»- group that tethers the borate functionality
to the benzimidazole (indicated by yellow square in Figure 26). The chemical shifts
of these "H NMR resonances are also similar to those observed for complex 9
which also contains monodentate 1a’. Among these signals, the arene and
methylene signals of the chelated complex [(n°-p-cymene)RuCI(k*P,N-
PP'NBPh,)] can also be identified. Thus, four distinct doublets are observed for
the nG-p—cymene ring coordinated to the chiral centre of [(n6-p—
cymene)RuCI(k?P,N- PP'NBPh,)] (indicated by red circles in Figure 26), while two
distinct doublets are observed for the methylene spacer (indicated by blue circles

in Figure 26).
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Figure 26. Proton NMR spectrum 30 minutes after reacting 1b’ with [(p-cymene)RuClo.

Interestingly, the positions of the equilibria differed for each of the reactions
involving 1b’ and 1¢’. For instance, with 1b’, equilibrium was reached within 4
hours at room temperature and consisted of an approximately 1:1 mixture of the
k'-P and k*P,N complexes, as revealed by *'P NMR spectroscopy. In similar
reactions involving 1¢’, however, chelation appears to occur much more rapidly,
and an approximately 3:7 mixture of the k'-P,N and k*-P,N complexes is observed,
respectively, within 4 hours under the same conditions; at equilibrium, a 1:3
mixture of the k'-P,N and k*>-P,N complexes is observed for the cyclohexyl
analogue. Prolonged heating of this mixture did not have an effect on the ratio of
the two species in solution. The equilibria observed in these reactions might result

from the electronic differences between the phosphines. For example, the greater
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electron donating ability of the -PCy, group in ligand 1¢’, compared to the other
ligands of this series, could promote dissociation of the chloride ligand thereby
facilitating a vacant site on the metal available for chelation. Indeed, the poorest
donor of the series, 1a’, is unable to facilitate chloride loss to any significant extent,
and thus chelation is not observed at all. Similar results were observed for other
ruthenium-chlorido half-sandwich complexes containing [PRz(p-Ph3sBCsH4)]
ligands (where R= Ph, 'Pr, Cy).["® In these systems, the phosphines with the better
donor groups (i.e., 'Pr and Cy) seemed to promote chloride dissociation more

readily than did the Ph analogues.”®
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Chapter Five: Reactions of Ruthenium-(Phosphino)

benzimidazole Complexes with Small Molecules

5.1. Reactions with MeCN: Evidence for Hemilability

One of the objectives of this investigation was to establish whether the new
(phosphino)borate ligands could display hemilability. One method used to explore
this feature involved reacting the chelated complexes 2-8 with small coordinating
ligands in order to see if ring opening of the metallacycle would occur. Indeed, the
earlier studies involving the synthesis of the k'-P,N and k*P,N Ru-arene
complexes provided information on the relative NMR signatures for both the ring-
opened and ring-closed forms of the ligands involved in this study.

During initial studies, a number of sterically small coordinating molecules
were reacted with complex 6 in an effort to force the displacement of the
benzimidazole portion of the chelated anion of ligand 1a from the metal.
Interestingly (and, quite surprisingly), preliminary reactions of 6 with slight
excesses of pyridine or P(OMe); produced unappealing mixtures of products, as
determined by *'P{'H} NMR spectroscopy. In an effort to enhance the selectivity
of these reactions, and remove any complicating issues which might arise as a
result of chloride dissociation, these reactions were repeated using various
chloride abstracting reagents, including AgX (X = BF4 or OTf), or MeOTf (Scheme
20). Unfortunately, mixtures of products were again observed by NMR

spectroscopy.
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Scheme 20. Attempted derivatization of complex 6.

Interestingly, and in significant contrast to pyridine and P(OMe)s;, MeCN
alone proved to be more selective in its reaction with complex 6. When complex 6
was heated in MeCN, only two *'P{"H} NMR signals were observed in a 1:1 ratio,
a signal pertaining to complex 6 and a new peak resonating at & 19.4 ppm. The
downfield position of this new signal (relative to complex 6) suggested a ring-
opened structure of this product.'® However, it was uncertain whether MeCN
was displacing the benzimidazole nitrogen, the chloride ligand, or both (Scheme
21). Indeed, the '"H NMR spectrum of this mixture revealed interesting details
regarding this reaction.

Perhaps the most revealing regions of the proton NMR spectrum generated
by this mixture are in the arene region where the signals of the coordinated p-
cymene ligand appear, and the aliphatic region where both the 'Pr protons of the

p-cymene ligand and the MeCN protons appear (Figure 27).
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Scheme 21. Some possible products formed by 6 in the presence of MeCN.

Features of the "H NMR spectrum that support the presence of complex 6 and the
formation of a complex where the benzimidazole nitrogen of complex 6 has been
displaced from the Ru centre by MeCN include eight sets of p-cymene arene

signals between & 6.23-5.29 ppm (there is overlap of two arene signals at  5.78
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ppm as well as overlap between an arene signal and a -CHa- signal at 8 5.27 ppm)

and four sets of p-cymene isopropyl signals between & 1.23-1.08 ppm. These

Figure 27. Proton NMR Spectrum of complex 6 in CD3CN.

features substantiate the presence of two complexes containing chiral Ru centres.
This evidence seems to suggest that the complex in Scheme 21 containing two
coordinated acetonitrile ligands is not formed under these conditions since it is of
Cs symmetry and would generate a less complex proton NMR signature. Indeed,
the signal at & 2.21 ppm could be due to coordinated MeCN as this shift is close
to those found in similar systems,!"®>"%®l however, the integration of the MeCN
signal would be unreliable since the reaction was performed in CD3;CN.

Interestingly, prolonged heating of the solution to try and isolate the new species
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did not seem to have an effect on the ratio of the two peaks suggesting that an
equilibrium may be present where the ligand is operating in a hemilabile fashion.
Further investigation involving systematic variance with respect to the
concentration of MeCN and CI" would provide insight into whether the system is
operating under equilibrium conditions.

Although the downfield shift in the *'P{'"H} spectrum of the new complex
compared to complex 6 (& -6.43 ppm) is consistent with the disruption of a strained
4-membered chelate,'°*'¢"1%% the formation of the cationic complex formed by
substitution of the CI" ligand with MeCN, where the metallacycle remains intact
(Scheme 20), cannot be ruled out and therefore only tentative assignment of the
structure can be made as the ring-opened zwitterion. Another aspect of the
reaction that prevents a definitive structure assignment is the presence of only one
distinguishable set of —CH,- doublets in the "H NMR spectrum. There is a signal
at 6 4.91 ppm that has an expected integration of 2 H; nevertheless, this signal
appears as a singlet as opposed to the anticipated set of AB doublets due to the
chiral metal centre. Indeed, further characterization of this complex would be
required for a more confident structure assignment.

Solution studies of cationic complex 10 (see Scheme 18) as well as
complex 8 (see Scheme 16) in the presence of MeCN provided interesting results
for comparison. It was found that when the cationic complex 10 was placed in
acetonitrile and monitored via *'P{"H} NMR spectroscopy, a similar spectrum to

that obtained for the analogous reaction involving complex 6 was generated in and
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was comprised of two resonance signals. One of the peaks corresponded to
unreacted complex 10 whereas the other signal was located downfield (5 19.8
ppm) with a similar *'P{"H} NMR shift to that of the product generated from the
reaction involving complex 6 and MeCN (8 19.4 ppm). Interestingly, the mixture
consisted of a 1:3 ratio of complex 10 to the new product indicating that more of
the starting material had been consumed in this reaction compared to the
analogous reaction involving complex 6. The ratio of the two species did not
change over time suggesting that equilibrium conditions may be operating in this
case as well, with the position of the equilibrium shifted to the formation of the ring
opened species.

The identity of the -PR2 group in these reactions with MeCN had a more
dramatic effect on the outcome of the reaction. When complex 8, containing -PCy
as opposed to -PPh,, was dissolved in MeCN and monitored over time under the
same conditions, no change in the *'P{'H} NMR spectrum was observed.
Interestingly, this suggests that the metallacycle in this complex does not undergo
ring opening as readily as those in complexes 6 and 10. Heating the reaction
mixture in this case resulted in only degradation as evidenced by unidentified
multiple phosphorus NMR signals.

The reactions with MeCN were also extended to include complexes 2, 4
and 5. For example, heating complex 2 at 55 °C for 10 minutes in MeCN results
in the clean conversion of 2 to a new species 2a (Scheme 22), as determined by

¥IP{"H} NMR spectroscopy. Thus, the pair of doublets pertaining to complex 2 (at
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0 49.8 ppm and & 17.9 ppm) disappear, and are accompanied by the appearance
of a new pair of doublets at d 43.1 ppm and & 30.5 ppm. Interestingly, after work-

up, an examination of the *'P NMR spectrum of the product in CDCl; had revealed

1® 1®
MeCN
- -
N Spph, T MeCN- "~ PPh,
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Scheme 22. Synthesis of complex 2a via displacement of the coordinated

benzimidazole N in complex 2.

substantial reversion back to complex 2 (Figure 28). The "H NMR spectrum of the
mixture also revealed signals confirming the almost complete reformation of
complex 2. After 18 hours, NMR spectroscopy revealed complete reversion back

to 2, along with the presence of free MeCN in solution ("H NMR). The accumulated
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Figure 28. *'P{'H} NMR spectrum of complex 2a reverting back to the parent complex 2

after dissolving in CDCls.

evidence suggests complex 2a is quite labile in solution. Interestingly, when the
product was dissolved in a mixture of CD,Cl,/CD3sCN (~3.8 M CD3CN), no
reversion to complex 2 was observed. Thus, the *'P{"H} NMR spectrum revealed
only the doublets pertaining to 2a at  43.1 ppm and & 30.5 ppm. The 'H NMR
spectrum of the product dissolved in the CD,Cl,/CD3;CN mixture revealed a pair
of doublets of an AB spin pattern in close proximity (da 4.72 ppm and g 4.68 ppm)
pertaining to the methylene unit of monodentate k'-P""NBPh, (Figure 29), and
revealing the presence of a chiral metal centre. A Cp ligand peak was also present
at & 4.37 ppm. A peak slightly downfield from free MeCN was present at 6 1.97

ppm and may be generated by coordinated MeCN.["®"l When the complex is
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Figure 29. "H NMR of the benzyl -CH,- signal generated by 2a.
dissolved in neat CD3CN the coordinated MeCN signal is unobstructed, residing
at & 2.51 ppm, and coincides with the corresponding signal found in similar
systems.!"®""%® However, due to CD3CN/CH3CN exchange, the integration of
these peaks would be unreliable and would appear lower in magnitude.
Furthermore, a peak at 14.5 ppm, likely pertaining to coordinated MeCN, is visible
in the *C{"H} NMR spectrum.

The data collected for this transformation likely pertains to displacement of
the benzimidazole nitrogen by MeCN forming complex 2a. Perhaps most

fascinating is the observation of this product reverting back to complex 2. Indeed,
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this evidence points to an elegant example of the [PP"NBPh,] ligand
demonstrating hemilability.

Interestingly, very different results were obtained when these reactions
were extended to include either complex 4 or 5 (see Figure 23). In fact, no reaction
was observed when either 4 or 5 was treated with excess MeCN. Moreover,
heating the reaction mixtures only led to decomposition, as determined by *'P{"H}
NMR spectroscopy. These results mirror those found for the p-cymene
complexes, where changing the groups attached to the phosphine donor centres
influenced the ability of the complex to undergo ring-opening of the chelate. In
general, it seems substituting for a better donor group inhibits the hemilability of

these ligand systems.

5.2. Reactions with CO: Evidence for Hemilability

In parallel studies, CO was also examined for its ability to force ring-
opening of the chelated products./'®® For example, when either complex 2 or 3
was treated with excess CO, either at room temperature or at reflux (C,H4Cl,, 80°,
up to 24 hours), NMR spectroscopy of the product mixtures revealed a number of
compounds had formed, including free PPhs. Considering the complexity of the
NMR spectra, and the production of PPhs, the formation of ring-opened, including
bridged-species cannot be ruled out in these reactions.!"*'*! |n contrast (but
perhaps not unexpected), refluxing either complex 4 or 5 with excess CO in 1,2-
dichloroethane for 24 hours resulted in no reaction, as evidenced by *'P{'"H} NMR

spectroscopy of the reaction solutions which revealed only the presence of either
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4 or 5. These reactions provide further proof of the strength of the metallacycle in
the complexes bearing stronger phosphorus donor centres.

Since the synthesis of complexes 2-5 likely proceed via initial halide
displacement, it was reasoned that the complex Cp*RuCI(CO),!"*® would be a
good candidate to examine in reactions with ligands 1a-c.

When equimolar amounts of Cp*RuCI(CO), and ligand 1a are refluxed
together in 1,2-dichloroethane over 24 hours (Scheme 23), a mixture of the
monodentate (11) and ring-closed (12) zwitterionic complexes are formed in an
approximately 3:2 ratio. /n situ monitoring of the reaction progress at regular
intervals by *'P{'"H} NMR spectroscopy revealed complex 11 forms first, and it is
slowly converted to the chelated complex 12 before ligand 1a is completely
consumed. Unfortunately, complex 12 slowly decomposes with prolonged heating
(i.e., to ensure complete conversion from complex 11), and this prevented its
isolation in pure form. Complex 11 exhibits a singlet at 5 36.1 ppm in the *'P{1H}
NMR spectrum, while the singlet for 12 appears at & 19.4 ppm. Again, these
results are consistent with the large chemical shift differences observed between
chelated phosphine ligands forming four-membered rings with a metal, and their
corresponding ring-opened structures.!"® Consistent with the chirality of 12, two
distinct doublets of an AB spin pattern (64 5.15 ppm and &g 4.99 ppm) are
observed, which correspond to the diastereotopic protons of the methylene group

bridging the BPh, group to the phosphinobenzimidazole moiety. In contrast, Cs
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symmetric 11 displays a singlet at 6 4.75 ppm for the bridging methylene group of
the k'-ligand.

Importantly, Scheme 23 illustrates the hemilabile nature of the anion of
ligand 1a as part of complexes 11 and 12. Thus, pure complex 11 in CH2Cl, slowly
evolves CO when heated, and undergoes ring-closing to produce complex 12.
When complex 12 is dissolved in CH,Cl, and allowed to stir under CO, it
undergoes ring opening and adds a second CO ligand to yield the monodentate

complex 11.

heat
-CO

| Y
1a Rll(?
Cp*RuCI(CO); ———>» oc" / ~co N- / \co

-LiClI
s PPhz D~PPh,
@ \—@/Bpha U
BPh;

A co |

Scheme 23. Reversible displacement of the benzimidazole nitrogen by CO in the

interconversion of complexes 11 and 12 reveals the hemilability of [P™"NBPh,]".
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Chapter Six: Reactions of Ruthenium-(Phosphino)

benzimidazole Complexes with Alkynes

6.1. Attempted Syntheses of Ruthenium Vinylidenes: Insertion of
Alkynes into Ru-N bonds

We have had a long-standing interest in the synthesis and chemistry of
ruthenium-vinylidene and higher-cumulene complexes, mainly because they may
be employed as precursors to ruthenium carbyne complexes."'®! Encouraged by
our observations from the reactions of 2-8 with CO and MeCN, as well as the
hemilabile properties displayed by 2 and 11, it was wondered if the chelated
complexes 2-8 might serve as suitable precursors to vinylidene complexes if they,
too, could undergo ring-opening in the presence of alkyne substrates.!'%>170-173l

As illustrated in Scheme 24, when complex 2 is stirred with a 10-fold excess

of phenylacetylene in CH,Cl, over 24 hours, a dark red-orange solution is

“—r Ph

excess R'u _

m@ L e
thp Ph2P

e O

E/Z13

Scheme 24. Reaction of complex 2 with phenylacetylene forming E/Z-13.
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produced from which a microcrystalline red-orange solid is obtained upon work-
up. NMR spectroscopic analysis of the solid reveals the clean formation of a
mixture of the E- and Z-isomers of the vinylidene insertion product
[CpRu(PPh;)(k?C, P-(CCHPh)-P""NBPh,)], 13, in approximately a 4:1 ratio. The
¥IP{'"H} and "H NMR spectra clearly show that 13 contains inequivalent
phosphine ligands and a chiral metal centre. For example, the major isomer
displays two doublets of an AX pattern in the *'P{'"H} NMR spectrum
corresponding to the PPhj ligand (64 69.0 ppm) and the -PPh; group (6x 49.1
ppm) of the anion of 1a (*Jep = 35 Hz), and two doublets of an AB pattern (5a
4.89 ppm, 8g = 4.71 ppm, 2Jun = 16 Hz) in the "H NMR spectrum corresponding
to the protons of the methylene tether of the [P""NBPhy] ligand. The
corresponding data for the minor isomer are very similar (31P: Oa = 69.6 ppm, Ox
= 50.8, 2Jpp = 35 Hz; "H: 84 5.15 ppm, 8 = 4.98 ppm, 2Jun = 16 Hz). The *C{'H}
NMR spectrum of 13 perhaps offers the most compelling evidence for insertion,
and shows two sets of overlapping doublets at & 159.6 ppm (major, 2Joc =18
Hz, 2Jpc = 17 Hz) and & 155.0 ppm (minor, 2Jpc = 22 Hz, 2Jpc = 12 Hz)
corresponding to Ca of the alkenyl ligands coupling with the PPhs ligand and -
PPh, portion of coordinated anion of ligand 1a.""” Interestingly, when this
reaction was repeated but instead using excess 1-hexyne, only one isomer of
[CpRu(PPh3)(k*C,P-(CCHBuU)-P""NBPh,)], 14, is produced. Moreover, the
reactions between complex 3 and either excess phenylacetylene or 1-hexyne

also preferentially produced only one isomer, the complexes
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[Cp*Ru(PPhs)(k*C,P-(CCHPh)-PP"NBPh,)], 15, and [Cp*Ru(PPhs)(k*C, P-
(CCHBU)-P™"NBPh,)], 16, respectively. See Table 3 for a summary of key NMR

spectroscopic data.

Table 3. Summary of key spectroscopic data for complexes 13-16.

*'P (ppm) 'H (ppm)? 3C (ppm)°
Complex | 8,° &x 2Upp(Hz) | 8o B8  2Jun (H2) Sca
13 69.0° 49.1° 35° 4.89° 4.71° 16° 159.6°
69.6" 50.8f 35f 515" 4.98f 16 155.0'
14 69.0 52.2 34 502 4.88 15 154.7
15 67.1 519 32 505 4.74 15 162.2
16 66.5 52.5 33 505 4.68 15 153.3

# Chemical shifts refer to the methylene linker of ligand 1a. ® Chemical shifts correspond to Cq
of the alkenyl ligand. © Chemical shift of the PPh; ligand. 4 Chemical shift of the -PPh, moiety
of coordinated ligand 1a. ® Major isomer. "Minor isomer.

Although the full assignment of complexes 13-16 as either E or Z was not
pursued using solution methods, a partial X-ray structure determination of
complex 15 by Dr. Hilary Jenkins at the McMaster Analytical X-Ray Diffraction
Facility not only confirmed that ring-opening had occurred to form the five-
membered ring vinylidene insertion product, but also that the connectivity about
the double bond was, in fact, E. Unfortunately, extensive solvent disorder

prevented the complete refinement of the solid state structure.
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Scheme 25 illustrates a plausible mechanism by which the vinylidene
insertion complexes 13-16 may form.">""%1" The precursors 2 or 3 first undergo
ring-opening to yield unsaturated k'-P""NBPh, intermediates that rapidly
coordinate and isomerize the alkyne to an intermediate vinylidene complex. The
vinylidene intermediate then undergoes attack at strongly electrophilic Ca. by the
pendant, nucleophilic benzimidazole nitrogen of the k'-P""NBPh, ligand to yield
the ring-closed product. The ring-closing process would be especially facile since
the nucleophilic attack occurs in an intramolecular, chelate-assisted fashion.

Certainly, the relief in ring-strain upon switching from the 4-membered to the 5-
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Scheme 25. Possible mechanism for the synthesis of complexes 13-16.
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membered metallacycle assists this process. Attempts were made to detect the
ring-opened, vinylidene intermediates via in situ monitoring of the reactions by
NMR spectroscopy, however evidence of their formation was not observed. To
establish the likelihood of  this intermediate, the complex
Cp*RuCI(CCHPh)(PPh3),!"™ which contains a preformed vinylidene ligand, was
reacted sequentially with AgOTf and ligand 1a in THF (Scheme 26). NMR
spectroscopic analysis of the red solid isolated from the reaction showed clean
conversion to complex 15, suggesting the vinylidene intermediate in Scheme 23

is plausible.

Q— i) AgOTF, -AgCI
i H ii) ligand 1a

.Rus
PhsP” '/ c
ci

» 15
§C/
|

Ph
Scheme 26. Alternate synthetic route to complex 15.

Considering the comparatively more robust metallacycles observed for
complexes 4 and 5 in previous reactions with small molecules, it was reasoned
that perhaps these complexes might be less prone to ring-opening in their
corresponding reactions with 1-alkynes, and thus vinylidene insertion products
might be avoided. In general, complexes 4 and 5 were, in fact, found to be more
resistant towards reactions with 1-alkynes compared to complexes 2 and 3.

However, under forcing conditions (excess alkyne reagent, prolonged heating at
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80 °C for up to 10 days) , insertion was observed to occur, but only to a limited
extent. For example, heating either complex 4 or 5§ in the presence of a 10-fold
excess of phenylacetylene over 24 hours in 1,2-dichloroethane shows small
conversions to the vinylidene insertion products, as evidenced by the presence of
two new sets of doublets of an AX spin pattern consistent with the formation of the
E- and Z-product isomers, along with substantial amounts of starting complex in
each case. Unfortunately, prolonged heating over extended periods only resulted
in significant decomposition, as revealed by *'P{"H} NMR spectroscopy, and thus
the insertion products in these reactions could not be isolated and fully
characterized.

The corresponding p-cymene chelate complexes 6-8 were also reacted
with 1-alkyne reagents. It was hoped that the ClI ligand in these complexes would
be sufficiently labile to afford the corresponding vinylidene complexes and ring-
opening of the phosphinobenzimidazole chelates would be avoided.

When complex 6 was reacted with 1 molar equivalent of 1-phenylacetylene
in an NMR tube (CD.Cl, heated at 60°C for 24 hours), disappearance of the
¥1P{"H} signal of 6 was accompanied by the formation of a set of peaks at & 55.4
ppm and 6 53.4 ppm in an approximate ratio of 9:1 respectively (Figure 30). Similar
results were obtained for reacting complex 6 with 1-hexyne under the same
conditions. Again, the *'P{"H} NMR of the product revealed that the starting
material had been completely consumed and two different phosphorus-containing

compounds had been generated with resonances at & 54.2 ppm and 0 53.9 ppm
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in a 4:1 ratio respectively (Figure 31). Unfortunately, a peak far downfield in the
3C{'H} NMR spectrum, a region where the Ca of Ru-vinylidene complexes
typically resonates, ['"7-119175.178] \y55 absent for the products formed by reacting

complex 6 with the 1-phenylacetylene or 1-hexyne. In light of the formation of the
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Figure 30. *'P{"H} NMR spectrum of the products obtained by reacting complex 6 with 1-
phenylacetylene. The proposed isomeric structure of the products is displayed illustrating

the insertion of the alkyne into the Ru-N bond.

alkyne insertion products 13-16 by reacting complex 2 with the 1-alkyne
reagents, it was suspected that alkyne insertion was occurring in the reactions

involving complex 6 as well (Figure 30). Furthermore, similar results were
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obtained when a halide abstracting agent was used in these reactions. For
example, the addition of NaBPh4 or NaPFg to complex 6 in the presence of 1-
phenylacetylene or 1-hexyne under various conditions (e.g., CHxCl, vs. THF,
increased molar ratio of halide abstractor, room temperature vs. 60°C) resulted

in the same products
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Figure 31. *'PNMR spectrum of the products generated from the reaction of complex 6
with 1-hexyne. The proposed isomeric structure of the products is displayed illustrating

the insertion of the alkyne into the Ru-N bond.

being formed as obtained in the absence of these salts. Since the insertion

products were not the desired products (as was the case with complexes 13-16)
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for additional investigation, efforts to further characterize these complexes were
abandoned.

The corresponding p-cymene chelate complexes 7 and 8 showed poor
reactivity and/or selectivity towards 1-alkyne reagents. Complex 7, when heated
in 1,2-dichloroethane in the presence of excess phenylacetylene, only yielded
unappealing mixtures of products, as determined by *'P{"H} NMR spectroscopy.
Complex 8, under similar conditions, showed no reactivity at all; it was the only
product observed in the reaction mixture (*'P{'"H} NMR) after refluxing with a 10-
fold excess of phenylacetylene in 1,2-dichloroethane over 12 hours. Attempts to
facilitate these reactions by using chloride abstracting reagents (e.g., NaBPhy,
AgBF.4, AgOTf, or MeOTf) only lead to mixtures containing a substantial number

of different products (*'P{"H} NMR).

6.2. Reaction of Ligand 1¢ with [Cp*RuCl]4 and 1-Phenylacetylene:
The Formation of Ruthenium Vinylidenes

Given the difficulties experienced in attempting to generate distinct
ruthenium vinylidene complexes beginning with complexes 2-8, a different
approach was sought. The ruthenium, cubane-like complex [Cp*RuCl],/""" is a
proven source of the “Cp*RuCl” building block.!"””""®! Since ligands 1a-c were
shown to facilitate removal of chloride ligands from ruthenium-chloro precursors
during the initial coordination chemistry studies, it was reasoned that perhaps, in
a similar manner, 1a-c will react with [Cp*RuCl]s to form the 16-electron

complexes of the general type Cp*Ru(KzP,N—PRNBPh4). It was also reasoned that
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such unsaturated complexes might readily isomerize 1-alkynes to the

corresponding vinylidenes (Scheme 27).
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Scheme 27: Proposed synthetic route to Cp*Ru vinylidenes beginning with [Cp*RuCl]s

and ligands 1a-c.

Preliminary studies involved monitoring reaction solutions containing
[Cp*RuCl]s and one equivalent of either 1a or 1b via NMR spectroscopy, and
revealed surprisingly complex mixtures. None of the products formed in these
mixtures could be confidently identified. Perhaps the lack of selectivity in these
initial reactions might be traced to inadequate steric and/or electronic profiles of
ligands 1a and 1b in these reactions, both of which are critical to the formation of
unsaturated 16-electron ruthenium complexes.!'8%8%

In stark contrast to the reactions with 1a and 1b, when four molar
equivalents of ligand 1¢ are mixed with [Cp*RuCl]4, the solution turns deep dark

blue in colour — an observation that is characteristic of unsaturated 16-electron

Cp*RuCI(L) (L = monodentate ligand, e.g., PR3) complexes — and a broad signal
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at 5 53.3 ppm is observed in the *'P{'H} NMR spectrum. Completely
characterizing this complex proved to be challenging, as all attempts to isolate it,
either as a bulk product or as single crystals, resulted in the formation of orange
solutions containing mixtures of unidentified products (NMR). However, upon
adding four equivalents of phenylacetylene to the blue solution, a progressive
change in colour was observed from dark blue to finally dark orange-red. In situ
monitoring of the solution via *'P{"H} NMR spectroscopy during the very early
stages of the reaction revealed two signals, one at d 14.4 ppm, the other at  29.5
ppm soon after the alkyne was added. Over time, the signal at & 14.4 ppm
disappears, and is accompanied by an increase in the intensity of the signal at &
29.5 ppm. It is proposed that the signal at & 29.5 ppm is attributed to the target
vinylidene complex of Cp*RuCI(CCHPh)(k*P,N-PYNBPh,) (18) (vide infra),
however the short-lived species producing the signal at & 14.4 ppm is intriguing.
The isomerization of 1-alkynes about ruthenium often proceed through n-alkyne

intermediates.'">176!

It is thought that perhaps the short-lived species at 6 14.4
ppm might be attributed to the formation of the intermediate nalkyne species.
The reaction solutions containing 18 were often accompanied by the
presence of an unknown impurity which produced a very broad *'P{'"H} NMR
signal at approximately & 54 ppm (Figure 32). This unidentified product persisted
through the various purification steps, and consequently complicated all attempts

to isolate 18 as a pure material. Nonetheless, the '"H NMR spectrum of 18 reveals,

among other signals, an AB spin pattern attributed to the methylene linker of the
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coordinated anion of 1c ligand (5a 5.38 ppm and 8g 5.18 ppm, %Jun = 16 Hz),

suggesting a chiral Ru centre. The proton on Cg of the vinylidene ligand

Figure 32. *'P{"H} NMR spectrum of crude Cp*RuCl(CCHPh)(k*P,N-PYNBPh,).

appears as a doublet at 84.86 ppm (4JPH = 2 Hz), consistent with other related
ruthenium-vinylidene complexes.!''"119175.17€1 perhaps the most convincing
evidence for the presence of the vinylidene ligand in 18 is the doublet resonance
located substantially downfield at & 345.4 ppm (3Jpc = 13 Hz) in its "*C{'"H} NMR

spectrum (Figure 33), again consistent with related systems.!"""-119.175.176l
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Figure 33. "C{'™H} NMR spectrum (C, region only) of Cp*RuCl(CCHPh)k*P,N-

PYNBPh,).

Extending this reaction to include tert-butylacetylene as the vinylidene
source allowed for the production of the analogous vinylidene complex
Cp*RuCI(CCH'Bu)(k*P,N-PYNBPh,), 19. The *'P{"H} NMR spectrum of the crude
material reveals a strong singlet at & 30.7 (Figure 34). As was the case for the

phenyl vinylidene complex 18 an impurity at ~54 ppm (*'P{'"H} NMR) frustrated all



98
J. M. Walker

Figure 34. *'P{"H} NMR spectrum of Cp*RuCI(CCHBu)(K*P,N-P’NBPh,) revealing a
signal at 8 30.7 ppm pertaining to the vinylidene product and a broad impurity peak at

approximately 6 54 ppm.

attempts at isolating 19 in analytically pure form. Regardless, the accumulated key
NMR evidence is consistent with its formulation: a set of diastereotopic protons
(6a5.42 ppm and &g 5.35 ppm, 2Jun = 16 Hz) attributed to the methylene linker of
the ligand; a signal at 6 3.77 ppm assigned to the Cg-H of the vinylidene ligand in
the '"H NMR spectrum; and, a doublet in the "*C{’"H} NMR spectrum located
substantially downfield at & 340.0 ppm (*Jrc = 14 Hz) attributed to Ca of the

vinylidene ligand (Figure 35).
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Figure 35. *C{'H} NMR spectrum (C, region only) of Cp*RuCl(CCHBu)K*P,N-

PYNBPh,), 19.

6.3. Attempted Synthesis of Ruthenium-Carbyne Complexes

As mentioned previously in the Introduction of this work, the explosive
development of well-defined and highly efficient catalysts for olefin metathesis has
been accompanied by a rapid expansion in applications of these catalysts in a
variety of C-C bond forming reactions in organic and polymer synthesis.
Undeniably, many of the greatest advances in this area have involved the Grubbs’-

class of ruthenium carbene catalysts. Surprisingly, despite the tremendous
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interest in refining and applying these catalysts, considerably less attention has
been given to the development of their ruthenium-carbon triple bond counterpart.
Conceivably, ruthenium-carbyne complexes may possess similar properties to the
ruthenium carbenoid complexes, and possibly demonstrate novel reactivity
patterns and substantial promise as catalysts (e.g., as alkyne metathesis
initiators).

Perhaps the more convenient method of preparing ruthenium-carbynes is
via regioselective protonation of suitable ruthenium-vinylidene precursors.!'”
191751761 |t was therefore reasoned that the new ruthenium-vinylidene complexes
described in the previous section might also allow access to ruthenium-carbyne

complexes (Scheme 28). The carbyne targets described in Scheme 25 are

certainly worthy of pursuit from a more practical perspective since the chelating
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Scheme 28. Proposed strategy for synthesizing ruthenium-carbyne complexes from

ruthenium-vinylidene precursors.
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k-P,N ligand could potentially furnish a vacant site adjacent to the carbyne ligand
by reversibly dissociating the benzimidazole arm from the metal during catalysis
(e.g., alkyne metathesis). Unfortunately, the addition of HBF4+Et,O to CD,Cl,
solutions of either 18 or 19, even at low temperatures (-70 °C), led to complete
decomposition of the parent vinylidenes, as determined by variable temperature
NMR spectroscopy. Interestingly, the "'B NMR spectra of these reactions show
the complete disappearance of the signal attributed to the tetraphenylborate
moiety (~-6 ppm) of the coordinated k*P,N-PYNBPh, suggesting this anionic
centre of the molecule might affect the regioselectivity of the protonation reactions,

and thus play a role in the decomposition of the parent vinylidene complexes.
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Chapter Seven: Summary, Conclusions and Future

Prospects

The results presented in this body of research provide insight regarding the
fundamental properties of the borate-functionalized (phosphino)benzimidazole
ligands 1a-c¢ and their coordination behavior in ruthenium half-sandwich
chemistry. The synthesis of ligands 1a-c were found to be particularly sensitive
towards reaction conditions, especially the final step involving the installation of
the borate group. Indeed, competing reactions between the metalated
intermediate and the benzimidazole nitrogen (i.e., N-3) can complicate their
syntheses. The presence of the borate group does not seem to impact the donor
power of the anionic (phosphino)benzimidazole ligands, based on comparative
spectroscopic (NMR) studies of their selenide derivatives with neutral analogues.
However, these same studies do support the expected trend in donor power
among the anionic phosphines 1a-c (i.e., 1a < 1b < 1¢), and that the cyclohexyl-
substituted ligand 1c¢ is the strongest donor ligand in the series.

There was a significant difference in coordination behaviour among the
anionic (phosphino)benzimidazole ligands depending of the form of the salt (i.e.,
lithium vs. tetraphenylphosphonium). In general, ligands 1a-c assist in the
coordination and chelation of these ligands to ruthenium-chloro precursors via LiCl
elimination. In contrast, ligands 1a’-c’ in the presence of the same metal
precursors, either produced monodentate (i.e., ring-opened) complexes, a mixture

of both monodentate and chelate complexes, or didn’t react at all, suggesting
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chloride abstraction was key to the success behind the synthesis of a number of
the complexes described herein.

The substituents on the phosphorus centres (i.e., Ph vs. 'Pr vs. 'Bu) of the
anionic (phosphino)benzimidazole ligands were observed to influence strongly the
strength of the metallacycle in many of the chelated (i.e., k*-P,N-PRNBPh,)
complexes examined as part of this work. In several instances, the anion of ligand
1a (phenyl substituents on phosphorus) displayed an ability to adopt both
monodentate and chelate coordination modes, in some cases interchangeably
(hemilabile behaviour) in the presence of labile molecules (e.g., MeCN or CO). In
contrast, ligands 1b and 1c showed a strong propensity to chelate to ruthenium,
and were observed to be resilient towards ring-opening, even under forcing
conditions.

Ultimately, there was a greater interest to examine the use of the anions
of 1a-c as supporting ligands in ruthenium-carbyne chemistry and to assess the
capability of these complexes to initiate alkyne metathesis. However, these
efforts were initially frustrated by the synthesis of ruthenium-vinylidene
precursors. Interestingly (and consistent with observations made in earlier
studies involving small molecules), several ruthenium complexes containing the
chelated [P""NBPh,] ligand readily underwent ring-opening in the presence of 1-
alkynes to yield (very short-lived) ruthenium-vinylidene intermediates. However,
the electrophilic character of C, of the vinylidene ligand promoted nucleophilic

attack by the resulting pendant benzimidazole moiety leading to vinylidene
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insertion (i.e., alkenyl) products. Undoubtedly, these insertion reactions are also
driven in part by a relief in ring-strain upon going from 4-membered ring to a 5-
membered ring in the insertion product. In contrast, similar reactions involving
analogous ruthenium precursors containing the anion of either 1b or 1¢c were
much more sluggish, and only proceeded to comparatively smaller extents
(compared with the anion of 1a), even under forcing conditions.

Distinct ruthenium-vinylidene complexes containing at least the anion of 1¢
could be prepared using a slightly different strategy, specifically one where the
target vinylidene is constructed sequentially beginning with a simple ruthenium
building block. For example, beginning with the convenient precursor [Cp*RuCl]4,
sequential addition of ligand 1c followed by a 1-alkyne (via a proposed
coordinatively unsaturated, 16-electron intermediate Cp*Ru(k*P,N-P®/NBPh,))
successfully leads to the formation of the vinylidene complexes
Cp*RuCI(CCHR)(k*P,N-PYNBPh,;) (R = alkyl or aryl). We were especially
interested in such complexes because it was expected that they might serve as
convenient precursors to ruthenium-carbyne complexes. Unfortunately, the
coordinated anion of ligand 1c proved to be sensitive towards the acidic conditions
required to manufacture the target ruthenium-carbyne. Perhaps the anionic borate
moiety tethered to the (phosphino)benzimidazole framework of the coordinated
anion of ligand 1¢c complicates the regioselectivity of these reactions. However,

further investigation is required to provide insight to the nature of these reactions.
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Numerous avenues for future work regarding heterobidentate
(phosphino)borate ligands have been paved by this study. For example, one of
the motivations of tethering a tetraphenylborate group to the [P,N] ligand structure
was to potentially increase the electron donor-power of the phosphine group.
However, segregating the negative charge of the borate from the phosphine group
seemed to have negligible effects on the donor capacity of the phosphine atom. It
would be interesting to formulate a design strategy that placed the borate group
closer to the phosphine atom (in a similar fashion compared to other
(phosphino)borate systems!’®) as an attempt to increase the electron donating
capacity of the ligand.

Another structural feature of the anionic [P,N] ligands described in this work
was the incorporation of a benzimidazole group with the intention that it would
operate in a hemilabile fashion. However, it was found that the pendant groups on
the phosphorous greatly impacted the ability of the metallacycles formed by these
ligands to undergo ring-opening. Extending this class of ligand to include
phosphorous groups with different steric/electronic characteristics (ie. -P(OMe)s, -
P(Me),, -P(‘Bu)z) and comparing their effect on the lability of the coordinated
benzimidazole nitrogen may shed light on the origin of the difference in hemilability
of the ligands presented in this work.

In addition to altering the identity of the phosphorous moiety of the [P,N]
hybrid ligands, other methods that could be utilized to tune hemilability include

changing the identity of the nitrogen donor and/or extending the bite angle of the
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chelate. For example, changing the N donor atom to an O donor would influence
the hemilability of the system. Although attempts to widen the bite angle of ligands
1a-c were unsuccessful, changing the basic ligand scaffold could afford access to
a larger metallacycle and therefore provide a means to influence the hemilability
of the ligand.

Indeed, these generalized structural modifications could lead to a plethora
of ligand designs for future study. An example of a potential ligand where some of

these alterations are present is illustrated in Figure 36. This ligand structure

®
Li(THF),
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\©\ PPh,

/O

Figure 36. A potential ligand design incorporating a larger bite angle and closer proximity
of the borate to the phosphine group compared to ligands 1a-c, as well as an oxygen

donor atom.

contains an oxygen donor as opposed to a nitrogen donor, it places the anionic
borate functionality close to the phosphorus donor and would form a five-
membered metalacycle when chelated to a metal. Furthermore, derivatization of
the pendant group attached to the oxygen donor (Me group in Figure 36) would

provide a means to tune the electronic and steric effects of the ligand.



107
J. M. Walker

Another structural feature of ligands 1a-c that could be modified is the
identity of the borate group. It was found that the borate of the anion of 1¢ in
complex 18 and 19 was sensitive to the presence of HBF,4. Perhaps using a
different borate such as a -BF3 group would circumvent this issue and provide
access to the target carbyne complexes.

Furthermore, the incorporation of two borate groups into the ligand
architecture would be an intriguing ligand design. For example, the —PR> donor
could incorporate borate groups thereby placing the anionic borate in close
proximity to the phosphine (left in Figure 37) or the borates could be integrated
into a heteroscorpionate-type structure (right in Figure 37). An advantage of
these designs is that they have the potential to form charge-neutral Ru(ll)

zwitterions in the absence of other charged ligands (ie. halide, Cp, Tp).

N ® B
\ Qe PPh, Ph;B BPhs

@, ®
BF; Li(THF), Li(THF),

Figure 37. Examples of dianionic (phosphino)borate ligand structures.

The relative scarcity of (phosphino)borate ligands in the literature renders
this class of ligand a wide open field for exploration. The few examples that have
been studied to date have revealed some interesting and divergent properties of

the metal complexes that contain them (compared to complexes that contain
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neutral analogues). Without a doubt, anionic (phosphino)borate ligands will

remain a fascinating area of ligand design.
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Chapter Eight: Experimental

8.1. General Experimental Details

All experiments and manipulations were conducted under an inert
atmosphere of pre-purified nitrogen using standard Schlenk techniques. Hexanes,
CH.Cl, and 1,2-dichloroethane were pre-dried over activated 4 A molecular
sieves, passed through a column of alumina, purged with N, and stored over 4 A
molecular sieves in bulbs with Teflon taps.'®® Diethyl ether and THF were freshly
distilled from sodium metal under N,. Acetone was stored under an atmosphere
of N2 and used without further purification. CDCI3 (dried over anhydrous CaCly)
and CDCl; (dried over CaH;) were vacuum distilled, freeze-pump-thaw degassed
three times, and stored in bulbs with Teflon taps. NMR spectra (‘H, "*C{'H},
¥IP{'H}, ""B{'H} and ’Li) were obtained using a Varian Unity INOVA 500 MHz
spectrometer, with chemical shifts (in ppm) referenced to residual solvent peaks
(*H and 'C), external 85% HsPO4 (*'P), external BF3*OEt; solution (''B), or
external LiCl in D20O. Infrared spectra were acquired using a Nicolet 380 FT-IR
spectrometer. Elemental analyses were obtained from the Lakehead University
Instrumentation Laboratory.1-(4-Bromobenzyl)-2-(hydroxymethyl)benzimidazole
was prepared using a modified literature  preparation.**!  1-
(benzyl)benzimidazole,'®* CpRuCI(PPhs)y, 1'% Cp*RuClI(PPhs),,[ %!
Cp*RuCI(CO),,["*®  Cp*RuCI(CCHPh)(PPh3),"™ and [Cp*RuCll{"""!  were
synthesized using previously reported procedures. Ligands 1a-c were

synthesized (vide infra) and sufficiently pure for further use. Variable solvent
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content made the acquisition of combustion data difficult; however, the
comparison of data to similar neutral systems that have been previously reported

allowed for the confident characterization of ligands 1a-c via NMR spectroscopy.

—ln 54N
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Figure 38. Ligand numbering scheme for characterization.

8.2. Synthesis of 1-(4-bromobenzyl)benzimidazole

The following is a modification of the literature procedure.!"*”) Benzimidazole
(4.00 g, 33.9 mmol), 4-bromobenzyl bromide (8.46 g, 33.86 mmol) and KO'Bu
(4.00 g, 35.6 mmol) were combined and dissolved in THF (70 mL). The cloudy,
colourless mixture was stirred at reflux for 8 hours before the volatiles were
removed under reduced pressure. The product was then dissolved in CH2Cl, (100
mL) and filtered through a small pad of silica. An additional volume of CHCl» (100
mL) was used to quantitatively transfer the product through the filtration apparatus.
The volatiles were removed from the clear, colourless filtrate yielding a colourless
crystalline solid. The solid was used without further purification. Yield: 6.90 g
(71%). The "H NMR spectral data were in agreement with the previously published

data for this compound.
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8.3. Synthesis of 1-(4-bromobenzy!)-2-(diphenylphosphino)benzimidazole

Lithium diisopropylamide (LDA) was first synthesized by adding "BulLi (4.40
mL of a 1.6 M solution in hexanes, 6.97 mmol) to diisopropylamine (976 uL, 6.97
mmol) in THF (5 mL) at -78 °C. After 1 hour at -78 °C, the LDA solution was then
added via cannula to a THF (30 mL) solution of 1-(4-bromobenzyl)benzimidazole
(2.00 g, 6.97 mmol) pre-cooled to -78 °C. The bright orange solution was stirred
at -78 °C for 1 hour. Next, PPh,ClI (1.25 mL, 6.97 mmol) was added to the cooled
orange solution via syringe. The mixture was left in the cooling bath and allowed
to warm slowly to room temperature over 2 hours. After this time, the volatiles
were removed under reduced pressure to yield a tacky orange solid. The solid
was extracted into CH,Cl; (5 x 10 mL) and filtered through Celite. Removal of the
volatiles under reduced pressure yielding a pale yellow solid. The solid was used
without further purification. Yield: 3.16 g (96%). "H NMR (500 MHz, 22 °C, CDCls):
7.85 (d, 1 H, ?Jun = 8.5 Hz, C®H), 7.50-7.19 (overlapping m, 15H, Ph of -PPh;,
C°H-C’H, C*H and C°H), 6.80 (d, 2H, 2Jun = 8.5 Hz, C*H, C®H), 5.55 (d, 2H, *JpH
= 3 Hz, -CH,-). *C{"H} NMR (125 MHz, 22°C, CDCl3): 154.4 (d, "Jpc = 9 Hz, C?),
144.6-128.4 (Ph, C"-C® and C*, C°), 123.5, 122.4 (both s, C°® and C'), 120.8 (s,
C®), 110.0 (s, C®), 47.8 (d, *Jpc = 15 Hz, -CHz-). *'P{"H} NMR (202 MHz, 22 °C,

CDCl3): -28.3 (s, -PPhy).
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8.4. Synthesis of 1-(4-bromobenzyl)-2-(diisopropylphosphino)benzimidazole

LDA was first generated by adding "BuLi (1.96 mL, of a 1.6 M solution in
hexanes, 3.14 mmol) to a THF (10 mL) solution of diisopropylamine (440 uL, 3.14
mmol) at -80 °C. After stirring at -80 °C for 1 hour the LDA solution was added via
cannula to a solution of 1-(4-bromobenzyl)benzimidazole (902 mg, 3.14 mmol)
dissolved in THF (20 mL). The dark red-orange solution was stirred at -80 °C for
1 hour before P'Pr,Cl (500 pL 3.14 mmol) was added dropwise. The light yellow
solution was allowed to warm to room temperature and then was stirred for 17
hours. The volatiles were removed from the orange-yellow solution and the
residue was redissolved in CH,Cl,. After filtration through a small plug of silica,
the volatiles were removed from the bright yellow filtrate yielding a yellow oil which
solidified upon prolonged exposure to reduced pressure. The solid was used
without further purification. Yield: 1.13 g (89%)."H NMR (500 MHz, 22 °C, CDCls):
7.81 (d, 1H, 2Jun = 8.5 Hz, C®H), 7.33 (d, 2H, %Juu = 8 Hz, C*H and C°H), 7.22-
7.11 (overlapping m, 3H, C°H-C’H) 6.90 (d, 2H, 3Jun = 8.5 Hz, C?H, C®H), 5.59
(d, 2H, *Jpy = 3 Hz, -CHy-) 2.44-2.38 (m, 2H, -CH(CHz3),), 1.06 (dd, 6H, *Jp = 15
Hz, 3Jun = 7.3 Hz, -CH(CHs)(CHs)), 0.94 ((dd, 6H, *Jpn = 13 Hz, 3Jun = 7 Hz, -
CH(CHa)(CHs)) *C{'H} NMR (125 MHz, 22 °C, CDCls): 155.1 (d, "Jpc = 21 Hz,
C?), 144.3-128.3 (Ph, C"-C® and C*, C%), 123.2, 122.5 (both s, C® and C’), 120.2
(s, C°), 110.4 (s, C%), 47.8 (d, 3Jpc = 16 Hz, -CH.-), 24.7 (d, "Jpc= 7.6 Hz, -
CH(CHs)2), 20.0 (d, ?Jpc= 17.5 Hz, -CH(CH3)(CH3)) 19.8 (d, ?Jpc= 9.1 Hz, -

CH(CHs)(CHa)). *'P{"H} NMR (202 MHz, 22 °C, CDCls): -14.4 (s, -P(iPr)y).
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8.5. Synthesis of 1-(4-bromobenzyl)-2-(dicyclohexylphosphino)benzimidazole

All flasks were flame-dried prior to use. LDA was first synthesized by adding
"BuLi (2.83 mL of a 1.6 M solution in hexanes, 4.53 mmol) to diisopropylamine
(634 uL, 4.52 mmol) in THF (10 mL) at -80 °C. After 1 hour at -80 °C, the LDA
solution was then added via cannula to a THF (20 mL) solution of
1-(4-bromobenzyl)benzimidazole (1.30 g, 4.53 mmol) pre-cooled to -80 °C. The
resulting bright orange-red solution was stirred for 1 hour at -80 °C and then
PCy.Cl (1.00 mL, 4.53 mmol) was added dropwise producing a bright yellow
solution. The mixture was warmed to room temperature and stirred for 17 hours.
The volatiles were removed from the yellow solution and the foamy residue was
redissolved in 20 mL of CH2Cl, The solution was filtered through Celite and the
volatiles were removed from the filtrate yielding a bright yellow solid. The solid
was used without further purification. Yield: 1.99 g (91%). "H NMR (500 MHz, 22
°C, CDCls): 7.82 (d, 1 H, 2Jun = 8 Hz, C®H), 7.32 (d, 2H, >Jun = 8.5 Hz, C¥*H and
C°H), 7.21-7.10 (overlapping m, 3H, C°H-C’H) 6.88 (d, 2H, *Jun = 8.5 Hz, C?H,
CPH), 5.56 (d, 2H, *Jpn = 3.5 Hz, -CH,-), 2.25-2.20 (m, 2H, CsH11), 1.84-1.81 (m,
2H, CeH11), 1.67-1.64 (m, 2H, CeH11), 1.57-1.47 (m, 6H, CeH11), 1.28-1.01
(overlapping m, 5H, CsH11). "*C{'"H} NMR (125 MHz, 22 °C, CDCl): 154.9 (d, "Jpc
= 20.5 Hz, C?), 144.4-128.3 (Ph, C"-C® and C*, C%), 123.0, 122.3 (both s, C°® and
C’), 120.1 (s, C°), 110.3 (s, C®), 47.5 (d, *Jpc = 16.5 Hz, -CH3-), 33.9 (d, Jpc=7.8

HZ, C6H11), 30.2 (d, JPC= 15.6 HZ, C6H11), 294 (d, JPC= 7.5 HZ, C6H11), 26.9 (d,
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Jrc= 12.5 Hz, CeH11), 26.7 (d, Jpc= 8.5 Hz, CsH11), 26.2 (s, CsH11). *'P{'"H} NMR

(202 MHz, 22 °C, CDCl): -22.9 (s, -P(Cy)).

8.6. Synthesis of 1-(4-bromobenzyl)-2-((diphenylphosphino)methoxy)-

benzimidazole

1-(4-Bromobenzyl)-2-(hydroxymethyl)benzimidazole was placed in a flask.
The flask was briefly flame-dried before THF (20 mL) was added followed by EtsN
(233 pL, 1.67 mmol). The mixture was stirred at room temperature for 30 minutes
turning cloudy-orange. The solution was cooled to 0 °C, PPh,Cl was added
dropwise over 10 minutes, and then the mixture was stirred at 0 °C for 3 hours.
The volatiles were removed from the grey-green solution and the residue was
dissolved in CgDg (20 mL). The resulting solution was filtered through Celite using
CsDs (2 x 5 mL) to quantitatively transfer the product through the frit. The volatiles
were removed from the clear grey filtrate yielding a residue of similar colour that
solidified after being stored under vacuum for 19 hours. The solid was used
without further purification. Yield: 795 mg (95 %). '"H NMR (500 MHz, 22 °C,
CDCl3): '"H NMR (500 MHz, 22 °C, CDCl3): 7.72 (d, 1 H, %Jun = 8 Hz, C®H), 7.21-
7.10 (overlapping m, 15 H, Ph, C°H-C’H, C*H, C°H) 6.73 (d, 2 H, *Jun = 8 Hz,
C?H, C®H). 5.21 (s, 2 H, -CH,-), 4.97 (d, *Jpns = 8 Hz, -CH,OPPh). *C{'"H} NMR
(125 MHz, 22 °C, CDCls): 154.9 (d, "Jpc = 20.5 Hz, C?), 144.4-128.3 (Ph, C"-C°

and C*, C°), 123.0, 122.3 (both s, C® and C’), 120.1 (s, C°), 110.3 (s, C®), 47.5 (d,
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3JPC =16.5 HZ, -CHz-), 33.9 (d, JPC= 7.8 HZ, C6H11), 30.2 (d, JPC= 15.6 HZ, C6H11),
294 (d, JPC= 7.5 HZ, C5H11), 26.9 (d, JPC= 12.5 HZ, C6H11), 26.7 (d, JPC= 85 HZ,

CsH11), 26.2 (s, CsH11). *"P{"H} NMR (202 MHz, 22 °C, CDCl3): -22.9 (s, -P(Cy).).

8.7. Synthesis of [Li(THF ),][P""NBPh,], (1a)

The compound 1-(4-bromobenzyl)-2-(diphenylphosphino)benzimidazole
(1.00 g, 2.13 mmol) was dissolved in THF (30 mL) and the solution was cooled to
-80 °C (isopropanol/LNyz). Next, ‘BuLi (1.25 mL of 1.7 M solution in pentane, 2.13
mmol) was added dropwise via syringe to the cooled solution over about 2 minutes
yielding a dark orange solution. The solution was stirred and kept between -80 °C
and -90 °C for 1 hour. The solution was maintained at -90 °C, and then BPh3
(0.516 g, 2.13 mmol) in THF (8 mL) was added very slowly dropwise via syringe
over 30 minutes. The orange solution was stirred at -90 °C for 2 hours, and then
it was allowed to warm slowly to room temperature overnight while in the cooling
bath. The next day, excess hexanes (~100 mL) were added to the light orange
solution producing an orange oil. The mixture was allowed to stand for about 3
hours, and then the supernatant was decanted. The remaining orange oil was
washed with hexanes (2 x 20 mL) and then dried under reduced pressure to yield
a powdery pale yellow solid. The solid was used without further purification. Yield:
1.20 g (73%). "H NMR (500 MHz, 22 °C, CDCls): 7.62 (d, 1H, 2Jnn = 8 Hz, CBH),
7.47-6.89 (overlapping m, 30H, Ph of -PPh; and BPhs, C°H-C’H and C*H, C°H),
6.79 (d, 2 H, Jun = 8 Hz, C?H, C®H), 5.31 (s, 2H, -CH>-), 3.60 (m, 8H, THF), 1.79

(m, 8H, THF). *C{"H} NMR (125 MHz, 22 °C, CDCls): 165.0 (q, 'Jsc = 48 Hz, C*),



116
J. M. Walker

163.9 (q, "Jac = 50 Hz, ipso C of B-Ph), 155.7 (d, "Jpc = 16 Hz, C?), 142.7-123.3
(Ph, C"-C%, C°, C®% C*and C%, 121.9 (s, C% C'), 117.9 (s, C°), 112.5 (s, C®), 88.7
(s, CsMes), 68.6 (s, THF), 50.0 (s, -CH2-), 25.5 (s, THF). *'P{"H} NMR (202 MHz,
22 °C, CDCl3): -24.1 (s, -PPhy). "'B{'"H} NMR (160 MHz, 22 °C, CDCl3): -6.7 (s).

“Li NMR (195 MHz, 22 °C, CDCls): -0.35 (s).

8.8. Synthesis of [Li(THF ),][P"'NBPh,], (1b)

The compound 1-(4-bromobenzyl)-2-(diisopropylphosphino)benzimidazole
(2.00 g, 4.95 mmol) was placed in a flask and dissolved in THF (40 mL). The
solution was cooled to -80 °C (ethanol/LN,) and then 'BuLi (3.0 mL of a 1.7 M
solution in pentane, 5.1 mmol) was added dropwise inducing a colour change to
dark red. The mixture was stirred at -80 °C for 1 hour before being cooled to -110
°C. At this temperature, the BPh3 (1.198 g, 4.95 mmol) in THF (16 mL) was added
dropwise very slowly over 45 mins resulting in a bright orange-red solution. The
mixture was stirred at -110 °C for 2 hours, allowed to warm to room temperature,
and then stirred for an additional 17 hours. Excess hexanes (150 mL) were added
to the solution precipitating a pale orange-yellow oil deposited on the walls of the
flask. The mixture was kept at room temperature to allow the oil to settle. The
supernatant was decanted and then the volatiles were removed from the oil under
reduced pressure. The residue was taken up in CHyCl, (30 mL) and filtered
through Celite containing a small amount of silica. CH>Cl, (20 mL) was used to
quantitatively transfer the product through the frit. The volatiles were removed

from the filtrate yielding a pale yellow solid. The solid was used without further
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purification. Yield: 2.376 g (67%). '"H NMR (500 MHz, 22 °C, CD,Cl,): 7.47-7.42
(overlapping d, C®H, C°H), 7.26-6.77 (overlapping m, 20 H, Ph of -BPhs C°H-C'H
and C*H, C°H), 6.77 (d, 2H, 2Jun = 7 Hz, C*H, C®H), 5.31 (s, 2H, -CH.-), 3.59-
5.56 (m, 4 H, THF), 2.31-2.27 (m, 2H, CH(CH3),), 1.78-1.76 (m, 4H, THF), 1.01-
1.02 (overlapping d, 6H, CH(CHs)(CHs)), 0.82-0.78 (overlapping d, 6H,
CH(CH3)(CHs)). "*C{"H} NMR (125 MHz, 22 °C, CD.Cl,): 165.1 (q, "Jsc = 49 Hz,
C*), 163.9 (q, "Jec = 49 Hz, ipso C of B-Ph), 155.9 (d, "Jpc = 34 Hz, C?), 142.9-
124.2 (Ph, C"-C%, C°, C%, C* and C%), 122.4 (s, C°, C7), 117.5 (s, C°), 112.8 (s,
C®), 68.8 (s, THF), 50.3 (d, *Jpc = 12 Hz, -CHy-), 25.7 (s, THF). 25.4 (d, "Jpc= 9.7
Hz, -CH(CHs)), 20.6-20.5 (overlapping m, CH(CH3)(CHs)). *'P{'H} NMR (202
MHz, 22 °C, CD,Cl,): -9.14 (s, -PiPrs). "'B{"H} NMR (160 MHz, 22 °C, CD,Cl,): -

6.6 (s). 'Li NMR (195 MHz, 22 °C, CD.Cly): -3.02 (s).

8.9. Synthesis of [Li(THF),[PYNBPh], (1c).

The procedure outlined for ligand 1a was followed but instead using
1-(4-bromobenzyl)-2-(dicyclohexylphosphino)benzimidazole (2.060 g, 4.26 mmol)
as the phosphine precursor. Yield: 2.342 g (58%). '"H NMR (500 MHz, 22 °C,
CDCls): 7.68 (overlapping , 2H, C°H, C®H), 7.48-6.90 (overlapping m, 22H, Ph of
-PPh, and BPhs, C°H, C'H and C?H-C°®H), 5.56 (s, 2 H, -CH,-), 3.63-3.61 (m, 16
H, THF), 1.92-1.11 (m, 18H, THF, CeH11). *C{'"H} NMR (125 MHz, 22 °C, CDCls):
164.2-163.0 (overlapping q, C*, ipso C of B-Ph). 155. (d, 'Jpc = 23 Hz, C?), 138.8-

123.3 (Ph, C"-C%, C°, C%, C* and C%), 122.5 (s, C°, C7), 118.3 (s, C°), 112.4 (s,
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C®), 68.2 (s, THF), 49.6 (s, -CHy-), 34.5 (d, "Jpc = 9.5 Hz, CsH14), 30.9-30.8 (m,
CsH11), 31.1-30.0 (m, CgH14), 26.6-26.2 (overlapping m, CsH11) 25.5 (s, THF).
¥1P{'H} NMR (202 MHz, 22 °C, CDCls): - 18.56 (s, -PCy>). ''B{"H} NMR (160 MHz,

22 °C, CDCls): -6.6 (s). "Li NMR (195 MHz, 22 °C, CDCls): -3.13 (s).

8.10. Synthesis of 1-(benzyl)-2-(diphenylphosphino)benzimidazole, [PN®].

LDA was first generated by adding "BuLi (1.60 mL of a 1.6 M solution in
hexanes, 2.56 mmol) to diisopropylamine (357 uL, 2.56 mmol) in THF (5 mL) at -
78 °C. After 1 hour at -78 °C, the LDA solution was then added via cannula to a
THF (20 mL) solution of 1-(benzyl)benzimidazole (1.00 g, 2.55 mmol) pre-cooled
to -78 °C. The bright orange-red solution was stirred at -78 °C for 1 hour. Next,
PPh,CI (458 uL, 2.55 mmol) was added to the cooled orange solution via syringe
inducing a colour change to dark yellow. The mixture was left in the cooling bath
and allowed to warm slowly to room temperature over 3 hours. After this time, the
volatiles were removed under reduced pressure to yield a tacky yellow solid. The
solid was extracted into CH2Cl, (20 mL) and filtered through Celite. Removal of
the volatiles under reduced pressure yielded a yellow solid. The solid was used
without further purification. Yield: 810 mg (81%). '"H NMR (500 MHz, 22 °C,
CDCl3): 7.83 (d, 1 H, 2Jun = 8 Hz, C®H), 7.52-7.16 (overlapping m, 15H, Ph of -
PPh,, C°H-C’H, C*H and C°H), 6.98 (d, 2H, Jun = 8 Hz, C*H, C°H), 5.61 (d, 2H,

*Jpn = 3 Hz, -CH,-). *'P{"H} NMR (202 MHz, 22 °C, CDCl3): -28.6 (s, -PPh,).
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8.11. Synthesis of 1-(methyl)benzimidazole

The following is a modification of the literature procedure.'"® KOH (12.0 g,
212 mmol) was crushed and dissolved in acetone (150 mL). Benzimidazole (5.00
g, 42.3 mmol) was added to the solution. The pale yellow solution was stirred for
10 minutes and then was placed in a cold water bath. Mel (6.5 mL, 127 mmol)
was added and the resulting in a cloudy mixture was stirred for 1 hour. After this
period, distilled deionized water was added and the acetone was removed under
reduced pressure. The product was extracted into CH,Cl, (2 x 100 mL) and the
organic layers were collected and dried over NaSO,. After filtration the volatiles
were removed yielding a pale yellow liquid. The liquid was used without further
purification. "H NMR (500 MHz, 22 °C, CDCl,): 7.78-7.74 (m, 1 H, C®H), 7.73 (s,
1 H, C?H), 7.21-7.18 (m, 3 H, C°H-C’H), 3.64 (s, 3H, —CHs) ppm. "*C{1H} NMR
(125 MHz, 22 °C CDCls): 143.5 (s, C?), 143.4 (s, C*), 134.3 (s, C°), 122.7, 121.4

(s, C®and C’), 119.8 (s, C°), 109.6 (s, C?), 30.7 (s, -CHa).

8.12. Synthesis of 1-(methyl)-2-(diphenylphosphino)benzimidazole, [PNV¢].

LDA was prepared by treating a THF (5 mL) solution of diisopropylamine
(1060 pL, 7.57 mmol) with "BuLi (4.73 mL of a 1.6 M solution in hexanes, 7.57
mmol) at -80 °C. After stirring at -80 °C for 1 hour, the LDA solution was added via
cannula to a solution consisting of 1-(methyl)benzimidazole (1.00 g, 7.57 mmol)
dissolved in THF (25 mL) at -80 °C. The resulting yellow solution was stirred at -

80 °C for 1 hour before PPh,Cl (1.36 mL, 7.57 mmol) was added dropwise and
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the mixture turned almost colourless with a tinge of yellow. The solution was
warmed to room temperature and stirred for 18 hours and then the volatiles were
removed under reduced pressure yielding a sticky, foamy residue. The product
was redissolved in CHyCl; (4 x 20 mL) and filtered through a small column
containing Celite layered with silica. Removal of the volatiles from the filtrate
yielded a sticky product. Trituration of the material with hexanes (10 mL) provided
a colourless powder. The solid was used without further purification. Yield: 1.31 g
(55%). "H NMR (500 MHz, 22 °C, CDCls): '"H NMR (500 MHz, 22 °C, CDCls): 7.82
(d, 1 H, 2Jun = 8 Hz, C®H), 7.50 (m, 3 H, C°H-C’H), 7.36 (m, 8 H, Ph), 7.30-7.23
(m, 2 H, Ph), 3.80 (s, 3 H, —CHs). "*C{'"H} NMR (125 MHz, 22 °C CDCls): 154.16
(d, "Jpc = 7 Hz, C?), 143.4 (d, *Jpc = 3 Hz, C%), 134.2, 134.1, 133.7, 129.5 (Ph),
123.0, 122.0 (s, C°® and C'), 120.6 (s, C°), 109.2 (s, C®), 30.8 (s, -CH3). *'P{'H}

NMR (202 MHz, 22 °C, CDCls): -25.7 (s, -PPhs).

8.13. General procedure for the synthesis of phosphine selenides

An NMR tube was charged with the phosphine, excess selenium (10 molar
equivalents) and CDClI3z (0.5 mL). The mixture was heated at 60 °C for 2 hours
before being cooled to room temperature and *'P{'"H} NMR data acquisition. The

results of the *'P{"H} NMR studies are presented in Table 1.



121
J. M. Walker

8.14. Synthesis of [CoRu(PPh;)(k*P,N-P""NBPh,)], (2)

CpRuCI(PPh3z), (0.139 g, 0.191 mmol) and ligand 1 (0.150 g, 0.191 mmol)
were combined and dissolved in 1,2-dichloroethane (10 mL). The orange mixture
was refluxed for 24 hours. The next day, the cloudy orange-yellow mixture was
allowed to cool to room temperature and then it was filtered through Celite. The
volatiles were removed from the filtrate and the orange-yellow solid that remained
was washed with diethyl ether (4 x 20 mL) to remove the PPhs. The yellow-orange
product was dried under reduced pressure. Yield: 0.178 g (88%). Recrystallization
from CH.Cl,/diethyl ether yielded analytically pure samples. Anal. Calcd. for
Ce7H55BN2P2Ru<0.5CH.Cly: C, 73.4; H, 5.11; N, 2.54. Found: C, 73.8; H, 5.11; N,
2.62. "H NMR (500 MHz, 22 °C, CD,Cl,): 7.41-6.78 (overlapping m, 46H, Ph of -
PPh,, PPhs and BPhs, C°H-C®H, and C*H, C°H), 6.42 (d, 2H, 2Jun = 8 Hz, C?H,
CPH), 5.09 (d, 2H, 2Jun = 16 Hz, -CHaHg- ), 4.70 (d, 1H, 2Jpn = 16 Hz, -CHaHs-),
4.43 (s, 5H, Cp). *C{'H} NMR (125 MHz, 22 °C, CD,Cl,): 165.9 (q, 'Jac = 49 Hz,
C*), 164.0 (q, "Jsc = 49 Hz, ipso C of B-Ph), 156.6 (d, 'Jpc = 31 Hz, C?), 143.4-
124.3 (Ph, C"-C%, C°, C%, C* and C%), 122.5 (s, C°, C'), 117.6 (s, C°), 113.6 (s,
C®), 78.7 (s, CsHs), 50.2 (s, -CHaz-). *'P{'H} NMR (202 MHz, 22 °C, CD,Cl,): 49.8
(d, 2Jpp = 36 Hz, PPhs), 17.9 (d, 2Jpp = 36 Hz, -PPh,). "'B{’"H} NMR (160 MHz, 22

°C, CD,Cl,): -6.6 (s).
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8.15. Synthesis of [CoRu(MeCN)(PPh;)(k' P-P""NBPh,)], (2a)

Complex 2 (60 mg, 0.060 mmol) was placed in a flask and dissolved in
MeCN. The yellow solution was stirred at 55 °C for 10 minutes before being cooled
to room temperature. Removal of the volatiles under reduced pressure afforded a
bright yellow solid. The solid was washed with diethyl ether (2 x 10 mL) and then
stored under vacuum for 3 days before NMR data were acquired. Reliable
elemental analysis was not obtained for this complex due to time constraints. 'H
NMR (500 MHz, 22 °C, CD,Cl/CD3CN (4:1 viv)): 7.61 (d, 1H, *Juy = 8 Hz, CBH),
7.48-6.83 (overlapping m, 30H, Ph of —=PPh; -BPh; C*H-C’H and C*H, C°H), 6.03
(d, 2H, 3Jun = 8 Hz, C?H, C°H), 4.78 (d, 2H, 2Jun = 8 Hz, C?H, C°H), 4.74 (d, 2H,
2 Jun = 16 Hz, -CHaHg-), 4.37 (s, 5H, Cp),1.98 (s, MeCN). *C{"H} NMR (125 MHz,
22 °C, CD,Cl/CD3sCN (4:1 v/v)): 163.13 (q, 'Jsc = 49 Hz, ijpso C of B-Ph), 162.81
(a, "Jac =50 Hz, C*), 150.1 (d, 'Jpc = 61 Hz, C?), 142.3-122.0 (Ph, C"-C?, C°, C°,
Cc*and C%), 121.3 (s, C°, C7), 119.6 (s, C°), 112.0 (s, C®), 82.8 (s, CsHs), 49.5 (s,
-CH.-), 14.5 (MeCN). *'P{"H} NMR (202 MHz, 22 °C, CD3sCN): 43.3 (d, 2Jpp = 38
Hz, PPhs), 31.5 (d, Jep = 38 Hz, -PPh,). "B{'H} NMR (160 MHz, 22 °C,

CD,Cl/CD;CN): -6.8 (s).

8.16. Synthesis of [Cp*Ru(PPhs)(k*P,N-P""NBPh,)], (3)

Cp*RuClI(PPhs), (0.100 g, 0.125 mmol) and ligand 1a (0.099 g, 0.125
mmol) were combined and dissolved in CH2Cl, (10 mL). The orange solution was

allowed to stir for 24 hours. The next day, the hazy, light orange mixture was
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filtered through Celite, and then the volatiles were removed from the filtrate under
reduced pressure. The light orange solid was then washed with diethyl ether (4 x
20 mL) to remove the PPhs. The yellow-orange product was dried under reduced
pressure. Yield: 0.126 g (89%). Recrystallization from CH,Cl,/diethyl ether yielded
analytically pure samples. Anal. Calcd. for C75HgsBN2P2Ru*CH.Cl2: C, 74.1; H,
5.66; N, 2.38. Found: C, 74.4; H, 5.69; N, 2.54. "H NMR (500 MHz, 22 °C, CDCl5):
7.72 (d, 1H, ?Jun = 8 Hz, C®H), 7.51-6.73 (overlapping m, 45H, Ph of -PPh,, PPh;
and BPhs, C°H-C’H, and C*H, C°H), 6.49 (d, 2H, 2Juy = 8 Hz, C*H, C®H), 4.99 (d,
1H, 2Jun = 16 Hz, -CHaHs-), 4.58 (d, 1H, 2Jun = 16 Hz, -CHaHz-), 1.33 (s, 15 H,
Cp*). *C{"H} NMR (125 MHz, 22 °C, CDCls): 166.2 (q, 'Jsc = 49 Hz, C*), 163.6
(9, "Jsc = 50 Hz, jpso C of B-Ph), 156.4 (d, "Jpc = 33 Hz, C?), 142.2-124.1 (Ph,
c'-c?, c° ¢ c*and C%, 121.8 (s, C% C'), 116.8 (s, C°), 114.2 (s, C®), 88.7 (s,
CsMes), 51.0 (s, -CHy-), 10.8 (s, -CH3 of Cp*). *'P{'"H} NMR (202 MHz, 22 °C,
CDCl3): 50.1 (d, Jpp = 33 Hz, PPhs), 20.1 (d, 2Jpp = 33 Hz, -PPhy). "'B{'H} NMR

(160 MHz, 22 °C, CDCl3): -6.6 (s).

8.17. Synthesis of [CoRu(PPh;)(k*-P,NV®)[BPh,]

CpRuCI(PPhs) (100 mg, 0.138 mmol) was placed in a flask followed by PN™®
(44 mg, 0.138 mmol) and NaBPhs (48 mg, 0.138 mmol). The components,
dissolved in 1,2-dichloroethane (5 mL) and MeOH (5 mL), were stirred at reflux for
24 hours. The resulting bright yellow solution was allowed to cool to room

temperature and then the volatiles were removed under reduced pressure. The
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solid was extracted into CH2Cl, (2 x 10 mL) and filtered through Celite. The
volatiles were removed from the yellow filtrate yielding a yellow solid which was
washed with diethyl ether (3 x 10 mL) before being dried under reduced pressure.
The product was recrystallized using CH,Cl,/hexanes and analytically pure
orange-yellow crystals were obtained. Yield: 98 mg (67%). Anal. Calcd. for
CesHssBN2P2Ru: C, 75.4; H, 5.96; N, 2.59. Found: C, 75.4; H, 5.53; N, 2.62. 'H
NMR (500 MHz, 22 °C, CDCls): 7.42-6.80 (overlapping m, 49H, Ph of PPhg, -PPhy,
BPhy, and C°H-C®H), 4.47 (s, 5H, CsHs), 2.96 (s, 3H, N-CHs). *C{"H} NMR (125
MHz, 22 °C, CDCls): 164.3 (q, "Jsc = 49 Hz, ipso C of B-Ph), 155.6 (d, 'Jpc = 32
Hz, C?), 142.3-124.9 (Ph, C* and C°), 121.6 (s, C°, C'), 116.7 (s, C°), 112.1 (s,
C®), 78.0 (m, CsHs), 31.5 (s, N-CHa). *'P{"H} NMR (202 MHz, 22 °C, CDCl3): 51.2
(d, 2Jpp = 37 Hz, PPhs), 16.8 (d, 2Jpp = 37 Hz, -PPh,). "'B{'"H} NMR (160 MHz, 22

°C, CDCl3): -6.5 (s).

8.18. Synthesis of [CoRu(PPh;)(k*P,N-PT'NBPh,)], (4)

The same procedure outlined for complex 2 was followed except using
CpRuClI(PPh3) (220 mg, 0.303 mmol) and ligand 1b (261 mg, 0.303 mmol),
yielding an analytically pure mustard-yellow solid. Yield after recrystallization
(CHxCly/diethyl ether): 168 mg (55%). Anal. Calcd. for Ce1Hs9BN2P2Ru: C, 73.7;
H, 5.98; N, 2.82. Found: C, 73.4; H, 6.30; N, 2.52. '"H NMR (500 MHz, 22 °C,
CD.Cl,): 7.55-6.92 (overlapping m, 21H, Ph of PPhs and BPhs C°H-C8H, and C*H,

C°H), 6.80 (d, 2H, 2Jun = 7.5 Hz, C*H, C®H), 5.32 (d, 2H, *Jun = 16 Hz, -CHaHg-



125
J. M. Walker

), 5.14 (d, 1H, 2Juy = 15.5 Hz, -CHaHg-), 4.78 (s, 5H, Cp), 2.89-2.81 (m, 1H,
CH(CHa)2), 1.41 (dd, 3H, 3Jpy = 18.5 Hz, 3Juy = 7 Hz, -CH(CHs)(CH3)) 1.20-1.10
(overlapping m, 6H, CH(CHs)(CH3)), 0.96-0.88 (m, 1H, CH(CHz3),), 0.69 (dd, 3H,
Jpn = 16.5 Hz, ®Jun = 7 Hz, -CH(CHs)(CH3)). *C{'H} NMR (125 MHz, 22 °C,
CD.Cl,): 166.2 (q, 'Jac = 48.5 Hz, C*), 163.6 (q, 'Jsc = 49 Hz, jpso C of B-Ph),
157.9 (d, "Jpc = 18 Hz, C?), 142.7-124.3 (Ph, C"-C*, C°, C®, C* and C°), 122.3 (s,
C® C"), 117.4 (s, C°), 113.1 (s, C®), 76.6 (s, CsHs), 50.1 (s, -CHz-), 25.2 (d, "Jpc=
9.9 Hz, -CH(CHa)2), 23.5 (d, 'Jpc= 19.8 Hz, -CH(CH3)2) 20.7 (d, 2Jpc= 10.9 Hz, -
CH(CH3)(CHs)), 20.2 (d, ?Jpc= 9.5 Hz, -CH(CH3)(CHs)), 19.7 (d, ?Jpc= 8.5 Hz, -
CH(CHa3)(CH3)), 19.4 (d, Jpc= 8.5 Hz, -CH(CH3)(CHs)). *'"P{'"H} NMR (202 MHz,
22 °C, CD,Cly): 47.7 (d, 2Jpp = 34.1 Hz, PPhs), 46.0 (d, Jpp = 34.1 Hz, -PiPry).

"B{"H} NMR (160 MHz, 22 °C, CDCl,): -6.7 (s).

8.19. Synthesis of [CoRu(PPh;)(k*P,N-P*’NBPh,)], (5)

The same procedure outlined for complex 2 was followed except using
CpRuCI(PPh3) (235 mg, 0.324 mmol) and ligand 1¢ (305 mg, 0.324 mmol) yielding
an analytically pure mustard-yellow solid. Yield after recrystallization
(CHxCly/diethyl ether): 162 mg (47%). Anal. Calcd. for Cg7Hs7BN2P2RuCH,Cl,: C,
70.5; H, 6.00; N, 2.42. Found: C, 70.9; H, 5.85; N, 2.37. "H NMR (500 MHz, 22
°C, CD,Cly): 7.39-6.78 (overlapping m, 21H, Ph of PPh; and BPhj, C°H-C®H, and
C*H, C°H), 6.42 (d, 2H, ?Jun = 7.5 Hz, C*H, C°H), 5.11 (d, 2H, %Jun = 16 Hz, -

CHaHg-), 5.04 (d, 1H, 2y = 15.5 Hz, -CHaHg-), 4.60 (s, 5H, Cp), 2.57-2.49 2.25-
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2.20 (m, 1H, CgH11), 2.06-2.04 2.25-2.20 (m, 1H, CsH11), 1.79-0.34 (overlapping
m, 20H, CsH11). C{'H} NMR (125 MHz, 22 °C, CD,Cl,): 164.7 (q, 'Jsc = 48 Hz,
C*), 162.6 (q, "Jec = 49 Hz, ipso C of B-Ph), 156.4 (d, "Jpc = 18 Hz, C?), 141.7-
122.8 (Ph, C"-C%, C°, C%, C* and C%), 121.1 (s, C°, C"), 116.1 (s, C°), 112.2 (s,
C?), 75.8 (s, CsHs), 49.4 (s, -CHy-), 35.6 (d, Jpc = 8.5 Hz, CeH11), 33.1 (d, Jrc =
18.6 Hz, CgHy1), 29.9-29.8 (overlapping d, CsH11), 28.6 (d, Jpc = 7.5 Hz, CsH11),
27.4 (s, CgH11), 25.8-25.3 (overlapping m, CsH11), 24.9 (s, CsH11), 24.3 (s, CsH11).
¥1P{"H} NMR (202 MHz, 22 °C, CD,Cl,): 48.3 (d, 2Jep = 34.5 Hz, PPhs), 37.3 (d,

2Jpp = 34.5 Hz, -PCys,). "'B{'H} NMR (160 MHz, 22 °C, CD,Cl,): -6.7 (s).

8.20. Synthesis of [(p-cymene)RuCI(k*P,N-P""NBPh,)], (6)

[(p-cymene)RuCl;]; (305 mg, 0.498 mmol) and 1a (782 mg, 0.997 mmol)
were placed in a flask and dissolved in dichloromethane (30 mL) The bright orange
mixture was stirred at room temperature for 3 hours becoming cloudy with the
precipitation of LiCl. The mixture was filtered through Celite and the volatiles were
removed from the bright orange-red filtrate under reduced pressure yielding a solid
of similar colour. The solid was washed with diethyl ether (3 x 20 mL) yielding
analytically pure samples. Yield: 0.816 g (90%) Anal. Calcd. for
Cs4Hs1BCIN2PRuCH,Cl,: C, 66.0; H, 6.34; N, 2.80. Found: C, 66.1; H, 6.21; N,
2.73. "TH NMR (500 MHz, 22 °C, CDCl3): 8.04-8.00 (overlapping d, 2H), 7.81 (d,
1H, J=6 Hz), 7.38 (d, 1H J = 8 Hz), 7.63 (m, 2H, -PPh,), 7.53-7.43, (overlapping

m, 8H, -PPhy), 7.36-7.35 (m (br), 6H, ortho-BPh), 7.22-7.19 (m (br), 2H, C°H,
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C°H), 7.04-6.98 (m, 6H, meta-BPh), 6.90 (t, 3H %Juy = 7 Hz, para-BPh), 6.63 (d,
2H 3Jun =8 Hz, C*H, C®H), 5.80 (d, 1H, *Jun = 6 Hz, p-cym), 5.58 (d, 1 H, 3Jun =
4 Hz, p-cym), 5.45 (d, 1 H, *Jun = 6 Hz, p-cym), 5.22 (d, 1H, 2Juy = 16 Hz -CHaHg-
), 4.72 (d, 1H, 2Jun = 16 Hz, -CHaHg-), 4.55 (d, 1 H, *Jun = 6 Hz, p-cym), 2.58-2.54
(m, 1H, -CH(CH3),), 1.54 (s, 3H —=CHs) 1.15 (d, *Jun = 7 Hz, -CH(CHs)(CHs)), 1.09
(d, *Jun = 7 Hz, -CH(CH3)(CHs)). *C{'"H} NMR (125 MHz, 22 °C, CDCls): 164.7-
162.8 (overlapping m, C*, ipso C of B-Ph), 153.5 (d, 'Jpc = 45 Hz, C?), 140.1-
122.8 (Ph, C"-C%, C°, C%, C* and C%), 121.1 (s, C°, C"), 116.9 (s, C°), 113.2 (s,
C®), 106.2-80.9 (Ar, p-cym), 49.7 (s, -CHy-), 31.0 (s, -CH(CHs)2), 23.3 (s, -
CH(CH3)(CHg)), 21.5 (s, -CH(CH3)(CHs)), 19.3 (CHz-p-cym). *'P{'H} NMR (202

MHz, 22 °C, CDCls): -6.43. "'B{"H} NMR (160 MHz, 22 °C, CDCl3): -6.7 (s).

8.21. Synthesis of [(p-cymene)RuCI(k*P,N-P"'NBPh,)], (7)

The same procedure outlined for complex 6 was followed using [(p-
cymene)RuClz]; (179 mg, 0.292 mmol) and ligand 1b (504 mg, 0.585 mmol),
yielding a bright orange analytically pure solid. Yield: 444 mg (91%). Anal. Calcd.
For Cs4H4sBCIN2PRuU<CHCI3: C, 61.6; H, 5.70; N, 2.93. Found: C, 61.6; H, 5.75;
N, 2.92. "H NMR (500 MHz, 22 °C, CD,Cl,): 7.74 (m, 1H, Jun = 8 Hz, C®H), 7.81
(d, 1H, J = 7 Hz), 7.52-7.50 (overlapping d, 2H), 7.30-7.21 (overlapping m (br),
8H, ortho-BPh, C*H, C°H), 6.96 ((m, 6H, meta-BPh), 6.84 (t, 3H *Juy = 7 Hz, para-
BPh), 6.63 (d, 2H ®Juy =7 Hz, C*H, C®H), 6.07 (d, 1H, *Jun = 6 Hz, p-cym), 5.81

(d, 1 H, *Ju = 6 Hz, p-cym), 5.62 (d, 1 H, Jun = 6 Hz, p-cym), 5.42 (d, 1H, 2pn =
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15 Hz -CHaHg-), 5.35 (d, 1 H, *Jun = 6 Hz, p-cym) 4.86 (d, 1H, ?Jun = 16 Hz, -
CHaHg-), 2.78-2.64 (overlapping m, 3H, -CH(CHs),), 1.87 (s, 3H, -CHs-p-cym),
1.44-1.08 (overlapping m, 18H, -CH(CHs3)(CHs)). Crystallization in the NMR tube
produced low quality *C results, however, the following are selected features that
could be observed. *C{"H} NMR (125 MHz, 22 °C, CD,Cl,): 166.1 (q, 'Jsc = 50
Hz, C*), 162.5 (q, "Jac = 49 Hz, ipso C of B-Ph), 155.0 (d, 'Jpc = 31 Hz, C?), 136.0-
123.7 (Ph, Cc'-C*, C°, C°, C* and C°) 121.3 (s, C°, C'), 115.8 (s, C°), 112.0 (s,
C®), 106.1-79.1 (Ar, p-cym), 49.5 (s, -CHy-), 30.7-13.28 (p-cym, -P™") *'P{'"H} NMR

(202 MHz, 22 °C, CDCl3): 37.7. "'B{'H} NMR (160 MHz, 22 °C, CDCl3): -6.6 (s).

8.22. Synthesis of [(p-cymene)RuCI(k*P,N-P®NBPh,)], (8)

The same procedure outlined for complex 6 was followed using [(p-
cymene)RuClz]2 (325 mg, 0.529 mmol) and ligand 1¢ (1.00 g, 1.06 mmol). A bright
orange analytically pure solid was obtained. Yield: 903 mg (93%). Anal. Calcd. For
Cs4Hs1BCINoPRu*CH,Cly: C, 66.0; H, 6.34; N, 2.80. Found: C, 66.1; H, 6.21; N,
2.73. "H NMR (500 MHz, 22 °C, CDCl3): 7.54 (d, 1H, ®Jun = 8 Hz, C®H), 7.45-6.83
(overlapping m, 20H, Ph of -BPhs, C°H-C’H and C*H, C°H), 6.65 (d, 2H, *Jun = 8
Hz, C*H, C®H), 6.00 (d, 1H, 3Jun = 6 Hz, p-cym), 5.80 (d, 1H, *Jun = 5 Hz, p-cym)
5.57 (d, 1H, *Jun = 6 Hz, p-cym), 5.37 (d, 1H, Jnn = 6 Hz, p-cym), 5.32 (d, 2H,
2 Jun = 16 Hz, -CHaHsg-), 5.00 (d, 2H, 2Juy = 16 Hz, -CHaHs-) 2.67-0.73 (overlapping
m, 32H, iPr and CHs of p-cym, -P(CsH11)). *C{"H} NMR (125 MHz, 22 °C, CD,Cl,):

165.5 (q, 'Jec = 48 Hz, C*), 162.4 (q, "Jac = 49 Hz, ipso C of B-Ph), 154.9 (d, "Jpc
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=32 Hz, C?), 139.1-122.8 (Ph, c"-C*, C°, C%, Cc*and C°), 121.2 (s, C°, C'), 115.6
(s, C°), 112.2 (s, C®), 105.6-79.4 (Ar, p-cym), 49.5 (s, -CHy-), 33.6-18.5 (p-cym, -
PCy). *'P{'H} NMR (202 MHz, 22 °C, CDCl3): 26.9 (s). "'B{'"H} NMR (160 MHz,

22 °C, CDCl3): -6.7 (s).

8.23. Synthesis of [Phy4P][(p-cymene)RuCl,(k' P-P""NBPh,)], (9)

[PPh4][PP"NBPh4] (256 mg, 0.263 mmol) and [(p-cymene)RuClz]; (80 mg,
0.131 mmol) were placed in a flask and dissolved in CH,Cl, (10 mL). The clear
red solution was stirred at ambient temperature for 3 hrs before the volatiles were
removed under reduced pressure. The bright red solid was washed with diethyl
ether (10 mL). Yield: 278 mg (81 %). "H NMR (500 MHz, 22 °C, CDCl3): 8.14-6.70
(overlapping m, 53H, Ph of —PPh,, PPh,, and -BPhs. C°H-C®H, C*H, and C°H),
6.04 (d, 2H °Jun =8 Hz, C*H, C®H), 5.40 (d, 2H, *Jun = 5 Hz, p-cym), 5.18 (d, 2H,
®Jun = 6 Hz, p-cym), 5.22 (s, 2H, -CHy-), 2.58-2.52 (m, 1H, -CH(CHs)2), 1.58 (s,
3H, -CHs), 0.78 (d, 6H, 3Jun = 7 Hz, -CH(CHs),). *C{"H} NMR (125 MHz, 22 °C,
CDCls): 164.2 (q, "Jsc = 49 Hz, ipso C of B-Ph),162.3 (q, "Jsc = 50 Hz, C*), 14
(Ph, C"-C*, C°, C%, ¢* and C°), 151.3 (d, "Jpc = 65 Hz, C?), 142.9-121.5 (Ph, C'-
c®, C°, c% c*and C%, 117.6 (s, C° C'), 116.6 (s, C°), 112.5 (s, C®), 110.4-80.5
(Ar, p-cym), 50.3 (s, -CH2-), 30.0 (s, -CH(CH3),), 21.3 (s, -CH(CH3)y), 17.0 (CHs-
p-cym). *'P{'H} NMR (202 MHz, 22 °C, CDCls): 8.55 (s). "'B{'"H} NMR (160 MHz,

22 °C, CDCl3): -6.8 (s).
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8.24. Synthesis of [(p-cymene)RuCI(k*P,N-PN5*)[BPh,], (10)

The ligand [PN®?] (156 mg, 0.398 mmol) was combined in a flask with [(p-
cymene)RuClz]; (122 mg, 0.199 mmol) and NaBPhs (136 mg, 0.398 mmol).
Acetone (20 mL) was added and the red-brown solution was heated at reflux for
26 hrs. The solution was cooled to room temperature before the volatiles were
removed under reduced pressure and a dark brown residue was obtained. To the
flask was added CH,Cl, and the mixture was filtered through Celite. The volatiles
were removed under reduced pressure yielding a brown-yellow solid. Analytically
pure samples were obtained by the slow diffusion of diethyl ether into an acetone
solution of the product. Yield: 306 mg (76%). Anal. Calcd. For
Ce1H590BCIN,PRuU*H,0: C, 72.1; H, 6.05; N, 2.76. Found: C, 71.9; H, 5.73; N, 2.73.
'H NMR (500 MHz, 22 °C, C,DsCO): 8.04-8.00 (overlapping d, 2H), 7.71-7.68
(overlapping d, 2H), 7.63-7.37, (overlapping m, 10H, -PPhy), 7.34 (m (br), 6H,
ortho-BPh), 7.13 (t, 1H, %Juu = 7 Hz, C*H), 7.06 (d, 2H, Jun = 7 Hz, C°H, C*H),
6.90 (m (br), 8H, meta-BPh) 6.76 (t, 4H *Jun = 7 Hz, para-BPh), (d, 2H, *Juny = 7
Hz, C*H, C®H). 6.46 (d, 1H, Jun = 6 Hz, p-cym), 6.36 (d, 1H, *Jun = 6 Hz, p-cym),
5.87 (d, 1H, Jun = 6 Hz, p-cym), 5.63-5.56 (overlapping d, 2H, -CH,-), 5.40 (d,
1H, 3Jun = 6 Hz, p-cym), 2.65-2.60 (m, 1H, -CH(CHs)), 1.67 (s, 3H, -CHj), 1.21
(d, 3Jnn = 7 Hz, -CH(CHs)(CHs)), 1.12 (d, 3Jun = 7 Hz, -CH(CHa3)(CHs)). *'P{"H}

NMR (202 MHz, 22 °C, C;DCO): -2.91 (s).
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8.25. Reaction of [PPh,][P""NBPh,] with [(p-cymene)RuCl,],

[PPh4][PP"NBPh4] (30 mg, 0.033 mmol) and [(p-cymene)RuClz]. (10 mg,
0.016) were combined in an NMR tube and dissolved in CDCl; (0.5 mL) the
solution was mixed and was monitored spectroscopically over time. NMR revealed
the presence of two phosphorous-containing species, one of which was identified
as complex (7). Spectroscopic evidence for the formation of [(p-
cymene)RuCI(k'P,N-PP'"NBPh,)] follows: "H NMR (500 MHz, 22 °C, CDCls): 5.39
(d, 2H, 3Jun = 6 Hz, p-cym), 5.26 (d, 2H, >Jun = 6 Hz, p-cym), 5.14 (s, 2H, -CH.-),
2.87-2.81 (m, 1H, -CH(CHs),), 2.71-2.62 (m, 2H, -CH(CHs),) 1.58 (s, 3H, -CHs),
1.20 (d, 6H 3Juy = 7 Hz, p-cym -CH(CHs)2), (d, 12H %Jpn = 7 Hz, -P-CH(CHs)2).
¥1P{'H} NMR (202 MHz, 22 °C, CDCl3): 29.23 (s). "'B{'"H} NMR (160 MHz, 22 °C,

CDCls): -6.6 (s).

8.26. Reaction of [PPh4][P¥NBPh4] with [(p-cymene)RuCl,]»

[PPh4][PNBPh4] (32 mg, 0.033 mmol) and [(p-cymene)RuCl,]> (10 mg,
0.016) were combined in an NMR tube and dissolved in CDCl; (0.5 mL) the
solution was mixed and was monitored spectroscopically over time. NMR revealed
the presence of two phosphorous-containing species, one of which was identified
as complex (8). Spectroscopic evidence for the formation of [(p-
cymene)RuCI(k'P,N-P¥NBPh,)] follows: "H NMR (500 MHz, 22 °C, CDCl3): 5.38

(d, 2H, 3Jun = 6 Hz, p-cym), 5.22 (d, 2H, 3Jun = 6 Hz, p-cym), 5.19 (s, 2H, -CH.-),
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peak crowding upfield inhibited signal assignment in this region. *'"P{'"H} NMR (202

MHz, 22 °C, CDCls): 22.4 (s).

8.27. Reaction of Complex 6 with MeCN

Complex 6 (15 mg, 0.016 mmol) was placed in a NMR tube followed by
CD3sCN. The solution was monitored over time revealing a 1:1 mixture of complex
6 and a newly formed complex. Although there were many overlapping
spectroscopic signals that made complete characterization difficult the following
are discernible features that support the ring opened product [(p-cymene)RuCl
(MeCN)(k'P,N-PP"NBPh,)]. "H NMR (500 MHz, 22 °C, CD3CN): 6.29 (d, 2H *Ju4
=8 Hz, C?H, C®H), 4.91 (s, 2H, -CH,-), a total of 8 doublets (*Juy =6 Hz) pertaining
to p-cymene arene signals were present. Two p-cymene 'Pr methine protons were
visible and a singlet at 2.23 provided evidence for coordinated MeCN. In addition,
4 doublets (*Jun =7 Hz) from 'Pr —CH; signals were present. *'P{'"H} NMR (202

MHz, 22 °C, CDsCN): 19.4 (s), -PPh,.

8.28. Reaction of Complex 10 with MeCN

Complex 10 (10 mg, 0.011 mmol) was placed in an NMR tube containing a
sealed capillary tube containing D,O. MeCN was added to the tube and the

solution was monitored over time revealing a 3:7 mixture of complex 10 and a
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newly formed product with the following NMR data. *'"P{'"H} NMR (202 MHz, 22

°C, D,O/MeCN): 19.9 (s), -PPh,.

8.29. Synthesis of [Cp*Ru(CO),(k'P-P""NBPhy)], 11, and [Cp*Ru(CO)(x*P,N-

PP'NBPh,)], 12

Cp*RuCI(CO), (0.0500 g, 0.153 mmol) and ligand 1a (0.120 g, 0.153
mmol) were combined, dissolved in 1,2-dichloroethane (5 mL), and refluxed for 24
hours. The next day, the cloudy yellow mixture was allowed to cool to room
temperature, and then it was filtered through Celite. The volatiles were removed
from the filtrate and the yellow solid was washed with diethyl ether (10 mL) before
drying under reduced pressure. NMR spectroscopic analysis of the product
revealed it to be a mixture of complexes 11 and 12 in an approximately 3:2 ratio.
Complete NMR data of complex 11 is given below; selected NMR data for complex
12 follows: "H NMR (500 MHz, 22 °C, CDCls): 6.56 (d, 2 H, 2Juy = 7.5 Hz, C?H,
CPH), 5.15 (d, 1 H, 2Jun = 15 Hz, -CHaHg-), 4.99 (d, 1 H, 2Jun = 16 Hz, -CHaHs-),
1.72 (s, 15 H, Cp*). *'P{"H} NMR (202 MHz, 22 °C, CDCl3): 19.4 (s, -PPhy). "'B{'H}

NMR (160 MHz, 22 °C, CDCls): -6.6 ppm (s).

8.30. Synthesis of [Cp*Ru(CO),(k' P-P""NBPh,)], 11

Cp*RuClI(CO), (0.0500 g, 0.153 mmol) and ligand 1a (0.120 g, 0.153 mmol)
were combined, dissolved in 1,2-dichloroethane (5 mL), and refluxed for 24 hours.

After cooling to room temperature, the cloudy yellow mixture was then filtered
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through Celite. The volatiles were removed from the filtrate under reduced
pressure yielding a yellow solid. The flask was then backfilled with CO, and then
CHCI; (5 mL) was added. The dark yellow solution was allowed to stir under CO
for 24 hours. After this time, the volatiles were removed under reduced pressure
yielding a pale yellow solid. The solid was washed with diethyl ether (20 mL)
before drying under reduced pressure. Yield: 0.120 g (85%). Recrystallization from
CH.Cly/diethyl ether vyielded analytically pure samples. Anal. Calcd. for
Cs9Hs1BN2O2PRu: C, 72.8; H, 6.32; N, 2.88. Found: C, 72.3; H, 5.90; N, 3.21. IR
(Nujol): 2044 (s), 1994 (s). '"H NMR (500 MHz, 22 °C, CDCl3): 7.83 (d, 1 H, 2Juy =
8 Hz, C8H), 7.37-6.81 (overlapping m, 30 H, Ph of -PPh; and BPh; C°H-C’H and
C*H, C°H), 6.11 (d, 2 H, ?Jun = 8 Hz, C*H, C°H), 4.76 (s, 2 H, -CH.-), 1.68 (s, 15
H, Cp*). *C{'H} NMR (125 MHz, 22 °C, CDCls): 198.1 (d, 2Jpc = 15 Hz, CO), 164.5
(9, "Jsc = 49 Hz, C*), 163.8 (q, Jac = 49 Hz, ipso C of B-Ph), 143.2 (d, "Jpc = 21
Hz, C?), 138.6-123.0 (Ph, C"-C*, C°, C%, C* and C°), 121.8 (s, C%,C’), 120.5 (s,
C®), 113.1 (s, C®), 103.1 (s, CsMes), 50.2 (s, -CH2-), 9.75 (s, -CHs of Cp*). *'P{'H}
NMR (202 MHz, 22 °C, CDCls): 36.1 (s, -PPh). "'B{'"H} NMR (160 MHz, 22 °C,

CDCls): -6.7 ppm ().

8.31. Synthesis of [CpRu(PPh;)(xk’C,P-(CCHPh)-P""NBPh,)], (13)

Complex 2 (0.0500 g, 0.0471 mmol) was dissolved in CH2Cl, (2 mL). Next,
phenylacetylene (52 uL, 0.471 mmol) was added to the suspension via syringe,

and the mixture was allowed to stir for 24 hours. The resulting clear red-orange
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solution was evaporated to dryness under reduced pressure, and the red solid that
remained was washed with diethyl ether (2 x 15 mL). The product was
recrystallized from THF/hexanes yielding a microcrystalline red-orange solid
which was washed with diethyl ether and dried under reduced pressure. Yield:
0.0410 g (75%). Anal. Calcd. for C75He1BN2P2Ru: C, 77.4; H, 5.28; N, 2.41. Found:
C, 76.7; H, 5.54; N, 2.61. NMR spectroscopy revealed two isomers of 13 had
formed in approximately a 4:1 ratio. Selected NMR spectroscopic data for each
isomer follows. Major isomer: 'H NMR (500 MHz, 22 °C, CDCls): 5.78 (d, 2H,
2Jun = 8 Hz, C*H, C®H), 4.89 (d, 1 H, Jun = 16 Hz, -CHaHg- ), 4.71 (d, 1 H, 2Jun
=16 Hz, -CHaHs-), 4.38 (s, 5 H, Cp). "*C{'H} NMR (125 MHz, 22 °C, CDCls): 166.2
(a, "Jsc = 48 Hz, C*), 163.5 (q, "Jac = 50 Hz, jpso C of B-Ph), 159.6 (dd, 2Jpc = 18
Hz, 2Jpc = 17 Hz, Cy), 152.2 (d, "Jpc = 22 Hz, C?), 121.9 (s, C°, C7), 117.7 (s, C°),
116.1 (s, C?), 86.2 (s, CsHs), 52.7 (s, -CH-). *'P{'"H} NMR (202 MHz, 22 °C,
CDCl3): 69.0 (d, 2Jpp = 35 Hz, PPh3), 49.1 (d, 2 Jop = 35 Hz, -PPhy). Minor isomer:
'H NMR (500 MHz, 22 °C, CDCl3): 6.00 (d, 2H, 2Juy = 8 Hz, C®*H, C°H), 5.15 (d,
1 H, 2Jpn = 16 Hz, -CHaHg-), 4.98 (d, 1 H, 2Jyn = 16 Hz, -CHAHz-), 4.62 (s, 5 H,
Cp). *C{'H} NMR (125 MHz, 22 °C, CDCl5): 166.4 (q, 'Jsc = 49 Hz, C*), 163.5 (q,
'Jsc = 50 Hz, ipso C of B-Ph), 155.0 (dd, 2Jpc = 22 Hz, 2Jpc = 12 Hz, C,), 153.0
(d, "pc = 19 Hz, C?), 121.9 (s, C°, C'), 118.4 (s, C°), 114.2 (s, C®), 87.3 (s, CsHs),
53.5 (s, -CH.-). *'"P{"H} NMR (202 MHz, 22 °C, CDCls): 69.6 (d, 2Jpp = 35 Hz,

PPhs), 50.8 (d, Jpp = 35 Hz, -PPhy).
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8.32. Synthesis of [CpRu(PPh;)(k*C,P-(CCHBuU)-P""NBPh,)], (14)

Complex 2 (0.0600 g, 0.0565 mmol) was dissolved in CH2Cl, (3 mL). Next,
1-hexyne (65 pL, 0.565 mmol) was added to the suspension via syringe, and the
mixture was allowed to stir for 24 hours. The now clear orange solution was
evaporated to dryness under reduced pressure, and the orange solid that
remained was washed with diethyl ether (2 x 10 mL). The product was dried under
reduced pressure. Yield: 0.0640 g (84%). Recrystallization from CH,Cl,/hexanes
yielded analytically pure samples. Anal. Calcd. for C73HegsBN2P2Ru<0.5CH,Cl,: C,
74.4; H, 5.61; N, 2.36. Found: C, 74.6; H, 5.79; N, 2.65. "H NMR (500 MHz, 22
°C, CDCls): 7.87 (d, 1 H, Jun = 8 Hz, C®H), 7.53-6.80 (overlapping m, 46 H, Ph of
-PPhy, PPh3 and BPhs C°H-C’H, C*H, C°H and CgH), 5.89 (d, 2 H, Jun = 8 Hz,
C?H, C®H), 5.02 (d, 1 H, ?Jun = 15 Hz, -CHaHg- ), 4.88 (d, 1 H, Jun = 16 Hz, -
CHaHg-), 4.68 (s, 5 H, Cp), 2.45 (br m, 2 H, n-Bu), 1.67 (br m, 2 H, n-Bu), 1.55 (br
m, 2 H, n-Bu), 1.10 (t, 3 H, Jun = 7 Hz, n-Bu). *C{'H} NMR (125 MHz, 22 °C,
CDCls): 166.3 (q, 'Jsc = 48 Hz, C*), 163.4 (q, "Jsc = 49 Hz, ipso C of B-Ph), 154.7
(dd, 2Jpc = 16 Hz, 2Jpc = 21 Hz, Cy), 150.8 (d, "Jpc = 23 Hz, C?), 137.9-123.2 (Ph,
c'-c?, C° c% c* C%and Cp), 121.9 (s, C%, C'), 117.9 (s, C°), 115.5 (s, C®), 84.8
(s, CsHs), 52.8 (s, -CH»-), 33.8 (s, n -Bu), 33.2 (s, n-Bu), 23.3 (s, n-Bu), 14.4 (s, n-
Bu). *'P{"H} NMR (202 MHz, 22 °C, CDCl5): 69.0 (d, 2Jpp = 34 Hz, PPhs), 52.2 (d,

2Jpp = 34 Hz, -PPhy). "'B{'"H} NMR (160 MHz, 22 °C, CDCls): -6.7 ppm (s).
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8.33. Synthesis of [Cp*Ru(PPhs)(k*C,P-(CCHPh)-P""NBPh,)], (15)

(a) Method A. Complex 3 (0.0500 g, 0.0442 mmol) was dissolved in CH2Cl,
(4 mL). Next, phenylacetylene (49 pL, 0.442 mmol) was added to the solution via
syringe, and the mixture was allowed to stir for 24 hours. The resulting clear dark
red solution was evaporated to dryness under reduced pressure, and the red solid
that remained was washed with diethyl ether (2 x 15 mL). Yield: 0.031 g (60%).
Recrystallization from CH,Cly/hexanes yielded analytically pure samples. Anal.
Calcd. for CgoH71BN2P2Ru+0.5CH,Cly: C, 75.7; H, 5.68; N, 2.19. Found: C, 75.3;
H, 6.33; N, 2.04. "H NMR (500 MHz, 22 °C, CDCl3): 7.69-6.78 (overlapping m, 44
H, Ph of -PPh,, PPh; and BPhs, C°H, C®H, C*H and C°H), 6.76 (s, 1 H, CgH),
6.64-6.37 (m, 5H, Ph), 6.18 (br, 2 H, C°H, C'H), 5.83 (d, 2 H, 2Jun = 8 Hz, C?H,
CPH), 5.05 (d, 1 H, 2Jun = 15 Hz, -CHaHg-), 4.74 (d, 1 H, 2Jun = 15 Hz, -CHaHs-),
1.30 (s, 15 H, Cp*). *C{'"H} NMR (125 MHz, 22 °C, CDCls): 166.0 (q, 'Jac = 48
Hz, C*), 163.4 (q, "Jac = 50 Hz, jpso C of B-Ph), 162.2 (dd, ?Jpc = 18 Hz, 2Jpc =
22 Hz, Cq), 155.2 (d, "Jpc = 21 Hz, C?), 139.4-123.1 (Ph, C'-C*, C°, %, ¢*, C°
and Cg), 121.9 (s, C° C'), 119.1 (s, C°), 114.4 (s, C®), 95.6 (s, CsMes), 53.2 (s, -
CH>-), 9.91 (s, -CH; of Cp*). *'"P{"H} NMR (202 MHz, 22 °C, CDCl3): 67.1 (d, 2Jpp
= 32 Hz, PPhs), 51.9 (d, 2Jpp = 32 Hz, -PPhy). "'B{"H} NMR (160 MHz, 22 °C,
CDCl3): -6.7 ppm (s).

(b) Method B. Cp*RuCIl(CCHPh)(PPh3) (0.100 g, 0.157 mmol) and AgOTf
(0.040 g, 0.157 mmol) were combined, dissolved in THF (10 mL) and allowed to

stir for 30 minutes. Ligand 1a (0.124 g, 0.157 mmol) in THF was added via cannula
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to the deep, dark purple solution turning it cloudy, dark orange-red. The mixture
was allowed to stir for 1 hour, and then the volatiles were removed under reduced
pressure. The product was extracted into CH2Cl, (20 mL) and filtered through
Celite. The volatiles were removed from the deep, dark red filtrate yielding a red
solid. The solid was washed with diethyl ether (15 mL) before drying under
reduced pressure. Yield: 0.131 g (68%). The NMR spectroscopic data of the red

solid were identical to that observed for the product isolated using Method A.

8.34. Synthesis of [Cp*Ru(PPhs)(k*C,P-(CCHBu)-P""NBPh,)], (16)

Complex 3 (0.0700 g, 0.0618 mmol) was dissolved in CH2Cl, (4 mL). Next,
1-hexyne (71 yL, 0.618 mmol) was added to the solution via syringe, and the
mixture was allowed to stir for 24 hours. The resulting clear orange solution was
evaporated to dryness under reduced pressure, and the orange-red solid that
remained was washed with diethyl ether (2 x 15 mL). Yield: 0.0420 g (56%).
Recrystallization from CH,Cly/hexanes and washing with diethyl ether yielded
analytically pure samples. Anal. Calcd. for C7gH7sBN2P2Ru+0.5CH2Clz: C, 75.0; H,
6.10; N, 2.23. Found: C, 75.5; H, 5.97; N, 2.56. "H NMR (500 MHz, 22 °C, CDCl5):
7.64-6.19 (overlapping m, 46 H, Ph of -PPh,, PPhs and BPhs C°H-C2®H, C*H,
C°H), 5.82 (d, "Jnn = 8 Hz, C*H, C®H), 5.57 (m, 1H, CgH), 5.05 (d, 1 H, 2Ju = 15
Hz, -CHaHg-), 4.68 (d, 1 H, 2Jun = 15 Hz, -CHaHs-), 2.34 (br m, 1 H, n-Bu), 2.04
(br m, 1 H, n-Bu), 1.58 (br m, 4 H, n-Bu), 1.27 (s, 15 H, Cp*), 0.96 (t, 3 H, 3Jun =

7 Hz, n-Bu). *C{'H} NMR (125 MHz, 22 °C, CDCls): 166.2 (q, 'Jsc = 48 Hz, C*),
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163.4 (q, "Jsc = 49 Hz, ipso C of B-Ph), 154.2 (d, "Jpc = 19 Hz, C?), 153.3 (dd,
2Jpc =22 Hz, ?Jpc = 19 Hz, Cy), 136.6-123.5 (Ph, C'-C*, C°, C%, C*and C°), 121.9
(s, C°% C'), 121.6 (s, Cp), 118.4 (s, C°), 114.9 (s, C®), 94.8 (s, CsMes), 53.1 (s, -
CHy-), 34.9 (s, n-Bu), 33.9 (s, n-Bu), 22.7 (s, n-Bu), 14.3 (s, n-Bu), 9.84 (s, CsMes).
¥1P{"H} NMR (202 MHz, 22 °C, CDCls): 66.5 (d, Jpp = 33 Hz, PPhs), 52.5 (d, 2Jpp

= 33 Hz, -PPhy). ""B{’"H} NMR (160 MHz, 22 °C, CDCls): -6.8 ppm (s).

8.35. General experimental procedure for the reaction of complex 6 and 1-

phenylacetylene

An NMR tube was charged with complex 6 (20 mg, 0.022 mmol) and
dissolved in CD,Cl; (0.5 mL). 1-phenylacetylene (2.42 pL, 0.022 mmol) was
added and the contents of the tube were mixed. The contents of the NMR tube
were heated at 60°C for 24 hours. After 20 minutes at 60°C the solution appeared
as a dark red colour. *'P NMR revealed the formation of two new phosphorus-
containing compounds in a 9:1 ratio. *'P{'"H} NMR (202 MHz, 22 °C, CD,Cl,): 55.4
ppm (major product), 53.4 ppm (minor product). Although 'H and "*C{'"H} NMR
spectra were of poor quality for complete characterization of the compounds
generated by this reaction, analysis of the *C{'"H} NMR spectrum showed the

absence of a peak pertaining to the C, of the desired vinylidene complex.
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8.36. General experimental procedure for the reaction of complex 6 and 1-hexyne

An NMR tube was charged with complex 6 (22 mg, 0.024 mmol) and
dissolved in CD,Cl, (0.5 mL). The alkyne, 1-hexyne (2.80 uL, 0.024 mmol) was
added and the contents of the NMR tube were mixed. The contents of the NMR
tube were heated at 60°C for 24 hours. After 20 minutes at 60°C the solution
appeared as a dark red colour. *'P NMR revealed the formation of two new
phosphorus-containing compounds in a 8:2 ratio. *'P{'"H} NMR (202 MHz, 22 °C,
CD.Cly): 54.2 ppm (major product), 53.9 ppm (minor product). Although 'H and
3C{'H} NMR spectra were of poor quality for complete characterization of the
compounds generated by this reaction, analysis of the *C{"H} NMR spectrum
showed the absence of a peak pertaining to the C, of the desired vinylidene

complex.

8.37. Synthesis of Cp*RuCl(CCHPh)(k?P,N-P°YNBPh,) (18)

Ligand 1c (153 mg, 0.169 mmol) was placed in a flask containing
[Cp*RuCl]4 (46 mg, 0.042 mmol) and the components were dissolved in CHCl,
(10 mL). The dark blue solution was stirred at room temperature for 20 minutes
and then phenylacetylene (16 ulL, 0.17 mmol) was added dropwise inducing a
colour change initially to dark blue-green and quickly to dark orange-red. The
mixture was stirred at room temperature for 4 hours and then filtered through
Celite. The volatiles were removed from the filtrate and the residue was

recrystallized from THF/hexanes yielding a dark red solid. Crude yield 105 mg
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(61%). An impurity limited the complete characterization of this complex, however,
the following NMR data provides evidence for the formation of the title complex.
'H NMR (500 MHz, 22 °C, CDCl3): 6.79 (d, 2 H, ®Juy = 7 Hz, C*H, C°H), 6.64 (d,
2 H, *Jun = 8 Hz, C?*H, C°H), 5.38 (d, 1 H, Jun = 16 Hz, -CHaHs-), 5.18 (d, 1 H,
?Jun = 16 Hz, -CHaHs-), 4.86 (d, J = 2 Hz, 1 H, CgH), 1.94 (s, -CH; of CsMes).
3C{"H} NMR (125 MHz, 22 °C, CDCls): 345.4 (d, 2Jpc = 13 Hz, Cy), 166.7 (q, "Jac
= 48 Hz, C*), 163.4 (q, 'Jsc = 49 Hz, ipso C of B-Ph), 157.5 (d, "Jpc = 27 Hz, C?),
142.0 (d, "Jpc = 14 Hz, P-CH of Cy) 137.2-123.5 (Ph, C"-C?, C°, C°®, C* and C°),
121.9 (s, C®, C’), 116.8 (s, Cp), 116.1 (s, C°), 113.4 (s, C?), 102.2 (s, CsMes), 50.4
(s, -CHy-), 35.4-20.8 (CsH11), 12.0 (s, -CHs of CsMes). *'P{"H} NMR (202 MHz, 22

°C, CDCl3): 29.9 (s, -PCys). ""B{'H} NMR (160 MHz, 22 °C, CDCls): -6.6 (s).

8.38. Synthesis of Cp*RuCI(CCH'Bu)(k*P,N-P*YNBPh,) (19)

Ligand 1¢ (311 mg, 0.312 mmol) and [Cp*RuCl]4 (90 mg, 0.083 mmol) were
placed in a flask and dissolved in CH,Cl, (20 mL). The dark blue solution was
stirred at room temperature for 20 minutes and then tert-butylacetylene (37 uL,
0.34 mmol) was added dropwise. After the addition of the alkyne, the solution
turned to dark green-blue for a brief period before turning bright red-pink. The
mixture was stirred at room temperature for 4 hours before being filtered through
Celite. The volatiles were removed from the bright red filtrate yielding a solid of
similar colour. The solid was recrystallized using THF/hexanes. Yield: 171 mg

(55%). An impurity limited the complete characterization of this complex,
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however, the following NMR data provides evidence for the formation of the title
complex. 'H NMR (500 MHz, 22 °C, CDCl,): 6.64 (d, 2 H, ®Ju = 7 Hz, C*H, C°H),
5.42 (d, 1 H, 2Jyn = 16 Hz, -CHaHg-), 5.35 (d, 1 H, Jun = 16 Hz, -CHaHg-), 3.76
(s, 1 H, CgH), 1.92 (s, -CHs of CsMes). ">C{"H} NMR (125 MHz, 22 °C, CD,Cl,):
340.0 (d, 2Jpc = 14 Hz, C,), 165.6 (q, "Jac = 49 Hz, C*), 163.4 (q, "Jsc = 49 Hz,
ipso C of B-Ph), 158.0 (d, "Jpc = 25 Hz, C?), 141.6 (d, 'Jpc = 14 Hz, P-CH of Cy),
136.7-123.0 (Ph, C"-C*, C°, C%, C*and C%), 121.9 (s, C°, C"), 121.9 (s, Cp), 121.8
(s, C° C'), 116.6 (s, C°), 112.8 (s, C®), 100.8 (s, CsMes), 49.9 (s, -CH,-), 35.4-
25.0 (CsH11, -Bu), 11.6 (s, -CHs of CsMes). *'P{'H} NMR (202 MHz, 22 °C,

CD.,Cl,): 30.7 (s, -PCy>). "'B{*"H} NMR (160 MHz, 22 °C, CD,Cl,): -6.7 (s).

8.39. General experimental procedure for the attempted protonation of 18 and 19

using HBF4

Generally, an NMR tube was charged with 18 or 19 (26 mg and 25 mg
respectively, 0.026 mmol). The complex was dissolved in CD,Cl, (0.5 mL) and the
NMR tube was cooled to -80°C before a 54 wt% solution of HBF4 in Et,O was
added (4.3 ulL). The tube was inverted immediately after the addition of the acid
inducing a colour change of the solution to orange-red. The contents of the NMR
tube were kept at low temperature prior to being transferred to a pre-cooled NMR
probe (-60°C). Decomposition of the borate moiety was supported by ''B NMR
revealing the disappearance of the sharp signals pertaining to the parent

vinylidene complexes accompanied by the appearance of broad signals downfield.
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8.40. X-ray Crystallography

Complex 2:

A clear, yellow rod-like specimen of 2:2CH,Cl,*(CH3CH2).0, with
approximate dimensions 0.06 mm x 0.13 mm x 0.19 mm, was used for the X-ray
crystallographic analysis. The X-ray intensity data were measured on a Bruker
Apex2 diffractometer using MoKa radiation. Data were collected on a Bruker
Apex2 SMART CCD system with MoKa radiation at -100°C. Consecutive 0.5
degree omega scans were used to ensure complete coverage, and the total
exposure time was 2.96 hours. The frames were integrated with the Bruker SAINT
software package (Apex2 2013.10.1) using a narrow-frame algorithm. The
integration of the data using an orthorhombic unit cell yielded a total of 59803
reflections to a maximum 8 angle of 28.33° (0.75 A resolution), of which 16002
were independent (average redundancy 3.737, completeness = 99.6%, R(int) =
5.98%, Ro = 8.90%) and 12036 (75.22%) were greater than 20(F?). The final cell
constants of a = 16.9751(8) A, b = 18.6007(8) A, ¢ = 20.4062(9) A, and volume =
6443.2(5) A® are based upon the refinement of the XYZ-centroids of 7046
reflections above 20 o(l) with 4.553° < 26 < 39.05°. Data were corrected for
absorption effects using the numerical method (SADABS). The ratio of minimum
to maximum apparent transmission was 0.914. The calculated minimum and
maximum transmission coefficients (based on crystal size) are 0.9093 and 0.9864.
The structure was solved and refined using the Bruker SHELXTL 2013 Software

Package, using the space group P2:2424, with Z = 4 for the formula unit
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C73Hs9BCIlsN,OP2Ru. The final anisotropic full-matrix least-squares refinement on
F? with 743 variables converged at Ry = 5.81% for the observed data, and wR, =
15.64% for all data. The goodness-of-fit was 1.037. The largest peak in the final
difference electron density synthesis was 1.084 e/A® and the largest hole was -
0.803 e/A3, with an RMS deviation of 0.100 e/A3. On the basis of the final model,
the calculated density was 1.346 g/cm® and F(000), 2704 e". The main molecule
showed no disorder, but three disordered solvent molecules were refined: two
molecules of CH,Cl, (0.61(1) and 0.510(6)) and one molecule of diethyl ether

(0.763(7)).
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Figure 39. Fully labeled crystal structure of complex 2. H atoms are omitted for clarity.
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Table 4. Bond Lengths for complex 2 (bond lengths with H omitted).

Atom 1 Atom 2 Length (A)
Ru P2 2.3159(15)
Ru P1 2.3420(15)
Ru N1 2.163(5)
Ru‘ C5 2.193(6)
Ru C4 2.1688(7)
Ru C3 2.177(6)
Ru C2 2.217(6)
Ru C1 2.233(7)
P2 Co1 1.833(7)
P2 C81 1.838(6)
P2 c71 1.830(6)
P1 Ccé 1.823(6)
P1 C31 1.827(6)
P1 c21 1.800(6)
N2 C6 1.353(7)
N2 C13 1.468(7)
N2 C12 1.390(8)
N1 Cc7 1.379(7)
N1 C6 1.333(7)
C95 C96 1.378(9)
C94 C95 1.384(11)
C93 C94 1.416(12)
C92 Co3 1.394(10)
Co1 C96 1.384(9)
Co1 C92 1.401(9)
Cc9 C10 1.392(11)
C85 C86 1.394(10)
C84 C85 1.365(11)
C83 C84 1.382(11)
C82 C83 1.378(10)
C81 C86 1.404(9)
C81 C82 1.385(9)
Cc8 Cc9 1.403(10)
C75 C76 1.383(9)
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Atom 1 Atom 2 Length (A)
C74 C75 1.372(11)
C73 C74 1.372(11)
C72 C73 1.387(9)
c71 C76 1.391(9)
C71 C72 1.405(9)
c7 cs 1.403(8)
Cc7 C12 1.385(8)
C65 C66 1.393(9)
C64 C65 1.372(10)
C63 C64 1.372(10)
C62 C63 1.422(9)
C61 C66 1.395(9)
C61 C62 1.399(9)
C55 C56 1.373(9)
C54 C55 1.371(10)
C53 C54 1.389(10)
C52 C53 1.380(10)
C51 C56 1.386(9)
C51 C52 1.389(9)
C45 C46 1.402(11)
C44 C45 1.366(12)
C43 C44 1.383(12)
c42 C43 1.404(10)
C41 C46 1.380(10)
C41 C42 1.398(9)
C4 Cc5 1.392(10)
C35 C36 1.383(9)
C34 C35 1.362(10)
C33 C34 1.376(10)
C32 C33 1.393(9)
C31 C36 1.408(8)
C31 C32 1.371(9)
C3 C4 1.416(11)
C25 C26 1.399(9)
C24 C25 1.365(11)
c23 C24 1.387(11)
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Atom 1 Atom 2 Length (A)
C22 C23 1.389(9
C21 C26 1.386(8
c21 c22 1.388(9
Cc2 C3 1.425(11
C18 C19 1.383(9
C17 C18 1.393(9
C16 C17 1.389(9
C15 C16 1.400(9
C14 C19 1.374(
C14 C15 1.387(9
C13 C14 1.519(8
C11 C12 1.404(8
C10 C11 1.366(10
C1 C5 1.421(10
C1 C2 1.396(11
B1 C61 1.641(
B1 C51 1.657(
B1 C41 1.654(10
B1 C17 1.654(9

Table 5. Bond Angles for complex 2 (bond angles involving H omitted).

Atom 1 Atom 2 Atom 3 Angle (°)
Ru1 Ca P2 116.4(2)
Ru1 C81 P2 111.7(2)
Ru1 C71 P2 117.5(2)
Ru1 C7 N1 147.3(4)
Ru1 C6 P1 83.64(18)
Ru1 C6 N1 104.2(4)
Ru1 C5 C4 72.3(4)
Ru1 C5 C1 69.8(4)
Ru1 C4 C5 70.5(4)
Ru1 C4 C3 70.7(4)
Ru1 C31 P1 118.8(2)
Ru1 C3 C4 71.3(4)
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Atom 1 Atom 2 Atom 3 Angle (°)
Ru1 C3 C2 69.6(4)
Ru1 C21 P1 131.0(2)
Ru1 C2 C3 72.6(4)
Ru1 C2 C1 71.1(4)
Ru1 C1 C5 72.8(3)
Ru1 C1 C2 72.3(4)
P2 N1 Ru1 90.90(13)
P2 C96 Co1 120.1(5)
P2 C92 Ca 121.4(5)
P2 C86 C81 122.5(5)
P2 C82 C81 119.2(5)
P2 C76 C71 120.6(5)
P2 C72 C71 121.7(5)
P2 C5 Ru1 113.9(2)
P2 C4 Ru1 90.9(2)
P2 C3 Ru1 104.0(2)
P2 C2 Ru1 141.2(2)
P1 P2 Ru1 97.90(6)
P1 N2 C6 141.9(4)
P1 N1 Ru1 67.65(12)
P1 N1 C6 104.4(4)
P1 C5 Ru1 107.90(19)
P1 C4 Ru1 142.9(2)
P1 C36 C31 118.9(4)
P1 C3 Ru1 158.1(2)
P1 C26 C21 118.8(5)
P1 C22 C21 122.8(5)
P1 C2 Ru1 120.5(2)
N2 N1 C6 112.3(5)
N2 C7 C12 106.7(5)
C94 C96 C95 120.6(7)
C94 C92 C9a3 120.8(7)
C93 C95 C94 118.0(7)
C92 C96 Co1 118.1(6)
Ca1 C95 C96 122.3(7)
Ca1 C9a3 C92 120.1(7)
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Atom 1 Atom 2 Atom 3 Angle (°)

C51 C17 B1 108.4(5

C91 C71 P2 102.3(3)
C9 C11 C10 123.1(7)
C86 C84 C85 119.9(7)
C86 C82 C81 118.2(6)
C84 C82 C83 121.2(7)
C83 C85 C84 119.7(7)
C81 C91 P2 103.5(3)
C81 C85 C86 120.7(7)
C81 C83 C82 120.3(7)
C81 C71 P2 103.7(3)
cs8 N1 C7 131.2(5)
cs8 C10 C9 120.7(6)
C76 C74 C75 120.5(7)
C75 C73 C74 119.5(7)
C72 C76 C71 117.8(6)
C72 C74 C73 120.9(7)
C71 C75 C76 121.0(7)
C71 C73 C72 120.2(7)
c7 C9 cs8 117.2(6)
c7 C6 N1 105.9(5)
C66 C64 C65 120.1(6)
C65 C63 C64 119.9(6)
C63 C61 C62 122.2(6)
C62 C66 C61 115.3(6)
C62 C64 C63 119.4(6)
C61 C65 C66 123.1(6)
C6 C21 P1 110.3(3)
C56 C54 C55 119.3(7)
C54 C52 C53 118.2(7)
C53 C55 C54 120.0(7)
C52 C56 C51 114.3(6)
C51 C61 B1 108.3(5)
C51 C55 C56 123.9(6)
C51 C53 C52 124.2(7)
C51 C41 B1 108.5(5)

(5)
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Atom 1 Atom 2 Atom 3 Angle (°)

C5 N1 Ru 155.2(2)
C5 C4 Ru 37.2(3)

C5 C3 Ru1 63.0(3)
C5 c2 C1 107.7(6)
C46 C44 C45 120.3(8)
C45 C41 C46 122.1(8)
C43 C45 C44 120.0(7)
C43 C41 C42 122.9(7)
C42 C46 C41 116.0(7)
C42 C44 C43 118.6(7)
C41 C61 B1 111.6(5)
C4 N1 Ru 148.5(2)
C36 C32 C31 119.8(6)
C36 C34 C35 120.7(6)
C33 C35 C34 119.9(6)
C33 C31 C32 119.4(6)
C32 C34 C33 120.8(7)
C31 C6 P1 103.6(3)
C31 C35 C36 119.5(6)
C31 c21 P1 103.6(3)
C3 N1 Ru 111.6(2)
C3 C5 C4 108.8(7)
C3 C4 Ru1 38.0(3)

C3 C1 C2 108.6(7)
C26 C24 C25 118.8(7)
C25 c21 C26 121.4(6)
Cc23 C25 C24 121.4(7)
c23 c21 Cc22 120.9(6)
Cc22 C26 c21 118.4(6)
Cc22 C24 c23 119.1(7)
c2 C3 Ru1 37.8(3)
C2 N1 Ru 98.1(2)

c2 C5 Ru 62.1(3)

c2 C4 Ru1 62.6(3)

c2 C4 C3 106.7(7)

c18 C16 C17 114.0(6)
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Atom 1 Atom 2 Atom 3 Angle (°)

C18 C14 C19 121.4(7)
C17 C41 B1 109.1(5)
C17 C19 c18 122.9(6)
C16 C14 C15 118.9(6)
C15 C19 C14 118.2(6)
C15 C17 C16 124.4(7)
C14 N2 C13 114.0(5)
C13 C6 N2 127.7(5)
C13 C19 C14 118.8(6)
C13 C15 C14 123.0(5)
C13 C12 N2 126.1(5)
C12 N1 C7 108.9(5)
C12 C6 N2 106.2(5)
C12 C10 C11 115.6(7)
C11 N2 C12 130.0(6)
C11 C7 C12 123.3(6)
C1 N1 Ru1 117.8(2)
C1 C5 Ru1 37.4(3)
C1 c4 Ru1 62.3(3)
C1 c4 C5 108.2(6)
C1 C3 Ru1 62.6(3)
C1 c2 Ru1 36.6(3)
B1 C66 C61 121.3(5)
B1 C56 C51 121.3(6)
B1 C52 C51 124.3(6)
B1 C46 C41 125.3(6)
B1 C42 C41 118.7(6)
B1 C18 C17 124.1(5)
B1 C16 C17 121.9(6)
P2 C1 Ru1 150.92(18)
P1 C32 C31 121.4(5)
P1 C1 Ru1 97.71(19)
Cc8 C12 C7 119.9(5)
C17 C61 B1 110.8(5)

B1 C62 C61 123.4(6)
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Complex 4:

One rod-shaped X-ray quality-crystal of 4 approximate size 0.13 x 0.16 x
0.20 mm was selected; it did not differ in habit from the bulk of the crystalline
sample. Data were collected at -100 °C with a Bruker Apex2 system using MoKa
radiation (A = 0.71073 A) using a series of 0.5 degree omega scans for coverage
to approximately 0.70 A. Initial unit cell parameters were determined from 100
consecutive 0.5 degree frames, and data were collected for the resultant
monoclinic cell in four shells. Data were processed using SAINT, and scaled using
the numerical method (SADABS), and then solved using the SHELX program suite
in the monoclinic space group P2+/n. All non-hydrogen atoms were refined
anisotropically, and hydrogen atoms were refined isotropically as riding on their
parent atoms. The final anisotropic full-matrix least squares refinement on F2 with
635 variables converged at R1 = 8.09% for the observed data, and the largest
residual electron density peak was 1.853 e-/A®, associated with Ru1.

Software:

1) SAINT and SADABS: APEX2 v.2014.11-0 software suite, Bruker AXS Inc.,
Madison, WI.

2) SHELX: (a) “A Short History of SHELX” Sheldrick, G.M. Acta. Cryst. A64, 112-
122. (b) SHELXTL as part of the APEX2 v.2013.10 software suite.

3) PLATON SQUEEZE: A.L. Spek (2009) Acta Cryst. D65, 148-155. “Platon: A

multipurpose crystallographic tool.”
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Figure 40. Fully labeled crystal structure of complex 4. H atoms are omitted for clarity.
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Table 6. Bond Lengths for complex 4 (bond lengths with H omitted).

Atom 1 Atom 2 | Length (A)
Ru P1 2.3824(15)
Ru P2 2.3227(19)
Ru N1 2.136(4)
Ru C57 2.231(8)
Ru1 C58 2.216(7)
Ru‘ C59 2.198(6)
Ru‘ C60 2.202(6)
Ru C61 2.214(7)
P1 C1 1.840(6)
P1 C33 1.849(6)
P1 C36 1.860(6)
P2 C39 1.844(7)
P2 C45 1.850(6)
P2 C51 1.839(6)
N1 C1 1.341(7)
N1 C2 1.384(7)
N2 C1 1.361(7)
N2 Cc7 1.404(7)
N2 C8 1.475(6)
B1 C12 1.668(8)
B1 C15 1.637(9)
B1 c21 1.646(9)
B1 c27 1.651(9)
C2 C3 1.391(7)
C2 Cc7 1.400(7)
C3 C4 1.393(8)
C4 C5 1.402(8)
Cc5 Ccé 1.382(8)
Ccé c7 1.397(7)
Cc8 Cc9 1.509(7)
Cc9 C10 1.387(8)
Cc9 C14 1.393(8)
C10 C11 1.386(8)
C11 C12 1.388(8)
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Atom 1 Atom 2 Length (A)
C12 C13 1.402(8)
C13 C14 1.391(8)
C15 C16 1.404(8)
C15 C20 1.419(9)
C16 C17 1.393(9)
C17 C18 1.363(10)
C18 C19 1.377(10)
C19 C20 1.3756(10)
c21 c22 1.388(8)
c21 C26 1.429(8)
C22 C23 1.386(8)
c23 C24 1.388(9)
C24 C25 1.389(10)
C25 C26 1.375(9)
c27 C28 1.392(9)
c27 C32 1.404(10)
C28 C29 1.402(9)
C29 C30 1.379(12)
C30 C31 1.368(12)
C31 C32 1.393(10)
C33 C34 1.544(9)
C33 C35 1.548(9)
C36 C37 1.522(8)
C36 C38 1.538(8)
C39 C40 1.401(10)
C39 C44 1.392(9)
C40 C41 1.378(12)
C41 C42 1.419(13)
C42 C43 1.364(13)
C43 C44 1.367(10)
C45 C46 1.382(11)
C45 C50 1.391(11)
C46 C47 1.400(10)
ca7 C48 1.419(14)
C48 C49 1.370(14)
C49 C50 1.395(10)
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Atom 1 Atom 2 Length (A)
C51 C52 1.385(9)
C51 C56 1.391(9)
C52 C53 1.391(9)
C53 C54 1.397(10
C54 C55 1.366(10
C55 C56 1.397(9
C57 C58 1.406(11
C57 C61 1.427(12
C58 C59 1.415(11
C59 C60 1.418(10
C60 Co61 1.410(11

Table 7. Bond Angles for complex 4 (bond angles involving H omitted).

Atom 1 Atom 2 Atom 3 Angle (°)
Ru(1) P(2) P(1) 98.15(6)
Ru(1) N(1) P(2) 91.79(14)
Ru(1) N(1) P(1) 67.15(12)
Ru(1) N(1) C(61) 103.8(2)
Ru(1) N(1) C(60) 135.9(2)
Ru(1) N(1) C(59) 162.9(3)
Ru(1) N(1) C(58) 128.2(3)
Ru(1) N(1) C(57) 100.4(3)
Ru(1) C(61) P(2) 111.4(2)
Ru(1) C(61) P(1) 149.6(2)
Ru(1) C(61) C(58) 62.2(3)
Ru(1) C(61) C(57) 37.5(3)
Ru(1) C(60) P(2) 88.8(2)
Ru(1) C(60) P(1) 155.9(2)
Ru(1) C(60) C(61) 37.3(3)
Ru(1) C(60) C(58) 62.2(3)
Ru(1) C(60) C(57) 62.2(3)
Ru(1) C(59) P(2) 102.9(2)
Ru(1) C(59) P(1) 118.4(2)
Ru(1) C(59) C(61) 62.8(3)



158

J. M. Walker

— —~

(<] —~ N AN N S )))7))
N N S S SIS
L2 HFYL LT TFTonl8aomndrnn
DO T Y5200~ 0 o v|Cl— ™
EINN AN DO IF I~~~ NDAN |~ O oM~ O
L N[O |~ WM~~~ |+~ O~ |0~ |+~
™

ESBc S~ ~cclacclecela
0 © 1 WLAN-L AN~ T =T TN =0 M
t/l\/l\/l\/l\/l\(/l\/l\u D~ D Do | O [~ |~
o000 A0 O X O X OO
N

Eo oo ®m®ooOd R ND®® © ™ O™ ~ —~ —~
SV VIV I FT N0 NNRNN |
OO0V IOIO|IO O &
-
ST e N oo o
rXrrrr/rrowrowoooao A oo oo

—_~ A~ A~ A~~~ A~~~ A~ A~~~

LT TN 29NN TR T TR S
000X xoloo OZ20ZIxxorrerwo:r
soioigicioc oo n oo
@) OO0 O0O0O00ZO000000O00O0

—_ o~~~ o~ ~

S [N [ S | S [ S [N [ [ [ | S | [ [ [ S [ | S | N | S [



159

J. M. Walker

(@))m\))m\))8666659
2 IISIITFTLLKITn NS KA
S~ Noo|ldN|lO o~ o~ N N|N NN
-~~~ KRI~NF-IK I~

™

E T oo st homm o
SN T 590 T 5L T TLewnwnwnnans
0O rrorwr orxrre oooooon o
o~

El ook TS <sob
SO oWV BLLOOLLWWW WO S
OO0V
-

El oo~ cobbs =
0O WO
OO0V

—_~ A~~~ A~~~ A~~~ A~ A~ AN~ A~ A~ AN A~ AN A~ AN A~ A~ A~ A~~~

S [N | S | S [ [ [ S [ [ [ S [ [ [ [ [ [ [ [ [ [ S [ [ [ S [ | N | N [

~ = |~ |~ |~

A~~~ A~ A~

N | N [ [ [ [ [ [ [ [ [ [ [ n [ [ ([ [ [ [ [ [ o [ [ [ [ | ~—

—_~ A~ A~ A~ A~ A~ A~~~ A~~~

—_~ A~ A~ A~ A~ A~ A~~~ A~~~

—_ o~~~ o~ ~

R B R N N I I I N N e e N e e e N e N R R N R e g

—_ o~~~ o~ ~



160

J. M. Walker

R R R e e e R N B

~ | =~ |~ |~ |~

N [ [ S [ [ [ [ [ [ [ | [ [ [ [ [ | (e [ [ [ [ [ [ [ [ [ [ e [ e [ [ [ [ —

N

E O STy S oS ~O RN N0 00O NN OINND ~~~ONoKSoonxm= <
deegeececgedegadedaddaeaddd o sized ST ST
OO0 000000V O0O0OOVOOOOV0OOO0OVOO0 OO0 O0O0O0O0OV0OO0OO
-

Emmn oo~ NN NS co~Ana~00oNobbbYodNN
deeceeceadaadeadededededad s Tz TSRS



161
J. M. Walker

Atom 1 Atom 2 Atom 3 Angle (°)

C(11) C(10) C(12) 123.3(5)
C(10) C(11) C(9) 121.2(5)
C(1) N(2) P(1) 145.2(4)
C(1) N(1) P(1) 102.9(4)
C(1) N(1) N(2) 111.2(5)
B(1) C(15) C(27) 112.2(5)
B(1) C(27) C(12) 110.0(5)
B(1) C(21) C(27) 109.0(5)
B(1) C(21) C(12) 109.1(5)
B(1) C(15) C(21) 109.3(5)
B(1) C(15) C(12) 107.1(5)
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