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Abstract

Main groupcontainingsystems are emerging as an alternative to transition metal
catalysts, often showing complementary reactivity. Transition metal complexes have
provided the basis for fascinating catalytic reactions such as the reduction of unsaturated
bonds, as well as the formation of new carsarbon and carbepnictogen bonds. The
cost of many second and third row late transition metals, precious metals conuseshly
in catalysis, is high, and fluctuates, so discovery of alternative methods is important. Two
paths have been taken to create alternative, more affordable systems. The first is harnessing
the power of less expensive first row, or early transition metat the second is using
organic and main grougontainingcatalysts to facilitate similar transformations, which is
a focus of this thesis.

Within this thesis, main group complexes containing boron or phosphorus are
explored in bond activation chemigtiWhile the groundwork for hydrogenation via boron
cations and neutral boranes has been reported, this thesis explores the application of
bis(amino)cyclopropenylidene (BAC) carbenes in borane complexation through synthesis
of new BAC borane adducts andiganes. These adducts are explored in hydrogenation
and hydrosilylation reactions with imines and some enamines to form amines including
pharmaceutically relevant ones.

The latter portion of this thesis explores the application of diazaphospholenes in
bond activations. Recently diazaphospholenes have emerged as potent reductants in a
variety of transformations as polar hydride donors. Diazaphospholenes have been made
catalytic in these polar (two electron) transformations, and are readily synthesized from
abundant materials. This thesis shows development of distinct radical (single electron)
chemistry using diazaphospholenes, including phospfeanison bond formation
reactions, and radical cyclization reactions. The siefgetron chemistry of
diazaphospolenes was applied to the challenging problem of sulfur hexafluoride
reduction. Sulfur hexafluoride is a highly potent greenhouse gas, which is used in the power
industry with a global warming potential of approximately 23,500 times that of carbon
dioxide This thesis explores three new methods of the decomposition of this highly potent
greenhouse gas. Reactions using stoichiometric phosphides or catalytic phosphines are
shown, and finally a new route to sulfur hexafluoride reduction with magnesium (0)
discovered during this work is shown.
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Chapter 1: Introduction

1.1Introduction

From stoichiometric to catalytic reactions, main group elements have shaped the
synthetic chemistry that we all use or recelvenefits from. In a world where the
importance of pharmaceuticals and materials is-gu@wing, as a pandemic has reshaped
our society, the need for new synthetic tools has only become more prominent. In this
regard, main group elements have been crucitde synthesis of pharmaceuticals. From
reagents in crossoupling reactios! to the ligands that facilitate catalySispain group
elements aréoundin all stages of synthesis, including in some-statje pharmaceuticals.
In recent yars, main group complexes have emerged as complementary form of catalysis
to the everexpanding field of transition metal catalysis. Where main group elements were
once used as componem®other chemical transformations, these elements are now being
featured as the centerpoiim their own catalytic transformations. While main group
catalysts have existed throughout the years, only recently, with the emergence of Frustrated
Lewis Pairs (FLP) has this field undergone an explosive gré#ifhese findings gave
also sparked the exploration of main group elements in a variety of bond activation
reaction®. The first part of this introductory chapter provides an overview of
boron/borocation chemistry relevant to the first part of this thesis, while the secondl part
this introductory chapter provides and overview of the phosphorus/diazaphospholene
chemistry relevant to the second part of this thesis.
1.2 Lewis Acids, Bases and Frustrated Pairs
1.2.1Introduction

The concept of Lewis acids abdses in synthetic transformatis has existed for

many yearsA Lewis acid acts as electrgair acceptor and a Lewis base as elecpaim
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donor This idea of electron donors and acceptors was put forth by Gilbert Lewis irf 1923.
The theory describes the interaction between the Lewis actibases where the resulting
productshave properties that differ from the original components. The product of a Lewis
acid and base combination is defined as an adduct. An early example of this is the
combination of ammonia and borane where the loneopaimmonia donates to the empty
p-orbital of the borane, resulting i@ammoniaborane,a product with vastly differing
properties and reactivif§yThe difference in reactivity arises from the increase in electron
density within the Lewis acid and the decrease in electron density within the Lewis base
component of the addyand also thguenching of available lorgairs or vacant orbitals
Lewis acids and bases have been utilized in catalytic transformations independently as well
as synergistically.
1.2.2Lewis Acids in Catalysis

The primary application of a Lewis aaiul catalysis or as a sthiometric reagent
is to enhance the electrophilicity ofabstraterzia coordination, resulting in polarization of
theadduct A notable example of this reactivity is in a rearrangement reaction such as an
oxime to a lactam that proceeds-4 °C in thepresence of a Lewis acid such as AICI
(Scheme 1.1° Bragnstel acids in this application often affaed product in low yields of
20% while Lewis acids in this reaction yield around 9@@td of product? One of the most
prominent uses of Lewis acids in elementary organic reactionsnafeiedelCrafts
alkylationor acylation reactionsThe common Lewis acid for this transformation is once
again AICE, which allows for the formation cén electrophiliccarbocation or acylium
intermediate. Other Lewis acids such as 7iG@aCk, SnCh, ZnChk, and Fed have ao

been used in Fried&rafts reactiongdScheme 1.)L°



Beckmann rearrangement:
N-OH

N0

Friedel-Crafts acylation: o

0o AlCI
B [::j + /ﬂ\ ————j—)> Me
Cl Me

Scheme 1.1 Aluminum-catalyzed Beckmanmearrangement(A) and FriedelCrafts
acylation(B).

Further developments of Lewis aaidtalyzed transformations can be highlighted
in the Mukaiyama aldol reactiqg®cheme 1.2° This reaction involves the use of a Lewis
acid to enhance the electroptily of a carbonylallowing for greater reactivity with the
silyl enol etherwhich is of relatively low nucleophilicityThe addition of a chiral ligand
to this reaction allows for an asymmetric process to occur with moderate to high
enantioinductiort® Another example that highlights the power of Lewis acids in
asymmetric processes is in the Sharpless asymmetric epoxidation réaetioegction
featured in the 2001 Nobel prize in chemistry. The key feature of the Lewibasad
chemistryin this transformation is the coordination of the stdistto the chiral titanium
complex.

Mukaiyama aldol reaction:

OTMS O TiCl, O OTMS
+ —_—

R1 R2 H R1 * R2
Schemel.2 Mukaiyama aldol reaction with a titanium tetrachloride catalyst.
Finally, boron containing compounds are amongst the mashinent modern
Lewis acids used within catalysis. An early example of great importance of boron as a

Lewis acid is the CorepakshiShibata reductior{Scheme 1.3 This reaction features a
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chiral oxazaborolidinewhich catalyzethe asymmetric reduction of carbormgimpounds
Boron Lewis acids have been featured in many chemical transformationsarddetailed
later within this chapter.

Corey-Bakshi-Shibata reduction:

r \
CBS catalyst
H Ph
0 10 mol % CBS cat. JO\H Ph
R1 R2 0.6 equiv. BH3'THF R'I R2 N\ /O
-10 °C THF 83.089% B
e.e.:. -
L Me y,

Scheme 1.3 CoreyBakshiShibata reduction of ketones with a chiral oxazabdrne
catalyst.

1.2.3Lewis Bases inCatalysis

A Lewis base catalyzes a reaction by enhancing the nucleophilicity of the substrate
but also it may enhance the electrophilicity of the acceptor i&elearly example of a
Lewis base catalyzed reaction was disclosed by Kirichenko in (@f#me 1313 This
acylation reaction is catalyzed ByN-dimethylamino pyridine (DMAR)which reacts with
the acid chloride, enhaimg its electrophilicity for the subsequent attack by the aniline
reactant. Fuater reported that chiral derivatives of this catalyst are capable of kinetic

resolution of alcohols with high enantiomeric selectivity.

N DMAP
o N DMAP S — Me
P G P - N z N N
Cl H,N" N ci NEt Ph™ "N” "N “Cl \_// \

Ph N

e

Schemel.4 First Lewis base catalyzestylationwhich used DMAP as the catalyst.

Furthermore, Denmark reported that chiral derivatives of
hexametlglphosphoramide can facilitate asymmetric allylation reactibhsThese

compounds were also applied in an alternative patifaagisymmetric catabis of silyl



enol ether aldol reactions through a Lewis baskeewis bases are also capable of
facilitating the reduction of imines and carbonyls, involvimgranes or silaes as the
reductants®
1.2.4Frustrated Lewis Pairs

The combination of a Lewis acid and base under most conditionsomnil &n
adduct, resulting in the quenchjngr at least attenuatiast Lewis reactivity from either
component. However, as early as 1942, H. C. Brown tegdhe first example that not all
Lewis acids and bases are capable of forming addlictshis examplglutidine was found
to form a stable addtwith BFs while the more sterically demanding BMdid not. More
than 15 years lateWVittig reported a second example of this phenomenon involving the
addition of triphenylphosphine and triphenylborane to ben#/Rellowing this example,
Tochterman reported that the reactidraarityl anion and triphenylborane with butadiene
produced a zwitterionic speci€sin both of these cases, the nucleophile and electrophile
reacted with a third partner, rather than-sgiénching.

Approximately 30 years passed until the first exaropkefluorinated triarylborane
asacomponent of &rustrated Lewis Paivas repotedby Piers?® This example inglved
the use of the highly acidic t(gentafluorophenyborane (B(GFs)3) in hydrosilylation.
The Lewis acidcan activate a BH bond followed by subsequent attack from a ketone,
which acts as the Lewis base. While the term FLP was not utilized, tHisdimvould
become the first of many to show the cooperative nature of a frustrated donor and acceptor
in catalysis and bond activati6nin 2006, Stephan and -weorkers reported the first
example of metal free reversible activation of hydrogg&heme 1.5 bringing about the
beginnng of a massive field of study on the reactivity and nature of Fafs presenting

an overarching definition of the fiefd From this point forward, the term FLP Hascome
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known as a system, that due to steric or geometric restraints cannot form a classical adduct
upon mixture?? However, this rule is not to be taken as though adduct formation & not

all possible, with many examples displaying more of an adduct equilibtias, a FLP is

a system that does not form a highly stable adduct and exists in equilibria with the free
Lewis acid and base.

Reversible hydrogen activation

R F R F
C6F5 \B PIMeS L C6F5\|I| ElMeS
~—— <
CﬁF5/ \Mes H2 CBF5/6 @ Mes
F F F F

Schemel.5 First example of reversible hydrogen activation with a main group complex.

Over the past 10 years, the development of FLP catalysts has grown exponentially
with over 2000 reports of FLP catalystsmany bond activation systems and reviews on
the topic® One such reaction of impance is the hydrogenation of nitrogen containing
species. With approximately 75% of pharmaceuticahtaininga nitrogenheterocycle?
the need for new synthetic methods involving foemation of amines is of great
importance.Following the development of the first mefede compound capable of
reversible hydrogen activatidh,this species was found to facilitate hydrogenation
reactions onimines and aziridine€ Since this seminal publication, many FLP
hydrogenation catalysts have been developed involving either P,B or N,B s§8téms.
Tris(pentafluorophenyl)boraneand derivatives thereof were found to facilitate
hydrogenation reactions in the absence of a strong Lewis basehwitimine substrate
acting as the base in the reactjeheme 1.52° This result shows how the hydrog#yion

reaction by Piers forestlawed the application of this borane in hydrogenation chemistry



as well as the importance of the pentafluorophenyl group, which is featured in the majority
of these systems.

Bu., .H Bu<
N N

H/||_1\Ph HJJ\Ph

amine FLP H»
release activation

Bu, _B(CgFs)
NN 65)3 [©)
H’N tBU\ ,H e

N
PN H=B(CeFs)s
H7I~Ph HJ\Ph

~_

reduction
Schemel.6 Proposed catalytic cycle for imine hydrogenation Vigeis acidic borane.

The largest advancement in FLP reductive chemistry occurred with the emergence
of chiral catalystg§Figure 1.1). In 2008 a pinene derivative of R3dyorane allowed for the
realization of enamnbselective hydrogenation of imines via FLP systems. However, the
largestenantiomeric exces®.€) found was only 13%’ It was not until the report by
Klankermayer, which featured a chiral camphor boyrainat an e.e.of up to 83% was
achieved® Following this result, many chiral catalysts have been developed from a chiral
organic scaffold, with the best catalysts being derived fronaghthyl scaffolds as
reported by various group®.The highest enantioselectivity achieved thus far in
hydrogenation with these systems was reported by Papai and Repo it? 201t the
enantioselectivityin imine reductionwas modest, when enamines were examiagd
substratesan enantiomeric exces$ up to 99% vasobserved. These chiraltedysts have
been extended into other nitrogen containing substrates with varying levels of

enantioinduction. Overall, the main limitation of these catalysts is the requirement of the
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bis-pentafluorophenylborane moiety, which rigatively challenging to prepaté along

with the lengthychiral ligand synthesigself.>°

: OO
B N

O CeFs
B(CsF5s)2

B(CgFs)2 N'PrMe
E ® B(CeFs)2 B(CeFs)2
() wees e O
Ar
Ar = 3,5-tBU2C6H3

Klankermayer 2010 Repo 2011 Du 2013 Repo / Papai 2015
83 % e.e. 35 % e.e. 89 % e.e. 99 % e.e.

Figure 1.1 Enantioselective neutral borane catalystshe hydrogenation of imines and
enamines.

1.3 Borocations in Catalysis
1.3.1Introduction

The development and discovery of FLPs has brought a renaissance within main
group chemistry and catalysis as a whole. The discovery that nonmetals can facilitate bond
activation of a variety of small molecules and then facilitate subsequent reaotiooth
stoichiometric and catalyticmanifolds has promptedthe investigation of main group
complexesto undergoexplosive growth. Of particular interest is boron, as this etém
represents a multitude of reactivityodesand is featured in countless reactions. Boron
containing compounds are held in high regard for their multitude of uses within chemistry
such as a Lewis acid catalyst, a hydride donor in reducmmasabilityof organoboranes
to act as a transmetallating ageintreactions such as cressupling®? Reactions such as
olefin hydroboration, crossoupling, reductions and protecting group chemistry rely on
boron and its reactivity? Many modern synthetic protocols within the literature would not

exists without the discoveries within boron chemistry.



Boron species can exist in a varietycobrdinationstates which greatly affect their
reactivity. The most used boron species within synthesis and catalysisca@dinate
boronandtetracoordinate boroithetricoordinate borospeciesrereferred to aborane,
which havelLewis acidic propertiesas well as hydridic properties if a hydrogen aaibd
to the boron. The Lewis acidity arises from the vacamthital allowing for bonding from
a donor. The strength of the Lewis acid is highly dependant on the substituents attached
the boronand examples such #&ss(pentafluorophenyl)borarereanmongst the strongest
of the specie® Boranes are also often featured as reducing agents within syntfiesis
as a mono, di or trihydride. €seboron hydridesvith a vacant porbital allow for unique
bondingby allowing both substrateoordinatioiactivationas well as hydride delivery.
Coordinatiorof a Lewis bas& theboranemay enhance its hydricity allowingto become
astronger hydrid donor®* Tetracoordinate boron species ezéerred to a borase These
anionicspecies areften used as counterigim catalysis. The stability of aryl borate anions
has allowed for their application as weakly coordination anions, with examples such as
BArF24 and BAf2o being amongst the most prominéntBorates are also featured as
hydride donorswith exceptional hydricity servingas strong reducing agents. Sodium
borohydrideis one of the most common reducing agents used in synthesause oits
ease of synthesis and low c&5friethylborohydride saltsalsoknown as superhydride
reagentsare very strong reducing agetitased to effectively reduce compounds well
as being used as hydride transfer reagents for the generation of metal hydrides.
1.3.2Boron Cation Synthesis

The less readily accessible but most reacto@dinationstate of boromareknown
asborocatiors. Borocations are highly reactive species which are usually bound by at least

one donor to decrease the electron deficiency at the boron centre. The nomenclature of a
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boron cation depends on the number of donors coordinating to Fagume 1.1).32 With

no donor ligandsalineardisubstitutedboron catioris known as dorinium. Isolation and
characterizatiorof theseborinium compounds is quite challenging due to their high
reactivity>® A single donor coordinated to tltherwise disubstitutedoron results in a
trigonal complex called @orenium ion and these structures are the most catalytically
active with one vaant porbital accessible for reactivifif. These compounds are of great
interest for their catatic application and are detailed later. A coordinatively saturated
borocationwith two X-type substituentand two dative L donors adopts a tetrahedral
geometryandis called aboroniumion. These compounds are also catalytically active and
are sometimesniequilibria with a borenium ion through the loss of an L déadiWhile

the synthesis and study of borinium, borenium, and boronium complexes are of great

interest, the catalytic activity of borenium complexesmastoften considered.

L® L _L®
R—-B—R B« B0
® R™ R ROR
Borinium Borenium Boronium

Figure 1.2 The three coordination states of a boron cation.

The isolation of an observable borenium complex had remained elusive for many
years. In 1970, Ryschkewitsch and Wiggins reported the first borenium complex that was
isolated and subsequently characteriZeSince then, a variety of methods have been
developed to generate femium complexe®63"3%0ne method to generate a borenium
complex is through halide abstractinThis method may be used when the borane
contairs at least ondoronthalide bongdand can be conducted via abstraction with a Lewis
acid or by metathesis with a weakly coordinating anion. Such examples include the

synthesis of the first carbessepported banium complex? Boron complexes containing
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hydrides can beonvertedinto borenium ions via hydride abstractiath a Lewis acid
such agris(pentafluorophenyl)boraner more commonly, a trityladt.3? Additionally, a
borenium complex can be generated through elimination of hydwigfea Bransted acid
if enough steric bulk or stability from the L donor is presérBoranes containing a
sufficient leaving group can aldee transformed intborenium complex when a L donor
with sufficient nucleophilicity to displace the leaving graspadded to the solutioRs.
Finally, boron compounds containingi B bond can beconvertedinto a borenium
complex though protonation or coordination of a Lewis tid
1.3.3Borocation Catalysis

While the synthesis of borenium complexes has been established, onlyyrecent
have cataltic applications been reported. The recent discoveries with FLP complexes have
shown that highly Lewis acidic boron complexes can facilitate hydrogenation redctions.
One of the most important set of borenium complexes have been catpputed
borenium complexe¥. The unique properties of carbenes have allowed for impressive
stability as borane adducts, which Inaadea variety of transformatiorfeasible
1.3.3.1Hydrogenation with Borenium Complexes

Curran and cavorkers reported that a NHC borane adduct was capable of radical
hydride reduction of xanthanat®sFollowing this work, Lindsay reported that a chiral
NHC 9BBN complex was capable of stoichiometric reduction of ketones with
enantioinductiorf? Hydrogen activation was then observed with a NHC borenium complex
and tributylphosphine in a report by Stephan andiotkers?*? This discovery provided the
grounds that the highly Lewis acidic borenium complexes may be capable of
hydrogenation like the FLP complexes reported previously. In this report, the first

borenium catalyzed hydrogenation was conducted with impressive loadings as low as 1
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mol % with most substrates reduced at 5 mdf ¥he scope of substrates for this reaction
were imines and enamines, which would set the precedent for the remainder of borenium
hydrogenation.

The next generation of catalyst reported by the Stephan group involved smaller and
more electon withdrawing carbenes, which was found to increase the catalytic activity of
these complexes and subsequeatlpw lower loadings, reaction time or bofRigure
1.3).%* within the same timeframe, Crudden andwarkers reported that mesonic
carbene (MIC) borenium complexes weilgo able to catalyze hydrogenation reactions
(Figure 1.3.%° The hydrogenatiosmof imines with this catalysivere conducted under
milder conditions thanthe NHC borenium catalyzed reductign&ith the reactions
operating at atmospheric pressuatbeit with higher loadings andngerreaction times
than the NHC borenium complex&sThese complexes were found to be more robust than
previously reported systems and did not require purificatiothehydrogen gas. The
reasormg for higher stabilitfrom MIC borenium complexes can be rationalized by the
increase in basicity of the carbeménich results frononly singularheteroatom donation
to the carbené’ The resulting effect is an increase in hydricity of the barand an
included stability of the borenium complex.

cl Cl Ph (C]

=( o T B
- ~ BAr 0
Me=NSzN-p1e gKN\Ph
®
B © B
Stephan 2015 Crudden 2015

Figure 1.3 Current best achiral borenium cataly&is the hydrogenation of imines and
enamines.
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The mechanism for borenium hydrogenation is thouigh be analogous to
tris(pentafluorophenyl)boranmediated hydrogenatiocheme 1.Y.32 The highlyLewis
acidic borenium complex and thewis baicimine heterolytically split hydrogen toim
a carbenecoordinatedoorane and iminium complex. The borane then resltiee imine
complex generatingreamine as welbsregeneration of the borenium catalyist.these
reactionsit can be expected that full frustration of thewis acid and base does not o¢cur
as the imine borenium adduct has been detected'ByNMR during hydrogenation
reactions” This supports the idea that frustrateglvis pairs can exist in equilibria of the
adduct and the free adimhse paif® The carbene borane adducts have a lower hydride
affinity, while maintaining a comparable Lewis acidity compared to

tris(pentafluorophenyl)borapahich allows for the observed reactivity.

Hy

Hydrogen
Activation

Imine
Reduction

Scheme 1.7 Proposed mechanism for imine hydrogenation via a carbene supported
borenium complef®
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Following the initial hydrogenation investigations, [@tan, Crudden and Melen
collaborated to investigate asymmetric hydrogenation of imines with borenium complexes
(Figure 1.4).%¢ In this report many complexes were assessed, however the highest
enantiomeric excess observed was 18&at room temperature and 208.at-30 °C
with chiral boranes. When chiral carbenes were examthedhighest enantselectivity
observed was 12%.e.which decreased with increasing reaction time. In 2019, Fuchter
reported that the same borenium complex substituted with a trifimide anion in place of
BArF24 increased the enantioselectivity of the reaction to 18@ratifyingly, when a
broader substrate scope was examimgéuchtey the same catalyst was able to facilitate
highly enantioselective reductions (88% e.e) in moderate yields when the substrates
were N-cycloalkyl imines?’ However, in all hydrogenation reactions reported within the
literature prior to this thesi$y-benzyl imines were not suitable substrates for borenium

hydrogenation, providing only trace amounts of conversion under conditions*&sted.

@) 0]
Me—Ny—N~ NvN 3 NN
o

Me@ —
MG g p Y%
- B BAr", B
7®/ BAr 20 sz
\“\‘
13% e.e. 12% e.e. 80% e.e.
Stephan, Crudden and Melen 2016 Fuchter 2019

Figure 1.4 Current best enantiosetese borenium complexes in imine and enamine
hydrogenatiorf®4’

1.3.3.2Hydrosilylation with Borenium Complexes
Hydrosilylation has been an important transformation in organic synthesis for many
years. Between 1990 and the early 2000s, Piers reportedgfntafluorophenyl)borane

was capable of hydrosilylating ketones and imAlé8 These results shad that highly
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Lewis acidic boron species are calgadil catalytic hydrosilylation. In 2013, Denmark and
Ueki reported thata lutidine supported 88BN borenium complex was capable of
catalytically hydrosilylating ketones in a 10 mol % loadigheme 1.3*° The mechanism
proposed within describes that the borenium pathway outcompetes a silylium mediated
reduction. With this mechanism the borohydride would be thecstefining step of the
reaction allowing for potential enardselective catalytic activity. Jakle reported the
synthesis and subsequent catalytic reactivity of a planar chiral ferrdommyiium
complex that at cold temperatures was able to give 208bin the reduction of
acetophenon&. A 2017 report by Ryu found that axazaborolidinescaffold was able to
facilitate highly enantioselective borenium hydrosilylation of ketones, however the

borenium in this reaction participated as a Lewis acthran the hydride dongt.

-
Denmark 2013 Catalyst

0 OH |
10 mol % cat. N/
1.5 equiv. Et3SiH @
O 2= U | 2
NTf,
Work-up 90%

Schemel.8 Early example of borenium catalyzed hydrosilylatién.

In the same seminal paper reported by Fuchter in 2019 that disclosed the
asymmetric borenium hydrogenation, it was also reported that this catalyst edaldhp
highly enantioselective hydribpdations of imines?’ This report was the first example of
highly asymmetric borenium catalyzed hydrolgition of imines with the highest
enantiomeric exess observewas 86% with a sterically demanding substrate. Overall,

borenium hydrosilylation is less developed compared to its hydrogenation counterpart.
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1.3.40ther Reactions withBorocation Complexes

Over recent years borenium complexes have been repodediriety of reactions.
Borocations have been utilized in bakte catalytic hydroboration of imines as well lds
heterocycles. NHC borane complexes have also been applied as stoichiometric reagents in
the hydroboration of alkenesghich proceed through a cationic boron mechanisthAn
activator such as triflimide or iodine is required for this reaction to generate the borenium
complex. Similarly, boron cations have been shown to insert ifitd Bonds via
intramolecular additio®? This reaction proceeds via borenium generation with triflimide
followed by loss of hydrogen. This insertion step can proceed at room temperature and
when catalytic amounts of triflimide are usetevated reaction temperatures are required.
Asymmetric cyanation and alltion reactions have also been reported using chiral
oxazaborolidinium complexé€.Both silicon and tin reagents have been utilized in these
transformations. Borocations have also been featured in a variety of other carbom additio
reactions as well as cycloaddition transformations which are detailed in ré¢igws.
1.4 Bis(amino)cyclopropenylidene (BAC)Carbenes

The cyclopropene moiety has been of great interest for over the past 55 years, with
many derivatives and fictional groupsontainingthis core structure. While tris and bis
amino cyclopropenium complexes have been prepared for many years, isolation of the free
cyclopropenylidene carbene remained elusive for many y&2i$he radieastonomical
detection of cyclopropenylidenes was first reported in 1985 and this carbene motif is
considered the most abundant cyclic hydrocarbon in interstellar ${ac2006, Bertrand
reported the synthesis and characterization of the free caibEhis.carbene can only be
isolated in moderate to low yields and exhibits low stgbivith moisture and air.

Interestingly, the free carbene was first thought to have been isolated by Weiss and Yoshida
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independently? However, the compound isolated was determined to be lithium adduct of
the carbene. Generation of the lithium adduct in solution has been used to prepare a variety
of BAC complexes. However, it was not until Bertrand reportedyhéhesisandisolation

of the lithium adduct as a fluoroborate salt was this structure fully confi{®eteme

1.9).5* The regent was aptly named the Weiésshida reagent.

Isolation of the Weiss-Yoshida reagent

iPr iPr
e o N ©
iPr—N BF, . iPr—N BF,
n-BulLi )
H —/m Li
Et,0, -35 °C
iPr—N\ iPr—N\
iPr iPr

* 0.25 eq LiBF,4
Schemel.9 Formation of the Weis¥oshida reagerntt
Transition metal complexes with BAC carbenes have been prepared with metals
such as rhodiur??, iridium,® palladium®-° platinum?® nickel >’ as well as coinage metal
complexes>°8 A nickel BAC carbene complex reported by Montgomery andagkers
was found to catalyze a reductive vinylation reaction with high regioselectiityinage
metal complexes of BAC carbenes such as copper complexes have been utilized in click
chemistry and act as transfer reagents to other transition iftethls.formation of BAC
carbene adducts with main group elements ten reported prido the isolation of the
free carbene. Main group elemammplexesinvolving phosphorus? tin,®° arsenict
lead®® and germaniuff have all been prepared as BAC add(Etgure 1.5. Phosphorus
and arsenic containing BAC complexes have beeizedilas ligands for transition metal
catalysis in cyclization reactiofi§%2Prior to this thesis work, the only BAC carbene adduct
with a boron containing species was reported by Bertrand amebiders, involving a

bis(carbene)borylene compléxigure 1.5).53
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Figure 1.5 Main group complexes with BAC carbenes.

BAC carbenes have been featussdcatalystén organic transformations such as
Stetter and Benzoin reactioff&®® Initial asymmetric variants of these reactions only gave
low enantioselectivity however the pyrrolidine scaffold has allowed for a cRid&
carbenethat facilitates enarioselective Stetter transformations with a maximera. of
92% (Scheme 1.1% BAC carbenes were also found to react with electrophiles such as
carbon dioxide, carbon disulfide, and carbodiimitfeSomparatively, BAC carbenes are

relatively underexplored in comparison to widely used NHCs.

Gravel 2021 ( Catalyst
Ar Ar,
10 mol % cat.
S GRNNG | oo I 2ave
R”>H Ph Ph 0.3 equiv. Cs,COg4 XS 2
Ph Ph AT ® Ar
20 mol % H,0 H ©
CHCI3,0°C,5h up to 92% e.e. BPh,
Ar = 3,5-M6206H3
W,

.

Schemel.10 Enantioseletive Stetter reaction catalyzed via a chiral BAC carbene
1.5 Diazaphospholenes
1.5.1Introduction
Diazaphospholenes are a class of compounds that conai¢ivefmembered ring

containing two carbons, two nitrogen atoms and one phospfd¥lid/hile other five
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member compounds containing these atomay nbe possible,the isomer of
diazaphospholenes of great importance in synthesis and catalysis are 1;3,2
diazapheptolenes?® These compounds are normally unsaturated in the backbona with
trivalent phosphorus atom. Whilket first diazaphospholenes were isolated in the early
1980s’%"1 a greater focus on these compounds was acqaiitedthe boom in NHC
chemistryfollowing the initial isolation of persistent carberiésThe reasoning for the
coinciding boom of interest in diazaphospholenes in conjunction with NHCs results from
the structure of the phosphenium cation being valence isoelectronic to that of aff NHC.
Diazaphospholersareoftenthe precursos to thesephosphenium cati@(Scheme 1.11

Over many yearsthe synthesis and applications dihzaphospholenes in a variety of
transformations halseen exploredand theyhaveeven benused as ligands in transition
metal catalysi§®%%7* The greatest discovery ofnteresting reactivity inthese
diazaphospholeneomplexes ighe umpolung of the PH bond where it behaves as a
hydride®® While this discovery was noted in the early 2000snly recently have

diazaphospholendseen used in reductive catalySis.

[—\ =\ NEN
tBu” "~pr B
tBu’N‘P’N\tBu —_— tBu’N~|C;)fN\tBu ! P !
(|;| C|@ Orthogonal
lone pair

Scheme1.11 Dissociation of the chloride anion is stabilized by the formation of an
aromatic compountf

1.5.2Synthesis ofDiazaphospholenes anderivatives

Diazaphospholene complexes have been prepared with a variety of functional
groups on the nitrogen substituents and the backbone of the ring. While-fosedo
complexes have been prepared, catalytically relevamtaghospholenes are mainly
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hydrogen substituted on the backbone or in rare instances, contain alkyl §rBapsng
structural resemblance to NHCs,adaphospholenes can be synthesized from 1,4
diazadienes(Scheme 1.1 Initial synthetic routes to prepare diazaphospholenes involved
the reduction of the 1;diazadiendo a dianionwith a metal such as lithium or sodium
(Scheme 1.1p%°® Following reduction, the dianion can be quenched with phosphorus
trichloride to produce a diazaphospholene chlo@eheme 1.1p Alternatively, the
dianion can be quenched with tetrachlorosilane to produdela and then subsequently
allowed to reactvith phosphorus trichloride to produce the diazaphospholene chloride
with loss of SiCl (Scheme 1.1p%° Quencling the dianion with triethylammonium
hydrochloride produces an isolable aminoaldimimdich can be cyclized into the
diazaphospholene chloride in higher yigiénthe one pot methocheme 1.12% The
dianion exists as th#& andE isomes, andonly theZ isomerreacts with the phosphorus
trichloride®® The aminoaldimine produdgrom protonation ofboth isomers reacts it

the phosphorus trichloriden the presence otriethylamine (Scheme 1.1 The
aminoaldimineallowsfor equilibration to the reactivé geometry?® The mildest ananost
costeffective route to prepare diazaphospholenes was reported by Macdonald-and co
workers’® andinvolvestreatment of an aryl 1;diazadiene with phosphorus tribromide
and cyclohexene(Scheme 1.1B The side product from this reactjorirans
dibromocyclohexane iseadily separated from the product, allowing for facile isolation
through filtration. Thisnethod has been applied by the Speed group to prepare a variety of

highly active diazaphospholene catalystsluding chiral example®
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Reductive metal method
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Schemel.12 Diazaphospholene synthesis using a metal reductant.

Direct reduction
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Schemel.13 Diazaphospholene synthesis directly from a phosphorus trihalide.
Diazaphospholene halides are the gensyaithetic precursofor a variety of
catalyst$® The unique reactivity of diazaphospholenes arises from the highly polarized
exocyclic bondfrom phosphorugScheme 1.1L Conjugation of the electrons in the

backbone and the nitrogen atoms allows for an aromatic system of 6 pi elesitroeihe

lone pair on phosphorus is orthogonal to the ring sysi®indoes not count toward this
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Huckelnumber This conjugationallows development oaromatidty to be adriving force
leading topolarization of this compound. The effect of thidarization lasbeen observed

by various researcherand the properties extensively reviewé®&ubstitution of theP-
substituentzanbe harnessed to synthesize a variety of diazaphospholene derivatives for
applications in catagis and functionalization (Scheme 1.1%%° Reacting a
diazaphospholene halide with hydrides such asAReaxt LiAIH 4 results in the formation

of a diaz@hospholene hydride, a highly reducing spetSehieme 1.14°° Treatment with
silver triflate or TMS triflate affords the phosphenium triflaten pair, a catalyst in
reductive chemistr{Scheme 1.14% Additionally, treatment of a diazaphospholene halide
with an alcohol and baseor alkoxide resultsin the formation of aP-alkoxy
diazaphospholengscheme 1.14% These complexes were shown by the Speed group to
act as a stable precatalyst for reduction chemiét®. Hydrolysis of many
diazaphospholene derivatives results in the formation of a diazaphospholenevtictie

acts as an astable precatalyst in reduction chemisfty.
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R~™ ‘P’ R llD
OTf O‘R

Schemel.14 Derivatization of diazaphospholene halides.

Bisphosphane compounds can also be prepared from diazaphospliStHese

1.15.%8 Gudat reported that addition afimethylstannyl diphenylphosphide to a
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diazaphospholene halide results in a diazaptimlsenediphenylphosphide complex as well
as trimethylstannyl chloride®® A diazaphospholene dimer can be prepared through
reductive coupling methodssuch as treatment of a diazaphospholene halide with
magnesium or though phdysis of a diazaphospholene hydrieéh concomitant loss of
hydrogen gagScheme 1.15% The synthesis and reactivity of diazaphospholene dimers is

less explored in comparison to other diazaphospholene deriviites.

‘—‘
2/ M tBu’N~PfN\tBu by 2 M/
Bu=Np N8y —2 | <« Bu NN~y
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X=Cl, Br \—/

Schemel.15 Formation of diazaphospholene dimers via two methods.

1.5.3Reactivity of Diazaphospholenes

The catalytic application of diazaphospholened baenlimited sincethe first
reports of diazaphospholene hydrideghe early 20008 Only in the pas yearshave
diazaphospholene hydrides been greatly investigated as reductive c&talykts.
discoverythat diazaphospholenes bearing a hydrogeshydric wasdisclosedby Gudat
and ceworkers in the early 20008.These compounds exhibit hydridic properties rather
than beingweakly acidic like a traditional PH bond. The sameationaleof aromatic
stabilizationthat accounts fothe stadity of the phosphenium cationsan be used to
understand thempolung properties of this bond. More recently, Yang and Cheng have
guantified that diazaphospholenes are stronger hydride donors than common neutral
boranes and silané&The hydricity of a diazaphospholenalispendenon its substituents,
with N-alkyl being more reactive thaN-aryl, and unsaturation of the backbone greatly

increasng the hydricity(Figure 1.6).
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increasing hydricity
Figure 1.6 Hydricity scale of diazaphospholene hydrides.

Seminal work by Gudat shaa that diazaphospholene hydrides can react with
aldehydes and conjugate accept@shemel.16).” The result of these reactiomgere
hydrophoghinatiorsresulting in a FO-bounddiazaphospholene product. The reduction of
conjugate acceptors with diazaphospholenes was found to-seléaive®® Kinjo, Hirao
and ceworkers then disclosed that the diazaphospholenes can be used in catalytic amounts
with ammonia borane as the terminal reductant in the reduction of azo compbiihiss.
sameteam then shod that the stoichiometric reduction of carbonyls reported by Gudat
could be made catalytic with pinacolborane to regenerate the c&taiyist mechanism for
regeneration of the catalyst was determined to be sigma bond metdtbisiging these
initial investigations, Kinjo reportedhat carbon dioxide can be reduced with a
diazaphospholene catalyst and diphenylsilane as the red®fcim. Speed group and
Cramer group then reported that fr@lkoxy diazaphospholermompoundsould act as
entry points in catalysiScheme 1.15’"® These intermediates armere stable and readily
isolable than thextremelymoisture and oxygesensitivediazaphospholene hydride. The
Speed group then disclosed the catalytic reduction of imines as well as the asymmetric
reduction of imines/’8 Since these reports, a variety of diazaphospholene precatalysts
have been prepared investigating the reduction of a variety of unsaturated sulysttates.

attractive feature of diazaphospholeiecatalysisrelies on thevariety of available entry

24



points into catalysis and thaiversity of available reductants that function with these

catalysts$?
Gudat 2006
N. N o Bu~"p N ~tBu
A Bu”'"~p2' " TBu 4+ :
P Ph)LMe O\(Me
H
Ph
r N\
Speed 2017 Catalyst
10 mol % cat. ; B
. N/Bn ] equiv' HB(pm) o (pln)B\N,Bn l‘BU/N\P/N\tBu
|
Ph” “Me CHaCN Ph)\Me °
L tBu J

Schemel.16 (A) hydrophosphination of a ketone forms an alkoxy diazagiaispe. B)
An_ adkoxy diazaphospholene can be used as a more stable precatalyst in the reduction of
imines.

While the majority of diazaphospholene catalysis has investigated the polar
reactivity of diazaphospholendhese compounds are capable of rddieactions as well.
The radical properties of a diazaphospholene were recognised by Gudat and Wright though
the formation and scission dfazaphospholene dimet%%® It was found that monomeric
diazaphospholene radicals were only observed upon an increase in temperatumd-with a
tert-butyl diazaphospholene dim&tSterically demanding dimers were found to exhibit an
increased radical behavior. Only recently, Yang, Chand ceworkers have reported that
diazaphospholenes are able to facilitate radical toamsftions(Scheme 1.1¥°%2 Their
work required the use of AIBN to initiate the radical behavior of the diazaphospholenes

and elevated temperatures.tkith Chaptes 6 and 7is a continued look into the radical

behavior of diazaphospholenes.
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Yang and Cheng 2020

o 1.2 equiv. NHP 0
SEEE—
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B > ____Bu )
Tol, 90 °C

Scheme 1.17 (A) Radical cyclization andB) dehalogenation facilitated by B-
heterocyclic phosphineydride.

Bisphosphane compounds have also been applied in stoichiometric and catalytic
transformation$§® Early work by Gudat shown thatliazaphspholenediphenylptosphide
complex can react stoichiometrically with allhdlides and a variety of other electrophilic
substratesn substitution reactiongScheme 118).8%93% Alkynes and alkenes were also
found to react with these complexessulting in addition across the unsaturated bond. The
reactivity with alkyl halides to produce diphenylphospksubstituted alkanes was
rendered catalytic witbse oftrimethylsilyl diphenylphosphide to regenerate the catdfyst.
Diazaphospholene dimers have also stadied in their reactivit{Scheme 1.9).%° These
compounds were reported by Gudat to undergo a variety of reactions with electrophilic
substrates. Such examples include the addition across allikeethe work conducted
with diazapheptolenediphenylphosphid& These dimers were found to ckeametal
halide bonds to produce dimeric metal complexes and diazaphospholene $idlidas.
similar manner, diazaphospholene dimers were found to react with triethylammonium
hydrochloride to pvduce a diazaphospholene hydride and chloride as products from the
reaction’’ Lastly, Masuda and eworkers r@orted that saturated diazaphospholene dimers
were able to react with heteroalleng&cheme 120).°” The coninued exploration of

diazaphospholene dimers in functionalization reactions is explored in chapter 7.
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Schemel.18 Functionalization of electrophiles facilitated by a bisphosphine.
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Schemel.19 Examples of diazaphospholene dimer reactivity.
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Schemel.20 Saturated diazaphospholene dimer reactivity.
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Chapter 2: Synthesis and Catalytic Reactivity of
Bis(amino)cyclopropenylidene CarbeneéBorane Adducts

Reprinted with permission froM. S. N. Huchenskj M. R. Adams, R. McDonald, M. J.
Ferguson, A. W. H. Spee@rganometallics2016 35, 3101.Copyright2021 American
Chemical SocietyThe manuscript has been reformatted to match the global thesis format,
and references and compounds have renumlvelnedeappropriate. Sulsectionheaders
have been added.
Contributions to manuscripkll synthetic work in this chapter was carried out by B. S. N.
Huchenski except the synthesis of BAC carbgrecursor2-8a, 2-8b, 2-10, and2-11,
and N&BArF,4 which were prepared bpr. A. W. H. Speedimines2-21, 2-23, and2-25
were preparedollaboratively between B. S. N Huchenski aMdR. Adams. The Xay
crystallography was conducted . R. McDonald, andDr. M. J. FergusonMass
spectrometric data weracquired by Mr. Xiao Feng (Mass Spectrometry Laboratory,
Dalhousie University)The manuscript was written by B. S. N. Huchenski BndA. W.
H. SpeedIn addition, the structure of compouger, in Figure 2.2was obtained by Dr.
Katherine N. Robertson, and was not contained in the original manuscript.
2.1Introduction

Adducts of carbenes and boranes have recently emerged as powerful reducing
reagents. The most common type of adduct emp¥sblisterocyclic carbendg®IHCs), for
example adduck-1 (Figure 2.1).#1989 These neutral adducts are remarkably stable
stoichiometric reductant§® frequently being stable to silica gel chromatograiffy,
despite their capacity to reduce carbonyl and imine compounds and hydroborate olefins in
the presence of activating reagents. Not all carbenes can form stable addubtsavieh

for example, while cyclic amino alkyl carbene (CAAC) boron trifluoride ad8&z could
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be isolated, the corresponding borane ad2i&tt was not isolablé® Notwithstanding the

above difficulties, changing the identity of the carbene has allowed development of
enhanced reactivity; mesoionic carbene (MIC) borane adducts sg&have leen shown

to be more potent reducing reagents than the corresponding NHC adércesidition to
stoichiometric reactivity, carbene borane adducts have recently been used to generate
borenium cations thaesve as the Lewis acid component in frustrated Lewis pair based
hydrogenation catalyst§ As an example, NHCupported borenium catia?+4 represents

the most active NH@orane based hydrogenation catalyst, capable of redtegirgutyl

or phenyl ketimines, and hindered enamines at 5 mol % loading under 102 atmospheres of
H2.44In a further demonstration of the importance exploring different carbene motifs, MIC
supported borenium catidfi5 represents the most active borenium based hydrogenation
catalyst reported to date, capable of hydrogenat#mgbutyl or phenyl imines, and
sterically encumbered nitrogen containing heterocycles at pressures of hydrogen varying

from one to 102 atmospheres at 10 mol % loaffing.
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Figure 2.1 Various Adducts of Boron and Carbenoids (Dipp =dj8opropylphenyl).
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Bis(amino)cyclopropenylidene carbenes (BAC carbenes) represent an alternative
and emerging arbene architecture. The first example of an isolated BAC carbene was
disclosed by Bertrand and -@mrkers in 2006 as a highly air and moisture sensitive
crystalline solicP® Since that time, catalysts based on BAC carbenes have been used to
promote Stetter and benzoin reactiéh®;!%3and have been used as ligands in a nickel
catalyzed reductive vinylatioH.The abovementioned work in nickedtalyzed reactions
has shown that BAC carbenes possess reactivity characteristic of having a smaller steric
profile thanN-heterocyclic carbene$.We anticipated that this decreased steric demand
would enhanced reactivityni stoichiometric and catalytic reactions employing BAC
carbeneborane adducts. Also, BAC carbene precursors are readily and inexpensively
synthesized, being accessible from commercially available pentachlorocyclopropane in a
single pot operation on multigm scale, unlike current lengthier routes to MIC
precursors??1%* This present work discloses the synthesis, stoichiometric carbonyl
reduction, and catalytic imine reduction with BAC carbene borane ad2iécad?2-7.

Disclosure of BAC carbenes adduaststh main group elements preceded the
isolation of the parent BAC carbene, and examples including tin, germanium, af#l lead,
phosphoru® and arsenft adducts have been synthesized. Additional complexes of BAC
carbenes and metals include ceppsilver, rhodium, iridium and palladiuthl® To the
best of our knowledge, BAC carbenes have not been employed in the forofatdnucts
with neutral borane®
2.2 Results and Discussion

Our initial attempt to synthesize addu2t6 involved heating BAC carbene
precursorR-8aat reflux in toluene for 20 h with sodium borohydri&elieme2.1). While

we undertook this operation with the hope of directly synthesizing target BAC borane
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adduct2-6 with concomitant loss of hydrogen and sodium tetraphenylborate, in analogy to
known chemistry with imidazolium iodidé% we instead observed clean formation of a
crystalline, air stable product exhibiting a broad single®a ppm in the proteooupled

118 NMR spectrum. Integration of the phenyl and isopropyl signals intthé&lMR
spectrum suggested the fation of2-9, which was verified on the basis of a single crystal
X-ray crystallography experimer¢heme2.1). Compound-9 features a boron to carbon
interatomic distance of 1.6394(15) A. This is similar to the 1.666(3) A boron to carbon
interatomic disance reported by Ong and-amrkers for an NHC triphenylboron addueéf.

The pesence of an ionic additive proved necessary for the formatig«®,0ds2-8a was
stable for 24 h in refluxing toluene without any additional additive. Sodium

tetrafluoroborate also promoted the formatio2-&from 2-8a.

{Pr {Pr {Pr {Pr
N N N N
iPre \V/ Pr_NaBH, orNaBF, P~ V iPr
H@ o Tol. 110 °C @B@
BPh, Ph” 1 Ph
2-8a Ph

2-9, 47% vyield

Scheme?2.1 Synthesis and structure of BAC carbene triphenylborane add@ciThe
thermal ellipsoids are scaled at the 30% probability level. Hydrogen atoms are omitted for
clarity. Selected interatomic distances (A);i81 1.6394(15), CiIC3 1.3871(15), X3
1.3892(14), N1C2 1.3267(14).
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In an attempt to develop a more general synthesis of BAC carbene borane adducts,
we added crystalline BAC carbeB€l0 to borane dimethyl sulfide o-BBN in ethereal
solvents or tolueneScheme2.2). Each of these trials resulted in the formation of
intractable tacky red mixtures exhibiting complékand!'B NMR spectra. Despite these
initial setbacks, our attention twed to the use of a BAC carbene lithium tetrafluoroborate

adduct2-11 (the WeissYoshida reagentf:

iPr iPr
iPr iPr BH3*SMe; N '{‘\-
o N or 9-BBN . Pr
iPr Pr  --mcmemom- T T ® 26X =H
no isolable product
\Y p OBX, 85% yield
2-10 2-12X=F
74% yield
iPr iPr Pr iPr
N N N N BH3-SMe,
iy ~ iy N
iPr V@/ Pr o BuLi iPr A Pr - or BF;+OEt,
) ' BFa pcctoRT
* 0.25 eq LiBF4 - LiBF,

Scheme2.2 Synthesis and structures of BAC Carbene; Bt (left) and BR 2-12 (right)
adducts. The thermal ellipsoids are scaled at the 30% probability level. Selected interatomic
distances (A)2-6 C1i B1 1.608(5)2-12, C1i B1 1.641(3)
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This reagent was crystallized and characterized by Bertrand awdrkers as a
polymeric material caogisting of a BAC carbene lithium adduct with a 5:4 lithium
tetrafluoroborate to BAC carbenenoid stoichiometry. In our hands, deprotonagebof
with butyllithium in diethyl ether, in the presence of 0.25 equivalents of lithium
tetrafluoroborate, followe by concentration and pentane trituration under a dry nitrogen
atmosphere gives a 93% vyield of a ffemving white powder 2-11) that was used in
subsequent reactions without additional purification. Mixture of this reagent with borane
dimethyl sulfide o boron trifluoride etherate complexes in toluene, followed by
evaporation and extraction of the resulting residue with dichloromethane resulted in clean
formation of the desired adducBs6 and 2-12. Adducts2-6 and 2-12 can be stored
indefinitely under & without decomposition (> 4 months), however some decomposition
of 2-6 is noted with silica gel chromatography.

The structures a2-6 and2-12 were confirmed on the basis MR spectroscopy
and single crystal Xay diffraction data. Compoun@-6 features a TB interatomic
distance of 1.608(5) A, while compourd12 features a OB interatomic distance of
1.641(3) A A quartet is observed &5.1 ppm withtJg 1 = 86 Hz in thé'B NMR spectrum
of 2-6 and a quartet is also observed in tH& NMR spectrum oR-12 at-0.4 ppm, with
Jsr = 34 Hz. These metrics are comparable to previously reported carbene borane
adductst02108

The ability of adduc®-6 to serve as a source of hydride was investigedetidme
2.3). While no reaction occurred when 0.5 equivalents2& were mixed with 4
cyanobenzaldehyde&{13a), addition of silica gel, a precedented activator for carbonyl

reducton by NHGboranes°resulted in clean reduction to alcol?el4ain only 1 h.
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OH 214aR1 CN,R2=H

f Sio, :
R2 0.5 equiv. 2-6 R2 87%, 1
CH,CI 2-14b R1 = OMe, R? = H
i e R 86%, 1 h

2-13 214 2-14b R'=H, R? = Me
0,
0 S0, 60%, 6 h
OO H 05 equw 2-6
T cmc, 98% 1h [ 2-6 A
215 2 16 {pr {pr
N N
o SiO, iPr” SiPr
0.5 equiv. 2-6 ®
—_—
Ph/VLH CH,Cl, PR "oH L ©OBH; )
217 2-18 86%, 1.5 h

Scheme2.3 Reduction of carbonyl compounds using 0.5 equivaleii?st in the presence
of silica gel.

Electron rich anisaldehyd@-(3b) and 2naphthaldehyde2¢15) were also reduced
under the same conditions. A slightly higher yi@fl 2-napthylmethanol 2-16) was
attributed to decreased product volatility. AcetophenoBel3(), proved a more
challenging substrate, with only 60% conversion observed@&fterCinnamaldehyde{

17) was cleanly reduced in a 1,2 fashion, with cinnartogdteol 2-18) as the only product;
no 1,4addition product was observed. These reaction times are faster than those reported
for NHC-boranes® and comparable to those observed for Nbi@ane2-3.12

Our methodology was extended to a borane bearing both a hydride and alkyl groups.
Addition of dicyclohexylborane to reage2tll in diethyl ether gavedaluct2-7 in 84%
yield as an air stable beige solid that is unstable to silica gel chromatodtaphsingle
crystal suitable for Xay analysigrown from evaporation in benzemd¢MR, and MS data
corroborate the structure 8f7 depicted inScheme2.4 andFigure 2.1 As a diagnostic
feature, a doublet is observedB2.1 ppm with'Jg 1 = 71 Hz in thé'B NMR spectrum of

2-7.
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{Pr {Pr
N N
NiPr

iPre
® o

Li  BF,
2-11

CyzBH

Et,0
-20 °C to RT
- LiBF,

Me
2-21

N-Bn

o

2-23

.PMB

Me
2-25

{Pr {Pr
N N

iPro NiPr
—_—
®
C)

B
cy’i1C
y" [, Cy
2-7 84% yield

10 mol %
2-7 + 219

v
20 atm H2

12 h, PhCF3

10 mol %
2-7 + 2-19

20 atm H,
36 h, PhCF;

10 mol %
2-7 + 2-19

r
20 atm H,

12 h, PhCF5

2-19 iPr iPr

[CPh] N N
[BAr o] iPro SiPr
CDCls ® O _
B BAr 24
Cy” ~Cy
2-20
HN- B
93% conv.
Me 96% yield
2-22
-B
HN-EN 65% conv.
@b 49% yield
2-24
.PMB
HN
83% conv.

Me 53% yield
2-26

Scheme2.4 Hydrogenations of benzyl imines catalyzed by borenium c2tpd

Figure 2.2 The structure o2-7. Thermal ellipsoids have been drawn at the 50% probability
level. Hydrogen atoms have not béabelled except for the borane.

Combination of adduc2-7 with trityl tetrakis[3,5(trifluoromethyl)phenyl]borate

2-19in dry CDCE resulted in hydride transfer, and formation of putative borenium cation
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2-20, identified by the disappearance of the doudlet2.1 ppm, and appearance of a broad
signal at 81.0 ppm in th#B NMR spectrum (a range comparable to adddt 82.9
ppm)#* One equivalent of triphenylmethane also appeared intthepectrum of the
reaction. Since borenium catiosl and2-5 are hydrogenation catalysts, we explored the
application of2-7 to catalytic hydrogenation. A 10 mol % combinatidr2er and2-19in
trifluorotoluene was able to effect the hydrogenation of benzyl im22% 2-23, and
paramethoxybenzyl (PMB) imin225 to the corresponding amines with high conversion
under 20 atmospheres of Bt ambient temperature. The hydrogemati@as conducted in
a Parr bomb, with 99.999% purity grade hydrogen, which was otherwise used as
received-'®Importantly, benzyl imines are not substrates for previously reported borenium
based hydrogenation cataly$t§Catalysts2-4 and2-5 cannot hydrogenate substr&t@1
(0% conversion reported at 102 atmosphergpressure fof-4, and Atraceodo co
reported at 102 atmospheresfar 2-5).44°Since the benzyl and PMB groups are one of
the most commonly used protecting group for amines, the work disclosed herein represents
an advance in bonégum catalyzed hydrogenation reactions, enabled by the use of BAC
carbene borane complexes.
2.3 Conclusion

In conclusion, we have developed a reliable and high yielding synthesis of
crystallographically characterized BAC carbene borane adducts, where sweseds
pendent on the use of lithium tetrafluoroborate adducts of BAC carbenes rather than the
free carbene. We have shown BAC carbene borane adducts are capable of stoichiometric
reduction of carbonyl compounds, and catalytic reductions of benzyl inaicegllenging

class of substrate for catalytic reduction by borenium catalysts. Preparation of additional
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BAC carbene borane adducts to increase reaction efficiency, expand substrate scope, and
effect asymmetric imine hydrogenations is underway and wileperted in due course.

2.4 Experimental

2.4.1General Considerations

Isolation of the Weis¥oshida reagent2(11 iPrBAC-LiBF4 adduct) and addition to
boranes was carried out undeNaatmosphere in a 2001 issue IT Glovebox [€&vels
typically 7 ppm, HO levels typically 15 ppm) or oven dried Schlenk glassware.
Hydrogenation reactions were carried out in scintillation vials equipped with magnetic stir
bars inside a Parr bomb. The reéacs were loaded into the Parr bomb, and the bomb was
assembled inside the IT Glovebox. The reactor removed from the box and was purged by
pressurizing to 300 psi with dHand venting two times, before the final pressure was
established. All other worlkipsand reactions were carried out under ambient atmosphere
in undried glassware!H, 3C, 1B, and'®F NMR data were collected at 300K on Bruker

AV -500 or AV-300 NMR spectrometers. Chemical shifts are reported in parts per million
downfield of BRA EQ (for 'B NMR) and CFJ (for %F NMR). *H NMR spectra are
referenced to residual non deuterated NMR solvent (€HTI26 ppm)*C NMR spectra

are referenced to the central CR@eak (7716 ppm). TwolC resonances in compound

2-7 were not observed, despite prolonged acquisition time. Melting points were acquired
using an Electrothermal® apparatus and are uncorrected. Mass spectrometric data were
acquired by Mr. Xiao Feng (Mass Spectrometry Laboratory, Dalhousie University). IR
Spectra were acquired on a Bruker Tensor 27 FTIR, on NaCl plates.

2.4.2Solvent Purification

Pentanefor purification (ACS grade) was purchased from Fisher and used as received.

Toluene and pentanefor reactions were deoxygenated and dried by sparging with
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dinitrogen gas, followed by passage through a deublamn solvent purification system
purchased from mBraun Inc. The solvents were stored over dry 3 A molecular sieves in the
glovebox.

Diethyl ether for purification (ACS grade) was purchased from Fisher andl ase
received.

Diethyl ether for reactions was further distilled from a purple solution of
benzophenone/sodium ketyl and stored over dry 3 A molecular sieves in the glovebox.
Dichloromethane (ACS grade) was purchased from Fisher and used as received.
Deuterochloroform (Cambridge Isotopes) was stored over dry 3 A molecular sieves, but
otherwise used as received.

Trifluorotoluene ( Anhydr ous >99 %) was purchased in
Aldrich and cannula transferred onto dry 3 A molecular sieves for storage in the glovebox,
but otherwise used as received.

2.4.3Reagents for Synthesis

3 A Molecular Sieveswere purchased from Aldrich and dried at 200 °C at approximately
0.5 torr for 12 h prior tase.

iPrBAC Carbene Precursors 2-8a and 2-8b were prepared according to literature
proceduresand purified by recrystallization from dichloromethane/diethyl ethet.
Borane-Dimethyl Sulfide Complexwas purchased from Aldrich and used as received.
Boron Trifluoride Etherate was purchased from Fisher and distilled under a nitrogen
atmosphere into a storage boprior to use.

n-Butyllithium was purchased from Aldrich as a 2.5 M solution in pentane and the
concentration was verified by titration with 1;penanthroline/butanol prior to use.

Celite® Swas purchased from Aldrich and used as received.

38



Hydrogen was purchased from Praxair as Ut®P.999%) grade and used as received.

Silica Gel (40-63 um, Silaflash, P60) was purchased from Silicycle, and used as received.
Sodium Borohydride was purchased from Aldrich and used as received.

Trityl BAr F2s4was prepared according to literature procedti 13

Reduction  Substrates: Acetophenone, anisaldehyde, cinnamaldehyde- 4
cyanobenzaldehyde, andn2phthaldehyde were purchased from Aldrich, and used as
received akr purity was verified byH NMR. Imines2-21, 2-23 and2-25 were prepared

by a 1:1 combination of the appropriate ketone and benzylamine in dichloromethane, in the
presence of 1 equivalent of titanium ethoxide for 24 h. The reactions were quenched by
addition of aqueous KOH (15 %), filtered onto .N@&x, refiltered and concentrated.
Purification was accomplished by taking up the obtained solids in warm pentane, and
cooling the resulting clear pentane solutions of the imir@3dC. The resulting crystals

were collected by suction filtration and were dried for 1 la vacuum desiccator at
approximately 30 torr over2,BPs before being brought into the IT glovebox. Yields of
imines were typically > 60% by this method.

2.4.4Synthetic Procedures

{Pr {Pr
N N
iPre NiPr
® o
Li BF4

WeissYoshida Reagent(2-11). Two routes ta@2-11 are presented belovidded lithium
tetrafluoroborate in the deprotonation28b enhances the amount of material isolated.
Compound2-11 prepared by either route was found to give the same yield in replicate

reactions with borane dimsthsulfide complex for the formation @t6.
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Preparation of 2-11 without LiBF 4 addition: Compound2-8b (375 mg, 1.16 mmol, 1
equiv.) was added to an oven driedddam vial equipped with a magnetic stir bar and
suspended in diethyl ether (9 mL). The slurry was coole?3€ and a solution af-BulLi

in pentane (2.5 M, 0.46 mL, 1.2 mmol) was added -avige with stirring. The reaction
turned orange, briefly clarifieénd then became turbid again with a beige colour. After 20
min, volatiles were removed vacuoand the residue was triturated with pentane (1 mL).
The resulting solid was then washed on a frit with pentane (3 x 4 mL) andrdrkaduo

to obtain iPBAC-LiBFs (2-11) as a white powder, (310 mg, 0.87 mmol, based on
Bertr and o0 s®>3525835 g/mol BACaamplex, 1 BAQ.25 LiBFR, 75% vyield,
maximum theoretical yield is 80%). This white solid was stored5iC and used without
further purification.

Preparation of 2-11 with LiBF4 addition: Compound?-8b (1.00 g, 3.08 mmol, 1 equijv

was placed in a dry 50 m&chlenk flask equipped with a magnetic btr. To the flask
was added lithium tetrafluoroborate (72 mg, 0.77 mmol, 0.25 gqthen 17 mL diethyl
ether. The slurry was cooled 125 °C and a solution of-BuLi in pentane (2.5 M, 1.23
mL, 3.08 mmol, 1 quiv.) was added dropwise with stirring. The reaction turned light
orange, briefly clarified, and then became turbid again. After 25 min, volatiles were
removedin vacuoand the residue was triturated with pentane (5 mL). The resulting solid
was then wasftkon a frit with pentane (3 x 10 mL) and driadvacuoto obtainiPrBAC-
LiBFslas a white powder, (1.01 g, 2.>83585mol , b
g/mol BAC complex, IPrBAC: 1.25 LiBF, 93% vyield). This white solid was stored-at

25 °C and used without further purifican.
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{Pr {Pr
_N N

V SiPr
®
S

Ph 2 Ph
Ph

iPr

iPrBAC-BPhsz (2-9). Compound-8a (300 mg, 0.539 mmol) was placed in a 10 mL round
bottom flask equipped with a magnetic stir bar and suspended in tqienk) under
nitrogen. To this suspension was added NaB® mg, 0.539 mmol, 1 equjy and the
suspension was then allowed to hdatefiux for 17h. The mixture was allowed to cool,
then was filtered over celite® which was washed with toluene (3 x 5 mL). The volatiles
were then removed from the washings and filthateacuoto yield pure title compoun+

9 as a colourless solid (12dg, 47%). Crystals suitable for-bay analysis were grown by
slow diffusion of pentane into a concentrated solutio2-®in toluene.

MP: 172-175°C

IR (neat): 3128 (m), 2933 (m), 1857 (s), 1492 (s), 1208 (m), 1148 (m), 704 (s)

IH (500 MHz,CDC¥): i 7.31 (t, 6H), 7.19 (t, 6H),
(br s, 24H, CH).

13C {*H} (1258 MHz,CDCk):4i 141.6, 135.3, .126.5, 123.
11B (1605 MHz, CDCk): ii-9.4 (br s).

HRMS(APCI): calod for GasHasBN2 [M + H]* 479.3592; Found: 479.3604.

BF;
iPrBAC-BF3s (2-12). Compound2-11 (53 mg, 0.15 mmol) was placed in an oven dried
Schlenk tube equipped with a magnetic stir bar and dissolved in ether (3 mL), then removed

from the glove box. Under nitrogen, 8% O £(0.020 mL, 0.16 mmol, 1.1 equjwas
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added in one portion to the mixeurAfter 30 min the solution was transferred in air to a 25

mL round bottom flask, rinsing with dichloromethane (5 mL). The volatiles were removed

in vacuo The residue was dissolved in dichloromethane (5 mL) and filtered over celite®,
which was washed wit dichloromethane (2 x 2 mL). Removal of volatiles from the
combined washings and filtraite vacuoyielded title compoun@-12 as a colourless solid

(34 mg, 0.11 mmol, 74%). Crystals suitable forray analysis were grown by slow
diffusion of pentane inta concentrated solution 8§12 in dichloromethane.

MP: Colour turns from colourless to brown from 1880°C, melts at 20206°C

IR (neat): 2976 (m), 1871 (m), 1518 (s), 1347(m), 1072 (m), 973 (m)

H (300 MHz, CDC}):it 3.89 (ap sepl=68H#412H,CH,)129(d, . 43 (
J=6.8Hz, 12H, CH).

13C {*H} (755MHz,CDCk):i 138.6, 54.2, 49.4, 21.3, 20.
19 (282.4 MHz, CDGCJ): 1i-138.5 (q,J = 34 Hz).

118 (96.3 MHz, CDCJ): 1i-0.4 (q,J = 34 Hz).

HRMS (ESI): calod for CisH2sBFsN2Na [M + Ng* 327.2190; Found: 327.2185.

iPr {Pr

BH,
iPrBAC-BHs (2-6). Compound?-11 (532 mg, 1.50 mmol) was placed in an oven dried 4
dramvial equipped with a magnetic stir bar and suspended in toluene (10 mL). The solution
was first cooled t625 °C and then BBA S M@M in toluene, 1.61 mL, 1.61 mmol, 1.07
equiv.)) was added dropwise to the suspension. After 30 min the solution wasl fdiere
celite® and the celite® was washed with dichloromethane (3 x 5 mL). Volatiles were
removed from the combined filtrate and washimggacuoresulting in the title compound
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2-6 as a beige solid (322 mg, 1.28 mmol, 85%). Colourless crystals suaieray
analysis were grown by slow diffusion of diethyl ether into a concentrated solut?é of
in benzene.

MP: Turns brown at 202 °C, decomposes to liquid at20% °C

IR (neat): 3440 (br), 2976 (m), 2850 (W), 2286 (W), 1766 (m), 1493 (m), 13281058

(m).

IH (500 MHz, CDC#): 4 3. 77 (br s, 4H, 3 CLHBB0.80(n, 34 (br

BHs3, partially obscured by signal at 1.34)

13C {14} (1258 MHz,CDCk):i0 141.1, 54.7, 47.9, 22.0,
118 (1605 MHz, CDCh): ti-35.1 (q,J = 86 Hz).

HRMS (APCI): calad for GisH32BN2 [M + H]* 251.2653; Found: 251.2662

{Pr {Pr
_N N

NiPr
®
S

B
Cy’1>C
yH y

iPr

iPrBAC-BCy2H (2-7). Compound-11 (375 mg, 1.06 mmol) was placed in an oven dried

4 dramvial equipped with a magnetic stir bar and dissolved in ether (8 mL). The solution
was first cooled te25 °C and then dicyclohexylborane (188 mg, 1.06 mmol) was added in
one portion to the resulting suspension and stirred for 1 h. Ether was then remaaw

and the residue was taken up in dichloromethane (4 mL) and filtered on a fine frit. The
collected solids were washed with dichloromethane (3 x 3mL) and volatiles remmoved
vacuoresulting in the title compouri2t7 as a beige solid (370 mg 0.893nwol, 84%).

MP: Turns orange at 102 °C, decomposes to liquid at 104 °C
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'H (300 MHz,CDC}:t 4. 02 (br s, 4H, CHY56.8Hz, 24, ( m) ,
CHs), 1.14 (m), 0.83 (m), 0.45 (br t, 2H).

13C {*H} (1258 MHz, CDCk): i 142 . 5, 50 . 532.5(Brp 29,2968 2839, 32
21.5.

118 (96.3 MHz, CDC4): ti-12.1 (d,J = 71 Hz).

HRMS (APCI): calod for G7Hs2:BN2 [M + H]* 415.4218; Found: 415.4234

2.4.5Borenium lon Generation

In a glovebox, compoun#-7 (15 mg 0.036 mmol) and trityar4 2-19 (40 mg, 0.036

mmol) were placed in an oven driedlam vial equipped with a magnetic stir bar. To the
solids was added 0.6 mL of CRCThe solution was stirred for 20 min, thelaced in a
standard NMR tube. The cap was secured with Teflon tape, the tube was removed from the
glovebox, and NMR spectra were acquired.

Diagnostic NMR Data:

1H (300 MHz, CDCH): ti 7 . 6 9 BAtFs), 7.58 (8, 4HBAr 24), 7.1%:7.30 (m, 15H,
PhCH), 555 (s, 1H, P§CH), 4.073.91 (m, 2H, CH), 3.78.62 (m, 2H, CH), 1.81.706

(m), 1.341.12 (m), 1.32 (dJ = 6.6 Hz, 24H, CH).

11B (96.3 MHz, CDC4): i 8 1), -6(6 BBAI 24).

2.4.6General Reduction Procedures

General procedure for reduction with 2-6 in presence of SiQ (GPA): Under air,
compound2-6 (63 mg, 0.25 mmol) was placed in aldamvial equipped with magnetic

stir bar and silica gel (901 mg). To the solids was added an aldehyde or ketone (0.5 mmol,
2 equiv.) and dichloromethane (2.5 mL (0.2M) or 1.6 mL (0.3M)). Reaction progress was
followed by TLC. The reaction was allowed to gtr the allotted time and then filtered

through a porous frit. The silica was then washed with dichloromethane (20 mL) and
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volatiles were removed from the combined filtratessracuo The resulting residue was
taken up in O (2 mL) and filtered through @otton plug, which was then washed with

EtO (2 x 2 mL). The ED was then removad vacuoand an NMR spectrum was recorded

in CDCl. If impurities of aldehyde or ketone were remaining the resulting sample may be
passed through a small plug of silica ahated with ethyl acetate/ hexanes (1:5) to obtain
product with'H NMR spectra corresponding to the reduced product.

General Hydrogenation Procedure (GPB)iPBAC-BCy,H 2-7 (10 mg, 0.024 mmol, 10

mol %) and tritylBArF24 2-19 (27 mg, 0.24 mmol, 10 mol %) were placed in an oven dried

1 dram vial equipped with a magnetic stir bar. To this vial was added trifluorotoluene (0.6
mL) and the solution stirred for 5 min. Then the substrate was added as a solid, and the vial
equipped wih a septum and 16 gauge needle. This was placed into-bdPalbrwhich was

then assembled and removed from the glove box. In a fume hood, the bomb was placed on
a stir plate, and purged twice by pressurizing to 20 atmpdblidwed by careful release.

The bomb was subsequently pressurized to 20 atm. After the allotted time, the bomb was
carefully depressurized, disassembled, and the vials were removed. Solvent was removed
in vacuq conversion was ascertained ¥y NMR (comparison of starting material and
product, or triphenyl methane and product give values that agree). The amines were then

subject to appropriate purification.
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2.4.7Reduced Products

o
NC

4-cyanobenzyl alcohol2-143a). Following the general procedu(@PA) the reaction was
completed after 1 h using a 0.2 M solution and monitoring by TLC (ethyl acetate/ hexane

1:5) to afford the alcohol (58 mg, 87%).

OH

o
MeO

4-methoxybenzyl alcohol(2-16b). Following the general procedu(&PA) the reaction
was completed after 1 h using a 0.2 M solution and monitoring by TLC (ethyl acetate/

hexane 1:5) to afford the alcohol (59 mg, 86%).

OH

2-napthalenemethanol(2-16). Following the general proceduf&PA) the reaction was
completed after 1 h using a 0.2 M solution and monitoring by TLC (ethyl acetate/ hexane
3:7) to afford the alcohol (78 mg, 99%).

Ph " 0H
Cinnamyl alcohol (2-18). Following the general procedur¢GPA) the reaction was
completed after 1.5 h using a 0.3 M solution and monitoring by TLC (ethyl acetate/ hexane

1:5) to afford the alcohol (56 mg, 86%) after purification with a small silica plug.
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OH
o
2-phenyl ethanol(2-14¢). Following the general proceduf@&PA) the reaction was halted
after 6 h using a 0.2 M solution and monitoring by TLC (ethyl acetate/ hexane 1:5) to afford

the alcohol in a 1.5:1 ratio with the starting material as observed by NMirahte.

_Bn
HN

©%Me

N-Benzyk(1-phenylethyl)amine (2-22). Following the general proceduréGPB),
acetophenone benzylimii80 mg, 0.241 mmol) was added and stirred for 12 h. Crude
NMR indicated a 93% conversion. The reaction mixture was purified by column
chromatography on basic alumina (ethexanes 15:85 then ethyl acethtxanes 1:1) to
afford the title compound (28 mf§6% isolated yield).

H (300 MHz, CDCH): i 7-7.2B 6m,10H), 3.81 (g, = 6.8 Hz, 1H), 3.66 (AB d] = 13.7

Hz, 1H), 3.59 (AB d,)= 13.6 Hz, 1H) 1.61 (br. s, 1H), 1.36 (tk 6.6 Hz).

HN-Bn

N-benzyll-aminoindan (2-24). Following the general proceduréGPB) indanone
benzylimine (53 mg, 0.241 mmol) was added and stirred for 36 h. Crude NMR indicated a
65% conversion. The reaction mixture was purified by column chromatography on silica
gel (dicHoromethane to elute unreacted imine, followed by 5% MeOH/DCM to elute

product), affording the title compound (26 mg, 49 % isolated yield).
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'H (300 MHz, CDC#): i 7-7.36 Im,3H), 7.32 (t,J = 6.3 Hz, 2H), 7.26.17 (m, 4H),
4.29 (t,J=6.5 Hz, 1H), 3.93 (AB d] = 13.1 Hz, 1H), 3.89 (AB dl = 13.1 Hz, 1H), 3.09
2.98 (m, 1H), 2.842.78 (m, 1H), 2.4&@.40 (m, 1H), 1.9A.86 (m, 1H), 1.61 (br. s, 1H).

.PMB
HN

©%Me

N-4-methoxybenzyt(1-phenethyl)amine (2-26). Following the general procedure
(GPB), acetophenone-thethoxybenzylimine (58 mg, 0.241 mmol) was added and stirred
for 12 h. Crude NMR indicated a 83% conversion. The reaction mixture was purified by
dissolving in diethyl ether, adding 3 drops of concentrated sulfuric acid, extractingaghe eth
with water, making the combined aqueous extracts basic, and extracting the amine with
diethyl ether. Concentration vacuoafforded the title compound (31 mg, 53 % isolated
yield)

H (300 MHz, CDC}): 7.367.32 (m, 5H), 7.19ap. d,J = 8.6 Hz, 2H), 84 (ap. dJ = 8.6

Hz, 2H), 3.813.79 (m, 1H), 3.79 (s, 3H), 3.59 (AB d= 12.9 Hz, 1H), 3.53 (AB d] =

12.9 Hz, 1H) 1.58 (br s, 1H), 1.36 (= 6.6 Hz, 3H).
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Chapter 3: Bis(amino)cyclopropenylideneCarbene Borane Catalyzed
Imine Hydrogenation

Reprinted with permission froB. S. N. HuchenskiC. J. Christopherson, K. N. Robertson
and A. W. H. SpeedDrg. Biomol. Chem.2019 17, 6158 Copyright 2021 the Royal
Society of ChemistryThe manuscript haseen reformatted to match the thesis format, and
references and compounds have renumbered where appropriagec8abs headers have
been added.
Contributions to manuscript: All synthetic work in this chapter wasethout by B. S. N.
Huchenski, withthe following exceptionsboron fluorides3-19, 3-20, and 3-21 were
originally prepared by Cheyenne J. Christopherson, and subsequently scaled up by B. S. N.
Huchenskand reaction®, E, andF of Scheme 3.lvere conducted bpr. A.W.H. Speed
along with scalaup of starting material8-9 and 3-8a. The X-ray crystallography was
conducted byDr. Katherine N. RobertsoMass spectrometric data were acquired by Mr.
Xiao Feng (Mass Spectrometry Laboratory, Dalhousie University®. mauscript was
written by B. S. N. Huchenski ariar. A. W. H. Speed.
3.1lIntroduction

Adducts between carbenes and boranes have emerged as valuable tools in synthesis
over the past two decad¥s. These adducts have been employed as radical prectirsors,
and as hydroborating reagents for aryltésCarbene borane adducts also serve as
precursorsdr stabilized LewisAcidic borenium cationg® Borenium cations can function
as the Lewis acid component in frustrated Lewis gdiemd have been employed as
catalysts to hydrogenate imin&sMany borenium cations have been explored in this
context. Catior8-1 (Figure 3.1), reported by Stephan and-amrkers has particular high

activity in hydrogenatiomeactions'* Cation3-2, reported by Crudden, Eisenberger, and
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co-workers is active for hydrogenation of imines and quinolines at hydrogen pressures of
one atmospher®€. A series of chiral carbene borane adducts were investigated by Melen,
Crudden, Stephan, and -emrkers?® where combinations included an achiral carbene
combined with a chiral borane such38 or a chiral carbene combined with an achiral
borane such a%4. While observed enantiomerigaesses did not exceed 20 % for imine
reductions using these systems, this work provided an important benchmark for further
research in the field. Very recently, Fuchter andvookers reported the use 84 for

highly enantioselective imine hydrogenasoand hydrosilylations of cyclohexyl and
cyclopentyl imineg24’

Cl Cl Ph ® o

\
>=( N:\N\ —l BAr 20 /=\
Me/NVN\Me \N N\Ph Me/NVN‘Me
® 34 3-2 Z @ 3-3
B © B .
R 76:F G
\‘\‘
Stephan Crudden/Eisenberger Stephan/Crudden/Melen
s N
o (@)
7=(_7 {Pr iPr
Ny—~N—, _N N

|
iPr ® e iPr iPr
OB~y 34 ® 35 3-6
B
Cy”1°C Ph’ Pp

Stephan/Crudden/Melen/ Speed This work
Lindsay/Fuchter P \ J

Figure 3.1 Selected examples of borocations and carbene borane adducts used in imine
hydrogenation

Bis(amingcyclopropenylidene (BAC) carbenes were first isolated by Beraadd
co-workers>® building on a rich hi®ry of work on precursor compounds, most
predominantly by the groups of Weiss and Yoshifa!’ BAC carbenes are emerging as

organocatalysts in work pioneered by Gravel anevodkers, and subsequently by Anand
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and coworkers®©¢11811%egpite BAC carbenes being a distinct class of carbethey
have remained relatively underexplored as supporting ligandsranés. Bertrandndco-
workers reported a heteroleptic borocation, where one of the supporting ligands was a BAC
carbené?® Schneider and eworker reported an adduct between a BAC carbene and
triethylboranet?® Dudding and cavorkers reported an adduct between a BAC carbene and
boron trifluoride!?* Our group reported adducts of BAC carbenes with boran@nbo
trifluoride, and dicyclohexylboranes<5, Figure 3.1).122 Initial attempts to form a BAC
carbene adduct with-BBN resulted in decomposition, so dicyclohexylborane was chosen
for the practical reason that it led to a complex that did not decompose. Abstraction of the
hydride led to a borenium cation that was able to hydrogenate imines, however surprisingly
a different selectivity was noted than that exhibited by previous borenium-catalgzed
hydrogenations. Syste@5 was able to hydrogenate imines generated trenzylamine,
which are not hydrogenated by prior borenium cations. This paper discloses further efforts
to understand the origin of this different reactivity by exploring the substitution of other
groups on boron. We were especially interested in diagites as close surrogates of the
cyclohexyl group, and these efforts culminated in the synthesis of compeh(figure
3.1).
3.2Results and Discussion

In order to further our investigations of the chemistr3-& we first developed a
more efficient route to the requisite starting materials. Tetrachlorocyclopr@érie
commonly used for the synthesis of BAC carbene precugs8asand3-8b (Equation A,

Scheme3.1).
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clI” Ci

1) 5 equiv. iProNH {Pr lilpr

2) NaX/H,0/PPhy oo ~Pr
> ? A
® o

H X

3-7 X = BF 4(3-8a), BPh,(3-8b)
cl cl
18M KOH y/ B
cl cl cl” cl
cl” “cl
iProNEt
3-9 ----2.7"_3 decomposition c
1) iPrMgCl in THF . ,
cl cl 2)5 equiv. iPrNH éjpf élpf
H>Y<C' 3)NaBFyHOl o~ V Ser g
4.9 Cl  BF,
Cl ci 1) 5equiv. iPrNH ’iPr ilpf
H>Y<C' 2)NaBF/H0 o~ ~ipr ]
cl” ¢l 3-10 i@ )
39 Cl  BF,
cl ci 1) 5 equiv. iPrNH ilpr ilpr
H>Y<C' 2) NaBFy/H;0/PPh; o~ V ~iPr ;
ci” el 38a | 0O
3.9 H BF,

73% yield, 33g scale
Scheme3.1 Improved synthesis of a BAC carbene precursor
Tetrachlorocyclopropeng7 is in turn prepared from pentachlorocycloprop&ne
9, which is prepared from sodium trichloroacetatd trichloroethylené?® The conversion
of 3-9to 3-7 is effected by a hot aqueous solution of K@dj¢ation B, Scheme3.1), and
in our hands this reaction has proven to be capricious, with yields varying dramatically over

different scales and batches. We hypothesized that the elimination of

pentachlorocyclopropar9 to pentachlorocycloproper87 might be carried out usirgy
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milder base, possibly even in the same reaction vessel as the addition of the amine to form
compound3-8a. Addition of H¢gnigds base t3®ina sol u
dichloromethane resulted in rapid discolouration and decompoditpration C, Scheme

3.1). Use of the Grignard reagent isopropylmagnesium chloride in THF was also attempted
(Equation D, Scheme 3.1 We anticipated that the Grignard reagent could either behave
as a base to form3-7 or might conduct magnesium halogen exchargeetiuce the
pentachlorocyclopropane to trichlorocyclopropene. Attempts to is®latfeom treatment

of 3-9 with 1 equivalent of Grignard reagent were unsuccessful, however following the
Grignard addition with addition of diisopropylamine and aqueousisotBtrafluoroborate
resulted in the isolation &10 (Equation D, Scheme 3.1 Taylor and ceworkers have

shown substitutions can occur directly 8® rather than3-7,12* and Lambert and eo
workers have shown that chlori@el0 can be directly prepared from the combination of
pentachlorocyclopropang9 and an excess of diisopropylamirteg@ation E, Scheme
3.1).12>wWe accodingly attempted the direct replacement of tetrachlorocyclopropene with
pentachlorocyclopropane in the formation3e8a. Cautious addition of 5 equivalents of
diisopropylamine to a solution of pentachlorocyclopropa&s® in dichloromethane
revealed a delyed exotherm, however the reaction remained relatively colourless in
contrast to the attempted elimination3®to3-7wi t h H¢ ni gés base. Sub
of water, 1 equivalent of triphenylphosphine, and 1 equivalent of sodium tetrafluoroborate
allowed the isolation 08-8ain 73% yield on a 3§ram scale, revealing that a separate
elimination step to form tetrachlorocyclopropene is unnecessary for the formagdaof
Several other counterions can be introduced by replacing NaBthe corresponding

salts (NaPF NaBPh, NaBAr2g), however in our hands only the NaB&alt can be

deprotonated with butyllithium without decomposition.
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Compound-5 can be prepared as in our previously reported work, by combination
of the WeissYoshda reagent3-11°* and dicyclohexylborane in diethyl ethiéf. A
modified route to3-5 was also developed. Chlorid8-8c can be obtaied from
tetrafluoroborate3-8a by treatment with an ion exchange rediDirect formation of
chloride 3-8c by omitting sodium tetrafluoroborate from the reaction to f@&®&a was
complicated by the high water solubility of chlor@8&cprecluding an extractive isolation.
Treatment of chlorid8-8c with n-butyllithium afforded a white solid that was not sokibl
in pentan€® While this solid was not characterized, combination with dicyclohexylborane
also yielded3-8c, which is distinct from the reactivity of the free carbene with
dicyclohexylborané?? This route does not have any advantage over the aforementioned
route, however we include it since this alternate carbene transfer protocol to boron may be

of use to other exploring different carbene variants.

{Pr {Pr 1) n-BuLi T T
n-BuLi
N N N N
iPr” 7 SNiPr 2) Cy,BH iPr” \V/ ~iPr
—
3-8a H@ © Et;0 B@ 3-5
BF, ~bB<
Cy"1°C
y H y
84% yield
‘Pr {Pr
ion exchange N N
resin CI’ iPr” V iPr
3-11 ® ©
Li BF,

{Pr ‘Pr 1) n-BuLi
n-BulLi
N N N N
iPr” W/ NiPr 2) Cy,BH Pr” NiPr
—_—
® ®
3-8¢ = Et:0 o 3-5
H Cl c ’IIB\C
y H y
86% yield

Scheme3.2 Synthesis of comple3-5.



With reliable route to BAC carbene precur8e8aand dicyclohexyl compleg-5,
we initially sought to determine if the ability of compl&6 to hydrogenate benzylamine
derivedimines stemmed from the BAC carbene, the use of dicyclohexylborane, or an

interplay between both substituents.

Pr jPr 3-12 Pro P
N ) [CPhj]
iPro SiPro [BArF2
—_—
3-5 ® CDCly 3-13 o
B B BArF
C rd | \C / \
y~ L Cy
5 mol %
35+342 >98% conv.
24 atm H, 88% yield
3-14a 12 h, PhCF, 3-15a
10 mol % .Ph

3-5 + 3-12 HN
> trace
24 atm Hy Me  conversion
3-14b 12 h, PhCF3 3-15b
( > 10 mol % ( )
N

N
3-5+3-12 - >98% conv.
24 atm H, Me 63% yield
3-14c 12 h, PhCF; 3-15¢

Scheme3.3 Hydrogenation reactions witB5.

In our initial report, we only showed the activity &5 in the hydrogenation of
benzyl imines employing 10 mol % loading of add&d, with an equal amount of trityl
BArF,4 3-12 as a hydride abstraction agent to gerebairenium catioB-13in situ.!'? For
substrate-14a loading could be dropped to 5 mol % maintaining complete conversion to
amine 3-15a Hydrogenation of anilinelerived imine3-14b was attempted witl8-13,

however only trace conversion was observed, demonstrating that the-darived imine
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is a poorer substrate for this catalytic system. In addiBei8 was able to hydrogenate
enanine 3-14c with high conversion at 10 mol % loading. These three substrates of
different character would be used as points of comparison for subsequent catalysts that
were developed.

We subsequently turned our attention to the generation-8BNbadduct 6a BAC
carbene. We had previously reported th@BN adducts of BAC carbenes underwent
decomposition upon isolation. After subsequent experimentation, we found-Bi&tl 9
adduct3-16 could be generated upon the combinatioB-&f and 9BBN dimer in toliene
at room temperature fot h, followed by filtration and concentratiorB¢heme3.4).
Compound3-16 persisted in a solution of benzedgor chloroformd for several hours,
but gradually decomposed to an unidentified product, howa¥éiis stable for months as

a solid at35 °C under an atmosphere of dry nitrogen.

/Pr i /Pr { r
O V
—>
311 | Et,0 16 (@
Li  BF, % 84% yield
10 mol %

_PMB 10 mol %
N 3-16 + 3-12
>
/@)\Me 24 atm H, /@)\
- 12 h, PhCF
eO 3-14a 3

Scheme3.4 Generation of BBN BAC carbene addué16.

trace
conversion

3-16 + 3-12
0,
24 atm H, >98% conv.
3 14b 12 h, PhCF; 15b
3-15a

Adduct3-16 combined with trityl salB-12was able to hydrogenate aniline derived

imine 3-14b, but not paranethoxybenzyl amin8-14a, strongly implying that the unique
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ability of 3-5 to hydrogenate benzyl imines originated from the presence of the cyclohexyl
groupson bor on. As a further experiment, we
complex 3-1, an adduct between dicyclohexylborane and the corresponding
dichlorocarbene317, Figure 3.2).** This adduct was not active ihe hydrogenation of
benzylamine derived imin8-14a imine 3-14b, or enamine3-14c These results suggest

that the unique activity @-5 stems from an interplay between the dicyclohexylborane and
the BAC carbene. We hypothesize that the relatively latigggcoulk of the cyclohexyl
groups prevents catalyst inhibition by thenzylamine products. The relatively small size

of the BAC carbene allows catalytic activity to be maintained. Use of the larger carbene in
complex3-17 suppresses reactivity with tlogclohexylborane under the same pressure of
hydrogen. These observations suggested that variation of the R groups on boron may
uncover other changes in reactivity, so we subsequently explored addition to other boranes.
Thexylborane was combined with Weigeshida reagent generating add@et8a This

proved to be inactive in a hydrogenation3ef4awith either 1 or 2 equivalents of trityl

salt 3-12. In the same vein, use of diisocamphenylborane and Wesisida reagent
provided adducB-18b, however this s also inactive in the hydrogenation reaction of
imine 3-14aor enamine3-14c upon mixture with tritylBArf,4 3-12. This contrasts with

work of Melen, CruddenStephan, and eworkers, where an adduct of a carbene and

diisocamphenylboran&{3) was catalytically active, albeit with low enantioinductfén.
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317 3-18a 3-18b
Figure 3.2 Inactive borangfor the hydrogenation @&-14a

At this point, our attention turned to the use awybstituents on the boron. Work
by the Stephan group showed an adduct of a carbene and Piers borane underwent an
intramolecular @H activation?* but this compound was not explored in a hydrogenation.

In another examplérom Stephan and eworkers, an intramolecular cyclization of a
carbeneborane led to a planar carbene diarylborane addu@atalytic activity of this
complex was not disclosed in that communication.

We anticipated an adduct of 8AB carbene and diphenylborane would have the
closest steric profile to the dicyclohexylboron adducts we had previously prepared, while
introducing an electronic difference. Unfortunately, the preparation of uncomplexed
diphenylborane is not well documenf&dwhich complicated an envisioned preparation
of the desired BAC carberimrane adduct through combination of the borane and Weiss
Yoshida reagear3-11. We sought an alternate route to access this scaffold that would not
require use of the free borane. Gabbai andiakers pioneered a formation of carbene
supported borenium cations through combination of a carbene and dimesitylboron fluoride.
Rather than use hindered dimesitylboron fluorifleie sought to perform a complexation
with diphenylboron fluoride 3-19 to maintain a similar steric profile to the

dicyclohexylborane we had previoyslsed:??
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The preparation of diphenylboron fluoride by direct addition of an organometallic
to boron trifluoridediethyl etherate complex is not a reliable transformaiéwe decided
to investigate thase of diphenylborinic acig-20as a precursor to diphenylboron fluoride,
reminiscent of Wagner andwoor ker sd appr oac hScheme3f)it*ar yl ha
We anticipated conversion to the known potassium difluoroborat8-24ltfollowed by
fluoride abstraction may provide a convenient routepbelylboron fluorid&-19. Ito and
cowor ker s o previously reported procedur e
phenylmagnesium bromide to triisopropylborate followed by hydrolysis provided
diphenylborinic acid3-20. Conversion of this to a potassium diflubovate was readily
achieved by treatment with potassium bifluoride. CompaoB+2d has been previously

reportedand is a nofhygroscopic akstable white solid*°

OH ®
. FO F
MgBr  B(oiPr), & KHF, g K
THF ©/ \© MeOH ©/@\©
HCI workup 320 321
F\ /F K® ||:
B TMSCI B
_—
3-21 3-19
{Pr {Pr
iPr iPr N N
N N 3-19 FBPh, iPr” ~iPr
. . _—
iPr- V SiPr Et,0 ®
322 OB, 3.23
Ph” 1 Ph
F
{Pr {Pr {Pr {Pr
N N N N
iPr- SiPr 3-19 FBPh, iPr” ~iPr
------------ D
CNC Tol. or Et,0 ®
311 U5 o 3-23
4 Ph” 1 Ph
F
not formed

Scheme3.5 Synthesis of diphenylboron fluoride and initial complexation studies with a
BAC carbene

59



Upon exposure to TMSCI in THF solvent, formation of diethyl ether soluble
diphenylfluoroboranes-19 was observed in 77% yield®F and*B NMR spectroscopy
corroborated the formation of this compound. Upon mixture of comp8tir&iwith free
carbene-22, we observed formation of a new product, ad@28 by NMR spectroscopy.

This reaction was conducted on a milligram scale, and a yasdwat measured. On a small
scale, the preparation of free carbéh22 consistently gave low yields relative to the
formation of Weissyoshida reagenB-11, so we wished to ascertain if the overall
efficiency of the synthetic sequence could be improvedidigg 3-11 rather than free
carbene3-22. Exposure of diphenylfluoroborargel9 to 3-11 resulted in formation of a
complex mixture. After these somewhat discouraging results, we explored the direct
reaction of3-11 with potassium fluoroborinatg-21in the anticipation that elimination of

a metal fluoride and metal tetrafluoroborate coulovaformation of complex-23. Sods,

P4pai and covorkers have previously demonstrated addition of aryl Grignard reagents to
trifluoroborate salts to form carbon boron bofhtisGratifyingly, mixture of these two

compounds resulted formation of adducB-23 (Scheme3.6).
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Scheme3.6 Formation of BAC complex directly from potassium difluoroborinated x
ray crystal structure @&-23.

A crystal of compoun®-23 was grown from cold toluene. An-dMy diffraction
study of this crystal confirmed the structure323. We investigated the substitution
chemistry of the fluoride in adduct3-23 (Scheme 3.7). Treatment with
dimethylchlorosilane resulted in the predominant formation of hy@ifié*? Trituration
allowed the purification of hydrida-6. *H NMR spectra confirm the presence of &HB
bond. A block shaped crystal 8f6 was grown from cold toluene, andrdy analysis
confirmed the structure of hydride6. In addition, a small plate shaped crystal was noted
in one of the batches. This crystal was also able to diffract, and was revealed to be chloride
3-24, the alternatesubstitution product from treatment with dimethylchlorosilane.
Treatment of3-23 with 2 separate doses of dimethylchlorosilane with removal of volatiles
in between the additions suppresses formation of this product. ChR®édecould be

deliberately prpared in essentially quantitative yield by treatment of fluoB&3 with
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chlorotrimethylsilane. The use of triethylsilane or diphenylsilane to conduct the metathesis

of fluoride 3-23to hydride3-6 and avoid the formation &24 was unsuccessful, howave

the more expensive triphenylsilane was able to effect this transformation.
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Scheme3.7 Transformation of addu&-23.

With hydride3-6 in hand, we investigated its use in hydrogenation. Combination of

adduct3-6 and trityl BAr"24 3-12in dry chloroformd resulted in changes in thid and*'B

NMR spectra characteristic of the formation of a borenium c&ti®5(Scheme3.8). The

observed chemical shift of +64.5 ppm

agrees well with Gébba obser ved

of +65.9 ppm for diaryl borenium cati@26.
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Exposure of a mixture of borenium s&t26 and tricyclohexyl phosphine to
hydrogen gas in trifluorotoluene resulted in the reformation of boron hy8r&glend
formation of the protonated phosphine, showing that compi2x was able to activate
hydrogen® Unfortunately, a combination &6 and trityl BAr»4 3-12 in trifluorotoluene
was unable to effect the hydrogenation of im#g4a imine 3-14b, or enamine3-14¢
with only trace conversion observed under the standard reaction conditions. Based on these
results, compoun@-24 is not an effective hydrogenation cgttl under the conditions
screened. A summary of the reactivity of activated bora+te8-16, and3-6 with the three
substrate classes explored in this study is includ&tieme3.8. We hypothesize that the
reduced steric demand of the phenyl groups ecases the catalystos
poisoning by Lewis bases such as the substrates, or amine reduction products. Supporting
this hypothesis, catioB-25 was generated and mixed with imi@el4ain chloroformd
(Schemed.9). The!H NMR spectrum reveatl perturbations in the chemical shifts of the
imine (and possible formation of Z and E isomers), and appearance of a broad signal at
1.77 ppm in thé’B NMR spectrum. This provides evidence for the formation of an adduct.
Conversely, mixture of catio®13 and imine3-14aresulted in minimal perturbations of

theH NMR spectrum, indicating this Lewis pair remained frustrated in chloretbrm
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Scheme3.8 Borenium cation formation, and hydrogen activation
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Scheme3.9 Adduct formation with imine and borocati826.
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Given the poor performance of compl®&26 in comparison with both the
dicyclohexylborane addu@-5 and 9BBN adduct3-16, we did not explore other aryl
variants with this catalyst in this investigation.

The prospects for boreniubased hydrogenation edysts must be tempered by
consideration of competing technologies. Precious metal andrietaécatalysts generally
function at far lower loadings, which obviate any cost savings posed by not using precious
metals in the borebased catalysts. A numbef mew chiral boranes have proven to be
highly efficient and enantioselective hydrogenation catalysts as FLP comp&iéfis.
addition, earth abundant systems for asymmetric imine hydroboration, including
asymmetric examples, avoid the use of pressurizegegut altogether for smadicale
reduction reaction&2’

3.3 Conclusion

We have provided evidence that the unique activity of BAC carbene
dicyclohexylborane adducts in hydrogenation reasti@tems specifically from the
combination of cyclohexylborane and the BAC carbene. We further developed a
preparative route to make diphenylborane adducts of a BAC carbene via the flandde,
showed that a borenium cation derived from this entity showms peactivity as a
hydrogenation catalyst for imines. While borenigatdyzed imine hydrogenations are not
currently competitive with existing technologies for hydrogenation, the work presented in
this manuscript provides new avenues for the synthesiBA& carbene supported
diarylboron compounds. In addition, we present a practical improvement in the synthesis
of the precursor to the most commonly used BAC carbene, which will be of use to synthetic

chemists working in this area.
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3.4 Experimental

3.4.1General Considerations

Boron compounds, carbene complexes, imines, trityl salts and solvents were dispensed in
a 2001 issue IT Glovebox (B levels are approximately 3ipm on average). Carbene
complexes and precursors were prepared in oven ddead scintillation vials equipped

with magnetic stir bars and green Qorpak® PTFElined caps. Hydrogenations were carried
out in 1dram scintillation vials equipped with a magoedtir bar and septa caps pierced
with a needle were screwed on. All reactions were conducted at ambient temperature unless
otherwise statedH, !B, 1°F and*C NMR data were collected at 300K on either a Bruker
AV-300 or AV-500 spectrometer'H NMR spetra are referenced to residual non
deuterated NMR solvent from the sampleH€= 7.16 ppm, CHGI= 7.26 ppm, CECN

=1.94 ppm)*3C NMR spectra are referenced to deuterated NMR solvent from the sample
(CeDs = 128.06 ppm, OClz = 77.16 ppm, ©OsCN = 1.32 pm or 118.26 ppm)Mass
spectrometric data were acquired by Mr. Xiao Feng (Mass Spectrometry Laboratory,
Dalhousie University).

3.4.2Solvent Purification

Ether was purchased as anhydrous >99% ACS grade from Sigma Aldrich and stored over
3A molecular sieves umd nitrogen.

Trifluorotoluene was purchased as anhydrous >99% ACS grade from Sigma Aldrich and
dried over 3A molecular sieves under nitrogen.

Pentanewas purchased in a drum as ACS grade from Fisher, sparged with N2 and stored
over 3A molecular sieves undeitrogen.

Dichloromethanewas distilled from calcium hydride under nitrogen.
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Tetrahydrofuran was distilled from a purple sodium benzophenone mixture under
nitrogen. The solvent was stored over 3A molecular sieves under nitrogen.
3.4.3Reagents for Synthesis

Imines were prepared according to literature procedties.

Dimethylchorosilanewas purchased from Sigma Aldrich and used as received
Chlorotrimethylsilane was purchased from Sigma Aldrich and distilled before use.
Pentachlorocyclopropanewas prepared according to alédtire procedurt?®
[Ph3C][BAr F24] (3-12) was prepared according to literature procedtires.
iPrBAC-BCy2H (3-5) was prepared according to previously reported methdds.
iPrBAC-LiBF 4(3-11) was prepared according to previously reported metffods.
iPrBAC-HCI (3-8c)was prepared according to previously reported metfrods.
Tricyclohexylphosphine was purchased from Oakwood Chemical andestounder
nitrogen.

Boraneswere prepared according to literature procedti®s®

3.4.4Synthetic Procedures

{Pr {Pr
N N
iPre V NiPr
H® S

BF,

iPrBAC-HBF4 (3-83). Caution: the following reaction is exothermic and undergoes a
delayed exotherm. Use of oversized glassware and a condenser is recommended. This is
the largest scale upon which we have conducted the reactiorntnack 2 L flask equipped

with a reflux cowlenser, pentachlorocyclopropane (30 g, 0.14 mol) is dissolved in 400 mL
dichloromethane, under ambient atmosphere. The mixture is cooled in an ice bath, and
diisopropylamine (98 mL, 0.70 mol, 5 equiv.) is added over 5 min with stirring. A copious
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precipitde formed, and the reaction turned a pa#ow colour. Heating of the reaction
mixture to reflux was observed around the end of the addition of base, despite the use of an
ice bath. The reflux subsided after several minutes. The cooling bath was abhodeszy
naturally, and the reaction was stirred for 16 h. After this time, the reaction was an amber
colour. To the reaction was added 100 mL deionized water, then triphenylphosphine (36.7
g, 0.140 mmol, 1 equiv.). Solid sodium tetrafluoroborate (15041, mmol, 1 equiy was

added, and the biphasic reaction was stirred vigorously for 12 h. The aqueous layer is
colourless and cloudy in appearance. After the completion of 12 h of stirring, the layers
were separated. The organic layer was washed witmlO6f deionized water containing

12 grams of sodium tetrafluoroborate. The amber organic layer was dried e®uNa
filtered, and concentrated to give a brown oil. To this residue was added 100 mL of diethyl
ether, which caused it to solidify. The diethyl ether was remowveacuo The residue was
slurried in 30 mL of a 2:1 mixture of diethyl ether and isopropamal fdtered. The solid

filter cake was washed with»>2100 mL cold diethyl ether, then driéd vacuoto afford

33g (0.120 mol, 73% yield) of compoun®rBAC-HBF4 (3-84) as an offwhite solid.
Spectral data were in agreement with literature vatties.

H (500 MHz, CDC#):4 7. 42 (s, J:6l§Hz2H),3.851s,])€ 6.6Hz 2H),

1.4 (d,J = 6.6 Hz 12H), 1.37 (d, 12H, = 6.6 Hz 12H).

{Pr {Pr

N N
iPr- \V/ NiPr

® o

Li cCl

iPrBAC-LICl . iPrBAC-HCI (412 mg, 1.509 mmol, 1 equiv.) was added to an oven dried 4
dram vial equipped with a magnetic stir bi@rBAC-HCI was suspended in diethyl ether
(8 mL) and the slurry was cooled 485 °C. A solution oh-BuLi in pentane (2.5 M, 0.6

68



mL, 1.5 mmol) was added drepise with stirring. The reaction briefly clarified, and then
became turbid again with a beige coloueoa 16min period. After 20 rm, volatiles were
removedn vacuo The resulting solid was then washed on a frit with pentane (3 x 5 mL)
and driedn vacuoto obtainiPrBAC-LICl as a white powder, (363 mg, 1.3 mmol, 86%).

{Pr {Pr
_N N

V SiPr
®
©

C’[IB\C
y"\ Cy

iPr

iPrBAC-BCy2H (3-5). iPrBAC-LIiCI (55 mg, 0.197mmol) was placed in an oven dried 4
dram vial equipped with a magnetic stir k&tBAC-LiCl was then suspended in ether (3

mL) and the solution was cooled-&8b °C. Then dicyclohexylborane (35 mg, 0.197 mmol)
was added in one portion to the resulting suspension and stirred for 1 h. The solution was
filtered with a 3micron syringe filter ad ether rinse (2 x 1 mL). Volatiles were removed

in vacuoresulting in the title compounidPrBAC-BCy2H (3-5) as a beige solid (70 mg,
0.169 mmol, 86%). Spectral data was in accordance with previously reportééf data.

IH (500 MHz, CDCH):ti 4. 01 ( br Js13Hg PH), 1.604m, 88, 1.81d(d]

= 6.5 Hz 24H), 1.17 (m, 8H), 0.83 (m, 4H), 0.44 {t= 10 Hz 2H).

118 (1605 MHz, CDCh): ti-12.11 (d,J = 74 Hz).

{Pr {Pr
N N

iPre V SiPr
®
©

“A;H(
iPrBAC-BH2Thex (3-18a). iPrBAC-LiBF4 3-11 (212 mg, 0.6 mmol) was weighed in an

oven dried dram vial equipped with a magnetic stir bar. Toluene (5 mL) was then added
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and the slurry was cooled #85 °C. Thexylborane (0.6 mL, 0.6 mmol, 1 M toluene) was
added slowly to the slurry and a white ppgtgite formed after 3 min. The slurry stirred for

1 h and then volatiles were removiedvacuo Dichloromethane (3 mL) was then added to

the crude material and the mixture was filtered on a fine porous frit containing celite and
the celite was washed fughwith dichloromethane (3 x 3 mL). Dichloromethane was then
removedn vacuoresulting in the title compoun®rBAC-BH,Thex3-18aas a beige solid

(166 mg, 0.496 mmol, 83%).

'H (500 MHz, CDC#): . 4. 07 (br s, 4H)Y56.71Hz 248), 0(88x(d, 1 H) ,
J=6.6 Hz 6H), 0.74 (s, 6H).

13C {1H} (1258 MHz, CsDe):ti 142, 50.2, 39.6, 28.9, 21.38,
118 (1605 MHz, CDCh): i-21.3 (t,J = 82 Hz).

HRMS (APCI): ¢ a | ¢ 6 dHssBNoNa [MCH Ng* 357.3412; Found: 357.3403

Pro P
N N

iPr” \V/ SiPr
®
©

7
\‘\‘\

iPrBAC-BipczH (3-18b). iPrBAC-LiBF4 3-11 (327 mg, 0.925mmol) was placed in an

W

oven dried 4dram vial equipped with a magnetic stir b&##PrBAC-LIBF4 3-11 was
dissolved in ether (5 mL) and the solution was cooled -8 °C. Then
diisocamphenylborane (26#g, 0.925 mmol) was added in one portion to the resulting
suspension and stirred for 1 h. Ether was then remowestuoand the residue was taken

up in kenzene (4 mL) and filtered on a fine frit. The collected solids were washed with
benzene (3 x 3mL) and volatiles remowedacuoresulting in the titlePrBAC-Bipc.H 3-

18bas a beige solid (415 mg 0.794 mmol, 86%).
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H (500 MHz, CDC#): i 4. 04 (2.6 (m,9H), 20H(n,, 2H), 1.87 (m, 4H), 1.76

(M, 4H), 1.58 (m, 4H), 1.33 (m, 24H), 1.13 (s, 3H), 1.1 (s, 3H), 1.10 (s, 3H), 1.09 (s, 3H),

1.0 (d,J = 7.1 Hz, 3H), 0.75 (d] = 7.1 Hz, 3H).

13C {H} (1258 MHz, CDCk):i 143, 50. 7, 430925 39.6438.0,34,2, 43 . 4
33.6, 33, 28.7, 24.5, 23.1, 22.8, 21.7.

11B (1605 MHz, CDCh): {i-9.7 (d,J = 73 Hz).

HRMS (APCI): ¢ a | ¢ 6 #HsBNo [M + 8]* 523.5157; Found: 523.5156

{Pr {Pr
_N N

®
OB~y

iPr ~SiPr

iPrBAC-(9-BBN) (3-16). iPrBAC-LiBF4 3-11 (200 mg, 0.566 mmol) was weighed in an
oven dried dram vial equipped with a magnetic stir bar followed HEN (69 mg, 0.566
mmol. Toluene (3 mL) was added in one portion to the solids and the slurry stirred for 1 h.
The slurry was théltered on a fine porous fit and the solid was washed further with toluene
(5x 1 mL). Toluene was then removad/acuoand the residue was triturated with pentane
until a solid beige powder formed. The resulting solid was washed with pentane by
decantig (2 x 1 mL) and then remaining volatiles were remawegacuoresulting in the

titte compoundPrBAC-(9-BBN) 3-16 as a white solid (118 mg, 0.329 mmol, 58%).

IH (500 MHz, CDCH): U 4 . G,8H)(187 (m, 4H), 1.7 (m, 4H), 1.7 (m, 2H), 1.6 (m,
6H), 1.31 (dJ = 6.9 Hz 24H), 1.15 (m, 2H).

13C {14} (1258 MHz, CDe¢):i 143, 50.4, 37.0, 33.7, 26.8,
118 (1605 MHz, CDCL): ti-16.3 (d,J = 75 Hz).

HRMS (APCI): ¢ a | ¢ 6 gHBNe [M + 8]* 359.3592; Found: 359.3587
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SA®
Boron diphenylfluoride (3-19). Under a nitrogen atmosphere, potassium
diphenyldifluoroborate3-21 (0.967 g, 3.99 mmol) was dissolved in THF (10 mL). TMS
CIl (0.5 mL,3.99 mmol) was added dropwise. The reaction was stirred at room temperature
for 2 h, and the solvent was removed under reduced pressure. In the glovebox, the product
was extracted with ether, filtered, and the filtrate was concentrated to afford digiveny
fluoride 3-19 as an offwhite solid (0.565 g, 3.07 mmol, 77% yield).
118 (966 MHz, CDCk):ti 43. 8 (s) .

19F (2824 MHz, CDCL): ti-73.6 (s).
FoF
B
SR®

K@
KF2BPhz (3-21). A 1.47 M solution of phenylmagnesiumnomide in tetrahydrofuran (37.4
mL, 55 mmol, 1 equiv) was cooled td’Q, and triisopropy! borate (6.34 mL, 27.5 mmol,
0.5 equiv.) was added over 30mnA light-yellow precipitate formed. The solution was
stirred at ambient temperature for 16 h, aftéiolh time 55 mL of 1N aqueous HCI was
added. The layers were separated, and the organic layer extracted with diethyl ether. The
combined organic layers were dried over.8@&, concentrated, and the oily colourless
residue was used directly in the next teat The residue was dissolved in 80 mL
methanol, cooled to 8C, and KHE (8.6 g, 110 mmip 2 equiv) was added. The cloudy

solution was stirred for 1 h, then volatiles were removed. The residue was taken up in 100

mL of acetoneand filtered. The filtrag was concentrated, and the residue was slurried in
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50 mL diethyl ether and collected by suction filtration affording the title comp82idhs
a white powder (10.2 g, 42 mmol, 76% vyield over 2 steps).

1H (300 MHz, CRCN): Ui 7.42 (m, 4H), 7.12 (t, 4H), 7.02 (m, 2H).

13C {1H} (755 MHz, CDsCN): 1132 (t,J = 3.8 Hz), 127, 125.

19F (2824 MHz, CDsCN): i -159.

118 (963 MHz, CDsCN): 1i 7.29 (t,J = 66 Hz).

{Pr {Pr
N N
- NiPr
®
©

B<
Ph” I™Ph

iPr

iPrBAC-BPhzF (3-23). iPrBAC-LiBFs 3-11 (300 mg, 0.848 mmol) and potassium

difluorodiphenylborate (205 mg, 0.848 mmol) were weighed into an oven ddiesvial

equipped with a magnetic stir bar. Ether was added to the solids and the slurry was stirred

overnight. Solvent wagmovedn vacuoand the product was taken up in toluene (3 mL).

The slurry was then filtered through a fine porous frit filled with celite. The celite was

washed with toluene (4 x 3 mL) and the resulting toluene was renowvaduoto obtain

the title conpoundiPrBAC-BPheF 3-23 as a beige solid (307 mg, 0.730 mmol, 86 %).

IH (300 MHz, CDCH): i 7.38 (m, 4H), 7.22 (m, 4H),

(br s, 24H).

13C {IH} (755 MHz, CDCk): i 1 3 ®=5(Hm),, 133 (d) = 3Hz), 127, 12551.1, 21.0.
19F (2824 MHz, CDC): 1i-192.

118 (963MHz, CDCk):ti 2.6 (br s).

HRMS (ESI): c a | ¢ 6 dHzsBFdNaNa [ + Ng* 443.3004; Found: 443.3011
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{Pr {Pr
N N

iPro W/ NiPr
© B@
Ph’lli\Ph
iPrBAC-BPhzH (3-6). iPrBAC-BPhF 3-23 (464 mg, 1.10 mmol) was placed in an oven
dried 4dram vial equipped with a magnetic stir bar and then dissolved in dichloromethane
(5 mL). Chlorodimethylsilane (0.12 mL, 1.10 mmol) was added to the suspension and
stirred overnight. Volatiles were removéad vacuoand the product was taken up in
dichloromethane (5 mL) and chlorodimethylsilane was added once more (0.24 mL, 2.20
mmol, 2equiv) to stir overnight. Volatiles were removédvacuoand the residue was
triturated with pentane to obtain a beigdéicsas the titte compound®rBAC-BPhH 3-6
(409 mg, 1.01 mmol, 92%)
IH (300 MHz, CDC#):ti 7.26 (m, 4H), 7.16 (m, 4H),

(br g, BH) 1.24 (br s, 24H).

'H (500 MHz, GDe): 7. 78 (d, 4H), 7.41 (t, 4H), 7.

4H), 0.88 (br s, 24H).

13C {1H} (755MHz,CDCk):ti 140, 134, 127, 124, 50.7,
118 (96.3 MHz, CDCh): i-14.7 (d,J = 81 Hz).

HRMS (ESI): c a | ¢ 6 dHzsBNaNa [MC+ Ng* 425.3099; Found: 425.3109

{Pr {Pr
N N
- NiPr
®
©)

B<
Ph” 1 Ph
Cl

iPr

iPrBAC-BPh2Cl (3-24). iPrBAC-BPhF 3-23(100 mg, 0.238 mmol) was placed in an oven

dried 4dramvial equipped with a magnetic stir bar and dissolved in dichloromethane (3
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mL). Trimethylchloosilane(0.06 mL, 0.476 mmol, 2quiv) was added to the solution and
stirred overnight. Volatiles were removedvacuoand the product was triturated with
pentine to obtain a beige solid as the title compatnBAC-BPhCI 3-24 (102 mg, 0.233
mmol, 98%)
H (300 MHz, CDC¥):i 7. 40 (m, 4H), 7.18 (m, 4H),
(br s, 24H).
13C {!H} (755MHz,CDCk):i 139, 134, 21427, 125, 51.1,
1B (963 MHz, CDCk): 1i-1.28 (br s).
HRMS (ESI): ¢ a | ¢ 6 #H3sBN2 [M - Cl]* 401.3123; Found: 401.3127

of of

r=(

~Ny—N-~
Me @\B(&) Me

Cy’,{ny
CI-NHC-BCy:zH (3-17). Dichlorodimethylimidazoliumodide (151 mg, 0.515 mmol) was
weighed into an oven dried dram vial equipped with a magnetic stir bar. Potassium
hexamethyldisilazide (108 mg, 0.541 mmol, 1e@biv) and dicyclohexylborane (151 mg,
0.515 mmol) were then added to the vial and coae83 °C and a separate vial containing
tetrahydrofuran (5 mL) was also cooled-8 °C. The tetrahydrofuran was added in one
portion to the vial containing the solids and the reaction was left to stir overnight. Volatiles
were removedh vacuoand the rsulting solid was taken up in pentane (3 mL) and filtered
over celite. The resulting celite was washed with pentane (4 x 3 mL) and the pentane was

removedn vacuo The resulting solid was triturated with pentane to afford the product ClI

NHC-BCy»H 3-17 (148 mg, 0.431 mmol, 84%)
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IH (500 MHz, CDC#):ti 3. 82 (s, 3H),J=33Hz2H), 1863 (m, BH),) ,
1.17 (m, 8H), 0.77 (m, 4H), 0.64 (m, 2H).

13C {H} (1258 MHz, CDCk):i 116, 115, 35.8, 36.8, 34.
11B (1605 MHz, CDC): ii-12.6 (d,J = 79 Hz).

3.4.5Borenium lon Generation, Hydrogen Activation and Coordination Studies

{Pr {Pr {Pr {Pr
N N [CPh3] N N
Pr” V NiPr [BArF24] Pr” V NiPr
——
o ® - HCPhs ® o o
Ph T Ph pr S pn BAT
H

Formation of Borenium Cation [iPrBAC-BPh][BAr F24 3-25 in situ from trityl
BArF24. In a gloveboxjPrBAC-BPhH 3-5 (15 mg 0.037 mmol) and trityl BAss 3-12 (41
mg, 0.037 mmol) were placed in an oven driedtdm vial. The solids were dissolved in
CDCls (approx.1 mL) and the solution was transferred to a standard NMR tube and NMR
spectra were acquired after 15 min.

Diagnostic NMR Data:

1H (500 MHz, CDCH):ti 5. 56 3H),3.99 (skpt) =B Hz, 2H), 3.68 (s,)= 6.7
Hz, 2H), 1.30 (d,J = 6.7Hz, 12H), 1.00 (d,J = 6.7Hz, 12H).

11B (1605 MHz, CDCk): U 6 4%), 5.6 (BB 24).

iPrBACBH 2Thex pyridine trityl addition: In the glovebox, iPBAC-BH2Thex 3-18a
(12.5 mg, 0.0373 mmol) was weighed into adrhm vial and the solid dissolved in

chloroform (1 mL). Pyridine was added (3 drops) followedrityl BArF24 3-12 (41 mg,

1.

4,

0.0373 mmol). The use of pyridine was necessary to maintain homogeneity in this solvent.

The sample was then transferred to an NMBet which was sealed with a standard cap

and Teflon tape. The mixture analyzed usidgand'!B NMR spectroscopy. The solution
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was then transferred back into thdram vial and another equivalenttdfyl BArf,, 3-12

(41mg, 0.0373 mmol) was added. The sample was then transferred to an NMR tube once
more and analyzed usirtgl and!'B NMR spectroscopy. No change in the key chemical
shifts was observed, indicating a second hydride abstraction did not occur under these
conditions. In addition, no increase in the amount of triphenylmethane was observed, as

further evidence a second hydride abstraction did not occur.

iPr iPr iPr iPr
N N N N
iPr’ NiPr PCys iPre V NiPr ch?c
? —_— y3
B@ %DA . 24 atm H, o B® * o
Ph” " Ph 'V 24 18h, PhCF, Ph” 1 ~Ph BArFy,

Hydrogen activation with [iPrBAC-BPh2][BAr F24] 3-25 and PCys: In a glovebox,
iPrBAC-BPhH 3-6 (15 mg 0.037 mmol) and trityl BA#4 3-12 (41 mg, 0.037 mmol) were
weighed into an oven drieddram vial. In a separate vial, tricyclohexylphosphine (10.5
mg, 0.037 mmol was weighed and equipped with a magnetic stir basolids in the vial
containingiPrBAC-BPhH 3-6 and trityl BAr24 3-12 were dissolved trifluorotoluene
(approx.0.3 mL). The solution was transferred to the vial containingsR@g the previous

vial was washed with trifluorotoluene (0.4 mL). The vial veéssed with a septa cap
pierced with a needle. The vial was then paced in a parr bomb and pressurized with 10 atm
of Ho. The mixture was stirred for 18 h and was then brought back into the glove box and
11 drops of deuterated benzene were added. Theosoluas transferred to a standard
NMR tube and NMR spectra were acquired.

Diagnostic NMR Data:

1H (500 MHz, GDe): i 5. 3 7 3CH),3.61(br 5, 4HP,10.98 (br s, 24H).

118 (160.4 MHz, GDe): U-6.1 (BAr24), -14.2 (d,J = 74Hz).
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31p (2025 MHz, CsDg): I 3 1= 45@Hz).

Imine complexation reactiors. iPrBAC-BCy-H 3-5 (15.5 mg, 0.0373 mmol) oPrBAC-

BPhH 3-6 (15 mg, 0.0373 mmol) was weighed into dram vial along wittrityl BAr 74

3-12 (41 mg, 0.0373 mmol). Approximately 1 mL of chlorofechwas used to dissolve

the solids and the solutions were left for 2 min. Infa4a (10 mg, 0.0373 mmol) was

then added in one portion and the resulting solution was transferred to an NMR tube and

aralyzed using'B and*H NMR spectroscopy.

{Pr {Pr
PMB
N N -
iPr’ NiPr N
® — > No adduct formation
© + Me
_B._ BArF?
Cy~ Cy MeO

For dicyclohexylboron addu@-5, minimal perturbations in the spectra were observed
upon imine addition. While the borenium peak is not well defined it‘BeNMR, the
inequivalent signals of the methane signals of the isopropyl peaks on the BAC scaffold,

which are consistent with bareim 3-13 persist. (Seehapter Zor dataof 3-13).

’LPr lilPr
{Pr {Pr PMB Pr” NiPr
PN N<p N~ ph. | @ BArF24
iPr iPr . I B ® OME
® (S ” Me Ph ® °N°
_B._ BAF
Ph Ph MeO Me

With 3-12, significant perturbations in tHel and*!B spectra are observed, which we take
as evidence of formation of a Lewis adduct.

3.4.6General HydrogenationProcedure and Reduced products

iPrBAC-BR2H (0.02 mmol, 10 mol %) and trityl BA#4 3-12 (22 mg, 0.02 mmol, 10 mol

%) were placed in an oven driedidam vial equipped with a magnetic stir bar. To this vial
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trifluorotoluene (0.2 mL) was added and the soluttirred for 2 min. Then substrate was
added (0.2 mmol) as a solid and then the solution was diluted with trifluorotoluene (0.1
mL) or a solution of the substrate (0.1 mL, 2M) was added, and the vial equipped with a
septum cap and igauge needle. Vialerere placed into a Pabomb which was then
assembled and removed from the glove box. In a fume hood, the bomb was placed on a stir
plate, and purged seven times by pressurizing to 20 atrp follblved by careful release.

The bomb was subsequently presza to 24 atm. The parr bomb was left on the stir plate
over night and then was carefully depressurized, disassembled, and the vials were removed.
CDCl; (approx. 0.5 mL) was added and conversion was ascertainetH byMR
(comparison of starting materialéproduct, or triphenyl methane and product give values
that agree). The solvents were then remavedacuoand the crude material was then
subjected to column chromatography with a gradient of 2.5% to 100% ether to hexanes as
needed!H NMR data was theacquired of the amine products.

.PMB
HN

o
MeO

N-(4-methoxybenzyl}(1-(4-methoxyphenyl)ethyl)amine (3-158). 48mg, 0.177mmaol,
88%

IH (300 MHz, CDC}):ti 7.25 (m, 2H), 7.18 (m, 2H), 6.
3H), 3.77 (s, 3H). 3.74 (d,= 6.6Hz, 1H), 3.55 (ab g, 2H), 1.53 (s, 1H), 1.32 {d= 6.6

Hz, 3H).
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-Ph
HN

©%Me

N-Phenyk(1-phenethyl)amine(3-15b). 0.172 mmolas determined by ferrocene internal
standard = 85% yield.
'H (300 MHz, CDC$):4 7.34 (m, 2H), 7.29 (m, 2H),

1H), 6.50 (d, 2H). 4.47 (§,= 6.7Hz, 1H), 3.99 (s, 1H), 1.49 (d,= 6.7Hz, 3H).

®

N

©%Me

1-(1-Phenylethyl)pyrrolidine (3-159. 22mg, 0.123 mmolsolated yield 63%

IH (300 MHz, CDC¥): i 7. 31 ( m, J=56:6Hz, 1HR 2.3 {m, BH), 2.37 (m,

2H), 1.75 (m, 4H), 1.39 (d) = 6.6 Hz, 3H). Several impurities were noted in this
compound, which were not readily removed by column chromatograpls/pfioduct was

also somewhat volatile complicating isolation. In a separate procedure, 0.5 mL of a 0.1
molar solution of ferrocene was added directly to the reaction mixture without removal of
the trifluorotoluene. Since there are 0.5 mmol of ferrocend, the integral for the
ferrocene is set to 10.00, the integral of 4.02 for the benzylic proton indicates 0.2 mmol of
amine product are present, which essentially indicates quantitative conversion and NMR

yield for this reaction.
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Chapter 4: Borenium Generation viaQuinolinium Salts

Contributions to manuscript: All synthetic work in this chapter was carried out by B. S. N.
Huchenski, with the following exceptionlsnines were prepared collaboratively between
B. S. N HuchenskiM. R. Adamsand C:H. Tien NaBAr~4was prepared bpr. A. W. H.
Speed and NaB&s was prepared by M. R. Adam3he Xray crystallography was
conductedy Dr. R. McDonald Dr. M. J. Ferguson, andugiao Zhou Mass spectrometric
data were acquired by Mr. Xiao Feng (Mass Spectrometry LagraDalhousie
University). The manuscript was written by B. S. N. Huchenski
4.1 Introduction

Within borenium catalysis, the borenium ion is often generated through hydride
abstraction with trityBArF (Scheme 4.1)44%122137Thjs reagent while effective, is limited
to handling and storage under an inert atmosphere. In addition, this reagent suffers from
instability in certain ethereal solveritg. The precursor to a borenium ion, the casbe
borane addud#-1), is air and moisture stablk@lowing for preparation and handling under
less rigorous condition€?3’If a hydride abstraction reagent can be prepared tladdds
moisturestableand toleranto more solventghenprecursors torenium ctalysis can be
handed without the need of specialized equipment. The overall gain from generating the
borenium ionin situ rather than présolation is in the inherent greater stability of the

precursor reagents.
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Scheme4.1 Borenium ion generation via trityl salts.

To develop a new method of hydride abstraction for borenium catalysis, an
understanding of the catalytic cycle may yield critical information. In 2015 Cruaden
co-workers proposed a catalytic cycle for borenium hydrogenat®cheme 1.7),*° in
which the boron cation and imine act as a frustrated Lewis pair to split hydrogen. The
subsequent step involves the reduction of an imine, producingiae aroduct as well as
regenerating the borenium cation. During this critical turnover step, it is the transfer of a
hydride to an iminium ion that forms the borenium ion. Therefore, an abstraction reagent
that can mimidhe activatedmine in reduction nay be suitable. While the preparation of
an iminium salt as the hydride abstraction reagent may seem viable, the hydroscopic nature
of the smaller iminium saltesults intheir poorlong-term stabilityand inappropriateness
as a stable benchtop reagentatldition, thesmaller imine structureand amine reduction
productspose potential catalyst poisswhich could inhibit or slow down catalytic activity
through competitive coordination or lysis of the carbene borane bond.

While an iminium salt is not viable for hydride abstraction, a similar set of
compounds such as heterocyclic ammonium salts harerbported as hydride abstraction
reagents313° These compound§4-4a) have been reported by Ingleson to undergo
hydrogen activation in the presence of a base such as lutidieetj\afly forming a FLP

system(Scheme 4.238 Furthermore, hydrogen activation with an imine was possible,
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however only 25% abstraction was observed at 100 °C overHgdride abstraction was

also observed from boron hydrogen bonds as well as hyatiesilwhich allowed for these
complexes to be applied in catalytic hydrosilylation reactions. While these complexes were
effective inhydrosilylationreactions, the substrates examined were limited to aldimines,
which required heating between & 100 °C Following this initial report, Ingleson
disclosed that smalléd-methylbenzothiazolium complexes were also capable of hydride
abstractiort® Imine reductiorwas also possible with these complexes albeit at 100 °C.
Room temperature reduction was also possible with these complexes but is limited to
ketone reduction. Overall, the ability of heterocyclic ammonium complexes to activate

hydrogen and abstract hydes provides a potential use in borenium catalysis.
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Scheme4.2 Hydrogen activation via a cyclic iminium salt and lutidine.

4.2 Synthesis of Cyclic Iminium Salts

The investigation oN-methyl acridinium(4-4a) and N-methytbenzothiazolium
complexes provided the foundation that heterocyclic ammonium salts are capable of
hydrogen activation/abstractidff:'*® These complexes closely resemiitee acyclic
iminium salts,which are reduced in a borenium catalyzed hydrogen&tidhe hydride
affinity for these cyclic iminium complexes ibetween that of trityl std and
tris(pentafluorophenyl)boraf®& and thereforeshould be capable of hydride abstraction

from carbene borane adducts. While acrigm4-4a shown exceptional hydride affinity,
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the large steric bulk of this iminium complex could provide challenges in hydride
abstraction.

To obtain a mixture of sufficient hydride affinity and steric budkridine was
substituted foquinoline In replacingthe acridinewith a quinoline moiety,lte carboron
which hydride transfer will occur is now more open to attack from the sterically demanding
carbene borane adduct. The methyl was also substituted for a benzyl groigseto
resemble successful substrates with BAC borane hydrogenatiomas st@ptes 2 and
3. The synthesis dfi-benzytquinoliniumbromide4-5 (Scheme 4.Bcan be conducted as
a neat reaction with a 1:1 combination of quinoline and benzyl bromide which is easily
purified from unreacted materialthrough washingvith dichloranethane While some
iminium ions and pyridinium ions are hygroscoffit this compound remains a free
flowing powder with no signs of degradatibywater. The next step is the preparation of
a BArFy4 salt 4-6, due the requirement of a weakly coordinating cation for borenium
catalyzed hydrogenatia?f Benzyl quinolinium complex®-5was then treated with sodium
BArF4to generate the quinolinium sd#6. ThisBAr™4 salt(4-6) was found to be air stable
and norhygroscopic allowing for a potentiabagent for hydride abstraction as a bench
stable reagent.

m BnBr N N(?%ArF% m
N Vo S Vo
4-5 & Br 4-6 g, BAr,
Scheme4.3 Synthesis oN-benzyl quinoliniumBAr-244-5.

With the quinolinium complex-6 in hand, hydride abstraction of BAC borane

complexes was then examined. Hydride abstraction studies are important for determining

if clean borenium generation will occur and if the subsequent amine will coordinate with
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the borenium ion, which may indicgtetential catalyst poisoning or slower reaction times.

In a comparable manner to the generation of borenium comBawith trityl BArF24 4-

2, quinolinium complex-6 was combined with BAC borarel in CDClk (Scheme 4.4

Within a 10min span,complete formation of borenium ioh3a was observed. ThE€B

NMR chemical shift did not change between hydride abstraction methods, indicating that
coordination of the amine product from thadbstractionwas not present. Hydride
abstraction was also exameid withiPBBAC-BPhH 4-8, andit was found that hydride
abstraction occurre@®uccessful formation of borenium comp#ega without interference

from the byproduct of hydride abstraction provided evidence that this reagent may be

viablein borenium cataisis.
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Scheme4.4 Hydrogen activation vi&l-benzyl quinoliniumBAr 4.

4.3 Hydrogenation via Quinolinium Activation

Initial examination of borenium generation wghinolinium salts resulted in clean
formation of a borenium ion identical to that of a trg@nerated borenium iof3a.
Hydrogenation of imines &re then investigated with this new iminium salttivator
Similar to previous hydrogenation reactiohsbenzyl imines were chosen as substrates.
Using a 10 mol % loading of the BAC compléxl and quinolinium salé-6, N-benzyl

imines shown irScheme 4.5vere successfully reduced. These results further supported
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that the amind-7 produced from borenium generation did not affect the catalytic ability

of the complex.
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Scheme4.5 Hydrogenation scope witN-benzyl quinoliniumBAr4 4-6 as the hydride
abstraction reagenBercent yields were calculated based on relative proportions of the
starting material versus productlit NMR.

Successful hydrogenation df-benzyl imines with the new hydride abstraction
reagent-6 led to a broader investigation of viable substrateghis hydrogenation system.
While the current best borenium hydrogenation catalysts are limited to imines derived from
sterically demanding aminé$*#’BAC carbene complexes can hydrogenstbenzyl
imines with high conversions as seen in chapt@n®3 A more challenging substrate for
borenium hydrogeation would be an imine with even less steric bulk around the nitrogen
centre. Imines with a low steric bulk around the nitrogen centre pose-faltioroblem.

The first of whichisif the imine has a low steric bulk around the nitrogen, the coordination
to the boron cation may be too strong, prohibiting a frustrated pair and astngplatively

inertadduct. The second challenge isnhibition bythe product of hydrogenation. If the
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amine product itself is too small, lysis of the carbene borane tagyococcur or an adduct
may form from with the amine product.

A N-propargyl iming4-14a)was examined for the purpose of a low steric demand
around nitrogen, in addition to having an alkyne group. The alkyne functional group may
allow for potential futher functional modification to the reduced product post
hydrogenation. In addition, this substrate will determine if alkynes poison the borenium
complex, inhibiting hydrogenation or become reduced to the subsequent alkened-Imine
l4awas treated with 40 mol % loading of BAC comple4-1 and quinolinium sald-6
under similar conditions to previous hydrogenation react{Bekeme 4.5 It was found
that imine4-14awas reduced to approximately 29% conversion to the corresponding amine
4-14b. While the conversion of this substrate to the amine was less thdsbtezylamine
derivatives, no reduction of the alkyne was observed. This indicated that the BAC carbene
conplexes can tolerate even less sterically demanding substrates as well as alkyne
functional groups.

Propargyl imine reduction

10 mol %
NN s NN

? et
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4-14a 4-14b, 29%

Schemed4.6 Hydrogenation of &-propargyl imined-14a Percent yields werealculated
based on relative proportions of the starting material versus prodittNMR.

4.4 Improving BAC Borenium Catalysis
The synthesis and application of quinolinium complexes in borenium datalys
allowed for the air stable preparation of a hydride abstraction reagent. The facile synthesis

of this activator allows for the investigation of other suitable anions for borenium catalyzed
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hydrogenation. In this investigation of borenium hydrogenaas well as a variety of other
reports, fluoroaryl borates also knownB#rF salts have been the stand&td®12213The
application ofBArF salts in catalysis has been used for its stability and high solubility
compared to other anions. In addition, while some anions suchsan®mBFE are non
innocent under certain reaction8Ar" salts are known to be more resilient to
decompositiorf> However, the cost dAr salts is muclyreaterthan other achiral anions
and the synthesis &Ar o salt(Figure 4.1) is challenging because of the explosive nature
of the intermediate through lithiation and twrespondingsrignard noteliably engaging

in addition to boro*%. Additionally, trifluoromethyl containing anions are knawto
exhibit more disorder in their structure, which adds increased difficnlthe accurate
determination of the structurby singlecrystal X-ray crystallography® While the
fluoroboratesalts are thenostcommonlyusedweakly coordination anions, a variety of
other anions could be applied to this chemistry. The synthesis of a more cost effective and
facile anion for borenium catalysvgould allow this chemistry to be more accessible in

research applications.
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Figure 4.1 Weakly coordinating anions used in catalysis.

An alternative weakly coordinating aniche BaF's anion,capable of stabilizing
borenium ionswas reported byidovii in 201342 While this anion was not stable for the
majority of carlene borane complexes synthesizate borenium complewas able to be
preparegandis a stable complex at room temperattfreFollowing this initial report,
Vidovil disclosed an additional borenium compkabilizedby the Bar®'s anion!*® The
3,5-dichlorotetraphenylborate anion closely resembles the - 35
trifufloromethyltetraphenylborate vidh has been a viable anion for BAC borenium
catalysisi?>*3’ Ingleson has also disclosed the synthesis of acridinium and
benzoimidazolium salts stabilized bBar“'s anions, which were also active in
hydrosilylation and hydride abstractii$:'3°

The 3,5dichlorotetraphenylborate anion can be readily prepared via Grignard
addition to NaBEto produce the corresponding borate ¥dltn a similar manner to the

N-benzyl quinolinium BArF,4 salt 4-6, combination of the sodiurBar‘'s and N-benzyl
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quinolinium bromide 4-5 in DCM afforded theN-benzyl quinolinium Bar's salt 4-15.
When examined in hydride abstractidfbenzylquinolinium Bar“'s salt 4-15 generated

the borenium ior-3b with no doserved degradation. Hydrogenation was then examined
usingN-benzylquinolinium Bar“'s salt4-15 as the hydride abstraction reagent. This was
tested with successful substrates used Withenzyl quinolinium BArF4 salt 4-6 as the
hydride abstraction reageni-benzyl quinolinium Bar's salt 4-15 preformed in an
essentiallyidentical manner to thBAr™sanalog, providing a suitable alternatia&d non

fluorinatedanion for borenium hydrogenati¢8cheme 4.8
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Scheme4.7 Synthesis oN-benzyl quinoliniumBar‘'s 4-15.
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Scheme4.8 Hydrogenation scope witN-benzyl quinoliniumBar®'s 4-15as the hydride
abstraction reagenPercent yields were calculated based on relative proportions of the
starting material versus productiid NMR.
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A variety of pharmaceuticals can be produced from the reduction of ififriEse
potential for the BAC complexes in the synthesis of pharmaceuticals is possible with the
current results suggesting the tolerance for benzyl and propargy! giidupsnethod of
hydrogenation is more accessiltkean other methods that require metals or specialized
equipment for the preparation of the catalgstd can have use in preparation of
pharmaceutical intermediateSertaline, an SSRI, can be produced in few synthetic steps,
with the final step being an ime reductiont** The precursor imine to this pharmaceutical,
was treated with a 10 mol % loading of BAC compdekand quinolinium sal-15under
the standard hydrogenation conditid@xheme 4.9 The Sertaline precursdr20awas
not reduced under these conditions so a derivative of this imine wibem2yl amine was
prepared. This substrate was also not viable with BAC borenium hydrogenation.
Rasagiline, a monoamine oxidase inhibititican also be produced via imine reductién
substrated-19a’’ Previously theN-benzyl imine derivative of the precursor imi&d3a
was a viable substrate for hydrogenation with the BAC system. In additipropargyl
imine 4-14awas a viable substrate for imine hydrogenation. However, theiprgcursor
of Rasagiline4-19awhich resembles @mbinatiorof the previously menti@dsubstrates,
was not a viable substrate with BAC borenium hydrogengsoheme 4.Y. Fendiline, a
calcium channel block&® that can be made throughereductionof imine 4-21amay be
challenging for the majority of borenium complexes in hydrogenation due to the low steric
bulk surrounding nitrogen. This imir{é-21a whentestedwith 10 mol% of the carbene
borane adduct-1 and activatod-15 was found to baearly fullyreducel in the standard
reaction times and conditiogScheme 4.9 This result indicated that other neterically
demanding imines are suitable for this catalyst system, which can be applied to real world

applications such as pharmaceutical synthesis, anctisel@ydrogenations.
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Scheme4.9 Pharmaceutical precursor imines examined though borenium hydrogenation.
Imines wereexamined with a 10 mol % loading 4f1 and either-6 or 4-15as the activator
under standard reaction conditiorRercent yields were calculated based on relative
proportions of the starting material versus produ¢HimNMR.

4.5 Hydrosilylation with BarC'sand BAr Foa.

Borenium catalyzed hydrogenation is attnge for its atom economylowever, the
specialized equipment required for these reactiwogld restrictits wide application in
research. In addition, borenium hydrogenation reactions are highly sensitive to minor
impurities and moisturevhich can resitiin loss of conversion or complete shutdown of
reactivity. This results in rigorous purification requirements and higher loadings for high
conversion processé$Converselywhile reduction processes which use redotstauch
as hydroboranes or hydrosilarfes/eless atom economicedagentsbut often require less
harsh conditions and are more robust towards impuritieh ultimately can make them
more practicat’

The application of boranes in the hydrosilylation of imines has been an active field
of research for numerous years. Early examples include BCF hydrosilylation of imines
which can reduce both ketimines and aldimiff&ubsequent developments have involved
a variety of chiral boranes that are able to facilitate asymmetric reductions of fhines.
Borocations have also begppdied in hydrosilylation reactions, namely in the reduction of
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ketones’2 A primary example ofttis process was disclosed by Denmark in 2&heme
4.10).*° This reaction is facilitated by a lutidine supported borocati@3 that can reduce
ketones at a 10 mol % loadirag room temperature. While the report of borocations in
ketone and aldehyde reduction is investigated thoroughly, the application of imine
reductions with borocations is spaféé’ An important example for borenium catalyzed
asymmetric reduction of imines and the only example published of carbene supported
borenium(4-24) reduction of imines was reported in 20(Btheme 4.10* This example
featured loadings as low as 4 mob¥l-23, supporting the reduction of both aryl and alkyl
imines. However, all borane methods reported thus far are highly sensitive catalysts,
prohibiting theirhanding in a benchtop setting. Advancements in air stable precatalysts

could allow for these processes to reach a wider application.

Denmark 2013 ( h
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Schemed.10 Early example oboreniumcatalyzed hydrosilylationX) versus current best
asymmetric borenium hydrosilylatioB).

The development of theuinoliniumhydride abstraction reagents in secédo®4.4
show that hydrogenation of imine substrates can be facilitated byaitnorion which is

generated from air stable precursors. In an effort to apply th&adlesystem to more
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reductive chemistry, these complexes were investigated in hydrosilylation reactions. The
advantage of the air stable pretyggt not only allows dr better handling of the complexes

but it also allows for then situ generation of the catalyst. A potential complication within
borenium catalysis involving hydrosilylation reactions, namely asymmetric reactions, is in
the generation of the borenium idfydride abstraction reagents such as tB¥t 4 have

been reported to facilitate chain reaction hydrosilylations of substfaté8ingleson has

also reported that compounds similar to the quinolirBAn 4 andBar‘'s complexes have
facilitated thehydrosilylation of ketones and imingScheme 4.111%813%However, ory

aldimines have been reduced by these complexes, which required heating to facilitate the

reduction.
Ingleson 2014
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Schemed.11 Hydrosilylationfacilitated by cyclic iminium salts.

An initial exploratory reaction was conducted with a 12 mol % loading of BAC
borane4-1 and quinoliniumBArF,44-6 with imine 4-10a Full conversion to a mixture of
amine and silylamine were observed in theNMR spectrum. This initial reaction was
conducted in TFT to closely resemble the hydrogenation conditions reported in 4e&tion

4, however solvent variation may yield incredhg®nversion or lower loadings as seen in
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other published hydrosilylatiort$ A solvent screen was then conducted with ind@a

and found that both TFT dnMTBE gave comparable levels of conversion, while DCM
gave the lowest conversion of approximately 66% in the same timeframe. MTBE was
selected as the primary solvent for subsequent reactions bec#asavedr environmental

impact. Following the initiabolvent screen, iminé-10a was reexamined with a 5 mol%
loading of the precatalyst componefsl and4-6). Full consumption of the imine starting
material was observed once again. A substrate scope was then conducted with a 5 mol%

loading of the predalyst components detailed in schef8eheme 4.1

NR 5 mol % (4-1 + 4-6) HIISiIN -R
1-1.5 equiv. Ph,SiH
J Sy
Ar Alkyl 16 h, MTBE Ar Alkyl
4-Xa 4-Xb
.Bn .Bn _.PMB _Bn
N N N N
N
MeO MeO Z
4-9a, 90%°? 4-10a, 99% 4-11a, 0% 4-12a, 0%
N-Bn N’\ N
©f§ ©f§ N e
MeO
4-13a, 53%°? 4-19a, 56%°? 4-14a, 37%

Ph
N~ N/\)\Ph

_Ph
N
O)LMG O)LMG O)LMe
MeO MeO

4-18a, 42% 4-27a, 0% 4-21a, 99%

Scheme4.12 Hydrosilylation facilitated byiPBBAC borenium complex-3a generated
from combination o#l-1 and4-6 in situ. Percent yields were calculated based on relative
proportions of the starting material versus produ¢HimNMR. ?Reactions conducted with
10 mol% of 4-1 and 4-6.
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In this initial scope of substrates, a similar pattern of suitable substrates was
observed Wen compared to the hydrogenation scope. Benzyl idi®ssand4-10awere
found to be reduced with high levels of conversion at either 5 or 10 nadditng of the
catalyst. Indanone derived imidel3awas reduced in a lower conversion comparatively
to the hydrogenation conditions. Surprisingly the indanone derived idib@a the
precursor to Bsagilinewas reduced with a 56% conversion which was not possible under
hydrogenation conditions. This indicates that the silylamine formed may inhibit some of
the catalyst poisoning. Fendiline precurde2lawas fully reduced in a 5 mol% loading
under these cotttbns allowing for the preparation of this pharmaceutical under mild
conditions. Imine4-27awas also investigated as a comparative substrate to the work by
Fuchter but no conversion was observed indicating that steric bulk of the cyclohexyl group
may be prohibiting reductiorf! In contrast to the hydrogenation results, imikéla
displayed no consumption of the imine under the standard conditions. Wheol\ueet
was substituted for TFT, reduction was once again observed albeit in an approximately
77% conversion. Imine4-10aand4-14awere also examined in TFT and were found to
have decreased conversions. These results indicate that solvent plays sanimpler in
the reduction of these substrates.

To confirm catalyst importance, a set of control reactions were conducted
Quinolinium saltsA-5 and4-6 and sodiunmBAr™4 were examined in a 12 mol% loading
with imine 4-10aand diphenylsilane. Reduction was not observed under these conditions,
indicating that this activator is not autocatalytic and cannot facilitate the reduction of
imines. The process was repeated theh WABBAC complex4-1 and quinoliniunsalt4-5
in a 12 mol % loading. The imine was not reduced as indicated fiHtNdIR spectrum,

which indicates a free borenium cation is needed for reduction to occur. While some
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substrates were reduced with higbnversion, similar substrates slemhittle to no
conversion under the same conditions such as iditiza To determine if imine purity
may play a factor in the low conversion of some substrates, reduction of4rfiliewas
repeated but with 20% fluorene present to represent a ketone impurity. The reduction
proceeded to full conversion with the ketone present. This result indicates that impurities
may not be the cause for low conversion but rather the steric and electronics of the imine
and silylaminemay be affecting the reaction. In addition, the low conversion of some
substrates may result from the stability of the silylamine in particular solvents.

In the hydrogenation studies, it was found thaBaé's anion performed similarly
to theBAr™,4 supported borenium complex. The largest difference between these anions
was observed in the hydrogenationNsPh imines, a substrate that could not be reduced
with aBArF,4 supported borenium complex. This led to the investigation of hydrosilylation
of imines using 8ar's supported borenium complex. An initial reaction with imi@a
was conducted with a 5 mol % loading of catalyst to compare agair&Athg supported
reactions. Imine&l-9awas fully reduced with these conditions providing evidence that the
Bar®'s anion can support borenium complexes in hydrosilylation. The reduction was then
repeated with both thBAr™4 (4-6) andBar“'s (4-15) quinolinium complexes in DCM, to
understand itheboreniumstabilizedwith Bar®'s results in higher conversion to the amine.
DCM was chosen as this solvergsulted inthe lowest conversion when previously
examined. Surprisingly th@ar's supported complex performée reduction of-9awith
much higher conversigat approximately 92% to the silyamine while Bir 4 supported
complex only provided approximately 63% conversion, similar to the previously test at 10

mol % loading.
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A substrate scope was then conducted with the selecteels varying in steric and
electronic properties. Gratifyingly all imines examined displayed high levels of reduction
as shown irscheme4.13 Challenging substrates such&g’himine 4-18awhich only
displayed modest levels of reduction with tB&r 4 anion now went to near full
conversion. Propargyl derived imidel4aalso displayed high levels of conversion with
an increase from 37% to near 50% conversion making the reduction similar to the 10 mol
% hydrogenation conditions. However, Ingleson reggbthat in some borane and borate
synthesis, the impure materials were able to facilitate hydrosilylation reactions and
reductive amination¥?°In addition sodiunBar‘'s was able to facilitate reductive amination
reactions as well. To test if a side reaction was the result for thesectreonversion, a
control reactiorusing imine4-10awith only quinoliniumBar“'s 4-15 was conducted in a
5 mol % loading. The reaction conditions provided no indication of imine reduction which

supports the importance of the borocation.

N,R 5 mol % (4-1 + 4-15) H/[Si]\N,R
1.5 equiv. Ph,SiH
U WPt o L
Ar Alkyl 16 h, MTBE Ar Alkyl
4-Xa 4-Xb
_B .B B
N n N n N n
g O oo
MeO
99% (85%) 99% (95%) 99% (69%)
Ph
.Ph
N N/\\\ N/\)\Ph
MeO MeO
99% (74%) 50% 99% (91%)

Scheme4.13 Hydrosilylation facilitated byiPBBAC borenium complex-3b generated
from combination ofl-1 and4-15in situ. Percent yields were calculated based on relative
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proportions of the starting material versus produ¢HiNMR. Percentages in parentheses
are isolated yields.

Current results show that the quinolinium complexes are viable hydride abstraction
reagentsdr borenium generation in the application of hydrogenation and hydrosilylation.
While this current catalytic system provides a more accessible method for these
transformations, the loadings and substrate scope are not optimal. However, the results by
Fucher show that asymmetric hydrogenations and hydrosilylations are possible with
borenium catalysis and this system could be modified to attempt asymmetric reductions of
imines?

4.6 Asymmetric Reduction ofImines

The development of alternative methods for the synthesis of chiral amines is of
great importance with applications in pharmaceutitdl®reviously, boranes have been
reported to achieved high enantioselectivity in the reduction of imines. Such examples
include FLP complexes prepared by Repo éf ahd binapthyl complexes reported by
Du et al?® These chiral boranes can be used in hydrogenation, hydrosilylation, or transfer
hydrogenatio chemistry allowing for numerous reduction conditions for amine
preparation from imines and enamiggarly examples involving the collaboration by
Stephan, Crudden and Melen in carbboeenium catalysis displayed wo
enantioinduction with onlyN-Ph imines examinetf. In 2019 Fuchterreported that
asymmetric imine hydrogenation and hydrosilylation is possible WHilkyl imine
substrated’ This system utilized a chiral carbene to ligaie the asymmetric reduction.
While asymmetric reductions were possible with this catalyst, the asymmetric

hydrogenation oN-Bn remains a challendé@4’ Only BAC borane catalysts prepared
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within this thesis can reducB8l-Bn imines in high vyield through hydrogenation
reactions?2137

To achieve enantioinduction in asymmetric hydrogenation within carbene borenium
catalysis 3 points of catalyst modification can be examiff@dure 4.8). The firstpoint of
modificationis introducing chirality into the boron component of the catalyst. The boron
centre is the location of hydride transfer and therefore in closest proximity to the imine,
allowing for the highest chance of enantioinduction. The second typedfication is by
altering the carbene to contain chiral components. While modification of some carbenes is
facile, with a wide library of structurég{this can be challenging for other carbenes, often
requiring multiple step syntheses. The third type of modification is altering the anion that
supports the boremw ion. Introducing a chiral anion could allow for enatioinduction
because the iminium iom close proximity to the aniors the intermediate that is reduced
in the catalytic cycle. Currently, only the introduction of a chiral carbene has allowed for
enantioselectivity in hydrogenation and hydrosilylation reactions butshaaly a singular
example within the field’

3 approaches for chiral modification

R' R’
Rl/[{j '{INR' |:> carbene modification
i
[ R’C?)\RJ [X@] I:> anion modification

borane modification

Figure 4.2 Various methods of chiral modifications to carbene borane adducts.
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4.6.1Borane Modification

While previously borane modification has not yielded anyngo@duction, the
singular publication by Stephan, Crudden and Melen only investigated 3 imines with only
an indepth look intdN-Ph derived iminegScheme 4.14% The chiral borane investigated
within this publication was Ip8H, a borane derived from a naturalich a | source
pinene!®! This borane is the predominantly used chiral borane within the literature because
of its facile preparation and ease of isolatidhWhile this borane is widely used, the
enantioindiction of this borane in reactions varies greatly. Another chirar®owithin the
literature with reported high levels of enantioinduction is Masamunae bbfathawever,
this borane is synthetically challenging and often avoided in catalysis for this reason. While
previous results witcarbendpc,BH were unsuccessful withithe literaturé® and seen in
chapter3,'®’ the potential for the quoblinium activated complexes stabilized by either

BArF,4 or Bar®'s anions may still yield results.

_Ph _Ph 4-28
N HN =

5 mol % 4-28 - /\
Me 102 atm H, Me MG/NY@N\MGG i
4-17a 18 h, CHyCl, 4-17b “_ _B BAr 20

R.T.: 55%, 12% e.e. .
-30 °C: 5%, 20% e.e. &

\_ J

Schemed.14 Hydrogenationfacilitated byNHC-borenium compleX-28.

Previously in chapteB, iPrBAC-BlpcoH 4-29 was prepared and examined in
hydrogenation reactions and found little to no reactivity. However, the borenium was
generated with tritylBArf24 4-2. While BAr24 ions have been effective in borenium
stabilization, previously in sectioh4-5 it was foundhatBar“'s ions can offer equal and

or greater conversions in catalysi®2rBAC-BlpcoH 4-29 was examined first in
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hydrogenation reactions with both quinoliniuBAr™4 4-6 andBar‘'s 4-15 as the hydride
abstraction reagent. In all tests, either no reduction or trace reduction was observed. While
the initial hydrogenation reactions were unsucceskfurosilylationreactions facilitated

by borenium complexes have been found to reduce ar\gictgpe of substrates. The
increased scope of substrates can be expected from the silylamine produced which blocks
potential poisoning of the catalyst by the protidiNoond.iPrBAC-Ipc.BH 4-29 was then
examined in thdydrosilylationof a variety of imins. Varying levels of conversion were
observedScheme 4.15 with the highest conversion observed from imdia&7a which
contains amN-Ph. Enantioselectivity was measured using HLPC analysis and found that in
all instances tested, the reaction was raceim@stigation of chiral boranes in borenium

catalysis was not further pursued.

x mol %
R (4-29 + (4-6/4-15))  H/[Si]< .R
)'\]‘\ 1.5 equiv. Ph,SiH, N
Ar” Alkyl 16 h, MTBE Ar” Alkyl
4-Xa 4-Xb

Ph

P .B
N Ph N n N/\)\Ph

©/u\Me /©)LM9 O)LMe
MeO

4-17a, 90%? 4-10a, 20%? 4-21a, 0%?
_Ph _Bn
N N
MeO MeO
4-18a, 99%”° 4-10a, trace®

Scheme4.15 Hydrosilylation facilitated by a chiraPrBAC borenium complex generated
from combination of4-29 and 4-6/15 in situ. Percent yields were calculated based on
relative proportions of the starting material versus productHnNMR. 2Reaction
conducted witH 0 mol %4-29 and4-6. PReactionconducted with 5 mol %4-29 and4-15.

102



4.6.2Carbene M odification

Attempts at asymmetric reduction through boron modification of the borenium
catalyst were unsuccessful. This result was expected based on the previous reports within
the literature. The next method investigated fom&nanduction within borenium catalysi
involves carbene modification. While the preparation of chiral NHCs and triazole
derivatives are well known!* the preparation of chiral BAC carbene complexes is
challenging with only few examples of chiral and achiral carbene precursors in the
literature®¥® The challenge with synthesizing a BAC carbene precursor arises in the amine
substitution onto the cyclopropane ritfg.

Tamm et al reported the synthesis of a chiral BAC carlpgaeursot® 4-30a
(Figure 4.3 which can be prepared #se free carbend-30b or a biscarbene silver
complex. The carbene was examined in asymmetric benzoin condensations however the
largest chiral inductiomesulted in18%e.e. Nevertheless, the free carbene was prepared
and a carbene borane adduct was gead via the general synthetic methods. Formation
of the carbene borane addée34 (Figure 4.4) was determined thoudfB NMR analysis,
indicative by asignal at-12 ppm The crude material was examined in the hydrogenation

of imines, however no reactivity was observed.

rPhPh Ar Ar, Me Me,
Me N \Me Y C( Q Q
Ph i@) Ph @ AT T T
H © H
BF, BPh4 BPh4 BPh4
4-30a 4-31 4-32 4-33
Tamm 2007 Gravel 2013 Gravel 2020

Figure 4.3 Examples of chiral BAC carbene precursors.
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Gravel et al have repted the synthesis of two types of chiral BAC carbene
precursors The first of which contained a tethered diami81 (Figure 4.3).%° This
carbene is aported to exhibit enantioinduction in Stetter reactions, with the highest
selectivity being 36%.e.. In an azabenzion condensation, the catalyst was found to be
racemic®® Following this work, a chiral BAC carbene was developed witirat
pyrrolidine 4-32 and piperidyl 4-33 groups (Figure 4.3).* These BAC carbesewere
reported to exhibit high enantioinduction up to 92%in Stetter reaction&Scheme 1.1
The first carbene type involving a tethered backbone was investigated with some
modifications to the structure to potentiadighancenantioselectivity. In the original BAC
carbene precursor developed BGyavel 4-31, the amines contained an amine with a
phenylethyl moiety. In the development of asymmetric diazaphospholene catalysis within
the Speed group, it was found that substitutod the phenylith naphthyl resulted in a
larger enantioinductioff The synthetic route to prepare the tethered amine reported by
Gravel is lengthy and was therefore modified through a simyiéinasis® While synthesis
of the carbene precurséi35was successfiFigure 4.4), attempts to produce the carbene
borane adduct though the formation of the lithium adduct or via the free carbene generated

in situwere not successful.

4-35 BF, 4-3

No adduct formation Not catalytic

Figure 4.4 Attempted formation of chiral BAC carbene complexes with boranes.
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The chiral pool of amino acids has been applied in numerous asymmetric reactions.
Proline and piperidine derivatives have displayed high enantioinduction in a variety of
organic reaction&>3In asymmetric boron mediated reactions, the CBS catalyst, derived
from diphenylprolinol is widely used in the asymnietreduction of carbonyt$ and
stoichiometric reduction of iminés? In addiion, this scaffold is used in borocation
catalysis and was found to facilitate asymmetric reacfivBiphenylprolinol was treated
with PCP4-36a in an attempt to form BAC carbene precurd38. The product isolated
from the reaction was examined usthyNMR analysis and found to contain a pea&.at
ppm A crystal was grown from evaporation with dichloromethaneveaslanalyzed using
X-ray crystallography and found to have formed a carbduléres precursof-37 instead
of the chloro BAC compleX-38 (Figure 4.5). The formation of a carbodicarbene from
PCP4-36ahas been reported previously in the attempted formation of cyclopropenium
ions1>® Treatment of the carbodicarbene compted7 with various bases and boranes did

not yield a borane adduct.

Desired
J/Ph
Cl Cl 2 equiv. diphenylprolinol
CIAYLCI 3 equiv. Humgsbase V
DCM Ph Ph
Cl H /,\OH Cl HO Ph
4-36a 4-38 Cl
\

Scheme4.16 Attempted formation of BAC comple%38.
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Cl

Figure 4.5 The structure of4-37. Thermal ellipsoids have been drawn at the 50%
probability level.Most hydrogeratoms have been removed for clarity. This structure has
not been fully refined.

To prevent the formation of carbodicarbene37, the methylation of
diphenylprolinol was examined. Formation of fthéoc protected amine was successful
produéng compound4-39 (Scheme 4.1y Treatment o#-39 with sodium hydride and
methyl iodide resulted in the undesired formation of compduhd(Scheme 4.1y While
the formation of compound-40 wasinitially undesired, the product can be modified to
produce compound-41 through palladium reductiot?® Overall, the new amine produced
still resultedin the desired removal of the hydroxyl moietyiglhcaused the formation of
carbodicarbend-37, albeit by reduction, rather than ether formatibreatment of amine
4-41 with TCP 4-36b at room temperature resulted in the formationadfis amino
cyclopropeniumproduct The previous synthesis of chirBIAC complexes required
cooling the during addition of the amine-®t8 e C. T r e aBdnwith amined&d TCP
41at-78 eC resulted in the formation of a new
in CDCk indicated the presence of 3 compoundsweler, analysis in C§TN indicated

that the apparent 3 compounds were rotamers of a singular comgp@inavhich was
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confirmed using mass spectrometry. This compound was not investigated further to
prioritize other methods.
Initial amine synthesis
O\ﬁph Boc,0O O\ﬁph Mel, NaH Ph H,, Pd/C O\ﬁph
—_— _— _—
N Ph NEt, N Ph  THF N EtOH N Ph

I Ph
i O pewm Boc OH )0 H H
4-39 O 4-40 4-41

Chiral BAC synthesis

Cl Cl 2 equiv. 4-41 C"\l N

2 equiv. Hiinig's base : V
> N ®
DCM, -78 °C Ph=7TN

cl” Cl ph H ¢l

)
4-36b 4-42 3

Ph
H pp

Schemed.17 Attempted formation of BAC complek42.

4.6.3Anion Modification

Chiral anion mediated catalysis is a relatively underdeveloped field of asymmetric
catalysis because most effontavefocused on the development of chiral ligaaé®’ The
majority of chiral anions within catalysis aterived from theonjugatebase of 8rgnsted
acid such as chiral phosphatdsA3, Figure 46).1% The synthesis of a chiral boratet5
and norphasphoric acid derived phosphatést4 is often lengthy or challenginy® More
recently, there have been new developments iagptcation osynthesis of chiral borates

as either spiroborates or a chiral bintgylborate!Y 168
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4-43 4-44 4-45
Chiral phosphates Spiroborate

Figure 4.6 Examples of chiral anions.

Spiroboratesare a class of chiral borate which contain axial chirality thaugh
bidentate interactigwith the boron centre. A common spiroborate anion is derived from
BINOL which has been used in transition metal catafff$i€* An early example of
spiroborate mediateasymmetric catalysis is a copper aziridination reported by Arndtsen
which only ane.e. of up to 28% was observééf However, an example of asymmetric
hydrogenation by Leitner and Klankermayer involving a rhodium cexplith a
spirobaate anion was able to achieveed up to 57%(Scheme 4.18'%* More recently
an example by Wulff and Vetticatt reported that spiroborates with a larger steric bulk and
greater substitution gave higher enantioselectivity with an enantiomeric excess up to

78%168
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Leitner and Klankermayer 2010

0.5 mol % 4-47

o \)J\ 30 mol % 4-48 o \)\
MeO,C ————— > MeO,C
2 CO,Me 40 atmH, 2 *>CO,Me

4-45a DCM 4-45b
100%, 57% e.e.
e N
Catalyst

4-47 [(binap)Rh(cod)]BF4

SoRyee
OO OO

4-48

Scheme4.18 Asymmetric hydrogenation facilitated by a rhodium complex with a chiral
spiro borate.

The recent success of spiroborates in asymmetric catalysis including the support of
an iminium in chiral reactions led to the investigationtlus chemistry in borenium
catalysis. The quinolinium ion methal@veloped in this chaptésr borenium generation
may allow for facile preparation of a spiroboraalt capable of generating and the
subsequently stabilizing the borenium ion. The spiroborate was prepared as the potassium
salt 4-49 from literature known triethylammonium s&ft 4-48 via deprotonation using
KHMDS. The potassium salt was then combined with quinolinium bromide to form the
guinolinium spiroboratd-50 (Scheme 4.19 An X-ray crystal structure was obtained of
4-50through crystallizationvith acetonitrile and dichlorometha,thereby confirming the

assignmentKigure 4.7).
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Do LI awe (D o LI
O\C;,O (lz?s) ' O\C;,O
O/ \O DCM ) O/ \O
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K
X
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Figure 4.7 The structure of4-50. Thermal ellipsoids have been drawn at the 50%
probability level. Hydrogen atoms have been removed for clarity.

Newly formed quinolinium salf-50 was then examined in catalysis with BAC
complex4-1. Hydrosilylation of imine4-10awas tested with a 10 méb loading of the
catalyst component&-1 and 4-50). No reduction was observathder these reaction
conditions. Hydrogenation was then examined with a selection of subqifatesme

4.20. SmalleN-Bn imines 4-10aand4-11awerenot able to be reduced by this complex
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with no conversion observed 44 NMR analysis. However, larger sukses such al-

Bn imine4-16aandN-Ph iminesd-17aand4-18a were reducedlbeit in lower conversion

than with other anions. Crude HPLC analysis of the amine product from the reduction of
imine 4-16awas found to have an enantiomeric excess of 22%. Wiglenantioinduction

of this reaction was low, this result provides evidence that chiral anions in borenium

catalysis may yield higher selectivity with more research.

-R 10 mol % _R
N 4-1 + 4-50 HN
PN P
Ar” CAlkyl 24 atm Hjp Ar” Alkyl
4-Xa 16 h, PhCF; 4D
-Bn .PMB _Bn
N N N
/@)LMG /@)LMe Me
MeO MeO ] .
4-10a, trace 4-11a, 0% 4213602,(932/0
-Ph _Ph
N N
©)LM8 /©)LMG
MeO
4-17a, 41% 4-18a, 26%

Schemet.20Hydrogenation facilitated by?rBAC borenium comple®-3cgenerated from
combination o#-1 and4-50in situ.

The lower conversion from these reactions may be a result of greater separation
between the larger anion and theron centre, which may destabilize the borenium ion.
Another reason for this observed reactivity may be a result of spiroborate decomposition
by the amine product or from a reaction with the borenium centre. The amine produced in
the reaction may cleaube spiroborate BO bond. Alternatively, the highly Lewis acidic
borenium ion can potentially open the spiroborate ring. This can be seen as the opposite

effect to theBar®'s anion which is slightly smaller and gives higher conversion than the
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BArF,4 anion Overall, the stability of the spiroborate derivatives will have to be assessed
to improve the conversion of this catalytic system or other chiral anions will have be
explored in borenium catalysis.
4.7 Conclusion

The results thus far have indicated thatnglinium complexes provide a suitable
reagentfor hydride abstractignwvhich is air and moisture stable. The synthesis of these
complexes is facile with the first step requiring no solvent. Current results show that these
complexes are capable generating borenium complexes without-firedyct interfering
in the hydrogenatn reactions. These quinolinium salts allowed forithsitu generation
of a borenium complex in hydrosilylation reactions allowing for overall lower loadings of
the catalyst at the cost of using a reductant such as diphenysilane. The appli®iSla of
as the anion has allowed for higher levels of conversion compar@drfe, stabilized
borenium complexes, potentially resulting from increased catalyst stability.
4.8 Experimental
4.8.1General Considerations
Boron compounds, carbene complexes, imirgggnolinium salts,and solvents were
dispensed in a 2001 issue IT Glovebox@Hevels are approximately $pm on average).
Carbene complexes and precursors were prepared in oven dhiach4cintillation vials
equipped with magnetic stir bars and gré@rpak® PTFHined capsunless otherwise
stated Hydrogenations were carried out indiam scintillation vials equipped with a
magnetic stir bar and septa caps pierced with a needle were screwdygborsilyation
reactions were carried oint oven driedl dram scintillation vials equipped with magnetic
stir bars and green Qorpak® PTHhiEed capsAll reactions were conducted at ambient

temperature unless otherwise stafét].'B, 1°F, 3P and'3C NMR data were collected at
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300K on either a Bruker AN00 or AV-500 spectrometetH NMR spectra are referenced

to residual nordeuterated NMR solvent from the sampleHg= 7.16 ppm, CHGl= 7.26

ppm, (CH3)2SO = 2.50 ppn). 13C NMR spectra are referenced to NMR solvent from the
sanple (CeDs = 128.06 ppmCDClk = 77.16 ppm{(CD3).SO = 39.52ppm). HPLC data
were acquired on a Varian Prostar instrument, equipped with detection at 254 nm, using a
CHIRALPAK® AD-H. A 99:1 hexanes/isopropanol solvent mixture was used as the
eluent, with a flow rate of 0.5 mL/minMelting points were acquired using an
Electrothermal® apparatus and are uncorrediaiss spectrometric data were acquired by
Mr. Xiao Feng (Mass Spectrometry Laboratory, Dalhousie University).

4.8.2Solvents

Pentane for reactions were deoxygenated and dried by sparging with dinitrogen gas,
followed by passage through a dowadelumn solvent purification system purchased from
mBraun Inc. The solvents were stored over dry 3 A molecular sieves in the glovebox.
Diethyl ether for purification (ACS grade) was purchased from Fisher and used as
received. Diehyl ether for reactions was further distilled from a purple solution of
benzophenone/sodium ketyl and stored over dry 3 A molecular sieves in the glovebox.
Methyl tert-butyl ether for reactions was purchased from Aldrich and distilled from a
purple solubn of benzophenone/sodium ketyl and stored over dry 3 A molecular sieves in
the glovebox.

Trifluorotoluene ( Anhydr ous >99 %) was purchased I
Aldrich and cannula transferred onto dry 3 A molecular sieves for storage in thbaypve
but otherwise used as received.

Acetonitrile for reactions was purchased from Fisher used as received.

Hexanesfor purification was purchased from Fisher and used as received.
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Dichloromethane (ACS grade) was purchased from Fisher and used as réceive
Deuterochloroform (Cambridge Isotopes) was stored over dry 3 A molecular sieves, but
otherwise used as received.

Dimethylsulfoxide-ds was purchased in ampoules from Aldrich and used as received.
4.8.3Reagents

All ketones and amines employed in imine prepian were purchased from Aldrich and
used as received after purity was verified'By NMR. Imines were prepared by a 1:1
combination of the appropriate ketone/aldehyde and amine in dichloromethane, in the
presence of 1 equivalent of titaniugthoxide for 24 h. The reactions were quenched by
addition of aqueous KOH (15 %), filtered onto oN@y, refiltered and concentrated.
Purification of solid imines was accomplished by taking up the obtained solids in warm
pentane, and cooling the resultiopar pentane solutions of the imine-ticb °C. The
resulting crystals were collected in air by suction filtration and were dried for 12 h in a
vacuum desiccator at approximately 30 torr oveDsPbefore being brought into the
glovebox. Liquidimines weredried by azeotropic distillation with benzene before use.
Yields of imines were typically > 60% by this method.

Quinoline was purchaseftom Sigma Aldrich and used as received.

Benzyl bromidewas purchaseftom Sigma Aldrich and used as received.

Diphenylsilane was purchaseftom Oakwood chemicals and used as received.
(S)yDiphenyprolinol was purchaseffom Oakwood chemicals and used as received.
(S)(-)-2-(Diphenylmethyl)pyyrolidine was prepared according to literature known
methods:>®

Pentachlorocyclopropane4-36awas prepared according to literature known metiéus.

Tetrachlorocyclopropene4-36b was prepared according to literature known metfiéus.
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(Me,Ph)BAC 4-30bwas prepared according to literature known metfiéds.

[HNELt 3][B(R-BINOL )2] 4-48 was prepared according to literature known methéfs.
H¢ ni g 06was mueclsasefiom Sigma Aldrich and used as received.

NaBArF22 was prepared according to literature known metiéts.

NaBArC's was prepared according to literature known methtids.

NaBF4 was purchaseffom Sigma Aldrich and used as res.

Glutaryl chloride was purchaseddm Sigma Aldrich and used as received.
(R)-(+)-1-(2-Naphthyl)ethylamine was purchaseftom Oakwood chemicals and used as
received.

KHMDS was purchaseddm Sigma Aldrich and used as received.

Triethylamine was purchaseffom Sigma Aldrich and used as received.

LiAIH 24 was purchaseftom Sigma Aldrich and used as received.
Triphenylphosphine was purchaseftom Sigma Aldrich and used as received.

4.8.4Synthetic Procedures

N-Bn Quinolinium bromide (4-5). Quinoline (1 mL, 8.46 mmol) is added to an
Erlenmeyer flask (50 mL) equipped with a magnetic stir bar, followed by benzyl bromide
(2 mL, 8.46 mmol). The mixture was left to stir in open air overnight. The solid residue
was then broken into a fine powder and rinsed with dichloromethane (3 x 5mL) to afford
the title compound-5 (1.8g, 5.99 mmol, 71% yield).

'H (300 MHz, CDC#$): 119.83, 9.40 (d, 1H), 8.53 (d, 2H), 8.31 (m, 1H), 8.21 (m, 1H), 8.02

(m, 1H), 7.37 (m, 5H), @2 (s, 1H)

115



13C {1H} (125.8 MHz, CDCh) : d 150. 4, 148. 1, 137. 5, 135.

128.7, 122.4, 119.2, 59.8

N-Bn Quinolinium BAr 724 (4-6). N-Bn Quinolinium bromide4-5 (339 mg, 1.13 mmol)

andNaBAr 4 (1 g, 1.13 mmol) were placed in a 50 mL flask under nitrogen. Ether (9 mL)

was added and the slurry was stirred overnight. Ether was renmoveclioand the residue

was taken up in 10mL dichloromethane and filtered ogktec The celite was then washed

with dichloromethane (2 x 5mL) and all dichloromethane was remiovegicuoto afford

the title compound-6 (1.02g, 0.941 mmol, 83%).

MP: 132-134°C

IH (500 MHz, CDC}): 1i 8.74 (d,J = 8.2 Hz, 1H), 8.58 (dd) = 5.9 Hz, 1H), 8.18 (ap

doublet, 1H) 8.10 (m, 2H with overlap), 7.90 (ap t, 1H), 7.69 (m, 9H with overlap), 7.44

(m, 7H with overlap), 7.11 (ap d, 2H), 5.88 (s, 2H).

13C {1H} (1258 MHz, CDCk) : U 1ésk 498z),(148,7,46.3, 138.5, 137.9, 134.9,

131.6, 131.3, 131.2, 130.6, 130.4, 129.3, 129.3dg= 30 Hz), 127.9 (two peaks), 125.7,

123.5,121.3,117.9, 117.7, 61.8.

11B (160.4 MHz, CDQ): i-6.6 (s)
3

@,

En CE’)ATCIB

N-Bn Quinolinium BAr ©s (4-15). N-Bn Quinolinium bromide4-5 (243mg, 0.809mmol)

andNaBAr's (500 mg 0.809mmol) were placed in4dram vial equipped with a magnetic

stir bar Dichloromethand7 mL) was added and theolutionwas stirred overnighiThe
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dichloromethanesolution was filtered over celiteand te celite was then washed with
dichloromethane (2 x 5mL)The filtrate was concentratad vacuoto afford the title
compound-15 (581g, 0712mmol, 95%).

'H (500 MHz, CDG@s3): 1i8.60 (d,J = 8.4 Hz, 1H), 8.14 (ap d, 1H), 8.07 (d, 1H), 8.02 (m,
1H), 7.95 (ap d, 1H), 7.90 (m, 1H), 7.42 (m, 5H), 7.06 (m, 8H), 7.02 (m, 2H), 6.75 (m, 4H),
5.55 (s, 2H)

13C {1H} (125.8 MHz, CDCb) : U 1&s4 49Hz)(148,1, 146.9, 138.2, 137.2, 133.2
(overlapping peaks), 131.2, 130.6, 130.3, 130.2, 127.8, 123.3, 121.4, 118.1, 61.5

118 (160.4 MHz, CDCJ): ii-6.9 (S)

s<jfive

KB(R-BINOL )2 (4-49). This product was generated from depration off HNE:][ B(R-
BINOL)2] 4-48 with KHMDS in THF. Volatiles were removenh vacuoto afford the

potassium sal-49, which was used ds.

00,0, 00
ySecseder

N-Bn Quinolinium B(R-BINOL )2 (4-50). N-Bn Quinoliniumbromide4-6 (432mg, 1.44
mmol) andKB(R-BINOL ). (890 mg 1.44mmol) were placed in 4 dram vial equipped
with a magnetic stir baDichloromethan€7 mL) was added and thsolutionwas stirred

overnight. The dichloromethansolutionwasfiltered over celiteand te celite was then
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washed with dichloromethane (2 x Smhe filtrate was concentratea vacuoto afford

the title compound-50 (869 mg, 1.08mmol, 76%).

1H (500 MHz, (CD3)2SO): 1i9.56 (ap d, 1H), 9.17 (ap d, 1H), 8.35 (apH), 8.09 (m, 2H),
7.97 (m, 4H), 7.91 (m, 5H), 7.37 (m, 4H), 7-324 (m, 9H), 7.12 (m, 8H), 6.22 (s, 2H).
13C {1H} (125.8 MHz, (CD3).SO) : 156} 150, 147.8, 137.3, 135.5, 133.7, 132.7, 130.7,
129.7, 129.6, 128.9, 128.8, 128.7, 128.2, 127.9, 127.27 1P5%7.7, 124.5, 122.3, 122.1,
121.8, 118.9, 59.7.

118 (160.4 MHz, (CD3)2SO): 119.13(s).

N,N-bis[(1-(R)-napthylethyl]pentanediamide. (R)-(+)-1-(2-Naphthyl)ethylamine (5.03

mL, 31.3 mmol, 2 egjv.) was dissolved in DCM (25 mL) and cooled tb5 °C.
Triethylamine (4.80 mL, 38.mmol, 2.2equiv) was then added followed by dropwise
addition of glutaryl chloride (2 mL, 15 mmol,ghuiv) and the solution was maintained at

-15 °C for 40 min. the solution was then warmed to room temperature and stirred for an
additional 20 min. Volatiles were removedvacuoand the resulting solid was washed
with H20 (3 x 50 mL), acetone (30 mL) and hexane (30 mhg resulting solid was placed

in a desiccator for 2 days to afford the desired prodh2€ (6 g, 14.61 mmol, 93% vyield).

H (500 MHz,DMSO-ds) : 8.31 (d, 2H), 8.9(d, 2H), 7.93 (d, 2H)7.81 (d, 2H)7 51 (m,

8H), 570 (m, 2H), 2.13 (1] = 8 Hz, 4H), 1.73 (m, 2H), 1A(d,J = 7 Hz, 6H).
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N,N-bis[(1-(R)-napthylethyl]pentanediamine In a dry 2 neck 250 mL flask equipped
with a condenser placed under adtmospherelHF (40 mL) was added followdzly N,N-
bis[(1-(R)-napthylethylpentanediamid&g, 9.12 mmal LiAIH 4 (1.38g, 36.48 mmolyas

then added in one portion and the resulting slurry was heated to reflux for.Daags
cooled, the reaction was quenched with NaOH (35 mL, 1M) and then DCM (50 mL) was
added and left to stfor 15 min. The solution was poured into a separatory funnel and the
process repeated. The organic | ayer was
bicarbonate solution (30 mL). The organic layer was then dried with anh. Sodium sulfate
and the solvets were removeth vaauo to afford the title compound(4 g, 8.28mmol,

91% yield.

'H (500 MHz, CDC4) : 8.2fi(d, 2H), 7.8 (d, 2H), 7.6 (d, 2H), 7.® (d, 2H),7.50 (m,

7H), 4.8 (q,J = 7 Hz, 2H), 2.5 (m, 4H), 1.5 {, J = 6.7 Hz, overlappingm, 10H), 1.3

(m, 2H).

13C {!H} (125.8 MHz, CDCk) : 141i5, 1341, 131.4, 129, 1272, 1258, 1253, 123,

1227, 481, 305, 253, 23.7

)
OO %e

[(N,N-bis[(1-(R)-napthylethyl]pentanediamingcycloprop-2-en-1-ylidene]chloro

tetrafluoroborate. In a 50 mL round bottom flask tetrachlorocyclopzog 4-36b (0.15
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mL, 1.27 mmol) was added and diluted with DCM (25 mL). The solution was cooled to
78 °C andN,N-bis[(1-(R)-napthylethyl]pentanediamingas added as a solution in DCM

(5 mL) dropwise. Hnigés base was then added and the reaction was warmed to room
temperatre over 2 h and then stirred overnight. The organic solution was washed@ith H
(30 mL) , f ol | owe@&hd orhapnic layer twasdtherNdrid?l Fvith wdious
sodium sulfate and volatiles were remowedacuo The crude solid was taken up in DCM

(1 mL) and precipitated with E® (30 mL).The product was then filtered to obtain the title
compound 624 mg, 1.10 mmol, 86% yield).

IH (500 MHz, CDC}) : 7.9d (d, 2H), 7.88 (m, 4H), 7.65 (d, 2H), 7.55 (m, 2H), 5.57 (q,
2H), 3.75 (m, 4H), 1.97 (d, 6H), 1.8,(2H), 1.3 (d, 2H), 1.2 (d, 2H)

118 (1605 MHz, CDCk) : -0.89(br s).

)
OO %@

BF,
[(N,N-bis[(1-(R)-napthylethyl]pentanediamingcycloprop-2-en-1-ylidene]
tetrafluoroborate (4-35). [(N,N-bis[(1-(R)-napthylethyl]pentanediamine)cyclopr@gen
1-ylidene]chloro tetrafluoroborat@60 mg, 0.811 mmol) was dissolved in DCM (7 mL)
and cooled te15 °C. Triphenylphosphine (213 mg, 0.811 mmoéduiv) was added and
the reaction was left to stivernight. The organic solution was washed wit®H20 mL)
and s at@@mLNaadtHen dried with ansodium sulfate. Volatiles were removed

in vacuoto afford a crude solid. The solid was then dissolved in DCM (1 mL) and
precipitated with EO (20 mL) which was then filtered to afford the title compodngb

(338 mg, 0.634 mmol, 78% yield)
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'H (500 MHz, CDC¥) : 7.94 (d, 2H), 7.92 (m, 2H), 7.81 (d, 2H), 7.66 (d, 2H), 7.55 (m,
7H),6.2 (s, 1H), 5.61 (gl = 7 Hz, 2H), 3.61 (m, 4H), 1.95 (d, 6H),55 (d,J = 7 Hz, 2H),
1.26 (m, 2H), 1.13 (m, 2H)

118 (1605 MHz, CDCk) : -0.89(br s)

o PP Pho,
0 ® OJ{_
N)ﬁ—//kNG
H ©
Cl

BOXCDC (4-37). Pentachlorocyclopropare36a(0.5 mL, 3.892 mmol) was dissolved in
DCM (15 mL) in a 100 mL round bottom flask. The solution was cooletiz®éC and then
diphenyl prolinol (1.97 g, 7.78 mmol,ejuiv) was added followed by ihigés base (3.39
mL, 19.455 mmol, Zequiv). The reactionwvas left to stir overnight, and the resulting
mixture was diluted with DCM (15 mLandwashed with HO (2 x 30 mL) The organic
layer was then dried with anh. Sodium sulfate and the DCM was rentmovadua The
crude material was dissolved in minimal ambaf DCM followed by precipitation with
EtO to afford an offwhite solid4-37 (2.2g Et:O could not be fully removed from the solid
material).
'H (500 MHz, CDC4) : 7.4 (m, 5H), 7.41 (m, 5H), 7.28 (m, 5H), 7.22 (m, 5H), 5.05 (dd,

J =5.8, 10Hz, 2H), 5.04 (s, 1H), 4.02 (m, 2H), 3.84 (M, 2H), 2.48 (M, 2H), 2.16 (M, 2H),

O*ph
'\)'/_ 4 Ph

o)

1.97 (qd, 2H), 1.16 (m, 2H)

Diphenylprolinol carbamate (4-40). N-boc Diphenylprolinol4-39 (2g, 5.65 mmolwas

weighed into a 25 mround bottom fask anddissolvel THF (12 nL). Sodium hydride
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(203 mg, 8.48 mmol, 1.5 equiv.) was then added along with a stir bar and the reaction was
stirred for 3h Carefully, a satiratedammonium chlorideolution (10 mL) was addezhd

then the mixture wasextraced with DCM (30 mL) andammoniumchloride solution,

(30mL). The aqueous solution was then washed with an additional amount of DCM (20
mL). The combined organic solutions were then washed with brine (20 mL). The organic
solution was then dried wittodum sulfate and thesubsequentlyiltered and volatiles
removedin vacuoto afforda solid (1.48g) containing thtéle compoundand impurities
Tertbutanol and other impurities wer present but the title compound was identified in the
NMR spectumin accordance with literature valdé€&and used without futher purification.

'H (300 MHz, CDC%) : 7.54i(m, 2H), 736 (m, 8H), 7.28 (m, 5H)4.56(m, 1H), 3.74(m,

1H), 3.26(m, 1H),1.93(m, 1H), 1.73(m, 2H),1.14(m, 2H).

S

PR, 1D APh

Ph Clg M Ph
cl

Attempted preparation of BAC complex (4-42). Tetrachlorocyclopropené-36b (0.05

mL, 0.407 mmol) was weighed into a 25 r8chlenktube equipped with a magnetic stir

bar. DCM (6 mL) was added and the solution was coolegi@8C. A solution of aminel-

41 (193 mg, 0.815 mmol, 2 equiv.) in DCM (2 mL) was slowly added to the oeacti
followed by HlUnigé base(0.15 mL, 0.856 mmol, 2.1 equiv.) which was added in one
portion. Reaction temperature was maintained78t°C for 2 h and then allowed to
gradually warm to room temperature. The crude product was obtained via a similar workup
to previously reported methods. The product contained multiple impurities but was

identified in the mixture through mass spectrometry analysis.
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Formation of Me,PhBAC-BCy:2H (4-34). (Me,PRBAC 4-30b (21 mg, 0.043 mmol) was
weighed into a 1 dram vial along with dicyclohexylborane (7.6 mg, 0.043 mDiethyl

ether (1 mL) was then added to the solids along with a mechanical stir bar and the solution
was mixed. Volatiles were then removiedvacuoand the solution was analyzed using
NMR analysis in benzends. The product was used in reactions without further
purification.

118 (1605 MHz, CeDe): U -12.

4 .8.5Borenium lon Generation

Pr iPr iPr iPr
N N N N
iPr” NiPr X iPre NiPr X
® + @, E— Q) +
B N~ © B._ BArf N
PARAN | F DS 24 |
Cy i Cy Bn BAr 24 Cy"® Cy Bn
4-1 4-6 4-3 4-7
air/moisture air/moisture moisture
stable stable sensitive

Formation of Borenium Cation [iPrBAC-BCy2][BAr F24] 4-3a in situ from N-Bn
Quinolinium BArF24(4-6). In a gloveboxjPrBAC-BCy.H 4-1 (15 mg 0.037 mmol) and
N-Bn quinoliniumBArf,4 4-6 (41 mg, 0.037 mmol) were placed in an oven driebtain
vial. The solids were dissolved in CQxGapprox.1 mL) and the solution was transferred

to a standard NMR tube and NMR spectra were acquired after 15 min.
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Diagnostic NMR Data:

H (500 MHz, CDC}): i1 7.69 (m, 8H), 7.52 (s, 4H3.96 (m, 2H), 3.67 (m, 2H), 1.74 (m,
10H), 1.58 (m, 2H)1.30 (dwith overlapping signals) = 64 Hz, 28H), 1.16 (m, 6H).

118 (1605 MHz, CDCL): {82 (B*), -6.6 (BAI24).

4.8.6General ReductionProcedures and Scope

General hydrogenation procedureiPrBAC-BR2H (5-10 mol %) anda quinolinium salt
(5-10 mol %) were placed in an oven driedram vial equipped with a magnetic stir bar.
To this vial trifluorotoluene (0.2 mL) was added and the solution stirred for 2 min. Then
substrate was added 18. mmol) as a solid and then thelgtion was diluted with
trifluorotoluene (0.1 mL) and the vial equipped with a septum cap aghdge needle.
Vials were placed into a Paoomb which was then assembled and removed from the glove
box. In a fume hood, the bomb was placed on a stir phaie,purged seven times by
pressurizing to 20 atm of Hollowed by careful release. The bomb was subsequently
pressurized to 24 atm. Tharr bomb was left on the stir plate over night and then was
carefully depressurized, disassembled, and the vialsrera@/edVolatiles were removed

in vacuoand CDCl; (approx. 07 mL) was added and conversion was ascertainetHby
NMR analysis(comparison of starting material and product).

General hydrosilylation prodecure.iPrBAC-BR2H (2.5-10 mol %) anda quinoliniun
salt(2.510mol %) were placed in an oven driedrbm vial equipped with a magnetic stir
bar.Imine (approx. 0.18 mmol) was then added to the vial followed by either TFT or MTBE
(approx. 0.7mL). Diphenylsilane was then added (apprek.5lequiv. in r&ation to
substrate). Reactions were left to stir overnight. Volatiles were remavedcuoand
CDCl; (approx. 07 mL) was added and conversion was ascertainedHlyMR analysis

(comparison of starting material and product)
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Hydrosilylation procedure with isolated yields.iPrBAC-BCy>H 4-1 (4 mg,0.009mmol,

5 mol %) andN-Bn quinoliniumBar®'s 4-15 (7.5mg, 0.9 mmol, 5 mol %) were placed

in an oven dried firam vialequipped with a magnetic stir bémine (0.0184 mmol) was

then added to the vial followed by MTBE (approx. 0.7mL). Diphenylsilane (0.05 mL, 0.276
mmol, 1.5 equiv.) and reactions were left to stir overnight. VVolatiles were rerovacuo

and CDCl; (appox. 07 mL) was added and conversion was ascertainedHoi}MR
analysis(comparison of starting material and produg@t)e solvent wvasthen removedn
vacuoand the crude material was then subjected to column chromatography with a gradient
of 2.5% to 100%therin hexanes as needeéti NMR data was then acquired of the amine

products.

_Bn
HN

©%Me

N-Benzyk(1-phenylethyl)amine (4-9b).

Yield: 33mg, 0156 mmol, 85%

1H (300 MHz, CDC#H): i 8 (m2L0H), 3.8 (g, J = 6.6Hz, 1H), 362 (AB g, 2H), 187 (s,
1H), 1.3 (d, J = 6.6Hz, 3H).

_Bn
HN

o
MeO

N-Benzyl(1-(4-methoxyphenyl)ethyl)amine(4-10b).
Yield: 42mg, 0174mmol, 95%
'H (300 MHz, CDC¥): i 8 (m2ZH), 6.87(m, 2H), 3.79 (s, 3H), 367(q, J= 6.6Hz, 1H),

361 (AB g, 2H), 164 (s, 1H), 1.3 (d, J = 6.6Hz, 3H).

125



Ph

HN/\)\Ph

©%Me

N-(3,3-Diphenylpropyl) -(1-phenylethyl)amine (4-21b).

Yield: 53mg, 0168 mmol, 91%

H (300 MHz, CDC#): i @ (m2L5H), 3.95(t, J = 7.8 Hz, 1H), 355(q, J = 6.6Hz, 1H),
2.42 (m, 2H), 2.19 (m, 2H}.%2 (s, 1H), 127 (d, J = 6.6Hz, 3H).

-Ph
HN

o
MeO

N-Phenyl(1-(4-methoxyphenyl)ethyl)amine(4-18Db).

Yield: 31mg, 0136 mmol, 74%

'H (500MHz, CDCk): 4 7 (ap2d 2H), 708 (ap t 2H),6.84(ap d 2H),6.63(ap t 2H),
6.50(ap d 2H), 4.43(q, J = 6.7 Hz, 1H), 395 (s, 1H), 3.76 (s, 3H), 148 (d, J = 6.6 Hz,
3H).

_Bn
HN

Me

N-Benzyl(1-naphthylethyl)amine (4-16b).

Yield: 33mg, 0126 mmol, 69%

1H (500 MHz, CDC}): 1i 7.82 (ap t3H), 7.76(s, 1H), 752 (apd, 1H), 7.44 (m, 2H), 7.29
(m, 4H), 7.22 (m, 1HB.97 (g, J = 6.6Hz, 1H), 364 (ab g, 2H), 188 (s, 1H), 143(d,J =

6.6 Hz, 3H).
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NB" 10mol % N-E"

4-1 + 4-50
'
Me 24 atm H, Me
4-16a 16 h, PhCF, 4-16b, 30%

23% e.e.

Asymmetric hydrogenation procedure.iPrBAC-BCy.H 4-1 (7.6 mg, 0.018 mmol10
mol %)N-Bn Quinolinium B(RBINOL ). 4-50(15 mg, 0.018 mmolL0 mol %) were placed

in an oven dried #iram vial equipped with a magnetic &tar. To this vialtrifluorotoluene
(0.75mL) was added and the solution stirred for 2 rAtacetonaphthonbl-(benzyl)imine
4-16awas added48 mg,0.18 mmol) and the vial equipped with a septum cap and 16
gauge needleThe val was placed into a Pafbbomb which was then assembled and
removed from the glove box. In a fume hood, the bomb was placed on a stir plate, and
purged seven times by pressurizing to 20 atmxdbhHbwed by careful release. The bomb
was subsequently pressurized to 24 atm.Rdrebanb was left on the stir plate overnight
and then was carefully depressurized, disassembled, and theagi@@moved.Volatiles
were removedh vacuoandCDCls (approx. 07 mL) was added ana 30% reduction to the
aminewas ascertained B4 NMR analysis(comparison of starting material and product).
Volatiles were once again removiedvzacuoand the crude material was subjected to HPLC
analysis through a pentane extraction of the crude material. Crude HPLC datadnalicate

e.e.of 23%.

127



Chapter 5: Protic Additives or Impurities Promote Imine Reduction
with Pinacolborane

Reprinted with permission froB. S. N. Huchenskiand A. W. H. Speed)rg. Biomol.
Chem, 2019 17, 1999 Copyright 2021 the Royal Society of Chemisffjne manscript
has been reformatted to match the thesis format, and references and compounds have
renumbered where appropriate. Sdations headers have been added.
Contributions to manuscript: All synthetic work in this chapter was carried out by B. S. N.
Huchenski, with the following exceptiorBhe reactions shown Bcheme 22 andScheme
5.6 were conducted bRr. A. W. H. Speedimine 5-10was prepared by T. M. Hynes and
all other imines wer@repared collaboratively between B. S. N Huchenski, M. R. Adam
and C:H. Tien. Mass spectrometric data were acquired by Mr. Xiao Feng (Mass
Spectrometry Laboratory, Dalhousie Universififjie manuscript was written by B. S. N.
Huchenski andr. A. W. H. Speed.
5.1 Introduction

The use of pinacolborane ageductant for carbonyl and imine compounds has
undergone extensive growth in recent yédtsA variety of protocols and catalysts have
been disclosed for carbonyl reduction with pinacolboraRequently, Lewidase
activation of the borane is an integral part of the reduction mechafigdkoxides, and
recently butyllithium have beeused as Lewibases in the reduction of carboni$l’
Under neat conditions, it has been shown that the hydride transfer can proceed from
pinacolborane to aldehydes or benzophenone imine in an uncatalyzed fanner.

Imine reduction by neutral boranes such as pinacolborane has undergone many

relatively recent developmen(Sigure 5.1).
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Figure 5.1 Selectedxisting systems foliminereduction withpinacolborane

In contrast to Lewidase mediated ketone and aldehyde hydroborations with
pinacolborane, Lewis or Brgnsted acid mechanisms appear to be more prevalen¢ in imi
hydroboration. Seminal reports on imine hydroboration with catecholborane showed that
coinage metal complexes could catalyse imine hydrobor&fiddaecholborane slowly
reacts with imines in the absence of catalysis, however Brgnsted acid catalysed imine
reductions with catecholborane employing chiral phosphoric acids did allow significant
enantioinduction, demonstrating the merit of exploring catalpsedesses even when a
background reaction exist&’” Despite the initial use of coinage metal complexes in
imine hydroboration with catecholborane, mghoup elemenbased catalytic sysms
have grown to occupy a pesminent position in imine hydroboration reactions with

pinacolborane, which is considered to be less reactive than catecholb8ran2012,
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Crudden and cworkers reported borenium catalysed imine hydroboration with
pinacolborane, which did not undergo a +watalyzed background reaction with imirés.
The proposednechanism for this reaction involves hydride delivery from a beraime
complex to an imine activated by complexation to a borenium cation. After this report, a
number of protocols for imine hydroboration with pinacolborane have been reported,
involving several different mechanistic propos&fs8tNeutral bororbased Lewis acids
have been shown to catalyse imine hydroboration, with a proposétnm&un involving
imine activation by the Lewis acid, rather than a borerdamalyzed reactiotf?183
Magnesium centres havelsa proven competent at imine hydroboration, via the
intermediacy of magnesium hydrides which are regenerated through pinacof§6té&ne.
Most recently, the use of diazaphosphoteased phosphorus hydride complexes for imine
hydroboration has recently been reported by our group and 6fH&t&s187
Diazaphospholene hydrides effect reduction through delivery of a phosphorus hydride to
an imine, and represent one of the least Lewidic catalyst systems for imine reduction.
Finally, several transition metal based catalysts, imegucuthenium, rhenium, and cobalt
based catalysts have been employed in imine hydrobor&fiétt. These reductions are
typically proposed to occur through the intermediacy of retdtide bonds

During the course explorations of catalysed imine hydroboration reactions, we
explored the use of methanol to rapidly quencltieas. We observed that with the use of
methanol as a quenching agent, even control reactions without added catalyst showed high
conversions to the amine product. Since previous reports of imine hydroboration had not
reported background reactions betwpgracolborane and imines, this result suggested that
methanol was promoting the observed reduction reaction. In addition, we conducted

experiments verifying no background reaction between pinacolborane and the imines under
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guestion in the absence of metbhrsuggesting that other contaminants in our solvents or
substrates were not promoting this observed background reaction.
5.2 Results and Discussion

It has been reported that reduction of carbonyl functionality with pinacolborane
occurs in some cases in thiesance of solvent, while addition of solvent supresses the
reduction reactioh’* Verifying the absence of a backgroundaton for imine reduction
at room temperature under neat conditions, mixing irGiti@vith pinacolboran®-2 for 3
h, followed by dissolution in chloroforrd showed no reduction reaction. Upon addition of
10 equiv of methanol as a ®1 solution in chlorobrm-d to a mixture of5-1 and5-2 we

observed conversion to the amine by NMR spectrosdegydtion B, Schemeb.1).

CDCl3 or
N- T MB CD5CN
A Me T O\B,O — orTHE o no reaction
5-1 ﬁ 5-2
MeO

_PMB 1) CDCl, _PMB
N %_é HN
2) MeOH

+ 0,0 ————>» + 0,0

B Me B’ (1:1.4) Me B’
5-1 b 5-2 5-3 O 5-4a
MeO MeO “Me

.PMB _PMB
N .% é 1) CDCly N
2) iPrOH

+ 0, 0 —/———>» + 0.0

c Me B” (1:6.4) Me B”
5-1 b 52 5-3 L 5-4b

MeO MeO ~

_PMB _PMB
N 5‘ ? 1) CDCl, HN
2) tBUOH

+ 0L 0 —M—— > + 0.0
D Me B (1:12.6) Me B
5-1 Yy 5-2 5-3 L. 5-4c
MeO MeO

Scheme5.1 Investigation of primary, secondary, anertiary alcohols as reduction
promoters Amine reduction(5-3) was measured as a ratio relative to inBrk usingH
NMR analysis written in parentheses under reaction arrows.
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Spectra were obtained within 10 min of mixing, with the time limitation being
transport of the sample to the spectrometer, and subsequeaaoisition steps of sample
insertion, locking, and shimming. No additional conversion was observed after further
reaction time. Supporting this lack of further reactivity, unreacted boron hydride was not
observed in the''B NMR spectra during acquisition of the initial spectra in these
experiments. Conversion was measured by measuring ratios of starting mateaeutt p
as determined by integration of thé NMR spectra of the reaction mixtures. The ratios
are shown under the corresponding equation arrodshemes.1. The reduction reactions
were relatively clean, generally only showing starting material anduptas the only
nitrogen containing compounds, supporting the use of this measurement method. Use of
ferrocene as an internal standard in some cases to calculate NMR vyield gave good
agreement with the ratios of starting material to product determined I/ $yctroscopy.
Switching to isopropyl alcohol or tebutyl alcohol resulted in higher conversions
(Equations C andD, Schemeb.1). Use of isopropyl alcohol allowed determination of the
fate of the B(pin) moiety. The boron was transferred to the isoprajpphol with
concomitant loss of the proton, as revealed by comparison of spectral data of the reaction
mixture with an authentic samplei®&frOB(pin)5-4b in chloroformd.

Despite the use of excess pinacolboraZerelative to imine, some imine starting
material remained, despite complete consumption of the pinacolborane, indicating that
dehydrocoupling of the alcohol and pinacolborane is a competitive processatédyred
dehydrocoupling of HB(pin%-2 and alcohts, amines, and thiols with concomitant loss of
hydrogen gas has been reported by Bertrand amebdeers!®?

In these dehydrocoupling reactions, simple mixing of the pinacolb&anevith

the protic substrates in the presence or absence of solvent results in loss of hydrogen, and
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formation of a borotheteroatom bond. In our reactions, gas bubbles, presumed to be
hydrogen, were observed during the mixing process. In conjunctionheitfottmation of
iPrOB(pin) 5-4b, these results show a dehydrocoupling process is also active under our
reported reaction conditions. We attribute the higher conversions for imine reduction with
the bulkier alcohols isopropyl alcohol anért-butyl alcohol to a slower rate of
dehydrocoupling relative to imine reduction.

Given the ability of alcohols to promote reduction of imines by pinacolbd&-ane
we decided to explore the ability of water to promote this reaction. While pinacoll&erane
2 rapidly reactwith water and is therefore intrinsically dry, water would be expected to be
the most common protic contaminant in solvents or imines that have not been adequately
dried. If water can promote imine reduction in a fashion analogous to alcohols, this would
represent an important source of raatalyzed reactivity of the reactions of imines with
pinacolboran&-2. This could lead to unexpected outcomes, or erosion of stereoselectivity
in reactions conducted with chiral catalysts. We prepared a 0.25 M sodditigater in
either THF or acetonitrile. These watarscible and hygroscopic solvents are commonly
used in imine reduction chemist§.18While addition of 1.25 equivalents of water in
either acetonitrileEquation A, Schemes.2) or tetrahydrofuranquation B, Schemes.2)
to neat mixtures of pinacolborafe€ and imine5-1 resulted in rapid gas release indicating
significant reaction of pinacolbora®e? with water, concentration of the resulting mixture
and analysis by NMR spectroscopy in chlorofenshowed approximately 80%
conversion to the amine, indicating water isoahn effective promoter of this reduction
reaction. The gas release was observed only for the first couple of seconds of mixing,
implying that reaction of pinacolborabe? with water is rapid. For the observed levels of

reduction of the imine to have agced, the imine reduction must also be rapid. These
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results indicate the importance of ensuring the dryness of solvent and substrate in the
exploration of catalytic hydroboration reactions, especially asymmetric ones, since a rapid
and uncatalyzed watenediated background reaction would erode catahediated

selectivity.

.PMB .PMB
N HN
wet CD;CN

+ 0, 0 —m >
A Me B” (1:4.9) Me
5-1 b 5-2 5-3
MeO MeO

.PMB .PMB
N HN

¢ dlb wet THF
B Me B (1:4.8) Me
5-1 b 52 5-3
MeO MeO

Schemeb.2 Water as a reduction promaotémine reductiong-3) was measured as a ratio
relative to imine %-1) using'H NMR analysis written in parentheses under reaction arrows.

We explored several other reducible substrates, including electron rich and poor
aniline derived imine§-5 and5-6, chalconé-7, ketones-8, pyridine5-9, and cyéic imine
5-10, which is a precursor to the pharmaceutical candidatelS@BY (igure 5.2).1%3In
the case of aniline derived imings%, and5-6, only trace conversion to the product amines
was observed, in contrast to the relatively high conversion observe8-litihalcones-
7, ketone5-8, pyridine 5-9, and imine5-10 did not undergo reduction reactions, with

dehydrocoupling of the pinacolbar@being the only observed reaction.
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Figure 5.2 Substrates that were not efficiently reduced with pinacolborane/alcohol
mixtures

Aniline derived imines have lowdrewis-basicity than alkyl imines. The above
results suggest that a relatively basic alkyl imine is important for high conversion, and that
addition of alcohol or water is necessary for reduction to take place. A mechanism
involving a six membered transiticstate is proposed for the reduction react®chéme

5.3).
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Imines reduced
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Scheme5.4 Imines reduced with tetiutyl alcohol/pinacolborane (NMR yields from
integration withferrocenenternal standard)

Association of the HB(piny-2 and alcohol would be expected to increase both the
acidity of the alcohol, and hydricity of the boron hydrid&1°!In the alsence of an imine,
hydrodecoupling and release of hydrogen would occur. In the presence of a reducible imine,
the hydride and hydrogen could be delivered to the imine via the cyclrnenbered
transition state. The current dataedoot rule out an opeinansition state anorrconcerted
proton/hydride transfer for this reaction and this scenario is also sh@&ehémes.3. The
use of deuterated pinacolboras@(d) as a reductant resulted in delivery of the deuterium
to the imine carbon, which is consistent with the mechanistic proposals presented in

Scheme5.3.1% The results of the small substrate screen shoviigare 5.2 suggest that
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having a relatively basic substrate is important. We postulate that the reduced basicity of
the aniline derived imines reducéeg textent of intermolecular interaction with the HB(pin)
5-2/ alcohol complex, either by hydrogen bonding, or a full deprotonation, increasing the
relative proportion of dehydrocoupling within the complex. The other unreactive substrates
shown inFigure 5.2 can be considered in this context: Carbegted substratés7 and
5-8 are also less basic than alkyl imines, corroborating the need for a relatively basic
substrate. The failure of pyridire9 to undergo reduction may be a consequence of the
added energetic penalty of pyridine dearomatization making the rate of reduction
uncompetitive with dehydrocoupling. The failure of im#&0 to undergo reduction was
slightly more unexpected, since itas alkyl imine. In this case, the basicity of the pyridine
may interfere with imine reduction by changing the site of protonation on the molecule.
We subsequently explored a small scope of alkyl imines. The imines shown in
Scheme5.4 were reduced with vging conversions. The yields reported under substrates
5-11i 16 were obtained by integration of NMR spectra with addition of 0.050 mmol of
ferrocene as an internal standard. These numbers were in good agreement with observed
ratios of starting material tor@duct, showing that the reactions were relatively clean.
Substitution of the 4nethoxybenzyl (PMB) group for a benzyl gro&gl(l) did not perturb
the reaction. The precursor to the antidepressant sertralirf® yas reduced, however an
essentially 1:Imixture of diastereomers was obtaif@dAn alkyne in the precursor to
rasagiline $-13) did not interfere with the reaction. A pyridyl iming 14) was reduced, in
cortrast to imines-10. In this substrate, the imine in the 2 position of the pyridyl ring may
attenuate the pyridine basicity by withdrawing electrons through conjugation, reducing its
interference in proton transfer, as compared with irbidé. It is alsopossible that even if

the pyridine is protonated, the close proximity of the imine nitrogen would allow rapid
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proton transfer, and subsequent imine reduction. Im&#&S and 5-16 were reduced
uneventfully. Imine5-16is the precursor to fendiline, whicha pharmaceutical molecule.
A reduction of imined-1 on 200 mg scale was also conducted utgnigbutyl alcohol. The
product was isolated and purified, affording anbriein 77% isolated yield. These reaction

conditions are convenient, however imine reductions employing alternative reagents such

as sodium borohydride or catecholborane can reach higher conversions, which means this

reported method does not have added patparvalue.

Since alcohols promote the observed reduction, we decided to investigate if the use
of chiral nonracemic alcohols could result in chirality transfer. Solutions of the alcohols
in chloroformd were added to mixtures &1 and pinacolboranés-2). The use of the
alcohols cedrenob(17), (1S,2R,5S)+)-menthol £-18), 1(S}and ende(-)-borneol £-19)

did provide varying levels of conversion, however the amines obtained were essentially
racemic. Use of (Rj+)-1 , -hi-@-naphthol5-20 resultedin modest induction (63:37 R to

S). The sense of induction was determined HPLC on a chiral stationary phase, and by
comparing the order of elution a previous report of analysis of aBiBef known
configuration under the same HPLC conditid#s:® Finally, we investigated the use of

El | ma n(g-tert-bat@sulfinimide 6-21), to examine ithis protic functionality could

also promote hydroboration. Meng and Du have reported catalytic reductions of imines
employing an adduct of Pi e'f%%ie didtioreofb€1 a n d
to a mixture of iminé-1 and pinacolboraneés{2) did promote reduction, but in our case,

no asymmetric reduction was obsery8dheme 5%).
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Schemeb.5 Investigation of chiral additives

The observation that nitrogen containing compade+H2d promoted reduction raised
the possibility that other nitrogezontaining compounds may promote the reaction. Of
special interest as promoters are alkyl amines, since these are the products of the reduction
reaction of imines, raising the possibility that imine reduction by pinacolborane could occur
via an autocatalytic reaction. Since imines are typically made freracdhdensation of an
amine and carbonyl compound, excess amine is a likely impurity in imines, representing
another potentially confounding factor in amine reduction.

To test for autocatalysis, two substrates were examined. Iihesd5-13 were
separatly mixed with pinacolborane in chloroford) in the presence of ferrocene as an
internal standardScheme5.6). Amine 5-3 was added to each sample. NMR spectra were
obtained for each reaction after approximately 30, thien again after 24 h. In both cases,
approximately 30% consumption of starting imine was observed in theiBINMR
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spectra. Neither reaction went to contiale in the 24 timeframe but there was an increase

in conversion to approximately 60% consumption of starting material for each reaction in
the 24h measurement. The spectra were complicated compared to those obtained from the
use of stoichiometric pratiadditives because of the presence of a mixture of borylated and
nonborylated amines, so rather than measuring product formation, decrease of peak area
corresponding to imine starting material were used to ascertain starting material
consumption. The olesvation of continued conversion over several hours, in contrast to
results with the water and alcohol mediated reactions suggests that autocatalysis is
occurring, however the reaction is slow relative to the reduction observed in the presence
of alcoholsor water. Dehydrocoupling of amine with pinacolbordi@ and loss of
hydrogen would terminate the autocatalytic process by removing free amine without
producing more amine to continue the catalytic cycle. The structure (steric environment)
of the imine ad amine is probably a factor in the extent of autocatalysis, and some
substrates may prove to be more susceptible to autocatalysis than others. Because of the
lack of high conversion for the substrates tested, and slow progression, amine autocatalysis
is probably not a significant factor in ketimine reductions with pinacolbofa8gbut
ensuring imine substrates are free of amines would ensure absence of this possible

background reaction in future catalytic investigations.

141



Autocatalysis scenario
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5.3 Conclusion

We have demonstrated that a combination of pinacolbdsehand alcohol or
water results in the reduction of alkyl imines. Imines that are electron deficient are not
reduced under these conditions. The use of chiral alcohols in chlordfdieimot result in
chirality transfer except foBINOL 5-20, which affordedmodest selectivity. This
transformation is operationally simple and rapid, however the preparative value is limited
by incomplete conversion of imine to amine because of competitive dehydrocoupling of
the pinacolborané&-2 with the protic additive. The nst important consideration arising
from this work is that the promotion of imine reduction with pinacolbofaB@dy protic
contaminants represents an important potential background reaction that must be
considered in future studies of catalysed reductadrimines, since this reactivity could
erode intended selectivity of catalytic systems.
5.4 Experimental
5.4.1General Considerations
Imines, pinacolboran& 2, chiral additives, and solvents were dispensed in a 2001 issue IT
Glovebox (HO levels typically 2670 ppm). Reduction reactions were carried out in 4 dram
oven dried scintillation vials equipped with magnetic stir bars and green Qorpak® PTFE
lined caps. Substratagagentsand solvents were loaded into vials inside the IT Gloxebo
Reactions at ambient temperature were stirred within the glovéd@nd!'B NMR data
were collected at 300K on a Bruker A00 NMR spectrometer. Standard NMR tubes and
caps were usedH NMR spectra are referenced to residual-denterated NMR solvén
(CHClz =7.26 ppm, CHCN = 1.94 ppm). HPLC data were acquired on a Varian Prostar
instrument, equipped with detection at 254 nm, using a Astec Cellulose DMP column. A

99:1 hexanes/isopropanol solvent mixture was used as the eluent, with a flow rate of 0.5
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mL/min. Configuration of the reduction product was determined by comparison with a
known sample. Conversion ratios were measured by integration of the benzylic signals of
the starting material and product, unless a signal was obscured, in which cas¢htfle m
group was instead integrated. A 0.10 M solution of ferrocene in ©43 also employed

as an internal standard. 0.50 mL of this solution was dispensed to deliver 0.050 mmol of
ferrocene to reactions. The ferrocene signal was integrated as 10, andjoamtities of
substrates/products were accordingly calculated by multiplying obtained integral value by
amount of ferrocene (0.050 mmol) divided by number of protons the signal represented
(since ferrocene was normalized to 1dass spectrometric datgere acquired by Mr. Xiao

Feng (Mass Spectrometry Laboratory, Dalhousie University).

5.4.2Solvent Purification

Acetonitrile was purchased from VWR in a 1L EMD Drisolv® bottle. This bottle was
taken into the gloveboand activated 3 A molecular sieves wadeled. A 0.25 M solution

of water in acetonitrile was prepared by adding water to dry acetonitrile outside of the
glovebox.

Tetrahydrofuran was purchased from Fishedistiled from a purple solution of
benzophenone/sodium ketytd stored in the glovebox over activated 3 A molecular sieves
were added. A 0.25 M solution of water in THF was prepared by adding water to dry THF
outside of the glovebox.

Deuterochloroform (Cambridge Isotopes) was stored over activated 3 A molecular sieves,
but otherwise used as received.

5.4.3Reagents

Chiral Additives were purchased from Oakwood ChemidINOL and sulfinimide) or

Aldrich.
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Imines were prepared according to literature proceduresd5-10was prepared by Mr.
Toren Hyneg! 78193.195

Isopropyl alcohol and methanolwere obtained from Dalhousie University chemical
stockroom (Fisar Drums, absolute grade), and used as received.

Pinacolborane5-2 was purchased from Oakwood Chemical, stored at ambient temperature
in the glovebox, and used as received.

Pinacolboraned was prepared bRr. Casper Macaulay from2Birp, using the procedure

of Hartwig and Halft%

Tert-Butyl alcohol was purchased from Sigma and used as received.

5.4.4General Reduction Procedures and Results

All product amines are known comypnds, and match previously reported spectra
data?7,78,193,195

Control experiment. Compound-1 (50 mg, 0.186 mmol) was weighed into dram vial

and equipped with a magnetic stir bar. Pinacol bo&a2g0.02 mL, 0.278 mmol, 1.5
equiv.) was added to the vial and the mixture was left to stirioD®uterated chloroform

(2 mL) was then added, atfte solution left to stir for 10 min. NMR spectra were acquired
after a further 15 min and 1.5 h after chlorofedraddition with no observable reduction.
Deuterated methanol studiesCompoundb-1 (50 mg, 0.186 mmol) was weighed into a 4
dram vial. Pinacbborane5-2 was added to the vial followed by deuterated chloroform
containing methaneds in the amounts detailed in the table below. The vial was then shaken

and transferred to an NMR tube and NMR spectrum were acquired.
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Table 5.1 Effect of methanets added to induce reduction of imifsel to amine5-3.
Percent yields were calculated based on relative proportions of the starting material versus
product intH NMR.

Entry Pinacol Borane Methanotds Chloroformd 5-1:5-3

1 0.04 mL 0.02 mL 1mL 1:6.6
(1.5 equiv.) (2.6 equiv.)

2 0.04 mL 0.04 mL 1mL 1:10.9
(1.5 equiv.) (5.3 equiv.)

3 0.04 mL 0.08 mL 1mL 1:22.1
(1.5 equiv.) (10.6 equiv.)

4 0.04 mL 0.04 mL 0.5mL 1:.12.6
(1.5 equiv.) (5.3 equiv.)

Primary, secondary, and tertiary alcohol study Compound5-1 (50 mg, 0.186 mmol)

was weighed into adram vial. Pinacol borarte2 (0.04 mL, 0.278 mmol, 1.5 equiv.) was
added to the vial followed by a solution of the respective alcohol in deuterated chloroform
(0.93 mL, 10 equiv., 2M in deuterated chloroform). Twiel was then shaken and
transferred to an NMR tube and NMR spectrum were acquired.

Table 5.2 Stericeffect of alcohol added on the reduction of imbié. Percent yields were
calculated based on relative postions of the starting material versus produ¢HiNMR.

Entry Alcohol 5-1:5-3
1 Methanol 1:1.4
2 Isopropyl alcohol 1:6.4
3 Tert-butyl alcohol 1:12.6

Tert-butyl alcohol optimization study. Compound-1 (50 mg, 0.186 mmol) was weighed

into a 4dram vial. Pinacol borarte2 was added to the vial and then dissolved in deuterated
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chloroform.Tert-butanol was added in amounts detailed in the table below. The vial was
then shaken and transferred to an NMBe and NMR spectrum were acquired.

Table 5.3 Optimization of amount affert-butyl alcohol added to maximize the reduction
of imine 5-1.

Entry Pinacol Borane tert-butyl alcohol Chloroformd 5-1:5-3

1 0.04 mL 2 6 (8équiv.) 1 mL 1:3.1
(1.5 equiv.)

2 0.04 mL 26¢ L(3 equiv.) 0.5mL 1:3.8
(1.5 equiv.)

3 0.04 mL 53¢ L(6 equiv.) 0.5mL 1:6.6
(1.5 equiv.)

4 0.06 mL 53¢ L(6 equiv.) 0.5mL 1:7.8
(1.8 equiv.)

5 0.06 mL 53¢ L6 equiv.) 0.5mL 1:12.6
(2.2 equiv.)

General procedure for imine reduction A substrate (0.186 mmol) was weighed into a 4

dram vial. Pinacol borarte2 (0.06 mL, 0.408 mmol, 2.2 equiv.) was added to the vial and

then dissolved in deuterated chloroform (0.5 mL).-bert t vy | al cohol (53 €L
3 equiv.) was then added to the solution. The vial was then shaken and transferred to an
NMR tube and NMRspectrum were acquired. Results of starting material to product

integrations are detailed in the table below.
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Table 5.4 Scope of imines reduced witart-butyl alcohol.Percent yields were calculated
based o relative proportions of the starting material versus produét iNMR.

Compound # Starting material: product

51 1:13.8
5-5 1: trace
5-6 1:0
5-7 1:0
5-8 1:0
59 1:0
5-10 1:0
5-11 1:13.1
5-12 1:.3.7
5-13 1:4.2
5-14 1:8.5
5-15 1:8.6
5-16 1:3.7

Procedure for reduction with an internal standard. An imine (0.1856 mmol) was
weighed into a Hram vial. HEpin) 5-2 (0.06 mL, 0.4135 mmol, approx. 2equiv) was

then added to the vial followed by ferrocene (0.50 mL of a 0.10M solutiGD®ls). The
contents were then shaken in the vial and therbtégtl alcohol (53 uL, 0.5568 mmol, 3
equiv) was added and the mixture was shaken for 5s. The solution was transferred to an
NMR tube and NMR spectra were acquired after 10 min. Calculatioths/ialds with
internal standards are shown on the NMR speapdndiy.

Chiral alcohol studies Compounds-1 (50 mg, 0.186 mmol) was weighed into aréam

vial. Pinacol boran&-2 (0.04 mL, 0.278 mmol, 1.5 equiv.) was added to the vial. A chiral
alcohol (0.278 mmol, 1.5 equiv.) dissolved in deuterated chloroform (0.75 mL) was then

added to the vial and shak@&iNOL 5-20 was added as a solid after chloroform addition
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due to incompdte solubility in the chloroform. The vial was then shaken and the contents
were transferred to an NMR tube and NMR spectrum were acquired. Samples were
subsequently acidified with 2N HCI, the organic layer was discarded, and the aqueous layer
was made bas then extracted with dichloromethane, dried over sodium sulfate,
concentrated, and analyzed by HPLC.

Table 5.5 Effect of chiral alcohol or amine added on the reduction of irbidePercent

yields were calglated based on relative proportions of the starting material versus product
in 'H NMR.

Alcohol 5-1:5-3 e.r.(%e.e)
(1(S)yendo¢))-Borneol5-19 1:8.4 racemic
(R)-(+)-1 , -Bi@-napthol5-20 / 63.5:36.5 (27 %)
(1S,2R,5S)+)-Menthol5-18 1:7.7 racemic
Cedrenob-17 1:5.9 racemic
(S)(-)-tert-Butylsulfinamide5-21 1:4.8 racemic
N,PMB s—é 1) CDClg HN,PMB

0. .0 2) tBUOH
Me T B » Me
D D
MeO MeO

Deuteration study. 4-methoxyacetophenoré-(4-methoxybenzyl)imine5-1 (50 mg,

0.186 mmol) was weighed into adtam vial. DRpin) 5-2(d) (0.06 mL, 0.4135 mmol,
approx. 2.2 egjv.) was then added to the vial followed by ferrocene (0.5mL, 0.1M in
CDCl). The contents were then shaken in the vial and teesbutyl alcohol (8 pL,

0.5568 mmol, 3 agjv.) was added and the mixture was shaken fer Bhe solution was
transferred to an NMR tube and an NMR spectrum was acquired after 10 min. The solvent

was then removenh vacuo Ether (2 mL) was then added followed by HCI (1 M in
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EtO). Solvent was removed vacuoand the residue was washed with pentane (3 x 5mL)
by decanting the pentane. NaOH (10 mL, 2M) was then added as well as DCM (10 mL)
which was then transferred to a separatory funnel. The agueous layer was wakhed wit
DCM (3 x 7 mL) and the combined organic layers were dried with anh. sodium sulfate.
Solvent was removedn vacuo and the resulting residue was purified by column
chromatography with a gradient of 9:1 (hexanes : ether) to €f6%0) resulting in the

pure amines-3(d) (38mg, 0.14 mmol, 75% vyield).

IH (500MHz, CDCk):ti 7.26 (m, 2H), 7.18 (m, 2H),
3H), 3.78 (s, 3H), 3.55 (ab g, 2H), 1.50 (s, 1H), 1.32 (s, 3H).

13C {1H} (500 MHz, CDCk): Ui 158.7, 137.8, 133.0, 129.4, 127.8, 113.9, 113.8, 56.3 (1),
55.4,51.0, 24.5.

HRMS (APCI): calad for C17H21:DNO, [M+H™] 273.1708, found: 273.1715
N,PMB ';s——fi’ 1) CH,ClI, HN,PMB

0._.0 2) tBuOH
+ B —_—
/©)LMe | /©)\Me
H
MeO MeO

200 mg scale reaction and product(5-3) isolation. 4-methoxyacetophenofig-(4-
methoxybenzyl)iminé&-1 (200 mg, 0.7426 mmol) was weighed intodrdm vial equipped

with a magnetic stir bar. HBin) 5-2 (0.24 mL, 1.633 mmol, approx. 2.218@.) was then
added to the vial followed by DCM (2 mL). The contentye then stirred in the vial and
thentert-butyl alcohol (0.21 mL, 2.227 mmol, 3 &y.) was added and the mixture was
stirred for 30 min. An aliquot was taken, and an NMR spectrum was acquired. Solvent was
then removedh vacuoand the residue was disged in ether (15 mL) and the amine was

extracted with HCI (2 x 15 mL, 2M). The aqueous layer was then basified with NaOH (2M)
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and the product extracted with ether (3 x 20 mL). The organic extracts were then dried with
anhydrous sodium sulfate and thesfigd. Solvent was removedvacuoand the resulting
residue was purified by column chromatography with a gradient of 9:1 (hexanes : ether) to
ether(100%) resulting in the amin®-3, which was then purified again with the same acid
base wash mentioned @l® to remove a small amount of remaining pinacol, which
afforded the amin&-3 (153 mg, 0.565 mmol, 77% vyield).

IH (500MHz,CDCk):ti 7.26 (m, 2H), 7.18 (m, 2H),
3H), 3.79 (s, 3H), 3.75(q} = 6.6 Hz, 1H), 3.55 (ab g, 2H), 1.50 (s, 1H), 1.33)(d,6.6

Hz, 3H).

Procedure for autocatalytic reactions N-(4-methoxybenzyh(1-(4-
methoxyphenyl)ethyl)ame 5-1 (50 mg, 0.1856 mmol) was weighed into @ram vial.
HB(pin) 5-2 (0.06 mL, 0.4135 mmol, approx. 2éuiv) was then added to the vial
followed by ferrocene (0.61L, 0.1M in CDCI3). The contents were then shaken in the vial
and thenN-(4-methoxybenyl)-(1-(4-methoxyphenyl)ethyl)amin&-3 (10 mg, 0.03712
mmol, 0.2equiv) was added as a solution in CR@@.25 mL) and the mixture was shaken

for 5s. The solution was transferred to an NMR tube after 10 min and NMR spectrum were

acquired at 30 min and then at 24 h.
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Chapter 6: SFs Decomposition

Section6.2 and6.5 contairs information from the following manuscript:
B. S. N. Huchenskiand A. W. H. SpeedChem. Commun2021, Advance Article
Reprinted with permissiofrom the Royal Society of Chemisirgopyright 2021 The
manuscript has been rewrttigor section 6.2 and references and compounds have
renumbered where appropriagection6.5is reprinted directly from the manuscrigmd
references and compounds have renumbered where apprdpuiasections headers have
been added. The orignal manugtivas written by B. S. N. Huchenski abd. A. W. H.
Speed.
Contributions to manuscript: All synthetic work in this chapter was carried out by B. S. N.
Huchenski, with the following exception€ompounds-19, 6-51, 6-61, and6-62 were
prepared byDr. A. W. H. Speed an®-63 was prepared by bktafaHagar.The X-ray
crystallography was conducted by Dr. Katherine N. Robert¥laiss spectrometric data
were acquired by Mr. Xiao Feng (Mass Spectrometry Laboratory, Dalhousie University).
The manuscript was wtén by B. S. N. Huchenskflhe SEM images were acquired by
Maxine Kirschenbaum and Dr. Mita Dasog.
6.1 Introduction

Sulfur hexafluoride is a robust gaseous molecule which is colorless, odorless, non
combustible, and highly thermally staBf1%Two French chemists Moissan and Lebau,
known for their important developments in fluorindemistry, discoveréd® and
prepared® sulfur hexafluoride in the early 1900s. The predominantly inert nafuitds
gas has made it attractive in the electric power industry, as well as a variety of other
applications such as metal smelting, insulation for tires and windows, and as an etching

agent!®® The stability of sulfur hexafluoride under electrical currents arises from its high
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dielectric constant®” Sulfur hexafluoride W quench electrical arcs that would otherwise
damage equipment by behaving as an electron trapper in the circuit breaker, with a
fascinating ability t o(Sdchane .12 In aedtitioa, thd ur i ng
insulation capability of sulfur hexafluoride is three times greater tha%aillowing for
more compact devices. Another benefit is the increased density of the gas allows for less
leakage. The electrical industry accounts for about 80% of the sulfur hexafluoride usage in
the world today and in many countries such as India, Clima,Brazil, the amount of
sulfur hexafluoride used is increasing every y&afhe release of sulfur hexafluoride into
the atmosphere occurs in all stages of the electrical power industry from manufacturing to
maintenance to testing’

spark, arc

SF6 — — SF4 + 2F
recombination

Scheme6.1i Sel f He ainanelgaricad. SF

From an initial viewpoint, sulfur hexafluoride is the optimal gas for the electrical
power industry. However, sulfur hexafluoride is a highly potent gi@esen gas, which
cannot be overlooked in assessing its value. According to the UN Kyoto protocol and Paris
agreement®? sulfur hexafluoride is among the sixegnhouse gasses that should be
restricted. Although the concentration of sulfur hexafluoride in the atmosphere relative to
CQOzis low, the global warming potential of sulfur hexafluoride is approximately 23,500
times greater than G3°2 The atmospheric lifetime of sulfur hexafluoride is over 3200
years making reduction of usage of great importafrc@/hile some countries like the
United States and Canada have seen a steady decline in sulfur hexafluoride emissions, and
increased monitoring, the global increase of sulfur hexafluoride is expected to reach 64 Mt

COz equv. by 2030, mainly resulting from developing countd®&sApproximately 24% of
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these emissions arise from the disposal maintenance of electric power systefitew
alternatives are being developed to replace sulfur hexafluoride butheitturrent global
production and usage of sulfur hexafluoride remaining quite large, methods to destroy
surplus sulfur hexafluoride are currently an important area of res€arch
6.1.1Thermal Decomposition

Currently, there are a variety of methods to destroy unwanted sulfur hexafluoride,
such as using thermal, photochemical, catalytic or plasma generation. Early methods to
decompose SFutilized thermal degradation techniqu€sTo decompose SEhermally
requires extemely high temperatures because of the high stability of this gaseous
molecule!®® A report in 1997 details the degradation of 8§ blowing the exhaust into a
>1000eC f ur nac etocoavert SFinto Cab@ an@ @aE. Glowever, this
method requires a large excess of Ca@@nsure no HF remain¥’ This methods highly
undesirable because of the large energy requirements of the furnace, yet is currently one of
the most widely used abatement systems in operation. A major downfall to this method
arises from the high temperatures, which also allow for other e@acto occur such as
NOy formation. Oxides of nitrogen are also greenhouse gases, and contribute to acid rain
197
6.1.2Metal Reactivity with SFe

Metals have also been reported to react with $Re first example of an alkali
metal reacting with SFwas reported by Coen in 1953% In this system, sodium metal
was coated onto a tubedait was found that at 250 °C a reaction withs 8Ecurred, as
evidenced by a pressure drop in the system. The next lowest temperature reactios with SF
gas and a metal species was disclosed by Nyman and Case f°M6i2h involved the

use of a Lewis acid, namely aluminum trichloridénich was heated to 1BR00 °C in the
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presence of S Reactivity of Sk with lithium aluminum hydride was also exarad at
room temperature, but was found to only consume approximately 28% of the material after
1 week. Foll owing Cowené6s 1initial exampl e
temperature can be greatly lowered when sodium metal was dissolved in etheniam
or a diphenykethylene glycol dimethyl ether mixtuf&® With sodium, this reaction occurs
at-64 °C and in the ethereal solution-a® °C. Cesium metal was later also found to react
in a similar manner as described by King et dl9702°” A detailed investigation of metals
in liquid ammonia reacting witBFs to produce metal fluorides and sulfidesdescribed
by Kraus in 2017%
6.1.3Catalytic Decomposition

An improvementto the previously mentioned thermal decomposition methods
involves the use of catalysts to decrease operating temperatures. The catalysts used to
remove sulfur hexafluoride are supported metal catalysts, zeolites and metal oxides,
phosphates, and transitionetal complexes. Two important pathways for heterogeneous
degradation of sulfur hexafluoride are hydrolysis and oxidation reacfibrwhile
catalysts offered minor improvements, recent advances have greatly reduced operating
temperatures.

Metal phosphates are a common catalyst for the degradations @ng8fn 2009
Takita examined the efficiency of a variety of these metal phospliatEsom their
findings, the most active phosphates ev&liPQi, CePQ, YPQs and Zg(PQs)s when
conducted between 5PB26 °C2?%° In a follow up study, it was found that CeP®as
greatly more active than the other phosphates exarftfdad 2012 Lee reported the
application of AIPQ/ -Al.0s as a catalyst for the degradation ofs3¥ This was an

i mprovement on their pr evi -@&luOs Whych woalgplmer t ed ¢
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deactivated by the HF produced. The preparation of this catalyst requires dryinghfor 24
followed by calcination for 4 at 750 °C. After exploring a variety of operating conditions
by varying temperature and phosphoric acid content. The most optimal conditions after
rigorous testing were concluded to be 4.8 wt % of phosphoric acid 4C730

In a related manner, metal oxides can be used to decompeash 2B13Qian
reported the use of electroplating sludge fog I@moval which contains a mixture oetal
oxides, hydroxides, sulfates, silicates, and phospAtt&ectroplating sludge is a waste
product which often needs to be disposed of carefully but now carcysed as an SF
decomposition catalyst. The optimal operating temperature for this system was 600 °C, 150
°C lower than the AIP@ -Al.Os catalyst’’? Another waste pmuct Krschsteinite
dominantstainlesssteelslag was reported to also decomposes 8600 °C13 The slag
contains predominantly CaO, Feddd SiQ and when reacted with $kvas found to
contain metal fluorides on the surface. The advantage to using slag is that there was minimal
HF detected from the reactions with the major products beingaB®Sik.?'3 However,
these methods along with many other phosphate and metal oxide catalysts reported all
require very high temperatures and often specialized equipment. A recent advancement in
metal oxide catalysis was reported in 2020CGayti®rez et al?** which utilizes Mg/MgO
with plasmonics to remove &FThis advancement displays the potential for a simple
system to remove SlEompared to the complex mixtures used in the past which are often
done with harsh conditions.

To decrease operating temperatures and produce more mild productg of SF
decomposition, a variety of transition metal complexes have éaqdared for use iI5Fs
decomposition or fluorination purpos@sgure 6.1). Early examples by Ernst displayed

that transition metals outfitted with cyclopentadienyl ligamtd$(a-€) can react with
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SK:.21>218 imberg later reported a nickeomplex6-2 which generated nickel fluorides

and sulfides fronBFs.2!” Braunreported a rhodium compléx3 which can react with SF

and Sk derivatives and generate$ias well as the original compldgading to potential

catalytic use'®
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Figure 6.1 Transition metal complexes capable of reaction with SF

Braun later reported a rhodium catalyfed Sk decompositiorfi® with the use of

silanes and a trialkyl or aryl phosphine as a sulfur trapping reagent. Progress was monitored

by the conversion of the phosphine to the phosphine sulfide. This method is more favorable

compared to previoumethods because the products formed are less toxic or less volatile.

Most methods reported produce products that are volatile and are toxic, such as HF, or

common greenhouse gas$¥s’®! However, the maximum conversion to the phosphine

sulfide was 36% at 80 °C over h6leaving much room for improvement. In 2017, Braun

reported a platinum complek5a/b which was utilized in deoxyfluorination of ketones

and alcohol€?°but loadings were high, and conversions weve Following the platinum

157



paper, Braun reported another rhodium comgléxcapable of reacting with $Fout no
catalytic activity was reported® In 2016, Jamison reported the use of an iridium
photocatalyst, in the deoxyfluorination of allylic alcohols witls 8&the fluorine sourcé?
A significantadvancement itransition metal catalysis with §§as was reported in 28
by Wagenknecht which utilizes a copperd phenothiazinbasedphotoredox catalytic
systen?*Thi s was able to -mehhtgf-phenyldigreda Withany | a
modest conversionbut was notablas the first degradation method that left the $Bup
intact. Overall, the advancements in transition metal catalyzedeégbmposition indicate
that milder reaction conditions are possible and that these reactions can be used to produce
materials whichmay be of synthetic use.
6.1.40rganic ReagentsCapable ofReacting with SFs

There are a variety of modes in which a reagent can react with sulfur hexafluoride.
As described by Beiéf* these modes vary from electron transfer, radical generation,
photochemical excitation and Lewis acid/base chemistry. While the bond dissociation
energy of the 8 bond in SEis quite large, being around 380 k1,224 a variety of
methods have been reported utilizing organic molecules which can react witirdsigh
reductive processes.

Reactive molecules generated by photolysis or plasma are repsattdvith SE.
Some common reductive agents that have been studied are acetone, styrene, ant’propene
This process generates strong electron donors such as in the instance of acetone, where
radicals such as GHCHg, and H form under 184.9 nf® The most efficient system found
was using propene fd80 min at 184.9 nm and 253.7 nm with a destruction removal
efficiency of 75%#%° This method is desirable because of low power consumption but the

production of undesirabkebsorbingoy-products can affect transmittan'®’
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An early example of mild SFactivation was patented by Kirsch et al in 2G0@
involved two electron transfer using UV light with tetrakis(dimethylamino) ethyéerne
(Figure 6.2).2%’ This method was improved upon bydRing in 2017228 with the stronger
organic reductant of a DMAP derived reag6+8 originally reported by Murphy, which
can react with Sf~without requiring UV light This method alsademonstrateén early
example of the entrapment @SFs anionwith an organic cation. Following these results,
Braun reported that NHCS8-10a/b can undergo single electron transfer tos Sipon
irradiation with light??° producing difluoroimidazolingsand in some instances thioureas,
both of which represent NHCs trappingsS®hen an alcohol or carboxylic acid is present,
the products of this reaction were found to undergo deoxyfluasmatith the alcohols.
Another example of radical functionalization with ¢SRvolves the lithium salt of the
TEMPO anion6-9,22* which was found to reduce SBEnd transfer a pentafluorosulfanyl
group to alkenes in the process. However, this reaction is very low yielding, providing only
2% yield by!*F NMR with 2 equivalents of TEMPO pefphenylbutl-ene and 3.5% if 4
equi valents of the alternate nitroxaly TMIN
involving phenothiazine photocatalyst ambppef?® was improved further with the
removal of coppefrom the systemand addition of triethylborane as a radical mediator to
conduct arJ-pentafluorosulfanylation of similar substraté$These results indicate that
metatlfree pentdiiorosulfanylation is possible and can potentially be accessed in higher
yields throughdifferent radical systems. More recently, Nagoand ceworkershave
reported that si mpl d@imghoxbenzophan@telyasetcapabteu c h a
of deoxyfluorinatingthe anomeric centre of carbohydrates in the presence gdaraF

ultraviolet light3!
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Figure 6.2 Radical reagents capable of reacting witls. SF

A unique example of reactivity with $#was reported in a patent by Shigeyoshi in
2013, which uses simple alkyllithium reagents suctedsoutyl lithium, which was found
to react with SFat cold temperatures? This represented the first example of nucleophilic
SFs degradation, however few details were provided in the patent. The most significant
advance in controlled organic reactivity witheS#as reported by Dielmann in 2018,
where superbasic phosphines were shown to react through a nucleophilic mechanism with
SFKs (Scheme 6.2 Prior to this work there were no reports of phosphines reacting with SF
Phosphine 6-12 was found to selectivity form a fluorophosphonium and
pentafluorosulfanyl aniof-18 when treated with SFat low temperatures. This provided
one of the few examples in which ans&ion can be isolated and the first example of
formationof the Sk anion from SE. The Sk anion produced from this reaction was bench
stable and crystalline, providing a nealatile product from S§Fdecomposition. Following
this work, Hogeand ceworkersreported that phenolate salts of phosphazene supsrbase
6-13 can react with Sfto undergo a twelectron transfet®* forming a salt complex with

a pentafluorosulfanyl anion and fluoride aniddverall, these results suggest simple
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organc containing compounds can react withs.3ffowever all the various organic entities
shown here require multistep synthesis, and in roases,it is not apparent how the
oxidized productgould be reduced to close a catalytic cycle. Accordingdarchingor
simpler or catalytic metdtee method$or S reductionremains a worthy goal.
6.2 Phosphide Mediated SFs Decomposition
6.2.1Introduction

In the initial report by Dielmann et &f3a variety of phosphines were examined
for their reactivity with SE (Scheme 6.2 This searchinvolved highly basic
trialkylphosphinesTrialkyl phosphines PEBu)z 6-14 and P{Bu)z 6-15 were examined,
and no reactivity with SFwas observed, even at 130 for 21 h. When one of the alkyl
groups was substituted with an imidazeiimine group6-16 under similar conditions of
150°C for 29 h, quantitative consumption of the phosphineotserved with a 1:3 ratio
of phosphine sulfide and difluorophosphorane products, reflecting the stoichiometry of
SFs.2*3The increase in@hor ability and basicity of a phosphine by the addition of a strong
imino donor was reported earlier by Dielmann et al in the context efi@@tionalization,
allowing the phosphine to exhibit superbasic propeffie®Organic superbase are
described asompound with a greater than or comparable bagitd a proton sponge,
such as DMAN It is important to note that in this work, the basicity as well as the steric

environment were vital to the selectivity observed in their optimal results.
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Schemeb.2 Superbasic phosphine reactivity witheSF

As described by Dielmani¥? if a sufficient basicity threshold is reached,sSF
reactivity can occur. This is evidenced by the reactivity of alkyl lithium reagents and
superbasic phosphines. Diazaphospholes® have been reported to exhibit strong
hydridic andradicalproperties in a variety of transformatidi¥$?829193ye hypothesized
a diazaphospholene phosphi@e&20 might exhibit strong donor properties simitar
Di el mauperliases as the protic form of these complexes are already highly
nucleophilic. In some instances, diazaphospholenes have formed stable metal complexes,
which initially appear to resemble phosphidebut instead electronically resemble
phosienium complexes coordinated to a metal. In an effort to prepare a highly basic
diazaphosphosphideje sought to deprotonate a diazaphospholene hydride.
6.2.2Results and Discussion

In an initial experiment, treatment of diazaphospho&h8 with benzyl potassium
rapidly turned the solution dacheme 6.3 When examined b$*P NMR the solution
containednew phosphorus signai 94.8, 79.46-21), and-95 ppm.Treatment of this

solution with Sk at room temperature resulted in the formation of new compountt® by
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NMR, of which the fluorodiazaphosphole6e22 was present. In an effort to prepare a
single phosphide product, diazaphosphole®d9 was treated withn-butyllithium in
pentane andvas also exposed to §Bas and found to react, produciagmultitude of
compoundsisolation of potassium phosphi@e€0 was attempted but the crude solid was
found to be an energetic material, undergoing a vigorous/explosive decomposition on a

filter frit in the glovebox. Accordingly, this compound was not further investigated.

ItBu ItBu ItBu 1) KBn
KBn or n-BuLi
[ P—H ———> P K | P-H— P F
N 6-19 N 6-20 N 6-19 2)SFg N 6-22
tBu tBu tBu Bu
explosive trace

Scheme6.3 Generation of diazaphosphosph&20 and subsequent reactivity with SF

To tame the reactivity of these phosphides, the borane adsi@® of
diazaphospholene was then explored in this chemistry. Thegaugbthe borane adduct is
to reduce the basicity and increase the steric bulk to potentially allow a cleaner
defluorination process. In, addition some of the side products from the initial reactions may
be from multiple deprotonations or ring opening. THwane adduct will increase the
acidity of the phosphine potentially allowing for more selective deprotonation. Upon
treatment of diazaphosphole®d.9 with a borane dimethylsulfide solutioam new borane
adduct6-23 formed as indicated in theP and!'B NMR data. Treatment of this solution
with n-butyllithium produceda singular produc6-24 at 143 ppm.Treatment of this
solution with Sk resulted inmultiple peaks irfP NMR spectrum. Among the products,
the diazapbspholene dime8-21 was observedsiven the difficulties in deprotonating the
diazaphospholene, we did not investigate anions of this system further. However, this work

hinted that simple basic phosphines in the form of phosphides may react with SF
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In an effort to find simpler reagents for &fegradation, and to explore the reaction
space of phosphorus containing species withh §&s further, we investigated the
application of simple disubstituted phosphides, bearing carbon substituents rather than
nitrogen (Scheme 6.1 Potassium diphenylphosphi@25 is a commercially available
reagent which can be purchased as a 0.5 M solution in THF. This reagent exhibits a strong
orange/red color in solution, which serves as a good indicator for the presence of th
compound.Recenlly Stephan et al have reported that phosphides can activate small
molecules such as hydrogen g33/Vhen Sk gas was bubbled through a dilute solution of
this phosphides-25, the solution rapidly turned from orange a clear/yellow color. A
major product formed afl5.6 ppm in the*’P NMR spectrum, which is consistent with the
presence of tetraphenyldiphosphi#€6.2%8 This result indicated #t a reaction occurred
with SFs. We hypothesized that a nucleophilic mechanism might be occurring in which
fluorodiphenylphosphine6-27 is generated and then an additional equivalence of
phosphide6-25 rapidly reacts with this product to form the dimertekhatively, the
fluorodiphenylphosphin&-27 can react with itself to from the dimé&r26 as well as
fluorophosphorané-28.2%° Since the fluorphosphorané-28 was not observed in tHéP
NMR analysis it can be speculated that the first mechanism is likely occurring, but further
investigation will be requiredAlternatively, phosphinyl radicals could be abstracting a

fluorine which would generatbe same end products in the reacftrf#?
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Initial reaction (A)
Disproportionation reaction (B)

Ph, SFe Ph,  Ph
P-K ———» P—R Ph, Pho Ph 5§
/ THF, RT / 3 P-F ~—— P-R +_ CP-F
Ph PH Ph ) FR ph”
6-25 6-26 Ph Ph Ph
31p NMR: -10 ppm 31p NMR: -15.6 ppm 6-27 6-26 6-28
Lithium Phosphides (C)
Ph, n-BuLi Ph, SFe Ph,  Ph
pPH ——— Pl PR
PH THF, RT PH THF, RT PH bh
6-29 6-30 6-26
3P NMR: -22.7 ppm 3P NMR: -15.6 ppm
Cy, n-BuLi Cy, SFq Cy, Oy Cy,
PH ——— Pl ——— PR + P—F
Cy THF, RT Cy THF, RT Cy Cy Cy
6-31 6-32 6-33 6-34
31P NMR: -12 ppm 31p = .21.7 ppm trace

Scheme6.4 (A) Initial reaction of potassium diphenylphosphide and. §B) Potential
disproportionation reaction of fluorodiphenylphosphingC) Reaction of lithium
diphenylphosphides with $F

In an analogous manner to the deprotonation of diazaphosphoiengy/lithium
was used as base to determine if lithium phosphidebiegimilar reactivity(Scheme 6.4
Treatment of diphenylphosphi®e29 with n-butyllithium at room temperature produced a
single produc6-30at-22.7 ppmin the3P NMR spectrum. This solution was then bubbled
with SFs gas and found to decolorize irsiilar manner to the potassium salt. Analysis of
the 3P NMR spectrum indicated that once again tetraphenyldiphos@r@teformed
relatively cleanly?® These results indicate that the reactivity between potassium and
lithium phosphides is similar, allowing for the generation of phosphidestu from

secondary phosphines usimgputyllithium. Minor impurities were noted in these reactions

and found to b a mixtureof phosphine sulfide¥?243
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Alkyl substituted phosphides were then investigated in their reactivity withe&F
(Scheme 6.4 Lithium dicyclohexylphosphidé-32was generated with-butylithium and
treatedwith SFs gas. The reaction once again produced a dimeric phosphorus $88ies
as the main producwith a variety of impurities present in trace amounts iftReNMR
spectrum. @e of the impurities was found to contain fluor#84 which would support
the nucleophilic mechanism. Cooling the reactiorl® °C did not improve the yield of
this product.

To determine the fate of fluorine and sulfur, the reacaiid@25and6-30was scaled
up t00.25mmol and the residugas separated with a mixture of DCM and water. Analysis
of the aqueous solutiofF NMR spectrum indicated the presence of fluoride salts. The
presence of sulfides were determined with a methylene blug4&siis chenical test will
form the common dye methylene blue if sulfide is present. The aqueous solution was treated
with a solution oN,N-dimethylphenylenediaminend a separate solution of ferric chloride
both in 6M HCI. The vibrant blue of methylene blue was olekfrom an aqueous extract
of both a potassium and lithium phosphide after approximataly 1

While we hypothesized the intermediacy of fluorophosphines, it was unclear from
the current results if this intermediate was forming, thus other phosphidgsotetitially
larger steric bulk may be required to stabilize such an intermediate. This was also observed
in Dielmannbés report with superbasic phostg
selective reactio”® In addition, sterically demanding fluorophosphines such-terdi
butylfluorophosphines-35, fluorophosphaadamantae36 and fluorophobandsave been
reported tonot disproportionate as readily compared to other, smaller, reported
fluorophosphined® Deprotonation was attempted withtdit-butylphosphie 6-38 but

was unsuccessful at room temperature. Cooling of the reaction mixture prior to
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deprotonation allowed falean deprotonation of the phosph@@a8gto form6-39in 1 h.24¢
When treated with SFgas three distinct products formed, which were observed iftRhe
NMR spectrum (Scheme 6.5. These products were determined to be the
fluoroditertbutylphosphia 6-35,24° diphosphanylsulfan€-40,24" and the dime6-41.2%8
The presence of both the fluorophosphen@s and diphosphanylsulfar@40 support the
phosphide mediated decomposition ofs $fd intermediacy of fluorophosphines. The
presence of the diphosphanyfane 6-40 further supports the complete decomposition of
SFe with reduction of sulfur to the? oxidation state.

Fluorophosphine formation (A)

tB u, SFq tB u, tBu\

. Sy \ /
/P—LI —_— /P—F + /P P\ + /P—P\
tBu THF, RT tBu tBu tBu  tBJ  tBu
6-39 6-35 6-40 6-41
3P NMR: 3P NMR: 3P NMR: 3P NMR:
40.9 ppm 212 ppm 85.2 ppm 39.5 ppm
Minor reactivity (B)
Me
©
O (0] Cy. BH Ph (I)I
\ 2 3 \
- Ph—P.
MoK~ X-we IR FSTMS o L
6-44 Me~ | o° 6-46 6-48 6-47
Unsucessful generation e Kinetically stable (C) A
Me Me
o 0 deprobtonatic;n o) o) tBu,
not observe P—F
MeJ%’ JVPMe with KH, n-BuLi Me/%’ JVPMe BY
- ~ or t-BuLi - ~ -
6-42 Mo H L 6-36 Me F 6-35 )

Scheme6.5 (A) Sterically demanding edert-butylphosphide reaction with &F(B)
Phosphides with little to no reactivity with SEC) Stable fluorophgshines.

Successful formation of a fluorophosphine when using a more sterically demanding

phosphine prompted the investigation of cage @48 in Sk reactivity (Scheme 6.5
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Deprotonation of phosphir@42was attempted using a variety of bases, shown in scheme
Scheme 6.5In some instances, such as the treatment of phospididevith KH resulted

in a precipitate which formed slowly over timeowever, this product did not react with

SFs even when stirred overnight. Deprotonating of phosp&iA2 has only been reported

as the borane addu6t43,2*® so this phosphine was treated with a solution of borane
dimethylsulfide, which produced doublet at 0.36 ppmin the 3P NMR spectrum.
Treatment of this solution with-butyllithium produced a new produét44 at-32.6ppm

in the®P NMR spectrum which vgacompared with literature data. Bubbling ofs §Bs
through the reaction mixture did not result in any significant change in the NMR spectrum.
To determine if the lack of reactivity was due totinéque structure dd-42, or attenuation

of the reactivityby the borane, dicyclohexylphosphine was treated using the same strategy
of borane addition and deprotonation. While tincomplexeghosphide reacted with §F

the borane addué45 showed no reactivityith SFs once deprotonated todlphosphide
boraneadduct6-46, indicating that significant electron density on the phosphorus may be
important to the reactivity of the phosphides. This was supported further by the
deprotonation of diphenyl phosphine oxide with eitiutyllithium or KH, producing an
anon 6-47 which did not react with SFgas.

Preparation of S§salts is challenging, with most methods requiring the reaction of
fluorides with highly toxic SkFgas and use of elaborate countercations to stabilize the
anion?*® The rapid reactivity of these phosphides and the indication of a nucleophilic
mechanism may allow for the facile preparation of ap&fon salt. A stable complex o
SKs was prepared recently as the cesium salt with glyme coordinated to the cesium for
stabilization?*® In the reactions conducted thus far in teisapter, only lithium and

potassium salts have been investigated. To first investigate the reactivity of cesium
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phosphides, trimethylsilyl diphenylphosphi&&8 was examined. This reagent was found
to have no reactivity with Sfgas and therefore if theesium salt formed would be able to
be tested for reactivity. Treatment of this phospl@8 with cesium fluoride resulted in
only the formation of the dimé-26 and selective phosphide formation was not observed.
In another attempt to generate a cesaamplex, potassium diphenylphosphi@@5 was
stirred with cesium carbonate, which formed a new pEak.5 ppmin the 3P NMR
spectrum. When treated with Sgas, the cesium comple49 was found to display
similar reactivity to the lithium and potassi salts, and no Sknion was observed.

The reactivity of lithium Di-tert-butylphosphide6-39 was found to be more
selective in comparison to the other phosphides examined, so we hypothesized it may be
the better reagent to obtain the fragiles 8Rion. Therefore, this phosphi@e39 was also
explored to determine if SRnions could be generated using this method. The lithium
phosphides-39was first generated and then this solution was treated with cesium fluoride,
which produced a new compoud0at70.6ppm in the’ P NMR. This solution was then
bubbled with SEgas, but was found to exhibit similar reactivity to the lithium 6<80.

The process was then repeated with the addition of glyme to the splimme Sk
addition. While the glgne greatly shifted the signal of the phosphide as indicated #Rhe
NMR spectrum, the reactivity of this solution was not greatly changed. The only difference
between the reaction with and without glyme was the absence of the signaldbtetie
butyifluorophosphine6-35 in the 3P NMR spectrum. The absence of this signal is
potentially due to the trace presence of water which is supportachbw chemical shift

at 165 ppm in thé'P NMR spectrumin addition, no amount of SEnion was observed in

the ®F NMR spectrum from these reactions. With no indication for the capture ofsan SF

anion, reactivity with cesium salts was not investigated further.
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6.2.3Conclusion

The reactivity of phosphides with SFHepresents a facile method using
commercially availble reagents to decomposes8fFa stoichiometric fashion. The ability
of these reagents to react at room temperature within seconds and without the need of light
provides a milder method compared to previously reported examples. Previous examples
involving phosphorus mediated decomsjtion of Sk have required lengthy synthe$&s
or harsh conditions while this method requires little to no preparatory work and @toler
of both aryl and alkyl substituents. The reactivity of these compounds also further explores
and clarifies the requirements for reactivity witheS®hile these compounds were not
suitable for the preparation of pentafluorosulfanyl anions, furthesimgagion into these
reactions could be explored. Overall, these findings prompted the exploration for other
potential phosphine reagents that may be capable of reacting with SF
6.3 Diazaphospholene Mediated SFDecomposition
6.3.1Introduction

Diazaphospholendsave recently emerged as highly actigductioncatalysts. As
stated in Chapter 1, their ability to act as a strong hydride donors in a variety of systems is
enabled by the strong resonance contribution of formation of an aromatic system in cationic
form.”> In a similar set of compounds, diazaphospholene dimers display radical
charactef*°1°2andhave been reported to undergo radical additions to compounds such as
diphenylacetylen& While current studies suggest the dissociation of tlisers to
radicak is low under standard cortitins, the potential for radical reactivity is possible as
evidenced by the reduction of group 10 metéla.addition, Masuda recently reported the
radical reactivity of saturated diphosphineih heteroallene®’ Currently, the mildest

methods of S&decomposition rely on the reaction of singlewo telectron donors, such
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as Rue piZwibhgthe potentiéll for radical based reactivity in diazaphospholenes,
we sought to investigate the application of diazaphospholene dimers and other
diazaphospholene species ta &activity.
6.3.2DiazaphospholenéDimer Reactivity

Previously, diazaphosphole dimers 6-21 have been prepared from the
corresponding diazaphospholene chlorides through a magnesium redtittivas found
that treatment of the diazaphospholene bromgidd with magnesium turnings can also
afford the diazaphospholene din@21 in approximately 4 h on a large scétln an
initial test, diazaphospholene din@21 was dissolved in either THF or Benzetheand
SFs was bubbled through in a similar manner to the phosphide experimén2sanThree
main products were generated from the addition aof & two were identified as the
diazaphospholene fluorid®22 and oxide6-52, which the latter presumabltgrmed from
moisture entering during the addition of the ¢(fasheme 6.5 To confirm the presence of
diazaphospholene fluorid@22, an authentic sample of this compound was separately
prepared. Diazaphospholene fluori@@2 was initially synthesized by Gudat involving a
multi-day metathesis process with silver fluorféfewhich is poorly soluble in solvents
such as THF or acetonitrildt was found that highhgoluble tetramethylammonium
fluoride allows for clean formation of the diazaphospholene flu&ig2in a fewminutes
The additional product formed form the3Eaction at 64 ppm in théP NMR spectrum
was identified as the azaphospholene fluorosulfiée53. This compound was confirmed
by the addition of the sulferansfer reagent-82 to a sample of diazaphospholene fluoride
6-22 (Scheme 6.5 and observed through NMR analysis aMeray crystallography
(Figure 6.3). The formation of this produc6-53 indicates that Sfis reduced to a2

oxidation state from its original +6 oxidation state.
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Dimer reaction with SFg

ltBu tBu‘ ,tBu ItBu ,tBu
N\ /N SF6 N\ N\ /,S N\ /,O
[ P—R ] —_— [ P—F + [ T [ A
N N THF or N N F N H

\ \ \ \
\Bu Bu  Benzene-dg Bu Bu Bu
6-21 6-22 6-53 6-52

Formation of impurity 6-53

S—S s-42

tBu 4\ Bu

] Z I

o N)\Ph s
[ P—F > [ P

N N F

tBu tBu

6-22 6-53

Scheme6.6 Diazaphospholene dimer reactivity wis and formation of impurity-53.

Figure 6.3 The structure of6-53. Thermal ellipsoids have been drawn at the 50%
probability level. Hydrogen atoms have not been labelled.

The useagdight iradiationto alterthe reactivity in diazaphospholene chemistry is
highlighted in a report by Gudat on dehydrocoupling of diazaphospholene hylritles.
was found that irradiation of the dimer in either THF or Benzknallowed for full
consumption of the dimes-21 and a formation of similar product distribution to the
ambient conditions. The formation of prodG€3in both the ambient and light accelerated

reactions pose a twiold challenge. The first of which is that this is a potentially toxic
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compound as itdars resemblance to cholinesterase inhibitors. Secondly, if this reaction is
to be made catalytic, the entrapment of sulfur on the diazaphospholene will eventually
consume all of the diazaphospholene, preventing potential regeneration of thé-@imer
Braun reported in 2018 that sulfur entrapment i &euctions can be facilitated by
trialkylphosphines (Scheme 6.Y2!° To this end, tricyclohexylphosphiné-54 and
triphenylphosphin&-55 were added in a:2 ratio in relation to the dime§-21. Samples

were irradiated for 30 min and then analyg@dheme 6.Y. Sulfur capture was low in both
instances with a 1:2.5 sulfide56 to phosphiné-54 ratio for tricyclohexylphosphine and

a 1:4 ratio for triphenylpbsphinesulfide 6-58 to triphenylphosphiné-55. The apparent

low rate of capture of sulfur in both tests indicates the reaction is too fast for complete
sulfur capture, which was also evidenced by the formation of fluoros@i8: This also
indicates hat the reaction is not selective for the trisubstituted phosphines due to the rapid

reactivity.
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(Sulfur capture
SFg, Et3SiH s
2.5 mol % [Rh] - ||3|
Me” 1M ° Me” 1 “Me
e Me € Tol, 80°C Me
L Braun 2015 36% )
ItBu ItBu
PCy3 N\ N\ /,S ﬁ II:/Cy
il O O i
N N F y Cy y Y
ItBu tBu tBu tBu
N, N SFg 6-22 6-53 6-56 6-57
L]
N N THF,
‘tBu tBul hv (blue) ItBu ItBu
6-21 PPh, N, N, S S T Ph
’ —-F + —_
[ Pk [ A R A
N N F Ph F
tBu tBu
6-22 6-53 6-58 6-59

Scheme6.7 Sulfur capture attempts during din@1 reactionwith SFs.

While sulfur capture was modest in the initial tests, the potential for catalytic
turnover is possibleas the majority of diazaphospholene fluor@22 was still present.
Regeneration of the dimé&21 from the diazaphospholene fluori@e22 was attempted
using magnesium, similarly to the methods of diazaphospholene @éi2Erformation
involving reduction of a diazaphospholene chloride or bromide. Formation of the@imer
21 was not observed, indicating that the diazaphospholene flué+itfehas different
reactivity, and is not viable for turnover in this method. To allow for formation of the dimer
6-21, it was found that treatment of the fluori@&2 with dimethylchlorosilangenerated
the diazaphospholene chlori@e&0in situ. This then reacted with the magnesium to form
dimer6-21 (Scheme 6.8 A reaction was then conducted at a 10 mol % loading of dimer
6-21 gave a conversion of approximately 2:1 sul®6to producit-54by 3P NMR. The

reaction was further optimized using the diazaphospholene brdérideas the pre
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catalyst, which will become the dimér21 upon addition of magnesium. The optimal
conditions were found to be a 2.5 mol % loaddhg-51 when left overight (Scheme 6.9

This afforded the sulfidé-56 as the major product with only trace impuritiesih NMR
spectrum. However, during the course of this reaction optimization, a control reaction with
removal of the diazaphosphole®®1 showed full convesion to the sulfidé-56 (Scheme

6.9). This revealed the catalyst was not necessary in the magnesium reaction, despite clear
evidence the diazaphospholene was engaging wighRefctivity of Sk with magnesium

in this capacity at room temperature has lmetn reported and is further investigated in
section6.4. Meanwhile, the investigation of the diazaphospholene reactivity wighv&s
continued.

Regeneration of the dimer

ItBu o Bu tBu
N, Mg N N
2[ ’P—F X >[ :p—p< ]
N N N
6-22 \p, 6-21 ‘g, gd
tBu

!/
Me,SiHCI N, Mg°
[ P—cl
N

6-60 \tBu

Scheme6.8 Formation of the dimeB-21 via the addition of dimethylchlorosilan®
magnesium metal

175



Catalytic test

SF, s
2.5 mol % 6-51 n >90%

0N PR

Cy" 5,0y Mg’ MessiHCI Cy" L Cy
6-54 THF 6-56

Catalyst Free
P SFs |ISDI >90%
- >

Cy ¢ Gy Mg® MeSiHCI Cy” L Cy
6-54 THF 6-56

Scheme6.9 Catalyticreduction of SEwith 6-51 and magnesium metal as well as a control
reaction.

6.3.3DiazaphospholeneHydride Reactivity

The lack of available methods for regeneration of the diazaphospholeneeither
from the reaction productas well as the inability to stop the formation of fluolGde 6-
53complicates use of the dim&21in catalysis. What wiitially presumed to be catalysis
was actually due to the magnesium reacting witk. 8btwithstanding this result, the
isolated dime6-21 did exhibit reactivity with SFin the absencefanagnesium. However,
diazaphospholene hydride&19 are also capable of exhibiting radical reactivity as
described in chaptdt, as well as other reports described in the literattiteAccordingly,
it was decided to investigate the reactivity of the diazaphospholene hgdirftl@ith SFs.
Initial reactions involving the addition of &t diazaphospblene hydrides-19 showed no
reactivity when conducted in aromatic solvents. When THF was examined as the solvent,
trace amount of diazaphospholene fluorgi22 was observed over several hours. This
sample was exposed to direct sunlight and precipitateisily formed along with full
consumption of the diazaphospholene hydr&&9, with the major product as the
diazaphospholene fluoridé-22. Irradiation of the sample proved to greatly affect the

reactivity of the diazaphospholene witheSF

176



Table 6.1 Comparison of dark vs light reactivity of diazaphosphol&rE9 with SFe.
Percentonversionwas measured as a relative proportiohyafride6-19to fluoride6-22.

tBu
)
N,
| P-H —» P F
N’ Solv., £ hv
6-19 ‘5| 622 -

Entry Solvent Time No Light Light
1 Benzene 30 min 0% 7.4%
2 THF 30 min 3.6% 7.9%
3 THF 1h N/A 26%
4 Acetonitrile 30 min 100% 100%

To understand the effect of light and solvent on this reaction, 3 solVaftie 6.1)
were choserand samples were left in the absence of light or exposed to a Kessil tuna blue
LED (463 nm). Astonishingly, acetonitrile showed full conversion to diazaphospholene
fluoride 6-22 in the absence of light while THF and benzene proviladlar levels of
conversion to one another in the presence of light and THF displayed trace conversion in
the absence of light. While light irradiation is required for the hyd8id®, unlike the
diazaphospholene dime6-21, proceeding through diydridebased mechanism is
attractive, given the ability to regenerate the hyd@d® from the fluoride6-22 through
multiple methods. To this end, a variety of hydride sources were screened. Treatment of
the diazaphospholene fluoride with the hydriderses is detailed in figu&chemes.10).

Phenylsilane and pinacolborane proved to be the most effective at generating the hydride.
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Hydride generation (A)

HBpin
Et;SiH
tBu
!
N, PhMe,SiH
| P—F
1 THF
- \
622 \ o

In situ generation of hydride (C)

ltBu
N, TBAT N
[0
N THF N
6-51 \tBu 6-22
stable

volatile

» 100%

0%

0%

19%

100%

6-19

€ A
Diazaphospholene decomposition (B)

,tBu
N, hydride source H‘P’H
[ PH———>
N\ 6-19 H
L tBu )
ItBu
N TBAT
[ F=H Bu Ph

tBu

unstable

| Ful
Bu@l}l—Bu @Ftsli—Ph

Bu

Ph

Scheme6.10 (A) Generation of the diazapspholene hydride from multiple sourcesd
the subsequently measured formation of hydride after 15 miPbiWMR. (B) Potential
decomposition product from hydride additi¢@) In situgeneration of the hydride frofa

51

Preparation andsolation of the diazaphospholene hydri@el9 is typically

accomplished through reduction of a diazaphospholene halide with an aluminum

hydride/>83 and isolation is challenging and low yielding due to the volatility and

sersitivity of the hydride. Because of the difficulty of accessing pure hydidé, a

precatalyst strategy is often used in diazaphospholene catalysis. Ideally a precatalyst is

more stable and isolable than the parent hyddi@ but, can be converted intbe hydride

6-19in situ. In this instance the diazaphospholene fluoGd&® would be suitable, as this

compound is a stable solid. However, the yield for the preparation of the isolated fluoride

6-22is not optimal and the crude product must be sublimed in order to removesedde
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impurities. To avoid the low yields and uns&btagents it was found that treatment of the
diazaphospholene bromi@es1 with TBAT allowed for rapid generation of the fluoride
22in situ. Following the addition of TBAT, treatment of the solution with a hydride source
such as phenylsilane or pinacotane provided clean generation of the hyd&d®. The
overall benefit of this system is that the diazaphospholene brd¥bdes highly stable
under a dry atmosphere, and can be prepared in two steps in high yield and purity on a
multi-gram scale.

The slower reactivity of the diazaphospholene hyd&d® compared to the dimer
6-21 may allow for a more selective reaction, allowing for the trisubstituted phosphine to
capture sulfur. Treatment of the diazaphospholene hydrild9 with
tricyclohexylphospine6-54was conducted. In a 1:1 reaction of hydiédE9 to phosphine
6-54, approximately 10% of the phosphine was converted to the subtitleé The
fluorosulfide6-53 was only observed when the amount of hydfide was increased to a
6:1 ratio, whichwill only be present near the end of a catalytic reaction. The ability for
selective sulfur capture and the use of hydride sources for regeneration of the catalyst
allows this system to potentially operate under catalytic conditions. An initial reaction
involving a 1:6 ratio of hydridé-19 to phosphine-54 was conducted in an NMR tube
exposed to blue light. Only 5% conversitmn6-54 was observed during this time frame.
This was initially confusing, since each step of the putative catalytic cycle had bee
separately validated. To understand the low convetsi6rb4 in this reaction, the role of
the products of the SFeduction must be considered, as these compounds could be
interfering with the catalysis. During this transformation, the hydride of the
diazaphospholer& 19 presumably forms HF during the reaction. While HF is not observed

directly, it could be consumgnthe catalyst or silane or inhibiting the reaction in some way.
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To determine if HF is generated from this reactiBlyolead, a trifluorosulfur
reagentwas treated with 2 equivalersef diazaphospholen@19. HF was not observed
in the!®F NMR spectrumThe process was repeated with 10 equivalents of triethylamine
and a sharp peak was observed &6 ppm in thé®F NMR spectrun{Scheme 6.1)L The
chemical shift of this peak is similar to that toiethylamine trihydrofluoride complex
(TREAT-HF) which was confirmed by adding additional TREAIF to the sample,
resulting in an increase in signal intensity. The conformation of formation of HF from the
reaction of a fluorosulfur species and a diazaphospholene further supports that HF may be
the cause of lowconversion. The catalytic transformation was then repeated with the
addition of approximately 9 equivalents of triethylamine. Gratifyingly a 28% conversion
to 6-56 was observed in the same timeframe as the reaction without triethylamine. Differing
reactiontimes and light sources were screened as highlightédhle 6.2 In all instances
tricyclohexylphosphine was not fully consumed since the amountgah3ke NMR tube
had become the limiting reagent.

Detection of HF
F

FulF
Bu ~s Bu
N Me Me . N
9 [ Pt + 10 equiv. NEt5 - [ p—F + HF-NEt,
N THF N 19
619 \o 622 \o F NMR: -156 ppm
tBu
Fluolead

Scheme6.11 Detection of HF from the addition of Fluolead to diazaphosphdette
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Table 6.2 NMR scale catalytic testAmounts of6-54 and6-56 determined by'P NMR.
Entry 1 was conducted without the addition of triethylamine. All other reactions contained
approximately 9 equivalents of triethylamine.

16 mol % 6-51

0, tBu
212 mol % TBAT S N 8 o
.2 equiv. PhSiH4 [l \ oX Fl
Cy’Cy T THE, sFa NEG . Oy Cy [ P7Br  Bu=h-Bu O §i-Ph
Cy blue b, e Cy N 6-51 Bu Ph
6-54 ue Iight, ime 6-56 tBu TBAT
Entry Light Time 6-54 6-56
1* Blue 4h 20 1
2 Blue 4h 2.6 1
3 Blue 6h 1.7 1
4 uv 4h 15 1
5 uv 2h 2.8 1

In the initial catalytic screening, the NMR tubes used for the reactions did not allow
for enough Skto be present for complete consumption of the phosphine. In addition, the
borosilicate glass may limit the light permeating the glass depending on the frequency of
light source. Thus 45 mL quartz tubes were selected for their UV transmission and larger
volume for Sk gas. The effect of amine concentration was first determined before further
optimization of the reaction condition@able 6.3. With a loading of 5 mol% of
diazaphospholené-51, it was found that the optimal amount of triethylamine was 30
eguvalents on this scalntry 2, Table 6.3, providing high conversion to the phosphine
sulfide 6-56. Additionally, it was found that the triethylamine also served to activate the
catalyst directly from the bromid&-51. The addition of a hydridesource to a
diazaphospholene bromid&-51 does not generate any detectible amount of
diazaphospholene hydrid219 in 1 h. However, the addition of triethylamine to these

conditions resulted in hydridé-19 formation when multiple hydride sources were
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examned. A reaction was then conducted at 5 mol % diazaphosph6iBthdoading
without triethylamine or TBAT was found to produce only 10% convergidhe sulfide
6-56 (Entry 6, Table 6.3. The reaction was then repeated with 30 equivalents of
triethylamire and the reaction once again went to high convetsié6 (Entry 5, Table

6.3). This finding allowed for the removal of TBAT from the reaction mixture, reducing
the overall complexity athe reaction mixtureas well as eliminating an expensive reagent

Table 6.3 Determination of the optimal amount of triethylamiAenounts of6-54 and 6-
56 determined by'P NMR.

5 mol % 6-51 Bu
5 mol % TBAT S ,\j\ @Bt - Ph
P, 2Aequiv.PhSiHs of B [ P—Br  Bu=N-Bu © JSi-Ph
Cy éyCy THF, SFg, NEt; Cy éyCy N Y F L
6-54 blue light, 18 h 6-56 By 6-51 TBAT
Entry TBAT Equiv. NEts 6-54 6-56
1 Y 60 0 1
2 Y 30 0.03 1
3 Y 20 0.1 1
4 Y 8.6 0.98 1
5 N 30 0 1
6 N 0 7.85 1

182



Proposed Catalytic Cycle

SF6 + PCy3 Cy3P=S
tBu
! reductant =
N\ + NEt3 3 _ 3, N—
[ p—Br ———> Bu~N< N~y fBu™ " ~pr " BU
N\ catalyst |l| |':
Bu  activation M
3 FB(pin) or 3 HB(pin)
2 PhSiF3 or
+ 3 HF*NEts 3 PhSiHj3

Scheme6.12 Proposed catalytic cycle for the diazaphospholeweliated reduction of
SF6.

As seen inScheme 6.2 if a diazaphospholene hydride is present the reduction
should occur. All reactions conducted thus far have involved the use of diazaphospholene
bromide6-51. To explore the electronic and steric effects of the diazaphospholene on the
reaction, a variety of diazaphospholene derivatives were scr€Ealelé 6.4). Increasing
the steric bulk of the catalyst with adamantyl groups provided little to no change in the
reactivity (Entry 2, Table 6.4), indicating that the reactive site is n&ifg constrained in
this system. Substitution of the alkylamino groups with mesityl greatly decreased the
reaction rate as the overall conversion was reduced to only trace formation of thessulfide
56 (Entry 3, Table 6.4. Removal of the unsaturation fromme backbone of the
diazaphospholene also shut down reactigiigtry 4, Table 6.4). The lack of substantial
reactivity with the saturated cataly\&63 was expected, as the aromaticity of the system
mayplay a large role in radical stabili#y In addition, the hydride donor strength of the of

the N-aryl diazaphospholenes and saturated diazaphospholenes is lower than
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diazgphospholene-19. Moving forward diazaphospholere51 was only screened for

further optimization.

Table 6.4 Exploration of the electronic and steric affects irs 8&compositionAmounts

of 6-54 and6-56 determined by'P NMR.

5 mol % NHP-X
2.4 equiv. PhSiH;

P P
R B
6-54 » Dlue g 6-56
tBu Ad Mes fBu
) ] ] 1
N\ N\ N\ N\
[ P—Br [ JP—Br [ JP—Br E P—Cl
\ N N \
6-51 \p 6-61 ) 6-62 \, 6-63 \o
Entry Catalyst TBAT 6-54 6-56
1 6-51 N 0 1
2 6-61 N 0.03 1
3 6-62 Y 473 1
4 6-63 Y 278 1

Phenylsilanavas chosen as the initial hydride source for the catalytic optimization
but the amount of hydride source and the type of hydride source in a catalytic setting have
not been thoroughly investigated. Pinacolborane and diphenylsilane were both examined

in place of phenylsilanéTable 6.5. As expected from the hydride generation tests (see

Table 6.15 diphenyl silane was much slower in catalysis only providing 6% conversion

6-56 in the same time framgEntry 3, Table 6.5. It is presumed thatatalyst

decomposition is faster than the regeneration of the hy@ridiein this instance. When

pinacolborane was examined, the reaction went to 64% convép$ebt due to catalyst

degradatior{fEntry 4, Table 6.5. Pinacolborane mixed with diazaphosfg#ne hydrides-

19 will eventually fom phosphine (PE). Pinacolborane is an effective hydride
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regeneration source from the diazaphospholene fluéfRi2 but it is also able to degrade

the diazaphospholer@e19 faster than the silane, as observed with thaction as well as

a few small NMR scale tests. The amount of phenylsilane was decreased to 72 hydride
equivalents from the initial 14&Entry 1, Table 6.5. While the reaction went to high
conversion, a large amount of difluorotricyclohexylphasphe6-57 was observed. The

large presence of this material indicates that an excess of the phenylsilane is required to
remove thephosphorané-57.

Table 6.5 Examination of hydride sources in thatalytic transformatiorEquivalenceof
phasphinesweremeasuredn the 3P NMR spectrunrelativeto 6-56.

5 mol % 6-51

Hydride Source ﬁ Cy\||:
P< > P< + -P—Cy
Cy S Cy THF, SFg, NEt; Cy S Cy Cy £
y blue light, 18 h y
6-54 6-56 6-57
Entry Hydride Hydride 6-54 6-56 6-57
Equiv. added
1 PhSiHs 144 0 1 0
2 PhSiH 72 0.07 1 0.16
3 PhSiH> 144 14.74 1 0
4 HBpin 144 0.56 1 0

Tricyclohexylphosphiné-54 was the only sulfur capture reagent examined to this point.
Phosphines such &s-n-butylphosphiné-14 and triphenylphosphing 55 were examined

to determine how sulfur capture may be affect and if cheaper phosphines may be used in
this chemistry(Table 6.6. On a 5 mol % scale, the cheapem-butylphosphines-14
performed similarly (Entry 2, Table 6.6 to tricyclohexylphosphine6-54 while
triphenylphosphine 6-55 was found to produce a larger quantity of

difluorotriphenyphosphorané-59 (Entry 3, Table 6.9. Substitution of toluene for THF
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resulted in similar conversion however catalyst solubility was |¢iaetry 4, Table 6.6).
Tri-n-butylphosphiné-14 and triphenylphosphin@55were examined in acetonitrile and
gave only 20% and 29% conversion to the phosphine ssitedpectivelyEntry 5 and 6,

Table 6.9. During initial hydride reactivity studies, acetonitrile was thiesat which
allowed for the most reactivity. However, it was found that this solvent results in faster
diazaphospholen& 19 breakdown under catalytic conditigmseventinghe reaction from
going to completion.

Table 6.6 Examination of phosphine and solvent effe@guivalenceof phasphineswere
measuredn the*'P NMR spectrunrelativeto phosphinesulfide.

5 mol % 6-51

S F
R e T R R
A blue light, 18 h B c
Entry Phosphine Solvent A B C
1 6-54 THF 0 1 0
2 6-14 THF 0 1 0
3 6-55 THF 0.03 1 0.34
4 6-54 Tol 0.01 1 0.07
5 6-14 CHsCN 3.93 1 0
6 6-55 CHsCN 2.39 1 0

Loadings of diazaphospholene precatlyst, as well as light sources were further
optimized inTable 6.7. Blue light was found to be the optimal light souimethis reaction
and as a result the requirement for quartz glass could be removed. The reaction was repeated
at 5 mol% in a round bottom flask made of borosilicate glass and found to produce similar
conversion at the same light distariEatry 5, Table 6.7). Moving the reaction closer to

the blue light source allowed for a lower catalyst loading of 2.5 mol % with a conversion
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to 93% sulfide6-56 (Entry 6, Table 6.7). Upon lowering the loading further (1 mol %),
incomplete conversioto 6-56 was observed, even when the reaction was left for 48h
(Entry 7 and 8, Table 6.7. This is speculated to result from catalyst degradation
outcompeting S§reactivity. The products of reaction conducted at 2.5 mol % were purified
by column chromatography drthe structure of the tricyclohexylphosphine prodité6

was confirmed through NMR analysis axday crystallographyFigure 6.4). Two control
reactions were conducted to fully determine the importance of the catalyst arfBrityiat

9 and 10, Table 67). A reaction wrapped in foil was left under standard reaction conditions
and only trace amounts of product was observed. A final control reaction was conducted
with the optimal conditions in a quartz tube with no diazaphospholene present. The
formation d sulfide 6-56 was not observed in this reaction confirming the requirement of

the diazaphospholene as a catalyst in this reaction.
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Table 6.7 Final reaction optimizatiofor the light mediatédecomposition of Sf€atalyzed
by diazaphospholene hydriéel9. Equivalenceof phasphineswere measuredn the 3P
NMR spectrunrelativeto 6-56.

X mol % 6-51 s F
2.4 equiv. PhSiH3 1 Cy<!
c /I?\C r cv’ e + c /FI)_Cy
y Cy y THF, SFs, NEt3 y Cy y y i
6-54 hv, time 6-56 6-57
Entry Loading Light Time Glass 6-54 6-56 6-57
1 5% Blue 18h Quartz 0 1 0
2 5% uv 4h Quartz 0.1 1 0
3 2.5% uv 4h Quartz 0.78 1 0
4 2.5% Blue 18h Quartz 0.11 1 0
5 5% Blue 18h Borosilicate 0.14 1 0
6 2.5% Blue 18h Borosilicate 0.05 1 0.02
7 1% Blue 18h Borosilicate 1.36 1 0.05
8 1% Blue 48h Borosilicate 0.86 1 0.02
9 5% none 18h Quartz 238 1 0
10 0 Blue 18h Quartz 1 0 0

Figure 6.4 Structure of6-56. Thermal ellipsoids have been drawn at 50% probability.
Hydrogen atoms have not belabelled.
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The optimization of this reaction has allowed for a catalytic decompositioneof SF
gas that is better than the previous best published r¢Salteme 6.18 The current best
catalyst as described in secti®ri.3by Braun et al only provides asamum TON of 12
in the same time franté? while requiring the heating to 80 °C. Not only does the current
diazaphospholene reaction provide a higher TON of 37 but no heating is required. In
addition, diaaphospholene precataly&tc1 can be prepared in two steps and has been
prepared in our lab on up to a 45 gram scale. The reagents are louwn austtrast to
rhodiumbased catalysts. However, the mechanism for this reaction remains elusive as the
whole pocess is presumably a net 8 electron reduction, and accounting for the multiple
species that must be present over the course of this reaction would be a complex endeavour.
With a variety of reductive species present in the reaction mixture, determinatios

mechanistic steps may be challenging.

Scheme6.13 Comparison of this catalytic decomposition ofs3B the current best
comparable method.

Despite the potential complexity of this reaction, certain reactions may provide an
indication of the key steps or reagents in the process. As sho®ohieme 6.14t is
postulated that the first step of the reatti® the removal of a fluoride from §&nd the
hydride from the diazaphosphole&d 9. The reactivity of a diazaphospholene dim@&rs
21 and hydrides-19 with alkyl and aryl halides was observed to operate under radical

chemistry and is detailed in chaptg. Yang and Céng have also reported
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