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Abstract

1,2,3Triazolylidene carbene stabilized borenium ions were investigatefdustsated
Lewis pair ELP) type hydrogenation catalysts and were found to be ableffext the
hydrogenation of imines andN-heterocyclesat ambient and near ambient pressures and
temperatures. The unprecedented activity of ourdekd@nium ion catalysts was attributed to the
high G-donating ability of 1,2 3 riazolylidenebased carbenes producing an exceptionally stable

and activeborenium ioncatalyst.

Several modifications to the original catalyst structure were employed in an attempt to

develop an enantioselective variant of MIC-borenium ion catalyst. One of the modificatiton
impart asymmetry into the reaction manifékcit was investigated in this thesis was the use of a
chiral borane, specifically th@borobicyclo[3.3.2]decand8BDs), in place of the achiratBBN
presat in the original catalystdesign Disappointingly catalyst stability proved to be highly
problematic leading to a difficulty in synthesizing the necessary catimmaee and resulting in a
highly unstableandineffective catalyst.

During the course of oustudies into enantioselective borenium ion catalyzed
hydrogenations we became concerned with the facility of hy@ddidéraction by MiGorenium
ions and whether or nathis would result in theacemizationofe nant i o eMspiCicHh e d
centresNMR studies revaed that our MIGborenium ion catalyst was not able to abstract hydrides
fromUNspPCiH6 s at ambient temperatures and only
observed at elevated temperatures of 60 °C. This led us taudericht the reversibility of the
hydride addition could not account for poor enantioselectivity observechii@ borenium ion
catalyzed hydrogenatiomsd showed that an enantioselective Nbk@eniumion catalysts should
be possible.

The MIC-borenium ionsvere also investigated for their ability to activatetsbonds, and

if they could be used to catalyze the hydrosilylation of C=htfionalities. The MIGborenium
ii
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ionswere found to be highly active hydrosilylation catadyable to tolerate a variety functional
groups and able to effect the rapid reduction of imines under ambient conditions.

Finally BBD based borohydrides were also investigated as enantioselective nucleophilic
hydrosilylation catalysts. Although they were able to effect the hydtatig of ketones, the

BBD6s were only able to impart minor enant.
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Chapter 1
I ntroduewi emMadi Baaseati Baoasoand t he

Applicati-Gnoup ®@®lat al ysi s

1.1 Introduction

Since the beginning of the 2@entury, the lexicon of reactions from which synthetic
chemists can draw upon to stitch together and manipulate organic molecules has grown
substantially. Undoubtedly some of the greatest advances have been made with the advent of
homogeneous catalysis for redox and coupling reactions through tramsétal. (1) Though
advances in this field are@no i n g, mo st recently and most exci
group chemistry is increasing the tool box chemists may use to manipulate mol@les.early
years of the ZLcentury saw the realization that low oxidation state Agaiup compounds can
possess electronic properties and frontier orbitals similar to those of transition hmtéatgahem
to engage in bondctivation chemistry(3) This led to the development of the conceftrosétrated
Lewis pair (FLP) catalysis, an expansion of the wedtablshed concept of Lewis acichdbase
catalysis(3) This form of catalysis has promise in regards to small molecule activation, particularly
hydrogenation, revealing the possibility of moving beyond expensive and often toxitidransi
metals to relatively benign and cheap maioup elements(4) The further expansion and
investigation of the emerging field of Ftdhemistry in order to increase catalyst activity,
robustness, andllow for greater chemaoand stereocontrol of reactants is the goal of the work

described in this thesis.



1.2 Lewis Acids and Bases

The concept of atoms being able to donate or accept electron pairs was first put forth by
Gilbert Lewis in 1923(5) Since then his model has become one of the most foundational concepts
in chemistry helping to rationalize the reactivity of an endless variety of molecules. In his model,
Lewis described all bonding as simply interactions between eledéttoand electr-poor species,
using what he r ef er (6ldothér wvords,d ewis hases @re eldctpar o f t wo
donors and Lewis acids are electpair acceptors. Fundamentally this definition is basethe
need for atoms to have a filled outer shell of electrons and the assumption that this occurs when an
atom is in its most stable stat@) In terms of orbital interactions, Lewis acids are specie
possessing a (relatively) energetically low lying LUMO whereas Lewis basesspecies
possesgg a (relatively) energetically high energy HOM@®) The protetypical example of this

interaction is thedduct formed between borane and trimethylanfiigufe 1-1). (8)

Me\ T Me\ /H
Mei N + D’B\. — Mel'-I-N®B-\-"H
Me' H H Me H

Figure 1-1 Lewis acidbase adduct formation
In this example, ammonia as the Lewis base donates its electron pair to thepenigtsl on
boron acting as the Lewis acid. The interaction of thesespeeies induces a redistribution of
electron density in both the acceptor and donor fragments, resulting in a pronounced change in
geometry and reactivity of the addu€®) (7) The ability to redistribute the electron density of
molecules allows chemists to tune the reactivity of molecules in two ways; 1) the increase of the
electrophilicity of molecules by complexation to a Lewis acid or 2) increase of nucleophilicity of

molecues by complexation to a Lewis basegure 1-2). (7)
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Nu = Any nucleophile; E = Any Electrophile;
X = Any Heteroatom

Figure 1-2 General activation by Lewis acids and bases
This simple concept has allowed chemists to logically design new catalysts to modulate
the reactivity of various compounds and control the reactivity. In addilieruse of Lewis acid or
bases as catalysts affords the opportunity for chemists to introduce asymmetry into otherwise non
selective reaction manifolds and produce enantiomerically enriched compounds with greater
efficiency.(10) (7) A brief overview of how Lewis acids and bases are used with examples is given

in the next section.

1.2.1Lewis Acids as Catalysts

A prototypical example for Lewis acids abjlito increase substrate reactivity, is their
interaction with carbonyl species resulting in increased bond polarization, for example in the
Mukaiyama aldol reaction. Developed in the 1970's by Teruaki Mukaiyama, the Lewis acid
catalyzed reaction is a moitidtion of the welknown aldol reaction utilizing silyl enol ethers as
trapped enolates, which are induced to nucleophilically attack carbonyl compgouadsewis

acid, Figure 1-3. (11) (12) (13) (14) (15) (16)

o o SiRs ] RsSing o
+ —_—
LA: TiCly, SnCly, AICI3, ZnCly, BF3,
Figure 1-3 General Mukaiyama aldol reaction
Since the seminal publications first outlinititge Mukaiyama aldglmuch effort has been
devoted to the development of catalysts allowing for the stereocontrol of the reaction. Given that
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this reaction proceedgithout coordination between the reacting partners, otherwise known as an
open transition statehe development of enantioselective catalysts for the Mukaiyama lzdol
been a difficult task(17) Thus farSn(ll) and Ti(IV) based catalystsave beetthe mostsuccessful.

(13) (15 Kobayashi and Mukaiyama developed one of the first highly selective catalyst systems,
utilizing Sn(OTf} and a proline derived diamine ligar{d2) With this they were able to achieve
good to excellene.ed s 1(98 ) in moderate yields (5291 %) for the addition of silyl enol
ethers to aldehyded 2) Carreira et al. introduced another highly successful titasiiased catalyst

using a BINOL dewed Schiffbase ligandi-2), Figure 1-4. (15)

Mukaiyama 19902

OTMS O OTMs EF\
. ) 20 mol % cat. N, \NH O
Ets)ﬁ HJ\R EtCN,-78°C  EtS R Me % &
S
TIO™ 0T O
Yield: 65 - 80 % 1-1
e.e.:89-98 %

Carreira 199414

1-3 mol % cat. O><O OH z

O><O (0]
+ z
TMSOM H)J\R Et,0,0°C OM/\R

Yield: 79 - 97 %
e.e..80-94 %

1-2

Figure 1-4 Enantioselective examples of thikaiyama aldol reaction
Other examples of Lewis acids being used to control reactivity include cycloaddition type reactions,
including the DielsAlder reaction. One of the most successful classes of Lewis acid thus far

developed to catalyze the Digddder reaction are the oxazaborolidines. Extensively investigated



by the labs of E. J. Corey, oxazaborolidines catalyze the-Bidés reaction with excellent control

over diasteroand enantioselectivitf17) (18) (19) An example demonstrating this selectivity was
shown by Corey et al. in their synthesis of Eunicenone A, the key step installingplbeules
stereochemistry using an oxazaborolidine catalyst in a{Bielsr cycloadditionFigure 1-5. (20)
Furthermore, oxazaborolidines have also been heavily investigated as enantioselective catalysts for
carbonyl reductions in the Cor@akshiShibata reaction, which will be discussed in sectiénl

(21)

OMe
o
Si—
Br
R X *

! ,
R = % Yield: 85 %
e.e..97 %
N endo:exo >98:2
“ |

Figure 1-5 Oxazaborolidine catalyzed Diefdder reaction in Corey et al. synthesis of

~

CH,Cl, - 78 °C

Eunicenone A
As a final example demonstrating thélity of Lewis acids is seen in the example of
Sharpless asymmetric epoxidation (SAE). The first practical method for the asymmetric
epoxidation of allylic alcohol422) the SAE utilizes a Ti(I\Vdiethyl-tartrate catalyst to coordinate
atert-butyl hydroperoxide and direct it selectively to a particular face of-algral allylic alcohol.
(23) Since its development, the SAE has become an indiapkntol for organic synthesis used
in a variety of total synthesi§24) (25) (26) As an example, the labs of Curran used the SAE to

install the key stereochemistry in their total syntheses &)(B0mocamptothecirkigure 1-6 (27)



el
MOMO THOPr)s HO\OJ< MOMO

| OH  Jiethyl-L(+)-tartrat o) OoH
MeO “ iethyl-L(+)-ta rate MeO §
| CH,Cl,, -20 °C, 2h |
N~ NINZ
Yield: 66 %
e.e.92%

Figure 1-6 Sharpless asymmetric epoxidation used in key step in synthesidRy{ (20
homocamptothecin

Other examples of Lewis acids usadsynthesis include the Luche reduction, Mannich
reaction, variants of the aldol e{@8) Overall, all these reactions are based on the same principle
of modulating the reactivity of molecules in orde control the selectivity of a reaction, and have

been used in a huge variety of waji€)

1.2.2Lewis Bases as Catalysts

Lewis base catalysisalthough less common than Lewis acid catalysis, can also be
employed in important organic transformatiof®. Key interactions found in Lewis base catalysis
can be divided into three classes as proposed by JéBsefh) nonbonding electron pairs
interacting withantb o n d tomitals(®” * |1 nt e r a cboridingrelectron pairg witmaatin
bondiombgals{®i* i nter act i-lmondng electampairs ¥ijh artoading r
orbitals (nn* interactions).(9) Examples of these forms of catalysis are given below.

One of the best known examples of r Lewi s base <catalysis
dimethylaminopyridine (DMAP), and its derivatives to catalyze the acylation of alcohols, amines
and thiolsFigure 1-7. DMAP catalyzed acylations were first demonstrated by Kirich€é2®pand
subsequently bteglich(30), both of whom sbwedthatDMAP greatly enhanced the reactions

rates of acylation over previously used pyridif84)



cl NH,
S s AN o RS § e
Ph” ~Cl Me,N~ 7 Ph™ N cl

Figure 1-7 4-Dimethylaminopyridinecatalyzed acylation of anilines

Prior to the work of Kirichenkd29) and Steglich(30) the Lewis baseequired for
acylationswas thought to be acting solely as a Brgnsted base to sequester the protons produced in
the reaction(32) This was found to be incorrect, and rather it whewn that the pyridie acts
catalytically as shown belovisigure 1-8. The pyridinenitrogen attacks the acyl don@hen-" *
interaction)forming N-acylpyridinium ionll . The acyl donor is now highly electrophilic and is
subsequenthattacked by the nucleophilproducingntermediatdll, which upon deprotonation
yields productV (32) (33

ree, L A

v X = Cl, RO,

Y=NH,NR, O, S
Figure 1-8 Mechanism of pyridineatalyzed acylation
Enantioselective examples of this transformation veelesequentlgevelopedallowing
for the resolution of racemic of alcohols, amines, and thiols by selective acyati®of the most
well-known being the variant developed blyu and ceworkersutilizing 1-3, a chiral DMAP

derivative Figure 1-9, (34) (35) (36) (37)
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— N—
1 mol % 1-3 N
OH Ac,0, NEt; OH OAc
> + <
Ph}\tBu tert-amyl alcohol, 0 °C Ph/'\tBu Ph”” Bu pn. € Ph
51 % conv. Ph/@\Ph
92% e.e.(S) 88 %e.e. (R) Ph
(desired) 13

Figure1-9Ki net i c resolution o0%f3 alcohol s wus
The largest drawback to this system is a theoretical maxiynelesh of 50% when starting from
racemic alcoholsMost recently this has been significantly improved upon by Fu awebdcers
by the introduction of a secondary ruthenium catalyst that is capable of racemizing the unreacted
alcohol, turning the processtina dynamic kinetic resolution, allowing for the quantitative

enantioconvergent acylation of racemic alcoh(@8)

Lewis bases have also been extensively investigated as catalysts for the actiitzmn
containing molecules. It has been known for some time that silicon is able to expand its
coordination sphere beyond the usual octet of electrons and form stableapdrttexacoordinate

species, which was taken advantage of, for the Lewis d&adysis in the case of allylation and

r

aldol reaction(39) (40) This is an exampleof-a* Lewi s base catalysis. i
Lewis base to a silane results in a redistribution of electron density away from the silicon atom,

rendering it more electrophilic/Lewis acidic, whilst simultaneously making thesiice | i gand s
more electron rich, som&ddpUirately, thieltadsrtaaa idcrease as i

in thenucleophilicityof the silane substitueni@?2) The dual activation of silanes has been used to
great effect for the activation of allylsilané43) and silyl enol ether¢44) (7), increasing the
nucleophilicity ofthe gamma positioto allow for the addition to carbonyl compoundBigure

1-10.
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NPy ——=— Si +
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Figure 1-10 Lewis base activation of allylsilanes and silyl enol ethers

Depending on the substituents oncsih, these reactions can proceed in a variety of
different ways.(43) In the case of allyltrialkylsilanes, addition of a Lewis base causes complete
dissociation of the allyl fragment rendering nucletiphattack unselective(45) (46) (47) In the
case of trialkyloxysilyl enol ethers, complete dissociation of the enolate ion does not occur and
addition to electrophiles tends to occur via an open transition state. This has the unfortunate result
of making the addition of trialkylsilyl enol le¢rs to carbonyls diastereoconvergent asigvell as
making high enantioselectivities difficult to achiey48) (49) (50) (7) As a result, electrepoor
silanes that would not release a free allyl anion and be able to coordinate the carbonyl electrophile
favoring a closed transition state, were investigated. Sakurai et al. first demonstrated this in fluoride
ion mediated crotylations witle}- and @)- crotyltrifluotosilane, which proceeded with excellent

diastereoselectivityrigure 1-11. (51) (52) (42

)OJ\ + g~ SiF3 —CsF
P K “THR. 0°C

E/Z 99:1 92 % vyield, anti/syn 99:1
E/Z 1:99 96% yield, anti/syn 1:99
©
FF
i=F
~—
R1 -~ O’/ \F
T
Ph
R2

Figure 1-11 Cesium fluoride mediated allylation with trifluorosilanes with proposed transition

state
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Following othes work (53) (54), in 1994, Denmark demonstrated the first enantioselective Lewis

base catalyzed allylation using a chiral phosphorahidig-igure 1-12. (55)

Me

)OJ\ + _~_S(Cl 10 mol % 3 oH OAN\F;,\
Ph” H THF, -78°C  ph” "X N "()

67 % yield Me

76.5:23.5 (R) e.r. 14

Figure 1-12 Phosphoramide catalyzed asymmetriglation
Investigations into other catalysts and the mechanism of the reaction in order to improve
the enantioselectivity revealed the reaction has two operative pathways, one in which the
trichlorosilane is monoligated by the catalyst and another whergithlorosilane is bifigated.

The latter pathway resulting in improved enantioselectivities for the allylation reaEtgure

1-13. (56) (57) (7)

0 ®
S A al \LBTI

Q. Ph” H s
/44\/3;43' B . _2LB" {___5i=Cl
4 )s N\ //\/L N\

PH o Ci /\/S|CI3 PH O LB
OH OH

P T P T

Low Selectivity Higher Selectivity

Figure 1-13 Divergentpathways for allyltrichlorosilanes Lewis base activation
The insight of divergent reaction pathways lead to the development of linked dimeric
phosphoramides, such &gt (Figure 1-14), in order to favor the bikgated pathway over the

monoligated pathway. The bidentate catalyst motif proved to be an effective approach as

10



demonstrated in cataly&t5, which showed a marked increase in enantioselectgitgompared

to the simple phosphoramid€58)

O . 5 mol % 1-5 OH ﬁ:\‘\// Q
+ S0l ———— B P<  ~(CHa)s  _P
Ph)J\H ~ THF, -78°C  ph™” "X N”
\J Me Me

85 % yield
93.5:6.5 e.r. 1-5

Figure 1-14 Linked phosphoramide catalyzed allylation
The case of Lewibase catalyzed allylation and aldol reactions is an excellent example of how the
careful analysis and understanding of reaction mechanisms is a requirement for the development

of highly selective catalysts. A final example efihLewis base catalysis given in sectiori.51

1.2.3Lewis Acids-Base Pairsi Classical Adducts and Steric Frustration

One of the most interesting developments in Lewis acid/base catalysis is the joining of both
modes of action into a single catalytic principle in what is now termesiréted Lewis Pairs
(FLPs).(59) By choosing Lewis acids and bases that are bulky, enables them to work in concert in
the activation of small molecules in novel catalytic manifolds. This has beensoeasissfully
applied to the activation of dihydrogen towards the developments of-frestahydrogenation

catalysts. This will be discussed morediepth in sectiod.3.1

1.3 Hydrogenation in Organic Chemistry

The catalytic addition of molecular hydrogen across multiple bonds is one of the oldest and
most fundamental reactions in organic chemistry and one of the most extensively $iydisd.
such an indepth review on this topic is beyond the scope of this thesis and only a brief overview
of the field will be givenin order to gain some perspective and provide the backdrop for a more

in-depth discussion of etalfree/FLP type hydrogenations.

11



The high bond strength of molecular hydrogen, as indicated by its high bond dissociation
energy, 104.2 kcal/mol and energy of heterolytic bond cleavage, 128.8 kcéb@alecessitates
the use of catalysts in order to break the dihydrogen bond and employ it in chemical reactions.
Catalysts that activate dihydrogen can be broadly put into two categories; heterogeneous and
homogeneous, referring to whether or not thalgat is soluble in the reaction medium. In either
case the catalysts are mostly based on late transition metals, typically Ru, Rh, Ir, Pd, Pt, Cu,
however examples of early transition metal based catalysts have been refjriéeterogeneous
hydrogenation catalysts, mostly developed in the eaftg@6tury,include catalystsuch as Raney
nickel(6)and Adamods JJtaramdtwasell-lowh E&anpleqd62) Inthe 1960's and
1970's, the field of homogenous catalysis began to rapidly develop with the discovery of highly
catalytically active met al b)Cin(d),e x@sd sAr &b tarse
([Ir(COD)(Py)PCy]BF4) catalyst.(64) These early studies largely focused on the hydrogenation
of carbori carbon multipldbonds and for this they proved especially well suited, and able to reduce

a wide range of olefins.

Rh(PPh;);Cl
R' o 11] H2 R R
>— H>_4H
R Solvent R
R R R R R R R; _ (R
p—'4 > pr— > \—/ > —_— >
<R < R R

Unreactive

Figure 1-15Hy dr ogenati on of ol efins by Wil Kkir
As opposedo the hydrogenation of carbaarbon multiple bonds, the hydrogenation or
reduction of carboii heteroatom multiple bonds, has, for the large part been the realm of metal
hydrides (e.g. NaBlHand LiAlH4) and heterogeneous catalysts (e.g. Pd/C and @yGJlowever,
both of these methods have significant drawbacks. Metal hydrides, permit good- d@ramo

stereocontrol, but suffer from poor atom economy in comparison to metal catalyzed hydrogenations
12



andrequire the laborious removal of boron or aluminum byproducts, both these factors combined
make them poorly suited for large industrial scale reactions. In addition, the reagents can react
violently. Heterogeneous methods have good atom economy butasepfdiEable where greater

functional group tolerance and milder reaction conditions are req(G®d.

1.3.1Transition-Metal Free Hydrogenations and Frustrated Lewis Pairs

Prior to the development of fruated Lewis pairs (FLPs), no systems were known to
reversibly bind hydrogen other than transition metal complexes and there were only scattered
examples of transitiometal free systems known to catalyze hydrogenati&®.0f these, most
required extremely forcing conditions, either needing high temperatures (> 2Q66)@ressures
(170 atm)(67) or exceptionally acidic conditions utilizing superacids {&i5s) severely limiting

their broad applicability(68)

'BusB

H, 170 atm
235°C
'BuOK/'BuOH
)OJ\ H, 88 atm OH
Ph” “Ph 200°C Ph” ~Ph
HF-SbFs

Hp12atm
50 °C

Figure 1-16 PreFLP transition metalree hydrogenations
As such, the 2006 Stephan report of the first reversible, 1inetahctivation of dihydrogen
(69) was met with considerable interest. In subsequent work, the Stephan group showed that this
same systems could catalyze the addition of hydrogen to imines under much milder conditions than
those previously observe(.0) During their studies on phosphiberane interactions, Stephan et
al. found that the combination of tris(pentafluorophenyl)borane (BCEpB, and

dimesitylphosphine rather than producing a Lewis adduct underwent a nucleophilic aromatic

13



substitution producing the zwitterionic specie$. By treatment with MgSiHCI, it was possible

to produce borohydride speci&s/ by fluoride-hydride exchange. Remarkably, compound
proved to be quite stable despite possessing both acidic and hydettesiand was shown to be
both air and moisturestable. However, upon heating to temperatures above 100 ¥&s shown

to liberate dihydrogen producirig8, which upon treatment with as little as 1 atm of dihydrogen
resulted in the clean reformation df7. Thus Stephan et al. had discovered rriega systems

capable of reversible activation/heterolytic cleavage of dihydrdgén.

FF FF
Mes,PH H /F
F B(06F5)2 M632P B(06F5)2
® ©
FF FF
1-5 1-6
Me,SiHCI
FF FF
A H H
MeSZP B(C6F5)2 — > M632P B(C6F5)2
H, ® o
FF FF
1-8 17

Figure 1-17 Synthesis and reversible activation oftly a phosphine borane
Subsequently, Stephan et al. showed 1Haitould catalyze the hydrogenation of imines,
aziridines, and BCFprotected nitriles under conditions much milthen those previously reged

for metatfree systems,

Table 1-1. Electronrich and electroipoor imines were both cleanly reduced (entries 1 and 2),
albeit the latter after longer reaction times. This indicated that the basicity of the nitrogen plays a
significant role in the rate of the reaction, mlistly as a result of diminished rates of proton
transfer from the Rentre to the Mentre of the dustrate. Furthermore, imines with decreased

steric bulk around the ddentre severely retarded the abilityle8 to catalyze hydrogenation due

14



to the formation of aminborane adducts, limiting turnover to only stoichiometric reduction (entry
3 vs. 4). Similarly, in the case of the hydrogenation of nitriles, protection of the nitrogen by first
coordination with BCF (entry 5) was required to pravaordination td-8 and allow for catalytic
turnover. Finally1-8 was also able to catalyze the hydrogenatioazofdinesleading to the ring

opened product (entry §)70)

Table 1-1 Metakree hydrogenations, at 5 mol#48 and 5 atm ki

Entry Substrate Temp (°C) time (hrs) Yield (%) Product
1 Ph(H)C=N'Bu 80 1 79 PhCH,NHBu
2 Ph(H)C=NSO,Ph 120 10.5 97 PhCH,NHSO,Ph
3 Ph(H)C=NCHPh, 140 1 88 PhCH,NHCHPh,
4  Ph(H)C=NCH,Ph 120 48 5 PhCH,NHCH,Ph
5  PhCNB(CgFs)3 120 24 84 PhCH,NH,B(CgF5)3
Ph HN—Ph
6 N 120 1.5 98 /—<
o N, P Ph

With these sema publications, as well as the realization that earlier work conducted by
Pi e etsabam BCF catalyzed hydrosilylatisralso function by a similar mechanisitm FLP
activation (71) the field of FLP chemistrjppegan to expand rapidly. Subsequent publications
reported new catalytic mawifds, including intra(72) (73) (74) and intermoleculaf75) (76) (77)
(78) FLPs, capable of hydrogenations, at lower temperatures, pressures, and catalyst loadings

Figure 1-18.
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Intramolecular FLPs:

MeSZP\ ,B(C6F5)2 Q B(C6F5)2 N B(CGF5)2
Ph

Repo &

Erker 200772 Erker 201173
Rieger 200874

Intermolecular FLPs:

Ph,P  PPh —\
j i NN
P(Nap); P('Bu)s 7/
11
B(CeFs)3 B(CsFs)s Bu  CeFs
B(CeFs)3 B(CoFs),
Erker200875  CMMMe& oo phan200777 ~ Stephan&

Paradies 201276 Erker 201278

Figure 1-18 Examples of intraand intermolecular FLPs
Thus far, the majority of FLPhydrogenation catalystseported have largely employed
perfluorinated aryl boranes, eithas BCF alone or connected via a tether to a phosphorus or

nitrogen centref-igure 1-18. Aluminum, (79) silicon, (80) (81) carbon(82) (83), and phosphorus

(84) based Lewis acids have also been investigated for their use in FLP manifolds, though they

have met little success as hydrogenation catalysts. However, cationic boron speciedue/tich
their positive charge negate the need for highly elesatitimdrawing perfluorinated substituents
on the boron, have been successfully applied as FLP hydrogenation catalysts, sed.8ettion
Finally carbenes have been also been investigateevais base£35) (86) in FLP systems, though
not successfully as hydrogenation catalysts.

One interesting modification on the FLP concept has beznealization that addition of

a bulky Lewis base is not always needed and

or N-heterocycle in combination with a strong Lewis acid such as BCF to effect hydrogen splitting.

This notion was expited independently by Stephan and Klankermayer for the reduction of bulky

imines and MNheterocycles(87) (88) (89) Overall these developments have vastly expanded the
16
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scope of substrates (s€able 1-2) capable of being reduced by Fimanifolds including; silylenol
ethers(75) disubstituted alkyneg90) 1,1-disubstituted alkene$76) activated alkeneg/8) (91)
and heteroaromatic§92) It should also be noted thBt.Ps have also been investigated for their
reactivity with a variety of other small molecules including; CI3) CO;, (94) N0, (95) NO, (96)

S0;, (97) and RNSO(98)

Table 1-2 Substrate scope of FLP hydrogenations

Substrate Product Substrate Product
R H R
N~ N7 H H
| /k R——R >:<
R R R R R R
H
R. R.
NH NH /l H R
R R/kH\/H R R CHs
(0] H (0]
0] (0]
S G e B e
R R H H
R H
N N

N HN-R S
RAR R/_iR ©/\) ©/\)

In addition to the investigation of new catalysts and the broadening of substrate scope,
significant interest has been directe@vards enantioselective FLP hydrogenations. Thus far, the
development of chiral perfluoroargbntaining borortentered Lewis acids has been the main
focus, given that hydride delivery is most likely the stetebining step.(99) Some initial
investigations have, however, assessed the applicability of using chiral phosphine and amine Lewis
bases for enantioselective hydrogenations but only poor to moderate enantioselectivitié o6
e.e.) have leen achieved for the hydrogenation of imin@€0 (101 The first enantioselective
FLP hydrogenation catalyst capable of relatively high seigc(i79-83%eéd was reported in 2010
by Klankermayer et al. and utilized a campierived perfluorinated borane as the catalyst for the

reduction of prochiral imine¢102) More recent developments have looked into using axial chiral
17



binaphthytderived catalysts and have been shown to be capable of similar to superior

enantioselectivities than the catalyst previously repoote¢lankermayer Figure 1-19. (103

(104

O

B(CsFs)2 B(CsFs)2 OO /

N O
7 6r5)2
O w O

Ar = 3,5-Bu-CgH;

Klankermayer 2010102 Du 2013103 Papai & Repo 201504
79-83% e.e. 74-89% e.e. 32-99% e.e.

Figure 1-19 Enantioselective FLP hydrogenation catalysts

The proposed mechanism by which the hydrogenation of imines ametekbcycles
proceeds is presentedkigure 1-20andFigure 1-21. Wh et her an added or dAit
is used, the first step ofnaFLP hydrogenation is generally the splitting of dihydrogen. The
mechanism of this has been investigated computationally at length by the groups of Papai and
Grimme, (105 (106) (107) (108 who have arrived at differing models, which will be discussed
more indepth below. Both groups thoudb come to the conclusion that the Lewis acid and base
components act in concert in an fAencounter co
guenched by each othéut ratherboth catalyst components are capable of interaction with
dihydrogenresuling in its heterolytic cleavagato a proton and hydride. This activation step is
thenfollowed by proton transfer from the Lewis base to the nitrogen centre when using an added
Lewis baseFigure 1-20. This view is supported by the observed increased reaction times required
for more electrordeficient imines when using an added Lewis base, presumably due to the
decreased basicity. This is furtheupported by the inability of tetraphenylphosphonrium

borohydrides to reduce imines, showing that protonation is required prior to red§cpn.
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Moreover, in the case of using solely BCF to catalyzere¢dection of electrooor imines, the

rate of hydrogenation can be increased by the addition of a bulky eleictndrewis base such as
P(Mes). (87) Following protonation of the imine, hydride tsfar is allowed to proceed,
generating an amidAegorane adduct with the Lewis acidic borane catalyst. The amine must then

subsequently dissociate, regenerating the free Lewis acid, permitting the cycle to continue.

_~...H
r/’\N
L\‘A Ha
ST ‘LB LA
H
) Hydrogen
Amine Splitting
Release
H@ )
NN A H-LA
LB I ® )
k‘\\/&\ H—LB
H

>N
Hydride e
Transfer ® Hy %J\
H— LA@ ’\N Protonation
I

S

Figure 1-20 Imine/N-Heterocycle FLP hydrogenation using an added Lewis base
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Figure 1-21Imine/NHet er ocycl e FLP hydrogenation usi
Thus far, three basic mechanisms have been proposed for the splitting of dihydrogen by
FLPs. The first two are stepwise, wherein one half of the Lewis pair first coordinates dihydrogen
followed by the other half of the Lewis pair attacking the complex and either accepting a hydride

or proton,Eq. 1-1 andEq. 1-2. (77)

U/—:LB

Hy H H S) ®
LA ~— A —— LA ——> LA—H H—LB
H H
0
Eq. 1-1
LA
2 B 8t
LB: ~== LB:>©H—HO —= (B:"SH-LHO LA—H H—LB

Eq. 1-2
In the mechanism shown IBg. 1-1, dihydrogen first coordinates to the Lewis acid in a-side
fashion followed by the nucleophilic attack of the Lewis base, splitting hydrogen. This is analogous
to hydrogen activation by tnaition metal complexes, which proceeds via formation of a
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di hy d r-compéex folldwed by the insertion or oxidative addition of the metal into tHe H

bond.(109

P LB
A -
M
Y i~
0
Transition-Metal Main-Group
H, Sigma-Complex H, Sigma-Complex
Figure 1-22 Dihydrogen splitting by transition metals and Lewis acid/base pairs
In the first case, the transition metal can be considered as combining both the Lewis acidic and
basic centres, donating an efect pair to a proton and accepting a hydride. In an FLP system, the
acceptor and donor centers are separated. This mechanism is relatively intuitive given the precedent
of such interactions found in transitiometal chemistry, however so far all attemptsdimect
observatioo f  s-complexas with main group Lewis acids ahdses has faile@G0) However,
some indirect evidence for such complexes has been provided by Wang et al. In their 2011 study,
they showed by isotopic labeling that the electron deficient borBre-bis(2,4,6
tris(trifluoromethyl}borane was capable of undergoing exchange diftidrogen, replacing the
boron deuteride with a hydride in the absence of a Lewis base, indicative of some coordination
complex capable of undergoing betmbond exchangg110) Additionally the fornation of Lewis
acid sigmacomplexes has also been supported by DFT calculations from several a{ithyrs.
(112 The second postulated pathway, dyiet the Lewis base coordination occurs fiEsq (1-2),
has garnered little support. Due to a lack of spectroscopic evidencén agitico studies

demonstrating repulsive interactions for the-enchpproach between dihydrogen and Lewis bases.
(109

The third pathway for the splitting of hydrogen by FLPs involves a concerted actian of th
Lewis pair for the splitting of hydrogen. In this proposed mechanism the Lewis pair form what has
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come to be referred to as Afrustratedo or MnAenc
largely together by secondary interactions such ids &ACAhydrogen bonds, while the Lewis

acidic and basic centres remain unquenched. Due to being loosely held tdgettmreculated

that dihydrogen is able to easily enter this encounter complex and interact with the donor/acceptor

centers which are prarganized for the simultaneous interaction with dihydrdggn1-3. (105

H, © ®
LA + LB ~—==— LB---LA —2> LB---H—H---LA — LA—H H—LB

Eqg. 1-3

This mechanism has thus far garnered the largest amount of support, however, the mode of
action by which dihydrogen splitting proceeds has since become a mattenof e nt i on wi t h
different models having arisen to explain this. The first model proposed by Paaai et al. in 2008 is
referred to as the electron transfer (ET) model and accounts for hydrogen splitting by the synergistic
action of both Lewis acidic andabic centres. More specifically a lone pair from a Lewis base is
donated t)o drhkei tda*l( Hand a Lewi s ac,) abitahTheept s e
synergistic action of both the acid and base induce a polarization of thédhd leading to its
heterolytic splitting in analogy to the splitting of dihydrogen by transition metals previously
describedyide supra (105 The second model proposed by Grimme eina2010, referred to as
the electic field (EF) model, suggests that the formation of the encounter complex creates a
Afcavityo with a strong electric field that ca
cleavage of dihydrogen in a barrierless process. In their initial pduesr showed that an EF of
~0.1 a.u. (1 a.u. = 5.1422x40v/m) was sufficiently strong to allow for such splitting of
dihydrogen. They thus proposed that any observed reaction barriers are mainly due to the formation
of the encounter complex and the entrance of dihydrogen into its (408 .This model deviates
significantly from the generally accepted mode of thought used to explain chemical reactivity with
its high reliance on orbital interactions and represents a completely novel form of reactivity. If

shown to be true, this would make FLP type reactivity unlike anything previously described and
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provoked the question as to whether or not previous explanations of hydrogen activation needed

reexamination(107)

Figure 1-23 Electric field model for hydrogen splitting

I n a -Upwihdrimitial paper, Pazai et al. in 2013 elegantly showed using six different
FLP systems that the electric field produced by an FLP encounter complex is insufficient to account
for the splitting of hydrogen. It was shown that the EF made in various FLPs are quite
inhomogeneous, did na | i gn wiH hbotnhde a6 woul d be expectec
di s c e ficrmavtiitbyan EF > 0.1 au. Moreover, Paga et d. found computationally that
dihydrogen coordinated within the encounter complex in@nfhshion with the LB (not deviating
significantly from 180°) and with a siden fashion with the LA (typically had an angle of ®0
120°) resulting in &-(d, d? transition state complex. This conflicts with the EF model where
dihydrogen coordination would be expected to be linear with thélbdnd axis. Furthermore, this
bonding mode is as expected with a simple qualitative molecular orbital analysis and closely
mirrors what happens in transition metal chemistry. Lastly, calculated intrinsic reaction coordinates
(IRC) showed that only lateén the reaction, after the transition state and where dihydrogen had a
bond order of ~0.5, was hydrogen exposed to an electric field of >0.1 a.u. and at this point, only
the hydrogen atom associated with the LA was exposed to such a high electric fezhll tbese
finding suggest that the EF model provides predictions in contrast to various computed features
observed and that the observed reactivity of FLPs can be explained using a concerted model as

analogously to similar chemistry found in transitioaetad systemg107)
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Figure 1-24 Orbital interactions in FLP induced dihydrogen splitting

1.4 Hydrosilylation

An attractive alternative to using dihydrogen for the reduction of organic compounds is the
use of silanes for the hydrosilylation of unsaturated moidtigsiye 1-25. Silanes, as compared to
dihydrogen, are safer and easier to handle, are relatively air and moisture stable, and are cheap and
relatively abundant as industrial byproduc@d1ld (114 (115 (116) Additionally, the
hydrosilylation product may either be further functioredl at the site of silane incorporation or be
hydrolyzed to formally generate the hydrogenation product. The hydrosilation reaction has been a
favorite of organometallic chemists who have developed the reaction for the reduction of carbon
carbon, and carlmeheteroatom multiple bonds and has been applied to the areas of organic
synthesis, polymer chemistry and material sciendd?) (116) The first example of a
hydrosilylation reaction described using a homogeneous catalyst was reported in 1957 using
hexachloroplatinic acid118 Since then, catalysts have been developed making use of every late
transition metal (Fe, Ru, Os, Co, Rh, Ir, Ni, Pd, Pt, Cu, Ag, Au), many early transigtais,
lanthanides, actinides, and various nonmetals, as well radical initiated variants of the

hydrosilylation reaction have been developgéd.’)

R/\\\\ R/\\\/SiR'"3 R/\\/H
-or- H—SiR™3 -or- . -or-
Cat. _SiR"; hydrolysis H
X . X - . X
P e .

X=0,NR, S

Figure 1-25 Hydrosilylation of organic moieties
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Olefin hydrosilylation generally proceeds with aktarkovnikov selectivity, with internal

acyclicalkenes generally resulting in the silane at a terminal pos{i@8) The hydrosilylation of

alkynes generally proceeds igytfashion, with the use of Pt based catalysts and amtifiashion

with the use of Rh(120) or Ir-based catalyst€l21). An attractive aspect of the hydrosilylation

reaction is the potential for further manipulation of the resulting product in a variety of other

chemical processeEjgure 1-26.

H-SIiR';

Michael SiR'3 halo-
reaction )\pR desilylation
MO
H proto- Hiyama R
desilylation oxidative coupling
desilylation
H Ar
R)\”R RNR

R

A

Figure 1-26 Functionalization pathway of vinyl silanes

X

\R

Like hydrogenation, considerable effort has been directed towards the development of

enantioselective hydrdglation catalysts. The major obstacle to this goal is the tendency of

hydrosilylation to proceed with artilarkovnikov selectivity, resulting in linear achiral silanes. So

far the use of palladium based catalysts, which favor branched addition to olefing,

monodentate axial chiral ligands developed by Hayashi et al. have been the most successful

approach in overcoming this obstg@ehieve excellent enantioselectivies (97 %e.e.) for the

hydrosilylation of terminal olefingsigure 1-27. (122) (123) (124) (125 (126
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Like the hydrosilylation of carbenarbon double bonds, much investigation has been directed
towards the development of homogeneous metal catalysts for the hydrosilylation-carbon
heteroatom multiple bond$117) Thus far rhodium(l) catalysts have been the most successful
towards the hydrosilylation of carbonyl compounds, starting first with the report by Ojima et al. in
1972 of Wi lkinsonds catalyst bé€R)Sincedherhmughh!l v ac
like hydrogenation, considerable effort has been directed towards the development of chiral ligands
to develop enantioselective hydrosilylation cataly§id.?) Early efforts focused on chelating
nitrogenbased ligands, such as PYBQX28 and sparteiend129, however theseroved
suboptimal resulting in only moderate enantioselectiviflekl) Subsequently bidentate phosphine
ligands possessing a large bite angles, sudhans-chelatingchiral diphosphine (TRAP), were

found to be well suited for enantioselective carbonyl hydrosilylafit30)

Since these reports little improvement has been achieved over these ligandileRibte
ligands have been shown todamable of similar levels of enantioselectivity as TRAP ligands while
the field has continued to rely largely on rhodium, with group 10 metals play a marginél1@e.

Of note howeveris the develoment of zinc(ll) based catalytic systems utiliziGg symmetric
diamine or diamine ligands witholymethylhydrosiloxanéPMHS) as the hydride donor, which

are capable of moderate to good enantioselectivitie®154) for the hydrosilylation of aryl
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ketones(131) (132 (133 As with hydrogenation, again some of the most interesting develapmen
in the field of hydrosilylation in the past 20 years has been the development cgrognor

metatfree catalysts, which will be discussed in the next section

1.4.1Metal-Free Hydrosilylations

In a similar fashion to hydrogenations and the advent of FL&yst, recent years have
seen the development of metade catalysts for hydrosilylations, utilizing main group elements.
(117) In generalthese catalysts can be divided into two classes; nucledpbilis basic catalysts
and Lewis acidilectrophiliccatalystsNucleophilic catalysts make use of alkoxid&384) (135
or metalammonium fluoridesndhavebeenshown to successfully reduce aldehydes, ket@res
imines.(136) (137 (138 Nucleophilic hydrosilylation catalysesct by coordination to the silicon
atom forming a pentacoordinate silane, activating it for hydride delivery. Hydride delivery is
generally believed to occur lahexacoordinate transition statéth the electrophileoordinated

to the silaneFigure 1-28. (137)

X R
—-»R
o H H |
R.Si—H catt Nu R, | RJ\R R, | X - Nu@ X/SIR3
3Si—H =——=  gi_R =— g
R” | X=0,NR R” | YR R*R
Nu Nu

Figure 1-28 Mechanism of nucleophile catalyzed hydrosilylation

Metakfree electrophilichydrosilylation catalysis was first reported bigm et al. in 1996.
(139 In their seminal reportPiers et al.found that BCF was a highly active catalyfer the
hydrosilylation of aromatic aldehydes, ketones, imiié$). (140) Recently, this was expanded to
N-heterocycles by Chang et al. who showed that BCF was an effective catalyst for the complete
reduction of the nitrogen containing ring in quinolor{éd.) Initially it was believed BCF worked
by Lewis acid activation of the carbonyl, however, paradoxically it was observed that less basic

carbonyls had a higher reaction rate and in competition experifetwsen different carbonyl
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contahing moleculs, more basicsubstratesvere reduced selectively. This led the authors to
propose that BCF formed a sigma complex with the silane and abstracted a hydride after carbonyl
coordination to the silane. The borohydride species then subsequeahitesethe activated

carbonyl regenerating BCF and forming silyl etheyduct,Figure 1-29. (139 (71)

_SiRy

0]
)P B(CoFs)3 H-SiR;
Ar H R

®q-SiRs o
)J\ H_B(C6F5)3 R3Si"'H_B(C6F5)3
Ar

)

PN

Figure 1-29 BCF-catalyzed hydrosilylation mechanism

Ar R

This reaction mechanism has besupported by various kitie, competition, labeling, and
crossover experiment byidPs et al. in their 2000 pape7l) Furthermore Oestreich et al. has
provided further evidence for this mechanism showing that a dtislicon silane adds to
carbonyls with inversion at silicon when using a BCF catalyst, as would be expected if the above

mechanism is operativgl42)
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Finally, reported by iers et al. in 2014, the proposed sigotanplex intermediate has been
subsequently confirmed by low temperature NMR amdyxcrystdography using a highly Lewis
acid borol. (143 Enantioselective variants of mefate hydrosilylation catalysts have been
considerably less investigated. Some reports have looked into using cloratles(144) (145
and amides derived from amino aciq446 (147 which have been able to achieve good
selectivities bufew examples have been reported using chiral rgadmp Lewis acids, which is

surprising given the success they have had for FLP hydrogendfidis.

1.5Boroi Cations

Group 13 elements occupy a unigue position on the periodic table, possessing only three
valence electrons. Group 13 compounds are unable to satisfy their octet as readralirgate
molecules and adeft with a vacant srbital still able to accept an electron pair. As a result, these
el ement s have an Aintrinsico electron defici
characterizes the reactivity tife group 13 elementgndresults in their pypensity to bond/react
in ways that saturate their coordination sphematisfy this electron deficiency. Correspondingly,
the study of group 13 elements has largely been confined to their neutral and anionic forms.
However, in more recent years catiosigecies are being investigated as well, unsurprisingly
significant interest has been directed towards boron cat{®d8) This is chiefly due to their
pronounced electron deficiency, resulting in $abB8al Lewis acidity, thus making them

exceptional targets to investigate as cataly&#9) (150
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In 1985 Nath et. a. defined the now widely used nomenclature for boron cations,
separating them into three distinct classes based on the coordination nhumber of the boron atom,

Figure 1-31. (149 (151) (152 (153

L
® | |
R—B—R R/B\R L/B/&“"R
R
Borinium Borenium Boronium
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Pr—Xx NPy
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Fukushima 201439 Stephan 2014140 Vedejs 20114

Figure 1-31 Classes of boron cations and corresponding examples

Borinium cationsaretwo oor di nat e speci es, t ydpriatm@ | | y c O
ligands covalently bound to the boron atom, sterically encumbering the boron atom, and relieving
its electron deficiency resulting in considerabdp-hybridized characte at the boron.
Unsurprisingly, these species are highly reactive making their study in the condensed phase
extremely difficult. Borenium cations are threeordinate species, possessing two covalently
bound substituents on the boron with the third coardini on si t e ocdonatinged by
ligand. The third class of borocations are boronium ions, which arecémudinate tetrahedral
species with two covalently bound substituents tuedother two coordination sites occupied by
two U-donating ligand. Boronium ions, possessing a fully saturated coordination sphere, have the
highest stability of the borocatiorn(d.48 (149 (150

In the context of catalysis, in order for any molecule to be useful, it must be able to

incorporate new ligands/molecules so that they can be activated and be able release/exchange said
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ligands so that the catalyst may begenerated. This obviously makes borinium ions poor
candidates for use in some catalytic manifold due to their extreme electron deficit, making them
unlikely to be able to release/exchange any substrate once bound. Conversely boronium ions are
not able o interact with any substrate without first dissociation of one of its stabilizing ligands.
Borenium ions, however, possess the best of both worlds; an open coordination site, coupled with
a high degree of electron deficiency, allowing it to coordinate antivate substrates but still
possessing high enough stability to allow for the exchange/release of ligands so that they can
function in a catalytic cycle. Some examples of boron cations in catalysis will be shown in the next

section

1.5.1Boron Cations as Catdysts

Undoubtedly one of the most wddhown and synthetically useful examples of borenium
catalysts are the amino alcohols derived oxazaborolidines1-4@ei ¢ for examples. These
boreniums have proven to be highly efficient and enantioselective Leisaalysts for carben
heteroatom double bond reductid@4) and cycloaddition reactiongl8) Oxazaborolidines, also
known as Corey Bakshii Shbata (CBS) catalysts, were first described by Itsuno et al. in 1983.
(154 The initial study reported that that a stoichiometric amount of a valine derived amino alcohol,

1, in combination withtwo equia | e nt s zwhs aBle+tdrédBcH aryl ketones in good yields

with excellent enan{lbdpsel ectivities (O 97:3 e.
PhPh
ne P
H™ B\
H3g H
1-12a 1-12b 1-12¢

Figure 1-32 Oxazaborolidine (CBS) catalysts
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However, no mechanistic investigations were conducted and the active reducing agent
remained illdefined and the reason for the requirement of two equivalents of borane was left
unaddressed154) Based on this report, Corey et al. reported that oxazaborolidifewas
produced with concomitant elimination of two equivalents of hydrogen when amino aleb&ol
was treated with one equivateof borane.(155 It was shown that oxazaborolidiriel4 alone
failed to reduce acetophenone at room temperature but was able to promote the reduction in the
presence of one equivalent of borane, even with catalytic loadirfggwe 1-33. (155 Thus it
was recognized that oxazaborolidiké4was produced in the previous reports of Itsuno and it was
highly likely that oxazaboroliding-12awas the activeeducing agent, explaining the need for two

equivalents of borane.

HO H

<

BH3eTHF Ph/<Me
Ph Phpp, 99% yield
/g/KPh BH,THF 0 97% e.r.
—_— @) + )J\
OH  -2H; HN~g’ Ph” “Me
NH, \
H \
1-13 1-14

Figure 1-33 Valine derived oxazaborolidine

No Reaction

With the role ofl-14identified, the below catalytic cycle was propodedure 1-34. First
the oxazaborolidine and borane form the Lewis -beige adduct-12. This redaes the electron
density at the endocyclic boron (U = 3.2 ppm
when R = H), increasing its Lewis acidity. Coordination of the ketone to the same face as the borane
follows, yielding1-17, which can transfeat hydride forming intermediate18. The now reduced
ketone is subsequently exchanged with another equivalent of borane, either vistaptvoo

concerted process, regenerating the catg®¥%x.(155
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Figure 1-34 Catalytic cycle and proposed transition state for CBS reduction

In the studies conducted by Corey et al. they found that proline derived oxazabolidine
16a afforded considerable improved enantioselectivities than previous valine derived catalysts.
Additionally, slightly increasing the steric bulk of the substitu@nthe oxazaborolidine boron in,
1-16bfurther improved the selectivityl 55 The impact of steric effects becomes clear upon closer
investigation of the reaction mechanism. Borane can initially coatelio the catalyst eitheisor
transto the bulkier group at the stereogenic carbentre. Unfavorable steric interactions in the
cis adduct result in th&rans conformation being more energetically favorable. In the case of the
valine derived oxazaborolidines, the energetic difference between these adducts is not significant
enough to lead to exclusive formation of ti®adduct, allowing for formation of theansadduct
contributing to a degeneration in the enantioselectivity of the reduction. However, in the case of
the oxazaborolidines of typke 16, the steric repulsion is considerably higher (ca. 10 kcal/mol)
compared to acyclic amino alcohol derived oxazalidines due to the strain imposed by the

proline ring. Consequently, almost exclusive formation of tie adduct (the trans
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[3.3.0]pentalane) is observed, accounting for the increased stereoselectivity of thedailied
catalysts as compared toethvalinederived catalysts. Additionally, following formation of
intermediatel-17, the carbonyktontaining substrate must coordineigto the borane to allow for
hydride transfer. This coordination again occurs in a fashion to minimize steric repolsien
interaction between the ketone and the oxazaborolidine (seen above as a more favedabimll,3
interaction between Me andsRThe increased steric bulk of tBeMethyl substituent in catalyst
1-16bfurther increases the tdaxial interactiorof the oxazaborolidine catalyst with Rnd R as
compared to catalyst-16a (B-H) leading to greater facial selectivity in the transition state for
hydride delivery. It should be noted that although presented as such it is not known if the hydride
transfe occurs through a chair or bdite transition state, however both are consistent with

overserved stereoselectivifzl)

Overall, oxazaborolidines have been shown to be highly effective catalysts for
enantioselective reductions. Although catalyisfi?a ¢ are technically not borenium salts in the
strictest sense due to the complexes being overall neutral compounds, the endocyclic boron still
comprises a borenium subunit possessing the strongly Lasidsc/electrophilicB-centre, as
compared to the uncomplexed structureskifaandl1-16b. (156) As previously mentioned, this
class of catalysts has also be shown to be excellent at promoting enantioselective cycloaddition

reactions, which will not be discussed in depth, but has been extensively re\{{E8y¢ti56)

One of the most interesting developments in the field of borenium catalysis is its
application in FLPtype chemistry for the reduction of unsaturated organic moieties. In retrospect
this was a logical application of borenium ions, specifictieterocyclic carbeneNHC)-
stabilized boreniums. Firstly, the high Lewis acidity of borenium i¢hS6) and the
correspondingly high Leis acidities required for hydrogen activation made them excellent targets
for investigation as catalyst§106) Secondly, it had previously been shown that [SHe&re

effective ligands for the stabilizah of boreniumion motifs (157) and that their corresponding
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NHC i borane adducts were exceptional hydride donors, capable of reducing a variety of
unsaturated moietieg158 (159 (157) For these reason$yHC-stabilized borenium cations

seemed liken excellent target to investigateFdsP-type hydrogenation catalystél61)

Stephan et al. were able to show that borenions could be effective at activating
dihydrogenation directly. In their initial repothey were able to successjutlynthesize borenium
1-20, by hydride abstraction from NHBoranel-19. Borenium1-20 was shown to be able to split
hydrogen in the presence '&usP and generate NHBoranel-19 along with the corresponding
phosphonium saltBusPH" B(CsFs)s]. The NHC-borane and phosphine salt mixture was able to
stoichiometrically reduce the imine PhCHBN, and regenerate the borenium ieR0/BusP pair,
providing excellent evidence thdt20 would be an active hydrogenation catalyst. Indeed
borenium1-20 was alte to reduce PhCH=Bu at 102 atmospheres of hydrogen gas in good yield,
as well as 8nethylquinoline in moderate yield. Based on these results the following catalytic cycle

was proposedsigure 1-35.

O
B(CsF5)s
=\ .

/N @ N\/ O iPr/N\@(N\iPr

\(@ Ph3C B(CgFs)s

B\H B :\\\\J\ @k\\\\ - B\H
% B(CoFs)s
1-19 1-20 W 1-19

Figure 1-35 Proposed catalytic cycle for NHC boreniwatalyzed hydrogenation
Borenium1-20, in concert with an imingheterolytically splits dihydrogen generating NHGrane
1-19and a protonated imine. The imine is rendered more electrophilic by protonation allowing for
hydride attack byt-19at the imine carbgrsubsequently regenerating boreniiv®0and formation

of the amine produc{161)
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In a followup study, Stephan et al. were able to improve upon their previous catalyst and
expand the substrate scope of borenium catalyzed reductions. In this report, theg graiva
decrease of the steric bulk of the NHC wingtip groups and introducing eledttomirawing
substituents in the NH@ack led to an increase in catalyst activ{i62) This suggested that
bulkier NHCs either interfere with the efficiency of dihydrogen activation or hydride delivery to
the activated substrate. Given that hydride delivery is generally not rate limiting in FLP systems,
(59) it seems most likely the reduced steric bulk allows for more facile formation of the encounter
complex resulting in more efficient hydrogen activation accounting and the increase in catalyst
activity. Furthermorgt h e  w edankatiggfmoré electronically poor NHCs donated less electron
density to the borenium centre leading to an increase of the Lewis acidity of the catalyst.
Consequently, the borenium ion derived frd@tould achieve &rn over frequencyT OF) of 940
ht, comprisiy the most active FLP catalyst reported up until that pdi6g) In terms of substrate
scope, it was found th&0 was able to catalyze the reduction of a variety of aromatic aldimines,
ketamines, as &l as 8methylquinoline, Figure 1-36. Both electrorrich and electroipoor
aromatic imines were well tolerated as wellaaho-bulk on theN-aryl substituentSomewhat
surprisingly, sterically unencumbered esters were also well tolerated and were not subjected to
reduction, in contrast to previous reports of FLP catalysts where sterically unencumbered esters
inhibited reduction(163 Unfortunately substrates that were less sterically encumbered at the

nitrogen centre were less well tolerated resulting in only partial or no redydiea.

Cl Cl

1-5 mol % 1-21 5
Me— NN~

©) S)
PhsC ™~ B(CgFs), H
PN NN S)
N 102 atm H, " N By
k‘\\%\ CH,Cl, rit. kA KL(
H

1-21

Figure 1-36 Substrate scope of boreniur20 catalyzed reductions
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1.6 Research Objectives

From the literature reviewed above it is hoped that it is clear the field of Lewis acid
base/mairgroupcatalysis is synthetically valuable, as well as undergoing a new resurgence thanks
to the work on BCF catalyzed hydrosilylation in the 90s by Piers €129 (71) and the more
recent developments in FLP chemisi{9) (164 (100 It is the purpose of this thesis to further
investigate these fields, applying previous research done in the Cryidagn Investigations into
mesaonic carben€MIC) boranes in our lab showed that these compounds were excellent hydride
donorsand led usto speculate that MICs would be excellent ligands for the stabilization of
boreniumions, which we hoped to use as Lewis acid catal{s8% We plan todevelop a library
of MIC-boranes/borenium iorendinvestigate their ability to activates dihydrogeras well as

other molecules such as silapégure 1-37.

R\
NN
Cat: N\R'
RII—B\RII

E—H

Figure 1-37 Proposed mesimnic carbene borenium catalytic manifold
Furthermore,if these compounds prove to be catalytically competent, we plan to
investigate ways that asymmetry may be implemented into the @atalthe hopes of developing
an enantioselective cataly€ne waywe propose to accomplish this is to use a chiral borane such
as the[3.3.2]9-borobicyclodecare (BBDs), Figure 1-38, an exceptionally versatile class of

borylation regentg166)
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Figure 1-38 The chiralborane, 165ubstituted3.3.2]9-borobicyclodecanéBBD)
In additionto the boreniunmon catalysispreviouslydiscussegdwe are also interested in the
use of boron compounds as nucleophilic catalygiscifically as enantioselective hydrosilylation
catalysts Crabtree et al. have shown that borohydrides can be used catalytically to hydrosilylation
a variety of compounds. We plan to explore this reaction using the same chiral boranes that we are
going to investigate as chiral borenium catalySigyre 1-39. (167)
H

1
Cat: H-p_ R
© ®

Figure 1-39 Chiral borohydride catalyzed hydrosilylation

1.7 Thesis Obijectives
The Objectives of this thesis are thifedd:

1. Develop and investigate the use of MbGrenium ions as FL-B/pe hydrogenation catalysts
2. Develop enantioselective variamf the MIC-borenium iorhydrogenation catalyst using BBDs

3. Investigate the use of BBDs as an enantioselective nucleophilic hydrosilylation satalyst
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Chapter 2

|l nvestigati-loodatiamtyei Bor o

2.1 Mesoionic CarbeneBorenium lon Catalyzed Hydrogenations

2.1.1Introduction

As previously discussed, borenium cations possess a Lewidyacilinparable to
perfluorinated aryl boranes, an unsaturated coordination sphere, and relatively high stability as
compared to other borations making them ideal targets to investigate as catalysts fost{jid®
chemistry.(1) (2) Previous studies in the Crudden group looked into the properties of 1,2,3
triazolylidenebased carbengshe mesoionic assinsof NHCs, as ligands for transition metal
catalysis (3) (4) Conducted by former doctoral student Eric Kegke,investigations intahese
mesoion¢ carbenes(MICs) focused on their incorporation into pindgpe ligands, the
coordination of MICs to a variety of metals including Rh, Ir, Ag, Pd and the assessment of these
metatMIC complexes, specifically Pd complexes, as catalysts for the Mizblad reaction(5)
Although conditions were found under which the reaction proceeded, further investigations showed
that elemental mercury poisoning of the reaction led to complete reaction inhiinitieating that
the PAMIC complex was likely not the active cataly®) We thereafter became interested in using
MICs as ligands for other metals specifically for boron. MICs have been shown previohale
even higherl-donation capacitiehan NHCs, leading us to suspect that coordination to boranes
would result in increasedi® strength and increased B bond reactivity(6) (7) (8) This was
confirmed by studies, conducted by postdoctoral fellow Patrick Eisenberger and doctoral exchange
student Luiza Baptista de OliveiFaeitas, who assessed the ability of MICs to coordinate borane
and the reducing power of the resulting MdGrane.(9) A facile onepot procedure was devised
to produce a variety of MIKboranes, whictwere found to be more hydridic than their NHC

congener$9) due to the increasaddonation capacity of MIC£7) The goodi-donation capacity
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of MICs led us to suppose they would be excellent ligands for the stabilization of borenium ions,

which, as inspired by the work of Stephan et al., could be used as FLP hydrogenation catalysts.

(173)

2.1.2Non-selective MIC-Borenium lon Hydrogenation Results and Discussion

In order to investigate whether Mi@renium ions could be used as FiyPe

hydrogenation catalysts, we first developed a library of {Hi@brabicyclo[3.3.1]Jnonane {BBN)

and NHG9-BBN adducts (2Lx), Figure 2-1. Initial catalyst development was conducted by

postdoctoral fellow Patrick Esienberger who synthesized all the caboeare adducts shown in

Figure 2-1. PatrickEsienbergealso performed the catalyst optimization as discussed béldjv.

Me_ Dipp, PMPR

2-2a 2-2b 2-2c

Figure 2-1 Carbene borane adducts investigated as hydrogenation catalysts. Dipp = 2,6

diisopropylphenyl

With the above library in hand, investigations into catalyst activity could begin. The

carbeneborenium ionsZ-3 and2-4) were geprated from the corresponding carbéreanes Z-

1, 2-1), Figure 2-2, by treatment with an equimolar amount ot®1B(CsFs)4 prior to the addition

of substrate and charging of the reaction vessel with dihydrogen. Initial optimizations utilized imine

2-5a as atest substrate for hydrogenation, as we suspected the steric bulk alpha to the nitrogen
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would diminish catalyst coordination/inactivation and the unhindered aldimine cadudbthallow

for facile nucleophilic attack.

R R

N=N N=N —

\ / \ \
K‘(N\R NON_, PhyC'B(CAFs) §N\R R/NN\R
S) \(@ 1 equiv
B\H -or- B\H B -or - B
KL( % CH,Cl, % %
C) C)
B(CeF5)4 B(CeF5)a
21 2-2 2-3 2-4

Figure 2-2 Carbeneborenium ion generation from carbelperane

Isosteric catalyst2-1b and 2-2b were prepared to permit a direct comparison between
NHC- and MIGhborenium ions;Table 2-1. The NHCborenium ion2-4b afforded only a 16 %
conversion of2-5a at 38 atm dihydrogen for 4 hours, at a loading of 10 mol %, entry 1. By
comparison, MIGborenium ior2-3b gave 50 % conversih at the same concentration and pressure
(Table 2-1, entry 2), indicative of the higher reactivity of MKEabilized borenium ions. Steric
effects wee further assessed with borenium BBa, possessing only one flanking phenyl group.
To our delight, borenium ioR-3aproved the most active giving the complete reduction of aldimine
2-3awith as little as 22 atm of dihydrogen after 4 hodralfe 2-1, entry 3). Complete reduction
of imine 2-5a was achieved after 19 h with as little as 1 atm of hydrogeblé 2-1, entry 4),
showing that efficient reduction could be achieved at ambient pressures with increased reaction

times.
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Table 2-1 Borenium ion ctalyzed imine hydrogenation optimization.

_R’ _R’
N Catalyst HN
R2 H, _ R2
CH20|2, r.t.
2-5 2-6

Enty R' R? Catalyst mol% H,(atm) Time  Conv. %?

1 Bu H 2-3b 10 38 4 50
2 Bu H 2-4b 10 38 4 16
3 Bu H 2-3a 10 22 4 100
4 Bu H 2-3a 10 1 19 100
5 Ph  Me 2-3a 10 1 19 100 (87 %)
6 Ph  Me 2-3a 5 1 23 100
7 Ph  Me 2-3a 2.5 1 23 40

All reactions done on 0.25mmol scale in 0.25 mL CH,Cl,. [?] Conv. = conversion,
determined by 'H NMR. [?] Isolated yield

Having developed reaction conditions that could be conducted using standard glassware under
ambient conditions, we then turned to more difficult to reduce substrates. Encouragingly, catalyst
2-3awas able to hydrogena®esb under the previously developednditions at 10 mol % catalyst
loading and 1 atm dihydrogetdble 2-1, entry 5).(11) The desied product was isolated in 87 %
yield. Even at 5 mol %, complete conversion was obtained within ZBablg 2-1, entry 6),
however a further reductiam 2.5 mol % loading gave only 40 % product after 24 db(e 2-1,
entry 7). Further screening of the other carbeokanes from our librarnyfigure 2-1, showed no
significant advantage in catalytic activity over borenium2eBa at 5 mol % catalyst loading and
1 atm dihydrogen. Although not superior, cataB8Sc, possessed similar catalytic activity2@a.
The synthesis d-3cresults in a distribtion of difficult to separate regioisomers, therefatreias
decided to use cataly2t3afor investigations into the substrate scope of this reaction.

Having found the optimum hydrogenation catalyst from our library of carberanes we

then sought tanvestigate the scope and limitations of the reducfi@hle 2-2. This following
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work, unless otherwise stated, was conducted by the author. Disamggirit was found that the
reaction was sensitive to substrates lacking sufficient steric bulk alpha to the imine nitrogen. As
such, imines possessing BrBn group in place of aN-Ph group, e.g. ketamin@s5¢c and2-5d,

were hydrogenated sluggishly if at all under 1 atm of dihydrob&lole 2-2 entries 2 and 3. In the

case of ketamin-5d, it was found that our onigal conditions of 1 atm of hydrogen gas for 18 h
gave only 26% conversion. Increasing the hydrogen pressure to 102 atm gave quantitative
conversionsTable 2-2 entry 3. Unfortunately, even hydrogen pressures of 102 atm were

insufficient to promote the hydrogenation2bc, Table 2-2 entry 2.
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Table 2-2 Borenium ion2-3a catalyzed imine hydrogenation.

,R1 10 mol % 2-3a H. ,R1
N H N
2 . /k
Ar” "R? CH,Cly, rit. Ar” LRy
2.5 18h 2-6
Entry Substrate Product H, Press. % Yield
_Ph H. _Ph
N N
a
1 ©)J\Me Me 1 atm 87
H
2-5b 2-6b
H.
N~ Ph N Ph .
1 atm no reaction
2
2-5¢ 2-6¢c
A~ Ho o~
N Ph N Ph 1 atm 26
3
@ Ph ©/k; Ph 102 atm 99
2-5d 2-6d
Ph Ph
. N)\Ph H\N)\Ph 5 atm 15
©)J\H @H 102 atm 94
H
2-5e 2-6e
H.
N Ph N Ph
5 5 atm 90
Ph Ph
H
2-5f 2-6f
OMe OMe
6 5 atm 93
Me H Me
Me Me
2-5g 2-6g

All reactions done on 0.25mmol scale in 0.25 mL CH,Cl,. [?] performed by Patrick Esienberger
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The sluggish reduction of imines lacking sufficient steric bulk alpha to the nitrogen centre,
such as2-5d, was not entirely surprising. NMR analysis of the reaction mixture by Patrick
Eisenberger led to the conclusion that foaordinate boronium ions are the major products in
mixtures of imines and borenium ions. In the case of a mixture between boreni@®2aand
imine 2-5b, the catalyst boron signal is observed to shift downfield from 70.8 ppm to 12.5 ppm,
the latter indicative of 4oordinate boronium ions such 2&b, Figure 2-3. The formation of
boronium ior2-7b indicates an unproductive equilibrium between the catalytically active borenium

ion and an inactive boronium ion species.

Ph.
LR
Ph™ "Me
2-5b
Ph, Ph,
N—=N N=N Ph
\ \ \
N=N
D G
ol ® Ph B K( ~Ph Ph\N,H
N ST
P H Ph” “Me
Me o
o) o) B(CeFs)4
B(CeFs)a B(CeFs)a 2-1a 2-5bH*
2-7b 2-3a
Ph. _H
N
Ph/tMe
2-6b
Figure 2-3 Proposed catalytic cycle and @fjcle equilibrium for MIGborenium ion catalyzed
hydrogenations

It is worth noting however that since the reductior2&b proceeds readily, there must still be
enough free borenium ido allow for catalytic turnover. Substrates which bind tahtly to the
borenium ion result in a situation where no catalyst is able to form the encounter complex required
for dihydrogen splittingleading to the complete shutting down of the catalytic cycle at worse, or

dramatically reducing the amount of active catalyst in solufibhest(175
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Imines with the benzhydryl protéat group were then assess@eébg and2-5f, Table 2-2
entries 4 and 5). To our delight, the increased steric bulk adjacent to the nitrogen cente all
for the reduction 02-5e albeit at higher dihydrogen pressures, mirroring keta@ise: By further
increasing the steric bulk around the nitrogen centre, as in the c2%¢, afe were able to again
use hydrogen pressures closer to ambient congi((c atm)Table 2-2 entry 5. Substrates lacking
sufficient steric bulk proximate to the nitrogen centre coordinate more strongly to the borenium
ion, resulting in a lower concentration of active catalyst intewluWewereable to compensate
for this by elevating the reaction dihydrogen pressure, resulting in a higher dihydrogen
concentration in solution, increasing the rate of this bimolecular reaction.

It was then decided to assess the functional group ddsilipa of the borenium ion
catalyst. The hydrogenation of our standard im2gb was performed concurrently with 1
equivalent of the ketone fenchor#eq), Eq. 2-1, at102 atm of hydrogen. After 18 houtsi NMR
analysis indicated tha&x was produced with a conversion of 82 %, with no observable reduction
of the ketone. As suclit was determined that the ketone is not a competitive substrate for the
hydrogenation, thagh given that the reduction®%b proceeds to completion at 1 atm dihydrogen
after 19 h in the absence of fenchone, the ketone likely coordinates the borenium ion resulting in

an overall reduction of the catalytic activity.

N/Ph N O 2-2a10mol % HN”Ph
Ph)J\Me 102 atm H, Ph)\Me
CH,Cly rt., (Eq. 2-1)

fenchone 18 hrs

2-5b 2-8 2-6b 82 %
conversion

Next we examined the hydrogenatiom\sheterocycles using MKBorenium ion catalyst
2-3a. Using previously developed conditions, Patrick Eisenberger showed that c2{3systas
able to hydrogenate a variety of @nd 8arylated quinolines to their corresponding 1,2,3,4

tetrahydroquinoline derivativeg;10af Table 2-3.
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Table 2-3 Borenium ion2-3a catalyzed quinoline hydrogenations

R 10 mol % 2-3 N
N R’ mol % 2-3a N R’
AN Hy
= CH2C|2, r.t.
2-9 2-10
Entry  Substrate Product H, Press. Time (h) Yield %
Ph Ph H
N\ N
1 1 atm 18 82 %
=
2-9a 2-10a
H
N\ Ph N Ph
2 1 atm 18 98 %
=
2-9b 2-10b
H
N\ PMP N PMP
3 1 atm 18 88 %
=
29c 2-10c
H
N\ 1-Naph N 1-Naph
4 1 atm 18 76 %
=
2-9d 2-10d
NM62 NM62
H
e i
5 1 atm 18 95 %
=

2-9¢ 2-10e
Cl Cl
ve g
6 1 atm 18 54 %
%

2-9f 2-10f

ZT

All reactions done on 0.25mmol scale in 0.25 mL CH,Cl,. All reactions performed by Patrick Eisenberger

Quinoline itself and &rylated quinolines were unable to be hydrogenated, even at 102 atm
of dihydrogen. Thefollowing results were obtained by the author. The relatively sterically

unencumbered-gethyl quinoline 2-9g) was fully reduced with as little as 5 atm dihydrogen for
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18 hours, Table 2-4. Again the need for higher dihydrogen pressures with less sterically
encumbered substrates is most likely due to strong substrate coordination to the borenium ion
decreasing that amount of free catalyst able to ghtercatalytic cycle, necessitating a higher

dihydrogen concentration to allow for an appreciable catalytic turnover of this bimolecular reaction.

Table 2-4 Borenium ion2-3a catalyzed\-heterocycle hydrogetian.

R

o 2. H
N R 10 mol % 2-3a N R’
A H, -
= CH2C|2, r.t.
2-9 2-10
Entry Substrate Product H, Press. Time (h) Conv. %?
Me Me H
1 AN N 5 atm 18 87 %
=
2-9¢g 2-10g
N N
B B
2 Ny N 102 atm 18 47 %
=
2-9h 2-10h
Me N Me Me N Me
3 = | 102 atm 18 28 %
N
2-9i 2-10i
Me N Ph Me N Ph
4 z | 102 atm 18 33 %
N
2-9j 2-10j
Ph Ph
5 N | U 102 atm 48 55 %
2-9k 2-10k

All reactions done on 0.25mmol scale in 0.25 mL CH,Cl,.[?] yields determined by
"H NMR against internal standard, 1,3,5-trimethoxybenzene. This work was
performed by the author.

We then sought to further push the scopl-bieterocycles capable of being hydrogenated

by catalys-3ato the more challenging pyridines, specifically the d@gubstituted derivative®
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9i-k. To our delight, it was indeed possible to hydrogenate a variety of pyridines to their
corresponding piperidines, exclusively as tigediastereisomers. Although higher pressures were
required to hydrogenate the pyridine substrates, the conditions were nevertheless significantly
milder than previously reported Fhippe systems (100 °C, 50 atm, 120 ) used in the reduction
of this clasf substrateq13)

Finally, we al so wa n-systans such as fyphenanthrioliged-t e e xt €
9h). Elevated pressures were required for the hydrogenati@9bf andafter 18 h only the
partially reducegbroduct,2-10h, was observed with no over reduction. When longer reaction times
were usedn an attempt tamprovethe conversion t@-9h, reduction of the second heterocycle
was observed however the partially reduced products proveweparable by column

chromatography

2.1.3Enantioselective MIC-Borenium lon Hydrogenation Results and Discussion

Having developed a robust Mifibrenium ion catalyst capable of hydrogenating a variety
of substrates, we next set out to develop an enantiaseleriant. There are three distinct
components of the catalyst that can be varied to introduce asymmetry: 1) carbene, 2) counterion,
and 3) borenium ionFigure 2-4. To maximize the chances of successfully developing an
enantioselective MIorenium ion catalyst, it was decided to develop a chiral version of each
distinct component. Fellow Crudden grooember Joshua Clarke prepared a library of chiral
BINAP-based phosphate and thiophosphate counter2ehf) (Patrick Esienberger synthesized a
chiral BINAP-based MICs Z-12) and | examined chiral boranes, specifically the 9
borobicyclo[3.3.2]decanes{BBD, 2-13). The following discussion will only include my work on

9-BBDs.
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counter-ion : ' borane
‘CI ) % | : %
\\ //I R
Q E N HB

\//

N
Croe B
R R = Ph, TMS

E=0,S 213
2-11

Figure 2-4 Components of a carbetwrenium ion hydrogenation catalyst
First described in 2005(14), BBDs @-13) are structural variants of -9
borabicyclo[3.3.1]Jnonane {BBN), which wasused as the borenium ion component in our first
generation of catalyst21, Figure 2-1). 9-Borabicyclodecanes, are synthesized via the insertion
of a diazederived carbene(15) into the G B bond ofB-Methoxy-9-BBN (2-14), They possess a

[3.3.2] bicyclic structue with a chiral centre alpha to bor@gheme2-1. (15)
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1 MeO-
0°C to rt B
B + R/QN2 —_—
Hexanes Y
2-14 2-15a R = Ph (rac) -2-16a R = Ph, 44 %
2-15b R = TMS (rac) - 2-16b R = TMS, 91 %

Scheme2-1 Synthesis of Dorobicyclo[3.3.2]decanes

The structural similaty between BBBDs and 9BBN, in addition to the fact thatBBDs
possess ahiral centre alpha to the boranade us supposeBBDs wouldbe a promisingtarget
to investigate as potential chiral borenium ion cataly&t6) In the course of their studies,
Soderquist et al. demonstrated tBd&BDs are ideally suited for the highly regiadiastereq and
enantioselective allyl (17) crotyl-, (14) methoxyallyt, (18) propargyt, (19), and allenylboration
(20) of aldehydes(14) ketones(17) aldimines,(21) and ketaminef2) as well as the regiemnd
enantioselective hydroboration of alkeiigs). For these reasoriswas felt that BBBDs warranted

investigation as chiral boranes in our efforts to achieve enantioselective hydrogenations.

Following the procedure reported by Soderquist in 20eBBBs 2-16aand2-16b were
synthesized in moderate to good yields fidmmethoxy9-BBN, Scheme2-1. (15) Unfortunately,
oneof the major drawbacks in the applicability 6B8Ds is that thus far only racemic syntheses
of this class of compounds have been reportedi[JD8] However, resolutionf the borinic ester
can be achieved relatively easily byxchangingthe B-methoxy sibstituent for an enantiopure
amino alcohqlsuch asN-methytpseudoephedrin€2-17). The resulting borinic est@l8aforms

selectively, and can be subsequently colleafést recrystallization from hexandsy. 2-2 (15)

//

Ph |
MeO~ OH @ MeO-~
B z | reflux 6 h O/ B
g Ph S hexanes hexanes (Eq. 2-2)
(rac)-2-16a  (S,S)-2-17 -2-18a -2-16a
21 % yield
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Enantiopure §-2-18awas isolated after the first round of crystallization in 21 % overall yield from
the initial starting material, equivalent to 42 % recovery of3le@antiomer oR-16a An attempt
was madeto recover more enantiopure&S{2-18a by a second crystallizatiprunfortunately
moisture was able to enter the system resulting in the degradation of the starting material and
product.

With 2-18ain hand, our next goal was to attempt to produB8® analogues of the MIC
catalysts 2-1) previously discussed. Initialtampts at synthesizing carbelbeund 9BBD boranes
utilized racemic BBDs. To produce the MIBBD adducts, it was first necessary to convert 9
BBD 2-16ato its lithium borohydride analogu2,19aScheme2-2. Once synthesize@;19acould
be subjected to hydride abstraction generating the necessary ®iaheScheme2-3. Ourfirst
approach following the method reported by Soderquist ef @l5) utilized in situ generated
LiAIH sOEt andfailed resulting in only recovered starting material. A slightly modified procedure
wasdeveloped in whicl2-16awas treated with LiAlHin THF at ambient conditions, resulting in

the clean formation of lithium borohydri@19a Scheme2-2.

EtOAc 0.5 eq

oM _Ph ) Ph
’ LiAlH,; 1eq  MeO-p LIAIH, 1 eq
Et,O ¥ THF
0°C —>rt. 12 Hrs
(rac) - 2-19a (rac) - 2-16a (rac) - 2-19a

Scheme2-2 Synthesis of lithium dihydr®-borabicyclodecanes
Treatment of2-19a with one equivalent of iodomethane afforded bor@rk3a, the
production of which could be followed visually by gas evolution (methane). Following hydride
abstraction2-13a was filtered and concentrat@a vacuq to remove reaction bgroducts and
unreacted starting materi@8orane2-13awasused without futter purification. Given the success
we had with 1,3liphenyt1H-1,2,3triazolium tetrafluoroborate (BMIC, 2-20) in our previous
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hydrogenation studies we decided to use this MIC for our initial attempts synthesizing chiral

carbeneboranesScheme2-3. (11)

Ph
®
Ncl\i ©
| BF,
N/ Ph
PR 5 20 N=N’
H. Ph - ph——N H pp
® B NaHMDS N
Li 2 THF A
(rac) - 2-19a (rac) - 2-13a (rac) - 2-21a
Yield 14 %

Scheme2-3 Synthesis of MIGBBDs

Treatment oR-20with sodium hexamethyldisilazane (NaHMDS) in the presenel@a
at room temperature afforded carbdmeane adduc-2la as the sole product by NMR.
Disappointingly however, the isolation @f21a proved quite dficult, with the product often
degrading into a black unidentifiable material, regardless of the crystallization condition used. In
addition, the synthesis 8f21aproved to be erratic and often irreproducible, which, in combination
with a difficult isdation, resulted in2-21a only beng obtairedin small quantities. Modifications
to the reaction procedure, including lowering the reaction temperature, trying alternative bases
(NaH), reaction solvents (PhMe), carbenes -flirBethylimidazolium, Mdmd*Br-, 2-22), and
recrystallization conditions, all yielded the same result with no improvement over the initial

conditions,Table 2-5.
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Table 2-5 Attempted synthesis of carbeBeBBDs

H._ _Ph Carbene (L) L\B,H Ph

B Base
< Solvent 2
(rac) - 2-13a Recrystalization
Entry Carbene Base Solvent Temp Solvent Yield %

1 Ph,MIC (2-20) NaHMDS  THF r.t. THF/Pentanes 14 %
2 PhoMIC (2-20) NaHMDS  THF rt. PhMe/Pentanes 0 %
3 PhoMIC (2-20) NaHMDS  THF r.t. CH,Cl,/Pentanes 0%
4 Ph,MIC (2-20) NaHMDS THF -78°C —rt.  THF/Pentanes 0 %
5 Ph,MIC (2-20) NaH THF r.t. THF/Pentanes 0 %
6 Me,lmd™I" (2-22) NaHMDS THF r.t. THF/Pentanes 0%
7 Me,lmd™I" (2-22) NaH PhMe r.t. THF/Pentanes 0%
8  Meylmd*I" (2-22) NaH PhMe -78°C —rt.  THF/Pentanes 0 %

The erratic nature of the adduct formation may be due to the increased steric bulBBis 9
possess alpha to the boron centre resulting in orddée steric interactions between the BBD and

carbene contributing to its instabilitlyigure 2-5.

Figure 2-5 Unfavorable interactions between MIC and BBD
With the little amount of carbeHmorane 2-21a that we were able to obtain the
hydrogenation of2-5a was attemptedHg. 2-3). Unfortunately no reduced product could be

detected.
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rac - 2-21a 10 mol %
Ph3C*B(CgF5)s” 10 mol %

“Bu 95 atm H H.-BY
J\ 2 /’\L (Eq. 2-3)
Ph H PhCF3 r.t. Ph H
18 Hrs H
2-5a 2-6a

Due to the difficulty encountered usir®j20 as the ligand we explored the use of less bulky
carbenes, specifically the NHC igBnethylimidazolium (Memd, 2-22), Eq. 2-4, to produce 9
BBD-based catalysts. The shekis 0f2-233, identified by the appearance of a doubletlat1

ppm in the!'B NMR spectrum, proved no less erratic, suffering the same isolation problems

previously observed for MIDorane2-15a seeTable 2-5 entries 6& 7.

1) Mel N/
2) Me,Imd*I- /K H o
NaHMDS N @B’ Eq 2.4
THF A (Eq. 2-4)
(rac) - 2-13a (rac) - 2-23a

Despite being unable to puri#23a an attempt was made to hydroger#a using the crude
reaction mixture fromgg. 2-5. As was previously the case, no reduced product was observed by
NMR. The lack of conversion may be as a result of insefeanapurities or the degradation of the

compound.

(rac) - 2-23a 10 mol %
Ph3C+B(CGF5)4_ 10 mol %

‘Bu 95 H. ‘Bu
N’ atm H2 \N/ :
)I\ - (Eq. 2-5)
Ph” H CHoClp Ph™ 1 H
2-5a 2-6a

Thus, 9BBD-based compounds appear to besilited as borenium ion catalystiespite
our initial hopes. However, these investigations are by no means exhaustive and further
investigation into other carbenes or ligands to stabilize the borenium ion-goéngn Furthermore

it may be prudent to investigate other chiral boranebassnium ion precursors such as the
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Masamune borane (tra2s5-dimethylborolane2-24), possessing @ symmetric structure, which
may prove advantageouBjgure 2-6. (23) Furthermore with the lack of success we had in
generating BBD-based borenium ions, we decided to investigate other uses for these molecules,

specifically as nucleophilic catalystshich is discussed in secti@?.2

Me M
QB—H H—B;j
Me Me
(S,S) - 2-24 (R,R) - 2-24

Figure 2-6 Masamune Boran2-24

2.1.4Investigations into Borenium lon Catalyzed Amine Racemization

During the course of our studies into enantioselective borenium ion catalyzed
hydrogenations we became concerned with the facility of hydride abstraction bipdvdGium
ions complexes and whethor notthis would lead taacemizationof enantioenriched centres
Hydride abstraction from $pCiHs alpha to nitrogen by strong Lewis acids is not without
precedent. Previously, Stephan et al. in 2011 showed that tris(pentaflurophenyl)borane (BCF) can
catalyze the hydrogenation of imines aNeheterocycles via a transfer hydrogenation using
secondary amines as the dihydrogen equival2d) In an elegant experiment, BCF was shown to
completely racemize@-25, resulting in a 1:2 ratio of thenesoto optically active compound,
Scheme2-4. As well, the stoibiometric reaction betweeti25 and BCF showed production Bf
H-tri(pentaflurophenyl)borate anion. Both of these results are indicative of a hydride abstraction
from 2-25. (24)

J\ : B(CeFs)s 1 mol % J\ J\ J\ :
S Ph >N"Ph Y PR ONT PH
H H

Ph” "N~ “Ph
H CgDg 80 °C

(R,R) - 2-25 (meso) - 2-25 (rac) - 2-25
dr. = 1 2
Scheme2-4St e p IB@Rcatalyzed racemization of biB)f1-phenylethyllaming24)
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The BCF transfer hydrogenation reaction was further expanded upon by Osetreich who
showed that 17yclohexadienes could also be used as a dihydrogen equivalent for the reduction
imines andN-heteroaromatics(187) BCF and carbenborenium ions possess similar Lewis
acidities, as determined by comparison of acceptor numbers (AN) obtained using the Gutmann
Beckett method(26) (27) BCF 79.8 AN(28) vs. PhMIC-9BBN 78.9 AN, (11) and hydride
affinities, BCF -41.0 kcal/molvs. 'PrIimd-9BBN -41.6 kcal/mol.(29) Therefore, it is not
unreasonable to consider that our borenium ions may be also capable of a hydride abstraction

resulting in amine racemization.

In order to test if b@nium ions are capable of hydride abstraction fiéaipha sp-Ci H
bonds, it was deci ded t o repeat SRdphanos
phenylethyllamine2-25, using our borenium ion catalydt3a. The BCF catalyzed epimerization
of 2-25was caducted under the same conditions for a direct comparison of the two Lewis acids.
Mirroring Stephan's previous resul24) 10 mol % of BCF was mixed wit25in 0.5 mL CDCl,
in a Jyoung tube and monitored B NMR. After 20 minutes, a ratio of 1:9 meso to racemic
25 is reached, and in less than 16 h at room temperature, the complete racemizatitmiof
reached with an equilibrium ratio of 1:2 as expedtgiire 2-7. The ratio of 1:2 represents a 1:1:1
ratio of the three possible isomers 2325, (RR), (S, and (nesd where the RR) and §9
isomers oR-25are enantiomers and are thus chemically equivalent manifesting as a single peak at
3.65 ppm in the NMR spectrum. ThedsQ isomer is observed at 3.92 ppm and represents the
(RS and §R) isomers oR-25, however as these isomers possess an internal gflagenmetry,

they are in fact configurationally identical and are single compound.
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Figure 2-7 BCF catalyzed racemization 225 followed by*H NMR
In contrast to BCF, our MIdorenium ion2-3a gave virtually no epimerization under
conditions identical to those used for BE#gure 2-8. Only a miror epimerization, of 1:46 meso
to racemic corresponding to 4 % racemizatior2-86 was detected after 16 h. Only after heating
at 65 °C for a period of 26 h was 50 % racemization observed. These results indicated that
enantioselective carbefmrenium im hydrogenation catalysts may be a more suitable option than
BCF-derived catalysts as our results suggest hydride abstraction is only a minor side reaction with
borenium ion catalysts. The low hydride abstraction rate of ourtdd@€nium ion may be a resul

of t he -denatingoability ofithe MIC ligand providing us with an exceptionally stabile

borenium ion(6) (7) (8)
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Figure 2-8 'H NMR analysis of borenium io2;3a, catalyzed racemization &f25

2.2 Introduction Boro -lon Catalyzed Hydrosilylation
Having investigated the applicability of borenium ions as Lewis acids for-typP

hydrogenations, we endeavored to investigate what other bonds could activated by our catalyst
Largely inspired by the grourareaking of the Piers 1a{30) (31) (32) (33) we became interested
in the applicability of borenium ions towardsi Bi activation. Again given the similar Lewis
cidity and hydride affinities between perfluoroaryl borane and boreniumwenbelieved it
should be possible to activate silanes withlmrenium ion catalys(28) (11) Furthermore, silanes
possess several advantages over dihydrogen given that they are generally liquid at room
tempeature and relatively stable, resulting in easier handling compared to explosive dihydrogen

gas. Surprisingly, literature research revealed only two brief examples of borenigatatyred

hydrosilylation reactiong34) (35)
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The first example of a borenium imatalyzed hydrosilylation was by Jakle et al. in 2013
who reported the chiral ferrocene based boreniurg-@®and used it catalyticallyf the reduction
of acetophenone. The hydrosilylation of acetophenon2 2fyproceeded slowly with only 60 %
conversion byH NMR after 12 h and only achieved 20 % enantiomeric excess. Unfortunately no
further investigation into its catalytic activity wesported(34) Shortly after JakleDenmark et al.
reported the second example of a boreniunciatalyzed hydrosilylation using borenium 227.
(35) In their report, Denmark et al. demonstrated that tB8Bl-based borenium ion catalyaR7
was able to catalyze the hydrosilylation of a variety diarlycarbonyls and that it activated silanes via

a sigma complexsimilar to that observed in the easf BCFcatalyzed hydrosilylation$35) (30)

(3D (36)
Jakle 2013
5 mol % 2-26 Mo— Ve
)OJ\ Et,SiH /C')\H ®N
B
Ph” “Me CH,Cly Ph” “Me Fe
-37°Ctort. @
60 % conv.
12 h 20 9
0 e.e AI[OC(CF3)sly
2-26
Denmark 2013 AN
DN
10 mol % 2-27 Me I\Il@ Me
)OJ\ EtsSiH )O\H B
10 min-3h 8 examples
77 - 93 % yield
oY N,
2-27

Scheme2-5 Previous reports of borenium ion catalyzed hydrosilylation by Jakle and Denmark
(34) (39
Overall, the several advantages of silanes over dihydrogen and the lack of in depth research into

borenium ioncatalyzed hydrosilylation reactions prompted us to further investigateis
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2.2.1Mesoionic CarbeneBorenium lon Catalyzed Hydrosilylation Results and Discussion

We began our investigations into borenium-catalyzed hydrosilylations in conjunction
with visiting student Ryoto Kojima and pestctoral fellow Patrick Eisenbergdfetamine2-5b
was chosen as a test substrate as we previously showed it be highly susceptible to borenium ion
catalyzed hydrogenation. Ketones were not investigated due to concerns of catalyst inhibition as a
result of boronds Hd auhnitial iegidaiiohsiutdized catalysfaduet h e r mo

to the success we had using it as a hydrogenation catalyst.

To begin our investigations, conditions were chosen similar to those previously reported
by Jakle and Denmark: 10 mol % catalyst in,.CRwith 1.1 equivalents silan€34) (35) Reactions
were done, unless otherwise noted, on a 0.25 mmol scale with 0.5 mL solventdnraglube to
allow for monitoring by*H NMR. In our initial attempt at the hydrosilylation6b, we employed
triethylsilane like the previously hydrosilylations reported by Jakle and Denirerle 2-6 entries
1 and 2(34) (35) As we suspected, borenium igrBawas able to effect the hydrosilylation 2f
5b at 10 % catalyst loading at room temperature. However to our surprise, the reaction proceeded
quite slowly, achieving only 18 % conversior2t@8b at room temperature after 19.5Table 2-6
entry 1. The reaction was then heated at 6@bf@ period of 23 h, resulting in a 61 % conversion
to product,Table2-6ent ry 2. This was surprising as Denme
ion catalyzed hydrosilylation of ketones gave complete reduction in as little as 10 min for some
cases, with the lomgt reaction time being 3 {85) This prompted us to investigate other silanes
to see if the reaction rate could be accelerated, specifically employing less bulky silanes as we
suspected the stericscanonrigid structure of triethylsilane may be impeding silane activation

with our bulky catalyst.
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Table 2-6 Silane optimization for borenium ion catalyzed hydrosilylation.

e 3

Ph,
N=N
)J\ 1.1 eq silane /k o
Ph™ "Me CD,Cl, Ph™ 1 Me B(CeFs)a
2.5b 2-28b %
2-3a
Entry Silane mol % 2-3a  Temp. Time Conv.
1P Et;SiH 10 r.t. 19.5h 18 %
2 Et;SiH 10 60 °C 23h 61 %
3 PhMe,SiH 1 r.t. 2h 64 %
4 PhMe,SiH 1 r.t. 3.5h 98 %
52 Et,SiH, 1 r.t. 1h 100 %
62 Ph,SiH, 1 r.t. >5min 100 %
7 PhSiH; 1 r.t. >5min 100 %
8P PhSiH, 0.1 r.t. 1h 100 %

[?] Reactions were conducted by Ryoto Kojima. [°] Reaction conducted by
Patrick Eisenberger

Further screening of silanes supported our hypothesis that sterics were a factor in silane
activation, revealing the general trend that less bulky and less substituted silanes were able to affect
hydrosilylation considerably faster. When using phenyldigistilane, the hydrosilylation &-5b
proceeded considerably faster in comparison to triethylsilane, achieving 64 % conversion after 2 h
(Table 2-6, ertry 3) and near complete conversion after 3.9 db(e 2-6, entry 4). Phenyland
diphenylsilane Table 2-6, entries 6 and 7) were the fastest, resulting in complete conversion of
5b faster than could be measured accurately at 1 mol % catalyst loading. Phenylsilane proved a
competent enough hydridenor that catalyst loadings could be reduced to 0.1 mol % and complete
conversion was still achieved in as little as 1 h at this low loading. Reduced reaction times with less
bul ky silanes is indicative admplextFguree2®dAioer f or n

facilitation of the subsequent 8i splitting Figure 2-9,A 'B).
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Figure 2-9 Proposed mechanism for borenium ion catalyzed hydrosilylation

Having found suitable conditions and a silane capable of affecting hydrosilylation at a
reasonable rate, we decided to investigate the scope of this reaction, shadie 7. We found
that the hydrosilylation of a wide variety of aromatic aldimines and ketamines proceeded readily.
In most cases, using 1 mol % catalyst proved insufficient, resulting in either sluggish
hydrosilylation of thesubstrate, or no hydrosilylation at all. In these cases, the catalyst loading was
increased to 3 or 5 mol %. Our borenium ion catalyzed hydrosilylation proved tolerant towards
esters Table 2-7, entry 5), which was not observed in our previous borenium ion catalyzed
hydrogenations(11). Nitro- (Table 2-7, entry 4) and trifluoromethylTable 2-7, entry 3) groups
were also compatible with owatalytic systemdespite BCF/ESiIH being shown to effect the

reduction/hydrodeflorination of both these grou(87) (38)
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Table 2-7 Borenium ion catalyzed imine hydrosilylation substrate scope.

R3 1.) cat. 2-3a . H. R?
N~ 1.1 eq PhSiH3 N
R1JLR2 CH,Cl,, rt. R1JVR3
2.)1:1 MeOH/1M KOH
2-5 2
Entry Substrate Product mol % 2-3a Time % Yield
_Ph H. _Ph
N N
1 5 21.5h 71
H H
Me Me
2-5h 2-6h
_Ph H. ._Ph
N N
A 1 1h 96
H H
/©)‘\ /(j/lﬁ
MeO MeO
2-5j 2-6i
_Ph H. _Ph
N N
3 H H 5 < 5 min 71
H
FsC FsC
2-5j 2-6j
_Ph H. _Ph
N N
a O5N O5N
H
2-5k 2-6k
_Ph H. _Ph
N N
5 /@)J\H @H 5 23.5h 87
H
MeOZC MeOZC
2-5] 2-61
.B H. .B
N N
6 ©)J\Me @Me 5 <5 min 60
H
2-5¢ 2-6¢c

All reactions done on 0.25mmol scale in 0.5 mL CH,Cl,. [?] Reaction performed by Ryoto Kojima
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Table 2-8 Borenium ion catalyzed imine hydrosilylation substrate scope.

1.) cat. 2-3a 2
3 H. _R
N R 1.1 eq PhSiH; N
CH,Cl,, rt. - 1Jv 3
1 2 R R
R R 2.)1:1 MeOH/1M KOH H
2-5 2-6
Entry Substrate Product mol % 2-3a Time % Yield
H.
N Ph N Ph
1 1 <5 min 96
H LH
2-5e 2-6e
N/\/ Ts \N/\/
2 ©)‘\H @H 3 48 h 86
H
2-5m 2-6m
O, O,
- ~ H\ - ~
N S Ph N S Ph
3 5 1h 85
H 4 H
2-5n 2-6n
.Bn H. _Bn
N N
4 /@)‘\Ph @Ph 5 <5 min 97
H
Br Br
2-50 2-60
_N
5 ~ 1 22 h No
- Reaction
2-29
Ph
A No
6 _ - 1 22h Reaction
N
2-30

Double bounds were also tolerated, with no evidence of hydrosilylation of the doubl€labtel

2-8, entry 2, highlighting the powenf this metalfree hydrosilylation. It should be noted the
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reduced product &-5m requiredN-tosylation for isolation to avoid product loS&ple 2-8, entry
2). In contrast to our results with borenium ion catalyzed hydrogenaiidiisrequirements for
steric bulk alpha to the imine nitrogen were less pronounced as evident by the rapid reduction of
N-benzyl compunds2-5e and 2-50 (Table 2-8, entries 1 and ¥4 (11) Finally N-sulfonyl groups
were also tolerated under owaction conditionsTable 2-7, entry 3, which is synthetically
interestingas it provides a pathway for the synthesis of primary amines after sulfonyl deprotection.
(39

Having investigated a wide range of imines we decided to look into the hydrosilylation of
N-heterocycles using our catalyst system. The hydrosilylation of quinolines using BCF has been
previously reported by Chang et al. who observeehpisosilylaion of the nitrogen containing
ring to give the 3ilylatedtetrahydroquinoline(40) With this in mind, we first investigated the
hydrosilylation of 8methylquinoline,2-31 Table 2-9. The complete reduction of the nitrogen
containing heterocycle to the tetrahydroquinoline ring was expected as was observed by Chang et
al. (40) and in our previous investigations into borenium ion catalyzed quinoline hydrogenation
(11). However, in contrast to these reports, only the mono hydrosilylation of ittogen
containing ring was observed. Initial reduction efm8thylquinoline proceeded rapidly, giving
approximately 73 % conversion to the-tefluced product2(32) with 7 % conversion to the 1,2
reduced product(33) after 1 hour;Table 2-9, as determined byH NMR. This rapid formation
of the 1,4reduced producivas also observelly Chang et al. and is most likely a due to steric
considerations, the Ly2duction being sterically encumbered after the silylation of the quinoline

nitrogen.(40)
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Table 2-9 Borenium ion catalyzed hydrosilylation ofri@ethylquinoline.

Me 5 mol% 2-3a Me SiHPh  Me S|H2Ph
Ny  2.2eqPhSiH;
2-31

% Conversion? % Conversion?

Entry Time 2-32 2-33 Ratio
1 20 min 73 % 7% 10:1
2 1h 72 % 1 % 10:1.6
3 18 h 44 % 49 % 10: 11

[?] Determined by 'H NMR

In an effort to produce tetrahydBsmethylquinoline, the hydrosilylation d-31 was
allowed to proceed for a period of 48 hours with pedahalysis byH NMR. Unfortunately, no
fully reduced product could be detected. Instead, the rat®38fto 2-32 increased, eventually
resulting in a 10:11 ratio &-33 to 2-32 of the partially reduced product. Increasing the reaction
time to 48 h resulted in a complex mixture unidentifiabléHbiMR. Similar results were observed
when the reaction was conducted at elevated temperature (65 °C) as well as with excess or sub
molar equivalents of silane. Additional attempts at the isolation of the partially reduced 8
methylquinoline met with little success. At this point, fellow Crudden group member Joshua Clarke
began to investigate this reaction and found that the partiallyeddndnoline could be captured
with an aldehyde giving the 2dsubstituted tetrahydroquinolin8cheme2-6. This is currently
under further investigation by JoshQtarke.

SlPhH2

@QJ N
2) NaBH, m/

2-32

Scheme2-6 Partially reduced quinoline capture by aldehyde.
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2.2.2Borohydride Catalyzed Hydrosilylation of Carbonyl Compounds

Thus far, we have described the use of bammpounds as electrophilic catalysts to induce
bond activation. During our investigations into electrophilic bratalysts, we became interested
in the prospect of using boron compounds as nucleophilic catalysts. In early 2014, Crabtree et al.
reported hat simple borohydrides, such as LiHBEtould be used catalytically for the
hydrosilylation of carbonyl compounds, imines awtieterocycles(202 With computational and
experimental support, Crabtree proposed a novel mechanism, where the borohydride acts as a
nucleophilic catalyst. In the proposed catalytic cycle, initial reduction of the carbonyl by the
borohydride 2-3 5  336) @ltimately resultsn an alkoxideactivated silane, which participates in

a hydride transfer to the free borane regenerating the cadyst ( 338, Rigure 2-10).

H,SiPh.
29l o 0

. .
on

R R R’
NaHBEt;
2-35
Disassociati Reduction
© ®

©

_SiPhH ©,-BEt
HBEty + NaO > " 2 NaO 3
R Rl R R.
2.38 2-36
Hydride H SiPhH;
Regeneration Phyg:H Lewis Acid

[N
BEt; + C?_( @ONa Exchange

R R'
2-37

Figure 2-10 Proposed mechanism of borohydride catalyzed carbonyl hydrosilylation
Based on the above mechanism, we reasoned that a chiral borohydride, such as the 10
BBDs we peviously invested for enantioselective borenium ion hydrogenations (see ett8yn
could be used as an enantioselective hydrosilylation catalyst. As no dialkyl borohydrides were

examined i n Crabtr e2dvwee firstndectidedatd investigaté sodiamt 9 o n
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boratabicyclo[3.3.1]Jnonane (MBBBN-H,) as a surrogate for the BBDs to assess the potential of
these types of compounds as nucleophilic hydrosilylation catal8 In accordance with
Crabtreebs report, cat al-9BBN-rowith m®hydnide equigalents he b o

of PMHS led to the facile reduction of a variety of aldehydes and ketbakele 2-10.
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Table 2-10 Substrate scope of achiral borohydride catalyzed hydrosilylation

1) Na-9BBN-H, 5 mol%

OH
PMHS 1.5 eq
R" "R? 2)1:1 MeOH/MKOH R' "R?
2-39 2-40
Substrate Product Temp Time Yield
(0] OH
)J\ )\ rt 2 97%
Ph Ph Ph Ph
2-39a 2-40a
0] OH
Me Me rt 2 93%
Br Br
2-39b 2-40b
0]
)J\ No Reaction 60°C 18 0%
Ph NEt,
2-39¢c
2-Naph™ X0 2-Naph”™ “OH rt 2 50%
2-39d 2-40d
(0] OH o
il A ooc 1 2%
Cy" Cy Cy” “Cy (100%)
2-39%e 2-40e
Ph
Ph /\L 60°C 18 68%
CO,Me OH
2-39f 2-40f
(0] OH OH 589
/(j /O, Ol e sfanst
By By By 1:1 cis/trans
2-39¢ (cis/trans) - 2-40g
Ph—=N No Reaction 60°C 18 0%
2-41
X, B i o o
Ph/\N u No Reaction 60°C 18 0%
2-5a
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[?] Isolated yields. [?] conversion of product by "H NMR. ¢ Crude product 1:1 mixture of cis and trans
isomers, identified by '"H NMR. Purification by column chromatography resulted in separation of cis and
trans isomers isolated in 38% and 20% yields respectively.



Bulkier ketonesand esters required longer reaction times and elevated temperature to
achieve complete reduct i on9BBN-Hrwas mohabletacattlyzé o Cr a
the reduction of amides, imines or nitriles even at elevated temper@tabds 2-10 entries 3,8,9).

The difference in reactivity observed may be as a result of the poorer hydride donation ability of
Na-9BBN-H, ( quG= 33 kcal/mol) as copared to LIHBEf( quG= 24 kcal/mol).(42) Having

shown that dialkyl borohydrides work as nucleophilic hydrosilylation catalysts, we next turned our
attention to our BBD borohydrides. Using our racemic cat@yifa we compared its reactivity

to Na9BBN-H,, and found it to be considerably lesgactive, achieving only 10 % conversion
after 2 h using 5 mol % catalydtable 2-11, entry 1) while Ne@BBN-H, gave complete conversion

after 2 h Table 2-11, entry 2).

Table 2-11 Optimization for BBD borohydride catalyzed hydrosilylation

@) OH
1) (rac) — 2-19a
PMHS 1.5 eq _
2) 1:1 MeOH/1M KOH
Br Br
2-39b 2-40b
(rac) — 2-19a
Entry mol % Temp  Time  Yield?
1 5 rt 2h 10%
2 5 rt 18 h 30%
3 10 60°C 19h 65%
4 10 rt 19h  85%"

[?] Yields determined by 'H NMR using
trimethoxybenzene as intermal standard. ["] complete
consumption of starting material by "H NMR
Reduced catalytic activity may be a result
proposed mechanisn2-85 Y 2-36, Figure 2-10), due to the increased steric bulk of the BBD

framework. However it could also be due to a lotwgride donating abilitypf the BBD as a result

of the electron withdrawing nature of the phenyl ring, or a combination of these f§8rEhe
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lower catalytic activity oR-19acould however be easily ameliorated by simply doubling catalyst
loading (Table 2-11, entry 4).

With catalytic conditions in hand capable of affecting carbonyl reduction in a practical
time, we then began to investigate the reaction using the enantioenriched catalysi9a The
previously developed conditions were used for the reducti@i38b, and were found to givie4

% enantiomeric excess of the product as determined by chiralT2b& 2-12, entry 1).

Table 2-12 Condition screening for enantioenriched BBD borohydride catalyzed hydrosilylation

o 1 (S) —2-19a 10 mol% OH
Silane 1.5 eq
19 h

2) 1:1 MeOH/1M KOH
Br Br

2-39b 2-40b

Entry  Solvent Silane Yield® e.e.

1 THF PMHS  48% 14 %
2 PhMe PMHS 13%  23%
3 PhMe CgHsSiH; 87% 2%

4 PhMe Et,SiH 8%  23%

[?] Yields determined by 'H NMR using
trimethoxybenzene as intermal standard. [b]
enantiometric excess determined by chrial SFC

The less polar solvent toluene resulted in a greatgehowever with lower yields, entry 2. Altering

the hydride source to phenylsilane (entry 3) resulted in rapid ketone reduction, however, at the cost
of poor enantioselectivity. The use of a less tigacsilane resulted, again in the improvement of

the enantioenrichment of the reaction, but still considerably lower than what may be consider
synthetically useful. Although these resudtre somewhat disappointing, nevertheless further
investigations ird this reaction seems warranted, specifically the further testing of reaction
conditions in order to improve the enantioselectivity as well as the investigation of other chiral

boranes. Overalive have shown that it is possible to reduce carbonyls datdlytwith a chiral
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borane and using a stoichiometric silane as a hydride source, although the enantioselectivity of the

process needs considerable optimization.
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Chapter 3

Future Work and Concl usi on

3.1 Future Work

Due to the disappointing results observed in the syntheS&B8D basedborenium ion
catalystswe decidedo look into other chiral boranes such as the previously mentioned Masamune
boranes with the aim of developing an enantioselective borenium ialyatat Also worth
investigating are chiral counter ions to use in conjunactitth our borenium ion catalyst$his is
currently under investigation by fellow Crudden group member Joshua Clarke. Furtheéhaore
development of an enantioselective boremiion catalyst would be highly desirable in its

application to our borenium ion catalyzed hydrosilylation chemistry.

Figure 3-1 Proposed MIGstabilized Masamune borenium ion

The borenium iorcatalyzed hydrosilylatio proved to be highly versatil€his invokeshe
guestion of whether or naither bonds may be activated by our borenium ion catalyst, most
obviously Bi H bonds. This seems highly probable as previously in owrpgree showed that
DABCO (1,4diazabicyclo[2.2.2]octane) stabilized borenium ions generated fiiddpid could
catalyze the hydroboration of imingd) Ot her substrates t hadiazmay be
esters which have recently been shown to be activated by BCF, allowing for the selective ortho
substitution of phenolg2) Additionally, mechanistic investigations would be helpful to show if
the boreniumiorc at al yzed hydrosilylation of -complexnes pr

between the $H bond and the borenium ion, or if the hydrosilylation prosagéa some other
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mode of silane activatiof.his could be achieved by developing a Htaatt plot for the reaction
as well as investigated the stereochemical outcome of a silane when using a chiral at silicon silane

such as was done by Oestri¢B).

Lastly the BBD borohydrideatalyzedhydrosilylation & carbonylcompound still holds
promise. frther screening of reaction conditions is warranted in order to increase the
enantioselectivity of the reaction. Furthermore, other chiral boranes developed for producing chiral
borenium ions wold be worth investigating in this catalytic manifptd see if any improvement

over the BBDs could be achieved.

3.2 Conclusions

We began this research with the amfurther troaderthe field of borenium ion catalysis
specifically towards dihydrogen actii@n. Towards this goal, we developedtalysts capable
of the room temperature hydrogenation of imines BAgeterocycles at ambient and near
ambient pressure¢4) We further developed this reactisynthesizing chiral derivatives of
our catalyst, such @&21a Unfortunatelythese studies were less successful with the catalysts
either proving to be unstable, as was observed in the case of the BBDs, or only adtweving
levels ofenantioselectivityvhen using a chiral carbene ligand, as was observed by d&)ers.

The disappointing enantioselectivities observed when using a chiral borenium ion catalyst
prompted us to investigate if hydride absti@t and readdition by our catalyst could account
for the poor enantioselectivities observég).NMR studies using borenium idh3arevealed
that hydride abstraction from%@i Hs alpha to nitrogen on bis[(R}phenylethylJamine was
indeed possible, however this only proceeded at significant rates at elevated temperatures. We
were thus able to conclude that hydride abstraction was unlikely responsible for any poor
enantioseldivity observed when using our borenium ion catalyst and that it should still be

possible to develop an enantioselective borenium ion catalyst.
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Finally, in terms of borenium ion catalysiwe were able to show that not only are these
species especially ae¢ hydrogenating catalysts but are also very active hydrosilylation
catalysts, able to reduce both imines andeterocycles and tolerate various functionalities.

Lastly, we showed that we could use a chiral borohydride, specifical@B8D,
catalyticaly for the hydrosilylation of carbonyl compounds. Unfortunatelthe
enantioselectivies of these reactions were rather poor, however the investigations described

herein are nowhere near exhaustive and further exploration of this reaction is still @hrrant
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Chapter 4

Experi ment al

4.1 General Experimental Considerations

Unless otherwise specified all reactions were conducted in oven dried (160 °C) glassware with
magnetic stirring using Schlesiike techniques under an atmosphere of dry argon or in an M.
Braun glovebox under an atmosphere of nitrogen with oxygen andlexatbr <15 ppm. Reactions
conducted on NMR tube scale were carried out in either Teflon cap sealed or J. Young NMR tubes
(g 5 mm). Toluene and THF were purified by passage through an activated aluminium oxide
column, followed by distillation from sodiutmenzophenone ketal. Hexanes and pentanes were
distiled from sodiurdbenzophenone ketal. Dichloromethane, ;]{8ichloromethane, 1;2
dichloroethane, [E)-b e n z e n e -taflnodotolUenelnere purified by mixing over Cafér at

least 24 h followed by distdkion. All solvents were degassed after purification by three cycles of
freezepumpthaw and were stored over 4 A molecular sieves for use in a glovebox. Solvents for
chromatography were of at least ACS reagent grade and were used as received fromiabmmerc
sources. Solvents for routine NMR spectroscopy were used as re&iicadgel 60 (particle size
0.040- 0.063 mm, 230 400 mesh) purchased from Silicyoleas used turify indicated
compounddy column chromatography. TLCs were run on silica gated aluminum plates with

UV indicator (F254) obtained by EMD Chemicals, Inc. and analyzed by UV/VIS and stained using

a cerium ammonium molybdate or KMn€blution.

4.2 Reagents and Materials

9-Borabicyclo[3.3.1]nonane dimer, sodium bis(trimethylsilylamidaHMDS), sodium hydride,

and lithium aluminium hydride powder were purchased from Aldrich, stored in a nitrogen filled
glovebox, and used as received. 1 Mm8thoxy9-borabicyclo[3.3.1]Jnonane in hexanes,
polymethyhydrosiloxane and $29)-(+)-pseudoepheire-HCI salt were purchased from Aldrich
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and used as received. 2, 6tidine, 8methyl quinoline, phenanthroline, fenchone, iodomethane,
bis[(R)-1-phenylethyllamine, tris(pentafluorophemygprane,N-benzylidenebenzenesulfonamide
(2-6n), benzonitrile, benzzhenone, p-bromoacetophenone, N,N-diethylbenzamide, -2
naphthaldehyde, dicyclohexyl ketone, methyl cinnamatertdutylcyclohexanone, triethylsilane,
phenyldimethylsilane, diethylsilane, diphenylsilane, and phenyl silane were purchased from
Aldrich and éher distilled from Caklor sublimed prior to use. TM&azomethane was purchased
from Acros chemicals and used as receivedCHB(CsFs)4, was purchased from Strem stored in

a nitrogen filled glovebox and used as received or synthesized as repottedliterature (1)

Hydrogen gas was supplied by Praxair (5.0 purity) and used as received. The following compounds

were synthesized as reported in the literataogliumdihydrido-9-borata[3.3.0]bicyclononane,
(209 phenyldiazomethan€3) N-methylpseudoephedrin@11) 1,3-diphenyt1H-1,2,3triazolium
tetrafluoroborate(5) and 1,3dimethylimidazoliumiodide (6) Aldimines 2-5a, 2-5e, 2-5hi m,
(213 and ketamine&-5bi d, 2-5f, 2-3g, 2-50 (8) were synthesized by literature procedures and
were purified by either kugrohr distillation or sublimation. Midorane2-1a-e, NHC-boranes
2-2a-c, and functionalized quinolines/pyridine®4ai h and2-9 j i k) were synthesized as

previously reported5). MIC-borane2-1f was synthesized as reported in the literat{®e.

4.3 Characterization

NMR spectra were recorded on Bruker Avance 360 800.13'3C: 75.47; QXI probe), Bruker
Avance 400 1H: 400.13,'B: 128.38,°C: 100.62; BBI, BBFO and QNP probes), Bruker Avance
500 ¢H: 500.19,B: 160.27,°C: 125.62; BBI and BBFO probes), or Bruker Avance 660 (
600.17,1B: 192.56,°C: 150.93; TBI probe) instruments operating at the denoted spectrometer
frequency given in megHertz (MHz) for the specified nucleus. Samples were measured as
solutions in the stated solvent at ambient temperature irspioning mode if not mentioned

ot herwise. Shifts (U) are reported in marts
an external standard férl and**C NMR spectra and calibrated against the solvent residual peak.
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(10) !B signals are calibrated against externak-BIEL and %F against CFGI The following
abbreviations are used to specify signal multiplicity: s = singlet, d = doublet, t = triplet, g = quartet,

gu = quintet, sept = septet, oct = octet, and m = multiplet; br. indicates a broad resonance. Coupling
constants J) are given in Hertz (Hz). GB®IS measurements were performed on an Agilent
Technologies GC 6850N/ MS 5975N VL MSD equipped with an Agilent TechnologiesM8>
column (length: 30 m, 0.25 mm inner di ameter,
mass filter. Helium was used a€tbarrier gas with a constant flow of 1.2 mL/min. Separation of

the injected species was achieved using the denoted temperature program and retenticarémes
given in minutes (min). High resolution magsectra (HRMS) were measured by the Queen's Mass
Spectrometry and Proteomics Unit (MSPU) at Queen's University, Kingston, Ontario, Canada.
Mass spectra were measured on Applied Biosystems/MDS Sciex QStar XL QqTOF or Waters ZQ
Single Quad. Fragment signals are given in mass per charge number (m/zjpmigntvas

obtained by SFC (supercritical fluid chromatography) from a JASCO Instruments SFC HPLC
equipped with HPLC columns (CHIRALPAK IA, IB, IC, ID, IE, IF: length 250 mm, 4.6 mm,
particle size 5 & m) , ratognepresdure sbpercatical GRlwigh thet at e d
indicated amount of admixed modifier solvent. Retention times (tR) are given in minutes (min).
Optical 26 weeet measured orf dJRerdimer 241MC polarimeter as solutions in
dichloromethane at concentration of 0.04&lgi 1 at 22 °C at 589 nm in a 0.5 dm cell, and given

as specific rotations (° chg'%).

4.4 Synthesis

4.4.1General Procedure for Hydrogenation using MIGBorenium in an Autoclave (GP1)

In a nitrogen filled glovebox, a one dram vial was charged with-Mdane and PR B(CsFs)4 .
A stir bar was then added to the vial containing Mi@ane and RE*B(CsFs)s along with CHCI,
by syringe, the mixture was then stirred far 2 min until the solution became homogenous and

decol orized. The subst rpipetteinthecase of iqaiads orandhe eade, e i t
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for solids weighed out in a separate 1 dram and traesféy glass pipette after dissolving in the
reaction solvent followed by washing. The vial was then placed in a 50 mibétaly, the bomb
sealed, and the aperture was covered with a septum. The bomb was then removed from the glovebox
and the septum was @qldy replaced by a pressure gage. The bomb was charged with hydrogen
gas by first purging the hose, followed by repeatedly (5 x) loading to the indicated pressure of gas
into the vessel. The reaction was stirred at 1200 rpm at ambient temperature fefte® the
indicated time, the Patvomb was opened, the reaction was transferred to a secondargrfthsk
diluted with CHC}. An internal standard in a solution of CH@las added and the solution was
mixed well by pipette. An aliquot, ~1mL, was then remx, the solvent removed by rotary
evaporation and the remaining residuelissolved in CDG (0.6 mL). The sample was then
analyzed by*H NMR to determine yields. In all cas@s5bi g the *H NMR spectra matched
previously reported literature repor(dl) (12) (13) (14) In the case of reactiomsn under 5 atm

of dihydrogen, a carefully calibrated gauge was used to pressurize tHm RPdrxr

4.4.2Fenchone Competition Experiment

N/Ph N O 2-2a10 mol % HN/Ph
Ph)J\Me 102 atm H, Ph)\Me
CHzclz r.t., (Eq4'6)

fenchone 18 hrs
2-5b 2-8 2-6b 82 %
conversion
In a nitrogen filled glovebox, a one dram vial was charged with-Mi€ane2-1a (8.8 mg, 0.026

mmol) and PC™B(CsFs)s (23.3 mg, 0.025 mmol). A stir bar was then added to the-MiGne

and PBRC'B(CsFs)4 along with CHCI; by syringe, the mixture was thetirred for 1i 2 min until

the solution became homogenous and decolorzé.(48.3 mg,0.24 mmol) and fenchone (38.5

mg, 0.25 mmol) was then weighed out in a separate 1 dram and transferred by glass pipette after
dissolving in CHCI»followed by washig. The reaction was done in 0.25 mL £ total volume.

The vial was then placed in a 50 rRarr-bomb, the bomb sealed, and the aperture was covered
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with a septum. The bomb was then removed from the glovebox and the septum was quickly
replaced by a presmigage. The bomb was charged with hydrogen gas by first purging the hose,
followed by repeatedly (5 x) loading to the indicated pressure of gas into the vessel. The reaction
was stirred at 1200 rpm at ambient temperature for 18 h. After the indicatedheneaction
mixture was transferred to a 50 mL rotdmottom flask, diluted with CHGlan internal standard

was then added (0.2 mL 0.067g/mL 1;8jfethoxy benzene in CHgland the solution was
mixed thoroughly. An aliquot, ~1 mL, was then removed #me solvent removed by rotary
evaporation. The remaining residue was then dissolved in £2D@€lthe yield was determinbyg

'H NMR.

8-methyl-1,2,3 4tetrahydroquinoline. Synthesized followingGP1 from 2-la
Me

(8. 65 mg, PHECEB(CIs).E(Rodl.)l, mg, 2 6methylqgaimlneé ), and

o5

o0 (2-9g, 36.4 mg, 0.254 mmol) iI€H.Cl, (0.25 mL) under 5 atmfdd, at ambient
o temperature for 18 h. The title compound was isolated after flash column
chromatography (silica gel 60, hexanes/EtOAc 20:1) as a lightly yellow, viscous oil. Yield: 32 mg
(0.171 mmol, 87%H NMR (CDCk, 400 MHz) & 1. B)9284@J=62H) , 2. 13
2H), 3.44 (m, 2H), 3.68 (br. s, 1H), 6.59Jt 6.6 Hz,1H), 6.91 (m, 2H}3C NMR (CDCk, 100
MHz) a 17. 3, 22. 3, 27 . 4, 42 .5, 116 :TOF): miz2 1. 0,
calc. 148.1121 ([M + H), found 148.1148M + H]*).
< 1,2,3,4tetrahydro-1,10phenanthroline. Synthesized followingsP1 from 2-
] N 1a(8.9 mg, PECBICFHN023)..9 mg, 25.9 emol)
phenanthrolined-9h, 45.2 mg, 0.251 mmol) i6H.Cl, (0.25 mL) under 102 atm
210 of Hz at ambient temperature for 18 h. The title compound was isolated after flash

column chromatography (silica gel 60, hexanes/EtOAc 20:1) resulting in a viscous yellow oll.

Yield: 22.0 mg (0.119 mol, 47%).XH NMR (CDCk, 400 MHz)ii 2.09 (m, 2H), 2.94 (1) = 6.3
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Hz, 2H), 3.55 (m, 2H), 5.96 (br. s, 1H), 6.99 J& 8.2 Hz, 1H), 7.18 (dJ = 8.1 Hz, 1H), 7.31 (
m, 1H), 8.04 (d,) = 7.6 Hz, 1H) 8.71 (m, 1B 3C NMR (CDCk, 100 MHz)U 22.0, 27.2, 4.4,

113.2, 116.7, 120.7, 127.5, 129.2, 136.0, 137.6, 140.8, 147.1.

H 2,6-Dimethylpiperidine . Synthesized following GP1 fro&1a (8.7 mg, 25.3
Me N Me
U emol CBICFF)s( 24. 3 mg, 26 -lBidine @8i,129.7mgand 2, ¢
2-10i 0.27 mmol) in CHCl, (0.25 mL) under 102 atm of 4t ambient temperature

for 24 h. Yield (28%) was determined By NMR spectroscopy using 1,3tBmethoxybenzene as

an internal standard. The obtadndMR spectra matched previously reported literature ¢&5a.

Ve H oh 2-Methyl-6-Phenylpiperidine. Synthesized following GP1 frogi1a (8.8 mg,
U 25. 6 e mGB(Lsks)s PH2. 9 mg , 2 4 . 8methgtéro | ) , a
2-10] phenylpyridine 2-6j, 43.4 mg, 0.256 mmol) in G&l, (0.25 mL) under 102 atm
of H, at ambient temperature for 24 h. Yield (33%) was determinéd BMR spectroscopy using
1,3,5trimethoxybenzene as an internal stadddihe obtained NMR spectra matched previously

reported literature daté220)

2,6-Diphenylpiperidine. Synthesized following GP1 fro@la (8.9 mg, 25.9

H
Ph N Ph
U emol ),

2-10k PhC'B(CsFs)a( 23 . 1 mg, 25 -dipherylpydading?-6jj, 89mang,2 , 6
0.25 mmol) in CHCI, (0.25 mL) under 102 atm ofdt anbient temperature for 48 h. Yield (55%)
was determined bjH NMR spectroscopy using ferrocene as an internal standard. The obtained

NMR spectra matched previously reported literature @a@.

Ph (rac) T  B-Methoxy-10-phenyl-9-borabicyclo[3.3.2]decane Prepared

MeO\B
V% according to the procedure by Soderquist andiorkers.(18) A 100mL Schlenk

(rac) - 2-16a  flask equipped with a stir bar and rubber septum was charged with 39 mL of 1M
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B-MeO-9BBN (2-14 39 mmol) in hexane and cooled to 0 °C in an-vigger bath.
Phenyldiazomethane (39 mmol), prepared according to literature pro¢8yuas a 1M solution

in hexanes was then added by syringe dvige while stirring. The mixture was then left to warm
to room temperature for 16 h. The solvent was then remowextuoleaving a viscous yellow oil.
The yellow oil was then distilled under vacuum at 140 °C to affiac) { 2-16a asclear yellow

oil in 44 % vyield (4.174 g). Note unreacted BvMeO-9BBD elutes first in the range of 4080
°C.'H NMR (499 MHz, GDe) U 1 7.243n0, 2H), 7.17 (m, 3H), 3.32 (s, 3H), 2.54 (s 1H), 2.37
(s 1H), 2.0% 1.32(m, 13H)®CNMR (126 MHz,GD¢) U 145. 34, 130.88, 128.

53.58, 43.49, 39.40, 29.57, 28.57, 27.64, 26.99, 24.86, 2BMNMR (160 MHz, GD¢) U 54 . 3 7.

MeO-g TMS (rac) i B-Methoxy-10-trimethylsilyl -9-borabicyclo[3.3.2]decane Prepared

- according to the procedure by Soderquist and/akers.(18) A two neck 50
(rac) -2-16b ML roundhbottom flask under argon fitted with a magnetic stir bar, condenser

and septum was charged with 10 mL of a 1 M solutids+bfeO-9BBN (2-14 10 mmol) in hexanes

and 5.5 mL of a 2 M solution of TM&azomethane (11 mmol) in hexaneleTmixture was then

refluxed for 18 h. After the indicated time the reaction was cooled to room temperature and the

solvent was removeid vacuoleaving a viscous yellow oil. The yellow oil was then distilled under

vacuum at 80 °C to afforddc) i 2-16b as clear oil in 91 % yield (2.185 g4 NMR (400 MHz,

CDCk) U 3.65 (s, 3iH)76(mM2H)21670 1.29 (m, IHH 9.59 (s11H)8®O5 (s,

9H). 3C NMR (101 MHz,CDG) & 52.93, 33.46, 32.98, 31.77,

YBNMR (128 MHz,CDCG)) U 54. 94.

., (+) T (1S,2S-N-Methylpseudoephedrinyl)(10S)-phenyl-

-
”

Ph‘(z/ pn 9borabicyclo[3.3.2]decane Prepared according to the procedure by
o~

~

Soderquist and eworkers.(19) In a nitrogen filled glovebox, 2neck 50 mL

(S) - 2-18a roundbottom flask was chargecharged with12.5 mmol (3.0251g) oB-
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methoxy10-phenyt9-borabicyclo [3.3.2]decangac) i 2-16aand6.25 mmol (1.1276) (1S,291
N-methylpsudoephedrin, then fitted with a megnetric stir bar and two spetums. The flask was then
brought out of the glovebox, fitted with a condenser, attached to a Schlenk line and placed under
argon. Hexanes (13.5 mL) was then added by symmgethe solution was refluxed for 6 h. The
solution was then left to cool to room temperature resulting in the formation of white,-hkedle
crystals. The mother liquor was then removed by syringe and the crystals were washed (3 x) with
hexanes. The csyals were dried under vacuum, collected and stored in a nitrogen filled glovebox,
giving (9 1 2-18ain 21 % yield (42% ofSenantiomer, 1.025 gjH NMR (400 MHz, CDCJ) U

7.56 (d,J= 7.6 Hz, 2H), 7.40 7.26 (m, 5H), 7.20 (t] = 7.5 Hz, 2H), 7.09 () = 7.3 Hz, 1H), 4.21

(d, J= 9.7 Hz, 1H), 2.90 (dt] = 13.3, 6.8 Hz, 1H), 2.402.31 (m, 7H), 2.03 () = 8.2 Hz, 1H),

1.977 1.45 (m, 11H), 1.33 (p] = 6.7, 6.3 Hz, 1H), 1.20 (8= 7.8 Hz, 1H), 0.75 (d] = 6.7 Hz,

3H).*C NMR (101 MHz, CDGJ)  31.01, 128.42, 127.85, 127.76, 127.51, 123.62, 81.15, 67.82,
42.74,41.39, 32.11, 31.24, 29.81, 29.30, 24.85, 22.24,'""8BIMR (128 MHz,CDCJ) U 55. 10,

18.23. [a]P2s = + 77° (¢ =0.045 g/mL in CHCL,).

(rac) T Lithium -B-H2-phenyl-9-borabicyclo[3.3.2]decane In a nitrogen

Li@ filled glovebox, a 4 dram vial fitted with a stir bar was charged with 0.5 mmols

(0.12243 g) fac) 1 B-Methoxy-10-trimethylsilyl-9-borabicyclo[3.3.2]decane
(rac)-2-19a (5 165, and 3 mL THF. While string 0.5 mmols (0.01946) powdered LiAIH

was added portiewise, the solution was then left to stir for 16 hr. The reaction mixture was filtered

through a plug of celite, and the solvent remowedacuq resulting in (ac) i 2-19a(0.092 g) as

white powder2-19aalways formed as an adduct with 2 molecules of THEH-ONMR. *H NMR

(400 MHz,CsDe) Ui 7 . 887.6(Hd, 2H), 7.25 () = 7.4 Hz, 2H), 7.02 (t) = 7.3 Hz, 1H), 3.31

i 3.12 (THF, m, 8H), 2.98 (s, 1H), 2.73 (s, 1H), 2i47.45 (m, 12H), 1.27 1.14 (THF, m, 8H).

13C NMR (126 MHz,CDg) i 159 .52, 129.66, 127. 44269@mR2. 19,

38.49, 34.80, 33.76, 31.42, 26.990¢; 90.1,42.0 Hz), 26.01, 25.09 (THF), 24.21, 22.45, 14.00
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4.4.3General Procedure for the Synthesis of CarbenBBDs, Room Temperature (GP2)

In a nitrogen filled glovebox, a 4 dram vial, equipped with a stir bar, was charged with {Baium
H2-phenyt9-borabicyclo[3.3.2ecane Z-199) and THF. Once2-19a had dissolved, Mel was
added by syringe while stirring and the solution was mixed for 1 h. The gradual generation of
bubbles was observed and the solution turned opaque and white in colour. The solution was then
filtered through a plug of celi@and conentrated to dryness vacuo. Carbene precursor was then
added 2-20 or 2-22) to the remaining solid and the mixture was dissolved in THF. Base, as a
solution in THF, was then added dropwise to the reaction mixture followed by stirring at room
temperaturdor 16 h. The solution was then filtered through a plug of @liged the solvent was
removedn vacua. The crude reaction mixture was then analyzetHl)MR and the final product

was recrystallized at25 °C.

4.4.4General Procedure for the Synthesis of CaréneBBDs,-78 °C (GP3)

In a nitrogen filled glovebox, a 4 dram vial equipped with a stir bar, was charged with LBaium
H.-phenyt9-borabicyclo[3.3.2]decane2{199) and THF. Once2-19a had dissolved, Mel was
added by syringe while stirring and the solntiwas left to mix for 1 h. The gradual generation of
bubbles was observed and the solution turned opaque and white in colour. The solution was then
filtered through a plug of celi®into a Schlenk flask, equipped with a stirbar, and concentrated to
drynesin vacuo. Carbene precurso2{0 or 2-22) was then added to the remaining solid and the
mixture was dissolved in the indicated solvent. The Schlenk flask was then sealed with a septum,
brought out of the glovebox, attached to a Schlenk line, placest amgon, and cool t/8 °C.

Base, as a 1 M solution in the reaction solvent, was then added dropwise to the reaction mixture
while stirring at-78 °C. The mixture was then stirred for 16 h and allowed to warm room
temperature over the indicated time. T®&hlenk flask was brought back into the glovebox, the
solution was filtered through a plug of cefiteand concentrateth vacuo. The crude reaction

mixture was then analyzed By NMR and the final product was recrystallized 26 °C.
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(rac) T 9-(1,3diphenyl-1,2,3triazol-5-ylidene)Bi H-(10)}phenyl-9-

Ph
NN
Ph~N H pp borabicyclo [3.3.2 ]decane Was synthesized according @P2. In a
@B
A nitrogen filled glovebox, a 4 dram vial equipped vatstir bar, was charged
with  0.25 mmol (0.061 g) réc) i Lithium-B-H>-phenyt9-
(rac) - 2-21a

borabicyclo[3.3.2]decan2{198) and 2 mL THF andtirred Once2-16adissolved, 0.5 mmol (0.03

mL) Mel was added by syringe and stirred for 1 h. The gradual generation aébulad observed

and the solution turned opaque and white in colour. The solution was filtered through a plug of
celite® and concemated to drynesi vacuo. 0.25 mmol (0.04590 g) PMICBF,4 (2-20) was added

to the remaining residue, and the mixture was dissolved in 4 mL THF. 0.25 mmol (0.07727)
NaHMDS dissolved in 1 mL THF was then added dropwise to the mixture stimimmg. The
mixture wasstirredfor 16 h at room temperature and then conegedin vacuoand recrystallized

from toluene/pentanes at25 °C affording (ac) i 2-21ain 14 % yield (0.0149g)H NMR (600

MHz, CDs) U 7. 90 ( $=7.1HH2H), 7.45.78B(m,(2K), 7.31 (1) = 7.6 Hz, 2H),

7.10 (t,J= 7.3 Hz, 1H), 7.07 6.94 (m, 2H), 6.89 6.82 (m, 3H), 6.78 (t} = 7.9 Hz, 2H), 2.82 (s,

1H), 2.661 2.55 (m, 2H), 2.38 2.04 (m, 10H), 1.95 (df] = 10.9, 3.6 Hz, 1H), 1.5B 1.42 (m,
1H).®*CNMR (126 MHz,GD6) U 157. 19, 137. 71, 135128688, 130. C
127.01, 125.86, 123.16, 120.67, 43.92, 37.50, 35.94, 32.19, 30.63, 25.78, % NBIR (128

MHz, CiDe) -15.03 (dJ = 86.5 Hz).

4.4 5BCF Racemization Experiment

In a nitrogen filled glovebox, a-Young NMR tube was charged with 0.06 mmol (0.03069)
tris(pentafluorophenyl)borane, 0.5 mL &Ib, and 0.6 mmol R-1 140 e |
phenyl ethyl ] amine, added b yR-lgphenylethyjaenind tee-J Up o n
Young tube was quickly sealed, brought out of the glovebox and analyzed periodi¢calINMR.

For heating the-Young tube was placed in an oil bath up to the solvent level for the time specified
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Figure 4-1 BCF catalyzed racemization 225 followed by*H NMR
4.4.6MIC -Borenium Racemization Experiment
In a nitrogen filled glovebox, & dram vial was charged with 0.06 mmol (0.0202 g) Niti€ane
2-1laand 0.06 mmol (0.0553g) E&B(CsFs)4, a stir bar was then added along with 0.2@R-Cl..

The mixture was thestirred for 1i 2 min until the solution became homogenous and decolorized
eL pi

The solution was then transfer td-&oung NMR with washing (3 x with 0.1 mL CDBlI,). 0.6
was addedndang

(14 ®-1lgplh)e nlyil e[t(hy!l ] ami ne

mmo | -
the 3Young tube was quickly sealed, brought out of the glovebox and analyzed periodicaily by

NMR. For heating the-Young tube was placed in an oil bath up to the solvent level for the time

specified

105



/L B 2-3a 10 mol % /L /L /L H
, . ,
Ph” N Ph Ph” N Ph Ph” >N Ph
H H H

CD2C|2
(R,R) - 2-25 (meso) - 2-25 (rac) - 2-25
(rac) - 2-25 ,'i
\ [
1o f
‘\ Il |
i ?
(meso) - 2-25 . 1 [ ,‘f
T=a2hrs,65°C . J\U\ . - JV YV B /
1 3 [
f
[
f
/
/
f
f2
f
f’
T=16hrs, 25°C W, " |
- 1 - o 46 o - __,’
f
I ( /
hol /
i f
o |
N [
nol Vo /
\/ val f
T =20 min, 25°C ) _ I’
1 — B >99 T |
4.‘10 4.I05 4.IUO 3“95 3.I90 3.;35 3.‘80 3.I75 3.‘70 3.‘65 3.I60 J.ISS 3“50
ppm

Figure 4-2 MIC-boreniun catalyzed racemization225 followed by*H NMR

4.4.7General Procedure for the MIC-Borenium Catalyzed Hydrosilylation of Imines (GP4)

In a nitrogen filled glovebox, @ne dram vial was charged with Migbrane, 2-1a, and
PhC'B(CsFs)4. After adding a stir bar, the indicatedlvent was added by syringehe mixture

was then stirred for 1L 2 min until the solution became homogenous and decolorized. The solution

was the transfer to dYoung NMR tube by glass pipette with washing (3x). The substrate was

he case of s ol

solution in t

ther added as a
t Ryeumg tube wlasedledbbyoughtlout pfthep e t t e

ei
indicated sil ane was

glovebox and the reaction monitored'syyNMR. When the reaction had reached completion after
the indicated time, the contents of th¥@ung tube were then transfedto a 4 dram vial fitted

with a stirbar. While stirring 2 mbf a 1:1 MeOH/2 M KOH was added dropwise by glass pipette,

and the solution was left to stir for 1 h. The solution was then diluted with 5 s@LaHd the
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solution extracted with 10 ml GBI, (3 x). The final solution was concentratedvacuoand

purified by silica gel column chromatography.

H\N’Ph 4-Methyl-N-phenylbenzylamine Synthesized followingP4 from from 2-
/@/tH la( 10. 59 mEPRCECs)mo2 3 ,mg, 2-5h(98.38anb, 0.5
Me > mmol ), and phenyl si IC&LIg0.5n8 Bat aanbient 0. 55
temperature for 21.5 h. Thile compound was isolated after flash column chromatography (silica
gel 60 hexanes/Bt 48:1, R=0.26) as a clear oil. Yield 71 % (71 mg, 0.359 mHdINMR (400
MHz, CDCL) U 6J=9.8 Hz( 2H), 6.87 6.76 (m, 4H), 6.37 () = 7.3 Hz, 1H), 6.28 (d] =
7.8 Hz, 2H), 3.92 (s, 2H), 3.59 (s, 1H), 2.00 (s, 3FM)NMR (126 MHz,CDCJ) & 148. 32, 13

136.47, 129.39, 129.33, 127.60, 117.56, 112.92, 112.91, 48.15, 21.21.

4-Methoxy-N-phenylbenzylamine Synthesized followin@GP4from from

y 21al. 0 mg, PhCBCEsmOéR) 3 mg, 22 (5B8nmgmol ) ,
Meo/©/t 0.25 mmol) and phenyl s CHG10es mLD&a4 ¢ L, (
ambient temperature for 1 h. The title compound was isolated after flash
column chromatography (silica gel 60 hexanedlEt0:1) as an ocher solid. Yield 96 % (51 mg,
0.239 mmol).*H NMR (400 MHz, CDCJ) i 71=385 Hz, 2H), 7.25 7.19 (m, 2H), 6.92
(td, 2H), 6.76 (ttJ = 7.3, 1.1 Hz, 1H), 6.706.62 (m, 2H), 4.29 (s, 2H), 3.98 (s, 1H), 3.84 (s, 3H).

3C NMR (101 MHz,CDG) U 158. 98, 148. 33, 131. 55, 129. 34

55.38, 47.90.

H\N”Ph 4-Trifluoromethyl -N-phenylbenz/lamine. Synthesized followingGP4

/@/EH fromfrom2-la( 5. 6 mg, PReBBF mdbl) 5 mg, 12. 5 ¢
FsC 25(64.1 mg, 0.25 mmol) and pGHLhy!l si | a
2-6j

(0.5 mL) at ambient temperature for < 5 min. The title compound was
isolated after flash column chromatography (silica gel 60 hexap@8H&N 46:5:1, R=0.18) as
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clear oil. Yield 71 % (46 mg 0.183 mmotHd NMR (400 MHz, CDCY) U 7J.=8.2 Hz(2H),
7.51 (d,J = 7.8 Hz, 1H), 7.26 7.16 (m, 2H), 6.77 (tt) = 7.3, 1.1 Hz, 1H), 6.64 (df,= 7.7, 1.1
Hz, 2H), 4.43 (s, 2H), 4.15 (s, IHJC NMR (101 MHz,CDCJ) & 147.81, 143.91, 1
129.47, 127.56, 125.73, 125.70, 125.66, 1251@2.99, 118.09, 113.03, 47.9%F NMR (376

MHz, CDCk) -63.01.

H\N/Ph 3-Nitro -N-phenylbenzylamine Synthesized followingP4 from from 2-
OzN\©/tH la( 1. 1 mg, PBRCB§CsFenfo2l.)4, mg, 2Bk (IB.8mgnol ) ,
26K 0.25 mmol ) and phenyl sCHICa@2=mL(aBeh L, O
°C for 72 h. The title compound was isolated after flash column chromatography (silica gel 60
hexanes/EO/EN 24:25:1, R= 0.31) and recrystalled from hot hexanes as fine orange needle
crystals. Yield 82 % (47 mg 0.205 mmdii NMR (500 MHz,CDCf) G 8. 25 (s, 1H),
7.2 Hz, 1H), 7.72 (d, = 7.6 Hz, 1H), 7.51 (t, J = 7.9 Hz, 1H), 7.18 (t, J = 7.9 Hz, 2H), 6.75 (t, J =

7.3 Hz, 1H), 6.6 (d, J = 7.8 Hz, 2H), 4.47 (s, 2H), 4.22 (s, 1% NMR (125 MHz, CDC}) U

148.61, 147.33, 142.02, 133.20, 129.57, 129.39, 122.27, 122.07, 118.25, 112.97, 47.56.

H\N’Ph 4-Carbomethoxy-N-phenylbenzylamine Synthesized followingsP4
@H fromfrom2-la( 5. 2 mg ,PhGBEH)oO(1 DL . 7m g2-. 5 € mol
Me02026I 5120.1 mg, 0.5 mmol) and p@HGCGLy!| sil ar

- (0.5 mL) at ambient temperature for 23.5 h. The title compound was

isolated after flash column chromatography (silica gel 60 hexap®gfEN 44:5:1, R=0.1) as a

clear oil. Yield 87 % (106 mg 0.439 mmoiH NMR (499 MHzCDCl;) U 8J=8.2HzH),,

7.53 (d,J= 7.9 Hz, 2H), 7.28 (1 = 7.8 Hz, 2H), 6.84 (] = 7.4 Hz, 1H), 6.71 (d] = 8.0 Hz, 2H),
4.48 (s, 2H), 4.29 (s, 1H), 4.01 (s, 3C NMR (126 MHz, CDCI 3) U 166.

129.97, 129.33, 129.07, 127.16, 117.82, 112.93, 527107 .
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H\N,Bn (rac) i N-BenzykU-methylbenzylamine Synthesized followingsP4 from from

@Me 21a( 5. 19, 1PRCB(CeEsmolL), 5 mg, 2825189, 82601 ) ,

9.6c mmo | ) and phenyl si | anGHCl{ (8.8 mLy &t ambient 2 75 mi
temperature for <5 min. The title compound was isolated after flash column chromatography (silica
gel 60 hexanes/ED/EtN 48:1:1, R= 0.11) as a clear oil. Yield 6% (31 mg 0.146 mmol)H
NMR (400 MHz, CDC}) U i 7.264(r, 10H), 3.87 (q, J = 6.6 Hz, 1H), 3.72 (d, J = 13.2 Hz,
1H), 3.65 (d, J = 13.2 Hz, 1H), 1.72 (bs, J = 70.0 Hz, 1H), 1.43 (d, J = 6.6 HZ¥*GMNMR (125
MHz, CDCk) ad 145. 71, 2B490128.2%,1270& 826.670126.84, 126.83, 110.10,

57.63, 51.79, 24.63.

Ph U-PhenykN-(phenylmethyl)-benzenemethanamine Synthesized following

i L

H . .
H (134.2mg, 0.5 mmol) and phenylsa ne ( 87 ¢ L CHQ@L(0B™ML)mmol ) i

Ph GP4fromfrom2-1a( 2. 3 mg ,PhGB(GM)oO( 4., 7 mg,256 &£ mol )

2-6e at ambient temperature for < 5 min. The title compound was isolated after flash
column chromatography (silica gel 60 hexane®dE9:1, R = 0.32) as an ocher oil. Yield 96 %
(130 mg 0.475 mmolfH NMR (499 MHz, CDCY) U 7 J4 &2, 1.5dHz,,4H), 7.35 7.26
(m, 8H), 7.25 (dJ = 5.5 Hz, 1H), 7.24 7.17 (m, 2H), 4.86 (s, 1H), 3.74 @@= 1.4 Hz, 2H), 1.86
(s, 1H).*C NMR (101 MHz, CDC¥) U0 144.13, 140.62, 128.64, 128

127.06, 66.60, 52.03

Ts \N/\/ N-Benzyl4-methyl-N-(2-propenyl)benzenesulfonamide Synthesized

©/tH following GP4fromfrom2-l1a( 2. 4 mg ,PhG'B(CHy)o 4.5 mg, 5
emobYm( 73. 7 mg, 0.5 mmol) and phenyl si

2-6m
CHCI, (0.5 mL) at ambient temperature for 48 h. The hgilytated2-5m was then transferred to
a 25 ml rounebottom flask fitted with a stirbar. To the reduced product is added 2.25 ml 2 M KOH

and 4tosylchloride (0.150 g, 0.787 mmol) and left to stir for 2& he solution was then diluted
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with 5 mL HO and tle solution extracted with 10 ml GEI; (3 x). The final solution is
concentratedh vacuoand purified by silica gel column chromatographle title compound was
isolated after flash column chromatography (silica gel 60 hexands4Btl, R=0.19) as an ocher
oil. Yield 96 % (130 mg 0.475 mmoBH NMR (499 MHz,CDCl) U 1 7.8491, 2H), 7.46
7.38 (m, 4H), 7.41 7.35 (m, 3H), 5.59 (ddt] = 16.8, 10.1, 6.5 Hz, 1H), 5.18 (di= 10.1, 1.2
Hz, 1H), 5.12 (dgJ = 17.1, 1.4 Hz, 1H), 464(s, 2H), 3.88 (dt) = 6.6, 1.4 Hz, 2H), 2.55 (s, 3H).
13C NMR (126 MHz, CDGJ) a 143. 32, 137.52, 136. 02, 132.19

127.20, 119.37, 50.22, 49.51, 21.54.

0, N-BenzenesulfonyiN-benzylamine Synthesized followingP4 from from 2-

NP a(10. 1 mg Ph@BCHR)M0A3 , mg, 2056 (128.mmd, 0.5,
H
@ mmol ) and phenyl si | a@HCl (0.8 ML) atlambiefx. 55 mr
2-6n

temperature for 1 h. The title compound was isolated after flash column
chromatography (silica gel 60 HexanesfHEEN 49:1, R = 0.32) as a white crystalline solid.

Yield 85 % (106 mg 0.428 mmoBH NMR (499 MHz, CDCY) 0 1 7.73810 2H), 7.50 7.43

(m, 2H), 7.421 7.35 (m, 2H), 7.18 7.12 (m, 3H), 7.10 7.04 (m, 2H), 4.83 () = 5.9 Hz, 1H),

4.03 (d,J = 6.1 Hz, 2H)C NMR (126 MHz, CDG)) a4 140. 03, 136. 31, 132.

128.03, 127.97, 127.21, 47.39.

H ‘N/Bn 4-Bromo-U-phenyl-N-(phenylmethyl)-benzenemethanamine Synthesized

@Ph following GP4fromfrom2-1a( 5. 3 mg, PhQB(GsFs)s (hlo6imp,,
H
Br 12.5 25@B7r9gmg,05mmolandhenyl silane (43 ¢lL,
2-6
° in CHxCI, (0.5 mL) at ambient temperature for 18 h. The title compound was

isolated after flash column chromatography (silica gel 60 Hexanis#BEt1l, R=0.32) as an ocher

oil. Yield 97 % (86 mg 0.244 mmoBH NMR (499MHz, CDCk) & i 7.20%n8 14H), 4.92 (s,
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1H), 3.84 (s, 2H), 1.97 (s, IH¥C NMR (126 MHz, CDGJ) o 143.58, 143.10, 1

129.20, 128.74, 128.53, 128.23, 127.39, 127.33, 127.13, 120.90, 65.93, 51.90.

4.4.8Borenium Catalyzed Hydrosilylation of 8M ethylquinoline

In a nitrogen filled glovebox, ane dram vial was charged with Migdrane,2-1a (3.5 mg 10

emol ) ,CBEH:)sPRB. 7 mg, 10 emol ). AfCDElsisaddbdlbyng a s
syringe.The mixture was then stirred fori1l2 min wtil the solution became homogenous and
decolorized. The solution was then transfer Joraung NMR tube by glass pipette with washing

(3x 0.1 mL CDBCl,). 8Met hyl quinoline (27 €L, 0.2 mmol ) ws
foll owed by plh@22ynind)i TheaXoeng tulie was sealed, brought out of the

glovebox and the reaction monitoredbyNMR.

Table 4-1 Borenium catalyzed hydrosilylation ofrBethylquinoline.

Me 5 mol% 2-3a Me  SiH,Ph Me  SiHPh
NS 2.2 eqPhSiHs N N
— CH,Cl,, r.t. | * =
2-31 2-32 2-33
% Conversion? % Conversion?
Entry Time 2-32 2-33 Ratio
1 20 min 73 % 7% 10: 1
2 1h 72 % 1 % 10:1.6
3 18 h 44 % 49 % 10: 11

[?] Determined by 1H NMR
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Borenium Catalyzed Hydrosilylation of 8 - Methylquinoline

T =20 min
8-Methylquinoline
1,2 - Hydrosilylated
8-Methylquinoline
1,4 - Hydrosilylated Product Sil
8-Methylquinoline roduct silane
viquinol Peak 1,4 - Hydrosilylated
8-Methylquinoline
PhSiH,
Y
PR P e e I & d
g5 5 g 5 = S ks S
B s o N ] & i -
T T T T T T T T T T T T T T
.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 35 3.0 2.5 2.0

Figure 4-3'H NMR of Borenium catalyzed hydrosilylation ofrBethylquinoline in CRCl, at T

=20 min

Borenium Catalyzed Hydrosilylation of 8 - Methylquinoline

T=1h
8-Methylquinoline
1,2 - Hydrosilylated
8-Methylquinoline
1,4 - Hydrosilylated Product Sil
8-Methylquinoline roduct silane
viquinel Peak 1,4 - Hydrosilylated
8-Methylquinoline
PhSiH3
Y
] P X FRECY g
B s o N s & ~
T T T T T T T T T T T T T T
0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 35 3.0 2.5 2.0

Figure 4-4 'H NMR of Borenium catalyzed hydrosilylation ofrBethylquinoline in CRCl, at T
=1h
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Borenium Catalyzed Hydrosilylation of 8 - Methylquinoline
T=18hr

8-Methylquinoline

1,2 - Hydrosilylated
8-Methylquinoline

1,4 - Hydrosilylated

8-Methylquinoline Product Silane

Peak 1,4 - Hydrosilylated
8-Methylquinoline
PhSiH3
&y Fary £Y ER ) 3
T

Figure 4-5H NMR of Borenium catalyzed hydrosilylatiad 8-methylquinoline in CCl, at T
=18 hr

4.4.9General Procedure for the Borohydride Catalyzed Hydrosilylation of Carbonyl
Functionalities (GP5)

In a nitrogen filled gloveboxa one dranequippedwith a stir bar vial was charged with carbonyl
compound, boroydride, solvent. While mixing the indicated silane isaddedl hy pi pett e, t h
is then sealed and reaction is left stirring. After the indicated time thevasaemoved from the

glovebox and 2 mL 1:1 MeOH/2 M KOMas added to the reaction mixture lgyjass pipette

dropwise, the reactiowasthen left to stir for 1 h. The reactiovasthen acidified with 5 mL 1 M

HCI andwasextracted (3 x 15 mL) with Ci&l.. The final solutiorwasconcentrateth vacuoand

purified by silica gel column chromatography.

oK Synthesized followin@gP5 from from Na9BBN-H> (7.7 mg, 0.050 mmolg-

38a(189 mg, 1.0388 mmol) amHF(PMMHE (90 ¢

2.39 ambient temperature for 2 h. The title caapd was isolated after flash
-39a

column chromatography as an ocher solid. Yield 97 % (187 mg, 1.014 nirhdIMR (400 MHz,
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CDCL) U i 7.273r8, 8H), 7.26 7.18 (m, 2H), 5.78 (d] = 2.9 Hz, 1H), 2.32 (d] = 3.2 Hz,

1H).*C NMR (101 MHz, CDGJ) 148B.92, 128.60, 127.67, 126.67, 76.35.

Synthesized followingsP5 from from Na9BBN-H; (7.7 mg, 0.050 mmol),
OH

/@)\Me 238a(40.4 mg, 0.203 mmol ) afdHWF(IAMUHS ( 18
Br at ambiat temperature for 2 h. The title compound was isolated after flash
2-39b
column chromatography as an ocher solid. Yield 93 % (38 mg, 0.189 mmol).

IH NMR (400 MHz, CDCJ) U 7J=832 Hz 2H), 7.25 (d] = 8.4 Hz, 2H), 4.87 (q] = 6.4

Hz, 1H), 1.47 (dJ = 6.5 Hz, 3H):*C NMR (101 MHz,CDG)) & 144.91, 131.70,
69.94, 25.40. SFC analysis usinGIRALPAK IF column (length 250 mm, 4.6 mm, particle size

5 ewgs used to determine enantiomeric excess.

40% EtOH over 20 min then 40% EtOH for 1 mig8.16 (major), 8.31 (minor).

|—BB_i-75_rac_IF_EtOH - CH1( |—BB_i-75_rac_IF_EtOH - CH1(

Intensity [uV]
Intensity [uV]

6.0 8. 6.80 6.90 7.00 7.10 7.20 7.30 7.40 7.50
Retention Time [min] Retention Time [min]

4.0

—BBII85_2nd_try_20150402 - CH10 [—BBII85_2nd_try_20150402 - CH10

I

10.0 15. 7.4 7.6 7.8 8.0 8.2 8.4 8.6 8.8 9.0
Retention Time [min] Retention Time [min]

Intensity [uV]
Intensity [uV]

Figure 4-6 Chiral SFC spectra f&-39b racemate (above) and scalemic (below).
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Synthesized followingsP5 from from Na9BBN-H; (7.3 mg, 0.050 mmolg-
O o 38d(156. 2 mg, 1 mmol) and TPIM# 8L) t90 ¢ L,
O ambient temperature for 2 h. The title compound was isolated after flash column
2:3%d chromatography as an ocher solid. Yield 50 % (80 mg, 0.505 miHoNMR
(499 MHz, CDCY) Ui 1 7.779n@) 4H), 7.5% 7.44 (m, 3H), 4.86 (s, 2H), 1.92 (s, 2HC NMR
(126 MHz, CDC}) O 138.31, 133.38, 132.95, 128. 33, 1:

125.17, 65.46.

OH Synthesized followin@gP5 from from Na9BBN-H. (7.6 mg, 0.050 mmolg-
m38e(194.3 mg , 1 mmol ) andTHFAHE) at(606 0 ¢ L,
2390 °C for 18 h. The title compound was isolated after flash column
chromatography as an ocher solid. Yield 20 % (40 mg, 0.203 miHd§MR (400 MHz, CDC))
0 3. 0=45.7Hzt, 1H), 1.88 1.50 (m, 9H), 1.42 (dddf = 11.9, 9.1, 6.3, 3.0 Hz, 2H), 1.34

0.92 (m, 12H)**C NMR (101 MHz,CDG)) 4 80. 41, 39.88, 30.00, 27.:

Synthesized following toGP5fromfrom Na9BBN-H>( 0. 0081 @ 55 &m
©/\LOH 3f(0. 17185 g, 1.046 mmol) THRAmMBMHS (17
2-39f 60 °C for 18 h. The title compound was isolated after flash column
chromatography as an ocher solid. Yield 20 % (@@04.203 mmol).*H NMR (400 MHz,
Chloroformd) U 7 J=28%, 6(3dHz, 2H), 7.2 7.14 (m, 3H), 3.68 () = 6.4 Hz, 2H), 2.78
i 2.62 (M, 2H), 1.97 1.81 (m, 2H), 1.36 (s, 1H®C NMR (101 MHz,CDG)) 4 141.81, 12

128.40, 125.87, 62.30, 34.232.09.

Synthesized followingsP5 from from Na9BBN-H. (7.4 mg, 0.050 mmol),
@ 2-38g( 158. 2 mg, 1 mmol ) andTHFH®B)al 90 ¢ L,
ambient temperature for 2 h. The title compound was isolated after flash
Bu Bu

(cisltrans) - 2-39g  colunm chromatography as white crystalline solid. Yield 62 % in total (97 mg,
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0.621 mmol). ¢is) T 2-39gYield 39 % (62 mg, 0.397 mmobH NMR (400 MHz, CDCJ) U

(s, 1H), 1.82 (dJ = 13.8 Hz, 2H), 1.59 1.27 (m, 17H), 0.98 (= 11.6 Hz, 2H), 0.85 (€H). °C

4.

NMR (101 MHz, CDCY) o 66. 00, 48. 1 @rans3B39¢ridld 2226735 éng, ,

0.224 mmol)H NMR (400 MHz, CDCY) & 3J1=410.9, 4.4 Hz,,1H), 2.041.91 (m, 2H),

1.817 1.70 (m, 3H), 1.25 1.14 (m, 2H), 1.10 0.90 (m, 4H), 0.83 (s, 9H)’C NMR (101 MHz,

cbCl) wow 71.28, 47.29, 36.17, 27.77, 25.72.
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