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Abstract

This thesis describes tipeeparatio of severaphosphineborane species containing bulky aryl groups on
the heteroatoms for steric protection. Depending bea s$ystem they either exhibit interesting
photophysical properties, unusueactivity, or both, based on the environment around the heteroatoms as

well as the linking unit connecting them.

A highly congested B donoracceptor compoundvith a 1,8naphthalene backbone has been
synthesized. Despite tiwgh degree of steric congestion, this molecule was foupdgsess B-B dative
bond which persisterg in solution. The new PB molecule is thermally and photochemicalhert,
displaying no reactivity toward some common smabblecules with the exception of halogeite high
stability of the moleculés attributed to therowded environment around P and B, as well as the highly
rigid 1,8-naphthyl linker The reaction of this new-B molecule withhalogens in the presence of water

leads to théormationof a RO-B compound.

An unbound Ushapednew phosphineéborane compoundhas ben synthesized and displays distinct
throughspace CT transition and intense deahission. The use of this newB°compound in turn
on/switchable fluorescent sensing of fluorites been demonstrated. Thé&Rompound was found to

have a ratiometric respee toward fluoride ions greater thiat of the related N8 compounds.

Converting thaunboundU-shaped doneacceptor compouni its phosphonium salt greatly enhanced its
fluoride binding affinity at the boron center by 2 orders of magnitude. Fortnerdespite the significant

steric congestion present inetphosphine-borane species, litehaved as an effective ligand towards metal
ions such as Au(l) and Pt(ll) yielding their respective coordination complexes. In the case of the Pt(ll)

complex,y t di spl ayterdo n 0t felr uosldosicaagditidn



Finally, the catiaoic phosphoniunborane compoungvas found capable of effectively tearing apart an
NHC molecule, yielding a vinyamine bridged BB speciesin addition to IMe which plays a key role in
its seltdestruction, a FL#fike ylide-borane and IMeHsalt have been identified as key species involved
in this transformation. The balance of Lewis acidity/basicity and the coopgratimmong the

phosphonium/ylide, IMe, and borane appear to all be critical in this unprecedented fragmentation
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Chapter 1

| ntroducti on

Triarylboranecompounds have recently found broad applications in materials chemistry such as emitters
in organic light emitting diodes (OLEDS)ighly selective sensors of small anions such as fluoride or
cyanide? and even as metélee catalysts for small molecule activation as illustrated in the chemistry of
iFrustrated L éThis diveBearangesobfundtidnali®y avpilable to ssghtems is a direct
resul t of the unique electronic, and structur al
configuration, the boron atom adopts®ggbridization which results in threeld coordination and

trigonal planar geometry arnd boron. Further, this electronic configuration leaves an emptybgal
perpendicular to the trigonal plane (Figurda), indicatingthat the boron atom is inherently electron
deficient (breaks t he Ao datte thdallowsittiag/lparangompoundstot hi s k
serve as excellent electron acceptors, which is the basis for the majority ofppéaations Not
surprisingly, this electron deficiendgaturealso causefiarylboranecompounds to be reactive towards

many nuclephiles such as oxygemwater, and small anions. For practical applications in material science,
such vulnerable stability needs to be addressed. Convenyiobalky groups such as mesiiyt 2,4,6
triisopropylphenyl (Figurel.1b) are introduced to the lmr atom which greatly improves tlnetic

stability of triarylborane&ompounds under air.
R

yos
Ar//,,lll O O\\\\\\\\\ 7
Y, Ar
B Ar R
0 0N
R

(@) (b)

Figure 1.1. (a) Triarylboanecompoundb) Triarylboanecompounds with bulkgubstituents.



This chapter will begin with a briefverview of basic luminescence principl&ext te introduction of
Frustrated Lewis Pairs (FiSP chemistry will be presented, followed by some exampleseattivity
phosphindriarylborane based FLP#pplicatiors of triarylborane systemas fluoride sesors will be
shown later, esmially mesityl substitted organdorane compounds. Lastly, thehemistry of N-
heterogclic carbengNHC) degradatiowill be highlighted, particularly the worthatis related to boron

containing systems.

1.1 Luminescence Bnciples

Luminescencas the emission of photons from a molecule in electronically excited states. Generally
speaking, luminescencés classified into twodifferent emission pathways - fluorescence and
phosphorescencahere each refers to an electronianition from different spin statehe electronic
transitionsavailable to chemical species are presented in Figure 1.2, where the various processes that
determine anoleculd s | umi nescent p*inathe ease dfiwresceacemoleculesareé i n e d .
excited from the ground state to a singlet excited stafé $5S,, etd meaning that the spin of the
electron is not changed during the excitatidormally, this process includes the internal conversion to
reach the lowest singlet excited statg).(Blonradiative decay i relaxation pathway whereby the
various molecular vibration modes displace the excess energy as heaithEhpathway available is
radiative relaxation which involves returning from the lowest singlet excited state to the ground state as
shown Figure 1.2 (§ S). This transition is typicallyery fast with excited state lifetimes of 16 10’ s.
Conversely, during phosphorescence the spin multiplicity of a molecule changes following excitation as a
result of intersystem crossing (SYT). teardundat i ve
state is forbidden and, therefore, spin inversion must occur before the electron can relax to the ground
state. The consequence of this is thal B is much slower than 8 S, which is why excited state
lifetimes for phosphorescence range fra6?s to seconds. Normally pure organic compounds do not
display phosphorescence at room temperature becausgftife ocess is spHorbidden. However, the

presence of a heavy metal center allows for-sploit coupling which induces the mixing of reéa
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excited statesThis ultimately allows for more efficient intersystem crossing and therefore a higher
probability of phosph@scence occurring. Althoughetheavy atom effecllows phosphorescence to
occur at room temperature, this effect is furtbehancedn the solid stater by cooling to very low
temperaturese(g.77 K), as radiationless decay pathways such as molecular vibration and energy transfer
to solvent molecules through collisions is sufficiently minimized. Regardlesatofe of the elctronic
transitions not all of the energy gainada photon absorption is completely-emitted as fluorescence or
phosphorescence due to the involvement of the aforementionechdiative thermal decay pathways.

This results in a loss of luminescendficeency, which is generally described &% percentage of

photons emitteds.p hot ons absorbed and simply known as | umi

]- Vibrational energy levels

Intersystem Vibrational Decay
Crossing y
.............................. ’ —

. * T,

' +

. Fluorescence '

: z

Excitation ' N Phosphorescence

: s

. hv '

E Non-radiative ‘ hv

: Decay .

. .

So

Figure 1.2. Jablonski diagram illustrating the processes involved in luminescence.

The luminescent properties of molecules vary depending on the orbitals involved in the electronic

transition and their overall structural features. In the case of molecules bearing donor and acceptor groups,



intramolecular or througbpace charggansfer (CT) transitions frorthe highest occupied molecular

orbital (HOMO) tothe lowest unoccupied molear orbital (LUMO) are most likely to occur. Following

excitation, the electron density of the doaceptor system is redistributed which results in the CT
transition. In solution, CT transitions are very sensitive to solvent polarity due to the largeulauol

dipole created as a result of the new electron density distribution. The consequence of this is that the S
excited state is stabilized with increasing solvent polarity which narrows the band gap of the molecular
species and reduces thmissioneng g vy . Much more commonly ob-sérved t
in which an electron from the filled ~ orbital (F
Due to the minimal change ie distribution ofelectron density following these traneits, they are

relatively insensitive to external stimuli such as solvent polarity.

In transitionmetal complexes, the possible electronic transitions are more complicated due to the
participation ofd orbitals. Depending on the frontier orbitals of thercination complex, there are four
possible electronic transitions. If the HOMO and LUMO are both from organic ligands, a molecule may
exhibit ligandcentered (LC) emission. If the HOMO and LUMO both invalMerbitals of the transition

metal center, thethe d-d transition is the lowest energy transition. However, this transition is non
emissive. The third situation is the ligatedmetal chargdransfer (LMCT) transitions, which involve a
HOMO and LUMO centered on the organic ligand and metal cartgectively. Should the two roles in

the third case be reversed, the last possible transition is known as aodfigeid chargdransfer

(MLCT) transition.

1.2 Triarylborane Compounds in Frustrated Lewis Pairs

1.2.1 Introduction of FLPs
Since their incepi on i n 1923 by Gilbert N . Lewi s, the ter

ubiquitous in all fields of chemistry for describing the complementary electron accepting/donating nature
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of chemical species and their mutual interactfowéth respecttm ficl assi cal 6 pair of
bases, their combination results in the formation of a single adduct comprised of the two initial
components (Figurg.3).

Lewis Acid + Lewis Base —— Adduct

Figure 1.3. Normal Lewis acid and base reactivity.

The first observation of the behavior neammonly associated with FLPs was in 1942, when Herbert C.
Brown et al. reported that bulky substituents on either the Lewis acid or the base could hinder their
neutralization by not allowing the formation of a dative bdfidre1.4).? Although this exeple set the

precedence for the trope of FLP chemistry, the potential applications did not get much attention until

BF3 BMe3 )
N—BF; -—— N ——» No Reaction
<\ é <\ /2

Figure 1.4. The distinct reactivity of lutidine with BMeand BFE.

much later.

More than 60 years followg the initial report byBrown and ceworkers, a new class of compounds was
discovered and developed which contain sterically encumbered electron donors and acceptors (Lewis base
and acid) within the same system. Due to steric effects, the Lewis baseidnthnnot form a dative
bond which results in an energetically strained
Pai rFigure 1.5). Such systems have been found tepldy new chemical reactivitsuch as the
activation of small moleculeand can even function as effective mdtak catalysts for chemical

transformations.



0 + o B —> No Reaction

Figure 15. Frustrated Lewis Pairs

Since the serendipitous discovery by Douglas Stephah of a metalfree system capable of reversibly
activating H in 2006 the field of FLR chemistry has experienced an immense growth and expansion. In
Stephanods first tbaane compounda (Eobldy) 4 (G, BHI(CRs)m(1.1) was
describedo releasehydrogen gas when heated to 150 °C, generating the phodyhare specie$.2 in

the process (Figure 1.6). Remarkably, this phospbarane product was found to activate hydrogen gas

in solution (THF) at rom temperature, resing in the reformation of the phosphonitlmorane {.1).

R F R F
T o -H, 150 °C
f .
F F F F

Figure 1.6. Reversible Hactivation byl.2.

This unique discovery was the first example of a raeés system capable of both releasing and
capturing H, which has ultimately resulted in the birth and growth of the field known as FLP chemistry.

In the following years, great research efforts wdeslicated to the activation eéveral small molecules

using FLP systems of bothimtsnd 1 ntr amol ecul ar variety. I n 2007
combinations of individual phosphine and borane comgsfiFrom an NMR study omixtures of R;P

(R=tBu, C¢H:Me3) and B(GFs)s, no adduct formation was observed. Upon the introduction of 1 atm of H

to the samples, the phosphonium borate salts precipitated immediately (RigiyreDifferent



combinations of ewis acids and bases were also examined. The reactiadBuw{R and BPhin the
presence of Hproceededslowly, but did generate the expected phosphonium borate product. This
decrease in reactivity is likely a result of the reduced Lewis acidity of ahenlbcenter compared to
B(CsFs)s. Interestingly, the combinations of df;Mes)sP and BPE (CsFs)sP and B(GFs)s, or (Bu)sP

and B(GH.Mes3); did not react in the presence of. IFurther, PkP and MgP were found to readily form

the classic Lewis acilaseadduct with B(GFs)s. Based on these results, it is clear that both electronic
and steric factors are important fog &ttivation by FLPs. In addition, this work also established that H
activation could be performed by intermolecular FLPs under similaditons. Unfortunately, these
systems do have several limitations, such as the meticulous consideration of Lewis acidity, basicity, and
steric restrictions. Neglecting any of these aspects will lead to species which do not behadesiratle

fashion, sich as theeversible H activation bythe intramolecular FLPs digssed previousl{Figure 16).

H,
B(CeFs)3 + PRy ———(— > [R3PH][HB(CgFs)3]
1 atm, 25 °C
R= tBU, C6H2Me3
Ho
BPh; + PtBuz —————> [tBuzPH][HBPh;]
1 atm, 25 °C

Figure 1.7. H, activation by intermolecular FLPs.

Following the preliminary work of Stephan andworkers, an interestingthylene bridged phosphine
borane system was synthesized and investigated by GerhardeEedefor its reactivity with H.° The
linked phosphindorane compoundl1@) has a fowimembered ringand exhibits a B interaction
accordingtd™B (U 8. 5PMNRR() U a2n0d.d&ta Adtipough the crystal structure could not be
obtained to confirm the proposed structure, DFT calculations suggested two isomefficropge(gauche

and trans) which are likely responsible for the activation cdtHloom temperature (Figuies).



H
/ N\ |
Mes,P B(CgFs)2 oB(CeFs)2
gauche- H, ®
MesoP-------B(CoF 5)y<—— > Mes,P
|
13 B(CeFs)2 "
M882P
trans- ]

Figure 1.8. H, activation byl1.3.

1.2.2 MetalFree Hydrogenation by PhosphineBorane Based FLPs

Due to the ever increasing number of FLPs that participate in the reversible uptaleeand of b

many efforts have been put into developing these systems for catalytic hydrogenation of organic
Ssubstrates whi ch i s t he mo st promi sing applicat
demonstrated the first example of such catalytidesys in the metdree catalytic hydrogenation of
imines which were obtained in high yields and under relatively mild reaction condftidhs. imines

were reduced to the corresponding amines in toluene at temperatures ranging-I#®80and %6 atm

of H, in the presence of catalytic amounts phosphonium borate compounds. Initially, the imine is
protonated byl.1 resulting theformation of an iminium salt. Next, hydride transfer occurs from the
hydridoborate to the iminm carbon, which results in &M intermediate. Release of the corresponding
amine regenerates the active cataly® which is then free to perform subsequent hydrogenations

following the uptake of 1 eqv. of H,. The proposed catalytic cycle is shown in Figlige



F F
Ry R
2 H3 1.2
Ra R R F
R F |_H H
MR P(MesCeHy) B(CoFs)2
(Me3CgHy) B(CgFs)2 |1|
F F
F F 1.1
Ry®_H
)'\Jl\ Ra R4
Ry Ry =N
Rs3
'ﬂ
P(Me3CgH>)2 g(C6F5

Figure 1.9. The proposed mechanism of a FLP as a catalyst for imine hydrogenation.

Similar exgeriments performed with the gtenelinked phosphoniurboranel.3 reported by Erker and
coworkers revealed it to be a far superior catalysttfee hydrogenation of imines (Figufie10)
Hydrogenation of aldimines and ketamines were found to occur at ambient conditions rather than the
elevated temperatures required with the usk.baind1.2 (80-140°C). For examplel.31.4 can rapidly
hydragenate aldimine at room temperature under 2.5 bar,pfaldeit with a significant increase in

catalyst loadingX 20 mol%).



@ 1.4
M952P
tBu I tBu
/ H N
N 25°C
)k \ 2 / B )N
P~ R Ph* | R
Mes,P--------- B(CeFs)2
1.3

Figure 1.10. Catalytic hydrogenation of imines y3/1.4.

In an effort to develop a new catalyssystem Erker and coworkers designed a
bis(diphenylphosphinmaphthalendl.5) - B(Cg¢Fs)s FLP systenwhich was shown taeversiblyactivate
H,.'? The application of 2 bar Ho a toluene solution of.5 and B(GFs); (1:1) at room temperature
resulted inan80% yield ofthe desiregphosphonium hydridoborate salt.§). Upon heating aolution of

1.6to 60°C, both compoundl.5 and B(GFs); were rgeneratediue to thereleag of hydrogen Figure

1.119).
H\G-)
PPh, PPh, oh PPh, PPh,
2
RT O
- _—> [HB(CgFs)sl
60 °C
15 -Hy 1.6
+ B(CgF5)3

Figure 1.1. Hydrogen activation by diphosphuiibrane FLPL.5.

Based on thee promising resultsErker et al. proceeded tonvestigate the hydrogenation of silyl enol

etherswith 1.5+ B(C¢Fs)s/1.6 as the catalyst (Figure 1.1 deed they werable to demonstrate that this
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FLP system could be used an active catalyst for most of the selected silyl enol ether substitttes

good conversion efficiencies

SiMes SiMes,
0/ O/
1.5/ B(CeFs)s H
—_—
R1 R1
H i, H
RT H
R2 R2

Figure 1.2. Hydrogenatiorof silyl enol ethers by FLR.YB(CgFs)s.

1.2.3PhosphineBorane Based FLPs Reactionwith Alkenes and Alkynes

The extraordinary behavior of the FLBystems grants the possibility to use them in applications such as
hydrogenation catalysis or even hggen storage materials duetteir low cost of production and low
environmental impact compared to heavy metal systems. In addition to the activatignhaf téactivity

of FLPs has been extended to a variety of other substrates such alkenes, alkyo#serarsdnall
moleculesFor exampleStepharand ceworkers foundhat HB(GFs).-PRs (R = tBu, or Ph) reacts with
1,4-pentadiene in toluene at room temperatwer 2 days yieldinga six-membered ring produethich

has a chair conformation with thRR; moiety at the equatorial positin. The combination of HB(gFs)
andtBusP can also react with tutadiene at 60C over18.5 hourgo giveananalogoudive-menbered

ring product wiere thetBusP substituent adopts a pseudoequatorial posifigu(e1.13)™

TN L
HB(CeFs), + PRs =(CeF) PRs

R = tBu, Ph
/\/ ®
HB(CeFs), + PtBug - /N Py
CeF5)2B
(Ce 5)26

Figure 1.3. Diene additiorfcyclizationwith FLPs.
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Stephan group also investigated the reaction of alkynes with ElRgpending on the basicity of the
chosen phosphine, two competing padlye/were established: eithdgprotonatiorof the terminal H atom

on the alkyne omddition of both the borane and phosphine across the triple.®Bul#lier and more
electron rich phosphines such aBu);P in the presence oB(CgFs)s/phenyl acetylene yielded
[tBusPH][PhCCB(GFs)s], while the use of (o-tol)sP resulted in the additionproduct E-(o-
tol)sP(Ph)C=C(H)B(GFs)s. This indicates that the addition of FLPs to alkynes is more favoured with less
basic phosphines. Mechanistically, thi&ynefirst attacls the emptyorbital of boron to form a transient
carbocationWhen treated with a strong Lewis base, such #8ul( ahydrogeratom would be removed,
leading to the formation of akynyl borate[tBusPH][PhCCB(GFs)s]. However, if treated with less basi
phosphine such ago-tol);P, attackon the carbocation centgields the zwitterionic product with P and B

moietiesin trans-positions(Figure 1.14).

PhCCH
. =——= | H—==—Pn
P(Ces)s B(CoFs)s

tBug,'F/ (o-tol)sP

®
[tBu3I@:)’H] (o-tol)sP. H

©
Ph——=—=—B(C¢Fs); o §(C ,
6F5)3

Figure 14. Possible activation pathwsyf alkynes by FLPs

A similar additionreaction was alsdiscovered in 2008 by Yamagucmd ceworkers' They designed

an alkynebridged speciescontaining complementaryphosphineand boranegroupswhich behave as
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electron doating and withdrawingsulstituents respectivelyThis system can undergo intramolecular
cyclizationdepending on the nucleophilicity of the phosphine moigiléth increasing electredonating
ability of thedialkylphosphine, theyclizationreaction carevenproceed at room temgpatureln the case
of the less electron rictiphenylphosphine derivativeyclizationis difficult to achieveeven at higher

temperature (Figure 1.15).

R R
\ &
P®
R = Cy, tBu / O
—— (-4
/B.,
Mes T\/Ies
Br tBuLi,
)= ) =
MeSZB PPh2
)=
 E— —
Mes,B

Figure 1.5. Intra-molecular cyclizatin by ghosphineborane.

1.2.4PhosphineBorane Based FLPs Reactions witbther &-Systems

Aside fromthe reactivity of FLPs towardalkenes and alkynes, the chemistry of FLPs dlas been
expandedo otherp-systems For example, Bourissou and-amrkersdevelopedambiphilic phosphine
boranes which can add the N=N and C=(bonds ofdiethyl azodicarboxylate and P=C=0, which
stabilizesthe zwitterionic species A and B (Figure 1.,16the key intermediates f@hosphinepromoted

reaction of azodicarbofgtes’ and cycleoligomerisation of isocyanatésespectively.

N \o NR
—P—N —/P~<g@
A B

Figure 1.6. Adducts A and B ofphosphine with azodicarboxdates and isocyanates
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In the reaction ofPrLP(0-CsHs)BMes, with diethyl azodicarboxylatethe N=N addition productwas
formed in toluene at room temperature after 24 hours. In order to investigate the capaliliti? (of
Ce¢H;)BMes; to stablize the intermediate B, the reaction of samleosphineboranecompoundwith Ph
N=C=0 wasstudiedunderthe same conditions leading to tlamalogougproduct within 1 hour (Figure
1.17).Both products have been fulstudiedby NMR spectroscopy and-day diffraction analysisThe
B NMR chemical shifts indicate the transformation franthreecoordinated toa four-coordinated
environmentround the boron centdn theX-ray crystal structures, the shortBland OB distances and
pyramidalization of boron suggestatthe boron groupare stabilizedby the electron rich nitrogen and

oxygen atoms even thoughthe boron moiety is quite sterially congested due tits two mesityl

substituents.
BMes; ~ _CO.Et Mes;

BMes; S 02 B CO,Et
EtO,CN==NCO,Et /N o~
- o N - |

Toluene, RT, 24h 7~ N
. R @/ ~
PiPr, / \  COgEt P CO,Et
P iPr o / \lPr
1°r
Ph
Mes
BMes, \ BMes; B 2
N=—=C=—=0 (6] @\O
_— —_—
Toluene, RT, 1h %/<@ ®/K

PiPr, / \ NPh P NPh

. . N\
iPr iPr / iPr

Figure 1.7. N=N and C=0 bonds addition by F&P

A similar reactivitywas also denmstrated forErkerts phosphindorane bridged compourid3, where
the P and B atoms can be addedthe C=0O and N=O bondsf isocyanate, benzaldehydand

nitrosobenzendorming zwitterioric six-memberedings (Figure 1.18)?
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MeszP /B(C5F5)2
Ph—N=—=C=—0 / (e}
> Ph—N
@ S}
/\ Ph-CHO Mes,R /B(Cer)z
——————— >
M932P """"" B(C6F5)2 Ph (0]
H
Ph-N=0 ®/ \©
—> MeszP\ B(C6F5)2
N—O
Ph/

Figure 1.8. Reaction of PhCHO, PhNCO and PhNO &l

Furthermore, they founthat 1.3 could react with phenyl azide yielding a faraembereding product at
room temperatureafter 2 days (Figure 1.19). According tdVIR spectroscopyand Xray diffraction
experimentsboththe phosphorous and boron atoms afiachedo theterminalnitrogen of the azid€'P
NMR data also revealed dynamic exchange, indicatingeistence of twaistinct and interchanging

isomers

S
MessP_B(CeFs):2 Mes2Px N/B(C6F5)2
| |
N Nx
Sy \T
F|>h Ph

Figure 1.9. Reaction of phenyl azide aid3.
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The reaction ofl..3 with pyridine, tertbutyl isocyanide opivalonitrile only resulted in the simple adduct

formation between the boron center alwhating atom of the substrgtégure 1.20).

| X
=
| X
_ B(CeFs)2
N
>
Mes,P \{/
C

<
®
»
N
é }
z -z
O
[e2]
2
[
N

I

] i

N

Figure 1.10. Formation of pyriding isonitrile- and nitrile adducts df.3.

Further developments b¥rker and ceworkers yieldedanother germind phosphineborane FLP
compoundl.7, which was found to react with alkenes and alkynes as well as undergo an interesting
transformation in the presence pftolyl isocyanateand mesityl azide€® Unlike the simple adduct
formation between isocyanate derivatandl.3, the germinalFLP 1.7 addsto the C=N bond ofp-tolyl

isocyanateesulting in a newly formed fivenembered ring syste(figure 1.21).
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H p-tol-NCO ®

]
> (CeFs)2R /B(Can)z
(CeFs)2P B(CeFs)2 )—N
(@)
1.7

Figure 1.11. Reaction ofp-tolyl isocyanate ad 1.7.

The reaction ofl..7 and mestiyl azide alsproceeds like 4,3-dipolar cycloadditionultimately resuling
in the formationof a six-membereding productcontaining the FLP with a yield of 50¢Figure 1.22).
The X-ray crystal structureshows thathe boron center is attachedthe nitrogen atonbearinga bulky
mesityl substituentvhile the double bond of théN-N-N moiety appears to bdelocalizeddue to the

participation of the phosphorus atom.

L H H
@
N;-Mes ) &)
(CoFs)oP B(CqFs)s 3 > (Cer)zFl’ ?(CGFS)Z (CeFs5)P B(CeFs)2
<]
N\N/N\ N\N4 N\
1.7 Mes Mes

Figure 1.12. Reaction of mesityl azide arid7.

Over the past decade, FLEhemistry has continued to grow rapidly. The main driving force for this area

of research is the increasing variety of reactivenentralized Lewis acid/base pairsamy of which have

shown great promise towards smalblecule activation. From a fundamental standpoint, this discovery is
extremely important as it paves the way for new breakthroughs and ideas. For example, the advance of
FLPs chemistry has laid the fouation for applying mairgroup elements as catalysts in transformations

such as hydrogenation; a role typically reserved for transiietal complexes. The development of
metalfree catalysts has becomeii@asingly important due tmanyconcerns over theandling of toxic

17



metal species as well as the disposal and potential environmental contamination of the catalysts following
their use. With the ever expanding library of substrates available ts §ems such as alkenes,

al kynes, and hesigndicance of such adidébase pairstwith respect to both their use as
catalysts and potential synthetic intermediates in novel activation pathways has been recognized by the

chemistry community

Despite all of the examples in the literature of variBuBs systems, there remain several limitations and
problems. For instance, most FLPs reported in the literature are quite sensitive to air and moisture due to
strong Lewis acidity and basicity. As such, most preparation and storage procedures for Ft@©yequ

and HO-free conditions. For applications of; ldtorage materials, gravimetric capacity. ¢bntent by

mass) has to be considered. However, the requirement of steric congestion to prevent the formation of
simple Lewis adducts greatly decreases g§ardgen gravimetric capacity of FLBased systems, which

remains as a big challenge to this application.

1.3 Triary Iborane Compounds as Fluoride Sensors

1.3.1 Introduction

One of the most efficient methods of controlling tooth decay is the fflaiboin of drinking water. In 1994,

the World Health Organization (WHO) declared that the acceptable level of fluoride in drinking water is
between 0.8..0 mg/L?! Fluoride concentrations far in excess to the guidelines set out by the WHO are
toxic and canlead to a number of different health concerns including dsk&étal erosion or even
cancer” The US Environmental Protection Agen@PA) has set 4.0 mg/L or 4 ppm of fluoride as the
maximum contaminant level in drinking water, which is the |e¢lgagshold limit allowed in public water
systems.EPA has alscset a secondary standai@r fluoride at 2.0 mg/L or 2.0 ppm, which mon
enforceable guidelines regulating contaminants in drinking WatBue to these considerations, an

effective fluoridesensing technique is needed to ensure that the concentration of fluoride in drinking
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water does not exceed the recommended limit. Additionally, fluoride sensors could also be used to track

UFs and phosphofftuoridate nerve agents whichleasdluoride ionswhen hydrolyzed®

As mentioned at theeginning of this chapter, triarylborarm®mpounds with bulky substituents can block
nucleophilic attack from Lewis donors, except small anions such as fluoride, cyanide, and hydride which
all exhibit relativelystrong binding to the boron center even when it is sterically protected. Thus, it is
possible to use such boron systems for fluoride sen&itmne pairof electrongrom the fluoride ioncan
donateinto the empty porbital of the boron centewhich trangorms the threecoordinated boron,
stabilized by the surroundingaryl groups due tg-conjugation to a fourcoordinated boron with
pyramidal geometry (Figure 1.23for practicalapplicationsbased on photophysical propertiese t

lowest electronic transon in a ®njugated triarylborangystem is normally dominated by charge transfer
processes from an electrdch aromatic moiety to the electron deficient boron center. This
intramolecular charge transfer process is also the origin of the bright flanoesoften exhibited by
organoboron compounds. As a result, binding of fluoride ions to such boron centers effectively blocks
this intramolecular charge transfer process which leads to the lowest electronic transition being perturbed
and a dramatic changethe photophysical prapties. This allows triarylborar®sedr-systems to act as

At wrfff 0 sensors that are highly selective towards

for such applications.

F
O \\\\\A\r F ’ A
Ar B‘\\\\ B“‘“‘“\“\ r
/e
\N A AN
O Ar r Ar

Ar = Aryl group

Figure 1.13. Triarylboranecompounds as Bersors
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In 2001, Shigehiro Yamaguchi and-aeorkers developed the first organoboimased systemgtris(9-
anthryl)borane and tris[(26imesitylboryl)3anthryllborane)capable of acting afuoride sensoré’ For
example, tris(Santhryl)borane (Figure 1.24% both waterand airstable due to the sterically demanding
substituents around borgandbinds fluoride ions in THF with a binding constant of (2.8 + 0.3)*M0.

The addition of luoride to a THF solution of this borane results in a distinct color change from orange to
colorless. This compound only weakly binds to Ae@d OH, and does not show any response toward
CI', Br and CIQ". Nonetheless, this system is not suitable iragueous environment, &se resulting
anionic complexreadily dissociate due to thdarge hydration enthalpyof fluoride ions( gfH= -504

kJ/mo)).

Figure 1.14. Structure otris(9-anthryl)boane.

1.3.2 Fluoride ®nsing by Neutral BMes, Containing Compounds

In order to improve fluoride affinity and overcome the lahgerationenthalpy, many research graup
have developed nesystemshased oririarylboranefunctionality. One strateg is to dewlop polydentate
triarylborane compounds which can increase fluoride bindingaffinity. This is particularly trugor
compoundsvhich containa BMes, moiety, asthe boron center isighly protected byhe o-methyl groups

of the two mesityls but still tains comparable Lewis acidity making it far more practical for applications.
This was amply demonstrated Babbé& and co-workerswho synthesized compounds8 (E = O) and
1.9 (E = S) by functionalizing a rigidaphthalendinker with two diarylboryl moigies (Figure 1.25§% "

Both compounddglisplayhigh selectivitytowards fluoride ios over other larger halidedlOs; or H,PO;.
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The crystal structures afompoundl.8§1.9-F showedclearly a BF-B bridged structurewherén the
fluorine atom is trappedetweenthe two boron atoms witra B-F distance of 1.58.64 A. UV-vis
absorption spectra were usednmonitor the fluoride iors titration experimens of compoundl.8 and1.9

in THF, wheresignificant quenchingvas observedrhe fluoride binding constant df9was determined

to beabout 16 M™, which isa dramatidmprovementcompaedto thatmeasuredor BMes; (~10° M™).
Furthermore,a competition binding study performed betwegr® and BMes in THF revealed the
guantitative formatiorof 1.9-F in the pesence of a largexcess of BMesindicating thatl.9F is
formidably stable This is readily demonstrated upon taddition of water as thecomplexdoes not
dissociate. Thigs quite different compared its monoborylcounterparts, and was explainedenms of

an overall decrease in steric hinaahce as a result of the newly distorted tetrahedral geometry which

stabilizes the complex.

E E
I>/Ies Mes, E
Mes~ Yy T~
B B F- Mes’B ° B

Figure 1.15. Fluorideadditionto compoundL..8 (E = O) aad 1.9(E =9S).

In an effortto improve upon the triarylboraranly systems, @iny research grougsavealso developed

and exploredheteronuclear mutidentate triarylboemolecules For example, Gabli@ et al. studiedthe

B/Hg containing bidentaté ewis acid compoundl.10 which was synthesizeddy functionalizing a
naphthalene backboneith BMes, and Hg(GFs) substituerg (Figure 1.26%° This compound is water
stablewith a fluoride binding constarf ~ 10* M™ in mixed THF/water(90/10 (v/v)), which is 10,000
times greater than that 8Mes; under the same conditionBhe crystalstructurefurther confirned the
chelating structure of the compleXhe excellentfluoride binding affinity was attributed tahot only
bidentate chelatigrbut alsothe enhancedewis acidity 4 Hg as a result of thelectronwithdrawing

CoFs group.Gabbdd s g aterdegcribéd thal.10can behave as a phosphorescent chemosensor for
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fluoride iors. Compoundl.10emits redight at 77 K in solid state when the boron center isaturated.
Upon the binding ofluoride to theboron atom,” conjugationwithin the molecule is disrupted which

results ingreen phosphorescenemission

CeFs Mes E CeFs
Z N~
Mes,B HG 'V'es*eB/ HG
-

Figure 1.16. Fluorideadditionto canpoundl.1Q

Gabba et al. also combined the concepts of heteronuctdaelate withpoly-triarylboryl togetherand
createdthe tridentate Lewis acid.11 (Figure 1.27§° The crystalstructureof 1.11 showed that thetwo
boron centes possesgrigonal planar geometryand are ~3.5 A from the mercury atom, whicts the
appropriate space requiredttap two fluoride ionsThe second fluoride ion bisdmuch less readil{K ,
=~ 10° M) compared to the firstne(K, = ~ 16 M™) which is due tdothincrease steric congestion

andunfavorableCoulombicrepulsion

Mes,B BMes; MeszB BMes,  f- MeszB \

S TG

Figure 1.17. Fluorideadditionto compoundL.11

Anotherstrategyto enhance the Lewis acidigndfluoride affinity of boron is to canect borormoieties
within a” -conjugate unit, whichwas established a number of years bgdaimet al. using two BMeg
moieties bridgedy a phenyl or more expandéetonjugate linker.*° In 2007, Wanggt al. develogd a
similar but mor €onjeghtd mdecute cotathiad tivocBMesmobietiesbridged by a
2 , -Bigyridyl linker (1.12) (Figure 1.28§" Compoundl.12was found to banexcellentchelaing ligand
for transitionmetak such as Pt1(13 andCu (1.14), which further increasethe electrordeficiencyof
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boron centersasshown by cyclic voltammetrgxperimentsRemarkaby, 1.13and1.14 can be used as
colorimetric sensordue to theivery distinct color changepon theadditionof fluoride. CompoundL.13

andl.14have intense colors due to a mdtaligand charge transfer (MLCT) band in the visible region.
Because the ~* orbital of the ligand is mainly I
absorption band of MLCT is blughifted due to the increasing energy gap once the energy of thd liga

based LUMO increases upon fluoride additi@ompoundl.13instantlychanged$rom red to orangafter

one equivalent of fluoride (1:E:1.13 adduct)and further changeto light yellow following the second
equivalent(2:1-F:1.13 adductformation) On the other hand, compourid14 displayeda color change

from orange to yellow with 1 equalentof fluoride and eventually bexnes colorlessupon forming the

2:1 (F:1.14 adduct.

+
—N — Mes,B \[\1 ?\l/ BMes, [Mes,B \[\1 ?\]/ BMes,
Mes,B \ / ?\l / BMes, \Pt/ \Cu/
P ‘Ph PhsP’ *PPh,
1.12 1.13 1.14

Figure 1.18. "-Conjugatanoleculel.12and its metal complexds13andl.14

1.3.3 Fluoride Sensing by Cationic Borane Compoundsdbtaining a BMes, M oiety

Further developments in fluoride sensing with organoboron systems focused on the use of cation
functionalized triarylborane compounds. Gablkea al. observed thaby functionalizing triarylborane
compounds with pnictogen cations such as phosphonium, the boron centers have a greater affinity for
fluoride ions due to the @ombic effecs. The fact that theationfunctionalized compounds are salts

also increases their solubility in an aqueous soluttam. example, the cationic phosphoniborane
compound .15 shown in Figure 1.29 has a binding constant of (6.5 + 0.5j M1Owith fluoride in

CHCL.* The binding constant oft.15i s hi gher than that of - Yamagu
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anthryl)borane) even in CHglas it provides a more competitive medium for fluoride binding. As
expected, the fluoride binding is unaffected in the presence of chloride andlérdRemarkablyl.15
can bind fluoride ions in a solution ob8&: MeOH (9:1 v/v) with a binding constant of abouf M* and

can be regenerated with the use of an aquectis@lltion.

Mes\ @,Me F- ° @/Me
B RPh » MesmB RPh
/ N N
Ph Me Ph

Mes

N

(N

Figure 1.19. The structure ol.15and its binding with fluoride.

As mentioned beforahe EPArecommends that the fluoride concentration in drinking water should not
exceed 2 ppmit is quite challenging to design a fluoride sensapable of detecting shiclow
concentratios of fluoride ionsas a resulbf thar large hydration enthalpyn order to reach the EPA
standard, Gabbat al. synthesized a sies of phosphoniurriarylboranecompounds by functionalizing
the phosphorus atom with different suhstitts such as Me, En-Pr and Ph (Figure 1.36).The
phosphoniurborane compound with Ph on phosphorid@ exhibits the largest Pbinding constant
(10500 (+1000) M in H,O: MeOH (9:1 v/v)) among all the analogous compounds. Furthermore,
absorbanceugenching ofl.16was successfully detected in the presence pEE.9 ppm in water (pH =
4.9). This pH level is important, @3F formationbecomes significant at lower pkvhile competitive
hydroxide binding to the boron centbegins to occur at highpH. This compound is considered to be
one of the most successful moleausensors based on triarylborammenpounds for detection of fluoride

in aqueous media, and its watermpatibility, stability, and high sensitivity make it a good candidate for

future applications in fluoride sensing.
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Figure 1.30. Structure ofL.16

Gabbd et al also showed that by combining @oembic and cooperative effects, a further enhancement

of fluoride binding at the boron center can be aehd. This concept was realized by designing a cationic
bidentate boron based sensor in which the fluoride ions could be held in place between both the boron and
cationic substituents. This new systell{) showed improvement over the previous bidentatieodane
compounds, which displayed high fluoride binding affinity but were incompatible in aqueous media. The
cationic chelating systenL(l7) is shown in Figure 1.3¥ where it can be seen that the fluoride ion
becomes trapped due to the close proximftthe phosphonium and borane. This leads to much stronger
binding with F compared to th@-isomer,as shown by the competition binding experiment in Figure
1.31b. The binding constant df17in MeOH is about 10M™, which is much higher than that megsii

for 1.15(400 M%) under the same conditions. NMR data anth¥ crystal structure analysis indicate that

the fluoride ion binds to the boron center and has a strong interaction with the phosphonium moiety,
which explains the improved fluoride affinitf this system. However, the stability ®f17 in water is

still an issue.
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Figure 1.20. a) The structure df.17and its binding with fluoride; b) Competition experiment between
1.17and1.15in CDClL.

The effect of having multiple cationic substituents has also been investigaieeéxample, Leet al.
synthesized a triphosphonium functionalized triarydimercompoundl.18 (Figure 1.32¥ and studied its
fluoride affinity in the mixed solv& systemDMSO/H,O (7:3 v/v) Due to theenhanced Gulombic
effect from three phosphonium groups, the boron cemsrfarmore electron deficient compared to the

mono- or di-phosphoniunsubstituteccompoundsvith a fluoride binding constant of 10,17

®

PPho,Me PthMe
MePh, Q— —> MePh, Q E g

é @

PPh,Me PPhy,Me

Figure 1.21. Fluoride sensing bgompoundL.18

1.3.4fTurn-onod LuminescentCompound for Fluoride Sensing
Most of thefluoride sensing moleculed e s cr i bed t huosf ffoa rs eanesthe besding divthu r n

fluoride to the boron center causes quenching of either almoigtiemission peaks in the W¥sible or
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fluorescence spectra of the molecuesor pr acti cal application®noit is
sensors, or even bettesensors which display a distinct color change. Besides the previously mentioned
colorimetric sensors such as complede$3 and 1.14, another strategy of detecting fluoride ions by
luminescent color changing is developed by manipulating the clvamgger transitions within molecules.

For exampl e, MTl 1l endés group has de mah¢Figurealt3d)d t ha't
has a intense intramolecular CT emission originated from the negative boron center to the empty orbital

of the other bmn center, once the molecule is bound to one fluoride. Furthermore this CT emission will

be fiturned offo when both bbron moieties are char

Figure 1.22. Structure of compouhl.19and itsemission processes upon addition of F

Previously, our group has successfully demonstrated tksitaged (compouni.20 and 1.21) and U
shaped (compound.22 and 1.23) donoracceptor triarylboraneompounds not only display highly
efficient fluorescence, but also show distinct fluorescent color clzangen the addition of fluoride

(Figure 1.34y" %
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Figure 1.23. V-shaped and dhaped doneacceptor systems.

The fluorescerne of these compounds is mainly due to thresgace charge transfer from the amino
group to the boron center. When the boron center binds to a fluoride ion, the charge transfer pathway is
blocked switchingtheem s si o+ *t @ ra n's i t-backhond. As@ mesuit, mreobvious change

in fluorescent color is observed (Figure 1.35).

RS
H¢

Figure 1.24. Operating principleofit eornd0 sensors for fluori de.
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More recently, our group digmed adifferent Ushaped triarylboraneompound 1.24) which contains a
dimethylamino group as the electron donor (Figure I3Bhis molecule exhibited a binding constant of
(1.7+ 0.5) x 16M™ in CH,Cl, which is comparable to those h22and1.23. It also shows selectivitfor

F over CI and Br. Significantly, this compound shows distinct fluorescent color changes when either a
fluoride ion or proton is bound. Under neutral conditions, the compound emits bright green light due to
charge transfefrom the dimethylamino donor to the eten accepting borotJpon addition offluoride

ions, the boron center is blocked by $witchng the emission from green to sky blue. Under acidic
conditions where the amino group picks up a proton, the fluoresodmt changes to purple. Most

important is that all of these processes are reversible.

o - o . O

'
(2
O
(2
<
>,

@ )

NH B N B N B
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1.24

Figure 1.25. Compoundl.24 and its fluoride, protoradducts.

Aside from the previously discussed sys#ic approachesyanyothertypes of triarylboanecompounds
for useas fluoride sensotsave been examined (Figure 1.3Fdr example, Thilagaat al. synthesized a
V-shaped boryBODIPY substitutedcompound 1.25 which displays adistinct emission colo change
upon the binding ofluoride® Hu et al. developed triarylb@necontaining polyacetylene compounds
(2.26 which show different photophysical responses towards fluoride idepending on the spacer
between BMesandthe main chairf’* Finally, Lu et al. designed a donegu-acceptor compoundl(27)
with a phenothiazine unit athe electron donating group and BMeas the electron acceptor group, in
which two groups are connectdyy fluorenevinylené? For this system, the addition of fluoride or
cyaride can be observed by the naked eye, whieesolution color ofl.2Z7 changesrom yellow to

yellowish-green andhe emissionis significantly increasedimultaneously
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Figure 1.26. Molecularstructures of compousd..25 1.26 and1.27.

1.4 N-Heterocyclic Carbene Reactiondy FLPs

1.4.1 Introduction

As mentioned previously, FLPs are not only capable of activating small molecules suygitas, N0,
olefins, alkynes, but also shopromising reactivity tavards heterocydk rings. In 195Q Wittig and
Riickerf® found thatthe ring of THF could be readily opened in the presencBla@Ph,C] andTHF(BPh)
which yields [PRC(CH,),OBPh] as the productin 1992,Breen and Steph&hdemonstratedhat a
combination of [ZrC)(THF),] and PCy generates the zwitterionic compound [ZrCl,(e-

OCH,CH,CH,CH,PCw)], as a result of THFing opening atoom temperaturé-igure 1.38)
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Figure 1.27. Examples of Lewis acid prompted THF riogeningreactions.

Later on, this type of ringpopening reactivity was extended to various types of FLPs and related
heterocycles compoundsor example, th&HF-B(C¢Fs); adduct carbe reaced with numerous different
kinds of sterically hindered Lewis basewhich results in a variety of ringpered products (Figure
1.39)%% 4047
e
(CH2)40B(CgFs)3

PN THF
tBu\N/\N/tBu + B(CeFs5); ———» tBU\%/ N/tBU

JON

- L
NT X
|/
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Me,NCH,Ph \Blisz

[S]
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I

®
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el _0 ®
B(CGF5)3 NMe3CH2Ph

Figure 1.28. Ring opening reactia@of THF by FLPs.
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Similar reactivity las beembserved forelated hetrocylic compoundsuch as dioxane, thioxane, lactone,
and lactide. In the case ofl,4-dioxane and thioxanesach can being opened to yielccoresponding
productsfrom FLPs ofB(Cg¢Fs); and various Lewis bases such B$Cs, phosphins, or evenN-bases

(Figure 1.40}

/ \ © / \ ©
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©
O O—B(CeFs)3
tBu (
/ ®

N I/\l N\
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Figure 140. Ring opening reactiaof 1,4dioxane and thioxane by FLPs.

1.4.2Ring Expansion of NHeterocyclic Carbenes

In all the molecule activation reactioagailable toFLPswith NHCs the strongs-donatingLewis bases
NHCsbehaveassuchphosphine or N basesdprovidealone pair of electronsThe chemistry of NHCs
andtheir analogss an incedibly importantand ha been widely studied over the last few decades.tbue
their broad applicability, NHCs havkeen usd in humerous areasuch as transitiometal and main

group chemistry® For the most partNHCs are consided robust and act as ligands $tabilize low
oxidation state transitiometal or mairgroup elemets through the donation of theione pair of
electrons Applications of such transition metal complexes have been mainly geared towards the
activation of various bonds such @H, C-N and GC.* Recently howeverthe integrity ofNHCs has
beencalled inb question as a result of theibility to undergoC-N bond cleavage and ring expansion
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reactions (RERWwith either transition metal or main group elemetmts2006, Grubbs and ewmorkers
observed the insertion of nickeito an N-heterocyclicring while trying to synthesize a new catalyst. In
addition to the insertion & nickel atom,the phenyl groupinitially bound to nickel migrateduring the

reaction betweethe NHC precursor, basand NiCIPh(PP§), (Figure 1.41)°

]
Cl
/ \®
NN 1) KHMDS (\N Ad
T ————
2) NiCIPh(PPh3), N ,\'“/o

e

>
HO r?/ PPh,

Ad P
Ad = Adamantyl

Figure 1.29. Ni-insertioninto NHC.

In 2010, Bertrancet al. discovered the first room temperatZeN bond cleavagand insertion into an
NHC ring involving pinacolborane (HBpinj* Later in 2012, Hill and cevorkersdemongrated thefirst
reactionbetween aNHC functionalizedorganoberyllium hydride dimer and PhgjHvhich ended up
forming a sixmembered ring produetiter6 hours at 80C. The crystabtructureof the productevealed
that the beryllium atomhad successflyl insered into the GN bond of the IPrIPr = 1,3-bis(2,6
diisopropylphenyl)imidaze®-ylideng ligand. Interestingly the hydrosilanes are not required for the
insertion to occur athe same Bénsertion producivas observed after combining the NHC/biguyn

dimer and heating them 1®20°C for 24 hourgFigure 1.42)?
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Figure 1.30. Beinsertion into NHG, Ar = 2,6-diisopropylphenyl

Around the same timd&Radiuset al. foundthata similar C-N bond cleavage/insertion could be achieved
with silicon by reactinglky-substituted NHCs and phenylsilane Phsiid PhSiH, in toluene at 100C
for three days® Part of this transformation involves the migration of either H atoms or phenyl groups

from silicon to the central carbon of the NHi\d insertion of either aBiHPh or SiPhunit into the GN

bondyielding a new six membered ring prodiEigure 1.43).
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Figure 1.31 Si-insertionof NHCs.
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Radius and cevorkers proposed a thretep mechanism foheir reactionbetweerthe NHC and PESiH,.
Following the initial adduct formation, orteydrogen atom migrasdrom silicon to thecarboniccarbon
(T1), which is thought to be theate limiting step giving B. Subsequent insertion of the silicon atom into
the C-N bond (T2)results in the formation of a new-Bibond (C) and a pentavalent silicon atom. Finally,
the second hydrogen transgdirom silicon to the central carbon (T3)hich yields the final ring

expansion product (D) (Figure 1.44).

N H Ph NOH Ph
%z / /NS
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>
| Ph i | Ph | i bh
D T3 C T2

Figure 1.32. Mechanism for ring expansion reaction by silanes.

Similar insertion reactions havalso beenobservedwith other elements. Foexample, Rivardet al.
establishedhe ring expansion reaction between NHCs and atdranea at 100°C in toluene where a
borane hydride unit was successfully inserted intoNREC ring>* Later on, Stephaet al. found that
phosphine substituted NH@suld be activated by 8BN (9-borabicyclo[3.3.1]Jnonang and undergoa
similar ring expansion reaction at room temperatditee resultingntra-molecular phosphinborane EP

was further studied for its catalytic activity towards the reducticdR@f(Figure 1.45.%°
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Figure 1.33. Boroninsertion of NHCs.

Stephanret al. also presemid a possible reactiomechanisnfor their ring expansion reactiowhich is
quite similar to that proposed by Rasl and ceworkers After forming the initial NHC-boraneadduct
with 9-BBN, the hydride of the boranmigratesto the electrordeficient centralcarbon atonof NHC.
The N atomthen coordinats to the neighboringboron centerwhich promps the GN bond clavage.
Lastly, there isB-C bond cleavage due &ectrophilic carbon center which forms a newC®ond and

gives the produdtFigure 1.48.
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Figure 1.34. Proposednechanism for NHC reaction ihi9-BBN.

Very recently Marderet al.investigateda differentring expansion reaction which involvesBbond and
C-N bond cleavage followed by-B bondformation®® Initially, the diboron reagent Rat (cat = 1,2
0O,C¢H,) reacs with one or two equivof Meydm (Meyim=1,3,4,5tetramethylimidazolir2-ylidene)which

yieldsthemonc or bis NHC adducs respectively (Figure 1.47).

Pel —(

AN
O\ ¢/O ¢
B—B 2 eq Meylm 1 eq Meylm o /O
/ \ <" Bxcat, o B—B
O * o toluene, RT toluene, RT o %
A
N/\N/

Figure 1.35. Synthesis of Bcab-NHC adducts.

The ring expansin reaction could occur by heatinbe THF solution of bilNHC adduct to 70C for 16
hours. Compared to.Bat, B,neops (neop ©CH,CMe,CH,0) was found to be much more reactiith

both the C-N bond breaking of nPrim (nPr = n-propyl) and boron inserton occurring at room
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temperatureRigure 1.48. Furthermore, the reaction is quite different from theaB system where the
NHC ligand bndsto the exocyclic boron atomin latter reaction the second NHC ivoundto the
endocyclic bororwhich leads to theing opening of the neopentyl group and formatiorhef 6 and 8
membered ring structusevith oxygen attachedto the exocyclic boron. This type of reaction is quite

different from the previous elemental insertion reastiwwhich involve an initial Hmigrationstep.

®
Bzcatz _ R—N\\C 8/N—R
> —B—0
o Bcat” /
70°C THF TCa
R\N/\N/R
R; R,
R
R, /
S
Rj N
R
2¢eq
o/ \ nPr\
R = Me, nPr nPr—N\\ e/N—nPr N H
R{=Me, H neopB” NS¢ |
9 N
Boneops, X o) ey’ H
RT THF

Figure 1.36. Ring expansion reaction by,&t and Bneop.

1.S5cope olfesTihs s T
The work presented in this thesis -toocusgadémdai dboby
acceptor systems wirilargtehiobsahli pyed@maintd i emtrdy | bonmma

a rigid naphthalene bridge. The aismcaf p hope mwtoird

reagbfessey st ems fdoorrgdmewdii thhg parbaicltiitcyalf oarppl i cati on.
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Chapter 2 describes theBMgan-thls U s c bi oanaahp hgtéhtayl lecnden
species, which was found to be highly stable towa

the daooeptor moiety.

Chapter 3 devajiupad ade ddaoadoenptror compound functio
phosphine and boron substituents.-splahde «cloanrpgpa ndr
transition whiclkstaong!| dualt esemassi obb@eapdtulmvaysandt

response to fluoride ions.

Chapter 4 probes theshfalpedr isdest &@inf ibryi tdyecofeatshagUt
phosphorus center by i ntrmtoadrus iwhgi ante trhe/d ulgtr 0 uipn oa |
BMes As a result, these compounds display signifi

addition of fluoride i ons.

Chapter 5 describes an unsuhsaupaeld iseyascisesne iddd y na Caialp & le
presenceredferacybNj Hd cnat hyg Ry hii d{dBdel | Me behaves as
generating-yaipeosmhorihhs t Wequitwealresntapafr t l-avhdi ete® af f
bri dged -lpdmoes pchoimmpeo uregr o€hdpsean overall summary of

this thesis and proposed future worKk.
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Chapter 2
Hi ghly CDog#st¢te@BOampound: S yPrrtohpeesritsi easn

of a rABMeBRRhFuncti olnMaiphedhal ene

2.1 Introduction

Frustrated LewisPairs (FLPs) containing bulky and complementary Lewis acids and bases have
generatedntense research interest recently as a result of the umesgéivity displayed by these unique
structures lacking donoracceptor bond Triarylborane and phosphine containing Frustrated Lewis Pairs
are one typical class of these reactipedies and have bestudied comprehensively.For the most part,

these compounds are bridged by a linker which usuatjareies the desired reactiyit 1,8 Naphthalene

is a highly rigid linker that can be used to connect donor and acceptgrsgata fixed distancehelpng

to control the reactivity of such moleculesEor instance, functionalizing 1;8aphthalene with electron
deficient groups such as triarylboryl or cationic units has been imeistigated and introduces
Coulombic effect for fuoride ion sensing. Erker et al. have demonstrated that two phosphine groups
attached to 1/8aphthalene in the presence of Efg): will behave as an effective catalyst in the BLP
catalyzed hydrogenation of silyl enol ethér@ur group also establistiethat amineborane doner
acceptor systemgsonnected by a naphthyl linker display distinct thresphce charge transfer

l umi nescence and -oman fHea oapeslcieaineadtr tdideveldpre aews e n's o 1
phosphineborane containing damacceptor system, we designed a molecule with a rigid naphthalene
skeleton which can help to fix the electron donating and accepting moieties at a certain distance with the
aim to control ractivity. We chose to emplagbulky diphenylphosphingroupasthe Lewis base anal
dimesitylborongroup as the Lewis acid to increasteric hindrance and prevent prematurely forming a
phosphineborane adduct. For the purpose of selectively sensing small ions like fluoride, theABMes

unit is well known to resisnucleophilic attack by bigger donor group®’ This chapter will introduce
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synthetic strategyharacterizatiomnd reactivity study ofompound?.1as shown in Figure 2.1. Recently
several phosphineborane functionalizechaphthalenecompound$ also have ben investigated. By
manipulating the substituents on phosphine and boron sgtiterdistancgeof P-B canbe considerably

varied by attractive and repulsive forces (2:04.89 A) toenforce or discourage-P dative interaction

P B , /P —>B P B\
cl”’/ I R i-Pr” [ IR P / | “Mes
Cl R i-Pr R Ph Mes
R = Mes, 2,6-Me,CgHs, no P-Bbond R = Mes (A), Cy (B) 2.1

R = 3,5-(tBu)CqHs, with a P-Bbond R R = fluorenyl (C)

Figure 2.1. Left: the recent examples ofB>compounds reported Byokitoh andBourissouet al; Right:
the target molecul2.1.

2.2 Experimental

2.2.1 General Procedures

All reactions were carriedut under a nitrogen atmosphere. Reagents were purchased from Aldrich
Chemical Company and used without further purificationnTayer and flash chromatographk were

performed on silica getH, *C, B, and®'P NMR spectra were recorded on Bruker As@ 300 and 500

MHz spectrometers. Deuterated solvents were purchased from Cambridge Isotopis sp&ttra were

recorded on a Varian Cary 50 Bio spectrometer. Melting points were recorded on a Fisher Johns melting
point apparatuddigh-resolution masspectra (HRMS) were obtained from an Applied Biosystems Qstar

XL spectrometer. Elemental anags were conducted at Laboiedo dO6 Anal yse £l ®men

l 6Uni versit® de Montr ®al . Photoirradiation exper.i

46



reactor. 1,8diiodonaphthalene and-diphenylphosphin@-iodonaphthalene were synthesized by a

modified literature procedur®.

2.2.2 Synthesis of 1;®iiodonaphthalene

1,8-Diaminonaphthalenél0.0g, 63.2mmol) wasdissolved in 120 mL 6.9 M $$0, solution and then
cooled to-20 °C with stirring. 13.1 g (189.6 mmol) NaN@issolvedin 50 mL HO, weresubsequently
added dropwise ail5 °C to -20 °C, followed by the addition of 63.0 g (379.5 mmol) KI dissolved in 50
mL H,O at the same temperature. The reactnixture waghenquickly heated up to 8€C for a short
time. Upon cooling t@oom temperaturehe reactiorwas neutralized with NaQHnd the resulting solid
wasfiltered off with suction and then extracted with diethyl ether in a Soxhlet apparausamsdays.
The extract was washed with 50 mL 10 % HCI solution, saturate8,®asolution and 1 M NaOH
solution, respectively. After dryingver MgSQ, the solvent was removed by raaaporation to afford
the crude product as a brown solid. -D8odonaphthalene was purified over silica gel witthexanes as
light yellow solid (14.3 g, 6%). *H NMR (300 MHz, CDC}, &) : 38 & 23 Hz, = 1.2 Hz,
2H), 7.85 (dd33y; = 8.2 Hz,*Jyin = 1.2 Hz, 2H), 7.08 (dfJy; = 8.0 Hz,%Jyw = 7.5 Hz, 2H) ppm;

BC{'H}NMR (75 MHz,CDCL, U4): 144.0, 135.8, 132.2, 131.0, 12

2.2.3 Synthesis o1-Diphenylphosphino-8-iodonaphthalene

1,8-Diiodonaphthaleng2.0 g, 5.26 mmol) asdissolved in 30 mL of dry degassed THF in a 100 mL
Schlenk flask. The solution was cooled-¥® °C for 15 min; them-BuLi (2.4 mL, 1.60 M in hexanes,

3.84 mmol) was added dropwidsy syringe. After the mixture was stirred for 1 h &8 °C,
chlorodiphenylphosphine (0.65 mL, 3.5 mmol) was added dropwise. The mixture was slowly warmed to
room temperature and stirred overnight. The solvent was reniyvedtaevaporationand the resiue

was partitioned between GEI, and water. The water layer was extracted twice with@} and the
combined organic layers were dried over MgSiltered, and purified on silica gel (10:1 hexanes/Ch

as the eluent) to afford 490 mg ofdiphenylphephine8-iodonaphthalene as a white solid (32% vyield).
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'H NMR (300 MHz, CDC}, ©) : By & 0.4 Hzddg, = 1.1 Hz, 1H), 7.86 (m, 1H), 7.80 (dd,
i 1= 7.6 Hz,9yw = 1.9 Hz, 1H), 7.24 7.36 (m, 12H), 7.09 (dd}: = 8.0 Hz,*Jyy = 7.4 Hz, 1H)
ppm; *C{*H} NMR (75 MHz, CDCk, ©) : 142. 9, 138. B4, 13038 728.6,1284,36. 1,

126.7, 125.6, 92.2 ppritP{*"H} NMR (121 MHz, CDC},  12.5:ppm.

2.2.4Synthesis of2.1

1-Diphenylphosphin-iodonaphthalene (300 mg, 0.68 mmol) was dissolved in 20 mL of dry degassed

THF in a 50 mL Schlenk flask. The solutiwas cooled te78 °C for 15 min; them-BuLi (0.47 mL, 1.60

M in hexanes, 0.75 mmol) was added dropwise by syringe. After the mixture was stirred fo7& PGyt

10 mL of a THF solution of BMgE (183 mg, 0.68 mmol) was added. The mixture was slasiyned to

room temperature and stirred overnight. The solvent was removedcig and the residue was
partitioned between Ci&l, and water. The water layer was extracted twice with,GTH and the

combined organic layers were dried over MgSiiitered, and purified on silica gel (5:1 hexanes/CiH

as the eluent) to afford 149 mg @fl as a white solid (38 yield).'H NMR (500 MHz, CDC}, a) 8. 12
(d, %3y n = 8.2 Hz, Naph, 1H), 7.80 (&} = 6.6 Hz, Naph, 1H), 7.73 (m, Naph, 1H, Ph, 2H), 7.61 (t,

3w = 8.2 Hz, Naph, 1H), 7.47 (m, Naph, 2H and Ph, 3H), 7.T3{t,= 6.9 Hz, Ph, 1H), 6.86 {}u

= 6.3 Hz, Ph, 2H), 6.79 (s, Mes, 1H), 6.60 (m, Mes, 1H and Ph, 2H), 6.37 (s, Mes, 1H), 6.04 (s, Mes, 1H),
2.30 (s, Me, 3H), 2.08 (s, Me, 3H), 1.99 (2 \8H), 1.94 (s, Me, 3H), 1.28 (s, Me, 3H), 1.23 (s, Me, 3H)
ppm."*C{*H} NMR (126 MHz,CDC,, U) : 143.7, 143.6, 143.5, 142.8,
133.2, 133.1, 133.0, 132.5, 132.4, 132.4, 132.2, 132.0, 131.8, 131.5, 130.9, 130.6, 130.3,2829,

128.8, 128.64, 128.6, 128.5, 128.4, 128.2, 126.6, 126.5, 125.3, 124.6, 26.1, 26.0, 25.7, 24.7, 20.9, 20.5
ppm."B{'H} NMR (160 MHz, CDCL, U0 ) : FB{HPNMRE 202 MHz, CDCk, U) : 11. 1 py
Melting point: 229 °C. HRMS (El): calcd for s8H3BP 560.2811, found 560.2829. Anal. Calcd for
C4oH3eBP: C 85.70, H, 6.80. Found: C 84.57, H 7.12. This sample was analyzed three times using crystals,
and the results consistently showed a low carbon content, which may be caused by incomplete

combustion bthe boron atom.
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2.25 Synthesis of 2.2

Compound2.1 (30 mg, 0.054 mmol) was dissolved in 10 mL of dry degassed THF in a 50 mL Schlenk
flask with a stir bar. The solution was cooled0 °C for 15 min. lodobenzediehloride (15 mg, 0.054
mmol) was addednio the solution. The mixture was slowly warmed to room temperature and stirred
overnight. The solvent was removed in vacuo, and the residue was dissolvegCip. THe addition of
hexanes to the Gigl, solution of2.2 led to the isolation of colorlessystals 0f2.2 in ~40% yield. *H

NMR (500 MHz, CDC}, U ) : %384 =18® HZ, Naph, 1H), 7.79 (4} = 8.0 Hz, Naph, 1H), 7.67

(br, Ph, 2H), 7.57 (dg,JHTH = 6.8 Hz, Naph, 1H and Ph, 1H), 7.45 (m, Naph, 2H and Ph, 3H), 7.34 (q,
%341 = 6.9 Hz, Naph, 1H), 7.10 (m, Ph, 4H), 6.79 (s, Mes, 1H), 6. Mds, 1H), 6.05 (s, Mes, 2H), 2.29

(s, Me, 6H), 1.97 (s, Me, 3H), 1.93 (s, Me, 3H), 1.80 (s, Me, 3H), 0.85 (s, Me, 3H)"{itH} NMR

(126 MHz, CDC}, 14%.5, 141.9, 141.2, 140.1, 138.5, 135.1, 134.6, 133.7, 132.7, 131.5, 130.9, 129.5,
128.7,127.7,25.7, 122.8, 117.6, 116.7, 30.9, 29.8, 25.9, 25.3, 24.5, 20.5'tpf4} NMR (160 MHz,

CDCl, U) : *P{"8NMR)(202MHz,CDCk, U): 42.5 ppm. Melting poin
calcd for GgH3gBPO (M + HY 577.2839, found 577.2867. Anal. Calcd @H3sBPO: C 83.30, H 6.60.

Found: C 83.17, H 6.74.

2.2.6 Reactivity Studies

2.2.6.1 NMR Experiment of H Activation by 2.1

A sealable Jd¥oung NMR tubewas charged witt2.1 (10 mg, 0.8 mmol) dissolved in dry §Ds and
sealed forming a clear solutiofihe sample was processed a frepampthaw procedure by liquid Nn

order to degas the solution. The sample was exposed to a positive pressugasffét 10 minutes at
room temperature. The sample was sealed under 1 atm ahdmonitored over one wk at room
temperatureby '"H NMR spectra at different time intervals, which showed that there was no reaction
betweer?.1and H. The same eeriment was then performed7i °C. Againno reaction was observed

afterone week.

49



2.2.6.2 NMR Experiment of CQ Activation by 2.1

Experimental techniques and results are similar as descril2e2l @1.

2.2.6.3 NMR Experiment of Q Activation by 2.1

Experimental techniques and results are similar as descril2e?l &1.

2.2.6.4 NMR Experiment of Phenylacetylene Awation by 2.1

Inside of a glove box, a sealableydung NMR tubewas charged witi2.1 (10 mg, 0.8 mmol)
dissolved in dry degassedl@zgwi t h t he addition of phenyl acetyl ene
sealed for one week at room temperatisllowed by recording théH NMR spectra at different time
intervalswithout any change. The sample was then heated up to 75 °Cefovemk and did not show any
change.

2.2.6.5 PhotoreactivityStudy of 2.1

Inside of a glove box, a NMR tulweas charged witl2.1 (5 mg, 0.@9 mmol) dissolved in dry degassed
CsDs and thersubjected to UV irradiation at 350 nm inside a Rayonet photochemical reactor followed by

recording théH NMR spectra at different time intervals. The sample did not show any change.

2.2.7 Computational Studies

The density function theory (DFT) computations for compa2uddvere performed using the Gaussian09,
revision B.01'?software package and the High Performance Computing Virtual Laboratory (HPCVL) at
Queends Uni v e rssatetgsmetried for@.1 veere dullynogtimized at the B3PWHY 9/6-
31G(d,p}** or CAMB3LYP/ SVP? level of theory. The initial geometric parameters in the calculations
were employed from crystal structure data for geometry optimization. The opened and closed structures
of 2.1 were characterized as minima on theeptinl energy surface through frequency calculations.
Further timedependent density function theory (IFT) calculations were performed to obtain the

vertical singlet excitation energies.
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2.28 X-Ray Diffraction Analysis

Single crystals oR.1 and 2.2 were mounted on glass fibers and were collected on a Bruker Apex I
singlecrystal Xray diffractometer with graphimonoc hr omat ed Mo KU r adi ati or
and 30 mA and at 180 K. Data were processed on a PC with the aid of the Bruker SHELXTL software
package (version 6.18)and corrected for absorption effects. Compds2.1 and 2.2 belong to the

monoclinic crystal space group P21/n and P21l/c, respectively. Athydmogen atoms were refined
anisotropically. The crystal data @f1 and 2.2 have been deposited at the Cambridge Crystallographic

Data Center (CCDC 93123and 931933).
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Table 2.1. Crystal data and structure refinement for compound2.1

Compound 2.1
Formula C40H381P1
Formula weight 560.48

T.K 180(2)
Wavelength, A 0.71073
Crystal system Monoclinic
Space group P2(1)/n

a A 10.0715(2)
a,’ 90

b, A 27.7173(4)
b, ° 95.0840(10)
c, A 11.3586(2)
g° 90

v, A® 3158.33(10)
Z 4

Density (calculated), Mg/?n 1.1°™
Absorption coefficient, mm 0.114

Theta range for data collectich, 2.591027.12
Reflections collected 15267

Independent reflections
Completeness to theta = 27.04°

6929 [R(int) = 0.0243]
99.2%

Data / restraints / parameters 6929/0/ 385
Goodnes®f-fit on F 1.058

Final R indices [I>2sigma(l)]

R? 0.0418

WR,’ 0.1040

R indices (all data)

R, 0.0556

WR,’ 0.1115
*Ri=x {(RIH o x|F

"WRy= [ xEFIF 1 HIPw( F
w = AR+ (0[0&5P]], where P = [Max (F, 0) + 2F7 / 3
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Table 2.2. Crystal data and structure refinement for compound2.2

Compound 2.2
Formula C40H38B101P1
Formula weight 576.48

T.K 293(2)
Wavelength, A 0.71073
Crystal system Monoclinic
Space group P2(1)/c

a A 12.630(8)
a,’ 90

b, A 12.130(7)

b, ° 105.285(7)
c,A 21.567(13)
g° 90

v, A 3187(3)

Z 4

Density (calculated), Mg/?n 1.201
Absorption coefficient, mm 0.117

Theta range for data collectioh, 1.67 to 26.00
Reflections collected 17007

Independent reflections
Completeness to theta = 27.04°

6268 [R(int) = 0.1581]
99.8%

Data / restraints / parameters 6268 /0/394
Goodnes®f-fit on F 0.970

Final R indices [I>2sigma(l)]

R,® 0.0697

WR,’ 0.1341

R indices (all data)

R 0.1954

WR,’ 0.1850
*Ri=x {(RIH o x|F

"WR,= [ xMEFIF  x AIWR F
w = AR+ (0[0&5P]], where P = [Max (F, 0) + 2F7 / 3
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Table 2.3. Crystallographic data for compounds 2.1

P(1)}C(7)
P(1)}C(17)
P(1)}C(11)
P(1)}B(1)
B(1)-C(1)
B(1)-C(23)
B(1)-C(32)
C(1)C(6)
C(6)-C(7)
C(7)P(1)C(17)
C(7)P(1)C(11)
C(17)yP(1)C(11)
C(7)P(1)B(1)
C(17)}P(1)B(1)
C(11)}P(1)B(1)
C(1)B(1)-C(23)
C(1)B(1)-C(32)
C(23)B(1)-C(32)
C(1)B(1)-P(1)
C(23)B(1)-P(1)
C(32)B(1)-P(1)
C(2)-C(1)-C(6)
C(2-C(1)B(1)
C(6)-C(1)B(1)
C(7)-C(6)-C(1)
C(8)-C(7)-P(1)
C(6)-C(7)P(1)
C(18)}C(17)P(1)
C(22)C(17)P(1)
C(33)}C(32)B(1)
C(37)}C(32)B(1)

1.8098(14)
1.8200(15)
1.8274(15)
2.1612(16)
1.624(2)
1.628(2)
1.648(2)
1.4218(19)
1.419(2)
104.53(7)
108.83(6)
103.42(7)
93.92(6)
118.88(6)
124.75(7)
109.58(12)
118.37(12)
118.90(12)
93.82(9)
117.67(10)
95.21(9)
116.78(13)
123.67(13)
119.55(12)
118.62(12)
128.37(12)
110.90(10)
121.36(12)
119.72(12)
124.71(13)
119.34(13)
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Figure 2.2. The ORETP diagram afompound2.1 with 50% thermal ellipsoids and labeling schemes. H
atoms were omitted for clarity.
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Table 2.4. Crystallographic data for compounds 2.2

P(1}O(1)
P(1)}C(7)
P(1)}C(11)
P(1)}C(17)
O(1)B(1)
B(1)-C(1)
B(1)-C(32)
B(1)-C(23)
O(L1)}P(1)}C(7)
O(1)}P(1)}C(11)
O(1)}P(1)}C(17)
C(7)P(1)C(17)
C(11)P(1)C(17)
P(1}O(1)}B(1)
O(1)B(1)-C(1)
O(1)B(1)-C(32)
C(1)B(1)-C(32)
O(1)B(1)-C(23)
C(1)B(1)-C(23)
C(32)B(1)-C(23)
C(2)-C(1)B(1)
C(6)-C(1)B(1)

1.532(3)
1.779(4)
1.789(5)
1.803(4)
1.621(6)
1.623(7)
1.637(6)

1.655(6)
108.60(19)
108.64(18)
115.10(18)
110.7(2)
105.4(2)
119.7(2)
103.9(4)
108.2(3)
110.0(4)
101.3)
116.8(4)
115.2(4)
121.3(4)
122.1(4)
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Figure 2.3. The ORETP diagma of compoun®.2 with 50% thermal ellipsoids and labeling schemes. H
atomswere omitted for clarity
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2.3 Results and Discussion

2.3.1 Synthesis andcCrystal Structure of 2.1

Compound2.1was synthesized in ithiation steps using 1;8iiodonaphthaled as the starting material.
The first lithiumhalogen exchange was quenched with RPto afford the intermediate compound 1
diphenylphosphin@-iodonaphthalene. In the second step, the dtitide atom was replaced bBMes
group followed by the convsion to the desired produ2tl by a similar procedure where the quenching

reagent was BMeB (39% yield over the last two stepBigure2.4).

1) n-BuLi, -78°C 1) n-BuLi, -78°C
2) PPh,CI, THF 2) BMes,F, THF
_— > _— >

PPh, | P—>B—
2 Ph// | Mes
Ph Mes

Figure 2.4. Syntheticprocedue forcompound?.1.

Compound2.1is a colorless solid and stable under air both in solution and the solid state. It was fully

characterized by NMR, singlgrystal Xray diffraction, and elemental analyses. NMR spectroscopic data

of compound?.1 supportsthe presence of a dative bond between the P and B atom3'PTH4} NMR

spectrum of.1 has a signal at ~11 ppm, which is shifted about 20 ppm downfield compared to that of 1

diphenylphosphin@-iodonaphthalene12.5 ppm) In addition, the"'B NMR spectum displays a signal
at ~14 ppm, which is similar to tHabf compoundA shown in Figure 2.1 and is typical of feur
coordinated boron in a similar environméhit is noteworthy that the six methyl groups from the two
mesityls in2.1 display their own dinct and welresolved chemical shifts (Figure5pin the'H NMR

spectrum at room temperature, indicating a highly congested structure.
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Figure 2.5. '"H NMR (aliphaticregion) spectrunof compound2.1

The presence of a-B bond in2.1 was confirmed by a singlerystal Xray diffraction analysis. The

crystal structure o2.1is shown in Figure 2.6, and the key bond lengths and angles are given in Table 2.3.
The RB bond length is 2.1612(16) Ayhich is similar to thaf of A (2.173(4) A) and some of the
previously reported triarylphosphittiearylborane adduct$®*°The crystal structure confirmed thatl is

indeed a highly congested molecule. Each phenyl and mesityl greua tistinct environment arid
interlocked because of the extensive intramolecular interactions between the aryl groups. For example, as
shown i n Fi gur estacRing6nteractiang beiwéen a anasttyl and phenyl ring with an
approximately facgo-face orientation are eviden -Stacking interactions are also evident in the other

pair of mesityl and phenyl rings, albeit to a lesser degrdé L.CL- L * i nteractions are e
molecule. The boron center is out of the trigonal planar geometry with three aryl grotfidbyrhe

average BC bond length is 1.633(2) A, typical of feaoordinate BMescompounds® The phosphorus

atom has a highly distorted tetrahedral geometry with a very smatBEBond angle (93.92(6)°). The

side view of the structure shows tHafl has an approximately eclipsed conformation with a PC7C1B

torsion angle of 13.7°.
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Figure 2.6. The front view (left) and the sidaew (right) of the crystal structusef 2.1

The formation of the 8 bondin 2.1in solution and in the crystal lattice is quite surprising, considering
the fact that PRhdoes not bind to BMegBh at all in solution or the solid state and the BMesinit is
usually not accessible by nucleophiles larger thanOFH, or CN.2 This phenomenon appears to
contradict the commonly accepted consequ®Wace of
believe, however, that the formation of thé&Rlative bond ir2.1is mainly facilitated by the rigid 1;8
naphthalene linker, which foes the donor and acceptor to bind together, despite the congestion. Similar
congested foucoordinated BMescompounds with a fivenembered chelate ring are known, which all
involve the binding of an internal donor such as a pyridyl, a thiazolyl, orlagt®tocyclic carbene to the
boron centet® Among all known fourcoordinated BMescompounds, compoun?.1 is certainly the

most congested because of the large and rigid aryl groups on the P and B centers. At ~&DgQlie C

B signal of2.1 shifts fom ~14 ppm to ~22 ppm (Figure72and the'P signal moved from ~11 ppm to

~9 ppm (Figure B&), which supports the retention of theBRbond, albeit a weakened one, compared to

that at room temperature.
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22.13

Figure 2.7. *'B{*H} NMR spectrunof 2.1at 353 K in GDs.

9.25

O A B S A

T T T T T T T T T T T
35 30 25 20 15 10 5 0 -5 -10 -15 ppm

Figure 2.8. *'P{*H} NMR spectrunof 2.1at 353 K in GDs.
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DFT computational analyses using the Gaussian 09 suite of prddtamsither the B3PWE" 9/6-
31G(d,pf** or the CAMB3LYP/SVP? level of theory were performed. The rbaund (open) and the
bound (closed) form a2.1 were found as two minima on the potential energy surface through frequency
calculations. For the open form (Figur@)2.the @lculated FB separation distance is 3.06 A (CAM
B3LYP/SVP) or 2.99 A (B3PW91/81G(d,p)), with the lone pair of the phosphine pointing toward the

boron center.

v

Figure 2.9. DFT-optimized structures of ¢ghopen form oR.1 based on CAMB3LYP/SVP (left) and
B3PW91/631G(d,p) (right)

For the closed form (Figure 1), the calculated B bond length is 2.23 A. Surprisingly, the
computational data consistently showed that the open form and the closed fhdnaraf very similar in

energy, as evidenced by the difference of the zero point energy (corrected), 4.43 kJ/ mol, with the open
form being the more stable one. The calculated barrier from the open form to the transition state is only
5.28 kJ/mol (B3PW9H&-31G(d,p)). Thus, it is conceivable that compouhd rapidly interconverts
between the open and the closed form in solution, with #BébBnd oscillating between 2.23 and 2.99 or

3.06 A.
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Figure 2.10. DFT-optimized structuref the closed form c2.1.

2.3.2Photophysical Properties and Reactivity of 2.1

Previously we have reported a number of fdl@late fourcoordinate boron compounds involving the
BMes unit (e.g., B(ppy)Mes ppy = 2phenylpyridyl) (Fgure 211).***"" The steric congestion in the
N,C-chelate BMegs compounds was found to be one of the key driving forces for their facile and

reversible photoisomerization. We were therefore interested in the photoreactivity of the rehvelBi€

compound?.1

Figure 2.11. Examples of N,&helate fourcoordinate boron compounds.

As shown in Figure 2.12, the UMs spectrum o2.1 has an intense absorption band in the region of 340

t030V n m M= +350 nea. Irradiation at 350 nm, however, did not cause any change of the molecule,
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according to NMR and UWis spectra. The other interesting observation is that comp2unid not

fluorescent at all, unlike B(ppy)Mgand derivatives, wibh are all fluorescent.

1.0
0.84
0.6 +

0.4 -

Absorbance

0.24

0.0 v T v T v y v T v ]
300 330 360 390 420 450
Wavelength/nm

Figure 2.12. Absorption spectrmof 2.1in CH,Cl, (1.0 x 10" M).

DFT calculations indicated that the LUMO level of compodridis localized on the naphthyl ring with a

very large contribution fromthe®€£7 °~ or bitals, while the HOMO | evel
naphthyl and mesityl in addition to a large contribution from ti@ P bond 3. FD-Fire 2.1
computational results indicate that the electronic transition involving the firseedcits t at e i s a HO
LUMO transition (97%, f - (0.*)M5&ndd) (@e shiatpyhl) .( 'THhi¥
quite different from that of B(ppy)Mesin which the HOMO to LUMO transition consists of mainly the
mesityl ( ") Y pp ych drives he phatesomevization process. Bdtause of the rapid
oscillation of the FB bond between the bound and Awund form in solution, the-B  ( d) -F fQaph
transition could effectively quench fluorescenem thermal vibrational pathways. Theffextive
competitig oY it ttrheaen it e N naphV fransitiontcduld also be responsible for

the lack of photoreactivity. Thus, compoufldL is a thermally and photochemically stable molecule,

despite its highly congested nature.
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Figure 2.13. HOMO (left) and LUMO(right) orbital diagrams of compouriil (isocontour value = 0.03).

The persistent 8 bond in compoun@.1is also reflected by its high chemical stability toward small
molecules. Compoun.1 does not react with {1 O,, phenylacetylene, or GQOupon heating or
photoirradiation. The lack of reactivity to activate small molecules like other FLPs is probably due to the
steric congestion of the whole compound, which prevertattack on smaleactantsFurther,the rigid
naphthalene linker fixes the electron donor and acceptor groups to form a relatively stalaedibved

boron center is not agectron deficienas B(GFs).Ar which is the common Lewis acid component in

other reactive FLP$.2 37

The only species that have bdennd to react with compouri1 are halogen molecules suchrRid-Ch

or I, (Figure 2.14) However, our attempts to isolate the proddicisn thereaction with halogepxidants
have consistentlled to the isolation of an interesting okoidged productcompound2.2, presumably
due to the hydrolysis of the haligeoduct wth adventitious watein the solvent, whicls not surprising

since PP¥CI, is well known to hydrolyzeforming O=PPh as he product’
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P Mes Ph" Ph  Mes Ph 9 Mes

Figure 2.14. Proposegathway for theormation ofcompound2.2.

3p NMR spectra indeed confirmed the oxidation2df by PhI-C} or l,. However, the reactiowith
Phl-Cl, is very messy, with multiple products (Figure 2.15). The reaction with $lower but much
cleaner. The addition of O to the NMR solutions of the oxidized mixture indeed generated compound
2.2, along with unidentified species (see Fig@r#6). The precursor compound that led to the formation
of compound2.2 is likely a five-coordinate compoun®(1-X,), as shown in Figure 2.14. TR¥®{*H}

NMR spectrum of.2 has a peak at ~43 ppm, which is ~31 ppm downfield from that of compgbund
supporting the change of the phosphorus oxidation state from +3 to +5. Compared®toftatPPh,

the 3P chemical shift oR.2is about 20 ppm downfield shifted, which can be attributed to the formation
of a B-O bond with the same oxygen atom. In fachas been demonstrated previously that the formation
of a dative bond between the oxygen atom of OzRRH a Lewis acid can cause a significant downfield
shift of the*'P chemical shift® The 'B{*H} NMR spectrum of2.2 exhibits a signal at ~7 ppm, which
about 5 ppm upfield shifted, relative to that2of, perhaps due to thabkoromgreater

atom by the oxygen atam
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2.1 + Phl-Cl, in CD,Cl,

2.2

Unknown compounds

2.1 + PhI-Cl, + D,0 in CD,Cl, |

T T T T T T T
70 65 60 55 50 45 40

Figure 2.15. Stacked'P NMR spectra showing the oxidationaf by PHtCl, (1.5 eqiv.) and the
conversion of the oxidized compound£t? after the addition of D in CD,Cl,.

67



2.1, 2.1
2.2

Unknown compound

2.1 + 13 + D70 yypimimn

21+1,

21

T T T T T T T T T T T T T T T
65 60 S5 S0 45 40 35 30 25 20 15 10
Chemical Shift (ppm)

Figure 2.16. Stacked'P {*H} NMR spectra showing the oxidation &fL by I, (1.5 eqiv.) and the
conversion of thexidized compounds 2.2 after the addition of BD in CDCE.

The crystal structure df.2is shown in Figure 271 The RO bond length (1.532(3) A) is consistent with

a P=0 bond, although it is considerably longer than'that O=PPh (1.479(2) A) because of the
formation of a dative @ bond involving the same oxygen atom. Th® Bond in2.2is however shorter
than that of a 1;azaborine adduct with a triphenylphosphine oxide (1.5563(13) A), in which the boron
atom is bound to thexggen atom with a trigonal planar geomeiti.he B-O bond length (1.621(6) A) is
somewhat longer than the typicalt@ bond lengths reported previously in fauoordinated boron
compound$! because of the highly congested environment around the boroer.c&he PC bond
lengths in2.2 are allnotably shorter than those 201 The K1)-C(7)-C(1)-B(1) torsion angle (19.8(4)°) is
much greater than that &1 The POBCCC sikmembered ring has a halhair conformation. The

tetrahedral geometry around theopphorus center is much less distorted compared to tBat lrecause
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of the reduced congestion. Nonetheless, one mesityl ring and one phenylZiggnmintain the faceo-

face parallel orientation as observe®ittwi t h s i estadkifigiinte@aorts.

Figure 2.17. The front viewof the crystal structusof 2.2.

The lowenergy absorption bands in the Wis spectrum oR.2is blue-shifted compared to those 2f1
(Figure 2.B), consistent witlthe cleavage of the-B dative bondandthe oxidation ofthe phosphorus

center

1.0 1
0.8 1
0.6 1

0.4 1

Absorbance

0.2 1

0.0 1

280 300 320 340 360 380 400 420
Wavelength/nm

Figure 2.18. Absorption spectrmof 2.2in CH,Cl, (1.0 x 10" M).
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2.4 Conclusions

Despite the high egree of steric congestion, compound was found to possess a typicaBRlative

bond that is persistent in solution, which is surprisingly different from the classical description of
AFrustrated Lewi s 2ddifferentstimulpsahras reat ordightuno ehanges were
observed. Based on DFT calculatio4l is believed to exist in equilibrium between two forms, termed
as open and closed, which both possess similar ground state energies. Thus, it is conceivable that
compound2.1 rapidly interconverts between these forms in solution, which correspondsBtbdad
oscillation between 2.23 and 3.05 A1 displays no reactivity toward common small molecules, with the
exception of halogens reagents such,asr IPhICL. The high stabilityof 2.1 can be attributed to the
highly congested nature of the molecule and the highly rigiehdphthyl linker which prevents the
exi stenc-aeonf r al faeptar spdces Dhe reactiordf with halogens in the presence

of water leadsa the formation and isolation of a@®B compound2.2, which is also very sterically

congested.
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Chapter 3
A DtEani s®hwve pbBomamrcevi s Pal-3h avpLd dn laa d

It s Fluori dedBi nding S

3.1Introduction

Triarylboryl functionalized door-acceptor compounds can display charge transfer (CT) transitions from
electon donating groups to emptygpbitals of electron accepting groups. The fluorescence intensity of
these systems usually depends on the linker used to connect the donor ptat acogponents?*©and

have been extensively studied for applicatisnsptoelectronic and sensing materigl$lonconjugated
donoracceptor compounds containing triarylboryl groups are particuliatisresting because they
facilitate turnon fluoresentsensing for small anioff§ and may possess unusual reactivity such as those
observed forFrustrated Lewis PairsPreviously our group has fully investigatét and Ushaped
nonconjugatealonoracceptor amindorane systems which display throtgpece CT fluorescence and
affinity for fluoride and other small nucleophil&S. Recently a number of nonconjugated phosphine
boranecompounds, which contain triarylphosphines as electron donating groups, have been reported
where each moiety is directiyttached to a 1$aphthylbackboné. However, because the donor and
acceptor groups in these systems can fodativebonds with each other or are in very close proximity (P

B distance 2.08 3.05 A) due to the rigid naphthalene skeleton, they show few ititeygshotophysical

or chemical propertiesTo obtain a greater distance between the phosphine/borane moieties and facilitate
throughspace CT fluorescence, one effective apprasith insert a linker between the naphthyl and the

P and Batoms to force # donor and acceptor groups apart. Such systems would allow us to access not
only newthroughspace CT systems for sensing applications butualssual reactivity introduced by the
bulky phosphine group, which isuch more reactive than the conjugatedramjroup® On the basis of

these considerations, we have synthesized and investigated the first examplesbé&pethonbound
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donoracceptor compound containing triarylphosphine as the Lewis base and triarylborane as the Lewis

acid3.1(Figure 3.}, whichdisplays intense dual emissiand can be used as a tam fluoride senor.

@P Bﬁ\
Figure 3.1. Target molecul&.1

3.2 Experimental

3.2.1 General Procedures

All reactions were arried out under a nitrogen atmosphere. Reagents were purchased from Aldrich
Chemical Company and used without further purification. Téyer and flash chromatography were
performed on silica gefH, **C and*P NMR spec@were recorded on Bruker Avam@00 or 500 MHz
spectrometers. Deuterated solvents were pasthdrom Cambridge Isotopes. WNs spectra were
recorded on a Varian Cary 50 Bio spectrometer. Emission spectra were recorded using a Photon
Technologies International QuantaMaster Model Zspeeter. Solution quantum yields were calculated

using optically dilute selt i ons ( A a (QOdli)p hreenlydtaintehrta@efle (0 =

analyses were conducted at Laboisgo d 0 A Ela®@rmgesret ai re de | 6Universit® d

3.2.2 Synthesis 01,8 Diiodonaphthalene

Experimental techniquesnd synthetic procedusreassame as described 212.2
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3.2.3 Synthesis o1-Diphenylphosphino-4-bromobenzene

1,4Dibromobenzene (3 g, 12.7 mmol) was dissolved in 30 mL dry degassed THF in a 50 mL Schlenk
flask with a stir bar. The solution was cooled-T® °C for 15 min, ten n-BuLi (5.6 mL, 2.5 M in
hexanes, 14.0 mmol) was added dropwise by syringe. The mixture was stirred 1fi@utGiand 2.35

mL of CIPPR (12.7 mmol) is added in a dropwise manner. After warming the mixture to ambient
temperature and stirring overnighithe solvent is removed by re¢xaporation and the residweas
partitioned between Ci€l, and waterThe mixture wasracted twice with CkCl,, and the combined
organic layers were dried using Mg$énd filtered. The mixture waspurified on silica gelhexanes as
eluent) to afford 4.1 g of-diphenylphosphing-bromobenzeneas white solid (9% vyield). ‘H NMR

(300 MHz,ds-acetone U ) : 7. 5 2.33((6H)H7.26 (4R), 73L8 (2H) pprhiiC NMR (75.4 MHz,
de-acetone  37.28, 137.04, 135.38, 133.72, 131.67, 128.66, 128.94, 123.26"BpNiyIR (121 MHz,

ds-acetone ): .7 ppm.

3.2.4 Synthesis o1-Dimestylboryl -4-bromobenzene

1,4Dibromobenzene (1 g, 4.2 mmol) was dissolved in 20 mL dry degassed THF in a 50 mL Schlenk
flask with a stir bar. The solution was cooled-T® °C for 15 min, them-BuLi (2.9 mL, 1.6 M in
hexanes, 4.6 mmol) was added dropwise by syringe. Themaiwtas stirred 1 hour a8 °C and 1.14 g

of BMesF (4.2 mmol) is added. After warming the mixture to ambient temperature and stirring overnight.
The solvent is removed by regavaporation and the residueas partitioned between Ci&l, and water.

The mixure was gtracted twice with CKCl,, and the combined organic layers were dried using MgSO
and filtered.The mixture was yrified on silica gel (hexanes as eluent) to affo@B1g product aawhite

solid (6@ yield)."H NMR (400 MHz, CDCJ, U ) : H),77.364(3H), 6.83 (4H), 2.31 (6H), 2.00 (12H)

ppm;®C NMR (100 MHz,CDGJ, U): 140.92, 139.08, 137.94, 131.

3.2.5Synthesis ofl-1odo-8-(p-dimesitylborylphenyl)naphthalene3.1a
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1-Dimestylboryl-4-bromdoenzend405 ng, 1.0 mmol) was dissolved in 20 mL dry degassed THF in a 50
mL Schlenk flask with a stir bar. The solution was coolee/&°C for 15 min, them-BuLi (0.75 mL,

1.6 M in hexanes, 1.2 mmol) was added dropwise by syringe. The mixture was stirred 1-R8UCat
then ZnCHTMEDA) (303 mg, 1.2 mmol) was added into the solution. The mixture was warmed up to
room temperature slowly and kept stirring for 1 hour. Thehdiiodonaphthalen¢€380 mg, 0.5 mmol)
and Pd(PP{, (30 mg, 0.05 mmol) were added. The raiet was stirred and refluxed f@4 hrs. The
solvent was removeih vacuoand the residugvas partitioned between Ci€l, and water.The mixture
wasextracted twice with CECl,, and the combined organic layers were dried using M@®@ filtered.

The mixtue waspurified on silica gel (10:1 hexanes: gH, as eluent) to afford 225 nf§jla as white
solid (40% yield).*H NMR (300 MHz, CDCl,, : T188(1H), 7.79(1H), 7.56(2H), 7.42(6H), 6.89(4H),
2.35(6H), 2.12(12H) ppm **C NMR (126 MHz, CDGJ, U): 144.4, 141.3, 140.7, 138.9, 137.8, 131.3,

128.3, 23.4, 21.2 ppm.

3.2.6Synthesis of 1(p-diphenylphosphinghenyl)-8-(p-dimesitylborylphenyl)naphthalene 3.1)
1-Diphenylphosphingl-bromdenzend316 mg, 0.926 mmol) was dissolved in 20 mL dry degassed THF
in a 50 mL Schlenk flask with a stir bar. The solution was cooled&GC for 15 min, them-BuLi (0.64

mL, 1.6 M in hexanes, 1.020 mmalgas added dropwise by syringe. The mixture was stirred 1 hoeur at
78 °C, then ZnG[TMEDA) (292 mg, 1.158 mmol) was added into the solution. The mixture was warmed
up to room temperature slowly and kept stirring for 1 hour. T8dma (359 mg, 0.620 mmol) ral
Pd(PPh)4 (80 mg, 0.069 mmol) were added. The mixture was stirred and reflux@d fos. The solvent
was removedn vacuoand the residuevas partitioned between Ci€l, and water.The mixture was
extracted twice with ChkLCl,, and the combined organiaylers were dried using Mgg@nd filtered.The
mixture was prified on silica gel (5:1 hexanes: @El, as eluent) to afford 257 n®)1 asa white solid
(39% vyield)."H NMR (500 MHz, CDCl,, U ) (d, Tun =&.88 Hz, Naph, 2H), 7.6am, Naph, 2H),
7.43(t, °Jy.y = 5.6 Hz, Naph, 2H), 7.26n, Ph, 12H), 7.1Qt, *J..4 = 7.0 Hz, Ph, 4H), 7.0, 3. = 6.94

Hz, Ph, 2H), 6.8§s, Mes, 4H), 2.3@s, Me, 6H), 2.03s, Me, 12H) ppm?'P{*H} NMR (202 MHz,

77



CDCl,, -8.0 ppm;®C NMR (126 MHz, CBCl,, tU) 148.4, 144.6, 142.1, 1¢
138.4, 138.3, 137.3, 136.2, 135.0, 134.9, 134.3, 134.2, 134.0, 133.7, 133.5, 132.0, 131.7, 130.2, 130.1,
129.7, 129.6, 129.1, 129.0, 128.9, 128125.9, 125.8, 24.4, 21.5 ppm. Anal. Found: C 87.72, H 6.56.

Calcd for G,H4BP: C 87.6, H 6.4.

3.2.7 Computational Study

The DFT calculations were performed using the Gaussian 09, revisiont oftfyare package and the

High Performance Computing Yiru a | Laboratory (HPCVL) atstal®ueends
geometries were fully optimized at the B3L¥Ievel using the @1G(d) basis set for all other atofs.

The initial geometric parameters in the calculations were employed from crystal strdatardor

geometry optimization except for the fluoride adduct8.4f for which the initial geometry parameters

were established by Gauss View (version 3.08)-0ORX calculations were performed to obtain the

vertical singlet and triplet excitation enexgi

3.2.8X-Ray Diffraction Analysis

Single crystal oB.1wasrecrystallized by slovevaporatiorfrom the solution of hexaneghe crystal was
mounted on glass fibers andiscollected on a Bruker Apex Il singteystal Xray diffractometer with
graphitemonochr omated Mo KU radiati on, operating at
processed on a PC with the aid of the Bruker SHELXTL software package (version 6.10) and corrected
for absorption effectsThe crystal structure data of 3.1 have been depgded at the Cambridge
Crystallographic Data Center (CCDC Nos. 967364) and are shown in 34bl&he selected bond

lengths and angles are given in Tab2

3.2.9UV-Visible and FluorescenceTitration of 3.1 with Tetrabutylammonium Fluoride (TBAF)

and Fluoride Binding Constant Calculation
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3.2.9.1 Fluoride Titration

Fluoride titratiors were monitored via UWvisible and Fluorescence spectroscopy. A titration was
performed betweeB.1 (1.0 x 10° M in 3 mL of CH,Cl,) and TBAF, in which case the concentatiof

TBAF was increased incrementally from 0 M up to ¥.80° M. The titrations of the UWisible and
Fluorescence spectra were recorded after each addition, and a spec&karnwad also recorded in the
absence of TBAF prior to the titration.

3.2.92 Fluoride Binding Constant Calculation

Once the titrations were complete, plots of the change in the Absorption versus the fluoride concentration
were subsequently prepared. Wavelengths were carefully chosen to ensure that the strength of the
absorbanceignal was sensitive to complex formation between the ligand and the fluoride ions, and that
the changes in the absorbance signal were not due to other phenomena. The changes in the observed
absorbance intensityDAq.s = A-Ay) observed at complexatisensiive wavelengths were reported

relative to the absorbance intensity that was exhibited3.iyin the absence of the fluoride ions.
Whenever possible, the binding constants were determined using a least squares fitting method based on a
1:1 binding isothernatilized previously by Macartney and-emrkers? in which the binding constanik}

and the limiting change in the absorbance intendd{iing) Were taken as floating parameters. In
particular, a plot of the predicted change in absorbance verstisighide ion concentrationDA predgicted

vs. [F]) was compared with a plot of the observed change in absorbance versus the fluoride ion
concentrationAps vs. [F]). The values 0DAchiceaWere calculated based on the 1:1 binding isotherm

expressed bgquation according to equations:1

[HEB] = (b - (b* 1 4[GloalH] 1) *)/2 1)
Whereb = [G]total + [H]total + K_l (2)
DA predicted= DA\imiting X ([H@]/[G]total) 3
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Table 3.1. Crystal data and structure refinement for compound3.1

Compound 3.1
Formula C52H46B1P1
Formula weight 712.67

T.K 180(2)
Wavelength, A 0.71073
Crystal system Monoclinic
Space group P2(1)/c

a A 27.139(4)
a,° 90

b, A 11.1890(19)
b, ° 104.292(3)
c,A 13.706(2)

g° 90

v, A3 4033.0(11)

Z 4

Density (calculated), Mg/?n 1.174
Absorption coefficient, mm 0.103

Theta range for data collection, ° 1.98t0 27.04
Reflections collected 15900

Independent reflections
Completenss to theta = 27.04°

8593 [R(int) = 0.0487]
97.1 %

Data / restraints / parameters 8593/0/493
Goodnes®f-fit on F 1.037

Final R indices [I>2sigma(l)]

R,® 0.0585

WR,’ 0.1402

R indices (all data)

R, 0.1026

WR, 0.1648
*Ri=x {(RIH o x|F

"WRy= [ xR 1 Hw( F

w = AR/ + (0[0@5P]], where P = [Max ([, 0) + 2F7 / 3
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Table 3.2. Selected bond lengths (A) and angles (°) for compourgdl

P(1)}C(1) 1.831(2)
P(1)}C(29) 1.832(3)
P(1)}C(23) 1.833(3)
B(1)-C(7) 1.561(3)
B(1)-C(35) 1.575(4)
B(1)-C(44) 1.576(3)
C(4)C(13) 1.489(3)
C(7)-C(12) 1.393(3)
C(10)}C(21) 1.488(3)
C(13)}C(22) 1.431(3)
C(17)}C(22) 1.433(3)
C(23)C(28) 1.382(3)
C(1)-P(1)C(29) 103.43(11)
C(1)-P(1)C(23) 100.64(10)
C(29)}P(1)C(23) 102.85(11)
C(7)-B(1)-C(35) 121.4(2)
C(7)-B(1)-C(44) 119.7(2)
C(35)B(1)-C(44) 118.9(2)
C(9)-C(10)C(21) 119.6(2)
C(11)}C(10)C(21) 121.7(2)
C(11)}C(12)C(7) 122.8(2)
C(14)}C(13)C(22) 119.5(2)
C(14)-C(13)C(4) 117.2(2)
C(22)}C(13)C(4) 122.8(2)
C(18)}C(17)C(22) 119.6(3)
C(16)}C(17)C(22) 119.4(3)
C(19)}C(18)C(17) 121.3(3)
C(18)}C(19)-C(20) 119.8(3)
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Figure 3.2. Crystal structure d3.1with 35% termal ellipsoids. H atoms are omitted for clarity.
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3.3 Results and Discussion

3.3.1 Synthesis ancCrystal Structure of 3.1

The synthesis of the desired-B°> compound3.1 was readily achieved in a stepwise fashion uding

dimestylboryl-4-bromdoenzeng 1-diphenylphosphingl-bromdenzeneand 1,8-diiodonaphthaleneas

precursors (Figure 3.3Both the phosphorus and boron fragments were prep&dide lithiation of 1,4

dibromobenzene which was quenched with either BMeas PPRCI to afford the triarylbocane and

phosphine precursors in 60% and 95% yield respectively. Following two subsequent Negishi couplings,

both Pp-Br-Ph)Ph and B(p-Br-PhMes, moieties were attached to the -tli®donaphthalene linker in

decent yield of ~40% for each reactiamd thefinal product3.1was isolated as a white solith column

chromatography. Unlike the previously reportedBystent, the Negishi couplings were held at reflux

in order to accelerate the reaction and Z(WMNEDA) was used as a relatively moisture stadternative

to ZnCh.

1. n-BuLi

Br@—sr

E—
2. BMes,F
THF, -78 °C

BrOBr
THF, -78°C

d

e

1. n-BuLi 2
_— POBr
2. PPh,CI

1. n-BuLi I I

2. ZnCl,(TMEDA) i
3. Pd(PPh3)4

THF Reflux 12h /

(2
0 O

&} ﬁ

1. n-BulLi
2. ZnCl,(TMEDA)
e

3. Pd(PPh3)y, 3.1a
THF, Reflux, 12h

Figure 3.3. Synthetic pocedure for compoung. 1
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Compound3.1 was fully characterized by NMR and elemental analyses. In*fBeNMR spectra3.1

displays a characteristic phosphine signaiead ppm. Compoun@.1was recrystallizedrom hexaneso

afford as colorless crystals which were suitable for shugjestal X-ray diffraction experimentsAs

shown in Figure 3, the phosphine center 811 has atypical pyramidal geometry while the boron atom

has a typical trigonal planar geometry. Because of steric interactions, the two phenyl linkers are forced to
be away from each other and the dihedral angles between the phenyl and thgl mapimaticrings are
significantly distorted from 90(~127). The GC bond lengths between the phenyl linkers and the
naphthyl carbon atoms are 1.488(3) A and 1.489(3) A, respectively, typical € ai@le bond. The
naphthyl ring is also considerably distorted fromngldty as indicated by the 16.2lihedral angle
between the two fused benzene rings and the side view of the structure in HgurbBe3separation
distance between the B and the P atom is 6.24(1) A, ruling out the presence of any bonding interactions.
The PB distance is much longer than those of the closely relatBdshstems (~5.5 A¥ and can be
attributed to the sterically demanding pyramidal geometry of P unit andatigtanar geometry of the

boron moiety.
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Figure 3.4. Crystal structureof 3.1with 35% thermal ellipsoidé@op: front view, bottomside view). H
atoms are omitted for clarity.

3.3.2 Photophysical Properties

Compound3.1has an i ntense pab3B®nmmihat doesnot lcheamgd sigaificantyy with

solvent polarity (se@able 3.3and Figure 3.p
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Table 3.3. Photophysical properties 8f1

Absorption Fluorescence
Solvent
Bmax (NM) Logu Bem Ur
Hexanes 330 453 400(shoulder), 460 0.3
Toluene 335 4.45 404 (shoulder), 493 0.31
CHJ.CI, 330 4.5 407, 532 0.13
THF 335 4.41 404, 530 0.04
Acetone 335 4.43 415, 554 0.07
DMSO 335 4.40 422 0.25
0.4
— Hexanes
0.3 —— Toluene
o ) CH,Cl,
2 Acetone
38 —— DMSO
5 0.24
3
<
0.14
0.0

330 340 350 360 370 380 390 400
Wavelength / nm

Figure 3.5. Absorption spectra &.1 in different solvents.

In the fluorescence spectrufl shows dual emission in most solvents except coordinating solvents such

as DMSO, DMF, and C¥CN, in which the fluorescence spectrum3l displays either one emission

peak atD410 nm (DMSO, DMF) or is dominated by the 410 nm emission peakQSH(see Figure 3.6

and Figure 3.7). The high energy emission peaB.bfe x hi bi t s a s mad400mmeird shi ft
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hexanes and 415 nm in acetone) with increasing solvent polatitle the lowenergy signal shows a
pPr onounc e dya46@ mn irshkexarfes and 554 nm in acetone). Because of the dual endigsion,

has a white fluorescence color in THF and,CH(see Figure 3.8)

700000 -

600000
>
@ 500000 - DMSO
(O]
= —— Hexanes
= 400000+ —— Toluene
[}
o
$ 300000 4 CHaCla
2 —— THF
g 200000 - Acetone
3
Y 100000 4

0 T T T T
350 400 450 500 550

Wavelength/nm

600 650

Figure 3.6. Fluorescence spectra®flin various solvents (1.0 x FOM) with relative intensities.

2000004 4000000 -
CH3CN 3500000 — DMF
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- =
8 400000 8 2000000 {
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(&) [}
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= [
e S 1000000
= =]
L 200000 T
500000
100000 - . i . . . 3 o . . : T T )
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Figure 3.7. Fluorescence spectofi3.1in CHCN (left) and in DMF (right) 1.0 x 10° M).
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Figure 3.8. Photographshowing the emission color 8f1in various solvents

The dual emissive behavior 8flis in sharp contrast to the previously reportedHaped aminBMes,

molecules with a similar 1;8iphenylnaphthyl linker between an NMer NAr, donor and BMes
acceptor, which display t he?This #iffeBncedn be explansdbg n p e a
the stabilization of the amino radical cation throdgtonjugation with the aryl group thatasilizes the
chargeseparated excited state in theBNcompounds, making the CT emission an efficient and

competitive relaxation pathway in theBd\compounds.

On the basis of the solvent dependence of the dual emission and the previous study oredhiBelat

systems, the low energy peak®iwas assignetl o a P Y-spBce CTtramsition Wwhile the high
energy peak corresPln@ds* )X ot mameist i(d). YTHBi s assign
the fact that a similar diboron compound displays the-biggrgy emission peak oy The abnormia

behavior of3.1in DMSO, DMF, and CHCN was most likely caused by the weak coordination of these
solvent mol ecules to the B center which blocks th
in the previously reported“shaped NB molecule<. Themal quenching of the CT emission may also be

a factor due to the low energy of the CT state in the-pa@hrity solvents. The fluorescent quantum

ef fi cipeemMOFin dceatone, 0.13 in GEl,, and 0.30 in hexane) &1 increased with decreasing

sovent polarity, as the P Y B CT peak shifts toward
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3.3.3 TD-DFT Calculations

The assignment of the dual emissiorBibhwas also supported by TDFT calculation data of the vertical

excitation from the ground state (Table 3.4 and Figure BI%).S transition of3.1is mainly the P lone

pair (HOM®) (Y *B LUMO) CT transition with signifi
HOMO and a large oscillator strength (f = 0.2522). Thdr&nsition (HOMO-2 Y L UMA,s 80
mainly from the Mes( ~ ) -Fh B( ~ *) transition with a smaller
calculated vertical excitation energies of these two states are close. In solution,stage Sould be

greatly stabilized by polar solvent molecules due to the highly polamiaiege of this state, leading to the

distinct solvent polarity dependent CT emission. Thus, thedngingy and lowenergy emission peaks of

3.1are mostikely from the $ and § states, respectively.

Table 3.4. TD-DFT calculated vertical excitation energy arstillator strengths fas.1

Compound | State | Transition Energy (nm) | Oscillator Strength (f)
31 S HOMOY LUMO (80%) 362 0.2522
S HOMO-2Y LUMO (80%) 359 0.0806
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LUMO T

S, (362 nm)

Figure 3.9. Electronic transitions antthe associated MO diagramich are responsible for the lew
energy absorption bands ®fL The MO diagams are plotted with an isocontour value of 0.03.

3.3.4.UV-Visible and Fluorescence Titration of3.1with TBAF

Fluoride ttrations were monitored by UVis andFluorescence spectra, whialere performed with3.1

(1.0 x 10° M in 3 mL of CHCIl,) and TBAF in which case the concentration of TBAF was increased
incrementally from 0 M up to 7.8 10° M. From the U\vis titration, least squares fitting using the
method described above yielded a binding constant of (4.3 xA8)M™. In the absorption spea, the

addition of fluoride ions caused a substantial intensity increase of the 330 nm pgdKFigure 3.10).
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Figure 3.10. Absorption spectral changes3f in CH,Cl, upon the addition of TBAF.

In the fluorescence spectrum, the addition of fluoride ions led to quenching of tlendogy CT peak

and enhancement of the highergy emission peak 8f1,  w igtinereading from 0.13 to 0.29 and an

emission color change from whitish yellow to deep blue, as shown in Figure 3.11 arel FiurThis
responsecouldbdes cr i be domds drt urstawi tchabl ed fluorescence s
thatobserved in the related-Bl compounds, although the higimergy emission peak only appears after

the addition of fluoride ions in the-R compound$®® The fluorescence quantum efficiency more than

doubled compared 8.1 after the addition of fluorideons which is in sharp contrast to the case for the

related NB compound$®making3.1a more sensitive ratiometric probe for fluoride ions.

91



1000000 -

OeqF
—1.8eqF
. 800000
=
w
[
9
£ 600000
[
Q
[
8 400000+
w
o
S
& 2000004

350 400 450 500 550 600 650

Wavelength/nm

Figure 3.11. Fluorescencspectral changes 8f1 in CH,Cl, upon the addition of TBAF. The
fluorescence speetivererecorded using 330 nm excitation.

2N GRS

Ph” \ Mes
Mes Ph es

Figure 3.12. Emission color changes 8fl and its fluorideadductsn CH,Cl,. Proposed fluorescence
change mechasin of3.1 upon the addition of fluoride ions. The arrows indicate the charge tratafes
that are likely responsible for the fluorescence of these molecules.

Indeed,D1.8 equiv of Fwas needed to reach the saturation poin8féyrwhile more than 20 equiv of F
was needed to achieve the same effect for the relaBdcdimpound$®© The large emission energy
di fference bet we e n3.lanée fRore¥ent BealkCiT3d.14] dnackmparison to that
for the related NB compounds may be partially responsible for the great quantum efficiency increase.

The increase of the absorbance of the excitation band at 330 nm with fluoride addition, as shown in
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Figure 3.0, was clearly a key factor for the enhancement of the-dngigy emission peak Bl The
guenching of the CT band was caused by the blocking of the empty p orbital of the B center by the
fluoride ion. The binding of fluoride to the B center 3ril was confirmed by the characteristic four
coordinated"'B chemical shift (3.8 ppm) observed f&.J&] and the'*F chemical shift {L75.7 ppm)

(see Figure 3.18nd Figure 3.1} typical for fluoride ions bound to a BMg#s unit.?

3.81

T T T T T T T T T T T T T T T T T T
90 80 70 60 50 40 30 20 10 O -10 -20 -30 -40 -50 -60 -70 ppm

Figure 3.13. B NMR spectrunof compound.1 with ~2.0 eqiv. of TBAF (CD.CL,).
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Figure 3.14. *F NMR spectrunof compound.1 with ~2.0 eqiv. of TBAF (CD,Cl,).

As shown by the TEDFT data in Table 5 and Figure 3.1%he S state of the fluoride adduc.fiA] is

lower in eergy than that oB.1 and involves the transition from the BFMasit (HOMO) to the
napht hyl “* (LUMO) with a very weak oscillator
appearance of a very weak absorption band at about 430 nm in the ahsgpptitum of NBj3.14]

(Figure 3.10). The fact thaB[IA&] is nonemissive on excitation at 430 nm supports that the fluorescence

of [3.1&] is not from the Sstate. Therefore, we suggest that the fluorescence. k] is likely from

the S or the S state that involves a transition from either the BEMeS (7, -2HOthePPHPhH
(. HOMOt o the naphthyl (" *, LUMO) , whi ch ,happen:
state of3.1

94



Table 3.5. TD-DFT calculatedvertical excitationenergy andoscillator strengths for théluorideadduct of
3.1

Compound | State | Transition Energy (nm) | Oscillator strength (f)
NMey[3.1x] | S HOMOY LUMO (99%) 417 0.0026

S HOMO-1Y LUMO (100%) 391 0.0001

S HOMO-2Y LUMO (77%) 369 0.0490

HOMO-3Y LUMO (19%)

S, | HOMO-2Y LUMO (21%) 358 0.1818

HOMO -3Y LUMO (76%)

ey v v

( ' s, (417 nm)

S; (369 nm)

S, (358 nm)

Figure 3.15. Electronic transitions anthe associated MO diagramich are responsible for the lew
energy absorption bands of NM&.1F]. The MO diagrams are plotted with an isocontour value of 0.03.
The NMeg" cation was omitted for clarity.
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3.4 Conclusions

An unbound phosphideorane compound.l, a derivative oR.1 where a phenyl linker has been placed

between the PMaphthyl bonds, was prepared. This strategy effectively sepdhatehosphorus and

boron centers with a new® di st ance of 6. 24 7 epllpdienbegt bydnere t o
phenyl fisterec pisdiancea frooh the bulky substituents on the P and B cedterdo its unbound

structure,3.1 displays a distinct througbpace CT transition from the electrooh phosphine group to

the empty porbital of the boron center, which was confirmeg the solvatochromic behavior of the
compound. As might be expected, the boron ato®.btloes coordinate weakly to some donor solvent
molecules such as DMF, DMSO and {HN . In addition 46 than€ilrt ieon s
confirmed for3.1in the polar coordinating solvents while this dual emission phenomenon was supported

by TD-DFT calculations. Due to the multiple emitting statéd, can be used in turon/switchable

fluorescence for the sensing of fluoride which has been demonstrated. Upon the binding of fluoride to the
boron center, the CT edfif¥s $ i amshanteivpiaheebushireacchamgh i | e t
of both emission color and intensityhd RB compound3.1 was found to have a ratiometric response

toward fluoride ions greater than that of the relate Ahalogue with a fluoride binding constant of (4.3

+ 0.5)x 10* Mt in the solvent of CkCl,.
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Chapter 4
| mpact of Methyl atobnPhoBpiRoame |IdBnxat e mn

FIl uori deAbBilndiyng

4.1 Introduction

As mentioned in Chaptel.3, one of the main challenges associated with fluoride sensing in water is to
overcome the substantial hydration enthalpy of the fluoride-&E6¥(kJ/mol) and poor water saiility of
neutral triarylboraneeompounds. In order to enhance the Lewis igcidnd solubility of bororbased
fluoride sensors, introducing polarity into the tyliorane framework in the form of electren
withdrawing groups or cationic substituents is a vestiablished research directibim the case of the
latter, the positiviy charged portion of the molale can enhance the affinitgr fluoride ions due to the
Coulombic attractiohand stabilize the resulting fluorinated organoboron adducts, particularly when the
positive charge resides in spatial proximity to the boronecéithis is especially relevant in the case of
onium ions, as they can generallyrrh chelating structurewith the bororfluoride adduct. Another
method of enancing the Lewis acidity of t@rylboron sensors bearing pnictogen substituent® is
introducetransition metalsCoordination of the nucleophilic heteroatoms has been shown by cyclic
voltammetry measurements to significantly increase the eleatrogpting ability of the boron centers
compared to their necoordinated counterparts=urther, the ddition of a heavy metal atom carduce
phosphorescencegia spinorbital coupling meaning the achievement of phosphorescent sensors is
possible with this strategyTo these endsa phosphonium sakt.1 and metal complexe$.2-4.3 have

been synthesizedabed on3.1 which was previously described in Chapter 3 (Figure 4.1). These
compounds display distinctively different responses tos#udride ions compared t8.1, and the details

are presented herein.
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Figure 4.1. Phosphonium salt and metal complexes.

4.2 Experimental

4.2.1 General Procedures

All reactions were carried out under a nitrogen atmosphere. Reagents were purchased from Aldrich
Chemical Company and used withdutther purification. Thidayer and flash chromatography were
performed on silica gefH, *C and*'P NMR spectrum were recorded on Bruker Avance 400 or 500

MHz spectrometers. Deuterated solvents were puechfiem Cambridge Isotopes. Wks spectra wer

recorded on a Varian Cary 50 Bio spectrometer. Emission spectra were recorded using a Photon
Technologies International QuantaMaster Model 2 spectrometer. Solution quantum yields were calculated
using optically .1drelativetteed, 1@ 0opbbenghan{ Ar dc @esadutioht = 0.
mass spectra (HRMS) were obtained from an Applied Biosystems Qstar XL spectrometer. Elemental

analyses were conducted at Laboieto d 6 A Ela®gesret ai re de | 6Universit® d
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4.2.2Synthesis of4.1

Compound3.1 (50 mg, 0.07 mmol) was dissolvedi® mL of dry and degassed THF. lodomethane (4.4
e L, 0 . 0 was added ko)the solution dropwise. The mixture was stirredethcked overnight.
After the solvent was removed acuoand 5 mLof hexanesvas added, a precipitate was obtained and
washed withdiethyl ether to afford 53 mg @f.1 as a colorless solid (89% yieldd NMR (400 MHz,
CDCl, U) : %8 .=®66 HzNaph, 1H), 8.03 (®J,; & 8.31 Hz,Naph, 1H), 7.84 (£}4; = 7.55

Hz, Naph, 2H), 7.63 (mNaph and Ph, 6H), 7.51 (m, Ph, 6H), 7.39 (m, Ph, 6H), 7.14 (d)RhF 7.81

Hz, 2H), 6.85 (s, Mes, 4H), 2.81 (d, M&,: = 13.09Hz, 3H), 2.35 (s, Me, 6H), 1.85 (s, Me, 12H) ppm.
3pf'H} NMR (162 MHz, CDCl,, U) : 2°Z NMIR (bOp MHz, CDCl,,  5D.9 (Ph), 148.0
(Naph), 147.0 (Ph), 141.5 (Mes), 141.3 (Ph), 140@s), 139 (Naph), 138.9 (Mes), 137.8Naph),
137.0 (Ph), 134.9d, Ph, d.»= 10.6 Hz), 132.9 (d, Phcd= 10.9 Hz), 132.4 (d, PBc.r = 14.6 Hz), 131.1
(naph),130.9 (d, Ph, gs = 12.8 Hz), 130.1Ph), 129.0 (Ph), 128 (Mes), 128.2Naph), 125.4 Nlaph),
125.2(Naph), 118.0 (d, Phcd = 88.9 Hz), 114.0 (d, Phed = 90.3 Hz),24.3 (Me), 21.5 (Me), 11.7 (d,
Jop = 57.9 Hz, PCH;) ppm. The™B NMR chemical sHt for 4.1 was not observed, perhaps because of
the congested nature and the low symmetry of the molecule. Elemeamialysis, calcd for

Cs3H4BPI-1H,0: C 72.95, H 5.89; found: C 73.19,6.04.

4.2.3 Synthesis of 4.2

3.1 (50 mg, 0.07 mmol) and Au(SMEI (10 mg, 0.035 mmol) were dissolved in 15 mL of dry and
degassed THF. The mixture was stirred overnight at ambient temperature. After the removal of the
solvent in vacuo the residue was recrystallized from GlGH hexane, affording a colorless crystalline

solid of4.2 (49 mg, 84%)’H NMR (400 MHz, CDC}, 1) : 3J37..=9.65 Hg,aph, 4H), 7.59 (td,

831 = 7.3 Hz,*Jyy = 3.27 Hz,Naph, 4H), 7.46 (mNaph and Ph, 4H), 7.35 (iNaph and Ph, 28H), 7.25

(d, *Jyn = 6.29 Hz, Ph, 4H), 7.08 (d)..1 = 7.81 Hz, Ph, 4H), 6.84 (s, Mes, 8H), 2.34 (s, Mé{)12.91

(s, Me, 24H) ppm>'P{*H} NMR (162 MHz, CDCL, U ) : 3“8 NBIR (209 miHz, CDCJ, U0) :
147.9, 147.5, 140.8, 140.2, 138.9, 138.6, 137.0, 135.5, 133.8, 133.6, 131.7, 131.5, 131.2, 129.2, 129.1,
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129.0, 128.9, 128.5, 128.3, 125.6, 125.4, 24.0 (d&R (Me) ppm. Some of the carbon chemical shifts
were not observed, and the full assignment of #8eNMR spectrum could not be completed because of
the low intensity and poor resolution of th€ chemical shifts caused by the poor solubility of this
molecule. Thé'B NMR chemical shift fo#.2was not observed, perhaps because of the congested nature
and the low symmetry of the molecule. HRMS (ESI): calcd fauHG,B,P,AuCl [M-Cl]* 1622.6577,

found 1621.6555.

4.2.4 Synthesis of 4.3

3.1 (50 mg, 0.07 mol) and Pt(SMg.Cl, (14 mg, 0.035 mmol) were dissolved in 15 mL of dry and
degassed THF he mixture was stirred and refluxed for &s.MAfter the removal of theolvent in vacuo

the residue was purified on a silica gel coluf@,Cl, as the eluent), pducing 49 mg of#t.3 as a pale
yellow solid(83% yield)."H NMR (400 MHz, CDC}, &) : 3%, 88108Hz,dJd.,= 3.28 Hz, naph,
4H), 7.41 (mNaph and Ph, 16H), 7.24n, Naph and Ph, 12H), 7.12 {tl,., = 7.58 Hz, Ph, 8H), 7.02 (d,
%31 = 6.31 Hz,Ph, 4H), 7.93 (d®3}.4 = 6.06 Hz, Ph, 4H), 6.63 (Mes, 8H), 2.18 (s, Me, 12H), 1.76 (s,
Me, 24H) ppmP{'H} NMR (162 MHz, CDC}, 1) : 1= 2646Hp)’C NMR (100MHz,
CDCl;, a) 147. 9, 145. 8, 141. 41355849, 031.0, 138.6, .13.3, 139.
129.7, 129.2, 128.1, 127.7, 125125.3, 26.7 (Me), 21.2 (Me) ppm. Some of the carbon chemical shifts
were not observed, and the full assignment of #8eNMR spectruntould not be completed because of
the low intensity angoor resolution of the'>C chemical shifts caused by the poor solubilitythif
molecule. Thé'B NMR chemical shift fo#.3was not observegyerhaps because of the congested nature
and the low symmetry of th@olecule. Anal. Calcd fo€;0Hq:B,P,PtChL-0.5CHCl,: C, 72.39; H5.41.

Found: C, 71.97; H, 5.66.

4.2.4Computational Study
The DFT calculations were performeding the Gaussian 09, revision B0doftware package and the

HghPer f or mance Computing Vi rt uaUnivetsiy.bToe giourestaye ( HPCV
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geometries were fully optimized at tB8LYP’ level using the LANL2DZ basis set for platinum and gold
metal atoms and the-BLG(d) basis set for all other atofh$he initial geometric parameters in the
calculations were employed froonystal structure data for geometry optimization except for compound
4.1 and the fluoride adducts df1, for which the initial geometrparameters were established by Gauss
View (version 3.08). TEDFT calculations were performed to obtain the vertical Isingnd triplet

excitation energies.

4.2.5 U\Visible and FluorescenceTitration of 4.1 and 4.3 with TBAF and Fluoride Binding

Constant Calculation

4.2.5.1 FluorideTitration of 4.1by TBAF

Fluoride titratiors weremonitoredvia UV-visible and Fluorescercspectroscopy. In a typical W¥isible
titration, TBAF wasincrementallyaddedto aCH,CI, solutionof 4.1, which was at a concentration of 1.0
x 10° M. The titrations of the UWisible and Fluorescencgpectra were recorded after each addition, and
spedraof 4.1werealsorecordedn the absence of TBAF prior to the titration.

4.2.5.2Fluoride titration of 4.3by TBAF

Expeaimental techniquearesimilar as described i4.2.5.1

4.2.5.3Fluoride Binding Constant Calculation of 4.2

Calculation methodsare the same as described 312.9.2

4.2.5.4Fluoride Binding Constant Calculation of 4.3

The binding constants were determined via BeHésiebrand double reciprocal plot$'In these cases
the inverse of the change in absorbanbg)(at a wavelength tawhich the absorbance signal was
responsive to complexation was plotted against the inverse of the fluoride ion concentration. The slope
was then determined from the ratio between the intercept gnatkis (where 1/[f = 0), by dividing the
intercept alue by the slope. This calculation can be expressed as Eqlation

K =DAY[(DA, T DA ([F]2i7[F]w) 1)
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where DA,* is the y-intercept, andDA, and DA, are the observedA values at points 2 and 1,
respectively in the double reciprocal plot. Likeej [F]. and [F]; correspond to the fluoride

concentrations at points 2 and 1, respectively.

4.2.6X-Ray Diffraction Analysis

Single crystals o#t.2 and 4.3 were mounted on glass fibers and were collected on a Bruker Apex Il
singlecrystal Xray diffradometer with graphittnonoc hr omat ed Mo KUr adi ati on,
and 30 mA and at 180 K. Data were processed on a PC with the aid of the Bruker SHELXTL software
package (version 6.18)and corrected for absorption effects. Compoufi@belong to te monoclinic

crystal space group C2/c. The crystals4@ belong to the triclinic crystal space grougl PAIl non
hydrogen atoms were refined anisotropically. In the crystal lattick 2fCHCk solvent molecules (4
CHCly/per4.2) were located and refed successfully. Two of the CHQolvent molecules form H bonds

with the ClI ligand bound to the Au(l) atorfihe crystal structure data 4f2 and 4.3have been deposited

at the Cambridge Crystallographic Data Center (CCDC No. 9@86 967366 The crysal data of4.2

and4.3 are reported in Table#and Table £. The selected bond lengths and angles are given in Table

4.3 for4.2and Table 4 for 4.3
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Table 4.1. Crystal data and structure refinement for compound4.2

Compound 4.2
Formula C108H96AU1B2CI1P2
Formula weight 2135.22

T.K 293(2)
WavelengthA 0.71073
Crystal system Monoclinic
Space group C2/c

a A 21.703(3)
a,’ 90

b, A 14.949(2)

b, ° 107.259(2)

c, A 32.914(5)

g° 90

v, A3 10198(2)

Z 4

Density (calculategMg/m® 1.391
Absorption coefficientmm™ 1.861

Theta range for data collectioh 2.80 to 26.00
Reflections collected 21352

Independent reflections

Completeness to theta = 27.04°

Data / restraints / parameters
Goodnesf-fit on F*

Final R indices [I>2sigma(l)]
R
WR,?

R indices (all data)
R

WR,?

9946 [R(int) = 0.0851]
99.1 %

9946 /0 / 575

1.041

0.0696
0.1463

0.1156
0.1706

"Ri=x {-(RIB o x|F
WR,= [ xgWEFIF [w(FE)T™

= AFA/+ (0[0@5PY, where P = [Max (F, 0) + 2R3 / 3
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Table 4.2. Crystal data and structure refinement for compound4.3

Compound 43
Formula C52H46B1CI1P1Pt0.50
Formula weight 845.66

T,K 180(2)
WavelengthA 0.71073
Crystal system Triclinic
Space group P-1

a A 8.5880(14)
a,° 75.467(2)

b, A 12.0714(19)
b, ° 83.659(2)

c, A 20.917(3)

g° 84.927(2)

Vv, A3 2082.1(6)

VA 2

Density (calculatedMg/m® 1.349
Absorpton coefficient mm* 1.837

Theta range for data collectich 1.75t0 27.16
Reflections collected 23446

Independent reflections

9075 [R(int) = 0.1602]

Completeness to theta = 27.04° 98.3 %
Data / restraints / parameters 9075/0/508
Goodnesf-fit on F? 0.954
Final R indices [I>2sigma(l)]
R, 0.0731
WRy® 0.0946
R indices (all data)
R 0.1814
WRy® 0.1207
"Ri=x {AIH d xI[F
WRy= [ xELIF 1 HPw( F
w = AR/ + (0[0@5P]], where P = [Max ([, 0) + ]/ 3
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Table 4.3. Crystallographic data for compounds 4.2

Au(1)-P(1)#1 2.3188(18)
Au(1)-P(1) 2.3188(18)
Au(1)-CI(1) 2.787(3)
P(1)}C(47) 1.819(7)
P(1)}C(20) 1.822(7)
P(1)}C(41) 1.826(7)
B(1)-C(1) 1.564(11)
B(1)-C(32) 1.585(11)
B(1)-C(23) 1.590(11)
P(1)#LAu(1)-P(1) 158.31(9)
P(1)#+Au(1)-CI(1) 100.84(5)
P(1)}Au(1)-CI(1) 100.84(5)
C(47)}P(1)}C(20) 101.6(3)
C@47)P(1yC(41) 104.3(3)
C(20)}P(1)}C(41) 105.2(3)
C(47)yP(1yAu(l) 115.8(2)
C(20)}P(1)}Au(1) 115.6(2)
C(41)}P(1)}Au(1) 112.8(2)
C(1)B(1)-C(32) 118.0(6)
C(1)B(1)-C(23) 117.9(7)
C(21)}C(20)P(1) 119.2(5)
C(19)}C(20)P(1) 121.1(5)
C(33)}C(32)B(1) 121.6(6)
C(37)C(32)B(1) 119.9(6)
C(46)C(41)P(1) 118.1(6)
C(42)C(41)P(1) 122.1(6)
C(48)C(47)P(1) 122.0(6)
C(52)C(47)P(1) 118.2(6)
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Figure 4.2. Crystal structure of compourdd2 with 35% thermal ellipsoids. H atoms are omitted for
clarity.

Figure 4.3. A diagram showing the CHg$olvent molecules and the locations of H bonds.
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Table 4.4. Crystallographic data for compounds 4.3

Pt(1)CI(1) 2.3011(18)
Pt(1)}CI(1)#1 2.3011(18)
Pt(1)}P(1) 2.3163(19)
P{(1)-P(1)#1 2.3163(19)
P(1)}C(20) 1.811(6)
P(1)}C(29) 1.830(7)
P(1)}C(23) 1.851(8)
B(1)-C(35) 1.551(9)
B(1)-C(44) 1.569(10)
B(1)-C(1) 1.577(10)
CI(1)-Pt(1)Cl(1)#1 180.00(9)
CI(1)-Pt(1)P(1) 94.34(7)
CI(1)#1-Pt(1)}P(1) 85.66(7)
CI(1)-Pt(1)-P(1)#1 85.66(7)
CI(L)#1-Pt(1)}P(1)#1 94.34(7)
P(1)}Pt(1}P(1)#1 180.0
C(20)}P(1)}C(29) 106.4(3)
C(20)}P(1)}C(23) 104.2(3)
C(29)}P(1)}C(23) 105.7(3)
C(20)}P(1)Pt(1) 109.4(2)
C(29)P(1)Pt(1) 116.1(2)
C(23)}P(1)Pt(1) 114.1(2)
C(35)B(1)-C(44) 124.0(6)
C(35)B(1)-C(1) 117.5(6)
C(44)B(1)-C(1) 118.5(6)
C(6)-C(1)-B(1) 122.1(6)
C(2)}C(1)B(1) 121.8(6)
C(19)C(20)P(1) 121.8(5)
C(21)}C(20)P(1) 119.8(5)
C(28)C(23)P(1) 121.8(6)
C(24)C(23)P(1) 118.8(6)
C(36)C(35)B(1) 122.4(6)
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C(40)C(35)B(1) 120.5(7)

C(49)C(44)B(1) 121.1(6)
C(45)C(44)B(1) 122.3(7)
cisn
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Figure 4.4. Crystal structure ofompound4.3with 35% thermal ellipsoids. H atoms are omitted for
clarity.
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4.3 Results and Discussion

4.3.1 Synthesis an@rystal Structures of 4.2, 4.3

Compound3.1was readily methylated by reacting with €lh a 1:1 ratio in refluxing THF, producing
the phosphoniuntompound4.1 in high yield (Figure 4). In the *P NMR spectrumcompared to
compound3.1 which displays a characteristghosphine sigal at-6.0 ppm4.1appears a22.4 ppm, as is

typical of phosphoniunt: 3

CH,l
B ——— I
THF, Reflux
Ph—F B< Ph—F< B
| / "Mes | “"Me / "Mes
Ph Mes Ph Mes

4.1

Figure 4.5. Synthetic method of compourddlL

Furthermore, despite the highly congested nattiraaecule3.], it could also bind readily to transition
metal ionsgenerating the metal complexes in high yields. The Augifhplex4.2 and Pt(Il) complex.3
were obtained bythe reaction of3.1 with Au(SMe)Cl and Pt(SMg.Cl,, respetively, accordingto
Figure 46. Both complexes haveraetal to ligand3.1 ratio of 1:2. The 1:1 complex for the Auffetal
ion was not observed when a 1:1 ratio3f and Au(SMe)Cl was used in the reaction. The metal
complexeswere fully characterized by NMR and elemananalyses. For the metadmplexes, thé'P
chemical shift appears at 33.5 ppm #H2 and 19.5 ppm fod.3, indicating that the phosphine center

donates electrons to the AuCl unit more effectively tioethe PtCl unit.**
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Figure 4.6. Synthetic pathways of complex¢2 and4.3.

To fully understand the properties of these remmpounds, the crystal structures4o? and 4.3 were

determired by Xray diffraction analysis. Efforts to grow singlerystals of compoundi.l were
unsuccessful. The crystaiructures oft.2 and4.3 are shown in Figure4.7 and Figure 4, respectively.

The molecule oft.2 has a crystallographically imposed §ymnetry with a helical arrangement of the

two 3.1ligands. The Au(1) atom has a triangular arrangement with the two B atoms (Au(1)---B(1) = 6.53

A, B(1)---Au(1)---B(1A) = 122.0°). The Au(l) center is bound by two P atoms and one Cl anion with an
approximate T shape as evidenced by t he P(1)TAu(1)1P(1.
P(1)TAu(1)1Cl (1) angle (100. 84-¢obrilivated Au(A tompoandsy h ma n
with a T-shaped geometry have been known previotidlye structure o#.2is unusual. In cmparison to

the closely related compound Au(RBRE&I, which has ampproximate igonatplanar geometry with a-P

Au-P angle of 13.1(1)° and PAu-Cl angles of 109.2(1) and 112.8(1j°,4.2 is much more distorted

from a trigonalplanar geometry. Furtheore, the Au(1)1TP(1) b odii sihilarn gt h (.
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to those in Au(PPH.Cl (2.3234), 2.339(4) A), but the Au(I¢I(1) bond (2.787(3) A) is much longer
than that in Au(PPJ),Cl (2.500(4) A) and the sum of the covalent r&dif Au(l) and CI (2.33 A). Thus,
the Au(l) center ift.2may be best described as a distottedar geometry with a weakly bound Crhe
significant departure o#.2 from the trigonalplanar geometry displayed by Au(RREl may be
attributed to the steric bulkiness éand 3.1 In the crystal lattice, there are CHGblvent molecules (4
CHCly/per 4.2), two of which form H bonds with the Cl ion 12 Because of the steric congestion, no

short Au---Au interactions are present in the lattice.

Figure 4.7. Diagrams showing the structureb? with 35% thermal ellipsoids: (top) side view; (bottom)
front view. H atoms are omitted for clarity.
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The structure oft.3is shown in Figure 8. Like the4.2 molecule, the Pt(ll) cdar is also bound by two
3.1ligands. The molecule @f.3 has a crystallographically imposed inversion center with a trans square
planar geometry. Unlike Au complek2, which has a very long ACI bond, the PP and Pl bond
lengths are typical. The Higr coordinationnumber and the much shorter-@&t bonds in4.3, in
comparison to those @f.2 are consistent with the greater donation of the P atoms tAufie metal
center in4.2 The Pt.--B distance is very long at 7.31 A. Tidodde ions are origted tothe B ators

with a separation distance of 6.38 A. In solution, tila@s-isomer was observed exclusively, which is
clearly favored by the bulky ligar®ll In the crystal lattice, the Pt(ll) units 4f3 are stacked along the a

axis with a very log Pt---Pt separation distance (8.59 A).

Figure 4.8. Diagramshowing the structure d@f.3with 35% thermal ellipsoids. H atoms are omitted for
clarity.

4.3.2Absorption and Fluorescence Spectra

The absorptin spectrum ofl.1is redshifted (340 nm) (Figure @) in comparison to that &.1(330 nm).
The fluorescence spectrum 411 has only one emission peak at 410 nm in,Ck(Figure 410) that is
redshifted by a few nanometers, in comparison to th& b{407 nm, 532 nm). The absence of the-low

energy emission peak in the spectrunddffurther confirmed that the lownergy peak 08.1is indeed

from a P Y B CT transition, 4lince such a transitd.i
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Figure 4.9. Absorption spectim of 4.1in CH,Cl, (1.0 x 10° M).
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Figure 4.10. Fluorescence spectruofi4.1in CH,Cl, (8= 340 nm, 1.0 x 10 M).

The fluorescece quantum efficiency (®5 in CHCI,) of 4.1is much higher than that 8f1(0.13).TD-
DFT computational results of.1 indicae that the $t r ansi ti on i s mai nly from
transition (91%, oscillator strength 0.0113) and is 7 nm lower in energy than tBdt efhile the S
transition that is close i n ené trapsitioni(7%, cscdtor n at e d

strength 0.0878) (Table%). As shown in Figure 4.1the HOMO and LUMO levels af.1are localized
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on the mesityl ring and the phosphonium unit, respely, while LUMO +1 is mainly on the phenyl
linker between the phosphonium and the naphthyl with a significant contribution from the empty p orbital

of the boron atom. The fluorescencedaf may be therefore attributeéd a mixed transition of Meg ~ ) Y

phosphoniunf ~ * ) a(n'd) Me'sPh.

Table 4.5. TD-DFT calculatedvertical excitationenergy andscillator strengths fod.1

Compound| State | Transition Energy (nm) | Oscillator Strength (f)
4.1 S HOMOY LUMO (91%) 369 0.0113
S HOMOY LUMO +1 (70%) | 361 0.0878

®The anion used in th@omputation fo#.1is PR,

LUMO+1
o e—

S, (361 nm)

S, (370 nm)

A

N\, _

HOMO I

Figure 4.11. Electronic transitions and the associated M@dimswhich are likely resposible for the
low-energy absorption bands4fL. The MOs are plotted with an isocontour value of 0.03. The PF
anion in4.1is omitted for clarity.
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The absorption spectra of the metal complexes are similar to tha.lofFigure 4.2). No

phosphorescercwvas observed fod.2 and4.3 even at 77 K. The fluorescence spectrad @and 4.3

resemble that of.1wi t h at 402 and @8 nm, respectively (Figure 48}l consistent with the blocking

of

t he

P Y B CT

transition

by

rmaltedd.44 in GHTI) ofd.®d r di nat

is much higher than that 81, but that o#.3is much lower(0.02 in CHCI,).

ity

Fluorescence Intens
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Figure 4.12. Absorption spectrof 4.2 (left) and4.3(right) in CHCl, (1.0 x 10° M).
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Figure 4.13. Fluorescencepectra o#.2 (left) and4.3 (right) in CH,Cl, (8= 330 nm, 1.0 x 10M).

TD-DFT data showhat for4.3the S-S; states all have an oscillator strength of 0.000 involving mostly

the transition of the Clone pair electrons and the Pt(Il) d electrons to-hgahd 0 *

orbital Y

(n

thus, they ee unlikely to be responsible for the observed fluorescence. 7hadSS states of4.3 are

degenerate with an appreciable oscillator strength, involving transitions of HEMMDMO -4 to
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LUMO/LUMO +1 that may be described as Mes ) -Ph( B* ) s, similar to the Sstate of3.1
and 4.1, asshown in Figure 44 and Table 4. The fluorescence af.3is therefore most likely from

these transitions.

\\P LUMO LUMO + 1
ﬁ S
B -
p B

S, S5 (369, 368 nm)

B q B
- I
i HOMO-3 HOMO-4
B

Figure 4.14. Electronic transitions anithe assoeited MO diagramg/hich are likely responsible for the
low-energy absorption bands 4f3. The MOs are plotted with an isocontour value of 0.03.

For the complexd.2, TD-DFT data indicatedhat the § S states all have either a 0 or a very small
oscillatorstrength (<0.004) involving transitions mostly from the lone pairs of the chloride ion to the B

Ph ~* orfrbitqals TICéy are therefore not l'i kely to &
4.2 Similar to those observed 43 the $ and Sy transitions id.2 are degenerate, involving®MO -5/

HOMO -6 to LUMO/LUMO +1 transitions, and may l#escribpecas Mey "~ ) -Ph( B* ) transi ti o

shownin Figure 415and Table 4.
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LUMO LUMO+1

So, 510 (367 nm)

HOMO-5 HOMO -6

Figure 4.15. Eledronic transitions anthe associated MO diagramich are likely responsible for the
low-energy absorption bands £ The MOs are plotted with an isocontour value of 0.03.

Furthermore, the vertical excitation energies §88d S in 4.2 are simila to those of $and S in 4.3

We therefore suggest that the fluorescencd.®likely has the same origin as that4f: namely, the

Mes( ") -Rh(B *) transiti on. g Vaue of 4.2isvlikely lcaused bys partiah t a
quenching ofthe Meg ~ ) -Ph( B*) tr ansi-ltyiomg bry Y hke* | otwat es. Sir
4.2bythe lowlyingCIyY ~* st ates i s rdegkee dugtoth®weak assaciation of thes s e
chloride ion with the complex, as indicated by the very longCAbond in the crystal structure, which is

very likely fully dissociated in solution, giving the propensity of the Au(l) ion to adapt a linear two

coordinate structure.
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Table 4.6. TD-DFT calculatedverticalexcitationenergy andscillator strengths fo.2and4.3

Compound| State| Transition Energy (nm) | Oscillator Strength (f}
4.2 S HOMOY LUMO (93%) 436 0.0030

S HOMO-1Y LUMO +1 (93%) | 399 0.0030

S, |HOMOY LUMO +3 (95%) 379 0.0040

S HOMOY LUMO +2 (92%) 378 0.0030

HOMO-6Y LUMO +1 (32%)

S HOMO-5Y LUMO (33%) 367 0.0112

HOMO -6 Y LUMO +1 (32%)

Sy | HOMO-6Y LUMO (32%) 367 0.2075

HOMO 5Y LUMO +1 (32%)

4.3 S, HOMO -4Y LUMO (22%) 369 0.0159

HOMO -3Y LUMO +1 (39%)

S, |HOMO-4Y LUMO +1 (33%) | 368 0.1019

HOMO -3Y LUMO (25%)

*ertical excitation states with f < 0.001 are not given

4.3.4UV-Visible and Fluorescence Titratiors of 4.1 and 4.3with TBAF
The addition of fluoride ions t4.1 caused partial quenching of the 340 peak in the absorption spectra
and the emission peak at 410 nm in the fluorescepeetraof 4.1wi t hg change from 0.55 to 0.06

reallting inthe disappearance of the dd#pe emission color (FigureX6 and Figure 4.37
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Figure 4.16. (a) Absorption spectral change§4.1in CH,Cl, upon the addition of NB#; (b)
Fluorescence spectrahangeof 4.1in CH,CI, upon the addition of NB#&. The fluorescence spectra
wererecorded using 340 nm excitation.
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/PO /P® OB iy
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Figure 4.17. Fluorescentolor change ofl.1before andafteradditionof fluoride ions.

Clearly the decrease of absorbance at 340 nm, the excitation energy used, was responsible for the
decrease of the emission peak and the emission quantum efficiency. The binding of fluoride to the B
center in4.1 was also confirmed by thEB chemicalshift (3.5 ppm) observed fol[l:-F] and the'’F

chemical shift{167.7 ppm) whiclare similar to those observed f81:F] (Figure 418 and Figure 4.19

—3.49

Figure 4.18. ''B NMR spectrunof compound4.1with ~2.5 eqiiv. TBAF (CD,Cl,).
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Figure 4.19. F NMR spectrunof compound4.1with ~2.5 eqiiv. TBAF (CD,Cl,).

TD-DFT data showhat the $S;5 states in4.1:F] all have either 0.000rovery weak oscillatostrength
which is in agreement with the observed quenching in absorption and fluorescence sgetupaf the
addition of fluoride ions. The first two excited statesa®d S in [4.1-F] which have appreciable

oscillator stengthare shown in Figuré.20and Table 4.

LUMO+1

o e —

S, (370 nm)

S, (409 nm)

Figure 4.20. Electronic transitions anithe associated MO diagramich are likely responsible for the
low-energy absorption bands @f.1-F]. The MOs are plotted with an isocontourwelof 0.03.
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Table 4.7. TD-DFT calculatedverticalexcitationenergy andscillator strengths for 4.1-F]

Compound| State | Transition Energy (nm) | Oscillator Strength (f)
[4.1F] S. | HOMOFf LUMO (91%) 465 0.0000

S HOMO{ LUMO +1 (98%) | 409 0.0083

S HOMO-1f LUMO (97%) | 376 0.0002

HOMO -2f LUMO (3%)

S, HOMO -2f LUMO (93%) | 371 0.0024

For Pt complex4.3 the addition of fluoride ions enhanced thlesorption band at 330 nm dathe
emissionpeak at 408 m wi ¢ mcreasingrom 0.02 to 0.10, in a manner simitarthat observed for
3.1 (Figure 421). The increase of thiguorescence intensity in the fluoride adduc#d wasattributed to

the increase of absorbance of tieiwtion band.
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Figure 4.21. (a) Absorption spectral changes4f3in CH,Cl, upon the addition of NB#; (b)
Fluorescence spectral changegin CH,CI, upon the addition of NB#. Thefluorescenceectrum
was recorded using 330 nm excitation.
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A low-energy absorption band at25 nm was observed for the fluoride adducédd, which likely

shares the same origin as thatfifF] (BFMesY nap ht hy | ) :DFTAchi¢ulations gidre nGtD
performed for the fluoride adduct 4f3due to the large size of the molecule, on the basis of the similarity

of the absorption and fluorescence profiles and energies, we suggeketfiabtescence dhe fluoride

adduct of4.3is likely from the state of BFMgs®h Y napht hyl , si m3.1FaThet o t ha
impact of fluoride on fluorescence and the possible origin of fluorescende3fand its fluoride adduc

are illustrated in Figure 422

O

Mes— F’h\P/Ph
eS

I\/Ies
Ph/P\Ph Mes

!
O

Figure 4.22. Emission color changes df3and its fluorideadductdn CH,Cl,. Proposed fluorescence
change mechanism df3 upon the addition of fluoride ions. The arrows indicate the charge tratetks
that are likely responsible for the fluorescence of these molecules.

To examine the effect of the Coulombic force on the flwhdhding strength of the boraenter ind.1,

the binding constants &.1 and4.1with F were compared. The binding atant of3.1is (4.3 + 0.5) x

10" M, while the binding constant df1with F ((3.2 + 1.0) x 16M™) was found to be about 100 times
greater than that a3.1 The large binding constant incredfeom 3.1 to 4.1 can be attributed to the
Coulombic attration exerted by the phosphonium ion, desgitelang distance from the boramoup.
Combining Coubmbic interactions with a borarenter by attaching a peripheral cationic group such as a

phosphonium has been demonstrated previously to be highly efféctenhancing the binding strehg
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of F to the sensor by Gabbai and otHersHowever, in our case, the evidence of chelating the fluoride
ion by RCH; and B has not been found. The &d K binding constants of.3with F were found to be
(5.2 + 1.0 x 10f and (7.9 + 2.0) x TOM™, respectively, indicating that the attachment of a neutral metal
unit to the phosphine center in thesbaped molecul8.1 has little influenceon the sensitivity of the
boroncenter toward fluoride ions, perhaps due the greatly increased steric congestion and the long

separation distance between the metal and the boron atom.

4.4 Conclusions

Converting the doneacceptor phosphideorane compound3.1l to its phosphonium sald.1 by
methylation greatly enhanced the ftigte binding affinity of the boron center @@lue to the Caombic

effect. The emission color of.1 is intense deep blue and originates from-a* t r ansi ti on
supported by TEDFT data. Compared to the emission31, the througkspace CT pathway imot
possibledue to the methyl group on the phosphorus atom. Upon the addition of flubridsgts as a
fiturn-offd sensor due to both thebsorption and emission being severely quenched. Based on the large
distance between the P and B atoms, we suspec¢héhfitioride ion is not bridging betweerd™; and B

Thisi s quite diff er e ioralizdd chelatingGratylihoeapedsouni .17 praviously

mentioned, which possesses a relatively short distance betw@dpdhd B moieties.

Despite its steric congestiod.,1 was found to be an effective ligand for metal ions such as Au(l) and Pt(ll)
coordinationyielding complexes4.2 and 4.3 with the ratio of metal to ligand = 1:2. Single crystal
structures of both complexes were obtained. The structut showsthat the Au center is bound to two

P atoms and one CI anion with an approximate T shabieh is quite different from thigigonalplanar
geometry displayed by Au(PBKCI. The moleculed4.3 has atrans squareplanar geometry, which is

clearly favored by the bulky ligan8.1 The fluorescence spectra 4f2 and 4.3 resemble that o#.1,

w t

consi stent with Dblocking of t doaedinafon. YFluoBdetiteaffon t r an s i
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experiment wasnly performed on comple.3 which showed a significantly different response towards
fluoride compared withhat of4.1. Complex4.3display s i nt er-eabi igudtesoence i
to fluoride ions. Howevelthe attachment of a neutral metal unit to the phosptéméerhas little effect

on the binding ability of the borarenter towardfluoride ions
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Chapter 5

Reactivity StiBdy adouen cPthioosnpahliinzeed Napht h

Rel ated Compounds towards Small

5.1 Introduction

Frustrated Léaies #®aiebatiFL®ISYy new cl asseloefetcroommp o u
rich Lewis basepowrthelwubkwceéeldsct hahn cannot form
steric and/or el ectronic constraints. As andesul
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he phoaplioratussme suspetodiseegg st bmp otieanltldy behave as

ei ther on their own or i n cooperation NwiN® h a
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Ph Ph\P \{B\.iM
es Mes Mes
&N\
‘“
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/P B
" CH3 es/
5.3 5.4
O Q r.t., THF or benzene O Q
Ph—p B \/ng B\Mes
P 2 Mes/ \Mes o \_ N\Mes

Figure 5.1. Compound3.1, 4.1 and5.3react with IMe.
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5.2 Experimental

5.2.1 General Procedures

All reactions were done under an asphere of dry, oxygefiee nitrogen by either employing Schlenk
techniquesor working inside ofan inertatmosphere glove boReagents were purchased from Aldrich
Chemical Company and used without further purificat®olvents were freshly distilleaver appropriate

drying reagentsH, **C, *'P and''B NMR spectawere recorded on Bruker Avan880,400, 5000r 600

MHz spectrometers. Deuterated solvents were purchased from Cambridge Iddigipessolution mass
spectra (HRMS) were obtained from an Apg@ Biosystems Qstar XL spectrometer. Elemental aesly

were conducted at Laborate d 6 A&la®@ mesret ai re de | 6 Weand Pr)NHBH® d e

weresynthesized bthe modified literature proceduse® *’

5.2.2Synthesis 0f5.1

To a soluibn of 4.1 (124 mg, 0.145 mmolissolvel in THF (10 mL) was adde@HF solution of IMe(40

eL, 0.29mmol) viamicro-syringe.The reaction was stirred overnight at room temperature. The product
wascollecied ascolorlesscrystals yielding 8 mg (79) of compound.], with yielding 35% of the side
product5.6 in solution. *H NMR (600 MHz, CD,Cl,, 240 K, ¥.97 (br. d, J= 8.2 Hz, Naph, 1H), 7.89
(br.d, J = 8.1 Hz, Naph, 1H), 7.85 (dd, J = 12.6 Hz, 7.6 Hz, ph, 2H), 7.70 (m, ph, 3H), 7.63 (m, ph, 3H),
7.54 (m, ph, 2H), 7.51 (m, Naph, 2H), 7.43 @yrJ = 7.8 Hz, ph, 1H), 7.41 (dd, J = 7.1 Hz,HZ] Naph,

1H), 7.34 (brd, J = 7.3 Hz, ph, 1H), 7.28 (d, J = 7.1Hz, Naph, 1H), 7.14 (dd, J = 11.7 Hz, 7.8 Hz, ph, 1H),
7.05 (dd, J = 15.4, 13.3 Hz, =@% 1H), 6.85 (m, ph, 2H), 6.79 (m, ph, 1H), 6.76 (s, Mes, 1H), 6.62 (s,
Mes, 2H), 6.33 (s, Mes, 1H),® (d, J 7.8 Hz, ph, 1H), 6.25 (d,5)7.8 Hz, ph, 1H), 3.73 (dd,<18.4

Hz, J= 13.2 Hz, PCH, 1H), 2.61 (s, NMe, 3H), 2.52 (s, Me, 3H), 2.22 (s, Me, 3H), 2.08(s, Me, 3H), 2.04
(s, Me, 3H), 1.78 (s, Me, 3H), 1.4 (s, Me, 3pm °C NMR (126 MHz,CD,Cl,, 240 K, U 162(d, 1, =

21.4 Hz, =CHN), 156.6 (Mes), 152.4 (ph), 149.9 (ph), 147.8 (Mes), 144.4 (Mes), 143.6 (Mes), 143.2

(Mes), 141.0 (Naph), 138.7 (Naph), 137.3 (ph, Mes), 136.4 (ph), 135.2 (Naph), 133.6 (ph), 133.1 (ph),
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132.9 (Mes, ph), 132.5k), 132.0 (ph), 131.8 (Mes), 131.7 (Naph), 131.4 (Naph), 130.9 (ph), 130.6 (ph),
129.7 (Naph), 129.3 (ph), 129.2 (ph, Mes),. 129.1 (Naph, Mes), 128.9 (Mes), 128.8 (Mes), 128.4 (ph),
127.9 (Naph), 126.4 (ph), 125.7 (ph), 125.6 (Naph), 125.4 (ph), 124ph\NEL7.8 (ph), 47.81 (de.J=

122.4 Hz, PCH), 39.1 (NMe), 26.7 (Me), 25. 9 (Me), 24.1 (Me), 23.6 (Me), 20.5 (Me), 20.4 (jMeh

3p{'H} NMR (162 MHz, CD,Cl,, 298 K, U )23.4ppm. "'B{*H} NMR (128 MHz, CD,Cl,, 298 K, 1 ) :

0.22 ppm. HREIMS. Calcd. for GHsNBP: 767.3852. Found: 767.385%nal. Calcd for

CssHsi:NBP¥ 0.5C,4H;00: C 8506, H7.01, N 1.74Found: C 844, H6.89, N 1.86.

5.2.3 NMR experiment for the formatian of 5.2

A sealable ¥ oung NMR tubewas charged wit8.1 (60 mg, 0.4 mmol) andiMe (8 mg, 0.084 mmdl
dissolved in G@Dgs and sealed forming a yellow solution. Compo&i@was formed almogjuantitatively
and recrystallized iTHF yielding yellow crysta(94%). *H NMR (500MHz, C;Dg, U ¥.66 (dd, J = 6.31
Hz, 3.15Hz, Naph, 1H), 7.63 (d, 3 7.88Hz, Ph, 1H), 7.38 (m, Ph, 5H), 7.25 (m, Naph, 3H, Ph, 2H),
7.07 (m, M, 8H), 6.93 (dJ =8.2 Hz, 1, 2H), 6.91 (s, Mes, 4H), 6.84 (@=8.51 Hz, Naph, 2H), 6.07
(br. s,-CH=, 1H), 5.66 (brs,-CH=, 1H), 3.13 (brs, NCHs, 3H), 2.8 (brs, N-CHs, 3H), 2.28 (S;CHj,
6H), 1.94 (s-CHs, 12H) ppm *C NMR (126 MHz,CsDs,  145.1(Ph), 141.9 (Naph, Ph), 140.3 (Ph),
138.8 (Ph), 137.7 (Ph), 136.2 (Ph), 134.3 (Ph), 134n), (8383.1 (Mes), 139. (Ph), 131.8 (Ph), 131.5
(Naph), 130.1 (Naph, Ph), 130.0 (Mes), 129.7 (Ph), 129.2 (Ph), 128.9 (Ph), 128.6 (Ph), 128.4 (Naph),
127.3 (Mes, Ph), 126.6 (Ph), 125.7 (Naph, Ph), 124.9 (Ndph1P1.9 ¢arbene=CH-), 121.5 (carbene,
=CH-), 40.7 (carbene, Wle), 36.8 (carbene, Nle), 20.9 (Me), 25.5 (Meppm *P{*H} NMR (162

MHz, CsDs,  8.56ppm.™'B{'H} NMR (160 MHz, GDs,  9.Y ppm.

5.2.4Synthesis 05.3
In the glovebox, compountl1 (200 mg)andNaH (5.6 mg) were charged into a vial with a magnetic stir

bar.10 mL of THF was added into the vial and the mixture was stiokedtnight at room temperature.
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Solventwas removedndresidue was washed with diethyl eth€he yellow solution was filtered over
celite and the produstasrecrystallizd of5.3with a yield of 65% (110 mgfH NMR (500MHz, C¢Ds,

G y.8(dd, J = 8.0411.35 Hz,Ph, 4H), 7.75 (d, J = 7.63 Hz hP2H), 7.63 (d, & 7.72 Hz, Naph, 4H),

7.34 (m, Ph, 3H), 7.25 (d, J = 6.99 Hz , Ph, 1H), 7.15 (mpP), 7.06 (d, J = 7.25 Hz, Nk, 2H), 7.03

(d,J =6.94 Hz, R, 2H), 6.93 (s, Mes, 4H), 2.33 (s, Me, 6H),Z< Me, 12H), 0.84 (d, P=GH2H) ppm,

¥3C NMR (126 MHz,C4Ds, 4B (Ph), 146 (R), 142 (Naph, Mes),41L(Naph), 140.7 (Mes), 140.11
(Ph), 138.4 (Nah), 137.2 (Naph, Mes), 135.8 (Ph), 132.4 (Ph), 132 (Ph), 131.2 (Ph), 130.3 (Ph), 129.8
(Ph), 129.2 (Naph, Ph), 128.6 (Mes, Ph), 128.4 (Ph), 128.1 (Ph), 125,242 (Me), 21.0 (Me);4.4 (d,

Jop = 96 Hz, P=CH) ppm *'P{*"H} NMR (162MHz, CsDs,  Z)Oppm.

5.2.5 NMR experiment for the formation of 5.4

A sealable J¥oung NMR tubewas charged with.3 (37 mg, 0.1 mmol) andiMe (5 mg, 0.051 mmol
and sealed formig a light orange solution. Compoubdt was formed almosuantitatively ‘*H NMR
(500MHz, CsDs, U ¥.75 (6H), 75 (1H), 7.41 (6H), 7.25 (1H), 7.17 (8H), 7.01 (6H), 6.7 &rCH=, 1H),
5.82 (br.s,-CH=, 1H), 3.31 (brs, N-CHs, 3H), 2.9 (brs, NCHs, 3H), 2.43 (s;CHjs, 6H), 2.04 (s;CHs,
12H), 0.69 (P=Ch 2H) ppm. *P{*H} NMR (162 MHz,CsDs,  #1)6 ppm.*B{*H} NMR (160 MHz,

CsDs, 9.Y4ppm

5.2.6 Synthesis ofiPr)NH ,BH3

A 50 mL roundbottom flask was charged with 10 mL THF and cooledrinice water bath for 15
minutes. Borane dimethylsulfide (3 mL, 6 mmol) was added to the flask, followtr Isjow addition of
isopropymine (0.51 mL, 6 mmol). The solution was then warmed to room temperature and stirred

overnight. After removing the sa#nt by rotary evaporation thresidue washed with hexanes and dried

under vacuum yielding 0.35 g dPf)NH,BH; (80%) as a white solidH NMR (300 MHz, GDs, U) : 2.

(2H), 2.59(1H), 2.05 (3H), 0.71 (6H) ppm'B NMR (160 MHz, GDs,  419.7:ppm;C NMR (75 MHz,
ChDs, U): 49.6 , 21.3 ppm.
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5.2.7 Reactivity Study

5.2.7.1 NMR Experiment of H Activation by 3.1

A sealable Joung NMR tubewas charged witl8.1 (10 mg, 0.4 mmol) dissolved in dry gDs and

sealed forming a clear solution. The sample was then subjected togreapehaw cycles and exposed

to a positive pressure of,ldas for 10 minutes at room temperature. The sample was sealed under 1 atm

of H, over one week at room temperatfisowed by recording of théH, *'P and"'B NMR spectra at

different time intervalsvithout any change. The sample was then heated up to 75 °C for one week and

still no change was observed.

5.2.7.2 NMR Experiment of CQ Activation by 3.1

Experimental techniques and results are the same as describ2d.ih
5.2.7.3 NMR Experiment of Phenylacetylene Activation by 3.1

Inside of a glove box, a sealableydung NMR tubewas charged witi8.1 (10 mg, 0.4 mmol)

dissolved m dry degasseddDsand phenyl acetylene (1.5 €L, 0.

sealed for one week at room temperatiottowed by recording of théH, 3P and"'B NMR spectra at
different time intervalsvithout any change. The sample was then heated up to 75 Wbdawveek and
still no change was observed.

5.2.7.4 NMR Experiment of Dehydrogenation ofiPr)NH,BH3 by 3.1

Experimental techniques and results are the same as describ2d.h

5.2.7.5 NMR Experiment ofN,N'-Bis(2 6-diisopropylphenyl)imidazol-2-ylidene (IPr) Reactionwith
3.1

Experimental techniques and results are the same as describ2gd.in

5.2.7.6 NMR Experiment oflIPr Reaction with4.1

Experimental techniques and results are the same as describ2gd.in

5.2.7.7 NMR Experiment oflIPr Reaction with 5.3

Experimental techniques and results are the same as describ2dhin
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5.2.7.8 NMR Experiment of H Activation by 5.2

Inside of a glove box, three NMR tubegre charged wittireshly prepared.2 (10 mg, 0.a2 mmol)
dissolved in dry degasd GDs and sealed forming light yellow solutions. Sampl&as exposed to a
positive pressure of normél, gas 6.0) for 10 minutes at room temperature. This sample was sealed
under 1 atm of Blat room temperaturi®llowed by recording of théH, *'P and"'B NMR spectra. Sample

Il was exposed ta positive pressure of dried: lgas H, gas passethroughhexanes solution af-BuL.i)

for 10 minutes at room temperature and then sealed under 1 atgrabféddm temperaturiliowed by
recording the'H, *'P and™'B NMR spectra at different time intervalSamplelll was exposed tca
positive pressure airgon gasq.0) for 10 minutes at room temperature. The sample was sealed under 1
atm of argon at room temperatidotiowed by recording of théH, 3'P and''B NMR spectra at different

time intervals.

5.2.8 TD-DFT Calculation

All calculations were performed using the Guassiaff 6@ite of programs on the High Performance
Computing Virtual Laboratory (HPCVL) atake@Qfomen 6 s
the corresponding crystal structure data where applicable, while others were generated from the optimized
geometry of compound.1 Modeling of the reaction pathway was accomplished using the BSI&PY
31g(dy° level of theory. All reactant, intmediate, and product geometries were optimized without
constraints and characterized as minima along the potential energy surface through vibrational frequency

analysis

5.29 X-Ray Diffraction Analysis

Single crystals of5.1, 5.2, and 5.3 were obtainedfrom either benzene or THF/hexanes by slow
evaporation of the solvent mixture in a glove box under nitrogen. The cryaee very small and as a
result, the crystal data &2 were collected on a Synchrotrorr&y diffraction facility at the Canadian

Light Source, Saskatoon, Saskatchwan at 173 K. The crystal datd ahd 5.3 were collected on a
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Bruker Apex Il single crystal Xay diffractometer with graphitsionochromated MKy radiation,
operating at 50 kV and 30 mA, and at 180 K. Data were psedesn a PC with the aid of the Bruker
SHELXTL software package (version 6.14) and corrected for absorption effects. All structures were
solved using direct methods. The crystal @ belong to the monoclinic space group P21/c with two
independent moletes and 3 THF solvent molecules in the asymmetric unit. The crystal$ loélong to

the monoclinic spacgroup R1 while the crystals 05.3 belong to the orthorhombic space Pna2l with
two independent molecules in the asymmetric unit. All-hpdrogen adms were refined anisotropically.
Complete crystal structural data have been deposited at the Cambridge Crystallographic Data Centre
[CCDC No. 1407949407951]. These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre vianw.ccdc.cam.ac.uk/data_request/ciitje crystal data d6.1, 5.2and

5.3 arereported in Tablé.1, Table 5.2 and Table 5.3h&selected bontengths and angles are given in

Table5.4, Table 5.5 and Table 5.6.

138



Table 5.1. Crystal data and structure refinement for compound5.1

Compound 5.1

Formula C55H5B1N1P1
Formula weight 767.75

T.K 180(2)
Wavelength, A 0.71073
Crystal system Triclinic

Space group P-1

a A 11133(3)

a,”’ 109.811(3)
b, A 13.275(4)

b, ° 99.369(3)
c, A 17.732(5)

g° 103.071(3)

v, A3 2318.1(11)

Z 2

Density (calculated), Mg/ 1.100
Absorption coefficient, mih 0.095

Theta range for data collection, ° 1.68 to 26.50.
Reflections collected 24440

Independent reflections
Completenesto theta = 27.04°

9523 [R(int) = 0.0773]
99.2 %

Data / restraints / parameters 9523/0/531
Goodnes®f-fit on F° 0.930

Final R indices [I>2sigma(l)]

R,® 0.0678

WR,” 0.1447

R indices (all data)

R, 0.1324

WR, 0.1708
*Ri=x {(RIH o x|F

"WRy= [ xR 1 Hw( F

w = AR/ + (0[0@5P]], where P = [Max ([, 0) + 2F7 / 3
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Table 5.2. Crystal data and structure refinement for compound>5.2

Compound

5.2

Formula

Formula weight

T, K

Wavelength, A

Crystal system

Space group

a A

a,°

b, A

b7

c,A

g°

v, A3

Z

Density (calculated), Mg/
Absorption cofficient, mm*
Theta range for data collection, °
Reflections collected
Independent reflections
Completeness to theta = 27.04°
Data / restraints / parameters
Goodnes®f-fit on F°

Final R indices [I>2sigma(l)]

C63H66B1N201.5P1
916.96
173(2)
0.68880
Monoclinic
P2(1)/c
25.8016(8)
90
25.2@9(7)
90.4720(7)
15.7714(4)
90
10255.4(5)
8
1.188
0.099
0.76 to 25.00
187947
19374 [R(int) = 0.0928]
97.6 %
19374 /0/ 1251
1.098

R 0.0664

WR,° 0.1715

R indices (all data)

R 0.0977

WR, 0.1922
‘Ri=x {-(RIHB d x]|F

"WR,= [ x@EAF 1 H)Pw( F

w = AR+ (0[0&5P]], where P = [Max (F, 0) +2F.7 / 3
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Table 5.3. Crystal data and structure refinement for compound5.3

Compound 5.3

Formula C53H48BP1
Formula weight 726.69

T.K 180(2)
Wavelength, A 0.71073
Crystal system Orthorhombic
Space group Pna2(1)

a A 37.242(2)

a,”’ 90

b, A 9.0653(5)

by 90

c, A 24.2757(16)
g° 90

Vv, A3 8195.7(9)

z 8

Density (calculated), Mg/ 1.178
Absorption coefficient, mrh 0.103

Theta range for data collection, ° 2.00 to 27.15.
Reflections collected 37065
Independent reflections 15980 [R(int) = 0.1559]
Completeness to theta = 27.04° 99.6 %

Data / restraints / parameters 15980/ 1 /1004
Goodnes®f-fit on F° 0.962

Final R indices [I>2sigma(l)]

R,® 0.0957

WR,’ 0.1981

R indices (all data)

R, 0.2099

WR, 0.2634
*Ri=x {(RIH o x|F
"WR,= [ xMEIFIF  x AIWR F
w = AR+ (0[0&5P]], where P = [Max (F, 0) + 2F7 / 3
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Table 5.4. Selected bond lengths (A) and angles (°) for compouridl

P(1)}C(1)
P(1)}C(4)
P(1)}C(10)
P(1)}C(16)
N(1)-C(2)
N(1)-C(3)
N(1)-B(1)
B(1)-C(22)
B(1)-C(37)
B(1)-C(28)
C(1}C(2)
C(1)P(1)}C(4)
C(1)-P(1)}C(10)
C(4)-P(1)}C(10)
C(1)-P(1)}C(16)
C(4)-P(1)}C(16)
C(10)}P(1)}C(16)
C(2}N(1)-C(3)
C(2)}N(1)-B(1)
C(3)-N(1)-B(1)
N(1)-B(1)-C(22)
N(1)-B(1)-C(37)
C(22)B(1)-C(37)
N(1)-B(1)-C(28)
C(22)B(1)-C(28)
C(37)B(1)-C(28)
C(2}C(1)-P(1)
N(1)-C(2)}-C(1)
C(9)-C(4)-C(5)
C(9)-C(4)-P(1)
C(5)-C(4)-P(1)

1.704(3)
1.792(3)
1.794(3)
1.797(3)
1.318(3)
1.463(3)
1.596(4)
1.664(4)
1.668(4)
1.675(4)
1.380(4)
109.52(14)
110.01(14)
111.84(14)
11349(15)
106.23(14)
105.70(14)
115.5(2)
125.3(2)
118.5(2)
108.8(2)
102.5(2)
113.4(2)
112.3(2)
1028(2)
117.2(2)
121.2(2)
128.9(3)
118.2(3)
120.0(2)
121.5(2)
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Figure 5.2. Crystal structure 05.1 with 35% thermal ellipsoids.
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Table 5.5. Selected bond lengths (A) and angles (°) for compourtd2

P(1}C(53) 1.824(4)
P(1}C(47) 1.831(3)
P(1}C(44) 1.838(3)
P(2)C(102) 1.826(3)
P(2)C(105) 1.830(3)
P(2-C(111) 1.831(3)
B(1)-C(1) 1.652(4)
B(1)-C(6) 1.665(4)
B(1)-C(21) 1.672(4)
B(1)-C(12) 1.692(4)
B(2)-C(60) 1.649(4)
B(2)-C(65) 1.656(4)
B(2)-C(71) 1.688(4)
B(2)-C(80) 1.689(4)
N(1)-C(1) 1.363(3)
N(1)-C(3) 1.381(3)
N(1)-C(4) 1.465(3)
N(2)-C(1) 1.359(3)
N(2)-C(2) 1.378(4)
N(2)-C(5) 1.457@)
N(3)-C(60) 1.356(3)
N(3)-C(61) 1.384(3)
N(3)-C(63) 1.460(3)
N(4)-C(60) 1.369(3)
N(4)-C(62) 1.380(3)
N(4)-C(64) 1.456(3)
C(53)P(1)C(47) 103.48(14)
C(53)P(1)C(44) 100.70(14)
C(47)P(1)C(44) 101.92(13)
C(102)P(2)-C(105) 101.80(12)
C(102)}P(2)}C(111) 101.44(12)
C(105}P(2)}C(111) 101.42(13)
C(1)B(1)-C(6) 111.7(2)
C(1)}B(1)-C(21) 112.8(2)

144



C(6)-B(1)-C(21)
C(1)B(1)-C(12)
C(6)-B(1)-C(12)
C(21)B(1)-C(12)
C(60)B(2)-C(65)
C(60)B(2)-C(71)
C(65)B(2)-C(71)
C(60)B(2)-C(80)
C(65)B(2)-C(80)
C(71)B(2)-C(80)
C(1)N(1)-C(3)
C(1)N(1)-C(4)
C(3)N(1)-C(4)
C(1:N(2)-C(2)
C(1)N(2)-C(5)
C(2)N(2)-C(5)
C(60)N(3)-C(61)
C(60)N(3)-C(63)
C(61)}N(3)-C(63)
C(60)¥N(4)-C(62)
C(60)¥N(4)-C(64)
C(62)}N(4)-C(64)
N(2)-C(1)N(1)
N(2)-C(1)-B(1)
N(1)-C(1)-B(1)
C(3)-C(2}N(2)
C(2)-C(3)}N(1)
C(7)-C(6)-C(11)
C(7)-C(6)-B(1)
C(11)}C(6)-B(1)

102.1(2)
101.5(2)
111.3(2)
117.8(2)
112.3(2)
112.5(2)
102.1(2)
101.7(2)
110.61(19)
118.0(2)
110.8(2)
127.8(2)
121.3(2)
111.1(2)
126.7(2)
122.1(2)
111.2(2)
126.7(2)
122.0(2)
110.2(2)
128.2(2)
121.6(2)
104.1(2)
124.5(2)
131.1(2)
107.0(2)
107.0(3)
114.5(2)
124.7(2)
120.3(2)
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Figure 5.3. The two independent molecules in the crystal lattice of compbihwlith 35% thermal
ellipsoids. H atoms are omitted for dtgr
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Table 5.6. Selected bond lengths (A) and angles (°) for compourtd3

P(1}C(1) 1.652(8)
P(1}C(14) 1.821(7)
P(1}C(2) 1.820(7)
P(1}C(8) 1.833(8)
C(20)B(1) 1.590(12)
C(29)B(1) 1.590(12)
C(38)B(1) 1.577(11)
C(1)}P(1)C(14) 111.6(4)
C(1}P(1}C(2) 109.0(4)
C(14)P(1)C(2) 109.1(3)
C(1)}P(1}C(8) 120.6(4)
C(14)P(1)C(8) 104.5(3)
C(2)}P(1}C(8) 101.3(3)
C()}C(2)}P(1) 123.4(6)
C(7)}C(2)}P(1) 117.6(6)
C(13)C(8)-P(1) 121.5(6)
C(9)}C(8)}P(1) 118.0(6)
C(19)C(14)P(1) 118.7(6)
C(15)C(14)P(1) 123.5(5)
C(25)C(20)B(1) 119.5(7)
C(21)C(20)B(1) 121.7(7)
C(30)C(29)B(1) 122.2(7)
C(34)C(29)B(1) 119.7(7)
C(39)C(38)B(1) 121.6(7)
C(43)C(38)B(1) 122.2(7)
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Figure 5.4. The two indepedent molecules in the crystal lattice of compo&r&with 35% thermal
ellipsoids. H atoms are omitted for clarity.
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5.3 Results and Discussion

5.3.1 Reactivity Studief 3.1 and Characterizations 05.2

Beginningwith the commonly investigatezmall molecules 3.1 displayed no reactivity towards,HCO,,

or phenylacetylene both at room and elevated temperatures accordidgt8 and*'P NMR data.
Furthemore it was unable to dehydrogendt®r)NH,BHs. This lack of reactivity unlike other FLPs is
probably due tdahe boron centewhichis not aselectron deficienas B(GFs),Ar, a common Lewis acid
component in other reactive FLP#Another reason is thahe rigid naphthalene linker forces the
phosphine and boramoietiesapart at relatively longistance, which likely prevents polarization of small

moleculesby the system.

The reaction ofMe with 3.1 at room temperaturi@ THF or benzene produced the addb@ as a light
yellow, airsensitive solid, quantitativelfFigure 5.5).Compounds.2 wascharacterized by NMR spectra
and singlecrystal Xray diffraction analyses. Immediately following the additioriMé to 3.1, a distinct
change in thé'B{'*H} NMR spectrum was observed where a new peak emergéd7appm indicating
coordination oflMe to the boron centef®This expected and quantitative formation5® is further
validated in théH NMR spectrum of the reaction, as two new signals appea® ang. 32 ppm for the
N-CH; groups of the coordinatdifle. Compared to the i€H:6 s o 1Me fvhich appear as a sharp
singlet at 3 ppm, the chemically inequivalent signals for the coordinddd display significant

broadeningndicatingsteric congestion and an asymmetric environment around this group.

2 2

N

\N N/ THF, RT O Q
O Q + \—/

Ph< Ph~p \ g-Mes
P B @ e
PH " | ~Mes PH N:(@ Mes

. e
3.1 52

Figure 5.5. Synthesis of compourtsl2
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This crowding around the boron atom is clearly seen in thay)crystal structure d@.2. The crystals of

5.2 are very small and not suitable for conventionala} diffractometer. Fortunatelye succeeded in
getting the data d5.2 collected on a Synchrotron-bay diffraction facility at the Canadian Light Source.
The crystal structure confirmed the binding of IMe to the boron center (Bddralthough the B(1C(1)
bond is longer than thesof the previously reported IMe adducts with boranes due to steric congéstion
The P(1) and B(1) atoms .2 are separated by 6.34(1) A. Interestingly, the IMe ligand is oriented
toward the phosphine group with the F@)1) (4.38 A) distance beingé shortest between P(1) and the
IMe ring. The reaction of molecul&1 with IMe was monitored at room temperature igDEby NMR
spectroscopy. Immediately following the addition of IMe3t4, compounds.2 was produced, which is
stable in solution at amdmt temperature for days, and does not further reaen in the presence of

excess IMe.

C44

v P1

Ve

)' __‘"/
CM@" Cc5
c2 -

Figure 5.6. X-ray crystal structure @&.2
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The reaction betweeB.1 and different larger NHCs such #8r was also performed, howavyeno
coordination between the carbene and borane was observed. This was expected as theQgnger B
bond length irb.2 compared to other carbeberane adductalreadyindicatessignificant steric crowding

aroundthe bopn center

Furthermore, H activation by 5.2 was investigated since fiossesse$wo Lewis bases, namely the
phosphine and IMe, as well as a bulky Lewis acid. BtBhand*'P NMR showed distinct changes after
the sample 06.2was charged witl atm of H gas however, these signals veefound to be a result of
trace amount of watenserting into the BC bond of the adduct (as confirmed by the argon gas control
experiment). In order to suppress interference from water, comfo@Ameas reacted with a dryHyas

that was passed throughsolution of butyl lithium before introduced to the solutiorb& In this case,

no reactivity was observed.

5.3.2 Reactivity Studief 4.1 and Characterizations 06.1

Given the lack of Lewis base iA.1, the reactivity studies ofi.1 were focused oriMe reaction
Remarkably, te aforementioned reactivity @f.1 wasfound to occur at room temperatuneTHF after2
days as outlined below irFigure 5.7, ultimately leading to the unique and unexpected vamgine
bridged phosphoniurhorane5.1 Compound5.1is readily purifiedvia recrystallization from THF and
has beerfully characterized by'H, *°C, *'P, and*B NMR, HRMS, elemental analysignd Xray
diffraction. Much to our surprisés.1was found to be relativelstabletowards air and moisture Bky due

to the coordination spheres of the phosphorus and boron atoms now being fully ocEneieB{‘H}
and ¥P{'H} NMR specta of 5.1 each possess a single resonaaic€.22and 23.4 ppm, respectively,
indicating a fourcoordinated environment arourtwbrorf® and an intermediate coordination mode

between phosphonium and ylide for phosphdétus.
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Figure 5.7. Synthesis of compourisi 1

The crystal structure d&.1 shown in Figureb.8 revealsthat atransvinyl-amido unit is trapped between

the phosphorus and the boron atom in the molecule. TheG{2))(1.380(4) A) and C(2)N(1) (1.318(3)

A) bond lengths are consistent with the viayhido linkage. The P(4¢(1) bond (1.704(3) A) is about
0.09 A shorter than the-phenyl bonds, with a considerable partial P=C double bond chaféetkich

is in agreement with th&'P NMR data. As a consequence of the viaylido bridge, the P and B
separation distance |1 (5.252(3) A) is about - 1.2 A dorter than that ir8.1 and5.2 Owing to the
crowded nature of molecuel, the phenyl rings and the mesityl rings display highly restricted rotation
around the FC bond and the # bond, respectively, as evidenced by the broad peaks of the protons from

these rings in th&H NMR spectrum at ambient temperature.
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Figure 5.8. X-ray crystal structure @&.1

At 240 K, the'H NMR spectrum o6.1 s fully resolved with each proton displaying a distinct chemical
shift. The struture of 5.1 in solution is fully established by a series of COSY, HMBC, HSQC and
NOESY experiments at various temperatures, which agrees completely with the crystal structure. For
example, the protons on the C(1) and C(2) atoms display a dalghiblet pak at 3.73 ppm and 7.05

ppm, respectively, due to coupling with each otRér,( = 13 Hz) and the P atomiJ, = 18 Hz for H

C(1), ®Jey = 15 Hz for HC(2)). Their large'Je.; coupling constants (16Hz and 1@ Hz, for C(1) and

C(2), respectively) are ogistent with the vinyl structur@igure 5.9, Figure 5.10)The C(1) and C(2)

atoms display distinct coupling to the P atdda.{ and®Jec = 122 Hz and 21 Hz, respectively). Clearly,

the vinyl unit in5.1is the consequence of thelé fragmentation, andnay be entirely fromNe or the

result of a GC bond coupling between the methyl group on the phosphonium and a portionMéthe |
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Figure 5.9. Excerpted region dH**C HSQGcoupledNMR spectrum ob.1at 270 K in CRC,.

Figure 5.10. Excerpted region dH"C HSQGcoupledNMR spectrum o6.1at 270 K in CDCl,,
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