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Abstract

The work in this Thesis describes the preparation of a new vinylithium reagent,
[MeIPrCH)Li]> (MIPr = (MeCNDipp).C:; Dipp = 2,6-Pr,Ce¢Hs), which was utilized as a
general source for the anionic N-heterocyclic olefin (aNHO) [(MIPrCH)]", a potential 26, 27-
electron donor. Utilizing [(MIPrCH)Li]>, a complete acyclic divinyltetrelene series
(MeIPrCH):E: (E = Si— Pb) was prepared with (MIPrCH),Si: being the first example of a stable
two-coordinate acyclic diorganosilylene. Notably, (MCIPrCH),Si: exhibits dual nucleophilic

and electrophilic character at the Si(II) center.

The efficacy of [(MIPrCH)Li], to stabilize low-valent main group elements was
extended to the Group 13 elements, with a tetrahedron-shaped indium(I) tetramer,
[(MeIPrCH)In]s, supported by aNHOs being described. Scission of the indium(I) tetramer was
possible upon the addition of a strong Lewis base affording monomeric units that exhibit both
electrophilic and nucleophilic characteristics. This indium(I) tetramer was also found to be
highly reactive with the activation of strong H-B bonds in boranes by the In(I) centers, while
the steric profile of the aNHO allowed for the isolation of a rare neutral indium-imide, RInNR".
The synthesis of a related aNHO synthon, [(SIPrCH)Li]> (SIPr = (H2CNDipp)2C:), is also

described.

Next, the preparation of a diborene (RB=BR) stabilized by aNHOs was explored. The
precursor (SIPrCH)CIB-BCI(CHSIPr) was prepared in high yield by combining [(SIPrCH)Li]>
with Me2S+Cl:B-BCl2*SMe». Unfortunately, attempts to reduce (SIPrCH)CIB-BCI(CHSIPr)
gave exclusively decomposition/hydrolysis and, in one instance, a C-N ligand activation

product which may have been formed by a transient diborene. Computationally, it was found
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that the theoretical diborene, (MIPrCH)B=B(CHM*IPr) will likely exist in a triplet ground

state.

The synthesis of an aminoborane supported by a sterically demanding terphenyl ligand
(an inorganic analogue to styrene), ArPPPB(H)=NH, (ArP"" = 2 6-Dipp.Ce¢H3), was
investigated. First, the terphenyl-supported amine-borane adduct Ar®PPBH»*NHi, was
prepared in high yield in an efficient one-pot synthesis by combining Ar>PPLi and Me>S*BH3,
followed by the addition of excess [NH4]Cl, liberating H», LiCl and SMe» as by-products.
ArPPPBH,*NH; could be dehydrogenated further to give the target species ArPPPB(H)=NH,
by using a catalytic amount of [Rh(COD)CI]> (COD = 1,5-cyclooctadiene). Unfortunately,
attempts to dehydrogenate Ar®PPB(H)=NHa further were unsuccessful, possibly due to the low

hydridic character within the boron-bound hydrides.

Lastly, the bulky N-heterocyclic carbene (NHC) MITr (MITr = (MeCNCPh3),C:) was
prepared by incorporating methyl groups in the backbone of the heterocyclic ring forcing the
nitrogen-bound trityl groups forward to further protect the coordination pocket of the carbene.

This arrangement raises the percent buried volume (%Vsur) to an astounding 72.6 %, making

MeITr the world’s bulkiest NHC to date.
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Chapter 1 — Introduction

1.1 Main Group Element Compounds: From Structural Curiosities to
Applications

The field of organometallic chemistry has a long history, dating as far back as 1831
with the discovery of Zeise’s salt, (K[PtCl3(C2H4)]*H20),' in which the bonding of the
ethylene ligand confused chemists for the better part of a century.? Perhaps the most important
discovery in the field of organometallics is that of ferrocene, Cp2Fe (Cp = 1’-CsHs), first
reported in 1951,> which led to an explosion in interest transition metal coordination chemistry
and organometallics due to its unusual bonding and structure. The fundamental investigations
that followed gave rise to seminal discoveries in transition metal homogenous catalysis,
including the catalytic hydrogenation of olefins with Wilkinson’s catalyst, [RhCI(PPhs)s],* the
reversible activation of Hz by Vaska’s complex, [IrCI(CO)(PPhs)s],> and the activation of C-H
bonds by iridium(I) complexes.® These reports catapulted the field to even greater heights
leading to the development of a vast library of homogenous transition metal catalysts moving
transition metal coordination chemistry out of the realm of structural curiosities to being

indispensable tools in homogenous catalysis.

In contrast to the breakneck pace in the development of transition metal chemistry after
1951, the study of main group elements proceeded rather slowly. It is notable that main group
species containing element-element single bonds (E-E) appeared early in the study of
organometallic chemistry with the synthesis of cacodyl (Me:As-AsMe») in the late 18™
century.” Another early example of a homonuclear main group E-E single bond can be found

in CbB-BCl,, first reported in 1925 by Stock and coworkers.® These two examples proved

1



that electropositive elements could indeed form electron-precise single bonds, which up to that
point was not considered possible. However, general interest in the study of main group
element-containing compounds was rather limited. This was primarily due to the belief that
elements of principal quantum numbers greater than two (n > 2) could not form element-
element double bonds (E=E), with themselves or other elements, commonly known as the
“Double Bond Rule”.” Compounding this belief was that compounds of the main group
elements often have frontier (HOMO-LUMO) orbitals separated by large energy gaps with d-
orbitals that are not energetically accessible;'” as such, it was believed that main group
elements could not participate in reactions typically mediated by transition metals, such as H»

activation.

The “Double Bond Rule” was broken by Lappert and coworkers in the 1970s and
1980s when they reported the isolation of acyclic two-coordinate dialkyl tetrelene dimers in
the solid state, {(Me3Si)HC},E=E{(CH(SiMe3).}2, (E = Ge, Sn, Pb); notably, these species
exists as discrete monomers in solution ((Me3Si).HC),E:.!! West and coworkers reported the
first kinetically-stabilized disilene Mes;Si=SiMes, (Mes = 2,4,6-Me3;CeHz) in 1981.12
Yoshifuji and coworkers would in the same year report the isolation of a stable diphosphene
Mes*P=PMes* (Mes* = 2,4,6-'BusC¢H>)."* These examples would help put the “Double Bond
Rule” to rest. In 2005, Power and coworkers demonstrated that H> activation by low-valent
main group elements was possible when they combined ArPPPGeGeArPPP (ArPPP = 2 6-
Dipp2CsHs3; Dipp = 2,6-'Pr.C¢H3), a heavy Group 14 element analogue to acetylene (HC=CH),
with H» gas affording various germanium-hydride species.!'* Stephan and coworkers would
later demonstrate that frustrated Lewis pairs (FLPs) devoid of transition metal elements could

reversibly activate H>, mimicking the reactivity of transition metals.!®> These examples of main



group elements defying prevailing beliefs has allowed for the emergence of a field of fervent

study that is continuously pushing the boundaries of known reactivity of main group species.

1.2 Kinetic Stabilization of Low-Valent Main Group Elements

“Kinetic stabilization™ refers to the use of sterically hindered substituents, typically
organic groups, to prevent uncontrolled ligand activation, oligomerization/polymerization
and/or unwanted redox reactions from transpiring.'® For example, reduction of Me,SiCl, with
sodium metal (Wurtz coupling) affords the dimethylsilane polymer [SiMe:]n, possibly through
the Si(Il) intermediate Me,Si: (Scheme 1.1a).!” Reduction of the related chlorosilane Ph,SiCl,
by Kipping with sodium affords similar oligomeric diphenylsilane products, which possibly
contains some polymeric [SiPhz], (Scheme 1.1b).!® The postulated intermediate in the above
mentioned reaction, Me>Si:, has been observed in frozen argon matrix conditions (10 K),! and
both Me;Si: and Ph,Si: have been generated/detected as transient species in solution by UV-
vis spectroscopy via laser flash photolysis studies involving [SiMez]s and
(H2C(H2C)(SiMe3))2SiPh; as precursors; these species have exceedingly short lifetimes on the
scale of 0.6-1.5 s and 250600 ps, respectively.?’ West and coworkers were able to overcome
the tendency of low-valent Si(II) species to oligomerize by the incorporation of more
sterically-demanding Mes substituents in the disilene dimer Mes,Si=SiMes; (1), which was

prepared by photolysis of Mes2Si(SiMe3), (Scheme 1.1¢)."?
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Scheme 1.1. a) Reduction of Cl.SiMez with sodium metal giving polymethylsilane; b)
Reduction of CI>SiPh; with sodium metal by Kipping; c) West and coworkers’ preparation of
a kinetically-stabilized disilene Mes,Si=SiMes; (1) via photolysis.

1.2.1 Kinetic Stabilization of Low-Valent Group 13 Elements

Early examples of element—element (E-E) bonding involving heavier low-valent
Group 13 elements were generally supported by cyclopentadienyl (Cp) derivatives, which in
the solid state exist as tetramers (e.g., [Cp*Al]s; Cp* = n°-CsMes)*! and hexamers (e.g.,
[Cp*M]e; M = Ga, In].?2 Monocoordinate silylated ligands, such as C(SiMe3); and Si(SiMe3)s,
also afford tetrahedron-shaped [MR]4 oligomers (M = Ga, In), which dissociate in solution or
in the gas phase to give monomeric species;> it should be noted that Cpln (Cp = 1’-CsHs)
exists as a zig-zag polymeric structure in the solid state but dissociates into monomers in the
gas phase.>*** Power and coworkers demonstrated that monocoordinate Ga(I), In(I) and TI(I)

species could be isolated when supported by the sterically-demanding terphenyl ligand Ar™P
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(Ar"P =2 6-TripC3Ha; Trip = 2,4,6-"Pr2CeHz), and were prepared by combining Ar™PLi with
the appropriate MC1 (M = In, TI) source to give Ar "PIn: (2)*¢ and Ar™PTI: (3),? respectively
(Scheme 1.2a). In the case of Ga, the terphenyl ligand Ar'P®LisEt,0 (Ar'™ = 2,6-Trip-3,5-
ProC¢H) was used instead, and combined with two equivalents of “Gal”, followed by
reduction with sodium metal, to give the desired monomeric Ar’®Ga: (4)*® (Scheme 1.2b).
More recently, Power, Tuononen and coworkers isolated a stable one-coordinate AI(I)
supported by the terphenyl ligand, Ar’™™, by reduction of the precursor Ar*™All, with 5%

Na/NaCl to give Ar'Al: (5) as a deep-red solid (Scheme 1.2¢).%

a) Trip Trip
Li + MCI —_— M:
- LiCl
Trip Trip
M =In (2), TI (3)
b) ipr Trip Me 1.2 "Gal" iPr Trip
2.Na
Li—O —_— Ga:
-Ga’
Pr Trip Me - Lil Pr Trip
- Nal
- Et,0 4
c) ipr Trip Pr Trip
| 5% Na/NacCl . .
Al —————— Al Pr Pr
iPr Trip Pr Trip
Pr
5

Scheme 1.2. a) Synthesis of Ar™PIn: (2) and Ar™TI: (3); b) Preparation of Ar'™Ga: (4); c)
Synthesis of Ar'P®Al: (5).



Neutral dimetallenes, of the form ArPPPMMATrPPP (M = Ga (6), In (7), T1 (8)),*° can
be considered to be the heavy Group 13 element analogues to acetylene (HC=CH) and
congeners of diborene (HB=BH).*' A key structural feature of these dimetallenes is their trans-
bent geometries, for example, in the digallene Ar°P"GaGaArP"* (6) the C—Ga—Ga bond angle
is 123.16(7)°,% which is significantly distorted from the linear H-C—C arrangement in
acetylene. The bending in 6 can be rationalized as arising from second-order Jahn—Teller
distortion. In a linear molecule, of the general form REER (Den) (E = Group 13 element), the
frontier molecular orbitals consist of a bonding c-orbital and two degenerate m-bonding
orbitals, and their corresponding antibonding combinations. When this linear molecule
undergoes a frans-bending vibration, changing the symmetry to Can, the degeneracy of the n
and ©* orbitals is broken, resulting in a new HOMO that contains a lone pair (n-), or slipped
n-bonding, and a LUMO that consists of an empty n-orbital (n+); the HOMO and LUMO in
this configuration have the same n-symmetry (Figure 1.1).>! For heavy main group element
multiple-bonded species second order Jahn-Teller distortion is more common due to the
separation of the energy levels being smaller than in the lighter congeners (i.e., boron); for this
reason, HB=BH is calculated to be unstable with a linear geometry and a triplet ground state
wherein each of the degenerate m-orbitals are singly occupied,’! while the heavier element
analogues (REER; E = Ga—Tl) are stable with a frans-bent geometry and a stabilized HOMO

in each case.

The multiple bonding in dimetallenes (RMMR; M = Ga-T1) is generally considered to
be very weak. This is highlighted by the addition of the Lewis acid B(CeFé)s to the diindene
ArPPPInInArPPP (7), which homolytically cleaves the In-In bond affording the adduct

ArPPPIneB(C6Fs); (9) (Scheme 1.3a).3% Likewise, addition of H> or NH3 to ArPPPGaGaArPiPp



(6) gives the corresponding hydrido- or amido-bridging products [Ar°P"GaH(u-H)]. (10) and

[Ar®PPGaH(u-NH2)]2 (11) (Scheme 1.3b).*?

‘ArDiP?

R
o — C% &*
R
R¥Q
R
R

H n, | E=Ga(®),In(7),TI@)

R

’,,, R ArDiPP = D|pp
S S

R
R
c R>OCO®@R + Jr Q‘LQR "-| Dipp= Pr\é’m
R /
_{_ &
R

Dipp

o

Linear (D) Bent (Czn)
Triplet Ground Singlet Ground
State State

Figure 1.1. Molecular orbital (MO) depiction of linear (Dn) and trans-bent (Con) heavy Group
13 element dimetallenes with Power and coworkers’ trans-bent dimetallenes Ar>PPMMArPiPP
(M =Ga (6), In (7), T1 (8). Adapted from Figure 1 in Ref. 31a.

It should be noted that a dialumene (RAIAIR), while postulated to be stable with bulky
R groups, has not been isolated to date.*® Attempts by the Power and Tokitoh groups to prepare
and isolate a dialumene resulted in cyclization with aromatic solvents affording
ArPPPAL(CeHsMe)AIArPPP  (12)**  and BbpAl(C¢He)AIBbp (13) (Bbp = 2,6-

(CH(SiMe3)2)2C6H3)**® (Scheme 1.4), respectively.
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Scheme 1.3. a) Synthesis of Ar”PPIn*B(CcFs)s (9); b) Preparation of [Ar?PPGaH(u-H)]» (10)
and [Ar°PPGaH(u-NH>)]2 (11) from H, and NH3 gas, respectively.

Early examples of low-valent boron(I) species include the tetramer [B(‘Bu)]4 (14), first
prepared by reduction of ‘BuBF> with Na/K alloy (1:3) in pentane by Paetzold and Boese in
1991 (Scheme 1.5a).2* In 1999, Siebert and coworkers prepared a similar tetramer supported
by 2,2,6,6-tetramethylpiperidide (TMP) groups, [B(TMP)]4 (15), via reduction of (TMP)BCL
with Na/K (1:2.8). Siebert also described the cyclotetraborane cyclo-[B(N'Pr2)]s (16) in the
same report when the smaller amide N'Pr, was used as the supporting ligand (Scheme 1.5b).%
Attempts by Power and Grigsby to prepare a diborene (RB=BR) supported by the terphenyl

ligand Ar™®s (ArMes = 2 6-Mes>CsH3) via reduction of ArM*BBr; (e.g., KCs) gave exclusively



ligand-activated products via C—C, C—H bond insertion and proton abstraction by a possible

transient borylene (Ar™*B:) (Scheme 1.6).3°

ArPipp
. 2 KCq Di A
DPPAr I toluene PPAr=p|
Al-Al EE— 7\ /)
I' ‘ArDipp -2KI
-16 C Me
12
’Bbp
Bb : 2 KCq A
P, . benzene Bbp-p
.’AI—AI\ SE——— . 7\ 7
| Bbp -2 KI
-16 C
13
s A
a - i i
APDIPP = Dipp Dipp Dipp = Pr Pr
Me,Si SiMe,
Bbp = Me,Si SiMe,
. J

Scheme 1.4. Preparation of the dialumene-arene adducts Ar°PPAl(CsHsMe)AIArPPP (12) and
BbpAl(C¢Hg)AIBbp (13).
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Scheme 1.5. a) Synthesis of [B(‘Bu)]s (14); b) Preparations of [B(TMP)]4 (15) and cyclo-
[B(N'Pr2)]4 (16).
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Scheme 1.6. Representative ligand-activation product by a possible transient borylene isolated
by Power and Grigsby upon reduction of ArM*BBr.

1.2.2 Kinetic Stabilization of Low-Valent Group 14 Elements

Lappert and coworkers prepared the distannene {(Me3Si);HC}2Sn=Sn{(CH(SiMe3)2}2
(17), a tin analogue of an alkene, in the 1970s.!! Unlike West’s disilene Mes>Si=SiMes; (1),
which exists as a dimer in both solution and in the solid state, Lappert’s distannene 17, while
a dimer in the solid state, dissociates into the monomeric stannylene {(Me3Si)HC}>Sn: (17")
in solution. Lappert’s distannene features a frans-bent conformation, with the ligands at each
Sn-center being 41° out-of-plane (fold angle) of the Sn—Sn bond axis, indicating the presence
of a lone pair character at each Sn center. The sum of the interligand angles at Sn in
{(Me3Si);HC}2SnSn{(CH(SiMe3)2}> (17) is 340°, supporting the presence of lone pair

character at each tin center, while West’s disilene (1) is nearly planar at each silicon (Si =
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356°)."2  These  observations indicate  that the multiple bonding in
{(Me3Si)HC}2SnSn{(CH(SiMes)2}2 (17) is rather weak and could be described by two
resonance structures (zwitterionic) with a Sn—Sn single-bond (Figure 1.2). Such trans-bent
geometries are often observed in heavier Group 14 element alkenes (R2E=ER>) (E = Ge-Pb).
These geometries can be explained by second-order Jahn—Teller distortion (vide supra)®! but
can also be partially explained by the “inert pair effect”, which is also relevant to Group 13

multipleibonded species (vide infia).’’

(Me;Si);HC (Me;Si),HC (Me;Si).HC
(Me;Si)zHC\“ ] (Me3Si)zHC\\ (Megsi)zHc\ﬁ o
O5N-SNscysiMey), ~ SN=Sh<cH(siMey), @ " SNSCH(SIMes),
CH(SiMe;), CH(SiMe;), CH(SiMe;),
17
{Solid State)
(Me;Si);HC
(MessiHCLY ~ Sn-Sn
"""""" s"_sr.'j’CH(SiMegz Bond Axis
0 =41°, Fold angle” CH(SiMe3),

(Me;Si)HC
4\Sn:

(Me;Si),HC

7
(Solution)

Figure 1.2. Resonance structures of {(Me3Si)>HC}>SnSn{(CH(SiMe3)2}2 (17), the reversible
homolytic cleavage of the Sn—Sn bond of 17 (top) and an illustration of the trans-bending in
17 in the solid state (bottom).

The “inert pair effect” describes the tendency of heavier Group 13—16 elements to have
stable oxidation states that are two less than the maximum valency as one descends the group.
For example, in Group 14, carbon is commonly found in a +4 oxidation state whereas lead is
commonly found in a +2 oxidation state preferentially due to a stabilized 6s* lone pair. This
stabilization is due to the relatively diffuse d- and f-orbitals being poorly shielding towards the
valence electrons (e.g., 6s%), relativistic effects, and decreasing bond enthalpies the lower

down a Group an element is.>’
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The heavy Group 14 alkyne analogues REER (E = Si—Pb) are excellent examples of
the effect of second-order Jahn—Teller distortion and the “inert pair effect” associated with
heavier main group elements. In 2004, Sekiguchi and coworkers isolated the first disilyne (18)
(RSi=SiR; R = Si('Pr){CH(SiMe3)}2) utilizing bulky silyl substituents to protect the Si=Si
core.*® Power and coworkers had a few years prior prepared the other heavy element alkynes
Ge—Pb by using bulky meta-terphenyl ligands, such as ArPP?, to afford ArPPPGeGeAr PP (19)
and Ar®PPSnSnArPPP (20), and Ar™P to form ArPPPPbPbArPPP (21).3 Upon descending Group
14 trans-bending in the alkyne analogues becomes more pronounced and the multiple-bond
character decreases (Figure 1.3). The disilyne (18) deviates from linearity with a R—Si—Si bond
angle of 137.44(4)° and a Si-Si bond length 2.0622(9) A,*® which is appreciably shorter than
observed bond lengths in dislenes (2.14-2.25 A).* For the digermyne (19) and distannyne
(20) the trans-bending becomes more pronounced and the multiple-bond character decreases
with bond lengths closer to measured double-bonds. The diplumbylene Ar™PPbPbAr™ (21)
exhibits a C—Pb—Pb angle of 94.26(4)° and a long Pb—Pb bond length of 3.1881(1) A,

consistent with a Pb—Pb single bond and high p-character in the Pb—Pb and Pb—C linkages.***
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Figure 1.3. The heavy Group 14 alkyne analogues 18-21 with their respective L-E—-E bond
angles (L = ligand; E = Si—Pb) illustrating a reduction in the multiple bond character
descending the Group 14.

While Lappert’s tetrelenes {(Me3Si)HC}2E: (E = Ge-Pb) dimerize in the solid state,
the plumbylene {(MesSi),HC}»Pb:, has a Pb-Pb contact of 4.13 A in the solid state,*! that is
significantly longer than a normal Pb—Pb single bond (ca., 2.9 A).*® The dimerization of
tetrelenes (R2E:) can be prevented by the incorporation of n-donating and/or c-withdrawing
groups (thermodynamic/electronic stabilization) in conjunction with sterically-demanding
substituents (kinetic stabilization).*> Thermodynamic/electronic stabilization involves the use
of m-donating and o-withdrawing groups to raise the LUMO (empty p-orbital) and HOMO

(lone pair) energy gap of the tetrelene. For example, Lappert and coworkers reported a
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tetrelene series stabilized by bis-amido substituents ([{(Me3Si)2N}2E; E = Ge-Pb) which
persist as monomers in solution and the solid state.*’ Using the germylene {(Me3Si)2N}.Ge:
as an example, the LUMO (a non-bonding empty p-orbital) of the Ge center is raised in energy,
by donation of electron density of the m-symmetry lone pairs from the flanking nitrogen atoms.
Additionally, the energy of HOMO, a non-bonding lone pair, is lowered due to the o-
withdrawing character of the more electronegative character of the flanking nitrogen centers

(Figure 1.4).

(Measi)zHC\O
GeD) N
(Megsi)zHC/. ( /\
(Me3Si)zN O
\G
M umo oD
R R (Me;Si)N .
LUMO RJ ER = m-Donation

HOMO + ___________ (MessipN, ()
.%) --------- H ; HOMO \GEC)

(Measi)szZ‘.
5

| o-Withdrawing

Figure 1.4. Frontier molecular orbitals (FMOs) of {(Me3Si):N}.Ge: illustrating -withdrawal
and m-donation by flanking nitrogen atoms.

Of relevance to this Thesis, select examples of silylenes (R2Si:) in which the silylenes
are stabilized by both kinetic and/or electron-strategies are shown in Scheme 1.7. Jutzi and
coworkers isolated the first stable acyclic diorganosilylene Cp*;Si: (22) by reduction of
Cp*:SiCl> with Na[CioHg] (Scheme 1.7a). The Si(IT) center in Cp*,Si: (22) is stabilized by the

demanding Cp* moiety (Cp* =n°-CsMes), which coordinatively saturates the silicon center.**
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Denk, West and coworkers reported the heterocyclic silylene (HCN'Bu),Si: (23) wherein the

Si(IT) center is electronically-stabilized by the 6-withdrawing and n-donating nitrogen atoms

within the ring (Scheme 1.7b).*> A cyclic dialkylsilylene (H2CC(SiMes)2)2Si: (24) was

described by Kira and coworkers where the flanking SiMes groups provide effective steric

protection preventing dimerization. (H>CC(SiMe3)2)2Si: (24) decomposes in solution at room

temperature via 1,2-migration of a neighboring trimethylsilyl group (SiMes) to give the

corresponding silaethene (H2C)2C(SiMe3)2(MesSi)C=SiSiMes (25) (Scheme 1.7¢).*

a)
\\’Br
Br
b) .
IBU
[N\ ABI’
s \Br
Bu
c)
MesSi_  siMe,
»Br 2 KCg
»
_Br -2 KBr
Me;Si  SiMe; -16C

2 Na[CoHs]
—>
- 2 NaBr

-2CyoHg

Me;Si_ _siMe,

Me;Si  SiMe;

24

S
/ébi

22
f
IBU
N\
»
N
Bu
23
SiMe;
1,2-migration
J Nsi—SiMe,
Me;Si SiMe;
25

Scheme 1.7. a) Synthesis of Cp*,Si: (22); b) Preparation of (HCN'Bu)Si: (23); ¢) Synthesis
of (H2CC(SiMe3)2)2Si: (24) and subsequent ligand decomposition via 1,2-migration
(H2C)2C(SiMes)2(Me3Si1)C=SiSiMes (25).
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1.2.3 Kinetic Stabilization of Group 13—Nitrogen Multiply-Bonded Species

Unsaturated Group 13-nitrogen (Group 13 = B—In) containing species with t-multiple
bonding have been of interest for many decades due to such species being isoelectronic to
unsaturated organic fragments, such as alkenes and alkynes.*’ The difference in
electronegativity between the Group 13 elements and the nitrogen atom (e.g., B 2.01 versus N
3.07)* leads to substantial polarization towards nitrogen. This polarization imparts a high
degree of reactivity in Group13—amides (R,ENR>) and Group 13—imides (RENR) which both
can undergo cyclization and/or oligomerization reactions readily, For example, early work on
iminoalanes by Cesari and coworkers found that the iminoalane, HAIN"Pr, could form the
hexamer [HAIN"Pr]s or the octamer [HAIN"Pr]s with alternating nitrogen and aluminum

vertices.*

Oligomerization of unsaturated Group 13-nitrogen species can be prevented by the
incorporation of sterically-demanding substituents on both the nitrogen and Group 13 centers
(Group 13 = B-In). Paetzold and coworkers employed such a strategy to isolate the first stable
iminoborane. Heating the aminoborane precursor ClI(‘Bu)B=N(‘Bu)SiMe; to 530 °C led to
CISiMej; elimination to afford the linear iminoborane ‘BuB=N‘Bu (26) with a B-N bond length
of 1.258(4) A. It should be noted that ‘BuB=N'Bu (27) dimerizes slowly to give [[BuBN'Bu],
(28) with a substantial increase in the avg. B-N bond length to 1.491(6) A, indicating a

decrease in multiple-bond character (Scheme 1.8).>°
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Cl,  SiMe; 530 °C Dimerization B,
=N, ———> Bu-E=N-Bu —> 112 By—N’ N-Bu
8¢ Bu - CISiMe;
Bu
27
28

Scheme 1.8. Synthesis of the iminoborane ‘BuB=N'Bu (26) and its subsequent dimerization
to the aminoborane ['BuBN'Bu]: (28).

The heavier Group 13-imide analogues (Group 13 = Ga, In) supported by bulky meta-
terphenyl ligands were reported by Power and coworkers. Combining the dimetallenes
ArPPPMMATPPP (M = Ga (6), In (7)) with the bulky terphenyl azide Ar*!"BU'N; (Ar*!Bu =
2,6-(Xyl-4-Bu)2CsH3; Xyl = 2,6-Me>CsH>) to give the corresponding neutral Group13-imides
ArPPPMINACOBY (M = Ga (29), In (30)) and loss of nitrogen gas (Scheme 1.9).5! The
molecular structures of ArPPPMNA*YBY (M = Ga (29), In (30)) display trans-bending in the
C-M-N-C core with a C-N-M angle of 141.7(3)° (29) and 134.9(2)° (30) which deviates

from the linear arrangement observed in ‘BuB=N'Bu (28).%°

Bu-Xyl
Dipp Na ‘Bu-Xyl
Di M M
o ‘Bu-Xyl Py e ¢
1/2 Dipp  M=M by —————> o Xyl-Bu =
Dipp N, M t
. Xyl-'‘Bu ¢
Dipp Dipp Bu
M = Ga (6), In (7) M = Ga (29), In (30)

Scheme 1.9. Synthesis of Ar°PPMNAr®!B¢ (M = Ga (29), In (30)).
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As recently as 2021, Power and coworkers were able to isolate a stable monomeric
aluminum-imide, also called an iminoalane.>> By combining monomeric Ar'*8Al: (5) with the
terphenyl azide ArM®N; (ArMe = 2,6-Mes,CgH3), in a similar fashion to the preparation of
their previous Group 13-imides (vide supra), liberation of N> and formation of Ar'"S AINArMes
(31) transpired (Equation 1.1).>? The molecular structure of Ar" AINAr™® (31) shows a linear
C—AI-N—C core and a C—N—Al bond angle of 180° suggesting significant nitrogen lone pair
to Al m-donor interaction and the presence of a formal AI-N triple bond with a bond length of

1.625(4) A.

Mes

i ; N3
Pr Trip Pr Trip Mes

) Mes
Al : —1- AI=N (1.1)
pr Trip

Pr Trip Mes

5 31

1.3 N-Heterocyclic Carbenes

Carbenes are molecules that contain a dicoordinate carbon (R2C) with six valence
electrons. The non-bonding electrons of the carbene may exist in a triplet state, where the
electrons are unpaired, or they can be paired and occupy the formal sp? orbital of the carbene
carbon atom. While the simplest carbene, H>C, exists in a triplet ground state, a singlet ground
state can be induced by incorporating o-withdrawing and/or n-donating fragments, typically
N-aryl/alkyl substituents, which provide steric protection while stabilizing the empty p-orbital
through n-donation.>® Arduengo and coworkers employed such a strategy in the isolation of

the first stable N-heterocyclic carbene (NHC) in [Ad (IAd = (HCNAJd)2C:; Ad = adamantyl),
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prepared by deprotonation of the imidazolium salt [TAdH]C1.>* While IAd is sensitive towards
air and moisture, as are most NHCs, it is thermally stable and can be stored indefinitely under
an inert atmosphere of N> giving NHCs the moniker “botteable carbenes.” Since 1991, NHCs
have become the most popular carbon-based ligands in main group element chemistry owing
to their stability, structural diversity, and tuneability of the o-donating/n-accepting ability of

groups bound to the carbene center.>

1.3.1 Properties of N-Heterocyclic Carbenes and Coordination Chemistry

Highlights

N-Heterocyclic carbenes (NHCs) are strong c-donating ligands and, for many years,
were considered to have little to no m-accepting ability. In 2001, Danopoulos and coworkers
found that NHCs can indeed act as weak m-accepting ligands when they prepared an
NHC+CuBr complex (NHC = [(H2C)2(NDipp)(NPyridyl)]C:; Pyridyl = 2-pyridyl) with a short
NHC—Cu bond of 1.880(6) A, somewhat shorter than previously reported carbon-copper bond
lengths [1.90-1.96 A].>® The m-accepting character of carbenes can be increased by the
replacement of one of the flanking amino substituents with a quaternary carbon. Bertrand and
coworkers demonstrated this concept when they prepared the first cyclic(alkyl)amino carbenes
(CAACs) in 2005.°7 The removal of one of the electronegative atoms not only increases the -
accepting character of the carbene center but also enhances 6-donating ability of the carbene

by making it more electron rich (Figure 1.5).
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Figure 1.5. Diagram depicting the 6-donating and m-accepting interactions for N-heterocyclic
carbenes (NHCs) and cyclic(alkyl)amino carbenes (CAAC).

Another important aspect of NHCs is their structural tuneability which has led to a vast
catalogue of different carbenes typically, but not always, by altering the group situated on the
flanking nitrogen atoms. These alterations can also influence the steric parameters of the
carbene.® In recent years, the concept of percent buried volume (%Vgur) has been developed
by Nolan and others as a method of quantifying the steric properties of NHCs.*®>° The percent
buried volume (% Vgur) is defined as the percent of the total volume of a sphere that is occupied
by a ligand.*”® This can be determined by having a sphere of a set radius, typically of 3.5 A,
which represents the potential coordination sphere of a metal, with a metal atom placed at the
center of said sphere (e.g., Au(l)). The ligand of choice is then placed coordinating to the metal
center at a set distance of 2.0 A or 2.28 A (Figure 1.6). From these parameters the spatial
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occupation of the ligand (i.e., %Vgu) is determined by the software Samb/ca (Salerno
molecular buried volume calculation).’*® As an example of the variability in steric parameters,
the most commonly used carbene in main group element chemistry, IPr (IPr=(HCNDipp).C:),
has a %Vgur of 45.4 % when the NHC-Au distance is set to 2.0 A, while Im’Pr, (Im'Pr, =
(HCN'Pr2),C:) has a %Vgur of 27.5 % when the same parameters are used.’® The concept of

%Vaur 1s of particular interest and relevance for Chapter 6.

Dipp ,’Pr
N, N
Standard Settings [ C: [ c:
M-Cpnpc = 2.00 or 2.28 A N‘ N’
radius of sphere (r)=3.5 A Dipp ipy
IPr%Ve, =454%  Im'Pr, %Vay, = 27.5 %
M-Cppc = 2.00 A M-Cppc = 2.00 A

Figure 1.6. Graphical illustration of percent buried volume (%Vsur) and the calculated % Vgur
for IPr and Im’Pr> when the NHC-M distance is set to 2.0 A. Adapted from Figure 2 in Ref.
58.

Select examples of NHC-main group element complexes relevant to this Thesis are
shown in Scheme 1.10. Robinson and coworkers, were able to isolate the neutral NHC-
stabilized IPreHB=BH<IPr (32), the first example of a stable diborene (Scheme 1.10a) upon
reduction of IPrsBBr; with 5.5 equivalents of KCg and proton abstraction from the solvent.*
This was taken a step further in 2012 when Braunschweig and coworkers reported the isolation
of a stable boron-boron triple bond, diboryne, by reduction of the NHC-diborane adduct
[PreBroB—BBr;*IPr with four equivalents of Na[CioHs] to give IPreB=B¢<IPr (33) (Scheme

1.10b).!
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Scheme 1.10. a) Synthesis the NHC-stabilized diborene [PreHB=BH*IPr (32); b) Preparation
of an NHC-stabilized boron-boron triple bond IPreB=BeIPr (33); c) Synthesis of a NHC-
stabilized silylene IPreSiBr; (34).

Silylenes (R2Si:) can also be stabilized by NHCs as demonstrated by Filippou and
coworkers when they were able to reduce [[PreSiBr3]Br with two equivalents of KCg to give
the IPr+SiBr (34) (Scheme 1.10¢).%? In these examples, the strong electron-donating ability of
the NHC IPr occupies the once empty p-orbitals of the boron and silicon centers while also

providing sufficient steric protection to prevent oligomerization.
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1.4 N-Heterocyclic Olefins: An Unassuming Beginning

N-Heterocyclic olefins (NHOs), occasionally referred to as deoxy-Breslow
intermediates, are a class of compounds that contain an alkylidene (CR2) fragment tethered to
a heterocyclic carbene framework (Figure 1.7). This structure leads to substantial polarization
of the exocyclic C=C n bond causing an increase in the nucleophilicity of the exocyclic ylidic

63 reminiscent of methylene phosphoranes, such as PhsP=CH,,** and the Breslow

carbon atom,
intermediates formed during N-heterocyclic carbene (NHC)-catalyzed conjugated addition
reactions (Figure 1.8).%° While the term NHO was first introduced in 2011, the first example
of an NHO appeared in the literature as early as 1961, 30 years before the isolation of NHCs
by Arduengo and coworkers,>* when Bohme and Soldan reported the preparation of
SImMe;CH(Ph) (SImMe, = (H2CNMe)C) during their studies on derivatives of
triaminomethane.®” The next example of an NHO appeared in 1979 and was the first example
of an NHO-metal complex, [(SImMe>CH2)PtCly]2, prepared by Kaska and coworkers.%®
Reports on NHOs would lay dormant again for almost a decade until Heuschmann reported a
general synthetic route to over 20 functionalized NHOs.* Kuhn and coworkers would build
upon this work with important trailing blazing investigations leading to a general synthetic
route to the sterically unhindered NHO ImMe4CH> (ImMes = (MeCNMe).C) and subsequent
1:1 adducts with BX3 (X = H and F) and M(CO)s (M = Mo and W).”® Reports on NHOs would
once again fade into obscurity until 2010 with a report from Beller and coworkers, wherein
they described the in situ generation of sterically-demanding NHOs (e.g., IPrCH>) and their

subsequent transformation into cationic phosphine ligands for use in Pd-catalyzed bond

forming reactions.”! This would precipitate a surge in interest in the chemistry of NHOs,

63,72 3

initially by the Rivard group and then others,” as ligands in the stabilization of low-
oxidation state main group species and as organocatalysts in a variety of transformations.”
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The emergence of NHOs from unassuming and scattered reports over the better part of 50

years belies their utility, and their application in the stabilization of reactive fragments remains

unabated today.
( Dipp Dipp )
N H N H
[ >=C‘ S [@))—C‘:@
N H N H R
Dipp Dipp N OH
L=<
........................................ S R’
Breslow
H. _H Ho-H Intermediate
& . , St
Ph”¥ph Ph’?%h
\ Ph Ph

Figure 1.7. Resonance forms of N-heterocyclic olefins (NHOs) and the methylene
phosphorane Ph3;CH>, and the general structure of a Breslow intermediate.

1.4.1 Synthesis of N-Heterocyclic Olefins

There are multiple established routes to access NHOs with slightly different methods
being employed for sterically unhindered NHOs and more sterically demanding aryl-based
NHOs, with the key step in all cases being the selective deprotonation of an exocyclic alkyl
group. Since sterically unhindered NHOs appeared in the literature the earliest, methods of

their preparation will be discussed first.

The first route to an NHO established by Bohme and Soldan, involved deprotonation
of the imidazolinium salt [SImMe>CH2Ph]I (35) with NaOEt (Scheme 1.11a) to give
SImMe>CHPh (36).®” Heuschmann and coworkers reported a similar method of preparing a
series of structurally diverse NHOs by simply combining the corresponding imidazolinium
salts with sodium hydride (NaH) (Scheme 1.11b).%” Kuhn and coworkers’ method involves the
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deprotonation of the imidazolium salt [ImMe4sCH3]I (37) with ‘BuLi followed by vacuum
thermolysis of the NHO lithium iodide adduct to afford ImMesCH: (38).7% This method was
later improved upon by using potassium hydride (KH) as the base, allowing for easy separation
of 38 from the by-products H> and potassium iodide (KI) (Scheme 1.11¢).”* Kaska and
coworkers employed an interesting synthetic method for preparing NHOs which involved
combining the commercially available 2-chloro-1,3-dimethylimidazolinium chloride
[SImMe>Cl1]Cl with two equivalents of methyl lithium (MeLi) to afford SImMe>CH: (39)
(Scheme 1.10d). This method presumably proceeds through the formation of the
imidazolinium salt, [SImMe>CHj3]Cl, followed by deprotonation of the exocyclic methyl
group with the second equivalent of MeLi resulting in loss of methane (CH4) and LiCl as by-
products.®® A key feature in the preparation of these sterically unhindered NHOs, with the
exception of the method employed by Kaska and coworkers, is the avoidance of the in situ

generation of the corresponding NHC, but rather that the methyl group is pre-installed.

For more sterically demanding NHOs, which contain bulky aryl substituents at
nitrogen, there are three protocols that can be employed. An important step in each of these
protocols is the generation of the parent NHC, which can be isolated or generated in situ, and
subsequent alkylation of the NHC. The most general method, for example, in the synthesis of
IPrCH; (IPr = (H.CNDipp).C; Dipp = 2,6-Pr,C¢H3), involves the addition of methyl iodide
(Mel) to the parent carbene IPr resulting in the formation of the imidazolium salt [IPr-CH3]1,
which is subsequently deprotonated with a strong base (e.g., "BuLi) (Scheme 1.12a).%7 A
variation of this synthesis involves the use of a second equivalent of the carbene IPr as the
base, with the formation of [IPrH]I as the by-product.®® Robinson and coworkers reported a

novel synthetic route to [IPrCH> wherein they form initially the anionic N-heterocyclic carbene
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Li[IPr] by lithiation of the alkene backbone. Subsequent addition of Mel to a slurry of Li[IPr]
afforded IPrCH, (Scheme 1.12b).”® However, there are a few limitations with the above
methods. In the cases were "BuLi is used in THF, the by-product Li(THF)«I can be difficult to
separate from the desired NHO. Similarly, if IPr is used as the base, separation of the NHO
from excess or unreacted IPr can be problematic due to the similar solubilities of the two
species. The Rivard group developed an alternative synthetic route toward IPrCH; that is both
high yielding (ca., 80 %) and applicable on a large scale (ca., 30 g); this method utilizes
CICH2SiMe;s as the methylene source and when combined with IPr the volatile by-product

CISiMe;s is removed easily from IPrCH> (Scheme 1.12¢).”

a) B6hme and Soldan b) Heuschmann and coworkers
Me 1© Me R X® R
N H NaOEt N H N KH N H
E’D»—C\;H na E )=C, E ))—c H [ Y=¢
- Nal R A
N Ph HOEt N Pn Ha N R
Me ) Me -KX Me
35 36 X =1, BFy4, ClO,4
R = Me, Et, 'Bu, Cy, Bn
R' = Me, Pr, Ph
c¢) Kuhn and coworkers d) Kaska and coworkers
Me e Me cio Me y
Me_ N i 2 MeLi N
N H Base (B) N [ .,
U C
IGD))—C;H I )—C E‘BN»—C' -2 Licl N W
me” N H \ - CHy Me
Me - Salt Me
37 : 33 39
Base="Bu,H

Scheme 1.11. Early reports on the synthesis of sterically unencumbered NHOs.
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Scheme 1.12. General synthetic routes to NHOs. Adapted from Scheme 1 in Ref. 63.

In 2020 Hansmann and coworkers reported the efficient and straightforward synthesis
of mesoionic NHOs (mNHOs),”” which are formally derived from 1H-1,2,3-triazoles. The
synthesis involves a [3+2] cycloaddition of 1,3-diaza-2-azoniaallene salts with the appropriate
alkenes, followed by deprotonation of the resulting triazolium salt with K[N(SiMe3)2] to give
the desired mNHOs (Scheme 1.13a). Hansmann and coworkers in the same report also

described the synthesis of a mNHO, Ph(NDipp)>(Ph)CCH_, derived from an abnormal NHC
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by deprotonation of the imidazolium salt with K[N(SiMe3)2]. This mNHO, derived from an
abnormal NHC, decomposed over the course of a roughly five to six days in solution at room
temperature via C-H activation of the flanking Dipp group, and subsequent intramolecular
attack on to the C2 position of the imidazole ring (Scheme 1.13b). In contrast to classical
NHOs, which are typically pale-yellow or colorless, mNHOs are deeply colored, likely due to

charge transfer from the exocyclic olefinic moiety to the cationic heterocyclic ring system.’’
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Scheme 1.13. Synthesis of mesoionic NHOs (mNHOs) derived from: a) triazoles, b) abnormal
carbenes as described by Hansmann, and c) the salient canonical resonance forms of mNHOs.
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It should be noted that examples of triazole NHOs, derived from 1,2,4-triazoles, are
known in the literature. Early pioneering work in this area was conducted by Enders and
coworkers, wherein they combined the NHC (PhCN(NPh)),C:, commonly referred to as
Enders’ carbene, with ethylfumarate to give the functionalized triazole NHO
(PhCN(NPh),)CCH(CHMeCO2Me) (40).”%” More recently, the “free” triazole NHO,
(PhCN(NPh)2)CCH> (41), also derived from an Enders’ carbene, was reported and prepared

by deprotonation of the triazolium salt with KH (Scheme 1.14).%

CO,Me
Ph ~ Ph
N’N\ MeO,C N‘N ICOZMe
L 0=
ph” N ph” "N \—COMe
Ph Ph
40
Ph 1© Ph
N H N H
N ; KH N-N_
)@)}-C‘;H s C
ph” N H -K pn” N H
Ph -H Ph
41

Scheme 1.14. Synthesis of triazole-derived NHOs.

1.4.2 Properties of N-Heterocyclic Olefins

The donor properties of NHOs are generally evaluated in relation to their parent NHCs
and other related ligands such as phosphines.®® The Tolman electronic parameters (TEPs) of
ligands, which is a measure of the electron-donating or -withdrawing ability of said ligand, is
generally determined by measuring the average (avg.) IR v(CO) stretching frequencies in

transition metal carbonyl stretches (e.g., [L*Rh(CO)Cl], L = ligand). Specifically, a stronger
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electron-donating ligand should weaken the C—O m-bonding a result of a corresponding
increase in Rh(d)-CO(n*) backbonding, which results in a lower average v(CO) stretching

frequency in the IR spectrum and gives a lower TEP.!

In 2016, the Rivard group determined the avg. v(CO) stretching frequencies for the
NHO-rhodium complexes [IPrCH2*Rh(CO).Cl] (43) (2011 cm™'; Nujol) and [IPrsRh(CO):Cl1]
(44) (2045 cm’!; Nujol), which correspond to TEP values of 2029 cm™ and 2045 cm,
respectively, indicating that NHOs are stronger electron donors than NHCs.”>#2 More recently,
Hansmann and coworkers determined the avg. v(CO) stretching frequencies and TEPs of the
related ~ mNHO-rhodium complexes [(N(NDipp)2(CPh)CH2°Rh(CO)Cl] (45),
[(N(Dipp)2(CMe)CH2*Rh(CO),Cl] (46), and [N(N'Pr),(CPh)CCH,*Rh(CO),Cl] (47) (Figure
1.9).7783 When compared to classical NHOs, the TEPs of mNHOs are even lower (e.g., 43
TEP =2031 cm’! in CH>Cl, versus 45 TEP = 2030 cm™ in CH,Cl,), indicating that mNHOs
are even stronger electron donors than NHOs and NHCs. When Rivard and coworkers
combined 1:1 mixture of IPr and IPrCH; with [Rh(CO)2(u-Cl)]2, as method to probe the
relative Lewis basicity of each ligand, it was found that the NHC complex [[PreRh(CO),Cl]
(44) formed exclusively.” Similar experiments by Hansmann and coworkers, found that
mNHOs displaced [PrCH: from the [[PrCH2°Rh(CO):Cl] (43) to give the corresponding
[MNHO*Rh(CO)>Cl] complexes in line with mNHOs being stronger Lewis bases than NHOs
(Figure 1.9). Notably, Hansmann and coworkers found that addition IPr to the mNHO-
rhodium complexes gave exclusively [[PreRh(CO)>Cl] (44). It can be rationalized that NHCs
act as weak m-acceptors allowing for Rh(d)-NHC(p/n*) backbonding, whereas NHOs and
mNHOs, while strong c-donors, are poor m-acceptors.®>”>77#3 An important aspect of these

studies is that while TEP can be used to determine potential electron donor strength, one must
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wary when comparing ligand systems with different m-accepting capabilities, especially as a

measure of Lewis basicity.
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Figure 1.8. NHO and mNHO Rh-complexes (top) and competitive binding experiment
between NHOs and mNHOs (bottom).

Another key difference between NHOs and their parent NHCs is a difference in their
respective precent buried volumes (%Vpur). Due to the alkylidene (CR2) fragment being
tethered to a heterocyclic carbene framework, one can intuitively assume that the %Vgur of
NHOs should be lower than that of the parent NHCs. Gandon and coworkers determined that
the %Vgur of the NHO ImMe>CH» was 18.7 %, while the parent NHC ImMe» had a %Vgur of
26.1%.%* Gandon and coworkers included the hydrogen atoms in their calculations of the
percent buried volumes. It should be noted that normally hydrogen atoms are omitted from the
%Vur calculation.’® As such, the precent buried volume reported by Gandon and coworkers
for ImMe> (26.1 %) deviates slightly from the percent buried volume determined by Nolan

and coworkers for ImMe> (26.3 %).>8
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1.4.3 Neutral N-Heterocyclic Olefins as Ligands

Early examples of neutral NHOs acting as ligands involved coordination to transition
metals. In 1979 Kaska and coworkers reported the first example of an NHO—transition metal
complex wherein SimMe>CHa (36) was combined with Zeise’s dimer [(n?-H2CCH2)PtClz]» to
give the dimeric Pt-complex [(SImMe>CH2)PtCl,] (48) (Figure 1.9).° This complex is rather
unique, not only in that it is the first example of an NHO being utilized as a ligand, but that
this NHO-Pt complex exhibits both n' and n>-binding modes in the solid state. The majority
of NHO-transition metal complexes bind end-on (n') via the exocyclic methylene carbon.
Kuhn and coworkers prepared the metal complex [ImMesCH2*M(CO)s] (M = W (49), Mo

(50)) from the corresponding hexacarbonyls in the early 1990s (Figure 1.10).7%%

Me Me‘ H(':
N Hpy N<=H Me
e e Me :
))—C_ o cl Me N o, Gl cl N Hy
Pt P me Pt P Me, | »—c*
Me cI” Ci oc‘:—((j cl” “ci ~:~\N’> me” N M(CO)s
H H N H\\ 5 Me
Me ¢ N
b Me M = W (49), Mo (50)

48

Figure 1.9. Early examples of NHO transition metal complexes.

Many of the first examples of NHOs coordinating to main group Lewis acids were
described in the pioneering work of Kuhn and coworkers throughout the 1990s, wherein they
reported NHO-borane adducts (ImMe4sCH2°BX3; X =H (51), F (52)) and a NHO-tin complex,
ImMesCH,*SnClPh; (53).7% An important extension of this work was the preparation of the

NHO-stabilized GeH, and SnH, complexes IPrCH2*EH2*W(CO)s (E = Ge (54), Sn (55))%¢ and
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the digermene complex IPrCH>*H>Ge-GeH2*W(CO)s (56), an inorganic ethylene analogue, by

the Rivard group (Figure 5.10).%°
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Figure 1.10. Examples of NHOs coordinating to main group halides and hydrides.

An inherent property of N-heterocyclic olefins is their lower % Vgur (vide supra) owing
to the CR2 spacer between the site of coordination and the imidazolium array. Accordingly,
chemistry at the site of coordination between NHCs and NHOs can differ greatly. For example,
Robinson and coworkers showed that IPrCH>*BBr3 (57) can be prepared readily in hexanes
and is stable in chlorinated solvents such as dichloromethane, but in THF rapid-ring opening
is observed to yield the borenium cation [IPrCH*B((OC4Hs)Br)]Br (58).8° Remarkably, the
corresponding NHC adduct IPr*BBrs; is stable in THF.®° This suggests that the Ciprco—B bond
in [IPrCH2*BBr3 (57) is labile allowing for the dissociation of BBr; moiety which ring-opens
the THF molecule to give the corresponding bromoalkyloxides (Scheme 1.15a). Ghadwal and
coworkers described an unprecedented borylene insertion into a C—N bond of the imidazolium

heterocyclic, followed by Dipp-group migration to the boron center and hydrogen abstraction
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from the solvent, when they attempted to reduce IPrCH,*BI; (59) with KCs.?” Notably, the IPr

framework is generally stable under most reducing conditions.®%8
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N H N asBr Yo &°
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Scheme 1.15. Solvent and ligand activation of NHO-borane adducts.

1.4.4 Anionic N-Heterocyclic Olefins as Ligands

Anionic N-heterocyclic olefins (aNHO) are formally 26, 2n-donors, which can be
generated by deprotonation of the exocyclic methylene fragment in neutral NHOs (Scheme
1.16). These ligands are potentially strong electron-donating ligands and have become
increasingly valuable in the stabilization of low-valent main group elements centers. The
earliest example of an aNHO was obtained by Kuhn and coworkers by combining ImMesCH>
(38) with CISiMes3, followed by subsequent deprotonation with KH, giving (ImMesCH)SiMe;
(60) (Scheme 1.15).5¢ The Rivard group would later demonstrate that such silylated-NHOs can
act as aNHO transfer agents (vide infia).%’
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Scheme 1.16. Synthesis of (ImMesCH)SiMe; (60) and the resonance forms of aNHOs.

The Rivard group utilized the silylated NHO, (MCIPrCH)SiMe; (60) (MIPr =
(MeCNDipp)2C:), which was prepared by combining MIPrCH, with trimethylsilyl triflate
(Me3SiOTY) followed by deprotonation with the K[N(SiMe3):], as an aNHO transfer agent
when they combined 60 with GeCls to give (MIPrCH)GeCls (61).% Reduction of
(MeIPrCH)GeCls (61) with KCs afforded the divinyl germylene (MIPrCH),Ge: (62). The use
of (MIPrCH)SiMe;3 (60) as an aNHO synthon was a first at the time of its description, however,
more common methods to access aNHO complexes include the in sifu generation of aNHOs
with the coordination sphere of an element-halide reagents (E-X; E = Group 14 or 15; X =
halide). For example, the Rivard group demonstrated that the addition of two equivalents of
Me[PrCH, to SiBry afforded the desired silylated NHO (MeIPrCH)SiBr3 (63) with [MIPCH;]Br
as the by-product. Reduction of (MIPrCH)SiBrs (63) with two equivalents of
[K(THF)2][Si(SiMe3)s]  afforded the  heteroleptic  acyclic silyl  vinysilylene

(MeIPrCH)Si{Si(SiMes)s} (64) (Scheme 1.18).%°
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Scheme 1.17. a) Synthesis of the divinylgermylene (MIPrCH),Ge: (62); b) Preparation of the
vinyl silylsilylene (MIPrCH)Si{Si(SiMes)3} (64).

Ghadwal and coworkers have demonstrated that NHOs functionalized at the exocyclic
carbon (e.g., with Ph) can be converted to the corresponding aNHO. For example, they
described the preparation of a divinyldiphosphene in 2019. By combining the NHO IPrCHPh
with PCl;3 and DABCO (1,4-diazabicyclo[2.2.2]octane) they were able to prepare the NHO-
functionalized phosphine (IPrCPh)PCl, (65). Reduction of (IPrCPh)PCl, (65) with
magnesium metal in THF afforded the divinyldiphosphene (IPrCHPh)P=P(CPhIPr) (66)

(Scheme 1.18a).”!
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Scheme 1.18. a) Synthesis of divinyldiphosphene (IPrCHPh)P=P(CPhIPr) (66); b) Preparation
of divinyldiphosphines (CAACE)C(R)P=PC(R)(CAACE') (R = Bu (67), Ad (68)).

Concurrent to Ghadwal and coworkers’ report on (IPrCHPh)P=P(CPhIPr) (66),
Stephan and coworkers described the isolation of a related divinyldiphosphine supported by
an aNHO ligand that is formally derived from cyclic(alkyl)amino carbenes (CAAC).”
Combining the CAAC®' (CAACF! = [(Et;C)H.C(Me>C)NDipp]C:) with an equivalent of the
phosphaalkynes ‘Bu-C=P: or Ad-C=P: led to the formation of CAAC"'-derived phosphirenes,
which rapidly dimerize to the corresponding divinyldiphosphines
(CAACH)C(R)P=PC(R)(CAAC"™) (R ='Bu (67) or Ad (68) (Scheme 1.18b). Notably, this is a
rare example of CAAC-derived NHO and could as such be considered a cyclic(alkyl)amino

olefin (CAAO).
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1.5 Thesis Objectives

As noted in the sections on kinetic stabilization involving low-valent Group 13 and 14
elements, the use of sterically demanding ligands is paramount to prevent unwanted
cyclization or oligomerization. However, in some instances, kinetic stabilization is not
sufficient alone to prevent unwanted side reactions (i.e., ligand activation or solvent
activation). NHOs, and more specifically aNHOs, have been demonstrated to stabilize low-
valent Group 14 and 15 species through both steric hindrance and electronic stabilization. A
challenge of aNHOs, however, is their use as nucleophiles towards element-halide bonds,
specifically those involving Group 13 elements. The main objective of Chapter 2 of this Thesis
is the development of a new aNHO synthon and its use in the completion of a homoleptic
acyclic tetrelene series E(aNHO), (E = Si—Pb). Chapter 3 describes the preparation of In(I)
tetramers, which allowed for access to a rare indium-imide supported by an aNHO and a
terphenyl ligand. Chapter 4 explores attempts to prepare a stable neutral diborene (RB=BR)
stabilized by aNHOs. In Chapter 5, the preparation of a terphenyl-supported aminoborane, an
analogue to styrene, is reported and initial attempts to dehydrogenate said species to afford an
iminoborane dimer are described. Finally, the work in Chapter 6 describes the preparation of
a new NHC with a modified backbone, increasing the steric demands of NHCs beyond the
known (published) upper limit of steric bulk with the eventual aim of using this new NHC to

stabilize low-valent transition metal complexes for catalysis.
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Chapter 2 — A Stable Homoleptic Tetrelene Series

2.1 Introduction

In the 1970s Lappert and coworkers reported the isolation of two-coordinate acyclic
dialkyl tetrelenes (R2E:, E = Ge, Sn, Pb; R = (Me3Si)CH) (I) , which while monomeric in
solution, dimerize in the solid state.! These findings helped spur interest in low-coordinate
main group species due to these being examples of heavier Group 14 elements breaking the
“Double Bond Rule”, which stated that elements with a principal quantum number greater
than 2 could not form element-element double bonds.? The use of sterically-demanding aryl
ligands inhibits dimerization in the solid state to afford monomeric germylenes (II),
stannylenes (III) and plumbylenes (IV) (Figure 2.1). In recent years there has been a renewed
interest in tetrelenes due to their transition-metal like reactivity (e.g., H activation) and their
important role in main group catalysis.* Absent from the tetrelene family is a stable acyclic
diorganosilylene.’ It should be noted that organosilylenes are postulated intermediates in the
industrial “Direct Synthesis” of Me>SiCl> and in the preparation of polysilanes [R2Si], via
Wurtz coupling;*®® moreover, organosilylenes (e.g., SiMe>) have been studied via matrix

isolation.®°

Known diorganosilyenes are limited to Jutzi’s coordinatively saturated silicocene
Cp*:Si (V; Cp* =n°-CsMes)’ and Kira’s cyclic silylene (VI; [H2CC(SiMe3)2]2Si:).>¢ The first
stable acyclic silylenes were reported in 2012,°*® with other examples having since been
reported.® In all these cases, the presence of heteroatoms as stabilizing n-donors was used. In
recent years, our group®™ and others'®!'! have employed a class of ligand termed by the Rivard

group as anionic N-heterocyclic olefins (aNHOs) to stabilize low-coordinate main group
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element species due to the highly electron-donating nature of the ligating sp>-hydrized carbon
atom in aNHOs.” I assisted in the preparation of a complete divinyltetrelene series (Si—Pb)
supported by the sterically demanding vinylic (aNHO) donor [MIPrCH] (MeIPr =
(MeCNDipp)2C:; Dipp = 2,6-"ProCsH3), which involved the development of the new reagent
[(MeIPrCH)Li]2. This project also required the development of a high-yielding route to a Si(Il)
source that is less prone to degradation, leading to the isolation of the electron-rich

divinylsilylene (MeIPrCH)Si:.

E R Pb
(Me;Si),HC” ~“CH(SiMe;), __E AFFT A
(in solution) Trip :@\
R R Arf = 2,4,6-(F;C)3C¢H>
E = Ge, Sn, Pb v

l E = Ge (ll), Sn ()
R = CH(SiMe;),

\}Q’ MesSi_  siMe,
|

S!‘ : Si:
I‘F\ Me,Si’ SiMe;

\' A

Figure 2.1. Alkyl- and aryl-substituted tetrelenes (Trip = 2,4,6-'Pr3CsHb).

2.2 Results and Discussion

This project began with the development of a synthetic strategy to prepare a precursor that
could take full advantage of the potential 26, 2n-electron properties of anionic N-heterocyclic
olefins (i.e., M*IPrCH"). While anionic N-heterocyclic olefins (aNHOs) can be prepared via the

in situ deprotonation of the neutral ligand NHO within the coordination sphere of an element
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halide,'? this method is not applicable to all elements. Initial attempts to induce deprotonation
the exocyclic carbon atom of IPrCH» [IPr = (HCNDipp)2C:], led to deprotonation of the
unsaturated backbone in the IPr unit.!* Attempts were made to deprotonate the methylated
NHO MIPrCH, with "BuLi, ‘BuLi and TMEDA/'BuLi (TMEDA =
tetramethylethylenediamine) mixtures, but no reaction was observed in each attempt. As such,

the iodination of MCIPrCH2 to afford MCIPrCH(I) (1) was targeted, as this species would likely

undergo lithium halogen exchange to give an anionic [MIPrCH]" unit.

Combining MIPrCH> with I in tetrahydrofuran led to the immediate formation of a bright-
yellow precipitate, tentatively assigned as the iodide salt [MIPrCH(I)]I.!* Upon subsequent
addition of the strong amide base, K[N(SiMe3):], the precipitate was consumed and the target
compound MIPrCH(I) (1) (Scheme 2.1) was obtained in a 57 % yield after extraction of the
product with hexanes and recrystallization at -35 °C. X-ray crystallographic analysis of 1
(Figure 2.2) revealed that the exocyclic C=C bond [1.360(5) A] retained significant double
character as it is the same length within error as the corresponding exocyclic C=C distance in

Me[PrCH, [1.3489(18) A].!%

Dlpp " Dipp 19 Dlpp
e
I, N | K[N(SlMe3)2]
I )—c :[@»—c}m I >—c
THF me” N H T
Dipp Dipp -Ki Dipp
- HN(SiMe3),

Scheme 2.1. One-pot synthesis of M IPrCH(I) (1).

51



Figure 2.2. Molecular structure of MIPrCH(I) (1) with thermal ellipsoids plotted at 50 %
probability. All hydrogen atoms (except for the vinylic hydrogen atom at C1) are omitted for
clarity. Selected bond lengths [A] and angles [°]: C1-11 2.063(3), C1-C2 1.360(5), N1-C2
1.375(5), N2-C2 1.391(4); C2—C1-11 128.1(3), N1-C2—C1 133.1(3), N2-C2-C1 122.7(3),
N1-C2-N2 104.2(3).

"BuLi was added to a solution of MCIPrCH(I) (1) in hexanes, which afforded
[(MeIPrCH)Li]> (2) as a bright-orange solid in a yield of 82 % (Equation 2.1). This species
exists as a dimer in the solid state (according to X-ray crystallography) and in solution as
determined by diffusion-ordered NMR spectroscopy (DOSY). The core of this
centrosymmetric dimer is supported by agostic (CH)-Li interactions, with substantial retention
of double bond character within the exocyclic olefin units. The Li{'H} NMR spectrum of 2 in
CsDs shows a resonance at 1.0 ppm. Interestingly, the vinyl proton on the exocyclic olefin unit
is located considerably upfield with a shift of 0.89 ppm, indicating a significant amount of
electron density located on the exocyclic carbon. Solid samples of 2 decompose over the
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course of a few days at room temperature, as such, samples of 2 are used within a few days of

preparation and are stored at -35 °C.

Dipp
PP Dipp __H N Me
I >—C NBulLi 112 I""‘C=< I
hexanes I >_C""" -D H Me (2.1)
Dlpp - "Bul Dlpp PP
1 2

I was interested in the possibility of preparing other aNHO synthons of varying bulk,
namely the previously unreported ImMe,'Pro,CH; (3) [ImMe>Pr; = (MeCN'Pr;)>C]. Initial
attempts to prepare 3 by methylation of the carbene ImMe,'Pr, with methyl iodide and
subsequent deprotonation with a strong base (i.e., KOBu), in a similar fashion to the

126 afforded only the free carbene ImMe,'Pr: as the detectable species

preparation of M IPrCHa,
in solution. It was determined that in order to prepare the target NHO, ImMe>'ProCH> (3), that
pre-installation of the methyl group to the imidazole ring was necessary. As such, 2,4,6-
trimethylimidazole'> was combined with a slight excess of isopropyl iodide (‘Prl) in
acetonitrile and the mixture heated to reflux for 48 hours, which afforded [ImMe'Pr,-CH;]l
(4) in an isolated yield of 33 % (Scheme 2.2). With an analytically pure sample 4 in hand, its
subsequent deprotonation with K[N(SiMes):] in THF yielded the previously unreported NHO
ImMe>'Pro,CH, (3) in an isolated yield of 77 % as a brown oil. Attempts to prepare
ImMe,'Pr,CH(I) by employing the same strategy as used in the synthesis of 1 were

unsuccessful, yielding an inseparable mixture of two species, tentatively assigned as a mixture

of [ImMe>'ProCH>I]I and [ImMe,'ProCH,I]I5. '
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2.5 Pri 5/ \’
H Me Me
Me. N H 2.2 K,CO4 N H KIN(SiMe3),] N H
o R

v 5 MeCN me” N H THF me~ N H

Me 80 °C, 48 hrs /\\ -KI )\

- Kl - HN(SiMe3)2
- KHCO, 4 3

Scheme 2.2. Synthesis of [ImMe'Pro.CH3]I (4) and ImMe,'ProCH> (3).

While aNHOs can be prepared via the in situ deprotonation of a neutral NHO ligand
within the coordination sphere of an element halide,'? it was found that this is not applicable
to all elements. For example, the combination of two equivalents of MIPrCH; and PbBr; did
not afford the vinylplumbylene (MIPrCH)PbBr, which highlighted the need for a new aNHO
synthon. The divinylplumbylene (MIPrCH),Pb: (5) was prepared by combining
[(MeIPrCH)Li]> (2) and PbBr; in Et;0 and was isolated as a deep-blue crystalline solid in a
yield of 49 % (Equation 2.2). The "H NMR spectrum of 5 in C¢Ds indicated a dramatic peak
shift for the exocyclic vinyl protons from 0.89 ppm in 2 to 7.24 ppm. Additionally, the
207pb {'"H} NMR spectrum of 5 in [ds]-toluene showed a resonance at 5449 ppm (Figure 2.3),
which is positioned considerably downfield when compared to that of (ArF),Pb: (IV; Arf =

2,4,6-(F3C)3CsHa) (8 = 4878 ppm).**

Dipp‘

. Dipp Dipp
Di Me r .e \
NI Sy Pocl;  MENN P N M
TN N | >=c =< I (2.2)
N - Diod Me Et,O Me” N HH Ny
Me \ PP -2 Licl Di i
Dipp ' Dipp i Dipp
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Figure 2.3. 27Pb {'H} NMR spectrum of (MIPrCH),Pb: (7) in [ds]-toluene.

The preparation of the divinylsilylene (MIPrCH),Si: (7) required the development of
a suitable Si(I) precursor. When [(MIPrCH)Li]> (2) was combined with either Roesky’s
(IPr+SiCly)'® or Filippou’s (IPreSiBr2)!” as potential Si(II) precursors, undesirable C-H
activation/deprotonation of the carbene ligand backbone by 2 and regeneration of MIPrCH»
was observed. As such, attention was turned towards the methylated Si(II) precursor
Me[PreSiBr, (6).'* While MIPreSiBr, (6) had been prepared previously from the carbene-
induced disproportion of Si>Bre, its separation from the coproduct MIPreSiBr4 on a significant
scale was not reported. The ability of the hypersilyl salt [K(THF)2][Si(SiMe3)s]" to reduce
Si(IV) to Si(Il) centers®®! inspired us to combine this [Si(SiMes);]” reagent and MeIPr
followed by the rapid addition of SiBrs affording the Si(II) dibromide adduct 6 as a pure
product in a yield of 64 % after washing the final product mixture with cold hexanes cooled

to —30 °C to remove the hypersilyl bromide BrSi(SiMe3); by-product (Equation 2.3).
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Dipp Dipp

Me N B Me N
X . |’4 .
;[ Y+ [K(THF)][Si(SiMe;)s] I))— o (23)
N THF N VB
Me \ Me \ Br
Dipp - KBr Dipp

- BrSi(SiMes);
6

Combining analytically pure M°IPreSiBr, (6) with [(MIPrCH)Li]> (2) in toluene
afforded the target acyclic divinylsilylene (MIPrCH)Si: (7) as a deep-yellow solid in a yield
of 27 %. I then turned my attention towards the preparation of silylene d'® metal complexes
by combing 7 with Ni(COD), (COD = 1,5-cyclooctadiene), Pd(P'Bus), and Pt(P'Bus),.
Unfortunately, these attempts did not afford any discernable metal-silylene complexation,
even upon heating the reaction mixtures to 55 °C for three days (Scheme 2.3). This may be
due to the sterically demanding nature of the supporting Dipp groups of the aNHO preventing

the metal centers from interacting with the Si(II) center.

X Dipp
Me h;)_
Dipp I \Br . .
\ D D
Dpp _.H N_Me me” N g Me PP DR
Me N  LiZ--- Dipp N N
N C= | —_ T N aA—
e v | >_C C_< |
| C sLi N Npe )
H- ! toluene Me” N H H N “pe
Me N H Dipp _ v o
bipp -2 LiBr Dipp Dipp
- Mejpy 7
b) M(P!Bus),
Dipp Dipp or
Me N Si N Me Ni(COD),
I >=c. ~e< | ——>%—»  No reaction
me” "N _HH Pl Me benzene
Dipp Dipp 55 °C, 72 hrs
M= Pd, Pt

Scheme 2.3. a) Synthesis of the divinylsilyene (MIPrCH),Si: (7); b) Attempted synthesis of
silylene d'° complexes.
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Interestingly, when (MIPrCH),Si: (7) was combined with one equivalent of
[Pd2(dba)s] (dba = dibenzylideneacetone) in toluene, a black precipitate formed and the deep-
yellow color of the silylene was slowly consumed to afford a pale-yellow solution. Upon
removal of the precipitate by filtration and crystallization from a concentrated pentane solution
stored at -35 °C, it was determined by X-ray crystallographic analysis that 7 had undergone a
[4+1] cycloaddition with one of the dibenzylideneacetone ligands to afford the silane
(MeIPrCH):Si(dba) (8) (Figure 2.4). (MIPrCH).Si(dba) (8) was then prepared by an
independent reaction between 7 and dba in toluene, which upon work-up afforded 8 in a yield
of 27% as pale-yellow crystalline solid after recrystallization from pentane (Scheme 2.4). This

reaction highlights the dual electrophilic/nucleophilic character of the Si(Il) center in 7.

Dipp Dlpp
[Pdz(dba);]
I e o= I
toluene \
Dipp Dipp -2Pd° Ph

7 -2 dba \=»_>_
Dipp [~ Di
pp Py P

(@)
I >—C/ \C—< I
Me
Dipp Dipp

Dlpp B D|pp 8
dba /
I = C/ \C_< I 0
toluene dba = /\)J\/\
Dlpp Dipp Ph™ X Z “Ph

7

Scheme 2.4. The synthesis of (MCIPrCH),Si(dba) (8).
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Figure 2.4. Molecular structure of (MIPrCH),Si(dba) (8) with thermal ellipsoids plotted at 50
% probability. All hydrogen atoms (except for the vinylic hydrogen atoms at C4 and C51) are
omitted for clarity; Dipp groups are shown as wireframes. Selected bond lengths [A] and bond
angles [°]: C1-C4 1.394(5), C4-Sil 1.805(4), C51-C54 1.380(5), C54-Sil 1.805(4), Si1-O1
1.700(3), Sil-C105 1.926(4), O1-C103 1.379(4), C103—C104 1.335(5), C104-C105
1.515(5); C1-C4-Sil 145.5(3), C4-Si1-C54 100.57(16), C51-C54-Si1 143.5(3), C4-Si1-O1
113.14(15), C54-Si1-01 111.97(16), C4-Si1-C105 118.27(17), C54-Si1-C105 120.10(17),
0O1-Si1-C105 93.35(15), Si1-O1-C103 112.3(2), Si1-C105—C104 100.7(2), O1-C103—C104
117.3(3), C103—C104—C105 116.3(3).

2.3 Conclusions

This Chapter describes the completion of a complete acyclic divinyl tetrelene series
stabilized by sterically-demanding anionic NHO ligands, and the development of a new
anionic NHO synthon, [(MIPrCH)Li] (2) which could be accessed by lithium-halogen
exchange from the new iodinated N-heterocyclic olefin MIPrCH(I) (1). The completion of the
tetrelene series required the development of a convenient synthetic route to MIPreSiBr; (6),

which was shown to be a viable Si(Il) precursor via halogen substitution to afford the first
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acyclic two-coordinate diorganosilylene (MCIPrCH),Si: (7). It was found that this species
exhibits both nucleophilic and electrophilic character, as demonstrated by its [4+1]

cycloaddition reactivity with dibenzylideneacetone (dba) to afford (MIPrCH).Si(dba) (8).

2.4 Experimental Details

2.4.1 General Considerations

All reactions were performed using Schlenk and glovebox (Innovative Technology, Inc.)
techniques under a nitrogen atmosphere. All solvents were purified using a Grubbs-type
solvent purification system?’ manufactured by Innovative Technology, Inc., degassed (freeze—
pump—thaw method), and stored under an atmosphere of nitrogen prior to use. K[N(SiMe3)2],
PbBr», "BuLi (2.5 M solution in hexanes), ‘Prl and I> were purchased from Sigma-Aldrich and
used as received. SiBrs was purchased from Alfa Aesar and used as received. M°IPr,?!
Me[prCH,,'?® [K(THF),][Si(SiMes)s],"? 2,4,6-trimethylimidazole,!® and dibenzylideneacetone
(dba)?? were prepared according to literature procedures [M°IPr = (MeCNDipp)2C; Dipp = 2,6-
ProCeHs]. 'H, *C{!H}, 'Li{'H}, and ?*’Pb{'H} NMR spectra were recorded on 400, 500, 600
or 700 MHz Varian Inova instruments and were referenced externally to SiMes ('H, *C{'H}),
9.7 M solution of LiCl in D,O ("Li) and PbMe4 (*’Pb). Elemental analyses were performed
by the Analytical and Instrumentation Laboratory at the University of Alberta using a Thermo
Flash 2000 Elemental Analyzer. Melting points were measured in sealed glass capillaries

under nitrogen with a MelTemp apparatus and are uncorrected.
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2.4.2 Synthetic Procedures

Synthesis of MTPrCH(I) (1): A solution of I» (1.153 g, 4.543 mmol) in 60 mL of THF was
added via cannula to a solution of M{IPrCH> (1.997 g, 4.637 mmol) in 150 mL of THF, resulting
in the immediate formation of a yellow solid. The mixture was then stirred for a further 40
minutes. After this point, all manipulations were performed in the absence of ambient light. A
solution of K[N(SiMe3)2] (0.920 g, 4.61 mmol) in 40 mL of THF was added via cannula to the
mixture, the resulting mixture was stirred for 1 hour, followed by removal of the volatiles in
vacuo. The solid residue was extracted with 100 mL of hexanes and filtered through a frit
packed with a 1 cm plug of diatomaceous earth. The resulting dark-yellow filtrate was
concentrated to a volume of 15 mL and placed in a -35 °C freezer for 16 hours, which afforded
bright-yellow crystals of MIPrCH(I) (1) (1.127 g). The mother liquor was then concentrated
to half of its original volume and placed in a -35 °C freezer for 16 hours, yielding a second
crop of crystals of 1 (0.326 g; combined yield = 57 %). X-ray quality crystals of 1 were
obtained from a concentrated hexanes solution stored in a -35 °C freezer for one week. 'H
NMR (400 MHz, C¢D¢): & 7.32 (t, 1H, *Jun = 7.6 Hz, p-ArH), 7.17-7.22 (m, 3H, p- and m-
ArH), 7.10 (d, 2H, 3Jun = 7.6 Hz, m-ArH), 3.24 (sept, 2H, *Jun = 6.8 Hz, CH(CH3)2), 3.13
(sept, 2H, 3Jun = 6.8 Hz, CH(CHs),), 2.25 (s, 1H, =CH(I)), 1.59 (d, 6H, *Jun = 6.8 Hz,
CH(CHs),), 1.52 (s, 3H, NCCHs), 1.46 (s, 3H, NCCHs), 1.34 (d, 6H, *Jun = 6.8 Hz,
CH(CHsx),), 1.19 (d, 6H, *Jun = 6.8 Hz, CH(CH:)2), 1.16 (d, 6H, *Jun = 6.8 Hz, CH(CHx),).
BC{'H} NMR (176 MHz, Ce¢Ds): & 149.3 (ArC), 149.2 (ArC), 145.6 (NCN), 133.0 (ArC),
132.5 (ArC), 129.8 (ArC), 129.7 (ArC), 124.7 (ArC), 123.8 (ArC), 117.0 (NC-CHs), 116.6

(NC-CH3), 29.1 (CH(CHs),), 28.9 (CH(CHs)y), 24.8 (CH(CH:)2), 24.3 (CH(CHs)2), 23.9
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(CH(CH:),), 9.4 (NC-CH3), 9.3 (NC-CHs), -7.1 (CHI). Anal. Caled. for C30Ha1IN (%): C

64.74, H 7.43, N 5.03; Found: C 64.89, H 7.45, N 4.86. M.p. 150 °C (decomp.).

Synthesis of [(MIPrCH)Li] (2): A 2.5 M solution of "BuLi in hexanes (208 pL, 0.52 mmol)
was added to a solution of M IPrCH(I) (1) (0.289 g, 0.519 mmol) dissolved in 4 mL of hexanes.
After two minutes of stirring, the solution began to turn a bright orange-red. After a further 20
minutes an orange-red solid began to precipitate from the solution. The mixture was placed in
a -35 °C freezer for 16 hours after which the mother liquor was decanted from the resulting
precipitate and the remaining solid dried in vacuo affording [(MIPrCH)Li]> (2) as a bright
orange-red solid (0.185 g, 82 %). X-ray quality crystals of 2 were obtained from a concentrated
hexanes solution stored in a -35 °C for 10 days. Compound 2 slowly decomposes at room
temperature, even when stored in an inert atmosphere in the solid state. As such, batches of 2
were always stored as a solid at -35 °C in a glovebox. '"H NMR (400 MHz, Ce¢Ds): & 7.39 (t,
2H, *Jun = 8.0 Hz, p-ArH), 7.32 (d, 4H, *Jun = 8.0 Hz, m-ArH), 7.04 (d, 4H, *Juu = 8.0 Hz,
m-ArH), 6.87 (t, 2H, *Jun = 8.0 Hz, p-ArH), 3.13-3.40 (overlapping multiplets, CH(CHs3),),
1.66 (s, 6H, NC-CH3), 1.64 (s, 6H, NC-CHs), 1.39 (d, 12H, *Jun = 7.0 Hz, CH(CHx),), 1.31
(d, 12H, *Jun = 7.0 Hz, CH(CHs)2), 1.30 (d, 12H, 3Jun = 7.0 Hz, CH(CHs)2), 1.10 (d, 12H,
3Jun = 7.0 Hz, CH(CH;)2), 0.87 (broad s, 2H, CHLi). 3C{'H} NMR (176 MHz, CsDs): & 159.0
(NCN), 150.5 (ArC), 150.4 (ArC), 136.6 (ArC), 136.0 (ArC), 129.4 (ArC), 128.3 (Ar(C), 126.0
(ArC), 123.7 (ArC), 115.6 (NCCH3), 113.6 (NCCH3), 69.7 (broad, C=CH), 28.7 (CH(CH3)z2),
28.5 (CH(CH3)2), 25.4 (CH(CHs)»), 24.5 (CH(CHz3)2), 24.3 (CH(CH3)2), 23.9 (CH(CH3)2),
10.3 (NCCHj3), 10.1 (NCCH3). "Li{'H} NMR (194 MHz, C¢Ds): & 1.0 (s). Anal. Calcd. for

CeoHs2N4Liz (%): C 82.53, H 9.47, N 6.42; Found: C 80.26, H9.25, N 6.11. M.p. 188-190 °C.
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Synthesis of ImMe2’Pr2CHz (3): To a solution of [ImMe>'Pro-CHs]I (4) (0.164 g, 0.510
mmol) in 4 mL of THF was added a solution of K[N(SiMe3)2] (0.102 g, 0.509 mmol) in 4 mL
of THF. Upon addition of K[N(SiMe3)2] a white precipitate was observed. After stirring the
reaction mixture for an additional 2 hours the volatiles were removed in vacuo to afford a
brown residue. The product was combined with 10 mL of toluene and the extract filtered
through diatomaceous earth to yield an orange filtrate. The solvent was removed from the
filtrate in vacuo to give ImMe>'ProCH> (3) as a spectroscopically pure dark-brown oil (0.076
g, 77 %). 'TH NMR (700 MHz, CsDs): & 3.89 (sept, 2H, *Jun = 7.0 Hz, CH(CHs),), 2.98 (s, 2H,
C=CH,), 1.66 (s, 6H, NC(CH3)), 1.23 (d, 12H, *Jun = 7.0 Hz, CH(CH3)). *C{'H} NMR (176
MHz, C¢Ds): 6 128.1 (NCN), 114.8 (NC(CH3)), 45.8 (CH(CHs)2), 43.2 (C=CH»), 19.5
(CH(CHs)2), 10.1 (NC(CH3)). Anal. Calcd. for CioH2N2 (%): C 74.17, H 11.41, N 14.42;

Found: C 73.40, H 11.38, N 14.15.

Synthesis of [ImMe2'Pr2-CHs|I (4): 2,4,5-Trimethylimidazole (2.595 g, 23.56 mmol) and
K2CO3 (7.243 g, 52.41 mmol) were dissolved in 30 mL of acetonitrile and the mixture was
heated to reflux for 2 hours. The reaction mixture was allowed to cool to room temperature,
and then ‘PrI (6.0 mL, 60 mmol) was added. The reaction mixture was then heated to reflux
again for another 48 hours, cooled to room temperature, and the volatiles removed under
vacuum. The resulting product was then combined with 200 mL of CH2Cl, and the extract
filtered; the remaining solid from the filtration was washed with another 50 mL of CH>Cl, and
the organic layers combined. The solvent was then removed from the combined CH>Cl»
extracts under vacuum to give a black oil. This oil was triturated with 500 mL of Et,0 to yield

[ImMex'Pr,-CH3]1 (4) as a light-brown solid, which was isolated by filtration and dried (2.520
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g, 33 %). 'H NMR (700 MHz, CDsCN): & 4.70 (sept, 2H, *Jun = 7.0 Hz, CH(CHz),), 2.65 (s,
3H, ImMe,Pro-CH3), 2.26 (s, 6H, -NC(CHs)), 1.51 (d, 12H, 3Jun = 7.0 Hz, CH(CHs),).
13C{'H} NMR (176 MHz, CD3CN): & 142.4 (NCN), 126.6 (NC(CHz)), 51.3 (ImMe2'Pro-CHs),
21.3 (CH(CHs),), 13.0 (CH(CHs)2), 10.3 (NC(CHs)). Anal. Caled. for C12HxIN, (%): C 44.73,

H 7.19, N 8.69; Found: C 44.49, H 7.04, N 8.46. M.p. 135-137 °C.

Synthesis of (MIPrCH)2Pb: (5): A solution of [(MIPrCH)Li], (0.067 g, 0.076 mmol) in 4 mL
of Et2O was added to a slurry of PbBr2 (0.033 g, 0.090 mmol) in 1 mL of Et2O. After stirring
for 1 minute, the resulting mixture had turned a deep blue. After stirring for an additional 20
minutes, the volatiles were removed in vacuo, the residue extracted with 4 mL of hexanes and
filtered. The filtrate was concentrated to 2 mL and placed in a -30 °C freezer for one week.
The mother liquor was decanted from the crystals and the product was dried in vacuo affording
(MeIPrCH),Pb: (5) as a deep-blue crystalline solid (0.047 g, 49 %). '"H NMR (700 MHz, C¢Dg):
§ 7.35 (t, 2H, *Jun = 8.0 Hz, p-ArH), 7.24 (s, 2H, CHPb), 7.20 (t, 2H, *Jun = 8.0 Hz, p-ArH),
7.17 (d, 4H, *Jun = 8.0 Hz, m-ArH), 7.14 (d, 4H, *Juu = 8.0 Hz), 3.24 (sept, 4H, *Jun = 7.0
Hz, CH(CH3),), 3.08 (sept, 4H, 3Jun = 7.0 Hz, CH(CHa)2), 1.61 (s, 12H, NC-CHs), 1.27 (d,
12H, *Juu = 7.0 Hz, CH(CHs)2), 1.22 (d, 12H, *Jun = 7.0 Hz, CH(CHs)2), 1.16 (d, 12H, *Jun
= 7.0 Hz, CH(CHx),), 1.15 (d, 12H, 3Jun = 7.0 Hz, CH(CHs)2). *C{'H} NMR (176 MHz,
CsDg): 6 160.3 (NCN), 149.2 (ArC), 148.4 (ArC), 135.0 (ArC), 133.6 (ArC), 129.3 (Ar(),
128.7 (ArC), 125.5 (ArC), 124.1 (ArC), 116.9 (NCCH3), 116.7 (NCCH3), 28.8 (CH(CH3)2),
28.7 (CH(CHs)2), 24.9 (CH(CHa)2), 24.9 (CH(CH3)2), 24.1 (CH(CH3)z2), 24.0 (CH(CH3)2), 9.9
(NCCHs), 9.6 (NCCHs). The vinylic carbon resonance was not located. **’Pb{'H} NMR (84

MHz, [ds]-toluene, 0 °C): & 5449 (s). Anal. Calcd. for CeoHs2N4Pb (%): C 67.57, H 7.75, N
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5.25; Found: C 67.31, H 7.87, N 5.14. M.p. 85 °C (decomp.). Compound 5 is thermally

unstable in both solution and in the solid state at room temperature.

Synthesis of MIPreSiBr: (6): To a vial containing solution of M°IPr (0.147 g, 0.353 mmol) in
5 mL of THF was added a solution of [K(THF)][Si(SiMe3)s] (0.152 g, 0.353 mmol) in 3 mL
of THF followed by the rapid addition of SiBrs (44.0 uL, 0.353 mmol). Upon the addition of
SiBr4, the formation of a white precipitate was observed. The reaction mixture was stirred for
1 hour and filtered through diatomaceous earth affording an orange filtrate. The volatiles were
removed from the filtrate in vacuo and the resultant residue was washed with 2 x 2 mL of cold
(=35 °C) hexanes affording 6 as an orange powder (0.131 g, 61 %). 'H and 3C{'H} NMR

spectra match those reported in the literature.'’

Synthesis of (MIPrCH):Si: (7): A solution of [(MIPrCH)Li]2 (0.204 g, 0.234 mmol) in 4 mL
of toluene was added to a vial containing a slurry of MIPreSiBr, (0.142 g, 0.235 mmol) in 1
mL of toluene. Upon addition of 2, the reaction mixture turned a dark yellow-brown. After
stirring for 15 minutes, the volatiles of the mixture were removed in vacuo, the residue was
extracted with 5 mL of hexanes and filtered. The dark yellow-brown filtrate was concentrated
to a volume of 2 mL and placed in a -35 °C freezer overnight. The resulting bulk crystals were
separated from the mother liquor and dried in vacuo affording (MIPrCH),Si: (7) as a dark-
yellow crystalline solid (0.057 g, 27 %). 'H NMR (700 MHz, CsDs): § 7.30 (t, 2H, *Jun = 8.0
Hz, p-ArH), 7.25 (t, 2H, *Jun = 8.0 Hz, p-ArH), 7.09-7.13 (m, 8H, m-ArH), 4.25 (s, 2H, CHSi),
3.11 (sept, 4H, *Jun = 7.0 Hz, CH(CHa),), 2.96 (sept, 4H, *Jun = 7.0 Hz, CH(CHj3),), 1.62 (s,

6H, NC-CHs), 1.54 (s, 6H, NC-CH5), 1.32 (d, 12H, 3Jun = 7.0 Hz, CH(CHz)), 1.23 (d, 12H,
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3Jus = 7.0 Hz, CH(CHs)2), 1.17 (d, 12H, 3Jun = 7.0 Hz, CH(CH3),), 1.14 (d, 12H, *Ju = 7.0
Hz, CH(CHs),). *C{'H} NMR (176 MHz, C¢De): & 158.1 (NCN), 148.8 (ArC), 147.7 (ArC),
134.9 (ArC), 132.9 (ArC), 129.2 (ArC), 128.9 (ArC), 124.8 (ArC), 123.9 (ArC), 118.3
(NCCHz), 116.9 (NCCHs), 100.0 (C=CH), 28.9 (CH(CHs)), 28.8 (CH(CHa)), 24.5
(CH(CHs)y), 23.8 (CH(CHs)2), 9.8 (NCCHs), 9.3 (NCCH3). 2Si{'H} NMR (79 MHz, C¢Dg):
8 271.9 (s). Anal. Caled. for CeoHs2NaSi (%): C 81.21, H 9.31, N 6.31; Found: C 80.20, H

9.77,N 5.69. M.p. 155-157 °C (decomp.).

Synthesis of (MIPrCH):Si(dba) (8): To a solution of (MIPrCH),Si: (0.035 g, 0.039 mmol)
in 1 mL of toluene was added a solution of dibenzylideneacetone (dba) (0.009 g, 0.04 mmol)
in 1 mL of toluene. After five minutes of stirring the reaction mixture turned light-yellow.
After an additional 25 minutes of stirring the volatiles were removed in vacuo to afford a
yellow residue. The product was extracted with 2 mL of pentane and filtered. The light-yellow
filtrate was concentrated to a volume of ca. 1 mL and placed in a -35 °C freezer for 16 hours
to afford (MCIPrCH),Si(dba) (8) as a yellow crystalline solid (0.012 g, 27 %). X-ray quality
crystals were obtained by dissolving 8 in 1 mL of pentane and storing in a -35 °C freezer for
one week. "H NMR (700 MHz, CsD¢): & 7.56 (d, 2H, *Jun = 7.4 Hz, 0-Ph), 7.42 (d, 2H, *Jun
= 7.7 Hz, 0-PhH), 7.33-7.36 (m, 3H, m-PhH and p-PhH), 7.27-7.31 (m, 3H, m-PhH and p-
PhH), 7.21 (dd, 1H, *Jun = 7.7, 1.2 Hz, p-DippH), 7.14-7.19 (m, 2H, m-DippH), 7.08-7.13
(m, 2H, m-DippH), 7.10-7.12 (m, 4H, m-DippH), 7.01 (dd, 1H, *Jun= 7.7, 1.2 Hz, p-DippH),
6.97 (dd, 1H, *Jun= 7.7, 1.2 Hz, p-DippH), 6.93 (dd, 1H, *Jun= 7.6, 1.1 Hz, p-DippH), 6.12
(d, 1H, *Jun = 15.8 Hz, Ph(H)C=C(H)CO), 5.85 (d, 1H, *Jun = 15.8 Hz, Ph(H)C=C(H)CO),

4.63 (d, 1H, *Jun = 3.1 Hz, OC=C(H)), 3.17-3.23 (m, 3H, CH(CH3),), 3.10-3.13 (m, 2H,
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CH(CHs)) 3.02 (sept, 1H, *Juu = 7.0 Hz, CH(CHs),), 2.93 (sept, 1H, *Jun = 7.0 Hz,
CH(CHs)2), 2.84 (sept, 1H, *Jun= 7.0 Hz, CH(CHs)2), 2.56 (br, 1H, SiCH(Ph)), 2.27 (s, 1H,
SiCH(NHC)), 1.67 (s, 1H, SiCH(NHC)), 1.61 (d, 3H, *Jun = 7.0 Hz, CH(CHs),), 1.45 (d, 3H,
3Jun = 7.0 Hz, CH(CH;)2), 1.43 (d, 3H, *Jun= 7.0 Hz, CH(CH3),), 1.41 (s, 3H, CH;), 1.36 (s,
3H, CHs), 1.35 (s, 3H, CH3), 1.25 (d, 3H, *Jun = 7.0 Hz, CH(CH3)2), 1.22 (d, 3H, *Jun= 7.0
Hz, CH(CHs)2), 1.21 (d, 3H, *Jun= 7.0 Hz, CH(CH:)2), 1.20 (s, 3H, CH3), 1.19 (d, 3H, 3Juu =
7.0 Hz, CH(CHs)2), 1.18 (d, 3H, *Jun = 7.0 Hz, CH(CH;)2), 1.09 (d, 3H, *Juu = 7.0 Hz,
CH(CHs)2), 1.06 (d, 3H, *Jun = 7.0 Hz, CH(CH:)2), 1.02 (d, 6H, *Juu= 7.0 Hz, CH(CH>),),
1.01 (d, 3H, *Juu = 7.0 Hz, CH(CH;)2), 0.97 (d, 3H, *Jun = 7.0 Hz, CH(CH;),), 0.88 (d, 3H,
3Jun= 7.0 Hz, CH(CHs)2), 0.80 (d, 3H, *Jun= 7.0 Hz, CH(CHx),). *C{'H} NMR (176 MHz,
C6Ds): & 154.4 (NC(CHSI)N), 154.4 (NC(CHSI)N), 154.2 (CO), 149.1 (CCH(CHj3),), 149.0
(CCH(CH3),), 148.8 (CCH(CHs)), 148.6 (CCH(CHs)), 148.4 (CCH(CHs)), 147.8
(CCH(CHj3),), 147.7 (CCH(CHa)), 147.3 (CCH(CH3)2), 145.7 (ipso-Cpn), 139.2 (ipso-Cpn),
135.4 (ipso-Cbipp), 135.1 (ipso-Coipp), 133.6 (ipso-Coipp), 133.4 (ipso-Coipp), 130.2 (Cpp),
129.3 (Cpn), 129.2 (Cpn), 129.1 (Cpn), 129.0 (Cpn), 128.9 (Cpn), 128.5 (Crn), 128.2 (Cpn), 127.6
(PhC(H)=C(H)CO), 127.5 (Cbipp), 126.6 (Cbipp), 126.5 (Cpn), 126.1 (Cpn), 125.8 (Cbipp), 124.8
(Cpipp), 124.7 (Cpipp), 124.6 (Cpipp), 124.5 (Coipp), 124.4 (Cpipp), 124.3 (Cpipp), 124.2(Cpipp),
124.1 (PhC(H)=C(H)CO), 123.9 (Cbip), 123.7 (Cpipp), 118.2 (H;CC=CCH3), 118.0
(H;CC=CCH3), 117.2 (H;CC=CCH;), 117.1 (H3CC=CCHs), 111.2 (OC=C(H)), 53.9
(SiICH(NHC)), 49.2 (SiCH(NHC)), 38.9 (SiCH(Ph)), 29.1 (CH(CH3)2), 28.79 (CH(CHs)),
28.77 (CH(CH3)2), 28.74 (CH(CH3)2), 28.70 (CH(CH3)2), 28.6 (CH(CH3)»), 28.5 (CH(CH3),),
28.4 (CH(CHs)), 25.9 (CH(CHs)), 25.7 (CH(CHs),), 25.5 (CH(CHs)), 24.8 (CH(CHj3),),

24.7 (CH(CHs)), 24.5 (CH(CHs),), 24.5 (CH(CHs)2), 24.4 (CH(CHs)), 24.2 (CH(CHs),),
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24.03 (CH(CH3)2), 24.99 (CH(CHj3)2), 23.95 (CH(CH3)2), 23.8 (CH(CH3)2), 23.5 (CH(CH3)2),
23.3 (CH(CHs)y), 22.7 (CH(CHs)»), 10.4 (NCCH3), 10.2 (NCCH3), 10.06 (NCCH), 10.05
(NCCH3). Anal. Calcd. for C77HosN4OSi (%): C 82.45, H 8.63, N 4.99; Found: C 81.33, H

8.19, N 4.05. M.p. 229-232 °C.

2.4.3 X-Ray Crystallography

Appropriate X-ray quality crystals were coated with a small amount of hydrocarbon oil
(Paratone-N) and removed from the glovebox in a vial. Crystals were mounted quickly onto a
glass fiber and placed in a low temperature stream of nitrogen on the X-ray diffractometer. All
data were collected using a Bruker APEX II CCD detector/D8 or PLATFORM diffractometer
using Mo Ka (0.71073 A) or Cu Ko (1.54178 A) radiation, with the crystals cooled to -80 °C
or -100 °C. The data were corrected for absorption through Gaussian integration from the
indexing of crystal faces.?® Crystal structures were solved using intrinsic phasing (SHELXT)**
and refined using SHELXL-2014.% The assignment of hydrogen atom positions is based on
the sp?- or sp>~ hybridization geometries of their attached carbon atoms and were given thermal

arameters 20 % greater than those of their parent atoms.
p g p
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Table 2.1. X-ray crystallographic data details for M*IPrCH(I) (1).

A. Crystal Data
formula
formula weight
crystal color and habit?
crystal dimensions (mm)
crystal system
space group
unit cell parameters?
a(A)
b (A)
c(A)
a (deg)
B (deg)
y (deg)
v (A3)
Z
Pealed (g cm™3)
p (mm-T)

C30H41IN2
556.55

colorless fragment
0.32 x0.23 x0.17
triclinic

P1 (No. 2)]

9.0297(18)
9.5889(19)
18.373(4)
84.60(3)
86.53(3)
64.76(3)
1432.2(6)
2

1.291
8.905

B. Data Collection and Refinement Conditions

diffractometer
radiation (1 [A])
temperature (°C)
scan type
data collection 28 limit (deg)
total data collected
independent reflections
number of observed reflections (NO)
structure solution method
refinement method
2017¢)
absorption correction method
range of transmission factors
data/restraints/parameters
goodness-of-fit (S)/ [all data]
final R indicesg

Ry [F02 2 ZG(FOZ)]

wR» [all data]
largest difference peak and hole

Bruker D8/APEX II CCD?

Cu K (1.54178) (microfocus source)

-100

® and ¢ scans (1.0°) (5-5-10 s exposures)©
149.66

5579 (11 <h<11,-11<k<11,0<17<22)
5579 (Rint = 0.0537)

5406 [Fo2 > 20(Fy2)]

intrinsic phasing (SHELXT-20144)
full-matrix least-squares on F2 (SHELXL—

Gaussian integration (face-indexed)
0.1340-0.0329

5579/0/309

1.039

0.0420

0.1168
2.764 and -0.705 e A-3
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a0btained from least-squares refinement of 9883 reflections with 4.82° <26 < 148.68°.

bPrograms for diffractometer operation, data collection, data reduction and absorption
correction were those supplied by Bruker. The crystal used for data collection was found
to display non-merohedral twinning. Both components of the twin were indexed with the
program CELL NOW (Bruker AXS Inc., Madison, WI, 2004). The second twin
component can be related to the first component by 179.9° rotation about the [0.499 1.000
0.000] axis in real space and about the [0.144 1 -0.053] axis in reciprocal space. Integrated
intensities for the reflections from the two components were written into a SHELXL-2014
HKLF 5 reflection file with the data integration program SA/NT (version 8.38A), using all
reflection data (exactly overlapped, partially overlapped and non-overlapped). The refined
value of the twin fraction (SHELXL-2014 BASF parameter) was 0.18486.

¢Data were collected with the detector set at three different positions. Low-angle (detector 26
=—33°) data frames were collected using a scan time of 5 s, medium-angle (detector 260 =
75°) frames using a scan time of 5 s, and high-angle (detector 26 = 117°) frames using a
scan time of 10 s.

dG. M. Sheldrick, Acta Crystallogr. 2015, A71, 3-8. (SHELXT-2014)
€G. M. Sheldrick, Acta Crystallogr. 2015, C71, 3-8. (SHELXL-2017)

IS = [EW(F o2 — F2)2/(n — p)]1/2 (n = number of data; p = number of parameters varied; w =
[2(F,2) + (0.0672P)2 + 1.6197P] | where P = [Max(Fo2, 0) + 2F.2]/3).

8Ry = Z||Fo| — |FC|[/Z|Fo|; wRy = [ZW(FO2 —Fcz)z/ZW(Fo4)]l/2-
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Table 2.2. X-ray crystallographic data details for (M*IPrCH).Si(dba) (8).

A. Crystal Data
formula
formula weight
crystal color and habit?
crystal dimensions (mm)
crystal system
space group
unit cell parameters?
a(A)
b (A)
c(A)
V (A3)
Z
Pealed (g cm™3)
u (mm1)

C77H9eN40Si
1121.66

yellow fragment
0.17 x 0.08 x 0.04
orthorhombic
P212121 (No. 19)

12.6733(4)
22.4008(7)
23.4422(7)
6655.1(4)
4

1.119
0.658

B. Data Collection and Refinement Conditions

diffractometer
radiation (1 [A])
temperature (°C)
scan type
data collection 28 limit (deg)
total data collected
24)
independent reflections
number of observed reflections (NO)
structure solution method
refinement method
2018¢)
absorption correction method
range of transmission factors
data/restraints/parameters
extinction coefficient (x)&
Flack absolute structure parameter”
goodness-of-fit (S)! [all data]
final R indices/

Ry [F02 2 ZG(FOZ)]

wR» [all data]
largest difference peak and hole

Bruker D8/APEX II CCD?

Cu K« (1.54178) (microfocus source)

—-100

w and ¢ scans (1.0°) (5-10-15 s exposures)©
142.02

113027 (-15<h<15,-27<k<26,-27<I<

12607 (Rint = 0.0877)

9854 [Fy2 > 20(F2)]

intrinsic phasing (SHELXT-20144)
full-matrix least-squares on F2 (SHELXL—

Gaussian integration (face-indexed)
0.9795--0.8758

12607 / 36// 781

0.00052(6)

-0.016(14)

1.119

0.0533

0.1311
0.206 and —0.236 ¢ A-3
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aQbtained from least-squares refinement of 9933 reflections with 5.46° <26< 137.72°.

bPrograms for diffractometer operation, data collection, data reduction and absorption
correction were those supplied by Bruker

¢Data were collected with the detector set at three different positions. Low-angle (detector 26
= —33°) data frames were collected using a scan time of 5 s, medium-angle (detector 260 =
75°) frames using a scan time of 10 s, and high-angle (detector 26 = 117°) frames using a
scan time of 15 s.

d G. M. Sheldrick, Acta Crystallogr. 2015, A71, 3—8. (SHELXT-2014)
€G. M. Sheldrick, Acta Crystallogr. 2015, C71, 3-8. (SHELXL-2018/3)

fThe disordered isopropyl group had the following same distance restraints (SADI): C36—
C40A & C36—C40B; C40A—C41A & C40B—C41B; C40A—C42A & C40B-C42B;
C36---C41A & C36:---C41A; C36---C42A & C(C36---C42B; C41A---C42A &
C41A---C42A. Additionally, the rigid bond restraint (RIGU) was applied to the
anisotropic displacement parameters of the carbon atoms of the disordered isopropyl
group.

gF* = kF[1 + x{0.001F;213/sin(26)}]-1/4 where k is the overall scale factor.

hH. D. Flack, Acta Crystallogr. 1983, 439, 876-881; H. D. Flack, G. Bernardinelli, Acta
Crystallogr. 1999, A55, 908-915; H. D. Flack, G. Bernardinelli, J. Appl. Cryst. 2000, 33,
1143-1148. The Flack parameter will refine to a value near zero if the structure is in the
correct configuration and will refine to a value near one for the inverted configuration.

IS = [Ew(Fy2 — F2)2/(n — p)]V/2 (n = number of data; p = number of parameters varied; w =
[G2(Fy2) + (0.0411P)2 + 2.5833P]-! where P = [Max(F,2, 0) + 2F:2]/3).

le =2||Fo| = [Fe|ll/Z|Fol; wRy = [ZW(FOZ _FCZ)Z/EW(F04)]1/2-
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Chapter 3 — An Indium(I) Tetramer Bound by Anionic /V-
Heterocyclic Olefins: Ambiphilic Reactivity,
Transmetallation and a Rare Indium-Imide

3.1 Introduction

Indium(I) compounds of the general form (RIn)x appeared early in the development of
organometallic chemistry with the report of Cpln in 1957 (Cp = n’>-CsHs).!"* Subsequent
examples serve to highlight the structural variety in this class of molecules, as evidenced by
the octahedral-shaped Ing oligomer [Cp*In]s (Cp* = 1n’-CsMes),? Hill and coworkers’ linear
Ine catenate [(Nacnac)Inl]-[(Nacnac)In]s-[(Nacnac)Inl] (Nacnac = B-diketiminiate),* and
Power’s dimetallene Ar®PPInInArPPP (ArPPP = 2,6-Dipp.CeHs; Dipp = 2,6-ProC¢Hs).> The
lability of the In-In bonds in such systems leads to an isolable In(I) monomer Ar™"PIn: when a
bulky terphenyl ligand (Ar™" = 2,6-Trip»CeHs; Trip = 2,4,6-'Pr;CsH>) is bound to In.® Another
interesting bonding motif exists within tetrahedron-shaped oligomers [RIn]4 bearing silylated

ligands: R = C(SiMe3)s, C(SiMezEt); and Si(SiMes)s.”

Over the past few years, the Rivard group® and others®!! have explored a class of
ligands, termed by us as anionic N-heterocyclic olefins (aNHOs). Hallmarks of these ligands
include the highly electron-donating nature of the ligating sp>-hybridized carbon and the
possibility of added ligand-to-element n-donation, as found in the monomeric acyclic silylene
(MeIPrCH),Si: (M°IPrCH = [(MeCNDipp).C=CH]"), as shown in Figure 3.1.!2 Given the recent
exploration of low-oxidation state main group complexes in catalysis (e.g., with bismuth),'* T

wondered if aNHOs could be used to form reactive In(I) complexes and if E-H bond (E =
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element)'* and redox chemistry at In would be supported by these low-oxidation state p-block

complexes.
Dipp Dipp Dipp _ Dipp
Me N Me N ® ;. Me N N_ Me
~O . ! — /SI\ —
[ 3=80 < JO)-& - S = Te=( ]
me~ N H me~ N H M~ N HH Ny
Dipp Dipp , Dipp Dipp

Figure 3.1. Major resonance forms of the anionic N-heterocyclic olefin (aNHO) MeIPrCH-

(left) and structure of (MIPrCH),Si: (right).

3.2 Results and Discussion

The initial starting point of this project involved combining half an equivalent of the
previously reported aNHO reagent, [(MIPrCH)Li]> (Chapter 2),'? with InCl in diethyl ether
(Et20) or toluene, as it had been previously established that [(MIPrCH)Li], could react with a
variety of element halides EX, (E = Ti, Zr, Hf, Zn, Si, Ge, Sn, Pb; X = CI or Br).!%15
Interestingly, no reaction was observed between [(M*IPrCH)Li]> and InCl, thus Cpln became
the targeted indium(I) source as cyclopentadienyl-type ligands have been found to be good

leaving groups when bound to main group elements. '

Upon addition of half an equivalent of [(MIPrCH)Li]> to Cpln in toluene, a deep-red
solution formed along with the expected insoluble co-product, LiCp, from Cp/aNHO ligand
exchange (Scheme 3.1).!7 The indium(I) tetramer [(MIPrCH)In]s (1) could be isolated from
the reaction mixture in a yield of 30 % as a deep-red solid by recrystallization from hexanes,
and crystals suitable for X-ray crystallography were obtained from a concentrated toluene

solution of 1 at -35 °C. Examination of the 'H NMR spectrum of 1 in C¢Ds showed the
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expected chemical shifts for a [MIPrCH] ligand, with the vinylic protons appearing
collectively as a singlet at 3.72 ppm, which is significantly shifted when compared to the
vinylic protons in [(MIPrCH)Li]2 (0.89 ppm in CsDs).'? Solid samples of 1 decompose within
16 hours at room temperature and even decompose slowly at -35 °C; as such, compound 1 was

used within a few days of preparation.

InClI
> No Reaction

Et,0

N H-~ :
Me \ Dipp
Dipp @

[ L
In In
— /4 | _ /_‘_\ _
toluene L=In;JIn-L
-CplLi In
L
1
L = [MeIPrCH]

Scheme 3.1. Synthetic route to [(MIPrCH)In]4 (1).

The solid-state structure of 1 (Figure 3.2) consists of a tetrahedron-shaped In4 core
with an average In-In bond length of 2.9818(5) A, which falls in the range [2.887(2)-3.165(2)
A] of those found within [RIn]4 tetramers reported previously (R = C(SiMes)s, C(SiMezEt)s
and Si(SiMe3)3).” The average In-C bond length in 1 of 2.150(4) A is appreciably shorter than
the corresponding bonds within Power’s In(I) complexes Ar°PPInInArPPP and Ar™PIn:
[2.256(6) A (avg.) and 2.260(7) A, respectively].>® The exocyclic C=C bonds with the
[MeIPrCH] ligands in 1 [1.345(5) A (avg.)] are the same length within error as found in free

Me[PrCH, [1.3489(18) A],!7 indicating the retention of substantial C=C double bond character.
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The interior In-In-In angles that make up the Ins4 core in 1 [59.112(13) to 61.104(13)°]
approach the ideal angle of 60° expected for a tetrahedron. Density functional theory (DFT)
computations on a truncated model of 1, [(MIPhCH)In]s (1M; MSIPhCH = [(MeCNPh),C=CH]"
), gave Wiberg bond indices (WBI) of 0.58 for the In—In bonds, while WBI values of 0.57

were obtained for the capping In-Canno bonds, indicating long single bonds.

Figure 3.2. Molecular structure of [(M*IPrCH)In]4 (1) with thermal ellipsoids plotted at 50 %
probability. All hydrogen atoms (except for the vinylic hydrogens at C4, C10, C16 and C22)
are omitted for clarity; Dipp groups are shown as wireframes. The toluene solvent molecules
are not shown. Selected bond lengths [A] and angles [°]: Inl-In2 2.30082(6), In1-In3
2.9854(5), In1-In4 2.911(5), In1-C4 2.154(4), C1-C4 1.356(5); In2—In1-In3 59.112(13), In2—
In1-In4 59.380(12), In3—In1-In4 61.104(13), In1-C4—C1 134.7(3), C4-In1-In2 124.90(11).

Diffusion-ordered NMR spectroscopy (DOSY) revealed that the tetrameric nature of 1
1s maintained in benzene. Interestingly, DOSY of 1 in a THF/CsDs mixture (4:1) revealed that
the tetramer dissociates and forms what is most likely a dimer in solution, suggesting that the

indium-indium bonds can be broken in 1, at least partially, by a polar coordinating solvent.
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The deep color of 1 prompted further computational and spectroscopic investigations.
The UV-vis spectrum of 1 in hexanes shows intense absorptions at 439 and 515 nm
respectively (e = 4970 and 4390 L mol™! cm™). The Amax at 515 nm in 1 is slightly red-shifted
when compared to known [RIn]s tetramers [Amax = 490 nm, R = C(SiMes)s, C(SiMe2Et)3].”
Time-dependent DFT (TD-DFT) studies on a truncated model for 1 (1M), provided a computed
UV-vis spectrum [Amax = 457 and 549 nm] that matched well with the experiment (Figure 3.3).
The lowest energy band arises from a combination of HOMO/HOMO-1/HOMO-2 to
LUMO+I transitions with overall charge transfer from aNHO ligand-based orbitals to the
LUMO+1, which is localized mainly on the Ins core; the HOMO-LUMO transition is

transition dipole forbidden.'®

0.4
1.0 — Experimental
’ — Computed
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o 0.3
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Figure 3.3. Experimentally determined UV-vis spectrum of [(MIPrCH)In]s (1) in hexanes
with computed UV-vis spectra overlay with corresponding oscillator strengths for
[(MPhCH)In]4 (1M). Computed at B3LYP/cc-pVDZ(-PP) level of theory.
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A new aNHO reagent, [(SIPrCH)Li]> (2) (SIPrCH = [(H2CNDipp).C=CH") was also

prepared, in an attempt to isolate another indium(I) tetramer. Compound 2 was synthesized in

a one-pot procedure, without the isolation of the probable intermediate SIPrCH(I), as shown

in Scheme 3.2. [(SIPrCH)L1i]2 (2) could be isolated as an off-white solid in a yield of 54 %.

Crystals suitable for X-ray crystallographic analysis were grown from a concentrated toluene

solution of 2 at -35 °C. Similar to [(MIPrCH)Li]», 2 adopts a centrosymmetric dimeric

arrangement in the solid state (Figure 3.4).

Dipp 1.1,
[N H 2 KIN(SiMe;);]
—C
N>_ H toluene/THF
Dipp - Kl
- HN(SiMe3),

Scheme 3.2. One-pot synthesis of [(SIPrCH)Li]> (2).

[

Figure 3.4. Molecular structure of [(SIPrCH)Li]» (2) with thermal ellipsoids plotted at 50 %
probability. All hydrogen atoms (except for the vinylic hydrogens at C4 and C4') are omitted
for clarity. The toluene solvent molecule is not shown. Selected bond lengths [A] and angles
[°]: C1-C4 1.3440(13), C4-Lil 2.072(2), C4-Lil' 2.122(2); C1-C4-Lil 147.92(10), C1-C4—

Lil' 112.37(9).



Addition of half an equivalent of 2 to Cpln leads to an immediate color change from a
colorless mixture to a deep-red, from which [(SIPrCH)In]4 (3) could be isolated as a deep-
orange crystalline solid by recrystallization from toluene at -35 °C (yield of 24 %), as shown
in Equation 3.1. The "H NMR spectrum of 3 in C¢Ds indicated a shift in the exocyclic vinylic
protons from 1.03 ppm in 2 to 3.55 ppm, which is similar to the chemical shift of the vinylic

proton in 1 (3.72 ppm).

Dipp @ L

N Lifi-¢ j n /I
I - 14 L1 | n-
1/2 [ C:‘";:Li N " L In'ln'ln L (3.1)
N H” Dipp oluene )
Dipp -CplLi L
3
L = [SIPrCH]’

[(MIPrCH)In]s (1) is a viable source of monomeric RIn: units, as combining 1 with
B(CqFs)s in the presence of tetrahydrofuran (THF) gave (MIPrCH)In(THF)*B(CcFs); (4) as a
pale-yellow solid (Scheme 3.3). The '"B{'H} NMR spectrum of 4 in C¢Ds revealed a chemical
shift of -14.3 ppm, indicative of a four-coordinate boron environment. The solid-state structure
of 4 (Figure 3.5) reveals an In-B bond length of 2.3103(18) A, which is within the standard
the uncertainty of coordinative In-B bond distance in Power’s adduct ArPPPIneB(CeFs);
[2.299(2) A].° The C-In-B bond angle of 4 is 173.72(6)° and the geometry at indium is T-
shaped, supporting the weak THF donation with a corresponding In-O bond distance of
2.4737(12) A. Notably, the In(I) center in 4 is exhibiting both Lewis basic and acidic behavior,
which was not observed in Power’s related ArP"PIneB(CsFs); complex, likely due to the
reduced steric hindrance of the aNHO at the tethered vinylic carbon center in 4 allowing for
access to the empty p-orbitals located at the indium center.
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Figure 3.5. Molecular structure of (MIPrCH)In(THF)*B(CsFs); (4) with thermal ellipsoids
plotted at 50 % probability. All hydrogen atoms (except for the vinylic hydrogen at C4) are
omitted for clarity, while all Dipp groups are shown in wireframe. The pentane solvent
molecule is not shown. Only one part of the disordered tetrahydrofuran group is shown.
Selected bond lengths [A] and angles [°]: C1-C4 1.371(2), C4-Inl 2.0699(16), In1-B1
2.3103(18), In1-O1 2.4734(12), In1-F52 2.7177(14); C1-C4-Inl 133.12(12), C4-In1-B1
173.72(6), C4-In1-O1 83.85(6).

An In(I)-borane complex free of coordinating THF, (MIPrCH)In*B(C¢Fs)s (4'), could
be prepared by careful exclusion of THF when 1 is combined with B(CeF5s)3, as shown in
Scheme 3.3; however, attempts to grow crystals of this species were unsuccessful as 4' readily
absorbs THF from the glovebox atmosphere to give 4. The !'B{'H} NMR spectrum of the
crude reaction mixture of 4' in CsDs, showed a chemical shift of -14.4 ppm, similar to that of
4, while the "H NMR spectrum of 4' in C¢Ds showed that the vinylic proton as a singlet at 3.57
ppm, which is shifted considerably when compared to the vinylic proton of 4 (6 = 4.07 ppm).
Attempts to remove THF from 4 by prolonged exposure to dynamic vacuum to obtain 4' were

unsuccessful.
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Scheme 3.3. Synthesis of (MIPrCH)In*B(CsFs)s (4') and (M*IPrCH)In(THF)*B(CeFs)s (4).

Attention was then turned to B-H bond activation at indium. To start, compound 1 was
combined with H>BTrip, resulting in an immediate color change from a deep-red homogenous
mixture to a pale-yellow solution over a black precipitate (presumably indium metal). 'H NMR
spectroscopic analysis showed formation of the known bulky borane (MIPrCH)B(H)Trip,'>
derived from a formal aNHO/hydride exchange at boron. In a similar fashion, rapid ligand
exchange transpired between 1 and HBpin (pin = pinacolato) occurred to give (M IPrCH)Bpin
(5) along with a metallic by-product. Alternatively, compound 5 can be prepared from
[(MeIPrCH)Li]> and PrOBpin in an isolated yield of 20 % (Scheme 3.4). Notably, both
(MeIPrCH),Zn'* and [(MCIPrCH)Li]> are unreactive towards HBpin, indicating a higher

propensity for B-H bond activation/ligand transfer with [(MIPrCH)In]4 (1).
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Scheme 3.4. Synthesis of (M IPrCH)B(H)Trip and (MIPrCH)Bpin (5).

(MeIPrCH)Bpin (5) was structurally characterized by single-crystal X-ray
crystallography (Figure 3.6) from which an exocyclic C=C bond length of 1.3757(19) A is
present, indicating that there is minimal n-donation from the exocyclic aNHO ligand to the
boron (Figure 3.6). This is most likely due to the quenched Lewis acidity of the boron center

resulting from electron donation from the pinacolato group.
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Figure 3.6. Molecular structure of (MIPrCH)Bpin (5) with thermal ellipsoids plotted at 50 %
probability. All hydrogen atoms (except for the vinylic hydrogen at C4) are omitted for clarity.
Selected bond lengths [A] and angles [°]: C1-C4 1.3757(19), C4-B1 1.513(2), B1-O1
1.3948(19), B1-02 1.3770(19); C1-C4-B1 134.02(12).

The aNHO/hydride exchange at boron described above could go via initial oxidative
addition'*® with In(I) to In(IIl) conversion, direct 6-bond metathesis at In,'>® or via radical
processes.'? As such, possible mechanisms for the reaction of 1 with HBpin were investigated
computationally. Notably, the dissociation of 1M into four monomers, (MIPrCH)In, was
endothermic (AH = 17.5 kcal mol™!' of 1M), while this process becomes favorable in the gas
phase when entropy is considered (AG = —13.6 kcal mol™! of 1™); hence, it is possible that
there is some monomeric/reactive (MIPrCH)In is present when 1 is dissolved. The direct
oxidative addition of a B-H bond at the In center in (M*IPrCH)In to give (MIPrCH)In(H)Bpin
is disfavored energetically with a large computed Gibbs free energy of AG = 26.8 kcal mol™';
thus, it is not likely to happen at room temperature. Instead, a more favorable method for

aNHO/hydride exchange at In is pre-coordination of HBpin to the terminal olefinic aNHO
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carbon to give the energetically low-lying transition state species pinB(H)*(aNHO)In (AAG*
= -30.4 kcal mol™) prior to B to In hydride transfer, as shown in Figure 3.7. The overall
reaction: (M*IPrCH)In + HBpin — (MIPrCH)Bpin + InH is predicted to be quite exoergic with
A:G = —30.4 kcal mol™. It should be noted that InH is not expected to be stable and should
decompose immediately into In and H> under ambient conditions,'** which would be
supported by the observation of a black precipitate and bubbling during the reaction. It cannot
be ruled out at this stage that the reaction can proceed through the interaction of HBpin with

In(I) oligomers.

30} (Me|phcH)In"(H)Bpin
26.8

20 |
'E 10 1M IPhGH)B(H)Inpin]* .
% ol 0.0 5.5 -
= (*IPhCH)In (™ PhcH)B(H)Inpin]*
{D _1u | + HBpII‘I e
=

=20

a0l , -30.4

(M*IPhCH)Bpin + InH

Figure 3.7. Possible reaction mechanism of the reaction of monomeric 1M with HBpin.
(MeIPrCH)BH(In)pin represents a transition state, all other geometries are minima on the
potential energy surface.

Given that only one example of a neutral indium-imide, ArPPPInNArXY-Bu ApXv-Bu —
2,6-(Xyl-4-Bu)>CsHs; Xyl = 2,6-Me2CHs), is known,?® [(MeIPrCH)In]s (1) was combined
with the sterically hindered terphenylazide Ar°PPNs (ArPPP = 2,6-Dipp.CeH3)*' which formed

the monomeric indium-imide (MSIPrCH)InNAr>®P (6) (Scheme 3.5), compound 6 was isolated
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as an orange crystalline solid in a yield of 31 % after cooling a toluene solution to —35 °C.
Single-crystal X-ray analysis gave (Figure 3.8) an In-N length of 1.949(3) A in 6 with this unit
located within the steric pocket created by four flanking Dipp groups from the aNHO and
terphenyl ligands; of note, the resulting In-N distance in 6 is only slightly longer than in
Power’s imide ArPPPInNAr*¥-Bu [1.928(3) A];2% further, the In-N bond length in 6 is similar

to that found in Coles’ anionic imide [{O(SiMe2NDipp)2} InNMes]™ [1.984(2) A].%
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Scheme 3.5. Synthetic route to (MIPrCH)InNArP®P (6) and its major resonance forms (left)
and the structure of Power’s imide Ar®PPInNAr*®!BY (right).

The computed HOMO-1 of (MIPrCH)InNArP"*P (6) (Figure 3.9) does show C—In 7-
character, however, the structural impact of this interaction on the exocyclic C=C bond length
[C1-C4 = 1.360(4) A] seems minimal, as this distance is the same within experimental error
as in (MCIPrCH),Sn: [1.352(5) A],!? a species that lacks Canno—E m-bonding. As in Power’s
indium-imide, the geometry at N in 6 is bent [In1-N3-C51 = 122.5(2)°], while the geometry
at In in 6 is close to linear, with an C4-In1-N3 angle of 170.39(12)°; the related angle in
ArPPPINNAYBY s narrower [142.2(1)°].2% One possible reason for the quasi linear
geometry at the indium center in 6 is the presence of added close aryl---In contacts (as short
as 3.0821(15) A) at either side of the C—In—N array. These interactions were also present when

inspecting the computed non-covalent interaction (NCI) indices in 6 and are seen via
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additional In-C/H bond critical points (bcp) in a topological Atoms-In-Molecules (AIM)

analysis.

Figure 3.8. Molecular structure of (MIPrCH)InNAr>PP (6) with thermal ellipsoids plotted at
50 % probability. All hydrogen atoms (except for the vinylic hydrogen at C4) are omitted for
clarity. The toluene solvent molecule is not shown. Selected bond lengths [A] and [°]: In1-N3
1.949(3), C4-In1 2.035(3), C1-C4 1.630(4), N3—C51 1.361(4); C1-C4-In1 170.39(12), In1—
N3-C51 122.5(2).
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Figure 3.9. HOMO-1 (left), HOMO (middle), and LUMO (right) of (M IPrCH)InNNATrP*P (6)
computed at the B3LYP/cc-pVDZ(-PP) level of theory with the orbitals plotted with an iso-
value of £0.02.

AIM analysis of the InN array in 6 gave bond critical points (bcps) with key parameters
that are characteristic of predominantly ionic bonding contributions. The delocalization index,
d(In, N), for the InN unit in 6 of (1.13) is rather low for In—-N n-bonding. For comparison, the
delocalization indices 6(In,N) were determined for HInNH (1.73), HInNPh (1.51), PhInNPh
(1.44), (H.C=CH)InNPh (1.45) and (HCNH).C=CH)InNPh (1.39), and gave significantly
larger values than in 6. Natural bonding orbital (NBO) analysis for HInNH revealed both o
and © In-N bonding, but only a c-bonding NBO was found in 6. Second-order perturbation
theory uncovered strong o(In-N) to 6*(In—C), o(In—C) to o*(In-N) and n(N-C) to In(p)
interactions of E2 = 65.8, 48.1 and 14.3 kcal mol! respectively. Lastly, the computed frontier
orbitals of 6 show a discernible In-N = interaction in the HOMO, contradicting the results
derived from the AIM and NBO analyse. Interestingly, increasing the iso-surface from +0.02
to £0.04 decreased dramatically the In(p) contribution to the HOMO, as shown in Figure 3.10.

All told, one can describe the In—N linkage in 6 as containing a very polarized/weak m-bond.
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Figure 3.10. Highest occupied molecular orbitals of modeled imides and (MIPrCH)InNArP'PP
(6) at iso-values of £0.02 (top) and £0.04 (bottom).

The deep-orange color of (MCIPrCH)InNATP®P (6) prompted further computational and
spectroscopic analysis. The UV-vis spectrum of 6 in hexanes showed two intense absorptions
at 459 and 341 nm (¢ = 3690 and 8040 L mol! cm™). TD-DFT studies of 6 provided a
computed spectrum [Amax =457 and 378] that matched well with the experimental data (Figure
3.11). Furthermore, this identified the band at 459 nm as being a HOMO-LUMO transition
[[In-N 7 to In-N =*]. The second transition at 341 nm consists of a HOMO-LUMO+7

transition [In—N & to C—In 7*].
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Figure 3.11. Experimentally determined UV-vis spectrum of (MIPrCH)InNAr>PP (6) in
hexanes with computed UV-vis spectra overlay with corresponding oscillator strengths.
Computed at B3LYP/cc-pVDZ(-PP) level of theory.

On one occasion, [(MIPrCH)In]4 (1) was quickly combined with white phosphorus
(P4) and purple crystals of the novel InePs cluster [(MIPrCH)InePs] (7) were obtained
(Equation 3.2 and Figure 3.12). Unfortunately, repeated attempts to reproduce this result on a

preparative scale gave MIPrCH: as the major soluble species.
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Figure 3.12. Molecular structure of [(MIPrCH)sInePs] (7) with thermal ellipsoids plotted at
50 % probability. All hydrogen atoms are omitted for clarity. Selected bond lengths [A] and
angles [°]: C4-Inl1 2.1065(19), In1-P1 2.5623(3), In1-In3 2.73726(16), C54—In2 2.1008(18),
In2-P1 2.4936(6), In2-P4 2.5274(5), C104-P2 1.7863(18), P1-P2 2.2346(6), P2-P3
2.2374(6), P3-P4 2.2045(6), P4-In3' 2.5702(2); C1-C4-Inl 135.06(15), C4—Inl-In3
147.91(5), In1-In3-P4' 80.913(13), In3—P3-P4 73.145(18), In3—P4'-P3' 107.68(2), P4-P3—
P2 102.21(2), P3-P2-P1 113.87(2), P1-P2—-C104 98.69(6), P2—P1-In2 101.88(2), In1-P2—
In2 89.271(14), P1-In2—C54 145.42(5), P4-In2—C54 110.21(5).

3.3 Conclusions

This Chapter explores the isolation of the tetrameric In(I) complex, [(MIPrCH)In]4 (1),
stabilized by the steric bulk afforded by an anionic NHO ligand. Scission of this tetramer into
monomeric units was possible by addition of the Lewis acid B(CsFs)s, leading to
(MeIPrCH)In(THF)*B(C6F5)s (2), which highlights the ambiphilic character of the In(I) center.
Activation of strong H-B bonds in boranes by the In(I) centers in 1 was possible, affording
rapid H/aNHO ligand exchange at boron to yield (M*IPrCH)Bpin (5). Lastly a rare example of
an indium-imide was isolated, (M IPrCH)InNArPPP (6), featuring a highly polar/weak In-N &
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bond. This last result places anionic N-heterocyclic olefins (aNHOs) amongst the rank of
versatile ligands of tunable bulk for the advancement of low-coordination inorganic chemistry,

with future catalysis via low-oxidation state elements envisioned.

3.4 Experimental Details

3.4.1 General Considerations

All reactions were performed using Schlenk and glovebox (Innovative Technology, Inc.)
techniques under a nitrogen atmosphere. All solvents were purified using a Grubbs-type
solvent purification system?® manufactured by Innovative Technology, Inc., degassed (freeze—
pump—thaw method), and stored under an atmosphere of nitrogen prior to use. 2-Isopropoxy-
4,4,5,5-tetramethyl-1,3,2-dioxaborolane (‘PrOBpin) and pinacolborane (HBpin) were
purchased from Oakwood Chemical and used as received. Tris(pentafluorophenyl)borane
(B(CeFs)3) was purchased from TCI and used as received. I, K[N(SiMes3).] and "BuLi (2.5 M
solution in hexanes) were purchased from Sigma-Aldrich and used as received.
[MIPrCH)Li]2,'? TripBHa,'>® ArPPPN3,2! SIPrCH,?* and CpIn®’ were prepared according to
literature procedures [SIPr = (HoCNDipp):C; MIPr = (MeCNDipp).C; ArPPP = 2 6-
Dipp>CsHs; Dipp = 2,6-Pr.CeHs; Trip = 2,4,6-PrsCsH.]. 'H, *C{'H}, "B{'H}, '°F, and "Li
NMR spectra were recorded on 400, 500, 600 or 700 MHz Varian Inova instruments and were
referenced externally to SiMes (H, *C{'H}), 15 % F3B*OEt; (!'B}, CIsCF (°F) and 9.7 M
solution of LiCl in DO (’Li). UV-vis spectroscopic measurements were carried out with a
Varian Carry 300 Scan spectrophotometer. Elemental analyses were performed by the

Analytical and Instrumentation Laboratory at the University of Alberta using a Thermo Flash
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2000 Elemental Analyzer. Melting points were measured in sealed glass capillaries under

nitrogen with a MelTemp apparatus and are uncorrected.

3.4.2 Synthetic Procedures

Synthesis of [(MIPrCH)In]4 (1): A solution of [(MIPrCH)Li], (0.151 g, 0.173 mmol) in 10
mL of toluene was added to a solution of Cpln (0.061 g, 0.34 mmol) in 3 mL of toluene. After
one minute the solution had turned deep red. After a further 40 minutes of stirring the volatiles
were removed in vacuo, and the remaining solid residue was extracted with 18 mL of hexanes
and the mixture was filtered through a plug of diatomaceous earth. The resulting deep-red
filtrate was concentrated to a volume of 1 mL and stored in a -35 °C freezer for 16 hours to
afford deep-red microcrystals of [(MIPrCH)In]4 (1) (0.056 g, 30 %). X-ray quality crystals
were obtained by dissolving 1 in 1 mL of toluene and storing in a -35 °C freezer for one month.
'H NMR (700 MHz, C¢Ds): § 7.37-7.40 (m, 4H, ArH), 7.34-7.35 (m, 8H, ArH), 7.24 (t, 4H,
3Jun = 7.0 Hz, p-ArH), 7.16-7.17 (m, 8H, m-ArH), 3.72 (s, 4H, CHIn), 3.39 (sept, 8H, *Jun =
7.0 Hz, CH(CHa)2), 3.29 (sept, 8H, *Jun = 7.0 Hz, CH(CH3)), 1.68 (s, 12H, CN-CH3), 1.66
(s, 12H, CN(CH3)), 1.64 (d, 24H, *Jun = 7.0 Hz, CH(CHs)2), 1.40 (d, 24H, *Juu = 7.0 Hz,
CH(CHs),), 1.30 (d, 24H, *Jun = 7.0 Hz, CH(CHs)2), 1.28 (d, 24H, 3Juu = 7.0 Hz, CH(CH:)2).
BC{'H} NMR (176 MHz, C¢Ds): & 154.9 (NCN), 149.4 (ArC), 147.6 (ArC), 134.7 (ArC),
134.5 (ArC), 130.3 (ArC), 128.8 (Ar(), 128.1 (CHIn), 126.6 (ArC), 124.2 (ArC), 116.6 (NC-
CH3), 115.8 (NC-CHs), 28.8 (CH(CHs;)2), 28.7 (CH(CHs)2), 26.3 (CH(CHs)), 25.5
(CH(CH3)z2), 24.2 (CH(CHs)2), 24.1 (CH(CHs3)2), 10.3 (CN-CH3), 9.9 (CN-CH3). Anal. Calcd.

for C120H164In4Ns (%): C 66.18, H 7.59, N 5.14; Found: C 66.11, H 8.11, N 4.55. M.p. 126 °C
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(decomp). The exocyclic vinyl carbon resonance was located indirectly by HSQC and overlaps
with a residual benzene resonance by coincidence. UV-vis (in hexanes): Amax = 515 nm, € =

4390 L mol™ em™; Amax =439 nm, € =4970 L mol™ cm™.

Synthesis of [(SIPrCH)Li]2 (2): lodine (0.4598 g, 1.811 mmol) dissolved in 10 mL of toluene
was added via cannula to a solution of SIPrCH; (0.7325 g, 1.811 mmol) in 50 mL of toluene,
resulting in the immediate formation of a yellow solid. The mixture was then stirred for 1 hour.
After this point, all manipulations were performed in the absence of ambient light. A solution
of K[N(SiMe3)2] (0.5060 g, 2.536 mmol) in 10 mL of THF was added via cannula and the
resulting mixture was stirred for 1 hour, followed by removal of the volatiles in vacuo. The
residue was extracted with 100 mL of hexanes and filtered through a plug of diatomaceous
earth. The volatiles were removed from the filtrate in vacuo and the residue was dissolved in
15 mL of hexanes, followed by the addition of "BuLi (0.797 mL, 2.5 M solution in hexanes,
2.0 mmol). The mixture was stirred for 15 minutes, after which a white precipitate had formed.
The supernatant was decanted away and the volatiles were removed from the remaining white
solid in vacuo to yield [(SIPrCH)Li]> (2) (0.3790 g, 54 %). X-ray quality crystals of 2 were
obtained by dissolving the product in 1 mL of toluene and storing in a -35 °C freezer for 72
hours. '"H NMR (700 MHz, C¢Ds): & 7.36 (t, 2H, *Juu = 7.0 Hz, p-ArH), 7.27 (d, 4H, *Juu =
7.0 Hz, m-ArH), 6.93 (d, 4H, *Jun = 7.0 Hz, m-ArH), 6.79 (t, 2H, *Jun = 7.0 Hz, p-ArH), 3.57
(t, 4H, *Jun = 7.0 Hz, NCH>), 3.46 (t, 4H, *Jun = 7.0 Hz, NCH>), 3.31-3.40 (overlapping
multiplets, 8H, CH(CH3)2), 1.36 (d, 12H, *Juu = 7.0 Hz, CH(CH3)2), 1.32 (d, 12H, *Jun = 7.0
Hz, CH(CHs)y), 1.23 (d, 12H, *Jun = 7.0 Hz, CH(CHs),), 1.11 (d, 12H, *Jun = 7.0 Hz,

CH(CHs)), 1.03 (s, 2H, CHLi). 3C{'H} NMR (176 MHz, CeDe): & 161.8 (NCN), 150.4
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(ArC), 150.1 (ArC), 140.6 (ArC), 140.3 (ArC), 128.9 (ArC), 127.5 (ArC), 125.8 (ArC), 124.6
(ArC), 123.9 (ArC), 77.4 (CHLi), 50.3 (NCH,), 48.7 (NCHa), 28.6 (CH(CHa)), 28.5
(CH(CH3)2), 25.3 (CH(CHs3)2), 24.7 (CH(CHs)2), 24.5 (CH(CH3)2), 23.9 (CH(CHs)2). "Li{'H}
NMR (194 MHz, CeDe): 5 0.7(s) Anal. Caled. for CsgHsLiaNs (%): C 81.91, H 9.57, N 6.82:

Found: C 81.43, H 9.60, N 6.61. M.p. 182183 °C.

Synthesis of [(SIPrCH)In]4 (3): A solution of [(SIPrCH)Li]> (2) (0.199 g, 0.195 mmol) in 8
mL of toluene was added to a slurry of Cpln (0.69 g, 0.38 mmol) in 8 mL of toluene. After one
minute the solution had turned deep red. After a further 45 minutes of stirring the volatiles
were removed in vacuo, and the remaining solid was extracted with 18 mL of hexanes and the
mixture filtered through a plug of diatomaceous earth. The resulting deep-red filtrate was
concentrated to a volume of 5 mL and stored in a -35 °C freezer for 16 hours, which afforded
[(SIPrCH)In]4 (3) as an analytically pure deep-orange solid (0.048 g, 24 %). 'H NMR (700
MHz, CsDe): & 7.38 (t, 4H, *Jun = 7.0 Hz, p-ArH), 7.30 (d, 8H, *Jun = 7.0 Hz, m-ArH), 7.16-
7.18 (m, 4H, *Jun = 7.0 Hz, p-ArH), 6.95 (d, 8H, *Jun = 7.0 Hz, m-ArH), 3.56 (t, 8H, *Juu =
7.0 Hz, NCH>), 3.55 (s, 4H, CHIn), 3.44-3.47 (m, 16H, NCH> and CH(CH3)>), 3.30 (sept, 8H,
3Jan = 7.0 Hz, CH(CH3)2), 1.55 (d, 24H, *Jun = 7.0 Hz, CH(CH)2), 1.32 (d, 48H, *Juu = 7.0
Hz, CH(CHs)2), 1.28 (d, 24H, *Jun = 7.0 Hz, CH(CH;)2). *C{'H} NMR (176 MHz, C¢Ds): &
157.9 (NCN), 149.8 (ArC), 148.3 (ArC), 138.5 (ArC), 138.2 (ArC), 130.7 (=CHIn), 129.9
(ArC), 129.3 (ArC), 126.8 (ArC), 124.4 (ArC), 50.7 (NCH>), 50.0 (NCH>), 28.9 (CH(CHz3)»),
28.7 (CH(CH3)2), 25.9 (CH(CHs)2), 25.6 (CH(CH3)2), 25.2 (CH(CH3)2), 24.7 (CH(CH3)»).
Anal. Calcd. for C128H156NgIns (%): C 64.87, H 7.58, N 5.40; Found: C 64.56, H7.18, N 5.01.

M.p. 129 °C (decomp).
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Synthesis of (MIPrCH)In(THF)*B(CsFs)3 (4): A solution of B(CsFs)3 (0.052 g, 0.10 mmol)
in 3 mL of benzene was added to a solution of 1 (0.055 g, 0.025 mmol) in 4 mL of benzene.
After one minute of stirring the color of the reaction mixture had turned dark yellow-brown.
After a further three minutes of stirring the volatiles were removed in vacuo, and the remaining
solid was extracted in 18 mL of pentane and the mixture was filtered through a plug of
diatomaceous earth. The resulting orange filtrate was concentrated to volume of 1 mL and 1
mL of THF was added. Storing the solution in a -35 °C freezer for 24 hours afforded
(MeIPrCH)In(THF)*B(C6Fs)s (4) as a bright-yellow powder (0.024 g, 21 %). X-ray quality
crystals of 4 were grown from a solution in pentane/THF over the course of one month. 'H
NMR (700 MHz, CsDs): & 7.18 (t, 1H, *Jun = 7.0 Hz, p-ArH), 7.07 (d, 2H, *Jun = 7.0 Hz, m-
ArH), 7.06 (d, 2H, *Jun = 7.0 Hz, m-ArH), 6.79 (t, 1H, *Jun = 7.0 Hz, p-ArH), 3.45 (t, 4H,
*Jun = 7.0 Hz, OCH>CH,), 4.07 (s, 1H, CHIn), 2.85 (sept, 4H, *Jun = 7.0 Hz, CH(CH3)2), 1.42
(s, 3H, CN-CH3), 1.36 (s, 3H, CN-CH3), 1.31-1.32 (m, 10H, *Jun = 7.0 Hz, CH(CHs)>
overlapping with OCH,CH,), 1.27 (d, 6H, *Juu = 7.0 Hz, CH(CHx),), 1.08 (d, 6H, *Juu = 7.0
Hz, CH(CHs)2), 0.95 (d, 6H, 3Juu = 7.0 Hz, CH(CHs)2). *C{'H} NMR (176 MHz, C¢Ds¢): &
159.6 (NCN), 148.0-148.2 (m, ArF), 147.8 (ArC), 147.0 (ArC), 146.7-146.9 (m, ArF), 144.7
(ArC), 139.7-139.9 (m, ArF), 138.3-138.5 (m, ArF), 137.7-137.9 (m, ArF), 136.3-136.5 (m,
ArF), 131.9 (ArC), 131.0 (ArC), 130.4 (ArC), 129.9 (ArC), 127.9 (ArC), 127.8 (ArC), 127.1
(ArC), 124.4 (ArC), 118.8 (NC-CH3), 117.4 (NC-CH3), 81.7 (C=CHIn), 67.8 (OCH>), 28.6
(CH(CHs)2), 28.5 (CH(CHa3)2), 25.2 (OCH2CH>), 24.2 (CH(CHa;)2), 23.8 (CH(CHs)2), 23.4
(CH(CHs),), 23.1 (CH(CH3)2), 8.9 (NCCH3), 8.8 (NCCH3). ''B{'H} NMR (128 MHz, C¢Ds):

5 -14.3 (s). "F NMR (376 MHz, C¢Ds): & -129.8 (d, 6F, *Jrr = 37.6 Hz, 0-ArF), -159.0 (t, 3F,
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3Jrr = 37.6 Hz, p-ArF), -163.7 to -163.8 (m, 6F, m-ArF). Anal. Calcd. for Cs2Ha9BF15IN20

(%): C 55.34, H, 4.38, N 2.48; Found: C 55.12, H4.41, N 2.50. M.p. 147-149 °C.

Synthesis of (M IPrCH)In*B(CsFs)3 (4'): A solution of B(CsFs)3 (0.026 g, 0.051 mmol) in 1
mL of CsDs was added to a solution of 1 (0.028 g, 0.013 mmol) in 1 mL of CsDs. After one
minute of stirring the color of the reaction mixture had turned a dark yellow-brown. After a
further five minutes of stirring the reaction mixture was filtered through glass filter paper and
the volatiles were removed from the filtrate in vacuo to afford (MIPrCH)In*B(CeFs); (4') as
an orange solid (0.040 g, 74 %). 'H NMR (700 MHz, CsD¢): & 7.19 (t, 1H, *Jun = 7.0 Hz, p-
Ar), 7.06 (overlapping d, 4H, *Jun = 7.0 Hz, m-Ar), 6.80 (t, 1H, *Jun = 7.0 Hz, p-Ar), 3.57 (s,
1H, CHIn), 2.84 (sept, 4H, *Jun = 7.0 Hz, CH(CH3),), 1.41 (s, 3H, CN-CH3), 1.35 (s, 3H, CN-
CH3), 1.31 (d, 6H, *Jun = 7.0 Hz, CH(CHs)2), 1.28 (d, 6H, *Jun = 7.0 Hz, CH(CHs)2), 1.09 (d,
6H, >Jun = 7.0 Hz, CH(CHx),), 0.94 (d, 6H, *Jun = 7.0 Hz, CH(CH;),). *C{'H} NMR (176
MHz, C¢De): 6 160.2 (NCN), 148.4-148.5 (m, ArF), 148.1 (ArC), 147.6 (ArC), 147.1-147.2
(m, ArF), 140.2-140.3 (m, ArF), 138.8-138.9 (m, ArF), 138.1-138.3 (m, ArF), 136.7-136.9
(m, ArF), 132.3 (ArC), 131.2 (ArC), 130.9 (ArC), 130.4 (ArC), 128.3 (ArC), 127.7 (ArC),
124.8 (ArC), 119.4 (NC-CH3), 117.8 (NC-CH3), 83.0 (CHIn), 31.9 (CH(CHs)2), 28.9
(CH(CHs)2), 28.8 (CH(CHs)2), 24.6 (CH(CHs)2), 24.2 (CH(CHs)2), 23.7 (CH(CHs)2), 23.6
(CH(CHs),), 23.0 (CH(CH3)2), 9.2 (NCCH3), 9.1 (NCCH3). '"B{'H} NMR (128 MHz, C¢Ds):
5 -14.4 (s). "F NMR (376 MHz, C¢D¢): 6 -129.9 (d, 6F, *Jrr = 37.6 Hz, 0-ArF), -158.7 (t, 3F,
3Jrr = 37.6 Hz, p-AtF), -163.5 to -163.6 (m, 6F, m-ArF). Anal. Caled. for C4sH41BF15IN2 (%):

C 54.57, H3.91, N 2.65; Found: C 56.66, H 4.34, N 2.76; the discrepancy in calculated and
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experimental elemental analysis values may be due to absorbance of residue THF from the

glovebox atmosphere. M.p. 92 °C (decomp).

Synthesis of (MIPrCH)B(H)Trip: To a solution of TripBH; (0.008 g, 0.04 mmol) in 2 mL of
toluene was added 1 (0.020 g, 0.0092 mmol) in 2 mL of toluene. After one minute, the deep-
red color of 1 had faded with bubbling H> gas observed and the formation of a black
precipitate, presumably indium metal. After a further seven minutes of stirring, the reaction
mixture was filtered through a plug of diatomaceous earth resulting in a colorless solution.
The volatiles were removed from the filtrate in vacuo to afford (M IPrCH)B(H)Trip as a white
solid (0.021 g, 86 %). 'H and 'B{'H} NMR spectral data matched previously reported

literature values.'>?

Synthesis of (M IPrCH)Bpin (5): Route A. A solution of [(MIPrCH)Li], (0.170 g, 0.195
mmol) in 5 mL of toluene was added dropwise to a solution of ‘PrOBpin (79 uL, 0.39 mmol)
in 3 mL of toluene. After stirring for 3 hours a pale-orange supernatant was formed along with
a white precipitate. The volatiles were removed in vacuo, the residue was extracted with 15
mL of hexanes and filtered. The filtrate was concentrated to a volume of 1 mL and stored in a
-35 °C freezer for 16 hours, leading to the formation of colorless microcrystals of
(MeIPrCH)Bpin (5) (0.044 g, 20 %). X-ray quality crystals of 5 were grown from hexanes at -
35 °C over the course of one month. '"H NMR (700 MHz, C¢Ds): & 7.31 (t, 1H, *Jun = 7.0 Hz,
p-ArH), 7.22 (t, 1H, *Jun = 7.0 Hz, p-ArH), 7.15 (d, 2H, *Jun = 7.0 Hz, m-ArH), 7.10 (d, 2H,

3Jun = 7.0 Hz, m-ArH), 3.17 (sept, 2H, *Jun = 7.0 Hz, CH(CH3)2), 3.07 (sept, 2H, 3Juu = 7.0
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Hz, CH(CHz3)2), 2.65 (s, 1H, CH(Bpin)), 1.54 (s, 3H, CN-CH3), 1.51 (s, 3H, CN-CH3), 1.50
(d, 6H, 3Jun = 7.0 Hz, CH(CHx),), 1.36 (d, 6H, *Jun = 7.0 Hz, CH(CH5),), 1.24 (d, 6H, *Jun =
7.0 Hz, CH(CHs)2), 1.15 (d, 6H, *Jun = 7.0 Hz, CH(CHx),), 0.89 (s, 12H, OC(CHx),). *C{'H}
NMR (176 MHz, C¢Dg): 6 155.9 (NCN), 148.6 (ArC), 148.4 (ArC), 134.3 (ArC), 132.6 (ArC),
129.6 (ArC), 129.0 (ArC), 124.5 (ArC), 123.8 (ArC), 117.7 (NC-CH3), 117.0 (NC-CH3), 79.9
(OC(CH3)2), 48.0 (CHBpin), 29.1 (CH(CHs)2), 28.9 (CH(CHz3)2), 24.7 (OC(CH3)2), 24.6
(CH(CH3)2), 24.0 (CH(CHs)2), 23.8 (CH(CH3)2), 9.7 (NCCH3), 9.5 (NCCH3). "B{'H} NMR
(128 MHz, CsDs): 6 28.4 (s). Anal. Calcd. for C36Hs3sBN202 (%): C 77.68, H 9.60, N 5.75;
Found: C 76.55, H, 9.53, N 4.98. M.p. 145147 °C. The exocyclic vinyl carbon resonance was

not found in the C{'H} NMR but located indirectly by HSQOC.

Route B. To a solution of 1 (0.045 g, 0.021 mmol) in 2 mL of CsDs was added HBpin (12 puL,
0.083 mmol). After one minute, the deep-red color of 1 had faded and a black precipitate had
formed, presumably indium metal. After a further four minutes of stirring, the reaction mixture
was filtered through a plug of diatomaceous earth resulting in a colorless solution. 'H and
B {'H} NMR analysis of the reaction mixture showed the formation of (MIPrCH)Bpin (5),

which was not isolated.

Synthesis of (MIPrCH)InNArPPP (6): A solution of [(MIPrCH)Li]> (0.029 g, 0.033 mmol)
in 2 mL of toluene was added to a solution of Cpln (0.011 g, 0.061 mmol) in 2 mL of toluene.
After one minute the color of the reaction mixture had turned deep red. After a further 50
minutes the reaction mixture was filtered through a plug of diatomaceous earth. To the
resulting deep-red solution containing 1 was added rapidly ArPPPN3 (0.029 g, 0.066 mmol) in
2 mL of toluene. After one minute the reaction mixture became red-orange. After a further 40
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minutes the reaction mixture was concentrated to a volume of 1 mL and placed in a -35 °C
freezer for 16 hours, which afforded bright-orange microcrystals of (MIPrCH)InNAr>®" (6)
(0.018 g, 31 %). Crystals of 6 that were suitable for X-ray diffraction analysis were obtained
by dissolving 6 in 1 mL of toluene and storing the solution at -35 °C for 16 hours. '"H NMR
(700 MHz, CeDs): & 7.35 (t, 1H, *Jun = 7.0 Hz, p-ArH), 7.28 (d, 2H, 3Jun = 7.0 Hz, m-ArH),
7.22 (d, 2H, *Jun = 7.0 Hz, m-ArH), 7.21 (d, 2H, *Jun = 7.0 Hz, m-ArH), 7.13 (t, 1H, *Juu =
7.0 Hz, p-ArH), 7.11 (d, 2H, *Jun = 7.0 Hz, m-ArH), 7.05 (t, 1H, *Jun = 7.0 Hz, p-ArH), 7.02
(d, 1H, *Jun = 7.0 Hz, p-ArH), 6.82 (t, 1H, *Jun = 7.0 Hz, p-ArH), 6.75 (t, 1H, *Jun = 7.0 Hz,
p-ArH), 3.17-3.21 (overlapping septets, 4H, *Jun = 7.0 Hz, CH(CH3)2), 2.83 (sept, 2H, *Jun =
7.0 Hz, CH(CH3)2), 2.73 (sept, 2H, *Jun = 7.0 Hz, CH(CHs),), 1.66 (s, 1H, CHIn), 1.45 (s, 3H,
CN-CH3), 1.43 (s, 3H, CN-CH5), 1.37 (d, 12H, *Jun = 7.0 Hz, CH(CHs)2), 1.28 (d, 6H, *Jun =
7.0 Hz, CH(CHs)2), 1.26 (d, 6H, *Jun = 7.0 Hz, CH(CH;)2), 1.22 (d, 12H, *Jun = 7.0 Hz,
CH(CHs)2), 1.16 (d, 6H, *Juu = 7.0 Hz, CH(CHs)2), 1.01 (d, 6H, *Juu = 7.0 Hz, CH(CH:)»).
BC{'H} NMR (176 MHz, CsDs): § 162.8 (NCN), 158.3 (ArC), 148.8 (ArC), 148.7 (ArC),
146.2 (ArC), 143.4 (ArC), 134.0 (ArC), 131.9 (ArC), 129.9 (Ar(), 129.8 (ArC), 129.3 (ArC),
129.2 (ArC), 128.5 (ArC), 128.3 (ArC), 128.2 (ArC), 127.7 (ArC), 125.6 (ArC), 124.5 (ArC),
124.3 (ArC), 57.6 (=CHIn), 30.6 (CH(CHs)2), 28.8 (CH(CHs)2), 28.6 (CH(CH3)2), 25.0
(CH(CHs3)2), 24.9 (CH(CHs)2), 24.8 (CH(CHs3)2), 24.7 (CH(CHs)2), 24.0 (CH(CHs)2), 23.7
(CH(CHj3)2), 9.4 (CH(CH3)z2), 9.2 (CH(CH3)2). Anal. Caled. for CgoH7sN3In (%): C 75.37, H
8.22, N 4.39; Found: C 68.51, H 7.60, N 3.75; repeated attempts to obtain satisfactory
elemental analysis led to low values for carbon. M.p. 203-205 °C. UV-vis (in hexanes): Amax

=459 nm, £ = 3690 L mol"! cm™; Amax = 341 nm, £ = 8040 L mol"' cm™'.
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Synthesis of [(MIPrCH)eInePs] (7): To a solution of P4 (0.002 g, 0.02 mmol) in 4 mL of
toluene was added 1 (0.032 g, 0.015 mmol) in 5 mL of toluene. After one minute of stirring
the initially deep-red mixture became red-purple along with the formation of a black
precipitate. After one hour the volatiles were removed in vacuo. 15 mL of hexanes was then
added and the mixture filtered through a plug of diatomaceous earth. The filtrate was then
concentrated to a volume of 1 mL and stored in a -35 °C freezer for one week affording a
single X-ray quality crystal of [(MIPrCH)sInePs] (7). Attempts to repeat the preparation of 7
on a larger scale for further characterization were unsuccessful with the major isolated

product being M IPrCH..

3.4.3 X-Ray Crystallography

Appropriate X-ray quality crystals were coated with a small amount of hydrocarbon oil
(Paratone-N) and removed from the glovebox in a vial. Crystals were mounted quickly onto a
glass fiber and placed in a low temperature stream of nitrogen on the X-ray diffractometer. All
data were collected using a Bruker APEX II CCD detector/D8 or PLATFORM diffractometer
using Mo Ka (0.71073 A) or Cu Ka (1.54178 A) radiation, with the crystals cooled to -80 °C
or -100 °C. The data were corrected for absorption through Gaussian integration from the
indexing of crystal faces.?® Crystal structures were solved using intrinsic phasing (SHELXT)?’
and refined using SHELXL-2014.28 The assignment of hydrogen atom positions is based on
the sp?- or sp> hybridization geometries of their attached carbon atoms and were given thermal

parameters 20 % greater than those of their parent atoms.
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Table 3.1. X-ray crystallographic data details for [(MIPrCH)In]4 (1)*2 toluene.

A. Crystal Data

formula C134H1g80IngNg
formula weight 2362.13
crystal color and habit? red block
crystal dimensions (mm) 0.68 x 0.20 x 0.13
crystal system triclinic
space group P1 (No. 2)
unit cell parameters?
a(A) 16.114(3)
b(A) 22.258(4)
c(A) 22.529(4)
o (deg) 86.035(2)
S (deg) 78.839(2)
7 (deg) 70.732(2)
V (A3) 7484(2)
Z 2
Pealed (g cm™3) 1.048
u (mm-1) 0.650
B. Data Collection and Refinement Conditions
diffractometer Bruker PLATFORM/APEX 11 CCD¢
radiation (1 [A]) graphite-monochromated Mo K& (0.71073)
temperature (°C) —80
scan type  scans (0.3°) (20 s exposures)
data collection 28 limit (deg) 52.86
total data collected 119804 ((20<h <20,-27<k<27,-28<I<
28)
independent reflections 30703 (Rint = 0.0707)
number of observed reflections (NO) 20334 [Fy? > 20(Fy2)]
structure solution method intrinsic phasing (SHELXT-2014¢)
refinement method full-matrix least-squares on F2 (SHELXL—
2018¢)
absorption correction method Gaussian integration (face-indexed)
range of transmission factors 1.0000-0.6234
data/restraints/parameters 30703 /458 /1357
goodness-of-fit (S)” [all data] 1.017
final R indices!
R [Fo? = 20(Fy2)] 0.0501
wRy [all data] 0.1484
largest difference peak and hole 1.647 and —0.726 ¢ A-3

aQbtained by recrystallization from a toluene solution.
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bObtained from least-squares refinement of 9829 reflections with 4.58° <2< 46.06°.

¢Programs for diffractometer operation, data collection, data reduction and absorption
correction were those supplied by Bruker.

dG. M. Sheldrick, Acta Crystallogr. 2015, A71, 3-8. (SHELXT-2014)
€G. M. Sheldrick, Acta Crystallogr. 2015, C71, 3-8. (SHELXL-2018/3)

fAttempts to refine peaks of residual electron density as disordered or partial-occupancy
solventtoluene carbon atoms were unsuccessful. The data were corrected for disordered
electron density through use of the SQUEEZE procedure as implemented in PLATON (A.
L. Spek, Acta Crystallogr. 2015, C71, 9—18. PLATON — a multipurpose crystallographic
tool. Utrecht University, Utrecht, The Netherlands). A total solvent-accessible void
volume of 1734 A3 with a total electron count of 399 (consistent with and additional 8
molecules of solvent toluene, or 4 molecules per formula unit of the indium cluster
compound) was found in the unit cell.

42he rigid-bond restraint (RIGU) was applied to solvent toluene carbon atoms C11S to C17S
to improve the quality of their anisotropic displacement parameters.

hS = [EwW(Fo2 — Fc2)2/(n — p)]V/2 (n = number of data; p = number of parameters varied; w =
[R(Fo2) + (0.0770P)2 + 0.8458P]1 where P = [Max(Fo2, 0) + 2F.2]/3).

iRl = Z||Fo| — |[Fe|l/Z|Fo|; wRy = [2""(]:02 _FCZ)Z/ZW(F04)]1/2~
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Table 3.2. X-ray crystallographic data details for [(SIPrCH)Li]> (2)°toluene.

A. Crystal Data
formula
formula weight
crystal color and habit?
crystal dimensions (mm)
crystal system
space group
unit cell parameters?
a(A)
b (A)
c(A)
f (deg)
v (A3)
Z
Pealed (g cm™3)
p (mm-T)

Ce3HgeLioNg
913.23

colorless block
0.33 x0.30 x 0.21
monoclinic

C2/c (No. 15)

19.5691(4)
15.1755(3)
21.1457(4)
114.3497(8)
5721.1(2)

4

1.060

0.449

B. Data Collection and Refinement Conditions

diffractometer
radiation (1 [A])
temperature (°C)
scan type
data collection 28 limit (deg)
total data collected
26)
independent reflections
number of observed reflections (NO)
structure solution method
refinement method
2018°)
absorption correction method
range of transmission factors
data/restraints/parameters
extinction coefficient (x)/
goodness-of-fit (5)& [all data]
final R indices”

Ry [F02 2 ZG(FOZ)]

wR» [all data]
largest difference peak and hole

Bruker D8/APEX 11 CCD¢

Cu K (1.54178) (microfocus source)
—-100

® and ¢ scans (1.0°) (5 s exposures)
147.73

119852 (124 <h<24,-18<k<18,-26<[<

5789 (Rint = 0.0343)

5491 [Fy2 > 20(Fo2)]

intrinsic phasing (SHELXT-20144)
full-matrix least-squares on F2 (SHELXL—

Gaussian integration (face-indexed)
0.9790-0.8648

5789/0/349

0.00042(6)

1.059

0.0388

0.1068
0.246 and —0.229 e A-3
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aQbtained by recrystallization from a toluene solution.
bObtained from least-squares refinement of 9507 reflections with 7.66° <28 < 147.00°.

¢Programs for diffractometer operation, data collection, data reduction and absorption
correction were those supplied by Bruker.

d G. M. Sheldrick, Acta Crystallogr. 2015, A71, 3-8. (SHELXT-2014)
¢ G. M. Sheldrick, Acta Crystallogr. 2015, C71, 3-8. (SHELXL-2018/3)
JE* = kF¢[1 + x{0.001F:223/sin(26)}]-1/4 where k is the overall scale factor.

g8 = [EW(Fy2 — F2)?/(n — p)]\/2 (n = number of data; p = number of parameters varied; w =
[2(F,2) + (0.0520P)2 + 2.8094P] | where P = [Max(Fo2, 0) + 2F.2]/3).

th = Z[|Fo| = |[Fell/Z|Fol; wRy = [ZW(FO2 —Fcz)z/ZW(Fo4)]l/2-
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Table 3.3. X-ray crystallographic data details for (M IPrCH)In(THF)*B(C¢Fs)3 (4)*pentane.

A. Crystal Data

formula Cs7Hg1BF15InN,O
formula weight 1200.70
crystal color and habit? yellow block
crystal dimensions (mm) 0.34 x0.27 x 0.24
crystal system triclinic
space group P1 (No. 2)
unit cell parameters?
a(A) 10.7833(8)
b (A) 13.3363(10)
c(A) 21.1279(16)
o (deg) 107.7613(11)
S (deg) 102.8104(12)
y (deg) 91.5239(12)
v (A3) 2807.0(4)
Z 2
Pealed (g cm3) 1.421
u (mm-1) 0.511
B. Data Collection and Refinement Conditions
diffractometer Bruker PLATFORM/APEX II CCD¢
radiation (1 [A]) graphite-monochromated Mo Ko (0.71073)
temperature (°C) —-80
scan type  scans (0.3°) (20 s exposures)
data collection 28 limit (deg) 57.51
total data collected 52526 (-14<h<14,-18<k<18,-28 <1< 28)
independent reflections 14557 (Rint = 0.0283)
number of observed reflections (NO) 12804 [Fo2 > 20(F2)]
structure solution method intrinsic phasing (SHELXT-2014¢)
refinement method full-matrix least-squares on F2 (SHELXL—
2018¢)
absorption correction method Gaussian integration (face-indexed)
range of transmission factors 0.9359-0.8825
data/restraints/parameters 14557 /21// 715
goodness-of-fit (5)& [all data] 1.039
final R indices”
R [Fo? = 20(Fy2)] 0.0321
wR» [all data] 0.0854
largest difference peak and hole 0.584 and —0.480 e A-3
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a0btained by recrystallization from a pentane solution.
bObtained from least-squares refinement of 9764 reflections with 4.84° <2< 56.24°.

¢Programs for diffractometer operation, data collection, data reduction and absorption
correction were those supplied by Bruker.

dG. M. Sheldrick, Acta Crystallogr. 2015, A71,3-8. (SHELXT-2014)
e@G. M. Sheldrick, Acta Crystallogr. 2015, C71, 3-8. (SHELXL-2018/3)

45he C-C distances within the disordered tetrahydrofuran group were restrained to be
approximately the same by use of the SHELXL SAME instruction. Likewise, the C—C
distances within the solvent pentane molecule were similarly treated.

g8 = [EW(Fy2 — F2)?/(n — p)]V/2 (n = number of data; p = number of parameters varied; w =
[2(F,2) + (0.0411P)2 + 1.0816P]- where P = [Max(Fo2, 0) + 2F:2]/3).

th = Z[|Fo| — |Fell/Z|Fo|; wRy = [ZW(FO2 —Fcz)z/ZW(Fo4)]l/2-
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Table 3.4. X-ray crystallographic details for (M*IPrCH)Bpin (5).

A. Crystal Data

formula C36H53BN>O>
formula weight 556.61
crystal color and habit colorless block
crystal dimensions (mm) 0.13 x0.10 x 0.08
crystal system monoclinic
space group P21/c (No. 14)
unit cell parameters?
a(A) 13.2848(3)
b (A) 15.2957(3)
c(A) 16.2903(4)
S (deg) 91.8769(13)
v (A3) 3308.42(13)
Z 4
Pealed (g cm3) 1.117
u (mm-1) 0.516
B. Data Collection and Refinement Conditions
diffractometer Bruker D8/APEX II CCD?
radiation (1 [A]) Cu K (1.54178) (microfocus source)
temperature (°C) —100
scan type ® and ¢ scans (1.0°) (5-10-15 s exposures)©
data collection 28 limit (deg) 144.55
total data collected 70416 (-16 <h<15,-18<k<18,-20</<20)
independent reflections 6473 (Rint = 0.0622)
number of observed reflections (NO) 5245 [Fy2 = 20(Fy2)]
structure solution method intrinsic phasing (SHELXT-2014¢)
refinement method full-matrix least-squares on F2 (SHELXL—
2018¢)
absorption correction method Gaussian integration (face-indexed)
range of transmission factors 0.9784-0.9161
data/restraints/parameters 6473/0/373
extinction coefficient (x)/ 0.00105(14)
goodness-of-fit (S)8 [all data] 1.050
final R indices”
R [Fo? 2 20(F?)] 0.0433
wRy [all data] 0.1232
largest difference peak and hole 0.329 and —0.194 e A-3

a0btained from least-squares refinement of 9875 reflections with 6.66° <26 < 144.28°.
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bPrograms for diffractometer operation, data collection, data reduction and absorption
correction were those supplied by Bruker.

¢Data were collected with the detector set at three different positions. Low-angle (detector 26
=-33°) data frames were collected using a scan time of 5 s, medium-angle (detector 26=
75°) frames using a scan time of 10 s, and high-angle (detector 26 = 117°) frames using a
scan time of 15 s.

dG. M. Sheldrick, Acta Crystallogr. 2015, A71, 3-8. (SHELXT-2014)
eG. M. Sheldrick, Acta Crystallogr. 2015, C71, 3-8. (SHELXL-2018/3)
JE* = kF¢[1 4+ x{0.001F:223/sin(20)}]-1/4 where £ is the overall scale factor.

g8 = [Zw(Fy2 — F2)2/(n — p)]1/2 (n = number of data; p = number of parameters varied; w =
[G2(Fy2) + (0.0595P)2 + 0.8852P]-! where P = [Max(F,2, 0) + 2F:2]/3).

hRy = Z||Fo| — |F|l/ZIFo|; wRy = [EW(Fo? — F2)2/Zw(Fo)]1/2.
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Table 3.5. X-ray crystallographic details for (MIPrCH)InNArP"*P (6)<toluene.

A. Crystal Data

formula C74Ho4InN3
formula weight 1140.34
crystal color and habit? orange plate
crystal dimensions (mm) 0.37 x 0.17 x 0.05
crystal system monoclinic
space group P21/n (an alternate setting of P2{/c [No. 14])
unit cell parameters?
a(A) 10.9546(16)
b (A) 25.751(4)
c(A) 23.267(3)
S (deg) 91.891(3)
V (A3) 6560.0(16)
Z 4
Pealed (g cm™3) 1.155
u (mm-1) 0.402
B. Data Collection and Refinement Conditions
diffractometer Bruker PLATFORM/APEX 11 CCD¢
radiation (1 [A]) graphite-monochromated Mo K« (0.71073)
temperature (°C) —80
scan type  scans (0.3°) (20 s exposures)
data collection 28 limit (deg) 51.56
total data collected 80035 (-13<h<13,-31<k<31,-28<71<28)
independent reflections 12545 (Rint = 0.0901)
number of observed reflections (NO) 8925 [Fy2 > 20(F2)]
structure solution method intrinsic phasing (SHELXT-20144)
refinement method full-matrix least-squares on F2 (SHELXL—
2018¢)
absorption correction method Gaussian integration (face-indexed)
range of transmission factors 1.0000-0.7633
data/restraints/parameters 12545/ 1188 /720
goodness-of-fit (S)” [all data] 1.015
final R indices!
R [Fo? 2 20(F?)] 0.0479
wRy [all data] 0.1401
largest difference peak and hole 1.006 and —0.785 e A-3

a0btained by recrystallization from a toluene solution.

bObtained from least-squares refinement of 9104 reflections with 4.36° <260 < 41.76°.
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¢Programs for diffractometer operation, data collection, data reduction and absorption
correction were those supplied by Bruker.

dG. M. Sheldrick, Acta Crystallogr. 2015, A71, 3-8. (SHELXT-2014)
€G. M. Sheldrick, Acta Crystallogr. 2015, C71, 3-8. (SHELXL-2018/3)

fAttempts to refine peaks of residual electron density as disordered or partial-occupancy
solvent toluene carbon atoms were unsuccessful. The data were corrected for disordered
electron density through use of the SQUEEZE procedure as implemented in PLATON (A.
L. Spek, Acta Crystallogr. 2015, C71, 9—18. PLATON — a multipurpose crystallographic
tool. Utrecht University, Utrecht, The Netherlands). A total solvent-accessible void
volume of 872 A3 with a total electron count of 197 (consistent with 4 molecules of solvent
toluene, or 1 molecule per formula unit of the indium complex) was found in the unit cell.

114he C—C distances within the disordered isopropyl group were restrained to be approximately
the same by use of the SHELXL SADI instruction. Additionally, the C66—-C70A and C66—
C70B distances were similarly restrained. The rigid-bond restraint (RIGU) was applied
to the carbon atoms of the disordered isopropyl group to improve the quality of their
anisotropic displacement parameters. The phenyl ring of the disordered solvent toluene
molecule was constrained to be an idealized hexagon; the Cpe—Cipso distances were
restrained to be approximately the same, as were the Cpye- - -Cortho distances; the rigid-bond
restraint was applied to all of the carbon atoms of the solvent toluene molecule. [total
restraints: 10 SADI, 108 RIGU]

hS = [EW(Fo2 — F2)2/(n — p)]V/2 (n = number of data; p = number of parameters varied; w =
[2(F,2) + (0.0770P)2 + 0.5782P] | where P = [Max(Fo2, 0) + 2F.2]/3).

iRl = 2||Fo| — |Fe|l/Z|Fo|; wRy = [ZW(FOZ —Fcz)z/ZW(Fo4)]1/2-
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Table 3.6. X-ray crystallographic details for [(MIPrCH)sInePs] (7).

A. Crystal Data
formula
formula weight
crystal color and habit?
crystal dimensions (mm)
crystal system
space group
unit cell parameters?
a(A)
b (A)
c(A)
a (deg)
B (deg)
y (deg)
v (A3)
Z
Pealed (g cm™3)
p (mm-T)

C204H302In6N12Pg
3859.24

purple block

0.35 x 0.09 x 0.05
triclinic

P1 (No. 2)

17.9240(3)
18.1563(3)
19.0661(3)
66.0552(7)
69.6779(7)
71.9143(8)
5212.76(15)
1

1.229

6.171

B. Data Collection and Refinement Conditions

diffractometer
radiation (1 [A])
temperature (°C)
scan type
data collection 28 limit (deg)
total data collected
23)
independent reflections
number of observed reflections (NO)
structure solution method
refinement method
2018¢)
absorption correction method
range of transmission factors
data/restraints/parameters
goodness-of-fit (S)8 [all data]
final R indices”

Ry [Fo? > 20(Fo?)]

wRy [all data]
largest difference peak and hole

Bruker D8/APEX 11 CCD¢

Cu K (1.54178) (microfocus source)
-100

w and ¢ scans (1.0°) (5 s exposures)
145.17

237205 (22 <h<22,-21<k<19,-23<[<

19848 (Rint = 0.0447)

18289 [Fy2 > 20(F2)]

intrinsic phasing (SHELXT-20144)
full-matrix least-squares on F2 (SHELXL—

Gaussian integration (face-indexed)
0.8060-0.3321

19848 /0/934

1.038

0.0237

0.0645
0.834 and —0.554 ¢ A-3
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aQObtained by recrystallization from a hexanes solution.
bObtained from least-squares refinement of 9206 reflections with 5.44° <26 < 144.70°.

¢Programs for diffractometer operation, data collection, data reduction and absorption
correction were those supplied by Bruker.

dG. M. Sheldrick, Acta Crystallogr. 2015, A71, 3-8. (SHELXT-2014)
e@G. M. Sheldrick, Acta Crystallogr. 2015, C71, 3-8. (SHELXL-2018/3)

fAttempts to refine peaks of residual electron density as disordered or partial-occupancy
solvent hexane carbon atoms were unsuccessful. The data were corrected for disordered
electron density through use of the SQUEEZE procedure as implemented in PLATON (A.
L. Spek, Acta Crystallogr. 2015, C71, 9-18. PLATON — a multipurpose crystallographic
tool. Utrecht University, Utrecht, The Netherlands). A total solvent-accessible void
volume of 1177 A3 with a total electron count of 195 (consistent with 4 molecules of
solvent hexane) was found in the unit cell.

g8 = [EW(Fy2 — F2)?/(n — p)]V/2 (n = number of data; p = number of parameters varied; w =
[2(F,2) + (0.0337P)2 + 2.7250P] | where P = [Max(Fo2, 0) + 2F.2]/3).

th = Z[|Fo| — |Fell/Z|Fo|; wRy = [ZW(FO2 —Fcz)z/ZW(Fo4)]l/2-

3.4.4 Density Functional Theory (DFT) Computations and UV-vis Data

All computations were performed with Gaussian16.? Gas-phase geometries were optimized
using density functional theory (DFT) with the B3LYP functional®® and the cc-pVDZ basis
set.’! For indium, the cc-pVDZ-PP basis set*? was used in conjunction with effective core
potentials, as obtained from the Basis Set Exchange Library.>* Frequency analysis confirmed
all obtained structures to be local minima on the potential energy surfaces. Optimized
geometries, orbitals and Atoms-In-Molecules (AIM) molecules graphs were visualized with
Visual Molecular Dynamics (VMD).** Natural Bond Orbital (NBO) analyses were performed
with NBO 6.0°° and the wavefunction files were used for a topological analysis of the electron

density according to the Atoms-In-Molecules partitioning scheme® using AIMAIL37 The NCI
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grids were computed with NClplot.*® The vertical excitation energy of the first fifty singlet
states have been predicted by TD-DFT computations using the same level as stated above
using the respective optimized gas-phase So geometries of 1 and 6. Computations regarding
[(MeIPrCH)In]4 (1), were conducted on the truncated model [(MIPhCH)In]s (1) (MSIPhCH =
[(MeCNPh)>,C=CH] wherein the isopropyl groups were removed from the aryl rings. For
comparison the first ten singlet states have been computed for [InC(SiMe3)s]4, notably for
[InC(SiMe3)s3]4 two geometries have been obtained, which both represent minima on the

potential energy surface by a subsequent frequency analysis.
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Chapter 4 — C-N Activation by a Possible Transient
Diborene Supported by an Anionic /N-Heterocyclic Olefin

4.1 Introduction

Molecular species containing boron-boron bonds have been of synthetic interest for a
long time. The first identified molecular species to contain a boron-boron single bond was
C1,B-BCly, reported in 1925 by Stock.! While C1,B-BCl, was at first a structural curiosity, it
would open the door to a broad class of compounds known as diborane(4)s, each with the
general formula RoB-BRj. Diborane(4)s are now employed in the development of
pharmaceuticals, catalysis (e.g., for Suzuki-Miyaura cross-coupling) and within borylative
cyclizations.? The first stable tetraorgano-substituted diborane(4) was reported in the 1980’s
with kinetic stabilzation provided by bulky tert-butyl groups, ‘BuxB—B/Bu,.® While tetralkyl
diborane(4)s are highly reactive, the corresponding tetraaryl diborane(4)s are more stable and
can undergo two-electron reduction to yield isoelectronic boron analogues to ethylene,

[R2B=BR:]*, with formal boron-boron double bonds.*

The neutral diborane(2), diborene HB=BH, is the simplest boron species containing
boron-boron multiple bonding and can be considered as the boron analogue to acetylene. This
species exists in a triplet ground state and as such has been isolated only within a frozen argon
matrix.” The electron-deficient nature of the boron atoms in HB=BH allows for the
coordination of stabilizing Lewis base (LB) ligands, as demonstrated by Robinson in 2007
with the landmark report of a neutral diborene coordinated by N-heterocyclic carbenes
(NHCs), [IPrs(H)B=B(H)*IPr; IPr = (HCNDipp).C; Dipp = 2,6-ProCsH3] (Figure 4.1).° Since

then, a variety of neutral diborene adducts of NHCs, cyclic (alkyl)(amino)carbenes (CAACs),
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and phosphines have been reported each featuring a B=B double bond, LB*(R)B=B(R)-LB.’
To date, a stable neutral singlet diborene RB=BR without the need of supporting Lewis base

donors has not been reported.

Recently the Rivard group® and others’ have explored a class of ligands termed as
anionic N-heterocyclic olefins (aNHOs). These ligands are notable for the highly electron-
donating nature of the ligating/anionic sp>-hybridized carbon center, and the possibility of
added ligand-to-element n-donation via a polarized exocyclic olefin.!” Given recent reports on
the stabilization of an acyclic divinylsilylene (MIPrCH).Si: (MIPrCH =
[(MeCNDipp).C=CH]") a potentially strong 2¢~ reducing agent (see Chapter 2)*¢ and an
indium(I) tetramer supported by aNHOs (see Chapter 3),%* I speculated that aNHOs may be

able to stabilize a neutral singlet diborene (RB=BR) without the need for exogenous Lewis

bases.
OEt2
,,‘ (\N_Dipp
cl cl N= H
B-§ Dipp”  p=¢
y \ o Dipp
Cl Cl H );N
L Dipp-N.
Stock OIEt
(1925) 2 Robinson
Power (2007)
(1992)

Figure 4.1. CLbB-BCl, the first diborane(4) isolated, [Mes:B=BMes(Ph)]*", and a parent
diborene stabilized by N-heterocyclic carbene ligands.
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4.2 Results and Discussion

The starting point of this project involved the preparation of an appropriate aNHO-
supported haloborane, which might be reduced to afford the target compound
(aNHO)B=B(aNHO). As an entry to a suitable boron-aNHO precursor, half of an equivalent
of the previously reported lithiated aNHO reagent, [(MCIPrCH)Li]>» (Chapter 2),3¢ was
combined with BCI3 in hexanes (at room temperature and -78 °C) in an attempt to prepare
(MIPrCH)BCL. Unfortunately, the only isolable species was the hydrolysis product
MeIPrCH,*BCl; (1), which is likely formed due to hydrolysis and the in situ generation of HCI
in solution. Compound 1 could be prepared independently by combining Me>S*BCl3 and

Me[prCH; in toluene and was isolated in a yield of 82 % as a white solid (Scheme 4.1).

Dipp HD'pp Me Dlpp Me Dipp CI, CI
Me N L:--h-c_< HCI N F-c
172 | >=C _____ —)- >—C —)-— [ ))—CqH
e =Li toluene Me N i-|
Me Dlpp or hexanes D Di
Dipp RT or -78 °C PP ‘PP
Not Observed 1
Pipp Dlpp Cl, CI
Mel N H  Mesescl, Mes N “-ci
[ )=¢ ——— ] DG
me” N H toluene me” N H
Dipp - SMe, Dipp

1

Scheme 4.1. Synthesis of M{IPrCH,*BCl; (1).

The molecular structure of 1 (Figure 4.2) features elongation of the C=C double bond
from a distance of 1.3489(18) A in free MCIPrCH>!! to a length of 1.476(3) A, indicative of a

carbon-carbon single bond; this C-C bond in 1 is comparable to the C-C bond length in
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Robinson’s adduct IPrCH>*BBr; (IPrCH, = [(HCNDipp)CCH.]) [1.497(14) A].!? The B-C
bond in 1 is 1.642(3) A, which is the same within experimental error as in the related carbene
adducts IPr*BCl; [1.636(4) A]"* and IPrCH»*BBrs [1.576(18) A].'> The !'B{'H} NMR
spectrum of 1 displays a sharp singlet at 6.9 ppm in CD,Cl,, while the methylene protons

bound to C4 (Figure 4.2) appear as a singlet at 2.63 ppm in the 'H NMR spectrum.

Figure 4.2. Molecular structure of M IPrCH,*BCl; (1) plotted with thermal ellipsoids at 50 %
probability. All hydrogen atoms (except for the methylene protons at C4) are omitted for
clarity. The hexane solvent molecule not shown. Selected bond lengths [A] and angle [°]: C1-
C4 1.476(3), C4-B1 1.642(3); C1-C4-B1 118.51(16).

[(MIPrCH)Li]> was combined with the tetrahaloborane complex Me,S*Br;B-
BBr*SMe>!* in toluene with the goal to prepare (MIPrCH)(Br)B-B(Br)(CHM®IPr) as a
precursor for the target diborene, (MIPrCH)B=B(CHM°IPr). However, this reaction afforded
the neutral NHO adduct MIPrCH2+Br:B-BBr2*CH,MeIPr (2) and free MIPrCH> as soluble

products. This result contrasts sharply with previous work where it had been established that

126



[(MeIPrCH)Li]2 could react cleanly with a variety of element halides EX, (E = Ti, Zr, Hf, Zn,
Si, Ge, Sn, Pb; X = Cl, Br).®>¢ The most immediate concern was that hydrolysis was occurring;
however, other possible side reactions such as ligand activation!® or the formation of the
brominated NHO M°IPrCH(Br) (3) via Li/Br exchange were considered; in relation to the latter,
formation of copious amounts of Ar°PPCl during the synthesis of Ar>PPPCl, from LiArP"P and

PCl; has been reported (Ar°PP = 2,6-Dipp.CsH3).'

The first step in the investigation of possible side reactions was the preparation of
Me[PrCH(Br) (3), which was achieved by combining MIPrCH, with CBra, and afforded 3 in a
yield of 63 % as a light-brown solid. Compound 3 is sensitive to light but is stable at room
temperature indefinitely when stored in the dark as a solid. When the reaction progress was
monitored by 'H NMR spectroscopy in C¢Ds, the formation of HCBr3 was observed with
quantitative conversion to 3 within ten minutes. The formation of 3 is envisioned to occur
through the initial coordination and subsequent bromide abstraction to give the ion pair
[(MeIPrCH,Br][CBr3] in which the CBr;3 anion rapidly deprotonates the exocyclic methylene
fragment to afford MIPrCH(Br) (3) and HCBr3 (Scheme 4.2), reminiscent of an Appel-like
reaction.!” Analysis of 3 by 'H NMR spectroscopy in C¢Ds identified that the =CH(Br)
resonance as a sharp singlet at 3.16 ppm, which is shifted downfield when compared to
MeTPrCH(I) [2.25 ppm in C¢Ds] (Chapter 2).3¢ The molecular of structure of MIPrCH(Br) (3)
(Figure 4.3) features a C=C bond length of 1.361(5) A and sp?-character at the exocyclic

carbon as evidenced by a C—C—Br bond angle of 123.7(4)°.
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Scheme 4.2. Synthesis of MIPrCH(Br) (3) (top) and proposed mechanism of formation of
Me[prCH(Br) (3) (bottom).

Figure 4.3. Molecular structure MIPrCH(Br) (3) with thermal ellipsoids plotted at 50 %
probability. All hydrogen atoms (except for the vinylic proton at C3) are omitted for clarity.

Selected bond lengths [A] and angle [°]: C1-C3 1.361(5), C3-Brl 1.878(6); C1-C3-Brl
123.7(4).

Now that the 'H NMR spectrum of MIPrCH(Br) (3) is known, monitoring the reaction

between [(MIPrCH)Li]> and Me>S*Br:B-BBr2*SMe; in C¢Ds indicated the formation of
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Me[PrCH,Br,B-BBr2*CH2MeIPr (2), as well as other unidentified species; the possible by-
product 3 was not detected. 'B{'H} NMR spectroscopy indicated the presence of unreacted
Me,S*Br,B-BBr*SMe, and 2 as the only observable soluble boron-containing species.
Attempts to prepare (MIPrCH)(Br)B-B(Br)(CH®IPr) by generating “(MIPrCH)Cu” in situ,'®
by combining [(MIPrCH)Li]> with Me,S*CuBr also afforded 2 as the only isolable product.
These results indicate that hydrolysis is most likely occurring in all cases, although ligand
activation can not be entirely ruled out due to the presence of added unidentified NHO-based

products in the "H NMR spectrum of the reaction mixture.

Me[PrCH,Br,B-BBra*CH>MCIPr (2) can be prepared independently as an off-white
solid in an isolated yield of 83 % by combining M IPrCH, with Me>S*Br.B-BBr2*SMe: in
toluene (Equation 4.1). Attempts to prepare (MIPrCH)(Br)B-B(Br)(CHM®IPr) from 2 via base-
induced dehydrohalogenation with bases such as "BuLi, K[N(SiMes):], KOBu, M¢IPr,
Me[PrCH, and [(MeIPrCH)Li]>» were unsuccessful with either no reaction in the cases MIPrCH,
and [(MIPrCH)Li]>, and with "BuLi, K[N(SiMe3).], KO'Bu, MIPr only the formation of the
free N-heterocyclic ligand MIPrCH, were observed. Attempts to prepare (MIPrCH)(Br)B-
B(Br)(CHM¢IPr) by combining (MIPrCH)SiMe;'” (a mild source of an anionic NHO fragment)
with Me;S*BroB-BBr*SMe»> at room temperature led to no reaction; heating this reaction
mixture to 80 °C for 16 hours led exclusively to the formation of MIPrCH,*Br.B-

BBr2*CHM®IPr (2) as determined by NMR spectroscopic analysis.
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Crystals of MIPrCH,*Br,B-BBr2*CHM¢IPr (2) suitable for X-ray crystallographic
analysis were grown from a toluene solution heated to 80 °C in a Teflon valve-capped NMR
tube over the course of 16 hours with the crystals forming just above the solvent level in the
NMR tube (Figure 4.4). The molecular structure of 2 features an exocyclic C—C bond length
of 1.476(2) A within the MIPrCH, donor, which is the same value as in M{IPrCH,*BCl; (1)
[1.476(3) A]; the adjacent C-B bond distance in 2 [1.630(2) A] is also similar to the C-B
distance in 1 [1.642(3) A]. The core B-B bond length in 2 [1.716(3) A] matches the B-B single
bond distance in Me,S*Br,B-BBr2*SMe; [1.715(4) A].'* Unlike MIPrCH2*BCl; (1) and
IPrCH,*BBr3,'? compound 2 decomposes rapidly in dichloromethane into a complicated
mixture of products. As such, the 'H NMR data of 2 was collected in C¢Ds, despite the low
solubility of 2 in this solvent, which revealed the expected methylene resonance at 3.55 ppm
for a neutral NHO adduct. The 'B{'H} NMR spectrum of 2 consisted of a singlet resonance

centered at -3.5 ppm indicative of a four-coordinate boron environment.
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Figure 4.4. Molecular structure of M IPrCH,*Br,B-BBr,*CH,MeIPr (2) with thermal ellipsoids
plotted at 50 % probability. All hydrogen atoms (except for the methylene protons at C4 and
C4') are omitted for clarity. Selected bond lengths [A] and angles [°]: C1-C4 1.476(2), C4-B1
1.630(2), BI-B1' 1.716(3), BI-Br1 2.0841(17), BI-Br2 2.1026(17); C1-C4-B1 124.55(13),
C4-B1-B1' 124.55(13).

While I had previously demonstrated that [(MIPrCH)Li], could be a viable aNHO
synthon for the preparation of (MIPrCH)Bpin,*® from PrOBpin (Chapter 3; Bpin =
[B(OCMexCMe,0]), there was concern that boron-bound halides may not be ideal leaving
groups for the preparation of a diborene precursor. As a probe of general reactivity, half of an
equivalent of [(MIPrCH)Li]» was combined with FBMes,?® (Mes = 2.4,6-Me;C¢Hz) in
hexanes, which led to the formation of a bright-yellow solution and the formation of an
insoluble precipitate, presumably LiF (Equation 4.2). The desired borylated NHO
(MeIPrCH)BMes: (4) was then isolated in a yield of 40 % as a bright-yellow solid. After work
up, analysis of 4 by "H NMR spectroscopy in CsDs indicated a shift of the vinylic proton to

4.44 ppm from a value of 0.87 ppm in [(MIPrCH)Li]> (Chapter 2);%¢ the accompanying
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UB{'H} NMR spectrum of 4 gave a broad resonance at 50.9 ppm, in line with a three-

coordinate boron environment.
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The molecular structure of (MIPrCH)BMes; (4) features significant elongation of the
exocyclic C—C moiety within the MeIPrCH unit [1.4038(18) A] (Figure 4.5) when compared
to the corresponding distance in [(MIPrCH)Li], [1.341(6) A]* and to the values found in the
related borylated aNHOs, such as (MCIPrCH)Bpin [1.3757(19) A] (Chapter 3)%* and
(MIPrCH)Bcat [1.3867(17) A; Beat = B(OCsH40)],% indicating possible donation of electron
density from carbon (C1). This bonding situation is similar to other aNHO-supported aryl
boranes such as (MIPrCH)B(H)Mes [1.4022(15) A] and (MeIPrCH)B(H)Trip [1.4033(14) A]
(Trip = 2,4,6-Pr3CsH,).®° As expected (vide supra), the B-C bond length in 4 [1.4833(19) A]
is similar in length as the B-C(aNHO) distances in (M IPrCH)B(H)Mes [1.4783(16) A] and

(MIPrCH)B(H)Trip [1.4741(15) A].%

132



Figure 4.5. Molecular structure of (M IPrCH)BMes; (4) with thermal ellipsoids plotted at 50
% probability. All hydrogen atoms (except for the vinylic protons at C1) are omitted for clarity.
Selected bond lengths [A] and angle [°]: C2—C1 1.4038(18); C1-B1 1.4883(19); C2-C1-Bl
140.94(13).

With the successful synthesis of (MIPrCH)BMes, (4) it was established that
[(MeIPrCH)Li]> could indeed participate in halide metathesis chemistry at boron. I turned my
attention towards Me>S*C1B-BClL*SMe:!* a potentially easier-to-handle precursor with a
preformed B-B bond. Combining [(MIPrCH)Li], with Me,S*Cl,B-BCl>*SMe; in benzene led
to the formation of a deep-yellow solution along with a fine white precipitate (Equation 4.3).
After work-up, the diborane(4) (MIPrCH)CIB-BCI(CHM®IPr) (5) was isolated as a bright-
yellow solid in a yield of 90 %. "H NMR spectroscopic analysis of 5 in C¢Ds showed that the
vinylic protons appeared as a singlet at 4.76 ppm, which is expected for a coordinated
[MIPrCH]™ ligand.®! The "B{'H} NMR spectrum of 5 gave a broad singlet at 49.1 ppm,
indicative of a three-coordinate boron environment. Despite numerous attempts, X-ray quality
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crystals of (MIPrCH)CIB-BCI(CH™¢IPr) (5) could not be obtained and as such atom

connectivity could not be determined with this method.
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(4.3)

In an effort to determine atom connectivity in a close structural analogue to
(MeIPrCH)CIB-BCI(CHM¢IPr) (5), I turned my attention to our recently reported lithiated
aNHO, [(SIPrCH)Li];* (SIPrCH = [(H.CNDipp).C=CH") (Chapter 3). Combining
[(SIPrCH)Li]> with Me>S*ClbB-BCl*SMe; led to a pale-yellow solution along with a white
precipitate (presumably LiCl). Work-up of the reaction mixture gave the diborane(4)
(SIPrCH)CIB-BCI(CHSIPr) (6) as a yellow solid in a yield of 95 % (Equation 4.4). Compound
6 gave an '"H NMR spectrum in C¢Ds that had the expected signals for the anticipated product,
including a singlet resonance at 4.11 ppm for the vinylic protons, similar to the vinylic protons
in (MIPrCH)CIB-BCI(CHM*IPr) (5) [6 = 4.76 ppm]. The "B {'H} NMR spectrum of 6 consists

of a broad singlet at 55.6 ppm.
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X-ray quality crystals of (SIPrCH)CIB-BCI(CHSIPr) (6) where grown from a saturated
Et,0 solution (ca. 0.5 mL) that was stored at -35 °C for 16 hours. The molecular structure of
6 features a B—B single bond length of 1.694(4) A (Figure 4.6), which is marginally shorter
than the B-B separation within the bis(dimethylsulfide) adduct Me>S+Cl,B-BCl2*SMe»
[1.719(2) A], and similar to the B-B distance found within Braunschweig’s corresponding
cyclic(alkyl)aminoimine dibromodiborane (DippN(Me>C)CH2(Me,C)C=N-(Br)B-B(Br)-

N=C(Me>C)CH(Me2C)NDipp) [1.692(4) A].2!

Figure 4.6. Molecular structure of (SIPrCH)CIB-BCI(CHSIPr) (6) with thermal ellipsoids
plotted at 50 % probability. All hydrogen atoms (except for the vinylic protons at C4 and C4")
are omitted for clarity. Selected bond lengths [A] and angles [°]: C1-C4 1.387(3), C4-B1
1.495(3), B1-B1' 1.694(4), BI-CI1 1.816(2); C1-C4-B1 139.41(19), C4-B1-B1' 123.34(16),
C4-B1-Cl1 125.23(16).

With an spectroscopically pure diborene precursor in hand, I explored potential

methods to reduce (SIPrCH)CIB-BCI(CHSIPr) (6) to afford the target diborene,
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(SIPrCH)B=B(CHSIPr) (7). Attempts to reductively cleave the boron chloride bonds with
lithium metal, KCs,” Cp2Co (Cp = n’-CsHs),??> [K(THF):][Si(SiMe3)3],84%3 and Mashima’s
reagent Me3SiN{(Me)C=C(Me)}2NSiMe3;** were unsuccessful with either the formation of
free SIPrCH> being observed in the cases of lithium metal and KCg, and in the cases of Cp2Co,
[K(THF)2][Si(SiMe3)s], and Mashima’s reagent no reactions were observed. Reduction of 6
with sodium napthhalenide, Na[C1oHs], in THF at -78 °C% led to the formation of a dark-blue
solution (Scheme 4.2). This blue solution persisted (by eye) for up to four hours with no
noticeable change at -78 °C. Upon warming, even slowly, the color faded to pale yellow. After
removal of the volatiles from the warmed-up reaction mixture, 'H NMR spectroscopic analysis
of the resulting yellow residue in C¢Ds determined that the predominant species formed was
the free ligand SIPrCHx> as well as other unidentified products. The residue was redissolved in
a minimal amount of pentane (ca. 1 mL) and placed in a -35 °C freezer for two weeks, which
afforded a crop of colorless crystals that were subsequently identified by single crystal X-ray
crystallography as the ligand-activated product [({HN(H2C).N(Dipp)} C=CH)B(Dipp)]> (8).
The proposed route to 8 involves intramolecular C-N activation of the flanking Dipp-groups
by the transient diborene (SIPrCH)B=B(CHSIPr) (7) and subsequent hydrogen atom
abstraction from the solvent (Scheme 4.3);® although, one cannot rule out that this process
occurs in a stepwise fashion by reduction at a single boron atom followed by subsequent ligand
activation. Such ligand activation is not without precedent as recently the Hicks’ group

reported C-N activation of a flanking Dipp group within a transient boryl anion.?
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The molecular structure of [({HN(H2C).N(Dipp)}C=CH)B(Dipp)]> (8) features an

average exocyclic C=C bond length of 1.385(3) A, which is elongated slightly relative to the

corresponding distances in MCIPrCH, [1.3489(18) A]'' and SIPrCH, [1.3346(19) A],*’

suggesting possible m-donation from the vinylic C=C n-bond an adjacent empty boron-based

p-orbital (Figure 4.7). However, this is contrasted by the C—B bond lengths in 8, which have

an average length of 1.502(3) A and are the same within error as the B-C bond length of

1.513(2) A in (MIPrCH)Bpin, a species that lacks appreciable Cano-E n-bonding (according

to DFT calculations).®® The B-B bond in 8 is marginally longer [1.716(3) A] than the B-B

distance in (SIPrCH)CIB-BCI(CHSIPr) (5) [1.694(4) A]. '"H NMR analysis of the remaining

crystals of 8 in C¢Dg revealed that the vinylic protons appear as a singlet at 4.16 ppm; a broad

'"B{'"H} NMR resonance is located at 67.4 ppm.
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Figure 4.7. Molecular structure of [({HN(H2C).N(Dipp)} C=CH)B(Dipp)]> (8) with thermal
ellipsoids plotted at 50 % probability. All hydrogen atoms (except for the vinylic and amine
hydrogen atoms) are omitted for clarity. The Dipp-groups on the imidazole rings are shown in
wireframe for clarity. Selected bond lengths [A] and angles [°]: C1-C4 1.386(3), C4-B1
1.501(3), B1-B2 1.716(3), B2—-C8 1.503(3), C8—C5 1.383(3); C1-C4-B1 127.6(2), C4-B1-
B2 119.08(17), B1-B2—C8 119.85(19), B2—-C8-C5 127.1(2).

The computed singlet-triplet energy gap of (MIPrCH)B=B(CHM°IPr) (9) was
determined to be -0.5 kcal/mol at the B3LYP/cc-pVDZ level of theory indicating the ground
state of anionic N-heterocyclic olefin-supported diborenes will likely be a triplet, as in the
parent diborene HB=BH.” The computed structure of (MIPrCH)B=B(CHM*IPr) (9) shows a
nearly linear C-B=B-C core and two degenerate, half-filled, n-bonding orbitals (Figure 4.8).
Computational investigations involving the related aryl diborene PhB=BPh reveals a triplet
ground state when the C-B=B-C core is linear. However, by bending the C—B=B—C unit in
PhB=BPh away from linearity, the degeneracy of the half-filled orbitals is broken leading to a
singlet state.”>?® Taking these insights into consideration, the isolation of singlet ground state

diborene stabilized by any ligand system, not just aNHOs, will need sufficient steric demands
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to enforce a bent geometry. Applying increased steric bulk to the exocyclic carbon moiety of
the aNHO by incorporation of Dipp or Trip substituents (e.g., within [MIPrC(Trip)]") may
induce a bent geometry through the C-B=B-C core possibly resulting in a stable singlet

diborene supported by aNHOs.

Figure 4.8. Computed SOMOs of (M IPrCH)B=B(CHM®IPr) (9) at the B3LYP/cc-pVDZ level
of theory.

4.3 Conclusion

This Chapter explores the attempted isolation of a diborene stabilized by anionic NHO
ligands. The search for an appropriate precursor led to the development of the diborane(4)
(SIPrCH)CIB-BCI(CHSIPr) (6), which contains a pre-formed B-B bond. Attempts to
reductively cleave the B—Cl bonds in 6 to afford the diborene (SIPrCH)B=B(CHSIPr) (7) led
to the formation of the ligand-activated product [({HN(H2C)>N(Dipp)}C=CH)B(Dipp)]2 (8),
which is postulated to arise through intramolecular C-N activation of the flanking Dipp-groups
and subsequent hydrogen atom abstraction from the solvent. Computational investigations
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found that the dibroene (MIPrCH)B=B(CHM¢IPr) (9) likely exists in a triplet ground state.
Future work will focus on computational studies on aNHOs with sterically-demanding aryl
groups on the olefinic fragment to induce bending of the R—-B=B-R core and formation of a

singlet ground state.

4.4 Experimental Details

4.4.1 General Considerations

All reactions were performed using Schlenk and glovebox (Innovative Technology, Inc.)
techniques under a nitrogen atmosphere. All solvents were purified using a Grubbs-type
solvent purification system>’ manufactured by Innovative Technology, Inc., degassed (freeze—
pump—thaw method), and stored under an atmosphere of nitrogen prior to use. BCl; (1.0 M
solution in hexanes), Me>S*BCl3, sodium, and naphthalene (CioHs) were purchased from
Sigma-Aldrich and used as received. MIPrCH,,!! [(MIPrCH)Li]2,%¢ [(SIPrCH)Li],,%
FBMes»,?! Me»SCl,B-BCl2*SMe; and MeS*Br:B-BBr2*SMe,!'* were prepared to according
to literature procedures [M°IPr = (MeCNDipp).C; SIPr = (HoCNDipp)-C; Dipp = 2,6-"ProCsHs;
Mes = 2,4,6-Me;CeHz]. 'H, 1*C{'H}, and "B {'H} NMR spectra were recorded on 400, 500,
600 or 700 MHz Varian Inova instruments and were referenced externally to SiMes ('H,
BC{'H}), and 15 % F3B+Et,O (''B). Elemental analyses were performed by the Analytical and
Instrumentation Laboratory at the University of Alberta using a Thermo Flash 2000 Elemental
Analyzer. Melting points were measured in sealed glass capillaries under nitrogen with a

MelTemp apparatus and are uncorrected.
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4.4.2 Synthetic Procedures

Synthesis of M IPrCH2°BCl3 (1): A solution of M IPrCH, (0.153 g, 0.355 mmol) in 5 mL of
toluene was added to a solution of Me>S*BCl; (0.064 g, 0.36 mmol) in 5 mL of toluene. After
one minute a white precipitate had formed. After a further 16 hours of stirring the precipitate
was allowed to settle, the mother liquor was decanted away and the remaining precipitate dried
in vacuo. The resulting residue was washed with hexanes (3 x 5 mL) and dried affording
Me[PrCH,*BCl; (1) as a white solid (0.160 g, 82 %). X-ray quality crystals were obtained from
a saturated solution of hexanes stored at -35 °C for one week. '"H NMR (700 MHz, CD,Cl):
8 7.60 (t, 2H, *Jun = 7.0 Hz, p-ArH), 7.41 (d, 4H, 3Juu = 7.0 Hz, m-ArH), 2.63 (s, 2H, CHa),
2.56 (sept, 4H, *Jun = 7.0 Hz, CH(CHa),), 2.01 (s, 6H, CN(CHs)), 1.38 (d, 12H, *Jun = 7.0
Hz, CH(CHs)2), 1.18 (d, 12H, *Jun = 7.0 Hz, CH(CHz),). PC{'H} NMR (176 MHz, CD>Cl,):
0 153.4 (NCN), 146.6 (ArC), 131.8 (p-ArC), 129.8 (CN-CH3), 127.7 (ArC), 125.8 (m-ArC),
37.8 (C-CH»), 29.1 (CH(CH3),), 25.2 (CH(CH3)2), 24.6 (CH(CH3)2), 10.4 (CN-CH3). "B {'H}
NMR (128 MHz, CD2Cl): 6 6.1 (s). Anal. Caled. for C30H42BCI3N2 (%): C 65.77, H 7.73, N

5.11; Found: C 65.28, H 7.79, N 4.89. M.p. 294-296 °C.

Synthesis of M IPrCH2¢Br:B-BBr2CH:M¢IPr (2): A solution of MIPrCH, (0.152 g, 0.352
mmol) in 3 mL of toluene was added to a solution of Me>S*Br.B-BBr;*SMe» (0.082 g, 0.18
mmol) dissolved in 3 mL of toluene; after 10 minutes a white precipitate had formed.
Following a further 16 hours of stirring the precipitate was allowed to settle, the mother liquor

was decanted away and the remaining precipitate dried in vacuo. The resulting solid was

washed with hexanes (3 x 5 mL) and dried in vacuo affording MIPrCH,*Br,B-BBr,*CH,M¢IPr
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(2) as an off-white solid (0.175 g, 83 %). X-ray quality crystals were grown from a solution of
CsDs heated to 80 °C for 16 hours in a Teflon valve-capped NMR tube with the crystals
forming just above the solvent level. 'H NMR (700 MHz, CsD¢): & 7.21 (t, 4H, *Jun = 7.0 Hz,
p-ArH), 7.12 (d, 8H, *Jun = 8.0 Hz, m-ArH), 3.55 (s, 4H, CH.), 2.80 (br s, 8H, CH(CH3)y),
1.60 (d, 24H, *Jun = 8.0 Hz, CH(CHs)»), 1.35 (s, 12H, CN-CH3), 0.91 (d, 24H, *Jun = 8.0 Hz,
CH(CHx),). BC{'H} NMR (178 MHz, CsDs): & 160.8 (NCN), 146.0 (ArC), 131.2 (p-ArC),
129.6 (CN-CH3), 1289 (ArC), 124.7 (m-ArC), 30.9 (C-CH»), 28.6 (CH(CHs)2), 24.7
(CH(CHs)2), 24.5 (CH(CH3)2), 9.6 (CN-CH3). "B{'H} NMR (128 MHz, C¢Ds): & -3.4 (s).
Anal. Calcd. for CsoHgaB2BraN4 (%): C 59.93, H 7.04, N 4.66; Found: C 59.88, H 7.07, N

4.50. M.p. 280-282 °C.

Synthesis of M IPrCH(Br) (3): In the absence of ambient light, a solution of CBrs4 (0.390 g,
1.18 mmol) in 3 mL of benzene was added to a solution of MIPrCH> (0.507 g, 1.18 mmol) in
2 mL of benzene. After ten minutes of stirring the volatiles were removed in vacuo affording
a purple residue. The residue was extracted with 20 mL of pentane and filtered through a plug
of diatomaceous earth. The volatiles were removed from the filtrate in vacuo affording
Me[prCH(Br) (3) as a light-brown solid (0.375 g, 63 %). Light-brown X-ray quality crystals of
3 were grown from a saturated solution of hexanes stored in a -35 °C freezer for 16 hours. 'H
NMR (700 MHz, C¢De): & 7.29 (t, 1H, *Jun = 7.0 Hz, p-ArH), 7.21 (t, 1H, 3Jun = 7.0 Hz, p-
ArH), 7.15 (d, 2H, *Jun = 7.0 Hz, m-ArH), 7.11 (d, 2H, *Jun = 7.0 Hz, m-ArH), 3.31 (sept, 2H,
3Jan = 7.0 Hz, CH(CH3),), 3.18 (sept, 2H, *Jun = 7.0 Hz, CH(CHs),), 3.16 (s, 1H, =CHBr),
1.55 (d, 6H, *Jun = 7.0 Hz, CH(CHs),), 1.51 (s, 3H, CN-CH3), 1.47 (s, 3H, CN-CH3), 1.35 (d,

6H, *Jun = 7.0 Hz, CH(CHz)2), 1.22 (d, 6H, *Jun = 7.0 Hz, CH(CH3)2), 1.17 (d, 6H, *Juu = 7.0
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Hz, CH(CH3)2). *C{'H} NMR (178 MHz, CsDs): 5 205.7 (NCN), 148.8 (ArC), 148.5 (ArC),
145.4 (ArC), 133.2 (Ar(), 131.9 (ArC), 129.3 (p-ArC), 129.2 (p-ArC), 127.9 (ArC), 124.4 (m-
ArC), 123.1 (m-ArC), 116.4 (CN-CHs), 116.3 (CN-CH3), 38.7 (=CHBr), 28.7 (CH(CHs)2),
28.4 (CH(CH3)2), 24.4 (CH(CHs3)2), 23.7 (CH(CH»)2), 23.6 (CH(CH}3)2), 23.5 (CH(CHs)2), 9.0
(CN-CH3), 8.9 (CN-CH3). Anal. Calcd. for C30H41BrN2 (%): C 70.71, H 8.11, N 5.50; Found:
C 70.08, H 8.08, N 5.49. M.p. 152 °C (decomposed). YIPrCH(Br) decomposes in the presence
of light, both in solution and in the solid state, but is stable as a solid for up to 3 months when
stored at room temperature with the exclusion of light and indefinitely when stored in a -35 °C

freezer.

Synthesis of (M<IPrCH)BMaes: (4): A solution of [(MIPrCH)Li]> (0.120 g, 0.138 mmol) in 6
mL of hexanes was added dropwise to a solution of FBMes; (0.068 g, 0.25 mmol) in § mL of
hexanes. The reaction mixture was allowed to stir for two hours after which the reaction
mixture was filtered through a plug of diatomaceous earth to yield a bright-yellow filtrate.
This solution was concentrated to a final volume of ca. 5 mL and placed in a -35 °C freezer
for two weeks affording (MIPrCH)BMes: (4) (0.061 g, 40 %) as bright-yellow crystals. X-ray
quality crystals were grown by dissolving 4 in hexanes and storing the solution in a -35 °C
freezer for two days. "TH NMR (700 MHz, C¢Ds): & 7.04 (t, 2H, 3Jun = 7.0 Hz, p-ArH), 6.98
(d, 4H, *Jun = 7.0 Hz, m-ArH), 6.67 (s, 1H, m-ArH), 6.60 (s, 1H, m-ArH), 4.41 (s, 1H, C=CH),
3.16 (br s, 4H, CH(CHa)2), 2.48 (s, 6H, Mes-CH3), 2.78 (s, 6H, Mes-CH3), 2.23 (s, 3H, CN-
CHs), 2.08 (s, 3H, CN-CH3), 1.37 (s, 6H, Mes-CH3), 1.29 (br, 12H, CH(CHz)2), 1.04 (d, 12H,
3Jan = 7.0 Hz, CH(CHz),). *C{'H} NMR (176 MHz, C¢Dg): § 157.2 (NCN), 148.9 (ArC),

146.6 (ArC-B), 140.0 (ArC), 139.9 (ArC), 134.1 (ArC), 133.8 (ArC), 129.8 (ArC), 128.3
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(ArC), 127.9 (m-ArC), 127.7 (m-ArC), 124.9 (CN-CH3), 83.8 (C=CH), 28.7 (CH(CHz3)2), 24.7
(Mes-CH3), 24.6 (Mes-CH3), 24.5 (CH(CHa3)2), 24.4 (CH(CH3)2), 21.2 (CN-CH3), 20.9 (CN-
CHs;). "B{'H} NMR (128 MHz, CsDg): & 50.9 (br). Anal. Calcd. for CssH7sN4B>Cl> (%): C

84.93, H 8.74, N 4.13; Found: C 84.08, H 9.33, N 4.15. M.p. 224 °C (decomposed).

Synthesis of (M IPrCH)CIB-BCI(CHM¢IPr) (5): A solution of [(MIPrCH)Li]> (0.100 g, 0.115
mmol) in 8§ mL of benzene was added dropwise to a solution of Me>S+Cl,B-BCl*SMe; (0.035
g, 0.12 mmol) in 8 mL of benzene. After one minute the reaction mixture had taken on a dark-
yellow color. After a further 16 hours of stirring the reaction mixture was filtered through a
plug of diatomaceous earth and the volatiles removed from the filtrate in vacuo to give
(MeIPrCH)CIB-BCI(CHMIPr) (5) as a dark-yellow powder (0.098 g, 90 %). '"H NMR (700
MHz, CéDs): & 7.20 (t, 4H, *Jun = 7.0 Hz, p-ArH), 7.11 (d, 8H, *Jun = 7.0 Hz, m-ArH), 4.75
(s, 2H, C=CH), 2.85 (sept, 8H, *Juu = 7.0 Hz, CH(CHs),), 1.39 (s, 12H, NC-CH3), 1.36 (d,
24H, *Jun = 7.0 Hz, CH(CHs)2), 1.12 (d, 24H, *Jun = 7.0 Hz, CH(CHs)2). *C{'H} NMR (176
MHz, C¢Ds): & 152.7 (NCN), 147.3 (ArC), 132.9 (ArC), 129.5 (p-ArC), 127.9 (ArC), 123.8
(m-ArC), 119.2 (NC-CH3), 80.8 (C=CH), 28.7 (CH(CHs)2), 24.1 (CH(CHs)2), 23.3
(CH(CH3),), 9.2 (NC-CH3). "B{'H} NMR (128 MHz, C¢Ds): & 49.1 (br). Anal. Calcd. for
CsoHg2N4B2Cl2 (%): C 75.71, H 8.68, N 5.89; Found: C 67.18, H 8.17, N 4.90. M.p. 170 °C
(decomposed). Repeated attempts at elemental analysis consistently resulted in carbon values

lower than the calculated, possibly due to incomplete combustion.
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Synthesis of (SIPrCH)CIB-BCI(CHSIPr) (6): A solution of [(SIPrCH)Li]> (0.117 g, 0.143
mmol) in 5 mL of benzene was added dropwise to a solution of Me>S+Cl;B-BCl2*SMe> (0.041
g,0.14 mmol) in 5 mL of benzene. After one minute the reaction mixture had taken on a bright-
yellow color. After a further 60 minutes of stirring the reaction mixture was filtered through a
plug of diatomaceous earth and the volatiles removed from the filtrate in vacuo affording
(SIPrCH)CIB-BCI(CHSIPr) (6) as a bright-yellow powder (0.121 g, 95 %). X-ray quality
crystals were obtained by dissolving 6 in Et2O and storing the solution in a —35 °C freezer for
16 hours. 'H NMR (700 MHz, C¢Ds): & 7.15 (t, 4H, *Jun = 7.0 Hz, p-ArH), 7.04 (d, 8H, *Jun
= 7.0 Hz, m-ArH), 4.10 (s, 2H, C=CH), 3.30 (s, 8H, CH>), 3.14 (sept, 8H, *Jun = 7.0 Hz,
CH(CHa),), 1.27 (d, 12H, *Jun = 7.0 Hz, CH(CHs)2), 1.19 (d, 12H, *Juu = 7.0 Hz, CH(CH),).
BC{'H} NMR (176 MHz, CsD¢): & 164.6 (NCN), 147.5 (ArC), 128.8 (p-ArC), 128.5 (ArC),
128.3 (ArC), 124.6 (m-ArC), 81.0 (C=CH), 51.3 (CH2), 28.9 (CH(CHa)2), 25.0 (CH(CH3)2),
24.2 (CH(CH3)). "B{'H} NMR (128 MHz, C¢D¢): & 55.1 (br). Anal. Calcd. for
CseH7sN4B2Cla (%): C 74.75, H 8.74, N 6.23; Found: C 65.18, H 8.21, N 5.96. M.p. 122 °C
(decomposed). Repeated attempts at elemental analysis consistently resulted in carbon values

lower than the calculated, possibly due to incomplete combustion.

Synthesis of [({HN(H>C):N(Dipp)}C=CH)B(Dipp)]> (8): A solution of (SIPrCH)CIB-
BCI(CHSIPr) (6) (0.100 g, 0.111 mmol) in 5 mL of THF was cooled to -78 °C and added
dropwise to a freshly prepared solution of Na[CioHs] (Na: 0.006 g, 0.3 mmol; CioHs: 0.028 g,
0.22 mmol) in 5 mL of THF at -78 °C. After one minute the reaction mixture had turned deep
blue. The mixture was allowed to warm slowly from -78 °C to room temperature over the

course of 16 hours, after which the solution had turned a pale-yellow color. The volatiles were
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removed in vacuo and vacuum applied for 5 hours a room temperature to remove the
naphthalene. The resulting yellow residue was extracted with 10 mL of pentane and filtered
through a plug of diatomaceous earth affording a pale-yellow filtrate, which was concentrated
to a volume of 1 mL and placed in a -35 °C freezer for two weeks to give a crop of colorless
crystals. A few crystals were removed and determined by X-ray crystallography to be
[({HN(H2C)2N(Dipp)} C=CH)B(Dipp)]> (8). The remaining crystals were washed with 2 mL
of cold pentane (-35 °C) and dried affording 8 as a white solid (0.021 g, 23 %). '"H NMR (700
MHz, C¢Ds): & 7.30 (t, 2H, *Jun = 7.0 Hz, p-ArH), 7.27 (t, 2H, *Jun = 7.0 Hz, p-ArH), 7.21 (d,
4H, *Jun = 7.0 Hz, m-ArH), 7.12 (d, 4H, *Juu = 7.0 Hz, m-ArH), 4.49 (s, 2H, NH), 4.16 (s,
2H, C=CH), 2.88-2.95 (overlapping multiplets, 12H, CH(CH3), and CH>), 2.53 (t, 4H, *Jun =
7.0 Hz, CH>), 1.45 (d, 12H, *Jun = 7.0 Hz, CH(CH)2), 1.31 (d, 12H, *Jun = 7.0 Hz, CH(CHx),),
1.16 (d, 12H, *Jun = 7.0 Hz, CH(CH)2), 1.05 (d, 12H, *Jun = 7.0 Hz, CH(CHs),). *C{'H}
NMR (176 MHz, CsDs): 6 166.4 (NCN), 148.5 (ArC), 147.5 (ArC), 135.0 (ArC), 128.3 (p-
ArC), 126.1 (p-Ar(C), 124.5 (m-ArC), 122.3 (m-ArC), 84.5 (C=CH), 51.0 (CH>), 41.9 (CH>),
34.1 (CH(CH3)2), 28.7 (CH(CH3)2), 26.0 (CH(CHa)2), 25.5 (CH(CH3)2, 24.4 (CH(CH3)2), 24.2
(CH(CHs),). "B{'H} NMR (128 MHz, C¢D¢): & 67.4 (br). The exocyclic vinyl carbon
resonance was not found in the >C{'H} NMR but located indirectly by HSQC. The purity of

the sample by 'H NMR spectroscopy is ca. 80 % with the remaining 20 % being SIPrCH.>.
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4.4.3 X-Ray Crystallography

Appropriate X-ray quality crystals were coated with a small amount of hydrocarbon oil
(Paratone-N) and removed from the glovebox in a vial. Crystals were mounted quickly onto a
glass fiber and placed in a low temperature stream of nitrogen on the X-ray diffractometer. All
data was collected using a Bruker D8 Venture/PHOTON3, Bruker APEX II CCD detector/D8
or PLATFORM diffractometer using Mo Ka (0.71073 A) and Cu Ko (1.54178 A) radiation,
with crystals cooled to -80 °C or -100 °C. The data was corrected for absorption through
Gaussian integration from the indexing of crystal faces.*® Molecular structures were solved
using intrinsic phasing (SHELXT)! and refined using SHELXL-2014.% The assignment of
hydrogen atom positions is based on the sp?- or sp>-hybridization geometries of their attached

carbon atoms and were given thermal parameters 20 % greater than those of their parent atoms.

147



Table 4.1. X-ray crystallographic details for M{IPrCH»*BCl;3 (1)+0.5 hexane.

A. Crystal Data

formula C33H49BCI3Ny
formula weight 590.90
crystal color and habit? colorless fragment
crystal dimensions (mm) 0.32 x0.11 x 0.05
crystal system monoclinic
space group P21/n (an alternate setting of P2{/c [No. 14])
unit cell parameters®
a(A) 12.7802(3)
b (A) 20.2877(5)
c(A) 12.8223(3)
S (deg) 91.8182(14)
V (A3) 3322.90(14)
Z 4
Pealed (g cm™3) 1.181
u (mm-1) 2.661
B. Data Collection and Refinement Conditions
diffractometer Bruker D8/APEX 11 CCD?
radiation (1 [A]) Cu K« (1.54178) (microfocus source)
temperature (°C) —100
scan type w and ¢ scans (1.0°) (5 s exposures)
data collection 28 limit (deg) 144.83
total data collected 23076 (-15<h<15,-25<k<25,-15</<15)
independent reflections 6534 (Rijnt = 0.0477)
number of observed reflections (NO) 6234 [Fy2 > 20(Fy2)]
structure solution method intrinsic phasing (SHELXT-2014¢)
refinement method full-matrix least-squares on F2 (SHELXL—
20174-¢)
absorption correction method Gaussian integration (face-indexed)
range of transmission factors 0.9539-0.5751
data/restraints/parameters 6534 /0/355
goodness-of-fit (S)/ [all data] 1.036
final R indices8
R [Fo? 2 20(F?)] 0.0442
wRy [all data] 0.1214
largest difference peak and hole 0.973 and —0.479 e A-3

a0btained from least-squares refinement of 9941 reflections with 8.72° <26 < 144.34°.

bPrograms for diffractometer operation, data collection, data reduction and absorption
correction were those supplied by Bruker.
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¢G. M. Sheldrick, Acta Crystallogr. 2015, A71, 3-8. (SHELXT-2014)
dG. M. Sheldrick, Acta Crystallogr. 2015, C71, 3-8. (SHELXL-2017)

€The data were tested for non-merohedral twinning using the TwinRotMat procedure as
implemented in PLATON (A. L. Spek, Acta Crystallogr. 1990, A46, C34; A. L. Spek, J.
Appl. Cryst. 2003, 36, 7-13. PLATON - a multipurpose crystallographic tool. Utrecht
University, Utrecht, The Netherlands). The second twin component can be related to the
first component by twofold rotation about the [0 1 0] axis (twinlaw [001 0-1 0 10 0]).
The refined value of the twin fraction (SHELXL-2014 BASF parameter) was 0.2646(10).

I8 = [Ew(Fo2 — F2)2/(n — p)]1/2 (n = number of data; p = number of parameters varied; w =
[GR(Fo2) + (0.0742P)2 + 0.8705P] ! where P = [Max(Fo2, 0) + 2F.2]/3).
8R1 = Z||Fo| — |Fe|l/Z|Fo|; wRy = [ZW(FO2 —Fcz)z/ZW(Fo4)]l/2-
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Table 4.2. X-ray crystallographic details for (MIPrCH,)BrB-BBr2(CHM¢IPr) (2).

A. Crystal Data
formula
formula weight
crystal color and habit?
crystal dimensions (mm)
crystal system
space group
unit cell parameters?
a(A)
b (A)
c(A)
f (deg)
v (A3)
Z
Pealed (g cm™3)
p (mm-T)

CeoHg4B2BraNg

1202.57

colorless fragment

0.34 x 0.28 x 0.20

monoclinic

P21/n (an alternate setting of P21/c [No. 14])

11.4022(6)
17.6498(9)
15.3380(8)
101.6852(8)
3022.7(3)

4

1.321

2.702

B. Data Collection and Refinement Conditions

diffractometer
radiation (1 [A])
temperature (°C)
scan type
data collection 28 limit (deg)
total data collected
independent reflections
number of observed reflections (NO)
structure solution method
refinement method
20174)
absorption correction method
range of transmission factors
data/restraints/parameters
goodness-of-fit (5)¢ [all data]
final R indices/

Ry [F02 2 ZG(FOZ)]

wR» [all data]
largest difference peak and hole

Bruker D8/APEX II CCD?
graphite-monochromated Mo Ko (0.71073)
-100

 scans (0.3°) (20 s exposures)

53.00

24593 (-14<h<14,-22<k<22,-19</<19)
6272 (Rint = 0.0203)

5733 [Fo? = 20(Fy2)]

intrinsic phasing (SHELXT-2014¢)

full-matrix least-squares on F2 (SHELXL—

Gaussian integration (face-indexed)
0.6025--0.4637

6272/0/318

1.056

0.0228
0.0610
1.157 and -0.316 ¢ A-3

aQbtained from least-squares refinement of 9795 reflections with 4.32° <26< 65.86°.

bPrograms for diffractometer operation, data collection, data reduction and absorption
correction were those supplied by Bruker.
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¢ G. M. Sheldrick, Acta Crystallogr. 2015, A71, 3-8. (SHELXT-2014)
dG. M. Sheldrick, Acta Crystallogr. 2015, C71, 3-8. (SHELXL-2018/3)

eS = [Zw(Fy2 — F2)2/(n — p)]V2 (n = number of data; p = number of parameters varied; w =
[GR(Fo2) + (0.0325P)2 + 1.3155P] 1 where P = [Max(Fo2, 0) + 2F.2]/3).

le = Z||Fo| — |Fell/Z|Fol; wRy = [ZW(FOZ —FCZ)Z/ZW(F04)]1/2~
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Table 4.3. X-ray crystallographic details for M{IPrCH(Br) (3).

A. Crystal Data

formula C3oH41BrN»>
formula weight 509.56
crystal color and habit? colorless fragment
crystal dimensions (mm) 0.11 x 0.06 x 0.06
crystal system monoclinic
space group C2/c (No. 15)
unit cell parameters?
a(A) 15.9200(6)
b (A) 9.5233(3)
c(A) 18.6286(6)
S (deg) 92.650(3)
V (A3) 2821.28(17)
Z 4
Pealed (g cm™3) 1.200
u (mm-1) 2.108
B. Data Collection and Refinement Conditions
diffractometer Bruker D8/APEX II CCD¢
radiation (1 [A]) Cu K« (1.54178) (microfocus source)
temperature (°C) —100
scan type w and ¢ scans (1.0°) (5 s exposures)
data collection 28 limit (deg) 144.54
total data collected 20936 (-19<h<19,-11 <k<11,-22<1<22)
independent reflections 2767 (Rint = 0.0429)
number of observed reflections (NO) 2149 [Fy? > 20(Fy2)]
structure solution method intrinsic phasing (SHELXT-20144)
refinement method full-matrix least-squares on F2 (SHELXL—
2018°)
absorption correction method Gaussian integration (face-indexed)
range of transmission factors 0.9510-0.8545
data/restraints/parameters 2767/ 18//194
goodness-of-fit (S)8 [all data] 1.050
final R indices”
R [Fo? 2 20(F?)] 0.0489
wRy [all data] 0.1522
largest difference peak and hole 0.177 and —0.710 e A-3

a0btained by recrystallization from a hexanes solution.
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bObtained from least-squares refinement of 3652 reflections with 9.50° <2< 143.82°.

¢Programs for diffractometer operation, data collection, data reduction and absorption
correction were those supplied by Bruker.

dG. M. Sheldrick, Acta Crystallogr. 2015, A71, 3-8. (SHELXT-2014)
¢G. M. Sheldrick, Acta Crystallogr. 2015, C71, 3-8. (SHELXL-2018/3)

fThe equivalent C—C and C---C distances within the disordered isopropyl group were
restrained to be approximately the same by use of the SHELXL SADI instruction. The
anisotropic displacement parameters of the carbon atoms of the disordered isopropyl group
were restrained by use of the SHELXL RIGU instruction.

g8 = [EW(Fy2 — F2)?/(n — p)]V/2 (n = number of data; p = number of parameters varied; w =
[2(F,2) + (0.0840P)2 + 1.5583P] | where P = [Max(Fo2, 0) + 2F.2]/3).

th = Z[|Fo| = |Fell/Z|Fol; wRy = [ZW(FO2 —Fcz)z/ZW(Fo4)]l/2-
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Table 4.4. X-ray crystallographic details for (M*IPrCH)BMes: (4).

A. Crystal Data
formula
formula weight
crystal color and habit?
crystal dimensions (mm)
crystal system
space group
unit cell parameters?
a(A)
b (A)
c(A)
f (deg)
v (A3)
Z
Pealed (g cm™3)
p (mm-T)

C48He3BN2

678.81

yellow fragment

0.42 x 0.40 x 0.21

monoclinic

P21/n (an alternate setting of P21/c [No. 14])

12.8505(13)
15.6844(15)
22.0078(19)
106.975(2)
4242.5(7)

4

1.063

0.060

B. Data Collection and Refinement Conditions

diffractometer
radiation (1 [A])
temperature (°C)
scan type
data collection 28 limit (deg)
total data collected
independent reflections
number of observed reflections (NO)
structure solution method
refinement method
20174)
absorption correction method
range of transmission factors
data/restraints/parameters
goodness-of-fit (5)¢ [all data]
final R indices/

Ry [F02 2 ZG(FOZ)]

wR» [all data]
largest difference peak and hole

Bruker PLATFORM/APEX II CCD?
graphite-monochromated Mo Ko (0.71073)
-80

 scans (0.3°) (20 s exposures)

55.77

78309 (-16 <h <16,-20 <k <20,-28 <[<28)
10114 (Rjnt = 0.0413)

7099 [Fy2 > 20(Fo2)]

intrinsic phasing (SHELXT-2014¢)

full-matrix least-squares on F2 (SHELXL—

Gaussian integration (face-indexed)
1.0000-0.9301

10114/0/476

1.034

0.0514
0.1506
0.271 and -0.307 ¢ A-3

aQbtained from least-squares refinement of 9943 reflections with 4.66° <26<51.22°.

bPrograms for diffractometer operation, data collection, data reduction and absorption
correction were those supplied by Bruker.
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¢G. M. Sheldrick, Acta Crystallogr. 2015, A71, 3—8. (SHELXT-2014)
dG. M. Sheldrick, Acta Crystallogr. 2015, C71, 3-8. (SHELXL-2017)

eS = [Zw(Fy2 — F2)2/(n — p)]V2 (n = number of data; p = number of parameters varied; w =
[GR(Fo2) + (0.0660P)2 + 1.0171P]! where P = [Max(Fo2, 0) + 2F.2]/3).

le = Z||Fo| — |Fell/Z|Fol; wRy = [ZW(FOZ —FCZ)Z/ZW(F04)]1/2~
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Table 4.5. X-ray crystallographic details for (SIPrCH)CIB-BCI(CHSIPr) (6).

A. Crystal Data

formula Cs6H78B2CIoNy
formula weight 899.74
crystal color and habit? yellow plate
crystal dimensions (mm) 0.18 x 0.11 x 0.05
crystal system monoclinic
space group C2/c (No. 15)
unit cell parameters?
a(A) 26.0566(8)
b (A) 11.3328(4)
c(A) 18.6437(7)
S (deg) 103.5742(18)
V (A3) 5351.6(3)
Z 4
Pealed (g cm3) 1.117
u (mm-1) 1.371
B. Data Collection and Refinement Conditions
diffractometer Bruker D8 Venture/PHOTON3¢
radiation (1 [A]) Cu K (1.54178) (microfocus source)
temperature (°C) —100
scan type w and ¢ scans (1.0°) (6-dependent exposures, 5-
20 s)
data collection 28 limit (deg) 160.03
total data collected 102234 (-32<h<32,-13<k<12,-23<]<
23)
independent reflections 5744 (Rint = 0.0685)
number of observed reflections (NO) 4971 [Fy? > 20(Fy2)]
structure solution method intrinsic phasing (SHELXT-20144)
refinement method full-matrix least-squares on F2 (SHELXL—
2018¢)
absorption correction method Gaussian integration (face-indexed)
range of transmission factors 1.0000-0.8357
data/restraints/parameters 5744 /0/297
goodness-of-fit (S)/ [all data] 1.044
final R indicesg
R [Fo? = 20(Fy2)] 0.0709
wR> [all data] 0.2192
largest difference peak and hole 0.984 and —0.936 ¢ A-3

aQbtained by recrystallization from a diethylether solution.

bObtained from least-squares refinement of 9392 reflections with 6.98 ° <2< 158.26°.
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¢Programs for diffractometer operation, data collection, data reduction and absorption
correction were those supplied by Bruker.

dG. M. Sheldrick, Acta Crystallogr. 2015, A71, 3-8. (SHELXT-2014)
€G. M. Sheldrick, Acta Crystallogr. 2015, C71, 3-8. (SHELXL-2018/3)

I8 = [Ew(Fo2 — F2)2/(n — p)]1/2 (n = number of data; p = number of parameters varied; w =
[GR(Fo2) + (0.1290P)2 + 7.6997P] ! where P = [Max(Fo2, 0) + 2F.2]/3).

8R1 = Z||Fo| - |FCll/EIFol; wR2 = [EW(Fo? — F2)Y2/Ew(FH)]1/2.
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Table 4.6. X-ray crystallographic details for [({HN(H2C).N(Dipp)} C=CH)B(Dipp)]2 (8).

A. Crystal Data
formula
formula weight

crystal color and habit?
crystal dimensions (mm)

crystal system
space group

unit cell parameters?

a(A)

b (A)

c(A)

o (deg)

B (deg)

y (deg)

V (A3)

Z
Pealed (g cm™3)
p (mm-T)

Cs6HgoB2N4
830.86

colorless plate
0.23 x 0.08 x 0.02
triclinic

P1 (No. 2)

11.0887(5)
12.6189(6)
18.6687(8)
89.400(4)
84.718(4)
89.701(3)
2601.0(2)
2

1.061
0.451

B. Data Collection and Refinement Conditions

diffractometer
radiation (1 [A])
temperature (°C)
scan type

data collection 28 limit (deg)

total data collected

independent reflections
number of observed reflections (NO)
structure solution method

refinement method

2018))

absorption correction method
range of transmission factors
data/restraints/parameters
extinction coefficient (x)&
goodness-of-fit (S)” [all data]

final R indices!

Ry [Fo? 2 20(Fo?)]

wRy [all data]

largest difference peak and hole

Bruker D8/APEX II CCD¢

Cu K (1.54178) (microfocus source)

-100

o and ¢ scans (1.0°) (5-15-45 s exposures)¥
144.56

65435 (-13<h<13,-15<k<15,-22</<23)
9856 (Rint = 0.1948)

6428 [Fy2 > 20(Fo2)]

intrinsic phasing (SHELXT-2014¢)

full-matrix least-squares on F2 (SHELXL—

Gaussian integration (face-indexed)
1.0000-0.7228

9856/0/584

0.0083(10)

1.032

0.0814
0.2206
0.407 and —0.371 ¢ A-3

a0btained by recrystallization from a pentane solution.
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bObtained from least-squares refinement of 2992 reflections with 7.00° <2< 142.32°.

¢Programs for diffractometer operation, data collection, data reduction and absorption
correction were those supplied by Bruker.

dData were collected with the detector set at three different positions. Low-angle (detector 26
= —33°) data frames were collected using a scan time of 5 s, medium-angle (detector 260 =
75°) frames using a scan time of 15 s, and high-angle (detector 26 = 117°) frames using a
scan time of 45 s.

€@G. M. Sheldrick, Acta Crystallogr. 2015, A71, 3-8. (SHELXT-2014)
/G. M. Sheldrick, Acta Crystallogr. 2015, C71, 3-8. (SHELXL-2018/3)
gF* = kF[1 + x{0.001F;213/sin(26)}]-1/4 where k is the overall scale factor.

hS = [EwW(Fo2 — Fc2)2/(n — p)]V/2 (n = number of data; p = number of parameters varied; w =
[G2(Fy2) + (0.0832P)2]-1 where P = [Max(Fy2, 0) + 2F:2]/3).

iRl = Z||Fo| — |Fe|ll/Z|Fo|; wRy = [2""(]:02 _FCZ)Z/ZW(F04)]1/2~

4.4.4 Density Functional Theory (DFT) Computations

All computations were performed with Gaussian16.>* Gas-phase geometries were optimized
using density functional theory (DFT) with the B3LYP functional** and the cc-pVDZ basis
set.® Frequency analysis confirmed all obtained structures to be local minima on the potential
energy surfaces. Optimized geometries and orbitals were visualized with Visual Molecular

Dynamics (VMD).3
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Chapter 5 — The Synthesis of a Terphenyl-Supported
Aminoborane an Inorganic Analogue to Styrene

5.1 Introduction

Boron-nitrogen (BN) containing species have been of interest for many decades owing
to their utility as from abrasive materials (e.g., cubic boron-nitride, c-BN) and as a lubricants
(e.g., hexagonal boron-nitride #-BN),! and ammonia borane (H3;N*BH3) is being explored as
a potential candidate for hydrogen storage.? Unsaturated species containing B-N n-bonding
are of particular interest to chemists due to such species being isoelectronic to unsaturated
organic fragments, e.g., alkenes and alkynes.®> Due to the inherent polarization of the B-N =
bonds towards the nitrogen atom in aminoboranes (R;BNR2) and iminoboranes (RBNR) these
species generally display high reactivity and readily undergo cyclization and oligomerization
reactions in the absence of steric protection.* The first example of a kinetically-stabilized
iminoborane (‘BuB=NBu) was reported by Paetzold and coworkers in 1984.° The stabilization
of iminoboranes has allowed exploration of their reactivity ranging from ring-expansion,®

metal complexation,’ boration reactions,® and cycloadditions.’

The Rivard group has previously reported the stabilization of the parent iminoborane
HBNH, by utilizing a donor-acceptor approach affording IPreHBNH-BArf; (IPr =
(HCNDipp)2C: ; Dipp = 2,6-"Pr,CeH3; ArF = 3,5-(F3C).C6H3)), the first example of an isolable
complex of HBNH.!® More recently, the Rivard group has reported the stabilization of the
parent iminoborane isomer HBNH and NBH; utilizing the intramolecular frustrated Lewis
pair ‘ProP(C¢H4)BCy2 (PB) (Cy = cyclohexyl) affording the chelates PB{HBNH} and

PB{NBH:} (Figure 5.1).!! Liu, Kong and coworkers have shown that boraiminolithium
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species (RB=NLi; R = terphenyl ligand), which are inorganic analogues to lithium acetylides
(RC=CLi), can act as an iminoborane transfer agents to afford novel heterocycles.'? Given that
sterically-demanding terphenyl ligands have been used in the stabilization of a variety of E—
N multiple bonded species (E = Al, Ga, and In)'? I set out to prepare an aminoborane supported
by the terphenyl ligand Ar®PP (ArPPP = 2. 6-DippC¢H3) and attempt to dehydrogenate said
species to afford an iminoborane stabilized by terphenyl ligands with the overall goal of using
these species as amino- and iminoborane transfer agents towards main group elements (e.g.,
ClGeediox; diox = 1,4-dioxane). This Chapter describes the preparation and characterization
of a terphenyl-supported aminoborane and initial attempts of transition metal-mediated

dehydrogenation of said aminoborane.

Dipp Pr, JPr Pr. ipr
Me Me N ,H > f -H ) \p H
Mey—czn—&me [ ) C[ ; @ -
Me Me “! 'N—BArF3 ’N“H . H
Dipp H cy’ ‘cy cy Cy

Figure 5.1. Iminoboranes stabilized kinetically and by inter/intramolecular FLPs.

5.2 Results and Discussion

This study to access unsaturated B-N systems began with combining ArPPPLi'* with
one equivalent of B(OMe); leading to the precursor aryl boronate Ar°PPB(OMe), (1) as a
colorless oil. Compound 1 was then combined with Li[AlH4] to afford the terphenyl
borohydride lithium complex [Ar®PPBH;]Li(THF); (2) in an isolated yield of 84 % as a
colorless crystalline solid (Scheme 5.1) after recrystallization from a mixture of THF/hexanes

(1:1). Crystals suitable for X-ray crystallographic analysis were obtained from a concentrated
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THF/hexanes solution of 2 stored at -35 °C (Figure 5.2). Examination of the !'B{'H} NMR
spectrum of 2 in C¢D¢ showed the expected four-coordinate chemical shift associated with the
-BH; fragment as a singlet at -30 ppm and a quartet pattern emerged in the 'B-'H coupled
spectrum. Solid samples of 2 decompose within 16 hours at room temperature and decompose
slowly even at -35 °C, affording Li[BH4] and other unidentified products; as such, samples of
compound 2 were used within 24 hours of preparation. Alternatively, compound 2 can be
prepared in a more direct fashion by combining ArPPLi and Me>S*BH3 (Scheme 5.1) in Et,0,
followed by recrystallization from THF/hexanes (1:1), with an isolated yield of 89 %. The
molecular structure of 2 (Figure 5.2) yields a C1-B1 bond length of 1.608(4) A, which is
identical within experimental error to the C-B bond lengths within IMes*BH3 [1.603(3) A]"

(IMes = (MeCNMe),C:) and IPrsBH3 [1.585(4) A].16

Dipp Dipp 1. 3 Li[AlH,] Dipp O
_ (OMe)s OMe 2 3THF o
Li @ @#— | — = <H-Li<0
Et,0 OMe Et;0 H™ o
Dipp - LiOMe Dipp -2 LiOMe Dipp Q
- 1/n [AlHz],
1 2
A
1. MEzs. H3
2.3 THF
Et,0, -35 °C
- SMe,

Scheme 5.1. Synthetic routes to Ar°PPB(OMe), (1) and [Ar°PPBH;]Li(THF); (2).
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Figure 5.2. Molecular structure of [Ar°PPBH;]Li(THF); (2) with thermal ellipsoids plotted at
50 % probability. All hydrogen atoms (except the borohydrides) are omitted for clarity. The
THF solvent molecule is not shown. Only one of the disordered tetrahydrofuran groups is
shown. Selected bond lengths [A]: C1-B1 1.608(4), O1-Lil 1.973(9), 02-Lil 1.990(5).

Combining compound 2 with a two-fold excess [NH4]Cl at -35 °C in Et2O and upon
recrystallization from toluene afforded Ar°PPBH,*NH; (3) in an isolated yield of 39 %
(Scheme 5.2) as a colorless solid; X-ray quality crystals were grown from a saturated toluene
solution stored at -35 °C for one week. Examination of the '"H NMR spectrum of 3 in C¢Ds
showed the expected resonance for the -NH3 unit at 1.66 ppm. The BH, fragment was found
to have a very broad signal centered at 1.88 ppm. The !'B{'H} NMR spectrum of 3 revealed
a singlet at -14.6 ppm, which is shifted downfield when compared to the "B NMR resonance
for the BH> fragment in the frustrated Lewis pair (FLP)-chelated PB{H:BNH>} (PB =

"Pr,P(C¢H4)BCy>) at -24.6 ppm in C¢De.!! An alternative, and higher-yielding synthetic route
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to 3 was envisioned that involved the in situ generation of [Ar®PPBH;]Li (2') in Et2O and
subsequent addition of [NH4]ClI in one pot; this procedure afforded 3 as a spectroscopically
pure white solid in a yield of 90 % after filtration of the reaction mixture and removal of the
volatiles from the filtrate (Scheme 5.2). This method avoids the potential of solubilized LiCl,
in the form of [Li(THF)4]Cl, which requires removal from 3 by fractional recrystallization.

o )

H. o 2 [NH4]CI
=H-:-Li<0O
TR Et,0, -35 °C

Dipp Q -H;
- LiCl

9 -3 THF

Dipp 1) Me,Se2H;
2) 2 [NH4]CI
Et,0, -35 °C
- SMe,
-H,
-Licl

Li

Dipp

Scheme 5.2. Synthetic routes to Ar°PPBH»*NH3 (3).

The molecular structure of 3 is depicted in Figure 5.3 and features a BI-N1 bond
length of 1.545(8) A, which is the same within error as the B-N single bond in PB{H>BNH,}
[1.573(2) A]'! yet is marginally shorter than the B-N bond in H3BsNHj [1.599(8) A]."”
Density functional (DFT) computations (M06-2X/cc-pVTZ) on 3 gave a Wiberg bond index

(WBI) of 0.69 for the B-N bond indicating the presence of a long single bond, while a WBI
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value of 0.91 was obtained for the adjacent B—C, typical of a single bond. The H atoms bond
to boron and nitrogen could not be located in the difference Fourier maps and are placed in

idealized positions (Figure 5.3).

Figure 5.3. Molecular structure of Ar°PPBH,*NH3 (3) with thermal ellipsoids plotted at 50 %
probability. All carbon-bound hydrogen atoms are omitted for clarity. Only the major
orientation of the disordered BH2NH;3 and isopropyl groups are shown for clarity. Selected
bond lengths [A] and angles [°]: C1-B1 1.624(4), B1-N1 1.545(8); C1-B1-N1 119.0(4).

With analytically pure compound 3 in hand, I turned my attention towards possible
routes towards the Ar®PPB(H)=NH, (5), which would be an inorganic analogue to styrene.
Initial attempts to prepare 5 first involved the lithiation of the datively bound NH; fragment
to afford [ArPPPBH,*NH,Li]» (4), which was achieved by the addition of "BuLi to
ArPPPBH,*NH; (3) in toluene to afford 4 as a white solid in a yield of 84 % (Equation 5.1).

Examination of the 'B{'H} NMR spectrum of 4 in CsDs gave a singlet at -13.0 ppm for the
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BH> unit, which is slightly shifted when compared to the corresponding BH>-group in 3 [-14.6
ppm in C¢Ds]; the !'B-"H coupled spectrum for the BH» fragment in 4 yields a triplet at -13.0
ppm (1Jsu =71 Hz). The 'Li{'H} NMR spectrum of compound 4 gives a singlet resonance at
-2.4 ppm, which falls in the range of known lithium amides (e.g., -2.5 ppm for LiTMP; TMP

= 2,2,6,6-tetramethylpiperidide).'8

Dipp H H Dipp H‘N"Hu Dipp
N=H ; ) =Lig-.
"'H i} 12 \9H \H:! (5.1)
3 toluene H- . N (=N
. “Li=-
Dipp - "BuH Dipp H H Dipp

Crystals suitable for X-ray crystallographic analysis were grown from a concentrated
hexanes solution of 4 stored at -35 °C (Figure 5.4), and revealed a centrosymmetric dimeric
arrangement in the solid state with discernable coordinative interactions between the nitrogen
and lithium centers, as well as close contacts between the boron-based hydrides and lithium.
The B1-N1 distance in 4 [1.555(3) A] (Figure 5.4) is identical to the B-N bond length in
ArPPPBH,*NH; (3) [1.545(8) A vide supra]. The N1-Lil distance 1.923(4) A is shorter than
that of reported in other lithium amides (e.g., 2.00(2) A in dimeric [Li{N(SiMes)2}]2)!° and in

dimeric [PB{NLi}]> [avg. 1.996(7) A].!!
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Figure 5.4. Molecular structure of [Ar>PPBH,*NH>Li]» (4) with thermal ellipsoids plotted at
50 % probability. All carbon-bound hydrogen atoms are omitted for clarity. H atoms bound to
boron and nitrogen were located in the difference Fourier maps and refined isotropically. The
trace amount (~2%) of co-crystallized APl is not shown for clarity. Selected bond lengths
[A] and angles [°]: C1-B1 1.622(3), B1I-N1 1.555(3), N1-Lil 1.923(4), B1-Lil' 2.361(4),
B1-HI1C 1.159(17), B1-H1D 1.157(18), N1-HIA 0.93(3), N1-H1B 0.97(3); C1-B1-N1
121.85(16), BI-N1-Lil 103.70(17), N1-B1-Lil' 123.88(18), C1-B1-Lil' 114.27(18).

From [ArPPPBH,*NH:Li]> (4) it was envisioned that Ar°PPB(H)=NH. (5) could be
prepared via an overall protocol involving salt-metathesis and hydride abstraction. Initial
attempts involved combining CISiMe; and 4 in toluene, which led to only partial conversion
to ArPPPB(H)=NH: (5); even heating the reaction mixture to 80 °C for two days resulted in

only 50 % conversion to 5. It was found that combining 4 with CICPhs or PhsCOTf° (OTf =
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03SCF5) in toluene led to full conversion to Ar°PPB(H)=NH, (5) (Equation 5.2). However,
difficulties arose with the separation of compound 5 from the coproduct HCPh3 due to their

similar solubilities, as such, this method for the preparation of pure 5 was abandoned.

N=H 1% [Rh(COD)CI], N-H
o ; (5.3)
. A
H THF, 75 °C H
Dipp Dipp
3 5

Dehydrogenation of amine-boranes with transition metal catalysts is a well-established
method for the synthesis of B-N oligomers and polymers.?! Combining Ar®PPBH,*NH; (3)
with the known dehydrogenation pre-catalyst [Rh(COD)CIz] (COD = 1,5-cyclooctadiene) and
heating the reaction mixture to 75 °C in THF for 24 hours led to clean conversion to
ArPPPB(H)=NH. (5), which was isolated as a white solid in a yield of 83 % (Equation 5.3).
The "B{'H} NMR spectrum of 5 in C¢Ds consisted of a singlet at 39.1 ppm, which is shifted
upfield compared to PB{NBH>} [45.9 ppm in C¢Ds].!! The NH; fragment in 5 appears as two
broad singlets at 3.31 and 3.16, respectively, in the '"H NMR spectrum indicating possible
hindered rotation about the B—N array, in line with a B-N double bond. The IR spectrum of §
showed two stretches for the NH» fragment (Vsym and vasym) at 3486 cm™ and 3405 cm’!, which
match well with the DFT calculated IR spectrum. The BH unit appeared at 2506 cm™ ('’BH
stretch) and 2456 cm™ ('BH stretch), while the B=N stretch was located at 1606 cm™.
Unfortunately, all attempts to grow crystals suitable for X-ray crystallographic analysis have

been unsuccessful so far.
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Figure 5.5. Computed (black trace; M06-2x/cc-pVTZ) and measured (red trace) IR spectra
(drop-cast from benzene, KBr plate) of ArPPPB(H)=NHx (5).

In one instance during one of many attempts to grow crystals of 5, a few crystals
suitable for X-ray analysis were grown form a mixture of hexamethyldisiloxane/THF (1:1)
and its structure determined to be the cycloadduct ArPPPB(CsHi4) (6) (Figure 5.6). This species
was not observed by 'H or ''B{'H} NMR spectroscopy, and as such 6 is likely to be a very
minor trace impurity. It is know that [Rh(COD)CI], under heating will form Rh-nanoparticles,
which partake in dehydrogenation reactions.?” Under such conditions, it may be possible that

the NH; fragment in Ar>PPBH,*NHj3 (3) may dissociate from the BHa center, possibly forming
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the intermediate Ar°PPBH,(THF), allowing for COD to undergo double hydroboration leading

to the formation of Ar°PPB(CsH4) (6) (Scheme 5.3).23

Dipp H H Dipp Dipp
N=H H
qu —_— ’H —_—
h THF, 75 °C 0

_ THF, 75 °C
Dipp - NH, Dipp Q Dipp

Scheme 5.3. Proposed synthetic route to Ar®PPB(CsHi4).

As a more direct way to determine if I had prepared Ar°PPB(H)=NH: (5), I set out to
make the deuterated derivatives Ar®"PBH,*NDs (7) and ArPPPB(H)=ND; (8). Compound 7
was prepared in a similar fashion as 3 by combining ArPPLi with Me>S*BHs, followed by the
addition of [ND4]Cl, affording ArPPPBH,*NDs (7) in an isolated yield of 84 % as a
spectroscopically pure white solid (Equation 5.4). Analysis of the 'H NMR spectrum of 7 in
CsDg revealed that the resonance for NH3 fragment was no longer present at 1.66 ppm, while
the "B{'H} NMR spectrum of 7 afforded a peak at -14.8 ppm, identical to that of 3. The *H
NMR spectrum of 7 in CsHs consists of a broad resonance at 1.51 ppm for the ND3; moiety

(Figure 5.7).
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Figure 5.6. Molecular structure of Ar®PPB(CsHj4) (6) with thermal ellipsoids plotted at 50 %
probability. All hydrogen atoms are omitted for clarity. Only the major orientation of the
disordered borabicyclo[3.3.1]nonane group is shown for clarity. Selected bond lengths [A] and
angles [°]: C1-B1 1.587(2), BI-C51A 1.51(2), B1-C55A 1.51(2); C1-B1-C51A 119.9(4),
C1-B1-C55A 127.1(4), C51A-B1-C55A 113.0(6).

Dipp 1. MEQS. H3 Dlpp D\ND-D‘D
2. 2 [ND4]CI /
Li % <H (5.4)
Et,0, -35 °C h
Dipp - SMe; Dipp
-HD
- LiCl 7

The subsequent dehydrogenation of ArPPPBH,*NDjs (7) with [Rh(COD)Cl]» (Equation
5.5) which afforded ArPPPB(H)=ND> (8) as a white solid in a yield of 81 %. Analysis of the

"H NMR spectrum of 7 in C¢Ds revealed that the two broad singlets for the NH» fragment at
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1.66 and 1.51 ppm were no longer present. The 2H NMR spectrum of 7 in CeHs revealed two
singlets at 3.26 and 3.10 ppm, which indicates the two deuterons are magnetically
inequivalent, which would arise due to restricted rotation about the B-N bond and possible n-
bonding in this unit B-N double bond. The IR spectrum showed two vibrations at 2607 cm!

and 2494 cm’! for the ND; fragment.

7.14
—1.51

Unknown
Impuri

C¢HsD

T T T T T T T T T T T T T T T T T T
15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0 -1 -2 -3 -4 -5
Chemical Shift (ppm)

Figure 5.7. ’H NMR spectrum of Ar>PPBH,*NDjs (6) in C¢Hs.

Dipp D, bD Dipp D,
N=D 1% [Rh(COD)CI]» ,'N'D
J9H e ) (5.5)
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Figure 5.8. Excerpt from the 2H NMR spectrum of Ar®PPB(H)=ND (8) in C¢Hs showing two
magnetically-inequivalent ND resonances.

Density functional theory (DFT) computations on the idealized gas-phase geometry of
ArPPPB(H)=NH: (5) at the M06-2X/cc-pVTZ level of theory revealed that the there is -
bonding character in the BN fragment (HOMO-9 Figure 5.9). The B-N array in the computed
structure of 5 has a bond length of 1.394 A, and compares well with the exocyclic B-N distance
in PB{NBH} [1.396(6) A] but is slightly longer than the core B-N distance in PB{HBNH}
[1.347(3) A], two species that contain B-N double bonds.!! Natural Bond Order (NBO)
analysis revealed that there is effectively little to no mixing between the lone-pair on nitrogen
and the empty p-orbital on boron (Figure 5.10), similar to PB{NBH>}. The charges within the
B-N array in 5 indicate a polarized double bond with B having a natural charge (Qnpa) of 0.59
and N a Qnpa of -1.03 (Figure 5.11); it should be noted that similar charges are found in
PB{NBH:} [B Qnea = 0.48; N Qnpa = -1.26].!! With all being said, it is likely that

ArPPPB(H)=NH: (5) contains a polar B-N double bond.

178



Figure 5.9. Computed HOMO-9 of Ar®PPB(H)=NH, (5) at the M06-2X/cc-pVTZ level of
theory.

Figure 5.10. NBOs of Ar®PPB(H)=NH: (5) depicting (with ¢~ occupancy): the lone pair of N
[1.7 e7] (left); the B-N o orbtial [2.0 €] (middle); the partially-occupied p-orbital of B [0.3 e~
] (right). Computed at the M06-2X/cc-pVTZ level of theory.
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So far, attempts to dehydrogenate Ar°PPB(H)=NH, (5) further to afford the
iminoborane dimer [Ar®PPBNH], (9) with 1 mol % of [Rh(COD)CI] heated to 75 °C for two
days, 5 mol % of [CpFe(CO)]2/hv (Cp = n>-CsHs)?*! and 10 mol % of Pt(PCys)** (at room
temperature for two days and heating to 75 °C in THF for one week) have proven unsuccessful.
Attempts to dehydrogenate 5 with [CpFe(COJz2/hv in THF, when monitored by ''B{'H} NMR
spectroscopy, led to the formation of a new species at 29.9 ppm, possibly 9, only after seven
days of irradiation with a 125 W Hg lamp but only in small quantities (ca. <5%) and this
species could not be isolated from the reaction mixture. Similarly, attempts to induce H/I
exchange at boron with Me,S*BI3'%?° to prepare Ar°PPB(I)=NH, (11), which could then
potentially be dehydrohalogenated to afford [Ar®PPBNH]; (9), have also been unsuccessful
due to no reaction being observed between 5 and Me>S*Bls. The apparent lack of reactivity
observed may be attributed, at least partially, to the nearly neutral character of the boron-bound
hydride in Ar®PPB(H)=NH: (5) with a computed natural charge (Qnpa) of -0.06 (Figure 5.11),
a value that is similar to the boron hydride bond in PB{HBNH} (Qxpa = -0.04),!! a species
which was also found to not undergo transition metal-mediated dehydrogenation.'!?® It is
theorized that a key step in the catalytic dehydrogenation of amine-boranes by transition
metals is the scission of B-H bonds,?’ thus, the effectively non-polar character the B-H unit

in ArPPPB(H)=NH: (5) may be supressing such metal activation.
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() Bond Calculated

C1-Bl1 1.581
B1-N1 1.394
(b) Bond WBI Atom Qnra
Cl1-B1 1.101 Cl -0.36
B1-N1 0.951 Bl 0.59
- - N1 -1.03
- - H1 -0.06
- - H2 0.41
- - H3 0.39

Figure 5.11. Optimized gas phase geometry of Ar®PPB(H)=NH: (5) computed at the M06-
2X/cc-pVTZ level of theory with a) calculated bond lengths [A], and b) Wiberg bond indices
(WBI) and natural charges (Qnpa).

I also explored potential synthetic routes for the preparation of the structural isomer of
5, ArPPPN(H)=BH2: (13). Previously, the Rivard group described the synthesis of PB{NBH,}
via the addition of two equivalents of Me>S*BHj3 to the FLP chelated lithium amide dimer
[PB{NLi}]..!"! Following this method, two equivalents of Me>S*BH3 were combined with the
bulky terphenyl amide Ar®PPN(H)Li*® in Et,O which resulted in the formation of a precipitate
after ten minutes (possibly Li[BHa4]) (Scheme 5.4). Removal of the volatiles from the reaction
mixture in vacuo and examination of the resulting residue by "H NMR spectroscopy in C¢Ds
revealed that the major solubilized species was Ar°PPNH, and a second unidentified species
(ca. 25 % by integration), potentially the desired product Ar°PPN(H)=BH, (13). Close

examination of the '"H NMR spectrum revealed two broad resonances at 5.86 and 5.84 ppm,
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possibly indicating two magnetically inequivalent boron bound-hydrides, which would arise
due to restricted rotation due to the presence of a N=B double bond. It should be noted that in
the "H NMR spectrum of PB{NBH,} there are two broad resonances at 5.66 and 5.31 ppm,
for the BH> moiety, which arise due to restricted rotation about the N=B array.!! The !'B{!'H}
NMR spectrum of the above-mentioned product mixture (in C¢Ds) showed two broad
resonances at 44.6 and 39.6 ppm. The resonance centered at 44.6 ppm may belong to
ArPPPN(H)=BH; (13) and would match well with the chemical shift of the terminal BH,
fragment in PB{NBH,} [45.9 ppm in C¢Ds].!! B-H coupling was not observed for the
resonances at 44.6 and 39.6 ppm in the ''B NMR spectrum due to the large peak widths. It is
also worth noting that the possible intermediate [Ar°PPN(H)BH3]Li was not observed by
UB{'H} or "Li{'H} NMR spectroscopy in C¢Ds. Attempts so far to isolate Ar°PPN(H)=BH:

(13) by recrystallization from hexamethyldisiloxane, toluene, pentane or hexanes has only

afforded ArPPPNHs,.
Dipp [ DippH H DippH
LI 2Me,SeEH, F=H JB-H
N — N Li ————— N
H Etzo ‘H \H
Dipp - LI[EH,] Dipp Dipp
-2 SMe, - -

13

Not observed

Scheme 5.4. Attempted synthesis of Ar>PPN(H)=BH, (13).

Density functional theory (DFT) computations on the idealized gas-phase geometry of
ArPPPN(H)=BH: (13) at the M06-2X/cc-pVTZ level of theory revealed that the HOMO has

some B-N zn-bonding character (Figure 5.12) and that the LUMO has significant empty p-
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orbital character centered on the terminal boron. The computed structure has a N-B bond
length of 1.399 A, which matches well with the computed bond length in Ar°PPB(H)=NH (5)
and with the experimentally-determined N-B bond length of PB{NBH,} [1.396(3) A]'!

indicating the presence of a possible N=B double bond.

Figure 5.12. Computed HOMO (left) and LUMO (right) of Ar®PPN(H)=BH> (13) at the M06-
2X/cc-pVTZ level of theory.

I also explored the possibility of preparing Ar>PPNH,*BHj3 (14), the structural isomer
to Ar°PPBH,*NH; (3), with the aim of dehydrogenating 14 with [Rh(COD)Cl]> to give
ArPPPN(H)=BH: (13). Interestingly, the addition of Me>S*BH3 to ArPPPNH,*’ did not giveany
sign of reaction when the reaction progress was monitored by 'H and '"B{'H} NMR

spectroscopy in C¢Ds. This is likely due to the ArPPPNH, being a poor Lewis base.
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5.3 Conclusions

This Chapter explores the preparation of the aminoborane, Ar®PPB(H)=NH> (5), an
inorganic analogue to styrene, which was achieved through successive dehydrogenations from
the borohydride complex [ArPPPBH;]Li(THF); (2) and transition metal-mediated
dehydrogenation of Ar°PPBH,*NHj3 (3). While the connectivity of Ar®PPB(H)=NH; (5) could
not be determined by X-ray crystallographic studies, through density functional theory (DFT)
and deuterium labelling studies, it is likely that the B—N array consists of a BN double bond.
Similar to previously reported FLP-chelated iminoborane adducts from the Rivard group,'!
the low degree of hydridic character of the B-H bonds in Ar®PPB(H)=NH: (5) may be
supressing further transition metal-mediated dehydrogenation. Future work will focus on
using the related terphenyl ligand, Ar™® (ArMe = 2,6-Mes,C¢Hs; Mes = 2,4,6-Me3CoHb), to
prepare the aminoborane ArM®B(H)=NH, as a close structural analogue to Ar°PPB(H)=NH,

(5), which may improve efforts to grow crystals suitable for X-ray crystallographic studies.

5.4 Experimental Details

5.4.1 General Considerations

All reactions were performed using Schlenk and glovebox (Innovative Technology, Inc.)
techniques under a nitrogen atmosphere. All solvents (except pentane and
hexamethyldisiloxane) were purified using a Grubbs-type solvent purification system?°
manufactured by Innovative Technology, Inc., degassed (freeze—pump-thaw method), and

stored under an atmosphere of nitrogen prior to use. Pentane and hexamethyldisiloxane were

degassed via three freeze-pump-thaw cycles and dried over 4 A molecular sieves. B(OMe)s
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was purchased from Oakwood Chemical and used as received. [Rh(COD)Cl],, "BuLi (2.5 M
solution in hexanes), Li[AlH4] (4.0 M solution in Et,0), Me>S*BH3, [NH4]|Cl, and [ND4]ClI
were purchased from Sigma-Aldrich and used as received. ArP'PPLi'* was prepared according
to literature procedures. 'H, 3C{'H}, "B{'H}, and "Li{'H} NMR spectra were recorded on
400, 500, 600 or 700 MHz Varian Inova instruments and were referenced externally to SiMes
(‘H, BC{'H}), 15 % F3B*OEt, (!'B), and 9.7 M solution of LiCl in DO (’Li). Elemental
analyses were performed by the Analytical and Instrumentation Laboratory at the University
of Alberta using a Thermo Flash 2000 Elemental Analyzer. Melting points were measured in
sealed glass capillaries under nitrogen with a MelTemp apparatus and are uncorrected. Infrared
(IR) spectra were recorded as drop-cast films from benzene solutions on KBr plates with a

Nicolet IR100 FTIR spectrometer.

5.4.2 Synthetic Procedures

Synthesis of Ar”PPB(OMe): (1): To a solution of Ar®'PPLi (0.539 g, 1.33 mmol) dissolved in
5 mL of Et,O was added B(OMe)sz (149 pL, 1.34 mmol) in one portion. After one minute a
flocculent white precipitate formed. After a further 16 hours of stirring the volatiles were
removed in vacuo affording a white sticky residue that was extracted with 10 mL of pentane
and filtered through a plug of diatomaceous earth affording a colorless filtrate. The volatiles
were removed from that filtrate in vacuo affording Ar°PPB(OMe) (1) as a colorless oil (0.466
g, 74 %). "H NMR (700 MHz, C¢Ds): & 7.24—7.30 (overlapping multiplets, SH, ArH), 7.20 (d,
4H, 3Jun = 7.0 Hz, m-ArH), 3.16 (s, 6H, B(OCH3)2), 3.01 (sept, 4H, *Jun = 7.0 Hz, CH(CH3),),

1.26 (d, 12H, 3Jun = 7.0 Hz, CH(CHs),), 1.09 (d, 12H, 3Jun = 7.0 Hz, CH(CHs),). '3C{'H}
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NMR (176 MHz, C¢Dg): 8 147.5 (ArC), 144.1 (ArC), 140.2 (ArC), 128.7 (ArC), 128.5 (ArC),
128.3 (Ar(), 127.4 (Ar(), 122.7 (ArC), 51.5 (B(OCHs3)z2), 31.0 (CH(CHa)2), 26.5 (CH(CH3)2),
22.6 (CH(CH3)2). "B{'H} NMR (160 MHz, Cs¢Ds): & 29.5 (br). Anal. Calcd. for C3,Hi3BO;
(%): C 81.69, H 9.21; Found: C 79.61, H 9.04. The experimentally determined elemental
analysis values deviate from the calculated values likely due to incompletely combustion of

the sample.

Synthesis of [ArPPPBH3]Li(THF)3 (2): Route A. A solution of Ar®?PLi (0.587 g, 1.45 mmol)
dissolved in 5 mL of Et:O was cooled to -35 °C and then added dropwise to a solution of
Me,S*BH3 (138 pL, 1.46 mmol) in 5 mL of Et;0O that was pre-cooled to -35 °C. The reaction
mixture was allowed to warm to room temperature slowly over the course of 1 hour after
which the volatiles were removed in vacuo. To the resulting white residue was added 2 mL of
hexanes and 2 mL of THF and the solution placed in a -35 °C freezer for 16 hours after to give
[ArPPPBH;]Li(THF); (2) as a colorless crystalline solid (0.824 g, 89 %). X-ray quality crystals
of 2 were grown from a 1:1 mixture of hexanes and THF stored in a -35 °C for 16 hours. 'H
(700 MHz, C¢Ds): & 7.31 (t, 1H, *Jun = 7.0 Hz, p-ArH), 7.29-7.25 (overlapping multiplets,
6H, ArH), 7.23 (d, 2H, 3Jun = 7.0 Hz, m-ArH), 3.48 (t, 12H, *Juu = 7.0 Hz, O(CH>CHa),),
3.28 (sept, 4H, *Jun = 7.0 Hz, CH(CH3),), 1.42 (d, 12H, *Jun = 7.0 Hz, CH(CHs)2), 1.38 (4,
12H, *Jun = 7.0 Hz, O(CH2CH>),), 1.28 (d, 12H, *Jun = 7.0 Hz, CH(CH5)2), 0.59 (q, 3H, 'Jus
=77 Hz, BH3). *C{'H} NMR (176 MHz, C¢Ds): § 146.9 (ArC), 146.4 (ArC), 146.0 (ArC),
128.3 (ArC), 127.3 (ArC), 126.0 (ArC), 122.9 (ArC), 121.9 (ArC), 68.2 (O(CH2CH>)2), 30.7
(CH(CH3)2), 25.5 (O(CH2CHaz)2), 25.3 (CH(CHa)2), 23.9 (CH(CHs).). '"B{'H} NMR (160

MHz, C¢Ds): & -30.2 (s). ''B (160 MHz, CsDs): & -30.1 (q, 'Jsun = 80 Hz). 'Li{'H} NMR (194
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MHz, CsDs): -0.3 (s). M.p. 127 °C (decomposes). [ArPPPBH;]Li(THF); is thermally unstable
and decomposes even in a -35 °C freezer as a solid into Li[BH4] and other unidentified
products. As such, samples are routinely contaminated with 5 to 15 % Li[BH4] even when used

within 24 hours of preparation.

Route B. To a solution of ArPPPB(OMe), (1) (0.492 g, 1.05 mmol) in 15 mL of Et,O was
added Li[AIH4] (0.30 mL, 4.0 M solution in Et>O, 1.2 mmol) and the reaction mixture allowed
to stir at room temperature for five hours. The reaction mixture was then filtered through a
plug of diatomaceous earth and the volatiles removed from the filtrate in vacuo affording a
white-oily residue to which 2 mL of hexanes and 2 mL of THF were added, and the solution
stored in a -35 °C freezer for 16 hours affording 2 as a colorless crystalline solid (0.372 g, 84

%).

Synthesis of ArPPPBH2sNH3 (3): Route A. A solution of [ArPPPBH3]Li(THF); (2) (0.824 g,
1.30 mmol) in 10 mL of Et2O was cooled to -35 °C and then added to a suspension of [NH4]Cl
(0.143 g, 2.67 mmol) in 5 mL of EtO. After 16 hours of stirring the reaction mixture was
filtered through a plug of diatomaceous earth and the volatiles removed from the filtrate in
vacuo affording a white solid. This solid was dissolved in 3 mL of toluene and placed in a -35
°C freezer for 16 hours to give Ar>PPBH,*NHj3 (3) as a colorless solid (0.217 g, 39 %). X-ray
quality crystals of 3 were grown from a saturated toluene solution stored at -35 °C for one
week. 'H NMR (700 MHz, CeDs): & 7.22 (t, 2H, *Juu = 7.0 Hz, p-ArH), 7.20 (t, 1H, *Jun =
7.0 Hz, p-ArH), 7.12 (d, 4H, 3Jun = 7.0 Hz, m-ArH), 7.07 (d, 2H, 3Juu = 7.0 Hz, m-ArH), 2.94
(sept, 4H, *Jun = 7.0 Hz, CH(CHa),), 1.88 (br s, 2H, BH>), 1.66 (br s, NH5), 1.18 (d, 12H, *Jun
= 7.0 Hz, CH(CHz),), 1.11 (d, 12H, *Jun = 7.0 Hz, CH(CHs)2). *C{'H} NMR (176 MHz,
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CeDg): 0 146.9 (ArC), 143.8 (ArC), 143.5 (ArC), 128.3 (Ar(), 127.9 (ArC), 127.6 (ArC),
124.4 (ArC), 122.6 (ArC), 30.6 (CH(CH3)), 25.1 (CH(CH3),), 23.3 (CH(CH3),). '"'B{'H}
NMR (128 MHz, C¢Ds): -14.6 (s). ''B NMR (128 MHz, C¢Ds): -14.6 (br s). Anal. Calcd. for
C30H40B (%): C 84.29, H 9.90, N 3.28; Found: C 74.97, H 8.73, N 2.92. M.p. 176 °C
(decomposed). The experimentally determined elemental analysis values deviate from the
calculated values likely due to incompletely combustion of the sample. Selected IR bands
(C6Hp drop-cast onto KBr plate, cm™): 3360 (m, vN-H), 3322 (m, vN-H), 3238 (m, vN-H),

2348 (w, vB-H).

Route B. A solution of Ar®PPLi (0.531 g, 1.31 mmol) dissolved in 5 mL of Et;O and cooled
to -35 °C, then Me>S*BH3 (125 pL, 1.32 mmol) was added and the mixture was allowed to
warm to room temperature. After two hours of stirring at room temperature the reaction
mixture was cooled to -35 °C and then added to a suspension of [NH4]CI (0.140 g, 2.63 mmol)
in 5 mL of Et,0O. After 16 hours of stirring, the reaction mixture was filtered through a plug of
diatomaceous earth and the volatiles removed from the filtrate in vacuo affording

ArPPPBH,*NHj3 (3) as a colorless solid (0.503 g, 90 %).

Synthesis of [ArPPPBH2eNH:Li]2 (4): To a solution of Ar®PPBH,*NHj3 (3) (0.163 g, 0.381
mmol) in 3 mL of toluene was added "BuLi (153 pL, 2.5 M solution in hexanes, 0.383 mmol).
Upon addition of "Bul.i a white precipitate formed. After a further 60 minutes of stirring the
volatiles were removed in vacuo affording [Ar°PPBH,°NH,Li]> (4) as a white solid (0.143 g,
87 %). X-ray quality crystals of 4 were grown from a saturated hexanes solution stored in a -
35 °C for one week. 'H NMR (700 MHz, CDs): & 7.28 (t, 2H, *Jun = 7.7 Hz, p-ArH), 7.20 (4,
4H, *Jun = 7.7 Hz, p-ArH), 7.17 (d, 6H, *Jun = 7.7 Hz, m-ArH), 7.12 (d, 4H, *Jun = 7.7 Hz,
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m-ArH), 7.01 (d, 2H, *Jun = 7.7 Hz, m-ArH), 2.95 (sept, 8H, *Jun = 7.0 Hz, CH(CH3),), 1.28
(d, 12H, *Jun = 7.0 Hz, CH(CHs)2), 1.19 (d, 2H, *Jun = 7.0 Hz, CH(CHs)2), 1.09 (d, 2H, *Jun
= 7.0 Hz, CH(CH;)2), 1.07 (d, 2H, 3Jun = 7.0 Hz, CH(CHs)2). *C{'H} NMR (176 MHz,
CeDg): 0 146.8 (ArC), 146.8 (ArC), 143.4 (ArC), 143.0 (ArO), 142.6 (ArC), 141.3 (ArC),
128.8 (Ar(), 122.9 (Ar(), 122.7 (ArC), 30.9 (CH(CH3)z2), 30.6 (CH(CHa)2), 26.1 (CH(CH3)2),
24.9 (CH(CH)3), 23.4 (CH(CH)3), 22.7 (CH(CH)3). ""B{'H} NMR (128 MHz, C¢Ds): 5 -13.0
(s). "B NMR (128 MHz, C¢Ds): 6 -13.0 (t, 'Jgn = 71 Hz). 'Li{'H} NMR (194 MHz, C¢Ds): &
-2.4 (s). Anal. Calcd. for CsoHg2B2Li2N2 (%): C 83.14, H 9.54, N 3.23; Found: C 61.86, H
7.39, N 2.20. M.p. 168 °C (decomposed). The experimentally determined elemental analysis

values deviate from the calculated values likely due to incompletely combustion of the sample.

Synthesis of Ar?PPB(H)=NH2 (5): Route A. A solution of Ar°""PBH,*NHj3 (3) (0.503g, 1.18
mmol) in 3 mL of THF which was added to a solution of [Rh(COD)CI], (0.010 g, 0.020 mmol)
in 1 mL of THF. The reaction mixture was then heated to 75 °C for 24 hours, after which the
reaction mixture was filtered through a plug of diatomaceous earth, and the volatiles removed
form the filtrate in vacuo affording Ar°PPB(H)=NH, (5) as a colorless solid (0.417 g, 83 %).
'H NMR (700 MHz, C¢D¢): & 7.31 (t, 2H, *Jun = 7.7 Hz, p-ArH), 7.16-7.25 (overlapping
multiplets, SH, ArH), 7.11 (d, 2H, *Jun = 7.7 Hz, m-ArH), 3.31 (br's, 1H, NH>), 3.16 (brs, 1H,
NH>), 2.90 (sept, 4H, *Jun = 7.0 Hz, CH(CHa),), 1.21 (d, 12H, *Jun = 14.0 Hz, CH(CHs)>),
1.14 (d, 12H, *Jun = 7.0 Hz, CH(CH5)2). *C{'H} NMR (176 MHz, C¢D¢): & 147.4 (ArC),
146.5 (ArC), 141.2 (ArC), 129.1 (ArC), 128.7 (ArC), 128.3 (Ar(), 128.2 (ArC), 122.9 (ArC),
30.9 (CH(CH3)»), 24.8 (CH(CH3)2), 23.5 (CH(CH3),). '"B{'H} NMR (160 MHz, C¢Ds): & 39.1

(s). "B NMR (160 MHz, C¢Ds): & 39.1 (br s). Anal. Calcd. for C30H40B (%): C 84.29, H 9.90,
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N 3.28; Found: C 81.01, H 9.18, N 2.94. M.p. 122-124 °C. The experimentally determined
elemental analysis values deviate from the calculated values likely due to incompletely
combustion of the sample. Selected IR bands (C¢Hs drop-cast KBr plate, cm™): 3509 (m, vN—

H), 3417 (m, YN-H), 2518 (w, vB-H), 1606 (m, vB-N).

Synthesis of ArPPPBH2ND3 (6): A solution of ArPPPLi (0.580 g, 1.43 mmol) dissolved in 5
mL of Et;0 and cooled to -35 °C to which Me>S*BH3 (136 pL, 1.43 mmol) was added, and
allowed to warm to room temperature. After two hours of stirring at room temperature the
reaction mixture was cooled to -35 °C and then added to a suspension of [ND4]Cl (0.166 g,
2.89 mmol) in 5 mL of Et2O. After 16 hours of stirring the reaction mixture was filtered
through a plug of diatomaceous earth, and the volatiles removed from the filtrate in vacuo
affording ArPPPBH,*ND; (6) as a colorless solid (0.517 g, 84 %). 'H NMR (700 MHz, C¢Dg):
8 7.25 (t, 2H, *Jun = 7.7 Hz, p-ArH), 7.21 (t, 1H, *Jun = 7.7 Hz, p-ArH), 7.15 (d, 4H, *Jun =
7.7 Hz, m-ArH), 7.09 (d, 2H, *Jun = 7.7 Hz, m-ArH), 2.97 (sept, *Jun = 7.0 Hz, CH(CHs),),
1.21 (d, 12H, 3Jun = 7.0 Hz, CH(CH:)2), 1.12 (d, 12H, 3Juu = 7.0 Hz, CH(CHs)2). ’H NMR
(61 MHz, CeHe): & 1.51 (s). *C{'"H} NMR (176 MHz, Ce¢Ds¢): 5 146.8 (ArC), 144.1 (ArC),
143.5 (ArC), 128.3 (Ar(), 127.5 (Ar(C), 122.6 (ArC), 30.7 (CH(CHa)»), 25.2 (CH(CH3)2), 23.3
(CH(CHs),). "B{'H} NMR (160 MHz, C¢Ds): & -14.8 (s). ''B NMR (160 MHz, C¢De¢): & -
14.8 (br s). Selected IR bands (C¢Hs dropcast onto KBr plate, cm™): 2469 (w, VN-D), 2366
(w, VWN=-D), 2513 (w, VN-D). The BH stretches were not located possibly due to it being

obscured by the ND stretches.
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Synthesis of ArPPPB(H)=ND: (8): A solution of Ar>PPBH,*NDjs (7) (0.251 g, 0.583 mmol) in
3 mL of THF which was added to a solution of [Rh(COD)CI]> (0.010 g, 0.020 mmol) in 1 mL
of THF. This reaction mixture was then heated to 75 °C for 24 hours, after which the reaction
mixture was filtered through a plug of diatomaceous earth, and the volatiles removed from the
filtrate in vacuo affording Ar°PPB(H)=ND; (8) as a colorless solid (0.221 g, 88 %). '"H NMR
(700 MHz, CeDs): & 7.31 (t, 2H, *Jun = 7.7 Hz, p-ArH), 7.18-7.25 (overlapping multiplets,
5H, ArH), 7.11 (d, 2H, *Juu = 7.7 Hz, m-ArH), 2.90 (sept, 4H, *Jun = 7.0 Hz, CH(CHs3),), 1.21
(d, 12H, *Jun = 7.0 Hz, CH(CHs)2), 1.40 (d, 12H, *Jun = 7.0 Hz, CH(CH;)2). ’H NMR (61
MHz, C¢Hs): & 3.26 (s), 3.10 (s). '*C {!H} NMR (178 MHz, C¢Ds): & 147.4 (ArC), 146.5 (ArC),
143.0 (ArC), 141.2 (ArC), 129.0 (ArC), 128.6 (ArC), 128.3 (ArC), 122.9 (ArC), 30.9
(CH(CH3)y), 24.8 (CH(CH3)2), 23.5 (CH(CH3)2). "B{'H} NMR (160 MHz, C¢Dg): & 39.1 (br
s). "B NMR (160 MHz, C¢Ds): & 39.1 (br s). Selected IR bands (C¢He drop-cast onto KBr

plate, cm™): 2606 (m, vN-D), 2533 (w, vB-H), 2494 (m, vN-D).

5.4.3 X-Ray Crystallography

Appropriate X-ray quality crystals were coated with a small amount of hydrocarbon oil
(Paratone-N) and removed from the glovebox in a vial. Crystals were mounted quickly onto a
glass fiber and placed in a low temperature stream of nitrogen on the X-ray diffractometer. All
data were collected using a Bruker D8 Venture/PHOTON III, Bruker D8 Bruker APEX II
CCD detector/D8 or PLATFORM diffractometer using Mo Ko (0.71073 A) or Cu Ko (1.54178
A) radiation, with the crystals cooled to -80 °C or -100 °C. The data were corrected for

absorption through Gaussian integration from the indexing of crystal faces.*! Crystal structures
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were solved using intrinsic phasing (SHELXT)*? and refined using SHELXL-2014.%* The
assignment of hydrogen atom positions is based on the sp>- or sp>- hybridization geometries
of their attached carbon atoms and were given thermal parameters 20 % greater than those of

their parent atoms.
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Table 5.1. X-ray crystallographic data details for [Ar°PPBH;]Li(THF); (2).

A. Crystal Data
formula
formula weight
crystal color and habit?
crystal dimensions (mm)
crystal system
space group
unit cell parameters?
a(A)
b (A)
c(A)
V(A3)
Z
Pealed (g cm™3)
u (mm1)

C46H70BL10Og4
704.77

colorless fragment
0.14 x 0.12 x 0.06
orthorhombic
Cmc21 (No. 36)

18.3644(8)
17.3198(7)
14.1700(6)
4507.0(3)
4

1.039
0.483

B. Data Collection and Refinement Conditions

diffractometer
radiation (1 [A])
temperature (°C)
scan type
data collection 28 limit (deg)
total data collected
independent reflections
number of observed reflections (NO)
structure solution method
refinement method
2018¢)
absorption correction method
range of transmission factors
data/restraints/parameters
Flack absolute structure parameter”
goodness-of-fit (S)’ [all data]
final R indices/
Ry [F02 2 ZG(FOZ)]
wR» [all data]
largest difference peak and hole

Bruker D8 Venture/PHOTON I11¢

Cu K« (1.54178) (microfocus source)

—-100

® and ¢ scans (1.0°) (6-dep. exp. from 10-40 s)
144.71

27667 (22 <h <22, -21<=k<=19, -17 <1< 17)
4570 (Rint = 0.0489)

3994 [Fy2 > 20(Fy2)]

intrinsic phasing (SHELXT-20144)

full-matrix least-squares on F2 (SHELXL—

Gaussian integration (face-indexed)
0.9916-0.8181

4570/ 2758/ 286

—0.04(11)

1.046

0.0544
0.1699
0.186 and —0.218 ¢ A-3

4Qbtained by recrystallization from a tetrahydrofuran/pentane solution.

bObtained from least-squares refinement of 9937 reflections with 7.02° <2< 144.16°.

cPrograms for diffractometer operation, data collection, data reduction and absorption
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correction were those supplied by Bruker.
dG. M. Sheldrick, Acta Crystallogr. 2015, A71,3-8. (SHELXT-2014)
€G. M. Sheldrick, Acta Crystallogr. 2015, C71,3-8. (SHELXL-2018/3)

fAttempts to refine peaks of residual electron density as disordered or partial-occupancy
solvent tetrahydrofuran oxygen or carbon atoms were unsuccessful. The data were
corrected for disordered electron density through use of the SQUEEZE procedure as
implemented in PLATON (A. L. Spek, Acta Crystallogr. 2015, C71, 9-18. PLATON - a
multipurpose crystallographic tool. Utrecht University, Utrecht, The Netherlands). A total
solvent-accessible void volume of 567 A3 with a total electron count of 151 (consistent
with 4 molecules of solvent tetrahydrofuran, or 1 molecule per formula unit of the target
molecule) was found in the unit cell.

&The following sets of atoms from the disordered tetrahydrofuran ligands had the SHELXL
SADI (same distance) restraints: O1-C31, O1-C34; C31-C32, C32-C33, C33-C34; 02—
C41, O2—C41A 02-C44, 02-C44A; C41-C42, C41A-C42A, C42-C43, C42A—C43A,
C43-C44, C43A-C44A; 02---C42, 02---C42A, 02---C43, 02---C43A; C41---C43,
C41A---C43A, C42---C44, C42A---C44A. Additionally, the SHELXL RIGU restraint
was applied to all atoms to improve the quality of the anisotropic displacement parameters.

hH. D. Flack, Acta Crystallogr. 1983, A39, 876-881; H. D. Flack, G., Bernardinelli, Acta
Crystallogr. 1999, A55, 908-915; H. D. Flack, G. Bernardinelli, J. Appl. Cryst. 2000, 33,
1143—-1148. The Flack parameter will refine to a value near zero if the structure is in the
correct configuration and will refine to a value near one for the inverted configuration.
The low anomalous scattering power of the atoms in this structure (none heavier than
oxygen) implies that the data cannot be used for absolute structure assignment, thus the
Flack parameter is provided for informational purposes only.

IS = [Ew(Fy2 — F2)2/(n — p)]V/2 (n = number of data; p = number of parameters varied; w =
[G2(Fy2) + (0.1144P)2 + 0.4698P]-! where P = [Max(F,2, 0) + 2F:2]/3).

jRI =2||Fo| = [Fe|ll/Z|Fol; wRy = [ZW(FOZ _FCZ)Z/EW(F04)]1/2-
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Table 5.2. X-ray crystallographic data details for Ar°PPBH,*NHj3 (3).

A. Crystal Data

formula C3oH42BN
formula weight 427.45
crystal color and habit? colorless block
crystal dimensions (mm) 0.16 x 0.12 x 0.07
crystal system orthorhombic
space group Pccn (No. 56)
unit cell parameters?
a(A) 20.5804(5)
b (A) 15.7187(4)
c(A) 16.9269(5)
V(A3) 5475.8(3)
Z 8
Pealed (g cm™3) 1.037
u (mm-1) 0.429
B. Data Collection and Refinement Conditions
diffractometer Bruker D8 Venture/PHOTON I11¢
radiation (1 [A]) Cu K« (1.54178) (microfocus source)
temperature (°C) —100
scan type @ and ¢ scans (1.0°) (5 s exposures)
data collection 28 limit (deg) 144.62
total data collected 75333 (-(25<h<25,-19<k<19,-20<7<20)
independent reflections 5397 (Rijnt = 0.0569)
number of observed reflections (NO) 4212 [Fy? 2 20(Fy2)]
structure solution method intrinsic phasing (SHELXT-20144)
refinement method full-matrix least-squares on F2 (SHELXL—
2018°)
absorption correction method multi-scan (SADABS)
range of transmission factors 0.7536-0.6247
data/restraints/parameters 5397 / 407/ 340
extinction coefficient (x)8 0.00052(11)
goodness-of-fit (S)” [all data] 1.065
final R indices?
R [Fo? = 20(Fy2)] 0.0512
wR> [all data] 0.1571
largest difference peak and hole 0.226 and —0.211 e A-3

4Qbtained by recrystallization from a toluene solution.
bObtained from least-squares refinement of 9010 reflections with 8.60° <2< 143.26°.
dG. M. Sheldrick, Acta Crystallogr. 2015, A71,3-8. (SHELXT-2014)
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€G. M. Sheldrick, Acta Crystallogr. 2015, C71, 3-8. (SHELXL-2018/3)

/The N-B and the C-B distances within the disordered BHoNH3 fragment were restrained to
be approximately the same by use of the SHELXL SADI instruction. The C—C distances
within the disordered isopropyl group were similarly restrained. Finally, the anisotropic
displacement parameters of all disordered atoms were restrained by use of the SHELXL
RIGU instruction.

SF* = kF¢[1 + x{0.001F.213/sin(26)}]-1/4 where k is the overall scale factor.

hS = [Ew(Fo2 — F2)2/(n — p)]1/2 (n = number of data; p = number of parameters varied; w =
[2(F,2) + (0.0742P)2 + 1.6821P]| where P = [Max(Fo2, 0) + 2F.2]/3).

Ry = Z||Fol = [Fe|/Z|Fo|; wRy = [ZW(FO2 _Fcz)z/ZW(Fo4)]1/2-
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Table 5.3. X-ray crystallographic data details for [Ar®PPBH>*NH,Li]> (4) and ~2 % ArPPPL.

A. Crystal Data
formula
formula weight
crystal color and habit?
crystal dimensions (mm)
crystal system
space group
unit cell parameters?
a(A)
b(A)
c(A)
B (deg)
V(A3)
VA
Pealed (g cm™3)
u (mm1)

Ce6Hos.82B1.9610.04L11.96N1.96
956.57

colorless fragment

0.35x%0.32 x0.13

monoclinic

P21/n (an alternate setting of P2{/c [No. 14])

12.0005(11)
20.870(2)
12.7164(12)
99.0479(17)
3145.2(5)

2

1.010

0.075

B. Data Collection and Refinement Conditions

diffractometer
radiation (1 [A])
temperature (°C)
scan type
data collection 28 limit (deg)
total data collected
independent reflections
number of observed reflections (NO)
structure solution method
refinement method
2018°)
absorption correction method
range of transmission factors
data/restraints/parameters
goodness-of-fit (S)8 [all data]
final R indices”

Ry [Fo? 2 20(Fo?)]

wRy [all data]
largest difference peak and hole

Bruker PLATFORM/APEX II CCD¢
graphite-monochromated Mo K« (0.71073)
-80

w scans (0.3°) (45 s exposures)

51.44

25818 (14 <h<14,-25<k<25,-15<1<15)
5979 (Rint = 0.0467)

4066 [Fo2 > 20(F?)]

intrinsic phasing (SHELXT-20144)

full-matrix least-squares on F2 (SHELXL—

Gaussian integration (face-indexed)
1.0000-0.9081

5979 / 2831/ 436

1.047

0.0547
0.1674
0.277 and —0.162 ¢ A-3

aQObtained by recrystallization from a hexanes solution.
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bObtained from least-squares refinement of 3680 reflections with 5.08° <2< 46.16°.

¢Programs for diffractometer operation, data collection, data reduction and absorption
correction were those supplied by Bruker.

dG. M. Sheldrick, Acta Crystallogr. 2015, A71, 3-8. (SHELXT-2014)
¢G. M. Sheldrick, Acta Crystallogr. 2015, C71, 3-8. (SHELXL-2018/3)

fThe solvent hexane molecule was found to be disordered across an inversion center. The C—
C and C---C distances were restrained by use of the SHELXL SADI instruction (total of
73 restraints). Additionally, the anisotropic displacement parameters of the carbon atoms
were improved by using a combination of RIGU (total of 54 restraints) and SIMU (total
of 156 restraints).

g8 = [Zw(Fy2 — F2)2/(n — p)]1/2 (n = number of data; p = number of parameters varied; w =
[G2(Fy2) + (0.0861P)2 + 0.3985P]-! where P = [Max(F,2, 0) + 2F:2]/3).

th = Z[|Fo| = |Fell/Z|Fol; wRy = [ZW(FOZ _Fcz)z/EW(F04)]l/2-
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Table 5.4. X-ray crystallographic data details for Ar°PPB(CsHi4) (4).

A. Crystal Data

formula CsgHs1B
formula weight 518.59
crystal color and habit? colorless block
crystal dimensions (mm) 0.33 x0.28 x 0.21
crystal system monoclinic
space group P21/c (No. 14)
unit cell parameters?
a(A) 17.7216(13)
b (A) 9.8674(7)
c(A) 19.5159(12)
S (deg) 112.740(4)
V(A3) 3147.4(4)
Z 4
Pealed (g cm™3) 1.094
u (mm-1) 0.444
B. Data Collection and Refinement Conditions
diffractometer Bruker D8/APEX II CCD¢
radiation (1 [A]) Cu K« (1.54178) (microfocus source)
temperature (°C) —100
scan type w and ¢ scans (1.0°) (5 s exposures)
data collection 28 limit (deg) 147.32
total data collected 69084 (-(20<h <21,-12<k<12,-24<1<24)
independent reflections 6277 (Rint = 0.0733)
number of observed reflections (NO) 5204 [Fy2 > 20(Fy2)]
structure solution method intrinsic phasing (SHELXT-20144)
refinement method full-matrix least-squares on F2 (SHELXL—
2018°)
absorption correction method Gaussian integration (face-indexed)
range of transmission factors 0.9891-0.8483
data/restraints/parameters 6277/ 697/ / 489
goodness-of-fit (S)8 [all data] 1.033
final R indices”
R [Fo? 2 20(F?)] 0.0511
wRy [all data] 0.1451
largest difference peak and hole 0.203 and —0.185 ¢ A-3

a0btained by recrystallization from a hexamethyldisiloxane/THF solution.
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bObtained from least-squares refinement of 9824 reflections with 5.40° <2< 146.14°.

¢Programs for diffractometer operation, data collection, data reduction and absorption
correction were those supplied by Bruker.

dG. M. Sheldrick, Acta Crystallogr. 2015, A71, 3-8. (SHELXT-2014)
¢G. M. Sheldrick, Acta Crystallogr. 2015, C71, 3-8. (SHELXL-2018/3)

/The disordered borabicyclo[3.3.1]nonane group had distance restraints applied by use of the
SHELXL SADI instruction to the following sets of atoms: B1-C51 & B1-C55; B1---C52,
B1---C54, B1---C56, B1---C58; C51-C58, C51-C52, C58-C57, C55-C54, C55-C56,
C52-C53, (C54-Cs53, C56-Cs57; C51---C53, C51---C57, C58---C52, (C58---C56,
C55---C53, C55---C57, C52---C54, C54---C56 [total number of SADI restraints: 552].
The anisotropic displacement parameters (ADPs) of the carbon atoms of the
borabicyclo[3.3.1]nonane group were restrained by use of the SIMU instruction [total
number of SIMU restraints: 144]. Finally, the following pairs of atoms were constrained
to have the same ADPs by use of the EADP instruction: C51 1 & C51 2; C54 1 &
C54 2;C55 1 & C55 2.

g8 = [EW(Fy2 — F2)?/(n — p)]V/2 (n = number of data; p = number of parameters varied; w =
[2(F,2) + (0.0665P)2 + 0.9880P] | where P = [Max(Fo2, 0) + 2F.2]/3).

th = Z[|Fo| = |Fell/Z|Fol; wRy = [ZW(FO2 —Fcz)z/ZW(Fo4)]l/2-

5.4.4 Density Functional Theory (DFT) Computations

All computations were performed with Gaussian16.>* Gas-phase geometries were optimized
using density functional theory (DFT) with the M06-2X functional®® and the cc-pTVZ basis
set.*® Frequency analysis confirmed all obtained structures to be local minima on the potential
energy surfaces. Optimized geometries and orbitals were visualized with Visual Molecular
Dynamics (VMD).?” Natural Bond Order (NBO) analyses were performed with NBO 6.0.3

IR frequencies were correct by a scaling factor of 0.946.%
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Chapter 6 — The Synthesis of The World’s Bulkiest /V-
Heterocyclic Carbene

6.1 Introduction

Carbenes are defined as neutral compounds containing a divalent carbon atom with a
six-electron valence shell. Due to their incomplete octet configuration at carbon, carbenes
were long considered to be too reactive to isolate.! In 1988, Bertrand and coworkers reported
a stable phosphinocarbene, (‘Pr2N),PC(SiMe3), wherein the carbene center is stabilized by
flanking phosphorus- and silicon-based substituents.> This was followed in 1991 by
Arduengo’s landmark report on the isolation of the first N-heterocyclic carbene (NHC), IAd
(IAd = (HCNAJ),C: ; Ad = adamantyl).> Some key features of NHCs are their strong donor
ability, ease of preparation, and structural diversity.* As such, NHCs have cemented their place
as an important class of compounds/ligands in transition metal-mediated catalysis,

organocatalysis, and in the stabilization of low-valent main group species.’

The isolation of low-coordinate species with new bonding motifs® or species
previously thought to be too reactive to be isolated (e.g., one-coordinate Bi(I))®* has required
the development of new ligands, typically, of ever-increasing steric bulk. The Rivard group
has previously reported the World’s bulkiest carbene at the time, ITr (ITr = (HCNCPh3),C:),
with an impressive percent buried volume (%Vuur) of 57.3 %, due to the incorporation of
flanking trityl groups (CPhs) at the heterocyclic nitrogen atoms on the NHC (Figure 6.1).
Utilizing ITr, the Rivard group was able to prepare a thermally-stable TI(I) complex
[ITrTI]JOTS (OTf = O3SCF3") as a versatile transmetalation/ligation reagent,’” and a weakly

associated Ag(I) dimer [(ITr)Aglo[BAr4]> (Arf = 3,5-(F3C)2C6H3).% In an effort to prepare an
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even more sterically-demanding NHC based on the ITr framework, I envisioned that the
incorporation of methyl groups in the backbone would increase the steric bulk of the carbene
by forcing the nitrogen-bound trityl groups forward.* If the steric bulk of this carbene is
sufficient, it may be able to support monocoordinate, low-valent transition metals such as Pd°
and other Group 10 metals. Monocoordinate Pd® complexes, such as (PhsP)Pd, are of
particular interest as they are suspected to be important intermediates in the oxidative addition
of chloroarenes.” To the best of my knowledge, a monocoordinate Pd° complex has not yet
been reported and may display interesting reactivity. This Chapter explores the development

of a new bulky NHC and initial attempts to form Group 10 NHC-metal complexes.

] . N
‘ProN, _C. . c \
2P siMes ,
ProN
Bertrand @ @
IAd Me|p, ITr
Arduengo

Figure 6.1. Bertrand’s phosphinocarbene and select sterically-demanding NHCs.

6.2 Results and Discussion

The starting point of this project involved the preparation of the precursor 2-trityl-4,5-
dimethylimidazole (1), which has been previously reported but not characterized fully.'”

Combining 4,5-dimethylimidazole!' with a slight excess of CICPhs afforded 1 in an isolated
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yield of 42 % after recrystallization from EtOH. The addition of Ph3COTf'? to 1 in benzene
gave the desired imidazolium salt precursor [MCITrH]OTf (2) ([MeITrH] = [(MeCNCPh;).C-
H]") in a yield of 78 % (Scheme 6.1), and could be prepared on a multigram scale (ca. 7 g).
Analysis of the 'H NMR spectrum of 2 in CDCl; showed a resonance at 7.58 ppm for the
imidazolium proton, which is very similar to the resonance of the imidazolium proton in
[ITrH]OTS [7.92 ppm in CDCl3].” X-ray quality crystals of 2 were grown from a concentrated
solution of PhF stored at -35 °C. The solid-state structure shows that the triflate anion is not
coordinating to the imidazolium cation (Figure 6.2). Interestingly, the N-C-N bond angle in 2

is 110.4(2)°, about 3° larger than the N-C-N bond angle in [ITrH]JOTf[107.92(16)°].”

H 2 NEtg CPh, Me. . e ©OTE
1.1 CICPh, Me

I ] N
N N Ph;COTf I
\) A\ |@)>—H
I N>_ H CH.Cl; I N>_ H benzene me” N
Me - [HNEt;]CI Me CPh;
1 2

Me

Scheme 6.1. The synthesis of 2-trityl-4,5-dimethylimidazole (1) and [MITrH]OTf (2).
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Figure 6.2. Molecular structure of [MITrH]OTf (2) plotted with thermal ellipsoids at 50 %
probability. All hydrogen atoms (except for the imidazolium proton at C1A) are omitted for
clarity. The PhF solvent molecules are not shown. Only one of the two crystallographically-
independent [MITrH]OTf (3) molecules is shown for clarity. Only one orientation of the
disordered triflate counter anion is shown for clarity. Selected bond lengths [A] and angles [°]
with values associated with the second molecule in the asymmetric unit shown in square
brackets: N1A-C1A 1.329(2) [N1B-CIB 1.331(2)], N1A-C2A 1.401(3) [N1B-C2B
1.398(3)], N1A-C4A 1.519(3) [NIB-C4B 1.507(2)], C2A-C2A' 1.362(5) [C2B-C2B'
1.360(4)], STA-O1A 1.441(10) [SIB-OI1B 1.453(13)], SIA-O2A 1.435(10) [S1B-O2B
1.432(13)], STA-O3A 1.412(5) [S1IB-O3A 1.464(11)]; N1IA-C1A-N1A' 110.4(2) [N1B-
CIB-N2B'109.1(2)], C2A-N1A—C4A 126.24(18) [C2B-N1B—C4B 127.01(16)].

Deprotonation of [MCITrH]OTf (2) with K[N(SiMes):] in a 1:1 mixture of THF/Et,O
afforded MITr (3) (Equation 6.1) in a yield of 50 % after filtration and removal of the volatiles
from the filtrate in vacuo. Typical of NHCs, a highly deshielded carbene resonance is found at
220.2 ppm in the *C{'"H} NMR spectrum in CsDs, which compares well with the related ITr

carbene shift [225.8 ppm in C¢Ds].” X-ray quality crystals of 3 were grown from a mixture of
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THF/hexanes stored at -35 °C for one week. The average Ccarbene—N—Cuityt bond angle of
121.2(4)° and average Cbackbone N—Crrityt angle of 125.7(3)° in 3 are remarkably similar to the
corresponding angles in ITr [Cecarbene=N—Cuityt 120.2(1)° (avg.); Chackbone—N—Chityt 127.1(1)°
(avg.)]’ indicating that the methyl backbone is not forcing the flanking trityl groups forward
compared to in I'Tr. However, the most striking feature of 3 is that the trityl groups have rotated
about the N—C bond so that one aryl ring is sitting above and below the carbene center (Figure
6.3), with the remaining aryl rings of the trityl groups pointing backwards towards the methyl
groups. The effect of this configuration results in a very protected carbene center as evident
by the space-filling model in Figure 6.4. The percent buried volume (%Vypu) of 3 was
determined to be an incredible 72.6 % when 3 was coordinated to a gold dummy atom at a
distance of 2 A from the carbene center, as this procedure is standard when a specific gold-
NHC complex has not been prepared yet,'* making 3 the most sterically demanding NHC to
date. For comparison, the %Vour of the ITrAuCl complex is 57.3 %.” For added comparison,
the %Vgur of the AuCl complexes of MIPr (MIPr = (MeCNDipp).C:; Dipp = 2,6-Pr.C¢H3)
and IPr* (IPr* = (HCNDipp*).C:; Dipp* = 2,6-CHPhz-3-Me-CeH>) are 44.4 and 50.4 %
respectively (Figure 6.1).* The computed HOMO (B3YLP/def2-TZVP) of 3 shows significant
s-character centered on the carbene center with the LUMO (of largely C-C n* parentage) being

located on the aryl rings of the flanking trityl groups (Figure 6.5).

CPh; ©OTf CPh;,
Me N KIN(SiMe;),]  Mex N
I@»_H - I C: (6.1)
me” N THF/Et,0 me” N

CPh, - KOTf CPh;

) - HN(SiMe3), 3
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Figure 6.3. Molecular structure of M¢ITr (3) plotted with thermal ellipsoids at 50 % probability.
All hydrogen atoms are omitted for clarity. The THF solvent molecule is not shown for clarity.
Selected bond lengths [A] and angles [°]: C1-N1 1.365(6), C1-N2 1.399(6), C2-N1 1.410(6),
C3-N2 1.399(6), N1-C10 1.505(6), N2—C20 1.503(3); N1-C1-N2 102.3(4), C1-N1-C10
121.6(3), C1-N2—C20 120.8(4), C2-N1-C10 125.5(3), C3—-N2—C20 126.8(3).

210



=0.75

Angstrom (A)

=1.50

=2.25

=3.00

10 1 2 3
Figure 6.4. Computed steric map generated during the %V calculation'? and space-filling
model of M°ITr (3) extracted from X-ray crystallographic data.

Figure 6.5. Computed HOMO (right) and LUMO (left) of M°ITr (3) at the B3LYP/def2-TZVP
level of theory.

With M°ITr (3) in hand, I turned my attention to the coordinating ability of 3 with Group
10 elements (M = Ni, Pd). Unfortunately, attempts to prepare a Ni’ or Pd’ complex with

Ni(COD), (COD = 1,5-cyclooctadiene), and Pd(P'Bus): in benzene, THF or PhF did not afford
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any discernable MITrsM complexes. Heating the reaction mixtures to 80 °C for 24 hours led
exclusively to decomposition of the Ni(COD), and no reaction was found in the case of
Pd(P‘Bus).. Attempts to prepare a Pd® complex with Pdx(dba)s (dba = dibenzylideneacetone),
a common source of Pd® for NHC complexes,'* at room temperature in toluene or PhF led to
no observable reaction. Attempts to prepare MITrePd from Pdx(dba); in THF at room
temperature over the course of 16 hours led exclusively to decomposition of 3, likely due to
hydrolysis as Ph3COH was observed in the "H NMR spectrum. This apparent lack of reactivity
of M°ITr (3) may be due to the highly-protected carbene center by the flanking trityl groups
preventing the metal centers within the precursor complexes from interacting with the carbene

center in 3.

I was concerned that the steric bulk of M°ITr (3) may prevent coordination to transition
metals, as such, the structure of M*ITrPd was computed (Figure 6.6) at the B3LYP/def2-TZVP
level of theory. The computed structure of MITrePd indicates a computed Pd—C bond length
of 2.131 A, typical of related mixed NHC-phosphine Pd’ complexes,'> and close n'-arene
interactions between single carbon atoms on the flanking trityl rings with a shortest computed
distance of 2.154 A. Previously, an n'-arene interaction in the related species (dcpBiph),Pd
complex (depBiph = 2-(dicyclohexylphosphino)-biphenyl) was reported to be 2.676(5) A.!'¢
Such close arene interactions in M°ITrePd may be required to stabilize the coordinatively
unsaturated Pd center. While it appears that MeITrePd is stable, at least in the gas phase, it may
be difficult to find an appropriate Pd-source to introduce this metal into the sterically crowded

coordination pocket of the MITr ligand.
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Figure 6.6. Computed structure of MITrePd at the B3LYP/def2-TZVP level of theory.

Carbene-metal complexes are commonly prepared from the corresponding
imidazolium salt by in situ deprotonation and subsequent coordination to the metal center.
With this in mind, I attempted to prepare the Ni(II) complex [MITrNiCp]OTf (Cp = n°-CsHs
) by combining Cp:Ni and [MITrH]OTf (2) in THF or toluene and heating to 80 °C for 24
hours.!” 'TH NMR spectroscopic analysis of the reaction mixtures in CDCl; revealed complete
consumption of 2 and the presence of significantly broadened chemical resonances indicating
possible paramagnetic species. Crystals suitable for X-ray crystallographic analysis have not

yet been obtained.
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6.3 Conclusions

This Chapter explores the efficient multigram-scale synthesis of [MITrH]OTf (2) and
its subsequent deprotonation to afford the World’s most sterically demanding NHC, M°ITr (3),
with an impressive estimated % Vur of 72.6 %. Initial exploratory attempts to prepare M¢ITr*M
complexes from Ni(COD), and Pd>(dba); were unsuccessful, likely due to the sterically-
demanding trityl groups preventing interaction between the metal centers in the precursor
complexes investigated and the carbene. Future work will focus on alternative soluble metal
sources utilizing smaller and more labile ligands such as dimethylsulfide (SMe») (e.g.,
PdCly(SMez),) which has been used previously to prepare Pd-NHC complexes,'® or
(TMEDA)PdMe; (TMEDA = tetramethylethylenediamine) which has been demonstrated to

form Pd’-phosphine complexes via reductive elimination of ethylene and loss of TMEDA. !¢

6.4 Experimental Details

6.4.1 General Considerations

All reactions were performed using Schlenk and glovebox (Innovative Technologies, Inc.)
techniques under a nitrogen atmosphere. Fluorobenzene (PhF) was dried by refluxing over
CaHa, then distilled, degassed (freeze-pump-thaw method) and stored over molecular sieves
under a nitrogen atmosphere prior to use. All other solvents were purified using a Grubbs-type
solvent purification system!® provided by Innovative Technologies, Inc., degassed (freeze-
pump-thaw method), and stored under an atmosphere of nitrogen prior to use. K[N(SiMe3):]
was purchased from Sigma-Aldrich and recrystallized from toluene at -35 °C prior to use.

Trityl chloride was purchased from TCI America and used as received. 4,5-

214



Dimethylimidazole!' and PhsCOTf!? were prepared according to literature procedures. 'H,
BC{'H}, and PF{'H} NMR spectra were recorded on 400, 500, 600 or 700 MHz Varian Inova
instruments and were referenced externally to SiMes ('H, *C{'H}), and CFCls (\°F{!H}).
Elemental analyses were performed with a Thermo Flash 2000 Elemental Analzyer by the
Analytical and Instrumentation Laboratory at the University of Alberta. Melting points were
measured in sealed glass capillaries under nitrogen by using a MelTemp apparatus and are

uncorrected.

6.4.2 Synthetic Procedures

Synthesis of 2-trityl-3,4-dimethylimidazole (1): 3,4-Dimethylimidazole (1.185 g, 12.33
mmol) and trityl chloride (3.501 g, 12.55 mmol) were dissolved in 20 mL of dichloromethane.
To this mixture was added 3 mL of EtzN, followed by stirring for 16 hours, and then 20 mL of
distilled water was added. The two phases were separated, and the aqueous phase was washed
with 3 x 20 mL of dichloromethane. The combined organic fractions were dried over MgSOs,
filtered, and the volatiles were removed from the filtrate in vacuo to give 2-trityl-3,4-
dimethylimidazole (1) (1.748 g, 42 %) as an off-white solid. "H NMR (700 MHz, CDCl3): &
7.28-7.29 (overlapping m, 9H, ArH), 7.17 (s, 1H, NCHN), 7.13—7.14 (overlapping m, 6H,
ArH), 2.13 (s, 3H, NC(CH3)), 1.36 (s, 3H, NC(CH3)). '3C{'H} NMR (178 MHz, CDCls): §
142.1 (NC(CHa)), 137.0 (NCHN), 136.1 (ArC), 130.1 (ArC), 127.9 (ArC), 127.7 (ArC), 124.4
(NC(CHa)), 74.7 (CPhs), 13.1 (NC(CH3)), 11.7 (NC(CH3)). Anal. Calcd. for C24H22N2 (%): C

85.17,H 6.55, N 8.28; Found: C 85.09, H 6.60, N 7.94. M.p. 228-230 °C.
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Synthesis of [MITrH]OTf (2): A solution of [Ph3C][OTf] (4.415 g, 13.05 mmol) in 5 mL of
benzene was added dropwise to a solution of 2-trityl-3,4-dimethylimidazole (1) (5.093 g,
12.98 mmol) in 5 mL of benzene; after one minute of stirring the formation of a white
precipitate was noted. The reaction mixture was allowed to stir for a further 16 hours, the
precipitate was then allowed to settle, and the mother liquor was decanted away and discarded.
The remaining solid was dried in vacuo to afford [MITrH]OTf (2) as a yellow solid (6.938 g,
73 %). X-ray quality crystals were grown from a concentrated solution of PhF stored in a -35
°C freezer for 48 hours. 'H NMR (700 MHz, CDCl3): & 7.58 (s, 1H, NCHN), 7.42-7.43
(overlapping multiplets, 18 H, ArH), 7.13-7.15 (overlapping multiplets, 12H, ArH), 1.64 (s,
6H, NC(CH3)). 3C{'H} NMR (178 MHz, CDCls): & 138.4 (NC(CH3), 136.3 (NCHN), 133.1
(ArC), 129.6 (ArC), 129.2 (ArC), 129.0 (ArC), 128.3 (ArC), 79.4 (CPh3), 12.2 (NC(CHa)).
YF{TH} NMR (376 MHz, CDCl;): § -78.0 (s). Anal. Calcd. for C44H37F3N203S (%): C 72.31,

H 5.10, N 3.83, S 4.39; Found: C 72.63, H 5.27, N 3.05, S 4.64. M.p. 108-110 °C.

Synthesis of M¢ITr (3): To a suspension of [MITrH]OTf (2) (0.220 g, 0.301 mmol) in 6 mL of
toluene was added dropwise to a solution of K[N(SiMe3)2] (0.060 g, 0.30 mmol) dissolved in
3 mL of toluene, resulting in the formation of a white precipitate. The resulting mixture was
allowed to stir for a further 16 hours, then the mixture was filtered through a plug of Celite to
give an orange solution. The volatiles were removed from the filtrate in vacuo to give a dark
orange oil which was triturated with 5 mL of hexanes; the resulting solid was dried in vacuo
to afford M°ITr (3) as a beige solid (0.088 g, 50 %). X-ray quality crystals were grown from a
solution of THF/hexanes (1:1, ca. 1 mL) stored in a -35 °C freezer for 48 hours. 'H NMR (700

MHz, CeDs): & 7.42 (d, 12H, 3Jun = 7.7 Hz, o-ArH), 7.05 (t, 12 H, *Jun = 7.7 Hz, m-ArH),
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7.00 (t, 6H, *Jun = 7.7 Hz, p-ArH), 1.32 (s, 6H, NC(CHs)). *C{'H} NMR (178 MHz, C¢Dg):
0 220.2 (NCN), 145.4 (NC(CHa3)), 131.3 (ArC), 127.2 (ArC), 126.7 (ArC), 77.1 (CPhs), 12.7
(NC(CH3). Anal. Calcd. for C43H36N2 (%): C 88.93, H 6.25, N 4.82; Found: C 84.34, H 6.01,
N 4.45. M.p. 130-132 °C. Repeated attempts at elemental analysis consistently resulted in

carbon values lower than the calculated, possibly due to incomplete combustion.

6.4.3 X-Ray Crystallography

Appropriate X-ray quality crystals were coated with a small amount of hydrocarbon oil
(Paratone-N) and removed from the glovebox in a vial. Crystals were mounted quickly onto a
glass fiber and placed in a low temperature stream of nitrogen on the X-ray diffractometer. All
data were collected using a Bruker D8 Venture/PHOTON III, Bruker APEX II CCD
detector/D8 or PLATFORM diffractometer using Mo Ka (0.71073 A) or Cu Ka (1.54178 A)
radiation, with the crystals cooled to -80 °C or -100 °C. The data were corrected for absorption
through Gaussian integration from the indexing of crystal faces.?’ Molecular structures were
solved using intrinsic phasing (SHELXT)?! and refined using SHELXL-2014.2> The
assignment of hydrogen atom positions is based on the sp>- or sp*- hybridization geometries
of their attached carbon atoms and were given thermal parameters 20 % greater than those of

their parent atoms.

217



Table 6.1. X-ray crystallographic details for [MITrH]OTf (2)+1.5 PhF

A. Crystal Data

formula Cs3Ha4.50F4.50N203S
formula weight 874.96
crystal color and habit? colorless fragment
crystal dimensions (mm) 0.28 x 0.21 x 0.10
crystal system monoclinic
space group P21/m (No. 11)
unit cell parameters?
a(A) 12.0147(5)
b (A) 19.0074(8)
c(A) 19.8081(9)
S (deg) 92.640(2)
v (A3) 4518.7(3)
Z 4
Pealed (g cm™3) 1.286
u (mm-1) 1.174
B. Data Collection and Refinement Conditions
diffractometer Bruker D8 Venture/PHOTON II1¢
radiation (1 [A]) Cu K (1.54178) (microfocus source)
temperature (°C) —100
scan type ® and ¢ scans (1.0°) (5 s exposures)
data collection 28 limit (deg) 144.87
total data collected 09834 (-14<h<14,-23<k<23,-24<[<24)
independent reflections 9204 (Rijnt = 0.0681)
number of observed reflections (NO) 7843 [Fo2 = 20(F?)]
structure solution method intrinsic phasing (SHELXT-2018/24)
refinement method full-matrix least-squares on F2 (SHELXL—
2019/1¢4)
absorption correction method Gaussian integration (face-indexed)
range of transmission factors 1.0000-0.7122
data/restraints/parameters 9204 /5018 /731
goodness-of-fit (S)” [all data] 1.046
final R indices?
R [Fo? = 20(Fy2)] 0.0733
wR> [all data] 0.2222
largest difference peak and hole 0.985 and —0.551 ¢ A-3

aQbtained by recrystallization from a fluorobenzene solution.

bObtained from least-squares refinement of 9314 reflections with 0.1175° <26< 3.2719°.
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¢Programs for diffractometer operation, data collection, data reduction and absorption
correction were those supplied by Bruker.

dG. M. Sheldrick, Acta Crystallogr. 2015, A71, 3-8. (SHELXT-2018/2)
¢ G. M. Sheldrick, Acta Crystallogr. 2015, C71, 3-8. (SHELXL-2019/1)

fAttempts to refine peaks of residual electron density as disordered or partial-occupancy
solvent fluorobenzene fluorine or carbon atoms were unsuccessful. The data were
corrected for disordered electron density through use of the SQUEEZE procedure as
implemented in PLATON (A. L. Spek, Acta Crystallogr. 2015, C71, 9-18. PLATON - a
multipurpose crystallographic tool. Utrecht University, Utrecht, The Netherlands). A total
solvent-accessible void volume of 825 A3 with a total electron count of 216 (consistent
with ~4 molecules of solvent fluorobenzene, or 1 molecule per formula unit of the target
molecule) was found in the unit cell.

8The interatomic distances for the following sets of atoms were restrained to be approximately
the same by use of the SHELXL same distance (SADI) restraint: SIA—C10A, SIB-C10B,
S2A—C20A, S2B-C20B; SIA-O1A, SIA-O2A, SIA-03A, S1B-0O1B, S1B-02B, S1B—
O3B, S2A-04A, S2A-05A, S2A-06A, S2B-04B, S2B-05B, S2B-06B; FIA-C10A,
F2A-C10A, F3A-CI10A, F1B-C10B, F2B—C10B, F3B-C10B, F4AA-C20A, F5A—-C20A,
F6A—-C20A, FAB-C20B, F5B-C20B, F6B—C20B. Similarly, the following non-bonded
contacts were restrained: Ol1A:---O2A, O1A:---O3A, O2A---O3A, O1B:--O2B,
O1B---O3B, 0O2B---03B, O04A---O5A, O4A---0O6A, O5A---O6A, 04B---O5B,
O4B---06B, O5B---06B; F1A---F2A, F1A---F3A, F2A---F3A, F1B---F2B, F1B---F3B,
F2B---F3B, F4A---F5A, F4A---F6A, F5A---F6A, F4B---F5B, F4B---F6B, F5B---F6B.
All of the anisotropic displacement parameters for the triflate ion atoms were restrained
by use of the SHELXL RIGU instruction. The following pairs of atoms had an additional
restraint (SIMU) applied to their ADPs: OlA & O1B; O2A & 0O2B, O4A & OSB.
Furthermore, the ADPs for the following pairs of atoms were constrained to be the same
by use of the EADP instruction: O1A & O1B; O4A & O5B. Finally (and unrelated to the
triflates), the F1S---C2S and F1S---C6S nonbonded contacts of the solvent fluorobenzene
molecule were restrained to be approximately the same distance by use of the SADI
instruction.

hS = [EwW(Fo2 — Fc2)2/(n — p)]V/2 (n = number of data; p = number of parameters varied; w =
[G2(Fy2) + (0.1175P)2 + 3.2719P]-! where P = [Max(F,2, 0) + 2F:2]/3).

iRy = Z||Fo| — |Fell/ZIFol; wR = [Ew(Fo? — F2)2/Zw(Fo*)]1/2.
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Table 6.2. X-ray crystallographic details for MITr (3)*THF

A. Crystal Data

formula C47H44N>0
formula weight 652.84
crystal color and habit? colorless plate
crystal dimensions (mm) 0.11 x 0.05 x 0.02
crystal system orthorhombic
space group Pna2; (No. 33)
unit cell parameters?
a(A) 17.8284(15)
b (A) 9.7528(8)
c(A) 20.8684(18)
V(A3) 3628.5(5)
Z 4
Pealed (g cm™3) 1.195
u (mm-1) 0.541
B. Data Collection and Refinement Conditions
diffractometer Bruker D8 Venture/PHOTON III¢
radiation (1 [A]) Cu K« (1.54178) (microfocus source)
temperature (°C) —100
scan type ® and ¢ scans (1.0°) (6-dep. exp. from 15-60 s)
data collection 28 limit (deg) 145.52
total data collected 36070 (122 <h<21,-11 £k<11,-25<1<L25)
independent reflections 6991 (Rint = 0.1604)
number of observed reflections (NO) 4573 [Fo? = 20(Fy2)]
structure solution method intrinsic phasing (SHELXT-2018/24)
refinement method full-matrix least-squares on F2 (SHELXL—
2019/1¢/)
absorption correction method Gaussian integration (face-indexed)
range of transmission factors 1.0000-0.7356
data/restraints/parameters 6991/0/409
extinction coefficient (x)8 0.0027(5)
goodness-of-fit (S)” [all data] 0.984
final R indices?
R [Fo? = 20(Fy2)] 0.0600
wR» [all data] 0.1679
largest difference peak and hole 0.236 and —0.214 ¢ A-3

aQbtained by recrystallization from a tetrahydrofuran/hexanes solution.

bObtained from least-squares refinement of 2458 reflections with 8.48° <26< 114.78°.
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¢Programs for diffractometer operation, data collection, data reduction and absorption
correction were those supplied by Bruker.

dG. M. Sheldrick, Acta Crystallogr. 2015, A71, 3-8. (SHELXT-2018/2)
€@G. M. Sheldrick, Acta Crystallogr. 2015, C71, 3-8. (SHELXL-2019/1)

fAttempts to refine peaks of residual electron density as disordered or partial-occupancy
solvent tetrahydrofuran oxygen or carbon atoms were unsuccessful. The data were
corrected for disordered electron density through use of the SQUEEZE procedure as
implemented in PLATON (A. L. Spek, Acta Crystallogr. 2015, C71, 9-18. PLATON - a
multipurpose crystallographic tool. Utrecht University, Utrecht, The Netherlands). A total
solvent-accessible void volume of 631 A3 with a total electron count of 171 (consistent
with 4 molecules of solvent tetrahydrofuran, or 1 molecule per formula unit of the target
molecule) was found in the unit cell.

CF* = kF[1 + x{0.001F.223/sin(26)}]-1/4 where k is the overall scale factor.

hS = [Ew(Fo2 — F2)2/(n — p)]1/2 (n = number of data; p = number of parameters varied; w =
[G2(Fy2) + (0.0770P)2]-1 where P = [Max(Fy2, 0) + 2F:2]/3).

iRl = 2||Fo| = |Fell/Z|Fo|; wRy = [ZW(FO2 —Fcz)z/ZW(Fo4)]1/2-
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6.4.4 Density Functional Theory (DFT) Computations

All computations were performed with Gaussian16.23 Gas-phase geometries were optimized
using density functional theory (DFT) with the B3LYP functional?* and the def2-TZVP basis
set.”> Optimized geometries and orbitals were visualized with Visual Molecular Dynamics
(VMD).2® The percent buried volume and steric map of MITr (3) were calculated with the

SambVca 2.1 web tool.!3
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Chapter 7 — Summary and Future Directions

Starting with Chapter 2, the synthesis of a new anionic N-heterocyclic olefin (aNHO),
[(MeIPrCH)Li]2 (MeIPr = (MeCNDipp)2C; Dipp = 2,6-"Pr2CsH3), was described and utilized to
prepare a complete homoleptic acyclic divinyltetrelene series (MCIPrCH),E: (E = Si, Sn, Ge,
Pb). A key step in this project was the development of a new aNHO synthon, [(MIPrCH)Li]2,
which involved the preparation of the iodinated N-heterocyclic olefin (NHO) MIPrCH(I),
which was achieved by the addition of I, to M*IPrCH, and subsequent deprotonation with the
strong base K[N(SiMe3)2]. The aNHO synthon, [(MIPrCH)Li]>, may be modified structurally
to include a dianionic NHO (i.e., [MIPr=C]?]) unit as a potential 6-electron donor. As shown
in Scheme 7.1, the combination of two equivalents of M°IPr with an equivalent of carbon
tetraiodide (Cl4) may give the doubly iodinated NHO, M°IPrCl,, which could undergo double
lithium-halogen exchange to afford [(MIPrC)Liz]. It is worthy to note that Arduengo and
coworkers reported the doubly-chlorinated NHOs SIMesCCl> (SIMes = (H2.CNMes)>C; Mes
=2,4,6-Me;CHa) and ©IMesCCl, (“TMes = (CICNMes),C) by combining two equivalents of
the appropriate NHC with carbon tetrachloride (CCls).! Alternatively, the addition of
MesSiOTf (OTf = O3SCF3") to MIPrCH(I) followed by deprotonation of the in situ formed
[MeIPrCH(I)SiMes]OTf with a strong base (such as K[N(SiMes)]) will likely give the
precursor MIPrC(I)SiMe; which should be able to undergo lithium-halogen exchange to give
[(MeIPrC(SiMes)Li]. The addition of either [(MeIPrC)Li2] or [(MIPrC(SiMes)Li] to Group 14
EX; species (E = Si, Ge, Sn, Pb; X = halide) may produce a cyclic-divinylditetrelene series in
the form of four-membered rings (C2E2), which could be potentially reduced further with a

strong reducing agent (i.e., KCs) to afford Group 14 diradicaloids (Scheme 7.2).2
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Scheme 7.1. a) Proposed synthetic route to the dianionic NHO synthon [(M°IPrC)Li>]; b)
Proposed synthetic route to silylated aNHO [(MIPrC(SiMes)Li]; ¢) Resonance forms of a
dianionic NHO.
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Scheme 7.2. Proposed synthesis of cyclic divinylditetrelenes and cyclic Group 14
diradicaloids.

In Chapter 3, [(M*IPrCH)Li], was combined with Cpln (Cp = n°-CsHs) to prepare the
indium(I) tetramer [(MCIPrCH)In]s, which activated strong H-B bonds in boranes, and was
used to prepare (MCIPrCH)InNArPPP (ArPPP = 2 6-Dipp.CeH3), a two-coordinate indium-

imide. Given that examples of two-coordinate Group 13-imides (RENR; E = Ga, In)’ are
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exceedingly rare, and that a stable two-coordinate aluminium-imide, Ar"8AINArMes (AP =

2,6-Trip-3,5-ProCeH; Trip = 2,4,6-Pr3C¢Hz; Ar™M® = 2,6-Mes>CsH3; Mes = 2,4,6-Me3CsHo),
was only reported in 2021 by Power and coworkers,* I envision the preparation an aNHO-
stabilized aluminum-imide (i.e., (MIPrCH)AINAr ™) to expand upon known examples and
potentially probe its reactivity towards small molecules (e.g., CO»). It was established in
Chapter 3, and by others,’ that Cp-derivatives are excellent leaving groups particularly for
Group 13 elements. The obvious precursor then to prepare an Al(I) species supported by
aNHOs is [Cp*Al]s. However, recent work by the Aldridge group has shown that heating (ca.
80 °C) is required when adding anionic ligands (e.g., [((HCNDipp).BO)K]) to [Cp*Al]4;®
likely to increase the solubility of the rather insoluble [Cp*Al]4 and to cause the tetramer to
dissociate into monomeric Cp*Al:. Due to the thermal instability of [(MIPrCH)Li], heating a
solution of [Cp*Al]s and [(M°IPrCH)Li], may not be a viable synthetic route. An alternative
pathway, inspired by the synthesis of [Cp*Al]s,” could involve the addition of [(MIPrCH)Li]>
to Cp*>AlH giving the target species (MIPrCH)AI(H)Cp* and Cp*Li as a by-product. Heating
(MeIPrCH)AI(H)Cp* may induce reductive elimination of Cp*H to give [(MIPrCH)Al]4. The
addition of the terphenyl azide ArPPNj; to [(MCIPrCH)AI]s would likely eliminate N> gas and
afford (MIPrCH)AINArP®) in the same manner of preparation as (MIPrCH)InNAr>PP, |
speculate that (MCIPrCH)AINATrP'PP) may be more stable than Power’s aluminum-imide due to
the electron-donating aNHO moiety offering electronic stabilization in conjunction with the
steric protect provide by the flanking NHO and terphenyl fragments; it should be noted that
ArPBAINAM® decomposes over the course of 12 hours in solution, likely through ligand

activation.*
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Scheme 7.3. a) Proposed synthetic route to the Al(I) tetramer [(MIPrCH)Al]4; b) Proposed
synthesis of the aluminum-imide (MIPrCH)AINAr®PP) and Power’s aluminum-imide
Ar'PEAINAMSS,

Continuing to Chapter 4, the aNHO synthon [(SIPrCH)Li]», first described in Chapter
3, was utilized to prepare (SIPrCH)CIB-BCI(CHSIPr), a potential precursor to the diborene
(SIPrCH)B=B(CHSIPr). Attempts to reduce (SIPrCH)CIB-BCI(CHSIPr) with sodium
naphthalene (Na[Ci0Hs]) in THF led exclusively to the formation free ligand (i.e., SIPrCH>),
and in one instance a ligand-activated product was isolated. The target diborene
(SIPrCH)B=B(CHSIPr) was found computationally to have a triplet ground state, and when
computed in the gas phase, a linear geometry was found. Currently, a series of NHOs with
increasing steric bulk situated on the exocyclic carbon (e.g., MIPrC(H)Trip) are being
investigated computationally to see if they can induce a trans-bending in the C—-B—B—C array
of an aNHO supported diborene in an effort to break the degeneracy of the B-B n-bonding

orbitals and promote a singlet ground state.®
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The Rivard group has recently developed an unpublished synthetic route to
Me[prC(H)Trip. The addition of the Trip moiety should increase the steric parameters around
exocyclic carbon. If this NHO can be converted to an aNHO synthon (e.g., [(MIPrCTrip)Li]),
using a similar synthetic method used to prepare [(MIPrCH)Li]z, it may be able to induce
trans-bending in the C—-B-B-C core of the diborene (MIPrCTrip)B=B(CTrip™°IPr). The
aNHO [M°IPrCTrip]” may also be an ideal ligand for the isolation of a stable dialumene
(RAI=AIR), of which none are known,® by providing a sterically shielded pocket for the Al-
Al multiple bonded core, preventing activation of aromatic solvents (e.g., toluene),’ while also
stabilizing the Al(I) atoms via donation of m-electron density from the exocyclic carbon atom
to aluminum.!® The dialumene (MIPrCTrip)Al=Al(CTripMIPr) might be prepared by

reduction of the precursor (MIPrCTrip)All, with KCs, as shown in Scheme 7.4b.

Chapter 5 describes the use of the bulky terphenyl ligand, ArP"P, to prepare the
aminoborane ArPPPB(H)=NH, an inorganic analogue of styrene, through successive
dehydrogenations. It was hoped that this aminoborane could be dehydrogenated further by
using transition metals catalysts or through halogen/hydride exchange followed by
dehydrohalogenation to give the iminoborane dimer [ArPPPBNH],. Unfortunately, these
attempts were unsuccessful. Computationally, it was found that the B-H and N-H linkages in
ArPPPB(H)=NH, have little hydridic and protic character respectively which may explain the
aforementioned failed dehydrogenation attempts. This is in line with the previous reports from
the Rivard group that described the frustrated Lewis pair FLP-chelated amino- and
iminoborane adducts PB{H,BNH,} and PB{HBNH! (PB = 'Pr,P(C¢Hs)BCys; Cy =
cyclohexyl), which were found to not undergo catalytic dehydrogenations.!! Pincer iridium

complexes, such as [IrHC1{2,6-('BuPO)C¢Hs3}], have been shown to be highly efficient
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catalysts in the dehydrogenation of alkanes even at extremely low catalytic loadings (ca. 0.033
mmol %)."> The dehydrogenation of Ar®"PB(H)=NH> may be possible with such pincer
complexes to give [ArPPPBNH],. It may be possible to extend this approach to the
dehydrogenation of PB{HBNH} to form the dimer PB{BN}.PB, a potentially useful boron-

nitride (BN) precursor for solution deposition of (BN)x at relatively low temperatures (Scheme

7.5).13
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Scheme 7.4. a) Proposed synthetic route to [(MIPrC(Trip)Li] and the possibly trans-bent
diborene (MIPrCTrip)B=B(CTripMIPr); b) Postulated synthetic pathway to the dialumene
(MeIPrCTrip)Al=Al(CTripM°IPr).
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Scheme 7.5. Proposed dehydrogenation of Ar®PPB(H)=NH: with an iridium catalyst to give
[ArPPPBNH]; (top) and dehydrogenation of PB{HBNH} to give PB{BN}>PB and subsequent
deposition of (BN)x.

Finally, Chapter 6 described the synthesis of the world’s bulkiest N-heterocyclic
carbene (NHC) MeITr (M*ITr = (MeCNCPh3),C), which has an impressive percent buried
volume (%Veur) of 72.6%. While current efforts are focused on the preparation of low-
coordinate transition metal complexes (i.e., with Pd(0)), M°ITr may find applications in the
stabilization of main group hydrides. For example, while NHC stabilized In(III) hydrides are
known (e.g., ImMe>'Pr>°InH3),'* a one-coordinate In(I) hydride has not been reported to the
best of my knowledge. It is thought that known In(I)-hydrides (e.g., {HC(NDipp).}2InH)'?
are, at least in part, stabilized by sterically-encapsulating the In—-H moiety as this prevents In—
H-In bridging from occurring. The preparation of the precursor MeITrInCl should be relatively
straightforward and achievable by simply combining M°ITr and InCl in Et,O. With MeITreInCl

in hand one may be able to prepare MITrsInH by simple hydride/heteroatom metathesis with
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HBpin (pin = pinacolate). Two alternative methods to prepare M¢ITreInH could involve treating

MeITreInO'Bu or MITrsInCp, with HBpin,'*!¢ as shown in Scheme 7.6.
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Scheme 7.6. Proposed synthetic routes to M°ITreInH, a monocoordinated In(I)-hydride.
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