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Abstract

This thesis describes the chemistry of the Lewis adducts of mono- and bis-
(pentafluorophenyl)borane (LB-BH,(CsFs)s-n; N = 1, 2; LB = SMe,, NH;3) as it applies to the
development of novel perfluoroarylboranes. Chapter 2 details the wuse of
Me,S-BH,(CeFs)s-n In the preparation of the pentafluorophenyl substituted amine borane
adducts, LB-BH,(Cg¢Fs)s-n (LB = NR3, NHR,, NH,R, py). Their solid state structures
feature N—H---H—B and N—H-:--F—C hydrogen bonding interactions, important
structural motifs for further application of these materials. The related pentafluorophenyl
substituted amine boranes Hs;N-BH,(CsFs)s-, may be used as ligand precursors for the
synthesis of group 4 metallocene amidoborane complexes. Chapter 3 desribes the
divergent chemistry observed for each of the group 4 metals in the presence of the
pentafluorophenyl substituted amidoborane ligands, including N—H activation with
hafnium, B—H activation in the case of zirconium and single electron reduction of
titanium. In all but one instance, the crystal structures of isolated group 4 metallocene
amidoboranes display a B-B-agostic interaction. This structural feature is proposed to
play a significant role in catalytic dehydrocoupling of amine boranes by early transition
metal catalysts. Chapter 4 describes the preparation of novel pentafluorophenyl
substituted organoboranes R,B(C¢Fs)s-, (n = 1, 2) through facile hydroboration of alkenes
using Me,S-BH,(C¢Fs)s-n. In particular, the double hydroboration of 1,5-cyclooctadiene
with Me,S-BH,(CeFs) resulted in isolation and crystallographic characterization of
pentafluorophenyl-9-borobicyclo[3.3.1]Jnonane  dimethylsulfide  adduct, the —CgFs
substituted analog of the popular hydroboration reagent 9-BBN

(9-borabicyclo[3.3.1]Jnonane).
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Chapter 1 Introduction to boranes

1.1 Overview

The chemistry of boron has frustrated and surprised chemists since before borane
research began in the mid-1800s,' and has progressed into a well understood and highly
active area of synthetic research. Of considerable importance, the established chemistry
of perfluoroaryl boranes has found application in both organic and inorganic chemistry,
along with recent advances in organometallic chemistry and catalysis.>* The following
overview provides a general introduction to the preparation, properties and uses of
boranes, specifically as they apply to small molecule transformations and

functionalizations in hydroboration and dehydrocoupling.

1.2  Properties of boranes

Boranes are small, neutral molecules formed from a central boron atom surrounded by
three covalently bound groups such as hydrogen, halides or alkyl / aryl groups. Boron has
only three valence electrons and therefore boranes bear an empty p-orbital® which, in
general, contributes significantly to their observed chemistry. The simplest borane, BHs,
exists as the B,Hg dimer, featuring bridging hydrides that share electron density with the
empty p-orbital of the neighboring boron atom. As a result of this electron sharing, the

B—H—B bridging hydride forms a 3 center, 2 electron (3c2e) unit.>®

In general, small
boranes containing at least one B—H bond tend to form dinuclear or multinuclear
compounds through 3c2e bridging hydrides. This structural precedence is even observed
in multinuclear boron hydride clusters, such as pentaborane (BsHs)’ and decaborane

(BioH14) (Figure 1.1),%2 and may be described in electron counting terms using Wade’s

rules.®
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Figure 1.1: Molecular structure of diborane (left), pentaborane (middle) and decaborane
(right) featuring a B—H—B bridging hydride structural motif.

Due to the dimeric nature of borane (B,H¢), application of its electron deficiency for
synthetic use requires retrodimerization to precede reactivity. For this reason, the closely
related monomeric boron trihalides BX; (X = F, Cl, Br) are often preferred for use in both
catalytic and stoichiometric chemical reactions. In a similar fashion to borane, the boron
trinalides are classified as strong Lewis acids. The Lewis acid strength of the boron
trihalides is governed, in large part, by the degree of m-bonding from the halide ligand to
the empty p-orbital of boron (Figure 1.2).*° For the boron trihalides, efficient Tr-donation
occurs in instances where the electron donating orbital of the halide and the electron
deficient orbital of the boron are of similar size (Figure 1.2). This restricts localization of
the electron pair from the occupied halide p-orbital to a space which may participate in
maximum orbital overlap with the empty boron p-orbital. More efficient overlap results in a
higher percentage of electron occupancy of the empty p-orbital on boron, reducing the
overall Lewis acidic nature of the borane. For this reason, the order of Lewis acidity for

the boron trihalides is found to be BF; < BCl; < BBr3. 1t ™2
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Figure 1.2: Efficiency of the m-bonding character for the boron trihalides (top) and
contributing resonance structures as a result of m-donation from occupied halide p-orbitals
into the unoccupied p-orbital on boron (bottom).

Borane and the boron trihalides demonstrate facile and often undesirable reaction with
water, especially when handled in their neat form as gases (B,Hs, BF3) or volatile liquids
(BCls, BBr3). Initial contact between the borane and a water molecule results in adduct
formation through donation of an electron pair from the oxygen atom of the water
molecule into the empty p-orbital on boron. Upon coordination of water or another donor
molecule, the essentially planar borane will adopt a nearly tetrahedral geometry
(Scheme 1.1). Ease of this geometry change is affected by the 1r-donation strength of the
covalently bound halide group, such that strong tr-donation inhibits facile geometry

change and thus competing hydrolysis.*?
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Scheme 1.1: Borane geometry change upon Lewis base coordination.
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In the case of water coordination, the resulting water adduct (H,O-BXs; X = H, F, Cl, Br)
may then undergo further intramolecular activation to produce a strong boron—oxygen

bond,™ concomitant with release of an acid by-product (Scheme 1.2).

Scheme 1.2: Generic hydrolysis reaction of boranes.
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Complete hydrolysis produces the corresponding boric acids,™ rendering the severely

reduced Lewis acidity at the boron insufficient for many applications. For this reason,
boranes are often handled in their Lewis adduct form, in which a small, unreactive donor
molecule occupies the empty coordination site on boron until the desired chemistry may

occur. Borane and the boron trinalides are known to form stable Lewis adducts with

14,16,17 18,19 17,20 12,17 11,17

donor molecules such as amines, ethers, nitriles, pyridines, sulfides®

and phosphines.™
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1.3 Development of perfluoroaryl boranes

In response to the synthetic versatility of the Lewis acidic boron trihalides, research efforts
turned toward the development of more thermally robust and water tolerant alternatives.
Boranes bearing alkyl and aryl groups have increased resistance to hydrolysis due to the
larger steric size of the groups and the increased strength of the B—C bond towards
hydrolysis in comparison with the B—X bond in the boron trihalides.” The
organoboranes, however, have markedly decreased Lewis acidity compared to the boron
trihalides due to the electron donating nature of the covalently bound alkyl or aryl group.
As a result, research efforts turned towards the organofluorine group, which features
increased electron withdrawing strength in comparison with its alkyl analogs, while still
maintaining the robust B—C bond.?* Preparations of small boranes containing at least
one organofluorine group date back to the 1960s with reports of the mixed organoboron
halides (FsC)BF,*® and (CF,CF)BX, (X=F, CH* in addition to the organoborane
(CF,CF)3;B.** Those boranes featuring small organofluorine groups, such as the —CF;
group, suffered from facile decomposition through halide abstraction and the irreversible
formation of B—F bonds.”® It was therefore important to consider the choice of covalently

bound organofluorine group in terms of this side reactivity.

Tris(pentafluorophenyl)borane may, in many instances, be regarded as a quintessential
Lewis acid. Its ease of preparation and handling, combined with its robust stability

2628 and high Lewis acidity,”™' have resulted in a multitude of

towards hydrolysis
chemical applications.>™® The perfluoroaryl borane was first prepared by Stone and
Massey in 1963 by treatment of BCl; with pentafluorophenyl lithium (Scheme 1.3).° In
part due to the highly reactive nature of the chemical intermediate CgFsLi,** an additional

d33,34

preparation method was reporte using the —CgFs transfer reagent C¢FsMgBr to afford

Et,0-B(CgsFs)3 in high yield.
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Scheme 1.3: Preparation methods for tris(pentafluorophenyl)boron.
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The base free alternative may be isolated from the Lewis adduct by sublimation at 120 °C.
The Lewis acidity of B(CeFs); has been measured with the Childs®*® and Gutmann®

methods and is found to fall between that of BF; and BCl;.2%3*

Despite its initial appearance in the 1960s, the utilization of B(CgFs); for chemical
transformations has only recently gained popularity. In a seminal report published in the
early 1990s, B(CgFs); was shown to activate group 4 metallocenes through methyl
abstraction to generate electrophilic metal centers®* (Scheme 1.4), effective for the

catalytic polymerization of alkenes.**™**
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Scheme 1.4: Methyl abstraction by B(CsFs); used for the generation of catalytically active
electrophilic group 4 metal centers.
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Since then, the chemistry of B(CsFs); has grown to include applications in catalysis,*** the

43,44

preparation of weakly coordinating anions and the preparation of novel perfluoroaryl

45-47

boranes and their Lewis adducts. It is also commonly used as a —CgFs transfer

3,48-54

reagent in organometallic synthesis. Tris(pentafluorophenyl)borane forms Lewis

26-28 55,56

adducts with small donor molecules® such as water, pyridines, sulfides,®

2555 nitriles,*° isonitriles,*® imines®” and amines.>>**°®%® To demonstrate the

phosphines,
continued interest in and use of these Lewis adducts, two currently prosperous research
areas which involve Lewis adducts of borane and tris(pentafluorophenyl)boron are

described below.

1.4 Borane adducts for use in hydrogen activation

Perfluoroarylboranes (and alanes) in combination with sterically inaccessible phosphine
moieties have recently found application in metal-free small molecule activation. The
reaction of B(CgFs); with tertiary organophosphines (PRs3) generally proceeds in one of
three ways, depending on the steric and electronic features of R: adduct

19,25,30,55,59,60

formation, zwitterion formation® or an unquenched Lewis acid / base pair®?

(Scheme 1.5).
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Scheme 1.5: Reactivity between tris(pentafluorophenyl)boron and small phosphine Lewis
bases PR; to produce a zwitterion (R = Cy), frustrated Lewis pair (R = '‘Bu) and Lewis
adduct (R = H, Me, Ph).

R=Cy R='Bu R =H, Me, Ph

These and similar systems which contain a Lewis acid and Lewis base which are unable
to react due to steric congestion®® (either forming a zwitterion or an unquenched Lewis
acid / base pair) have recently been termed ‘frustrated Lewis pairs.”® In 2006, the first
example of reversible, metal-free dihydrogen activation was reported by Stephan and
coworkers using the intramolecular frustrated Lewis pair (CsH:Mes),P(CsF4)B(CeFs),
(Scheme 1.6).°>®® This work has led to numerous examples of stoichiometric metal-free
activation of other small molecules®® % such as CO,,° N,O,”* alkenes,”? CO”® and

alkynes.®®

Scheme 1.6: Reversible dihydrogen activation by the frustrated Lewis pair

H
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Frustrated Lewis pairs have also been shown to react with amine borane Lewis adducts
under both stoichiometric and catalytic conditions.”*"" For example, when treated with a
secondary amine borane, the frustrated Lewis pair (‘Bu)sP / B(CsFs); reacts to produce the
phosphonium borohydride [HP(‘Bu)s][HB(CsFs)s] and equimolar amounts of amidoborane

R,N=BH, (Scheme 1.7).”*

Scheme 1.7: Dehydrogenation of an amine borane by a frustrated Lewis pair.

P(‘Bu); + B(CgF5)3 + RoNH'BH; —>  [HP('Bu)3][HB(CgFs)3] + R;N=BH,

i (Bu)sP  B(CoFs)s

|
[ - J

H

RS
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In contrast to the chemistry of the boron trihalides, which form 1:1 Lewis adducts with
bulky tertiary phosphines, the exceptional properties of tris(pentafluorophenyl)borane,
along with steric bulk provided by the —CsFs rings, has offered an extension to the
currently accepted chemistry of Lewis acidic boranes. Frustrated Lewis pairs have
developed into a unique and highly valuable class of molecules which continue to provide

chemical information directly applicable to industrially important processes.

1.5 Borane adducts for use in hydrogen storage

The fuel reserves with which local and global economies function are becoming rapidly

depleted, prompting concern regarding the viability of alternative forms of energy. Current
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research efforts focus on the development of renewable systems, which are required to
meet strict energy goals and specifications for industrial-scale applications.”® Among the
proposed solutions to the current energy crisis is the introduction of chemical hydrogen
storage materials to transport systems such as cars and buses.” Such hydrogen storage
systems are expected to facilitate facile uptake, storage and release of molecular
hydrogen to be used as fuel. Among other proposed chemical hydrogen storage media,

80,81

such as metal hydrides, carbon nanotubes® and metal organic frameworks

85-88

(MOFs),®# metal amidoboranes and amine borane Lewis adducts®*° have been

nominated as suitable classes of molecules for storage purposes.

A large variety of amine boranes have been developed for use as structural models to the
parent compound, ammonia borane (HsN-BHjs), attractive as a storage medium due to its

89,90

high weight percentage of hydrogen (19.6%). For this reason, amine boranes and
related adducts (such as phosphine boranes) serve as the foundation of several active
areas of academic and industrial research.”* Current interest lies in the development of
catalytic dehydrocoupling pathways for a variety of amine adducts of BHj, such as
MeH,N-BH; and Me,HN-BH;.%> Dihydrogen bonding between the protic N—H and
hydridic B—H groups in these Lewis adducts is thought to play an integral part in the
dehydrocoupling mechanism.®® For this reason, research efforts focus, in part, on the

understanding of the solid state structures of these Lewis adducts and development of

novel adducts to enhance structure / function relationships.

In addition to the utilization of molecular dihydrogen released from the various storage
media, the isolation and characterization of the resulting B/N containing materials has

drawn considerable attention in the literature.®*®’

Boron nitride materials, which result
from complete dehydrogenation of ammonia borane, are highly researched due to their

isoelectronic relationship with industrially important graphenes and carbon nanotubes.
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1.6  Adducts of other pentafluorophenyl substituted boranes

In  response to the tremendous array of chemistry demonstrated by
tris(pentafluorophenyl)borane,”™ derivatives with only one or two —C¢Fs rings have
become an intriguing area of research. Chemistry of bis(pentafluorophenyl)borane,
HB(C¢Fs5), and its halogenated analogue, CIB(CsFs),, includes functionalization of
unsaturated bonds by hydroboration,*® hydrogen activation as part of a frustrated Lewis
pair® and most recently in catalytic metal-free hydrogenation of unfunctionalized olefins

(Scheme 1.8).%°

Scheme 1.8: Reactivity of bis(pentafluorophenyl)borane and its chloride analog.

Ph/\
Hydroboration HB(CeFs)y  ——— o N B(CeF5)2
Hy
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In a similar fashion to borane (B,He), base free HB(CgFs), is dimeric in nature and
therefore suffers from the same retrodimerization requirement for reactivity. However,
both HB(CsFs), and the mono(pentafluorophenyl)borane analog H,B(CgsFs) are easily
isolated as Lewis adducts with dimethylsulfide.”” These highly crystalline compounds
exhibit similar reactivity to the dimeric boranes without the need for dimer dissociation.
This is exemplified in a comparison between the hydroboration chemistry of Piers’ borane
[HB(CsFs),]. and the more readily prepared dimethylsulfide adducts of mono- and bis-

(pentafluorophenyl)borane, presented in Chapter 4.

Facile ligand exchange between LB-B(CsFs); (LB = SMe,, OEt,) and other Lewis bases
has led to the isolation of a number of amine and other nitrogen donor adducts of
tris(pentafluorophenyl)borane.”®'® In an analogous fashion, the dimethylsulfide adducts
Me,S-BH,(CsFs)s-n (n = 0, 1, 2) have been used as precursors to the more chemically

101,102

intriguing amine borane adducts HsN:-BH.(CeFs)s-n (n = 1, 2). These adducts,
bearing protic N—H and hydridic B—H bonds, similar to those observed in HsN-BH; and
Me,HN-BHs, may be used as model substrates for the dehydrocoupling of amine boranes.
A selection of amine and nitrogen donor ligands were used to prepare new Lewis adducts
of mono- and bis-(pentafluorophenyl)borane. Synthetic procedures, characterization data

and comparisons between the structure and bonding trends of the mono- and bis-

(pentafluorophenyl)borane adducts are presented in Chapter 2.

Facile deprotonation of amine boranes produces the corresponding amidoborane anions
in quantitative yields. Metal amidoboranes such as MNH,BH; (M = Li,?**'® Na,®® K%,
M(NH,BH5), (M = Ca,?*'% Sr'®) and the recently reported mixed metal amidoboranes
Na[Li(NH,BH3),]*® and Na,Mg(NH,BH;),'® contain a high weight percentage of
dihydrogen and have been investigated for their dehydrogenation properties.®*%’
Dehydrogenation of the metal amidoboranes occurs at lower temperatures and with less
borazine release®® than dehydrogenation of ammonia borane as a result of the difference

108,109
d—"

in their bonding relative to the parent compoun Metal amidoboranes have also
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been used in the preparation of early transition metal complexes bearing the —NH,BH;

110-112
d,

ligan thought to play a significant role in catalytic dehydrocoupling by early

transition metals.

In a similar fashion to the generation of the described M(NH,BH3) (M = Na, K, Li) species,
facile deprotonation of the ammonia adduct of tris(pentafluorophenyl)borane and its
mono(pentafluorophenyl)borane and bis(pentafluorophenyl)borane analogs results in
gquantitative conversion to the corresponding lithium salts Li[NH,BH,(CsFs)s-n]
(n=0,1,2).101192113  These salts have been used to stabilize transition metal
amidoborane complexes, analogous to those of the —NH,BH; ligand, which exhibit
structure and bonding motifs which have been imposed as possible intermediate states in
catalytic dehydrocoupling cycles.’®*% A collection of group 4 metallocene complexes of
the ligands —-NH,B(C¢Fs)s, —NH,BH(CgFs), and —NH,BH,(C¢Fs) are presented in
Chapter 3, along with application of the resulting structure and bonding to currently

accepted mechanisms for early transition metal catalyzed dehydrocoupling.
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Chapter 2 Amine and nitrogen donor adducts of mono- and bis-

(pentafluorophenyl)borane

2.1 Introduction

Lewis adducts featuring the combination of Lewis acidic boranes and amine lone pair
donors constitute a class of molecules known as amine boranes. Despite the
isoelectronic relationship between these Lewis adducts and closely related alkanes,
amine boranes exhibit molecular polarity, a characteristic responsible for significant

90,111,114-116 In

variation in bonding and chemistry relative to their C—C congeners.
addition, amine boranes have acidic N—H and hydridic B—H groups present within the
adduct, an attractive feature which supports their use as hydrogen storage
materials.?**'" The chemistry of these Lewis adducts and related compounds has been

d,%>118-120 with fundamental research into the structure of ammonia

extensively reviewe
borane (Hs;N-BH3) and isomeric diammoniate of diborane ([(NHs),BH,][BH,4]) dating back

to the 1920s.121-124

Renewed interest in these compounds has resulted from their suggested function as
hydrogen storage materials. Current efforts are largely concerned with amine borane
dehydrocoupling to yield dihydrogen along with amino- and imino-boranes as polyalkene
and polyalkyne analogues, or quantitative dihydrogen elimination to give boron nitride
materials. This potentially reversible process is under investigation as a means to store

and use hydrogen to meet increasing energy demands. 2912128

2.1.1 Ammonia borane

A high yielding and high purity preparation of ammonia borane was first reported in 1955

from salt metathesis between lithium borohydride and ammonium chloride

29



(Scheme 2.1)."® The Lewis adduct was isolated as a colorless, air-stable solid. The
authors also report preparation through the reaction of diammoniate of diborane,
[(NH3),BH,][BH,] with ammonium chloride. Both reactions proceed through formation, and
subsequent decomposition, of ammonium borohydride to make ammonia borane and one

equivalent of dihydrogen gas.

Scheme 2.1: Preparation of ammonia borane through decomposition of ammonium
borohydride.

Li[BH,] + [NH4JCl ——— [NH4][BH,] ———> H;3N-BH;
— LiCl —H,

[(NH3),BH,][BH4] + [NH4JCI ——— > [NH4][BH;] ——— > H3N-BHj3
— [(NH3)2,BH,]CI - Hy

Today, ammonia borane is most commonly prepared through either the metathesis
reactions described above or by the direct addition of ammonia to diborane or a borane
adduct such as thf-BH;.**'?®1%%  The ease of handling, resistance to hydrolysis, low
molecular weight and high weight percentage of dihydrogen (19.6%) contribute to the

proposed use of ammonia borane as a hydrogen storage medium.

Discussion of the solid state structure of ammonia borane has a lengthy history in the
literature, beginning in 1956 with the use of powder X-ray diffraction methods.™*"**?
However, the structure was unequivocally refined by Crabtree and co-workers in 1999
using neutron diffraction.”*>  Ammonia borane adopts a low energy staggered
conformation, with a B—N bond length of 1.58(2) A. In the solid state, ammonia borane

exhibits dihydrogen bonding, a distinct bonding type described as a short H---H interaction

between an acidic N—H and a hydridic B—H group measuring between 1.7 and 2.2 A.**®
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A dihydrogen bond is therefore significantly shorter than the sum of the van der Waals
radii for two hydrogen atoms, measuring 2.4 A. Dihydrogen bonding in ammonia borane
strongly influences the crystal packing and as a result, ammonia borane has a very dense
stacking arrangement in the solid state. This is in contrast to the isoelectronic C—C
congener, ethane, in which the loose packing exhibits no H---H inter- or intra-molecular

distances shorter than the sum of the van der Waals radii.**®

As a result, ammonia
borane exhibits very low solubility in common organic solvents,®® a characteristic which

reduces efficient use in homogeneous catalytic dehydrocoupling.

As a solid, ammonia borane is stable towards thermal decomposition up to 110 °C,
whereupon the first equivalent of dihydrogen is released, producing the aminoborane
{H.N=BH,}« polymer. Further dihydrogen release requires temperatures up to 130 °C to
produce the iminoborane {HN=BH},, and the final equivalent of dihydrogen is released
only above 1170 °C (Scheme 2.2).** Due to the high temperatures required for thermal
degradation of ammonia borane, its use as a hydrogen storage medium requires careful

consideration of catalyst efficiency, reaction solvent, reaction duration and temperature.

Scheme 2.2: Thermal decomposition of solid ammonia borane.

110 °C NH; 130°C 1170 °C N
HsN—BH; —— |||
H2 H —H2 B

X

In response to the robust stability of ammonia borane, synthetic strategies focus on the
modification of ammonia borane to make a material with more readily accessible

dihydrogen. Synthetic considerations include not only ease of dihydrogen loss, but also
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increased solubility of the starting adducts and resulting aminoborane polymers in organic
solvents. One popular approach is use of N-substituted amine boranes, which feature
small R groups bound to nitrogen in place of the N—H groups which encourage
dihydrogen bonding in the parent molecules. The resulting decrease in the density of the
dihydrogen bonding network has been proposed to alleviate the high temperatures and
pressures required for efficient dihydrogen loss in addition to increasing substrate

solubility.”

2.1.2 N-substituted amine boranes

Alkyl substituted amine boranes have been employed as suitable models for ammonia
borane due to their similar size and reported dehydrocoupling chemistry in comparison
with the parent amine borane. In a similar fashion to ammonia borane, alkyl substituted
amine boranes are most commonly prepared through either salt metathesis between an
ammonium chloride and a metal borohydride or through Lewis acid / Lewis base
exchange between the amine and either diborane or a borane adduct (such as thf-BHs).*
The most frequently used substituted amine boranes are the N-methylated amine boranes
Hs-nR.N-BH3 (n = 1, 2; R = CHs3), however one can envisage the depth of this class of
compounds when considering larger R groups or the possibility of mixed R groups on the
nitrogen atom. Of the two mentioned N-methylamine boranes, dimethylamine borane
(DMAB) is the most popular choice for several reasons, including its commercial
availability, low cost, single dehydrocoupling product ({Me,N=BH,},) and increased
solubility in organic solvents.’®* In addition, the relatively small size of the methyl groups
allow for meaningful comparisons between the dehydrocoupling chemistry of

dimethylamine borane and ammonia borane.

The solid state structure of DMAB (and that of methylamine borane)®® exhibits a similar

dihydrogen bonding network to that observed for ammonia borane,*™ but due to the
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presence of the methyl groups, this arrangement is less densely packed in the crystal
lattice (Figure 2.1).”* This decrease in dihydrogen bonding is reflected in the improved

solubility of the methylated amine boranes in comparison with ammonia borane.
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Figure 2.1: Crystal packing and dihydrogen bonding network of ammonia borane (top),
methylamine borane (bottom, left) and dimethylamine borane (bottom, right), with
displacement ellipsoids displayed at the 50% probability level.*®> Boron (pink), nitrogen
(blue), carbon (dark grey), hydrogen (light grey). Hydrogen atoms of the methyl groups of
methylamine borane and dimethylamine borane have been omitted for clarity.

In addition to general mechanistic considerations, identification of the resulting oligomeric
and polymeric polyamino- and polyimino-boranes is required for the application of a
reversible dehydrocoupling process. Increased interest in the aminoborane
oligomerization or polymerization is evident in the literature, with these steps proposed to

d136—139

occur either as metal-assiste or off-metal cyclization / oligomerization

processes.'*"3#14% While dehydrocoupling of dimethylamine borane leads to isolation of
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135,141
2}21

the aminoborane dimer {Me,N=BH use of methylamine borane produces a

mixture of oligomeric and polymeric materials.'** Other substituted amine boranes such

141,143-14% hacause of the

as 'Pr,HN-BH; and Cy,HN-BH; feature in dehydrocoupling studies
known monomeric and isolable nature of the dehydrogenated aminoboranes,

'Pr,N=BH,"****" and Cy,N=BH,."*

Dehydrocoupling of N-methyl substituted amine boranes has been accomplished under
relatively mild conditions and with low catalyst loadings. Whilst early and mid transition
metal based catalysts have been used to dehydrocouple ammonia borane, dimethylamino

140,147-150

borane, and other substituted amine boranes, the late transition metal catalysts

offer the most desirable dehydrocoupling conditions to date,%*43144.151-153

2.1.3 Pentafluorophenyl substituted amine boranes

Interest in pentafluorophenyl substituted boranes has focused primarily on their role in

373840154 and as weakly coordinating anions.>**'** Due to their

polymerization catalysis
unigue chemistry, it seems fitting to extend applications of perfluoroarylboranes to include
pentafluorophenyl substituted amine boranes as models for dehydrocoupling substrates.
Among the first Lewis base adducts of tris(pentafluorophenyl)borane was the ammonia
adduct, HsN-B(CsFs)s.>*° The solid state structure of HzN-B(CsFs)s, determined over 40
years after the initial preparation in 1963, exhibits N—H---F—C intramolecular hydrogen
bonding between the N—H groups of ammonia and the ortho-fluorine atoms of each
pentafluorophenyl ring.® Two ammonia N—H groups participate in an additional

intermolecular N—H---F—C hydrogen bond with a pentafluorophenyl ring of a neighboring

molecule, forming a bifurcated hydrogen bonding interaction (Figure 2.2).
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Figure 2.2: Molecular structure of H3;N-B(C¢Fs)s showing intramolecular (blue) and
intermolecular (red) N—H---F—C interactions.

The N—H---F—C interaction is a significant structural feature observed in
pentafluorophenyl substituted amine boranes, noteworthy because the organofluorine
group is, in general, considered to be a poor hydrogen bond acceptor.**® Short H---F
contacts have been defined by Dunitz as those measuring less than 2.2 A.**®* As an
extension to the classification of H---F contacts between protic amines and organo-
fluorine bonds, Lancaster and co-workers have considered a medium H---F contact to
measure between 2.2 A and 2.35 A and a long contact described as being between
2.35A and 2.55 A®® These criteria have been used to describe the inter- and intra-
molecular hydrogen bonding of several amine adducts of tris(pentafluorophenyl)borane
(Figure 2.3, 1) and alane®® along with Lewis base adducts of tris(pentafluorophenyl)borane
with heterocyclic nitrogen bases'® (Figure 2.3, Ill) and nitrogen-centered anions®’

(Figure 2.3, 1I).
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R =R’ =H, alkyl / aryl

Figure 2.3: Nitrogen donor adducts of tris(pentafluorophenyl)borane.

The presence of the pentafluorophenyl groups on the boron changes the electronic nature
of the resulting amine adducts in comparison with those of the pentafluorophenyl-free
borane, BH;. The electron withdrawing characteristics of each —Cg¢Fs group result in
increased Lewis acidity at the boron center, and thus a stronger dative bond interaction
from the nitrogen lone pair into the highly electron deficient p-orbital on boron. This
renders the protic N—H of the amine-borane adduct more acidic than that of the free
amine.®® Therefore, it can be reasoned that the N—H group in HsN-B(CgFs); is more
acidic than the same N—H group in ammonia borane. A consequence of —C¢Fs addition

to the boron is a decrease in the hydridic character of the remaining B—H groups.*®

The dimethylsulfide adducts of mono- and bis-(pentafluorophenyl)borane are easily
prepared through exchange reactions between Et,0-B(CsFs); and Me,S:-BHs.*" Further
facile exchange of the dimethylsulfide for ammonia yields crystalline Hs;N-BH,(CgFs)s-n

(n=1, 2) (Scheme 2.3).*?
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Scheme 2.3: Preparation of the dimethylsulfide and ammonia adducts of mono- and bis-
(pentafluorophenyl)borane.

F
F F SMe2 NH3
NH, B
—OEt Ny > & //|_|
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R =H, CGFS R =H, C6F5

Both H3;N-BH(CgsFs), and HsN-BH,(Cg¢Fs) show boron and nitrogen atoms in a tetrahedral
geometry, with a B—N bond distance of 1.603(2) A and 1.615(1) A, respectively,
consistent with that reported for HsN-B(CgFs); at 1.623(2) A. While the crystal structure of
HsN-BH(C¢Fs), is unremarkable, that of HsN-BH,(Ce¢Fs) exists as a dimer through
dihydrogen bonding between the hydridic B—H groups and the acidic N—H groups with

an H(1A)---H(2A) distance of 2.121 A (Figure 2.4).2%2

Figure 2.4: Crystal structure of dimeric HsN-BH,(C¢Fs) with displacement ellipsoids
displayed at the 50% probability level.'®® The N—H..-H—B dihydrogen bonding
interactions are indicated in red, with the H(1A)---H(2A) distance measuring 2.121 A.
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The amine and nitrogen donor adducts of tris(pentafluorophenyl)borane show a variety of
inter- and intra-molecular interactions. These include N—H---F—C contacts, which are
noteworthy due to the poor hydrogen bond acceptor properties of the organofluorine

group,™® which form six-membered rings predicted by Etter’s rules.™®

Nitrogen donor
adducts of mono- and bis-(pentafluorophenyl)borane would be expected to display similar
inter- and intra-molecular N—H---F—C contacts, with the addition of the possibility for
N—H---H—B dihydrogen bonding interactions and off-set face-to-face —C¢Fs stacking. In
order to investigate the supramolecular chemistry of the Lewis adducts of mono- and bis-
(pentafluorophenyl)borane, amine and nitrogen donor adducts of both boranes have been
prepared and crystallographically characterized. Their significant structure and bonding

motifs are discussed and the resulting supramolecular features compared with those of

similar adducts.

2.2 Results

The ammonia adduct of tris(pentafluorophenyl)borane is prepared through facile Lewis
base displacement from Et,O-B(CsFs); or Me,S-B(CgFs); with ammonia at room
temperature. Following this procedure, a variety of other amine and nitrogen donor
adducts of tris(pentafluorophenyl)borane have been reported.”® In a similar fashion,
treatment of the dimethylsulfide adducts of mono- and bis-(pentafluorophenyl)borane with

101,102

Lewis bases such as ammonia, amines and other nitrogen donors produces the

corresponding Lewis adducts LB-BH,(CsFs)s-n (N = 1, 2) (Scheme 2.4).
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Scheme 2.4: Preparation of nitrogen donor Lewis adducts of H,B(CgFs)s-n (N =1, 2).
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As a result of adduct formation with protic amines, the relative Brgnsted acidity of the
N—H group increases, which is reflected in the downfield shift for the N—H *H resonance
relative to that of the free amine (Table 2.1). This result is also observed in the case of

protic amine adducts of tris(pentafluorophenyl)borane.>®*%

Table 2.1: 5(N—H) for the amines and amine adducts of BH,(CgFs)s-n (n = 1, 2).2°

Amine-BH,(C¢Fs) | Amine-BH(CgFs), Amine-B(C¢Fs)3
Amine N—H N—H | 8(N—H) | N—H | 8(N—H) N—H O(N—H)
PhNH, 2.49 3.94 1.45 4.69 2.20 6.79 4.30
‘BuNH, 0.79 2.46 1.67 3.48 2.69 4.29 3.50
BnNH, 0.72 2.65 1.93 3.63 291 4.42 3.70
Me,NH 0.23 2.47 2.24 3.79 3.56 6.23 6.00

& All 8 values reported in ppm and referenced to CgDs with the exception of PhH,N-B(CgFs); which
is reported relative to CDCls.

® values for N—H resonances for amine adducts of B(CgFs)s are from references 62 and 156.

Adduct formation may also be confirmed by comparing the resulting *'B NMR spectrum
with that of the Lewis base-free borane. For example, the !B NMR spectrum for
base-free B(CqFs); displays a broad resonance near 60 ppm, indicative of a three

coordinate neutral boron atom. Upon adduct formation with NHj, this broad resonance is
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replaced by a sharp singlet around —10 ppm, indicating the formation of a four coordinate
neutral boron atom. Therefore, direct comparison between the *'B NMR spectrum of the
free borane with that of its amine adduct is a quantitative and reliable method for

assessment of reaction completion.

446 Dissolution of the

Base free HB(C¢Fs), exists as a dimer in the solid state.
[HB(CeFs)2], dimer in deuterated benzene results in a *'B NMR spectrum consisting of
resonances attributed to the dimeric (around 18 ppm) and dissociated monomeric borane
(near 60 ppm). Therefore, an analogous assessment of Lewis adduct formation, relative
to that described for B(Cg¢Fs); and its amine adducts, may be made with respect to the *'B
resonance of HB(CgFs), near to 60 ppm. The reported nitrogen base adducts of
HB(C¢Fs), have signals in the *'B NMR spectra between -8 and —20 ppm, consistent with
adduct formation and a four coordinate neutral boron atom. For
mono(pentafluorophenyl)borane and its Lewis adducts, a shift in the *'B NMR spectra

upon adduct formation cannot be directly analyzed as NMR spectroscopic data for

base-free H,B(CsFs) has not been reported to date.

2.2.1 Crystallography

In addition to multinuclear NMR spectroscopic characterization, all but one of the adducts
have been characterized by single crystal X-ray diffraction methods. For the reported
adducts with amine donors, all boron and nitrogen atoms adopt a nearly tetrahedral
geometry, with very little variation in the B—N bond lengths. The boron atoms for
py-BH.(CsF5)s-n (n = 1, 2) adopt a nearly tetrahedral geometry, with slightly shorter B—N

bond lengths than those observed for the amine adducts.
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2.2.1.1 Amine and nitrogen donor adducts of H,B(CsFs)

The dimethylamine adduct of mono(pentafluorophenyl)borane, Me,HN-BH,(C¢Fs) (1a) is
prepared through treatment of a toluene solution of Me,S-BH,(C¢Fs) with dimethylamine.
X-ray quality crystals of la were isolated after addition of light petroleum to the crude
reaction mixture and subsequent cooling to —25 °C. Both the boron and nitrogen atoms
are in a slightly distorted tetrahedral geometry, with a B—N bond length of 1.609(5) A.
The supramolecular structure of 1a (Figure 2.5) exhibits weak H---H contacts between
acidic N—H and hydridic B—H groups in a bifurcated BH,---HN fashion. Whilst this
arrangement is reminiscent of the bonding in the pentafluorophenyl-free analog
Me,HN-BH;,* the presence of one pentafluorophenyl ring in the new adduct results in
lengthening of one of the B—H---H—N contacts to just outside the accepted range for a
dihydrogen bond (contact H(1A)---H(2) is 2.088 A while contact H(1B)---H(2) is 2.273 A).
Molecular chains of la are linked together through off-set face-to-face —Cg¢Fs pairing

interactions, with an interplanar distance of 3.269 A (Figure 2.6).
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Figure 2.5: Crystal structure of Me,HN-BH,(CsFs) (1a) with displacement ellipsoids
displayed at the 50% probability level. The dihydrogen contacts formed by bifurcated
BH,---HN interactions are indicated in red. Hydrogen atoms of the methyl groups have
been omitted for clarity.

Figure 2.6: Crystal packing of Me,HN-BHx(CsFs) (1a) with displacement ellipsoids
displayed at the 50% probability level. The dihydrogen bonding network formed from
bifurcated BH,---HN interactions is indicated in red. Hydrogen atoms of the methyl groups
have been omitted for clarity.
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Treatment of a toluene solution of Me,S-BH,(CsFs) with ‘BuNH, and crystallization from a
toluene / light petroleum mixture at —25 °C yields colorless crystals of 'BuH,N-BH,(C¢Fs)
(1b). Two crystallographically independent molecules of 1b are found in the crystal
lattice, with B—N bond lengths of 1.618(8) A (B(1)—N(2)) and 1.622(9) A
(B(101)—N(102)). In the solid state, molecules of 1b form chains through alternating short
and long dihydrogen bonds (Figure 2.7). Pairs of 'BuH,N-BH,(CsFs) molecules form
through short N(102)—H(10E)---H(1A)—B(1) dihydrogen bonding interactions which
measure 2.07 A while the H(2B)---H(10M) contacts which link these molecular pairs

together throughout the crystal lattice measure 2.197 A.

Figure 2.7: Crystal packing of ‘BuH,N-BH,(C¢Fs) (1b) with displacement ellipsoids
displayed at the 50% probability level. The crystal packing consists of alternating short
and long H---H contacts indicated in red. Hydrogen atoms of the tert-butyl groups have
been omitted for clarity.

In a similar fashion, displacement of dimethylsulfide from Me,S-BH,(C¢Fs) with aniline at

ambient temperature results in the formation of PhH,N-BH,(CgFs) (1c). The product was
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isolated in 43% yield from a toluene / light petroleum solution cooled to 2 °C. In the solid
state, both the boron and nitrogen atoms of 1c assume a distorted tetrahedral geometry,
and the hydridic and protic hydrogen atoms are mutually trans about the B—N bond
(1.627(3) A). Intermolecular dihydrogen bonding interactions result from this trans
configuration (Figure 2.8) and aid in the arrangement of the molecules into a chain-like
structure. The H(1B)---H(2B) dihydrogen bond distance measures 1.966 A. In addition,
the chain arrangement is facilitated by stacking of —C¢Fs and —C¢Hs rings of neighboring
molecules of 1c, with interplanar distances of 3.185 A and 3.396 A, respectively
(Figure 2.8a). Neighboring chains of 1¢ molecules pack together in the solid state in part
by interactions between the remaining N—H group and the ortho-fluorine of a —C¢Fs5 ring
from a molecule of 1c in the neighboring chain, with the H(2A)---F(6) contact measuring

2.176 A (Figure 2.8b).

44



(b)

Figure 2.8: Crystal packing of PhH,N-BH,(CsFs) (1c) with displacement ellipsoids
displayed at the 50% probability level. Stacking diagrams show (a) chains formed through
dihydrogen bonding (indicated in red) and (b) intermolecular N—H---F—C interactions
(indicated in blue).
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The benzylamine adduct of mono(pentafluorophenyl)borane, BnH,N-BH,(CsFs) (1d) was
prepared through treatment of a toluene solution of Me,S-BH,(C¢Fs) with benzylamine at
ambient temperature. Compound 1d exhibits both boron and nitrogen in a distorted
tetrahedral geometry, with a B—N bond length of 1.627(3) A. In contrast to the previously
discussed adducts of mono(pentafluorophenyl)borane, 1d exists as a dimer in the solid
state, with dimerization occurring through short H---H contacts (Figure 2.9). This is
reminiscent of the structure of the previously reported ammonia adduct of the same

borane, HsN-BH,(CgFs).'%

Figure 2.9: Crystal structure of dimeric BnH,N-BH,(CgsFs) (1d) with displacement
ellipsoids displayed at the 50% probability level. Dimerization occurs through
intermolecular bifurcated BH,---HN contacts indicated in red.

46



Supramolecular dimerization through H---H contacts facilitates an arrangement where the
N—H and B—H groups are closer to a cis arrangement than a trans arrangement about
the B—N bond. This contrasts with the adducts 1b and 1c in which a chain-like
arrangement of H---H contacts facilitates a trans configuration between the N—H and
B—H groups. For 1d, the H---H contacts arrange in a bifurcated BH,---HN fashion, similar
to the dimethylamine adducts of BH;*® and HB(C¢Fs),.'® The bifurcated interaction is
formed from dihydrogen bonding contacts measuring 2.161 A (H(1A)---H(2A)) and
2.024 A (H(1B)---H(2A)). The crystal packing of the dimeric units is dominated by a weak
H(1B)---H(2B) contact (2.218 A) an the intermolecular N—H(2B)---F(2)—C interaction
(2.493 A) and —C¢F5s and —CgHs stacking interactions with interplanar distances of 3.092 A

and 3.626 A, respectively (Figure 2.10).

Figure 2.10: Crystal packing of BnH,N-BH,(C¢Fs) (1d) with displacement ellipsoids
displayed at the 50% probability level. The intermolecular N—H---F—C interactions and
weak H---H contacts which link dimeric pairs of 1d are indicated in blue and red,
respectively. Hydrogen atoms of the benzyl groups have been omitted for clarity.
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The triethyamine adduct of mono(pentafluorophenyl)borane, Et;N-BH,(CgFs) (le) is
prepared through treatment of a toluene solution of Me,S-BH,(CeFs) with triethylamine at
ambient temperature. Adduct formation was confirmed by multinuclear NMR
spectroscopy, with specific attention being paid to the shift of the *'B NMR signal from
-17 ppm (t, *Jg = 105 Hz) in the starting material to —14 ppm (t, *Jgn = 92 Hz) for the
final product, as well as the replacement of the SMe, peak in the *"H NMR spectrum of the
starting borane (1.20 ppm in CgDe) with peaks corresponding to adducted NEts. This
adduct exists as an oil at ambient temperature which has prevented structural

characterization by elemental analysis and X-ray diffraction methods.

The pyridine adduct of mono(pentafluorophenyl)borane, py-BH»(CsFs) (1f) was isolated in
40% vyield from a dichloromethane / light petroleum mixture at =25 °C after treatment of a
toluene solution of Me,S-BH,(CsFs) with pyridine. In a similar fashion to the other reported
adducts, the boron adopts a tetrahedral geometry, with a B—N bond length of 1.605(2) A.
The crystal structure shows the main packing feature to be off-set face-to-face —CgFs

pairing interactions, with an interplanar distance of 3.336 A (Figure 2.11).

Figure 2.11: Crystal packing of py-BH,(CeFs) (1f) with displacement ellipsoids displayed
at the 50% probability level. The crystal packing is dominated by alternating —C¢Fs pairing
interactions and van der Waals interactions.
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In addition to the —CgFs stacking interactions between the pentafluorophenyl rings, van der
Waals interactions between the pyridine rings facilitate further packing in the crystal
structure. The interplanar distance between the pyridine rings is comparable to, but
slightly longer than any reported —CqFs stacking or pairing interactions, at 3.488 A

(Figure 2.11).

2.2.1.2 Amine and nitrogen donor adducts of HB(C¢Fs)»

In a comparable fashion to the preparation of Me,HN-BH,(C¢Fs), a toluene solution of
Me,S-BH(CsFs), was treated with dimethylamine to form the new adduct
Me,HN-BH(C¢Fs), (2a) in quantitative yield. Crystals of the product were isolated by slow
cooling of a concentrated toluene / light petroleum mixture from 50 °C to ambient
temperature. The boron and nitrogen atoms adopt a nearly tetrahedral geometry, with a
B—N bond length of 1.612(3) A. In contrast to the structure of compound 1a, the crystal
structure of 2a exhibits no intermolecular dihydrogen bonding or weak H---H contacts
(Figure 2.12). Instead, the acidic N—H proton participates in a bifurcated N—H---F—C
interaction with an ortho-fluorine from each pentafluorophenyl ring, resulting in the N—H
and B—H groups featuring a trans conformation about the B—N bond. These
N—H---F—C contacts measure 2.353 A and 2.369 A for H(2)---F(6) and H(2)---F(8),
respectively. Molecules of 2a form a chain-like arrangement throughout the crystal lattice
directed by off-set face-to-face —C¢F5 stacking interactions, with an alternating interplanar

distance of 3.189 A and 3.263 A.
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Figure 2.12: Crystal packing of Me,HN-BH(CqFs), (2a) with displacement ellipsoids
displayed at the 50% probability level. The packing is dominated by N—H---F—C
contacts (indicated in blue) and off-set face-to-face —CgFs stacking interactions.

The bifurcated N—H---F—C interactions exhibited in 2a are reminiscent of the
dimethylamine adduct of tris(pentafluorophenyl)borane, Me,HN-B(CsFs)s, in which the
same bonding pattern is observed.®® However, the N—H---F—C interactions in

Me,HN-B(C¢Fs); are markedly shorter than those of 2a, measuring around 2.1 A.

The 'BuNH, adduct of bis(pentafluorophenyl)borane is accessible through displacement of
the dimethylsulfide of Me,S-BH(CgFs), for 'BuNH, in toluene to produce ‘BuH,N-BH(C¢Fs),
(2b). A 19% vyield of crystalline material was isolated from a toluene / light petroleum
mixture of the crude material cooled to 2 °C. Both the boron and nitrogen atoms adopt a
nearly tetrahedral geometry in the solid state, with a B—N bond length of 1.619(1) A. In
contrast to the crystal structure of '‘BuH,N-BH,(CsFs) (1b), which exhibits no short H---F
contacts molecules of 2b exhibit both intra- and inter-molecular N—H---F—C interactions

(Figure 2.13).
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Figure 2.13: Crystal structure of 'BuH,N-BH(CgFs), (2b) with displacement ellipsoids
displayed at the 50% probability level. Molecular pairing occurs through bifurcated inter-
and intra-molecular N—H---F—C interactions, indicated in blue. Hydrogen atoms of the
tert-butyl groups have been omitted for clarity.

Each N—H proton in 2b participates in a bifurcated H---F interaction, with one set of
interactions being solely intramolecular, similar to the '‘BuNH, amine adduct of B(C¢Fs)s,>®
and one consisting of one intra- and one inter-molecular interaction. Proton H(2B) is
involved in two intramolecular N—H---F—C interactions, measuring 2.229 A and 2.425 A
for H(2B)---F(6) and H(2B)---F(12), respectively. The remaining N—H participates in one
intramolecular interaction, H(2A)---F(12) at 2.297 A and one intermolecular interaction,
H(2A)---F(11) measuring 2.432 A. The intermolecular N—H---F—C interaction is not a
feature which is shared with the related adduct BuH,N-B(C¢Fs);. The N—H---F—C
interactions facilitate dimerization of 2b in the solid state, with neighboring dimers packing
through off-set face-to-face —CgsFs stacking interactions with an interplanar distance of

3.088 A.

The adduct PhH,;N-BH(CeFs), (2¢) is prepared through an analogous method to that of
PhH,N-BH,(CsFs) (1c), with treatment of the dimethylsulfide adduct with aniline in toluene
at ambient temperature. X-ray quality crystals of 2c were grown from a toluene / light

petroleum solution at —=25 °C. The boron and nitrogen atoms adopt a distorted tetrahedral
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geometry, with a B—N bond length of 1.632(2) A. In a similar fashion to 2b, several intra-
and inter-molecular N—H---F—C interactions facilitate pairing of PhH,N-BH(CgFs).

molecules in the solid state (Figure 2.14).

Figure 2.14: Crystal structure of PhH,N-BH(CgFs), (2¢) with displacement ellipsoids
displayed at the 50% probability level.  Molecular pairing occurs through one
intermolecular N—H---F—C interaction, indicated in blue, and a —-CgFs stacking
interaction.

One N—H group participates in a bifurcated intramolecular N—H---F—C interaction, with
H---F contacts measuring 2.181 A and 2.323 A for H(2A)---F(12) and H(2A)---F(6),
respectively. The remaining N—H group engages in an intermolecular H(2B)---F(3)
interaction, slightly longer than the two intramolecular interactions, at 2.408 A. The
resulting off-set face-to-face —C¢Fs stacking interaction has an interplanar distance of
3.391 A, consistent with the previously discussed adducts which exhibit this type of

packing.
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The benzylamine adduct of mono(pentafluorophenyl)borane (2d) is prepared through
treatment of Me,S-BH(C¢Fs), with a stoichiometric amount of benzylamine at ambient
temperature. In a similar fashion to 2b and 2c, compound 2d exhibits molecular pairing in
the solid state, with dimerization resulting from an intermolecular N—H---F—C interaction.
Both the boron and nitrogen atoms adopt a tetrahedral geometry, and the B—N bond
length measures 1.616(1) A. One N—H group participates in an intramolecular bifurcated
interaction with an ortho-fluorine of each —Cg¢Fs ring. The H(2A)---F(6) interaction
measures 2.255 A, while the H(2A)---F(12) distance is slightly shorter at 2.236 A. The
remaining N—H group participates in an intermolecular N—H(2B)---F(4)—C interaction
measuring 2.442 A (Figure 2.15). The resulting off-set face-to-face —CgFs stacking

interaction in BnH,N-BH(C¢Fs), has an interplanar distance of 3.238 A.

o

Figure 2.15: Crystal structure of BnH,N-BH(CgFs). (2d) with displacement ellipsoids
displayed at the 50% probability level.  Molecular pairing occurs through one
intermolecular N—H---F—C interaction, indicated in blue, and a —CgsFs stacking
interaction.
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Treatment of a toluene solution of Me,S-BH(C¢Fs), with triethylamine at ambient
temperature produces the triethylamine adduct of bis(pentafluorophenyl)borane,
Et;N-BH(CsFs),  (2e). This triethylamine adduct, in contrast to that of
mono(pentafluorophenyl)borane, is easily isolated as a colorless solid in 68% vyield from a
toluene / light petroleum solution at —25 °C. Both the boron and nitrogen atoms adopt a

nearly tetrahedral geometry, and the B—N bond measures 1.664(3) A (Figure 2.16).

Figure 2.16: Crystal structure of Et;N-BH(C¢Fs), (2e) with displacement ellipsoids
displayed at the 50% probability level. Hydrogen atoms of the ethyl groups have been
omitted for clarity.

Due to the lack of an acidic N—H functionality, no dihydrogen bonding or N—H---F—C
interactions are present in the crystal structure. The formation of compound 2e and
stability of its structure, in contrast with the analogous chemistry of

tris(pentafluorophenyl)borane,®® may be related to the relative Lewis acidity of the boron
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center, which is decreased due to the presence of only one or two two, rather than three,

—CsFs groups.

The pyridine adduct of bis(pentafluorophenyl)borane, py-BH(CsFs),, (2f), was isolated in
27% vyield from a toluene / light petroleum mixture at —25 °C following treatment of a
toluene solution of Me,S-BH(CgFs), with pyridine at ambient temperature. The crystal
structure of py-BH(CsFs), (2f) displays the shortest B—N bond length of any of the
reported adducts, measuring 1.597(7) A. The two —Cg¢Fs rings and the pyridine ring
arrange about the boron atom in a propeller-like fashion, with the B—H group directed

away from the center of the propeller, reminiscent of the [HB(CsFs)s] ™ ion.®%1%162

Molecules of 2f pair in the solid state through long intermolecular H---F contacts between
an ortho-hydrogen of the pyridine ring and the para-fluorine from the —C¢Fs ring on a
neighboring molecule, with the F(10)---H(13) distance measuring 2.356 A. Within the
dimer, the —C4Fs rings stack in an off-set face-to-face arrangement, with an interplanar
distance of 3.308 A. Molecular pairs of 2f interact in the solid state through slightly shorter

—CgFs5 stacking interactions, with an interplanar distance measuring 3.280 A (Figure 2.17).

Figure 2.17: Molecular packing of py-BH(Ce¢Fs), (2f) with displacement ellipsoids
displayed at the 50% probability level. Molecular pairing occurs through intermolecular
H---F contacts, indicated in green.
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2.3 Discussion

2.3.1 Structural analysis

The amine and pyridine adducts of mono- and bis-(pentafluorophenyl)borane exhibit inter-

and intra-molecular interactions which have relevance to several areas of chemistry,

163,164 165-167

including bioorganic chemistry, organic crystal engineering and inorganic
materials for hydrogen storage purposes.® While those adducts of H,B(C¢Fs) exhibit
primarily dihydrogen bonding interactions in the solid state, it is inter- and intra-molecular
N—H---F—C interactions which dictate the supramolecular architectures for adducts of

HB(CsFs)a.

The adducts 1a and 1d both exhibit a bifurcated intermolecular BH,---HN contacts, which
have been observed for the related amine boranes HsN-BH,'*® Me,HN-BH;*® and the
recently published linear triborazanes.’® Such interactions are reported to play a
significant role in the dehydrocoupling chemistry of Hs;N-BH; and Me,HN-BH;, with the

%98 However, whereas the

close H---H contact proposed to precede dihydrogen loss.
solid state structure of 1la displays these contacts as facilitating the occurrence of chains
(Figure 2.18, 1), the BH,---HN bonding in 1d serves as a bridging contact (Figure 2.18, Il),
pairing molecules into supramolecular dimers in the solid state. The remaining adducts

1b and 1c display a dihydrogen bonding motif as a single N—H---H—B chain which links

molecules together into molecular chains (Figure 2.18, IlI).

56



R RV R
< \B/N“‘\\\ | R ,

He / -~ \ H\“‘N'//H | R
A m)L A A N,
\\H/ N\ ,\\\\H:: \ L oA He-B-aH" H\\-N,//

' N O]k | He-B-- H.
\R' ‘N/B/ R | He-B=aH"
. \ R |
RN R R

Figure 2.18: Dihydrogen bonding and H---H contacts observed in the amine adducts of
mono(pentafluorophenyl)borane.

Both 1a and 1d exhibit the bifurcated BH,---HN, featuring H---H contact lengths within the
defined range of a dihydrogen bond, with the exception of the H(1B)---H(2) contact in 1la
which lies just outside of the 2.2 A maximum. Because this dimethylamine adduct
contains only one N—H group, and that bond is engaged in a dihydrogen bonding
network, no N—H---F—C interactions are observed. Instead, supramolecular —CgFs
pairing facilitates arrangement of molecular chains in a parallel fashion. In comparison,
the pentafluorophenyl-free analog Me,HN-BH; exhibits interchain interactions through van
der Waals forces.” The benzylamine adduct (1d), on the other hand, has two N—H
groups which may potentially engage in dihydrogen bonding. While one N—H is involved
in the bridging BH,---HN interactions, the remaining N—H instead participates in an
N—H---F—C interaction with an ortho-fluorine of the —C¢Fs ring of a neighboring molecule,

which aids in the packing of dimeric 1d in the crystal lattice.

The protic amine adducts of bis(pentafluorophenyl)borane all exhibit an intramolecular
bifurcated N—H---F—C interaction between one protic N—H group and one ortho-fluorine
from each —C4Fs ring. This type of interaction is distinctive among the amine adducts of
pentafluorophenyl-substituted boranes, as the organofluorine group is considered to be a
weak hydrogen bond acceptor.’® However, the prevalence of this type of interaction in

the primary and secondary amine adducts of tris(pentafluorophenyl)borane and
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bis(pentafluorophenyl)borane appears to play a significant role in the crystal packing of
these adducts. In most cases, the N—H-:-F—C interactions complete the formation of an
intramolecular six-membered ring, as would be expected by Etter’s rules for predicting the
occurrence of hydrogen bonds.”® The remaining N—H bond (if one is present) either
participates in one intramolecular and one intermolecular N—H---F—C interaction, as is
the case for 2b, or participates solely in one intermolecular N—H---F—C interaction which

can be seen in 2c and 2d.

Figure 2.19: N—H:--F—C contacts observed in the amine adducts of
bis(pentafluorophenyl)borane.

Because of the single N—H proton present in 2a, and due to the steric bulk of the —CgFs
groups, only intramolecular N—H---F—C contacts exist in the solid state structure of this
adduct (Figure 2.19, I). However, the primary amine adducts, with two N—H hydrogen
bond donors present, display a more complex system of both intra- and inter-molecular
hydrogen bonding. In contrast to the molecular structures of 2c and 2d, in which only one
N—H proton participates in a bifurcated interaction, both N—H protons of 2b participate in
bifurcated N—H---F—C contacts (Figure 2.19, Il). Where the R group contains a phenyl

ring, however, the N—H group which participates in the intermolecular N—H:.-F—C
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interaction is sterically hindered from patrticipating in an additional intramolecular
N—H---F—C interaction. Instead, the intermolecular interaction with a meta-fluorine (in
the case of 2c) or a para-fluorine (in the case of 2d) of the neighboring molecule is the

sole N—H:--F—C interaction in which the N—H hydrogen bond donor participates.

With the absence of any hydrogen donor N—H group, the molecular packing of the
pyridine adducts 1f and 2f significantly simplifies in nature. The lack of dihydrogen
bonding and intra- and inter-molecular N—H:--F—C interactions results in the
crystallization of 1f with no remarkable supramolecular features to the structure.
However, the formation of a stable adduct with triethyl amine is in stark contrast to the

related chemistry of tris(pentafluorophenyl)borane (Section 2.3.2).%°

2.3.2 Adduct stability

The application of ammonia borane as a hydrogen storage material is supported, in part,
by its robust chemical stability. In addition to its long shelf life and resistance to hydrolysis
and oxidation, undesirable spontaneous dehydrocoupling and rearrangement is not
observed. In general, amine borane Lewis adducts exhibit great stability, especially in
comparison with the closely related phosphine boranes, which readily oxidize to produce
phosphine oxides and the free borane. However, due to the variety of chemistry in which

2,3

B(CsFs); participates,”” the stability of Lewis adducts of B(Ce¢Fs); may at times be

surprisingly difficult to predict.

In particular, careful consideration must be applied to the steric properties of the chosen
Lewis base. The phosphine Lewis adducts of tris(pentafluorophenyl)boron of the general
formula RsP-B(Ce¢Fs);s (R = H, Me, 'Bu) are an illustrative example of the effect of
prohibitive steric size on adduct formation. While HsP-B(CsFs); and MesP-B(CeFs)s are

stable and isolable Lewis adducts of tris(pentafluorophenyl)borane at ambient
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temperature,®*®

the intended formation of a Lewis adduct between P(‘Bu); and
tris(pentafluorophenyl)borane is prevented by the steric repulsion between the ‘Bu groups
and pentafluorophenyl rings. Such Lewis acid / Lewis base systems which are unable to
neutralize due to steric bulk requirements have been termed ‘frustrated Lewis pairs’ and
find application as regents for the activation of dihydrogen and other small molecules
(Section 1.2.1).%%'%° Frustrated Lewis pairs formed from the reaction between B(CgFs)s
and sterically encumbered amines has also been reported.’”® Other considerations

regarding the stability of Lewis adducts of tris(pentafluorophenyl)borane involve further

adduct reactivity, such as competing abstraction or intermolecular rearrangements.

2.3.2.1 Triethylamine adducts of H,B(C¢Fs) and HB(CgsFs)»

The Lewis acidity of B(C¢Fs)3 is responsible for much of its chemistry, including its popular
use as a hydride, halide and alkyl abstraction reagent.>® While these abstraction

reactions are significant steps in polymerization chemistry,®*"*

the favorability of
abstraction reactions has been shown to interfere with Lewis adduct formation between

B(CsFs); and some tertiary amines.*®

For example, treatment of B(CsFs); with NEt; results in hydride abstraction to generate
[HNEt;3][HB(CsFs)s] and Et;N=CHCH,B(C¢Fs); rather than formation of the adduct
EtsN-B(CgFs)s. Similar reactivity is observed in the treatment of a B(CsFs)s solution with
other amines, such as dimethyl- and diethyl-aniline.>®*"?> However, the reaction between
B(CsFs); and the methyl-substituted tertiary amine NMes; proceeds with the favourable

formation of the Lewis adduct MesN-B(CsFs); (Scheme 2.5).%°
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Scheme 2.5: Treatment of perfluoroaryl boranes with NR; (R = Me, Et).

NR;
B(CsFs)3 > R3N-B(CgF5)3
R= Me
NR; [HNR3][HB(CgF )3l
B(CsFs)3 > +
R=Et RoN=CHCH,B(CgF5)3
NEt,
MeZS'BHn(C6F5)3—n _— Et3N’BHn(CGF5)3_n
— SM62

n=1,2 n=1,2

2,42,173-175

While the use of B(Ce¢Fs5); as a hydride abstraction reagent in organic and

organometallic chemistry* "¢

is often reported in the literature, the favorability of hydride
abstraction rather than adduct formation in the presence of certain substituted amines,
such as triethylamine and diethylaniline, is an interesting addition to the rich chemistry of
B(CsFs); and its Lewis adducts. It is therefore somewhat surprising that similar reactivity
is not observed for the combination of NEt; with H,B(C¢Fs)s-, (n = 1, 2) to produce stable
Lewis adducts. This difference in reactivity may be attributed to the slightly decreased
Lewis acidity of mono- and bis-(pentafluorophenyl)borane in comparison with that of
tris(pentafluorophenyl)borane, hindering the potential for further reactivity with the tertiary
amine NEt;, and serves to stabilize adduct formation. Both borane adducts were left in
toluene solution at ambient temperature and were monitored by multinuclear NMR

spectroscopy over the course of several weeks with only slow evidence of hydride

abstraction.
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2.3.2.2 Aniline adducts of H,B(CgFs) and HB(CgsFs)-

Recently, the spontaneous dehydrocoupling of aromatic amine boranes (including aniline
borane, PhH,;N-BH3) at ambient temperature was demonstrated in a variety of organic
solvents. Whilst the authors were able to grow single crystals of the starting adducts for
X-ray diffraction studies, prolonged dissolution resulted in loss of dihydrogen and the
formation of dehydrocoupling products {ArNBH}s;, and {(Ar)(H)NBH,}; (Scheme 2.6).'%
This highly favourable decomposition pathway is attributed to the reduced lone pair donor
strength of the aromatic amine, and therefore weak B—N bond of the adduct,'®% in

addition to the increased N—H Bransted acidity upon adduct formation, %182

Scheme 2.6: Spontaneous dehydrocoupling of aniline borane.

H H,
P B
AN TNAr ArHN NHAr
ArH,N-BH; - | | | + | | +  others
Ar HAr

In contrast to these observations, the aniline adduct PhH,N-BH,(C¢Fs) demonstrates
robust solution stability at ambient temperature. Thermal decomposition of
PhH,N-BH,(C¢Fs) may be initiated by warming a toluene solution of the adduct to 80 °C.
The resulting crude B NMR spectrum displays a broad resonance around 34 ppm as the
major product. This is consistent with the reported signal shift from ambient temperature
dehydrocoupling of aniline borane to produce the cyclic trimer {PhNBH};."*® The
properties of aromatic amine boranes which facilitate favourable spontaneous
decomposition, such as the highly Brgnsted acidic N—H group and relatively weak N—B

interaction, alter with the presence of at least one electron withdrawing pentafluorophenyl
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ring at the boron center. In a similar fashion to the pentafluorophenyl-free aromatic amine
borane adducts, the Brgnsted acidity of the N—H group increases upon adduct formation
with B(C5F5)3,58 a feature expected to be maintained, in part, for adducts with mono- and
bis-(pentafluorophenyl)borane. However, the resulting decrease in hydridic character of
the remaining B—H groups may help to prevent spontaneous degredation. The increased
Lewis acidity at the perfluoroaryl substituted boron allows for increased donor strength
from the nitrogen atom of the aromatic amine, resulting in a potentially stronger B—N
bond in the adducts PhH,N-BH,(CsFs)s-n (N = 1, 2) than in PhH,N-BHs. Therefore, the
solution stability of the adducts PhH,N-BH,(CeFs)s-, (N = 1, 2) may be attributed, in part, to

the effect of the electron withdrawing of the —C¢F5 ring on the B—N bond strength.

2.4 Conclusions

Starting from the easily prepared and handled dimethylsulfide adducts, various amine and
nitrogen-donor adducts of mono- and bis-(pentafluorophenyl)borane have been prepared
and crystallographically characterized. Treatment of a toluene solution of
Me,S-BH,(CsFs)s-n (n = 1, 2) with the desired amine or nitrogen donor at ambient
temperature yields quantitative conversion to the corresponding Lewis adduct. Initial
adduct formation is easily confirmed through multinuclear NMR spectroscopy, and in most

cases the materials are easily isolated as crystalline solids in reasonable yields.

The solid state structures of the adducts display a variety of bonding interactions which
are similar to those observed in the pentafluorophenyl-free analogs.® The presence of
inter- and intra-molecular N—H---F—C interactions is a characteristic feature of the Lewis
adducts between protic amines and pentafluorophenyl substituted boranes. Although
considered to be a poor hydrogen bond acceptor,™® the C—F functionality plays a very
important role in the solid state structures of the amine adducts of mono- and bis-

(pentafluorophenyl)borane. Perhaps a more promising advance towards the functionality
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of these materials as hydrogen sources is the presence of N—H:--H—B and BH,---HN
bifurcated dihydrogen bonding. These interactions are observed in the solid state
structures of la-d and are thought to precede dihydrogen release from similar

materials, 3124128

The bifurcated dihydrogen bonding in 1a and 1d specifically is
reminiscent of that observed in the solid state structures of Me,HN-BH; and HsN-BH;*

which have been used as chemical hydrogen storage systems.”

The related ammonia adducts Hi;N-BH,(CsFs);-n (n = 0, 1, 2) have been used as
precursors to the corresponding amidoborane ligands, facilitating the preparation of
isolable organometallic complexes which have relevance to the catalytic dehydrocoupling
of ammonia borane.'®*'** In addition, the N-substituted amine borane PhH,N-B(C¢Fs)3 will
readily react with "BuLi to afford Li[NHPhB(CsFs)s;] as a stable and isolable salt,**®
providing an entry way to reactivity with transition metal complexes. It seems fitting to
conclude, then, that the reported protic amine and nitrogen donor adducts of mono- and
bis-(pentafluorophenyl)borane have the potential to provide valuable information to
contribute to the understanding of catalytic dehydrocoupling of amine boranes at transition

metal centers.
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Chapter 3 Pentafluorophenyl stabilized models for

dehydrocoupling intermediates

3.1 Introduction

The bonding of ethyl and ethylene ligands to transition metals, and the relationship
between the resulting structures and their role in catalytic cycles, has been a popular
research area since the 1950s.391%4171185186  Amine boranes, which are isoelectronic with
alkanes, have moved into the spotlight of current research endeavours due to their
potential role as hydrogen storage materials.?*%°*®” However, despite their isoelectronic
relationship, alkyl / alkene and amine borane / aminoborane moieties display considerable

variation in their coordination and bonding to transition metal centers.

Reports of transition metal catalysts which are active towards the dehydrocoupling of
amine boranes first appeared in the early 2000s**'% and the arsenal of both
heterogeneous and homogeneous catalyst systems include metals from across the
d-block.2*%*!87 Tq date, use of catalysts based on the late transition metals has provided
the most significant insights into individual steps of the catalytic dehydrocoupling

CyCIes.138’139'143'144

Early transition metal catalysts facilitate the dehydrocoupling of amine boranes under

conditions similar to those of the late transition metals,’>:48-150.189-191

However,
considerably less mechanistic information has been identified for the early transition metal
catalysed processes, which has prompted active research in this area. Of significant
interest to the study of any catalytic cycle is the isolation of chemical intermediates, which
provide details about the active reaction pathways. As a consequence of the challenging
research surrounding group 4 metal catalyzed dehydrocoupling, only a handful of the

110-112
d.

corresponding metal amidoborane complexes have been reporte The use of

pentafluorophenyl stabilized boranes has facilitated the isolation of titanium, zirconium
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and hafnium species containing metal—nitrogen multiple bonds,'0!02113.192-195

functionalities which are proposed to play a significant role in catalytic and industrial
processes such as the formation of metal-nitride thin films. It therefore seems fitting to
use the pentafluorophenyl group as a synthetic strategy for stabilizing intermediates and
characterizing bonding interactions of the group 4 transition metals related to the

dehydrocoupling of amine boranes.

3.1.1 Amine borane dehydrocoupling using late transition metal catalysts

The first example of catalytic dehydrocoupling of amine boranes was reported by Manners
and coworkers, wusing the group 9 transition metal catalyst precursor
[Rh(1,5-cod)-p-Cl],.***#  This premier report was shortly followed by similar catalytic
activity observed for another group 9 transition metal catalyst, (POCOP)Ir(H).
(POCOP = p3-1,3-(OP'Bu,CgHs)),** initially developed by Brookhart for catalytic transfer

dehydrogenation of alkanes.®

Brookhart's catalyst is still one of the most efficient for
catalytic dehydrocoupling, with addition of as little as 0.25 mol% allowing for quantitative
conversion of amine boranes to polyaminoboranes at ambient temperature.®® Since these
initial reports, a large number of group 9 and other late transition metal catalysts have
been developed which effectively dehydrocouple ammonia borane and its N-substituted

analogs at low catalyst loadings and under mild conditions.%39:144153.197-199

The high activity of catalysts based on the late transition metals may be attributed, in part,
to the availability of multiple stable metal oxidation states, and great attention must be
paid to the oxidation state changes of the transition metal, or lack thereof, during catalysis.
In at least one reported instance, two simultaneous mechanistic pathways participate in
the dehydrocoupling of amine boranes using a group 9 transition metal. The sterically and
electronically unsaturated [Rh(PCys),]" fragment facilitates dehydrocoupling through both

redox and non-redox reaction pathways.'* The former pathway includes a Rh(l) / Rh(lll)
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redox cycle, which includes initial B—H bond activation at the Rh(l) center to ultimately
generate the Rh(lll) dihydride [(PCys),Rh(H),]" (Scheme 3.1). The generated Rh(lll)
dihydride is itself effective as a catalyst for amine borane dehydrocoupling through a

constant oxidation state Rh(lll) process.™*®

Scheme 3.1: Simplified partial reaction pathways for the catalytic dehydrocoupling of
dimethylamine borane with the [Rh(PCys),]* fragment.

@ ©)
Na[B(C¢Fs5)a] Cy3P\ + Me,HN-BH; Cy3P\ /H
[(CysP),RNCll, — > Rnl < = RA
~ NaCl CyP ~MeoN=BH, |0, o7

Mechanistic cycles are generally corroborated either through computational methods or
trapping of intermediate species and inferring those steps preceeding their formation. For
example, group 9 complexes bearing an N-heterocyclic carbene ligand, of the formula
(L)2MCI(H)2 (M = Rh, Ir; L = IMes (N,N'-bis(2,4,6-trimethylphenyl)imidazol-2-ylidene)) have
been reported as effective pre-catalysts for the dehydrocoupling of N-substituted amine
boranes.’*34*19" Treatment of the substrates R,HN-BH; (R = 'Pr, Cy, Me) with catalytic
amounts of (L),MCI(H), (M = Ir, Rh) has resulted in the isolation of the metal aminoborane
coordination compounds of R,N=BH, (R = 'Pr, Cy, Me).***** Similar complexes have
been isolated from reaction of the iridium catalyst [(H).Ir(PCys),]" with Me,HN-BH;
(Scheme 3.2).*® Because of the often unavoidable rapid and spontaneous cyclization of
unhindered aminoboranes (for example, H,N=BH,),"*® details surrounding thir
oligomerization events are, in general, poorly understood. However, isolation of these late
transition metal o-borane coordination complexes has resulted in strong evidence for the
suggestion that aminoborane cyclization, or further substrate activation,?®® occurs rapidly

at, or at least very near to, the metal center through an off-metal dimerization process also
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postulated for mid transition metal carbonyl catalysts such as [CpFe(CO),],**° and M(CO)s

(M = Cr, Mo, W).*®

Scheme 3.2: Preparation of crystallographically characterized aminoborane coordination

Compoundsll38,l43,197

/ \ / \ o

RN NR RN NR [B(C&Fs)] PCys ®
Na[B(CgF5)a] H PCy, R

H, R'2HN-BH3 B, | P Hu@ »\‘\\\\H RoHN'BH, Ha | PN /

A C M BN AN | oM =N
H ~H, H | H H | Yy -H W7 H Nk

H PCy,
PCy;

RN NR RN NR

\—/ \—/ M=Ir M=1Ir,R=Me

M =Rh, Ir; R" ='Pr, Me
M =Rh; R" =Cy
R = 2,4,6-trimethylphenyl

M=Rh, Ir
R = 2,4,6-trimethylphenyl

The use of N-heterocyclic carbene ligands has facilitated the development of more robust

201203 which have the potential to participate in side

catalysts than the phosphine analogs,
reactions to produce phosphine boranes or decompaosition resulting in insoluble metals
and metal salts. The combination of equimolar quantities of an N-heterocyclic carbene
with Ni(COD), has provided a cheaper alternative to the later transition metals.**’ This Ni

based catalyst demonstrates amine borane dehydrocoupling at comparable or better rates

than the rhodium or iridium analogs.

3.1.2 Amine borane dehydrocoupling using group 4 metal catalysts

75,76,148-150,189-191 d137,140,151,152,191,204

Early and mi transition metal catalysts have been
developed as more economically viable alternatives to the late transition metal systems.
For example, the in situ generation of [Cp,Ti] from Cp,TiCl,/ 2 "BuLi presents an attractive

option for catalytic dehydrocoupling due to the low commercial price and robust stability of
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the catalyst precursor. [Cp.Ti] has been reported as a highly active catalyst for the
dehydrocoupling of ammonia borane and its N-methylated analogs at low catalyst loading
and with rapid dihydrogen evolution.**#**° While individual mechanistic steps have been
postulated,™®?% the intermediate species are short-lived and therefore evade isolation
and examination by NMR spectroscopy and X-ray crystallography. In a similar fashion to
one of the parallel proposed mechanisms for dehydrocoupling using the rhodium catalyst
[(CysP),Rh]*,** that for [Cp,Ti] is reported to occur through a Ti(ll) / Ti(IV) redox cycle

(Scheme 3.3).**°

Scheme 3.3:. Proposed catalytic cycle for the dehydrocoupling of amine boranes by
[Cp.Ti], generated in situ.

R2N_BH2
H—H +
HaB=—NR; R,HN—BH;
H
H / /H
—
II B
c Ti’—I’”H/ N\ S8
P21 NHR, . £_--H"[ (Intermediate A)
\\H | [Cp,Ti] szTl\\NR2
(Intermediate B) N
HR,
R2HN_BH3
Ha
B BH,
7/ N\ /
R,HN N + H—-H
R>

The proposed dehydrocoupling mechanism proceeds through a step-wise procedure
beginning with N—H bond activation.***?°® This is in contrast to the initial B—H bond
135,147,206-208

activation step proposed, in general, for the late-transition metal systems.

Therefore, particular interest in the [Cp,Ti] cycle focuses on the presence and possible
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isolation of Intermediate A (Scheme 3.3), which is the product of formal N—H bond
activation and oxidative addition to the Ti(ll) center. Intermediate A may be described as
a titanium(lV) amidoborane hydride, with the amidoborane ligand proposed to exhibit an
additional interaction with the metal center through one or more hydridic B—H groups.
The result of such an interaction is a Ti—H bond and Ti---H—B interaction at the metal
center, a combination which may facilitate dihydrogen elimination through H---H coupling
at titanium. Interest in the isolation of Intermediates A and B is driven by the implications
that such a species would have on the current understanding of this catalytic cycle. Due
to the rapid reactivity observed in [Cp,Ti] mediated dehydrocoupling, the isolation of
model species currently requires the use of ancillary ligands which inhibit further turnover

113

at the titanium center. Amidoborane ligands contining no B—H bonds™ and / or bulky

101,102,113

aryl groups on boron have facilitated the isolation of metallocene complexes

bearing the ‘M—N—B’ unit which has been postulated in intermediate stages of

dehydrocoupling mechanisms (Figure 3.7).*°

3.1.3 Aminoborane versus alkene bonding to transition metal centers

The first step for amine borane dehydrocoupling, as with any catalytic process, is

approach of the substrate to the active transition metal center. As a result of the

204,209

molecular polarity of ammonia borane, end-on coordination through one or

138,139,143,144,209-212
two

of the B—H hydrogen atoms with the electrophilic metal center is
observed for adducted amine boranes (and linear diborazines) with the late transition
metals (Figure 3.1). This end-on coordination mode facilitates B—H activation at the

metal center as the next step in the catalytic dehydrocoupling cycle.?*?
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Figure 3.1: Crystallographically characterized transition metal complexes featuring end-
on coordination of amine boranes!3®139:143.144.204209-211.214 5 |inear diborazines.'*%*#21°

In contrast, the proposed bonding mode for the relatively non-polar alkane o-complexes
differs to that observed for amine borane o-complexes. Alkane o-complexes are believed
to be key intermediates in the activation of C—H bonds with transition metals.***?'® For
this activation to occur, the alkane substrate is proposed to coordinate with the metal in a

side-on fashion through donation of the electron density of the relatively non-polar C—H

bond to the electrophilic transiton metal center (Scheme 3.4).®  Structural
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characterization of alkane o-complexes is very limited due to the weak bonding and rapid
reactivity of the coordination compound towards formal C—H bond activation at the metal

center.1821°

Scheme 3.4: C—H bond activation pathway.

H M 'V'T (shortlived)  _H M/H
b | P e
R/C\R R/ \ R P \\R -

\ R R hay
R ) A

Monomeric aminoboranes (R,N=BH,) favor interaction with transition metals in an end on
arrangement, through coordination from both B—H groups in a bridging fashion. The
stability of most monomeric aminoboranes towards spontaneous cyclization is quite poor,
limiting the number of examples of such species coordinated to transition metals.

143144197 and phosphine™® ligands on group 9

However, the use of N-heterocyclic carbene
transition metals has provided a synthetic strategy for stabilizing coordinated monomeric
aminoboranes (Figure 3.2). These species provide valuable insight into the mechanism

of amine borane dehydrocoupling, specifically regarding the on-metal or off-metal nature

of amidoborane dimerization.
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Figure 3.2: Crystallographically characterized transition metal complexes featuring end-
on coordination of aminoboranes, 3143197217

This bonding pattern is in contrast to the isoelectronic C=C complexes which, in general,
interact with the metal center through 1r-donation from the double bond to the metal center
in a side-on fashion.?® Transition metal alkene complexes appear quite frequently in the
literature, with the first crystallographically characterized transition metal alkene complex

219

prepared in the 1800s,* and structural characterization following in the 1950s.?° A few

examples of transition metal ethylene complexes are reported in Figure 3.3.2272%4

|—P{ H CeFs—Pd
4

Figure 3.3: Crystallographically characterized transition metal complexes featuring side-
on coordination of alkenes.

Despite differences in coordination mode between amine boranes / alkanes and
aminoboranes / alkenes with transition metal centers, some structural similarities are
observed in metal amidoborane (M—NH,BX3) and metal alkyl (M—CH,CX3) complexes.

Due to the molecular polarity of amine boranes, complexes bearing an amidoborane
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ligand (in the absence of an additional chelate interaction) feature a metal—nitrogen bond
which may be described through two resonance forms (Figure 3.4)."*% The first defines
the metal—nitrogen bond as being formed by donation of the nitrogen lone pair into an
empty d-orbital on the metal, with the ligand acting as a neutral two electron donor
(L-type). This implies an N—B sigma bond in which the boron and nitrogen each
contribute one electron, and one hydride ligand on the boron occupies the formerly empty
p-orbital. The second resonance form assumes that lone pair donation from the nitrogen
is directed towards the empty p-orbital on boron rather than an empty d-orbital of the
metal, resulting in the amidoborane ligand acting as an anionic single electron donor
towards the metal center (X-type) and the borane fragment as a Lewis acid stabilizing the
Lewis basic metal—amide bond. Careful assesment of the metal-nitrogen bond length
allows for distinction between the two resonance types. Structures which show bonding

similar to resonance form A%

would be expected to have longer M—N bonds than
those which are best described through resonance form B.*** In contrast, transition metal
alkyls are not commonly considered in light of any resonance structures because the

C—C bond is essentially non-polar.

L M® BX3
n \ e I—nM \ . /
N — BX3 o S _N.\
R\\ R R R
A B

Figure 3.4: Resonance forms of metal amidoborane complexes (x # H).

However, both amidoborane and alkyl ligands may participate in a B-agostic interaction
when the appropriate metal d-orbitals and B—H or C—H functionalities are available. An

agostic interaction is described as the additional ligation of a hydrogen atom from the
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ligand to an empty orbital of the metal, producing a significantly decreased M—N—B or
M—C—C bond angle.?”"*® The term ‘agostic’ was originally coined®’ for transition metal

alkyl complexes and to avoid confusion, analogous interactions from amidoborane ligands

have been referred to as ‘B-B-agostic’.® In crystallographically characterized instances

of agostic interactions, the hydrogen atom is generally from the [-boron or carbon

231,232 233

atom,???* put a-agostic and even y-agostic®® interactions are known for select

transition metal complexes (Figure 3.5).%3123%23¢
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Figure 3.5: Crystallographically characterized transition metal alkyl and alkene complexes
which feature a C—H agostic interaction.

The hydridic nature and high polarization of the B—H bond of amidoborane ligands has
facilitated a large number of examples of complexes which exhibit a [B-B-agostic
interaction. The B—H agostic interaction has been described as a charge re-distribution
at the metal center, resulting in the agostically bound hydride adopting partial

metal—hydride character (Scheme 3.5).

75



Scheme 3.5: Charge redistribution at the metal center in the presence of an agostically-
bound amidoborane ligand.

This results in a less hydridic B—H bond than that of the parent amine borane. The
opposite effect is observed for alkyl agostic interactions in which the polarization of the
C—H bond increases relative to that of the free non-polar alkane.'* However, a
shortening of both the alkane C—C and amidoborane B—N bonds is observed as a result
of the agostic interaction. There are several structurally characterized examples of metal
alkyl complexes which display B-agostic interactions (Figure 3.5), with the first example
being reported in 1982.2%' Unsurprisingly, several early transition metal amidoborane

complexes exhibit the analogous B-B-agostic interaction (Figure 3.6).110 11210
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Figure 3.6: Crystallographically characterized early transition metal amidoborane
complexes.

3.1.4 —CgFs5 stabilized amidoborane complexes of the group 4 metals

In order to further investigate the structure and bonding which occurs during catalytic
dehydrocoupling, synthetic strategies are employed which act to hinder reaction turnover
and aid isolation of proposed intermediates. The bulky Lewis acid
tris(pentafluorophenyl)borane has been used to stabilize metal—nitrogen bonds between

13192194 and nitrido™****>**" fragments resulting from facile

group 4 metals and amido
deprotonation of H3N-B(CgFs)s (Figure 3.7). These structures provide information relevant
to several important processes, including amine borane dehydrocoupling and the
production of TiN thin films. Increased research interest in the isolation of group 4
metallocene amidoborane complexes has resulted from several reports of catalytic

dehydrocoupling with group 4 sandwich complexes.****°
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Figure 3.7: Crystallographically characterized tris(pentafluorophenyl)borane substituted
amido- and nitrido-borane complexes of the group 4 metals

The tendency towards the formation of agostic interactions in other reported group 4

amidoborane complexes,*!*2

and the consequences such an interaction may have in

the overall dehydrocoupling process, has informed the development of pentafluorophenyl

substituted amidoborane ligands containing at least one -hydrogen, —NH,BH,(C¢Fs) and
—NH,BH(CgFs).

The availability of a B—H group which may coordinate in an agostic

fashion towards the metal center provides more detailed information regarding potential
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intermediate species in catalytic dehydrocoupling. Group 4 metallocene complexes
of —-NH,BH,(Ce¢Fs), —NH,BH(C¢Fs), and related ligands have been prepared and
crystallographically characterized. The presence of a B-B-agostic interaction plays a
prominent role in the solid and solution state structure of these complexes and supports
features of proposed intermediates in the catalytic dehydrocoupling by [Cp,Ti] and other

early transition metals.

3.2 Results

The ammonia adducts HzN-BH(CeFs), and HsN-BH,(CeFs) were used as ligand precursors
in an analogous fashion to the related chemistry of H3N-B(CsFs)s.*** Facile deprotonation
with "BuLi in thf produces the lithium salts [Li{thf},][NH.BH,(CsFs)s-s] for n = 1, 2 in
gquantitative yield. Complete conversion to the lithium salts was confirmed through
multinuclear NMR spectroscopy. In the case of Li[NH,BH(C¢Fs),], the addition of one
equivalent of 12-crown-4 afforded X-ray quality crystals of [L{12-crown-4}][NH,BH(C¢Fs).],
isolated from a dichloromethane / light petroleum solution at -25 °C.*** Analogous
treatment of Li[NH,BH,(CeFs)] and attempted crystallization from a dichloromethane / light
petroleum solution at —25 °C resulted in the formation of [Li{12-crown-4}]Cl, the product of
halide abstraction from the dichloromethane solvent. X-ray quality crystals of the desired
lithium salt could not be isolated from any other solvent mixtures despite numerous
attempts. However, during reaction screening with group 4 metallocene starting

materials, the lithium salts were prepared in situ and used without isolation.

3.2.1 [Cp2Zr] complexes bearing —CgFs substituted amidoborane ligands

Treatment of a toluene solution of Cp,ZrCl, with two equivalents of base-free

Li[NH,BH(CgFs),] at -78 °C and slow warming of the reaction mixture to ambient
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temperature produced a set of crude NMR spectra which indicated a complex mixture of

compounds (Scheme 3.6).

Scheme 3.6: Reactivity of Cp,ZrCl, with the lithium salt Li[NH,BH(CsFs),].
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The *H NMR spectrum in C¢Dg consisted of several major cyclopentadienyl containing

multiple reaction products in
"H, 7B and "°F NMR spectra

species between 5.19 and 5.56 ppm, of which the major product by integration was at
5.34 ppm. The corresponding *°F and B NMR spectra also displayed numerous reaction
products. Filtration of the crude reaction mixture and subsequent cooling of the toluene
solution to -25 °C overnight afforded, on one occasion, X-ray quality crystals of
Cp.Zr(NH,BH(CgFs),)2 (3) as the toluene solvate. In the solid state, the zirconium atom of
3 is in a distorted tetrahedral geometry, resulting from coordination to the two
cyclopentadienyl rings and two —NH,BH(CsFs), amidoborane ligands (Figure 3.8).
Additional coordination to the zirconium occurs from one of the —NH,BH(C¢Fs), ligands
which participates in a 3-B-agostic interaction, resulting in a Zr(1)—N(1)—B(1) bond angle
of 92.2(6)°. The remaining amidoborane ligand does not participate in any additional
metal—ligand interactions and displays a Zr(1)—N(2)—B(2) bond angle of 120.0(6)°.
Both ligands exhibit intramolecular N—H---F—C interactions between the protic N—H

group and an ortho-fluorine of the pentafluorophenyl rings (Table 3.1).

80



H2B H1A g

H1B

P
’
s

® <

H2A
N2 N
N
zr § ., ‘“’
&
g

Figure 3.8: Crystal structure of Cp,Zr(NH,BH(C¢Fs),), (3) with displacement ellipsoids
displayed at the 50% probability level. The cyclopentadienyl hydrogen atoms and toluene
solvate molecule have been omitted for clarity. Intramolecular N—H---F—C interactions
are indicated in red and the B-B-agostic interaction is indicated in blue.

Table 3.1: Selected bond and N—H---F—C contact lengths for Cp,Zr(NH,BH(C¢Fs),),.

Bond/contact Length (A)
Zr(1)—N(1) 2.263(8)
Zr(1)—N(2) 2.335(8)
B(1)—N(1) 1.52(2)
B(2)—N(2) 1.60(1)

Zr(1)---H(1C) 2.294

N(1)—H(1B)- -F(36)—C(36) 2.187
N(L)—H(LA)---F(46)—C(46) 2.539
N(2)—H(2B)---F(26)—C(36) 2.226
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One cyclopentadienyl resonance in the CsDs *H NMR spectrum of the crude reaction
mixture appeared broadened, a feature which was tentatively attributed to solution
exchange, similar to that observed for related zirconocene amidoborane complexes.'*°
Changing the NMR solvent to CD,Cl, resulted in sharpening of the cyclopentadienyl
signals and preliminary identification of the resonances associated with
Cp.Zr(NH,BH(C¢Fs),). by relative integration between the Cp and NH, peaks at 5.18 and
2.23 ppm, respectively. The presence of additional cyclopentadienyl resonances
indicated formation of a second major cyclopentadienyl-containing species. Ambient
temperature aging of the CD,Cl, NMR sample resulted in the formation of a single species
different to that of 3. Integration of the new major cyclopentadienyl resonance in
comparison with that of the new NH, resonance (10:2) indicated the loss of one
amidoborane ligand. This has been proposed to occur through B—H activation of the
agostically bound —NH,BH(C¢Fs), ligand to produce Cp,Zr(H)(NH,BH(C¢Fs),) (4). Further
confirmation of the presence of a Zr—H moiety was demonstrated through treatment of 4
with a halogenated solvent to produce Cp,Zr(CI)(NH,BH(CsFs),) (5) as the final product

(Scheme 3.7).
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Scheme 3.7: Solution equilibrium of 3 in CD,Cl,.
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Compound 4 was fully characterized using multinuclear NMR spectroscopy (*H NMR
spectrum shown in Figure 3.9) and elemental analysis in the absence of suitable crystals
for X-ray diffraction methods. The Zr—H resonance was identified in the *H NMR
spectrum as a doublet at 3.85 ppm with an integration of one proton relative to the new
cyclopentadienyl resonance at 5.75 ppm in CD,Cl,. The peak position of the Zr—H
resonance is consistent with the recently reported zirconocene amidoborane hydride.**°
Signal splitting (*Juy = 5 Hz) was observed and has been attributed to the Zr—H
resonance coupling with the agostic B—H interaction exhibited by the remaining

amidoborane ligand.
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Figure 3.9: *H NMR spectrum of 4 recorded in CD,Cl, at 25 °C.

The observed splitting of the Zr—H resonance is a spectral feature specific to the
bis(pentafluorophenyl) substituted borane, in which the B—H agostic interaction does not
participate in a solution equilibrium with a second B—H group. This relatively static
interaction on the NMR time scale prevents free rotation about the B—N bond of
Cp.Zr(H)(NH,BH(C¢Fs),) in solution, allowing for coupling between the Zr—H and agostic
B—H hydrogen atom. In the other reported zirconocene amidoborane hydrides, which do
not have substitution at the boron center,'® the Zr—H resonance appears as a broad
singlet, the result of averaging of the three individual B—H environments which are in

dynamic exchange, with only one participating in the agostic interaction at any one time.

In addition to formation of Cp,Zr(H)(NH,BH(C¢Fs),), the pentafluorophenyl substituted
polyaminoborane {H,NB(CsFs).}; (6) was identified as the major B/N containing product.
This cyclic aminoborane trimer was isolated as a colorless crystalline solid and has been
characterized by multinuclear NMR spectroscopy, elemental analysis and X-ray diffraction

methods (Figure 3.10). The molecule adopts a twisted boat conformation with B—N bond
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lengths ranging between 1.592(7) to 1.610(8) A. Each N—H engages in anywhere
between one and three N—H-.-F—C interactions ranging in length from 2.104 A to

2.667 A

Figure 3.10: Crystal structure of {H,NB(CsFs).}s (6) with displacement ellipsoids displayed
at the 50% probability level. The pentafluorophenyl rings have been omitted for clarity

(right).

In light of the successes with stable and isolable zirconocene species bearing
the -NH,BH(CgFs), ligand, analogous chemistry was attempted with the related ligand
precursor Li[NH,BH,(CsFs)]. Treatment of a toluene solution of Cp,ZrCl, with two
equivalents of base free Li[NH,BH,(CsFs)] produced a crude *H NMR spectrum with four
major cyclopentadienyl containing products and several candidate —NH, resonances. On
one occasion, X-ray quality crystals were isolated from the reaction mixture and the
material was identified as {HNB(CsFs)}s (7), the cyclic trimer of the iminoborane
dehydrocoupling product. This pentafluorophenyl substituted borazine has B—N bond
lengths ranging between 1.413(4) and 1.432(4) A, in close agreement to the B—N bond
length in unsubstituted borazine (1.435 A).**®* The solid state structure of {HNB(CsFs)}s
exhibits short N—H---F—C interactions between the protic N—H groups and the
ortho-fluorine atoms of the neighboring pentafluorophenyl rings. Each N—H---F—C
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interaction completes the formation of a six membered intramolecular ring, complying with
Etter's rules for the occurrence and formation of hydrogen bonds.'*® These interactions
help to inhibit rotation about the B—C bonds and result in a nearly planar molecule

(Figure 3.11).
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Figure 3.11: Crystal structure of {HNB(CsFs)}s (7) with displacement ellipsoids displayed
at the 50% probability level. The short N—H---F—C contacts (red) measure 2.119 A
(H(2)---F(3)), 2.130 A (H(2)---F(6)) and 2.113 A (H(1)---F(10)).

Isolation of the —NH,BH,(C¢Fs) ligand on zirconocene through metathesis between the
metallocene dichloride and the lithium salt proved to be unsuccessful. However, in the
presence of a more electrophilic metal center, such as Cp,Zr(CHz)(u-H3zCB(CeFs)s) or
Cp",Zr(CHs)(u-HsCB(CsFs)s), reaction with the lithium amidoborane salts led to isolable
zirconocene complexes. Treatment of group 4 metallocene dimethyl complexes with

B(CeFs)s is a widely used synthetic method for the generation of highly electrophilic metal
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centers.®”® This synthetic strategy has been extensively applied since the early 1990s as

a method for the generation of active catalytic centers for alkene polymerization.394015171

Scheme 3.8: Generation of highly electrophilic metal centers using B(C¢Fs)s.
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Treatment of Cp",Zr(CHzs), with one equivalent of freshly sublimed B(CgFs); at =78 °C in
toluene generates the metallocenium zwitterion Cp",Zr(CH3)(u-H:CB(CeFs)s).  The
addition of one equivalent of Li[NH,BH>(CsFs)] and subsequent warming of the crude
reaction mixture to ambient temperature produced Cp",Zr(CHs)(NH>BH»(CsFs)) (8) as the
major zirconium species, concomitant with the formation of Li[H;CB(C¢Fs)s]. Extraction of
the product in light petroleum, dissolution of the crude material in a minimum of toluene
and cooling of the toluene solution to -25 °C afforded X-ray quality crystals of

compound 8 (Figure 3.12).
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Figure 3.12: Crystal structure of Cp",(CH3)(NH.BH,(CeFs)) (8) with displacement
ellipsoids displayed at the 50% probability level. The cyclopentadienyl hydrogen atoms,
silicon-bound methyl groups and zirconium-bound methyl hydrogen atoms have been
omitted for clarity. The intramolecular N—H---F—C interaction is indicated in red and the
[B-B-agostic interaction is indicated in blue.

In the solid state, Cp”",Zr(CHz)(NH,BH,(CsFs)) exhibits a zirconium atom coordinated by
two Cp” ligands, one methyl group and the amidoborane ligand. The Zr(1)—N(1)—B(1)
bond angle measures 88.6(2)°, consistent with the presence of a B-B-agostic interaction.
The agostic interaction causes the amidoborane ligand to face away from the methyl
ligand, placing the agostic B—H---Zr and —CH; moities in a trans relationship which
serves to minimize steric crowding. One protic N—H group engages in a short contact

with an ortho-fluorine of the pentafluorophenyl ring, measuring 2.182 A.

The related compound Cp",Zr(CHs)(NH>.BH(CgFs),) was prepared in an analogous fashion
and its structure determined using single crystal X-ray diffraction methods. Treatment of a

toluene solution of Cp",Zr(CHs)(U-HsCB(CeFs)s) with freshly prepared Li[NH.BH(CsFs),]
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affords Cp”,Zr(CH3)(NH,BH(C¢Fs)2) (9), which after extraction with light petroleum was

crystallized from toluene at -25 °C (Figure 3.13).

Figure 3.13: Crystal structure of Cp",(CH3)(NH.BH(CeFs),) (9) with displacement
ellipsoids displayed at the 50% probability level. The cyclopentadienyl hydrogen atoms,
silicon-bound methyl groups and zirconium-bound methyl hydrogen atoms have been
omitted for clarity. Intramolecular N—H---F—C interactions are indicated in red and the
B-B-agostic interaction is indicated in blue.

The crystal structure of Cp",(CH3)(NH,BH(CgFs),) is very similar to that of
Cp",Zr(CHs3)(NH,BH»(CgFs)) in that both contain an amidoborane ligand which engages in
a B-B-agostic interaction with the metal center. This results in a small M—N—B bond
angle in both complexes, with that of Cp",(CH3)(NH,BH(CsFs),) being slightly larger at

92.0(1)°. In addition, the amidoborane ligands in both compounds point away from the
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methyl group, so as to separate the —CHj; ligand from the B—H---Zr moiety and reduce
steric crowding. Spectroscopically, the two compounds show a 'Jg coupling constant
significantly lower that of the parent amine borane and the ligand precursors,
Li[NH,BH,(CsFs)s-n] (n = 1, 2), reflecting the contribution of the p-B-agostic interaction in

weakening the B—H bond (Table 3.2).

Table 3.2: B NMR chemical shifts and 'Jgy coupling constants for the amine boranes
HsN-BH,(CgFs)s-n, their lithium salts [Li{thf},][NH.BH.(CsFs):-n] and the zirconocene
complexes Cp"»,(CHz)(NH,BH,(CsFs)s-n) forn =1, 2.

Compound B chemical shift (ppm)? s n (H2)
HsN-BH,(CgFs) -19.2, t 102
Li[NH,BH(CsFs)] -19.3, t 82
Cp"2Zr(CHs)(NH,BH,(CoFs)) -25.6, t 76
H3N-BH(CeFs). -15.8,d 102
LiINH,BH(C¢Fs),] -15.0, d 94
Cp",Zr(CHs)(NH,BH(CgFs).) -21.8,d 74

& Spectra recorded in CgDg at ambient temperature.

The unsubstituted zirconocene Cp,Zr(CHs), was also used as a starting material for the
preparation of amidoborane complexes. Treatment of a toluene solution of Cp,Zr(CHs),
with B(Ce¢Fs)s generated the  highly colored metallocenium  zwitterion
Cp.Zr(CHa)(u-HsCB(CgFs)3), which is reactive towards the lithium salts Li[NH,BH,(CsFs)3-n]
(n =1, 2) to produce Cp,Zr(CH3)(NH,BH,(CeFs)s-n). In the case where n = 1, X-ray quality
crystals were isolated from toluene after extraction of the crude reaction mixture with light
petroleum. The solid state structure of Cp,Zr(CHz)(NH.BH(C¢Fs5),) (10) shows a distorted
tetrahedral zirconium atom bound by two cyclopentadienyl ligands and an agostically

bound amidoborane ligand in addition to the methyl group (Figure 3.14). In contrast to
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the structures of 8 and 9, the agostically bound B—H---Zr contact is in a cis arrangement

relative to the methyl group.

Figure 3.14: Crystal structure of Cp,Zr(CH3)(NH,BH(C¢Fs),) (10) with displacement
ellipsoids displayed at the 50% probability level. Cyclopentadienyl and methyl hydrogen
atoms have been omitted for clarity. The intramolecular N—H---F—C interaction is
indicated in red and the -B-agostic interaction is indicated in blue.

Analogous chemistry is observed for the n = 2 complex, Cp,Zr(CHs)(NH,BH,(CgFs)) (11),
although isolation of crystalline material proved impossible, preventing characterization
using elemental analysis and X-ray diffraction methods. The 'H NMR spectrum of the
crude reaction mixture between Cp,Zr(CHs)(u-HzCB(CgFs)3) and Li[NH,BH»(CsFs)] shows
a major cyclopentadienyl resonance at 5.32 ppm, which integrates to 10 protons relative

to the NH, resonance at 0.90 ppm (2 protons) and the methyl resonance at —0.13 ppm

91



(3 protons). The F NMR spectrum consists of two sets of pentafluorophenyl
resonances, attributable to the desired product and the reaction by-product
Li[HsCB(CsFs)s]. The B resonance of the major product appears as a triplet at -26 ppm
with a coupling constant of *Jg; = 84 Hz. The chemical shift and coupling constant value
indicate that the amidoborane is coordinated to the zirconium center and that the B—H

group interacts in an agostic fashion.

3.2.2 [Cp2Hf] complexes bearing —Cg¢Fs substituted amidoborane ligands

Despite the observed reduction in catalytic activity descending the group 4 metals,*****°

the isolation of hafnocene amidoborane complexes allows for further comparison between
the dehydrocoupling activities of the group 4 metals. In contrast to the preparation of
zirconocene amidoboranes from Cp,ZrCl, bearing the —-NH,BH(C¢Fs), ligand, the
analogous chemistry with Cp,HfCl, resulted in a crude NMR spectrum indicating only
three major cyclopentadienyl containing complexes, with resonances at 5.29, 5.28 and
5.16 ppm. The consistently isolated crystalline product was assigned to the resonance at
5.16 ppm, but was not the expected bis(amidoborane) complex. Instead, the hafnocene
imidoborane Cp,Hf(NHBH(CsFs),) (12) was characterized using X-ray diffraction. The
solid state structure displays a single -NHBH(C¢Fs)» ligand coordinated to the hafnocene
fragment through a Hf—N bond along with an additional (3-B-agostic interaction with the

hafnium center (Figure 3.15).
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Figure 3.15: Crystal structure of Cp,Hf(NHBH(C¢Fs),) (12) with displacement ellipsoids
displayed at the 50% probability level. Cyclopentadienyl hydrogen atoms and the toluene
solvate molecule have been omitted for clarity. The 3-B-agostic interaction is indicated in
blue.

The H—N bond length of 2.282(5) A is longer than reported hafnium—nitrogen double

bond8239—241

and is therefore assigned as a Hf—N single bond. While the boron-bound
hydrogen atom was located on the difference map, the diffraction data for compound 12
was unsuitable for location of the nitrogen-bound hydrogen atom. In order to balance the
charge of the [Cp,Hf|** fragment, a single N—H bond was modelled for the
dianionic -NHBH(C¢Fs), ligand. This single N—H group is observed spectroscopically,
where it appears as a broadened singlet at 7.59 ppm in the 'H NMR spectrum. The
crystallographic structure for compound 12 is therefore most accurately described as a

zwitterion, although several resonance forms may contribute to its solution state structure

(Figure 3.16).
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Figure 3.16: Resonance forms of compound 12.

On one occasion, the reaction between Cp,HfCl, and two equivalents of Li[NH,BH(C¢Fs)]
produced a small amount of X-ray quality crystals which were identified as the double
metathesis product Cp,Hf(NH,BH(CsFs),).. Consideration of the crude *H NMR spectrum
and elimination of those resonances attributed to Cp,Hf(NHBH(C¢Fs),), the
bis(amidoborane) species is responsible for the resonance at 5.29 ppm by integration
against a broad resonance at 2.25 ppm (four protons) for the two NH, groups. This
complex has been isolated on two instances, in the presence of excess thf and as a
thf-free sample. The solid state structure of the thf solvate,'®* Cp,Hf(NH,BH(CsFs),)-4thf
(13-4thf) (Figure 3.17), exhibits a hafnocene unit flanked by two amidoborane ligands,
one of which participates in a 3-B-agostic interaction with the metal center, similar to the

zirconium analog Cp,Zr(NH,BH(CsFs),)-.
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Figure 3.17: Crystal structure of Cp,Hf(NH,BH(CsFs),).-4thf (13-4thf) with displacement
ellipsoids displayed at the 50% probability level. Two of the four thf solvate molecules, the
hydrogen atoms of the remaining thf molecules and the cyclopentadienyl hydrogen atoms
have been omitted for clarity. Intramolecular N—H---F—C interactions are indicated in

red, hydrogen bonded thf---H,N contacts are indicated in green and the [(-B-agostic
interaction is indicated in blue.

Two of the thf solvate molecules coordinate to the —NH, units through hydrogen bonding
contacts, initially thought to facilitate crystallization by increasing the stability of the
metallocene with two bulky ligands. However, the structure of Cp,Hf(NH,BH(CsFs),). (13)
without thf also consists of a hafnocene unit flanked by two amidoborane ligands.
However, in the solid state, neither of the amidoborane ligands of 13 participate in a
distinct B-B-agostic interaction with the metal center (Figure 3.18). In fact, both H—N—B
angles adopt values intermediate to those previously discussed for agostically-bound
(ca. 90°) and free (ca. 120°) B—H---M interactions, with the Hf(1)—N(1)—B(1) and
Hf(1)—N(2)—B(2) bonds measuring 102.7(5)° and 109.7(5)°, respectively. Three of the
four N—H groups participate in intramolecular N—H---F—C interactions with

ortho-fluorine atoms of the pentafluorophenyl rings.
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Figure 3.18: Crystal structure of Cp,Hf(NH,BH(CsFs),), (13) with displacement ellipsoids
displayed at the 50% probability level. The toluene solvate molecule and cyclopentadienyl
hydrogen atoms have been omitted for clarity. Intramolecular N—H---F—C interactions
are indicated in red.

This is the only example in the collection of complexes reported herein in which a
B-B-agostic interaction is not distinctly present, despite the presence of a 3-hydrogen and
a similar structure with a chelate ligand.' Isolation and crystallization of both examples of
Cp2Hf(NH,BH(C¢Fs),), (thf-solvated and thf-free) provides some clues into the possible

dynamic exchange between bound and free B—H groups in solution (Scheme 3.9).

' This is not the result of crystallographic disorder, an explanation which has been considered and
dismissed.
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Scheme 3.9: Possible dynamic exchange of 13 in solution.
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Gentle warming (60 °C) of a crude reaction mixture containing both Cp,Hf(NHBH(CgFs),)
and Cp,Hf(NH,BH(CsFs),), did not result in conversion of the latter to the former through
thermal N—H bond activation, suggesting the two species are formed from separate
mechanistic processes (Scheme 3.12). In all repeated cases of the reaction, the crude *H
NMR spectrum indicated the presence of both species in varying ratios, and despite

numerous attempts, no obvious control over the ratio could be obtained.

Treatment of Cp",Hf(CH3), with B(CgFs)s followed by Li[NH,BH.(CeFs)z-n] (N = 1, 2) in
toluene solution resulted in very clean 'H NMR spectra. Integration of the
cyclopentadienyl resonance and the methyl region, in addition to spectral comparison with
an authentic sample, resulted in the identification of regenerated Cp",Hf(CHs), as the
major cyclopentadienyl containing product. The *°F and *'B spectra of the same reaction
mixture indicated several reaction products, with the predominant resonances being
attributed to Li[HB(CsFs)s], formed through hydride abstraction from Li[NH,BH,(CsFs)3-n]
by B(CsFs)s. Fractional crystallization of the lithium salt confirmed this result, with the
diffraction data only being of sufficient quality to establish connectivity. This result is
strikingly different from the analogous zirconium chemistry, and has been ascribed to

2242 This observed difference in

incomplete methyl abstraction to form Cp",Hf(CHs),.
reactivity between zirconium and hafnium has been related to the relative M—CHs; bond

strengths, where the Zr—CH; bond is found to be 10 kcal mol™ weaker than the
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analogous Hf—CH,; bond.? Therefore, in the presence of a methyl abstraction reagent,
the zirconocene species reacts through complete Zr—CH; bond cleavage while
hafnocene reagent reacts through more favourable cleavage of the bridging
HsC---B(CgFs);s bond of Cp,Hf(CHs)(U-CH3B(CeFs)s) followed by regeneration of the

starting components (Scheme 3.10).

Scheme 3.10: Observed difference of the reactivity of zirconocenes and hafnocenes in
the presence of the methyl abstraction reagent, B(CsFs)s3.
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Hafnocene complexes of the —NH,BH,(CgsFs) and —NH,BH(CsFs), ligands were later
prepared through reaction of the lithium salts with the related electrophilic metal center
Cp Hf(CH3)(1-H:CB(CsFs);) generated in an analogous fashion to the procedure
described for the zirconocene complexes Cp,Zr(CH3)(NH.BH,(CsFs)sn) (N = 1, 2).
Confirmation of product formation was acquired solely through multinuclear NMR

spectroscopy in the absence of X-ray quality crystals for both species. The 'H NMR
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spectrum for Cp,Hf(CH3)(NH,BH»(CsFs)) (14) shows resonances of correct integration at
5.29, 0.99 and -0.29 ppm for the cyclopentadienyl, NH, and CH; groups, respectively. In
addition, the **F NMR spectrum contains a set of —C¢F5 resonances consistent with those
for the analogous zirconocene complex, Cp,Zr(CHz)(NH,BH,(CgFs)). The presence of an
agostic interaction is confirmed in the *'B spectrum, with a sharp triplet at —25 ppm with a

135 4 coupling constant of 86 Hz.

Formation of Cp,Hf(CH3)(NH,BH(CsFs)2) (15) from reaction between the electrophilic
metallocene and Li[NH,BH(C¢Fs),] was also confirmed through the NMR spectra.
Integration of the 'H spectrum resonances for the cyclopentadienyl, -NH, and —CH,
groups (5.25, 1.75 and -0.19 ppm, respectively) present in the molecule confirmed the
presence of one amidoborane ligand and one methyl group bound to the hafnium center.
The absence of an appreciable amount of any side products has resulted in a sufficiently
clean NMR spectrum to observe the B—H resonance as a quartet at —0.48 ppm in the *H
NMR spectrum. A single set of *°F resonances reflecting the —CsFs group on the borane
fragment in addition to a sharp doublet at —24 ppm in the *'B NMR spectrum with a *Jg
coupling constant of 68 Hz confirms the presence of an agostically bound amidoborane

ligand.

3.2.3 [Cp.Ti] complexes bearing —CgFs substituted amidoborane ligands

As the most catalytically active of the group 4 metals, titanium complexes bearing ligands
which feature either a protic N—H and / or hydridic B—H groups would likely be unstable
towards further bond activation. Indeed, only a few examples of titanocene amidoborane
complexes have been reported, all of which feature a Ti(lll) center. However, with respect
to proposed catalytic mechanisms which feature a Ti(ll) / Ti(IV) redox cycle, the formation
of stable Ti(lll) amidoboranes suggest the existance of a more complex reaction pathway

during dehydrocoupling. For these reasons, isolation of pentafluorophenyl stabilized
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titanocene amidoborane complexes allows for a significant glimpse into the underlying

catalytic cycle(s).

Treatment of a thf solution of Cp,TiCl, with two equivalents of Li[NH,BH,(C¢Fs)] at ambient
temperature resulted in rapid evolution of a gaseous product (assumed to be

112

dihydrogen)™“ along with an observed sequence of color changes from red to green and
finally a vibrant royal blue. The 'H and B NMR spectra of the crude reaction mixture
contain only those resonances associated with residual solvent, while the **F spectrum
reveals a set of slightly broadened and unresolved —CgFs resonances. The crude product

material was extracted into light petroleum and dissolved in toluene. Cooling to —25 °C

overnight afforded X-ray quality blue crystals of Cp,Ti(NH,BH,(CsFs)) (16) (Figure 3.19).

H1C

v

Figure 3.19: Crystal structure of Cp,Ti(NH.BH»(CsFs)) (16) with displacement ellipsoids
displayed at the 50% probability level. The cyclopentadienyl hydrogen atoms have been
omitted for clarity. The intramolecular N—H---F—C interaction is indicated in red and the
B-B-agostic interaction is indicated in blue.

100



The structure contains a Ti(lll) center, with the titanocene fragment ligated by a single
amidoborane ligand. The Ti—N single bond measures 2.165(2) A, and the coordination at
titanium includes a B-B-agostic interaction producing a Ti(1)—N(1)—B(1) bond angle of
84.5(1)°. The weak N—H---F—C interaction between one of the protic N—H groups and
an ortho-fluorine atom of the —C¢Fs ring is 2.471 A in length. This paramagnetic Ti(lll)
metallocene amidoborane results from reduction of Ti(IV) to Ti(lll) with one equivalent of
the lithium amidoborane salt and metathesis between the remaining Ti—CI functionality
and the second equivalent of lithium salt in solution. This type of reactivity has been
reported for the treatment of Cp,TiCl, with of Li[NH,BHs] to produce the unsubstituted
Ti(Il) amidoborane, Cp,Ti(NH,BHz)."*  In the absence of full NMR spectral
characterization, Cp,Ti(NH,BH,(C¢Fs)) was characterized by IR spectroscopy, where the
N—H, terminal B—H and agostic B—H peaks were identified at 3444 (NH), 3365 (NH),
2391 (BHwem) and 1841 (BHagostic) cm™, To confirm that production of
Cp,Ti(NH,BH,(CsFs)) occured through reduction followed by metathesis, compound 16
was also prepared through reaction between Cp,TiCl and one equivalent of
Li[NH,BH,(CsFs)]. Comparison of the IR spectra between reactions starting with Cp,TiCl,

and Cp,TiCl indicate the same final product, Cp,Ti(NH,BH,(C¢Fs)).

In a similar fashion to the preparation of compound 16, Cp,TiCl, was treated with two
equivalents of Li[NH,BH(C¢Fs),] in toluene or thf solution at -78 °C. The crude reaction
mixture immediately after warming to ambient temperature appeared brown / red in color,
which changed to brown / green over the course of 30 minutes at ambient temperature.
The multinuclear NMR spectra of an aliquot of this solution reveal at least five
cyclopentadienyl-containing products and numerous sets of *°F —C4Fs resonances. After
considerable reaction time (12 hours), the reaction mixture was green in color, changing
to yellow upon exposure to trace amounts of atmosphere. These observations may be

attributed to slow or possibly competing reaction pathways, with titanium reduction based
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on the highly sensitive nature of the resulting material towards the atmosphere. Despite

numerous attempts, X-ray quality crystals could not be isolated from this reaction mixture.

Use of the Ti(lll) precursor Cp,TiCl with Li[NH,BH(CsFs),] facilitated rapid reaction.
Treatment of a thf solution of Cp,TiCl with Li[NH,BH(C¢Fs),] at ambient temperature
produced an immediate color change from red to brown and ultimately blue / purple.
Extraction into light petroleum and cooling of a 1,2-difluorobenzene / light petroleum
solution of the crude material to -25 °C produced X-ray quality crystals of
Cp,Ti(NH,BH(C¢Fs),) (17) (Figure 3.20). Two crystallographically independent molecules
of Cp,Ti(NH,BH(C¢Fs5),) are found in the crystal structure, and one has been selected for

the following description.

Figure 3.20: One of two crystallographically independent molecules in the unit cell of
Cp.Ti(NH,BH(C¢Fs),) (17) with displacement ellipsoids displayed at the 50% probability
level. The cyclopentadienyl hydrogen atoms have been omitted for clarity. The
intramolecular N—H---F—C interaction is indicated in red and the -B-agostic interaction
is indicated in blue.
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The titanocene is coordinated to the amidoborane ligand bearing two electron withdrawing
pentafluorophenyl rings through a Ti(1)—N(1) single bond (2.166(3) A) and a B-B-agostic
interaction, with a Ti(1)—N(1)—B(1) bond angle of 85.7(2)°. The *H and 'B NMR spectra
for Cp,Ti(NH,BH(CgFs),) contain no discernible resonances due to the paramagnetic
nature of the titanium center. A set of broadened '°F resonances have been attributed to
the pentafluorophenyl rings. The ortho- and meta-fluorine signals are very broad and
almost indistinguishable from the baseline while the para-fluorine signal appears as an
unresolved singlet, a result of its distance from the paramagnetic titanium center. The
solution phase IR spectrum of 17 (3436 (NH), 3325 (NH) and 1861 (BHagosic) Cm™) is
nearly identical to that of 16 with the exception of the absence of a BHm peak. This
suggests that the agostic interaction in 17 is strong and does not participate in a solution
equilibrium such as that presented in Scheme 3.9, which shows the presence of a

complex with no, or only low concentrations of, an agostic interaction.

The predominance of the +3 oxidation state in titanocene complexes with the
amidoborane ligands —NH,BH(CsFs)s-n (n = 1, 2) may be attributed to the reducing power
of amidoborane salts. The parent lithium amidoborane, Li[NH,BHs] was first prepared in

1994*** and is commonly used as a reducing agent for tertiary amides,** ketones and

5 246

imines.?”®> This, in combination with the relatively facile reduction of Ti(IV) to Ti(lll),
results in titanium amidoborane complexes being most stable in the +3 oxidation
state.!**? Therefore, attempted isolation of a Ti(IV) amidoborane complex was pursued
with the tri-substituted amidoborane ligand —NH,B(C¢Fs)s. Treatment of Cp,TiCl, with two
equivalents of Li[NH,B(CgFs)s] resulted in slow solution color change from red to brown
over the course of 12 hours at ambient temperature. No metallocene species were
isolated from the reaction mixture. However, generation of a more electrophilic metal
center followed by treatment with the lithium salt proceeded rapidly at ambient

temperature. Halide abstraction from Cp,TiCl, with AgOTf generates the electrophilic

metallocene [Cp,TiCI]*,**” which exhibits rapid reaction with Li[NH,B(CsFs)s]. However,
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rather than the expected metallocene amidoborane chloride or metallocene amidoborane
triflate, isolated small red / orange crystals were examined by X-ray diffraction methods

and found to be [Li{thf}4][Cp.Ti(NHB(CeFs)3)(NH2B(CsFs)s)] (18) (Figure 3.21).

Figure 3.21: Crystal structure of [Cp,Ti(NHB(CsFs)3)(NH.B(CeFs)3)]” ion (18) with
displacement ellipsoids displayed at the 50% probability level. The [Li{thf},] cation,
toluene solvate molecule and cyclopentadienyl hydrogen atoms have been omitted for
clarity. The intramolecular N—H---F—C interactions are indicated in red.

The solid state structure of compound 18 consists of solvent separated
[Cp.Ti(NHB(CsFs)3)(NH,B(CeFs)3)] and [Li{thf},] ions. The anionic titanocene fragment is
coordinated by one amidoborane ligand and one imidoborane ligand, a new and
unexpected bonding pattern for titanocene complexes. While the Ti(1)—N(1) amido-bond

is consistent in length with typical Ti—N single bonds (Ti(1)—N(1) 2.244(3) A), the Ti—N
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imido-bond length is considerably shorter, measuring 1.932(3) A. The Ti—N—B bond
angles measure 145.6(3)° for the amidoborane ligand and 153.5(3)° for the imidoborane
ligand. The crude *H NMR spectrum displays a major Cp resonance at 5.5 ppm in
addition to a broad resonance at 0.83 which may be attributed to the NH, group. Two sets
of °F resonances and two major "B resonances appear in the corresponding NMR
spectra, which is to be expected for the —B(C¢Fs)s fragments on the different ligands (see
Appendix). An additional set of resonances was identified in each spectrum which is
consistent with the hydrolysis product, HsN-B(C¢F5)s. Despite the unique and interesting
outcome, the crystal structure does not reflect the reaction stoichiometry and must
therefore be a minor product. However, it is tempting to speculate on the mode of

formation (see Section 3.3).

3.2.4 Group 4 metallocene complexes bearing the -NHPhBH;(CsFs) ligand

Despite the divergent reactivity pathways observed for reactions between group 4
metallocenes and the salts Li[NH,BH,(C¢Fs)s-s], reproducible methods were established
for isolation of metallocene complexes bearing at least one amidoborane ligand. For
zirconium and hafnium, the most reliable and high vyielding method involved the
generation of the highly electrophilic metallocene species [Cp,M(CHs)]" and reaction with
one equivalent of the lithium salt. The chemistry of titanocene with these ligands is
dominated by the tendency for the amidoborane to act as a reducing agent, and all
titanium complexes of the hydridic amidoborane ligands contained titanium in the +3

oxidation state.

These synthetic procedures have been extended to include amidoborane ligands with
substitution at the nitrogen atom in addition to the presence of at least one —C¢Fs group on
boron. The aniline adduct of tris(pentafluorophenyl)borane, PhH,N-B(CsFs)s;, and its

lithium salt LIINHPhB(C¢Fs)s] were reported in 2009.™° This Lewis adduct is prepared
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through analogous methods to those reported for PhH,N-BH,(CsFs)s-n (n = 1, 2) discussed
in Chapter 2. Facile deprotonation of PhH,N-B(CgFs); with "BuLi produces the lithium salt
in quantitative yield, resulting in ligand precursors similar to —NH,BH,(CgF5)s-, (n = 1, 2, 3)

with potential reactivity with group 4 metallocene complexes.

Treatment of the adducts PhH,N-BH,(CgFs)s-, (n = 1, 2) with "BuLi in thf at =78 °C
quantitatively produces the corresponding lithium salts. In the case of n = 1, the addition
of two equivalents of 12-crown-4 to the solution of [Li{thf},][NHPhBH(C¢Fs),] (19) and
cooling of a dichloromethane / light petroleum solution afforded X-ray quality crystals of

[Li{12-crown-4},][NHPhBH(C¢Fs),] (19a) (Figure 3.22).

Figure 3.22: Crystal structure of [Li{12-crown-4},][INHPhBH(C¢Fs),] (19a) with
displacement ellipsoids displayed at the 50% probability level. The crown ether hydrogen
atoms have been omitted for clarity. The intramolecular N—H---F—C interaction is
indicated in red.
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The B—N bond length of 19a measures 1.530(5) A, significantly shorter than that of the
adduct (1.632(2) A). The observed B—N bond shortening after deprotonation of the
adduct is consistent with that observed for the deprotonation of the analogous ammonia
adduct, HsN-BH(CeFs), to prepare Li[NH,BH(CgFs),]. %1% Deprotonation  of
PhH,N-BH,(CsFs) with "BuLi at -78 °C in thf produces the lithium salt
[Li{thfi][NHPhBH,(CsFs)] (20) in quantitative yield. Addition of 12-crown-4 affords the
crown ether adduct [Li{12-crown-4}][NHPhBH,(CsFs)] (20a), which was characterized by
multinuclear NMR spectroscopy. Despite humerous attempts, no X-ray quality crystals of

20 or 20a could be isolated.

Treatment of a toluene solution of CpoM(CHys), (M = Zr, Hf) with LINHPhBH,(CsFs)] results
in clean and quantitative conversion to Cp,M(CHz)(NHPhBH,(C¢Fs)). In the case of
M = Zr, the crude *H NMR spectrum displayed resonances between 6.83 and 7.10 ppm
assigned to the amido-bound phenyl group. In addition, the cyclopentadienyl resonance
at 5.37 ppm along with a broad NH resonance at 3.72 ppm and a sharp singlet for the
metal-bound methyl group at -0.18 ppm confirmed the formation of
Cp,Zr(CH3)(NHPhBH,(CsFs)) (21) as the major product. The BH, resonance in the ‘H
NMR spectrum is sufficiently broadened that it is indistinguishable from the background,
therefore the **B NMR spectrum confirms the BH, moiety as a sharp triplet at —23 ppm
(*{Jgn = 80 Hz). In contrast to the zirconium analog, for which crystals suitable for X-ray
diffraction could not be isolated, the crystaline hafnium  complex
CpHf(CH3)(NHPhBH,(CsFs)) (22) was isolated from a concentrated toluene solution at
-25 °C. The solid state structure features the amidoborane ligand —NHPhBH,(C¢Fs)
bound to the hafnium through a Hf—N single bond and a [(-B-agostic interaction
(Figure 3.23). The single N—H group engages in an intramolecular N—H---F—C
interaction with an ortho-fluorine of the pentafluorophenyl ring

(H(1)—H(1C)---F(19)—C(19), 2.228 A).
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Figure 3.23: Crystal structure of Cp,Hf(CH3)(NHPhBH,(C¢Fs)) (22) with displacement
ellipsoids displayed at the 50% probability level. Cyclopentadienyl and methyl hydrogen
atoms have been omitted for clarity. The intramolecular N—H---F—C interaction is
indicated in red and the B-B-agostic interaction is indicated in blue.

The —-NHPhBH,(C¢Fs) lithium reagent acts in an analogous fashion to the
unsubstituted —-NH,BH,(CsFs) ligand towards Cp,TiCl, through facile reduction of the
titanium center from Ti(IV) to Ti(lll). In addition, salt metathesis between the in situ
generated Cp,TiCl and Li[NHPhBH,(CsFs)] resulted in the Ti(lll) amidoborane
Cp.Ti(NHPhBH,(C¢Fs)). Deep blue X-ray quality crystals are obtained by cooling a
concentrated toluene solution to -2 °C. The solid state structure shows the amidoborane
ligand bound to the titanium center in an agostic fashion. Unlike most of the previously
described structures, the protic N—H group does not engage in any intramolecular

N—H---F—C interactions (Figure 3.24).
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Figure 3.24: Crystal structure of Cp,Ti(NHPhBH,(CgFs)) (23) with displacement ellipsoids
displayed at the 50% probability level. The cyclopentadienyl hydrogen atoms have been
omitted for clarity. The B-B-agostic interaction is indicated in blue.

The addition of a phenyl group at the nitrogen center causes a lengthening of the Ti—N
bond from 2.165(2) A in Cp,Ti(NH;BH,(CsFs)) to 2.217(2) A in Cp,Ti(NHPhBH,(CgFs)).
The observed bond lengthening has also been reported for alkyl and aryl substitution of
the Ti(lll) amide Cp*,Ti(NH,). The Ti—N bond length in the parent Cp*,Ti(NH,) measures
1.933(3) A,?*® indicating additional lone pair donation from the nitrogen to the titanium
center and partial double bond character. For the substituted Ti(lll) amides,
Cp*,;Ti(NMeH) and Cp*,Ti(NMePh), the analogus Ti—N bond lengths are 1.955(5) A%*°
and 2.045(2) A**° respectively, consistent in nature woith the observed Ti—N bond

lengthening pattern for the pentafluorophenyl substituted Ti(lll) amidoboranes 16 and 23.
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3.3 Discussion

Despite the isoelectronic relationship between amine boranes and alkanes, their structural
organization about a transition metal center is considerably different. This is due to the
protic N—H and hydridic B—H groups in amine boranes, a combination which facilitates
molecular polarity and a usual end-on bonding mode in transition metal complexes
(Figure 3.1). In contrast, the coordination of alkanes to transition metal centers occurs
through the formation of a highly reactive o-complex formed from side-on coordination of
a C—H bond (Scheme 3.4). However, the bonding of the related amidoborane
(-NR,BX3; R = H, alkyl / aryl; X = H, Cg¢Fs) and ethyl ligands to transition metal centers
display many similarities. In addition to the propensity for the formation of agostic
interactions in structures bearing amidoborane or ethyl ligands, the nature of the B—N or
C—C bond in response to ligation is the same for both types of ligand. Upon bonding to a
metal, the B—N bonds of amidoborane ligands and the C—C bonds of ethyl ligands
shorten with respect to those of the amine borane adduct or free alkane, as can be

compared in Table 3.3.

Table 3.3: Comparison between the B—N / C—C bond lengths between the neutral free
small molecule and bound anionic ligand (-NH,BHs; / —CH,CHy).

Complex B—N (A) | Ref. Complex C—C (A) | Ref

HsN-BHs 1.58(2) | ** H;C—CH, 1.532 133

Cp.Ti(NH,BH) 1.534(55) | ' | Ti(Me,PCH,CH,PMe,)EtCl; | 1.463(13) | **°

Cp2Zr(H)(NH,BH3)? | 1.531(4) | ™° | CIEtRh(C,HgNO)(CsHsN), | 1.462(9) | **

Cp2Zr(Cl)(NH;BH3) | 1.523(5) | *° EtZnCl 1.533(4) | *

# Two polymorphs have been reported for Cp,Zr(H)(NH,BH5) and the B—N bond length for one has
been used for this comparison.
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The observed B—N and C—C bond shortening of amidoborane and ethyl ligands is
reported to be, in part, a result of the additional agostic bonding between the ligand to the
metal center. This agostic interaction facilitates charge redistribution on the ligand, in
which some of the agostically bound B—H or C—H groups donate electron density into an

available metal d-orbital.***

Due to the B—H group of the amidoborane ligand already
exhibiting high polarity, the agostic interaction serves to minimize this polarity, creating a
less hydridic B—H group and a resulting M---H interaction which has significant
metal—hydride character. This tendency towards strong metal—hydride interaction has
been attributed, in part, to redistribution of the M—N electron density over the entire
amidoborane ligand.'™* The opposite effect is observed for ethyl ligands, in which the
relatively nonpolar C—H bond developes polarity through donation of electron density
from the ligand back into the metal d-orbital. Analogous charge redistribution is slight in
comparison with the amidoborane ligand. As a result, examples of agostically bound

amidoborane ligands have been more forthcoming than those of the relatively non-polar

alkyl derivatives.

Transition metal complexes featuring an agostic interaction have been known since the
1980s with the report of Ti(Me,PCH,CH,PMe,)EtCl;.*** In contrast, the chemistry of the
amidoborane ligand on transition metals was first reported in 2009 with the

characterization of Zr(I\V) amidoborane hydrides and chlorides (Figure 3.25).**°
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Figure 3.25: The first structurally characterized transition metal amidoborane
complexes.'*®

Both sets of zirconocene amidoborane complexes exist in a solution equilibrium between
a cis and trans configuration with respect to the Zr—H and Zr---H moieties. The two
stereoisomers are observed in the "H NMR spectrum, but crystallographic characterization
is limited to the cis isomer for the zirconocene amidoborane hydride and the trans isomer

for the zirconocene amidoborane chloride.'*°

These complexes are prepared through
treatment of the metallocene dichlorides with one or two equivalents of Li[NH,BHz]. The
mechanism of formation of the zirconocene amidoborane hydrides is thought to occur
through formation of Cp,Zr(NH,BH3), and [B-hydrogen activation to produce the
metallocene amidoborane hydride and oligomeric or polymeric polyaminoborane. The
use of the substituted amidoborane ligand —NH,BH(C¢Fs), has provided evidence for the
presence of a metallocene bis(amidoborane) species under similar conditions. The
electron withdrawing nature of the pentafluorophenyl substituents render the B—H group
less hydridic in character. This, in addition to the steric bulk of the amidoborane ligand
contribute to the increased stability of Cp,Zr(NH,BH(Cg¢Fs),), towards rapid B-hydrogen
activation and elimination over the postulated Cp,Zr(NH,BHs), species. Recently,
Manners isolated the zirconocene(lV) amidoborane hydride Cp,Zr(H)(NMe,BH3) from

reaction between zirconocene dichloride and two equivalents of Li[NMe,BH3]."**> This

complex exhibits a trans configuration analogous to Roesler’s Cp,Zr(CI)(NH,BH3).
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In a similar fashion to the solid state structure of Roesler's Cp,Zr(H)(NH,BH?3), the solid
state structure of Cp,Zr(CHz)(NH,BH(CsFs),) is characterized by the cis arrangement with
respect to the Zr—CHs; and Zr---H moieties. It is the only example of a pentafluorophenyl
stabilized metallocene amidoborane in which this ligand arrangement is favourable in the
solid state. Although a solution equilibrium likely exists between a cis and trans isomer of
Cp,.Zr(CH3)(NH,BH(CsFs),) and the closely related Cp",Zr(CH3)(NH.BH,(CgFs)s-n)
(n=1, 2), a single cyclopentadienyl, NH and CH; resonance is observed for each
compound in the *H NMR spectrum. The structural parameters of the zirconocene methyl
amidoborane complexes described in Section 3.2.1, the hydride and chloride analogs
reported by Roesler and the N-methylated analogs reported by Manners are similar

(Table 3.4).
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Table 3.4: Structural parameters of group 4 metallocene amidoborane complexes.

Zirconocene

) Zr—N—B Zr—N N—B Zr---H Ref.
amidoborane

Zi—NH, 87.9(2) 2.268(2)  1.523(5)  2.02(3) 110

/Cer
/H\B_Cer
\ / 102

/ 92.0(1) 2.295(2)  1.531(4) 2.18(2)

Zf-----H 85.9(1)* 2.284(2) 1.531(4) 2.284(2) 110

ot 87.54(8) 2.309(1) 1.547(2) 2.1979(3) | %

NMe, 84.5(1) 2.337(2) 1.540(3)  1.97(3) 12

* Two polymorphs have been reported for Cp,Zr(H)(NH,BHs) and the structural data for one has
been used for this comparison.

In contrast to the B—H bond activation reaction observed in addition to the formation of
Cp.Zr(NH.BH(CgFs)2)2, to produce the pentafluorophenyl substituted polyaminoborane
{H.NB(C¢Fs),}s, the analogous treatment for hafnocene results in activation of the N—H
bond, rather than the B—H bond. Treatment of Cp,HfCl, with two equivalents of
Li[NH,BH(CsFs),] produces two major cyclopentadienyl containing products,
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CpHf(NH,BH(C¢Fs),), and Cp,Hf(NHBH(CsFs),) (Scheme 3.11). Despite numerous
attempts, reaction conditions could not be adjusted to favour formation of one or the other
as the sole product, and the intensity ratio of the cyclopentadienyl resonances in the *

NMR spectra of the crude reaction mixtures could not be related to any experimental

consideration.

Scheme 3.11: Preparation of pentafluorophenyl stabilized hafnocene complexes.
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Three possible mechanisms have been postulated for the formation of the hafnocene
imidoborane complex Cp,Hf(NHBH(CsFs),) (Scheme 3.12). The common entry point in
the proposed reaction pathways is salt metathesis to produce Cp,Hf(Cl)(NH,BH(C¢Fs),)

along with the precipitation of LiCl.
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Scheme 3.12: Proposed routes to compound 12.
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From here, three reaction pathways can be considered for the preparation of
Cp.Hf(NHBH(C¢Fs),). In the first, a second metathesis reaction occurs (i) to produce the
crystallographically characterized hafnocene bis(amidoborane) complex,
Cp.Hf(NH,BH(CsF5)2).. An analogous mechanism has been proposed to occur in the
case of reaction of zirconocene dichloride with two equivalents of Li[NH,BHs."® The
hafnocene bis(amidoborane) may further react through either B—H bond activation to
produce {H.NB(CgsFs)2}, and the hafnocene amidoborane hydride Cp,Hf(H)(NH,BH(CgsFs)2)
(i) or intramolecular N—H bond activation to release one equivalent of HzN-BH(CgsFs), and
produce Cp,Hf(NHBH(CgFs),) (iii). In the former pathway, further loss of dihydrogen (iv)
would result in the production of the hafnocene imidoborane as well. Alternatively, rather
than a second instance of salt metathesis from Cp,Hf(CI)(NH,BH(C¢Fs),) and
Li[NH,BH(C¢F5),], the lithium salt may act as a base (v), deprotonating the amidoborane
ligand to produce the parent amine borane, H3N-BH(CgFs),, lithium chloride precipitate

and szHf(N H BH(CGF5)2) .
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Interpreting NMR spectra of crude reaction mixtures with reference to the described
mechanisms is not straightforward. In all reaction attempts, at least two cyclopentadienyl
resonances were identified, with relative integrations apparently independent of the
reaction conditions. Repeated isolation of crystalline samples of Cp,Hf(NHBH(C¢Fs),) has
resulted in those resonances attributed to this compound to be confidently assigned,
allowing for a tentative assignment of the second major cyclopentadienyl resonance to be
attributed to the presence of Cp,Hf(NH.BH(C¢Fs).).. Gentle warming of the reaction
mixture (60 °C) did not result in a noticeable change in the resonance intensities,
suggesting that Cp,Hf(NHBH(C¢Fs),) is not formed from N—H bond activation of
Cp.Hf(NH,BH(CsFs)2).. No direct NMR spectroscopic evidence of the formation of
Cp.Hf(H)(NH,BH(CsFs),) in solution was identified. Consideration of the observed stability
of the zirconium analog Cp,Zr(H)(NH.BH(C¢Fs),) and the distinctive Zr—H resonance in
the 'H NMR spectrum suggests that if formed in solution, the stability of
CpHf(H)(NH,BH(CsFs)2) should be sufficient for identification by NMR. However, by
comparison with  hafnium alkyls, the hafnocene bis(amidoborane) complex
Cp,Hf(NH,BH(CsFs),)>, should demonstrate increased stability towards [(-hydride

252254 |dentification of

elimination than the corresponding zirconocene complex.
HsN-BH(CgFs), in the F and B NMR spectra of crude reaction mixtures may be
indicative of reaction pathways iii and / or v. However, H3N-BH(CsFs), is also the product
of hydrolysis and therefore its presence in crude NMR spectra is unavoidable and its
origin cannot be confidently determined. The proposed reaction pathway for the formation

of Cp,Hf(NHBH(C¢Fs),) is undeniably complex and the consideration of simultaneous

multiple reaction pathways must not be dismissed.

Dehydrocoupling of amine boranes by titanocene was first reported by Manners in
2006.**® Until this time, most of the studied dehydrocoupling catalysts were based on late
transition metals, such as rhodium and iridium. However, the potential for commercial

application of dehydrocoupling resulted in increased use of catalysts based on the
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cheaper and more abundant early transition metals. Amine borane dehydrocoupling by
titanocene was proposed to occur through a Ti(ll) / Ti(IV) redox cycle, with initial N—H
bond activation at titanocene followed by coupling and cyclization reactions to produce

112 describes the identification of

polyaminoboranes.’®® However, a recent follow up report
Ti(lll) amidoborane complexes from similar reaction conditions, indicating the likely
participation of a Ti(lll) species within the catalytic cycle. Results presented in

Section 3.2.3 are consistent with the suggestion of an intricate catalytic cycle which

includes a Ti(lll) species.

The pentafluoropheny substituted Ti(lll) amidoborane complexes are structurally similar to
the pentafluorophenyl-free derivatives Cp,Ti(NH,BH3) and Cp,Ti(NMe,BH3). These Ti(lll)
amidoborane complexes were prepared through metathesis reactions between Cp,TiCl,
and the lithium salts. In most cases, in situ reduction of the titanium from Ti(IV) to Ti(lll)
by the lithium salt generates stoichiometric amounts of Cp,TiCl. The second lithium salt
reacts through a metathesis reaction to generate the amidoborane ligand. In the case
of —NH,BH(C¢Fs),, pre-reduction of the titanium is required for the reaction to reach
completion. All reduction reactions are accompanied by the loss of a gaseous by-product
(assumed to be dihydrogen), but the fate of the B/N containing species has only been
formulated for the purposes of equation balancing. While Manners’ Ti(lll) amidoborane
Cp,Ti(NMe,BHs) and phosphinoborane Cp,Ti(PPh,BH3) were found to be active towards
amine borane dehydrocoupling, Cp,Ti(NH:BHx(CeFs)) did not react further with
HsN-BH,(CeF5)s-n (N = 1, 2, 3) even after extended periods in toluene solution at ambient

temperature.

Numerous synthetic approaches were attempted to isolate a Ti(IV) amidoborane complex
of either the —NH,BH,(C¢Fs) or —NH,BH(C¢Fs), ligands starting from titanium precursors
with various oxidation states. Cp,Ti(PMejs), was prepared by reduction of Cp,TiCl, with
magnesium in the presence of excess trimethylphosphine. Treatment of a toluene

solution of Cp,Ti(PMes), with H3N-BH,(C¢Fs) resulted the isolation of an air sensitive

118



slate-blue colored solid. This was identified as Cp,Ti(NH,BH»(CsFs)), a result which has
been observed with the formation of Cp,Ti(NMe,BH3) from the reaction between
Cp.Ti(PMe3), with Me,HN-BH; reported by Manners.**>  Analogous reaction with
the —NH,BH(CsFs), ligand did not result in an identifiable product. Therefore, treatment of
a Ti(ll), Ti(l) or Ti(1V) precursor with H3N-BH,(CsFs) or its lithium salt results in the Ti(lll)
amidoborane Cp,Ti(NH,BH,(CeFs)). Use of the tri-substituted amidoborane
ligand —NH,B(CsFs); facilitated the formation of a stable Ti(lV) center with an
amidoborane ligand. The salt [Li{thf}4][Cp.Ti(NH,B(CsFs)3)(NHB(CeFs)3)] is a novel
example of a mixed amido- / imido-borane ligand system on titanium. The imidoborane
functionality displays slight double bond character, with a Ti—N bond length of 1.932(3) A.
Previous titanocene amide complexes such as Cp*,TINRR' have Ti—N bond lengths
ranging from 1.933(3) A to 2.045(2) A, with increasing bond length associated with the
presence of an alkyl or aryl R group (Table 3.5). The length of the M—N bond length
increases upon substitution due to the decrease in 1T-donor strength of the nitrogen lone

pair.

Table 3.5: Ti—N bond lengths for selected titanocene amides.

Compound Ti—N bond length (A) Ref.
Cp",Ti(NH,) 1.933(3) 248
Cp*,Ti(NH,) 1.944(2) 295
Cp*,Ti(N(Me)(H)) 1.955(5) 249
Cp*,Ti(N(Me)(Ph)) 2.045(2) 250

In the case where R is the electron withdrawing Lewis acid B(CgFs)s, observed in
[Li{thf}4][Cp.Ti(NH,B(CsFs)3)(NHB(CgsFs)s)], the Ti—N bond remains comparable in length

to the sterically less hindered parent titanocene amide Cp”,Ti(NH;). In a similar fashion to
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the described double bond character for Cp",Ti(NH,), the imidoborane ligand of
[Li{thf}4][Cp.Ti(NH.B(CsFs)3)(NHB(CsFs)s)] may also be described as displaying partial
double bond character. The isolation of [Li{thf}4][Cp.Ti(NH2B(CsFs)3)(NHB(CsFs)3)] from
reaction between the electrophilic titanium center [Cp,TiCl]" with Li[NH,B(C¢Fs)s] was
highly surprising as this product does not reflect the reaction stoichiometry. It is therefore
evident that the underlying chemistry is quite complex, and may be proposed to occur

through a combination of salt metathesis and deprotonation reactions (Scheme 3.13).

Scheme 3.13: Possible routes to compound 18.
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Reaction between the more electrophilic titanocene species [Cp,TiCI][OTf] and the lithium
salt Li[NH,B(CgsFs)3] is likely to proceed through elimination of Li[OTf] and the production
of the titanocene amidoborane chloride, Cp,Ti(Cl)(NH,B(CsFs)s). This is consistent with
the observation of slow or unclean reaction between Cp,TiCl, and Li[NH,B(CsFs)3]
(discussed in Section 3.2.3), suggesting unfavorable reaction with the Ti—Cl bond using
this salt. Two more equivalents of the lithium salt are required for the production of
[Li{thf}4][Cp.Ti(NH.B(CsFs)3)(NHB(CsFs)3)], with one participating in  an additional
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metathesis reaction and the other acting as a base to deprotonate one —NH,B(C¢Fs)3
ligand. The distinguishing feature between the two reaction pathways is the formation of
either the titanocene bis(amidoborane) Cp,Ti(NH.B(CsFs)3), or the titanocene
amidoborane chloride Cp,Ti(CI)(NH,B(CsFs)s). However, in comparison with the observed
chemistry between the group 4 metals and the -NH,BH,(CsFs)s-n (n = 1, 2) ligands, the

participation of two simultaneous reaction pathways is a valuable consideration.

3.4 Conclusions

The use of the pentafluorophenyl substituted amidoborane ligands —NH,BH,(CgFs)s-n
(n=0, 1, 2) has allowed for stabilization of organometallic complexes which provide
insight into the bonding interactions between the amidoborane ligand and transition metal
center. The complexes Cp.M(CHz)(NHPhBH,(CeFs)) (M = Zr, Hf) and
Cp,Ti(NHPhBH,(C¢Fs)) are the first examples of N-substituted group 4 metallocene
complexes bearing a pentafluorophenyl stabilized borane moiety. In all but one of the
described group 4 metallocene amidoborane complexes, the amidoborane ligand
participates in a [(-B-agostic interaction, a structural motif that exists in the

pentafluorophenyl-free analogs and is likely to participate during catalysis.*'***

The reactivity observed with the amidoborane ligands —NH,BH(CgsFs). and —NH,BH,(CgFs)
with group 4 metallocene precursors follows the general trend of decreasing catalytic
activity / reactivity going down the group, in this case as applied to the understood
catalytic dehydrocoupling of amine boranes. Stabilization of either the —NH,BH(C¢Fs), or
—NH,BH,(CgFs) ligands on a Ti(IV) center was unsuccessful due to facile reduction of any
generated Ti(IV) amidoborane complexes. In the case of both ligands, reduction of the
Ti(IV) to Ti(lll) is observed, although this reaction is much more facile in the case
of —NH,BH,(C¢Fs). Consistent isolation of Ti(lll) complexes agrees with reports in the

literature and supports the consideration of Ti(lll) playing an active role in catalysis.**?
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However, in the case of the tri-substituted amidoborane ligand, —NH,B(C¢Fs)3, formation of
a unigue mixed titanocene amido- / imido-borane complex was observed and structurally

characterized.

The related zirconium chemistry allowed for the observation of both the metallocene
amidoborane complexes and the isolation and characterization of several of the
dehydrocoupling products. Isolation of Cp,Zr(NH,BH(CsFs),). supports the reaction
pathway proposed by Roesler for dehydrocoupling of HsN-BHs and related amine boranes
by zirconocene catalyst precursors, which includes initial formation of a zirconocene
bis(amidoborane) complex prior to B-hydrogen activation.'™ The isolated
bis(amidoborane) complex is observed to be in equilibrium with the zirconocene
amidoborane hydride Cp,Zr(H)(NH,BH(CsFs),) and the product of dehydrocoupling. While
the zirconocene amidoborane hydride was characterized solely by multinuclear NMR
spectroscopy, spectral characteristics agree with those reported for the
crystallographically characterized pentafluorophenyl-free analogs Cp,Zr(H)(NH,BH;)™°
and Cp,Zr(H)(NMe,BH;)."*? Further support for the formation of the amidoborane hydride
comes from the isolation and crystallographic characterization of {H,NB(CsFs).}s and the
formation of Cp,Zr(Cl)(NH,BH(C¢Fs5),) after treatment with dichloromethane. The spectral

characteristics of Cp,Zr(Cl)(NH,BH(C¢Fs),) agree well with those of the structurally

characterized pentafluorophenyl-free analog Cp,Zr(Cl)(NH,BH5).'*

The isolation of Cp,Hf(NH,BH(CgFs),)> provides further support for the formation of a
group 4 metallocene bis(amidoborane) complex as a possible reaction intermediate during
catalytic dehydrocoupling. Due in part to the decreased catalytic activity of hafnium in
comparison to that of titanium and zirconium, further activation of the agostic B—H bond
to facilitate dehydrocoupling is not observed. Rather, unexpected N—H bond activation to
produce a hafnocene imidoborane species was observed. This is the first example of a
hafnium imidoborane complex bearing no stabilizing R group on the nitrogen atom. The

unexpected reactivity is of significant value to research involving the description of
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dehydrocoupling by the group 4 metals, specifically by providing an example of direct
N—H activation at the metal center, which has been suggested as the initial step in the

catalytic cycle.*

Despite the divergence in chemistry observed for the group 4 metallocene amidoborane
complexes of —NH,BH,(C¢Fs) and —NH,BH(C¢Fs),, the use of pentafluorophenyl stabilized
amidoborane ligands has allowed for the isolation of structural models for suggested short
lived intermediates in amine borane dehydrocoupling. The presence of a [3-B-agostic

interaction supports those present in proposed catalytic cycles for [Cp,Ti]**

and agrees
with already reported amidoborane structures of group 4 metallocenes.™***? |n addition,
isolation of the dehydrocoupling products {HNB(CsFs)}; and {H.NB(C¢Fs),}s is consistent
with the formation of cyclic, rather than oligomeric or polymeric, polyaminoboranes in the
presence of early transition metal catalysts. Identification of the major products of

dehydrocoupling allows for increased insight into the mechanism through which they are

formed, necessary for further applications of dehydrocoupling.
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Chapter 4 Hydroboration using Me,S:-BH,(CsFs)s-n (N =1, 2)

4.1 Introduction

The reactivity of diborane towards alkenic substrates has been a flourishing area of
research as far back as the 1940s. Since initial reports of the reaction between diborane

and unsaturated carbon—carbon®® and carbon—heteroatom bonds,?’

the hydroboration
reaction has become one of the most common and efficient methods for functionalizing
multiple bonds, either in small organic molecules or as a method of ligand
modification.®®?#2%* Much of the early reported hydroboration chemistry was developed
by Prof. Herbert Brown, who shared the 1979 Nobel Prize for his work towards the
development of borane reagents for organic synthesis. Brown proposed that the
hydroboration reaction occurred through a four-centered transition state, in which a
monomeric borane with at least one polarized B—H bond will align with the unsaturated
bond of the substrate to ultimately produce a new organoborane species
(Scheme 4.1).2%%®  The proposed mechanistic pathway was later supported by

computational methods.?®

Scheme 4.1: Generic description of the hydroboration reaction.
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124



Due to the synthetic versatility of the hydroboration reaction, various hydroboration
reagents have been identified and developed which offer a selection of reaction protocols

270-272

from which to prepare new organoborane complexes. In addition, transition metal

catalysts have been employed to facilitate hydroboration at lower temperatures and with

greater control over reaction selectivity than with the hydroboration reagent alone.?”*%"®

One synthetically desirable feature of the hydroboration reaction is the high favorability for
anti-Markovnikov addition (Scheme 4.2). Due to the stereospecific nature of the transition
state, in addition to the steric bulk of the borane, this functionality most often adds to the
least sterically hindered atom of the substrate, placing the hydrogen atom at the most
sterically hindered position. This addition pattern is the opposite to that observed from the
addition H—X species (X = halide) across an unsaturated bond, in which the sterically
bulky halide preferentially bonds to the most highly substituted carbon, known as the
Markovnikov addition product. Therefore, the coupling of the hydroboration reaction with
further oxidation provides a synthetic route to anti-Markovnikov alcohols and

ketones.?®2""
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Scheme 4.2: Markovnikov (a) and anti-Markovnikov (b) addition products using
H—X/ H;0" and B—H / H,0, to produce primary alcohols.
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Borane, BHs, and its halide substituted derviatives, Hs_,BX,, (X = ClI, Br, I; n = 1, 2), are still
widely used as hydroboration agents, despite handling difficulties, typically as either thf or
SMe; Lewis adducts. These Lewis adducts are commercially available, eliminating the
requirement for diborane gas as a synthetic precursor. In addition to the use of borane
Lewis adducts as hydroboration reagents themselves, they are also often employed as
synthetic precursors for a variety of novel hydroboration reagents which offer increased
selectivity. An example of this is the hydroboration reagent 9-borabicyclo[3.3.1]Jnonane
(9-BBN), prepared from the double hydroboration of 1,5-cyclooctadiene with BH; (see

Section 4.3.3).%"

4.1.1 Use of perfluoroaryl boranes as hydroboration reagents

Since the first synthetic report of tris(pentafluorophenyl)borane by Stone and co-workers

in 1963,% the chemical stability and resistance to hydrolysis of perfluoroaryl boranes and
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borates has made these compounds attractive reagents, with a wide range of uses in
organic synthesis and organometallic catalysis.>™* While the synthesis of B(C¢Fs)s is
facile, derivatives with one or two hydride groups, which would find use as hydroboration
reagents, present considerable synthetic challenges. Prior to our work, two preparation
methods for [HB(C¢Fs)2]. (Piers’ borane), had been reported,”>*° both of which present

synthetically demanding aspects (Scheme 4.3).

Scheme 4.3: Synthetic methods reported for the preparation of Piers’ borane.
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The first method proceeds through initial —C¢Fs transfer from LiC¢Fs to Me,SnCl,, to
generate Me,Sn(C¢Fs),. Whilst the tin reagent has undesirable toxicity, the more
synthetically challenging aspect of this step is the isolation and successful use of LiCgFs,
which has been reported to decompose in a very exothermic and rapid fashion above

0 °C.* Further issues include the use of volatile BCl; and regeneration of the toxic tin
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starting material, as well as an extended reaction time at 120 °C to form CIB(C¢Fs),. Final
reaction of CIB(C¢Fs), with neat Me,SiCI(H) produces the desired product, [HB(CeFs).]».
An alternate preparation method proceeds via slow exchange between
tris(pentafluorophenyl)borane and triethylsilane, from which the borane is isolated as a
crystalline solid in 69% yield.”® Piers’ borane is dimeric in the solid state, similar to the
structures of other common hydroboration agents such as diborane and 9-BBN, which all

exhibit bridging hydrides (Figure 4.1).

R F FF
H H H
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Figure 4.1: Molecular structure of diborane (left), 9-BBN (middle) and Piers’ borane,
[HB(CsFs)2]2 (right).

Piers and coworkers reported that [HB(CsFs),], affects the rapid hydroboration of alkenes
and alkynes under mild conditions in near quantitative yield, with good regio- and stereo-
selectivity.*® Piers’ borane participates in the equilibrium shown in Scheme 4.4, in which
its crystalline dimeric form undergoes partial dissociation to produce the highly active
monomer in solution. The superior hydroboration performance of [HB(Cg¢Fs).], in
comparison with that of other common hydroboration reagents, such as BH; and 9-BBN,
has been attributed to the increased favorability of monomer formation in solution. This is
reflected in the energy barrier for dimer dissociation, found to be 5 kcal mol™ for

[HB(C4Fs)]* and 22 kcal mol™ for 9-BBN. 2%

128



Scheme 4.4: Equilibrium between the monomeric and dimeric forms of Piers’ borane in
solution.
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A useful synthetic strategy to promote dimer dissociation is treatment of the dimeric
borane with a Lewis base, usually thf or dimethylsulfide, to produce the Lewis adduct.
The reaction of Piers’ borane with thf is reported to form thf-BH(C¢Fs),, but the adduct is
unreactive with alkenic substrates at ambient temperature.*® At elevated temperatures,
thf ring opening competes with hydroboration, diminishing the functionality of the adduct
as a hydroboration reagent.*® However, mixtures of B(CsFs); and Me,S-BH; in hexane,
thought to give the monomeric dimethylsulfide Lewis adduct, Me,S-BH(CgFs),, have been
used in catalytic hydroboration of alkynes with pinacolborane at ambient temperature

(Scheme 4.5).2"°
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Scheme 4.5: Catalytic hydroboration of alkynes using Me,S-BH(CsFs) generated in situ.
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While in some instances catalytic amounts of pentafluorophenylboranes may suffice to
affect hydroboration, many synthetic applications require a convenient synthetic
alternative to bis(pentafluorophenyl)borane. The facile synthesis of Me,S-BH(C¢Fs), and
Me,S-BH,(CsFs) as crystalline solids has recently been reported.*” Both adducts are
synthetically easier to prepare and are more soluble in hydrocarbon solvents than Piers’
borane. The adducts have been used to prepare amine and nitrogen-donor adducts of
mono- and bis-(pentafluorophenyl)borane which display a variety of supramolecular
architectures in the solid state (see Chapter 2). In addition, the dimethylsulfide adducts
are active hydroboration reagents towards carbon—carbon double and triple bonds.?*°
Herein the hydroboration activities of the monomeric perfluoroaryl boranes are reported

and compared to that observed for Piers’ borane. In addition, the structural
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characterization of pentafluorophenyl substituted 9-BBN, formed from the double

hydroboration reaction of 1,5-cyclooctadiene with Me,S-BH,(CgFs), is presented.

4.2 Results and discussion

The hydroboration activites of Me,S-BH(CgFs). and Me,S-BH,(CsFs) with styrene,
1-hexene, 1,1-diphenylethylene and trimethylsilylacetylene have been investigated.
Ambient temperature hydroboration of the substrates was found to be essentially
instantaneous and quantitative, with the exception of the more sterically hindered
1,1-diphenylethylene which required 12 hours for complete reaction. All compounds have
been characterized by multinuclear NMR spectroscopy (*H, !B, *C, *F). In addition, the
double hydroboration reaction of 1,5-cyclooctadiene with Me,S-BH,(CsFs) has been
monitored by multinuclear NMR spectroscopy and the final thermodynamic product
characterized by elemental analysis, multinuclear NMR spectroscopy and single crystal

X-ray diffraction methods.

The B NMR spectra of some of the hydroboration products contain, in addition to the
resonance of the major product, a small amount of a minor product as a broad singlet
resonance shifted to higher frequency to that of the major product, which has been
attributed to slow ligand redistribution in solution.”® The position of the resonance
associated with the major product is highly dependent on the concentration ratio of
donor-free and donor-bound hydroboration product in solution. Due to the labile nature of
the bound dimethylsulfide donor, the solution equilibrium between the bound and free
states (Scheme 4.6) is affected by the addition or removal of small amounts of

dimethylsulfide, causing the resonance frequency to change.
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Scheme 4.6: Solution equilibrium of the hydroboration product from the reaction between
Me,S-BH(CsFs), and an alkenic substrate. The same equilibrium is observed for the
analogous reactions with Me,S-BH,(CgFs).
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4.2.1 Hydroboration using Me,S-BH(CgFs)-

With the exception of the sterically hindered 1,1-diphenylethylene, hydroboration of the
examined  substrates using the dimethylsulfide adduct of monomeric
bis(pentafluorophenyl)borane occurred rapidly and quantitatively, in a similar fashion to
the hydroboration chemistry reported for Piers’ borane. Each initial screening reaction
was performed in an NMR tube, at ambient temperature, which was placed into the
spectrometer immediately after reactant addition. An excess of dimethylsulfide was
added to drive the dissociation equilibrium to the adducted form allowing for meaningful

comparisons between the spectra (Table 4.1).
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Table 4.1: Hydroboration of selected alkene and alkyne substrates with Me,S-BH(CgFs)..

"B NMR Reaction
Substrate Hydroboration product chemical .
. time
shift
Me2S Ph
CeF = .
@—\ ® 5\/5—/_ (24) | -1.2ppm <1 min.
CeFs
M92§
CeFs5a
N OONG (25)| -0.5ppm | <1 min.
/ \/\/\/
CeFs
Ph
MeZS,/ _>'Ph
. (26) | -0.9 ppm <12 hr.
Cerr/B
CeFs
Me,S

H——=———SiMe, CBFs;/E‘\‘ (27) | -3.2ppm | <1 min.
CeFs SiMes

Loss of the B—H resonance due to hydroboration provides a convenient means to assess
reaction progress. The B NMR spectrum of the starting material, Me,S-BH(CsFs),,
consists of a sharp doublet at -12 ppm (*Jg = 81 Hz) which is lost upon product
formation. All of the hydroboration products, as the dimethylsulfide adducts, give B
NMR signals shifted downfield relative to that of the starting material, and as broad

singlets rather than sharp doublets.

By 'H NMR spectroscopy, reaction progress is assessed by loss of the alkenic C—H
resonances and formation of new upfield resonances consistent with those of saturated

carbon—carbon bonds. The regiochemistry of the final products (24 — 27) has been
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assessed by 'H NMR spectroscopy, which indicates a high selectivity for the
anti-Markovnikov addition product. For example, spectral evidence for the hydroboration
of styrene using Me,S-BH(CsFs), suggests an overall reaction selectivity of 97:3, in
agreement with results reported using Piers’ borane.*® However, while hydroboration of
styrene using Piers’ borane results in the Lewis base free product (PhCH,CH,)B(CgFs),
facile thermodynamic rearrangement of the product to form (PhCH,CH,),B(CsFs) and
B(CsFs)s occurs over several days in solution.”® In contrast, no further reactivity was
observed after hydroboration of styrene with Me,S-BH(CsFs),, even after extended periods
of time. Coordination of the dimethylsulfide molecule at the boron center, through use of
Me,S-BH(CsFs),, appears to inhibit or severely delay formation of this thermodynamic
product, either as a result of steric constraints or reduced reactivity at the boron through

occupation of its empty p-orbital.

Additional information on stereochemistry about the carbon—carbon double bond of the
product is obtained by analysis of the vicinal coupling constants®®?? of the C—H
resonances. For the case of the single hydroboration of trimethylsilylacetylene with
Me,S-BH(CsFs),, the 'H NMR spectrum displays two sets of doublets centered at 7.05 and
5.92 ppm which confirm the anti-Markovnikov addition product. In addition, the 3JH,H
coupling constant of 21 Hz for both of the CH signals confirms a trans arrangement of the
hydrogen atoms, and thus the borane and silyl groups, about the C=C bond. Due to the
stereospecific nature of the reaction transition state, a trans arrangement is to be
expected for all hydroboration products using this borane. This is consistent with the

results reported using Piers’ borane as the hydroboration reagent.*

Extended drying of the hydroboration products Me,S-BR(CgFs), under vacuum yields a
final product retaining a single equivalent of dimethylsulfide. This was quantitatively
confirmed by integration of the *H NMR spectra and the presence of a dimethylsulfide

resonance in the **C NMR spectra. Retention of the dimethylsulfide may be attributed to
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the high Lewis acidity at the boron center, a result of the presence of two electron

withdrawing pentafluorophenyl groups.

4.2.2 Hydroboration using Me,S-BH,(CgFs)

The dimethylsulfide adduct of mono(pentafluorophenyl)borane  presents a rather
unigue —CgFs substituted hydroboration reagent, as currently no base-free alternative for
‘H,B(CgFs) has been isolated. Because of the presence of two B—H groups, the
possibility exists for two hydroboration reactions, which results in a borane containing two
R groups in addition to the —CgFs ring. In a similar fashion to hydroboration using
Me,S-BH(CsFs),, toluene solutions of Me,S-BH,(CqFs) were treated with a variety of
alkenic substrates, followed by an excess of dimethylsulfide, at ambient temperature. The
hydroboration reaction between Me,S-BH,(CgFs) with two equivalents of the substrates
styrene, 1-hexene and trimethylsilylacetylene proceeded at ambient temperature
instantaneously and quantitatively to give a major borane species with composision
Me,S-B(R),(CsFs). Hydroboration of two equivalents of the more sterically hindered
1,1-diphenylethylene required 12 hours at ambient temperature for complete reaction to
occur. A comparison between the ''B signals in the presence of excess dimethylsulfide is

presented in Table 4.2.
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Table 4.2: Hydroboration of selected alkene and alkyne substrates with Me,S-BH,(CgFs).

"B NMR Reaction
Substrate Hydroboration product chemical .
shift ftime

Ph
Me,S » ]
2///"'BJ (28) 7.1 ppm <1 min.
\ C6F5 \/\Ph

Me2s//// /\/\/
N “B 16 ppm <1 min.

Ph
)—Ph
Me.S,, Ph -6.9 ppm <12 hr.
O O /B\/\ (30)
CoFs Ph
SiMe3
MeyS,  ——
H—=——SiMe, /"B (31) | 6.8ppm | <1min.
CeFs
SiMe3

B NMR spectroscopy confirms that upon reaction the signal for the starting material
Me,S-BH,(C¢Fs), which appears as a sharp triplet at =17 ppm (*Jg 4 = 105 Hz), is replaced
by a broad higher frequency singlet. In the absence of excess dimethylsulfide, the
resonance for the product organoborane shifts in the B NMR spectrum, indicating the
presence of the equilibrium between bound and free dimethylsulfide in solution
(Scheme 4.6). In contrast to the hydroboration products of bis(pentafluorophenyl)borane,
the 'H and C NMR spectra indicate that the hydroboration products of
mono(pentafluorophenyl)borane readily lose the dimethylsulfide ligand under vacuum to

give the Lewis base-free boranes. The slightly decreased Lewis acidity of the
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hydroboration products with one —CgFs ring in comparison with those containing two —CgFs

rings weakens the dative interaction, resulting in facile donor loss under vacuum.

The use of Me,S-BH,(CsFs) as a hydroboration reagent towards two equivalents of
substrate resulted in 'H NMR spectra indicating anti-Markovnikov addition as the
predominant reaction pathway. However, in contrast to results observed using
Me,S-BH(CsFs),, spectral resonances and splitting patterns attributed to Markovnikov
addition are in greater relative proportion. This indicates that the selectivity observed
when using Me,S-BH,(CgFs), a singly substituted borane, as a hydroboration reagent is
diminished in comparison with that of the disubstituted borane Me,S-BH(Cg¢Fs),. This
result is not surprising, specifically in consideration of the relatively low selectivity

% |n the case of the

observed for hydroboration reactions using fully unsubstituted BHs.
hydroboration of the triple bond in trimethylsilylacetylene, the *H NMR spectrum of the
final product, Me,S-B(CHCH(SiMe3)).(CsFs), displays two sets of doublets of doublets at
7.34 and 6.16 ppm with 3J,, 4 values of 28 and 20 Hz, respectively. Based on the value for

the vicinal coupling constant,?*"?%

the geometry about the carbon—carbon double bonds
of Me,S-B(CHCH(SiMe3))»(CgFs) is therefore trans for both alkyl groups, the same result

observed with the use of Me,S-BH(C¢Fs), as the hydroboration reagent.

Hydroboration of 1,1-diphenylethylene was slow for both Me,S-BH(CgFs). and
Me,S-BH,(CsFs), with the reaction being complete only after 12 hours. However, the
lengthy reaction time proved to be rather insightful with respect to examining the nature of
reaction pathways for the hydroboration reactions using Me,S-BH,(CgFs). The double
hydroboration reaction of 1,1-diphenylethylene with Me,S-BH,(CgsFs) was monitored by *°F
NMR spectroscopy over the course of 12 hours. Within one hour at ambient temperature,
the crude reaction mixture contained three distinct sets of —C¢Fs *°F resonances, including

those of the starting material Me,S-BH,(C¢Fs) (Figure 4.2 — Figure 4.4).
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Figure 4.2: F NMR spectrum showing three sets of ortho-fluorine resonances. The
symbol ¢ indicates resonances associated with the starting material, Me,S-BH,(CgFs).
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Figure 4.3: *F NMR spectrum showing three sets of para-fluorine resonances. The
symbol ¢ indicates resonances associated with the starting material, Me,S-BH,(CgFs).
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Figure 4.4: F NMR spectrum showing three sets of meta-fluorine resonances (two
overlapping). The symbol ¢ indicates resonances associated with the starting material,
Me,S-BH,(CqFs).

The remaining two sets of resonances have been attributed to the fully functionalized
borane, Me,S-B(CH,CHPh,),(CeFs) (A) and the singly hydroborated intermediate
compound Me,S-B(CH,CHPh,)(H)(CsFs) (B). Identification of these three signals
supports a proposed stepwise reaction pathway for double hydroboration reactions using
Me,S-BH,(CsFs), and that the rate of the first and second hydroborations are similar at the
beginning of the reaction. After 12 hours at room temperature, the *°F NMR spectrum
shows only those resonances assigned to the final product, Me,S-B(CH,CHPh,),(CgFs).
The intermediate species is not observed in the B NMR spectrum, likely due to the

corresponding *'B resonance overlapping with that of the final product.
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4.2.3 Double hydroboration of 1,5-cyclooctadiene with Me,S-BH(CgFs)

As previously noted, the earliest examples of hydroboration were reported using diborane,
typically handled as the adduct thf-BH; prepared in situ. The double hydroboration of
1,5-cyclooctadiene with thf:-BH; or Me,S-BH; produces 9-borabicyclo[3.3.1]Jnonane
(9-BBN), itself a common hydroboration reagent, as a crystalline solid.?’®%3?%*  The
chloride, bromide, and iodide substituted derivatives of 9-BBN may be prepared through
the starting boranes Me,S-BH,X where X = CI, Br and 1.%** Although used frequently as a
hydroboration reagent, 9-BBN exists as a dimer which requires dissolution prior to

reactivity (Section 4.1.1).

The ambient temperature hydroboration of 1,5-cyclooctadiene by thf-BH; proceeds to form

both the 1,4- and 1,5-hydroborated products (Scheme 4.8).

Scheme 4.7: Room temperature double hydroboration of 1,5-cyclooctadiene.

Ho

H
B H B
H,B-THF
—_— \ —_— +

1,5-isomer 1,4-isomer

A thermodynamic consideration would conclude that the 1,5-isomer, containing two six
membered rings, would be of lower energy than one five and one seven membered ring,
as seen in the 1,4-isomer.?®® Thermal isomerization of the reaction mixture facilitates the
isolation of solely the 1,5-isomer. This process occurs through a retrohydroboration

reaction to regenerate the intermediate singly hydroborated borane species which may
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then undergo further hydroboration to generate the more stable 1,5-isomer. Once the
1,5-isomer is formed, the retrohydroboration becomes unfavorable and this enhances the

solution stability of the 1,5-isomer to facilitate isolation.

Treatment of a toluene solution of 1,5-cyclooctadiene with one equivalent of
Me,S-BH,(CgFs) at ambient temperature generates a reaction mixture with two major
signals in the B NMR spectrum. These have been assigned to the 1,4- and 1,5- isomers
of the final product, consistent with the hydroboration chemistry of 1,5-cyclooctadiene with
thf-BH;. Warming the crude reaction mixture to reflux for one hour produces the

1,5-isomer as the single reaction product in quantitative yield (Scheme 4.9).

Scheme 4.8: Double hydroboration of 1,5-cyclooctadiene using Me,S-BH,(CsFs).
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Removal of the toluene and addition of a small amount of dimethylsulfide, followed by
cooling to -25 ~°C affords colorless crystals of the pentafluorophenyl-9-
borobicyclo[3.3.1]nonane dimethylsulfide adduct in 79% vyield. Pentafluorophenyl-9-
borobicyclo[3.3.1]nonane crystallizes as the dimethylsulfide Lewis adduct and features a
near tetrahedral geometry about the boron atom (Figure 4.5). The C(11)—B(1)—C(7)
bond angle measures 105.6(3)°, significantly smaller than the analogous C—B—C bond
angle in dimeric 9-BBN (111.6(2)°),?®" but only slightly longer that the BBN-cycloalkane
borate anions reported by Braunschweig and coworkers, ranging between 100.4(16)° and

103.3(2)°.2%8

Figure 4.5: Crystal structure of pentafluorophenyl-9-borobicyclo[3.3.1]nonane
dimethylsulfide adduct (32) with displacement ellipsoids displayed at the 50% probability
level. Hydrogen atoms have been omitted for clarity.
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4.3 Conclusions

Rapid and quantitative hydroboration of unhindered alkenes and alkynes is observed with
the boranes Me,S-BH(Cg¢Fs), and Me,S-BH,(CsFs) under mild reaction conditions. Use of
these boranes allows for significantly less demanding reaction conditions in comparison
with traditional hydroboration reagents such as BH; and 9-BBN. The high reaction
selectivity with use of Me,S-BH(CsFs), as a hydroboration reagent may be attributed to the
high electrophilicity of the borane as a result of the electron withdrawing —C¢Fs rings, a
similar conclusion discussed for [HB(CeFs)...** However, when used as a double
hydroboration reagent, Me,S-BH,(CsFs) offers reduced overall reaction selectivity, as
evidenced by the presence of a minor species in the resulting 'H NMR spectra.
Hydroboration of the sterically hindered 1,1-diphenylethylene with Me,S-BH,(C¢Fs) and
Me,S-BH(CsFs), requires a ambient temperature reaction time of 12 hours as a result of
steric crowding from the large phenyl groups. In the case of the dihydroboration reaction,
the intermediate species (Me,S-B(R)(H)(C¢Fs)) is observed in the *F NMR spectrum.
Spectral analysis of the crude reaction mixture indicates that hydroboration occurs
through a stepwise process, and that the lengthy reaction time is attributed to the sterically
hindered substrate. In addition, the first and second hydroboration reactions appear to
occur at a similar rate during the initial reaction stages. The alkyne trimethylsilylacetylene
undergoes hydroboration in the presence of each reagent to produce trans organoborane
products, confirmed through assessment of the vicinal coupling constants in the *H NMR

spectra.

All of the hydroboration products were isolated as colorless solids or oils and are stable at
ambient temperature either dried or in toluene solution. Of specific interest is the stability
of the compound Me,S-B(CH,CH,Ph)(CsFs),, formed from the hydroboration of styrene
with  Me,S-BH(CgFs),, which is inconsistent with results observed for the
dimethylsulfide-free analog isolated from hydroboration using Piers’ borane. While the
unadducted borane (PhCH,CH,)B(CgFs), undergoes further rearrangement to form the
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thermodynamic product (PhCH,CH,),B(CsFs), no such chemistry is observed for the
dimethylsulfide adduct. This suggests that steric bulk provided by the dimethylsulfide
ligand and occupation of the empty p-orbital on boron hinders further reactivity of the
product. The double hydroboration of 1,5-cyclooctadiene using Me,S-BH,(CsFs) produces
a mixture of the 1,4- and 1,5-isomer of the hydroboration product, similar to the result
observed with the use of LB-BH3; (LB = thf, SMe,). Thermal isomerization has led to the
isolation and characterization of the pentafluorophenyl-9-borobicyclo[3.3.1]nonane
dimethylsulfide adduct as a crystalline solid. In view of the facile preparation of
Me,S-BH(CsFs), and Me,S-BH,(Ce¢Fs) and the stability of the resulting hydroboration
products, the dimethylsulfide adducts of mono- and bis-(pentafluorophenyl)borane should
be useful additions to the myriad hydroboration reagents for organic synthesis and ligand

modification.
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Chapter 5 Experimental

All reactions were performed under a dry nitrogen or argon atmosphere using standard
Schlenk techniques in flame-dried glassware. Solvents were dried using an appropriate
drying agent and distilled under nitrogen prior to use; dichloromethane (CaH,), light
petroleum (sodium / dyglyme / benzophenone), tetrahydrofuran (sodium / benzophenone),
diethyl ether (sodium / benzophenone) and toluene (sodium). NMR samples were
prepared using degassed deuterated solvents dried over activated 4A molecular sieves.
NMR spectra were obtained using a Bruker Avance DPX300 spectrometer at 25 °C; J
values are reported in Hz. Chemical shifts are reported in ppm and referenced to residual
solvent resonances (*H, *C); *F is relative to CFCl;; 'B is relative to Et,O-BFs. IR
spectra were recorded on a Bruker Vertex 80 in dried and degassed toluene. Elemental
analyses were carried out at the Department of Health and Human Sciences, London
Metropolitan University. Cp,MCl, (M = Hf, Zr),?* Cp,M(CHs), (M = Hf, Zr),*° Cp,TiCl,**
Cp,Ti(PMe3),,%%* Et,0-B(CeFs)3,**** HaN-B(CgFs)s, "> Me,S-BH(CeFs)z, Me;S-BH,(CeFs),
H3sN-BH(CgFs)2, HaN-BH,(CgFs), LIINH,BH,(CsFs)] and Li[NH,BH(C4Fs),]"* were prepared
according to literature procedures. Cp,TiCl, and Me,NH were purchased from
Sigma-Aldrich and used without further purification. AgOTf was purchased from
Sigma-Aldrich and recrystallized from dry toluene prior to use. Dimethylsulfide,
cyclooctadiene and 12-crown-4 were purchased from Sigma-Aldrich and dried over 4A
molecular sieves and degassed prior to use. Pyridine and the amines PhNH,, 'BuNH,,
NEt;, BnNH, were purchased from Sigma-Aldrich and were distilled and dried over 4A
molecular sieves prior to use. Styrene was purchased from Sigma-Aldrich and passed
through dry alumina prior to use. Trimethylsilylacetylene, 1,1-diphenylethylene and

1-hexene were purchased from Sigma-Aldrich and used without further purification.
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Me,HN-B Hz(C6F5) (la)

Dimethylamine (1.1 mmol) was condensed and dissolved in light petroleum (10 mL) at
-78 °C. The dimethylamine solution was added to a solution of Me,S-BH,(CsFs) (0.27 g,
1.1 mmol) in toluene (40 mL). The reaction mixture was allowed to warm slowly to
ambient temperature. All volatiles were removed and X-ray quality crystals of la were
grown from a toluene / light petroleum mixture at -25 °C (0.07 g, 0.28 mmol, 25%).
Elemental analysis, calcuated (found) for CgHgBFsN: C, 42.71 (42.79); H, 4.03 (3.98); N,
6.23 (6.27). *H NMR (300.1 MHz, C¢Ds, 25 °C): & 2.66 (br, 2H, BH,), 2.47 (s, 1H, NH),
1.46 (m, 6H, CH;). **C NMR (75.5 MHz {*H}, CsDs, 25 °C): & 41.9 (CH;). B NMR
(96.3 MHz, C¢Ds, 25 °C): 8 -12.7 (t, "Jg 4 = 102 Hz, BH,). F NMR (282.4 MHz, C¢Dg, 25
°C): 8 -132.21 (d, %Jrfr = 23 Hz, 2F, 0-F), —158.77 (t, *Jz¢ = 20 Hz, 1F, p-F), -163.98 (m,

2F, m-F).

‘BuH,N-BH,(CsFs) (1b)

Tert-butylamine (0.08 mL, 0.76 mmol) was added to a solution of Me,S-BH»(CgsFs) (0.18 g,
0.74 mmol) in toluene (40 mL) at ambient temperature. The reaction mixture was stirred
for 1 hour after which time all volatiles were removed to give a colorless powder. X-ray
quality crystals of 1b were grown at —25 °C from a toluene / light petroleum mixture
(0.08 g, 0.32 mmol, 42%). Despite clean multinuclear NMR spectra (see Appendix),
satisfactory elemental analysis data could not be obtained for 1b despite several attempts.
'H NMR (300.1 MHz, C¢De, 25 °C): & 2.74 (br, 2H, BH,), 2.46 (s, 2H, NH,), 0.56 (s, 9H,
CH3). *C NMR (75.5 MHz {*H}, C¢D¢, 25 °C): 8 53.5 (C(CHs)s), 27.5 (C(CH3)s). *'B NMR
(96.3 MHz, CgDg, 25 °C): & -19.6 (t, "Jg = 107 Hz, BH,). °F NMR (282.4 MHz, C¢De,
25 °C): & -133.25 (d, 3Jgr = 20 Hz, 2F, 0-F), —=159.33 (t, %J=¢ = 21 Hz, 1F, p-F), -163.98

(m, 2F, m-F).
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Ph HzN BH2(C6F5) (10)

Aniline (0.18 mL, 1.97 mmol) was added to a solution of Me,S-BH,(C¢Fs) (0.48 g,
1.98 mmol) in toluene (40 mL) at ambient temperature. The reaction mixture was stirred
for 1 hour after which time all volatiles were removed to give a colorless powder. X-ray
quality crystals of 1c were grown at 2 °C from a toluene / light petroleum mixture (0.23 g,
0.84 mmol, 43%). Elemental analysis, calculated (found) for C;,HgBFsN: C, 52.79 (52.68);
H, 3.32 (3.47); N, 5.13 (5.19). *H NMR (300.1 MHz, C¢Ds, 25 °C): & 6.74 (m, 3H, m-CH
and p-CH), 6.42(m, 2H, o-H), 3.94 (s, 2H, NH,), 2.98 (br, 2H, BH,). **C NMR (75.5 MHz
{*H}, C¢Ds, 25 °C): & 137.9 (Cipso), 129.3 (CH), 127.4 (CH), 121.7 (CH). "B NMR
(96.3 MHz, C¢Dg, 25 °C): 8 -14.0 (t, “Jg = 89 Hz, BH,). F NMR (282.4 MHz, C¢De,
25 °C): & -133.13 (d, 3Jr = 23 Hz, 2F, 0-F), -158.63 (t, *Jer = 21 Hz, 1F, p-F), -164.05

(m, 2F, m-F).

BnH,N-BH,(CgFs) (1d)

Benzylamine (0.12 mL, 1.1 mmol) was added to a solution of Me,S-BH,(C¢Fs) (0.26 g,
1.1 mmol) in toluene (40 mL) at ambient temperature and the reaction mixture was stirred
for 1 hour. All volatiles were removed to give a colorless powder. X-ray quality crystals of
1d were grown from a dichloromethane / light petroleum mixture at —-25 °C (0.19 g,
0.66 mmol, 60%). Elemental analysis, calculated (found) for Cy;3Hi3BFsN: C, 54.40
(54.20); H, 3.86 (3.75); N, 4.88 (4.90). *H NMR (300.1 MHz, C¢Ds, 25 °C): 5 6.85 — 6.97
(m, 3H, m-CH and p-CH), 6.34 (d, J,y = 7.5 Hz, 2H, 0-CH), 3.08 (m, 2H, CH,), 2.75 (br,
2H, BH,), 2.65 (s, 2H, NH,). **C NMR (75.5 MHz {*H}, C¢Ds, 25 °C): 8 135.2 (Cipso), 129.1
(CH), 128.8 (CH), remaining CH resonance obscured by C¢Ds resonance, 50.9 (CH,).
B NMR (96.3 MHz, CgDg, 25 °C): & -16.1 (t, "Jg4 = 86 Hz, BH,). °F NMR (282.4 MHz,
CeDe, 25 °C): 8 -133.68 (d, 3Jer = 23 Hz, 2F, 0-F), -159.25 (t, *Jer = 20 Hz, 1F, p-F),

-163.97 (m, 2F, m-F).
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Eth -B Hz(C6F5) (1e)

Triethylamine (0.1 mL, 0.72 mmol) was added to a solution of Me,S-BH,(C¢Fs) (0.18 g,
0.74 mmol) in toluene (40 mL) at ambient temperature. The reaction mixture was stirred
for 1 hour after which time all volatiles were removed to give a colorless oil. Despite clean
multinuclear NMR spectra (see Appendix), isolation of le as an oil prevented
characterization by elemental analysis and X-ray diffraction. *H NMR (300.1 MHz, C¢Ds,
25 °C): & 2.61 (br, 2H, BH,), 2.14 (q, *Jun = 7.2 Hz, 6H, CH,), 0.72 (t, 3Jyn = 7.2 Hz, 9H,
CHs). C NMR (75.5 MHz {*H}, Ce¢Ds, 25 °C): & 60.30 (CH,), 8.11 (CHs). ''B NMR
(96.3 MHz, CgDg, 25 °C): & -13.89 (t, Jg = 92 Hz, BH,). **F NMR (282.4 MHz, C¢Ds,
25 °C): & -128.30 (d, 3Jrr = 23 Hz, 2F, 0-F), -158.08 (t, *Jer = 21 Hz, 1F, p-F), -164.12

(m, 2F, m-F).

Py-BH3(C¢Fs) (1f)

Pyridine (0.15 mL, 1.86 mmol) was added to a solution of Me,S-BH,(C¢Fs) (0.33 g,
1.36 mmol) in toluene (50 mL) at ambient temperature. The reaction mixture was stirred
for 1 hour after which time all volatiles were removed to give a colorless powder. X-ray
quality crystals of 1f were grown at -25 °C from a dichloromethane / light petroleum
mixture (0.14 g, 0.54 mmol, 40%). Elemental analysis, calculated (found) for C;;H;BFsN:
C, 51.01 (50.94); H, 2.72 (2.58); N, 5.41 (5.50). *H NMR (300.1 MHz, C¢Ds, 25 °C): & 7.98
(d, ®Jyn = 5.0 Hz, 2H, 0-CH), 6.49 (t, ®Jy = 7.6 Hz, 1H, p-CH), 6.13 (t, 3J4 4 = 7.9 Hz, 2H,
m-CH), 3.91 (br, 2H, BH,). *C NMR (75.5 MHz {*H}, C¢Ds, 25 °C): & 147.3 (CH), 139.5
(CH), 125.3 (CH). "B NMR (96.3 MHz, C¢Ds, 25 °C): & -10.3 (t, 'Jg = 101 Hz, BH,).
F NMR (282.4 MHz, CgDg, 25 °C): & -132.79 (d, %Jer = 23 Hz, 2F, o-F), -159.20 (t,

3Jer = 20 Hz, 1F, p-F), -164.25 (m, 2F, m-F).
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Me,HN-B H(C6F5)2 (2&)

Dimethylamine (1.4 mmol) was condensed and dissolved in light petroleum (10 mL) at
—-78 °C. The dimethylamine solution was added to a solution of Me,S-BH(CsFs). (0.57 g,
1.4 mmol) in toluene (40 mL). The reaction mixture was allowed to warm slowly to
ambient temperature. All volatiles were removed and X-ray quality crystals of 2a were
grown from a toluene / light petroleum mixture by slowly cooling a concentrated solution
from 50 °C to ambient temperature (0.17 g, 0.43 mmol, 31%). Elemental analysis,
calculated (found) for CgHeBFsN: C, 43.00 (42.96); H, 2.06 (1.91); N, 3.58 (3.64). ‘H NMR
(300.1 MHz, Cg¢Dg, 25 °C): 8 3.79 (s, 1H, NH), 3.20 (br, 1H, BH,), 1.36 (d, %J, 4 = 5.5 Hz,
6H, CH3). **C NMR (75.5 MHz {*H}, Cg¢Ds, 25 °C): 5 41.3 (CH3). B NMR (96.3 MHz,
CgDg, 25 °C): 8 —9.6 (d, *Jgy = 87 Hz, BH). °F NMR (282.4 MHz, C¢Dg, 25 °C): & -134.15

(br, 4F, 0-F), =157.24 (t, 3Jx¢ = 20 Hz, 2F, p-F), —=162.89 (m, 4F, m-F).

‘BuH,N-BH(CsFs), (2b)

Tert-butylamine (0.15 mL, 1.4 mmol) was added to a solution of Me,S-BH(CsFs), (0.57 g,
1.4 mmol) in toluene (20 mL) at ambient temperature. The reaction mixture was stirred for
1 hour and then light petroleum (10 mL) was added. X-ray quality crystals of 2b were
grown from this solution at 2 °C (0.11 g, 0.26 mmol, 19%). Elemental analysis, calculated
(found) for CigH1,BF1oN: C, 45.86 (45.98); H, 2.89 (3.00); N, 3.34 (3.38). H NMR
(300.1 MHz, C¢Ds, 25 °C): & 3.68 (br, 1H, BH), 3.48 (s, 2H, NH,), 0.53 (s, 9H, CHy).
BC NMR (75.5 MHz {*H}, C¢Dg, 25 °C): & 55.2 (C(CHs)s), 27.4 (C(CH3);). B NMR
(96.3 MHz, C¢Dg, 25 °C): 6 -15.6 (d, "Jgy = 96 Hz, BH). F NMR (282.4 MHz, CgDs,
25 °C): 8 -134.17 (d, ®Jgr = 20 Hz, 4F, 0-F), —-157.26 (t, *Jer = 23 Hz, 2F, p-F), -162.96

(m, 2F, m-F).
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Ph HzN BH(C5F5)2 (20)

Aniline (0.13 mL, 1.4 mmol) was added to a solution of Me,S-BH(C¢Fs), (0.56 g, 1.4 mmol)
in toluene (30 mL) at ambient temperature. The reaction mixture was stirred for 1 hour
and then light petroleum (10 mL) was added. X-ray quality crystals of 2c were grown from
this solution at -25 °C (0.21 g, 0.48 mmol, 34%). Elemental analysis, calculated (found)
for C1sHgBF1oN: C, 49.24 (49.31); H, 1.84 (1.75); N, 3.19 (3.23). ‘H NMR (300.1 MHz,
CeDs, 25 °C): © 6.71 (m, 3H, m-CH and p-CH), 6.47 (m, 2H, o-H), 4.69 (s, 2H, NH,), 3.84
(br, 2H, BH). *C NMR (75.5 MHz {*H}, CeDs, 25 °C): & 135.9 (Cipso), 129.5 (CH), 128.2
(CH), 122.1 (CH). B NMR (96.3 MHz, C¢Ds, 25 °C): & -11.2 (br, BH). °F NMR
(282.4 MHz, C¢Ds, 25 °C):  —133.91 (d, 3Jrr = 20 Hz, 4F, 0-F), -156.79 (t, 3Jrr = 20 Hz,

2F, p-F), -163.11 (m, 4F, m-F).

Bn H2N -B H(CGF5)2 (2d)

Benzylamine (0.12 mL, 1.1 mmol) was added to a solution of Me,S-BH(C¢Fs), (0.44 g,
1.1 mmol) in toluene (20 mL). The reaction mixture was stirred for 1 hour at ambient
temperature. All volatiles were removed to give a colorless solid. X-ray quality crystals of
2d were grown from a toluene / light petroleum mixture at -25 °C (0.14 g, 0.3 mmol,
29%). Elemental analysis, calculated (found) for Ci9H0BF1oN: C, 50.37 (50.40); H, 2.22
(2.22); N, 3.09 (3.23). *H NMR (300.1 MHz, C¢Ds, 25 °C): & 6.95 — 6.99 (m, 3H, m-CH
and p-CH), 6.61 (m, 2H, 0-CH), 3.63 (s, 2H, NH,), 3.12 (m, 2H, CH,), BH, resonance
obscured by NH, and CH, resonances. **C NMR (75.5 MHz {*H}, C¢Dg, 25 °C): & 134.3
(Cipso), 129.4 (CH), 129.4 (CH), 128.5 (CH), 50.4 (CH,). B NMR (96.3 MHz, CgDs,
25 °C): 8 -12.8 (br, BH). °F NMR (282.4 MHz, Cg¢Ds, 25 °C): & —134.51 (d, 3Jer = 23 Hz,

4F, 0-F), —=157.32 (t, *Jgr = 20 Hz, 2F, p-F), -163.07 (m, 4F, m-F).
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Eth -B H(C6F5)2 (29)

Triethylamine (0.15 mL, 1.1 mmol) was added to a solution of Me,S-BH(C¢Fs), (0.44 g,
1.1 mmol) in toluene (20 mL) at ambient temperature. The reaction mixture was stirred for
1 hour and then light petroleum (10 mL) was added. X-ray quality crystals of 2e were
grown from this solution at -25 °C (0.34 g, 0.76 mmol, 68%). Elemental analysis,
calculated (found) for CigHisBFoN: C, 49.49 (49.38); H, 3.93 (3.81); N, 3.04 (3.12).
'"H NMR (300.1 MHz, C¢Ds, 25 °C): & 3.67 (br, 1H, BH), 2.61 (q, J4 = 7.3 Hz, 6H, CHy),
0.47 (t, *Jyy = 7.3 Hz, 9H, CHs). *C NMR (75.5 MHz {*H}, C¢Ds, 25 °C): & 51.3 (CH,),
9.1(CHs). B NMR (96.3 MHz, Cg¢Ds, 25 °C): d -8.4 (br, BH). °F NMR (282.4 MHz, C¢Ds,
25 °C): & —127.87 (d, *Jer = 23 Hz, 4F, 0-F), -157.42 (t, *Jer = 21 Hz, 2F, p-F), -163.50

(m, 4F, m-F).

Py-BH(CeFs), (2f)

Pyridine (0.13 mL, 1.6 mmol) was added to a solution of Me,S-BH(CsFs), (0.66 g,
1.6 mmol) in toluene (20 mL) at ambient temperature. The reaction mixture was stirred for
1 hour and then light petroleum (10 mL) was added. X-ray quality crystals of 2f were
grown from this solution at -25 °C (0.18 g, 0.37 mmol, 27%). Elemental analysis,
calculated (found) for Ci;H¢BFioN: C, 48.04 (47.88); H, 1.42 (1.36); N, 3.30 (3.30).
'H NMR (300.1 MHz, C¢Dg, 25 °C): & 7.74 (d, 3Juy = 5.5 Hz, 2H, o-CH), 6.57 (t,
334 = 7.5 Hz, 1H, p-CH), 6.19 (t, ®Jy 4 = 7.2 Hz, 2H, m-CH), 4.68 (br, 1H, BH). *C NMR
(75.5 MHz {*H}, C¢Ds, 25 °C): & 146.5 (CH), 140.6 (CH), 125.4 (CH). ‘B NMR(96.3 MHz,
CeDg, 25 °C): & -8.0 (d, ‘Jg 1y = 90 Hz, BH). °F NMR (282.4 MHz, C¢Ds, 25 °C): 5 -133.36

(d, *Jef = 25 Hz, 4F, 0-F), —157.15 (t, 3J: = 20 Hz, 2F, p-F), -163.52 (m, 4F, m-F).
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Cp2Zr(NHBH(C¢Fs)2)2 (3) and Cp,Zr(H)(NH2BH(CeFs)2) (4)

A solution of Cp,ZrCl, (0.14 g, 0.47 mmol) in toluene (20 mL) was cooled to -78 °C. To
this a solution of Li[NH,BH(C¢Fs),] (0.36 g, 0.99 mmol) prepared in toluene (5 mL) was
added. The reaction mixture was allowed to stir for 20 min. at =78 °C and then for 1 hour
at ambient temperature. The resulting solution was filtered and cooled to —25 °C, yielding
Cp.Zr(H)(NH,BH(CgFs),) (4) (0.05 g, 0.08 mmol, 17%) and the dehydrocoupling product,
{H2NB(C¢Fs),}z (6). (Note: On one occasion Cp,Zr(NH,BH(CgFs).). (3) was isolated as the

major crystalline product.)

Elemental analysis, calculated (found) for Cp,Zr(NH,BH(CsFs),), (3), CasH1sBoF2oNLZr: C,

43.20 (42.93); H, 1.71 (1.87); N, 2.96 (2.82).

Elemental analysis, calculated (found) for Cp,Zr(H)(NH.BH(CsFs)2) (4), CaoH14BF1oNZr: C,
45.22 (45.19); H, 2.41 (2.36); N, 2.40 (2.59). *H NMR (300.1 MHz, CD,Cl,, 25 °C): 5 5.7
(s, 10H, CsHs), 3.8 (d, Iy = 4.5 Hz, 1H, ZrH), 1.9 (s, 2H, NH,), -0.71 (q, "Jug = 60 Hz,
1H, BH). *C NMR (75.5 MHz {*H}, CD,Cl,, 25 °C): 5 104.6 (CsHs). ‘B NMR (96.3 MHz,
CD,Cl, 25 °C): 8 -25.6 (d, *Jg = 60 Hz, BH). F NMR (282.4 MHz, CD,Cl,, 25 °C):
5 -134.40 (br, 4F, o-F), -158.10 (br, 2F, p-F), -163.69 (br, 4F, m-F). IR (ATR): v 3366

(NH), 1884 (BHagostic), 1559 (ZrH).

Cp2Zr(Cl)(NH2BH(C¢Fs)2) (5)

Treatment of Cp,Zr(H)(NH,BH(CgFs),) (4) with dichloromethane over the course of 16
hours resulted in near quantitative conversion to Cp,Zr(Cl)(NH,BH(CsFs)2) (5). Elemental
analysis, calculated (found) for C,,H13BCIF(NZr: C, 42.70 (42.60); H, 2.12 (1.98); N, 2.26
(2.35). H NMR (300.1 MHz, CD,Cl,, 25 °C): 8 6.16 (s, 10H, CsHs), 2.9 (s, 2H, NH,),
-0.14 (9, “Jyg = 60 Hz, 1H, BH). *C NMR (75.5 MHz {*H}, CD,Cl,, 25 °C):

5113.8 (CsHs). B NMR (96.3 MHz, CD,Cl,, 25 °C): & -17.8 (d, "Jg = 64 Hz, BH).
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F NMR (282.4 MHz, CD,Cl,, 25 °C): & -134.0 (br, 4F, 0-F), —=156.9 (t, *Je¢ = 20 Hz, 2F,

p-F), =162.7 (m, 4F, m-F).

{H2NB(CsFs)2}5 (6)

A sample of {H,NB(C¢Fs).}s was isolated following treatment of the crude reaction mixture
from the preparation of 3 and 4 with dichloromethane and fractional crystallization at
—-25 °C. Elemental analysis, calculated (found) for CssHeBF3oN: C, 39.93 (39.93); H, 0.56
(0.58): N, 3.88 (3.75). 'H NMR (300.1 MHz, CD,Cl,, 25 °C): & 4.9 (s, NH,). "B NMR
(96.3 MHz, CD,Cl,, 25 °C): 5 =5.2 (s). '°F NMR (282.4 MHz, CD,Cl,, 25 °C): 5 -137.54

(M, 12F, 0-F), =152.47 (t, 3Jsr = 20 Hz, 6F, p-F), =160.57 (m, 12F, m-F).

Cp"2Zr(CHz)(NH,BH»(CeFs)) (8)

A toluene (5 mL) solution of B(Ce¢Fs); (0.50 g, 1.0 mmol) was added to a solution of
Cp",Zr(CHs), (0.53 g, 1.0 mmol) in toluene (4 mL) at =78 °C. To this a freshly prepared
solution of [Li(thf),][NH.BH>(CsFs)] (1.0 mmol) in toluene (4 mL) was added at -78 °C.
The reaction mixture was allowed to stir for 20 min. at =78 °C and then for 1 hour at
ambient temperature. All volatiles were removed to yield a pasty yellow solid. The
product was extracted with light petroleum (10 mL) and filtered through celite. X-ray
quality crystals of 8 were obtained from a toluene solution cooled to —-25 °C overnight
(0.21 g, 0.29 mmol, 29%). Elemental analysis, calculated (found) for CygH49BFsSisZrN:
C 48.30 (48.2), H 6.85 (6.9), N 1.94 (1.9). H NMR (300.1 MHz, C¢Ds, 25 °C): 5 6.4 (m,
4H, CsHs(Si(CHs)s),), 6.0 (m, 2H, CsHs(Si(CHs)s),), 1.7 (br, 2H, NH,), 0.3 (s, 3H, CHy),
0.184 (s, 18H, Si(CHa3)3), 0.181 (s, 18H, Si(CH3)s). *C NMR (75.5 MHz {*H}, Cg¢Ds, 25 °C):

5 135.6 (CH), 119.0(CH), 115.5(CH), 21.2 (CHs), 0.82 (Si(CHs)s), 0.68 (Si(CHa)s).
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B NMR (96.3 MHz, CgsDs, 25 °C): & —25.1 ppm (br, BH,). F NMR (282.4 MHz, C¢Ds,

25 °C): & -133.7 (m, 2F, 0-F), =158.9 (t, 3Jgr = 21 Hz, 1F, p-F), -163.8 (M, 2F, m-F).

Cp"2Zr(CHs)(NHBH(C¢Fs)2) (9)

A solution of B(CgFs); (0.50 g, 1.0 mmol) in toluene (5 mL) was added to a solution of
Cp",Zr(CHs), (0.53 g, 1.0 mmol) in toluene (4 mL) at —78 °C. To this a solution of
[Li(thf),][NH2BH(CsFs)2] (1.0 mmol) in toluene (4 mL) was added at —78 °C. The reaction
mixture was allowed to stir for 20 min. at =78 °C and then for 1 hour at ambient
temperature. All volatiles were removed to yield a pasty yellow solid. The product was
extracted with light petroleum (10 mL) and filtered through celite. X-ray quality crystals of
9 were obtained from a toluene solution cooled to -25 °C overnight (0.14 g, 0.16 mmol,
16%). Elemental analysis, calculated (found) for CzsHsgBF10SisZrN: C 47.39 (47.25), H
5.45 (5.37), N 1.58 (1.63). 'H NMR (300.1 MHz, Ce¢Ds, 25 °C): & 6.4 (m, 2H,
CsH3(Si(CHz3)3)2), 6.3 (M, 2H, CsH3(Si(CHz)s)2), 6.0 (m, 2H, CsHs(Si(CHa)s),), 2.4 (br, 2H,
NH,), 0.4 (s, 3H, CHs), 0.10 (s, 18H, Si(CHs)s), 0.09 (s, 18H, Si(CHs);). *C NMR
(75.5 MHz {*H}, C¢Dg, 25 °C): & 134.9 (CH), 127.5 (C(Si(CHas)s)), 122.0 (CH), 120.2
(C(Si(CHs)s)), 116.9 (CH), 26.9 (CHa), 0.6 (Si(CHz)s). B NMR (96.3 MHz, C¢Dg, 25 °C):
8 -22.1 (d, "Jg 4 = 74 Hz, BH). °F NMR (282.4 MHz, CgDs, 25 °C): 8 -130.9 (br, 4F, o-F),

-157.0 (t, *Jr = 20 Hz, 2F, p-F), -162.3 ppm (m, 4F, m-F).

Cp2Zr(CHs)(NH,BH(CgFs)2) (10)

A toluene (5 mL) solution of B(CeFs)s (0.24 g, 0.5 mmol) was added to a solution of
Cp2Zr(CHj), (0.1 g, 0.5 mmol) in toluene (4 mL) at -78 °C. A solution of
[Li(thf),][NH2BH(CsFs)2] (0.5 mmol) in toluene (4 mL) was added at =78 °C. The reaction

mixture was allowed to stir for 20 min. at =78 °C and then for 1 hour at ambient
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temperature. All volatiles were removed to yield a clear yellow oil. The zirconocene
product was extracted with light petroleum (10 mL) and filtered through celite. Compound
10 was crystallised from toluene at -25 °C overnight (0.04 g, mmol, 12%). Elemental
analysis, calculated (found) for Cp,Zr(CHs)(NH,BH(CgFs),)-tol, CsoH.4BF10ZrN: C, 52.18
(52.7), H 3.50 (2.3), N 2.03 (1.9). *H NMR (300.1 MHz, C¢Dg, 25 °C): 5 5.2 (s, 10H, CsHs),
1.5 (br, 2H, NH,), 0.03 (s, 3H, CHa), 0.32 (g, "Jus = 66 Hz, 1H, BH). *C NMR (75.5 MHz
{*H}, CgDg, 25 °C): & 110.1 (CsHs), 22.9 (CH3). ™B NMR (96.3 MHz, CgDs, 25 °C): 5 —22.8
(d, YJgn = 64 Hz, BH). F NMR (282.4 MHz, C¢Dg, 25 °C): & -133.96 (br, 4F, o-F),

-156.07 (t, *Je¢ = 21 Hz, 2F, p-F), -162.13 (m, 4F, m-F).

Cp2Zr(CH3)(NH2BH2(CsF5)) (11)

A toluene (5 mL) solution of B(Ce¢Fs)s (0.51 g, 1.0 mmol) was added to a solution of
Cp,Zr(CHs), (0.25 g, 1.0 mmol) in toluene (5 mL) at -78 °C. A solution of
[Li(thf),][INH2BH2(CsFs)] (1.0 mmol) in toluene (4 mL) was added at =78 °C. The reaction
mixture was allowed to stir for 20 min. at =78 °C and then for 1 hour at ambient
temperature. All volatiles were removed to yield a pasty yellow solid. The zirconocene
product was extracted with diethyl ether (10 mL) and filtered through celite. Despite
multinuclear NMR spectra indicating product formation (see Appendix), X-ray quality
crystals of 11 could not be isolated. The following NMR assignments are based on the
crude reaction spectra. *H NMR (300.1 MHz, C¢Dg, 25 °C): 8 5.3 (s, 10H, CsHs), 0.9 (br,
2H, NH,), -0.12 (s, 3H, CH3). The BH, resonance was not observed in the crude *H NMR
spectrum. B NMR (96.3 MHz, Cg¢Ds, 25 °C): & —25.3 (t, "Jg = 83 Hz, BH,). °F NMR
(282.4 MHz, C¢Ds, 25 °C): & -135.62 (m, 2F, o-F), -158.85 (t, *Jer = 21 Hz, 1F, p-F),

-163.71 (m, 2F, m-F).
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Cngf{NHBH(C6F5)2} (12) and szHf(NHzBH(C6F5)2)2 (13)

A thf-free solution of Li[NH,BH(CsFs),] (0.71 g, 1.92 mmol) in toluene (10 mL) was cooled
to =78 °C and treated with a solution of Cp,HfCl, (0.36 g, 0.96 mmol) in toluene (10 mL).
The reaction was left to stir at =78 °C for two hours before warming to ambient
temperature. The solvent was removed under reduced pressure and the crude product
extracted with toluene (20 mL). Colorless crystals of 12 were obtained by concentrating
the toluene solution, layering with light petroleum and cooling to —25 °C for 3 days (0.07 g,
0.10 mmol, 11%). (Note: On one occasion Cp,Hf(NH,BH(C¢Fs),). (13) was isolated as the
major crystalline product.) Elemental analysis, calcuated (found) for Cp,Hf{NHBH(CsFs).}
(12), CH1,BF10HfN: C, 39.46 (39.37); H, 1.81(1.69); N, 2.09 (1.97). *H NMR (300.1 MHz,
C;Dg, 25 °C): 6 7.59 (s, 1H, NH), 5.17 (s, 10H, CsHs), -0.83 (q, “Jug = 60 Hz, 1H, HB);
3C NMR (75.5 MHz {*H}, C¢Ds, 25 °C): & 103.6 (CsHs);: B NMR (96.3 MHz, C-Ds,
25 °C): & =27.5 (d, "Jgy = 63 Hz, BH); °F NMR (282.4 MHz, C;Dg, 25 °C): & -133.70 (br,

4F, 0-F), =156.32 (t, *Je£ = 21 Hz, 2F, p-F), —162.45 (br, 4F, m-F).

Cp2Hf(CH3)(NH2BH(CeFs)) (14)

A toluene (5 mL) solution of B(Ce¢Fs)s (0.51 g, 1.0 mmol) was added to a solution of
Cp.Hf(CH3), (0.34 g, 1.0 mmol) in toluene (5 mL) at -78 °C. A solution of
[Li(thf),][NH2BH,(CsFs)] (1.0 mmol) in toluene (4 mL) was added at -=78 °C. The reaction
mixture was allowed to stir for 20 min. at =78 °C and then for 1 hour at ambient
temperature. All volatiles were removed to yield a sticky white solid. The product was
extracted with light petroleum (10 mL) and filtered through celite. Despite multinuclear
NMR spectra indicating product formation (see Appendix), X-ray quality crystals of 14
could not be isolated. The following tentative NMR assignments are based on the crude
reaction spectra. *H NMR (300.1 MHz, Cg¢Ds, 25 °C): 8 5.3 (s, 10H, CsHs), 1.0 (br, 2H,

NH,), —-0.3 (s, 3H, CHs). The BH, resonance was not observed in the crude 'H NMR
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spectrum. B NMR (96.3 MHz, C¢Dg, 25 °C): d -25.8 (t, *Jgn = 86 Hz, BH,)." *F NMR
(282.4 MHz, C¢Dg, 25 °C): & -137.01 (m, 2F, o-F), —=158.60 (t, *Jzr = 20 Hz, 1F, p-F),

~163.51 (m, 2F, m-F).

Cp2Hf(CH3)(NH2BH(C6Fs).) (15)

A toluene (5 mL) solution of B(Ce¢Fs)s (0.72 g, 1.4 mmol) was added to a solution of
CpoZr(CHg), (0.47 g, 1.4 mmol) in toluene (4 mL) at -78 °C. A solution of
[Li(thf),][NH,BH(CsFs)2] (1.4 mmol) in toluene (4 mL) was added at =78 °C. The reaction
mixture was allowed to stir for 20 min. at =78 °C and then for 1 hour at ambient
temperature. All volatiles were removed to yield a clear yellow oil. The product was
extracted with light petroleum (10 mL), filtered through celite and was crystallised from
toluene at —25 °C overnight (0.085 g, 0.12 mmol, 9%). Elemental analysis, calculated
(found) for Cp,Hf(CH3)(NH,BH(CsFs),)-¥2 tol, CassHa0BF1oHfN: C 43.50 (43.35), H 2.75
(2.07), N 1.91 (1.67). *H NMR (300.1 MHz, CsDg, 25 °C): 8 5.3 (s, 10H, CsHs), 1.7 (br, 2H,
NH,), =0.2 (s, 3H, CHs), -0.36 (q, J s = 66 Hz, 1H, HB). *C NMR (75.5 MHz {*H}, C¢Ds,
25 °C): 5109.5 (CsHs), 26.4 (CHs). B NMR (96.3 MHz, Cg¢Dg, 25 °C): & -23.6 (d,
YJgn = 67 Hz, BH). °F NMR (282.4 MHz, C¢Dg, 25 °C): & -134.10 (br, 4F, o-F), -156.01

(t, *Jer = 21 Hz, 2F, p-F), -162.03 (m, 4F, m-F).

Cp,Ti(NH,BH»(CgFs)) (16)

A solution of Cp,TiCl, (0.25 g, 1 mmol) in thf (5 mL) was treated with a thf solution of
Li[NH,BH,(CsFs)] (2.0 mmol) at ambient temperature. The reaction mixture immediately
turned green and then blue, concomitant with the formation of a gaseous by-product

(assumed to be dihydrogen). Removal of all solvents, extraction with toluene (15 mL)

" A minor (1:3) B resonance occurs at —24.3 ppm (t, 1JB,H =67 Hz).
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and subsequent cooling to -25°C vyielded blue X-ray quality crystals of
Cp,Ti(NH,BH,(CsFs)) (16) (0.16 g, 0.44 mmol, 45%). Elemental analysis, calculated
(found) for CysH14BFsNTi: C, 51.39 (51.27); H, 3.77 (3.87); N, 3.75 (3.82). ‘H NMR
(300.1 MHz, C¢Ds, 25 °C): silent. *C NMR (75.5 MHz {*H}, CsDs, 25 °C): silent. *'B NMR
(96.3 MHz, C¢Ds, 25 °C): silent. '°F NMR (282.4 MHz, C¢Dg, 25 °C): & -135.40 (br, 2F,
0-F), =159.42 (br, 1F, p-F), =163.55 (br, 2F, m-F). IR (toluene): v 3444 (NH), 3365 (NH),

2391 (BHterm)1 1841 (BHagostic)-

Compound 16 is also easily prepared from and one equivalent of Li[NH,BH,(C¢Fs)] in thf
at room temperature followed by extraction into toluene. No gaseous product is formed

using the latter preparation method.

Cp.Ti(NH,BH(CsFs).) (17)

A solution of Cp,TiCl (0.21 g, 1 mmol) in thf (5 mL) was treated with a thf solution of
Li[NH,BH(CgF5),] (1 mmol) at ambient temperature. The reaction mixture immediately
turned a blue/purple color. Removal of all solvents, extraction with toluene and
crystallization from a 1,2-difluorobenzene / light petroleum mixture yielded X-ray quality
crystals of Cp,Ti(NH,BH(CsFs),) (0.05 g, 0.1 mmol, 10%). Elemental analysis, calculated
(found) for CyH13BF;oNTI: C, 48.93 (48.84); H, 2.43 (2.51); N, 2.59 (2.47). ‘H NMR
(300.1 MHz, C¢Dg, 25 °C): silent. *C NMR (75.5 MHz {*H}, C¢Dg, 25 °C): silent. B NMR
(96.3 MHz, C¢Dg, 25 °C): silent. °F NMR (282.4 MHz, C¢Dg, 25 °C): o-F and m-F are

silent, —155.68 (br, 2F, p-F). IR (toluene): v 3436 (NH), 3325 (NH), 1861 (BHagostic)-
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[Li{thf},][NHPhBH(CeFs);] (19) and [Li{12-crown-4},][NHPhBH(CsFs),] (19a)

A solution of PhH,N-BH(CgsFs), (0.60 g, 1.3 mmol) in thf (10 mL) was cooled to =78 °C and
"BuLi (1.6M, 0.81 mL, 1.3 mmol) was added dropwise to form 19 in quantitative yield. The
crude reaction mixture was warmed to ambient temperature and 12-crown-4 (0.42 mL,
2.6 mmol) was added. Slow cooling of the thf solution to -25 °C yielding colorless crystals

of 19a.

Elemental analysis, calculated (found) for Cz4H39BF1oLINOg (19a): C, 51.21 (50.88); H,
4.93 (4.83); N, 1.76 (1.66). *H NMR (300.1 MHz, CDCls, 25 °C): 8 6.93 (t, *J 4 = 7.5 Hz,
2H, m-CH), 6.73 (d, J4 = 7.6 Hz, 2H, 0-CH), 6.35 (t, *J4 4 = 6.9 Hz, 1H, p-CH), 4.49 (s,
1H, NH), 4.02 (br, 1H BH), 3.58 (s, 32H, CH,). B NMR (96.3 MHz, CDCl;, 25 °C):
5-16.3 (d, 'Jgn = 92 Hz, BH). F NMR (282.4 MHz, CDCl;, 25 °C): & -134.87 (d,

3Jer = 23 Hz, 4F, 0-F), -163.18 (t, *J=r = 20 Hz, 2F, p-F), —=166.04 (m, 4F, m-F).

[Li{thf}\][NHPhBH,(C¢Fs)] (20)

A solution of H,PhN-BH»(CsFs) (0.27 g, 1.0 mmol) in thf (5 mL) was cooled to -78 °C and
"BuLi (1.6M, 0.63 mL, 1.0 mmol) was added dropwise before warming the reaction
mixture to ambient temperature. Removal of all solvents yielded a colorless pasty solid in
gquantitative yield. Despite clean multinuclear NMR spectra (see Appendix), satisfactory
elemental analysis data could not be obtained despite several attempts. ‘H NMR
(300.1 MHz, C¢Dg, 25 °C): 8 7.11 (t, %34 = 7.6 Hz, 2H, m-CH), 6.98 (d, %J, s = 8.0 Hz, 2H,
0-CH), 6.64 (t, *Jun = 7.1 Hz, 1H, p-CH), NH and BH resonances are obscured by those
of residual thf (3.42 ppm and 1.33 ppm). B NMR (96.3 MHz, C¢Ds, 25 °C): & -20.0 (t,
Jgn = 84 Hz, BH,). °F NMR (282.4 MHz, C¢Dg, 25 °C): 8 -134.82 (d, 3Je¢ = 20 Hz, 2F,

0-F), —162.97 (t, 3J:f = 20 Hz, 1F, p-F), -165.81 (m, 2F, m-F).
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[Li{12-crown-4},][NHPhBH,(CsFs)] (20a)

A solution of H,PhN-BH»(CsFs) (0.38 g, 1.4 mmol) in thf (10 mL) was cooled to =78 °C and
"BuLi (1.6M, 0.88 mL, 1.4 mmol) was added dropwise before warming the reaction
mixture to ambient temperature. 12-crown-4 (0.22 mL, 1.4 mmol) was added before
removal of all solvents to produce a colorless pasty solid. Despite clean multinuclear
NMR spectra (see Appendix) X-ray quality crystals of 20a could not be isolated.
Elemental analysis, calculated (found) for C,oH,4BFsLINO,4: C, 52.78 (52.72); H, 5.32
(5.32); N, 3.08 (3.14). *H NMR (300.1 MHz, CDCls, 25 °C): & 6.96 (t, %J, = 7.7 Hz, 2H,
m-CH), 6.73 (d, J,4 = 8.3 Hz, 2H, 0-CH), 6.42 (t, *Jun = 7.1 Hz, 1H, p-CH), 3.66 (s, 42H,
CH,), 3.40 (s, 1H, NH), 2.64 (br, 2H, BH,). 'B NMR (96.3 MHz, CDCls, 25 °C): & -20.4 (t,
1Jg 4 = 88 Hz, BH,). *°F NMR (282.4 MHz, CDCl3, 25 °C): 6 -134.32 (d, 3J¢ ¢ = 23 Hz, 2F,

0-F), -163.81 (t, 3J: = 20 Hz, 1F, p-F), =166.34 (m, 2F, m-F).

Cp2Zr(CHz)(NHPhBH,(CsFs)) (21)

A toluene (5 mL) solution of B(CeFs)s (0.53 g, 1.0 mmol) was added to a solution of
Cp,Zr(CHs), (0.26 g, 1.0 mmol) in toluene (4 mL) at -78 °C. A solution of
[Li(thf),][NHPhBH(C¢Fs)2] (1.0 mmol) dissolved in toluene (4 mL) was added at -78 °C.
The reaction mixture was allowed to stir for 20 min. at =78 °C and then for 1 hour at
ambient temperature. All volatiles were removed to yield a dark pink oil. The product was
extracted with light petroleum (10 mL), filtered through celite, and reduced to dryness to
give (21) as a pink sticky powder. Despite clean multinuclear NMR spectra (see
Appendix), X-ray quality crystals of 21 could not be isolated. Elemental analysis,
calculated (found) for Cy3H,BFsNZr: C, 54.33 (54.12); H, 4.16 (3.95); N, 2.75 (2.82).
'H NMR (300.1 MHz, C¢De, 25 °C): & 7.10 (t, %y = 7.8 Hz, 2H, m-CH), 6.83 — 6.88 (m,
3H, 0-CH and p-CH), 3.72 (s, 1H, NH), 0.55 (br, 2H, BH,), =0.18 (s, 3H, CH;). “*C NMR

(75.5 MHz {*H}, C¢De, 25 °C): & 148.2 (Cipso), 128.7 (CH), 122.8 (CH), 120.7 (CH), 109.5
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(CsHs), 24.4 (CH3). B NMR (96.3 MHz, CgDg, 25 °C): & —22.65 (t, "Jg 1 = 80 Hz, BH,).
F NMR (282.4 MHz, Cg¢Ds, 25 °C): & -136.31 (d, Jrr = 17 Hz, 2F, o-F), -158.17 (t,

3Jer = 21 Hz, 1F, p-F), -163.21 (m, 2F, m-F).

Cp,Hf(CH3)(NHPhBH,(CgFs)) (22)

A toluene (5 mL) solution of B(Ce¢Fs)s (0.53 g, 1.0 mmol) was added to a solution of
Cp.Hf(CH3), (0.35 g, 1.0 mmol) in toluene (4 mL) at -78 °C. A solution of
[Li(thf),]INHPhBH(C¢Fs),] (1.0 mmol) dissolved in toluene (4 mL) was added at -78 °C.
The reaction mixture was allowed to stir for 20 min. at =78 °C and then for 1 hour at
ambient temperature. All volatiles were removed to yield an orange oil. The product was
extracted with light petroleum (10 mL), filtered through celite, and reduced to dryness to
give a colorless free flowing powder (0.15 g, 0.025 mmol, 25%). X-ray quality crystals of
22 were isolated from a concentrated toluene solution at —-25 °C. Elemental analysis,
calculated (found) for CpsH»BFsNHf: C, 46.37 (46.27); H, 3.55 (3.51); N, 2.35 (2.46).
'H NMR (300.1 MHz, C¢Dg, 25 °C): & 7.10 (t, %3,y = 7.7 Hz, 2H, m-CH), 6.86 (m, 3H,
0-CH and p-CH), 3.82 (s, 1H, NH), 0.81 (br, 2H, BH,), -0.29 (s, 3H, CHs). *C NMR
(75.5 MHz {*H}, C4Dg, 25 °C): 8 147.8 (Cipso), 128.6 (CH), 123.1 (CH), 121.1 (CH), 108.6
(CsHs), 25.9 (CH3). ™B NMR (96.3 MHz, Cg¢Ds, 25 °C): & -23.2 (t, 'Jg = 77 Hz, BHy).
F NMR (282.4 MHz, Cg¢Ds, 25 °C): 6 -136.51 (m, 2F, 0-F), -158.04 (t, *Je¢ = 21 Hz, 1F,

p-F), =163.14 (m, 2F, m-F).

Cp,Ti(NHPhBH,(CsFs)) (23)

A solution of Cp,TiCl, (0.25 g, 1 mmol) in thf (5 mL) was treated with a thf solution of
Li[NHPhBH,(CsFs)] (2.0 mmol) at ambient temperature. The reaction mixture immediately

turned green and then blue, concomitant with the formation of a gaseous by-product
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(assumed to be dihydrogen). Removal of all solvents, extraction with toluene (15 mL)
and subsequent cooling to -25 °C vyielded blue X-ray quality -crystals of
Cp,Ti(NHPhBH,(C¢Fs)) (23) (0.1 g, 0.22 mmol, 22%). Elemental analysis, calculated
(found) for C,H:sBFsNTi: C, 58.71 (58.64); H, 4.03 (4.12); N, 3.11 (3.12). 'H NMR
(300.1 MHz, C4¢Ds, 25 °C): silent. *C NMR (75.5 MHz {*H}, C¢Ds, 25 °C): silent. *'B NMR
(96.3 MHz, CgDs, 25 °C): silent. F NMR (282.4 MHz, C¢Ds, 25 °C): o-F is silent, -157.22
(br, 1F, p-F), —164.09 (br, 2F, m-F). IR (toluene): v 3386 (NH), 2963 (CH), 2431 (BHem),

2076 (BHagostic), 2033 (BHagostic)-

Compound 23 is also easily prepared from the pre-reduced Cp,TiCl and one molar
equivalent of LI[NHPhBH,(C¢Fs)] in thf at room temperature and extraction with toluene.

No gaseous product is formed using the latter preparation method.

The following general procedure was used for compounds 24 — 31.:

The substrate was added dropwise with stirring to a toluene solution of the borane
dimethylsulfide adduct at ambient temperature. The reaction mixture was allowed to stir
for 5 minutes, after which time the volatiles were removed under reduced pressure to give

the product as a pale yellow oil in quantitative yield.

Me,S-B(CH>CH,Ph)(CsFs), (24)

'H NMR (300.1 MHz, C¢Ds, 25 °C): 8 6.97 — 7.21 (m, 5H, C¢Hs), 2.44 (m, 2H, BCH,), 1.50
(t, *Jun = 8.3 Hz, 2H, CH,), 1.06 (s, 6H, S(CHa3),). *C NMR (75.5 MHz {*H}, C¢Ds, 25 °C):
& 145.9 (Cipso), 129.9 (CH), 129.2 (CH), 128.4 (CH), 33.8 (CH,), 24.5 (BCH,), 19.6
(S(CHs),). B NMR (96.3 MHz, CsDs, 25 °C): & 1.0 (br). F NMR (282.4 MHz, CgDs,

25 °C): & -130.65 (m, 4F, 0-F), —155.98 (t, *Je¢ = 21 Hz, 2F, p-F), -162.69 (m, 4F, m-F).
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Me,S-B((CH,)sCH3)(CsFs)2 (25)

'H NMR (300.1 MHz, C¢Dg, 25 °C): 5 1.18-1.38 (m, 10H, CH,), 1.08 (s, 6H, S(CHs)), 0.86
(t, 3Jqn = 6.7 Hz, 3H, CH3). **C NMR (75.5 MHz {*H}, C¢D¢, 25 °C): & 33.9 (CH,), 32.7
(CH,), 27.4 (CH,), 23.8 (CH,), 23.1 (BCH,), 19.6 (S(CHs),), 14.9 (CHs;). B NMR
(96.3 MHz, CgDg, 25 °C): & 6.2 (br). °F NMR (282.4 MHz, C¢Ds, 25 °C): & -130.78 (m,

4F, 0-F), —155.69 (t, *Jq - = 21 Hz, 2F, p-F), -162.75 (m, 4F, m-F).

Mesz(CHZCH(Ph)z)(CGFs)Z (26)

'H NMR (300.1 MHz, CgDg, 25 °C): 8 6.87—7.29 (m, 10H, CgHs), 3.87 (t, Iy = 6.7 Hz, 1H,
CH), 2.15 (d, ®Jyn = 6.7 Hz, 2H, CH,), 0.95 (s, 6H, S(CHs),). *C NMR (75.5 MHz {*H},
CsDe, 25 °C): 8 147.4 (Cipso), 128.3 (CH), 127.3 (CH), 125.8 (CH), 49.9 (CH), 27.4 (BCH,),
18.8 (S(CH3),). B NMR (96.3 MHz, C¢Ds, 25 °C): 5 1.6 (br). *°F NMR (282.4 MHz, C¢Ds,
25 °C): & —-130.04 (d, 3Jer = 20 Hz, 4F, 0-F), -156.14 (t, *Jz¢ = 21 Hz, 2F, p-F), -162.85

(m, 4F, m-F).

Me,S-B(CHCH(SiMes))(CeFs). (27)

Elemental analysis, calculated (found) for C19H:7BF1,SSi: C, 45.07 (44.98); H, 3.38 (3.30).
'H NMR (300.1 MHz, CD,Cl,, 25 °C): & 7.05 (dm, %J,4 = 21 Hz, 1H, CH), 5.92 (d,
3Jun = 21 Hz, 1H, CH), 2.12 (s, 6H, S(CHs),), 0.07 (s, 9H, Si(CHs)3). *C NMR (75.5 MHz
{*H}, CD,Cl,, 25 °C): & 145.8 (CH), 117.4 (BCH), 20.6 (S(CHas),), -1.2 (Si(CHa)s).
B NMR (96.3 MHz, CD,Cl,, 25 °C): & -0.5 (br). **F NMR (282.4 MHz, CD,Cl,, 25 °C):

& -130.91 (m, 4F, 0-F), =157.20 (t, *Jr = 20 Hz, 2F, p-F), ~163.78 (m, 4F, m-F).

163



(CeFs5)B(CH2CH,Ph), (28)

'H NMR (300.1 MHz, Cg¢Dg, 25 °C): 5 6.83 — 7.15 (m, 10H, CeHs), 2.60 (t, *Jupn = 7.7 Hz,
4H, BCH,), 1.74 (t, *Juy = 7.8 Hz, 4H, CH,). *C NMR (75.5 MHz {*H}, C¢Ds, 25 °C):
5 144.2 (Cipso), 129.3 (CH), 129.2 (CH), 126.8 (CH), 32.5 (BCH,), 31.5 (CH,). "B NMR
(96.3 MHz, C¢Dg, 25 °C): 5 81.2 (br). F NMR (282.4 MHz, C4¢D, 25 °C):  -133.15 (m,

2F, 0-F), -152.83 (t, 3Jg+ = 20 Hz, 1F, p-F), -161.55 (m, 2F, m-F).

(C6Fs)B((CH2)sCHs3)2 (29)

'H NMR (300.1 MHz, C¢Ds, 25 °C): 5 1.16—1.52 (m, 20H, CH,), 0.9 (t, *Jy = 6.0 Hz, 6H,
CHa3). *C NMR (75.5 MHz {*H}, CsDs 25 °C): & 33.3 (CH,), 32.6 (CH,), 31.8 (BCH,), 25.4
(CH,), 23.6 (CH,), 14.8 (CH3). B NMR (96.3 MHz, C¢Ds, 25 °C): & 84.9 (br). °F NMR
(282.4 MHz, CeDg, 25 °C): -133.80 (m, 2F, o-F), -153.51 (t, 3Jer = 20 Hz, 1F, p-F),

-161.67 (m, 2F, m-F).

(CeFs)B(CH2CH(Ph)2). (30)

'H NMR (300.1 MHz, CgDg, 25 °C): 8 6.93—7.31 (m, 20H, CgHs), 4.21 (t, Iy = 8.1 Hz, 2H,
CH), 2.32 (d, ®Jun = 8.1 Hz, 4H, CH,). *C NMR (75.5 MHz {*H}, C¢Ds, 25 °C): 5 145.9
(Cipso), 128.5 (CH), 127.5 (CH), 126.2 (CH), 47.7 (CH), 38.5 (BCH,). *'B NMR (96.3 MHz,
CsDe, 25 °C): & 83.4 (br). °F NMR (282.4 MHz, C¢Ds, 25 °C): 5 -132.68 (m, 2F, o-F),

-153.02 (t, 3Jef = 21 Hz, 1F, p-F), =162.07 (m, 2F, m-F).

(CeFs)B(CHCH(SiMes3)), (31)

'H NMR (300.1 MHz, C¢Dg, 25 °C): & 7.34 (dd, 3J,y4 = 28 Hz, 2H, CH), 6.16 (dd, 3Ju 4 = 20
Hz, 2H, CH), 0.08 (s, 9H, Si(CHs)s), 0.05 (s, 9H, Si(CHs)s). *C NMR (75.5 MHz {*H},
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CeDs, 25 °C): & 168.6 (CH), 141.7 (BCH), 0.13 (Si(CHs)s), —1.4 (Si(CHz)s). B NMR
(96.3 MHz, C¢Dg, 25 °C): 8 63.5 (br). °F NMR (282.4 MHz, CgsDs, 25 °C): & —=130.00 (m,

2F, 0-F), —152.20 (t, ®Jxf = 20 Hz, 1F, p-F), -161.95 (m, 2F, m-F).

Pentafluorophenyl-9-borobicyclo[3.3.1Jnonane-SMe, (32)

A sample of Me,S-BH,(C¢Fs) (1.04 g, 4.3 mmol) was dissolved in toluene (75 mL). To this
was added dropwise 1,5-cyclooctadiene (0.53 mL, 4.3 mmol) at ambient temperature. The
mixture was heated to reflux for 1 hour. Once cooled, the toluene was removed to give a
colorless oil. X-ray quality crystals were obtained by dissolution in 1 mL of neat
dimethylsulfide and cooling to -25 °C. The conversion was quantitative by "B NMR
spectroscopic analysis and the product was isolated as a colorless solid (1.18 g,
3.3 mmol, 79%). Elemental analysis, calculated (found) for C,¢H,0BFsS: C, 54.88 (54.81);
H, 5.76 (5.67). *H NMR (300.1 MHz, C¢Ds, 25 °C): & 1.58 — 2.17 (mm, 14H, CH and CH,),
1.11 (s, 6H, S(CH3),). *C NMR (75.5 MHz {*H}, C¢Ds, 25 °C): 8 33.3 (CH,), 25.1 (CHy),
24.3 (CH), 17.3 (S(CHs),). B NMR (96.3 MHz, C¢Ds, 25 °C): & 19 (br). F NMR
(282.4 MHz, C¢Ds, 25 °C): d —130.40 (m, 2F, o-F), -155.25 (m, 1F, p-F), -162.87 (m, 2F,

m-F).
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Chapter 6 Crystallography

Suitable crystals were suspended in oil and mounted on a glass fiber prior to being put in
the nitrogen stream of the diffractometer. With the exception of compound 2f, all crystals
were analyzed using Mo-Ka radiation. Structural data for 1f, 2a, 9, 12 and 32 was
collected, solved and refined by Dr David Hughes (1f and 2a), Dr Dan Smith (32) and
Dr Joseph Wright (9 and 12) at the University of East Anglia using an Oxford Diffraction
X-Calibur-3 CCD diffractometer equipped with a graphite monochromator. The data were
processed using CrysAlisPro®® (1f, 2a, 12, 32) or CrystalClear-SM** (9) and the
structures were refined in SHELXL.?*® Structural data for the remaining compounds was
collected by Dr Graham Tizzard at the National Crystallography Service,*® University of
Southampton either on a Bruker-Nonis Apex Il diffractometer equipped with confocal
mirrors (3, 7, 13) or a Rigaku Saturn 724+ diffractometer equipped with a confocal
micrometer (1a-d, 2b-e, 6, 8, 10, 16, 17, 18, 19a, 22 and 23). The data were processed
using DENZO and COLLECT®” (3, 7 and 13) or CrystalClear-SM?** (1a-d, 2b-e, 6, 8, 10,
16, 17, 18, 19a, 22 and 23) and refined using SHELXL.?®® Data for compound 2f was
collected, refined and solved by Dr Graham Tizzard at the Diamond Light Source,
Beamline 119 using Zr-Ka radiation. The collected diffraction data was processed using
CrystalClear-SM*** and refined using SHELXL.** A consideration for crystallographic
disorder observed for compound 13 was assessed and dismissed by Dr Simon Coles at

the National Crystallography Service, University of Southampton.
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