ABSTRACT
Investigating the Chemistry of the 9-Borataphenanthrene Anion
Tyler A. Bartholome, Ph.D.

Mentor: Caleb D. Martin, Ph.D.

Boron-containing analogues of unsaturated hydrocarbons exhibit a diverse array of
reactivity modes that can be exploited for the synthesis of other more complex boron-
containing compounds. Examples of such analogues include boroles, analogous with the
cyclopentadienyl cation; boratabenzenes, analogous with benzene; and borataalkenes,
analogous with olefins. A dibenzo-fused borole, 9-phenyl-9-borafluorene, was shown to
undergo insertion of one or two carbene units upon reaction with
trimethylsilyldiazomethane to produce six- or seven-membered nonaromatic boracycles.
The six-membered product was found to undergo deprotonation to form the first example
of a 9-borataphenanthrene anion, which exhibits structural features characteristic of
boratabenzenes and borataalkenes. Its boratabenzene-like character was demonstrated
through n°® complexation with chromium(0), while its borataalkene-like character was
demonstrated through protonation, C-methylation with iodomethane, B=C hydroboration
with pinacolborane, and n? complexation with gold(l). The B=C bond at the 9- and 10-
positions of the 9-borataphenanthrene anion was also shown to undergo a broad range of

hydrofunctionalization  reactivity, including  hydroalkylation,  hydroarylation,



hydroalkynylation, hydroamination, hydroalkoxylation, and hydration. The central BCs
ring was demonstrated to form n® complexes with rhodium(l), iridium(l), and iron(11)
centers. The wide array of boratabenzene- and borataalkene-like reactivity modes indicates
the promising potential of 9-borataphenanthrene anions as reagents for inorganic and

organic synthesis.
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CHAPTER ONE

Introduction

1.1 Boron-Containing Analogues of Unsaturated Hydrocarbons

Unsaturated hydrocarbyl functionalities, such as alkenes and benzene rings, are
ubiquitous in the fields of organic and inorganic synthesis. Materials with unique physical
and chemical properties can be obtained by replacement of a carbon center with boron or
replacement of a C=C unit with an isoelectronic boron-containing unit such as B-N.®
Examples of compounds that illustrate this principle are boroles, boratabenzenes, and
borataalkenes (Figure 1.1). Boroles and boratabenzenes consist of cyclic conjugated -
systems and can be viewed as boron-containing analogues of the cyclopentadienyl cation
and benzene, respectively.* 2 Borataalkenes consist of acyclic m-systems and can be
viewed as boron-containing analogues of olefins.’>® These three key classes of

compounds have found utility in a wide variety of applications in recent decades.

O o X

Hydrocarbon
Cyclopentadienyl Benzene Alkene
cation
R
R Lo
Boron-containing | ~ \o_
analogue \\ // = /
Borole Boratabenzene Borataalkene

Figure 1.1. Unsaturated hydrocarbon species and their boron-containing analogues.
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1.2 Boroles

Boroles, antiaromatic BC4 heterocycles, can be viewed as neutral boron-containing
analogues of the antiaromatic cyclopentadienyl cation.* " 112 The first monocyclic borole,
pentaphenylborole (1.1), was synthesized in 1969 by Eisch and coworkers using two
different routes.” The first consisted of transmetallation of 1,4-dilithio-1,2,3,4-
tetraphenylbutadiene (1.2) with PhBBr», while the second consisted of transmetallation of
1,1-dimethyl-2,3,4,5-tetraphenylstannole (1.3) with PhBCI, (Scheme 1.1). Recent decades
have seen numerous advances in borole research, with a variety of reactivity modes having
been explored.? * 72" In particular, pentaphenylborole has been demonstrated to undergo
a diverse set of ring expansion reactions to form aromatic and nonaromatic heterocycles,
including oxygen- and sulfur-atom insertion, > carbene insertion,'® nitrene and
phosphinidene insertion, 22 and 1,2-dipole insertion.?>?! These insertion reactivity
modes stem from the antiaromaticity of the BC,4 ring and lability of the endocyclic B-C
bonds, which render boroles highly reactive.* The butadiene backbone of
pentaphenylborole has also been demonstrated to act as a diene in Diels-Alder reactions
with alkynes and olefins.” *° Selected examples of pentaphenylborole reactivity are
depicted in Scheme 1.2. Other less sterically hindered boroles, including 1-
(diisopropylamino)borole and 1-phenyl-2,3,4,5-tetramethylborole, have also been
prepared and exist as Diels-Alder dimers in contrast with the monomeric
pentaphenylborole.'-3 Such dimeric borole species have been demonstrated to be capable
of many of the same modes of reactivity as pentaphenylborole, including Diels-Alder
reactivity and ring expansion to form aromatic and nonaromatic boracycles.3% 32 3% In these

reactions, elevated temperatures are necessary to “crack” the dimer.
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Scheme 1.1. Synthetic routes to pentaphenylborole.
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Scheme 1.2. Selected examples of pentaphenylborole reactivity (NMMO = N-methylmorpholine-
N-oxide).

Although several types of fused polycyclic boroles are known, perhaps the most
noteworthy are 9-borafluorenes, which consist of a central borole ring with two fused
benzene rings.®® The first 9-borafluorenes were synthesized by Koster and Benedikt in
1963 via thermolytic ring closing of boranes bearing 2-biphenylyl substituents (Scheme
1.3).% In recent years, 9-borafluorenes have been shown to undergo much of the same ring
expansion reactivity as monocyclic boroles to form dibenzo-fused six- and seven-
membered boracycles.®-* As in monocyclic boroles, the empty p orbital at boron renders
9-borafluorenes Lewis acidic, and the chemistry of 9-borafluorene Lewis acid-base adducts

has been studied extensively. 374045 Applications of 9-borafluorenes are broad in scope



and include fluorescent materials,*® *6-%8 molecular and ion sensors,**-°! and thermochromic

materials.**

R, R
O 180-300 °C !
O R = Et, Pr, i-Bu, Ph
1.8 1.9

Scheme 1.3. Synthesis of 9-borafluorenes via ring closing of 2-biphenylylboranes.

1.3 Boratabenzenes

Boratabenzenes, anionic BCs heteroarenes, are isoelectronic analogues of benzene
in which a C=C unit has been replaced by [B=C]".8° Boratabenzenes have been known
since the synthesis of the first boratabenzene transition-metal complex by Herberich and
coworkers in 1970.52 This complex was prepared by the reaction of cobaltocene with
PhBBr to produce intermediate 1.11, which was then treated with SnBr4 to produce the
cationic boratabenzene/cyclopentadienide sandwich complex (1.12, Scheme 1.4). The first
free alkali metal boratabenzene salt, lithium 1-phenylboratabenzene (1.15a), was
synthesized one year later by Ashe and Shu.® This synthesis consisted of transmetallation
of a 1,4-dihydrostannabenzene (1.13) with PhBBr, to form a 1,4-dihydroborabenzene
(1.14), which was then deprotonated with t-BuL.i to produce the lithium boratabenzene salt.
In the decades since these early discoveries, boratabenzenes have been studied extensively
as ligands, generally hexahaptic, in a wide variety of metal complexes.®® 529 Because
boratabenzenes are anionic and contain a cyclic 6-electron m-system, they are capable of
serving as effective replacements for the cyclopentadienyl anion in sandwich and half-

sandwich complexes.>”: 68-69. 8891, 93 g,;ch complexes are often prepared by reactions of
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alkali metal boratabenzene salts with transition metal halides or other labile metal species.®
65.76.89 Selected examples of alkali metal boratabenzene reactivity are depicted in Scheme
1.5. The lithium boratabenzene salts 1.15 react with ZrCls to produce the
bis(boratabenzene)dichlorozirconium complexes 1.16, which can be viewed as boron-
containing analogues of zirconocene dichloride.%%® Similarly, the reactions of
boratabenzene salts 1.15 with FeCl> produce the bis(boratabenzene)iron complexes 1.17,
which are boron-containing analogues of ferrocene.®” The sodium salt of 1-
methylboratabenzene reacts with Cr(CO)3(NHzs)z to produce the anionic half-sandwich
complex 1.18.% Metal complexes of boratabenzenes have been applied in a variety of
fields, but perhaps most notably in catalysis. Several zirconium(lV) bis(boratabenzene)
complexes (including 1.16) have been demonstrated to act as effective precatalysts for the
polymerization of ethylene.® 70 In recent years, boratabenzene/cyclooctatetraenide
sandwich complexes of erbium(l11) have been demonstrated to act as single-ion magnets,®
while a rhodium(l) phosphidoboratabenzene complex was demonstrated to act as an

effective precatalyst for olefin hydrogenation.®*
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Scheme 1.4. a) Synthesis of a boratabenzene-containing Co(l11) mixed sandwich complex and b)
synthesis of lithium 1-phenylboratabenzene.
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Scheme 1.5. Selected examples of alkali metal boratabenzene reactivity.



1.4 Borataalkenes

Borataalkenes, anionic boron-containing olefin analogues, consist of a [B=C]
system containing two m-electrons.>® Borataalkenes have been known since 1972, when
the first borataalkene was synthesized by Rathke and Kow via deprotonation of 9-methyl-
9-borabicyclo[3.3.1]nonane (1.19) with lithium 2,2,6,6-tetramethylpiperidide (LiTMP,
Scheme 1.6).%* The resulting species 1.20 was described as a boron-stabilized carbanion,
and the carbanionic nature was proven through a series of reactions including deuteronation
with D20, C-alkylation with n-butyl bromide, and conversion of cyclohexanone to
methylenecyclohexane. In contrast with boratabenzenes, for which research has primarily
focused on metal complexes, borataalkene metal complexes are quite rare, with only a few
known examples.®*-** % However, borataalkenes have been shown to be effective reagents
for a wide variety of organic transformations; this utility was studied extensively in the
1980s by Pelter and coworkers.5*° Selected examples of this work are depicted in Scheme
1.7. Reactions of lithium dimesitylboron methylidenide (1.21) with alkyl or benzylic
halides resulted in alkylation at the borataalkene carbon to produce neutral dimesityl-
substituted boranes 1.22.%° Reactions of borataalkenes with epoxides followed by oxidation
with NaOH/H,0; resulted in the formation of 1,3-diols.%® Perhaps the most notable mode
of borataalkene reactivity, however, is the “boron-Wittig” reaction in which borataalkenes
react with aldehydes and ketones to produce alkenes with the elimination of borinate
salts.%” 100101 The formation of the alkene product proceeds through an anionic 1,2-
oxaboretanide intermediate (1.24), which in some cases can be isolated.*?%%! Overall, the
variety of transformations observed for borataalkenes makes them promising as reagents

in organic synthesis.
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Scheme 1.6. Deprotonation of 9-methyl-9-borabicyclo[3.3.1]nonane to produce a borataalkene.
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Scheme 1.7. Selected reactivity examples for lithium dimesitylboron methylidenide.

1.5 Scope of the Dissertation and Attributions
This dissertation details the synthesis and reactivity of the first known 9-

borataphenanthrene anion. A wide variety of reactivity modes characteristic of



boratabenzenes and borataalkenes are described, and in some cases, the findings are

supported by computational results.

Bartholome, T. A.; Bluer, K. R.; Martin, C. D., Dalton Trans. 2019, 48, 6319-6322.

Chapter Two describes the insertion of carbene units into 9-phenyl-9-borafluorene
to produce six- and seven-membered nonaromatic boracycles. The project was conceived
by C.D.M. and syntheses and characterizations carried out by T.A.B. X-ray
crystallographic studies were conducted by K.R.B. All authors contributed to manuscript
drafts.

Bartholome, T. A.; Kaur, A.; Wilson, D. J. D.; Dutton, J. L.; Martin, C. D., Angew.
Chem. Int. Ed. 2020, 59, 11470-11476.

Chapter Three describes the synthesis of a 9-borataphenanthrene anion and
preliminary reactivity studies indicating its boratabenzene- and borataalkene-like nature.
The project was conceived by T.A.B. and C.D.M. All syntheses and characterizations were
carried out by T.A.B., as were X-ray crystallographic studies. Computational studies were
carried out by A.K., D.J.D.W., and J.L.D. All authors contributed to manuscript drafts.

Bartholome, T. A.; Martinez, J. J.; Kaur, A.; Wilson, D. J. D.; Dutton, J. L.; Martin, C.
D.; Organometallics 2021, 40, 1966-1973.

Chapter Four details a variety of B=C bond hydrofunctionalization reactions of the
9-borataphenanthrene anion. The project was conceived by T.A.B. and C.D.M. The
syntheses of compounds 4.1-4.3 and 4.6 were carried out by T.A.B. Preliminary syntheses
for compounds 4.4 and 4.5 were carried out by J.J.M., while the final synthetic procedures

were developed by T.A.B. All characterizations were carried out by T.A.B., as were X-ray



crystallographic studies. Computational studies were carried out by A.K., D.J.D.W., and

J.L.D. Manuscript drafts were composed by T.A.B., A.K., D.J.D.W., J.L.D., and C.D.M.

Chapter Five describes the syntheses of a diverse array of metal complexes
featuring 9-borataphenanthrene ligands. The project was conceived by T.A.B. and C.D.M.
All syntheses and characterizations were carried out by T.A.B., as were X-ray

crystallographic studies. Drafts were composed by T.A.B.
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CHAPTER TWO
Successive Carbene Insertion into 9-Phenyl-9-Borafluorene
This chapter published as: Bartholome, T. A.; Bluer, K. R.; Martin, C. D., Dalton Trans.
2019, 48, 6319-6322. Reproduced by permission of the Royal Society of Chemistry.
2.1 Introduction

Unsaturated BC4 heterocycles have recently been recognized as promising reagents
for the synthesis of six- to eight-membered boracyclic systems via the formal insertion of
one, two, or three atoms into the endocyclic B-C bond.*®> %2 Developing efficient
methodologies to access heterocycles featuring tri-coordinate boron centers is of
paramount interest as they have applications in electronic materials and pharmaceuticals.®
4851, 103-107 1 this vein, two types of unsaturated BC4 systems have been focused upon,
boroles (1.1)> 7 and their biphenyl-fused variants, 9-borafluorenes (1.9).% % Boroles are
more reactive than 9-borafluorenes as they have greater anti-aromatic character and Lewis
acidity.?> 38 41-42, 109-110 The jntermolecular insertion chemistry of boroles has been
investigated with a number of unsaturated molecules® 17-22 2429 111119 \whereas the
corresponding chemistry with 9-borafluorenes is less developed.’-3 45 120-125

The first intermolecular insertion reaction of a 9-borafluorene was reported in 2016
by Fukushima and coworkers with the insertion of alkynes into the endocyclic B-C bond
of 9-chloro-9-borafluorene (1.9a) to furnish unsaturated BCe heterocycles (2.1 and 2.2; Fig
2.1a).1?° Our group, and He, discovered that 9-borafluorenes react with organic azides to

generate 9,10-B,N-phenanthrenes (2.3 and 2.4, Fig 2.1b) via the insertion of either the a-

11



or y-nitrogen atom.%¥3° Investigations with 1,2-dipolar substrates resulted in adducts
(imine, nitrile, isocyanide) or seven membered rings (aldehyde, ketone, ketene, isocyanate,
carbodiimide, phosphaalkyne) in which the negatively polarized atom is bound to boron

and the positively polarized atom to carbon (Fig 2.1c).%" 121122

TMS
T™MS TMS Ar
Cl

Ar//

“ e

2.2

2 TMS

\\ R Rl
—N
_ PhNg R'N3
“ e O
1.9 24

+—>

R R. 7.
c) | . z Y yz==7
+ Y=2 —MmMmMmm> aldehyde, ketone, ketene,
Q D O Q isocyanate, carbodiimide,
phosphalkyne
1.9 2.5

Figure 2.1. Reported intermolecular insertion reactions of alkynes (a), azides (b), and unsaturated
1,2-dipolar molecules (c) with 9-borafluorenes. TMS = trimethylsilyl.

The Ashe, Brown, and Matteson groups have demonstrated that the combination of
halomethane/base can serve as a carbene source that inserts into B-C bonds.?61% The
insertion of CR2 units into boron-carbon bonds has also been reported using diazo reagents
with notable recent work by the Stephan and Melen groups.®>-14! Braunschweig and
coworkers investigated the reactions of boroles (1.1) with diazo reagents observing two

outcomes (Fig 2.2).1° The reaction with a bulky diazo species featuring two para-tolyl
12



groups on the a-carbon generated a 1,2-azaborine (2.6) via insertion of the terminal
nitrogen into the B-C bond whereas the reaction with trimethylsilyldiazomethane resulted
in insertion of a CH(SiMes) unit into the endocyclic boron-carbon bond of 1.1 to provide
a six-membered ring (2.7) with concomitant release of N2 gas. Given the insertion
chemistry of diazo compounds into boroles, we sought to examine the reactivity of

trimethylsilyldiazomethane with 9-phenyl-9-borafluorene (1.9b).

Ph
Ph.__B. Ny tol
R=R = tol N
tol
Ph Ph™ > “Ph °
N»
Ph Pho+ Ph 26
W R™ R’ Ph
|
PH  Ph TMS
11 R=HR=TMS " | H
-N, -
PR “Ph
Ph 2.7

Figure 2.2. Reactions of pentaphenylborole (1.1) with diazo reagents (tol = para-tolyl).

2.2 Ring Expansion of 9-Phenyl-9-Borafluorene

The 1:1 stoichiometric reaction of 1.9b with trimethylsilyldiazomethane at room
temperature resulted in gas evolution accompanied by a color change from yellow to
colorless (Scheme 2.1). No significant change was observed by in situ B NMR
spectroscopy; however, in situ *H NMR spectroscopy indicated complete consumption of
trimethylsilyldiazomethane within 10 minutes by the disappearance of the trimethylsilyl
peak at -0.04 ppm accompanied by the emergence of a singlet at -0.30 ppm. A diagnostic
singlet in the aliphatic region at 3.88 ppm was assigned to the proton derived from the

diazo a-carbon. Removing the volatiles in vacuo gave a pale yellow solid in quantitative

13



yield. An X-ray diffraction study on crystals grown revealed the product as the BCs
heterocycle (2.8, Fig 2.3) from the formal insertion of a carbene unit into one of the B-C
bonds. The product crystallizes in the P-1 space group, indicating a 50:50 racemate of 2.8
in the unit cell. The geometry about the boron center is trigonal planar [angular sum =

359.9(2)°] and the biphenyl backbone has a slight twist [interplanar angle = 9.9(2)°].

Ph TMS

ﬁ w0
_N2

Quantitative Yield 45% Yield
2.8 2.9

Scheme 2.1. Reaction of trimethylsilyldiazomethane with 1.9b.

Figure 2.3. Solid-state structure of 2.8. Hydrogen atoms are omitted for clarity (except at the chiral
center), and ellipsoids are drawn at the 50% probability level. Selected bond lengths (A) and angles
(deg): B(1)-C(1) 1.541(3), C(1)-Si(1) 1.948(2), C(1)-C(2) 1.500(3), C(2)-C(7) 1.406(3), C(7)-C(8)
1.484(3), C(8)-C(13) 1.422(3), C(13)-B(1) 1.551(3), B(1)-C(14) 1.570(3), C(13)-B(1)-C(14)
122.26(18), C(13)-B(1)-C(1) 116.48(16), C(14)-B(1)-C(1) 121.17(16).

To determine if another equivalent of trimethylsilyldiazomethane would react with

1.9b, the 1:1 reaction of trimethylsilyldiazomethane with 2.8 was conducted at room

14



temperature. Gas evolution was observed upon addition, and in situ **B NMR spectroscopy
indicated conversion after 20 minutes to a new resonance at 75.4 ppm, shifted downfield
from 2.8 (c.f. 65.8 ppm). After work up, colorless crystals were isolated in a 45% vyield.
Alternatively, the same product could be obtained by reacting 1.9b with
trimethylsilyldiazomethane directly in a 1:2 stoichiometric ratio. Redissolving the solids in
CsDs and acquiring an *H NMR spectrum revealed two singlets at -0.07 ppm and -0.59
ppm integrating in a 9:9 ratio, shifted upfield from trimethylsilyldiazomethane (-0.04 ppm).
Singlets at 3.24 ppm and 2.70 ppm, each integrating to one, indicate the presence of two
aliphatic protons. A single crystal X-ray diffraction study unambiguously identified the
compound as the BCe heterocycle 2.9 from a second carbene insertion into the other B-
Chiphenyl bond of 1.9b. The X-ray crystal structure revealed that the product is a single meso
isomer in which the trimethylsilyl groups are oriented cis with respect to each other (Figure
2.4).1%2 The BCq ring adopts a boat-like conformation which does not include a plane of
symmetry about the boron heteroatom (Fig 2.5), rationalizing the presence of non-
equivalent *H NMR signals for the two trimethylsilyl groups and the aliphatic protons
assigned to those on the chiral carbon centers adjacent to boron.'*® The geometry at boron
is trigonal planar [angular sum = 360.0(2)°], and the twist in the biphenyl group is

significantly more pronounced with an interplanar angle of 48.7(2)° [c.f. 2.8 =9.9(2)°].
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Figure 2.4. Solid-state structure of 2.9. Hydrogen atoms are omitted for clarity (except at chiral
centers), and ellipsoids are drawn at the 50% probability level. Selected bond lengths (A) and
angles (deg): B(1)-C(1) 1.587(3), C(1)-C(2) 1.523(2), C(2)-C(7) 1.409(3), C(7)-C(8) 1.486(3),
C(13)-C(14) 1.509(2), C(14)-Si(2) 1.9302(17), C(14)-B(1) 1.567(3), B(1)-C(15) 1.568(3), C(14)-
B(1)-C(15) 119.08(15), C(14)-B(1)-C(1) 117.36(15), C(15)-B(1)-C(1) 123.54(15).

H
! SiMe3
7\ Oprow = 56.90(17)°

Figure 2.5: Diagram of 2.9 illustrating the dihedral planes 6prow and Oserm defining the deviation of
the ring from planarity into a boat-like conformation.

Ostem = 43.71(13)°

Me3Si H
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The limit of the reactivity of 1.9b was examined by conducting the reaction with
excess trimethylsilyldiazomethane at 80 °C, upon which only the BCe product 2.9 was
observed by 'H and !B NMR spectroscopy. Examining the corresponding reaction of
excess trimethylsilyldiazomethane with the borole variant, 1.1, only gave the BCs product
(2.7) from reaction with one equivalent. Upon heating at 80 °C for 24 hours, an
indiscernible mixture was observed by in situ !B and *H NMR spectroscopy.

In summary, the reactions of trimethylsilyldiazomethane with 9-phenyl-9-
borafluorene result in the sequential insertion of two carbene units, one into each of the
endocyclic B-C bonds of the central BC,4 ring. This represents the first example in which
insertion into both B-C bonds is observed for a 9-borafluorene. Interestingly, the chemistry
of pentaphenylborole differs as only a single insertion occurs cleanly. The results further
demonstrate the potential of 9-borafluorenes to serve as reagents for the preparation of

polycyclic boron species.

2.3 Experimental Details
Benzene was purchased as ACS grade from Millipore Corporation, and dried by
stirring for 3 days over CaH, distilling, and storing over 4 A molecular sieves. 9-Phenyl-
O-borafluorene  (1.9b) was prepared by the literature  procedure.®
Trimethylsilyldiazomethane solution (2 M in hexanes) was purchased from Acros Organics

and used as received.
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Synthesis of 2.8 (CCDC 1901552): To a solution of 1.9b (28.0 mg, 0.117 mmol) in n-
pentane (1 mL), trimethylsilyldiazomethane (2 M in hexanes, 0.067 mL, 0.134 mmol) was
added dropwise at room temperature while stirring. The reaction mixture was stirred for
an additional 10 min, after which the volatiles were removed in vacuo. The product, a pale
yellow solid, was determined to be pure by *H NMR with no additional work-up. Single
crystals for X-ray diffraction studies were grown from an n-pentane solution of 2.8 at -35
°C. Yield: 38.0 mg (quantitative). d.p. 66-68 °C;

IH NMR (400 MHz, CsDg): & 8.13 (dd, J = 7.5, 1.0 Hz, 1H), 8.07 (d, J = 8.0 Hz, 1H),
8.03-8.00 (m, 1H), 7.80 (dd, J = 7.5, 2.0 Hz, 2H), 7.46-7.42 (m, 1H), 7.35-7.29 (m, 3H),
7.26-7.12 (m, CeDs, 5H), 3.88 (s, 1H), -0.30 (s, 9H);

BC{*H} NMR (101 MHz, C¢Ds): & 144.65, 140.59, 136.01, 135.15, 134.42, 133.37,
130.14, 129.80, 127.20, 126.76, 125.61, 124.79, 123.98, 48.87, -0.20;

1B NMR (128 MHz, CsDg): § 65.8;

FT-IR (cm™ (ranked intensity)): 1593 (5), 1476 (12), 1439 (7), 1247 (2), 1038 (6), 952
(9), 826 (1), 766 (15), 746 (10), 730 (3), 702 (4), 659 (8), 544 (14), 486 (13), 439 (11);
High-resolution mass spectrometry (HRMS) chemical ionization (CI): calcd for

C22H23BSi [M]*, 326.1662; found, 326.1667.
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Synthesis of 2.9 (CCDC 1901553): To a solution of 2.8 (83.0 mg, 0.254 mmol) in benzene
(1.5 mL), trimethylsilyldiazomethane (2 M in hexanes, 0.128 mL, 0.256 mmol) was added
dropwise at room temperature while stirring. After 20 minutes of stirring, the volatiles
were removed in vacuo to yield 2.9 as a white solid. The solid was then redissolved in a
minimal amount of toluene, recrystallized at -35 °C, and dried in vacuo. Yield: 47.0 mg
(45%). d.p. 66-68 °C;

Synthesis of 2.9 directly from 1.9b: To a solution of 1.9b (429.0 mg, 1.787 mmol) in
benzene (5 mL), trimethylsilyldiazomethane (2 M in hexanes, 1.787 mL, 3.574 mmol) was
added dropwise at room temperature while stirring. The reaction mixture was then heated
for 1 d at 80 °C, after which the solvent was evaporated in vacuo to afford a pale yellow
oil. Lyophilization of the crude oil from benzene (1 mL) provided a white powder, which
was dissolved in a minimal amount of toluene and recrystallized at -35 °C. Crystals for X-
ray diffraction studies were grown from the crude product oil at -35 °C. Yield: 136.0 mg
(18%);

IH NMR (400 MHz, C¢Ds): § 7.66 (d, J = 8.0 Hz, 1H), 7.54 (dd, J = 7.0, 2.0 Hz, 1H), 7.46-
7.43 (m, 3H), 7.25-7.20 (m, 3H), 7.19-7.13 (m, CeDs, 7H), 7.03 (dd, J = 7.0, 2.0 Hz, 1H),
3.24 (s, 1H), 2.70 (s, 1H), -0.07 (s, 9H), -0.59 (s, 9H);

BC{*H} NMR (101 MHz, C¢Ds): & 144.32, 142.76, 140.12, 138.08, 130.77, 130.61,

129.53, 129.09, 128.96, 128.59, 127.54, 127.42, 126.00, 125.03, 49.78, 37.75, 0.61, 0.38;
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118 NMR (128 MHz, CsDe): & 75.4;

FT-IR (cm™ (ranked intensity)): 2954 (10), 1695 (5), 1596 (8), 1473 (14), 1436 (12), 1311
(9), 1247 (2), 1197 (11), 1026 (6), 834 (1), 749 (3), 700 (4), 579 (13), 499 (7), 479 (15);
High-resolution mass spectrometry (HRMS) chemical ionization (Cl): calcd for

Ca6H33BSi2 [M]", 412.2214; found, 412.2218.
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CHAPTER THREE
The 9-Borataphenanthrene Anion
This chapter published as: Bartholome, T. A.; Kaur, A.; Wilson, D. J. D.; Dutton, J. L.;
Martin, C. D., Angew. Chem. Int. Ed. 2020, 59, 11470-11476. Reproduced by permission
of John Wiley and Sons, Inc.
3.1 Introduction
Alkenyl and phenyl groups are ubiquitous unsaturated hydrocarbyl functionalities.
Isoelectronic and isosteric analogues of such species are of interest because the substitution
of a C=C unit with a heteroatom-containing two n-electron unit results in the introduction
of a dipole moment, which can be used to alter the physical and chemical properties of the
molecule.? 56 144146 Boron-containing analogues of alkenes include aminoboranes and
borataalkenes in which B-N and [B=C]" units serve as two n-electron systems (Figure 3.1).>
13,96,144 The respective benzene analogues containing B-N or [B=C]" in place of two carbon

atoms are 1,2-azaborines and boratabenzenes, 12 5-6: 9. 65,76, 89, 144, 147

2 n-electron systems

N/ N\ / N/
Cc=C ORBR=N® oOB=C
/ \ / \ / \
alkene aminoborane borataalkene

6 n-electron aromatic systems

R R
[ [

O.R
| oN | O
= =

benzene 1,2-azaborine boratabenzene

Figure 3.1. Isoelectronic relationship of an alkene and benzene to row two boron-containing
species.

21



Boratabenzenes have been extensively studied as polyhaptic ligands for transition
metals since their discovery in 1970 by Herberich and coworkers.®® %292 The
corresponding complexes and related compounds have been applied in fields that span
olefin polymerization catalysis, 87-5% 86 148 asymmetric synthesis,***°! and single-ion
magnets.®® Research has primarily focused on monocyclic systems, with three types of
polycyclic boratabenzene-containing frameworks reported to date: 1-boratanaphthalenes,®
2-boratanaphthalenes,®® 7 152 and 9-borataanthracenes’® 3% (3.1-3.3, Figure 3.2).
Analogues of phenanthrene with a boron atom at the 9-position are a particularly interesting
target since they contain a distinct B=C moiety at the 9- and 10-positions that may be best
described as a borataalkene in contrast to the fused polycyclic boratabenzenes that are
currently known. This expectation is founded on the known ability of phenanthrene to act
as a biphenyl-substituted alkene, as evidenced by its alkene-like reactivity toward Br; via
9,10-dibromination,**®® ozonolysis at the 9- and 10-positions,’> ' and diminished
aromaticity in the central ring relative to the two peripheral rings.*®® Borataalkenes were
first reported in 1972 by Rathke and Kow, who described them as boron-stabilized
carbanions.®* For nearly five decades, boratabenzene chemistry and borataalkene
chemistry have remained separate fields. We herein report the first example of a 9-
borataphenanthrene, a compound that features reactivity patterns of both boratabenzenes

and borataalkenes.
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Known polycyclic boratabenzene analogues of PAHs

R R
© R
2 PL®
= = =
3.1 3.2 3.3
Ashe Il Paetzold van Veen
1999 1986 1971

This work: 9-borataphenanthrene

Borataalkene or boratabenzene reactivity?

Figure 3.2. Known examples of boratabenzene analogues of polycyclic aromatic hydrocarbons and
9-borataphenanthrene disclosed in this work.6!

3.2 Synthesis and Reactivity of a 9-Borataphenanthrene Anion

The synthesis of 9,10-dihydro-9-boraphenanthrene 2.8 via carbene insertion into
the endocyclic B-C bond of 9-phenyl-9-borafluorene was reported in Chapter Two
(Scheme 2.1).1%2 The compound bears a proton on an sp® carbon adjacent to a tricoordinate
boron atom, making it a viable precursor to a boratabenzene-containing species by
deprotonation. Potassium hexamethyldisilazide (KHMDS) proved to be a suitable base to
deprotonate 2.8 as confirmed by single crystal X-ray diffraction studies (Figure 3), and the
resulting yellow borataphenanthrene 3.4 was isolated in high yield (86%, Scheme 3.1). The
IH NMR spectrum of 3.4 lacks the aliphatic C-H singlet at 3.88 ppm for the proton at the
10-position and features a diagnostic singlet at -0.01 ppm for the trimethylsilyl group,
shifted downfield from -0.30 ppm for 2.8. 1B NMR spectroscopy revealed an upfield shift
from 65.8 ppm for 2.8 to 40.4 ppm for 3.4, consistent with boratabenzene and borataalkene

SpeCieS.]'G' 93, 151-152, 163-168
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Ph,  ,TMS [KN(TMS),] ~ ® Ph  TMS
H 80°C,3d OB=

O-0 ™ OO

2.8 3.4

Scheme 3.1. Interconversion of 2.8 and 9-borataphenanthrene 3.4.

Figure 3.3. Solid-state structures of 3.4edioxane, 3.4THF, and 3.4sDME (left to right) showing
the coordination of the potassium cation with each of the three aromatic rings of the 9-
borataphenanthrene anion. Hydrogen atoms are omitted for clarity, and thermal ellipsoids are
drawn at the 50% probability level. The asymmetric units are displayed, but the solvates of 3.4
exist as polymeric species (Figures B-60-62).

Theoretical calculations examining the electronic structure of 1 yield a geometry
(as a free anion) in agreement with the X-ray diffraction structure (Table 3.1). The
calculated HOMO is n-symmetric with the largest coefficients on the endocyclic B-C bond,
while the LUMO does not have any contribution at the boron atom (Figure 3.4). The
Wiberg bond index (WBI) of the B-C bond in 3.4 is calculated to be 1.248, which indicates
multiple bond character. For comparison, the WBI is 0.929 for the analogous B-C single

bond in precursor 2.8, and the B-C bond to the biphenyl backbone in 3.4 has a WBI value

of 0.937. Nucleus-independent chemical shift scan (NICS-Scan) calculations indicate that
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the boron-containing ring has significant aromatic character, with a minimum NICS value
of -17 ppm at 1.3 A above the plane of the ring (NICS plots are depicted in Figure 3.5).
For comparison, the minima for benzene, the central ring of phenanthrene,'® and 1-H-
boratabenzene are -30 ppm, -21 ppm, and -26 ppm, respectively, all at 1.0 A above the ring
plane. These NICS values indicate that incorporating boron into the ring, as well as fusing
rings, reduces aromaticity. The NICS calculations confirm aromatic character in the central
ring, while the localization of the HOMO on the B=C functionality indicates that 3.4 can
be described as either a dibenzo-fused boratabenzene or a biphenyl-substituted
borataalkene. The borataalkene carbon atom has the largest partial negative NBO charge

in 3.4 at -0.99, suggesting that this carbon atom has potential to act as a nucleophilic site.

Figure 3.4. Frontier molecular orbitals of 3.4.
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NICS Scan

E 0
g
- -5
(5]
£ -10
= —@— benzene
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5 -20 _
et compound-1 anion
0 -25
O —&— compound-1.K+
Z -30
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0 0.5 1 15 2 2.5 3 35 4

Distance from ring / A

Figure 3.5: NICS plots for 3.4 (free anion), 3.4eK*, benzene, boratabenzene. B3LYP-D3(BJ)/def2-
TZVP in THF solvent. NICS calculations are at points perpendicular to the plane of the ring. In the
case of 3.4.K+, the NICS points are on the opposite side to the K* ion. Neighboring atoms/groups
can disrupt the smooth convergence of the NICS-scan plots.

To examine if 9-borataphenanthrene anion 3.4 acts as a nucleophile, in accordance
with the calculated negative charge localized on the borataalkene carbon, protonation was
attempted with triflic acid at room temperature. The reaction regenerated the protonated
borataphenanthrene species 2.8 with potassium triflate as the byproduct (Scheme 3.1). C-
alkylation was attempted by reaction with iodomethane at room temperature, resulting in a
change in color from yellow to a colorless slurry (Scheme 3.2). In situ B NMR
spectroscopy indicated a downfield shift in the boron resonance from 40.4 ppm to 67.2
ppm, indicative of the formation of a tricoordinate boron center, with conversion completed
in 20 minutes. The isolated compound exhibits a diagnostic singlet at 1.86 ppm in its *H
NMR spectrum that integrates in a 3:9 ratio with the trimethylsilyl singlet, confirming the

addition of the methyl group to 3.4. The structure of the compound was determined by X-
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ray crystallography to be the C-methylated derivative 3.5, indicating that alkylation occurs

at the borataalkene carbon of 3.4.

K® Ph TMS Ph.  CHs
OB= + CH. CH4;CN TMS
3 20 min, RT
(O LI =@
3.4 3.5

C(11)

C(10) [€0)] C(5)

Figure 3.6. Solid-state structure of 3.5. Hydrogen atoms are omitted for clarity, and thermal
ellipsoids are drawn at the 50% probability level.

To determine if the borataalkene moiety of 3.4 can exhibit olefin-like behavior,
hydroboration with pinacolborane (HBpin) was attempted at room temperature (Scheme
3.3). In situ !B NMR spectroscopy indicated the consumption of 3.4 and HBpin after 21
hours. The spectrum consisted of a broad singlet at 34.5 ppm and two distinct doublets, a
major species at -11.1 ppm and minor species at -12.1, the latter consistent with hydride-
substituted tetracoordinate boron centers. Both species were crystallized and identified as
the syn (major) and anti (minor) isomers of the B=C hydroboration product (Figure 3.7).
In their respective proton NMR spectra, broad quartets were observed at 2.62 and 2.69

ppm, with matching coupling constants to the doublets in the *'B NMR spectrum (J = 88.5
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Hz and 87.5 Hz) confirming the presence of a boron-bound hydride. This was further
supported by a *H{*B} NMR experiment in which the quartets became singlets and a
1B{'H} NMR experiment in which the doublets became singlets. This differs from the
limited known B=C hydroboration reactions in that the hydride is not bridged between the

two boron centers and the anti B=C hydroboration product is observed.166 169-171

Ph TMS

@ HBpin

K™ OB= THF, 21 h, RT K

O
3.4

Scheme 3.3. Hydroboration of 3.4 with pinacolborane to produce diastereomers 3.6a and 3.6b (pin
= pinacolate).

Figure 3.7. Solid-state structures of 3.6a and 3.6b. Hydrogen atoms (except for boron-bound
hydrides) and non-coordinated solvates are omitted for clarity, and thermal ellipsoids are drawn at
the 50% probability level. For disordered atoms, only the component with the highest occupancy
is shown. The complete dimeric representation of 3.6a is shown in Figure B-59).

Allowing the reaction to proceed for longer periods of time showed a decrease in

the intensity of the doublet at -11.1 ppm accompanied by an increase in the intensity of the
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doublet at -12.1 ppm in the in situ !B NMR spectra. Conducting variable-temperature *H
NMR studies with a 1:1 mixture of 3.6a and 3.6b did not result in any interconversion of
the two diastereomers; instead at 70 °C, the intensity of the trimethylsilyl singlet for 3.6a
decreased with the emergence of a trimethylsilyl singlet at -0.01 ppm that corresponds to
3.4. In addition, the Bpin methyl singlets for 3.4a decreased in intensity and a singlet at
1.28 ppm corresponding to pinacolborane emerged. The methyl and trimethylsilyl singlets
for 3.6b, however, remained unchanged, thus confirming that the syn diastereomer, 3.6a,
is capable of thermal syn elimination of HBpin in a reverse hydroboration process while
3.6b is not. Calculation of the reaction pathway shows that 3.6a lies 11 kJ/mol below the
starting materials, and isomerization to 3.6b is a further 17 kJ/mol lower in energy.
Modeling a simplified system bearing an -SiHs group on 3.4 showed that the transition
state barrier for the conversion of 3.4 to 3.6a is 84 kJ/mol (AG), and the reverse barrier is
similar in magnitude for the model system at 85 kJ/mol. These data and the relatively flat
AG of reaction at 11 kJ/mol are consistent with reversion of 3.6a to 3.4 at elevated
temperatures, driven by entropy. The ability of 3.4 to undergo hydroboration presents a
potential new route to geminal bis(boron)-functionalized organic species.

The nucleophilicity at carbon and addition reactivity with HBpin provide evidence
for a borataalkene description of 3.4.%: % 172 Gjven the resemblance of the HOMO on the
B=C bond to the HOMO of an olefin, we postulated that n? coordination with the n-bond
could occur, reminiscent of an olefin.!®1™ Reaction of 3.4 with (PhsP)AuCl at room
temperature resulted in a color change from yellow to colorless (Scheme 3.4), and in situ
31p{IH} NMR spectroscopy showed the emergence of a singlet at 39.7 ppm along with the

disappearance of the singlet at 33.2 ppm corresponding to (PhsP)AuCl with the reaction
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complete in an hour. The in situ **B NMR spectrum contained a single broad peak at 42.4
ppm, slightly downfield from 3.4 (40.4 ppm). Single-crystal X-ray crystallography
identified the product as the n?-borataalkene complex 3.7 (Figure 3.8). The solid-state
structure of 3.7 is disordered but clearly reveals that the gold center preferentially occupies
a position closer to the borataalkene carbon rather than boron (88% site occupancy). The
gold center is closer to the borataalkene carbon than to boron [Au-C = 2.188(7) A vs. Au-
B =2.427(8) A]. This is consistent with known examples of n?-borataalkene complexes;
two previously reported borataalkene tantalum complexes were determined to have Ta-C
bond distances of 2.337(5) A and 2.348(5) A, for Ta-B bond distances of 2.728(6) A and
2.738(6) A, respectively.*® % Theoretical calculations reproduce this trend, with Au-C and
Au-B bond distances of 2.227 and 2.491 A, respectively. The geometry about the gold(l)
center is approximately linear with respect to the borataalkene carbon as shown by its P-
Au-C bond angle of 172.1(2)°. The ligand geometries about the borataalkene boron and
carbon centers remain trigonal planar with angular sums of 359.6(9)° and 359.0(8)°. This
is a unique mononuclear n>-borataalkene metal complex as it originates from a free
borataalkene and is of a late transition metal. The other species reported are of early

transition metals and prepared by the modification of pre-existing ligands.t% 9 176

PPh
K@ Pg\ TMS Benzene/THF | 3
= A
+ Au(PPhg)Cl — e R— Ph_ " TMs
=0 N
3.4 3.7

Scheme 3.4. Reaction of 1 with (PhsP)AuCl to produce n>borataalkene complex 3.7.
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Figure 3.8. Solid-state structure of 3.7. Hydrogen atoms are omitted for clarity, and thermal
ellipsoids are drawn at the 50% probability level. For disordered atoms, only the component with
the highest occupancy is shown. Selected bond lengths (A) and angles (°): Au(1A)-B(1) 2.427(8),
Au(1A)-C(1) 2.188(7), Au(1A)-P(1) 2.2618(18), B(1)-Au(1A)-P(1) 146.8(2), C(1)-Au(1A)-P(1)
172.1(2).

With the borataalkene reactivity of 3.4 established, the boratabenzene character was
investigated next. To determine if the central BCs ring in 9-borataphenanthrene 3.4 exhibits
boratabenzene reactivity, complexation with chromium was attempted by reacting 3.4 with
tris(acetonitrile)tricarbonylchromium at room temperature in THF (Scheme 3.5). Upon
mixing, the solution color immediately changed from yellow to red. In situ *'B NMR
spectroscopy revealed an upfield shift of the boron resonance from 40.4 ppm to 30.5 ppm,
consistent with the formation of an n°-boratabenzene complex®-88 ° with complete
conversion of 3.4 in 75 minutes. Coordination of dibenzo-18-crown-6 to the potassium ion
allowed for the isolation and crystallographic characterization of the piano-stool complex
3.8 (Figure 3.9). The borataphenanthrene ligand coordinates to the chromium center
through the central BCs ring. The FT-IR spectrum of the piano-stool complex 3.8 exhibits

carbonyl stretching bands at 1903, 1821, and 1769 cm™, which are similar to the chromium

boratabenzene complex Na[(MeBCsHs)Cr(CO)s] (vco = 1910, 1820, 1776 cm™).2 The n®
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complexation of the central boratabenzene ring of 3.4 is consistent with the aromatic

character determined in the NICS calculations.

®
Ph. TMS®|k

1. Cr(CH3CN)3(CO)3 — (crown)
THF, 75 min, RT _

2. Dibenzo-18-crown-6, Cr
CH,Cly, 30 min, RT OS¢ “co
3.8

Scheme 3.5. Reaction of 3.4 with tris(acetonitrile)tricarbonylchromium to form n°-boratabenzene
complex 3.8 (crown = dibenzo-18-crown-6).

Figure 3.9. Solid-state structure of 3.8. Hydrogen atoms and dichloromethane solvate are omitted
for clarity, and thermal ellipsoids are drawn at the 50% probability level. Selected bond lengths (A)
and angles (°): B(1)-Cr(1) 2.410(4), C(1)-Cr(1) 2.294(3), C(2)-Cr(1) 2.306(4), C(7)-Cr(1) 2.294(3),
C(8)-Cr(1) 2.329(3), C(13)-Cr(1) 2.349(3), Cr(1)-C(23) 1.821(4), C(23)-O(1) 1.171(5), Cr(1)-
C(24) 1.813(4), C(24)-0O(2) 1.163(5), Cr(1)-C(25) 1.809(4), C(25)-O(3) 1.174(5), O(3)-K(1)
2.849(4).

All compounds share the fused tricyclic framework, enabling a comparison of their

common metrical parameters from X-ray diffraction data (Table 1). The structure of 3.4

was determined with three different solvates, THF, 1,4-dioxane, and dimethoxyethane
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(DME), with the closest contacts of the potassium cation with the borataphenanthrene
anion differing in each. In the THF solvate, coordination of the potassium ion to the central
boratabenzene ring occurs, while in the dioxane solvate, the potassium ion coordinates to
the carbonaceous ring adjacent to the trimethylsilyl-substituted carbon, and in the DME
solvate, the potassium ion coordinates to the carbonaceous ring adjacent to boron. The
heteroatom bonds to the deprotonated carbon are notably shortened with the B-C bond of
1.541(3) A of 2.8 contracting to 1.487(10)-1.495(2) A in the structures of 3.4 and the C-Si
bond contracting from 1.948(2) A to 1.856(7)-1.8736(18) A. The boron-carbon and carbon-
silicon bond lengths of the methylated product are similar to 2.8 [3.5: B-C = 1.5481(18) A
and C-Si = 1.9721(12) A] while the metal complexes are similar to those of 3.4 [3.7: B-C
= 1.504(11) A and C-Si = 1.891(12) A, 3.8: B-C = 1.517(5) A and C-Si = 1.888(4) A],
indicating that metal complexation has minimal effect on the bonding in the
borataphenanthrene. The hydroboration products have significantly lengthened boron-
carbon bonds [3.6a = 1.702(3) A, 3.6b = 1.674(5) A] that are consistent with quaternization
of the boron center. In all the structures, there is minimal perturbation of the biphenyl

framework.
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Table 3.1. Selected bond lengths (A) for 2.8,1%2 3.4 (free anion, calculated), 3.4«dioxane, 3.4¢THF, 3.4sDME, 3.5, 3.6a, 3.6b, 3.7, and 3.8.

Cis Si
/ \1
C1L13  CoCs

2.8 34  3.4edioxane 3.4eTHF 3.4eDME 35 3.6a 3.6b 3.7 38

B(1)-C(1)  1.541(3) 1.497 1.495(2) 1.487(10) 1.489(3)  15481(18) 1.702(3)  1.674(5) 1.504(11) 1.517(5)
C(1)-Si(l)  1.948(2) 1.877 1.8736(18) 1.856(7) 1.8643(18) 1.9721(12) 1.9010(17) 1.906(3) 1.891(12) 1.888(4)
C(1)-C(2)  1.500(3) 1.453 1.450(2) 1.480(8) 1.456(2)  1.5129(16) 1.522(2)  1.525(4) 1.501(12) 1.441(5)
C(2)-C(3)  1.402(3) 1.432 1.434(2) 1.407(10) 1.429(2)  1.4052(18) 1.406(3)  1.412(5) 1.411(11) 1.444(5)
C(2)-C(7)  1.406(3) 1.448 1.444(2) 1.426(9) 1.440(3)  1.4182(18) 1.423(2)  1.415(5) 1.435(11) 1.449 (5)
C(3)-C(4)  1.372(3) 1.383 1.376(3) 1.382(10) 1.373(3)  1.382(2)  1.387(3)  1.385(5) 1.362(14) 1.357(5)
C(4)-C(5)  1.375(3) 1.407 1.397(3) 1.393(11) 1.392(3)  1.386(2)  1.388(3)  1.389(7) 1.376(15) 1.407(6)
C(5)-C(6)  1.370(3) 1.386 1.380(3) 1.367(10) 1.371(3)  1.381(2)  1.382(3)  1.372(6) 1.377(14) 1.364(5)
C(6)-C(7)  1.405(3) 1.417 1.415(2) 1.412(9) 1.416(3)  1.4087(18) 1.403(3)  1.412(5) 1.401(13) 1.436(5)
C(7)-C(8)  1.484(3) 1.466 1.471(2) 1.462(10) 1.463(2)  1.4839(18) 1.483(3)  1.491(5) 1.485(11)  1.468(5)
C(8)-C(9)  1.401(3) 1.421 1.418(2) 1.412(10) 1.419(3)  1.4095(18) 1.402(3)  1.406(5) 1.398(11) 1.431(5)
C(8)-C(13)  1.422(3) 1.430 1.419(2) 1.42209) 1.421(2)  1.4170(17) 1.413(3)  1.409(5) 1.424(12) 1.429(5)
C(9)-C(10)  1.377(3) 1.387 1.370(3) 1.366(12) 1.380(3)  1.381(2)  1.389(3)  1.372(7) 1.377(13) 1.370(6)
C(10)-C(11) 1.379(3) 1.407 1.394(3) 1.382(10) 1.397(3)  1.388(2)  1.380(3)  1.386(7) 1.383(15) 1.411(6)
C(11)-C(12) 1.378(3) 1.387 1.375(3) 1.392(11) 1.376(3)  1.3846(19) 1.393(3)  1.389(5) 1.383(12) 1.353(6)
C(12)-C(13) 1.403(3) 1.419 1.420(2) 1.400(10) 1.419(2)  1.4108(18) 1.404(3)  1.398(5) 1.400(11) 1.441(5)
C(13)-B(1)  1.551(3) 1.560 1.553(3) 1563(9) 1.562(3)  1.5496(18) 1.618(3)  1.605(5) 1.545(11)  1.546(5)
B(1)-C(14)  1.570(3) 1.594 1.603(3) 1.604(9) 1.601(3)  15782(17) 1.628(3)  1.636(4) 1.597(12) 1.586(6)
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The synthesis of the 9-borataphenanthrene anion enabled a reactivity study that
revealed surprisingly diverse reaction modes. The feature compound readily undergoes
protonation to regenerate its charge-neutral precursor or methylation at carbon with
iodomethane, consistent with the B=C bond polarization and borataalkene reactivity.
Hydroboration of the B=C bond with pinacolborane demonstrated the potential for addition
reactions in the system and provided a B=C hydroboration product that does not have a
three-center two-electron bond with the hydride and boron atoms. Accordingly, this is also
the first observation of an anti hydroboration product and provides a potential route to
geminal bis(boron)-functionalized organic molecules. An n?-borataalkene complex with
gold was synthesized and is atypical in that it features a late transition metal center and is
synthesized directly from a free borataalkene anion rather than by modification of an
existing ligand. The 9-borataphenanthrene species coordinates to chromium in an n°
fashion from the central BCs ring to underscore the diverse reactivity. Although several
unusual transformations were disclosed in this manuscript, we are merely scratching the
surface of the chemistry of the 9-borataphenanthrene anion. Overall the new class of
compound demonstrates alkylation at carbon along with olefinic and aromatic behavior

and reactivity within a single heterocyclic ring system.

3.3 Experimental Details
Dimethoxyethane was purchased from Acros Organics and dried by stirring for 3
days over CaHy, distilling, and storing over molecular sieves. 1,4-Dioxane was purchased
from Beantown Chemical and stored over molecular sieves. 9-Phenyl-9-borafluorene and

(PhsP)AuCI were prepared by the literature procedures.'® 177 The following reagents were
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purchased from the listed sources and used as received: Trimethylsilyldiazomethane 2 M
solution in hexanes (Acros Organics), pinacolborane (Acros Organics), triflic acid
(Beantown Chemical), potassium bis(trimethylsilyl)amide (Aldrich),
tris(acetonitrile)tricarbonylchromium (Aldrich), dibenzo-18-crown-6 (TCI). lodomethane

was purchased from Acros Organics and stored over molecular sieves.

Computational Methods

Unless noted, all calculations were performed with the Gaussian 16 program.*’®
Geometry optimizations were carried out in a THF solvent forcefield using B3LYP-
D3(BJ)!"® with a def2-SVP basis set.!8® Frequency calculations were performed
analytically at the same level of theory to characterize the stationary points as minima or
transition states. NBO analysis was carried out with NBO 6.0.18! Plots of molecular orbitals
were obtained by performing MO analysis at B3LYP-D3(BJ)/def2-SVP in THF solvent.
NICS scan calculations were carried out with the AROMA program?6? 18218 coypled to
Gaussian. NICS calculations were carried out with the B3LYP8-18 method, def2-TZVP

basis set,'®° and THF solvation.

Ph T™S
\ H
2.8

Synthesis of 2.8 (CCDC 1901552): 2.8 was prepared using a modified version of the
literature procedure to accommodate a larger scale.'®? Trimethylsilyldiazomethane (2 M in

hexanes, 2.67 mL, 5.34 mmol) was added dropwise to a solution of 9-phenyl-9-
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borafluorene (1.12 g, 4.65 mmol) in n-pentane (25 mL) while stirring at room temperature.
The reaction mixture was then stirred for an additional hour, after which the volatile
components were removed in vacuo. The resulting solid was then recrystallized from n-
pentane at -35 °C to yield 2.8 as a colorless solid. Yield: 1.15 g (75%). The characterization
details match the literature data.®2

Synthesis of 2.8 from 3.4: A solution of triflic acid (25 pL, 0.28 mmol) in THF (2.5 mL)
was added dropwise to a solution of 3.4 (102 mg, 0.281 mmol) in THF (2.5 mL) while
stirring at room temperature. After 15 minutes of stirring, the volatile components were
removed in vacuo, and the residue was extracted with benzene (3 mL). The supernatant

was then filtered and lyophilized to yield 2.8 as a white powder. Yield: 72 mg (79%). The

characterization details match the literature data.*®

Ph.  TMS
K® OB=
3.4

Synthesis of 3.4 (CCDC 1981968-1981970): A solution of potassium
bis(trimethylsilyl)amide (0.630 g, 3.16 mmol) in benzene (15 mL) was added dropwise to
a solution of 2.8 (0.964 g, 2.95 mmol) in benzene (5 mL) while stirring at room
temperature. The resulting yellow solution was then transferred to a pressure tube with a
Teflon cap and heated at 80 °C for 3 d, resulting in the formation of a yellow precipitate.
The precipitate was collected by vacuum filtration, washed with additional benzene (40
mL), and dried in vacuo to yield 3.4 as a yellow powder. Yield: 0.922 g (86%). M.p. 99-

102 °C. Crystals for X-ray diffraction studies were grown by vapor diffusion of n-pentane
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into a 1,4-dioxane solution of 3.4 (3.4edioxane), by vapor diffusion of n-pentane into a
THF solution of 3.4 (3.4e¢THF), or by vapor diffusion of hexanes into a dimethoxyethane
solution of 3.4 (3.4eDME);

'H NMR (400 MHz, CDsCN): & 8.59 (d, J = 8.0 Hz, 1H), 8.55 (dd, J = 8.0, 2.5 Hz, 1H),
7.84 (dd, J = 8.5, 1.0 Hz, 1H), 7.64 (dd, J = 7.5, 1.5 Hz, 1H), 7.50-7.48 (m, 2H), 7.39-7.35
(m, 1H), 7.29-7.25 (m, 2H), 7.20-7.11 (m, 3H), 6.91-6.87 (m, 1H), -0.01 (s, 9H);

BC{*H} NMR (101 MHz, CDsCN): & 148.13, 138.50, 134.99, 134.45, 128.63, 127.82,
126.67, 125.04, 124.61, 124.46, 124.11, 122.53, 122.50, 115.49, 4.61,

118 NMR (128 MHz, CD3sCN): & 40.4;

FT-IR (cm™ (ranked intensity)): 1467 (9), 1417 (15), 1298 (6), 1256 (14), 1243 (8), 1229
(13), 930 (7), 863 (10), 828 (1), 761 (2), 748 (3), 727 (5), 710 (4), 676 (12), 622 (11);
High-resolution mass spectrometry (HRMS) electrospray ionization (ESI): calcd for

Ca2H22BSi [M], 325.1583; found, 325.1578.

Ph CHj;
¥ TMS
3.5

Synthesis of 3.5 (CCDC 1981971): lodomethane (55 pL, 0.88 mmol) was added dropwise
to a solution of 3.4 (107 mg, 0.293 mmol) in acetonitrile (3 mL) while stirring at room
temperature. After 20 minutes, the reaction mixture was extracted with n-pentane (3 x 5
mL). The volatile components were then evaporated in vacuo from the n-pentane extract

to afford 2 as a colorless oil, which was lyophilized from benzene to produce a white
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powder. This powder was then further purified by recrystallization from n-pentane at -35
°C. Yield: 63 mg (63%). d.p. 82 °C. Crystals for X-ray diffraction studies were grown by
storing an n-pentane solution of 3.5 at -35 °C;

IH NMR (400 MHz, CsDg): 6 8.10 (t, J = 8.0 Hz, 2H), 7.84 (dd, J = 7.5, 1.0 Hz, 1H), 7.43-
7.39 (m, 4H), 7.34-7.21 (m, 5H), 7.16-7.12 (m, 1H), 1.86 (s, 3H), -0.33 (s, 9H);

BBC{'H} NMR (101 MHz, CeDs): & 144.37, 143.82, 136.99, 134.28, 133.62, 132.21,
127.44, 127.41, 126.75, 126.60, 125.55, 124.56, 123.23, 17.91, -1.07,

1B NMR (128 MHz, CsDg): § 67.2;

FT-IR (cm™ (ranked intensity)): 1591 (15), 1437 (13), 1247 (4), 1226 (12), 950 (14), 835
(1), 766 (8), 752 (5), 744 (7), 732 (2), 707 (3), 690 (11), 671 (6), 663 (9), 636 (10);
High-resolution mass spectrometry (HRMS) chemical ionization (CI): calcd for

Ca23H25BSi [M]*, 340.1819; found, 340.1821;

Synthesis of 3.6a (CCDC 1981972): Pinacolborane (212 pL, 1.46 mmol) was added to a
solution of 3.4 (354 mg, 0.972 mmol) in THF (5 mL) while stirring at room temperature.
After 21 hours of stirring, the solution was concentrated to a volume of 2 mL, resulting in
the formation of a cloudy yellow precipitate. The precipitate was isolated by decantation

and dried in vacuo to yield 3.6a as a pale yellow powder. Yield: 308 mg (64%, minimum
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7:1 diastereomer ratio). d.p. 167 °C. Crystals for X-ray diffraction studies were grown by
slow evaporation of a solution of 3.6a in THF/benzene (5:1);

IH NMR (400 MHz, CD3sCN): § 7.57-7.55 (m, 1H), 7.43 (d, J = 7.5 Hz, 1H), 7.20-7.17
(m, 2H), 7.01-6.93 (m, 4H), 6.88 (td, J = 7.5, 1.5 Hz, 1H), 6.80 (td, J = 7.0, 1.5 Hz, 1H),
6.67-6.64 (m, 3H), 2.62 (g, J = 88.0 Hz, 1H), 0.87 (s, 6H), 0.69 (s, 6H), -0.08 (s, 9H);
IH{11B} NMR (400 MHz, CDsCN): & 7.57-7.55 (m, 1H), 7.43 (d, J = 7.5 Hz, 1H), 7.20-
7.18 (m, 2H), 7.00-6.93 (m, 4H), 6.88 (td, J = 7.0, 1.5 Hz, 1H), 6.81-6.78 (m, 1H), 6.68-
6.65 (m, 3H), 2.62 (s, 1H), 0.87 (s, 6H), 0.68 (s, 6H), -0.08 (s, 9H);

BC{*H} NMR (101 MHz, CDsCN): & 151.88, 142.70, 136.09, 134.35, 131.16, 126.13,
125.52, 125.45, 125.34, 124.02, 123.76, 122.95, 122.78, 81.31, 25.39, 24.50, 2.69;

118 NMR (128 MHz, CDsCN): & 34.5 (s, br), -11.1 (d, J = 88.5 Hz);

11B{1H} NMR (128 MHz, CD3CN): & 34.9 (s, br), -11.1 (s);

FT-IR (cm (ranked intensity)): 2974 (9), 1426 (10), 1297 (6), 1241 (4), 1140 (2), 973 (7),
891 (14), 828 (1), 762 (13), 737 (3), 716 (5), 674 (8), 620 (15), 600 (12), 510 (11);
High-resolution mass spectrometry (HRMS) electrospray ionization (ESI): calcd for

CasHasB20,Si [MT, 453.2592; found, 453.2614.

Synthesis of 3.6b (CCDC 1981973): Pinacolborane (52 uL, 0.36 mmol) was added to a

solution of 3.4 (87 mg, 0.24 mmol) in THF (3 mL) while stirring at room temperature.
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After 17 days of stirring, the volatile components were removed in vacuo to produce a
colorless oil. The oil was then redissolved in a mixture of THF (1 mL) and n-pentane (2
mL) and recrystallized at -35 °C to yield colorless crystals of 3.6b. Yield: 72 mg (61%).
d.p. 151 °C. Crystals for X-ray diffraction studies were grown by storing an n-pentane/THF
(2:1) solution of 3.6b at -35 °C;

IH NMR (400 MHz, CD3CN): & 7.66-7.64 (m, 1H), 7.56-7.53 (m, 1H), 7.44-7.40 (m, 1H),
7.26 (s, br, 1H), 7.13-7.12 (m, 2H), 7.00-6.92 (m, 2H), 6.85-6.81 (m, 2H), 6.70-6.66 (m,
2H), 6.64-6.59 (m, 1H), 2.69 (q, br, J = 87.5 Hz, 1H), 0.98 (s, 6H), 0.82 (s, 6H), -0.34 (s,
9H);

IH{11B} NMR (400 MHz, CDsCN): & 7.66-7.64 (m, 1H), 7.56-7.53 (m, 1H), 7.44-7.40 (m,
1H), 7.27-7.24 (m, 1H), 7.14-7.11 (m, 2H), 7.00-6.92 (m, 2H), 6.86-6.81 (m, 2H), 6.70-
6.66 (M, 2H), 6.64-6.60 (M, 1H), 2.68 (s, 1H), 0.98 (s, 6H), 0.82 (s, 6H), -0.34 (s, 9H);
1B3C{*H} NMR (101 MHz, CDsCN): & 141.10, 135.44, 135.37, 126.13, 125.82, 125.34,
124.27, 123.80, 123.28, 122.72, 122.69, 81.39, 25.65, 25.52, 0.63;

118 NMR (128 MHz, CD3CN): & 35.4 (s, br), -12.1 (d, J = 87.5 Hz);

1B{1H} NMR (128 MHz, CD3sCN): & 35.1 (s, br), -12.1 (s);

FT-IR (cm* (ranked intensity)): 2975 (12), 1477 (9), 1425 (11), 1371 (15), 1303 (6), 1238
(4), 1143 (3), 1023 (14), 972 (8), 833 (1), 742 (2), 712 (7), 677 (5), 620 (10), 596 (13);
High-resolution mass spectrometry (HRMS) electrospray ionization (ESI): calcd for

CasHasB20,Si [MT, 453.2592; found, 453.2521.
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Synthesis of 3.7 (CCDC 1981974): A solution of (PhsP)AuCl (52 mg, 0.11 mmol) in
benzene (4 mL) was added to a solution of 3.4 (39 mg, 0.11 mmol) in THF (1 mL) while
stirring at room temperature. After 60 minutes, the volatile components were evaporated
in vacuo to produce a colorless oily residue, which was then extracted with benzene (10
mL). The benzene extract was then filtered and lyophilized to yield 3.7 as a white powder.
Yield: 73 mg (88%). d.p. 57 °C. Crystals for X-ray diffraction studies were grown by vapor
diffusion of n-pentane into a toluene solution of 3.7;

IH NMR (400 MHz, CDCl3): & 8.53 (dd, J = 8.0, 1.0 Hz, 1H), 8.48 (d, J = 8.0 Hz, 1H),
8.06 (d, J = 8.0 Hz, 1H), 7.62-7.57 (m, 2H), 7.52-7.42 (m, 6H), 7.34-7.29 (m, 8H), 7.24-
7.20 (m, 3H), 7.10-7.05 (m, 6H), 0.16 (s, 9H);

BC{IH} NMR (101 MHz, CDCls): & 149.70, 143.20, 143.14, 141.33, 139.75, 134.70,
134.06 (d, J = 14.0 Hz), 132.77, 131.56, 131.53, 129.54, 129.17 (d, J = 11.0 Hz), 129.07,
129.01, 128.83, 126.46, 125.55, 125.27, 125.20, 124.73, 122.83, 122.12, 4.65;

1B NMR (128 MHz, CDCls): & 42.4;

31p{1H} NMR (162 MHz, CDCls): & 39.7;

FT-IR (cm™ (ranked intensity)): 1476 (9), 1435 (5), 1243 (8), 1099 (7), 928 (10), 829 (3),
745 (6), 729 (12), 691 (1), 676 (14), 639 (13), 619 (11), 593 (15), 532 (2), 498 (4);
High-resolution mass spectrometry (HRMS) electrospray ionization (ESI): calcd for

CaoH37AuBKPSi [M+K]", 823.1798; found, 823.1802.
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Pho,_ T™Ms® K(crown)

3.8
Synthesis of 3.8 (CCDC 1981975): A solution of tris(acetonitrile)tricarbonylchromium (76
mg, 0.29 mmol) in THF (6 mL) was added dropwise to a solution of 3.4 (108 mg, 0.296
mmol) in THF (2 mL) while stirring at room temperature under low-light conditions. After
75 minutes, dibenzo-18-crown-6 (107 mg, 0.296 mmol) in dichloromethane (4 mL) was
added to the reaction mixture. The reaction mixture was then stirred for an additional 30
minutes, after which the volatile components were evaporated in vacuo. The resulting solid
was then washed with dichloromethane (1 mL) to yield 3.8 as a bright red powder. Yield:
189 mg (75%). d.p. 131 °C. Crystals for X-ray diffraction studies were grown by vapor
diffusion of a dichloromethane solution of 3.8 into toluene;
IH NMR (400 MHz, CDsCN): & 8.75 (d, J = 8.5 Hz, 1H), 8.50 (d, J = 8.5 Hz, 1H), 8.37
(s, br, 1H), 7.83 (d, J = 8.5 Hz, 1H), 7.47-7.24 (m, 8H), 7.02 (t, J = 8 Hz, 1H), 6.95 (s, 8H),
4.14-4.12 (m, 8H), 3.92-3.90 (m, 8H), 0.13 (s, 9H);
BBC{IH} NMR (101 MHz, CDsCN): & 147.83, 138.68, 135.75, 135.38, 133.81, 129.97,
129.29, 129.18, 127.34, 125.99, 124.47, 123.42, 122.33, 122.23, 122.10, 115.49, 112.29,
97.83, 70.01, 68.00, 4.53;
1B NMR (128 MHz, CD3CN): 6 30.5;
FT-IR (cm™ (ranked intensity)): 1903 (7), 1821 (13), 1769 (3), 1503 (5), 1453 (9), 1245

(2), 1211 (10), 1120 (4), 1061 (12), 942 (6), 830 (8), 743 (1), 702 (15), 683 (14), 634 (11);
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High-resolution mass spectrometry (HRMS) chemical ionization (CI): calcd for

C2sH23BCrOsSi [M+H], 462.0915; found, 462.0912.
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CHAPTER FOUR
Borataalkene Hydrofunctionalization Reactions
This chapter published as: Bartholome, T. A.; Martinez, J. J.; Kaur, A.; Wilson, D. J. D.;
Dutton, J. L.; Martin, C. D.; Organometallics 2021, 40, 1966-1973. Reprinted with
permission. Copyright 2021 American Chemical Society.
4.1 Introduction
Hydrofunctionalization reactions of alkenes are a valuable synthetic tool and,
accordingly, have been studied extensively in recent decades.'®"*% This class of reactions
consists of the addition of an element-hydrogen bond across a carbon-carbon double bond
(Scheme 4.1). Prominent examples of hydrofunctionalization reactions for olefins include
hydroboration, % 194200 pydrosilylation,®®: 199 201204 Kydroamination,2%5-208
hydroalkoxylation,?%°-2'% and hydrocarbonation.®3 20%. 211-221 Intriguingly, some examples
of hydrofunctionalization reactions, specifically hydroboration, hydrophosphination, and
hydroamination, have recently been realized for boron-boron double and triple bonds by

Braunschweig and coworkers,?2222

H E E H
= + E-H — o

R R R
E = BRy, CR3, NR,, OR

Scheme 4.1. Hydrofunctionalization reactions of an olefin with an a-olefin as an example.

Borataalkenes, anionic boron-containing analogues of olefins, have been known

since 1972 and, although somewhat rare,'®® 227 have been demonstrated to undergo a
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variety of transformations,® % 228 including alkylation at carbon,®* ® 172 epoxide ring

%, 229 and the “boron-Wittig” reaction.® 97 100101 Degpite the abundance of

opening,
literature on olefin hydrofunctionalization, the hydrofunctionalization reactivity of
borataalkenes has remained largely unexplored. The Erker and Yamashita groups have
demonstrated that zwitterionic borataalkenes react with hydroboranes to form species
containing four-membered BHBC rings (Scheme 4.2).1%6: 16%-171 The anionic borataalkene
moiety of 9-borataphenanthrene anion 3.4 undergoes hydroboration with pinacolborane
(HBpin) to produce a tetracoordinate boron species in which the hydride is not bridged
between the two boron centers.?®° Aside from the aforementioned hydroboration reactivity,
examples of borataalkene hydrofunctionalization reactions are generally absent from the
literature.?*! Given the vast utility of alkene hydrofunctionalization chemistry and limited

precedent for B=C bond hydrofunctionalization, we herein investigate the potential of a

B=C system for hydrofunctionalization reactivity.
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Erker, 2015:

CeF
CGFS . 6'\5 H@
—Lgls —_p-'\
© HECoFs)y  “857 "\ BCofs
@i} o
PHMes, PHMes,
® ®
Yamashita, 2020:
R2
® © <
Et,N=C=C=ER, _ HBRy, _ EtZNgC_ﬁ/QH
R2
Martin, 2020:
. H ;
Ph SiMe pin
o) ’ HEpin o PhC_L . SiMe,

- K

OO e OO0

Scheme 4.2. Selected examples of reactions of borataalkene-containing species with hydroboranes
(Mes = 2,4,6-trimethylphenyl, BR, = 9-borabicyclo[3.3.1]nonyl, pin = pinacolate).
4.2 Hydrofunctionalization of a 9-Borataphenanthrene B=C Bond

Addition reactions of C-H bonds across unactivated olefins are generally
challenging transformations. 18 212 216217 However, given that the polarization of the B=C
bond results in an electron-rich carbon center, we envisioned that a borataalkene might
engage in C-H bond addition reactivity. The reaction of 3.4 with neat acetonitrile at room
temperature led to a new singlet in the tetracoordinate region at -12.8 ppm in the in situ }'B
NMR spectrum after 4 days (c.f. 3.4 = 40.4 ppm). Complete conversion could be achieved
upon heating at 80 °C for 16 hours. Sequestration of the potassium counter-cation with
dibenzo-18-crown-6 enabled isolation in 66% yield of the major product, determined by

X-ray crystallography to be the cyanomethyl-substituted tetracoordinate boron species 4.1
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(Figure 4.1). Syn addition of an acetonitrile C-H bond across the borataalkene B=C bond
occurred rather than insertion of the cyano group into the C-Si bond of 3.4 (Scheme 4.3).
This differs from nitrile/silyl carbanion reactivity observed for trimethylsilyl-substituted
alkyllithium reagents, which undergo cyano group insertion into the C-Si bond to produce
N-trimethylsilyl-1-azaallyl anions.?%® The *H NMR spectrum of 4.1 contains three
signals integrating in a 1:1:1 ratio for the three aliphatic protons derived from acetonitrile:
a singlet at 1.19 ppm assigned to the proton added to the borataalkene carbon and two
multiplets at 1.31-1.27 ppm and 1.02-0.98 ppm assigned to the two diastereotopic protons
of the cyanomethyl group. An absorption band at 2212 cm™ in the FT-IR spectrum
confirms the presence of the pendant nitrile.

Given the unusual C-H bond activation with acetonitrile (sp® C-H substrate), the
activation of sp? and sp C-H bonds was targeted using pentafluorobenzene and
phenylacetylene, respectively (Scheme 4.3). The reactions of 3.4 with excess
pentafluorobenzene and phenylacetylene were monitored by in situ !B NMR spectroscopy
and resulted in complete consumption of 3.4 within 2 days at 60 °C for both reactions with
signals in the tetracoordinate region observed at -9.7 ppm (4.2) and -15.4 ppm (4.3),
respectively. Compound 4.2 was isolated as the [K(18-crown-6)]" salt in 45% yield and
4.3 as the free potassium salt in 84% yield.?** Single-crystal X-ray diffraction studies
identified both species as the syn C-H addition products 4.2 and 4.3 for pentafluorobenzene
and phenylacetylene, respectively (Figure 4.1). Aliphatic singlets at 2.23 ppm and 1.42
ppm corresponding to the protonated borataalkene carbon were observed in the *H NMR

spectra of 4.2 and 4.3, respectively. The reactivity of 3.4 with phenylacetylene differs from
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that of a tantalum-bound n?-borataalkene ligand, which underwent cyclization with the

alkyne moiety of phenylacetylene to form a five-membered BCsTa ring.'*

1. CH3CN (neat), 80 °C, 16 h
2. Dibenzo-18-crown-6,
toluene/CH,Cl,, RT, 30 min

Ph SiMe
Ne) 3
o B 1. C¢FsH, THF, 60 °C, 2 d [K(Crown)]® Ph
2. 18-Crown-6, THF, RT,
O [
3.4

PhCCH, THF, 60 °C, 2d K

4.3, 84%

Scheme 4.3. C-H activation reactivity of 3.4 with acetonitrile, pentafluorobenzene, and
phenylacetylene (relative stereochemistry depicted).

<7 C(24)
C(23)
D)

Figure 4.1. Solid state structures of 4.1, 4.2, and 4.3 (left to right). Hydrogen atoms (except those
from the C-H addition event) and non-coordinated solvates are omitted for clarity, and thermal
ellipsoids are drawn at the 50% probability level. For disordered atoms, only the component with
the higher occupancy is shown. Only the asymmetric unit is displayed for 3; the full dimeric
structure is shown in Figure C-36.
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The uncatalyzed series of sp®, sp?, and sp regioselective C-H addition reactivity is
noteworthy and suggests that the borataphenanthrene B=C bond could react with other
element-hydrogen bonds.?® Accordingly, we examined the reactivity of 3.4 with N-H and
O-H bond-containing substrates. The reaction of 3.4 with excess diphenylamine at room
temperature in THF resulted in complete conversion after 24 hours to a tetracoordinate
boron-containing product as indicated by in situ *'B NMR spectroscopy (5 = -4.1 ppm,
Scheme 4.4). The product was isolated in 58% yield and identified as the syn
hydroamination product 4.4 by a single crystal X-ray diffraction study (Figure 2). A
diagnostic aliphatic singlet at 2.05 ppm in the *H NMR spectrum was assigned as the proton
derived from the N-H unit in diphenylamine, further confirming hydroamination of the
B=C bond.

The reaction of 3.4 with phenol resulted in a different outcome than the N-H and
C-H substrates. In this case, the 1:1 stoichiometric reaction did not result in an isolable
product, but heating a 2:1 mixture at 60 °C for 24 hours generated a single product
exhibiting a tetracoordinate !B NMR signal at -1.5 ppm. X-ray crystallography revealed
that in addition to hydroalkoxylation of the borataalkene B=C bond, desilylation at the
borataalkene carbon also occurred with the elimination of phenyl trimethylsilyl ether (4.5,
Scheme 4.4, Figure 4.2). This structural assignment was corroborated by the absence of a
trimethylsilyl singlet in the product *H NMR spectrum and the presence of two aliphatic
multiplets at 2.11-2.07 ppm and 2.00-1.96 ppm corresponding to the diastereotopic protons
at the 10-position. Additionally, generation of phenyl trimethylsilyl ether was indicated by
the presence of a trimethylsilyl singlet (5 = 0.16 ppm in CeDs) in the crude 'H NMR

spectrum. The reactivity of 3.4 with O-H containing substrates was explored further by
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exposing a THF solution of 3.4 to water. This resulted in hydration of the B=C bond and
hydrolysis of the C-Si bond with the elimination of trimethylsilanol (4.6, Scheme 4.4),
similar to the reaction with phenol. Although this species could not be cleanly isolated, X-

ray crystallography confirmed its generation (Figure 4.2).

PhoN — H
® Phal© >sSiMe;

PhoNH, THF, RT, 24h K

4.4,58%
® PhQ, ¢

® _
Q Q 2 PhOH, THF, 60°C,24h K PN
- PhOSiMe,

5

4.5, 75%
HO o

©) —
2 H,0, THF L
e O

4.6

Scheme 4.4. Reactions of 3.4 with N-H and O-H containing substrates (relative stereochemistry
depicted).
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Figure 4.2. Solid-state structures of 4.4, 4.5, and 4.6 (left to right). Hydrogen atoms (except those
derived from N-H or O-H bonds) and solvates are omitted for clarity. Thermal ellipsoids are drawn
at the 50% probability level. Only the asymmetric units are displayed; the full polymeric structures
are shown in Figures C-37-39. For disordered atoms, only the component with the higher
occupancy is shown.

4.3 Mechanism of B=C Bond Hydrofunctionalization

The mechanism for the hydrofunctionalization reactivity of 3.4 with the various
substrates was investigated using density functional theory (DFT) calculations for two
different pathways (Scheme 4.5): one in which a simple addition event occurs (observed
for 4.1-4.4), and another that includes desilylation (observed for 4.5 and 4.6). In the
formation of 4.1-4.4, the first step consists of deprotonation of the substrate by the
borataalkene carbon to produce a 9,10-dihydro-9-boraphenanthrene (Int4.1). This is
consistent with the Hirshfeld charge of -0.25 at carbon versus -0.08 at boron. The barrier
for this step (TS4.1) was found to be higher for the three C-H addition reactions (120.2,
111.0, and 108.7 kJ/mol for acetonitrile, pentafluorobenzene, and phenylacetylene,
respectively) than for the hydroamination with diphenylamine (82.2 kJ/mol). The
difference in barrier height is consistent with the experimental observation that the
hydroamination proceeds to completion at room temperature while the three C-H activation

reactions require elevated temperatures. The second step consists of coordination of the
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deprotonated substrate to the Lewis acidic boron center of Int4.1. Although a transition
state could not be located for this step, a scan of the reaction energy surface with
constrained geometry optimizations at a series of fixed B-Csubstrate bond distances (CH3zCN
substrate reaction) indicates that product formation may be considered a barrierless process
(without a transition state), while the loss of planarity around the boron atom (from sp? to
sp®) occurs very late on the reaction energy surface and requires minimal energy change.
For all four substrates, formation of the B=C hydrofunctionalization product Prod4.1 was
found to be thermodynamically favorable (Table 4.1).

For the formation of 4.5 and 4.6, protonation of the borataalkene carbon initially
occurs as in the formation of 4.1-4.4, with barrier heights of 48.2 and 86.5 kJ/mol
(consistent with the observed room-temperature reactivity) for the reactions with phenol
and water, respectively. Although modeling the H>O reaction with a single H.O molecule
was problematic, addition of an explicit water solvent molecule in the form a water dimer
(H20-H20) yielded more appropriate transition state and minimum energy structures.
Following the formation of protonated borataphenanthrene Int4.1, however, nucleophilic
attack by the deprotonated substrate occurs at silicon rather than boron. The electrophilicity
at silicon is corroborated by a Hirshfeld charge of +0.38, which is considerably greater than
that of boron at +0.11 in Int4.1. Desilylation subsequently produces the C-unsubstituted 9-
borataphenanthrene anion Int4.2. Hydrofunctionalization of the B=C bond in Int4.2 then
occurs in a manner analogous with that observed for A in the mechanism for the formation
of 4.1-4.4 by deprotonation of the substrate by the borataalkene carbon to produce 9,10-
dihydro-9-boraphenanthrene Int4.3, which subsequently undergoes nucleophilic attack by

the deprotonated substrate to form Prod4.2 in a barrierless process.
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Scheme 4.5. General reaction pathways modeled for hydrofunctionalization reactions with 3.4.

Table 4.1. Calculated reaction free energies (AG, kd/mol) for pathways arising from proton
abstraction of the substrate by 3.4, together with experimental pK, (DMSO) of substrates.?

Substrate PKa P TS4.1 Intd.1 Prod4.l TS4.2 Int4.2 TS4.3 Int4.3 Prod4.2

H20 31.4 86.5 55.6 -47.3 103.6 -106.3 14.1 -9.7 -143.3
CHsCN 31.3 120.2 55.6 -11.2 1511 -27.0 103.4 69.6 -25.7
CeFsH 29.0 111.0 37.2 -10.0 1604 -27.0 100.0 51.2 -34.6
PhCCH 28.8 108.7 33.8 -52.2 1230 -70.7 44.9 4.1 -113.5
Ph,NH 25.0 82.2 219 -10.6 161.2 -58.6 26.0 4.4 -60.3
PhOH 18.0 48.2 -16.7 -71.6 64.3 -117.0 -70.6 -92.5 -171.2

2B3LYP-D3(BJ)/def2-TZVP(THF)//B3LYP-D3(BJ)/def2-SVP(THF) results, with energies given
relative to the reactants. H,O modeled as a hydrogen-bonded dimer H,O-H,O.
bpKa in DMSO.236-241
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Further analysis of the desilylation pathway indicated that the formation of Prod4.2
is more thermodynamically favorable than the formation of Prod4.1 for all six substrates
examined. This, combined with the large positive Hirshfeld charge at silicon in Int4.1,
suggests that the system is kinetically controlled. Evidence supporting kinetic control is
found when the barrier heights for TS4.2 and TS4.3 are compared with that of TS4.1 across
all six reactions. For the three C-H substrates, the largest barrier is associated with TS4.3,
which is greater than the TS4.1 barrier by 10.3, 16.1, and 6.8 kJ/mol for CH3CN, CeFsH,
and PhCCH, respectively. With PhoNH the largest barrier is for TS4.2 (139.3 kJ/mol),
which is 57.1 kJ/mol larger than for TS4.1. In contrast, the largest barrier on the Prod4.2
pathway for phenol (TS4.2, 80.9 kJ/mol) is smaller in magnitude than the TS4.1 barrier for
PhCCH and CsFsH, which is consistent with PhOH forming Prod4.2 despite the fact that
PhCCH and Ce¢FsH form Prod4.1 under similar experimental conditions. For water, the
calculated barrier for TS4.3 of 120.5 kJ/mol is larger than for TS4.1 (86.5 kJ/mol),
although the TS4.3 barrier is at the top of the range of barriers that can be crossed at room
temperature. Comparison of the pK, of the substrate (Table 1) with the TS4.1 barrier height
indicates a near-perfect linear relationship (r? = 0.992 excluding H20, Figure 4.3), which
confirms the importance of the acidic proton character of the substrate. Water is an outlier
to this trend, with a lower barrier than expected from the relationship to pKas in DMSO,
with the caveat that the pKa of water varies widely depending on solvent.?® Since water
does not follow the trend for TS4.1 barriers, it is possible that similar factors influence the
TS4.2 and TS4.3 barrier heights, with the true barrier potentially being lower in energy.

Modeling the system with larger water clusters could alter the calculated energetics;
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however, the results presented here for a water dimer provide qualitative agreement with

experiment.

2 . et et ey . ................
. o t®
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Barrier (kJ/mol)
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Figure 4.3. Relationship between substrate pK. and TS1 barrier height. Water is omitted as a
substrate.

The borataalkene moiety at the 9- and 10-positions of the 9-borataphenanthrene
anion was demonstrated to undergo a variety of hydrofunctionalization reactions, including
hydroalkylation, hydroarylation, hydroalkynylation, hydroamination, hydroalkoxylation,
and hydration. Such hydrofunctionalization reactions were previously unexplored for
borataalkenes, which is surprising given the extensively studied hydrofunctionalization
reactivity of alkenes. The ability of the anionic B=C bond to undergo diverse
hydrofunctionalization reactivity presents B=C hydrofunctionalization as a potentially

promising technique for the synthesis of tetracoordinate borates.

56



4.4 Experimental Details
THF-dg for NMR spectroscopy was purchased from Cambridge Isotope
Laboratories and stored over molecular sieves. Compound 3.4 was prepared by the
literature procedure.”® The following reagents were purchased from the listed
manufacturers and used as received: dibenzo-18-crown-6 (TCI), pentafluorobenzene
(TCI), 18-crown-6 (Oakwood Chemical), phenol (Sigma-Aldrich), diphenylamine (Alfa
Aesar). Phenylacetylene was purchased from Chem-Impex International and stored over

molecular sieves.

Computational Methods

Geometry optimization of reactants, products, intermediates, and TS structures
were carried out at the B3LYP-D3(BJ)1’® 185186, 242-243/4ef2.S\V/PI80 Jevel of theory
inclusive of solvation (SMD model,?* tetrahydrofuran solvent). Frequency calculations
were also performed analytically at the same level of theory to characterize all stationary
points and to calculate thermodynamic corrections. Subsequent electronic energy
calculations were carried out at the B3LYP-D3(BJ)17® 185186, 242-243/4ef2_TZ VP18 (SMD
model,?** tetrahydrofuran solvent) using the Gaussian 16 suite of programs.'’® Extended
Hirshfeld method CM524 partial charges were calculated at the B3LYP-D3(BJ)7® 185186,
242:283]def2-TZVP¥® (SMD model,** tetrahydrofuran solvent) level. Single point
calculations with wB97X-D?*/def2-TZVP! (SMD model,?** tetrahydrofuran solvent)
were also carried out and yielded equivalent results. All calculations were carried out in

Gaussian 16.178
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Synthesis of 4.1 (CCDC 2055588): 3.4 (74 mg, 0.20 mmol) was dissolved in acetonitrile
(3 mL) and heated to 80 °C in a pressure tube with a Teflon cap. After 16 hours of heating,
the volatile components were removed from the solution in vacuo, and the resulting pale
yellow oil was redissolved in toluene (2 mL). A solution of dibenzo-18-crown-6 (74 mg,
0.20 mmol) in dichloromethane (2 mL) was then added to the product solution while
stirring at room temperature. After an additional 30 minutes of stirring, the volatile
components were removed from the solution in vacuo, and the residue was washed with
toluene (10 mL) and dried in vacuo to yield 4.1 as a white powder. Yield: 103 mg (66%).
d.p. 173 °C. Crystals for X-ray diffraction studies were grown by vapor diffusion of n-
pentane into a 1,4-dioxane solution of 4.1;

'H NMR (400 MHz, CDsCN): & 7.68 (d, J = 7.0 Hz, 2H), 7.64-7.60 (m, 2H), 7.57-7.55
(m, 1H), 7.17-7.14 (m, 2H), 7.10-7.05 (m, 2H), 7.03-6.99 (m, 1H), 6.97-6.95 (m, 10H),
6.94-6.90 (M, 1H), 4.17-4.15 (m, 8H), 3.94-3.92 (m, 8H), 1.31-1.27 (m, 1H), 1.19 (s, 1H),
1.02-0.98 (m, 1H), -0.75 (s, 9H);

1BC{*H} NMR (101 MHz, CDsCN): & 149.21, 147.86, 142.81, 138.51, 135.48, 134.27,
132.03, 128.66, 127.12, 125.84, 125.81, 125.71, 125.07, 123.97, 123.31, 123.27, 122.33,
112.31, 70.03, 68.03, 0.53;

1B NMR (128 MHz, CD3CN): & -12.8;
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FT-IR (cm™ (ranked intensity)): 2212 (14), 1504 (6), 1455 (10), 1247 (2), 1213 (4), 1120
(3), 1052 (7), 942 (5), 908 (11), 854 (8), 779 (15), 739 (1), 705 (9), 603 (12), 466 (13);
High-resolution mass spectrometry (HRMS) electrospray ionization (ESI): calcd for

C24H25BNSi [M], 366.1849; found, 366.1864.

[K(crown)]

Synthesis of 4.2 (CCDC 2055589): Pentafluorobenzene (0.423 mL, 3.81 mmol) was added
to a solution of 3.4 (278 mg, 0.762 mmol) in THF (5 mL) while stirring at room
temperature. The resulting solution was then transferred to a pressure tube with a Teflon
cap and heated at 60 °C for 2 d, after which the solution was cooled to room temperature
and filtered. A solution of 18-crown-6 (211 mg, 0.799 mmol) in THF (2 mL) was then
added to the solution while stirring at room temperature. After 30 minutes of stirring, the
volatile components were removed in vacuo to produce a red-orange oil, which was washed
with 1:1 THF/n-pentane (5 mL) at -35 °C and dried in vacuo to yield 4.2 as a yellow-orange
solid. Yield: 273 mg (45%). d.p. 78 °C. Crystals for X-ray diffraction studies were grown
by storing the crude product oil at -35 °C;

IH NMR (400 MHz, CDCls): & 7.93 (d, J = 7.0 Hz, 1H), 7.65 (d, J = 7.0 Hz, 2H), 7.51 (d,
J=7.0 Hz, 1H), 7.41 (d, J = 7.0 Hz, 1H), 7.15-7.05 (m, 5H), 7.00-6.97 (m, 1H), 6.91-6.82

(m, 2H), 3.48 (s, 24H), 2.23 (s, 1H), -0.63 (s, 9H);
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BC{*H} NMR (101 MHz, CDCls): 6 150.69, 143.07, 138.87, 135.29, 134.04, 133.99,
133.95, 130.07, 125.98, 124.59, 124.21, 123.86, 123.26, 122.81, 121.47, 70.09, 1.03,;

1B NMR (128 MHz, CDCly): § -9.7;

18F{H} NMR (376 MHz, CDCls): & -129.64 (d, br, J = 1728 Hz, 2F), -166.42 (t, J = 20.5
Hz, 1F), -167.70-167.87 (m, 2F);

FT-IR (cm™ (ranked intensity)): 2886 (12), 1503 (11), 1434 (3), 1350 (6), 1240 (8), 1104
(1), 1067 (10), 960 (2), 829 (4), 746 (5), 708 (7), 678 (13), 650 (14), 607 (9), 471 (15);
High-resolution mass spectrometry (HRMS) electrospray ionization (ESI): calcd for

C2sH23BFsSi [M], 493.1582; found, 493.1539.

Synthesis of 4.3 (CCDC 2055590): Phenylacetylene (33 pL, 0.30 mmol) was added to a
solution of 3.4 (101 mg, 0.276 mmol) in THF (5 mL) while stirring at room temperature.
The resulting solution was then transferred to a pressure tube with a Teflon cap and heated
at 60 °C for 2 d, after which the volatile components were removed in vacuo to produce a
yellow oil. The oil was then washed with benzene (5 mL) to produce a white precipitate,
which was dried in vacuo to yield 4.3 as a white powder. Yield: 108 mg (84%). d.p. 114
°C. Crystals for X-ray diffraction studies were grown by storing a dichloromethane

solution of 4.3 at -35 °C;
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IH NMR (400 MHz, CDsCN): & 7.85 (d, J = 7.0 Hz, 2H), 7.62-7.59 (m, 1H), 7.56-7.52
(m, 1H), 7.50-7.49 (m, 1H), 7.15-6.90 (m, 13H), 1.42 (s, 1H), -0.70 (s, 9H);

1BC{*H} NMR (101 MHz, CDsCN): & 150.34, 143.47, 136.40, 133.66, 131.76, 131.51,
129.66, 129.55, 128.76, 126.78, 125.97, 125.88, 124.84, 123.80, 123.31, 122.98, 0.76;
1B NMR (128 MHz, CDsCN): & -15.4;

FT-IR (cm™ (ranked intensity)): 1593 (13), 1485 (8), 1425 (7), 1240 (3), 1054 (10), 897
(15), 828 (2), 741 (1), 712 (5), 692 (12), 676 (4), 613 (6), 578 (14), 529 (9), 466 (11);
High-resolution mass spectrometry (HRMS) electrospray ionization (ESI): calcd for

CaoH28BSI [M], 427.2053; found, 427.2071.

Ph,N H
® Phal© >sSiMes
K

44

Synthesis of 4.4 (CCDC 2055591): A solution of diphenylamine (171 mg, 1.01 mmol) in
THF (2 mL) was added to a solution of A (74 mg, 0.20 mmol) in THF (2 mL) while stirring
at room temperature. After 24 hours of stirring, the volatile components were removed in
vacuo to produce a yellow oil, which was lyophilized from benzene (3 mL) and washed
with n-pentane (8 x 10 mL) to yield 4.4 as a yellow powder. Yield: 63 mg (58%). d.p. 109
°C. Crystals for X-ray diffraction studies were grown by vapor diffusion of a
dichloromethane solution of 4.4 into benzene;

1H NMR (400 MHz, THF-dg): & 7.82-7.80 (m, 2H), 7.41 (dd, J = 7.5, 1.5 Hz, 1H), 7.32-

7.30 (m, 1H), 7.23 (d, J = 7.0 Hz, 1H), 7.03-7.00 (m, 3H), 6.94-6.92 (m, 1H), 6.89-6.84
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(m, 1H), 6.83-6.81 (m, 1H), 6.78-6.74 (m, 1H), 6.71 (td, J = 7.5, 1.5 Hz, 1H), 6.58-6.53
(m, 4H), 6.46 (td, J = 7.5, 1.5 Hz, 1H), 6.39 (s, br, 3H), 6.21 (s, br, 1H), 6.16-6.14 (m, 1H),
2.05 (s, 1H), -0.65 (s, 9H);

13C{*H} NMR (101 MHz, THF-ds): & 154.70, 149.30, 143.78, 140.01, 136.82, 135.94,
131.63, 129.62, 127.28, 126.23, 125.16, 124.74, 124.58, 124.49, 123.32, 123.12, 121.88,
117.97, 1.65;

1B NMR (128 MHz, THF-ds): & -4.1;

FT-IR (cm (ranked intensity)): 3044 (15), 2951 (13), 1591 (3), 1493 (4), 1425 (10), 1307

(7), 1241 (5), 1174 (11), 1027 (9), 842 (2), 783 (14), 741 (1), 690 (6), 612 (8), 466 (12)

Synthesis of 4.5 (CCDC 2055592): A solution of phenol (42 mg, 0.45 mmol) in THF (1
mL) was added to a solution of 3.4 (83 mg, 0.23 mmol) in THF (2 mL) while stirring at
room temperature. The resulting solution was transferred to a pressure tube with a Teflon
cap and heated at 60 °C for 24 h, after which the volatile components were removed in
vacuo. The residue was then washed with 1:1 dichloromethane/n-pentane (2 x 3 mL) and
dried in vacuo to yield 5 as a white solid. Yield: 65 mg (75%). d.p. 173 °C. Crystals for
X-ray diffraction studies were grown by vapor diffusion of a dichloromethane solution of

4.5 into hexanes;
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IH NMR (400 MHz, CDCls): & 7.57 (d, J = 7.5 Hz, 1H), 7.35 (d, J = 7.0 Hz, 1H), 7.29-
7.27 (m, 1H), 7.23-7.19 (m, 1H), 7.17-7.14 (m, 1H), 7.08-7.06 (m, 3H), 6.95-6.87 (m, 4H),
6.81 (t, J = 7.5 Hz, 2H), 6.69-6.66 (m, 1H), 6.59 (t, J = 7.5 Hz 1H), 6.42 (d, J = 8.0 Hz,
2H), 2.11-2.07 (m, 1H), 2.00-1.96 (m, 1H);

BC{H} NMR (101 MHz, CDCls): & 160.92, 145.38, 139.36, 137.86, 132.98, 131.09,
130.68, 129.24, 127.78, 127.34, 126.97, 126.36, 125.21, 124.83, 124.17, 123.98, 120.44,
118.22;

1B NMR (128 MHz, CDCls): & -1.5;

FT-IR (cm™ (ranked intensity)): 3045 (14), 1590 (5), 1486 (2), 1426 (8), 1255 (4), 1167

(9), 1070 (13), 1023 (15), 998 (12), 903 (3), 752 (L), 699 (6), 619 (10), 598 (11), 564 (7)
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CHAPTER FIVE

Metal Complexes Featuring 9-Borataphenanthrene Ligands?*

5.1 Introduction

Transition-metal complexes of boratabenzenes have been known since 1970, when
a cobalt(111) boratabenzene complex was synthesized by Herberich and coworkers.>? In the
decades since then, a vast array of boratabenzene metal complexes has been prepared,®®
5292 including several complexes containing fused polycyclic boratabenzene ligands.®%
7593 The simplest examples of fused polycyclic boratabenzenes are the bicyclic 1- and 2-
boratanaphthalenes.®® 7> 93 152 The first 1-boratanaphthalenes were synthesized by Ashe
and coworkers in 1999 and were demonstrated to undergo complexation with RuCp* and
ZrCl,Cp* upon reaction with [Cp*RuCl]s and Cp*ZrCls, respectively.®® The ability of 2-
boratanaphthalenes to serve as n° ligands was explored extensively by Paetzold and
coworkers in 1986, with coordination to iron, rhodium, and lithium being reported.®® A
fused tricyclic boratabenzene, the 9-borataanthracene anion, was shown by Bazan and
coworkers in 1998 to form complexes with ZrCl>.Cp* and ZrMe>Cp* upon reaction with
Cp*ZrClz and Cp*ZrMe:Cl, respectively.”® Additionally, the complex with ZrCl.Cp* was
shown to act as a precatalyst for the oligomerization of ethylene. Selected examples of

fused polycyclic boratabenzene complexes are depicted in Figure 5.1.
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Figure 5.1. Selected examples of transition-metal complexes of fused polycyclic boratabenzenes.

The synthesis of a 9-borataphenanthrene anion (3.4) via deprotonation of a 9,10-
dihydro-9-boraphenanthrene precursor was reported in Chapter Three (Scheme 3.1).2%° The
resulting species represents a new class of fused polycyclic boratabenzene and was
demonstrated to form an anionic n° complex with Cr(CO)s and a charge-neutral n?> complex
with Au(PPhs) (3.8 and 3.7, Scheme 5.1). Given the abundance of monocyclic
boratabenzene metal complexes in the literature and the lack of known charge-neutral n°-
borataphenanthrene complexes, we sought to prepare neutral complexes of a 9-

borataphenanthrene ligand with a variety of metal centers.

°
1. Cr(CH3CN)3(CO)3 Ph.,_ TMS
2. Dibenzo-18-crown-6_ K(db18c6)”
.Cr
OC'¢
S “co
Ph  TMS 3.8
K® oB=
OO
3.4 |
(PhsP)AuCI Ph. Au ™S
- KCl =
)
3.7

Scheme 5.1. Previous syntheses of 9-borataphenanthrene transition-metal complexes.
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5.2 9-Borataphenanthrene Complexes of Rhodium(l) and Iridium(l)

In an effort to prepare charge-neutral complexes containing n®-borataphenanthrene
ligands, 3.4 was reacted in a 2:1 stoichiometry with the reagents M2Clz(cod), (M = Rh, Ir;
cod = 1,5-cyclooctadiene) in THF (Scheme 5.2). Within one hour at room temperature,
complete disappearance of the 'B NMR singlet at 40.4 ppm corresponding to 3.4 was
observed along with the emergence of new singlets at 31.4 ppm and 28.8 ppm for the
reactions with Rh2Clz(cod)2 and Ir.Clz(cod)2, respectively. In both cases, the formation of
a precipitate (presumably potassium chloride) was observed over the course of the reaction.
Single-crystal X-ray crystallography revealed the identity of the products to be the n®-
borataphenanthrene complexes of Rh(cod) and Ir(cod) (5.4, Figure 5.2). The products were
isolated as yellow solids with yields of 82% for 5.4a and 98% (minimum purity 93%) for

5.4Db.

Ph. TMS
Ph TMS Iy

® N\ 0.5 M,Cly(cod),, THF

60 min, r.t. 7{'

A

M = Rh: 5.4a, 82%
M = Ir: 5.4b, 98% (93% purity)

Scheme 5.2. Reactions of 3.4 with M,Cl»(cod), reagents to produce 5.4.

To gain insight into the electron-donating properties of 3.4 as a ligand,
complexation with Rh(CO)2 was attempted via reaction of 3.4 with Rh2Cl2(CO)4 in THF
(Scheme 5.3). Complete consumption of 3.4 and emergence of a new singlet at 35.1 ppm

were observed by in situ **B NMR spectroscopy within 30 minutes at room temperature.
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The resulting species was isolated as an orange solid in 88% yield and determined by X-
ray crystallography to be complex 5.5 in which n®-coordination of the borataphenanthrene
ligand to rhodium is observed (Figure 5.2). Reaction of the monocyclic boratabenzene
ligand 5.6 with Rh2Cl,(CO)4 in THF yielded the analogous n°-boratabenzene complex 5.7
with the reaction proceeding to completion within 45 minutes at room temperature
(Scheme 5.3). The resulting species was isolated as a yellow solid in 81% yield and exhibits
a singlet at 26.1 ppm in its **B NMR spectrum. Generation of an n® complex was further
confirmed by single-crystal X-ray diffraction studies (Figure 5.2). The FT-IR spectrum of
5.5 exhibits carbonyl stretching bands at 2049 and 1990 cm™ versus 2032 and 1971 cm'?
for 5.7, indicating that the fused polycyclic ligand 3.4 is a weaker donor than the
monocyclic ligand 5.6. This is likely a result of retention of aromaticity in the fused
benzene rings of 3.4 accompanied by reduction of aromaticity in the central boratabenzene

ring.

0.5 Rh,Cl,(CO),, THF —

\ |
30 min, r.t. Q Q

-KClI K
oc” o
5.5, 88%
Ph  TMS Ph.
® .\ 0.5 Rh,Clo(CO),, THF _(™MS
K ©B= N\ | S
\ 30 min, r.t. Rh
-KCl Pl
oc” o
5.6 5.7, 81%

Scheme 5.3. Synthesis of Rh(CO), complexes of 3.4 and 5.6.
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Figure 5.2. Solid-state structures of 5.4a, 5.4b, 5.5, and 5.7. Hydrogen atoms are omitted for clarity,
and thermal ellipsoids are drawn at the 50% probability level.

5.3 9-Borataphenanthrene Complexes of Iron(ll)

In addition to the aforementioned Rh(l) and Ir(l) complexes, a series of Fe(ll)
complexes with 3.4 was prepared. These complexes could not be isolated due to
decomposition at room temperature; however, their formation was confirmed by X-ray
crystallography (Figure 5.3). The reaction of 3.4 with FeBr resulted in two different
outcomes depending on whether acetonitrile was present in the reaction mixture. In the
absence of acetonitrile, the bis(borataphenanthrene) complex 5.8 is formed within 7 days
at room temperature in THF (Scheme 5.4). In this complex, coordination of two different
ligand rings to the iron center is observed; one borataphenanthrene ligand coordinates by

the central boratabenzene ring while the other coordinates by the carbonaceous ring
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opposite from boron. In the presence of acetonitrile, however, insertion of the acetonitrile
cyano group into the borataphenanthrene C-Si bond is observed within 18 hours at room
temperature in THF (5.9, Scheme 5.4). The resulting boron-substituted 1-azaallyl ligand
coordinates to the iron center in a bidentate fashion with both ligands exhibiting the same
coordination mode. This nitrile insertion is likely a result of the carbanionic character of
the borataalkene carbon of the 9-borataphenanthrene anion, as nitrile insertion into C-Si
bonds has been previously reported by Lappert and coworkers for trimethylsilyl-substituted
alkyllithium compounds.?®>2® |n addition to these homoleptic Fe(ll) complexes, a
heteroleptic borataphenanthrene/cyclopentadienide complex of Fe(ll) could be generated.
Upon reaction of 3.4 with CpFe(CO):l, the formation of heteroleptic sandwich complex
5.10 was observed within 3 days at room temperature in THF (Scheme 5.4). In this
complex, the borataphenanthrene ligand is observed to coordinate by the central

boratabenzene ring as in the Rh(l) and Ir(l) complexes.

69
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Scheme 5.4. Synthesis of Fe(ll) complexes from 3.4. Products characterized by X-ray
crystallography but not isolated.
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Figure 5.3. Solid-state structures of 5.8-5.10. Hydrogen atoms (and benzene solvate for 5.7) are
omitted for clarity, and thermal ellipsoids are drawn at the 50% probability level.

A variety of transition-metal complexes containing the 9-borataphenathrene anion
were synthesized. Charge-neutral complexes of nP°-borataphenanthrene ligands with
Rh(cod), Ir(cod), and Rh(CO). were prepared from the respective M2Cl,Ln reagents [M =
Rh, Ir; Ly = (cod)2, (CO)4] in high yields. Comparison of the FTIR spectra of Rh(CO).
complex 5.5 with the analogous monocyclic boratabenzene complex indicated that the
fused polycyclic boratabenzene ligand 3.4 is a weaker electron donor than the monocyclic
boratabenzene ligand 5.6. Additionally, a series of Fe(1l) complexes were synthesized and,
although not isolable, were characterized by X-ray crystallography. These included a
bis(borataphenanthrene) sandwich complex exhibiting two different ligand coordination
modes, a  boron-substituted  1-azaallyl complex, and a heteroleptic
borataphenanthrene/cyclopentadienide sandwich complex. The series of complexes

represents a vast expansion of the scope of known 9-borataphenanthrene metal complexes.

5.4 Experimental Details
3.4 chloro(1,5-cyclooctadiene)rhodium(l) ~ dimer,2424%  chloro(1,5-

cyclooctadiene)iridium(l) dimer,>® and 5.6%°! were prepared by the literature procedures.
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The following reagents were purchased from commercial sources and used as received:
chlorodicarbonylrhodium(l) dimer (Strem Chemicals), iron(Il) bromide (Alfa Aesar), and
cyclopentadienyliron dicarbonyl iodide (Aldrich). For the crystal structure of compound
5.5, a solvated acetonitrile molecule disordered across a symmetry site was removed using

the SQUEEZE function in PLATON.?%

Synthesis of 5.4a: A solution of Rh2Cl>(cod). (26 mg, 0.052 mmol) in THF (1 mL) was
added to a solution of 3.4 (39 mg, 0.11 mmol) in THF (2 mL) while stirring at room
temperature. After an hour of stirring, the volatile components were removed in vacuo, and
the resulting solid was extracted with benzene (5 mL). The benzene extract was then
filtered and lyophilized to yield 5.4a as a yellow powder. Yield: 45 mg (82%). D.p. 207
°C. Crystals for X-ray diffraction studies were grown by vapor diffusion of a chloroform
solution of 5.4a into toluene;

IH NMR (400 MHz, CDCls): §8.26 (d, J = 8.5 Hz, 1H), 7.94 (t, J = 9.0 Hz, 2H), 7.82 (s,
br, 1H), 7.75 (d, J = 8.0 Hz, 1H), 7.55-7.34 (m, 7H), 7.23 (t, J = 7.5 Hz, 1H), 4.02-3.99 (m,
2H), 2.97-2.95 (m, 2H), 2.05-1.88 (m, 4H), 1.72-1.63 (m, 2H), 1.43-1.34 (m, 2H), 0.10 (s,
9H);

1B3C{IH} NMR (101 MHz, CDCls): & 135.86, 134.95, 134.31, 133.10, 131.09, 129.49,

127.85, 127.45, 127.24, 127.03, 126.88, 125.94, 125.40, 124.83, 124.62, 124.60, 120.50,
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114.08, 114.06, 104.73,104.72,78.09 (d, J = 13.0 Hz), 74.54 (d, J = 13.0 Hz), 33.01, 29.24,
3.78;

1B NMR (128 MHz, CDCls): & 31.4;

FT-IR (cm™ (ranked intensity)): 1426 (7), 1329 (13), 1252 (4), 996 (15), 927 (6), 828 (2),
754 (10), 740 (1), 704 (3), 678 (12), 626 (9), 609 (5), 593 (14), 481 (11), 452 (8);
High-resolution mass spectrometry (HRMS) electrospray ionization (ESI): calcd for

CaoH3sBRhSi [M+H]", 537.1656; found, 537.1648.

Ph. T™S

I
A
5.4b
Synthesis of 5.4b: A solution of Ir.Clz(cod). (30. Mg, 0.045 mmol) in THF (2 mL) was
added to a solution of 3.4 (33 mg, 0.091 mmol) in THF (1 mL) while stirring at room
temperature. After an hour of stirring, the volatile components were evaporated in vacuo,
and the residue was extracted with benzene (5 mL). The benzene extract was then filtered
and lyophilized to yield 5.4b as a dark yellow powder. Yield: 56 mg (98%, minimum purity
93%). D.p. 168 °C. Crystals for X-ray diffraction studies were grown by vapor diffusion
of an n-pentane solution of 5.4b into toluene;

IH NMR (400 MHz, CDCl3): §8.29 (d, J = 8.5 Hz, 1H), 7.91-7.89 (m, 2H), 7.77 (d, J =
7.0 Hz, 1H), 7.63-7.59 (m, 1H), 7.56-7.52 (m, 2H), 7.49-7.43 (m, 3H), 7.40-7.32 (m, 2H),
7.17-7.13 (m, 1H), 3.98-3.94 (m, 2H), 2.57 (td, J = 8.0, 4.0 Hz, 2H), 1.92-1.80 (m, 4H),

1.66-1.56 (M, 2H), 1.22-1.14 (m, 2H), 0.08 (s, 9H);
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13C{'H} NMR (101 MHz, CDCls): & 135.87, 134.29, 134.23, 131.62, 129.08, 128.84,
127.28, 127.04, 125.98, 125.93, 125.20, 124.45, 120.78, 120.32, 106.01, 102.15, 62.35,
57.37, 34.80, 30.17, 3.91;

1B NMR (128 MHz, CDCls): & 28.8;

FT-IR (cm™ (ranked intensity)): 2881 (13), 1427 (8), 1261 (4), 1025 (12), 923 (10), 903

(5), 865 (9), 827 (2), 755 (6), 739 (1), 702 (3), 673 (14), 625 (15), 606 (7), 484 (11).

Ph. TMS

Rh
o C( ”

co
5.5

Synthesis of 5.5: A solution of Rh2Cl2(CO)4 (26 mg, 0.067 mmol) in THF (2 mL) was
added to a solution of 3.4 (50. mg, 0.14 mmol) in THF (2 mL) while stirring at room
temperature. After 30 minutes of stirring, the volatile components were evaporated in
vacuo, and the resulting brown oil was extracted with n-pentane (4 mL). The pentane
extract was then filtered, and the volatile components were evaporated in vacuo from the
filtrate to yield 5.5 as an orange solid. Yield: 57 mg (88%). d.p. 44 °C. Crystals for X-ray
diffraction studies were grown by storing an acetonitrile solution of 5.5 at -35 °C;

IH NMR (400 MHz, CeéD¢): & 8.12-8.10 (m, 1H), 7.83-7.74 (m, 4H), 7.68 (d, J = 8.0 Hz,
1H), 7.41-7.37 (m, 2H), 7.33-7.30 (M, 1H), 7.26-7.22 (m, 1H), 7.13-7.09 (m, 2H), 7.02 (t,
J=7.5Hz, 1H), 0.29 (s, 9H);

BC{IH} NMR (101 MHz, CeD¢): & 134.85, 132.18, 129.96, 129.95, 128.77, 128.73,

128.66, 127.71, 127.31, 127.10, 126.99, 122.09, 118.25, 118.24, 99.89, 99.87, 3.01;
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118 NMR (128 MHz, CsDe): & 35.1;

FT-IR (cm? (ranked intensity)): 2049 (2), 1990 (1), 1427 (11), 1249 (5), 927 (10), 832
(3), 745 (4), 721 (13), 702 (7), 612 (8), 593 (14), 580 (15), 549 (6), 492 (9), 423 (12);
High-resolution mass spectrometry (HRMS) chemical ionization (Cl): calculated for

C24H2:BO2RhSi [M]*, 484.0537; found, 484.0533.

Ph. TMS

N\_|

Rh
oc’ o

5.7

Synthesis of 5.7: A solution of Rh2Cl2(CO)s4 (22 mg, 0.055 mmol) in THF (1 mL) was
added to a solution of 5.6 (41 mg, 0.13 mmol) in THF (2 mL) while stirring at room
temperature. After 45 minutes of stirring, the volatile components were evaporated in
vacuo, and the resulting brown oil was extracted with n-pentane (5 mL). The pentane
extract was then filtered, and the volatile components were evaporated in vacuo from the
filtrate to yield 5.7 as a yellow solid. Yield: 39 mg (81%). d.p. 46 °C. Crystals for X-ray
diffraction studies were grown by storing an acetonitrile solution of 5.7 at -35 °C,;

IH NMR (400 MHz, CeDs): & 7.79-7.46 (m, br, 2H), 7.35-7.31 (m, 2H), 7.25-7.20 (m,
1H), 2.05 (s, 3H), 1.83 (s, 3H), 1.79 (s, 3H), 1.78 (s, 3H), 0.10 (s, 9H);

BC{*H} NMR (101 MHz, C¢Ds): § 191.21, 190.39, 133.19, 133.15, 127.76, 126.51, 97.70,
97.67, 23.40, 19.58, 18.79, 16.37, 3.23;

1B NMR (128 MHz, CsDg): § 26.1;
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FT-IR (cm™ (ranked intensity)): 2032 (5), 1971 (1), 1383 (14), 1295 (15), 1246 (6), 1015
(9), 881 (12), 830 (2), 759 (11), 741 (8), 702 (3), 624 (10), 591 (13), 548 (7), 506 (4);
High-resolution mass spectrometry (HRMS) chemical ionization (ClI): calculated for

C20H26BO2RhSi [M]*, 440.0850; found, 440.0862.
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CHAPTER SIX

Synopsis and Future Work

6.1 Synopsis

The synthesis and reactivity of the first 9-borataphenanthrene anion, 3.4, have been
described in this dissertation. Chapter Two describes the insertion of carbene units into the
endocyclic B-C bonds of 9-phenyl-9-borafluorene (1.9b), a precursor to the 9-
borataphenanthrene anion. The reaction of 1.9b with trimethylsilyldiazomethane resulted
in the formation of a six-membered, nonaromatic BCs ring via carbene insertion into the
borole B-C bond. The resulting species, 2.8, was found to react with an additional
equivalent of diazo compound to produce the seven-membered BCs species 2.9 via carbene
insertion into the other endocyclic B-Csp2 bond (Scheme 6.1).

i I

Pt

2
‘! ‘ ™S R A

1.9b 2.8 2.9

Scheme 6.1. Ring expansion of 9-phenyl-9-borafluorene with trimethylsilyldiazomethane. T. A.
Bartholome, K. R. Bluer, C. D. Martin, Dalton Trans. 2019, 48, 6319-6322. Adapted by permission
of the Royal Society of Chemistry.

Chapter Three describes the synthesis of a 9-borataphenanthrene anion and several
preliminary examples of its boratabenzene- and borataalkene-like reactivity. The 9-

borataphenanthrene anion, 3.4, was synthesized via deprotonation of compound 2.8 with
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potassium bis(trimethylsilyl)amide (KHMDS). The ability of 3.4 to act as a base and
nucleophile was demonstrated by protonation with triflic acid to regenerate 2.8 and
methylation with iodomethane to produce 3.5. Reaction of 3.4 with pinacolborane (HBpin)
resulted in hydroboration of the B=C bond at the 9- and 10-positions, with isomerization
from the syn diastereomer to the anti diastereomer being observed over time. The olefin-
like behavior of 3.4 was further demonstrated by its n2-coordination to gold upon reaction
with (PhsP)AuCI. Finally, the aromatic character of 3.4 was demonstrated by n°-
coordination with chromium upon reaction with (MeCN)sCr(CO)s (Scheme 6.2).
Additionally, computational studies indicated that the central BCs ring is aromatic,
indicating boratabenzene character, while the HOMO is localized on the B=C moiety at

the 9- and 10-positions, indicating borataalkene character.

Ph. TMS

ﬁ
2.8
©
Ph, C?ﬁ,.s KHMDS | | HOTf 1. Cr(CH3CN)3(CO)3 Ph.,_TMS
CHgl 2. Dibenzo-18-crown-6 K(db1806)®
Cr.
OO0 oS
5! co
3.5 oPh ™S 3.8
K ©O©B=

pin 3.4

H
KEPh—12 [ TS !
HBpin (PhsP)AuCI ph. A Tvs
OO

3.6 3.7

PPh,

Scheme 6.2. Synthesis of the first 9-borataphenanthrene anion and examples of boratabenzene- and
borataalkene-like reactivity.

Chapter Four describes the hydrofunctionalization reactivity of 9-

borataphenanthrene 3.4. Activation of C-H bonds in sp®, sp? and sp substrates was
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demonstrated by the reactions of 3.4 with acetonitrile, pentafluorobenzene, and
phenylacetylene, respectively. In all cases, syn addition of the C-H bond across the B=C
bond at the 9- and 10-positions was observed. Similarly, hydroamination of 3.4 was
achieved upon reaction with diphenylamine and resulted in syn addition analogous to that
observed for the three C-H substrates. However, the reactions of 3.4 with the O-H bond-
containing substrates phenol and water resulted in desilylation at carbon in addition to
hydrofunctionalization of the B=C bond (Scheme 6.3). Mechanistic calculations were
carried out for two different pathways: one in which desilylation occurs and one in which

only hydrofunctionalization occurs.

R = CH,CN, CgFs, Ro H

CCPh,NPh; @ Ph=5——=TMS
oPh TMS

n H-R 4.1-4.4

)
R=0Ph,OH @ Ph=5—<=H

4.5-4.6

Scheme 6.3. Hydrofunctionalization reactivity of the 9-borataphenanthrene anion.

Chapter Five described the preparation of a wide variety of metal complexes
featuring 9-borataphenanthrene ligands. The reactions of 3.4 with Rh,Cl>(cod), and
Ir.Clz(cod); resulted in n®-complexation of the borataphenanthrene ligand with Rh(cod)
and Ir(cod), respectively (cod = 1,5-cyclooctadiene). Similarly, the reaction of 3.4 with
Rh2Cl2(CO)4 resulted in n®-complexation with Rh(CO)2. Upon comparison of the FT-IR

carbonyl bands of the resulting complex, 5.5, with an analogous monocyclic boratabenzene
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complex, the polycyclic ligand was found to be a weaker electron donor. A series of
complexes of 3.4 with iron were observed by X-ray crystallography but not isolated. These
included a bis(borataphenanthrene) sandwich complex in which two different ligand
coordination modes are observed, a mixed borataphenanthrene/cyclopentadienide
sandwich complex, and a boron-substituted 1-azaallyl complex resulting from nitrile

insertion into the borataphenanthrene C-Si bond (Scheme 6.4).
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Scheme 6.4. Synthesis of 9-borataphenanthrene metal complexes.

6.2 Future Work
It is likely that the methods used to synthesize the 9-borataphenanthrene anion can
also be applied to the syntheses of other fused polycyclic boratabenzenes. A potential
precursor for such a compound is phenanthrene-fused stannole 6.1, first synthesized by

Toste and coworkers in 2018.2°% The reaction of 6.1 with PhBCI, at room temperature in
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chloroform resulted in disappearance of the 'B singlet at 55.4 ppm corresponding to
PhBCI» accompanied by the emergence of a singlet at 64.8 ppm, similar to that of 9-pheny!I-
9-borafluorene.'® Although the reaction did not proceed to completion within 5 days at
room temperature, complete conversion was observed within 3 days when the temperature
was increased to 80 °C in benzene. The resulting product has not yet been isolated or
characterized crystallographically; however, the *B NMR shift indicates promising
potential for the synthesis of phenanthrene-fused borole 6.2 via a tin/boron transmetallation
route similar to that used by Piers and coworkers to synthesize 9-phenyl-9-borafluorene.%®
The resulting species could potentially be capable of undergoing ring expansion reactions
analogous with other boroles,? 4 19-21,25-26,34-35,37-39, 116,121,125 A ccordingly, nitrene insertion
with phenyl azide will be attempted with phenyl azide to produce a 4,5-azaborapyrene
(6.3), and carbene insertion will be attempted with trimethylsilyldiazomethane to produce
a 4,5-dihydro-4-borapyrene (6.4). Both reactions closely resemble known reactions of 9-
borafluorenes.®-3% 62 Compound 6.4 will then be deprotonated with KHMDS to produce
a 4-boratapyrene anion (6.5) in a manner analogous with that used to prepare the 9-

borataphenanthrene anion.?*
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Scheme 6.5. Proposed syntheses of a 4-boratapyrene and a 4,5-azaborapyrene.

The 9-borataphenanthrene anion and proposed 4-boratapyrene anion represent
fascinating new additions to the family of anionic boron-doped polycyclic aromatic
hydrocarbons. The 9-borataphenanthrene anion has been shown to exhibit an intriguing
dual boratabenzene/borataalkene nature lending to a diverse range of reactivity modes. The
boratabenzene-like character of the 9-borataphenanthrene anion allows for usage as a
ligand in transition-metal complexes, while its borataalkene-like character makes it viable
as a precursor to tetracoordinate borates. The combined reactivity modes make 9-
borataphenanthrenes and their structural relatives promising as reagents in inorganic and

organic synthesis.
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APPENDIX A

General Experimental Details and Supplementary Information for Chapter Two

84



General Experimental Details

All manipulations were performed under an inert atmosphere in a nitrogen-filled
MBraun Unilab glove box or using standard Schlenk techniques. CDCl3s, CsDs, and CD3CN
for NMR spectroscopy were purchased from Cambridge Isotope Laboratories and dried by
stirring for 3 days over CaHg, distilling, and storing over molecular sieves. All other
solvents (unless otherwise specified) were purchased from commercial sources as
anhydrous grade, dried further using a JC Meyer Solvent System with dual columns packed
with solvent-appropriate drying agents, and stored over molecular sieves.

Multinuclear NMR spectra (*H, H{}B}, BC{H}, B, !B{'H}, 3'P{'H},
F{IH}) were recorded on a Bruker Ascend 400 MHz instrument. High resolution mass
spectra (HRMS) were obtained at the Baylor University Mass Spectrometry Center on a
Thermo Scientific LTQ Orbitrap Discovery spectrometer using ESI or at the University
of Texas at Austin Mass Spectrometry Center on a Micromass Autospec Ultima
spectrometer using Cl. Melting points were measured with a Thomas Hoover Uni-melt
capillary melting point apparatus and are uncorrected. FT-IR spectra were recorded on a
Bruker Alpha ATR FT-IR spectrometer on solid samples. Single crystal X-ray diffraction
data were collected on a Bruker Apex II-CCD detector using Mo-Ka radiation (A =
0.71073 A). Crystals were selected under paratone oil, mounted on MiTeGen
micromounts, and immediately placed in a cold stream of N». Structures were solved and

refined using SHELXTL and figures produced using OLEX2.2%4-2%
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Figure A-1: 'H NMR spectrum of 2.8 in CsDs.
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Figure A-2: Expansion of *H NMR spectrum of 2.8 in CsDs (aryl region).
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Figure A-3: 3C{*H} NMR spectrum of 2.8 in CsDe.
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Figure A-4: Expansion of 3 C{*H} NMR spectrum of 2.8 in CsDs (aryl region).
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Figure A-5: 1B NMR spectrum of 2.8 in CgDes.
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Multiple Mass Analysis: 4 mass(es) processed - displaying only valid results
Tolerance = 5.0 PPM / DBE: min = -1.5, max = 50.0
Selected filters: None

Monoisotopic Mass, Odd and Even Electron lons Ph\ T™S
77 formulale) evaluated with 2 results within limits (all results (up to 1000) for each mass) B H
Elements Used:
C:0-100 H:0-100 Si:1-1 10B:0-1 11B: 01
TB-1-26
MSF19-TB-1-26_hrClpos1 427 (4.285) Cn (Cen,1, 10.00, Ar); Sm (Mn, 2x2.00); Cm (422:427) Voltage Cl+
326.1667 479

10

%-

327.1698
325.1704
323.8777 324.1531 325 1281 3253111 326.0272 325.2691 327.2723  327.9683 28-1700 355 3ggs e eee
23.7126. - 324.8729 - - - 326.9687 - - § 328.9830 )
L LI e e s o o iy LA I e e e 1
323.50 324.00 324 50 325.00 32550 326.00 326.50 327.00 327 50 328.00 328,50 329.00

Minimum: 10.00 -1.5
Maximum: 100.00 5.0 5.0 s0.0
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Figure A-7: High resolution mass spectrum of 2.8.
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Multiple Mass Analysis: 6 mass(es) processed - displaying only valid results
Tolerance = 5.0 PPM / DBE: min = -1.5, max = 50.0

Selected filters: None
Ph
Monoisotopic Mass, Odd and Even Electron lons TMS é TMS
123 formula(e) evaluated with 4 results within limits (all results (up to 1000) for each mass) \ ot
Elements Used: H' H
C:0-100 H:0-100 10B:0-1 11B:0-1 Si2-2
TB-1-15-10
MSF19-TB-1-15-10_hrClpos1 1361 (13.677) Gn (Cen,1, 20.00, Ar); Sm (Mn, 2x2.00); Cm (1358:1444) Voltage Gl
10 412.2218 913

397.1979

398.1999 413.2247

411.2244

396.2008

300.1081 404.9748
4002015 401.1863 403 o704 405.0802 407.9820409.2017 4109108

4142222
415.2222

416.2259

394.0 396.0 398.0 400.0 402.0 404.0 406.0 408.0 410.0 4120 414.0 416.0
Minimum: 20.00 -1.5
Maximum: 100.00 5.0 5.0 50.0
Mass RA Calc. Mass mDa PPM i-FIT Formula
-0.7 -1.8 0.0 s5iz
0.0 0.0 0.1 s5iz2
-0.6 -1.5 0.1 5iz2
0.4 1.0 0.0 s5iz

Figure A-15: High resolution mass spectrum of 2.8.
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Table A-1: X-ray crystallographic details for 2.8 and 2.9.

Compound 2.8 2.9
CCDC 1901552 1901553
Empirical C22H23BSi C26H33BSi2
Formula
FW (g/mol) 326.30 412,51
Crystal System Triclinic Monoclinic
Space Group P-1 I 2/a
a(A) 7.2004(11) 17.718(4)
b (A) 9.8166(16) 10.3253(17)
c(A) 13.857(2) 28.130(7)
a (deg) 86.856(5) 90
B (deg) 79.281(5) 103.693(10)
y (deg) 74.582(5) 90
V (A3 927.7(3) 4999.9(19)
Z 2 8
Dc (g cm™®) 1.168 1.096
Radiation A 0.71073 0.71073
A)
Temp (K) 150 150
R1 [I>2(a)I]? 0.0487 0.0406
WR2 (F?)? 0.1068 0.1066
GOF (5)2 1.029 1.056

ARL(F[I>2(D]) = D MFo| - [Fe |I/' Y |Fol; WR2(F 2 [all data]) = [w(Fo 2. F 2) 2] 12, S(all
data) = [W(Fo %2 - Fc2) 2/(n - p)]¥? (n = no. of data; p = no. of parameters varied; w = 1/[?
(Fo?) + (aP) 2 + bP] where P = (Fo 2 + 2F¢ 2)/3 and a and b are constants suggested by
the refinement program.
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Figure B-1: 'H NMR spectrum of 3.4 in CDsCN.
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Figure B-2: Expansion of H NMR spectrum of 3.4 in CDsCN (aryl region).

104



Moo EMANT SO -"MOMO
AT MERYOLO Y HinnMT
PREXIRRIZLAIII]RNES
ﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁ
| (e
Ph TMS
@ \
K —
© *
34

4.61

20 210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20

ppm
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Figure B-6: FT-IR spectrum of 3.4.
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Figure B-7: *H NMR spectrum of 3.5 in CgDe.
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Figure B-8: Expansion of *H NMR spectrum of 3.5 in C¢Ds (aryl region).
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Figure B-11: !B NMR spectrum of 3.5 in CsDs.
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Figure B-12: FT-IR spectrum of 3.5.
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Figure B-14: Expansion of *H NMR spectrum of 3.6a in CD3sCN (aryl region).
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Figure B-15: Expansion of *H NMR spectrum of 3.6a in CDsCN (aliphatic region, * indicates THF).
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Figure B-16: *H{'!B} NMR spectrum of 3.6a in CDsCN (* indicates THF).
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Figure B-17: Expansion of *H{*'B} NMR spectrum of 3.6a in CD3CN (aryl region).
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Figure B-18: Expansion of *H{*'B} NMR spectrum of 3.6a in CDsCN (aliphatic region, * indicates THF).
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Figure B-19: *C{*H} NMR spectrum of 3.6a in CD3CN (* indicates CDsCN).
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Figure B-20: Expansion of *C{*H} NMR spectrum of 3.6a in CDsCN (aryl region, * indicates CDsCN).
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Figure B-21: Expansion of *C{*H} NMR spectrum of 3.6a in CDsCN (aliphatic region, * indicates CDsCN, # indicates THF).
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Figure B-22: 1'B NMR spectrum of 3.6a in CDsCN.
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Figure B-23: 1'B{*H} NMR spectrum of 3.6a in CDsCN.
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Figure B-24: FT-IR spectrum of 3.6a.
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Figure B-25: 'H NMR spectrum of 3.6b in CD3CN.
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Figure B-26: Expansion of *H NMR spectrum of 3.6b in CD3CN (aryl region).
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Figure B-27: Expansion of *H NMR spectrum of 3.6b in CD3CN (aliphatic region).
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Figure B-28: 'H{*!B} NMR spectrum of 3.6b in CD3CN.
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Figure B-29: Expansion of *H{*'B} NMR spectrum of 3.6b in CDsCN (aryl region).
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Figure B-31: *C{*H} NMR spectrum of 3.6b in CDsCN (* indicates CDsCN).
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Figure B-32: Expansion of 23 C{*H} NMR spectrum of 3.6b in CDsCN (aryl region, * indicates CD3CN).

134



81.39
—~0.63

2565
2552

T T T T T T T T T T
80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 5 0
ppm

Figure B-33: Expansion of 23C{*H} NMR spectrum of 3.6b in CDsCN (aliphatic region, * indicates CD3CN).
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Figure B-34: 1'B NMR spectrum of 3.6b in CD3CN.
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Figure B-35: 1'B{*H} NMR spectrum of 3.6b in CD3CN.
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Figure B-36: FT-IR spectrum of 3.6b.
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Figure B-37: 'H NMR spectrum of 1:1 3.6a/3.6b in CDsCN at 27 °C (* indicates 3.6a, # indicates 3.6b).
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Figure B-38: Expansion of 'H NMR spectrum of 1:1 3.6a/3.6b in CD3sCN at 27 °C (aryl region).
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Figure B-39: Expansion of *H NMR spectrum of 1:1 3.6a/3.6b in CDsCN at 27 °C (aliphatic region, * indicates 3.6a, # indicates 3.6b).
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Figure B-40: 'H NMR spectrum of 1:1 3.6a/3.6b in CDsCN at 70 °C (* indicates 3.6a, # indicates 3.6b, % indicates 3.4, & indicates

HBpin).

142



€99 —
£9°9
899 —

vL9—

189 —

€69 ~
¥6'9

v0'L—
90°L —

€L~
YL

9TL—
€L —

S€L—

vl —

8p'L —

85, —
€92

L9l ~
69°L ~

[4: 94 /

;L=
v8'L-T
v8'L /

0s'8
ﬂm.w/
58
£€5'8 V
+S'8
+S'8 N.
95'8
95'8

- //////////

pin
TMS

H
® Ph~

£9°€

mliad

T.O

T

T
7.2

7.3

T

7.4

T

T
7.5

7.6

T

T
7.7

7.8

T

T T T T T
8.4 8.3 8.2 8.1 8.0 7.9

T

T

6.9 6.8 6.7 6.6

7.0

7.1

8.5

8.6

ppm

Figure B-41: Expansion of *H NMR spectrum of 1:1 3.6a/3.6b in CD3sCN at 70 °C (aryl region).
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Figure B-42: Expansion of *H NMR spectrum of 1:1 3.6a/3.6b in CDsCN at 70 °C (aliphatic region, * indicates 3.6a, # indicates 3.6b,
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Figure B-43: Stacked plot of variable-temperature *H NMR spectra for 1:1 3.6a/3.6b in CDsCN (* indicates 3.6a, # indicates 3.6b, %
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Figure B-44: 'H NMR spectrum of 3.7 in CDCls.
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Figure B-45: Expansion of *H NMR spectrum of 3.7 in CDCls (aryl region, * indicates benzene).
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Figure B-46: *C{*H} NMR spectrum of 3.7 in CDCls.
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Figure B-47: Expansion of 23C{*H} NMR spectrum of 3.7 in CDCls (aryl region, * indicates benzene).
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Figure B-48: !B NMR spectrum of 3.7 in CDCls.

150



39.69

T
140

—T

—

120

—

—
100

—

40 20 0 -20 -40 -60 -80 -100 -120 -140

Figure B-49: *'P{*H} NMR spectrum of 3.7 in CDCls.

151

-160

-180

-200

-220

-240



Transmittance [%]

75

100

95

a0

85

80

70

65

80

T T T T T T
3500 3000 2500 2000 1500 1000
Wavenumber cm-1

Figure B-50: FT-IR spectrum of 3.7.
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Figure B-51: *H NMR spectrum of 3.8 in CDsCN.
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Figure B-52: Expansion of *H NMR spectrum of 3.8 in CD3CN (aryl region).
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Figure B-53: Expansion of *H NMR spectrum of 3.8 in CD3CN (aliphatic region).
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Figure B-54: *C{*H} NMR spectrum of 3.8 in CDsCN (* indicates CDsCN).
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Figure B-55: Expansion of 23C{*H} NMR spectrum of 3.8 in CDsCN (aryl region, * indicates CD3CN).
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Figure B-56: Expansion of 2*C{*H} NMR spectrum of 3.8 in CDsCN (aliphatic region, * indicates CD3CN).
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Figure B-57: !B NMR spectrum of 3.8 in CD3CN.

159



Transmittance [%]

100

a5

80

85

80

75

70

65

@
Pho . _ TMS® K(crown)

.Cr
o5 e
3.8

3500 3000 2500 2000

Figure B-58: FT-IR spectrum of 3.8.

T
1500
Wavenumber cm-1

160

1000

500




Table B-1: X-ray crystallographic details for 3.4edioxane, 3.4¢THF, 3.4eDME, 3.5, 3.6a, 3.6b, 3.7, and 3.8.

Compound 3.4edioxane 3.4eTHF 3.4eDME 3.5 3.6a 3.6b 3.7 3.8

CCDC 1981968 1981969 1981970 1981971 1981972 1981973 1981974 1981975
Empirical CaoH3sBKO4Si  CyH30BKOSi  CpsH32:BKO,Si CasH2sBSi CsoH104B4K> CaoHs9B2KOsSi CaoH37AUBPSi  CaHasBCICrK
Formula OsSi> OqSi

FW (g/mol) 540.60 436.50 454.51 340.33 1363.27 708.68 784.53 945.74
Crystal Monoclinic Orthorhombic ~ Monoclinic Monoclinic ~ Monoclinic Orthorhombic Monoclinic Monoclinic
System

Sgace Group P 2i/n C222 P 2:i/n P 2i/n P 2i/n Pna2; P 2:/c Cc

a(A) 10.9795(4) 11.8056(16) 11.2626(3) 10.9911(5) 14.6615(8) 18.6318(6) 17.6348(13) 14.3218(5)
b (A) 10.4357(3) 17.5139(16) 13.5565(3) 12.8668(6) 12.7425(7) 22.1291(7) 11.9586(9) 32.2867(9)
c(A) 25.2480(8) 23.592(3) 17.0667(4) 13.6970(6) 20.5645(11) 9.7488(3) 18.0192(13) 9.8202(13)
a (deg) 90 90 90 90 90 90 90 90

B (deg) 90.4046(12) 90 104.2659(8) 93.828(2) 91.322(22) 90 115.127(2) 103.1699(3)
y (deg) 90 90 90 90 90 90 90 90

V (A3 2892.81(16) 4877.9(10) 2525.41(11) 1932.71(15) 3840.9(4) 4019.5(2) 3440.4(4) 4421.5(2)
z 4 8 4 4 2 4 4 4

Dc (g cm®) 1.241 1.189 1.195 1.170 1.179 1171 1.515 1.421
nga\ldiation A 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073
'(Fe3np (K) 150 150 150 150 150 150 150 150

R1 0.0496 0.0680 0.0431 0.0363 0.0452 0.0472 0.0587 0.0399
[1>2(0)I]?

WwR2 (F?)?2 0.1198 0.1924 0.1139 0.1174 0.1302 0.1446 0.1602 0.1086
GOF (5)2 1.040 1.135 1.039 1.127 1.086 1.069 1.188 1.147

aR1(F[I > 2(D)]) = YI|Fo| - [Fe [I'S. |Fol; WR2(F 2 [all data]) = [w(Fo % - Fe 2) 2] ¥2; S(all data) = [w(Fo 2 - Fc 2) 2 /(n - p)]*? (n = no. of
data; p = no. of parameters varied; w = 1/[? (Fo ?) + (aP) 2 + bP] where P = (Fo 2 + 2F 2 )/3 and a and b are constants suggested by the
refinement program.
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Figure B-59: Dimeric structure of 3.6a. Hydrogen atoms (except for boron-bound hydrides) and non-coordinated solvates are omitted
for clarity, and thermal ellipsoids are drawn at the 50% probability level.

162



Figure B-60: Polymeric structure of 3.4edioxane. Hydrogen atoms are omitted for clarity, and thermal ellipsoids are drawn at the 50%
probability level.
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and thermal ellipsoids are drawn at the 50%

164

Figure B-61: Polymeric structure of 3.4¢THF. Hydrogen atoms are omitted for clarity,

probability level.



Figure B-62: Polymeric structure of 3.4eDME. Hydrogen atoms are omitted for clarity, and thermal ellipsoids are drawn at the 50%
probability level.
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Figure B-63: Frontier molecular orbitals of 3.4. B3LYP-D3(BJ)/def2-SVP in THF solvent.
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Figure B-64: Frontier molecular orbitals of 3.7. B3LYP-D3(BJ)/def2-SVP in THF solvent.
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Figure B-65: Frontier molecular orbitals of 3.8. B3LYP-D3(BJ)/def2-SVP in THF solvent.
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Figure C-1: 'H NMR spectrum of 4.1 in CDsCN.
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Figure C-2: Expansion of *H NMR spectrum of 4.1 in CD3CN (aryl region).
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Figure C-3: Expansion of *H NMR spectrum of 4.1 in CDsCN (aliphatic region).

171



PR RS B B B IR RIS B 38 o
R R Ru R R RN R A R el R& S
===\ \ /
*
/CN
® 2 Ho
[K(crown*)]  PhaZ © 3SiMeg
41
|
[l
| |
|
o 1J|I i
T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
20 210 200 190 180 170 160 150 140 130 90 80 70 60 50 40 30 20 10 0 10

Figure C-4: *C{*H} NMR spectrum of 4.1 in CDsCN (* indicates CDsCN).



8 & 7 2y g 8 Y 33R5 5ARR 7
2] ~ o @ n < o @ ~ n mmmnao o~
g = g g g 3 2 & 3 8498 3389 3
lod I I N v
CN «
®phl o Hsim
[K(crown®)] ~ Phal. © poiMes
41

D\ ;

—

i j A hk AUJ|L

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
152 150 148 146 144 142 140 138 136 134 132 130 128 126 124 122 120 118 116 114 112 110
ppm

Figure C-5: Expansion of 3C{*H} NMR spectrum of 4.1 in CD3CN (aryl region, * indicates CDsCN).
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Figure C-8: FT-IR spectrum of 4.1.
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Figure C-9: 'H NMR spectrum of 4.2 in CDCls (* indicates THF).
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Figure C-10: Expansion of *H NMR spectrum of 4.2 in CDClIs (aryl region).
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Figure C-11: Expansion of *H NMR spectrum of 4.2 in CDCls (aliphatic region, * indicates THF).
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Figure C-12: *C{*H} NMR spectrum of 4.2 in CDCl; (* indicates THF).
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Figure C-13: Expansion of *3C{*H} NMR spectrum of 4.2 in CDCIs (aryl region).
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Figure C-14: 1B NMR spectrum of 4.2 in CDCls.
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Figure C-15: **F{*H} NMR spectrum of 4.2 in CDCls.
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Figure C-16: FT-IR spectrum of 4.2.
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Figure C-17: 'H NMR spectrum of 4.3 in CDsCN.
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Figure C-18: Expansion of *H NMR spectrum of 4.3 in CDsCN (aryl region).
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Figure C-19: *C{*H} NMR spectrum of 4.3 in CD3CN (* indicates CD3CN).
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Figure C-20: Expansion of *C{*H} NMR spectrum of 4.3 in CDsCN (aryl region, * indicates CDsCN).
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Figure C-21: 'B NMR spectrum of 4.3 in CDsCN.
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Figure C-22: FT-IR spectrum of 4.3.
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Figure C-25: Expansion of *H NMR spectrum of 4.4 in THF-ds (aliphatic region, * indicates THF-ds, # indicates n-pentane).
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Figure C-26: *C{*H} NMR spectrum of 4.4 in THF-ds (* indicates THF-ds, # indicates n-pentane).
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Figure C-27: Expansion of 3C{*H} NMR spectrum of 4.4 in THF-ds (aryl region).
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Figure C-28: 'B NMR spectrum of 4.4 in THF-ds.
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Figure C-29: FT-IR spectrum of 4.4.
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Figure C-30: *H NMR spectrum of 4.5 in CDCls.
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Figure C-31: Expansion of *H NMR spectrum of 4.5 in CDClIs (aryl region).
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Figure C-33: Expansion of **C{*H} NMR spectrum of 4.5 in CDCIs (aryl region).
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Figure C-34: 1B NMR spectrum of 4.5 in CDCls.
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Figure C-35: FT-IR spectrum of 4.5.
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Table C-1: X-ray crystallographic details for 4.1-4.6.

Compound 4.1 4.2 4.3 4.4 4.5 4.6
CCDC 2055588 2055589 2055590 2055591 2055592 2055593
Empirical Formula C4sHs7:BKNOgSi  CigHs3BFsKOsSi Cs1H30BCI:KSi CeoHesB2CIl2K2N2Si; Cs1H42B2Cl K20, CasH32B2K:0,
FW (g/mol) 853.94 940.98 551.45 1152.15 857.57 620.46
Crystal System Triclinic Triclinic Triclinic Orthorhombic Monoclinic Orthorhombic
Space Group P-1 P-1 P-1 Pbcn C2 Pbca

a(A) 12.8450(6) 12.8356(9) 9.4582(6) 34.9192(11) 14.1976(4) 7.6101(3)

b (A) 13.0893(6) 12.9157(10) 12.0005(7) 12.4926(3) 11.5651(3) 17.8756(7)
c(A) 13.8502(6) 15.4217(11) 14.1845(10) 13.4223(4) 12.5866(3) 21.8496(9)

a (deg) 91.766(2) 95.417(3) 103.006(3) 90 90 90

B (deg) 92.514(2) 107.934(3) 91.479(3) 90 93.1742(11) 90

y (deg) 100.196(2) 90.978(3) 111.154(2) 90 90 90

V (A% 2287.92(18) 2418.7(3) 1452.79(16) 5855.2(3) 2063.51(9) 2972.3(2)

z 2 2 2 4 2 4

Dc (g cm™®) 1.240 1.292 1.261 1.307 1.380 1.387
Radiation 4 (A) 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073
Temp (K) 150 150 150 150 150 150

R1 [I>2(a)1]? 0.0765 0.0784 0.0813 0.0776 0.0417 0.0698

WR2 (F?)? 0.2184 0.1860 0.2420 0.2137 0.1010 0.1932

GOF (9)? 1.095 1.076 1.148 1.079 1.035 1.072

AR1(F[I > 2(D)]) = SI|Fo| - |Fe I/’ Y. |Fo|; WR2(F 2 [all data]) = [w(Fo 2 - Fc 2) 2] ¥/2; S(all data) = [w(Fo 2 - Fc 2) 2 /(n - p)]¥? (n = no. of
data; p = no. of parameters varied; w = 1/[? (Fo ?) + (aP) 2 + bP] where P = (Fo 2 + 2F 2 )/3 and a and b are constants suggested by the
refinement program.
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Figure C-36: Dimeric structure of 4.3. Hydrogen atoms (except at the chiral center) and dichloromethane solvate are omitted for clarity,
and thermal ellipsoids are drawn at the 50% probability level.
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Figure C-37: Polymeric structure of 4.4. Hydrogen atoms (except at the chiral center) are omitted for clarity, and thermal ellipsoids are
drawn at the 50% probability level. For disordered atoms, only the component with the higher occupancy is shown.
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Figure C-38: Polymeric structure of 4.5. Hydrogen atoms (except those derived from phenol) are omitted for clarity, and thermal
ellipsoids are drawn at the 50% probability level.
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Figure C-39: Polymeric structure of 4.6. Hydrogen atoms (except those derived from water) are omitted for clarity, and thermal
ellipsoids are drawn at the 50% probability level.
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Table C-2. B3LYP/def2-TZVP(THF) calculated barrier heights (AG, kJ/mol).

Substrate TS4.1 TS4.2 TS4.3  Product
H20 86.5 48.0 120.5 2
CH3CN 120.2 95.5 130.5 1
CeFsH 111.0 123.1 127.1 1
PhCCH 108.7 89.2 1155 1
PhoNH 82.2 139.3 84.5 1
PhOH 48.2 80.9 46.4 2
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Table C-3: Energies computed at the B3LYP-D3(BJ)/def2-SVP (IEFPCM, SMD, THF)

Compound Energy (kJ/mol)
3.4 -1165.55421460
(H20)2 -152.743310158
MeCN -132.667514658
CeFsH -727.337415642
PhCCH -308.208784885
PhoNH -518.352569587
PhOH -307.281442745
TS4.1 (H20) -1318.29337959
TS4.1 (MeCN) -1298.19211679
TS4.1 (CeFsH) -1893.40329788
TS4.1 (PhCCH) -1473.73943369
TS4.1 (PhoNH) -1683.90145245
TS4.1 (PhOH) -1472.83931403
Int4.1 -1166.06303833
H>O-OH" -152.188121414
CH2CN" -132.125886503
CeFs -727.337415642
PhCC" -307.681616751
PhoN- -517.829113879
PhO -306.770767599
Prod4.1 (H20) -1318.35836715
Prod4.1 (MeCN) -1298.2525385
Prod4.1 (CesFsH) -1893.46279723
Prod4.1 (PhCCH) -1473.81138666
Prod4.1 (PhoNH) -1683.94644368
Prod4.1 (PhOH) -1472.89469177
TS4.2 (H20) -1318.29034245
TS4.2 (MeCN) -1298.18490614
TS4.2 (CeFsH) -1893.39590947
TS4.2 (PhCCH) -1473.73962424
TS4.2 (PhoNH) -1683.8767599
TS4.2 (PhOH) -1472.83830804
Int4.2 -757.017036425
H20-MesSiOH -561.325331259
MesSiCH2CN -541.210408757
MesSiCeFs -1136.41971913
MesSiCCPh -716.767800908
MesSiNPh; -926.907630003
MesSiOPh -715.857080536
TS4.3 (H20) -909.744455199
TS4.3 (MeCN) -889.646168021
TS4.3 (CeFsH) -1484.8620052
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Compound Energy (kJ/mol)
TS4.3 (PhCCH) -1065.19977133
TS4.3 (PhoNH) -1275.35856519
TS4.3 (PhOH) -1064.30057052

Int4.3 -757.508865028
Prod4.2 (H20) -909.815225283
Prod4.2 (MeCN) -889.708100393
Prod4.2 (CesFsH) -1484.92061789
Prod4.2 (PhCCH) -1065.26750032
Prod4.2 (PhaNH) -1275.40304487
Prod4.2 (PhOH) -1064.34962039
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Supplementary Information for Chapter Five
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Figure D-1: *H NMR spectrum of 5.4a in CDCls.
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Figure D-3: Expansion of *H NMR spectrum of 5.4a in CDCl; (aliphatic region).
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Figure D-5: Expansion of 3C{*H} NMR spectrum of 5.4a in CDCl5 (aryl region).
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Figure D-6: Expansion of *C{*H} NMR spectrum of 5.4a in CDClIs (aliphatic region).
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Figure D-7: 1B NMR spectrum of 5.4a in CDCls.
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Figure D-8: FT-IR spectrum of 5.4a.
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Figure D-9: *H NMR spectrum of 5.4b in CDCls.
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Figure D-10: Expansion of *H NMR spectrum of 5.4b in CDClIs (aryl region).
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Figure D-11: Expansion of *H NMR spectrum of 5.4b in CDClIs (aliphatic region).
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Figure D-12: 3C{*H} NMR spectrum of 5.4b in CDCls (* indicates grease).
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Figure D-13: Expansion of 3C{*H} NMR spectrum of 5.4b in CDClIs (aryl region).
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Figure D-14: Expansion of *C{*H} NMR spectrum of 5.4b in CDCls (aliphatic region, * indicates grease).
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Figure D-15: 'B NMR spectrum of 5.4b in CDCls.
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Figure D-16: FT-IR spectrum of 5.4b.
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Figure D-17: *H NMR spectrum of 5.5 in CgDs.
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Figure D-18: Expansion of *H NMR spectrum of 5.5 in CsDs (aryl region).
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Figure D-19: B3C{*H} NMR spectrum of 5.5 in C¢Ds.
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Figure D-20: Expansion of 3C{*H} NMR spectrum of 5.5 in CsDs (aryl region).
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Figure D-21: 'B NMR spectrum of 5.5 in CgDe.

233



Transmittance [%]

50

70 80 90 100

60

30 40

20

T T T T
2500 2000 1500 1000
Wavenumber cm-1

Figure D-22: FT-IR spectrum of 5.5.
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Figure D-24: Expansion of *H NMR spectrum of 5.7 in CsDs (aryl region).
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Figure D-25: Expansion of *H NMR spectrum of 5.7 in CsDs (aliphatic region).
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Figure D-26: 33C{*H} NMR spectrum of 5.7 in C¢Ds.
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Figure D-27: Expansion of 3C{*H} NMR spectrum of 5.7 in CsDs (aryl region).
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Figure D-29: 1B NMR spectrum of 5.7 in CgDe.

241



Transmittance [%)]

75

100

95

90

85

80

65 70

60

T T T T
2500 2000 1500 1000
Wavenumber cm-1

Figure D-30: FT-IR spectrum of 5.7.
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Table D-1: X-ray crystallographic details for 5.4a, 5.4b, 5.5, 5.7, 5.8, 5.9, and 5.10.

Compound 5.4a 5.4b 5.5 5.7 5.8 5.9 5.10

CCDC

Empirical C3oH34BRhSi CgoH3z4BIrSi C24H2,BO2RNSi CaH26BO2RhSIi CsoHs0BoFeSiz;  CagHsoBaFeNzSi;  CorHorBFeSi
Formula

FW (g/mol) 536.38 625.67 484.22 440.22 784.55 788.55 446.23
Crystal System Monoclinic Monoclinic Monoclinic Monoclinic Monoclinic Triclinic Orthorhombic
Space Group P 2i/n P2; P 2i/n P 2i/c P 2i/n P-1 P212:2;
a(A) 8.0857(2) 8.1159(2) 12.3516(9) 17.3967(5) 13.2047(5) 11.811(1) 9.2649(10)
b (A) 26.1897(8) 16.8603(4) 13.2338(9) 7.7875(2) 12.4134(4) 12.1808(9) 13.9458(15)
c(A) 11.9546(4) 10.0230(3) 13.6808(9) 15.7760(4) 25.6818(8) 14.7978(12) 34.370(4)

a (deg) 90 90 90 90 90 80.932(3) 90

B (deg) 91.4112(10)  113.3504(8)  95.797(3) 105.7830(9) 96.7741(14) 79.441(3) 90

y (deg) 90 90 90 90 90 76.351(3) 90

V (A% 2530.76(13)  1259.18(6) 2224.8(3) 2056.70(10) 4180.2(2) 2019.1(3) 4440.8(9)

z 4 2 4 4 4 2 8

Dc (g cm™) 1.408 1.650 1.446 1.422 1.247 1.297 1.335
Radiation 2 (A) 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073
Temp (K) 150 150 150 150 150 150 150

R1 [I>2(a)I]? 0.0470 0.0297 0.0591 0.0181 0.0485 0.0639 0.1166
wR2 (F?)? 0.1368 0.0892 0.1519 0.0460 0.1224 0.1703 0.2865
GOF (9)? 1.355 1.259 1.215 1.093 1.011 1.088 1.156

AR1(F[I > 2(D)]) = SM|Fo| - |[Fe |I/' Y. |Fol; WR2(F 2 [all data]) = [w(Fo 2 - Fc 2) 2] Y2, S(all data) = [w(Fo 2 - Fc 2) 2/(n - p)]? (n = no. of
data; p = no. of parameters varied; w = 1/[? (Fo 2) + (aP) 2 + bP] where P = (Fo 2 + 2F 2)/3 and a and b are constants suggested by the

refinement program.
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