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ABSTRACT

Over the last century, transition metal-catalyzed C-H functionalization has
emerged as one of the most important topics in synthetic chemistry. One type of C-H
functionalization, known as C-H borylation, generates organoboron reagents directly
from hydrocarbon substrates. The synthetic utility of organoboron compounds is well
established and numerous systems have been developed for the catalytic C-H borylation
of alkyl and aromatic substrates since the reaction was first conceived over 20 years ago,
yet catalysts that support high TONs remain limited to a handful of examples. Here we
present highly active POCOP iridium complexes for the catalytic C-H borylation of
arenes. In favorable cases, TONs exceeding 10,000 have been observed. The synthesis
and isolation of multiple complexes potentially relevant to catalysis permitted
examination of several key elementary reactions. We found C-H activation at Ir(l) here
is in contrast to the olefin-free catalysis with state-of-the-art Ir complexes supported by
neutral bidentate ligands, where the C-H activating step is understood to involve
trivalent Ir-boryl intermediates.

Next, we investigated the stoichiometric reactivity of a (POCOP)Ir(boryl),
complex with various small molecules under thermolytic conditions. Transition metal-
boryl complexes are ubiquitous in the literature and have been identified as key
intermediates in several critical chemical transformations including C-H borylation and

hydroborylation chemistries. The (POCOP)Ir(boryl), complex was found to undergo



several stoichiometric transformations including reduction of CO, to CO, 1,2-
diborylation of ethylene and the selective protonation of one boryl ligand.

The synthesis and characterization of novel POCS pincer complexes of nickel,
palladium and iridium are described. The modular design of the POCS pincer ligand
allowed the exploration of monomeric and bridging ligand designs akin to PNN and
PCN complexes.

The selective B-H functionalization of the mono-anionic carborane [HCB1;1H11]™
with one or three triflyloxy (OTf) groups is described. The mono-triflyloxy substituted
carborane can be halogenated to give pentabromo and decachloro derivatives with
preservation of the B-OTf linkage. The use of [HCB,Cl,OTf] as a weakly

coordinating anion is demonstrated.
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CHAPTER |
INTRODUCTION AND LITERATURE REVIEW"

1.1 Introduction

A premier focus of organometallic chemistry over the past 50 years has been the
use of molecular transition metal catalysts for the functionalization of unactivated C-H
bonds.* Transition metal catalyzed "C-H bond functionalization" specially refers to cases
where a catalyst inserts directly into a C-H bond to affect the transformation resulting in
the installation of a new functional group in place of H (Scheme I-1, top).? The insertion
step is commonly referred to as "C-H bond activation” although the terms activation and
functionalization are occasionally used synonymously. As summarized by Eisenstein,
Glorius and coworkers,** the C-H bond activation step is categorized into several
different types: o-bond metathesis, oxidative addition, electrophilic activation and
Lewis-base assisted metalation or 1,2-addition (Scheme I-1, bottom). The nature of this
pathway is highly dependent on many factors including the transition metal catalyst,
ligands, solvent, additives and the substrate. This transformation is in contrast to the C-H
bond substitutions of classic organic chemistry. Industrially, this organic reactivity is
utilized to transform hydrocarbon substrates into value-added products via processes
such as ethylene from ethane pyrolysis,®> chlorination of methane® and the cumene

synthesis via Friedel-Crafts alkylation (Scheme 1-2).”

" Reproduced in part from “Triflyoxy-Substituted Carboranes as Useful Weakly
Coordinating Anions” by Press, L. P.; McCulloch, B. J.; Gu, W.; Chen, C.; Foxman, B.
M.; Ozerov, O. V. Chem. Commun., 2015, 51, 14043, Copyright [2015] by Royal
Society of Chemistry.
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Transition Metal Catalyzed C-H Bond Functionalization

C-H bond
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R deprotonation

Scheme I-1. C-H bond functionalization (top) and activation pathways (bottom).

These reactions follow organic reaction pathways such as radical substitution or
electrophilic aromatic substitution which tend to be under electronic control and poorly
selective. C-H bond functionalization aims to provide useful methodologies for the
preparation of organic molecules, particularly under conditions typical of the academic

laboratory,® although industrially applicative processes are naturally of interest.*®



pyrolysis of CyHg —— =  CyH,4 + H, + other products

ethane 650-850 °C
thermal CH4 + C|2 —_— CH3C| + CH2C|2
chlorination 320-550 °C + CHCI; + CCl, + HCI

H .
acid Pr

cumene RN catalyst

synthesis 5-15atm 35.70 oC

Scheme 1-2. Pyrolysis of ethane, thermal chlorination of methane and Friedel-Crafts

alkylation of benzene.

1.2 Types of C-H bond functionalization

In general C-H bond functionalizations are categorized based on the nature of
preexisting functional groups within the substrate.® In recent reviews, Hartwig et al. have
categorized transition metal catalyzed C-H functionalizations as either "directed” or
"undirected" functionalization (Scheme 1-3).2° Yu et al. group transition metal catalyzed
C-H functionalizations into two distinct subfields called “first functionalization” and
“further functionalization” (Scheme 1-4).° Baran et al. take a broader approach and have
categorized all C-H functionalizations (i.e. organic as well as transition metal-catalyzed
transformations) into those that are “guided” versus those that are “innate” (Scheme

|_5).ll



Directed vs. Undirected C-H Functionalization

SiMezH SiMezH
[Ir] catalyst
® ® boron reagent FG
B — e
Directed

® = accessible positions for C-H activation by [Ir]

[Ir] catalyst
A A boron reagent
* *

* Undirected

* and * = sterically accessible statlst|cal mixture

A = sterically inaccessible

Scheme 1-3. Hartwig et al. classify transition metal catalyzed C-H functionalization into

two categories, directed versus undirected.

In essence, the labels “directed” and “further functionalization” are similar ways
of describing a type of C-H functionalization using substrate(s) that contains a functional
group or groups, usually Lewis bases, capable of coordinating to a transition metal
center which then affects the transformation via C-H activation. On the other hand, the
labels  “undirected” and “first functionalization” generally describe C-H
functionalizations of alkyl and aryl hydrocarbon substrates or sections of substrates (e.g.

n-octane, toluene or the



First vs. Further C-H Functionalization
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CHs N 3 M] “EG
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Scheme I-4. Yu et al. categorize transition metal catalyzed C-H functionalization as first

and further functionalization (top).

Guided vs. Innate C-H Functionalization
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Scheme 1-5. Baran et al. categorize C-H functionalization as either guided or innate

functionalization.



hydrocarbon section of testosterone) containing no functionality beyond C-H and C-C or
aromatic C=C bonds. Organic compounds containing heteroatoms, which by definition
contain at least one type of atom other than carbon or hydrogen, often have certain C-H
bonds that are more reactive than purely hydrocarbon substrates. Hartwig defines
directed functionalization as “those directed by coordination to an existing functional
group prior to the cleavage of the C-H bond.”*® Yu clarifies that “first functionalization”
is defined as “the functionalization of substrates that are nonpolar and hydrophobic and
thus interact very weakly with polar metal species.” Therefore, heteroatom containing
substrates are generally placed into the “undirected” and “first functionalization”
category unless they contain additional functional groups which affect the selectivity of
C-H functionalization. For simplicity, we will use the terms “directed” and “undirected”
for this discussion. In directed C-H functionalizations, a substrate binds in a particular
orientation giving the transition metal complex ample opportunity for C-H bond
activation and functionalization by effectively placing the substrate’s C-H bonds within
the coordination sphere of the metal center. Directed C-H functionalization typically
provides excellent selectivity because only specific C-H bonds within a substrate will be
metalated via C-H activation. A potential downside to directed C-H functionalizations is
that the Lewis base directing functional group(s) must either be removed or tolerated in
the final product. Undirected C-H functionalization relies on C-H bond coordination and
subsequent activation by a transition metal complex but the C-H bonds of hydrocarbon
substrates are weak o-bases as well as weak m-acids and therefore relatively poor

ligands.? Selectivity in these substrates will typically be governed by a combination of
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steric and/or electronic factors.® This leads to a dilemma where various C-H bonds
within hydrocarbon substrates are potential sites for C-H functionalization therefore
attempts at undirected functionalization may result in poor selectivity (Scheme 1-3).
Improving the selectivity of undirected C-H functionalizations is arguably one of the
most important topics in synthetic chemistry.
1.3 Early examples of C-H activation and functionalization

Early examples of C-H activation and functionalization include the work of
Shilov and Shulpin who demonstrated the Pt catalyzed oxidation of alkanes including
methane.'? Parshall conveniently reviewed intramolecular ortho- C-H activations of
nitrogen and phosphorous ligands (referred to as cyclometalation) as early as 1970.%
Some quintessential examples include cyclometalation in (PPhs);IrCl 101 to give 102

(Scheme 1-6, left)** and 103 to give 104 (Scheme I-6, right).

Cyclometalation

PPh,

PhsP,,  .Cl PhsP., |\\\C| PhgP:,  «CHs PhsP,,

o B Rh . Rh + H3C-H

g YO

Php”  PPh, 4 [ PPh,  PhaP PPh;  ppp?” P

H H Ph,

104
101 102 103

Scheme 1-6. Classic examples of intramolecular ortho- C-H activation also known as

cyclometalation by Milner et al. and Keim.



Fujiwara and coworkers investigated catalytic oxidative C-C bond formation.*>*’

In 1979, stoichiometric alkane dehydrogenation using Ir complexes was first reported by
Crabtree.'® This alkane dehydrogenation chemistry was further investigated by Felkin'®"
2L and Crabtree.””*® Bergman® and Graham?® independently investigated the C-H
activation of alkanes by cyclopentadienyl Ir complexes. In those studies Bergman et al.

employed compound 105 for the photolytic of cyclohexane to give 106 followed by

thermolysis of 106 in the presence of methane (Scheme I-7).

. 2
< \Ir (20 atm) \|r—CH3
Ir—H [N

hv I\ A

- H2 M63P H Me3P H

Me,p H
106 107

105

Scheme I-7. C-H activation of cyclohexane and methane investigated by Bergman et al.

In the early 1990s, Goldman demonstrated the high activity of (PMe3),Rh(CO)CI
for catalytic transfer dehydrogenation of alkanes under an H, atmosphere.?® Reviews
from the 1980s,>"?* 1990s'%?® and early 2000s%?°3%*" summarized early examples of C-
H activation and functionalization. Today C-H functionalization has become one of the
most popular topics among synthetic chemists and numerous methodologies have been
developed for the transformation of C-H bonds into C-C, C=C, C-Halogen, C-O, C-B
and C-Si bonds, among others. Due to the overwhelming number of examples of C-H

activation and functionalization some important contributions will unfortunately be
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overlooked and a full discussion of all of these transformations is beyond the scope of
this introduction. Here we will briefly summarize some common types of C-H
functionalizations, as well as discuss some recent advances within these examples
relevant to this dissertation.
1.4 Directed C-H functionalizations

The directed C-H functionalization of arenes is one of the most extensively
studied transformations within the topic of C-H functionalization and the astounding

number of examples in the literature necessitates brief mention.

o RuH,(CO)(PPhs) q
R' R N /\/SIME;g Llys':, R' R
toluene, reflux SiMe;

4h

R .
C-H | _~_-SiMes
Ru(0) Activation - No hydroarylation | =~
ol
/

H

ketone directs
cyclometalationby Ru(0)

Scheme 1-8. Catalytic ortho-alkylation of aromatic ketones by Murai and co-workers

Murai et al. pioneered one of the first synthetically useful C-H functionalizations with
the highly selective Ru catalyzed ortho-alkylation of aromatic ketones (Scheme 1-8).%
Brookhart and co-workers later demonstrated similar ortho-alkylation chemistry with Rh

catalysts.® Fujiwara et al. used Pd and Pt catalysts for the inter- and intramolecular



hydroarylation of aromatic carboxylates with alkynes.*** Yu et al. have investigated the
concept of weak substrate coordination in Pd catalyzed directed C-H functionalizations.’
Sanford and co-workers developed a highly selective Pd catalyzed directed
acetyloxylation of C-H bonds.*® They proposed a chelate-directed C-H activation of
substrate by 108 to give 109 followed by oxidation to the Pd(IV) intermediate 110 which
eliminates the functionalized product and regenerates 108 (Scheme 1-9). Sanford et al.
have thoroughly investigated the use of strongly coordinating nitrogen containing
ligands in Pd catalyzed C-H functionalizations to afford C-O, C-C, C-N and C-halogen
bonds.*” Ritter and co-workers identified discrete bimetallic benzo[h]quinoline Pd(l11)
complexes capable of carbon-halogen and carbon-oxygen reductive eliminations and
suggested these species as mechanistic alternatives to monometallic Pd(I1)-Pd(IV) redox
cycles put forth by Sanford et al.*® They later observed Pd(I11)-Pd(l11) intermediates in

catalytic oxidative C-H functionalization studies.*
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cat. Pd(OAc), AcQ
2.3 equiv PhI(OAc)
7\ 0N 78%
=N CH5CN, 100 °C, =N
AcO

12h

S | ~

| _N OAc _N _

N N

110 PdY Pd
RN AN

OAc
>_< 109
Ph-I PhI(OAc)

Scheme 1-9. Oxidative acetyoxylation of phenylpyridines by Sanford et al. with

proposed catalytic pathway.

Daugulis and co-workers have developed Pd catalyzed C-H arylations of directing
substrates such as anilides, benzamides, benzoic acids, benzylamines and 2-substituted
pyridine derivatives with aryl iodides.*® Daugulis et al. have also focused on the C-H
arylation of heterocycles using Cu phenanthroline type catalysts.*”*! Bergman, Eliman
and others have demonstrated the use of Rh catalysts for the olefin-directing
hydroarylation of nitrogen heterocycles.*” The use of cheaper first row transition metals
such as Mn have been utilized in ligand-directed catalytic C-H functionalizations such as
hydroarylations, alkenylations, annulations and azidations, among others.*** White et
al. have found Fe porphyrin complexes can catalyze intramolecular allylic C-H

aminations.*
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1.5 Transition metal catalyzed arene C-H bond borylation
1.5.1 Introduction to transition metal catalyzed arene C-H bond borylation
In the last 15-20 years, one type of C-H functionalization known as C-H

d. 14647484950 Eirst noted as an

borylation has grown into a mature synthetic metho
offhand observation in the synthesis of Ir boryl complexes by Marder and coworkers,
they observed the formation of organoboronate esters by GC/MS resulting from the
reactions of these complexes with hydrocarbon solvents such as toluene.”* C-H
borylation is attractive as it directly converts C-H bonds into organoboronate esters

(Scheme 1-10), whose use in a large number of synthetic transformations has been well

documented.>?

,O catalyst ,O
H + H-B, E—— B, + H,
(0] (0]

H—Bpin Ar-Bpin
O\ ,O catalyst /O .
H + B—B_ —_ B, + HBpin
0] (@) (0]
B,pin, Ar-Bpin

Scheme 1-10. Catalytic formation of organoboronate esters via C-H functionalizations.

The net reactions of catalytic borylation of arenes with HBpin or B,pin..
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Traditionally, organoboronate esters have been synthesized using the methods of
organic chemistry or Pd catalyzed coupling reactions and therefore are reliant on the use

of halogenated arenes with strong bases or Grignard reagents (Scheme 1-11).%

Synthesis of Arylboronates from Aryl Halides

RII'_Li
or "
OR"  ArMgX OR
R’ OR" R
X =Br, |
Pd cat., "
R"O\ /OR" base /OR
X + /B_B\ B\ "
R/ R"O OR" R/ OR
X =Br, |, OTf OR”
r H—B\
ORll

Scheme I-11. Synthetic methods for the formation of organoboronate esters.

The history and scope of C-H borylation has been thoroughly reviewed.*"*#4
Early examples of transition metal catalyzed C-H borylation of alkanes utilized Ru,>®
Rh,>* and Re.>® The most impressive reactivity thus far has been achieved with Ir
catalysts. Recent successes with Fe/Cu,”® Co,”"*® Pt,>® and even main group® catalysts
indicate that catalytic aromatic C-H borylation is not limited to the heavier group 9

metals. Nonetheless, Ir catalysts have proven especially effective in borylation of

aromatic C-H bonds where bidentate bis(phosphine),>® bipyridine-type or 1,10-
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henanthroline ligands®! have given rise to remarkable turnover numbers with sterically
p g g

controlled selectivity (Scheme 1-12).

Smith et al.
2 mol% (Ind)Ir(cod)

2 mol% L .
+ HBpin Bpin
R

150 °C

R
- /N /N

L= Me,P  PMe, O Ph,P  PPh,
dmpe dppe

Hartwig et al.

1.5 mol% [(cod)IrCl],

H o,
@ , HBpin 3.0 mol% L @Bpm
or B,pin, R

80 °C

bpy

R

Scheme 1-12. Formation of organoboronate esters via Ir catalyzed C-H

functionalizations. Work of Smith et al. (top) and Hartwig et al. (bottom).

1.5.2 Mechanism of L,lr(Bpin); catalyzed C-H borylation

The mechanism of Ir-catalyzed C-H borylation is believed to proceed via a 16-
electron triboryl intermediate L,Ir(Bpin)s (111, Scheme 1-13, top), which activates the
arene C-H bond via oxidative addition (as shown in Scheme 1-13) or the closely related

oxidative hydrogen migration pathway®*°%%364
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L, = bis(phosphine) or

bis(nitrogenous) ligand
(nitrog ) lig B,Pin, or HBpin

Ar-H Bpin _
L, ~Bpin HBpin or H,
SN
L/ Bpin
111
HN. N
Bpin (\ . = 8
L, | .Bpin SiRy { Ny, | N _
"'Ir‘\\ L., | Bpin /Ir\
" siMe, Ir N-p

~N : Bpin
Bpin @NH
112 113 114

Scheme 1-13. Catalytic cycle commonly invoked in Ir-catalyzed aromatic borylation and

recent analogs (112, 113, 114) to the triboryl intermediate 111.

Some of the most recent advances in Ir-catalyzed C-H borylation rely on access
to intermediates that could be viewed as modified L,Ir(Bpin)s. Hartwig and co-workers
used pendant directing Si-H groups in substrates and proposed the intermediacy of a
silyl/diboryl Ir(111) complex (112, Scheme 1-13, bottom).®® Krska, Maleczka, Smith et al.
also proposed the intermediacy of a silyl/diboryl Ir(I1l) complex 113 (Scheme 1-13,
bottom) in a study demonstrating the efficacy of phosphine/silyl or quinoline/silyl

bidentate ligands.?® Li et al. demonstrated that a combination of two pyridine/boryl
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bidentate ligands on Ir gave rise to a potent catalyst, again with an implied Ir(I11) triboryl

intermediate 114 (Scheme 1-13, bottom).®’

1.5.3 Selectivity in Ir catalyzed arene C-H borylation

Selectivity in the Ir catalyzed C-H borylation of arenes is typically under steric
control. C-H borylation of mono-substituted arene substrates (e.g. toluene) often gives
near statistical mixtures of 3- and 4-borylated products (Scheme 1-3). Exclusive

borylation in the 2-position without the use of directing groups such as hydrosilyl,®®

alkylbenzoates®® ©97

alkylamides, methylsulfonate, ethers or chloro is an ongoing
challenge. Notably, selective borylation at the 2-position of fluoroarenes has been
achieved with Co catalysts.>” The borylation of 1,2-di-substituted arenes occurs in the 4-
position while 1,3-di-substituted arenes are borylated at the 5-position. Regioselectivity
in the borylation of 1,4-di-substituted arenes is dependent on the nature of the
substituents on 1- and 4-positions but generally borylation occurs at the less sterically
encumbered position.”* Product yields may also suffer in the borylation of 1,4-di-
substituted substrates due to steric hindrance.”®”* One recent approach to improve
selectivity in Ir catalyzed C-H borylations has been the use of specialized ligands that
orient, or only allow access to, specific C-H bonds within a substrate towards the Ir

metal center. Kanai and co-workers developed modified bipyridine ligands containing

pendant urea groups (Scheme 1-14)."
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cat. [(cod)IrOMe], NHR,
NR, ) cat. ligand
+ Bypin,

rt major product
meta selective borylation

via

secondary ligand interaction
encourages meta C-H activation

Scheme 1-14. meta-selective borylation via ligand secondary interactions devised by

Kanai and co-workers.

They found these modified ligands, when used with [(cod)IrOMe], gave meta-
selective C-H borylation of mono— and 1,2-di-substituted arenes. Kanai et al. postulated
this improved selectivity was the result of hydrogen-bonding secondary interactions
between the ligand and substrate where the ligand’s pendant urea tended to orient the
substrate’s 3-position (meta-) C-H bonds toward the Ir metal center. Using bulky bi-
phenyl bis(phosphine) ligands, Itami and co-workers were able to selectively borylate

mono-substituted arenes in the 4- position (Scheme 1-15)."
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Ilgand =

MeO
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cat. [(cod)IrOH], R Bpm MeO
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meta H para
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planar L, ligands hyper bulky L, ligands
poor m, p selectivity good p selectivity

Scheme 1-15. para- selective C-H borylation employed by Itami et al.

A topic that has frequented the literature for some time is the mild transition
metal catalyzed functionalization of methane.”® Methane is an extremely abundant
hydrocarbon typically used as fuel in various capacities.’* Selective functionalization of
methane has been long standing challenge in organometallic chemistry and the topic has
been discussed in various reviews.'??”" In 2016, the groups of Sanford and Mindiola
simultaneously published reports for the borylation of methane and ethane.”®’” The
Sanford group achieved up to 68 TON for the borylation of methane (3500 kPa) with
B,pin, to CH3Bpin (51% vyield) at 150 °C using 0.75 mol% (Cp*)Rh(CsMeg) (115) as
catalyst and cyclohexane as solvent (Scheme 1-16, top). The cyclohexane solvent was

also borylated in the process and optimized conditions generated a
18



CH3Bpin:cyclohexylBpin ratio as high as 59:1 with yields of CH3Bpin up to 99%. They
also observed diborylation of methane to give CHy(Bpin),. The Mindiola group
investigated Smith and Hartwig type Ir catalysts for the borylation of methane (Scheme
I-16, bottom). They observed up to 104 TON for the borylation of methane (3447 kPa)
with Bpin; to give CH3Bpin (52% vyield) at 150 °C using [(cod)IrCl],/2 dmpe as catalyst

and cyclohexane as solvent. They also observed diborylation of methane under certain

conditions.
Rh Sanford et al.
cat. Bpin
HsC—H + Bopin, HsCBpin + HBpin + + Bpin
cyclohexane
3500 kPa 150°C, 14 h i
cyclohexylBpin CHa(Bpin),

Mindiola et al.

cat. [(cod)IrCl],

cat. dmpe pinB
H3C—H + Bypinp ——————» H3CBpin + HBpin + \—Bpin
cyclohexane
3447 kPa 150 °C, 16 h

Scheme 1-16. Borylation of methane indepedently reported by Sanford and Mindiola.
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1.6 Homogeneous transition metal-catalyzed alkane dehydrogenation
1.6.1 Alkane dehydrogenation background

Olefins, particularly linear a-olefins, are extremely valuable commodity
chemicals used in the production of detergents, polyethylene copolymers and synthetic
lubricants.” Several processes exist for the industrial production of linear a-olefins
including homogeneous Ni catalyzed ethylene oligomerization” (e.g. the Shell higher
olefin process) and heterogeneous catalytic dehydrogenation of higher alkanes using
Pt/Sn on alumnia.”” An alternative synthesis of linear a-olefins is the use of
homogeneous molecular transition metal catalyst that dehydrogenate alkanes to
alkenes.®® Stoichiometric alkane dehydrogenation using cationic Ir complexes and tert-

butylethylene as H, acceptor was first reported by Crabtree et al.*®

As previously noted
this dehydrogenation chemistry was further investigated by Felkin, Crabtree et al.** In
the early 1990s, Goldman demonstrated the high activity of (PMes),Rh(CO)CI for
catalytic transfer dehydrogenation of alkanes under an H, atmosphere.® Turn over
numbers (TON) up to 950 were observed after 15 minutes in the dehydrogenation of

cyclooctane (COA) to cyclooctene (COE) using norbornene as H-acceptor at 100 °C

under 1000 psi of H.%®
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Jensen, Kaska et al.

cat. 116-H, Fl’Rz
0
O 25O "

tB t
cyclooctane —/ " /Bu PR,

- in-!
(COA) TOF ~ 12 min (PCPR)IrH,
TON up to 1000 116'H2 R= tBu
- = I
Goldman et al. M7-H; R =Pr
rapid
cat. 117-H, isomerization
_ 16 A by 117-H, mixed internal
“CoHyg CoH1g
-H, undecenes
dehydrogenation P and 44 after 45 h

Scheme 1-17. Transfer and acceptorless dehydrogenation of alkanes using precatalysts

116-H, and 117-H,.

1.6.2 Ir pincer complexes for alkane dehydrogenation

In the late 1990s, Jensen, Kaska, Goldman et al. reported (PCP™")IrH, pincer
complex 116-H, for the catalytic transfer dehydrogenation® and acceptorless
dehydrogenation®® of alkanes including COA (Scheme 1-17, top).2* Turnover frequencies
of up to 12 turnovers per minute and 1000 turnovers in total were observed at 200 °C in
transfer dehydrogenation experiments. The rate of acceptorless dehydrogenation of COA
under similar conditions was considerably slower at only 20 turnovers per hour with a
maximum of 36 turnovers (achieved only after removing H, using freeze-pump thaw
cycles). Total turnover numbers in transfer dehydrogenation experiments were found to
be limited not by catalyst decomposition but by product inhibition. The authors also
noted that the reactions were inhibited by the presence of N,. Liu and Goldman

demonstrated the first high turnover dehydrogenation of linear alkanes using the less
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sterically encumbered (PCP™)IrH, 117-H, (Scheme 1-17, bottom).®® Neat n-undecane
was dehydrogenated to a mixture of internal undecenes giving 42 turnovers after 1 h at
196 °C without the use of an H, acceptor. Continuous heating at 196 °C (45 h in total)
gave only 2 additional turnovers (44 turnovers in total) indicating the reaction had been
severely retarded by either catalyst decomposition or product inhibition with further
experiments proving the latter. When an H, acceptor such as tert-butylethylene (TBE)
was used, 117-H; selectively dehydrogenated n-undecane to 1-undecene but the a-olefin
product was found to be rapidly isomerized to internal undecenes by 117-H,. Several
follow up studies investigated modifications to the PCP ligands including the use of
para- functionalized PCP ligands,®® synthesis of an anthraphos PCP-type Ir complex,®"®
phosphines substituted with extremely bulky adamantyl groups,® among many other
modifications.?® One notable development in Ir catalyzed alkane dehydrogenation
chemistry was the use of resorcinol based POCOP ligands by the groups of Brookhart
and Jensen (Scheme 1-18, top right).*®® Utilization of precatalyst 118-HCI
(dehydrochlorinated with 1 equiv. of NaO'Bu) gave up to 2200 TON in the transfer
dehydrogenation of COA (Scheme 1-18, top). The proposed catalytic cycle (Scheme 1-
17, bottom) invokes a transient three-coordinate 14-electron species 118 that reactions
with the C-H bonds of COA via oxidative addition. B-hydride elimination generates 118-
H, which hydrogenates tert-butylethylene to regenerate the 14-electron fragment 118;

compounds of 213 would follow a similar scheme.
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Scheme 1-18. Transfer dehydrogenation of COA using precatalyst 118-HCI. Proposed

catalytic pathway for the dehydrogenation of COA by 118.

Interestingly, DFT calculations indicate the metal center of 118, a three-
coordinate 14-electron species, is notably less sterically encumbered in comparison to
the metal center about its (PCP™")Ir analog 116 despite their apparent similarity.®
Calculations also indicate 118 is slightly more electron rich at the metal center compared
to 116 as a result of n-donation into the arene ring from the oxygen atoms of the
(POCOP™") ligand.?® In terms of the first step in the mechanism of alkane
dehydrogenation by either PCP or POCOP type Ir complexes, access to a transient three-

coordinate 14-electron species either by reductive elimination of free H,, by the

23



hydrogenation of sacrificial olefin or dehydrochlorination of the Ir hydrochloride
complex is apparently required for catalysis. Overall, complexes 116 and 118 have been
observed to proceed through slightly different mechanisms as a result of the geometric
and electronic differences between the two catalysts.?’ These differences also result in
(POCOP™")Ir being a better precatalyst for the transfer dehydrogenation of COA than
(PCP™"Ir, yet is worse for the transfer dehydrogenation of linear alkanes. This
phenomena is presumably due to strong olefin binding to the metal center of
(POCOP™®")]r 20
1.6.3 Recent advances in alkane dehydrogenation catalyzed by Ir pincer complexes
Since the original studies by Jensen, Kaska, Goldman and Brookhart a number of
different Ir pincer complexes have been developed for use as alkane dehydrogenation

catalyst and the topic has been reviewed (Figure 1-1).%%%
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Figure 1-1. Examples of Ir pincer complexes used in catalytic and stoichiometric alkane

dehydrogenation studies.

Initially developed by Gelmen et al.,”* Brookhart and co-workers utilized

triptycene the PCP type

Ir complex 120 (Scheme

I-1) for alkane transfer

dehydrogenation and found high activity (up to 6000 TON) at 200 °C with substrates

such as COA and n-octane.®
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Scheme 1-19. Transfer dehydrogenation of alkanes and ethers using triptycene backbone

Ir pincer complexes.

Early work by Jensen and Kaska found 116-H, dehydrogenated tetrahydrofuan to
furan with up to 57 TON.* Complex 120 as well as 117 and 121 were found to give high
yields for the transfer dehydrogenation of cyclic and acylic ethers using ethylene as H,
acceptor (Scheme 1-19, bottom).* In that study, the triptycene ligand was also modified
to allow support of the triptycene Ir complexes on alumina for heterogeneous catalysis

studies.®*
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Scheme 1-20. Selective catalytic transfer dehydrogenations of heterocycles using

(POCSP™)Ir by Huang et al.

Zhuang and co-workers synthesized and tested complex 122-HCI (Figure 1-1) for
the transfer dehydrogenation of cyclic and linear alkanes then independently compared
the results with those of 116 and 118.%” They found 122 showed considerable activity in
the transfer dehydrogenation of n-octane at 200 °C with up to 500 TON observed after 1
h. Under identical conditions 116 gave 135 TON while 118 gave 135 TON. In the same
study, 122 was also found to effectively catalyze the transfer dehydrogenation of a broad
range of N and O containing heterocycles with catalyst loadings as low as 0.1 mol% and
excellent yields of dehydrogenated heterocycles (Scheme 1-20). In a follow up study,

Huang et al. developed a method for the catalytic conversion of alkanes to linear
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alkylsilanes using a tandem dehydrogenation-isomerization-hydrosilylation

(Scheme 1-21).%8

TBE
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mol % NaOtBu
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isomerization-hydrosilylation by Huang et al.

scheme

1-21. Catalytic silylation of alkanes via alkane dehydrogenation and

Compound 122-HCI was utilized as the transfer alkane dehydrogenation

precatalyst in tandem with Chirik’s anti-Markovnikov olefin hydrosilylation precatalysts

such as 123 (Scheme 1-21).% The system was not limited to silanes as they also

synthesized terminal alkylboronate esters in moderate to excellent yields. Goldman and

co-workers studied the effect of immobilization of (PCP)Ir type complexes in the

catalytic dehydrogenation of n-alkanes to linear alpha-olefins.'® Roddick and co-

workers developed PCP ligands with trifluoromethyl substituted phosphines and



synthesized their Ir complexes including (PCP“%3)Ir(COD) (124, Figure 1-1).** The
complex was found to catalyze the acceptorless dehydrogenation of COA with TON up
to 3020 after 64 h at 200 °C.%? Goldman, Goldberg et al. found the bis(oxazolinyl)
complex (NCN)Ir(OAc),(H20) (125, Figure 1-1) originally developed by Nishiyama et
al.'% gave stoichiometric quantities of dehydrogenation products when heated to 200 °C
for 72 h in the presence of n-octane.'® This transformation is notable in that it occurred
in the presence of N, excess olefin (1-hexene, 10 equiv.) as well as H,O (120 equiv.)
which are all compounds known to be inhibitors of alkane dehydrogenation.®® Yamashita
and Tanaoue synthesized complex an (PBP)Ir complex (128, Figure I-1) and
investigated the compounds capability as a transfer dehydrogenation catalyst.*®* Up to
43 TON were observed in the dehydrogenation of COA at 220 °C using TBE as H,
acceptor with added lithium tetramethylpiperidide.
1.6.4 Synthesis of alkanes and aromatics using Ir pincer catalysts

Brookhart, Goldman et al. investigated catalytic alkane metathesis via a tandem
alkane-dehydrogenation-olefin-metathesis scheme (Scheme 1-22).)%°> Various PCP and
POCOP type Ir complexes were utilized as alkane dehydrogenation catalysts in
conjunction with olefin metathesis catalysts, such as Shrock’s Mo-F12 (129, Scheme
1-22).1%%1% The studies found n-hexane (135 equiv.) was converted into a mixture of C,
to Cys linear alkanes after 24 h at 125 °C. Later efforts utilized the more thermally stable
W complex 130 (Scheme 1-22) developed by Shrock and co-workers which resulted in
an order of magnitude increase in overall catalytic activity compared to previous studies

that used Mo.1%’
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Scheme 1-22. Alkane metathesis using a tandem alkane dehydrogenation olefin

)

metathesis catalysis by Brookhart, Goldman et al.

In 2011 Brookhart et al. reported the catalytic dehydroaromatization of linear
alkanes using various Ir pincer complexes with less sterically encumbering isopropyl
substituents.'® Dehydroaromatization of n-octane at 165 °C with Ir pincers precatalysts
117-Hy4, 121-(C,H,) and 131-(C,H,4) gave up to an 86% overall yield of alkybenzenes
(o-xylene and ethylbenzene) utilizing low cost H, acceptors such a propylene (Scheme
1-23). Longer chained linear alkanes such as n-decane and n-dodecane gave more
complex mixtures comprised of various alkylbenzenes. The aromatic products were

proposed to form by a multi-step process invoking transfer dehydrogenation of linear
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alkanes to linear trienes followed by classic electrocyclizations to give mixed cyclic

dienes that were further dehydrogenation to mixtures of alkylaromatics.

cat. [Ir]

165 °C ©i ©/\
SN 7—? +
4 J 4 J 75% 11%
F|"Pr2 o—F|>‘Pr2 g g g
[ = Ir-H, oOr Ir—” or ”
| | ziPrP—_Ilr_—PiPrz

PPr, PPr,
117-H, 131-(C,H,) 121-(C,H,)

Scheme 1-23. Catalytic dehydroaromatization of linear alkanes by Ir pincer complexes
investigated by Brookhart, Goldman and co-workers. The synthesis of o-xylene and

ethylbenzene using propylene is showcased.

1.7 Introduction to carboranes

A mechanistic step common to most of the previously described examples of
transition metal catalyzed C-H functionalization is the C-H activation (Scheme I-1) of a
hydrocarbon substrate by a neutral coordinatively unsaturated metal center. In general,
the binding of substrate to an open coordination site(s) is a critical step in the mechanism
of most homogeneously catalyzed reactions.*®**® One way to achieve coordinative
unsaturation in otherwise saturated transition metal complexes is by abstraction of
anionic X-type ligand(s) (i.e. halide, pseudo-halide, hydride, alkyl ligand) with salts

containing weakly coordinating anions (WCAs)."*™* WCAs are exceptionally poor
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nucleophiles and are a requisite synthetic complement to the study of highly reactive
cations in condensed phases.****#"* 117" Among the most desirable properties in a WCA
are low basicity, resistance to decomposition, resistance to oxidation, and solubility in
weakly coordinating solvents. Derivatives of monocarba-closo-dodecaborate
[HCByH11]™ (501) (or carborane anion for brevity, Figure 1-2)""*° possess a very
attractive combination of these properties that has permitted examination of a number of
remarkable cations (Figure 1-3)."%'?* This includes some of the strongest known
Bronsted-acids which have been studied by Reed et al.'?*'**'?* Najafian et al have

126 \which contributes to the anions remarkable

described 501 as having 3-D aromaticity
thermodynamic stability. Other popular WCAs include fluorinated tetraarylborates and

fluorinated tetraalkoxyaluminates™’

o ]
5 P 2

3 <::I B-H, positions 2-6 "ortho" belt
AA <:| B-H, positions 7-11 "meta" belt

12 <:|s-u, position 12 "para”

501, vertices = B-H
502, vertices = B-Cl

11~ 7

10

Figure 1-2. Labelling system for the carba-closo-dodecaborate (-) anion (501) and its

chlorinated derivative 502. Dots represent boron atoms.
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Ramirez and Ozerov Reed et al.
[(CH;),SiCH,CB,,Cl,,] [(CH3);C][HCB,;H;Clg]

Figure 1-3. Examples of reactive cations with carborane anions.

which are synthetically more easily accessible and very weakly basic, but are less robust
than halogenated carborane anions. Carborane anions tend to be much more prone to
forming crystalline solids, which is crucial for X-ray diffraction studies. Ozerov and co-
workers utilized halogenated derivatives of 501, including, 502 (Figure 1-2), in the
hydrodefluorination of organofluorine compounds with alkyl silanes (Scheme
1-24).12"128 Sjegel et al. investigated halogenated carborane anions in the silane-fueled

proton-catalyzed Friedel-Crafts coupling of fluoroarenes (Scheme 1-24, bottom).*?
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Scheme 1-24. Catalytic hydrodefluorination of organofluorine compounds with

trialkylsilanes using [Ph3C][HCB;1Cly1] (top). Silane-fueled proton-catalyzed Friedel-

Crafts coupling of fluoroarenes (bottom).

1.7.1 Carborane functionalization

The C-H position of 501 and its halogenated derivatives can be readily
functionalized.'******3! For example, the C-H vertex of 502 can be deprotonated with
alkoxide bases allowing straightforward C-alkylation.™®' In more recent examples,

Lavallo and co-workers have developed carboranyl phosphine®2+33:134

and carboranyl
N-heterocyclic carbene'® ligands bearing 501 and its derivatives. The B-H positions of
501 are also readily functionalized. The B-H bonds of 501 are hydridic and the 12-
position (Figure 1-2) is the most reactive towards electrophiles followed by positions 7-
11 (Figure 1-2) with positions 2-6 (Figure 1-2) being the least nucleophilic.*** An

astounding number of derivatives of 501 are found throughout the literature but the two

most common types of B-H substitution are halogenation and alkylation."* Michl and
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136-141

co-workers have extensively investigated the alkylation of 501 including the use of

microwave-assisted alkylations***

to give methyl and ethyl substituted derivatives of
501. The Ozerov group has developed methods for the chlorination and bromination of

501 using readily available halogenating reagents such as SO,Cl,, SbCls and Br,.**
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CHAPTER II
HIGH-TURNOVER AROMATIC C-H BORYLATION CATALYZED BY
POCOP-TYPE PINCER COMPLEXES OF IRIDIUM?

2.1 Introduction

The use of pincer complexes for catalytic C-H functionalization has been realized
for over 20 years yet the use of pincer complexes in C-H borylation in still an emerging
area of interest. With the lessons of C-H borylation discussed throughout Chapter 1 in
mind, the notion of borylation catalysis with Ir supported by a tridentate, monoanionic
pincer ligand appeared plausible. Some efforts in pincer-ligated Ir-catalyzed arene
borylation have been reported. Shimada et al.'** determined that (PSiP)Ir precatalyst 201
gave 5-80 turnovers in the borylation of benzene with Bopin, after 1 d at 120 °C (Figure
[1-1). Driess and Hartwig tested iridium complexes 202, 203, and 204 (Figure II-1)
supported by the sterically bulky (POCOP™Y), (SiCSi) and (GeCGe) ligands,

respectively, finding that they gave low TON (<20) under similar conditions.**

" Reproduced in part from “High-Turnover Aromatic C-H Borylation Catalyzed by

POCOP-type Pincer Complexes of Iridium” by Press, L. P.; Kosanovich, A. J.;

McCulloch, B. J.; Ozerov, O. V. J. Am. Chem. Soc. 2016, ASAP. Copyright [2016] by

The American Chemical Society. All X-ray structures were solved by Billy McCulloch.
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Figure 11-1. Examples of Ir pincer complexes used in C-H borylation studies.

Importantly, they noted a modest increase in the yield of C-H borylated product
upon addition of cyclooctene (COE) as a sacrificial hydrogen acceptor.'** It was
remarked that the sterically imposing pincers used in their study may have been
detrimental to catalysis. Chirik’s group has successfully used cobalt pincer complexes
such as 205 (Figure 11-1) in the catalytic borylation of arenes and heteroarenes,”’* but
those examples utilize neutral, tridentate pincers and must function via a different
mechanism. Feller and Milstein reported the (PCN)Ru complex 206 slowly catalyzed the
borylaton of benzene with B,pin, after 72 h at 90 °C giving 37 TON (Figure 11-1).2* The
Ozerov group developed the catalytic dehydrogenative borylation of terminal alkynes
(DHBTA, Scheme I-1) by pincer complexes (SiNN)Ir 207, (PNP)Ir 208 and (POCOP)Pd

209 (Figure 11-1), among others.**" % DHBTA appears to be orthogonal to C-H
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borylation of aromatic C-H bonds in that our Ir DHBTA catalysts based on amido-
containing pincers showed no propensity towards the borylation of arenes, while the

bipyridine-based Ir catalysts for aromatic C-H borylation were incapable of DHBTA.*

) cat. 207, 208 /O
R—=—H + H-B or 209 R—F +H,
o o

Scheme 11-1. DHTBA reaction catalyzed by complexes 207, 208 and 209.

However, in the course of exploring the potential of pincer-based Ir complexes
for borylation, we came across a catalytic system for the C-H borylation of arenes whose
activity and longevity rivals that of the state-of-the-art Ir catalysts supported by neutral
bidentate ligands. The key to our findings lies in the use of smaller POCOP-type pincers
vs the study of Driess and Hartwig, as well as in the use of smaller olefins as hydrogen
acceptors. In contrast to the systems summarized in Scheme 1-12 and Scheme 1-13, the
evidence in our case points to C-H activation not at an Ir(l1l) boryl intermediate, but
rather at an Ir(l) center, in a step analogous to the C-H activation step in the studies of
catalytic alkane dehydrogenation and many other reactions by POCOP and PCP-type

pincer complexes of iridium (Scheme 1-18).2°
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2.2 Results and discussion

2.2.1 Synthesis of (POCOP)Ir(H)(CI) and (POCOP)Ir(olefin) precatalysts

O-P'Pr, O—P'Pr, Bu O—-P'Pr,
O-P'Pr, O—P'Pr, Bu O—-P'Pr,

POCOPPr(210)  PMepoCcOPPT (211) BupOCOPPr (212)

Figure 11-2. POCOP (pro)ligands used in this study.

Introduction of monoanionic L,X type pincer ligands into the coordination
sphere of Ir is commonly accomplished by metalation of the proligand with
[(COD)IrCl], or [(COE).IrCl],, whereby oxidative addition of the central element-
hydrogen bond leads to compounds of the general formula: (pincer)ir(H)(CI). For
POCOP™ (210, Figure 11-2), the corresponding synthesis has been described by
Morales-Morales,”* but in our hands, reaction of ligand 210 with [(COD)IrCI], or
[(COE).IrCl]; in toluene at reflux for 24 h led only to complex mixtures. Instead, we
were able to access pure hydrido-chloride complexes 213-(H)(CI) and 214-(H)(CI) via a
procedure analogous to the one utilized in the synthesis of (POCOP™)Rh
compounds.®*®*>! Reacting [(COD)IrCI], with pyridine or DMAP, followed by the
addition of 210 and PM*POCOP™ (211, Figure 11-2), gave adducts 213-(H)(CI)(DMAP)

and 214-(H)(CD(py) (Scheme 11-2a). The pyridine ligand was then abstracted from 213-
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(H)(CI)(DMAP) (two isomers) or 214-(H)(CI)(py) (two isomers) with BF3+Et,0 to give
moderate yields of pure 213-(H)(CI) and 214-(H)(CI) (Scheme 11-2b). A recent report by
Waterman and co-workers showed that a direct reaction of 210 with [(COE),IrCl], at
120 °C for 24 h in toluene under an atmosphere of H, gave 213-(H)(CI) in excellent
yields.****>® The more strictly rigid ®“POCOP™ (212, Figure 11-2), carrying two tert-
butyl substituents on its central aromatic ring, did not require the pyridine
addition/abstraction protocol, and pure 215-(H)(CI) was isolated from direct metalation
in excellent yield (Scheme 11-2c). Dehydrochlorination of 214-(H)(CI) or 215-(H)(CI)
with NaO'Bu in the presence of ethylene or 3,3-dimethyl-1-butene (tert-butylethylene or
TBE) provided the corresponding olefin adducts 215-(C;H,), 214-(TBE) and 215-
(TBE) (Scheme I11-2d).

Complexes 213-(H)(Cl), 214-(H)(CI) and 215-(H)(CI) display a triplet hydride
resonance at ca. —37 ppm in their *H NMR spectra. This is somewhat downfield from the
hydride signals for the analogous complex 202 (ca. —42 ppm, Figure 11-1)."** The
structures of 213-(H)(CI) (reported by Waterman et al.)**2* and 215-(H)(CI) (this
work, Figure 11-3, vide infra) in the solid state present as chloride-bridged dimers, in
contrast to the monomeric solid-state structures determined for the (POCOP™")Ir(H)(CI)
analogs.****>* In solution 213-(H)(CI), 214-(H)(CI) and 215-(H)(CI) likely exist in rapid
equilibrium between dimeric and monomeric forms, resulting in the observation of an *H

NMR chemical shift that is a weighted average of the two.
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Scheme 11-2. Synthesis of (POCOP)Ir complexes.
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Figure 11-3. ORTEP™ drawings (50% probability ellipsoids) of 215-(H)(Cl). Omitted
for clarity: H atoms and methyl groups of isopropyl arms. Selected distance (A) and
angles (°) follow: Irl-Ir2, 4.040(1); Ir1-Cl1, 2.5169(9); Ir1-Cl2, 2.594(1); Ir1-C1,

2.042(2); P1-Ir1-P2, 158.09(3); C1-Ir1-CI1, 173.6(1).

2.2.2 Catalytic arene borylation studies with (POCOP)Ir pre-catalysts

Initial experiments using 5 mol% 213-(H)(CI), 214-(H)(Cl), 215-(H)(CI) or 215-
(TBE) as pre-catalysts for the borylation of C¢Ds with HBpin or B,pin, at temperatures
up to 100 °C for 72 h resulted in only stoichiometric formation (1 turnover) of CsDsBpin
(A) (Table I1-1, entries 1-3, 7, 11). Repeating the HBpin experiments using 1-hexene as
a hydrogen acceptor (Table 1I-1, entries 4-6, 8) yielded 75-88% of CgDsBpin and 11-
24% of hexylBpin (Table 1I-1, entry 5) after 30 min at 80 °C. The use of TBE as H;

acceptor (Table I1-1, entry 10) diminished the rate of CsDg borylation relative to the rates
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with ethylene (Table I11-1, entry 13) or 1-hexene (Table I1-1, entry 6). The reaction of
CsDg and HBpin with 5 mol% of 215-(H)(CI) and ethylene at 80 °C (Table II-1, entry
13) was complete within minutes of heating, while an analogous reaction using 1-hexene
took 0.5 h to reach completion (Table II-1, entry 6). We surmised the order of increased
rate of CgDsBpin formation (ethylene > 1-hexene > TBE) could be explained by the
smaller ethylene ligand having an increased rate of coordination and subsequent olefin
insertion into the Ir-H or Ir-B bonds. Ethylene has previously been demonstrated to be a
capable hydrogen acceptor in other dehydrogenative transformations catalyzed by
POCOP-iridium systems.”®**® Remarkably, we found that borylation of CgDs with
ethylene as the hydrogen acceptor could use as little as 0.1 or even just 0.004 mol%
precatalyst 215-(H)(CI) (Table 1I-1, entries 14 and 15), resulting in 83% vyield of
CsDsBpin after 14 h at 80 °C. This translates to a turnover number (TON) of over 20,000
and turnover frequency (TOF) of 1480 h™. An attempt at borylation with Bypin, was
unaffected by addition of 1-hexene (Table II-1, entry 12); only 1 equivalent of CsDsBpin
was produced. Performing the reaction with HBpin under argon flow in an open vessel
(to potentially allow evolution of H, byproduct) also resulted in only one equiv. of
CeDsBpin (Table 11-1, entry 9).

In catalytic reactions utilizing precatalyst 215-(H)(CI), the fate of the Ir complex
after all HBpin had been consumed was either the respective olefin complex
(POCOP)Ir(olefin) or the chloro boryl complex (POCOP)Ir(Cl)(Bpin) [215-(Bpin)(CI)].
For example, utilizing 215-(H)(CI) with ethylene (Table II-1, entry 13), 215-(Bpin)(CI)
and 215-(C,H,) were observed as the main products among several other compounds by
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'H and **P{*"H} NMR spectroscopy. The catalytic reaction utilizing 215-(H)(CI) with 1-

hexene (Table 1I-1, entry 6) contained 215-(Bpin)(Cl) as well as 215-(hexene) after

catalysis, while experiments using 215-(TBE) with 1-hexene (Table 1I-1, entry 8) gave

almost exclusively 215-(hexene) as the final organometallic product.

Table 11-1. C—H borylation experiments using (POCOP)Ir pre-catalysts®

(POCOP)[Ir] pre-catalyst 215-(H)(ClI)

or 215-(TBE) Bpin
0 H, acceptor
+ H-B + alkylBpin + alkane
de Oi her:f ?itme ds

Entry pre-cat mol boryl H, temp time TON  TOF(h™ Yield(%) Yield(%)

% reagent acceptor (°C) (h) 1) CsDsBpin  alkylIBpin
1 213-(H)(CI) 5.0 HBpin none 100 36 1 <1 6 -—-
2 214-(H)(CI) 5.0 HBpin none 100 36 1 <1 4
3 215-(H)(Cl) 5.0 HBpin none 100 36 1 <1 6 -—-
4 213-(H)(CI) 5.0 HBpin 1-hexene 80 0.5 16 32 77 22
5 214-(H)(CI) 5.0 HBpin 1-hexene 80 0.5 17 34 85 14
6 215-(H)(CI) 5.0 HBpin 1-hexene 80 0.5 15 30 75 24
7 215-(TBE) 5.0 HBpin none 80 1 1 <1 6 ---
8 215-(TBE) 5.0 HBpin 1-hexene 80 0.5 18 36 88 11
9 215-(TBE) 5.0 HBpin none 80 0.5 1 <1 5 ---
10 215-(TBE) 5.0 HBpin TBE 80 1 13 13 66 33
11 215-(TBE) 5.0 B.pin, none 100 72 1 <1 5
12 215-(TBE) 5.0 Bopin, 1-hexene 100 72 1 <1 5 <1
13 215-(H)(CI) 5.0 HBpin ethylene 80 <02 16 80 80 19
14 215-(H)(Cl) 0.1 HBpin ethylene 80 0.5 760 1520 76 24
15 215-(H)(Cl)  0.004 HBpin ethylene 80 14 20750 1480 83 17

a. All entries used a 1:25 HBpin (0.28 mmol):C¢D¢ (7 mmol) ratio and a 1:3 HBpin (0.28 mmol):olefin (0.84 mmol)
ratio. Entries 1-12 used cyclohexane internal standard (0.19 mmol). Entries 13-15 used mesitylene internal standard
(0.072 mmol). Yields of C¢DsBpin and RBpin are spectroscopic yields. In entries where the sum of CgDsBpin and
RBpin yield are <100% the remaining percent was unadulterated HBpin.
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We performed a series of benzene borylation experiments using 0.1 mol% 214-
(H)(CI) as precatalyst and varied the concentrations of benzene and 1-hexene relative to
the constant (0.4 M) concentration of HBpin (Table 11-2). It was clear that the degree of
consumption of HBpin increased with increased benzene concentration, but there was no

consistent trend with respect to the effect of 1-hexene concentration.

Table 11-2. Effect of varying benzene:1-hexene concentration on PhBpin:hexylBpin
ratio®

(POCORP)|[Ir] pre-catalyst Bpin

0 214-(H)(CI)
H*B/ + + 1-hexene + hexylBpin + hexane
o n-heptane, 80 °C

Entry CeHe 1-hexene PhBpin hexylBpin
(M) (M) (%)° (%)°
1 0.4 0 0 0
2 0.4 0.4 4 23
3 0.4 0.9 4 26
4 0.4 1.3 3 29
5 2.2 0.4 21 16
6 22 0.9 34 33
7 22 1.3 46 47
8 44 04 53 16
9 44 0.9 65 35
10 44 1.3 69 31
11 11 0.4 78 22
12° 11 0.9 82 18
13° 11 1.3 80 20

a. Each entry contains HBpin (0.4 M) as the limiting reagent. 214-(H)(CI) (0.60 pmol) was added as a stock solution
in benzene. n-heptane was added as required to normalize each entry to a total volume of 1.6 mL. All entries were
heated to 80 °C and monitored by *B NMR after 18 h and 36 h. b. In entries where the sum of PhBpin and hexylBpin
conversion values was < 100%, the remaining % was unadulterated HBpin. c. All HBpin was consumed after 18 h

2.2.3 Preparative scale catalytic arene borylation using (POCOP)Ir precatalysts
In a series of 0.20 to 0.35 gram scale reactions, the high activity of the

(POCOP)Ir system was demonstrated in experiments utilizing 0.005 mol% of 215-
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(H)(CI) in the reaction of HBpin with benzene and ethylene (3:1 to HBpin) (Table 11-3,
entry B). CsHsBpin (B) was isolated in a 75% vyield which translates to TON = 15,900
with a TOF = 700 h™. Expanding the substrate scope to various substituted arenes
(Table 11-3) including toluene, m-xylene, mesitylene, chlorobenzene, o-
dichlorobenzene, = m-chorotoluene,  anisole, N,N-dimethyl-m-toluidine,  and
benzotrifluoride, we found high turnovers with moderate yields of ArBpin after 24 h at
80 °C using pre-catalysts 214-(H)(CI) and 215-(H)(CI). The selectivity of the borylated
products was decidedly under steric control which is typical of most iridium-catalyzed
C-H borylations.*® Mono-substituted arenes gave nearly statistical mixtures of ortho-
and para-borylated products while 1,2-disubstituted or 1,3-disubstituted arenes were
borylated exclusively in the 4 or 5 position, respectively. An exception was
fluorobenzene which was borylated at the ortho, meta and para positions in a 40:46:14
ratio (Table 11-3, Entry L). In addition, we observed up to 15% sp® C-H borylation in
m-xylene, m-chlorotoluene, and anisole. Metal catalyzed borylation of benzylic CH

h,157 Pd,158 |r159,160 and

bonds has been demonstrated with various systems including R
more recently Co.**> When mesitylene was used, we observed exclusive borylation at the
sp® C-H bond that proceeded much more slowly than the borylation of aromatic C-H

bonds in other substrates.
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a

Table 11-3. Catalytic arene borylation using (POCOP)Ir pre-catalysts

(POCOP)|[Ir] pre-catalysts
214-(H)(CI) or

215-(H)(CI)
Bpin
/O 1 atm ethylene )
+ H-B + EtBpin + CyHg
be) neat i
R’ 80°C, 24 h R
Bpin 7 Bpin
7 2 8
6 2
5 3 6 4
4 Bpin 5 Bpin
B (o] D E
Yield: 75% Yield: 64% Yield: 41% Yield: 24%
TON = 15900 (2:3:4, 0:66:34) (5:7, 95:5) TON = 48
TON = 13500 TON = 1400
Bpin 2 % _O
pin Cl 5 .,
6 4 4 2
4 Bpm s Bpin Bpin 3
H 1
Yield 51% Y|eId. 52% Yield: 54% Yield: 44%
(2:3:4, 0:76:24) TON = 1790 (5:7,88:12)  (2:3:4:7, 5:61:19:15)
TON = 1760 TON = 1860 TON = 1760
CF3 F
N\
6 2 6 2
5 3 5 3
Bpin 4 Bpin 4 Bpin
J K L
Yield: 52% Yield: 43% Yield: 45%
TON = 1790 (2:3:4,0:70:30)  (2:3:4, 40:46:14)
TON = 1760 TON = 1500

a. Entry B and C utilized 0.005 mol% of 215-(H)(CI). Entries D-L utilized 0.03 mol% of
214-(H)(CI) except entry E which used 0.5 mol% of 214-(H)(CI). All reactions were run in
neat arene for 24 h at 80 °C with 1 atm of ethylene (4 mmol total) added to the reactor
headspace. Isolated yields (%) of ArBpin are calculated based on HBpin. Catalyst loading
is expressed by [(mol of pre-catalyst/mol of HBpin) x 100]. TONs were calculated by [(mol

of HBpin added) x (isolated yield of ArBpin)/(mol of pre-catalyst)].
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2.2.4 Comparison with the ITHM arene borylation system

We investigated one variation of the ITHM (Ishiyama, Takagi, Hartwig, and
Miyaura)*® arene borylation catalyst system™ (i.e. [(COD)IrOMe], with 4,4’-di-tert-
butyl-2,2’-bipyridine or dtbpy) and the effects of adding excess olefin (Table 11-4).
Reacting HBpin or Bypin, with neat CgDg utilizing [(COD)IrOMe],/2 dtbpy as pre-
catalyst gave high yields of CgDsBpin (Table 11-4, entries 1 and 3) while an identical
reaction setup in parallel where 1-hexene was added resulted in a large amount of olefin
hydroboration product (Table 11-4, entries 2 and 4). Repeating the high TON
experiments reported in the literature,? we found [(COD)IrCl],/2 dtbpy precatalyst with
B,pin; in benzene indeed gave a high TON (7000) after 24 h at 100 °C (Table I1-4, entry
5). However, catalysis was totally inhibited by addition of ethylene (Table 1I-4, entry 6).
We also found that [(COD)IrOMe]; in the absence of added ligand catalyzed the reaction
of HBpin with neat C¢Dg giving CsDsBpin in 17% yield (Table 11-4, entry 7) after 18 h
at 80 °C, but addition of 1-hexene resulted predominantly in hydroboration (91% vyield
of hexylBpin, Table 11-4, entry 8). All in all, it appears that the ITHM catalyst system is

inhibited by the addition of small sacrificial olefins.
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Table 11-4. C-H borylation experiments using ITHM pre-catalysts®

HfB/O [(COD)IrOMe], / 2 dtbpy pre-catalyst Bpin
o H, acceptor
@ + + alkylBpin
or neat
de O, 0 heat, time ds
/BiB\
o o]
Entry pre-cat mol % boryl H, temp time TON  Yield (%)  Yield (%)
reagent acceptor (°C) (h) CsDsBpin  alkylBpin
1 [(cod)IrOMe]./2 dtbpy 2.5/5.0 HBpin none 80 15 72
2 [(cod)IrOMe],/2dtbpy 2.5/5.0 HBpin 1-hexene 80 0.5 21 74
3 [(cod)IrOMe]./2 dtbpy 2.5/5.0 Bopin, none 80 1 87
4 [(cod)IrOMe]./2 dtbpy 2.5/5.0 Bopin, 1-hexene 80 0.5 57 37
5 [(cod)IrCI],/2 dtbpy 0.0015/0.003 Bopin, none 100 24 7000 21
6 [(cod)IrCI]./2 dtbpy 0.0015/0.003 Bopin, ethylene 100 24 <1 <1 2
7 [(cod)IrOMEe], 25 HBpin none 80 18 17
8 [(cod)IrOMe], 25 HBpin 1-hexene 80 0.5 <1 91

a. Entries with HBpin used a 1:25 HBpin (0.28 mmol):CsDg (7 mmol) ratio. Entries 3 and 4 used a 1:25 B,pin,(0.28 mmol):C¢Ds (7

mmol) ratio. Entries with added olefin used a 1:3 HBpin (0.28 mmol):olefin (0.84 mmol) ratio. Entries 1-8 used cyclohexane internal

standard (0.19 mmol). Yields of CsDsBpin and RBpin are spectroscopic yields. In entries where the sum of CsDsBpin and RBpin

yield are <100% the remaining percent was unadulterated HBpin and/or B,pin,.

2.2.5 Synthesis of relevant (POCOP)Ir compounds

We sought to prepare Ir complexes that may be plausibly relevant to borylation,

and also to examine the reactions of pre-catalysts 215-(H)(Cl) and 215-(TBE) with

HBpin. Considering the similar activity engendered by the three POCOP-type ligands

discussed, we selected Ir complexes of ligand 212 and 211 for these studies out of

synthetic convenience.
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Treatment of the TBE complex 215-(TBE) with excess H, generated the
polyhydride compound 215-H, in situ (Scheme 11-3a). Similar to (POCOP™")Ir(H),
(118-H,),*®? attempts to isolate 215-H, by removal of solvent in vacuo (24 h of dynamic
vacuum at ambient temperature) resulted in loss of H, to give 215-H; (Scheme 11-3a).
The HBpin complex 215-(HBpin) was synthesized and isolated by treatment of 212-
(H)(CI) with Bypin, and NaO'Bu in diethyl ether at 50 °C for 18 h (Scheme I1-3b).
Complex 215-H3Bpin exists in equilibrium with 215-(HBpin) and H,, and was observed
as the dominant product in situ upon exposure of 215-(HBpin) to an H, atmosphere, or
by adding HBpin to 215-H, (Scheme 11-3b). Facile loss of H, precluded isolation of 215-
H3Bpin in a pure form. The diboryl complex 215-(Bpin), was independently prepared
and isolated via thermolysis of 215-(TBE) with Bypin, in benzene (Scheme 1I-3c).
Compounds 215-H3Bpin and/or 215-(Bpin), were occasionally observed as impurities
in varying amounts (up to 20%) during the synthesis of 215-(HBpin). Reacting 215-
(TBE) with excess HBpin (20 equiv) in CgDg, then heating to reflux under argon flow
for 0.5 h gave a mixture of 215-(Bpin), and a second C,, symmetric compound,
tentatively assigned as 215-H,Bpin,. Similar to compound 215-H3Bpin, loss of H,
precluded the isolation of 215-H,Bpin,. When 215-(TBE) was reacted with HBpin (6
equiv) in cyclohexane-d;, at ambient temperature, 215-H,Bpin, was observed as the
major product in situ (Scheme 11-3c). Subjecting the resultant mixture to high vacuum
gave a mixture comprised of mostly 215-(Bpin),. We attempted to prepare pure 215-
H3Bpin by treating 215-(H)(CI) with 2.3 equiv of HBpin in pentane at ambient

temperature. We anticipated the reaction would generate 215-H3;Bpin and CIBpin,
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whereupon the volatile CIBpin could be easily removed in vacuo. Unexpectedly, the
reaction resulted in a mixture of four compounds including 215-(HBpin) (9%), 215-
H3Bpin (5%), 215-(Bpin); (33%), and 215-(Cl)(Bpin) (52%) (Scheme 11-3d). Using
column chromatography, compound 215-(Cl)(Bpin) was isolated out of this mixture in
42% vyield. The TBE ligand of 215-(TBE) was readily displaced, as heating a CgDs
solution of 215-(TBE) containing excess 1-hexene at 80 °C gave 215-(hexene) within

minutes (Scheme 11-3e).

We investigated various routes to synthesize pure hydrido/phenyl complexes of
(POCOP)Ir, but were only able to obtain complex mixtures. This includes: (a) reaction of
3c with 1 equiv of PhLi (as a solution in di-n-butyl ether) in CgD¢ at ambient
temperature. (b) dehydrochlorination of 3c with NaO'Bu in CgDs. (c) Thermolysis of
215-(TBE) in CgDg at 90 °C for up to 24 h. Dehydrochlorination of 215-(H)(CI) with
NaO'Bu in neat C¢Hg prepared free of ethers and halocarbons did give one major product
in the **P{*"H} NMR spectrum (& = 177.5 ppm) as well as a broad hydride signal (ca. —
42 ppm, CgHg) in the *H NMR spectrum. Brown solids were obtained by filtering the
solution through Celite followed by lyophilization. NMR analysis at ambient
temperature in cyclohexane-di, revealed no hydride resonances in the 'H NMR
spectrum, while the *'P{"H} NMR spectrum contained multiple products. These results
are consistent with the behavior of POCOP and PCP-supported hydrido-aryl complexes
reported in the literature as Goldman et al. found (PCP®™")Ir(Ph)(H) [116-(Ph)(H)]
displayed only PCP ligand resonances at room temperature, and low temperature VT
NMR studies were required to observe the hydride resonance.’®® Brookhart et al.'®
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reported difficulty observing the hydride resonances for the isomers of
(POCOP™")Ir(tolyl)(H) [118-(tolyl)(H)] at temperatures above 10 °C. Previous work in
the Ozerov group found that (PNP)Rh(CgH4F)(H) existed as multiple isomers in
solution, with broad hydride resonances that were unobservable without the assistance of
low temperature NMR studies.'® Fluorobenzene is expected to give a more favorable C-
H oxidative compared to benzene.® Indeed, use of fluorobenzene gave more promising
results as dehydrochlorination of 215-(H)(CI) with NaO'Bu in neat CgHsF gave 215-
(CeH4F)(H) as the major product, though several other compounds were observed.
Alternatively, we found that dehydrochlorination of 214-(H)(CI) with NaO'Bu in neat
fluorobenzene gave (PMPOCOP™)Ir(CsH4F)(H) [214-(CsH4F)(H)] in excellent yield
and purity (Scheme 11-3f). The broad hydride signal of 214-(CgH4F)(H) observed at
room temperature (—42.5 ppm, cyclohexane-d;,) is comparable to the hydride resonance
observed for 118-(tolyl)(H).**® The chemical shift is indicative of a five-coordinate,
square pyramidal complex with the hydride trans to an empty site while the broad nature
of the hydride resonance likely indicates some fluxional process including the possibility
that 214-(CgH4F)(H) may exist as multiple isomers of (*MPOCOP™)Ir(CsH4F)(H) in

solution.
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(a)

‘Bu O-PPr, ! O-P'Pry By O-PPr,
+ excess Hy ‘ +H ‘ M
L —— H)4 I
| CgH12 vacuum | H
‘Bd  O-PPr, -TBA 'Bu  O- P Pry 24h,it  'B4U  O-PPr,
215-H -Hy
215(TBE): L = TBE 4 215--H,
generated
(b) in situ
Bu  O-PPr NaO'Bu ‘Bu_ O-PPr, vaslm ey o-piPr, Bu_ O-PPr,
|r-LHC| Bopiny ‘ ¢ HBpin
IrH3Bpin Ir (H)4
Et,0, 50 °C, 18 h BP'" +H, ‘ toluene-dg
1, —pi .
Bu  O-PPr, - NaCl 'BU  O-PPr, B8  O-PPr, -Ha g o-Pipr,
§ )
215-(H)(Cl) - BuOBpin 215-(HBpin) 215-H,Bpin 215-H,
generated in situ generated in situ
()
'‘Bu  O-PPr, ‘Bu  O-PPr, ‘Bu  O-PPr, ‘Bu  O-PlPr,
B,pin, \,Bpin +Hy ‘ ) 6 HBpin
Ir—L N I — IrH,Bpin, Ir—L
| v CgDg, 80 °C, 4 h ‘ Bpin vacuum . CeDin 1t ‘
'Bu  O-PPr, -TBE ‘Bu  O-PPr, -Hz  'BU  O-PPr, -TBA BU  O-PPr,
215-(TBE): L = TBE 215-(Bpin), 215-H,Bpin, 215-(TBE): L = TBE
generated in situ
(d)
‘ (1) 2.3 HBpin Bu o~ TPr?
CI pentane, rt, 1 h
_— “gpin *+215-(HPin) + 215-H;Bpin + 215-(Bpin),
(2) solvent
Bu O- P Pr,  removed in vacuo Bu o- P Pr,
215-(H)(CI) 215-(Cl)(Bpin)
(e)
' ()
'Bu O-PPr, ‘Bu  O-P'Pr, ) )
| O-PPr, O-P'Pr,
excess 1-hexene
L ——— Ir—L “H NaO'Bu WH
CeDs Ir—Cl ———> Ir—CgH4F
. ) ) o . ) CgHsF
Bu O—P'Pry 5 min, 80 °C Bu O—P'Pry ) t.1h )
_TBE O-P'Pr, ’ O-P'Pr,
215-(TBE): L = TBE 215-(hexene): L = hexene
214-(H)(CI) 214-(CsHyF)(H)

generated in situ

Scheme 11-3. Synthesis of various (POCOP)Ir compounds.

53



Table 11-5. Selected NMR data for Bpin-containing Ir pincer complexes

compound

'H NMR
hydride 6

ug
NMR &

solvent

Bu  O-PPr,
A

I|r\l:3pin
'Bu  O-PPr,
215-(HBpin)

PtBuz
Bpln

(Ohy PtBuz
118-(HBpin)

‘Bu  O-PPr,
IrH3Bpin

‘Bu  O-PPr,
215-H;Bpin

(O PtBUZ

QIrH3Bp|n

O-P'Bu,
118-H3;Bpin

Bu Ol PPr2
_Bpin
| Bpin

Bu (ok PPFZ

215-(Bpin),

Bu  O-— PPr2

Q Bpln

'Bu  O-PPr,
215- (CI)(Bpln)

Bu O- PPrz

QIrHZBplnz

Bu O—P'Pr,
215-H,Bpin,

-10.64, brs

—-13.15, brs

-8.10, 1H brs
-10.09, 2H br s

—8.00, 1H br s
—10.00, 2H brs

nla

n/a

-8.30, 2H, t
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27.6

29.0

37.0

37.0

33.6

12.0

unknown

toluene-dg

THF-ds

toluene-dg

THF-ds

CeDs

CeDs

CeDs



2.2.6 XRD and NMR characterization of Ir hydrido-boryl complexes

The metrics in the X-ray structure of 215-(HBpin) (Figure 11-4, left) as well as
the 'H and B NMR data (Table 11-5) indicate the compound is a B-H o-complex,
comparable to 118-(HBpin) reported by Heinekey and co-workers.’®® In that study,
Heinekey and co-workers also characterized 118-H3Bpin. They report *H and *'B NMR
data similar to what we observe for 215-Hs;Bpin (Table 11-5). An XRD study of 214-
(Bpin), (Figure 11-4, right) supports its assignment as an Ir(l11) diboryl complex, as the
B1-B2 distance in 214-(Bpin), (2.251(8) A) is ca. 1/3 longer than the B-B bond distance
in free Bpin, (1.7040(9) A).®” The hydride resonance of 215-H, in cyclohexane-di,
was broad at ambient temperature. Further inspection of the baseline of the *H NMR
spectrum of 215-H; revealed a broad resonance with a chemical shift (6 = —17.35 ppm,
Figure 11-5) that is comparable to (POCOP™")IrH, (118-H,, & = —16.99 ppm, toluene-ds,

23 °C) reported by Brookhart.'®®

‘Bu  O-PPry ‘Bu  O-PlPr, -A Bu  O-PPr,
‘ \H ‘ H + solvent ‘§(50|V9ﬂt)
|r'\ or |r,___‘ —_— Ir—H
| H | H o H' |

BY  O-PPr, BS  O-PPr, —sovent g/  o-pipr,

Scheme 11-4. Equilibrium between 215-H; and 215-(H).(solvent).

A VT 'H NMR (Figure 11-6) study of 215-H; in toluene-dg revealed that 215-H,
behaves in a similar fashion to 118-H; where 215-H, is in equilibrium with a six-

coordinate solvent adduct 215-(H),(solvent) (Scheme 11-4) that is favored at lower
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temperatures. This phenomena is evident with the observation of an upfield hydride
resonance corresponding to a hydride ligand trans to a bound solvent molecule (6 = —
31.69 ppm, —90 °C, top of Figure 11-6) and a downfield resonance corresponding to a
second hydride ligand trans to the aryl carbon of the POCOP™ ligand (5 = —2.46 ppm, —
90 °C, top of Figure 11-6). XRD analysis of crystals of 215-H, grown at room
temperature from a benzene solution layered with pentane gave a dimeric form of 215-

H, (Figure 11-7).

Figure 11-4. ORTEP™ drawings (50% probability ellipsoids) of 215-(HBpin) (left) and
214-(Bpin), (right). Omitted for clarity: H atoms, methyl groups of isopropyl arms.
Selected distance (A) and angles (°) follow: For 215-(HBpin): Ir1-B1, 2.069(4); Ir1-H1,
1.56(3); B1-H1, 1.42(3); P1-Ir1-P2, 159.39(3); B1-Irl-H1, 43.0(1); C1-Ir1-B1, 149.0(1);
C1-1r1-H1, 168.0(2). For 214-(Bpin),, the asymmetric unit contains two independent
molecules, only values for one fragment are represented here: Ir1-B1, 2.065(4); Ir1-B2,
2.065(4); B1-B2, 2,251(8); P1-Ir1-P2, 156.92(5); C1-Irl-B1, 146.98(11); B1-Ir-B2,

66.0(2). All XRD structures were solved by Billy J. McCulloch.
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Figure 11-5. '"H NMR (500 MHz, cyclohexane-dsz) spectrum of 215-H,. Upon initial
inspection, no hydride signals are observed. Further analysis of the baseline reveals a

very broad signal centered at —17.35 ppm. The other hydride resonances were not

identified.
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Figure 11-7. ORTEP drawings (50% probability ellipsoids) of 215-H,. Omitted for
clarity: H atoms, methyl groups of isopropyl arms. Selected distance (A) and angles (°)
follow: For 215-Hj: Irl-1r2, 2.6796(7); Ir1-C1, 2.057(3); 1r2-C2, 2.044(3); Ir1l-C3,
3.939(4); 1Ir2-C4, 3.619(4) P1-Ir1-P2, 145.01(4); P3-1r2-P4, 155.47(4). XRD structure

solved by Billy J. McCulloch.

2.2.7 C-H borylation mechanistic analysis
We were interested in exploring the nature of the C-H (or C-D) activation step
that leads to the formation of the C-B bond in the arylboronate product, and in the nature

of the step(s) that are involved in the hydrogenation of the olefin. The design of our

pincer-based catalysts was inspired by the ITHM/Smith-Maleczka catalysts.*®*"*° By

61,61-63

analogy, we initially anticipated that C-H bond activation of the arene should be
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taking place at an unsaturated Ir(I11) center carrying an Ir-Bpin functionality. The three
compounds fitting this bill that are plausibly accessible in the catalytic mixture are 215-
(HBpin), 215-(Bpin),, and 215-(Cl)(Bpin). The ground state of 215-(HBpin) is an Ir(l)
o-B-H complex, but the Ir(lll) boryl/hydride form may be thermally accessible.
Compound 215-(Cl)(Bpin) could only be involved if 215-(H)(CI) is used as a pre-
catalyst; if 215-(TBE) is used as a pre-catalyst, there is no chlorine in the system. From
the fact that 215-(Cl)(Bpin) and 215-(TBE) both work comparably as precursors, the
necessity of 215-(Cl)(Bpin) as an intermediate in catalysis can be ruled out. Indeed,
thermolysis of 215-(Cl)(Bpin) in C¢Dg at 80 °C for 30 min generated no CgDsBpin while
heating 215-(Cl)(Bpin) for up to 24 h at 80 °C gave a small quantity of Bpin
decomposition products (ca. 21.5 ppm) in the 'B NMR spectra, but CgDsBpin was still

not observed.

Compounds 215-(HBpin) and 214-(Bpin),/215-(Bpin), are stable (excluding
H/D exchange observed between 215-(HBpin) and solvent) in C¢Dgs or toluene-dg at
ambient temperature for at least 48 h within NMR detection limits. Heating a CgDg
solution of 215-(HBpin) at 80 °C for 30 min revealed only 15% of C¢DsBpin in the *H
NMR spectrum (Scheme 11-5a). At the same time, we observed rapid disappearance of
the hydride signal for 215-(HBpin) during the thermolysis experiment, while all other
resonances of 215-(HBpin) remained unchanged in the *H NMR spectrum (Scheme
I1-5a), indicating rapid H/D exchange with benzene solvent. Compound 215-(HBpin)
was distinguishable in the corresponding *P{*H} NMR spectrum from its deuterated
isotopologue, 215-(DBpin). As the resonance for 215-(HBpin) (190.7 ppm, CgDg)
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rapidly disappeared, a resonance for 215-DBpin (190.6 ppm, CgDg) concurrently
increased in intensity. Although CgDsBpin can be produced from the reaction of 215-
(HBpin) with CgDg, the rate of stoichiometric borylation is too slow to correspond to the
relevant C-H activation step in catalytic borylation. Compound 215-(Bpin), was stable
in CgDs at 80 °C for up to 24 h and no CgDsBpin was observed (Scheme 11-5b). We also
prepared 214-(Bpin), via analogous reaction of 214-(TBE) with B,pin;, and it displayed
similar stability in CgDg at room temperature and 80 °C over 24 h. These experiments
show that reactions of benzene with 215-(HBpin), 215-(Bpin), or 215-(Cl)(Bpin)
cannot be part of the catalytic cycle producing PhBpin.

With these results in mind, we considered alternative species that may be
responsible for the C-H activation step in borylation catalysis. One natural candidate is
the three-coordinate, 14-electron species (POCOP)Ir (215) (Scheme 11-6), whose
propensity for oxidative addition of various C-H bonds is well documented.®® This is not
an observable species, but can be accessed by reductive elimination from five-coordinate
Ir(111) complexes, or by dissociation of a neutral ligand from four-coordinate Ir(l)
complexes such as 215-(C,H,) or 215-(TBE).

When 215-(TBE) was treated with HBpin (20 equiv) in Cg¢Dg at ambient
temperature, we immediately observed only 215-HsBpin in the **P{"H} NMR spectrum,
while the *H and B NMR spectra contained resonances for 215-HsBpin , 1 equiv of
TBABpin, 1 equiv of C¢DsBpin and the remaining HBpin (Scheme I1-5¢). While this
reaction does produce CgDsBpin, it cannot be responsible for all of the CgDsBpin

produced in catalysis because only a minor fraction of the hydroboration product
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(e.g.,TBABpin) is produced in a catalytic reaction. In other words, access to intermediate
215 in catalysis cannot rely on olefin hydroboration because hydroboration products are
not generated in amounts equal to the arene borylation products. Reacting the other pre-
catalyst, 215-(H)(CI), with HBpin (20 equiv) in CgDg at ambient temperature
immediately generated complexes 215-H3;Bpin and 215-H,Bpin; in a 97:3 ratio
(Scheme 11-5d), but C¢DsBpin was not observed. Removal of the two Bpin groups from
215-(Bpin)2 via diboration of an olefin is apparently inaccessible as no diboration
products were observed in catalytic experiments reacting B,pin, with CgDs, utilizing
precatalyst 215-(TBE) and 1-hexene (Table I1-1, entry 12).

On the other hand, when compound 214-(CgH4F)(H) was allowed to react with 1
equiv of HBpin in thawing Cg¢D1,, the ortho-borlyated product 2-Bpin-CgH4F (L-2) was
obtained (Scheme I1-5e). Our values for L-2 match *H and *F NMR data collected in
CDCl; found within in the literature and no other isomers were observed.'® The *F
NMR spectrum of this mixture contained resonances for L-2 and free fluorobenzene,
while careful monitoring of the organometallic products revealed mainly 214-H3Bpin
(64%) and 214-(HBpin) (15%) with various other known and unknown compounds
present. The spectroscopic yield of L-2 was found to be 63%. An analogous experiment
reacting 214-(CgH4F)(H) with 1 equiv of HBpin using CgHsF as solvent (in order to
ensure the solubility of 214-(C¢H4F)(H)) gave comparable results in terms of L-2 yield
(67%), as well as the organometallic products observed: 214-(HBpin) (8%),214-H3;Bpin

(54%), 214-H, (3%) and 214-(CsH4F)(H) (30%).
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Scheme 11-5. Reaction examining possible pathways for ArBpin formation.
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Scheme 11-6. The net catalytic reaction (top), the proposed catalytic cycle invoking the
three-coordinate Ir (1) species 215, and the auxiliary hydride/boryl redistribution

equilibria. The t-butyl groups of the ligand backbone have been altered to R, for clarity.
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The rapid formation of the arylboronate in the reaction of 215-(Ar)(H) with
HBpin is consistent with it being part of a catalytic cycle that involves 215 (Scheme
[1-6). Generation of (POCOP)Ir (215) permits oxidative addition of Ar-H to Ir to
produce 215-(Ar)(H), which then reacts with HBpin to generate the Ar-Bpin product. It
is important to note that 215-(Ar)(H) cannot be producing ArBpin by reductively
eliminating an Ar-H molecule and adding HBpin to the resultant (POCOP)Ir to give 215-
(HBpin), because 215-(HBpin) does not react with free Ar-H fast enough. It is possible
that the reactions of 4 with Ar-H also proceed via 215, by elimination of HBpin, which
would nonetheless be a slow process. The net catalytic reaction (Scheme 11-6) does not
produce free H, and so the equilibria between 215-(HBpin) — 215-(Bpin),, 215-H,, 215-
Ha, 215-H,Bpin,, H, and HBpin (Scheme 11-6) are important as a way to access 215-H;
by the redistribution of H and Bpin groups.

In the catalytic experiments reacting HBpin with C¢Dg, compound 215-H3Bpin is
the initial resting state of the system at room temperature. As mentioned, reacting 215-
(TBE) with HBpin (20 equiv) in C¢Dg gives 215-H3;Bpin at ambient temperature. After
heating the solution to 80 °C for 1 h (Table II-1, Entry 7) we observed compound 215-
H3;Bpin and compound 215-H;Bpin, in an 86:14 ratio with trace quantities of
compounds 215-(HBpin), 215-(Bpin), and 215-H, (Figure 11-8, bottom). While heating
the solution, we observed a color change from colorless to yellow with a transition back
to colorless upon cooling. A variable temperature *'P{"H} NMR study (Figure 11-8) of
the sample found that upon heating the solution from ambient temperature to 80 °C, the

mixture of compounds 215-H3Bpin and 215-H,Bpin, were found to be in equilibrium
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with compounds 215-(HBpin), 215-(Bpin), and 215-H,. This observation is in
agreement with our previous experiments that established relationships between 215-
H3Bpin, 215-(HBpin) and Hy; 215-H,Bpin,, 215-(Bpin), and H,; 215-H,4, 215-H; and
H,. Notably, the complex 215-(Ar)(H) which we would anticipate at ca. 178 ppm in the
$1p£1H} NMR spectrum is not observed. Compound 215-H; is also not observed, but the
presence of 215-H, implies accessibility of 215-H, at 80 °C. Sacrificial olefin therefore
removes H, from 215-H, to provide the resultant 14 e (®"POCOP™)Ir fragment 215 the
opportunity to react with arene.
2.3 Conclusion

This work demonstrates that high activity and high turnover number in aromatic
C-H borylation is possible with POCOP-type pincer-based Ir catalysts. The use of
hydrogen acceptors and their involvement in hydroboration as a minor side reaction
places some limits on the applicability of this system. But, it is important to note that the
presented system uses the simplest, cheapest olefins as hydrogen acceptors, whose cost
is a small fraction of the borylating agent (HBpin) and is considerably lower than that of
many simple arene substrates. (POCOP)Ir catalysts were found to be compatible with
arene substrates containing C-O, C-N, and C-Hal bonds, and in general, display similar,
sterically governed regioselectivity as that of the non-pincer Ir catalysts reported in the
literature. An array of Ir complexes relevant to catalysis was independently synthesized,

characterized, and their role in catalysis examined.
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Analysis of plausible mechanistic pathways led to the rather unexpected
conclusion that, in contrast to Ir catalysts supported by neutral bidentate ligands, the C-H
activation step in the borylation catalysis described here appears to take place not at an
Ir(111) boryl center, but at an Ir(l) center devoid of boryl ligands. This is connected to the
perceived role of olefin. Olefin hydrogenation is part of the net stoichiometry of the
catalytic reaction, but the role olefin hydrogenation is not merely to consume H,
equivalents released in C-H borylation, but rather to provide access to a specific reactive
species instrumental to the C-H activation step — the 14-electron (POCOP)Ir. It may be
speculatively proffered here that analogous pathways may need to be considered in the

analysis of other Ir-based borylation catalysts.

2.4 Experimental
2.4.1 General considerations

Unless specified otherwise, all manipulations were performed under an argon
atmosphere using standard Schlenk or glovebox techniques. Pentane, diethyl ether,
tetrahydrofuran, mesitylene and benzene were dried over sodium-benzophenone ketyl,
distilled or vacuum transferred and stored over molecular sieves in an Ar—filled
glovebox. Pyridine was dried over CaH, then vacuum transferred and stored over
molecular sieves in an Ar—filled glovebox. 4,6-di—tert-butylresorcinol was purified by
recrystallization from THF/pentane at —30 °C prior to use. [(COD)IrCl], was synthesized
according to published procedures.}”® [(COD)Ir(OMe)], was synthesized according to

1L All other chemicals were used as received from commercial

published procedures.
vendors. All NMR spectra were recorded on a Varian Inova 300 spectrometer (‘*H NMR
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299.951 MHz, *'P{"H} NMR 121.425 MHz, “*C{'H} NMR 75.413 MHz), Varian
Mercury 300 spectrometer (*C{*H} NMR 75.426 MHz), Varian Inova 400 spectrometer
(*H NMR, 399.755 MHz; *C{*H} NMR, 100.518 MHz; *B NMR 128 MHz, *P{*H}
NMR 181.822 MHz), or a Varian Inova NMR 500 (*H NMR, 499.425 MHz/ 499.683
MHz; ®C{*H} NMR, 75.424 MHz/ 125.580 MHz; *'P{'"H} NMR, 202.171 MHz; °F
NMR, 469.854 MHz) spectrometer. All spectra were recorded at ambient temperature
unless otherwise noted. Chemical shifts are reported in &/ppm. For *H and “*C{‘H}
NMR spectra, the residual solvent peak was used as an internal reference.'”? *H NMR
spectra recorded in cyclohexane-di, were referenced by setting the residual solvent peak
to 1.39 ppm. B NMR spectra were referenced externally using neat BF;OEt; at & = 0
ppm, **P{*"H} NMR spectra were referenced externally using 85% H3POy at & = 0 ppm,
and °F NMR spectra were referenced externally using 1.0 M CF3CO,H in CDCl; at § =
—78.5 ppm.
2.4.2 Synthesis of compounds

(POCOP™™")-H ligand (210) — Ligand 210 was prepared according to modified
literature procedures.*” In a Schlenk flask equipped with a magnetic stir bar, resorcinol
(1.08 g, 9.81 mmol) was dissolved in 20 mL of THF. NEt; (4.42 mL, 31.7 mmol) was
added, followed by CIP'Pr, (3.06 g, 19.2 mmol) and a white precipitate immediately
formed. The reaction was stirred at room temperature for 12 h in a glovebox. The
solution was then filtered through Celite over a coarse frit, and the solvent was removed
in vacuo to provide 210 as a clear oil. The product was determined to be >95% pure by

NMR spectroscopy, and was used as prepared. Yield: 3.10 g (92%). *H NMR (500 MHz,
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CeDs): & 7.37 (m, 1H, Ar—H), 7.01 (t, 1H, Ar—H), 6.92 (m, 2H, Ar-H), 1.75 (m, 4H,
PCH(CHj3),), 1.10 (m, 12H, PCH(CHs),), 0.96 (dd, Jun = 15.9 Hz, Jp_yy = 7.5 Hz, 12H,
PCH(CHs),). *'P{*H} NMR (202 MHz, C¢Ds): & 147.3. “C{'H} NMR (126 MHz,
CeDe): & 161.0 (d, Jp.c = 9.0 Hz, Ar), 130.1 (s, Ar), 112.3 (d, Jp.c = 11.1 Hz, Ar), 109.5
(t, Jpc = 11.3 Hz, Ar), 28.6 (d, Jp.c = 18.3 Hz, PCH(CHs),), 17.9 (d, Jpc = 20.5 Hz,
PCH(CHs3),), 17.2 (d, Jp.c = 8.7 Hz, PCH(CHs),).

(MPOCOP™Y)-H ligand (211) — Ligand 211 was prepared according to
modified literature procedures.’” In a Schlenk flask equipped with a magnetic stir bar,
5-methylresorcinol (2.30 g, 18.5 mmol) was dissolved in 30 mL of THF. NEt; (5.40 mL,
38.7 mmol) was added followed by CIP'Pr, (6.04 mL, 38.0 mmol) and immediately a
white precipitate formed. The reaction was stirred at room temperature for 12 h in a
glovebox. The solution was then filtered through Celite over a coarse frit, and the
solvent was removed in vacuo to provide 211 as a clear oil. The product was used
determined to be >95% pure by NMR spectroscopy, and was used as prepared. Yield:
6.40 g (97%). *H NMR (500 MHz, C¢De): & 7.27 (s, 1H, Ar—H), 6.83 (s, 2H, Ar—H),
2.07 (s, 3H, Ar—CHj3), 1.75 (m, 4H, PCH(CHj),), 1.14 (m, 12H, PCH(CHs),), 0.98 (dd,
Jun = 15.9 Hz, Jpy = 7.5 Hz, 12H, PCH(CHs),). *'P{"H} NMR (202 MHz, CgD¢): &
146.3. ¥C{*H} NMR (126 MHz, CgDg): & 160.9 (d, Jp.c = 9.3 Hz, Ar), 140.3 (s, Ar),
113.1 (d, Jp.c = 10.3 Hz, Ar), 106.6 (t, Jp.c = 11.5 Hz, Ar), 28.6 (d, Jp.c = 18.4 Hz,
PCH(CHs),), 21.6 (s, Ar-CHs), 17.9 (d, Jp.c = 20.7 Hz, PCH(CHa),), 17.2 (d, Jp.c = 8.8

HZ, PCH(CHg)z)
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(B'POCOP™)-H ligand (212) — Ligand 212 was prepared according to
modified literature procedures.'” In a 50 mL Kimax vial equipped with a magnetic stir
bar, 4,6—di—tert-butylresorcinol (1.07 g, 4.81 mmol) was dissolved in 40 mL of toluene.
NEt; (2.00 mL, 14.3 mmol) was added followed by CIP'Pr, (2.51 mL, 9.49 mmol). The
vial was sealed, brought out of the glovebox, and the reaction was stirred at 110 °C for
24 h. The resultant mixture was filtered through Celite and the solvent was removed in
vacuo, providing a yellow oil that solidified over time. The crude solid was determined
to be 90% pure 212 by NMR spectroscopy. Recrystallization from pentane at —30 °C
provided the product as large white crystals. Yield: 1.00 g (46%). *H NMR (500 MHz,
toluene—ds): & 8.39 (m, 1H, Ar—H), 7.38 (s, 1H, Ar—H), 1.82 (m, 4H, PCH(CHj3),), 1.49
(s, 18H, Ar—C(CHs)s), 1.13 (dd, Ju_n = 10.9 Hz, Jp_14 = 7.0 Hz, 12H, PCH(CHs),), 1.01
(dd, Jyn = 15.0 Hz, Jp.y = 7.2 Hz, 12H, PCH(CHa3),). *P{*H} NMR (202 MHz,
toluene—dg): & 138.4. 3P{*H} NMR (202 MHz, C¢Ds): & 138.8. *C{"H} NMR (126
MHz, C¢Dg): & 156.3 (m, Ar), 129.8 (s, Ar), 125.6 (s, Ar), 106.7 (t, Jp.c = 30.5 Hz, Ar-
H), 34.9 (s, Ar-C(CHas)s), 30.8 (s, Ar-C(CHa)s), 28.3 (d, Jp.c = 19.2 Hz, PCH(CHa),),
17.9 (m, PCH(CHs)y).

213-(H)(CI)(DMAP) — Note: Order of addition is important and should be
followed as written in order to avoid formation of unidentified side products.
[(COD)IrCl], (752 mg, 1.12 mmol) and 40 mL of toluene were added to a 100 mL Hi-
Vac valve round-bottom flask equipped with a magnetic stir bar. DMAP (299 mg, 2.45
mmol) was added, giving a yellow solution. Subsequent addition of ligand 210 (770 mg,

2.25 mmol) in toluene gave a yellow—orange solution. The flask was then sealed and
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brought out of the glovebox. The reaction was heated at 110 °C for 24 h to form a light
yellow solution. All solvent was removed in vacuo, and the resultant white solid was
dissolved in CH,Cl,, filtered through Celite, layered with pentane, and placed in a —30
°C glovebox freezer overnight providing a white precipitate. After decanting the
supernatant the white precipitate was repeatedly washed with pentane and dried in
vacuo. *H NMR spectroscopy revealed the product contained a small amount of free
DMAP (ca. 4%). The product was determined to be a mixture of two isomers via *H and
$pfIH} NMR spectroscopy, and was used without further separation. Yield: 1.32 g
(85%). Isomer A (65%): 'H NMR (500 MHz, C¢De): & 9.97 (br d, Ju.n = 6.2 Hz, 1H,
(CH3)2N-CsH4N), 7.38 (br d, iy = 6.8 Hz, 1H, (CH3),N-CsHaN), 6.91 (t, Iy = 7.7 Hz,
1H, Ar-H), 6.83 (d, Ju. = 7.7 Hz, 2H, Ar-H), 5.92 (br s, 1H, (CH3),N-CsH4N), 5.28 (br
s, 1H, (CH3)2N-CsHyN), 2.40 (m, 2H, PCH(CH3),), 2.11 (m, 2H, PCH(CHz3),), 1.97 (s,
6H, (CH3)2N-CsH4N), 1.44 (dvt, Jy i = 7.5 Hz, Jp.y = 7.5 Hz, 6H, PCH(CHs),), 1.23
(dvt, Jun = 7.5 Hz, Jp_y = 7.5 Hz, 6H, PCH(CHs),), 1.19-1.14 (m, 12H, PCH(CHs),), —
20.43 (t, Jp.y = 16.0 Hz, 1H, Ir-H). **P{"H} NMR (202 MHz, C¢Ds): 5 149.4. Isomer B
(35%): 'H NMR (500 MHz, CgDg): & 9.23 (br d, Ju.n = 5.5 Hz, 2H, (CHs),N-CsHaN),
5.73 (d, Jun = 5.9 Hz, 2H, (CH3),N-CsHN)), 3.74 (m, 2H, PCH(CHa),), 2.02 (s, 6H,
(CH3)2N-CsHaN), 1.31-1.27 (m, 6H, PCH(CHs),), 0.89-0.84 (m, 6H, PCH(CHs),), —
20.82 (t, Jp.y = 15.1 Hz, 1H, Ir-H). The resonances corresponding to the aromatic
backbone, the second set of isopropyl methines and two sets of isopropyl methyl protons

could not be identified due to overlap with isomer A. *'P{"H} NMR (202 MHz, C¢Ds):
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8147.7. Anal. Calcd. for 213-(H)(CI)(DMAP): C, 43.53 ; H, 6.13. Found: C, 43.49 ; H,
6.02.

213-(H)(Cl)(py) — Note: Order of addition is important and should be followed
as written in order to avoid formation of unidentified side products. [(COD)IrCl], (391
mg, 0.582 mmol) and 15 mL of toluene were added to a 50 mL Hi-Vac valve round-
bottom flask equipped with a magnetic stir bar. Pyridine (135 pL, 1.68 mmol) was
added, giving a yellow solution. Subsequent addition of ligand 210 (399 mg, 1.17 mmol)
in toluene produced a yellow—orange solution. The flask was then sealed and brought out
of the glovebox. The reaction was heated at 110 °C for 24 h to form a light yellow
solution. All solvent was removed in vacuo and the resultant white solid was dissolved
in CH.Cl,, filtered through Celite, layered with pentane, and placed in a —-30 °C
glovebox freezer overnight providing a white precipitate. After decanting the
supernatant, the precipitate was washed with pentane and dried in vacuo to provide 213-
(H)(CD(py) as a white, crystalline solid of analytical purity. The product was
determined to be an 87:13 mixture of two isomers via 'H and *P{'H} NMR
spectroscopy. Yield: 616 mg (81%). Isomer A (87%): *H NMR (500 MHz, C¢Dg): &
10.44 (br s, 1H, Py-H), 7.80 (br s, 1H, Py-H), 6.88 (t, Ju_+ = 7.5 Hz, 1H, Ar-H), 6.78 (d,
Jn = 7.5 Hz, 2H, Ar-H), 6.64 (t, Jun = 7.5 Hz, 1H, Py-H), 6.53 (br s, 1H, Py-H), 5.96
(br's, 1H, Py-H), 2.34 (m, 2H, PCH(CHj3),), 1.91 (m, 2H, PCHC(CHj),), 1.39 (dvt, 4 n
= 9 Hz, Jp.4 = 8 Hz, 6H, PCH(CHs),), 1.18 (dvt, Ju.n = 7.5 Hz, Jp.y = 7.5 Hz, 6H,
PCH(CHs),), 1.06 (dvt, Jy = 7.5 Hz, Jp_1y = 6.5 Hz, 6H, PCH(CH3)2), 0.96 (dvt, Jyp =

8 Hz, Jp.4 = 8 Hz, 6H, PCH(CHa),), —20.88 (t, Jp.yy = 16 Hz, 1H, Ir-H). *'P{*"H} NMR
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(202 MHz, CgDg): & 148.8 (87%). Isomer B (13%): *H NMR (500 MHz, CsDs): 9.63 (br
s,1H, Py-H), 6.73 (t, Ju_n = 7.5 Hz, 1H, Ar-H), 6.32 (t, J4n = 7.5 Hz, 1H, Py-H), -20.75
(t, Jp_4 = 15 Hz, 1H, Ir-H). *P{*H} NMR (202 MHz, C¢Ds): & 147.0. Anal. Calcd. for
213-(H)(Ch(py): C, 42.55 ; H, 5.75. Found: C, 42.69 ; H, 5.67.

214-(H)(Cl)(py) — Note: Order of addition is important and should be followed
as written in order to avoid unidentified side products. [(COD)IrCl], (285 mg, 0.424
mmol) and 15 mL of toluene were added to a 50 mL Hi-Vac valve round-bottom flask
equipped with a magnetic stir bar. Pyridine (71 uL, 0.881 mmol) was added, giving a
yellow solution. Subsequent addition of ligand 211 (303 mg, 0.850 mmol) in toluene
produced a yellow orange solution. The flask was sealed and brought out of the
glovebox. The reaction was heated at 110 °C for 24 h, forming a light yellow solution.
Allowing the flask to cool to room temperature caused a white solid to precipitate out of
solution. All solvent was removed in vacuo and the flask was brought into a glovebox.
The resultant white solid was dissolved in CH,Cl,, filtered through a plug of Celite,
layered with pentane, and placed in a —30 °C freezer overnight resulting in precipitation
of a white, crystalline solid. After decanting the supernatant, the precipitate was washed
with pentane and dried in vacuo to yield 214-(H)(Cl)(py) in analytically pure form. The
product was determined to be an 86:14 mixture of two isomers via *H and **P{*"H} NMR
spectroscopy. Yield: 461 mg (74%). Isomer A (86%): *H NMR (500 MHz, C¢Dg): &
10.1 (br s, 1H, Py-H), 7.85 (br s, 1H, Py-H), 6.64 (d, J4.s = 0.5 Hz, 2H, Ar-H), 6.63
signal partially obscured (tt, J4 4 = 7.5 Hz, Jy n = 1.5 Hz, 1H, Py-H), 6.53 (br t, Jy 4 =

6.0 Hz, 1H, Py-H), 5.98 (br t, Ju.n = 6.0 Hz, 1H, Py-H), 2.35 (m, 2H, PCH(CH3),), 2.23
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(t, Jun = 0.5 Hz, 3H, Ar-CHs), 1.41 (dvt, Jyn = 11 Hz, Jp_n = 7.0 Hz, 6H, PCH(CHs),),
1.19 (dvt, Iy = 8 Hz, Jp_n = 7.0 Hz, 6H, PCH(CHs3)y), 1.08 (dvt, Jy i = 7.0 Hz, Jp.y =
7.0 Hz, 6H, PCH(CH3),), 0.98 (dvt, Ju = 8.5 Hz, Jo_yy = 7.5 Hz, 6H, PCH(CHs),), —
20.99 (t, Jp_y = 16.0 Hz, 1H, Ir-H). **P{*H} NMR (202 MHz, CgD): & 149.4. Isomer B
(14%): *H NMR (500 MHz, C¢Ds): & 9.66 (br d, Jyn = 4 Hz, 1H, 2°,6-Py—H), 6.70 (tt,
Jun = 7.5 Hz, Jun = 1.5 Hz, 1H, Py-H), 6.61 (d, J41 = 0.5 Hz, 2H, Ar-H), 6.31 (m, 2H,
3°, Py-H), 3.69 (m, 2H, PCH(CH3)y), 2.29 (m, 2H, PCH(CHs),), 2.24 (t, Jun = 0.5 Hz,
3H, Ar-CHj), 1.23 (dvt, Jy_1 = 6.5 Hz, Jp_y = 7.0 Hz, 6H, PCH(CHs),), 1.10 (dvt, Jy i =
10 Hz, Jp.y = 7.5 Hz, 6H, PCH(CH3)), 0.70 (dvt, Ju i = 10 Hz, Jp.y = 7.0 Hz, 6H,
PCH(CHj3),), —20.91 (t, Jp.y = 15.0 Hz, 1H, Ir-H).The fourth expected dvt resonance
corresponding to the isopropyl methyl was not observed and presumably overlaps with
signals of isomer A. *'P{"H} NMR (202 MHz, C¢D¢): & 147.5. Anal. Calcd. for 214-
(H)(CD(py): C, 43.47 ; H, 5.93. Found: C, 43.53 ; H, 6.04.

213-(H)(Cl) — Compound 213-(H)(CI)(DMAP) (404 mg, 0.584 mmol) and 20
mL of toluene were added to a 50 mL Hi-Vac valve round-bottom flask equipped with a
magnetic stir bar. To this suspension BF3*OEt, (250 ul, 2.03 mmol) was added, causing
the mixture to become red in color. The flask was brought out of the glovebox and
heated at 110 °C for 1 h, resulting in a dark red solution with formation of some
insoluble precipitate. The flask was then placed in a —30 °C glovebox freezer overnight.
The contents were filtered cold through a plug of Celite, and the Celite was subsequently
washed with cold pentane to ensure full product transfer. Removal of solvent in vacuo

resulted in formation of a tan, yellow solid. The composition of the resultant solids was
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determined by *H NMR spectroscopy to be 95% 213-(H)(CI) and 5% BF3sDMAP. The
isolated mixture was then filtered through a short plug of silica gel using a 5:1
pentane:toluene solvent mixture (60 mL). All solvent was removed in vacuo providing
213-(H)(CI) as an analytically pure, tan solid. Yield: 158 mg (48%). 'H NMR (500
MHz, CeDg): & 6.80 (t, Jun = 8.0 Hz, 1H, Ar—H), 6.70 (d, Ju_ = 8.0 Hz, 2H, Ar-H),
2.63 (m, 2H, PCH(CH3),), 2.25 (m, 2H, PCH(CHj3),), 1.23 (dvt, Ju s =8.5Hz,Jp 4 = 8.0
Hz, 6H, PCH(CHs),), 1.07 (m, 12H, PCH(CHs),), 0.99 (dvt, Jy 4 = 7.5 Hz, Jp.y = 7.5
Hz, 6H, PCH(CHs);), —37.0 (t, Jp_y = 12 Hz, 1H, Ir-H). *P{’*H} NMR (202 MHz,
CeDs): & 173.4. *C{*H} NMR (126 MHz, Cg¢D¢): & 166.2 (t, Jp_c = 6.4 Hz, Ar), 125.7 (s,
Ar), 114.3 (br s, Ar), 105.6 (t, Jp_c = 5.4 Hz, Ar), 31.4 (t, Jp ¢ = 14.7 Hz, PCH(CHa)y),
29.3 (t, Jp_c = 16.3 Hz, PCH(CH3)y), 17.4 (s, PCH(CHs3)y), 16.9 (s, PCH(CH3),), 16.7 (s,
PCH(CHj3),). Anal. Calcd. for 213-(H)(CI): C, 37.93 ; H, 5.66. Found: C, 38.14 ; H,
5.39.

214-(H)(CI)- Compound 214-(H)(CI)(py) (250 mg, 0.377 mmol) and 10 mL of a
5:1 pentane:toluene were added to a 50 mL Hi-Vac valve round-bottom flask equipped
with a magnetic stir bar. To that suspension BF3*OEt, (300 uL, 2.43 mmol) was added,
causing an immediate color change to dark red. The flask was brought out of the
glovebox and heated at 70 °C for 24 h. The resulting dark red solution was cooled to
room temperature and brought back into the glovebox. 10 mL of pentane was added and
the mixture was stirred overnight at room temperature. The dark red solution was then
filtered through Celite over a fine frit. Removal of the solvent in vacuo resulted in

formation of a red residue. The residue was washed with toluene and pentane, and
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subsequently dried in vacuo to ensure removal of all BF;*OEt,. The residue was
dissolved in a 5:1 pentane:toluene solvent mixture and filtered through a thin plug of
silica (approximately 2-3 mm deep) over a fine frit before all solvent was once again
removed in vacuo, providing a red residue. This residue was dissolved into a minimum
of toluene, layered with pentane, and placed in a —30 °C freezer overnight, resulting in
precipitation of orange solids. After decanting the supernatant, the precipitate was
washed with cold pentane, dried in vacuo, and collected as orange-yellow, crystalline
solid. Yield: 160 mg (73%). *H NMR (500 MHz, Cg¢D¢): & 6.55 (s, 2H, Ar—H), 2.64 (m,
2H, PCH(CHa),), 2.27 (m, 2H, PCH(CH3),), 2.12 (s, 3H, Ar—CHs), 1.25 (dvt, Ju.y = 85
Hz, Jp.4 = 8.0 Hz, 6H, PCH(CH3),), 1.11 (dvt, Jupy = 6.5 Hz, Jp.yy = 7.5 Hz, 6H,
PCH(CHs)y), 1.09 (dvt, Iy 1 = 8.5 Hz, Jp_14 = 7.0 Hz, 6H, PCH(CHa),), 1.01 (dvt, Jyn =
7 Hz, Jp.n = 8 Hz, 6H, PCH(CHs),), —37.1 (t, Jp.1 = 12 Hz, 1H, Ir-H). *P{*H} NMR
(202 MHz, CgDg): & 173.8. *C{*H} NMR (126 MHz, C¢Ds): 166.1 (t, Jp.c = 6.3 Hz,
Ar), 150.4 (s, Ar), 135.8 (s, Ar), 106.6 (t, Jp.c = 7.1 Hz, Ar), 31.5 (t, Jp.c = 14.7 Hz,
PCH(CHs),), 29.3 (t, Jp_c = 16.5 Hz, PCH(CHj3),), 21.6 (Ar—CHs), 17.4 (s, PCH(CHs),),
16.9 (m, PCH(CHs3),), 16.7 (s, PCH(CHj3),). Anal. Calcd. for 214-(H)(CI): C, 39.07 ; H,
5.87. Found: C, 39.09 ; H, 6.02.

Reaction of 213-(H)(CIl) and 214-(H)(CI) with pyridine — Compound 213-
(H)(CI) (14 mg, 0.025 mmol) or 214-(H)(CI) (15 mg, 0.026 mmol) were each added to a
separate J. Young NMR tube and dissolved in C¢Ds. Pyridine (0.028 mmol, 50 uL of a
0.55 M CgDg stock solution) was added to each J. Young NMR tube and the samples

were mixed. Immediately, in both reactions, a color change occurred from red to clear
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yellow. Analysis via *H and *P{*H} NMR spectroscopy showed quantitative formation
of 213-(H)(Cl)(py) or 214-(H)(Cl)(py), each as a mixture of two isomers in a ratio
similar to that observed in the syntheses from 210 or 211 with [(COD)IrCl]..
215-(H)(CI) - [(COD)IrCl], (177 mg, 0.264 mmol) and 15 mL of toluene were
added to a 50 mL Hi-Vac valve round-bottom flask equipped with a magnetic stir bar.
Ligand 212 (242 mg, 0.532 mmol) was added as a solution in toluene and the reaction
was heated for 24 h at 110 °C, giving a dark red-brown solution. The reaction flask was
brought into a glovebox, filtered through Celite, and solvent was removed in vacuo. The
resulting tan yellow solid was dissolved in a minimum of pentane and placed into a —30
°C freezer overnight, causing a tan colored precipitate to form. After decanting the
supernatant, all solvent was removed in vacuo, and the product was collected as a tan-
yellow solid. Single crystals suitable for X-ray analysis were obtained by slow
evaporation of pentane at room temperature. Yield: 291 mg (80%). *H NMR (500 MHz,
toluene—dg): 6 7.08 (s, 1H, Ar—H), 2.66 (m, 2H, PCH(CHs3),), 2.27 (m, 2H, PCH(CH3),),
1.48 (s, 18H, Ar—C(CHa)s)), 1.25 (dvt, Ju i = 8.6 Hz, Jp_y = 8.4 Hz, 6H, PCH(CHs),),
1.08 (m, 18H, PCH(CHs),), —36.6 (t, Jp.n = 13.6 Hz, 1H, Ir-H). **P{"H} NMR (202
MHz, toluene—ds): & 173.2. *C{*H} NMR (126 MHz, toluene—dg): & 161.5 (t, Jp.c = 5.9
Hz, Ar), 126.7 (t, Jp.c = 4.7 Hz, Ar), 120.7 (s, Ar), 115.9 (s, Ar), 34.6 (s, Ar—C(CHz)s,
314 (t, Jp.c = 14.9 Hz, PCH(CHs),), 30.3 (s, Ar—-C(CHs)s, 29.4 (t, Jp.c = 16.9 Hz,
PCH(CHs),), 17.6 (s, PCH(CHj3),), 16.9 (s, PCH(CHs),), 16.8 (s, PCH(CHa),). *H NMR
(500 MHz, Cg¢Dg): 7.15 (s, 1H, Ar-H), 2.69 (m, 2H, PCH(CHa),), 2.30 (m, 2H,

PCH(CHs),), 1.50 (s, 18H, Ar-C(CHa)s), 1.27 (dvt, Jun = 7 Hz, Jp.y = 8 Hz, 6H,
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PCH(CH3),), 1.10 (m, 12H, PCH(CHs),), 1.03 (dvt, Jun = 8 Hz, Jp_n = 7.3 Hz, 6H,
PCH(CHs),), —36.6 (t, Jp_y = 13.5 Hz, 1H, Ir—H). 3P {*H} (202 MHz, C¢Ds): & 173.5.
Anal. Calcd. for 215-(H)(CI): C, 47.65 ; H, 7.58. Found: C, 48.05 ; H, 7.54.
215-(HBpin) — Compound 215-(H)(CI) (79 mg, 0.12 mmol), B,pin, (31 mg,
0.12 mmol) and diethyl ether were added to a J. Young NMR tube. The components
were mixed well, NaO'Bu (12 mg, 0.13 mmol) was added, and the reaction was placed
into a 50 °C oil bath for 18 h with periodic mixing. Analysis via *P{*H} NMR
spectroscopy revealed 215-(HBpin) as the major product. Up to 10% of unidentified
minor products were observed in the *P{*H} NMR spectrum at 175.0 ppm and 172,6
ppm. The mixture was filtered through Celite, and all solvent was removed in vacuo,
providing an orange residue. The residue was dissolved in a minimal amount of pentane,
filtered, and placed in a —30 °C glovebox freezer, giving orange crystals. Analysis by *'B
NMR spectroscopy revealed some ROBpin side product (21.4 ppm in toluene-dg, ~10%)
co-crystallized with 215-(HBpin), while a minor amount of 215-(Bpin); and an
unidentified compound (174.6 ppm in toluene-dg) was observed in the *P{*H} NMR
spectrum. Though difficulties in separation precluded collection of suitable elemental
analysis data, X-ray quality crystals of 215-(HBpin) were able to be obtained by slow
evaporation of pentane at room temperature. Yield: 55 mg (61%). *H NMR (500 MHz, —
60 °C, toluene-dg): & 7.33 (s, 1H, Ar-H), 3.02 (br m, 2H, PCH(CHs),), 2.21 (br s, 2H,
PCH(CHs),), 1.64 (s, 18H, Ar—C(CHs)s), 1.38 (br dvt, Jyn = 7.7 Hz, Jp_yy = 7.6 Hz, 6H,
PCH(CHs),), 1.26-1.15 (m, 18H, PCH(CHs),), 1.13 (s, 12H, Bpin CHj), —10.31 (br s,

1H, Ir-H). 'H NMR (500 MHz, toluene-dg): & 7.33 (s, 1H, Ar-H), 3.07-2.17 (br m,
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integrates to only 2H, PCH(CHy),), 1.56 (s, 18H, Ar—-C(CHjs)3), 1.32-1.13 (br m, 24H,
PCH(CHs),), 1.11 (s, 12H, Bpin CHjs), -10.6 (br s, 1H, Ir-H). 'B NMR (128 MHz,
toluene-dg): & 27.6 (br s). *C{*H} NMR (126 MHz, toluene-dg): & 165.2 (t, Jp.c = 7.3
Hz, Ar), 153.0 (t, Jp.c = 6.4 Hz, Ar,), 126.3 (s, Ar), 125.2 (t, overlaps with toluene-ds
signal, Jp_c = 5.0 Hz, Ar), 82.1 (s, Bpin tertiary carbon), 34.9 (s, Ar-C(CHjs)3), 30.5 (s,
Ar-C(CHjs)3), 30.0 (t, Jp.¢ = 15.7 Hz, PCH(CHj3),), 25.0 (s, Bpin CHjs), 18.5 (br s,
PCH(CHs),). *'P{*H} NMR (202 MHz, toluene-dg): & 190.5. *P{*H} NMR (202 MHz,
Et,0): 5 190.9.

Thermolysis of 215-(HBpin) in CsDs — A J. Young NMR tube was charged
with 215-(HBpin) (20 mg, 0.026 mmol) and C¢Dg (700 pL). The sample was determined
to contain some 215-H3Bpin. The sample was placed into an 80 °C oil bath for 30 min,
then 1,4-dioxane (5.0 pL, 0.058 mmol) was added via C¢Ds stock solution and the
reaction was monitored by NMR spectroscopy. A 15% spectroscopic yield of C¢DsBpin
was observed and the hydride resonances corresponding to 215-(HBpin) and 215-
H3Bpin were no longer observed, however, signals corresponding to both 215-(HBpin)
and 215-H3Bpin were observed by *'P{*H} NMR indicating rapid H/D exchange with
the solvent.

Formation of 215-H3Bpin in situ — A J. Young tube was charged with 215-
(HBpin) (21 mg, 0.027 mmol) and toluene-dg. The solution was then frozen, degassed,
and refilled with 1 atm of Hy, resulting in an immediate color change from red-orange to
colorless-pink (Figure S2). Analysis by *P{*H} NMR spectroscopy revealed

predominant formation of 215-H;Bpin (96%) as well as a minor quantity of 215-H,
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(4%). Attempts to isolate 215-H3Bpin by removing all solvent in vacuo and subjecting
the resultant solids to dynamic high vacuum for several hours resulted in mixtures of
215-H3Bpin (81%) and 215-(HBpin) (19%) (Figure S3). Adding excess H, to the
reaction mixture regenerated 215-H3Bpin . This is similar to the behavior of
(POCOP™")IrH;Bpin reported by Heinekey et. al.'®® where (POCOP™")Ir(HBpin) 118-
(HBpin) can be generated by reacting (POCOP™")IrH, 118-H, with HBpin, then placing
the resulting solids under dynamic high vacuum. *H NMR (-80 °C, toluene-dg): & 7.24
(s, 1H, Ar-H), 2.73 (br m, 2H, PCH(CHs),), 1.85 (br s, 2H, PCH(CHj3),), 1.60 (s, 18H,
Ar-C(CHs)3), 1.47 (br dvt, Jyn = 7.7 Hz, Jp_1y = 7.6 Hz, 6H, PCH(CHa),), 1.22-1.15 (m,
12H, PCH(CHj3),), 1.13 (br s, 6H, Bpin CHg), 1.10 (br s, 6H, Bpin CHgs), 0.93 (m, 6H,
PCH(CHj3),), —7.96 (br m, 1H, Ir-H),-9.81 (br s, 1H, Ir-H), —9.97 (td, Jy.4 = 6.8 Hz, Jp.4
= 16 Hz, 1H, Ir-H). *'B NMR (128 MHz, toluene-dg): & 37.0 (br s). **P{*H} NMR (202
MHz, toluene-dg): & 168.2. *C{*H} NMR (126 MHz, toluene-dg): & 159.2 (t, Jp.c = 5.7
Hz, Ar), 125.8 (t, Jo.c = 4.6 Hz, Ar), 124.0 (t, Jp.c = 5.0 Hz, Ar), 120.3 (s, Ar), 83.2 (s,
Bpin tertiary carbon), 34.6 (s, Ar-C(CHs)s), 30.5 (s, Ar-C(CHz3)3), 28.6 (br s,
PCH(CHs),), 24.8 (s, Bpin CHs), 18.6 (br s, PCH(CH3)), 17.0 (br s, PCH(CHs),), 15.4
(br s, PCH(CHj3)y).

Alternative synthesis of 215-HsBpin in situ — A J. Young NMR tube was
charged with 215-(TBE) (40 mg, 0.055 mmol) , toluene-dg, and cyclohexane (5.0 uL,
0.046 mmol). The J. Young tube was then frozen, degassed, refilled with 1.5 atm of Hy,
and the solution was allowed then swirled. This process was repeated twice, and after 10

minutes a color change was observed from dark red to light yellow. *H and *P{*H}

81



NMR spectroscopy revealed quantitative formation of 215-H, and TBA. The NMR tube
was brought back into the glovebox and HBpin (9.0 pL, 0.062 mmol) was added. Within
the time of mixing, *H, "B, and *P{"H} NMR spectroscopy revealed quantitative
formation of 215-Hs;Bpin , which was studied by low temperature VT NMR
spectroscopy down to —80 °C (Figure S1). At room temperature the three hydride ligands
of 215-H3Bpin appear as two broad singlets; 6 = —8.10 ppm and —10.09 ppm in a 1:2
ratio, respectively. At —20 °C the broad resonance at —10.09 ppm began to diverge into

two broad signals, with complete divergence observed at —50 °C (See Figure S1 below).
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Figure 11-9. Stacked *H NMR (500 MHz, toluene-dg) spectra of the hydride region of

215-H3Bpin from 20 °C (top) to —80 °C (bottom).
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immediately after adding excess H, to 215-(HBpin). Sample contains 215-H,.
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Figure 11-11. *P{*H} NMR spectrum (202 MHz, C¢Dg) showing a mixture of 215-
(HBpin) and 215-H3Bpin . Spectrum was obtained after freezing a cyclohexane solution
of 215-H3Bpin, removing all solvent in vacuo, subjecting the resultant solids to high

vacuum for several hours, then re-dissolving the solids in CgDs.

214-(Bpin), — Compound 214-(TBE) (366 mg, 0.580 mmol) and 10 mL of
benzene were added to a 50 mL Hi-Vac valve round-bottom flask equipped with a
magnetic stir bar. B,pin, (148 mg, 0.583 mmol) was added and the reaction was heated
for 12 h'in a 70 °C oil bath giving a light red solution. The resultant solution was filtered
through Celite, and solvent was removed in vacuo giving an orange residue. The residue

was dissolved in minimal toluene, layered with pentane and placed in a —30 °C freezer
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overnight resulting in precipitation of solids. Decanting the supernatant and drying in
vacuo provided 214-(Bpin), as a crystalline, orange-red solid. A single crystal suitable
for X-ray analysis was obtained from pentane at —30 °C. Yield: 342 mg (74%). *H NMR
(500 MHz, C¢Ds): & 6.77 (s, 2H, Ar—H), 2.92 (m, 4H, PCH(CH3),), 2.15 (s, 3H, Ar—
CHs), 1.37 (m, 24H, PCH(CH3),), 1.16 (s, 24H, Bpin CHj). B (128 MHz, CgDg): 33.5.
BC{"H} NMR (126 MHz, C¢Dg): 6 170.3 (t, Jp_c = 6.9 Hz, Ar), 154.2 (t, Jpc = 7.1 Hz,
Ar), 144.2 (s, Ar), 104.3 (m, Ar), 81.9 (s, Bpin tertiary carbon), 30.7 (t, Jp_c = 15.3 Hz,
PCH(CHs),), 25.7 (s, Bpin CH3), 22.2 (Ar-CHg3), 18 (s, PCH(CHz3),), 16.6 (s,
PCH(CHs),). **P{*H} NMR (202 MHz, C¢Ds): 5 185.9. Anal. Calcd. for 214-(Bpin).: C,
46.45 ; H, 7.17. Found: C, 46.38 ; H, 7.21.

215-(Bpin), — A J. Young NMR tube was charged with 215-(TBE) (33 mg,
0.045 mmol), B,pin, (12 mg, 0.047 mmol), mesitylene (10 uL, 0.096 mmol) and CgDs.
The tube was placed in an 80 °C oil bath overnight. *H and *'P{*H} NMR spectroscopy
revealed gquantitative formation of 215-(Bpin),. All solvent was removed in vacuo and
the resulting orange solid was dissolved in a minimum of pentane and placed in a —30°C
freezer overnight, resulting in precipitation of solids. Decanting the supernatant and
drying the solids in vacuo provided 215-(Bpin), as orange-red crystals. Yield: 36 mg
(88%). *H NMR (500 MHz, C¢Ds): & 7.45 (s, 1H, Ar-H), 2.93 (m, 4H, PCH(CHs),), 1.59
(s, 18H, Ar-C(CHs)s), 1.41-1.32 (m, 24H, PCH(CHs)s), 1.18 (s, 24H, Bpin CHs). !B
(128 MHz, C¢Ds): & 33.6. *C{"H} NMR (126 MHz, C¢Ds):  165.2 (t, Jpo.c = 6 Hz, Ar),
161.6 (t, Jp.c =7 Hz, Ar), 128.6 (s, Ar), 124.9 (t, Jo.c =5 Hz, Ar), 81.9 (s, Bpin tertiary

carbon), 35.0 (s, Ar-C(CHg)s, 30.9 (t, Jp.c = 15.7 Hz, PCH(CHj3)3), 30.6 (s, Ar-C(CHs)3),
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25.8 (s, Bpin CH3), 17.9 (t, Jp.c = 2.1 Hz, PCH(CHs)3), 16.9 (s, PCH(CHs)s). *'P{*H}
NMR (202 MHz, CgDg): 6 184.8. Anal. Calcd. for 215-(Bpin),: C, 50.73 ; H, 7.95.
Found: C, 51.12; H, 8.21.

Thermolysis of 215-(Bpin),; in CsDs — A J. Young NMR tube was charged with
215-(Bpin), (31 mg, 0.034 mmol) and C¢Ds. The reaction was placed into an 80 °C oil
bath and monitored periodically by NMR spectroscopy for up to 24 h, CsDsBpin was not
observed during that time nor were any new organometallic or organic products; only
215-(Bpin), was observed.

215-(C,H4) — Compound 215-(H)(CI) (210 mg, 0.318 mmol) and 10 mL of
benzene were added to a 100 mL Hi-Vac valve round-bottom flask equipped with a
magnetic stir bar. NaO'Bu was added (34 mg, 0.35 mmol) and the flask was brought out
of the glovebox, degassed, and charged with 1 atm of ethylene (C,H,). The reaction was
stirred for 12 h at RT, giving a dark red solution. The solution was filtered through
Celite, and solvent was removed in vacuo, resulting in formation of brown solids. The
solids were dissolved in hexamethyldisiloxane and pentane, giving a red solution, then
placed in a —30 °C freezer overnight. The supernatant was decanted, and the precipitate
dried under reduced pressure to provide 215-(C,H,) as a brown powder. Yield: 149 mg
(72%). *H NMR (500 MHz, C¢Ds): & 7.28 (s, 1H, Ar-H), 2.62 (t, Jp.4 = Hz, 4H, Ir(C2H.),
2.28 (m, 4H, PCH(CHs3),), 1.60 (s, 18H, Ar-C(CHs)s, 1.10 (dvt, Ju.n = 6.9 Hz, Jp.y = 6.7
Hz, 12H, PCH(CHs),), 1.02 (dvt, Jyu = 8.7 Hz, Jpy = 7.4 Hz, 12H, PCH(CHs),).
LI NMR (202 MHz, CgDg): & 181.7. *C{*H} NMR (126 MHz, C¢Ds): & 161.4 (t,

Jo.c = 9.4 Hz, Ar), 145.0 (t, Joc = 9.8 Hz, Ar), 125.48 (t, Jp.c = 5.6 Hz, Ar), 120.2 (s,
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Ar), 34.9 (s, CoHa), 34.0 (s, Ar-C(CHs)), 31.0 (t, Jp.c = 13.1 Hz, PCH(CHa),), 30.7 (s,
Ar-C(CHy)), 17.9 (t, Jp.c = 2.5 Hz, PCH(CH3),), 17.45 (s, PCH(CH3),). Anal. Calcd. for
215-(C,Hy): C, 49.91 ; H, 7.63. Found: C, 52.95 ; H, 7.36.

214-(TBE) — Compound 214-(H)(CI) (308 mg, 0.53 mmol) and 10 mL were
added to a 50 mL Hi-Vac valve round-bottom flask equipped with a magnetic stir bar.
Via syringe, tert-butylethylene (410 pL, 3.2 mmol) was added, followed by NaO'Bu (56
mg, 0.58 mmol). The reaction was stirred for 12 h at RT, producing a dark red solution.
The solution was filtered through Celite and solvent was removed in vacuo, giving the
product as a red solid. The product may be recrystallized from pentane at —30 °C or used
without further purification. Yield: 226 mg (66%). *H NMR (500 MHz, CgDg): & 6.75 (s,
2H, Ar-H), 4.21 (m, 1H, TBE), 3.66 (m, 1H, TBE), 2.94 (d, J4.n = 8 Hz, 1H, TBE),
2.57 (m, 2H, PCH(CHs),), 2.33 (m, 2H, PCH(CHs),), 2.16 (s, 3H, Ar—CHs), 1.26-1.19
(m, 12H, PCH(CHs),), 1.14 (s, 9H, TBE -C(CHs)s, 1.08-0.98 (m, 12H, PCH(CHs),).
$1pLIHY NMR (202 MHz, CeDs): 6 173.4 (br s). *C{"H} NMR (126 MHz, C¢Ds): &
167.9 (t, Jp_c = 8.3 Hz, Ar), 141.3 (t, Jp_c = 8.5 Hz, Ar), 138 (s, Ar), 104.7 (t, Jp.c = 6.1
Hz, Ar), 67.8 (TBE), 37.9 (TBE), 34.2 (TBE C(CHs)3)), 31.1 (t, Jo.c = 14.2 Hz,
PCH(CHs),), 30.9 (TBE C(CHs)s), 21.9 (Ar—CHs), 18.4 (s, PCH(CHs),), 17.4 (s,
PCH(CHs),), 17.2 (s, PCH(CHs),). Anal. Calcd. for 214-(TBE): C, 47.53 ; H, 7.18.
Found: C, 47.75; H, 7.40.

215-(TBE) — Compound 215-(H)(Cl) (357 mg, 0.523 mmol) and 10 mL of
benzene were added to a 50 mL Schlenk flask equipped with a magnetic stir bar. tert—

butylethylene (2.5 mL, 18 mmol) was added, followed by NaO'Bu (60 mg, 0.624 mmol).
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The reaction was stirred for 6 h at RT, giving a dark red solution. All solvent was
removed in vacuo providing a red residue. The residue was dissolved in pentane and
filtered through Celite. Removal of volatiles gave 215-(TBE) as a red solid in >96%
purity, found suitable for further use. The side products were not identified and no
hydride signals were observed. Recrystallization of the product from a pentane/tert—
butylethylene solvent mixture at —30 °C did give a TBE solvate of 215-(TBE) labeled
215-(TBE) « TBE but the compound was not used for further chemistry. Yield of 215-
(TBE): 231 mg (60%). *H NMR (500 MHz, CsDe): & 7.33 (s, 1H, Ar-H), 4.21 (m,
1H,Ir(TBE)), 3.65 (m, 1H, Ir(TBE)), 2.91 (d, Ju.n = 10 Hz, 1H, Ir(TBE)), 2.57 (m, 2H,
PCH(CHa)3), 2.31 (m, 2H, PCH(CHs)s), 1.59 (s, 18H, Ar-C(CHs)3), 1.27-1.23 (br m, 6H,
PCH(CHs)s), 1.22-1.18 (m, 6H, PCH(CHa)s), 1.15 (s, 9H, Ir(TBE)), 1.10-0.97 (br m,
12H, PCH(CHs)3). **P{*H} NMR (202 MHz, C¢Ds): 5 172.3 (br s). *C{"H} NMR (126
MHz, CeDs): & 163.2 (t, Jp.c = 8 Hz, Ar), 148.2 (t, Jp.c = 8 Hz, Ar), 124.7 (m, Ar), 122.7
(s, Ar), 67.2 (s, Ir(TBE)), 37.6 (s, Ir(TBE)), 34.9 (s, Ar-C(CHj3)), 34.2 (s, Ir(TBE)), 31.1
(m, PCH(CHj3)), 30.9 (s, Ir(TBE)), 30.7 (s, Ar-C(CHs)), 18.6 (br m, PCH(CHj3),)), 17.4
(br m, PCH(CHgs),). Anal. Calcd. for 215-(TBE): C, 52.65 ; H, 8.15. Found: C, 52.62; H,
7.94. Anal. Calcd. for 215-(TBE) « TBE: C, 56.06 ; H, 8.79. Found: C, 55.87; H, 8.63.
Thermolysis of 214-(TBE) in CgDg - A J. Young NMR tube was charged with
214-(TBE) (22mg, 0.034 mmol) and CgDs. Via syringe, cyclohexane (5 pulL) was added
as internal standard. The reaction was placed into a 90 °C oil bath and after 18 h

numerous unidentified products (> 10) were observed by *'P{"H} NMR spectroscopy.
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Only 2,2-dimethylbutane (TBA) was identifiable in the *H NMR spectrum, and the
cyclohexane internal standard appeared to have been consumed.

Reaction of 215-(TBE) with 2 equiv of HBpin in CgDs- attempting to make
pure 215-(HBpin) — A J. Young NMR tube was loaded with 215-(TBE) (20 mg, 0.027
mmol), CsDg (700 uL), cyclohexane (10 pL), and HBpin (8.0 uL, 0.055 mmol). The
resulting light red solution was immediately analyzed via *H, *B and *P{*H} NMR
spectroscopy. The B NMR spectrum showed the formation of 215-Hs;Bpin (16%),
TBABpin (39%), PhBpin (39%), and a HBpin decomposition product (6%). The
$pIHY NMR spectrum showed 215-HsBpin (79%), 215-(TBE) (13%), 215-(HBpin)
(2%) and a singlet at 190.74 ppm (6%) tentatively assigned as 215-(DBpin).

Reaction of 215-(TBE) with 2 equiv of HBpin in cyclohexane-d;,- attempting
to make pure 215-(HBpin) — A J. Young NMR tube was loaded with 215-(TBE) (20
mg, 0.027 mmol), cyclohexane-d;, (700 pL) and HBpin (8.0 pL, 0.055 mmol). The
resulting reddish yellow solution was immediately analyzed via H, *'B and *P{*H}
NMR spectroscopy. The *P{"H} NMR spectrum contained 215-HsBpin (31%), 215-
(Bpin); (24%), 215-(HBpin) (40%) and 215-H,Bpin; (4%). The B NMR spectrum
showed a large, broad singlet at ~34.4 ppm which is the expected chemical shift of
TBABpin. This signal obscured the *B NMR signals of 215-H3Bpin and 215-(Bpin),.
The *'B NMR signal of 215-(HBpin) , expected at ~ 25-30 ppm could not be confirmed.
Significant quantities of HBpin decomposition product (15%) were observed.

Synthesis of 215-H, — Compound 215-(TBE) (102 mg, 0.140 mmol) and 3 mL

of cyclohexane were added to a 50 mL Hi-Vac valve round-bottom flask equipped with
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a magnetic stir bar. The flask was brought out of the glovebox, degassed, and refilled
with 1 atm of H,. The reaction was stirred for 4 h at RT, forming a light yellow solution.
The solvent was frozen and removed in vacuo, yielding brown solids which were left
under high vacuum for 24 h, and were determined to be >95% pure 215-H, by 'H and
$1pf1H} NMR spectroscopy. An unidentified product (4%) was observed by *'P{'H}
NMR spectroscopy at 178.6 ppm. The hydride resonance of 215-H; in cyclohexane-di;
was broad at ambient temperature. Further inspection of the baseline revealed a broad
resonance with a chemical shift (5 = —17.35 ppm) that is comparable to (POCOP'™®")IrH,
(8 = —16.99 ppm, toluene-ds, 23 °C) reported by Brookhart.®® A VT 'H and *P{*H}
NMR study of 215-H, in toluene-dg revealed that at lower temperature 215-H, behaves
in a similar fashion to (POCOP®™")IrH,. Yield: 76 mg (84%). 'H NMR (500 MHz,
cyclohexane-d;2): 6 6.73 (s, 1H, Ar-H), 2.30 (br, 4H, PCH(CH3),), 1.30 (s, 18H, Ar-
C(CHs)3), 1.14-1.10 (m, 12H, PCH(CHj3),), 1.00-0.96 (m, 12H, PCH(CHa),), —17.17 (br,
2H). **P{*"H} NMR (202 MHz, cyclohexane-d): & 179.2. *C{*H} NMR (126 MHz,
cyclohexane-di,): & 158.8 (t, Jp.c = 6.6 Hz, Ar), 125.8 (t, Jp.c = 3.9 Hz, Ar), 119.4 (s,
Ar), 106.0 (s, Ar), 35.0 (s, Ar-C(CHa)), 33.9 (t, Jo.c = 16.5 Hz, PCH(CHs3),)), 30.8 (s,
Ar-C(CHjs)), 19.3 (s, PCH(CHj3)2)), 19.0 (s, PCH(CHg)y,)).

Formation of 215-H, in situ — A J. Young NMR tube was charged with 215-
(TBE) (17 mg, 0.021 mmol) and CgDs (700 pL). The solution was frozen, degassed, and
refilled with 2 atm of H,. A color change immediately occurred from dark red as the
solution turned nearly colorless and >95% pure 215-H,4 was observed to have formed by

'H and *'P{"H} NMR spectroscopy. 2,2-dimethylbutane was observed in the *H NMR
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spectrum. 'H NMR (500 MHz, C¢Dg): 6 7.17 (s, 1H, Ar-H), 1.78 (m, 4H, PCH(CH3),),
1.52 (s, 18H, Ar-C(CHa)s), 1.08 (dvt, Juns = 8 Hz, Jp_yy = 7 Hz, 12H, PCH(CHs),), 0.97
(dvt, Jun = 11 Hz, Jp.y = 7 Hz, 12H, PCH(CHa),), -8.81 (t, Jp_ys = 10.3 Hz, 4H, Ir-Hy).
$prIHY NMR (202 MHz, CgDe): 6 172.3. *C{*H} NMR (126 MHz, C¢Ds): & 158.5 (t,
Jp.c = 5.5 Hz, Ar), 126.4 (t, Jp.c = 4.6 Hz, Ar), 121.7 (t, Jo.c = 5 Hz, Ar), 120.7 (s, Ar),
34.6 (s, Ar-C(CHs)), 30.9 (t, Jp.c = 18.1 Hz, PCH(CHs),), 30.6 (s, Ar-C(CHs)), 18.4 (t,
Jp.c = 3.7 Hz, PCH(CH3),), 17.9 (s, PCH(CHs)y).

(215-(Cl)(Bpin) - In a 50 mL Schlenk flask equipped with a magnetic stir bar
was dissolved 215-(H)(CI) (193 mg, 0.283 mmol) in 15 mL of pentane, giving a red
solution. HBpin (95.0 pL, 0.655 mmol) was added, and the solution immediately went
colorless with formation of a white precipitate. The reaction was stirred for 1 h at RT,
giving a yellow solution. Volatiles were removed in vacuo to afford yellow solids.
These solids were washed with pentane and dried in vacuo (x 5). *H and *P{'*H} NMR
spectroscopy revealed the yellow solids to be a composed of several products including
215-(HBpin) (9%), 215-(Bpin); (33%), 215-H3Bpin (5%) and an unidentified product
(54%), observed as a singlet at 165.5 ppm via **P{"H} NMR, tentatively assigned as
215-(Cl)(Bpin). The yellow solids were dissolved in pentane and filtered through a plug
of silica, yielding a colorless filtrate. The silica was washed with pentane, then THF,
eluting a bright yellow solution. All solvent was removed in vacuo, giving pure 215-
(C1)(Bpin) as a bright yellow solid. Yield: 95 mg (42%). *H NMR (500 MHz, CsDs): &
7.13 (s, 1H, Ar-H), 3.30 (m, 2H, PCH(CHs),), 2.84 (m, 2H, PCH(CHj3),), 1.64-1.59 (m,

6H, PCH(CHs),), 1.54 (s, 18H, Ar-C(CHa)s), 1.42-1.35 (m, 12H, PCH(CH3),), 1.14-1.10
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(m, 6H, PCH(CHa),), 0.74 (s, 12H, Bpin CHs). B (128 MHz, C¢Ds): & 12.0 (br ).
$pIHY NMR (202 MHz, CeDg): & 165.5 (s). *C{*H} NMR (126 MHz, C¢Dg): & 161.7
(t, Jp.c = 6 Hz, Ar), 126.6 (t, Jp.c = 5 Hz, Ar), 124.4 (m, Ar), 120.3 (s), 83.3 (s, Bpin
tertiary carbon), 34.7 (s, Ar-C(CHzs)3), 32.9 (t, Jp.c = 14 Hz, PCH(CHj3)y)), 31.5 (t, Jpc =
16 Hz, PCH(CHz3),)), 30.4 (s, Ar-C(CHz3)3), 19.4 (s, PCH(CHs),)), 17.7 (t, Jp.c = 5 Hz,
PCH(CHs),)), 16.3 (s, PCH(CHs),)), 16.2 (t, Jp.c = 4 Hz, PCH(CHs),)). Anal. Calcd. for
215-(Cl)(Bpin): C, 47.55 ; H, 7.36. Found: C, 47.52; H, 7.23.

Thermolysis of 215-(Cl)(Bpin) in C¢Dg — A J. Young NMR tube was charged
with 215-(Cl)(Bpin) (17 mg, 0.021 mmol) and C¢Ds. The reaction was placed into an 80
°C oil bath and monitored periodically by NMR spectroscopy for up to 24 h. C¢DsBpin
was not observed during that time, nor was there any evidence of new organometallic or
organic products; only 215-(Cl)(Bpin) was observed.

Reaction of 215-(Cl)(Bpin) with with 1 atm H; — A J. Young NMR tube was
loaded with 215-(Cl)(Bpin) (18 mg, 0.022 mmol) and CgDs (700 pL). The tube was
frozen, degassed, and refilled with 1 atm of H,. No reaction was observed by 'H, *'B or
$1p£14} NMR spectroscopy after 24 h at RT.

Synthesis of 215-H,Bpin; in situ - A J. Young NMR tube was charged with
215-(TBE) (33 mg, 0.045 mmol) and cyclohexane-d;, (700 pnL). HBpin (40 uL, 0.27
mmol) was added. The color changed from dark red to yellow within time of mixing.
The sample was then analyzed via *H, *'B and *P{*H} NMR spectroscopy. The *H
NMR spectrum contained a C,, symmetric product with a hydride resonance at —8.69

ppm (t, J = 13 Hz, 2H). The !B NMR spectrum contained only TBABpin and excess
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HBpin, indicating that the *B NMR resonance for 215-H,Bpin, is either broad, or
obscured by the resonance of TBABpin or HBpin. The *P{'H} spectrum contained
resonances for 215-(Bpin); (184.6 ppm, 11%), 215-H3Bpin (167.5 ppm, 31%), and 215-
H,Bpin, (161.8 ppm, 58%). Subjecting the volatiles to vacuum gave yellows solids
mostly comprised of 215-(Bpin),. Compound 215-H,Bpin; was also observed as the
major product during, under the reaction conditions listed in (Table 1I-1, Entry 9). *H
NMR (400 MHz, CgD¢): & 7.18 (s, 1H, Ar-H), 2.66 (m, 4H, PCH(CHs),)), 1.55 (s, 18H,
Ar-C(CHzs)3), 1.14 (s, 24H, Bpin CHj3), the resonances for the isopropyl methyl protons
were not observed presumably due to overlap with other signals, —8.30 (t, Jp.4 = 14.8 Hz,
2H, Ir-H). **P{*"H} NMR (182 MHz, C¢Ds): & 162.2.

Synthesis of 215-(hexene) in situ - A J. Young NMR tube was charged with
215-(TBE) (12 mg, 0.016 mmol), CsDg (700 pL) and 1-hexene (50 pL, 0.88 mmol). The
NMR tube was placed in an 80 °C oil bath for 10 minutes, then analyzed by *H and
$1pfIH} NMR spectroscopy. The broad signal corresponding to 215-(TBE) in the
$pfIH} NMR spectrum disappeared and a new product tentatively assigned as 215-
(hexene) was observed at 177.4 ppm. Free TBE was observed in the *H NMR spectrum.

Synthesis of 214-(CgHsF)(H) — A vial was loaded with 214-(H)(CI) (115 mg,
0.197 mmol), NaO'Bu (21 mg, 0.22 mmol) and 3 mL of fluorobenzene. The reaction was
stirred at RT for 3 h, filtered through Celite, and all solvent was removed in vacuo to
provide 214-(Ce¢HsF)(H) as a brick red solid. Isolated samples of 214-(CgHsF)(H)
contained small amounts of residual fluorobenzene. Yield: 119 mg (94%). 'H NMR (500

MHz, cyclohexane-di,): 6 6.45 (s, 2H, Ar-H), 2.52 (br, 4H, PCH(CHj3),), 2.22 (s, 3H,
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Ar-CHs), 1.13 (m, 12H, PCH(CHs),), 0.96 (m, J = 16.7, 8.0 Hz, 12H, PCH(CHa3),), —
4351 (br, 1H, Ir-H). *F (470 MHz, cyclohexane-di):  —90.87 (br). **P{*H} NMR (202
MHz, cyclohexane-d;,): 6 177.8.

Reaction of 214-(CgHsF)(H) with HBpin at room temperature in an inert
solvent (cyclohexane-d;;) — A J. Young tube was loaded with 214-(C¢HsF)(H) (44 mg,
0.068 mmol) and cyclohexane-d;, (700 pL). A small amount of solid persisted at the
bottom of the NMR tube. The solvent was frozen and HBpin (10 pL, 0.069 mmol) was
added. The sample was allowed to thaw, mixed for a few seconds (at which point the
color instantly changed from red to yellow) then analyzed within 2 minutes by NMR
spectroscopy. By H NMR, the downfield hydride resonance of 214-(CgHsF)(H)
disappeared with multiple unidentified hydride resonances observed between —6 and —20
ppm. Resonances corresponding to free fluorobenzene were also observed. The 'B
spectrum contained 214-H;Bpin (40%) and a product at 30.4 ppm (60%) (Figure 11-14)
which was later identified as the ortho- borylated fluorobenzene product herein referred
to as L-2. Trace quantities (<1%) of HBpin decomposition were observed (21.4 ppm).
The F NMR spectrum contained resonances for L-2 (45%, —101.6 ppm), free
fluorobenzene (52%, —113.4 ppm) and an unknown compound (3%, —88.3 ppm). The
$1pf1} spectrum revealed numerous products including 214-(HBpin) (190.7 ppm,
15%), 214-HsBpin (167.4 ppm, 64%), and 214-H, (179.2 ppm, 3%). Trace quantities of
214-(Bpin), were observed, but the remaining products were not identified. The sample
was brought into a glovebox and all solvent was removed in vacuo giving a red residue.

This residue was dissolved in CDCl3, and CgFs (10 pL, 0.087 mmol) was added as an
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internal standard for NMR analysis. The borylated arene product, L-2, was
unambiguously assigned via literature comparison (Figure 11-12).*° Two, near
overlapping, unidentified singlets, both appearing at roughly 1.35 ppm, are similar in
chemical shift to the meta- and para- isomers reported in the literature (Figure 11-13),"
but arene resonances corresponding to those isomers were not observed nor were
definitive signals for the meta- and para- isomers observed in the **F spectrum (Figure
11-15). The spectroscopic yield of L-2, determined by *°F NMR, was 63%.

Reaction of 214-(C¢HsF)(H) with HBpin at room temperature in neat
fluorobenzene — A J. Young tube was charged with 214-(CgHsF)(H) (44 mg, 0.068
mmol) and fluorobenzene (700 pL) giving a dark red solution. HBpin (10 pL, 0.069
mmol) was added and the sample was immediately analyzed by NMR spectroscopy. The
1B NMR spectrum contained resonances for 214-(HBpin) (~9%), L-2 (69%), and 214-
HsBpin (22%). The °F NMR spectrum contained resonances for 214-(CgHsF)(H)
(33%) amd L-2 (67%). The *P{*H} NMR spectrum contained resonances for 214-
(HBpin) (8%), 214-H, (3%), 214-(CgHsF)(H) (30%), 214-H3Bpin (54%) and an

unidentified compound at 167.0 ppm (6%).
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Figure 11-12. A section of the *"H NMR (500 MHz, CDCl3) spectrum showing aromatic

resonances (multiplets A, B, C and D) of L-2. The other signals were not identified.
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Figure 11-13. A section of the *H NMR (500 MHz, CDCls) spectrum showing aliphatic

resonances of L-2, seen at 1.37 ppm. The other signals were not identified.
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Figure 11-14. B NMR (128 MHz, CDCls) spectrum showing L-2 at 30.3 ppm. 214-

H3Bpin is observed at 37.4 ppm.
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Figure 11-15. **F NMR (470 MHz, CDCls;) spectrum of L-2 (—103.6 ppm). The minor

products were not identified.

General procedure for J. Young NMR tube catalytic C-H borylation
reactions from Table I1-1 — In a glovebox, a J. Young tube was loaded with pre-
catalyst (added either as a solid or by stock solution), HBpin or B,pin, (as noted),
cyclohexane or mesitylene as an internal standard, and CgDs. Stock solutions of 213-
(H)(CI), 214-(H)(CI), 215-(H)(Cl) and 215-(TBE) were prepared by weighing the
respective compound into a glass vial and dissolving in a known amount of benzene or

CsDs. A representative example of a 0.021 M stock solution preparation for compound
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215-(H)(CI): Compound 215-(H)(CIl) (14 mg, 0.021 mmol) was added to a glass vial
and dissolved in 1.0 mL of benzene. This solution was diluted by a factor of ten (0.0021
M) and the resulting solution was diluted by a factor of ten (0.00021 M). Addition of
ethylene was performed by charging a container of known volume with 1 atm of
ethylene, then subsequently condensing the reagent into a degassed J. Young tube, using
liquid nitrogen. 1-hexene and TBE were added via syringe during the initial loading of
all reaction components into the NMR tube. The J. Young NMR tube was then placed
into an oil bath at the indicated temperature for the time reported, and monitored by *H,
1B and *P{*H} NMR spectroscopy. Turnover numbers (TONSs) and in situ yields (%
CsDsBpin) were determined by comparing integration of the cyclohexane or mesitylene
internal standard to the Bpin methyl signals of C¢DsBpin (6 = 1.11 ppm in CgDg).

Detailed descriptions of each entry are provided below.
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Entries 1-15 refer to Table II-1 - Entry 1 — Reaction of HBpin with neat
CsDs and 5 mol% of 213-(H)(CI) - A J. Young tube was loaded with 213-(H)(CI) (8.0
mg, 0.014 mmol). HBpin (40 pL, 0.28 mmol) was added followed by cyclohexane (20
uL, 0.19 mmol) as an internal standard, and 700 puL of C¢Dg. The colorless solution was
immediately analyzed by *H, 'B, and *P{*H} NMR spectroscopy, then again after the
NMR tube was placed into a 100 °C oil for 1 h and 36 h. Prior to heating, the *'P{*H}
NMR spectrum contained: 213-H3Bpin (97%), 213-H,Bpin; (3%). After 1 h at 100 °C,
the *'P{*H} NMR spectrum contained: 213-H3Bpin (57%), 213-H;Bpin, (43%). 'B
NMR spectrum contained: 213-H3Bpin (4%), HBpin (96%), and HBpin decomposition
products (<1%). No C¢DsBpin was observed. After 36 h at 100 °C, the *'P{*H} NMR
spectrum contained: 213-HsBpin (87%), 213-H,Bpin, (13%). B NMR spectrum
contained: 213-H3Bpin (3%), CsDsBpin (3%), HBpin (93%), and HBpin decomposition
products (<1%). A 6% yield of CsDsBpin was determined by *H NMR spectroscopy.

Entry 2 — Reaction of HBpin with neat C¢Ds and 5 mol% of 214-(H)(CI) - A
J. Young tube was loaded with 214-(H)(CI) (8.0 mg, 0.014 mmol). HBpin (40 pL, 0.28
mmol was added followed by cyclohexane (20 pL, 0.19 mmol) as an internal standard,
and 700 pL of CsDe. The colorless solution was immediately analyzed by *H, 'B, and
$pf1H} NMR spectroscopy, then again after the NMR tube was placed into an 100 °C
oil bath for 1 h and 36 h. Prior to heating, the **P{*H} NMR spectrum contained: 214-
HsBpin (96%) and 214-H,Bpin, (4%). After 1 h at 100 °C, the *'P{*H} NMR spectrum
contained: 214-H;Bpin (52%) and 214-H,Bpin; (48%). The B NMR spectrum

contained 214-Hs;Bpin, HBpin, and HBpin decomposition products (<1%). No
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CsDsBpin was observed. After 36 h at 100 °C, the *P{*H} NMR spectrum contained
214-H3Bpin (86%) and 214-H,Bpin, (14%). The "B NMR spectrum contained: 214-
H3Bpin (2%), CsDsBpin (2%), HBpin (95%), and HBpin decomposition products (1%).
A 4% yield of CgDsBpin was observed via *H NMR spectroscopy.

Entry 3 — Reaction of HBpin with neat C¢Ds and 5 mol% of 215-(H)(CI) - A
J. Young tube was loaded with 215-(H)(CI) (9.4 mg, 0.014 mmol) . HBpin (40 uL, 0.28
mmol) was added followed by cyclohexane (20 pL, 0.19 mmol) as an internal standard
and 700 uL of CgDe. The colorless solution was immediately analyzed by *H, B, and
$pf1H} NMR spectroscopy, then again after the NMR tube was placed into an 100 °C
oil bath for 1 h and 36 h. Prior to heating, the **P{*H} NMR spectrum contained: 215-
HsBpin (97%) and 215-H,Bpin, (3%) (Figure 11-16). After 1 h at 100 °C, the *P{*H}
NMR spectrum contained: 215-H3Bpin (65%) and 215-H,Bpin, (35%). The "'B NMR
spectrum contained: 215-H3;Bpin, HBpin and HBpin decomposition products (<1%). No
CsDsBpin was observed. After 36 h at 100 °C, the **P{*H} NMR spectrum contained:
215-HsBpin (86%) and 215-H,Bpin, (14%). The "B NMR spectrum contained: 215-
H3Bpin (1%), CsDsBpin (4%), HBpin (94%), and HBpin decomposition products (1%)
(Figure 11-17). A 6% yield of CgDsBpin was observed via 'H NMR spectroscopy.

Entry 4 — Reaction of HBpin with neat CgDs, excess 1-hexene and 5 mol% of
213-(H)(CI) - A J. Young tube was loaded with 213-(H)(CI) (8.0 mg, 0.014 mmol).
HBpin (40 pL, 0.28 mmol) was added followed by 1-hexene (105 pL, 0.840 mmol),
cyclohexane (20 uL, 0.185 mmol) as an internal standard, and 700 uL of CgDs. The

colorless solution was immediately analyzed by 'H, B, and *P{"H} NMR
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spectroscopy, then again after the NMR tube was placed into an 80 °C oil bath for 0.5 h.
Prior to heating, the **P{*H} NMR spectrum contained: 213-HsBpin (81%) and 213-
H,Bpin, (18%). The B NMR spectrum contained: 213-HsBpin (3%), hexylBpin (5%),
CsDsBpin (5%), HBpin (87%), and HBpin decomposition products (<1%). After 0.5 h at
80 °C, the *'P{"H} NMR spectrum contained: 213-(hexene) (22%) and 213-H,Bpin;,
(78%). The B NMR spectrum contained: hexylBpin (17%), CsDsBpin (69%), CIBpin
(5%), and 213-(CI)(Bpin) (9%). A 77% yield of C¢DsBpin was determined by *H NMR
spectroscopy.

Entry 5 — Reaction of HBpin with neat CgDg, excess 1-hexene, and 5 mol%
of 214-(H)(CI) - A J. Young tube was loaded with 214-(H)(CI) (8.0 mg, 0.014 mmol) of
214-(H)(CI). HBpin (40 pL, 0.28 mmol) was added, followed by 1-hexene (105 pL,
0.840 mmol), cyclohexane (20 pL, 0.185 mmol) as an internal standard, and 700 pL of
CsDs. The colorless solution was immediately analyzed by *H, B, and *P{"H} NMR
spectroscopy, then again after the NMR tube was placed into an 80 °C oil bath for 0.5 h.
Prior to heating, the **P{"H} NMR spectrum contained: 214-HsBpin (85%) and 214-
H.,Bpin; (15%). The *B NMR spectrum contained: 214-H3Bpin (4%), hexylBpin (3%),
CsDsBpin (8%), HBpin (85%) and HBpin decomposition products (<1%). After 0.5 h at
80 °C, the *'P{"H} NMR spectrum contained: 214-(hexene) (14%), 214-(Bpin); (11%),
and 214-H,Bpin, (75%). *B NMR spectroscopy revealed hexylBpin (9%), CsDsBpin
(83%), CIBpin (6%), and 214-(Cl)(Bpin) (2%). An 85% vyield of CgDsBpin was

determined by *H NMR spectroscopy.
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Entry 6 — Reaction of HBpin with neat CgDg, excess 1-hexene, and 5 mol%
of 215-(H)(CI) - A J. Young tube was loaded with 215-(H)(CI) (9.4 mg, 0.014 mmol).
HBpin (40 pL, 0.28 mmol) was added followed by 1-hexene (105 uL, 0.84 mmol),
cyclohexane (20 pL, 0.19 mmol) as an internal standard, and 700 puL of CgDs. The
colorless solution was immediately analyzed by 'H, B, and *P{"H} NMR
spectroscopy, then again after the NMR tube was placed into an 80 °C oil bath for 0.5 h.
Prior to heating, the **P{"H} NMR spectrum contained: 215-H3Bpin (91%) and 215-
H,Bpin, (9%) (Figure 11-18). The B NMR spectrum contained: 215-H3Bpin (2%),
hexylBpin (2%), C¢DsBpin (6%), HBpin (89%) and HBpin decomposition products
(<1%). After 0.5 h at 80 °C, the *P{*H} NMR spectrum contained: 215-(hexene)
(15%), an unidentified singlet (2%) at 176.3 ppm, 215-(Bpin); (2%), and 215-
(CI)(Bpin) (81%) (Figure 11-20). The *B NMR spectrum contained: hexylBpin (23%),
CeDsBpin (73%), CIBpin (2%), and 215-(Cl)(Bpin) (1%) (Figure 11-21). A 75% vyield of
CsDsBpin was determined by *H NMR spectroscopy (Figure 11-19).

Entry 7 - Reaction of HBpin with neat C¢Dg and 5 mol% of 215-(TBE) - A J.
Young tube was loaded with 215-(TBE) (10 mg, 0.014 mmol). HBpin (40 uL, 0.28
mmol) was added, followed by cyclohexane (20 puL, 0.19 mmol) as an internal standard,
and 700 uL of CgDe. In the time of mixing, the dark red solution became a dull, light
yellow, then nearly colorless, and was immediately analyzed by 'H, !B, and *'P{*H}
NMR spectroscopy. The NMR tube was placed into an 80 °C oil bath and monitored by
'H, 1B, and *'P{*H} NMR spectroscopy after 1 h, followed by variable temperature *'B

and *'P{"H} NMR spectroscopy from RT to +80 °C. Heating caused the colorless
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solution to turn yellow and, upon cooling, back to colorless. Prior to heating, the **P{"H}
NMR spectrum contained only 215-HsBpin. The "B NMR spectrum contained: 215-
HsBpin (4%), TBABpin (6%), CgDsBpin (6%), HBpin (84%), and HBpin
decomposition products (1%). After 1 h at 80 °C, the *'P{"H} NMR spectrum contained:
215-H3Bpin (86%) and 215-H,Bpin, (14%). The "B NMR spectrum contained: 215-
HsBpin (4%), TBABpin (6%), CgDsBpin (6%), HBpin (84%), and HBpin
decomposition products (1%). Variable temperature **P{*H} NMR spectroscopy from
RT to +80 °C showed the gradual formation of 215-(HBpin) (4%), 215-(Bpin); (4%),
and 215 (2%) in conjunction with 215-H3Bpin (84%) and 215-H,Bpin, (6%). The
formation of compounds 215-(HBpin) and 215-(Bpin), explains the dramatic color
change from colorless to bright yellow that occurred upon heating; 215-(HBpin) and
215-(Bpin); are bright yellow compounds as solids and in solution.

Entry 8 — Reaction of HBpin with neat CgDg, excess 1-hexene, and 5 mol%
of 215-(TBE) - A J. Young tube was loaded with 215-(TBE) (10 mg, 0.014 mmol.
HBpin (40 pL, 0.28 mmol) was added, followed by 1-hexene (105 pL, 0.840 mmol),
cyclohexane (20 pL, 0.185 mmol) as an internal standard, and 700 uL of CgDs. Upon
mixing, the dark red solution changed to light yellow, then to near colorless, and was
immediately analyzed by *H, !B, and **P{*H} NMR spectroscopy, then again after the
NMR tube was placed into an 80 °C oil bath for 0.5 h. Prior to heating, the *'P{*H}
NMR spectrum contained: 215-H3Bpin (88%) and 215-H,Bpin, (12%). The 'B NMR
spectrum contained: 215-H3Bpin (3%), hexylBpin/TBABpin (7%), CsDsBpin (10%),

HBpin (79%), and HBpin decomposition products (<1%). After 0.5 h at 80 °C, the
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$1p1H} NMR spectrum contained: 215-(hexene) (69%), an unidentified singlet (6%) at
175.9 ppm, 215-(Bpin), (12%), 215-(HBpin) (<1%), and an unidentified product at
182.8 ppm .The **B NMR spectrum contained: hexylBpin (17%), C¢DsBpin (82%), and
HBpin decomposition products (<1%) (Figure 11-22). An 88% vyield of CsDsBpin was
determined by *H NMR spectroscopy.

Entry 9 - Reaction of HBpin with neat CsDs and 5 mol% of 215-(TBE) in an
open reaction vessel - A 100 mL Hi-Vac valve round-bottom flask was loaded with
215-(TBE) (10 mg, 0.014 mmol), HBpin (40 uL, 0.28 mmol), and 1 mL of C¢De. The
flask was sealed, brought out of the glovebox, attached to a Schlenk line, and placed into
a 100 °C oil bath. The flask was opened to argon flow and the flask neck was cooled to
prevent solvent loss. The reaction was vigorously stirred for 30 min, brought back into
the glovebox, and the bright yellow solution was transferred to a J. Young NMR tube.
Cyclohexane (20 pL, 0.185 mmol) was added as an internal standard, and the sample
was analyzed via 'H, B, and *'P{"H} NMR spectroscopy. The "B NMR spectrum
contained: TBABpin (5%), CsDsBpin (5%), HBpin (85%), and HBpin decomposition
products (4%). The *P{"H} NMR spectrum contained: 215-(Bpin), (62%) and 215-
H,Bpin, (38%). A 5% yield of C¢DsBpin was determined by *H NMR spectroscopy.

Entry 10 — Reaction of HBpin with neat C¢Ds, excess TBE, and 5 mol% of
215-(TBE) - A J. Young tube was loaded with 215-(TBE) (10 mg, 0.014 mmol). HBpin
(40 pL, 0.28 mmol) was added, followed by TBE (110 uL, 0.850 mmol), cyclohexane
(20 uL, 0.185 mmol) as an internal standard, and 700 puL of C¢Dg. Upon mixing, the dark

red solution changed to light yellow, and was immediately analyzed by *H, !B, and
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$1pr1H} NMR spectroscopy, then again after the NMR tube was placed into an 80 °C oil
bath for 0.5 h and 1 h. Prior to heating, the *'P{"H} NMR spectrum contained: 215-
HsBpin (49%), 215-(Bpin), (7%), and 215-H,Bpin, (44%). The B NMR spectrum
contained: TBABpin (27%), HBpin (73%), C¢DsBpin (<1%), and HBpin decomposition
products (<1%). After 0.5 h at 80 °C, the "'B NMR spectrum contained: TBABpin
(35%), CsDsBpin (20%), H(D)Bpin (44%), and HBpin decomposition (<1%). After 1 h
at 80 °C, the "'B NMR spectrum contained: TBABpin (38%), CsDsBpin (60%), and
HBpin decomposition (2%). The *'P{*H} NMR spectrum contained: 215-(HBpin)
(24%), 215-H3Bpin (58%), and 215-(Bpin), (18%). A 66% vyield of CgDsBpin was
determined by *H NMR spectroscopy.

Entry 11 — Reaction of B,pin; with neat C¢Dg and 5 mol% of 215-(TBE) - A
J. Young tube was loaded with 215-(TBE) (10 mg, 0.014 mmol). B,pin, (71 mg, 0.28
mmol) was added, followed by cyclohexane (20 pL, 0.19 mmol) as an internal standard,
and 700 pL of CsDs. The dark red solution was immediately analyzed by 'H, 'B, and
$1p1H} NMR spectroscopy, then again after the NMR tube was placed into a 100 °C oil
bath for 0.5 h, 2 h, and 72 h. After 2 h, the reaction color changed from dark red to
yellow and the *P{"H} NMR spectrum contained only 215-(Bpin),, while the *H NMR
spectrum showed no CgDsBpin formation. After 72 h at 100 °C, the *P{"H} NMR
spectrum contained 215-(Bpin); (81%) with an unidentified product at 185.4 ppm (19%,
doublet, J = 69 Hz). A 5% yield of C¢DsBpin was determined by *H NMR spectroscopy.

Entry 12 — Reaction of Bypin, with neat CgDs, excess 1-hexene, and 5 mol%

of 215-(TBE) - A J. Young tube was loaded with 215-(TBE) (10 mg,0 .014 mmol).
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B,pin, (71 mg, 0.28 mmol) was added, followed by 1-hexene (105 pL, 0.84 mmol),
cyclohexane (20 pL, 0.19 mmol) as an internal standard, and 700 puL of CgDg. The dark
red solution was immediately analyzed by *H, 'B, and **P{*H} NMR spectroscopy, then
again after the NMR tube was placed into a 100 °C oil bath for 0.5 h, 2 h, and 72 h. After
2 h, the reaction color changed from dark red to red-yellow and the *P{"H} NMR
spectrum contained 215-(Bpin), (78%) and 215-(hexene) (22%), while the *H NMR
spectrum showed no CgDsBpin formation. After 72 h at 100 °C, the *P{'*H} NMR
spectrum contained 215-(Bpin); (79%) with an unidentified product at 185.4 ppm (21%,
doublet, J = 69 Hz). A 5% yield of C¢DsBpin was determined by *H NMR spectroscopy.

Entry 13 — Reaction of HBpin with neat CgDs, excess ethylene, and 5 mol%
of 215-(H)(CI) - A J. Young tube was loaded with 215-(H)(CI) (9.4 mg, 0.014 mmol).
HBpin (40 uL, 0.28 mmol) was added, followed by 700 pL of benzene, resulting in a
colorless solution. The solution was frozen then degassed, and ethylene (0.6 mmol) was
condensed into the NMR tube. The NMR was placed into an 80 °C oil bath, and after
<10 minutes, became yellow. *'B NMR spectroscopy revealed: EtBpin (16%), CsDsBpin
(80%), CIBpin (3%), and HBpin decomposition products (2%).

Entry 14 — Reaction of HBpin with neat CgDs, excess ethylene, and 0.1 mol%
of 215-(H)(Cl) — A J. Young tube was charged with a 2.1 mM CgDg solution of 215-
(H)(CI) (125 pL, 0.25 pmol). HBpin (40 uL, 0.28 mmol) was added, followed by
mesitylene (10 uL, 0.072 mmol) as an internal standard, and 600 puL of CgDs. The
solution was frozen then degassed, and ethylene (0.6 mmol) was condensed into the

NMR tube. The solution was immediately analyzed by *H NMR spectroscopy, then
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again after the NMR tube was placed into an 80 °C oil bath for 0.5 h. After 0.5 h at 80
°C, a 76% yield of CgDsBpin was determined by *H NMR spectroscopy.

Entry 15 — Reaction of HBpin with neat Cg¢Dg, excess ethylene, and 0.004
mol% of 215-(H)(CI) - A J. Young tube was charged with a 0.21 mM CgDg solution of
215-(H)(CI) (50 pL, 0.01 umol). HBpin (40 pL, 0.28 mmol) was added, followed by
mesitylene (10 pL, 0.072 mmol) as an internal standard, and 600 pL of CgDs. The
solution was frozen then degassed, and ethylene (0.6 mmol) was condensed into the
NMR tube. The solution was immediately analyzed by *H NMR spectroscopy, then
again after the NMR tube was placed into an 80 °C oil bath for 14 h. After 14 h at 80 °C,

an 83% yield of CsDsBpin was determined by *H NMR spectroscopy.
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Figure 11-16. Entry 3 — *'P{*H} NMR (202 MHz, C¢Ds,) spectrum taken immediately

after mixing HBpin and C¢Ds with 5 mol% 215-(H)(CI). Resonances for 215-H;Bpin

and 215-H,Bpin; are observed.
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Figure 11-17. Entry 3 !B NMR (128 MHz, C¢Ds,) spectrum after heating for 36 h at

100 °C. Resonances of 215-H3;Bpin, C¢DsBpin, HBpin, and trace HBpin decomposition

are observed.
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Figure 11-18. Entry 6 - *P{*H} NMR (202 MHz, C¢Dg) spectrum taken immediately
after mixing HBpin and CgDg with 5 mol% 215-(H)(CI) and excess 1-hexene.

Resonances for 215-H3;Bpin and 215-H,Bpin, are observed.
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Figure 11-19. Entry 6 —. *H NMR (400 MHz, CgD¢). spectrum after reacting HBpin and
CsDg with 5 mol% 215-(H)(CI) and excess 1-hexene at 80 °C for 0.5 h. Resonances for

CsDsBpin, hexylBpin, and excess 1-hexene are observed.
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Figure 11-20. Entry 6 — *'P{"H} NMR (202 MHz, C¢Ds) spectrum taken after reacting
HBpin and CgDs with 5 mol% 215-(H)(CI) and excess 1-hexene at 80 °C for 0.5 h.

Resonances for 215-(Bpin),, 215-(hexene) and 215-(Cl)(Bpin) are observed.
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Figure 11-21. Entry 6 — *'B NMR (128 MHz, C¢Ds) spectrum after reacting HBpin and
CsDg with 5 mol% 215-(H)(CI) and excess 1-hexene at 80 °C for 0.5 h. Resonances for
hexylBpin, CgDsBpin, CIBpin and 215-(Cl)(Bpin) are observed, as well trace HBpin

decomposition products.
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Figure 11-22. Entry 8 — !B NMR (128 MHz, C¢Ds) spectrum after reacting HBpin and
CsDg with 5 mol% 215-(TBE) and excess 1-hexene at 80 °C for 0.5 h. Resonances for
hexylBpin, TBABpin, and C¢DsBpin are observed, as well trace HBpin decomposition

products.
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Entries 1-8 refer to Table 11-4 - Entry 1 - Reaction of HBpin with neat CgDg,
2.5 mol% [(COD)Ir(OMe)],, and 5 mol% dtbpy - A J. Young tube was loaded with a
0.035 M CgDs stock solution of [(COD)Ir(OMe)], (200 pL, 0.007 mmol) and a 0.14 M
CsDs stock solution of dtbpy (100 uL, 0.014 mmol). 400 uL of CsDg was added, and the
contents of the NMR tube were mixed. HBpin (40 pL, 0.28 mmol) was added, followed
by cyclohexane (20 pL, 0.19 mmol) as an internal standard. The NMR tube was placed
in an 80 °C oil bath and monitored via 'H and 'B NMR spectroscopy. After 1.5 h:
CsDsBpin yield was 72 %.

Entry 2 - Reaction of HBpin with neat CgDg, 2.5 mol% [(COD)Ir(OMe)],,
and 5 mol% dtbpy with excess 1-hexene - A J. Young tube was loaded with a 0.035 M
CsDs stock solution of [(COD)Ir(OMe)], (200 pL, 0.007 mmol) and a 0.14 M CgDs
stock solution of dtbpy (100 uL, 0.014 mmol). 300 uL of CgDe was added, and the
contents of the NMR tube were mixed. HBpin (40 pL, 0.28 mmol), 1-hexene (105 pL,
0.84 mmol), and cyclohexane (20 pL, 0.19 mmol) as an internal standard were added.
The NMR tube was placed in an 80 °C oil bath and monitored via *H and *'B NMR
spectroscopy. After 0.5 h, C¢DsBpin yield was 21% and hexylBpin yield was 74%.

Entry 3 - Reaction of B,pin, with neat CgDg, 2.5 mol% [(COD)Ir(OMe)],,
and 5 mol% dtbpy - A J. Young tube was loaded with a 0.035 M CgDg stock solution of
[(COD)Ir(OMe)], (200 puL, 0.007 mmol) and a 0.14 M CgDg stock solution of dtbpy (100
pL, 0.014 mmol). 200 puL of CgDg was added, and the contents of the NMR tube were
mixed. A 1.4 M CgDg stock solution of B,pin, (200 pL, 0.28 mmol) and cyclohexane (20

pL, 0.185 mmol) as an internal standard were added. The NMR tube was placed in an 80
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°C oil bath and monitored via 'H and *'B NMR spectroscopy. After 0.5 h, CsDsBpin
yield was 87%.

Entry 4 - Reaction of B,pin, with neat CgDg, 2.5 mol% [(COD)Ir(OMe)],,
and 5 mol% dtbpy with excess 1-hexene - A J. Young tube was loaded with a 0.035 M
CsDg stock solution of [(COD)Ir(OMe)], (200 pL, 0.007 mmol) and a 0.14 M CgDg stock
solution of dtbpy (100 pL, 0.014 mmol). 100 uL. of C¢Dg was added, and the contents of
the NMR tube were mixed. A 1.4 M CgDg stock solution of Bypin, (200 pL, 0.28 mmol),
1-hexene (105 pL 0.84 mmol), and cyclohexane (20 pL, 0.19 mmol) as an internal
standard were added. The NMR tube was placed in an 80 °C oil bath and monitored via
'H and "B NMR spectroscopy. After 0.5 h, C¢DsBpin yield was 57% and hexylBpin
yield was 37%.

Entry 5 — Repeat of the maximum turnover experiment® by Hartwig et al -
Reaction of B,pin, with neat CgDg, 0.0015 mol% [(COD)IrCl],, and 0.003 mol%
dtbpy - A J. Young tube was loaded with B,pin, (500 mg, 1.97 mmol), cyclohexane (50
uL, 0.462 mmol), and 750 puL of CgDg. Then [(COD)IrCl], (0.03 pumol) and dtbpy (0.07
pmol) were added via stock solutions. The J. Young tube was mixed and placed into a
100 °C oil bath for 24 h. *H NMR spectroscopy revealed a 21% yield of CsDsBpin.

Entry 6 — Repeat of the maximum turnover experiment by Hartwig et al -
Reaction of B,pin, with neat CgDg, 0.0015 mol% [(COD)IrCl],, and 0.003 mol%
dtbpy with 1 atm of ethylene added to NMR tube headspace - A J. Young tube was
loaded with B,pin, (500 mg, 1.97 mmol), cyclohexane (50 pL, 0.462 mmol), and 750 pL

of C¢Ds. Then [(COD)IrCl], (0.03 umol) and dtbpy (0.07 pumol) were added via stock
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solutions. The J. Young tube was mixed, degassed, charged with 1 atm of ethylene, and
then placed into a 100 °C oil bath for 24 h. *H NMR spectroscopy revealed EtBpin (2%)
and trace quantities of CgDsBpin (<1%).

Entry 7 - Reaction of HBpin with neat CsDg, 2.5 mol% [(COD)Ir(OMe)], - A
J. Young tube was loaded with a 0.035 M CgDg stock solution of [(COD)Ir(OMe)], (200
pL. 0.007 mmol) and 500 pL of neat CgDs. After mixing, HBpin (40 pL, 0.28 mmol)
was added, followed by cyclohexane (20 pL, 0.19 mmol) as an internal standard. The
NMR tube was placed in an 80 °C oil bath and monitored via *H and !B NMR
spectroscopy. After 0.5 h, trace PhBpin was observed. After 18 h, the CgDsBpin vyield
was 14%.

Entry 8 - Reaction of HBpin with neat CsDs, 2.5 mol% [(COD)Ir(OMe)].
with excess 1-hexene - A J. Young tube was loaded with a 0.035 M CgDg stock solution
of [(COD)Ir(OMe)], (200 uL, 0.007 mmol) and 400 uL of neat CgDs. After mixing,
HBpin (40 pL, 0.28 mmol), 1-hexene (105 pL, 0.84 mmol), and cyclohexane (20 pL,
0.19 mmol) as an internal standard were added. The NMR tube was placed in an 80 °C
oil bath and monitored via *H and **B NMR spectroscopy. After 0.5 h, the CsDsBpin
yield was <1% while the hexylBpin yield was 91%.

General procedure for Table 11-2. Effect of HBpin:benzene:1-bexene ratio
concentration on PhBpin:hexylBpin ratio — In a glovebox, a series of J. Young NMR
tubes were each loaded with a 0.01M benzene stock solution of 214-(H)(CI) (60 pL,
0.60 umol) and HBpin (98 pL, 0.676 mmol). Benzene and 1-hexene were added in the

quantities indicated in the tables below, relative to HBpin (mole:mole). A known amount
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of heptane was added, as required, to normalize the total solvent volume of each
experiment (V1or = 1.6 mL). The J. Young NMR tubes were then placed into an 80 °C
oil bath and monitored by *B NMR spectroscopy after 18 h and 36 h. In all entries, trace
(<1%) quantities of unknown HBpin decomposition products were observed by ''B
NMR spectroscopy. In entries where the sum of PhBpin and hexylBpin conversion
values was less than 100%, the remaining % was unadulterated HBpin as seen in the *'B
NMR spectra below.

General procedures for Table 11-3, entries 1-11 - A 100 mL Hi-Vac valve
round-bottom flask was charged with 100 uL of a 0.08 M benzene stock solution of 214-
(H)(CI) and solvent was removed in vacuo. For entry 4, 214-(H)(Cl) (8.0 mg, 0.014
mmol) was added as a solid. Via syringe, arene substrate and HBpin were added, and the
flask was sealed and brought out of the glovebox. The flask was mixed, frozen, and
degassed. The resultant solution was allowed to thaw to room temperature and the flask
headspace was charged with 1 atm of ethylene. The flask was then placed into an 80 °C
oil bath for 24 h before being brought into a glovebox. For entries 3-11, 300 uL of
cyclohexane was added as an internal standard, and an aliquot of the reaction solution
was dissolved in C¢Dg and analyzed via *H and **B NMR spectroscopy. Work-up was as
follows: all solvents and EtBpin were removed in vacuo. The ArBpin products were
dissolved in pentane, then run through a plug of silica, affording the ArBpin products in
high purity (>95% by *H and !B NMR). Catalyst loadings were calculated by dividing
moles of iridium compound added by moles of HBpin added, times 100. Isolated yields

of ArBpin were calculated based on HBpin. Isolated yields were consistent with
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spectroscopic yields determined before work-up via ‘H NMR evidence. TONs were
calculated by multiplying the moles of HBpin added and the isolated yield of ArBpin
(expressed as a fraction), then dividing by the moles of iridium compound added. TOFs

were calculated by dividing TON by 24 h.
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CHAPTER Il
SMALL MOLECULE ACTIVATION WITH POCOP IRIDIUM COMPLEXES
3.1 Introduction
The activation of small molecules is at the heart of many critical transformations

in nature and synthetic chemistry including nitrogen fixation,"*"®

gas-to-liquid
processes'’® and hydroformylation,**® among many others. The transformation of CO; to
useful chemicals or fuels has been a topic of considerable interest and has been reviewed
elsewhere.’® In terms of homogeneous catalysis, the reduction of CO, with boranes or

silanes has been demonstrated with organometallic'®183184185

and main group
catalysts.’®*®” Tanaka and Nozaki found (PNP)Ir was an excellent CO, hydrogenation
catalyst with TOF up to 150,000 h™ and over 3 x 10° TON.*®® Brookhart and coworkers
have also shown the cleavage of C-O bonds of alkyl ethers and the C-X bonds of alkyl
halides using a (POCOP)Ir complex and silane.****® Brookhart et al. demonstrated the
reduction of a CO ligand of a (POCOP)Ir complex using silanes.*® Brookhart and
coworkers showed amides were selectively reduced to amines.'***% Brookhart et al. also
showed the redistribution of trialkyl silanes by (POCOP)Ir complexes.®® Cationic
(POCOP)Ir complexes were found to be competent catalysts for the hydrosilylation of
carbonyl containing substrates.’®® Goldman et al. showed (POCCH,P)Ir complexes

catalyzed the hydroaryloxylation of olefins.'®®

Work by the Goldberg group showed
partial deoxygenation of alcohols using (POCOP)Ir complexes.*****" Iridium complexes
ligated with the POCOP ligand are ubiquitous in the literature although typically the

bulkier tetra(tert-butyl) substituted phosphinite ligand is used in these transformations.
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Less work has been shown with isopropyl, ethyl or methyl substituted POCOP ligands
mainly due to the synthetic challenges associated with smaller ligands.*#99:2%°
Brookhart and coworkers demonstrated selective catalytic hydrogenation with molecular
single crystals of a (POCOP)Ir complex with bulky electron withdrawing

201 byt phenyl substituted POCOP ligands on iridium

(trifluoromethyl)phenyl substituents
are by and large rare throughout the literature. Here we demonstrate the reactivity of
(POCOP)Ir boryl complexes with small molecules such as CO,, CO, ethylene and

alcohols.

3.2 Results and discussion

O c\\o /o /O
Ln[M]—B\O where B\OD = B\O:E or B\Oj©

. Bpin Bcat
boryl ligands Q

O~ Q O O‘\»O) Q,\o\oo>
o L,[M]—B. L,[M]—B
.lO]..B\O> O S8 .\?

strong ¢ donor weak © acceptor
good 7 overlap

with pin or cat

Figure 111-1. Bonding modes of boryl ligands Bpin and Bcat as depicted by Marder et

a|.202

Two of the most common boryl ligands, Bpin and Bcat (pin= pinacolate, cat =

catecholate), are strong o-donors, weak w-acceptors and on late transition metals (Figure
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I-1), typically exhibit nucleophilic behavior.?%

Metal-catalyzed hydroboration has been
utilized since the 1980s and is a well-known method for the preparation of organoboron
reagents.’”® Transition metal-boryl complexes and o-borane complexes have been
hypothesized, and in many cases shown to be directly involved in these
transformations.”®* The structure and bonding of these ligands with group 9 metals has
been particularly well studied but the investigation of late metal-boryl pincer complexes
in remains as an area of interest.
3.2.1 Reaction of ("M*POCOP™)Ir(Bpin), with CO, and CO

The diboryl Ir pincer complex 214-(Bpin), was found to deoxygenate CO; to
CO. Reacting 214-(Bpin), with CO, (1 atm) in CgDg at 80 °C gave quantitative yields of
214-(CO) and O(Bpin), after 24 h (Scheme I11-1). Reaction of 214-(Bpin), with CO; (2
atm) in CgDg at 110 °C for 16 h gave a 70% yield of O(Bpin), and a 30% yield of
CeDsBpin while 214-(CO) was observed as the major organometallic product. Previous
studies found compound 214-(Bpin), did not react with CgDg¢ at 80 °C after 24 h
(Scheme 11-5) but higher temperatures were not investigated. Nonetheless, the
observation of CgDsBpin indicates the borylation of benzene competes with the
deoxygenation of CO, at higher temperature schemes. One plausible pathway to generate
CsDsBpin is the reductive elimination of B,pin, from 214-(Bpin), to give the three-
coordinate fragment, 214, which then reacts with C¢Dg by oxidative addition and the

resulting 214-(D)(Ph) reacts with B,pin.,.
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O-PPr, O-P'Pr,

| Bpin 2 atm 0-,-0+,-0
rl + 0=C=0 ———— Ir-CO + B B
| “Bpin 80-110 °C | O o
_pi CeD _pi
O-PPr, 6Ds O-PiPr, O(Bpin),
214-(Bpin), 214-(CO)

Scheme I11-1. Deoxygenation of CO, to CO with 214-(Bpin)s.

Adding CO (2 atm) to 214-(Bpin), resulted in the extrusion of B,pin, and
formation of 214-1r(CO),. Compound 214-1r(CO), was independently synthesized and
characterization in situ by adding CO (2 atm) to 214-1r(TBE) while removal of volatiles
gave pure 214-(CO). Brookhart et al. previously observed a dicarbonyl Ir complex in
situ after adding excess CO to compound 120 (Chapter 1, Figure 1-1).** The compound
was identified by NMR spectroscopy but could not be isolated due to loss of one CO
ligand. This reactivity is identical to the reactivity we have observed between 214-(CO),
and 214-(CO). Compounds 213-(CO) and 215-(CO) were synthesized in a similar
manner. Compound 214-(CO) was also synthesized by dehydrochlorination of 214-
(H)(CI) with NaO'Bu in the presence of TBE followed by the addition of CO.

3.2.2 Reaction of ("M®POCOP™)Ir(Bpin), with olefins

Insertion of coordinated olefin or alkyne ligands into metal-boryl bonds has been
proposed as a key step in metal catalyzed 1,2-diborylation chemistries.?®?% We
observed Bpin(C,H4)Bpin in a >95% vyield in situ when 214-(Bpin), was reacted with
ethylene (2 atm) in C¢Dgs at 110 °C for 30 h (Scheme IlI-2, top). The major
organometallic product was 214-(C,H,). In order for the insertion to occur, ethylene

must first coordinate to the 16-electron Ir(111) complex.
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|\Bpin 80-110 °C (C2Ha) ~~"Bpin
O—PPr, CeDs O-P'Pr, (>95%)
214-(Bpin), 214-(C,H,) Bpin(C,H,)Bpin
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I 4* I —— Ir—Bpin
B/| | Bpin |
O-PiPr, O—PPr, O-P'Pr,
unlikely due

to strong boryl
trans influence

Scheme I11-2. 1,2-diboration of ethylene by 214-(Bpin)s.

The Y-shaped 214-(Bpin), complex likely distorts to a Cs symmetric square
pyramidal geometry (Scheme I11-2, bottom right), with one Bpin ligand trans to an
empty site and the second trans to the aryl carbon of the POCOP ligand. The alternative,
where both boryls become trans to one another and retained C,, symmetry seems less
likely due to the strong o-donating nature of boryl ligands (Scheme I11-2, bottom left).
3.2.3 Reaction of ("MPOCOP™)Ir(Bpin), with an aliphatic alcohol

We investigated the reactivity of 214-(Bpin), with a protic reagent as a means to
synthesize 214-(HBpin) and to study the nature of the Ir-boryl ligands. Reaction of 214-
(Bpin), with one equiv of isobutanol in CgDg at 50 °C for 24 h gave a 94% yield of 214-
(H/DBpin) and isobutylOBpin in an 95% yield (Scheme 111-3). This demonstrates one
of the two boryl ligands of 214-(Bpin), can be selectively protonated to as a means to

generate 214-(HBpin). It is interesting to note that the 214-(HBpin) product did not also
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react with isobutanol to form 214-H; as one might expect because of the reduced steric

profile of 214-(HBpin) relative to 214-(Bpin),.

o—F|=iF>r2 O—I|=‘Pr2
Bpin _H )\/
Ir + HO\)\—> i oo+ OBpin
C<< | Bpin 50 °C ( é | ~Bpin P
O-PPr, CeDs O-P'Pr, 95%
214-(Bpin), 214-(H/DBpin) isobutylOBpin

Scheme 111-3. Selective proton transfer to one boryl ligand of 214-(Bpin), using an

aliphatic alcohol.

3.2.4 Reaction of ("MPOCOP™Ir(Bpin), with an aryl ester

We attempted to deoxygenate methyl benzoate with 214-(Bpin), under thermal
conditions . After 6 h at 120 °C, thermolysis of 214-(Bpin); in C¢Dg with one equiv of
methyl benzoate present unexpectedly resulted in the exclusive borylation of C¢DsBpin

in an 85% yield (Scheme 111-4, top).
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0-PPr, o 0P 5 OCH
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O-P'Pr, CeDs O-P'Pr,
214-(Bpin), 214-(PhCO,Me)(Hc-o)
IPI’ IPrz
O— PPr2 | o
NaO Bu %} OCHs
OCH =3
{}.rm@* , Neoou_ %::} %:}
O—PPr, CeDs O-PiPr, O—P'Pr,
214-(H)(CI) 214-(PhCO,Me)(Hc-o) 214-(PhCO,Me)(H,y1)
+214-(CO)
Scheme 111-4. Attempted deoxygenation of methyl benzoate and subsequent

cyclometalation by 214.

One organometallic product was observed as a broad resonance in 3'P{*H}
NMR spectrum (6 = 157.5 ppm, CgDg) but due to considerable H/D exchange with the
CsDg solvent the identity of this product was not immediately evident in the
corresponding *H NMR spectrum. The *C{’H} NMR spectrum did not contain
downfield resonances consistent with the formation of either a metal carbene or a metal
carbonyl complex. The 'H NMR spectrum contained a single hydride resonance (6 = —
26.36 ppm, t, J = 16.7 Hz, CgDg) that is consistent with a hydride ligand trans to the

oxygen of a C=O group.?’”

The product was tentatively assigned as 214-
(PhCO,;Me)(Hc=0) (Scheme I11-4, top). Indeed, dehydrochlorination of 214-(H)(CI)
with NaO'Bu in CgDs in the presence of an excess of methyl benzoate followed by

heating to 110 °C for 1 h gave three products including 214-1r(CO) (21%) and the
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compound assigned as 214-(PhCO,Me)(Hc=0) (23%). The third compound exhibited a
downfield hydride resonance (6 = —9.98 ppm, t, J = 16.6 Hz, Cg¢Dg) typical of a hydride
ligand trans to an aryl carbon®’ and the compound was tentatively assigned as 214-
(PhCO,Me)(Hary) (56%, Scheme I111-4, bottom).

The subsequent cyclometalation of methyl benzoate by the (POCOP)Ir fragment
is in-line with the reactivity of other group 9 pincer systems towards directing substrates.
For example, Goldman et al. found in the presence of norbornene, (PCP)IrH, (117-H,,
Scheme 111-5) cyclometalated nitrobenzene exclusively giving an ortho-C-H activation
product with aryl trans to hydride (Scheme 111-5).”°* Upon heating the aryl trans to
hydride isomer converted to an carbonyl trans to hydride species (Scheme 111-5). Under
similar conditions, the ortho-C-H activation of acetophenone was also observed, giving
(PCP)Ir(PhCO2Me)(Hirans 10 aryt) Which converted to the more thermodynamically favored
(PCP)Ir(PhCO,Me)(Hirans 10 c-0) after heating to 135 °C (Scheme 111-5).%® Ozerov et al.
found the reaction of (PNP)IrH, with norbornene and chlorobenzene gave C-H activation
products that could be converted to ortho-C-H activation product after heating to 70
°C.2% The Ozerov group also extensively studied the reaction of (PNP)Rh complexes
with aryl halides and aryl esters where ortho-C-H activation products were
observed.’®#° C-O bond cleavage by the (PNP)Rh fragment was also observed in
reactions with aryl esters under thermolytic conditions'®* giving precedent to formation
of 214-(CO) that we observe during the dehydrochlorination of 214-(H)(CI) in the

presence of methyl benzoate (Scheme 111-4).
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Scheme 111-5. ortho-C-H activation of nitrobenzene and acetophenone by a (PCP)Ir

complex studied by Goldman et al.

3.2.5 Attempt to reaction of ("MPOCOP™)Ir(Bpin), with a pyridine derivative

The C-H borylation of pyridine and its derivatives is of considerable interest to
synthetic chemists, particularly those within the pharmaceutical industry.?** We proceed
to attempt the stoichiometric borylatation 4-dimethylaminopyridine (DMAP) using 214-
(Bpin),. Thermolysis of 214-(Bpin); in the presence of one equiv of DMAP in C¢Ds at
110 °C for 2 h gave no reaction while after 18 h the borylation of the CsD¢ solvent to

give CsDsBpin was observed in a >95% vyield (Scheme 111-6).
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_Bpin N
I+ | - > I(DMAP) + CgDsBpin
| Bpin ~  110°C | (>95%)
O_PIPFZ N C6D6 o_PiPr2
PN
214-(Bpin), DMAP 214-(DMAP)

Scheme I11-6. Attempted borylation of DMAP resulting in C¢DsBpin and 214-(DMAP).

The main organometallic product observed was 214-(DMAP) (68%, (Scheme
I11-6) which was independently synthesized in quantitative yield by reacting 214-(TBE)
with one equiv of DMAP in C¢Dg at 60 °C for 2 min. The other two products observed in
the 3'P{*H} NMR spectrum, one resonating at 169.2 ppm (4%) and the second at 161.1
ppm (28%), were not identified. Multiple hydride signals were evidently belonging to
various minor impurities were observed in the *H NMR spectrum.
3.2.6 Hydrogenolysis of B,pin, with a ("M*POCOP™")Ir(H)(CI) precatalyst

The catalytic hydrogenolysis of B,pin, to form HBpin or DBpin is synthetically
attractive because B,pin; is a relatively air stable solid while HBpin is a volatile liquid
which readily decomposes upon exposure to moisture and therefore must be stored under

an inert atmosphere.?*?
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O—P'Pr,
214-(H)(CI)

i 0.10 mol % )
Bopiny + 1 atm Hy » HBpin (43%)
n-heptane
90°C, 24 h

Scheme 111-7. Hydrogenolysis of B,pin, with 214-(H)(CI) as precatalyst.

We observed that the exposure of 214-(Bpin), to an excess of H, (2 atm) gives
214-(HBpin), 214-H,Bpin, and 214-H3;Bpin after 15 mins at ambient temperature and
after 30 mins 214-HsBpin is the major product with free HBpin observed by 'H and *'B
NMR. Using 0.10 mol% of 214-(H)(CI) as precatalyst, B,pin, was reacted with H, (1
atm) in n-heptane at 90 °C for 24 h to give a 43% vyield of HBpin (Scheme 111-7). This
translates to 430 TON which is highly competitive with other catalysts reported in the
literature for the catalytic hydrogenolysis of B,pin,. For example, the hydrogenolysis of
B,pin, with H, to HBpin using 0.18 mol% Pd/C reportedly®*? gave 503 TON at ambient
temperature after 20 h while dtbpy/[(cod)IrOMe], catalyzed the hydrogenolysis of
B,pin, with D, to form DBpin, giving 155 TON after 24 h at ambient temperature.?

3.3 Conclusion

The reactivity of (POCOP)Ir complexes for the activation of small molecules has

been investigated. The Ir(111) diboryl complex 214-(Bpin), was found to undergo several

transformations including the deoxygenation of CO, to CO, the stoichiometric 1,2-
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diboration of ethylene, and selective protonation of one boryl ligand of 214-(Bpin), with
an aliphatic alcohol. Attempts to deoxygenate methyl benzoate resulted in clean
borylation of the Cg¢Dg solvent and formation of 214-(PhCO,;Me)(Hc=0). Similarly,
attempts to borylate DMAP resulted in smooth borylation of CgDg solvent and formation
of mostly 214-(DMAP). The use of 214-1r(H)(CI) in the catalytic hydrogenolysis of
B,pin, was demonstrated and its catalytic activity is on par with the state of the art
catalysts reported in the literature. The facile reaction of both 214-1r(Bpin), and 214-
(HBpin) with H,, among several other pertinent reactions, likely plays a role in this

catalytic transformation.
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3.4 Experimental
3.4.1 General considerations

Unless specified otherwise, all manipulations were performed under an argon
atmosphere using standard Schlenk or glovebox techniques. Pentane, diethyl ether,
tetrahydrofuran, mesitylene and benzene were dried over sodium—benzophenone ketyl,
distilled or vacuum transferred and stored over molecular sieves in an Ar—filled
glovebox. All other chemicals were used as received from commercial vendors. All
NMR spectra were recorded on a Varian Inova 300 spectrometer (*H NMR 299.951
MHz, *P{*H} NMR 121.425 MHz, *C{*H} NMR 75.413 MHz), Varian Mercury 300
spectrometer (*C{*H} NMR 75.426 MHz), Varian Inova 400 spectrometer (‘*H NMR,
399.755 MHz; *C{'"H} NMR, 100.518 MHz; !B NMR 128 MHz, *P{’*H} NMR
181.822 MHz), or a Varian Inova NMR 500 (lH NMR, 499.425 MHz/ 499.683 MHz;
BC{’H} NMR, 75.424 MHz/ 125.580 MHz; *'P{'H} NMR, 202.171 MHz; *F NMR,
469.854 MHz) spectrometer. All spectra were recorded at ambient temperature unless
otherwise noted. Chemical shifts are reported in &/ppm. For 'H and *C{*"H} NMR
spectra, the residual solvent peak was used as an internal reference.’”> *'B NMR spectra
were referenced externally using neat BF;OEt; at & = 0 ppm, **P{*"H} NMR spectra were
referenced externally using 85% H3PO, at & = 0 ppm, and °F NMR spectra were
referenced externally using 1.0 M CF;CO;H in CDCl; at 6 = —78.5 ppm. FT-IR spectra
were collected using a Bruker ALPHA-P FT-IR Spectrometer with a diamond ATR

head.
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3.4.2 Synthesis of compounds

Reaction of 214-(Bpin), with excess CO, at 80 °C — Compound 214-(Bpin), (22
mg, 0.027 mmol) was added to a J. Young NMR tube and dissolved in CsDs. After an
initial degassing via freeze—pump-thaw, the headspace of the NMR tube was charged
with CO; (1 atm) resulting in no reaction after 20 minutes at room temperature. Heating
at 80 °C for 24 h resulted in quantitative formation of 214-1r(CO) and O(Bpin), as seen
by *H, B and *P{*H} NMR spectroscopic analysis. Removal of volatiles followed by
dissolution of the resulting residue in CDCl; and comparing to literature values
confirmed the identity of O(Bpin)..2** O(Bpin), *H NMR (RT, C¢Ds): 6 1.01 (s, 24H, pin
CHs). "B NMR (RT, C¢Ds): & 21.5 (br s). *C{*H} NMR (RT, C¢Ds): 5 82.9, 24.7.

Reaction of 214-(Bpin), with excess CO, at 110 °C — Compound 214-(Bpin);
(31 mg, 0.037 mmol) was added to a J. Young NMR tube and dissolved in C¢Dg. After
an initial degassing via freeze—pump-thaw, the headspace of the NMR tube was charged
with CO, (2 atm) and the reaction was placed in a 110 °C oil bath for up to 16 h. After
that time, O(Bpin), was observed in a 70% yield and CsDsBpin was observed in a 30%
yield.

General procedure for synthesis of 213-(CO), 214-1r(CO), and 215-(CO) —
213-(H)(CI) (150 mg, 0.26 mmol), 214-(H)(Cl) (65 mg, 0.11 mmol), or 215-(H)(CI)
(109 mg, 0.16 mmol) were added to a 50 mL Teflon screw cap round bottom flask and
dissolved in benzene. To this TBE (100 pL, 0.78 mmol) was added via syringe followed
by NaO'Bu (34.0 mg, 0.35 mmol for 213-(H)(CI)), (11.8 mg, 0.12 mmol for 214-

(H)(CD)), (16.9 mg, 0.18 mmol for 215-(H)(CI)). The reaction was stirred for 4 hours

135



and then, after an initial degassing via freeze—pump-thaw, the headspace of the flask
was charged with 1 atm of carbon monoxide. This resulted in an immediate color change
from a dark red to orange-yellow solution. The reaction was stirred an additional 2
hours, transferred into a glovebox, filtered through a thin pad of silica over Celite, and
solvent removed in vacuo giving a orange-yellow solids. Yield (213-(CO)): 81 mg
(55%), Yield (214-(CO)): 56 mg (88%), Yield (215-(CO)): 71 mg (66%).

Synthesis of 213-(CO) — Compound 213-(CO) was recently reported by
Heinekey et al.*®° 'H NMR (RT, C¢Dg): & 6.90 (t, Ju_n = 10 Hz, 1H, Ar-H), 6.85 (d, Ju_n
=10 Hz, 1H, Ar-H), 2.13 (m, 4H, CH(CHs),), 1.10 (m, 24H, CH(CHs),). *P{*H} (RT,
CeDs): & 190.5. C{*H} (RT, CsDs): & 198.6 (t, Jp.c = 5.0 Hz, Ir-CO), 169.4 (t, Jp.c =
9.0 Hz, Ar), 148.8 (t, Jp_c = 9.0 Hz, Ar), 129.9 (s, Ar), 104.4 (t, Jo.c = 7.0 Hz, Ar), 31.7
(t, Joc = 16.1 Hz, PCH(CHs),), 18.5 (t, Jp.c = 3.0 Hz, PCH(CHs),), 17.6 (s,
PCH(CHs),). IR v(CO) = 1937 cm™. Anal. Calcd. for 213-(CO): C, 40.63 : H, 5.56.
Found: C, 40.54 ; H, 5.61.

Synthesis of 214-(CO)- *H NMR (RT, C¢De): & 6.69 (s, 2H, Ar-H), 2.14 (m, 4H,
CH(CHs),), 2.12 (s, 3H), 1.12 (m, 24H, CH(CHs),). **P{"H} (RT, C¢Ds): & 190.2.
BC{'H} (RT, CsDs): & 198.6 (t, Jp_c = 4.5 Hz, Ir-CO), 169.4 (t, Jp.c = 8.5 Hz, Ar), 145.8
(t, Jp.c = 9.1 Hz, Ar), 140.3 (s, Ar), 105.4 (t, Jp_c = 6.1 Hz, Ar), 31.7 (t, Jpc = 16.3 Hz,
PCH(CHs),), 21.9 (s, Ar-CHs), 18.5 (t, Jp_c = 3.4 Hz, PCH(CHj),), 17.6 (5, PCH(CHs),).
IR v(CO) = 1936 cm™. Anal. Calcd. for 214-(CO): C, 41.73 ; H,5.78 . Found: C, 41.75 ;

H, 5.86.
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Synthesis of 215-1r(CO) — 'H NMR (RT, CeDs): 6 7.25 (s, Ar-H), 2.15 (m, 4H,
CH(CHs),), 1.53 (s, 18H, Ar-C(CHs)s), 1.13 (m, 24H, CH(CHs),). *P{*H} (RT, C¢Ds):
8 189.0 . ®C{ *H} (RT, Cg¢Ds): 5 198.3 (t, Jp_c = 4.0 Hz, Ir-CO), 164.7 (t, Jp_c = 7.0 Hz,
Ar), 152.7 (t, Jp_c = 7.0 Hz, Ar), 126.0 (t, Jo.c = 4.0 Hz, Ar), 124.5 (s, Ar), 34.9 (s, Ar-
C(CHs)3), 31.7 (t, Jp_c = 13.1 Hz, PCH(CHs3),), 30.5 (s, Ar-C(CHs)3), 18.5 (t, Jp.c = 3.0
Hz, PCH(CHa),), 17.8 (5, PCH(CHs),). IR v(CO) = 1939 ¢cm™. Anal. Calcd. for 215-
(CO): C, 48.13; H, 7.03. Found: C, 48.18; H, 6.95.

Synthesis of 214-(CO); in situ - A J. Young NMR tube was charged with 214-
(TBE) (23 mg, 0.036 mmol) and Cg¢Ds. The solution was frozen then the headspace was
evacuated and charged with CO (2 atm). The solution changed color from dark red to
yellow. The reaction was analyzed by NMR spectroscopy and found to be >95% pure
214-(CO),. Free TBE was observed in the *H NMR spectrum. *H NMR (RT, C¢Ds): &
6.58 (s, 2H- Ar-H), 2.17 (s, 3H, Ar-CHs), 2.16-2.08 (m, 4H, PCH(CHs),), 1.10-1.02 (m,
24H, PCH(CHa),). *P{*H} (RT, C¢Ds): 5 171.8.

Reaction of 214-(Bpin), with excess CO — Compound 214-(Bpin), (21 mg,
0.027 mmol) was added to a J. Young NMR tube and dissolved in CgD¢. After an initial
degassing via freeze—pump-thaw, the headspace of the NMR tube was charged with 1
atm of carbon monoxide resulting in an instant color change from bright yellow to
colorless-yellow. Analysis via *P{"H} NMR spectroscopy revealed quantitative
conversion to 214-(CO),. *H NMR revealed a sharp singlet at 1.01 ppm representing 24

protons indicating free B,pin,. A sharp singlet at 31 ppm via !B NMR also indicated
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free B,pin, Removal of solvent in vacuo followed by dissolving the resulting yellow
solids in C¢Dg found pure 214-(CO) and free B,pins,.

Reaction of 214-(Bpin), with excess ethylene — Compound 214-(Bpin), (33 mg,
0.041 mmol) was added to a J. Young NMR tube and dissolved in CgDg. After an initial
degassing via freeze—pump-thaw, the headspace of the NMR tube was charged with
ethylene (2 atm) resulting in no reaction after 20 minutes at room temperature. After 3 h
at 110 °C the reaction changed from yellow to light red and 214-(C;H.) (32%) was
observed in *'P{"H} NMR spectrum. After 30 h at 110 °C BpinCH,CH,Bpin was
observed in a 93% vyield and 214-(C,H,4) (94%) was the main organometallic product.
Removal of volatiles followed by dissolution of the resulting residue in CDCIl; and
comparing to literature values confirmed the identity of BpinCH,CH,Bpin.*®
BpinCH,CH;Bpin: *H NMR (RT, C¢Ds): & 1.21 (br s, 4H), 1.09 (s, 24H). *'B NMR (RT,
CeD6): 34.2. BC{*H} NMR (RT, CsDp): 6 82.8, 25.0, 5.2 (br s, (Bpin)CH2CHa(Bpin)).

Reaction of 214-(Bpin), with isobutanol — A J. Young NMR tube was loaded
with 32 mg (0.040 mmol) of 214-(Bpin),, 10 uL of cyclohexane and 700 pL of CgDe.
Via syringe, 60 uL of a 0.7 M isobutanol in CgDs stock solution was added. The reaction
was monitored by *H and **P{"H} NMR spectroscopy after after 4, 12 and 24 h at 50 °C.
After 24 h, a 94% yield of 214-Ir(Hpin) (comprised of 80%
[Ir](HBpin)/14%[1r](DBpin) due to solvent H/D exchange) was observed and
isobutylOBpin was observed in a 95% vyield. The 'H and B NMR features of
isobutylOBpin matched those reported in the literature.”® isobutylOBpin ‘*H NMR (RT,

CeDe): 5 3.74 (d, J = 6.5 Hz, 2H, CH(CHs),CH,OBpin), 1.84-1.73 (m, J = 6.5 Hz,
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CH(CHj3),CH,0Bpin), 1.05 (s, CH(CH3),CH,OBpin's CHgs), 0.84 (d, J = 6.5 Hz, 2H,
CH(CH3),CH,0Bpin). !B NMR (RT, C¢Dg): 25.5.

Reaction of 214-(Bpin), with methyl benzoate - A J. Young NMR tube was
charged with 214-(Bpin), (38 mg, 0.047 mmol), methyl benzoate (6.5 pL, 0.052 mmol)
and CgDs. No reaction was observed at ambient temperature or at 95 °C for 12 h. The
reaction was placed into a 120 °C oil bath for 6 h after which C¢DsBpin was observed in
an 85% yield. The remaining boron containing products were not identified but based on
their B NMR chemical shift of ca. 22.4-21.5 ppm they are likely a mixture of ROBpin
esters. All 214-(Bpin), had been consumed and 214-(PhCO,Me)(Hc=0) was observed as
the sole organometallic product.

Dehydrochlorination of 214-(H)(CI) in the presence of methyl benzoate - A J.
Young NMR tube was charged with 214-(H)(CI) (35mg, 0.060 mmol), methyl benzoate
(36 mg, 0.26 mmol), NaO'Bu (8.0 mg, 0.083 mmol) and CsDs. Numerous products were
observe minutes after mixing but after 1 h at 110 °C this mixture converged to 214-
(PhCO;Me)(Hc-0) (24%), 214-(PhCO;Me)(Hary) (54%) and 214-(CO) (22%).

Reaction of 214-(Bpin), with 4-dimethylaminopyridine - A J. Young NMR
tube was loaded with 214-(Bpin); (33 mg, 0.041 mmol), DMAP (8.0 mg, 0.065 mmol)
and C¢Ds. No reaction was observed at ambient temperature or after 2 h at 110 °C. After
18 h at 110 °C, C¢DsBpin was observed in a >95% vyield with three organometallic
products of which only 214-(DMAP) (68%) was identified. Numerous unidentified

hydride signals resulting from minor were observed in the *H NMR spectrum.
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Synthesis of 214-(DMAP) - A J. Young NMR tube was loaded with 214-(TBE)
(28 mg, 0.044 mmol), DMAP (7.0 mg, 0.057 mmol) and CgDs. The reaction was placed
into a 60 °C oil bath for 2 min. Compound 214-(DMAP) was observed as the sole
product in the *!P{*H} NMR spectrum as a singlet at 173.7 ppm and free TBE was
observed in the *H NMR spectrum.

Hydrogenolysis of B,pin, with H, and 0.1 mol% 214-(H)(CI) - A 100 mL Hi-
Vac valve round-bottom flask was loaded with 95 uLL a 0.01 M benzene stock solution of
214-(H)(CI) and all solvent was remove in vacuo. 265 mg (1.04 mmol) of Bypin, and 3
mL of heptane were added. The flask was sealed, brought out of the glovebox, degassed
via freeze-pump thaw and filled with 1 atm of H, then placed into a 90 °C oil bath for 24
h. Note: After 12 h some white material precipitated, presumably unreacted B,pin,,
along the walls of the flask and the flask was swirled to re-dissolve it. The flask was
brought back into a glovebox, 300 pL (2.77 mmol) of cyclohexane was added and the
flask contents were mixed. An aliquot of the solution was transferred to a J. Young
NMR tube and analyzed via *H and B NMR spectroscopy. The yield of HBpin was
determined to be 43% by ‘H NMR spectroscopy with minimal formation (~ 2%) of

HBpin decomposition products.
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CHAPTER IV
NICKEL, PALLADIUM AND IRIDIUM COMPLEXES OF BRIDGING AND
MONOMERIC POCS LIGANDS

4.1 Introduction

The study of hetero- and homo-binuclear metal complexes has been an area of
intense study over the last 70 years. Taube et al. studied intramolecular electron transfer
within hetero- and homo-binuclear metal complexes, referred to as Creutz-Taube ions
(Figure 1V-1),2" which played a key role in his reception of the 1983 the Nobel Prize in

Chemistry.?'®

Many metalloproteins found in nature contain homo- and hetero-binuclear
metal centers responsible for critical transformations including urea hydrolysis (Figure
IV-1),%° oxygen reduction and lignin degradation.””® Cooperative effects between
neighboring metal centers have been proposed in various heterogeneous processes
including the Fischer-Tropsch process??* and molecular catalysts immobilized on solid

supports (Figure 1V-1).?2 Mankad has reviewed selectivity effects in bimetallic

catalysis.??®

NLys‘217
J\ CIN §C' EL,O_Cl
=\ 5+ His246\] /O’A‘O\ NHistas CIZ;II \ OEt, C|\u--‘;\lb\<C|
(HaN)sRu—N_ N—Ru(NHy)s W Ny 0 o o
N\ His272\] ~o— _ S wSi
H,O (OAsp360 O AY / (o)
H,0 2 i K_/O W
Creutz-Taube Ion Urease active site Immobilized molecular

Nb complexes
Figure 1V-1. Creutz-Taube ion (left), Urease homobimetallic active site (middle),

cooperating silica bound Nb catalyst (right).
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PCN and PNP PCN and PNN

complexes binuclear analogs
< |
/_ C-ML, ~ 7 Ycom,  Lm-c
O-PR; O-PR, RyP-O

C I
N_'\|AL” ~ N-ML, L,M-N
§j>—F>R2

X = alkyl

Scheme 1V-1. The Ozerov group’s approach to homobimetallic pincer complexes.

The use of tridentate “pincer” ligands has become ubiquitous in transition-metal
chemistry, especially transition-metal catalysis. Pincer ligands are highly modular (both
sterically and electronically) and they tend to form well-defined complexes with
transition metals.”** Merging the theme of pincer ligands with the theme of bridging
binuclear complexes creates a whole range of possibilities in the field of pincer
complexes. The Ozerov group became interested in the study of cooperating metal
centers supported by bridged, binuclear ligands with PCN and PNP type pincer
frameworks (Scheme 1V-1).?”> The modular design was intended to facilitate a
cooperative effect between two metal centers and a molecule of substrate. In 2011, the
Ozerov group reported the synthesis and characterization of several PCN and PNN

binucleating pincer ligands and their Pd complexes. Monomeric PCN and PNP
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complexes of Pd are well known in the literature?* and their innate framework was
chosen on the grounds of synthetic convenience and similarity with pincer complexes
previously developed in the Ozerov group. The reactivity, as well as the electronic
communication, between metal centers was found to be dependent on the linker length
of the bridge. In at least two cases, the imine side arms of the PNN complexes were
found to be susceptible to hydrogenation.?”® In one example, 4 equiv. of triethylsilane
reacted with 401 at —30 °C in fluorobenzene to form a new complex 402 containing a
reduced imine arm as well as a Pd-Pd bond (Scheme 1V-2). Presumably other reducing
agents such as H; and boranes (R,BH) would reduce the imine arm(s) in a similar
fashion. Transition-metal catalyzed C-H borylation produces H; as a byproduct and
transition-metal catalyzed hydrogenolysis of C-O bonds typically requires high pressures
and temperatures.®” Bridging binuclear pincer complexes bearing PNN and PCN
ligands, such as those described in Scheme 1V-1, would likely be deactivated under such

catalytic conditions and the subject requires further study.

N N/X\N z 4 equiv. Et3SiH /X\N z
30 °C, PhF |

N- Pd OTf TfO— Pd N d—

- Et3S|OTf
- Et3Si-SiEt; PR R P
2 2
X butyl
= 402

iPr

Scheme IV-2. Reduction of the imine arm of 401 by triethylsilane to give 402.
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The reactivity of the imine arm(s) within PNN complexes inspired a thioether
tethered POCS binuclear ligand design, described herein. The availability of various
dithiols and chlorodialkylphosphines allows bridging POCS type ligands the same
modular design as the PCN and PNN systems. Monomeric PCS complexes of Pd such as
(PCS)Pd-CI (Scheme 1V-3) were first described in the literature by van Koten et al.

226 \an Koten et al. later devised a

where they found use as homoallylation catalysts.
synthetic strategy for the synthesis of PCN type ligands from isovanillin (Scheme
IV-4).22" |n that same study, they also devised a synthesis of POCS ligands using

isovanillin bromide (Scheme I1V-4).

(a)
SPh sph |BFs SPh
[Pd(CH3CN)4](BF4), | NaCl
>~ Pd-NCCH; — Pd-Cl
rt
PPh, CH5CN PPh, PPh,
PCS [(PCS)Pd-CH3CN][BF,] (PCS)Pd-CI
pincer ligand

Scheme 1V-3. Synthesis of (PCS)Pd by van Koten et al.
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Van Koten et al. PCS ligand synthetic strategy

H introducing N or S
o :
<:| metalation site

X =H, C-H activation
MeO OH X = Br, oxidative addition

% introducing PR,

Ph cipph, SPh SPh
NaSPh NEt3 Pd,(dba)s |
Br . Br ———, Pd—Cl
s |

MeO O—-PPh, MeO O—-PPh,

Scheme 1V-4. Synthetic strategy devised by van Koten et al. for the synthesis of POCS

ligands and Pd species.

4.2 Results and discussion
4.2.1 Synthesis of POCS ligands

Following modified literature procedures,??® 3-hydroxybenzyl alcohol (403) was
chlorinated with SOCI; in the presence of a base to afford 3-hydroxybenzyl chloride
(404) in excellent yield and purity (Scheme IV-5). Compound 404 tended to slowly
polymerize over time and as a result the compound was best used immediately after
preparation. The compound 3-(di-tert-butylphosphinto)benzyl chloride (405) was
prepared by deprotonation of 404 in situ with NaH in THF followed by addition of
chlorodi-tert-butylphosphine (Scheme IV-5). The compound 3-
(diethylphosphinto)benzyl chloride (407) was prepared by reacting 404 with

triethylamine and chlorodiethylphosphine (Scheme 1V-5). Compound 407 was
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synthesized by Wei-Chun Shih of the Ozerov group. The compounds 1,3-propanedithiol
(408) and 2-mercaptoethyl ether (409) were deprotonated with NaO'Bu in THF at to give
the corresponding dithiolate sodium salts (Scheme I1V-5). Sodium tert-butylthiolate
(413) was prepared by deprotonation of tert-butylthiol (412) with NaH in THF (Scheme
IV-5). Reacting of 2 equiv. of 405 with 1 equiv. of 410 or 411 gave ligands 414 and 415
in good yields (Scheme 1V-6). Obtaining ligand 415 in high purity (>95%) proved to be
a challenge and efforts to separate the ligand from impurities were not successful. As a
result, no further chemistry was performed with ligand 415. When 407 was reacted with
410 the product of P-S bond formation was observed (by Wei-Chun Shih of the Ozerov
group) instead of the desired ligand 416 (Scheme IV-6). The formation of P-S bonds
over C-S bonds can be explained by the small steric profile of the phosphinite ethyl arms
(compared to P'Bus) and the good nucleophilicity of the thiolate anion. As a means to
circumventing the undesired P-S bond formation, the trimethylsilyl protected compound
406 was synthesized from 404, trimethylsilyl chloride and triethylamine (Scheme IV-6).
The silyl protected benzyl chloride could then be reacted with 410 or 411 to give 418
and 419 respectively (Scheme IV-6). Monomeric ligand 420 was prepared in
quantitative yield by reacting 413 with 405 (Scheme IV-6). Ligands 414 and 415 are
both C,, symmetric by *H NMR spectroscopy while monomeric ligand 420 is Cs
symmetric. The *!P{"H} NMR resonances of the 405 (5 = 153.6 ppm, CsDg) precursor
and subsequent ligands (414 6 = 153.1 ppm, 415 6 = 153.6 ppm, 420 6 = 152.7 ppm, all
in CgDg) are typical of other di-tert-butyl phosphinite ligands such as POCOP™" (§ =

153.0 ppm, C¢Dg).
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(a)

OH socl, Cl 1)1.1 NaH cl
pyridine 2) CIP'Bu,
0 °C, DCM THF, refux
OH OH OP'Bu,
403 404 405
(b)
Cl NEt, Cl NEt, Cl
CISiEts CIPEt,
Et,0 Et,O
OSiEt, OH OPEt,
406 404 407
(c)
HS” " sH NaS~ > “SNa
-2 HO'Bu
or THF o
HS\/\O/\/SH NaS\/\O/\/SNa
409 411
(d)
2 NaH
><SH SNa
- H2
412 THF 413

Scheme 1V-5. (a) Synthesis of 404 and 405. (b) Synthesis of protected compounds 406
and 407. (c) Synthesis of sodium thiolates 410 and 411. (d) Synthesis of sodium thiolate

413. Compound 407 was synthesized by Wei-Chun Shih of the Ozerov group.
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(@) Nas™ > " sNa

12 410
cl or S/X\S
NaS SN
a v\o/\/ a
411
O/CHCN >  OP'Bu, OP'Bu,
t
OPBu, 120/CHSC 414, X = CH,CH,CH,

405 or 415, X= CH20H2OCH2CH2
(b) X
s s
1/2 NaS”~ > SNa
cl 410
OPEt, OPEt,
x > 416, X= CHQCH2CH2
Et,O/CH4CN
OPEt, 2 3
Et,P _PEt
407 2 \S/\/\S 2
417
() Nas” > SNa
112 410 x.
or ST
NaS SN
Cl aS g oNa
411 _ OSiEts OSiEt,
Et,0/CH5CN 418, X = CH,CH,CH,
OSiEt, or 419, X = CH,CH,0OCH,CH,
406
N
j S a S'Bu
OP'Bu, CH3CN OP‘Bu
405

Scheme IV-6. (a) Synthesis of bridging ligands 414 and 415. (b) Attempted synthesis of
bridging ligand 416 with observation of P-S bond formation by Wei-Chun Shih. (c)

Synthesis of silyl ethers 418 and 419. (d) Synthesis of monomeric ligand 420.
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4.2.2 Synthesis of POCS complexes of nickel and palladium

Ligand 414 readily reacted with 2 equiv. of anhydrous NiCl, and 2 equiv. of 2, 6-
lutidine in refluxing 1,4-dioxane after 24 h giving an 85% isolated yield of the C3 linked
Ni complex 421 (Scheme IV-7). The analogous Pd complex was synthesized in a similar

fashion as 421 using (cod)PdCl; giving 422 in an 82% isolated yield (Scheme IV-7).

(a)

XL X
s s 2 NiCl, or 2 (cod)PdCl, S
2 equiv. 2,6-lutidine M/ \M
/ Cl cl” \

OP'Bu, OP'BU, 14-dioxane, 24 h, reflux O\ptBu2 p-©
414, X = CH,CH,CH, Bu,
M = Ni 421, Pd 422
X= CHchchz

o X~g
@(M\/ \DQ

2 AgOTf . -
gott TN

21 O
darkness PBuy
CH,Cl,, 1 h, rt

(b)

-

tBU2
M = Ni 423
X= CHchchz

Scheme IV-7. (a) Synthesis of C; linked pincer complexes 421 and 422. (b) Substitution

of the chloride ligands of 421 with using AgOTf to give complex 423.

Both metalations were sensitive to the amount of 2,6-lutidine added and adding
more than 2 equiv. contributed to the formation of unidentified side products. Similar to
the ligand, both compounds are C,, symmetric in their respective 'H NMR spectra

(Figure 1V-2) with a notable downfield shift of the resonance corresponding to the CH,
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protons of the thioether sidearm upon coordination to nickel and palladium (414 & = 3.38
ppm, 421 6 = 3.66 ppm, 422 & = 3.84 ppm, all in C¢Dg). A modest broadening of the C;
bridge CH, protons resonances as well as a downfield shift, relative to the free ligand, is
also observed in both complexes. The *P{*H} NMR resonances (421 & = 198.2 ppm,
422 § = 202.0 ppm, CgDs) were comparable to (POCOP®“)Ni(Cl) (8 = 187.2 ppm ,
CDCl3)*® and (POCOP™")Pd(CI) (5 = 192.1 ppm, CDCl3).?° Interestingly, an XRD
study of 421 indicated the sulfur side arm moieties are not in the plane of the pincer

motiff with a torsion angle about the C2-C7-S1-Nil atoms of —31.7(2)° (Figure 1V-3).

v R o J . JJ( R b W

T T T T T T T T T T T T T
75 7.0 6.5 6.0 55 5.0 4.5 4.0 3.5 3.0 25 2.0 15 1.0 0.5

Figure 1V-2. (a) *H NMR (CgDg) spectrum of ligand 414. (b) *H NMR (CgDs) spectrum

of metal complex 421. (c) *H NMR (CgDg) spectrum of metal complex 422.
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Figure 1V-3. POV-Ray rendition of the ORTEP drawing™® of 421. Hydrogen atoms and
distortion about the C3 bridge has been omitted for clarity. Selected bond distances (A),
angles (°), torsion (°) for 421: Nil-Cl1, 2.20869(7); C1-N1, 1.883(2); S1-Nil, 2.1936(7);
S1-Ni1-P1, 159.49(3); C2-C7-S1-Nil, —31.7(2); C6-01-P1-Ni1, —5.8(1). XRD structure

was solved by Billy J. McCulloch.

4.2.3 Synthesis of POCS complexes of iridium

Due to synthetic challenges we anticipated with iridium complexes of ligand 414,
our initial efforts were confined to the monomeric ligand 420. Direct reaction of ligand
420 with [(cod)IrCl], or [(coe).IrCl], did not give the target complex, 424 (Scheme
IV-8a) and numerous unidentified products, in both cases, were observed by NMR
spectroscopy. Utilizing the tactic employed for the synthesis of (POCOP™)Rh and Ir
compounds where [(cod)MCI], or [(coe),MCI], (where M = Rh or Ir) and POCOP™"
ligand are reacted in the presence of excess DMAP or pyridine to generate
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(POCOPiPr)M(H)(CI)(py), we were able to synthesize 425 (two isomers, Scheme 1V-8b).
Two hydride resonances are observed in close proximity (two doublets, 6 = —=22.0 ppm,
Jp-n = 23 Hz, CgDg) which have chemical shifts comparable to 213-(H)(Cl)(py) (two
observed isomers, 6 ~ -21.0 ppm, CgDs, Scheme 11-2 of Chapter 2) and

(PCP)Ir(H)(CI)(py) complexes®" indicating Ir-H ligands trans to a chloride

(a) 1/2 [(cod)IrCl],
. or
SBU /2 [(coe),IrCl], S'Bu
| H
x Ir—-Cl
O—P‘Buz toluene, 24 h, reflux O—IlDtBuz
420 424
(b)
{ t
SBu excess py T Bu AgOAc

1/2 [(cod)IrCI] KOA

— I-(HXCHPY) —2F22C o+ mixture

toluene,
O-P'Bu, 24 h, reflux O-P'Bu,
420 425, two isomers
© S'Bu 172 SBu SBu

[(cod)IrOAC], | \\0-7/ Me,SiCl | H

—_— r—a T Ir—Cl

toluene, H
O—PtBuz 24 h, reflux O-P'Bu, O-P'Bu,
420 426 424

Scheme 1V-8. (a) Failed attempt at direct synthesis of 424 by reacting ligand 420 with
common Ir starting materials. (b) Synthesis of pyridine adducts 425. (c) Synthesis of 426

and subsequent conversion to 424 with Me;SiCl.
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or pyridine ligands. The **P{"H} NMR spectrum of 425 contains two singlets in close
proximity (6 = 150.0 ppm, CgDs) which are of comparable chemical shift to 213-
(H)(C)(py) (two observed isomers, 6 =~ 148 ppm, CgDg). Attempts to abstract the
pyridine ligand of 425 with BF3;*OEt, gave a mixture of unidentified compounds and
further efforts with BF3*OEt, were abandoned. 425 by reacted with excess AgOAc or
KOAc to gave mixtures partially comprised of 426 (Scheme IV-8b). Indeed, the
direction reaction of [(cod)IrOAc], with ligand 420 gave the hydrido-acetate compound
426 (Scheme IV-8c). The *H NMR spectrum of compound 426 shows a single Cs
symmetric compound with two distinct and well resolved resonances corresponding to
the CH, protons of the methylene arm. The *H NMR spectrum also contains two sharp
doublets (6 = 1.38 ppm, Jp.y = 11.6 Hz and 1.33 ppm, Jp.y = 11.2 Hz, CgDg)
corresponding to the tert-butyl groups of P and a sharp singlet (6 = 1.12 ppm)
corresponding to the tert-butyl group of S. The hydride resonance of 426 is a sharp and
well resolved (doublet, & = —28.84 ppm, Jp.y = 19.6 Hz, CgDg). This data indicates a
rigid preferred orientation of the CH,S'Bu arm and that 426 is one isomer. Reacting 426
with Me;SiCl gave 424 (Scheme IV-8c) in 90% purity. The *H NMR resonances of 424
are broad including two very broad and overlapping hydride resonances centered about
ca. —27.00 ppm (CgDg). Comparing the chemical shift of the hydride resonances of 424
to Brookhart’s monomeric square pyramidal (POCOP®™")Ir(H)(Cl) (118-(H)(CI),
Scheme 1-18) (t, & = —41.39 ppm, CD,Cl,)% indicates the hydride ligands are likely not
trans to an empty site. Two doublets, one broad and one sharp, are seen in the *H NMR

spectrum (brd, 6 = 1.64 Jp.y = 12.3 Hz, and d, 6 = 1.52 Jp.y = 14.0 Hz) corresponding to
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the tert-butyl groups of P and a broad singlet (6 = 1.11 ppm) corresponding to the tert-
butyl group of S. Two near overlapping singlets are observed in the *P{*H} NMR
spectrum of 424 (5 = 156.15 and 155.86 ppm, CgDs). This data suggests 424 is likely
comprised of two isomers (of closely related connectivity) with *H NMR resonances
having near identical chemical shift. An XRD study of 424 revealed a dimeric structure
(Figure 1VV-4) with slightly staggered bridging chloride ligands and a C1-1r1-CI2 angle of
94.3(2)°. In comparison, the analogous C-Ir-Cl angle of 215-(H)(CI) (Chapter 2, Figure
11-3) is considerably more obtuse at 110.8(1)°. If 424 (or isomers thereof) is also dimeric
in solution this difference in angle could explain the downfield hydride chemical shift of
424 because the hydride ligand is more effectively trans to a chloride ligand in 424 than
in 215-(H)(CI). The existence of two isomers could be the result of a kinetic and

thermodynamic orientation of the CH,S'Bu and further studies are required.
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Figure 1V-4. POV-Ray rendition of the ORTEP drawing™ of 424. Hydrogen atoms
have been omitted for clarity. Selected bond distances (A), angles (°), torsion (°) for 424:
Ir1-Ir2, 3.897(1); Irl-Cl1, 2.506(1); Ir1-CI2, 2.615(2); Ir1-C1, 2.0515(5); Ir1-S1,
2.385(2); Ir1-P1, 2.240(2); C1-Ir1-ClI1, 171.6(2); P1-Ir1-S1, 159.99(5); C6-C7-S1-Ir-1,

29.2(5); C2-01-P1-Ir1, 0.9(4). XRD structure was solved by Billy J. McCulloch.

Similar to the monomeric POCS ligand, reacting ligand 414 with [(COD)IrCl], or
[(COE).IrCl], did not give the target complex 427 (Scheme 1V-9a). Reacting ligand 414
with [(COD)IrCl], in the presence of excess pyridine we were able to synthesize
(BUPOCS®®)[Ir(H)(C)(py)]2 428 (Scheme IV-9a). The isolated material was comprised
of multiple isomers which inhibited full characterization by *H NMR spectroscopy.
Multiple hydride resonances (doublets, 6 = —22.5 ppm, Jp.y = 24 Hz, 1:1 CgDs:py,
Scheme 1V-9b), with chemical shifts similar to the hydride resonances of 425, are

observed in close proximity and no other hydride
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(a) 1/2 [(cod)IrCl],

X< or X\
s§7s 1/2 [(coe),IrCll, /S/ S\
x IrH H-y
Vi BN

OP'Bu, OP'Bu, | 24 b rof O.
toluene, , reflux
414, X = CH,CH,CH, By 'Bu,

427, X = CH,CH,CH,

-

(b)

s Xg excess pyridine S/X\S
112 [(cod)IrCl], / \
I'H)CPY)  (PY)(CH(H) ™
o./ \

OP'Bu, OP'Bu, toluene, 24 h, reflux ~p P/O
t
414, X = CH,CH,CH, ‘ZBu Bu,
428, X = CH2CH2CH2
multiple isomers

Scheme IV-9. Synthesis of bridging (POCS)Ir compounds.

signals are observed. The *'P{*H} NMR spectrum of 428 contains multiple singlets in
close proximity (6 =~ 150.4 ppm, 1:1 CgDg:py) which are also of comparable chemical
shift to 425.
4.3 Conclusion

The synthesis and characterization of POCS compounds of Ni, Pd and Ir has
been described. The POCS ligands are readily synthesized on multi-gram scales from
common starting materials. The precursor compound 404 (Scheme IV-5) is an extremely
useful starting material that can provide access to a variety of monomeric and bridging
POCS ligands. POCS complexes of Ni and Pd are readily prepared under mild
conditions and halide ligand substitution (chloride to triflate) was demonstrated for Ni. A
Cs; bridging (POCS)Ni compound 421 was characterized by an XRD study.

Mononuclear POCS complexes of Ir were prepared and characterized. A mononuclear
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(POCS)Ir dimer 424 was characterized by an XRD study. Direct reaction of bridging
POCS ligand with common Ir starting materials to form 5-coordinate unsaturated Ir
metal centers was not successful although a 6-coordinate pyridine adduct (multiple
isomers) was synthesized and characterized.
4.4 Experimental
4.4.1 General considerations

Unless specified otherwise, all manipulations were performed under an argon
atmosphere using standard Schlenk or glovebox techniques. Pentane, diethyl ether,
tetrahydrofuran, mesitylene and benzene were dried over sodium—benzophenone ketyl,
distilled or vacuum transferred and stored over molecular sieves in an Ar—filled
glovebox. All other chemicals were used as received from commercial vendors. All
NMR spectra were recorded on a Varian Inova 300 spectrometer (*H NMR 299.951
MHz, *P{*H} NMR 121.425 MHz, *C{*H} NMR 75.413 MHz), Varian Mercury 300
spectrometer (*C{*H} NMR 75.426 MHz), Varian Inova 400 spectrometer (‘*H NMR,
399.755 MHz; ®*C{'"H} NMR, 100.518 MHz; !B NMR 128 MHz, *P{'H} NMR
181.822 MHz), or a Varian Inova NMR 500 (lH NMR, 499.425 MHz/ 499.683 MHz;
BC{’H} NMR, 75.424 MHz/ 125.580 MHz; *P{*H} NMR, 202.171 MHz; *F NMR,
469.854 MHz) spectrometer. All spectra were recorded at ambient temperature unless
otherwise noted. Chemical shifts are reported in &/ppm. For 'H and *C{*"H} NMR
spectra, the residual solvent peak was used as an internal reference.’’> *'B NMR spectra

were referenced externally using neat BF;OEt; at 5 = 0 ppm, **P{"H} NMR spectra were
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referenced externally using 85% H3PO, at & = 0 ppm, and °F NMR spectra were
referenced externally using 1.0 M CF3COH in CDCl; at 6 =—78.5 ppm.
4.4.2 Synthesis of POCS ligands

Synthesis of 404 — A 50 mL culture tube was loaded with 3-hydroxybenzyl
alcohol (403) (1.38 g, 11.1 mmol), pyridine (1.5 mL, 18.6 mmol) and 30 mL of
dichloromethane. The solution was cooled using an ice bath and SOCI, (4.0 g, 33.6
mmol) was added dropwise. The solution was stirred for 1 h then 10 mL of H,O was
added (Warning Gas Evolution!). The mixture was transferred to a separatory funnel and
washed with additional H,O (2 x 20 mL). The dichloromethane fraction was reduced in
vacuo in a Schlenk flask giving a clear oil. The oil was dried in vacuo for 6 h then used
as is. Yield: 1.41 g (89%). *H NMR (CDCls): & 7.23 (t, Ju.+ = 7.9 Hz, 1H. Ar-H), 6.96
(d, Jun = 7.6 Hz, 1H, Ar-H), 6.91 — 6.88 (m, 1H, Ar-H), 6.81 (dd, Ju.y = 8.1, 2.1 Hz,
1H, Ar-H), 6.22 — 5.33 (br s, 1H, Ar-OH), 4.53 (s, 2H, Ar-(CH,)-Cl). BC{*H} NMR
(CDCl3): 6 155.6,139.3, 130.2, 121.1, 115.6, 46.1.

Synthesis of 405 — A 50 mL culture tube was loaded with 3-hydroxybenzyl
chloride (404) (1.22 g, 8.56 mmol) and 20 mL of THF. NaH (0.250 g, 10.4 mmol) was
added as a suspension in THF (Warning Gas Evolution!). The reaction was stirred for 4
h at ambient temperature. As a solution in THF, chlorodi-tert-butylphosphine (1.55 g,
8.58 mmol) was added. The tube was sealed, brought out of the glovebox and heated to
65 °C for 24 h. The tube was brought into a glovebox and the mixture was filtered
through Celite giving yellow oil which tended to solidified over time. Yield: 1.89 g
(78%) 'H NMR (C¢Ds): & 7.24-7.23 (m, 1H, Ar-H)), 7.17 — 7.12 (m, 1H, Ar-H)), 6.98 (t,
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Jn = 7.9 Hz, 1H, Ar-H)), 6.72 (d, Ju.n = 7.6 Hz, 1H, Ar-H)), 4.09 (s, 2H, Ar-(CH,)-Cl),
1.09 (d, Jp.y = 11.7 Hz, 18H, Ar-OP'Buy). *C{"H} NMR (CgD¢): 5 160.5 (d, Jp.c = 9.6
Hz), 139.4 , 129.9 , 121.8, 118.72 (d, Jp.c = 10.3 Hz), 118.40 (d, Jp.c = 11.7 Hz), 46.0,
35.8 (d, Jp.c = 26.6 Hz), 27.5 (d, Jp.c = 15.7 Hz). *P{*H} NMR (C¢Ds): & 153.6.

Synthesis of 406 — A 25 mL Schlenk flask was loaded with 3-hydroxybenzyl
chloride (403) (3.04 g, 21.3mmol), 10 mL of diethyl ether, triethylamine (3.2 g, 31.6
mmol) and trimethylsilyl chloride (4.2 g, 27.9 mmol). A white precipitate formed
immediately upon addition of trimethylsilyl chloride. The mixture was filtered through
Celite and all volatiles were removed in vacuo giving clear oil. Yield: 4.90 g (90%). *H
NMR (CDCls): & 7.21 (t, Jun = 7.9 Hz, 1H, Ar-H), 6.99 — 6.96 (m, 1H, Ar-H), 6.91 —
6.89 (m, 1H, Ar-H), 6.81 (ddd, Jy.y = 8.1, 2.5, 1.0 Hz, 1H, Ar-H), 4.54 (s, 2H, Ar-(CHy)-
Cl), 1.01 (t, Jun = 7.9 Hz, 9H, Ar-OSiEts), 0.79 — 0.72 (m, 6H, Ar-OSiEts).

Synthesis of 407 — A 50 mL culture tube was loaded with 3-hydroxybenzyl
chloride (404) (1.22 g, 8.56 mmol) and 20 mL of Et,O and triethylamine (0.250 g, 10.4
mmol). chlorodiethyllphosphine (1.55 g, 8.58 mmol) was added. The mixture was stirred
for 12 h at RT. The tube was brought into a glovebox and the mixture was filtered
through Celite giving yellow oil which tended to solidified over time. Yield: 1.89 g
(78%).

Synthesis of 410 — A 50 mL culture tube was loaded with 1,3-propanedithiol
(408) (1.38 g, 12.8 mmol) and 30 mL of THF. NaO'Bu (2.46 g, 25.6 mmol) was added
and the mixture was stirred at 65 °C for 12 h. The white precipitate was collected on a

frit, washed with pentane and diethyl ether then dried in vacuo overnight. Yield: 1.83 g
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(47%)."H NMR (CD30D): & 2.55 — 2.48 (t, Jy.4 = 7.8 Hz, 4H, SCH,CH,CH,S), 1.84 (p,
Jh-H = 7.8 Hz, 2H, SCH,CH,CH,S). *C{*H} NMR (CD;0D): § 46.9 , 26.2.

Synthesis of 411 — A 50 mL culture tube was loaded with 2-mercaptoethyl ether
(409) (1.86 g, 13.5 mmol) and 30 mL of THF. NaO'Bu (2.59 g, 27.0 mmol) was added
and the mixture was stirred at 65 °C for 12 h. The white precipitate was collected on a
frit, washed with pentane and diethyl ether then dried in vacuo overnight. Yield: 2.35 g
(96%).'H NMR (CDsOD): & 3.49 (m, 4H), 2.62 (m, 4H). *C{*H} NMR (CD;0D): &
77.2,24.9.

Synthesis of 413 — A 50 mL Schlenk flask was loaded with tert-butylthiol (412)
(0.603g, 6.69 mmol) and 20 mL of THF. NaH (0.178 g, 7.42 mmol) was added as a
suspension in THF (Warning Gas Evolution!). The mixture was stirred overnight at
ambient temperature. Yield: 0.669 g (89%).'H NMR (CDsOD): & 1.27 (s, 9H). *C{*H}
NMR (CD3OD): & 38.1, 22.0.

Synthesis of 418 - A 50 mL culture tube was loaded with 3-
(triethylsilyl(oxy))benzyl chloride (406) (2.31 g, 8.99 mmol), 25 mL of acetonitrile and
NaSCH,CH,CH,SNa (410) (0.684 g, 4.49 mmol). The reaction was stirred for 24 h at
ambient temperature. The mixture was filtered through Celite and all solvent removed in
vacuo giving yellow oil. Yield: 1.98 g (80%)."H NMR (CDCls): & 7.15 (t, Ju.n = 7.8 Hz,
2H, Ar-H), 6.90 — 6.86 (m, 2H, Ar-H), 6.82 (t, Ju.n = 2.0 Hz, 2H, Ar-H), 6.73 (ddd, Jy.1
= 8.0, 2.4, 0.9 Hz, 2H, Ar-H), 3.62 (s, 4H, Ar-(CH,)-SR), 2.46 (t, Jy.u = 7.2 Hz, 4H,

SCH2CH2CH28), 1.78 (p, JH—H =72 HZ, 2H, SCHQCH2CH28), 1.00 (t, JH—H =79 HZ,
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18H, Ar-OSiEts), 0.78 — 0.67 (m, 12H, Ar-OSiEt;). *C{*H} NMR (CDCls): 5 155.8,
140.0, 129.5, 122.0, 120.6, 118.7, 36.2, 30.2, 28.8, 6.79, 5.16.

Synthesis of 419 - A 50 mL culture tube was loaded with 3-
(triethylsilyl(oxy))benzyl chloride (406) (2.06 g, 8.02 mmol), 25 mL of acetonitrile and
NaSCH,CH,0OCH,CH,SNa (411) (0.731 g, 4.01 mmol). The reaction was stirred for 24
h at ambient temperature. The mixture was filtered through Celite and all solvent
removed in vacuo giving yellow oil. Yield: 1.93 g (83%).'*H NMR (CDCls): & 7.15 (t, Jp.
n = 7.8 Hz, 2H, Ar-H), 6.91 — 6.88 (m, 2H, Ar-H), 6.84 — 6.82 (m, 2H, Ar-H), 6.73 (ddd,
Jun = 8.0, 2.4, 1.0 Hz, 2H, Ar-H), 3.69 (s, 4H, Ar-(CH,)-SR), 3.52 (t, Ju.+ = 6.8 Hz, 4H,
SCH,CH,0CH,CH,S), 2.58 (t, Iy = 6.7 Hz, 4H, SCH,CH,OCH,CH,S), 0.99 (t, Ju.n =
7.9 Hz, 18H, Ar-OSiEts), 0.78 — 0.70 (m, 12H, Ar-OSiEts). *C{*H} NMR (CDCls): 5
155.8,140.0,129.5, 122.1, 120.6,118.7,70.6 , 36.6 , 30.7 , 6.80 , 5.16.

Synthesis of 414 - A 50 mL culture tube was loaded with 3-di-tert-
butylphosphinitobenzyl chloride (405) (1.98 g, 6.90 mmol), 25 mL of acetonitrile and
NaSCH,CH,CH,SNa (0.525 g, 3.45 mmol). The reaction was stirred for 24 h at ambient
temperature. The mixture was filtered through Celite and all solvent removed in vacuo
giving yellow oil. Yield: 1.83 g (87%)."H NMR (C¢Ds): & 7.37 (d, Ju.y = 1.7 Hz, 2H, Ar-
H), 7.23 — 7.16 (m, 2H, Ar-H), 7.06 (t, Jy.+ = 7.8 Hz, 2H, Ar-H), 6.87 — 6.77 (m, 2H, Ar-
H), 3.38 (s, 4H, Ar-(CH,)-SR), 2.25 (t, Ju.n = 7.2 Hz, 4H, SCH,CH,CH,S), 1.58 (0, Ju-n
= 7.2 Hz, 2H, SCH,CH,CH,S), 1.13 (d, Ju.ny = 11.7 Hz, 36H, Ar-OP'Bu,). *C{*H}

NMR (CgDs): 5 160.5 (d, Jp.c = 9.6 Hz), 140.8, 129.7, 122.4, 119.2 (d, Jp-c = 10.6 Hz),
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117.2 (d, Jpc = 11.2 Hz), 36.2 , 35.7 (d, Jp.c = 26.5 Hz), 30.4, 29.0, 27.5 (d, Jp.c = 15.7
Hz). **P{*H} NMR (CgD¢): & 153.1.

Synthesis of 415 - A 50 mL culture tube was loaded with 3-di-tert-
butylphosphinitobenzyl chloride (405) (1.12 g, 3.91 mmol), 25 mL of acetonitrile and
NaSCH,CH,0OCH,CH,SNa (411) (0.356 g, 1.95 mmol). The reaction was stirred for 24
h at ambient temperature. The mixture was filtered through Celite and all solvent
removed in vacuo giving yellow oil. The ligand was determined to be 82% pure by 'H
NMR spectroscopy. Yield: 1.13 g (91%). *H NMR (CDCls): 8 7.11 (t, Ju.n = 8.0 Hz, 2H,
Ar-H), 7.07 — 7.03 (m, 2H, Ar-H), 6.97 (d, J = 8.2 Hz, 2H, Ar-H), 6.83 (d, J = 7.5 Hz,
2H, Ar-H), 3.64 (s, 4H, Ar-(CH,)-SR), 346 (t, Jun = 6.8 Hz, 4H,
SCH,CH,0CH,CH,S), 2.54 (t, J = 6.8 Hz, 4H, SCH,CH,OCH,CH,S), 1.10 (d, Jp.ns =
11.8 Hz, 36H, Ar-OP'Buy). **P{*H} NMR (CDCl5): 5 154.4.

Synthesis of 420 — A 50 mL culture tube was loaded with 3-di-tert-
butylphosphinitobenzyl chloride (405) (0.752 g, 2.62 mmol), 15 mL of acetonitrile and
NaSC(CHjs); (0.296 g, 2.64 mmol). The reaction was stirred for 24 h at ambient
temperature. The mixture was filtered through Celite and all solvent removed in vacuo
giving yellow oil. The ligand was determined to be 89% pure by *H NMR spectroscopy.
Yield: 0.875 g (98%).'H NMR (C¢Ds): & 7.50 — 7.44 (m, 1H, Ar-H), 7.19 — 7.14 (m, 1H,
Ar-H), 7.06 (t, Ju.n = 7.8 Hz, 1H, Ar-H), 6.93 (dg, Ju.+ = 7.5, 1.0 Hz, 1H, Ar-H), 3.59 (s,
2H, Ar-(CH,)-SR), 1.19 (s, 9H, Ar-(CH,)-S'Bu), 1.12 (d, Ju.n = 11.6 Hz, 18H, Ar-
OP'Buy). *C{*H} NMR (CgD¢): & 160.4 (d, Jp.c = 9.5 Hz), 141.1 , 129.6 (d, Jp.c = 0.6
Hz), 122.5 (d, Jp.c = 1.2 Hz), 119.3 (d, Jp.c = 10.6 Hz), 117.01 (d, Jp.c = 11.3 Hz), 42.5 ,
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35.7 (d, Jp.c = 26.6 Hz), 33.8, 31.1 (d, Jp.c = 8.5 Hz), 27.8 — 27.3 (m). *P{’H} NMR
(CeDeg): 8 152.7.

Synthesis of 421 — A 50 mL culture tube was loaded with anhydrous NiCl,
(0.666 g, 5.26 mmol), 15 mL of 1,4-dioxane, 2,6-lutidine (0.564 g, 5.27 mmol) and 414
(1.49 g, 2.45 mmol). The mixture was stirred and heated to 100 °C for 24 h. The mixture
was filtered through a plug of silica over Celite and solvent was removed in vacuo
giving a yellow residue. This residue was dissolved in toluene and filtered through a
plug of silica over Celite giving yellow solids. The solids were recrystallized from
toluene/pentane in a =30 °C freezer. An X-ray quality crystal was grown from a toluene
solution of 421 layered with pentane. Yield: 1.48 g (76%). *H NMR (CgDe): & 6.85 (t, Jp.
w = 7.7 Hz, 2H, Ar-H), 6.61 (d, Ju. = 7.7 Hz, 2H, Ar-H), 6.46 (d, Jy.s = 7.5 Hz, 2H, Ar-
H), 3.66 (s, 4H, Ar-(CH,)-SR), 2.76 (t, Ju.i = 6.9 Hz, 4H, SCH,CH,CH,S), 2.49 (p, Jun
= 7.7 Hz, 2H, SCH,CH,CH,S), 1.43 (d, Jp.1; = 14.3 Hz, 36H, Ar-OP'Bu,). *C{*H} NMR
(CeDs): & 168.4 (d, Jp.y = 10.2 Hz), 153.0 (d, Jp.ys = 2.3 Hz), 140.4 (d, Jp.s = 25.6 Hz),
127.1,117.9,109.0 (d, Jp.4 = 13.1 Hz), 44.7 , 39.5 (d, Jp.y = 14.3 Hz), 34.6 , 29.3, 28.1
(d, Jp.i = 4.4 Hz). *C{"H} NMR (C4Ds): & 198.1.

Synthesis of 422 — A 50 mL culture tube was loaded with (cod)PdCl; (0.164 g,
0.574 mmol), 15 mL of 1,4-dioxane, 2,6-lutidine (0.062 g, 0.579 mmol) and 414 (0.175
g, 0.287 mmol). The mixture was stirred and heated to 100 °C for 24 h. The mixture was
filtered through a plug of silica over Celite and solvent was removed in vacuo giving a
yellow residue. This residue was dissolved in toluene and filtered through a plug of silica

over Celite giving yellow solids. The solids were recrystallized from toluene/pentane in
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a —30 °C freezer. Yield: 0.184 g (72%). *H NMR (CgD¢): & 6.82 (t, Ju.n = 7.7 Hz, 2H,
Ar-H), 6.71 (d, Ju-n = 7.9 Hz, 2H, Ar-H), 6.57 (d, Ju.n = 7.5 Hz, 2H, Ar-H), 3.84 (s, 4H,
Ar-(CH,)-SR), 2.86 (s, 4H, SCH,CH,CH,S), 2.55 — 2.43 (m, 2H, SCH,CH,CH.S), 1.33
(d, Jp. = 15.3 Hz, 36H, Ar-OP'Buy). *P{*H} NMR (C;Ds): & 202.0.

Synthesis of 423 — A 25 mL Schlenk flask was loaded with 421 (0.091 g, 0.114
mmol) and 5 mL of dichloromethane. AgOTf (0.065 g, 0.252 mmol) was added and the
mixture was stirred in the dark for 1 h at ambient temperature. The mixture was filtered
through a plug of silica over Celite and all solvent was removed in vacuo giving yellow
solids. Yield: 0.107 g (92%). *H NMR (C¢Ds): & 6.73 (td, Ju.u= 7.9, 0.8 Hz, 2H, Ar-H),
6.40 (dd, Ju.n = 7.9, 1.0 Hz, 2H, Ar-H), 6.29 (d, Js.n = 7.6 Hz, 2H, Ar-H), 3.48 (s, 4H,
Ar-(CH,)-SR), 3.05 (t, Ju.ny = 7.2 Hz, 4H, SCH,CH,CH,S), 2.48 (p, Jun = 7.7 Hz, 2H,
SCH,CH,CH,S), 1.29 (d, Jo.y = 14.8 Hz, 36H, Ar-OP'Bu,). 1°F NMR (C¢Ds): & —78.2
(s). BC{*H} NMR (C¢Ds): & 168.9 (d, J = 8.8 Hz), 154.8 , 128.6 , 119.0, 109.5 (d, J =
12.7 Hz), 41.6 , 39.2 (d, J = 14.0 Hz), 36.0 , 30.0, 27.4 (d, J = 4.7 Hz). *P{*"H} NMR
(CeDs): & 196.0.

Synthesis of 425 — A J. Young NMR tube was loaded with [(cod)IrCl], (0.100 g,
0.149 mmol), 1 mL of toluene and pyridine (200 uL, 2.48 mmol). The tube was mixed
and 420 (0.101 g, 0.297 mmol) was added. The mixture was heated to 110 °C for 48 h
giving a yellow solution. The solution was passed through a short plug of silica over
Celite then all solvent was removed in vacuo giving yellow-brown solids. A portion of
the solids were analyzed by 'H and *P{*H} NMR spectroscopy. The solids were

comprised of two isomers in a 75:25 ratio (by comparison of the two observed hydride
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signals which have a ratio of 75:25 as well as the two observed *'P resonances having
the same 75:25 ratio) and consequently, only the major product could be partially
assigned in the *H NMR spectrum. Yield: 0.115 g (85%). *H NMR (Isomer A, CgD¢): &
3.61 (d, J = 16.2 Hz, 1H), 3.47 (d, J = 16.4 Hz, 1H), 1.51 (d, Jp.n = 13.9 Hz, 9H), 1.31
(s, 9H), 1.19 (d, Jp.y = 14.0 Hz, 9H), —22.00 (d, Jp.y = 23.0 Hz, 1H, 75%). *H NMR
(Isomer B, C¢Dg): & —22.10 (d, Jp.y = 21.2 Hz, 25%). *'P{*H} NMR (C¢Ds): & 151.6
(77%, isomer A), 152.8 (23%, isomer B).

Direct reaction of ligand 420 with [(cod)IrCl], — A J. Young NMR tube was
loaded with [(cod)IrCl], (0.107 g, 0.159 mmol), 1 mL of toluene and 420 (0.110 g, 0.323
mmol). The reaction was heated for 36 h at 120 °C. Numerous unidentified products
were observed in the **P{*H} NMR spectrum.

Synthesis of 426 — A J. Young NMR tube was loaded with [(cod)IrOAc], (0.052
g, 0.072 mmol), 1 mL of toluene and 420 (0.051 g, 0.15 mmol). The solution was heated
to 120 °C for 36 h. The solution was passed through a short plug of silica over Celite and
all solvent was removed in vacuo giving a brown solid. Yield 0.054 g (63%). *H NMR
(CeDg): 6 6.81 — 6.75 (m, 2H, Ar-H), 6.51 (t, Ju.y = 5.1 Hz, 1H, Ar-H), 3.98 (d, J = 16.6
Hz, 1H, Ar-(CH,)-SR), 3.68 (dd, J = 16.7, 2.3 Hz, 1H, Ar-(CH,)-SR), 1.91 (s, 3H, Ir-k,-
OAc), 1.38 (d, Jp.ry = 11.5 Hz, 9H, Ar-OP'Buy), 1.33 (d, Jp.4 = 11.2 Hz, 9H, Ar-OP'Buy),
1.12 (s, 9H, Ar-(CH,)-S'Bu), —28.84 (d, Jp.4 = 19.6 Hz, 1H, Ir-H). **P{"H} NMR (C4Ds):
0 157.4.

Synthesis of 424 — A J. Young NMR tube was loaded with 426 (0.040 g, 0.0676

mmol), cyclohexane (10 uL, 0.10 mmol), 1 mL of C¢Dg and trimethylsilyl chloride (15

165



uL, 0.140 mmol). The solution was mixed and analyzed by ‘H and *P{'H} NMR
spectroscopy. Trimethylsilyl acetate (8 = 1.70 ppm) was observed in the ‘H NMR
spectrum. All solvent was removed in vacuo giving light brown solids. X-ray quality
crystals were grown from a toluene solution layered with pentane. Yield 0.036 g (94%).
'H NMR (CgDg): & 6.81 — 6.76 (m, 2H), 6.54 (t, Ju.ns = 4.5 Hz, 1H), 4.43 (d, J = 15.3 Hz,
1H), 3.68 (dd, J = 15.8, 3.2 Hz, 1H), 1.64 (br d, Jp.4 = 12.3 Hz, 9H), 1.52 (d, Jp.4 = 14.0
Hz, 9H), 1.12 (br s, 9H), —27.00 (br m, 1H, Ir-H).

Direction reaction of ligand 414 with [(cod)IrCl], or [(coe).IrCl], — A J.
Young NMR tube was loaded with ligand 414 (0.023 g, 0.0378 mmol), [(cod)IrCl];
(0.025 g. 0.0372 mmol) and 1 mL of toluene. A second J. Young NMR tube was loaded
with ligand 414 (0.035 g, 0.0575 mmol), [(coe).IrCl], (0.053 g, 0.0591 mmol) and 1 mL
of toluene. The samples were placed in a 115 °C oil bath for 24 h. In both samples,
analysis by *P NMR spectroscopy revealed numerous products.

Reaction of ligand 414 with [(cod)IrOAc], — A J. Young NMR tube was loaded
with ligand 414 (0.022 g, 0.0 mmol), [(cod)IrOAc]; (0.027 g. 0.0376 mmol) and 1 mL of
C¢Ds. The sample was placed into a 100 °C oil bath for 36 h. One major product was
observed by *'P NMR spectroscopy at 140.0 ppm. The minor product (30%) at 65.2 ppm
is in the range of oxidized ligand. Only broad indiscernible signals were observed in the
'H NMR spectrum. The solution was filtered through a thin plug of silica then all solvent
was removed in vacuo giving brown solids. While the silica filtration improved purity of
the unknown product to > 90%, no discernible signals could be assigned in the *H NMR

spectrum.
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Synthesis of 428 — A 50 mL culture tube was loaded with [(cod)IrCl], (0.078 g,
0.116 mmol), pyridine (1 mL, 12.4 mmol), 15 mL of toluene and ligand 414 (0.141g,
0.232 mmol). The solution was heated to 120 °C for 36 h giving a light yellow solution.
All solvent was removed in vacuo giving yellow- brown solids. Yield: 0.267 g (94%).
The solids were comprised of multiple isomers of 428.
4.4.3 X-ray crystallography details of 421 and 424

Crystals of 421 were grown from a solution of toluene layered with pentane. A
yellow plate of suitable size and quality (0.36 x 0.36 x 0.05 mm) was selected from a
representative sample of crystals of the same habit using an optical microscope, and
mounted onto a nylon loop. Low-temperature (150K) X-ray data were obtained on a
Bruker APEXII CCD based diffractometer (Mo sealed X-ray tube, K, = 0.71073 A). All
diffractometer manipulations, including data collection, integration, and scaling were

carried out using the Bruker APEX2 software.?*?

An absorption correction was applied
using SADABS.?*® The space group was determined on the basis of systematic absences
and intensity statistics. The structure was solved by a dual-space algorithm in the

T, and refinement was carried out with

monoclinic P2;/c space group using SHELX
SHELXL.?*> All non-hydrogen atoms were refined with anisotropic thermal parameters.
Hydrogen atoms bound to carbon were placed in idealized positions and refined using a
riding model. The structure was brought to convergence by weighted full-matrix least-
squares refinement on |F|>. A check for missed symmetry was performed with
PLATON’s ADDSYM facility, finding no apparent higher symmetry.236 Structure

manipulations were performed with the aid of shelXle.?*’

167



Crystals of 424 were grown from a solution of toluene layered with pentane. A
brown rod of suitable size and quality (0.26 x 0.06 x 0.05 mm) was selected from a
representative sample of crystals of the same habit using an optical microscope, mounted
onto a nylon loop, and placed in a cold stream of nitrogen (150 K). Low-temperature
X-ray data were obtained on a Bruker APEXII CCD based diffractometer (Mo sealed
X-ray tube, K,=0.71073A). All diffractometer manipulations, including data
collection, integration, and scaling were carried out using the Bruker APEX2 software.
An absorption correction was applied using SADABS. The space group was determined
on the basis of systematic absences and intensity statistics. The structure was solved by
direct methods in the triclinic P-1 space group using SHELXS.?*® All non-hydrogen
atoms were refined with anisotropic thermal parameters. Hydrogen atoms bound to
carbon were placed in idealized positions and refined using a riding model. The hydride
atom bound to iridium was unobserved in the difference map due to Fourier truncation,
but is included in the reported formulae. The structure was brought to convergence by
weighted full-matrix least-squares refinement on |F[°. A check for missed symmetry was
performed with PLATON’s ADDSYM facility, finding no apparent higher symmetry.

Structure manipulations were performed with the aid of shelXle.
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CHAPTER V
TRIFLYLOXY-SUBSTITUTED CARBORANES AS USEFUL WEAKLY

COORDINATING ANIONS?

5.1 Introduction
The monocarba-closo-dodecaborate anion [HCBi;Hi1] (501, Figure 1-2) is a

well-known polyhedral borane that has extraordinary thermal stability**

yet, as
discussed in section 1.7, the B-H bonds of 501 are hydridic and thus susceptible to attack
by electrophilic reagents. In addition, the B-H bonds of 501 have also been shown to
ligate transition metal complexes.!*’ A common countermeasure to improve the
chemical stability of 501 is the substitution of B-H bonds with B-halogen bonds and
while the lone pairs of the halogen substituents exhibit some coordinative character,™*
the benefit of improved chemical stability is well worth the transformation. Reed, Xie et
al. previously described the chlorination of 501 using iodine monochloride in neat
trifluoromethanesulfonic acid (“triflic acid” or just HOTY) at temperatures exceeding 200
°C for several days.?*>**! In pursuit to establish reproducible procedures for the synthesis
of [HCB1;Clyy]™ (502, Figure 1-2) from the parent anion 501, Weixing Gu of the

Ozerov group at one point examined treatment of Cs[501] with Cl, gas in refluxing

triflic acid. In at least one experiment, he observed production of CS[HCB1;Clg(OTf),]

! Reproduced in part from “Triflyoxy-Substituted Carboranes as Useful Weakly
Coordinating Anions” by Press, L. P.; McCulloch, B. J.; Gu, W.; Chen, C.; Foxman, B.
M.; Ozerov, O. V. Chem. Commun., 2015, 51, 14043, Copyright [2015] by Royal
Society of Chemistry.
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(511) as the dominant product with the triflyloxy (triflato) substituents apparently in the
7,12-positions as evidenced from an XRD study on a single crystal (Figure V-1, C).
Formation of B-OTf groups from reactions involving triflic acid with 501 is obliquely
mentioned in the literature, but rather as a nuisance. For example, methylation of 501
requires a non-nucleophilic base to consume the HOTf by-product lest it react with the
B-H bonds of the carborane.’****" In related polyhedral borane chemistry, syntheses of
nido-6-OTf-ByoH13, nido-6-cyclohexyl-BigHjs3, nido-5-OTf-BygH;s3, and
MeNB1;HsMesOTf have been reported. 44243244245
5.2 Results and discussion

We became interested in exploiting OTf as a desirable substituent on the
carborane cage and in investigating the behavior of the resultant anions as WCAs in

127-129,246

silylium-catalyzed hydrodefluorination and toward highly unsaturated transition

metal cations.?*’

We surmised that a B-OTf moiety would still be weakly coordinating
and may bring advantages of *°F NMR spectroscopy and altered solubility. We further
surmised that the installation of the OTT groups in our inadvertent synthesis of Cs[511]
occurred prior to chlorination and set out to examine reactions of Cs[501] with HOTf

under controlled conditions. All reactions of carborane modification reported here were

carried out under dry argon atmosphere.
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A.65°C,24h
B.90°C,32h
Cs C.reflux,60h s
neat HOTf
Cs[501]
(b) 180°C,60 h C® ®
" s
Cs[503] — . PhaCOTf  PhyC
neat SbClg PhE
(©)
@
reflux, 48 h Cs® reflux, 96 h  Cs
Cs[503] ——— -
[503] Br,/CH,Cl, Br,/CH,Cl,

Cs[507B]
whereX=7,8,9

(d)

Ph,C[510]

R,SiH

R=Et, 'Pr
0 o0
-PhyCH  R3Si—0-§~
CFy
Et;Si[510] Yield: 77%
iPr,Si[510] Yield: 69%

Scheme V-1. Synthesis of Cs[503], Cs[504], Cs[505], Cs[510], Cs[507], Cs[507B]

PhsC[510] and RsSi[510].
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neat HOTf Cs[501] .©
Cs[501] — G
65 °C
- H2

neutral

boronium ylide
[HCByH,]

Cs[(HCBH;(OTH(HCB;H,()]
or Cs[506]

Scheme V-2. Side product Cs[506] observed by *F NMR spectroscopy and MALDI (-)
MS during mono-triflyloxylation of Cs[501] in neat HOTf at 65 °C. The compound was

not isolated.

Stirring a mixture of Cs[501] in neat triflic acid (ca. 20:1 molar excess of HOTY)
at 65 °C for 24 h resulted in the formation of Cs[503] (Scheme V-1), which was isolated
in excellent yields and purity as judged by NMR spectroscopy and MALDI mass
spectrometry. We occasionally observed Cs[504] as an impurity in the syntheses of
Cs[503], and stirring a mixture of Cs[501] in neat triflic acid (ca. 20:1 molar excess of
HOTf) at 90 °C for 32 h gave mostly Cs[504] with some Cs[506] and unidentified side
products present. Tris-triflyloxylation to the Cs[HCB11H10-7,9,12-(0Tf)3] (505) isomer
could be selectively accomplished after refluxing Cs[501] in triflic acid for 60 h
(Scheme V-1). The structure was confirmed by an XRD study (Figure V-1, B) and was

consistent with solution 'B and *F NMR data. During the synthesis of Cs[503] we
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observed a minor amount of Cs[506] by MALDI(-) mass spectrometry and *F NMR
spectroscopy. This compound presumably forms (Scheme V-2) when a neutral boronium
ylide [HCBi1;Hio], formed via deprotonation of [501]" by HOTf, complexes with
Cs[503].

Formation of Cs[511] under Cl,/HOTTf suggested that the B-OTf moieties can
survive harsh halogenation conditions. Indeed, thermolysis of Cs[503] in refluxing SbCls
for 60 h resulted in the predominant formation of Cs[HCB;1Cl;(OTf] (510) (Scheme
V-1), by analogy with the synthesis of Cs[502]. Bromination of Cs[503] with excess Br;
in refluxing CH,CI; led to the formation of Cs[HCB;HsBrsOTf] (507) (Figure V-1, A).
Attempts to perbrominate Cs[503] by stirring in refluxing Br,/CH,CI, for 96 h gave
mixtures of hepta-, octa- and nona-brominated mono-triflyloxy-substituted carboranes
Cs[507B] (Scheme V-1). The outcomes of these reactions are analogous to those with a

halogen in place of OTf.**?
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Figure V-1. POV-Ray renditions of the ORTEP drawings™ of A. Cs[507], B. Cs[505],
C. Cs[511] and D. Ph3C[510] (50% probability ellipsoids) showing selected atom
labeling. Omitted for clarity: hydrogen and cesium atoms for all structures, a minor
component of cocrystallized Cs[HCB;1H4BrsOTf] in structure of Cs[507], disorder of
one triflyloxy moiety of Cs[511]. All XRD structures were solved by Billy J. McCulloch

except C. Cs[511] solved by Bruce Foxman. Anion 511 was synthesized by Weixing Gu.
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The excellent lipophilicity of permethylated carborane derivatives™’

inspired
attempts to permethylate Cs[505] by stirring and refluxing in neat MeOTf with excess
CaH,. We sought to exclusively install methyl groups and thus the CaH, is required to
consume the HOTTf byproduct in order to inhibit further triflyloxy substitution. As
mentioned in the beginning of this section the use of non-nucleophilic base in the
alkylations of 501 as well as its derivatives has precedent in the literature'* and other
bases besides CaH,, such as 2,6-di-tert-butylpyridine, have been utilized.**® After 96 h
the reaction gave mixtures of penta-, hexa-, hepta- and octa- methylated tris-triflyloxy-
substituted carboranes Cs[508] (as observed by MALDI(-) mass spectrometry, Figure
V-2) but the reaction was not optimized further. We also found that stirring a mixture of
Cs[501] in neat triflic acid (ca. 20:1 molar excess of HOTf) in a HI-VAC® valve flask
backfilled with 1 atm of ethylene at 25 °C for 18 h resulted in the formation of a mixture
of ethyl and triflyloxy substituted carboranes Cs[509] (as observed by MALDI(-) mass
spectrometry, Figure V-3). Cesium salts of the tris-triflyloxy and mono-triflyloxy
halogen substituted anions were isolated after workup with Cs,CO3; followed by
recrystallization. The *F NMR resonance of Cs[503] (8 = —78.1 ppm, CDsCN) is
sufficiently well resolved from HOTf or CsOTf (both 6 = —79.6 ppm, CDs;CN).
Halogenation of Cs[503] to Cs[510] (6 = —77.0, CD3CN) and Cs[507] (6 = —77.1 ppm,
CDsCN) further shifts the °F NMR -CF5 resonance downfield. We previously used
[PhsC]" salts of [502] and other carborane anions as pre-catalysts for silylium-catalyzed
hydrodefluorination (HDF) of sp® C-F bonds.’?’*?® By analogy, we proceeded to

investigate the use of [510] as the partner anion in this reaction. Salt metathesis of
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Cs[510] with [PhsC][OTf] in fluorobenzene resulted in a 95% isolated yield of
Ph3C[510] (Scheme V-1). A single crystal XRD study determined the B-OTf moiety
does not coordinate to [PhsC]"; the closest anion-cation distance is approximately 2.74 A
(02-C8, Figure V-1-D) excluding H atoms. The prowess of Ph3C[510] in HDF of

CeFsCF3 and 4-FCgH4CF5 was compared to that of PhsC[502]*"?® (Table V-1).

Table V-1. Catalytic HDF studies®

Ar-CF; Et5SiH 3  Ar-CH; + Friedel-Crafts products
Cat. [Ph;C][Anion]
# substrate pre-cat. anion® mol%°  Si-Fconv  C-Fconv® TON®
(%) (%)
1 CeFsCF3 [510] 0.05 <1 <1 0
2 C4FsCFs [510] 0.5 20 20 40
3 CeFsCF3 [502] 0.05 69 > 97 2000
4 4-F-CgH4CF3 [510] 0.05 87 85 1700
5'  4-F-CgH4CF3 [502] 0.05 95 > 97 2000

& All entries were run at 25 °C with 0.30 mL of 0-CsH4Cl; as co-solvent and 1.1 mL of
Et;SiH. ° pre-catalyst is [PhsC][carborane], [PhsC]* omitted for space. ¢ Catalyst loading
is expressed per number of C(sp®)-F bonds. ¢ Si-F conversion is calculated as fraction of
F from the original aliphatic CF bonds, found in the Si-F bonds of R3SiF and R,SiF; (by
YENMRY). © Turnover numbers (TON) are calculated based on the C-F conversion (by
F NMR). " All entries were monitored after 24 h while entry 5 was monitored after 1 h.

The [510] anion did support HDF in both cases and gave rise to a high turnover
number with the more reactive substrate 4-FCsH,CF3;. However, HDF catalysis with

[510] was markedly slower. We hypothesized that the reduced rate of the HDF catalysis
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was a consequence of greater coordinating ability of [510] towards silylium cations
compared to [502] and set out to independently synthesize trialkylsilylium
intermediates partnered with [510] . Ph3C[510] reacted smoothly with excess Et3SiH or
'Pr3SiH to give the corresponding trialkylsilylium derivatives Et;Si[510] and 'PrsSi[510]
in excellent yields (Scheme V-1). The isolated materials were free from trialkylsilane,
indicating that [510]  coordinates to RsSi* more strongly than RsSiH. Formation of
trialkylsilane adducts of trialkylsilylium cations is common in related syntheses from
[PhsC]" and R3SiH, including with the [502]  anion, and isolation of pure silylium-WCA
materials can be challenging.?*%*°

The significantly downfield-shifted *°F NMR B-OTf resonances of Et;Si[510] (5
= —71.9 ppm, C¢DsBr) and 'PrsSi[510] (5 = —70.4 ppm, C¢DsBr) suggested coordination
of R3Si* to one of the oxygens of the B-OTf group. The resultant structure is
zwitterionic. The cationic portion can be viewed as a siloxy-substituted sulfoxonium or

as a triflate bridging between a borenium ylide®!

and a silylium Lewis acid and is
analogous to a triflate bridging two silylium groups in [(Me3Si),OTf][B(CsFs)4] (6 = —
74.1 ppm, CgDs) reported by Schulz et. al.*** and [(EtsSi),OTf][HCB1:Cl11] (518) (8 = —
73.7 ppm, C¢DsBr). *°F NMR analysis of the neat reaction solutions from our catalytic
HDF experiments revealed a singlet at —72.3 ppm, characteristic of Et3Si[510]. This was
confirmed by using a solvent mixture identical to the catalytic experiments with toluene
in place of CgFsCF3, EtsSi[HCB11Cl10OTf] prepared in situ was found to resonate at —
72.3 ppm in the *°F NMR spectrum. No other OTf signals were detectable by *°F NMR

spectroscopy, indicating the anion remains intact. The para-B signal in the 'B NMR
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spectrum of both silylium adducts broadened relative to the sharper para-B resonances of
the cesium and trityl salts, possibly owing to rotational restrictions imposed by the

attached R3Si moieties.

Figure V-4. POV-Ray renditions of the ORTEP*® drawings of E. Et;Si[510] and F.
'Pr;Si[510] (50% probability ellipsoids) showing selected atom labeling. Omitted for
clarity: hydrogen atoms, the second independent molecule in the asymmetric unit of
Et3Si[510], a molecule of fluorobenzene and disorder in the triflyloxy and
triisopropylsilyl moieties in 'PrsSi[510]. Crystallographic disorder and the presence of
two independent molecules in the asymmetric unit of Et3Si[510] (E) gives rise to
multiple metrics that are statistically indistinguishable. All XRD structures were solved

by Billy J. McCulloch.
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X-ray structural studies (Figure V-4) confirmed the proposed connectivity in
R3Si[510] (R = Et or 'Pr). The Si-O bond lengths of ca. 1.79-1.82 A are comparable to
those in [(MesSi),OTf][B(CeFs)s] (ca. 1.82 A) and [(MesSi)OEt,][B(CeFs)] (ca. 1.78
A), %3 but longer than in 'BusSiOTf (ca. 1.74 A).** The modest pyramidalization about
the Si centers (sums of C-Si-C angles of 344-346°) is similar to the various weak R3Si*
adducts.”**®® The #Si NMR chemical shifts of RsSi[510] (8 = 77.7 ppm, R = Et; & =
74.8 ppm, R = 'Pr; C¢DsBr) are comparable to those of 518 (8 = 75.5 ppm, CsDsBr) and
[(MesSi),OTf][B(CeFs)a] (6 = 75.4 ppm, CgDg), and are slightly upfield of
[EtsSi(toluene)][B(CeFs)a] (5 = 81.8 ppm, toluene),> [EtsSi(SO,)][HCB1:MesBrg] (5 =

85 ppm, SO,)**® and [Me;Si-H-SiMes][502] (5 = 85.4 & 82.2 ppm, solid).**®

O-P'Pr, N
F F
RySi[510] 513 [[POCOP)PA-CI-Pd(POCOP")]
o_pipr. RsSICl observed by XRD
f2 study,
512 not isolated
Me3SiOTf

.
514 (FPOCOP)PA-OTf  R,Si[510] 916 [((POCOP)PAI[HCB44Cl1o0T]
—_—

80% isolated yield - i quantitative by
o y R3SIOTF R

39% isolated yield

515 [(FPOCOP)Pd(C4DsBr)*

R3Si[510] g
[HCB441Cl4,0Tf]
CgDsBr o
quantitative by
- R3SIOTf NMR,
29% isolated yield
Na[502] 517 [(FPOCOP)Pd][HCB4Cl44]
- NaOTf 91% isolated yield

Scheme V-3. Synthesis of palladium compounds.
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To examine the affinity of [510] towards a softer, transition-metal Lewis acid,
preparation of cations derived from abstraction of X~ from ((POCOP)Pd-X was targeted
(Scheme V-3). Reaction of ((POCOP)Pd-CI (512) with Et;Si[510] in C¢Dg resulted in a
mixture with [("POCOP)Pd-CI-Pd(POCOPF)][HCB1;Cl3,OTf] (513) being the major
product (Scheme V-3). It did not prove possible to reproducibly isolate 513 in an
analytically pure form, but a suitable single crystal was grown for an XRD study (Figure
V-5, 1). Abstraction of the triflate anion from ("POCOP)Pd-OTf (514) in C¢DsBr
resulted in [(FPOCOP)Pd(x"-Br-C¢DsBr)][HCB1:Cl1,OTf] (515) (XRD evidence, Figure
V-5, G) and a B-OTf °F NMR resonance (8 = —76.7 ppm, C¢Dg) corresponding to free
[510] . On the other hand, abstraction of triflate anion from 514 with Et3Si[510] in C¢Ds
gave complete conversion to [((POCOP)Pd][HCB1.Cl;OTf] (516). An XRD study of
516 showed [510] bound to Pd through one of the distal triflate oxygens (Figure V-5,
H). The Pd-O bond distance in it (Pd1-03, 2.2076(15) A) is longer than that (2.158(3)
A) in the aquo complex [(POCOP)Pd(OH>)][PFs].>° *F NMR analysis of 516 revealed
a downfield triflyloxy resonance (& = —74.6 ppm, C¢Dg) and **B NMR showed a slightly
broadened signal for the para-B of the anion similar to the silylium adducts. The [502]
anion also binds to the Pd center in the solid state structure of
[(FPOCOP)Pd][HCB.:Cl11] (517) (Figure V-5, J). Compound 517 was synthesized by
reaction of Na[502] with ((POCOP)PdOTf (514). [502] binds via one of its meta-Cl
atoms and the corresponding Pd-Cl distance (2.5041(5) A) is much longer than the Pd-Cl

distance in (POCOP)Pd-CI (2.371(18) A)"® Thus, although binding to the chlorine on
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the carborane cage is possible, even the soft Pd center prefers to bind the B-OTf oxygen

in [510] .

Figure V-5. POV-Ray renditions of the ORTEP drawings™ of G. 515, H. 516, I. 513
and J. 517 (50% probability ellipsoids) showing selected atom labeling. Omitted for
clarity: hydrogen atoms, isopropyl methyl carbons of 515, isopropyl methyl carbons, a
second cation within the asymmetric unit and both anions of 513. All XRD structures

were solved by Billy J. McCulloch.
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5.3 Conclusion

In summary, we have developed new triflyloxy substituted carboranes for use as
weakly coordinating anions. The triflyloxy moiety is chemically robust and highly useful
in NMR spectroscopy studies. Catalytic HDF of benzotrifluorides was demonstrated
with Ph3C[510] as precatalyst. The system appears capable of supporting high turnover
numbers. However, the activity was diminished compared to the catalyst based on [502]
because of the stronger coordination of RsSi” to the anion’s distal triflyloxy oxygen,
confirmed by XRD and NMR studies of independently synthesized silylium adducts.
Partnering [510] with a softer Pd cationic Lewis acid also resulted in coordination via
the oxygen atom, which is weak enough to be replaced by coordination to
bromobenzene.
5.4 Experimental
5.4.1 General considerations

Unless specified otherwise, all manipulations were performed under an argon
atmosphere using standard Schlenk or glovebox techniques. Pentane, diethyl ether,
tetrahydrofuran, mesitylene and benzene were dried over sodium benzophenone ketyl,
distilled or vacuum transferred and stored over molecular sieves in an Ar-filled
glovebox. Methyl tert-butyl ether (MTBE) was used as received. 5-fluororesorcinol was

prepared according to published procedure.?’

(cod)PdCI, was prepared according to
published procedure.”®® Trifluoromethanesulfonic acid (HOTf) was vacuum transferred
and stored under an inert atmosphere. Trimethylsilyl trifluoromethanesulfonate

(MesSiOTf) was vacuum transferred and stored in an argon glovebox free of donor
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solvents. Trityl chloride (Ph3CCI) was recrystallized from toluene and pentane at —30 °C
in a glovebox free of donor solvents. Triethyl silane (Et3SiH) and triisopropylsilane
(‘PrsSiH) were stirred over calcium hydride then vacuum transferred and stored in a
glovebox free of donor solvents. Antimony pentachloride (SbCls) was vacuum
transferred and wused immediately. 4-fluorobenzotrifluoride (4-F-C¢H4CF3) and
perfluorotoluene (CgFsCF3) were stirred over calcium hydride then vacuum transferred
and stored in a glovebox free of donor solvents. [MesNH][502] was prepared according

142 All other chemicals were used as received from commercial

to published procedures.
vendors. All NMR spectra were recorded on a Varian iNova 300 spectrometer (*H NMR
299.951 MHz, *!P NMR 121.425 MHz, *C NMR 75.413 MHz), Varian Mercury 300
spectrometer (*C NMR 75.426 MHz), Varian iNova 400 spectrometer (‘H NMR,
399.755 MHz; *C NMR, 100.518 MHz; *'P NMR 161.92 MHz; "'B NMR 128 MHz,
2Si NMR 79.458 MHz), or a Varian iNova NMR 500 (*H NMR, 499.425 MHz/ 499.683
MHz; *C NMR, 75.424 MHz/ 125.580 MHz; *'P NMR, 202.171 MHz) spectrometer.
Chemical shifts are reported in &/ppm. For *H and *C{*H} NMR spectra, the residual
solvent peak was used as an internal reference. '"H NMR spectra in C¢DsBr were
referenced 7.30 ppm. For *H and *C{*H} NMR spectra in 2:1 o-difluorobenzene:C¢Ds
the residual benzene solvent peak was used as an internal reference. *C{*H} NMR
spectra in CgDsBr were referenced by setting the most downfield signal to 130.9 ppm.
Et;SiF and Et,SiF, were identified by ‘°F NMR spectroscopy by comparing to literature

values.’?” 3'p NMR spectra were referenced externally using 85% HsPO, at § 0 ppm. *°F

NMR spectra were referenced externally using 1.0 M CF;CO,H in CDCl3 at & —78.5
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ppm. #*Si NMR spectra were referenced externally to & = 0 ppm by using Me4Si. *'B
NMR spectra were referenced externally to 6 = 0 ppm by using BF3-Et,0. Elemental

analyses were performed by CALI Labs, Inc. (Parsippany, NJ). All simulated MALDI(-)
spectra were generated using a publicly available isotope distribution calculator and
mass spectrometry plotter.?®
5.4.2 Synthesis of carborane and palladium compounds

Synthesis of CS[HCB1;H10OTf] (503)- A 100 mL Schlenk flask was loaded
with Cs[501] (1.58 g, 5.75 mmol) and a PTFE coated stir bar, The flask was evacuated
and charged with argon. HOTf (17.4 g, 116 mmol) was added under argon flow. Cs[501]
did not immediately dissolve. The flask was placed into a 65 °C oil bath for 24 h under
argon flow. All HOTf was then removed in vacuo using a short path distillation
apparatus and a 60 °C oil bath affording a clear residue. To this residue, 3 mL of 1.0 M
Cs,CO3 (aq) was added until slightly basic. An additional 20 mL of distilled water was
added. All solvent was removed in vacuo giving white solid. The product was extracted
with MTBE (3 x 75 mL) and filtered through Celite. All solvent was removed in vacuo
giving a clear resin which was >95% pure Cs[503] via 'H, "B and °F NMR
spectroscopy. Isolation of Cs[503] as described was successful on multiple attempts but
the protocol was sensitive to minor variations in conditions, particularly temperature.
Several impurities were observed in varying amounts (5-20%) via MALDI(-) MS and
F NMR; of those impurities, only Cs[504] and Cs[506] were identified: ‘°F NMR (470
MHz, 25°C, CDsCN): § —77.7 (s, 3F), —78.0 (s, 3F)). Yield of Cs[503]: 2.39 g (98%). *H
NMR (400 MHz, 25 °C, CDsCN): § 2.47-0.79 (br m, 10H, B-H), 2.32 (br s, 1H, C-H).
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B NMR (128 MHz, 25 °C, CDsCN): & 8.5 (s, 1B), —14.1 (d, 5B, Jg.4 = 145 Hz), -17.8
(d, 5B, Jg.n = 155 Hz). *C{*H} NMR (101 MHz, 25 °C, CDsCN): 5 119.3 (q, Jc.r = 316
Hz, CF3), 42.6 (br s, 1C, C-H). **F NMR (470 MHz, 25°C, CDsCN): 5 —78.1 (s, 3F).
Synthesis of Cs[HCB1Cl;0OTf] (510) — A 250 mL Schlenk flask containing
Cs[503] (2.39 g, 5.62 mmol) and a PTFE coated stir bar was charged with freshly
distilled SbCls (50 mL, 391 mmol) via glass volumetric pipette under argon flow. The
flask was fitted with a reflux condenser and placed into a 180 °C oil bath for 60 h under
argon flow. The reaction turned dark brown after several hours of heating. The ShCls
was then removed in vacuo using a short path distillation apparatus giving a brown
residue. To this residue, 3 mL of 1.0 M Cs,CO3 (aq) was added until slightly basic. An
additional 20 mL of distilled water was added. The mixture was refluxed for 4 h giving
cream colored slurry. All solvent was removed in vacuo giving a cream colored solid.
The product was extracted with MTBE (3 x 150 mL) and filtered through Celite. All
solvent was removed in vacuo giving a white yellow solid. *H and *F NMR analysis
corroborated by MALDI(-) MS revealed the white solid to be 87% pure Cs[510]. The
product was purified via recrystallization from boiling water as described below. The
solids were loaded into a Schlenk flask with 30 mL of distilled water. The water was
brought to a boil and filtered hot (frit and receiving flask were taken out of a 180 °C
oven and used immediately). The solvent became yellow and upon cooling a white
crystalline solid precipitated out of solution. The solvent was decanted and the solids
were washed with 20 mL of distilled water. The recrystallization process was repeated a

second time. Residual solvent was removed in vacuo at 170 °C for 24 h giving a white
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crystalline solid which was >95% pure Cs[510] via *H, 'B and *°F NMR spectroscopy.
Yield 1.98 g (46%). 'H NMR (500 MHz, 25 °C, CDsCN): & 4.16 (br s, 1H, C-H). !'B
NMR (128 MHz, 25 °C, CDsCN): & —0.40 (s, 1B, para-B), —10.9 (s, 5B, meta-B), —13.0
(s, 5B, ortho-B). *C{*H} NMR (101 MHz, 25 °C, CDsCN): & 119.2 (g, Jc.r = 316 Hz,
1C, CF3), 46.4 (br s, 1C, C-H). **F NMR (470 MHz, 25 °C, CD3sCN): & —77.0 (s, 3F).
Anal. Calcd. for Cs[510]: C, 3.13; H, 0.13, B, 15.48. Found: C, 3.40 ; H, 0.20, B, 15.06.

Attempt at the synthesis of CS[HCB11Hg(OTf),] (504) — A 25 mL Schlenk
flask was loaded with Cs[501] (0.105 g, 0.38 mmol) ) and a PTFE coated stir bar. The
flask was evacuated and charged with argon. HOTf (1.8 g, 12 mmol) was added under
argon flow. Cs[501] did not immediately dissolve. The flask was placed into a 90 °C oil
bath for 32 h under argon flow. An aliquot of the solution was taken and diluted with
acetonitrile then the resultant solution was analyzed via MALDI (-) MS. Cs[504] was
observed as the major product but minor amounts of Cs[506] were observed as well as
multiple unidentified compounds.

Reaction of Cs[HCB1;Hg(OTf)3] (508) with neat MeOTTf in the presence of
excess CaH; - A 25 mL Schlenk flask was loaded with Cs[505] (0.135 g, 0.186 mmol) )
and a PTFE coated stir bar. The flask was evacuated and charged with argon. MeOTf
(6.0 g, 37 mmol) was added under argon flow. CaH, (1.2 g, 29 mmol), freshly powdered
via mortar and pestle, was added under argon flow. A condenser was attached and the
flask was placed into a 110 °C oil bath for 96 h under argon flow. An aliquot of the
solution was taken and diluted with acetonitrile then the resultant solution was analyzed

via MALDI (-) MS. A mixture of penta-, hexa-, hepta-, and octa- methylated tris-
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triflyloxy substituted carborane products were observed with octa-methyl tris-triflyloxy
carborane was the major product (see Figure 5-2)

Reaction of Cs[501] with neat HOTf and 1 atm of ethylene gas - A 500 mL
HI-VAC® valve flask was loaded with Cs[501] (0.140 g, 0.51 mmol) and a PTFE coated
stir bar. The flask was evacuated, charged with argon and HOTf (2.2 g, 15 mmol) was
added under argon flow. Cs[501] did not immediately dissolve. The flask was degassed
and charged with 1 atm of ethylene. The reaction was stirred for 18 h at ambient
temperature giving a yellow liquid. An aliquot of the solution was taken and diluted with
acetonitrile then the resultant solution was analyzed via MALDI (-) MS. Various ethyl
and triflyloxy substituted carborane products were observed (See Figure 5-3).

Synthesis of Cs[HCB;1Clg(OTf);] (511) - Anion 511 was synthesized by
Weixing Gu. A 50 mL three-neck flask was loaded with Cs[501] (0.45 g, 1.63 mmol), a
PTFE coated stir bar and HOTf (8 mL, 90.4 mmol). The flask was equipped with a
water-cooled condenser and hose adapter connected via Tygon tubing to an inverted
filter funnel submerged in a solution of NaOH and Na,SOs;. Chlorine gas was delivered
to the reaction flask from a lecture bottle of chlorine gas with a Monel valve through
Tygon tubing and a bubbler with concentrated HCI solution. The third neck was
equipped with a glass stopper. Chlorine gas was slowly added into the flask and the
reaction mixture was heated to 160 °C for 50 h. The flow of chlorine gas was ceased and
reaction mixture was allowed to cool down to room temperature. All volatiles were
removed in vacuo and the resulting white powder was washed with hexanes then dried in

vacuo for 3 h. The products were dissolved in acetonitrile and identified as Cs[511] on
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the basis of **F NMR spectroscopy, and MALDI(-) MS. *F NMR (470 MHz, 25 °C,
CD3CN): 6 -76.6 (s, 3F), —76.7 (s, 3F).

Synthesis of CsS[HCB11HsBrsOTf] (507) - A 50 mL Schlenk flask was loaded
with Cs[501] (0.283 g, 1.03 mmol) and a PTFE coated stir bar The flask was evacuated
and charged with argon. HOTT (3.40 g, 22.6 mmol) was added under argon flow. The
flask was placed into a 65 °C oil bath for 24 hours under argon flow. The HOTf was then
removed in vacuo using a short path distillation apparatus and a 60 °C oil bath affording
a clear residue. To this residue, 3 mL of 1.0 M Cs,CO; (aq) was added until slightly
basic. All solvent was removed in vacuo giving white solid. The product was extracted
with MTBE (3 x 25 mL) and filtered through Celite. All solvent was removed in vacuo
giving Cs[503] as a clear resin. Under argon flow the flask was charged with 20 mL of
dichloromethane followed by Br, (9 mL, 175 mmol). The flask was fitted with a reflux
condenser cooled to 0 °C and placed into a 60 °C oil bath for 48 h under argon flow. All
volatiles were removed in vacuo giving tan powder. This powder was dissolved in a
minimum of boiling water and filtered hot. Upon cooling tan solid precipitated from
solution. This was washed with water and dried in vacuo at 170 °C. An X-ray quality
crystal was obtained by slow evaporation of a dichloromethane solution of Cs[507].
MALDI(-) MS and *F NMR revealed approximately 5% hexa-brominated product
Cs[HCB1:H4BrgOTf]. The compound was purified further by dissolving Cs[507] in
MTBE/toluene and layering with hexane affording colorless crystals. Yield: 521 mg
(62%). *H NMR (400 MHz, 25 °C, CDsCN): & 2.82 (br s, 1H, C-H), 2.43-1.60 (br m,

5H, B-H). *B NMR (128 MHz, 25 °C, CDsCN): & 3.26 (s, 1B), —11.4 (s, 5B), —20.6 (d,
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Je-+ = 166 Hz, 5B). *C{*H} NMR (101 MHz, 25 °C, CDsCN): & 119.4 (q, Jc.r = 320
Hz, 1C, CFs3), 40.2 (br s, 1C, C-H). **F NMR (376 MHz, 25 °C, CD3CN): —77.1 (s, 3F).
Anal. Calcd. for Cs[507]: C, 2.94; H, 0.74, B, 14.53. Found: C, 3.16 ; H, 0.99, B, 14.28.
Synthesis of Cs[HCB13Hg(OTf)s] (505) - A 50 mL Schlenk flask was loaded
with Cs[501] (0.326 g, 1.19 mmol) and a PTFE coated stir bar The flask was evacuated
and charged with argon. HOTf (5.88 g, 39.2 mmol) was added under argon flow. The
flask was fitted with a reflux condenser and placed into a 170 °C oil bath for 60 hours
under argon flow. The HOTf was removed in vacuo using a short path distillation
apparatus affording a tan residue. To this residue, 3 mL of 1.0 M Cs,CO3 (aq) was added
until slightly basic. The tan residue did not fully dissolve. An additional 20 mL of
distilled water was added and the mixture was brought to a boil at which point the tan
residue dissolved. Upon cooling a white solid precipitated from solution. The solvent
was decanted and the white solid was washed with 20 mL of water. All solvent was
removed in vacuo giving a white solid. *H B, and °F NMR corroborated by MALDI(-)
MS revealed the white solid to be >95% pure Cs[505]. The compound was further
purified via recrystallization from acetone and water. Yield: 772 mg (90 %). 'H NMR
(400 MHz, 25 °C, CD3sCN): & 2.57 (br s, 1H, C-H), 2.72-0.83 (br m, 8H, B-H). "'B{'H}
NMR (128 MHz, 25 °C, CDsCN): & 4.0 (s, 1B), —0.28 (s, 2B), —16.05 (s, 1B), —16.6 (s,
2B), —21.3 (s, 2B), —23.1 (s, 2B), —23.8 (s, 1B). *C{*"H} NMR (101 MHz, 25 °C,
CDsCN): 6 119.4 (g, Jcr = 318 Hz, 2C, CFs), 119.3 (q, Jcr = 320 Hz, 1C, CF3), 39.5 (s,
1C, C-H). ®F NMR (376 MHz, 25 °C, CDsCN): —77.43 (s, 6F), —77.75 (s, 3F). Anal.

Calcd. for Cs[505]: C, 6.67; H, 1.26, B, 16.51. Found: C, 6.93 ; H, 0.91, B, 16.29.
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Synthesis of PhsC[OTf] —A 50 mL Schlenk flask was loaded with Ph;CCI
(0.524 g, 1.88 mmol) and dissolved in 6 mL of benzene. Via syringe, MesSiOTT (1.22
mL, 6.76 mmol) was added giving a bright orange solution. The reaction was stirred for
2 h at room temperature and solvent was removed in vacuo giving orange powder. The
orange powder was washed with pentane (2 x 15 mL). All solvent was decanted and the
solids were dried in vacuo. Yield: 715 mg (97 %). *H NMR (500 MHz, 25 °C, CDCls): &
8.24 (apparent t, Juy = 7.3 Hz, 3H, [PhsC]"), 7.89 (apparent t, Jy.q = 7.4 Hz, 6H,
[PhsCT"), 7.70 (d, Ju.n = 7.7 Hz, 6H, [PhsC]"). *C{*"H} NMR (101 MHz, 25 °C, CDCly):
§ 210.7 (s, 1C, [PhsC]"), 143.4 (s, [PhsC]h), 142.7 (s, [PhsC]"), 139.9 (s, [PhsC]"), 130.7
(s, [PhsC]"), 120.7 (q, Jc.r = 321 Hz, 1C, CF3), . **F NMR (376 MHz, 25°C, CDCls): & —
79.0 (s, 3F).

Previously, PhsC[OTf] was synthesized by Martin and co-workers?**#* from
PhsCCl and trifluoracetyl triflate and by Bosnich and co-workers®? from PhsCCl and
AgOTT. In the latter work, no yield was reported and the purity of Ph3C[OT{f] was only
~80% due to PhsCOH formation. Literature NMR data follows: "H NMR (CF;CO2H) &
8.26 (tt, J = 7.5 and 1 Hz, 3H), 7.90 (tt, J = 7.5 and 1 Hz, 6H), 7.78 (tt, J = 7.5 and 1 Hz,
6H); *H NMR (CH3NO,) 5 7.87 (m, 12), 8.33 (m, 3H); *°F NMR (CH3NO,) & —78.1 (5);
'H NMR (CD,Cl,) & 8.30 (br s, 3H), 7.92 (br s, 6H), 7.70 (br s, 6H).

Synthesis of Ph3C[510] — A 50 mL Schlenk flask was loaded with Cs[510]
(0.195 g, 0.254 mmol) and Ph3sC[OTf] (0.0998 g, 0.254 mmol). 8 mL of fluorobenzene
was added and the mixture was stirred for 12 h. The mixture was filtered and solvent

removed in vacuo giving yellow residue. Washing with pentane (3 x 10 mL), decanting
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and removing all volatiles in vacuo gave a bright yellow powder. Surprisingly Ph;C[510]
was poorly soluble in common solvents such as CD3;CN and CDCl;z giving broad
indiscernible resonances in the *H NMR spectrum. The compound had excellent
solubility in C¢DsBr. Yield: 212 mg (95 %). 'H NMR (500 MHz, 25 °C, C¢DsBr): 6 7.76
(apparent t, Jy.y = 7.2 Hz, 3H, [PhsC]"), 7.43 (apparent t, J4.4 = 7.8 Hz, 6H, [PhsC]"),
7.15 (d, Ju. = 7.5 Hz, 6H, [PhsC]"), 2.78 (br s, 1H, C-H) . "'B NMR (128 MHz, 25 °C,
CeDsBr): & —0.98 (s, 1B), —11.43 (s, 5B), —13.77 (s, 5B). *C{"H} NMR (101 MHz, 25
°C, C¢DsBr): & 209.2 (s, 1C, [PhsC]"), 143.0 (s, [PhsC]"), 142.2 (s, [PhaC]), 139.1 (s,
[PhsC]"), 130.2 (s, [PhsC]"), 118.5 (g, Jor = 318 Hz, 1C, CFs), 45.8 (br s, 1C,
[HCB1:ClioOTH]). °F NMR (470 MHz, 25 °C, Ce¢DsBr): & —76.38. Anal. Calcd. for
Ph3C[510]: C, 28.70; H, 1.84, B, 13.53. Found: C, 28.67 ; H, 1.72, B, 13.27.

Synthesis of Na[502] — A 250 mL Schlenk flask was loaded with MesNH[502]
(1.0927 g, 1.877 mmol), Na,CO;3 (0.263 g, 1.877 mmol), 100 mL of MeOH, 20 mL of
H,0 and a PTFE coated stirbar. The mixture was heated to reflux for 2 h followed by
removal of all solvent in vacuo. The resultant off white solid was dried in vacuo over
night at 200 °C then brought into a glovebox. The solid was suspended in fluorobenzene
and filtered. The frit was washed with additional fluorobenzene until the entire product
was washed through. All solvent was removed in vacuo and the resultant white solid was
dried for 12 h at 200 °C. The product was used without further purification and found to
be >95% pure Na[502] via 'H and 'B NMR spectroscopy. Yield: 0.620 g (61%). 'H

NMR (300 MHz, 25 °C, CDsCN): 5 4.10 (br s, 1H, C-H).
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Synthesis of PhsC[502]'"> —A 50 mL culture tube was loaded with Na[502]
(0.540 g, 0.991 mmol), Ph3CCI (0.278 g, 0.997 mmol), and 15 mL of fluorobenzene. The
mixture was stirred for 6 h then filtered and all solvent was removed in vacuo giving a
bright yellow solid. This was washed with pentane (2 x 20 mL) and dried in vacuo. The
product was used without further purification and found to be >95% pure Ph3C[502] via
'H and B NMR spectroscopy. Yield: 0.654 g (86%). '"H NMR (400 MHz, 25 °C,
CeDsBr): § 7.72 (br s, 3H, [PhsC]"), 7.41 (br s, 6H, [PhsC]"), 7.13 (br s, 6H, [PhsC]"),
2.84 (brs, 1H, [HCB1:Cly1]). *'B NMR (128 MHz, 25 °C, C¢DsBr): 5 —2.58 (br s, 1B), —
10.18 (br s, 5B), —13.39 (br s, 5B). *C{*H} NMR (101 MHz, 25 °C, C¢DsBr): & 209.1
(brs, 1C, [PhsC]"), 142.9 (s, [Ph3C]"), 142.3 (s, [Ph3C]"), 139.2 (s, [PhsC]"), 130.2 (s,
[PhsC]"), 46.7 (br s, 1C, [HCB1:Cly1]).

Comparison of Ph3;C[510] with other [PhsC][WCA] NMR signals — Three J.
Young NMR tubes were loaded with Ph3C[510] (0.062 g, 0.071 mmol), Ph3C[502]
(0.058 g, 0.076 mmol), and Ph3C[B(CsFs)4] (0.079 g, 0.086 mmol), respectively. 800 uL
of C¢DsBr was added to each NMR tube giving intense yellow orange solutions. Each
sample was analyzed by *H, *C{*H} and *°F NMR spectroscopy (Figure V-6, Table V-2
and Table V-3). Surprisingly, compound Ph3;C[OTf] was poorly soluble in C¢DsBr and

no useful NMR signals could be obtained.
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[PhsC][HCBy;Cl1,0Tf] — H NMR (C4DsBr, 25 °C)
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Figure V-6. Comparison of "H NMR spectra of various [trityl[[WCA] in CsDsBr.

Table V-2. Comparison of *H NMR resonances of various PhsC[WCA] salts in CsDsBr

orthoC-H  meta C-H para C-H carborane C-H

[PhsC][WCA]
(8, m) (8, m)? (8, m)? (8, m)
Ph3C[510] 7.14,brd  7.43,brat  7.76, brat 2.78, brs
Ph3C[502] 7.13,brs 7.41.brs 7.72,brs 2.84,brs
PhsC[B(CeFs)4] 7.11,brs  7.34,brat  7.71,brs n/a

a. at = apparent triplet
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Table V-3. Comparison of *C{*H} NMR resonances of various PhsC[WCA] salts in

CeDsBr
Ph;C[WCA] PhC™ (8, m)
Ph3C[510] 209.2, s
Ph3C[502] 209.1, br s
PhsC[B(C¢Fs)4] 209.4, s

Synthesis of Et3Si[510] — A 10 mL PTFE capped glass vial was charged with
Ph3C[510] (0.216 g, 0.246 mmol), fluorobenzene (1 mL) and triethylsilane (1.5 g, 9.3
mmol) resulting in a colorless solution. All solvent was removed in vacuo and the white
solid was washed with pentane, dried in vacuo, collected and stored in a -30 °C
glovebox freezer. The white solid was determined to be >95% pure Et;Si[510] via 'H,
UB B}, °F and °Si{*H} NMR. Yield: 143 mg (77%). An X-Ray quality crystal
was grown by charging a 10 mL PTFE capped glass vial with Ph3C[510] and
triethylsilane in an analogous fashion as described above then adding fluorobenzene
until all solids dissolved. Aliquots of the solution were layered with additional
fluorobenzene placed into a pentane chamber affording clear colorless block crystals. *H
NMR (500 MHz, 25 °C, C¢DsBr): & 2.70 (br s, 1H, C-H), 0.76-0.71 (m, 15H, Et;Si). 'B
NMR (128 MHz, 25 °C, C¢DsBr): 5 —0.26 (br s, 1B), —12.23 (s, 5B), —13.78 (s, 5B).
BC{*H} NMR (126 MHz, 25 °C, C¢DsBr): 6 117.6 (q, Jc.r = 324 Hz, 1C, CF3), 48.2 (br

s, 1C, [HCB1:Clio(0OSO,CF3)] ), 5.21 (s, 3C, EtsSi), 5.18 (s, 3C, EtsSi). °F NMR (470
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MHz, 25 °C, C¢DsBr): & —71.9 (s, 3F). ?°Si NMR (79.5 MHz, 25 °C, C¢DsBr): & 77.7 (s,
1Si).

Synthesis of iPrgsi[510] - A 10 mL PTFE capped glass vial was charged with
Ph3C[510] (0.141 g, 0.160 mmol), fluorobenzene (1 mL) and triisopropylsilane (1.6 g,
10.1 mmol) resulting in a colorless solution. All solvent was removed in vacuo and the
white solid was washed with pentane, dried in vacuo, collected and stored in a —30 °C
glovebox freezer. The white solid was determined to be >95% pure 'Pr3Si[510] via ‘H,
1B Bc'H}, °F and “Si{’"H} NMR. Yield: 0.088 g (69%). An X-Ray quality crystal
was grown by charging a 10 mL PTFE capped glass vial with Ph3;C[510] and
triisopropylsilane as described above then adding fluorobenzene until all solids
dissolved. Aliquots of the solution were then layered with additional fluorobenzene and
placed into a pentane chamber affording colorless needle crystals. *H NMR (500 MHz,
25 °C, C¢DsBr): 6 2.71 (br s, 1H, [HCB1:ClyOTH] "), 1.21-1.12 (m, 3H, Si(CH(CHs),)s),
0.87-0.85 (m, 18H, Si(CH(CHs),)3). 'B NMR (128 MHz, 25 °C, C¢DsBr): & —0.53 (br s,
1B), —12.26 (s, 5H), —13.75 (s, 5H). *C{*H} NMR (126 MHz, 25 °C, C¢DsBr): & -OTf
carbon not observed, 48.2 (br s, 1C, [HCB;1Cl1x0OTf]), 16.3 (s, Si(CH(CHs)2)3), 16.2 (s,
Si(CH(CHz3)2)3), 12.9 (s, Si(CH(CHa)2)3). *°F NMR (470 MHz, 25 °C, C¢DsBr): & —70.4
(s, 3F). 2°Si NMR (79.5 MHz, 25 °C, C¢DsBr): & 74.8 (s).

Synthesis of (p-F-P°C°P"")Pd(CI) (512)- A Hi-Vac valve round bottom flask
was loaded with a stirbar, 5-fluororesorcinol (0.630 g, 4.92 mmol), NEt; (2.83 mL, 20.3
mmol), CIP'Pr, (1.62 mL, 10.2 mmol) and 50 mL of THF. This was brought out of the

glovebox and heated to 80 °C for 1 h and NEtsHCI was observed. The flask was brought
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back into the glovebox and the flask was loaded with (cod)PdCl, (1.48 g, 5.18 mmol).
The reaction mixture was heated to 80 °C for 24 h and then brought back in a glovebox.
The mixture was filtered through a plug of silica and the resultant light yellow solution
was concentrated, layered with pentane and placed in a —30 °C freezer overnight.
Solvent was decanted, the white-yellow precipitate was washed with pentane and the
solids were dried in vacuo. Yield: 1.28 g (52%). *H NMR (500 MHz, 25 °C, CgD¢): &
6.43 (d, Jnr = 9.7 Hz 2H, Ar-H), 2.13-2.04 (m, 4H, P-CH(CHs)y), 1.24 (dvt, Ju.y = 9.5
Hz, Jp.4 = 8.5 Hz, 12H, P-CH(CHs),), 1.03 (dvt, Ju.4 = 8.5 Hz, Jp.y = 7.0 Hz, 12H, P-
CH(CHs),). ¥C{*H} NMR (101 MHz, 25 °C, C¢Ds): & 166.4 (dt, Jo.r = 14.4 Hz, Jep =
7.0 Hz, 2C, Ar C-OPRy), 163.9 (d, Jc.r = 241 Hz, 1C, Ar p-C—F ), 125.3 (m, J = 3.1 Hz,
1C, Ar C—Pd), 94.9 (dt, Jc.r = 26.1 Hz, Jc.p = 7.6 Hz, 2C, Ar C—H), 29.0 (vt, Jcp = 11.3
Hz, P-CH(CHs),, 4C), 17.2 (vt, Jc.p = 3.7 Hz, 4C, P-CH(CHjs),), 16.6 (s, 4C, P—
CH(CHs),). **F NMR (376 MHz, 25 °C, C¢D¢): & —114.8 (t, Ju.r = 9.7 Hz, 1F, Ar p-F).
$pIHY NMR (202 MHz, 25 °C, CgDg): & 190.2 (s). Anal. Calcd. for 512: C, 43.13; H,
6.03. Found: C, 43.15 ; H, 6.15.

Synthesis of [(p-F-P°CCPP"P"),Pd,(CI)][HCBCly,OTf] (513) in situ — A J.
Young tube was loaded with 512 (0.0133 g, 0.0265 mmol) and CgDs. Et3Si[510] (0.020
g, 0.0266 mmol) was added. The J. Young tube was sealed and shaken. Immediately
white precipitate began to form and via 'H NMR analysis, Et;SiCl was observed. The
white precipitate was collected on a frit, washed with benzene and pentane, then allowed

to dry. The white precipitate was dissolved in fluorobenzene and aliquots of the solution
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were placed into vials then layered with fluorobenzene and put into a pentane chamber.
X-Ray quality crystals of 513 formed after several days.

Synthesis of (p-F-P°C°P")Pd(OTf) (514) — A 50 mL Schlenk flask was loaded
with 512 (0.758 g, 1.51 mmol) and 10 mL of benzene. Via syringe, Me3SiOTf (2.75 mL,
15.2 mmol) was added and the reaction was stirred at room temperature for 20 minutes.
The solvent was removed in vacuo giving a white solid. The product was recrystallized
by dissolving in a minimum of toluene, layering with pentane and placed in a —30 °C
glovebox freezer overnight. The white solid recovered was dried in vacuo. Yield: 0.742
g (80%). 'H NMR (500 MHz, 25 °C, CgDg): & 6.28 (d, Jur = 9.7 Hz, 2H, Ar-H), 2.24-
2.15 (m, J = 7.0 Hz, 4H, P-CH(CHs)y), 1.19 (dvt, Jy.1s = 10.0 Hz, Jp.y = 8.5 Hz, 12H, P—
CH(CHa),), 0.94 (dvt, Ju.n = 8.3 Hz, Jpyy = 7.2 Hz, 12H, P-CH(CHa),). *C{*H} NMR
(126 MHz, 25 °C, C¢De): 6 166.8 (dt, Jor = 14.5 Hz, Jcp = 6.3 Hz, 2C, Ar C-OPR)),
164.3 (d, Jo.r = 243 Hz, 1C, Ar p-C—F), 120.8 (q, Jc.r = 318 Hz, 1C, -CF3). 116.5 (m,
1C, Ar C—Pd), 95.5 (dt, Je.r = 26.2 Hz, Je.p = 7.6 Hz, 2C, Ar C—H), 29.1 (vt, Jc.p = 11.3
Hz, 4C, P-CH(CHs),), 17.1(vt, Jcp = 3.8 Hz, 4C, P-CH(CHs),), 16.4 (s, 4C, P—
CH(CHs),) . **F NMR (470 MHz, 25 °C, C¢Ds): & —77.7 (s, 3F, -CF3), —112.8 (t, Jeys =
9.7 Hz, 1F, Ar-F). **P{*H} NMR (202 MHz, 25 °C, CsD¢): & 192.8 (s). Anal. Calcd. for
514: C, 37.12; H, 4.92. Found: C, 37.22; H, 5.02.

Synthesis of [(p-F-P°C°P"")Pd(BrCsDs)][HCB1:ClicOTf] (515) — A J. Young
tube was charged with 514 (0.0681 g, 0.111 mmol) which was dissolved in C¢DsBr then
'Pr;Si[510] (0.088 g, 0.111 mmol) was added. The reaction was mixed then analyzed by

'H, F and *P{*H} NMR. The formation of one equivalent of 'PrsSiOTf was observed
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via 'H NMR as well as a new organometallic product assumed to be >95% 515 via *H,
YE SIpL'H} NMR analysis. The solution was poured into a vial then layered with
pentane giving white yellow solids. The solids were repeatedly washed with hexane,
dried in vacuo and analyzed via *H, "B, *C{*H}, °F, *P{'H} NMR spectroscopy. X-
ray quality crystals were grown by slow diffusion of pentane into a C¢DsBr solution of
515. Yield: 0.040 g (29%). *H NMR (400 MHz, 25 °C, C¢DsBr): 6 6.35 (d, Ju.r = 9.3 Hz,
2H, Ar-H), 2.81 (br s, 1H, [HCB1;Clio(OSO,CF3)] ), 1.87 (m, 4H, P-CH(CHs)y), 1.05-
0.95 (m, 24H, P-CH(CHj3),). *C{*H} NMR (101 MHz, 25 °C, C¢DsBr): & 165.2 (dt, Jc.r
= 14 Hz, Jcp = 5 Hz, 2C, Ar C-OPRy), 164.2 (d, Jc.r = 246 Hz, 1C, Ar p-C-F), 120.6
(br m, 1C, Ar C-Pd), 118.6 (q, Jcr = 316 Hz, 1C, [HCB1;Cl1o(0S0O,CF3)]), 96.1 (m,
2C, Ar C-H), 46.0 (br s, 1C, [HCB11Cl1o(0S0,CF3)]), 29.3 (m, 4C, P-CH(CHs)), 17.0
(br, 4C, P-CH(CHs),), 16.3 (br, 4C, P-CH(CHs),). ®F NMR (470 MHz, 25 °C,
CeDsBr): & —76.7 (s, 3F, [HCB1:Clio(0SO,CF3)] ), —108.5 (br s, 1F, Ar p-F). 3P{*H}
NMR (162 MHz, 25 °C, C¢DsBr): 6 194.2. “B NMR (128 MHz, 25 °C, Cg¢DsBr): 6 —1.07
(brs, 1B), —11.6 (br s, 5B), —13.9 (br s, 5B). Anal. Calcd. for 515: C, 24.72; H, 3.27; B,
9.41. Found: C, 24.55; H, 2.99; B, 9.24.

Synthesis of [(p-F-P°CPPP")Pd][HCB..Cly,OTf] (516) in situ — A J. Young
tube was charged with 514 (0.0232 g, 0.0377 mmol), 10 pL of CgFs, 10 uL of
mesitylene, CgDs, then Et3Si[510] (0.0285 g, 0.0380 mmol) was added. The reaction was
mixed then analyzed by *H, "B, *°F and *P{*H} NMR. Quantitative formation of 516

and concomitant formation of Et;SiOTf was observed by *H and *°F NMR analysis.
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Synthesis of [(p-F-P°C°P*"Pd][HCBCl,OTf] (516) - A 10 mL PTFE
capped glass vial was charged 514 (0.0413 g, 0.0672 mmol) and fluorobenzene (1 mL).
Et3Si[510] (0.0505 g, 0.0673 mmol) was added and the solution was stirred for 5
minutes then all solvent was removed in vacuo giving white solid. Recrystallization from
toluene and pentane gave white colorless crystals. X-ray quality crystals of 516 were
grown from an o-difluorobenzene solution layered with pentane at room temperature.
Yield: 0.029 g (39%).). 'H NMR (500 MHz, 25 °C, C¢Ds): & 6.12 (d, Jur = 9.4 Hz, 2H,
Ar-H), 2.33 (br s, 1H, [HCB1:Cl1o(OSO,CF3)] ), 1.94 (m, 4H, P-CH(CHj3),), 0.98 (br
dvt, Ju.n = 9.5 Hz, Jp.y = 9.2 Hz, 12H, P-CH(CHa),), 0.80 (br dvt, Jup = 7.7 Hz, Jpy =
7.5 Hz, 12H, P-CH(CHs),). B NMR (128 MHz, 25 °C, C¢Ds): & —0.46 (br s, 1B), —
11.31 (s, 5B), —13.20 (s 5B). *C{*H} NMR (126 MHz, 25 °C, C¢Ds): 5 166.2 (dt, Jc.r =
14 Hz, Jc.p = 6.3 Hz, 2C, Ar C-OPRy), 164.6 (d, Jc.r = 247 Hz, 1C, Ar p-C—F), 118.6 (q,
Jor = 320 Hz, 1C, [HCB:Clio(0OSO,CF3)] ), 112.9 (m, 1C, Ar C-Pd), 96.1 (dt, Jc.r =
26.5 Hz, Jcp = 7.6 Hz, 2C, Ar C—H), 47.1 (br s, 1C, [HCB11Cl1o(OSO,CF3)]"), 29.5 (Vt,
Jep = 11.5 Hz, 4C, P-CH(CHs),), 17.3 (Vt, Jcp = 3.3 Hz, 4C, P-CH(CH3),), 16.3 (s, 4C,
P-CH(CH3),). F NMR (470 MHz, 25 °C, Cg¢De): & -746 (s, 3F,
[HCB1:Cl1o(0SO,CF3)] ), —~110.5 (br m, 1F, Ar-p-F). *P{*H} NMR (202 MHz, 25 °C,
CsDs): 6 193.9. Anal. Calcd. for 516: C, 21.81; H, 2.84; B, 10.80. Found: C, 21.94; H,
2.73; B, 10.54.

Synthesis of [(p-F-P°C°P"")Pd][HCB;Cl1] (517) — A J. Young NMR tube
was charged with 514 (0.0721 g, 0.060 mmol), Na[502] (0.064 g, 0.0609 mmol) and a

2:1 o-difluorobenzene:CsDg solvent mixture. The mixture was agitated for 24 h at room
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temperature then filtered through a plug of celite. All solvent was removed in vacuo
resulting in a white solid. X-ray quality crystals of 517 were grown from fluorobenzene
solution layered with hexanes at room temperature. Yield: 0.105 g (91%). *H NMR (400
MHz, 25 °C, 2:1 ODFB:CgDg): & 6.17 (d, Ju.r = 9.5 Hz, 2H, Ar-H), 2.63 (br s, 1H,
[HCB1:Cli1]), 1.97 (br m, 4H, P—-CH(CHs),), 1.05-0.99 (br m, 24H, P-CH(CHa),). 'B
NMR (128 MHz, 25 °C, 2:1 ODFB:C¢Dg): & —2.22 (br s, 1B), —9.69 (br s, 5B), —12.83
(br s, 5B). *C{*H} NMR (101 MHz, 25 °C, 2:1 ODFB:C¢Ds): & 165.7 (m, 2C, Ar C—
OPRy), 164.8 (d, Jc.r = 247 Hz, 1C, Ar p-C—F), Ar C—Pd signal could not be identified,
95.9 (dt, Je.r = 26.5 Hz, Jc.p = 7.8 Hz, 2C, Ar C—H), 47.7 (br s, 1C, [HCB.Cl11]), 30.1
(br vt, Je.p = 10.4 Hz, 4C, P-CH(CHs)), 17.5 (br s, 4C, P-CH(CHs),), 16.2 (s, 4C, P—
CH(CHa),). 8 ®F NMR (376 MHz, 25 °C, 2:1 ODFB:CsDe): & —110.2 (br s, Ar-p-F).
$1pfIH} NMR (162 MHz, 25 °C, 2:1 ODFB:CgD¢): 6 193.9. Anal. Calcd. for 517: C,
23.11; H, 3.16; B, 12.04. Found: C, 23.20; H, 3.06; B, 11.96.

Synthesis of [(Et3Si),OTf][HCB.:Cl;;] (518) — A vial was loaded with
Ph3C[502] (0.116 g, 0.152 mmol), a PTFE stir bar and 2 mL of PhF. Me3SiOTf (136 mg,
0.612 mmol) and Et;SiH (80 mg, 0.688 mmol) were added and the solution went
colorless. The reaction was stirred for 1 h at room temperature then all solvent was
removed in vacuo giving yellow oil determined to be >95% pure 518 via ‘H, ''B,
Be{*H}, °F and ®Si{*H} NMR. The use of Et;SiOTf in place of MesSiOTf gave the
same product, 518. Yield: 0.109 g (80%). *H NMR (400 MHz, 25 °C, C¢DsBr): & 2.88
(br's, 1H, [HCB1:Cl11]), 0.85-0.71 (m, 30H, [(EtsSi),OTf]. 'B NMR (128 MHz, 25 °C,

CeDsBr): & —2.54 (s, 1B), —10.09 (s, 5B), —13.23 (s, 5B). *C{"H} NMR (126 MHz, 25
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°C, C¢DsBr): 6 117.4 (q, Jer = 323 Hz, 1C, [(EtsSi),0Tf]"), 47.0 (s, 1C, [HCB1:Clw]),
5.52-5.04 (m, 3H, [(EtsSi),0Tf]"), 5.12 (s, 3H, [(EtsSi),0Tf]"). **F NMR (376 MHz, 25
°C, C¢DsBr): & —73.7. 2°Si NMR (79.5 MHz, 25 °C, C¢DsBr): & 75.5 (s).
5.4.3 Catalytic hydrodefluorination studies

CAUTION - In certain cases, C-F activation reactions may proceed very
rapidly, self-accelerating and releasing dangerous amounts of heat. In addition, these
reactions may generate hydrogen and possibly even other gases. Great care and
preliminary testing of safe conditions are necessary for performing reactions in closed
vessels. All reactions were done in 20 mL polypropylene vials pierced with a 20 gauge
1.5 needle to allow gas to escape. Entries 1-5 refer to Table V-1.

Entry 1 — A 20 mL polypropylene vial was loaded with Ph3C[510] (2.9 mg, 3.3
umol), CgFg (20 uL, 0.17 mmol), o-dichlorobenzene (0.3 mL), C¢FsCF3 (0.30 mL, 2.1
mmol), and a PTFE coated stirbar. Et3SiH (1.1 mL, 6.9 mmol) was added slowly and the
mixture was allowed to stir for 24 h at room temperature. The mixture was taken up into
a J. Young tube, sealed, taken out of the glovebox and analyzed via °F NMR
spectroscopy. A trace amount (<1%) of Et3SiF (6 =—-177.5 ppm) was observed.

Entry 2 — A 20 mL polypropylene vial was loaded with Ph;C[510] (29 mg, 33
umol), CgFg (20 uL, 0.17 mmol), o-dichlorobenzene (0.3 mL), C¢FsCF3; (0.30 mL, 2.1
mmol), and a PTFE coated stirbar. Et3SiH (1.1 mL, 6.9 mmol) was added slowly and the
mixture was allowed to stir for 24 h at room temperature. The mixture was taken up into

a J. Young tube, sealed, taken out of the glovebox and analyzed via °F NMR
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spectroscopy. After 24 h, 20% of the C¢FsCF3 had been consumed. Et3SiF (s, 6 =-177.5
ppm) was observed in a 20% yield.

Entry 3 — A 20 mL polypropylene vial was loaded with Ph3C[502] (2.5 mg, 3.3
umol), CgFg (20 uL, 0.17 mmol), o-dichlorobenzene (0.3 mL), C¢FsCF5; (0.30 mL, 2.1
mmol), and a PTFE coated stirbar. Et3SiH (1.1 mL, 6.9 mmol) was added slowly and the
mixture was allowed to stir for 24 h at room temperature. The mixture was taken up into
a J. Young tube, sealed, taken out of the glovebox and analyzed via °F NMR
spectroscopy. After 24 h, all C¢FsCF; had been consumed. Et3SiF (s, 6 = —177.5 ppm)
and Et,SiF; (br s, 8 =—-145.3 ppm) were observed in a 59% and 10% vyield, respectively.

Entry 4 — A 20 mL polypropylene vial was loaded with Ph3C[510] (2.9 mg, 3.3
umol), CgFg (20 puL, 0.17 mmol), o-dichlorobenzene (0.3 mL), 4-F-C¢H4CF3 (0.30 mL,
2.4 mmol), and a PTFE coated stirbar. Et3SiH (1.1 mL, 6.9 mmol) was added slowly and
the mixture was allowed to stir for 24 h at room temperature. The mixture was taken up
into a J. Young tube, sealed, taken out of the glovebox and analyzed via *F NMR
spectroscopy. After 24 h, 85% of the 4-F-CgH,CF3 had been consumed. Et3SiF (s, 6 = —
177.5 ppm) was observed in an 87% yield.

Entry 5 — A 20 mL polypropylene vial was loaded with Ph3C[502] (2.5 mg, 3.3
umol), CgFg (20 puL, 0.17 mmol), o-dichlorobenzene (0.3 mL), 4-fluorobenzotrifluoride
(0.30 mL, 2.4 mmol), and a PTFE coated stirbar. Et3SiH (1.1 mL, 6.9 mmol) was added
slowly and gas evolved violently. The solution turned dark brown. The mixture was
allowed to stir for 1 h at room temperature. The mixture was taken up into a J. Young

tube, sealed, taken out of the glovebox and analyzed via *°F NMR spectroscopy. After 1
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h, all 4-F-C¢H,CF3; had been consumed. Et3SiF (s, 6 = —177.5 ppm) was observed in a
95% yield.
5.4.4 X-ray crystallography

Crystals of [(FPOCOP)Pd][HCB1:Cli1] were grown from a solution of
fluorobenzene layered with hexanes. A colorless block of suitable size and quality
(0.27 x 0.15 x 0.08 mm) was selected from a representative sample of crystals of the
same habit using an optical microscope, mounted onto a nylon loop, and placed in a cold
stream of nitrogen (110 K). Low-temperature X-ray data were obtained on a Bruker
APEXIl CCD based diffractometer (Mo sealed X-ray tube, K,=0.71073 A). All
diffractometer manipulations, including data collection, integration, and scaling were

carried out using the Bruker APEX2 software.?*?

An absorption correction was applied
using SADABS.?*® The space group was determined on the basis of systematic absences
and intensity statistics. The structure was solved by direct methods in the triclinic P1
space group using SHELXS,*® then converted to the centrosymmetric P-1 space group
with PLATON’s ADDSYM facility.”®® All non-hydrogen atoms were refined with
anisotropic thermal parameters. Hydrogen atoms bound to carbon were placed in
idealized positions and refined using a riding model. The structure was brought to
convergence by weighted full-matrix least-squares refinement on |F[>. PLATON’s
SQUEEZE feature was utilized to account for partial occupancy and disorder of solvent
in the crystal structure, which appeared to be fluorobenzene based on the difference map

(total void volume 353 A®, 85 e"). Structure manipulations were performed with the aid

of shelXle.?®
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Crystals of [(FPOCOP)Pd][HCB11Cl;0OTf] were grown from a solution of
ortho-difluorobenzene layered with pentane. A clear colorless block of suitable size and
quality (0.34 x 0.32 x 0.08 mm) was selected from a representative sample of crystals of
the same habit using an optical microscope, mounted onto a nylon loop, and placed in a
cold stream of nitrogen (110 K). Low-temperature X-ray data were obtained on a Bruker
APEXII CCD based diffractometer (Mo sealed X-ray tube, K,=0.71073A). All
diffractometer manipulations, including data collection, integration, and scaling were

carried out using the Bruker APEX2 software.?*?

An absorption correction was applied
using SADABS.?*® The space group was determined on the basis of systematic absences
and intensity statistics. The structure was solved by direct methods in the triclinic P-1
space group using SHELXS.?® All non-hydrogen atoms were refined with anisotropic
thermal parameters. Hydrogen atoms bound to carbon were placed in idealized positions
and refined using a riding model. The structure was brought to convergence by weighted
full-matrix least-squares refinement on |F|>. A check for missed symmetry was
performed with PLATON’s ADDSYM facility, finding no apparent higher symrnetry.236
Structure manipulations were performed with the aid of shelXle.?*’

Crystals of [((POCOP™")Pd(BrCsDs)][HCB1:ClcOTf] were grown from a
solution of bromobenzene-ds by vapor diffusion of pentane. A colorless block of suitable
size and quality (0.33 x 0.21 x 0.06 mm) was selected from a representative sample of
crystals of the same habit using an optical microscope, mounted onto a nylon loop, and

placed in a cold stream of nitrogen (150 K). Low-temperature X-ray data were obtained

on a Bruker APEXII CCD based diffractometer (Mo sealed X-ray tube,
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K,=0.71073 A). All diffractometer manipulations, including data collection,
integration, and scaling were carried out using the Bruker APEX2 software.”** An
absorption correction was applied using SADABS.?* The space group was determined
on the basis of systematic absences and intensity statistics. The structure was solved by
direct methods in the monoclinic P2;/n space group using SHELXS.?*® All non-hydrogen
atoms were refined with anisotropic thermal parameters. Hydrogen atoms bound to
carbon were placed in idealized positions and refined using a riding model. The structure
was brought to convergence by weighted full-matrix least-squares refinement on |F|.

237 A check for missed

Structure manipulations were performed with the aid of shelXle.
symmetry was run using the ADDSYM program within PLATON,?*® revealing no
apparent higher symmetry.

Crystals of [Ph3C][HCB11Cl100Tf] ¢« CsHsF were grown from a fluorobenzene
solution layered with pentane. A clear yellow block of suitable size and quality (0.27 x
0.19 x 0.11 mm) was selected from a representative sample of crystals of the same habit
using an optical microscope, mounted onto a nylon loop, and placed in a cold stream of
nitrogen (150 K). Low-temperature X-ray data were obtained on a Bruker APEXII CCD
based diffractometer (Mo sealed X-ray tube, K, = 0.71073 A). All diffractometer
manipulations, including data collection, integration, and scaling were carried out using
the Bruker APEX2 software.”*” An absorption correction was applied using SADABS.?
The space group was determined on the basis of systematic absences and intensity

statistics. The structure was solved by direct methods in the orthorhombic Pbca space

group using SHELXS.?*® All non-hydrogen atoms were refined with anisotropic thermal
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parameters. Hydrogen atoms bound to carbon were placed in idealized positions and
refined using a riding model. The structure was brought to convergence by weighted
full-matrix least-squares refinement on |F|°. Structure manipulations were performed
with the aid of shelXle.?*” A check for missed symmetry was run using the ADDSYM
program within PLATON, revealing no apparent higher symmetry.?*®

A solvent molecule consistent with fluorobenzene was identified in the electron
difference map, but was unable to be satisfactorily modeled, due to an apparent 6-fold
rotational disorder. The solvent electron density was therefore accounted for with
SQUEEZE, which revealed four voids in the unit cell (292 A% 104 ¢, consistent with
one fluorobenzene solvent molecule (50 €°) per asymmetric unit. Our model is therefore
inconsistent with the checkCIF calculated values of moiety/sum formulae, formula
weight (Mr), density (Dx), absorption coefficient (mu), and FO00, which accounts for all
checkCIF alerts level A—C.

Crystals of [iPr3Si][HCB11Cl10OTf] ¢ C¢HsF were grown from a solution of
approximately equal parts fluorobenzene and triisopropylsilane by vapor diffusion of
pentane. A colorless rod of suitable size and quality (0.54 x 0.14 x 0.13 mm) was
selected from a representative sample of crystals of the same habit using an optical
microscope, mounted onto a nylon loop, and placed in a cold stream of nitrogen (150 K).
Low-temperature X-ray data were obtained on a Bruker APEXII CCD based
diffractometer (Mo sealed X-ray tube, K, = 0.71073 A). All diffractometer
manipulations, including data collection, integration, and scaling were carried out using

the Bruker APEX2 software.?*?> An absorption correction was applied using SADABS.?
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The space group was determined on the basis of systematic absences and intensity
statistics. The structure was solved by direct methods in the monoclinic P2;/c space
group using SHELXS.?*® All non-hydrogen atoms were refined with anisotropic thermal
parameters. Hydrogen atoms bound to carbon were placed in idealized positions and
refined using a riding model. The structure was brought to convergence by weighted
full-matrix least-squares refinement on |F|°. Structure manipulations were performed
with the aid of shelXle.”*” A check for missed symmetry was run using the ADDSYM
program within PLATON, revealing no apparent higher symmetry.*® Similarity
restraints were applied to the triflyloxy and triisopropylsilyl moieties to handle the
refinement of the disorder.

Crystals of [Et3Si][HCB;1Cl10OTf] were grown from a fluorobenzene solution
by vapor diffusion of pentane. A colorless block of suitable size and quality (0.28 x 0.17
x 0.16 mm) was selected from a representative sample of crystals of the same habit using
an optical microscope, mounted onto a nylon loop, and placed in a cold stream of
nitrogen (150 K). Low-temperature X-ray data were obtained on a Bruker APEXII CCD
based diffractometer (Mo sealed X-ray tube, K, = 0.710 73 A). All diffractometer
manipulations, including data collection, integration, and scaling were carried out using
the Bruker APEX2 software.”*” An absorption correction was applied using SADABS.?*
The space group was determined on the basis of systematic absences and intensity
statistics. The structure was solved by direct methods in the monoclinic P2;/n space

2
838

group using X (incorporated in SHELXTL). All non-hydrogen atoms were refined

with anisotropic thermal parameters. Hydrogen atoms bound to carbon were placed in
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idealized positions and refined using a riding model. The structure was brought to
convergence by weighted full-matrix least-squares refinement on |F|>. A check for
missed symmetry was run using the ADDSYM program within PLATON,?*® revealing
no apparent higher symmetry. Similarity restraints were applied to the triflyloxy and
silylium moieties to handle the refinement of the disorder. The checkCIF report yielded
three moderate-level alerts attributed to the disordered alkyl chains of the triethylsilyl
moieties, specifically identifying the prolate nature of the disorded carbons, and the
resultant imprecision of C—C bond lengths. High residual density (1:49 e~ A™%) was
found near one of the disordered silicon centers (Sil_5 — 0.04 A), and a hole in the
residual density (—0.99 ¢~ A™®) was also observed near the same atom (Si1_5 — 0.65 A);
this is attributed to imperfect modeling of the disorder. Large X—O-Y angles (>140°)
were observed, as expected in light of previously reported triflate-bridged
trimethylsilylium cations.

Crystals of [(p-F-P°CPP™")Pd),CI][HCB;Cl;(OTf] were grown from a
solution of fluorobenzene by vapor diffusion of pentane. A colorless block of suitable
size and quality (0.207 x 0.174 x 0.087 mm) was selected from a representative sample
of crystals of the same habit using an optical microscope, mounted onto a nylon loop,
and placed in a cold stream of nitrogen (150 K). Low-temperature X-ray data were
obtained on a Bruker APEXII CCD based diffractometer (Mo sealed X-ray tube, K, =
0.71073 A). All diffractometer manipulations, including data collection, integration, and

232

scaling were carried out using the Bruker APEX2 software.”> An absorption correction

was applied using SADABS.?® The space group was determined on the basis of
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systematic absences and intensity statistics. The structure was solved by direct methods

in the monoclinic P2;/n space group using SHELXS.?*®

All non-hydrogen atoms were
refined with anisotropic thermal parameters. Hydrogen atoms bound to carbon were
placed in idealized positions and refined using a riding model. The structure was brought
to convergence by weighted full-matrix least-squares refinement on |F[°. Structure

manipulations were performed with the aid of shelXle.*’

A check for missed symmetry
was run using the ADDSYM program within PLATON, revealing no apparent higher
symmetry.”®® Similarity restraints were applied to the triflyloxy moieties to handle the
refinement of the disorder.

Crystals of Cs[HCB11HsBrsOTf] were grown from a solution of
dichloromethane by slow evaporation of solvent. A colorless sheet of suitable size and
quality (0.20 x 0.12 x 0.08 mm) was selected from a representative sample of crystals of
the same habit using an optical microscope, mounted onto a nylon loop, and placed in a
cold stream of nitrogen (150 K). Low-temperature X-ray data were obtained on a Bruker
APEXIl CCD based diffractometer (Mo sealed X-ray tube, K, = 0.71073 A). All
diffractometer manipulations, including data collection, integration, and scaling were

carried out using the Bruker APEX2 software.?*?

An absorption correction was applied
using SADABS.?®® The space group was determined on the basis of systematic absences
and intensity statistics. The structure was solved by the direct methods in the
orthorhombic Pbcn space group using SHELXS.?® All non-hydrogen atoms were refined

with anisotropic thermal parameters. Hydrogen atoms bound to carbon and boron were

placed in idealized positions and refined using a riding model. The structure was brought
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to convergence by weighted full-matrix least-squares refinement on |F[>. Structure

235

manipulations were performed with the aid of shelXle.”™ A check for missed symmetry

was run using the ADDSYM program within PLATON, revealing no apparent higher

symmetry.?*®

Cs[HCB11H4BrgOTf] co-crystallizes as a minor component (~6%), and is
satisfactorily modeled as a substitutional disorder, replacing a hydrogen atom on the
ortho belt with a bromine atom. This is agreement with the ~5% of
Cs[HCB;1H4BrsOTf] observed by MALDI MS.

Crystals of CsS[HCB11Hg(OTf);] were grown from a solution of dichloromethane
by slow evaporation of solvent. A colorless block of suitable size and quality (0.55 x
0.20 x 0.10 mm) was selected from a representative sample of crystals of the same habit
using an optical microscope, mounted onto a nylon loop, and placed in a cold stream of
nitrogen (150 K). Low-temperature X-ray data were obtained on a Bruker APEXII CCD
based diffractometer (Mo sealed X-ray tube, K, = 0.71073 A). All diffractometer
manipulations, including data collection, integration, and scaling were carried out using
the Bruker APEX2 software.?*? An absorption correction was applied using SADABS.?
The space group was determined on the basis of systematic absences and intensity
statistics. The structure was solved by the Patterson method in the monoclinic P2;/c

space group using SHELXS.?*®

All non-hydrogen atoms were refined with anisotropic
thermal parameters. Hydrogen atoms bound to carbon and boron were placed in
idealized positions and refined using a riding model. The structure was brought to

convergence by weighted full-matrix least-squares refinement on |F[>. Structure

manipulations were performed with the aid of shelXle. A check for missed symmetry
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was run using the ADDSYM program within PLATON, revealing no apparent higher
symmetry.?*

Crystals of CS[HCB1;Clg(OTf),] were grown from a solution of acetonitrile by
slow evaporation of solvent. A colorless plate of suitable size and quality (0.42 x 0.14 x
0.05 mm) was selected from a representative sample of crystals of the same habit using
an optical microscope. All operations were performed on a Bruker-Nonius Kappa Apex2
diffractometer, using graphite-monochromated MoKa radiation. All diffractometer
manipulations, including data collection, integration, scaling, and absorption corrections
were carried out using the Bruker Apex2 software.?*? Preliminary cell constants were
obtained from three sets of 12 frames. Data collection was carried out at 120 K, using a
frame time of 30 sec and a detector distance of 60 mm. The optimized strategy used for
data collection consisted of two phi and seven omega scan sets, with 0.5° steps in phi or
omega; completeness was 99.8%. A total of 2234 frames were collected. Final cell

constants were obtained from the xyz centroids of 9002 reflections after integration.

From the systematic absences, the observed metric constants and intensity statistics,
space group Pbca was chosen initially; subsequent solution and refinement confirmed
the correctness of the initial choice. The structures were solved using SIR-92,%% and
refined (full-matrix-least squares) using the Oxford University Crystals for Windows
program.”®*  All ordered non-hydrogen atoms were refined using anisotropic
displacement parameters; the hydrogen atoms attached to the carborane C atom was
fixed at a calculated geometric position 0.95 A from C(1) and refined as a riding atom.

Compound Cs[HCB;1Cly(OTf);] contained significant disorder, which was resolved (in
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part) successfully. The resolvable disorder involved the sulfonate oxygen atoms of the
triflyloxy moiety attached to B(7); modeling of the disorder of the CF; group was not
successful. The two-component disorder (major: O4/05/06; minor: 041/051/061) was
described with a constraint such that the occupancies of the major (anisotropic
displacement parameters, occupancy 0.777(9)) and minor components (isotropic
displacement parameters) sum to 1.0. It appears that the disorder is caused by two
positions for the CB;; cage, related by a small rotation approximately about the B5-B8
axis. It was not possible to model the lower level of disorder in the other triflyloxy
moiety. The final least-squares refinement converged to R; = 0.0326 (I > 2o(/), 5328

data) and wR, = 0.0870 (F°, 7782 data, 356 parameters).

214



CHAPTER VI

CONCLUSION

The catalytic C-H borylation of arenes with HBpin using POCOP-type pincer
complexes of Ir has been demonstrated, with turnover numbers exceeding 10,000 in
some cases. The selectivity of C-H activation was based on steric preferences and
largely mirrored that found in other Ir borylation catalysts. Catalysis in the (POCOP)Ir
system depends on the presence of stoichiometric quantities of sacrificial olefin, which is
hydrogenated to consume the H, equivalents generated in the borylation of C-H bonds
with HBpin. Smaller olefins such as ethylene or 1-hexene were more advantageous to
catalysis than a sterically encumbered tert-butylethylene. Olefin hydroboration is a
competing side reaction, the synthesis and isolation of multiple complexes potentially
relevant to catalysis permitted examination of several key elementary reactions. Insight
from these experiments indicated that the C-H activation step in catalysis ostensibly
involves oxidative addition of an aromatic C-H bond to the three-coordinate (POCOP)Ir
species. The olefin is mechanistically critical to gain access to this 14-electron,
monovalent Ir intermediate. C-H activation at Ir(l) here is in contrast to the olefin-free
catalysis with state-of-the-art Ir complexes supported by neutral bidentate ligands, where
the C-H activating step is understood to involve trivalent Ir-boryl intermediates. Our
studies indicate Ir pincer complexes hold great promise for catalytic C-H borylation-type
chemistries. In order to be competitive with the current state-of-the-art Ir borylation

47,61

catalyst, the next generation of Ir pincer catalysts ideally should try and meet the
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following criteria: (a) Eliminate the requirement of excess arene (as solvent) and give
high yields of borylated product while utilizing near 1:1 HBpin:arene ratios. (b) The
capability to achieve borylations at, or near, room temperature; allowing borylations of
temperature sensitive substrates. (c) Achieve high catalytic activity without the need of
H, acceptor. (d) High functional group tolerance including C-halogen bonds, pyridines,
nitriles and other reactive or coordinating groups. (e) Utilize ligand modifications similar
to those investigated by Kanai’? and Itami’® et al. to improve site specific selectivity.
These criteria will likely not be met by one catalyst but the extensive array of

available pincer ligands**

to the synthetic chemist calls for broad screening studies to
identify systems which meet as many of the aforementioned criteria as possible.
Additionally, various boranes beyond HBpin could be investigated and one could also
envision expanding the scope to include the catalytic formation of C-Si bonds in what is
known as C-H bond silylation.?®

A (POCOP)Ir(Bpin), compound was investigated for the activation of small
molecules. The deoxygenation of CO, to give an (POCOP)Ir(CO) compound was
demonstrated. The 1,2-diboration of ethylene was observed. Selective protonation of a
boryl ligand within (POCOP)Ir(Bpin), was observed and serves as a means for the
synthesis of (POCOP)Ir(HBpin). High turnovers were observed in the catalytic
hydrogenolysis of B,pin, using (POCOP)Ir(H)(CI). The system is on par with the state-
of-the-art diborane hydrogenolysis catalyst found within the literature. In the presence of

substrates such as DMAP and methyl benzoate, (POCOP)Ir(Bpin), first borylated the

benzene solvent. The (POCOP)Ir fragment then reacted with the substrates to give Ir(l)
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and Ir(I111) compounds, respectively. Future studies with these diboryl pincer complexes
should undoubtedly focus on boryl ligands beyond Bpin and their subsequent reactivity
with various substrates. The substituents on boryl ligands can have dramatic effects in
terms of boryl ligand reactivity and many studies have been limited to Bpin or Bpin-type
ligands.*"%%?

The synthesis and characterization of several POCS type ligands was
accomplished. The modular nature of the POCS ligand design allows access to a variety
of monomeric and bridging POCS ligands. This followed with the synthesis and
characterization of several (POCS)Ni and Pd compounds containing a C3 bridge. Halide
ligand substitution (chloride to triflate) was demonstrated for a bridging (POCS)Ni
complex. A binuclear (POCS)Ni compound containing a C3 bridge was characterized by
an XRD study. A six-coordinate monomeric (POCS)Ir(H)(Cl)(py) (two isomers) species
was synthesized in a manner reminiscent of (POCOP)Ir species. Efforts to readily obtain
(POCS)Ir(H)(CI) were less straightforward and required the use of [(cod)IrOAc], to give
(POCS)Ir(H)(OAc) followed by ligand exchange. A (POCS)Ir(H)(Cl) compound was
characterized by NMR spectroscopy and XRD studies. As discussed in the introduction
of Chapter 4, the combination of the theme of pincer ligands with bridging binuclear
species (or even polynuclear systems) is an emerging area of interest with fascinating
possibilities. In the immediate future, straightforward synthetic methods are required for
the synthesis of discrete bridging binuclear complexes containing metal centers other
than those of group 10. The investigation of (POCS)Ir(H)(Cl) type complexes for

catalytic C-H functionalization studies would also be of interest.
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The selective installation of triflyloxy groups has been demonstrated with the
mono-carba-closocarborane anion [HCB11H11] . These triflyloxy substituted carboranes
were further functionalization by halogen substituents (including chlorine and bromine)
and investigated for use as weakly coordinating anions. The triflyloxy moiety is
chemically robust and survives the harsh conditions of halogenation. The triflyloxy
moiety is also highly useful in NMR spectroscopy studies. The **F NMR chemical shift
of the triflyloxy group was observed to be highly sensitive to the nature of coordinating
species. Preliminary results regarding the alkylation and triflyloxylation of [HCB11H11]
hold promising results but further optimization is required to able discrete compounds.
The HDF of benzotrifluorides was demonstrated with Ph;C[HCB;;Cl;,OTf] as
precatalyst and compared to the state-of-the-art HDF catalysts. Two examples of
[silylium][HCB1:Cl;0OTf] were studied by XRD and NMR spectroscopy. These
compounds were observed by NMR spectroscopy in the catalytic mixtures during HDF
studies.

Future work regarding triflyloxy-substituted carboranes could be the further
investigation of the permethylation (Figure V-2) and ethylation (Figure V-3) or other
alkylation reactions to try and form single, pure compounds. These alkylated and
triflyloxylated carboranes would likely be lipophilic in nature and would have the added
benefit of *°F NMR handles. Alternatives to triflic acid, such as perfluorooctanoic acid

could also be used to functionalize the B vertices.
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