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Chapter I

INTRODUCTION TO sp? BOND ACTIVATION AND FUNCTIONALIZATION

1.1 Scope of this work

This dissertation describes research on the activation of inert sp* C-H, C-O and C-Si bonds using cationic iridium
complexes with the goal of developing new oxidative, catalytic transformations. Chapter 2 outlines a study of intermolecular vs
intramolecular C-H activation at an iridium bis(phosphine) complex that was shown to be competent for both alkane
dehydrogenation and C-O bond cleavage of alkyl ethers. Chapter 3 describes the formation of an alkoxycarbene generated via o, 0-
dehydrogenation (double C-H activation) of cyclopentyl methyl ether at a cationic pincer-supported PNP iridium complex and its
reactivity in atom and group-transfer reactions. Chapter 4 explores the unexpected reactivity of a family of methyl silanes towards
C(sp?)-Si activation in the presence of a cationic pincer-supported PNP iridium complex and the effects of silicon substituents on
kinetics and thermodynamics. While chapters 2-4 describe different sp® bond activations (Chapter 2 C-H/C-O, Chapter 3 C-H,
Chapter 4 C-Si) at cationic iridium complexes, all modes of activation are suspected to proceed via a reactive 14 e Ir(I) complex

generated in-situ via dehydrogenation with tert-butylethylene (Figure 1.1.1).

C-O Bond Activation (Chapt. 2)

PRy Ox BUT PRy ©OX
L., |®H |® Double C-H Activation (Chapt. 3)
L’ir‘H L—Ilr ’
PR3 VAN PRs
L 14 e Ir(l)

C-Si Bond Activation (Chapt. 4)

Figure 1.1.1. General reaction involving dehydrogenation of an 18 e Ir(III) complex with tert-butylethylene (TBE) to generate a
reactive 14 e Ir(I) complex which can result in C-O, C-H and C-Si bond activation.

Finally, Chapter S details progress towards an acidic iridium bis(phosphine) complex capable of tandem catalytic

oligomerization and hydrogenation of simple olefins to branched alkanes (Figure 1.1.2.).

[ir]
)I\ + Hp ———— + trimers + tetramers (Chapt. 5)

Figure 1.1.2. General reaction for tandem oligomerization and hydrogenation of simple olefins to branched alkanes.



1.2 C-H Activation from Alkanes to Ethers

Green chemistry has become increasingly important over the past several years owing to limited petrochemical resources
and society’s need for more environmentally friendly processes. As part of this movement, the 12 Principles of Green Chemistry
was developedin 1998.! The development of catalytic reactions as well as transformations with improved atom economy are central
tenets of green chemistry; this dissertation contributes to the development of these components, which will hopefully lead to more
environmentally friendly transformations.

The use of transition-metal complexes to catalytically activate and functionalize inert C-H bonds has been a desire since

the first observation of benzene C-H activation by Chatt and Davidson’s RuCL(dmpe),complex in 1965 (Figure 1.2.1, left).”

Cl Ph3P eBF4 PtBUQ
MesP... | \PMe, solv | _H
25 p l P
(\ PN ) H—/Ir—so/v I,r\H
P P
Me,©!  Me, " PPh, P'Bu;
o Stoichiometric Catalytic
ChattC&HD':(\:/tig:ct)lr?n1 965 Alkane Dehydrogenation Alkane Dehydrogenation
’ Crabtree, 1979 Jensen & Kaska, 1996

Figure 1.2.1. First transition-metal complex observed to activate C-H bonds (left). First homogeneous metal complex to
stoichiometrically dehydrogenation an alkane (center). First neutral iridium pincer complex to afford high turnovers numbers for
alkane dehydrogenation (right).

Since then, tremendous progress has been made in the area of alkane dehydrogenation. In 1979 the first example of
stoichiometric intermolecular alkane dehydrogenation was demonstrated by the Crabtree group using a cationic bis(phosphine)
iridium complex® (Figures 1.2.1, center), a finding that perplexed the organometallic community at the time by highlighting a case
where intermolecular C-H activation appeared to be preferred over the corresponding intramolecular activation. Selectivity for
inter- versus intramolecular activation continues to challenge organometallic chemists as new methods are developed for C-H
activation and functionalization. This topic of intramolecular vs intermolecular selectivity is discussed in more detail in Chapter 2
surrounding the observation of C-O bond cleavage of methyl tert-butyl ether.

Despite stoichiometric alkane dehydrogenation having been demonstrated in 1979, an efficient catalytic version of this
transformation was not known until 1996 when Jensen and Kaska demonstrated that a thermally stable neutral iridium pincer

complex catalyzes the transfer dehydrogenation of cyclooctane at a rate of 12 turnovers/minute.* (Figure 1.2.1, right) Since 1996,



effective alkane dehydrogenation catalysts have favored electron-rich pinceriridium complexes, with modern variants showing rates
as high as 115 turnovers/minute. ®

While highly-active catalysts have been developed for alkane dehydrogenation, less research has focused on direct
methods towards C-H functionalization of ethers despite their ubiquity among organic compounds. Recent work has identified
several late transition-metals, predominantly iridium, capable of ether C-H activation at the o position to give a metal alkoxyalkyl.
Depending on the ether substrate and the identity of the metal ion, several competing mechanisms are accessible including vinyl
ether formation through B-hydride elimination®® (Figure 1.2.2, eq 1), C-O bond cleavage via a-alkoxide elimination’ (Figure

).10—17

1.2.2, eq 2) or alkoxycarbene formation through o-hydride elimination (Figure 1.2.2, eq 3) (o,0-dehydrogenation

B-hydride elimination H R
M]— |]: (1)
I '~OoR

H M) g e
RLH)Q R > H R! a-alkoxide elimination J/:H
o~ C-H activation (M) OR M] @)
X N
H Ill OR

o nh
a-hydride elimination MIIX\R'I 3)
M]
OR

|
H

Figure 1.2.2. Potential competing mechanisms that may occur following initial ether C-H activation.

Of these potential products, only vinyl ether formation has been observed under catalytic conditions (Figure 1.2.3), while the
observation of C-O bond cleavage via oi-alkoxide elimination has led to productive catalysis in the thermodynamically favored

reverse direction for olefin hydroaryloxylation'® (Figure 1.2.4).

(PrPSCOP)IrH, (0.1 mol%)

0,
@@ . Py NaOtBu (0.2 mol%) . @@

°C p-
1 equiv 120 °C, p-xylene 91%

Figure 1.2.3. Representative reaction for catalytic ether dehydrogenation to form vinyl ethers."



OH

10 mM (P"PCOP)IrH, O_R
+ R - T
150 °C, p-xylene
2 atm
500 mM R = CHjg, H, Et

7-46 TON

Figure 1.2.4. Representative reaction for catalytic hydroaryloxylation to form ethers.'

The first observation of ether o, 0-dehydrogenation to form an alkoxycarbene was demonstrated by Werner in 1992 in
an intramolecular fashion with a phosphinoether (Figure 1.2.5, left).?* Later that year, Carmona demonstrated an example of
intermolecular alkoxycarbene formation of tetrahydrofuran using an iridium tris(pyrazolyl)borate complex (Figure 1.2.5, right).”!

Since 1992, ether derived alkoxycarbenes have been prepared using Ir, Os, Ru, and Pt.'""!

H
O N/E’l\ 'N§
_ H ‘> 7 N NYN YN
IPEP"'l"‘PiPrZ = N\T; N=
r
o7 | ¢ H |
(e (@]
n-C4H9
Werner, 1992 Carmona, 1992

Figure. 1.2.5. First examples of intramolecular (left) and intermolecular (right) ether activation to form alkoxycarbenes.

Unlike Schrock carbenes which are nucleophilic at carbon, alkoxycarbenes can include either Fischer carbenes which are
electrophilic at carbon or Roper-type carbenes which are nucleophilic at the metal owing to a high-lying, filled d,* orbital'>"” (Figure
1.2.6). Fischer carbenes have pK,’s that span a range of ~25 units? and thus suggest a wide range of potential applications, while
Roper-type carbenes have been observed to facilitate atom and group-transfer reactions.'"'>'” Though both Fischer carbenes and
Roper-type carbenes have distinct reactivity, all alkoxycarbenes can function as 7-acids owing to the presence of a vacant p-orbital
with which backdonation can occur from a metal d; orbital (Figure 1.2.7). In fact, prior to this work, the only example of a catalytic
reaction of an ether that proceeded via an alkoxycarbene intermediate was a report by the Grubbs group of a formal synthetic cycle
for the imination of methyl tert-butyl ether to a formimidate (Figure 1.2.8)."” This reactivity is most consistent with Roper-type

alkoxycarbenes and efforts to elucidate and expand this chemistry are described in Chapter 3.
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Figure 1.2.6. Possible reactivity of metal carbenes with electrophilic and nucleophilic reagents. Adapted from **
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Figure 1.2.7. Molecular orbital diagram of alkoxycarbenes.
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Figure 1.2.8. Proposed synthetic cycle for the imination of methyl tert-butyl ether."”

1.3 C-H Silylation and Olefin Silylation

Though ether activation and functionalization via an alkoxycarbene intermediate are among many conceivable chemical
transformations that could functionalize inert C-H bonds, direct C-H silylation (Figure 1.3.1) has been a growing area of interest
among organometallic chemists for the synthesis of organosilanes. While traditional syntheses of organosilanes have previously
relied on utilizing activated starting materials, including halogenated reagents, organolithiates and Grignard reagents, these
methods form stoichiometric amounts of metal salt byproducts and are not considered to be atom-economical. Direct C-H
silylation provides the opportunity to access similar products while avoiding stoichiometric byproducts. Pioneering work in this
field has been led by the Hartwig group and a recent in-depth review of directed and undirected C-H silylation was reported in

20152

R! [M] R! .
Xy H _ (M = Ru, Rh, Ir) Xy OiR3
| + HSIR3 > | + H2
P A =

Figure 1.3.1. Representative example of sp” C-H silylation.

Alternatively, organosilanes can also be synthesized through olefin hydrosilylation (Figure 1.3.2). While this process

does not involve the functionalization of an inert C-H bonds, it is still an atom economical process. Olefin hydrosilylation is a more



mature process compared to C-H silylation. Industrial catalytic processes for hydrosilylation rely primarily on Ir** and Pt catalysts®,

with Karstedt’s catalyst being most well-known. A review of other transition-metals that catalyze olefin hydrosilylation has been

published by Beller.””

M] ,
_ (M =Pt, Ir) SiR3
/— + HSIR3 > + H2
R A R1

Figure 1.3.2. Representative example of olefin hydrosilylation.

While both C-H silylation and olefin silylation operate via distinct mechanism, both reactions require C-Si reductive
elimination prior to product formation (Figure 1.3.3). The work presented in Chapter 4 describes studies on C(sp?)-Si reductive
elimination from an iridium(I1I) center and how silicon substituents affect the kinetics and thermodynamics. Information gleaned

from these findings has implications for both C-H silylation and olefin silylation.

RsSi-H
RS
| /H H
Ha M—SiR3 v,
H R
/ .
M M—SiRs R3Si-H
R1
J o -
R3Si Hydrosilylation R!
RE. Chalk-Harrod _ C-H Silylation
mechanism R3Si H R.Si
/ 3 H
H A= H—MZSiR
M—SiR3 M—SiRs I 3
/ I t
R! \_/ Y R.E
R2-SiR3

Figure 1.3.3. Proposed mechanism for olefin hydrosilylation*® and C-H silylation®®.

1.4  Acidic Metal Complexes

The net ionic charge of organotransition-metal complexes is an important determinant of their reactivity, the work

presented in this dissertation has focused on cationic iridium complexes with a central focus to generate less electron-rich metal



ions through the use of non-coordinating anions. By shifting from a neutral complex to a cationic complex, the cationic system has
one less electron at the metal making it more acidic when compared to an analogous neutral variant. In fact, many cationic transition-
metal complexes bearing non-coordinating anions (specifically triflate) suffer from “Hidden Acid Catalysis”® whereby trace
amounts of strong acids (e.g. triflic acid) are formed and catalyze the reaction. The Hartwig group has specifically demonstrated
that triflic acid can catalyze hydroamination and hydroalkoxylation comparable to reactions initiated with metal triflates.®

Though “Hidden Acid Catalysis” is a real concern for determining whether a process is acid catalyzed or metal catalyzed,
inclusion of a metal hydrides make this process more challenging. Metal hydrides have been a staple of organometallic chemistry
since Hieber’s 1931 claim of H,Fe(CO),,*' which remained a controversial topic until 1950.** The pK, of H,Fe(CO),is 4.4 = pKi
and ~14 = pK, in H,O.* Despite their potential acidity, metal hydrides have played a vital role in many catalytic reactions owing to
their ability to insert into carbon-carbon and carbon-heteroatom multiple bonds. While metal hydrides can come from a variety of
sources, the use of dihydrogen s quite common proceeding through either a stable or transient dihydrogen complex (Figure 1.4.1).
The first example of an isolable metal dihydrogen complex was published by Kubas® with Mo and W in 1984 and later in 2003 a
highly acidic iridium dihydrogen complex was reported by Heinekey.**

The formation of metal hydrides from dihydrogen can occur via two different mechanisms, homolytic bond cleavage
(oxidative addition) (Figure 1.4.1, eq 1) and heterolytic bond cleavage (Figure 1.4.1, eq 3). Though homolytic bond cleavage is
common for many late-transition metals with highly active hydrogenation catalysts, such as Crabtree’s catalyst®, well known to
operate via this mechanism, metal complexes capable of heterolytic dihydrogen bond cleavage have resulted in successful platforms

for catalytic ionic hydrogenation of carbonyl, ethereal and polyol substrates (Figure 1.4.2).7%

Homolytic H

M\H Q)
H
M + H —— M—| —— Deprotonation  (2)
H
dihydrogen

complex Heterolytic [M—H]@ + H® @)

Figure 1.4.1. Mechanism for dihydrogen activation. Homolytic bond cleavage (1) and heterolytic bond cleavage (3).
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Figure 1.4.2. General mechanism for ionic hydrogenation

Traditionally, metal hydrides are often thought as a source of H', however metal hydrides span a hydricity continuum and
can act as sources of H* depending on the metal and supporting ligand electronics. Just as a cationic metal complexes results in a
more acidic metal complexwhen compared to a neutral variant, any resulting hydrides are more acidic when the anion is too weakly-
coordinating to give a neutral species. This enhanced hydride acidity can be compounded by incorporation of other w-acidic
ancillary ligands. Carbon monoxide is often considered the quintessential example of a potent 7-acid. When bound to a metal,
carbon monoxide accepts electron density from a metal d orbital into an empty 7* orbital and thus reduces the overall electron

density on the metal. The experimental manifestation of this effect has resulted in using carbonyl stretching as a reporter of ligand

electron donor power, notably for phosphine ligands (Figure 1.4.3).
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Figure 1.4.3. Graph of carbonyl stretching frequency vs. phosphine cone angle.*



While carbon monoxide is a strong m-acceptor and an invaluable tool to evaluate phosphine electronics, phosphines
themselves can also be strong m-acceptors in certain cases. Extensive work by the Roddick group has examined a number of r-acidic
fluoroalkylphosphines (Figure 1.4.4, left, center) which result in highly acidic metal hydrides.**¢ These hydrides are so acidic
that deprotonation occurs with unconventional bases such as diethyl ether or acetone.* A large table of observed pK, values for 179
metal hydrides has been published by Morris and range from -4 to 51.*” The work presented in Chapter S explores highly acidic
cationic iridium complexes supported by electron-poor tris(3,5-bis(trifluoromethyl)phenyl)phosphine (Figure 1.4.4, right) for

catalytic ionic hydrogenation.

QOTf
(" P(CaFs); = °oT CF,
<C2F5>2P/,,,,,II@\“H ®l 4
(CFoP™ | ~H (CaFlgPr = P

{ H
K/P(C2F5)2 </P(C2F5)2 CF3 3

Figure 1.4.4. Fluoroalkylphosphine supported iridium complex (left), Fluoroalkylphosphine supported ruthenium complex
(center), tris(3,5-bis(trifluoromethyl)phenyl)phosphine (right)
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Chapter II

EVIDENCE FOR REVERSIBLE CYCLOMETALATION IN ALKANE DEHYDROGENATION AND
C-O BOND CLEABAGE AT IRIDIUM BIS(PHOSPHINE) COMPLEXES

Reprinted with permission from Scott M. Chapp and Nathan D. Schley. Organometallics. 2017, 36, 4355-4358. Copyright 2017
American Chemical Society.

2.1 Introduction

The cleavage of C-H bonds by oxidative addition to homogeneous transition metal complexes has emerged as a
strategy of significant importance for the activation of otherwise inert organic substrates towards catalytic functionalization.
Early reports of stoichiometric alkane dehydrogenation at cationic iridium(III) complexes laid the groundwork for extensive
research in catalytic alkane dehydrogenation at pincer-supported neutral iridium complexes. Efficient alkane dehydrogenation
catalysts based on this work now play a key role in catalytic alkane metathesis systems."? In 1979 the Crabtree group reported
that cationic bis(phosphine) iridium complexes of the type [(PRs)IrH,(solv),]*X™ (solv = acetone, X = BF,) reacted in
stoichiometric fashion with certain alkanes leading to stable iridium(I) olefin or iridium (III) polyenyl products (Figure 2.1.1,
eq 1).? These observations are considered to be the first example of alkane dehydrogenation by homogeneous transition metal

complexes, and were immensely important to the nascent field of C-H activation.

Phep O BF ©BF,

@ SO PN |
H_/'|r_S°’V ¥ O - > 2 —PPhy (1)
\

1,2-dichloroethane
H PPh, 84 °C
excess

PPhs
solv = acetone

Figure 2.1.1. First example of stoichiometric alkane dehydrogenation by a homogeneous metal complex

The observed selectivity for intermolecular C-H activation over intramolecular cyclometalation of the phosphine
ligand was a unique feature of the Crabtree system that proved perplexing at the time.* One hypothesis considered that
cyclometalation might occur reversibly prior to intermolecular alkane activation.’ Evidence for competing, irreversible

cyclometalation of triphenylphosphine in Bergman’s seminal demonstration of direct C-H oxidative addition of alkanes at
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Cp*Ir complexes®” ultimately led to the hypothesis that cyclometalation in the Crabtree system was disfavored for steric
reasons.* Although this family of cationic complexes has not been shown to effect efficient catalytic alkane dehydrogenation,®
key results from these initial reports including the finding that tert-butyl ethylene (TBE) is an unusually effective hydrogen

acceptor, remain critical to modern embodiments of alkane dehydrogenation catalysts.”'°

Our research group has been examining the a,a-dehydrogenation of ethers to the corresponding alkoxycarbenes, and
has demonstrated the facile and reversible sequential C-H bond cleavage of pendant ethers to give the corresponding
alkoxycarbenes at cationic iridium centers."' As part of our exploration of intermolecular ether activation we have been
investigating analogous complexes to those used in Crabtree’s initial report with the hypothesis that the known a,p-
dehydrogenation behavior with alkanes would translate to reactivity in the a,a-dehydrogenation of ethers.> *'* We now report
the unexpected ability of the cationic complex [ (PPh;),IrH,(THF),]PFs (1) to cleave the C-O bond in methyl tert-butyl ether
(MTBE) on dehydrogenation as well as the observation, isolation, and crystallographic characterization of a product resulting
from intramolecular cyclometalation of the phosphine ligand. Though not previously observed, this same cyclometalated
complex was suggested to form reversibly'® from the 1979 report on alkane dehydrogenation at cationic iridium centers.’ The
isolation of this species allows us to shed light on a key mechanistic question surrounding selectivity for intermolecular versus

intramolecular C-H activation in this class of complexes.

PhsP(Q O PFg By X H CH3@PF6
Hgll.;o@ 12 equiv. Pth\Il% . MeOH (2)
/| 40 °C PhyP””
H PPh, H3C>rO\CH3
1 HC Ch, 2

Figure 2.1.2. Observation of C-O bond cleavage of MTBE upon dehydrogenation of 1 with TBE

2.2 Results and Discussion

Drawing on conditions used for the dehydrogenation of alkanes by cationic iridium complexes,' the reactivity of
complex 1 with MTBE in dichloromethane was investigated in the presence of TBE as a hydrogen acceptor. Instead of

alkoxycarbene formation as is observed in other iridium systems,'*'* the dehydrogenation of complex 1 in the presence of
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excess MTBE rapidly gives a new monohydride complex which we have characterized as the iridium(III) methallyl complex
[(PPh;),IrH(7*-C4H,) JPFs (2). (Figure 2.2.1) The methallyl ligand in 2 arises from C-O bond cleavage of the tert-butyl
group in MTBE, with the byproduct MeOH being detectable by GC-FID. Complex 2 can be prepared independently by the

treatment of 1 with isobutene, which presumably serves as both substrate and H, acceptor.

@i%% R

OPF OPF
O (O R
—Ir—0<:| 20 equiv. Hor=0 ] )

THF |
H PPh3 DCM PPh,
1 35°C 3

Figure 2.2.2. Dehydrogenation of complex 1 with TBE in a mixture of THF/DCM

Dehydrogenation of 1 in the absence of MTBE gives rise to a new monohydride product at -26.6 ppm coupled to two
inequivalent phosphines (Figure 2.2.2, eq 3). We initially assigned this product as complex 3 on the basis of an upfield-shifted
3'P NMR resonance at -41.9 ppm indicative of a small phosphorus-containing ring obtained by ortho cyclometalation.'® The
iridium analogue of Wilkinson’s complex is famously unstable with respect to cyclometalation,'” and a number of related
cyclometalated iridium PPh; complexes are known.'®*” The formation of a cyclometalated complex resulting from
dehydrogenation of 1 to give [(PPh;)(PPh,CsHs—)IrH(solv),]* (3) would be a plausible competing reaction in the known

alkane dehydrogenation chemistry of [ (PPh;).IrH,(solv),]*X", indeed the Crabtree group commented on this possibility:

“Either cyclometalation is reversible, or it does not occur at all. Possibly the bis(phosphine) system is insufficiently

bulky to promote cyclometalation; we have certainly never seen evidence for it.”"
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Isolation of 3 allows for this hypothesis to be tested for the first time. Dissolution of 3 in benzene rapidly gives the
iridium(I) arene complex [(7°benzene)lr(PPh;),]PFs (4) (Figure 2.2.3, eq 4). Dehydrogenation of
[(PPh;),IrH,(acetone),]* with TBE in benzene solvent is known to give this product directly.” We find the comparable
dehydrogenation of 1 to 4 in neat benzene occurs without evidence for the formation of 3 in detectable concentrations. The
formation of 4 from 3 requires reductive elimination of the cyclometalated moiety, demonstrating that cyclometalation is
indeed reversible as Crabtree previously postulated. In this manner 3 reacts as a cationic iridium(I) synthon, with reversible
reductive elimination providing access to an unsaturated iridium(I) intermediate, likely [ (PPh;),Ir(solv) ]PFs or an equivalent

complex.

©
PhsP n/\> PFg
—Ir—Oij @ (@)
| benzene @ Ir<
PPh, 25 °C PhsP”" ~PPhs
3
Figure 2.2.3. Evidence for reversible cyclometalation of triphenylphosphine
B P
PhyP 6 CH PhsP 6
1© ) el H
HEr-0 O I
Hs/ | H (5)
Fl’Ph DEM I PPh
2 25 °C HaC 3
3 5

Figure 2.2.4. Evidence for reversible cyclometalation for the dehydrogenation of cyclopentyl methyl ether

Ph POGPFG Php O PFq
9 B X
'r ——— [(PPhy),lr(solv)]PFg ———" —Ir—O
H PPh @
3 CPME PPh;
1 5 3
benzene

Figure 2.2.5. Reversibility of cyclometalation in complex 3
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In the interest of establishing the relevance of the cyclometalated complex 3 to alkane dehydrogenation we undertook
a stoichiometric test of its alkane dehydrogenation ability in the absence of a hydrogen acceptor. Complex 3 rapidly
dehydrogenates cyclopentyl methyl ether (CPME) to give complex § as a major product by 'H NMR spectroscopy. (Figure
2.2.4, eq 5) Complex § is a rare olefin dihydride complex that can also be prepared directly from 1 by reaction with one
equivalent of TBE in cyclopentyl methyl ether. The observed selectivity for the 3,4-dehydro product is quite unusual, as ether
dehydrogenation typically gives alkoxycarbene or vinyl ether products.** The generation of § from 3 in the absence of an
external hydrogen acceptor demonstrates the ability of 3 to dehydrogenate alkane functionality. Furthermore, owing to the
reversibility of cyclometalation in this system, kinetic selectivity for intermolecular alkane C-H activation is not a requirement

for access to thermodynamic products resulting from intermolecular reactions (Figure 2.2.5).

©PF O PF
phgTOQ NN Phap GHa =
H@IELOG 1.3 equiv. H@Ir"\\—(}
/| > | cHy O
H PPh, DME (2.6 equiv.) PPh,
35°C
1 3-DME

Figure 2.2.6. Isolation of cyclometalated 3-DME

The instability of complex 3 has frustrated our efforts to obtain pure crystalline samples, however generation of 3 in
the presence of 2.6 equivalents of 1,2-dimethoxyethane gives the corresponding DME adduct 3-DME which can readily be
obtained in crystalline form (Figure 2.2.6, eq 6). The solid state structure of 3.-DME (Figure 2.2.7, right) shows an acute
C-Ir-P angle formed by cyclometalation of an ortho C-H bond of 68.4(1)° and provides an unambiguous assignment of
compound 3. Complex 3-DME still reacts with benzene to give 4, but this reaction proceeds at a significantly slower rate than
for 3. In the absence of DME, the bis(THF) adduct 3 degrades slowly on standing in THF/DCM mixtures and decomposes
within seconds in dichloromethane in the absence of excess THF. These observations can be accommodated by assuming that
reductive elimination in 3 to give a reactive iridium(I) fragment occurs through a S-coordinate species accessible via solvent

dissociation.
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Figure 2.2.7. ORTEPs of § (left) and 3-DME (right) shown at 50% probability. Anions and solvent of crystallization omitted
for clarity.

Although 3 is formed on dehydrogenation of 1 in the absence of substrate and is competent in stoichiometric alkane
dehydrogenation, the instability of 3 in the absence of an excess of a coordinating solvent seems to argue against 3 being a major
species in solution under the conditions for alkane dehydrogenation employed by Crabtree." (Figure 2.1.1, eq 1) However,
we have been able to detect the formation of complex 3-DCE as a major component under these conditions, suggesting that
1,2-dichloroethane is sufficiently coordinating® to prevent the rapid decomposition observed in CD,ClL. Conversion of 1 to
3-DCE occurs at room temperature, with subsequent heating to reflux giving [ (cod)Ir(PPh;);]PFs (6) as previously reported
(Figure 2.2.8, eq 7)."* This observation provides strong evidence for competing cyclometalation as a kinetic product prior to

alkane dehydrogenation.

O PF 4
Ph3P 6 BU Ph3P @ PF6 , @ PF6
4equ1v ®|§3| ®
x _og S N . 0
] “pce M 'T ' “bce PPhs @
H PPhS 200 equiv. 25°C @Pth 84°C PPh;
1 3-DCE 6

Figure 2.2.8. Observation of 3D CE under original conditions first used for cyclooctane dehydrogenation

Having established that complex 3 is capable of alkane dehydrogenation, we have investigated whether 3 also

maintains reactivity in the C-O bond cleavage chemistry that gives rise to the allyl complex 2. Treatment of solutions of 3 with
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MTBE rapidly gives the methallyl complex 2 in the absence of added hydrogen acceptor, providing evidence that 3 is

competent for stoichiometric MTBE C-O bond cleavage (Figure 2.2.9, eq 8).

PhP 1/\> ©PFq G)PF6
_"—O(:‘ MTBE _ phypo I% VeOH ()
+
DCM PhsP” ©
Pth 25°C
3 2

Figure 2.2.9. Evidence for reversible cyclometalation for C-O bond cleavage of MTBE

When solutions of 1, MTBE, and TBE are monitored by *'P{'H} NMR spectroscopy, complex 3 is observed during
the formation of 2, reaching a maximal concentration at roughly 50% conversion with respect to 1. (Figure 2.2.11) Kinetic
analyses of this transformation under pseudo first-order conditions can be fit to two consecutive irreversible steps 1> 3> 2.
Kinetic analyses of this transformation under pseudo-first-order conditions can be fit to a model assuming dehydrogenation of
1 gives the reactive intermediate A in equilibrium with complex 3 (Figure 2.2.10). A second irreversible step converts A to the
product 2. Although A is not observed, its plausible identity is the three-coordinate complex [ (PPhs),lIr(solv) ]PFs, where the

last site is occupied either by the solvent or by TBE."

k1 k3
kg 9)
‘—> 2
k2

Figure 2.2.10. Kinetic model for the C-O bond cleavage of MTBE
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Figure 2.2.11. Observation of complex 3 in the conversion of 1 to 2 by NMR spectroscopy.®

MTBE degradation by complexes of iridium has been previously observed, but typically occurs without concomitant
allyl formation. The Grubbs group has shown that thermolysis of an MTBE-derived iridium alkoxycarbene results in formation
of the corresponding metal carbonyl.'*”” They have proposed a mechanism involving isobutene elimination from an
alkoxycarbene intermediate to give an iridium o-formyl which decomposes by carbonyl deinsertion."* Although a related
mechanism may be operative in the formation of complex 2, no evidence for metal carbonyl formation is observed, and
methanol is detected as the major C, product of MTBE cleavage. This difference in selectivity is significant since carbonyls are
potent m-acidic ligands and their binding to electron-rich metal centers can be associated with a loss of reactivity. The absence

of carbonyl formation in this system leaves open significant opportunities for catalysis involving MTBE-derived allyls.

A plausible mechanism for MTBE cleavage by 1 is given in Figure 2.2.12. Initial dehydrogenation of 1 likely gives
the transient species [(PPh;),Ir(THF)]PFs (A) which is in equilibrium with 3 via reversible cyclometalation. MTBE C-H
activation is proposed to occur at the tert-butyl group to give intermediate B. Subsequent p-alkoxide elimination would give
intermediate C after which sequential reductive elimination of methanol followed by oxidative addition of the #*-isobutene
provides complex 2. A related mechanism is proposed to be operative in the C-O bond cleavage of ethoxybenzene to give a -

ethylene product by a PCP-Ir pincer complex reported by Goldman,?® and in an associated catalytic example.”
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Figure 2.2.12. Proposed mechanism for the formation of 2

2.3 Conclusion

In light of the ability of 3 to react with alkanes and MTBE (vide supra), its stability in ethereal solvent appears kinetic
in nature. The observed C-O bond cleavage chemistry with MTBE demonstrates an unusual mode of ether activation which
presumably competes with a,a-dehydrogenation at the methoxy position to give the alkoxycarbene. As we have recently
demonstrated that alkoxycarbene formation can be completely reversible at cationic bis(phosphine) iridium complexes at
room temperature,' the transient formation of an MTBE-derived alkoxycarbene prior to C-O bond scission cannot be ruled

out.

O PFq
PP PhyP
_|r_0<j [©)
e — solv— I||'
Pth PPh;
3
Ir(l) synthon proposed reactive

intermediate

Figure 2.2.13. Role of 3 as a masked iridium(I) synthon.

Controlling the selectivity for intermolecular C-H bonds over intramolecular ligand C-H bonds has been a key
challenge of C-H activation chemistry since the earliest examples. We have shown that the previously observed selectivity of

cationic bis(phosphine) iridium complexes for intermolecular C-H activation is not a kinetic phenomenon. Instead, these
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complexes rapidly undergo dehydrogenation-induced intramolecular cyclometalation. Unlike in the well-known Cp*Ir case,
this cyclometalation event is reversible, masking a reactive iridium(I) fragment that is presumably responsible for the observed
reactivity with alkane functionality (Figure 2.2.13). Our observation that cyclometalation can precede intermolecular
cyclooctane dehydrogenation under previously reported conditions supports a role for this cyclometalated complex as an off-
path species and a competing kinetic product in the first example of alkane dehydrogenation by a homogeneous transition-

metal complex.

2.4  Experimental

General Considerations. All manipulations were carried out using standard vacuum, Schlenk, cannula, or glovebox techniques
under N unless otherwise specified. Tetrahydrofuran, dichloromethane, pentane, and diethyl ether were degassed with argon and
dried over activated alumina using a solvent purification system. Benzene, MTBE, DME, and CPME were degassed with nitrogen

and stored over activated 4A molecular sieves.

Spectroscopy. 'H, °C and *'P NMR spectra were recorded on Bruker NMR spectrometers at ambient temperature unless
otherwise noted. 'H and "*C chemical shifts are referenced to residual solvent signals; *'P chemical shifts are referenced to an

external H;PO, standard.

X-ray Crystallography. X-ray crystallographic data were collected on a Rigaku Oxford Diffraction Supernova diffractometer.

Crystal samples were handled under immersion oil and quickly transferred to a cold nitrogen stream.

Elemental Analysis. Elemental analyses of complexes 2 and 3-DME are of the bulk samples for which yields are reported. No

additional purification operations are carried out prior to packaging for analysis. Elemental analyses were performed at the

University of Rochester CENTC Elemental Analysis Facility.

Preparation of [(PPh;),IrH,(THF),]PFs (1). Complex 1 was prepared according to a previously published procedure for the

BF, salt.®

23



Preparation of [(PPh;),IrH(C,H-)]PFs (2) from isobutene. A 20 mL scintillation vial was charged with complex 1 (0.1106 g,
0.11 mmol) and 1.5 mL of dichloromethane and sealed with a PTFE-lined septum cap. The solution was cooled to 0 °C and
isobutene was bubbled through the solution for S minutes causing animmediate color change from colorless to yellow. The solution
was reduced to dryness under vacuum and the resulting yellow solid washed with S mL of pentane and then dried under vacuum to
give complex 2 (0.0975 g, 97%). Single crystals of 2 were obtained by layering a saturated THF solution with diethyl ether at room

temperature. Anal. Calcd. For C4HasFelrPs: C, 52.34; H, 4.17. Found: C, 52.20; H, 4.15.

'H NMR (500 MHz, CD,CL): 8 -38.66 (br, 1H, IrH), 2.16 (br, 2H, CH,;), 2.19 (s, 3H, CH;), 3.46 (br, 2H, CH,,), 7.15-7.19 (m,
12H, Ar), 7.27-7.30 (m, 12H, Ar), 7.38-7.41 (m, 6H, Ar)
YP{'H} NMR (202 MHz, CD,Cl,): § 15.85 (br), -143.09 (sep, Jo.r = 712.0 Hz)

BC{'H} NMR (126 MHz, CD,Cl,): §27.24, 63.65,125.01,129.12 (d, 11.2 Hz), 131.32, 132.75 (d, 53.9 Hz), 133.50 (d, 1 1.5 Hz)

Preparation of [ (PPh;),IrH(C,H,)]PFs (2) from MTBE. A 20 mL scintillation vial was charged with complex 1 (0.3807 g, 0.377
mmol), S mL of MTBE, and fert-butylethylene (0.58 mL, 4.5 mmol). The vial was sealed with a PTFE-lined septum cap and heated
with vigorous stirring for 3 hours at 40 °C. The supernatant was decanted under nitrogen and the solid dried under to give complex

2 (03123 g 90%).

Preparation of [(PPh;)(PPh,CsH,-)IrH(THF),]PFs (3). A 20 mL scintillation vial was charged with complex 1 (0.0304 g,
0.030 mmol), 0.15 mL of CH,CL, 0.45 mL of tetrahydrofuran, followed by fert-butylethylene (76.5 uL, 0.0.60 mmol). The vial was
sealed with a PTFE-lined cap and then stirred for 2 h at 35 °C. Excess pentane (ca S ml) was added to give a precipitate which was
separated by removal of the supernatant with a pipette. The residue was dried under vacuum to give an impure off-white solid

(0.0260 g). The resulting solid decomposes slowly on standing at room temperature.

Note: The sensitivity of this complex limits the purity of the isolable solid. After isolation, the components can be estimated by
3'P{'H} spectroscopyin a 1:1 mixture of THF-ds/ CD,CL. Complex 3 is observed in a 5:1 ratio with an unidentified product which

appears only after addition of pentane (§25.22 (s)).
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"H NMR (500 MHz, 1:1 THE-ds/CD,CL): § 26.90 (t, 1H, ItH, 15.06 Hz) 1.55 (m, 4H, OCH,CH.), 334 (m, 4H, OCH.,). A
complete assignment could not be made.

SIP{'H} NMR (202 MHz, 1:1 THF-ds/CD,CL): § 22.90 (dd, ?Jp.» 365.2 Hz, }Jp. 14.6 Hz), -41.86 (dd, ¥Jp.r 365.0 Hz, *Jp.s 14.6
Hz), -141.46 (sep, Jpr = 710.3 Hz)

BC{'H} NMR (126 MHz, 1:1 THF-ds/CD,CL): § 27.09(s, OCH,CHs), 70.91(s, OCH,). A complete assignment could not be

made.

Preparation of [ (PPh;)(PPh,C¢H,-)IrH(DME) ]PFs (3-DME). A 20 mL scintillation vial was charged with complex 1 (0.0402
g, 0.040 mmol), 1 mL of dichloromethane, dimethoxyethane (11 uL, 0.11 mmol), and tert-butylethylene (7.0 pL, 0.055 mmol).
The vial was sealed with a PTFE-lined cap and then stirred for 17 hat 35 °C. Excess pentane (ca S ml) was added to give a precipitate
which was separated by removal of the supernatant with a pipette. The residue was dried under vacuum, then taken up in 2 mL of
pentane and evaporated to dryness three times to yield an off-white solid. (0.0365 g, 96%). Single crystals of 3.-DME were obtained
by layering a saturated dichloromethane solution with pentane at room temperature. Anal. Calcd. For C40H4oFIrO,Ps: C, 50.47; H,

4.24.Found: C,50.19; H, 3.94.

'H NMR (500 MHz, CD,CL): § -26.63 (dd, 1H, ItH, o 12.6 Hz, Yot 174 Hz), 2.93 (s, 3H, OCH3), 2.96-3.01 (m, 1H,
OCH,CH,0), 3.18 (m, 2H, OCH,CH,0), 3.30 (m, 1H, OCH,CH,0), 3.40 (s, 3H OCH;) 6.41 (dd, 1H, 5.1 Hz, 6.6 Hz, CHy,),
6.89 (t, 1H, 7.5 Hz, CHa,), 7.01 (t, 1H, 5.8 Hz, CHa,), 7.13-7.26 (m, 4H, CHs,), 7.45-7.65 (m, 20H, CHa,) 7.99 (dd, 2H, 6.5 Hz,
CHa,)

3P{'"H} NMR (202 MHz, CD,Cl,): 8 19.05 (dd, Jo.» 359.7 Hz, 7Jp.1 10.2 Hz), -40.82 (dd, >J».r 359.7 Hz, .1 8.3 Hz), -143.29 (sep,
Jpr=710.2 Hz)

BC{'H} NMR (126 MHz, CD,CL,): § 61.92, 69.43, 74.43,75.49, 124.12 (d, 9.3 Hz), 128.65,129.17 (d, 10.1 Hz), 129.64 (d, 11.0
Hz), 130.02 (d, 9.9 Hz), 130.66 (d, 2.6 Hz), 130.81 (d, 2.6Hz), 131.21 (d, 2.4 Hz), 131.58 (d 2.2 Hz) 131.70 (d, 2.4 Hz), 132.16
(d, 2.4 Hz) 132.57 (d, 10.7 Hz), 134.19 (dd, 12.5 Hz, 2.3 Hz), 13441 (d, ¥Jcp 10.7 Hz), 137.13 (dd, 16.3 Hz, 4.9 Hz) 148.58 (d,

51.6Hz)

[(PPh;).Ir(n’-benzene) |PFs (4). The synthesis and characterization of complex 4 as the SbF salt has been reported.

25



Preparation of [(PPh;),IrH,(x,q>-MeOCsH,) ]PFs (5). A 4 mL scintillation vial was charged with complex 1 (0.0390 g, 0.039
mmol), dichloromethane (0.20 mL) and cyclopentyl methyl ether (0.40 mL). tert-butylethylene (5.0 puL, 0.039 mmol) was then
added and the vial sealed with a PTFE-lined cap. The reaction was allowed to stand at room temperature for 23 hours, after which
colorless crystals had deposited. The supernatant was removed by pipette and the crystals washed with three 1 mL portions of
pentane. The crystals were dried under vacuum to yield the crystalline product § asa CPME solvate (0.0226 g, $4% as the solvate §

+CPME).

"H NMR (500 MHz, CD,CL): §-30.99 (td, 1H, IrH, *Jpxs = 18.2 Hz, Jun=6.42 Hz),-9.75 (td, 1H, ItH, }Jp s 19.1 Hz, s 7.31 Hz),
1.50-1.59 (m, 4H, CHCH,) 2.71 (s, 3H, OCH3;), 3.10 (s, 1H, OCH), 3.93 (s, 2H, CH=CH), 7.43-7.57 (m, 30H Ar)
3'P{'H} NMR (202 MHz, CD,CL): § 11.73 (m), -143.29 (sep, 'Jo.r=710.6 Hz)

BC{'H} NMR (126 MHz, CD,Cl,): § 37.74, 63.03,76.49, 82.89, 129.16 (t, 5.1 Hz), 131.56,133.28 (t,29.0 Hz), 134.07 (t, 5.6 Hz)

Representative Procedure:
In the glove box, a ]. Young-style NMR tube was charged with a solution of 1 (0.015 g, 0.015 mmol) and MTBE (177 pL, 1.5 mmol)
in 0.40 mL ofa 3:1 THF/CD,Cl, solution. The solution was frozen solid in a liquid nitrogen-cooled cold well and tert-butylethylene

(57 uL, 0.45 mmol) was added. The tube was sealed and then thawed and inverted immediately prior to analysis by NMR.
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Figure 2.4.1. Representative > P{'"H} NMR of the formation of 2 from 1.

Kinetic Modeling of the formation of 2 from 1.

Figure S2. Fit of concentration data to a model assuming pseudo-first order kinetics for all steps: 1> A »2; A 2 3. Error bars were
obtained from kinetic experiments in triplicate. Solid lines represent predictions based on the model using refined parameters.
Parameter refinement of the pseudo rate constants against experimental data was done with COPASI. * The pseudo rate constants
k, and ks were found to be strongly correlated and thus their values cannot be precisely predicted. The ratio k;/k, can however be

determined by systematic variation of each parameter during fitting,
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Figure 2.4.2 Kinetics for the cleavage of the C-O bond of MTBE using *'P{'H} NMR
Formation of the arene complex [(PPh;).Ir(5°-benzene)]PFs (4). A 20 mL scintillation vial was charged with complex 1
(0.0056g, 0.00S6mmol), 0.1 mL CD,CL, 0.4 mL tetrahydrofuran, followed by tert-butylethylene (15 uL, 0.12 mmol). The solution
was transferred to a J. Young NMR tube and sealed. The reaction was heated at 35 °C for 2 h, during which time the formation of 3
could be observed by *'P{'H} spectroscopy. The reaction was then precipitated with S mL pentane and the solvent removed by
pipette. The residue was dried under vacuum to yield crude 3 as an off-white solid. Addition of 0.6 mL of CsDs gave an orange

solution. Complex 4 was identified as the major product by comparison to previously reported spectra.”®

28



PhsP ©PFg OPF
3 (')3 6

|
H9r o —_— ,
l benzene "
PPh, 25°C PhsP” “PPhy
3 4
N OO
noMNe
g 9835498
© A A
| |
I I I I I I T T
100 50 0 -50 -100 -150 [ppm]

Figure 2.4.3. SIp{'H} spectrum of reaction of 3 with CsDs showing conversion to complex 4.
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Complex 3 with cyclopentyl methyl ether to form complex .

Method A.

A 20 mL scintillation vial was charged with complex 1 (0.0103 g, 0.010 mmol), 0.1 mL of CD,CL, 0.5 mL of tetrahydrofuran,
followed by tert-butylethylene (26 pL, 0.20 mmol). The solution was transferred to a J. Young NMR tube and sealed. The reaction
washeatedat 35 °C for 2 h, precipitated with S mL pentane and the solvent removed by pipette. The residue was dried under vacuum
to yield crude 3 as an off-white solid. Addition of cyclopentyl methyl ether (0.5 mL) and 0.10 mL of CD,Cl, gave a solution which
rapidly deposited pale orange crystals of §, which were separated by filtration.

Ph, Po ©PFq PhP ©PFe
>—o el
—Ir—Oij =
DCM H™" |
PPh2 Hd PPha
3 5
ONO TN
N PP
dece BEIEE

- YN

PP S A

I I I I I I T
100 50 0 -50 -100 -150 [ppm]

Figure 2.4.4.3'P{"H} spectrum of crystals deposited from reaction of 3 with CPME showing conversion to complex 5.
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Method B.
AJ. Young NMR tube was charged with crude complex 3 (0.0046 g). Addition of 0.40 mL cyclopentyl methyl ether and 0.20 ml of
CD,Cl, gave a solution which when analyzed after 2 h at room temperature, contains a mixture of complexes § and 7. Complexes §

and 7 were identified by comparison of the *'P{'H} spectra to authentic samples.

PhsP ©PFe phep O PFs O PFs
o g @l
H—Ir—0 H\@;n‘\H HALA®_ppn,
DCM o -
PPh, hd PPhs HsC PPh;
3 5 7
2253

* «Complex 5
*Complex 7

T T T
100 50 0 -50 -100 -150 [ppm]

Figure 2.4.5. 3 P{'H} spectrum of reaction of 3 with CPME showing conversion to complexes 5 and 7.
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Complex 3 with methyl tert-butylether. A J. Young NMR tube was charged with crude complex 3 (0.0055 g 0.0055 mmol).
Addition of 0.40 mL of methyl tert-butylether and 0.20 mL CD,Cl, gave a solution that was allowed to stand for 30 min at room

temperature. Complex 2 was identified as the major product by *'P{'"H} spectroscopy by comparison to authentic samples.

Ph3P(D ©PFq y OPF;
Y MTBE Phapl® [
1 /lr%{ + MeOH
| DCM Ph,P
PPhy 25°C
3 2
el cX 2}
0 nowv«-e
2 35935
2 A
| |
I I I T T
-50 -100 -150 [ppm]

100 50
Figure 2.4.6. 3 P{'H} spectrum of reaction of 3 with MTBE showing conversion to complex 2.
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Observation of 3 in cyclooctane dehydrogenation. A 20 mL scintillation vial was charged with complex 1 (0.0108 g, 0.0107
mmol), 0.05 mL CD,Cl,, 0.3 mL 1,2-dichloroethane, 0.33 mL cyclooctane, followed by tert-butylethylene (S pL, 0.04 mmol). The
mixture was stirred at room temperature 20 minutes, then transferred to a J. Young NMR tube. Analysis by *'P{'"H} NMR
spectroscopy after 2 hr at room temperature shows formation of complex 3 and the product [ (cod)Ir(PPh;),]PFe. The sealed tube
was then heated in an 84 °C oil bath for 1 hour, which led to complete conversion to the product of cyclooctane dehydrogenation.

The identity of the signal assigned as [ (cod)Ir(PPh;),]PFs (6) was verified by doping with an authentic sample.

OPF
Ph3p 6 OPF; OPFg

B .
_|r—o<j O 4 equiv. ®I|>C_|;|> - . @ ®
DoE 'lr DCE IT=PPhs
H PPh3 200 equiv. @Pth ga°cC PPhy

1 3-DCE 6

* Complex 1

*Complex 3-DCE

«Complex 6
1 hr (84 °C) L " Ll ’I
s [T— I / ‘\‘
20 min (25 °C) l | I ‘ |

T T T T T T T T

100 50 0 -50 -100 -150 [ppm]

Figure 2.4.7.*'P{'H} spectrum of cyclooctene dehydrogenation by 1 over time showing evidence for formation of 3-DCE prior to
complete conversion to complex 6.
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Observation of Complex 3-DCE generated in-situ. A J. Young NMR tube was charged with 1 (0.0102 g, 0.0 lmmol), 0.50 mL of
DCE, 0.10 mL CD,Cl, and tert-butylethylene (26 uL, 0.20 mmol). The solution was shaken and allowed to stand for 30 min at room

temperature. Analysis by *'P{'"H} spectroscopy shows conversion to 3-DCE.

OPF BT
Ph3P 6 Bu X Ph3P @ PF6
®l9 20 equiv. ® L\Cl/>
H—Ir—0Q, DCE > H—Ir—Cl
H PPh 30 min PPh
8 25 °C 2
1 3-DCE
LN ™
—w© ©e ANNR®
®© ~s CHNOS
2 $5 BEIEE
Ne e N
«Complex 3-DCE
T T T T T T T T
100 50 0 -50 -100 -150 [ppm]

Figure 2.4.8.3'P{"H} spectrum of complex 3.-DCE — Generated in situ
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2.5 Additional Figures

4
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3
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—-38.66
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PhsP |®
/Ir
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‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ : ‘ ‘
0 -10 -20 -30 -40 [ppm]

Figure 2.5.1."H NMR Spectrum of [ (PPh; ),IrH(C.H;) JPFs (2) (500 MHz, CD,CL).
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Figure 2.5.2."C{'H} NMR Spectra of [(PPh;),IrH(C,H;)]PFs (2) (126 MHz, CD,CL).
NOODT=M
T R
OPF,
H  CHj
Ph3P\I|%
b
PhsP””
2
T T T T T T T T
100 50 0 -50 -100 -150 [ppm]

Figure 2.5.3.>'P{'"H} NMR Spectra of [ (PPh;),IrH(C,H;)]PFs (2) (202 MHz, CD,ClL).
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Figure 2.5.4.'P{'"H} spectrum of [ (PPh;) (PPh,CsH,~)IrtH(THF),]PFs (3) (202 MHz, THF/CD,CL).
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Figure 2.5.5.*'P{'"H} spectrum of [ (PPh;) (PPh,CsH,~)IrH(THF),]PFs (3 (202 MHz, THF/CD,CL). - Isolated
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Figure 2.5.6.'H Spectra of [ (PPh; ) (PPh,CsH,—)IrH(DME) JPF, (3-DME) (500 MHz, CD,CL).
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Figure 2.5.7."C{'H} NMR Spectra of [ (PPh;)(PPh,CsH,—)IrH(DME) ]PF, (3-DME) (126 MHz, CDCL).
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Figure 2.5.8.'P{'"H} NMR Spectra of [ (PPhs)(PPh,CsH,-)IrH(DME) ]PF, (3-DME) (202 MHz, CD,CL).
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Figure 2.5.10. *C{'H} NMR Spectra of [ (PPh; ),IrH, (x,#>-MeOCsH;) ]PFs (5) (126 MHz, CD,CL).

40



OO O ™
I NANNN~NO®O
& §889¢83 opE
- A 6
| =SS F'h3||3
Q5
W
" /O ILPh
H,C s
5
l AL
T T T T T
100 0 -100 -200 [ppm]

Figure 2.5.11.*'P{"H} NMR Spectra of [ (PPh;),IrH, (x,7>-MeOCsH,) ]PFs (§) (202 MHz, CD,CL).

2.6  X-RayCrystallography

Details of crystallographic refinement for complexes 1, 2, 2.THF, 3-DME, 4 and §.

Complex 1
THE disorder was modeled with appropriate similarity restraints. Metal hydrides were placed atidealized positions and refined

with restraints.

Complex2

Disorder in the iridium atom and allyl was modeled with appropriate similarity restraints. The metal hydride on the Ir atom of
high occupancy was located in the difference map and refined with a thermal parameter fixed to ride on the parent metal atom.
The hydride on the Ir atom of low occupancy was added in an idealized position and its thermal parameter was fixed to ride on the

parent metal atom.
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Complex 2.THF
This adduct was obtained when 2 was crystalized from THF. Metal hydrides were located in the difference map and refined with a

M-H distance restraint and with thermal parameters fixed to ride on the parent metal atom.

Complex 3-DME
Metal hydride was located in the difference map and refined without restraint. Its thermal parameter was fixed to ride on the

parent Ir atom.

Complex 4

The structure was refined without restraint.

Complex §
The metal hydrides were located in the difference map and refined with a M-H bond restraint and thermal parameters fixed to ride
on the parent metal atom. The disordered dichloromethane molecule was modeled with similarity restraints placed on the C-Cl

bonds.
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Table 2.6.1. Crystal data and structure refinement for Complex 1.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta =25.242°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(I)]
Rindices (all data)

Absolute structure parameter

Largest diff. peak and hole

01
CsoHeoFelrOj3 50Ps

1116.09

100K

0.71073 A

Orthorhombic

Iba2

a=222028(3) A a=90°
b=19.9227(2) A p=90°
c=216313(3) A v=90°
9568.4(2) A3

8

1.550 Mg/m?3

2.957 mm’!

4512

0.183x0.162x0.101 mm3

2.936 t0 30.268°.

-29<=h<=29, -28<=k<=27, -18<=1<=30
31741

9923 [R(int) = 0.0233]

99.7 %

Gaussian

1.000 and 0.723

Full-matrix least-squares on F2

9923 /39 /618

1.020

R1 =0.0242, wR2 = 0.0564

R1 =0.0269, wR2 = 0.0580

-0.022(3)

1.142 and -0.829 ¢/A™3
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Figure 2.6.1. ORTEP diagram of 1 with ellipsoids shown at 50%. The anion is omitted for clarity.
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Table 2.6.2. Crystal data and structure refinement for Complex 2.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 26.000°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(I)]
Rindices (all data)

Absolute structure parameter

Largest diff. peak and hole

02
CoHisFelrPy

917.81

100K

0.71073 A

Orthorhombic

Pna2,

a=19.4179(8) A a=90°
b=112723(4)A p=90°
c=16.8144(8) A v=90°
3680.4(3) A3

4

1.656 Mg/m?3

3.817mm’!

1816

0.086x0.082 x0.062 mm3

3.022 to 30.208°.
-26<=h<=27,-14<=k<=18§,-21<=1<=18
31483

9165 [R(int) = 0.0597]

99.8 %

Analytical

0.832and 0.759

Full-matrix least-squares on F2

9165/ 111/ 504

1.024

R1 =0.0458, wR2 = 0.1001

R1 =0.0637, wR2 =0.1097

-0.009(6)

2231and-1.722 /A3
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Table 2.6.3. Crystal data and structure refinement for 2-THF.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 26.000°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(I)]
Rindices (all data)

Largest diff. peak and hole

02-THF
CieHsoFelrO 50Ps
1025.97

100K

0.71073 A
Triclinic

P-1
a=10.9524(2) A
b=18.8750(3) A
c=212762(4) A
4242.88(14) A3
4

1.606 Mg/m3
3323 mm’!

2056
0.196x0.13x0.123 mm?
3.040 to 30.324°.

a=78.1399(16)°
p=882692(15)°
v=80.2988(15)°

-15<=h<=15, -26<=k<=26, -29<=1<=29

82359

22681 [R(int) = 0.0381]
99.8 %

Gaussian

1.000 and 0.629
Full-matrix least-squares on F2
22681 /8 /1054

1.099

R1=0.0392,wR2 =0.0827
R1=0.0512,wR2 =0.0876
2233 and -1.364 ¢/A3
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Table 2.6.4. Crystal data and structure refinement for 3-DME.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 67.684°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(I)]
Rindices (all data)

Largest diff. peak and hole

04-DME
CoHuoF4IrO,Ps

951.83

100.0(2) K

1.54184 A

Monoclinic

P121/n1
2=9.39324(13) A
b=18.6566(3) A
c=21.7876(3) A
3800.05(10) A3

4

1.664 Mg/m?>

8.553 mm’!

1888

0.08x0.023x0.013 mm?
3.125 to 73.409°.

a=90°
p=95.5852(12)°
1=90°

-11<=h<=11,-22<=k<=22, -26<=1<=27

36529

7525 [R(int) = 0.0437]
100.0 %

Gaussian

0.925and 0.592
Full-matrix least-squares on F2
7525/0/474

1.017

R1=0.0292, wR2 =0.0683
R1=0.0366, wR2 = 0.0720
1249 and -1.064 ¢/A™3
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Figure 2.6.3. ORTEP diagram of 3-DME with ellipsoids shown at 50%. The anion is omitted for clarity.
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Table 2.6.5. Crystal data and structure refinement for Complex 4.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 26.000°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(I)]
Rindices (all data)

Largest diff. peak and hole

05

CsoHs,FelrO,Ps
1084.02

100K

0.71073 A
Triclinic

P-1
a=1142708(19) A
b=11.7193(2) A
c=179221(4) A
2208.39(9) A3

2

1.630 Mg/m?3
3.198 mm'!

1088

0.142x0.098 x0.018 mm3
2.938t030.221°.

a=77.3551(19)°
p=76.4459(18)°
Y=73.6314(17)°

-15<=h<=16,-16<=k<=16, -25<=1<=24

53910

11862 [R(int) = 0.0380]
99.8 %

Gaussian

1.000 and 0.601
Full-matrix least-squares on F2
11862 /0 /559

1.060

R1=0.0250,wR2 = 0.0523
R1=0.0291,wR2 =0.0538
1.727 and -1.337 ¢/A"3
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Table 2.6.6. Crystal data and structure refinement for S.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 67.684°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(I)]
Rindices (all data)

Largest diff. peak and hole

06

C4sHy CLEIrOP;
1046.79

100.0(2) K
1.54184 A
Monoclinic
P2,/c
a=213198(3) A
b=119139(2) A
c=16.0929(2) A
4080.71(11) A3

4

1.704 Mg/m?>
9.185 mm"1

2080

0.18x0.125 x 0.005 mm?
4.1541073.539"°.

a=90°
p=93.3313(12)°
1=90°

-25<=h<=26, -14<=k<=14, -14<=1<=18

32737

8027 [R(int) = 0.0512]
99.3%

Gaussian

1.000 and 0.280
Full-matrix least-squares on F2
8027 /8 /531

1.025

R1=0.0376, wR2 = 0.0888
R1=0.0443,wR2 = 0.0937
1.725 and -1.158 /A3
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Chapter III

GROUP-TRANSFER REACTION OF A CATIONIC IRIDIUM ALKOXYCARBENE GENERATED BY
ETHER DEHYDROGENATION

Reprinted with permission from Scott M. Chapp and Nathan D. Schley. Inorg. Chem. 2020, 59, 7143-7149. Copyright 2020
American Chemical Society.

3.1 Introduction

The selective activation and functionalization of inert C-H bonds by homogeneous metal complexes has been an area
of significant interest since pioneering studies on alkane C-H oxidative addition and alkane dehydrogenation."* These
foundational stoichiometric systems led the way to early examples of catalytic alkane transfer dehydrogenation.*® Further
development of alkane dehydrogenation over the intervening decades has revealed design criteria that favor neutral, electron-
rich and thermally-stable pincer iridium complexes analogous to those initially applied to alkane dehydrogenation by Kaska

and Jensen in 1996."%'*

In contrast to the large body of work on alkane dehydrogenation, the dehydrogenation of compounds bearing
heteroatom functionality has seen considerablyless attention. Jensen and Kaska reported the transfer dehydrogenation of THF
to a mixture of furan and dihydrofurans' and Goldman has reported the o,B-dehydrogenation of alkyl amines.'®!” More
recently, Brookhart'® and Huang'® demonstrated that neutral PCP pincer-supported iridium complexes catalyze the transfer
dehydrogenation of alkyl ethers to vinyl ether products. The a,f-dehydrogenation of amines and ethers is complicated by
competing a,0-dehydrogenation to give aminocarbene and alkoxycarbene complexes respectively. The formation of iridium
alkoxycarbene complexes via ether dehydrogenation and their reactivity has been studied extensively both by Carmona and by
Whited and Grubbs.?**' Grubbs’ work demonstrated that neutral iridium alkoxycarbenes undergo group-transfer reactions
with heterocumulenes and certain 1,3-dipolar reagents including CO,, phenyl isocyanate and adamantyl azide (Ad-N;). These
transformations were proposed to occur via initial [2+2] cyclization to give a 4-membered iridacyclic intermediate. This
reactivity is distinct from that of canonical group 6 alkoxycarbenes, and argues for a significant role for the high-lying, filled d,*

orbital responsible for the M=CH(OR) -backbonding interaction.?
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Figure 3.1.1. Recent ether-derived alkoxycarbenes.

In this context our group has been exploring the chemistry of cationic bis(phosphine)iridium alkoxycarbene
complexes with the aim of developing systems with reduced metal-alkoxycarbene backbonding and enhanced electrophilicity
relative to neutral variants. Prior to our studies, a single example of THF dehydrogenation to give a cationic iridium
alkoxycarbene over a period of days had been reported by Schneider (Figure 3.1.1).2 We have since demonstrated facile
formation of cationic alkoxycarbene complexes via ether dehydrogenation in Lewis base-directed intra- and intermolecular
examples, with evidence for reversible o-hydride insertion and C-O bond cleavage reactions in certain cases.”*** Despite the
body of work on the generation of alkoxycarbene complexes via ether dehydrogenation, few stoichiometric transformations
and only a single catalytic reaction have been reported.”>***” We now report the synthesis of a cationic pincer-supported Ir(I)
alkoxycarbene complex generated by a,0-dehydrogenation of cyclopentyl methyl ether (CPME) and demonstrate its
reactivity in atom- and group-transfer reactions with an alkyl azide, a ketene and an alkyl nitrite. This complex serves as a
catalyst in ether imination, showing that cationic iridium complexes are sufficiently competent at ether dehydrogenation to

support catalytic transformations.

3.2 Results and Discussion

Treatment of commercially-available [(cod),Ir]BAr", with 2,6-bis((diisopropylphosphino)methyl)pyridine (L1)
gives complex 1 (Figure 3.2.1, eq 1) which undergoes hydrogenation to an iridium dihydride complex 2 (Figure 3.2.2,eq 2).

Dehydrogenation of 2 with fert-butylethylene in CPME yields a product with a single *P{'"H} NMR signal and a broad,
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downfield-shifted 'H resonance at 13.5 ppm. This signal is in the range expected for an alkoxymethylidene Ir=CHOR
resonance,”*** which along with the appearance of a *C{'H} resonance at 234.7 ppm led us to assign the product as cationic
alkoxycarbene complex 3, a site of CPME activation distinct from the 3,4-dehydrogenation observed in a related non-pincer
complex.* Numerous attempts at confirmation of this assignment through X-ray crystallography ultimately led to a structure
solution for 3 from samples crystalizing as 3-component merohedral twins in the P2, space group (Figure 3.2.2, right). The
unambiguous characterization of 3 represents one of only a few cationic iridium alkoxycarbene complexes generated by ether

dehydrogenation.?*?>3

9 . o
BAr 4 PiPrz BAI’F4
L1(le { @
= GO o
1,4-dioxane — |
80 OC PIPr2
1
Figure 3.2.1. Synthesis of complex 1
OBAr",
PPr,  1pe PPr2 BAF 4
Ha / ®|,THF 5Oequ1v
1 —— ¢ "N-Ir“H ~N- Ir—\ @)
THF =(H | CPI:/IE
0°C PIPr 60 °C PPr
2

“BAF,

Figure 3.2.3. ORTEP diagrams of 1 (left) and 3 (right) shown at 50% probability. Full disorder models are omitted for
clarity. Selected bond distances in 3 (A): Ir=C 1.880(12), Ir-N 2.179(8), O-Ceuene 1.342(16)
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Work by Milstein has shown that metal-bound bis(phosphinomethyl)pyridines like L1 can undergo deprotonation
at the o-phosphino methylene position to give a formally monoanionic PNP ligand.** Treatment of 3 with potassium fert-
butoxide gives the neutral alkoxycarbene complex 4 (Figure 3.2.4, eq 3), which can be distinguished by a shift of the r=CHOR
BCresonance from 234.7 to 221.5 ppm. The bond metrical parameters obtained from the crystal structure of 4 show significant
Kekulé distortion of the pyridine moiety and contraction of one exocyclic C-C bond consistent with those observed in other
systems (Figure 3.2.5).3*3 The Ir=Ccubene bond length in 4 is 1.881(3) A, which is indistinguishable from the bond length of
1.880(12) A in 3 and similar to that of a neutral (PNP)Ir(I) alkoxycarbene complexes reported by Grubbs (1.884(4) A)* as
well as a cationic iridium (I)alkoxycarbene (1.912(4) A) we have previously reported.* Thus the iridium carbene bond length
in 3 and 4 appear insensitive to the net ionic charge. In contrast, these values are shorter than those observed for a cationic
iridium(11T) alkoxycarbene reported by Schneider (1.938(3) A)* as well as a trio of cationic iridium (IIT) alkoxybenzylidenes
we have previously reported (1.997(3), 1.997(8) and 2.001(2)).**** These observations suggest that iridium alkoxycarbene

bond lengths are most sensitive to the formal oxidation state.

. © F .
F|>'Pr2 BAr, jPPr
J N\, @ KO'Bu (2 equiv.) /] :
L N I,r:\OAG Et,0 > . N |{'=\O (3)
PP PPr,
3 4

Figure 3.2.4. Dearomatization of comple 3 with KO‘Bu to form neutral alkoxycarbene 4

Figure 3.2.5. ORTEP diagram of 4 shown at 50% probability. The full disorder model and anion are omitted for clarity.
Selected bond distances (A): Ir=C 1.882(3), Ir-N,, 2.096(3). O-Cupene 1.342(4).
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The structural similarity of complex 4 to the family of neutral PNP(Ir) alkoxycarbenes prepared by Whited and
Grubbs via ether dehydrogenation encouraged a closer comparison of the two systems. In particular, we were interested in
whether the reactivity of the neutral complex 4 towards alkyl azides would match that observed by Grubbs for the analogous
complex shown in Figure 3.1.1. Additionally, cationic derivative 3 could be compared directly to 4 in order to ascertain

whether the net ionic charge modulates the reactivity of alkoxycarbenes towards group-transfer reactions.

Indeed, both complexes 3 and 4 react rapidly with Ad-N; at room temperature to give N-adamantyl formimidate §
and the corresponding Ir-N, complexes 6 and 7 respectively (Figure 3.2.6, eq 4; Figure 3.2.7, eq 5). N binding can be
confirmed by analysis of their infrared spectra, which show an Ir-N, band at 2141 cm™ for 6 and 2076 cm' for complex 7. For
comparison, a neutral (PNP)IrN, complex reported by Grubbs absorbs at 2067 cm, demonstrating a clear decrease in Ir-N,
backbonding for the cationic variant 6. The assignment of 6 and 7 was confirmed by single crystal X-ray diffraction of both

species (Figure 3.2.8) and by conversion of 6 to 7 on treatment with potassium tert-butoxide.

C) ©
PiPr2 BArF4 N3;—Ad PiPr2 BArF4 Ad
\ (1 equiv.) \ N
& =N ——— ¢ “N-irEhen O\ y@
= | © Et:0 =( | 0
PP, 23°C PP,
3 6 5
Figure 3.2.6. Stoichiometric reaction of complex 3 with adamantyl azide
%)A F N3—Ad
i r - i
/ P'Pr, 4 y 3 ' J P'Pr, Ad
/ ©) (1 equiv.) / N
N-Ir= ———{  N-Ir-N=N O\ y
=( | © CeDs =( | o)
PiPr, 23°C PP,
4 7 5

Figure 3.2.7. Stoichiometric reaction of complex 4 with adamantyl azide

An analogous azide-alkoxycarbene group-transfer reaction has been used previously as part of a synthetic cycle for
the imination of ethers to formimidates. The incompatibility of the system with excess azide reagent initially precluded the

development of a true catalytic reaction, but through stepwise addition under photolysis, 4 turnovers could be obtained over
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several days.” These conditions were subsequently improved through the slow addition of Ad-N; over 30 hours, leading to a

21,27

catalytic system capable of 10 turnovers.

3

F=0

P

¢

Figure 3.2.8. ORTEP diagrams of 6 (left) and 7 (right) shown at 50% probability. Full disorder models are omitted for
clarity. Selected bond distances (A), Complex 6: Ir-N, 1.915(5), Ir-N,, 1.994(5), N=N 1.105(8). Complex 7: Ir-N,

1.881(5), Ir-N,, 2.053(4), N=N 1.083(7).

Table 3.2.1. Evaluation of Reaction Conditions

Bu~ Ad

=N 5 equiv. N
QLo w3

catalyst (n %)
neat 1 equiv. 5

Catalyst ~ Temp.  Time  Light

Entry (mol %) (°C) (hr.)  source Yield*
1 3(10%) 23 22 blue  0.4%
2 3(10%) 90 22 none  0.8%
3 3(10%) 90 22 blue  83%°
4 3 (5%) 90 22 blue  39%°
S 3(10%) 80 22 blue 70%"
6 4(10%) 90 22 blue 29%"
7 3(10%) 90 1 blue  68%"
8 1(10%) 90 22 blue  84%"

*NMR yield. ® Average of two experiments.

By comparison, cationic complex 3 serves as a competent catalyst for the group-transfer imination of CPME under
batch conditions without requirement for slow azide addition. Under optimized conditions under blue light irradiation we
observe 8.3 turnovers to give 83% yield of formimidate § (Table 3.2.1, entry 3). The majority of turnovers occur within the

first hour (Table 3.2.1, entry 7), demonstrating rapid catalysis without the sensitivity to excess azide observed in the neutral
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Grubbs system. In a series of experiments we found that 3 reacts productively with Ad-Nj to give § at 23 °C, but that a reaction
temperature of 90 °C under blue light irradiation is required for productive catalysis. When a catalytic reaction is examined in

the dark by *'P{'H} NMR after exposure to blue light at 90 °C for S or 15 minutes, complex 6 appears to be the major metal-
containing species in solution. This observation supports a role for light in N, dissociation and is consistent with 6 being on-
path intermediate in catalysis (Figure 3.2.9). Although 3 closely matches the total turnover number achieved by the Grubbs
system, the tolerance of batch conditions rather than a requirement for azide slow addition is a marked improvement. In
contrast, the neutral complex 4 achieves only 2.9 turnovers under comparable batch conditions (Table 3.2.1, entry 6). The
neutral N, complex 7 shows sensitivity to excess Ad-N3, degrading to several unidentified species over minutes to hours under
irradiation. In the case of the catalysis by the cationic complex 3, total turnover numbers appear to be limited by catalyst

degradation, as *'P{'H} NMR analyses show numerous unidentified products after cessation of catalysis.

The success of complex 3 as an ether imination catalyst inspired us to examine the precursor, complex 1 for the same
transformation. Dissociation of 1,5-cyclooctadiene would provide access to a three coordinate 14 e~ Ir(I) fragment A (Figure
3.2.9) analogous to those proposed as reactive intermediates in both o-C-H activation of CPME and C-H activation of
alkanes.'?'**3¢ Under our optimized conditions complex 1 shows comparable activity to 3 with 8.3 TON (83%) (Table 3.2.1,
entry 8). This observation should simplify future reaction development since derivatives of ligands related to L1 can be
accessed in one step from commercially available iridium starting materials. Indeed the ‘Bu analogue of 1 has been previously

reported.”’

A proposed mechanism for catalytic CPME imination by 3 is given in Figure 3.2.9. Reaction of 3 with Ad-N; could
proceed via either initial [2+2]* (B) or [2+3]* cycloaddition, after which extrusion of formimidate § would give N, complex
6. Light-promoted dissociation of dinitrogen would give the 14 e~ Ir(I) fragment A, which is likely the species responsible for

CPME activation to regenerate 3.
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Figure 3.2.9. Proposed catalytic cycle for group transfer imination of CPME. Both [2+2]% (B) and [2+3]* azide-carbene
cycloaddition mechanisms have been previously proposed.

In total, the stoichiometric reactivity of alkoxycarbene complexes 3 and 4 with Ad-N; closely mirrors observations
made by Whited and Grubbs. In our case, complex 3 was found to serve as a catalyst for group transfer imination of CPME
without requirement for portionwise or slow addition of azide, while the neutral complex 4 appears to share the Grubbs

system’s reported sensitivity to excess azide.?®
As complexes of square planar d* metal ions, 3 and 4 bear a filled high-lying d.> orbital which has been implicated in

so-called Roper-type carbene chemistry of which group-transfer reactions of azides represent one example.*'?*3*# Other
electrophiles including CO,, carbonyl sulfide, and phenyl isocyanate have been demonstrated to give formate esters,

thioformates and formimidates, respectively.” *°

We suspected that other substrates might undergo similar group-transfer
reactions via what has been proposed as an initial [2+2] cycloaddition™ to alkoxycarbene 3, and identified diazoalkanes,
ketenes and alkyl nitrites as possible candidates for C-C or C-O bond-forming chemistry. Just as alkyl azides are observed to

41-45

transfer a formal nitrene equivalent, we hypothesized that diazoalkanes and alkyl aryl ketenes might serve as carbene

equivalents to give the products of formal carbene-carbene cross-coupling.

Surprisingly, complex 3 is largely unreactive towards either one equivalent or an excess of trimethylsilyldiazomethane
at room temperature. While elevated temperatures or irradiation with blue light did lead to partial consumption of 3, the N,

adduct 6 is observed only in trace quantities and no organic product of carbene transfer was detectable. In contrast, treatment
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of 3 with 25 equivalents of phenyl ethyl ketene gives cyclopentyl formate and two new iridium-containing species in a ratio of

95:5 by ¥P{'"H}NMR (Figure 3.2.10,eq 6).

ipr, BArF . F
P'Pry 4 Ph C\\O PP, BAr",
/ \N—Irg\ 25 equiv. / \N I|®C=(Ph IO 6
— —_— =lr=
I o CPME \=( |  Et o
P'Pr, 23 t]C PiPr2
3 8 (95%)

Figure 3.2.10. Stoichiometric reaction of complex 3 with phenyl ethyl ketene

“BAF,
‘ @% )

Figure 3.2.11. ORTEP diagram of 8 shown at 50% probability. The full disorder model and anion are omitted for clarity.

We have characterized the minor product as the Ir(I)-CO complex 9 by doping with an authentic sample of 9
generated independently*® (see & 3.4 Experimental). The major product was separable by crystallization and found to be the
unexpected cationic iridium vinylidene complex 8 (Figure 3.2.11). Thus, phenyl ethyl ketene appears to serve as an oxygen
atom donor rather than a carbene equivalent. This outcome is interesting when considered alongside the reported reactivity of
phenyl isocyanate with a related neutral alkoxycarbene,* which serves as a nitrene source despite the electronic similarity of
ketenes and isocyanates.” Ketenes undergo thermal [2+2] reactions with a variety of substrates including simple olefins, but
such reactivity engages the C=C fragment of the ketene moiety.* In our case the observed group transfer reaction of phenyl
ethyl ketene likely requires that initial [2+2] cycloaddition occur via the C=0O fragment, implicating the pair of stepwise or
concerted, asynchronous nucleophilic additions shown in Figure 3.2.12 rather than a concerted, synchronous [2+2] process.

A closely-related mechanism has been proposed for a series of oxygen atom transfer reactions of an isolable niobocene ketene
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complex,**” demonstrating the O-nucleophilicity of a-metalloketenes. The structure of a (diphenylketene-x*O,C")iridium(I)
complex reported by Grotjahn is also consistent with this proposal, though O-atom transfer from a diphenylketene-x*C',C*

adduct may also be possible.*’

i © F Et © F
Tprz BATr 4 o . F\’Pr BAr 4
/ \ _ ® N [©) Ph 0
_N Ilr=\0 97 \N—Ir=C=( Q ]
r2 PPr,
| T
Et Et Et
/J\\c\\s Ph’C\C/O@ Ph- C
( R —— R

[Ir]=\o O [Ir];\ o] urH e

Figure 3.2.12. Proposal for ketene O-atom transfer

Previous studies by Whited and Grubbs were limited to group- or atom-transfer reactions of heterocumulenes, but
the possibility that 3 might be capable of non-concerted group transfer reactions encouraged us to explore other electrophiles.
One promising reagent — isobutyl nitrite, was found to react with 3 to give a single new complex with a major *P{'H} NMR
signal in 92% yield at 34 ppm. We have characterized this species as the iridium dialkoxyalkyl nitrosyl complex 10 resulting
from formal alkoxide group-transfer and scission of the N-O bond. Transition metal dialkoxyalkyls are proposed as tetrahedral
intermediates in the alkoxide exchange of alkoxycarbene complexes, however there is only a single report of a transition metal
dialkoxyalkyl complex in the Cambridge Crystallographic Database. In that case, nucleophilic attack of NaMn(CO)s on
di(phenoxy)chloromethane gave the corresponding manganese diphenoxyalkyl,*> making 10 the only isolable dialkoxyalkyl

generated by alkoxide transfer to an alkoxycarbene.

C)
PPr, BAf, O F>F>r2 BAr 4
\ 2
N\ @
/_ N_I;_=\O _10equiv. <:/(7|r_< @

. CPME o=
P'Pr, ‘—P Pr,
3 10 (92%)
NMR yield

Figure 3.2.13. Stoichiometric reaction of complex 3 with isobutyl nitrite
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The solid-state structure of 10 shows a square pyramidal complex containing a bent nitrosyl with an Ir-N-O angle of
123.0(5)° and a vacant site trans to the nitrosyl ligand, an arrangement shared by all other reported bent, S-coordinate iridium
nitrosyls.***® Though we have been successful in characterizing 10 in the solid state by both single-crystal X-ray diffraction
(Figure 3.2.14) and elemental analysis, the instability of 10 in solution has precluded the collection of high quality 'H and
BC{'H} NMR data. Nonetheless, the dialkoxyalkyl 'H resonance can be identified as a triplet occurring at 7.18 ppm with *Jup
= 4.7 Hz, which collapses to a broad singlet on *'P decoupling. This is in good agreement with the reported manganese
dialkoxyalkyl which resonates at 7.38 ppm. There is no reported *C chemical shift for the manganese dialkoxyalkyl, however
an HSQC experiment with 10 shows a correlation with a *C resonance at 94.2 ppm, which aligns well with an iridium

hydroxyaminoalkyl reported to resonate at 96.9 ppm.*®

Figure 3.2.14. ORTEP diagram of 10 shown at 50% probability. The full disorder model and anion are omitted for clarity.

The conversion of 3 to 10 presumably occurs via initial binding of Ir to the electrophilic N atom of isobutyl nitrite. This
binding mode has been inferred previously on the basis of IR and NMR data at complexes of Ru® and Ir*' and shown in a single
crytallographically characterized example on Pd.** Subsequent alkoxide transfer to the alkoxycarbene would give 10. A related
reverse reaction, the formation of an N-cooridnated alkyl nitrite via alkoxide attack at a metal nitrosyl, has been previously

observed at Ir.%!
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3.3 Conclusion

In summary, we report the synthesis of cationic and neutral PNP(‘Pr), iridium alkoxycarbene complexes via transfer
dehydrogenation of CPME. Both alkoxycarbene complexes react with Ad-Nj to form the corresponding Ir-N, complex and a
formimidate resulting from formal nitrene transfer to the alkoxycarbene. This reactivity mirrors observations by Whited and
Grubbs on a related neutral iridium alkoxycarbene system. We have translated this stoichiometric reactivity to catalysis in both
the cationic and neutral alkoxycarbene cases, however the cationic complex 3 shows superior performance. Under optimized
batch conditions 3 displays 7 TON within the first hour, comparing favorably against the previously reported system which
requires slow addition of azide over more than 24 hours for comparable turnover numbers. The precursor complex

[(PNP(*Pr),)Ir( 77-cod) ]BAr", (1) is also found to serve as an active catalyst with similar performance.

In addition, we have further expanded the scope of reagents which undergo atom or group-transfer reactions with
iridium alkoxycarbenes to include phenyl ethyl ketene and isobutyl nitrite. These experiments have led to the isolation of a
ketene-derived iridium vinylidene complex and the first late transition metal dialkoxyalkyl complex to be structurally
characterized. The reactivity of 3 with phenyl ethyl ketene and isobutyl nitrite is suggestive of a stepwise, initial [2+2]
cycloaddition rather than a concerted process. These results add to our understanding of alkoxycarbene complexes of d* metal
ions and show promise for future development for new functionalization reactions of ethers that proceed through

alkoxycarbene intermediates.

3.4 Experimental

General Considerations. All manipulations were carried out using standard vacuum, Schlenk, cannula, or glovebox techniques
under N unless otherwise specified. Tetrahydrofuran, dichloromethane, pentane, and diethyl ether were degassed with argon and
dried over activated alumina using a solvent purification system. 1,4-dioxane and CPME were degassed with nitrogen and stored
over activated 4A molecular sieves. 1-azidoadamantane, potassium tert-butoxide and isobutyl nitrite were purchased from
commercial suppliers and used as received. 3,3-dimethyl-1-butene (tert-butylethylene) sourced from a commercial supplier was
found to be contaminated with Me,S, which could be removed by stirring over CuBr followed by distillation. L1,%* (NaBAr",),**

[codIr]BArF,% and phenyl ethyl ketene®”* were prepared by published procedures.
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Spectroscopy. 'H, *C{'H} and *'P{'H} NMR spectra were recorded on Bruker NMR spectrometers at ambient temperature
unless otherwise noted. 'H and *C chemical shifts are referenced to residual solvent signals; *' P chemical shifts are referenced to an

external H;PO, standard.

Elemental Analysis. Elemental analyses of complexes 1,2, 3,4, 6, 8,9 and 10 are of the bulk samples for which yields are reported.
No additional purification operations are carried out prior to packaging for analysis. Elemental analyses were performed at the

University of Rochester CENTC Elemental Analysis Facility.

@ F
BAr 4 F\)IPr BAr 4
L1 (1
1, 4 dioxane
80°C P'Pr2

Preparation of [(PNP(*Pr),)Ir(7*-cod) ]BAr", (1). In an inert atmosphere glove box, a 20 mL scintillation vial was charged with
[coduIr]BAr*, (0.3003 g, 0.24 mmol), 3.5 mL of 1,4-dioxane followed by PNP('Pr), (L1) (0.0819 g, 0.24 mmol) and sealed with a
PTFE-lined septum cap. The solution was heated at 80 °C for 1 hr, allowed to cool to room temperature, and layered with 1 mL of
pentane. After standing for 2 hours red crystals had deposited. The solution was layered with 3 additionalmL of pentane and allowed
to stand overnight. The supernatant was decanted via a pipette and the crystals dried under vacuum. The crystals were then treated
with 1 mL diethyl ether followed by dropwise addition of 1 mL pentane while gently swirling the suspension. The supernatant was
decanted via pipette and the resulting red crystals were washed with2 mL ofa 1:1 mixture of diethyl ether and pentane. The crystals
were then mechanically ground with a spatula and dried under vacuum to give complex 1 as a red solid. Yield: 0.3097 g (82%).
Single crystals of 1 were obtained by layering a saturated solution of diethyl ether with pentane at room temperature. Anal. Calcd.

For CsoHsoB 1 FouIrN P2: C, 47.15; H, 3.96; N, 0.93. Found: C, 46.994; H, 3.730; N, 0.822.

'HNMR (500 MHz, CD,Cl,): § 1.09-1.16 (m, 12H, PCHCH3), 1.19-1.25 (m, 12H, PCHCHj), 1.50-1.65 (m, 4H, CH.), 1.96-2.08
(m, 2H, CH,), 2.28-2.39 (m, 6H, PCH and CH,), 3.42-3.53 (m, 4H, PCH.), 3.68 (br m, 1H, CH-CH,), 4.80-4.82 (br m, 1H, CH-
CH.), 5.47-5.51 (brm, 1H, CH-CH.), 6.05 (d, 1H, CH-CH,, *Juun = 11.8 Hz), 7.51 (d, 2H, py-H3,5, Jun = 7.9 Hz), 7.55 (brs, 4H,
CH of BAr",),7.72 (brs, 8H, CH of BAr",), 7.87 (t, 1H, py-H4, *Juu = 7.7 Hz)

3P{'H} NMR (202 MHz, CD,Cl,): §36.2 (brs)
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BC{'H} NMR (125 MHz, CD,CL): § 17.82 (s, PCH(CH3),), 17.85 (s, PCH(CHj),), 19.14 (s, PCH(CH3),), 19.72 (s,
PCH(CH;),), 22.94 (s, CH-CH,-CH,), 24.67 (t, PCH(CHS),, 'Jc» = 10.5 Hz), 25.29 (t, PCH(CH3),, Jcp = 10.5 Hz), 30.28 (s,
CH-CH,-CH,), 30.43 (s, CH-CH,-CH,), 35.36 (s, CH-CH,-CH,), 37.43 (t, PCH,, ‘Jcp = 11.9 Hz), 53.03 (s, CH=CH), 56.08 (s,
CH=CH), 117.90 (t, CH of BAr", *Jcr = 3.7 Hz), 121.08 (t, py-C3,5, Jcr = 4.5 Hz), 125.02 (q, CF; of BAr"y, Jcr = 272.2 Hz),
129.32 (q, Cof BAr*,, JJcr 31.9 Hz), 130.14 (s, CH=CH), 130.55 (s, CH=CH), 135.23 (s, CH of BAr",), 140.76 (s, py-C4), 162.19

(q,B-C, 'Jcs=49.9 Hz), 165.94 (t, py-C2,6, Jcr=3.6 Hz)

O©BArf,

PPr2 BAr 4 PPr2
i G
N Ir—O N-Ir“H

THF =—(H
PPr, PPr,

Preparation of [(PNP(*Pr),)Ir(H).(THF)]BAr"; (2). In an inert atmosphere glove box, a 20 mL scintillation vial was charged
with complex 1 (0.3472 g, 0.23 mmol) and 3 mL of tetrahydrofuran and sealed with a PTFE-lined septum cap. The solution was
cooled to 0 °C and hydrogen was bubbled through the solution for 30 minutes causing a color change from red to yellow. After 30
minutes, 10 mL of pentane was added and hydrogen bubbling was continued at 0 °C for 5 minutes. At this point the solution was
reduced to dryness under vacuum to give a pale yellow foam. This residue was triturated with S mL pentane followed by evaporation
under vacuum. This process was repeated two additional times to give an oft-white solid. This solid was washed with three S mL
portions of pentane and then dried under vacuum to yield complex 2 as an off-white solid. Yield: 0.3233 g (95%). Single crystals of
2 were obtained by layering a saturated solution of diethyl ether with pentane at room temperature. Anal. Calcd. For
CssHsB 1 FouIrN; O Py: C,44.97; H, 3.91; N, 0.95. Found: C, 44.538; H, 3.576; N, 0.736.

'"H NMR (400 MHz, CD,CL): § -22.57 (brs, 2H, ItH), 1.07-1.13 (m, 12H, PCHCH;), 1.20-1.26 (m, 12H, PCHCH;), 1.81 (m,
4H, OCH,CH.), 2.29 (m, 4H, PCH), 3.66 (m, 4H, OCH,), 3.72 (t, 4H, PCH,, Jo: = 3.9 Hz), 7.41 (d, 2H, py-H3,5, Yuu: = 7.8 Hz),
7.55 (brs,4H, CH of BAr",),7.71 (brs, 10H, CH of BAr"; and py-H4)

3P{'H} NMR (162 MHz, CD,Cl,): §45.9 (brs)

BC{'H} NMR (101 MHz, CD,CL): §18.99 (s, PCH(CH;),), 19.61 (s, PCH(CH),), 26.08 (s, OCH,CH.), 26.17 (t, PCH(CH),,
Yep=15.3Hz),43.74 (t, PCH,, 'Jor = 153 Hz), 70.65 (s, OCH,), 117.87 (t, CH of BA%s, Ycr = 3.7 Hz), 121.29 (t, py-C3,5, Y =
4.7 Hz),125.00 (q, CF; of BAr®), Jer = 2723 Hz), 129.27 (q, Cof BAr, s 31.1 Hz), 13520 (s, CH of BAI™s), 138.66 (s, py-C4),

162.16 (q, B-C, 'Jes = 49.9 Hz), 163.51 (t, py-C2,6, Jor = 3.6 Hz)
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Preparation of [(PNP(‘Pr),)Ir=CHO(C;sHs) ]BAr"; (3). Inan inert-atmosphere glove box, a 20 mL scintillation vial was charged
with complex 2 (0.1001 g, 0.068 mmol), cyclopentyl methyl ether (2 mL), tert-butylethylene (0.43 mL, 3.4 mmol) and sealed with
a PTFE-lined septum cap. The reaction was heated at 60 °C for 1.5 hr, changing color from yellow-orange to deep green. The
reaction was cooled to room temperature and the solvent removed under vacuum. 5 mL pentane was added and the suspension was
dried under vacuum. This process was repeated two additional times. The resulting green solid was washed with three, 5 mL
portions of pentane and dried under vacuum to yield complex 3 as a green solid. Yield: 0.0982 g (97%). Single crystals of 3 were
obtained by layering a saturated solution of CD,Cl, with pentane at room temperature. Anal. Calcd. For Cs;Hs;B F2IrN,O,P,: C,

45.86; H, 3.85; N, 0.94. Found: C, 45.553; H, 3.433; N, 0.800.

"HNMR (500 MHz, CD,Cl,): § 1.07-1.11 (m, 12H, PCH(CHj),), 1.25-1.30 (m, 12H, PCH(CH),), 1.65-1.96 (m, 8H, CH,), 2.48
(m, 4H, PCH), 3.66 (t,4H, PCH,, Jp.: = 3.8 Hz), 4.44 (brs, 1H, OCH), 7.48 (d, 2H, py-H3,5, i1 = 7.8 Hz), 7.55 (br's, 4H, CH of
BAr',),7.71 (brs,9H, CH of BAr',and py-H4), 13.49 (brs, 1H, Ir=CH)

3'P{'"H} NMR (202 MHz, CD,Cl,): § 51.3 (s)

BC{'H} NMR (125 MHz, CD,CL): § 18.09 (s, PCH(CH3),), 19.13 (s, PCH(CH3),), 23.98 (s, CH,), 25.37 (t, PCH(CH3),, Jcr
=15.0 Hz), 33.65 (s, CH>), 37.76 (t, PCH,, 'Jcr = 12.0 Hz), 96.60 (s, O-CH-(CH.),), 117.87 (s, CH of BAr',), 121.06 (t, py-C3,5,
Jep=4.4Hz),125.00 (q, CF; of BAr', Jcr =272.4 Hz), 129.29 (q, C of BArYy, YJcr = 31.4 Hz), 135.20 (s, CH of BAr',), 140.59 (s,

py-C4), 162.16 (q, B-C, 'Jcs = 49.9 Hz), 166.21 (s, py-C2,6), 234.78 (s, Ir=CH)

© F
PiPr, BAr, y PH Pr,
J N \@ KO'Bu (2 equiv.)

- —
. N |;’_\O_<j —>Et20 N Ir—\ _<j
PiPr, 28°C P Pr,

Preparation of [(PNP(*Pr),)Ir=CHO(CsH,)] (4). In an inert-atmosphere glove box, a 20 mL scintillation vial was charged with
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complex 3 (0.2979 g, 0.20 mmol), potassium tert-butoxide (0.0454 g, 0.40 mmol), and 3.5 mL of diethyl ether in order and was
sealed with a PTFE-lined septum cap. Addition of diethyl ether gave an immediate color change to dark purple. The reaction was
allowed to stand for 30 min at room temperature at which point the solvent was removed under vacuum. The residue was extracted
with five, 2 mL portions of pentane and filtered. The combined extracts were dried under vacuum to give a purple solid. This solid
was extracted a second time with five, 2 mL portions of pentane and filtered. The filtrate was dried under vacuum to yield complex
4-asa dark purple solid. Yield: 0.1045 g (83%). Single crystals of 4 were obtained by slow evaporation of a saturated pentane solution

at room temperature. Anal. Calcd. For C,sHulIrN, O, P,: C, 47.75; H, 7.05; N, 2.23. Found: C, 48.071; H, 7.136; N, 1.919.

'H NMR (500 MHz, CDs): § 0.98 (dd, 6H, PCH(CH3),), *Jup= 13.1 Hz, *Juun = 6.9 Hz), 1.21 (dd, 6H, PCH(CH3),), *Jur= 16.3
Hz, *Jun=7.2Hz), 1.30-1.46 (m, 16H, PCH(CH3), and CH,and CH,), 1.60 (m, 2H, CH>), 1.73 (m, 2H, CH,),2.11 (m,2H, PCH),
2.37 (m, 2H, PCH), 2.69 (d, 2H, PCH,, ¥Jur = 9.2 Hz), 3.81 (sept, IH, O-CH-(CH.), Juun: = 2.9 Hz), 3.98 (dd, 1H, P-CH=C, ¥Jui»
=24 Hz, YJur=3.7 Hz), 5.46 (d, 1H, py-H3 or HS, Juu = 6.3 Hz), 6.40 (m, 1H, py-H4), 6.47 (d, 1H, py-H3 or HS, Jun = 8.9 Hz),
13.55 (dd, 1H, Ir=CH, *Jis.p = 3.09 Hz, *Jyp = 11.4 Hz)

S'P{'"H} NMR (202 MHz, C¢Ds): § 38.0 (d, ¥Jp» = 311.0 Hz),47.9 (d, }Jp» = 311.0 Hz)

BC{'H} NMR (125 MHz, CsDs): § 18.10 (s, PCH(CH;),), 18.35 (s, PCH(CH3),), 19.43 (d, PCH(CH;)», YJcr = 5.8 Hz), 20.41
(d, PCH(CH3),, Jcr = 5.4 Hz), 23.94 (s, CH,), 25.02 (d, PCH(CH:), 'Jcp = 24.4 Hz), 26.03 (d, PCH(CH3;),, Jcr = 30.9 Hz),
33.45 (s, CH,), 36.81 (d, PCH,, Jc» = 24.4 Hz), 69.31 (d, PCH=C, Jcr = 58.7 Hz), 91.81 (s, O-CH-(CH.),), 97.50 (d, py-C3 or
CS, ¥cr=10.4Hz), 11446 (d,py-C3 or CS, *Jcr = 169 Hz), 132.32 (s, py-C4), 161.79 (t, py-C2 or C6, Jc.» = 5.0 Hz), 161.79 (dd,

py-C2or C6,Jcr=S5.0Hz,Jcr=174 Hz), 221.57 (m, IrzC)

© F © F
PiPr, BAr, PiPr, BAr,
I\ N3-Ad (7 equiv.) N\
/' N-ir /I NI CNEN O_O
= | O—G Et,0 =( | =N
P'Pr, 23°C P'Pr, Ad

Preparation of cyclopentyl N-(adamantyl)formimidate (5). In an inert-atmosphere glove box, a 40 mL scintillation vial
wrapped with aluminum foil was charged with complex 3 (0.3013g, 0.20 mmol) and 28.0 mL of diethyl ether. A solution of
1-azidoadamantane (0.0361 g, 0.20 mmol) in 2.0 mL diethyl ether was added and the reaction was allowed to stand at room

temperature for 21 hrs. At this point the solvent was removed under vacuum to yield a bright orange residue. The product was
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extracted with three, S mL portions of pentane and filtered. The combined extracts were then dried under vacuum to give a yellow
residue which was then extracted with five, I mL portions of pentane. The combined extracts were filtered through a 0.45 ym PTFE

syringe filter and were evaporated under vacuum to give § asa yellow oil. Yield: 0.0286 g (57%).

"H NMR (500 MHz, CDCL;): 1.59-1.80 (m, 20H), 2.07 (br s, 3H, Ad-CH), 5.00 (m, 1H, O-CH(C,Hs), 7.45 (s, 1H, N=CH)
BC{'H} NMR (125 MHz, CDCl;): 23.63 (s, CH,),29.80 (s, CH), 29.94 (s, CH), 32.84 (s, CH,), 36.05 (s, CH,), 36.69 (s, CH,),
41.66 (s, CH,), 44.43 (s, CH,), 53.37 (5, N-C-(CH,)3), 77.79 (s, O-CH-(CH,),), 151.47 (s, N=CH-O)

HRMS (ACPI/Orbitrap) m/z [M+H]* calcd for CsHosNOH* : 248.2009, found : 248.2009.

© F © F
P\iPr2 BAI’ 4 'TiPr2 BAr 4
N\ N3-Ad (1 equiv.) N\
7 N-ir A/ NI CNEN 0
= | O—G Et,0 =( | =N
PIPrz 23°C PIPr2 ‘Ad

Preparation of [(PNP(*Pr),)Ir(N,)]BAr", (6). In an inert-atmosphere glove box a 20 mL scintillation vial was charged with
complex 3 (0.1002g, 0.067 mmol) and 8 mL of diethyl ether. A solution of 1-azidoadamantane (0.0121 g, 0.068 mmol) in 2 mL
diethyl ether was added and the vial sealed with a PTFE-lined septum cap. After 21 hours at room temperature the solvent was
removed under vacuum. The resulting bright orange residue was treated with S mL pentane and then scraped with a spatula to give
a suspension. The supernatant was decanted using a pipette and the residue washed with three, S mL portions of pentane. The
resulting material was dried under vacuum to give complex 7 as a bright orange solid. Yield: 0.094S g (99%). Single crystals of 7
were obtained by layering a saturated diethyl ether solution with pentane at room temperature. Anal. Calcd. For Cs;Hy7BFouIrN3P:

C,43.05; H, 3.33; N, 2.95. Found: C, 43.547; H, 3.403; N, 2.391.

IR (ATR-FTIR): v(N,)2141 cm!

"H NMR (500 MHz, CD,CL): § 1.16-1.21 (m, 12H, PCH(CH;),), 1.30-1.35 (m, 12H, PCH(CH3),), 2.44-2.52 (m, 4H, PCH),
347 (t,4H, PCH,, Jur=4.1 Hz), 7.38 (d, 2H, py-H3,5,*Jun = 7.9 Hz), 7.55 (brs, 4H, CH of BAr',), 7.72 (brs, 8H, CH of BAr",),
7.77 (t, 1H, py-H4, ¥ = 7.9 Hz)

3'P{'"H} NMR (202 MHz, CD,Cl,): § 54.5 (s)

BC{'H} NMR (125 MHz, CD,CL): § 18.08 (s, PCH(CH}),), 18.95 (s, PCH(CH}),), 25.54 (t, PCH(CH})», 'Jep = 15.0 Hz), 35.57
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(t, PCH,, Jep = 125.4 Hz), 117.89 (pentet, CH of BAr",), 122.11 (t, py-C3,5, Jcr = 5.2 Hz), 125.02 (q, CF; of BAr"y, Jer = 272.4
Hz), 129.30 (qq, C of BAr"y, Jor = 31.4 Hz, Jor = 2.8 Hz), 135.22 (s, CH of BAr",), 139.32 (s, py-C4), 162.18 (q, B-C, Jcs = 49.9

Hz), 167.01 (t, py-C2,6 *Jcp= 5.4 Hz)

© F
F‘)iprz BAr 4 / PiPr2
N KO'Bu (2 equiv.)
7 NN — N—I;'—NEN
PiPr, F20 PiPr,

Preparation of (PNP(*Pr),)Ir(N,) (7). In an inert-atmosphere glove box a 20 mL scintillation vial wrapped with aluminium foil
was charged with complex 6 (0.5002 g, 0.35 mmol), potassium fert-butoxide (0.047S g, 0.42 mmol), 4.0 mL of diethyl ether and
sealed with a PTFE-lined septum cap. The resulting red solution was allowed to stand at room temperature for 1 h and 45 min, at
which point the solvent was removed under vacuum to give a red solid. The red solid was extracted with twenty five, 2 mL portions
of pentane and the combined extracts filtered and dried under vacuum to give complex 7 as a transferrable, red solid. Yield: 0.1954
g (99%). Single crystals of 7 were obtained by slow evaporation of pentane at room temperature. Suitable elemental analysis could

not be obtained.

Preparation of (PNP("Pr),)Ir(N,) (7) generated in situ from complex 4. (eqn. 5)

Inaninert-atmosphere glove boxa 4 mL scintillation vial was charged with complex 4 (0.0101 g, 0.016 mmol), 1-azidoadamantane
(0.0029 2 0.016 mmol), 0.60 mL C¢Dsand the solution transferred to a J. Young NMR tube. Analysis of the * 'P{'H} and 'H spectra
of the solution matched that of complex 7.

IR (ATR-FTIR): v(N,)2076 cm’

"H NMR (500 MHz, CsDs): § 0.87 (dd, 6H, PCH(CH3),, *Jis.r = 13.8 Hz, *Jun = 6.9 Hz), 1.06 (dd, 6H, PCH(CH;),, *Jur = 16.3
Hz, ¥uu="7.1Hz),1.27 (dd, 6H, PCH(CH;),, *Jup = 14.0 Hz, Jun = 6.9 Hz), 1.40 (dd, 6H, PCH(CH;), Jip = 16.1 Hz, *Jun =
7.1Hz), 1.77 (m, 2H, PCH(CH3),),2.21 (m, 2H, PCH(CH}),), 2.46 (d, 2H, PCH,, YJs1.0 = 9.8 Hz), 3.81 (t, 1H, PCH, Jy.p = 3.4 Hz),
337 (d, 1H, py-H, *Jun= 6.0 Hz), 6.33-6.39 (m, 2 H py-H)

SP{IH} NMR (202 MHz, CeDy): 8 44.5 (d, }Jpp = 276.4 Hz), 50.3 (d, Jpp = 276.8 Hz)

BC{'H} NMR (125 MHz, CDs): § 17.99 (s, PCH(CH3),), 18.38 (s, PCH(CH3),), 18.89 (d, PCH(CH;),,*Jcr =4.4 Hz), 19.58

(d, PCH(CH;);_, ZJC,P =44 HZ), 2502 (dd, PCH(CH3)2, IJC,PZ 262 HZ, 3JC—P: 17 HZ), 2705 (dd, PCH(CH3)2, IJC,PZ 331 HZ, 3JC—P
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= 1.5 Hz), 34.62 (d, PCH,, Jcp = 25.5 Hz), 63.08 (d, PCH, Jc.p = 61.0 Hz),97.99 (d, py-C3 or CS, )Jcp = 11.80), 114.28 (d, py-C3
or C5,Ycp = 18.40), 131.33 (s, py-C4), 161.23 (t, py-C2 or C6, Jcp = 5.7 Hz), 176.40 (dd, py-C2 or C6, Jer = 18.4 Hz, Jcp = 6.0

Hz)

Et
O ©] ©
pipr, BAr" @C:o ITiPrZ BAr" F"iPrz BAr",
< ‘ { 1@ Pnh { l®

/ N—Irg\ 25 equiv. 4 N-Ir=C={ + / N-Ir-CO
= | 0 CPME = | Et — .

PIPrz 3h P'Pr2 P'Pr2

3 23°C 8 (95%) 9 (5%)

Preparation of [(PNP(Pr),)Ir=C=C(Ph) (Et) |BAr", (8). Inaninert-atmosphere glove boxa 20 mL scintillation vial was charged
with complex 3 (0.0990 g, 0.066 mmol), 2.0 mL of CPME followed by phenyl ethyl ketene (226 pL, 1.7 mmol). The reaction was
allowed to stand at room temperature for 3 hours, at which point the solvent was removed under vacuum to give a blue residue. The
crude material was washed with 10 mL pentane followed by three, 3 mL portions of pentane and was dried under vacuum. The
resulting blue solid was then dissolved in a minimum of diethyl ether (ca. 1 mL) which was carefully layered with pentane in two, 9
mL portions. After several days, blue crystals deposited. The supernatant was then decanted and the crystals washed with three, 3
mL portions of pentane to give 10. Yield: 0.0720 g (71%) (ca. 95% purity by *'P{'H}) *'P{'H} NMR in CD,Cl, shows two species
in a 95:5 ratio with 8 being the major product. The impurity at 61.4 ppm corresponds to complex 9 which was confirmed by
independent synthesis. Single crystals of 8 were obtained directly from the separated pentane washings after standing at room
temperature. Alternatively, single crystals could be obtained by layering a saturated tetrahydrofuran solution with pentane followed
by storage at -35 °C. Anal. Calcd. For CsHs;B 1 FaultN P; (8, 95%) and Cs;HyrB 1 FoultN, O P2 (9, 5%): C, 47.85; H, 3.75; N, 0.92.

Found: C,47.955; H, 3.671; N, 0.812. [Anal. Calcd for 8: Cs;Hs;B,FoulrN, P,: C,48.04; H,3.77; N, 0.92.]

'"H NMR (500 MHz, CD,CL,): 8 1.09 (t, 3H, CH, *Jsu = 7.4 Hz ), 1.17-1.26 (m, 24H, PCH(CH;),), 244 (m, 12H, PCH(CHS),),
278 (q, 2H, CHy, Jiss = 7.3 Hz), 3.87 (t, 4H, PCH,, YJus.p = 4.0 Hz), 7.02 (t, 1H, Ar-H, Jusss = 7.2 Hz) 7.22-7.30 (m, 4H, Ar-H), 7.55-
7.58 (br m, 6H, CH of BAr",and py-H), 7.72 (brs, 8H, CH of BAr",) 7.80 (t, 1H, py-H, ¥Ji.u = 7.8 Hz)

3p{!H} NMR (202 MHz, CD,CL,): §45.5 (s)

BC{'H} NMR (125 MHz, CD,CL): 8 8.51 (s, CH,), 1531 (s, CH;), 18.33 (s, PCH(CH),), 18.98 (s, PCH(CH;),), 25.90 (t,

PCH(CHS),, Jer = 15.2 Hz), 37.67 (t, PCH,, Jep = 12.2 Hz), 117.92 (pentent, CH of BAr",), 121.79 (t, py-C3,5, Jcr = 4.5 Hz),
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122.10 (s, Ar-C), 123.71 (t, C=C, ¥Jc.p = 3.4 Hz), 125.05 (q, CF; of BAr",, e.r = 272.0 Hz), 126.13 (s, Ar-CH) 126.31 (s, Ar-CH),
128.79 (s, Ar-CH), 129.33 (qq, C of BAr',, Jr = 31.4 Hz), 135.24 (s, CH of BAr,), 142.25 (s, py-C4), 162.17 (q, B-C, Jc.s = 50.0

Hz), 167.01 (t, py-C2,6, Jcr=4.5 Hz),298.34 (t, Ir=C, }J cp = 10.6 Hz)

i © F 9 F
TPrZ BAr , Tlprz BAr 4
\ @ ®
& N-Ir—O co 7 N-Ir-co
'i Et,O = 'i
P Pr2 23 oc P Pr2

9
Preparation of [(PNP("Pr),)Ir(CO)]BAr"; (9). In an inert-atmosphere glove box a 20 mL scintillation vial was charged with

complex 1 (0.0262 g, 0.017 mmol), 2.0 mL of diethyl ether and the vial sealed with a PTFE-lined septum cap. Carbon monoxide
was then bubbled through the solution for 2 minutes at room temperature, causing a color change from red to yellow. The solvent
was then removed under vacuum to give a yellow residue. The solid was washed with three, S mL portions of pentane and dried
under vacuum. The residue was scraped with a spatula and then washed with an additional three, 5 mL portions of pentane. The
material was dried under vacuum to give 10 as a yellow solid. Yield: 0.0238 g (95%). Single crystals of 9 were obtained by layering a
saturated diethyl ether solution with pentane at room temperature. Anal. Calcd. For Cs;HyB1FoIrN; O, Py: C, 43.89; H, 3.33; N,

0.98.Found: C,44.275; H, 3.171; N, 0.813.

IR (ATR-FTIR): v(CO) 1986 cm™

"HNMR (500 MHz, CD,Cl,): § 1.18 (m, 12H, PCH(CH3),), 1.30 (m, 12H, PCH(CH3),),2.51 (m, 4H, PCH(CH3,),), 3.72 (t,4H,
PCH,, Jur4.1 Hz),7.53-7.55 (br m, 6H, CH of BAr*,and py-H), 7.71 (br s, 8H, CH of BAr*,) 7.88 (t, 1H, py-H, *Jur = 7.8 Hz)
3'P{'"H} NMR (202 MHz, CD,Cl,): § 61.4 (s)

BC{'H} NMR (125 MHz, CD,CL,): 8 18.29 (s, PCH(CH5),), 19.19 (s, PCH(CH3),),26.31 (t, PCH(CHs),, Jcr = 15.9 Hz), 36.67
(t, PCH,, 'Jcr = 12.6 Hz), 117.89 (pentet, CH of BAr',), 122.24 (t, py-C3,5, ]Jcr = 5.0 Hz), 125.01 (q, CF; of BAr',, Jcr =272.6
Hz), 129.30 (q, C of BAr"y, Jcr = 31.3 Hz) 135.21 (s, CH of BArY,), 141.22 (s, py-C4), 162.16 (g, B-C, 'Jcs = 50.3 Hz), 166.36 (t,

py-C2,6 ¥Jcp= 5.3 Hz) 180.43 (t, Ir-CO, JJ c.p = 8.6 Hz)
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Preparation of [(PNP("Pr),)Ir(NO)[CH(OBu)(OCsH,)] BAr", (10). In an inert-atmosphere glove box a 20 mL scintillation
vial was charged with complex 3 (0.0508 g, 0.033 mmol), 2.0 mL of diethyl ether followed by isobutyl nitrite (4.0 uL, 0.033 mmol).
The reaction was allowed to stand at room temperature for 30 min, during which time it changed color from dark green to orange.
The solvent was then removed under vacuum to yield a yellow/orange residue. The residue was washed with five, 2 mL portions of
pentane and dried under vacuum. The resulting solid was mechanically ground with a spatula and then washed with another five, 2
mL portions of pentane to give the crude product as a pale orange solid. Yield: 0.0465 g (ca. 78% purity).

Analysis of the crude product obtained as above by *'P{'H} NMR in THF-ds shows two species in a 78:22 ratio with 10 being the
major product. The major impurity corresponds to an unidentified species with a signal at 52.3 ppm that appears to form during the
concentration steps in the procedure above. Complex 10 decomposes in a few hours on standing at room temperature in solution
or over a period of weeks in the solid state. Anal. Calcd. For CsHeB1F24IrN,O3P,: C,45.90; H, 4.17; N, 1.76. Found: C, 45.675; H,

3.891; N, 1.564.

"H NMR (Partial, 500 MHz, THF-d): 8 7.18 (t, 1H, (I-CH(O'Bu)(OCsHs)), ¥Jiir = 4.7 Hz)
3'P{'"H} NMR (202 MHz, THF-ds): § 34.1(s, complex 10, 78%), 52.3 (s, unidentified impurity, 22%)
S'P{'"H} NMR (202 MHz, CPME): § 33.9 (s, complex 10, generated in situ)

BC{'H} NMR (Partial, 125 MHz, THF-ds): § 88.7 (Ir-CH(O'Bu) (OC;H,))

Representative Procedures for Catalytic Group Transfer. In an inert-atmosphere glove boxa 4 mL borosilicate scintillation vial
was charged with 2.0 mL of CPME, 100 pLL of a 34 mM CPME solution of iridium catalyst (Complex 1, 3, or 4 - See Table 1 entries
3, 6, and 7 respectively) followed by 100 uL of 340 mM stock solution of 1-azidoadamantane in CPME. Neat tert-butylethylene
(22.0 pL, 0.17 mmol) was then added and the reaction sealed with a PTFE-lined cap. The reaction was heated to the corresponding
temperature and irradiated with blue light* for 22 hours. The solvent was then removed by rotary evaporation and the residue taken

up in 0.60 mL CDCl. A 5.0 pL aliquot of pyridine was added as an internal standard and the resulting solution was analyzed by 'H
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NMR. NMR yields were determined by comparison of the product resonance at 5.0 ppm (m, 1H, O-CH(C,Hs) to the internal
standard.

*A Kessil H150-Blue 34W LED lamp was used as the blue light source (Amax = 420, 460 nm)

Representative Procedures for the Detection of Cyclopentyl Formate. In an inert-atmosphere glove box a 20 mL scintillation
vial was charged with complex 3 (0.0204 g, 0.013 mmol), 2.0 mL of diethyl ether followed by phenyl ethyl ketene (2.0 uL, 0.015
mmol). The vessel was sealed and allowed to stand at room temperature for 72 hr. The solvent was then removed under gentle
vacuum and the resulting residue dissolved in 0.60 mL CDCl;and transferred to aJ. Young NMR tube. The formation of cyclopentyl

formate was confirmed by comparison of the crude "H NMR spectra to that reported for cyclopentyl formate.”’

3.5 Additional Figures
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Figure 3.5.1. "H NMR Spectrum of [ (PNP(‘Pr),Ir(77*-cod)]BAr"; (1) (500 MHz, CD,CL).

76



TtTooONN OONFTOWONNOITNANDNO

NN NAL=NYr=OAN~ON—~0O0® OMIOMOONTNT DN
wns Mot

)
PiPr, BArf,
{ @
ackg
PPr,
I ML\ L ‘ ML
© o0 ‘ 100 ‘ s ‘ " [ppm]
Figure 3.5.2. 3C NMR Spectrum of [ (PNP("Pr)4Ir(772-cod)]BAr", (1) (126 MHz, CD,CL).
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Figure 3.5.3. 3'P NMR Spectrum of [ (PNP(*Pr).Ir( 72-cod) ]BAr", (1) (202 MHz, CD,CL).
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Figure 3.5.4. "H NMR Spectrum of [ (PNP(‘Pr),Ir(H),(THF)]BAr" (2) (500 MHz, CD,CL).
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Figure 3.5.5. '3C NMR Spectrum of [ (PNP("Pr),Ir(H),(THF)]BAr", (2) (126 MHz, CD,CL).
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Figure 3.5.6. 3'P NMR Spectrum of [ (PNP(*Pr),Ir(H),(THF) ]|BAr,; (2) (202 MHz, CD,CL).
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Figure 3.5.7. "H NMR Spectrum of [ (PNP(‘Pr),Ir=CHO(C;sH,) |BAr", (3) (500 MHz, CD,CL).
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Figure 3.5.8. '3C NMR Spectrum of [ (PNP("Pr),Ir=CHO(C;sHy)]BAr"; (3) (126 MHz, CD,CL).
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Figure 3.5.9. 3'P NMR Spectrum of [ (PNP(*Pr),Ir=CHO(CsHy) ]BAr"; (3) (202 MHz, CD,CL).
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Figure 3.5.12. 3'P NMR Spectrum of [PNP(*Pr),Ir=CHO(CsHs)] (4) (202 MHz, C¢D).
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Figure 3.5.13. "H NMR Spectrum of cyclopentyl N-(adamantyl)formimidate (5) (500 MHz, CDCl).
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Figure 3.5.14. '3C NMR Spectrum of cyclopentyl N-(adamantyl)formimidate (5) (126 MHz, CDCly).
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Figure 3.5.15. "H NMR Spectrum of [ (PNP('Pr),)Ir(N,)]BAr", (6) (500 MHz, CD,CL).
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Figure 3.5.16. 3C NMR Spectrum of [ (PNP(Pr),)Ir(N,)]BAr", (6) (126 MHz, CD,CL).
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Figure 3.5.17. 3'P NMR Spectrum of [ (PNP(*Pr),)Ir(N;)]BAr"; (6) (202 MHz, CD,CL).
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Figure 3.5.18. "H NMR Spectrum of (PNP(*Pr),)Ir(N,) (7) (500 MHz, CsDs).
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Figure 3.5.19. 3C NMR Spectrum of (PNP(*Pr)4)Ir(N,) (7) (126 MHz, C4Ds).
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Figure 3.5.20. 3'P NMR Spectrum of (PNP(*Pr)4)Ir(Ns) (7) (202 MHz, C4Dg).
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Figure 3.5.21. "H NMR Spectrum of [ (PNP(‘Pr),)Ir=C=C(Ph)(Et)]BAr", (8) (500 MHz, CD,CL,).
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Figure 3.5.22. 3C NMR Spectrum of [ (PNP(Pr),)Ir=C=C(Ph)(Et)]BAr", (8) (126 MHz, CD,CL).
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Figure 3.5.23. 3'P NMR Spectrum of [ (PNP(Pr),)Ir=C=C(Ph) (Et)]BAr", (8) (202 MHz, CD,CL,).
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Figure 3.5.24. "H NMR Spectrum of [ (PNP(‘Pr),)Ir(CO)]BAr"; (9) (500 MHz, CD,CL).
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Figure 3.5.25. '3C NMR Spectrum of [ (PNP(*Pr),)Ir(CO)]BAr", (9) (126 MHz, CD,CL).
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Figure 3.5.26. 3'P NMR Spectrum of [ (PNP('Pr),)Ir(CO)]BAr"; (9) (202 MHz, CD,CL).
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Figure 3.5.27. 3'P NMR Spectrum of [ (PNP(Pr),)Ir(NO)[CH(OC4H,)(OCsH,) |BAr", (10) generated in-situ (162

MHz, CPME).
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3.6  X-Ray Crystallography

Details of crystallographic refinement

General Methods. A suitable crystal of each sample was selected for analysis and mounted in a polyimide loop. Crystal samples were
handled under immersion oil and quickly transferred to a cold nitrogen stream. All measurements were made on a Rigaku Oxford
Diffraction Supernova Eos CCD with filtered Cu-Ka or Mo-Ka radiation at a temperature of 100 K. Using Olex2,” the structure
was solved with the ShelXT structure solution program using Direct Methods and refined with the ShelXL refinement package™

using Least Squares minimization.

Complex 1

Disordered trifluoromethyl groups on the anion were modeled over two positions with similarity restraints placed on C-F and C-C
bond distances and disordered atom thermal parameters. The disordered olefin ligand was modeled over two positions with
similarity restraints placed on C-C bond distances and atom thermal parameters. The four carbon atoms that make up the unbound
olefin in the diene were further restrained to lie in a single plane to ensure a sensible olefin geometry.

Complex 2

Disordered trifluoromethyl and isopropyl groups were modeled over two positions with similarity restraints placed on disordered
atom thermal parameters, and C-C and C-F bonds. The metal hydrides were located in the difference map and refined with a strong

Ir-H bond restraint. Their thermal parameters were fixed to ride on the parent Ir atom.

Complex 3

All crystals examined from multiple batches of this compound presented with apparently tetragonal symmetry, however no
reasonable structural solutions could be found. The structure was solved as a twinned monoclinic sample in the P2, space group.
The merohedral twin components were generated using the TWINROTMAT routine in PLATON and the occupancy of the twin
components were refined. A similarity restraint was applied to the atom thermal parameters for N1, Irl, and C1. Disorder in a
trifluoromethyl group and an isopropyl group was modeled over two positions with similarity restraints applied to the bond lengths

and atom thermal parameters of disordered atoms.

Complex 4
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The model was refined without restraint.

Complex 6

The model was refined without restraint.

Complex7

The model was refined without restraint.

Complex 8

Disordered trifluoromethyl groups were modeled over two positions with similarity restraints placed on C-F bond distances and
atom thermal parameters. Disordered pentane molecules were modeled over two positions with similarity restraints placed on C-
C bond distances and atom thermal parameters. Disorder in the isopropyl groups was modeled over two positions with similarity

restraints placed on C-C and C-P bond distances and atom thermal parameters.

Complex9

Extensive two site disorder in the iridium cation and the BAr",; anion presented a challenge. Design of the model required
extensive similarity restraints placed on both atom thermal parameters and bond lengths, but many of these could be removed to
give a less-restrained but still stable model for the final cycles of refinement. The final disorder model uses a single global similarity

restraint placed on the thermal parameters of nearby atoms.

Complex 10

The metal ion position is disordered with a minor population present in the «*-form (bound to both the oxygen and carbon atom
of the dialkoxyalkyl ligand. This disorder was modeled with similarity restraints placed on Ir-N, Ir-P and N-O distances as well as
restraints on non-bonded contacts necessary to model the very low population positions of the nitrosyl. The metal atom thermal
parameters were constrained to be equal. Disorder in the trifluoromethyl groups of the anion was modeled with similarity restraints

placed on C-C and C-F bond distances and atom thermal parameters.
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Table 3.6.1. Crystal data and structure refinement for complex 1.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta =25.242°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(I)]
Rindices (all data)

Absolute structure parameter
Extinction coefficient

Largest diff. peak and hole

complex 1

CsoHssBFo4IrNP,

1502.01

100.01(10) K

0.71073 A

Monoclinic

Cl2/cl

a=18.9369(2) A a=90°
b=17.8826(2) A B=91.1277(11)°
c=36.1583(5) A v=90°
12242.3(3) A3

8

1.630 Mg/m?3

2346 mm

5976

0.197x0.11x0.108 mm3

2253 t0 30.388°.

-26<=h<=26, -24<=k<=23,-49<=]<=51
77693

16556 [R(int) = 0.0610]

99.9 %

Gaussian

1.000 and 0.700

Full-matrix least-squares on F2

16556 /1624 / 1063

1.097

R1=0.0623,wR2 =0.1246

R1=0.0862, wR2 =0.1345

0.637(5)

n/a

2692 and -1.235 e/A3
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Figure 3.6.1. ORTEP diagram of 1 with ellipsoids shown at 50%. The anion is omitted for clarity.

~“BAr,



Table 3.6.2. Crystal data and structure refinement for complex 2.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 67.684°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(I)]
Rindices (all data)

Absolute structure parameter
Extinction coefficient

Largest diff. peak and hole

complex 2
CssHs7BFyItNOP,
1468.96
100.00(10) K
1.54184 A
Triclinic

P-1

a=12.9943(3) A
b=13.1678(3) A
c=18.6857(3) A
3011.29(11) A3

2

1.620 Mg/m3
5.819 mm!

1460

0.174x0.059 x0.042 mm?3
2497 to 73.487°.

a=98.649(2)°
p=105.522(2)°
v=95.873(2)°

-16<=h<=15, -13<=k<=16, -23<=1<=23

57602

11955 [R(int) = 0.0498]
100.0 %

Gaussian

0.967 and 0.517
Full-matrix least-squares on F2
11955/204 /867

1.049

R1=0.0574,wR2 =0.1486
R1=0.0642, wR2 =0.1541
0.637(5)

n/a

3.137 and -1.084 ¢/A3
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Figure 3.6.2. ORTEP diagram of 2 with ellipsoids shown at 50%. The anion is omitted for clarity.
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Table 3.6.3. Crystal data and structure refinement for complex 3.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Completeness to theta = 67.684°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(I)]
Rindices (all data)

Absolute structure parameter
Extinction coefficient

Largest diff. peak and hole

complex_3

Cs:Hs;BFyItNOP,

1492.98

100.00(10) K

1.54184 A

Monoclinic

P1211

a=13.28988(15) A a=90°
b=17.31748(16) A B=90.0034(9)°
c=1329572(13) A Y=90°
3059.97(5) A3

2

1.620 Mg/m3

5738 mm’!

1484

0.134x0.04 x 0.029 mm?

3.324 t0 73.350°.
-16<=h<=16,-21<=k<=21,-16<=1<=16
11157

100.0 %

Gaussian

0.900 and 0.562

Full-matrix least-squares on F2

11157 /203 / 861

1.039

R1=0.0421, wR2 =0.1092

R1 =0.0425, wR2 = 0.1096

0.637(5)

n/a

1422 and-1.358 ¢/A-3
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Figure 3.6.3. ORTEP diagram of 3 with ellipsoids shown at 50%. The anion is omitted for clarity.
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Table 3.6.4. Crystal data and structure refinement for complex 4.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta =25.242°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(I)]
Rindices (all data)

Extinction coefficient

Largest diff. peak and hole

complex_4

CasHyIrNOP,

628.75

99.98(17) K

0.71073 A

Monoclinic

P121/n1l

a=122736(5) A a=90°
b=16.6947(4) A p=110.835(5)
c=13.7692(5) A Y=90°
2636.87(19) A3

4

1.584 Mg/m?>

5201 mm'!

1264

0.291x0.031x0.018 mm3

2.269 to 30.350°.
-16<=h<=16,-21<=k<=23,-18<=1<=18
33134

7178 [R(int) = 0.0648]

99.9 %

Gaussian

1.000 and 0.399

Full-matrix least-squares on F2

7178 /0 /279

1014

R1=0.0333,wR2 =0.0562

R1 =0.0481, wR2 = 0.0598

n/a

1.700 and -1.103 e/A-3
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Figure 3.6.4. ORTEP diagram of 4 with ellipsoids shown at 50%.
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Table 3.6.5. Crystal data and structure refinement for complex 6.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta =25.242°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(I)]
Rindices (all data)

Extinction coefficient

Largest diff. peak and hole

complex 6
CsiHy7BFy,IIN;P;
1422.86
99.99(10) K
0.71073 A
Monoclinic
C12/cl
a=18.9915(6) A
b=17.3847(5) A
c=17.1142(5) A
5642.4(3) A3

4

1.675 Mg/m?3
2.541 mm’!

2808
0.267x0.198 x0.03 mm?
2384 t028.279°.

a=90°
B=93.060(3)°
1=90°

-25<=h<=25,-22<=k<=23,-22<=1<=22

32856

6947 [R(int) = 0.0646]

99.9 %

Semi-empirical from equivalents
1.00000 and 0.36965
Full-matrix least-squares on F2
6947/0/377

1.077

R1=0.0438, wR2 =0.1025
R1=0.0579,wR2 =0.1094
n/a

3.179 and-1.579 e/A3
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Figure 3.6.5. ORTEP diagram of 6 with ellipsoids shown at 50%. The anion is omitted for clarity.
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Table 3.6.6. Crystal data and structure refinement for complex 7.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta =25.242°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(I)]
Rindices (all data)

Extinction coefficient

Largest diff. peak and hole

complex_7

C1sH3,IrN;P,

558.63

100.01(10) K

0.71073 A

Monoclinic

P121/n1l

a=11.1898(4) A a=90°
b=13.6854(5) A p=97.389(4)°
c=289997(12) A v=90°
4404.1(3) A3

8

1.685 Mg/m?>

6216 mm-1

2208

0.202x0.127 x0.058 mm3

2.363 t0 27.550°.

-14<=h<=13, -17<=k<=16, -37<=1<=37
47060

10125 [R(int) = 0.0933]

99.9 %

Gaussian

1.000 and 0.382

Full-matrix least-squares on F2

10125 /0/ 467

1.036

R1 = 0.0450, wR2 = 0.0794

R1 =0.0649, wR2 = 0.0871

n/a

1400 and -1.417 ¢/A-3
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Figure 3.6.6. ORTEP diagram of 7 with ellipsoids shown at 50%.
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Table 3.6.7. Crystal data and structure refinement for complex 8.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta =25.242°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(I)]
Rindices (all data)

Extinction coefficient

Largest diff. peak and hole

complex 8
CeiHs7BF,,IINP, - 2(CsHy,)
1669.31

99.99(10) K

0.71073 A

Triclinic

P-1

a=12.4998(6) A
b=17.0461(8) A
c=17.8435(12) A
3667.0(3) A3

2

1.512 Mg/m3

1.966 mm'!

1684

0.457x0.16x0.022 mm?
2303 t0 26.372".

a=87.152(5)°
p=82.587(5)°
Y=76.616(4)°

-15<=h<=18§, -21<=k<=21, -22<=1<=22

59347

15014 [R(int) = 0.0875]
99.9 %

Gaussian

1.000 and 0.218
Full-matrix least-squares on F2
15014 /680 /1143

1.016

R1=0.0454, wR2 = 0.0939
R1=0.0634, wR2 =0.1027
n/a

1.490 and -1.609 e/A-3
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Figure 3.6.7. ORTEP diagram of 8 with ellipsoids shown at 50%. The anion is omitted for clarity.
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Table 3.6.8. Crystal data and structure refinement for complex 9.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 67.684°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(I)]
Rindices (all data)

Extinction coefficient

Largest diff. peak and hole

complex 9

Cs,Hy7BF,IrNOP,

1422.85

100.00(10) K

1.54184 A

Monoclinic

P121/cl

a=12.3950(2) A a=90.0°
b=12.08210(10) A B=95.6180(10)°
c=38.1863(4) A ¥=90.0°
5691.22(12) A3

4

1.661 Mg/m3

6138 mm1

2808

0.16x0.114x0.054 mm3

2.325to 73.503°.

-15<=h<=185, -14<=k<=9, -46<=1<=47
55865

11317 [R(int) = 0.0303]

100.0 %

Gaussian

0.884 and 0.479

Full-matrix least-squares on F2

11317 /1980 / 1287

1.113

R1=0.0419,wR2 =0.0787

R1=0.0460, wR2 = 0.0800

n/a

2205and-1.921 e/A3
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“BAr",

Figure 3.6.8. ORTEP diagram of 9 with ellipsoids shown at 50%. The anion is omitted for clarity.
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Table 3.6.9. Crystal data and structure refinement for complex 10.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta =25.242°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(I)]
Rindices (all data)

Extinction coefficient

Largest diff. peak and hole

complex 10

Ce1HesBF4ItN,O3P,

1596.10

100.01(10) K

0.71073 A

Triclinic

P-1

a=12.6638(3) A a=88220(2)°
b=134045(3) A B=75.669(2)°
c=202237(5)A 1=80.778(2)°
3283.06(15) A3

2

1.615 Mg/m?3

2.196 mm’!

1596

0497 x0.302x0.16 mm3

2.330 t0 26.372°.

-15<=h<=1§, -16<=k<=14, -25<=1<=2§

41934

13411 [R(int) = 0.0440]

99.9 %

Gaussian

1.000 and 0.350

Full-matrix least-squares on F2

13411 /372 /959

1.068

R1=0.0565, wR2 =0.1352

R1 = 0.0644, wR2 = 0.1403

n/a

3.181 and-1.562 e/A3
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Figure 3.6.9. ORTEP diagram of 10 with ellipsoids shown at 50%. The anion is omitted for clarity.
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Chapter IV

REVERSIBLE C(sp®)-Si OXIDATIVE ADDITION OF UNSUPPORTED ORGANOSILANES:
EFFECTS OF SILICON SUBSTITUENTS ON KINETICS AND THERMODYNAMICS

Adapted in part from manuscript submitted: Scott M. Chapp and Nathan D. Schley.
4.1 Introduction

Organosilanes are an important and versatile class of compounds which have found diverse applications in materials, fine
chemicals, and as building blocks for the synthesis of complex molecules. For instance, alkoxysilanes are prepared and used on
industrial scales including in residential plumbing systems where vinylalkoxysilanes are employed in the synthesis of cross-linked
polyethylene (PEX) tubing.'2 A variety of organosilane derivatives have found applications as partners in cross-coupling chemistry,

with organosilanes bearing electron withdrawing groups (alkoxy, siloxy, fluoro) being favored in Hiyama-type reactions.>*

R3Si-H R3S| H
>/_\ M—S|R3
H
e
M M—SiR3 R3Si-H
R
Rasij Hydrosilylation =\R1 C-H Silylation
) Chalk-Harrod RuSi Representative proposed
reductive mechanism 3 ' H mechanism R.Si
elimination |/ 3™ Yy
H H=M H M/ SiR
—Si / —M—Si
M—SiR, M—SiR, i 3
H | ) R2
= reductive
R’ \/ 1 e
R elimination
R?-SiR,
Elementary steps in common
_ H-SiR;
M—SiR; —>» M + R-SiRy —————> M—SiR,
R A B H
C-Si reductive Reaction with
elimination hydrosilane
This study OBAF, _OBarf, _ Opar,
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« C(sp®)-Si oxidative addition - no previous intermol. unactivated examples

B | Trapping by hydrosilane

Figure 4.1.1. Proposed mechanisms for olefin hydrosilylation and C-H silylation and relationship to this study.
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Although organosilanes can be prepared in stoichiometric fashion from alkyl, aryl, or vinyl halides, their preparation
by catalytic methods including olefin hydrosilylation or direct C-H silylation offers the opportunity to avoid the formation of
stoichiometric byproducts. Of these two catalytic approaches, olefin hydrosilylation represents the more mature process, with
established catalytic systems having been demonstrated for many transition metals.’ For instance, Pt and Ir hydrosilylation
catalysts are typically highly active and thought to operate through the Chalk-Harrod mechanism (Figure 4.1.1, top left) with
C-Si bond-formation occurring though a concerted reductive elimination.™* Conversely, direct C-H silylation is a challenging
process which has been largely limited to a few catalyst systems.” In one example, the Hartwig group proposed that
phenanthroline-supported iridium complexes catalyze the C-H silylation of arenes through an Ir(III)/ (V) cycle (Figure 4.1.1,
top right).® HSi(OSiMe;),(CHs) serves as the silylating reagent with C-Si bond-formation presumably occurring from an
iridium(V)disilyldihydrido o-aryl. In the case of electron deficient arenes, C-Si reductive elimination appears to represent the
rate determining step.® Other notable examples of sp> C-H silylation include diimine/Ir catalysts examined by Miyaura’, a Rh-

catalyzed process developed by Hartwig'®, as well as a recent pincer-supported iridium system reported by Esteruelas."

Although olefin hydrosilylation and alkane/arene C-H silylation are distinct processes, both feature a C-Si reductive
elimination step prior to product formation. Despite the importance of this transformation, few reports have examined C-Si
reductive elimination in detail. The Ozawa group showed that C-Si reductive elimination occurs from (alkyl)Pt(II) silyl
complexes in the presence of m-acidic ligands including olefins and acetylenes, with the rate of reductive elimination showing
first order dependence on the alkyne.'? Further studies examined the effect of the Pt-R (R=Me, Et, Pr, Bu, Ph) on the rate of
C-Sireductive elimination and showed Me-Si reductive elimination to be the fastest.'* By comparison, to our knowledge only
a single example of an isolable Ir silyl complex bearing an unsupported Ir-C bond has been reported. The Tilley group
demonstrated that this complex undergoes reductive elimination after rate-limiting phosphine dissociation, precluding an in-
depth analysis of other factors that control the rate of C-Si reductive elimination in cases where ligand dissociation is not rate

determining."*

S) ©
, BAr, , BArF,
o\ THF Bu™ Tprz
Vi \N:Ir'-H (50 equiv.) Y \NCJ:)"_ ™)
=H | = I_\o
PPr, O—OMe PPr,
1 60 °C 2

Figure 4.1.2. Dehydrogenation of complex 1 with TBE in CPME to form complex 2.
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Recently our group has been studying the conversion of ethers to alkoxycarbenes via the o, 0.-dehydrogenation at cationic
iridium complexes.'*'* We reported the synthesis of a cationic PNP pincer-supported Ir(I) alkoxycarbene complex 2 derived from

cyclopentyl methyl ether (Figure 4.1.2, eq 1) and demonstrated its reactivity in atom- and group-transfer reactions."”

S o . ]
) BAFF4 ) BAr 4 i BArF4
F\’IPFZ tBu/\ F\)IPFZ F\’ Pr2
®| THF i ®| SiMe,OMe )
! N=irtH (10equiv) _ 7 \Zweie [ N-lr=, @)
=(H | Me;Si-OMe = | = | OSiMe;
PIPI'Z 60 °C P'Pr2 PIPFZ
1 4 not observed

Figure 4.1.3. Dehydrogenation of complex 1 with TBE in methoxytrimethylsilane to form complex 4.

During the course of our studies, we found that methoxytrimethylsilane does not undergo a,0.-dehydrogenation to form
a siloxymethylidene, but instead reacts via Si-CH; oxidative addition to give the (methyl)Ir(III)silyl complex 4 (Figure 4.1.3, eq
2). This outcome is unexpected given the paucity of examples of direct C(sp®)-Si oxidative addition. To our knowledge, no examples
ofananalogous oxidative addition to give anisolable, unsupported alkyl of a metal silyl have been reported except in cases involving
strained silicon-containing rings,'® though this reaction has been explored computationally.'”?' The product metal alkyl silyl would
be a plausible intermediate in the catalytic sp® C-H silylation of unactivated alkanes, but there are no reports of undirected,
intermolecular catalytic sp®> C-H silylation” > except for one that operates through a o-bond metathesis mechanism.”* Thus this
seemingly simple oxidative addition is apparently exceptionally uncommon.
Furthermore, we have found that this transformation is remarkably general and we now report a kinetic and thermodynamic
analysis of a systematic series of organoiridium silyls formed by C(sp®)-Si oxidative addition. Kinetic analyses show that C(sp*)-Si
activation is a facile and reversible process and supplemental studies using DFT suggest a difference in driving force of over 12

kcal/mol across the series of complexes.

4.2 Results and Discussion

Dehydrogenation of complex 1 with excess tert-butylethylene (TBE, 10 equiv.) in neat methoxytrimethylsilane yields

complex 4, which gives a *'P{'"H} NMR signal at 32.6 ppm and an upfield triplet *C{'H} resonance at -20.8 ppm corresponding to
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Ir-CH;. Complex 4 was characterized by X-ray diffraction, (Figure 2) confirming its structure as an unprecedented example of a 5-
coordinate metal silyl methyl complex resulting from intermolecular C(sp?)-Si activation. Analogous reactivity was found for a large
family of methyl organosilanes including tetramethylsilane, dimethoxydimethylsilane, trimethoxymethylsilane,
ethoxytrimethylsilane, trifluoromethyltrimethylsilane, hexamethyldisiloxane and octamethyltrisiloxane. In all cases, intermolecular
C(sp®)-Siactivation was observed, giving complexes 3-10 (Figure 4.2.1, eq 3). These complexes were characterized in solution by
'H, *C{'H} and *'P{'"H} NMR and in the solid state by single-crystal X-ray diffraction (Figure 4.2.2). Thus we have been able to
achieve intermolecular C(sp®)-Si oxidative addition in tetraorganosilanes, as well as mono-, di- and trialkoxysilanes and two

siloxysilanes (Table 4.2.1).

BAIF © . 3 SMe
PiPrz 4 B PPr BAr 4 S!MeZ(OMe)
{ @ THF (10-20 equiv.) | sik 5 SiMe(OMe),
/ NTIr"H J——— \N(-'_Dlrl_CH3 6 SI(OMe)3 (3)
=H | MeSiRs — 3 7 SiMey(OEY)
P'Pr2 PiPr. 8 SIMeZ( )
. 2 9 SiMe,(OSiMes)
3-10 10 SiMe,(OSiMe,0SiMes)

Figure 4.2.1. Dehydrogenation of complex 1 with TBE in various organosilanes to yield complexes 3-10.

8 [s]Mez(CF3):| 9 [s]Mez(Os]Meg)] 10 [SLMe;,(OSLMeZOSLMeg)] 11 Il'H[S]Etg]
Figure 4.2.2. ORTEP diagrams of Complexes 3-11 shown at 50% probability. Full disorder models and anions are omitted for
clarity.

When octamethyltrisiloxane is used, complex 10 is obtained as the major product, however this silane differs from

the other members of the family (3-9) by virtue of having both internal and terminal methylsilane groups. Although the product
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of terminal activation is obtained as the major product (10), a minor component can be separated in impure form by
crystallization. This minor component is the product of C(sp®)-Si activation of an internal methyl group, which would give a
silyl complex analogous to that derived from HSi(OSiMe;),(CHs), the most-common silane reagent employed in C-H

8,10,24-31

silylation catalysis. Unfortunately, unambiguous characterization of this minor isomer has not been successful.

Table 4.2.1. Experimental and Computed Metrics of Ir Complexes

Si-Ir-C Si-Ir-C Ir-Si ~ *'P{'H} “C{'H}
(DFT)* (XRD) (XRD) (ppm)* (ppm)"’

949  93.1(1) 2334(1) 288 213

Complex

4 96.8 98.2(1) 2298(1) 326  -208
5 96.9 97.8(3) 2.235(4) 35.1 -20.8
6¢ 1006  94.5(2) 2247(2) 352 216
7¢ 96.2 969(2) 2273(2) 325 206

84.1 84.1(1) 2290(1) 281  -224
9 98.3 94.2(1) 2312(1) 316  -207
10 96.6 95.1(1) 2306(1) 319 207

*See & 4.4 Experimental. " NMR in CD,Cl,. “Extensive disorder in the X-ray structure may decrease the accuracy of the
experimental structural metrics.

-~ OBArF ' ©BArF

e 1:1 SiMe,/SiMe(CFs) F\NPFZ o

®| siMe 1 SiMe,/SiMe;(CF3) ®| SiMe,(CF3)
7 \2rime > = 7 N=Ir“Me )
=( | 80 °C = |

P'Pr, equilibrium P'Pr,

3 AG® (M06) 0.0 kcal/mol 8

(58%) AG® (expt) 0.3 kcal/mol (42%)

Figure 4.2.3. Equilibration of 3 and 8 in 1:1 equimolar SiMe,:SiMe;(CF;)

Although complexes 3-10 are stable in solution at room temperature, we have found that C(sp®)-Si oxidative addition is
completely reversible in certain cases. For instance, heating a solution of the tetramethylsilane-derived complex 3 in an equimolar
mixture of tetramethylsilane and trifluoromethyltrimethylsilane gives an equilibrium between complexes 3 and 8. At equilibrium,
the observed 3:8 ratio is found to be $8:42, corresponding to a AG® of ca. 0.3 kcal-mol”. On the other hand, attempts to
equilibrate the methoxytrimethylsilane-derived complex 4 with trifluoromethyltrimethylsilane failed to show any reactivity, which
inspired us to analyze the relative stability of the silyl complexes by DFT. A summary of computed relative free energies

(MO06/def2svp/def2tzvp) is given in Table 4.2.2 and reveals a profound impact of the silicon substituents on the stability of the
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resulting silyl complexes. For instance, while the computed AG® for the 3:8 pair is 0.0 kcalmol " (in good agreement with the
experimentally determined value of 0.3 kcal-mol™), 4 is downhill from both 3 and 8 by more than 6 kcal-mol ™. This finding
explains the lack of apparent reversibility of oxidative addition when 4 is heated in trifluoromethyltrimethylsilane solution, as this
reaction would be substantially uphill. Indeed the reverse reaction between 8 and methoxytrimethylsilane proceeds to 4 as one

would expect given the driving force.

Table 4.2.2. Predicted stability of (methyl)iridium silyl complexes.

PiPrzeBArF“ P‘PrzeBArF“
C{q{%}rﬁs&!% Me[S] —— /_\N%}’-[ya'g Me,Si
e
Complex [Si] AG®. (Kcal-mol™)?
3 SiMe; 0
4 SiMe,(OMe) -6.3
S SiMe(OMe), 7.2
6 Si(OMe); 113
7 SiMe,(OEt) 7.3
8 SiMe,(CF,) 0.0
9 SiMe,(OSiMe;) -7.7
10 SiMez(OSiMeZOSiMe3) -12.3
*See § 4.4 Experimental.

When considering the computed relative free energies of silyl exchange in complexes 3-10, we find that formation of
alkoxy- and siloxysilyl complexes is predicted to be the most downhill. These computations serve as a readout of the relative Si-
CH,/1r-Si bond strengths,* the latter of which is expected to be strongly influenced by the w-accepting ability of the silyl ligand.
Previous DFT experiments on a series of Os(SiR;) complexes showed that the Os-Si bond strength tracks with the n-accepting
ability of the Si-X o* orbitals.** This analysis argues for the n-accepting ability of alkoxy- and siloxysilanes in 4-7, 9, and 10 and
suggests that the trifluoromethyldimethylsilyl group in 8 is a poor m-acceptor. Formation of complex 10 is predicted to be furthest
downhill from 3 or 8, with a predicted AG® of -12.3 kcal-mol" being slightly more negative than the value calculated for

trimethoxysilyl complex 6 (Table 4.2.2).

Rates of reductive elimination and trapping. While the relative driving forces computed for C(sp®)-Si oxidative addition in

3-10 served to illuminate our experiments demonstrating the reversibility of C(sp*)-Si oxidative addition, our succesful isolation of
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these complexes provided a unique opportunity to experimentally examine the kinetics of the corresponding C(sp?)-Si reductive
elimination process. A previous report has examined the kinetics of C-Si reductive elimination from cis-PtMe(SiPh;) (PMePh,), in
the presence of diphenylacetylene, though in that case the reaction rate was found to be inversely dependent on phosphine,
implicating rate-limiting ligand dissociation.'*"* To our knowledge, no analogous study has been conducted for a family of silyl

substituents despite the importance of C-Si reductive elimination in both olefin hydrosilylation and C-H silylation catalysis.

Table 4.2.3. Rates of reductive elimination and trapping by HSiEt,.

S
PIPr, ATs ity pipr, A4
4 ‘N(?l\r’—[m B ‘N@|\riSiEt3 Mel[Si]
— CD,Cl, = | H
PiPrz 65°Cor23°C PiPrz
3-5,7-10 1"
Complex [Si] Rate: 65°C 23°C, (s)
3 SiMe; - 190(2) *10*
4 SiMe,(OMe) 1.01(9) * 10*
5 SiMe(OMe), 1.7(2) *10°
7 SiMe,(OEt) 54(3)*10°
8 SiMe,(CF;) 1.34(3)*10°  1.55(2) *10°
9 SiMe,(OSiMe;) 9.7(3)*10*

10 SiMe,(OSiMe,0SiMe;) 140(2) *10*

Seven of the eight complexes (3-5 and 7-10) undergo C-Si reductive elimination on treatment with triethylsilane to give
the free organosilane and a new iridium complex 11. NMR analysis of 11 is consistent with a monohydride monosilyl complex,
which we were able to confirm by single-crystal X-ray diffraction. With an excess of triethylsilane, all seven complexes undergo
reductive elimination following pseudo first-order kinetics when conversion is monitored by *'P{'"H} NMR spectroscopy. The use
of a hydrosilane as the trapping reagent is highly relevant to both olefin hydrosilylation and C-H silylation mechanisms, since in
both cases reaction with a hydrosilane follows the C-Si reductive elimination step.

Our kinetic findings are summarized in Table 4.2.3. The alkoxy- and siloxysilyl complexes 4, §, 7, 9 and 10 undergo
reductive elimination over hoursat 65 °C, while the triorganosilyl complexes 3 and 8 react rapidly even at 23 °C. The apparent order
of reactivity follows SiMe; > SiMe,(CF;) > SiMe,OSiMe; > SiMe,OSiMe,OSiMe; > SiMe,(OMe) > SiMe, (OEt) > SiMe(OMe)..
Thus the triorganosilyl complexes undergo reductive elimination more rapidly than the siloxylsilyl complexes, which are themselves

significantly faster than the alkoxysilyl complexes. The rate of reductive elimination of the siloxy- versus alkoxy- silyl complexes
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argues that the relative thermodynamic stabilities of the silyl methyl complexes (Table 4.2.2) is not the only determinant of the rate
of C(sp®)-Si reductive elimination in this family of complexes. Instead, we hypothesize that the n-accepting ability of the silyl group
contributes to the kinetics of reductive elimination, since the slowest rates are observed for the mono and dialkoxysilyl complexes 4
and §. Monomethoxysilyl complex 4 converts to 11 nearly an order of magnitude slower than monosiloxysilyl complex 9, with the
dialkoxysilyl § converting nearly two orders of magnitude slower. It may be the case that the success of siloxysilanes in arene C-H
silylation stems from the increased stability of the iridium siloxysilyl intermediates relative to trialkylsilyl complexes, which does not
appear to incur as significant a penalty to the rate of C(sp®)-Si reductive elimination as alkoxysilyl derivatives.

The decreased rates of reductive elimination of organometal silyls bearing electron-withdrawing substituents contrasts
with the behavior observed for Si-H oxidative addition at late transition metals. In many cases, hydrosilanes bearing electron-
withdrawing groups are found to react more rapidly, with triorganohydrosilanes undergoing Si-H oxidative addition slowly or not at
all;**3 though at least one counter-example exists.”” Both the increased rate of Si-H activation for electron-deficient silanes® and
the increased stability of the resulting silyl complexes®™** have been attributed to the formation of stronger M-Si bonds with such
silanes. Several studies on rhodium complexes show reduced rates of olefin hydrosilylation using electron-deficient silanes, which
has also been attributed to the increased stability of the metal silyl intermediates.*** By the same reasoning, the more-stable iridium
silyl complexes in our study show decreased rates of C(sp®)-Si reductive elimination, though the higher rate of reductive elimination
of siloxysilyl complexes relative to alkoxysilyl complexes is not reflected in the calculated metal silyl stabilities and likely stems from
purely kinetic factors. This apparent distinction between the reactivity of methoxy and siloxysilyls is important since methoxy
groups have been substituted for siloxy groups to simplify computations,® but our experimental findings indicate that this may not

be a benign substitution.

_ OBAf, . OBarf, _ OBArf,
lTPI'z T'Prz TIPFZ
®@| [Si] - MelSi] @ HSIEt @| si
7 N-iiMe . <—— |¢ “N-ir e NS (5)
= | + Me[Si] = | =( |
P'Pr2 P'Pr2 P'Pr2
3-5,7-10 1

Figure 4.2.4. Proposed mechanism for C(sp*)-Si bond reductive elimination

Given our observation that C-Si reductive elimination can occur in the absence of triethylsilane, (Figure 4.2.3, eq 4) we

propose that reductive elimination in the presence of triethylsilane occurs via the mechanism given in (Figure 4.2.4, eq ) where
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pre-equilibrium reductive elimination is followed by irreversible trapping by silane. An alternative mechanism involving
triethylsilane-assisted C-Si reductive elimination (either through an Ir(V) complex or a 0-SiH complex) is difficult to rule out, but
is not necessary given the evidence that reductive elimination can occur from the 5-coordinate iridium(III) complexes 3 and 8 in
the absence of hydrosilane. A comparison of the rate of reductive elimination of 8 and 10 and trapping with HSiEt; and DSiEt; in
separate experiments gives a small H/D isotope eftect of 1.2 and 1.1 respectively, a value inconsistent with rate-limiting Si-H
oxidative addition, thus the mechanism given in eqn. S seems most probable (Table 4.2.4). The overall reaction scheme involving
pre-equilibrium reductive elimination followed by trapping is distinct from the C(sp®)-Si reductive elimination system studied by

Ozawa, which proceeds via pre-equilibrium ligand exchange followed by irreversible reductive elimination.">*

Table 4.2.4. H/D isotope effect on the rate of reductive elimination and trapping by HSiEt;.

€]

.
F\’iPrz BA™4 |isit, or DSIEL, ppr, 4

{ [Si] (50 equiv.) 3 SiEt:

= | cD,Cly = |

PP, 65°C PPr,

4,8 11 or 11-d,
Complex Rate: HSiEt; DSiEt;, (s') H/D
8  134(3)*10° 1.09(2)*10° 12
10 140(2)*10* 127(6)*10* 11

4.3 Conclusion

In summary, we report a cationic pincer-supported iridium system capable of intermolecular C(sp®)-Si oxidative addition.
The generality of this manifold to activate C(sp*)-Si bonds is shown for a large family of alkyl, alkoxy, and siloxysilanes. A
thermodynamic analysis of these complexes by DFT shows a strong correlation of stability with the presence of electron
withdrawing groups on the silyl ligand, providing a quantitative description of trends dating to early studies on olefin hydrosilylation.
The predicted stabilities correspond well with experimental rates observed for reversible C(sp®)-Si reductive elimination followed
by trapping by silane, with an apparent order of reactivity following: SiMe; > SiMe,(CF;) > SiMe,OSiMe; > SiMe,OSiMe,OSiMe;
> SiMe,(OMe) > SiMe, (OEt) > SiMe(OMe),. The significantly higher rate of RE/trapping for the siloxysilyl complexes versus the
alkoxysilyl complexes does not correlate with the relative stability of the corresponding silyl complexes, hinting at an important

kinetic distinction between these two classes of metal silyls. Given the importance of organometal silyl intermediates in catalytic C-
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H silylation and olefin hydrosilylation, we believe that our structural, thermodynamic, and kinetic analyses on the diverse family of

iridium silyl complexes 3-11 will provide a strong basis for silyl-substituent selection in future catalytic method development.

44  Experimental

General Considerations. All manipulations were carried out using standard vacuum, Schlenk, cannula, or glovebox techniques
under N, unless otherwise specified. Tetrahydrofuran, dichloromethane, pentane, toluene and diethyl ether were degassed with
argon and dried over activated alumina using a solvent purification system. Complex 1 was prepared according to a reported
procedure." Trimethylsilane was prepared from chlorotrimethylsilane according to a literature procedure.”> Commercial silanes
were degassed with nitrogen and stored over activated 4 A molecular sieves for at least seven days prior to use. 3,3-dimethyl-1-
butene (tert-butylethylene) sourced from a commercial supplier was found to be contaminated with Me,S, which was removed by

stirring over CuBr followed by distillation.

Spectroscopy. 'H, “C{'H} and *'P{'"H} NMR spectra were recorded on Bruker NMR spectrometers at ambient temperature
unless otherwise noted. 'H and *C{'H} chemical shifts are referenced to residual solvent signals; *'P{'H} chemical shifts are

referenced to an external H;PO, standard.

Elemental Analysis. Elemental analyses of complexes 3 — 11 are of the bulk samples for which yields are reported. No additional
purification operations are carried out prior to packaging for analysis. Elemental analyses were performed at the University of

Rochester CENTC Elemental Analysis Facility.

EDA F SA F
. r . r
PPr, ¢ BuT F\"Pr2 !
®| THF (20 equiv.) SiMe

4 \l;l_fllr'—H s 4 \N@I;f/—Me °
— €49l =

PPr, 44°C PPr,

1 3

Preparation of [(PNP(*Pr),)IrMe(SiMe;) | BAr’; (3). A 20 mL scintillation vial was charged with 1 (0.1003 g, 0.068 mmol),
tetramethylsilane (3 mL), a stir bar, and fert-butylethylene (176 pL, 1.4 mmol) and was sealed with a PTFE-lined septum cap. The

suspension was heated at 44 °C for 80 hours. The mixture was then allowed to cool to room temperature, the solvent was decanted,
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and the red precipitate was dried under vacuum. The resulting solid was then extracted with two, 1 mL portions of diethyl ether
which were filtered through a 0.45 pm PTFE syringe filter. The resulting red solution was dried under vacuum to give a red solid.
The red solid was then dissolved in 1.0 mL of diethyl ether which was carefully layered with 0.3 mL of pentane. Additional pentane
was layered on top in four, 0.3 mL portions followed by two, 0.2 mL portions for a total of 1.9 mL of pentane. On standing, red
crystals deposited from the red, viscous bottom layer. The red bottom layer was carefully removed using a pipette, followed by the
pale orange top layer to yield red crystals alongside a red residue. The crystals were separated from the residue with a spatula and
transferred to a 20 mL scintillation vial. The crystals were then ground with a spatula and dried under vacuum to give complex 3 as
an orange solid. Yield: 0.0378 g (37%). Crystals of 3 suitable for X-ray diffraction were obtained by layering a saturated solution of
diethyl ether with pentane at room temperature. Anal. Calcd. for CssHsoB 1 FaulriNP,Si; : C, 44.54; H, 4.01; N, 0.94. Found: C,

44.456; H, 3.847; N, 0.879.

'"H NMR (500 MHz, CD,CL): 8 0.16 (s, 9H, Si(CH)3), 1.01 (apparent q, 6H, PCH(CH), Juuni = 7.1 Hz), 1.23 (apparent g, 6H,
PCH(CH;), Jiun=7.7 Hz), 1.35 (apparent q, 6H, PCH(CH), Jiuni = 6.9 Hz), 1.54 (apparent g, 6H, PCH(CH5), Juui= 8.0 Hz), 1.88
(t, 3H, Ir-CH;, Jur = 5.5 Hz), 2.61-2.68 (m, 4H, PCH), 3.39 (dot, 2H, PCH,, *Juu = 17.8 Hz, *Jup = 4.0 Hz), 3.89 (dot, 2H, PCH,,
Yuun=17.9 Hz, Jip = 4.1 Hz), 7.50 (d, 2H, py-H3,5, Juus=7.7 Hz), 7.55 (brs, 4H, CH of BAr",), 7.73 (brs, 8H, CH of BAr", ), 7.86
(t, 1H, py-H4, Jun = 7.7 Hz)

3'P{'"H} NMR (202 MHz, CD,CL): §28.78 (s)

BC{'H} NMR (125 MHz, CD,CL): 8 -21.32 (t, Ir-CH;, YJcr = 5.8 Hz), 643 (s, Si(CH;)s), 1847 (s, PCH(CH)), 19.31 (s,
PCH(CH5),), 20.48 (s, PCH(CH),), 20.61 (s, PCH(CHj)s), 25.40 (t, PCH(CHs),, 'Jer = 13.0 Hz), 2825 (t, PCH(CH;),, Jer =
13.8 Hz), 42.66 (t, PCH,, 'Jcr = 13.8 Hz), 117.88 (m, CH of BAr",), 122.43 (apparent t, py-C3,5, *Jcr = 4.6 Hz), 125.01 (q, CF; of
BAr', 'Jer=272.4 Hz), 129.30 (q, Cof BAr,, ) 31.3 Hz), 135.21 (s, CH of BAr",), 138.38 (s, py-C4), 162.17 (q, B-C, 'Jc5 = 49.9

Hz), 162.76 (s, py-C2,6 and B-C)
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© ©)
BAr, BArf,

PPr, Bu PPry
J \N®|\r'THHF (10 equiv.) / \N®|\/|\}|M62(OM9)
sir- =ir-ivie
—(H | Me;SiOMe ES
PiPI‘2 60 °C |:>i|:)r2
1 4

Preparation of [(PNP(‘Pr),)IrMe(SiMe,(OMe))BAr"; (4). A 20 mL scintillation vial was charged with 1 (0.1004 g, 0.068
mmol), methoxytrimethylsilane (2 mL) and fert-butylethylene (88 pL, 0.68 mmol) and was sealed with a PTFE-lined septum cap.
The solution was heated at 60 °C for 1 hr. The reaction was then allowed to cool to room temperature and the solvent was removed
under vacuum to give a yellow residue. The residue was washed with three, S mL portions of pentane and dried under vacuum. The
residue was then dissolved in 2 mL diethyl ether and carefully layered with 3 mL of pentane. Crystals deposited on standing for a
few hours, which were separated from the supernatant by decanting the oily solution with a pipette. The crystals were then washed
with three, S mL portions of pentane and dried under vacuum. The crystals were then ground with a spatula and dried under vacuum
to give complex 4 as a yellow solid. Yield: 0.0555 g (54%). Crystals of 4 suitable for X-ray diffraction were obtained by layering a
saturated solution of diethyl ether with pentane at room temperature. Anal. Calcd. For CssHsoB1FoulriN; O, P2Siy : C, 44.07; H, 3.97;

N, 0.93. Found: C, 44.079; H, 3.704; N, 0.830.

"H NMR (500 MHz, CD,CL,): § 0.19 (s, 6H, Si(CH}),), 0.99 (apparent g, 6H, PCH(CH3), Jun = 7.1 Hz), 1.19 (apparent g, 6H,
PCH(CH3), Jun="7.7 Hz), 1.34 (apparent q, 6H, PCH(CH;), i1 = 7.1 Hz), 1.51 (apparent q, 6H, PCH(CH;), Jir: = 8.1 Hz), 1.79
(t, 3H, Ir-CH3, Jup = 5.5 Hz), 2.65-2.77 (m, 4H, PCH), 3.28 (s, Si(OCHj3), 3.58 (dot, 2H, PCH,, Jun = 17.6 Hz, Jup = 4.9 Hz), 3.83
(dot, 2H, PCH,, i1 = 17.7 Hz, Jup = 4.0 Hz), 7.47 (d, 2H, py-H3,5, Jun = 7.8 Hz), 7.55 (brs, 4H, CH of BAr,), 7.71 (br s, 8H,
CH of BAr",), 7.84 (t, 1H, py-H4, *Ji..s = 7.8 Hz)

3'P{'H} NMR (202 MHz, CD,CL,): § 32.62 (s)

BC{'H} NMR (125 MHz, CD,CL): § -20.77 (t, Ir-CH;, }Jc» = 5.8 Hz ), 3.27 (s, Si(CH3),), 18.51 (s, PCH(CH3),), 19.30 (s,
PCH(CH;),),20.07 (s, PCH(CHj3),), 20.34 (s, PCH(CH}),), 25.98 (t, PCH(CH3), 'Jcr = 12.7 Hz), 28.27 (t, PCH(CHa),, 'Jcp =
14.5 Hz), 42.46 (t, PCH,, 'Jcp = 14.0 Hz), 50.58 (s, Si(OCH3)), 117.88 (apparent t, CH of BAr',, *Jcr = 3.7 Hz), 122.14 (apparent
t, py-C3,5, *Jcr = 4.7 Hz), 125.01 (q, CF; of BAr®,, 'Jcr = 271.7 Hz), 129.30 (q, C of BAry, Jcr 31.5 Hz), 135.21 (s, CH of BAr",),

138.33 (s, py-C4), 162.17 (q, B-C, 'Jcs = 49.8 Hz), 163.55 (apparent t, py-C2,6, Jc» = 3.6 Hz)
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Preparation of [(PNP('Pr),)IrMe(SiMe(OMe),) |BAr"; (5). A 20 mL scintillation vial was charged with 1 (0.0999 g, 0.068
mmol), dimethoxydimethylsilane (1 mL), and tert-butylethylene (88 L, 0.68 mmol) and was sealed with a PTFE-lined septum
cap. The solution was heated at 30 °C for 30 min followed by 60 °C for 60 min. The reaction was then allowed to cool to room
temperature and 3 mL of pentane was added to give a precipitate. The supernatant was then removed using a pipette. The
resulting green/brown solid was washed with three, 1 mL portions of pentane. The solid was then dissolved in 2.0 mL of diethyl
ether and carefully layered with 0.90 mL of pentane. Yellow crystals began to form on standing. The solution was then layered
with an additional 0.90 mL pentane in three, 0.30 mL portions for a total of 1.80 mL of pentane, leading to the precipitation of
additional yellow crystals. The dark green supernatant was removed using a pipette and the resulting yellow crystals were washed
with three, 1 mL portions of pentane and dried under vacuum. The crystals were then ground with a spatula and dried under
vacuum to give complex § asa yellow solid. Yield: 0.0205 g (20%). Crystals of 5 suitable for X-ray diffraction were obtained by
layering a saturated solution of ether with pentane at room temperature. Anal. Calcd. For CssHsoB1Fa4IriN1O,P5Si; : C, 43.60; H,

3.93; N, 0.92. Found: C, 43.590; H, 3.735; N, 0.809.

"H NMR (500 MHz, CD,CL): § 0.50 (s, 3H, Si(CH;)), 0.98 (apparent q, 6H, PCH(CHs), Ju.ui = 7.3 Hz), 1.18 (apparent g, 6H,
PCH(CH3), Jun= 7.6 Hz), 1.34 (apparent q, 6H, PCH(CH;), Ji1 = 7.3 Hz), 1.50 (apparent q, 6H, PCH(CH;), Ji.1: = 8.0 Hz), 1.69
(t, 3H, Ir-CH3, Jup = 5.6 Hz), 2.72-2.79 (m, 4H, PCH), 3.22 (s, 6H, Si(OCH3),), 3.71 (dot, 2H, PCH., ¥Jun = 17.3 Hz, YJup = 5.7
Hz), 3.80 (dot, 2H, PCH,, YJun = 17.3 Hz, Jur = 4.0 Hz) 7.45 (d, 2H, py-H3,S, ¥Jun = 7.8 Hz), 7.55 (brs, 4H, CH of BAr',), 7.71
(brs, 8H, CH of BAr",), 7.82 (t, 1H, py-H4, ¥Ji.1:= 7.8 Hz)

3'P{'H} NMR (202 MHz, CD,CL,): § 35.10 (s)

BC{'H} NMR (125 MHz, CD,CL): § -20.80 (t, Ir-CH3, }Jcr = 6.0 Hz), 1.13 (s, Si(CH3)), 18.36 (s, PCH(CH;),), 19.25 (s,
PCH(CH3),),19.81 (s, PCH(CHj),), 20.38 (s, PCH(CH3),), 26.32 (t, PCH(CHs),, Jer = 12.9 Hz),27.90 (t, PCH(CH3),, 'Jep =

15.3 Hz), 42.49 (t, PCH,, Jep = 14.5 Hz), 50.81 (s, Si(OCH;),), 117.88 (m, CH of BAr",), 121.73 (apparent t, py-C3,5, *Jcp = 4.6
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Hz), 125.01 (q, CF; of BAr",, Jer = 271.4 Hz), 129.30 (q, C of BAr*,, Jcr 31.7 Hz), 135.21 (s, CH of BAr',), 138.38 (s, py-C4),

162.17 (q, B-C, 'Je. = 49.8 Hz), 164.32 (br's, py-C2,6)

O F EA F
PiPr, PArs Bu PIPr, re
70 eauiv. :
Vi \N(:)I\r,_THHF (10 equiv.) / \N(J:)ILSI\}I(SMeh
—(H | MeSiOMe; = |
PiPrz 50 °C PiPrz
1 6

Preparation of [(PNP(‘Pr),)IrMe(Si(OMe);) ]BAr"; (6). A 20 mL scintillation vial was charged with 1 (0.0997 g, 0.068 mmol),
trimethoxymethylsilane (1 mL), and tert-butylethylene (88 uL, 0.68 mmol) and was sealed with a PTFE-lined septum cap. The
solution was heated at 50 °C for 120 min. The reaction was then allowed to cool to room temperature and was carefully layered with
2 mL pentane. Crystals deposited on standing which were separated by decanting the supernatant using a pipette. The crystals were
washed with three, 1 mL portions of pentane, then were dissolved in 1 mL diethyl ether. The ether solution was carefully layered
with 0.40 mL pentane in two, 0.20 mL portions. On standing yellow crystals deposited which were separated by decanting the
supernatant using a pipette. The crystals were washed with three, 1 mL portions of pentane and were dried under vacuum. The
crystals were then ground with a spatula and dried under vacuum to give complex 6 as a yellow solid. Yield: 0.0169 g (16%). Single
crystals of 6 were obtained by layering a saturated solution of ether with pentane at room temperature. Anal. Calcd. For

CssHsoB1Faulri N1 O3P,Si; : C,43.15; H, 3.88; N, 0.91. Found: C, 43.163; H, 3.701; N, 0.871.

"H NMR (500 MHz, CD,CL): § 0.98 (apparent q, 6H, PCH(CH3), Jiuu = 7.3 Hz), 1.18 (apparent q, 6H, PCH(CH3), Jun = 7.5
Hz), 1.33 (apparent q, 6H, PCH(CH;), Ju.n = 7.2 Hz), 1.52 (apparent q, 6H, PCH(CH3), Jun = 8.1 Hz), 1.86 (t, 3H, Ir-CH, Ju.p =
5.5 Hz), 2.74-2.84 (m, 4H, PCH), 3.41 (s, 9H, Si(OCH;)3), 3.69 (dot, 2H, PCH,, ¥Jun = 17.3 Hz, Jup = 5.2 Hz), 3.80 (dot, 2H,
PCHy, Jun = 17.3 Hz, Jur = 3.8 Hz), 7.45 (d, 2H, py-H3,5, JJun = 7.7 Hz), 7.55 (br s, 4H, CH of BAr',), 7.71 (br s, 8H, CH of
BArY,),7.81 (t, 1H, py-H4, ¥Ji = 7.7 Hz)

3P{'H} NMR (202 MHz, CD,Cl): § 35.16 (s)

BC{'H} NMR (125 MHz, CD,CL): § -21.61 (Ir-CH3, *Jcp = 6.0 Hz ), 18.22 (s, PCH(CH3),), 19.10 (s, PCH(CH3),), 19.69 (s,
PCH(CH;),),20.42 (s, PCH(CH3),), 26.40 (t, PCH(CH,),, 'Jcr = 12.6 Hz), 28.08 (t, PCH(CHS,),, Jcr = 15.2 Hz), 42.68 (t, PCH,,

Jep=14.6 Hz), $1.50 (s, Si(OCH3)s), 117.88 (m, CH of BAr®y, 35 = 3.7 Hz), 121.74 (m, py-C3,5), 125.02 (q, CF; of BAr"s, Jcs
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=272.5 Hz), 129.30 (q, C of BAr", JJcr 31.3 Hz), 13521 (s, CH of BAr",), 138.59 (s, py-C4), 162.18 (q, B-C, 'Jcs = 49.7 Hz),

164.27 (s, py-C2,6)

o o .

PPy, BAr", BT PiPr, BAr",
/ \N(-?l}-'-rl-ll-”: (10 equiv.) J \N(?l\r'-sl\}ll\éleZ(OEt)
=—(H | Me;SiOEt ={ |

PiPr, 50°C PPr,

1 7

Preparation of [(PNP("Pr),)IrMe(SiMe,(OEt))]BAr"; (7). A 20 mL scintillation vial was charged with 1 (0.0998 g, 0.068
mmol), ethoxytrimethylsilane (1 mL), and tert-butylethylene (88 pL, 0.68 mmol) and was sealed with a PTFE-lined septum cap.
The solution was heated at 50 °C for 120 min with periodic agitation. The crude mixture was then allowed to cool to room
temperature. The supernatant was decanted using a pipette to give an orange solid. The orange solid was then washed with three, 2
mL portions of pentane and dried under vacuum to give complex 7 as an orange solid. Yield: 0.0879 g (85%). Crystals of 7 suitable
for X-ray diffraction were obtained by layering a saturated solution of ethoxytrimethylsilane with pentane at room temperature.

Anal. Calcd. For Cs¢Hg B1F24IrN O P,Si; : C, 44.45; H, 4.06; N, 0.93. Found: C, 44.668; H, 3.795; N, 0.884.

"H NMR (500 MHz, CD,CL): § 0.19 (s, 6H, Si(CH;).), 1.00 (apparent g, 6H, PCH(CH;), Ju.n = 7.2 Hz), 1.05 (t, 3H, OCH,CH;,
Jun = 7.0 Hz), 1.19 (apparent q, 6H, PCH(CH3), Juu = 7.7 Hz), 1.34 (apparent q, 6H, PCH(CH3), Jiu = 7.2 Hz), 1.52 (apparent
q, 6H, PCH(CH3), Jun = 8.1 Hz), 1.79 (t, 3H, Ir-CH3, Jur = 5.5 Hz), 2.66-2.70 (m, 2H, PCH), 2.80-2.86 (m, 2H, PCH), 3.47 (q,
Si(OCH,CHs, *Jun = 7.0 Hz), 3.64 (dot, 2H, PCH>, *Jiin = 17.6 Hz, YJuup = 4.0 Hz), 3.83 (dot, 2H, PCH,, Jun = 17.7 Hz, Jup = 4.0
Hz), 7.47 (d,2H, py-H3,5, ¥Juu = 7.8 Hz), 7.55 (brs, 4H, CH of BAr",), 7.72 (brs, 8H, CH of BAr",), 7.83 (t, 1H, py-H4, *Jun=7.8
Hz)

3P{'H} NMR (202 MHz, CD,Cl): § 32.50 (s)

BC{'H} NMR (125 MHz, CD,CL): § -20.62 (Ir-CH3, ¥Jc» = 6.0 Hz ), 3.95 (s, Si(CH;),), 18.35 (s, OCH,CH3), 18.43 (s,
PCH(CHj3),),19.28 (s, PCH(CH3),),20.20 (s, PCH(CH3)), 20.39 (s, PCH(CH3),), 25.87 (t, PCH(CH3),, Jcp=12.7Hz),28.13
(t, PCH(CHa3),, 'Jer = 14.3 Hz), 4242 (t, PCH,, 'Jcp= 14.2 Hz), 59.29 (s, Si(OCH,CH3) ), 117.90 (m, CH of BAr"y, *Jcx = 3.7 Hz),
122.11 (apparent t, py-C3,5, }Jc.» = 4.8 Hz), 125.03 (q, CF; of BAr"s, 'Jcr =272.9 Hz), 129.33 (g, C of BAr',, Jcr 32.0 Hz), 13523

(s, CH of BAr',), 138.30 (s, py-C4), 162.20 (q, B-C, 'Jcs = 49.9 Hz), 162.79 (s, py-C2,6)
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Preparation of [(PNP(‘Pr),)IrMe(SiMe,(CF;))]BAr’; (8). A 20 mL scintillation vial was charged with 1 (0.0998 g, 0.068
mmol), (trifluoromethyl)trimethylsilane (0.50 mL), and fert-butylethylene (88 pL, 0.68 mmol) and was sealed with a PTFE-lined
septum cap. The solution was heated at 40 °C for 60 min. The mixture was then allowed to cool to room temperature. Pentane (3.0
mL) was added at once to give a precipitate which was separated by decanting the supernatant. The resulting orange solid was
dissolved in 1.0 mL of diethyl ether which was carefully layered with 1.00 mL of pentane in two, 0.40 mL portions followed by one
0.20 mL portion. On standing, red/orange crystals deposited which were separated by removal of the supernatant using a pipet.
The crystals were washed with three, 1 mL portions of pentane and dried under vacuum. The crystals were then ground with a
spatula and dried under vacuum to give complex 8 as an orange solid. Yield: 0.0626 g (60%). Crystals of 8 suitable for X-ray
diffraction were obtained by layering a saturated solution of trifluoromethyltrimethylsilane with pentane at room temperature. Anal.

Calcd. For C4oH4B 1 FyrIrN  P,Si; : C,42.98; H, 3.67; N, 0.91. Found: C, 43.142; H, 3.446; N, 0.832.

'H NMR (500 MHz, CD,Cl,): 8 0.51 (s, 6H, Si(CH3),), 1.06 (apparent q, 6H, PCH(CH3), Jun = 7.1 Hz), 1.21 (apparent q, 6H,
PCH(CHj), Jun="74Hz), 1.36 (apparent q, 6H, PCH(CH3), Jun = 7.1 Hz), 1.52 (apparent g, 6H, PCH(CH;), Jun = 8.2 Hz), 1.94
(t, 3H, Ir-CH;, Jup = 5.2 Hz), 2.58-2.71 (m, 4H, PCH), 3.52 (dot, 2H, PCH>, }Juxs = 17.9 Hz, Juup = 3.9 Hz), 3.97 (dot, 2H, PCH,,
Jyuu =179 Hz, Jur=3.9Hz), 7.55 (brs, 4H, CH of BAr"}), 7.58 (d, 2H, py-H3,5 Juuu=7.8 Hz) 7.72 (brs, 8H, CH of BAr',), 7.91
(t, 1H, py-H4, Juun = 7.8 Hz)

3P{'"H} NMR (202 MHz, CD,Cl,): 8 28.06 (s)

BC{'H} NMR (125 MHz, CD,CL): 8 -22.40 (t, Ir-CH, *Jcp = 4.5 Hz ), 2.75 (s, Si(CH;),), 18.66 (s, PCH(CHS),), 19.08 (s,
PCH(CH3),),20.45 (s, PCH(CH3)), 20.69 (s, PCH(CH3),), 25.30 (t, PCH(CH;),, Jer = 12.7 Hz), 27.96 (t, PCH(CHs),, 'Jcr =
13.8 Hz), 41.66 (t, PCH,, Jcr = 13.8 Hz), 117.89 (br m, CH of BAr";), 122.56 (apparent t, py-C3,5, Jcp = 4.5 Hz), 125.02 (q, CF;
of BAr"y, Jer =271.9 Hz), 129.30 (q, C of BAr%y, Jcr 31.4 Hz), 135.22 (s, CH of BArY,), 139.61 (s, py-C4), 162.18 (q, B-C, Je =

50.0 Hz), 163.13 (s, py-C2,6)
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Preparation of [of [(PNP(‘Pr),)IrMe(SiMe,OSiMe;) |BAr*; (9). A 20 mL scintillation vial was charged with 1 (0.0999 g, 0.068
mmol), hexamethyldisiloxane (4 mL), a stir bar, and tert-butylethylene (176 uL, 1.4 mmol) and was sealed with a PTFE-lined
septum cap. The suspension was heated at 50 °C for 120 hours. The mixture was allowed to cool to room temperature and the
solvent was removed using a pipette. The resulting orange residue was then washed with three, 3 mL portions of pentane and was
dried under vacuum. The resulting solid was then extracted with two, 1 mL portions of diethyl ether and filtered through a 0.45 pm
PTEE syringe filter. The resulting orange solution was dried under vacuum to give an orange solid. The solid was taken up in 0.80
mL of diethyl ether and carefully layered with two, 0.40 mL portions of pentane. Orange crystals deposited on standing overnight.
The supernatant and residual orange oil were removed using a pipette and the orange crystals were dried under vacuum. The crystals
were ground with a spatula and further dried under vacuum to give 9 as an orange solid. Yield: 0.0520 g (49%). Crystals of 9 suitable
for X-ray diffraction were obtained by layering a saturated solution of diethyl ether with pentane at room temperature. Anal. Calcd.

For C59H71B1F24II’N102P25i3: C, 4396, H, 421, N, 0.90. Found: C, 43942, H, 4039, N, 0.843.

"HNMR (500 MHz, CD,CL): §-0.012 (s, SiCH3), 0.26 (s, SiCH;), 1.00 (apparent q, 6H, PCH(CH;), Junu=7.2 Hz), 1.21 (apparent
q, 6H, PCH(CH3), Juu = 7.7 Hz), 1.34 (apparent q, 6H, PCH(CH;), Jun = 7.0 Hz), 1.53 (apparent q, 6H, PCH(CH3), Ji1: = 8.0
Hz), 1.80 (t, 3H, Ir-CH3, Ju» = 5.6 Hz), 2.68-2.78 (m, 4H, PCH), 3.53 (dot, 2H, PCH,, }Ji11 = 17.7 Hz, Jup = 4.7 Hz), 3.86 (dot,
2H, PCH,, YJun = 17.8 Hz, Jup = 4.1 Hz), 7.50 (d, 2H, py-H3,5 *Jun = 7.8 Hz), 7.55 (brs, 4H, CH of BAr",), 7.71 (brs, 8H, CH of
BArY,),7.86 (t, 1H, py-H4, 311 = 7.8 Hz)

3P{'H} NMR (202 MHz, CD,Cl): § 31.63 (s)

BC{'H} NMR (125 MHz, CD,CL): § -20.72 (t, Ir-CHj, }Jcp = 5.9 Hz ), 2.01 (s, Si(CHs)s), 7.87 (s, Si(CH5),), 1841 (s,
PCH(CH3),),19.26 (s, PCH(CH3).),20.34 (s, PCH(CH3),),20.42 (s, PCH(CH})), 25.70 (t, PCH(CH3),, 'Jcp = 12.8 Hz), 27.96
(t, PCH(CHs)y, Jer = 13.9 Hz), 42.46 (t, PCH,, 'Jc» = 14.2 Hz), 117.88 (br m, CH of BAr";), 122.22 (apparent t, py-C3,5, *Jcp =

4.9 Hz),125.01 (q, CF; of BAr",, 'Jcr = 272.4 Hz), 129.28 (q, C of BAr*,, JJcr 31.3 Hz), 135.21 (s, CH of BAr",), 138.34 (s, py-C4),
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162.17 (q, B-C, 'Jc. = 49.8 Hz), 163.27 (s, py-C2,6)

(é)ArF4 . g)ArF4
PiPr, BuT PPry _ _
Vi \N(:)I}’,_THHF (20 equiv.) / \N@I\r {CS:;_I:geZOS|Me20$|Me3
—(H | Me,Si(OSiMe3), —
,?iprz 50 °C PiPr,

10
Preparation of [(PNP(‘Pr),)IrMe(SiMe,OSiMe,OSiMe;) |BAr", (10). A 20 mL scintillation vial was charged with 1 (0.1004 g,
0.068 mmol), octamethyltrisiloxane (3 mL), a stir bar, and tert-butylethylene (176 pL, 1.4 mmol) and was sealed with a PTFE-lined
septum cap. The solution was heated at 50 °C for 7 days. The mixture was then allowed to cool to room temperature and the solution
was decanted using a pipette. The resulting yellow residue was dried under vacuum and then ground with a spatula to give a yellow
solid. This solid was washed with three, 3 mL portions of pentane and dried under vacuum. The solid was then extracted with two,
1 mL portions of diethyl ether and the extracts filtered through a 0.45 pum PTFE syringe filter. The resulting yellow/ orange solution
was dried under vacuum and washed with three, 3 mL portions of pentane to give a yellow solid. The solid was ground with a spatula
and dried under vacuum. The solid was then taken up in 1 mL diethyl ether and 0.20 mL pentane was carefully layered on top.
Additional pentane was added in four, 0.30 mL portions followed by one, 0.20 mL portion for a total of 1.6 mL. Yellow crystals
deposited on standing from the viscous orange bottom layer. The bottom layer was removed using a pipette, followed by the pale-
yellow top layer to give yellow crystals and an orange residue. The crystals were transferred away from the residue into a 20 mL
scintillation vial using a spatula. The crystals were then ground with a spatula and dried under vacuum. The yellow solid was then
extracted with two, 1 mL portions of diethyl ether which were filtered through a 0.45 um PTFE syringe filter and dried under
vacuum to give a yellow solid. The solid was dissolved in 0.50 mL diethyl ether and carefully layered with 0.20 mL pentane.
Additional pentane was added in two, 0.20 mL portions, leading to the deposition of yellow crystals on standing. The supernatant
was decanted using a pipette and the yellow crystals washed with three, 1.0 mL portions of pentane. The crystals were then ground
with a spatula and dried under vacuum to give complex 10 as a yellow solid. Yield: 0.0361 g (33%). Crystals of 10 suitable for X-ray
diffraction were obtained by layering a saturated solution of diethyl ether with pentane at room temperature. Anal. Calcd. For

C59H71B1F24II'N102P25i3: C, 4344, H, 439, N, 0.86. Found: C, 43276, H, 4251, N, 0.955.

'H NMR (500 MHz, CD,CL,): § -0.05 (s, SICH3), 0.04 (s, SICH5), 0.28 (s, SiCH}), 0.99 (apparent q, 6H, PCH(CH5), Jun = 7.3
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Hz), 1.21 (apparent q, 6H, PCH(CH;), Jiu = 7.8 Hz), 1.33 (apparent q, 6H, PCH(CH;), Juu = 7.0 Hz), 1.53 (apparent g, 6H,
PCH(CH3), Jun = 8.1 Hz), 1.80 (t, 3H, Ir-CH3, Jup = 5.5 Hz), 2.66-2.82 (m, 4H, PCH), 3.62 (dot, 2H, PCH,, *Jun = 17.7 Hz, YJup
=4.7Hz), 3.84 (dot, 2H, PCH,, Jun = 17.8 Hz, *Jupr = 4.1 Hz), 7.48 (d, 2H, py-H3,5 *Juu = 7.7 Hz), 7.56 (br s, 4H, CH of BAr",),
7.72 (brs, 8H, CH of BAr*,), 7.84 (t, 1H, py-H4, ] = 7.8 Hz)

3'P{'H} NMR (202 MHz, CD,CL): § 31.86 (s)

BC{'H} NMR (125 MHz, CD,Cl,): § -20.65 (t, Ir-CH3, }Jc» = 5.9 Hz ), 1.63 (s, SiCH3), 1.78 (s, SiCH3), 7.68 (s, SiCH3), 18.50(s,
PCH(CHj3),),19.33 (s, PCH(CH3),),20.28 (s, PCH(CH3),), 20.41 (s, PCH(CH3),), 25.80 (t, PCH(CHj),, 'Jcp = 12.8 Hz),27.93
(t, PCH(CHs)y, Jer = 14.4 Hz), 42.42 (t, PCH,, 'Jc» = 14.1 Hz), 117.88 (br m, CH of BAr";), 122.16 (apparent t, py-C3,S, *Jcp =
4.7 Hz),125.02 (q, CF; of BAry, Jcr = 271.7 Hz), 129.31 (q, C of BAr™, Jc s 31.7 Hz), 135.22 (s, CH of BAr',), 138.21 (s, py-C4),

162.18 (q, B-C, 'Jc. = 49.8 Hz), 163.44 (s, py-C2,6)

S S
X BArF4 . BArF4
P'Pr, Et;SiH P'Pr,
/ \N(J:)I\r,_THHF (20 equiv.) Vi \N@I\r _SiEts
=(H | CH,Cly = | H
PiPrz 23°C PiPr2

Preparation of [(PNP(‘Pr),)IrH(SiEt;)|BAr", (11). A 20 mL scintillation vial was charged with 1 (0.1002 g, 0.068 mmol),
dichloromethane (1 mL), and triethylsilane (217 pL, 1.4 mmol) and was sealed with a PTFE-lined septum cap. The solution was
allowed to stand at room temperature for 1 hour. The mixture was then dried under vacuum to give an orange solid. The solid was
dissolved in 0.80 mL diethyl ether and pentane was carefully layered on top in two, 0.50 mL portions. Once orange crystals began
to deposit, an additional 0.20 mL portion of pentane was layered on top. After standing overnight, the supernatant was decanted
using a pipette. The crystals were washed with three, 1 mL portions of pentane and dried under vacuum. The crystals were then
ground with a spatula and further dried under vacuum to give complex 11 as an orange solid. Yield: 0.0875 g (85%). Crystals of 11
suitable for X-ray diffraction were obtained by layering a saturated solution of diethyl ether with pentane at room temperature. Anal.

Caled. For CsoH71B 1 FouIrN; O,P,Si5: C, 45.30; H, 4.20; N, 0.93. Found: C, 45.353; H, 3.846; N, 0.875.

"H NMR (500 MHz, CD,CL): 8 -15.84 (t, 1H, Ir-H, Jup = 11.0 Hz), 0.72 (q, 6H, Si(CH,CHs)s, Juun = 7.4 Hz), 0.82 (t, 9H,
Si(CH,CH3)3, ¥Juu = 7.4 Hz ), 0.99 (apparent q, 6H, PCH(CH;), Jiu = 7.4 Hz), 1.18-1.25 (m, 12H, PCH(CH3)), 1.38 (apparent

q,6H, PCH(CH;), Juun = 7.7 Hz),2.38-2.50 (brm, 4H, PCH(CH3)), 3.62 (br m, 2H, PCH.,), 3.84 (brm, 2H, PCH.), 7.55 (brss, 4H,
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CH of BArY,), 7.62 (d, 2H, py-H3,5 *Juu = 7.7 Hz), 7.72 (brs, 8H, CH of BAr',), 7.96 (t, 1H, py-H4, *Ju1 = 7.7 Hz)

3IP{'H} NMR (202 MHz, CD,CL): § 52.36 (d, Jp.x= 5.0 Hz)

BC{'H} NMR (125 MHz, CD,CL): § 9.17 (s, SiEt;), 11.83 (s, SiEts), 17.76 (s, PCH(CH;),), 18.63 (s, PCH(CH3),), 20.77 (s,
PCH(CH3),),21.89 (s, PCH(CH3),), 25.96 (t, PCH(CH,),, 'Jc» = 13.8 Hz),26.17 (t, PCH(CHs)5, 'Jcp = 13.8 Hz),40.32 (t, PCH,,
Yep=12.0Hz), 117.88 (br m, CH of BAr",), 121.90 (apparent t, py-C3,5, *Jc.» = 4.0 Hz), 125.00 (g, CF; of BAr',, Jcr = 272.5 Hz),
129.29 (g, Cof BAr™y, Jcr 31.4 Hz), 135.21 (s, CH of BAr",), 140.95 (s, py-C4), 162.17 (q, B-C, 'Jcs = 50.0 Hz), 164.34 (t, py-C2,6

ZJC,P = 30 HZ)

Procedure for the equilibration of 3 in an equimolar solution of trifluoromethyltrimethylsilane and tetramethylsilane
(eqn. 4). A 4 mL vial was charged with 3 (0.0122 g, 0.0082 mmol) and trifluoromethyltrimethylsilane (104 L, 0.70 mmol). The
solution was transferred to a thick walled J. Young tube and tetramethylsilane was added (96 pL, 0.70 mmol). The J. Young tube
was sealed and inverted. The reaction was then heated at 80 °C and monitored by *'P{'H} until the ratio of 3 to 8 became constant.

The computed AG® is based on the relative intensities of the *'P{'H} signals after cooling to 23 °C.
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PiPrz 65 °C PiPrz
4-10 1"

General procedure for the reaction of 4-7 and 9-10 with triethylsilane at 65 °C (Figure 4.4.1). A 20 mL scintillation vial was
charged with the iridium complex (0.012 mmol), 1.20 mL CD,Cl,,and triethylsilane (96 pL, 0.60 mmol). Two 0.50 mL aliquots
were then removed and transferred to separate ]. Young NMR tubes. Reactions were monitored by *'P{'"H} NMR at 65 °C in

duplicate to observe the rate of conversion to complex 11.

General procedure for the reaction of 8 with triethylsilane at 65 °C (Figure 4.4.1). A 20 mL scintillation vial was charged with
8 (0.012 mmol) and 1.20 mL of CD,Cl,. Two 0.50 mL aliquots was then removed and transferred to separate J. Young NMR tubes.

The samples in the NMR tubes were frozen in a liquid nitrogen-cooled cold well. Once frozen, triethylsilane (40 uL, 0.25 mmol)
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was added to each NMR tube. The NMR tubes were then sealed, removed from the glove box and handled in a -78 °C bath. Prior
to kinetic analysis, the J. Young NMR tube was removed from the cold bath, inverted to mix the reagents and then was monitored

by *'P{'H} NMR at 65 °C to observe the rate of conversion to complex 11.
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Figure 4.4.1. Kinetics of reductive elimination at 65 °C with HSiEt;
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General procedure for the reaction of 3 and 8 with triethylsilane at 23 °C (Figure 4.4.2). A 20 mL scintillation vial was charged
with 3 or 8 (0.012 mmol) and 1.20 mL of CD,Cl,. Two 0.50 mL aliquots was then removed and transferred to separate J. Young
NMR tubes. The samples in the NMR tubes were frozen in a liquid nitrogen-cooled cold well. Once frozen, triethylsilane (40 pL,
0.25 mmol) was added to each NMR tube. The NMR tubes were then sealed, removed from the glove box and handledina -78 °C
bath. Prior to kinetic analysis, the J. Young NMR tube was removed from the cold bath, inverted to mix the reagents and then was

monitored by *P{'"H} NMR at 23 °C to observe the rate of conversion to complex 11.
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Figure 4.4.2. Kinetics of reductive elimination at 23 °C with HSiEt;: Ln[Ir] versus time. Experiments shown in duplicate
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General procedure for the reaction of 8 with triethylsilane-d, at 65 °C (Figure 4.4.3). A 20 mL scintillation vial was charged
with 8 (0.012 mmol) and 1.20 mL of CD,Cl,. Two 0.50 mL aliquots was then removed and transferred to separate J. Young NMR
tubes. The samples in the NMR tubes were frozen in a liquid nitrogen-cooled cold well. Once frozen, triethylsilane-d; (40 pL, 0.25
mmol) was added to each NMR tube. The NMR tubes were then sealed, removed from the glove box and handled ina -78 °C bath.
Prior to kinetic analysis, the J. Young NMR tube was removed from the cold bath, inverted to mix the reagents and then was

monitored by ' P{'"H} NMR at 65 °C to observe the rate of conversion to complex 11-d;.
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10 11-dy

General procedure for the reaction of 10 with triethylsilane-d; at 65 °C (Figure 4.4.3). A 20 mL scintillation vial was charged
with the iridium complex (0.012 mmol), 1.20 mL CD,ClL, and triethylsilane-d; (96 pL, 0.60 mmol). Two 0.50 mL aliquots were
then removed and transferred to separate J. Young NMR tubes. Reactions were monitored by *'P{'"H} NMR at 65 °C in duplicate

to observe the rate of conversion to complex 11-d;.
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Figure 4.4.3. Kinetics of reductive elimination at 65 °C with DSiEt;: Ln[Ir] versus time. Experiments shown in duplicate
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General procedure for catalytic hydrosilylation of tert-butylethylene with pentamethyldisiloxane at 80 °C (Figure 4.4.4,
right). A 20 mL scintillation vial was charged with 1 (0.0176 g, 0.012 mmol), 0.92 mL of CD,CL, tert-butylethylene (0.23 mL, 1.8
mmol) followed by pentamethyldisiloxane (47 pL, 0.24 mmol). Two 0.50 mL aliquots were removed and transferred to separate J.
Young NMR tubes. The rate of hydrosilylation was monitored by heating the sealed tubes in an oil bath at 80 °C for 10 minute
intervals. After each interval, the samples were rapidly cooled to 23 °C and analyzed by 'H NMR spectroscopy. Product formation

was monitored by comparison to reported characterization data.’?

General procedure for catalytic hydrosilylation of tert-butylethylene with trimethylsilane at 80 °C (Figure 4.4.4, left). A 20
mL scintillation vial was charged with 1 (0.0176 g, 0.012 mmol), 0.72 mL of CD,CL followed by tert-butylethylene (0.23 mL, 1.8
mmol) and cooled to -35 °C. A 0.25 mL aliquot of a 970 mM solution of trimethylsilane (0.24 mmol) in CH,Cl, was added. Two
0.50 mL aliquots were removed and transferred to separate J. Young NMR tubes. The rate of hydrosilylation was monitored by
heating the sealed tubes in an oil bath at 80 °C for 10 minute intervals. After each interval, the samples were rapidly cooled to 23 °C

and analyzed by "H NMR spectroscopy. Product formation was monitored by comparison to reported characterization data.*
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Figure 4.4.4. Kinetics of catalytic hydrosilylation of tert-butylethylene by 1 at 80 °C: Ln[Silane] versus time. Experiments shown in

duplicate.
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General Methods. Density functional theory (DFT) calculations were performed using Gaussian 09.°

Computational treatment of reductive elimination/oxidative addition thermodynamics (Figure 4.4.5 and Figure 4.4.6).
X-ray crystallographic data provided initial atomic coordinates for each iridium complex. Initial coordinates for organic compounds
were generated using Gaussview. A DFT optimization and frequency calculation was performed to compute the free energy of each
complexand compound using the M06¢ functional with the following basis sets: (CHNOF: def2SVP, IrPSi: de2TZVP).” The ECP
for Ir was retrieved from the EMSL basis set exchange (http: //bse.pnl.gov/ ).8 The tabulated free energies were used to calculate

AG® values for the transformations shown in Figure 4.4.5 and Figure 4.4.6.
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3 11
-2033.999 -527.238 2112448 -448.816 a.u.

Figure 4.4.5. Computed thermodynamics of conversion of 3 to 11.
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Figure 4.4.6. Computed relative stabilities of silyl complexes 3-10.

4.5 Additional Figures
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Figure 4.5.1. "H NMR Spectrum of [ (PNP(*Pr),)IrMe(SiMe;) ]BAr"; (3) (500 MHz, CD,CL).
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Figure 4.5.2. “C{'H} NMR Spectrum of [(PNP(‘Pr),)IrMe(SiMe;) |BAr"; (3) (126 MHz, CD,CL)
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Figure 4.5.3. *'P{'"H} NMR Spectrum of [ (PNP("Pr),)IrMe(SiMe;)]BAr"; (3) (202 MHz, CD,CL).
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Figure 4.5.5. *C{'"H} NMR Spectrum of [ (PNP(’ Pr)4)IrMe(SlMe2(OMe))]BArF4 (4) (126 MHz, CD,Cl,).
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Figure 4.5.6. *'P{'"H} NMR Spectrum of [ (PNP("Pr),)IrMe(SiMe,(OMe))|BAr"; (4) (202 MHz, CD,CL).
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Figure 4.5.8. “C{'H} NMR Spectrum of [(PNP(*Pr),)IrMe(SiMe(OMe),) |BAr", (5) (126 MHz, CD,CL).
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Figure 4.5.9. 3 P{'"H} NMR Spectrum of [ (PNP("Pr),)IrMe(SiMe(OMe),) |BAr"; (5) (202 MHz, CD,CL).
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Figure 4.5.10. 'H NMR Spectrum of[(PNP(Pr)4)IrMe(Sl(OMe)3)]BArF4 (6) (500 MHz, CDZCIZ)
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Figure 4.5.11. “C{'H} NMR Spectrum of [ (PNP(’ PI')4)II'M€(SI(OM€)3)]BAI’F (6) (126 MHz, CDZCIZ)
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Figure 4.5.12. *'P{'"H} NMR Spectrum of [ (PNP(‘Pr),)IrMe(Si(OMe);) ]BAr"; (6) (202 MHz, CD,CL).
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Figure 4.5.13. 'H NMR Spectrum of[(PNP( PI')4)II'M€(SIM€2(OEt))]BAI'F4 (7) (500 MHZ, CDZCIZ)
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Figure 4.5.14. *C{'H} NMR Spectrum of [ (PNP(Pr),)IrMe(SiMe,(OEt))]BAr"; (7) (126 MHz, CD,CL).
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Figure 4.5.15. *'P{'"H} NMR Spectrum of [ (PNP(‘Pr),)IrMe(SiMe,(OFEt)) ]BAr"; (7) (202 MHz, CD,CL).
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Figure 4.5.16. '"H NMR Spectrum of[(PNP( Pr)OIrMe(SlMe;_(CFQ)]BArF4 (8) (500 MHZ, CD,CL).
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Figure 4.5.17. *C{'H} NMR Spectrum of [ (PNP(Pr),)IrMe(SiMe,(CF;))]BAr"; (8) (126 MHz, CD,CL).
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Figure 4.5.18. *'P{'H} NMR Spectrum of [ (PNP('Pr),)IrMe(SiMe,(CF;))]BAr"; (8) (202 MHz, CD,ClL).
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Figure 4.5.21. *'P{'"H} NMR Spectrum of [ (PNP('Pr),)IrMe(SiMe,OSiMe;) ]BAr"; (9) (202 MHz, CD,CL).
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Figure 4.5.22. "H NMR Spectrum of [ (PNP(’ Pr)4)IrMe(Sll\/[e2051Me2051Me3)]BArF4 (10) (500 MHz, CD,Cl,).
BAIF FrainnNG e ] DA G et - S
F\‘Pr2 == B 'csm'ns@'\'ﬂ"ag
@| SiMe0SiMeOSIMes —— — R
/ \N Ir Me
PiPr,
10

WLV Wy‘"h-(‘vw o b ]

T T T T T T T T T T T T y T T T

300 200 100 [ppm]

Figure 4.5.23. *C{'H} NMR Spectrum of [ (PNP(Pr),)IrMe(SiMe,OSiMe,OSiMe;) |BAr", (10) (126 MHz, CD,CL).
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Figure 4.5.24. *'P{'H} NMR Spectrum of [ (PNP('Pr),)IrMe(SiMe,OSiMe,OSiMe;) |BAr"; (10) (202 MHz, CD,ClL).
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Figure 4.5.25. "H NMR Spectrum of [ (PNP("Pr),)IrH(SiEt;) ]BAr", (11) (500 MHz, CD,CL).
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Figure 4.5.26. *C{'H} NMR Spectrum [ (PNP(*Pr),)IrH(SiEt;)]BAr", (11) (126 MHz, CD,CL).

159



O]
w
>
%
-
»
(5237
52.34

A AR

‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
200 100 -100 [ppm]

0
Figure 4.5.27. 3'P{'"H} NMR Spectrum [ (PNP(‘Pr),)IrH(SiEt;) ]BAr"; (11) (202 MHz, CD,CL).

4.6  X-RayCrystallography

Details of crystallographic refinement

General Methods. A suitable crystal of each sample was selected for analysis and mounted in a polyimide loop. Crystal samples were
handled under immersion oil and quickly transferred to a cold nitrogen stream. All measurements were made on a Rigaku Oxford
Diffraction Supernova Eos CCD with filtered Mo-Ka or Cu-Ka radiation at a temperature of 100 K. Using Olex2,’ the structure was
solved with the ShelXT structure solution program using Direct Methods and refined with the ShelXL refinement package'® using

Least Squares minimization.
Compound 3

Disorder in one trifluoromethyl group was modeled over two positions with similarity restraints placed on atomic thermal

parameters and C-F bond distances.
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Compound 4
A disordered trifluoromethyl group was modeled over two positions with similarity restraints placed on the C-F bond distances and

atom thermal parameters.

Compound §
Extensive two-site disorder of the iridium cation was modeled over two positions with similarity restraints placed on atomic bond

distances and thermal parameters. Disorder in trifluoromethyl groups on the anion were modeled similarly.

Compound 6

The crystal was a non-merohedral twin with two components in a 56:44 ratio. Both components were integrated and refinement
was done against a two-component hkIfS file. Disorder in a trifluoromethyl group of the anion was modeled over two positions with
similarity restraints placed on the C-F bond distances and atom thermal parameters. 2-site disorder in the (SiOMe;)IrMe fragment
of the cation was modeled over two positions with similarity restraints placed on the bond distances and atom thermal parameters.
The iridium thermal parameters were constrained to be identical. Two anti-bumping restraints were added to keep the low-

occupancy OMe groups in a chemically-sensible position.

Compound 7
Disorder in the cation was modeled over two positions with similarity restraints placed on atomic bond distances and thermal

parameters. Disorder in several trifluoromethyl groups on the anion was modeled in a similar fashion.

Compound 8
Disorder in trifluoromethyl groups was modeled over two positions with similarity restraints placed on C-F bond distances and

atomic thermal parameters.

Compound 9

Disorder in trifluoromethyl groups was modeled over two positions with similarity restraints placed on atomic thermal parameters

and C-F bond distances.
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Compound 10
Disorder in trifluoromethyl groups was modeled over two positions with similarity restraints placed on atomic thermal parameters

and C-F bond distances.

Compound 11
Disorder in trifluoromethyl groups was modeled over two positions with similarity restraints placed on C-F bond distances and

atomic thermal parameters. The metal hydride was located in the difference map and refined without restraint.
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Table 4.6.1. Crystal data and structure refinement for 3.

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta =25.242°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(I)]
Rindices (all data)

Largest diff. peak and hole

CssHsoBF,,IrNP,Si
1483.07
100.00(10) K
0.71073 A
Monoclinic
P121/n1
a=17.0144(2) A
b=14.30758(19) A
c=24.9845(4) A
5916.68(15) A3

4

1.665 Mg/m*
2445 mm!

2952

0.339x0.245x0.182 mm?®

2.322t029.472°.

a=90°
p=103.3935(15)°
1=90°

23<=h<=22,-19<=k<=19, -32<=[<=32

66888

14691 [R(int) = 0.0392]

99.9 %
Gaussian

1.000 and 0.458

Full-matrix least-squares on F*

14691 / 124 / 815
1.038

R1=0.0307, wR2 =0.0669
R1=0.0386, wR2 = 0.0705

1.751and-1.311 e/A3
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Figure 4.6.1. ORTEP diagram of 3 with ellipsoids shown at 50%. The anion is omitted for clarity.
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Table4.62.  Crystal data and structure refinement for 4.

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 67.684°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(I)]
Rindices (all data)

Largest diff. peak and hole

CssHsoBF,IrNOP,Si

1499.07

100.01(10) K

1.54184 A

Monoclinic

P121/cl

a=12.16585(9) A a=90°
b=12.79696(11) A p=97.7046(7)
c=39.1793(3) A Y=90°
6044.60(8) A3

4

1.647 Mg/m*

5.994 mm"'

2984

0.192x0.121x0.041 mm?

3.637 to 73.507°.
-15<=h<=14,-15<=k<=13, -48<=1<=48
70861

12044 [R(int) = 0.0280]

100.0 %

Gaussian

0.918 and 0.447

Full-matrix least-squares on F2

12044 / 46 / 824

1.051

R1=0.0433,wR2=0.1110
R1=0.0456,wR2 =0.1129

2.139and -1.085 e/A*
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Figure 4.6.2. ORTEP diagram of 4 with ellipsoids shown at 50%. The anion is omitted for clarity.
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Table4.6.3.  Crystal data and structure refinement for S.

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 67.684°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(I)]
Rindices (all data)

Largest diff. peak and hole

CssHsBF,,IrNO,P,Si

1515.07

99.98(10) K

1.54184 A

Monoclinic

P121/cl

a=122722(4)A a=90°
b=12.8166(3) A p=97.402(3)°
c=39.0118(10) A v=90°
6084.9(3) A

4

1.654 Mg/m*

5975 mm

3016

0.081x0.058 x0.022 mm?

3.632t0 72.082°.
-14<=h<=14,-11<=k<=185, -46<=1<=47
45532

11767 [R(int) = 0.0722]

99.9 %

Gaussian

0.912and 0.712

Full-matrix least-squares on F*

11767 /1289 / 1189

1.056

R1=0.0713,wR2 = 0.1846
R1=0.0913,wR2 =0.2010

2.063 and -1.085 /A’
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~“BAr,

Figure 4.6.3. ORTEP diagram of § with ellipsoids shown at 50%. The anion and the full disorder model of the cation is omitted for

clarity.
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Table4.64.  Crystal data and structure refinement for 6.

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Completeness to theta = 67.684°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(I)]
Rindices (all data)

Largest diff. peak and hole

CssHsBF,,IrNO;P,Si

1531.07

99.97(15) K

1.54184 A

Triclinic

P-1

a=13.1917(8) A a=106.129(5)°
b=13.2106(8) A p=98354(5)°
c=18.5480(12) A Y=95.022(5)°
3044.2(3) A°

2

1.670 Mg/m*

5991 mm

1524

0.102x0.083 x0.059 mm?

2.520 to 73.708°.

-16<=h<=16, -16<=k<=16, -22<=1<=23

18884

100.0 %

Gaussian

0.892 and 0.620

Full-matrix least-squares on F*

18884 /362 /916

1.053

R1=0.0553,wR2 =0.1502

R1=0.0596,wR2 =0.1535

2475 and -1.485 /A3
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Table4.6.5.  Crystal data and structure refinement for 7.

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 67.684°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(I)]
Rindices (all data)

Largest diff. peak and hole

Cs6He BF,,IrNOP,Si

1513.09

100.01(10) K

1.54184 A

Monoclinic

P121/cl

a=12.35830(10) A a=90°
b=12.84960(10) A p=98.5490(10)°
c=39.0336(3) A Y=90°
6129.63(8) A3

4

1.640 Mg/m’

5917 mm*

3016

0.179x0.094 x 0.013 mm3

3.617 to 71.841°.

-15<=h<=15, -15<=k<=13, -47<=1<=47
88001

11960 [R(int) = 0.0503]

100.0 %

Gaussian

1.000 and 0.522

Full-matrix least-squares on F2

11960 /1190 /1178

1.078

R1=0.0630,wR2 =0.1653
R1=0.0719,wR2 = 0.1723

2.059 and-1.151 /A3
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Figure 4.6.5. ORTEP diagram of 7 with ellipsoids shown at 50%. The anion and the full disorder model of the cation is omitted for

clarity.
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Table4.6.6.  Crystal data and structure refinement for 8.

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 67.684°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(I)]
Rindices (all data)

Largest diff. peak and hole

CssHsBF,,IrNP,Si

1537.04

100(1) K

1.54184 A

Monoclinic

P121/cl

a=12.34370(10) A a=90°
b=17.54890(10) A $=90.3000(10)°
c=28.67270(10) A v=90°
6210.95(7) A3

4

1.644 Mg/m’

5910 mm

3048

0.214x0.107 x0.062 mm?

2.952t0 73.105°.

-14<=h<=15, -21<=k<=21,-35<=1<=34
46503

12219 [R(int) = 0.0282]

100.0 %

Gaussian

0.810 and 0.467

Full-matrix least-squares on F*

12219 /199 / 869

1.051

R1=0.0238, wR2 =0.0543
R1=0.0255,wR2 = 0.0552

0.586 and -0.520 e/A*
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Figure 4.6.6. ORTEP diagram of 8 with ellipsoids shown at 50%. The anion is omitted for clarity.
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Table4.6.7.  Crystal data and structure refinement for 9.

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 67.684°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(I)]
Rindices (all data)

Largest diff. peak and hole

Cs7HgsBF,IrNOP,Si,
155723

99.98(10) K
1.54184 A
Monoclinic
P121/n1
a=1846133(13)A
b=18.58127(12) A
c=19.29978(15) A
6489.88(8) A3

4

1.594 Mg/m*

5.777 mm’

3112

0.208 x0.062 x0.021 mm*

3.027 to 71.861°.

a=90°
p=101.4003(7)°
1=90°

-22<=h<=22,-14<=k<=22,-23<=1<=23

49527

12569 [R(int) = 0.0423]

99.9 %
Gaussian

1.000 and 0.397

Full-matrix least-squares on F*

12569 /274 / 909
1.043

R1=0.0394, wR2 = 0.0929
R1=0.0452, wR2 =0.0966

2.380and -1.607 e/A*
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Figure 4.6.7. ORTEP diagram of 9 with ellipsoids shown at 50%. The anion is omitted for clarity.
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Table4.6.8.  Crystal data and structure refinement for 10.

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta =25.242°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(I)]
Rindices (all data)

Largest diff. peak and hole

C59H71BF24II'NOZP7_Si3

1631.38
99.98(10) K
0.71073 A
Monoclinic
P121/n1
a=155274(3) A
b=254071(7) A
c=17.3544(4) A
6839.9(3) A

4

1.584 Mg/m’
2.158 mm!

3272

0.291x0.288x0.172 mm*

2.349 t0 29.446°.

a=90°
p=924951(17)°
1=90°

-17<=h<=20, -26<=k<=35, -21<=1<=23

63373

16436 [R(int) = 0.0497]

99.9 %
Gaussian

1.000 and 0.386

Full-matrix least-squares on F*

16436 /150/910
1.029

R1=0.0397, wR2 =0.0777
R1=0.0543, wR2 = 0.0842
1.808 and -0.984 ¢/A3
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Figure 4.6.8. ORTEP diagram of 10 with ellipsoids shown at 50%. The anion is omitted for clarity.
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Table4.6.9.  Crystal data and structure refinement for 11.

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 67.684°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(I)]
Rindices (all data)

Largest diff. peak and hole

Cs7Hg; BF4IrNP,Si

1511.12

100.0(4) K

1.54184 A

Monoclinic

I12/a1

a=25.63408(16) A a=90°
b=13.82077(7) A p=103.0837(6)°
c=35.5938(2) A 1=90°
12282.89(13) A3

8

1.634 Mg/m*

5.892 mm?!

6032

0.459x0.306 x0.123 mm*

2.549to0 71.831°.

-31<=h<=30, -16<=k<=16, -43<=1<=42
50142

11874 [R(int) = 0.0277]

100.0 %

Gaussian

1.000 and 0.148

Full-matrix least-squares on F*

11874 /156 / 855

1.096

R1=0.0283,wR2 =0.0700

R1=0.0286, wR2 = 0.0703

2229 and -1.005 e/A*
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Figure 4.6.9. ORTEP diagram of 11 with ellipsoids shown at 50%. The anion is omitted for clarity.
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Chapter V

PROGRESS TOWARDS TANDEM OLIGOMERIZATION/HYDROGENATION OF SIMPLE
OLEFINS TO BRANCHED ALKANES

5.1 Introduction

With the earth’s population ever increasing, the demand for energy is expected to rise by 56% by 2040 compared t0 2010."
As 02019, 28% of the total energy consumption of the United States was for transportation purposes and 91% of that energy was
derived from petroleum products.” With more than a quarter of energy being used with combustion engines, the need for reducing
CO; levels has never been more dire. While long term solutions to the energy crisis lies with renewable energy sources like
hydroelectric, solar, and wind, an immediate impact can be made by utilizing motor fuels with higher octane ratings which allow for
higher engine compression ratios and more efficient combustion. The octane scale is referenced from 0 to 100, with 0 being n-
heptane and 100 being 2,2,4-trimethylpentane (isooctane).

In the 1920’s tetraethyl lead became a major fuel additive for increasing engine compression ratios, however due to
environmental and neurotoxicity concerns it was phased out and replaced with methyl tert-butyl ether (MTBE).> MTBE is
synthesized commercially from isobutene and methanol using several different catalysts.* Worldwide, the demand for MTBE grew
dramatically until it peaked in 1995 at 30 million tons and then dropped precipitously in the 2000’s when the U.S. and Canada
banned its use in gasoline due to concerns of leaching into the groundwater. Despite the ban, the U.S. continues to have a large
infrastructure to synthesize MTBE as itis still exported to countries like Mexico, Chile and Venezuala.’

Since the infrastructure for isobutene production and use is already in place, converting isobutene to isooctane would be
avaluable endeavor. The current process for isooctane production involves the dimerization of isobutene in a fixed bed reactor with
a heterogenous acid catalyst followed by catalytic hydrogenation in a stirred tank reactor, with most processes operating at low
conversion (20-60%).° Thus a catalyst that could reduce the number of steps and operate at higher conversions would be ideal.

Recently our group has been exploring cationic bis(phosphine) iridium complexes to generate alkoxycarbenes derived
from o, 0.-dehydrogenation of ethers and have shown this process to be facile and reversible.” Utilizing a Lewis base directing group,
complex 1 could be dehydrogenated with tert-butylethylene (TBE) to give alkoxycarbene complex 2 via the putative 14 e Ir(I)
fragment A (Figure 5.1.1).* While traditional Fischer carbenes are electrophilic at carbon, our group examined the reactivity 2 with

CD;0D and found no conversion to B (Figure 5.1.1). This data suggests that 2 may be insufficiently electrophilic at carbon as a
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result of stronger metal d. backbonding into the empty p-oribital of the alkoxycarbene. The results from these experiments
prompted the exploration of the less electron-releasing phosphine, tris(3,5-bis(trifluoromethyl)phenyl)phosphine (PAr";) with the
aim of generating a more electrophilic alkoxycarbene. During the course of these studies, we found no evidence for alkoxycarbene
formation, however we found that many PAr;-supported iridium complexes complexes were highly acidic. We now report the
synthesis of electron poor, cationic iridium bis(phosphine) complexes and their ability to catalyze the tandem process of olefin

oligomerization and hydrogenation in a one-pot reaction.

@BArF4 F
@ 10 equiv. ,
llr THF 60 °C H@l"i O-CH H@IEI O M
H -CHs; CD30D -CD
e 1 equiv bcw H'PPhy ’ HPphy
2 B
PR; OBArF,
|®
L—Ir
| 14e ()
PR3 A

Figure 5.1.1. Lewis base directed o, a-dehydrogenation resulting in 2 and unsuccessful attempts at nucleophilic displacement with
CD;0D to form B.

5.2 Results and Discussion

Treatment of commercially-available [(cod)IrCl], with sodium tetrakis[3,5-bis(trifluoromethyl)phenyl]borate and
PAr"; resulted in large red crystals of 3 upon standing overnight (Figure 5.2.1, eq 2). Complex 3 is extremely insoluble in the
majority of solvents tested including dichloromethane, chloroform, diisopropyl ether, diethyl ether, benzene and bromobenzene.
While it is only sparsely soluble in fluorobenzene, complex 3 was found to be extremely soluble in 1,2-difluorobenzene and
hexafluorobenzene. Hydrogenation of 3 in 1,2-difluorobenzene with 20 equiv. of water led to the isolation of
[(PAr";),IrH, (H,0),]BAr", 4 (Figure 5.2.2, eq 3), which we have characterized in the solid state using X-ray crystallography

(Figure 5.2.3, left).

NaBAr", (2 eq)

OBArF
\ /CI PA, (4 6q) g\@/m@ 4 CF, 2
- r Fo_
> N PArf;= P
4 \CI/ 17 “parf, s

3
Figure 5.2.1. Reaction of [(cod)IrCl], with PAr*;, NaBArF, in DCM
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C) BArF4

OBArF H Arf3P
IN®, PArF, N H,0 (2029(7Uf‘/-) (.f)\ :OH2
Ir\ > H=Ir-OH, (3)
I’ PArF 1,2-difluorobenzene 4|
’ 0°C H PAr,
3 4

Figure 5.2.2. Hydrogenation of 3 in the presence of trace H,O in 1,2-difluorobenzene

Figure 5.2.4. ORTEPs of 8 (left), 10(center) and 11(right). Anions, solvent of crystallization and full disorder models omitted for
clarity

Attempts to form alkoxycarbene complexes via dehydrogenation of 4 with TBE in the presence of several ethers was

unsuccessful. However, when 4 was treated with TBE in MTBE, the formation of a neutral Ir(I) methallyl complex § derived from
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C-O bond cleavage was observed (Figure 5.2.5, eq 4). Complex § has been characterized in the solid state via X-ray crystallography
(Figure 5.2.3, right). The isolation of a neutral complex was perplexing when considering a similar complex,
[ (PPhs),IrH,(THF),]PFs, supported by a more electron-releasing phosphine was demonstrated to form a cationic Ir(III) methallyl
complex (7) under similar conditions (Figure 5.2.6, eq 5)(see chapter 2). Indeed, cationic complex 7 could be deprotonated
using triethyl amine to give the neutral Ir(I) methallyl complex 8, (Figure 5.2.7, eq 6) which has been fully characterized in solution
and in the solid state by X-ray crystallography (Figure 5.2.4, left). However, in the case of complex 4, no apparent base had been

added.

ArFP OBAr BT

®/! ;O Hy excess ArF3 P CHs
HEIrZoH, —= Aol (4)

4| H~C 0. Ar 3P
H pArf, 32 A “"CHs
4 H3C CH3 5
Figure 5.2.5. Dehydrogenation of 4 with TBE in MTBE

Ph,P THF@PFs BLTX H CH@PFG

®!s 12 equiv. PhsP_! 3
HEIr-THF ~ —————— r +MeOH (5

/| 40°C PhsP” ®)

H PPhs H3C>(O‘CH3

6 H3C CH3 7
Figure 5.2.6. Dehydrogenation of 6 with TBE in MTBE
OPFg . .
H triethylamine
Php_t CHs 1.2 equiv. PhaPo_ r CHs ©)
~Ir -
PhsP H3C>(O“CH3 PhsP
7 H3C CH3 8

Figure 5.2.7. Reaction of 7 upon addition of triethylamine in MTBE

Extensive work by the Roddick group however, has demonstrated that (fluoroalkyl)phosphine-supported iridium
complexes give highlyacidic metal hydrides which can be easily deprotonated with weak bases including diethyl etherand acetone.'’
To investigate whether the formation of § is proceeding via the deprotonation of a cationic hydridoallyl by ether solvent, we
attempted to independently prepare the cationic Ir(III) methallyl complex 9 with excess isobutene in 1,2-difluorobenzene (Figure
5.2.8, eq 7). These conditions omit any apparent Bronsted base and would be expected to allow for the observation of even an

exceedingly acidic iridium complex. Under these conditions a new *'P{'H} resonance is observed at 18.18 ppm alongside the
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presence of an Ir-H at -31.67 ppm in the "H NMR spectrum. While the structure has not been confirmed via X-ray crystallography,
we have tentatively assigned these resonances to the cationic hydridoiridium methallyl complex 9. To test whether the metal hydride
generated from eq 7 could be deprotonated with a weakly basic alkyl ether, the material obtained by evaporation of the crude
reaction was dissolved in either diisopropyl ether or diethyl ether. These solutions eventually deposited orange crystals suitable for
X-ray diffraction which confirmed the formation of 5. Additional evidence that cationic bis(PAr*)Ir hydride complexes are
sufficiently acidic to be deprotonated by alkyl ethers was found through the hydrogenation of 3 in diisopropyl ether, which gives the
neutral pentahydride 10 (Figure 5.2.9, eq 8). Our group has characterized 10 in solution by 'H, *C{'H}, *P{'H} and in the solid
state by X-ray diffraction (Figure 5.2.4, center).'' An additional stable cationic bis(PAr") iridium complexincludes an iridium (-
fluorobenzene) complex 11 synthesized from the dehydrogenation of 4 with excess TBE (Figure 5.2.10, eq 9). Complex 11 has
been characterized in the solid state by X-ray diffraction (Figure 5.2.4, right), however the lability of the fluoroarene with other

deuterated and aromatic solvents has precluded characterization in solution by NMR.

CH,
F F
afp  OBAT JLCH OBArF,
OH 3 3 H
@\~ 2 excess A .P1® CHs,
H=Ir-OH 3 \|r,4 (7)
-
4| 1,2-difluorobenzene ArF3P
H pArF,
4 9

Figure 5.2.8. Dehydrogenation of 4 with isobutene in 1,2-difluorobenzene

@BAI"F4 AI'F3P H
/\IG-)/PAFF:; Ho H\I N H
r —— i ®)
N’ \PAng diisopropyl ether H™ \H
, 23°C PAFF3
10

Figure 5.2.9. Hydrogenation of 3 in diisopropyl ether

OBAr" OBArf
ArfFsP SIS <§ >— F 4
@3) ‘:‘OHZ E)(Lcj:ess\ |
H=Ir-0H; EEE——— @ 9)
Hl ILArF3 fluorobenzene  ArF,P PArF,
4 11

Figure 5.2.10. Dehydrogenation of 4 with TBE in fluorobenzene
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When 4 is treated with excess isobutene, organic products resulting from the dimerization (diisobutylene) and
oligiomerization of isobutene are observed by '"H NMR and confirmed by GC/MS. As cationic iridium phosphine complexes are
known for being famously excellent olefin hydrogenation catalysts, this system showed potential promise for a tandem
oligomerization/hydrogenation catalyst. We initially surveyed 3 as a precatalyst for the oligomerization/hydrogenation of
isobutene to form isooctane. A selection of experiments at various pressures of isobutene:hydrogen with precatalyst 3 is shown in
Table 5.2.1. Our preliminary experiments show that our one-pot tandem dimerization/hydrogenation ofisobutene givesisooctane
yieldsashighas 31% (Table 5.2.1,rxn 2). The production ofisooctane was analyzed using GC/FID against a standard of isooctane
purchased from a commercial vendor. These preliminary studies suggest that complex 3 is a competent precatalyst for the tandem
dimerization/hydrogenation of isobutene to form isooctane. A proposed mechanism for this reaction is shown in Figure 5.2.11.
Further work is needed to optimize this transformation to minimize undesired byproducts (isobutane, trimers, tetramers and
pentamers). Future experiments should be designed around varying the ratio of Hy:isobutene, as well as the catalyst loading.
Additional avenues to pursue include exploration of other more or less m-acidic phosphines/ligands as well as potential cross-

dimerization/hydrogenation of other 1,1-disubstituted olefins.

@ BArF4
II\®, PArf;
Ir\

17 “parf,
3

e
cyclooctane

OBArf, )]\

AP @ ChHy

k\( AP~ OBArF,
? N

)\I

o
A el
AP OBArf, 5
®I}‘\ L
H PArF OBAr,

EN
o &

Figure 5.2.11. Proposed mechanism for ionic oligomerization/hydrogenation of isobutene to isooctane.
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Table 5.2.1. Preliminary pressure optimization of H,:Isobutene for dimerization/hydrogenation of isobutene.

Isooctane Yield"
H, Isobutene Ratio Isobutene
Reaction® Produced | Turnovers | Isooctane
(atm) (atm) Hy:isobutene (mmol)

(mmol) (%)
1 3.0 24 1.2:1.0 0.25 0.025 104 20
2 3.0 1.7 1.8:1.0 0.18 0.028 11.7 31
3 24 24 1.0:1.0 0.25 0.031 12.9 25

*0.0024 mmol of 3 was used. " yield was determined by GC-FID

5.3 Conclusion

In summary, we report preliminary studies examining the formation of highly acidic metal bis(phosphine) iridium
complexes utilizing an electron-poor phosphine. The formation of an acidic metal hydride is observed by "H NMR and is shown to
be easily deprotonated using an ethereal base such as diethyl ether or diisopropyl ether. The efficacy of alkyl ethers as weak bases
allows us to estimate a minimum pKa of ~ -3.8 (protonated dimethyl ether).”* The acidic nature of this metal complex is
demonstrated in the dimerization and oligomerization of isobutene. Further experiments show the potential for this system to
catalyze the tandem oligomerization/hydrogenation of isobutene to branched alkanes. Despite these initial results further work is
needed to determine the efficiency of this catalytic system for the one-pot production of isooctane.

54  Experimental

General Considerations. All manipulations were carried out using standard vacuum, Schlenk, cannula, or glovebox techniques
under N unless otherwise specified. Tetrahydrofuran, dichloromethane, pentane, and diethyl ether were degassed with argon and
dried over activated alumina using a solvent purification system. 1,2-difluorobenzene, diisopropyl ether and methyl tert-butyl ether
were degassed with nitrogen and stored over activated 4A molecular sieves. Complexes 3,6,7,10 were prepared by our group in

previous reports.”!!
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Spectroscopy. 'H, °C and *'P NMR spectra were recorded on Bruker NMR spectrometers at ambient temperature unless
otherwise noted. 'H and "*C chemical shifts are referenced to residual solvent signals; *'P chemical shifts are referenced to an

external H;PO, standard.

X-ray Crystallography. X-ray crystallographic data were collected on a Rigaku Oxford Diffraction Supernova diffractometer.

Crystal samples were handled under immersion oil and quickly transferred to a cold nitrogen stream.

Elemental Analysis. Elemental analyses of complexes 8 are of the bulk sample for which yields are reported. No additional
purification operations are carried out prior to packaging for analysis. Elemental analyses were performed at the University of

Rochester CENTC Elemental Analysis Facility.

Crude preparation of [(PAr";),IrH,(H,0),]BAr"; (4). A 20 mL scintillation vial was charged with complex 3 (0.1999 g, 0.080
mmol) and 2.0 mL of 1,2-difluorobenzene and sealed with a PTFE-lined septum cap. The solution was cooled to 0 °C and H,O
(30.0 puL, 1.7 mmol) was added. H, was then bubbled through the solution for 15 minutes while swirling the vial. After 15 minutes,
12 mL of dry pentane was added and the yellow solution changed to cloudy white. The reaction was kept at 0 °C and H, was bubbled
for an additional 20 minutes. At this time a white solid precipitated. The vial was then pressurized with 1.1 atm of H, and returned
to the glovebox. The supernatant was then decanted with a pipette and saved in separate vial. The resulting white solid was washed
with 3x2.0 mL of pentane and the pentane washes were combined with the saved supernatant. The saved supernatant was swirled
for a few minutes and additional white solid precipitated. The supernatant was then removed and the 2™ crop of white precipitate
was combined with the first crop and dried under vacuum to yield 0.1741 g (90%) of complex 4 as a white solid. Single crystals of 4
were grown from a saturated solution in 1,2-difluorobenzene layered with pentane. *Note-crude NMR peaks are listed below with

corresponding 'H and *'P{'"H} NMR included in §5.5 Additional Figures

'H NMR (500 MHz, CD,Cl,): § -27.59 (brs, 2H, Ir(H),), 2.53 (brs, 4H, Ir(H,0),), 7.56 (br s, 4H, CH of BAr",), 7.74 (br s, 8H,
CH of BAr',),7.92 (t, 12 H, Ar-H2,6, *Ju1p = 5.4 Hz), 8.29 (brs, 6H, Ar-H4)

3P{'H} NMR (202 MHz, CD,CL,): § 27.84 (br)
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Preparation of [(PPh;).Ir(C,H;)] (8). To a 20 mL scintillation vial was charged with complex 7 (0.0991 g, 0.11 mmol), 1.5 mL
of methyl tert-butyl ether, triethylamine (18 pL, 0.13 mmol) and a stir bar and sealed with a PTFE-lined septum cap. The solution
was stirred for 3 h at room temperature and resulted in a tan solid and a color change from pale yellow to orange. The reaction was
filtered and the vial washed with 4x2mL portions of pentane and filtered. The orange filtrate was then dried in vacuo. 2 mL of
pentane was added followed by drying in vacuo and was repeated twice more to yield complex 8 (0.0613 g, 74%) asan orange solid.
Single crystals of 3 were obtained by slow evaporation from a saturated pentane solution at room temperature. Anal. Calcd. For

C4oHzIrPy: C, 62.24; H, 4.83. Found: C, 62.315; H,4.777

"HNMR (500 MHz, C¢D): 8 1.86(s, 3H, CH3), 2.52(d, 2H, CH,), 2.85(broad s, 2H, CH,,), 6.90-6.98 (m, 18H, Ar), 7.57-7.69(m,
12H, Ar)

BC{'H} NMR (125 MHz, CeDs): § 25.87(s, CHs), $4.59(d, 2.7 Hz, CH,), 54.81(d, 2.7 Hz, CH,), 113.18(s, C(CH,),CH3),
127.48(d, 9.6Hz, CHy,), 128.69(s, CHa,), 134.4(d, 12.4Hz CHy.), 139.2(d, 45.1Hz, Ca,)

3P{'H} NMR (202 MHz, C¢Ds): § 30.94(s)

Crude preparation of [ (PAr";),IrH(C,H;) |BAr*, (9). To a 20 mL scintillation vial was charged with complex 4 (0.0991 g, 0.041
mmol), 1.5 mL of 1,2-difluorobenzene and sealed with a PTFE-lined septum cap. Isobutene was bubbled through the solution for
S minutes and the color changed to a vibrant yellow. The reaction was then dried under vacuum resulting in a sticky yellow solid.
Afterwards, the sticky yellow solid was washed with 2 x 8 mL of pentane and dried under vacuum to yield a yellow powder. “Note-

crude NMR peaks are listed below with corresponding 'H and *'P{'"H} NMR included in §5.5 Additional Figures

'H NMR (500 MHz, CeDs): 8 -31.67(br s, IrH)

3P{'H} NMR (202 MHz, CD): § 18.18(s)

Crude preparation of [(PAr';).Ir(5*-fluorobenzene)]BAr", (11). A 20 mL scintillation vial was charged with complex 4
(0.0490 g, 0.021 mmol), 2.0 mL of fluorobenzene, tert-butylethylene (20.0 uL, 0.16 mmol) and sealed with a PTFE-lined septum
cap. The color changed to orange and the solution was allowed to stand for 2 hours. Afterwards, the solution was filtered through a

syringe filter and layered with 2.0 mL of pentane. Crystals grew and the supernatant was removed from the crystals witha pipette
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toyield 11 asan orange solid. Single crystals of 11 were grown by layering a saturated solution of fluorobenzene with pentane. Only
X-ray diffraction was used to confirm this product owing to the lability of the fluorobenzene to dissociate in common deuterated

solvents and replaced by other aromatic solvents.

s.5 Additional Figures
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Figure 5.5.1. "H NMR Spectrum of crude [ (PAr";),IrH, (H,O),]BAr"; (4) (500 MHz, CD,Cl,)
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Figure 5.5.4. *C NMR Spectrum of [ (PPh;)Ir(CsH-)] (8) (126 MHz, CsDs)
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Figure 5.5.5. *'P{'"H} NMR Spectrum of [ (PPh;),Ir(C,H-)] (8) (202 MHz, CsDs)
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Figure 5.5.6. "H NMR Spectrum (hydride region) of speculated crude [ (PAr';),IrH(C,H;) BAr*; (9) (500 MHz, CD,CL)
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Figure 5.5.7. 3'P{'"H} NMR Spectrum of crude [(PAr";),IrH(C,H,)]BAr"; (9) (202 MHz, CD,Cl,)
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5.6  X-Ray Crystallography

Table 5.6.1. Crystal data and structure refinement for 4.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta =25.242°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(I)]
Rindices (all data)

Absolute structure parameter

Extinction coefficient

Largest diff. peak and hole

4
C80 H40 B F60 Ir 04 P2

2470.07

100.0(3) K

0.71073 A

Orthorhombic

P2,2:2,

a=13.3559(3) A o =90°
b=24.3275(6) A =90
c=27.2126(6) A ¥ =90°
8841.8(4) A3

4

1.856 Mg/m?

1.723 mm’!

4816

0.303x0.275x0.15 mm3

3.033t0 30.291°.

-18<=h<=18, -33<=k<=32, -38<=1<=20
72060

23200 [R(int) = 0.0459]

99.7 %

Gaussian

1.000 and 0.436

Full-matrix least-squares on F?

23200 /158 / 1461

1.047

R1=0.0367, wR2 = 0.0669

R1 =0.0433, wR2 = 0.0693

-0.0118(17)

n/a
0.799 and -1.251 e/A3
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Figure 5.6.1. ORTEP diagram of 4 with ellipsoids shown at 50%. The anion is omitted for clarity.
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Table 5.6.2. Crystal data and structure refinement for S.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 67.684°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(I)]
Rindices (all data)

Extinction coefficient

Largest diff. peak and hole

5

C52H25F361r P2
1587.86

99.9(4) K
1.54184 A

Triclinic

P-1
a=10.2914(3) A
b=12.91883(17)A
c=20.5956(3) A
2699.60(9) A3

2

1.953 Mg/m>
6874 mm’!

1536
0.107x0.063x0.011 mm3
3470 to 73.573°.

a=80.5152(11)°
B=89.5788(17)°
v =88.2886(17)°

-12<=h<=12,-16<=k<=185, -17<=l<=24

38958

10529 [R(int) = 0.0463]

98.8 %

Gaussian

0.979 and 0.613

Full-matrix least-squares on F2
10529 /168 / 877

1.041

R1=0.0496, wR2 =0.1199
R1=0.0550,wR2 =0.1234

n/a

2.160 and -1.727 e/A3
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Figure 5.6.2. ORTEP diagram of § with ellipsoids shown at 50%.
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Table 5.6.3. Crystal data and structure refinement for 8.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta =25.242°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(I)]
Rindices (all data)

Extinction coefficient

Largest diff. peak and hole

8
C40 H371r P2

771.83

100K

0.71073 A

Triclinic

P-1

a=8.8051(2) A
b=104885(2) A
c=17.9977(4) A
163521(7) A3

2

1.568 Mg/m?>

4208 mm'!

768

0.074x0.063 x0.036 mm3
3.007 to 30.194°.

o =89.0973(18)°
B=81.116(2)°
v =84.717(2)°

-12<=h<=12,-14<=k<=13, -24<=1<=24

39705

8780 [R(int) = 0.0363]
99.8 %

Gaussian

0.932and 0.778
Full-matrix least-squares on F2
8780/0/436

1.325

R1=0.0419,wR2 = 0.0677
R1=0.0541,wR2 =0.0702
n/a

0.747 and -1215 e/A3
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Table 5.6.4. Crystal data and structure refinement for complex 10.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 67.684°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(I)]
Rindices (all data)

Extinction coefficient

Largest diff. peak and hole

10
C48 H23 F36 Ir P2
1537.80

100.1(6) K

1.54184 A

Triclinic

P-1

a=12.3828(3) A
b=152107(5) A
c=16.6665(5) A
2656.74(16) A3

2

1.922 Mg/m3

6.957 mm!

1484

0.058 x0.05 x 0.006 mm?
3413 t0 73.388°.

o =64.281(3)°
B=83752(2)°
Y =70.114(3)°

-15<=h<=12,-17<=k<=18, -20<=1<=20

31423

10332 [R(int) = 0.0567]

98.8 %

Gaussian

0.983 and 0.706

Full-matrix least-squares on F2
10332 /114 /929

1.027

R1=0.0433,wR2 =0.1008
R1=0.0605,wR2=0.1119

n/a

1.733and-1212 e/A-3
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Figure 5.6.4. ORTEP diagram of 10 with ellipsoids shown at 50%.
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Table 5.6.5. Crystal data and structure refinement for 11.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta =25.242°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(I)]
Rindices (all data)

Extinction coefficient

Largest diff. peak and hole

11
C100.50 H51 B F63 Ir P2
2720.36

100.0(4) K

0.71073 A

Triclinic

P-1

a=1272177(14) A
b=17.5799(2) A
c=22.8862(3) A
5020.62(11) A3

2

1.799 Mg/m?3

1.528 mm'!

2666
0.352x0.159x0.07 mm3
1.991 to 30.255°.

0=94.4575(11)°
B=99.3783(10)°

Y =93.4932(10)°

-17<=h<=17, -24<=k<=24, -32<=1<=32

124939

27184 [R(int) = 0.0385]
99.9 %

Gaussian

1.000 and 0.390
Full-matrix least-squares on F2
27184 /30/1533

1.055

R1=0.0343,wR2 =0.0808
R1=0.0394, wR2 = 0.0832
n/a

1.664 and -0.976 ¢/A-3
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Figure 5.6.5. ORTEP diagram of 11 with ellipsoids shown at 50%. The anion is omitted for clarity.
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