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Abstract

Group 9 transition metal pincer complexes have shown remarkable reactivity with
respect to E-H (E = main group element) bond activation chemistry. In this context, this
research focuses on developing new Ir and Rh complexes supported by bis(phosphino)silyl
ligands of the type[«>-(2-Cy2PCsH4)2SiMe] (Cy-PSiP). A prominent feature of this ligand
is the presence of a highly frans-labilizing and electron donating silyl group located at the
central anionic position. These properties may allow for the stabilization of reactive,
coordinatively unsaturated compounds. This document details the synthesis of neutral and
cationic (Cy-PSiP)M (M = Ir, Rh) complexes, and their application towards E-H bond
oxidative addition (E =P, O, and Si) reactions.

With the goal of observing E-H bond oxidative addition mediated by the (Cy-PSiP)M
system, considerable progress has been made in isolating unusual monomeric phosphido-
hydride, alkoxy-hydride, and silyl-hydride species. In particular, several examples of
successful Ir-mediated P-H, O-H and Si-H bond oxidative addition were demonstrated.
Furthermore, phosphido-hydride species showed interesting reactivity in subsequent E-H
bond activation featuring alkynes, hydrosilanes, and H». Migratory insertions of CO> and
isocyanates involving alkoxy-hydride complexes were also observed.

Efforts were undertaken to generate silylene species (Cy-PSiP)Ir(H)(=SiR2) from
complexes of the type (Cy-PSiP)Ir(H)(SiRR’) (R = H, Cl; R’ = Ph, Mes). While such
silylene species remain elusive, a better understanding of the behaviour of Ir-silyl
complexes was garnered.

Lastly, syntheses of cationic M complexes of the type [(Cy-PSiP)MR]"X" (M = Ir,
Rh, R = H, Me; X = OTf, BF4, B(C¢Fs)4) were explored. Challenges were encountered,
associated with either the reactivity or the stability of the synthesized complexes. The
inclusion of a neutral L donor resulting in complexes of the type [(Cy-PSiP)MRL] X (L =
PMe;) afforded increased stability, allowing for the isolation of Ir-methyl cations.

xi
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Chapter 1: Introduction

1.1 Overview

A leading goal of modern organometallic chemistry is to develop transition metal
complexes that can catalyze targeted chemical reactions with high efficiency and
selectivity.! The tremendous utility of organometallic catalysts has been highlighted by the
2001, 2005, and 2010 Nobel Prizes in Chemistry for advances in asymmetric catalysis,’
olefin metathesis,’ and palladium catalyzed cross-coupling,* respectively. While catalysts
of this type have numerous impressive applications in chemical synthesis, the development
of new catalytic methodology is rooted in the synthesis of new types of transition metal
complexes and in developing a fundamental understanding of the reactivity of such
complexes.

With respect to preparing new types of reactive complexes, while the choice of the
metal is limited by the periodic table, the design of the ancillary ligand is widely variable
and provides many opportunities for innovation. In this regard, the research described in
this thesis details the synthesis and reactivity of transition metal complexes supported by
bis(phosphino)silyl ‘pincer’-type ancillary ligands. In particular, the synthesis of Rh and Ir
complexes is investigated, and their respective reactivity towards P-H, O-H and Si-H bonds

will be explored.

1.2 Ligand Design

Ancillary ligand design plays a major role in the advancement of organometallic
chemistry, as such ligands, while not typically being directly involved in bond-making and

-breaking steps at the metal center, can still have a pronounced effect on the reactivity,



structure, and electronic properties of the metal complex. The steric and electronic features
of the ancillary ligand are thus of key importance, as they influence the properties of the
complex. In this respect, the aim of modern research is to design ancillary ligands that can
help stabilize reactive metal fragments, while allowing for empty coordination sites at the
metal center where bond making/breaking can occur at reasonable rates and with desirable
selectivity. Modularity is an important element of ancillary ligand design, as it allows for
tuning of the reactivity at the metal center to achieve optimum performance.

Pincer ligands are a specific class of highly modular ancillary ligands that have
emerged as a versatile platform for the synthesis of highly reactive organometallic
complexes.® Pincers are tridentate ligands that coordinate to the metal center via three
donor groups connected to each other by an organic backbone, and they typically feature
an LXL-type (X = anionic donor, L = neutral donor) donor motif (Figure 1-1). Although
traditionally pincer ligands were shown to coordinate to a metal center in a planar,
meridional manner, examples of more flexible ligands that can also adopt a facial binding
mode have been reported.’ Given the modular nature of pincer ligands, the reactivity of the
ensuing metal complexes can be readily tuned by modifying substituents on the ligand
backbone, the types of neutral and anionic donors, and the substitution on the donor atoms

themselves.®

X = anionic donor (C, N, Si)
L = neutral donor (RoN, R5P, etc.)
R, = substituents on ligand backbone

Figure 1-1. Typical design motifs of LXL pincer ligands.



Given the tridentate design of pincer ligands, coordination to a metal center leads
to the formation of complexes featuring two fused metallacycles (Figure 1-1). The
composition of the ligand backbone dictates the size of the metallacycle that is formed,
with five-membered rings being the most popular design choice.” The chelating nature of
pincer ligands leads to enhanced stability in the corresponding metal complexes relative to
related complexes that feature monodentate ligation. This additional stabilization can lead
to new reactivity, as has been observed in the case of catalytic alkane dehydrogenation,
where the thermal stability of Ir pincer complexes facilitated a catalytic process that was
not accessible to less stable non-pincer Ir species.® Aspects of this reactivity are discussed
in more detail in sections 1.4 and 1.5 of this document.

One of the most attractive features of pincer ligands is their exceptional tunability.
Both the neutral donor groups (L) and central anionic donor (X) can be changed, as well
as the ligand backbone itself. Such modifications will have a noticeable effect on the
chemistry of the pincer metal complex.” A large range of neutral L donors have been
studied; while the most commonly employed donors are phosphine!® and amine!! groups,
it is also possible to use other species such as O-'2, S-13, Se-!4, Si-15, Ge-!¢ and C-based!’
donors. With respect to the central anionic X donor, pincers have largely been limited to
carbon (aliphatic or aromatic)>!® and nitrogen (amido)'® donors at this position, with
phenylene-bridged silicon (silyl)?*?! pincers having emerged only recently, although other
pincer classes do exist.?>**** Lastly, the ligand backbone is typically an aromatic or
aliphatic scaffold. The choice of this framework will have a direct impact on the rigidity,
flexibility, and crystallinity of the pincer complex. The backbone also has a direct influence
on the donor capabilities of the L and X donors, which can impact the reactivity of the

3



overall complex.? Furthermore, it is also possible to incorporate electron withdrawing or
donating groups within the ligand backbone, which will also allow for fine-tuning the
electronic features of the pincer metal complex.?

Despite the many design possibilities offered by the pincer platform, research in
this area has largely been focused on PCP-type complexes, which were among the first
reported examples of pincer species. Such PCP-supported complexes have become
ubiquitous in organometallic chemistry and have been utilized for numerous applications,

including catalysis,?® bond activation,’ and the synthesis of new functional materials.®

1.3 Early Development of Pincer Chemistry

The synthesis of PCP pincer metal complexes was pioneered by Shaw in the early
1970s.2” The original impetus of this work was to use the bis-phosphino ligand framework
in order to promote a chelate assisted C-H bond (either aliphatic or aromatic) oxidative
addition to a metal center, with Shaw's primary focus being the observation of C-H bond
activation chemistry. Interestingly, the newly synthesized PCP pincer complexes (Figure
1-2) were significantly more stable than analogous complexes with monodentate phosphine

ligands. Since these initial reports, pincer chemistry has become a field of research in and

of itself.
PBu, P'Bu, PBu,
| | Lo
| | ~~cl | ~cli
PBu, PBu, PBu,
M = Ni, Pd, Pt M = Rh, Ir M = Rh, Ir

Figure 1-2. PCP pincer complexes synthesized by Shaw and co-workers.

The chelate assisted cyclometalation path remains a popular method for the
synthesis of PCP pincer complexes.> Species featuring «>-P,P bidentate coordination of the
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pro-ligand have been proposed as intermediates in such processes, and in some cases
complexes of this type have been isolated.?® The C-H bond activation step of the pincer
metalation can be somewhat difficult to achieve and often requires high temperatures and
long reaction times to reach completion. The phosphino donors are generally alkyl
substituted and thus strongly electron donating, thereby promoting the challenging
oxidative addition step.'®®

In subsequent early studies of PCP late metal complexes, Milstein and co-workers
utilized a similar cyclometalation strategy to prepare (PCP)Rh complexes via a sp*-sp’ C-
C bond cleavage strategy, which represents a rare example of net C-C bond oxidative
addition (Scheme 1-1).%

PIBUZ
> Rh—ClI

P'Bu, Me”—P'Bu,
(RhL,Cl),
— ] TRT

RT
PBu, PBu,

/|\CI

H ™ —PBu,

Scheme 1-1. Examples of C-C bond oxidative addition by Milstein and co-workers.

Methylene transfer into Si-H, Si-Si, and C-H bonds could also be achieved in such
systems.** These studies are remarkable given the relatively inert nature of C-C bonds, and
they served to establish late transition metal pincer complexes as a versatile platform for
the study of challenging bond activation processes. In particular, significant research
efforts have focused on the study of E-H (E = main group element) bond activation
involving preformed platinum group metal PCP pincer complexes. As a background to the

work presented in this thesis, and to highlight examples of challenging transformations



enabled by use of such pincer complexes, the following sections feature a discussion of C-

H and N-H bond activation chemistry.

1.4 C-H Bond Activation by (PCP)Ir Species

The selective activation of C-H bonds in hydrocarbons is a key objective of modern
organometallic chemistry, whereby a metal center inserts into a C-H bond of a substrate
molecule. Two common mechanisms for such transformations include: (a) the oxidative
addition of a C-H bond to the metal center, which raises the metal oxidation state by two
units (Scheme 1-2A); or, (b) a 6-bond metathesis pathway, whereby no change in the metal
oxidation state occurs (Scheme 1-2B). Such C-H bond cleavage processes represent key
steps toward achieving what some have referred to as a "holy grail" of synthetic chemistry,

the selective, catalytic functionalization of unactivated alkanes under mild conditions.*!

B R ¥ _R
(A) [L,M¥ L,,Mf\ II4 LM2
R
B) LM-R" + R*H = LnM:\ ’jH = |,M-R? + R'-H
‘g2

Scheme 1-2. Two common pathways for C-H bond activation by a metal center.

Simple alkanes are extremely stable and unreactive molecules, and are therefore
exceedingly challenging to functionalize in a selective manner. However, in the early
1980s, Bergman and Graham concurrently reported the first examples of metal mediated
intramolecular sp>-hybridized C-H bond oxidative addition (Scheme 1-3).3? In both cases

an unsaturated Ir! species was generated photochemically and underwent subsequent C-H

1T

bond oxidative addition to afford an Ir"" alkyl hydride complex. This alkane C-H activation

3la

was performed under stoichiometric conditions’'® and is therefore not suitable for a



practical industrial application. However, this reactivity demonstrated the potential of
coordinatively unsaturated late metal fragments, such as Cp*IrL (L = PMe3, CO; Cp* =

CsMes) to undergo challenging oxidative addition processes.

Scheme 1-3. First examples of metal-mediated C-H bond activation by Bergman (A) and
Graham (B) and co-workers.

Since the pioneering studies of Bergman and Graham, numerous examples of metal
mediated C-H bond activation have been reported.** As such, current focus in this research
area is on the development of catalytic processes that utilize such C-H bond cleavage steps.
One such process that has been investigated is the transfer-dehydrogenation of an alkane
to afford a terminal alkene, which is a highly desirable synthon for the preparation of more
complex molecules.>* The first reports of homogeneous catalytic alkane transfer-
dehydrogenation were published concurrently by Felkin***3° and Crabtree,?**3¢ with
bis(trialkylphosphine) complexes of Ir being among the best performing catalysts. Crabtree
also reported that IrH»(O2CR)(PCys), catalyzed the acceptorless dehydrogenation of
cyclooctane (COA), to give up to 36 turnovers of cyclooctene (COE) in 48 h.>” However,
turnover numbers were typically limited in these systems by catalyst decomposition at the
high temperatures required for reactivity.®® By comparison, Goldman and co-workers
reported that while Rh(PMe3)2(CO)CI is a robust catalyst for photochemical alkane

dehydrogenation,® under thermal conditions the transfer dehydrogenation reaction only



proceeds under an atmosphere of Ha, which severely limits the utility of this catalyst.*
Given the high thermal stability of pincer complexes and the established
effectiveness of Rh and Ir bis-(trialkylphosphine) complexes in catalytic alkane
dehydrogenation, the investigation of pincer-ligated complexes for this type of reactivity
was actively pursued. The first studies detailing the reactivity of (PCP)RhH; and (PCP)IrH»
complexes in the dehydrogenation of alkanes were reported concurrently by Jensen, Kaska

and co-workers,*! and Goldman and co-workers,”* in the late 1990s (Scheme 1-4).

catalyst = PtBuz iPr,
IrH2 C% rH4
’Bu P'Pr,
(‘Bu-PCP)IrH, (PPr-PCP)IrH,
('Bu-PCP)IrH,

200 °C
(B)

O~

Scheme 1-4. (A) (PCP)Ir pincer complexes developed by Jensen, Goldman, and co-
workers for alkane dehydrogenation; (B) transfer dehydrogenation of COA; (C)
acceptorless dehydrogenation of cyclodecane.

(!Bu-PCP)IrH, or
(Pr-PCP)IrH,,

The Ir pincer complex (‘Bu-PCP)IrH; displayed high activity for the transfer
dehydrogenation of COA in the presence of the sacrificial hydrogen acceptor fert-
butylethylene (TBE), affording 12 turnovers/min and no observable decomposition over
one week at 200 °C (Scheme 1-4).*!2 Subsequently, Kaska and Jensen reported that other
cycloalkanes such as cyclohexane, methylcyclohexane, and decalin were also efficiently

dehydrogenated by (‘Bu-PCP)IrH».*!* The analogous Rh complex (‘Bu-PCP)RhH; and the



less sterically encumbered dimethylphosphino derivative (Me-PCP)RhH; were found to be
poor catalysts, yielding <1 turnover/h under the same conditions and undergoing
decomposition after a day at 200 °C.*'#%?2 These observations illustrate the important
interplay of metal choice and ligand design in achieving desirable reactivity.

Pincer Ir complexes of the type depicted in Scheme 1-4 were also applied in the
acceptorless dehydrogenation of alkanes (Scheme 1-4c). This reaction is
thermodynamically uphill, which is why a sacrificial hydrogen acceptor is typically used
to shift the equilibrium towards the desired alkene products. However, given the high
thermal stability of the pincer catalysts, the reaction can be carried out at reflux in a high
boiling alkane solvent, such as cyclodecane (boiling point = 201 °C), with liberated H>
being removed from the reaction mixture by a purge of Ar. Under these conditions,
utilizing (‘Bu-PCP)IrH> as the catalyst resulted in cyclodecene formation with 360
turnovers observed after 24 h.*?® By comparison, use of the less bulky catalyst (‘Pr-
PCP)IrH; (effectively a source of (‘Pr-PCP)IrH>) under these conditions afforded close to
1000 turnovers in the dehydrogenation of cyclodecane and the first reported example of
acceptorless dehydrogenation of an acyclic alkane (n-undecane).’ These results highlight
the importance of tuning substituents in such pincer systems in order to optimize catalytic

results.



PtBUQ

t
R | H Bu
—_—/ |r<H ﬁ
B-hydride | -
elimination P'Bu, TBE insertion
PBu, PBu,
Ir/H Ir/\/tBu
|\/\R |\H
P'Bu, PBu,
CH bond PtBuz TBA reductive
oxidative addition elimination
R
/ I|r ‘Bu
PBu,
R
=/
||Df|3u2 F|>fBu2
R
IF% or Ir\/\/
s K
PtBuz PtBUQ

catalyst resting state

Scheme 1-5. Proposed mechanism for alkane transfer-dehydrogenation by (‘Bu-PCP)IrHo.

Detailed kinetic studies of catalytic transfer-dehydrogenation of alkenes by (‘Bu-
PCP)IrH: in the presence of TBE were carried out, and the proposed mechanism of this
reaction is depicted in Scheme 1-5.** The involves initial step is coordination of TBE to Ir
and subsequent insertion into an Ir-H bond. Subsequent reductive elimination of the
corresponding alkane (tert-butylethane, TBA) generates a reactive, coordinatively
unsaturated (‘Bu-PCP)Ir' species with a low electron count (14 electrons). Oxidative

addition of the alkane follows, to form a hydrido alkyl Ir™

complex. Finally, B-hydride
elimination releases the product alkene and regenerates (‘Bu-PCP)IrH,. Off-cycle C-H
bond activation of an alkene as well as alkene coordination to Ir' also occur, however these
species are in rapid equilibrium with the catalytically active 14-electron (‘Bu-PCP)Ir!

species.** Experimental results also suggest that the alkene adduct is the resting state of the

catalyst. Thus, alkene (either the desired product or the sacrificial acceptor) can
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significantly inhibit catalytic activity. In the case of acceptorless dehydrogenation, the
proposed mechanism is similar, with the exception that the 14-electron species (‘Bu-
PCP)Ir! is generated by thermal extrusion of Ha from (‘Bu-PCP)IrHz (Scheme 1-6).* This
represents the turnover-limiting step of the cycle, in the limit of effective H> removal from

the system.

P! PI'Z/_-éA T Pr2

|I’\ reductive Ir
elimination |
P Pr2 P! Prz
R _/R
=/ PPr,
f-hydride | w / CH oxidative
elimination Ir addition
| AN
P'Pr,

Scheme 1-6. Proposed mechanism for acceptorless catalytic dehydrogenation.

1.5 (POCOP) Pincer Complexes: Another Efficient System for the
Catalytic Transfer Dehydrogenation of Alkanes

In an effort to develop more active catalysts for alkane dehydrogenation, a variety
of PCP derivatives have been screened over the years.*® One the most notable to emerge is
the bis(phosphinite) POCOP Ir pincer system, independently developed by Jensen*’ and
Brookhart*® (Figure 1-3). Although at first glance the bis(phosphinite) ligation appears
electron withdrawing relative to the bis(phosphine) PCP system, DFT calculations show
that the oxygen atoms donate substantial n-electron density to the aryl ring in the ‘Bu-
POCOP ligand.*®® As a result, the metal center in (‘Bu-POCOP)Ir is calculated to be
marginally more electron-rich than that in (‘Bu-PCP)Ir. While electronic effects therefore
do not figure significantly in the reactivity differences between these classes of pincers,

pronounced geometric differences appear to play a more decisive role. The metal center in
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(‘Bu-POCOP)Ir is much less sterically hindered than that of (‘Bu-PCP)Ir, as indicated by
DFT calculations as well as X-ray crystallographic data, largely due to shorter P-O and C-
O bonds and wider P-O-C bond angles in the bis(phosphinite) complex relative to the
analogous metrical parameters in the PCP system.*® As such, one can envision that the Ir
center should be sterically more accessible for substrate binding in (‘Bu-POCOP)Ir relative
to (‘Bu-PCP)Ir. Indeed, (POCOP)Ir-derived catalysts have displayed higher catalytic

activity in COA/TBE transfer dehydrogenation reactions than (‘Bu-PCP)IrHa.

(A) O_PtBU2 E (B) F|)tBU2 O—TtBu2
. t
| , o N Bu
IrL., : Y r—{_
| : | H | Bu
0—P'Bu, 5 P'BU, 0-P'Bu,
bis(phosphinite) ! (‘Bu-PCP)Ir (‘Bu-POCOP)Ir
pincer design : Goldman & Jensen Brookhart

Figure 1-3. (A) Design of (‘Bu-POCOP)Ir pincers; and (B) complexes resulting from the
reaction of 14-electron (‘Bu-PCP)Ir' and (‘Bu-POCOP)Ir! with TBE.

In the case of (‘Bu-POCOP)Ir the catalytically active species is easily generated in
situ from the reaction of air-stable (‘Bu-POCOP)Ir(H)Cl with NaO'Bu.*****4 Upon
addition of COA and the hydrogen acceptor TBE, (‘Bu-POCOP)Ir catalyzes the desired
dehydrogenation to COE with turnover numbers up to 2200 and turnover frequencies of up
to 2.4 s at 200°C.*® In comparison, (‘Bu-PCP)Ir was ca. ten times less efficient under
similar conditions, thus showcasing the greater efficiency of bis(phosphinite) Ir catalysts.

With respect to the mechanism of COA dehydrogenation, (‘Bu-POCOP)Ir is
proposed to operate in a similar manner to (‘Bu-PCP)Ir (Scheme 1-4). However, these
complexes do display a difference in the preferred coordination mode of TBE. Whereas
Goldman and Jensen's (‘Bu-PCP)It! undergoes oxidative addition of the sp?>-CH bond of

TBE to form a vinyl complex, Brookhart's (‘Bu-POCOP)Ir! coordinates the olefin in a n-
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bonding fashion (Figure 1-3).*%% As well, the rate of alkene hydrogenation by (‘Bu-
POCOP)IrH; is much faster than that of (‘Bu-PCP)IrHa.

Although (PCP)Ir species have demonstrated remarkable C-H bond activation
chemistry, which can be influenced by the design features of the pincer pincer ligand
structure, the reactivity of such species is not limited to C-H bond activation and
functionalization. As described below, complexes of this type have also proven adept at a

number of other E-H bond cleavage reactions, such as N-H bond oxidative addition.

1.6 N-H Bond Oxidative Addition by (PCP)Ir Species

Due to to the prevalence of amino functional groups in pharmaceuticals, fine
chemicals and other synthetic targets, the development of new transition metal catalyzed
amination reactions is highly desirable and as such, research in this area has been pursued
extensively.’® Interestingly, while a number of high profile metal-catalyzed reactions, such
as hydrogenation, hydrosilylation, and hydroboration, proceed by E-H (E = H, Si, or B,
respectively) bond oxidative addition to the metal center,’! well-documented examples of
N-H bond oxidative addition of amines are exceedingly rare.’? This scarcity is a result of
the inherent ability of amines to form stable Werner-type coordination complexes resulting
from the dative interaction between the nitrogen lone pair and the metal atom.>* The
development of facile N-H bond oxidative addition of simple amines thus represents an
opportunity to exploit such reactivity in new catalytic amination protocols.

In recent years, PCP-type Ir pincer complexes have demonstrated a relative aptitude
for N-H bond oxidative addition.>* Zhao, Goldman, and Hartwig explored the reactivity of
the previously described (‘Bu-PCP)IrH> with ammonia and aniline.’?¢ Having established

in the course of alkane dehydrogenation chemistry that the highly reactive (‘Bu-PCP)Ir! 14-
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electron species undergoes facile C-H bond activation, it was proposed that this
coordinatively unsaturated intermediate would be a good candidate to react in situ with the
N-H bonds of amines. Indeed, facile N-H bond oxidative addition of aniline was observed

at room temperature to afford (‘Bu-PCP)Ir(H)(NHPh) (Scheme 1-7).

PBu, PBu, PBu,
| wH  TBE | H,NPh | wNHPh
~n “rea” Tl [~H
PBu, PBu, PBu,

Scheme 1-7. N-H bond activation of anline by (‘Bu-PCP)Ir.

The analogous parent amido complex resulting from N-H bond cleavage in
ammonia proved to be thermodynamically less stable than the reductive elimination
product, (‘Bu-PCP)Ir(NH3) (Scheme 1-8). Further attempts to synthesize the Ir'"! parent
amido hydride complex by adding ammonia to (‘Bu-PCP)Ir(H)Cl followed by
dehydrohalogenation did lead to formation of the desired (‘Bu-PCP)Ir(H)(NH2) complex;
however, this compound was shown to reductively eliminate ammonia at temperatures
above -10 °C. In addition, exposure of (‘Bu-PCP)Ir(H)(NHPh) to benzene resulted in the
formation of an equilibrium mixture containing the anilido complex and the phenyl hydride
species resulting from reductive elimination of aniline and oxidative addition of a benzene
C-H bond. These results indicate that although N-H bond oxidative addition occurs in this
system, the reaction is readily reversible, which complicates the development of

subsequent reactions involving the Ir-NHR fragment.
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PBu, r PBuU, ] PBuU,

el TBE
~y — Ir—NH
-TBA

PBu, PBu, ] PBu,
I| wH  TBE I|r H,NPh I| NHPh
| ~H “TBA | | [~ H
PBu, P‘Bu2 PBu,

P'Bu, PBu,

T>-10°C

PBu, PtBuz EF’fBu2

“‘\\CI NH3 ‘\\‘ SIMe3 \\NH2
Ir's _— Ir—N H3 I~

H CI/ , -78°C | H

PBu, PBu, PBu,

Scheme 1-8. Formation of (‘Bu-PCP)Ir(H)(NH>) and thermal instability.

In an effort to achieve the NH oxidative addition of ammonia, a highly desirable
substrate, Goldman, Hartwig and co-workers subsequently targeted a more electron-rich
(PCP)Ir fragment that would help stabilize the higher oxidation state of the amido hydride
reaction product (Scheme 1-8).52' A related Ir' complex featuring an aliphatic pincer ligand
backbone, [(‘BurP(CH2).).CH]Ir(CH,=CHMe), was reacted with ammonia at room

temperature to generate the desired Ir'"

parent amido complex upon liberation of propene
(Scheme 1-9). The latter complex is a rare example of an isolable, monomeric amido

hydride complex resulting from N-H bond oxidative addition of ammonia.

PtBUZ PtBUZ PtBUZ
!rH4 . —k NAs RT || wH
| " -2C3Hg - C3Hs |\NH2
PBu, tBUz P'Bu,

Scheme 1-9. N-H bond activation of ammonia to form an isolable, monomeric Ir'"

amido complex.

parent

Hartwig and co-workers sought to further determine the stability of the amido
hydride complex relative to the corresponding Ir' alkene complex [(‘Bu2P(CHa)2).CH]Ir(1-
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pentene).>> Upon combining ammonia, 1-pentene, and [(‘BuxP(CH2)2).CH]Ir(1-pentene)
(0.03 M in diethyl ether-dio) in a 15:30:1 ratio, an equilibrium constant of 9 was determined
for the conversion of the alkene complex to the amido hydride species. By comparison, the
reaction of the alkene complex with HoN(3,5-Me>CgH3) revealed that the formation of the
hydrido arylamide oxidative addition product was thermodynamically less favorable than
the analogous reaction with ammonia, with an equilibrium constant of 0.09. This result is
somewhat surprising given the lower N-H bond strength (BDE of NH3 = 450.08+0.24 kJ
mol™!, vs. BDE of HoNPh = 375.3 kJ mol™!) and greater acidity (in DMSO pK, of NH; =
41, vs. pKa of HaNPh = 30.6) of the aromatic amine.>¢

The mechanism of the ammonia activation reaction was probed using isotopic
labeling studies with ND3 and the results were consistent with a mechanism involving
oxidative addition of ammonia to a [(‘BuzP(CH>),).CH]Ir!' intermediate, with deuterium
incorporation only observed at the Ir-H and Ir-NH> positions.** Kinetic studies indicated
that the rate of the reaction is dependent on the concentration of alkene, which is consistent
with a dissociative mechanism in which the alkene first dissociates from the Ir center to
generate a three-coordinate [(‘BuzP(CHz)2)>CH]Ir' species that subsequently reacts with
ammonia.

In a similar vein, having examined the reactivity of bis(phosphinite) Ir pincer
complexes in C-H bond activation chemistry (vide supra), Brookhart and co-workers
sought to apply (‘Bu-POCOP)Ir toward the activation of the N-H bonds. Their study
revealed that (‘Bu-POCOP)Ir!' (generated by the reaction of (‘Bu-POCOP)Ir(H)Cl with
NaO'Bu) reacted with the N-H bonds of anilines in benzene solution to produce three

products in equilibrium — (‘Bu-POCOP)Ir(H)Ph, (‘Bu-POCOP)Ir(H)(NHAr) and the Lewis
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base adduct (‘Bu-POCOP)Ir(NH2Ar) (Scheme 1-10, Ar = p-X-CsH3; X = OMe, Me, H, Cl,
or CF3).’% The complex (‘Bu-POCOP)Ir(H)Ph was formed by the reaction of (‘Bu-
POCOP)Ir! with the benzene solvent, while (‘Bu-POCOP)Ir(H)(NHAr) and (‘Bu-
POCOP)Ir(NH2Ar) result from the reaction of (‘Bu-POCOP)Ir! with aniline. Equilibrium
constants for these processes were determined to be dependent on the nature of the para-
substituent on the aniline. Thus, more electron-donating para-substituents led to increased
fomation of the aniline adduct (‘Bu-POCOP)Ir(NH2Ar), while more electron-withdrawing
groups led to formation of the aniline oxidative addition product (‘Bu-
POCOP)Ir(H)(NHAr) as the major product. The former effect can be attributed to the
increased Lewis basicity of the anline, while Brookhart and co-workers propose that the

latter effect is due to decreased repulsion between filled metal d=—orbitals and N p-orbitals.

O0—PBu, 0—PBu, O—PBu, O0—PBu,
| Cotte LS | |
ir\Ph — I|r B Ilr\NHR‘_ ir NH,R
O0—PBu, O0—PBu, 0—PBu, O—PBu,
R = p-X-CGH3

X = OMe, Me, H, Cl, CF3

Scheme 1-10. The reaction of (‘Bu-POCOP)Ir! with anilines in benzene solution.

The rates of reductive elimination from (‘Bu-POCOP)Ir(H)(NHAr) were measured

T complexes in the presence of ethylene as a trapping ligand for (‘Bu-

by heating the Ir
POCOP)It!. The reductive elimination barriers fall in the range of 21-22 kcal mol™! and
increase with the electron-withdrawing ability of the aniline employed. By comparison, the
barrier of C-H bond reductive elimination from (‘Bu-POCOP)Ir(H)Ar (Ar = 3,5-Me2CeH3)
was determined to be 14.1 kcal mol ™.

The work of Hartwig, Brookhart and co-workers has established the aptitude of

PCP-type pincer Ir species to undergo NH bond activation processes. It is anticipated that
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the design of new types of highly reactive pincer complexes that can undergo N-H bond
oxidative addition reactions will facilitate the development of useful organic

transformations that incorporate such N-H bond activation steps.

1.7  Silyl Pincer Complexes: A Different Ligand Design

As discussed in the previous sections, a large majority of reported pincer chemistry
involves PCP and PNP derived ligands. However, the LXL ligand design is highly modular
and can accommodate a variety of neutral (L) and anionic (X) donors. While numerous
studies have explored changing the nature of the L donors, the identity of the central anionic
donor has been held relatively constant. Recently examples of pincer ligation where X =
P,?2 B, Sn,2* Ge?** and Si***! have appeared, with the latter silyl based pincers being the
most extensively explored. These novel ligand designs are predicted to engender new
reactivity in the ensuing pincer complexes due to the influence of the central donor on the
electronic features of the metal center.

In comparing traditional PCP pincers with analogous platinum group metal PSiP
complexes, the reduced electronegativity of Si relative to C (Pauling electronegativity of
C =2.55 while that of Si = 1.90) is anticipated to lead to a more electron rich metal center,
hence facilitating oxidative addition reactions and increasing reactivity. In addition, the
stronger trans-labilizing ability of Si can better promote the generation of coordinatively
unsaturated complexes, thus offering increased opportunities for reactivity at the metal
center.”’

Multidentate (phosphino)silyl ligands were first reported by Stobart and co-workers

in the 1980s (Figure 1-4A).%® These early studies primarily addressed the fundamental
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coordination chemistry of such chelating silyl ligands. Tilley and co-workers subsequently
reported on the synthesis of late metal complexes supported by tridentate bis(quinolyl)silyl
(NSiN) ligation (Figure 1-4B).> Tridentate coordination of NSiN to Rh, Ir, and Pt has been
achieved, affording both neutral and cationic complexes. Such complexes typically exhibit
fac-NSiN coordination, although square planar (NSiN)PtCl has also been isolated.>*® The
Ir'" triflate complex (NSiN)Ir(H)(OTf)(COE) (COE = cyclooctene) catalyzes both aryl
silane redistribution and the dehydrogenative silylation of arenes, albeit with low activity
and low yields.>*® While increased reactivity might be accessed in such pincer systems by
tuning the ligand steric and electronic features, the substitution at nitrogen in such quinolyl-
derived ligands is not readily modified. Furthermore, N-based peripheral donors are
anticipated to afford late metal complexes that are not very electron-rich, and thus may not

readily undergo oxidative addition reactions.

(\Pphz (\Si/\| Gpphz Q\Pth
Me,Si,,, | | ‘hpphz 3 ;| |

M—Cl Ph,P—Rh.

Me,Si™" | | ~PPh, Y |
k/Pth L PPhy PPh,
M =Rh, Ir L = CO, PPhy

(A)

~
Y i

(®) VeSi—Pt—Cl ¢ S|' ’
,\’l /NI;Rh‘:\ Y,
N PhH,C CH,Ph
—

L = PPhs, CO

Figure 1-4. Examples of complexes supported by multidentate (phosphino)silyl ligation
developed by Stobart and co-workers (A) and bis(quinolyl)silyl (NSiN) metal complexes
reported by Tilley and co-workers (B).

More recently, the Turculet group has developed PSiP® (as well as PSiN)®! ligation

featuring a phenylene backbone ([<*-(2-R2PC¢Ha)2SiMe]~ = R-PSiP, R = alkyl or aryl;
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Figure 1-5),%? as well as derivatives that feature an indolyl backbone,* and has explored
the reactivity and catalytic activity of such late metal PSiP species.?%!64%° Such complexes
lack B-hydrogens in the ligand backbone, which removes the possibility of B-hydride
elimination from the PSiP backbone. Although these somewhat rigid phenylene-based
ligands feature an sp’-hybridized central silyl donor, examples of both meridional and
facial binding to a metal have been observed. The reduced conformational flexibility
associated with the ortho-phenylene backbone is anticipated to also provide enhanced
stability and selectivity in metal-mediated substrate transformations. Furthermore, such
PSiP ligation offers the opportunity to readily tune the steric and electronic properties of

the phosphino donors.

N—pR
Qe Qe WA
MeSn—ML MeSi—ML,, Me?i—MLn
N
GPRZ ONM‘*Z D—PR,
(R-PSIiP)ML,  (R-PSIN)ML,,
(R-PSiP")ML,

M = late transition metal
R = alkyl, aryl

Figure 1-5. PSiP and PSiN (phosphino)silyl pincer complexes developed in the Turculet
group.

Thus far, metal complexes supported by R-PSiP ligation have displayed aggressive
reactivity in challenging E-H bond activation reactions, including examples of Ir-mediated
arene C-H?®® and amine N-H bond activation.’?* As well, Cy-PSiP ligation has been shown
to stabilize unusual low-coordinate metal species, such as 14-electron, four-coordinate Ru
complexes that adopt an unusual trigonal pyramidal coordination geometry.?® Lastly, R-

PSiP complexes have been shown to be catalytically active in reactions such as the transfer

20a of

hydrogenation of ketones,?*® and the reduction of CO, with either hydrosilanes?*’ or
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boranes.®* Such silyl pincer ligands have also recently been shown to support catalytically

64b,c

active first row transition metal complexes, including an example of a highly active

(Cy-PSiP)Fe catalyst for alkene hydrogenation.

I complexes

In the context of Group 9 metal chemistry, five-coordinate Rh' and Ir
of the type (Cy-PSiP)M(H)CI (1-1, M = Ir; 1-2, M = Rh; Scheme 1-11) proved readily
accessible via Si-H oxidative addition of the tertiary silane pro-ligand.?®® Complexes 1-1
and 1-2 can be dehydrohalogenated in situ to provide access to reactive (Cy-PSiP)M! (1-3,
M = Ir; 1-4, M = Rh) species that have thus far resisted isolation attempts. While such 14-
electron species are not isolable, they can be trapped as 16-electron complexes of the type
(Cy-PSiP)ML (1-5a, M = Ir, L = PMes; 1-5b, M = Ir, L = CoHy; 1-6, M = Rh, L = PMes;
Scheme 1-11).°% In the case of in situ generated 1-3, evidence for a possible Ir-H was
observed by 'H NMR spectroscopy in cyclohexane-di2 solution, suggesting that reversible
metalation of the Cy-PSiP ligand may play a role in the reactivity of this highly reactive
complex. In the presence of benzene, complex 1-3 undergoes sp>-CH bond activation to
afford (Cy-PSiP)IrH(Ph) (1-7), which also undergoes facile arene exchange. The Rh
analogue 1-4 proved unreactive toward such arene substrates. Following these initial
reports from the Turculet group, Shimada and co-workers?!¢ demonstrated that complexes
of the type (R-PSiP)Ir(H)4 (1-8; R = Cy, 'Pr,'Bu) also undergo benzene C-H bond activation

in the presence of an alkene H: acceptor.
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05[M(COE)CI]2 H Me;SiCHoLI | -/ |

MeSi—H MeSi—M <«— MeSi—IrH,
LICI | -TBA
PCy, PCy - Me,Si PR, PR,
(Cy-PSiP)H 1-1M=1r C 13M=Ir 1-8
1-2 M = RH 1-4 M = Rh R = Cy, /Pr, 'Bu
_ CeD12
COE = O Cy benzene
F|> PR2
MeSi—IIr\H MeS|——Ir\
PCY2 MeSi—M—L PR2
1-7
PCyZ

1-5a M =Ir, L = PMe,
1-5b M = Ir, L= CzH4
1-6 M =Rh, L = PMe;,

Scheme 1-11. Generation of (Cy-PSiP)M! (1-3, M = Ir; 1-4, M = Rh) and reactivity with
sp*-CH bonds.

The Turculet group extended the reactivity of (Cy-PSiP)M (M = Rh, Ir) species to
the oxidative addition of N-H bonds (Scheme 1-12).52%¢ I situ generated 1-3 was found
to undergo N-H bond oxidative addition of anilines, alkylamines lacking B-hydrogen
substituents (e.g., HON‘Bu), and ammonia under mild conditions, resulting in the formation
of mononuclear Ir'"" amido hydride complexes of the type (Cy-PSiP)Ir(H)(NHR) (1-9, R =
aryl, alkyl, or H), which could be readily isolated. Unlike previously reported (PCP)Ir and
(POCOP)Ir systems, complexes 1-9 proved to be resistant to N-H bond reductive
elimination. Subsequent work further revealed that 1-3 also mediates the oxidative addition
of N-H bonds in hydrazine derivatives HoN-NR’; (R’2 = CsHjo, (CH2CH2)2NMe) and
benzamides HoN(C=0)R” (R” = Ph, C¢Fs).% In the case of Rh, while complexes of the
type (Cy-PSiP)Rh(H)(NHR) (1-10, R = aryl) proved isolable when prepared by treatment
of 1-2 with LiNHR reagents, such complexes could not be prepared by N-H oxidative

addition to in situ generated 1-4. Rather, treatment of 1-4 with various amines led to the
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formation of the corresponding Rh' adducts (Cy-PSiP)Rh(NH2R’) (1-11, R’ = aryl, alkyl,

H).SZk

M=Rh M=Ir
Qi%—m:y2 QPCyZ <i%‘my2
| NH,R | NH,R | H

MeSi—Rh—NH,R' ~<———— MeSi—M — »  Mesi—IiL
NHR
R = aryl, R = aryl,
PCy, alkyl, H PCy, alkyl, H PCy,
1-11  13M=Ir 1-9
1-4 M = Rh
TMe3SiCH2Li
- Licl
QPCyz QPCY2
| _H LiNH(aryl) | _H LiINHR
MeSi—Rh__ - MeSi—M_
| NH(aryl) | Cl -Licl
PCy, PCy,
1-10 1-1M=1Ir
1-2M =Rh

Scheme 1-12. N-H oxidative addition via (Cy-PSiP)M! (M = Rh, Ir).

1.8 Further Exploration of E-H Bond Activation at (Cy-PSiP)Ir!

Having established that Cy-PSiP ligation provides access to Ir complexes that can
engage in challenging oxidative addition processes, such as N-H oxidative addition of
ammonia, a significant area of inquiry involves outlining the scope of E-H bond activation
by such complexes. The oxidative addition of E-H bonds is a key component of numerous

catalytic process that have emerged as important synthetic tools, including

63,65b,67 8

hydroboration and hydrosilylation®® catalysis, and there is significant interest in
developing new reactivity involving challenging N-H and O-H activation steps for
processes such as amination®® and water splitting.”® In this regard, the work described in
this thesis builds on previous work from the Turculet group dealing with the synthesis and

reactivity of (Cy-PSiP)Ir pincer complexes. The synthetic studies presented herein will
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address the extension of bond activation studies to new types of E-H bonds, including P-

H, O-H and Si-H bonds (Scheme 1-13). The synthesis and characterization of new and

unusual coordinatively unsaturated late metal phosphido, aryloxo, alkoxo, hydroxo, and

silyl complexes will be detailed. The development of new reactive platforms for studying

such bond activation processes will also be addressed, including cationic (Cy-

PSiP)M(Me)" species (M = Rh or I). These studies contribute to further understanding of

the range of oxidative addition processes that can be accessed with late transition metals,

as well as understanding of how pincer ligation strategies support highly reactive metal

complexes.

Chapter 3

MeSi—I\|/I """" > MeSi '\r\SiRR'R"
PR, PR;
- Chapter 4
1-3M=1Ir
1-4 M = Rh
1 MeX
Y

+ IXT
PR,
IXT :\< |

------- MeSi—M—Me

PR, PR,
Chapter 4

Scheme 1-13. Summary of bond activation reactivity explored in this thesis.
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Chapter 2: Iridium Mediated P-H Bond Oxidative Addition Leading to
Terminal Phosphido Hydride Species Supported by PSiP Ligation

2.1 Introduction

The oxidative addition of P-H bonds in hydrophosphines to generate transition
metal phosphido species (eq 2-1) has been implicated as a key step in late transition metal
catalyzed processes for the formation of new phosphorus-element bonds, such as
alkene/alkyne hydrophosphination and dehydrocoupling (Scheme 2-1).”! While this
mechanistic step is often invoked in such contexts, examples of well-defined, mononuclear
transition metal phosphido hydride complexes that represent the product of such an

oxidative addition process are surprisingly rare.

/PRR‘
RRP-H + LM —_— L,M
H
R, R'=H, alkyl, aryl (2_1)
(HYDROPHOSPHINATION] , (P-P DEHYDROCOUPLING]

(A) ' (B) L
: W
f /N
LM K\ ' PhyP-PPh, F’hzﬁ EPhg

+

R} PR R, © :
P lePH o LR

LM LaM '
H H ; 2 Ph,PH

migratory PR\ Michael !

insertion || M/ \W .

"IN ” H

inner- H outer- '

sphere” sphere” .

/\R" /\R" '

Scheme 2-1. Proposed mechanisms for (A) alkene hydrophosphination and (B) phosphine
dehydrocoupling that invoke phosphido hydride complexes as intermediates.

With regard to late transition metals, a handful of such isolable phosphido hydride
species involving Group 9 and 10 metals have been reported in recent years (Figure 2-1).
Glueck and co-workers demonstrated that P-H oxidative addition by the Pt° complex (Me-

DuPhos)Pt(trans-stilbene) affords a square-planar Pt!! phosphido hydride complex A that
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was shown to engage in catalytic hydrophosphination involving activated (electron-poor)
alkene substrates.”> Manners and co-workers subsequently demonstrated that treatment of
the Pt complex (dcype)PtH: (dcype = Cy.PCH>CH2PCy,) with primary and secondary
phosphines led to formation of the corresponding cis-phosphido-hydride Pt!! complexes B,
with evolution of H2.”® In a related example involving Ni, Miluykov, Latypov, and co-
workers reported that in situ generated (dtbe)Ni’ (dtbe = ‘Bu,PCH,CH,P'Buy) reacts with
the bulky primary phosphine H2P(2,6-Mes2CsH3) (Mes = 2,4,6-Me3CgH2) to afford the
mononuclear complex (dtbe)NiH[PH(2,6-Mes>CsH3)] (C), the first example of a terminal
phosphido hydride Ni species that was also shown to be a viable intermediate in alkene
hydrophosphination.” In the context of Group 9 chemistry, following early reports from
Schunn,” as well as Ebsworth and co-workers’® on the synthesis Ir(H)(PHz) complexes,
Tejel and co-workers”” have more recently prepared and structurally characterized

examples of coordinatively saturated Rh' and Ir™

diphenylphosphido hydride complexes
supported by tris(pyrazolyl)borate (D) or hybrid scorpionate ligation (E), respectively.
These represent rare examples of terminal Group 9 metal phosphido hydride complexes
formed by P-H oxidative addition. The Rh phosphido complex proved to be catalytically
active for alkene hydrophosphination as well as dehydrogenative coupling of HPPh». Less

bulky primary phosphines, such as H>PPh resulted in the formation of phosphido-bridged

dinuclear Rh complexes that proved inactive under comparable catalytic conditions.
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A, Glueck, 2000 B, Manners, 2005 C, Miluykov, 2013
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\ PCyZ
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PMej CcO
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D, Tejel, 2015 E, Tejel, 2016 This work

Figure 2-1. Isolable, mononuclear late transition metal phosphido hydride complexes
featuring terminal phosphido ligands.

Previous work from the Turculet group has shown that coordinatively unsaturated
Ir' species supported by bis(phosphino)silyl ligation of the type x*-(2-
Cy2PCsH4)2SiMe(Cy-PSiP) can mediate both C-H and N-H bond oxidative addition to
afford Ir'" species of the type (Cy-PSiP)Ir(H)X (X = aryl, anilido, amido).2%>*2% While
five-coordinate Ir aryl hydride complexes of this type are generally not isolable and
undergo facile arene exchange reactions,’®® analogous anilido and amido complexes
resulting from N-H bond activation are isolable and highly resistant to N-H reductive
elimination.’?*%® Related Rh anilido hydride complexes are also isolable and thermally
stable, however such complexes could not be accessed by an N-H oxidative addition route
and were prepared by the metathesis reaction of (Cy-PSiP)Rh(H)CI (1-2) with LiNH(aryl)
reagents.”?%%® In an effort to further explore the reactivity of (Cy-PSiP)M (M = Rh, Ir)
towards E-H (E = main group element) bond oxidative addition, reactions with

hydrophosphines were pursued with the goal of accessing coordinatively unsaturated
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terminal phosphido hydride complexes related to the amido and anilido species previously
reported by the Turculet group.

A comparison of N-H bonds in anilines and amines with P-H bonds in
hydrophosphines (Table 2-1) reveals that P-H bonds in hydrophosphines are, on average,
weaker and more acidic than N-H bonds in comparable amines. As such, P-H bond
cleavage is anticipated to be more facile than analogous N-H bond cleavage reactivity.
Indeed, the results outlined herein indicate that (Cy-PSiP)Ir readily undergoes P-H
oxidative addition reactions with a variety of hydrophosphines to afford rare examples of

Il complexes that feature terminal

isolable, coordinatively unsaturated phosphido hydride Ir
phosphido groups. Such phosphido hydride complexes were not observed for Rh, where
both P-H and P-C reductive elimination occur rapidly to preferentially form Rh! phosphine
adducts. This chapter details these synthetic investigations, as well as the structural

characterization of the ensuing complexes, and an exploration of their reactivity.

Table 2-1. Bond dissociation energies (BDE)>*® and pK, values>*®¢ for selected amines and
phosphines.

H-NH: H-PH: H-NHMe H-PHMe H-NHPh H-PHPh

BDE (kJ mol")  450.08+0.24 351.042.1 425.1484 32224126 3753 319.341al
pK. (DMSO) 41 24.110) N/A 29.6!! 306 2240 (24.5)

[2Calculated (DFT) value.>* PICalculated value.>*¢ [)Experimental value in THF.>¢

2.2 Results and Discussion
2.2.1 Synthesis of Ir Phosphido Hydride Complexes via Salt Metathesis

In order to study P-H activation via (Cy-PSiP)Ir, the viability of Ir phosphido
hydride complexes was probed initially by targeting the direct synthesis of such complexes

utilizing a salt metathesis approach. In this regard, the Ir'" precursor (Cy-PSiP)Ir(H)CI (1-
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1) was treated with a variety of lithium phosphido reagents that can be prepared readily by
the reaction of commercially available hydrophosphines with "BuLi (Scheme 2-2). The
reaction of 1-1 with one equiv. LiPPh; led to the quantitative (by *'P NMR) formation of
a new complex assigned as the phosphido hydride complex (Cy-PSiP)Ir(H)(PPh2) (2-1).
Complex 2-1 was isolated in 83% yield. The formulation of 2-1 was determined on the
basis of characteristic NMR data (Table 2-2), including *'P{'"H} NMR resonances at 107.2
(t, 1 P,%Jpp =33 Hz) and 56.7 (d, 2 P, 2Jpp = 37 Hz) ppm corresponding to the Ir-phosphido
(PPh,) and Ir-phosphino (PCy2R) groups, respectively. In addition, the 'H NMR spectrum
(benzene-ds) of isolated 2-1 features an Ir-hydride resonance at -15.37 ppm (dt, 2Jupcy2 =
18 Hz, “Juppn2 = 75 Hz). These data are consistent with a Cs-symmetric five-coordinate
structure similar to those observed for 1-1 and related (Cy-PSiP)Ir(H)(anilido) species,>
where the chemically equivalent Cy-PSiP phosphino donors are trans-disposed, and
mutually cis relative to the Ir-PPha ligand. Complex 2-1 is stable at room temperature both

in solution and in the solid state, and upon heating a sample at 70 °C over the course of 18

h in benzene solution no evidence of P-H reductive elimination or decomposition was

observed.
QPCyZ Qi%fpw2 Qj%—my2 ‘
PR2 LiPR | Cl . ‘SiMe
MeSl—Ir\ : -2 LIPRR MeSl—Ir\ * CysP|,, | WPRR
e
| H Cy,P” H
PCyZ PCyZ PCyZ

not observed 1-1 21 R=R'=Ph 2-3d'R=H, R =Bu
2-3aR=H,R'=Ph
l 2-3bR=H,R = Cy

2-3c R =H, R'= Mes
PCy, 2-3dR=H, R =Bu

MeSi—Ir—PHR, 2-2aR =1-Ad
2:2bR = Cy
PCy, 2-2cR='Pr

Scheme 2-2. Reaction of (Cy-PSiP)Ir(H)CI (1-1) with lithium phosphide reagents.
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Table 2-2. Selected NMR spectroscopic data (ppm) for complexes 2-1, 2-2a - ¢, and 2-3a
—d.

1 31 1 31 1 3IP{III}
H P{ H} P{ H} NMR[b] A 31P 29Si
Complex NMRE! NMRP NMR®P! rent NMRE NMRA
Ir-H  Ir-phosphido Ir-phosphine paren!
phosphine
(Cy-PSiP)Ir(H)CI12% -23.79 (t) - - - - 7.7
(Cy-PSiP)Ir(H)(NHPh)2 21.16 (t) - - - - 13.3
Ir-phosphino complexes
(Cy-PSiP)Ir(PMes)’2 - - 21.2 (1) -62.6 41 68.0
(Cy-PSiP)Ir[PH(1-Ad),] (2-2a) - - 51.4 (br m) 18.1 33 62.8
(Cy-PSiP)Ir(PHCy» (2-2b) - - 21.6 (t) -28.1 50 68.6
(Cy-PSiP)Ir(PHPr,) (2-2¢) - - 34.6 (1) -16.5 51 68.3
Ir-phosphido complexes
(Cy-PSiP)Ir(H)(PPhy) (2-1)  -15.37(dt)  107.2 (t) - -40.6 148 30.8
(Cy-PSiP)Ir(H)(PHPh) (2-3a) -13.51 (dt)  20.8 (t) - -122.1 143 24.4
(Cy-PSiP)Ir(H)(PHCy) (2-3b) -14.00 (dt)  69.4 (t) - -111.8 181 28.6
(Cy-PSiP)Ir(H)(PHMes) (2-3¢)-12.05 (dt) 0.2 (t) - -154.8 155 24.0
(Cy-PSiP)Ir(H)(PH'Bu) (2-3d) -14.96 (dt)  99.7 (t) - -80.1 180 29.4
(Cy-PSiP)Ir(H)(PH'Bu) (2-3d’) -5.92 (dt) 130.5 (dd) - -80.1 211 25.8

[2IBenzene-ds. "'Relative to 85% H3PO4. [{'Downfield shift of 3'P NMR resonance upon complexation of
parent phosphine to Ir as either Ir-phosphido or Ir-phosphine. [1'"H-*Si HMBC.

Encouraged by this result, the reactivity of 1-1 with other phosphido reagents
derived from secondary phosphines was evaluated (Scheme 2-2). Unlike in the case of 2-
1, treatment of 1-1 with one equiv. of either LiP(1-Ad), LiPCy2, or LiP("Pr), led to
quantitative (by *'P NMR) formation of the corresponding Ir' phosphine adduct (Cy-
PSiP)Ir(PHR) (Scheme 2-2; 2-2a, R’ = 1-Ad; 2-2b, R = Cy; 2-2¢, R = 'Pr), presumably as

a result of P-H reductive elimination from Ir'"!

phosphido hydride intermediates. The
formation of 2-2a — ¢ was generally complete within 30 min. of mixing, with no evidence
for phosphido hydride intermediate species observed spectroscopically (by *'P or 'TH NMR)

over the course of the reaction. Characteristic of the formulation of 2-2a — ¢ as secondary

phosphine adducts, the "TH NMR spectra of these complexes (benzene-ds) each feature a P-
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H resonance at 5.64 (dt, 'Jup = 295 Hz, 2Jup = 13 Hz), 5.17 (dm, 'Jnp = 292 Hz), and 5.19
(dm, 'Jup = 290 Hz) ppm, respectively, rather than an Ir-H resonance. In the case of 2-2b
and ¢, two resonances were observed by *'P{'H} NMR spectroscopy (for 2-2b, & 63.1 (d,
2P, %Jpp =11 Hz), 21.6 (t, 1 P, 2Jpp = 11 Hz); for 2-2¢, § 63.3 (d, 2 P, 2Jpp = 10 Hz), 34.6
(t, 1 P, 2Jpp = 10 Hz)), corresponding to chemically equivalent Cy-PSiP phosphino donors
and the secondary phosphine ligand, respectively (Table 2-2). These data are consistent
with Cs-symmetric, square-planar Ir species in solution, similar to that previously noted for
(Cy-PSiP)Ir(PMes). By comparison, in the case of 2-2a, the Cy-PSiP phosphino donors
give rise to an AB multiplet (55 = 67.2, 8g = 51.9, 2Jap = 278 Hz), likely due to hindered
rotation involving the very bulky HP(1-Ad), ligand. No appreciable change in these *'P
NMR features was observed when the spectrum was acquired at 80°C, suggesting that the
barrier for rotation about the Ir-PH(1-Ad) bond is relatively high.

The solid-state structure of 2-2¢ was obtained by use of single crystal X-ray
diffraction techniques and is in agreement with the formulation of this complex as an Ir'
phosphine adduct. The complex adopts distorted square planar geometry in the solid state,
with the HP'Pr; ligand coordinated to Ir trans to Si. The P1-Ir-P2 and P3-Ir-Si bond angles
of 149.47(8) and 151.57(8)°, respectively, are comparable to those reported previously for

the related complex (Cy-PSiP)Rh(PMes).><
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Figure 2-2. Crystallographically determined structure of 2-2¢ with thermal ellipsoids
drawn at the 50% probability level. Most hydrogen atoms have been omitted for clarity.
Selected interatomic distances (A) and angles (°): Ir-P1 2.255(2), Ir-P2 2.279(2), Ir-P3
2.320(2), Ir-Si 2.314(2), P3-H3P 1.19(10), P1-Ir-P2 149.47(8), P1-Ir-P3 97.22(8), P2-Ir-
P3 108.74(8), P1-Ir-Si 82.33(8), P2-Ir-Si 82.23(8), P3-Ir-Si 151.57(8).

In an effort to prevent P-H reductive elimination, Ir phosphido hydride complexes
derived from primary phosphines were targeted, with the consideration that steric effects
may play an important role in facilitating such reductive elimination reactions. Indeed,
treatment of 1-1 with lithium phosphide reagents derived from primary phosphines led to

quantitative (by *'P NMR) formation of the corresponding Ir'"

phosphido complexes (Cy-
PSiP)Ir(H)(PHR’) (Scheme 2-2; 2-3a, R’ = Ph; 2-3b, R’ = Cy; 2-3¢, R’ = Mes; 2-3d, R’ =
‘Bu), all of which proved isolable and resistant to reductive elimination (including upon
heating in benzene solution at 75 — 80 °C over the course of 18 h), as in the case of 2-1.
The '"H NMR spectra of complexes 2-3a — d (benzene-ds) each feature Ir-H resonances,

consistent with their formulation as Ir'™

phosphido hydride species (Table 2-2). A selective
1D NOESY experiment (25 °C; relaxation delay = 1.0 s; mixing time = 0.5 s) was carried
out in the case of 2-3¢, and no response was observed in the P-H resonance upon irradiation
of the Ir-H resonance. In the case of 2-3d, two such Ir-H resonances were observed (0 -

14.96 (dt, 2Jup = 66 Hz, 2Jup = 18 Hz and -5.92 (dt, 1 H, *Jupr = 99 Hz, 2Jup = 24 Hz; ca.

1:1 ratio), indicative of isomeric Ir phosphido hydride species in solution. This proposal is
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supported by the 'P{'H} NMR spectrum of this complex, which contains resonances that
can be assigned to two such isomers: 2-3d, which features chemically equivalent trans-
disposed Cy-PSiP phosphino groups giving rise to a single >'P{'H} NMR resonance at 57.7
ppm, and 2-3d’, which features inequivalent cis-disposed phosphino groups (6 55.3 (d,
2Jpprans = 152 Hz) and 50.2 (d, 2Jeeeis = 32 Hz)), consistent with a square pyramidal
structure where Si is coordinated in the apical position (Scheme 2-2).

The 3'P NMR shifts of complexes 2-1 and 2-3a — d are shown in Table 2-2, and
range in value from 130.5 ppm (for 2-3d’) to 0.2 ppm (for 2-3¢). It has been noted that the
3P NMR chemical shift of terminal phosphido ligands correlates with sp?-hybridization at
phosphorus accompanied by P—M n-donation, such that 3'P chemical shifts that are
significantly downfield (relative to the parent phosphine, often on the order of 150 - 300
ppm difference) are associated with significant M-P zn-bonding and planarity at the
phosphido P donor (Figure 2-3).”® Conversely, *'P chemical shifts that are not significantly
downfield relative to either the parent phosphine, or a structurally related metal-phosphino
precursor, are associated with an absence of significant M-P n-bonding and pyramidal
geometry at the predominantly sp>-hybridized phosphido P donor. An evaluation of the
change in *'P NMR chemical shift in the phosphido hydride species 2-1 and 2-3a — d
relative to the respective parent phosphines (Table 2-2) indicates a downfield shift (A *'P
NMR) ranging from 143 (for 2-3a, ¢f. free HoPPh) — 211 ppm (for 2-3d’, ¢f. free H>'Bu).
The magnitude of this downfield shift suggests that moderate to significant P—M =-
donation may be invoked for 2-1 and 2-3a — d, with more pronounced m-interaction in the
case of alkyl phosphido donors such as PHCy and PH'Bu. This is in accord with the

coordinatively and electronically unsaturated nature of such complexes. By comparison, A
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3P NMR in the case of the secondary phosphino derivatives 2-2a — ¢ ranges from 33 to 51
ppm, and is comparable in magnitude to that of 41 ppm previously reported for (Cy-
PSiP)Ir(PMe;).>> Further comparison to previously reported terminal phosphido
complexes of Ir shows that in the case of the coordinatively saturated Ir(H)(PPh2) complex
previously reported by Tejel and co-workers (E, Figure 2-1),”# the 3'P NMR resonance of
the phosphido ligand appears at 4.2 ppm, corresponding to a downfield shift of 45 ppm
relative to HPPh,. X-Ray crystallographic characterization of the latter complex confirm
that the phosphido ligand is pyramidal at P, with a sum of bond angles at P of 318.92°.772
While the latter complex is coordinatively saturated, more closely related five-coordinate
Ir'" phosphido methyl complexes of the type (PNP)Ir(Me)(PRR’) (PNP = -
N(SiMe2CH2PPh;)2) have been reported by Fryzuk and co-workers.”” The *'P NMR
chemical shift of the phosphido ligands in such complexes is closely matched to that
observed for the PSiP-supported phosphido complexes reported herein (e.g., 6 26.95 for R
=H, R’ =Ph,”*? ¢f. 20.8 for 2-3a; § 105.65 for R =R’ = Ph,”® ¢f. 107.2 for 2-1). However,
the X-ray crystal structure of (PNP)Ir(Me)(PPhy) revealed pyramidal geometry at the
phosphido P in the solid state (X< at P = 326.4°), in conjunction with a planar amido donor
in the PNP ligand backbone.”” This latter observation suggests that the correlation between
A 3'P NMR (M-phosphido cf. parent phosphine) and hybridization at phosphorus/M-

phosphido n-bonding may not be as direct as initially anticipated.
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-

3P NMR chemical shift

Figure 2-3. Correlation of M-PR> bonding in transition metal phosphido complexes with
hybridization at phosphorus and *'P NMR chemical shift.

In order for P>M mn-donation, the metal center must have empty, low-lying
acceptor orbitals of appropriate symmetry. In the case of diamagnetic, five-coordinate d*
metal complexes that feature a m-donor X, detailed theoretical analyses of metal-ligand
bonding interactions have shown that such complexes adopt distorted (“Y-shaped” in the
equatorial plane) trigonal bipyramidal (dist-TBP, Figure 2-4) structures of the type
previously observed for (Cy-PSiP)Ir(H)X (X = Cl, amido, anilido), which facilitate the
overlap of m-donor orbitals on X with the metal dyy orbital that lies in the trigonal plane.*
As such, P>M n-donation in (Cy-PSiP)Ir(H)(phosphido) complexes is indeed feasible,
and the ensuing complexes are anticipated to adopt similarly distorted trigonal bipyramidal
structures. Notably, in order for such n-overlap to occur, a fixed orientation of the planar
phosphido ligand orthogonal to the Y-distorted trigonal plane is required (Figure 2-4C). In
the case of unsymmetrically substituted phosphido ligands, such as is the case for 2-3a —
d, this orientation should give rise to chemically inequivalent Cy-PSiP phosphino donors
in the absence of rapid rotation about the Ir-phosphido linkage. Analysis of the room
temperature *'P{'H} NMR spectra of 2-3a — ¢ reveals that the pincer phosphino donors

give rise to a single, somewhat broad resonance in each case, consistent with a relatively
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low barrier to inversion/rotation about the Ir-phosphido bond, which leads to averaged Cy-
PSiP phosphorus environments. Variable temperature *'P{'H} NMR analysis for 2-3¢
revealed that the resonance attributed to the Cy-PSiP-phosphino donors decoalesces (at T¢
=273K), such that at the low temperature limit an AB pattern is observed (6a 59.7, 6B 55.8,
Jas = 273 Hz), consistent with the proposed dist-TBP static structure (Figure 2-5A). The
AG* associated with this process was determined to be 12.2 kcal mol!, which falls well
within the range of barriers (ca. 11 — 16 kcal mol!) reported previously for
inversion/rotation at phosphorus in pyramidal phosphido ligands.®! Variable temperature
'"H NMR analysis for 2-3¢ (toluene-ds) revealed that the ortho-Me protons of the PMes
substituent also give rise to an averaged 'H NMR resonance at high temperature, and this
resonance decoalesces at 288K with AG* = 13.6 kcal mol! (Figure 2-5B). This barrier is
associated with inversion/rotation involving the P-Ciyso linkage of the PHMes ligand. These
observations indicate that although P—Ir n-donation in 2-3¢ and related complexes is
feasible based on orbital considerations, phosphido m-contribution is likely minimal.
Interestingly, in the case of (Cy-PSiP)Ir(H)(PH'Bu), *!P and '"H NMR analysis revealed an
apparent 1:1 mixture of the predicted dist-TBP species (2-3d) and a square pyramidal
isomer with Si in the apical position (2-3d”). While electronic considerations suggest that
the dist-TBP structure should be preferred, it is possible that the steric demand of the PH'Bu

ligand perturbs this bonding model.
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Figure 2-4. (A) Distorted trigonal bipyramidal (dist-TBP) and square pyramidal (SP)
structures accessible to diamagnetic, five-coordinate @® complexes; (B) c-only frontier
MOs associated with such structures (adapted from ref. 80); and (C) orientation of PR»
phosphido ligand required for m-overlap in the dist-TBP scenario.

Figure 2-5. Variable temperature (A) *'P{'H} NMR (121.5 MHz) spectra of 2-3¢, showing
decoalescence of the Cy-PSiP-phosphino resonance; and (B) '"H NMR (toluene-ds, 300
MHz) spectra of 2-3¢, showing decoalescence of the ortho-Me resonance involving the
PHMes ligand.

The solid-state structures of 2-3¢ and 2-3d were determined by use of single crystal

X-ray diffraction techniques, confirming the proposed formulation of these complexes as
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five-coordinate Ir species with terminal phosphido ligands (Figure 2-6). Complex 2-3¢
features dist-TBP coordination geometry at Ir with trans-disposed PSiP-phosphino groups
(P1-Ir-P2 156.65(5)°), consistent with solution NMR data. The trigonal plane contains Si,
the phosphido P (P3), as well as the Ir-H (H1), with an acute Si-Ir-H1 angle of 82.5(14)°,
which is consistent with the predicted Y-shaped distortion (vide supra). The sum of bond
angles at P3 is 347.8°, which is intermediate in value between 360° (planar P) and the
values obtained for the Ir(H)(PPh2) complex previously reported by Tejel and co-workers
(E, Figure 2-1; 318.92°)"7 and Fryzuk’s (PNP)Ir(Me)(PPh2) complex (326.4°).7% Thus it
appears that although the barrier to inversion/rotation at the phosphido donor in 2-3¢ is
relatively low (12.2 kcal mol™!, vide supra), the geometry at phosphorus in the solid state
is significantly closer to planar than has been observed previously for terminal Ir'!!
phosphido complexes. The Ir-P3 distance of 2.2672(16) A is significantly shorter than that
of 2.436(1) A reported by Tejel and co-workers for the Ir-PPh, distance in complex E
(Figure 2-1),"* but closer in value to that of 2.297(2) A reported by Fryzuk and co-
workers’®® for the Ir-PPh, distance in five-coordinate (PNP)Ir(Me)(PPhy). In the case of
complex 2-3d, the PH'Bu ligand is disordered over two positions, with the major
contributor (2-3d major, 85% occupancy, Figure 2-6B) adopting analogous coordination
geometry to 2-3¢. The sum of bond angles at the phosphido P3A is 354.3°, which is slightly
closer to planarity than in 2-3¢, and the Ir-P3A distance of 2.2544(8) A is slightly shorter.
The orientation of the PH'Bu ligand is nearly perpendicular to the Y-distorted trigonal
plane (Si-Ir-P3A-C2A-77.1(3)°), positioning the phosphido group for n-overlap with the Ir
dxy orbital. Conversely, the minor contributor (2-3d minor, 15% occupancy, Figure 2-6C)

features square pyramidal coordination at Ir, with Si in the apical position and the PH'Bu
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ligand coordinated ¢rans to hydride (P3B-Ir-H1 170.4(12)°, ¢f. 147.1(11)° for P3A-Ir-H1).
Notably, this square pyramidal component is different from the square pyramidal isomer
2-3d’, which features the phosphido ligand coordinated cis to the Ir-H and has effective C;
symmetry in solution. The Ir-P3B distance of 2.302(5)A is slightly elongated relative to
the Ir-P3A distance. The phosphido ligand is oriented such that the P-‘Bu group is anti-
relative to the Ir-Si (Si-Ir-P3B-C2B-177.7(19)°), which corresponds to a rotation of the

phosphido ligand along Ir-P of ca. 100°.

(©)

2-3c 2-3d major 2-3d minor

Figure 2-6. Crystallographically determined structures of 2-3¢ (A), 2-3d major (B), and
2-3d minor (C) shown with thermal ellipsoids drawn at the 50% probability level. Selected
PCy carbon atoms and most hydrogen atoms have been omitted for clarity, including the
calculated P-H of 2-3d minor. Only one of the two crystallographically independent
molecules of 2-3¢ is shown. Selected interatomic distances (A) and angles (°): for 2-3¢ Ir-
HI1 1.501(5), Ir-P1 2.2901(14), Ir-P2 2.2892(13), Ir-P3 2.2672(16), Ir-Si 2.2869(15), P3-
C71 1.839(6), P1-Ir-P2 156.65(5), P3-Ir-Si 127.16(6), P3-Ir-H1 150.0(14), Si-Ir-HI
82.5(14), P3-Ir-Si 127.16(6), Ir-P3-H3P 121(3), Ir-P3-C71 132.8(2), C71-P3-H3P 94(3);
for 2-3d major Ir-H1 1.47(3), Ir-P1 2.2998(7), Ir-P2 2.2865(7), Ir-P3A 2.2544(8), Ir-Si
2.3100(7), P3A-C2A 1.872(4), P1-Ir-P2 154.98(2), P3A-Ir-Si 133.48(3), P3A-Ir-H1
147.1(11), Si-Ir-H1 78.7(11), Ir-P3A-H3PA 118(2), Ir-P3A-C2A 141.55(15), C2A-P3A-
H3PA 95(2); for 2-3d minor Ir-P3B 2.302(5), P3B-Ir-Si 105.30(12), P3B-Ir-H1 170.4(12),
Ir-P3B-C2B 122.8(15).

The dist-TBP structures observed for 2-3¢ and 2-3d major are comparable to those
of related amido and anilido complexes supported by Cy-PSiP ligation (Table 2-3).32%6

One notable difference is the trend of short Ir-N distances (2.056(2) A for (Cy-
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PSiP)Ir(H)(NHPh), 2.077(3) A for (Cy-PSiP)Ir(H)[NH(2,6-Me>CsH3)], and 2.018(2) A for
(Cy-PSiP)Ir(H)[NH(1-Ad)]) by comparison with Ir-P (phosphido) distances, which is in
accordance with the smaller size of N vs. P. In solution, *'P{'"H} NMR analysis for such
anilido and amido complexes indicates a single resonance in each cases, consistent with
averaged phosphine environments due to rapid inversion/rotation involving the Ir-N bond,
similar to the observations made for the related phosphido hydride complexes reported
herein.

Table 2-3. Selected crystallographic data — interatomic distances (A) and bond angles (°)

for crystallographically characterized complexes (Cy-PSiP)Ir(H)X (X = Cl, amido, anilido,
phosphido).

P-Ir-P . .
Complex diga)rfce (j:ge) Sﬁ;f )2111:;1? SAII:;]?
(Cy-PSiP)Ir(H)(PHMes) (2-3¢) 22672(16) 156.65(5) 127.13(6)  150.0(14) 82.5(14)
(Cy-PSiP)Ir(H)(PH'Bu) (2-3d major) 2.2544(8) 154.98(2) 133.48(3) 147.1(11) 78.7(11)
(Cy-PSiP)Ir(H)CI2%® 2.4143(12) 166.07(4) 130.64(5)  160.6(18) 68.7(18)
(Cy-PSiP)Ir(H)(NHPh)’> 2.056(2)  158.06(3) 137.35(8) 154.4 67.5
(Cy-PSiP)Ir(H)[NH(2,6-MexCeHz)]¢  2.077(3)  162.01(3) 129.72(11)  160.7 68.8
(Cy-PSiP)Ir(H)[NH(1-Ad)]% 2.018(2)  154.61(2) 131.03(7) 153.7 72.6

2.2.2 Attempted Synthesis of Rh Phosphido Complexes via Salt Metathesis

Having successfully prepared a series of mononuclear Ir phosphido hydride
complexes by a salt metathesis route, the synthesis of related Rh species was also attempted
(Scheme 2-3). In all such attempts, treatment of the hydrido chloride Rh precursor 1-2 with
a range of different lithium phosphide reagents (e.g., LIPHCy, LiPPh,, LiP’Pr>, LIPHMes)
resulted in quantitative formation of the corresponding Rh! phosphine complexes (Cy-
PSiP)Rh(PHRR’) (2-4a R = H, R = Cy; 2-4b R =R’ = Ph; 2-4¢ R =R’ = 'Pr; 2-4d R = H,
R’ = Mes), which can be isolated in high yield. Monitoring of these reaction mixtures by

31P and '"H NMR spectroscopy revealed no evidence for the formation of intermediate
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phosphido hydride species. As in the case of 2-2a — ¢, the 'H NMR spectra of complexes
2-4a — e do not feature a characteristic Ir-H resonance, which is the most telling indicator
of P-H reductive elimination. Rather, a downfield P-H resonance is observed, which is

readily identified by the characteristic large 'Jpu coupling constant (Table 2-4).

PCy, QPCyZ QPCyZ
| ClLiPRR' | _PRR' ' ‘
MeSi—Rh S MeSi—Rh —» MeSi—Rh—PHRR'
~ ~
" | H |
PCy, PCy> PCy,
1-2 not observed 2-4aR=H,R =Cy

2-4bR=R'=Ph
2-4cR=R'='Pr
2-4d R=H, R'= Mes

Scheme 2-3. Synthesis of (Cy-PSiP)Rh(PHRR”) complexes by P-H reductive elimination.

Table 2-4. Selected NMR spectroscopic data (ppm) for complexes 2-4a — e.

1 31 1 b 31P{1Hb} 31 29
Complex o M) e rent NMRE NMRY
phosphine
(Cy-PSiP)Rh(PMe;) - - 21.2 (1) -62.6 41 68.0
(Cy-PSiP)Rh(PPhs) (2-6) - - 20.8 (dt) -5.0 26 68.8
(Cy-PSiP)Rh(PH,Cy) (2-4a)  4.73 (dm) 264 -50.6 (dt) -111.8 61 70.2
(Cy-PSiP)Rh(PHPhy) (2-4b)  7.15 (dt) 290 -5.9 (dt) -40.6 35 69.6
(Cy-PSiP)Rh(PH'Pr;) (2-4¢)  4.50 (dm) 269 26.6 (dt) -16.5 43 69.5
(Cy-PSiP)Rh(PH;Mes) (2-4d)  6.50 (brd) 282 -103.5 (br d) -154.8 51 68.8

[2IBenzene-ds. "'Relative to 85% H3PO,. [{'Downfield shift of *'P NMR resonance upon complexation of
parent phosphine to Rh. [1"H-°Si HMBC.

The apparently facile P-H reductive elimination in the case of (Cy-
PSiP)Rh(H)(phosphido) species stands in contrast to the resistance to N-H reductive
elimination of the analogous anilido Rh species. Both (Cy-PSiP)Rh(H)(NHPh) and (Cy-
PSiP)Rh(H)[NH(2,6-Me>C¢H3)] are isolable complexes that are stable both in solution and
in the solid state.”?* As such, while steric factors seemed to play a role in the propensity of

(Cy-PSiP)Ir(H)(phosphido) complexes to undergo reductive elimination, it does not appear
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that steric considerations factor as significantly in the observed reductive elimination at
Rh. From a thermodynamic perspective, Rh-phosphino complexes are anticipated to be
relatively more stable than Rh'-aniline adducts, which have been observed in the case of
Cy-PSiP ligation only in the presence of excess aniline and are not isolable.’* However,
the kinetic barrier to reductive elimination must also be considered, and appears to
generally be lower in the case of Rh P-H reductive elimination than Ir.

In an effort to access low-coordinate terminal Rh phosphido complexes, alternative
Rh precursors were sought. In this regard, the phenyl complex (Cy-PSiP)Rh(Ph)Br (2-5)
was prepared by treatment of 1-2 first with LiCH>SiMes, and subsequently with PhBr
(Scheme 2-4).

PCy PCy. PCy
< 2 | 2 1) LICH,SiMes < 2 | 2 1) LiCH,SiMe, | 2
2) PPh, _Cl 2)PhBr _Br

MeSi—Rh—PPh, <—————  MeSi—Rh 2T e MeSi—Rh
H | ~pPh

PCy2 PCY2 PCy2

2-6 1-2 2-5

Scheme 2-4. Synthesis of complexes 2-5 and 2-6.

Complex 2-5 was isolated in 93% yield and gives rise to a single *'P{'H} NMR
resonance at 45.9 ppm (d, 'Jern = 117 Hz), consistent with a Cs-symmetric structure in
solution. Treatment of 2-§ with one equiv. LiPPhy in benzene solution led to the full
consumption of 2-5 and formation of two products (by *'P NMR) in a ca. 2:1 ratio (after
18 h at room temperature, followed by 8 h heating at 65 °C), as well as trace PPh3 (Figure
2-7). The major product is (Cy-PSiP)Rh(PPh3) (2-6), resulting from P-Ph reductive
elimination. The assignment of 2-6 was confirmed by the independent synthesis of this

complex (Scheme 2-4, Table 2-4). No evidence for the formation of a phosphido phenyl
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intermediate on the path to 2-6 was detected by monitoring of this reaction using 3'P{'H}
NMR techniques. A second minor product observed (ca. 25%) in this reaction corresponds
to the diphenylphosphino adduct 2-4b, assigned on the basis of 'H and *'P NMR analysis.
The possibility of 2-4b resulting from the reaction of LiPPh, with a protic impurity in the
reaction mixture was considered, but the formation of this complex proved reproducible in
numerous subsequent experiments where the purity of reagents and the solvent was
rigorously confirmed. Furthermore, samples of 2-6 prepared independently do not generate
2-4b over time. As such, the formation of 2-4b appears to be endemic to the reaction of 2-
5 with LiPPhy, implying that the unobserved intermediate (Cy-PSiP)Rh(Ph)(PPhy) (2-7)

may be involved.

benzene- ds
25 + LiPPhy —— 26 + 24h

{Cy-PSiP)Rh-PHPh,

2-4b
(©) “

{Cy-PSiP)Rh—PPh,

(B) Jl o

Ph
; -
(Cy-PSIPIRNC

2-5

Br

(A)

T T T T T T T T
50 0 ppm

Figure 2-7. *'P{'H} NMR spectra (122.5 MHz, benzene-ds) of: (A)(Cy-PSiP)Rh(Ph)Br
(2-5); (B) (Cy-PSiP)Rh(PPh3) (2-6); (C) (Cy-PSiP)Rh(PHPh;) (2-4b); and (D) reaction

mixture resulting from treatment of 2-5 with one equiv. LiPPhy, after 18 h at room
temperature, followed by 8 h heating at 65 °C.

Mechanistic possibilities for the formation of 2-4b in this context include: (A)

reactivity with the benzene solvent, (B) B-H elimination involving a PCy substituent, or
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(C) ligand metalation involving the PCy substituents (Scheme 2-5). With respect to
pathway (A), one can envision reactivity with benzene via a c-bond metathesis-like
pathway involving a benzene sp>-C-H bond and either the Rh-Ph or Rh-PPh; linkages.
Concerning the latter option, the intramolecular addition of an sp>-C-H bond across a
terminal metal-phosphido ligand has been previously reported,® including by Peters and
co-workers in a related tetradentate tris(phosphino)silyl Ru" system.®”®® Experiments
conducted in benzene-ds did not reveal 2H incorporation at the P-H position in 2-4b in a
manner that would be consistent with a benzene activation pathway (A). As well, the
formation of 2-4b was reproduced when the reaction was carried out in either cyclohexane
or THF solution, confirming that benzene is not necessary for this reactivity. In pathway

t*3 would generate P=Cy fragments, which

(B), f-H elimination involving a PCy substituen
should be readily observable by *'P NMR spectroscopic analysis. As this spectroscopic
feature is absent in the *'P{'H} NMR spectra of 2-4b formed in this context, pathway (B)
is likely not operational. Lastly, pathway (C) involving PCy metalation, followed by B-
hydride elimination, and final P-H reductive elimination, remains as the most plausible
mechanistic pathway for the formation of 2-4b via 2-7. The metalation of PCy substituents
has been well-documented,® and a Ru" cyclohexenyl species derived from such Cy-PSiP
activation has been previously reported.®*® While PCy metalation and subsequent S-hydride
elimination should generate a P-cyclohexenyl fragment that may be detected by 'H and '*C
NMR spectroscopic techniques, no such olefinic resonances were observed for the minor
species 2-4b formed in this reaction. However, this apparent discrepancy may be attributed

to the formation of a mixture of isomeric species (2-4b”), wherein the position of C=C bond

is varied within the four (formerly) PCy groups. Attempts to vary the phosphido lithium

44



reagent resulted in the formation of complex reaction mixtures from which no pure material

could be isolated.

Ph o7t PHPh,
PCy2 (Cy-PSPIREC  "H| ----- » (Cy-PSiP)Rh—FPh _
| Ph % - Ph-Ph
MeSi—Rh_ Ph Ph, Ph .
Br PhH FARRRREEE > (Cy-PSiP)Rh—PHPh,
PC (A) oo > or / reductive 2-4b
v2 ! H ¥ H ,/ elimination
2-5 AN - ,
K (Cy-PSiP)Rh Ph "F',;{';h (Cy-PSiP)RN
LiPPh;, Pl o PPh,
— LiBr PPh,
PCy, CF:’W
l Ph PHreductlve
) ~ ellmmatlon | H elimination l
MeSi—Rh | = -eoeeosiooeos > MeSI— ----------- >  MeSi—Rh—PHPh;
PPh, “PPh,
PCy, PCyz PCy,
2-7

not observed

P-C reductive N\ %V/%
elimination P H reductive
l ellmmatlon elimination l
(

C) Neereee- - MeSn—Rh ----------- MeSi— h ----------- > MeSi—Rh—PHPh,
_PhH “PPh, l PPh,
PCYz PCy, PCy,

2-4b'

Scheme 2-5. Proposed mechanistic pathways for the formation of 2-6 and 2-4b via (Cy-
PSiP)Rh(Ph)(PPhy).

The formation of 2-6 via sp>-C-P reductive elimination is a commonly invoked step
in C-P cross-coupling catalysis, where Pd catalysts are commonly employed (Scheme 2-
6A).”1°85 In this context, C-P reductive elimination of arylphosphines from arylpalladium
phosphido complexes is generally considered to be much faster than reductive eliminations
of arylamines from arylpalladium amides.®® In an effort to gauge the propensity of (Cy-
PSiP)Rh to facilitate sp>-C-P cross-coupling, a catalytic amount (10 mol%) of 2-5 was
treated with PhBr and HPPh; in the presence of base (Table 2-5). While no conversion was
observed (by *'P NMR) at room temperature in benzene solution after 48 h in the presence

of either NaO’Bu or Cs>CO3, heating of these reaction mixtures at 75 °C for 24 h resulted
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in ca. 50% conversion to tetraphenyldiphosphine (Ph,P-PPhy), the product of HPPh;
dehydrocoupling, with no trace of Ph3P observed. Additional heating at this temperature

did not result in further conversion to either PPhs or PhoP-PPh;. The control reaction

(reaction without 2-5) did not show any conversion, either for P-C or P—P coupling.

R
. N
A . (B i
*) X = halide, triflate : ®) CPTRI HPPh,
Ar = aryl ; (/ \\\_\
R,P-Ar Ar-X 5 R R PHPh,
2 L,Pd ! Cp*Rh
! PHPh
?/ ! Hp+ Ph,P-PPh, 2
) F'd/Ar _Ar ;
L,Pd !
"N n .
PR, “x ;
: 2 HPPh, PPh,
: Cp*Rh'<‘\‘HH
base*HX  HPRj base ; PPh,

Scheme 2-6. Proposed mechanism for: (A) Pd-catalyzed C-P cross-coupling of aryl halides
and triflates, and (B) dehydrocoupling of HPPh, by Cp*Rh(PHPh,),.%’

Table 2-5. Preferential dehydrocoupling of HPPh, over sp?-C-P cross-coupling catalyzed
by (Cy-PSiP)Rh(Ph)Br (2-5).

Br 10 mol% (Cy-PSiP)Rh(Ph)Br
+ HPPh, »  PPhy + PhyP-PPh, + H,
1 equiv. base, CgHg

Entry Base Temp Time Conversion to Conversion to
(°C) PPh; (%) PhaP-PPh; (%)™

1 Cs2COs 25 48 h 0 0

2 NaO'Bu 25 48 h 0 0

3 Cs2CO3 75 24 h 0 50

4 NaO'Bu 75 24 h 0 54

5 Cs2CO; 75 5d 0 52

6 NaO’‘Bu 75 5d 0 59
[[Conversion based on initial HPPh, concentration as determined by 3'P{'H}
NMR spectroscopy.

The groups of Brookhart,®” Tilley,*® and Tejel”’® have each previously reported on
Rh-catalyzed dehydrocoupling of phosphines, including HPPh,. Han and Tilley reported
91% yield of Ph,P-PPh; (based on 3'P NMR) after 8 h at 70 °C (benzene solution) in the

presence of 5 mol% (dippe)Rh(n-Bz) (generated in situ; dippe = ‘Pr,PCH2CH,PPr,).%%
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By comparison, Bohm and Brookhart reported that at a 7.8 mol% loading of
Cp*Rh(CH>=CHSiMes),, 60% yield of PhoP-PPh; (based on *'P NMR) was obtained after
27 hat 70 °C (benzene solution) in the presence of 1.1 equiv. CH,=CH’Bu, which functions
as an H, acceptor (Scheme 2-6b).%” Similarly, Tejel and co-workers reported that at 5 mol%
loading, the Rh phosphido complex D (Figure 2-1) achieves 51% conversion to Ph,P-PPh;
(based on *'P NMR) after 13 h at 80 °C (toluene solution).”’”® The latter reaction achieved
>95% conversion to PhoP-PPh; after 5 h at 80 °C under an atmosphere of ethylene (6 bar).
The example reported herein is closely related to these previous examples, in that all
involve a Rh! fragment that likely undergoes P-H oxidative addition to generate phosphido
intermediates that can engage in dehydrogenative P-P coupling. In the case of (Cy-
PSiP)Rh, such P-H oxidative addition is apparently more facile than oxidative addition of

PhBr.

2.2.3 1Ir Phosphido Complexes via P-H Oxidative Addition

Having established the viability of five-coordinate Ir phosphido species supported
by Cy-PSiP ligation (vide supra), the generation of such complexes by P-H oxidative
addition of hydrophosphines to unsaturated Ir' species was pursued. Previous work from
the Turculet group has demonstrated that dehydrohalogenation of (Cy-PSiP)Ir(H)CI (1-1)
provides in situ access to a highly reactive Ir' source equivalent to (Cy-PSiP)Ir (1-3), which
can subsequently engage in intermolecular C-H and N-H oxidative addition reactions.?>%
In this regard, P-H oxidative addition to 1-3 was pursued (Scheme 2-7). Treatment of 1-1
with one equiv. LICH>SiMe; in cyclohexane solution generated 1-3, which was confirmed

in each instance by *'P NMR analysis. Subsequent addition of one equiv. HPRR’ resulted

in the quantitative (by *'P NMR) formation of the corresponding phosphido hydride
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species(Cy-PSiP)Ir(H)(PRR’) (R =R’ =Ph, 2-1; R = H, R’ = Ph, 2-3a;R = H, R’ = Cy, 2-
3b; R = H, R’ = Mes, 2-3¢; R = H, R’ = ‘Bu, 2-3d), which could be isolated in high yield
(63 —91%, depending on R, R’) via this route. These oxidative addition reactions generally
occurred within 10 min. of mixing, with no evidence observed spectroscopically for
intermediate Ir'-phosphino species. By comparison, analogous N-H oxidative addition
processes were significantly more sluggish. While the formation of 2-3a via P-H activation
of HoPPh was complete within minutes at room temperature, the generation of (Cy-
PSiP)Ir(H)(NHPh) by related N-H activation of HoNPh required heating at 65 °C for 16 h
to reach completion.’* Similarly, the formation of 2-3¢ by a P-H activation route was
equally rapid to that of 2-3a, whereas the analogous N-H activation of HoN(2,6-Me>CgH3)
to generate (Cy-PSiP)Ir(H)[NH(2,6-Me>C¢H3)] required 20 equiv. of HaN(2,6-Me2CsH3)

and heating at 65°C for 72 h to reach completion.*

PCy, PCy2 PCyz
| LiCH,SiMe;
HPRR'

H
MeSi—Ir 6 12 MeSl—Ir RLELNG eSI—Ir\
H. L|CI - SiMe,
PCy2 PCy2 PCy2
1-1 1-3 211 R=R'=Ph

2-3aR=H,R'=Ph
2-3bR=H,R'=Cy
2-3c R=H, R'= Mes
2-3dR=H,R'=Bu

Scheme 2-7. Synthesis of five-coordinate Ir phosphido hydride complexes via P-H
oxidative addition.

2.2.4 Reactivity of Ir Phosphido Hydride Complexes

Having prepared a series of coordinatively unsaturated Ir phosphido hydride
species, the reactivity of these complexes in stoichiometric reactions with various small
molecules was probed. Complex 2-3c¢ was utilized primarily for these studies, due largely

to its ease of synthesis. Initial attempts in this vein focused on unsaturated substrates,
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including alkenes and alkynes. Primarily in the context of hydrophosphination catalysis
involving late transition metal species, the reactivity of terminal phosphido ligands towards
substrates of this type has been classified as either “inner-sphere”, referring to migratory

<

insertion reactions involving the metal-phosphido linkage (Scheme 2-1A), or “outer-
sphere”, referring to Michael-type nucleophilic attack of the phosphido group on
electrophilic substrates (Scheme 2-1B).”1%% In the case of phosphido hydride species, the
additional possibility of migratory insertion reactions involving the metal hydride is also a
consideration, and a mechanism of this type has been invoked in the context of
hydrophosphination catalysis.”*>77>%

Upon exposure of a benzene-ds solution of 2-3¢ to 1 atm of CO, *'P{'H} NMR
analysis of the resulting reaction mixture indicated the formation of free HPMes as well
as a new major Cy-PSiP-containing product that features a single *'P NMR resonance at
48.2 ppm. The latter is consistent with the dicarbonyl complex (Cy-PSiP)Ir(CO). (4-6; vide
infra), which has been prepared independently. This result indicates that the coordination
of CO to the Ir center in 2-3¢ promotes P-H reductive elimination. By comparison,
treatment of 2-3¢ with one equiv. of xylyl isocyanide resulted in a complex mixture of
products from which no pure material could be isolated. Conversely, no reaction was
observed upon exposure of a benzene-ds solution of 2-3¢ to 1 atm of CO3, including after
heating the mixture at 80 °C for several days. This same result was obtained under
analogous conditions when 2-3¢ was exposed to 1 atm of ethylene. Complex 2-3¢ proved
similarly unreactive toward various other alkenes (1 — 20 equiv.), such as fert-butyl

ethylene, 1-octene, cis-4-octene and norbornene, including after heating at 80 °C over the

course of several days. Complex 2-3¢ does react with 5 equiv. of the activated alkene
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acrylonitrile, which is typically reactive with late metal phosphido species, to afford a
complex mixture of products, including unreacted 2-3c, after 48 h at room temperature in
benzene-ds solution. '"H NMR analysis of the reaction mixture indicated that all of the

acrylonitrile was consumed in this process.

Q—P% Qpcyz hovz Bu PCy,
| co (1 atm) | PHMes H By |/ |‘\\\PH2M6‘S

MeS|—Ir MeSl—Ir\ MeSi—Ir=—PH,Mes + MeSi—Ir———1Bu
co . HZPMes H/| H/|
PCyz PCy2 PCy, PCy,
4-6 2-3¢c 2-8a 2-8b
major minor

Scheme 2-8. Reactivity of (Cy-PSiP)Ir(H)(PHMes) (2-3¢) with unsaturated substrates.

The reactivity of alkyne substrates with 2-3¢ was also investigated. While
diphenylacetylene (1 — 20 equiv.) proved unreactive (up to 80 °C in benzene), the terminal
alkyne 3,3-dimethyl-1-butyne (two equiv.) reacted with 2-3¢ over the course of 3 days at
room temperature to afford a mixture of two products (2-8a and b, ca. 3:1 ratio, by *'P and
'H NMR). The 'H and *'P{'H} NMR data obtained for 2-8a,b are consistent with the
formulation of these complexes as isomeric six-coordinate Ir alkynyl hydride species
resulting from net deprotonation of the terminal alkyne by the Ir-phosphido ligand, which
remains coordinated to Ir as the corresponding phosphine (Scheme 2-8). The 'H NMR
spectrum of the mixture of isomers (benzene-ds) features two Ir-H resonances at -14.71
(m, 2-8a) and -14.02 ppm (dt, >Jup = 131 Hz, “Jup = 18 Hz, 2-8b), as well as two resonances
corresponding to Ir-PFH>Mes at 5.75 (dm, 'Jpu = 334 Hz, 2-8a) and 5.83 ppm (dm, 'Jpn =
337 Hz, 2-8b). The *'P{'H} NMR spectrum of the product mixture features two sets of
resonances, the first at 31.5 (d, 2Jpp = 20 Hz, PSiP) and -119.9 ppm (t, Jep = 20 Hz,
PH:Mes) corresponding to the major isomer 2-8a, and the second at 30.1 (d, 2Jep = 17 Hz)

and -120.7 ppm (m) corresponding to the minor species 2-8b. On the basis of these data,
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the major isomer 2-8a is assigned as the mer-i>-Cy-PSiP complex with the alkynyl ligand
coordinated cis to Si, while 2-8b is assigned as the mer-Cy-PSiP isomer with the alkynyl
coordinated trans to Si. While attempts to selectively crystallize the major isomer 2-8a on
a preparative scale were unsuccessful, a minute amount of crystalline material was isolated
from a mixture of 2-8a,b. Single crystal X-ray diffraction analysis of this sample revealed
the minor isomer 2-8b, with the alkynyl group trans to Si (Si-Ir-C1 169.56(5)°; Figure 2-

8).

Figure 2-8. Crystallographically determined structures of 2-8b shown with thermal
ellipsoids drawn at the 50% probability level. Most hydrogen atoms have been omitted for
clarity. Selected interatomic distances (A) and angles (°): Ir-P1 2.3137(4), Ir-P2 2.3271(4),
Ir-P3 2.3535(5), Ir-Si 2.3633(5), Ir-C1 2.0836(19), Ir-H1 1.53(3), C1-C2 1.200(3), P1-Ir-
P2 151.992(15), Si-Ir-C1 169.56(5), P3-Ir-H1 175.2(10), Si-Ir-H1 78.8(10), P3-Ir-C1
83.24(5), Ir-C1-C2 170.11(17), C1-C2-C3 176.5(2).

While the strong Brensted basicity of late metal phosphido ligands is well
established,’®"! the net insertion of terminal alkynes into late transition metal-phosphido
linkages is also precedented,” including examples of terminal alkyne hydrophosphination
via phosphido intermediates.”®®® Furthermore, while isolable phosphido hydride late
metal complexes are relatively rare, computational studies by Beletskaya and co-workers
suggest that insertion into the metal hydride is likely to be more facile relative to an

analogous process involving the metal phosphido linkage.”**¢ As such, the net
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deprotonation of 3,3-dimethyl-1-butyne by 2-3¢ is somewhat surprising. Interestingly,
Rosenberg and co-workers’!? have reported that coordinatively unsaturated Ru phosphido
species of the type (n’-indenyl)Ru(PPh3)(PR2) (R = Cy, Pr) are basic enough to
deprotonate acetonitrile (pKa of 31.3 in DMSO), despite the presence of substantial Ru-
phosphido double bond character. Yet, such Ru phosphido species undergo formal [2+2]
cycloaddition with terminal alkynes such as phenylacetylene (pKa of 28.8 in DMSO) and
1-hexyne to afford phosphametallacyclobutene species as the major product, forming only
minute amounts of alkynyl phosphine species derived from alkyne deprotonation.®? The
authors conclude that such results point to a significantly higher rate for the cycloaddition
process relative to deprotonation. The results detailed herein thus suggest that this scenario
may be reversed for (Cy-PSiP)Ir-phosphido species, such that deprotonation is the favored
pathway. However, no intermediates associated with alkyne insertion into the Ir-H were
observed, which is surprising, given the low barriers typically associated with such
processes. As such, it may be that the formation of 2-8a,b involves an initial P-H reductive
elimination upon coordination of the alkyne substrate to the Ir center in 2-3¢, and this is
followed by sp-C-H oxidative addition of the alkyne to afford the final alkynyl products
(Scheme 2-9). Such a mechanism would be in accord with the observation that P-H
reductive elimination occurs upon addition of CO to 2-3¢, and that P-H reductive
elimination in such five-coordinate Ir phosphido complexes is highly sensitive to steric
influence. The sp-C-H oxidative addition process would produce the minor isomer 2-8b,

which indicates that this species undergoes a subsequent isomerization to form 2-8a.
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PCy, coordination P-H reductive sp-CH oxidative
PHR  elimination PH.R addition PH,R
| _PHR H—=—FR' | 2 ,

MeSi—Ir — > (Cy-PSiP)ii—H ——> (Cy-PSiP)Ir H — (Cy-PSiP)r———FR'
H \/

PCy, H—FR R

H

Scheme 2-9. Possible mechanism for the reaction of an Ir phosphido hydride species with
a terminal alkyne to afford an alkynyl hydride complex via P-H reductive elimination/sp-
CH oxidative addition.

Given the possibility that 2-8a,b forms via a C-H oxidative addition pathway, the
reactivity of 2-3¢ with H, hydrosilanes, and benzaldehyde was also investigated (Scheme
2-10). In the latter case, no reaction was observed upon treatment of 2-3c¢ from 1 equiv. up
to 10 equiv. of benzaldehyde in benzene solution, even after heating at 80 °C for 2 days.
Tertiary silanes, such as triphenylsilane, triethylsilane, and diphenylmethylsilane, proved
equally unreactive. Conversely, treatment of 2-3¢ with 1 equiv. of phenylsilane resulted in
the formation of a complex mixture of unidentified products (by *'P{'H} NMR) within 20
min of addition. By comparison, treatment of 2-3¢ with 1.1 equiv. of diphenylsilane led to
the generation of a new major product tentatively assigned as the silyl hydride complex
(Cy-PSiP)Ir(H)(SiHPh,)(PH2Mes) (2-9) on the basis of in situ 'H and *'P{'H} NMR data
(>90% conversion to 2-9 over the course of 5 h at room temperature). The isolation and
characterization of 2-9 is complicated by the formation of several side-products, including
species subsequently identified as (Cy-PSiP)Ir(H)2(PH:Mes) (2-10) and (Cy-
PSiP)Ir(H)(SiHPh) (4-1; vide infra). Heating of this reaction mixture did not result in the
clean formation of 2-9. In addition, the formation of 2-10 was favored when excess
diphenylsilane was utilized in this reaction, presumably due to a background silane
dehydrocoupling process. Complex 2-9 gives rise to three *'P{'H} NMR resonances at
36.5 (apparent t, 2Jpp = 21 Hz), 13.6 (br s), and -128.7 ppm (apparent t, 2Jpp = 24 Hz) in a

1:1:1 ratio. Complex 2-9 also gives rise to an Ir-H '"H NMR resonance at -13.13 ppm
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(apparent dt, 2Jup = 99 and 19 Hz, respectively), as well as an Ir-SiH/Ph; resonance at 5.25
ppm (ddd, Jen = 26, 8, and 3 Hz, respectively), and two resonances corresponding to the
diastereotopic Ir-PH>Mes protons at 5.51 (dm, 'Jeu = 316 Hz) and 5.67 ppm (dm, 'Jpu =
357 Hz). These data are consistent with a formulation of 2-9 as a six-coordinate silyl
hydride complex featuring fac-i>-Cy-PSiP coordination, where the PH,Mes ligand is

coordinated trans to Si (Scheme 2-10).

(6]
PCy, )J\ or R,SiH
| PHMes Ph™ 'H
~

MeSl—Ir\H > No reaction

93¢ Ph,SiH,
H, (1 atm) @
PCy2
SiMe | _
CyoPl.,, | SiHPh oS _-SiHPhy

PCy, Ir + M Sl—lr\ N
2-10
\PH;Mes Cy.P™” |\H | H
MeSi—Irt—H PH,Mes PCy,
7
H
PCY, 2:9 41
major
2-10

Scheme 2-10. Reactivity of (Cy-PSiP)Ir(H)(PHMes) (2-3¢) towards E-H bonds.

Treatment of a benzene-ds solution of 2-3¢ with H> (1 atm) resulted in the rapid
(within 10 min.) and quantitative (by 'H and *'P NMR) formation of a new species assigned
as the dihydride complex (Cy-PSiP)Ir(H)2(PH2Mes) (2-10, Scheme 2-10). The 3'P{'H}
NMR spectrum of 2-10 feature two signals 47.0 (d, Jep = 18 Hz) and -136.8 ppm (m). The
"H NMR spectrum of 2-10 (benzene-ds) features two Ir-H resonances at -10.70(m) and -
14.82 ppm (apparent dt, 2Jpn = 118 and 19 Hz, respectively), as well as one resonance
corresponding to the Ir-PH>Mes protons centered at 5.50 ppm (dm, 'Jpn = 330 Hz). These

data are consistent with an Ir dihydride complex featuring mer-«>-Cy-PSiP coordination,
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with one hydride ligand coordinated trans to Si (Scheme 2-10). The difference in the
structures of complexes 2-9 (fac-x>-Cy-PSiP, PHaMes trans to Si) and 2-10 (mer-k>-Cy-
PSiP, PHxMes cis to Si) in solution is likely due to steric preferences involving the
relatively bulky SiHPh; ligand in 2-9 vs. a hydride ligand in 2-10.

In an effort to gain further understanding of the reactivity of 2-3¢ with H>SiPh, and
Hb, the analogous reactions with D>SiPh, and D, were pursued. In the case of D2SiPh,,
evaluation of the "TH NMR spectrum (benzene-ds) of the resulting Ir silyl product revealed
approximately quantitative *H incorporation at the Ir-/ and Si-H positions in 2-9, with no
’H incorporation in the PH>Mes ligand (Figure 2-9). The *'P NMR spectrum of the
resulting complex revealed a complex multiplet at -128.7 ppm, indicative of one-bond P-
H coupling to the diastereotopic P-H protons of the PH,Mes ligand in 2-9-d>. These data
are consistent with a mechanism involving P-H reductive elimination in 2-3¢, followed by
Si-D oxidative addition of D,SiPh,. In the reaction of 2-3¢ with D> (1 atm), '"H NMR
analysis (benzene-ds) of the reaction mixture indicates that partial 2H incorporation has
occurred at both the Ir-H positions, as well as the P-H of the PH2Mes ligand in 2-10. This
observation was confirmed by 2H NMR analysis (benzene) of the reaction mixture (Figure
2-10). These observations suggest that in the case of Ho/D», H-D scrambling involving the
Ir-phosphido complex can also occur. Interestingly, a previous study involving the reaction
of Hz and Et3SiH with the phosphido complex (n’-indenyl)Ru(PPhs)(=PCy») afforded Ru'-
PHCy: products consistent with net 1,2-addition of an E-H bond across the Ru®*=P°- double
bond.®* The results presented herein suggest that such a process is not operational in the
case of 2-3¢ reacting with Ph,SiH», but it cannot be discounted in the case of the analogous

reaction with D2, given the observed incorporation of 2H at the Ir-PHx(D2)Mes position.
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The reaction of (PNP)Ir(Me)(PPh2) (PNP = x*-N(SiMe2CH2PPh,),) with Ha to afford Ir-
PHPh: species has also been reported, however this reactivity was complicated by apparent
a-hydride abstraction by the Ir-phosphido from the Ir-Me to generate a phosphino

methylidene species.”®
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Figure 2-9. Partial 'H NMR (300 MHz, benzene-ds) spectrum of: (A) (Cy-
PSiP)Ir(D)(SiDPh;)(PH:Mes)  (2-9-d>) generated by the reaction of (Cy-
PSiP)Ir(H)(PHMes) (2-3¢) with D,SiPhy; and (B) (Cy-PSiP)Ir(H)(SiHPh2)(PH2Mes) (2-9)
generated by the reaction of (Cy-PSiP)Ir(H)(PHMes) (2-3¢) with H>SiPh,.
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Figure 2-10. (A) *’H NMR spectrum (46.1 MHz, benzene) and (B) 'H NMR spectrum (300
MHz, benzene-ds) of partially deuterated (Cy-PSiP)Ir(H/D)2(PH2/DoMes) (2-10-d)
generated by the reaction of (Cy-PSiP)Ir(H)(PHMes) (2-3¢) with D»; and (C) 'H NMR
spectrum (300 MHz, benzene-ds) of (Cy-PSiP)Ir(H)>(PH2Mes) (2-10) generated by the
reaction of 2-3¢ with H».
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2.3 Summary and Conclusions

The results detailed in this chapter demonstrate that rare examples of mononuclear,
coordinatively unsaturated pincer Ir phosphido hydride complexes featuring terminal
phosphido ligands are synthetically accessible, including via P-H oxidative addition to (Cy-
PSiP)Ir'. This P-H oxidative addition reactivity complements studies previously reported
by the Turculet group on N-H oxidative addition of ammonia, amines, and anilines.

As in the case of related five-coordinate amido and anilido hydride Ir complexes,
phosphido species of the type (Cy-PSiP)Ir(H)(PHR) (R = aryl or alkyl) are isolable and
adopt distorted trigonal bipyramidal structures. While the phosphido group in
crystallographically characterized complexes of this type is close to trigonal planar
geometry, solution NMR studies indicate that the barrier to rotation about the Ir-phosphido
bond is relatively low, implying that P—Ir n-donation is minimal.

Although isolated phosphido complexes of this type that feature primary phosphido
ligation are relatively resistant to P-H reductive elimination, facile P-H reductive
elimination was noted in the case of secondary phosphido groups, leading to the exclusive
formation of Ir-secondary-phosphine adducts, with no observed intermediates. This
observation suggests that such P-H reductive elimination is sensitive to steric pressure.
Interestingly, analogous Rh phosphido complexes supported by Cy-PSiP ligation are not
isolable, and appear to undergo facile P-H reductive elimination in the case of both primary
and secondary phosphido groups to afford Rh-phosphine adducts. As in the case of P-H
reductive elimination at Ir, no intermediates were observed in these Rh-mediated reductive

elimination processes. This observation stands in contrast to previous reports from the

57



Turculet group that complexes of the type (Cy-PSiP)Rh(H)(NHR) (R = aryl) are isolable
and resistant to N-H reductive elimination. Evidence of relatively facile sp*-CP reductive
elimination was also observed in the case of Rh.

The reactivity of (Cy-PSiP)Ir(H)(PHR) species with respect to unsaturated
substrates such as alkenes, and alkynes was evaluated. In a general sense, it appears that
migratory insertion reactions of such substrates into the Ir-phosphido linkage are not
accessible. As well, it appears that substrates that contain reactive E-H c-bonds, such as
hydrosilanes, terminal alkynes, and H» react via a pathway involving likely P-H reductive
elimination/E-H oxidative addition. These studies provide new insights into the reactivity
of late transition metal terminal phosphido hydride species, a class of compounds that are

often invoked as intermediates in P-C and P-P bond formation reactions.

2.4 Experimental

2.4.1 General Considerations

All experiments were conducted under nitrogen in an MBraun glovebox or using
standard Schlenk techniques. Dry, oxygen-free solvents were used unless otherwise
indicated. Tetrahydrofuran and diethyl ether were distilled from Na/benzophenone ketyl.
Benzene, toluene, and pentane were sparged with nitrogen and dried by subsequent passage
through a double-column solvent purification system (one activated alumina column and
one column packed with activated Q-5). All purified solvents were stored over 4 A
molecular sieves. Benzene-ds, cyclohexane-di2, and dichloromethane-d> were degassed via
three freeze-pump-thaw cycles and stored over 4 A molecular sieves. The compounds (Cy-
PSiP)Ir(H)Cl (1-1) and (Cy-PSiP)Rh(H)CI (1-2)>® as well as phosphido lithium

reagents,”® and D,SiPh,>> were prepared according to literature procedure. All other
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reagents were purchased from commercial suppliers and used without further purification.
Unless otherwise stated, 'H, 3C, 3'P, and ?°Si NMR characterization data were collected
at 300K on a Bruker AV-300 spectrometer operating at 300.1, 75.5, 121.5, and 59.6 MHz
(respectively) with chemical shifts reported in parts per million downfield of SiMes (for
'H, 3C, and #Si) or 85% H3PO4 in DO (for *'P). 'H and '3C NMR chemical shift
assignments are based on data obtained from '*C-DEPTQ, 'H-'H COSY, 'H-13C HSQC,
and "H-'*C HMBC NMR experiments. Si NMR assignments are based on 'H-*’Si HMQC
and 'H-*Si HMBC experiments. In some cases, fewer than expected unique *C NMR
resonances were observed, despite prolonged acquisition times. X-ray data collection,
solution, and refinement were carried out by Drs. Robert MacDonald, Michael J. Ferguson,
and Yuqiao Zhou at the University of Alberta X-ray Crystallography Laboratory,

Edmonton, Alberta.

2.4.2 Synthetic Details and Characterization Data

(Cy-PSiP)Ir(H)(PPhz) (2-1). A solution of 1-1 (0.025 g, 0.031 mmol) in ca. 7 mL
of cyclohexane was treated with (THF),LiPPh, (0.010 g, 0.031 mmol). The resulting
orange reaction mixture was allowed to stand at room temperature for 1 h, at which point
the volatile components of the reaction mixture were removed in vacuo. The remaining
residue was extracted with ca. 5 mL of pentane, and the pentane extracts were filtered
through Celite. The filtrate solution was collected and dried under vacuum to afford 2-1
(0.024 g, 83%) as an orange solid. 'H NMR (benzene-d): § 8.19 (d, 2 H, J = 7 Hz, Harom),
7.94 (t,4 H, J =7 Hz, Harom), 7.41 (m, 2 H, Harom), 7.24 (t, 2 H, J =7 Hz, Harom), 7.12 —
6.88 (overlapping resonances, 8 H, Harom), 2.49 - 2.16 (overlapping resonances, 6 H, PCy),

1.98 (m, 2 H, PCy), 1.78 - 0.90 (overlapping resonances, 30 H, PCy + SiMe; the Si-Me
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resonance was identified at 1.26 ppm in a 'H-"C HSQC experiment), 0.74 — 0.43
(overlapping resonances, 6 H, PCy), -15.37 (dt, 1 H, 2Jup = 75 Hz, *Jup = 18 Hz, IrH).
BC{'H} NMR (benzene-ds): & 158.7 (Carom), 154.5 (Carom PPh2), 144.8 (Carom), 133.7 (d, J
=9 Hz, CHarom), 132.3 (apparent t, J = 9 Hz, CHarom), 129.2 (m, CHarom), 127.7 (CHarom),
127.0 (CHarom), 126.5 (m, CHarom), 33.9 — 33.0 (overlapping resonances CHcy), 30.6
(CHacy), 29.7 (CHacy), 29.2 (CHacy), 27.8 =26.1 (overlapping resonances, CHacy), 8.0
(SiMe). *'P{'H} NMR (benzene-ds): § 107.2 (t, 1 P, 2Jpp = 33 Hz, Ir-PPhy), 56.7 (d, 2 P,
2Jpp = 37 Hz, PSiP). ?Si NMR (benzene-ds): & 30.8. Anal. Calcd for CaoHeslrP3Si: C,
60.78; H, 6.87. Found: C, 60.65; H, 6.72.

(Cy-PSiP)Ir(PH(1-Ad)2) (2-2a). A solution of 1-1 (0.030 g, 0.037 mmol) in ca. 7
mL of cyclohexane was treated with (Et2O)LiP(1-Ad), (0.014 g, 0.037 mmol). The
resulting dark red reaction mixture was allowed to stand at room temperature for 1.5 h, at
which point the volatile components of the reaction mixture were removed in vacuo. The
remaining residue was extracted with ca. 5 mL of pentane, and the pentane extracts were
filtered through Celite. The filtrate solution was collected and dried under vacuum to afford
2-2a (0.035 g, 90%) as a red solid.'"H NMR (300 MHz, benzene-de): § 8.37 (d,2 H, J=7
Hz, Harom), 7.78 (m, 1 H, Harom), 7.67 (m, 1 H, Harom), 7.40 — 7.20 (m, 4 H, Harom), 5.64 (dt,
1 H, "Jup =295 Hz, *Jup = 13 Hz, PH(1-Ad),), 2.80 — 0.90 (overlapping resonances, 74 H,
PCy + P(1-Ad)>), 0.83 (s, 3 H, SiMe). *C{'H} NMR (300 K, 75.5 MHz, benzene-d): &
160.0 (Carom), 148.5 — 147.9 (overlapping resonances, Carom), 132.6 (d, J= 16 Hz, CHarom),
132.3 (d, J = 17 Hz, CHarom), 129.8 (CHarom), 129.2 (CHarom), 129.0 (CHarom), 128.5
(CHarom), 127.5 (d, J = 5 Hz, CHarom), 127.3 (d, J = 6 Hz, CHarom), 44.4 (CH2adq), 43.8

(CHaaq), 42.2 (d, 'Jep = 28 Hz, CHcy), 38.20 (d, 'Jep = 28 Hz, CHcy), 37.2 (CHaag), 37.1
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(CHz2ad), 30.7 — 26.7 (overlapping resonances, CHacy + CHaa), 7.1 (SiMe). *'P{'H} NMR
(300 K, 121.5 MHz, benzene-ds): 5 AB pattern 67.3 (dd, 1 P, 2Jpp = 278 Hz, 2Jpp = 3 Hz,
PSiP) and 51.8 (dd, 1 P, 2Jpp = 278 Hz, 2Jpp = 8 Hz, PSiP), 51.4 (br m, 1 P, Ir-PH(1-Ad),).
29Si NMR (59.6 MHz, benzene-ds): 8 62.8. Anal. Calcd for Cs7HseIrP3Si: C, 63.13; H, 7.99.
Found: C, 63.16; H, 8.51.

(Cy-PSiP)Ir(PHCYy2) (2-2b). A solution of 1-1 (0.027 g, 0.033 mmol) in ca. 6 mL
of diethyl ether was treated with (THF)LiPCy> (0.009 g, 0.033 mmol). The resulting red
reaction mixture was allowed to stand at room temperature for 30 min., at which point the
volatile components of the reaction mixture were removed in vacuo. The remaining residue
was extracted with ca. 5 mL of pentane, and the pentane extracts were filtered through
Celite. The filtrate solution was collected and dried under vacuum to afford 2-2b (0.025 g,
82%) as a red solid. "H NMR (benzene-d): & 8.41 (apparent d, 2 H, J =7 Hz, Harom), 7.70
(apparent d, 2 H, J =7 Hz, Harom), 7.38 (apparent t, 2 H, /=7 Hz, Harom), 7.27 (apparent t,
2 H, J=7 Hz, Haom), 5.17 (dm, 1 H, "Jup = 292 Hz, Ir-PHCy>), 2.64— 0.98 (overlapping
resonances, 66 H, PCy>), 0.75 (s, 3 H, SiMe). *C {'H} NMR (benzene-ds): § 160.8 (Carom),
147.7 (Carom), 132.9 (apparent t, J = 10 Hz, Carom), 129.8 (CHarom), 129.3 (CHarom), 127.2
(CHarom), 40.5 — 38.8 (overlapping resonances, CHcy), 35.1 (d, J = 6 Hz, CHacy), 33.9 (d,
J =6 Hz, CHacy), 31.0— 26.8 (overlapping resonances, CHacy), 8.1 (SiMe). *'P{!H} NMR
(benzene-ds): 8 63.1 (d, 2 P, Jpp = 11 Hz, PSiP), 21.6 (t, 1 P, 2Jpp = 11 Hz, Ir-PHCy»). »*Si
NMR (benzene-ds): 6 68.6. Anal. Calcd for C49H7sIrP3Si: C, 60.03; H, 8.02. Found: C,
59.70; H, 7.98.

(Cy-PSiP)Ir(PHPr2) (2-2¢). A solution of 1-1 (0.060 g, 0.073 mmol) in ca. 10 mL

of THF was treated with (THF)LiP'Pr2 (0.014 g, 0.073 mmol). The resulting dark red
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reaction mixture was allowed to stand at room temperature for 30 min., at which point the
volatile components of the reaction mixture were removed in vacuo. The remaining residue
was extracted with ca. 5 mL of benzene, and the benzene extracts were filtered through
Celite. The filtrate solution was collected and dried under vacuum. The remaining residue
was triturated with 3 x 5 mL pentane and subsequently dried under vacuum to afford 2-2¢
(0.057 g, 99%) as a red solid."H NMR (500 MHz, benzene-ds): § 8.40 (apparent d, 2 H, J
= 8 Hz, Harom), 7.69 (apparent d, 2 H, J = 8 Hz, Harom), 7.38 (apparent t, 2 H, J = 8 Hz,
Harom), 7.26 (apparent t, 2 H, J = 8 Hz, Harom), 5.19 (dm, 1 H, 'Jpu = 291 Hz, Ir-PH'Pr»),
2.54 (m, 2 H, CHcy), 2.44 (m, 2 H, CHgy), 2.30 (m, 2 H, PH(CHMe2)2), 2.18 (m, 4 H,
CHacy), 1.83—0.95 (overlapping resonances, 48 H, PCy + PH(CHMe:)2), 0.77 (s, 3 H,
SiMe). BC{'H} NMR (125.8 MHz, benzene-ds): & 160.7 (Carom), 147.9 (Carom), 133.2
(apparent t, J = 8 Hz, CHarom), 130.1 (CHarom), 129.6 (CHarom), 127.6 (CHarom), 40.2
(apparent t, J =17 Hz, CHcy), 39.5 (apparent t, J = 13 Hz, CHcy), 31.3—29.7 (overlapping
resonances, CHacy), 29.2 (d, 'Jcp = 21 Hz, PCHMe,), 28.2 — 27.2 (overlapping resonances,
CHacy), 24.7 (PCHMe:), 23.9 (PCHMe:), 8.6 (SiMe). *'P{'H} NMR (202.5 MHz, benzene-
de): 8 63.3 (d, 2 P, 2Jep = 10 Hz, PSiP), 34.6 (t, 1 P, °Jpp = 10 Hz, Ir-PHPr,). ’Si NMR
(99.4 MHz, benzene-ds): 6 68.3. Anal. Calcd for C43H70IrP3Si: C, 57.37; H, 7.84. Found:
C, 57.03; H, 7.89. Crystals suitable for X-ray diffraction analysis were obtained from a
concentrated pentane solution of 2-2¢ at room temperature.

(Cy-PSiP)Ir(H)(PHPh) (2-3a). A solution of 1-1 (0.060 g, 0.073 mmol) in ca. 7
mL of benzene was treated with (Et;O)LiPHPh (0.014 g, 0.073 mmol). The resulting
orange reaction mixture was allowed to stand at room temperature for 1 h, at which point

the volatile components of the reaction mixture were removed in vacuo. The remaining
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residue was extracted with ca. 5 mL of pentane, and the pentane extracts were filtered
through Celite. The filtrate solution was collected and dried under vacuum to afford 2-3a
(0.041 g, 63%) as an orange solid."H NMR (benzene-ds): § 8.11 (d, 2 H, J = 7 Hz, Harom),
7.97 (dt, 1 H, "Jup = 283 Hz, *Jup = 8 Hz, Ir-PHPh), 7.92 (apparent t, 2 H, J =8 Hz, Harom),
7.48 (m, 2 H, Harom), 7.23 (apparent t, 2 H, J = 7 Hz, Harom), 7.14 —7.06 (overlapping
resonances, 4 H, Harom), 7.02 (m, 1 H, Harom), 2.64 — 0.55 (overlapping resonances, 47 H,
PCy + SiMe; the Si-Me resonance was identified at 0.97 ppm in a 'H-'*C HSQC
experiment), -13.51 (dt, 1 H, 2Jup = 58 Hz, 2Jup = 16 Hz, IrH). *C{!H} NMR (benzene-
ds): 8 159.0 (Carom), 149.0 (Carom PHPH), 143.4 (Carom), 133.2 (d, /=9 Hz, CHarom), 132.1
(apparent t, J = 9 Hz, CHarom), 129.6 (CHarom), 129.0 (CHarom), 128.4 (CHarom), 126.5
(CHarom), 126.0 (CHarom), 33.2 — 32.7 (overlapping resonances, CHcy), 31.0 (CHacy), 30.2
—29.9 (overlapping resonances, CHacy), 27.6 — 26.6 (overlapping resonances, CHacy), 8.0
(SiMe). *'P{'H} NMR (benzene-ds): & 58.6 (d, 2 P, 2Jep = 34 Hz, PSiP), 20.8 (t, 1 P, 2Jpp
= 34 Hz, Ir-PHPh). Si NMR (benzene-ds): & 24.4.

(Cy-PSiP)Ir(H)(PHCy) (2-3b). A solution of 1-1 (0.060 g, 0.073 mmol) in ca. 7
mL of benzene was treated with (Et2O)LiPHCy (0.014 g, 0.073 mmol). The resulting
orange reaction mixture was allowed to stand at room temperature for 30 min., at which
point the volatile components of the reaction mixture were removed in vacuo. The
remaining residue was extracted with ca. 5 mL of pentane, and the pentane extracts were
filtered through Celite. The filtrate solution was collected and dried under vacuum to afford
2-3b (0.060 g, 91%) as an orange solid. '"H NMR (benzene-ds): § 8.17 (d, 2 H, J =7 Hz,
Harom), 7.51 (m, 2 H, Harom), 7.32 (apparent dq, 1 H, e =277 Hz, *Jup = 9 Hz, PHCy),

7.25 (apparent t, 2 H, J = 7 Hz, Harom), 7.13 (apparent t, 2 H, J =7 Hz, 2 H, Harom), 2.79
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(m, 2 H, PCy), 2.38 (m, 6 H, PCy), 2.19— 1.09 (overlapping resonances, 43 H, PCy), 1.04
(s, 3 H, SiMe), 0.91 — 0.64 (overlapping resonances, 4 H, PCy), -14.00 (dt, 1 H, 2Jup = 65
Hz, 2Jup = 17 Hz, IrH). *C{'H} NMR (benzene-ds): & 159.3 (Carom), 143.6 (Carom), 132.8
(apparent t, J = 9 Hz, CHarom), 130.0 (CHarom), 129.5 (CHarom), 126.8 (CHarom), 33.0
(apparent t, J =16 Hz, CHcy), 31.0 (CHacy), 29.3 —26.9 (overlapping resonances, CHacy),
7.8 (SiMe). *'P{'H} NMR (benzene-ds): & 69.4 (t, 1 P, 2Jpp = 36 Hz, Ir-PHCy), 59.6 (d, 2
P, 2Jpp = 33 Hz, PSiP). ?Si NMR (benzene-dc): & 28.6. Anal. Caled for Ca3HesIrP3Si: C,
57.50; H, 7.63. Found: C, 57.18; H, 7.66.

(Cy-PSiP)Ir(H)(PHMaes) (2-3c). A solution of 1-1 (0.038 g, 0.046 mmol) in ca. 7
mL of cyclohexane was treated with (THF),LiPHMes (0.014 g, 0.046 mmol), The resulting
orange reaction mixture was allowed to stand at room temperature for 90 min., at which
point the volatile components of the reaction mixture were removed in vacuo. The
remaining residue was extracted with ca. 5 mL of pentane, and the pentane extracts were
filtered through Celite. The filtrate solution was collected and dried under vacuum to afford
2-3¢ (0.037 g, 86%) as an orange solid. "TH NMR (500 MHz, benzene-ds): 8 8.11 (apparent
d, 2 H, J =8 Hz, Harom), 7.48 (m, 2 H, Harom), 7.36 (dt, 1 H, 'Jnp = 280 Hz), 7.22 (apparent
t, 2 H, J = 8 Hz, Harom), 7.12 (apparent t, 2 H, J = 8 Hz, Harom), 6.92 (s, 2 H, Harom), 2.87
(br, 6 H, 0-CMe), 2.60 — 0.95 (overlapping resonances, 41 H, PCy + p-CMe; the p-CMe
resonance was identified at 2.44 ppm in a 'H-1*C HSQC experiment), 1.00 (s, 3 H, SiMe),
0.85 — 0.52 (overlapping resonances, 6 H, PCy), -12.05 (dt, 1 H, 2Jup = 58 Hz, 2Jup = 16
Hz, IrH). *C{'H} NMR (125.8 MHz, benzene-des): § 158.3 (Carom), 143.5 (Carom), 141.6
(Carom), 135.7 (Carom), 131.9 (apparent t, /=9 Hz, CHarom), 129.3 (CHarom), 128.8 (CHarom),

128.5 (CHarom), 126.5 (CHarom), 33.8 (apparent t, /=18 Hz, CHcy), 30.6— 30.2 (overlapping
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resonances, CHacy), 29.4 (CHacy), 27.8— 26.6 (overlapping resonances, CHacy), 24.1 (d, J
= 10 Hz, 0-CMe), 21.1 (p-CMe), 7.7 (SiMe). *'P{'H} NMR (202.5 MHz, benzene-ds):
5 58.0 (brd, 2 P, %2Jpp = 32 Hz, PSiP), 0.2 (t, 1 P, 2Jpp = 35 Hz, Ir-PHMes).>'P NMR (202.5
MHz, benzene-de): § 58.0 (br's, 2 P, PSiP), 0.2 (ddt, 1 P, 'Jpi = 280 Hz, %Jpu = 58 Hz, *Jpp
= 35 Hz, Ir-PHMes). ¥Si NMR (99.4 MHz, benzene-ds): & 24.0. Anal. Calcd for
Ca6HesIrP3Si: C, 59.14; H, 7.34. Found: C, 59.03; H, 7.28. Crystals of 2-3¢ suitable for X-
ray diffraction analysis were obtained from a concentrated Et2O solution at -35 °C.
(Cy-PSiP)Ir(H)(PH’Bu) (2-3d, d’). A solution of 1-1 (0.019 g, 0.023 mmol) in ca.
7 mL of benzene was treated with (Et2O)LiPH'Bu (0.004 g, 0.023 mmol). The resulting
orange reaction mixture was allowed to stand at room temperature for 30 min., at which
point the volatile components of the reaction mixture were removed in vacuo. The
remaining residue was extracted with ca. 5 mL of pentane, and the pentane extracts were
filtered through Celite. The filtrate solution was collected and dried under vacuum to afford
2-3d (0.014 g, 70%) as an orange solid. NMR analysis indicates that this complex forms a
1:1 mixture of isomers, identified as 2-3d and 2-3d’. Due to the complexity of the 'H and
BC{'H} NMR spectra associated with this mixture of isomers, assignments are only
provided for characteristic resonances; the corresponding spectra are provided in Appendix
B15. "HNMR (benzene-ds): & 7.76 (dt, 1 H, 'Jup = 280 Hz, PH'Bu, 2-3d; the PH resonance
associated with 2-3d’ is only partially visible (br m at 8.31 ppm) due to significant overlap
in the aromatic region), 1.57 (d, 9 H, *Jpu = 13 Hz, PH'Bu, 2-3d), 1.55ppm (d, 9 H, *Jpu =
14 Hz, PH'Bu, 2-3d°), 1.10 (s, 3 H, SiMe, 2-3d), 1.06 (s, 3 H, SiMe, 2-3d°), -5.92 (dt, 1 H,
2Jup = 99 Hz, 2Jup = 24 Hz, IrH, 2-3d°), -14.96 (dt, 1 H, *Jup = 66 Hz, “Jup = 18 Hz, IrH,

2-3d).3C{'H} NMR (benzene-ds): 5 33.6 (PH(CMes), 2-3d), 32.9 (PH(CMes), 2-3d°), 7.6
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(SiMe, 2-3d), 3.7 (SiMe, 2-3d°). *'P{'H} NMR (benzene-ds): § 130.5 (dd, 1 P, 2Jpp.is = 34
Hz, 2Jeprans = 154 Hz, Ir-PHBu, 2-3d), 99.7 (t, 1 P, 2Jpp = 36 Hz, Ir-PH'Bu, 2-3d), 57.7
(brm, 2 P, PSiP, 2-3d), 55.3 (d, 1 P, 2Jppsrans = 152 Hz, PSiP, 2-3d°), 50.2 (d, 1 P, “Jppcis =
32 Hz, PSiP, 2-3d’). ¥Si NMR (benzene-ds): & 29.4 (2-3d), 25.8 (2-3d’). Crystals of 2-3d
suitable for X-ray diffraction analysis were obtained from a concentrated pentane solution
at -35 °C.

General Procedure for the Generation of Ir Phosphido Hydride Complexes via
P-H Oxidative Addition — NMR-scale. In a typical experiment, a room temperature
solution of LiCH2SiMes (0.0011 g, 0.012 mmol) in ca. 0.4 mL of cyclohexane-di> was
added to a solution of 1-1 (0.010 g. 0.012 mmol) in ca. 0.4 mL of cyclohexane-di>. An
immediate color change from yellow to bright orange was observed. After 15 min. at room
temperature the reaction mixture was analyzed by 'H and 3'P{'H} NMR spectroscopy to
confirm the complete consumption of 1-1. The reaction mixture was then treated with one
equiv. of a hydrophosphine. Conversion to the corresponding phosphido complex was
complete within 10 min. of phosphine addition, as confirmed by 'H and *'P{'H} NMR
analysis.

General Procedure for the Generation of Ir Phosphido Hydride Complexes via
P-H Oxidative Addition — Preparative-scale. In a typical experiment, a room temperature
solution of LiCH>SiMe;3 (0.006 g, 0.065 mmol) in ca. 2 mL of cyclohexane was added to a
solution of 1-1 (0.053 g. 0.065 mmol) in ca. 3 mL of cyclohexane. An immediate color
change from yellow to bright orange was observed. After 15 min. at room temperature an
aliquot of the reaction mixture was analyzed by 'H and *'P{!H} NMR spectroscopy to

confirm the complete consumption of 1-1. The reaction mixture was then filtered through
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Celite, and subsequently treated with one equiv. of H2PMes (0.010 g, 0.065 mmol) and
allowed to stir at room temperature for 10 min. The volatile components of the reaction
mixture were then removed in vacuo, to afford 2-3¢ (0.052 g, 86%) as an orange solid.

(Cy-PSiP)Rh(PH:Cy) (2-4a). A solution of 1-2 (0.050 g, 0.068 mmol) in ca. 7 mL
of cyclohexane was treated with (Et2O)LiPHCy (0.013 g, 0.068 mmol) was added to the
mixture. The resulting red-orange reaction mixture was allowed to stand at room
temperature for 1 h, at which point the volatile components of the reaction mixture were
removed in vacuo. The remaining residue was extracted with ca. 5 mL of pentane, and the
pentane extracts were filtered through Celite. The filtrate solution was collected and dried
under vacuum to afford 2-4a (0.043 g, 77%) as an orange solid. "H NMR (benzene-ds): &
8.36 (d, 2 H, J=7 Hz, Harom), 7.64 (m, 2 H, Harom), 7.39 (apparent t, 2 H, J =7 Hz, Harom),
7.28 (apparent t, 2 H, J = 7 Hz, Harom), 4.73 (dm, 2 H, 'Jpy = 264 Hz, Rh-PH,Cy), 2.52
— 1.03 (overlapping resonances, 44 H, PCy), 0.99 (s, 3 H, SiMe). '>*C{'H} NMR (benzene-
ds): 6 160.8 (Carom), 146.7 (Carom), 132.9 (apparent t, J = 11 Hz, CHarom), 130.2 (CHarom),
129.2 (CHarom), 127.1 (CHarom), 39.9 (apparent t, J = 8 Hz, CHcy), 38.6 (apparent t, J =11
Hz, CHcy), 36.3 (CHacy), 35.5 (d, 'Jep = 19 Hz, CHcy), 31.9 (CHacy), 30.6 (CHacy), 29.3
(CHacy), 28.5-27.5 (overlapping resonances, CHacy), 27.3 (CHacy), 26.8 (CHacy), 26.4
(CHacy), 9.0 (SiMe). 3'P NMR (benzene-ds): § 69.8 (dd, 2 P, 'Jprn = 161 Hz, 2Jpp = 27 Hz,
PSiP), -50.6 (dt, 1 P, 'Jprn = 121 Hz, 2Jpp = 27 Hz, Rh-PH,Cy). ’Si NMR (benzene-db):
5 70.2.

(Cy-PSiP)Rh(PHPh2) (2-4b). A solution of 1-2 (0.050 g, 0.068 mmol) in ca. 7 mL
of benzene was treated with (THF),LiPPh; (0.023 g, 0.068 mmol). The resulting orange

reaction mixture was allowed to stand at room temperature for 15 min., at which point the
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volatile components of the reaction mixture were removed in vacuo. The remaining residue
was extracted with ca. 5 mL of pentane, and the pentane extracts were filtered through
Celite. The filtrate solution was collected and dried under vacuum to afford 2-4b (0.058 g,
97%) as an orange solid. "TH NMR (benzene-ds): § 8.37 (apparent d, 2 H, J = 7 Hz, Harom),
7.82 (apparent t, 4 H, J =7 Hz, Harom), 7.60 (m, 2 H, Harom), 7.40 (apparent t, 2 H, J =7
Hz, Harom), 7.26 (apparent t, 2 H, J =7 Hz, Harom), 7.15 (dt, 1 H, Jup = 290 Hz, 3Jap = 10
Hz, Rh-PHPh), 7.15— 7.00 (overlapping resonances, 6 H, Harom), 2.27 (m, 2 H, PCy), 2.08
— 1.88 (overlapping resonances, 6 H, PCy), 1.79 - 0.72 (overlapping resonances, 35 H, PCy
+ SiMe; the SiMe resonance was identified at 0.92 ppm in a 'H-">C HSQC experiment).
BC{'H} NMR (benzene-ds): & 159.9 (Carom), 146.4 (Carom), 138.3 (Carom), 134.7 (d, J =12
Hz, CHarom), 132.9 (apparent t, J = 12 Hz, CHarom), 130.2 (CHarom), 129.3 (CHarom), 128.7
(CHarom), 128.3 (CHarom), 127.4 (CHarom), 39.7 — 39.0 (overlapping resonances, CHcy), 31.7
(CHacy), 30.8 (CHacy), 30.3 (CHacy), 29.5 (CHacy), 28.0 — 27.1 (overlapping resonances,
CHacy), 26.7 (CHacy), 9.4 (SiMe). *'P{'H} NMR benzene-ds): & 67.18 (dd, 2 P, %Jpp = 25
Hz, 'Jern = 162 Hz, PSiP), -5.9 (dt, 1 P, 2Jep = 25 Hz, 'Jprn = 128 Hz, Rh-PHPhy). *'P
NMR (benzene-ds): § 67.18 (br dd, 2 P, 2Jpp = 25 Hz, 'Jern = 162 Hz, PSiP), -5.9 (br dd, 1
P, 'Jpn =291 Hz, 'Jprn = 129 Hz, Rh-PHPhy). ?°Si NMR (benzene-de): 8 69.6. Anal. Caled
for C40HesRhP3Si1: C, 66.96; H, 7.57. Found: C, 66.58; H, 7.49.

(Cy-PSiP)Rh(PHPr2) (2-4¢). A solution of 1-2 (0.015 g, 0.021 mmol) in ca. 5 mL
of THF was treated with (THF)LiP'Pr, (0.004 g, 0.021 mmol). The resulting dark red
reaction mixture was allowed to stand at room temperature for 15 min., at which point the
volatile components of the reaction mixture were removed in vacuo. The remaining residue

was extracted with ca. 5 mL of benzene, and the benzene extracts were filtered through

68



Celite. The filtrate solution was collected and dried under vacuum. The remaining residue
was triturated with 3 x 5 mL pentane and subsequently dried under vacuum to afford 2-4¢
(0.012 g, 62%) as a red solid. '"H NMR (500 MHz, benzene-ds): § 8.37 (apparent d, 2 H, J
=7 Hz, Harom), 7.68 (apparent d, 2 H, J = 7 Hz, Harom), 7.40 (apparent t, 2 H, J = 7 Hz,
Harom), 7.29 (apparent t, 2 H, J = 7 Hz, Harom), 4.50 (dm, 1 H, 'Jup = 269 Hz, Rh-PH'Pr,),
2.42 —2.11 (overlapping resonances, 10 H, PCy + PH(CHMe:)»), 1.89 — 0.97 (overlapping
resonances, 48 H, PCy + PH(CHMe:),), 0.78 (s, 3 H, SiMe). *C{'H} NMR (125.8 MHz,
benzene-de): & 160.8 (Carom), 147.3 (Carom), 133.15 (apparent t, J = 10 Hz, CHarom), 130.2
(CHarom), 129.5 (Carom), 127.5 (Carom), 39.8 (apparent t, J = 10 Hz, CHcy), 38.9 (apparent t,
J =11 Hz, CHgy), 31.9 (CHacy), 31.3 (CHacy), 30.2 (CHacy), 29.6 (CHacy), 28.3-27.3
(overlapping resonances, CHxcy + PH(CHMe2)2), 24.5 (PH(CHMez)), 23.9
(PH(CHMe:)2), 9.6 (SiMe). 3'P NMR (202.5 MHz, benzene-d): & 65.7 (dd, 2 P, 2Jpp = 24
Hz, 'Jprn = 166 Hz, PSiP), 26.6 (dt, 1 P, 2Jpp = 24 Hz, 'Jprn = 121 Hz, Rh-PH'Pr2). Si
NMR (99.4 MHz, benzene-ds): & 69.5.

(Cy-PSiP)Rh(PH:Mes) (2-4d). A solution of 1-2 (0.12 g, 0.16 mmol) in ca. 10 mL
of THF was treated with (THF),LiPHMes (0.048 g, 0.16 mmol). The resulting dark red
reaction mixture was allowed to stand at room temperature for 15 min., at which point the
volatile components of the reaction mixture were removed in vacuo. The remaining residue
was extracted with ca. 5 mL of benzene, and the benzene extracts were filtered through
Celite. The filtrate solution was collected and dried under vacuum. The remaining residue
was triturated with 3 x 5 mL pentane and subsequently dried under vacuum to afford 2-4d
(0.13 g, 97%) as a red solid. '"H NMR (500 MHz, benzene-d): § 8.33 (apparent d, 2 H, J =

7 Hz, Harom), 7.58 (apparent d, 2 H, J= 7 Hz, Harom), 7.38 (apparent t, 2 H, J= 7 Hz, Harom),
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7.25 (apparent t, 2 H, J = 7 Hz, Harom), 6.77 (s, 2 H, Harom), 6.5 (br d, 2 H, 'Jup = 282 Hz,
Rh-PH:Mes), 2.64 (s, 6 H, 0-CMe), 2.32 (m, 2 H, PCy), 2.13 (s, 3 H, p-CMe), 2.08 - 1.00
(overlapping resonances, 42 H, PCy), 0.88 (s, 3 H, SiMe). 3C{'H} NMR (125.8 MHz,
benzene-ds): 8 160.6 (Carom), 146.9 (Carom), 140.5 (d, J = 8 Hz, Carom), 137.8 (Carom), 133.2
(apparent t, J =14 Hz, CHarom), 130.4 (CHarom), 129.7 (d, J =7 Hz, CHarom), 129.6 (CHarom),
127.6 (CHarom), 39.6 (br, CHcy), 38.7 (br, CHcy), 31.5-26.8 (overlapping resonances,
CHacy), 24.4 (0-CMe), 21.4 (p-CMe), 10.1 (SiMe). *'P{'H} NMR (202.5 MHz, benzene-
ds): § 68.7 (dd, 2 P, 2Jpp = 27 Hz, 'Jpry = 162 Hz, PSiP), -103.5 (brd, 1 P, 'Jprn = 115 Hz,
Rh-PH;Mes). 2Si NMR (99.4 MHz, benzene-ds): & 68.8.

(Cy-PSiP)Rh(Ph)Br (2-5). A solution of 1-2 (0.038 g, 0.052 mmol) in ca. 7 mL of
fluorobenzene was treated with LiCH2SiMes (0.005 g, 0.052 mmol). The resulting orange
solution was allowed to stand at room temperature for 15 min., and was subsequently
filtered through Celite. The filtrate solution was treated with PhBr (0.008 mL, 0.078
mmol). The resulting pale yellow reaction mixture was allowed to stand at room
temperature for 15 min., and the volatile components were then removed in vacuo. The
remaining solid was triturated with 3 x 5 mL pentane and subsequently dried under vacuum
to afford 2-5 (0.041 g, 93%) as a pale yellow solid. 'H NMR (dichloromethane-d>): § 7.93
(apparent d, 2 H, J= 7 Hz, Harom), 7.67 — 7.64 (overlapping resonances, 3 H, Harom), 7.43 —
7.30 (overlapping resonances, 5 H, Harom), 7.00 (m, 2 H, Harom), 6.83 (apparent t, 1 H, J =
7 Hz, Harom), 3.07 (m, 2 H, PCy), 2.74 (m, 2 H, PCy), 2.40 (m, 2 H, PCy), 2.04 (m, 2 H,
PCy), 1.96 — 0.66 (overlapping resonances, 37 H, PCy + SiMe; the SiMe resonance was
identified at 0.82 ppm in a 'H-1*C HSQC experiment), 0.24 (m, 2 H, PCy). 3C{!H} NMR

(dichloromethane-d>): 6 156.7 (Carom), 143.7 (Carom), 139.0 (CHarom), 131.1 (apparent t, J =
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10 Hz, CHarom), 130.5 (CHarom), 128.9 (CHarom), 128.2 (CHarom), 124.9 (CHarom), 124.5
(CHarom), 121.9 (CHarom), 39.6 (apparent t, J = 12 Hz, CHcy), 38.5 (apparent t, J= 11 Hz,
CHcy), 33.4 (CHacy), 30.5 (CHacy), 28.6—27.3 (overlapping resonances, CHacy), 26.7
(CHacy), 25.9 (CHacy), 8.7 (SiMe). *'P{'H} NMR (dichloromethane-d>): 5 45.9 (d, 2 P,
1Jprn = 117 Hz). ?°Si NMR (dichloromethane-d»): § 46.6.

(Cy-PSiP)Rh(PPh3) (2-6). A solution of 1-2 (0.050 g, 0.068 mmol) in ca. 7 mL of
cyclohexane was treated with LiCH>SiMe; (0.006 g, 0.068 mmol). Triphenylphoshine
(0.018 g, 0.068 mmol) was added to the reaction mixture. The resulting bright orange
solution was allowed to stand at room temperature for 15 min., at which point the volatile
components of the reaction mixture were removed in vacuo. The remaining residue was
extracted with ca. 5 mL of pentane, and the pentane extracts were filtered through Celite.
The filtrate solution was collected and dried under vacuum to afford 2-6 (0.058 g, 90%) as
an orange solid. "H NMR (benzene-de): & 8.41 (apparent d, 2 H, J = 7 Hz, Harom), 8.00
(apparent t, 6 H, J = 8 Hz, Harom), 7.53 (apparent d, 2 H, J =7 Hz, Harom), 7.39 (apparent t,
2 H, J =7 Hz, Harom), 7.24 (apparent t, 2 H, J = 7 Hz, Harom), 7.17 — 6.98 (overlapping
resonances, 9 H, Harom), 2.20 (m, 2 H, PCy), 1.94 (m, 2 H, PCy), 1.72— 0.78 (overlapping
resonances, 41 H, PCy + SiMe; the SiMe resonance was identified at 1.13ppm in a 'H-*C
HSQC experiment), 0.64 (m, 2 H, PCy). *C {'H} NMR (benzene-de): 5 159.6 (Carom), 146.6
(Carom), 142.1 (Carom), 135.3 (d, J = 14 Hz, CHarom), 132.7 (apparent t, J = 11 Hz, CHarom),
130.0 (CHarom), 129.1 (CHarom), 128.8 (CHarom), 127.9 (CHarom), 127.0 (CHarom), 37.9
(apparent t, J = 10 Hz, CHcy), 37.4 (apparent t, J = 10 Hz, CHcy), 31.5 (CHacy), 30.7
(CHacy), 30.1 (CHacy), 28.4 (CHacy), 28.1 — 26.9 (overlapping resonances, CHacy), 26.4

(CHacy), 9.1 (SiMe). *'P{'H} NMR (benzene-de): & 62.8 (dd, 2 P, 2Jpp =20 Hz, 'Jprn = 166
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Hz, PSiP), 20.8 (dt, 1 P, 2Jpp = 20 Hz, 'Jprn = 129 Hz, Rh-PPhs). ’Si NMR (benzene-ds):
8 68.8. Anal. Calcd for CssH7oRhP3Si: C, 69.17; H, 7.39. Found: C, 69.52; H, 7.48.
General Procedure for Attempted sp*-CP Cross-coupling Catalyzed by (Cy-
PSiP)Rh(Ph)Br (2-5). In a typical experiment a 1-dram glass vial was charged with HPPh»
(0.036 g, 0.034 mL, 0.19 mmol) and PhBr (0.030 g, 0.020 mL, 0.19 mmol), and diluted
with 1.5 mL of benzene. This solution was added to another vial containing one equiv. of
base (either NaOtBu or Cs>COs3; 0.19 mmol). The pre-catalyst 2-5 (0.016 g, 0.019 mmol)
was then added to the mixture as a stock solution in benzene. Conversion to products was
estimated on the basis of *'P{'H} NMR analysis of the reaction mixture.
(Cy-PSiP)Ir(H)(C=C'Bu)(PH2Mes) (2-8a, b). A solution of 2-3¢ (0.062 g,
0.066mmol) in ca. 7 mL of benzene was treated with 3,3-dimethyl-1-butyne (0.011 g,
0.13mmol). The orange reaction mixture was allowed to stand at room temperature 72 h,
at which point >'P {'"H} NMR analysis of an aliquot indicated that 2-3¢ was fully consumed.
The volatile components of the reaction mixture were then removed under vacuum, and
the remaining yellow residue was triturated with 3 x 5 mL pentane and subsequently dried
under vacuum to afford 2-8 (0.062 g, 93%) as a pale-yellow solid. NMR analysis of this
material indicates that 2-8 is formed as a ca. 3:1 mixture of two isomers, 2-8a and b. Due
to the complexity of the 'H and "*C{'H} NMR spectra associated with this mixture of
isomers, assignments are only provided for characteristic resonances; the corresponding
spectra are provided in Appendix B29. "H NMR (benzene-ds): & 5.83 (dm, 2H, 'Jpy = 337
Hz, Ir-PH>Mes, 2-8b), 5.75 (dm, 2H, 'Jeu = 334 Hz, Ir-PH,Mes, 2-8a), 2.65 (s, 6 H, o-
CMe, 2-8b), 2.54 (s, 6 H, 0-CMe, 2-8a), 2.11 (s, 3 H, p-CMe, 2-8a), 2.09 (s, 3 H, p-CMe,

2-8b), 1.56 (s, 9 H, CC'Bu, 2-8b), 1.55 (s, 9 H, CC'Bu, 2-8a), 1.05 (s, 3 H, SiMe, 2-8b),
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1.00 (s, 3 H, SiMe, 2-8a), -14.02 (dt, 1 H, “Jup = 131 Hz, “Jup = 18 Hz, ItH, 2-8b), -14.71
(m, 1 H, IrH, 2-8a). 3C{'H} NMR (benzene-ds): § 33.9 (C=C'Bu, 2-8a), 33.6 (C=C'Bu, 2-
8b), 23.6 (d, /= 6 Hz, 0-CMe, 2-8b), 23.2 (d, J= 8 Hz, 0-CMe, 2-8a), 21.1 (p-CMe, 2-8a),
20.9 (p-CMe, 2-8b), 8.8 (SiMe, 2-8a), 7.6 (SiMe, 2-8b). *'P{'H} NMR (benzene-ds):
§31.5(d, 2 P, 2Jpp = 20 Hz, PSiP, 2-8a), 30.1 (d, 2 P, 2Jpp = 17 Hz, PSiP, 2-8b), -119.9 (4,
1 P, %Jpp =20 Hz, Ir-PH2Mes, 2-8a), -120.7 (m, 1 P, Ir-PH>Mes, 2-8b). 2°Si NMR (benzene-
de): 0 44.7 (2-8a), 29.2 (2-8b). Crystals of 2-8b suitable for X-ray diffraction analysis were
obtained from a concentrated pentane solution at -35 °C.

Generation of (Cy-PSiP)Ir(H)(SiHPhz)(PH2Mes) (2-9). A solution of 2-3¢
(0.028 g, 0.030 mmol) in ca. 7 mL of benzene-ds was treated with H>SiPh» (0.006 g, 0.033
mmol). The resulting orange reaction mixture was allowed to stand at room temperature
for 5 h, over the course of the course of which a color change to bright yellow was observed.
'H and *'P{'H} NMR analysis of this reaction mixture indicated >90% conversion of 2-3¢
to 2-9. 'H NMR (benzene-ds): & 7.97 (apparent d, 2 H, J = 8 Hz, Harom), 7.83 (apparent d,
1 H, J=7 Hz, Harom), 7.68 (apparent d, 1 H, J=7 Hz, Harom), 7.59 (m, 2 H, Harom), 7.50 (m,
2 H, Harom), 7.27 — 6.95 (overlapping resonances, 10 H, Harom), 6.67 (s, 2 H, Harom), 5.67
(dm, 1H, "Jpu = 357 Hz, Ir-PH:Mes), 5.51 (dm, 1H, 'Jeu = 316 Hz, Ir-PH>Mes), 5.25 (ddd,
1H, 3Jpu = 26, 8, and 3 Hz, Ir-SiHPhy), 3.03 (m, 1 H, PCy), 2.41 — 0.94 (overlapping
resonances, 51 H, PCy + 0-CMe + p-CMe + SiMe; singlet resonances at 2.24, 2.08, and
0.99 ppm were identified as corresponding to the o-CMe, p-CMe, and SiMe groups,
respectively, in a 'H-1*C HMQC experiment), 0.72 — 0.48 (overlapping resonances, 3 H,
PCy), -0.35 (m, 1 H, PCy), -13.14 (dt, 1 H, Jup = 99 Hz, Jup = 19 Hz, IrH). *C {'H} NMR

(benzene-ds): & 161.7 (Carom), 158.0 (Carom), 145.9 (Carom), 144.1 (Carom), 140.8 (Carom),
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138.5 (Carom), 138.1 (CHarom), 136.9 (CHarom), 133.8 (d, Jcp = 18 Hz, CHarom), 133.1 (d, Jcp
= 20 Hz, CHarom), 131.4 (CHarom), 129.5 (CHarom), 128.9 (CHarom), 127.3 (CHarom), 126.8
(CHarom), 126.6 (CHarom), 125.9 (CHarom), 42.4 —41.6 (overlapping resonances, CHcy), 36.8
(d, Jcr = 9 Hz, CHcy), 32.4 (CHacy), 31.9 (CHacy), 30.0 — 26.2 (overlapping resonances,
CHacy), 22.7 (0-CMe), 21.0 (p-CMe), 3.24 (SiMe). 3'P{'H} NMR (benzene-ds): & 36.5
(apparent t, 1 P, 2Jpp = 21Hz, PSiP), 13.6 (br s, 1 P, PSiP), -128.7 (apparent t, 1 P, 2 Jpp =
24 Hz, Ir-PH2Mes).

Generation of (Cy-PSiP)Ir(H)2(PH:2Mes) (2-10). A J-Young NMR tube was
charged with a solution of 2-3¢ (0.020 g, 0.021 mmol) in ca. 0.75 mL benzene-ds. The
solution was degassed via three freeze-pump-thaw cycles, and H» (1 atm) was introduced.
An immediate color change to pale yellow was observed. The mixture was allowed to react
at room temperature for 10 min., at which point 'H and *'P{'H} NMR analysis indicated
quantitative conversion to 2-10. '"H NMR (benzene-ds): 8 8.37 (apparent d, 2 H, J=7 Hz,
Harom), 7.42 (m, 2 H, Harom), 7.27 (apparent t, 2 H, J =7 Hz, Harom), 7.11 (apparent t, 2 H,
J =7 Hz, Harom), 6.68 (s, 2 H, Harom), 5.50 (dm, 2 H, 'Jup = 330 Hz, Ir-PH:Mes), 2.57 (s, 6
H, 0-CMe), 2.27 (m, 2 H, PCy), 2.10 (s, 3 H, p-CMe), 2.02 — 0.90 (overlapping resonances,
39 H, PCy + SiMe; the SiMe resonance was identified at 1.20 ppm), 0.71 (m, 4 H, PCy),
0.43 (m, 2 H, PCy), -10.70 (m, 1 H, IrH), -14.84 (dt, 1 H, 2Jip = 118 Hz, 2Jup = 19 Hz,
IrH). *'P{'H} NMR (benzene-ds): & 47.0 (d, 2 P, 2Jpp = 18 Hz, PSiP), -136.8 (m, 1 P, Ir-

PH>Mes).

2.4.3 Crystallographic Solution and Refinement Details
Crystallographic data for each of 2-2¢, 2-3¢, 2-3d, and 2-8b were obtained at

173(£2)K on a Bruker D8/APEX II CCD diffractometer using either graphite-

74



monochromated Mo Ka (A = 0.71073 A) radiation (for 2-2¢) or CuKa (A =1.54178 A,
microfocus source) radiation (for 2-3¢, 2-3d, and 2-8b), employing a sample that was
mounted in inert oil and transferred to a cold gas stream on the diffractometer. Programs
for diffractometer operation, data collection, and data reduction (including SAINT) were
supplied by Bruker. Gaussian integration (face-indexed) was employed as the absorption
correction method for 2-3d and 2-8b, and multi-scan (TWINABS) was used for 2-2¢ and
2-3c. The structure of 2-2¢ was solved by direct methods, while 2-3¢ and 2-3d were solved
by use of the Patterson search/structure expansion, and 2-8b was solved by use of intrinsic
phasing methods. All structures were refined by use of full-matrix least-squares procedures
(on F?) with R based on F> > 26(F,?) and wR» based on Fo? > —36(F,?).

In the case of 2-2c¢, the crystal used for data collection was found to display non-
merohedral twinning. Both components of the twin were indexed with the program
CELL NOW (Bruker AXS Inc., Madison, WI, 2004). The second twin component can be
related to the first component by 180° rotation about the [2/5!/2 1] axis in real space and
about the [0 0 1] axis in reciprocal space. Integrated intensities for the reflections from the
two components were written into a SHELXL-97 HKLF 5 reflection file with the data
integration program SAINT (version 7.68A), using all reflection data (exactly overlapped,
partially overlapped and non-overlapped). The refined value of the twin fraction (SHELXL-
97 BASF parameter) was 0.4315(10). Anisotropic displacement parameters were
employed for the non-hydrogen atoms. The P-H hydrogen atom H3P was located in the
difference Fourier map and refined with a fixed isotropic displacement parameter. All
remaining hydrogen atoms for 2-2¢ were added at calculated positions and refined by use

of a riding model employing isotropic displacement parameters based on the isotropic
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displacement parameter of the attached atom.

For 2-3¢, the crystal used for data collection was also found to display non-
merohedral twinning. Both components of the twin were indexed with the program
CELL NOW (Bruker AXS Inc., Madison, WI, 2004). The second twin component can be
related to the first component by 180° rotation about the [1 0 ~1/4] axis in real space and
about the [-1 1 0] axis in reciprocal space. Integrated intensities for the reflections from
the two components were written into a SHELXL-97 HKLF 5 reflection file with the data
integration program SAINT (version 7.68A), using all reflection data (exactly overlapped,
partially overlapped and non-overlapped). The refined value of the twin fraction (SHELXL-
97 BASF parameter) was 0.4605(7). Two independent molecules of (Cy-
PSiP)Ir(H)(PHMes) (A and B) were located in the asymmetric unit; for convenience, only
molecule A is discussed in the text. Anisotropic displacement parameters were employed
for the non-hydrogen atoms. The Ir-H (H1) and P-H (H3P) hydrogen atoms were located
in the difference Fourier map; H1 was refined with a fixed isotropic displacement
parameter, and H3P was refined with a common isotropic displacement parameter. The Ir—

H1 distances in both crystallographically-independent molecules were constrained to be
1.50(1) A. The P1---H1 and P2---H1 distances were constrained to be equal (within 0.003
A) during refinement (d(P1---H1)p = d(P2---H1)a; d(P1---H1)g = d(P2---H1)B). As well,
the Si—H1 distances in both molecules were constrained to be equal (within 0.003 A) during
refinement (d(Si---H1)A = d(Si---H1)R), as were the P3—H3P distances in both molecules
(d(P3—-H3P)s = d(P3-H3P)g). All remaining hydrogen atoms for 2-3¢ were added at

calculated positions and refined by use of a riding model employing isotropic displacement

parameters based on the isotropic displacement parameter of the attached atom.
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For 2-3d, disorder involving the PH'Bu group was observed. The constituent atoms
were modelled over two positions (A and B), such that P3A, C2A, C3A, C4A, and C5A
were refined with an occupancy factor of 0.85, while P3B, C2B, C3B, C4B, and C5B were
refined with an occupancy factor of 0.15. The P3B—C2B distance was constrained to be
1.85(1) A during refinement. The atoms C2B, C3B, C4B, and C5B were refined with a
common isotropic displacement parameter. Anisotropic displacement parameters were
employed for all remaining non-hydrogen atoms. The Ir-H (H1) and P-H (H3PA) hydrogen
atoms were located in the difference Fourier map and were refined isotropically. The P-H
hydrogen atom H3PB was generated assuming an idealized sp? hybridization of P3B, a
fixed P3B-H3PB distance of 1.33 A, and an isotropic displacement parameter 120% of the
Ueq for P3B. All remaining hydrogen atoms for 2-3d were added at calculated positions
and refined by use of a riding model employing isotropic displacement parameters based
on the isotropic displacement parameter of the attached atom.

For 2-8b, disorder involving the alkynyl ‘Bu substituent was observed. This
disorder was addressed satisfactorily by modelling two of the ‘Bu methyl groups
(corresponding to C4 and C6) over two positions (A and B), each with 50% occupancy.
Anisotropic displacement parameters were employed for all the non-hydrogen atoms in 2-
8b. The P-H hydrogen atoms H3PA and H3PB were located in the difference Fourier map
and were refined isotropically. All remaining hydrogen atoms for 2-8b were added at
calculated positions and refined by use of a riding model employing isotropic displacement
parameters based on the isotropic displacement parameter of the attached atom. Additional

crystallographic information is provided in Appendix A.
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Chapter 3: Synthesis of Coordinatively Unsaturated Aryloxo, Alkoxo,
and Hydroxo Iridium Complexes Supported by PSiP Ligation and O-H
Bond Oxidative Addition Leading to Aryloxo Hydride Ir' Species

3.1 Introduction

The synthesis and reactivity of late transition metal alkoxo, aryloxo, and hydroxo
complexes (Figure 3-1) has attracted substantial interest,”® as such complexes have been

implicated in numerous metal-mediated processes,”’ including the Wacker process for

8 9

olefin oxidation,”® catalytic transfer hydrogenation® and related processes involving

50¢,102

dehydrogenation of alcohols,'® C-H bond activation,”**!°! cross-coupling, and water

splitting.”%>1% Although numerous examples of high oxidation state early metal complexes

of this type are known,!**

electron-rich late metal variants have generally proven more
challenging to access. It has been proposed that reactivity differences between early and
late metal alkoxo/aryloxo/hydroxo species arise from a number of factors, including hard-
soft mismatch between the hard O-donors and soft late metal centers, and dz-px repulsion
involving lone pairs on the O-donors and late metal d-electrons.'® While the effects of
such factors on late metal-alkoxo/aryloxo/hydroxo bond dissociation energies have been
debated,'* ultimately, late metal variants display significant nucleophilicity and basic
character at the O-donor?®*“¢ due to greatly diminished O—M n-donation.'?” As such, the

reactivity properties of late metal alkoxo/aryloxo/hydroxo complexes has been compared

to that of alkali metal analogues.”®

L,M—O L,M—O L,M—O
\ \
R H
R = aliphatic group R
alkoxo aryloxo hydroxo

Figure 3-1. Transition metal alkoxo, aryloxo, and hydroxo complexes.
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The majority of examples of late transition metal alkoxo/aryloxo/hydroxo
complexes have been prepared by a salt metathesis route, whereby a metal halide or triflate
complex is treated with an alkali metal alkoxide/aryloxide/hydroxide reagent (Scheme 3-
1A).%%4 A protonolysis route, whereby an X ligand bound to a metal center functions as a
Brensted base toward an alcohol or water, has also been utilized effectively in this regard
(Scheme 3-1B).%63-d:1000,103,108,109 By comparison, while the oxidative addition of an O-H
bond to a low valent species has been invoked as a route to generate late metal

alkoxo/aryloxo/hydroxo species (Scheme 3-1C), relatively few examples of such reactivity

are well-known.?¢&110

(A) M'OR
L,M—X —_— L,M—OR
-M'X

M = transition metal
M' = alkali metal
X = halide or triflate

(B) HOR
LaM—Y —>  L,M—OR
-HY

Y = OR', NR',, CR'3, such that pK, HY > pK; HOR

. HOR ,OR
[L,M*] _— LnM)iz

Scheme 3-1. General synthetic routes to late transition metal alkoxo/aryloxo/hydroxo
complexes by: (A) salt metathesis; (B) protonolysis; and (C) O-H oxidative addition.

Having previously observed that in situ generated (Cy-PSiP)Ir! species (1-3)
derived from dehydrohalogenation of (Cy-PSiP)Ir(H)CI (1-1) can undergo N-H bond
oxidative addition of ammonia and alkylamines to afford isolable five-coordinate amido
hydride complexes,’?* the extension of this reactivity to the activation of O-H bonds in
alcohols became of interest (Scheme 3-2). A comparison of bond dissociation energy

(BDE) and pK. values for O-H and N-H containing species is shown in Table 3-1. For the
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range of substrates indicated, BDE values of O-H bonds are generally higher than for N-H
bonds in analogous species, and both exhibit similar trends, with phenol and aniline
displaying BDE values at the low end of the series, while Me and ‘Bu substituted species
feature appreciably larger X-H BDE’s (X = N or O). The BDE of the O-H bond in water is
the largest in the series at 497.10 + 0.29 kJ mol!. From the perspective of thermodynamic
feasibility, the O-H bond strength has to be compared with the Ir-O and Ir-H bonds formed
as a result of O-H oxidative addition. While such BDE values involving (Cy-PSiP)Ir
species have not been determined, it has been demonstrated that M-X bond dissociation
energies are generally well-correlated with H-X BDE’s,!%%¢ suggesting that O-H oxidative
addition of aliphatic alcohols and phenols by 1-3 may be favorable. As expected, pKa
values trend lower for O-H bonds relative to N-H bonds in related species, and in
accordance, evidence for an O-H oxidative addition mechanism involving initial

protonation at the late metal center has been reported (Scheme 3-3).!1%

PCyZ PCyZ PCyZ
M NH2R HOR | _H
MeSi—Irl e MeSi—Ir —> MeSi—Ir{
NHR _ _ OR
R = aryl, R = aryl,
PCy, alkyl, H PCy,| alkyl, H PCy,
L 1-3 This work

Scheme 3-2. Oxidative addition of N-H and O-H bonds via (Cy-PSiP)Ir! (1-3).

Table 3-1. Bond dissociation energies (BDE)**® and pK, values’®®!'! for selected
substrates.

H-OH H-OMe H-O'Bu H-OPh

BDE (kJ mol')  497.10£0.29  440.2+3 4449428 362.842.9
pK. (DMSO) 312 29.0 29.4 18.0

H-NH: H-NHMe H-NHBu H-NHPh

BDE (kI mol')  450.0840.24 4251484  397.5:8.4 375.3
pKa (DMSO) 41 42,91 N/A 30.6

l2lCalculated value.>®d
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+
OR
LM i
A) concerted LN
(A) / | \
OR
/
L,M + H-OR LM
H
\ @/
(B) step-wise l L”M_H]
(protonation at M) OR@

Scheme 3-3. Mechanisms proposed for O-H oxidative addition at a late metal center
involving either: (A) a concerted pathway via a three-centered transition state, or (B) a
step-wise pathway via protonation at the metal.

In the context of Group 9 transition metals, a handful of examples of O-H oxidative
addition of aliphatic alcohols, phenols, and water at Ir metal centers have been previously
reported (Figure 3-2). Milstein and co-workers were among the earliest to report O-H
oxidative addition involving cationic [(MesP)lr]" species!'!¢ (Figure 3-2A) and related
neutral (MesP);IrCl analogues''® (Figure 3-2B). In the former case, evidence for a
concerted oxidative addition process involving a 14-electron [(MesP)sIr]" intermediate
species was obtained. While O-H activation of water affords the cationic hydroxo complex,
in the case of methanol facile B-hydride elimination was observed, leading to formation of

a cationic Ir'"!

dihydride complex. Such B-elimination reactivity is often encountered in
coordinatively unsaturated alkoxo complexes, and represents a common decomposition
pathway. Oxidative addition involving the neutral complex (MesP):;IrCl was proposed to
proceed by a concerted pathway involving nucleophilic attack of Ir on the O-H proton of
the alcohol. Merola and co-workers targeted O-H oxidative addition via a related
[Ir(COD)(PMes);]Cl complex (COD = 1,5-cyclooctadiene; Figure 3-2C).''% While
primary alcohols containing B-hydrogens generally led to the formation of multiple

products, oxidative addition of phenols was observed at moderate temperatures (60 — 80

°C). A stepwise oxidative addition mechanism involving protonation at Ir, followed by
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nucleophilic attack of both RO~ and CI- on the Ir center, was proposed. In the case of

‘BuOH, isobutene elimination was observed, leading to formation of an Ir hydroxo

complex.
(A)
®
MegPu,  wPMe; M0 H20  MeyP, ‘®PMe3 D0 Me3P:.,,.|‘r?\PMe3
MesP”™ PMe;, Me3F'/‘\OH MeaP/‘\OD
PMe; PMe;
H H
MeOH  MegPu, I‘r PMe; Me3P:.,,.|‘r.@.\PMe3
MegP/‘\OMe MeaP/‘\H
PMej PMe;
(8) H
Me3P:.,,‘|r., PMe; ROH MegPu,, I‘r"“PMea
Mesp” CI Meap/\\OR
R = Me, Et, 1-pentyl, Pr ¢
(©) ® o
H /‘ cl H
MesPs, | PMe, 'BUOH . AOH  MesPn, | PMe
3! /Ir\ 3 /7“,{ PMe; 3! /Ir\ 3
MesP ‘ OH -CcoD ‘ PMe; | -COD  MegP ‘ OAr
Cl - H,C=CMe, PMe; ]

Ar = Ph, p-tol, 3,5-Me,C¢H3

<% DO ==l [N <=
T 'BUOH r ROH T

VAL OH <*———— L —>_ - s,
MesP \H Ha Me3P/ N liquid Xe Mesp/ \(’;R
601075°C o _ B

(E) PBU, =\ PBu, PBu,
I‘ ..... H 'Bu I‘ H,0 I‘ WOH

R [ G

PBu, \‘Bu PBu, PBu,

:(F)
’PI’gT @ ’PrzF"
N
H—|‘r YA— T 'PI’zF’—I‘r\—H _>H20 H7I‘r OH
N, H H
PPr, rPrzP\/@ PP,
(G) F. ‘N\ F F. ‘N\ F
= =
F F H,0 F F
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| MeyS.., wSMe, 2h O\ /i, £50 | 5days
Ir Hem=Ir 2 Gl ey [(DMSO),lr(u-Cl)l,
Me,87 Cl SN
©22\ Ox, -0
\ S o) S
o Me, H Me,

P2Ph,

1 Q “
<P= Fe P'Ph,

sz/lr\cflr\ ) ( 2/Ir\Cl/|r\

l H,0
: |
(pz/ \o/\D (pz/ \O/n\ )

Figure 3-2. Examples of O-H oxidative addition at Ir to afford alkoxo/aryloxo/hydroxo Ir

hydride complexes.

Bergman and co-workers reported that photolysis of Cp*Ir(PMes)(H): (Cp* = n°-

CsMes) in either neat ‘BuOH or in liquid xenon at -60 to -75 °C in the presence of ‘BuOH

led exclusively to C-H oxidative addition upon H, elimination (Figure 3-2D).!1%&!12

Conversely, when Cp*Ir(PMes)(H), was irradiated with UV light in liquid xenon at -60 to

-75 °C in the presence of MeOH or EtOH, O-H oxidative addition was observed to afford

the corresponding Ir'™

alkoxo hydride complexes.

110g

Perhaps most relevant to the work described herein is a report by Jensen and co-

workers involving of O-H oxidative addition of water by ‘Bu-PCP ligated Ir pincer species

(Figure 3-2E).!'% This reaction is proposed to follow a pathway involving oxidative
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addition to a 14-electron Ir! intermediate, and affords a rare example of a 16-electron Ir
hydroxo hydride complex. The latter complex is a pre-catalyst for alkane dehydrogenation,
which implies that O-H reductive elimination, the reverse of oxidative addition, is also
facile in this instance. More recent examples of O-H oxidative addition of water to form
16-electron hydroxo hydride complexes have also been reported by Figueroa''™ (Figure
3-2F) and Braun!'"" (Figure 3-2G), respectively. The former report F is a unique example
of a dihydride-hydroxo complex, and is remarkably resistant to O-H reductive elimination
upon heating to 90 °C for as long as one week in benzene solution. Lastly, examples of O-

I complexes featuring bridging hydroxo

H oxidative addition leading to dinuclear Ir
ligands have also been reported (Figure 3-2H and I).!1%?

In an effort to assess the capability of (Cy-PSiP)Ir (1-3) to undergo O-H oxidative
addition of alcohols, this chapter details synthetic investigations targeting
alkoxo/aryloxo/hydroxo complexes of the type (Cy-PSiP)Ir(OR)H (R = alkyl, aryl, or H).
The preparation of such compounds was initially attempted by salt metathesis and
protonolysis routes, the latter of which proved to be the most facile approach for the

1 alkoxo/aryloxo/hydroxo hydride complexes.

isolation of a wide range of the targeted Ir
Having observed that these five-coordinate species are indeed isolable, their preparation

by O-H oxidative addition was attempted.

3.2 Results and Discussion

3.2.1 Attempted Synthesis of (Cy-PSiP)Ir(OR)H Complexes via Salt Metathesis
Salt metathesis, whereby a metal halide or triflate complex is treated with an alkali

metal alkoxide/aryloxide/hydroxide reagent, is the most commonly employed route for the
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synthesis of late transition metal alkoxo/aryloxo/hydroxo complexes (Scheme 3-1A). In
this regard, initial efforts to prepare complexes of the type (Cy-PSiP)Ir(OR)H (R = alkyl,
aryl, or H) focused on treatment of (Cy-PSiP)Ir(CI)H (1-1) with alkoxide and aryloxide
salts, such as NaOtBu and LiOPh (Scheme 3-4). Although no reaction was observed upon
treatment of 1-1 with up to 20 equiv. NaO'Bu in benzene solution at room temperature,
heating of the mixture at 65 °C for 8 h resulted in complete conversion (by *'P NMR) to a
new product assigned as (Cy-PSiP)Ir(O’'Bu)H (3-1a) on the basis of 'H and *'P {'H} NMR
analysis (benzene-ds). Complex 3-1a gives rise to a single *'P{'H} NMR resonance at 56.5
ppm, consistent with a Cs-symmetric structure in solution (Table 3-2). The 'H NMR
spectrum of 3-1a features a characteristic Ir-H resonance at -25.12 ppm (t, 2Jup = 17 Hz),

which indicates that no O-H reductive elimination has occurred.

| cl or Mo | OR

MeSi—Ir< + M'OR MeSl—Ir\
M CI
PCy, M'=Na, R =Bu F’Cy2
1-1 M'=Li, R=Ph
3-1a R=1Bu
HOR 3-1b R =1-Ad
3-1c R = CH,(CgFs)
PCy, —H2N’Bu 3-2a R=Ph
| NH'BU 32b R = 2,6-Me,CoHs
MeSl—Ir\ 3-2¢ R =4-'BuCgH,
34 R=H
PCy2 3-4d R=D
3-3

Scheme 3-4. Synthesis of (Cy-PSiP)Ir(OR)H complexes (3-1a — d, 3-2a — ¢, 34, and 3-
4d) by salt metathesis or protonolysis routes.

By comparison, treatment of 1-1 with five equiv. LiOPh in THF solution resulted
in ca. 50% conversion (by *'P NMR) to a new product assigned as (Cy-PSiP)Ir(OPh)H (3-
2a). Complex 3-2a features similar spectroscopic features to 3-1a, including an Ir-H 'H

NMR resonance at -25.82 ppm (t, 2Jup = 15 Hz). Additional reaction time or the use of up
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to 20 equiv. LiOPh did not result in significantly higher conversion to 3-2a. While it is
possible that this reaction requires more forcing conditions to reach completion, the
possibility of an equilibrium between 3-2a and the starting complex 1-1 in the presence of
LiCl must also be considered. Such metathesis reactions involving related Rh and Ir
hydroxo complexes reacting with an alkali metal halide have been observed previously.!!?
While such reactivity may be reduced in less polar solvents (vide supra), the poor solubility
of alkali metal alkoxo/aryloxo/hydroxo salts in such solvents also presents a synthetic
challenge. As such, a protonolysis route was pursued as an alternative strategy for the direct
synthesis of (Cy-PSiP)Ir(OR)H.

Table 3-2. Isolated yields (via 3-3) and selected NMR spectroscopic data (ppm; benzene-
ds) for (Cy-PSiP)Ir(OR)H alkoxo/aryloxo/hydroxo-hydride complexes.

Isolated  'P{'H} 'HNMR 2Jpu 28i

Complex Yield (%) NMR® Ir-H (Ir-H) NMRY!
(Cy-PSiP)Ir(C)H (1-1)2 61.1(s) -23.79() 14 7.7
(Cy-PSiP)Ir(NHBu)H (3-3) 520(s) -2078() 19 167
(Cy-PSiP)Ir(OH)H (3-4) 78 579(s) -23.92(t) 15 8.5
(Cy-PSiP)Ir(O'Bu)H (3-1a) 92 56.5(s) -25.12() 17 7.1
(Cy-PSiP)If[O(1-Ad)]H (3-1b) 83 567(s) -25.05() 17 7.5
(Cy-PSiP)Ir{OCH,(C4F5)H (3-1¢) 72 592(s) -2526(t) 15 7.7
(Cy-PSiP)Ir(OPh)H (3-2a) 86 59.1(s) -25.82(t) 15 7.6
(Cy-PSiP)Ir[O(2,6-Me,CeH3)]H (3-2b) 95 575(s) -2644(t) 15 6.8
(Cy-PSiP)Ir[O(4-BuCqH,)JH (3-2¢) 72 589(s) -25.76(t) 15 7.4

[IRelative to 85% H3PO4. M 'TH-2Si HMBC.

3.2.2 Synthesis of (Cy-PSiP)Ir(OR)H Complexes via Protonolysis of an Ir Amido

In order to optimize the formation of Ir alkoxo/aryloxo/hydroxo complexes via a
protonolysis route involving the reaction of M-Y with HOR, the relative pKa’s of the YH
species and the reacting alcohol must be considered. In this regard, the alkylamido complex

(Cy-PSiP)Ir(NH'Bu)H (3-3) was chosen as suitable starting material for this effort, as it is
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readily prepared from 1-1 and LiNH'Bu,® and the pK. of HoNBu is anticipated to be
significantly higher (cf. the pKa of HoNMe, calculated value of 42.9)%%¢ than that of most
alcohols of interest (Table 3-1), as well as higher than the pK. of water.

Treatment of 3-3 with a variety of alcohols, phenols, as well as water led to the
evolution of HoN‘Bu and concomitant formation of the corresponding (Cy-PSiP)Ir(OR)H
complexes (Scheme 3-4; 3-1a R = ‘Bu, 3-1b R = 1-Ad, 3-1¢ R = CH2(C¢F5), 3-2a R = Ph,
3-2b R = 2,6-Me>CsH3, 3-2¢ R = 4-BuCsHs, 3-4 R = H), which were readily isolated.
3IP{'H} NMR analysis of the reaction mixtures indicated that all reactions proceeded to
quantitative conversion at room temperature within an hour of mixing, with no observable
intermediates. All such (Cy-PSiP)Ir(OR)H complexes exhibit similar spectroscopic
features consistent with their formulation as Cs-symmetric five-coordinate species in
solution (Table 3-2). Namely, as was previously observed for related amido and anilido
hydride complexes of the type (Cy-PSiP)Ir(NHR)H, each complex gives rise to a single
3P {'H} NMR resonance, as well as an Ir-H/ 'H NMR resonance that exhibits 2/up coupling
(ca. 15-17 Hz) consistent with cis-coordination relative to the magnetically equivalent Cy-
PSiP phosphino donors. In the case of 3-2¢, the 'H NMR spectrum of the isolated complex
indicates that ca. 2 equiv. of HO(4-'BuCeHy) are associated with the aryloxo complex,
likely via hydrogen bonding interactions. Related examples of hydrogen bonding involving
late metal alkoxo, aryloxo, and hydroxo complexes have been previously reported.>2d:110%
In the case of 3-4, the 'H NMR spectrum of the isolated complex features a broad resonance
at 3.65 ppm (1 H) that corresponds to the Ir-OH proton. When 3-3 was treated with D>0 in
place of H,O, 2H incorporation was observed exclusively at the Ir-OH position, affording

the hydrido complex 3-4d as would be anticipated for a protonolysis reaction.
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The solid state structure of 3-2¢ was determined by use of X-ray crystallographic
techniques and confirms the formulation of this complex as a five-coordinate aryloxo
hydride complex (Figure 3-3A, B). Two molecules of HO(4-"BuCsHa) co-crystallize with
the Ir complex and are involved in hydrogen bonding via the aryloxo ligand, which is
consistent with the solution NMR data for 3-2¢. The complex adopts a distorted trigonal
bipyramidal structure in the solid state that is analogous to that previously observed for
related five coordinate Cy-PSiP complexes, including (Cy-PSiP)Ir(C))H (1-1)*® and (Cy-
PSiP)Ir(NHPh)H (Table 3-3).2%¢¢ The Cy-PSiP phosphino groups occupy the apical
positions (P1-Ir1-P2 160.96(2)°), while the Y-distorted equatorial positions are taken up
by the silyl, aryloxo, and hydride donors, with an acute HI-Ir1-Sil angle of H(1)-Ir-Si
67.5(1)°. The theoretical underpinnings for such a Y-distortion involving five-coordinate
d® metal complexes that feature a potential m-donor ligand have been addressed
previously.?’ The Ir-O distance of 2.1234(16) is relatively long by comparison with Ir-O
distances in previously reported Ir aryloxo complexes, which include trans-
(Ph3P)2Ir(CO)(OPh) (2.049(4) A),''*  trans-(PhsP).Ir(CO)(OCeFs) (2.058(3) A),'S
(Ph3P)2Ir(CO)(OPh)(TCNE) (2.057(8) A),!'® and mer-(MesP)3Ir(H)(C1)(O(3,5-Me2CeH3)]
(2.109(5) A).!'% The solid state structure of 3-4 was also determined (Figure 3-3C).
However, this complex was found to co-crystallize with (Cy-PSiP)Ir(Cl)H, resulting in
disorder (25% ClI site occupancy). Although disordered, this structure does confirm the
connectivity in the targeted hydroxo complex. This observation also highlights the extreme

sensitivity of such Ir hydroxo/aryloxo/alkoxo to halide impurities.
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Figure 3-3. Crystallographically determined structures of 3-2¢ (A and B; the structure of
3-2c¢ shown in B is the same approximate view as in A, but shows the hydrogen bonding
interactions with the co-crystallized HO(4-'BuC¢Hs) molecules) and 3-4 (C; only the major
contributor of the disordered MeSi(CsH4PCy2)2IrH(OH)0.75Clo.25 is depicted) with thermal
ellipsoids drawn at the 50% probability level. Selected PCy carbon atoms and most
hydrogen atoms have been omitted for clarity. Selected interatomic distances (A) and
angles (°): for 3-2¢ Ir1-P1 2.3071(6), Ir1-P2 2.3139(6), Ir1-O1 2.1234(16), Ir1-Sil
2.2762(6), Ir1-H1 1.46(1), O2-H20 0.78(3), H20---O1 1.89(3), 02---O1 2.664(3), O3-
H30 0.77(4), H30---02 2.01(4), 03---02 2.770(3), P1-Ir1-P2 160.96(2), O1-Ir1-Sil
139.06(5), H1-Ir1-Sil 67.5(1), O1-Ir1-H1 153.2(1), O2-H20---O1 174(3), O3-H30---02
170(5); for 3-4 Ir1-P1 2.2956(5), Ir1-Sil 2.2791(7), Ir1-O1 2.030(6), Ir1-H1 1.42(3), P1-
Ir1-P1” 166.38(3), O1-Ir1-Sil 138.48(18), H1-Ir1-Sil 73.1(12), O1-Ir1-H1 148.4(12).

Table 3-3. Selected crystallographic data — interatomic distances (A) and bond angles (°)
for crystallographically characterized complexes (Cy-PSiP)Ir(H)X (X = CIl, anilido,
aryloxo).

P-Ir-P . .
Complex digaﬁce (::;2 Siifg,lz( )illlglle;l Szl&i;l?
(Cy-PSiP)I[O(4-BuCeHy)JH (3-2¢)  2.1234(16) 160.96(2) 139.06(5)  153.2(1)  67.5(1)
(Cy-PSiP)Ir(C)H (1-1)2% 2.4143(12) 166.07(4) 130.64(5)  160.6(18) 68.7(18)
(Cy-PSiP)Ir(NHPh)H3266 2.056(2)  158.06(3) 137.35(8)  154.4 67.5
(Cy-PSiP)If[NH(2,6-MesCeH3)[H266  2.077(3)  162.01(3)  129.72(11)  160.7 68.8

In an effort to evaluate the reactivity of 3-3 with relatively bulky substrates,
treatment with up to 10 equiv. of (2,6-'Buz2-4-MeCsH3)OH resulted in no reaction even with
heating up to 75 °C. Alcohols containing f-hydrogen substituents were also evaluated in

such protonolysis reactions. In all cases, treatment of 3-3 with either methanol,
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cyclohexanol, or 1-butanol led to the formation of (Cy-PSiP)Ir(H)s, (3-5) which has been
previously reported by Shimada and co-workers.?'¢ The formation of 3-5 likely involves

1,'% which may proceed by either an outer-

facile dehydrogenation of the aliphatic alcoho
(e.g. via a concerted transfer of H" to Ir-NH'Bu and H- to Ir) or inner-sphere (e.g. via B-
hydride elimination from an Ir-alkoxo species) mechanism (Scheme 3-5). No evidence for
the formation of aldehydes was observed in situ by 'H NMR spectroscopic analysis of the
reaction mixtures. Interestingly, similar formation of 3-5 was observed in the reaction of
3-3 with HOCH2Ph, while treatment of 3-3 with the fluorinated HOCH»(CsFs) cleanly
afforded the corresponding Ir alkoxo complex 3-1e¢, which reflects the diminished
reactivity of the benzylic H’s in HOCH2(CesFs). By comparison, treatment of in situ

generated (Cy-PSiP)Ir (1-3) with H2NCH;Ph resulted in exclusive C-H activation at the

ortho position of the aromatic ring.%

(A) outer-sphere pathway

NHB PE i N
. Y HOGH,R S-H (l) -RHC=0 H
-PSIP)Ir ———> (Cy-PSiP)Ir—NH'B
(Cy-PSIPIN. (Cy-PSIP)Ir___Ho+ (Cy-PSiP) .
H -
33 | °N H
H HBu
HOCH,R
-HNHBu
CH,R 7% p-hydride
, O\ HNHBu OCHzR " limination /H
(Cy-PSPII  H | ——> (Cy-PSIP)IN_ —> (Cy-PSiP)Ir
l\N/ H -RHC=0 H
H HBu

(B) inner-sphere pathway

Scheme 3-5. Possible outer-sphere (A) and inner-sphere (B) pathways for alcohol
dehydrogenation.

3.2.3 Attempted Synthesis of (Cy-PSiP)Ir(OR)H Complexes via O-H Oxidative
Addition

Having demonstrated that complexes of the type (Cy-PSiP)Ir(OR)H (R = alkyl,

aryl, or H) are synthetically accessible, the synthesis of such alkoxo/aryloxo/hydroxo
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species by an O-H oxidative addition pathway was targeted. Initial attempts toward this
goal utilized the route previously employed for the synthesis of related amido and anilido
hydride Ir complexes via N-H oxidative addition of the corresponding amines/anilines
(Scheme 3-2).52%66 Thus, treatment of 1-1 with LiCH>SiMes in cyclohexane solution
affords in situ access to the highly reactive Ir' species (Cy-PSiP)Ir (1-3), which undergoes
N-H oxidative addition upon subsequent treatment with amines/anilines. Given the
observed sensitivity of the Ir-OR linkage to metathesis processes with alkali metal halides,
in situ generated 1-3 in cyclohexane solution was filtered through a glass microfiber filter
(0.7 um pore size) prior to treatment with alcohols, with the hope that precipitated LiCl
may be removed from the reaction mixture by this approach. Treatment of 1-3 generated
via this process with one equiv. of either HOPh, HO(2,6-Me>C¢H3), or HOCH2(CgFs),
respectively, led to the partial generation of the corresponding (Cy-PSiP)Ir(OR)H complex,
as well as significant quantities of 1-1 (ca. 3:1 ratio of 3-2a to 1-1, and ca. 3:2 ratio for
each of 3-2b or 3-1¢ to 1-1; by 3'P NMR; Scheme 3-6) after 2 h at room temperature. In
situ spectroscopic analysis of 1-3 prior to the addition of the alcohol confirmed that no
unreacted 1-1 remained in solution, thus the presence of 1-1 in the final mixture is
tentatively attributed to the metathesis reaction of (Cy-PSiP)Ir(OR)H with LiCl persisting
in solution. In a similar reaction where 1-3 was treated with two equiv. of HO'Bu,
quantitative conversion to 1-1 was observed after 2 h at room temperature. When 1-3 was
treated with DO’Bu in an analogous manner, quantitative formation of (Cy-PSiP)Ir(C1)D
(1-1d) was obtained. Treatment of 1-1 with 50 equiv. of DO’Bu in benzene-ds solution does
not lead to any 2H incorporation into 1-1 after 1 h at room temperature, which suggests that

the targeted (Cy-PSiP)Ir(O'Bu)(H/D) complex 3-1a may indeed be an intermediate in this
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process, but it is quickly reverted to 1-1 in the presence of persistent LiCl impurities.

PCy, PCy, PCy,
H o iona HOR H
Mesi—Irl, LiCHSiMes | pegi—ir | —— Mesi—irl , *+ 1
CgH12
PCy, - LiCl PCy, PCy,
1-1 13 3-1¢ R = CH,(CeFs)
3-2a R=Ph
f)
DOBu lDorBu 3-2b R =2,6-Me,CgHs
PCy2
D
ot
MeSi Ir\CI
PCyZ

1-1d
Scheme 3-6. Reactivity of in situ generated (Cy-PSiP)Ir (1-3) with alcohol substrates.

In an effort to avoid the generation of LiCl or related halide salts in the generation
of 1-3, the reactivity of (Cy-PSiP)Ir(H)s (3-5) with alcohols was examined with and
without added tert-butylethylene (TBE) as a hydrogen acceptor. In related reactivity,
Jensen and co-workers previously demonstrated that dehydrogenation of (‘Bu-PCP)Ir(H)>
(‘Bu-PCP = 2,6-('‘Bu2PCH»)>CsH3) with TBE in the presence of water (165 equiv.) led to
the quantitative formation of the hydroxo complex (‘Bu-PCP)Ir(OH)H via O-H oxidative
addition to a 14-electron (‘Bu-PCP)Ir intermediate (Figure 3-2E).!!%" As well, Shimada and
co-workers?'Y have previously reported that 3-5 is readily dehydrogenated by TBE in
benzene solution to afford (Cy-PSiP)Ir(Ph)H (1-7), presumably via the intermediate
generation of 1-3. In this regard, treatment of 3-5 with one equiv. of HOPh in benzene-ds
solution afforded 81% conversion (by 'H and *'P NMR) to 3-2a within ten minutes of
mixing, in the absence of TBE (Scheme 3-7). Analogous reactions with HO'Bu and water

(2 equiv. in each case) did not result in any conversion of 3-5, even upon heating at 75 °C

for 24 h. Treatment of 3-5 with 5 equiv. of TBE, followed by addition of one equiv. of
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HOBu also did not afford any conversion to the Ir alkoxo complex 3-1a.

F>Cy2 PCYz
HOPh

MeS|—Ir )4 eS|—Ir\

| benzene -dg
-H,
PCyZ PCy2

2) HOtBu )
no reaction

no reaction TBE = ’Bu/\

Scheme 3-7. Reactivity of (Cy-PSiP)Ir(H)4 (3-5) with alcohol substrates and water.

The reactivity of (Cy-PSiP)Ir(CoHs4) (1-5b) with alcohols was also examined. In
related reactivity, Bergman and co-workers have previously reported that the Ru complex
(PMe3)sRu(C2H4) reacts with one equiv. of water at room temperature to afford
(PMe3)sRu(OH)H."'" Complex 1-5b was previously reported in the context of trapping in

52K and is a readily accessible (Cy-PSiP)Ir!

situ generated 1-3 by the coordination of C2Ha,
complex that can be isolated in high yield by treatment of 1-1 with LiCH>SiMe; under an
atmosphere of C;Ha. Unlike (PMes)4sRu(C2Has), 1-5b does not appear to react with water,
and as such, the isolated complex can be washed with degassed water to remove any
residual LiCl. Upon treatment of 1-5b with 1 - 10 equiv. of HOR (R = ‘Bu, 1-Ad, Ph, 2,6-
Me>CeH3, 4-"BuCgHa, or CH2(CsF5)) no reaction was observed at room temperature over a
period of 3 days. Heating a toluene solution of 1-5b and 10 equiv. of HOPh at 80 °C for 2
h afforded quantitative (by *'P NMR) conversion to the aryloxo-hydride complex 3-2a
(Scheme 3-8). In the case of HO(2,6-Me>C¢H3), heating to 110 °C for 18 h was necessary
to achieve quantitative (by *'P NMR) conversion to the corresponding aryloxo 3-2b. By

comparison, under similar conditions the reaction of 1-5b with five equiv. HOCH2(Cq¢F5)

afforded a complex mixture of products from which no pure material could be isolated after
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heating for 8 h at 65 °C. No reaction was observed upon treatment of 1-5b with 1-20 equiv.

of either HO'Bu, HO(1-Ad), or water followed by heating of the reaction mixtures up to 90

°C
PCy, PCy,
HOR l/H
I —eeee [H—
MeSi—Ir || toluene MeSi Ir\OR
80 °C, 2 h (R = Ph)
PCy2 110 °C, 18 h (2,6-Me,CgH3) PCy>

) -CoHs
1-5b 3.2a R = Ph
’ 3-2b R = 2,6-Me,CqHs

HOR'

no reaction
toluene, up to 90 °C
R'='Bu, 1-Ad, or H

Scheme 3-8. Reactivity of (Cy-PSiP)Ir(C2Has) (1-5b) with alcohol substrates and water.

3.2.4 Preliminary Reactivity Studies of (Cy-PSiP)Ir(OR)H Complexes

Previous reports regarding the reactivity of late metal alkoxo/hydroxo complexes
have established that due to the nucleophilic nature of the O-donor ligands, unsaturated
substrates such as CO> and RNCO insert readily into the M-O bonds.”**!% In several
examples where both alkoxo/hydroxo and hydride ligands are present, preferential
insertion at the M-O linkage was observed,*>4!1%n117 despite the fact that formal insertion
of such unsaturated substrates into late transition metal hydrides is also a known process.

The reaction of 3-4 with CO> (1 atm) occurs readily upon mixing in benzene-ds
solution to afford a new product tentatively formulated as the bicarbonato complex (Cy-
PSiP)Ir(x>-0.COH)H (3-6; Scheme 3-9). Complex 3-6 gives rise to a single new *'P{'H}
NMR resonance at 53.2 ppm, as well as a new Ir-// '"H NMR resonance at -27.71 ppm (t,
%Jup = 15 Hz). The broad Ir-OH "H NMR resonance at 3.66 ppm associated with 3-4 is no
longer observed following CO; addition, rather a broad resonance centered at 12.40 ppm

is assigned to the proton of the Ir-bicarbonato group. The IR spectrum of 3-6 (thin film)
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features a broad absorption at 2650 cm™!, characteristic of the O-H vibration of the Ir-
bicarbonato. Similar vou values have previously been reported for related Os-, Rh-, and Ir-
bicarbonato species.!'"!!7-118 Additional characteristic absorptions for the bicarbonato
ligand were observed at 1579 and 1474 cm™. Preliminary results indicate that while (Cy-
PSiP)Ir(O'Bu)H (3-1a) undergoes a related insertion process with CO; to afford a carbonate
complex, the phenoxo analogue (3-2a) does not react with CO (1 — 5 atm) under analogous
conditions.

R=H =Bu
TC)’Q co, TCyz PCYz
O 1 atm H PhNCO f
% >»OH ( ) —ird >,o Bu

MeSi—/lr\O" MeSi— eSl——Ir\

e, Gl

3-6 3.7
Scheme 3-9. Insertion reactions with (Cy-PSiP)Ir(OR)H complexes.

Complex 3-1a reacted with phenyl isocyanate (1 equiv.) to afford an isolable
insertion product assigned as the hydrido-Ir fert-butyl N-phenylcarbamato complex (Cy-
PSiP)Ir(ik>-O(NPh)CO'Bu)H (3-7; Scheme 3-9). This complex gives rise to a single
31P{'H} NMR resonance at 48.1 ppm, as well as an Ir-// "H NMR resonance at -23.30 ppm
(t, 2Jup = 16 Hz) ppm. The IR spectrum of 3-7 does not feature any strong absorption bands
above 1600 cm! that can be assigned to a carbonyl stretching band, consistent with -
coordination mode of the N-phenylcarbamato group where the Ir-(1*>-O-C(O'Bu)=NPh)

resonance form is a significant contributor.
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3.3 Summary and Conclusions

The synthesis and characterization of a series of coordinatively unsaturated alkoxo,
aryloxo, and hydroxo Ir hydride complexes supported by bis(phosphino) silyl (PSiP) pincer
ligation  were  described. Such  mononuclear, coordinatively unsaturated
alkoxo/aryloxo/hydroxo late transition metal complexes are relatively rare. The studies
detailed in this chapter demonstrate that complexes of the type (Cy-PSiP)Ir(OR)H (R =
alkyl, aryl, or H) are isolable and do not undergo O-H reductive elimination under typical
conditions. While apparently resistant to O-H reductive elimination, such complexes are
highly sensitive to alkali metal halide impurities, and readily undergo metathesis reactions
with halide salts to afford (Cy-PSiP)Ir(X)H (X = halide). As such, (Cy-PSiP)Ir(OR)H
complexes are most readily prepared by protonolysis reactions, such as the treatment of
(Cy-PSiP)Ir(NH'Bu) (3-3) with the corresponding alcohol HOR. Preliminary studies
indicate that (Cy-PSiP)Ir(OR)H complexes undergo formal insertion preferentially into the
Ir-O bond with substrates such as CO and phenyl isocyanate to form Ir «*-0,0-bicarbonato
(for R = H) and «*-N,O-tert-butyl-N-phenylcarbamato (for R = ‘Bu) complexes.

Attempts to prepare (Cy-PSiP)Ir(OR)H complexes by an O-H oxidative addition
pathway proved significantly more challenging than analogous reactivity involving N-H
oxidative addition of amines, anilines, and ammonia. While dehydrohalogenation of (Cy-
PSiP)Ir(Cl)H (1-1) with alkyllithium reagents in cyclohexane solution served as a
convenient route to access 14-electron species of the type (Cy-PSiP)Ir (1-3) that went on
to active N-H bonds and readily afford (Cy-PSiP)Ir(NHR)H complexes, in the presence of
alcohol substrates LiCl generated in the dehydrohalogenation step led to significant

regeneration of 1-1. Attempts to filter such LiCl impurities away from the reaction mixtures
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containing 1-3 were not successful, and due to the highly reactive nature of the intermediate
1-3, this species is not amenable to more rigorous isolation and purification protocols (e.g.,
recrystallization). When 1-3 generated via this route was treated with DOBu, *H
incorporation was observed at the Ir-H position, affording exclusively (Cy-PSiP)Ir(CI)D
(1-1d). As complex 1-1 does not itself appear to undergo H/D exchange with DO'Bu, these
results suggest that 1-3 does indeed mediate O-H/D oxidative addition of the aliphatic
alcohol substrate, but the resulting Ir-alkoxo complex is readily intercepted by LiCl to
reform 1-1/1-1d. Attempts to observe (Cy-PSiP)Ir-mediated O-H oxidative addition of
HOR substrates via alternative source of 1-3, such as (Cy-PSiP)Ir(H)s (3-5) and (Cy-
PSiP)Ir(C2H4) (1-5b), were partly successful, leading to O-H oxidative addition of phenol
substrates to afford Ir aryloxo hydride complexes, but did not mediate O-H bond activation
of aliphatic alcohols or water. These studies provide new insights into the chemistry of
coordinatively unsaturated late transition metal alkoxo/aryloxo/hydroxo species, and
further inform the understanding of O-H oxidative addition processes mediated by

transition metal pincer complexes.

3.4 Experimental

3.4.1 General Considerations

All experiments were conducted under nitrogen in an MBraun glovebox or using
standard Schlenk techniques. Dry, oxygen-free solvents were used unless otherwise
indicated. Tetrahydrofuran and diethyl ether were distilled from Na/benzophenone ketyl.
Benzene, toluene, and pentane were sparged with nitrogen and dried by subsequent passage

through a double-column solvent purification system (one activated alumina column and
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one column packed with activated Q-5). All purified solvents were stored over 4 A
molecular sieves. Benzene-ds, cyclohexane-di2, and dichloromethane-d» were degassed via
three freeze-pump-thaw cycles and stored over 4 A molecular sieves. The compounds (Cy-
PSiP)Ir(CDH (1-1),>! (Cy-PSiP)Ir(NH'Bu)H (3-3),'®® and (Cy-PSiP)Ir(H)s (3-5)*" were
prepared according to literature procedure. All other reagents were purchased from
commercial suppliers and used without further purification. Unless otherwise stated, 'H,
13C, 3P, 9F, and ?°Si NMR characterization data were collected at 300K on a Bruker AV-
300 spectrometer operating at 300.1, 75.5, 121.5, 282.4, and 59.6 MHz (respectively) with
chemical shifts reported in parts per million downfield of SiMes (for 'H, *C, and ?°Si) or
85% H3PO4 in D0 (for *'P). 'H and '3C NMR chemical shift assignments are based on
data obtained from '*C-DEPTQ, 'H-'H COSY, 'H-'*C HSQC, and 'H-'3C HMBC NMR
experiments. ?Si NMR assignments are based on 'H-*Si HMQC and 'H-*’Si HMBC
experiments. In some cases, fewer than expected unique '*C NMR resonances were
observed, despite prolonged acquisition times. X-ray data collection, solution, and
refinement were carried out by Drs. Robert MacDonald, Michael J. Ferguson, and Yuqiao

Zhou at the University of Alberta X-ray Crystallography Laboratory, Edmonton, Alberta.

3.4.2 Synthetic Details and Characterization Data

(Cy-PSiP)Ir(C:H4) (1-5b). A resealable, thick-walled reaction vessel equipped
with a Teflon stopcock was charged with solution of 1-1 (0.085 g, 0.10 mmol) in ca. 10
mL of diethyl ether. The solution was degassed by three freeze-pump-thaw cycles and an
atmosphere of ethylene was introduced. Under a purge of ethylene, a solution of
LiCH2SiMes (0.010 g, 0.10 mmol) in ca. 2 mL of pentane was added by syringe. The

solution immediately turned bright orange in color. After 15 minutes at room temperature,
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the volatile components of the reaction mixture were removed under vacuum. The
remaining residue was extracted with ca. 10 mL of benzene, and the benzene extracts were
filtered through Celite. The filtrate solution was collected and the volatile components were
removed in vacuo. The remaining residue was triturated with pentane (3 x 5 mL) and dried
under vacuum to afford 1-5b as an orange powder (0.090 g, 91%). NMR spectroscopic
data for 1-5b obtained by this route is in agreement with previously reported data.!®® 'H
NMR (500 MHz, benzene-ds): 6 8.24 (apparent d, 2 H, J = 7 Hz, Harom), 7.52 (m, 2 H,
Harom), 7.32 (apparent t, 2 H, J =7 Hz, Harom), 7.18 (apparent t, 2 H, J =7 Hz, Harom), 2.68
(s, 4 H, CoH4), 2.59 (m, 4 H, PCy), 2.05 — 1.98 (overlapping resonances, 6 H, PCy), 1.73 —
1.04 (overlapping resonances, 30 H, PCy), 0.88 — 0.79 (overlapping resonances, 7 H, PCy
+ SiMe; SiMe at 0.86 ppm). >'P{'H} NMR (202.5 MHz, benzene-ds): & 65.4.
(Cy-PSiP)Ir(O’Bu)H (3-1a). A solution of 3-3 (0.020 g, 0.023 mmol) in ca. 7 mL
of pentane was treated with ‘BuOH (0.002 g, 0.023 mmol). The color of the solution
changed from orange to bright yellow upon addition. The resulting reaction mixture was
allowed to stand at room temperature for 1 h, at which point the volatile components were
removed in vacuo. The remaining residue was triturated with 3 x 3 mL of pentane and dried
under vacuum to afford 3-1a (0.018 g, 92%) as an orange solid. "H NMR (benzene-ds): &
8.10 (apparent d, 2 H, J =7 Hz, Harom), 7.47 (m, 2 H, Harom), 7.20 (apparent t, 2 H, J =7
Hz, Harom), 7.12 (apparent t, 2 H, J = 7 Hz, Harom), 2.88 (m, 2 H, CHcy), 2.66 (m, 2 H,
CHgy), 2.48 (m, 2 H, PCy), 2.18— 0.64 (overlapping resonances, 45 H, PCy + O'Bu; the
O'Bu resonance was identified at 1.61 ppm in a '"H-'3C HSQC experiment), 0.90 (s, 3 H,
SiMe), 0.73 (m, 2 H, PCy), -25.11 (t, 1 H, 2Jup = 17 Hz, IrH). *C {'H} NMR (benzene-ds):

8 158.7 (Carom), 144.1 (Carom), 131.8 (apparent t, J =9 Hz, CHarom), 130.2 (CHarom), 128.8
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(CHarom), 126.8 (CHarom), 73.5 (OCMe3), 36.0 (OCMes), 34.5 (apparent t,J= 15 Hz, CHcy),
33.9 (apparent t, J = 16 Hz, CHcy), 30.4 (CHacy), 30.2 (CHacy), 29.9 (CHacy), 28.0 - 26.7
(overlapping resonances, CHacy), 4.4 (SiMe). *'P{'H} NMR (benzene-ds): & 56.5. »Si
NMR (benzene-ds): 6 7.1.

(Cy-PSiP)Ir[O(1-Ad)]H (3-1b). A solution of 3-3 (0.026 g, 0.030 mmol) in ca. 7
mL of pentane was treated with 1-AdOH (0.005 g, 0.030 mmol). The resulting reaction
mixture was allowed to stand at room temperature for 1 h, at which point the volatile
components were removed in vacuo. The remaining residue was triturated with 3 x 3 mL
of pentane and dried under vacuum to afford 3-1b (0.024 g, 83%) as a yellow solid. 'H
NMR (benzene-ds): o 8.11 (apparent d, 2 H, J = 7 Hz, Harom), 7.48 (m, 2 H, Harom), 7.24
(apparent t, 2 H, J=7 Hz, Harom), 7.14 (m, 2 H, Harom), 2.97 (m, 2 H, CHc,), 2.68 (m, 2 H,
CHcy), 2.51 (m, 2 H, PCy), 2.37 (m, 3 H, CHaq), 2.19 — 0.98 (overlapping resonances, 48
H, PCy + 1-Ad), 0.91 (s, 3 H, SiMe), 0.74 (m, 2 H, PCy), -25.05 (t, 1 H, 2Jup = 17 Hz, ItH).
BC{'H} NMR (benzene-ds): & 158.8 (Carom), 144.0 (Carom), 131.8 (apparent t, J = 8 Hz,
CHarom), 130.2 (CHarom), 128.8 (CHarom), 126.8 (CHarom), 71.3 (Cag), 50.9 (CH2adq), 37.8
(CH2aq), 34.4 (m, CHcy), 32.5 (CHag), 30.5 (CHacy), 30.2 (CHacy), 29.9 (CHacy), 28.2 -
26.7 (overlapping resonances, CHacy), 4.1 (SiMe).’'P{'H} NMR (benzene-d): § 56.7. *Si
NMR (benzene-ds): & 7.4.

(Cy-PSiP)Ir[OCH2(C¢F5)]|H (3-1c). A solution of 3-3 (0.033 g, 0.038 mmol) in
ca. 7 mL of THF was treated with HOCH2(CeF5) (0.008 g, 0.038 mmol). The color of the
solution changed from orange to bright yellow upon addition. The resulting reaction
mixture was allowed to stand at room temperature for 2 h, at which point the volatile

components were removed in vacuo. The remaining residue was triturated with 3 x 3 mL
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of pentane and dried under vacuum to afford 3-1c¢ (0.027 g, 72%) as a yellow solid. 'H
NMR (benzene-ds): 6 8.05 (apparent d, 2 H, J = 7 Hz, Harom), 7.39 (m, 2 H, Harom), 7.21
(apparent t, 2 H, J = 7 Hz, Harom), 7.10 (apparent t, 2 H, J = 7 Hz, Harom), 5.36 (br, 2 H,
OCH>(CeFs)), 2.67 — 2.41 (overlapping resonances, 6 H, PCy), 2.17 (m, 2 H, PCy),
2.00—- 0.74 (overlapping resonances, 39 H, PCy + SiMe; the Si-Me resonance was identified
at 0.90 ppm in a 'H-3C HSQC experiment), -25.25 (t, 1 H, 2Jup = 15 Hz, ItH). ’C{'H}
NMR (benzene-ds): 6 159.0 (Carom), 143.1 (Carom), 131.9 (apparent t, J = 9 Hz, CHarom),
130.8 (CHarom), 129.1 (CHarom), 127.0 (CHarom), 35.2 (apparent t, J = 11 Hz, CHcy), 34.7
(apparentt, J= 15 Hz, CHcy), 30.1 (CHacy), 29.6 (CHacy), 28.1 (CHacy), 27.8 (CHacy), 27.2
(CHacy), 26.4 (CHacy), 4.6 (SiMe). *'P{'"H} NMR (benzene-ds): §59.2. "F{'H} NMR
(benzene-ds) 6 -146.2 (br, 2 F, 0-CeFs), -159.2 (br, 1 F, p-CeF's), -163.9 (br, 2 F, m-CeFs).
29Si NMR (benzene-ds): & 7.5.

(Cy-PSiP)Ir(OPh)H (3-2a). A solution of 3-3 (0.031 g, 0.037 mmol) in ca. 7 mL
of THF was treated with HOPh (0.004 g, 0.038 mmol). The color of the solution changed
from orange to bright yellow upon addition. The resulting reaction mixture was allowed to
stand at room temperature for 1 h, at which point the volatile components were removed
in vacuo. The remaining residue was triturated with 3 x 3 mL of pentane and dried under
vacuum to afford 3-2a (0.029 g, 89%) as an orange solid. '"H NMR (benzene-ds): § 8.03
(apparentd, 2 H, J=7 Hz, Harom), 7.38 (m, 2 H, Harom), 7.24 — 7.16 (overlapping resonances,
4 H, Harom), 7.08 (apparent t, 2 H, J = 7 Hz, Harom), 6.90 (d, 2 H, Harom), 6.76 (t, 1 H,
OPhHarom), 2.58 (m, 2 H, CHcy), 2.38 (m, 2 H, PCy), 2.27—- 0.76 (overlapping resonances,
43 H, PCy + SiMe; the Si-Me resonance was identified at 0.94 ppm in a 'H-'*C HSQC

experiment), -25.82 (t, 1 H, 2Jup = 15 Hz, IrH). C{'H} NMR (benzene-ds): & 168.6
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(Carom), 158.6 (Carom), 143.3 (Carom), 132.1 (apparent t, J = 8 Hz, CHarom), 131.0 (CHarom),
129.9 (CHarom), 129.6 (CHarom), 127.7 (CHarom), 119.6 (CHarom), 117.1 (CHarom), 35.6
(apparent t, J = 16 Hz, CHcy), 34.9 (apparent t, J = 16 Hz, CHcy), 30.9 (CHacy), 30.7
(CHacy), 29.8 (CHacy), 28.2 (CHacy), 27.8 - 27.2 (overlapping resonances, CHacy), 26.7
(CHacy), 25.9 (CHacy), 4.9 (SiMe). 3'P{'H} NMR (benzene-ds): §59.1. *Si NMR
(benzene-ds): 0 7.6.

(Cy-PSiP)Ir[O(2,6-Me2CsH3)|H (3-2b). A solution of 3-3 (0.026 g, 0.030 mmol)
in ca. 7 mL of pentane was treated with HO(2,6-Me>CsH3) (0.004 g, 0.030 mmol). The
resulting reaction mixture was allowed to stand at room temperature for 1 h, at which point
the volatile components were removed in vacuo. The remaining residue was triturated 3 x
3 mL of pentane and dried under vacuum to afford 3-2b (0.026 g, 95%) as a yellow solid.
'H NMR (benzene-ds): & 8.05 (apparent d, 2 H, J = 7 Hz, Harom), 7.40 (m, 2 H, Harom), 7.26
— 7.16 (overlapping resonances, 4 H, Harom), 7.11 (m, 2 H, Harom), 6.77 (t, 1 H, J =7 Hz,
Harom), 2.66 (s, 3 H, 2,6-Me>CsHz), 2.54 (s, 3 H, 2,6-Me>CeH3), 2.34— 0.75 (overlapping
resonances, 47 H, PCy + SiMe; the Si-Me resonance was identified at 0.93 ppm in a 'H-
3C HSQC experiment), -26.44 (t, 1 H, 2Jup = 15 Hz, IrH). *C{'H} NMR (benzene-ds):
8 172.8 (Carom), 158.6 (Carom), 143.6 (Carom), 131.8 (apparent t, J = 8 Hz, CHarom), 131.6
(CHarom), 130.3 (CHarom), 129.1 (CHarom), 128.6 (CHarom), 126.9 (Carom), 115.4 (CHarom),
35.7 (apparent t, J = 16 Hz, CHcy), 34.5 (apparent t, /= 16 Hz, CHcy), 27.7 (apparent t, J
= 16 Hz, CHacy), 27.6-27.0 (overlapping resonances, CHacy), 26.5 (CHacy), 18.7 (2,6-
MexCeHs), 17.9 (2,6-MexCeHs), 4.9 (SiMe). 3'P{'H} NMR (benzene-ds): & 57.5. *Si NMR
(benzene-ds): 0 6.8.

(Cy-PSiP)Ir[O(4-Bu(CéH4)|H:[HO(4-'BuCsH4)]2 (3-2¢:[HO(4-BuCsHa)]2). A
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solution of 3-3 (0.026 g, 0.030 mmol) in ca. 7 mL of benzene was treated with HO[4-
‘Bu(CsH4)] (0.020 g, 0.150 mmol). The color of the solution changed from orange to bright
yellow upon addition. The resulting reaction mixture was allowed to stand at room
temperature for 1 h, at which point the volatile components were removed in vacuo. The
remaining residue was triturated with 3 x 3 mL of pentane and dried under vacuum to
afford 3-2¢ (0.027 g, 72%) as a yellow solid. 'H NMR (500 MHz, benzene-ds): & 8.05
(apparentd, 2 H, J=7 Hz, Harom), 7.39 (m, 2 H, Harom), 7.25 — 7.16 (overlapping resonances,
8 H, Harom), 7.11 (apparent t, 2 H, J = 7 Hz, Harom), 6.84 (br s, 6 H, Harom), 2.58 (m, 2 H,
CHcy), 2.38 (m, 2 H, CHcy), 2.30 — 2.17 (overlapping resonances, 4 H, PCy), 2.03 (m, 2 H,
PCy), 1.88 (m, 2 H, PCy), 1.78 (m, 2 H, PCy), 1.71- 0.81 (overlapping resonances, 60 H,
PCy + '‘Bu + SiMe; the ‘Bu and Si-Me resonances were identified at 1.34 and 0.95 ppm,
respectively, in a 'H-">C HSQC experiment), -25.72 (t, 1 H, 2Jup = 15 Hz, IrH). *C{'H}
NMR (125.8 MHz, benzene-ds): 6 158.5 (apparent t, J = 20 Hz, Carom), 143.1 (apparent t,
J =27 Hz, Carom), 138.5 (br, C-Bu), 131.8 (apparent t, J = 9 Hz, CHarom), 130.6 (CHarom),
129.1 (CHarom), 127.3 (CHarom), 126.6 (br, CHarom), 119.7 (br, CHarom), 35.1 (apparent t, J
= 14 Hz, CHcy), 34.3 (apparent t, J = 10 Hz, CHcy), 34.0 (CMe3), 32.1 (CMe3), 30.5
(CHacy), 30.4 (CHacy), 29.4 (CHacy), 27.9 (CHacy), 27.6 (CHacy), 27.3 —26.9 (overlapping
resonances, CHacy), 26.4 (CHacy), 4.7 (SiMe). 'P{'H} NMR (202.5 MHz, benzene-dp):
5 58.8. 2°Si NMR (99.4 MHz, benzene-ds): & 7.4.

(Cy-PSiP)Ir(OH)H (3-4). A solution of 3-3 (0.055 g, 0.064 mmol) in ca. 7 mL of
pentane was treated with degassed water (0.001 mg, 0.064 mmol). The color of the solution
changed from orange to yellow upon addition. The resulting reaction mixture was allowed

to stand at room temperature for 1 h, at which point the volatile components were removed
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in vacuo. The remaining residue was triturated with 3 x 3 mL of pentane and dried under
vacuum to afford 3-4 (0.040 g, 78%) as a yellow solid. 'H NMR (benzene-ds): & 8.09
(apparent d, 2 H, J =7 Hz, Harom), 7.42 (m, 2 H, Harom), 7.23 (apparent t, 2 H, J = 7 Hz,
Harom), 7.11 (apparent t, 2 H, J=7 Hz, Harom), 3.65 (brs, 1 H, OH), 2.63 - 2.47 (overlapping
resonances, 6 H, PCy), 2.20 - 0.97 (overlapping resonances, 38 H, PCy), 0.94 (s, 3 H,
SiMe), -23.92 (t, 1 H, 2Jup = 15 Hz, IrH). PC{'H} NMR (benzene-ds): & 159.3 (Carom),
143.5 (Carom), 131.9 (apparent t, J = 8 Hz, CHarom), 130.7 (CHarom), 129.0 (CHarom), 127.0
(CHarom), 35.4 — 34.7 (overlapping resonances, CHcy), 30.2 (CHacy), 30.0 (CHacy), 28.4
(CHagy), 27.5 - 26.4 (CHacy), 4.8 (SiMe). *'P{'H} NMR (benzene-ds): § 57.9. °Si NMR
(benzene-ds): 0 8.5.

(Cy-PSiP)Ir[k2-O(NPh)CO'Bu]H (3-7). A solution of 3-1a (0.027 g, 0.032 mmol)
in ca. 7 mL of pentane was treated with PhNCO (0.004 g, 0.032 mmol), added as a stock
solution in pentane (1 M concentration). The color of the solution changed from orange to
pale yellow upon addition. The resulting reaction mixture was allowed to stand at room
temperature for 2 h, at which point the volatile components were removed in vacuo. The
remaining residue was triturated with 3 x 3 mL of pentane and dried under vacuum to
afford 3-7 (0.025 g, 80%) as an off-white solid. 'H NMR (benzene-ds): & 8.16 (apparent d,
2 H, J=7 Hz, Harom), 7.73 (d, 2 H, J = 7 Hz, Hurom), 7.51 (m, 2 H, Harom), 7.31 — 7.22
(overlapping resonances, 4 H, Harom), 7.15 (m, 2 H, Harom), 6.88 (t, 1 H, J =7 Hz, Harom),
2.73 (m, 2 H, CHcy), 2.39 — 0.66 (overlapping resonances, 54 H, PCy + ‘Bu + SiMe; the
‘Bu and Si-Me resonances were identified at 1.62 and 1.00 ppm, respectively, in a 'H-1*C
HSQC experiment), -23.30 (t, 1 H, 2Jup = 16 Hz, IrH). "*C{'H} NMR (benzene-ds): 5 159.8

(apparent t, J =21 Hz, Carom), 157.5 (OC(O'Bu)N), 146,8 (Carom), 144.8 (apparent t, J =31
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Hz, Carom), 132.2 (apparent t, J = 9 Hz, CHarom), 129.4 (CHarom), 129.0 (CHarom), 128.2
(CHarom), 124.6 (CHarom), 120.6 (CHarom), 79.0 (OCMes), 37.2 (apparent t, J = 14 Hz,
CHcy), 36.7 (apparent t, J = 12 Hz, CHcy), 30.1 (CHacy), 29.5 (OCMes), 29.3 (CHacy), 29.0
(CHacy), 28.0 — 26.9 (overlapping resonances, CHacy), 26.2 (CHacy), 5.2 (SiMe). *'P{'H}

NMR (benzene-ds): & 48.0. 2°Si NMR (benzene-ds): & 4.7.

3.4.3 Crystallographic Solution and Refinement Details

Crystallographic data for 3-2¢ was obtained at 193(%2)K on a Bruker
PLATFORM/APEX II CCD diffractometer using graphite-monochromated Mo Ka (A =
0.71073 A) radiation, employing a sample that was mounted in inert oil and transferred to
a cold gas stream on the diffractometer. Crystallographic data for 3-4 was obtained at
173(£2)K on a Bruker D8/APEX II CCD diffractometer using CuKa (A =1.54178 A,
microfocus source) radiation, employing a sample that was mounted in inert oil and
transferred to a cold gas stream on the diffractometer. Data for 3-4 were collected with the
detector set at three different positions. Low-angle (detector 260 = —33°) data frames were
collected using a scan time of 5 s, medium-angle (detector 26 = 75°) frames using a scan
time of 10 s, and high-angle (detector 260=117°) frames using a scan time of 10 s. Programs
for diffractometer operation, data collection, and data reduction (including SAINT) were
supplied by Bruker. Gaussian integration (face-indexed) was employed as the absorption
correction method. Both structures were solved by use of intrinsic phasing methods and
were refined by use of full-matrix least-squares procedures (on F2) with R; based on F,>>
20(F,%) and wR> based on Fo? > —36(Fo?).

In the case of 3-2¢, two equiv. of hydrogen bonded HO(4-'‘BuCsH4) and one equiv.

of pentane were located in the asymmetric unit. One of the HO(4-'BuCsHs) molecules
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contains a ‘Bu substituent that is disordered over two positions. The corresponding carbon
atoms were modeled over two positions (A and B), with refined occupancies of 0.726(7)
for C96A — C99A (refined anisotropically) and 0.274(7) for C96B — C99B (refined
isotropically). The C-C distances of the disordered ‘Bu group were restrained to be
approximately the same by use of the SHELXL SADI instruction. The pentane solvate is

also disordered over two positions (A and B), with refined occupancies of 0.496(7) for

C1SA — C5SA and 0.504(7) for C1SB — C5SB. The 1,2 and 1,3 C—C and C---C distances
within the disordered solvent pentane molecule were restrained to be approximately the
same by use of the SHELXL SADI instruction. All the carbon atoms of the pentane solvate
were refined isotropically. Anisotropic displacement parameters were employed for all
remaining non-hydrogen atoms. The Ir-H (H1) and O-H hydrogen atoms of the two
hydrogen bonded HO(4-BuCsHs4) molecules (H20 and H30) were located in the
difference Fourier map and were refined isotropically. All remaining hydrogen atoms for
3-2¢ were added at calculated positions and refined by use of a riding model employing
isotropic displacement parameters based on the isotropic displacement parameter of the
attached atom.

The structure of 3-4 is disordered as a result of co-crystallized (Cy-PSiP)Ir(OH)H
and (Cy-PSiP)Ir(Cl)H. The site occupancy of O1 and H1O (Ir-OH) was optimized to 75%
and the occupancy of Cl1 (Ir-Cl) was optimized to 25%. The disordered molecule lies on

a crystallographic symmetry element, such that one portion (corresponding to primed

atoms) is related to the other by the operation (x, y, +3/2, z). Two equiv. of diethyl ether
were located in the asymmetric unit and were refined in a satisfactory manner. Anisotropic

displacement parameters were employed for all non-hydrogen atoms. The Ir-H (H1) and
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O-H (H10) hydrogen atoms were located in the difference Fourier map and were refined
isotropically. All remaining hydrogen atoms for 3-4 were added at calculated positions and
refined by use of a riding model employing isotropic displacement parameters based on the
isotropic displacement parameter of the attached atom. Additional crystallographic

information is provided in Appendix A.
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Chapter 4: Iridium Mediated Si-H Bond Oxidative Addition, Synthesis
of (Cy-PSiP)Ir-L Complexes Stabilized by a Neutral L. Donor and
Synthesis of Cationic Ir'"' and Rh™ Species

4.1 Introduction

In addition to further bond activation chemistry, Chapter 4 focuses on the
development of cationic species capable of Si-H bond activation. In order to understand
why such studies are important, it is crucial to acknowledge how previous contributions to
this type of chemistry constitute a solid base for the work described herein. Pioneering

1T

work by Bergman and co-workers have shown cationic 16-electron Ir'" complexes of the

type [Cp*(PMe3)Ir(R)]" (R = H, Me) to be highly reactive towards E-H bond activation

9

chemistry, including alkane CH bond activation'" and Si-H bond activation to form

unusual Ir=SiR; silylene species.'?° In an effort to develop related 16-electron cationic Ir'!"
pincer species, Brookhart and co-workers synthesized the bis(phosphinite) pincer complex
[(‘Bu-POCOP)Ir(H)(acetone)]| [B(CeFs)4]~ by treatment of [POCOP]Ir(H), with
(Ph3C)[B(C6Fs)4] in acetone (Scheme 4-1).!?! This complex was shown to be a highly
active catalyst for the reduction of primary, secondary and tertiary alkyl and halides to
alkanes employing Et3SiH as the reductant (Scheme 4-1).'2!12? Catalyst loadings as low as
0.01% were used and reactions could be carried out under solvent-free conditions. A
proposed catalytic cycle for this process involves generation of a highly electrophilic c-
silane species that transfers Et3Si" to the alkyl halide to form a silyl-substituted halonium
ion, Et3SiXR" (X = Cl, Br, I, F), which subsequently reacts with an equivalent of (‘Bu-
POCOP)Ir(H)> to produce the reduced alkane and XSiEt; (Scheme 4-1). Interestingly,

isolation of the proposed o-silane intermediate revealed an unusual end-on n'-SiH

coordination mode, likely adopted due to steric pressure from the bulky ‘BuxP donors which
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prevents the more conventional n>-SiH binding.'??

® H

(‘Bu—POCOP)Ir(
X
o
@ [B(CgF5)s]© H
0—P'Bu 0—P'Bu —| . ®
2 2 RX/HSIEts (‘Bu—POCOP)Ir(
[Ph3C][B(C¢Fs5)4l o
Ir/H acetone Ir/H = cat 7 -sllane \SiEt3
\H > AN complex
o)
’ Y RX
0—P'Bu, O—P'Bu, o M

(tBu-POCOP)Ir

cat
R—X + Et8H —————® R—H + ESiX
23-60°C
[ X =F,Cl,Br, | ] P ®
(‘Bu-POCOP)Ir\ + R-X-SiEty
RH + XSiEt, H

Scheme 4-1. Synthesis of [(‘Bu-POCOP)Ir(H)(acetone)]" for use in alkyl halide reduction
catalysis.

The chemistry of [(‘Bu-POCOP)Ir(H)(acetone)]” has been extended to a variety of
other applications, such as the reduction of ethers (including primary, secondary, and
tertiary alkyl ethers as well as aryl alkyl ethers and poly(ethylene)glycol) in the presence
of Et3SiH (via generation of oxonium ions),'?* the hydrosilylation of carbonyl compounds
(ketones, aldehydes, esters and amides) by Et3SiH (via generation of oxocarbenium
ions),'?*> and the reduction of CO, to methane with trialkylsilanes (via generation of a
formoxysilane).!?® These transformations are all proposed to involve generation of an
electrophilic n'-silane complex of the type [(‘Bu-POCOP)Ir(H)(n'-HSiR3)]". By
comparison, the reduction of tertiary amides to amines with the secondary silane Et;SiH»
was proposed to follow a very different mechanism involving an IrV silyl hydride

intermediate (Scheme 4-2).
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Scheme 4-2. Proposed catalytic cycle for reduction of amides by (‘Bu-
POCOP)IrH3(SiEt2H).

Initial studies found that the combination of [(‘Bu-POCOP)Ir(H)(acetone)]* (0.5
mol %) with Et;SiH> (3 equiv.) at 60 °C enabled the catalytic reduction of aromatic,
aliphatic, heteroaromatic and heterocyclic amides to tertiary amines. An equilibrium
mixture of the neutral Ir'"" complex (‘Bu-POCOP)Ir(H)(SiEt,H) and the IrV species (‘Bu-
POCOP)Ir(H)3(SiEt2H) (from the reaction of (‘Bu-POCOP)Ir(H)(SiEt.H) with H, formed
by the reaction of Et2SiH> and adventitious water) was found to be the resting state during
catalysis (Scheme 4-2). Transfer of Et;SiH" from (‘Bu-POCOP)Ir(H)3(SiEt2H) to the amide
substrate leads to formation of an oxocarbenium intermediate and [(‘Bu-POCOP)Ir(H)s],
which can subsequently react to yield a hemiaminal and (‘Bu-POCOP)Ir(H).. The neutral
Ir dihydride complex can reenter the catalytic cycle by reacting with Et,SiH» to regenerate
(‘Bu-POCOP)Ir(H)3(SiEtH). The hemiaminal reacts with a weak acid (the conjugate acid

of the amide/amine) to generate an iminium ion that is then further reduced to the amine
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by EtSiH,. This study further demonstrates the rich chemistry that cationic Ir pincer
species can undergo with silanes of varied substitution.

The silane activation chemistry of cationic Ir pincer complexes has also been
studied by Tilley and co-workers'?” who utilized a (PNP)Ir derivative, (PNP)IrHz (PNP =
[N(2-PPr2-4-Me-C¢H3)2]"; Scheme 4-3), initially developed by Ozerov and co-workers.'?®
Treatment of (PNP)Ir(H), with the primary silane H3SiMes (Mes = 2,4,6-Me3CgH>) led to
formation of the Ir silyl complex (PNP)Ir(H)(SiH2Mes) (Scheme 4-3). Treatment of the
later complex with [Ph3C][B(CeFs)4] resulted in hydride abstraction and formation of the
readily isolabe cationic Ir silylene species [(PNP)Ir(H)(=SiHMes)]|[B(CsFs)s]. This
complex catalyzes the exclusively anti-Markovnikov hydrosilylation of a variety of
unhindered alkenes with aryl and alkyl-substituted primary silanes (5 mol % catalyst, 60

°C), and produces disubstituted silanes that are inactive toward further hydrosilylation.

_l ® [B(CeFs)a] ©

PiPr, PiPr, PiPr,
HaSiMes /SleMes [PhaCIIB(CoFs)a] /SIHMGS B
N—IrH, ——» —Ir_ —Ir{_ = cat
-H, ‘ H ‘ H
P'Pr, PiPr, PiPr,

Mes = 2,4,6-Me;CgH,

R'

R'
cat.
—/ + H3SIR ——» /—/
H,RSi

Scheme 4-3. Synthesis of a cationic (PNP)Ir silylene complex active for alkene
hydrosilylation catalysis.

The anti-Markovnikov displayed by this (PNP)Ir pincer catalyst is similar to that
observed for the related cationic silylene complex
[Cp*(Pr3P)H2Ru(=SiHPh)][B(C6Fs)4],!* and a similar mechanism was proposed (Scheme
4-4A). The first step of the proposed mechanism involves formation of a disubstituted
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silylene complex via reaction of an H-substituted Ir silylene complex with an alkene. This
is thought to occur via direct insertion of the alkene into the Si-H bond to regenerate a new
alkyl substituted silylene ligand. Subsequent migration of a hydride ligand to Si generates
a new Ir silyl species. In the case of [Cp*(Pr;P)H2Ru(=SiHPh)]" computational studies
suggest that product release and regeneration of the silylene ligand occur by subsequent
low-barrier rearrangements involving several intermediates that contain silyl and hydride
groups, and exhibits nonclassical Si-H interactions.'** Interestingly, in the case of (PNP)Ir,
treatment of (PNP)Ir(H)(=SiPh,)" with an excess of Ph,SiH> resulted in the formation of
the Ir" disilyl complex (PNP)(SiPhy)Ir(SiPh,H)(H).", that possesses a Si-N bond and is
catalytically competent towards alkene hydrosilylation (Scheme 4-4B).!?’® As such, Tilley
proposes that the amido donor of Ir PNP complexes may play an important role in the
mechanism of substrate activation, particularly invoking the migration of hydride or silyl
ligands to the N atom.'*! This work further highlights the unique reactivity of cationic Ir

pincer species with hydrosilanes.

R R
| ' \
 SHR  __/ ® st ® i
A el T, PNPIZ N R el \
E b H R
QPPQ P'Pr,
SiPhy ) H , SiHPh,
B @y Ph,SiH, |r@

Scheme 4-4. Proposed mechanism for alkene insertion into a cationic (PNP)Ir silylene (A)
and synthesis of a catalytically competent IrV disilyl intermediate (B).
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Chapter 4 will present progress towards preparation of iridium and rhodium silyl-
hydride species, as well efforts towards the generation of silylene complexes. Alternative
routes towards the generation and isolation of Ir! species stabilized with neutral L donors
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as well as reactive cationic Ir"" species are also included.

4.2 Results and Discussion
4.2.1 Early Attempts at Si-H Bond Activation via (Cy-PSiP)Ir' and Rh!

Based on results compiled from the study of phosphido-hydride and alkoxy-hydride
complexes, investigation of the reactivity of (Cy-PSiP)Ir! towards Si—H bonds was also
proved interesting. The activation of Si—H bonds is typically more facile than analogous
C-H bonds and Si—H bonds. Due to the high electropositivity of Si, Si-H bonds are
typically hydridic in contrast to the acidic nature of C-H bonds. The nature of these bonds
presents a synthetic challenge, as the generation of silyl anions is notoriously difficult,
precluding the use of salt metathesis as a synthetic strategy towards silyl hydride
complexes. As an entry point for the generation of silyl-hydride complexes, in situ
generation of (Cy-PSiP)M! (M= Ir (1-3), Rh (1-4)) was performed through the reaction of
(Cy-PSiP)M(H)CI (M = Ir (1-1), Rh (1-2)) with LiCH2SiMes in CsHi2 over the course of
15 min at room temperature. Subsequent treatment with one equivalent of tertiary silanes
such as Me>'PrSiH, Me>'BuSiH, Et3SiH or Ph3SiH did not show any evidence of oxidative
addition of the Si—H bond by 3!P NMR. Further reactions were attempted in cyclohexane,
employing 1 to 10 equivalents of tertiary silane, as well as attempts where the reaction was

left overnight at room temperature or stirred for several hours at temperatures up to 65 °C.
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In all cases, the decomposition of (Cy-PSiP)M! was observed, leading to complex mixtures
of unidentifiable products by *'P NMR from which no clean products could be observed
or isolated.

Due to the lack of reactivity found with tertiary silanes, investigation into the
reactivity of secondary and primary silanes was performed. The treatment of 1-3 and 1-4
with PhSiH3 or Et:SiH; in C¢Hi2 at room temperature over the course of 1 h led to a quick
color change from dark orange to light orange-yellow. In each reaction the *'P{!H} NMR
spectra shows the generation of multiple products. The '"H NMR spectra of these reactions
feature multiple signals associated with hydrosilanes, and as such it can be postulated that
substituent redistribution or dehydrocoupling reactions of the silanes may take place,
generating several unidentified products. As previously discussed in Chapter 2, sterics are
seemingly a major factor in the stability and reactivity of these complexes, and has led to
reactions employing bulkier secondary silanes.

Accordingly, the treatment of (Cy-PSiP)Ir' (1-3) with one equivalent of Ph,SiH>,
Mes2SiH2 or Mes2SiHCI in CsHiz2 at room temperature over an hour showed complete
conversion to (Cy-PSiP)Ir(H)(SiHPh2) (4-1), (Cy-PSiP)Ir(H)(SiHMes;) (4-2) and (Cy-
PSiP)Ir(H)(SiClMes:) (4-3) respectively (Scheme 4-5). The formation of 4-2 and 4-3 was
quantitative by *'P{'H} NMR analysis of the crude reaction mixtures (by monitoring
consumption of 1-3) and both complexes were isolated as yellow powder in 81% and 78%
yield, respectively. Discussion of 4-1 will be presented further in this document (vide
infra). Identical reactions were repeated with (Cy-PSiP)Rh' (1-4) and one equivalent of
Ph,SiH, Mes;SiH; or Mes2SiHCI in CgHi2 at room temperature over an hour, but only led

to intractable mixtures from which no clean material could be recovered.
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Scheme 4-5. Synthesis of five coordinate Ir silyl hydride complexes via Si-H oxidative
addition.

Complexes 4-2 and 4-3 share spectroscopic similarities with the (Cy-PSiP) ligand
coordinated in a facial geometry with an overall square pyramidal geometry. The presence
of two distinct resonances by *'P{'H} NMR demonstrates magnetically inequivalent
phosphorus atoms due to the loss of Cs symmetry in the complex. Each signal presents as
a doublet at 60.2 and 43.2 ppm (®Jrpcis = 11 Hz) for 4-2, as well as 59.4 and 42.5 ppm
(®Jppeis = 12 Hz) for 4-3. The "H NMR spectrum shows a doublet of doublets corresponding
to a hydride at —7.96 ppm (“Jpncis = 19 Hz, *Jptsrans = 100 Hz) for 4-2 and —8.42 ppm (*JpHcis
=19 Hz, *Jotrans = 99 Hz) for 4-3. The multiplicity of the signal is indicative of the relative
position of the (Cy-PSiP) ligand compared to the hydride ligand and allows confident
assertion of the general geometry of the complexes. Another notable spectroscopic feature
in complex 4-2 is the resonance corresponding to the proton from the —Si//IMes; fragment.
This signal shows coupling to the phosphine ligand moieties and appears as a doublet of
doublets. The associated >Jpu coupling constants are 12 Hz and 9 Hz for each of the

phosphines. The *Jun coupling between the —SiHMes; proton and the Ir—H hydride has not
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been observed, likely due to the coupling being too small to observe. Additionally, hydride
signals from complexes 4-2 and 4-3 have similar multiplicity, further contributing to the
argument that the *Jun coupling is too small to be observed.

The synthesis of (Cy-PSiP)Ir(H)(SiHPhy) (4-1) can be achieved through two synthetic
rouges. The dehydrohalogenation of 1-1 by LiCH;SiMes in cyclohexane at room
temperature over the course of 15 min generates 1-3 in situ, which can be subsequently
treated with 1.1 equiv. H,SiPh; to form 4-1 over the course of 30 min and shows partial
consumption of starting material (by *'P NMR) and ca. 12% unreacted 1.3, only 36%
conversion to 4-1. The remaining 53% of the reaction mixture was composed of
unidentified products. While this method did not lead to a clean isolation of 4-1, the
generation of (Cy-PSiP)Ir(H)(NH'Bu) (3-3) by reaction of 1-1 with LiNH'Bu in benzene
and subsequent treatment with one equivalent of H2SiPh, shows complete conversion to 4-
1 by *'P{'H} NMR. Contrary to 4-2 where the —PCy moities are inequivalent due to the
fac-k*>-(Cy-PSiP) geometry of the ligand around iridium, 4-1 shows a single resonance at
42.0 ppm which accounts for both phosphines. This suggests that the ligand phosphines
are in equivalent environments and that the complex adopts a mer-k>-(Cy-PSiP) geometry.
The structural difference between these complexes is likely due to the steric difference
between —SiHPh, and —SiHMes:, with the reduced size of the —SiHPh2 fragment being
enough to allow the complex to adopt a distorted trigonal bipyramidal geometry instead of
distorted square pyramidal. In the '"H NMR spectra of 4-2 and 4-3, the metal-hydride
resonance is well resolved and shows as a sharp doublet of doublets. This multiplicity can
be explained due to the geometry of each complex and the electronic environment around

the hydride. For complex for 4-1, only a broad resonance is visible at =9.36 ppm accounting
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for one proton (Ir-H). At room temperature, standard '"H NMR experiments were not able
to resolve distinct splitting patterns for the Ir-H resonance. The broadness of the signal
could be due to a dynamic process involving this hydride. In order to gather more structural
information about this complex, crystals suitable for X-ray diffraction analysis were

obtained from a concentrated solution of the complex in pentane at -35°C.

Figure 4-1. Crystallographically determined structures of 4-1 shown with thermal
ellipsoids drawn at the 50% probability level. Most hydrogen atoms have been omitted for
clarity. Selected interatomic distances (A) and angles (°): Ir-P(1) 2.3184(6), Ir-P(2)
2.3085(6), Ir-H(1) 1.45(4), Ir-Si(1) 2.3829(7), Ir-Si(2A) 2.4266(9), Si(2A)-H(2A) 1.40(4),
P(1)-Ir-P(2) 158.86(2), P(1)-Ir-Si(2A) 107.89(3), P(2)-Ir-Si(2A) 91.97(3), P(1)-Ir-Si(1)
84.42(2), P(2)-Ir-Si(1) 84.39(2), Si(1)Ir-Si(2A) 141.34(3), Ir-Si(2A)-H(2A) 109.5(17).

The crystallographic features of 4-1 are similar to those of 1-1 (Table 4-1), as
both feature a distorted trigonal bipyramidal geometry. An exception to this similarity is
the Ir-H (H1) which leans towards S1A2 from the —SiHPh> moiety, whereas the hydride in

complex 1-1 leans towards the silicon atom from the (Cy-PSiP) ligand backbone.
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Table 4-1. Selected interatomic distances (A) and angles (°) for complexes comparison.
P-Ir-P

Complex diga)xfce (;:;2 SZ;;]? )fAlIl;lI: SA;;]ZI
(Cy-PSiP)Ir(H)CI® (1-1) 2.4143(12) 166.07(4) 130.64(5)  160.6(18) 68.7(18)
(Cy-PSiP)Ir(H)(NHPh)’> 2.056(2)  158.06(3) 137.35(8)  154.4 67.5
(Cy-PSiP)Ir(H)(SiHPh,) (4-1) 23829(7)  158.86(2) 141.34(3)  66.5(16)  151.8(16)
(Cy-PSiP)Ir(H)(PHMes) (2-3¢) 22672(16) 156.65(5) 127.13(6)  150.0(14) 82.5(14)

The #Si NMR spectrum for complex 4-2, displays two distinct resonances
associated with the —SiMe fragment (11.8 ppm) and the —SiHMes; fragment (—16.9 ppm)
respectively. The 2°Si NMR resonances for the analogous chlorosilyl complex 4-3
maintains a similar shift to that of 4-2 for the -SiMe fragment (12.4 ppm), while the
chlorosilyl resonance is markedly more downfield to (45.0 ppm). This downfield shift is
as expected due to the chlorine substituent on Si. These *’Si resonances act as important
indicators for this chemistry, as any modifications to the —SiRMes, group will affect the
29Si shift.

These newly synthesized iridium silyl hydride complexes prompted an interest in
attempting further transformations towards the isolation or observation of silylene
complexes. Work produced by Bergman, Tilley and co-workers has shown that they were
able to synthesize and isolate [Cp*(PMe3)Ir(SiMes2)]* [OTT], which features an extremely
downfield shifted 2Si NMR resonance corresponding to the silylene (=SiMes>) fragment.
This resonance appears at +301 ppm downfield of SiMe4 as a reference and is indicative
of a three-coordinate silylene ligand.'*> This prompted investigation into the ability of
complexes 4-1 and 4-2, both of which contain a—SiHR> moiety, to undergo transformations
that would lead to similar silylene complexes. Thermal stability was initially targeted as a

means to initiate potential 1,2-hydride migration from the silyl fragment (—SiHR2, R = Ph
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(4-1), Mes (4-2)) to the metal center. Work by Tilley and co-workers reports the first
example of a silylene complex prepared by this c-migration method.'** Such a
transformation applied to complexes of the type (Cy-PSiP)Ir(H)(SiHR2) would result in the
desired metal-silylene species (Scheme 4-6).

Q—Pc:yz 1,2-hydride Qpcﬁ
| SiHR, migration |

MeSl—Ir ---------------- . MeSi—/Ir{:SiRz

H
Pc:y2 PCy,

Scheme 4-6. Suggestion of a transformation leading to an iridium silylene complex.

Both 4-1 and 4-2 were heated in benzene-ds at 80 °C overnight in an attempt to
facilitate hydride migration. The samples were monitored by *'P{'H} NMR and were
found to be stable at 80 °C over several hours, with no evidence of Si-H reductive
elimination or 1,2-hydride migration. In perspective, Bergman and co-workers were able
to observe such migrations with various Cp*(PMe;)Ir(SiR3)* (OTf) complexes at room
temperature within 25 min, generating Cp*(PMe3)Ir(R)(SiR20TY) via a proposed silylene
intermediate.'?%* Previous work in the Turculet group has shown an isolable (Cy-
PSiP)Ir(H)(SiOTfPh,) complex with a geometry similar to 4-1 and a 2°Si shift at 58 ppm
corresponding to the —SiOTfPh,.®® Based on observations made by Bergman and Tilley,
silylenes typically have 2?Si NMR resonances in the range of & 200-370 ppm, while (Cy-
PSiP)Ir(H)(SiOT{Phy) is not showing such characteristics.'?’® It is then reasonable to rule
out the possibility that this complex could be a silylene complex of the form (Cy-
PSiP)Ir(H)(=SiPh2)* ~(OTf) similar to Bergman and Tilley. It is likely that the triflate is too
strongly bound to the silyl ligand, or not bulky enough to be forced into an outer-sphere

position. A much larger, weakly coordinating anion such as B(CsFs)s~ or B{3,5-
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(CF3)2C6Hs3}4™ (shortened to BAr') was thought to be better able to stabilize a silylene
complex as it would satisfy the steric and electronic demands.

Employing these reagents, another method was envisioned according to
precedented reactions leading to silylene species.'** Through the use of trityl fluorinated
borate such as trityl tetrakis [3,5-bis(trifluoromethyl)phenyl]borate (shortened to trityl-
BAr") a hydride can be abstracted from a Si-H bond. The reaction of 4-2 in benzene with
1 equivalent of trityl-BAr" at room temperature over the course an hour led to a multitude
of products by *'P{!H} NMR, none of which appear to correspond to the desired silylene
metal complex.

The challenge of isolating or identifying a silylene-containing species of the (Cy-
PSiP) system relative to Bergman’s or Tilley’s Cp*[L] framework is likely due to
electronic differences. An additional challenge associated with a (Cy-PSiP) silylene
complex would be the generation of the silylene located trans to the —SiMe moiety in the
ligand backbone. The added frans-labilizing effect from the (Cy-PSiP) ligand to the already
elusive and unstable silylene fragment adds another layer of difficulty to the isolation of
such a species. Future efforts will be directed towards synthesizing a cationic silyl hydride
complex featuring a weakly coordinating counter anion, potentially promoting silylene
formation. Alternatively, a strategy of base stabilizing'®® or silylene trapping!*® could be

helping in observing, at least in situ, these type of silylene complexes.
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4.2.2 Synthesis of (Cy-PSiP)IrCO

Previous work in the Turculet group as well as the work presented in this document,
employs the use of the low coordinate, 14-electron (Cy-PSiP)Ir' (1-3) fragment which
demonstrates interesting results for C-H, N-H and P-H bond activation.??®3256 Thijs
complex has proven capable of aggressively cleaving these relatively strong bonds, but
appears to be too reactive towards Si-H bond activation, leading to uncontrollable
transformations for the smaller, more reactive secondary and primary silanes. These results

have driven the efforts of this study away from the isolation of Ir'

silyl hydride species.
Having observed that the reaction of in situ generated (Cy-PSiP)M!' (M = Ir (1-3), Rh (1-
4)) with hydrosilanes did not lead to the formation of isolable metal silyl complexes (with
the exception of complexes 4-1, 4-2 and 4-3), synthesis of stabilized M! complexes was
instead pursued in the hope that such complexes might exhibit favorable and controllable
reactivity with Si-H bonds. In this context, carbonyl adducts of the type (Cy-PSiP)M(CO)
(M = Ir, Rh) were initially targeted. The carbonyl ligand was chosen due to its low steric
profile as well as its propensity to reduce the electron density at the metal center (via m-
backbonding effects), potentially taming the reactivity of (Cy-PSiP)M! such that further
substrate transformations at the metal center may still be possible. The possibility of
carbonyl insertion processes also opens up avenues for further substrate transformations
once oxidative addition has occurred.

Several synthetic options for the preparation of (Cy-PSiP)Ir(CO) (4-5) are available
(Scheme 4-7). The treatment of (Cy-PSiP)It! (1-3) with CO was not prioritized as a

synthetic route as the potential formation of a dicarbonyl complex would be difficult to

avoid. Initial attempts to prepare 4-5 thus involved reacting Vaska's complex trans-
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IrC1(CO)(PhsP), with the tertiary silane (Cy-PSiP)H. After two hours of heating at 65 °C,
95% conversion of (Cy-PSiP)H to a mixture of two new compounds was observed by
3P {'H} NMR, as indicated by the appearance of two new resonances at 44.5 and 41.5 ppm
(1:3 ratio, respectively; cf. (Cy-PSiP)Ir(H)CIl at 61.1 ppm). This mixture of products is
assigned as a mixture of isomeric (Cy-PSiP)Ir(H)(C1)(CO) (4-4a,b) species (Scheme 4-7).
The reaction mixture contained an excess of PhsP that is liberated during the formation of
4-4a,b, a drawback to using Vaska's complex. Attempts to isolate 4-4a,b free of PhsP
proved challenging due to the similar solubilities of both compounds. Multiple washes of
the crude product with pentane dramatically decreased the yield of 4-4a,b and did not result
in sufficient purification of the crude material. As a result, a synthetic route that avoids
Ph;P was pursued. Treatment of 1-1 with CO (1 atm) in THF led to the quantitative
formation (by >'P NMR) of a mixture of 4-4a,b isomers, (ca. 1:1 to 1:3 ratio, respectively).
Complexes 4-4a,b were readily isolated in 93% yield as a mixture of isomers when
prepared by this route. The 'H NMR spectrum of isolated 4-4a,b complexes (benzene-ds)
contains two Ir-H resonances at -8.87 (t, 2Jup = 17 Hz) and -20.1 ppm (t, 2/up = 14 Hz),
consistent with the formulation of 4-4a,b as a mixture of isomeric species in which the

hydride ligand is coordinated cis to chemically equivalent PCy, groups.
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Scheme 4-7. Synthesis of (CyPSiP)IrCO (4-5) complex.

Treatment of isolated 4-4a,b with LiCH>SiMe; resulted in dehydrohalogenation to
form the Ir' carbonyl complex 4-5 (Scheme 4-7), which gives rise to a characteristic
31P{'H} NMR resonance at 71.7 ppm and an IrCO stretch at 1927 cm™ in the IR spectrum
of the isolated complex. While complex 4-5 has been isolated in yields of up to 68% by
this route, its formation appears to be extremely sensitive to the reaction parameters and
the yield is highly variable. Product mixtures can often contain several additional
unidentified (Cy-PSiP)Ir species (by >'P NMR), as well as significant quantities of the
dicarbonyl complex (Cy-PSiP)Ir(CO); (4-6), which was independently prepared (vide
infra). Complex 4-5 was partially characterized in situ due to the challenge associated with
its isolation. The formation of 4-6 in these reactions in the absence of added CO suggests
that free CO is generated during the course of the dehydrohalogenation process. As isolated
4-4a,b itself appears to be immune to CO loss, it may be that (unobserved) intermediates

of the type (Cy-PSiP)Ir(H)(CH2SiMe3)(CO) can undergo loss of a CO ligand, which is
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subsequently trapped by 4-5. The use of alternative reagents, including neopentyllithium,
"BuLi, CsCOs or NEt3, for the dehydrohalogenation of 4-4a,b did not result in the clean
formation of 4-5.

Attempts to dehydrohalogenate 4-4a,b in situ without the thorough removal of
excess CO from the reaction mixture resulted in the quantitative formation (by *'P NMR)
of the dicarbonyl complex 4-6 (Scheme 4-8). Complex 4-6 was readily isolated in 77%
yield and features a >'P NMR resonance at 48.3 ppm. No metal hydride resonances were
detected in the 'H NMR spectrum of 4-6. Crystals of 4-6 suitable for X-ray diffraction

analysis were grown from a concentrated THF/pentane solution at room temperature.
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Scheme 4-8. Synthesis of 4-6 and 4-7 via dehydrohalogenation of 4-4a,b.

The solid state structure of 4-6 (Figure 4-2) confirms the formulation of this
complex as a five-coordinate dicarbonyl complex. The coordination geometry at the Ir
center is approximately trigonal bipyramidal, with the PCy>, donors occupying equatorial
sites. One carbonyl ligand occupies an axial coordination site ¢trans to Si, while the second
CO is bound in the remaining equatorial site. While the majority of crystallographically

characterized (Cy-PSiP)Ir complexes feature tramns-disposed phosphino ligand arms,
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examples of fac-i>-(Cy-PSiP) coordination to a metal center are known,
commonly observed in the absence of a strong electronic preference for mer-«>-(Cy-PSiP)
coordination (e.g. the requirement for square planar coordination geometry in four
coordinate d® metal complexes enforces mer-i*> binding of PSiP ligands). In related five-
coordinate complexes such as 1-1, the observed mer-i*>-(Cy-PSiP) coordination is possibly
enforced by Si---H bonding interactions between the silyl donor and the Ir-.2%® In the

absence of a hydride ligand, as in the case of 4-6, fac-x>-(Cy-PSiP) coordination appears

to correspond to the ground state structure.

Figure 4-2. The crystallographically determined structure of 4-6 shown with 50%
displacement ellipsoids. All H atoms have been omitted for clarity. Selected interatomic
distances (A) and angles (°): Ir-P1 2.332(1), Ir-P2 2.343(1), Ir-Si 2.410(1), Ir-C1 1.922(1),
Ir-C2 1.879(1), PI1-Ir-P2 123.08(1), Si-Ir-C1 172.84(1), P1-Ir-C2 114.23(1), P2-Ir-
C2 118.64(1), C1-Ir-C2 99.59(10).

When an excess (5 equiv.) of LiCH>SiMes was used to dehydrohalogenate 4-4a,b,
3IP{'"H} NMR analysis of the reaction mixture indicated the formation of a previously
unobserved product (Scheme 4-8) as the major species with a resonance at 26.2 ppm. This
complex, identified as (Cy-PSiP)Ir(CH2SiMe3)COLIi (4-7) was isolated in 89% yield and
crystals suitable for X-ray diffraction analysis were grown from a concentrated Et2O/THF

solution at low temperature (-35 °C). The crystallographically determined structure (Figure
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4-3) revealed a five-coordinate zwitterionic Ir alkyl complex of the type (4-
7+(OEt)15(THF)15). The formally anionic Ir center features trigonal bipyramidal
coordination geometry with Si coordinated in an axial site, while the PCy> ligand arms
occupy equatorial positions. The CH2SiMes group is coordinated frans to Si and a CO
ligand occupies the final equatorial site. A tetrahedral solvated Li cation is coordinated to
the oxygen atom of the carbonyl. As anticipated, the C1-O1 bond distance of 1.198(1) A
is elongated relative to that of free CO (1.128 A) as well as relative to the C2-O2 bond
distance of 1.149(1) A observed for the equatorial CO ligand in 4-6, which is consistent
with increased m-backdonation from the formally anionic Ir center that can be envisioned
to place a partial negative charge on O2. In accordance with this proposal, The Ir-C1
distance of 1.830(1) A is slightly shorter than the Ir-C2 distance of 1.879(1) A observed
for 4-6. The fac-like coordination of the «*>-(Cy-PSiP) ligand in 4-7 is analogous to that

observed for 4-6, which once again highlights the structural variability of PSiP ligation.

Figure 4-3. The crystallographically determined structure of 4-7¢(OEt2)1 s(THF):1.5 shown
with 50% displacement ellipsoids. All H atoms and selected carbon atoms have been
omitted for clarity. Selected interatomic distances (A) and angles (°): Ir-P1 2.334(1), Ir-P2
2.310(1), Ir-Sil 2.345(1), Ir-C1 1.830(1), Ir-C2 2.257(1), P1-Ir-P2 124.19(1), Sil-Ir-
C190.03(1), Sil-Ir-C2 166.24(1), Ir-C1-O1 168.41(1).
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The isolation of 4-7 was unexpected, and indicates that the dehydrohalogenation of
4-4a,b is likely to be quite concentration dependent, and is likely part of the reason yields
of 4-5 from this reaction are so variable. Examples of anionic late metal alkyl complexes
are precedented in the literature.!*” It is possible to envision the abstraction of the alkyl
ligand from 4-7 with a Lewis acid such as BPhs that may provide a more reliable route to

the carbonyl complex 4-5 but this hypothesis has not been tested yet.

4.2.3 Synthesis and Reactivity of (Cy-PSiP)Rh(CO)

The synthesis of an analogous Rh complex was also pursued following a similar
synthetic protocol to that developed for the synthesis of (Cy-PSiP)Ir(CO) (4-5). (Cy-
PSiP)Rh(H)CI (1-2) was first treated with CO (1 atm), leading to the quantitative (by *'P
NMR) consumption of the hydrido chloride starting material and the formation of two
isomeric complexes (Cy-PSiP)Rh(H)(CI)(CO) (4-8a,b) (Scheme 4-9). These two
complexes give rise to >'P{'H} NMR resonances at 71.0 (d, 'Jrwp = 106 Hz) and 69.5 ppm
(d, 'Jrnp = 106 Hz) in a ratio of 4:1, respectively. The "TH NMR spectrum of 4-8a,b features
two hydride resonances at -8.92 (m) and -9.22 ppm (m), which is consistent with the
formation of isomeric carbonyl complexes. Complexes 4-8a,b were readily isolated in 82%
overall yield as a mixture of isomers. Treatment of 4-8a,b with one equiv. of LiCH2SiMe;
resulted in the quantitative (by *'P NMR) formation of the desired Rh' carbonyl complex
(Cy-PSiP)Rh(CO) (4-9) (Scheme 4-9), which is characterized by a *'P {!H} NMR
resonance at 76.6 ppm (d, 'Jrnp = 155 Hz) and can be isolated in 88% yield. Unlike the Ir
carbonyl analogue, the synthesis of 4-9 is readily reproducible and did not show any
evidence for (Cy-PSiP)Rh(CO); or instability of 4-9 leading to the latter. Crystals suitable
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for X-ray diffraction analysis were obtained from a concentrated pentane solution of 4-9 at

room temperature (Figure 4-4).

Figure 4-4. Crystallographically determined structures of 4-9 shown with thermal
ellipsoids drawn at the 50% probability level. Hydrogen atoms have been omitted for
clarity. Selected interatomic distances (A) and angles (°): Rh-P1 2.2863(4), Rh-P2
2.2764(4), Rh-C2 1.8993(19), Rh-Si 2.3489(5), C2-O1 1.143(2), P1-Rh-P2 152.061(17),
Si-Rh-C2 164.70(16), P1-Rh-C2 101.27(6), P2-Rh-C2 101.07(6), C1-Si-Rh 114.38(7).

PCy, PCy,
Wl Lo
MeSi—Rh“‘\H 1-2 MeSi—/Rﬁ—I 4-10
’ Me'
PCy, PCY2

o at E = SiH,Ph, SIEtH, SiPhs,
l (1 atm) BPin, C=CPh, hexyl, H

PCy, PCY2 PCy>
‘ \\CI \ L0
& L|CHZS|Me3 S

MeSi—Rh—C |—Rh—CO MeSi—Rh—E
V4 Me4S| -LiCl /
H H
PCY2 PCyZ PCy2
+ isomer
4-8a,b 49

Scheme 4-9. Synthesis of 4-9 via dehydrohalogenation of 4-8a,b and reactivity of 4-9
towards E-H bonds and Mel leading to 4-10.
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In an effort to determine if 4-9 undergoes oxidative addition reactions, the carbonyl
complex was treated with one equiv. of Mel in a pentane solution. *'P{'H} NMR analysis
of the reaction mixture indicated complete consumption of 4-9 over the course of an hour
at room temperature along with clean formation of (Cy-PSiP)Rh(Me)(I)(CO) (4-10)
(Scheme 4-9). This new complex gives rise to a single resonance at 56.9 ppm (d, 'Jprn =
103 Hz). The 'H NMR spectrum of 4-10 features a well resolved doublet of triplets at 0.41
ppm (3 H, 'Jurn = 2 Hz, 2Jpn = 7 Hz) that is assigned as the methyl bound to the rhodium
center (RhMe). Attempts to observe E-H bond activation with 4-9 were not successful as
no reaction was observed upon treatment of 4-9 with PhSiH3, Et,SiH>, Ph3SiH, HBPin,
phenylacetylene, 1-hexene or Ha, even after heating the reaction mixtures (up to 80 °C) for
extended periods (ca. 8h) in benzene. Thus, while 4-9 can undergo oxidative addition of

activated substrates such as Mel, it is unreactive towards less polar bonds.

4.2.4 Investigation of Other (Cy-PSiP)Ir-L Complexes

As the synthesis of the carbonyl complex (Cy-PSiP)Ir(CO) (4-5) demonstrates
challenging and condition dependent behavior, as well as (Cy-PSiP)Rh(CO) (4-9) being
unreactive towards E-H bond activation, an effort was made towards the development of
different (Cy-PSiP)Ir-L complexes. Candidates for the L donor would ideally be labile and
easy to ligate to the metal in a controlled fashion. Initial options include trialkylphosphines
(such as PMes or PCys) which may be able to dissociate from the metal center following
E-H oxidative addition, to open up a coordination site on the metal center. No reaction
between complex 1-1 and one equivalent of PCy; was observed. Although the reaction of

1-1 with one equivalent of LiCH>SiMes in C¢Hi2 to generate 1-3 in situ followed by the
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addition of one equivalent of PCys leads to a mixture of products by *'P{'H} NMR from
which no clean product could be isolated. Among the observed products several broad
resonances were observed, and it is reasonable to envision a dynamic process wherein PCy3
is engaged in reversible coordination to the iridium center. As reliability and ease of
monitoring is important for the future reactivity of (Cy-PSiP)Ir-L complexes, studies with
this ligand were not pursued further.

A similar attempt was made with PMes, where 1-1 was reacted with 1 equivalent
of PMes in C¢Hs at room temperature for 10 min. The initial bright yellow solution
transitioned to a cloudy pale yellow. After removal of the solvent and volatile components,
a'P{'H} NMR spectrum was taken in C¢Ds revealing the presence of two distinct species
in a 1:4 ratio. These two complexes are identified to be (Cy-PSiP)Ir(H)(CI)(PMe3) and its
structural isomer (4-11a,b). These two species have similar spectroscopic features, they
both show a doublet and a triplet (32.3 (d), -53.7 (t) ppm for 4-11a; and 34.0 (d), -56.5 (t)
ppm for 4-11b), corresponding respectively to the two PCy> phosphines from the ligand,
and the triplet being the coordinated PMes. The multiplicity suggests the ligand is in a mer-
«>-(Cy-PSiP) coordination mode as the two PCy, phosphines give rise to a single
resonance. The '"H NMR spectrum shows a Ir—H hydride resonance at -23.46 ppm as a
doublet of triplets (3Jpmesn = 7 Hz, 2Jpcyan = 16 Hz, for 4-11b) for the minor isomer,
suggesting that the hydride is cis to all three phosphines. For the major isomer, another
doublet of triplet at -13.0 ppm and (%Jpmesn = 126 Hz, 2Jpcyon = 20 Hz, for 4-11a) exhibits
a larger coupling constant, suggesting that the hydride is trans to the -PMe3 fragment,
while the smaller cis coupling indicates the two PCy, phosphines moieties are cis to the

hydride. The six-coordinate complexes 4-11a,b can then be treated with LiCH>SiMes
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resulting in the dehydrohalogenation of the two isomers. The resulting solution is dark red,
and the powder isolated after purification bright red. *'P{'H} NMR analysis revealed a
single set of two resonances as a doublet at 70.6 ppm and a triplet at —21.2 ppm. This
compound is identified as (Cy-PSiP)Ir(PMes;) (4-12), a compound previously synthesized
in the Turculet group.®® The spectroscopic data obtained in this experiment matches the
previously reported data. Despite being a simple, scalable compound to synthesize, PMes
is a very strong L donor and tends to hinder reactivity due to its small size and lack of
lability. This removes PMes as an ideal candidate for effective stabilization of (Cy-PSiP)Ir-
L complexes.

In an effort to design a (Cy-PSiP)Ir-L complex stabilized by a weaker L donor, (Cy-
PSiP)Ir(C2H4) (1-5b) (first synthesized by a former member of the Turculet group) was
revisited.®® Minor modifications to the procedure allowed the reaction to be more easily
reproduced and the product isolated in more consistent yields (~90%). An equivalent of
LiCH>SiMe3 added to a solution of 1-1 in diethyl ether in a thick walled Teflon sealed
reaction vessel under an atmosphere of ethylene shows an immediate color change from
bright yellow to bright orange. After thorough filtration and removal of volatile
components (Cy-PSiP)Ir(C>H4) (1-5b) can be isolated in 90% yield as a bright orange solid.
3P {'"H} NMR analysis confirms the isolation of 1-5b, as one resonance arises as a singlet
at 65.4 ppm corresponding to the symmetry-equivalent phosphine donors of the (Cy-PSiP)
ligand.®

With the purpose of synthesizing silyl hydride complexes in mind, the reactivity of
1-5b was investigated with a variety of silanes such as Ph3SiH, Me>PhSiH, Et;SiHo»,

Ph,SiH> and PhSiHs. For the tertiary silanes Ph3SiH and Me>PhSiH the reaction was
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carried in benzene from 1 up to 10 equiv. of silane, over the course of 24 h. No reaction
between 1-5b and the silane was observed by *'P NMR. Reactions involving secondary
and primary silanes such as Et:SiH, PhoSiH, and PhSiH;3 all demonstrated complete
consumption of 1-5b, resulting in a complex mixture of multiple products, similar to the
mixtures observed during the reaction of 1-3 with these substrates. Unfortunately, the
addition of an ethylene neutral L ligand to the iridium metal center to form the 16-electron,
4-coordinate complex 1-5b was not sufficient to tame the reactivity of (Cy-PSiP)Ir!

complexes.

4.2.5 Synthesis and Reactivity of (Cy-PSiP)Rh!! Cationic Species

Having noted that neither in situ generated (Cy-PSiP)Rh' (1-4) nor (Cy-
PSiP)Rh(CO) (4-9) undergo E-H bond activation chemistry in a reliable manner, the
synthesis of cationic Rh™ species of the type (Cy-PSiP)RhH" was pursued in the hope that
such complexes might show increased reactivity towards E-H bonds. Previous work from

the Turculet group has demonstrated the synthesis of Ir'

cation-like species [(Cy-
PSiP)IrH]X (X = OT{, BF4, B(CsFs)4) and the reactivity they exhibit with hydrosilanes that
varied based on the nature of X (Scheme 4-10).% In light of these studies, Rh™ analogues

were targeted.
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Scheme 4-10. Si-H activation chemistry previously observed for complexes of the type
[(Cy-PSiP)IrH]X.

Treatment of (Cy-PSiP)Rh(H)CI (1-2) with AgX (X = OTf, BF4) in fluorobenzene
led to the synthesis of the corresponding (Cy-PSiP)Rh(H)X (X = OTT, 4-13; X = BF4, 4-
14; Scheme 4-11) complexes. Both Rh complexes were isolated as pale-yellow solids in
97% (4-13) and 95% (4-14) yield. Complexes 4-13 and 4-14 each give rise to a single
3P {'"H} NMR resonance at 59.3 ppm (d, 'Jprn= 119 Hz) and 59.6 ppm (d, 'Jern= 119 Hz),
respectively. The '"H NMR spectra for these complexes each features an upfield-resonance
hydride signal at -22.4 ppm (dt, 'Jurs = 31 Hz, 2Jup = 13 Hz) for 4-13 and -24.4 ppm (m,
broad) for 4-14. In the case of 4-14, the '°F NMR spectrum exhibits a broad resonance at -
112.9 ppm, which may indicate exchange of the fluorine atoms of the BF4~ anion due to a
dynamic process such as coordination/decoordination of the fluorine atoms to Rh. X-ray
quality crystals of both 4-13 and 4-14 were obtained from concentrated pentane solutions

at low temperature (-35 °C) (Figure 4-4).
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Scheme 4-11. Synthesis of (Cy-PSiP)Rh™ cation-like complexes (4-13 and 4-14).

The solid state structures of 4-13 and 4-14 both indicate inner sphere coordination
of the OTf™ and BF4™ anions (Figure 4-5; Table 4-2), analogous to observations made for
the corresponding Ir species.®® Complex 4-13 exhibits distorted square-based pyramidal
geometry in the solid state, with the Si atom occupying the apical position. The Rh-O1
distance of 2.305(1) A for 4-13 is longer than the Ir-O distance of 2.288(2) A observed for
(Cy-PSiP)Ir(H)OTT, and even longer than the Ir-O distance of 2.216(10) A reported for
Bergman's Cp*(PMes)Ir(Me)(OTY).!3? In the case of 4-14 the primary Rh-F interaction is
via F1, exhibiting a Rh-F1 distance of 2.301(1) A, once again, is longer than the Ir-F1
distance of 2.288(3) A observed for (Cy-PSiPIr(H)BF4. Like the Ir analogue, complex 4-
14 also features a relatively short Rh---F2 distance of 2.506(1) A, which is within the sum
of the van der Waals radii for these two atoms. While «!-BF4 coordination to a metal center
is well known, examples of additional M—F interactions in mononuclear BF4 complexes
are rare, with only a handful of examples of Mo, Ag, and Zn complexes featuring such
additional interactions having been crystallographically characterized.'*® The short
Rh---F2 distance may simply be due to coincidental orientation of the BF4~ anion. The
observation of a Rh-bound BF4~ anion in the solid state for 4-14 does not agree with the
solution '’F NMR data for this complex, which features a single (broad) resonance at room

temperature rather than distinctly inequivalent F environments, as expected based on the
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solid state structure. However, it is possible that the BF4  anion may undergo
intramolecular fluorine exchange processes or exhibit fluxionality between inner and outer
sphere coordination modes in solution, thus leading to the broad singlet observed by '°F

NMR spectroscopy.

Figure 4-5. Crystallographically determined structures of 4-13 and 4-14 shown with 50%
displacement ellipsoids. All non-hydrido H atoms have been omitted for clarity.

Table 4-2. Selected interatomic distances (A) and angles (°) for 4-13 and 4-14.

Bond Lengths (A)
Rh-P1 2.329(1) Rh-H1 1.43(1)
4-13 Rh-P2 2.310(1) Rh-O1 2.305(1)
Rh-Si 2.252(1)
Rh-P1 2.305(1) Rh-H1 1.515(1)
4-14 Rh-P2 2.319(1) Rh-F1 2.301(1)
Rh-Si 2.250(1) Rh-F2 2.506(1)
Bond Angles (°)
4-13 P1-Rh-P2 155.59(1) Si1-Rh-O1 105.65(1)
Sil-Rh-H1 76.1(1) H1-Rh-O1 176.57(1)
4-14 P1-Rh-P2 162.05(1) Sil-Rh-F1 114.20(1)
Sil-Rh-H1 72.36(1) H1-Rh-F1 173.2(13)
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The reactivity of 4-13 and 4-14 with Si-H bonds was evaluated through treatment
of these complexes with hydrosilanes. Complex 4-13 was treated with a variety of tertiary
silanes, including Ph3SiH, Et3SiH, and Me,PhSiH. No reaction was observed even upon
heating with up to 10 equiv. of the corresponding silane (THF solution, heating up to 65
°C for 5 days). The secondary and primary silanes Et:SiH> and PhSiH3 were also
investigated, and in each case few (ca. 13% by '"H NMR spectroscopy) evidence of the Si-
H activation products was observed after two days at room temperature. The reaction
mixtures were subsequently heated up to 65 °C for 4 days in THF but no significant
conversion to the desired products was observed. However, significant side reactivity such
as silane dehydrocoupling as well as substituent redistribution was observed as indicated
by unusual resonances by 'H NMR. Similar results were observed when the reactions were
repeated with complex 4-14. These results indicate that the synthesized Rh complexes do
not appear to react with hydrosilanes in a productive manner, contrary to the observations

made for [(Cy-PSiP)IrH]X (X = OTf, BF3).

4.2.6 Attempted Synthesis of (Cy-PSiP)Ir(Me)OTf Complex
After numerous attempts at observing clean and reliable reactivity from (Cy-
PSiP)Ir! type complexes the interest of this study converged towards cationic (Cy-PSiP)Ir'™!

I complexes have shown remarkable reactivity towards Si-H bond

complexes. Cationic Ir
activation and facile C-H(sp®) bond cleavage.!?*!3? In this context, Bergman and co-
workers have shown the potential of Cp*(PMe;3)Ir(Me)OTT and its clean reactivity with
various silanes (Mes3SiH, Ph3;SiH, PhMe,SiH and Ph,SiH»), leading to the isolation of

complexes of the type Cp*(PMe3)Ir(R’)(SiR.0TY) (R = Me, Ph; R’ = H, Me, Ph). Such
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reactivity may be accessible in the (Cy-PSiP) system through synthesis of complexes of
the type [(Cy-PSiP)IrMe]X or [(Cy-PSiP)Ir(L)Me]X (L = neutral 2-electron donor).

The synthesis of (Cy-PSiP)Ir(Me)OTf was initially targeted as previous attempts in
the Turculet group to isolate this complex has proven unreliable. This work revisited the
synthesis where 1-3 generated in situ from the dehydrohalogenation of 1-1 by LiCH>SiMe3
was treated with 1 equiv. of MeOTf in C¢Hi2 at room temperature showing a rapid color
change from bright orange to bright yellow. This reaction shows a new product[(x2—
Me,SiC¢H4PCy»)(xk2—CH4PCy»)Ir(OTH)] (4-15) by 3'P NMR, which gives rise to two
doublets corresponding to magnetically inequivalent —PCy> moieties (Scheme 4-12). The
two doublets (d, 52.6 ppm, “Jeprans = 299 Hz; d, -24.4 ppm, *Jpprans = 299 Hz) show
unusually large coupling, with a value of 299 Hz, in the range of a trans “Jpp coupling.
Additionally, the *'P resonance at -24.4 ppm is significantly more upfield than most of the
shifts observed amongst the complexes synthesized in the Turculet group. The loss of C;
symmetry, as well as the large trans coupling of the two phosphorus containing moieties
is similar to a previously observed complex in the Turculet group. Indeed, the complex
(Cy-PSiP)Pd(Me), when exposed to heat (65 °C, 7h in benzene) undergoes an unusual
structural rearrangement that features a reversible Si-C(sp’) and Si-C(sp?) cleavage
(Scheme 4-12).2% There are several notable differences between complex 4-15 and the
previously reported Pd complex. The geometry about the metal center differs, as the
palladium complex shows a distorted square-planar geometry whereas the iridium complex
is consistent with a distorted square pyramidal geometry with the silicon atom occupying
the apical position. Additionally, in [(x¥2-Me;SiC¢H4PCy)(x2—CgH4PCy,)Pd], the PCy:

donor fragments were found to be cis to each other (d, 68.3 ppm, %Jppcis = 19 Hz; d, -39.2
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ppm, 2Jppcis = 19 Hz) whereas in 4-15 they were found to be trans.

‘ 65 °C | MeOTf
MeSi—Pd—Me ~——= MeSi—Pd—PCy, MeSl—Ir Me‘
‘ Ph,SHCI 7 e t@
then MeLi
PCy, PCYZ PCy,

Mitton, 2009 This work

Scheme 4-12. Examples of (Cy-PSiP) complexes undergoing a structural rearrangement.

From a concentrated solution in Et;O at low temperature (-35 °C), crystalline
material of [(x2-MepSiC¢H4PCy,)(x2—CeH4PCy))Ir(OTH)] (4-15) suitable for single
crystal X-ray diffraction analysis was obtained. The solid state structure of 4-15 reveals a
distorted square pyramidal geometry about the iridium center. The Ci-symmetric structure
also shows that the relative position of the phosphines is effectively trans to one another
(P1-Ir-P2 angle is 163.42(2)°), and that the silicon atom occupies the apical position of the
square based pyramid (Figure 4-6). The structure was also consistent with the formation of

a 4-membered metallocycle.

C1

Figure 4-6. The crystallographically determined structure of 4-15 shown with 50%
displacement ellipsoids. All H atoms have been omitted for clarity. Selected interatomic
distances (A) and angles (°): Ir-P1 2.3050(7), Ir-P2 2.3590(7), Ir-Si 2.3017(7), Ir-C21
2.023(3), Ir-O1 2.1956(1), P1-Ir-P2 163.42(2), Si-Ir-O1 114.19(6), Si-Ir-P1 84.82(2), Si-
Ir-C21 82.61(8).
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Despite several attempts at observing reversible Si-C(sp®) cleavage leading to (Cy-
PSiP)Ir(Me)OTT, no evidence of such complex or any related intermediates was able to be
observed throughout these studies. Based on observations for [(x2-MeySiCgH4PCy»)(x2—
CeH4PCyp)Pd], it is not unreasonable to envision a similar mechanism involving the
formation of (Cy-PSiP)Ir(Me)OTTf as a short lived intermediate that undergoes a Si-C
reductive elimination to form a new Si-Me bond, resulting in a chelated x2—(Cy-
PSiP)Ir'(OTf) intermediate with no Si-Ir bond. This intermediate subsequently undergoes
a Si-C oxidative addition of the Si-Cumi(sp’) bond resulting in the formation of the
metallocycle observed in 4-15 (Scheme 4-13).

Si-C Si-C,

p PC P ary! PC

Q Cyz Q' y2 reductive Q’Cyz oxidative Q‘ y2
MeOTf OTf el:mmat:on Me; addition _OTf

,,,,,

MeSl—Ir Me |—Ir\ oTf| —— > Me\n/-Si—Ir
| ’ Me |
PCy, PCy2 PCy, PCy,
1-3 not observed not observed 4-15

Scheme 4-13. Proposed mechanism for the formation of 4-15.

4.2.7 Synthesis of (Cy-PSiP)Rh(Me)OTf Complex

Despite the surprising results observed during attempted syntheses of (Cy-
PSiP)Ir(Me)OTT, similar reactions were targeted with Rh. In this context, (Cy-PSiP)RhHCI
(1-2) was treated with 1 equiv. of LiCH>SiMes in CsHi2 over the course of 15 min to
generate 1-4 in situ. Then 1 equiv. of MeOTf was added and rapid color change from dark
orange to yellow was observed. The isolated compound was analyzed spectroscopically,
with the 3'P{'"H} NMR spectrum revealing a single resonance (d, 54.6 ppm, 'Jrnp = 120
Hz), indicating retention of Cs-symmetric geometry as well as mer-i>-Cy-PSiP

coordination. This allows assignment of 4-16 as (Cy-PSiP)Rh(Me)OTf (Scheme 4-14). The
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"H NMR of 4-16 displays a resonance associated with the methyl bound to rhodium (Rh-
Me), as the signal multiplicity reveals a doublet of triplets at 0.49 ppm consistent with
coupling to the rhodium atom as well as the two magnetically equivalent phosphines (dt,

0.49 ppm, *Jran = 2 Hz, >Jrnp = 6 Hz).

QPCyZ QPCyZ QPCyZ
| _Cl LiCH,SiMe, | _ MeoTf | oTf

MeSi—Rh —_— MeSi—Rh eS|—Rh
| SH  -LiCl, -SiMe, |
PCy, PCy, PCy2
1-2 1-4 4-16

Scheme 4-14. Synthesis of (Cy-PSiP)Rh(Me)OTTf (4-16).

No evidence of Si-C bond cleavage was observed, inconsistent with the iridium
analogue. Complex 4-16 was heated in benzene at 70 °C over the course of 3 days in an
attempt to observe further transformation, but no evidence of degradation or rearrangement
was observed by *'P NMR. This reaction was informative regarding potential C-H bond
activation, as despite being in an abundance of available C-H(sp”) bonds from the benzene
solution, no (Cy-PSiP)Rh(Ph)OTf was observed. In the work of Bergman and co-workers,
Cp*(PMe;3)Ir(CH3)(OTf) was able to react readily with benzene to cleanly form
Cp*(PMe;3)Ir(Ph)(OTf) as a result of a loss of methane and benzene C-H(sp’) bond
activation.'?®® Additional attempts at reactions with hydrosilanes lead to intractable

mixtures from which no clean material could be isolated.
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4.2.8 Synthesis of (Cy-PSiP)Ir(PMe3)(Me)OTf Complex

Previous attempts to isolate (Cy-PSiP)Ir(Me)OTHT, have revealed this complex to be
elusive by the attempted synthetic route. The addition of a neutral L donor may lead to a
stabilized (Cy-PSiP)Ir(L)(Me)OTf type complex, and to that end, a solution of (Cy-
PSiP)Ir(PMe3) (4-12) in benzene was reacted with 1 equiv. MeOTf at room temperature
over the course of 30 min. As an immediate color change from dark red to pale yellow was
observed, 'P NMR monitoring showed the complete consumption of 4-12 as well as clean,
quantitative formation of a new product which was isolated in >99% yield. The new
complex (Cy-PSiP)Ir(PMe;)(Me)OTTf (4-17) gives rise to three distinct resonances by
3IP{'TH} NMR which suggests that 4-17 is a fac-k>-Cy-PSiP complex possessing three
unique phosphorus environments (Scheme 4-15). The three resonances at 49.1 (dd), 35.6
(dd), -10.3 (dd) ppm respectively account for each phosphorus environment, with two
resonances displaying large %Jppsans = 311 Hz coupling, consistent with the proposed

structure in Scheme 4-15.

|
PCy, @
| . SiMe

MeOTf

MeSi—Ir—PMe; ——— Cy,P|.,, | wPMeg
e .
| Cy P | Me gl [ =
PCy, i o |2 =
oTf N
[
4-12 417 31P{'H} NMR 'H NMR

Scheme 4-15. Synthesis of (Cy-PSiP)Ir(PMes)(Me)OTS (4-17) and selected *'P{'H}; 'H
NMR spectroscopic features of 4-17.

The "H NMR spectrum of 4-17 also desmonstrates an interesting multiplet at 1.20
ppm with /ey coupling to all three different phosphine environments. This resonance

accounts for three protons and corresponds to the methyl bound to iridium. The —PMe;
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ligand gives rise to a doublet of doublets at 1.31 ppm which demonstrates a %Jpu coupling
of 8 Hz as well as a weaker “Jpusans coupling of 2 Hz, as a result of the —PCy» phosphine
being trans to the —-PMe; ligand. In addition, the *“Jpu.is coupling to the other —PCy> moiety
is not observable in this experiment. Overall, the addition of the neutral L donor PMe;
enabled the stabilization of the desired (Cy-PSiP)Ir(PMes)(Me)OTf (4-17) at room
temperature in a solution of CH>Clo.

25°C

no reaction -——
CgHs 8 h

417 4-18
Scheme 4-16. Stability of 4-17 and attempt at C-H bond activation of benzene.

Stability and reactivity experiments were conducted in CsHs despite the partial
solubility of 4-17 in this solvent. A saturated solution of 4-17 in C¢Hg at room temperature
was monitored over a period of 8 h for potential evidence of benzene C-H(sp®) bond
activation. No evidence of such a reaction was observed unlike the complex
Cp*(PMes)Ir(Me)OTf employed by Bergman and co-workers.!?°* The same solution was
then heated to 80 °C for 3 h in C¢Hs showing quantitative conversion to [(x2—
Me,SiCeH4PCy»)(k2—CH4PCy»)Ir(PMes)(OTS)] (4-18) (observed in situ by 3'P{'H}
NMR). Complex 4-18 shows three distinct signals by *'P{'H} NMR (47.9 (dd), -25.4 (m),
-45.5 (dd) ppm) corresponding to three unique phosphine environments. In this context, 4-
18 shares similarities with 4-15 as one of the three phosphorus signals (-45.5 (dd) ppm) is
observed to be unusually upfield, characteristic of a Si-C bond cleavage in the same fashion
observed previously in section 4.2.5 of this chapter (Scheme 4-16). Unfortunately, no

evidence of C-H(sp?) bond activation of benzene was observed over the course of this

141



investigation.

4.2.9 Reactivity of (Cy-PSiP)Ir(PMe3)(Me)OTf Complex

In an effort to understand the reactivity of 4-17, reactions were attempted between
4-17 and a variety of substrates containing C-H and Si-H bonds. Additional efforts were
also directed towards generating cationic species through use of an anion bulkier than
triflate (ie. BF20" = B(CsF5)4"). Initial efforts were made to determine the coordination mode
of the triflate anion in complex 4-17. To do so, a solution of 4-17 in CD,Cl» was prepared
in a J-Young NMR tube. An atmosphere of CO was added to the solution, and an immediate
lightening of the yellow solution was observed. *'P NMR analysis revealed quantitative
conversion of 4-17 to a new product (Cy-PSiP)Ir(Me)(CO)(PMes)" (OTf) (4-19) (Scheme
4-17). The Ir'™ complex 4-19 shows only two resonances by *'P{'H} at 19.2 (d) and -66.6
(t) ppm respectively in a 2:1 ratio. This indicates that the —PCy> moieties in 4-19 are
equivalent due to mer-k>-Cy-PSiP coordination. In the "H NMR spectrum, the signal
associated with the methyl bound to iridium (Ir-Me) gives rise to a doublet of triplets at
0.16 ppm (dt, 3 H, *Jprsans = 15 Hz, *Jeneis = 6 Hz), and shows coupling to two different
phosphine environments with the associated *Jer coupling. The resonance associated with
the —PMes methyls at 1.92 ppm (d, 9 H, %Jpu = 8 Hz) only displays coupling to the
phosphorus atom of ~PMes;, likely due to the *Jpnc;s of the ligand phosphine donors being
too small to be observed in this experiment. An IR spectrum was obtained in CH>Cl; as a
thin film on NaCl plates, showing a CO stretch as an intense band at 2018 cm™'.

This experiment was repeated with NHs, and displayed similar reactivity as NH3
neutral L ligand readily coordinates to the iridium center, forcing the triflate anion into

outer-sphere  coordination. Conversion to the mer-k>-Cy-PSiP complex (Cy-
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PSiP)Ir(Me)(NH3)(PMes3)" (OTf) (4-20) is quantitative , as determined by NMR
spectroscopy (Scheme 4-17). The *'P{'H} NMR spectrum of 4-20 shows two resonances
at 28.1 (br) and -59.1 (t) ppm in a 2:1 ratio. The resonance in the 'H NMR spectrum of 4-
20 corresponding to (IrMe) appears at -0.41 ppm as a not well resolved doublet of triplets,
slightly more upfield than the analoguous 4-19. The —PMe; fragment shows a resonance at
1.79 ppm as a doublet, and the —NH3 protons are associated with a broad signal at 3.17

ppm, common for Ir-NH; complexes.'*’

@
ot P /
PM ; <
. | e3 1 atm. L . SiMe HC=C-'Bu . SiMe
MeSi—Ir—L | <——— cyp|,, I| wPMes — CyoP|.,, | wPMes
Me' — I ) BN
M -
PCy, CrP™ 4 e Cy2P™ \fg
1 oTf OTf u
L=CO (4-19), 417 4-21

NH; (4-20)

Scheme 4-17. Synthesis of (Cy-PSiP)Ir(Me)(CO)(PMes)"(OTf) (4-19), (Cy-
PSiP)Ir(Me)(NHz)(PMes) (OTf)” (4-20) and (Cy-PSiP)Ir(PMes)(CC'Bu)(OTY) (4-21)

After successfully generating outer-sphere iridium cationic complexes through
stabilization by neutral L donor ligands (CO and NHs) and observing that benzene
activation was not successful, a substrate featuring a more reactive C-H bond was tried.
The treatment of 4-17 in benzene at room temperature over the course of 8 h with up to 10
equiv. of benzaldehyde surprisingly did not show any reaction and the starting material left
unchanged. Subsequent heating of the reaction up to 80 °C displayed quantitative
conversion of the starting material to 4-18 regardless of the presence of benzaldehyde, and
this reaction was not pursued further.

A terminal alkyne was then chosen as a candidate for C-H oxidative addition. In
this context, the reaction of 4-17 with 3,3-dimethyl-1-butyne in CH>Cl, at room

temperature over the course of 8 h led to complete consumption of 4-17 to cleanly form
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the new complex (Cy-PSiP)Ir(PMe3)(CC'Bu)(OTf) (4-21), which was isolated as a bright
yellow solid in 93% yield (Scheme 4-17). The *'P{'H} NMR spectrum of 4-21 revealed
three distinct signals at 49.2 (dd), 31.6 (dd) and -11.5 (dd), quite similar to the spectroscopic
features of starting material (4-17). The phosphorus signal distribution suggests a fac-i°-
Cy-PSiP ligand geometry about the iridium metal centre. The absence of an Ir-Me signal
is noticeable in the '"H NMR spectrum of 4-21 and instead a new singlet at 1.35 ppm
accounting for 9 protons is observed. This signal is associated to the tert-butyl group

methyls of the -CC'Bu ligand.

4.2.10 Attempts at the Synthesis of (Cy-PSiP)Ir(PMes)(Me)"[B(CsFs)4]- Complex
The abstraction of the triflate anion by a bulkier, more weakly coordinating anion
such as B(C¢Fs)4™ 1s a known method to access a cationic species where the large counter
anion is in an outer sphere coordination mode.'** This method was investigated in order to
isolate the (Cy-PSiP)Ir(Me)(PMes)" cationic species. To do so, a solution of complex 4-17
in CH2Cl, was reacted with 1 equiv. of LiBF2o or AgBF2¢ at room temperature over the
course of 1 h. In the 'P{'H} NMR spectrum of the newly synthesized complex (Cy-
PSiP)Ir(Me)(PMes) (B(CsFs)4)  (4-22), three distinct resonances (49.6 (dd), 35.6 (m), -10.4
(dd) ppm) can be observed similar to those of 4-17 (Scheme 4-18). The 'H NMR spectrum
displays the characteristic Ir-Me multiplet at 1.20 ppm, also observed in 4-17. While the
31P and 'H resonances are incredibly similar, a crucial difference was observed in the
F{'H} NMR spectrum wherein the resonance at -78.8 (s) ppm associated with the triflate
anion from compound 4-17 is no longer present. Instead, three distinct resonances can be

observed at -133.1 (m), -163.6 (t) and -167.5 (brt) ppm, characteristic of the ortho, para
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and meta fluorine resonances respectively, from the four perfluorinated aryl groups of the

B(C¢F5s)4 anion. This observation is consistent with the expected anion exchange.

A €] ® e
B(CgFs)
I oFs)s PCy,  |B(CoFs)a PCy,
LiB(CeFs5)a Cl
“SiMe or SiMe | _PMey R
] ] MeSi—Ir: MeSi—Ir—PMe
i, | - g, a0 T - —
e - Ir
oy | Mo HOTL oppeT me PCy, -AgCl PCY,
' r
OTf -AgOTf quantitative +isomer
not stable
417 4-22 4-23 4-11a,b

Scheme 4-18. Synthesis of iridium methyl (4-22) and hydride (4-23) cations.

Despite numerous efforts to isolate complex 4-22 for complete characterization, 4-
22 was found to be unstable at room temperature in a solution as well as the solid state, and
would start to convert to a new compound after only a few hours until complete conversion
was observed over several days. To get a better understanding of the transformation, the
compound resulting from the slow conversion of 4-22 was analysed by NMR spectroscopy.
The new compound, (Cy-PSiP)Ir(H)(PMes3) B(CsFs)s™ (4-23) shows only two resonances
by3!'P{'H} NMR as a doublet and a triplet (56.7 (d), -15.1 (t) ppm in a 2:1 ratio), suggesting
that the ligand geometry had changed to mer-i>-Cy-PSiP about the iridium center (Scheme
4-18). The signal associated with the Ir-Me is no longer observable in the 'H NMR
spectrum, but rather a new signal upfield associated with a metal hydride (Ir-H) can be
observed at -10.3 (dt) ppm as a doublet of triplets, and displays 2/pn = 95 Hz and %Jpy = 18
Hz coupling corresponding to the -PMe3 and —PClyx, respectively. The F{'H} spectrum
shows the same resonances for both complexes, corresponding to the perfluorinated aryls
in B(C¢Fs)4. In order to confirm this claim, 4-23 was synthesized by an independent,
alternative route. (Cy-PSiP)Ir(H)(Cl)(PMe3) (4-11a,b) was prepared from the procedure

described in section 4.2.4 of this chapter (vide supra), and was reacted with 1 equiv. of
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AgB(CeFs)4 in benzene, over the course of 1 h. Quantitative conversion was observed by
3P NMR and 4-23 was isolated in 93% yield (Scheme 4-18). This reaction confirms that
the cationic methyl complex 4-22 can be generated in situ but undergoes subsequent
conversion to the cationic hydride complex 4-23, even in the solid state.

The fact that this transformation occurs in the solid state calls the origin of the
hydride (Ir-H) in to question. As the transformation occurs in the solid state, it is likely that
the reaction is intramolecular, and may involve a metalation of a P-Cy cyclohexyl ring by
complex 4-22 which subsequently undergoes f-H elimination leading to a complex similar
to 4-23, where a cyclohexyl ring contains a C-C(sp”) unsaturation (Scheme 4-19).

SN ® o S ® o @ o
B(CeFs)s B(CgFs)s Q B(CeFs)s
. " PCy,
SiMe (Z%siMe

CysP o | W PMeg — MeH - Cy2P|.,, | PMe; ) e

r
cyp” ~Me metalation cyP”” B-H l
of P-Cy elimination
P

4-22 not observed not observed

Scheme 4-19. Proposed mechanism for the slow transformation of 4-22 overtime.

Further investigation in order to improve the stability of cationic iridium methyl

complexes is ongoing, as well as the exploration of the in situ reactivity of complex 4-22.

4.3 Summary and Conclusions

The results presented throughout this chapter show the possibility of synthesizing

and isolating coordinatively unsaturated Ir'!

silyl hydride complexes via Si-H oxidative
addition mediated by (Cy-PSiP)Ir!. This study brings another complementary fragment to
the previously studied N-H, P-H and O-H bond activation.

Complexes of the type (Cy-PSiP)Ir(H)(SiRR’;) (R = H, Cl; R’ = Ph, Mes) are

isolable and stable, although can vary geometrically when compared to amido, anilido and
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phosphido hydride species encountered previously. The distorted trigonal bipyramidal or
distorted square pyramidal configurations commonly is available to five coordinate
complexes are observed, and are variable depending on the steric bulk of the silyl moieties.
Although larger, bulky hydrosilanes were adequate candidates for silyl hydride complex
generation, a noticeable synthetic challenge was encountered towards less bulky secondary
and primary silanes, as no other silyl hydride species were isolated from these experiments.
Interestingly, Rh analogues of the silyl hydride complexes were not isolable and remained
elusive.

A significant amount of effort was also directed towards the observation of silylene
complexes, but despite multiple attempts, terminal Ir silylene complexes were not
observed.

In an attempt to stabilize and tame the uncontrollable reactivity of Ir' towards
smaller hydrosilanes, several (Cy-PSiP)IrL (L = CO, PMes;, CoH4) complexes were
synthesized and their reactivity was tested with reactive Si-H c-bonds. The synthesis of
(Cy-PSiP)IrL also provided challenges, especially towards the isolation of the Ir
monocarbonyl complex, and led to the isolation of several unexpected complexes. (Cy-
PSiP)IrL complexes were not capable of cleanly reacting with hydrosilanes.

The synthesis of cationic Ir'"" and Rh™ was also explored and found to be successful.
Special attention was directed to the synthesis of a cationic Ir methyl cation, and subsequent
reactivity towards C-H was explored. Further challenges arose as attempts were made to
synthesize cationic Ir methyl complexes with bulkier outer sphere anions, and
investigations into a better method for isolation of such complexes are ongoing. These

studies allow for better understanding of the reactivity and the stability of Ir silyl hydrides
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as well as Ir'" and Rh'" cationic species.

4.4 Experimental

4.4.1 General Considerations

All experiments were conducted under nitrogen in an MBraun glovebox or using standard
Schlenk techniques. Dry, oxygen-free solvents were used unless otherwise indicated.
Tetrahydrofuran and diethyl ether were distilled from Na/benzophenone ketyl. Benzene,
toluene, and pentane were sparged with nitrogen and dried by subsequent passage through
a double-column solvent purification system (one activated alumina column and one
column packed with activated Q-5). All purified solvents were stored over 4 A molecular
sieves. Benzene-ds, cyclohexane-di>, and dichloromethane-d> were degassed via three
freeze-pump-thaw cycles and stored over 4 A molecular sieves. The compounds (Cy-
PSiP)Ir(H)CI (1-1) and (Cy-PSiP)Rh(H)CI (1-2),2% as well as HCISiMes,'* , HaSiMes, '
, Li(B(CéFs)a), Ag(B(CeFs)4), and (PhzC)(B(CsFs)4) were prepared according to literature
procedure. All other reagents were purchased from commercial suppliers and used without
further purification. Unless otherwise stated, 'H, 13C, 3'P, and Si NMR characterization
data were collected at 300K on a Bruker AV-300 spectrometer operating at 300.1, 75.5,
121.5, and 59.6 MHz (respectively) with chemical shifts reported in parts per million
downfield of SiMes (for 'H, *C, and #°Si) or 85% H3PO4 in D,0 (for *'P). 'H and *C NMR
chemical shift assignments are based on data obtained from BC-DEPTQ, 'H-'H COSY,
'H-13C HSQC, and 'H-'3C HMBC NMR experiments. 2°Si NMR assignments are based on
'H-2Si HMQC and 'H-*Si HMBC experiments. In some cases, fewer than expected

unique 3C NMR resonances were observed, despite prolonged acquisition times. X-ray
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data collection, solution, and refinement were carried out by Drs. Robert MacDonald,
Michael J. Ferguson, and Yugiao Zhou at the University of Alberta X-ray Crystallography

Laboratory, Edmonton, Alberta.

4.4.2 Synthetic Details and Characterization Data

(CyPSiP)Ir(H)(SiHPh2) (4-1). A solution of 3-3 (0.021 g, 0.025 mmol) in ca. 7
mL of benzene was treated with H2SiPh, (0.009 g, 0.050 mmol). The resulting orange
reaction mixture was allowed to stand at room temperature for 1 h, over the course of the
course of which a color change to bright yellow was observed. 'H and *'P{'H} NMR
analysis of this reaction mixture indicated quantitative conversion 3-3 to 4-1. 'H NMR
(benzene-de): 6 8.21 (d, 2 H, J =7 Hz, Harom), 8.07 (d, 4 H, J =7 Hz, SiPh2, Harom), 7.72
(m, 4 H, SiPh>, Harom), 7.38 (m, 2 H, Harom), 7.29 — 6.98 (overlapping resonances, 6 H,
Harom), 6.59 (brt, 1 H, J= 6.7 Hz, SiHPh»), 2.37 — 0.36 (overlapping resonances, 44 H, PCy
+ SiMe; singlet resonances at 1.34 ppm was identified as corresponding to the SiMe group),
-9.32 (br, 1 H, IrH). *'P{'H} NMR (benzene-ds): & 42.0.

(CyPSiP)Ir(H)(SiHMes:2) (4-2). In a vial, a solution of 1-1 (0.020 g, 0.024 mmol)
was dissolved in CsHi2, then reacted with LiCH>SiMe; (0.003 g, 0.029 mmol) to generate
1-3 in situ. Then, HoSiMes> (0.007 g, 0.029 mmol) was added to the solution. Over the
course of 1 h at room temperature, the solution color changed from dark orange to lighter
orange. After a filtration through Celite, solvent and volatiles were removed in vacuo,
affording 4-2 (0.021 g, 0.021 mmol) in 88 % yield, isolated as an orange solid. '"H NMR
(benzene-de): 6 7.98 (d, 1 H, J= 7.5 Hz, Harom), 7.60 (m, 1 H, Harom), 7.53 (m, 1 H, Harom),

7.49 (m, 1 H, Harom), 7.31 (m, 1 H, Harom), 7.15 (overlapping resonances with benzene-ds
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residual, 1 H, Haom), 7.00 — 6.93 (overlapping resonances, 3 H, ligand backbone +
SiHMes>, Harom), 6.91 (s, 1 H, SiHMes:, Harom), 6.79 (s, 1 H, SiHMes2, Harom), 6.69 (s, 1 H,
SiHMes>, Harom), 5.64 (m, 1 H, SiHMes»), 2.99 (m, 1 H, CHcy), 2.71 (m, 1 H, CHcy), 2.63
(s, 3 H, CMewmes), 2.44 (s, 3 H, CMewmes), 2.35 (s, 3 H, CMemes), 2.23 (s, 3 H, CMewmes), 2.07
— 0.49 (overlapping resonances, 42 H, PCy), 0.59 (s, 3 H, SiMe), -0.43 (m, 1 H, CHacy), -
6.81 (dd, 1 H, 2Jup = 106 Hz, 2Jup = 19 Hz, IrH). 3C{'H} NMR (benzene-ds): & 158.6 (d,
J=51 Hz, Carom), 155.5 (d, J =43 Hz, Carom), 147.1 (Carom), 146.0 (Carom), 144.4 (d, J = 44
Hz, Carom), 144.3 (Carom), 144.1 (Carom), 142.9 (Carom), 142.8 (d, J = 48 Hz, Carom), 141.5
(Carom), 137.2 (Carom), 136.3 (Carom), 132.4 (d, J = 19 Hz, CHarom), 131.6 (d, J = 21 Hz,
CHarom), 130.8 (CHarom), 129.9 (CHarom), 129.0 (CHarom), 128.9 (CHarom), 128.4 (CHarom),
127.5 (CHarom), 127.1 (CHarom), 126.8 (apparent d, J = 5 Hz, CHarom), 41.1 (d, J = 15 Hz,
CHgy), 39.9 (d, J =20 Hz, CHcy), 39.7 (d, J = 10 Hz, CHcy), 38.9 (d, J = 28 Hz, CHcy),
38.1 (CHacy), 38.0 (CHacy), 31.6 (d, J = 6 Hz, CHacy), 31.0 (d, J = 6 Hz, CHacy), 30.9
(CHacy), 29.7 (d, J = 6 Hz, CHacy), 28.9 (d, J = 16 Hz, CHacy), 28.7 (CHacy), 28.5 (d, J =
6 Hz, CHacy), 28.4 (CHacy), 28.1 (d, J = 14 Hz, CHacy), 27.7 (CHacy), 27.7 —27.5
(overlapping resonances, CHacy), 27.1 (CHacy), 26.9 (CHacy), 26.6 (d, J = 12 Hz, CHacy),
26.3 (d, J=12 Hz, CHacy), 25.7 (CMe), 23.3 (CMe), 21.2 (CMe), 21.0 (CMe), 14.3 (CMe),
12.0 (CMe), 1.6 (SiMe). *'P NMR (benzene-de): & 63.7 (d, 1 P, %Jppcis = 15 Hz, PSiP), 34.1
(d, 1 P, %Jppeis = 14 Hz, PSiP). ?°Si NMR (benzene-ds): & 11.5 (SiMe), -16.9 (SiHMes.).
(CyPSiP)Ir(H)(SiClMes:) (4-3). In a vial, a solution of 1-1 (0.031 g, 0.038 mmol)
was dissolved in C¢Hi2, then reacted with LiCH>SiMes (0.004 g, 0.038 mmol) to generate
1-3 in situ. Then, HCISiMes2 (0.011 g, 0.038 mmol) was added to the solution. Over the

course of 1 h at room temperature, the solution color changed from dark orange to lighter

150



orange. After a filtration through Celite, solvent and volatiles were removed in vacuo,
affording 4-3 (0.032 g, 0.030 mmol) in 78 % yield, isolated as an orange solid. 'H NMR
(dichloromethane-d>): 6 7.84 (d, 1 H, J=7 Hz, Harom), 7.75 — 7.64 (overlapping resonances,
2 H, Harom), 7.40 (m, 2 H, Harom), 7.26 (m, 1 H, Harom), 7.14 (m, 2 H, Harom), 6.95 (s, 1 H,
SiClMes2, Harom), 6.68 (s, 1 H, SiClMes2, Harom), 6.64 (s, 1 H, SiClMes2, Harom), 6.59 (s, 1
H, SiClMes2, Harom), 3.10 (m, 1 H, CHcy), 2.73 (m, 1 H, CHcy), 2.60 (m, 1 H, CHcy), 2.25
(s, 3 H, CMewmes), 2.20 (s, 3 H, CMewmes), 2.15 (s, 3 H, CMemes), 2.03 (s, 3 H, CMewmes), 2.49
— 0.39 (overlapping resonances, 40 H, PCy), 0.10 (s, 3 H, SiMe), -0.52 (m, 1 H, CHacy), -
8.42 (dd, 1 H, 2Jup = 99 Hz, ZJup = 19 Hz, ItH). C{'H} NMR (dichloromethane-d>): &
158.7 (Carom), 153.4 (Carom), 148.7 (Carom), 147.2 (Carom), 145.1 (Carom), 144.1 (Carom), 143.1
(Carom), 142.6 (Carom), 142.1 (Carom), 139.6 (Carom), 137.5 (Carom), 136.8 (Carom), 132.5
(CHarom), 132.3 (d, J=21 Hz, CHarom), 131.6 (d, J =21 Hz, CHarom), 130.1 (CHarom), 129.5
(CHarom), 128.9 (d, J =22 Hz, CHarom), 128.8 (d, /=5 Hz, CHarom), 127.4 (CHarom), 126.9
(CHarom), 126.7 (apparent d, J = 6 Hz, CHarom), 45.4 (d, J = 18 Hz, CHcy), 40.6 (d, J =18
Hz, CHcy), 40.2 (d, J = 12 Hz, CHcy), 39.1 (d, J = 28 Hz, CHcy), 37.6 (CHacy), 37.5
(CHacy), 33.2 (d, J =7 Hz, CHacy), 31.3 — 31.1 (overlapping resonances, CHacy), 30.6 (d,
J =6 Hz, CHacy), 29.6 — 27.7 (overlapping resonances, CHacy), 28.0 (CMe), 27.0 —26.3
(overlapping resonances, CHacy), 23.8 (CMe), 22.9 (CMe), 20.8 (CMe), 20.7 (CMe), 10.2
(CMe), 0.9 (SiMe). *'P NMR (dichloromethane-c»): § 59.4 (d, 1 P, 2Jppeis = 12 Hz, PSiP),
42.5(d, 1 P,%Jppcis = 12 Hz, PSiP). *Si NMR (benzene-d): & 44.3 (SiClMes>), 13.1 (SiMe).

(CyPSiP)Ir(H)(CI)(CO) (4-4a, b). A thick-walled glass bomb adapted with a
Teflon stopcock and containing a magnetic stirbar was charged with a solution of (Cy-

PSiP)Ir(H)CI (0.41 g, 0.50 mmol) in ca. 15 mL of THF. The solution was degassed via
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three freeze-pump-thaw cycles and 1 atm. of CO was then introduced to the reaction vessel.
The color of the solution immediately changed from bright yellow to pale yellow. The
reaction mixture was vigorously stirred for an hour at room temperature. The volatile
reaction components were subsequently removed in vacuo and the remaining residue was
triturated with pentane (3 x 5 mL) to afford (4-4a, b) (0.39 g, 93% yield) as a pale yellow
solid. NMR analysis of (4-4a, b) indicated that this compound exists as a mixture of two
isomers (4-4a, b) - a,b formed in a ca. 1:1 up to 1:3 ratio. '"H NMR (benzene-ds): & 8.12
(d, 2 H, J=7 Hz, Harom), 7.97 (d, 2 H, J= 7 Hz, Harom), 7.53 (m, 2 H, Harom), 7.52 (m, 2 H,
Harom), 7.38 (m, 2 H, Harom), 7.25 (m, 2 H, Harom), 7.23 (m, 2 H, Harom), 7.11 (m, 2 H, Harom),
1.88 — 0.82 (overlapping resonances, 88 H, PCy for a + b), 0.91 (s, 3 H, SiMe for a), 0.85
(s, 3 H, SiMe for b), -8.87 (t, 1 H, >Jup = 17 Hz, Ir-H for a), -20.15 (t, 1 H, Jup = 14 Hz,
Ir-H for b). *'P{'H} NMR (benzene-ds): & 44.5 (s, a), 41.5 (s, b).

(CyPSiP)Ir(CO) (4-5). A thick-walled glass bomb adapted with a Teflon stopcock
and containing a magnetic stirbar was charged with a solution of (4-4a, b) (0.39 g, 0.46
mmol) in ca. 15 mL of THF. The solution was degassed via three freeze-pump-thaw cycles
and LiCH,SiMe; (0.44 g, 0.46 mmol) was added. The color of the reaction mixture changed
from pale yellow to dark orange. The reaction mixture was heated at 65 °C for 1 h, over
the course of which the color changed to bright red. The volatile components of the reaction
mixture were subsequently removed in vacuo and the remaining residue was triturated with
pentane (3 x 5 mL) and recrystallized from pentane at -35 °C to afford 4-5 (0.26 g, 68%
yield) as a bright red solid. 'H NMR (benzene-ds): & 8.19 (d, 2 H, J = 4 Hz, Harom), 7.51
(m, 2 H, Harom), 7.31 (m, 2 H, Harom), 7.21 (m, 2 H, Harom), 1.88 — 0.82 (overlapping

resonances, 44 H, PCy), 0.80 (s, 3 H, SiMe).*'P{'H} NMR (benzene-ds): & 71.7. IR (thin
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film, cm™): 1927 (IrCO).

(CyPSiP)Ir(CO)2 (4-6). A thick-walled glass bomb adapted with a Teflon stopcock
and containing a magnetic stirbar was charged with a solution of 1-1 (0.20 g, 0.24 mmol)
in ca. 15 mL of THF. The solution was degassed via three freeze-pump-thaw cycles and 1
atm. of CO was then introduced to the reaction vessel. The reaction mixture was vigorously
stirred for an hour at room temperature. An equivalent of LiICH2SiMe3 (0.022 g, 0.24 mmol)
was added to the reaction mixture without exposure of the solution to vacuum. An
immediate color change from yellow to orange was observed. The reaction mixture was
subsequently heated at 65 °C for 2 h, over the course of which the color changed to dark
orange. The volatile components of the reaction mixture were removed in vacuo and the
remaining residue was triturated with pentane (3 x 5 mL) to afford 4-6 (0.15 g, 77% yield)
as a bright orange solid. *'P{'H} NMR (121.5 MHz, benzene-ds): § 48.2. Crystals of 4-6
suitable for X-ray diffraction analysis were obtained from a concentrated THF/pentane
solution at room temperature.

(Cy-PSiP)Ir(CH2SiMe3)COLi (4-7). A thick-walled glass bomb adapted with a
Teflon stopcock and containing a magnetic stirbar was charged with a solution of (4-4a,b)
(0.15 g, 0.18 mmol) in ca. 10 mL of THF. An excess of LiCH2SiMes (0.083 g, 0.89 mmol)
was added to the solution. A color change from yellow to orange was observed. The
reaction mixture was heated at 65 °C for 2 h, over the course of which a color change to
bright yellow was observed. The volatile components of the reaction mixture were removed
in vacuo and the remaining residue was triturated with pentane (3 x 5 mL) to afford 4-7

(0.142 g, 89% yield) as a bright yellow solid. *'P{'"H} NMR (benzene-d): 5 26.2. 'H NMR
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(benzene-de): & 7.73 (d, 2 H, J =7 Hz, Harom), 7.51 (m, 2 H, Harom), 7.24 (m, 2 H, Harom),
7.13 (overlapping resonances, 2 H, Haom), 1.88 — 0.82 (overlapping resonances, 44 H,
PCy), 0.98 (s, 3 H, SiMe), 0.64 (s, 9 H, CH2SiMes3), -0.01 (s, 2 H, IrCH>SiMe3). Crystals
of'4-7 suitable for X-Ray diffraction analysis were obtained from a concentrated Et,O/THF
solution at -35 °C.

(CyPSiP)Rh(H)(CI)(CO) (4-8a, b). A thick-walled glass bomb adapted with a
Teflon stopcock and containing a magnetic stirbar was charged with a solution of 1-2 (0.25
g, 0.34 mmol) in ca. 15 mL of THF. The solution was degassed via three freeze-pump-
thaw cycles and 1 atm. of CO was then introduced to the reaction vessel. The color of the
solution immediately changed from A color change from bright orange to pale yellow was
observed. The reaction mixture was allowed to stir vigorously at room temperature for an
hour. The volatile components of the reaction mixture were subsequently removed under
vacuum and the remaining residue was triturated with pentane (3 x 5 mL) to afford (4-8a,
b) (0.21 g, 82% yield) as a pale orange solid. NMR analysis of (4-8a, b) indicated that this
compound exists as a mixture of two isomers (4-8a, b) - a,b formed in a ca. 5:1 ratio 'H
NMR (benzene-de): 6 7.91 (d, J =7 Hz, Harom), 7.53 (m, Harom), 7.25 (m, Harom), 7.20 - 7.14
(overlapping resonances, Harom), 2.00 — 0.80 (overlapping resonances, PCy), 0.59 (s, SiMe),
-8.92 (m, Rh-H, a), -9.22 (m, Rh-H, b). *C{'H} NMR (benzene-ds):  196.5 (d, J =113
Hz, CO), 156.4 (apparent t, J = 22 Hz, Quat. Carom), 142.4 (apparent dt, J =23, 4 Hz, Quat.
Carom), 132.5 (apparent t, J = 9.0, CHarom), 129.5 (d, J = 11 Hz, CHarom), 128.1 - 127.4
(overlapping resonances, CHarom), 36.1 (m, CHcy), 34.4 (apparent t, J= 14 Hz, CHcy), 29.5
— 25.4 (overlapping resonances, CHacy), 9.12 (SiMe). 3'P{'H} NMR (benzene-ds): § 71.0

(d, Urnp = 106 Hz, a), 69.5 (d, Jrrp = 106 Hz, b). 2°Si NMR (benzene-ds): & 50.0.
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(CyPSiP)Rh(CO) (4-9). A thick-walled glass bomb adapted with a Teflon
stopcock and containing a magnetic stirbar was charged with a solution of (4-8a, b) (0.47
g, 0.62 mmol) in ca. 15 mL of THF. An equivalent of LiCH>SiMe3(0.061 g, 0.65 mmol)
was added to the reaction mixture. The resulting solution was heated at 60 °C for 1 h. The
volatile components of the reaction mixture were removed under vacuum and the
remaining residue was extracted with pentane (ca. 25 mL). The pentane extracts were
filtered through a glass fiber filter and the filtrate solution was concentrated in vacuo to
afford 4-9 (0.40 g, 89% yield) as an orange crystalline solid. "H NMR (benzene-ds): & 8.19
(d, 2 H, J=7 Hz, Harom), 7.52 (m, 2 H, Harom), 7.35 (m, 2 H, Harom), 7.23 (m, 2 H, Harom),
1.88 — 0.82 (overlapping resonances, 44 H, PCy), 0.79 (s, 3 H, SiMe). C{'H} NMR
(benzene-de): & 203.3 (d, Jcrn = 188 Hz, RhCO), 159.1 (apparent t, J = 26.5 Hz, Quat
Carom), 144.90 (apparent dt, J =22, 5 Hz, Quat Carom), 133.5 (apparent t, J = 11, CHarom),
130.4 (CHarom), 129.9 (CHarom), 127.9 (CHarom), 40.4 (apparent t, J = 10 Hz, CHcy), 39.4
(apparent t, J = 12 Hz, CHcy), 31.7 (CHacy), 30.4 (CHacy), 30.3 (CHacy), 27.7 — 27.2
(overlapping resonances, CHacy), 27.0 (CHacy), 26.4 (CHacy), 8.9 (SiMe). 3'P{'H} NMR
(benzene-ds): & 76.6 (d, 'Jrnp = 155 Hz). 2Si NMR (benzene-ds): § 69.1.

(CyPSiP)Rh(CO)(Me)(I) (4-10). A solution of 4-9 (0.020 g, 0.028 mmol) in ca. 5
mL of pentane was treated with Mel (1 M solution in pentane, 0.028 mmol). The reaction
mixture was allowed to stand at room temperature for 2 h, over the course of which a color
change from bright orange color to yellow was observed. The volatile components of the
reaction mixture were removed under vacuum to afford 4-10 (0.022 g, 93% yield) as a pale
yellow solid. "TH NMR (benzene-de): 8 7.92 (d, 2 H, J= 6.9 Hz, Harom), 7.54 (m, 2 H, Harom),

7.20 (m, 2 H, Harom), 7.17 (m, 2 H, Harom), 1.88 —0.82 (overlapping resonances, 44 H, PCy),
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0.83 (s, 3 H, SiMe), 0.41 (dt, 3 H, 'Jurs = 2 Hz, 2Jpu = 7 Hz, RhMe). *'P{'H} NMR
(benzene-ds): & 56.9 (d, 'Jprn = 103 Hz).

(CyPSiP)Ir(H)(Cl)(PMes3) (4-11a, b). A solution of 1-1 (0.025 g, 0.030 mmol) in
ca. 5 mL of benzene was prepared in a vial treated with 1.1 equiv. of PMe; (0.033 mL,
0.033 mmol, from a 1 M stock solution of PMe; in benzene). The reaction mixture was
allowed to stand at room temperature for 15 min to ensure reaction completion, over the
course of which a color change from bright yellow to pale yellow was observed. The
volatile components of the reaction mixture were removed in vacuo to afford (4-11a,b)
(0.028 g, 93% yield) as a pale yellow solid. NMR analysis of (4-11a, b) indicated that this
compound exists as a mixture of two isomers (4-11a, b) - a,b formed in a ca. 3.5 : 1 ratio.
"H NMR (benzene-ds): & 8.29 (d, 2 H, J =7 Hz, Harom, 4-11b), 8.12 (d, 2 H, J = 7 Hz, Harom,
4-11a), 7.64 (m, 2 H, Harom, 4-11b), 7.41 (m, 2 H, Harom, 4-11a), 7.27 (m, 2 H, Harom, 4-
11b), 7.19 (m, 2 H, Harom, 4-11a), 7.06 (overlapping resonance a and b, 2 H, Harom), 3.62
(m, 2 H, CHg,, 4-11a), 3.16 (m, 2 H, CHcy, 4-11a), 2.77 — 0.32 (overlapping resonances,
40 H, PCy, 4-11a; overlapping resonances, 44 H, PCy, 4-11b), 1.66 (d, 9 H, J = 7.5 Hz,
PMes, 4-11a), 1.64 (d, 9 H, J= 6.6 Hz, PMe3, 4-11b), 0.96 (d, 3 H, J =2 Hz, SiMe, 4-11b)
0.92 (s, 3 H, SiMe, 4-11a), -13.02 (dt, 3 H, 2Jupsans = 126 Hz, *Jupcis = 20 Hz, IrH, 4-11a),
-23.45 (dt, 3 H, 2Jup = 7 Hz, 2Jup = 16 Hz, ItH, 4-11b). *'P{'H} NMR (benzene-ds): § 34.0
(d, 2 P, 2Jpp = 17 Hz, PSiP, 4-11b), 32.3 (d, 2 P, 2Jep = 17 Hz, PSiP, 4-11a), -53.7 (m, 1 P,
Ir-PMes, 4-11a), -56.5 (t, 1 P, 2Jpp = 17 Hz, Ir-PMe3, 4-11b).

(CyPSiP)Ir(PMes3) (4-12). A solution of 4-11a,b (0.066 g, 0.073 mmol) in benzene
was treated with LiCH>SiMes (0.008 g, 0.081 mmol) at room temperature over the course

of 20 min. An immediate color change was observed from pale yellow to deep red. The
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solution was filtered through Celite, then solvent and volatiles were removed in vacuo,
affording 4-12 in quantitative yield (0.063 g, 0.073 mmol) as a dark red solid. NMR data
was consistent with previously reported data.%

(CyPSiP)Rh(H)(OTY) (4-13). A solution of 1-2 (0.25 g, 0.34 mmol) in ca. 10 mL
of CsHsF was treated with AgOTf (0.088 mg, 0.34 mmol). After standing at room
temperature for 1 h, the volatile components of the reaction mixture were removed under
vacuum and the remaining residue was extracted with THF (ca. 25 mL). The THF extracts
were filtered through a glass fiber filter. The volatile components of the filtrate solution
were removed under vacuum to afford 4-13 (0.28 g, 97% yield) as a pale yellow solid. 'H
NMR (benzene-ds): 6 7.85 (d, 2 H, J =7 Hz, Harom), 7.31 (m, 2 H, Harom), 7.21 (m, 2 H,
Harom), 7.11 (m, 2 H, Harom), 1.88 — 0.82 (overlapping resonances, 44 H, PCy), 0.90 (s, 3 H,
SiMe), -22.45 (dt, 'Jran = 35 Hz, 2Jpu = 12 Hz). *C{!H} NMR (benzene-ds): & 155.8
(Carom), 139.5 (Carom), 132.0 (apparent t, J = 8 Hz, CHarom), 130.8 (CHarom), 129.7 (CHarom),
127.7 (CHarom), 34.5 (CHcy), 34.0 (CHcy), 30.5 (CHacy), 29.7 (CHacy), 29.2 (CHacy), 27.3
(CHacy), 27.0 — 26.4 (overlapping resonances, CHacy), 26.0 (CHacy), 6.8 (SiMe). *'P{'H}
NMR (benzene-de): § 59.4 (d, 2 P, Jrnp = 119 Hz). ¥Si NMR (benzene-ds): & 69.06.
PF{'H} NMR (benzene-ds): §-76.4 (br, OSO.CF3) X-ray quality crystals of 4-13 were
obtained from a concentrated pentane solution at low temperature (-35 °C).

(CyPSiP)Rh(H)(BF4) (4-14). A solution of 1-2 (0.25 g, 0.34 mmol) in ca. 10 mL
of CsHsF was treated with AgBF4 (0.067 g, 0.34 mmol). After standing at room
temperature for 1 h, the volatile components of the reaction mixture were removed under
vacuum and the remaining residue was extracted with THF (ca. 15 mL). The THF extracts

were filtered through a glass fiber filter. The volatile components of the filtrate solution
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were removed under vacuum to afford 4-14 (0.25 g, 95% yield) as a pale yellow solid. 'H
NMR (500 MHz, benzene-ds): & 7.85 (d, 2 H, J = 6 Hz, Harom), 7.32 (m, 2 H, Harom), 7.21
(m, 2 H, Harom), 7.15 (m, 2 H, Harom), 1.88 — 0.82 (overlapping resonances, 44 H, PCy),
0.85 (s, 3 H, SiMe), -24.4 (m, 1 H, Rh-H). *'P{'H} NMR (300 K, 202.47 MHz, benzene-
ds): 859.1 (d, 2 P, Jrn-p = 121 Hz). "’F NMR (470.59 MHz, benzene-ds): & -112.9 (m, BF4).
X-ray quality crystals of 4-14 were obtained from a concentrated pentane solution at low
temperature (-35 °C).

[(x2-Me;3SiCgH4PCy7)(x2—CgH4PCy2)Ir(OTf)] (4-15). A solution of 1-1 (0.030
g, 0.037 mmol) in ca. 10 mL of Et2O was treated with LiCH>SiMe; (0.004 g, 0.040 mmol),
an immediate color change from bright yellow to dark orange was observed, forming 1-3.
Then, MeOTf (0.007 g, 0.040 mmol) was added via syringe to the mixture. The resulting
bright orange reaction mixture was allowed to stand at room temperature for 1 h, at which
point the volatile components of the reaction mixture were removed in vacuo. The
remaining residue was extracted with ca. 5 mL of benzene, and the benzene extracts were
filtered through Celite. The filtrate solution was collected and dried under vacuum. The
remaining residue was triturated with 3 x 5 mL pentane and subsequently dried under
vacuum to afford 4-15 (84% conversion by *'P NMR) as a yellow-orange solid. 3'P{'H}
NMR (benzene-ds): & 52.6 (d, 1 P, 2Jpp = 300 Hz, PSiP), -24.6 (d, 1 P, %Jpp = 300 Hz,
PSiP). Crystals suitable for X-ray diffraction analysis were obtained from a concentrated
benzene solution of 4-15 at room temperature.

(CyPSiP)Rh(Me)(OTT) (4-16). A solution of 1-2 (0.035 g, 0.048 mmol) in ca. 10
mL of CsHsF was treated with LiCH>SiMes (0.005 g, 0.053 mmol), an immediate color

change from yellow to dark orange was observed, forming 1-4. Then, MeOTf (0.009 g,
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0.053 mmol) was added via syringe to the mixture. The resulting bright orange reaction
mixture was allowed to stand at room temperature for 1 h, at which point the volatile
components of the reaction mixture were removed in vacuo. The remaining residue was
extracted with ca. 5 mL of benzene, and the benzene extracts were filtered through Celite.
The filtrate solution was collected and dried under vacuum. The remaining residue was
triturated with 3 x 5 mL pentane and subsequently dried under vacuum to afford 4-16
(0.031 g, 75% yield) as a pale yellow solid. '"H NMR (benzene-ds): 8 7.91 (d,2 H, J =7
Hz, Harom), 7.35 (m, 2 H, Harom), 7.23 (m, 2 H, Harom), 7.13 (m, 2 H, Harom), 3.00 (apparent
t, 2 H, J = 11 Hz, CHcy), 2.63 (m, 2 H, CHcy), 2.48 (m, 4 H, CHxcy), 2.27 — 0.68
(overlapping resonances, 36 H, PCy), 1.00 (s, 3 H, SiMe), 0.49 (dt, 3 H, *Jrnn = 1.7 Hz,
3Jpn = 6 Hz, RhMe). *C{'H} NMR (benzene-de): & 157.9 (Carom), 136.7 (Carom), 133.0
(CHarom), 132.6 (apparent t, J =9, CHarom), 129.7 (CHarom), 127.8 (CHarom), 35.7 (apparent
t, J =10 Hz, CHcy), 34.9 (apparent t, J = 11 Hz, CHcy), 31.5 (CHacy), 29.6 (m, CHacy),
28.3 (m, CHacy), 28.0 — 27.0 (overlapping resonances, CHacy), 26.4 (CHacy), 9.8 (SiMe),
2.1 (RhMe). *'P{'H} NMR (benzene-de): & 54.6 (d, 2 P, 'Jern = 120 Hz, PSiP). *Si NMR
(benzene-de): 8 50.1. ’F{'H} NMR (benzene-ds): & -75.8.

(CyPSiP)Ir(PMe3)(Me)(OTT) (4-17). A solution of 4-12 (0.046 g, 0.054 mmol) in
ca. 10 mL of pentane was treated with MeOTf (0.010 g, 0.069 mmol), which was added
via syringe to the mixture. An immediate color change from dark red to yellow was
observed, forming 4-17. The resulting bright yellow reaction mixture was allowed to stand
at room temperature for 1 h, at which point the volatile components of the reaction mixture
were removed in vacuo. The remaining residue was extracted with ca. 5 mL of benzene,

and the benzene extracts were filtered through Celite. The filtrate solution was collected
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and dried under vacuum. The remaining residue was triturated with 3 x 5 mL pentane and
subsequently dried under vacuum to afford 4-17 (0.055 g, >99% yield) as a yellow solid.
"H NMR (dichloromethane-d>): 8 7.86 (m, 1 H, Harom), 7.78 (d, 1 H, J = 7 Hz, Harom), 7.63
(m, 1 H, Harom), 7.50 (m, 1 H, Harom), 7.43 —7.30 (overlapping resonances, 4 H, Harom), 2.87
(m, 1 H, CHcy), 2.74 (m, 1 H, CHcy), 2.58 (m, 1 H, CHcy), 2.49 (m, 1 H, CHcy), 2.48 (m,
4 H, CHxcy), 2.29 — 0.79 (overlapping resonances, 36 H, PCy), 1.28 (dd, 9 H, %2Jpn = 8 Hz,
*Jottirans = 1.8 Hz, PMes), 1.17 (m, 3 H, IrMe), 0.77 (s, 3 H, SiMe), 0.43 (m, 2 H, CHxcy),
0.00 (m, 2 H, CH:xcy). *C{'H} NMR (dichloromethane-d>): 8 153.0 (Carom), 145.5 (Carom),
142.1 (Carom), 147.4 (Carom), 132.9 (d, J = 19 Hz, CHarom), 132.4 (CHarom), 132.1 (CHarom),
131.1 (d, J= 14 Hz, CHarom), 130.7 (CHarom), 129.9 (d, J = 6 Hz, CHarom), 128.8 (CHarom),
128.7 (CHarom), 43.4 (d, J = 26 Hz, CHcy), 42.3 (d, J = 19 Hz, CHcy), 37.8 (d, J = 17 Hz,
CHcy), 33.2 (d, J =5 Hz, CHacy), 32.4 (d, J =29 Hz, CHcy), 32.3 (d, J = 3 Hz, CHaqy),
31.9 (m, CHacy), 30.9 (d, J =5 Hz, CHacy), 30.0 (CHacy), 29.6 (CHacy), 28.8 (m, CHacy),
28.5 — 27.8 (overlapping resonances, CHacy), 27.6 (d, J = 8.5 Hz, CHacy), 27.1 (d, J =13
Hz, CHacy), 26.2 (CHacy), 26.0 (d, J = 15.5 Hz, CHacy), 16.4 (d, J = 36.5 Hz, P(CH3)3),
11.8 (br, Ir-Me), 1.3 (SiMe). *'P{'H} NMR (dichloromethane-d>): & 49.7 (dd, 1 P, 2Jepsrans
=310 Hz, %Jepcis = 10 Hz, PCy»), 35.7 (dd, 1 P, 2Jppeis = 13 Hz, 2Jppeis = 13 Hz, PCy»), -10.2
(dd, 1 P, 2Jppurans = 310 Hz, Jppeis = 15 Hz, PMe3). 2Si NMR (benzene-de): & 18.6. F{'H}
NMR (dichloromethane-d>): & -78.9.
[(x2-Me;SiCH4PCy2)(x2—CeH4PCy)Ir(PMes)(OTH)] (4-18). NMR-Scale In a
NMR tube, 4-17 (0.025 g, 0.024 mmol) was dissolved in CgDs¢, generating a yellow
solution. The NMR tube was sealed and heated at 80 °C for 3 h. The color is slightly darker

yellow, quantitative conversion was observed by *'P{'H} NMR. *'P{'H} NMR (benzene-
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ds): $47.9 (dd, 1 P, 2Jppyans = 260 Hz, 2Jppcis = 14 Hz, PCy»), -25.4 (dd, 1 P, 2Jppeis = 15 Hz,
2Jppeis = 15 Hz, PCy2), -45.8 (dd, 1 P, 2Jppyrans = 260 Hz, 2Jppeis = 20 Hz, PMe3).
(CyPSiP)Ir(PMes)(Me)(CO)*(OTS) (4-19). NMR-Scale In a J-Young NMR
tube with a teflon stopcock, 4-17 (0.010 g, 0.010 mmol) was dissolved in CD2Cl,,
generating a yellow solution. The NMR tube was freeze-pump-thawed 2 times and 1 atm.
of CO was added at room temperature. An immediate color change to pale yellow was
observed. Conversion from 4-17 to 4-19 was achieved in 94% (NMR yield). '"H NMR
(dichloromethane-d»): & 8.21 (d, 2 H, J =7 Hz, Harom), 7.84 (m, 2 H, Harom), 7.57 (m, 2 H,
Harom), 7.47 (m, 2 H, Harom), 2.79 (m, 2 H, CHcy), 2.33 (m, 2 H, CHcy), 2.79 (CHcy), 2.20
— 0.84 (overlapping resonances, 40 H, PCy), 1.90 (d, 9 H, 2Jpn = 8 Hz, PMe3), 0.57 (s, 3
H, SiMe), 0.13 (dt, 3 H, *Jpusans = 15 Hz, *Jpucis = 6 Hz, IrMe).*'P{'H} NMR
(dichloromethane-d2): § 19.3 (d, 2 P, 2Jpp = 14 Hz, PCy»), -66.6 (t, 1 P, 2Jpp = 14 Hz,
PMes3). IR (Thin film, NaCl plates, cm™): 2012 (IrCO).
(CyPSiP)Ir(PMes)(Me)(NH3)*(OTf) (4-20). NMR-Scale In a J-Young NMR
tube with a teflon stopcock, 4-17 (0.010 g, 0.010 mmol) was dissolved in CD>Cl,,
generating a yellow solution. The NMR tube was freeze-pump-thawed 2 times and 1 atm.
of NH3 was added at room temperature. An immediate color change to pale yellow was
observed. Conversion from 4-17 to 4-20 was achieved in quantitative yield (NMR yield).
"H NMR (dichloromethane-d>): § 8.08 (d, 2 H, J = 7 Hz, Harom), 7.84 (m, 2 H, Harom),
7.47 —7.27 (overlapping resonances, 6 H, Harom), 3.18 (br, 3 H, IrNH;), 2.18 — 0.81
(overlapping resonances, 40 H, PCy), 1.76 (d, 9 H, 2Jeu = 7 Hz, PMe3), 0.66 (s, 3 H,
SiMe), 0.19 (d, 2 H, CH:cy), -0.45 (dt, 3 H, *Jpu = 4 Hz, >Jpn = 7 Hz, IrtMe). *'P {'H}

NMR (dichloromethane-d>): § 28.1 (br, 2 P, PCy»), -59.1 (t, 1 P, 2Jpp = 16 Hz, PMe3).
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(CyPSiP)Ir(PMes)(CC’Bu)(OTY) (4-21). A solution 0f 4-17 (0.035 g, 0.034 mmol)
in ca. 10 mL of CH2Cl, was treated with 3,3-dimethyl-1-butyne (0.003 g, 0.034 mmol),
which was added via syringe (from a stock solution in CH2Cl,) to the mixture. Upon
addition of the 3,3-dimethyl-1-butyne, no noticeable color change was observed. The
formation of 4-21 was quantitative by *'P NMR. The resulting orange reaction mixture was
allowed to stand at room temperature for 1 h, at which point the volatile components of the
reaction mixture were removed in vacuo. The remaining residue was extracted with ca. 5
mL of CH2Clz, and the CH2Cl extracts were filtered through Celite. The filtrate solution
was collected and dried under vacuum. The remaining residue was triturated with 3 x 5 mL
pentane and subsequently dried under vacuum to afford 4-21 (0.034 g, 93% yield) as a
bright yellow solid. "TH NMR (dichloromethane-d-): § 7.85 (apparent t, 1 H,J=7 Hz Harom),
7.80 (d, 1 H, J=7 Hz, Harom), 7.62 (apparent t, 1 H, J=7 Hz, Harom), 7.51 (m, 1 H, Harom),
7.44 —7.35 (overlapping resonances, 4 H, Harom), 3.30 (m, 1 H, CHcy), 2.93 (m, 1 H, CHcy),
2.60 — 2.45 (overlapping resonances, 4 H, CHcy + CHxcy), 2.29 (d, 1 H, J= 11 Hz, CHcy),
2.18 — 0.72 (overlapping resonances, 33 H, PCy), 1.42 (dd, 9 H,%Jpu = 9.6 Hz, *Jprmans = 2
Hz, PMes), 1.31 (s, 9 H, CC'Bu), 0.87 (s, 3 H, SiMe), 0.50 (m, 1 H, CHxcy), 0.23 (m, 1 H,
CH:cy), 0.07 (m, 1 H, CHxcy), -0.02 (m, 1 H, CHcy). *C{'H} NMR (dichloromethane-d>):
3 1554 (IrCCBu), 152.6 (Carom), 142.0 (Carom), 141.1 (Carom), 136.8 (Carom), 135.3
(IrCC"Bu), 133.0 (CHarom), 132.9 (d, J =9 Hz, CHarom), 132.7 (CHarom), 131.6 (CHarom),
131.0 (CHarom), 130.1 (d, J = 6 Hz, CHarom), 128.9 (d, J = 6 Hz, CHarom), 43.0 (m, CHcy),
37.7 (d, J = 21 Hz, CHgy), 34.7 (d, J = 33 Hz, CHcy), 33.1 (d, J = 4 Hz, CHacy), 32.9
(CHacy), 32.4 (d, J = 4 Hz, CHacy), 31.8 (CC(C(CH3)3)), 30.9 (d, J = 3 Hz, CHacy), 29.4

(CHacy), 29.0 (CHacy), 28.4 — 27.8 (overlapping resonances, CHacy), 27.4 (d, J =9 Hz,
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CHacy), 26.6 (d, J = 14 Hz, CHacy), 26.2 (d, J= 6 Hz, CHacy), 26.0 (CHacy), 25.8 (CHacy),
17.7 (d, J =38 Hz, P(CH3)3), 1.5 (SiMe). *'P{'H} NMR (dichloromethane-d>): & 49.7 (dd,
1 P, 2Jppirans = 299 Hz, “Jppcis = 12 Hz, PCy»), 31.6 (dd, 1 P, %Jppeis = 13 Hz, %Jppeis = 13 Hz,
PCy»), -12.6 (dd, 1 P, 2Jppirans = 297 Hz, 2Jepeis = 17 Hz, PMes). °Si NMR (benzene-ds): &
23.7. YF{'H} NMR (dichloromethane-d-): § -78.9.

(CyPSiP)Ir(PMes)(Me)"(B(CeFs)4)  (4-22). In a vial, 4-17 (0.072 g, 0.071 mmol)
was dissolved in CsHsF, generating a yellow solution. Then AgB(C¢Fs)4 (0.072 g, 0.092
mmol) was added at room temperature. An immediate precipitate was observed and a
change to paler yellow was observed. Conversion from 4-17 to 4-22 was achieved in
quantitative yield (NMR vyield). 'H NMR (dichloromethane-d>): § 7.86 (m, 1 H, Harom),
777 (d, 1 H, J = 7 Hz, Harom), 7.63 (m, 1 H, Harom), 7.48 (m, 1 H, Harom), 7.51 — 7.30
(overlapping resonances, 4 H, Harom), 2.88 (br, 1 H, CHcy), 2.74 (br, 1 H, CHcy), 2.58 —
2.42 (overlapping resonances, 2 H, CHcy), 2.28 — 0.79 (overlapping resonances, 36 H,
PCy), 1.27 (dd, 9 H, 2Jpu = 8 Hz, 2Jpn = 2 Hz, PMe3), 1.17 (m, 3 H, IrMe), 0.77 (s, 3 H,
SiMe), 0.45 (m, 2 H, CHxcy), 0.00 (m, 2 H, CH:cy). *'P{'H} NMR (dichloromethane-d-):
8 49.7 (dd, 1 P, 2Jopuans = 311 Hz, 2Jepeis = 9 Hz, PCy»), 35.7 (m, 1 P, PCy»), -10.5 (dd, 1
P, 2Jppirans = 311 Hz, *Jppcis = 14 Hz, PCy»). "’F{'H} NMR (dichloromethane-d>): & -133.1

(m, 0-CF), -163.6 (t, p-CF), -167.5 (brt, m-CF).

4.4.3 Crystallographic Solution and Refinement Details
Crystallographic data for each of 4-1, 4-6, 4-7, 4-9, 4-13, 4-14 and 4-15 were
obtained at 173(+2)K on a Bruker D8/APEX II CCD diffractometer using either graphite-

monochromated Mo Ka (A = 0.71073 A) radiation (for 4-6, 4-7, 4-9 and 4-14) or CuKa (A
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=1.54178 A, microfocus source) radiation (for 4-1, 4-13 and 4-15), employing a sample
that was mounted in inert oil and transferred to a cold gas stream on the diffractometer.
Programs for diffractometer operation, data collection, and data reduction (including
SAINT) were supplied by Bruker. Gaussian integration (face-indexed) was employed as
the absorption correction method for 4-1, 4-6, 4-7, 4-9, 4-13, 4-14, and 4-15. The structure
of 4-6, 4-7, 4-9 and 4-15 were solved by use of the Patterson search/structure expansion,
and 4-1, 4-13, 4-14, was solved by use of intrinsic phasing methods. All structures were
refined by use of full-matrix least-squares procedures (on F?) with R; based on F,> >
206(F,%) and wR; based on Fo? > —36(Fo?).

For 4-1, disorder involving the SiHPh> group was observed. The constituent atoms
were modelled over two positions (A and B), such that C71A, C72A, C73A, C74A, C75A,
C76A,C81A, C82A, C83A, C84A, C85A and C86A were refined with an occupancy factor
of 0.816(3), while C71B, C72B, C73B, C74B, C75B, C76B, C81B, C82B, C83B, C84B,
C85B and C86B were refined with an occupancy factor of 0.184(3). Anisotropic
displacement parameters were employed for all the non-hydrogen atoms in 4-1. The
distances of the C71B to C86B atoms and adjacent carbons, as well as the according angles
were constrained during refinement.

For 4-7, disorder involving ethereal solvents bound to a Li atom (Et;O and THF)
were refined with an occupancy factor of 0.5 (involving atoms O4A, O4B, C91A, C92A,
CI93A, C94A, CI91B, C92B, C93B, C94B. Anisotropic displacement parameters were
employed for all the non-hydrogen atoms in 4-7.

For 4-14, disorder involving a fluorobenzene solvent unit was refined with an

occupancy factor of 0.5 (involving atoms F1S and F3S). Anisotropic displacement
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parameters were employed for all the non-hydrogen atoms in 4-14. The distances between
C1S and C28S, C1S and C6S, C2S and C3S, C3S and C48S, C4S and C5S, C5S and C68, as
well as the relevant angles were constrained during refinement with a value of 1.3900 A
and 120.0°.

Anisotropic displacement parameters were employed throughout for the non-hydrogen
atoms. In the case of compounds containing metal-hydride bonds (M-H) such as 4-1, 4-13 and
4-14: Ir-H (H1), Rh-H (H1) and Rh-H (H1) respectively, were located in the difference Fourier
map and refined isotropically. All remaining hydrogen atoms were added at calculated
positions and refined by use of a riding model employing isotropic displacement parameters
based on the isotropic displacement parameter of the attached atom. Additional

crystallographic information is provided in Appendix A.
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Chapter 5: Conclusions and Future Work

5.1 Summary and Conclusions

As outlined in Chapter 1, pincer-type complexes are an important area of research
leading to useful and reliable catalytic applications. Remarkable examples of catalysis
featuring C-H and N-H bond activation have been reported, involving precious metals,
notably Group 9 metals. Throughout the decades, ligand design, protocols and methods
improved greatly to yield performant, efficient and well-thought frameworks that
constitute robust systems for an ever-growing amount of catalytic applications. As a part
of this quest for improvement and better design, the Turculet group focused on a modular
and different ligand design: PSiP silyl pincer type complexes. Successful examples of C-
H and N-H bond activation were reported with this new system, and the reactivity of these
complexes towards other E-H bond activation (ie. P-H, O-H and Si-H) was remaining
unexplored. This document contributes to a better understanding of said reactivity, and also
details several methods, challenges and successful preparations in the context of further
exploring bond activation.

In Chapter 2, efforts were directed at preparing and isolating rare, monomeric
phosphido-hydride species. As the investigation progressed, a trend involving the steric
bulk of reacted phosphides started to be visible: bulkier phosphides would tend to readily
reductively eliminate forming phosphine complexes (2-2a-c) while less bulky ones,
including primary phosphides, would lead to stable phosphido-hydride complexes (2-1, 2-
3a-d). These species were successfully synthesized via P-H oxidative addition.
Unfortunately, efforts at isolating Rh phosphido-hydride species were unsuccessful as only

Rh phosphine complexes were isolated (2-4a-d), due to the fast P-H reductive elimination
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of any phosphido-hydride intermediate.

The reactivity of Ir phosphido-hydride complexes was explored and has shown that
migratory insertion of unsaturated substrates in the Ir-P bond that was initially targeted was
not an accessible reaction. Yet, these complexes showed interesting reactivities with
hydrosilanes, terminal alkynes and H», undergoing a P-H reductive elimination and a
subsequent E-H oxidative addition (2-8, 2-9 and 2-10). These encouraging elements of
research are providing interesting opportunities for new late transition metal terminal
phosphido hydride species applications, including in P-C and P-P bond formation
reactions.

In Chapter 3, investigation of O-H bond oxidative addition was probed. First, the
initially targeted alkoxo, aryloxo and hydroxo Ir hydride complexes were synthesized via
protonolysis reactions. These mononuclear, coordinatively unsaturated complexes are
relatively rare and did not exhibit reductive elimination in standard conditions. They were
readily isolable, although sensitivity towards alkali metal halide impurities was observed.
A reccurent issue of (Cy-PSiP)Ir(H)X (X = halide) competing with the formation of (Cy-
PSiP)Ir(H)OR type species was observed.

Once the synthetic accessibility of (Cy-PSiP)Ir(H)OR complexes was
demonstrated, attempts to prepare said complexes by an oxidative addition route proved
significantly more challenging than anticipated with respect to analogous N-H oxidative
addition. Mitigated success was observed as reactions between (Cy-PSiP)Ir' and alcohols
have shown that aryloxy-hydride complexes are more easily accessible than alkoxy-
hydride complexes. Efforts were made towards achieving water activation to generate an

Ir hydroxy-hydride complex. Unfortunately, this reaction was found to be challenging, and
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despite utilizing harsh conditions and a large excess of water, no product of water activation
was observed. However (Cy-PSiP)Ir(H)(OH) was synthesized by an alternative route and
a crystallographic structure of this complex was solved and refined. These studies provide
new insights with respect to bond activation chemistry in general, and better understanding
of coordinatively unsaturated late transition metal aryloxo/alkoxo/hydroxo species.

Lastly, in Chapter 4, particular attention was given to Si-H bond activation,
mediated by both Ir and Rh complexes. Stable, isolable silyl hydride iridium complexes
were discussed (4-1, 4-2 and 4-3) and successfully prepared. A particular challenge
concerning uncontrollable reactivity with smaller hydrosilanes towards Ir' and Rh!
complexes was exposed and methods to circumvent it were proposed.

In this context, routes to synthesize Ir! complexes stabilized with a neutral, L donor
ligand were explored. The isolation of carbonyl complexes (4-5 and 4-9) was discussed,
although their synthesis is sensitive to conditions thus hardly reproducible and the
reactivity of related complexes did not demonstrate a significant improvement towards Si-
H bond activation.

Yet, the exploration of such complexes prompted the idea of focusing on cationic
species (methyl and hydride metal cations), to complement the study with a different type

of complex (Ir' vs Ir'"

cationic). An interesting parallel was demonstrated with respect to
the possibility of isolating a Rh methyl triflate complex (4-16), yet its Ir counterpart lead
to a structure rearrangement when the synthesis was attempted (4-15). Subsequently, the
stabilization by a neutral L donor (L = PMe3) lead to successful isolation of various methyl

cations (4-17, 4-19 and 4-20). Further reactivity was explored including example of C-

H(sp) bond activation, leading to a terminal alkynyl complex (4-21). Lastly, an attempt at
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forcing the triflate moieties of these complexes outer-sphere was investigated by
substituting triflate by a large, weakly coordinating anion such as B(C¢Fs)4", successfully
leading to 4-22. Despite some stability issues, this complex is promising for further

development involving the isolation of metal methyl cations.

5.2 Future Work

During the investigation of (Cy-PSiP)Ir(H)(SiRMes2) (R = H, Cl) reactivity, an
effort has been made to synthesize products of the type [(Cy-PSiP)Ir(H)(SiMes2)] X (X =
OT{, B(CeFs)4 and B(3,5-(CF3)2C¢H3)4) and were targeted, while not isolated yet. The
interest in these complexes is justified by the fact they can be viewed as Lewis base
stabilized silylenes, where X = OTf can coordinate to the silicon atom. Preliminary
research reveals that a solution of (Cy-PSiP)Ir(H)(SiCIMes2) with AgOTf in a CsHsF
solution led to quantitative formation of a new product (by *'P NMR) featuring a triflate
resonance in the '°{'H} NMR spectrum at -78.3 ppm. Reactions with weakly coordinating
anion sources such as AgB(CeFs)s and AgB(3,5-(CF3)2CsH3)s could be envisioned,

potentially leading to cationic (Cy-PSiP)Ir(H)(=SiMes>) species (Scheme 5-1).

- . ~ @X@
/X
@. SiMe @, SiMe strength of the %. SiMe
Cy2P |, I| wSiClMes,  AgX . Cy:P}.,,, || wSiMes,  coordinating anion  CY2P|.,,, Il SiM
A S re € - om-- » "[r—SiMes
cy,P” H ’

-AgClI cyP™ ~~H strong weak Cy,P™ '
H
Lewis base silylene cationic
stabilized complex

Scheme 5-1. Proposed synthetic strategy for (Cy-PSiP)Ir(H)(=SiR>) species.

Alternatively, some further investigation can be made on the (PSiP) silyl ligand

itself. It was presented as highly tunable with a modular design, thus, some additional
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exploration can be done on this part. For example, it could be beneficial and synthetically
relevant to study the difference in electronic and steric effects on the overall behavior and
reactivity of (PSiP) silyl pincer complexes by changing the design features of the ligand.
Such as having a different aromatic ring in the backbone (eg. bicyclic, heterocyclic,
tethered, ...) or even attempting a synthesis involving one aromatic arm, and one shorter
aromatic arm (Scheme 5-2A).

A typical feature of the (PSiP) ligand is its two flanking donor groups. These two
phosphines can be tuned at will during the first synthetic step of the ligand. These moieties
could be tuned strategically to be less bulky (Scheme 5-2C), more donating, and even using
two different phosphines on the same ligand framework (Scheme 5-2B). Despite the
synthesis of all the different combinations involving phosphine variations would be
tedious, some intuition and synthetically convenient phosphines can be chosen and
investigated in a ligand synthesis. Once the various metal hydrido-chloride complexes
would be prepared, they could be compared by observing differences in their spectroscopic
features (typically hydrides in "H NMR and IR, phosphines in *'P NMR, silyl donor in 2°Si
NMR) and draw out a trend, informing about the electronic profile of said new complexes

in comparison with the ones already known and investigated.

(B) (©) (D)
Q Q= Q= Q-
MeSi— Me R'—Si—H
o

MeSi—H e Si—H
\____I
backbone alteration different flanking phosphines with variation of the fourth
aliphatic / aromatic ? phosphine donors different sterics silicon substituent

Scheme 5-2. Proposal of different ligand variations in backbone, flanking phosphines
design and silicon-bound substituents.
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Lastly, the ligand architecture of the (PSiP) framework revolves around a central,
Si atom. This portion of the ligand is also tunable, less readily than the phosphine moieties,
yet accomplishable. The fourth substituent on the Si atom is a methyl group in a large
portion of this chemistry. Although, some examples of SiH, SiOH, SiCl, SiOTf, SiF, SiPh,
and SiEt containing ligand precursors were reported.?!*%3¢m141 For the purposes targeted in
the Turculet lab, a synthetic choice would have to be made due to the numerous possible
synthesis combinations. Although such ligand modifications may offer interesting insights
with respect to the behavior of the resulting metal complexes this study would offer

(Scheme 5-1D).
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Appendix A: Crystallographic Experimental Details

Table Al. Crystallographic experimental details for 2-2c.

A. Crystal Data

formula C43H70IrP3Si
formula weight 900.19
crystal dimensions (mm) 0.30 x 0.29 x 0.08
crystal system triclinic
space group P1 (No. 2)
unit cell parameters?
a(A) 10.1287 (19)
b (A) 10.960 (2)
c(A) 21.081 (4)
o (deg) 102.048 (3)
S (deg) 94.584 (3)
7 (deg) 111.596 (2)
v (A3) 2096.1 (7)
Z 2
Pealed (g cm™3) 1.426
u (mm-1) 3.356
B. Data Collection and Refinement Conditions
diffractometer Bruker D8/APEX II CCD?
radiation (1 [A]) graphite-monochromated Mo K« (0.71073)
temperature (°C) —100
scan type  scans (0.3°) (20 s exposures)
data collection 28 limit (deg) 51.60
total data collected 7791 (F12<h<12,-13<k<13,0</L25)
independent reflections 7791 (Rint = 0.0000)
number of observed reflections (NO) 7387 [Fo? = 20(Fy2)]
structure solution method direct methods (SHELXS—97¢)
refinement method full-matrix least-squares on F2 (SHELXL—
97¢)
absorption correction method multi-scan (TWINABS)
range of transmission factors 0.7658-0.4285
data/restraints/parameters 7791/0/438
goodness-of-fit (S)¥ [all data] 1.071
final R indices¢
R [Fo? = 20(Fy2)] 0.0434
wR> [all data] 0.0994
largest difference peak and hole 3.059 and —1.625 ¢ A-3

(continued)
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Table Al. Crystallographic experimental details for 2-2¢ (continued).

a0btained from least-squares refinement of 3320 reflections with 4.50° <26<47.92°.

bPrograms for diffractometer operation, data collection, data reduction and absorption
correction were those supplied by Bruker. The crystal used for data collection was
found to display non-merohedral twinning. Both components of the twin were indexed
with the program CELL NOW (Bruker AXS Inc., Madison, WI, 2004). The second
twin component can be related to the first component by 180° rotation about the [2/5
1/2 1] axis in real space and about the [0 0 1] axis in reciprocal space. Integrated
intensities for the reflections from the two components were written into a SHELXL-97
HKLF 5 reflection file with the data integration program SAINT (version 7.68A), using
all reflection data (exactly overlapped, partially overlapped and non-overlapped). The
refined value of the twin fraction (SHELXL-97 BASF parameter) was 0.4315(10).

¢Sheldrick, G. M. Acta Crystallogr. 2008, 464, 112—122.

dS = [Ew(Fy? — Fc2)2/(n — p)]V2 (n = number of data; p = number of parameters varied; w
= [02(F2) + (0.0424P)2 + 7.8454P]! where P = [Max(Fy2, 0) + 2F:2]/3).

°R1 = X|[|Fo| — [FC|l/Z|Fol; wRy = [(Zw(Fo? —Fcz)z/ZW(Fo4)]l/2-
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Table A2. Crystallographic experimental details for 2-3c.

A. Crystal Data

formula C46HeglrP3Si
formula weight 934.20
crystal dimensions (mm) 0.15x0.13 x0.12
crystal system triclinic
space group P1 (No. 2)
unit cell parameters?
a(A) 11.8659 (2)
b (A) 18.6585 (4)
c(A) 20.9944 (4)
o (deg) 102.5370 (8)
S (deg) 98.5244 (7)
7 (deg) 95.7853 (8)
v (A3) 4444 .43 (15)
Z 4
Pealed (g cm™3) 1.396
u (mm-1) 7.307
B. Data Collection and Refinement Conditions
diffractometer Bruker D8/APEX II CCD?
radiation (1 [A]) Cu K (1.54178) (microfocus source)
temperature (°C) —100
scan type w scans (0.8°) (5 s exposures)
data collection 28 limit (deg) 140.24
total data collected 15931 (-14<h<14,-22<k<21,0<1L25)
independent reflections 15931 (Rint = 0.0000)
number of observed reflections (NO) 14958 [Fo2 = 20(Fy2)]
structure solution method Patterson/structure  expansion (DIRDIF-
2008°)
refinement method full-matrix least-squares on F2 (SHELXL—
97d)
absorption correction method multi-scan (TWINABS)
range of transmission factors 0.4619-0.4070
data/restraints/parameters 15931/ 6¢/942
goodness-of-fit (S)/ [all data] 1.226
final R indicesg
R [Fo? 2 20(Fy?)] 0.0343
wR» [all data] 0.0887
largest difference peak and hole 1.563 and —0.935 ¢ A-3

(continued)
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Table A2. Crystallographic experimental details for 2-3¢ (continued).

a0btained from least-squares refinement of 4803 reflections with 5.76° <26< 139.22°.

bPrograms for diffractometer operation, data collection, data reduction and absorption
correction were those supplied by Bruker. The crystal used for data collection was
found to display non-merohedral twinning. Both components of the twin were indexed
with the program CELL NOW (Bruker AXS Inc., Madison, WI, 2004). The second
twin component can be related to the first component by 180° rotation about the [1 0 —
1/4] axis in real space and about the [-1 1 0] axis in reciprocal space. Integrated
intensities for the reflections from the two components were written into a SHELXL-97
HKLF 5 reflection file with the data integration program SAINT (version 7.68A), using
all reflection data (exactly overlapped, partially overlapped and non-overlapped). The
refined value of the twin fraction (SHELXL-97 BASF parameter) was 0.4605(7).

¢Beurskens, P. T.; Beurskens, G.; de Gelder, R.; Smits, J. M. M.; Garcia-Granda, S.; Gould,
R. O. (2008). The DIRDIF-2008 program system. Crystallography Laboratory,
Radboud University Nijmegen, The Netherlands.

dSheldrick, G. M. Acta Crystallogr. 2008, A64, 112-122.

¢(a) The Ir-HI distances in both crystallographically-independent molecules were

constrained to be 1.50(1) A. (b) The P1---H1 and P2---H1 distances were constrained
to be equal (within 0.003 A) during refinement (d(P1---Hl)p = d(P2---H1)a;
d(P1---Hl)g = d(P2---HI)). (c¢) The Si-HI1 distances in both molecules were
constrained to be equal (within 0.003 A) during refinement (d(Si---Hl)s =
d(Si---H1)B). (d) The P3—H3P distances in both molecules were constrained to be equal
(within 0.003 A) during refinement (d(P3-H3P) = d(P3-H3P)R).

IS = [Ew(Fo2 — F2)2/(n — p)]V/2 (n = number of data; p = number of parameters varied; w
= [0%(F2) + 13.4335P]-! where P = [Max(Fy2, 0) + 2F:2]/3).

8R1 = Z||Fo| — |F|l/Z|Fol; wRy = [EW(Fo2 — F2)2/Zw(Fo*)]12.
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Table A3. Crystallographic experimental details for 2-3d,d’.

A. Crystal Data

formula C41HggplrP3Si
formula weight 872.13
crystal dimensions (mm) 0.39x 0.28 x 0.23
crystal system monoclinic
space group P21/n (an alternate setting of P21/c [No. 14])
unit cell parameters?
a(A) 11.8070 (3)
b (A) 17.5157 (4)
c(A) 20.3215 (5)
S (deg) 91.2944 (9)
V (A3) 4201.57 (18)
Z 4
Pealed (g cm™3) 1.379
u (mm-1) 7.687
B. Data Collection and Refinement Conditions
diffractometer Bruker D8/APEX 11 CCD?
radiation (1 [A]) Cu K (1.54178) (microfocus source)
temperature (°C) —100
scan type w and ¢ scans (1.0°) (5 s exposures)
data collection 28 limit (deg) 147.97
total data collected 29535 (-14 <h< 14, -21 <k<£ 21, -25 <IL25)
independent reflections 8422 (Rint =0.0238)
number of observed reflections (NO) 8385 [Fy2> 20(Fy2)]
structure solution method Patterson/structure  expansion (DIRDIF-
2008¢)
refinement method full-matrix least-squares on F2 (SHELXL—
20149)
absorption correction method Gaussian integration (face-indexed)
range of transmission factors 0.3910-0.1437
data/restraints/parameters 8422/ 1¢/ 441
goodness-of-fit (S)/ [all data] 1.187
final R indicesg
R [Fo2= 20(Fy2)] 0.0251
wR> [all data] 0.0582
largest difference peak and hole 1.623 and -1.073 e A-3

(continued)
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Table A3. Crystallographic Experimental Details for 2-3d,d’ (continued).

a0btained from least-squares refinement of 9920 reflections with 6.66° <26<147.06°.

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

¢Beurskens, P. T.; Beurskens, G.; de Gelder, R.; Smits, J. M. M.; Garcia-Granda, S.; Gould,
R. O. (2008). The DIRDIF-2008 program system. Crystallography Laboratory,
RadboudUniversityNijmegen, The Netherlands.

dSheldrick, G. M. Acta Crystallogr.2015, C71, 3-8.

¢The P3B—C2B distance was constrained to be 1.85(1) A during refinement.

eS = [Zw(Fy2 — Fe2)2/(n — p)]1/2 (n = number of data; p = number of parameters varied; w
=[02(F2) + (0.0127P)2 + 7.6284P]! where P = [Max(Fy2, 0) + 2F:2]/3).

TRy = Z||Fo| = [Fell/Z[Fol; wRy = [(Zw(Fo? —Fcz)z/ZW(Fo4)]l/2-
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Table A4. Crystallographic Experimental Details for 2-8.

A. Crystal Data

formula CsoH7gIrP3Si
formula weight 1016.34
crystal dimensions (mm) 0.10 x 0.10 x 0.06
crystal system monoclinic
space group P21/c (No. 14)
unit cell parameters?
a(A) 14.7219(2)
b (A) 16.1995(3)
c(A) 21.8240(4)
S (deg) 106.2306(8)
V (A3) 4997.31(15)
Z 4
Pealed (g cm™3) 1.351
u (mm-1) 6.542
B. Data Collection and Refinement Conditions
diffractometer Bruker D8/APEX 11 CCD?
radiation (1 [A]) Cu K (1.54178) (microfocus source)
temperature (°C) —100
scan type w and ¢ scans (1.0°) (5 s exposures)
data collection 28 limit (deg) 148.41
total data collected 169982 (-18 <h<18,-20<k<20,-26<[<
27)
independent reflections 10142 (Rint = 0.0519)
number of observed reflections (NO) 9375 [Fo? = 20(Fy2)]
structure solution method intrinsic phasing (SHELXT-2014¢)
refinement method full-matrix least-squares on F2 (SHELXL—
20174)
absorption correction method Gaussian integration (face-indexed)
range of transmission factors 0.7462-0.5779
data/restraints/parameters 10142 /0/ 540
goodness-of-fit (S)¢ [all data] 1.026
final R indices/
R [Fo? = 20(Fy2)] 0.0180
wR» [all data] 0.0449
largest difference peak and hole 0.584 and —0.732 ¢ A-3

(continued)
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Table A4. Crystallographic Experimental Details for 2-8 (continued).

a0btained from least-squares refinement of 9645 reflections with 6.26° <26< 147.62°.

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

¢Sheldrick, G. M. Acta Crystallogr. 2015, A71, 3-8. (SHELXT-2014)

dSheldrick, G. M. Acta Crystallogr. 2015, C71, 3-8. (SHELXL-2017)

eS = [Zw(Fo2 — Fc2)2/(n — p)]'/2 (n = number of data; p = number of parameters varied; w
=[6?(Fy?) + (0.0237P)2 + 2.20236P]-1 where P = [Max(F,2, 0) + 2F:2]/3).

IRy = Z||Fo| — |FlVZ|Fol; wRa = [Ew(Fo? — F2)2/Zw(Fo*)]1/2.
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Table AS. Crystallographic Experimental Details for 3-3.

A. Crystal Data

formula C7oH109IrO3P5Si
formula weight 1304.82
crystal dimensions (mm) 0.31x0.29x0.05
crystal system monoclinic
space group P21/n (an alternate setting of P21/c [No. 14])
unit cell parameters?

a(A) 15.5579(6)

b(A) 16.5406(6)

c(A) 27.9646(10)

S (deg) 105.2975(5)

V (A3) 6941.4(4)

Z 4
Pealed (g cm™3) 1.249
u (mm-1) 2.030
B. Data Collection and Refinement Conditions
diffractometer Bruker PLATFORM/APEX II CCD?
radiation (1 [A]) graphite-monochromated Mo K« (0.71073)
temperature (°C) —-80
scan type w scans (0.3°) (20 s exposures)
data collection 28 limit (deg) 55.11
total data collected 58824 (-20<h<20, -21<k<21, -35<1<36)
independent reflections 16032 (Rint = 0.0301)
number of observed reflections (NO) 13727 [Fo2= 20(F2)]
structure solution method intrinsic phasing (SHELXT-2014¢)
refinement method full-matrix least-squares on F2 (SHELXL—
20169)
absorption correction method Gaussian integration (face-indexed)
range of transmission factors 0.8245-0.4195
data/restraints/parameters 16032/ 58¢ /728
goodness-of-fit (S)/ [all data] 1.026
final R indices8

R| [Fo?> 20(F2)] 0.0262

wR> [all data] 0.0679
largest difference peak and hole 1.531 and —0.539 ¢ A-3

(continued)
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Table AS. Crystallographic Experimental Details for 3-3 (continued).

aQbtained from least-squares refinement of 9987 reflections with 4.62° <2 6<55.02°.

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

¢Sheldrick, G. M. ActaCrystallogr.2015, A71, 3-8. (SHELXT-2014)

dSheldrick, G. M. ActaCrystallogr.2015, C71, 3—8. (SHELXL-2017)

¢The C—C distancesof the disordered tert-butyl group were restrained to be approximately
the same by use of the SHELXLSADI instruction. Likewise, the 1,2 and 1,3 C—C and
C---C distances within the disordered solvent pentane molecule were similarly
restrained.

IS = [Ew(Fo2 — F2)2/(n — p)]V/2 (n = number of data; p = number of parameters varied; w
=[62(Fy2) + (0.0352P)2 + 4.0190P]-1 whereP = [Max(F,2, 0) + 2F:2]/3).

8R1 = Z||Fo| — |Fe|l/Z|Fo|; wR2 = [ZW(FOZ _FCZ)Z/ZW(F04)]1/2~
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Table A6. Crystallographic Experimental Details for 3-4.

A. Crystal Data

formula C45H76.75Clo 251rO2 75P2Si
formula weight 952.90
crystal dimensions (mm) 0.45 x0.27 x 0.21
crystal system orthorhombic
space group Pnma (No. 62)
unit cell parameters?®

a(A) 16.5941(5)

b (A) 15.1029(4)

c(A) 18.6764(6)

V(A3) 4680.7(2)

Z 4
Pealed (g cm™3) 1.352
u (mm-1) 6.804
B. Data Collection and Refinement Conditions
diffractometer Bruker D8/APEX 11 CCD?
radiation (1 [A]) Cu K (1.54178) (microfocus source)
temperature (°C) —100
scan type ® and ¢ scans (1.0°) (5-10-10 s exposures)©
data collection 26 limit (deg) 147.92
total data collected 96806 (20 <h<19,-18<k<18,-23<1I<
23)
independent reflections 4919 (Rint = 0.0377)
number of observed reflections (NO) 4897 [Fo? = 20(Fy2)]
structure solution method intrinsic phasing (SHELXT-2014¢)
refinement method full-matrix least-squares on F2 (SHELXL—
20169)
absorption correction method Gaussian integration (face-indexed)
range of transmission factors 0.3011-0.0816
data/restraints/parameters 4919/0/270
goodness-of-fit (5)¢ [all data] 1.089
final R indices/

R [Fo? 2 20(Fy?)] 0.0205

wR> [all data] 0.0562
largest difference peak and hole 1.634 and —1.156 ¢ A-3

(continued)
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Table A6. Crystallographic Experimental Details for 3-4 (continued).

a0btained from least-squares refinement of 9740 reflections with 9.22° <26< 147.46°.

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

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

¢Sheldrick, G. M. Acta Crystallogr. 2015, A71, 3-8. (SHELXT-2014)

dSheldrick, G. M. Acta Crystallogr. 2015, C71, 3-8. (SHELXL-2016)

eS = [Zw(Fy2 — Fe2)2/(n — p)]V/2 (n = number of data; p = number of parameters varied; w
=[02(F2) + (0.0310P)2 + 3.3834P]! where P = [Max(Fy2, 0) + 2F:2]/3).

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

198



Table A7. Crystallographic Experimental Details for 4-1.

A. Crystal Data
formula
formula weight
crystal dimensions (mm)
crystal system
space group
unit cell parameters?
a(A)
b(A)
c(A)
o (deg)
/3 (deg)
y (deg)
V (A3)
Z
Pealed (g cm™3)

p (mm-1)

C49Hg71IrP>Sin
966.34

0.16 x 0.08 x 0.07
triclinic

P1 (No. 2)

12.4101(8)
14.0625(9)
14.4805(9)
87.706(3)
76.083(4)
71.167(3)
2319.6(3)
2

1.384

6.945

B. Data Collection and Refinement Conditions

diffractometer
radiation (1 [A])
temperature (°C)
scan type
data collection 28 limit (deg)
total data collected
18)
independent reflections
number of observed reflections (NO)
structure solution method
refinement method
20174)
absorption correction method
range of transmission factors
data/restraints/parameters
goodness-of-fit (5)¢ [all data]
final R indices/

Ry [Fo? 2 20(Fo?)]

wR» [all data]
largest difference peak and hole

Bruker D8/APEX II CCD?

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

® and @ scans (1.0°) (5 s exposures)
148.45
16839 (-15<h<15,-17<k<17,-18<I<

9049 (Rint = 0.0174)

8544 [Fo2 > 20(Fo2)]

intrinsic phasing (SHELXT-2014¢)
full-matrix least-squares on F2 (SHELXL—

Gaussian integration (face-indexed)
0.4212-0.2631

9049/0/519

1.102

0.0233
0.0584
0.602 and —1.003 e A-3

(continued)
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Table A7. Crystallographic Experimental Details for 4-1 (continued).

a0btained from least-squares refinement of 9491 reflections with 6.30° <26< 147.30°.

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

¢Sheldrick, G. M. Acta Crystallogr. 2015, A71, 3—-8. (SHELXT-2014)

dSheldrick, G. M. Acta Crystallogr. 2015, C71, 3-8. (SHELXL-2017)

eS = [Zw(Fo2 — Fc2)2/(n — p)]'/2 (n = number of data; p = number of parameters varied; w
=[?(Fy?) + (0.0183P)2 + 3.1785P]-1 where P = [Max(Fy2, 0) + 2F:2]/3).

IRy = Z||Fo| — |FlVZ|Fol; wRa = [Ew(Fo? — F2)2/Zw(Fo*)]1/2.
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Table A8. Crystallographic Experimental Details for 4-6.

A. Crystal Data
formula
formula weight
crystal dimensions (mm)
crystal system
space group
unit cell parameters?
a(A)
b(A)
¢ (A)
f (deg)
v (A3)
Z
Pealed (g cm™3)
p (mm-1)

C39H;55IrO, P> Si
838.06
0.34x0.33 x 0.13

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

10.5878 (4)
18.2888 (6)
19.2237 (7)
98.9625 (4)
3677.0 (2)
4

1.514

3.783

B. Data Collection and Refinement Conditions

diffractometer

radiation (1 [A])

temperature (°C)

scan type

data collection 28 limit (deg)
total data collected
independent reflections
number of observed reflections (NO)
structure solution method
2008¢)

refinement method

20149)

absorption correction method
range of transmission factors
data/restraints/parameters

goodness-of-fit (S)¢ [all data]
final R indices/

Ry [Fo22 20'(F02)]

wR» [all data]
largest difference peak and hole

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

w scans (0.3°) (15 s exposures)

56.60

34011 (-14 <h< 14, -23 <k< 24, -25 <IL 25)
9063 (Rint = 0.0249)

7923 [Fo2= 20(Fo?)]

Patterson/structure  expansion (DIRDIF-

full-matrix least-squares on F2 (SHELXL—

Gaussian integration (face-indexed)
0.7519-0.3953
9063 /0 /407

1.048

0.0196
0.0493
1.102 and —0.482 ¢ A-3

(continued)
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Table A8. Crystallographic Experimental Details for 4-6 (continued).

a0btained from least-squares refinement of 9869 reflections with 4.46° < 26<55.22°.

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

¢Beurskens, P. T.; Beurskens, G.; de Gelder, R.; Smits, J. M. M.; Garcia-Granda, S.; Gould,
R. O. (2008). The DIRDIF-2008 program system. Crystallography Laboratory,
RadboudUniversityNijmegen, The Netherlands.

dSheldrick, G. M. Acta Crystallogr.2015, C71, 3-8.

eS = [Zw(Fo2 — Fc2)2/(n — p)]'/2 (n = number of data; p = number of parameters varied; w
=[2(Fy?) + (0.0269P)2 + 0.3828P]-1 where P = [Max(Fy2, 0) + 2F:2]/3).

TR = E||Fo| — |Fell/Z|Fol; wR2 = [Zw(Fo? —Fcz)z/ZW(Fo4)]l/2-
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Table A9. Crystallographic Experimental Details for 4-7.

A. Crystal Data

formula Cs4Hog3IrLiO4P>Siy
formula weight 1123.54
crystal dimensions (mm) 0.37 x 0.16 x 0.09
crystal system orthorhombic
space group P212121 (No. 19)
unit cell parameters?
a(A) 13.2167 (4)
b (A) 20.4003 (7)
c(A) 20.8827 (7)
v (A3) 5630.5 (3)
Z 4
Pealed (g cm™3) 1.325
u (mm-1) 2.511
B. Data Collection and Refinement Conditions
diffractometer Bruker D8/APEX II CCD?
radiation (1 [A]) graphite-monochromated Mo K« (0.71073)
temperature (°C) —100
scan type w scans (0.3°) (20 s exposures)
data collection 28 limit (deg) 56.72
total data collected 51998 (-17 <h< 17, -27 <k< 27, -27 <IL 27)
independent reflections 13874 (Rjnt = 0.0338)
number of observed reflections (NO) 12939 [Fo2> 20(F2)]
structure solution method Patterson/structure  expansion (DIRDIF-
2008¢)
refinement method full-matrix least-squares on F2 (SHELXL—
20134)
absorption correction method Gaussian integration (face-indexed)
range of transmission factors 0.8768-0.5335
data/restraints/parameters 13874/ 0/ 626
Flack absolute structure parameteré 0.0017(18)
goodness-of-fit (S)/ [all data] 0.948
final R indicesg
R| [Fo?>20(F2)] 0.0195
wR» [all data] 0.0378
largest difference peak and hole 0.781 and —0.574 ¢ A-3

(continued)
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Table A9. Crystallographic Experimental Details for 4-7 (continued).

aQObtained from least-squares refinement of 9870 reflections with 4.44° < 26<44.90°.

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

¢Beurskens, P. T.; Beurskens, G.; de Gelder, R.; Smits, J. M. M.; Garcia-Granda, S.; Gould,
R. O. (2008). The DIRDIF-2008 program system. Crystallography Laboratory,
RadboudUniversityNijmegen, The Netherlands.

dSheldrick, G. M. Acta Crystallogr.2008, A64, 112—122.

¢Flack, H. D. Acta Crystallogr.1983, 439, 876-881; Flack, H. D.; Bernardinelli, G. Acta
Crystallogr.1999, 455, 908-915; Flack, H. D.; Bernardinelli, G. J. Appl. Cryst.2000,
33, 1143-1148. The Flack parameter will refine to a value near zero if the structure is
in the correct configuration and will refine to a value near one for the inverted
configuration.

IS = [Ew(Fo? — F2)2/(n — p)]V/2 (n = number of data; p = number of parameters varied; w

=[2(FH)] .
8Ry = Z||Fo| — |Fc|[/Z|Fo|; wRy = [ZW(FO2 —Fcz)z/ZW(Fo4)]1/2-
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Table A10. Crystallographic Experimental Details for 4-9.

A. Crystal Data

formula C3gHs550P,RhSI
formula weight 720.76
crystal dimensions (mm) 0.40 x 0.32 x 0.16
crystal system orthorhombic
space group Pbca (No. 61)
unit cell parameters?®
a(A) 17.2533 (6)
b (A) 17.1976 (6)
c(A) 24.2899 (9)
V(A3) 7207.2 (4)
Z 8
Pealed (g cm™3) 1.329
u (mm-1) 0.624
B. Data Collection and Refinement Conditions
diffractometer Bruker PLATFORM/APEX II CCD?
radiation (1 [A]) graphite-monochromated Mo K« (0.71073)
temperature (°C) -80
scan type  scans (0.3°) (15 s exposures)
data collection 28 limit (deg) 56.65
total data collected 63202 (-22<h<22, -22<k<22, -32<]<32)
independent reflections 8944 (Rint = 0.0270)
number of observed reflections (NO) 7924 [Fo2> 20(F?)]
structure solution method Patterson/structure  expansion (DIRDIF-
2008¢)
refinement method full-matrix least-squares on F2 (SHELXL—
20149)
absorption correction method Gaussian integration (face-indexed)
range of transmission factors 0.9558-0.8021
data/restraints/parameters 8944 /0/389
goodness-of-fit (S)¢ [all data] 1.040
final R indices/
R| [Fo?>20(F2)] 0.0305
wR> [all data] 0.0829
largest difference peak and hole 1.048 and —0.580 ¢ A-3

(continued)
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Table A10. Crystallographic Experimental Details for 4-9 (continued).

a0btained from least-squares refinement of 9654 reflections with 4.74° <26< 46.28°.

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

¢Beurskens, P. T.; Beurskens, G.; de Gelder, R.; Smits, J. M. M.; Garcia-Granda, S.; Gould,
R. O. (2008). The DIRDIF-2008 program system. Crystallography Laboratory,
RadboudUniversityNijmegen, The Netherlands.

dSheldrick, G. M. Acta Crystallogr.2015, C71, 3-8.

eS = [Zw(Fo2 — Fc2)2/(n — p)]'/2 (n = number of data; p = number of parameters varied; w
=[62(Fy?) + (0.0392P)2 + 6.2076P]-1 where P = [Max(Fy2, 0) + 2F:2]/3).

TR = E||Fo| — |Fell/Z|Fol; wR2 = [ZW(FO2 —Fcz)z/ZW(Fo4)]l/2-
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Table A11. Crystallographic Experimental Details for 4-13.

A. Crystal Data

formula C41H59F303P,RhSSi
formula weight 881.88
crystal dimensions (mm) 0.31x0.21x0.16
crystal system monoclinic
space group P21/n (an alternate setting of P21/c [No. 14])
unit cell parameters?
a(A) 11.6692 (3)
b (A) 17.3924 (5)
c(A) 20.1281 (6)
S (deg) 92.8208 (10)
V(A3 4080.2 (2)
Z 4
Pealed (g cm™3) 1.436
u (mm-1) 5.307
B. Data Collection and Refinement Conditions
diffractometer Bruker D8/APEX 11 CCD?
radiation (1 [A]) Cu K (1.54178) (microfocus source)
temperature (°C) —100
scan type wand ¢gscans (1°) (5 s exposures)
data collection 28 limit (deg) 145.73
total data collected 27976 (-14<h<l14, -21<k<L21, -24<I<24)
independent reflections 8120 (Rint = 0.0222)
number of observed reflections (NO) 8009 [Fo2= 20(Fy2)]
structure solution method intrinsic phasing (SHELXTY)
refinement method full-matrix least-squares on F2 (SHELXL—
2013°)
absorption correction method Gaussian integration (face-indexed)
range of transmission factors 0.6704-0.3673
data/restraints/parameters 8120/0/476
extinction coefficient (x)9 0.00018(2)
goodness-of-fit (S)¢ [all data] 1.056
finalR indices/
R [Fo2= 20(Fy2)] 0.0207
wR» [all data] 0.0537
largest difference peak and hole 0.340and —0.516 ¢ A-3

(continued)
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Table A11. Crystallographic Experimental Details for 4-13 (continued).

a0btained from least-squares refinement of 9610 reflections with 6.72° < 26<144.54°.

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

¢Sheldrick, G. M. ActaCrystallogr.2008, A64, 112—122.

dF.* = kF[1 + x{0.001F:2A3/sin(26)} ]-1/4 where k is the overall scale factor.

eS = [Zw(Fo2 — F2)2/(n — p)]'/2 (n = number of data; p = number of parameters varied; w
= [0?(F?) + (0.0242P)2 + 2.1919P]-! where P = [Max(Fy2, 0) + 2F:2]/3).

IRy = Z||Fo| = |FlVZ|Fol; wRa = [Ew(Fo? — F2)2/Zw(Foh)]1/2.
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Table A12. Crystallographic Experimental Details for 4-14.

A. Crystal Data

formula C43Hg1BF5P>RhSi
formula weight 876.66
crystal dimensions (mm) 0.29x0.18x0.17
crystal system orthorhombic
space group Pca21 (No. 29)
unit cell parameters?
a(A) 17.8144 (6)
b (A) 13.4860 (4)
c(A) 17.9713 (6)
v (A3) 4317.5 (2)
Z 4
Pealed (g cm™3) 1.349
u (mm-1) 0.548
B. Data Collection and Refinement Conditions
diffractometer Bruker D8/APEX II CCD?
radiation (1 [A]) graphite-monochromated Mo K« (0.71073)
temperature (°C) —100
scan type w scans (0.3°) (20 s exposures)
data collection 28 limit (deg) 56.76
total data collected 38171 (-23<h<23, -17<k<18, -23</<24)
independent reflections 10538 (Rint = 0.0250)
number of observed reflections (NO) 9950 [Fy2= 20(Fo?)]
structure solution method intrinsic phasing (SHELXTY)
refinement method full-matrix least-squares on F2 (SHELXL—
2013°)
absorption correction method Gaussian integration (face-indexed)
range of transmission factors 0.9888-0.8816
data/restraints/parameters 10538 /0 /480480
Flack absolute structure parameter? —0.004(6)
goodness-of-fit (5)¢ [all data] 1.029
finalR indices/
R [Fo2= 20(Fy2)] 0.0240
wR> [all data] 0.0627
largest difference peak and hole 0.508 and —0.344 ¢ A-3

(continued)

209



Table A12. Crystallographic Experimental Details for 4-14 (continued).

aQObtained from least-squares refinement of 9796 reflections with 4.42° <2 6<56.24°.

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

¢Sheldrick, G. M. ActaCrystallogr.2008, A64, 112—122.

dFlack, H. D. ActaCrystallogr.1983, A39, 876-881; Flack, H. D.; Bernardinelli, G.
ActaCrystallogr.1999, A55, 908-915; Flack, H. D.; Bernardinelli, G. J. Appl
Cryst.2000, 33, 1143—1148. The Flack parameter will refine to a value near zero if the
structure is in the correct configuration and will refine to a value near one for the
inverted configuration.

eS = [Zw(Fo2 — F2)2/(n — p)]'/2 (n = number of data; p = number of parameters varied; w
=[62(Fy2) + (0.0388P)2 + 0.6268P]-1 where P = [Max(Fy2, 0) + 2F:2]/3).
TR = E||Fo| — |Fell/Z|Fol; wR2 = [Zw(Fo? —Fcz)z/ZW(Fo4)]l/2-
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Table A13. Crystallographic Experimental Details for 4-15.

A. Crystal Data

formula C39H;58F3IrO3P>SSi
formula weight 946.14
crystal dimensions (mm) 0.26 x 0.20 x 0.03
crystal system orthorhombic
space group Pbca (No. 61)
unit cell parameters?®
a(A) 17.2449 (3)
b (A) 20.8720 (4)
c(A) 22.4089 (4)
V(A3) 8065.8 (3)
Z 8
Pealed (g cm™3) 1.558
u (mm-1) 8.336
B. Data Collection and Refinement Conditions
diffractometer Bruker D8/APEX 11 CCD?
radiation (1 [A]) Cu K (1.54178) (microfocus source)
temperature (°C) —100
scan type ® and @ scans (1.0°) (5 s exposures)
data collection 28 limit (deg) 148.15
total data collected 55172 (-21<h<21, -20<k<23, -27<1<27)
independent reflections 7913 (Rint = 0.0284)
number of observed reflections (NO) 7022 [Fo2> 20(Fy2)]
structure solution method Patterson/structure  expansion (DIRDIF-
2008¢)
refinement method full-matrix least-squares on F2 (SHELXL—
20149)
absorption correction method Gaussian integration (face-indexed)
range of transmission factors 0.8212-0.3038
data/restraints/parameters 7913/0/453
goodness-of-fit (S)¢ [all data] 1.080
final R indices/
R| [Fo?>20(F2)] 0.0222
wR> [all data] 0.0631
largest difference peak and hole 1.246 and —0.624 ¢ A-3

(continued)
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Table A13. Crystallographic Experimental Details for 4-15 (continued).

a0btained from least-squares refinement of 9041 reflections with 7.74° <26< 147.70°.

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

¢Beurskens, P. T.; Beurskens, G.; de Gelder, R.; Smits, J. M. M.; Garcia-Granda, S.; Gould,
R. O. (2008). The DIRDIF-2008 program system. Crystallography Laboratory,
RadboudUniversityNijmegen, The Netherlands.

dSheldrick, G. M. Acta Crystallogr.2015, C71, 3-8.

eS = [Zw(Fo2 — Fc2)2/(n — p)]'/2 (n = number of data; p = number of parameters varied; w
=[62(Fy?) + (0.0289P)2 + 10.3549P]-1 where P = [Max(F,2, 0) + 2F:2]/3).

TR = E||Fo| — |Fell/Z|Fol; wR2 = [ZW(FO2 —Fcz)z/ZW(Fo4)]l/2-
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Appendix B: Selected NMR Spectra of Reported Compounds

Selected Spectra of Compounds Reported in Chapter 2

Figure B1. For 2-1 (a) *'P{'H} NMR spectrum (121.5 MHz, C¢Ds). (b) 'H NMR spectrum
(300 MHz, Cs¢Dg). * indicates pentane impurity. & indicates cyclohexane impurity.
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Figure B2. For 2-1 *C{'H} NMR spectrum (75.5 MHz, C¢Ds).
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Figure B3. For 2-2a (a) *'P{'H} NMR spectrum (121.5 MHz, C¢Ds). (b) '"H NMR
spectrum (300 MHz, Ce¢D¢). A, ¢ and m indicate resonances associated with each

inequivalent phosphorus atom. * indicates pentane impurity.
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Figure B4. For 2-2a *C{'H} NMR spectrum (75.5 MHz, C¢Ds). * indicates pentane

impurity.
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Figure BS. For 2-2b (a) *'P{'H} NMR spectrum (121.5 MHz, C¢Ds). (b) '"H NMR

spectrum (300 MHz, CsDg). * indicates pentane impurity.
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Figure B6. For 2-2b 3C{'H} NMR spectrum (75.5 MHz, CsDs). * indicates pentane

impurity.
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Figure B7. For 2-2¢ (a) 3'P{'H} NMR spectrum (121.5 MHz, CeDe). (b) 'H NMR

spectrum (300 MHz, CsDg). * indicates pentane impurity.
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Figure B8. For 2-2¢ 3C{'H} NMR spectrum (75.5 MHz, C¢Ds). * indicates pentane
impurity.
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Figure BY. For 2-3a (a) 3'P{'H} NMR spectrum (121.5 MHz, C¢Ds). (b) 'H NMR

spectrum (300 MHz, CsDs).
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Figure B10. For 2-3a >*C{'H} NMR spectrum (75.5 MHz, C¢Ds).
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Figure B11. For 2-3b (a) *'P{'H} NMR spectrum (121.5 MHz, C¢Ds). (b) 'H NMR
spectrum (300 MHz, C¢Ds). (c) *C{'H} NMR spectrum (75.5 MHz, C¢Ds). * indicates
pentane impurity. & indicates cyclohexane impurity.
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Figure B12. For 2-3b *C {'H} NMR spectrum (75.5 MHz, C¢Ds).
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Figure B13. For 2-3¢ (a) *'P{'H} NMR spectrum (121.5 MHz, CeDe). (b) 'H NMR

spectrum (300 MHz, CsDs).
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Figure B14. For 2-3¢ 3C{'H} NMR spectrum (75.5 MHz, C¢Dg).
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Figure B15. For 2-3d,d’ (a) *'P{'H} NMR spectrum (121.5 MHz, C¢Ds). (b) 'H NMR
spectrum (300 MHz, C¢Ds). A indicates resonances corresponding to the mer isomer. ¢

indicates resonances corresponding to the fac isomer.
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Figure B16. For 2-3d,d’ 3C{'H} NMR spectrum (75.5 MHz, C¢D).
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Figure B17. For 2-4a (a) >'P{'H} NMR spectrum (121.5 MHz, C¢Ds). (b) 'H NMR

spectrum (300 MHz, CsDg). * indicates pentane impurity.
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Figure B18. For 2-4a '*C{'H} NMR spectrum (75.5 MHz, C¢Ds).
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Figure B19. For 2-4b (a) *'P{'H} NMR spectrum (121.5 MHz, C¢Ds). (b) 'H NMR

spectrum (300 MHz, CeDs). (c) "*C{'H} NMR spectrum (75.5 MHz, C¢Ds).
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Figure B20. For 2-4b 3C{'H} NMR spectrum (75.5 MHz, CsDg).
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Figure B21. For 2-4c (a) *'P{'"H} NMR spectrum (121.5 MHz, C¢Ds). (b) '"H NMR

spectrum (300 MHz, C¢Ds). * indicates pentane impurity.
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Figure B22. For 2-4¢ *C{'H} NMR spectrum (75.5 MHz, C¢Ds). * indicates pentane

impurity.
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Figure B23. For 2-4d (a) *'P{'H} NMR spectrum (121.5 MHz, C¢Ds). (b) 'H NMR

spectrum (300 MHz, CsDg). * indicates pentane impurity.
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Figure B24. For 2-4d 3C{'H} NMR spectrum (75.5 MHz, C¢Ds). * indicates pentane

impurity.
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Figure B25. For 2-5 (a) *'P{'H} NMR spectrum (121.5 MHz, CD,CL). (b) 'H NMR
spectrum (300 MHz, CD>Cl).
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Figure B26. For 2-5 *C{'H} NMR spectrum (75.5 MHz, CD,Cl,).
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Figure B27. For 2-6 (a) 3'P{'H} NMR spectrum (121.5 MHz, C¢Ds). (b) 'H NMR

spectrum (300 MHz, CsDs).
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Figure B28. For 2-6 *C{'H} NMR spectrum (75.5 MHz, C¢De).
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Figure B29. For 2-8a,b (a) 3'P{'H} NMR spectrum (121.5 MHz, C¢De). (b) '"H NMR

spectrum (300 MHz, CsD¢). Ab and ¢ a indicate resonances associated with each isomer.
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Figure B30. For 2-8a,b (a) *C{'H} NMR spectrum (75.5 MHz, CsDg).

e

E6'VL
IS'LZ
SL'WT
BE'ET
SL'ET
S8'ET
8T've
9E'YZ
9892
00°L2
60°L2
6E°LT
£9'LT
8LLZ
88'L2
tri'ee
¥4:14
62'82
L5'82
08'82
ov'62
18’62
1S'0E
2L'0E]
SL'2E )
B6Z'VE
95'vE
S'9€
60'6€
ZT'6E
0E'6E
Zv'6E |
et'ot
9’0t
Lgor-
6L°L21
2921 v
FAN: 11}
8E'6T1
r9'621
[4:4-71%
alogl
veoel
£TEEL
9E'EEL
LSEEL
LL'6EL
vl
ES°IYE

ppm

T
10

40

50

T T T T T T T
150 140 130 120 110 100 90 80 70

T
160

T
170

242



L8zl
Nm.mﬁ.v
zeseL-

PH;Mes

LEEL—

Figure B31. For 2-9 (a) 3'P{'H} NMR spectrum (121.5 MHz, C¢Ds). (b) 'H NMR

spectrum (300 MHz, CsDs).
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Figure B32. For 2-9 (a) '*C{'H} NMR spectrum (75.5 MHz, C¢Ds).
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Figure B33. For 2-10 (a) 3'P{'H} NMR spectrum (121.5 MHz, C¢Ds). (b) 3'P NMR

spectrum (121.5 MHz, C¢Dg).
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Figure B34. For 2-10 '"H NMR spectrum (300 MHz, CsDg).
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Selected Spectra of Compounds Reported in Chapter 3

Figure B35. For 3-1a (a) *'P{'H} NMR spectrum (121.5 MHz, Cs¢Ds). (b) 'H NMR
spectrum (300 MHz, CgDs).
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Figure B36. For 3-1a *C{'H} NMR spectrum (75.5 MHz, Ce¢Ds). * indicates pentane

impurity.
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Figure B37. For 3-1b (a) 3'P{'H} NMR spectrum (121.5 MHz, C¢Ds). (b) 'H NMR

spectrum (300 MHz, CsDs).
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Figure B38. For 3-1b '3C{'H} NMR spectrum (75.5 MHz, CsDs).
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Figure B39. For 3-1c (a) *'P{'H} NMR spectrum (121.5 MHz, CeDe). (b) 'H NMR

spectrum (300 MHz, CsDs).
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Figure B40. For 3-1¢ 3C{'H} NMR spectrum (75.5 MHz, CsDg).
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Figure B41. For 3-2a (a) *'P{'H} NMR spectrum (121.5 MHz, C¢Ds). (b) 'H NMR

spectrum (300 MHz, CsDs).
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Figure B42. For 3-2a *C{'H} NMR spectrum (75.5 MHz, Ce¢Ds). * indicates pentane

impurity.

18- 4
LELZZ
€19'6T
Lev'9e

8ETLT
STELT
§86°.LT
CEE'LT
SES6T—
2TOov'0E
L6S'0E
vsrve
909'vE
8SLVE
190°SE
8LT°SE
LSt'SE
0lo0°'89

96.°9LL

LA
AN
e

...Nm.we_r
....wm.N?— N.
BSEEVL
666°LS1
S62'8S1 N.
anm.mm—

ppm

80 60 40 20

100

254

120

200 180 160 140

220




Figure B43. For 3-2b (a) *'P{'H} NMR spectrum (121.5 MHz, C¢Ds). (b) 'H NMR

spectrum (300 MHz, C¢Ds). * indicates pentane impurity.
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Figure B44. For 3-2b '3C{'H} NMR spectrum (75.5 MHz, C¢Ds).
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spectrum (500 MHz, CgDs).
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Figure B46. For 3-2¢ '3C{'H} NMR spectrum (125.7 MHz, C¢Dé).
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Figure B47. For 3-4 (a) *'P{'H} NMR spectrum (121.5 MHz, C¢Ds). (b) 'H NMR
spectrum (300 MHz, C¢Ds). Aindicates resonances associated with 1.1 impurity.
indicates THF impurity. * indicates pentane impurity.
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Figure B48. For 3-4d (a) *'P{'H} NMR spectrum (121.5 MHz, C¢Ds). (b) 'H NMR

spectrum (300 MHz, CsDg). * indicates pentane impurity.
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Figure B49. For 3-4d '3C{'H} NMR spectrum (75.5 MHz, CsDs
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Figure B50. For 3-6 (a) *'P{'H} NMR spectrum (121.5 MHz, Ce¢Ds). (b) 'H NMR
spectrum (300 MHz, CsDs).
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Figure B52. For 3-7 *C{'H} NMR spectrum (75.5 MHz, C¢De).
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Selected Spectra of Compounds Reported in Chapter 4

Figure B53. For 4-1 (a) *'P{'H} NMR spectrum (121.5 MHz, Ce¢Ds). (b) 'H NMR
spectrum (300 MHz, Cs¢Ds). (Spectra are from a reaction crude, containing excess
H>SiPhy).
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Figure B54. For 4-2 (a) *'P{'H} NMR spectrum (121.5 MHz, C¢Ds). (b) '"H NMR

spectrum (300 MHz, CsDs).
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Figure B5S5. For 4-2 3C{'H} NMR spectrum (75.5 MHz, C¢Dg).
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Figure B56. For 4-3 (a) 3'P{'H} NMR spectrum (121.5 MHz, CD2CL). (b) 'H NMR

spectrum (300 MHz, CD>Cl).
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Figure B57. For 4-3 3C{'H} NMR spectrum (75.5 MHz, CD,CL).
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Figure B58. For 4-4a,b (a) *'P{'"H} NMR spectrum (121.5 MHz, C¢Ds). (b) 'H NMR
spectrum (300 MHz, CsDs).
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Figure B59. For 4-5 (a) *'P{'H} NMR spectrum (121.5 MHz, Ce¢Ds). (b) 'H NMR
spectrum (300 MHz, CsDs).
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Figure B60. For 4-6 >'P{'H} NMR spectrum (121.5 MHz, C¢D).
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Figure B62. For 4-8a,b (a) *'P{'H} NMR spectrum (121.5 MHz, C¢Ds). (b) *'P NMR

spectrum (121.5 MHz, C¢Dg).
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Figure B63. For 4-8a,b 3C {'H} NMR spectrum (75.5 MHz, C¢D).
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Figure B64. For 4-8a,b (a) *'P{'H} NMR spectrum (121.5 MHz, C¢Ds). (b) *'P NMR
spectrum (121.5 MHz, C¢Dg).
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Figure B65. For 4-9 3C {'H} NMR spectrum (125.7 MHz, C¢Dg).
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Figure B68. For 4-13 (a) *'P{'H} NMR spectrum (202.4 MHz, Cs¢Ds). (b) 'H NMR
spectrum (500 MHz, CgDs).
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Figure B69. For 4-14 (a) *'P{'H} NMR spectrum (202.4 MHz, Ce¢Ds). (b) 'H NMR
spectrum (500 MHz, CgDs).

33
23
V
(a)
PCyz
‘ FBF,
MeSi—Rh<
| S
PCyz
T T T T T T T T T
250 200 150 100 50 0 -50 -100 -150  ppm
GB3¥RERecRE §BRSB 2ciBsnRETCEARRERINEEE
N S I I S NN rrrrrrrrr e e e
NN T Fe———
YEEL
(b)
ANV

©
_®
Aq_
o
o
'S
w
X
-
o

2.00>
2.56

u><rm-n.- Yo (@)

ole(ewls| (o |~

VN L o ©
- ™~

3.00=
2.28

280



Figure B70. For 4-14 '°F{'H} NMR spectrum (470.6 MHz, C¢Ds).
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Figure B71. For 4-15 *'P{'H} NMR spectrum (121.5 MHz, C¢Ds).
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Figure B72. For 4-16 (a) *'P{'H} NMR spectrum (121.5 MHz, C¢Ds). (b) 'H NMR

spectrum (300 MHz, CsDs).
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Figure B73. For 4-16 (a) '*C NMR spectrum (121.5 MHz, C¢D¢). (b) ’F{'H} NMR
spectrum (282.4 MHz, C¢Dg).
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Figure B74. For 4-17 (a) *'P{'H} NMR spectrum (121.5 MHz, CD.CL). (b) 'H NMR

spectrum (300 MHz, CD>Cl).

ppm
ppm

£20°0
20L°0
ZEB'D
vse8'0
998'0
1180
0060
oLl
951}
09’k
ELL'L
8811
Z61'L
L3 L0271
! 1Lz

08'L
<v8e
[ - ¥S°
—oze

V620

T
-100

06'LE

vZe
—zTrL

LLeh
00€°}
90E’L
~E 69E°L
o 96€°L
24 8
4248

mm.w.
L5°SE

S9'5E W 999°L
wh.mn cnw.—

m ~22Y
[28:14 —_ LYE')
6E'8t B LSE')
L8°0% \ 8L6L
$6'0% 8202

YL
25°LL-
80°6-

ﬂ
]
=]

50
&

€502
902
16v'Z
1852
BEEL
epeL
zseL
098,
99€'L
L8eL /sty
rot'L /90t
6ov'L 20
MH.M \96'0
@ \oo'k
861, .
005°L
909'L
829'L
059'L Fo
voLL
88L°L
658'L

T
100

T
150

e — e
|
5 4 3 2

T
200

(b)

284



Figure B75. For 4-17 *C NMR spectrum (121.5 MHz, CD2CL).
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Figure B76. For 4-18 3'P{'H} NMR spectrum (121.5 MHz, C¢Ds).
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Figure B77. For 4-19 (a) *'P{'H} NMR spectrum (121.5 MHz, CD.CL). (b) 'H NMR
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Figure B78. For 4-20 (a) *'P{'H} NMR spectrum (121.5 MHz, CD,Cl,). (b) '"H NMR
spectrum (300 MHz, CD,CL).
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Figure B79. For 4-21 (a) *'P{'H} NMR spectrum (202.4 MHz, CD,CL). (b) '"H NMR

spectrum (500 MHz, CD>Cl).
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Figure B80. For 4-21 *C{'H} NMR spectrum (125.7 MHz, CD,CL).
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Figure B81. For 4-22 (a) *'P{'H} NMR spectrum (202.4 MHz, CD,CL). (b) 'H NMR

spectrum (500 MHz, CD>Cl).
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Figure B82. For 4-23 (a) >'P{'H} NMR spectrum (121.5 MHz, C¢Ds). (b) 'H NMR

spectrum (300 MHz, CsDs).
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Figure B83. For 4-23 '°F{'H} NMR spectrum (282.4 MHz, C4Ds).
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