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ABSTRACT

JIAN YANG: Iridium-Catalyzed Reduction of C-X Bonds (X=F, Cl, Br, I, O) with
Triethylsilane
(Under the direction of Professor Maurice Brookhart)

Alkyl halides are generally reduced with trialkyl tin hydrides via a radical chain
mechanism. Alternative reduction procedures are desired owing to the toxicity of the tin
reagents and problems separating tin byproducts from reduction products. We have
discovered and developed a highly efficient and environmental friendly procedure for the
reduction of a broad range of alkyl halides by triethylsilane reagents with cationic iridium
pincer catalysts.

In-depth mechanistic studies have been carried out which have revealed a unique
catalytic cycle. The electrophilic iridium hydride complex binds and activates the silane. This
complex transfers “Et;Si™ to the halide forming a highly active bridged halonium ion which
is rapidly reduced by the iridium dihydride remaining following silyl transfer and the cationic
iridium hydride complex is thus regenerated. All key intermediates have been identified by in
sitt . NMR monitoring and kinetic studies have been completed. The key Ir(silane)
intermediate has even been isolated and fully characterized by NMR spectroscopy and X-ray
crystallography, which shows an unprecedented example of a cationic transition metal
n'-silane complex.

In application of this novel chemistry to other organic functional groups, we have been

particularly drawn to the cleavage and reduction of alkyl ethers, due to its several potential

il



applications. We have found that these cationic iridium pincer catalysts are highly active for
the room-temperature cleavage and reduction of a wide variety of unactivated alkyl ethers
with triethylsilane. For example, diethyl ether can be readily converted to two equivalents of
ethane and Et;SiOSiEt;. Poly(ethylene glycol) can be readily degraded to
Et;S1OCH,CH,0SiEt; and ethane. Mechanistic studies have revealed the full details of the
catalytic cycle with the resting state(s) depending on the basicity of the alkyl ether. The key
intermediate diethyl(triethylsilyl)oxonium ion has been isolated and fully characterized by

low temperature NMR spectroscopies and X-ray crystallography.

v



To: Lily



ACKNOWLEDGMENTS

I am now trying to catch up the graduate school deadline to submit this dissertation, and
the only part left is acknowledgement. Nevertheless, this is the last but the most important
part because without those people I acknowledge below I would not reach here.

Upon looking back, I always feel fortunate that I have made wonderful choices to come
to North Carolina, join Brookhart group, and marry my wife, Lily. There are lucky and
unlucky moments in graduate research, but Brook has always been a great advisor. He
teaches me, encourages me, leads me into the area of organometallic chemistry, and helps me
understand the arts and sciences of homogeneous catalysis. At this moment I sincerely thank
him for invaluable guidance for last five years. I would also like to thank my undergraduate
advisor, Prof. Dongyuan Zhao, for getting me started in chemical research. I am also grateful
to my high school teacher, Mrs Guoyong Chen, who sparked my interest in chemistry,
encouraged me to attend the Final of Chinese National Chemistry Olympiad and get the first
prize award.

I am indebted to Dr. Peter White, a very nice person, who has solved a few very
important crystal structures for me. Drs. David Harris and Dr. Marc ter Horst have also given
me invaluable help in finding solutions for NMR problems I have met. I am grateful to Prof.
Cindy Schauer for such an excellent teacher and collaborator. I would also like to thank other

committee members, Profs. Joe Templeton, Mike Gagné, Ed Samulski and Valerie Ashby.

vi



Importantly I would like to take this opportunity to thank all of my group members: Marc,
Andy, Wes, Zheng, Stephanie, Azi, Nick, Michel, Eleanor, and Abby (I still consider you as
a current group member!). I also thank all of the past members of Brookhart lab, especially
Alison, Amy, Mark, Lei, Becky, Emily, Rick, James, Henri, Tom, Julia and Vasily. You guys
have made a nice research environment and atmosphere for last five years. Particularly I am
grateful to Marc and Mark, Alison and Amy, Rick and James who taught me most of my
organometallic techniques in the lab.

Last but not least, I sincerely thank the constant support of my family, both in China and
Chapel Hill. They have always been together with me and are those I can rely on. Of course,

my wife Lily, marrying whom is the most fortunate thing that could happen to me.

vii



PREFACE

The history of chemistry is a history of discovery and development, from the discovery
of each element to the make of new element, from the discovery of active compounds to
design of new drugs, etc. More specific and related (to organometallic chemistry) examples
include but not limited to, from the discovery of Ziegler-Natta olefin polymerization catalysts
to the development of homogeneous early metal metallocene catalysts and late metal
Brookhart a-diimine catalysts, from the discovery of early metal olefin metathesis to the
development of Ru Grubbs catalyst, from the discovery of a metal dihydrogen complex and
agostic interactions to the later numerous examples of inter- and intramolecular 6-complexes.

The history of chemistry also teaches us that nothing is impossible. The enormous
revival of late metal olefin polymerization catalysts in last decade tells a story of “it is all
about ligands”. The intense debate and studies of silicon cation chemistry tells us “it is all
about counteranions and nothing is non-coordinating”. The discovery and development of
coordination chemistry of saturated molecules shows that “it is all about metals and
coordination environments”. Developments from the first discoveries of C-H oxidative
addition on iridium center to alkane dehydrogenation with thousands of turnovers tell that “It
not only can be done but also can be done very efficiently”.

In this dissertation, the author wishes to tell a story of the discovery and development of
a novel catalytic reduction chemistry, which constitutes majority of his graduate work, may

only add a tiny example to the chemistry discovery and development though.
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CHAPTER ONE

Iridium-Catalyzed Reduction of Alkyl Halides with Triethylsilane:

Discovery, Development, Mechanistic Studies and Application.

(Part of this chapter has been adapted with permission from: Yang, J., Brookhart, M. J. Am.

Chem. Soc. 2007, 129, 12656-12657. Copyright 2007 American Chemical Society.)

Background and Introduction

Reduction of alkyl halides to alkanes is a frequently practiced synthetic transformation.
The most common method employed is the use of Bu;SnH in a radical chain process.' While
this is an efficient two-step chain process (Scheme 1.1), alternative reduction methods are
desired owing to the toxicity of the tin reagents and difficulties in work-up and separation of
tin halide by-products from the organic products.” The desired products are frequently
contaminated by trace amounts of organotin complexes which prohibits their application in
the synthesis of pharmaceuticals. Thus, replacing these highly toxic organotin reducing
agents by environmentally benign alternatives is of increasing importance.

Scheme 1.1. Two-step Chain Process for the Reduction of RX by Organotin Reagents.

R+ BugSnH——— RH + BusSn

BusSn: + RX — > BuzSnX + R



Other organometallic compounds such as Bui;GeH and RHgH complexes have been
explored as alternatives to BusSnH as halide reducing agents, but they are not viable options
for industrial applications due to high costs or high toxicities.*”

Although thermodynamically feasible, the use of readily available and cheap trialkyl
silanes in place of tin hydrides for reduction is not effective due to the high bond energy of
the Si-H bond which will not support a radical chain process. It was demonstrated that
silicon-hydrogen bonds can be weakened dramatically by successive substitution of silyl
groups at the Si-H function. Tris(trimethylsilyl)silane (TTMSS), therefore, is an efficient
hydrogen donor and was used by Chatgilialoglu et al. as a new free radical reducing reagent.”
However, this TTMSS reagent is not economically attractive and also not easily made.

The success of TTMSS led to the exploration of other organosilanes as new radical-based
reducing agents, including (Me;Si),SiHMe, (MeS);SiH and (i-PrS);SiH.> These compounds
are effective reducing agents for a variety of organic functionalities. The silanethiols
(MesSi),Si(SH)Me and (Me;Si);SiSH, which allow the transformation of a thiyl to a silyl
radical via a fast intramolecular rearrangement, are also found to reduce alkyl halides through
a radical mechanism.>* It has also been reported that Et,SiH, and Et;SiH can reduce alkyl
halides to the corresponding alkanes in the presence of a suitable initiator and alkanethiols as
polarity reversal catalysts.”

Moreover, high loadings of strong Lewis acids like AICIl; have also been explored to
mediate the reduction of alkyl halides by Et;SiH.® Extensive skeletal rearrangements or
Friedel-Crafts alkylation can occur accompanying this reduction chemistry.

Combination of [Ph3;C][B(CeFs)4] and Et;SiH was recently demonstrated by Ozerov and

co-workers to be capable of catalytic reduction of C(sp’)-F bonds via a mechanism involving



generation of carbocations through fluoride abstraction by Et;Si” followed by hydride
transfer to the carbocation by Et;SiH (Scheme 1.2).”* Similar chemistry has been described
using a bissilylated onium salt.”

Scheme 1.2. Proposed Mechanism for Reduction of Alkyl Fluorides with the

[PhsC][B(CsFs)s]/Et;SiH System’

©) )
. [Ph3C] [B(CeFs)4] ®
Et3S|H Et3S|
RF
RH
Et;SiH r® Et,SiF
Chart 1.1. Iridium Bis(phosphinite) Pincer Complexes
X
oy o X = H (1a), MeO (1b), Me (1c), F (1d), C¢Fs (1e),

(tBu)zl-l’—AI|r—Il3(tBu)2 Arf [= 3,5-bis(trifluoromethyl)phenyl] (1f)

Cl

Previously in our lab, iridium bis(phosphinite) pincer complexes (Chart 1.1) have been
shown to be precursors to highly active catalysts for the transfer dehydrogenation of alkanes®
and are capable of N-H bond activation.’ By abstracting the chloride from (POCOP)Ir(H)(CI)
with NaB(Arp)s [Arr = 3, 5-(CF3),C¢Hs], a cationic iridium monohydride complex is

generated. This in situ formed species was tested as a catalyst for dehydropolymerization of



silanes. Rather than dehydrocoupling of Et;SiH, this cationic iridium complex was found to
catalyze the reduction of methylene chloride to methane by Et;SiH at room temperature with
at least 100 turnovers (TOs) (Scheme 1.3).

Scheme 1.3. Unexpected Iridium-Catalyzed Reduction of CD,Cl, to CD,H, by Et;SiH

® O
B(ArE)s
CHY ©Q
(tBu)QP—I{—P(tBu)Z
CD,Cl, solv. CD,H, + Et;SiCl
23°C, EtsSiH 100 TOs

"H NMR: CDH,: 0.19 (multiplet), no CD,HCI
3C NMR: 8.0 (CH of Et3SiCl) 7.1 (CH3 of Et3SiCl)
2951 NMR: 36.5 (Et3SiCl)

More interestingly, since CD,HCI should be the initial reduction product of CD,Cl,, the
observation that only traces of CD,HCIl were identified during the reduction of CD,Cl,
indicates that the reduction of CD,HCI is much more rapid than CD,Cl,. This observation
suggests that this reduction chemistry probably does not go through the conventional radical-

based process.



Research Goals and Achievements

The combination of a novel mechanism and practical utility strongly encouraged us to
explore the scope, selectivities and mechanism of this reduction chemistry. Furthermore, we
were also interested in application of the mechanistic understanding of alkyl halide reduction
chemistry to the reduction of other organic functional groups.

Thus the remainder of this Chapter describes the development of these highly active
cationic iridium hydride complexes for the reduction of primary, secondary and tertiary
chlorides and bromides, primary iodides and even several types of alkyl fluorides. In-depth
mechanistic studies have been carried out which have revealed a unique catalytic cycle. All
key intermediates have been identified by NMR spectroscopy and kinetic studies have been
completed.

Chapter Two details the use of these cationic iridium pincer catalysts for the room-
temperature cleavage and reduction of a broad range of alkyl ethers with triethylsilane, as
well as mechanistic details of these novel catalytic transformations including isolation and
characterization of the key intermediate in the reduction of diethyl ether,
diethyl(triethylsilyl)oxonium ion.

Chapter Three focuses on the isolation and complete characterization of the key cationic o-
silane intermediate for this reduction chemistry. X-ray crystallography in combination with
DFT studies shows it to be an unprecedented example of the transition metal 1'-silane

complex with a unique dynamic process for scrambling hydrides.



Results and Discussion

A. Synthesis of Cationic Iridium Bis(phosphinite) Pincer Catalyst: a Dichloromethane
Complex, 2.

First of all, the inactivity of [rf(POCOP)HCI 1a under identical conditions for reduction of
CD,Cl; excludes the possibility of Ir(POCOP)HCI as the catalytically active species for this
reduction. NaB(Arr)s [Arr = 3, 5-(CF3),CsHs] does not catalyze the reduction of CD,Cl,
either. Thus the catalytically active species must be the cationic monohydride complex
generated from the reaction between Ir(POCOP)HCI and NaB(Arg)s.

Catalysis with the in situ generated cationic catalyst often produces in inconsistent results;
therefore, the isolation of the active catalyst is crucial. The cationic iridium dichloromethane
complex, 2, was then synthesized and isolated by treatment of 1a with slightly excess of
NaB(Arg)s in dichloromethane (eq 1.1). Complex 2 was fully characterized by NMR

spectroscopies and elemental analysis (see experimental section).

® O
B(Arg)4
OHT 9 NaB(Are)s PHl @
(tBu),P—Ir—P(tBu), (tBu),P—Ir—P(tBu), (1.1)
(l;l CH,Cl,, 23°C
CICH,CI
1a AFF =3, 5-(CF3)2C6H3 2

This cationic iridium dichloromethane complex, 2, was found to be an efficient catalyst for
the reduction of a variety of alkyl chlorides and bromides. However, at higher reaction
temperatures (60 °C or 110 °C) with certain substrates, a small amount of Et;SiF was

identified by °C and ""F NMR, which presumably due to the attack of “Et;Si™ on B(Arg)s



counteranion. Therefore, in order to get a more stable and active catalyst, we turn to the

B(C¢Fs)4” counteranion.

B. Synthesis of a More Active and Stable Catalyst: The Cationic Iridium Acetone
Complex, 3.

Synthesis and isolation of 2 possessing a B(C¢Fs)s~ counteranion is not straight forward.
The chloride abstraction route analogous to that described in eq 1 does not work presumably
due to the poor solubility of KB(C¢Fs)4 salts in a variety of solvents and the strong iridium-
chlorine bond. Another synthetic route was then employed. The synthesis of 3 is readily
achieved in 94% isolated yield by treatment of dihydride 4'° with [Ph;C][B(CeFs)4] in
acetone (eq 1.2). Catalyst 3 is very stable because acetone binds tightly to the cationic Ir(III)
center. Exposure of 3 to Et;SiH results in rapid hydrosilation of acetone and forms
noncoordinating (CH3),CHOSIiEt; and the highly reactive solvated complex which initiates

. . 11
reduction reactions.

® ©
B(CsFs5)4
0 0 [PhsCl[B(CeFs)a] o°yY o
(tBu),P—Ir—P(tBu), (tBu)P——P(Bu) (1.2)

2 o]
H H Acetone, 23 °C, 2h o

4 )1\3

Complete spectroscopic characterization is described in the experimental section. Crystals
of iridium complex 3 were grown from slow diffusion of pentane into an acetone solution of
complex 3. The ORTEP diagram of 3 is shown in Figure 1.1. Acetone is coordinated through
oxygen to the iridium(IIl) center trans to the ipso carbon of the tridentate POCOP ligand

backbone. The hydrogen bound to Ir was not located in the X-ray diffraction experiment, but



was placed in a calculated position based on a square-pyramidal geometry at Ir assigned on

the basis of the '"H NMR data.

Figure 1.1. ORTEP diagram of complex 3 (the iridium hydride observed by 'H NMR
spectroscopy not located; B(CsFs)s” not shown for clarity). Key bond distances (A) and bond
angles (deg): Ir(1)-C(19) =2.018(4), Ir(1)-O(1) = 2.178(3), Ir(1)-P(2) = 2.3025(11), Ir(1)-P(1)
= 2.3253(10), P(1)-O(13) = 1.656(3), P(2)-O(20) = 1.654(3), O(1)-C(2) = 1.235(5); C(19)-
Ir(1)-O(1) = 172.99(13), C(19)-Ir(1)-P(2) = 79.98(12), O(1)-Ir(1)-P(2) = 99.34(8), C(19)-

Ir(1)-P(1) = 79.78(12), O(1)-Ir(1)-P(1) = 100.25(8), P(2)-Ir(1)-P(1) = 159.37(4).

C. Reduction of Alkyl Halides by Et;SiH Catalyzed by Iridium Acetone Complex 3.
A broad spectrum of alkyl halides are conveniently reduced by triethylsilane in the
presence of a catalytic amount of 3 in chlorobenzene. Fluorobenzene, dichlorobenzene and

neat alkyl halides (see below) have also proved to be suitable solvents. Catalyst loadings of



0.5 mol% are generally used (but can be much lower, see below) together with 3 equiv. of
Et;SiH; temperatures of 23-60 °C are employed depending on substrate.
Table 1.1. Tridium-Catalyzed Reduction of Benzyl Halides by Et;SiH*

0.01-0.5 mol% 3

PhCH,X + EtsSiH PhCH; + EtySiX
23-100 °C
Cat. T Solv.” t Conv.*
Entry RX Product
mol % °oC h %
CH,Br CH,
105 ©/ 23 A 03 >99 @f
CH2C| CH3
205 @ 23 A 03 >99 @
CH,Br CHs
30075 ©/ 23 A 25 >99 ©/
CHzcl CH3
4 001 @ 3 B 29 3R Ej

54 0.5

CF3 CH3 )
©/ 60 A 64 9 ©/ ' alkylation

products
d CF3 CH3 )
6 0.5 ©/ 100 A 5 10 ©/ . alkylation
products

“Reaction conditions: 3 equiv. of Et;SiH. bSolvent: A, C¢DsCl; B, CsD4Cly. ¢ Determined
by loss of alkyl halides by NMR. ¢ conversions were determined by formation of Et;SiF by
F NMR spectroscopy; reduction products were not fully identified.

Benzyl halides were first explored as reduction substrates. Results of typical reductions are
illustrated in Table 1.1. Conversions were determined by "H NMR spectroscopy (conversions
for alkyl fluoride reductions were determined by '’F NMR spectroscopy). Entries 1-2 show

that benzyl chloride and benzyl bromide are rapidly reduced at 23 °C, 0.5% catalyst loading.



With 0.075% loading, complete reduction of benzyl bromide (1330 TOs) is accomplished in
2.5 h at 23 °C. At 0.01% loading 3200 TOs for reduction of benzyl chloride are achieved
after 29 h. Entries 5-6 show that a, a, a-trifluorotoluene can also be reduced at either 60 °C or
100 °C but with limited efficiency (up to 20 TOs based on loss of C-F bonds) and poor
selectivity (alkylation products in addition to toluene are observed).

Table 1.2. Iridium-Catalyzed Reduction of Primary Alkyl Halides by Et;SiH*

0.5-2.0 mol% 3
RX + Et3SiH RH + Et3SiX
23-60 °C, chlorobenzene-d®

Entry Cat. mol % RX T/°C  t¢h  Conv.”/ % Product
1 0.5 SN 60 7 >99 SN
2 0.5 " 60 1.5 >99 SN
3 0.5 SN 60 48 >99 N
4¢ 2.0 NN 60 50 92 N
CH,Br CH,
5 1.0 23 51 >99

“ Reaction conditions: 3 equiv. of Et;SiH. ” Determined by loss of alkyl halides by NMR.
“Products in addition to pentane are observed.

Results of reduction of simple primary alkyl halides are shown in Table 1.2. Rapid
reduction of 1-bromopentane occurs at 60 °C (0.5% 3) while under similar conditions 1-
chloropentane requires ca. 7 h for complete reduction. Surprisingly, reduction of iodides is
very slow and it takes about 48 h for complete conversion of 1-iodopentane to pentane at 60

°C with 0.5% loading of 3. Entry 6 shows that 1-fluoropentane can also be reduced at 2%

catalyst loading at 60 °C although with reduced efficiency (46 TOs based on loss of C-F
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bonds) and selectivity (unidentified products in addition to pentane are observed).

(Bromomethyl)cyclohexane can also be reduced to methyl cyclohexane with 0.5% catalyst

loading at 23 °C (entry 5).

Table 1.3. Tridium-Catalyzed Reduction of Secondary and Tertiary Alkyl Halides by Et;SiH"

0.5 mol% 3
Et;SiH RH + Et3SiX
23-60 °C, chlorobenzene-d®
Entry Cat. mol % RX T/°C  ¢h Conv.’/% Product
Cl
1 0.5 PN 60 23 >99 NN
. B
2 0.5 PS 60 07  >99 e
Cl
3¢ 0.5 © 60 16 >99 O
Br
4° 0.5 O 23 0.3 >99 O
Cl
5¢ 0.5 % 23 03 >99 \)\
6 0.5 Ph3CCl 23 0.3 >99 Ph3CH

“Reaction conditions: 3 equiv. of Et;SiH. ” Determined by loss of alkyl halides by NMR.
“In addition to alkane, traces of olefin and H, were observed and converted to alkanes at

longer reaction times.

Reductions of simple secondary halides are shown in entries 1-4 of Table 1.3. Like the

primary halides, efficient reductions can be accomplished in chlorobenzene or in neat alkyl

halide at either 60 or 23 °C and bromides are reduced more rapidly than chlorides.

Bromocycloheptane is efficiently and selectively reduced to cycloheptane without

11



observation of the skeletal rearrangement product, methyl cyclohexane (entry 4). The tertiary

chlorides, trityl chloride and tert-pentyl chloride, are reduced rapidly at 23 °C (entries 5-6).
The catalytic reduction can also be carried out in a solvent-free manner as illustrated in

Table 1.4. Thus reduction of neat benzyl chloride can be achieved with 200 TOs in less than

20 minutes at room temperature (entry 1). Similarly, primary and secondary chlorides and

bromides are reduced efficiently at 23 °C without a solvent (entry 2-5).

Table 1.4. Solvent-Free Reduction of Alkyl Halides with Et;SiH Catalyzed by 1

0.5 mol% 3
RX + Et;SiH RH + Et;SiX
23 °C, neat condition

Entry RX t/h Conv.”/ % Product
CH.CI CHs
1 Ej 03 99 @
2 SN 20 86 SN
3 " 3.3 98 SN
. Cl
4 /\)\ 9 99 NN

Br

5¢ /\)\ 33 98 NN

“Reaction conditions: 3 equiv. of Et;SiH. ” Determined by loss of alkyl halides by NMR.
“In addition to alkane, traces of olefin and H, were observed and converted to alkanes at
longer reaction times.

D. Competition Experiments to Determine Relative Reactivities: Comparison with
Conventional Radical-Based Reduction Chemistry.

To determine relative reactivities of primary and secondary halides, competition
experiments were performed by treating a 1:1 molar ratio of the two pentyl halides in

CsD4Cl, with 6 equiv Et;SiH and 1% 3 and monitoring initial rates of reduction of the halides

12



at 23°C by 'H NMR (eq 1.3). The following relative rates were determined: 1-
chloropentane:2-chloropentane = 2.6:1.0, 1-bromopentane:2-bromopentane = 2.0:1.0 and 1-

1iodobutane:2-iodobutane = 1.6:1.0.

0.5-1.0 % 3, 6 equiv. Et3SiH
1° RX + 2°RX RH (1.3)
CeD4Cly, 23°C

1 equiv. 1 equiv.

(X = Cl, Br, )

Results in Table 1.2 and 1.3 show that, qualitatively, reactivities follow the order
RBr>RCI>RI when reductions are carried out in separate flasks. Quite different results are
seen when two different halides compete for reduction in the same flask. The experimental
protocol is summarized in eq 1.4 and results are shown in Table 1.5. In a representative
experiment, 1-iodoheptane (1 equiv) and l-bromohexane (80 equiv) were treated with 30
equiv. of Et3SiH and 5% 3. Analysis of heptane and hexane very early in the reaction (less
than 12.5% conversion of 1-iodoheptane) established a relative reactivity ratio of 80:1 for
primary iodide: primary bromide. Bromide vs. chloride and iodide vs. chloride values are
shown in the Table 1.5 and establish that in head-to-head competition RI>RBr>RCI. These
results show that highly chemoselective reductions can be achieved.

5% 1, 30 equiv. Et3SiH
RX + RX RH + RH (1.4)
CeHsF, 23°C

1 equiv. 80 to 250 equiv.

(X, X'=Cl, Br, 1)

R= -(CH2)6CH3

R'= -(CH2)5CH3

13



Table 1.5. Competition Experiments to Determine the Relative Reactivities of Primary Alkyl

Chloride, Bromide and Iodide.

entry RX R’X’ R’X’/  relative reactivies
RX (RX/R’X?)

1 1-Iodoheptane 1-Chlorohexane 250 1200

2 I-Bromoheptane  1-Chlorohexane 200 260

3 1-lodoheptane 1-Bromohexane 80 80

Thus the reduction selectivities found for the 3/Et;SiH system are very different from
those based on the radical chain process,'” where general reactivities of RI>RBr>RCl and 2 °
RX>1 ° RX (2 ° RX = secondary alkyl halides; 1 ® RX = primary alkyl halides) are typically
observed (Scheme 1.4). Only traces of CD,HCI were observed during the reduction of
CD,Cl; by 3/Et3SiH which shows that CD,HCI is reduced much faster than CD,Cl,, a result
of which is also inconsistent with a radical mechanism.

Scheme 1.4. Chemoselectivity for Alkyl Halide Reductions Observed in the 3/Et;SiH System

Compared with Conventional Radical-Based Reductions

Conventional Bu3;SnH based method: Ir / Et3SiH process:
Rl > RBr > RCI RI > RBr > RCI (head-to-head competition)
RF no reaction RBr > RCI > RI (separate flasks)
3°RX >2°RX > 1° RX 1° RX > 2° RX (head-to-head competition)
CCly > CCI3H > CH,CI, > CH3CI CHsCI > CH,CI,

14



E. Comparison of Ir-Catalysis with AlCls.

Strong Lewis acid AlCl; was explored about three decades ago by Doyle et al. to mediate
the reduction of alkyl halides by Et;SiH.®* No major difference in reactivity was found
between comparable alkyl bromides and chlorides. Reduction by triethylsilane was often
accompanied by extensive skeletal rearrangements or Friedel-Crafts alkylation reactions
(Scheme 1.5). The rearrangement to 1-bromo-1-methylcyclohexane was observed in the
reduction of bromocycloheptane. Formation of 2-deuteriohexane or 1-deuterio-1-
methylcyclohexane from reductions of 1-bromohexane and (bromomethyl)cyclohexane,
respectively, using AICl3/ Et;SiD  suggests a mechanism involving carbocation-like
intermediates in which the carbocation rearrangement precedes the reduction event.

In contrast to the AlCls-catalyzed process, we observed quite different chemistry for the
3/Et;SiH system (Scheme 1.5). Cycloheptane was the only observable reduction product
(>99% conversion) from bromocycloheptane. When treated with Et;SiD, 1-bromohexane
yielded solely I-deuteriohexane while (bromomethyl)cyclohexane gave
(deuteriomethyl)cyclohexane as the major reduction product and 1-deuterio-1-
methylcyclohexane as the minor product (ca. 6:1 ratio as determined by “C{'H} NMR

spectroscopy). These results suggest that the two catalytic systems behaved differently.
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Scheme 1.5. Comparison of Ir-Catalysis with AICl; Catalysis®

Et38|H
5%
Et3S|H
+
5% AICI;
1
B) Et;SiD
CH3(CH2)4CHzBr > CH3(CH2)4CH2D
1% 3
Et,SiD
CH3(CH2)4CH28F CH3(CH2)3CHDCH3
5% AIC5
C)
CH.Br CH,D CHs
Et3S|D
3% 3 i ii
CH,Br CH3
Et,SiD b
5% AIC5

F. Comparison of Ir-Catalysis with [Ph;C][B(C¢Fs)4].

The combination of [Ph3;C][B(CsFs)4]/Et3SiH was recently reported to catalytically cleave
alkyl fluorides via a mechanism involving generation of carbocations through fluoride
abstraction by Et;Si" followed by hydride transfer to the carbocation by Et;SiH.”* To gain
more insight into the 3/Et;SiH system, we compared the catalytic reactivities of 3 with

[Ph3C][B(CgFs)4] for alkyl chloride reductions. Thus a mixture of a 1:1 molar ratio of 1-
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chloropentane and 2-chloropentane was treated with 6 equiv. of Et;SiH and 1% catalyst (a:

[PhsC][B(CsFs)s]; b: complex 3) and the reaction was monitored by '"H NMR spectroscopy

(eq L.5).
1% catalyst, 6 equiv. Et3SiH
NN N F W NN+ ESiCl (1.5)
Cl CeD4Cly, 23°C
1 equiv. 1 equiv.

catalyst a: [Ph3C][B(CgF5)a]

catalyst b: iridium complex 3

0.5
* o
0.45 - ® & & o+ 4 o O o o
0.4 & 1-Chloropentane
s 0.3 ¢ ® 2-Chloropentane
o 0.3 r
© 0.25 -
7 L
8 0.2 g
L, 0.15
.1 F " =
: u | ] ] [ | ] [ ] ™ [
0.05
0
0 100 200 300 400 500 600 700
t(min)
06
05 L = ¢ 1-Chloropentane
" . m 2-Chloropentane
S04 o L
s ..
[ ¢ "
© 03 . ]
a . “u
i 02 - ¢ * - n
.
* [ ]
01 - *
‘. .
0 A 4
0 100 200 300 400
t(min)

Figure 1.2. Plot of substrate concentration vs time for reduction of alkyl halides catalyzed by

catalyst a: [PhsC][B(C¢Fs)4] (top), and by catalyst b: iridium complex 3 (bottom).
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As shown in Figure 1.2a, in the [Ph;C][B(C¢Fs)4]/EtsSiH system, the secondary chloride
was reduced more rapidly but only up to 80% conversion presumably due to the
decomposition of the catalyst. If formation of a carbocation is rate-determining, then this is
the expected order. In contrast, in the reduction system based on 3 (Figure 1.2b), head-to-
head competition establishes that the primary chloride is more reactive than the secondary
chloride, which is inconsistent with rate-determining formation of a carbocation or

carbocation-like intermediate.

G. In situ *'P and 'H NMR Monitoring of the Working Catalyst System:
Identification of the Catalytic Resting State(s) and Key Intermediates.

Substantial mechanistic details were uncovered by in situ 'H and *'P NMR monitoring of
working catalyst systems, with P NMR data being the more useful. First, potential
intermediates were generated independently and their *'P NMR spectra recorded. The *'P
chemical shifts for these species are summarized in Figure 1.3 and the means of generating

them are described in Scheme 1.6.

_H ® H ® H ® H ® H
LIDN [Ir]‘ICH3 [|Ir]\H LA NFa N S L) W S
'SiEt,
4 5 6 7 8
204.8 178.6 183.2 178.8 177 4
®
9 10 11 = 12
177.6 177.8 177.0 189.4

Figure 1.3. Characteristic *'P NMR Shifts Used to Identify Key Ir Species.
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Scheme 1.6. Methods for Generating Potential Intermediates Independently

H ®/H 5-20 equiv. RX @,H
N, + Ph3CB(CeFs)y —— = [IN_ (M ~xr
H C6D50| Cl XN CGD50|
4 11 | s 5,7-10
H 12.5 equiv. Et3SiH 0 ]/H
[Ir] + NaOt-Bu L DN
~cl C;Dg 55 °C SiEts
1a 12
@ _H 50 equiv. Et;SiH @ H
LIS [Ir]\
O CeDsCl H
>‘/ SiEt,
3 6

To identify the potential catalyst resting state and key intermediates for this process, the
reduction of alkyl halides was performed under catalytic conditions and monitored by 'H,
13C{lH} and ° lP{lH} NMR spectroscopy. Exposure of the acetone complex 3 to Et;SiH
results in rapid formation of (CH3),CHOSIEt; and a highly reactive solvated complex which
Initiates the reaction.

The catalyst resting states were found to depend on the relative binding affinities of the
silane and the alkyl halide. Following the in situ reduction of CHsl at 23 °C shows that the
only Ir species present is the CHsl complex, 5. However, monitoring the reduction of either
1-chloropentane or 1-bromohexane shows that the Ir species exist as an equilibrium mixture
of the halide complex (9 or 13) and the silane complex 6 with the ratio depending on the ratio
of silane: halide and the nature of the halide (eq 1.6 and 1.7). A low temperature NMR
experiment also shows that the reaction between silane complex and iodomethane is rapid

relative to reduction (eq 1.8).
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® Keq = 7.1 ® y

N N’ + Et;SiH (1.6)
Ir 7 + Cl [ r] 3
[ ]\H CeDsCl, 23°C o
6  SiEt, 9
® H Keq = 240 ® H
[Ir]\ + Br/\/\/\ [Ir]\ PN Et3SiH (1.7)
H. CeDsCl, 23° C Br
6  SiEts 13
® H CgDsCl, -40° C D _
[Ir]\ + CH;sl . +  Et3SiH (1.8)
H ICH;4
6  SiEty 5

H. Proposed Catalytic Cycle.

A plausible catalytic cycle accounting for all observations has been proposed (Scheme 1.6).
The cationic iridium hydride binds and activates the silane. Then the cationic silane complex,
(POCOP)Ir(H)(Et;SiH)", serves as a potent silylating reagent to generate silyl halonium ions,
Et;SiXR", which are then reduced by the neutral iridium dihydride to yield alkane product
and regenerate the cationic (POCOP)IrH™ and close the cycle. Kinetic studies of the
reduction of CH3lI (Figures 1.4-1.6) show that the turnover frequency is zero-order in [CH3l]
and first-order in [Et;SiH], consistent with the proposed catalytic cycle where A,
[Ir]H(ICH3)", is the dominant resting state. The proposed mechanism explains the differing
relative reactivities of halides in separate flasks versus the same flask. Alkyl iodides bind
tightly to Ir and result in very low equilibrium concentrations of the c-silane complex thus
retarding the overall rate, but the silane complex reacts preferentially with iodides when

carried out in the “same flask” experiments. Kinetic studies can not distinguish step I
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(silylation) or step II (hydride transfer) as the turnover-limiting step, and this may well

depend on the nature of the substrate.

Scheme 1.7. Proposed Catalytic Cycle for Iridium-Catalyzed Reduction of RX by Et;SiH

@ H HSIEt, ® H
[lr](\ U\
X-R RX H RX
SiEt,
RX/ HSIEt;
@ 4 H ®
[’ s, *+ JRX7SiE
4 14
RH + XSiEts
__ 50
=
£ 40
=
:
5
= 30
[
S
© 20
>
o
o y = 2.6895x — 1.77
5 10 R? = 0.9964
=0
0 5 10 15 20

[Ir] (mM)

Figure 1.4. Plot of the initial rate, V;, vs. complex 3 concentration at 23 C.
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Figure 1.5. Plot of the initial rate, Vj, vs. Et3SiH concentration at 23 C.
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Figure 1.6. Plot of the initial rate, Vj, vs. CH3I concentration at 23 C.
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The relatively small difference in competitive rates of reduction of 1° and 2 ° halides and
the trend observed with different halides (1 © RX : 2 © RX = 2.6(Cl), 2.0(Br) 1.6(I) ) is
consistent with a Sx2 reaction in step II in which RXSiR;" may bear a high positive charge at
C.. This appreciable carbocationic character at C, might also explain the minor carbocation
rearrangement products in the reduction of (bromomethyl)cyclohexane as well as some

minor elimination products seen in secondary halide reductions.

I. Preliminary Studies on In situ Generation of Triethylsilyl Iodonium Ion
[Et;Si-I-CH3]", 14.

To test the chemical viability of the triethylsilyl halonium ion, [Et;Si-X-R]" (X = Cl, Br, I),
and gain more insights about the silylation and hydride transfer steps, the proposed catalytic
reaction intermediate 14 has been independently generated by treating the Et;SiH stabilized

triethylsilyl cation [Et;Si-H-SiEt3] [B(CsFs)s]” with 1-2 equiv. of CHsl in C4DsCl at -40 °C

(eq 1.9)."2
@  xs Et;SiH _ . ©) 13CHs,l _ @
[Ph3C] ———— > [Et;3Si-H-SiEt3] [Et3Si-I-CH3] + CH, + Et3Sil (1.9)

neat, 2 d CgDsCl
6=% 14

Preliminary studies show the formation of 14 together with ?CH,. Line broadening of the
methyl resonance attributed (tentatively) to 14, Et;SiICH;", is observed in the BC NMR
spectra (Figure 1.7) which we propose (tentatively) indicates rapid dynamic exchange
between 14 and free "CH;lI (eq 1.10). Work on the in situ generation of 14 by treating the
C¢Dg-stabilized triethylsilyl cation [Et;Si(CsDe)] [B(CsFs)a]"® (Chapter two) with CHsl, its

variable-temperature dynamics and reactivity towards dihydride 4 is currently underway.
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@ C6D5C| @
[HsC—I—SiEt;] + ICH4 CHsl + [EtzSi—I—CH;] (1.10)

14 14

[Et;Si-I-CH3]"

CH,
\ / T=213 K
,.th['l. g . Jl‘ — . A "
! 1 ‘ T=223 K
- L_-IL.,..Jl Ak El._ " b B s
} } J T=233 K
i - en o Moo P
. J ] T=243 K
-lu%--.' S g vl LN - - LI-I-'A\M.A o Lok il l o ":‘ U ;.‘
‘ | l T=253 K
Wil W iy oA L TR— . A““r Nty >
! | | T=263 K
ULNMWMWMWM/\MW TP ——
I | T=293 K
iy J'_J._w_ .JL. uh A ‘“.,I\ A ArMR " J\u " o " Lo
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Figure 1.7. Preliminary Variable-Temperature *C{'H} NMR Studies of 14.

J. Reduction of (Chloromethyl)cyclopropane.

(Chloromethyl)cyclopropane was employed as a radical clock'* (Scheme 1.8, A) to further
probe the intermediacy of free radicals in this iridium-catalyzed reduction of alkyl halides. A
mixture of a variety of products were observed and identified by 'H and "C{'H} NMR (eq

1.11).
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CH,CI 2% 3 Cl CHj
A" A [] (1.11)

3 eqUiV. Et3SIH, CGD4C|2

The observation of both chlorocyclobutane and 4-chloro-1-butene is well expected and
implies a complication in this system: silyl-substituted halonium ion intermediate bears a
high positive charge at C, and thus could also rearrange under the reaction conditions
(Scheme 1.8, B)."”

Scheme 1.8. Rearrangements of the Cyclopropylcarbinyl Radical (A) and the
Cyclopropylcarbinyl Cation (B)."
A: Rearrangement of the Cyclopropylcarbinyl Radical
CH,

A —»W'

B: Rearrangement of the Cyclopropylcarbinyl Cation

S N,

® N
) O — 1
[
\ N@
N O® - NN

K. Application to Other Functional Groups.

u

The new catalytic cycle discovered can be generalized to other processes (Scheme 1.9).
Indeed 3 catalyzes the reduction of other functional groups. We will discuss in Chapter Two

the catalytic cleavage of the carbon-oxygen bonds, a functional group much harder to reduce.
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Two additional preliminary studies are shown below to illustrate this concept: catalytic
hydrosilation of acetone and hydrodehalogenation of a metal halide.

Scheme 1.9. Application of 3/Et;SiH to the Reduction of Other Functional Groups.

® H HSIEt, ® H
[Ir] [Ir]
\X—R RX \H\ RX
SiEt,
RX/ HSiEt;
|
® n . 9
[Ir]/ [lr]\ + R_\/)(_S|Et3

1) X can be other functional groups:
i.e.-OR, -OH, -OSiR'3, -NR',, carbonyl,
metal halides, et al;

RH + XSiEt, 2) Step | or Il controls chemoselectivity.

L. Iridium-Catalyzed Hydrosilation of Acetone.

Cationic iridium acetone complex, 3, catalyzes the hydrosilation of ketones in
chlorobenzene. For example, acetone can be rapidly converted to i-propyl triethylsilyl ether
with 0.5 mol% catalyst loadings at 23 °C (eq 1.12). For comparison, rates and conditions of
hydrosilation of ketones catalyzed by iridium silyl hydride 12 and another cationic Rh(I)
Lewis acid, 15, are shown in eq 1.13 and 1.14. It can be seen that 3 is much more active for

hydrosilation than its neutral analog and the cationic Rh(I) species, 15.'°
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o 05%3 OSiEt,
g +  Et3SiH PY (1.12)
HsC”~ “CHs C¢DsCl, 23 °C HC™ CHy

1 equiv. 3 equiv.

TOs 200 (0.5 h)

o 2 %12 OSiEty
J " EWSH A (1.13)
HsC™ "CHs C,Dg, 65 °C HC™ ChHs '
1 equiv. 2 equiv. TOs 17 (93 h)
TOs 48 (285 h)
o OSiEty
2.5%15
Me* EtsSiH i @Me (1.14)
CeDsCl, 70 °C
1 equiv. 1 equiv. TOs 36 (17 h)
"]
R Y SN l R ©
Arg = 3, 5-(CF3),CgH
/N\l@/N\ B(ArF)s re =3, 5-(CF3)2CeH3
RH
R R
15

M. Auto-catalysis: Catalytic Hydrodechlorination of 1a with Et;SiH

To further broaden the scope of this reduction chemistry, we have extended it to the
catalytic hydrodehalogenation of a metal halide, 1a. While a control experiment shows that
there is no appreciable reactivity of iridium hydrochloride 1a towards excess (320 equiv.)
Et;SiH for 21 h (eq 1.15), it could be readily converted to iridium dihydride 4 in the presence

of catalytic amounts of 3 at room temperature in 40 minutes (eq 1.16).
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O H 0 320 equiv. EtzSiH, 23°C 0 0

(tBU),P—Ir—P(tBu), (tBu)ZIID—/Ir,,’ P(tBu), (1.15)
& 21 h, no reaction H  H
1a 4
(,) H, (.) cat. 3 Q (?
(tBu),P—Ir—P(tBu), (tBu),P— Ir—P(tBu), (1.16)
L 5 equiv. Et;SiH, 23 °C, 40 min ALY
1a 4

In principle, the cationic iridium hydride species could be formed in situ by treating the
starting iridium hydrochloride 1a with NaB(Arg)s. Thus a catalytic amount of NaB(Arg)s was
found to mediate the hydrodechlorination of 1la with a slightly excess of Et;SiH in an

autocatalytic'’ fashion (eq 1.17).

O H 0 cat. NaB(Arg), 0 o
(tBu),P—Ir—P(tBu), (BupP—Ir—p(tBu)y,  (117)
(|3| 1.2 equiv. Et;SiH, 75°C H H
1a 4
Summary

As a part of our continuing interest in incorporation of Si-H bond activation chemistry into
catalytic cycles we have discovered cationic iridium bis(phosphinite) pincer complexes as
highly efficient catalysts for the reduction of primary, secondary and tertiary chlorides,
bromides and iodides as well as certain fluorides by triethylsilane. Catalyst loadings as low

as 0.03% have proved successful and this process can be carried out in a solvent-free manner,
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which may provide an environmentally attractive and safe alternative to currently practiced
reductions of alkyl halides.

This novel reduction chemistry has unique selectivities compared with radical based
processes, strong Lewis acid catalysis and the [Ph;C][B(CsFs)4]/Et3SiH system. Relative
reduction rates of 1" RX>2" RX were determined by head-to-head competition experiments
with the ratio of initial rates determined to be: 1° RCIL: 2° RCI = 2.6:1.0, 1° RBr: 2° RBr =
2.0:1.0, 1° RI: 2° RI = 1.6:1.0. Qualitatively, reactivities follow the unique order of
RBr>RCI>RI when reductions are carried out in separate flasks; however, head-to-head
competitions establish RI>RBr>RCl when carried out in the “same flask™ experiments. Only
traces of CD,HCI were observed during the reduction of CD,Cl, which shows that CD,HCI
is reduced much faster than CD,Cl,.

In-depth mechanistic studies have been carried out which have revealed a unique catalytic
cycle. The electrophilic iridium hydride complex binds and activates the silane. This complex
transfers “Et3Si"” to the halide forming a highly active bridged halonium ion which is rapidly
reduced by the iridium dihydride remaining following silyl transfer and the cationic iridium
hydride complex is thus regenerated and the catalytic cycle is closed. All key intermediates
have been identified by in situ NMR monitoring and kinetic studies have been completed.

The new mechanism discovered may attract considerable attention in the field of catalysis
as the concept can be generalized to other processes. For example, the cationic iridium
acetone complex, 1, is also highly efficient for hydrosilation of acetone and

hydrodehalogenation of a metal halide.
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Experimental Section

General considerations. All manipulations were carried out using standard Schlenk, high-
vacuum and glovebox techniques. Argon and nitrogen were purified by passage through
columns of BASF R3-11 catalyst (Chemalog) and 4 A molecular sieves. THF was distilled
under a nitrogen atmosphere from sodium benzophenone ketyl prior to use. Pentane,

8 and

methylene chloride and toluene were passed through columns of activated alumina'
degassed by either freeze-pump-thaw methods or by purging with argon. Benzene and
acetone was dried with 4 A molecular sieves and degassed by freeze-pump-thaw methods.
Et;SiH was dried with LiAlH4 and vacuum transferred into a sealed flask. Et;SiD was dried
with LiAlD4 and vacuum transferred into a sealed flask. All the substrates, 1, 3, 5-
tris(trifluoromethyl)benzene and all the haloarene solvents were dried with either CaH, or 4
A molecular sieves and vacuum transferred to a sealed flask. NMR spectra were recorded on
Bruker spectrometers (DRX-400, AVANCE-400, AMX-300 and DRX-500). '"H and "C
NMR spectra were referenced to residual protio solvent peaks. *'P chemical shifts were
referenced to an external H3PO, standard. '°F NMR shifts were referenced to external C4Fg ©
PF(CeFg) = -162.9 vs. CFCls). »Si chemical shifts were referenced to external (CH;)sSi.
K[B(C¢Fs)4] and NaB(Arg)s [Arg = 3, 5-(CF3),CsH3] were purchased from Boulder Scientific
and dried in vacuo at 120°C for 24 hours. All other reagents were purchased from Sigma-
Aldrich or Strem. (POCOP)Ir(H),'®, (POCOP)Ir(H)(C1)** and [PhsC][B(C¢Fs)s]” were
prepared according to published procedures. GC analysis was performed on an Agilent 6850

Series GC System using a J. & W. Scientific HP-1 column (100% dimethylpolysiloxane,
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30mx0.32mm i.d., 0.25 pm film thickness). Typical temperature program: 10 min isothermal

at 33 °C, 20 °C/ min heat up, 10 min isothermal at 300 °C.

Synthesis of [(POCOP)Ir(H)(CH,CL)] [B(Arg)4]” [Arg = 3, 5-(CF3),CgHj], 2. A flame
dried Schlenk flask was charged with (POCOP)Ir(H)(CI) (1a) (200mg, 0.319 mmol), and
NaB(Arr)s (311mg, 0.351 mmol) under argon. Methylene chloride (20 mL) was added and
the mixture was stirred at room temperature for 15 hours. The solution was cooled in an ice
bath, and NaCl and excess NaB(Arr)s were removed via cannula filtration. The filtrate was
concentrated before pentane (40 mL) was added to precipitate an orange solid. The solid was
filtered, washed with pentane (5 mL, three times), and dried in vacuo for 2 hours to give 300
mg (65%) of 2 as an orange powder. 'H NMR (400 MHz, 23°C, CD,CL,): & 7.72 [s, 8H,
B(Arg)4], 7.56 [s, 4H, B(Arg)s], 7.02 (t, 1H), 6.69 (d, 2H), 1.36 (m, 36H, 4 x Bu), -42.34 (t,
1H, Ir-H). *'P{'H} NMR (162 MHz, 23°C, CD.Cl): & 179.7. Anal. Calcd for

Cs;Hs4BF240,P,Ir (1450): C, 42.93; H, 3.54. Found: C, 42.74; H, 3.45.

Synthesis of Iridium Acetone Complex [(POCOP)Ir(H)(acetone)] [B(CsFs)4], 3.
(POCOP)Ir(H), (4) (700 mg, 1.18 mmol) and Ph;C[B(C¢Fs)4] (980 mg, 1.07 mmol) were
dissolved in acetone (20 mL) and the mixture was allowed to stir at room temperature for 2
hours. The solvent was removed in vacuo and the solid obtained was dissolved in a minimum
amount of acetone. Pentane was added to precipitate an orange solid. The solid was filtered,
washed with pentane and dried in vacuo to give 1.33 g (94 %) of complex 3 as an orange
powder. "H NMR (C¢DsCl, 400 MHz): & 6.83 (t, *Jiu = 8.0 Hz, 1H, 4-H), 6.62 (d, *Jiry =

8.0 Hz, 2H, 3- and 5-H), 2.10 (s, 6H, CH3(CO)CHs), 1.04 (vt, Jupparent = 7.6 Hz, 36H, 4 x /Bu),
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-42.28 (t, *Jp.y =12.4 Hz, 1H, IrH). *'P{'"H} NMR (C¢DsCl, 162 MHz): § 174.4. *C{'H}
NMR (CD,Cl,, 100.6 MHz): § 223.2 (br, CH3(CO)CH3), 167.7 (s, C2 and C6), 148.5 (d, "Jer
=238.4 Hz), 138.6 (d, 'Je.r = 245.5 Hz), 136.6 (d, 'Jo.r = 245.5 Hz), 129.5 (s, C4), 124.5 (br),
106.3 (s, C3 and C5), 105.2 (C1, tentative), 43.8 and 39.4 [Cg, each, vt each, Jp.c = 11.9 and
13.9 Hz, 2 x P(Bu),], 33.7 (br, CH3(CO)CHj3), 28.1 and 27.4 [br, CHj each, 2 x P(Bu),]. "’F
NMR (C¢DsCl, 376.5 MHz): & -128.3 (broad, 8F), -158.9 (t, Jgr = 20.7 Hz, 4F), -162.7

(broad, 8F). Anal. Calcd for C49H46BF,0O3P,Ir (1327.82): C, 44.32; H, 3.49. Found: C, 44.21;

b

H, 3.45.

4

s A @ ©

2 6 B(CéFs)4

HIt ©
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i

3

X-ray Structure of [(POCOP)Ir(H)(acetone)] [B(CsFs)s], 3. Crystals of iridium
complex 1 were grown by slow diffusion of pentane into an acetone solution of complex 3.
Crystallographic data were collected on a Bruker SMART APEX-2 using Cu-Ka radiation.
Final agreement indices were R, (all) = 3.27% and R; (all) = 7.12%, with hydrogen placed in
computed positions and included in the refinement using a riding model. All other atoms

were refined anisotropically.
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Table 1.6. X-ray Crystal Structure Data for Complex 3.

Formula C49H46BF0IrOsP,
Formula Weight 1327.81

Crystal System Triclinic

Space Group P-1

Unit Cell Dimensions a=13.4226(6) A

b = 14.0327(6) A
c=15.1067(7) A

Volume 2596.0(2) A°

Z 2

Absorption Coefficient 6.588 mm’’
Data/restraints/parameters 7157/ 0/ 703

Final R indices [1>20(1)] R; =0.0293, wR; = 0.0694

General Procedure for the Reduction of Alkyl Halides in C¢DsCl or C¢D4Cl,.
Triethylsilane (480 pL, 3.00 mmol, 3 equiv.) was added to a solution of 3 (6.7 mg, 0.005
mmol, 0.5 mol%) in C¢DsCl or C¢D4Cl, (0.3 mL) in a medium-walled J. Young NMR tube
and the contents were well shaken. The substrate (1.00 mmol, 1 equiv.) was then added and
the solution was vigorously shaken. The reactions were allowed to stand at room temperature
or heated in an oil bath and the progress was followed by NMR spectroscopy. Conversions
were determined by loss of alkyl halides by "H NMR spectroscopy (conversions for alkyl
fluoride reductions were determined by 'F NMR spectroscopy). Reduction products were

identified using 'H and *C{'"H} NMR in comparison to literature data or authentic samples.

33



General Procedure for the Reduction of Alkyl Halides without Solvent. Triethylsilane
(480 pL, 3.00 mmol, 3 equiv.) was added to a medium-walled J. Young NMR tube with 3
(6.7 mg, 0.005 mmol, 0.5 mol%) and a sealed capillary tube with C¢Dg as internal standard.
To this suspension was then added the substrate (1.00 mmol, 1 equiv.), and the tube was
quickly inverted to ensure complete mixing. The reactions were allowed to stand at room
temperature and the progress was monitored by NMR spectroscopy. Conversions were
determined by loss of alkyl halides by "H NMR spectroscopy. Reduction products were

identified using 'H and *C{'H} NMR in comparison to literature data or authentic samples.

Typical Competition Experiments to Determine Relative Reactivities of Primary and
Secondary Halides by NMR. A stock solution of 3 (16.7 mM) was prepared in C¢D4Cl; in a
glovebox. Triethylsilane (480 uL, 3.00 mmol, 6 equiv.) was then added to an aliquot (300 puL,
1 mol% Ir) of this stock solution in a medium-walled J. Young NMR tube and the contents
were well shaken. 1-Chloropentane (0.50 mmol, 60.5uL, 1 equiv.), 2-chloropentane (0.50
mmol, 61.3 puL, 1 equiv.) and 1,3,5-tris(trifluoromethyl)benzene (0.16 mmol, 30.0uL, 0.32
equiv.; used as an internal standard) were then added and the tube was placed in the NMR
probe. The relative reactivities were determined by the ratios of initial rates of substrate loss
and the initial rates were obtained from the linear portion of the concentration vs. time curve.
Half percent loadings of Ir catalyst were used in the competition experiments of 1-
bromopentane and 2-bromopentane due to the rapid reduction of alkyl bromide (Figure 1.8

and 1.9 for RCI, 1.10 and 1.11 for RBr and 1.12 and 1.13 for RI).
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1% 3, 6 equiv. Et3SiH "N+ EtS
3 iCl
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Cl CgD4Cly, 23 °C
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Figure 1.8. Plot of concentration vs. time for the reduction of 1-chloropentane (0.54 M) and

2-chloropentane (0.54 M) with Et;SiH (3.22 M) and complex 3 (5.4 mM) in C¢D4Cl, at 23 'C.

06 - # 1-Chloropentane
A 2-Chloropentane

04 =-0.00116 x + 0.52459
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Figure 1.9. Linear portions of the concentration vs. time curve used to determine the initial

rates for the reduction of 1-chloropentane and 2-chloropentane.
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0.5% 3, 6 equiv. Et3SiH NS+ ES
3SiBr
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Figure 1.10. Plot of concentration vs. time for the reduction of 1-bromopentane (0.54 M) and

2-bromopentane (0.54 M) with Et;SiH (3.22 M) and complex 3 (2.7 mM) in CsD4Cl, at 23°C.
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Figure 1.11. Linear portions of the concentration vs. time curve used to determine the initial

rates for the reduction of 1-bromopentane and 2-bromopentane.
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Figure 1.12. Plot of concentration vs. time for the reduction of 1-iodobutane (0.54 M) and 2-

iodobutane (0.54 M) with Et;SiH (3.22 M) and complex 3 (5.4 mM) in C¢D4Cl, at 23 C.
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Figure 1.13. Linear portions of the concentration vs. time curve used to determine the initial

rate for the reduction of 1-iodobutane and 2-iodobutane.
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Typical Competition Experiments to Determine Relative Reactivities of Chloride,
Bromide and Iodide by GC. A stock solution of complex 3 (5 mM) was prepared in C¢HsF
in a glovebox. An aliquot (250 pL, 5 mol% Ir) of this stock solution was then added to a
mixture of triethylsilane (120 pL, 0.75 mmol, 30 equiv.), 1-iodoheptane (4.1 pL, 0.025 mmol,
1 equiv.), 1-bromohexane (280 pupuL, 2 mmol, 80 equiv.) and 1,3,5-
tris(trifluoromethyl)benzene (2.0 pL, 0.011 mol, 0.43 equiv.; used as an internal standard) in
a 10 mL screw capped glass vial and the solution was stirred at room temperature. Analysis
of heptane and hexane very early in the reaction (less than 2.5 turnovers for heptane
formation) by GC established a relative reactivity ratio of 80:1 for 1-iodoheptane: 1-
bromohexane (correction has been made for initial concentration ratios). A similar trend was
noted at 1% catalyst loading, but accurate quantitive number could not be determined under

these conditions.

Reduction of 1-Bromohexane with Et;SiD catalyzed by 3. Et;SiD (160 pL, 1.00 mmol,
2 equiv.) was added to a solution of 3 (6.7 mg, 0.005 mmol, 1 mol%) in C¢D4Cl, (0.3 mL) in
a medium-walled J. Young NMR tube. The contents were well shaken and 1-bromohexane
(70.2 pL, 0.50 mmol, 1 equiv.) was added. The reaction was allowed to stand at room
temperature the progress was followed by 'H and "“C{'H} NMR spectroscopy.
CH3(CH,)4CH,D was the only observable alkane product as determined by *C{'H} NMR.
CH;3(CH,)4CH,D : C{'H} NMR (C¢D4Cl,, 100.6 MHz): & 31.71 (s), 31.68 (s), 22.75 (s),

22.66 (s), 14.0 (s), 13.7 (t, Jo.c = 19.1 Hz).
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Reduction of (Bromomethyl)cyclohexane with Et;SiD catalyzed by 3. Et;SiD (240 uL,
1.50 mmol, 3 equiv.) was added to a solution of 3 (20 mg, 0.015 mmol, 3 mol%) in C¢D4Cl,
(0.5 mL) in a medium-walled J. Young NMR tube and the contents were well shaken.
(Bromomethyl)cyclohexane (70 pL, 0.50 mmol, 1 equiv.) was then added. The reaction was
allowed to stand at room temperature the progress was followed by 'H and 13C{IH} NMR
spectroscopy. (Deuteriomethyl)cyclohexane was identified as the major alkane product and
1-deuterio-1-methylcyclohexane was the minor one (ca. 6:1 ratio as determined by “C{'H}
NMR spectroscopy). (Deuteriomethyl)cyclohexane: *C{'H} NMR (C¢D4Cl,, 100.6 MHz): &

35.4 (3), 32.7 (s), 26.5 (3), 26.4 (8), 22.5 (t, Jp.c = 19.1 Hz).

Competition Experiments to Determine Relative Reactivities of Primary and
Secondary Chlorides in [Ph;C][B(CsFs)4]/Et;SiH System. Triethylsilane (480 pL, 3 mmol,
6 equiv.) was added to a solution of [Ph3;C][B(C¢Fs)4] (4.6 mg, 0.005 mmol, 1 mol%) in
C¢D4Cl, (0.3 mL) in a medium-walled J. Young NMR tube and the contents were well
shaken. 1-Chloropentane (60.5 pL, 0.50 mmol, 1 equiv.) and 2-chloropentane (61.3 uL, 0.50
mmol, 1 equiv.) were then added. The reaction was allowed to stand at room temperature,

and the progress was followed by NMR spectroscopy.

General Procedure for Kinetic Studies (C¢D4Cly). A stock solution of 3 (10 mM) and
1,3,5-tris(trifluoromethyl)benzene (0.16 M; used as an internal standard) was prepared in
CsD4Cl, in a glovebox. Triethylsilane was added to an aliquot (500 pL) of this stock solution
in a medium-walled J. Young NMR tube and the contents were well shaken. lodomethane

was then added by syringe. The reaction was monitored by iodomethane loss relative to the

39



standard with respect to time. The data were analyzed using the method of initial rates and
the initial reduction rates were obtained from the linear portion of the concentration vs. time
curve (see Figure 1.14 for example).

2% 3

CHsl  + Et;SiH CH, + EtsSil
CgD4Cly, 23 °C

1 equiv. 3 equiv.

040 -
035 | =

030 - .

025 | n
020 | " a
015 +
0.10 +
0.05 |
0.00

[CHsI] (M)

0 20 40 60 80 100 120 140
t (min)

Figure 1.14. Plot of concentration vs. time during the first half life for the reduction of CH3l

(0.39 M) with Et;SiH (1.18 M) and complex 3 (7.9 mM) in C¢D4Cl, at 23 'C.

In Situ Generation of the Iridium Cationic o¢-Silane Complex
[(POCOP)Ir(H)(Et;SiH)] '[B(C¢Fs)4]’, 6. Tricthylsilane (240 pL, 1.50 mmol, 300 equiv.)
was added to a solution of 3 (6.7 mg, 0.005 mmol, 1 equiv.) in C¢DsCl (0.5 mL) in a
medium-walled J. Young NMR tube and the solution was vigorously shaken. 'H NMR
(C4DsCl, 400 MHz, -40°C): § 6.92 (t, *Ji.n = 8.0 Hz, 1H, 4-H), 6.62 (d, *Ji.y = 8.0 Hz, 2H,
3- and 5-H), 1.04 (m, 36H, 4 x Bu), -5.10 (b, 1H, SiH), -44.25 (b, 1H, IrH). *'P{'H} NMR

(C¢DsCl, 162 MHz, -40°C): & 183.7. *'P{'H} NMR (C¢DsCl, 162 MHz, 23 °C): § 183.2
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In Situ Generation of [(POCOP)Ir(H)(CsDsCI)]'[B(CeFs)s],, 11. Complex 11 was
generated in situ by treatment of (POCOP)Ir(H), (4) (5.9 mg, 0.01 mmol, 1 equiv.) with
Ph;C[B(C¢Fs)4] (9.2 mg, 0.01 mmol, 1 equiv.) in 0.5 mL of C¢DsCl at room temperature for
20 min. '"H NMR (C¢DsCl, 400 MHz, 23 °C): & 6.87 (t, *Ji.n = 8.0 Hz, 1H, 4-H), 6.60 (d, *Jy.
u = 8.0 Hz, 2H, 3- and 5-H), 1.00 (m, 36H, 4 x Bu), -42.6 (t, “Jp.u =11.8 Hz, 1H, IrH).

3P{"H} NMR (C¢DsCl, 162 MHz, 23 °C): § 177.0

General Procedure for the in Situ Generation of [(POCOP)Ir(H)(RX)] [B(C¢Fs)4l’, 5,
7, 8, 9 and 10. (POCOP)Ir(H), (5.9 mg, 0.01 mmol, 1 equiv.) and Ph3C[B(C¢Fs)4] (9.2 mg,
0.01 mmol, 1 equiv.) were dissolved in C¢DsCl (0.5 mL) in the dry box. After 20 min, the
alkyl halide (5-20 equiv. depending on the nature of the halides) was added via syringe and
the solution was vigorously shaken. *'P{'H} NMR (C¢DsCl, 162 MHz, 23 °C): & 178.6
(complex 5); 6 178.8 (complex 7); & 177.4 (complex 8); 6 177.6 (complex 9); & 177.8

(complex 10).

In Situ Generation of (POCOP)Ir(H)(SiEt;), 12. C;Ds (0.5 mL) was added to a mixture
of (POCOP)Ir(H)(CI) (1a) (6.3 mg, 0.01 mmol, 1 equiv.) and NaO7Bu (1.2 mg, 0.012 mmol,
1.2 equiv.) in a medium-walled J. Young NMR tube. Et;SiH (20 pL, 0.125 mmol, 12.5 equiv.)
was added to this mixture and allowed to react at 55°C for 1 hour. 'H NMR (C;Ds, 400 MHz,
23°C): 8 6.97 (t, *Jun = 7.6 Hz, 1H, 4-H), 6.75 (d, *Ji.u = 7.6 Hz, 2H, 3- and 5-H), 1.32 (m,
36H, 4 x tBu), 1.0-1.2 (m, 15H, EtSi, overlap with -Bu and excess Et;SiH), -15.9 (t, 2 Jon

=5.8 Hz, 1H, IrH) *'P{'"H} NMR (C;Ds, 162 MHz, 23 °C): § 189.4
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Determination of Equilibrium Constants for the Reactions:
[(POCOP)Ir(H)(Et;SiH)] [B(C¢Fs)s]” + RX = [(POCOP)Ir(H)(RX)] [B(C¢Fs)s]” + Et;SiH
(eq 1.6 and eq 1.7). As mentioned earlier, the o-silane complex is in rapid equilibrium with
the halide complexes and this equilibrium is established rapidly relative to reduction,
therefore, the equilibrium constants were determined by monitoring the reduction of halides
with Et;SiH by NMR spectroscopy. Concentration ratio of [(POCOP)Ir(H)(RX)] [B(CsFs)4]
to [(POCOP)Ir(H)(Et;SiH)] [B(C¢Fs)s], 6, was determined by °'P NMR and the
concentration ratio of Et;SiH to RX was determined by 'H NMR. At several stages of
conversion, the equilibrium constants were determined to be: Kq (1-C¢H13Br) = 240, Kq (1-
CsH,Cl) = 7.1. The equilibrium constant between alkyl iodide complexes and the c-silane
complex was not obtainable by NMR spectroscopy due to the very low equilibrium
concentrations of the iridium o-silane complex caused by much tighter binding of alkyl

iodide to iridium.

Preliminary Studies on in situ Generation and Dynamics of Triethylsilyl Iodonium
Ion, [Et;Si-I-CH;][ B(CgFs)s], 14. A): synthesis of [Et;Si-H-SiEt;][B(C¢Fs)4]: triethylsilane
(5 mL) was added to a vial with [Ph3C][B(C¢Fs)4] (400 mg, 0.434 mmol). The suspension
was stirred at 25 °C for 52 h in a drybox. The yellow solid was then replaced with a white
solid, cooled in an ice bath, filtered, and washed with pentane (5 mL X 3). The white solid
was then dried under vacuum for 1.5 h in an ice bath to give 270 mg of
[Et3Si-H-SiEt;][B(CeFs)4], and stored in freezer in a glovebox. '"H NMR (CeHaF,, 400 MHz,
23 °C): & 1.5 (s, 1H, Si-H-Si), 0.7-0.8 (m, 30H, Et-). B): in situ generation of 14:

BCH;I (3 pL, 0.048 mmol, 1.4 equiv.) was added by syringe to a solution of
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[Et;Si-H-SiEt;][B(CeFs)4] (31.7 mg, 0.035 mmol, 1 equiv.) in C¢HsF, (0.6 mL) in a NMR
tube at 23 °C. The variable-temperature '"H NMR dynamic behavior of 14 is discussed in the

text.

Reduction of (Chloromethyl)cyclopropane with Et;SiH Catalyzed by 3. Triethylsilane
(120 pL, 0.75 mmol, 3 equiv.) was added to a solution of 3 (6.7 mg, 0.005 mmol, 2 mol%) in
CsD4Cl; (0.4 mL) in a medium-walled J. Young NMR tube. The contents were well shaken
and (chloromethyl)cyclopropane (23.1 pL, 0.25 mmol, 1 equiv.) was added. The reaction was
allowed to stand at room temperature and the progress was followed by NMR spectroscopy.
After 22 h at 23 °C a mixture of chlorocyclobutane, 4-chloro-1-butene, methylcyclopropane,
cyclobutane and a small amount of unidentified product were observed by 'H and *C{'H}
NMR. Chlorocyclobutane: "H NMR (C¢D4Cl,, 400 MHz): § 4.20 (m, 1H), 2.30 (m, 2H), 2.13
(m, 2H), 1.77 (m, 1H), 1.55 (m, 1H). “C{'H} NMR (C¢D4Cl,, 100.6 MHz): § 52.2 (CHC]I),
34.9 (CH,-CH,-CHCI), 16.6 (CH,-CH,-CHCI). 4-Chloro-1-butene: '"H NMR (CsD4Cl,, 400
MHz): § 5.64 (m, 1H), 4.98 (m, 1H), 4.97 (m, 1H), 3.34 (t, 2H), 2.30 (m, 2H). *C{'H} NMR
(CsD4Cly, 100.6 MHz): 6 134.1 (CH,=CH-), 117.2 (CH,=CH-), 43.4 (CH,=CH-CH,CH,Cl),
36.9 (CH,=CH-CH,CH,Cl). Methylcyclopropane: 'H NMR (C¢D4Cl,, 400 MHz): & 0.9 (m,
3H, overlap with Et;Si- group of Et;SiCl and Et;SiH), 0.5 (m, 1H, overlap with Et;Si- group
of Et;SiCl and Et;SiH), 0.32 (m, 2H), -0.12 (m, 2H). “C{'H} NMR (C¢D4Cl,, 100.6 MHz): &
19.3 (CH3), 5.8 (CH,), 5.0 (CH). Cyclobutane: "H NMR (C¢D4Cl,, 400 MHz): § 1.86 (s, 8H).

BC{'H} NMR (C¢D4Cl, 100.6 MHz): § 22.8.
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Hydrosilation of Acetone with Et;SiH Catalyzed by 3. Triethylsilane (480 pL, 3.00
mmol, 3 equiv.) was added to a solution of 3 (6.7 mg, 0.005 mmol, 0.5 mol%) in C¢D4Cl,
(0.3 mL) in a medium-walled J. Young NMR tube. The contents were well shaken and dried
acetone (73.4 pL, 1.00 mmol, 1 equiv.) was added. The reaction was allowed to stand at
room temperature and monitored by the 'H and “C{'H} NMR. Et;SiOCH(CH3),: '"H NMR
(C6D4Cly, 400 MHz): & 3.88 (m, 1H), 1.05 (d, Jy.u = 6.0 Hz, 6H), 0.9 (m, 9H), 0.5 (m, 6H).
BC{'H} NMR (C¢D4Cl,, 100.6 MHz): & 64.4 [-OCH(CH:),], 25.7 [-OCH(CH:),], 6.6

[(CH;CH,)Si-], 4.9 [(CH3CH,)Si-].

Hydrodechlorination of (POCOP)Ir(H)(Cl) (1a) with Et;SiH Catalyzed by 3.
(POCOP)Ir(H)(C1) (1a) (12.52 mg, 0.02 mmol, 1 equiv.) and 3 (6.7 mg, 0.005 mmol, 25
mol%) were dissolved in 0.5 mL of C¢DsCl in a J. Young NMR tube. Triethylsilane (16 pL,
0.1 mmol, 5 equiv.) was added and the contents were well shaken. The reaction was allowed
to stand at room temperature and monitored by the 'H and 31P{lH} NMR. (POCOP)IrH; (4):
'H NMR (C¢DsCl, 400 MHz, 23 °C): & 7.08 (t, *Ju.y = 7.6 Hz, 1H, 4-H), 6.87 (d, *Jyu = 7.6
Hz, 2H, 3- and 5-H), 1.30 (m, 36H, 4 x /Bu), -17.0 (t, “Jp.y =5.8 Hz, 1H, IrtH) *'P{'H} NMR

(CsDsCl, 162 MHz, 23 °C): & 204.8.
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CHAPTER TWO

Scope and Mechanism of the Iridium-Catalyzed Cleavage of Alkyl

Ethers with Triethylsilane

(Reproduced in part with permission from the American Chemical Society, to be

submitted. Unpublished work copyright 2008 American Chemical Society.)

Introduction

Heterolytic activation of H,' by several classes of organometallic systems has resulted in
catalysts which can perform ionic hydrogenations of aldehydes and ketones.” The basic
catalytic mechanism, termed ionic hydrogenation, involves transfer of H and H™ equivalents
from the catalyst to the carbonyl group to generate the product alcohol followed by reaction
of H, with the metal complex to regenerate the active catalyst and close the cycle.? Similar
chemistry has been reported for reduction of iminium ions to amines.” Stephan has recently
described phosphinoboranes (termed “frustrated Lewis pairs, FLPs) which heterolytically
activate hydrogen to produce phosphonium borate species which perform ionic

hydrogenation of imines.”



Related hydrosilation chemistry has been reported.”® Mechanistic studies by Piers have
shown that hydrosilation of carbonyl functionalities catalyzed by (C¢Fs);B** proceeds by
activation of the silane by (C¢Fs);B and transfer of R;Si' to oxygen to produce R,C=0SiR;"
and H(C¢Fs);B". The catalytic cycle is closed by hydride reduction of R,C=OSiR;".>
Hydrosilation of imines®®, enones and silyl enol ethers™ and olefins™ is reported to occur by
a similar mechanism.

The reduction of C-O single bonds’ has also been achieved catalytically using the
(C¢Fs)3B/ silane system. Gevorgyan and Yamamoto reported that using Et;SiH as reductant
certain alcohols could be converted to alkanes via initial formation and reduction of
triethylsilyl alkyl ethers.® Furthermore, alkyl ethers could be reduced to silyl alkyl ethers.
Extending this work, McRae demonstrated reduction of ketones and aldehydes as well as
primary, secondary and tertiary alcohols to alkanes using either diethylsilane or butylsilane in
combination with (C¢F 5)3B.9 Mechanistic studies of the reduction of alkyl silyl ethers by
Ph,MeSiH/ (CgF5)3;B have been reported.10

We have discovered that the highly active cationic iridium pincer complex 1 (Chart 2.1)
catalyzes the reduction by triethylsilane of primary, secondary and tertiary chlorides,
bromides and iodides as well as certain fluorides (see Chapter one).!" In-depth mechanistic
studies have been carried out which have revealed a unique catalytic cycle (Scheme 2.1). The
electrophilic iridium hydride complex 2 binds and activates the silane to form 3. This
complex transfers “Et;Si’” to the halide forming a bridged halonium ion 4 which is rapidly
reduced by the iridium dihydride 5 which remains following the silyl transfer. This step
regenerates the cationic iridium hydride complex and closes the catalytic cycle. The key

Ir(silane) intermediate 3 has been isolated and fully characterized by NMR spectroscopy and
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X-ray crystallography, which shows it to be an unprecedented cationic transition metal n'-
silane complex (see Chapter three).12

Chart 2.1. Cationic Iridium Pincer Catalysts 1.

® ©
B(CeFs)a

oY o
| a |
(tBU)zP—lr_P(tBU)Z

0]

P 1

Scheme 2.1. Proposed Catalytic Cycle for Iridium-Catalyzed Reduction of Alkyl Halides by

Triethylsilane
@ H HSIEts ® H
[|r](\ < [Ir](\
X-R RX H RX
SiEt,
RX/ HSIiEt,
® H /H ® ]
e My, RUGSEY
2 5 4

RH + XSiEts

In considering application of this chemistry to other organic functional groups, we have
been particularly drawn to the cleavage and reduction of alkyl ethers, due to the potential
synthetic applications of this reaction. This Chapter describes the use of cationic iridium
pincer catalysts for the room-temperature cleavage and reduction of a broad range of alkyl

ethers with triethylsilane, as well as mechanistic details of these novel catalytic
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transformations including isolation and spectroscopic and structural characterization of the

key intermediate diethyl(triethylsilyl)oxonium ion.

Results and Discussion

A. Cleavage of Alkyl Ethers with Et;SiH Catalyzed by Iridium Complex 1. Alkyl
ethers are readily cleaved with Et;SiH in presence of 1 mol % of iridium complex 1 at room
temperature to yield alkyl triethylsilyl ethers and alkane (eq 2.1). In some cases cleavage of

the silyl ether can also yield hexaethyldisiloxane and a second equivalent of alkane (eq 2.2).

1% 1
R'OR? + Et;SiH R'OSiEt; + R2H (2.1)
. _ 1%t cleavage
1.0 equiv. 2.2 equiv.
1% 1
R'OSiEt; + Et;SiH Et;SiOSiEt; + R'H  (2.2)

2" cleavage
Dichlorobenzene is generally used as solvent; however, reactions in chlorobenzene,
fluorobenzene or neat alkyl ether also proved successful. Results of typical reactions are

illustrated in Table 2.1. Conversions are determined by NMR spectroscopy.
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Table 2.1. Cleavage of Alkyl Ethers with Et;SiH Catalyzed by 1

R'OR? + Et;SiH 1 mol% 1 R'OSiEt; + R?H
23°C
1.0 equiv. 2.2 equiv.
Entry Cat. Ether Time Conversion' Product
[mol %] (h) (%)
1 1.0 Diethyl ether 3 >99 EtOSiEt;
2" cleavage 20 >99 Et;SiOSiEt;
2 1.0 Diisopropyl ether 43.5 95 i-PrOSiEt;
3 1.0 Anisole 3 >99 PhOSiEt;
4° 0.1 Anisole 185 >99 PhOSIiEt;
5¢ 0.25 Anisole 232 >99 PhOSiEt;
6 0.5 2,6-Dimethylanisole 10 >99 ArOSiEt;
7° 1.0 Benzyl methyl ether 0.3 >99 MeOSiEt;®
2" cleavage 55  >99 Et;SiOSiEt;
8¢ 1.0 t-Butyl methyl ether 8 >99 Et;SiOSiEt;"
9 1.0 n-Butyl methyl ether 0.3 >99 n-BuOSiEt;
2" cleavage 69 92 Et;SiOSiEt;

“ General reaction conditions: 1 mol% of 1, 2.2 equiv. of Et;SiH, C¢D4Cl,, 23 °C. b
Reaction was carried out at 65 °C. © in neat anisole. 1.1 equiv. of Et;SiH was used. ©6 equiv.
of Et;SiH was used. / Determined by loss of reactant ethers by 'H NMR spectroscopy. ¢ In
addition to toluene, some alkylation products were observed. ” In addition to isobutane,
isobutene and H, were observed.
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Entry 1 shows that rapid cleavage of diethyl ether and formation of ethane and
ethoxytriethylsilane (1* cleavage) is accomplished in 3 h at 23 °C with 1% catalyst loading
while about 20 h is required for reduction of the formed ethoxytriethylsilane to a second
equivalent of ethane and hexaethyldisiloxane (2" cleavage). Under similar conditions
cleavage of secondary alkyl ethers is slow. For example, as shown in entry 2, diisopropyl
ether requires ca. 44 h for 95% conversion to propane and isopropyl triethylsilyl ether and
resists further reduction to hexaethyldisiloxane (2" cleavage). Even at longer reaction times
(8 days) or elevated reaction temperatures (65 °C, 5 h) only negligible amounts of
hexaethyldisiloxane were observed. Similarly, efficient cleavage of alkyl aryl ethers to aryl
silyl ethers can be achieved readily. Thus anisole can be cleaved in 4 hours with 1% 1 at 23
°C (entry 3). At 0.1% loading, complete cleavage of anisole is accomplished in 18.5 hours at
65 °C (entry 4). Cleavage reactions can also be carried out in neat anisole and 400 TOs can
be readily achieved at 23 °C (entry 5). The bulkier alkyl aryl ether, 2, 6-dimethylanisole, is
also cleaved efficiently at 23 °C with a slight excess of Et;SiH (1.1 equiv.) and 0.5% loading
of 1 (entry 6). In the case of aromatic ethers no C(sp®)-O cleavage is ever observed.

Results of the cleavage of mixed alkyl ethers (R'OR?) are shown in entries 7-9. Benzyl
methyl ether is cleaved to methyl triethylsilyl ether (1* cleavage) in less than 20 minutes with
1% catalyst loading and the formed methyl triethylsilyl ether is further reduced to methane
and hexaethyldisiloxane (2" cleavage) within another 5.5 h. Similarly, ferz-butyl methyl
ether is rapidly cleaved to methyl triethylsilyl ether and a mixture of isobutene, H, and
isobutane. At longer reaction times, methyl triethylsilyl ether is further reduced to methane
and hexaethyldisiloxane while isobutene is hydrogenated to isobutane. The methyl group of

n-butyl methyl ether is selectively (>95%) and rapidly cleaved to yield n-butyl triethylsilyl
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ether and methane. At longer reaction times, the formed n-butyl triethylsilyl ether can be
further reduced to n-butane and hexaethyldisiloxane.

In a competition experiment, a mixture of diethyl ether (1 equiv.) and diisopropyl ether (1
equiv.) was treated with Et;SiH (4.4 equiv.) and 2% 1. Rapid, exclusive cleavage of diethyl
ether resulted in formation of a mixture of ethoxytriethylsilane and unreacted diisopropyl
ether. At longer reaction times, reduction of diisopropyl ether occurs faster than reduction of
ethoxytriethylsilane. These results indicate that highly chemoselective cleavage of alkyl
ethers can be achieved with the 1/Et;SiH system.

This C-O cleavage chemistry has also been applied to catalytic fragmentation of
poly(ethylene glycol) by triethylsilane. Thus in presence of catalytic amount of 1, the
commercial available poly(ethylene glycol) was readily degraded to Et;SiIOCH,CH,OSiEt;
and ethane at 65 °C (Scheme 2.2).

Scheme 2.2. Fragmentation of Poly(ethylene glycol) with 1/Et;SiH System.

longer ti o
4LO\/i\ cat. 1, xs EtsSiH Et;SIOCH,CH,OSiEt; — 90 J1°° Et,SiOSiEt;
> _—
H n OH

65°C, 4 h CH3CH3 65°C CH3CH3

Mn 1,305-1,595

B. In situ *'P and '"H NMR Spectroscopic Monitoring of the Working Catalyst System
for Et;O Reduction: Identification of the Catalytic Resting State and Key Intermediates.
To identify catalyst resting state(s) and key intermediates for this catalytic process, the
cleavage of diethyl ether was performed under standard catalytic conditions and monitored
by 'H, "C{'H} and *'P{'H} NMR spectroscopy. From earlier studies'' we know that
complex 1 is rapidly converted to the cationic monohydride complex, 2, which can bind

triethylsilane to form 3. Following the in situ cleavage of Et,0O at 23 °C with 1 mol % catalyst
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loading (eq 2.3), the only iridium species observable initially are the neutral iridium
dihydride complex', 5, (ca. 80%) and the neutral silyl hydride complex (POCOP)Ir(H)(SiEt;)
{POCOP = 2, 6-[OP(tBu);].CsH3}, 6, (ca.20%) (This complex is formed by reaction of 5
with triethylsilane, see below). As the reduction proceeds, Et;O, 5 and 6 decrease in
concentration while the cationic iridium silane complex, 3, appears and grows in
concentration equivalent to the loss of § and 6.

1 mol% 1
Et,O + Et3SiH EtOSiEt; + CH3CH3 (2.3)
CgD4Cly, 23 °C

1.0 equiv. 2.2 equiv.

This observation suggests that the iridium silane complex 3 is in equilibrium with the
iridium dihydride 5 and diethyl(triethylsilyl)oxonium ion 7 as shown in eq 2.4 and that this
equilibrium is established rapidly relative to the rate of reduction. Once the concentration of
3 is sufficient to be measured relative to 5 and Et;O, the equilibrium constant can by
determined by 'H and *'P{'H} NMR spectroscopy. At several stages of conversion Keq was
determined to be 0.3, consistent with the proposition that equilibrium is maintained between

3 and 5 throughout the catalytic reduction.

®
SiEt,
I o, Kez0z 070 g
(tBuyP—Ir—P(tBu), + g g ——= (BupP—Ir—P(tBu) *_ O~ _ (24
o /7 7, Et Et
23°C H H
H
T 5 /
|
B g
Et

Species 7 cannot be spectroscopically observed at 23 °C. Significant line broadening of
the ethyl groups of diethyl ether is observed in both the 'H and *C NMR spectra which we

propose indicates rapid dynamic exchange between 7 and Et,O (eq 2.5a) . Observations by
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Kira, Sakurai and co-workers'® support this hypothesis. They showed that in situ generation
of [Et;0SiMes] [BArg] [Arr = 3, 5-(CF3),C¢H3] in the presence of excess Et,O at -70 °C
resulted in a dynamic system described by eq 2.5b as shown by line broadening in the 'H and

5C NMR spectrum.'

Et® JEt CsD4Cl Et. ® Et
JO-SiEt; + O, 0+ ESi—0O] (2.5a)
Et Et 23°C Et Et
7 7
Et® Et CD,Cl, Et. @ Et
JO-SiMe; + O, 0+ MesSi—O; (2.5b)
Et Et -70°C Et Et
8 8

As noted above, a small quantity (ca. 20% by *'P{'H} NMR spectroscopy) of an iridium
species assigned as the silyl hydride 6 was observed in the working catalytic system. This
complex was independently generated by treatment of (POCOP)Ir(H)(Cl) with NaO7Bu in
presence of excess Et;SiH in C;Dg and fully characterized by NMR spectroscopy' (see
Chapter one). It can also be generated by treatment of dihydride 5 with a large excess of
Et;SiH in CsD4Cl; in the absence of diethyl ether (eq 2.6). The K, is not available due to the

difficulty of accurately measuring the concentration of H, in C¢D4Cl; solution.

CgD4Cly o o)
(tBu)z(F'?—n, Ic-l’)(tBu)z +  ESiH ~——o‘(tBu>2|'°—|r,7|'a(tBu)2 + Hy (26)
AT 23°C H “siEt,
5 6
1 equiv. 220 equiv.

In the working catalyst system for diethyl ether cleavage (eq 2.3), the ratio of 6 to 5
increases with an increase of the initial Et3SiH:Ir ratio. Thus it is instructive to note that

increasing the Et3SiH concentration while holding the loading of 1 at 1 mol% (relative to

55



Et,0) results in a decrease in the rate of the first cleavage. This suggests that dihydride 5 is a
much more effective hydride donor for reducing 7 than silyl hydride, 6.

The above results support the proposed catalytic cycle shown in Scheme 2.3. At high Et,O
concentrations in the initial stages of catalysis equilibrium between 3 plus Et,O and 5 plus 7
strongly favors 5 plus 7. The dihydride, 5, reacts with silane to generate small but observable
quantities of silyl hydride, 6. The dihydride reduces 7 to yield product EtOSiEt; and cationic
monohydride 2, which, upon reaction with silane, forms 3 and closes the catalytic cycle. The
silyl hydride does not compete with dihydride as a hydride donor. As catalysis proceeds and
ether is depleted, the concentration of the silane complex, 3, increases and becomes
observable by NMR spectroscopy. The turnover-limiting step in the cycle is reduction of
Et;SiOEt," by the neutral dihydride complex. Two additional experiments were carried out to
confirm this catalytic cycle.

Scheme 2.3. Proposed Catalytic Cycle for Cleavage of Et,O with 1/Et;SiH.

@/H
[Ir]\
H, Et,0
SiEts
I
Et;SiH I l
@ @ H Et3SiH H
M EtsSitor Ml = l.., + H
SIEt3

CH4CH; + EtOSIEt,
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C. Effect of Adding Additional Iridium Dihydride, 5. If the turnover-limiting step is
reaction of dihydride, 5, with the oxonium species, 7, (and knowing dihydride is the catalyst
resting state), then addition of 5 to the reaction should result in a proportionate increase in
turnover frequency. As expected, addition of 1.0 mol% of iridium dihydride 5 to the
catalytic system initiated with 1% Ir (eq. 2.7) was found to increase the initial turnover
frequency for an order of 1.8 as can be seen from the data shown in Figure 2.1. If 5 were the
sole Ir species present, then a rate increase of 2.0 would be expected. The increase of only
1.8 is attributable to the removal of some 5 from the reaction by formation of the relatively
inert 6. These results further support the mechanistic proposal in Scheme 2.3.

CgD4Cl,, 23 °C

Et,O + Et3SiH EtOSiEt; + CH3CH; (2.7)
_ _ [IrH* (1) + [Ir]HH (5)
1.0 equiv. 2.2 equiv. 1% 0%
1% 1%
0.8
.
0.7 LN ® 1% IrH only
0.6 s ® B 1% IrH and 1% IrHH
2 0.5 d
: = TS
2 0.4
<
2 0.3 " .
°
0.2 - .
0.1 - . .
0 L] ® o0
0 50 100 150 200
t (min)

Figure 2.1. Plot of Et,0O concentration vs time for the cleavage of Et,O with and without

adding additional 5.
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D. Generation, Spectroscopic and Structural Characterization and Dynamic
Behavior of diethyl(triethylsilyl)oxonium and its Reactivity towards 5. The proposed
catalytic intermediate diethyl(triethylsilyl)oxonium ion, Et;SiOEt,", 7, can be independently
generated using Lambert methodology'>® by treating the in situ formed CgDg-stabilized
triethylsilyl cation [Et3Si(C6D6)]+[B(C6F5)4]' with diethyl ether in C¢DsCl at -40 °C. The 1H,
BC{'H} and ¥Si{'"H} NMR spectra confirm clean formation of cation 7. The 'H spectrum
shows the triethylsilyl group resonances at 6 0.58 (CH3) and 0.30 (CH>), and the methyl and
methylene protons adjacent to the oxygen at & 0.82 and 3.53, respectively. The “C{'H}
shows, in addition to the B(C¢Fs)s counteranion and excess free Et,O (8 66.2 and 15.8) and
traces of excess Et;SiH, only four signals corresponding to the methyl and methylene carbons
of the EtO- group at & 75.1 and 12.8, and the triethylsilyl group at 6 3.1 and 5.5. Slight line
broadening of the ethyl groups of 7 is seen in the 'H and *C{'H} NMR spectrum, which
indicates rapid dynamic exchange with free Et;O even at -40 °C. The *’Si{'H} resonance of 7
appeared as a singlet at & 68.9. This is downfield compared to free Et;SiH (6 0.2) and the
iridium n'-Et;SiH complex 3 (5 30.2)'%, but still upfield of that for the C¢Ds -stabilized
triethylsilyl cation [Et;Si(Ce¢Dg)]™ (5 92.3)."*

Upon warming up, the 'H and "*C resonances corresponding to 7 and free Et,O broaden
and coalesce. At 20 °C the 'H NMR spectrum shows broad bands at & 3.4 and 1.0
respectively for the methylene and methyl protons of the -OCH,CHj3 group. The methyl and
methylene carbons of the EtO- group, however, are too broad to be observed in the *C{'H}
NMR spectrum due to exchange on the NMR timescale.

An X-ray quality crystal of 7 was obtained by slow diffusion of pentane into a CsDsCl

solution of 7 at -35 °C under Ar. Complex 7 can also be isolated by crystallization from the
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catalytic reaction mixture at -35 °C, which further indicates its intermediacy as a resting state

in the working catalyst system. The ORTEP diagram of 7 is shown in Figure 2.2.

Figure 2.2. An ORTEP diagram of the cation in 7. Key bond distances (A) and bond angles
©): Si(1)-0(1) = 1.812(4), Si(1)-C(1) = 1.841(5), Si(1)-C(3) = 1.863(5), Si(1)-C(5) =
1.863(5), O(1)-C(7) = 1.487(7), O(1)-C(9) = 1.494(7), C(1)-C(2) = 1.516(8), C(3)-C(4) =
1.527(8), C(5)-C(6) = 1.534(8), C(7)-C(8) = 1.491(8), C(9)-C(10) = 1.493(11), O(1)-Si(1)-
C(1) = 104.2(2), O(1)-Si(1)-C(3) = 104.7(2), O(1)-Si(1)-C(5) = 105.1(2), C(1)-Si(1)-C(3) =
115.3(2), C(1)-Si(1)-C(5) = 112.5(3), C(3)-Si(1)-C(5) = 113.7(2), C(7)-O(1)-C(9) = 116.3(2),

C(7)-0(1)-Si(1) = 117.8(3), C(9)-O(1)-Si(1) = 124.0(4).

Addition of iridium dihydride 5 in C¢DsCl solution at -40 °C to in situ generated
diethyl(triethylsilyl)oxonium ion 7 at -40 °C, results in formation of free Et;SiH and cationic
iridium chlorobenzene-ds complex 8 with little formation of cleavage products EtOSiEt; and
C,Hg (Scheme 2.4). This result is consistent with the mechanistic proposal shown in Scheme

2.3 in which there is a rapid pre-equilibrium between 5 and 3 prior to product formation. If
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nucleophilic attack of 5 on 7 to yield EtOSiEt; is turnover-limiting, then reaction of § with 7
should initially yield predominantly 3 and Et,O as observed. (Under these conditions with
only one equivalent of silane present per Ir center, we have previously established that silane
will be displaced from 3 by solvent to yield the chlorobenzene adduct, 8.)

Scheme 2.4. Reaction of 7 with 5 at -40 °C

_H Et\®/SiEt3 -40°C ® H
[ - ) —— + Et,0
H | AN
Et H_.
5 7 3 S|Et3
CgD5Cl | minor pathway 1 CeDsCl
/H /H .
[ir] + Et;SiOEt + C,Hg [ir] + Et;SiH
CIC¢D
8 C|C6D5 8 6“5

E. Catalytic Cleavage of Less Basic PhOCH; with Et;SiH. Following the in situ NMR
monitoring and mechanistic analysis of the diethyl ether cleavage reactions, we turned to
investigate a much less basic alkyl aryl ether, anisole. The catalytic cleavage reaction with
PhOCH; was also monitored by both 'H and *'P{'H} NMR spectroscopy. Interestingly, the
only Ir species present throughout the entire catalytic reaction is the iridium silane complex,
3. This could be due to (1) the low basicity of anisole, which results in very low equilibrium
concentrations (beyond NMR detection limit) of neutral iridium dihydride 5 and
methylphenyl(triethylsilyl)oxonium ion 9 (Scheme 2.5A) or (2) the result of slow transfer of
“Et3Si™ from 3 to anisole followed by fast reaction of 5 with oxonium species 9 (Scheme
2.5B). However, in either of these two cases, no dependence of the TOF on the concentration

of 5 would be expected.
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Scheme 2.5. Two Mechanistic Proposals for Ir-catalyzed Cleavage of Anisole with Et;SiH

H Keq H ® slow
A: G%Ir]:\ + PhOMe =———— [|r](H + PhMeOSiEt3
H

CH, + PhOSIEts
3 siEt 5 9

H @ fast
[|r]<H + PhMeOSiEt; — CH; + PhOSiEt;

B: G%Ir]:\H + PhOMe
3 H\SiEt3 5 9

Thus addition of 0.5 mol% to 1.5 mol% iridium dihydride 5 to the catalytic reaction

mixture (eq 2.8) was found to have no effect on the reaction rate (Figure 2.3), and as

expected, under these reaction conditions (eq 2.9), the turnover frequency is zero-order in the

concentration of Et;SiH (Figure 2.4).

CeD4Cly, 23 °C
PhOMe + Et3SiH PhOSiEt; + CH, (2.8)
[IFH* (1) + [I]HH (5)
1.0%  05%

1.0 % 1.0 %
1.0 % 1.5%

1.0 equiv. 2.2 equiv.

Lr & IrH/IrtHH=1.0/0.5
0.95 a = IrH/IrHH=1.0/1.0 14 L
’ =
0.9 - e A IrH/IrHH=1.0/1.5 w 12 |
L *a £
0.85 . g 10 L
= y |
Z 0.8 *A )
— = *A ‘9 8 - *
20.75 ., @ . .
S A s 6 L
£ 0.7 "L, =
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Figure 2.3. (Left): plot of PhOMe concentration vs time for the anisole cleavage catalyzed
by 1 and 5; (right): plot of the initial rate, V; , vs. concentration of 5 for the cleavage of

anisole catalyzed by 1 and 5.
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1% [IH* (1) + 1% [IF]HH (5)
PhOMe + Et;SiH PhOSiEt; + CH, (2.9)
CgD4Cly, 23 °C

1.0 equiv. 1.0 equiv.

1.5 equiv.
2.0 equiv.
14 |
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T
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Figure 2.4. Plot of the initial turnover frequency (TOF) vs. Et;SiH concentration for the

cleavage of anisole catalyzed by 1 and 5.

Under conditions where no additional iridium dihydride 5 is added, there is very little §
and methylphenyl(triethylsilyl)oxonium ion 9 present. Under these conditions, since the
iridium silane complex 3 is the only detectable resting state, triethylsilane, which is present in
much higher concentration, could compete with 5 for the reduction of 9 (Scheme 2.6). A
complication as noted earlier is that 5 and Et3;SiH are also in equilibrium with iridium silyl
hydride 6 and H; (eq 2.6). Therefore, fully consistent kinetic results could not be obtained in
the absence of additional iridium dihydride. However our preliminary studies favor iridium

dihydride § as the major hydride donor in the cleavage of anisole.
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Scheme 2.6. Proposed Catalytic Cycle for Cleavage of PhOMe

H
© H N
[lr]\ H
HSIEts 3 'H 5
SiEt,

PhOMe @

oA / "Et,Si"

minor/ CH, + PhOSiEt;

[Ir]/H + Me\®/SiEt3

\H O

5 \V 9 _
major Ph HSIEt3

CH4 + PhOSIEt;

A similar situation occurs in the 2™ step of the cleavage of diethyl ether (conversion of
EtOSiEt; to Et;SiOSiEt; and ethane, see eq 2). Like the anisole system, the iridium silane
complex, 3, was observed as the catalyst resting state. Interestingly, in the same reaction pot,
addition of 5, which resulted in a rate increase for the 1* cleavage step of diethyl ether, was
found to dramatically retard the 2™ cleavage reaction (94% conversion after 353 h as
compared to 97% conversion after 20 h without adding 5). Kinetic studies show that
increasing the Et3SiH concentration results in an increase in the rate of the second cleavage,
which suggests that Et;SiH may serve as a hydride donor in the second cleavage reactions.
Iridium silane complex, 3, and EtOSiEt; are in rapid pre-equilibrium with 5 and EtO(SiEt;),",
10, and Et;SiH competes with very low concentrations of § for reduction of 10. Addition of §
to the catalytic system would decrease the concentration of 10 and thus result in a decrease in
the overall rate of the 2™ cleavage. The steric crowding of the —CH,- group in [(Et3Si),0-

CH,CH;]" may disfavor reduction by the bulky iridium dihydride, 5. (A small but observable
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amount of neutral iridium silyl hydride, 6, was also observed in the 2™ cleavage of diethyl

ether, which diminished after the reduction was finished.)

F. Comparison of Ir-catalysis with [Ph;C][B(C¢Fs)4] for Alkyl Ether Cleavage. The
combination of [Phs;C][B(C¢Fs)4]/Et;SiH was reported by Lambert"® for catalytic
hydrosilation of diphenylethene and has also been demonstrated recently by Ozerov'® to be
capable of catalytic hydrodefluorination of C(sp’)-F bond presumably via a mechanism
involving a carbenium ion intermediate. To gain further mechanistic insight into the system,
we have examined the capability of [Ph3;C][B(CsFs)4]/Et;SiH system for alkyl ether cleavage
reactions and compared it with the 1/Et;SiH system (eq 10). In the catalytic cleavage of
anisole, as shown in Figure 5, iridium complex 1 is less reactive than [Ph3;C][B(C¢Fs)4] (¢12
(23 °C) = 80 min for 1; 1, (23 °C) = 10 min for [Ph3C][B(CsFs)4]). However, for catalytic
reactions with the more basic alkyl ether Et,O (Figure 6), iridium complex 1 is much more
reactive than [Ph3;C][B(CsFs)4]/Et;SiH system under same reaction conditions (¢;, (23 °C) =

80 min for 1; 1, (23 °C) = 120 h for [Ph3C][B(C4Fs)4]).
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CeD4Cl,, 23 °C
R'OR? + Et;SiH R'OSiEt; + R?H  (2.10)

o,
1.0 equiv. 2.2 equiv. 1% catalyst
catalyst a: [Ph3C][B(CgF5)4]
catalyst b: complex 1
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Figure 2.5. Plot of PhOMe concentration vs time for anisole cleavage reactions catalyzed by

catalyst a: [Ph3C][B(C¢Fs)4] and by catalyst b: complex 1.
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Figure 2.6. Plot of Et;O concentration vs time for Et;O cleavage reactions catalyzed by

catalyst a: [Ph3;C][B(C¢F5s)4] and by catalyst b: complex 1.
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Scheme 2.7. Proposed Catalytic Cycle for Et,O Cleavage with [Ph3;C][B(C¢Fs)4]/Et;SiH

@ Et,SiH ®
Ph3C Et;Si(solv)
-PhsCH

Et,0

CH4CHj + EtOSiEt,

slow
Et ® SIEt3
N |
Et;SiH ) \Cf/
Et 7

When the catalytic cleavage of Et,O with [PhsC][B(C¢Fs)s] was followed by 'H and C
NMR spectroscopy, similar to the iridium catalytic system, line broadening of the ethyl
groups of diethyl ether was observed in the both 'H and '*C NMR spectra. This indicates
that diethyl(triethylsilyl)oxonium ion, 7, is the resting state in the Et;O cleavage reaction
catalyzed by [Ph3C][B(C¢Fs)4] (Scheme 2.7). Indeed 7 can be isolated from this catalytic
reaction mixture as well. Although lower in concentration ([S]/[Et;SiH] = 1/250 in Et,O
reduction), iridium dihydride 5 is more nucleophilic than Et;SiH and potentially a much
better hydride donor, therefore, the turn-over limiting hydride transfer step is much faster for
iridium-catalysis compared with [Ph;C][B(C¢Fs)4]-catalysis in diethyl ether cleavage.
Relative rates for hydride reduction of 7 (5: Et;SiH = ca. 30000:1) can be estimated from the
ratio of initial reduction rates (Vi(Ir): Vi(Ph3;C") = 105:1) and the relative initial concentration
ratio ([5]: [Et;SiH] = 1:270).

However, in the catalytic reaction with less basic PhOCHj3, as discussed earlier, iridium
silane complex 3 is the catalyst resting state and results in very low concentrations of iridium

dihydride 5 and methylphenyl(triethylsilyl)oxonium ion 9, then a slower reaction was
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observed as compared to [Phs;C][B(C¢Fs)s]-catalysis. (In the [Phs;C][B(CsFs)s]/ Et;SiH
system, the presumably “resting state”, PhMeOSiEt;", 9, has also been independently

generated according to procedures analogous to 7, see experimental section for details.)

Summary

The novel reduction chemistry discovered in Chapter one has been applied to the catalytic
cleavage and reduction of alkyl ethers due to the potential synthetic applications of this
reaction. At room temperature cationic iridium pincer catalyst 1 in combination with Et;SiH
reduces a wide variety of unactivated alkyl ethers including primary, secondary and tertiary
alkyl ethers as well as aryl alkyl ethers. For example, diethyl ether can be readily converted
to two equivalents of ethane and Et;SiOSiEt;. This C-O cleavage chemistry has also been
applied to catalytic fragmentation of poly(ethylene glycol).

Highly chemoselective cleavage of alkyl ethers can be achieved with the 1/Et;SiH system.
For example, in a competition experiment, a mixture of diethyl ether and diisopropyl ether
was treated with 1/Et;SiH and resulted in the rapid, exclusive cleavage of diethyl ether with
formation of a mixture of ethoxytriethylsilane and unreacted diisopropyl ether. At longer
reaction times, reduction of diisopropyl ether occurs faster than reduction of
ethoxytriethylsilane.

Mechanistic studies have revealed the full details of the catalytic cycle. In the diethyl ether
cleavage, iridium nl-EtgsiH (3) and Et;O are in rapid equilibrium with dihydride (5) and
diethyl(triethylsilyl)oxonium ion (7), and the equilibrium strongly favors 5 plus 7. The
turnover-limiting step in the cycle is the reduction of Et;SiOEt,” by the neutral dihydride

complex, 5. Addition of 5 into the catalytic system resulted in a proportionate increase in
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turnover frequency. The key intermediate diethyl(triethylsilyl)oxonium ion (7) was
independently generated and isolated by crystallization.

In the cleavage of the less basic ether, anisole, the iridium silane complex (3) was found to
be the catalyst resting state and resulted in very little S5 and
methylphenyl(triethylsilyl)oxonium ion (9) present. Triethylsilane is present in much higher
concentration, and could compete with § for the reduction of 9. However, our preliminary
studies favor iridium dihydride 5 as the major hydride donor in this reaction. Addition of
between 0.5 mol% and 1.5 mol% iridium dihydride S to the catalytic reaction mixture was
found to have no effect on the reaction rate and under these reaction conditions the turnover
frequency is zero-order in the concentration of Et;SiH.

To gain more mechanistic insights, we have compared the catalytic reactivities of 3 with
[PhsC][B(CsFs)4] for alkyl ethers cleavage. In the catalytic cleavage of anisole, iridium
complex 1 is less reactive than [Ph3;C][B(CeFs)4]. However, for catalytic reactions with the
more basic diethyl ether, iridium complex 1 is much more reactive than trityl salts under
same reaction conditions (t1, (23 °C) = 77 min for 1; #, (23 °C) = 120 h for

[Ph;C][B(C¢Fs)4]).
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Experimental Section

General considerations. All manipulations were carried out using standard Schlenk, high-
vacuum and glovebox techniques. Argon and nitrogen were purified by passage through
columns of BASF R3-11 catalyst (Chemalog) and 4 A molecular sieves. THF and Et,O were
distilled from sodium benzophenone ketyl prior to use. Methylene chloride and toluene were
passed through columns of activated alumina'’ and degassed by either freeze-pump-thaw
methods or by purging with argon. Benzene and acetone was dried with 4 A molecular sieves
and degassed by freeze-pump-thaw methods. Et;SiH was dried with LiAlHs and vacuum
transferred into a sealed flask. All of the other substrates, all the arene solvents (C¢DsCl,
CsD4Cly, CsDs, CsHsF), and pentane were dried with CaH, and vacuum transferred to a
sealed flask. NMR spectra were recorded on Bruker spectrometers (DRX-400, VANCE-400,
AMX-300 and DRX-500). '"H and >C NMR spectra were referenced to residual protio
solvent peaks. 3P chemical shifts were referenced to an external H;PO, standard. 2si
chemical shifts were referenced to external (CHj3)sSi. K[B(CeFs)s] was purchased from
Boulder Scientific and dried in vacuo at 120°C for 24 hours. All other reagents were
purchased from Sigma-Aldrich or Strem., [(POCOP)IrH(acetone)] [B(C¢Fs)s] (1)“,

(POCOP)Ir(H), (5)" and Ph3C[B(C¢Fs)4]'® were prepared according to published procedures.

General Procedure for the Cleavage of Alkyl Ethers Catalyzed by Cationic Iridium
Acetone Complex, 1. Triethylsilane (175 pL, 1.1 mmol, 2.2 equiv.) was added to a solution
of 1 (6.7 mg, 0.005 mmol, 1 mol %) in C¢D4Cl; (0.3 mL) in a medium-walled J. Young NMR

tube and the contents were well shaken. The substrate (0.5 mmol, 1.0 equiv.) was then added
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and the reactions were allowed to stand at room temperature or heated in an oil bath, and the
progress was followed by NMR spectroscopy. Conversions were determined by monitoring
the loss of alkyl ethers. Reduction products were identified using 'H and C{'H} NMR in

comparison to literature data or authentic samples.

Cleavage of PhOMe with Et;SiH Catalyzed by 1 without Solvent. Triethylsilane (352
pL, 2.2 mmol, 2.2 equiv.) was added to a medium-walled J. Young NMR tube with 1 (3.3 mg,
0.0025 mmol, 0.25 mol%) and a sealed capillary tube with C¢Dg as internal standard. To this
suspension was then added PhOMe (109 pL, 1.0 mmol, 1 equiv.), and the tube was quickly
inverted to ensure complete mixing. The reactions were allowed to stand at room temperature
and the progress was monitored by NMR spectroscopy. Reduction products (PhOSiEt; and

CH,4) were identified using 'H and *C{'H} NMR data in comparison to literature data.

Fragmentation of Poly(ethylene glycol) with Et;SiH catalyzed by 1. Catalyst 1 (3.3 mg,
0.0025 mmol) and poly(ethylene glycol) (22 mg, Mw = 1305-1595) were dissolved in
CeD4Cl; (0.3 mL) in a J. Young NMR tube. Triethylsilane (240 pL, 1.5 mmol) was added to
this solution and the reaction was heated in a 65 °C oil bath for 4 h. The 'H and “C{'H}
NMR spectra show the disappearance of the poly(ethylene glycol) and formation of
Et;SiOCH,CH,OSiEt; and ethane. Et;SiOCH,CH,OSiEt;: 'H NMR (C¢D4Cl,, 400 MHz, 23
°C):  3.60 (s, 4H), 0.9 (m, 9H), 0.5 (m, 6H). *C{'H} NMR (C¢D4Cl,, 100.6 MHz, 23 °C): &
64.3 (s), 6.5 (s), 4.5 (s). At longer reaction times Et;SiOCH,CH,0OSiEt; were converted to

Et;Si10SiEt;.
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Determination of the Equilibrium Constants for Silyl Transfer between 3 and 7
during Diethyl Ether Cleavage. The cleavage of Et;O was performed under standard
catalytic conditions and monitored by 'H and *'P{'"H} NMR spectroscopy. As discussed in
the text, a small quantity of 6 was formed by reaction of § with triethylsilane (eq 2.11). Thus
the concentration of 7 was calculated from the sum of the concentrations of § and 6. Once the
concentration of 3 was sufficient to be measured relative to 5 and Et;O, the equilibrium
constant was determined by 'H and *'P{'H} NMR spectroscopy following the formula

shown in eq 2.12. At several stages of conversion K¢, was determined to be ca. 0.3.

Keg =ca. 0.3 Et;SiH
3 + Et,0 7+5—86 (2.11)
23°C H,
715
(M EreE
[BIELQ] [BIELQ]

Reaction of Iridium Dihydride Complex, 5, with Et;SiH. The iridium silyl hydride, 6,
has been previously generated and fully characterized by treatment of (POCOP)Ir(H)(CI)
with NaO7Bu in presence of excess Et3SiH in C-Dg.'! In current experiment, triethylsilane
(175 pL, 1.1 mmol, 220 equiv.) was added to a solution of 5 (3.0 mg, 0.005 mmol, 1 equiv.)
in C¢D4Cl; (0.4 mL) in a J. Young NMR tube (eq 2.13). The reaction was allowed to stand at
room temperature and the establishment of equilibrium was followed by 'H and *'P{'H}
NMR spectroscopy (eq 2.13). 'H NMR (C¢D4Cl,, 400 MHz, 23 °C): 6, -15.9 (t, 1H, IrH);

5,-17.0 (b, 2H, IrH). *'P{'"H} NMR (C¢D4Cl,, 162 MHz, 23 °C): 6, 5 189.2; 5, -204.5.
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23°C
5 + Et;SiH =———= 6 + H, (2.13)

t(min) 6:5 (by 3'P NMR)
22 0.69:1.00
26 0.87:1.00
36 0.71:1.00
66 0.92:1.00
96 0.93:1.00
116 0.87:1.00
126 0.86:1.00
136 0.86:1.00
1016 0.80:1.00

Cleavage of Et,O with Et;SiH Catalyzed by the Mixture of Cationic Complex, 1 and
Dihydride Complex, 5. Triethylsilane (175 pL, 1.1 mmol, 2.2 equiv.) and Et,O (52 pL, 0.5
mmol, 1 equiv.) were added to a solution of 1 (6.7 mg, 0.005 mmol, 1 mol%) and 5 (3.0 mg,
0.005 mmol, 1 mol%) in C¢D4Cl, (0.3 mL) in a medium-walled J. Young NMR tube. The
contents were well shaken and the reaction was monitored by Et,O loss relative to the
CH3CH,>- groups of the silanes [sum of (CH3CH,);SiH and (CH3CH,)3;SiOEt] with respect to

time by 'H NMR spectroscopy.

In situ Generation and Variable-Temperature NMR Spectroscopic Characterization
of Diethyl(triethylsilyl)oxonium ion, 7. Dried CsD¢ (0.5 mL) was added to a screw-cap
NMR tube with [Ph;C][B(CsFs)s] (92 mg, 0.1 mmol, 1.0 equiv.) in drybox. To this
suspension was then added triethylsilane (18 pL, 0.113 mmol, 1.13 equiv.), and the tube was

quickly inverted to ensure complete mixing. Light brown oil was produced at the bottom.
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The clear top phase was removed by syringe and the oil was washed with C¢Dg (0.1 mL X 2).
The oil (ca. 0.1 mL) was dissolved in C¢DsCl (0.6 mL) at room temperature and the solution
was cooled down to -40 °C. Diethyl ether (20-100 pL, 0.19-0.95 mmol, 1.9-9.5 equiv.) was
added by syringe and the NMR tube was then placed in the pre-cooled NMR probe at -40 °C.
'H NMR (C¢DsCl, 400 MHz, -40 °C): & 3.53 (br, 4H, 4-H), 0.82 (s, 6H), 0.58 (m, 9H), 0.30
(m, 6H). “C{'H} NMR (C¢DsCl, 100.6 MHz, -40 °C): & 75.1 (br), 12.8 (br), 5.5 (s), 3.1 (s).
¥Si{'H} DEPT 45 (C¢DsCl, 79 MHz, -40 °C)  68.9. The variable-temperature (-40 to 20 °C)

'H NMR dynamic behavior of 7 is discussed in the text.

Isolation and X-ray Structure of 7. Method A: colorless crystals of 7 can be obtained by
slow diffusion of well-dried pentane into the above described solution in C¢DsCl at -35 °C.
Method B: 7 can also be isolated by crystallization from the iridium-catalyzed reaction
mixture. Triethylsilane (240 pL, 1.5 mmol, 2.0 equiv.) was added to a solution of 1 (20 mg,
0.015 mmol, 2 mol %) in C¢DsCl1 (0.6 mL) in a J. Young NMR tube. Diethyl ether (78.8 pL,
0.75 mmol, 1.0 equiv.) was then added and the tube was quickly inverted to ensure complete
mixing. Oxonium ion 7 crystallized from this reaction mixture at -35 °C. Method C: crystals
of 7 can be obtained from the [Ph;C][B(CsFs)s]-catalyzed reaction mixture as well.
Triethylsilane (110 pL, 0.69 mmol, 0.97 equiv.) and diethyl ether (75 pL, 0.71 mmol, 1.0
equiv.) were added to a solution of [Ph3;C][B(CesFs)4] (16 mg, 0.0174 mmol, 2.5 mol %) in
CeDsCl1 (0.6 mL) in a J. Young NMR tube. The tube was quickly inverted to ensure complete
mixing. The solution was layered with pentane (1-2 mL), and left at room temperature

overnight and then —35 °C for a few days to give colorless crystals.
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Crystallographic data for 7 were collected on a Bruker SMART APEX-2 using Cu-Ka
radiation. Final agreement indices were R1 (all) = 9.85 % and R2 (all) = 24.6 %. All atoms
were refined anisotropically. Selected crystallographic data appear in Table 2.2.

Table 2.2. X-ray Crystal Structure Data for Complex 7.

Empirical Formula C;4H,5BF,,0S1
Formula Weight 868.44

Crystal System Orthorhombic
Space Group Pbca

Unit Cell Dimensions

Volume

V4

Absorption Coefficient
Density (calculated)
Crystal size
Data/restraints/parameters

Final R indices [[>26(I)]

a=19.5991(9) A o =90°
b=17.4575(9) A B =90°
c=21.7621(12) A y=90°
7445.9(7) A°®

8

0.192 mm™

1.549 mg/m’

0.30 x 0.30 x 0.10 mm’

7075/ 0 /519

R; =0.0819, wR, = 0.2345
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Reaction of 7 with 5 at Low Temperature. A stock solution of 5 (0.25 M) was prepared
in C¢DsCl in a glovebox at room temperature. Upon generating 7 in C¢DsCl (0.1 mmol, 1.0
equiv.) in a screw-cap NMR tube, an aliquot of the stock solution (400 pL, 0.1 mmol, 1.0
equiv.) was added by syringe at -40 °C. The NMR tube was then placed in the pre-cooled
NMR probe at -40 °C. The progress was monitored by 'H, *'P{'H} and “C{'H} NMR

spectroscopy.

Typical Procedures for Cleavage of PhOMe Catalyzed by the Mixture of Cationic
Complex, 1 and Dihydride Complex, 5. A stock solution (A) of 1(33.3 mM) and a stock
solution of 5 (50 mM) (B) were respectively prepared in C¢D4Cl, in a glovebox. An aliquot
(50-150 pL, 0.5-1.5 mol% 5) of stock solution B was added by syringe to an aliquot (150 pL,
1 mol% 1) of stock solution A in a J-Young NMR tube. C¢sD4Cl, (100-0 pL) was added to
keep the total amount of CsD4Cl, as 300 uL. Triethylsilane (175 pL, 1.1 mmol, 2.2 equiv.)
and anisole (54 pL, 0.5 mmol, 1 equiv.) were then added to the solution and the contents
were well shaken. The reaction was monitored by anisole loss relative to the CH3CH,-
groups of the silanes [sum of (CH3CH,);SiH and (CH3CH.);SiOPh] with respect to time by

'"H NMR spectroscopy. The data were analyzed using the method of initial rates.

Kinetic Studies of Cleavage of PhOMe with Various Amounts of Et;SiH Catalyzed by
1 and 5. A stock solution of the mixture of 1 (12.5 mM) and 5 (12.5 mM) was prepared in
C6D4Cl; in a glovebox. Triethylsilane (80-160 pL, 0.5-1.0 mmol, 1-2 equiv.) and anisole (54
pL, 0.5 mmol, 1 equiv.) were added by syringe to an aliquot (400 pL) of this stock solution

in a J. Young NMR tube and the contents were well shaken. The reaction was monitored by
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anisole loss relative to the CH3;CH,- groups of the silanes [sum of (CH3;CH,);SiH and
(CH3CH,);SiOPh] with respect to time by '"H NMR spectroscopy.. The data were analyzed

using the method of initial rates.

Cleavage of PhOMe with Et;SiH Catalyzed by [Ph3C][B(CgFs)4]. Anisole (54 pL, 0.5
mmol, 1 equiv.) was added to a solution of [Ph;C][B(C¢F5)4] (4.6 mg, 0.005 mmol, 1 mol%)
in C¢D4Cl, (0.3 mL) in a medium-walled J. Young NMR tube. Triethylsilane (175 pL, 1.1
mmol, 2.2 equiv.) was then added and the reaction was allowed to stand at room temperature,
and monitored by anisole loss relative to the CH3;CH,- groups of silanes [sum of

(CH3CH,)3SiH and (CH3CH,);SiOPh] with respect to time by 'H NMR spectroscopy.

Cleavage of Et;O with Et;SiH Catalyzed by [Ph3;C][B(CgFs)4]. Triethylsilane (175 pL,
1.10 mmol, 2.2 equiv.) was added to a solution of [Ph3C][B(C¢Fs)4] (4.6 mg, 0.005 mmol, 1
mol%) in C¢D4Cl; (0.3 mL) in a medium-walled J. Young NMR tube and the contents were
well shaken. Diethyl ether (52 pL, 0.5 mmol, 1 equiv.) was then added and the reaction was
allowed to stand at room temperature, and was monitored by Et,O loss relative to the
CH;3CH>- groups of the silanes [sum of (CH3CH>);SiH and (CH3CH.,);SiOEt] with respect to

time by 'H NMR spectroscopy.

In situ  Generation and NMR  Spectroscopic = Characterization  of
Methylphenyl(triethylsilyl)oxonium ion, 9. C¢sDs (0.5 mL) was added to a screw-cap NMR
tube with [Ph3C][B(C¢Fs)4] (46 mg, 0.05 mmol, 1.0 equiv.) in drybox. To this suspension

was then added triethylsilane (9 pL, 0.056 mmol, 1.13 equiv.), and the tube was quickly
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inverted to ensure complete mixing. Light brown oil was produced at the bottom. The clear
top phase was removed by syringe and the oil was washed with C¢Dg (0.1 mL X 2). The oil
was dissolved in C¢DsCl (0.6 mL) and the solution was cooled down to -40 °C. Anisole (20
pL, 0.19 mmol, 3.7 equiv.) was added by syringe and the NMR tube was then placed in the
pre-cooled NMR probe at -40 °C. Oxonium ion 9 and free anisole coalesce under these
conditions due to rapid exchange on the NMR timescale. The 'H spectrum shows the
triethylsilyl group resonances at & 0.54 (CHs) and 0.32 (CHy), and broad bands at & 3.42 for
the methyl protons of the —OCH; group. The *C{'H} shows, in addition to the B(C¢Fs)s
counteranion and PhOMe (line broadenings observed), two signals corresponding to the
triethylsilyl group at & 3.6 and 5.4. "H NMR (C¢DsCl, 500 MHz, -40 °C): § 7.16 (br), 6.96
(br), 6.75 (br), 3.42 (br), 0.54 (m), 0.32 (m). *’Si{'H} DEPT 45 (C¢DsCl, 99 MHz, -40 °C) &
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CHAPTER THREE

Structural and Spectroscopic Characterization and Dynamics of an

Unprecedented Cationic Transition Metal n'-Silane Complex

(Part of this chapter has been adapted with permission from: Yang, J., White, P. S,
Schauer, C. K., Brookhart, M. Angew. Chem. Int. Ed. Engl. 2008, 47, 4141-4143. Copyright
2008 WILEY-VCH. DFT calculation carried out by Professor Cynthia Schauer has been
included to provide a full picture and understanding of this unprecedented cationic 1'-silane
complex.)

Introduction

Understanding the coordination chemistry of ¢ bonds to metal centers is not only of
fundamental importance but also provides insights useful for developing metal-catalyzed
transformations involving the activation of 6 bonds, particularly dihydrogen, silanes, boranes,
and alkanes.'

Sigma complexes between silanes and cationic transition metal compounds possess highly
electrophilic silicon centers and are invoked as key intermediates in a number of important
catalytic Si-H activation reactions, i. e. silane alcoholysis, hydrosilylation, and more recently
reduction of alkyl halides and ethers.” > Those reported o-silane complexes are structurally

characterized or generally proposed to be n’-silane complexes (Scheme 1, B) in which the

silane is bound side-on with significant metal-silicon interaction. Calculations have



previously identified possible transition metal complexes with decreased Si-M interactions,
but supporting experimental evidence is lacking.™

While there are numerous examples of neutral o-silane complexes with X-ray structures,
isolable cationic analogs are scarce.’ This scarcity reflects the extreme sensitivity of the
electrophilic Si center towards nucleophiles, like adventitious moisture, dichloromethane or
even fluoride from certain anions.>® Kubas et al. reported a cationic Re(I) n*-Et;SiH complex
with tied-back phosphite ligands, where a solid-state structure could not be obtained due to a
highly disordered X-ray structure.” More recently, Lemke has described a structurally
characterized cationic Ru n’-silane complex with a short Ru-H and a long Si-H bond which
was proposed to model the latter stage of oxidative addition of a silane to metal fragments.®

Scheme 3.1. Interactions of R3SiH with Transition Metal Complexes.

R S
R R
R R/ N5—R
M-H-—Sf, ———— S
RY M-=H M—H
A eta'-H(Si) B eta’-SiH C classical (SiR3)(H)

sigma complexes
Previously in our lab the cationic POCOP iridium pincer complex
[(POCOP)Ir(H)(H,)][BArg] [Arg = 3, 5-(CF3),C¢Hs] has been synthesized and
spectroscopically characterized which shows it to be an n’-dihydrogen complex.” At 23 °C,
the hydrogens are in fast exchange and appear as a broad singlet at ca. -14 ppm by 'H NMR
spectroscopy. At -100 °C, the hydrogens are seen at 0.033 and -41.9 ppm in a 2:1 ratio in the
'H NMR spectrum. Using a one dimensional HMQC experiment at -100 °C, Dr. Alison

Sykes was able to measure the H-D coupling constant as 33 Hz, supporting the proposal that
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H-D is bound in an 1’ fashion. The first-order rate constant for exchange of the hydride and
dihydrogen ligand was estimated as 168 s at -81 °C, corresponding to a AG* ca. 9.1 kcal/mol.

During our mechanistic studies of iridium-catalyzed reduction of C-X bonds (X =F, CI, Br,
I, O) by triethylsilane, a cationic iridium o-Et;SiH complex was invoked as a key
intermediate (Scheme 3.2).%* In this chapter we will describe studies on the generation,
spectroscopic characterization and dynamic behavior of this unique cationic silane complex.
Importantly, a crystal structure of this species has also been obtained which shows the first
example of a cationic transition metal n'-silane complex in which the silane is bound to a
metal center in an unprecedented end-on fashion through the Si-H bond with no appreciable
metal-silicon interaction (Scheme 3.1, A).

Scheme 3.2. Proposed Catalytic Cycle for Iridium-Catalyzed Reduction of C-X Bonds.

® H HSiEt, ® H
[Ir] [Ir]
\X—R RX \H\ RX
SiEty
RX/ HSiEt;
® H H 9
[Ir]/ [lr]\H + RD)(_SlEtB

X can be alkyl halides or alkyl ethers.
RH + XSiEt;
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Results and Discussion

A. In Situ Generation and Spectroscopic Characterization of the Iridium o-Et;SiH
complex [(POCOP)Ir(H)(Et;SiH)] [B(C¢Fs)4]

This Iridium o-Et;SiH complex can be generated in situ by treatment of
[(POCOP)Ir(H)(acetone)] [B(CsFs)s]” {POCOP = 2, 6-[OP(Bu),],CsHs} (1) with excess
Et;SiH in CD,Cl, at 23 °C (eq 3.1). The *'P{'H} NMR spectrum of 2 at 23 °C exhibits a
major singlet at & 183.2 ppm, but 'H NMR resonances for the terminal (Ir-H) and bridging
(Ir-H-Si) hydrides are too broad to be observed at 23 °C due to exchange on the NMR
timescale. At -70 °C, the static spectrum is obtained which shows two hydride resonances in
a 1:1 ratio. The singlet at 5-4.9 with 2Si satellites ('Jsi.u = 79 Hz) is assigned to a bridging
(Ir-H-Si) hydride while the triplet at 3-44.2 (“Jp.y = 11.6 Hz) is assigned to a terminal (Ir-H)
hydride. Based on the resonance frequency of similar POCOP iridium pincer complexes,'
the very high upfield shift of -44.2 ppm is indicative of a hydride trans to a vacant
coordination site. These NMR data, especially the Jsi.y value, suggest that 2 is a square-

pyramidal Et;SiH o-complex with an apical hydride and with silane bound in the square

plane trans to the aryl ligand."'

® o ® o
B(CeFs)a B(CeFs)a
OnJ © xs Et;SiH NN
(tBu),P—Ir—P(tBu), (tBu),P——Ir——P(tBu), (3.1)
CD,Cl, (or CgDsCl), 23°C

i -Et;SIOCH(CHa), H

Et—S

Et Et
1 2
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B. X-ray Crystallography of 2

An X-ray quality crystal of 2 was obtained by slow diffusion of pentane into a C¢HsF
solution of 1 and excess Et3SiH at 25 °C under Ar. The ORTEP diagram of 2 is shown in
Figure 3.1. Et;SiH is coordinated frans to the ipso carbon of the tridentate POCOP backbone.
The hydrogens bound to Ir were located in the final difference map, and their refined
positions are consistent with a square-pyramidal geometry at Ir assigned using 'H NMR data.
The most striking structural feature of 2 is the orientation of the coordinated silane ligand
characterized by a long Ir'Si distance of 3.346(1) A (0.97 A greater than the sum of the
covalent radii of Ir and Si'?) and an Ir-H-Si angle of 157°, both indicative of an end-on n'-
H(Si) coordination mode of the silane. In n?-SiH complexes, the M-Si distances remain
relatively short.* For example, the Mn-Si distance in the manganese derivatives
Cp”’L(CO)Mn(n*-HSiR; ( L= CO or 2-electron donor; Cp’’=Cp, Cp’ or Cp*) is only slightly
longer than those in Mn(I)-SiR; complexes (at most a 4% lengthening).* Given the rarity of
isolated cationic silane o-complexes, one example for direct comparison is the
aforementioned complex reported by Lemke, [Ru(n’*-HSiCl3)(PMes),Cp][B(Ar)s], in which
the Ru-Si bond (2.329 A) is elongated by only about 0.064 A compared with that of a model

silyl complex, Ru(SiCl3)(PMe3).Cp(2.265 A).*
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Figure 3.1. An ORTEP diagram of the cation in 2 (hydrogens omitted). Key bond distances
(A) and bond angles (°): Ir(1)-C(3) = 2.015(2), Ir(1)-P(2) = 2.3091(6), Ir(1)-P(1) = 2.3470(6),
Ir(1)-H(1) = 1.94(3), Ir(1)-H(2) = 1.425(18), Si(1)-H(1) = 1.48(3), Ir(1)Si(1) = 3.346(1),

Ir(1)-H(1)-Si(1) = 157(1), P(2)-Ir(1)-P(1) = 158.06(2).

Schubert has proposed that the oxidative addition of hydrosilanes to metal fragments is
initiated when the H atom of the Si-H bond approaches the metal center.** The Si-H
component then pivots to place the Si atom close to the metal, thus interaction between metal
and Si is increased and the Si-H bond is weakened. In characterized silane complexes, the
reaction coordinate seems “arrested” mostly in the latter stage of this pathway. * The
structural characteristics of 2 suggest that it may serve as a model for the early stage of the
oxidative addition of silanes to unsaturated metal centers as proposed by Schubert. This n'-

silane structure is unique, elusive, and informative.
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Scheme 3.3. A Proposed Pathway for the Reaction of Silanes with Metal Fragment™
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C. Density Functional Theory (DFT) Studies of Structure and Bonding of 2.

To provide insight into the structural and bonding features of the n'-H(Si) binding mode,
DFT studies” were performed on the HSiMe; analogue of 2 (3), as well as the HSiMe;
complex of model systems in which Me replaces all four /Bu groups (4), and Me replaces
two cis tBu groups distal to the hydride ligand (5). Selected metric parameters for the
calculated minima are listed in Table 3.1 and selected minima for 3 and 4 are shown in
Figure 3.2. The potential energy surfaces for the silane complexes show multiple minima
corresponding to different rotamers about the Ir-H and Si-H bonds. For each complex,
structural data are presented for two distinct minima in which the SiMe; group is oriented
proximal and distal to the hydride ligand (eg., Figure 3.2, 4p and 4d, respectively). The
calculated structure for 3d agrees well with expectations based on X-ray data. The hydride
ligand occupies the apical site in the square pyramid (Ir-H = 1.54 A). The hydrogen of the
silane is positioned approximately trans to C (aryl) (Ir-H(-Si) = 1.87 A). The Si-H distance of
1.57 A is ca 0.08 A longer than the calculated Si-H distance in the parent silane, reflecting
activation of the Si-H bond. The calculated Ir"Si non-bonding distance of 3.38 A for 3d is
similar to the X-ray distance of 3.35 A. The corresponding Ir-H1-Si angle is 161°. An Ir-HI-
Si angle of 180° might be expected for an n'-H(Si) interaction. The space-filling diagram for

3d (Figure 3.2) shows close contact between the Si-Me groups and the Me groups on the /Bu
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substituents, and these interactions, together with similar close interactions on the opposite
face apparently dictate the Ir-H1-Si angle adopted in 2.

Table 3.1. Selected bond lengths (A) and angles (°) and energies from DFT studies.

Cmpd Ir-H1 Si-H1“ IrSi Ir-H1-Si Relative E (kcal mol™)”
3p 1.865 1.572 3.379 158.7 0.0
3d 1.870 1.572 3.395 161.0 -0.2
4p 1.785 1.576 3.169 141.1 0.0
4d 1.753 1.605 2.887 118.5 -1.0
4d° 1.751 1.653 2.619 100.5 -1.9
5d 1.757 1.609 2.871 117.0 0.0
5d¢ 1.752 1.646 2.626 101.2 -0.9

“The calculated Si-H distance in HSiMes is 1.493 A.” Difference in electronic energies.
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Figure 3.2. Selected minima for 3 and 4, and corresponding space-filling diagrams (top

view).

The reduced ligand steric bulk in trimmed 4 allows the silicon in 4d to more closely
approach Ir (Ir"'Si = 2.89 A). Moreover, 4 shows a distinct minimum (4d’) with an even
shorter Ir-Si distance (Ir"Si = 2.62 A), in which the silane coordination is assisted by the

formation of an axial agostic interaction with a Si-Me group (Fig. 3.2) (H'Ir =2.25 A). The
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development of the n?-SiH interaction is demonstrated by the structural parameters of the
series of complexes, 4p, 4d, and 4d’, with progressively longer H1-Si distances, shorter Ir-
H1 and Ir-Si distances, and smaller Ir-H1-Si angles along the series (see Table 3.1). The
relative energies of 4p, 4d, and 4d’ are 0, -1.0, and -1.9 kcal mol™!, respectively, indicating
that the stabilization afforded by the n>-SiH interaction is small. Trimmed 5 is electronically
intermediate between 3 and 4. The similar structural parameters and energetics of the d and
d’ minima for 4 and 5 are consistent with the assertion that the steric properties of the ligand
are driving the structural changes in the trimmed complexes.

Table 3.2. Natural charges and NBO populations in the silane complexes.”

Natural Charges NBO populations

Ir Si H(Si) Si-H *IrC Ird *  *SiH

3p 0.021 1.563 -0.281 1.796 0.313 1.952 0.063

3d 0.011 1.554 -0.275 1.796 0.313 1.954 0.063

4 -0.011 1.540 -0.255 1.763 0.336 1.947 0.071
4d -0.051 1476 -0.175 1.712 0.380 1.931 0.084

4d¢ -0.116 1.441 -0.115 1.673 0.426 1.916 0.093

5d -0.038 1.490 -0.180 1.720 0.376 1.933 0.079

S5d¢ -0.123 1.449 -0.115 1.674 0.429 1.916 0.092

“ In HSiMes, the natural charges on Si and H are 1.345 and -0.196.

An NBO analysis'* was conducted on the silane complexes, and the natural charges are
shown in Table 3.2. Formation of the n'-H(Si) silane complex increases the polarization of
the Si-H bond, with an accompanying increase in charge on silicon by ca 0.2 in comparison

to the free silane, and a decrease in the charge on hydrogen. Adoption of the n>-SiH
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coordination mode reduces the positive charge on silicon, and increases the charge on
hydrogen. Therefore the n'-H(Si) coordinated silane, with little Ir to Si-H o* backbonding, is
expected be a more potent source of electrophilic silicon than an 1>-SiH complex. The NBO
populations of the relevant orbitals for interaction with the silane (Figure 3.3) are
summarized in Table 3.2. The NBO populations are consistent with greater donation from o
Si-H to o* Ir-C and greater back-donation from dn* Ir to o* Si-H as the silane coordination

geometry changes from 4p, 4d, to 4d’.

T P F\'\P
c—1r ) C—Ir
=} A
P
o* Ir-C drc* Ir
H s H s
(e @ -
G Si-H o* Si-H

Figure 3.3. Relevant orbitals for interaction between silane and iridium in 2

D. Dynamics of 2 and Hydride Exchange Mechanisms.

Three possible mechanisms for exchange of the terminal (Ir-H) and bridging (Ir-H-Si)
hydrides in the cationic iridium silane complex 2 are shown in Scheme 3.4. Mechanism A is
the oxidative addition of Et3SiH to the iridium center, formation of cationic Ir(V) silyl
dihydride intermediate and then reductive coupling of Et;SiH to regenerate the iridium n'-

Et;SiH complex. The second possibility involves the intermediacy of the iridium silyl n°-H,
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complex followed by rotation of the n’-dihydrogen ligand which interchanges H, and H,
(Scheme 3.4, B). Mechanism C is the transfer of triethylsilyl from the end-on bound
triethylsilane to the terminal hydride (“silyl slide”)*® through a transition state which adopts
a symmetric geometry with the silicon occupies the central position trans to ipso carbon of
the tridentate POCOP backbone.

Scheme 3.4. Possible Mechanisms of Scrambling Hydrides in 2

Ha Ha Tb
| | _
A ®[|r|<— H,—SiEt; =— ®l ||rl—SiEt3 ‘——‘®I|rl<— H,—SiEt;
Hp
Ha Ha—1H Hp
@ | j @ M Pyt @ |
B [Ir]=— Hb_SIEt3 [i|‘|<—|l| or [||'|—S|Et3 - (Ir]=— Ha_SIEt3
b
SiEt;
Ha ¥ Hp
@ | ® M @ | |
C [Irl=—H,—SiEt; =———| [Ir]. JSiEtg | =——="lIrl==H,—SiEt3
\Ht;

Through line-broadening studies, the first-order rate constant for exchange of the terminal
and bridging hydrides was estimated as ke, = 31.3 s at -55 °C, corresponding to a AG* of ca.
11.2 kcal/mol (Figure 3.4). At 23 °C only one triplet is seen for the average of two #-butyl
groups. At low temperature it is evident that the resonance decoalesces into two triplets of
nearly equal intensity. The barrier for this process can be roughly estimated from the
coalescence temperature (ca. -55 °C) to be ca. 10.9 kcal/mol. It is approximately equal to the
barrier for the exchange between terminal and bridging hydrides, which indicates that the
same mechanism accounts for both averaging processes. Thus it is suggested that the

transition state for equilibration of the terminal and bridging hydrides appears to adopt a
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symmetric geometry, thus mechanism B is not a viable option. However, experimental data

alone can not distinguish between mechanism A and C under these reaction conditions.
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Figure 3.4. Variable temperature stacked "H NMR spectra of 2 (hydride region)

Results from DFT calculations are consistent with this deduction. The lowest energy
transition state for exchange of the terminal and bridging hydrides in the trimmed complex 4
(the Bu groups on the POCOP ligand were replaced by Me) adopts a symmetric geometry,
and lies 9.2 kcal/mol higher in energy than 4 (Figure 3.5). The silicon occupies the central
position, trans to C, with an Ir-Si distance of 2.72 A. The Si-H distances of ca. 1.93 A are
considerable longer than in the silane complexes (1.57-1.65 A). A similar “open-direct”

transition state was found to be the lowest energy pathway for exchange of the hydride and
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dihydrogen ligands in cis-[Fe(PR3)4(H)(n*-H,)]" '° and also found for the exchange of the
hydride ligand and the silane hydrogen in TpRu(PPhs)(H)(W’-HSiR3)'. Alternate
mechanisms involving the oxidative addition of Et;SiH (Scheme 3.4, A) or intermediacy of
an n°-H, complex (Scheme 3.4, B) were found to have much higher barriers. The general
structural features for the transition state in the untrimmed complex, 2, are very similar to 4,
but much more crowded, as reflected in a longer Ir-Si distance of 2.80 A and a higher

transition state energy of 16.7 kcal/mol.
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Figure 3.5. Calculated lowest energy transition state for exchange of the terminal and

bridging hydrides in the trimmed complex 4

These hydride exchange reactions are examples of degenerate oc-complex assisted
metathesis processes (the 6-CAM process coined in ref. 3a). Importantly, for the n'-HSiEt;
complex 2, there is no significant interaction between Ir and Si in the ground state. An
interaction between Ir and Si then develops in transition state (like 4-TS in Figure 3.5) to
productively carry out the exchange reaction, indicating that formation of an n’-sigma

complex is not a requirement for carrying out metathesis.
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Summary

The key cationic o-silane intermediate (1) for iridium-catalyzed reduction of C-X bonds
(X =F, Cl, Br, I, O) with Et;SiH has been generated, isolated, and spectroscopically and
structurally characterized. X-ray crystallography shows it to be the first example of a
transition metal 1)'-silane complex in which the silane is bound to an iridium(III) center in an
unprecedented end-on fashion through the Si-H bond with no appreciable metal-silicon
interaction.

DFT studies on the model Mes;SiH O-complex and analogues with trimmed ligands
indicate that the bulky substituents on phosphorus in the POCOP ligand dictate the
coordination mode of the silane and in complexes with trimmed ligands 1?-SiH conformers
are energy minima. The small energy difference between n'-H(Si) and 1’-SiH conformers
suggests that backbonding from Ir to Si-H o* in these cationic complexes is not a very
important stabilizing interaction.

At 23 °C, the "H NMR resonances for the terminal (Ir-H) and bridging (Ir-H-Si) hydrides
are too broad to be observed due to exchange. At -70 °C, the static spectrum is obtained
which shows two hydride resonances in a 1:1 ratio. Through line-broadening studies, the
first-order rate constant for exchange of the terminal and bridging hydrides was estimated as
kex = 31.3 s at -55 °C, corresponding to a AG* of ca. 11.2 kcal/mol, a slightly higher barrier
than the similar exchange in the dihydrogen analog, [(POCOP)Ir(H)(H,)][BArg] [Arr = 3, 5-
(CF3),C¢Hs] (AG* ca. 9.1 keal/mol).’

Combining the analysis of the dynamic NMR spectrum and DFT studies, we found that the
scrambling mechanism surprisingly does not involve an n°-H; intermediate. The scrambling

mechanism appears to involve the transfer of triethylsilyl from the end-on bound
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triethylsilane to the terminal hydride (“silyl slide”) through a transition state which adopts a
symmetric geometry where the silicon occupies the central position trans to the ipso carbon
of the tridentate POCOP backbone.

Computational studies’ have previously identified possible transition metal silane
complexes with minima showing weak Si-M interactions but supporting experimental
evidence is lacking. Thus the isolation and full characterization of the first example of a
cationic transition metal n'-silane complex (1) is of fundamental importance. On the basis of
the structural characteristics, 1 may be considered as a model for the early stage of the
oxidative addition of silanes to unsaturated metal centers, which is extremely rare.*

Perhaps equally significant is the mechanism of scrambling of hydrides in 1 and its n>-H,
analog. These hydride exchange reactions are important examples of degenerate c-complex
assisted metathesis processes (6-CAM) and in a certain sense they mimic the o-bond
metathesis of d’ metals on late transition metal centers.”® Therefore, now at the end of this

dissertation, I predict this system and other related or similar complexes exhibiting such

structure and dynamic processes will find their way in future catalytic transformation.

Experimental Section

General Considerations. All manipulations were carried out using standard Schlenk,

high-vacuum and glovebox techniques. Argon and nitrogen were purified by passage through

columns of BASF R3-11 catalyst (Chemalog) and 4 A molecular sieves. Pentane, methylene

chloride and toluene were passed through columns of activated alumina and degassed by
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freeze-pump-thaw methods. Acetone was dried with 4 A molecular sieves for 18 hours and
degassed by freeze-pump-thaw methods. Et;SiH was dried with LiAlHs; and vacuum
transferred into a sealed flask. C¢DsCl, C¢D4Cl, and CD,Cl, were purchased from Cambridge
Isotope Laboratories, Inc., dried with CaH,, and vacuum transferred to a sealed flask. C¢HsF
was dried with CaH; and vacuum transferred to a sealed flask. NMR spectra were recorded
on Bruker spectrometers (DRX-400, AVANCE-400, AMX-300 and DRX-500). 'H NMR
spectra were referenced to residual protio solvent peaks. *'P chemical shifts were referenced
to an external 85% H;PO, standard. 2Si chemical shifts were referenced to external (CHs)4Si.
K[B(C¢Fs)4] were purchased from Boulder Scientific and dried in vacuo at 120°C for 24
hours. All other reagents were purchased from Sigma-Aldrich or Strem. Complex 1,

[(POCOP)IrH(acetone)] [B(CsFs)4] was prepared according to published procedures.

In situ Generation of [(POCOP)Ir(H)(nl-Et3SiH)]+[B(C6F 5)4]” in CD,Cl,, 2. The in situ
generation of iridium n'-Et;SiH complex 2 in C¢DsCl has been described previously in the
experimental section of Chapter One. In order to get a static spectrum, the procedure was
reproduced in CD,Cl,. Triethylsilane (160 mL, 1.00 mmol, 100 equiv.) was added to a
solution of 1 (13.3 mg, 0.01 mmol, 1 equiv.) in CD,Cl, (0.8 mL) in a medium-walled J.
Young NMR tube. '"H NMR (CD,Cl,, 500 MHz, -70 °C): & 7.01 (t, *Jiu = 8.0 Hz, 1H, 4-H),
6.66 (d, 3Jyn = 8.0 Hz, 2H, 3- and 5-H), 1.27 and 1.22 [vt each, 36H, 2 x P(tBu),], -4.91 (s,
1H, SiH, Jsix = 79 Hz), -44.17 (t, *Jo.u =11.6 Hz, 1H, IrH). *'P{'H} NMR (CD,Cl,, 162
MHz, -70°C): & 183.9. *'P{'H} NMR (CD,Cl,, 162 MHz, 23 °C): & 183.2. *Si{'H} DEPT

45 ( C¢D4Cly, 79 MHz, 23 °C) 6 30.2. The NMR probe temperature was calibrated with neat
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methanol, and the variable-temperature '"H NMR dynamic behavior of 2 is discussed in the

text.
4
3 5 o
2 6 B(CgF5)4
| a |
(tBu)2P—|r—P(tBu)2
H
!
Et—>L
Et Et

Isolation and X-ray Crystallography of 2. Crystals of 2 were grown by slow diffusion of
pentane into a CgHsF solution of 1 and excess Et;SiH at room temperature under Ar.
Crystallographic data were collected on a Bruker SMART APEX-2 using Cu-Ka radiation.
Final agreement indices were R; (all) = 2.48% and R, (all) = 6.21%, with H1 and H2 found
in difference maps and refined. All other atoms were refined anisotropically. Selected

crystallographic data appear in Table 3.3.
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Table 3.3. X-ray Crystal Structure Data for Complex 2.

Empirical Formula
Formula Weight
Crystal System
Space Group

Unit Cell Dimensions

Volume

V4

Absorption Coefficient
Density (calculated)
Crystal size
Data/restraints/parameters

Final R indices [I>2o(])]

Cs52Hs6BF20IrO,P,Si
1386.01

Triclinic

P-1
a=124133(7)A  a=70.938(2)°
b=13.9005(8) A  p=287.821(2)
c=17.0525(9) A  y=88.840(2)°
2779.03) A°

2

6.366 mm’

1.656 mg/m’

0.25 x 0.25 x 0.05 mm’

10084/ 1/ 735

R; =0.0246, wR, = 0.0620
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