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Chapter 1: Introduction to Polar Hydrosilylative Reductions via Silane Heterolysis

l. Scope of Dissertation

In this dissertation, research on iridium-catalyzed C-O cleavage of ethers via
hydrosilylative reductions will be thoroughly outlined. Chapter 1 details Si-H heterolysis for C-O
cleavage with both transition metal and Lewis Acid catalysts. Chapter 2 outlines the use of air-
stable iridium catalysts used for alkyl ether cleavage. The focus of Chapter 2 is on reactivity of
six-membered carbocyclic alkyl ethers and understanding the effect of conformational bias in C-
O cleavage. Additionally, the role of catalyst structure will be outlined through the use of a series
of bis(phosphine)-type iridium complexes. Based on reactivity displayed in the second chapter,
chapter 3 then discusses a thorough mechanistic investigation for iridium-catalyzed cleavage of
alkyl ethers with cationic iridium bis(phosphine) complexes through speciation, isotope
incorporation, activation, and kinetic studies. Chapter 4 details an unusual method of tailoring C-
O cleavage of alkyl ethers, where blue light is used to change reactivity of a catalytic intermediate
rather than using synthetic modifications in an example of a catalytic photochemical transfer from

an iridium hydride in alkyl ether cleavage.

1. Reduction of Alkyl Ethers

Traditionally, ethersare utilized for their inertnature and see application largely as solvents
and protecting groups.! By virtue of this relative inertness, C-O bond cleavage via reduction
typically requires harsh conditions that lack high-selectivity, such as hydrogenolysis over
heterogeneous catalysts and using strong acids at elevated temperatures.2# In more recent years,
a more mild, selective method for C-O cleavage of alkyl ethers has been developed via C-O

silylation using silanes. Hydrosilylative C-O cleavage is a mild method that operates by silane



heterolysis, followedby areduction of an oxonium ion by a hydride source thatisformed in-situ.>-
17 The following sections detail previous iridium and borane ether cleavage examples while
following chapters will show a system with greater tunability of selectivity profiles through the
use of a modular iridium bis(phosphine) system and through illumination of a catalytic

intermediate with blue light.
I11.  Silane Heterolysis via Sigma Complexes

Hydrosilylative C-O bond cleavage of alkyl ethers occur via Si-H heterolysis. In this
process, a silylium transfer to an alkyl ether from an silyl-iridium complex takes place and forms
a silyloxonium ion. A heterolytic bond cleavage occurs whena 2-electron distribution to a single
atom occurs (Figure 1.1).18.19 Heterolytic cleavage occurs regularly in organic chemistry such as
elimination and substitution reactions.2%.21 This varies from homolytic bond cleavage, which
occurs through the distribution of an electron to each atom upon breaking of a bond and is very
common in radical reactions (Figure 1.1).22-2% In the context of alkyl ether cleavage and this work,
the focus will lie on using cationic iridium catalysts for the heterolysis of triethylsilane from

electrophilic sigma complexes.

Heterolytic Bond Cleavage vs. Homolytic Bond Cleavage
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Figure 1.1: Representative schemes of heterolytic (left) and homolytic (right) bond cleavage

Transition metal sigma complexes are characterized by the binding of a sigma bond to a
metal center (Figure 1.2).30 Complexes of metal-bound dihydrogen (H,) and other H-X (X =C, B,
Si, Ge, and Sn) variants are the most common examples of organometallic sigma complexes. 33

When coordinated to metal centers, the ligands of sigma complexes are stabilized by donation of

2



electrons from the d, orbitals of the metal center to the 6* orbitals of the ligand, which is called n-

backbonding.30.34

sigma complex
A
0 Y Q »
M— =eM “ + M—
B () B 4 Op
2-e” sigma bonding pi-backbonding

Figure 1.2: Representative binding modes of metal sigma complexes

In cases where n-backbonding is strong enough due to the electron richness of a metal
center, the sigma bond of the ligand can break and form two anionic ligands on the metal center,
this is termed an oxidative addition (Figure 1.3).30:34 Inless electron-rich metal sigma complexes,
such as cationic metal complexes, the relative stability of anionic ligand formation is in large
driven by ligand polarization rather than a formal oxidative addition. This reactivity makes
nucleophilic abstraction of the polarized ligand component with the partial positive charge
character possible (Figure 1.3). A classic example of this would be the polarization of hydrogen to

make a hydride and a protonated nucleophile/base.3°

Electron-rich Sigma Complex vs. Electron-poor Sigma Complex
©
A X o A o
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B g B |
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Figure 1.3: Oxidativeaddition (left) and heterolysis (right) of metal sigma complexes

The aforementioned heterolysis at cationic metal centers will be the mode of reactivity in
focus for this dissertation. Cationic iridium complexes will be employed for heterolytic Si-H
cleavage of triethyl silane, where an alkyl ether substrate serves as a Lewis-basic nucleophile
attacks an electrophilic silane in a cationic iridium complex to form a neutral iridium hydride and

a silyloxonium ion (Scheme 1.1).
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Scheme 1.1: Silaneheterolysis via nucleophilic attack of analkyl etherto a cationic iridium c-silane complex

IV. Iridium-catalyzed C-O Cleavage via Silane Heterolysis

A variety of cationic iridium catalysts which activate silanes and generate an electrophilic
silylium ion have been reported (some examples in Figure 1.4) which operate through silane
heterolysis for the reduction of carbonyl derivatives3®44 and alkyl halides*>, as well for alcohol

dehydrosilylation.46-48

Brookhart Crabtree Schiaf Michon
-Alkyl Halides -Alcohols -Alcohols -Carbonyls
-Carbonyls -Alcohols

-Ethers

O B(C4F Q SoFe O BAT
O-H-P‘Bu( oo i) . OFFe @/
@71( o) i ®”\O o
— H—Ir—O
/ @ N\\—CHjs <:| I
o © T /|

(—PPhs SNeTSL
|
Bu, ° H pph, PPh,

Figure 1.4: Cationic iridium silane heterolysis catalysts

The primary focus of this work lies in the field of iridium-catalyzed C-O bond cleavage of
ethers with triethylsilane. The proposed mechanism by which this reduction occurs is shown in
Figure 1.5; a cationic iridium precatalyst (A) binds with triethylsilane to form a cationic sigma
silane complex (B), in the presence of substrate ether, silane heterolysis can occur through a
silylium transfer to an alkyl ether to form the corresponding neutral iridium hydride and
silyloxonium ion pair (C). Upon formation of the neutral iridium hydride and silyloxonium ion, a
hydride transfer occurs fromthe neutral iridium hydride to the silyloxoniumion, which generates
the C-O cleavage products of an alkane and silyl ether, respectively, and closes the catalytic

cycle.13
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Figure 1.5: Proposed mechanism for the iridium-catalyzedssilylation ofalkyl ethers

Iridium-catalyzed ether cleavage via silane heterolysis was pioneered by the Brookhart
group, where a POCOP-supportingcationic iridium catalyst (Figure 1.4) was developedas an ether
cleavage catalyst in 2008.13 It was observed that in the presence of this POCOP-supported catalyst
and triethylsilane, alkyl ethers could undergo C-O cleavage to produce an alkane and
corresponding silyl ether. Mechanistic investigations were conducted and was shown to likely
proceed via a similar mechanism (Figure 1.6) led to the proposal above where silane heterolysis
occurs to generate a neutral iridium dihydride (C) which is in equilibrium with a trihydridosilyl

(E) complex and reducesa silyloxonium ion (D) to give alkane and silyl ether products.
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Figure 1.6: Proposed mechanism for the iridium-catalyzed silylation ofalkyl ethers with Brookhart’s catalyst

Brookhart also showed that with additional triethylsilane and extended time periods, that
the silyl ethers produced upon the initial C-O cleavage step can be further reduced down to the

corresponding alkane and hexaethyldisiloxane products (Scheme 1.2).

©B(CeFs)s
O|-PBu,
1 mol% Ir—0,
/® N
o-F° T
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Scheme 1.2: Stepwise deoxy genation of ethers with Brookhart’s catalyst

The reactivity of Brookhart’s catalyst forreducingsilyl ethers after the initial C-O cleavage
of the alkyl ether was then adapted by the Gagné group in 2013 and applied to the reduction of
more complex molecules.* Gagné demonstrated that persilyl glucopyranose in the presence of
excess diethylsilane and 5 mol% Brookhart’s catalyst undergoesring-opening of the pyranose core
followed by exhaustive deoxygenation of the polysilyl ether to produce n-hexanes and isomers

(Scheme 1.3) showing the ability of this system to achieve a high-degree of reduction of complex



carbohydrates, but lacks in unique selectivity profiles. Additionally, Brookhart’s catalyst requires
a 5-step synthesis from resorcinol.4® More tunable scaffolds are needed for tailoring unique
selectivity profiles in iridium-catalyzed ether silylation, which will be addressed in this

dissertation.

©B(CeFs)4
O|PBu,
5 mol% /%—o
N
o-p” T
tBUZ
RO O0.__OR 20 eq Et,SiH,
RO ‘OR RT )
+
OR 2 weeks Isomers

R = SiEtMe,

Scheme 1.3: Exhaustive deoxygenation of a silyl-protected glucose derivative with Brookhart’s catalyst

V. Borane-catalyzed C-O Cleavage via Silane Heterolysis

Highly Lewis-acidic triaryl borane catalysts are another common class of silane activation
catalysts for a variety of transformations such as alcohol dehydrosilylation?, carbonyl-containing
ketone and aldehyde-type reductions®-52, amide deoxygenations3354.5455 and C-O cleavage of
alkyl ethers.” The most commonly employed borane catalyst for the heterolysis of silanes is a

tris(pentafluorophenyl)borane (BCF) shown in Figure 1.7.

tris(pentafluorophenyl)borane
(BCF)

Figure 1.7: Lewis-acid silane activation catalyst BCF



In 1999, the Yamamoto group developed BCF as a C-O cleavage catalyst for alkyl ethers
via silane heterolysis.”-%6 Mechanistically, BCF operates similarly to the previously discussed
cationic iridium precursors, with the main difference being the formation of an anionic
borohydride as opposed forminga neutral iridium-hydride as discussed in the previous section.
The proposed mechanism for BCF-catalyzed ether silylation is shown in Figure 1.8. Silane first
coordinates to the borane catalyst, activating the silane followed by Si-H heterolysis via
nucleophilic attack by the ethereal substrate. Upon the nucleophilic attack of the alkyl ether to the
activated silane, an ion-pair composedof an anionic borohydrideand a silyloxonium ion is formed.
The following step is the selectivity determining C-O cleavage step where a hydride transfer from

the borohydride to the silyloxoniumion producesthe correspondingalkaneand silylether product.

Et;SiH &
% B SlEt3

R707R
ﬂF\m F F
PN F
OH
B/
H R ﬁ/ F
Rl
R~ o SiEts F SlEt3

F
Figure 1.8: Proposed mechanism for the borane-catalyzedsilylation ofalkyl ethers with BCF

Similar to Brookharts iridium system, Yamamoto also showed that with additional
triethylsilane and extended time periods, the silyl ether products are further reduced to the
corresponding alkane and hexaethyldisiloxane. This reactivity was later adapted by the Gagné

group which applied this system to the exhaustive deoxygenation of a silyl protected glucose



derivative.6 Since this discovery, BCF has also been utilized by the Gagné group for a variety of
ring-opening and acetal reductions of carbohydrates.>853.57-60 As with Brookhart’s catalyst, the
synthesis of this catalyst is fairly difficult and therefore tailoring reactivity cannot be done readily,
as BCF requires a Grignard and purification via sublimation. This makes the synthesis of new
variants, specifically with unique substituents beyond the current triaryl-scaffold for the
incorporation of substituents such as alkyl groups to tune the electronics and sterics of the boron
centerdifficult.5480 This furthers the need foratunable catalystmanifold for C-O cleavage in order

to produce unique selectivity profiles.

VI. Conclusion

Using both iridium and borane catalysts, a wide variety of reductionsvia Si-H heterolysis
can be achieved and proceed through similar mechanistic pathways. This work will focus on the
use of iridium catalysts, asthere is more opportunity for tailoring reactivity through commercially-
available phosphine and 2-phenylpyridine ligand use. Primarily, I will focus on tailoring the
reactivity of the metal hydride through alteringthe electronic environment of the metal center with
varying ligands and through illumination with blue light in order to achieve unique selectivity in

hydrosilylative C-O cleavage of alkyl ethers via silane heterolysis.
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Chapter 2: Selectivity of Cationic Iridium Bis(phosphines) for C-O Cleavage of Carbocyclic

Ethers*

*Fast,C.D.; Jones, C. A. H.; Schley, N. D. Selectivity and Mechanism of Iridium-Catalyzed Cyclohexyl Methyl
Ether Cleavage. ACSCatal. 2020,10 (11),6450- 6456.

Copyright 2020 American Chemical Society

l. Introduction

Nature provides complex, stereochemically-rich organic feedstocks in oxygenated molecules
including lignins and carbohydrates. The efficient utilization of such materials as valuable organic
building blocks relies on the availability of selective methods for their reduction. Traditional
methods for the cleavage of C—O bonds in biomass rely on direct hydrogenolysis over
heterogeneous catalysts, which lack design features necessary for selective processes.2 The
conversion of alcohol derivatives to a leaving group followed by reduction in a second step offers
enhanced opportunities for selectivity in complex substrates.3-° However in recent years, a more-
direct catalytic approach has emerged allowing alkyl- and silyl ether cleavage via reduction of a

silyloxonium ion generated in situ.10-12

F

OBAr, OB(CeFs)s FAF
Ph3
(Q | Pt Bu2

—Ir—O(j Q /@ \ycnﬂ3 F \Q
H PPh3 tBu

1 BCF

Figure 2.1 Reported catalysts for ether silylation, 101213

The reductive cleavage of ether-derived silyloxonium ions requires a catalyst capable of
effecting hydrosilane heterolysis. Yamamoto reported that the electron deficient triaryl borane
tris(pentafluorophenyl)borane (BCF) catalyzes the deoxygenation of alcohols with silanes via
initial dehydrosilylation to the silyl ether and showed that this system also cleaves
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dialkylethers.10.11 (Figure 2.1). Gagné has applied this catalyst to both the partial and complete
deoxygenation of carbohydrate substrates.14-16 Work by Brookhart showed that a cationic pincer-
supported iridium complex (2) operates by a similar mechanism,12 however attempts by Gagné to
apply this system in complex polyether substrates provided products resulting from unselective C-
O cleavage.1*17 Inrecentwork Caleb Joneshas shownthatasimple cationic bis(phosphine)iridium
dihydride complex (1) is capable of effecting the selective cleavage of alkyl ethers with silane.3
Crucially, the resulting silyl ethers are stable with respect to further reduction, unlike in the

Brookhart system.

OMe complex 1 H

i1 (1.0 mol %
O EtsSiH (1.0 mol %) _ O MeOSIEt; (1)

1.6 GQUi\/. CGDG

Scheme 2.1: Demethoxylation of cyclopentyl methyl ether (CPME) catalyzed by complex 1.

Furthermore, in our previous study of the preliminary reactivity of complex 1, Caleb Jones
discovered thatcyclopentyl methylether (CPME) underwentselective demethoxylationatthe sec-
ondary position to give cyclopentane (egn. 1).13 This observation contrasts with the selectivity
observed from tris(pentafluorophenyl)borane which gives preferential cleavage at the methyl
position.10.18 As secondary alcohols and ethers are common functional groups in biologically -
relevant compounds including carbohydrates, I was encouraged to develop a catalytic system

capable of the direct demethoxylation of secondary methyl ethers.
1. Applying [codlr(PPhs)2]BArFs to Six-Membered Carbocyclic Ether Cleavage

Previouseffortsfromthe Schley group identified thatin asingle example, the iridium complex
1 could effect the selective cleavage of CPME at the secondary position in preference to

demethylation (eqn. 1).23 Complex 1 is synthesized by hydrogenation of the air-stable 1,5-
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cyclooctadiene complex 1ain THF solvent, but this step has been found to be unnecessary, as
complex la serves as a comparably competent precatalyst to 1 (eqn 2). Surprisingly, the
homologated substrate cyclohexyl methyl ether does not show the same preference, giving tri-

ethylsiloxycyclohexane as the major product (95:5 TES-OCy:CyH) (eqgn. 3).

) OBAr",
3 mol% @\Ir@’PPhs
\

PPh
\ 1a 3
O , .
Et;SiH (2.2 equiv.) Q LOSiEty (2)
C 4 HsC
CD,Cl,
2 hr, 50 °C >95%
OMe 1a (3 mol %) OSiEt;

Et;SiH (2.2 equw) <:> <:§
CD,Cl,

2hr  23°¢c 59  95%
50°C 14% 84%

Scheme 2.2: Reductionof CPME and cyclohexyl methylether catalyzed by complex 1a

The difference in selectivity for cleavage of cyclohexyl and cyclopentyl methyl ethers
provided an impetus to examine the factors that influence the selectivity of iridium-catalyzed 2°
methyl ether cleavage in detail. The conformationally-biased pair of substrates cis- and trans-(tert-
butyl)-4-methoxycyclohexane were prepared (cis-3 and trans-3 respectively). By virtue of the 1,3-
diaxial interactions with the tertiary butyl group, these substrates adopt conformations that place

the methoxy substituent axial and equatorial in the cis and trans isomers respectively. 120

H

0
Bu L j\O':e Et;SiH 1—>aé?3:100|l k) tBu. M\H (4)
cis-3 2.2 equiv.50 °C, 2 hr 4 (> 95%)
H
N‘OMe EtSi i 128 mol %) tBUN\OSiEQ (5)
trans-3 2.2 equiv. 50 °C, 2|2hr 6 (> 95%)

Scheme 2.3: Reduction of cis-3 (top) andtrans-3 (bottom) catalyzed by complex 1a
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Under catalytic conditions, we observe that cis-3 is cleaved to 4 and that trans-3 is
selectively demethylated to give silyl ether 6 (egns. 4 and 5). These observations appear to argue

for the importance of substrate conformation in hydrosilylative ether cleavage by 1a.

&_siet, wie, L
[Ir]—H'SIEt3 |-I3C’O
EtsSiH \<
e 2
® *7*0 [Ir]-H

[Ir] SiEt,

CH, : H3C\O.SiEt3
Et3SiO O

H

Figure 2.2. Demethylationversus deoxygenation of cyclohexylmethylethers

The selectivity obtained for cis- and trans-3 can be interpreted in the context of the
simplified proposed mechanism given in Figure 2.2. Based on mechanistic work on related
catalysts, the cationic catalyst promotes silane heterolysis via formal transfer of a silylium ion-
equivalent to the ether.12.13 The selectivity-determining step is proposed to be attack by a neutral
iridium hydride on the incipientsilyloxonium ion.1213 The importantreactivity difference between
cis-3 and trans-3 should stem from different reactivity of the silyloxonium ions formed in situ. A
computational approach was used to determine the relative energies of the chair conformations of
triethylsilyloxonium ions in Table 1.1. The experimentally-determined yields of demethylation
versus 2° cleavage track well with the computed difference in energies, confirming that substrates
with a strong energetic preference for a conformation that places the silyloxonium ion group

(AEax-eq >~5 Kcal) in the equatorial position undergo preferential demethylation by 1a.
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RM\OMe Et38|H 2 (3 mol %) N\O&E@ RN\H

T cD,Cl,
2.2 equiv. 50 °C, 2 hr

Ether Silyloxonium Eax-Eeq Yield A Yield B
v,
cis-3 /O’O‘SiEts -0.6 - >95
tBu Meé)
trans-7 Me"'O'O‘SiEts 3.1 32 68
Me
02
cis-8 Q SiEts 3.2 31 69
Me Me@
O‘SiEt3
CyOMe 4.9 84 14
&%
Q “SiEts
trans-8 Me '\."e@ 8.3 >95
Me"’O“‘O‘SiEt3
cis-7 Me 10.7 >95
09
Q SlEt3
tBu"
trans-3 11.3 >95

Table 2.1. Computed energies (kcal'mol™) for chair conformations that place the OMe group axial versus
equatorial compared with experimental selectivity for ether cleavage.

I11.  Rational Design of Iridium Bis(phosphine) Precatalysts Towards Conformational

Selectivity of Cyclohexyl Methyl Ether Cleavage

Our observations on the determinants of selectivity in cyclohexyl methyl ether cleavage
inspired the synthesis of an array of catalyst variants in the hopes of finding derivatives that could
override the intrinsic substrate biases demonstrated in Table 2.1. The six complexes examined are
given in Figure 2.3. 1a-1c differ by variation of the phosphine substituents from PPh3 to PMePh,
to PMe,Ph (1a, 1b and 1c) which decrease the steric demand of the catalyst while increasing the
electron-richness of the metal center. The phosphine substituents in complexes 1d-1f are varied

from meta-xylyl to 3-methyl-5-trifluoromethyl to 3,5-bis(trifluoromethyl) (1d, 1e and 1f). This
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second set represents an attempt to prepare an isosteric set of catalysts that would give

intermediates with progressively decreasing hydride nucleophilicity.

F
N\ _c NaBAr", ] ©BAr,
Ir, N~ PR;  (2equiv) )
o r\ B —— Ir—PR3
7 . CH2C|2 \
4 equiv. PR,

Me 1a-f
1a  PPhy 1d P@ >
Me /3
CF5
PR3 = 1b PMePh, 1e P@ >
Me

CFay
1c PMe,Ph  1f P@ >
CFa/a

Figure 2.3. Synthesis of bis(phosphine) precatalysts tested

When the suite of catalysts 1a-f were examined with cis-3, all six gave the product of 2°
C-O bond cleavage 4 (Table 2.2). The same selectivity is not observed with the borane catalyst
BCF which gives largely the product of elimination 5. In contrast, the equatorially-predisposed
methyl ether substrate trans-3 shows varying selectivity across the selection of catalysts tested
(Table 2.3). In cases where triphenylphosphine catalyst 1a was highly selective for demethylation,
the electron-deficient catalysts 1e and 1f promote selective demethoxylation. Considering the
quasi-isosteric set of catalysts 1d, 1e, and 1f, the replacement of one of the two methyl groups on
the xylyl substituent (1d) by trifluoromethyl (1e) is sufficient to flip the observed selectivity.
Additionally, when the substrates shown in Table 2.1 are examined with the electron-deficient

precatalyst 1e, products of 2° C-O cleavage are obtained in all cases (Figure S63).
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1a-f (3 mol%) tBu tBu tBu

OMe £t SiH (2.2 equiv.)
tBu e
_ CD,Cl,
cis-3 50 °C, 2 hr 4 5 OSiEt,

not observed

Entry  Catalyst Yield of 4 Yield of 5

1 la >95% -
2 1b >95% -
3 1c 95% 3%
4 1d > 95% -
5 le >95% -
6 1f 91% 9%

Table 2.2. Catalyst-controlled reduction of cis-3.

H 1a-f (3 mol %) tBu  tBu tBu,
Et3SiH (2.2 equiv.) 7
tBu g OMe = -
trans-3 CDoCl,
50 °C, 2 hr 6 OSiEt,

Yield  Yield Yield
Entry Catalyst
of 4 of 5 of 6

1 la - - > 95%
2 1b 45% - 54%
3 1c 58% 12% 28%
4 1d - - >95%
5 le 95% 4% -
6 1f 92% - -

Table 2.3. Catalyst-controlled reduction of trans-3.
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IV. Confirming Catalyst-Controlled Selectivity in Cyclohexyl Methyl Ether Cleavage

Another direct comparison of catalysts 1a-f can be made using the trans decalin-based
substrates 10 and 11. These substrates cannot undergo a ring flip and thus their product dis-
tributions should directly telegraph the relative reactivity of la-f for both an axial and
equatorial case. The selectivity trends for complexes 1a-f established with substrates cis-3 and

trans-3 appear to hold for both the 10 and its axial epimer 11. (Tables 2.4 and 2.5).

OF _H1a f (3 mol %) (:6)@ (:ES)@

Et3SiH (2.2 equiv) =z

MeO” ™7 H
H 40 CD,Cly M
I 50 °C, 2 hr
o ,(ﬁ*
MeO L4 Et;Si0” ¢
H

equatorial

Entry Catalyst Yieldof12 Yield of 14 Yield of 13

1 la - - > 95%
2 1b 22% 6% 72%

3 1c 47% 19% 34%

4 1d - - >95%
5 le 91% 9% -

6 1f 64% 36% -

Table 2.4. Catalyst-controlled reduction of 10.
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[vH
@’ 1a-f (3 mol %)
H  Et;SiH (2.2 equiv) 5 o
14

H 11 CD,Cl, 12
Il 50 °C, 2 hr
CHg,

MeO H

axial

Entry  Catalyst Yield of 12 Yield of 14

1 la > 95% -

2 1b 95% 5%
3 1c 89% 11%
4 1d >95% -

5 le 92% 8%
6 1f 96% 4%

Table 2.5. Catalyst-controlled reduction of 11.

Thus, we have found that the experimental selectivity for unsymmetrical cyclohexyl
methyl ether cleavage with 1a depends strongly on the axial or equatorial disposition of the
incipient silyloxonium ion, while less electron-rich catalyst variants prefer 2° C-O cleavage in all

cases tested.

V. Conclusions

In summary, we have demonstrated that cationic bis(phosphine)iridium complexes function as
tunable and selective catalysts for the cleavage of C—O bonds in cyclohexyl methyl ethers. For the
parent bis(triphenylphosphine) precatalyst 1a the selectivity for demethylation versus 2° C-O
cleavage is determined primarily by the axial or equatorial disposition of the silyloxonium

substituent in the intermediate ion. This selectivity can be overridden by the use of less electron-
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rich precatalysts 1e and 1f such that both axial and equatorial groups undergo cleavage at the 2°

position. These findings are confirmed in trans-decalin substrates.

25



Chapter 3. Mechanistic Studies of Iridium Bis(phosphine)-Catalyzed C-O Cleavage of

Cyclohexyl Methyl Ethers

l. Studying the Mechanism of Demethoxylation vs. Demethylation of Cyclohexyl

Methyl Ethers

This chapter will focus on understanding the previously observed reactivity trends in
iridium bis(phosphine)-catalyzed cyclohexyl methyl ether silylation as well as reactivity towards

more complex sterol-derived substrates.

The selectivity for methyl versus 2° C-O cleavage observed in chapter 2 is likely dictated
by the relative rates of Sy1 cleavage of the silyloxonium versus Sy2 cleavage of the methyl group.
The apparent preference for Syl reactivity at substrates with significant axial silyloxonium
populations can be rationalized on the basis of the known increased rate of solvolysis of axial
cyclohexane substituents relative to their equatorial isomers.19.21 In the case of 1a, evidence for
Sn1 substitution has been obtained through the cleavage of cis-3 using Et3SiD, which gives a near-
1:1 mixture of cis and trans 4-d; (eqn. 1). Evidence for an Sy2 mechanism for demethylation has
been obtained by the reduction of 15, which undergoes selective deethoxylation. (egn. 2) This

outcome is expected given the much lower rate of S\2 reactions of ethyl groups versus methyl

groups.
OMe ]
a (3 mol %) D
B N\ > 1B 1
tBu H TesiD @2equiv) w7 M
cis-3 50°C, 2 hr 4-d,
" 1a (3 mol % !
a mo
tBu\M\OEt Et;SiH ﬁ» tBu\M\H ()
15 2.2 equiv. 50 °G. 2 hr 4 (89%)
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Scheme 3.1. Sn1 (top) versus Sn2 (bottom) mechanistic studies for dealkoxylation versus dealkylation
selectivity.

1. Applying Sn2 Demethylation and Sn1 Demethoxylation to Bile Acid Derivatives

Our success in developing selective catalysts for equatorial cyclohexyl methyl ether C-O
cleavage encouraged the examination of more-complex substrates derived of cholic acid (Figure
3.1).5Cholic acid and its derivatives are synthesized in the liver from cholesterol?2 and play an
important role in cholesterol homeostasis23 and lipid metabolism.24 In particular, they function as
signaling molecules for nuclear receptors?> with unnatural variants occasionally possessing

desirable target selectivity.26.27

R3\\\\ H B',/ R7

R, = OH
cholic acid n=3,7,12
chenodeoxycholic acid n=3,7
deoxycholic acid n=3,12
lithocholic acid n=3

Figure 3.1. Hydroxylation pattern of cholic acids.

The sites of hydroxylation, their stereochemistry, and the degree of polyhydroxylation are
species-dependent, with the parent cholic acid being hydroxylated on the o face at the 3, 7, and 12
positions on the A, B and C rings respectively (Figure 3.1). Their biological relevance has inspired
studies of the relative reactivity of each site of hydroxylation. Deoxycholic acid has been
previously prepared by B-ring deoxygenation via selective oxidation of the 7a-hydroxyl to the
mono ketone28.2? followed by Wolff-Kishner reduction.3® A similar strategy has been used to

deoxygenate the C ring of 6,12-dihydroxy-cholanoic acid.3! For the unprotected triols, the A-ring

27



hydroxyl is considered to be the least reactive site with respect to oxidation by chromic oxide. %

34

When methyl ether substrates 16-19 were subjected to optimized catalytic conditions using
complex 1a as a catalyst we observed in all cases selective reaction at the 3a-methoxy substituent
of the A ring. (Figure 3.2) This observation is particularly noteworthy given the number of

potential positions for reduction in cholanol derivative 19.

CHay,, CHsy,,
H S 1a (3 mol %) - H s
R Et3SiH (2.2 equiv) R
OMe CH,Cl,, 50 °C, 2 hr  x

16 16a, 57%* (x-ray)
* after deprotection

17 1|:I|a, 64%* (x-ray)
\H OTBDPS \H OH
"HMe H "gMe

18a, 53%* (x-ray)

MeQ v kR~ oTBDPS LR OTBDPS
\ l\
\ o

H
19a 69%

Figure 3.2. Isolatedyields for cholic acid-derived methyl ether silylation. Single crystal X-ray data for 16a, 17,
17a,and 18ais providedas supplemental information.

While all four cholanol derivatives 16-19 undergo selective reaction at the 3a-substituent
onthe Aring, the fate of this methyl etherappears to be dictated by substitution on the neighboring
B ring. For both the protected lithocholanol and deoxycholanol derivatives 16 and 17, the 3a-

methoxy group undergoes demethylation — an outcome consistent with the selectivity expected for
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an equatorial methyl ether with 1a as the catalyst. With the same catalyst however, chenodeoxy-
cholanol 18 and cholanol 19 undergo 2° cleavage of the 3a-methoxy substituent. When examining
the four cholanol substrates together it appears that the presence or absence of the 7a-methoxy
substituent on the B ring controls the fate of the 3a-methoxy group under our silylation conditions

with 1a.

Me
Me R

H
b PMe

Figure 3.3. Depiction of the interaction ofthe 7o substituent with the cis-fused A-ring

A depiction of the cis-fusion of the A and B rings of cholic acids is shown in Figure 3.3.
The 7a group is spatially located to participate in a pseudo syn-pentane interaction with the C4
methylene of the A ring. This steric interaction likely destabilizes the chair conformation of the A-
ring relative to the twist-boat. Since the ionization of cyclohexane substituents is believed to
proceed through the twist-boat and not directly from the chair in many cases?1.3536 gur hypothesis
Is that differential destabilization of the chair by the 7a-OMe group in 18 and 19 increases the rate

of Sy1 substitution of the 3a-silyloxonium intermediate and thus promotes deoxygenation.

I11.  Studying the Activation of Olefin-Bound Precatalyst 1a in Catalysis

Although the 1,5-cyclooctadiene complex 1a serves as an equally competent catalyst to the
corresponding dihydride cation complex 1 (Figure 2.1) used in our previous study,13 the two
possess different reactivity profiles at short reaction times when reactions were setup in an inert
atmosphere glove box with dried reagents. In particular, the distinctive red color of the precursor

complex 1a (Amax = 588 nm) was found to persist for up to 30 minutes after mixing, during which
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time no reaction productis formed (Figure 3.4, orange). In contrast, catalysis with the dihydride
cation 1 initiates rapidly. Analysis of product mixtures resulting from catalysis by 1a show no
products of 1,5-cyclooctadiene hydrosilylation. Instead, the only organic product resulting from
the diene ligand of the precatalyst is cyclooctane, which we estimate by NMR is formed in
sufficient quantity to account for the entire balance of the 1,5-cyclooctadiene ligand in the
precatalyst. Activation of la by formation of cyclooctane would require dihydrogen or an
equivalent reagent, which we postulated could arise via dehydrosilylation of trace water, protic

impurities, or silanols on the surface of the glass reaction vessel.
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Figure 3.4.Role of tracewater in precatalyst(1a) activation by NMR analysis.

The hypothesis that added or adventitious water serves as an H; source via reaction with
silane can be confirmed by 'H NMR analysis of a catalytic reaction containing 4.5 mol % H20.
(Figure 3.4, blue) Atthe point of onset of catalysis a signal corresponding to dissolved H, (ca. 1.3
mol %) is observed at 4.62 ppm in the catalytic reaction conducted in the presence of water, while
the H; signal is absent in reactions conducted under anhydrous conditions. When the activation of
lais observed by UV-Vis under more dilute conditions (1.2 mM Ir vs 6.0 mM Ir used in catalytic

reactions and Figure 3.5) a ca. 2 minute induction period is seen even in moist solvent, however

30



the addition of either 0.10 equivalents of the dihydride 1 or bubbling H leads to near-instantaneous

bleaching of 1a and activation (Figure 3.5).

0.7 ——5%(1.2mM) 1a

o6 | . ———3% (0.72 mM) 1a
g injection
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Figure 3.5. Bleaching of 1a at low concentration by UV-Vis. Role of added 1 shown (yellow). Note:
Bleachingis near instantaneous under typical reaction conditions (6.0 mM Ir, non-dry solvent)

In total, these experiments argue that initiation of catalysis by 1a is aided by dihydrogen
generated by catalytic dehydrosilylation of trace moisture in the reagents and reaction solvents
(H20 + 2HSIEt; — H; + O(SiEt3),). The observed induction period can be explained by assuming
that diene precursor 1a is a substantially inferior catalyst for this dehydrosilylation reaction versus
activated species like 1, leading to apparent autocatalytic behavior in the activation Kinetics. In
fact, a different salt of 1 has been reported as an efficient dehydrosilylation catalyst.%
Conveniently, the water content of reagent-grade dichloromethane that has not been dried over
alumina or molecular sieves appears to be sufficient for rapid catalyst activation under our
optimized conditions. When dry solventis readily available, the deliberate addition of 1.5 to 3
molar equivalents of water relative to catalyst serves the same purpose without apparent decrease

in reaction yield.
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IV.  Applying Water Activation to Catalysis with 1a Generated In-Situ.

Upon discovering that this bis(phosphine) system is not only tolerant of trace water, but that
catalytic onset is actually enhanced in its presence, we sought to further test the robustness of this
system by generating catalyst 1a in-situ, in air, using entirely commercially-available reagents.
The previously discussed water-promoted catalyst activation is important in the context of this
reaction because upon air/moisture exposure, NaBArF, is hygroscopic and takes on ~2.5 molar
equivalents of water. A previous report showed that mixtures of NaBArF, and [(cod)IrClI], were
inactive for ether silylation on their own,” however we speculated that the addition of

triphenylphosphine would allow for direct synthesis of complex 1ain situ.

[(cod)IrCl], (1.5 mol %)
PPh; (6 mol %)
NaBAr4+2.5H,0 (3 mol %)

- —> (3)
Et3SiH (2.2 equiv) O@
CH,Cl, 50°C,2hr HO
then, TBAF+3H,0 20a 0
THF, 40 °C , 60%

Scheme 3.2. Reductionof 20ona 1.00 gscale catalyzed by 1a generated in situ.

Prior to setup of the catalytic reaction, solid samples of [(cod)IrCl],, NaBArF,, and
triphenyl phosphine were left open to the air for 24 h. On small scales (0.040 mmol) the cata-lyst
generated in situ gave comparable outcomes for the demethoxylation and demethylation of cis-3
and trans-3 respectively. The reduction of 1.00 gram of dimethylestradiol (20) could also be
accomplished in air using catalyst generated in situ. Under these conditions dimethylestradiol
undergoes both demethylation of the anisole functional group and demethoxylation of the D ring
to give 17-deoxyestradiol (20a) in 60% isolated yield after deprotection (eqn. 3). Itis interesting
to note that although deoxygenation of the 173-OMe group in 20 is observed, this group occupies

a pseudo-equatorial position by virtue of the C/D ring fusion.38 As further evidence for the
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important role of local conformation, trimethylestriol (21) (differing from 20 by addition of a

methoxy substituent at C16) is not reduced at C17 under our conditions (eqgn. 4).

1 | %
a (3 mol %) 10SiEt; (4)

Y

Et3SiH (4.4 equiv)
CH,Cl5, 50 °C, 2 hr  Et,SiO

21a, 66%

Scheme 3.3. Reductionof 21 catalyzed by 1a.

V. Catalyst Speciation and Mechanism

A complete proposed mechanism for ether cleavage by bis(phosphine) iridium catalysts is
given in Figure 3.6 and is based on work by Brookhart and our own previous study.12.13 A cationic
o-silane compound (A) is believed to transfer an equivalent of triethylsilylium ion to substrate
ether to give a silyloxonium ion (D) and a neutral metal hydride (B/C). Since silyloxonium ions
undergo silylium exchange with ethers,12 the selectivity-determining step should be hydride

delivery to the silyloxonium ion (D).

R H
catalyst , .
H3C\O*Rl EtBSIH R)-R H3C§O_S|Et3

ReP, OBAr, R
Et,;SiH I . H,;C
taf —> > L& siE ’ “o)‘R'
activation / H
H PR,
Et3SiH A
3>t L = substrate OBArf, RSTL
Et,SiH R
H—Ir—H
HCOL "]
Q R HpR,
R :
R 5 Et,SiH
PR
H3C~O,SiEt3 ',"/\|,";_H3
Et;Si” |'H
H

C (X-ray: 22a, 23a)

Figure 3.6. Proposed mechanism foriridium-catalyzed 2° ether cleavage.
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In our previous report we showed that complex 1 operates by a mechanism analogous to
the Brookhart system, with a neutral tetrahydridosilyl species [(PPh 3).IrH,SiEts] (22a) serving as
both the catalyst resting state (D) and plausible hydride source in silyloxonium cleavage.®3
Although we previously characterized this species by NMR spectroscopy, after independent
synthesis from (PPh3),IrHs,39 the lack of structural data led us to propose a trans arrangement of
the two triphenylphosphine ligands to account for the single resonance observed by 3P NMR
spectroscopy.® We now find that under our optimized conditions for ether silylation, the precata-

lyst 1a gives the same catalyst resting state (C/22a) (eqn. 5) (Figures S4 and S5).

Ph,P
, @BAI’F4 catalytic H3|PPh3
conditions L2 r—=H
|r\®—PPh3 _conditong,  Etysi= ] (5)
H

PPhs 22a

1a catalyst
resting state

Scheme 3.4. Resting state speciation of 1a under catalytic conditions

The observation that complex 22a serves as the catalyst resting state when 1a is the
precatalyst implies that the turnover-limiting step is the reaction of C with silyloxonium ion D. As
D is formed in the same silane heterolysis step that leads to C, the concentration of D should be
equal to that of B (not observed) + C. Thus, a bimolecular turnover-limiting step between C and
D is expected to give a rate law with 2" order dependence on the iridium concentration. Indeed,
kinetic analyses of the cleavage of trans-3 by la are consistent with a 2" order dependence on
iridium loading (Figure 3.7). With 2 mol % 1a, the reduction of trans-3 takes 5 minutes to reach
40% yield and only 60 seconds to reach the same point when the 1a loadingis doubled to 4 mol
%. Direct NMR evidence for a free silyloxonium ion (D) during catalysis is complicated by rapid
exchange with substrate ether, however, Brookhart has been able to characterize a relevant

silyloxonium ion under related conditions.12
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Figure 3.7.Ln/Ln plot showing 2" order rate dependence on iridium loading.

Furthermore, we have been successful in obtaining single-crystal samples of the resting
state species C/22a suitable for X-ray crystallography. Our X-ray crystallographic analysis
demonstrates that the two phosphine ligands occupy cissites in the solid state, with one being trans
to the silyl ligand. (Figure 3.8, left) The high quality of the structural data has allowed usto locate
and refine the four metal hydride atom positions. (See Appendix I. for additional details) This
analysis shows that one of the hydride ligands occupies a bridging position between the iridium
ion and the silyl ligand. By using the refined, restrained hydrogen atom positions as initial
coordinates for a DFT calculation, we find that this results in calculated bond lengths of 1.70 A
and 1.80 A forthe Ir-H and H-Si bonds respectively. The latter represents a significantly elongated

Si-H bonding contact but does not rule out some non-classical, o-silane character.40
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Scheme 3.5. Resting state speciation of 1f under catalytic conditions and independent synthesis.

At presentitis unknown whether the solid-state structure of 22a aligns with its structure in
solution. The single 3P NMR resonance observed in solution suggests a structure with higher
symmetry, however rapid silane dissociationor other exchange processescould also be responsible
for the higher apparent symmetry of the 3P NMR signal. The characterization of the catalyst
resting state when 1a is used as a precatalyst inspired us to pursue a similar study on the less
electron-releasing phosphine variants that gave rise to distinct selectivity profiles in C-O bond
cleavage of cyclo-hexyl methyl ethers (vide supra). Like 1a, the tris(3,5-
bis(trifluoromethyl)phenyl)phosphine-ligated complex 1f also gives a single resonance by 31P
NMR spectroscopy during catalysis (Figure S6). Independent preparation of the tetrahydridosilyl
compound 23a from 23 (egn. 6) allows us to confirm that 23a is the catalyst resting state when 1f
is used as a precatalyst. Characterization of 23a by single-crystal X-ray diffraction confirms that
22a and 23a share a similar solid-state geometry (Figure 3.8). Thus, we can conclude that the
changes in selectivity on moving from complex 1a to 1f stem from differences in reactivity of
comparable catalytic intermediates rather than a switch in overall catalyst structure resulting from

modification of the phosphine ligands.
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Figure 3.8. ORTEP diagrams of 22a (left) and 23a (right) shown at50% probability.

The apparentstructural similarity of 22a and 23a extends to their DFT-optimized hydrogen
positions. The Si—H bond distance in 23a is calculated to be identical to that in 22a (1.82 A versus
1.80 A). Given the less electron-releasing ligands in 23a, we had expected to see a contraction of
the Si—H bond distance resulting from reduced backdonation into the Si—H o*. The lack of such
an observation is telling given that the potential energy surface for elongation of the Si—H bond in
o-silane complexesis known to be shallow.4! Accordingly, 22a and 23a appear to have comparable
degrees of o-silane character, despite representing two extremes of a highly-tunable hydride

equivalent for silyloxonium-ion reduction.
VI.  Conclusions

In summary we have demonstrated mechanistic details of cationic bis(phosphine)iridium
complexes catalyzing the cleavage of C—O bonds in cyclohexyl methyl ethers. The outcome of a
deuterium incorporation experiment is consistent with 2° alkyl ether cleavage occurring via an
Sn1l-type substitution reaction of the silyloxonium intermediate, while the relative reactivity of an

ethoxy derivative is a hallmark of an Sy2 process for demethylation.

This class of catalysts has been extended to cholic acid derivatives bearing a cis fusion at the

A and B rings. In these cases, the 3a-OMe group undergoes reduction in preference to other
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positions, with the selectivity for demethoxylation versus demethylation being controlled by the
presence or absence of a 7a-OMe substituent respectively. Studies of the structure of the catalyst
resting state demonstrate that both the PPh; and 3,5 tris(bis(trifluoromethyl)phenyl)phosphine
variants of the catalyst adopt a comparable tetrahydridosilyliridium structure with similar degrees
of 6-Si—H character. The significant change in ligand electronics is able to switch the selectivity
profile of the resulting catalysts without major perturbation of the resting-state structure,

presumably by modulation of the hydride nucleophilicity.

Finally, we find that catalysis by this class of cationic bis(phosphine) complexes is remarkably
robust. The catalysts can be generated from commercially-available materials directly in air and is
activated by trace water in solution. In total, we find that cationic bis(phosphine)iridium complexes
are operationally simple and tunable catalysts for the selective reduction of 2° methyl ethers. Our
groups ongoing efforts aim to extend the scope of suitable substrates for selective deoxygenation
from sterols to complex carbohydrate-derived polyethers, and have recently been shown as

selective C3-demethylation catalysts for o-cresol-type carbohydrates.42
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Appendix I. Experimental Section for Chapter 2 and Chapter 3

Supporting Information

l. General Information
General Considerations. Syntheses and manipulations with organometallic reagents were carried
out using standard vacuum, Schlenk, cannula, or glovebox techniques under N, unless otherwise
specified. All catalytic transformations and organic syntheses were conducted in air, unless
otherwise specified. Tetrahydrofuran, dichloromethane, toluene, pentane, and diethyl ether were
degassed with argon and dried over activated alumina using a solvent purification system. The
following chemicals were purchased from chemical vendors and used as received: IrCl3-H0,
triphenylphosphine, tris(3,5-xylyl)phosphine, methyldiphenylphosphine,

dimethylphenylphosphine, and hydrogen.

Spectroscopy. 1H, 2H, 13C, 31P, and 19F NMR spectra were recorded on Bruker NMR
spectrometers at ambient temperatures unless otherwise noted. *H and 13C chemical shifts are
referenced to residual solvent signals, 3P chemical shifts are referenced to an external HzPO,
standard, and 1°F chemical shifts are referencedto an external C¢Fg standard. 13C assignments were

made with assistance of 2D methods.

Elemental Analysis. Elemental analyses of complexes (1b-f, 22a, 23, and 23a) are of the bulk
samples for which yields are reported. No additional purification operations are carried out prior
to packaging for analysis, but samples are dried under vacuum for ca. 2 days to remove residual
or co-crystallized solvent. Elemental analyses were performed at the University of Rochester

CENTC Elemental Analysis Facility or by Midwest Microlab.
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Synthesis and Characterization
Bis(1,5-cyclooctadiene)diiridium(l)  dichloride  [(cod)IrCl],t  sodium  tetrakis[3,5-
bis(trifluoromethyl)phenyl]borate  (NaBArF,),  [(cod)Ir(PPh3),]BArF,  (1a)? and

[Ha(EtsSi)Ir(PPhs),] (20a)3 were prepared by published procedures.

Substrate precursors. Estriol, cholic acid, S5a-cholestan-3B-ol, deoxycholic acid, and
chenodeoxycholic acid were purchased from commercial sources and used as supplied. Estradiol

was purchased from a commercial source and dried under vacuum for 24 h.

) I ©BArf,
Cl F
@Ir\/ \ PMePh, — NBAT4 —PMePh,
™\ . CH,Cl, \
Aequiv. 53¢, 30 min. PMePh,
1b, 85%

Preparation of [(cod)lr(PMePh2)2]BArF4(1b). A 20 mL glass vial was charged with a stir bar,
bis(1,5-cyclooctadiene)diiridium(l) dichloride (0.1001 g, 0.149 mmol), methyldiphenylphosphine
(0.1190 g, 111 pL, 0.597 mmol, 4.01 equiv.), and sodium tetrakis[3,5-
bis(trifluoromethyl)phenyl]borate (0.2649 g, 0.299 mmol, 2.01 equiv.) and 4.0 mL of dry
dichloromethane. The resulting solution was allowed to stir for 30 minutes and was then diluted
with 10 mL of dry diethyl ether and allowed to stir for an additional hour. At this point the
precipitate was filtered off using a 0.45 um PTFE syringe filter. The resulting filtrate was
evaporated to drynessunder vacuum to give a red foam. The foam was crushed with a spatula and
the residue was treated with a 5 mL portion of dry pentane which was then evaporated. This
operation was repeated onceto give a dry, bright red solid. The red solid was suspended in 3 mL
pentane and filtered. The residue was washed with two, 3 mL portions of pentane to give the

product as a red solid after drying under vacuum. Yield: 0.3962 g (85%). Crystals suitable for X-
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ray diffraction were obtained by layering dry pentane on a saturated ether solution of 1b at 23 °C.
Elemental Analysis for CgsHsoBF241rP,: C, 50.68; H, 3.22. Found: C, 50.64; H, 3.13.

IH NMR (400 MHz, 23 °C, CD,Cl,): 6 1.70 (d, J=7.43 Hz, 6H), 2.08 (m, 4H), 2.22 (m, 4H), 4.23
(br, 4H), 7.45 — 7.56 (m, 20H) 7.56 (s, 4H), 7.73 (s, 8H).

31p{1H} NMR (162 MHz, 23 °C, CD,Cl,): 6 2.6 (s).

13C{IH} NMR (100 MHz, 23 °C, CD,Cl,): 6 14.3 (m), 30.9, 87.1 (t, ] =5.6 Hz), 117.4 (m), 1245
(q,J=272.5),128.8(qq, J=31.5 Hz, J=3.0 Hz), 129.0 (t, ] =4.9 Hz), 130.8 (m), 131.7, 132.7 (¢

J=5.5Hz),134.7,161.7(q, J =49.9 Hz).

) ] ©BArf,
Cl F
@Ir\/ \ PMe,ph — NBAT4 \—PMe,Ph
™\ 4 equi CH,Cl, \
z equiv. 23 °C, 30 min. PMe,Ph
1C, 86%

Preparation of [(cod)lr(PMe2Ph)2]BArFs(1c). A 20 mL glass vial was charged with a stir bar,
bis(1,5-cyclooctadiene)diiridium(l) dichloride (0.1003 g, 0.149 mmol), dimethylphenylphosphine
(0.0824 g, 849 pL, 0597 mmol, 4.01 equiv.), and sodium tetrakis[3,5-
bis(trifluoromethyl)phenyl]borate (0.2649 g, 0.299 mmol, 2.01 equiv.) and 4.0 mL of dry
dichloromethane. The resulting solution was allowed to stir for 30 minutes and was then diluted
with 10 mL of dry diethyl ether and allowed to stir for an additional hour. At this point the
precipitate was filtered off using a 0.45 um PTFE syringe filter. The resulting filtrate was
evaporated to drynessunder vacuum to give a red foam. The foam was crushed with a spatula and
the residue was treated with a 5 mL portion of dry pentane which was then evaporated. T his
operation was repeated onceto give a dry, bright red solid. The red solid was suspended in 3 mL
pentane and filtered. The residue was washed with three, 3 mL portions of pentane to give the

productas a red solid after drying under vacuum. Yield: 0.3680 g (86%). Crystals suitable for X-
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ray diffraction were obtained by slow diffusion of a dilute solution of 1c in ether into pentane at
35 °C. Elemental Analysis for CsgH4sBF241rP,: C, 46.71; H, 3.22. Found: C, 46.33; H, 3.04.
IH NMR (400 MHz, 23 °C, CD,Cl,): 5 1.47 (d, J= 8.5 Hz, 12H), 2.18 — 2.38 (m, 8H), 4.67 (bs,
4H), 7.42 — 7.54 (m, 10H), 7.56 (s, 4H), 7.72 (s, 8H).
31p{1H} NMR (162 MHz, 23 °C, CD,Cl,): 5 -11.2 (5).
13C{H} NMR (100 MHz, 23 °C, CD,Cl,): § 13.4 (m), 31.2, 85.5 (t, ] =5.6 Hz), 117.4 (m), 124.5
(q,J=272.8),128.8(qq, J=31.6 Hz, J=3.1 Hz), 129.2 (t, J =5.3 Hz), 131.4 (t, J =5.8 Hz), 1316,
133.4 (m), 134.7,161.7 (q,J =49.8 Hz).

I ©BArf,

@ @ > NaBAr" _ NaBAT, @r@——%’s
4_/@ CH2(3|2 \
o BC8M 1d’P8A;;0

Preparation of [(cod)Ir(P(3,5-xylyl)s)2]BArf4(1d). A 20 mL glass vial was charged with a stir
bar, Dbis(1,5-cyclooctadiene)diiridium(l) dichloride (0.100 g, 0.149 mmol), tris(3,5-
xylyDphosphine (0.2109 g, 0.611 mmol, 4.1 equiv.), and sodium tetrakis[3,5-
bis(trifluoromethyl)phenyl]borate (0.2649 g, 0.310 mmol, 2.1 equiv.) and 3.0 mL of dry
dichloromethane. The resulting solution was allowed to stir for 18 h followed by filtration using a
0.45 um PTFE syringe filter. The filter was washed with three 2 mL portions of dichloromethane
and the combined filtrate was evaporated to dryness under vacuumto give a red foam. The foam
was crushed with a spatula and the residue was treated with a 5 mL portion of dry pentane which
was then evaporated. Thisoperation was repeated onceto give a dry, bright red solid. The red solid
was suspended in 3 mL pentane and filtered. The residue was washed with three, 3 mL portions of
pentane to give the product as a red solid after drying under vacuum. Yield: 0.4818 g (88%).

Crystals suitable for X-ray diffraction were obtained by layering pentane on a saturated solution
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of 1d at 23 °C. Elemental Analysis for CggH7sBF4IrP,: C, 56.93; H, 4.24. Found: C, 57.06; H,
4.03

IH NMR (400 MHz, 23 °C, CD,Cl,): & 1.90 (m, 4H), 2.16 (s, 36H), 2.24 - 2.31 (m, 4H), 4.13 (s,
4H), 6.94 (d, J = 10.1 Hz, 12H), 7.04 (s, 6H), 7.56 (s, 4H), 7.73 (s, 8H).

31p{1H} NMR (162 MHz, 23 °C, CD,Cl,): § 18.8 (s).

13C{H} NMR (100 MHz, 23 °C, CD,Cl,): $20.2,31.1,85.9(t,J =5.5 Hz), 117.37 (m), 124.5 (g,
J=1272.4),128.79 (qq, J = 31.4 Hz, J = 3.1 Hz), 129.9 (m), 132.0 (t, J = 5.4 Hz), 132.57, 1347,

132.0 (t, J = 5.5 Hz), 161.7 (q, J = 49.8 Hz).

) ] ©BArf,
CF
_Cl ° NaBArF, ® on
|I'\ \lr// P _— Ir\” r3
-~
Cl \ CH20|2
z Me’s  23eC 1hr PArs
4 equiv. 1e, 88%

Preparation of [(cod)Ir(P(3,5-CFsCH3CsH3)s)2]BArFa (1e). A 20 mL glass vial was charged
with a stir bar, bis(1,5-cyclooctadiene)diiridium(l) dichloride (0.100 g, 0.149 mmol), tris(3-
methyl-5-(trifluoromethyl)phenyl)phosphine (20) (0.6038 g, 1.19 mmol, 4.05 equiv.), and sodium
tetrakis[3,5-bis(trifluoromethyl)phenyl]borate (0.5198 g, 0.587 mmol, 2.0 equiv.) and 6.0 mL of
dry dichloromethane. The resultingsolution was allowedto stir for 30 minutes and was then diluted
with 10 mL of dry diethyl ether and allowed to stir for an additional 30 minutes. At this point the
precipitate was filtered off usinga 0.45 um PTFE syringe filter. The filter was washed with three
2 mL portions of dichloromethane and the combined filtrate was evaporated to dryness under
vacuumto give ared foam. The foam was crushedwith a spatulaand was then triturated with three
successive 20 mL portions of dry pentane. After the pentane was decanted the residue was dried
under vacuumto give the product as a dark red solid. Yield: 0.4818 g (88%). Crystals suitable for
X-ray diffraction were obtained by layering pentane on a saturated solution of 1e in diethyl ether

at 23 °C. Elemental Analysis for CggHgoBF41rP,: C, 48.48; H, 2.77. Found: C, 48.27; H, 2.49.
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IH NMR (400 MHz, 23 °C, CD,Cl,): § 2.11 (m, 4H), 2.28 (s, 18H), 2.32 — 2.39 (m, 4H), 4.31 (s,
4H), 7.17 (d, 6H, J=9.5), 7.48 — 7.56 (m, 10H), 7.60 (br, 6H), 7.71 (s, 8H)

3P{IH} NMR (162 MHz, 23 °C, CD,Cl,): 5 20.2 (s).

19F{1H} NMR (471 MHz, 23 °C, CD,Cl,): § -61.9 (), -61.2 (5)

13C{1H} NMR (151 MHz, 23 °C, CD,Cl,): § 20.9, 31.0, 91.3 (t, Lcp = 5.1 Hz), 117.4 (m), 123.2
(g, J=273.1),124.6 (q, = 272.6), 127.8,128.9 (qq, J = 30.7 Hz, J = 2.3 Hz), 129.6 (m), 129.9,

131.5 (qt, J =32.9 Hz, J = 5.6 Hz), 134.8, 137.2,140.9 (t, J=4.7), 161.7 (q, “Jcs = 49.8)

] ©BArS,
@
@ / NaBAT St S ir—PArF;
CHZCIZ \
23 °C, 24 hr. PArs
4 equiv. 1f, 88%

Preparation of [(cod)lIr(P(3,5-(CF3)2CeH3)3)2]BArfs-CHzCl2 (1f). A 20 mL glass vial was
charged with bis(1,5-cyclooctadiene)diiridium(l) dichloride (0.1002 g, 0.149 mmol), tris(3,5-
bis(trifluoromethyl)phenyl)phosphine (0.4490 g, 0.670 mmol, 4.5 equiv.), and sodium
tetrakis[3,5-bis(trifluoromethyl)phenyl]borate (0.2770 g, 0.670 mmol, 2.1 equiv.) and 8.0 mL of
dry dichloromethane. The unstirred solution was shaken once and allowed to stand at room
temperature for 24 h. At this pointlarge, bright-red crystals and a finely-divided colorless solid
presumed to be NaCl had separated from the solution. The remaining solvent was decanted and
discarded. The red crystals were separated from the colorless solid by washing with four4 mL
portions of dry diethyl ether. This was effectively accomplished by swirling the vial to suspend
the white solid and carefully decanting the suspension. The red crystals were dried under vacuum
to give the solid product as the dichloromethane solvate. Yield: 0.7211 g (88%). Crystals suitable
for X-ray diffraction were obtained from the synthetic procedure above. Elemental Analysis for

C88H425F60|rP2'CH2C|2: C, 4129, H, 1.71. Found: C, 4149, H, 1.53.
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1H NMR (600 MHz, 23 °C, CeFs With CD,Cl, standard): 5 0.88 (br, 4H), 1.29 (m, 4H), 2.22 (m,
4H), 2.51 (m, 4H), 4.80 (br, 4H), 7.47 (s, 4H), 7.82 (s, 8H), 8.22 (d, J = 8.3 Hz, 12H), 8.42 (s, 6H)
31p NMR (202 MHz, 23 °C, CeFs With CeDs standard):  20.3 (s)
19F NMR (471MHz, 23 °C, CgH4F,With CgDy standard): 8 -63.0 (s), -61.4 (s)
13C{1H} NMR (151 MHz, 23 °C, CFs With a CD,Cly standard): 330.6,96.9 (bt, = 4.1 Hz), 116.7,
121.9 (9, J = 272.8 Hz), 124.4, (q, J = 272.1 Hz), 127.6, 128.8, (, J = 30.8 Hz), 130.2 (apparent
d,1=52.9 Hz), 133.2, 134.5(qt, = 35.2 Hz, J = 4.9 Hz), 134.8, 137.9 (M), 161.9 (q, J = 49.8 Hz)
, ©BArf, ArF,P .
@"@——PAH::, T :::)Il';—HH A iﬁ)
\ IPry0 | H CFs

FsC
PArf, 23°C, 20 min. PAr"s s
1f 23, 93%

Preparation of (P(3,5-(CF3)2CeH3)3)21rHs (23): In an inert atmosphere glovebox a 20 mL
scintillation via was charged with a stir bar, [(cod)Ir(P(3,5-(CF3).CsH3)3).BArF, -CH,CI, (1f)
(0.2530 g, 0.0977 mmol), and dry iPr,O (6.0 mL). The vial was brought out of the glovebox and
was sparged with hydrogen at 23 °C while stirring vigorously for 20 minutes, giving an off-white
precipitate. The vial was brought back into the glovebox and the solid was filtered off and
washed successively with dry iPr,O (3 x 1.00 mL), diethyl ether (2 x 1.00 mL), and pentane (2 x
1.00 mL). The resulting residue was dried under vacuum for 24 h to give the product as an off-
white solid. Yield: 0.1400 g (93%). Crystals suitable for X-ray diffraction were grown directly
from the reaction mixture. Elemental analysis for C4gH23F361rP2: C, 37.49; H, 1.51. Found: C,
37.36; H, 1.39.

IH NMR (400 MHz, 23 °C, C¢Fs With CgDg standard): 5 -8.44 (t, J = 13.9 Hz, 5H), 7.95 (s, 6H),
8.22 (t, J= 5.2 Hz, 12H)

31P{IH} NMR (162 MHz, 23 °C, CD,Cl,): & 20.4 (s)

19F{1H} NMR (471 MHz, 23 °C, CD,Cl,): 5 -62.0 (s)
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13C{1H} NMR (151 MHz, 23 °C, CD,Cl,): 5 122.6 (q,J = 273.2 Hz), 125.8, 132.3 (qt, J=12.8

Hz,J =5.1 Hz), 133.5, 137.0 (t, J = 28.6 Hz)

ArF3P ArF3P vy
H |H  Et;SiH (10 equiv.) H, | PArFy  Arf =
:lI"—H /Ir_H
H™ Et3Si »
| 'H CHZCly = FsC CFs
PArF; 50 °C, 5 min H
23 23a 56%

Preparation of (P(3,5-(CF3)2CeHa)3)21rH4(SiEts) (23a): Under an inert glovebox atmosphere, a
4 mL glass vial was charged with 18 (0.1001 g,0.0650 mmol), and 2.0 mL of dry dichloromethane.
Triethylsilane (0.65 mmol, 0.10 mL, 10 equiv.) was added to the suspension of 23, The reaction
vessel was brought out of glovebox and heated at 50 °C for 5 minutes to give a homogeneous
yellow solution. The vial was brought back into the glovebox and the solvent was removed under
vacuum. The resulting residue was extracted with pentane (1 x 1.00 mL) which was separated,
filtered, and evaporated to yield the product 23a as a pale-yellow powder. Yield: 0.0602 g (56%).
Crystals suitable for X-ray diffraction were obtained directly froma concentrated toluene solution
at 23 °C. Elemental analysis for Cs4H37F36lrP,Si: C, 39.26; H, 2.26. Found: C, 39.64; H, 2.37

IH NMR (400 MHz, 23 °C, CD,Cl,): § -10.82 (t, J =11.6 Hz, 4H), 0.47 (bg, J =6.8 Hz, 6H), 0.66
(t, J=7.6 Hz, 9H) 7.81 (bd, J = 8.4 Hz, 12H), 7.94 (s, 6H)

31P{1H} NMR (162 MHz, 23 °C, CD,Cl,): § 21.0 (s)

19F{I1H} NMR (471 MHz, 23 °C, CD,Cl,): & -62.1 (s)

13C{IH} NMR (125 MHz, 23 °C, CD,Cl,): § 7.8, 14.3,122.3 (q,J=277.0), 125.4,132.2(qt, J =

34.4Hz,J=8.7 Hz), 132.9, 136.4 (apparentd, J =46.7 Hz)
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Br 1. Mg (3.3 equiv.) CF3
2. PCI3 (1 equiv.)
—_— P
Et,O
Me CF3 Me

3

3.3 equiv. 20, 70%

Preparation of tris(3-methyl-5-(trifluoromethyl)phenyl)phosphine (24): A dry 100 mL
Schlenk flask was charged with magnesium turnings (0.2330 g, 9.59 mmol, 3.3 equiv.), 35 mL
dry, degassed Et,0, and a single crystal of 1,. The suspension was stirred under nitrogen until the
iodine color had bleached. At this point 3-trifluoromethyl-5-methylbromobenzene (2.292 g, 9.59
mmol, 3.3 equiv.) was added. At this point, Grignard initiation was effected by the addition of 3
dropsof a 1.2 M diisobutylaluminum hydride solution which led to an exothermic reaction and
rapid magnesium consumption. After 2 h at reflux the solution was cooled to room temperature
and PCl3 (0.25 mL, 2.9 mmol, 1 equiv.) was added dropwise over 10 minutes with stirring. After
stirring 16 h at room temperature the suspension was filtered quickly in air. The filtrate was diluted
to 60 mL total volume with Et,0, a portion of silica was added, and the suspension evaporated to
dryness. The silica-adsorbed mixture was dry-loaded onto a silica gel column and was purified by
silica gel chromatography (5% EtOAc in hexanes). The fractions containing the pure phosphine
were quickly combined and evaporated to minimize time in air. The resulting oil was moved into
an inert atmosphere glove box to give the productas a yellow oil that crystallized on standing
overnight. Yield: 1.0171 g (70%). Crystals suitable for X-ray diffraction were obtained from the
bulk sample after spontaneous crystallization of the neat oil.

IH NMR (400 MHz, 23 °C, CD,Cl,): & 2.39 (s, 9H), 7.35 (d,  =7.6 Hz, 3H), 7.43 (d, ] = 7.6 Hz,
3H), 7.50 (s, 3H)

31P{1H} NMR (162 MHz, 23 °C, CD,Cl,): 5 -3.3 (5)
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13C{1H} NMR (151 MHz, 23 °C, CD,Cl,): § 20.9, 124.1 (q, J=272.5 Hz), 126.8 (q, ] =3.4 Hz),
127.3(dg, J = 22.4 Hz,J = 4.7 Hz), 130.9 (qd, J = 31.7 Hz, J = 7.8 Hz), 137.2 (d, J = 13.8 Hz),
137.6 (d, J =18.9 Hz), 139.8 (d, J = 6.5 Hz)

LRMS (ESI) m/z [M+H]* calcd for C,4H1gFoP* 509.10, found 509.08
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Substrate syntheses

O/OMG

Methoxycyclohexane: This compound was prepared by a reported method.*

/O‘\\OH
tBu

Trans-4-(tert-butyl)cyclohexan-1-ol: This compound was prepared by a reported method.>

/0,0H
tBu

Cis-4-(tert-butyl)cyclohexan-1-ol: This compound was prepared by a reported method.>

Q‘\\OMG
tBu

trans-3
Trans-1-(tert-butyl)-4-methoxycyclohexane (trans-3): This compound was prepared by a
reported method.®
/O,OMe
e cis-3
Cis-1-(tert-butyl)-4-methoxycyclohexane (cis-3): This compound was prepared by a reported

method.6

5a-cholestan-3a-ol (11a): This compound was prepared by a reported method.”
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30,7a,120,24-tetrahydroxycholane (19b): This compound was prepared by a reported method at

23°C.8

30,7a,12a-trihydroxy-24-t-butyldiphenylsiloxycholane (19c): This compound was prepared by

areported method.?

30,120,24-trihydroxycholane (17b): This compound was prepared by a reported method at 23

°C.8
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30,24-dihydroxycholane (11b): This compound was prepared by a reported method.1! Itis also

obtained as a product of catalytic demethylation of 16 after deprotection (below).

:Me

17p-dimethylestradiol (20): This compound was prepared by a reported method with DMF used
as solvent rather than THF.12 Crystals suitable for X-ray diffraction were obtained upon

purification.

OMe

19

160,17B-trimethylestriol (21): This compound was prepared by a reported method.13

O/OBH

Benzyloxycyclohexane : This compound was synthesized by a reported method. 14

Sat

Isopropoxycyclohexane: This compound was synthesized by a reported method. 15
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OFt

tBu
Trans-1-(tert-butyl)-4-ethoxycyclohexane (15): This known compound?® was prepared using the
same method as trans-3.16

OBn

tBu
Trans-1-(tert-butyl)-4-benzyloxycyclohexane: This known compound was prepared according
to a reported method.t’

OMe

Trans-1-methoxy-4-methylcyclohexane (trans-8): This known compound?8 was prepared using
the same method as trans-3.

OMe

cis-1-methoxy-3-methylcyclohexane (cis-7): This known compound?l® was prepared using the

same method as trans-3.

(:)Me
trans-1-methoxy-3-methylcyclohexane (trans-7): This known compound? was prepared using

the same method as trans-3.
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OMe

cis-1-methoxy-4-methylcyclohexane (cis-8): This known compound?! was prepared using the
same method as trans-3.

Representative procedure for the TBDPS protection of cholic acid derivatives

OH imidazole
TBDPSCI

DMF
0-23°C

18c, 64%

24-tert-butyldiphenylsilyloxy-3a,7a-dihydroxycholane (18c): A flame-dried Schlenk flask
under N, was charged with 3a,7a,24-trinydroxycholane (18b) (7.52 g, 19.9 mmol) in 15.0 mL of
dry DMF and cooled to 0 °C. The flask was then charged with imidazole (2.70g, 39.7 mmol) and
was allowed to stir until homogeneous. To the Schlenk flask was added tert-
butylchlorodiphenylsilane (TBDPSCI) dropwise (21.35 mmol, 5.7 mL). The reaction was allowed
to stir for 16 h at 0 °C and allowed to warm to room temperature. The residue was purified on
silica gel (5% EtOAc/Hexanes — 100 % EtOAC) to yield a white solid. Yield: 7.90 g (64%)

IH NMR (500 MHz, 23 °C, CDCls): § 0.65 (s, 3H), 0.90 — 0.91 (m, 6H),0.94 — 1.01 (m, 1H), 1.05
(s, 9H), 1.12 — 1.73 (m, 21H), 1.80 — 1.85 (m, 3H), 1.96 — 2.00 (m, 2H), 2.22(q, J =11.4 Hz, 1H),
3.46 (m, 1H), 3.63 (t,J = 6.0 Hz, 2H), 3.85 (g, J = 2.7 Hz, 1H), 7.36 — 7.43 (m, 6H), 7.67 — 7.68
(m, 4H)

BC{IH} NMR (151 MHz, 23 °C, CDCl3): 6 11.7,18.6,19.1,20.5,22.7,23.7,26.8, 28.1, 29.0,
30.6,31.8,32.8,34.5,35.0, 35.3,35.4,39.4,39.6, 39.8,41.4,42.6,50.4,55.9, 64.4, 68.5,71.9,

127.5,129.4,134.1,135.5
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OH imidazole
TBDPSCI

DMF
0-23°C

17c, 48%

24-tert-butyldiphenylsilyloxy-3a,12a-dihydroxycholane (17c¢): This compound was prepared
using the general procedure for the TBDPS protection of cholic acid derivatives above using
3a,12a,24-trinydroxycholane (17b) (6.59 g, 17.3 mmol). The residue was purified on silica gel
using 5% EtOAc/Hexanes then 80% EtOAc/Hexanes as the eluent to yield a white solid. Yield:
5.03 g (48%)

IH NMR (500 MHz CDCls3) § 0.67 (s, 3H), 0.91 (s, 3H), 0.94 (d, J=6.7 Hz, 3H), 0.98 — 1.01
(m, 1H), 1.05 (s, 9H), 1.10 — 1.30 (m, 4H), 1.32—1.48 (m, 8 H), 1.48 — 1.55 (m, 5H), 1.57—1.70
(m,5H), 1.73 - 1.86 (m, 5H), 3.56-3.65 (t overlappingm, J=6.2 Hz, 3H), 3.99 (br, 1H), 7.36 —
7.43 (m, 6H), 7.68 (d, J= 6.6 Hz, 4H)

1BC{H} NMR (126 MHz CDCl3) 8 12.7,17.7,19.1,23.1, 23.6,26.1,26.8,27.1,27.4,28.5, 29.1,
30.5,31.8,33.6,34.0,35.1, 35.2,36.0, 36.4,42.0, 46.4,47.6,48.2,64.4,71.8, 73.2,127.5, 1294,

134.1,135.5

OH imidazole
TBDPSCI

DMF
0-23°C HO™

16a 16b, 95%
24-tert-butyldiphenylsilyloxy-3a-hydroxycholane (16b): This compound was prepared using
the general procedure for the TBDPS protection of cholic acid derivatives above using 3a,24-
dihydroxycholane (16a) (9.38 g, 25.9 mmol). The sample was used without further purification.
For characterization purposes, the residue was recrystallized in EtOAc/Pentanes at 40 °C. Yield:

14.79 g (95%)
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IH NMR (400 MHz, 23 °C, CDCls): § 0.63 (s, 3H), 0.88 (d, 1= 6.5 Hz, 3H), 0.92 (s, 3H), 1.04 (s,
12H), 1.07-1.49 (m, 18H), 1.54-1.85 (m, 7H), 1.96 (d, J = 12 Hz, 1H), 3.63 (t, J = 6.4 Hz, 3H),
7.35-7.42 (m, 6H), 7.66-7.68 (m, 4H)

13C{1H} NMR (101 MHz, 23 °C, CDCls): § 12.0, 18.6, 19.2, 20.8,23.4,24.2, 26.4,26.8, 27.2,
28.2,29.1,30.5,31.9, 34.5,35.3,35.4, 35.8, 36.4, 40.2, 40.4, 42.1, 42.6,56.2,56.5, 64.5, 71.8,
127.5,129.4,134.1134.2, 135.5,

Representative procedure (A) for the synthesis of methyl ether substrates:

NaH
Mel
THF
0°C MeO

3p-methoxy-5a-cholestane (10): A flame-dried 250 mL two-necked Schlenk flask was charged
with NaH (0.3300g, 12.90 mmol, 2 equiv.) in an inert atmosphere glove box. The vessel was then
brought outside of the box and attached to a Schlenk line and an oil bubblerand a flow of N
applied. Dry THF (60 mL) was loaded into the flask to make an NaH suspension which was cooled
to 0 °C. Sa-cholestan-3p-ol (10a) (2.51g, 6.43 mmol) was dissolved in dry THF (20 mL) and added
dropwise over the course of 1 hour and allowed to stir at 0 °C for 1 hour. Maintaininga 0 °C
reaction temperature, Mel (1.8308 g, 12.90 mmol, 2 equivalents, 0.80 mL) was added dropwise
over the course of 1 hour. The reaction was slowly quenched with saturated aqueous NH,Cl and
was diluted with water until all solid was dissolved (~50 mL). The aqueous solutionwas extracted
with EtOAc (3 x 150 mL) and washed with DI H,O (2 x 100 mL) and brine (3 x 100 mL). The
resulting organic layer was dried over Na,SO, and filtered. The solution was concentrated under

vacuum and the residue was purified on silica gel using 15% EtOAc/Hexanes as eluent to give a
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white solid as the product. Yield: 1.9440 g (79%). The H NMR shifts match previously reported

values.??

3a-methoxy-5a-cholestane (11): This compound was prepared according to general procedure
(A) for the preparation of methyl ether substratesusing 0.8501 g of 11a. The extracted organic
layer was concentrated under vacuum and the residue was sonicated in acetonitrile (10 mL) to
yield a white solid, which was filtered and washed with acetonitrile (2 x 5 mL) and dried under
vacuum. Yield: 0.6137 g (70%). This is a previously reported molecule. 2

IH NMR (400 MHz, 23 °C, CDCl5): § 0.65 (s, 3H), 0.79 (s, 3H), 0.87 (d, J =6.1 Hz, 6H), 0.90 (d,
J=6.4Hz, 3H), 0.95 - 1.04 (m, 3H), 1.04 — 1.27 (m, 11H), 1.27 — 1.59 (m, 13H), 1.63 (bd, J =
10.9, 1H), 1.79 (bd,J =13.5 Hz, 2H), 1.96 (bd, J = 11.9 Hz, 1H), 3.30 (s, 3H), 3.43 (br, 1H)
13C{IH} NMR (101 MHz, 23 °C, CDCls): § 11.3,12.0, 18.6,20.7, 22.5,22.7, 23.7,24.1, 25.1,
27.9,28.2,28.6,31.9,32.5,32.7,35.4,35.7,35.8, 36.1, 39.4, 39.5, 40.0,42.5,54.2, 55.6,56.1,
56.5,75.6

Representative procedure (B) for the synthesis of methyl ether substrates:

OTBDPS NaH
Mel
DMF
0°C

19¢, 61% 19,61%
30,7a,120,-trimethoxy-24-tert-butyldiphenylsilyloxycholane (19): A flame-dried 250 mL two-

necked Schlenk flask was charged with NaH (3.7218 g, 155.1 mmol, 10 equiv.) in an inert
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atmosphere glove box. The vessel was then brought outside of the box and attached to a Schlenk
line and an oil bubbler and a flow of N, applied. Dry DMF (30.0 mL) was loaded into the flask to
make an NaH suspension which was cooled to 0 °C. 3a,7a,12a-trihydroxy-24-t-
butyldiphenylsiloxycholane (19c) (6.3200 g, 9.98 mmol) was dissolved in 15 mL of dry DMF and
added dropwise to the NaH suspension at 0 °C over the course of 30 minutes and allowed to stir
for 2 h. The temperature was held at 0 °C and Mel (22.0 g, 155 mmol, 9.7 mL) was added slowly
over the course of 2 h and allowed to stir for 18 h and warm to room temperature. The reaction
was slowly quenched with saturated aqueous NH4Cl and was diluted with water until all solid was
dissolved (~ 50 mL). The aqueous solution was extracted with EtOAc (3 x 150 mL) and washed
with deionized water (2 x 100 mL) and brine (3 x 100 mL). The resulting organic layer was dried
over Na,SO, and filtered. The crude oil was purified on silica gel (15% EtOAc/Hexanes) to give
awhite solid. Yield: 4.12 g (61%)

IH NMR (400 MHz, 23 °C, CDCl5): 5 0.66 (s, 3H), 0.90 — 0.92 (overlapping s,d, 6H), 0.94 — 1.01
(m, 1H), 1.06 (s, 9H), 1.16 — 1.87 (m, 19H), 1.93 (q, J =9.7 Hz, 1H), 2.04 — 2.16 (m, 2H), 2.22 (g,
J=12.6 Hz, 1H), 3.01 (m, 1H), 3.16 (bg, J =2.7 Hz, 1H), 3.23 (s, 3H), 3.28 (s, 3H), 3.35 (5, 3H),
3.38 (bt, J = 2.3 Hz, 1H), 3.64 (t, J = 6.3 Hz, 2H), 7.35 — 7.45 (m, 6H), 7.69 (dd, J= 6.2 Hz, J =
1.6 Hz, 4H)

13C{IH} NMR (101 MHz, 23 °C, CDCly): § 12.4,17.7,19.1,21.9, 22.8, 23.1, 26.7, 26.8, 27.4,
27.7,27.9,29.1,31.8, 34.4,34.9,35.2*,39.6,41.9,42.6, 46 .0, 46.5, 55.3, 55.6, 55.8, 64.5, 76.9,
80.7,82.0,127.5,129.4,134.1,134.2,135.5

*HSQC experiments are consistent with this resonance being an overlapping methylene and

methine.
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NaH
Mel

DMF
0°C

18, 25%

30,7a-dimethoxy-24-tert-butyldiphenylsilyloxycholane (18): This compound was prepared
according the general procedure (B) for the preparation of methyl ether substrates using 24-tert-
butyldiphenylsilyloxy-3a,7a-dihydroxycholane (18c) (7.90 g, 12.8 mmol). The solution was
concentrated under vacuum and the residue was purified on silica gel using hexanes and then 5%
EtOAc/Hexanes as the eluent to yield a white solid. Yield 2.10 g (25%).

IH NMR (400 MHz, 23 °C, CDCl5): §0.63 (s, 3H), 0.88 — 0.91 (s overlapping d, 6H), 0.95 — 1.01
(m, 1H), 1.06 (s, 9H), 1.15 — 1.31 (m, 6H), 1.31— 1.58 (m, 10H), 1.63— 1.67 (m, 1H), 1.68 — 1.87
(m, 6H), 1.93 (dt,J = 11.8 Hz,J = 3.1 Hz, 1H), 2.17 (q, J = 12.5 Hz, 1H), 2.97 — 3.05 (m, 1H),
3.18 (bg, J =2.3 Hz, 1H), 3.24 (s, 3H), 3.34 (s, 3H), 3.63 (t, J =6.5 Hz, 2H), 7.36 — 7.44 (m, 6H),
7.67—7.69 (m, 4H)

BBC{IH} NMR (126 MHz, 23 °C, CDCly): & 11.6, 18.6, 19.1,20.8, 22.9, 23.6, 26.6, 26.8, 27.9,
28.1,29.0, 31.8, 33.6, 34.6,35.2,35.3,35.4,39.4,39.5,41.9,42.3,50.1,55.3, 55.8, 55.8, 64.5,

77.3,80.6,127.5,129.4,134.1,135.5

OTBDPS NaH
Mel
DMF
0°C

17C, 8%

30,12a-dimethoxy-24-tert-butyldiphenylsilyloxycholane (17): This compound was prepared
according the general procedure (B) for the preparation of methyl ether substrates using 24 -tert-
butyldiphenylsilyloxy-3a,12a-dihydroxycholane (17c¢) (15.00 g, 24.3 mmol). The solution was

concentrated under vacuum and the residue was purified onsilica gel using 100% hexanes to 10%
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EtOAc/Hexanes as eluent to yield an off-white oil. Yield: 1.22 g (8%). Crystals suitable for X-ray
crystallography were obtained from a concentrated solution in dichloromethane at 23 °C.

IH NMR (600 MHz CDCls) § 0.65 (s, 3H), 0.88 (d, J=6.6 Hz, 3H), 0.92 (s, 3H), 0.94 - 1.01
(m, 2 H), 1.05 (s, 9H), 1.11 — 1.52 (m, 13H), 1.56 — 1.69 (m, 3H), 1.71— 1.89 (m, 8H), 3.15
(septet, J = 4.4 Hz, 1H), 3.26 (s, 3H), 3.34 (s, 3H), 3.39 (bs, 1H), 3.63 (t, J=6.3 Hz, 2H), 7.36 —
7.43 (m, 6H), 7.68 (d, J = 6.6 Hz, 4H)

B3C{IH} NMR (126 MHz CDCl3) 6 12.7,17.7,19.1,21.9,23.2,23.6,26.1,26.7,26.8,27.3,274,
29.1,31.8,325,33.5,34.4,35.2,35.3, 36.0,42.0,46.2,46.7, 48.8,55.4, 55.6, 64.5, 80.4,82.3,

127.5,129.4,134.1, 135.5.

NaH
Mel

DMF
0°C

3a-methoxy-24-tert-butyldiphenylsilyloxycholane (16): This compound was prepared
according the general procedure (B) for the preparation of methyl ether substrates using 24-tert-
butyldiphenylsilyloxy-3a-hydroxycholane (16¢) (14.79 g, 24.61 mmol). The solution was
concentrated under vacuum and the residue was purified on silica using 1% EtOAc/Hexanes then
10% EtOAc/Hexanes as eluent to yield a viscous oil. Yield: 3.61 g (24 %)

IH NMR (400 MHz, 23 °C, CDCl3): 5 0.63 (s, 3H), 0.86-0.90 (m, 4H), 0.92-0.93 (m, 3H), 0.95—
0.98 (M, 1H), 1.01-1.08 (m, 13H), 1.10-1.46 (m, 14H), 1.60-1.85 (m, 7H), 1.95 (dt, 1H) 3.16
(m, 1H), 3.35 (s, 3H), 3.63 (t, J = 6.2 Hz, 2H), 7.35-7.42 (m, 6H), 7.66—7.69 (m, 4H)

B3C{H} NMR (126 MHz, 23 °C, CDCl53): 6 12.0, 18.6, 19.1,20.7,23.4,24.2,26.4,26.7, 26.8,
27.3,28.2,29.1,31.8,32.7,34.8,35.2,35.4,35.8,40.1,40.3, 42.0,42.6, 55.5, 56.1, 56.4, 64 .4,

80.4,127.5,129.4,134.1,135.5
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General Procedure (A) for Catalytic Ether Deoxygenation/Silylation:

In air, a 20 mL scintillation vial was charged with a stir bar, the solid precatalyst
[(cod)Ir(PPh3);]BArF,(1a) (0.0201 g, 0.03 equiv.,0.0120 mmol), dichloromethane (2.0 mL), and
Et3SiH (0.1023g, 0.880 mmol, 2.2 equiv., 0.14 mL) and was allowed to stir vigorously until the
reaction mixture changes from a red color to a pale yellow, indicating the catalyst is activated (10
— 30 seconds). Substrate ether (0.400 mmol, 1.0 equiv.) was then added to the reaction mixture
and was allowed to stir at 50 °C for 2 h. The reaction mixture was removed from heat and the
solvent was removed under vacuum. The residue was dissolved in dichloromethane and purified
on silica gel. The resulting residue was redissolved in THF (2.0 mL) and NBu4F-3H,0 (0.6300 g,
2.00 mmol, 5 equiv.) was added and the mixture was allowed to stir at 40 °C overnight. The
resulting reaction mixture was quenched with saturated aqueous NH4CI. The organic layer was
extracted twice with EtOAc and dried with anhydrous Na,SOy, filtered, and concentrated under
vacuum. The respective residue was purified on silica gel.

General Procedure (B) for Catalytic Ether Deoxygenation/Silylation:

In air, a 20 mL scintillation vial was charged with a stir bar, the solid precatalyst
[(cod)Ir(PPh3);]BArF,(1a) (0.0201g, 0.03 equiv., 0.0120 mmol), dichloromethane (2.0 mL). and
Et3SiH (0.2046 g, 1.76 mmol, 4.4 equiv., 0.28 mL) and was allowed to stir vigorously until the
reaction mixture changes from a red color to a pale yellow, indicating the catalyst is activated (10
— 30 seconds). Substrate ether (0.4000 mmol, 1.0 equiv.) was then added to the reaction mixture
and was allowed to stir at 50 °C for 2 h. The reaction mixture was removed from heat and the
solvent was removed under vacuum. The residue was dissolved in dichloromethane and purified
on silica gel. The resulting residue was redissolved in THF (2.0 mL) and NBu4F-3H,0 (0.6300 g,

2.00 mmol, 5 equiv.) was added and the mixture was allowed to stir at 40 °C overnight. The
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resulting reaction mixture was quenched with saturated aqueous NH4CI. The organic layer was
extracted twice with EtOAc and dried with anhydrous Na,SOy, filtered, and concentrated under

vacuum. The respective residue was purified on silica gel.

7a,120,-dimethoxy-24-tert-butyldiphenylsilyloxycholane (19a): This compound was
synthesized according to general catalytic procedure (A) for catalytic ether silylations from 19
(0.2700 g, 0.40 mmol) with no deprotection step. The residue was purified on silica gel using 0.5%
to 2% EtOAcC in hexanes to yield the product as an off-white residue. Yield: 0.1732 g (69%).

IH NMR (400 MHz, 23 °C, CDCl3): 6 0.66 (s, 3H), 0.91 (s and d overlapped, 6H), 0.35 — 1.01 (m,
2H), 1.06 (s, 9H), 1.15 — 1.22 (m, 2H), 1.23 — 1.40 (m, 8H), 1.42 — 1.57 (m, 5H), 1.69 — 1.88 (m,
5H), 1.94 (¢, J =9.8 Hz, 1H), 2.03 — 2.25 (m, 3H), 3.15 (bq, J = 2.8 Hz, 1H), 3.23(s, 3H), 3.29 (s,
3H), 3.38 (t, J= 2.5 Hz, 1H), 3.64 (t, = 6.4 Hz, 2H), 7.35 — 7.45 (m, 6H), 7.67 — 7.71 (m, 4H)
BC{IH} NMR (151 MHz, 23 °C, CDCl3): & 11.5,16.8,18.2,20.4,21.0, 22.2,22.6, 25.9, 26 4,
26.7,26.9,27.1,27.9, 28.1, 30.9, 34.27,34.3,36.6,38.6,41.9,42.7,45.1, 45.6, 54.7, 54.8, 63.5,

76.4,81.2,126.5,128.4,132.2,134.6

24-hydroxy-7a-methoxycholane (18a): This compound was synthesized according to general
catalytic procedure (A) for catalytic ether silylations from 18 (0.2580 g, 0.40 mmol). The residue

obtained prior to deprotection was purified on silica gel using 10% to 25% EtOAc in hexanes.
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After the deprotection, the residue was purified on silica gel using 5% to 10% to 25% EtOAC in
hexanes to give the productas a white solid. Yield: 0.0805 g (53%). Crystals suitable for X -ray
diffraction were obtained from a concentrated solution in dichloromethane at 0 °C.

IH NMR (600 MHz, 23 °C, CDCl3) & 0.64 (s, 3H), 0.90 (s, 3H), 0.92 (d, J = 6.5 Hz. 3H), 1.02 —
1.09 (m, 3H), 1.14 — 1.35(m, 9H), 1.37 - 1.54 (m, 8H), 1.61— 1.66 (m, 3H), 1.73 — 1.87 (m, 4H),
1.89—1.94 (m, 1H), 2.09 (qd, J = 13.4 Hz,J =3.8 Hz, 1H), 3.17 (bg, J =2.1 Hz, 1H), 3.24 (s, 3H),
3.61 (M, 2H)

BC{IH} NMR (100 MHz, CDCl3) 5 11.6, 18.6,20.8,21.4,23.6,23.7,27.6,28.1,28.2,29.0,29.3,

31.8,33.9,35.8,35.7,37.5,39.3,39.6,42.4,43.6, 50.3, 55.7, 55.9,63.5, 77.8

30,24-dihydroxy-12a-methoxycholane (17a): This compound was synthesized according to
general catalytic procedure (B) for catalytic ether silylations from 17 (0.2581 g, 0.40 mmol). The
initial residue was purified on silica gel using 0.1% to 10% EtOAc in hexanes. After the
deprotection, the residue was purified on silica gel using 5% MeOH/CH,Cl, as the eluent to yield
acolorless oil. Yield: 0.1009 g (64%). Crystals suitable for X-ray diffraction were obtained from
a concentrated solution in acetonitrile at 0 °C.

IH NMR (600 MHz, 23 °C, CDCls): 5 0.60 (s, 3H), 0.84 (s, 3H), 0.86 (d, J = 6.6 Hz, 3H), 0.91 —
1.07 (m, 4H), 1.11 — 1.19 (m, 3H), 1.26 — 1.44 (m, 8H), 1.48 (bt, J = 8.6 Hz, 2H), 1.55 — 1.64 (m,
2H), 1.65 - 1.76 (m, 6H), 1.80 (g, J = 9.6 Hz, 3H), 3.21 (s, 3H), 3.34 (t, J = 2.8 Hz, 1H), 353

(apparent td overlappingm, J=6.4 Hz, J= 2.4 Hz, 3H)
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BC{'H} NMR (151 MHz, 23 °C, CDCl3): 6 11.7,16.7,21.0,22.2,22.7,25.1,26.1, 26.6, 284,

29.4,30.8,32.6,33.1,34.3,34.4,35.0,35.4,41.1,45.3,45 .8, 48.0,54.7,62.5,70.8, 81.5

30,24-dihydroxycholane (16a): This compound was synthesized from 16 (0.2516 g, 0.40 mmol)
according to general catalytic procedure (A) for catalytic ether silylations. The initial residue was
purified on silica gel using 10% to 50% EtOAc in hexanes. After the deprotection, the residue was
purified onsilicagelusing 5% to 10% to 25% EtOAc/Hexanes to yield awhite solid. Yield: 0.0856
g (58%). Crystals suitable for X-ray crystallography were grown from a saturated solution in

acetonitrile at 23 °C. NMR shifts match that of the previously reported values.11

P

20b

3-triethylsiloxy-1,3,5(10)-estratriene (20b): This compound was synthesized according to
general catalytic procedure (B) for catalytic ether silylations from 20 (0.1202 g, 0.40 mmol) with
no deprotection step. The residue was purified on silica gel using 0.5% to 2% EtOAc in hexanes
as eluent, followedby areverse phase C18 columnusing5% to 20% MeCN in MeOH on a Biotage
SP1 Flash Chromatography System to yield a colorless oil. Yield: 0.1100 g (74%)

IH NMR (400 MHz, 23 °C, CDClj3): 6 0.74 (q overlappingm, J =6.1 Hz, 7H), 1.00 (t overlapping
m,J=7.9 Hz, 11H), 1.15(qd,J = 12.6 Hz, J=4.5 Hz, 1H), 1.34 — 1.45 (m, 2H), 1.64 (s, 3H), 1.94
—2.03(m, 2H), 2.08 — 2.17 (M, 1H), 2.19 — 2.34 (m, 3H), 2.35 — 2.49 (m, 2H), 2.66 (dq, J =143
Hz,J = 2.9 Hz, 1H), 2.73 — 2.81 (m, 2H), 6.56 (bd, J = 2.6 Hz, 1H), 6.63 (dd, J = 8.6 Hz, J = 3.7
Hz, 1H), 7.16 (d, J = 8.5 Hz, 1H)
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BC{'H} NMR (151 MHz, 23 °C, CDCl5): 65.0,6.7,13.5,25.8,27.7,27.74,30.3,31.4,37.2,42.3,
48.9,52.6,117.1,119.7,127.0,128.5, 132.8, 136.0,138.4, 153.1

OMe
9’ +OSiEt
('
Et,SiO
21a

3,16-bis(triethylsiloxy)-17-methoxy-1,3,5(10)-estratriene (21a): This compound was
synthesized accordingto general catalytic procedure (B) from trimethylestriol (21) (0.1322g,0.40
mmol) for catalytic ether silylations with no deprotection step. Yield: 0.1410 g (66%)

IH NMR (400 MHz, 23 °C, CDCls): 5 0.63 (q,J = 7.9 Hz, 6H), 0.73 (g, J = 7.9 Hz, 6H), 0.79 (s,
3H),0.99 (q, J=8.5, 18H), 1.24 — 1.42 (m, 3H), 1.45 — 1.53 (m, 2H), 1.57 — 1.66 (M, 2H), 1.73 —
1.85 (m, 1H), 2.17 — 2.28 (m, 2H), 2.78 (m, 2H), 3.21 (d, J = 5.2 Hz, 1H), 3.48 (s, 3H), 4.12 (m,
1H), 6.56 (d, J = 2.4 Hz, 1H), 6.62 (dd, J=8.3 Hz, J= 3.3 Hz, 1H), 7.10 (d, J=8.5 Hz, 1H)
1B3C{H} NMR (151 MHz, 23 °C, CDCl3): 6 4.8,5.0,6.7,6.8,12.7,26.0,27.2,29.6,34.8, 38.2*,
43.7,43.8,479,59.1,77.7,99.5,117.0,119.8,125.9, 132.9, 137.8, 153.3

*HSQC indicates that the singlet at 8 38.2 is an overlapping CH, and CH signal.

General Procedure (C) for Catalytic Ether Deoxygenation/Silylation on Large Scale with

Catalyst Generated in situ:

[(cod)IrCl], (1.5 mol %)
OMe  pph, (6 mol %)

H
m. NaBArF4+2.5H,0 (3 mol %) m’
Oﬁ 2 Et;SiH (2.2 equiv.) 3 =
MeO CHyCl,, 50 °C, 2 hr  HO

20 then, TBAF+3H,0 9
THF, 40 °C 20a, 60%

17-Deoxyestradiol (19a): In air, a 20 mL scintillation vial was charged with [(cod)IrCl], (0.0335

g, 0.0499 mmol, 1.5mol %), PPh3 (0.0522 g, 0.199 mmol, 6 mol %), NaBArF, - 2.5 H,0 (0.0929
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g, 0.0995 mmol, 3 mol %) and dichloromethane (17.0 mL). The solution was mixed on a vortexer
for ca. 30 seconds and allowed to stand for 15 minutes at 23 °C. At this point a fine colorless
precipitate had formed which was separated usinga 0.45 um PTFE syringe filter to transfer the
filtrate into a 100 mL round-bottom flask. A stir bar was added followed by Et;SiH (2.3 mL, 14.65
mmol, 4.4 equiv.). Thismixture wasstirred at23 °C for ca. 2 minutes until activation was observed
by a color change from red to a pale yellow and the evolution of gas. Substrate ether 20 (1.0002 g,
3.33 mmol, 1 equiv.) was added to the reaction flask which was then equipped with a reflux
condenser vented by a needle through a septum at the top. The resulting reaction mixture was
stirred at 50 °C for 2 h before beingremoved from the heatand concentrated under vacuum to give
a residue. This residue was partially purified by elution through a plug of silica gel using 20% to
40% EtOAc in hexanes as the eluent. The crude mixture was evaporated to dryness and was then
taken up in 10 mL of THF and transferred to a 250 mL round-bottom flask containing a stir bar.
NBu4F-3H,0 (5.25 g, 16.7 mmol, 5 equiv.) was added to the solution and the mixture was heated
at 40 °C for 16h. The resulting mixture was removed from heat and the solvent evaporated under
vacuum. The residue was extracted with 2 mL dichloromethane and this mixture was purified by
column chromatography using 10% to 40% EtOAc in hexanes as eluent to give the productas a
white solid. Yield: 0.5152 g (60%). Spectroscopic data for this compound has been previously
reported.24

1H NMR (400 MHz, 23 °C, CDCl5): §0.94 — 1.02 (m, 2H), 1.14 (qd, J = 12.6 Hz, J = 4.2 Hz, 1H),
1.25 (br, 1H), 1.34 — 1.42 (m, 2H), 1.63 (s, 3H), 1.92 — 2.01 (m, 2H), 2.12 (qd,J=8.4 Hz, =23
Hz, 1H), 2.20 —2.33 (m, 3H), 2.39 (bt, J = 11.4 Hz, 1H), 2.45 (dp, J = 12.6 Hz, J = 2.5 Hz, 1H)
2.66 (dg, J=14.3 Hz, J= 2.1 Hz, 1H), 2.73 — 2.82 (m, 2H), 4.49 (s, 1H), 6.54 (d, J =2.7 Hz, 1H),

6.63 (dd, J =8.5 Hz, J = 2.7 Hz, 1H), 7.19 (d, J =8.5 Hz, 1H)
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. Small Scale Reactions
General Procedure (A) for Small Scale Catalytic Reactions for Ether

Deoxygenation/Silylation:

OMe H
1a-f (3 mol %) .
tBu H - - tBu H Et;SiOMe
Et3SiH (2.2 equiv.)

50°C, 2 h
cis-3 f 4

In air,* a4 mL vialwas charged with 0.15 mL of an 8.0 mM stock solution of [(cod)Ir(PR3).]BArY,
(1a-e)(0.0012 mmol) in CD,Cl, followed by the addition of triethylsilane (0.0102 g,0.08 75 mmol,
14.0 uL, 2.2 equiv.) the resulting mixture was mixed for approximately 30 seconds. The substrate
ether (0.03927 mmol) was then added, and the vessel heated at 50 °C for 2 h. After cooling, the
solution was diluted with 0.50 mL CD,Cl, and transferred to an NMR tube; yields were calculated
using an internal standard of mesitylene (0.0065 g, 0.036 mmol, 5.0 uL).

* Owing to the poor solubility of 1f stock solutions were not used for this precatalyst. Instead 1f

was weighed out in an inert atmosphere glove box.

General Procedure (B) for NMR-Scale Catalytic Reactions for Ether

Deoxygenation/Silylation with H2O as an additive:

OMe 1a-f (3 mol %) H
H,0 (0.10 equiv.) )
tBu H - —  {Bu H Et3SiOMe
Et;SiH (2.2 equiv.)
50 °C, 2 hr
cis-3 4

In air,* a4 mL vialwas charged with 0.15 mL of an 8.0 mM stock solution of [(cod)Ir(PR3),]BAr,
(1a-e) (0.0012 mmol) in in CD,Cl, doped with 0.35 uL/mL of H,O (71.5 pg, 0.0040 mmol).
Triethylsilane (0.0102 g, 0.0875 mmol, 14.0 uL, 2.2 equiv.) was added and the mixture stirred for
approximately 30 seconds. The substrate ether (0.0397 mmol) was then added, and the mixture

was heated at 50 °C for 2 h. After cooling, the solution was diluted with 0.50 mL CD,Cl, and
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transferred to an NMR tube; yields were calculated using an internal standard of mesitylene
(0.0065 g, 0.036 mmol, 5.0 pL).

* Owing to the poor solubility of 1f stock solutions were not used for this precatalyst. Instead 1f
was weighed out in an inert atmosphere glove box and 0.20 mL of a 0.35 pL/mL stock solution

of water in CD,Cl, was added through the septum cap of the vial.

Procedure for NMR-Scale Ether Deoxygenation/Silylation using EtsSiD

OMe
1a (3 mol %) D
tBUN\ > {Bu Et;SiOMe
H o Et,SiD (2.2 equiv) =7 ®
50 °C, 2 hr
cis-3 4—d1

In an inert atmosphere glovebox, a 4 mL vial was charged with 0.20 mL of a 10 mg/mL solution
of [(cod)Ir(PPh3),]BArF, (1a) (0.0012 mmol) in CH,CI, followed by the addition of Et;SiD
(0.0102 g, 0.0875 mmol, 14.0 uL, 2.2 equiv.) the resulting mixture was stirred for approximately
30 seconds. At this point substrate ether cis-3 was added (0.0397 mmol, 7.8 puL) and the mixture
heated at 50 °C for 2 h. The crude mixture was transferredto a 3 mm NMR tube and analyzed by
2H NMR spectroscopy. The products cis- and trans-tert-butyl(4-2H) cyclohexane (4-d;) were

identified by reference to reported chemical shifts. 2>

General Procedure for NMR-Scale Kinetic Experiments for Ether

Deoxygenation/Silylation:

OMe H
1a (3 mol %) )
tBu H - —> tBu H Et3SiOMe
Et3SiH (2.2 equiv.)
23°C,2hr
cis-3 4

In air, a septum-capped NMR tube was charged with [(cod)Ir(PPh3),]BArF, (1a) (0.0100 g,

0.00597 mmol, 3 mol%) in 0.4 mL CD,Cl,. Mesitylene (0.0065 g, 0.0359 mmol, 5.0 uL) was
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added to the NMR tube as an internal standard and the solution was mixed. This was followed by
the addition of triethylsilane (0.438 mmol, 69.9 uL, 2.2 equiv.) and substrate ether cis-3(39.2 uL,
0.199 mmol, 1 equiv.). Immediately after mixing the sample was placed in an NMR spectrometer

and the reaction progress was monitored by IH NMR spectroscopy every 22 seconds.

“Wet” variant. In the representative “wet” experiment no precautions were taken to exclude trace
water. The water content of the 0.4 mL aliquot of CD,Cl, used was estimated by 1H NMR to be

0.0093 mmol (ca. 4.5 mol%).

“Dry” variant. In the representative dry experiment, the following precautions were taken to
exclude trace water: The catalyst and reagent solutions were stored over activated 4A molecular
sieves for ca. 2 days prior to use and were handled only in an inert atmosphere glove box. The
NMR tube was oven dried, then silylated by treatment with a hexane solution of
chlorotrimethylsilane. After drying under vacuum overnight the tube was handled only under inert

atmosphere.
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Catalyst Activation Studies
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Figure S1. Role of trace water in precatalyst (1a) activation by NMR analysis.
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Figure S2. Bleaching of 1a at low concentration by UV-Vis. Role of added 1 shown

(yellow). Note: Bleaching is near instantaneous under typical reaction conditions (6.0

mM Ir, non-dry solvent)
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Procedure for Monitoring 1a Activation by UV-Vis (Figure S2).

Standard variant - Figure S2 (red). Inair, a 1.0 cm cuvette was charged with 2.0 mL ofa 1.2
mM stock solution of [(cod)Ir(PPh3),;]BArF4 (1a) (0.0024 mmol) in dichloromethane and a stir
bar. The cuvette was placed in an Ocean Optics UV-Vis cuvette holder in transmission mode
mounted atop a stir plate. The solution was stirred vigorously while 21.5 pL of a solution of cis-3
(0.0236 M, 0.0477 mmol) and Et3SiH (0.0519 M, 0.105 mmol) was added. The consumption of

1a was monitored by observation of the bleaching of a band centered at 558 nm.

Activated variant — Figure S2 (yellow). In air, a 1.0 cm cuvette was charged with 2.0 mL ofa 1.19
mM stock solution of [(cod)Ir(PPh3),;]BArF4 (1a) (0.0024 mmol), 0.8 puL of a 0.579 M solution of
1 (0.000048 mmol) in dichloromethane and a stir bar. The cuvette was placed in an Ocean Optics
UV-Vis cuvette holder in transmission mode mounted atop a stir plate. The solution was stirred
vigorously while 21.5 pL of a solution of cis-3 (0.0236 M, 0.0477 mmol) and Et;SiH (0.0519 M,
0.105 mmol) was added. The consumption of 1a was monitored by observation of the bleaching

of a band centered at 558 nm.

Determination of Rate Dependence on Catalyst Loading:

H 1a (n mol %) H
o/ | HOESmol%) o I
. OMe"Et SiH (2.2 equiv.) . OSikty
23°C
trans-3 6

Kinetic experiments aimed at determining the rate dependence on catalyst loading for the
reduction of trans-3 were conducted according to the “Wet” variant of the general procedure for
NMR-scale kinetic experiments above. Experiments were conducted at 1a loadings of 2.0%,

2.5%, 3.0%, 3.5% and 4.0%.
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Figure S3. Ln/Ln plot showing 2" order rate dependence on iridium loading.

Determination of Catalyst Resting state by 3'P{*H} NMR:

The identity of the major phosphorus-containing species in solution was examined according to
the following procedure. In air, a septum-capped NMR tube was charged with 1, 1a or 1f
(0.00597 mmol, 3 mol%) and 0.4 mL CD,Cl, This was followed by the addition of triethylsilane
(0.438 mmol, 69.9 uL, 2.2 equiv.) and substrate ether cis-3 (39.2 uL, 0.199 mmol, 1 equiv.).
Immediately upon mixing the distinctive red color of the precatalyst bleached. The sample was
placed in an NMR spectrometer and the reaction was analyzed by 31P{1H} NMR. In all cases a
single species was observed, whose chemical shift corresponded to 22ain the case of 1 and 1a

and 23a in the case of catalysis with 1f.
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Figure S5. 31p{1H} NMR of catalytic reaction using 1a as precatalyst (CD,Cl,, 23 °C)
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Figure S6. 31p{1H} NMR of catalytic reaction using 1f as precatalyst (CD,Cl,, 23 °C)
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Figure S7. 1H NMR of [(cod)Ir(PMePhy),]BArF, (1b) (CD,Cly, 23 °C)
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Figure S8. 3LP{IH} NMR of [(cod)Ir(PMePh,),]JBArF, (1b) (CD,Cl,, 23 °C)
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Figure S9. 13C{LH} NMR of [(cod)Ir(PMePh,),]JBArF, (1b) (CD,Cl,, 23 °C)
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Figure S10. IH NMR of [(cod)Ir(PMe,Ph),]BArF, (1c) (CD,Cl,, 23 °C)
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Figure S11.  3P{H} NMR of [(cod)Ir(PMe,Ph),]BAIF, (1c) (CD;Cl,, 23 °C)

83



162.4
161.9
161.4
160.9

) SR 7
I 4

Q@\\ﬁ)’PMezPh

\

PMe,Ph

m Il ‘ ’ | I. J
I T I I T I I T I T I T I T I I
180 160 140 120 100 80 60 40 20 ppm
Figure S12.  1C{tH} NMR of [(cod)Ir(PMe,Ph),]BAI%, (1c) (CD:Cl,, 23 °C)
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Figure S13. 'H NMR of [(cod)Ir(P(3,5-xylyl)s)2]BArF4(1d) (CD.Cly, 23 °C)
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Figure S14.  3P{IH} NMR of [(cod)Ir(P(3,5-xylyl)s);]BAI, (1d) (CD;Cly, 23 °C)

86



N TN\ = |
’ @ BArF4

YW

IrG?"'PA% Ar= ©

\PAr3 Me Me

Il ' ‘ 1 \ M
T T T T T T T T T T T T T T T T T T T
180 160 140 120 100 80 60 40 20 ppm

Figure S15.  13C{H} NMR of [(cod)Ir(P(3,5-xylyl)s)2]BAIF; (1d) (CD.Cly, 23 °C)
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Figure S1e6. IH NMR of [(COd)|r(P(3,5-CF3CH306H3)3)2]BArF4 (16) (CD2C|2, 23 OC)
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Figure S17.  3P{!H} NMR of [(cod)Ir(P(3,5-CFsCHsCsHs)s)2]BAIF, (1) (CD;Cly, 23

OC)
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Figure S18.  1F{H} NMR of [(cod)Ir(P(3,5-CFsCHsCsHz)s)2]BAIF, (1) (CD;Cly, 23

OC)
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Figure S19.  2C{H} NMR of [(cod)Ir(P(3,5-CF3CH3CoH3)s)2]1BAIF, (1€) (CDCly, 23

OC)
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Figure S21. 31P{1H} NMR of [(cod)lr(P(3,5-(CF3)2C6H3)3)2] BAI’F4 (1f) (CeFe/CDzC'z,

23 °C)
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Figure S22. BE{IH} NMR of [(cod)Ir(P(3,5-(CF3)2CeH3)s)2]BArF,  (1f)  (o-

CeH4F2/CsDs, 23 °C)
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23 °C)
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Figure S24. IH NMR of (P(3,5-(CF3)2C6H3)3)2IrH5(23) (CD2C|2, 23 OC)
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Figure S25.  ®P{H} NMR of (P(3,5-(CF3);CeHs)3)2IrHs (23) (CD;Cly, 23 °C)
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Figure S26. 19F{1H} NMR of (P(3,5-(CF3)2C6H3)3)2|I'H5(23) (CD2C|2, 23 OC)
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Figure S27.  Figure S22: 3C{tH} NMR of (P(3,5-(CF3).CsHa)s)2IrHs (23) (CD,Ch, 23

OC)
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Figure S28.
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Figure $29.  3P{H} NMR of (P(3,5-(CF3);CeHs)3)2IrH4(SiEts) (23a) (CD,Cly, 23 °C)
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Figure $30.  1°F{!H} NMR of (P(3,5-(CF3),CsH3)3)2IrH4(SiEts) (23a) (CD,Cl,, 23 °C)
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Figure S31.  3C{H} NMR of (P(3,5-(CF3)2CeH3)3)2IrHa(SiEts) (23a) (CD,Cly, 23 °C)
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Figure S32. IH NMR of tris(3-methyl-5-(trifluoromethyl)phenyl)phosphine (24)

(CD,Cl,, 23 °C)
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Figure S33. 31Ip{1H} NMR of tris(3-methyl-5-(trifluoromethyl)phenyl)phosphine (24)

(CD,Cl,, 23 °C)

105



FFFFFFFFFFFFFFFFFFFFFFFFFFFFF

21
21.0

Ll ‘i . N

T T "~ T "~ T T "~ T “~ T "~ T " 1
180 160 140 120 100 80 60 40 20 ppm

Figure S34. BC{IH} NMR of tris(3-methyl-5-(trifluoromethyl)phenyl)phosphine (24)

(CD,Cl,, 23 °C)
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Figure S35.
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Figure S36. 13C{1H} NMR of 3a-methoxy-5a-cholestane (11) (CDCls, 23 °C)
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Figure S38. BC{IH} NMR of 3a,7a,12a,-trimethoxy-24-tert-

butyldiphenylsilyloxycholane (19) (CDClIs, 23 °C)
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Figure S40. BBC{IH} NMR of 24-tert-butyldiphenylsilyloxy-3a,12a-dihydroxycholane

(17c) (CDCls, 23 °C)
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Figure S42. BC{IH} NMR of 3a,12a-dimethoxy-24-tert-butyldiphenylsilyloxycholane

(17) (CDCls, 23 °C)
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Figure S44. BC{IH} NMR of 24-tert-butyldiphenylsilyloxy-3a,7a-dihydroxycholane

(18¢) (CDCls, 23 °C)
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Figure S45. IH NMR of 3a,7a-dimethoxy-24-tert-butyldiphenylsilyloxycholane (18)

(CDCls, 23 °C)
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Figure S46. B3C{H} NMR of 3a,7a-dimethoxy-24-tert-butyldiphenylsilyloxycholane

(18) (CDCly, 23 °C)
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Figure S48. BC{'H} NMR of 24-tert-butyldiphenylsilyloxy-3 a-hydroxycholane (16b)

(CDCls, 23 °C)
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Figure S50. BBC{IH} NMR of 3a-methoxy-24-tert-butyldiphenylsilyloxycholane (16)

(CDCls, 23 °C)
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IH NMR of 3-triethylsiloxy-1,3,5(10)-estratriene (20b) (CDCls, 23 °C)

Figure S51.
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Figure S52. BBC{IH} NMR of 3-triethylsiloxy-1,3,5(10)-estratriene (20b) (CDCl3, 23

OC)
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Figure S54. BC{IH} NMR of 7a,12a,-dimethoxy-24-tert-butyldiphenylsilyloxycholane

(19a) (CDCls, 23 °C)
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'H NMR of 3a,24-dihydroxy-12a-methoxycholane (17a) (CDCl3, 23 °C)

Figure S55.
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Figure S56. B3C{H} NMR of 3a,24-dihydroxy-12a-methoxycholane (17a) (CDCls, 23

OC)
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IH NMR of 24-hydroxy-7a-methoxycholane (18a) (CDCls, 23 °C)

Ppm

Figure S57.
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V. Computational Methods

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

09.28

DFT treatment of complexes 22a and 23a. Atomic coordinates from the X-ray crystal
structures of 22a and 23a were used as the initial conditions for their structural optimizations
respectively. Initial atomic coordinates for the metal hydrides were also obtained from X-ray
data according to the procedures described in the following section dealing with X-ray methods.
Optimization was conducted in two steps, initially using b3lyp/lanl2dz and then a final
optimization using the M06-L2° functional with an expanded basis set (CHN: def2SVP, IrP:
def2TZVP).30 The ECP for Ir was retrieved from the EMSL basis set exchange

(http://bse.pnl.gov/).31

Keyword. # opt freq m06l/gen geom=connectivity pseudo=read

The supplemental file “calc_coords.xyz” contains the computed Cartesian coordinates of all of
the molecules reported in this study. The file may be opened as a text file to read the coordinates,
or opened directly by a molecular modeling program such as Mercury (version 3.3 or later,

http://www.ccdc.cam.ac.uk/pages/Home.aspx) for visualization and analysis.

Computational treatment of entries in Table 1. Initial atomic coordinates for silyloxonium
ions were generated using Avogadro 1.2.0.32° A conformational search was performed for each
chair conformation using molecular mechanics methods. In all cases the lowest energy places the
methyl group pointed towardsthe ring in an eclipsing interaction with C2 (C5 when C3 is
substituted). This orients the large Et;Si group away from the ring. (Figure S61). This geometric

preference was verified by DFT in two cases by conducting a scan about the Cy-O bond in 15°
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increments. Results of the DFT scan for silyloxonium ions of cis-3 and trans-3 were consistent
with the preferred geometry obtained by MM methods, thus MM-optimized geometries were
used as a starting point for DFT calculations. The free energy of each chair conformer in Table 1

was then calculated after a final DFT optimization.

Keyword. # opt freq b3lyp/6-31g* geom=connectivity
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Figure S61.

obtained by MM methods. Cis-3 (left) and trans-3 (right).
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Figure S63. Comparison of precatalysts 1a and 1e for substratesin Table 1.

136



VI.  X-Ray Crystallographic Data

Details of crystallographic refinement for complexes 1b, 1c, 1d, 1le, 1f, 22a, 23, 23a and

compounds 16a,17, 17a, 18a, 20, and 24.

General Methods. A suitable crystal of each sample was selected for analysis and mounted in a
polyimide loop. All measurements were made on a Rigaku Oxford Diffraction Supernova Eos
CCD with filtered Cu-Ka or Mo-Ka radiation at a temperature of 100 K. Using Olex2,3 the
structure was solved with the ShelXT structure solution program using Direct Methods and refined

with the ShelXL refinement package34 using Least Squares minimization.

Complex 1b

Disordered trifluoromethyl groups on the anion were modeled over two sets of positions. Their
thermal parameters were treated in two ways. In one case a similarity restraintwas used to restraint
the fluorine thermal parameters. In the second case an equivalency constraintwas used to constrain
the fluorine thermal parameters to be equal to the fluorine atom on the other side of the carbon

position.

Complex 1c

The crystal was refined as a racemic twin with a ratio of 55:45. Disordered trifluoromethyl groups
were modeled over two positions with similarity restraints placed on their thermal parameters.
Unreasonable thermal parameters for two carbon atoms were restrained to be approximately

isotropic.

Complex 1d

A disordered trifluoromethyl group was modeled with appropriate similarity restraints.

Complex le
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Disorder in the trifluoromethyl groups of the anion was modeled over two sites per disordered
group using similarity restraints applied to the thermal parameters of the fluorine atoms. Disorder
between the methyl and trifluoromethyl groups of the phosphine was modeled over two sites

without restraint.

Complex 1f
Disorder in trifluoromethyl and aryl substituents was modeled with appropriate similarity

restraints.

Compound 16a
Disorder in the A and B rings of one of the three molecules in the asymmetric unit was modeled
over two positions with similarity restraints placed on atom thermal parameters. Disorder in the

side chain alcohol of one of the molecules was modeled over two positions without restraint.

Compound 17

The model was refined without restraint.

Compound 17a

The model was refined without restraint.

Compound 18a

Disorder in the side chain of the two molecules was modeled over two positions without restraint.

Compound 20

The model was refined without restraint.
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Complex 22a

The four metal hydrides were located in the difference map. The positions of the hydrides were
refined with their M-H bond length restrained to be equal. Their thermal parameters were allowed
to freely refine. The plausibility of these atom positions was checked by comparison to the results

of DFT calculations (vide supra).

Complex 23

Metal hydrides were added in idealized positions and refined with M-H, H-H and H-P distance
restraints to give a flat equilateral pentagon orthogonal to the P-Ir-P axis. Their occupancy is fixed
to 0.5 as the inversion center generates five additional hydride positions. Disorder in

trifluoromethyl groups was modeled with appropriate similarity restraints.

Complex 23a

Metal hydrides were located in the difference map and their positions refined with an Ir-H bond
length similarity restraint. Their thermal parameters were fixed to ride on the parent iridium atom.
Disordered trifluoromethyl groups and a bis(trifluoromethyl)phenyl group were modeled with
appropriate similarity restraints placed on atom thermal parameters and selected C-F and C-C

bonds.

Compound 24

The model was refined without restraint.
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Table S1. Crystal data and structure refinement for 1b.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta =66.355°
Absorption correction

Max. and min. transmission
Refinement method

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

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

Absolute structure parameter
Extinction coefficient

Largest diff. peak and hole

1b
CseH5oBF24|rP2
1564.01
100.0(3) K
1.54184 A
Triclinic

P-1
a=14.47472(15) A
b=19.2600(2) A
c=23.9417(3) A
6301.76(13) A3
4

1.648 Mg/m3

5.593 mm-1
3096

0.135x 0.06 x 0.037 mm3
2.43010 66.355°,
-15<=h<=17, -22<=k<=22, -28<=I<=27
84264

21638 [R(int) =0.0373]

97.6 %

Gaussian

0.925 and 0.597

Full-matrix least-squares on F2
21638/72/1735

1.018

R1=0.0296, wR2 =0.0692
R1=0.0331,wR2=0.0713
0.452(4)

n/a

2.634 and -0.916 e/A-3

a=107.1150(10)°
B=90.4073(8)°
v =98.3956(9)°
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Figure S64. ORTEP diagram of 1b shown at 50% probability. Anion and additional
molecules in the asymmetric unit omitted for clarity.
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Table S2. Crystal data and structure refinement for 1c.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

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

Max. and min. transmission
Refinement method

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

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

Absolute structure parameter
Extinction coefficient

Largest diff. peak and hole

1c

CsgHs51BF241rOg.5P>

1476.93

100.4(8) K

0.71073 A

Monoclinic

P1211

a=12.17636(16) A o =90°
b =38.6268(5) A B=100.2564(13)°
c=12.77708(18) A y=90°
5913.46(15) A3

4

1.659 Mg/m3

2.427 mm-1
2924

0.38 x 0.297 x 0.255 mm3
2.1291t027.485°,

-15<=h<=15, -50<=k<=50, -16<=I<=16
85932

27088 [R(int) =0.0453]

99.9%

Semi-empirical from equivalents
1.00000 and 0.63724

Full-matrix least-squares on F2
27088/175/1625

1.042

R1=0.0358, wR2 =0.0689
R1=0.0391,wR2=0.0700
0.452(4)

n/a

0.763 and -1.051 e/A-3
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“BAF,

Figure S65. ORTEP diagram of 1c shown at 50% probability. Anion and additional
molecules in the asymmetric unit omitted for clarity.
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Table S3. Crystal data and structure refinement for 1d.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume
Z

Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

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

Max. and min. transmission
Refinement method

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

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

Absolute structure parameter
Extinction coefficient

Largest diff. peak and hole

1d
CggH78BF24IrP;
1856.45
100.01(10) K
0.71073 A
Triclinic

P-1
a=12.9847(2) A
b=16.3076(3) A
c=19.9591(3) A
4062.49(12) A3
2

1.518 Mg/m3

1.783 mm-1
1868

0.301 x 0.246 x 0.205 mm3
1.989 t0 30.263°.

-18<=h<=17, -21<=k<=23, -27<=I<=28
79719

21628 [R(int) =0.0375]

100.0 %

Semi-empirical from equivalents
1.00000 and 0.89481
Full-matrix least-squares on F2
21628 /36/1085

1.020

R1=0.0293, wR2 =0.0606
R1=0.0345, wR2 =0.0628
0.03(8)

n/a

1.986 and -0.974 e/A-3

@ =95.5387(14)°
B=104.5920(14)°
y=92.1533(14)°

144



~“BAr,

&

Figure S66. ORTEP diagram of 1d shown at 50% probability. Anion and additional
molecules in the asymmetric unit omitted for clarity.
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Table S4. Crystal data and structure refinement for le.

Identification code le

Empirical formula CggHgoBF42IrPs

Formula weight 2180.31

Temperature 100.01(10) K

Wavelength 1.54184 A

Crystal system Monoclinic

Space group P121/c1l

Unit cell dimensions a=13.0737(2) A o =90°
b=23.7759(3) A B=99.7800(10)°
c=28.1916(4) A y=90°

Volume 8635.7(2) A3

Z 4

Density (calculated) 1.677 Mg/m3

Absorption coefficient 4589 mm-1

F(000) 4312

Crystal size 0.315x 0.126 x 0.012mm3

Theta range for data collection 2.446t0 73.348°.

Index ranges -16<=h<=15, -29<=k<=28, -34<=I<=25

Reflections collected 65028

Independent reflections 17098 [R(int) =0.0450]

Completeness to theta =67.684° 100.0 %

Absorption correction Gaussian

Max. and min. transmission 1.000 and 0.239

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 17098 /7211356

Goodness-of-fit on F2 1.136

Final R indices [I>2sigma(l)] R1=0.0566, wR2 =0.1202

R indices (all data) R1=0.0653,wR2=0.1239

Absolute structure parameter 0.03(8)

Extinction coefficient n/a

Largest diff. peak and hole 1.653and -1.289 e/A-3
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Figure S67. ORTEP diagram of 1e shown at 50% probability. Anion and complete
disorder model omitted for clarity.
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Table S5. Crystal data and structure refinement for 1f.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

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

Max. and min. transmission
Refinement method

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

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

Absolute structure parameter
Extinction coefficient

Largest diff. peak and hole

1f

ngH44BC|2F60|rP2

2589.09

100.0(3) K

0.71073 A

Monoclinic

P121/c1

a=18.33896(13) A o =90°
b=13.16861(12) A B=91.6412(6)°
c=38.4041(3) A y=90°
9270.74(12) A3

4

1.855 Mg/m3

1.701 mm-1
5056

0.296 x 0.195 x 0.05 mm3
2.8751t030.419°.

-26<=h<=25, -18<=k<=17, -50<=I<=52
142463

25251 [R(int) =0.0450]

99.8 %

Gaussian

1.000 and 0.540

Full-matrix least-squares on F2
25251/544 /1542

1.103

R1=0.0409, wR2 =0.0827
R1=0.0473,wR2=0.0852
0.03(8)

n/a

1.199 and -1.525 e/A-3
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~“BAr,

Figure S68. ORTEP diagram of 1f shown at 50% probability. Anion, solventand
complete disorder model omitted for clarity.
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Table S6. Crystal data and structure refinement for 16a.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

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

Max. and min. transmission
Refinement method

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

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

Absolute structure parameter
Extinction coefficient

Largest diff. peak and hole

16a

C24H407

362.57

100.01(10) K

1.54184 A

Monoclinic

1121

a=7.6128(2) A o =90°
b=9.7121(3) A B=190.272(3)°
c=87.346(2) A y=90°
6457.9(3) A3

12

1.119 Mg/m3

0.519 mm-1
2424

0.369 x 0.054 x 0.016 mm3

3.036 t0 75.033°.

-9<=h<=9, -12<=k<=12, -108<=I<=103
49679

12783 [R(int) =0.0519]

100.0 %

Semi-empirical from equivalents
1.00000 and 0.51562

Full-matrix least-squares on F2
12783/283/831

1.057
R1=0.0476,wR2=0.1143
R1=0.0589,wR2=0.1275
0.02(12)

n/a

0.191 and -0.205 e/A-3
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Figure S69. ORTEP diagram of 16a shown at 50% probability. Additional molecules
in the asymmetric unit omitted for clarity.
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Table S7. Crystal data and structure refinement for 17.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

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

Max. and min. transmission
Refinement method

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

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

Absolute structure parameter
Extinction coefficient

Largest diff. peak and hole

17
C42H6403Si

645.02

100.01(10) K

1.54184 A

Monoclinic

P1211

a=12.55791(14) A o =90°
b=11.21470(10) A B=107.5320(12)°
c=14.01011(16) A y=90°
1881.44(4) A3

2

1.139 Mg/m3

0.818 mm-1
708

0.114 x 0.058 x 0.02 mm3

3.308 to 73.383°.

-15<=h<=10, -13<=k<=13, -15<=I<=17
19098

7374 [R(int) = 0.0366]

99.9%

Gaussian

1.000 and 0.932

Full-matrix least-squares on F2
7374111423

1.057

R1=0.0322, wR2 =0.0754
R1=0.0353,wR2=0.0770
0.005(14)

n/a

0.211 and -0.182 e/A-3
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O
Figure S70. ORTEP diagram of 17 shown at 50% probability.
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Table S8. Crystal data and structure refinement for 17a.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

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

Max. and min. transmission
Refinement method

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

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

Absolute structure parameter
Extinction coefficient

Largest diff. peak and hole

17a

C25H4403

392.60

99.98(10) K

1.54184 A

Monoclinic

P1211

a=12.21766(11) A o =90°
b=7.39922(9) A B=95.6028(9)°
c=12.74257(13) A y=90°
1146.44(2) A3

2

1.137 Mg/m3

0.556 mm-1
436

0.269 x 0.04 x 0.025 mm3

3.485t0 73.259°.

-15<=h<=15, -9<=k<=8, -15<=I<=14
15372

4287 [R(int) = 0.0298]

100.0 %

Gaussian

1.000 and 0.813

Full-matrix least-squares on F2
4287/1/259

1.045

R1=0.0321,wR2 =0.0807
R1=0.0345, wR2 =0.0828
0.14(10)

n/a

0.218 and -0.159 e/A-3
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Figure S71. ORTEP diagram of 17a shown at 50% probability.
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Table S9. Crystal data and structure refinement for 18a.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

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

Max. and min. transmission
Refinement method

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

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

Absolute structure parameter
Extinction coefficient

Largest diff. peak and hole

18a

C25H4407

376.60

100.00(10) K

1.54184 A

Orthorhombic

P2:2:2

a=42.4084(4) A o =90°
b =13.60510(10) A B=90°
c = 7.65680(10) A y=90°
4417.75(8) A3

8

1.132 Mg/m3

0.522 mm-1
1680

0.112 x 0.046 x 0.041 mm3
3.412t073.422°.

-47<=h<=51, -16<=k<=16, -9<=I<=9
42891

8833 [R(int) = 0.0344]

100.0 %

Gaussian

1.000 and 0.894

Full-matrix least-squares on F2
8833/0/555

1.048

R1=0.0338, wR2 =0.0857
R1=0.0361,wR2=0.0871
0.03(8)

n/a

0.187 and -0.128 e/A-3
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Figure S72. ORTEP diagram of 18a shown at 50% probability. Additional molecules
in the asymmetric unitand complete disorder model omitted for clarity.
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Table S10. Crystal data and structure refinement for 20.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

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

Max. and min. transmission

Refinement method

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

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

Absolute structure parameter
Extinction coefficient

Largest diff. peak and hole

20
CaH2502

300.42

100.01(10) K

1.54184 A

Orthorhombic

P212121

a=7.77350(10) A o =90°
b=12.29960(10) A B=90°
c=16.91550(10) A y=90°
1617.31(3) A3

4

1.234 Mg/m3

0.600 mm-1
656

0.187 x 0.124 x 0.067 mm3

4.4451t0 73.469°.

-9<=h<=6, -14<=k<=13, -20<=I<=20
9160

3188 [R(int) = 0.0250]

100.0 %

Gaussian

1.000and 0.748

Full-matrix least-squares on F2
3188/0/202

1.045
R1=0.0307,wR2=0.0792
R1=0.0321,wR2=0.0804
0.05(9)

n/a

0.227 and -0.173 e/A-3
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Figure S73. ORTEP diagram of 20 shown at 50% probability.
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Table S11. Crystal data and structure refinement for 22a.

Identification code 22a

Empirical formula CaoHaolrP,Si

Formula weight 836.04

Temperature 99.97(10) K

Wavelength 1.54184 A

Crystal system Monoclinic

Space group P121/nl

Unit cell dimensions a=11.88006(7) A o =90°
b=21.74657(12) A B=97.1277(6)°
c=14.12314(9) A y=90°

Volume 3620.52(4) A3

Z 4

Density (calculated) 1.534 Mg/m3

Absorption coefficient 8.500 mm-1

F(000) 1688

Crystal size 0.131 x0.108 x 0.023mm3

Theta range for data collection 3.7521t073.483°.

Index ranges -14<=h<=14, -26<=k<=27, -17<=I<=17

Reflections collected 42723

Independent reflections 7235 [R(int) = 0.0311]

Completeness to theta =67.684° 100.0 %

Absorption correction Gaussian

Max. and min. transmission 0.938 and 0.397

Refinement method Full-matrix least-squares on F2

Data/ restraints / parameters 7235/6/434

Goodness-of-fit on F2 1.044

Final R indices [I>2sigma(l)] R1=0.0188, wR2 =0.0462

R indices (all data) R1=0.0195, wR2 =0.0465

Extinction coefficient n/a

Largest diff. peak and hole 0.895 and -0.823 e/A-3
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Figure S74. ORTEP diagram of 22a shown at 50% probability.

161



Table S12. Crystal data and structure refinement for 23.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

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

Max. and min. transmission

Refinement method

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

Final R indices [I>2sigma(l)]
R indices (all data)
Extinction coefficient

Largest diff. peak and hole

23
CagHasF36lrP>
1537.80
100.1(6) K
1.54184 A
Triclinic

P-1
a=12.3828(3) A
b=15.2107(5) A
¢ = 16.6665(5) A
2656.74(16) A3
2

1.922 Mg/m3

6.957 mm-1
1484

0.058 x 0.05 x 0.006 mm3

3.413 10 73.388°.

-15<=h<=12, -17<=k<=18, -20<=1<=20
31423

10332 [R(int) =0.0567]

98.8 %

Gaussian

0.983 and 0.706

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

1.027

R1=0.0433, wR2=0.1008
R1=0.0605,wR2=0.1119
n/a

1.733 and -1.212 e/A-3

o =64.281(3)°
B=83.752(2)°
y=70.114(3)°
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Figure S75. ORTEP diagram of 23 shown at 50% probability. Additional molecules in

the asymmetric unitand complete disorder model omitted for clarity.
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Table S13. Crystal data and structure refinement for 23a.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

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

Max. and min. transmission

Refinement method

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

Final R indices [I>2sigma(l)]
R indices (all data)
Extinction coefficient

Largest diff. peak and hole

23a
C54H37F36IrPZSi
1652.06
100.01(10) K
0.71073 A
Triclinic

P-1
a=13.9408(4) A
b=14.1616(4) A
c=16.2996(5) A
3051.55(16) A3
2

1.798 Mg/m3

2.407 mm-1
1612

0.255 x 0.214 x 0.184 mm3
2.371t026.372°.

-17<=h<=17, -17<=k<=17, -20<=1<=20
62109

12490 [R(int) =0.0757]

99.9 %

Gaussian

1.000 and 0.599

Full-matrix least-squares on F2
12490/646 /1054

1.036

R1=0.0373, wR2 =0.0868
R1=0.0450,wR2 =0.0912
n/a

2.328 and -1.389 e/A-3

a=102.527(3)°
B =94.566(3)°
y=101.595(3)°
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Figure S76. ORTEP diagram of 23a shown at 50% probability. Complete disorder
model omitted for clarity.
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Table S14. Crystal data and structure refinement for 24.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

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

Max. and min. transmission

Refinement method

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

Final R indices [I>2sigma(l)]
R indices (all data)
Extinction coefficient

Largest diff. peak and hole

24
CosH1gFoP
508.35
100.01(10) K
1.54184 A
Triclinic

P-1
a=9.2013(3) A
b=11.6473(3) A
c=12.4438(3) A
1139.23(6) A3

2

1.482 Mg/m3

1.849 mm-1
516

0.209 x 0.097 x 0.059 mm3

4.037 to 73.368°.

-11<=h<=11, -14<=k<=14, -15<=I<=15
21511

4463 [R(int) =0.0277]

98.7 %

Gaussian

1.000 and 0.782

Full-matrix least-squares on F2
4463/0/310

1.070
R1=0.0653,wR2=0.1666
R1=0.0708,wR2=0.1720
n/a

1.473 and -0.879 e/A-3

@ =62.798(3)°
B=76.382(2)°
v=76.134(2)°
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Figure S77. ORTEP diagram of 24 shown at 50% probability.
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Chapter 4: Light-Promoted Transfer of an Iridium Hydride in Alkyl Ether Cleavage*

*Fast, C. D.; Jones, C. A. H.; Schley, N. D. Selectivity and Mechanism of Iridium-Catalyzed
Cyclohexyl Methyl Ether Cleavage. Organometallics. 2021, 40 (19), 3291-3297.

Copyright 2021 American Chemical Society

This chapter will highlight the application of illumination as an unusual alternative to synthetic

modifications for tailoring selectivity in iridium-catalyzed ether silylation.

l. Introduction
Transition metal photochemistry has beenadrivingforce behindthe developmentof many modem

photocatalytic methods for the transformation of organic substrates.17 Photocatalytic
transformations can be categorized based on the reactivity of the photoexcited species. In
photoredox methods, the excited photocatalyst undergoes single-electron transfer (SET) with a
reaction partner, with the resulting singly oxidized or reduced photocatalyst being regenerated in
a subsequent SET step.8-12 Another major class of photocatalytic processes take advantage of light-
induced ligand dissociation or extrusion.13-21 Photoexcited transition metal complexes can also
engage in two-electron bimolecular reactivity with substrates, though this class of transformations

has seen very limited application to catalytic processes.

One example of bimolecular, apparently non-radical photochemistry can be found in the a
class of [Cp*IrH(bipyridine)]* complexes which have been shown to undergo photoexcitation to
give monohydride intermediates with significantly increased hydricity. Millerand coworkers have
demonstrated a stoichiometric photo-induced hydride delivery with a nicotinamide derivative
serving as the hydride acceptor in which they hypothesized that the photoexcited complex
[Cp*IrH(bipyridine)]** (excited state half-life T= 80 ns in MeCN)22 serves as an intermediate
(Figure 4.1).23 This system has also been applied in catalytic light-promoted H, evolution2+2% and
in photo-induced hydrodechlorination, with a single example of catalytic hydrodechlorination
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when CD,ClI; solvent serves as the substrate.2” Studies on H; evolution and hydrodechlorination
by [Cp*IrH(bipyridine)]*are consistent with bimolecular self-quenching mechanisms in those
cases,?”.28 while a light-induced ligand dissociation is implicated in a related example of aqueous
ketone reduction.” The variety of light- promoted mechanisms apparently available to this family
of complexes necessarily complicates studies of reaction mechanism, but also highlights the role

that light can play in modifying catalyst reactivity.

| hov I ®
\ N\\“'Ir\H —_— S N\\\"Ir\H
// N\ // N\
& | &
Ground State: Excited State:
Weak Hydride Donor Strong Hydride Donor

Figure 4.1. Role of light in modifying metal hydricity in [Cp*IrH(bipyridine)]* described by
the Miller group.23

The use of light to increase the hydricity of a catalytic intermediate would be an unusual
strategy to modify the reactivity of existing catalystsystems. Arelated Cp*Irmonohydride bearing
a 2-phenylpyridine-«C,N (ppy) ligand has been reported as a catalytic intermediate in alcohol
dehydrosilylation catalysis.2%30 The similarity of the [Cp*IrH(bipyridine)]* photohydride system?#
to the light-free dehydrosilylation system reported for the phenylpyridine-derived variant®
inspired an examination ofthe effectof lighton hydrosilylativealkyl ether cleavage catalysis using
the family of iridium complexes 1-3 (Figure 4.2). We now report a catalytic method for alky| ether
cleavage which appears to proceed via light-induced hydride transfer from an iridium complex to

a silyloxonium ion generated in situ.
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Figure 4.2. Iridium phenylpyridine complexes examined.

1. Catalytic Reaction Optimizations

Complex 1 is a reported catalyst for the dehydrosilylation of alcohols using triethylsilane in
the absence of light.30 The proposed mechanism for this transformation involves the intermediacy
of a cationic o silane complex that undergoes heterolytic Si-H cleavage followed by bimolecular
reaction of the resulting hydride and oxonium ions in a second step.29.30 A closely-related
mechanism is operative in hydrosilylative ether cleavage, a transformation with only a few
reported catalysts comprised of either electron-deficient boranes3:32 or cationic iridium
complexes.33-36 |n the absence of light, 1 is a very poor catalyst for alkyl ether reduction, which
we postulated might be due to the modest nucleophilicity of the hydride intermediate. Under blue-
light irradiation however, 1 catalyzes the hydrosilylative demethylation of trans-4-(t

butyl)cyclohexyl methyl ether to the corresponding silyl ether in 43% yield (Table 4.1, entry 2).
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Table 4.1. Identification of conditions for photochemical alkyl ether cleavage

OMe Complex (5 mol %) OSiEt;
= Additive (6 mol %) R

: Et,SiH (4 equiv.)
CD,Cl,, 23 °C, 16h
Blue LED or dark

tBu tBu

Entry Complex  Additive Light  Yield (%)

1 1 - - 7
2 1 . Blue 43
3 2 _ Blue 0
4 2 NaBArF, Blue 93
5 2 [PhsCIBArF, Blue 94
6 2 NaBArF, - 0
7 3 NaBArF, Blue 0

Further optimization of the reaction conditions demonstrated that the parent chloride
compound 2 givesamore effective catalytic systemin the presence of NaBArF,, which presumably
effects chloride abstraction to give cationic intermediates.3’-3% These conditions allow for high
yields with as little as 5 mol % 2. Compound 2 is unreactive in the absence of NaBArF, (entries 3
& 4), which would be expected if the reaction proceeds via a similar cationic o-Silane intermediate
to those previously reported for other ether cleavage catalysts.2528.29 NaBArF, can be substituted
by [Ph3C][BATrF4] with similar catalytic performance (entry 5) , but this reagent offers no clear
benefit over the stable, commercially available sodium salt. The improved catalytic p erformance
of the 2/NaBArF, system over 1 is likely attributable to modest catalyst inhibition by the
disilylamine byproduct of acetonitrile hydrosilylation reportedly formed by the reaction of 1 with

triethylsilane.2® The Cp* ligand is also required for activity, as compound 3 bearing the smaller
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Cp ligand is inactive in hydrosilylative ether cleavage (entry 7). A more complete optimization

screen can be found in the supplemental information.

I11.  Application of Optimized Conditions to a Broader Substrate Scope

The scope of photo-assisted hydrosilative alkyl ether cleavage by 2/NaBArF, was explored for
a variety of symmetricaland unsymmetrical ethers (Table 4.2). Diethyl etherand diisopropyl ether
show low reactivity in line with previous non light-promoted iridium catalysts.33 A selection of
alkyl benzyl ethers undergo debenzylation, with a primary alkyl chloride and bromide being
tolerated. The corresponding iodide undergoes hydrodehalogenation, while the fluoride halts at
partial conversion. The compatibility of primary alkyl chlorides and bromides with this
hydrosilylative catalytic system contrasts the reported photochemical hydrodechlorination
chemistry of [Cp*IrH(bipyridine)H]*, which likely occurs via a radical pathway.?’ The 2/NaBAr,
catalyst system also functions as a catalyst for hydrodechlorination of CD,Cl, to CD,HCI (9.3
TON), though this transformation need not involve the intermediacy of an alkyl radical under
hydrosilylative conditions, as Brookhart has postulated that hydride transfer to a silyl halonium
ion may be operative in a related case.® Cyclohexyl allyl ether undergoes selective deallylation,
through the propene byproduct is not observed and is presumed to undergo hydrogenation under
the reaction conditions (entry 8). As further evidence that olefins are not tolerated functionality,
the reduction of a citronellol-derived secondary methyl ether gives the saturated product of
demethoxylation and hydrogenation (entry 9), a limitation also observed in previous iridium

systems that do not require light.33.36
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Table 4.2. Hydrosilylative alkyl ether cleavage by 2/NaBArF,

Complex 2 (5 mol %)
NaBArF, (6 mol %)

(e Et:SiH (4 equiv.) (e}
PON - O<a. _
RiT R CD,Cl,, 23 °C, 16h RSBty H-Rp
Blue LED
1 Me” 0" Me Me” OSiEt; 21%
Me Me Me
0
2 Me™ Y07 “Me Me)\OSiEt3 9%
3 ME\M/O\/Ph Me\%OSiEt3 75%
6
4 Fau~_-0Bn Fo~_OSiEt; 259,
5 CI\/\/OBn CI\/\/OSiEt3 68%
6 Br\/\/OBn Br\/\/OSiEt3 8 8%
7 In~_-0Bn INo~OSiEts
O OSiEt,
8 O/ O/ 87%
Me Me OMe Me Me
9 Me™ X Me Me)\/\/k/\Me 58%

In comparison to dialkyl ethers, anisole derivatives proved to be relatively challenging
substrates for this system. The reactivity of the selection of anisoles shown in Table 4.3 appears to
track with the electron-richness of the arene, with 4-F, 4-Br, and the parent anisole showing poor
reactivity under our conditions. The more electron-rich methyl and dimethyl anisoles (Table 4.3,
entries 4 and 5) do undergo demethylation to varying degrees, suggesting a role for the basicity of
the etherin controllingtheirreactivity. A comparable trend has notbeendescribed for other anisole
hydrosilylation catalysts, though both the borane catalyst B(C¢Fs)33! and Brookhart’s catalyst36 are
effective for hydrosilylative anisole demethylation at room temperature. In all cases in Table 4.3,

the balance of the reaction is the unconverted starting material.
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Table 4.3. Hydrosilylative anisole demethylation by 2/NaBArF,

Complex 2 (5 mol %)
NaBArF, (6 mol %)

Et,SiH (4 equiv.)

Ar—OMe > Ar—OSiEt;
CD,Cly,, 23 °C, 16h
Blue LED
Entry Substrate Product NMR
Yield
1 /©/OM6 /©/OSiEt3 0%
F F
OMe OSiEty
> T v e
Br Br
OMe OSiEts
3 ©/ ©/ 16%
Me\©/OMe Me\©/OSiEt3
4 50%
Me\Q/OMe Me\©/OSiEt3
5 84%

Me Me

In a previous report on iridium-catalyzed hydrosilylative ether cleavage, we interrogated
the selectivity obtained for an array of cyclohexyl methyl ethers using [(cod)Ir(PPh3).]BArf,as a
precatalyst.3* In that case, we observed that the selectivity for demethylation versus 2° C-O
cleavage depended on conformational factors, and showed that selectivity was correlated with the
computationally predicted conformational preferences of the substrate triethylsilyloxonium ions.
Substrates with strong preferences for the silyloxonium group in the equatorial conformation (Ex-
Eeq > 4 kcal-mol?) underwent preferential demethylation, while substrates predicted to have
greater populations in the axial conformation underwent selective demethoxylation, with the
switch in reactivity being ascribed to the relative rates of Sy2 demethylation versus Syl
demethoxylation. A similar trend is observed here using the light-assisted 2/NaBArF, system

(Table 4.4). Substrates previously predicted34 to have highly positive Ex-Eeq values undergo
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selective demethylation (entries 1 and 2), while cis-4-(t-butyl)cyclohexyl methyl ether undergoes

preferential cleavage at the secondary position. (entry 4)

Table 4.4. Cyclohexyl methyl ether cleavage by 2/NaBArF,

Complex 2 (5 mol %)

NaBArF, (6 mol %) H
Et,SiH (4 equiv.) . %\
RA/ " 0OMe CD,Cl,, 23 °C. 16h RZA </ 0OMe + R H
Blue LED

Entry Substrate Product(s) Yield®

Eax-
Eeg?

1

wOMe /O‘\\OSiEQ 11.3 93%
tBu/Cj tBu
MeUOMe MGUOSiEt3 107 589
OMe OSiEt;
3 O U : O 49  74%:10%
/UOMG
Bu tBu :

2

4> -0.6 74%

Further similarities between this system and the previously reported bis(phosphine)iridium
system can be found by examination of hydrosilylative ether cleavage in sterol-derived substrates.
The A-ring methyl ethers in B- and a-methyl cholestanol are conformationally fixed in equatorial
and axial dispositions respectively (Table 4.5, entries 1 and 2). The equatorial substrate (entry 1)
undergoes catalytic demethylation with 2/NaBArF,;, while the axial substrate undergoes
demethoxylation. The cholic acid derivative in entries 3 and 4 undergo selective demethylation
and demethoxylation of the A-ring methoxy groups respectively with 2/NaBArF,. This same

selectivity was previously observed for the hydrosilylative ether cleavage catalyst
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[(cod)Ir(PPh3),]BArF, and was ascribed to conformation effects resulting from substitution of the
B ring.3* In total, the conformational factors that influence selectivity in cyclohexyl ether cleavage
using 2/NaBArF, are essentially identical to those observed for [(cod)Ir(PPh3),]BArF,.34 The
principal factors distinguishing 2/NaBArF, from [(cod)Ir(PPh3),]BArF, are therefore the necessity

of light and the requirement for somewhat higher catalyst loading of 2 wversus

[(cod)Ir(PPh3),]BArF,.33.34

Table 4.5. Sterol methyl ether cleavage by 2/NaBArF,

Complex 2 (5 mol %)
Me NaBAr", (6 mol %) Me
Et;SiH (4 equiv.)

5

R=H
CD,Cl,, 23 °C, 16h e
MeO M Blue LED R OSiEts
Entry Substrate Product Yield
1 /C%/\ 79%
E8i07
)
. MI] ; 54%
L
MeO" i
Mg Mo, OTBDPS
A Me
C " Elgsi0" 2
MeO" &
MeO Me, OTBDPS
: ' Soli
C ; B “'OMe
MeO"" ) ’

IV.  Reaction Mechanism Studies
The similar conformational influences on selectivity observed for light-promoted
hydrosilylative alkyl ether cleavage with 2/NaBArF, and the thermal bis(phosphine)iridium

systems strongly imply mechanistic similarities between the two systems. A proposed mechanism
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for the light-promoted hydrosilylative cleavage of alkyl ethers by 2/NaBArF,, is given in Figure

4.3.

E ! ©BArf,
| R'\ P

sl NaBA, NaBArF, \N“ |r\ SiEty O
[ EGSIH \<

@BAr 4
SN 'f\H Et3S|H
S|Et3 (5
+Et3S|H
/ue light

Figure 4.3. Proposed mechanism for catalytic ether cleavage via photochemical hydride transfer
to silyloxonium ions.

R

hydride
transfer

[Ir]-H

This proposal is inspired by work on related systems which operate without light, 23.30.33-
36,41 as well as the reported photochemical behavior of the bipyridine-supported iridium hydride
reported by Miller. Complex 2 likely reacts with NaBArF,, and triethylsilane to form an
electrophilic o-silane complex 4 that has been previously characterized by Djukic and coworkers
under relevant alcohol dehydrosilylation conditions.?® 4 transfers an equivalent of triethylsilylium
ion to substrate ether to give the neutral monohydride complex Cp*Ir(ppy)H (5) and an equivalent
of silyloxonium ion (A). Since visible light absorption is necessary for efficient catalytic turnover,
we hypothesize photoexcitation of complex 5 give a more nucleophilic hydride complex which

reacts with silyloxonium ion A by delivery of the hydride.
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oM Complex 2 (5 mol %) OSiE
2Me  NaBArT, (6 mol %) ERl

Et3SiH (4 equiv.) 1)
CD,Cl,, 23 °C
dark or Blue LED

tBu tBu

Obsv. resting state

::N\ Ir\ :N‘ Ir

76%
7%

BAr 4

@o

dark — 7%
blue light —55%

Scheme 4.1: Resting state analysis of 2/NaBArF,under catalytic conditions.

Aspects of the proposal in Figure 4.3 can be tested experimentally. First, we examined the
metal complexes which are formed under catalytic conditions in the absence of illumination (egn.
1). Under these conditions no catalytic turnover is observed and 5 is detected as the major Ir-
containing product by TH NMR. The same species is observed after illumination for 20 minutes
(ca. 1.4 TON), though a second complex 6 represents the major metal-containing species at this
point. The identity of 5 was confirmed by comparison of the upfield region of the TH NMR
spectrum of the dark reactionto the hydride resonance of independently synthesized 5. The second,
major species is the known monocationic dimer 6 formed by capture of 5 by an equivalent of
[Cp*Ir(ppy)]BArF,. Complexes 5 and 6 have been reported to exist in equilibrium during catalytic
dehydrosilylation of alcohols,?°30 and so their observation here is consistent with the operation of
a related mechanism. The visible absorbance spectrumof 5 overlaps well with the 34W H150 Blue

LED Lamp used under catalytic conditions. (Figure 4).
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Figure 4.4. Comparison of absorbance spectrum of 5 with the output of the commercial 34W
H150 Blue LED Lamp used in this study.

Evidence that C-O bond scission occurs via a non-radical mechanism can be obtained
through the analysis of the fate of substrates containing fast radical clocks. The cyclopropyl alkyl
ether substrates cyclopropylmethyl ethyl ether and (1-methoxyethyl)cyclopropane were selected

to examine the mechanism for primary and secondary alkyl ether cleavage respectively.

Complex 2 (5 mol %)
Me NaBArF, (6 mol %)

o— Et;SiH (4 equiv.) Me\_
[ CD,Cly, 23 °C, 16h D>—me OSiEt;  (2)
Blue LED 319%

Complex 2 (5 mol %)
NaBAr, (6 mol %)

OMe Et3SiH (4 equiv.)
[ i CD,Cl,, 23 °C, 16h [> \ t+ MeOSiEt; (3)
Me Biue LED Me

54%
Scheme 4.2: Cleavage of cyclopropyl-type substrates under catalytic conditions.
Light-promoted hydrosilylative ether cleavage of cyclopropylmethyl ethyl ether produces
methylcyclopropane in 31% yield with the cyclopropyl ring intact (eqn. 2). The balance of the
substrate is converted to (cyclopropylmethoxy)triethylsilane via cleavage of the unsymmetrical

ether at the ethyl group. As the cyclopropylmethyl radical has a reported rate of ring opening of 1
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* 108 51, the lack of observed products of ring openingis inconsistent with a long-lived alkyl
radical intermediate.42 Reduction of (1-methoxyethyl)cyclopropane gives cyclopropyl ethane as
the only observed product of secondary C-O cleavage in 54% yield (eqn. 3). The reported rate for
ring opening of the 1-cyclopropylethyl radical is 4 * 107 s1.42 Together, these observations argue
for a non-radical mechanism for light-promoted hydrosilylative ether cleavage in this case, an
outcome consistent with the 2-electron proposal in Figure 3. That said, the fast radical clocks
selected for this analysis only allow us to rule out the intermediacy of cyclopropylmethyl radicals
with lifetimes on the order of their intramolecular ring-opening rates, and not, for instance, the
intermediacy of odd-electron metal-containing species. This limitation is potentially significant
since Miller has found that light-promoted hydrodehalogenation of chloroalkanes by
[Cp*Ir(bipyridine)H]* likely proceeds via bimolecular quenching of the photoexcited catalyst and
the involvement of short-lived alkyl radical intermediates.2” In the case of catalysis by 2/NaBArf,,
SET reduction of silyloxonium ion intermediates is very unlikely to give the selectivity observed
for substrates in Tables 4.4 and 4.5, which has been previously rationalized in the context of

competitive Sy1 and Sy2 processes.34

The observation that 2/NaBArF, catalyzes the hydrosilylation of carbonyl derivatives®®
and dehydrosilylation of alcohols2?in the dark, butdoes not catalyze hydrosilylative ether cleavage
in the absence of light can be interpreted in the context of the relative reactivity of the plausible
reaction intermediates. These three transformations share similar mechanisms, with heterolytic Si-
H cleavage giving silyloxycarbenium,37:38 and mono-2° and dialkyl silyloxoniums33:34.40 jons
respectively. Our observation that the catalyst resting state after illumination is a mixture of the
neutralmonohydride complex 5 and the dimeric monohydride 6 is consistentwith a catalytic cycle

resting at the silyloxonium/5 reactant pair (with 5 in equilibrium with 6). Absorption of a blue
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photon is presumably required to enable C-O bond cleavage via nucleophilic attack on the
silyloxonium ion, and thus catalyst turnover. This hypothesis can be tested in stoichiometric
fashion by examining the reaction of Cp*Ir(ppy)H (5) with the closely-related triethyloxonium
electrophile. Inthe dark, Cp*Ir(ppy)H reacts ata moderate rate with [Ets0][BF4] to produce ethane
and diethyl ether, achieving 58% conversion with respect to Et,O formation after 10 minutes, and
reaching 82% after 20 minutes. In contrast, the same transformation proceeds more-rapidly under

irradiation with blue light, leading to near-quantitative (90%) ethane formation in just 10 minutes.

l®

\N“‘"Ir\H [Et30][BF4] conditions ELO + CoHg  (4)
// 1.4 equiv. CD,Cl,
23°C
dark 58%

10 min
5 dark 20 min | 82%
blue light 10 min | 90%

Scheme 4.3: Reduction of a triethyloxonium ion by 5.

A final piece of evidence in support of the photohydride hypothesis for 5 can be obtained
by examining the role of light in related catalytic transformations where 5 serves as an
intermediate. When acetophenone is subjected to hydrosilylation by 2/NaBArF, in the dark,
complex 5isobserved asthe catalystresting state by 1H NMR spectroscopy. Although the reaction
is relatively fast in the absence of light, a significant rate enhancement is observed under
illumination. Catalytic acetophenone hydrosilylation subjected to blue light is complete within 10
minutes, while at the same point the corresponding dark reaction has only reached 57% yield (egn.
5).48 Although both 1-43 and 2-electron light-induced reactivity is known for Cp*Ir monohydride
complexes, the balance of our catalytic and stoichiometric observationsargue for the role of light

in modulating the nucleophilicity of iridium hydride complex 5 or a closely-related species.

186



Complex 2 (0.5 mol %)

)OI\ NaBAr", (0.6 mol %) )O\SiEt3
EtsSiH (1.1 equiv.) 5)
Ph” “Me CD,Cly, 23 °C Ph” "Me

Blue LED or dark

dark 10 min 57%
blue light 10 min 99%

Scheme 4.4: Reduction of acetophenone under dark and illuminated condition.

V. Conclusions

In summary, the hydrosilylative cleavage of alkyl ethers by 2/NaBArF,has been demonstrated
to occur via a light-promoted path. Experiments support a mechanism where the iridium complex
[Cp*Ir(ppy)H] (5) orarelated complex servesasahydride source for the C-O cleavage of an alkyl
ether-derived silyloxonium ion after light absorption. Selectivity trends in the cleavage of
unsymmetrical alkyl ethers align with a previous non-photochemical system shown to result from
competitive Sy1 and Sy2 reduction of silyloxonium ion intermediates. The identity of the two
species observed as the catalyst resting state have been confirmed by NMR experiments. Lack of
ring-opening observed for a pair of cyclopropyl substrates argue againsta 1 e- pathway for C-O
bond scission involving alkyl radical intermediates, providing further evidence for a polar, 2 e~
mechanism involving heterolytic Si-H cleavage followed by hydride delivery in a subsequentstep.
Apparently increased hydride nucleophilicity under illumination also manifests in stoichiometric
oxonium ion reduction and in acetophenone hydrosilylation, a related catalytic transformation that
shares the same catalyst resting state. This system is a rare example of photohydride transfer

chemistry in a catalytic application to organic synthesis.
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VII. Appendix for Chapter 4

I. General Information

General Considerations. Syntheses, manipulations, and catalytic reactions with organometallic
reagents were carried out using standard vacuum, Schlenk, cannula, or glovebox techniques under
N, unless otherwise specified. Tetrahydrofuran, dichloromethane, toluene, pentane, and diethyl
ether were degassed with argon and dried over activated alumina using a solvent purification
system. The following chemicals were purchased from chemical vendors and used as received:
IrCl3-H,0O, 1,2,3,4,5-pentamethylcyclopenta-1,3-diene, 2-phenylpyridine, 2,2’-bipyridine,

sodium-cyclopentadienide (2.0 M in THF), NaOAc-3H,0, and Red-Al®.

Spectroscopy. 'H and 13C{IH} NMR spectra were recorded on Bruker NMR spectrometers at
ambient temperatures unless otherwise noted. IH and 13C{*H} chemical shifts are referenced to

residual solventsignals. UV-Visspectrawere collected usinga JASCO V-670 Spectrophotometer.

Elemental Analysis. Elemental analyses are of bulk samples for which yields are reported. No
additional purification operations are carried out prior to packaging for analysis, but samples are
dried under vacuum for ca. 2 days to remove residual or co-crystallized solvent. Elemental

analyses were performed Atlantic Microlab.
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I1.  Synthesis and Characterization

[(#2-cyclooctene),IrCl],,t [Cp*IrCl;]22 sodium tetrakis[3,5-bis(trifluoromethyl)phenyl]borate

(NaBArF,),3 and [PhsC][BArF,]* were prepared by published procedures.

! O©BArf,
l®

N w|l’
NI SN~
{//l f NS~y

1

[Cp*Ir(ppy)(MeCN)]BArF4(1). This compound was prepared by a reported method.5

Rand

/ D N\\H'Ir\CI
S

2

Cp*Ir(ppy)CI (2). This compound was prepared by a reported method.

3

\N\l‘lr\H
&

5

Cp*Ir(ppy)H (5). This compound was prepared by a reported method.’
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+

Ir\\C|
cl |,

[CplrClz]n. This compound has been previously reported via oxidation of Cplr(C,H,), with
anhydrous HCI® or Cl,.° We have developed a simplified procedure given below. This variation

has been employed prior to its publication here.10

=<
SO,CI |
[(cyclooctene),IrCl], _NaCp 272

|
Ir Ir<
THF C>/ \(D pentane \C|C|
n

not isolated

[CplrClz]n. A flame-dried 100 mL Schlenk flask was charged with [(#2-cyclooctene),IrCl],
(0.911 g, 1.02 mmol) and 40 mL dry, degassed THF under nitrogen. A solution of NaCp in THF
(2.0 M, 1.1 mL) was then added dropwise over two minutes at room temperature. The reaction
flask was heated to 45 °C for one hour, cooled to room temperature, and evaporated to dryness
under vacuum. 90 mL degassed pentane was added and the resulting suspension was stirred 30
minutes. The supernatant was transferred to a round bottom flask under nitrogen by means of a
filter cannula, and neat sulfuryl chloride (0.67 mL, 8.3 mmol) was then added dropwise over five
minutes. After an additional five minutes the solution was allowed to settle and the product was
collected by vacuum filtration in air. Yield: 0.514 g (77%). The product in insoluble in most
solvents, but dissolves slowly in acetonitrile to form the adduct CpIrCl,(MeCN). Crystal samples

of CplrCl,(MeCN) were obtained by cooling a warm MeCN solution.
IH NMR (400 MHz, CD3CN) 6 5.74 (s).

13C{1H} NMR (126 MHz, CD3CN) 3 76.95.
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@ 2-phenylpyridine (1.5 equiv.)

NaOAc (3 equiv.) |

N l“Ir
Ir< - NY \C|
\C|C| CH4CN %
n

3

CplrCl(2-phenylpyridine-xC,N) (3) — A 10 mL Schlenk flask was charged with NaOAc-3H,0
(0.0482 g, 0.354 mmol), and [CplIrCl,], (0.0582 g, 0.117 mmol) in 5 mL degassed MeCN, and
neat 2-phenylpyridine (0.026 mL, 0.18 mmol) was then added. The flask was heated to 70 °C
under nitrogen for 5 h, then the flask was cooled and the solvent removed in-vacuo. The residue
was extracted with 12 mL CH,Cl, and then filtered through a pad of anhydrous Na,SOy in air. The
filtrate was reduced to 3 mL on a rotary evaporator and then treated with 20 mL heptane. The
suspension was chilled in an ice bath and then filtered to afford an orange microcrystalline solid
which was washed with heptane and dried in-vacuo. Yield: 0.0549 g (69%). Crystal samples of 3
were grown by layering a saturated dichloromethane solution with diethyl ether at -10 °C.

IH NMR (400 MHz, CD,Cl,) §9.16 (m, 1H), 7.96 (m, 1H), 7.87 (d, J =8.1 Hz, 1H), 7.75(td, J =
7.6,1.6 Hz, 2H), 7.15 — 7.02 (m, 3H), 5.48 (s, 5H).

13C NMR (126 MHz, CD,Cl,) 6 167.29, 156.93,156.73, 145.12, 138.69, 138.19, 130.65, 125.19,

123.00, 122.92, 119.73, 79.88.

Calcd for C16H13CIlIrN: C, 43.00; H, 2.93; N, 3.13. Found: C, 42.90; H, 2.82; N, 3.17.
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Figure S1. 'H NMR of CplrCI(2-phenylpyridine-«C,N) (3) in CD,Cl, at23 °C
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Figure S2. BC{'H} NMR of CplrCl(2-phenylpyridine-«C,N) (3) in CD,Cl; at 23 °C
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Ph
Me/\/\/\/o\/

Benzyloxyheptane (Table 2, Entry 3): This compound was synthesized by a reported method. 1!

F\/\/OBn
3-Benzyloxy-1-fluoropropane (Table 2, Entry 4): This compound was synthesized by a reported

method.1?

Clee~_-0Bn
3-Benzyloxy-1-chloropropane (Table 2, Entry 5): This known compound was prepared

according to a reported method.12

Br\/\/OBn
3-Benzyloxy-1-bromopropane (Table 2, Entry 6): This known compound was prepared

according to a reported method.12

|\/\/OBn
3-Benzyloxy-1-iodopropane (Table 2, Entry 7): This known compound was prepared according

to a reported method .12

O/O\/\

(allyloxy)cyclohexane (Table 2, Entry 8): This known compound was prepared according to a

reported method .13
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1) NaH (1.5 equiv.)
Me Me OH 2) Mel (1.5 equiv.) Me Me OMe

)\/\/k/g\ > )\/\/k/g\
Me” X Me THF Me™ X Me

(6R)-8-methoxy-2,6-dimethylnon-2-ene (Table 2, Entry 9): A flame-dried 150 mL Schlenk

flask was charged with NaH (0.3010g, 12.54 mmol, 1.5 equiv.) in an inert atmosphere glove box.
The vessel was then brought outside of the box and attached to a nitrogen Schlenk line. Dry THF
(30 mL) was added to give a suspension which was cooled to 0 °C. (4R)-4,8-dimethylnon-7-en-
2-0l14 (1.424 g, 8.36 mmol) in a solution in dry THF (20 mL) was added dropwise over the
course of 1 hour and allowed to stir at 0 °C for an additional hour. Maintaining a 0 °C reaction
temperature, Mel (1.7784 g, 12.54 mmol, 0.78 mL, 1.5 equiv.) was added dropwise over the
course of 1 hour. The reaction was slowly quenched with saturated aqueous NH 4Cl and was
diluted with water until all solid is dissolved (ca. 50 mL). The aqueous solution was extracted
with three, 150 mL portions of EtOAc and washed with two, 100 mL portions of water followed
by three, 100 mL portions of brine. The resulting organic layer was dried over Na,SO,4 and
filtered. The solution was concentrated under vacuum and the residue was purified onsilica gel
using 40% EtOAc/Hexanes as eluent to the product as a colorlessoil. Yild: 1.1429 g (74%).

IH NMR (400 MHz, CDCl3) & 5.10 (tt, J = 7.1, 1.3 Hz, 1H), 3.36 (sext, J = 5.9 Hz, 1H), 3.31 (s,
3H), 1.98 (m, 2H), 1.68 (s, 3H), 1.60 (s, 3H), 1.52, (sep, J =6.7, 1H), 1.46—1.38 (m, 1H), 1.38 —
1.24 (m, 2H), 1.21 —1.12 (m, 1H), 1.11(d, J =5.9 Hz, 3H), 0.88 (d, J =6.5 Hz, 3H).

13C NMR (101 MHz, CDCl3) 6 131.29, 124.99,75.37,56.00, 44.13, 37.47, 29.48, 25.85, 25.55,

20.02,19.28,17.78.

EI-MS calculated for C1oH,40: 184.1827, Measured: 184.2.
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Figure S3. 'H NMR of (6R)-8-methoxy-2,6-dimethylnon-2-ene in CDCls at 23 °C
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Figure S4. BC{'H} NMR of (6R)-8-methoxy-2,6-dimethylnon-2-enein CDCl;at23 °C
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Assortedanisole derivatives (Table 3, Entries 1-5): These knowncompoundswere obtained from

commercial sources.

/O_\\\OMG
tBu

Trans-1-(tert-butyl)-4-methoxycyclohexane (Table 4, Entry 1): Thiscompoundwas prepared by

areported method.1®

MGUOMe

cis-1-methoxy-3-methylcyclohexane (Table 4, Entry 2): This known compound?® was prepared

usinga variation of the reported method for trans-1-(tert-butyl)-4-methoxycyclohexane.1

tBu

Cis-1-(tert-butyl)-4-methoxycyclohexane (Table 4, Entry 4): This compound was prepared by a

reported method.1®
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3p-methoxy-5a-cholestane (Table 5, Entry 1): This known compound was prepared according to

areported method.16

MeO"

3a-methoxy-5a-cholestane (Table 5, Entry 2): This compound was prepared according to a

reported method .16

MeO Me,,,_ OTBDPS
= Me

MeO™

3a,12a-dimethoxy-24-tert-butyldiphenylsilyloxycholane (Table 5, Entry 3): This compound

was prepared according to a reported method.16

Me, OTBDPS

MeO"

3a,70,120,-trimethoxy-24-tert-butyldiphenylsilyloxycholane (Table 5, Entry 4): This

compound was prepared according to a reported method.16
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Me
o—

[>_/

(ethoxymethyl)cyclopropane (Eqn 2): This known compound’ was prepared according to a

variation of the reported method for trans-1-(tert-butyl)-4-methoxycyclohexane.8 No purification

was required after extraction.

OMe

>

Me

(1-methoxyethyl)cyclopropane (Egn 3): This known compound?!® was prepared accordingto a

variation of the reported method for trans-1-(tert-butyl)-4-methoxycyclohexane.8 No purification

was required after extraction.
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I1l.  Procedures for Catalytic Reactions

General Procedure for Catalytic C-O Cleavage via Ether Silylation. In an inert glovebox
atmosphere, a 4 mL vial was charged with NaBArF, (0.0020g, 0.0023 mmol), triethylsilane
(0.0179 g, 0.155 mmol, 24.7 uL), ether substrate (0.039 mmol) [e.g. Trans-1-(tert-butyl)-4-
methoxycyclohexane (0.0065 g, 0.0387 mmol, 7.9 uL)], and 0.10 mL of a 19.3 mM (0.010 g/mL)
stock solution of Cp*Ir(ppy)Cl (2) (0.00193 mmol) in CD,Cl,. The sealed 4 mL vial was
illuminated with a 34 W Kessil™ H150 blue LED lamp for 16 h in aEvoluChem-style photoreactor
at room temperature.1® After illumination, the solution was diluted with 0.30 mL CD,Cl, and
transferred to an NMR tube; yields were calculated using an internal standard of mesitylene
(0.0065 g, 0.036 mmol, 5.0 pL). 0.10 mL of a 38.6 mM (0.020 g/mL) stock solution of
Cp*Ir(ppy)CI (2) (0.00193 mmol) in CD,Cl,was used for substrates requiring 10 mol % catalyst

loading.
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Representative crude NMR spectra of catalytic reactions.

Complex 2 (5 mol %)

LOMe  NaBA, (6 mol %) LOSiEt,
/O Et,SiH (4 equiv.) /O
tBu CD,Cl, 23°C, 16h gy

Blue LED 93%

* Et3SiO(4-tBu-cyclohexane)
Mesitylene standard

0.035 —
0.323>—

T T T
11 10 9 8 7 6 5 4 3 2 1 1] ppm

Figure S5. H NMR of catalytic demethylation of  Trans-1-(tert-butyl)-4-
methoxycyclohexane.

R R P4
< A —
Complex 2 (5 mol %) | \ |
NaBArF, (6 mol %)
Me O. _Ph Et3SiH (4 equiv.) Me OSiEt, Ph—CH
A CD,Cl,, 23 °C, 16h R 8
Blue LED 75%
Toluene
* Et3SiOC,Hy5
* BnOC;H;s
Mesitylene standard
E 3
uJ .
[
(<] <) (<)
11 10 9 8 7 6 5 4 3 2 1 0 ppm

Figure S6. 'H NMR of catalytic debenzylation of (heptyloxy)methylbenzene.
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General Procedure for Catalytic C-O Cleavage of Cyclopropyl alkyl ethers. In an inert
glovebox atmosphere, a septum-capped NMR tube was charged with NaBArF, (0.0020 g, 0.0023
mmol), triethylsilane (0.0179 g, 0.155 mmol, 24.7 uL), ether substrate (0.039 mmol) [e.g. 4.5 L
(ethoxymethyl)cyclopropane or 4.7 uL (1-methoxyethyl)cyclopropane] and 0.10 mL of 19.3 mM
(0.010 g/mL) stock solution of Cp*Ir(ppy)Cl (2) (0.00193 mmol) in CD,Cl,. The sealed tube was
illuminated with a 34 W Kessil™ H150 blue LED lamp for 16 hin a repurposedgas chromatograph
oven regulated at 23° C. The NMR sample was then diluted with 0.3 mL of CD,Cl,. Yields were

calculated usingan internal standard of tetrachloroethane (0.0079 g, 0.0472 mmol, 5.0 uL).

3 93599388388888
° 8666653338888 9
Complex 2 (5 mol %)
NaBAr, (6 mol %)
OMe Et3SiH (4 equiv.)
CD,Clp, 23 °C, 16h D>— + wMmeosiet,
Me Blue LED Me
54%
Et;SiOMe

* ethyl cyclopropane
C,H,Cl, standard

11 10 9 8 7 6 5 4 3 2 1 0 ppm

0.099>-

Figure S7. 1H NMR of catalytic demethoxylation of (1-methoxyethyl)cyclopropane.
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Table S1. Comparison of solvents for C-O cleavage.

Complex 2 (5 mol %) ,
E
OMe  NaBArF, (6 mol %) OSiEts

Et;SiH (4 equiv.) .
23 °C, 16h
Blue LED

tBu tBu

Entry Solvent Yield (%)

1 CD,(Cl, 93
2 Toluene 0
3 CeHsF 0
4 MeCN 0
5 Pentane 0

Table S2. Iridium-free control reactions.

oM OSiEt
$Ve Additive (6 mol %) 3

Et3SiH (4 equiv.)
CD,Cl,, 23 °C, 16h
Blue LED

tBu

A B

Entry Complex Additive Yield A (%) Yield B (%)

1 None NaBArf, 0 0

2 None  [Ph;C]BATY, 0 58
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Complex 2 (0.019 mmol)
NaBAr", (0.023 mmol)
Et:SiH (0.155 mmol)

23 °C, 16h
0.10 mL Blue LED 9.3 TON

CD,Cl, CD,HCI

Procedure for Catalytic Hydrodechlorination of CD2Clz. In an inert glovebox atmosphere, a
septum-capped NMR tube was charged with NaBArF, (0.0020 g, 0.023 mmol), triethylsilane
(0.0179 g, 0.155 mmol, 24.7 pL) and 0.10 mL of a 19.3 mM (0.010 g/mL) stock solution of
Cp*Ir(ppy)CI (2) (0.0019 mmol) in CD,Cl,. The sealed tube was illuminated with a 34W Kessil™
blue LED lamp for 16 h in a repurposed gas chromatograph oven regulated at 23° C. The sample
was then diluted with an additional 0.30 mL of CD,Cl, and analyzed by IH NMR spectroscopy.
CD,HCI production was calculated using an internal standard of 1,1,2,2-tetrachloroethane

(0.0079g, 0.0472 mmol, 5.0 uL).

6.05
3.02
301
301
301
3.00

CD,HCI

A s

15 310 305 30 25 290 285 280 27

o 0099~

Figure S8. 'H NMR of Catalytic Hydrodechlorination of CDCl.
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Procedure for the Hydrosilylation of Acetophenone using 2/NaBArF4. In an inert glovebox
atmosphere, a septum-capped NMR tube was charged with NaBArF, (0.0020 g, 0.0023 mmol),
triethylsilane (0.0494 g, 0.425 mmol, 67.9 pL), acetophenone (0.0465 g, 0.387 mmol, 45.1 pL),
and 0.40 mL of a4.82 mM (0.0025 g/mL) stock solution of Cp*Ir(ppy)CI (2) (0.00193 mmol) in
CD,Cl,. The sealed tube was illuminated* with a 34W Kessil™ blue LED lamp in a repurposed
gas chromatograph oven regulated at 23° C for 10 minutes prior to being analyzed by 1H NMR.
Yields were calculated using an internal standard of mesitylene (0.0065 g, 0.036 mmol, 5.0 uL).

*The dark variant was performed with the lamp switched off.
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* Product
* Acetophenone
Mesitylene standard

Dark
b 3
m, ) Light
I I I I T I I I I I I
5.0 45 4.0 35 30 25 20 15 10 05 ppm
Figure S9. 'H NMR of Catalytic Hydrosilylation of acetophenone.
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IVV. Mechanistic Studies

Analysis of Cp*Ir(ppy)H (5) by UV-Vis. In an inert glovebox atmosphere, a screw-cap 1.0cm
cuvette was charged with 2.0 mL of a 0.41 mM stock solution of Cp*Ir(ppy)H (5) (0.00083
mmol) in dichloromethane. The cuvette was analyzed in a Jasco V-670 UV-Vis in absorbance

mode and an absorbance spectrum of 5 was collected.

")

®

S

S

S
1

4500 A

3000 A

1500 A

Molar Absorptivity (M-'cm-

300 400 500 600 700 800
Wavelength (nm)

Figure S10. UV-Visspectrum of Cp*Ir(ppy)H (5) in CH.Cl,.
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Analysis of the Resting State by *H NMR Spectroscopy.

Dark variant. In an inert glovebox atmosphere, a septum-capped NMR tube was charged with
NaBArF, (0.0020g, 0.0023 mmol), triethylsilane (0.0179 g, 0.155 mmol, 24.7 uL), Trans-1-(tert-
butyl)-4-methoxycyclohexane (0.0065g, 0.0387 mmol, 7.9 uL), and 0.10 mL of a 19.3 mM
(0.010 g/mL) stock solution of Cp*Ir(ppy)CI (2) (0.00193 mmol) in CD,Cl,. The sample was
allowed to stand for 5 minutes, at which point it was diluted with 0.3 mL of CD,Cl, and analyzed
by 1H NMR spectroscopy. A hydride signal at -15.2 ppm matches that of independently
synthesized 5. Integration of the signals corresponding to 5 and 6 relative to the BArF, anion

signals is consistent with the following speciation under illuminated conditions: 5 (76%), 6 (7%).

15.20
—-22.78

—

0.63
0.03

Figure S11. 'H NMR analysis of catalytic reaction mixture without illumination.
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lHluminated variant. In an inert glovebox atmosphere, a septum-capped NMR tube was charged
with NaBArF, (0.0020g, 0.0023 mmol), triethylsilane (0.0179 g, 0.155 mmol, 24.7 uL), Trans-1-
(tert-butyl)-4-methoxycyclohexane (0.0065g, 0.0387 mmol, 7.9 uL), and 0.10 mL of a 19.3 mM
(0.010 g/mL) stock solution of Cp*Ir(ppy)CI (2) (0.00193 mmol) in CD,Cl,. The sealed tube was
illuminated with a 34W Kessil™ blue LED lamp in a repurposed gas chromatograph oven
regulated at 23° C for 10 minutes prior to being diluted with 0.3 mL of CD,Cl, and analyzed by
1H NMR spectroscopy. Integration of the signals correspondingto 5 and 6 relative to the BArF,
anion signals is consistent with the following speciation under illuminated conditions: 5 (7%), 6

(55%).

—-15.22
—-22.82

Figure S12. H NMR analysis of catalytic reaction mixture after illumination.
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Procedure for the Stoichiometric Reduction of [OEt]3[BF4] using Cp*Ir(ppy)H (5). Inan inert
glovebox atmosphere, a septum-capped NMR tube was charged with [OEt];[BFs] (0.0022 g,
0.0116 mmol) and 0.4 mL of 20.7 mM stock solution (0.010 g/mL) of Cp*Ir(ppy)H (5) (0.00828
mmol). The sealed tube was illuminated* with a 34W Kessil™ blue LED lamp in a repurposed
gas chromatograph oven regulated at 23° C for 10 minutes prior to being analyzed by 1H NMR
spectroscopy. Yields of diethyl ether were calculated using an internal standard of mesitylene
(0.0065 g,0.036 mmol, 5.0 uL). The ethane byproduct is observed as well, but was not quantified
owing to its volatility.

*The dark variants were performed with the lamp switched off.

V. X-Ray Crystallographic Data

Details of crystallographic refinement.

General Methods. A suitable crystal of each sample was selected for analysis and mounted in a
polyimide loop. All measurements were made on a Rigaku SCX-Mini CCD with filtered Mo-Ka
radiation at a temperature of 223 K. Using Olex2,20 the structure was solved with the ShelXS
structure solution program using Direct Methods and refined with the ShelXL refinement

package?! using Least Squares minimization.

CplrCly(MeCN)

This structure was modeled without restraint.

Complex 3
Disorder in the phenylpyridine group was modeled over two positions by refinement of the
partially occupied C and N atoms with constraints placed on their positions and atomic thermal
parameters.
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Table S3.  Crystal data and structure refinement for CplrCl,(MeCN).

Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume
Z

Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

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

Max. and min. transmission

Refinement method
Data/ restraints / parameters

Goodness-of-fit on F2
Final R indices [I>2sigma(l)]
R indices (all data)

Largest diff. peak and hole

C7H8CI2IrN

369.24

223(2) K

0.71075 A

Monoclinic

P121l/cl

a=11.349(3) A o =90°
b=7.3426(17) A B=103.680(7)°
c=11.662(3) A y=90°
944.3(4) A3

4

2.597 Mg/m3

14.640 mm-1
672

0.2x0.2x0.1 mm3

3.306 t0 27.389°.

-14<=h<=14, -9<=k<=9, -15<=I<=15
8850

2138 [R(int) = 0.0620]

99.8 %

Semi-empirical from equivalents
0.3222 and 0.1578

Full-matrix least-squares on F2
2138/0/101

1.040
R1=0.0353, wR2 =0.0432
R1=0.0517,wR2=0.0462

0.956 and -1.133 e/A-3
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Figure S13. ORTEP of CpIrCl,(MeCN) drawn at 50% probability level.
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Table S4.  Crystal data and structure refinement for Cplr(ppy)CI.

Empirical formula C1sH13ClIrN

Formula weight 446.92

Temperature 223.15K

Wavelength 0.71075 A

Crystal system Monoclinic

Space group P121/cl

Unit cell dimensions a=10.605(12) A o =90°
b=8.189(9) A B=101.17(2)°
c=15.347(17) A y=90°

Volume 1308(3) A3

Z 4

Density (calculated) 2.270 Mg/m3

Absorption coefficient 10.398 mm-1

F(000) 840

Crystal size 0.1x0.1x0.1 mm3

Theta range for data collection 3.166 t0 26.728°.

Index ranges -13<=h<=13, -10<=k<=10, -19<=I<=19

Reflections collected 12094

Independent reflections 2765 [R(int) = 0.0647]

Completeness to theta =25.242° 99.8 %

Absorption correction Semi-empirical from equivalents

Max. and min. transmission 0.4228 and 0.4228

Refinement method Full-matrix least-squares on F2

Data/ restraints / parameters 2765/0/173

Goodness-of-fit on F2 1.129

Final R indices [I>2sigma(l)] R1=0.0389, wR2 =0.0503

R indices (all data) R1=0.0567,wR2 =0.0534

Largest diff. peak and hole 0.772 and -0.873 e/A-3
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Figure S14. ORTEP of Cplr(ppy)Cl drawn at 50% probability level. Disorder in the

phenylpyridine moiety is omitted for clarity.
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