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ABSTRACT

Hydrogen bonding is crucial for all biological systems. This dissertation explores the
importance of the synthesis and subsequent desymmetrization of silanediols and the hydrogen-
bonding interactions crucial for catalysis. The introduction presents the discovery of
organosilanols and introduces the properties and importance of organosilanols. Notable reactions
in silica gel catalysis are presented. Finally, silanols as catalysts in the Franz group are discussed,
which sets the precedent for the need for the synthesis of chiral-at-silicon compounds.

Chapter two details my contributions to the organocatalytic asymmetric synthesis of sili-
con-stereogenic siloxanols. The initial understanding of the organocatalyst-substrate complex
was investigated by Jacob J. Dalton, Ph.D. who performed a co-crystallization experiment which
revealed a two-point hydrogen-bonding interaction involving the imidazole and amide of the
organocatalyst. My contributions involve the design, synthesis, and evaluation of organocatalyst
analogs. Structural changes in the organocatalyst validated the crucial role of the imidazole in
reactivity and selectivity. Additionally, the chapter explores the efforts towards substrate scope
expansion. The hydrogen-bonding interactions present in the solid-state were verified using 'H
NMR binding studies and a correlation of binding affinity and enantioselectivity was discussed.
This research represents my contributions to the first example of a Lewis base-catalyzed
desymmetrization of prochiral silanediols.

Chapter three extends the desymmetrization of prochiral silanediols for the synthesis of
chiral 1,3-disiloxanediols. The initial exploration for the synthesis of chiral 1,3-disiloxanediols
gained insight into the role of the chlorosilane reaction partner. The chapter presents access to
the first example of a diaryl silanediol to produce a stereogenic siloxanol in high selectivity.

Additionally, the potential application of chiral 1,3-disiloxanediols as hydrogen-bonding



organocatalysts were briefly explored. "H NMR binding studies were used to probe the
hydrogen-bonding interactions that alluded to the role of the chlorosilane binding partner.
Moreover, 'H NMR binding studies, analyzed by '"H NMR, were conducted to explore the
binding affinity of chiral 1,3-disiloxanediols with pyridine as a model Lewis base. The synthesis

of chiral 1,3-disiloxanediols in high yields remains a priority.
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Chapter 1: Introduction

This introduction chapter presents a summary of organosilicon chemistry relevant to the research
in this dissertation. A brief history of the early discovery of organosilanols is discussed. The
properties and importance of organosilanols and early examples of silica gel catalysis are
presented. Silanols as catalysts in the Franz group are introduced to set the stage for the
importance of accessing silicon-stereogenic compounds in the subsequent chapters. Methods to

access silicon-stereogenic compounds are highlighted.

1.1 Discovery of Organosilanols

In 1871, Landenburg reported the first synthesis of triethylsilanol.! Landenburg
described the synthesis of 1.2 from 1.1 and stated “it is not permanent in air and is not attacked
by alcohol ammonia at elevated temperature” (i.e., 250 °C) (Figure 1.1). Landenburg reported
water did not act on 1.1 until 200 °C and stated, “among the products of decompositions
triethylsilico bearing silicium the same relation as triethyl-carbinol to carbon.” Counterintuitive
to the current knowledge of the hydrolysis of chlorosilanes producing organosilanols,? !
Landenburg later described that silicoheptyl chloride boiled at 153.5 °C and “has the properties
of an alcohol.” Landenburg concluded triethylsilanol 1.2 as possibly among the substances of
high boiling point formed in Figure 1.1, but it was not isolated. Landenburg’s seminal

publication garnered attention from chemists around the world to study organosilanols.!!-!3

J H.,O \ “bearing silicium the same
/—<Si— o W /— Si—OH relation as triethyl-carbinol to carbon”

1.1 1.2, not isolated

Figure 1.1. Landenburg’s report of the first organosilanol.



1.2 Properties and Importance of Organosilanols

The properties and importance of organosilanols have been well studied.!*!> Although
carbon and silicon bear many similarities, there are noteworthy and distinct differences. In the
field of organic chemistry, silanes remained established as the most commonly used protecting
group.'618 Silicon is at the interface of organic and inorganic realms, where organosilicon
molecules have unique properties that are relevant for synthesis, catalysis, and medicinal chemis-
try. Compared to carbon—carbon bond lengths (1.52 A), silicon—carbon bond lengths are longer
(1.86 A). In addition, silicon has a larger dynamic radius (117 ppm vs. 77 ppm), and reversed
polarity for silicon-containing bonds. The enhanced acidity of silanol groups allows for increased
hydrogen bonding (Figure 1.2A). The back-bonding of the oxygen lone pair of electrons into the
carbon-silicon 6* orbital (Orp - 6*si.c) accounts for the observed increased acidity of silanols to
carbon alcohols. This trend is observed in the pK. comparison of triphenylsilanol (1.3) (16.6)

and the carbon analog 1.4 (17.0) (Figure 1.2B).!%?° The electropositivity of silicon vs carbon

accounts for the observed acidity trend.

A) increased
acidity
H \\\\R
R
B) pK, (DMSO) = 16.6 pK, (DMSO) = 17.0
H Ph H Ph
/
N0 sinPh \O—C('Ph
“ Opp Ph
1.3 1.4

Figure 1.2. A) Enhanced acidity of silanols compared to alcohols. B) Example of observed
silanol acidity.!%-?



Among the structures of silanols, silanediols represent a unique prochiral substrate for
silicon relative to carbon. In contrast to carbon, silicon favors the geminal diol (Figure 1.3A). In
the case of carbon, a ketone (1.6) is thermodynamically favored over the geminal diol 1.5. In
contrast, the silanone 1.8 is thermodynamically disfavored over silanediol 1.7 due to poor p
orbital overlap between oxygen and silicon in silanone 1.8.!521:22 However, silanediols are prone
to self-condensation due to the thermodynamic stability of siloxanes.'* Surprisingly, stable
trisilanols have been reported that overcome self-condensation.!!:1223 Silanediols feature a
common homodimeric eight-membered ring hydrogen-bonding pattern that is also found in
oxoacids, boronic acids, and phosphoric acids (Figure 1.3B).2*2° These properties make a strong

case for silanols to be explored as design features in catalysts.

A)
HO_ OH O  HO_ OH 0
—_— I \Si/ ||_
7N SN RN — _Si_
15 1.6 1.7 1.8
B) H
0-t----G, 0-H----0
R-B. B-R  g-¢, C-R
0----H-0 0----H-0
H
H
R,,IS_/O_H'"O\S(R R,,,P/O_H'"O\\PzR
I i N
R*0---H—0 R R” “0---H-0 R
H

Figure 1.3 A) Carbon vs. silicon geminal diol formation. B) Comparing homodimeric eight
membered ring hydrogen-bonding patterns found in oxoacids, boronic acids, phosphoric acids
and silanediols.



1.3 Silica Gel Catalysis

Silicon is the second most abundant element in the Earth’s crust existing primarily as

silicates [(SiO4)*] and quartz (sand). Silicon materials and compounds are considered less toxic,

garnering attention from chemists for their use as catalysts.?¢ Early interest in silanol structures

began with the curiosity for their use as models of silica surfaces. The unsaturated face of silica

surfaces is decorated with a mixture of monosilanols (no hydrogen bonds possible), geminal

silanols (isolated) and vicinal silanols (hydrogen bonds possible) (Figure 1.4). The surface

properties of silicas are greatly influenced by the silanols and their hydrogen-bonding patterns,

and are studied through a combination of vibrational spectroscopy and solid-state NMR spectros-

copy.?’2° Silsesquioxanes are considered to be a model surface structure and potential mimic

for the reactivity of silica surfaces, yet simple organic silanediols have been most commonly

studied spectroscopically.!%!!

R\S.,OH
-9l OH
O/ _o—
=S5 R
/R \ ,OH
~Gj O_Si—R
| RI R R o R O O/S'\o o
OH OH Si—____-Si
R )
Monosilanol Geminal Silanol Vicinal Silanol Vicinal Silanol
H H._ H H-._ H-_ H
o~ o~ "o~ o~ o7 o7
HO OH
l NN | l | | |
RN AN S AN A AN AN
O 0O 0] @) OO0 O0O0OO00oO0 OO0 O0OO0OO0OO0OO0OO0ODO0
L1 | | [ I I I T I
Sio,

Figure 1.4. Silica surface and the structure analogy with molecular organosilanols.



With the initial interest of silica surfaces, inorganic supports interested organic chemists
for use as catalysts in synthetic transformations.>® The beginnings in the field gave attention to
aluminum oxides,*3!"#* zeolites***7 and clays.**’ Tsukamoto and co-workers presented silica
gel as an efficient catalyst for the successful condensation of arenesulfenyl chlorides and aryl
chloromethyl sulfides with aromatic compounds.’® Tsukamoto and co-workers extended this
study to include the alkylation of phenols and some heterocyclic aromatic compounds (Figure
1.5A).°! When 1.9 was treated with sufficient excess of 1.10 in the presence of silica gel the
corresponding di-tert-butylated product 1.11 was synthesized in high yield (92%). Heterocyclic
compounds such as furan, thiophene, benzothiophene, and 1-methylindole were alkylated in
good yields (50-98%). Silica gel-catalyzed reactions of epoxides with several nitrogen
heterocycles was demonstrated by Nishizawa (Figure 1.5B).>? A long reaction time (i.e., 7 days)
was required for the successful ring opening of 1.12 with indole 1.13 to produce 1.14 in 88%
yield. Both high-pressure and silica gel-catalyzed ring-opening of 1.12 were reported
independently, but the combination was found most efficient for the synthesis of less reactive
substrates (i.e., imidazoles and pyrazoles). The silica gel-catalyzed conjugate addition of nitro-
gen heterocycles to electron-deficient olefins was reported by Kusurkar and coworkers (Figure
1.5C). The addition of indole 1.13 to trans-f-nitrostyrene 1.15 was carried out using silica gel
and resulted in high yield (92%). The method was generalized to include pyrrole with a range of
monosubstituted phenyl nitroolefins with good success (up to 89% yield). Silica gel has also
developed as a useful catalyst in many synthetically useful organic transformations such as
aromatic nitration,’*>> Wittig-type olefination®®>” and Morita-Baylis-Hillman reaction.>%-
Many advances are beyond the scope of this introduction but the select examples highlighted

showcase the opportunity for the implementation of silanols in catalyst design.



(A) Alkylation of Phenols (Tsukamoto 1984)

OH OH
\i/ silica gel, Na,CO3
* Br CCly, 70 °C
OH OH
1.9 1.10 1.11,92 %

(B) High-Pressure-Promoted, Silica Gel-Catalyzed Reaction of Epoxides (Nishizawa 1996)

Ph OH
©\/> silica gel
h” 25 °C 7 days N\
N
H
1.12 1.13 1.14, 88 %
(C) Silica Gel-Catalyzed Nitrostyrene Addition to Indole (Kusurkar 2009)
Ph NO,
A\ silica gel
. NO2 + ®E> —
ph” Y N 25 °C, 30 min \
N
H
1.15 1.13 1.16, 92 %

Figure 1.5. Early advances in silica-gel catalysis.

1.4 Silanols as Catalysts in the Franz Group

The Franz group has leveraged the unique properties of silanols in their use as catalysts.
Taewoo Min, Ph.D. first demonstrated the hydrogen-bonding ability of pyrrolidinylsilanol 1.19
to enable enantiocontrol for an aldol reaction between 1.17 and 1.18 (Figure 1.6).°! The method
resulted in good yields and selectivities (up to 81% yield and 88% ee). Increasing steric bulk
around the silanol center in 1.19 with two mesityl groups suppressed self-condensation and was
accessible in three steps. Notably, the synthesis of 1.19 tolerated the incorporation of an amine
and did not result in silanol polymerization. The carbon analog of 1.19 was demonstrated to be

less reactive and less selective in the aldol reaction. ESI-MS studies indicated a hydrogen-



bonding adduct with the nucleophilic enamine which allowed for understanding of the stereo-
chemical rationale. The electropositive nature of silicon was suggested to provide potential

secondary directing effects that also contribute to enantiocontrol.

HO

o] :
X 0 o \\ :
\\ 1.1.19 (20 mol /o) X : __OH ! IMes
| (@] + Me)J\H =20 OC, PhMe \\ ! D-"Si\—Mes
Z N 2. NaBH,, MeOH L G o TN oH

H 119

1.20a, X = H: 81 % yield, 85% ee

stereochemical 1.20b, X = 5-F: 71 % yield, 82% ee
rationale based on 1.20c, X = 5-Cl: 80 % yield, 84% ee
silanol H-bonding 1.20d, X = 5-OMe: 65 % yield, 88% ee

Figure 1.6. Enantiocontrol with a hydrogen-bond directing pyrrolidinylsilanol catalyst 1.19.

In 2011, the ability of silanols to catalyze the Diels—Alder reaction between Rawal’s
diene® 1.21 and methacrolein 1.22 was reported (Figure 1.7). Diaryl silanediols 1.23a-b
catalyzed the reaction in good yields. Although silanediol 1.23b was designed to be more acidic
with the potential to catalyze the reaction in higher yields, disiloxanediol 1.24 showcased the
best catalytic activity (72% at 20 mol % catalyst loading). The reduced yields with silanediols
were attributed to self-association in solution, which impeded catalysis. More recently, Bolm and
coworkers have demonstrated the use of the first planar-chiral bis silanol in the hetero-Diels—
Alder reaction involving Rawal’s diene with butyraldehyde in fair yield and low

enantioselectivity (45% yield and 64:36 er).%
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Figure 1.7. Silanol catalyst comparison for Diels—Alder cyclization.

The indole addition to trans-B-nitrostyrene 1.15 gained attention in silica gel catalysis,
and was further explored by the Franz group using silanediol catalysts (Figure 1.8).2> A unique
mode of hydrogen-bonding activation was proposed for the silanediol-catalyzed addition of 1.26
to 1.15. Diaryl silanediols 1.23a—b decorated with large substituents and electron-withdrawing
groups performed with interesting reactivity. Notably, electron-deficient silanediols 1.23b
catalyzed the reaction in excellent yield (99%). The catalysis was attributed to the Si-OH acidifi-
cation. Silanediols self-associated as cyclic dimer where the remaining external protons are
acidified and behave as a single hydrogen-bond donor. Control experiments performed with
alkoxy silanediols resulted in yields that matched that of no-catalyst control, confirming the
catalysis via SiOH acidification. The Michael reaction was catalyzed efficiently by 1.23b. The
catalysis was attributed to the SiOH acidity, which existed as the cyclic dimer with enhanced

hydrogen-bonding capabilities.
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Figure 1.8. Si-OH acidification allows for catalysis of challenging Michael donor.

The catalytic activity of various disiloxanediols was evaluated for the addition of 1.13 to
1.15 (Figure 1.9).9 At loadings of 20 mol % and 10 mol %, disiloxanediols 1.28a-b catalyzed
the reaction in good yields (up to 70%). Unsymmetrical disiloxanediol 1.28¢ appended with
electron-withdrawing groups exhibited increased catalytic activity at 5 mol% and resulted in high
yield (91%). An in-depth kinetic study using a Reaction Progress Kinetic Analysis (RPKA)®
protocol, suggested a monomeric active catalytic species with no self-association (as had
previously been observed by silanediols).?*?> Self-association of disiloxanediols was determined

to not hinder activation. The catalytically active species was determined to be the monomer

under all catalytically relevant conditions.
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Np = 1-naphthyl; NpF= 4-fluoro-1-naphthyl.
Figure 1.9. Catalytic activity for a collection of 1,3-disiloxanediols 1.28a—c.

Disiloxanediol catalysts were explored in the addition of silyl ketene acetal 1.29 to N-acyl
Mannich reaction of 1.30 (Figure 1.10). Monosilanol 1.30 and silanediol 1.23¢ resulted in lower
catalytic activity compared to disiloxanediol 1.28b. Similar to the results of the trans-f-
nitrostyrene addition to indole, this study revealed 1,3-disiloxanediols as the most effective
catalyst. The study suggested that activation proceeds through a monomeric species. Prior studies
have demonstrated the ability of 1,1,3,3-tetraphenyldisiloxanediol®” and BINOL-derived
silanediols to bind anions.®® The Si-O-Si linkages present in disiloxanediols were seen as
advantages to explore for hydrogen-bonding ability. Disiloxanediols were highlighted as a new

class of organocatalysts.

10



N
™ 1. TrocCl, PhMe N_ O
_N 2. catalyst (20 mol%) \ﬂ/

— ° (@]
129 50 °C, 40 h MeO,C
OTBS 1.32
OMe HPr, NpF
1.31 Pr=Si \S\i_NpF
0 o
H H

Ph Ph Ph Ph o FPre 5 Npf N ‘clo

S\ Ay I SN N_ _O.__CCl
P’ ‘OH HO™ "OH OH OH Zoy
1.30,18% 1.23c, 64 % 1.28b, 78 % o)

Figure 1.10. Silanol groups of 1,3-disiloxanediols effective for anion binding catalysis.

1.5 Methods to Access Silicon-Stereogenic Silanols

The synthesis of chiral-at-silicon compounds is a topic of rapidly growing interest for
application in the fields of materials science,'!36%79 medicinal chemistry,”'~7> and synthetic
chemistry.?>-61:76-34 Efforts towards synthesis of chiral-at-silicon compounds have primarily
focused on monohydrosilanes, with Si-H insertion and hydrosilylation catalyzed by a chiral
transition metal complex receiving the most attention.32#3-%° Early work was focused in two
areas described below.

Since prochiral silanones are not accessible, this has dramatically affected the approaches
available for the asymmetric synthesis of silicon-stereogenic silanols. Chiral silanols have been

91-93

synthesized through 1) resolution of racemates and 2) transformations of enantioenriched

stereogenic-silicon precursors.”* %

Early advances in the resolution of racemates for the
synthesis of chiral silanols was investigated by two groups (Figure 1.11). Miyazawa and co-
workers demonstrated the first example of the kinetic resolution of (+)-cyclohex-1-enylsilanol

1.33 by the Sharpless asymmetric epoxidation (Figure 1.11A).°! The desired 1,3-

epoxycyclohexylmethylphenylsilanols 1.34 and 1.35 were prepared with a stoichiometric

11



Sharpless epoxidation of 1.33 and proceeded steadily to form a diastereomeric mixture (3:1) in a
43% combined yield with 32% recovery of starting material. The enantiomeric excess (ee) was
determined by 'H NMR spectroscopy using Eu(hfc)s. Hiyama and co-workers harnessed the
power of alkylative cleavage of a cyclic siloxane for the synthesis of novel chiral silanols (Figure
1.11B).”? Cyclic trisiloxane 1,3,5-tris(3,3,3,-trifluoropropyl)-1,3,5-trimetjylcyclotrisiloxane (DsF)
1.36 was treated with alkenyllithium and afforded alkenylsilanol 1.37 in 84% yield. Optical reso-

lution of silanol 1.37 was performed by HPLC, which indicated clear separation.

(A) Kinetic Resolution of (+)-cyclohex-1-enylsilanols (Miyazawa 1992)

O\ _on —TOPa (+)-DIPT O\“O.,OH + @O_,OH
Si Si Si

Si 'BUOOH, CH,Cl, Si Si
Ph CHj —20°C, 48 h Ph CHj Ph CHj3

1.33 1.34, 8% ee 1.35, 15% ee
1.34:1.35 = 3:1 , 43% combined yield

(B) Optical Resolution of cyclotrisiloxane (Hiyama 1999)

CF
HiC, ,— ’
/Si\

CFs
H —
FSC_\_(? Q RLi s
Si___si~CHs Et,O ~OH
HG © 0°Ctort, 15-28 h |
Ph

136 Nop, R =C6HSCH=CH- 137 84.%

. 3 O, )
[O(]D =+ 15.8
[a]D =-15.6

Figure 1.11. Resolution of racemates for the synthesis of chiral silanols.

The stereoselective transformations of enantioenriched silicon-stereogenic precursors
have been widely utilized® with interesting advances discussed below (Figure 1.12). For
example, Sommer and co-workers reported the hydroxylation of optically active methylnaph-
thylphenylsilane 1.38 with perbenzoic acid (Figure 1.12A).%° Using an excess of perbenzoic acid
a 49% yield was obtained of optically active methylnaphthylphenylsilanol 1.39. The reaction was

reported to proceed with at least 93% retention of configuration based on optical purity of the

12



product. A mechanistic model was proposed for the hydroxylation. The electrophilic attack at the
silicon-hydrogen bond was described as the essential feature of the mechanism as opposed to a
nucleophilic substitution by a benzoate anion. Instead, the electrophilic attack at the silicon-
hydrogen bond was described as the essential feature of the mechanism. Nakai and co-workers
presented an elegant study of a novel 1,4-aryl migration that occurs on B-fert-butyldiphen-
ylsiloxy cyclic heminal 1.40 that proceeded in a highly stereoselective manner (Figure 1.12B).%¢
The preparation of aminal 1.41 followed from B-tert-butyldiphenylsiloxy cyclic heminal 1.40
subjected to K10 clay in benzyl alcohol. To the surprise of the Nakai group, the unexpected
phenyl migration from 1.41 to 1.42 proceeded in moderate yield (50%) and as a single diastere-
omer. Treatment of 1.21 with n-BuLi provided chiral benzyloxysilanol 1.43 in good yield and
excellent enantioselectivity (87% yield and 95% ee). The synthesis of enantioenriched alkoxysi-
lanols was unexpectedly discovered and allowed for efficient access to synthetically valuable

compounds.
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(A) Hydroxylation of Aryl Silane (Sommer 1972)

PhCOzH OH
er si” + PhCO,H

benzene, rt, 12 h

\ / N\
PH CH, Ph' CHg
1.38 1.39, 49 %
[a]p =—15.8° [a]p = —23°

(B) Aryl Migration for Enantioenriched Alkoxylsilanols (Nakai 1999)

IBoc IBoc IBoc
N BnOH N N
QMOH K10, 4 A MS QMOBn Q‘Ph
R ————— +
Ph CH?ICAQ’ rt Ph b Ph
°Si, “Si, S,
tBu” Ph t-Bu” Ph t-Bu” 'OBn
(5)-1.40 1.41 1.42, 360%
| 51% T >95 % dr
Boc

!

N

Qph n-Bui HO. P
THF B’ 0B

o. P _78°Ctort

P (5)-1.43, 87 %
+Bu” OBn 95 % ee
140 [o]p = —13.5°

Figure 1.12. Interesting stereospecific transformations of enantioenriched silicon-stereogenic
precursors for the synthesis of chiral silanols.

Although the resolution of racemates and stereospecific transformations of
enantioenriched silicon-stereogenic precursors were attractive methods to access chiral silanols,
there remained a need for asymmetric methods. Notably, many methods have been investigated
for the stereoselective oxidation of enantioenriched silanols (Figure 1.13). Sommer and co-
workers reported the first example that was described in detail in the previous paragraph and
reiterated for completion (entry 1).”° The stereoselective oxidation methylnaphthylphenylsilanol
1.39 using an oxaziridine was reported to proceed with 99% retention by the Adam, Mello and
Curci groups (entry 2).!% The DMDO oxidation of 1.39 was reported to proceed with excellent

yield and stereoselectivity.!®! Adam and co-workers reported the synthesis of 1.39 using MTO
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(methyltrioxorhenium), UHP (urea-hydrogen peroxide adduct) (entry 3).!°? Catalytic amounts of
Mes:Te!® or (TBA)4[y-SiWi0034(H20)2]'%* afforded 1.39 in high stereoretention (entries 5-6).
Surprisingly, [RuCly(p-cymene)]>,'% Raney nickel,'% and Pd/C methods delivered chiral
silanols 1.39 and 1.45 with inversion of stereochemistry (entries 7-9). Ru complex (RuHAP)

produced chiral silanol 1.46 with high inversion of stereochemistry (entry 10).17

1 H _ Soluble oxidant or 1 .
R ~si” insoluble solid oxidant R Sgit OH
/ /
R2 \RS RZ \RS
1.39, R' = Ph, R2 = 'Np, R® = CHj4
1.44 1.45, R" = Ph, R? = t-Bu, R% = n-Bu
1.46, R' = Et, R> = CH3, R® = Ph
entry substrate reagent (o/yo ;eld stereoselectivity
1 1.39 CsHsCOsH 49 93% retention
2 1.39 oxaziridine N/A 99% retention
3 1.39 DMDO >98 95% retention
4 1.39 MTO, UHP 96 94% retention
5 1.39 Mes:Te, hematoporphyrin 79 93% retention
6 1.39 (TBA)4[y-SiW10034(H20)2] >95 93% retention
7 1.39 [RuClz2(p-cymene)]2 97 74% inversion
8 1.39 Raney nickel, H.O 97 94% inversion
9 1.45 Pd/C, H.O 96 81% inversion
10 1.46 RuHAP, O2 N/A 99% inversion

Figure 1.13. Methods for the oxidation of enantioenriched hydrosilanes.

In 2008, Tomooka and co-workers reported the first example of an enantioselective

synthesis of a silanol (Figure 1.14).!%8

The Tomooka group found seven-membered cyclic silane
1.47 to provide alkoxysilanes 1.49 using bisoxazoline 1.48. Alkoxysilanes 1.49 were converted
to chiral silanols 1.50—1.53 via Birch reduction in good yields and a spectrum of enantioselectivi-

ties, ranging from 21 to 84 % ee. DFT calculations revealed the reaction was a retentive process

that involved the apical attack and departure for the formation of chiral silanols.
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RSLi (3.0 equiv)

Li : \/
1 (@] . 1 1 '
R\si (S,5)-1.48 (3.0 equiv) R\sr“OR NHg-THF R\sr“OH | { }
R o hexane A —78 °C A \_N N

R2 R3 R2 R3
1.47 1.49 1.50 —1.53 (5,5)-1.48
R OH 1.50, (R' = Ph, R? = t-Bu, R'=n-Bu): 89 %, 55% ee
S 1.51, (R1 Ph, R2= t-Bu, R'=CHj,): 98 %, 21% ee
RZ/ e 1.52, (R' = CH3, R2=Ph, R'= tBu): 85 %, 66% ee

1.53, (R'= CH;, R?=Cy, R'= t+Bu): 76 %, 84% ee
Figure 1.14. Desymmetrization of alkoxysilanes for the asymmetric synthesis of silanols.

The asymmetric synthesis of enantioenriched silicon-stereogenic silanols from prochiral
silanols was reported by Zhao and co-workers (Figure 1.15).1%° An Ir-catalyzed enantioselective
C—H silylation of prochiral diarylsilanols 1.54 was followed by a regioselective and stereospe-
cific ring-opening. Prochiral diarylsilanols 1.54 were converted to the corresponding siloxanes
1.55. The Ir-catalyzed asymmetric intramolecular C—H silylation gave the corresponding ring-
closed product 1.57. Organolithium reagents cleaved the Si—O bond giving enantioenriched

silanols 1.58-1.61 in high yields and selectivities.

OH
FBU 7 SiEt,R3

U O 158 R®=CHy:93%, 93% e />

S .
Ph’ I‘Ar 1.58, R3 = vinyl : 95 %, 93% ee
1.60, R3= Ph : 88 %, 93% ee
1.54 1.61, R® = -4-N-methylindole : 93 %, 93% ee
3 .
H,SiR2, RLi
Ir- cat s'l:ltl;sct

[Ir(COD)CI], (2-5 mol%)
NBE (0-2 equiv), solvent

t'B“\ LOSiR?, 45 80 °C, 36-72 h
/ \
« LDy @
157

1.56 (4.5 - 12.0 mol %)
Figure 1.15. Ir-catalyzed asymmetric synthesis of chiral silanols from prochiral silanols.
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In 2022, He and co-workers developed an efficient enantioselective synthesis of silicon-
stereogenic silanols involving the catalytic asymmetric hydroxylation of prochiral silanes (Figure
1.16).!'° The hydroxylation of prochiral silanes 1.62 to enantioenriched silanols 1.63a—d was
achieved with a Rh catalytic system using pre-catalyst (S,S)-Ph-BPE. The process was efficient
for electron-deficient silanol 1.63a and proved suitable for the late-stage functionalization of
complex molecules 1.63b—d and many other examples not shown. Mechanistic studies suggested
that water was involved in the rate-determining step. The He methodology proceeded with high

atom economy, good functional-group compatibility, and provided H> as the sole byproduct.

[Rh(COD)Cl], (1.0 mol %)

Ph
Ph
P—\_ p
g P
Ph ;j
Ph

R1\3KH (S,5)-Ph-BPE (2.5 mol %) RLSiA\\OH |
/ - } :
R2 \H THF, rtor 15 °C o \H :
1.62 1.63a—d |

(S,5)-Ph-BPE

F 1.63b, 94 %
1.63a, 92 % 92 % de
93 % ee
e o % .OH
H.C. O .
X \
H3C O y O H
:\O Cy, \OH e
1.63c, 70 % Si 3 1.63d, 80 %
30 % ee \? 'o 93 % de
TBSO" H

Figure 1.16. Catalytic asymmetric hydrolytic oxidation of prochiral silanes.

Methodologies for the desymmetrization of prochiral silanediols were developed concur-

113

rently by the He '!! and Oestreich!!? groups with the development in the Franz group.!'?® In
y by group P group

2022, the He group expanded their use of (S,5)-Ph-BPE as a pre-catalyst for the Cu-catalyzed
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desymmetrization of prochiral silanediols towards enantioenriched silanols (Figure 1.16).!!! The
intermolecular dehydrogenative coupling of prochiral silanediols 1.64 with hydrosilanes 1.65 in
the presence of Cu(CH3CN)4PFg and (S,S)-Ph-BPE successfully produced siloxanols 1.66a—f in
good to excellent enantioselectivities. Mechanistic investigations through DFT calculations
revealed the process generated an active copper hydride species. Silanediols and hydrosilanes
underwent a sequential 6-bond metathesis that produced chiral siloxanols. DFT calculations
determined the o-bond metathesis between silanediols, and the active copper hydride species
determined the enantioselectivity of the process. The reaction featured high atom economy,

yields, ranging from 53 to 80 %, and excellent enantioselectivities with Hz as the sole byproduct.

| Ph
R! - | Ph
Cu(CH3CN)4PFg (5 mol %) t-Bu ! =] F
2 3 4 6 R |
OR . hsp,  (S.S-PhBPE (2.5 mol %) O s g
., ptBu 2> BUOLI (20 mol%) on e
. PhMe, 35 °C R i o
1.64 1.65 1.66a—f ' (S,59)-Ph-BPE
2 .
RtBu, o R PPy o Ph "Ny Ph
S si-g w§Si-ph " Si-pp
OH H OH H OH H
R1
1.66a, (R' = R2=H, R = Ph): 72 %, 90 % ee
1.66b, (R'=H, R?= SCH;, R=Ph): 63 %, 80 % ee 1.6, 68% 1.66f, 75%
1.66¢, (R' = OCF3, R2=H, R = Ph): 70 %, 90 % ee 79% ee 74% ee

1.66d, (R' = R2=H, R = Et): 52%, 72 % ee
Figure 1.16. Cu-catalyzed desymmetrization of prochiral silanediols.

In 2023, the Oestreich group developed the monosilylation of prochiral silanediols!!?

using List’s counteranion-directed silylation method (Figure 1.17).!'* An
imidodiphosphorimidate (IDPi) enabled the enantioselective discrimination of the two hydroxyl
groups of the silanediols for the production of siloxanols in good to great selectivities. The strong

Brensted acidity of IDPi enabled the silylation of silanediols 1.67 through activation of
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allylsilanes tert-butyldimethylsilyl (TBS) 1.68a and trimethylsilyl (TMS) 1.68b. The reaction
was optimized using the He group’s lead substrate phenyl(ferz-butyl)silanediol. When paired
with 1.68a, phenyl(zert-butyl)silanediol was found to perform in moderate to good yields and
selectivities (1.69a—e) and tolerated 4-position substituents well. Naphthyl(zert-butyl)silanediol
resulted in good yield and selectivity for 1.69f (90% yield and 80% ee). Enantioselectivity was
eroded for diaryl silanediols. The loss of the tert-butyl group resulted in siloxanols 1.69g—i with
good yields and poor selectivity. The authors provided mechanistic insight through control
experiments involving the reaction rates of the fast and slow-reacting enantiomers. The minor
disiloxane enantiomer resulted in the achiral trisiloxane byproduct that enhanced the overall
enantioselectivity. Thus, the high enantioselectivities obtained with tert-butyl-substituted

silanediols were the result of a desymmetrization-kinetic resolution sequence.

| iSO
N Re  IDPi (1 mol%) L ;o
s 2" GHyClp, 0°C OV o NH N
Sl , : so
HO OH N ! 2
HO OR2 ' RF RF

1.67 (1.5 equiv) 1.69a-i |
1.68a (R2 =TBS) ' IDPi
1.68b (R2 = TMS) ! Ar = 4-SF.Ph, RF = C,,F;
O S
| . O C O
s O o P - P . Pn
HO  ‘OTBS HO OTBS AN 2N si
HO OTBS HO OTBS HO \OTMS
1.69a, 65 %, 92 % ee
1.69b, (4-CHsPh): 82 %, 88 % ee . . . o
1.69c, (4-OCHyPh): 68 %, 92 % ce 169,90 % 1699, 48 % 1.69h, 87 %, 189 0

1.69d, (4-FPh): 63 %, 92 % ee
1.69e, (4-CF3Ph): 83 %, 86 % ee

Figure 1.17. Chiral counteranion-directed desymmetrization of prochiral silanediols.

The introduction has highlighted and discussed the burgeoning field of asymmetric
organosilanol synthesis from the landmark discovery of Landenburg to the influences from silica

gel catalysis. A brief overview of the development of silanols as catalysts in the Franz group was
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presented. Strategies for accessing silicon-stereogenic silanols were highlighted. The recent
development of two methodologies for the desymmetrization of prochiral silanediols was

introduced. The influence of the all the above studies will be elaborated in subsequent chapters.

1.6 Overview of Dissertation

My research is focused on the theme of accessing silicon-stereogenic centers and will be
presented in two chapters (Figure 1.18). The asymmetric synthesis of silicon-stereogenic
siloxanols from prochiral silanediols created a space for the design and synthesis of novel
silanediol substrates. Silanediols with aryl-isobutyl groups resulted in higher levels of
enantioselectivities and informed the substrate scope. The desymmetrization reaction provided
access to chiral 1,3-disiloxanediols for their evaluation as a new class of hydrogen-bonding
organocatalysts. A central method used to probe the solution-state hydrogen-bonding interactions
of organosilanols were the analyses of 'H NMR binding studies which informed the exciting

opportunities for the future design of silanediols.

Desymmetrization
of
Silanediols

Chiral
1,3-Disiloxanediols

A . R1 R Ph
: '«S/ Novel \\Si ’O\S'/ Novel
S\, Substrates Ary Y'~Ph  Organocatalysts
HO OH OH OH
HSC‘N ,
Organocatalyst \|( Interesting
Analogs N\_N Reactivity

Figure 1.18. Overview of my research presented in dissertation towards the synthesis of silicon-
stereogenic centers.
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Chapter 2 will discuss my contributions to the organocatalytic asymmetric synthesis of
silicon-stereogenic siloxanols (Figure 1.19A).!!* The development of an organocatalyst is
described. A small collection of organocatalyst analogs were synthesized and tested. The lack of
catalytic activity of these analogs proved that the imidazole moiety of the organocatalyst is
crucial for catalysis. A delve into the expansion of substrate scope is described. An optimal route
was established for future access to novel prochiral silanediols. Verification of the solid-state
interaction between the organocatalyst and the silanediols were investigated with binding studies
conducted via '"H NMR analyses with a correlation between enantioenrichment and catalyst

binding described.

A) Desymmetrization of Prochiral Silanediols

H-bonding catalyst
A, R il
Si + CI—Si—-R3
HO™ “OH R
1.70 1.71

Ar, /R1 P|h
“Si + CI—Sll—Ph
HO" "OH H
1.70 1.73
Two possible modes of activation
R! R!
\S-/O\ /Ph \ ./O\ /Ph
Arm || SI\Ph -or- Arnn\sl SI\Ph
| I I
" O
E* B+

Figure 1.19. A) Desymmetrization of prochiral silanediols and the pursuit of novel substrates. B)
Synthesis of chiral 1,3-disiloxanels as a new class of hydrogen—bonding organocatalysts.
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Chapter 3 outlines the synthesis of chiral 1,3-disiloxanediols via the desymmetrization of
prochiral silanediols (Figure 1.19B). A small collection of chiral 1,3-dsiloxanediols were
synthesized. New insights were obtained regarding the relationship between prochiral silanediols
and diphenylchlorosilane — the reaction partner necessary for the synthesis of chiral 1,3-
disiloxanediols. Chiral 1,3-disiloxanediols were explored as a new class of hydrogen-bonding
organocatalysts. With two possible available modes of activation, the acidity of the Si-OH
groups in chiral 1,3-disiloxanediols may offer enhanced catalytic activity in asymmetric
transformations. Successful syntheses of chiral 1,3-disiloxanediols were found to be
concentration dependent. The solution-state hydrogen-bonding interactions of chiral 1,3-
disiloxanediols have been explored with pyridine. Disiloxanediols were found to bind weakly to
pyridine with neutral Lewis bases expected to exhibit better binding affinity. Preliminary
investigations demonstrated that chiral 1,3-disiloxanediols appended with electron-withdrawing
groups generally improved the catalytic activity for a Diels—Alder reaction. An understanding of

the activation modes will open exciting possibilities for chiral 1,3-disiloxanediol catalysis.
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Chapter 2: Studies Towards Understanding the Enantioselective
Synthesis of Siloxanols via Hydrogen-Bonding Organocatalysis*

2.1 Introduction and Background

This chapter presents my contributions to the organocatalytic asymmetric synthesis of
silicon-stereogenic siloxanols via the desymmetrization of prochiral silanediols.! The design,
synthesis, and evaluation of organocatalyst analogs is described. The screening for
organocatalyst analogs demonstrated that the imidazole is a key structural feature necessary for
the desymmetrization reaction. Efforts towards the synthesis of novel prochiral silanediols have
been evaluated, and a successful route for future access was established. The solution-state
hydrogen-bonding interactions were investigated and a correlation between enantioselectivity
and catalyst binding was determined.

The silylation of alcohols is a landmark protecting group strategy in organic synthesis.>?
In 1972, Venkateswarlu and Corey first reported the protection of secondary alcohols using tert-
butyldimethylsilyl chloride (TBSCI) and imidazole. The silyl group was cleaved under mild
conditions using fluoride reagents (Equation 2.1).* While this seminal work ushered in the use of
a silyl group as an advantageous protecting group, the use of imidazole prompted the
development of exciting methodologies towards the enantioselective silylation of alcohols.>’
The role of the Lewis base activation of Lewis acids became apparent in transformations involv-
ing silylated nucleophiles.®!2 These results provided fundamental knowledge for the role of
different chiral agents: 1) chiral transition metal complex activation of a silane, 2) chiral Lewis
base activation of a silyl chloride, and 3) chiral Brensted or Lewis acid activation of a silyl amine
(Figure 2.1A).13!° The desymmetrization of meso diols proceed through a chiral Lewis base

activation of a silyl chloride followed by enantioselective silylation of the alcohol (Figure 2.1B).
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e} (0]
QJQ TBSCI (2.5 equiv) Q%
N imidazole (5.0 equiv) S

DMF
35°C, 10 h
Y “CH,O0R > “CH,0R
HO TBSO
2.1 2.2, 96%

Equation 2.1 Secondary alcohol protection developed by Corey.

A) Kinetic Resolution

RsSi—H
Chiral Transition Metal Complex
R3Si—Cl
OH Chiral Lewis Base ?H + OSiRs
R OR2 R OR2 R OR2
RsSi—NR; /
Chiral Brgnsted or Lewis acid
B) Desymmetrization
HO  OH ReSi—Cl HO  OSiRs
R R2 Chiral Lewis Base R R2

Figure 2.1 Methodologies for the enantioselective silylation of alcohols.

The earliest report of a Lewis base-mediated catalytic enantioselective silylation of a
secondary alcohol was reported by Ishikawa and coworkers in 2001.!¢ The Ishikawa group
surveyed a collection of chiral guanidines for the resolution of indan-1-o0l 2.3 to 2.6 and 2.7
(Scheme 2.1). The modest selectivity for the formation of 2.6 was achieved with chiral guanidine
2.4 and exhibited a slow reaction rate. Chiral bicyclic guanidine 2.5 improved selectivity for the
formation of 2.7 using TIPSCI with an increased rate of reaction rate. Notably, the chiral guani-
dines could be recovered. The Ishikawa group hypothesized that the mechanism proceeds
through formation of a chiral silylguanidinium salt, which was supported using preliminary 'H
NMR studies. This work supported the development of future catalytic enantioselective silylation

reactions of alcohols.
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IN>:N/—Ph
ph” N (0.5 equiv) QTBS OH
2.4 CH, +
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@ Ph:: J"CHS OTIPS OH
i, o7 o
TIPSCI (0.5 equiv)

CHyCly, t, 6 days 2.7, 79 % 2.8

79:21 er
Scheme 2.1 Ishikawa chiral guanidines for early Lewis base-mediated enantioselective
silylations of alcohols.

In 2008, the Wiskur group first developed an enantioselective Mukaiyama aldol process
and noted the chiral ammonium salt was responsible for promoting the kinetic resolution of the
alkoxide enantiomers and laid the groundwork for the subsequent studies described.!” Later in
2011, Wiskur identified (-)-tetramisole 2.10, an isothiourea Lewis basic heterocyclic catalyst,
capable for the silylative kinetic resolution of secondary alcohols (Scheme 2.2A).'¥ Tsothiourea
2.10 was shown to be an effective catalyst for benzylic alcohols at 25 mol %, with unhindered
bicyclic benzylic alcohols selective for this method. Hindered and acyclic benzylic alcohols were

not selective.
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A) (-)-Tetramisole-catalyzed silylation

S—__N
A
OH N
2.10(25 mol%)
i-ProNCHE, (0.6 equiv)
Ph4SiCl (0.6 equiv)
29 THF, 4 AMS, 78 °C

12 examples
up to 95:5 er

B) (+)-Benzotetramisole-catalyzed silylation
Ph
J_ 0 0
2 14 (25 molo)  © PhsSIO,,
X 4 X
i-ProNCHEt, (0.6 equiv) R N R N
Ph3SiCl (0.6 equiv) R R

THF, 4 AMS, -78 °C 2.1 2.16
15 examples

X =0, NAr .
n=12 up to 97:3 er

Scheme 2.2 Contributions by Wiskur and co-workers to the silylative kinetic resolution of
alcohols.

The Wiskur group expanded their methodology to include the kinetic resolution of a-hy-
droxy lactones and lactams 2.13 (Scheme 2.2B).!° In this study, (+)-benzotetramisole 2.14 served
as an effective catalyst at 25 mol % with an expanded substrate scope compared to their initial
methodology. Under these conditions, the selectivity of the resolution was significantly increased
with the presence of additional steric bulk near the reactive alcohol group (i.e., § position). This
efficient method represented the first reported nonenzymatic resolution for this class of
compounds. Although impressive work was investigated using kinetic resolution,
desymmetrization methods were needed to increase theoretical yields for wider applicability in
organic synthesis.

In 2006, Hoveyda and Snapper reported the enantioselective silyl protection of meso-1,2-
diols promoted by an imidazole catalyst 2.18 (Scheme 2.3).2° Although the methodology

required long reaction times and 20-30 mol % catalyst loadings, yields and selectivities were
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good to excellent. The substrate scope features cyclic meso-1,2-diols and one acyclic example
that performed with excellent selectivity (95:5 er). Extensive catalyst analog studies allowed for
understanding of the structural features that promoted the enantioselective silylation. Changes to
the Lewis base and chiral amino acid were made to the catalyst analogs. From these studies, an
activation model emerged (Scheme 2.3). Hoveyda and Snapper proposed that the imidazole
coordinates to the silyl group via a Lewis base activation of the silyl chloride to favor nucleo-
philic attack by the oxygen of the diol. The proposed transition state model also invokes a two-
point binding mode with the carbonyl of 2.18 and amine both acting as a hydrogen-bond accep-
tors. The Hoveyda-Snapper methodology with 2.18 has also been extended to the kinetic resolu-
tion of vicinal syn-diols,?! the enantioselective silylation of terminal 1,2-diols,?? the regiodiver-
gent resolution of 1,2-diols,?® and the catalytic desymmetrization of meso triols.?*

Transition State Model

HaC tBu H tBu H
N N )ﬁ( N.__,tBu I HsC s N_ CHs
r T MNTVRTR
N 218 O CHs : &’ N0 +Bu
HO OH (20-30 mol %) TBSO OH N /H H
! 5 1 CH
i-Pr,NEt (1.25 equiv) B Sli';é\"_s) \O
RsSiCl (2.0 equiv), THF RO \ Q
2.17 2-5 days, —28 to 78 °C 219 tBu CHjg
TBSO, OH  TBSQ ~ OH TBSO - P e
2.20, 96 % 2.21,75% 2.22,93 % 2.23, 96 %
94:6 er 97:3 er 96.5:3.5 er 97.5:25er
TESO  OH TIPSO  OH
TBSO) (OH TBSO~ G _OH
HyC  CHjg
2.24,84 % 2.25, 54 % 2.26,94 % 2.27,71 %
95:5 er 90.5:9.5 er 93:7 er 96.5:3.5 er

Scheme 2.3 Hoveyda and Snapper catalytic desymmetrization of meso-diols and proposed
transition state model.
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In 2011, the Tan group developed a desymmetrization of a small collection of meso-1,2-
diols using TBSCI with catalyst 2.29 (Scheme 2.4).2°-?6 Chiral imidazole 2.29 at 20 mol % is an
effective catalyst with high selectivities for acyclic and cyclic substrates. In contrast to the work
of Hoveyda and Snapper, the Tan group used a strategy that allows for the reversible formation
of a covalent bond with the diol substrates. Tan and co-workers incorporated the methoxyoxazol-
idine in catalyst 2.29 as a key structural feature that binds the alcohol moiety. When the diol is
bound to the catalyst, a free hydroxyl group is found to be in proximity and primed for silylation
by the activated imidazole (Scheme 2.4). This unique catalytic system required acidic buffer
additives to promote catalyst-substrate formation. The Tan group applied this methodology for
the regiodivergent resolution of 1,2-diols?’ and the kinetic resolution of 1,2-diols.?®

HaC FPr ipPr

e

HO, OH HsCO (20 mol %) TBSO OH

Covalent Desymmetrization
ipr FPT

H;\Cliv/l\ )w

N
N® }—0

PMP (1.2 equiv)

\
O
PMP-HCI (3 mol%) © SiHRg
2.28 TBSCI (2-4 equiv) 2.30 HO !
THF, 12-36 h, 4-20 °C
e o o0 TBSO OH TBSO OH
TBSO, OH  TBSO  OH SO TBSO  OH
o HsC CH,
2.31,79 % 2.32, 87 % 2.33, 82 % 2.34, 93 % 2.35,78 %
94.5:55er 95:5 er 95:5er 93.7 er 955 er

Scheme 2.4 Tan desymmetrization of meso-diols.

Inspired by the desymmetrization of meso-diols, the Franz Lab has developed the first
Lewis base-catalyzed silylation of prochiral silanediols to produce silicon-stereogenic siloxanols
(Scheme 2.5).! Silanediols were hypothesized to be capable for selective silylation of one

enantiotopic hydroxyl group by a Lewis base. Remarkably, the Hoveyda-Snapper catalyst 2.18 is
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an effective catalyst at 5 mol % for the silylation of prochiral silanediols. A wide range of
prochiral substrates were synthesized. Desymmetrization methodologies were developed by the
He and Oestreich groups and were published contemporaneously with our work. 23
Nonetheless, these contributions informed our substrate scope. Each of these methodologies
required using a fertbutyl(phenyl)silanediol to achieve high selectivities, which will be discussed
in more detail later in this chapter. Notably, the fert-butyl substituent on the parent silanediols
was not required using our methodology. Our organocatalytic method features isobutyl,
isopropyl, and n-butyl groups among a diverse class of aryl groups. The contributions by the He
and Oestreich groups allowed us to explore the synthesis of novel substrates which answered
questions about the unique aryl-alkyl system necessary around the silicon atom that led to high
levels of enantioenrichment. Additionally, we showcased a diverse scope of chlorosilanes with
structural features capable of further transformations. To understand the mechanism of silylation
for our methodology, I synthesized analogs and investigated the structural features of the
Hoveyda-Snapper catalyst followed by a venture into the substrate scope unknown that generated

many hypotheses for future exploration.
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Scheme 2.5 Franz lab desymmetrization of prochiral silanediols using the Hoveyda-Snapper
catalyst 2.18.

2.2 Importance of Hoveyda-Snapper Catalyst

To probe catalyst-substrate interactions in the solid state, Jacob J. Dalton, Ph.D.
performed crystallization studies and obtained a crystal structure of the complex between 2.18
and naphthalen-1-yl(phenyl)silanediol 2.39 (Figure 2.2, X-ray solved by James C. Fettinger,
Ph.D.).! This structure gave insight into the potential binding mode and mechanism of the
desymmetrization of prochiral silanediols with catalyst 2.18 The solid-state study revealed a
dual-binding mode in the catalyst-substrate complex with a two-point hydrogen-bonding interac-

tion. Here, the imidazole serves as a hydrogen-bond acceptor, with a distance of 1.74 A between
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the nitrogen of the imidazole and the hydrogen of the silanol (O-NH1.74 A). The amide NH
serves as a hydrogen-bond donor, with a distance of 2.14 A between the hydrogen of the amide
and the oxygen of the silanol (NH-O 2.14 A) (Figure 2.2). The enantiopure co-crystal suggests
that binding to a single hydroxyl group of 2.39 is responsible for generating the chiral

environment. Initial "H NMR binding studies supported these interactions in solution.

O H 2.39
y solved by

James C. Fettinger, Ph.D.

Figure 2.2 Crystal structure of the complex of the Hoveyda-Snapper catalyst 2.18 binding to
naphthalen-1-yl(phenyl)silanediol 2.39.

2.3 Design of Hoveyda-Snapper Catalyst Analogs

With the initial analysis of the organocatalyst-substrate complex, we sought to evaluate
the activation/binding mode that promotes the enantioselectivity for the desymmetrization
reaction. The enantioselectivity of the desymmetrization reaction could be influenced through
structural changes in the organocatalyst. To accomplish this, we recognized four structural
components 2.18 that can be modified: the Lewis base, the hydrogen-bond acceptor, the chiral
amino acid, and the hydrogen-bond donor (Figure 2.3). We then set out to design organocatalyst

analogs of interest.
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Figure 2.3 Structural components of 2.18.

Initial designs of organocatalyst analogs were based off the co-crystal (Figure 2.4). The
first design of catalyst analogs focused on substitution of the chiral amino acid and the chiral
center alpha to the hydrogen-bond donor. Targets 2.40-2.41 were designed based off of initial
studies by Hoveyda and Snapper indicating catalysts derived from valine with C-terminus
substituents phenyl and fert-butyl gave enantiomeric ratios as high as 91:9 er (Figure 2.4A).%°
The second design of catalyst analogs focused on replacing the Lewis base. The co-crystal
structure and "H NMR binding data revealed the imidazole has a key hydrogen-bonding
interaction. We envisioned that organocatalyst analogs that replace (or lack) the imidazole
component would allow us to investigate the role of the Lewis base during silylation (Figure
2.4B). In addition, Hoveyda and Sapper proposed an activation model for the catalytic
enantioselective silylation of (1R,35)-cyclopent-4-ene-1,3-diol where the imidazole served to
promote silylation providing meaningful precedent.?’ Specifically, targets 2.42-2.44 were
designed to investigate the effect of the aryl group. Pyridine derivatives have previously been
employed to promote silylation.>® Targets 2.44-2.47 propose to evaluate various pyridine
analogs with enhanced nucleophilicity. Lastly, targets 2.48-2.49 were designed to evaluate the
effect of the pyridine with different C-terminus substituents, i.e., phenyl and zert-butyl (Figure

2.40).
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Figure 2.4 Initial designs of organocatalyst analogs.

We refined the organocatalyst analogs of interest to a narrower focus (Scheme 2.5). It
was clear that the imidazole moiety was important to promote silylation in the system we
developed and, in the system developed by Hoveyda and Snapper. Therefore, the synthesis and
evaluation of targets 2.42, 2.44, 2.48-2.49 would accomplish our goal to test this hypothesis

while also exploring the importance of C-terminus substituents.
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Figure 2.5 Hoveyda-Snapper catalyst 2.18 and refined catalyst targets.

2.4 Synthesis of Hoveyda-Snapper Catalyst Analogs

The first syntheses performed were for organocatalyst targets 2.42 and 2.44 which most
closely resembled 2.18 (Scheme 2.6). First, Boc-fert-leucine 2.50 underwent an amide coupling
with EDC and HOB using chiral amine 2.51 resulting in the formation of N-Boc amide 2.52 in
excellent yield (90%). Compound 2.52 was then deprotected with 3.0 equivalents of 4.0 M HCI
dioxane at 0 °C for 1 hour and yielded quantitative conversion to amino amide 2.53. Rapid
derivatization of 2.53 using reductive amination would allow access to targets 2.42 and 2.44. The
benzyl target 2.42, synthesized by Jacob J. Dalton, was accessible in moderate yield (55%),
while 2.44 required optimization.

O EDC (1.1 equiv) t-Bu

H
R HoN___CHg HOBt (1.1 equiv) /\ /U\r
Ho/u\‘/ Boc + H -ProNEt (2.5 equiv) HsC
t-Bu t-Bu CH,Cl,, 1,16 h t-Bu
2.50 2.51 2.52 = 90%
0] t-?Bu 0 4 M HCl-Dioxane
)L + Hac/\N/U\rNHZ (3.0 equiv)
2Ar4 H o H o By 0°C,1h
54(Ar =
2.55(Ar = 2-pyridyl) 2.53
t-Bu
‘1)4AMS, CH,Cl,, rt 18 h AN N_ ,tBu
2) NaBH, (3.0 equiv), TH Y
HCI (20 mol%) O CHg

MeOH,0°tort,2h
2.42(Ar = Ph), 55%
2.44(Ar = 2-pyridyl), 9%

Scheme 2.6 Synthesis of analogs 2.42 and 2.44.
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The reductive amination of amino amide 2.53 was evaluated with various reducing agents
to optimize formation of target 2.44 (Table 2.1). Amino amide 2.53 was subjected to imine
forming conditions with 4 A molecular sieves (or MgSOs where indicated) to give imine
products, which were not purified after workup and exhibited 50% conversion via '"H NMR
analysis. Reduction of pyridyl imines formed using MgSO4 was evaluated with various reducing
agents at a constant time of 1 hour, where each reaction resulted in less than 5% conversion to
product (Table 2.1, entries 1-3). To improve conversion, the scale of the test reactions was
increased to 0.5 mmol with 4 A molecular sieves which afforded an increased conversion to
imines of 60% (Table 2.1, entries 4—-6). Molecular sieves were then utilized in the subsequent test
conditions to form imines for the reductive amination.

Table 2.1 Reductive amination conditions tested for analog 2.44.

tBu O . Q  1)4AMS, CH,Cl, tBu
H3C/\N)j\rNH2+ | X H rt '.|8 h N\ N/'\H/NYt-Bu
H 8y _ 2) Reducing Agent | P H O CH
(3.0 equiv) 8
2.53 2.55 HCI (20 mol %) 244
MeOH, 0 °C to rt
time
entry scale (mmol) reducing agent time (h) conversion *

1 0.20 NaBH4 1 <5

20 0.20 NaBH(OAc); 1 <5

3t 0.20 NaBH3CN 1 <5

4 0.50 NaBH4 3 <5

5 0.50 NaBH(OAc); 3 <5

6 0.50 NaBH:CN 3 <5

7 0.50 NaBH4 6 <5

8 0.50 NaBH(OAc); 6 <5

9 0.50 NaBH:CN 6 <5

: NaBH(OAc)s (1.5

10 0.50 equiv), AcOH, THF 18 <3

11 2.30 NaBH4 1 10

12 4.70 NaBH4 1 10 (9)

“Observed using 'H NMR spectroscopy. “MgSOs utilized in place of 4 A MS for imine formation. “One-pot
procedure.  Isolated yield.

43



The subsequent screening used 4 A molecular sieves and extended reaction times. It was
determined that the use of molecular sieves provided imines in higher conversions. The
conversion of imines increased slightly, from 50% to 60%, indicating that the use of the
molecular sieves suppressed imine hydrolysis which was deemed a contributing factor for the
less than 5% conversion to 2.44. With this understanding, longer reaction times were employed
for the reduction to improve conversion. Extended reduction times ranging from 3—6 hours
resulted in less than 5% conversion to 2.44 which was attributed to the imine hydrolyzing faster
than the rate of reduction (Table 2.1, entries 4-9). To reduce the rate of imine hydrolysis and
potentially improve conversion to 2.44, a one-pot procedure using NaBH(OAc)s was tested, also
resulting in less than 5% conversion (Table 2.1, entries 10). Encouragingly, there was a
noticeable difference seen with larger scale reactions which resulted in 9% yield of 2.44 (Table
2.1, entries 11-12). Finally, the optimization for the synthesis of 2.44 was completed using 4 A

molecular sieves and NaBH4 and 2.44 could then be tested in the desymmetrization reaction

(Scheme 2.7).

+Bu ) 4 AMS, CH,Cl, +Bu

o~ JKKNHZ O)L 18 h *m
2) Reducing Agent Q/\

tBu (3.0 equiv) CH3
2.55 HCI (20 mol %)
MeOH 0°Ctort
time

Scheme 2.7 Optimized conditions for the synthesis of organocatalyst analog 2.44.

The general synthesis for valine-containing targets follows the synthetic route of previous
targets discussed (Scheme 2.8). Boc-L-valine was subjected to amide coupling conditions in the
presence of DCC and chiral amines 2.51 and 2.57 to yield N-Boc amides 2.58-2.59 in low

conversion requiring optimization. Compounds 2.58-2.59 would be deprotected with 10

44



equivalents of TFA to give amino amides 2.60-2.61 that can readily be utilized in the optimized

reductive amination conditions identified for the synthesis of leucine-containing targets.

0] R O

H - H
N HeN__CH, DCC (1.1 equiv) Py J\rN\
HOJ\( Boc + = % CH,Cly, rt4g8h M€ N Boc
i-Pr R i-Pr
2.51 = +-Bu 2.58- 2.59
2.56 2.57 = Ph
o R e}
N - NH2 ' ‘
| N H + HBC/\N)H/ TFA (10 equiv)
Z H i-Pr CH.Cl,, rt2 h
2.55 2.60- 2.61 iPr

A H
‘ 1) 4 AMS, CH,Cly, rt 18 h N N)\H/NYR
2) NaBH, (3.0 equiv) | P Ho U e,
HCI (20 mol %)
MeOH,0°Ctort,1h 2.48-2.49

Scheme 2.8 Synthesis of analogs 2.48— 2.49.

The optimization for the amidation conditions with 2.59 was investigated with various
coupling agents (Table 2.2). Overnight amidation conditions with DCC and without base resulted
in low 25% conversion to product 2.59 (Table 2.2, entry 1). Notably, the same was true for
EDC/HOBLt and ethyl chloroformate conditions in the presence of base (Table 2.2, entries 2-3).
To improve conversion to product 2.59, longer reaction times allowed for an increased
conversion using DCC (Table 2.2, entries 4—6). A combination of N,N,N,N-
tetramethylchloroformamidinium (TCFH) and N-methylimidazole conditions have been used for
challenging couplings of hindered carboxylic acids.*! To reduce the reaction time, the
TCFH/NMI conditions were tested, resulting in less than 5% conversion to 2.59. The optimized
protocol for the synthesis of 2.59 involved using DCC at extended reactions time and was ready

for subsequent steps in the synthesis.
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Table 2.2 Amidation conditions tested to access 2.59.

Q H H,N_ _CH o 9
)H/N\ , 2'~~""8  Conditions Py /U\‘/NHQ
HO Boc z H;C N
Ph H
i-Pr i-Pr
2.56 2.57 2.59
entry coupling agents base solvent  time (h) temp conversion “

1 DCC N/A DCM 18 rt 23
2 EDC, HOBt DIPEA DCM 18 rt 25
3 CI(CO)CH2CH3 TEA THF 18 rt 20
4 DCC N/A DCM 48 rt 70
5 EDC, HOBt DIPEA DCM 48 rt 33
6 CI(CO)CH2CH3 TEA THF 48 rt 37
7 TCFH, NMI N/A CH3CN 24 rt <5

“Observed using '"H NMR spectroscopy.

2.5 Discussion of Hoveyda-Snapper Catalyst Analogs for Desymmetrization of
Prochiral Silanediols

With catalyst analogs 2.42 and 2.44 in hand, we evaluated their efficacy in the
desymmetrization reaction (Scheme 2.10). Catalyst 2.42, which features a phenyl ring, did not
catalyze the reaction leaving only unreacted starting material 2.36a. Replacement of the
imidazole ring with pyridine for catalyst 2.44 resulted in no reaction and only recovered starting
material. The results of catalysts 2.42 and 2.44 support that the imidazole plays a key role to
promote silylation in the desymmetrization reaction. In tandem with my design of organocatalyst
analogs, my colleague Jacob J. Dalton, Ph.D. synthesized and tested valine-derived imidazole
analogs 2.62-2.64. Amino alcohol 2.62 resulted in no reaction. Targets 2.63—2.64 exhibited
slight reactivity with no selectivity. From these results, it is concluded that the imidazole was the
only Lewis base capable, among those screened thus far, of promoting silylation in the
desymmetrization reaction. Given these results, the remaining organocatalyst analog targets were

no longer synthesized and tested.
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Ph iBu Ph

I catalyst (5 mol%) N\ O,
+ Cl—Si—-Ph — - wSiT g L
o i-ProNEt, a-pinene on 4 Ph
3 PhMe, —78 °C, 16 h CHg
2.37a O 2.38aa
N t-Bu -Bu
A N
Y WYY
(@] CH3 = (6] CH3
2.42 = 0%, unreacted SM 2.44 = 0%, unreacted SM
HsC -Pr  -Pr HsC -Pr iFPr O HsC -Pr FPr O
\ \ \
@AHAOH {W/LH)\O)L% {YLHkOkPh
\_N \_N \_N
262=0% 2.63 =50 % 264=15%
54:46 er 54:46 er

Scheme 2.9 Organocatalyst analogs results for the desymmetrization of isobutyl(naphthalen-1-
yl)silanediol 2.36a.

2.6 Discussion of Interest in New Prochiral Silanediol Substrates

Concurrent with our work to develop the desymmetrization of prochiral silanediols, two
asymmetric methods were recently reported for the desymmetrization of prochiral silanediols to
access enantioenriched siloxanols (Figure 2.5).2>*° He and co-workers reported a Cu-catalyzed
intermolecular dehydrogenative coupling of silanediols with hydrosilanes. The He group
methodology was optimized with tert-butyl(phenyl)silanediol and diphenylsilane. In their
methodology, the silane reaction partner was limited to diphenylsilane. Silanediols decorated
with isopropyl, cyclohexyl, naphthyl and 2,6-dimethylphenyl and lacking the tert-butyl
substituent (4 out of 25 substrates) exhibited up to 83% yield and 91:9 e.r. Zhu and Oestreich
utilized a counteranion-directed silylation methodology®? for the desymmetrization of zert-
butyl(phenyl)silanediol with allyl(zert-butyl)dimethylsilane and allyltrimethylsilane as a

limitation.*° Silanediols decorated with isopropyl, cyclohexyl, naphthyl and 2,6-dimethylphenyl
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and lacking the zert-butyl substituent (4 out of 18 substrates) exhibited up to 88% yield and 75:25
e.r. Both methods required the fert-butyl group as a key design feature responsible for high levels
of enantioenrichment. Interestingly, the desymmetrization of tert-butyl(phenyl)silanediol in the
Franz Lab resulted in complete loss of reactivity with unreacted starting material for 2.65 and a
lack of enantioselectivity (51:49 er) for 2.66. From these results, we determined that expanding
the scope of the desymmetrization reaction, primarily substrates containing mixed alkyl-aryl
groups with some aryl-aryl substrates, would provide valuable insight into the variation around
the silicon atom that leads to enantioinduction.

A) Desymmetrization of Prochiral Silanediols
Copper-Catalyzed (He 2022)

_ i Ph,
Ph /t-Bu M5 t'B“\ o R i i P
HO  OH (5 5)-Ph-BPE OH H | Ph
up to 83 % yield
upto98:2er (S,S)-Ph-BPE

[Si]=TBSorTMS ~"yp to0 96:4 er

Organocatalytic (Oestreich 2023) ,
: -Bu :
Ph, +-Bu /\/[SI] \ 0 !
57 7 pre'SIT NS
HO  "OH IDPi OH . O NH N
: so2
. up to 90 % yield RF RF A

IDPi
Ar = 4-SFgPh, RF = C4F;

B) Franz Lab Desymmetrization of Prochiral Silanediols

-B
1 t U\S,,O Ph
Ar, R R s o R oIH S'4‘Ph

/Si\ Ar o S'\RB R

HO" "OH OH R .
2.65, R* = CHs, 0 % (recovered SM)
up to 98 % yield 4_ o
CISiR, up to 98:2 er 2.66, R*=H, 32 %, 51:49 er

Figure 2.5 A) Methodologies reported for the desymmetrization of prochiral silanediols
concurrent with this work. B) Franz Lab methodology indicating lack of selectivity for prochiral
substrate necessary for previous methodologies.
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2.7 Synthesis of Prochiral Silanediols

With initial understanding of the activation mode for the desymmetrization reaction
through catalyst analogs, I turned my attention to expanding the scope of prochiral silanediols. A
small collection of aryl-isopropyl and aryl-isobutyl silanediols were synthesized to explore the
scope of the desymmetrization reaction.

Silanediols were first reported by Kipping in 19013 and have since been historically
challenging to access. Industrial processes to prepare siloxane polymers take advantage of the
instability of sterically small silanediols (i.e., dimethylsilanediol) to promote self-
condensation.**3¢ Previous work in the Franz Lab has employed two general strategies to
synthesize soluble, stable, and isolable silanediols that could avoid the propensity towards self-
condensation.>’* First, increasing the steric environment around the silicon atom (i.e., with
mesityl or naphthyl) and, second, the incorporation of electron-withdrawing groups allowed for
increased acidity and hydrogen-bonding.*°

In addition to employing the above strategy, the Franz Lab has optimized a procedure
with a silane hydrolysis step for access to modular silanol structures. Self-condensation and acid
impurities (i.e.,HCI) are commonly observed with the direct hydrolysis of chlorosilanes.*!*?
Thus, a Pd/C hydrolysis of silanes was valuable for access to pure silanediols. Chlorosilanes
2.67a-b was added quickly to aryl Grignards, made from commercially available aryl bromide
reagents (Scheme 2.10). The remaining Si—Cl bond is reduced in situ with LAH to yield silanes
2.68a—e that are purified by flash column chromatography or Kugelrhor distillation. Silanes

2.68a—e are carried forward to silanediols 2.69a—f via a Pd/C-catalyzed hydrolysis.

49



1) Mg (1.15 equiv)
DBE (0.15 equiv)
THF, rt 18h
2) RSiCl; 2.67a-b
Ar—Br (1.0 equiv)

THF, rt, 18 h
3) LAH (2.0 equiv),
-78°Cto rt,3h

2.69a, 67 %

Plh
Si—-OH
OH

R R
L Pd/C (10 wt%) (0.05 equiv) L
A S H H,O (10.0 equiv) Aol OH
H OH
THF, rt, 1 h
2.68a—e 2.69a—f
i-f’r i-Bu
|
Si\—OH Si—-OH
e O
HaC CH,
2.69b, 15 % 2.69c¢, 70 %
i-LT:u ]
Si-OH FBu
N ]@f on
HaC o
2.69¢, 9 % 2.69f, 7 %

2.69d, 3 %

Scheme 2.10 Synthesis of prochiral silanediols 2.69a—f.

2.8 Efforts Toward Substrate Scope Expansion

The synthesis of compounds with aryl variations on the silicon atom was attempted

applying nucleophilic substitution reactions (Scheme 2.11). Starting from Grignard or

organolithium reagents and the corresponding trichlorosilanes as electrophiles in THF, followed

by reduction with lithium aluminum hydride provided access silanes 2.70a—i. Interestingly, chiral

silicon centers have been shown to influence chiroptical materials yielding moderate quantum

yields and exceptional emission efficiency.*** Silanes 2.70a—c were of interest for promising

ligands for transition metal complexes.
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potential in OLED technology. Heterocycle-containing silanes 2.70d—i were of interest as novel
substrates and utilized in our desymmetrization methodology. If successful, the

desymmetrization of the corresponding silanediols of 2.70g—h were potential candidates as chiral



Grignard Lithiate
1) Mg (1.15 equiv)

DBE (0.15 equiv) i-Bu 1) n-BulLi (1.3 equiv)
Ar—Br THF, rt 18h : SI|—H THF, —78 C, 30 mln Ar—Br
2) i-BuSiCls (1.0 equiv) Ar” > 2) i-BuSiCl5(1.0 equiv),
t, 18 h H , 18 h
3) LAH (2.0 equiv), 2.70a-i 3) LAH (2.0 equiv),
-78°Ctort,3h -78°Ctort, 3h
I'_lBu i-?u i—E|3.u

2.70d 2.70e, 34 % 2.70f, 41 %
B i-I?u
iy Si-H +Bu
N\ SI\;H \H Si\—H
| = N (/\/©/ "
| 0
NS
2.709g 2.70h 2.70i

Scheme 2.11 Attempted synthesis of isobutyl-containing silanes 2.70a—i.

The results of the synthesis of silanes 2.70a—i are summarized (Table 2.3). Analyses of
the '"H NMR spectra of the unpurified mixtures of 2.70a—c revealed no silanes peaks present for
Grignard and lithiation reactions (Table 2.3, entry 1-3). For 2.70d, lithiation resulted in less than

5% conversion (Table 2.3, entry 4). Silanes 2.70e—f were accessed using the Grignard method
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(Table 2.3, entry 5-6). Silanes 2.70g—i were inaccessible from Grignard or lithiation reactions
with no visible silane peaks in the 'TH NMR spectra of the unpurified mixtures (Table 2.3, entry
7-9). Silanes 2.70e—f were upscaled and isolated in acceptable yields (34% and 41%,
respectively) and carried forward to the next step.

Table 2.3 Grignard and lithiation results for the synthesis of silanes 2.70a—i.

entry @ silane Grignard Lithiation
result? result?

1 2.70a no silane no silane
2 2.70b no silane no silane
3 2.70c no silane no silane
4 2.70d no silane <5 % conversion
5 2.70e silane no silane
6 2.70f silane no silane
7 2.70g no silane no silane
8 2.70h no silane no silane
9 2.70i no silane no silane

0.5 mmol scale. "Observed by '"H NMR spectroscopy.

Silanes 2.70e—f containing heterocycles and isobutyl groups were synthesized and
obtained in acceptable yields and carried forward to Pd/C hydrolysis. A series of conditions were
tested for the synthesis of silanediol 2.69e (Table 2.4). The initial small scale test reaction at the
standard 10 mol% of Pd/C produced 2.69e in 9% isolated yield (Table 2.4, entry 1). Encouraged
by this initial lead result for a novel compound, a large-scale (5.16 mmol) reaction was
attempted, but unsuccessful, resulting in protodesilylation (Table 2.4, entry 2). Additionally, a
small-scale test reaction (0.2 M) was unsuccessful and resulted in protodesilylation (Table 2.4,
entry 3). Protodesilylation was independent of concentration and reaction scale. A stoichiometric
loading of Pd/C at 0.73 mmol scale produced 2.69e in 9% yield (Table 2.4, entry 4). Attempts to
verify this result with 10 mol% of Pd/C at small scales resulted in protodesilylation (Table 2.4,
entry 5—6). When Pd/C was sourced from Strem, the synthesis of 2.69e was successful and
resulted in 8% isolated yield (Table 2.4, entry 7). To test if the Pd/C source was the contributing

factor to protodesilylation, a reaction at a 1.66 mmol scale was investigated using Pd/C sourced
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from Sigma-Aldrich (Table 2.4, entry 8). TLC reaction progress monitoring for a 1.66 mmol
scale at 0.2 M (entry 8) resulted in no consumption of starting material after 18 hours. When the
temperature was increased to 40 °C for 1 hour, TLC reaction progress monitoring indicated
consumption of starting material but resulted in protodesilylation. Pd/C sourced from Strem and
was complete at 2 hours (entry 7), a 1.42 mmol scale reaction with Pd/C sourced from Sigma-
Aldrich was investigated as a comparison point (Table 2.4, entry 9). Using conditions with Pd/C
from Sigma-Aldrich were unsuccessful and resulted in protodesilylation. From these results, it
was concluded that the Pd/C sourced from Sigma-Aldrich from our lab was no longer
sufficiently active at catalytic levels. The Pd/C sourced from Strem was observed to perform

better at larger scales and was deemed a more reliable reagent.*

Table 2.4 Pd/C-catalyzed hydrolysis conditions tested for 2.70e

i-Ll%u i—I|3u
Si—H Si—-OH
(/D/ o Pd/C (10 wt %) (X equiv) (/Ij OH
H,0 (10.0 equiv)
N THF (X M) N
HsC rt, time H,C
2.70e 2.69%e
entry ¢ scale Pd/C concent. time result
(mmol) (equiv) ™M) (h)

1 0.39 0.10 0.1 18 9%

2 5.16 0.10 0.1 18 protodesilylation
3 0.65 0.10 0.2 19 protodesilylation
4 0.73 1.0 0.2 18 9%

5 0.76 0.10 0.2 18 protodesilylation
6 0.61 0.10 0.2 19 protodesilylation
7° 1.99 0.10 0.2 2 8%

8¢ 1.66 0.10 0.2 18 protodesilylation
9 1.42 0.10 0.2 3 protodesilylation

“Franz group Sigma Pd/C bottle utilized. > Shaw group Strem Pd/C bottle utilized. ‘Reaction ran at 40 °C for 1 h
after TLC reaction progress indicated no consumption of starting material at 18 h; result indicated in entry.

In tandem with the optimization for silanediol 2.70e, a series of hydrolysis conditions
were tested for the synthesis of silanediol 2.69f (Table 2.5). A small-scale test reaction verified

consumption of starting material and the presence of 2.69f by 'H NMR analysis (Table 2.5, entry
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1). A scaled-up 4.89 mmol reaction produced 2.69f in 7% isolated yield (Table 2.5, entry 2). This
result was reproduceable and resulted in 4% isolated yield (Table 2.5, entry 3). At 0.2M, a small-
scale test reaction resulted in protodesilylation (Table 2.5, entry 4). Pd/C sourced from Strem at
1.68 mmol scale at 0.2 M resulted in 13% isolated yield. Pd/C sourced from Sigma-Aldrich at
3.51 mmol resulted in protodesilylation. Silanediol 2.69f was synthesized with increased yields
using Pd/C sourced from Strem.

Table 2.5 Pd/C-catalyzed hydrolysis conditions tested for 2.70f

i-I|3u i-I|3u
0 Si—H ) 0 Si—OH
< j©/ Y Pd/C (10 wt %) (X 'equw) < :©/ oH
H,0 (10.0 equiv)
0 THF (X M) O
rt, time
2.70f 2.69f
entry scale Pd/C concentration time |
a (mmol) (equiv) M) (h) result
1 0.81 0.10 0.1 15 SM consumed
2 4.89 0.10 0.1 21 7%
3 2.72 0.10 0.1 19 4%
4 0.89 0.10 0.2 18 protodesilylation
5° 1.68 0.10 0.2 18 13%
6 3.51 0.10 0.2 2 protodesilylation

“Franz group Sigma Pd/C bottle utilized. > Shaw group Strem Pd/C bottle utilized.

Overall, silanediols with heterocycles and isobutyl groups were synthesized and isolated
in low yields with the opportunity for further optimization (Scheme 2.12). Protodesilylation is a
contributing factor in the challenge of synthetic accessibility of these compounds and lended to
the understanding that the competing protodesilylation process occurs independent of reaction
scale, concentration, or time. Rather, accessibility to silanediols with heterocyclic-isobutyl

groups is improved using Pd/C catalysts ideally sourced from Strem.
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M PdiC (10 wt %) (0.1 equiv) y
. wt %) (0.1 equiv .
Ar/s'\ H H,0 (10.0 equiv) Ar/s'\ OH
H 2 OH
THF (0.2M), rt, 1 h
2.70e~f 2.69e—f
HBu i-Bu
. |
Si-OH o Si-OH
SO ENG L
N o)
HsC
2.69¢, 9 % 2.69,7 %

Scheme 2.12 Synthesis of isobutyl-containing silanediols 2.69e—f.

To avoid protodesilylation seen in previous syntheses, a one-pot synthesis of silanediols
was attempted via chlorosilanes to access silanediols containing aryl-isopropyl groups 2.71a—g
(Scheme 2.13). One-pot ammonium bicarbonate syntheses via the chlorosilane have previously
been utilized for the syntheses of (poly)aromatic substitution patterns at the silicon atom.*¢ With
the synthetic success of silanes 2.70e—f using Grignard reagents over lithiations, it was deemed
the most reliable starting point for this method. Preparation of aryl-alkyl silanediols 2.71a—g
started from the respective Grignard reagents and the appropriate trichlorosilanes as electrophiles
in THF. The corresponding dichlorosilanes formed in situ were not isolated. Subsequent addition
of NH4HCO;3 at (2.3 equiv) suppressed residual HCI produced in the formation of dichlorosilanes

and prevented possible self-condensation.
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1) Mg (1.15 equiv)

DBE (0.15 equiv) Pr
THF. rt 18h |
Ar—Br 2 i
2) -PrSiCl; (1.0 equiv) . ar-ow O
rt, 18 h OH

3) NH4HCO3 (2.3 equiv) 2.71a-g
1:1 H,O : THF (0.15 M)

rt, 1 h
i-Il:’r ,pr lPr
Si-OH S, s. OH
AT o ¢ POL
N
HC 5 71a 2.71b 2.71¢
) lPr )
/-Ilz’r Sl /-Pr
Si-OH OH s.
/©/ on /©/
HaCO
2.71d 2.71e 2.71f
i-||3r
Si—OH
S o
F
2.71g

Scheme 2.13. Attempted one-pot ammonium bicarbonate synthesis of 2.71a—g.

Analysis of "TH NMR spectra of the unpurified mixtures of silanediols 2.71a—g continued
to show a trend for protodesilylation (Table 2.6). Notably, a one-pot procedure to synthesize
heterocyclic-containing silanediols 2.71a-b resulted in protodesilylation. Isopropyl(p-
tolyl)silanediol 2.71¢ produced an unidentifiable side product. Silanediols 2.71d—e resulted in
decomposition. For 2.71d—e, full consumption of starting material was observed with neither
protodesilylation nor condensation products visible using 'H NMR spectroscopy. Silanediols
2.71f—g, appended with electron-withdrawing groups, resulted in protodesilylation. For the
synthesis of aryl-alkyl silanediols the one-pot ammonium bicarbonate method employing in situ

Grignard formation was not a reliable route to expand substrate scope.
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Table 2.6 One-pot ammonium bicarbonate conditions tested for 2.71a—g.
1) Mg (1.15 equiv)

DBE (0.15 equiv) Pr Ar\ R
— THF, rt 18h I :
AR iPSiC, (10equy) . a-STOH  + ATH 4 US|+ nHO
rt, 18 h OH n
3) NH,HCOj3 (2.3 equiv)  2.71a-g 2.72 2.73, R = i-Pr
1:1 H,O : THF (0.15 M)
rt,1h
entry silanediol scale (mmol) °°“°‘Zﬁ;a“°n 2.71a-g: 2.72: 2.73¢
1 2.71a 0.75 0.2 0:1: 0
2 2.71b 0.75 0.2 0:1: 0
3 2.71c 0.75 0.2 unidentifiable product
4 2.71d 0.75 0.2 decomp
5 2.71e 0.75 0.2 decomp
6 2.71f 0.75 0.2 0:1:0
7 2.71g 0.75 0.2 0:1:0

“Observed via '"H NMR analysis of crude reaction mixture.

With acceptable yields for silanes 2.70e—f containing heterocyclic-isobutyl groups using
the Grignard method, access to isopropyl-containing silanes 2.74a—d was investigated (Scheme
2.14). Grignard and lithiation methods were utilized for the synthesis of 2.74a—d results are
summarized in Table 2.7. The analysis of the 'H NMR spectra of the unpurified mixtures for
para-substituted phenyl silanes 2.74aa—ad resulted in no silane peaks present (Table 2.7, entry 1—
4). Interestingly, the Grignard method resulted in <5% conversion to silane 2.74b (Table 2.7,
entry 5). Neither Grignard nor lithiation methods produced silanes 2.74¢—d containing
heterocyclic-isopropyl groups (Table 2.7, entry 6—7). These approaches were unsuccessful for

the synthesis of isopropyl containing silanes 2.74a—d.
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Ar—Br

274aa=F
2.74ab = OCH;4
2.74ac = CHj3
2.74ad = CF;4

Grignard

1) Mg (1.15 equiv)
DBE (0.15 equiv)
THF, rt 18h

2) i-PrSiCls (1.0 equiv)
rt, 18 h

3) LAH (2.0 equiv),
-78°Ctort,3h

2.74b

Lithiate

1) n-BuLi (1.1 equiv)
THF, -78 °C, 30 min

2) i-PrSiCl3(1.0 equiv),
rt, 18 h

3) LAH (2.0 equiv),
-78°Ctort, 3h

Scheme 2.14 Attempted synthesis of isopropyl-containing silanes 2.74a—d.

Table 2.7 Grignard and lithiation results for the synthesis of silanes 2.74a—d.

Ar—Br

entry @ silane Grignard Lithiation
result? result?
1 2.74aa no silane no silane
2 2.74ab no silane no silane
3 2.74ac no silane no silane
4 2.74ad no silane no silane
5 2.74b <5 % conversion no silane
6 2.74¢ no silane no silane
7 2.74d no silane no silane

0.5 mmol scale. "Observed by '"H NMR spectroscopy.

To address the possible incomplete formation of Grignard, solutions of arylMgBr

purchased from Sigma-Aldrich were investigated and the one-pot ammonium bicarbonate

method was revisited (Scheme 2.15). Method 1 resulted in protodesilylation for 2.75aa—ab upon

analysis of the '"H NMR spectra. Surprisingly, method 2 resulted in no formation of 2.74ab-ac.

No silane peak was visible in the analysis of the '"H NMR of the unpurified mixtures. Also

present in these spectra were unidentifiable products. Since protodesilylation was observed with

Method 1, the electrophilicity of isopropyltrichlorosilane is eliminated as the determining factor

for the lack of formation of 2.74ab—ac. Methods 1-2 were eliminated as reliable routes for access

to isopropyl-containing silanes 2.74ab—ac and silanediols 2.75aa—ab.
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Method 1 Method 2

X=0H X=H
. . i-Pr . :
Ar—MgBr 1) -PrSiCls, rt, 18 h _ Sli—X 1) i-PrSiCls, rt, 18 h Ar—MgBr
2) NH4HCO; (2.3 equiv) Ar” o 2) LAH,-78°Ctort,3h
1:1 H,0 : THF (0.15 M) X
rt,1h 2.75,2.74
i-IIDr i-||3r
Si\—OH Si—H
X X
2.75aa = OCHj; 2.74ab = OCH3
2.75ab = CHj 2.74ac = CHj

Scheme 2.15 Synthesis of isopropyl-containing silanediols 2.75aa—ab and silanes 2.74ab—ac
using Grignard solutions.

The alternative strategy to synthesize isopropyl-containing silanes and silanediols utilized
i-PrMgCl, purchased from Sigma-Aldrich, added directly to aryltrichlorosilanes (Scheme 2.16).
Method 1 investigated a new one-pot method for access to 2.76a—c. Here, direct hydrolysis of the
chlorosilanes to the silanediols was performed using previously reported KOH conditions.*’
2.76a resulted in an unidentifiable product, while both 2.77b—c resulted in protodesilylation.
Method 2 allowed access to 2.77a—¢ with silane peaks present in the analysis of the 'H NMR of
the unpurified mixtures. Given the volatility of 2.77b—c, the compounds were filtered through a
silica plug and concentrated in vacuo at a rotovap bath of 33 °C and increased pressure of 190
torr to remove solvent. Silanes 2.77a was found to be unstable on silica. Silane 2.77b was
presumed to also be unstable on silica and was not isolated. With these results, the synthesis of
silanediols via a reliable one-pot method was unsuccessful. Ultimately, Method 2 resulted in a

reliable synthesis of isopropyl-containing substrates via i-PrMgCl solution.
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Method 1 Method 2

X = OH X = H
MgCl ' i-Pr MgCl
PY 1) ArSiCl, 11, 18 h 3i-X 1) ArSiClg, rt, 18 h PY
2) KOH (2.0 equiv) Ar” X 2) LAH,-78°Ctort,3h
Et,0 : MeOH : H,O
1:0.15:2 2.76-2.77
i-I|°r I'-||°r
Si-OH Si—H
X X
2.76a = Cl

2.77a = Cl (accessed, not isolated)
2.77b = CHj (accessed, not isolated)
2.77¢c = CH,CI

Scheme 2.16 Synthesis of isopropyl-containing substrates with isopropyl magnesium chloride
solution for silanediols 2.76a—c and silanes 2.77a—c.

2.76b = CHj
2.76¢ = CH,Cl

Silanes 2.77a—b were carried forward to Pd/C hydrolysis using Pd/C sourced from Strem
(Scheme 2.17). Upon 'H NMR analysis of the crude reaction mixture containing 2.78a no
protodesilylation or self-condensation was observed. With this promising analysis, 2.78a was
carried forward with purification and was unstable on silica. The analysis of the 'H NMR of the
unpurified mixture for 2.78b indicated no protodesilylation or self-condensation was observed.
2.78b was isolated in low yield of 15%. Since no side products were observed via analysis of the
"H NMR of the unpurified mixture, the low yield observed for 2.78b was attributed to partial

instability on silica.
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i-Pr i-Pr
. Pd/C (10 wt %) (0.05 equiv) '

Si—H - Si—-OH
A H,0 (10.0 equiv) Ar” s
H THF, rt, 1 h OH
2.77a-b 2.78
Hpr i-Pr
Si-OH Si—OH
o o
Cl HsC
2.78a, unstable on silica 2.78b, 15 %

Scheme 2.17 Synthesis of isopropyl-containing silanediols 2.78a—b.

To verify the reproducibility of the synthesis of 2.78b, conditions were tested with Pd/C
sourced from Strem (Table 2.8). The initial small scale test reaction using the standard 5 mol%
of Pd/C produced 2.78b with no protodesilylation or condensation products present via the 'H
NMR analysis of the crude reaction mixture (Table 2.8, entry 1). Reactions performed at a larger
scale with varying concentrations also resulted in formation of 2.78b with no protodesilylation or
condensation products present in the 'H NMR analysis of the crude reaction mixtures (Table 2.8,
entry 2-3). A large-scale reaction resulted in 14% isolated yield (Table 2.8, entry 4). The low
yield of 2.78b was once again attributed to partial instability on silica with no side products
observed via analysis of the "TH NMR of the unpurified mixture.

Table 2.8 Pd/C-catalyzed hydrolysis conditions tested for 2.78b

i-Il:’r i-II:’r
Si—H _ Si-OH
H Pd/C (10 wt %) (0.1 equiv) OH
H,0 (10.0 equiv)
H3C THF (X M) HsC
rt, time
2.77b 2.78b

entry ¢ scale (mmol) concc(:lr\lgatlon tlr(?g result
1° 0.65 0.2 1 SM consumed; 2.78b present
2 1.0 0.2 1 SM consumed; 2.78b present
3 2.0 0.1 3 SM consumed; 2.78b present
4 5.0 0.2 2 14%

“Shaw group Strem Pd/C bottle utilized. * Reaction ran with Pd/C (0.5 equiv)
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Silanediols 2.69e—f containing heterocyclic-isobutyl groups were subjected to the racemic
desymmetrization reaction (Scheme 2.18). The low yields of 2.69e—f (9% and 7%, respectively)
indicated not much material was available for the enantioselective reaction. The racemic reaction
using stoichiometric amounts of N-methylimidazole 2.79 was deemed a feasible starting point.
Chlorosilane 2.37a was selected as the reaction partner for the desymmetrization of 2.69e—f.
Chlorosilane 2.37a was used in the optimization of the desymmetrization of lead substrate
isobutyl(naphthalen-1-yl)silanediol 2.36a and was hypothesized to have similar reactivity with
the heterocyclic-isobutyl groups present in 2.69e—f. The desymmetrization of 2.69e resulted in
product degradation with full consumption of starting material. Notably, the desymmetrization of
2.69e did not result in the bis-silylated product 2.81. The desymmetrization of 2.69f resulted in
no product with unreacted starting material. Given the synthetic inaccessibility of 2.69e—f and
their performance in the desymmetrization reaction, 2.69e—f was abandoned as viable substrates

for continued exploration.

H30
2.79 . .

Ar, ,FBu Fh </ (1.0 equiv) PBuy o Ph MBuy o Ph
Si + Cl—Si—Ph Ar S \Si‘Ph + Ar ST SIS
Ho " “OH iy i-ProNEt, a-pinene o 4 ro 1 Ph

®  PhMe,-78°C, 16 h CHs  popnsi-©®  CHs
2.69e-f 2.37a 2.80a-b 2.81
Bu, o Ph FBu o Ph
/ Si” Si-py, <o SI” Si-pyy
\ OH CH, OH  CH,
!
HsC 2.80a, 0 % 2.80b, 0 %
(product degradation) (unreacted SM)

Scheme 2.18 Racemic desymmetrization of lead heterocycle-containing prochiral silanediols
2.69e.

The desymmetrization of isopropyl(phenyl)silanediol to produce 2.38dc in moderate
yield and excellent selectivity (49%, 98:2 er) guided the desymmetrization of 2.78b (Scheme

2.19). Chlorosilane 2.37d was utilized in the desymmetrization of isopropyl(phenyl)silanediol
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and was hypothesized to have similar reactivity with 2.78b. The 'H NMR analysis of the
unpurified mixture for the desymmetrization of 2.78b indicated product present with no bis-
silylated product. However, upon purification, the reaction mixture for 2.82 was observed to be
an inseparable mixture with some product. Given the low yields for 2.78b and the subsequent
desymmetrization results, 2.78b was no longer pursued as a substrate of interest. However, the
desymmetrization of 2.78b with standard chlorosilane 2.37a can still be an opportunity for 2.78b

to be explored as a substrate of interest.

qu -Bu H i-Pr\ o FPh
e O et Ly 5
L P Ph (5 mol %) FPry o Ph 2.38dc, 49 %
“qi + Cl—Si—Ph WSiT s 98:2 er
HO’SI\OH Il-i i-ProNEt, a-pinene (IDH SII Ph
PhMe, 78 °C, 16h , H
2.78b 2.37d ° 2.82,0 %

(inseparable mix)
Scheme 2.19 Desymmetrization of isopropyl containing silanediol 2.78b.

2.9 Discussion of Substrate Scope Expansion

Building on lessons learned from all unsuccessful experiments, the final route to
silanediols decorated with isopropyl and isobutyl groups was established (Figure 2.6). To
incorporate isopropyl groups successfully, i-PrMgCl solution outcompeted aryl-MgBr solutions
and was the best strategy. This method was both time and cost effective. Additionally, the
challenges encountered with moisture-sensitive Grignard formations was avoided. To
incorporate isobutyl groups, the Grignard method followed by Pd/C-catalyzed hydrolysis was
successful over lithiation. One-pot methods using NH4sHCO3 (or KOH with specific examples)
were unsuccessful. My experiments showcased the synthetic accessibility of aryl-alkyl

silanediols and serve as a foundation for future studies.
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MgCl  ArSiCl, A BUSICl5

_Si-OH
OH

Ar—Br

Ar
R = i-Pr

>|< One-Pot
Ar—Br
NH4HCOs or KOH

R = i-Pr, i-Bu
Figure 2.6 Summary of access to silanediols containing isopropyl and isobutyl groups.

2.10 'H NMR Binding Studies of Catalyst 2.18 with Silanediols 2.83-2.86

"H NMR binding studies were performed as a collaborative effort with Jacob J. Dalton,
Ph.D. and were utilized to further understand the hydrogen-bonding interactions between the
silanediols and organocatalyst. NMR titration studies were performed to verify the interactions
in the solid-state co-crystal are also present in solution. The binding affinities (K.) were expected
to range from low (K, = 30) to high (K, = 200).*8 'H NMR titration experiments in CsDs were
performed with 10 equivalents of 2.83 in the presence of organocatalyst 2.18. Dr. Austin T.
Kelly began the initial reaction discovery of the desymmetrization project in the Franz Lab with
2.83, so this substrate was selected for a binding study for this reason. A downfield amide
chemical shift of ASN" = 0.53 ppm was observed. Upfield chemical shifts were seen for the
imidazole protons, A" = 0.43 ppm and A3"® = 0.69 ppm, consistent with a hydrogen-bond
interaction (Figure 2.7 A).* The binding constant (K,) was calculated for the imidazole C-HP

peak to be K, = 90 £ 3 indicative of a slightly weak interaction.
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Figure 2.7 A) '"H NMR binding study of chiral imidazole 2.18 (2 mM inCsDs) in the presence of
silanediol 2.83 at 0 = 0 equiv, 1 =1 equiv, 3 =3 equiv, 5 =5 equiv, 7 =7 equiv, 10 = 10 equiv. Ad
= 0.69 ppm is observed for the C-H® peak in the presence of 10 equivalents of 2.83. b) Binding
constant was calculated using 'H NMR titration data for the imidazole C-HP peak; Ka = 90 + 3.
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To explore the effect of ortho substitution on the binding interaction, isobutyl(o-
tolyl)silanediol 2.84 was selected. When 10 equivalents of 2.84 were titrated in the presence of
organocatalyst 2.18, a downfield amide chemical shift of ASN" = 0.47 ppm was observed. Upfield
chemical shifts were continued to be seen for the imidazole protons, AS"? = 0.23 ppm and A3 =

0.38 ppm (Figure 2.8A). From the '"H NMR data, the binding constant using imidazole C-HP peak

was calculated to be K, = 151 + 2 indicative of a strong interaction (Figure 2.8B).%
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Figure 2.8 A) 'H NMR binding study of chiral imidazole 2.18 (2 mM inCgDs) in the presence of
silanediol 2.84 at 0 = 0 equiv, 1 =1 equiv, 3 =3 equiv, 5 =5 equiv, 7 =7 equiv, 10 = 10 equiv. Ad
= 0.38 ppm is observed for the C-H® peak in the presence of 10 equivalents of 2.84. b) Binding
constant was calculated using 'H NMR titration data for the imidazole C-HP peak; Ko = 151 + 2.

The desymmetrization of prochiral silanediols investigated He and Oestreich groups?®-*°
saw great performance with fert-butyl(phenyl)silanediol 2.85, and thus was chosen as a valuable
binding partner to probe the interactions in our reaction. This substrate was investigated by Jacob
J. Dalton, Ph.D. (Figure 2.9). When organocatalyst 2.18 was titrated with 10 equivalents of
silanediol 2.85, a downfield amide chemical shift of ASN!=0.21 ppm was observed. Similar to the
results observed for previous silanediols, upfield chemical shifts were seen for the imidazole
protons, A8 = 0.23 ppm and A3" = 0.29 ppm (Figure 2.9A). The binding constant using
imidazole C-HP peak was calculated to be K, = 35 + 1 indicative of a very weak interaction (Figure
2.9B). The NMR shifts and low binding constant was the lowest seen of all silanediols

investigated.
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Figure 2.9. Data collected by Jacob J. Dalton, Ph.D. a) '"H NMR binding study of chiral imidazole
2.18 (2 mM in C¢Dg) in the presence of silanediol 2.85 at 0 = 0 equiv, 1 = 1 equiv, 3 = 3 equiv, 5
=5 equiv, 7 =7 equiv, 10 = 10 equiv. AS = 0.29 ppm is observed for the C-H® peak in the presence
of 10 equivalents of 2.85. b) Binding constant was calculated using '"H NMR titration data for the
C-HP® peak; Ko =35+ 1.

o

The desymmetrization reaction was optimized with isobutyl(naphthalen-1-yl)silanediol
2.86 as the lead substrate based on relative synthetic accessibility. Silanediol 2.86 was
hypothesized to have the strongest binding interaction and was investigated in a binding study
performed by Jacob J. Dalton, Ph.D. (Figure 2.10). In the presence of 10 equivalents of 2.86, 2.18
exhibited a downfield amide chemical shift of AGN! = 0.37 ppm. Similar to the results observed
for previous silanediols, upfield chemical shifts were seen for the imidazole protons, A8H? = 0.42
ppm and A8M° = 0.55 ppm (Figure 2.10A). From the '"H NMR data, a binding constant of K, = 191
+ 25 was calculated for the imidazole C-HP peak indicative of the strongest binding interaction

(Figure 2.10B).
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Figure 2.10 performed by Jacob J. Dalton, Ph.D. a) 'H NMR binding study of chiral imidazole
2.18 (2 mM in C¢Dg) in the presence of silanediol 2.86 at 0 = 0 equiv, 1 = 1 equiv, 3 = 3 equiv, 5
=5 equiv, 7 =7 equiv, 10 = 10 equiv. AS = 0.55 ppm is observed for the C-H® peak in the presence
of 10 equivalents of 2.86. b) Binding constant was calculated using '"H NMR titration data for the
C-HP® peak; Ko = 191 + 25.

2.11 Discussion of 'H NMR Binding Studies

After quantifying the ability of silanediols 2.83-2.86 to bind 2.38, it was determined the
'"H NMR binding data exhibited trends in binding affinities that correlate to structural features
(Table 2.9). Diaryl silanediol 2.83 was the second weakest to bind the catalyst but exhibited the
largest chemical shifts for the imidazole protons. In contrast, aryl-alkyl silanediols 2.84-2.86
exhibited lower chemical shifts for all protons monitored. Specifically, silanediol 2.84, chosen to
study ortho substitution, exhibited the second to lowest imidazole chemical shift for C-HP resulting
in a strong binding constant of 151 & 2. This trend is attributed to decreased steric bulk that allows
for a better binding interaction not seen with diaryl silanediol 2.83. Silanediol 2.85 exhibited the
lowest chemical shifts of all protons monitored; this resulted in the lowest binding constant of 35
+ 1. These trends implied the bulkiness of the fert-butyl group interfered with binding. Lastly,

silanediol 2.86 exhibited the second largest chemical shift for the imidazole C-H® proton and
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resulted in a binding constant of 191 + 25. This value was indicative of a very strong binding
interaction as we had expected. These data suggested that aryl-alkyl silanediols can bind relatively
strongly to organocatalyst 2.18 depending on the rate of saturation which can affect the chemical
shifts of the protons.

Table 2.9 Summary of binding data with 2.38 host and 2.36a, 2.40, 2.84-2.85 guests.

Host Guest NH (amide) Hp (imidazole) H. (imidazole) K.
AS (ppm) AS (ppm) AS (ppm) M
2.38 2.83 0.53 -0.69 -0.43 90+3
2.38 2.84 0.47 -0.38 -0.23 151+2
2.38 2.85 0.21 -0.29 -0.23 35+1
2.38 2.86 0.37 —0.55 -0.42 191 +25

K. calculated using Ad for imidazole peak Hb.

To visualize the correlation between binding affinities (K,) and enantioselectivity of the
desymmetrization reaction, the siloxanol product ee was plotted as a function of silanediol binding
affinity (K,) with organocatalyst 2.18 (Figure 2.11). The graph illustrated a strong correlation (R?
= 0.997) between binding affinity and enantioenrichment based on the initial substrates evaluate.
An additional data point with isobutyl(phenyl)silanediol was collected (K, = 74 + 3) and did not
match the predicted enantioselectivity. The structure of the silanediols, specifically the substitution
patterns around silicon, greatly influenced the formation of a strong hydrogen-bonding complex;
ostensibly, this is strongly correlated to the observed enantioselectivity. Overall, the selectivity of
the desymmetrization reaction was also dependent on the steric interactions between silanediols

and the organocatalyst.
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Figure 2.11 Siloxanols 2.87 ee% as a function of 2.18 binding with silanediols 2.83-2.86.

2.12 Conclusion

To conclude, this chapter highlights my contributions to the organocatalytic asymmetric
synthesis of Si-stereogenic siloxanols. Specifically, organocatalyst analogs were designed,
synthesized, and evaluated in the desymmetrization reaction which demonstrated that the
imidazole was crucial to promote silylation. Silanediols were accessed through a two-step

synthesis. Two key challenges were possible for successful access to silanediols: 1) proto-
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desilylation and 2) the possible self-condensation to produce 2.89 (Figure 2.12A). Access to
silanediols with isopropyl and isobutyl groups was most reliable through Grignard additions to
chlorosilanes followed by subsequent Pd/C hydrolysis (Figure 2.12B). It was hypothesized that
the Grignard formation for access to aryl-isopropyl silanes was unreliable. Therefore, silanes
with aryl-isopropyl substituents were successfully synthesized using i-PrMgCl solution.
Protodesilylation of silanediol 2.78b was partially prevented with the use of Pd/C sourced from
Strem Chemicals. The synthesis of 2.78b using Pd/C sourced from Sigma-Aldrich resulted in
higher instances of protodesilylation. Steric bulk around the silicon center fully prevented self-
condensation for all aryl-isobutyl silanediols synthesized. Heterocycle-containing silanediols
2.69e—f were showcased as novel substrates for the desymmetrization reaction and serve as
important design features for future scope. Overall, Pd sourced from Strem chemicals prevented

protodesilylation for all silanediols.

A) Challenges for the synthesis of silanediols

R Ar, R
2 steps N ¢
Ar—Br _p» sli—OH + Ar—H  + \Sf nH,O  Challenges
- e Ar/ \ _ | +
OH @ .
2.88 2.89
B) This work
= Ar-MgBr solutions allowed for access
FPr to isopropyl-containing silanediols
MgCl 2 steps S{;gH = Hydrolysis using Pd sourced from Strem
> prevented protodesilylation
HC = Steric bulk around Silicon center prevented
2.78b, 15 % self-condensation
Si—OH : =
\ Si—OH \ -
2 steps O OH “oH (/j@/ OH ° Sl\ogH
Ar—Br —  » N <
—_— O CHy  y d o)
2.69a, 67 % 2.69c, 70 % 2.69¢, 9 % 2.69f, 7 %

Figure 2.12 A) Challenges for the synthesis of silanediols. B) Key strategies to address
challenges for the synthesis of silanediols.
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The importance of the hydrogen-bonding interactions present in the solid state were
verified using 'H NMR binding studies. From these results, a correlation of binding affinities and
enantioselectivity of the desymmetrization reaction was determined. Herein was presented the
first Lewis base-catalyzed silylation of prochiral silanediols. This work reported the H-bonding
activation method was highly influenced by secondary alkyl groups (i.e., isobutyl and isopropyl).
Silanediols with steric bulk and isobutyl groups are expected to result in the highly

enantioselective substrates for the desymmetrization reaction.

2.13 Experimental Procedures

General Information

Synthesis, Purification, and Analysis: Dry THF, Et2O and PhMe were dispensed from a
solvent purification system that passes solvent through two columns of dry neutral alumina prior
to use. All other reagents, unless otherwise noted were purchased from commercial sources.
Chlorosilanes were purchased from Gelest; magnesium turnings, dibromoethane,
diisopropylethylamine, HClsdioxane, aryl bromides, 4 A spherical molecular sieves were
purchased from Sigma-Aldrich; N-methylimidazole (Sure/Seal bottles) was purchased from
Sigma-Aldrich. a-Pinene was purchased from Acros and used without purification. All
deuterated solvents were dried under 4 A spherical molecular sieves for at least 24 hours prior to
use in binding and dilution studies. Boc-fert-leucine was purchased from Chem Impex. Pd/C (10
wt%, dry support) used for the synthesis of prochiral silanediols was purchased from Strem; 4.0
M solution of lithium aluminum hydride in THF was purchased from Fisher Chemicals.

All reactions were performed in flame-dried and argon-purged glassware. Reactions were

analyzed by thin layer chromatography (TLC) on EMD glass plates that were pre-coated with
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silica gel 60 F254. The reactions were purified by column chromatography using Acros silica gel

60 A (0.035-0.070 mm).

Nuclear magnetic resonance (NMR) spectra obtained on Bruker Avance III equipped with
Bruker CPTCI Cryoprobe (800 MHz for 'H, 200 MHz for '*C), 600 MHz Bruker Avance III
equipped with Bruker CPTCI Cryoprobe (600 MHz for 'H, 151 for '3C), Bruker Avance IIIHD
Nanobay Spectrometer(400 MHz for 'H; 101 MHz for '*C; 376, 79 MHz for 2Si), 300 MHz
Bruker Avance-NEO Spectrometer (300 MHz for 'H; 76 MHz for 3C), and/or Varian VNMRS
(600 MHz for 'H; 151 MHz for '*C). The 'H spectral data are reported as follows: chemical
shifts were reported in parts per million downfield from tetramethylsilane internal standard on
the 6 scale, multiplicity (s, singlet; d, doublet; t, triplet; q, quartet; m, multiplet; dd, doublet of
doublets and br, broadened), coupling constant (Hz), and integration. Apparent signals are
indicated and are used when signals with multiple couplings appear to form a certain peak type.
Carbon NMR chemical shifts are reported in ppm from tetramethylsilane (TMS at 0.0 ppm) with
solvent reference employed as the internal standard (deuterochloroform (CDCI3) at. 77.2 ppm or
deuterobenzene (CsDs) at 128.06 ppm). High-resolution mass spectra (HRMS) were acquired on
Thermo Fischer Scientific Electron LTQ-Orbitrap XL Hybrid mass spectrometer on positive ESI
mode. High performance liquid chromatography (HPLC) data were obtained on Shimadzu LC-
20AB system with CHIRALPAK® AD-H column (4.6 x 250 mm, 5 pm), CHIRALPAK® OD-H
column (4.6 x 250 mm, 5 pm) or CHIRALPAK® AS column (4.6 x 250 mm, 5 um) and
Shimadzu SPD-M20A photodiode array detector. Each HPLC sample was eluted at a constant
flow rate with isocratic hexanes/isopropanol system and 40 or 30 °C column oven temperature.
Nestlab CB 80 Cryocool was utilized to maintain reaction temperature for the desymmetrization

reactions which required cryogenic temperatures for 16 h.
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General Procedure

t-Bu
HSQ

H
N N tBu
&WAHJ\W Y
N O CHs
(8)-NV-((R)-3,3-dimethylbutan-2-yl)-3,3-dimethyl-2-(((1-methyl-1H-imidazol-2-
yDmethyl)amino)butanamide (2.18)

Compound 2.38 was synthesized according to literature procedure and found to match NMR

signals of previously reported compounds.?’

'H NMR (600 MHz, CDCls) § 6.94 (d, J= 1.0 Hz, 1H), 6.82 (d, J= 1.0 Hz, 1H), 6.56 (d, J=9.6

Hz, 1H), 3.92 (dq, J = 9.8, 6.8 Hz, 1H), 3.80 (d, J = 14.0 Hz, 1H), 3.63 (s, 3H), 3.62 (dd

obscured, 1H), 2.69 (s, 1H), 1.77 (s, br, 1H), 1.07 (d, J = 6.8 Hz, 3H), 0.97 (s, 9H), 0.93 (s, 9H).
t-Bu

H
N /H( N t-Bu
N N
| H Y

= (0] CH3

(S)-NV-((R)-3,3-dimethylbutan-2-yl)-3,3-dimethyl-2-((pyridin-2-ylmethyl)amino)butanamide
(2.44)

Compound 2.44 was synthesized by adapting the previously reported synthesis of 2.18.2° A
flame-dried round-bottom flask was charged with a stir bar followed by (S)-2-amino-N-((R)-3,3-
dimethylbutan-2-yl)-3,3-dimethylbutanamide (0.62g, 4.72 mmol, 1.0 equiv) which was
synthesized over 2 steps and carried forward without purification. Then MgS04(0.57g, 4.72
mmol, 1.0 equiv), CH>Cl, (2.4 mL) followed by 2-pyridinecarboxaldehyde (0.45 mL, 4.72
mmol, 1.0 equiv) were added. The reaction was stirred at room temperature (23 °C) for 18 h. The
reaction mixture was filtered and concentrated in vacuo to yield an orange oil. The oil was then

dissolved in MeOH (2 mL) followed by addition of NaBH4 (0.54 g, 14.16 mmol, 3.0 equiv), and
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concentrated HCI (9.50 pL, 0.31 mmol, 0.07 equiv). The reaction mixture was stirred at 0 °C for
5 min then at room temperature for 1.5 h. The reaction mixture was quenched with 5 mL
NaHCOs (5SmL). The resulting mixture was washed with CH>Cl, (3 x 10 mL) and brine (1 x 10
mL) and then dried over MgSQO4 and concentrated in vacuo. The reaction mixture was purified
using flash column chromatography (SiO2, hexanes/EtOAc, 98:2 DCM/MeOH to 96:4:0.2

DCM/MeOH/ TEA v/v) to yield corresponding catalyst as a brown oil (0.14 g, 9% over 4 steps).

'H NMR (400 MHz, CDCl3) 5 8.56 (ddd, J=4.9, 1.8, 0.9 Hz, 1H), 7.63 (dd, J= 7.7, 1.8 Hz,
1H), 7.19 (m, 2H), 3.89 (m, 1H), 3.85 (d, /= 13.7 Hz, 2H), 3.66 (d, J = 14.1 Hz, 1H), 2.80 (s,
1H), 1.06 (d, J = 6.7 Hz, 4H), 1.01 (s, 10H), 0.91 (s, 9H). 3C NMR (100 MHz, CDCI3) § 171.9,

136.7, 122.6, 122.4, 72.6, 53.9, 53.2, 34.1, 33.9, 27.5, 26.6, 16.4. HRMS (ESI) m/z: calc for

C1sH32N30 [M + H]' 306.2540, found 306.2547.

i-Ll%u

Si\—H

O H
(.
isobutyl(naphthalen-2-yl)silane (2.68a)
To a 250-mL round-bottom flask were added magnesium turnings (0.42 g, 17.3 mmol, 1.15
equiv) and flame-dried under high vacuum (< 2 torr) and allowed to cool to room temperature.
Once the flask was cooled to room temperature, it was purged three times with argon. THF (0.2
M) and 1,2-dibromoethane (2.25 mmol, 0.2 mL, 0.15 equiv) were then added. The reaction
mixture temperature (23 °C) for 18 h or until the reaction mixture was a pitch-black color, which
is indicative of activated magnesium turnings. Note: In some cases, an off-gray color is also

indicative of proper activation of magnesium turnings. Then 2-bromonaphthalene (3.11 g, 15.0
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mmol, 1.0 equiv) was added and left to stir at room temperature (23 °C) for 5-6 h followed by
fast addition of isobutyltrichlorosilane (2.49 mL, 15.0 mmol, 1.0 equiv). Note: 5-6 hours is the
optimal time range to allow for Grignard formation; 1-4 hours and > 6 hours this will result in
lower yields. Upon addition of isobutyltrichlorosilane a yellow color is a good indicator that the
reaction is proceeding accordingly. The reaction was left to stir at room temperature (23 °C) for
18 h. The reaction mixture was then cooled to —78 °C and lithium aluminum hydride (4.0 M, 7.5
mL, 2.0 equiv) was added dropwise. The solution was then allowed to cool to room temperature
(23 °C) over 3 h. The solution was quenched with Rochelle salt (§ mL) and filtered through
Celite. The aqueous phase was extracted with diethyl ether (3 x 25 mL). The combined organic
phase was dried over MgSOQs, filtered, and concentrated in vacuo. The reaction mixture was
purified using bulb-to-bulb distillation, followed by sublimation (80 °C at 1 atm) to yield 2.68a

as a clear oil (1.74 g, 54%)

'H NMR (400 MHz, CDCls) & 8.13 (s, 1H), 7.90 — 7.82 (m, 3H), 7.55 — 7.48 (dd,J=8.1,1.2
Hz, 1H), 7.52 (m, 2H), 4.47 (m, J = 3.9 Hz, 2H), 1.92 (m, 1H), 1.09 — 1.01 (m, 8H).'*C NMR
(101 MHz, CDCl3) § 136.33, 134.00, 133.13, 131.20, 130.58, 128.11, 127.91, 127.31, 126.70,

126.19, 25.82, 25.65, 20.72.Si NMR (79 MHz, CDCl3, Cr(acac)s) 8 —33.30.
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5-(isobutylsilyl)-1-methyl-1H-indole (2.68¢)
To a 250-mL round bottom flask were added magnesium turnings (0.42 g, 17.3 mmol, 1.15

equiv) and flame-dried under high vacuum (< 2 torr) and allowed to cool to room temperature.
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Once the flask was cooled to room temperature, it was purged three times with argon. THF (0.2
M) and 1,2-dibromoethane (2.25 mmol, 0.2 mL, 0.15 equiv) were then added. The reaction
mixture was left to stir at room temperature (23 °C) for 18 h or until the reaction mixture was a
pitch-black color, which is indicative of activated magnesium turnings. Note: In some cases, an
off-gray color is also indicative of proper activation of magnesium turnings. Then 5-bromo-1-
methyl-1H-indole (3.15 g, 15.0 mmol, 1.0 equiv) was added and left to stir at room temperature
(23 °C) for 5-6 h followed by fast addition of isobutyltrichlorosilane (2.49 mL, 15.0 mmol, 1.0
equiv). Note: 5-6 hours is the optimal time range to allow for Grignard formation; 1-4 hours and
> 6 hours this will result in lower yields. Upon addition of isobutyltrichlorosilane a yellow color
is a good indicator that the reaction is proceeding accordingly. The reaction was left to stir at
room temperature (23 °C) for 18 h. The reaction mixture was then cooled to —78 °C and lithium
aluminum hydride (4.0 M, 7.5 mL, 2.0 equiv) was added dropwise. The solution was then
allowed to cool to room temperature (23 °C) over 3 h. The solution was quenched with Rochelle
salt (8 mL) and filtered through Celite. The aqueous phase was extracted with diethyl ether (3 %
25 mL). The combined organic phase was dried over MgSQyg, filtered, and concentrated in vacuo.
The reaction mixture was purified using flash column chromatography (SiO», hexanes/EtOAc,

97:3 to 95:5 v/v) to yield corresponding silanes 2.68e as a yellow oil (1.21 g, 34 %).

Note: Characterization data revealed an unidentifiable impurity is present in the mixture via >C
NMR spectroscopy. Confirmation of the product was achieved through 'H NMR and *°Si NMR
spectroscopy and carried through to the next step.

'"H NMR (400 MHz, CDCl3) 8 7.04 (d, J= 1.1 Hz, 2H), 6.99 (s, 1H), 6.83 (d, J= 7.6 Hz, 1H),

5.93 (s, 3H), 4.27 (s, 1H), 0.98 (d, J = 6.6 Hz, 6H), 0.90 (dt, J= 7.2, 3.8 Hz, 2H).!3*C NMR (101
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MHz, CDCl;) 6 148.99, 147.60, 129.50, 125.60, 124.44, 112.43, 109.70, 108.91, 101.72, 100.74,

25.69, 25.60, 20.97.2Si{'H} NMR (79 MHz, CDCl3)  146.03, —33.04.
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benzo|d][1,3]dioxol-5-yl(isobutyl)silane (2.68f)

To a 250-mL round bottom flask were added magnesium turnings (0.42 g, 17.3 mmol, 1.15
equiv) and flame-dried under high vacuum (< 2 torr) and allowed to cool to room temperature.
Once the flask was cooled to room temperature, it was purged three times with argon. THF (0.2
M) and 1,2-dibromoethane (2.25 mmol, 0.2 mL, 0.15 equiv) were then added. The reaction
mixture was left to stir at room temperature (23 °C) for 18 h or until the reaction mixture was a
pitch-black color, which is indicative of activated magnesium turnings. Note: In some cases, an
off-gray color is also indicative of proper activation of magnesium turnings. Then 5-
bromobenzo[d][1,3]dioxole (1.80 mL, 15.0 mmol,1.0 equiv) was added and left to stir at room
temperature (23 °C) for 5-6 h followed by fast addition of isobutyltrichlorosilane (2.49 mL, 15.0
mmol, 1.0 equiv). Note: 5-6 hours is the optimal time range to allow for Grignard formation; 1-4
hours and > 6 hours this will result in lower yields. Upon addition of isobutyltrichlorosilane a
yellow color is a good indicator that the reaction is proceeding accordingly. The reaction was left
to stir at room temperature (23 °C) for 18 h. The reaction mixture was then cooled to —78 °C and
lithium aluminum hydride (4.0 M, 7.5 mL, 2.0 equiv) was added dropwise. The solution was
then allowed to cool to room temperature (23 °C) over 3 h. The solution was quenched with
Rochelle salt (8 mL) and filtered through Celite. The aqueous phase was extracted with diethyl

ether (3 x 25 mL). The combined organic phase was dried over MgSQy, filtered, and
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concentrated in vacuo. The reaction mixture was purified using flash column chromatography
(S102, hexanes/EtOAc, 99:1 v/v) to yield corresponding silanes 2.68f as a yellow oil (1.10 g,

35%).

'"H NMR (400 MHz, CDCl3) 8 7.04 (dd, J=7.6, 1.1 Hz, 1H), 6.99 (d, J= 1.1 Hz, 1H), 6.83 (d, J
=7.7 Hz, 1H), 5.93 (s, 2H), 4.27 (m, 2H), 0.98 (d, J = 6.6 Hz, 6H), 0.90 (dt, /= 7.0, 3.9 Hz, 2H).
BC NMR (101 MHz, CDCl3) 6 148.98, 147.55 (d, J = 5.9 Hz), 129.43, 125.45, 114.35, 108.83,

100.65, 100.62, 25.54, 20.91.Si NMR (79 MHz, CDCl3 Cr(acac)3) § —32.97.
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(4-chlorophenyl)(isopropyl)silane (2.77a)

To a 250-mL round bottom flask purged with argon was added isopropylmagnesium chloride
(0.2 M in THF, 7.5 mL, 15.0 mmol, 1.0 equiv) and dissolved in THF (0.2 M). Trichloro(4-
chlorophenyl)silane (2.58 mL, 15.0 mmol, 1.0 equiv) was then added. The reaction mixture was
allowed to stir at room temperature (23 °C) for 20 h. The reaction mixture was then cooled to —
78 °C and lithium aluminum hydride (4.0 M, 7.5 mL, 2.0 equiv) was added dropwise. The
solution was then allowed to cool to room temperature (23 °C) over 3 h. The solution was
quenched with Rochelle salt (8 mL) and filtered through Celite. The aqueous phase was
extracted with diethyl ether (3 x 25 mL). The combined organic phase was dried over MgSQOs,
filtered, and concentrated in vacuo at 190 torr and 33 °C due to volatility of the product. The
reaction mixture was purified using flash column chromatography (SiO, hexanes/EtOAc, 9:1

v/v) but was found to be unstable on silica. Therefore, subsequent syntheses of this compound
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were no longer isolated. The reaction mixture was run through a silica plug after concentration in
vacuo and carried through to the next step.
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isopropyl(p-tolyl)silane (2.77b)

To a 250-mL round bottom flask purged with argon was added isopropylmagnesium chloride
(0.2 M in THF, 7.5 mL, 15.0 mmol, 1.0 equiv) and dissolved in THF (0.2 M). Trichloro(4-
methylphenyl)silane (2.66 mL, 15.0 mmol, 1.0 equiv) was then added. The reaction mixture was
allowed to stir at room temperature (23 °C) for 20 h. The reaction mixture was then cooled to —
78 °C and lithium aluminum hydride (4.0 M, 7.5 mL, 2.0 equiv) was added dropwise. The
solution was then allowed to cool to room temperature (23 °C) over 3 h. The solution was
quenched with Rochelle salt (8 mL) and filtered through Celite. The aqueous phase was
extracted with diethyl ether (3 x 25 mL). The combined organic phase was dried over MgSQOs,
filtered, and concentrated in vacuo at 190 torr and 33 °C due to volatility of the compound and
carried through to the next step. The reaction mixture was run through a silica plug after

concentration in vacuo.

Note: Confirmation of the product was achieved through 'H NMR and carried through to the
next step.
'"H NMR (300 MHz, CDCl3) 8 7.46 (d, 2H), 7.18 (d, J = 0.8 Hz, 2H), 4.16 (d, J = 2.8 Hz, 2H),

2.35 (s, 3H), 1.25-1.14 (m, 1H), 1.07-1.03 (m, 6H).
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isobutyl(naphthalen-2-yl)silanediol (2.69a)
To a flame-dried round-bottom flask purged with argon were added Pd/C (10 wt %, 0.05 g, 0.25
mmol, 0.10 equiv) and was dissolved in THF (0.2 M). Silane (0.54 g, 2.50 mmol, 1.0 equiv) was
added after being dissolved in a minimum amount of THF followed by the addition of deionized
water (0.45 mL, 25 mmol, 10 equiv). (Caution: H> gas evolves as the reaction proceeds). The
reaction was capped with a septum and allowed to stir at room temperature (23 °C). The reaction
was monitored using TLC for the consumption of starting material silane. TLC conditions:
hexanes/EtOAc, 4:1 v/v. Once silane was fully consumed, the reaction was filtered through
Celite to remove Pd/C. The filtrate was dried over MgSO; filtered and concentrated in vacuo.
The reaction mixture was purified using flash chromatography (SiOz, hexanes/EtOAc, 4:1 v/v or

DCM/Et;0, 4:1 v/v) to yield corresponding silanediol 2.69a as a white solid (0.62 g, 67%).

'H NMR (400 MHz, CeDs) & 8.27 (m, 1H), 7.75 (dd, J = 8.1, 1.1 Hz, 1H), 7.70-7.58 (m, 3H),
7.29-7.21 (m, 2H), 3.80 (b, 2H), 1.90 (m, 1H), 0.94 (d, J = 6.6 Hz, 6H), 0.89 (d, J = 7.0 Hz, 2H).
13C NMR (101 MHz, CeDe) & 135.53, 134.81, 134.39, 133.46, 130.26, 128.77, 127.58, 126.97,
126.25,26.27, 25.88, 24.28. Si NMR (79 MHz, C¢Ds Cr(acac)s) § —16.53. HRMS (ESI) m/z:

calc for C14H130.Si+tHCOO™ [M + HCOO] 291.1058, found 291.1051.
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isobutyl(o-tolyl)silanediol (2.69c¢)
To a flame-dried round-bottom flask purged with argon were added Pd/C (10 wt%, 0.03 g, 0.30
mmol, 0.10 equiv) and was dissolved in THF (0.2 M). Silane (0.61 g, 3.40 mmol, 1.0 equiv) was
added after being dissolved in a minimum amount of THF followed by the addition of deionized
water (0.61 mL, 34 mmol, 10 equiv). (Caution: H> gas evolves as the reaction proceeds). The
reaction was capped with a septum and allowed to stir at room temperature (23 °C). The reaction
was monitored using TLC for the consumption of starting material silane. TLC conditions:
hexanes/EtOAc, 4:1 v/v. Once silane was fully consumed, the reaction was filtered through
Celite to remove Pd/C. The filtrate was dried over MgSO; filtered and concentrated in vacuo.

The reaction mixture was purified using flash chromatography (SiO, hexanes/EtOAc, 4:1 v/v) to

yield corresponding silanediol 2.69¢ as a white solid (0.43 g, 70%).

'H NMR (400 MHz, C¢De) 7.77 (dd, J = 7.3, 1.7 Hz, 1H), 7.19 (m, 2H), 7.14 (t, J= 7.3 1H),
7.04 (d,J=7.5 Hz, 1H), 2.44 (s, 3H), 1.83 (m, 1H), 0.93 (d, J = 6.6 Hz, 6H), 0.78 (d, J= 7.1 Hz,
2H). '3C NMR (101 MHz, CsDs) & 143.76, 135.73, 135.58, 130.45, 130.16, 125.24, 26.67, 26.23,

24.33,22.97.2°Si NMR (79 MHz, C¢Ds, Cr(acac)s) & —16.09. HRMS (ESI) m/z: calc for

C11H1802Si+HCOO™ [M + HCOO] ™ 255.1058 found 255.1052.
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mesityl(phenyl)silanediol (2.69d)
To a flame-dried round-bottom flask purged with argon were added Pd/C (10 wt %, 0.07 g, 0.35
mmol, 0.10 equiv) and was dissolved in THF (0.5 M). Silane (0.74 g, 3.50 mmol, 1.0 equiv) was
added after being dissolved in a minimum amount of THF followed by the addition of deionized
water (0.15 mL, 7.00 mmol, 2.0 equiv). (Caution: H> gas evolves as the reaction proceeds). The
reaction was capped with a septum and allowed to stir at room temperature (23 °C). The reaction
was monitored using TLC for the consumption of starting material silane. TLC conditions:
hexanes/EtOAc, 9:1 v/v. Once silane was fully consumed, the reaction was filtered through
Celite to remove Pd/C. The filtrate was dried over MgSOs filtered and concentrated in vacuo.
The reaction mixture was purified using flash chromatography (SiO., hexanes/EtOAc, 4:1 v/v) to

yield corresponding silanediol 2.69d as a white solid (0.03 g, 3%).

'H NMR (300 MHz, C¢Ds) 8 7.16-7.14 (m, 5H), 6.74 (d, J = 6.9 Hz, 2H), 2.52 (d, J= 7.8 Hz,
6H), 2.10 (d, J = 5.4 Hz, 3H), 0.44 (s, 2H). 3C NMR (101 MHz, CeDe) 5 145.58, 139.91,

138.03, 136.31, 134.14, 130.09, 129.48, 128.74, 24.59, 23.76. 2°Si NMR (79 MHz, C¢Ds¢) &

22.41. HRMS (ESI) m/z: calc for Ci1sH1702Si” [M — H]™ 257.0998 found 257.0997.
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isobutyl(1-methyl-1H-indol-5-yl)silanediol (2.69¢)
To a flame-dried round-bottom flask purged with argon were added Pd/C (10 wt %, 0.78 g, 0.73
mmol, 0.10 equiv) and was dissolved in THF (0.2 M). Silane (0.16 g, 0.73 mmol, 1.0 equiv) was
added after being dissolved in a minimum amount of THF followed by the addition of deionized
water (0.14 mL, 7.30 mmol, 10 equiv). (Caution: H> gas evolves as the reaction proceeds). The
reaction was capped with a septum and allowed to stir at room temperature (23 °C). The reaction
was monitored using TLC for the consumption of starting material silane. TLC conditions:
DCM/Et0, 4:1 v/v. Once silane was fully consumed, the reaction was filtered through Celite to
remove Pd/C. The filtrate was dried over MgSOs filtered and concentrated in vacuo. The reaction
mixture was purified using flash chromatography (SiO,, DCM/Et,0, 7:3 v/v) to yield

corresponding silanediol 2.69e as an oil (0.17 g, 9%).

'"H NMR (400 MHz, CDCls) & 7.94 (s, 1H), 7.47 (dd, J=8.2, 1.1 Hz, 1H), 7.33 (d, J= 8.2 Hz,
1H), 7.05 (d, J= 3.1 Hz, 1H), 6.50 (dd, J= 3.1, 0.9 Hz, 1H), 3.78 (s, 3H), 2.79 (s, 2H), 1.87 (m,
1H), 0.94 (d, J = 6.6 Hz, 6H), 0.88 (d, /= 7.1 Hz, 2H).3C NMR (101 MHz, CDCl;) § 137.97,
129.16, 128.45, 127.47, 126.47, 125.25, 109.17, 101.51, 32.90, 29.85, 26.22, 25.72, 24.17.2°Si

NMR (79 MHz, CDCI3 Cr(acac)3) 6 —13.77.
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benzo|d][1,3]dioxol-5-yl(isobutyl)silanediol (2.69f)
To a flame-dried round-bottom flask purged with argon were added Pd/C (10 wt%, 0.02 g, 0.17
mmol, 0.10 equiv) and was dissolved in THF (0.2M). Silane (0.35 g, 1.68 mmol, 1.0 equiv) was
added after being dissolved in a minimum amount of THF followed by the addition of deionized
water (0.30 mL, 17 mmol, 10 equiv). (Caution: H> gas evolves as the reaction proceeds). The
reaction was capped with a septum and allowed to stir at room temperature (23 °C). The reaction
was monitored using TLC for the consumption of starting material silane. TLC conditions:
DCM/Et0, 4:1 v/v. Once silane was fully consumed, the reaction was filtered through Celite to
remove Pd/C. The filtrate was dried over MgSOs filtered and concentrated in vacuo. The reaction
mixture was purified using flash chromatography (SiO,, DCM/Et,0, 4:1 v/v) to yield

corresponding silanediol 2.69f as a white solid (0.05 g, 7%, average of 3 runs).

Note: Note: Confirmation of the product was achieved through 'H NMR and carried through to
the next step.
'"H NMR (300 MHz, CsDs) 6 7.34 (s, 1H), 7.29-1.88 (m, 2H), 6.76 (dd, J= 10.0, 7.6 Hz, 1H),

5.29 (d,J=3.3 Hz, 2H), 3.27 (s, 2H), 2.03-1.88 (m, 1H), 1.03-0.84 (m, 7H)
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isopropyl(p-tolyl)silanediol (2.78b)

To a flame-dried round-bottom flask purged with argon were added Pd/C (10 wt %, 0.03 g, 0.25
mmol, 0.05 equiv) and was dissolved in THF (0.2 M). Silane (0.2 M in THF, 25 mL, 5.0 mmol,
1.0 equiv) was added after being dissolved in a minimum amount of THF followed by the
addition of deionized water (0.90 mL, 50 mmol, 10 equiv). (Caution: H> gas evolves as the
reaction proceeds). The reaction was capped with a septum and allowed to stir at room
temperature (23 °C). The reaction was monitored using TLC for the consumption of starting
material silane. TLC conditions: hexanes/EtOAc, 7:3 v/v. Once silane was fully consumed, the
reaction was filtered through Celite to remove Pd/C. The filtrate was dried over MgSOy filtered
and concentrated in vacuo. The reaction mixture was purified using flash chromatography (SiO»,
hexanes/EtOAc, 7:3 v/v) to yield corresponding silanediol 2.78b as an oil (0.15g, 15% over 2

steps).

'H NMR (400 MHz, C¢Ds) § 7.65 (d, J= 7.7 Hz, 2H), 7.05 (d, J = 7.6 Hz, 2H), 4.26 (s, 2H), 2.12
(s, 3H), 1.11 (m, 1H).13C NMR (101 MHz, CsDe) 5 140.02, 134.95, 131.47, 128.92, 21.54,

17.07, 14.27.2°Si NMR (79 MHz, C¢De, Cr(acac)s) & —16.27.

General Procedure: '"H NMR Spectroscopy Binding Studies

Two 20-mL scintillation vials were flame dried and back purged with argon. Each
scintillation vial was fitted with a septa and argon balloon. An unused bottle of deuterated
solvent (CsDs) equipped with activated 4 A molecular sieves was used. Note: The deuterated

solvent (C¢Ds) was left to sit with activated 4 A molecular sieves for a minimum of 18 h prior to
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use. NMR tubes were placed in the oven for 1 h prior to use. Two stock solutions were made,
(1) with the silanediol, and (2) the organocatalyst. The first stock solution was made by
dissolving the disiloxanediol in 4 mL of deuterate solvent (C¢Ds). The organocatalyst (10.0
equiv) was added to the other scintillation vial. To further eliminate any moisture, the deuterated
solvent (C¢Ds) was fitted with a septum and argon balloon when being used. A 2 mL aliquot
was taken from the stock solution containing the disiloxanediol and transferred to the stock
solution containing the Lewis base. Then different volumes of each stock solution were mixed

into the corresponding NMR tubes with the desired equivalents of organocatalyst (Table 2.10).

Table 2.10 Volumes needed for binding studies.

NMR Silanediol Volume from Volume from
tube (equiv) (SD solution) (Organocatalyst solution)
A 0 0.50 0
B 1 0.45 0.05
C 3 0.35 0.15
D 5 0.25 0.25
E 7 0.15 0.35
F 10 0 0.50

Each NMR tube was capped with a rubber septum. Then, each NMR tube was purged
with argon. The '"H NMR spectrum of each solution was recorded using the 400 MHz NMR
spectrometer after 16 scans at room temperature. Binding constants were calculated using
Microsoft Excel Solver to fit a nonlinear curve with the model equation below.*° The binding
affinity (K.) was the only variable optimized and no constraints were used. The error was

calculated at a 95% confidence interval based on the NMR data to the model.

c
AS; = 5obs,i - 5free = g eq. 2.2
(KgRo+1+KgS)) iJ(KaRO+1+KaSi)2—4Ka2ROSi
C = K eq. 2.3
a
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The chemical shift (ppm) of the SiIOH proton in the bound Lewis base complex is equal
t0 Scompiex » and thus A8 = Scompiex — Ofree Where 8poe = chemical shift (ppm) of the SiOH
proton when no Lewis base is present (i.e., NMR tube A). This value ( Ad ) is estimated from
extrapolation of where the binding curve levels off. The remaining values are as follows: 6,5; =

chemical shift (ppm) of SiOH proton at i equivalents of Lewis base, R, = initial concentration
of disiloxanediols, and S; = concentration of Lewis base at i equivalents in M, and K, =

binding constant in M.,
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Chapter 3: Synthesis of Chiral 1,3-Disiloxanediols and Exploration
as Hydrogen-bonding Organocatalysts

3.1 Introduction and Background

This chapter presents the efforts towards the synthesis of chiral 1,3-disiloxanediols using
the desymmetrization of prochiral silanediols. The synthesis of novel prochiral silanediols have
been investigated, and new insight was gained regarding the synergistic selectivity interplay
between the silanediols and chlorosilanes. Silanediol and chlorosilanes were observed to perform
with great (86:14 er) to excellent selectivity (96:4 er) with two new aryl-aryl silanediols in the
desymmetrization reaction. The design, synthesis, and preliminary evaluation of chiral 1,3-
disiloxanediols as hydrogen-bonding organocatalysts were also explored. The solution-state
hydrogen-bonding interactions were investigated and an interesting role of the chlorosilane in
dictating the selectivity of the desymmetrization reaction was explained. The hydrogen-bonding
interactions were initially related to observed selectivities for the test reactions explored. More
studies will be required to understand the active binding mode.

The power of hydrogen bonding was first described by Pauling: “..it will be found that
the significance of the hydrogen bond for physiology is greater than that of any other structural
feature.”! Hydrogen bonds play an integral role in biological systems and are arguably
fundamental to life. Hydrogen bonds have risen in popularity in the field of asymmetric
organocatalysis.>” Early beginnings of hydrogen-bonding catalysis was inspired by work from
Yates and Eaton for the Lewis acid accelerated Diels-Alder reaction between anthracene 3.1 and
furan-2,5-dione 3.2.!° In the presence of aluminum trichloride, the Diels-Alder reaction between

3.1 and 3.2 was complete in two minutes for the formation of 3.3, while the absence of the Lewis
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acid required approximately three days and afforded less pure product. This work signaled the

power of metal-centered Lewis acid catalysts.!%1
O
AICI
DOGRN -
CH,Cl,
o 23°C
3.1 3.2 3.3

Scheme 3.1. Diels-Alder cycloaddition accelerated by aluminum trichloride.

Metal-centered Lewis acid catalysts have well defined and highly tunable Lewis
acid/base interactions leading to enhanced stereochemical outcomes.?’ Breonsted acid activation
of generic electrophiles have loosely defined and somewhat tunable interactions with careful
consideration needed for pK,.2! Nonetheless, many factors are to be considered in the
development of metal-centered Lewis acids such as cost, toxicity, isolation, and stability. The
discovery that distinct hydrogen-bond donor motifs can catalyze an array of organic
transformations was pioneered by Hine and co-workers (Scheme 3.2).22 Enhanced activity was
observed with 3.5 relative to phenol (kw1 12.5 vs 1.0). A solid-state structure of 3.5 and 3.4

supported a two-point binding mode that supports that the activation mode is also two-point

binding.
' OH  OH
OH X
0 3.5 catalyst (15 mol %) |
PhO Et,NH !
A e e B o T (r
34 3.6 | 35

Scheme 3.2. Epoxide-ring opening catalyzed by 1,8-biphenylenediol 3.5.
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3.2 Early Hydrogen-bonding Organocatalysts

Since Friedel and Crafts’ electrophilic aromatic substitution with aluminum trichloride?
and Eaton’s venture with aluminum trichloride,'° many hydrogen-bonding organocatalysts were
developed — selected examples are shown below (Figure 3.1). These organocatalysts are flanked
by a single or dual hydrogen-bond donor 2* site with structural differences allowing for
secondary interactions. The Michael addition is arguably one of the most important carbon—

25-28 and served as a model reaction for the

carbon bond forming reactions in organic chemistry
early development of thiourea-based organocatalysts. Nitroolefins are excellent Michael
acceptors with enhanced reactivity. Takemoto and co-workers harnessed this reactivity for the
development of bifunctional thiourea catalyst 3.7 that promoted the Michael reaction of
malonates with high enantioselectivities.?’ Thereafter, a surge in thiourea-based catalysts flooded
the exciting new field of hydrogen-bonding organocatalysis. Ricci and co-workers developed the
first catalytic, enantioselective Friedel-Crafts alkylation of indoles with nitroalkenes catalyzed
by 3.8, which is easily accessed in both enantiomeric forms from commercially available
materials.’® In 2006, Tsogoeva and co-workers demonstrated the first example of an asymmetric
nitro Michael addition catalyzed by a primary amine derived thiourea-catalyzed 3.9.3!
Noteworthy, Terada and co-workers developed an axially chiral guanidine 3.10 that facilitated
the 1,4-addition of 1,3-dicarbonyl in high enantioselectivities.*> Concurrent with Tsogoeva,
Jacobsen and co-workers designed primary amine-thiourea 3.11 that underwent an enamine

mechanism which allowed for cooperative activation of the electrophile by the thiourea and

primary amine.*
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Figure 3.1. Early hydrogen-bonding organocatalysts in asymmetric catalysis.

The Diels—Alder cycloaddition reaction is one of the most powerful C—C bond-forming
reactions in organic chemistry, allowing construction of six-membered rings with high regio- and
stereocontrol.** Rawal and co-workers developed a highly reactive diene (Rawal’s diene) for the
asymmetric Hetero-Diels-Alder (HDA) reaction with methacrolein, which was discovered to be
catalyzed by a,a,a’,a’-tetrataryl-2,2-disubstituted-1,3-dioxalane-4,5-dimethanol (TADDOL)
3.12 as the first example of a “simple chiral alcohol” promoted transformation.? Expanding the
initial success with 3.12, Rawal and Yamamoto demonstrated BAMOL 3.13 to catalyze the HDA
reaction of Rawal’s diene with unactivated aldehydes.?® Structurally different catalyst 3.14 was
discovered as an active catalysts for the HDA reaction of TIPS-substituted Danishefsky’s diene?”
with glyoxylates.*® Sigman and co-workers developed a new class of modular oxazoline catalysts
that facilitated the HDA reaction of Rawal’s diene with a series of activated aldehydes in high

enantioselectivities.’ Chiral diol-based organocatalysts such as TADDOL 3.12, and many other
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well-known catalysts (including VAPOL, VANOL, and BINOL) have been designed to promote
notable transformations of the asymmetric Petasis reaction,*’ enantioselective protonation of silyl
enol ethers*!, and asymmetric allylboration of ketones,*? respectively.

Silanols are highly acidic and exhibit unique hydrogen bonding patterns with other proton
donors or acceptors,*’ making them an attractive option for incorporation into chiral catalysts.
Bolm and coworkers designed the first planar-chiral bis-silanol 3.13 to demonstrate for
asymmetric organocatalysis, also in the HDA reaction of Rawal’s diene with 3.13.# Silanol
catalyst 3.13 promoted the HDA reaction in moderate yield and enantioselectivity (45% yield

and 64:36 er), with the carbinol derivative performing similarly (45% yield and 70:30 er).

TBSO '
\i H n-Pr 1) 3.18 catalyst (20 mol %) @) n-Pr

~ + PhMe, —40 °C 16 h U :

0 2) AcCl 0 5

N(CHa), :

3.16 3.17 3.19,45%

Scheme 3.3. Bolm and coworkers’ chiral bis-silanol-catalyzed }?:‘;:Zfoei})iels—Alder :e;:f:tion.
The potential for chiral organosilanols as hydrogen-bonding organocatalysts remains

largely underexplored. To date, only one report exists in the literature for the synthesis of chiral
1,3-disiloxanediol (Scheme 3.4).* Kawakami developed a highly stereoselective cleavage
reaction of the carbon—silicon bond of an (4-methoxyl-1-naphthyl)silane in 3.24 over a three step
synthesis with low yields. Kawakami employed the typical ways to functionalize organosilicon
compounds by introducing a reaction functional group such as Br and Cl which facilitated the
cleavage of the silicon-naphthyl bond. However, the development of more stereoselective

methods was required for access to chiral 1,3-disiloxanediols.
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Scheme 3.4. Synthesis of chiral 1,3-disiloxanediol reported by Kawakami.

3.3 Synthesis of Chiral 1,3-disiloxanediols

The Franz group has developed the first Lewis base-catalyzed silylation of prochiral
silanediols for the synthesis of silicon-stereogenic siloxanols (Scheme 3.5).46 A co-crystal was
obtained of the organocatalyst and naphthyl(phenyl)silanediol. The role of the Lewis base during
silylation was evaluated by synthesizing and testing analogs of organocatalyst 3.22. The
hydrogen-bonding interactions in the reaction were investigated via analyses of 'H NMR binding
studies. The scope of the chlorosilane partner resulted in the successful synthesis of several
siloxanols featuring the Si—H handle necessary for the synthesis of chiral 1,3-disiloxanediols.
The Franz group has developed great knowledge about 1,3-disiloxanediols*’*° and it remained a
goal to synthesize chiral 1,3-dsiloxanediols for their application as catalysts in asymmetric
transformations.

The desymmetrization reaction provided a route to synthesize chiral 1,3-disiloxanediols

with unique selectivities observed with chlorosilane 3.26b (Scheme 3.5). High levels of enanti-
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oenrichment in the desymmetrization reaction were attributed to the need for aryl-alkyl silanedi-
ols, more specifically, an isobutyl group. When (4-fluoronaphthalen 1yl)(isobutyl)silanediol was
subjected to the desymmetrization reaction with chlorosilane 3.26a excellent yield and selectivity
for siloxanol 3.28aa were observed (98% yield and 98:2 er). The desymmetrization reaction was
optimized with isobutyl(naphthalen-1-yl)silanediol and chlorosilane 3.26a which excellent yield
and selectivity. When (4-fluoronaphthalen-1yl)(isobutyl)silanediol was paired with chlorosilane
3.26b a loss of reactivity and selectivity was observed for siloxanol 3.28ab (73% yield and 85:15
er). When paired with chlorosilane 3.26a, isopropyl(phenyl)silanediol resulted in good reactivity
and some selectivity for siloxanol 3.28ba (78% yield and 65:35 er). Surprisingly, with
chlorosilane 3.26b isopropyl(phenyl)silanediol resulted in excellent yield and selectivity for si-
loxanol 3.28bb (49% yield and 98:2 er). Interestingly, diaryl silanediol naphthalen-1-yl(phe-
nyl)silanediol resulted in no change in selectivity with either chlorosilane 3.26a or 3.26b. These

results demonstrated the uniqueness of chlorosilane 3.26b in the desymmetrization reaction.
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Scheme 3.5. Effect of silanediol and chlorosilane on enantioselectivity.

The synthesis of chiral 1,3-dsiloxanediols now has an established route in the Franz
group (Scheme 3.6). The efforts towards the synthesis of novel prochiral substrates detailed in
Chapter 2 of my dissertation illustrated the Grignard as the best route for access aryl-alkyl
silanes 3.29. Access to pure silanediols 3.30 is achieved through a Pd/C-catalyzed hydrolysis of
silanes and avoids HCI impurities commonly observed with the direct hydrolysis of
chlorosilanes.’*>! In Chapter 2 of my dissertation, efforts towards a one-pot procedure for the
synthesis of silanediols proved to be unreliable and highly dependent on the desired substitution
pattern around the silicon center.> Silanediols 3.30 are subjected to the desymmetrization reac-
tion with chlorosilane 3.26b catalyzed at 5 mol% by 3.27 to give silicon-stereogenic siloxanols

3.31. Chiral 1,3-dsiloxanediols 3.32 are synthesized upon Pd/C hydrolysis of siloxanols 3.31.
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Scheme 3.6. Synthesis of chiral 1,3-disiloxanediols.

A small collection of chiral 1,3-disiloxanediols were synthesized with yields reported
over two steps (Scheme 3.7). When (4-fluoronaphthalen-1yl)(isobutyl)silanediol was subjected
to the desymmetrization reaction low yield and moderate selectivity for siloxanol 3.34a was ob-
served (11% yield and 86:14 er). Very interestingly, when diaryl mesityl(phenyl)silanediol was
subjected to the desymmetrization reaction low yield, but excellent selectivity for siloxanol
3.34b was observed (9% yield and 96:4 er). Mesityl(methyl)silanediol was tested as a compari-
son point to this result. Attempts to synthesize isobutyl(mesityl)silanediol were unsuccessful
with mesityl(methyl)silanediol the only accessible substrate. Increased reactivity and a huge loss
of selectivity was observed for siloxanol 3.34¢ (38% yield and 57:43 er). This result suggested
an interesting chemical relationship taking place between mesityl(methyl)silanediol and
chlorosilane 3.26b. Diaryl silanediols decorated with electron-withdrawing groups resulted in
low reactivity for siloxanols 3.34d-e. However, moderate selectivity was observed for siloxanol
3.34d (86:14 er) while mesityl-containing siloxanol 3.34e resulted in a complete loss of selectiv-

ity. These results suggested an interaction between prochiral silanediols and chlorosilane 3.26b.
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Scheme 3.7. Chiral 1,3-disiloxanediols accessed via the desymmetrization reaction.

3.4 Synthesis of Prochiral Silanediols for Chiral 1,3-Disiloxanediols

The synthesis of silanediols followed the established route in the Franz group.’!> The
synthesis of 3.37a resulted in a 6% yield over two steps. Silanediol (4-fluoronaphthalen-1-
yl)(isobutyl)silane 3.36a was purified using flash column chromatography to yield a 3:1 mixture
of 4-fluoronaphthalene to corresponding 3.36a. Attempts to further purify 3.36a were unsuccess-
ful, and it was carried through to the next step. Encouragingly, mesityl(phenyl)silanediol 3.37b
was synthesized in higher yield (18%). Batch syntheses of a scale of 1.0 mmol for 3.37b resulted
in higher yield (i.e.,12% vs 18%). Large scale (18 mmol) Pd/C-catalyzed reactions for the syn-
thesis of 3.37b resulted in protodesilylation. Pd/C sourced from Strem was used for large- and

small-scale reactions. In Chapter 2 of my dissertation, Pd/C sourced from Strem proved to be
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most reliable for the synthesis of aryl-alkyl silanediols.>* Trichlorosilanes 3.35a-b (i.e., isobutyl
and phenyl) were used for the synthesis of silanediols 3.37a-b. Silanediol 3.37¢ was accessed us-
ing dichloromethylsilane 3.35¢ and resulted in 29% yield for silane 3.36¢ and 23% for silanediol

3.37c.

1) Mg (1.15 equiv)
DBE (0.15 equiv)
THF, rt 18h
2) RSiCl>X 3.35a—c R R
X =ClorH (1.0 equiv) SI'—H Pd/C (10 wt %) (0.05 equiv) I
THF, rt, 18 h Ar H,O (10.0 equiv) Ar- )
3) LAH (2.0 equiv), H THF, rt,1 h OH
-78°Cto rt,3h 3.36 a—c 3.37a-c

Ar—Br

3.37a,6 % 3.37b, 18 % 3.37¢, 23 %
over 2 steps

Scheme 3.8. Synthesis of prochiral silanediols 3.32a—c.

The synthesis of silanediols decorated with 1,3-bis(trifluoromethyl)phenyl 3.41 were at-
tempted using an established route developed by Ngon T. Tran, Ph.D. (Scheme 3.8A).%° Early
investigations in the Franz group allowed for mesityl-containing silanediols to be highly soluble,
crystalline and isolable.?* The incorporation of the mesityl group was influenced by strategies
used for the synthesis of disilylenes and terphenylsilanes and chlorosilanes.>®*” The addition of
2-mesitylmagnesiumbromide 3.38 to trichlorosilane followed by reduction with lithium alumi-
num hydride. Schmidbaur and coworkers have reported a shorter reaction time with moderate
yields (68%) for the lithium aluminum hydride reduction of alkoxysilane, triethoxylmesit-
ylsilane,>® but results from Ngon T. Tran Ph.D. proved this method to be unreliable and led to

low yields.?* Chloromesitylsilane 3.40 was chlorinated efficiently with boron trichloride and
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matched literature precedent.® Silanediols with 1,3-bis(trifluoromethyl)phenyl 3.41 and mesityl
groups were designed to be highly lipophilic and soluble. Sterically encumbered chlorosilane
3.40 or commercially available chlorophenylsilane is then added slowly to a solution of ArfLi
(Scheme 3.8B). Silanes 3.42a—b were hydrolyzed with Pd/C resulted in highly acidic silanediols
3.43a-b. Chlorophenylsilane was not commercially available at the time I worked on this pro-
ject. Attempts to synthesize chlorophenylsilane upon reduction of phenyltrichlorosilane were un-
successful. Therefore, silanediol 3.43a was recovered from the archive left by Ngon T. Tran,
Ph.D. and subjected to desymmetrization reaction. Attempts to synthesize silane 3.42b with were
also unsuccessful. Silanediol 3.43b was also recovered from the archive left by Ngon T. Tran,

Ph.D. and subjected to desymmetrization reaction.
(A)

1) HSICl; (1.0 equiv) CII
Et;0, —78°Ctort, 1h BCl, (0.38 equiv) Si-H
MgBr 2) LAH (3.0 equiv) SiH; Hexanes, rt, 1 h H
Et,O, —78°Ctort, 1 h

3.38 3.39 3.40
(B)
CF; Ar CF. A
CFs 4y n-BuLi, TMEDA S 3 Al
THF, —78°C, 2h Si-H  Pd/C (10 wt%) (0.05 equiv) Si—OH
H ' OH
2) ArSiH,ClI Hz? F(I:: O.r(tJ ?qr:uv)
CF3 Ar = Ph, mesityl CF, , I, CF,
3.41 3.42a-b 3.43a-b

Scheme 3.8. A) Synthesis of 3.40 B) Synthesis of prochiral silanediols 3.43a-b.

A series of conditions were tested for the synthesis of silanediol 3.37a from a 3:1 ratio of
3.44:3.36a (Table 3.1). Ruthenium based catalysts have been used for the highly selective and
practical oxidation of organosilanes to silanols.>*%° Encouraged by these results, small scale test
reactions were unsuccessful and resulted in protodesilylation (Table 3.1, entry 1-2). Addition-
ally, a small-scale test reaction using an established method by the Franz group for the synthesis

of 1.3-disiloxsnediols® was unsuccessful and resulted in unreacted starting material (Table 3.1,
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entry 3). Oxidation using potassium permanganate®® resulted in protodesilylation (Table 3.1,

entry 4). An iridium-catalyzed hydrolysis®? resulted in 26% isolated yield (Table 3.1, entry 5).

Table 3.1 Conditions tested for the synthesis of 3.37a.
F i-I|3u i-EISu

Si—H Si—-OH
OO . O 'H  conditions O OH

3.44 3.36a 3.37a

scale . .
entry (mmol) conditions result

[Ru(benzene)Cl2]2 (2 mol%), H20 (4.0 equiv)

! 0.08 CH:CN (0.33 M), 1t 2 h then 40 °C 2 h protodesilylation

e LT —

D S T
h

4 0.05 KMnOs (3.5 equiv), THF (0.2 M), 1t 24 h protodesilylation

5 0.075  [I(COD)Cl]x (5 mol%), H20 (5.0 equiv), E6O (0.02 26 %

M), rt3 h

“Observed by 'H NMR spectroscopy. "BzCF3 = 2,2,2-trifluoroacetophenone. ‘Isolated yield.

A Pd-base catalyst screen was investigated to reduce overall costs associated with using
Ir-based catalyst systems (Table 3.2). Given the success for the synthesis for aryl-isopropyl and
aryl-isobutyl containing silanediols in Chapter 2 with Pd/C sourced from Strem vs Sigma-
Aldrich, I observed similar results for the synthesis of 3.37a. Small scale test reactions in 1,4-di-
oxane at room temperature resulted in a 1:1 mixture of 3.44:3.37a (Table 3.1, entry 1).
Interestingly, a test reaction of the same scale at 0 °C resulted in exclusive formation of
silanediol 3.37a (Table 3.1, entry 2). This result was replicated and confirmed (Table 3.1, entry

3—4). Lindlar’s catalyst was unsuccessful for the synthesis of 3.37a. A large-scale test reaction
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of 1.0 mmol using Pd/C (17 mol%) in THF at 0 °C resulted in protodesilylation. Iridium was

deemed a more reliable metal for the oxidation of 3.36a.

Table 3.2 Pd-based catalyst screen for the synthesis of 3.37a.
F i-I|3u i-IT%u

Si—H Si-OH
. H catalyst (X mol %), H,O (10.0 equiv) OH
£ O solvent (0.2 M), temp, time F ‘

3.44 3.36a 3.37a
en scale a mol temp time result
try  (mmol) catalyst % solvent (°C) (min)  (3.44:3.37a)'
1 0.11 Pd/C 17 1,4-dioxane 23 27 1:1
2 0.10 Pd/C 17 EtO 0 23 0:1
3 0.23 Pd/C 17 THF 0 15 0:1
4 0.19 Pd/C 17 THF 0 29 0:1
5 0.12 Pd/CaCO:s 5 THF 23 22 0:0

“Franz group Pd/C sourced from Strem. ’Observed by '"H NMR spectroscopy.

Pd/C sourced from Strem was tested to ensure the catalytic activity of Pd/C sourced from
Sigma-Aldrich was not the contributing factor for the large-scale synthesis of 3.37a that resulted
in protodesilylation (Table 3.3). For this investigation, a series of concentrations were investi-
gated influenced by silanediol concentration studies performed by Ngon T. Tran, Ph.D.
Concentrations of 0.08 M and 0.06 M resulted in exclusive formation of 3.37a (Table 3.3, entry
1-2). However, concentrations of 0.03 M and 0.01 M resulted in a 1:1 formation of 3.44 :3.37a
(Table 3.3, entry 3—4). This data suggested that the optimal concentrations for the synthesis of
3.37a were 0.08 M and 0.06 M, and Pd/C sourced from Strem from the Shaw group and Franz

group was catalytically active.
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Table 3.3 Concentration conditions tested for the synthesis of 3.37a.
F i-Bu i-Bu
| |

Si—H Si—OH
+ O 'H  Pd/C (17 wt %) (0.05 equiv). O ‘OH
F H,0 (10.0 equiv) F
O THF (X M), 0 °C, time O

3.44 3.36a 3.37a
entry scale (mmol) time (min) concentration (M) result (3:44:3.37a)“
1 0.09 15 0.08 0:1
2 0.09 16 0.06 0:1
3 0.09 12 0.03 1:1
4 0.09 15 0.01 1:1

“Observed by 'H NMR spectroscopy.

Overall, silanediol 3.37a was synthesized and isolated in low yield using th combined
temperature and concentration results with the opportunity for further optimization (Scheme 3.9).
Pd/C-catalyzed hydrolysis at large scale resulted in protodesilylation. An iridium-catalyzed hy-

drolysis at a concentration of 0.06 M were the best conditions for access to silanediol 3.37a.

i-Bu i-IT%u
i—H Si—-OH

Si
y [I((COD)CI], (1 mol %) oH
- Hz0 (5.0 equiv), THF (006 M) _
O 0 °C. 30 min O

3.36a 3.37a, 26 %
Scheme 3.9. Optimized conditions for the synthesis of silanediol 3.37a.

3.5 Attempts to Improve Synthesis of Chiral 1,3-Disiloxanediols

Given the concentration dependence of silanediols, a series of conditions were tested for
the synthesis of siloxanol 3.34b with Pd/C sourced from Strem from the Franz group (Table 3.4)
A small scale test reaction at a concentration 0.08 M and stoichiometric Pd/C resulted in unre-
acted starting material (Table 3.4, entry 1). Longer reaction time using 30 mol % Pd/C and a con-

centration of 0.08 M also resulted in unreacted starting material (Table 3.4, entry 2). At a con-
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centration of 0.03 M using 30 mol % Pd/C, TLC reaction progress monitoring indicated con-
sumption of starting material at 120 min. However, 'H NMR spectroscopy resulted proved unre-
acted starting material remained (Table 3.4, entry 3). Pd/C sourced from Strem from the Shaw
group was tested at 30 mol% at a concentration of 0.03 M and resulted in unreacted starting ma-
terial using '"H NMR spectroscopy but TLC reaction progress monitoring indicated otherwise
(Table 3.4, entry 4). When the temperature was increased to 40 °C for 1 hour followed by 60 °C
for 1 hour at stoichiometric loading of Pd/C, TLC reaction progress and '"H NMR spectroscopy
indicated no consumption of material (Table 3.4, entry 5). With the success of Iridium-catalyzed
hydrolysis for silanediol 3.37a, Iridium was investigated at a concentration of 0.08 M for the

synthesis of 3.34b and found to result in product formation (Table 3.4, entry 6).

Table 3.4 Hydrolysis conditions tested for the synthesis of 3.34b.

Ph\ o /Ph
wSi” \Sli*Ph catalyst (X mol%)

! H,O (10.0 equiv)

OH H  THE (X M), rt. time
3.44

entry (mnsl((:)ell;e catalyst® nol/(:l co?lf/[e)nt. (trlnnlf) result?
1 0.02 Pd/C 100 0.08 90 unreacted SM
2 0.02 Pd/C 30 0.08 133 unreacted SM
3 0.03 Pd/C 30 0.03 120 unreacted SM
4 0.03 Pd/C¢ 30 0.03 20 unreacted SM
54 0.03 Pd/C 100 0.08 40 unreacted SM
) 0.0 [I(COD)Cl]2 3 0.08 15 consu?nl\gd

? Reaction ran at 40 °C for 1 h followed by 60 °C for 1 h; TLC reaction progress indicated no consumption of start-
ing material at rt for 40 min; result indicated in entry. ®Strem Pd/C sourced from Franz Lab. ¢ Strem Pd/C sourced
from Shaw Lab. “‘Observed using 1H NMR spectroscopy.

Siloxanol 3.34b was synthesized and isolated in very low yields (Scheme 3.10) The opti-
mal concentration was determined to be 0.08 M in the presence of [Ir(COD)Cl],. Pd/C-catalyzed

hydrolysis was determined as an inefficient method to access 3.34b at stoichiometric levels, dif-
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ferent concentrations, and temperatures. Further optimization is needed for the synthesis of

3.34b.
Ph Ph Ph
X% [ICOD)CI], (3 mol %) Ol
' 1~ Ph H,0 (10.0 equiv) i —Ph
OH H OH OH

THF (0.08 M), rt, 15 min
3.44 3.34b, 9 %
Scheme 3.10. Optimized conditions for the synthesis of 3.34b.

Since the synthesis of chiral 1,3-disiloxanediol required further optimization, solvent and
temperature conditions were investigated for the synthesis of precursor 3.44 (Table 3.5). In the
optimization performed by Jacob J. Dalton, Ph.D. for the desymmetrization reaction, chloroben-
zene at 20 mol% of 3.27 was found to retain reactivity and lose selectivity (95% yield and 88:12
er) with isobutyl(naphthalen-1-yl)silanediol and chlorosilane 3.26a at —78 °C.*¢ These conditions
were applied to silanediol 3.37b and resulted in complete loss of reactivity and selectivity (18%
yield and 66:34 er; Table 3.5, entry 1). In our preliminary solvent optimization at —40 °C and 20
mol% of 3.27 for the desymmetrization with isobutyl(naphthalen-1-yl)silanediol, chlorosilane
3.26a was presumed to be a viable parameter and was applied to the synthesis of 3.44. These
conditions resulted in a complete loss of reactivity and selectivity (6% yield and 66:34 er; Table
3.5, entry 2). Changes in temperature and solvent resulted in no increase in yield for the synthe-

sis of 3.44.
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Table 3.5 Conditions tested for the synthesis of 3.44.

H,C -Bu
\ /'\H/H tBu
N -
QI VIrY
N O CH, . Ph
Ph 3.27 (5 mol %) il o
g + Cl—Si-Ph '
HO' “OH ! i-ProNEt (1.2 equiv), OH H
a-pinene (1.2 equiv)
3.37b 3.26b solvent (0.075M), temp, 16 h 3.44. 29%
entry solvent temperature (°C) yield (%)* er
1 PhCl -78 °C 18 66:34%
2 PhMe —40 °C 6 66:34°¢

“Isolated yield. ’Determined using HPLC CHIRALPAK AD-H column. ‘Determined using HPLC
CHIRALPAK OD-H column.
3.6 Exploration of Chiral 1,3-Disiloxanediols as Hydrogen-bonding Organocatalysts
The Franz group established the first example of a silanediol catalysis for the addition of
heteroarenes to trans-B-nitrostyrene.®* Silanediols decorated with mesityl and electron-withdraw-
ing groups exhibited excellent yields (92%). It was also proposed that silanediols engage in self-
recognition that allow for silanol acidification to promote effective catalysis, outcompeting a
concurrent report.>® This model reaction is an important carbon—carbon bond forming reaction
known to be catalyzed by silica gel® and served as an important test reaction. The Franz group
has reported a sodium tetrakis[3,5-bis(trifluoromethyl)phenyl]borate (NaBArF)-catalyzed
Friedel—Crafts reaction that proceeded in high yields with various phenolic and amino nucleo-
philes.® A catalyst screen was investigated for the synthesis of 3.47 that included catalysts and
solvents established from literature precedent (Table 3.6). With NaBArF at 20 mol% loading re-
sulted in good reactivity (71% yield; Table 3.6, entry 1). Silica-gel promoted synthesis of 3.47
demonstrated similar reactivity as entry 1 (75% yield; Table 3.6, entry 2). 1,1,3,3-tetra-
phenyldisiloxanediol 3.48 resulted in good reactivity (71% yield; Table 3.6, entry 3). Chiral dis-
iloxanediol 3.34a at 20 and 10 mol% catalyst loadings exhibited poor reactivity and no selectiv-

ity (Table 3.6, entry 4-5). These results suggested that increased catalyst loadings for chiral
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disiloxanediol 3.34a had no effect on selectivity. The indole addition to trans-f-nitrostyrene was

deemed not a sufficient test reaction for exploration of chiral 1,3-disiloxanediols.
Table 3.6 Catalysts screen for the synthesis of 3.47.

O NH
X NO2 N catalyst (X mol %) Z
+ solvent, rt, 24 h
Y NO,
3.45 3.46 O 3.47

entry catalyst %mol solvent (M) yield (%)” er’
1 NaBAr" 20 PhMe (0.67) 71 N/A
2 silica gel 20 DCM (2.0) 75 N/A
3 3.48 20 DCB (1.9) 71 N/A
4 3.34a 20 DCB (1.9) 11 55:45
5 3.34a 10 DCB (1.9) 6°(5) 51:49

“Isolated yield. “Determined using HPLC with Diacel CHIRALPAK AD-H column. °Yield determined using
"H NMR spectroscopy using PhSi(CH3)s as an internal standard.

The Diels-Alder reaction was chosen as a reference reaction and was catalyzed by
TADDOL 3.12 as previously discussed in this chapter. Titration studies using 'H NMR
performed by Ngon T. Tran, Ph.D. of organosilanols, ranging from mono- to disiloxanediols,
with DMF showcased organosilanols had a higher binding affinity than TADDOL 3.12.°!
Specifically, 1,1,3,3-tetraphenyldisiloxanediol 3.43 resulted in the highest binding affinity to
DMEF. The acidity of achiral disiloxanediol 3.48 was calculated to be 5.9;% moreover 3.48
catalyzed the Diels-Alder reaction more efficiently than silanediols (72% vs. 56%). These results
suggested that chiral 1,3-disiloxanediols were suitable catalysts for exploration as hydrogen-
bonding catalysts in the Diels-Alder reaction (Table 3.7). Chiral disiloxanediol 3.34a at 20 mol%
loading resulted in low reactivity and little to no selectivity (33% yield and 63:37 er) (Table 3.7,
entry 1). Electron-rich chiral disiloxanediol 3.34b at 20 mol% loading resulted in no selectivity
(50:50 er) (Table 3.7, entry 2). Electron-deficient chiral siloxanol 3.51 at 33 mol % loading

resulted in no low reactivity and no selectivity (13% yield and 55:45 er; Table 3.7, entry 3).
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Interestingly, chiral siloxanol 3.51 was hypothesized to activate the diene through single-point
activation and not impart selectivity. The slight increase in selectivity observed with chiral
disiloxanediol 3.34a suggested an enhanced binding mode for further exploration. However,
chiral disiloxanediol 3.34a was deemed not a suitable catalyst for further exploration due to

synthetic inaccessibility.

Table 3.7 Catalysts screen for the synthesis of 3.55.

TBSO 1. Si-OH catalyst (X mol %) O
o+ JL PhMe, —78 °C 48 h
Me~ “CHO 2. LAH, —78°C v Non
N(CHa)

CH 30 minthenrt 1.5 h CHj
3 3. HCl-dioxane, rt 25 h
3.48 3.49 3.50
_o_fh N Ph
>I~Ph S Si-ph
OH OH OH CH,
3.34a
entry catalyst er
1 3.34a 63:37°
2 3.34b 50:50°¢
3 3.51 55:45¢

“Isolated yield. ® TLC purification taken; see Experimental General Procedure C. ‘Determined using HPLC
with Diacel CHIRALPAK OD-H column. “Determined using HPLC CHIRALPAK AS-H column.

3.7 'H NMR Binding Studies of Catalyst 3.27 with Silanediols 3.32a, 3.57a-b, 3.60
The Franz group has been vested in utilizing "H NMR titrations to quantify hydrogen-
bonding strength for its versatility with organosilicon compounds.#6:#7->1:%55 Quantification of
hydrogen-bonding has interested the Franz group for its ease with quick data collection suitable
for any student while alluding to important information about molecular assembly,®” anion
binding,*-%® and self-association.** Specifically, NMR titration has reigned a powerful tool to

understand self-association in 1,3-disiloxanediols as noted through silanol shifts.
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With the success of 'H NMR binding studies for the desymmetrization paper,* 1
investigated the hydrogen-bonding interactions between the silanediols and organocatalyst. I was
intrigued by the synergistic selectivity “sweet spot” that was taking place utilizing chlorodiphen-
ylsilane 3.21b to access the precursor necessary for the synthesis of chiral 1,3-disiloxanediols. A
notable example of the selectivity “sweet spot” was discussed in Chapter 2 of this dissertation
with tert-butyl(phenyl)silanediol where this prochiral substrate was necessary for concurrent
desymmetrization methodologies being developed at the same time as the Franz group (Scheme
3.11). When fert-butyl(phenyl)silanediol 3.52a was subjected to the desymmetrization reaction
with chloromethyldiphenylsilane 3.53a reaction partner no reactivity was observed with recov-
ered starting material. When 3.57a was subjected to the desymmetrization reaction with chloro-
diphenylsilane 3.26b reaction partner some reactivity and negligible selectivity was observed.
Notably, isopropyl(phenyl)silanediol 3.52b when paired with chlorosilanes 3.53a and 3.26a,
elicited excellent selectivity for 3.54bb (98:2 er) and partial selectivity for 3.54ba (65:35 er)

(Scheme 3.11).

113



Hsc t-Bu
A /'\[(H +-Bu
{ ]
QI VI
@ N O CH,
| R Ph 3.27 (5 mol %) R o fh

4 L i i
'S + CI—Si-Ph - , WSSy,
Ho' OH |'q2 /-Pr?NEt 1.2 eqmy), (')H |'q2
o-pinene (1.2 equiv)

PhMe (0.075M), =78 °C, 16 h

3.52a-b  3.53a, 3.26b 3.54a-b
3 B
B o, Ph U\S_/O\ Ph
WS Si-pyy w9l Sispp
OH CH3 OH H
3.54aa, 0 % 3.54ab, 32 %
recovered SM 51:49 er
-Pr ,
I \Si/o\ ',Ph I-PI’\ o /Ph
@ g S Sipn
OH CH, OH &
3.54ba, 78 % 3.54bb, 49 %
65:35 er 98:2 er

Scheme 3.11. Desymmetrization of silanediol 3.52a—b indicating interesting chlorosilane effect
on selectivity.

To date, no solid-state co-crystal has been obtained for the desymmetrization products.
Attempts to crystallize the products of the desymmetrization reaction, performed by Jacob J.
Dalton and myself, were unsuccessful.®” Therefore, I performed NMR titration studies to probe
the hydrogen-bonding interactions of the intermediates necessary for the synthesis of chiral 1,3-
disiloxanediols. "H NMR titration experiments in C¢D¢ were performed with 10 equivalents of
3.37b in the presence of organocatalysts 3.27. Silanediol 3.37b was selected for a binding study
as the first example of an aryl-aryl silanediol with high enantioselectivity (96:4 er) using chloro-
diphenylsilane 3.26b. As was the case for tert-butyl(phenyl)silanediol 3.52a, with
chloromethyldiphenylsilane 3.53a, neither reactivity nor selectivity was observed (i.e., unreacted
starting material was recovered). This could suggest that chlorodiphenylsilane 3.26b may be

playing a role in the desymmetrization reaction. A downfield amide chemical shift of AN =
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0.15 ppm was observed. Upfield chemical shifts were seen for the imidazole protons, Ad"? = 0.12

ppm and A" = 0.12 ppm, consistent with a hydrogen-bond interaction (Figure 3.2A). The bind-

ing constant (K,) was calculated for the imidazole NH peak to be K. =26 + 5 indicative of an

apparent weak interaction (Figure 3.2B).

t-Bu
-Bu
3
Hg

A) . Ph
Sic
HO" “OH
Hy 3.37b H,
0 NH
Nl m
Hp
3 NH H,
Hg
5 SE H,
Hg
7
NH Hy
10 b
NH Ha
A$=0.12 ppm A 6 =0.15 ppm A4 =0.12 ppm

AS NH Imidazole (ppm)
¢ & &8 2 & £ 8

o
3
5]

—e—Observed AS
Calculated AS

/

o
O\

0 1 2 3 4 5 6 7 8 9 10

[Silanediol 3.37b]/[3.27]

Figure 3.2. A) '"H NMR binding study of chiral imidazole 3.27 (2 mM in C¢Ds) in the presence
of silanediol 3.37b at 0 = 0 equiv, 1 = 1 equiv, 3 =3 equiv, 5 =5 equiv, 7 =7 equiv, 10 =10
equiv. Ad = 0.15 ppm is observed for the NH peak in the presence of 10 equivalents of 3.37b. b)
Binding constant was calculated using '"H NMR titration data for the NH peak; K. =26 + 5.

The desymmetrization reaction was optimized with lead substrate isobutyl(naphthalen-1-

yl)silanediol 3.55 and exhibited excellent yield and selectivity with chloromethyldiphenylsilane

3.26b (98% yield and 98:2 er) and good yield with moderate selectivity with chloromethyl-

diphenylsilane 3.53a (73% yield and 85:15 er) (Scheme 3.5). In addition to these reasons, 3.55

was selected as a comparison to the additional aryl-alkyl containing silanediols chosen for the

subsequent NMR titration studies. When 10 equivalents of 3.55 were titrated in the presence of

organocatalyst 3.27, a downfield amide chemical shift of ASN" = 0.21 ppm was observed.

Upfield chemical shifts were continued to be seen for the imidazole protons, A8"? = 0.29 ppm

and A3"® = 0.40 ppm (Figure 3.3A). From the '"H NMR data, the binding constant using
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imidazole C-HP peak was calculated to be K, = 100 + 11 indicative of a strong interaction

(Figure 3.3B).

N -Bu
N
3

Hy

Hg 3.55 H

A6 C-Hb Imidazole (ppm)

N
7 m H, o1
NH
10 n n 0.05
;1) NH H
L__,_,JV;__N\_JL 0e

0 1 2 3 4 5 6 7 8 9
i A6 040ppm A6 021ppm A& 029ppm [Sllanedlol355/[327]

Figure 3.3. A) '"H NMR blndlng study of chiral imidazole 3.27 (2 mM in CsDe) in the presence
of silanediol 3.55 at 0 = 0 equiv, 1 = 1 equiv, 3 = 3 equiv, 5 = 5 equiv, 7 =7 equiv, 10 =10
equiv. Ad = 0.40 ppm is observed for the NH peak in the presence of 10 equivalents of 3.55. b)

A
0 NH 04 —e—Observed A
Calculated A8
035
A
B

10

Binding constant was calculated using 'H NMR titration data for the imidazole C-HP peak; K, =

100 + 11.

To probe the effects of the tert-butyl substituent on the binding interaction tert-
butyl(phenyl)silanediol 3.54a was selected. When 10 equivalents of 3.54a were titrated in the
presence of organocatalyst 3.27, a downfield amide chemical shift of ASN! = 0.28 ppm was
observed. Upfield chemical shifts were continued to be seen for the imidazole protons, A3t =
0.23 ppm and A3 = 0.29 ppm (Figure 3.4A). From the '"H NMR data, the binding constant
using imidazole C-H? peak was calculated to be K, = 81 = 30 indicative of a strong interaction

(Figure 3.4B).
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Figure 3.4. A) '"H NMR binding study of chiral imidazole 3.27 (2 mM in C¢Ds) in the presence

of silanediol 3.54a at 0 = 0 equiv, 1 =1 equiv, 3 =3 equiv, 5 =5 equiv, 7 =7 equiv, 10 =10

equiv. Ad = 0.23 ppm is observed for the NH peak in the presence of 10 equivalents of 3.54a. b)

Binding constant was calculated using '"H NMR titration data for the imidazole C-H? peak ; K, =

81 =+ 30.

Given the performance of isopropyl(phenyl)silanediol 3.54b in the desymmetrization
reaction with chlorosilane 3.21b (i.e., 98:2 er) it was chosen as an extremely valuable binding
partner as a direct comparison point for fert-butyl(phenyl)silanediol 3.57a, which exhibited no
selectivity using chlorosilane 3.26b (i.e., 51:49 er). When 10 equivalents of 3.54b were titrated
in the presence of organocatalyst 3.22, a downfield amide chemical shift of AS™! = 0.25 ppm was
observed. Upfield chemical shifts were continued to be seen for the imidazole protons, A3t =
0.23 ppm and A3"® = 0.11 ppm (Figure 3.5A). From the '"H NMR data, the binding constant
using imidazole C-H? peak was calculated to be K, = 24 + 2 indicative of a weak interaction

(Figure 3.5B).
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Figure 3.5. A) '"H NMR binding study of chiral imidazole 3.27 (2 mM in C¢Ds) in the presence
of silanediol 3.54b at 0 = 0 equiv, 1 = 1 equiv, 3 =3 equiv, 5 =5 equiv, 7 =7 equiv, 10 =10
equiv. Ad = 0.23 ppm is observed for the NH peak in the presence of 10 equivalents of 3.54b. b)
Binding constant was calculated using '"H NMR titration data for the imidazole C-H? peak ;

Ka =24 +£2.

In Hoveyda and Snapper’s seminal paper for meso-diol desymmetrization, the authors
proposed a transition state model whereby the imidazole of organocatalyst 3.27 enhanced the
electrophilicity of the silicon center which allowed for nucleophilic attack from the oxygen of the
meso-diol that was bound through a two-point binding motif to the amine and carbonyl of the
organocatalyst.”’ The Lewis base activation of silicon center allowed for a unique substrate-
catalyst association which promoted silylation.”:”> We have investigated the possible activation
of chlorosilane 3.26b by organocatalysts 3.27.4%° It was determined through this study
performed by Jacob J. Dalton, Ph.D. that additional experiments were required to probe the
interaction between methyldiphenylchlorosilane 3.53a and organocatalyst 3.27. Therefore, I
investigated the nature of the interaction between chlorosilane 3.26b and organocatalyst 3.27.

When 10 equivalents of chlorosilane 3.26b were titrated in the presence of organocatalyst 3.27, a

dramatic downfield amide chemical shift of AGN! = 2.26 ppm was observed. Upfield chemical
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shifts were continued to be seen for the imidazole protons, A3 = 0.60 ppm and AS"° = 0.11
ppm (Figure 3.6A). In contrast to Jacob J. Dalton, Ph.D.’s results, there was no reverse direction
of shifts for H* and H. From the '"H NMR data, the binding constant using imidazole NH peak

was calculated to be K, = 246 + 4 indicative of a very strong interaction (Figure 3.6B).
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Figure 3.6. A) '"H NMR binding study of chiral imidazole 3.27 (2 mM in C¢Ds) in the presence
of silanediol 3.26b at 0 = 0 equiv, 1 = 1 equiv, 3 =3 equiv, 5 =5 equiv, 7 =7 equiv, 10 =10
equiv. Ad = 2.26 ppm is observed for the NH peak in the presence of 10 equivalents of 3.26b. b)
Binding constant was calculated using '"H NMR titration data for the imidazole NH peak;

K. =246 £ 4.

In contrast to previous 'H NMR binding data that was related to structural features (i.e.
see Chapter 2 of this dissertation), the "TH NMR binding data here exhibited interesting results
(Table 3.8). Diaryl silanediol 3.37b resulted in a small chemical shift for the imidazole peak Ha
(0.12 ppm) with a K,= 26 = 5. Surprisingly, diaryl silanediol 3.37b was selected as a lead diaryl
substrate that demonstrated excellent selectivity (96:4 er) for the desymmetrization reaction but
exhibited a weak interaction. In contrast, isopropyl(phenyl)silanediol 3.54b resulted in a larger
chemical shift for the imidazole peak Ha (0.23 ppm). Similar to diaryl silanediol 3.37b,
isopropyl(phenyl)silanediol 3.54b resulted in K,= 24 + 2. Here, no trend was attributed to

structural features with phenyl rings as the only similarity. However, silanediol 3.37b and 3.54b
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both exhibited excellent selectivities in the desymmetrization reaction, which alluded to the role
of the chlorosilane 3.26b as a key binding partner.

Table 3.8 Summary of binding data with 3.27 host, and 3.37b, 3.26b, 3.54a-b, and 3.55 guests.

Host Guest NH (amide) Hp (imidazole) H. (imidazole) K.

AS (ppm) AS (ppm) AS (ppm) M
3.27 3.37b 0.15 —0.12 -0.12 26+5
3.27 3.55 0.21 -0.40 -0.29 100+11°
3.27 3.54a 0.28 -0.29 -0.28 81+30
3.27 3.54b 0.25 —0.11 -0.23 24 +2
3.27 3.26b 2.26 —0.11 —0.60 246 £ 4¢

K, calculated using AS for imidazole peak Ha. °K. calculated using Ad for imidazole peak Hy.°K. calculated using AS
for imidazole peak NH.

Isobutyl(naphthalen-1-yl)silanediol 3.55 resulted in the largest chemical shift for the
imidazole peak Hp (0.40 ppm) with a K,= 100 + 11. This result is attributed to the excellent
selectivities observed with both chlorosilane 3.26b and 3.53a indicative of a strong interaction
with organocatalysts 3.27. Notably, fert-butyl(phenyl)silanediol 3.54a resulted in a large
chemical shift for the imidazole peak Ha (0.29 ppm) with a K= 81 + 30. This value is indicative
that the bulkiness of the fert-butyl group did not interfere with binding when paired with
chlorosilane 3.26b in the desymmetrization reaction and illustrated the lack of reactivity with
chlorosilane 3.53a (i.e., unreacted starting material was recovered). This data suggested that the
high selectivity observed with chlorosilane 3.26b may be related to the potential effect
chlorosilane 3.26b may play as a binding partner in the desymmetrization reaction. This
preliminary hypothesis is supported through the 'H NMR binding study of chlorosilane 3.26b

with organocatalysts 3.27.
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3.8 TH NMR Binding Studies of Pyridine with Chiral 1,3-Disiloxanediol 3.29b

In addition to the investigation of the effect of chlorosilane 3.26b on the hydrogen-
bonding interactions in the desymmetrization reaction, 'H NMR binding studies were utilized to
understand the hydrogen-bonding ability of chiral 1,3-disiloxanediols. The Franz group has

4749 and neutral Lewis

quantified the ability of 1,3-disiloxanediols to bind anionic Lewis bases
bases. * The Franz group has demonstrated the effect of intramolecular hydrogen-bonding on
molecular conformation of silanediols using pyridine.” Pyridine has been previously used to

7476 and was determined to

quantify the proton-donating ability of silanols on silica gel surfaces,
be a good neutral Lewis base for probing hydrogen-bonding interactions of chiral 1,3-disilox-
anediols

Achiral disiloxanediols, 1,1,3,3-Tetraphenyldisiloxanediol 3.48, was investigated for
binding to pyridine at a concentration of 0.1 M. When five equivalents of pyridine were titrated
in the presence of 3.48, a downfield chemical shift of the silanol peak (Ao = 1.55 ppm) was
observed (Figure 3.7A). A binding constant of K. = 30399 + 20417 was initially calculated using
the '"H NMR titration data for the silanol binding affinity to pyridine (Figure 3.7B). Due to the
large error, the binding constant was determined to not be meaningful. Previous reports in the
Franz group have indicated DMF to be an efficient hydrogen-bond acceptor for silanediols>>%3
and disiloxanediols.* In these previous experiments at a concentration of 0.01 M with DMF,
1,1,3,3-tetraphenyldisiloxanediol 3.48 exhibited a silanol shift of 2.52 ppm, and 3.44 ppm at a
concentration of 0.2 M. In the case of 3.48 with pyridine at 0.1 M, the observed smaller silanol

shift suggested that there may be an interference that prevents pyridine hydrogen-bonding with

this substrate evident in the large error for the calculated binding affinity.
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Figure 3.7. A) '"H NMR binding study of 1,3-disiloxanediol 3.48 (100 mM in C¢Ds) in the pres-
ence of pyridine at 0 = 0 equiv, 1 = 1 equiv, 2 =2 equiv, 3 = 3 equiv, 4 =4 equiv, 5 = 5 equiv.
A =1.55 ppm is observed for the silanol peak in the presence of 5 equivalents of pyridine B)
Attempts to calculate a binding constant calculated using 'H NMR titration data; K, = 30399 +
20417.

Chiral disiloxanediol 3.34b was investigated for binding to pyridine at a concentration of
0.01 M. Previously, at a concentration of 0.01 M with DMF, 1,1,3,3-tetraphenyldisiloxanediol
3.48 exhibited a silanol shift of 2.52 ppm. A similar silanol shift was hypothesized to be
observed for chiral disiloxanediol 3.34b. When five equivalents of pyridine were titrated in the
presence of 3.34b, a small downfield chemical shift of the silanol peak (Ad = 0.45 ppm) was
observed (Figure 3.8A). Initially, based on this data, a binding constant of K, = 677 + 347 was
calculated using the '"H NMR titration data (Figure 3.8B). Due to the large error, the binding

constant was determined to not be meaningful, but this data suggested that pyridine only weakly

binds to 3.34b.
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Figure 3.8. A) '"H NMR binding study of 1,3-disiloxanediol 3.34b (10 mM in C¢Dg) in the
presence of pyridine at 0 =0 equiv, 1 =1 equiv, 2 =2 equiv, 3 =3 equiv, 4 =4 equiv, 5=15
equiv. Ad = 0.45 ppm is observed for the silanol peak in the presence of 5 equivalents of pyridine
B) Attempts to calculate a binding constant was calculated using 'H NMR titration data; K, =
677 + 347.

To probe the effects of the hydrogen-boning ability of 3.34b with pyridine, an additional
data point was added to the previous binding study. With the addition of higher equivalents of
pyridine, the silanol OH protons of 3.34b was hypothesized to form a 2:1 complex with pyridine
and thus result in a larger chemical shift. When 10 equivalents of pyridine were titrated in the
presence of 3.34b, a downfield chemical shift of the silanol peak (Ad = 2.48 ppm) was observed
(Figure 3.9A). Initially, based on this data, a large binding constant of K, = 11300000 = 1760000
was calculated using the 'H NMR titration data (Figure 3.9B). Using 10 equivalents of pyridine
had no observed effect on the binding affinity. Due to the large error, the binding constant was
determined to not be a reliable result. This experiment further suggested that pyridine may have

the ability to bind 3.34b at higher equivalents.
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Figure 3.9. A) '"H NMR biné?ﬁg study of 1,3-disiloxanediol 3.34b (10 mM in C¢De) in the
presence of pyridine at 0 =0 equiv, 1 =1 equiv, 2 =2 equiv, 3 =3 equiv, 4 =4 equiv, 5=5
equiv, 10 = 10 equiv. Ad = 2.48 ppm is observed for the silanol peak in the presence of 10
equivalents of pyridine B) Attempts to calculate a binding constant was calculated using 'H
NMR titration data; K, = 11300000 £+ 1760000.

Chiral disiloxanediol 3.34b was further purified through a small silica plug with diethyl
ether to ensure no impurities were affecting the binding data. When 5 equivalents of pyridine
were titrated in the presence of 3.34b, a small downfield chemical shift of the silanol peak (Ad =
0.34 ppm) was observed (Figure 3.10A). A binding constant of K, =9 + 3 was calculated using
the '"H NMR titration data for the silanol binding affinity to pyridine (Figure 3.10B). This data
suggested that pyridine very weakly binds to 3.34b making it a weak hydrogen-bond acceptor for

"H NMR binding studies with chiral 1,3-disiloxanediols at a concentration of 0.003 M.

Additionally, this data suggested that the purity of the sample affected previous binding studies.
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Figure 3.10. A) 'H NMR binding study of 1 3-disiloxancdiol 3.29 (3 mM in CDy) in the
presence of pyridine at 0 =0 equiv, 1 =1 equiv, 2 =2 equiv, 3 =3 equiv, 4 =4 equiv, 5=5
equiv. Ad = 0.34 ppm is observed for the silanol peak in the presence of 5 equivalents of pyridine
B) Binding constant was calculated using '"H NMR titration data; K, = 9 + 3.

The 'H NMR binding data exhibited no trends in binding affinity that are related to
structural features. In fact, the bulkiness of the mesityl group was determined to be a possible
factor in the apparent weak binding. However, the binding of pyridine to 3.34b was determined
to be the biggest contributing factor in addition to the purity of the sample. The observed 'H
NMR chemical shift of silanol peak for 3.34b is a range that most closely resembles the silanol
surface of zeolites (ranges from 1.8 ppm to 5.8 ppm).”” Overall, this data suggested that pyridine
is a weak hydrogen-bond acceptor with 3.34b. A future redesign of this study should include a
few considerations. First, synthesis of chiral 1,3-disiloxanediol in high yields and purity will
allow for adequate material. Thereafter, a binding study at a concentration of 100 mM will be a
direct comparison to the binding study between achiral disiloxanediol 3.48 and pyridine. The
concentration of the binding study is important for accurate calculation of binding affinity. A

reinvestigation of pyridine and DMF with chiral 1,3-disiloxanediols will be an ideal starting

point.
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3.9 Relating Binding Studies with Possible Activation Mode

From my preliminary binding experiments, it was and is inaccurate to predict the active
binding mode for (1) indole addition to trans-f-nitrostyrene, and (2) Diels—Alder cycloaddition
between Rawal’s diene and methacrolein. A solid-state co-crystal of an unsymmetrical
disiloxanediol, collected by Kayla M. Diemoz, Ph.D.** and solved by James C. Fettinger,
Ph.D. allowed for an extrapolation to be made about a potential binding mode. In the solid-state,
the unsymmetrical disiloxanediol decorated with alkyl and electron-withdrawing groups formed
a dimeric cluster (Figure 3.11A). For this solid-state structure, a discrete intermolecular
hydrogen-bonded dimeric cluster was observed rather than an intermolecular polymeric
hydrogen-bond network. In the solid-state, it was observed that the hydrogen of the silanol in
close contact with the fluorine atom on the naphthyl substituent in the adjacent dimeric cluster.
It is extrapolated that chiral 1,3-disiloxanediols are possibly exhibiting a similar association in
the solution-state (Figure 3.11). The co-crystal collected by Kayla M. Diemoz, Ph.D. provided
insight into the mode of hydrogen-bonding for catalysis using chiral 1,3-disiloxanediol 3.34b
(Figure 3.11B). Therefore, a dual H-bonding activation or an intramolecular hydrogen-bonding
activation may not be favored for catalysis under these conditions. The dual activation mode may
be the predominant form required for catalysis. The possibility for cooperative hydrogen-
bonding and subsequent single-point activation of electrophiles is also proposed but remains to
be investigated. It is imperative for me to communicate in this dissertation that the experiments
to determine the active binding modes for the test reactions presented here are still to be

performed. Further solution-state studies are needed.
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Figure 3.11.A) Solid-state dimeric cluster of unsymmetrical disiloxanediol performed by.
Kayla M. Diemoz, Ph.D. B) Possible dual hydrogen-bond activation mode proposed for the
electrophile activation in test reactions.

3.10 Conclusion

In summary, this chapter highlighted the synthesis of chiral 1,3-dsiloxanediols via the
desymmetrization reaction. Insights for the synthesis of silanediols 3.37a—c are highlighted
below (Figure 3.12A). The yield for the synthesis of 3.37a was increased using [[r(COD)Cl]».
The use of [[r(COD)CIl]> reduced protodesilylation. Silanediols containing mesityl groups 3.37b—
¢ resulted in low yields (ie., <10 %) when synthesized at scales above 1.0 mmol. In these specific
instances, the yields for 3.37b—c¢ were increased using a combination of 1) batch scales of 1.0

mmol, and 2) Pd/C sourced from Strem. These results were consistent throughout multiple trials.
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A) Insights for the synthesis of silanediols 3.37a—c.

i—Eliu
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= Yields was increased using = Yields were increased using
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= Iridium-based catalyst = Pd/C sourced from Strem
reduced protodesilylation reduced protodesilylation

B) Increasing enantioselectivities for chiral 1,3-disiloxanediols
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Figure 3.12. A) Highlights for the synthesis of silanediols 3.37a—c. B) Effect of substitution
pattern around the silicon center on enantioselectivity.

Next, a small collection of chiral 1,3-disiloxanediols were synthesized and resulted in

interesting enantioselectivities (Figure 3.12B). Disiloxanediols containing mesityl groups were

found to be either racemic (55:45 er) or highly selective (96:4 er). Chiral disiloxanediols

decorated with electron-withdrawing groups demonstrated good enantioselectivity (86:14 er).

Chiral disiloxanediol 3.34b is the first successful desymmetrization of a diaryl silanediol. In
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contrast to our initial hypothesis requiring alkyl groups (i.e., isobutyl or isopropyl) for high
enantioselectivities, the successful desymmetrization of diaryl silanediol 3.37b is an exciting
result with possible incorporation of axially chiral aryl groups to be incorporated.

After examining chiral disiloxanediol 3.34a as a hydrogen-bonding organocatalyst, new
insights were developed about catalyst design (Figure 3.13). Chiral disiloxanediol 3.34a was
explored in a hetero Diels—Alder reaction and was found to be slightly reactive and
enantioselective (33 % yield and 63:37 er; Figure 3.13A). In contrast, for the same reaction, fully
aryl substituted chiral disiloxanediol 3.34b was not enantioselective (50:50 er; see Table 3.7 of
this chapter). These results suggested that an electron—withdrawing group could serve as a
potential design feature for the synthesis of 3.50. Downstream design of chiral 1,3-
disiloxanediols should reflect two key design elements that will greatly influence the
enantioselectivity observed in the desymmetrization reaction (Figure 3.13B). First, prochiral
silanediols bearing a combination of aryl-alkyl groups are expected to be selective. Careful
attention must be taken when designing diaryl silanediols— since only mesityl(phenyl)silanediol
is currently enantioselective for the desymmetrization reaction. Next, chlorosilanes bearing aryl
and vinyl groups are expected to exhibit higher levels of enantioselectivity vs. dimethyl(phenyl)—
and methyldiphenylchlorosilanes. Ideally, chiral disiloxanediols bearing electron—withdrawing
groups are desirable but may not be necessary. The silanediol-chlorosilane pairing is also
important for ease of synthetic accessibility. [llustrated below are a few chiral disiloxanediols
(3.63-3.67) expected to be enantioselective for the desymmetrization and can serve as unique

organocatalysts for asymmetric transformations.
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A) Hetero Diels—Alder reaction catalyzed by 3.34a.

1. 3.34a (20 mol %)
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B) Future Design of Chiral 1,3-Disiloxanediols
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Figure 3.13. A) Exploration of chiral disiloxanediol 3.34a as a hydrogen-bonding organocatalyst.
B) Key structural features for future design of chiral disiloxanediols.

Lastly, with no solid-state co-crystal of chiral 1,3-disiloxanediols accessed to date, 'H

NMR binding studies were used to probe the hydrogen-bonding interactions. The titration studies

alluded to the possible role the chlorosilane binding partner may play in the desymmetrization

reaction. Additional '"H NMR binding studies of chiral disiloxanediol 3.34b with pyridine

suggested a weak binding interaction (i.e., K, = 9 + 3). Varying the Lewis base will provide

future insight into the hydrogen-bonding patterns of chiral 1,3-disiloxanediols for their use as a

new class of hydrogen-bonding organocatalysts.
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3.11 Experimental Procedures

General Information

Synthesis, Purification, and Analysis: Dry THF, Et2O and PhMe were dispensed from a
solvent purification system that passes solvent through two columns of dry neutral alumina prior
to use. All other reagents, unless otherwise noted were purchased from commercial sources.
Chlorosilanes were purchased from Gelest; magnesium turnings, dibromoethane, diisopro-
pylethylamine, HCledioxane, aryl bromides, 4 A spherical molecular sieves were purchased from
Sigma-Aldrich; N-methylimidazole (anhydrous bottles) was purchased from Sigma-Aldrich. a-
Pinene was purchased from Acros and used without purification. All deuterated solvents were
dried under 4 A spherical molecular sieves for at least 24 hours prior to use in binding and dilu-
tion studies. Boc-tert-leucine was purchased from Chem Impex. The Pd/C (10 wt %, dry
support) used for the synthesis of prochiral silanediols was purchased from Strem; 4.0 M
solution of lithium aluminum hydride in THF was purchased from Fisher Chemicals.

All reactions were performed in flame-dried and argon-purged glassware. Reactions were ana-
lyzed using thin layer chromatography (TLC) on EMD glass plates that were pre-coated with
silica gel 60 F254. The reactions were purified by column chromatography using Acros silica gel

60 A (0.035-0.070 mm).

Nuclear magnetic resonance (NMR) spectra obtained on Bruker Avance III equipped with
Bruker CPTCI Cryoprobe (800 MHz for 'H, 200 MHz for '*C), 600 MHz Bruker Avance III
equipped with Bruker CPTCI Cryoprobe (600 MHz for 'H, 151 for '3C), Bruker Avance IIITHD
Nanobay Spectrometer(400 MHz for 'H; 101 MHz for '*C; 376, 79MHz for #°Si), 300 MHz
Bruker Avance-NEO Spectrometer (300 MHz for 1H; 76 MHz for '*C), and/or Varian VNMRS

(600 MHz for 'H; 151 MHz for '*C). The 'H spectral data are reported as follows: chemical
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shifts were reported in parts per million downfield from tetramethylsilane internal standard on
the 6 scale, multiplicity (s, singlet; d, doublet; t, triplet; q, quartet; m, multiplet; dd, doublet of
doublets and br, broadened), coupling constant (Hz), and integration. Apparent signals are
indicated and are used when signals with multiple couplings appear to form a certain peak type.
Carbon NMR chemical shifts are reported in ppm from tetramethylsilane (TMS at 0.0 ppm) with
solvent reference employed as the internal standard (deuterochloroform (CDCI3) at. 77.2 ppm or
deuterobenzene (CsDs) at 128.06 ppm). High-resolution mass spectra (HRMS) were acquired on
Thermo Fischer Scientific Electron LTQ-Orbitrap XL Hybrid mass spectrometer on positive ESI
mode. High performance liquid chromatography (HPLC) data were obtained on Shimadzu LC-
20AB system with CHIRALPAK® AD-H column (4.6 x 250 mm, 5 um), CHIRALPAK® OD-H
column (4.6 x 250 mm, 5 pm) or CHIRALPAK® AS column (4.6 x 250 mm, 5 um) and
Shimadzu SPD-M20A photodiode array detector. Each HPLC sample was eluted at a constant
flow rate with isocratic hexanes/isopropanol system and 40 or 30 °C column oven temperature.
Nestlab CB 80 Cryocool was utilized to maintain reaction temperature for the desymmetrization

reactions which required cryogenic temperatures for 16 h.

General Procedure

i-?u

Si—H
L
U

(4-Fluoronaphthalen-1-yl)(isobutyl)silane (3.36a)
To a 250-mL round bottom flask were added magnesium turnings (0.42 g, 17.25 mmol, 1.15

equiv) and flame-dried under high vacuum (< 2 torr) and allowed to cool to room temperature
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(23 °C). Once the flask was cooled to room temperature, it was purged three times with argon.
THF (0.2 M) and 1,2-dibromoethane (0.19 mL, 2.25 mmol, 0.15 equiv) were then added. The
reaction mixture was allowed to stir at room temperature (23 °C) for 21 h or until the reaction
mixture was a pitch-black color which is indicative of activated magnesium turnings. Note: In
some cases, an off-gray color is also indicative of proper activation of magnesium turnings. Then
1-bromo-4-fluoronaphthalene (3.37 g, 15.0 mmol, 1.0 equiv) was added and left to stir at room
temperature (23 °C) for 5-6 h followed by fast addition of isobutyltrichlorosilane (2.49 mL, 15.0
mmol, 1.0 equiv). Note: 5-6 h is the optimal time range to allow for Grignard formation; 1-4
hours and > 6 hours will result in lower yields. Upon addition of isobutyltrichlorosilane a yellow
color is a good indicator that the reaction is proceeding accordingly. The reaction was left to stir
at room temperature (23 °C) for 19 h. The reaction mixture was then cooled to —78 °C and
lithium aluminum hydride (4.0 M, 7.50 mL, 30.0 mmol, 2.0 equiv) was added dropwise. The
solution was then allowed to cool to room temperature (23 °C) over a timespan of 3 h. The
solution was quenched with Rochelle salt (8 mL) and filtered through Celite. The aqueous phase
was extracted with diethyl ether (3 x 25 mL). The combined organic phase was dried over
MgSOs, filtered, and concentrated in vacuo. The reaction mixture was purified using flash
column chromatography (SiO», hexanes/EtOAc, 4:1 v/v) to yield a 3:1 mixture of 4-

fluoronaphthalene 3.44 to silane 3.36a.

Note: '"H NMR of 3.36a matches literature precedent*® and was carried forward to Pd/C

hydrolysis.
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'H NMR (400 MHz, CDCl3) 6 8.20 — 8.16 (m, 1H), 7.74 (dd, J = 7.6, 6.1 Hz, 1H), 7.59 (ddd, J =
8.0, 5.6, 1.6 Hz, 2H), 7.41 (td, J = 8.0, 5.4 Hz, 2H), 7.20 — 7.10 (m, 1H, obscured), 4.62 (t, J =

4.0 Hz, 2H), 1.87 (m, 1H), 1.06 (dt, J= 7.0, 4.0 Hz, 2H), 1.01 (d, J = 6.6 Hz, 6H).

Ph
Si—H

Mesityl(phenyl)silane (3.36b)

To a 250-mL round bottom flask were added magnesium turnings (0.42 g, 17.25 mmol, 1.15
equiv) and flame-dried under high vacuum (< 2 torr) and allowed to cool to room temperature
(23 °C). Once the flask was cooled to room temperature, it was purged three times with argon.
THF (0.2 M) and 1,2-dibromoethane (0.19 mL, 2.25 mmol 0.15 equiv) were then added. The
reaction mixture was left to stir at room temperature (23 °C) for 48 h or until the reaction mixture
was a pitch-black color which is indicative of activated magnesium turnings. Note: In some
cases, an off-gray color is also indicative of proper activation of magnesium turnings. Then 2-
bromomesitylene (2.30 mL, 15.0 mmol,1.0 equiv) was added and left to stir at room temperature
(23 °C) for 5-6 h followed by fast addition of phenyltrichlorosilane (2.40 mL, 15.0 mmol, 1.0
equiv). Note: 5-6 h is the optimal time range to allow for Grignard formation; 1-4 hours and > 6
hours will result in lower yields. The reaction was left to stir at room temperature (23 °C) for 18
h. The reaction mixture was then cooled to —78 °C and lithium aluminum hydride (4.0 M, 7.50
mL, 30.0 mmol 2.0 equiv) was added dropwise. The solution was then allowed to cool to room
temperature (23 °C) over a timespan of 3 h. The solution was quenched with Rochelle salt (8
mL) and filtered through Celite. The aqueous phase was extracted with diethyl ether (3 x 25

mL). The combined organic phase was dried over MgSOy, filtered, and concentrated in vacuo. .
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The reaction mixture was purified using flash column chromatography (SiO2, hexanes/EtOAc,

4:1 v/v) to yield silane 3.36b as an oil with an inseparable impurity.

Note: Silane was passed through a short silica plug with hexanes after purification.
Confirmation of the product was achieved using >C NMR spectroscopy and carried through to
the next step.

BC NMR (101 MHz, CDCI3) 6 145.28, 140.22, 138.05, 137.88, 136.42, 135.37, 132.18, 129.65,

129.19, 128.23, 127.08, 23.86, 21.37, 20.81.

Mesityl(methyl)silane (3.36¢)

To a 250-mL round bottom flask were added magnesium turnings (0.42 g, 17.25 mmol, 1.15
equiv) and flame-dried under high vacuum (< 2 torr) and allowed to cool to room temperature
(23 °C). Once the flask was cooled to room temperature, it was purged three times with argon.
THF (0.2 M) and 1,2-dibromoethane (0.19 mL, 2.25 mmol 0.15 equiv) were then added. The
reaction mixture was left to stir at room temperature (23 °C) for 18 h or until the reaction mixture
was a pitch-black color which is indicative of activated magnesium turnings. Note: In some
cases, an off-gray color is also indicative of proper activation of magnesium turnings. Then 2-
mesitylene (2.30 mL, 15.0 mmol,1.0 equiv) was added and left to stir at room temperature (23
°C) for 5-6 h followed by fast addition of methyldichlorosilane (1.60 mL, 15.0 mmol, 1.0 equiv).
Note: 5-6 hours is the optimal time range to allow for Grignard formation; 1-4 hours and > 6

hours will result in lower yields. The reaction was left to stir at room temperature (23 °C) for 18
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h. The reaction mixture was then cooled to —78 °C and lithium aluminum hydride (4.0 M, 7.50
mL, 30.0 mmol, 2.0 equiv) was added dropwise. The solution was then allowed to cool to room
temperature (23 °C) over a timespan of 3 h. The solution was quenched with Rochelle salt (8
mL) and filtered through Celite. The aqueous phase was extracted with diethyl ether (3 x 25
mL). The combined organic phase was dried over MgSOs, filtered, and concentrated in vacuo.
The reaction mixture was purified using flash column chromatography (SiO», hexanes/EtOAc,
4:1 v/v) to yield silane 3.31¢ as an oil with an oil (1.43 g, 29%). Note: For reported yield, the

reaction mixtures for two 15.0 mmol scale reactions were combined for purification.

'H NMR (300 MHz, CDCls) & 6.87 (s, 2H), 4.44 (q, J = 4.3 Hz, 2H), 2.46 (s, 6H), 2.27 (s, 3H),
0.35 (t, J= 0.7 Hz, 3H). 3C NMR (101 MHz, CDCl3) § 144.51, 139.57, 129.16, 128.47, 128.30,

127.05, 23.81, 23.55, 21.26, -7.14. Si NMR (79 MHz, CDCl3) & -50.05. HRMS (ESI) m/z: calc

for C1oH|5Si [M — H]™ 163.0943 found 163.0868.

1. HSIClj;
MgBr 2. LAH SiHj
Mesitylsilane (3.39)

Trichlorosilane (0.10 mL, 1.04 mmol, 1.04 equiv) and diethyl ether (0.69 M) were added directly
into a flame-dried round-bottom flask with argon. The solution was cooled to —78 °C and 2-
mesitylmagnesium bromide (1.0 M in Et2O, 1.0 mL, 1.0 mmol, 1.0 equiv) and was allowed to
cool to room temperature (23 °C) over 2 h. The solution was cooled again to —78 °C and lithium
aluminum hydride (4.0 M, 0.75 mL, 3.0 mmol, 3.0 equiv) was added dropwise over a 10 min

period. (Caution: Avoid exposing reaction to air since SiHs, SiH3Cl, and SiH,Cl are potential
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byproducts and are explosive in the presence of oxygen). The solution was then allowed to cool
to room temperature (23 °C) over a timespan of 3 h. The solution was quenched with Rochelle
salt (2 mL). The reaction mixture was filtered through Celite and the aqueous phase was
extracted with diethyl ether (3 x 5 mL). The combined organic phase was dried over MgSQOs,
filtered, and concentrated in vacuo. The reaction mixture was purified by distillation to yield
corresponding silane 3.34 as a colorless oil and matches literature precedent.’®’8

'"H NMR (400 MHz, CDCl3) 6 6.85 (d, J=26.8 Hz, 2H), 4.16 (d, J = 1.3 Hz, 3H), 2.43 (s, 6H),
2.29 (s, 3H). *C NMR (101 MHz, CDCls) & 145.46, 140.31, 128.56, 127.36, 24.02, 21.62. Si

NMR (79 MHz, CDCLs) & -61.47.

Cl
BCl, Si—H
SiHg H
Chloromesitylsilane (3.40)
Mesitylsilane (0.21 g, 1.37 mmol, 1.0 equiv) was dissolved in HPLC-grade hexanes (1.756 M)
followed by dropwise-addition of BCl3 (1.0 M in DCM, 0.52 mL, 0.52 mmol, 0.39 equiv). The
reaction was allowed to stir at room temperature (23 °C) over 1 h. The reaction mixture was

concentrated in vacuo followed by passing through a celite plug to afford chloromesitylsilane

3.35 and matched literature precedent.”

'H NMR (400 MHz, CDCls) 5 6.87 (s, 2H), 5.34 (m, 2H), 2.51 (m, 3H), 2.34 (s, 6H). 2Si NMR

(79 MHz, CDCls) & -29.253
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CF3 Ph
Si—H
H

CFs
(2,6-bis(trifluoromethyl)phenyl)(phenyl)silane (3.42a)
To a flame-dried round-bottom flask was added 1,3-bis(trifluoromethyl)benzene (78.0 uL, 0.50
mmol, 1.0 equiv) in THF (0.78 M). The reaction mixture was then cooled to —78 °C and
TMEDA (80.4 uL, 0.54 mmol, 1.1 equiv) followed by #-BuLi (2.32 M in Hexanes, 0.23 mL,
0.53 mmol, 1.05 equiv) were added and allowed to stir at —78 °C for 2 h. To the solution was
added chlorophenylsilane (0.14 g,0.55mmol, 1.1 equiv) dropwise. The reaction mixture was then
allowed to cool to room temperature (23 °C). The reaction mixture was quenched with NaHCO3
(5 mL). The aqueous phase was extracted with diethyl ether (3 x 5 mL), washed with brine (5
mL), dried over MgSQyg, filtered, concentrated in vacuo. Note: chlorophenylsilane was not
commercially available at the time [ worked on this project. Attempts to synthesize
chlorophenylsilane through reduction of trichlorophenylsilane were unsuccessful resulting in no
formation of silane. Selectivity data obtained for the corresponding silanediol 3.43a from this

substrate for the subsequent desymmetrization reaction was obtained through an archived

sample left by Ngon. T. Tran, Ph.D.”!

CF; Mfes
Si\—H
H
CF,
(2,6-bis(trifluoromethyl)phenyl)(mesityl)silane (3.42b)
To a flame-dried round-bottom flask were added 1,3-bis(trifluoromethyl)benzene (30.0 puL, 0.19

mmol, 1.0 equiv) in THF (0.21 M). The reaction mixture was then cooled to —78 °C and
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TMEDA (34.7 uL, 0.23 mmol, 1.2 equiv) followed by #-BuLi (2.32 M in Hexanes, 0.10 mL,
0.23 mmol, 1.20 equiv) were added and allowed to stir at —78 °C for 2 h. To the solution was
added chloromesitylsilane 3.40 (0.92 mL, 0.25 mmol, 1.30 equiv) dropwise. The reaction
mixture was then allowed to cool to room temperature (23 °C). The reaction mixture was
quenched with NaHCO3 (8 mL). The aqueous phase was extracted with diethyl ether (3 x 5 mL),
washed with brine (5 mL), dried over MgSOs, filtered, concentrated in vacuo. Note. Attempts to
synthesize this silane were unsuccessful (see discussion in this chapter pertaining to these
reactions). Reported yields here are from Ngon T. Tran Ph.D. dissertation.>' Selectivity data
obtained from the corresponding silanediol 3.43b from this substrate for the subsequent
desymmetrization reaction was obtained through an archived sample left by Ngon. T. Tran,

Ph.D.

i-ITDau

Si\—OH

O on
T
(4-Fluoronaphthalen-1-yl)(isobutyl)silanediol (3.37a)
To a flame-dried round-bottom flask purged with argon were added [Ir(COD)Cl]2 (5.3 mg, 0.01
mmol, 0.24 equiv). Silane (0.06 M in THF, 13.0 mL, 1.0 mmol, 1.0 equiv) was added after being
dissolved in THF followed by the addition of deionized water (71.7 pL, 3.98 mmol, 5.0 equiv).
(Caution: H> gas evolves as the reaction proceeds). The reaction was capped with a septum and
allowed to stir at room temperature (23 °C). The reaction was monitored using TLC for the
consumption of starting material silane (TLC conditions: hexanes/EtOAc, 4:1 v/v). Once silane

was fully consumed at. 30 min, the reaction was filtered through Celite to remove [Ir(COD)Cl]5.
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The filtrate was dried over MgSOs filtered and concentrated in vacuo. The reaction mixture was
purified using flash chromatography (SiO», hexanes/EtOAc, 4:1 v/v hexanes: EtOAc) to yield
corresponding silanediol 3.32a as a white solid (13.8 mg, 26%) and matches literature

precedent.*¢

'H NMR (300 MHz, CsDe) 5 8.44 (d, OH), 8.17 (m, 1H), 7.77 (dd, 1H), 7.26 (m, 2H), 6.94 (ddd,

J=10.6,7.6,5.7 Hz, 1H), 3.08 (s, 2H), 1.10 (td, J= 7.0, 3.8 Hz, 2H), 0.89 (m, 6H).

Plh
Si\—OH
OH

Mesityl(phenyl)silanediol (3.37b)
To a flame-dried round-bottom flask purged with argon were added Pd/C (Strem 10 wt %, 7.0
mg, 0.05 mmol, 0.05 equiv) and was dissolved. Then, silane (0.0 8M in THF, 12.5 mL, 1.0
mmol, 1.0 equiv) was added followed by the addition of deionized water (0.18 mL, 10.00 mmol,
10.0 equiv). (Caution: H> gas evolves as the reaction proceeds). The reaction was capped with a
septum and allowed to stir at room temperature (23 °C). The reaction was monitored using TLC
for the consumption of starting material silane (TLC conditions: hexanes/EtOAc, 4:1 v/v). Once
silane was fully consumed in 30 min, the reaction was filtered through Celite to remove Pd/C.
The filtrate was dried over MgSOq filtered and concentrated in vacuo. The reaction mixture was
purified by trituration with hexanes to yield corresponding silanediol 3.37b as a white solid (0.51

g, 18%).
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Note: Reported yield above is for a batch synthesis of eleven 1.0 mmol reactions ran individually
and combined for purification. Batch syntheses were found to improve yields significantly with
less observed protodesilylation that is more prominent in one large scale reaction.

'"H NMR (300 MHz, C¢Dg) 6 7.16-7.14 (m, 5H), 6.74 (d, J= 6.9 Hz, 2H), 2.52 (d, J = 7.8 Hz,
6H), 2.10 (d, J = 5.4 Hz, 3H), 0.44 (s, 2H). 3*C NMR (101 MHz, C¢Ds¢) & 145.58, 139.91,

138.03, 136.31, 134.14, 130.09, 129.48, 128.74, 24.59, 23.76. *Si NMR (79 MHz, C¢Ds) & -

22.41. HRMS (ESI) m/z: calc for C15H1602S1 [M — H] ™~ 257.0998 found 257.0997.

CH
Si\—OH
OH
Mesityl(methyl)silanediol (3.37¢)
To a flame-dried round-bottom flask purged with argon were added Pd/C (Strem 10 wt %, 5.3
mg, 0.05 mmol, 0.05 equiv). Then, silane (0.08 M, 12.5 mL, 1.0 mmol, 1.0 equiv) was added
followed by the addition of deionized water (0.18 mL, 10.0 mmol, 10.0 equiv). (Caution: H> gas
evolves as the reaction proceeds). The reaction was capped with a septum and allowed to stir at
room temperature (23 °C). The reaction was monitored using TLC for the consumption of
starting material silane (TLC conditions: hexanes/EtOAc, 4:1 v/v). Once silane was fully
consumed at 15 min, the reaction was filtered through Celite to remove Pd/C. The filtrate was

dried over MgSOs filtered and concentrated in vacuo. The reaction mixture was purified via

trituration with hexanes to yield corresponding silanediol 3.37¢ as a white solid (0.40 g, 23%)).
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Note: Reported yield above is for a batch synthesis of nine 1.0 mmol reactions ran individually
and combined for purification. Batch syntheses were assumed to also work well with 3.37c given
the success of batch yields for silanediol 3.37b.

'"H NMR (400 MHz, CsDs) 6 6.71 (s, 2H), 4.61 (s, 6H), 2.10 (s, 3H), 0.39 (s, 3H). *C NMR (101
MHz, CsDs) & 144.47, 139.27, 130.16, 129.30, 129.22, 24.19, 24.10, 20.85, 1.29.2°Si NMR (79

MHz, CsDe) & -12.24. HRMS (ESI) m/z: calc for C,H,0,Si [M-H]~ 195.0842 found 195.0836.

CF5 Ph
Si\—OH
OH

CF,
(2,6-bis(trifluoromethyl)phenyl)(phenyl)silanediol (3.43a)
To a flame-dried round-bottom flask purged with argon were added Pd/C (5 wt %, 0.05 equiv)
and was dissolved in diethyl ether (0.63 M). Silane 3.42a (1.0 equiv) was added after being
dissolved in a minimum amount of THF followed by the addition of deionized water (5.0 equiv).
(Caution: H» gas evolves as the reaction proceeds). The reaction was allowed to stir at room
temperature (23 °C) for 18 h. Once silane was fully consumed, the reaction was filtered through
Celite. The filtrate was dried over MgSO; filtered and concentrated in vacuo. The reaction
mixture was purified using flash chromatography (SiO2, hexanes/Et>O, 10:1 v/v) to yield
corresponding silanediol 3.43a (88%). Note: Attempts to synthesize the silane precursor were
unsuccessful since chlorophenylsilane was not commercially available at the time I worked on
this project. Attempts to synthesize chlorophenylsilane through reduction of
trichlorophenylsilane were unsuccessful (see discussion in this chapter pertaining to these

reactions). Therefore, reported yields here are from Ngon T. Tran Ph.D. dissertation.>! Selectiv-

ity data obtained from this substrate for the subsequent desymmetrization reaction was obtained
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through an archived sample left by Ngon. T. Tran, Ph.D. Compound was fully characterized

prior to use.

'H NMR (300 MHz, C¢Ds) & 7.59 (m, 2H), 7.41 (d, J = 7.9 Hz, 2H), 7.14 (s, 3H), 6.75 (t, J = 8.0
Hz, 1H), 2.41 (s, 2H). 3C NMR (101 MHz, C¢Ds) & 138.18 (q, Jer= 31.2 Hz), 133.99, 130.37
(d, 2Jcr = 21.9 Hz), 129.66 (q, 'Jer = 5.5 Hz), 127.80, 126.04, 123.31.!°F NMR (376 MHz,

CoDs) & -54.39, -54.57. HRMS (ESI) m/z: calc for C,,H,FO,Si[M-H]" 351.0376 found

352.0269.

CFa Mes

Si\—OH

OH

CF,
(2,6-bis(trifluoromethyl)phenyl)(mesityl)silanediol (3.43b)
To a flame-dried round-bottom flask purged with argon were added Pd/C (5 wt %, 0.05 equiv)
and was dissolved in diethyl ether (0.63 M). Silane (1.0 equiv) was added after being dissolved
followed by the addition of deionized water (5.0 equiv). (Caution: H> gas evolves as the reaction
proceeds). The reaction was allowed to stir at room temperature (23 °C) for 18 h. Once silane
was fully consumed, the reaction was filtered through Celite. The filtrate was dried over MgSO4
filtered and concentrated in vacuo. The reaction mixture was purified using flash chromatog-
raphy (Si0O, hexanes/Et;0, 10:1 v/v) to yield corresponding silanediol 3.43b (89%). Note:
Attempts to synthesize the silane precursor were unsuccessful. (see discussion in this chapter

pertaining to these reactions). Therefore, reported yields here are from Ngon T. Tran Ph.D.

dissertation.”"> Selectivity data obtained from this substrate for the subsequent
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desymmetrization reaction was obtained through an archived sample left by Ngon. T. Tran,

Ph.D. Compound was fully characterized prior to use.

'H NMR (400 MHz, CeDs) & 7.87 (m, 1H), 7.26 (d, J= 7.9 Hz, 1H), 6.68 (m, 2H), 3.58 (s, 2H),
2.31 (s, 2H), 2.06 (s, 3H). 3C NMR (101 MHz, CeDe) & 144.77, 144.25, 141.11, 140.48, 137.57,
135.31 (q, 2Jcr = 32.3 Hz), 131.95, 129.43, 125.69, 125.06, 122.65 (t, 'Jer = 30.8 Hz), 23.88,
20.82.2Si NMR (79 MHz, CsDe) 8 -29.76. '°F NMR (376 MHz, CsDe) & -58.93, -63.22. HRMS

(ESI) m/z: calc for C17H15F602S12 [M-H]~ 393.0746 found 393.0741.

qu t-Bu H
N /'\[fN t-Bu
@”u Y
N (0] CHs3

(S)-N-((R)-3,3-dimethylbutan-2-yl)-3,3-dimethyl-2-(((1-methyl-1 H-imidazol-2-yl)me-
thyl)amino)butanamide (3.27)
Compound 3.27 was synthesized according to literature precedent and found to match '"H NMR

signals for previously reported compound.”

'"H NMR (600 MHz, CDCl3) 8 6.94 (d, J= 1.0 Hz, 1H), 6.82 (d, /= 1.0 Hz, 1H), 6.56 (d, J=9.6

Hz, 1H), 3.92 (dq, J = 9.8, 6.8 Hz, 1H), 3.80 (d, J = 14.0 Hz, 1H), 3.63 (s, 3H), 3.62 (m, 1H),

2.69 (s, 1H), 1.77 (s, br, 1H), 1.07 (d, J = 6.8 Hz, 3H), 0.97 (s, 9H), 0.93 (s, 9H).
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General Procedure A: Desymmetrization of Prochiral Silanediols
HsC t-Bu

\ H
N N -Bu
@”u*ﬁ T
N O CHg
Ar, R Ph 3.27 (5 mol %) Ry o Ph
Si + C"Sli‘Ph : . ArSi” “Si<pp,
HO ‘OH Y i-ProNEt (1.2 equiv), 6H |l|

a-pinene (1.2 equiv)
PhMe (0.075M), =78 °C, 16 h

Siloxanols were synthesized utilizing previous reported literature precedent.*® To a flame-dried
round bottom flask purged with argon were added silanediols (0.15 mmol, 1.0 equiv), followed
by organocatalyst 3.27 (0.0075 mmol, 0.05 equiv) and dissolved in PhMe (0.075 M). The
solution was cooled to —78 °C, followed by addition of i-ProNEt (0.18 mmol, 1.2 equiv), a—
pinene (0.18 mmol, 1.2 equiv), and diphenylchlorosilane (0.15 mmol, 1.0 equiv). The reaction
was then transferred to the cryocool to maintain the reaction temperature for 16 h. The reaction
was monitored using TLC for the consumption of starting material silanediol. TLC conditions:
hexanes/EtOAc, 4:1 v/v. The solution was quenched with aqueous 10% citric acid (2 mL) and
extracted with diethyl ether (3 x 5 mL) washed with brine, dried over MgSO; filtered and
concentrated in vacuo. The reaction mixture was purified using flash chromatography (SiOx,
hexanes/EtOAc, (9:1 or 4:1 v/v depending on substrate see characterization data below) to yield
corresponding siloxanols. HPLC analysis was performed after purification unless otherwise
noted. Note: freshly purchased diphenylchlorosilane was utilized for all stereogenic-siloxanols
formed. Since there is always residual HCI in chlorosilanes, it is best to prevent any exposure to
moisture when handling the bottle. Therefore, each time diphenylchlorosilane was utilized it was

capped with a septum and argon balloon.
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General Procedure B: Synthesis of racemic standards for use as HPLC standards

For synthesis of racemic siloxanols, the procedure for the desymmetrization of prochiral
silanediols was followed with N-methylimidazole (NMI) (1.0 equiv) used in place of organocata-
lyst 3.27. In some cases, utilizing NMI for the racemic standard will result in undesired side
products, including the trisiloxane. These side products could be difficult or impossible to
separate from the desired racemic products. To circumvent this difficulty, a 1:3 mixture of
organocatalyst: NMI will result in racemic or scalemic products in higher yields and without
undesired side products depending on the discrete silanediol and chlorosilane pairing. Siloxanol
3.65 was the only substrate where trisiloxane was exclusively observed. Since synthesizing the
prochiral silanediol for this substrate was unsuccessful through many attempts, it may still be

possible to use the procedure above for access to a racemic standard.

General Procedure C: Procedure for HPLC Analysis of Non-Purified Products

The silica-filtered reaction mixture was spotted (5 times) as a line on a TLC plate (5 X 5 cm).
The plate was allowed to develop (TLC conditions: hexanes/EtOAc, 4:1 v/v), and the product
band was etched off the TLC plate with a new and not used razor blade. The loose silica gel was
washed with hexanes/isopropanol (IPA) (0.5 mL, 9:1 v/v) and filtered through a glass fiber to
furnish HPLC samples. Note: For purified products with higher yields, the enantiomeric ratios

were not affected by using this procedure.
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(8)-1-(4-Fluoronaphthalen-1-yl)-1-isobutyl-3,3-diphenyldisiloxan-1-ol (3.56)

Synthesized according to General Procedure A using (4-fluoronaphthalen-
lyl)(isobutyl)silanediol (0.21 g, 0.80 mmol, 1.0 equiv), organocatalyst 3.27 (12.3 mg, 0.05
mmol, 0.05 equiv), diisopropylethylamine (0.16 mL, 0.95 mmol, 1.2 equiv), a-pinene (0.15 mL,
0.95 mmol, 1.2 equiv) and diphenylchlorosilane (0.16 mL, 0.80 mmol, 1.0 equiv) for the largest
upscaled reaction. The reaction was purified using flash column chromatography (SiO2,
hexanes/EtOAc, 9:1 v/v) to give siloxanol as an off-white film (0.25 g, 26%) Note: Reported

yield is average of 4 trials.

'"H NMR (300 MHz, C¢De) & 8.41 (m, 1H), 8.16 (dd, J=7.8, 1.9 Hz, 1H), 7.80 (dd, /= 7.7, 6.2
Hz, 1H), 7.68 (m, 3H), 7.19 (m, 3H), 6.89 (dd, J=10.6, 7.7 Hz, 1H), 5.91 (s, 1H), 2.10 (s, 1H),
1.87 (m, 1H), 0.98 (m, 2H), 0.88 (m, 6H). *’Si NMR (79 MHz, CsDs) & -21.81, -29.98. 13C
NMR (101 MHz, C¢Ds) 6 130.31, 130.28, 128.35, 126.02, 124.17, 121.14, 108.94, 108.75,
31.73,25.97,22.82, 14.11. HRMS (ESI) m/z: calc for C26H26FO2Si> [M-H] 446.1456 found

445.1464.
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Racemic standard for 3.56

<Chromatogram>

C:\LabSolutions\Training1107\ABS\abs_3_94_4Np-SiH-racemic-AS-90Hept-60mins.icd

mAU
1 DA Mult 7
1504
1004
50
0 —
—_——
0 1 2 3
min

1 PDA Multi 1/285nm 4nm
< Peak Table >

PeakTable C:\LabSolutions\Training1 107\ABS'\abs_3_94_4Np-SiH-racemic-AS-90Hept-60mins lcd
PDA Ch1 285nm 4nm
Pealé

Ret. Time Area Height Araa% Height %
1 3035 2137988 174885 54290 55115
2 3231 1845878 142423 35,760 44,885
Total 4033866 317308 100.000 100.000

Enantiomerically enriched 3.56, (86:14 er)
Enantiomeric ratios were determined by HPLC Diacel CHIRALPAK AS-H column (10%
IPA/heptanes) 1 mL/min 3.56—1 = 8.2 min, 3.56-2 = 8.7 min.

<Chromatogram>

Ci\LabSolutions\Training1107\ABS\abs_3_65+71_4Np-SiH-ENANTIO-AS-95Hept-40mins.lcd

mAU i
40_: I"Ig PDA Multi 1
] i
: |
] |
20 | '
] | |
- |
10—: || \ §
] |
o+— M } \
E I — I- s —/\/\—_ ]
] ) 4 1 AL T % T L 4 T Y 1} v 1) T Y g L L 1) T ) 4 B v T )

1 PDA Multi 1/285nm 4nm
< Peak Table >

PeakTable C:LabSolutions\Training1107\ABS\abs_3_65+71_4Np-SiH-ENANTIO-AS-05Hept-40mins.led

PDA Ch1 285nm 4nm
Peal? Ret. Time Area Height Area % Height %
1 8.162 928565 44218 86.067 84.517
2 8.664 150316 8101 13.933 15483
Total 1078881 52319 100.000 100.000
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(8)-1-(4-Fluoronaphthalen-1-yl)-1-isobutyl-3-methyl-3,3-diphenyldisiloxan-1-ol 3 (3.57)
Synthesized according to the General Procedure A using (4-fluoronaphthalen-1-
yl)(isobutyl)silanediol (39.7 mg, 0.15 mmol), organocatalyst 3.27 (2.3 mg, 7.5 x 103 mmol, 0.05
equiv), diisopropylethylamine (30.7 pL, 0.18 mmol, 1.2 equiv), a-pinene (28.6 puL, 0.18
mmol,1.2 equiv) and diphenylmethylchlorosilane (31.0 pL, 0.39 mmol, 1.0 equiv). The reaction
was purified using flash column chromatography (SiO, hexanes/EtOAc, 9:1 v/v) to give siloxa-

nol as a clear oil (32.7mg, 50%); characterization data are consistent with literature precedent.*®

'H NMR (400 MHz, C¢De) 8 8.16 (m, 1H), 7.57 (m, 6H), 7.19 (dd, J = 4.9, 1.9 Hz, 10H), 0.86

(m, 8H), 0.50 (d, /= 1.4 Hz, 6H), -0.01 (s, 3H).

(8)-1-Mesityl-1,3,3-triphenyldisiloxan-1-ol (3.58)

Synthesized according to the General Procedure A using mesityl(phenyl)silanediol (0.10 g, 0.39
mmol), organocatalyst 3.27 (6.0 mg, 0.02 mmol, 0.05 equiv), diisopropylethylamine (79.3 pL,
0.46 mmol, 1.2 equiv), a-pinene (73.7 puL, 0.46 mmol,1.2 equiv) and diphenylchlorosilane (75.7
uL, 0.39 mmol, 1.0 equiv). The reaction was purified using flash column chromatography (SiO-,

hexanes/EtOAc, 4:1 v/v) to give siloxanol as an off-white film (49.5 mg, 29%).
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'H NMR (300 MHz, C¢De) 8 7.66 (m, 6H), 7.54 (m, 1H), 7.13 (m, 11H), 6.71 (s, 2H), 5.91 (s,
1H), 2.47 (s, 6H), 2.09 (s, 3H). 3C NMR (101 MHz, C¢Ds) & 144.17, 139.22, 134.56, 130.22,
129.28, 128.13, 128.10, 24.18, 20.87, 2.86.2°Si NMR (79 MHz, CsDe) & -18.87, -21.83. HRMS

(ESI) m/z: calc for C,,H,,0,Si, [M-H]™ 439.1550 found 439.1385.

Note: Compound 3.58 was carried forward to Pd/C hydrolysis to obtain selectivity data.

(8)-1-Mesityl-1-methyl-3,3-diphenyldisiloxan-1-ol (3.59)

Synthesized according to General Procedure A using mesityl(methyl)silanediol (0.20 g, 1.00
mmol, 1.0 equiv), organocatalyst 3.27 (14.3 mg, 0.05 mmol, 0.05 equiv), diisopropylethylamine
(0.20 mL, 1.20 mmol, 1.2 equiv), a-pinene (0.19 mL, 1.20 mmol, 1.2 equiv) and
diphenylchlorosilane (0.20 mL, 1.00 mmol, 1.0 equiv) for the largest upscaled reaction. The
reaction was purified using flash column chromatography (SiO», hexanes/EtOAc, 9:1 v/v) to give

siloxanol as an off-white film (0.21 g, 56%).

'H NMR (400 MHz, C¢Ds) 5 7.68 (m, SH), 7.61 (m, 2H), 7.12 (m, 3H), 6.71 (s, 1H), 5.85 (s,
1H), 2.49 (s, 6H), 2.09 (s, 3H), 0.39 (s, 3H). 13C NMR (101 MHz, C¢Ds) 5 144.17, 139.22,
135.65, 134.62, 134.56, 134.52, 130.45, 130.33, 130.22, 129.28, 128.13, 128.10, 24.47, 20.87,

2.86.%Si NMR (79 MHz, C¢De) & -18.87, -22.00. HRMS (ESI) m/z: calc for C,,H,,0,Si, [M-H]"

377.1393 found 377.1388.

Note: Compound 3.59 was carried forward to Pd/C hydrolysis to obtain selectivity data.
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(8)-1-(2,6-bis(trifluoromethyl)phenyl)-1,3,3-triphenyldisiloxan-1-ol (3.60)
Synthesized according to General Procedure A using (2,6 bis(trifluoromethyl)phenyl)(phenyl)
silanediol, (0.12 g, 0.33 mmol,1.0 equiv), organocatalyst 3.27 (3.9 mg, 0.02 mmol, 0.05 equiv),
diisopropylethylamine (68.2 puL, 0.40 mmol, 1.2 equiv), a-pinene (63.4 puL, 0.40 mmol, 1.2
equiv) and diphenylchlorosilane (68.0 uL, 0.33 mmol, 1.0 equiv). The reaction was purified

using flash column chromatography (SiO», hexanes/EtOAc, 4:1 v/v) to give siloxanol as an off-

white film (56.9 mg, 32%).

'H NMR (400 MHz, CeDs) & 7.70 (m, 3H), 7.62 (m, 3H), 7.53 (m, 2H), 7.38 (d, J = 7.9 Hz, 1H),
7.11 (m, 10H), 6.72 (t, J = 8.0 Hz, 1H), 5.92 (d, J = 13.3 Hz, 1H), 2.82 (s, 1H).3C NMR (101
MHz, CeDs) § 135.23, 135.13 (d, J = 2.3 Hz), 134.72 (d, J= 9.9 Hz), 134.53, 133.91, 130.32,
130.18 (d, J= 3.0 Hz), 128.09 (d, J = 6.8 Hz), 127.98, 127.75.F NMR (376 MHz, C¢Ds) & -

54.29.2Si NMR (79 MHz, CDs) 3 -18.86, -21.81. HRMS (ESI) mv/z: calc for C,H ,FO,Si, [M-

H] 533.0828 found 533.0830.
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Racemic standard for 3.60
<Chromatogram>

C:\LabSolutions\Training1107\ABS\abs_5_119_CF3-SiH_racemic-AD-95-5Hex-60mins.lcd
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< Peak Table >

PeakTable C:\LabSolutions\Trainingl 107°:ABS\abs_5_119_CF3-SiH_racemic-AD-95-5Hex-60mins.lcd

PDA Chl 220nm 4nm
Peal? Ret. Time Area Height Area % Height %
1 3.122 86647 8478 44319 45.702
2 4076 108861 10072 55.681 54.208
Total 195508 18550 100.000 100.000

Enantiomerically enriched 3.60, (86:14 er)

Enantiomeric ratios were determined by HPLC Diacel CHIRALPAK AD-H column (5%

IPA/hexanes) 1 mL/min 3.60—1 = 3.2 min, 3.60-2 = 3.8 min.

<Chromatogram>

C:\LabSolutions\Training1107\ABS\abs_5_119_CF3-SiH_ENANTIO-AD-95-5Hex-30mins-RERUN.Icd

mAU
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min
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< Peak Table >
PeakTable C:\LabSolutions\ Training1 107\ABS\abs_5_119_CF3-SiH_ENANTIO-AD-95-5Hex-30mins-RERUN lcd
PDA Chl 220nm 4nm
Peal® Ret. Time Area Height Area % Height %
1 3216 133418 13838 13085 15251
2 33832 820501 76896 86.015 84.749
Tota] 054000 00733 100.000 100.000
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(8)-1-(2,6-bis(trifluoromethyl)phenyl)-1-mesityl-3,3-diphenyldisiloxan-1-ol (3.61)
Synthesized according to the General Procedure A using (2,6-bis(trifluoromethy-
l)phenyl)(mesityl)silanediol (59.2 mg, 0.15 mmol, 1.0 equiv), organocatalyst 3.27 (3.2 mg,
0.0075 mmol, 0.05 equiv), diisopropylethylamine (30.7 puL, 0.18 mmol, 1.2 equiv), a-pinene
(28.6 uL, 0.18 mmol,1.2 equiv) and diphenylchlorosilane (29.3 pL, 0.15 mmol, 1.0 equiv). The
reaction was purified using flash column chromatography (SiO», hexanes/EtOAc, 4:1 v/v) to give
siloxanol as an oil (2.7 mg, 3%).

'"H NMR (400 MHz, C¢Ds¢) 6 7.97 (d, J= 7.9 Hz, 1H), 7.76 (s, 1H), 7.57 (ddt, J=15.8, 6.4, 1.7
Hz, 5H), 7.10 (m, 8H), 6.69 (s, 2H), 5.81 (s, 1H), 2.33 (s, 6H), 2.08 (s, 3H), 1.78 (s, 2H). HRMS

(ESI) m/z: calc for C,yH,FO,Si, [M-H]~ 575.1298 found 575.1290

Note: Racemic Standard for 3.61 resulted in bis-silylated product confirmed using 'H NMR (data
below). Attempts to synthesize prochiral material were unsuccessful. This substrate was not fur-
ther pursued for the following 1) limited amount of material paired with unsuccessful attempts
for the synthesis of the prochiral substrate, 2) low reactivity for the desymmetrization reaction,

and 3) most importantly a lack of selectivity for the desymmetrization reaction.

'H NMR (300 MHz, C¢Ds) 8 7.99 (d, J= 7.9 Hz, 1H), 7.74 (m, 3H), 7.62 (dd, J = 7.5, 2.0 Hz,

4H), 7.48 (m, 4H), 7.09 (m, 13H), 5.91 (s, 1H), 5.77 (s, 1H), 2.31 (s, 6H), 2.08 (s, 3H).
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Enantiomerically enriched 3.61, (55:45 er)
Enantiomeric ratios were determined by HPLC Diacel CHIRALPAK AD-H column (0%

IPA/heptanes) 1 mL/min 3.61-1 = 38.4 min, 3.61-2 = 44.0 min.

<Chromatogram>
C:\LabSolutions\Training1107\ABS\abs_5_160_CF3Mes-SiH_ENANTIO-AD-100Hex-60mins.Icd
mAU
3 2 PDA Multi 1
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1 PDA Multi 1/225nm 4nm
< Peak Table >
PeakTable C:\LabSolutions\Training] 107\ABS'abs_5_160_CF3Mes-SiH_ENANTIO-AD-100Hex-60mins.lcd

PDA Chl 225nm 4nm
Peald Ret. Time Area Height Area % Height %
1 38403 12374010 67990 44850 49818
2 44033 15215919 68487 55.150 50.182
Total 27589930 136477 100.000 100.000
i-Bu
\S"O\ /Ph
ol i<
' Si~ph
OH OH

(8)-1-(4-Fluoronaphthalen-1-yl)-1-isobutyl-3,3-diphenyldisiloxane-1,3-diol (3.34a)
To a flame-dried argon-purged round-bottom flask was added Pd/C (10 wt%, 1.2 mg, 0.009
mmol, 0.05 equiv) and was dissolved in THF (0.06M). Then (S)-1-(4-fluoronaphthalen-1-yl)-1-
isobutyl-3,3-diphenyldisiloxan-1-ol (80.7 mg, 0.18 mmol, 1.0 equiv) was added after being
dissolved in a minimum amount of THF followed by the addition of deionized water (32.6 pL,
1.80 mmol, 10.0 equiv). Amounts reported were for the largest upscaled reaction. (Caution: H»

gas evolves as the reaction proceeds.) The reaction was capped with a septum and allowed to stir
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at room temperature (23 °C). The reaction was monitored using TLC for the consumption of
starting material siloxanol (TLC conditions: hexanes/EtOAc, 4:1 v/v). Once starting material was
fully consumed at 18 min, the reaction was filtered through Celite to remove Pd/C. The filtrate
was dried over MgSOy filtered and concentrated in vacuo. The reaction mixture was purified
using flash column chromatography (SiO», hexanes/EtOAc, 4:1 v/v) to give 3.34a as an off-white

film (14.4 mg, 17%)

'H NMR (400 MHz, CsDe) 8 8.46 (d, J = 1.8 Hz, 1H), 8.15 (d, 1H), 7.88 (t, J = 6.2 Hz, 1H), 7.78
(m, 3H), 7.72 (m, 2H), 7.19 (m, 4H), 7.11 (m, 4H), 6.89 (ddd, J = 10.5, 7.6, 2.1 Hz, 1H), 3.4 (s,
1H), 1.87 (m, 1H), 1.04 (d, J = 7.0 Hz, 2H), 0.86 (t, J = 1.3 Hz, 6H). HRMS (ESI) m/z: calc for

Ca6H27FO2S12 [M-H]_ 461.1405 found 461.1409.

(8)-1-mesityl-1,3,3-triphenyldisiloxane-1,3-diol (3.34b)

To a flame-dried argon-purged round-bottom flask was added [[r(COD)Cl:]» (7.4 mg, 0.011
mmol, 0.01 equiv) and was dissolved in THF (0.08M). Then (S)-1-mesityl-1,3,3-
triphenyldisiloxan-1-ol (0.49 g, 1.11 mmol, 1.0 equiv) was added after being dissolved in a mini-
mum amount of THF followed by the addition of deionized water (0.20 mL, 11.08 mmol, 10.0
equiv). Amounts reported were for the largest upscaled reaction. (Caution: H> gas evolves as the
reaction proceeds.) The reaction was capped with a septum and allowed to stir at room tempera-
ture (23 °C). The reaction was monitored using TLC for the consumption of starting material

siloxanol (TLC conditions: hexanes/EtOAc, 4:1 v/v). Once starting material was fully consumed
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in 30 min, the reaction was filtered through Celite to remove [Irf(COD)CL],. The filtrate was
dried over MgSOs filtered and concentrated in vacuo. The reaction mixture was purified using
flash column chromatography (SiO., hexanes/EtOAc, 4:1 v/v) to give 3.34b as an off-white film

(75.9 mg, 15%).

'H NMR (400 MHz, C¢Ds) 5 7.61 (m, 4H), 7.13 (m, 11H), 6.70 (m, 2H), 2.49 (s, 6H), 2.08 (s,
3H), 0.93 (s, 2H). 3C NMR (101 MHz, CDe) § 144.14, 134.63, 130.15, 129.39, 127.95, 127.70,
29.98, 24.47, 20.83.2Si NMR (79 MHz, CsDg) § —27.22, —28.58. HRMS (ESI) m/z: calc for

C,.H,,0,Si, [M-H]" 455.1499 found 455.1491.

Racemic standard for 3.34b

<Chromatogram>

C:\LabSolutions\Training1107\ABS\abs_4_176_Mes-SiOH-RACEMIC--AS-97Hex-20mins.lcd
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< Peak Table >

PeakTable C:\LabSolutions\Training] 107\ABS\abs_4 176_Mes-SiOH-RACEMIC--AS-97Hex-20mins.lcd
PDA Chl 207nm 4nm

Peak# Ret. Time Area Height Area % Height %
1 8.890 516580 29124 55.028 67.696
2 9.567 422182 13898 44.972 32.304
Total 938762 43022 100.000 100.000
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Enantiomerically enriched 3.34b, (94:6 er)

Enantiomeric ratios were determined by HPLC Diacel CHIRALPAK AS-H column (3%

IPA/heptanes) 1 mL/min 3.34b—1 = 11.5 min, 3.34b—2 = 13.2 min.

<Chromatogram>
C:\LabSolutions\Training1107\ABS\abs_4_153_Mes-SiOH-AS-97Hex-20mins-RERUN.Icd
mAU
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< Peak Table >

PeakTable C:\LabSolutions'\Trainingl 107':ABS'abs_4_153_Mes-SiOH-AS-97Hex-20mins-RERUN Icd
PDA Chl 224nm 4nm

Peak# Ret. Time Area Height Area % Height %
1 11533 41507088 1011061 94.065 93.090
2 13.197 2618666 75054 5.935 6.910
Total 44125755 1086115 100.000 100.000
\S"O\ /Ph
ol i<
! Si~pp
OH OH

(8)-1-Mesityl-1-methyl-3,3-diphenyldisiloxane-1,3-diol (3.34c)

To a flame-dried argon-purged round-bottom flask was added [Ir(COD)Cl]> (1.3 mg, 0.38 mmol,
0.002 equiv) and was dissolved in THF (0.08M). Then (S)-1-mesityl-1-methyl-3,3-
diphenyldisiloxan-1-ol (6.0 mg, 0.02 mmol, 1.0 equiv) was added after being dissolved in a
minimum amount of THF followed by the addition of deionized water (3.4 puL, 0.18 mmol, 10.0

equiv). (Caution: H> gas evolves as the reaction proceeds.) The reaction was capped with a
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septum and allowed to stir at room temperature (23 °C). The reaction was monitored using TLC
for the consumption of starting material siloxanol (TLC conditions: hexanes/EtOAc, 4:1 v/v).
Once starting material was fully consumed at 20 min, the reaction was filtered through Celite to

remove [Ir(COD)CI],. The reaction was not purified. General Procedure C was followed to

obtain selectivity data.

Note: Compound was confirmed with 'H NMR prior to obtaining selectivity data. '"H NMR (300
MHz, CsDg) 6 7.75 (m, 6H), 7.42 (s, 1H), 7.27 (s, 1H), 6.89 (s, 1H), 6.68 (d, /= 8.9 Hz, 1H),

2.45 (s, 6H), 2.07 (d, J = 11.1 Hz, 3H), 1.36 (s, 2H), 0.30 (s, 3H).

Racemic standard for 3.34¢

<Chromatogram>
C:\LabSolutions\Training1107\ABS\abs_5_68_MesMe-SiOH-racemic-AS-99_5Hex-20mins lcd
mAU .
] PDA Multi 1
5
- <
T
- L]
i N
] [\ 2
o =
i ~—— / o
—rL —F — ~
= P
B e R e o S A EE —
0.0 25 50 75
min

1 PDA Multi 1/235nm 4nm

< Peak Table >
PeakTable C:'\LabSolutions\Training1 107\ABS'abs_5_68_MesMe-SiOH-racemic-AS-99_5Hex-20mins lcd

PDA Chl 235nm 4nm
Peak# Ret. Time Area Height Area % Height %
1 3414 135515 4778 64.008 73.023
2 4986 76202 1765 35.092 26.977
Total 211716 6543 100.000 100.000
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Enantiomerically enriched 3.34c¢, (62:38 er)
Enantiomeric ratios were determined by HPLC Diacel CHIRALPAK AS-H column (5%

IPA/heptanes) 1 mL/min 3.34¢c—1 = 3.4 min, 3.34c-2 = 4.7 min.

<Chromatogram>
C:\LabSolutions\Training1107\ABS\abs_5_66_MesMe-SiOH-ENANTIO-AS-99_5Hex-60mins Icd
mAU
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< Peak Table >
PeakTable C:\LabSolutions'Training1 107'\ABS\abs_5_66_MesMe-SiOH-ENANTIO-AS-99_SHex-60mins.led

PDA Ch1 235nm 4nm
Peakr | Ret. Time Ara Height A% Height %
1 3404 136307 3536 37719 30330
2 4,661 225068 6696 62281 59.620
Tota 361374 11232 100.000 100.000
FsC Pn Ph
\S./O\ /
wSh o Sispp
OH OH
CF3

(8)-1-(2,6-bis(trifluoromethyl)phenyl)-1,3,3-triphenyldisiloxane-1,3-diol (3.34d)

To a flame-dried argon-purged round-bottom flask was added Pd/C (10 wt%, 1.0 mg, 0.005
mmol, 0.05 equiv) and was dissolved in THF (0.08M). Then (S)-1-(2,6-bis(trifluorome-

thyl)phenyl)-1,3,3-triphenyldisiloxan-1-o0l (56.9 mg, 0.11 mmol, 1.0 equiv) was added after

being dissolved in a minimum amount of THF followed by the addition of deionized water (19.2
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uL, 1.06 mmol, 10.0 equiv). (Caution: H> gas evolves as the reaction proceeds.) The reaction was
capped with a septum and allowed to stir at room temperature (23 °C). The reaction was
monitored using TLC for the consumption of starting material siloxanol (TLC conditions:
hexanes/EtOAc, 4:1 v/v). Once starting material was fully consumed at 1 h, the reaction was
filtered through Celite to remove Pd/C. The filtrate was dried over MgSOj filtered and
concentrated in vacuo. The reaction mixture was purified using preparatory thin-layer

chromatography (SiO», hexanes/EtOAc, 9:1 v/v) to yield 3.34d as an oil (2.4 mg, 4%).

"H NMR (300 MHz, C¢Ds) 6 7.69 (m, 5H), 7.52 (dd, J = 8.0, 1.6 Hz, 2H), 7.36 (d, J = 8.0 Hz,
2H), 7.10 (m, 12H), 5.93 (s, 1H), 0.29 (s, 1H). HRMS (ESI) m/z: calc for C27H19FsO3Si> [M-H]~

549.0777 found 549.0895.

N0 satNaoo, Ol

@ c G Et,0 @ OH OH
1,1,3,3-tetraphenyldisiloxane-1,3-diol (3.48)

1,3-dichloro-1,1,3,3-tetraphenyldisiloxane (1.71 g, 3.79 mmol) was dissolved in Et20 (38.0 mL)
in a 100 mL round bottom flask and stirred at room temperature for 1 h. A solution of saturated
aq. NaHCO; was added to the reaction mixture dropwise until the solution was neutralized
(~10.0 mL), as monitored by pH paper. The organic layer was separated, and the aqueous layer
was extracted with Et2O (3 x 10 mL). The organic layers were combined and washed with brine
(15 mL). The organic layer was further dried over anhydrous MgSO., filtered, and then concen-
trated in vacuo. The product was recrystallized from a solvent mixture of benzene/petroleum
ether to afford 3.48 (0.986 g, 63%) as a white solid. Spectral data was consistent with literature

values.® 'H NMR (400 MHz, C¢Ds) 5 7.77 (m, 6H), 7.15 (m, 11H), 2.81 (s, 1H), 0.55 (s, 1H).
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NH
X NO2 N catalyst (X mol%) O Z
©/\/ + @/) solvent, rt, 24 h NO,

3.45 3.46 O 3.47
3-(2-nitro-1-phenylethyl)-1H-indole (3.47)
To a flame-dried 25 mL round bottom flask purged with argon was added trans-f-nitrostyrene
3.45 (1.0 equiv) and catalyst (X mol%) and dissolved in solvent (X M). To the reaction mixture
was added indole 3.46 (1.5 equiv), and the resulting solution was stirred for 24 h. Note: see
Table 3.6 in this chapter for amounts of each reagent. The reaction mixture was purified using
preparatory thin-layer chromatography (SiOz, hexanes/EtOAc, 95:5 to 4:1 v/v) to yield 3.47 as a
yellow oil and matched literature precedent.*®% Note: for reported yields, see Table 3.6 in this

chapter.

'H NMR (300 MHz, CDCls) § 8.11 (s, 1H), 7.64 (m, 1H), 7.39 (m, 1H), 7.32 (m, 2H), 7.19 (m,

1H), 7.12 (m, 2H), 5.19 (t, /= 0.9 Hz, 1H), 5.05 (d, 1H), 4.95 (d, /= 8.4 Hz, 1H).
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Racemic Standard for 3.47, using disiloxanediol 3.48
<Chromatogram>

C:\LabSolutions\Training1107\ABS\abs_3_141_NS-Ph4-racemic-AD-97Hex-80min-0.8mL.lcd
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< Peak Table >

PeakTable C:\LabSolutions'Training1 107\:ABS'abs_3_141_NS-Ph4-racemic-AD-97Hex-80min-0.8mL lcd
PDA Chl 254nm 4nm

Peak? | Ret. Time Area Height Area% Height %
1 50707 314138 2101 49810 52433
2 67365 316533 1902 50.190 37517
Total 630671 4003 100.000 100.000

Enantiomerically enriched, using 3.34a at 20 mol% (53:47 er)
Enantiomeric ratios were determined by HPLC Diacel CHIRALPAK AD-H column (3%

IPA/heptanes) 0.8 mL/min 3.34a—1 = 59.9 min, 3.34a-2 = 67.5 min.

<Chromatogram>

C:\LabSolutions\Training1107\ABS\abs_3_148_NS-chiral-20-ENANTIO-AD-97Hex-120min-0.8mL-feb26th2024.Icd
mAU
-8.0

PDA Multi 1
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50 55 60 65 70 75

1 PDA Multi 1/254nm 4nm
< Peak Table >

PeakTable C:\LabSolutions'Training1107\ABS\abs_3_148 NS-chiral-20-ENANTIO-AD-97Hex-120min-0.8mL-feb26th2024 Icd
PDA Chl 254nm 4nm

Peaks Ret. Time Area Height Area % Height %
1 59915 28031 195 53.006 51.731
2 67.536 24851 182 46.094 48.269
Total 52882 377 100.000 100.000
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Enantiomerically enriched, using disiloxanediol 3.29a at 10 mol% (51:49 er)
Enantiomeric ratios were determined by HPLC Diacel CHIRALPAK AD-H column (3%

IPA/heptanes) 0.8 mL/min 3.47—1 = 62.3 min, 3.47-2 = 70.2 min.

<Chromatogram>

C:\LabSolutions\Training1107\ABS\abs_3_149_NS-chiral-10-ENANTIO-AD-97Hex-120min-0.8mL.Icd
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I— / - Noge _
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min

1 PDA Multi 1/254nm 4nm
< Peak Table >

PeakTable C:'\LabSolutions'Training1 107\ABS\abs_3_149_NS-chiral-10-ENANTIO-AD-97Hex-120min-0.8mL Icd
PDA Chl 254nm 4nm

Peals? Ret. Time Area Height Area % Height %
1 62399 467545 3139 50.976 52.801
2 70.243 449647 2796 40.024 47.109
Tota 917192 5935 100.000 100.000
TBSO ,
1. Si-OH catalyst (X mol%) )
 + JL PhMe, —78 °C 48 h
Me” “CHO 2. LAH, —78°C v Non
N(CHs) 30 min thenrt 1.5 h CHs
2 3. HCl-dioxane, rt 25 h
3.48 3.49 3.50

(8)-4-(hydroxymethyl)-4-methylcyclohex-2-en-1-one (3.50)

To a flame-dried microwave vial was added methacrolein 3.49 (1.0 equiv) and catalyst (X mol%)
and dissolved in toluene (0.67 M). The reaction mixture was cooled to —78 °C, the
aminosiloxydiene 3.48 (2.0 equiv) was added. The reaction mixture was allowed to stir in the
Cryocool at —78 °C for 48 h. Then, the reaction was quenched with lithium aluminum hydride
(4.0 M, 4.0 equiv). Note: see Table 3.7 in this chapter for amounts of each reagent. After stirring

for 30 min and 1.5 h at room temperature (23 °C) the reaction was quenched with Rochelle’s
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salts (1 mL). The supernatant liquid was decanted, combined with extraction, and concentrated in
vacuo. The resulting oil was cooled to 0 °C and HCl+dioxane (4.0M in 1,4-dioxane, 0.36 equiv)
was added as an alternative’® and the resulting mixture was allowed to stir for 24 h. The reaction
mixture was concentrated in vacuo and purified using flash chromatography (SiO»,
hexanes/EtOAc, 7:3 v/v) to yield 3.55 as a yellow oil and matched literature precedent.>® Note:

For reported yields, see Table 3.7 in this chapter.

'H NMR (400 MHz, CDCl3) § 6.70 (d, J = 9.3 Hz, 1H), 5.99 (d, J= 9.7 Hz, 1H), 4.12 (¢, J = 7.1

Hz, 2H), 2.04 (s, 3H), 1.63 (s, 1H), 0.87 (m, 6H).

Racemic Standard for 3.50, using disiloxanediol 3.48
<Chromatogram>

C:\LabSolutions\Training1107\ABS\abs_3_178_DA-Ph4-OD-90Hex-60min-1mL.lcd
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< Peak Table >

PeakTable C:'\LabSolutions\Training1 107\ABS'abs_3_178_DA-Ph4-OD-90Hex-60min-1mL. lcd
PDA Ch1 254nm 4nm

Peaks Ret. Time Area Height Area % Height %
1 7.719 4782 408 50.558 51.850
2 8335 4677 379 40442 48.150
Tota 9459 788 100.000 100.000
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Enantiomerically enriched, using disiloxanediol 3.57 (63:37 er).

Enantiomeric ratios were determined by HPLC Diacel CHIRALPAK OD-H column (10%
IPA/heptanes) 1 mL/min 3.57-1 = 9.3 min, 3.57-2 = 10.1 min.
<Chromatogram>

C:LabSolutions\Training1107\ABS\abs_4_7_DA-ENANTIO-OD-90Hex-35mins-1mL-RERUN.Icd
mAU
PDA Multi 1

M— J. / \

8 9 10 11 12 13 14

1 PDA Multi 1/254nm 4nm

< Peak Table >

PeakTable C:'\LabSolutions\Training1 107\ABS'abs_4_7_DA-ENANTIO-OD-20Hex-35mins-1mL-RERUN Icd
PDA Ch1 254nm 4nm

Peakz | Ref. Time Area Height Area% Height %
1 033 10777 1400 37478 30212

2 10.138 32003 2081 6252 50.788

Tota] 52770 3481 100.000 100.000
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Enantiomerically enriched, using disiloxanediol 3.57 (51:49 er).
Enantiomeric ratios were determined by HPLC Diacel CHIRALPAK OD-H column (10%

IPA/heptanes) 1 mL/min 3.57-1 = 7.3 min, 3.57-2 = 7.7 min.

<Chromatogram>

C:\LabSolutions\Training1107\ABS\abs_4_129_DA-CONTROL-4FNp-SiCH3-OD-90Hex-60mins-1mL.lcd

PDA Multi 1

L
7.342
7.709

min
1 PDA Multi 1/225nm 4nm

< Peak Table >

PeakTable C:'LabSolutions\Training1 107\ABS'abs_4_129_DA-CONTROL-4FNp-SiCH3-OD-20Hex-60mins-1mL lcd

PDA Ch1 225nm 4nm

Peaks Ret. Time Area Height Area % Height %
1 7342 46420 4483 51.205 52.001
2 7.709 44235 4138 48.795 47.909
Total 90655 8621 100.000 100.000

Racemic Standard for 3.50, using disiloxanediol 3.48
<Chromatogram>

C:\LabSolutions\Training1107\ABS\abs_5_52_DA-Ph4-racemic-AS-90Hex-60mins-1mL.lcd
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1 PDA Multi 1/235nm 4nm
< Peak Table >

PeakTable C:'\LabSolutions\Training1107\ABS'abs_5_52_DA-Ph4-racemic-AS-90Hex-60mins-1mL lcd

PDA Chl 235nm 4nm

Peaks Ret. Time Area Height Area % Height %
1 13374 3281 87 46.187 50.456
2 15271 3822 85 53.813 49.544
Total 7103 172 100.000 100.000
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Enantiomerically enriched, using disiloxanediol 3.34b (55:45 er)

Enantiomeric ratios were determined by HPLC Diacel CHIRALPAK AS-H column (10%

IPA/heptanes) 1 mL/min 3.57-1 = 13.4 min, 3.57-2 = 15.2 min.

<Chromatogram>

C:\LabSolutions\Training1107\ABS\abs_5_53_DA-Mes-SIOH-ENANTIO-AS-90Hex-60mins-1mL.lcd
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< Peak Table >
PeakTable C:\LabSolutions\Training1107\ABS\abs_5_53_DA-Mes-SiOH-ENANTIO-AS-90Hex-60mins-1mL lcd
PDA Chl 235nm 4nm

Peaks Ret. Time Area Height Area % Height %
1 13360 251142 4002 35417 51648
2 13041 301833 4580 54383 48332
Total 552975 0401 100.000 100.000
B
N -Bu
QI VI
N O CHy
., PN Ph 3.27 (5 mol %)
S + Cl—Si-Ph , _
HO  ‘OH Ill /-Pr?NEt (1.2 equn_/),
a-pinene (1.2 equiv)
3.37b 3.26b  Solvent (0.075M), temp, 16 h 3.44

(8)-1-mesityl-1,3,3-triphenyldisiloxan-1-ol (3.44)
General Procedure A was used for the optimization of 3.44. See Table 3.5 in this chapter for

details regarding optimization conditions. Compound 3.44 was purified according to

experimental listed in this chapter.
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Racemic Standard for 3.44

<Chromatogram>

C:\LabSolutions\Training1107\ABS\abs_6_21_MesPh-SiH_op-racemic-AD-99-5Hex-60mins-RERUN.lcd
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< Peak Table >

PeakTable C:\LabSolutions\Training1 107\ABS'abs_6_21_MesPh-SiH_op-racemic-AD-99-5Hex-60mins-RERUN led
PDA Chl 225nm 4nm

Peak? | Ret. Time Area Height Area% Height %
1 25801 120941 2032 61.808 65417
2 37254 80204 1074 38102 34583
Total 310235 3105 100.000 100.000

Enantiomerically enriched, PhCl at — 78 °C (66:34 er)
Enantiomeric ratios were determined by HPLC Diacel CHIRALPAK AD-H column (0.5%

IPA/heptanes) 1 mL/min 3.44—1 = 29.3 min, 3.44-2 = 40.5 min.

<Chromatogram>

C:\LabSolutions\Training1107\ABS\abs_6_19-20_MesPh-SiH_op-E-AD-99-5Hex-60mins.Icd

mAU

- PDA MUl 1
251

9 ~
-5.0 g ~

] g =

] <?
g5 AN

: _b“%—‘«-"’“\__a LA —-\\
T

25.0 275 30.0 325 35.0 375 40.0 425

min

1 PDA Multi 1/254nm 4nm
< Peak Table >
PeakTable C:\LabSolutions\Training1 107\ABS'abs_6_19-20_MesPh-SiH_op-E-AD-09-5Hex-60mins lcd

PDA Ch1 254nm 4nm
Peal? Ret. Time Area Height Area % Height %
1 29327 75147 1513 33914 44481
2 40517 146433 1889 66.086 55.519
Total 221579 3402 100.000 100.000
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Enantiomerically enriched, PhMe at — 40 °C (66:34 er)
Enantiomeric ratios were determined by HPLC Diacel CHIRALPAK OD-H column (0.5%

IPA/heptanes) 1 mL/min 3.44—1 = 24.6 min, 3.44-2 = 35.1 min.

<Chromatogram>

C:\LabSolutions\Training1107\ABS\abs_6_23_MesPh-SiH_op-E-AD-99-5Hex-60mins.lcd

mAU
PDA Multi 1
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min

1 PDA Multi 1/225nm 4nm
< Peak Table >

PeakTable C:'LabSolutions\Training1107\ABS'\abs_6_23_MesPh-SiH_op-E-AD-99-5Hex-60mins lcd
PDA Chl 225nm 4nm

Peaks Ret. Time Area Height Area % Height %
1 24.590 108129 1653 52.403 58.974
2 35077 08212 1150 47.597 41.026
Tota] 206340 2803 100.000 100.000

General Procedure D: "H NMR Spectroscopy Binding Studies

Two 20-mL scintillation vials were flame dried and back purged with argon. Each
scintillation vial was fitted with a septa and argon balloon. A freshly bought bottle of deuterated
solvent (CsDs) equipped with activated 4 A molecular sieves was used. Note: The deuterated
solvent (C¢Ds) was left to sit with activated 4 A molecular sieves for a minimum of 18 h prior to
use. NMR tubes were placed in the oven for 1 h prior to use. Two stock solutions were made,
(1) with the disiloxanediol, and (2) the Lewis base. The first stock solution was made by dissolv-
ing the disiloxanediol in 4 mL of deuterate solvent (CsDs). The Lewis base, pyridine (5.0 equiv)
was added to the other scintillation vial. To further eliminate any moisture, the deuterated solvent

(CsDs) was fitted with a septum and argon balloon when being used. A 2 mL aliquot was taken
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from the stock solution containing the disiloxanediol and transferred to the stock solution
containing the Lewis base. Then different volumes of each stock solution were mixed into the

corresponding NMR tubes with the desired equivalents of Lewis base (Table 3.10).

Table 3.10 Volumes needed for binding studies

NMR Lewis base Volume from Volume from
tube (equiv) (SD solution) (Lewis base solution)

A 0 0.50 0

B 1 0.45 0.05

C 2 0.35 0.15

D 3 0.25 0.25

E 4 0.15 0.35

F 5 0 0.50

Each NMR tube was capped with a rubber septum. Then, each NMR tube was back
purged with argon. The 'H NMR spectrum of each solution was recorded using the 400 MHz
NMR spectrometer after 16 scans at room temperature. Binding constants were calculated using
Microsoft Excel Solver to fit a nonlinear curve with the model equation below.” The binding
affinity (K.) was the only variable optimized and no constraints were used. The error was

calculated at a 95% confidence interval based on the NMR data to the model.

Cc
A6i = 5obs,i — 6free = R_ €q. 3.1

o

(KgRo+1+KgS)) iJ(KaRO +14+KgS)%2—4K4%RS;

C = eq. 3.2

2Kg

The chemical shift (ppm) of the SIOH proton in the bound Lewis base complex is equal to
Scomplex » and thus A§ = 8compiex — Ofree Where 6fre = chemical shift (ppm) of the SIOH
proton when no Lewis base is present (i.e., NMR tube A). This value ( Ad ) is estimated from

extrapolation of where the binding curve levels off. The remaining values are as follows: 6,,5; =
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chemical shift (ppm) of SiOH proton at i equivalents of Lewis base, R, = initial concentration
of disiloxanediols, and S; = concentration of Lewis base at i equivalents in M, and K, =

binding constant in M.
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