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Abstract

Organosilicon chemistry is underdeveloped and warrants focus both in synthesis and
applications. This dissertation includes a mechanistic analysis of incompletely condensed
polyhedral oligomeric silsesquioxane H-bond-donor catalysis in a C—C bond-forming reaction and
metal-catalyzed carbene insertion to produce silicon-stereogenic silanes and silsesquioxane nano
building blocks. The introduction discusses the properties and applications of silanols, previous
methods to access silicon-stereogenic molecules and silsesquioxane-based materials, modern
kinetic analysis methods, and carbene insertion into Si—H bonds. Previous literature examples are
included for context.

Chapter one details a 1°F NMR kinetic study of silsesquioxane H-bonding catalysis in a C—
C bond-forming reaction using modern kinetic analysis. A comparison of the catalytic activity to
previously studied organosilanols is included. The effect of catalyst concentration on the overall
mechanism of the transformation is described. Binding studies using *H NMR spectroscopy were
used to investigate H-bonding ability and investigate the effect of concentration.

Chapter two presents the development of Rh(Il)-catalyzed diarylcarbene insertion into Si—
H bonds to produce silicon-stereogenic silanes. Novel prochiral silanes and diazo compounds were
synthesized to investigate their effects on enantioselectivity. The effect of a prochiral diazo
compound on enantioselectivity was explored. A brief mechanistic study provided insight into
structural effects on diazo compound stability. Further transformations of insertion products were
explored.

Chapter three describes the development of Rh(ll)-catalyzed aryl(ester) carbene insertion
into Si—H bonds of silsesquioxane-based silanes. Aryl(ester) and aryl(amide) diazo compounds
were tested against POSSs with one, three, and eight Si—H bonds. Novel diazo compounds were
synthesized containing fluorinated groups and BODIPY fluorophores. Further transformations of

insertion products were explored.

Vi
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Introduction

This chapter presents a summary of organosilicon chemistry relevant to the research in
this dissertation. Properties and applications of organosilanols and silica gel are discussed.
Strategies towards silicon-stereogenic molecules and silsesquioxane nanomaterials are presented.
Modern kinetic analysis methods, including reaction progress kinetic analysis (RPKA) and

variable time normalization analysis (VTNA), are introduced.

0.1: Overview of Developing Synthetic Methodology to Access Novel

Organosilicon Molecules

In the Franz research group, there has been a focus on developing novel synthetic
methodology to incorporate silicon into organic molecules. Silicon is the second most abundant
element in the Earth’s crust, providing a sustainable source for synthetic design.! The incorporation
of silicon into an organic compound can alter its chemical and physical properties relative to the
carbon analog. Compounds 0.1,20.2,% and 0.3* are examples of organosilicon molecules previously
studied where the properties of silicon improve activity for the designed function. Focuses in the

Franz group include silicon-based catalysts,* ligands,® drug candidates,® and nanobuilding blocks.

Reducing agent dopamine D, antagonist H-bonding catalyst
HO

HaC—\ Si 0

/—SiH O Ph 0.1 b
HG [ N Ph-Si"si”

CHj c OH OH
F
0.1 0.2 0.3

Figure 0.1. Examples of organosilicon compounds previously studied

Similar to carbon, silicon can exist in enantiomeric forms with four unique substituents
bonded (Figure 0.2). Silicon-stereogenic molecules have been known for over 100 years.” Despite
the similarities between carbon and silicon, there is a large discrepancy in the enantioselective
methods known.® The development of enantioselective methodology to generate silicon-centered
chirality can have broad applications, as does carbon-centered chirality. The Franz group is
interested in applications of silicon-centered chirality in drug design,® ligand design,>° and

silicon-based materials.



‘s
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Figure 0.2. Enantiomers of tetravalent silicon.

Silicon is commonly used in the form of siloxanes and can be found in polymers!! and
materials.'? Siloxane networks vary from oligomeric structures such as 0.4,'* polymeric forms with
surrounding organic functionality (0.5),'* or random structures (0.6) (Figure 0.3).® The
combination of inorganic siloxanes and surrounding organic functionality leads to hybrid
materials, often with unique properties.’® Applications of siloxane polymers and materials are
diverse and range from lubricants!’ to explosives.*® Beyond small molecules, the development of

organosilicon methodology can be applied to silicon-based materials and polymers.

R R R

\./O\ ./ \ (o]
.00 S0 ST
Sig si-0 R ¥y o SR
EN S B L
Si si R R SR
\ 0% ~o/ PR . Si~0™\
Si—_si-O Rp ~
o—S¥
R
0.4 0.5 0.6

Figure 0.3. Examples of siloxane-containing structures with potential for development.

0.2: Properties of Organosilanols

Organosilanols, the silicon equivalent of an alcohol, are well-studied in the chemical
literature dating to 1871 with Ladenburg’s seminal publication on the synthesis of triethylsilanol
from triethylchlorosilane.!®?® The increased electropositivity of silicon compared to carbon (1.7
vs. 2.5) causes hyperconjugation effects from oxygen lone pairs to Si-C o* orbitals (Figure
0.4).222 Sijlanols are more acidic as a result, as seen with the difference in pKa between
triphenylmethanol 0.7 (pKa = 17.0) and triphenylsilanol 0.8 (pKa = 16.6).232 Silanols are stronger

H-bond donors than alcohols as a result.?



H | @ ®
| OH OH
5 0.7 0.8

OLp—> 0sic ! pK,(DMSO)=17.0  pK, (DMSO) = 16.6

Figure 0.4. The acidity of silanols compared to alcohols.

The use of silicon allows for access to H-bonding arrangements that are unstable with
carbon-based systems. Silanones are less stable than silanediols due to poor p orbital overlap
between silicon and oxygen (Figure 0.5).2>%6 Organic substituents can be modified with sterically
demanding groups to limit siloxane formation. Molecules such as 0.13, 0.14, and 0.15 are stable
with potential for intramolecular or intermolecular H-bonding, affecting acidity and activity
(Figure 0.5).77

favored i favored
0 HO_ OH | g ——-  HO, OH
r-Shg D rShR © RR R™R
0.9 0.10 0.11 0.12

O O Ph. o Fh Phee 2 £0~___O-H

; ~gi"“~gj-Ph Siy Si !

Si Ph-Si" S / o] PH | CH
HO ©OH OH OH g Ph\\ o ?

0.13 0.14 \ 05" ~o/~F~pn
h/Sl\O/Sk’

P Ph

0.15

Figure 0.5. Access to unique silanol arrangements inaccessible with carbon analogs.

0.3: On the Importance of Studying Organosilanols

The unique properties of silanols make them attractive targets as H-bonding catalysts. In
2011, the Franz lab reported the first example of silanediol catalysis of a Diels-Alder reaction of
Rawal’s diene 0.16 and methacrolein 0.17 to yield product 0.18 (Figure 0.6).2 Active catalysts
include 0.19 containing electron-withdrawing groups and 1,3-disiloxanediol 0.14. Both catalysts
provided 55% yield of product 0.18. Both Franz and Matson later demonstrated that organosilanols

catalyzed the addition of silyl ketene acetals to isoquinolines?®3° and the addition of indole to



nitrostyrene.3-3 Kinetic studies by Franz highlight that silanols provide higher rates of catalysis

compared to well-known scaffolds, such as thioureas.*

Arf = 3, 5-bis(trifluoromethyl)phenyl

fe) |
-72°C i
S JL D(\ . Mes_ Aff Ph, _,O\'?_rjph
Me” “CHO OH | Si Ph-Si"""Si

TBSO 1. Catalyst (20 mol %)
2. LiAIH, , Si, ,

NMe; 3. HF/MeCN Me . HO OH OH OH

0.16 0.17 0.18 L 0.19,55% 0.14, 55%

Figure 0.6. Franz’s silanol-catalyzed [4+2] cycloaddition of Rawal’s diene 0.16 and methacrolein 0.17.

The study of small molecule organosilanols can provide insight into the H-bonding present
on silica surfaces (Figure 0.7).32 The bulk properties of silica gel are well-known, but studies of
silica surfaces are generally limited due to insolubility.3* The properties of a silica surface are
determined by the surface silanols, including isolated, geminal, or vicinal arrangements.*® By
studying the hydrogen-bonding ability of discrete small molecule organosilanols, such as triaryl
silanol 0.20, 1,3-disiloxanediol 0.14, and silsesquioxane 0.15, information about interactions on

silica surfaces can be learned.

isolated silanols vicinal silanols
O/H O/H \O/H (l)/H\\CI)/H \?/H
| | |
Si Si Si Si Si Si
0’00 0’0 076 0 0’0 0700 0700
[ I I O I I I I
Sio,
Ph_
si—O—H
Phoo 20~ D-H
©\/© Ph. o F" 20 Ph’SI\ 'IH
Si’ Ph-si"si-Ph O/Ph\ Loo-
OH ‘G !
@ OH OH \p,s|\o_//s|\Ph
Si—q—Si-0
Ph Ph
0.20 0.14 0.15

Figure 0.7. Organosilanols as soluble model compounds for silica surfaces.

0.4 Applications of Silica gel in Materials Science and Catalysis

Silica gel is commonly used for the synthesis of functionalized materials with controlled

structure and morphology. The attractive aspects of silica-based materials include cost, thermal



and chemical stability, low environmental and biological toxicity, and diversity of synthetic
methods.®® The applications of silica-based materials include adsorption/separations, optical
coatings, and environmental remediation efforts.3” The resultant morphologies accessible include
rods, sheets, spheres with tunable pore size (Figure 0.8A).% The surfaces of silica gels can be
doped with metals, small molecules, or biomolecules to access hybrid materials. Hybrid silica-
based materials have been used in explosives, drug delivery, and tissue engineering.2>#° Silica gel
is also used to immobilize catalysts, resulting in increased thermal stability and recyclability
compared to unmodified counterparts.** The porous structure of silica gel is useful for
heterogeneous reactions where increased surface area results in higher activity.*> The silanols serve
as sites for installation of catalytic groups. Precatalysts can react with silanols to access
immobilized catalysts or silanols can be capped with linkers containing catalytic moieties or
ligands for coordination (Figure 0.8B). Immobilized silica-gel based catalysts are have been used

in industry for polyolefin synthesis and fluid catalytic cracking.?44

@/

spheres rods

m | ) £
; sio,

sheets

cat

| B)
E cat

O

—0O-2—0

—O,
—O
—O,
0
—O

Figure 0.8. A) Accessible morphologies of silica-gel based materials B) Strategies for
immobilized catalysts onto silica gel.

Silica gel has also been used as a solid acid catalyst extensively due to its facile recycling
and thermal stability, with several examples shown below (Figure 0.9). The silanols present on
silica surfaces are the catalytically active moiety. Shumalia and coworkers reported that silica gel
catalyzed additions of nitrogen heterocycles to electron-poor alkenes.*® The reaction of
nitrostyrene 0.21 and indole 0.22 yielded product 0.23 in 92% yield at room temperature in 30
minutes. Comerford and coworkers reported silica gel-catalyzed amide bond formation of
carboxylic acids and amines.*® The reaction between acid 0.24 and aniline 0.25 produced amide
0.26 in 54% yield after 24 h at 110°C. Jin and coworkers reported epoxide ring-opening with

concomitant sulfur to oxygen acetal migration.*” Epoxide 0.27 with thiol 0.28 produced product



0.29 in 85% yield after 14 hours at room temperature. Silica gel has also been used for alkylations
of phenols*® and epoxide ring openings with nitrogen-containing heterocycles.*® Studies of
orgnaosilanol catalysis can provide insight into the active structures present on the surface of silica
gel.

Ph
NO
N Silica gel ©\/§\ 2
Ph/\/NOZ ©\/’\> 0.5h,rt ”
H
0.21 0.22 0.23, 92%
0 Silica gel V\)OJ\
Ph—NH Ph .Ph
PhMOH ? 2an110°C N
0.24 0.25 0.26, 54%
0]
o) . OAc
Silica gel
Ph \/o\/A HSCJ\SH 14h 1t ~ Ph \/O\)\/SH
0.27 0.28 ’ 0.29, 85%

Figure 0.9. Some previous examples of silica gel-catalyzed transformations.

0.5: Concentration Effects on Small Molecule H-bonding Ability

With small molecule H-bond donor catalysts, aggregation can occur with increased
concentration.>® The resultant conformations can have varied H-bonding strength which can affect
rates of catalysis or the mechanism. A common effect with increased concentration of
organocatalysts with both donor and acceptor sites is self-association into dimeric species (Figure
0.10).5! Several classes of organocatalysts are known to self-associate in solution, including

organosilanols,* thioureas®, and phosphoric acids®. Several examples will be explained below.

H Ar Ar,
|
Ar, O-H----O_ Ar N-H._ N-H
Ar. /O _____ H-O Ar /Si» /Si\ S:< /'S:<
SR’ 1 A" 0----H-0" “Ar N-H" N-H
Ar’ O-H----- o Ar H Al AY
0.30 0.32 0.33

Figure 0.10. Self-association of organocatalysts with H-bond donor and acceptor sites.

Silanediols have been previous studied as catalysts,3* anion receptors,> and protease
inhibitors.%® A previous Franz lab member, Dr. Ngon Tran, studied silanediol H-bonding and

observed self-association into dimeric species, supported by *H NMR DOSY studies (Figure



0.11).3156 The formation of self-associated species increased with concentration or by reducing the
temperature. A theoretical study of 0.34 by Dr. Tran indicated that self-association to 0.34¢0.34
increased acidity of free silanols (pKa = 10.5) when compared to monomeric 0.34 (pKa = 11.5)
(Figure 0.11).2* Binding studies of 0.19 with DMF using *H NMR spectroscopy confirm
silanediols’ increased H-bonding ability with higher concentration. The calculated association
constant to DMF increased from 90 + 4 M-! to 1431 + 50 M- with increased concentration from
0.01 M to 0.4 M in CeDs (Figure 0.11). In the reaction of nitrostyrene 0.21 and indole 0.22, yield
of product 0.23 increased to 91% with increased concentration to 2.0 M or reducing reaction
temperature to 4 °C. Overall, the data indicates silanediols are more active H-bond donors when

self-associated into dimeric species.

pK,=11.5 pK,=10.5 | FsC
H Mes,
| . Si

R R R‘s O-H----O__R : HO" 'OH CFs3
Si — Si Si, !
HO' oM R 0----H-0" R : 0.19
H ' Kpyr (0.01 M, CgDg) =90 + 4 M
0.34; R = CH, 0.34-0.34 ' Kpur (0.4 M, CgDg) = 1431 £ 50 M
Ph Conditions

NO - 939
\ 0.19 (20 mol %) N 2 0.05 M, rt, 48 h; 23%
Ph/\/ NO, N CH,Cl, N 2.0M,rt, 24 h; 91%
H
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Figure 0.11. Concentration effects on silanediol H-bonding with Lewis bases.

Thioureas are potent small-molecule H-bonding catalysts that have been examined for
several enantioselective transformations, including multicomponent reactions,® conjugate
additions,>® and the addition of silyl ketene acetals to a-chloroethers.>® Jacobsen and coworkers
investigated the reaction with chloroether 0.35 and silyl ether 0.36 using thiourea 0.38 and it is
proposed to proceed through an anion-binding mechanism involving two thioureas bound to
chloride (0.39) (Figure 0.12).%° The authors performed a kinetic analysis to understand the
mechanism of catalysis. When the thiourea 0.38 concentration was below 0.1 M, the catalyst
exhibited second-order rate dependence. When the thiourea 0.38 concentration was above 0.1 M,
first-order rate dependence was observed (Figure 0.12). Thiourea 0.38 is known to self-associate
in solution to 0.38¢0.38. The authors attribute the change in catalyst order to concentration-

dependent resting states between monomeric 0.38 and self-associated species 0.380.38. Thioureas



are near one another at high concentrations due to self-association, so the rate dependence is on
the concentration of self-associated species. At low concentrations, thioureas must associate before

catalysis, leading to second-order rate dependence.
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Figure 0.12. Jacobsen’s addition of silyl-ketene acetals to a.-chloroethers using thiourea 0.38.

0.6 Background on Polyhedral Oligomeric Silsesquioxanes (POSS)

Polyhedral oligomeric silsesquioxanes (POSSs) are a class of inorganic-organic hybrid
compounds described by the chemical formula (RSiO1.5)a(H20)0sb, where R is a hydrogen atom
or an organic group and a is an integer larger than zero.5! POSSs are classified into two categories
based on the value of b: completely condensed POSSs (where b = 0) and incompletely condensed
POSSs (b =1, 2, 3, etc.). Prismatic POSSs have been the subject of most studies, but ladder® and
randomly assorted oligomeric siloxanes are known.%3

Synthesis of POSSs vary depending on the identity of the organic substituent.®* POSSs are
accessed from trichloro or trialkoxy silanes with strong acid or base (Figure 0.13).%° Hydrolysis of
silanes 0.41 yields silanetriol 0.42, a common intermediate that condenses with additional triols to
assemble the siloxane core 0.4.% Controlling the hydrolytic condensation equilibrium is not
generalizable and is a current limitation of POSS methodology.®” Factors that affect this
equilibrium include temperature, solvent, pH, concentration, and added water.®® However, several
POSSs are commercially available.®® Silanol-containing POSSs can react with chlorosilanes and

base to access novel structures capable of further functionalization. Additionally, synthetic organic



chemistry can be performed about the organic groups.” The combination of inorganic siloxane
chemistry from silanols and organic chemistry from the R groups enable versatile applications

ranging from silica surface model compounds’* to additives for healing wounds.”?

X =Clor OR

Strong acid or base / o}
R-SiXs

0.41 \ o i

R-Si(OH);
0.42

via:

Figure 0.13. Synthesis of POSS from alkoxy or chlorosilanes.

Incompletely condensed POSSs have been extensively studied for their structural
similarities to vicinal silanols on the surface of silica gel (Figure 0.14).7%7 Their solubility in
organic solvents enables detailed structural investigations that can be difficult to study in bulk
silica gel.*® Discrete silanol configurations can be synthesized to develop structure-activity
relationships. POSS 0.43-0.45 are examples of compounds studied to examine H-bonding,”

acidity,’ silylation’®, and metal coordination.”
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Figure 0.14. Previously studied POSS compounds for silica surface modeling studies.

Polyhedral oligomeric silsesquioxane triols (POSS-triols) are organosilanols that have
been studied to characterize H-bonding arrangements in solution. Kondo and coworkers

investigated POSS-triol 0.46 and observed two modes of H-bonding: intermolecular H-bonding



with Lewis bases and self-association into dimeric species 0.46¢0.46 (Figure 0.15).7® The authors
noted that binding studies needed to be conducted at a sufficiently low concentration (0.005 M) so
that self-association would not interfere with H-bonding with Lewis bases. The strength of H-
bonds to Lewis bases was comparable to previous work with 1,3-disloxanediols’” and silanediols,>*
suggesting that there are potential applications of POSS-triols as H-bonding catalysts. Prior to

work in the Franz lab, no studies had been performed with POSS-triols as H-bond donor catalysts.
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Figure 0.15. Kondo’s investigation into POSS-triol H-bonding in solution.

Completely condensed POSSs have been used extensively to synthesize hybrid
materials.”®”® The inorganic siloxane core has been noted to increase thermal and chemical
stability due to the strength of Si—-O-Si bonds.8%8! The organic groups surrounding POSS enable
facile processing and functionalization. Additionally, their discrete size and uniformity make them
attractive platforms for design (Figure 0.16).8? Several strategies have been applied to incorporate
completely condensed POSSs into materials with diverse applications.® POSSs physically
blended with polymers have been shown to provide enhanced stiffness and stability with
applications in low dielectric constant materials.®* Alternative strategies focus on covalent linkages
with the surrounding organic groups. Several different forms of connectivity can be accessed based
on the cubic shape. Pendant connectivity of POSSs to a polymer has been used for solid-state
batteries with increased thermal stability.®®> End-to-end connectivity of POSSs with a covalent
linker has been used for hybrid-hydrogels for drug delivery systems.® Cross-linked structures of

POSSs have been used for liquid crystal polymers for self-assembly.8’
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Figure 0.16. Strategies for incorporation of POSS into materials and polymers.

0.7: Modern Kinetic Analysis Methods

Kinetic analysis of catalytic transformations is an invaluable tool for guided approaches

toward designing new catalysts, understanding structure-activity relationships and elucidating
reaction mechanisms. However, a barrier of Kinetic analysis is the general difficulty of relating
mathematical expressions to the system in study. Several modern analysis techniques have enabled
facile extraction of kinetic information using reaction profiles, including reaction progress kinetic
analysis (RPKA)8 and variable time normalization analysis (VTNA).%®% These techniques
leverage the visual capacity of human beings and limit the complexity of mathematics required to
extract useful kinetic information.

Developed by Professor Donna Blackmond, RPKA is a protocol that uses the difference in
concentrations between two substrates for experimental design.88° Applied to a theoretical
reaction of A and B catalyzed to make C (Eq 0.1), RPKA relies on the difference between [A]o
and [B]o, known as the “excess” (or [xs]) (Eq 0.2).882° This value is constant throughout the entire
reaction. The value of [xs] can be minor so that synthetically relevant concentrations are probed,
overcoming the need for pseudo-first-order conditions. When varying [xs] between trials while

keeping [A]o constant (known as a “different excess” experiment), the order can be determined in
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B after manipulation of calculated rate data into graphical rate laws (Figure 0.17). Overlap of trials
will be observed when the order in the reagent is successfully determined. A minimum of two
trials are needed, but additional trials can be completed to expand the concentrations studied.
Reciprocal experiments that determine the order in A (where [B]o is held constant) can be
performed to support the conclusion. This can be applied to reagents and (co)catalysts to determine

the overall rate expression.

A+B C (Eq0.1)
[xs] = [Alo — [Blo = [A] - [B] (Eq 0.2)
Concentration vs. Time Rate vs. [A]
[ ]
[ ]
= ®
s £ .
) RPKA = o
= _— % ° o
[Al,=1.2M, [Bl,=1.0M o ..'
° ]
' ]
Time (min) [Al (M)

Figure 0.17. Example of a “different excess” experiment using RPKA indicating first order in A.

The RPKA protocol can be used to probe for catalyst decomposition or product inhibition.
Multiple trials can be performed with identical [xs] (known as a “same excess" experiment) but
different initial concentrations (Figure 0.18).8889 At some point in the reaction, the concentrations
of both trials will be identical and can be overlayed. The critical difference between trials is the
presence of the product and the number of catalyst turnovers. If trials do not overlap, it indicates
catalysis is slowing down from product inhibition or catalyst decomposition. Another trial with

product present can distinguish between product inhibition or catalyst decomposition.
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Figure 0.18. Example of a “same excess” experiment using RPKA depicting product inhibition.

Developed by Professor Jordi Bures, VTNA complements the RPKA protocol because it
uses concentration profiles directly.®®% Techniques such as NMR, IR, UV, and GC introduce
errors in measurements when manipulated to rate data, affecting the accuracy of conclusions.
Using the "different excess" protocol from RPKA, VTNA effectively integrates out the effect of
concentration on rate by exponentiating the time integral (approximated with the trapezoid rule)
to a value of a (Eq. 0.3). Trials with “different excess” will overlay when the correct value of a is
chosen, indicating the order in the reagent (Figure 0.19). Like RPKA, VTNA can be applied to

reagents and (co)catalysts, and is useful for the determination of non-integer catalyst orders.

t=n [4)i+[Al;i 1\ &
[orAede =y, (MA@ - 4y (Eq0.3)
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o
]
o
]
— — )
=3 VINA 2= .
= g .
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]
o
]
S[AJAt

Time (min)
Figure 0.19. Example of a “different excess” experiment using VTNA indicating first order in A.
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0.8: Transition-metal Catalyzed Desymmetrization of Prochiral Silanes for the
Synthesis of Silicon-stereogenic Molecules

Like carbon, silicon can be chiral with four unique substituents bonded. Stereogenic silicon
molecules have been known for over 100 years and have led to the development of an entire field
of research.” Methods to produce stereogenic carbon compounds use prochiral sp? intermediates
such as alkenes,* carbonyls,® and carbocations®® to form chiral sp® centers. However, the
synthesis of enantioenriched silicon requires alternative strategies due to the instability of sp?
silicon centers (Figure 0.20, 0.47).%7 Instead, the strategy involves enantioselective differentiation
of two identical groups of an sp® silicon center (0.48) using a desymmetrization agent.%89°
Compared to kinetic resolution, desymmetrization allows for theoretical yields of 100% thereby

increasing atom economy.

Re Face
- CR2 %
0 47
Unstable /\_5
Si Face
reactive grou
X = CH,R OR, H ( 5
\N_ 7/ |
R R .'
0.48
Stable :

Figure 0.20. Desymmetrization of sp? silicon centers for the synthesis of silicon-stereogenic molecules.

Transition metal-catalyzed desymmetrization of Si—H bonds represents a modular
approach to access silicon-stereogenic molecules.1191 Prochiral silanes are stable molecules and
are capable of structural diversity about the organic groups. Several transformations with Si—H
bonds are known, including arylation,!®? hydrosilylation, alcoholysis,’®®> and carbene
insertion!9419% which provide a diverse set of metal/ligand combinations for optimization. The

remaining Si—H bond can be used for additional transformations to access complex substrates. The
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mechanism of desymmetrization occurs in two possible modes: A) Desymmetrization of 0.49 to
produce a silicon-stereogenic metal hydride 0.50 followed by coupling to produce 0.51 or 0.52, or
B) Diazo compound 0.53 reacts with the catalyst to form metal carbenoid 0.54 followed by
desymmetrization of 0.49 to produce silane 0.55 (Figure 0.21).1% No metal hydride species form
in mechanism B. Most catalysts capable of oxidative addition into Si—H bonds occur through
mechanism A, which includes hydrosilylation, arylation, and alcoholysis. Carbene insertion into
Si—H bonds occurs through mechanism B. An example of mechanism A will be discussed below

and carbene insertion into Si—H bonds is discussed in a separate section of this introduction.
A)

Ar , R —\
A, R ML* ' R or R-X Ar, R A, R
Sig w2l S or S
H H desymmetrization | H "R H
0.49 H 0.51 0.52
0.50
B) Ar, ,R
Si
s Ar, R
ML* H H Lx p
e ML Py 0.49 si.
M R” R L H R
R™ R desymmetrization
0.53 0.54 0.55

Figure 0.21. Mechanisms of desymmetrization of prochiral silanes to produce silicon-stereogenic silanes.

In 2017, Nishihara and coworkers reported the desymmetrization of prochiral silanes
0.56a-f with aryl iodides 0.57a-c using a chiral palladium catalyst to produce silanes 0.59a-f
(Figure 0.22).192 TADDOL-derived ligand 0.58 provided the highest enantioselectivity of ligands
tested, forming silane 0.59a in 57% yield and 80:20 er. Increased steric bulk provided higher
enantioselectivity to 85:15 er (0.59b and 0.59c) with reduced yield (64% and 40%, respectively).
Substitution of the methyl group to a cyclohexyl group provided slightly increased
enantioselectivity (0.59d, 82:18 er) and yield was comparable (62%). The authors demonstrated
two couplings on a single substrate to access 0.59e (35%, >99:ler), albeit in low
diastereoselectivity (76:24 dr). The proposed mechanism, supported by DFT calculations, involves
Si—H desymmetrization followed by base-promoted o-bond metathesis to furnish silane products.
The authors demonstrated additional couplings with the remaining Si—H bond to produce silane
0.59f in 45% yield and 85:15 er.
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Figure 0.22. Nishihara’s Pd-catalyzed arylation of prochiral silanes.

0.9: Carbene Insertion Into Si—H bonds

Carbene insertion into Si—H bonds is a powerful transformation that forms new Si—C and
C-H bonds using transition metals as catalysts.!®” Carbenes are formed in situ from diazo
compounds 0.53 after the loss of N2 with assistance from the metal center (Figure 0.23).1% The
subsequent metal carbenoid 0.54 can insert into an Si—H bond of 0.61 with the potential to set two
stereocenters in a single step in silane 0.62. An asynchronous, concerted mechanism is proposed
where hydride transfer precedes Si—C bond formation.%%119 Several metals are known to catalyze
carbene insertion into Si-H bonds, including Rh(l1),*** Cu(1)}*? and Ag(l).}*® The use of chiral
ligands enables enantioselective processes. Compared to C-H bonds, Si-H bonds are more

reactive to carbene insertion, supported by competition experiments.t4
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Figure 0.23. Overview of carbene insertion into Si—H bonds.

The reactivity of carbenes is tuned by the attached R groups and classified into three main
categories: ester carbene (0.63), aryl(ester) carbenes (0.64), and diarylcarbenes (0.65).115116
Alternative classifications commonly used in literature are acceptor, donor/acceptor, and
donor/donor, respectively. The use of electron-donating groups such as aryl rings, alkenes, or alkyl
groups increases the stability of the metal carbenoid and leads to higher selectivity with reduced
reactivity. The use of electron-withdrawing groups such as esters or nitriles increases the reactivity
of the metal carbene and the stability of the diazo compound.'® To date, aryl(ester) carbenes are
the subject of most studies with silanes due to both electron-donating and electron-withdrawing
effects that increase selectivity and promote reactivity, respectively.’%” The use of diarylcarbenes
represents a current synthetic challenge due to the stabilization from the donor groups. However,

the increased stability could lead to more selective insertion reactions.

palizacEege

0.63 0.64 0.65
Ester Aryl(ester) Diaryl
Selectivity
Reactivity

Figure 0.21. Reactivity and selectivity of metal carbenoids.

0.10: Overview of Dissertation

Chapter one describes a *°F NMR kinetic study of incompletely condensed polyhedral
oligomeric silsesquioxane H-bond-donor catalysis in a Friedel-Crafts addition reaction. Catalyst
concentration-dependent kinetics were observed, attributed to off-cycle self-association into

dimeric species, which is supported by *H NMR DOSY experiments. NMR binding studies were
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performed to investigate the effect of catalyst concentration on H-bonding ability, showing
reduced activity at higher concentrations. Catalytic cycles detailing concentration-dependent
resting states are proposed.

Chapter two presents the development of Rh(Il)-catalyzed diarylcarbene insertion into Si—
H bonds to produce silicon-stereogenic silanes. Novel prochiral silanes and diazo compounds were
synthesized to explore structure-activity relationships. The effect of a prochiral diazo compound
on enantioselectivity was explored. A mechanistic study highlighted structural effects on diazo
compound stability and probed the rate-determining step. Further transformations of insertion
products were explored.

Chapter three details the development of Rh(Il)-catalyzed aryl(ester) carbene insertion into
Si—H bonds of silsesquioxane-based silanes. Aryl(ester) and aryl(amide) diazo compounds were
tested against POSSs with one, three, and eight Si—H bonds. Novel diazo compounds were
synthesized containing fluorinated groups and BODIPY fluorophores. Further transformations of

insertion products were explored.
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Chapter 1: ®F NMR Kinetic Analysis of Silsesquioxane H-bonding Catalysis *

1.1: Introduction

This chapter presents a rigorous kinetic study of incompletely condensed polyhedral
oligomeric silsesquioxane (POSS) silanol H-bond-donor (HBD) catalysis using *F NMR
spectroscopy and modern Kinetic analysis. The Franz lab has previously studied organosilanol-
based catalysts for C—C bond forming reactions such as Friedel-Crafts alkylations,® [4+2]
cycloadditions,? and anion-abstraction catalysis.® Former lab member Dr. Kayla Diemoz studied
the catalytic activity of 1,3-disiloxanediols where their high catalytic activity was attributed to the
siloxane backbone and vicinal silanols.? Because POSS-silanols contain an extended vicinal
siloxanol arrangement, this prompted our studies of POSS silanols as a HBD catalyst. Dr. Kayla
Diemoz first demonstrated the catalytic activity of POSS silanols and noted complex kinetics,
which were further invesigated.* The results presented in this chapter were published in Chemistry:
A European Journal.’

Silica gel is one of the most ubiquitous silanol-containing materials used today. Synthetic
chemists interact with silanols daily using silica gel. Silanols are the functional group responsible
in chromatography for the retention of compounds by H-bonding to acceptor sites.® Silica gel is
also a solid-state support for heterogeneous catalysts as the silanols can coordinate metal ions.’
Given the acidic nature of silica gel, it has been used as a catalyst in several C—C forming
transformations.® Several silanol-containing motifs have been identified on silica gel, including
isolated silanols, silanediols, and vicinal silanols (Figure 1.1).%% However, the poor solubility of
silica gel limits the use of spectroscopic techniques to learn more about the activity of discrete
arrangements on the surface. In addition, silica surfaces often contain mixtures of these

arrangements, so structure-activity relationships are challenging to construct.

* Reproduced in part with permission from: Jagannathan, J. R.; Diemoz, K. M.; Targos, K.; Fettinger, J. C.; Franz,
A. K.. Chem. — A Eur. J. 2019, 25 (65), 14953-14958. Copyright 2019 John Wiley and Sons.
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Figure 1.1. Silica surface with silanol arrangements known to be present on the surface.

Incompletely condensed polyhedral oligomeric silsesquioxane (POSS) silanols are
compounds known for having structural similarities with B-cristobalite, a common polymorph of
silica gel (Figure 1.2).1! Specifically, POSS-triols are described as a "cube missing a corner" shape
owing to their rich 3-D architecture. They consist of an inorganic siloxane core ending in silanols,
surrounded by organic groups. Initially discovered by Feher, X-ray analysis highlighted
similarities with mesoporous silica gel and dealuminated zeolites.'? Specifically, the bond lengths,
Si-Si distances, O—O distances, and silanol density (Figure 1.2) suggest POSS-triol 1.1a H-bonds
similar to vicinal silanols present on the surface of silica gel.'* POSS-triol 1.1a exhibits a pKa
similar to silica gel (Figure 1.2).12 POSS-triols are also soluble in solvents such as ether, CHCls,
and CCls, allowing for spectroscopic study in solution with IR spectroscopy and NMR
spectroscopy techniques. POSS-triols serve as a platform for synthesis of novel POSSs by altering
the quantity and orientation of silanols. Overall, the properties of POSS-triols such as 1.1a make

them attractive targets for model studies.

R —0—H
R..O220-__ o H H H
.S'/, S., _' e “~ ~e
/3 Rl G YUY
OR o ] Sic S Si
\ 0¥ ~o/7r 0”0 070" 070 o
S - L1011 1]
~~0
R Si0,
1.13; R= C6H11
R = CsHq [-cristabolite
Si-Si distance (A) 3.12 3.08
0-O distance (A) 2.63 2.52
Si—OH’s per 100 A? 4.81 4.55
oKa 76 6.8

Figure 1.2. Comparison of POSS-triols to 3-cristobalite.
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The synthetic routes to access POSS-triols are quite diverse depending on the organic
substituent. Most routes start from trichlorosilanes or trialkoxy silanes 1.2, which after hydrolysis,
form silanetriol 1.3, the key intermediate for siloxane synthesis.'* Silane triols can partially
condense onto each other (seven silicon units total) to furnish POSS-triols, controlled by pH,
temperature, and concentration (Figure 1.3A).! Controlling the condensation-hydrolysis
equilibrium is notably substrate-dependent and a current shortcoming of POSS methodology.
Incompletely condensed POSS-triols can also be accessed through controlled hydrolysis of
condensed POSS with a strong acid or base (Figure 1.3B).1>16 Several POSS are commercially

available, which are a platform for more complicated syntheses about the silanols.’
R
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Figure 1.3. Synthetic routes to access POSS-triols.

The applications of POSS are quite diverse. Given the rich 3-D architecture of these
molecules, they have been incorporated into composites,'® polymers,*® flame retardant materials,?°
and biomedical materials.??2 POSS-triols are used for applications in modeling silica surfaces,
and several examples will be explained below. A model study with POSS included synthesis of
novel silanols and subsequent spectroscopic investigation.?®> Yap and coworkers reported
syntheses of POSS-silanols 1.6 and 1.7 from POSS-triol 1.1a and chlorosilanes (Figure 1.5). The
authors calculated pKa’s of 1.1a, 1.6 and 1.7 via ion-pairing acidity measurements using Li*[9-
(cyano)fluorenide] *2THF and Li*[9-(methoxycarbonyl)fluorenide] <2THF. A two unit difference
in pKa between triol 1.1a and 1.6 was observed. The authors attributed this decrease in acidity to
a shorter intramolecular H-bond network. A smaller pKa difference was observed between POSS

1.6 and 1.7. Complementary studies using solid-state (nujol) and solution phase IR spectroscopy
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in CCls shows three distinct regions for silanols: isolated silanols (3700 cm-?), silanediols (3700
cm? and 3584 cm?), and POSS-triols (3225 cm™). Both POSSs 1.1a and 1.6 participate in
intermolecular H-bonding in solution and solid-state, evidenced by the broadening of the Si-OH
stretch. POSS-triol 1.1a produced identical IR spectra in solution and the solid-state, suggesting
H-bonding is similar in both phases. The frequencies observed for isolated silanol 1.7 (3700 cm?)
fit closely with silica gel containing isolated silanols. Overall, the authors concluded that the
silanol configurations of POSS 1.1, 1.6 and 1.7 H-bond similar to silanols found on a silica gel
surface. Additionally, the most acidic sites on silica gel contain vicinal H-bonding arrangements,

not silanediols.

R, R, R, /M
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1.1a 1.6 1.7
Si—OH stretch (cm™) 3225 (br) 3700 (s), 3582 (s) 3700 (s)

pKa 76+0.2 95+0.1 89+04

Figure 1.4. Spectroscopic investigation of silanol arrangements in accordance to pKa.

Feher reported another study using POSS-triols to model the silylation of silica gel.?*
Silylation of silica gel is a common reaction done to prepare functional silica surfaces,? functional
materials,?® and supported catalysts.?” However, the selectivity of silylation between arrangements
of silanols present on silica surfaces has not been clearly deduced due to the insolubility of silica
gel. POSS 1.1a was subjected to silylation using TMS—CI and amine bases. In the presence of
EtsN, POSS 1.1a exhibited >99:1 selectivity for monosilylated POSS 1.6 compared to disilylated
1.8 in several solvents including ether, THF, and CHCIs (Figure 1.6). Selectivity between 1.8 and
1.9 was approximately 10:1, correlating with pKa data.?®> The presence of base was crucial to
provide reactivity and selectivity for the monosilylation product, suggesting acidity is an essential
factor that imparts selectivity. The authors attribute this high selectivity to intramolecular H-
bonding leading to lower acidity in triol 1.1a. Overall, the authors concluded that vicinal silanol
sites on silica surfaces are the fastest to be silylated, and acidity can be used to predict which sites

will react first qualitatively.
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Figure 1.5. Modeling silylation of silica gel with POSS-triols.

Kondo and coworkers investigated POSS-triol H-bonding in solution with POSS-triol
1.1b.%2 POSS-triol 1.1b H-bonded in two possible conformations: intermolecular H-bonding with
anionic Lewis bases (Figure 1.6A) and self-association into dimeric species (Figure 1.15b). The
authors noted that binding studies needed to be conducted at a sufficiently low concentration
(0.005 M) so that self-association would not interfere with H-bonding with Lewis bases. The
strength of H-bonds to Lewis bases was comparable to previous work with 1,3-disloxanediols and

silanediols, suggesting there are potential applications of POSS-triols as H-bonding catalysts.?%30

A) H-bonding with Lewis Bases
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Figure 1.6. H-bonding of POSS-triols. A) H-bonding with Lewis bases; B) Intermolecular self-
association.

The Franz group and others have recently highlighted the applications of silanols, such as
1.10-1.12 and related compounds, as small-molecule organocatalysts.?6-28 Silanols were active in
several transformations, including conjugate addition reactions,* [4+2] cycloadditions,? and anion-

abstraction catalysis.> Modes of catalysis are based on LUMO-lowering and anion abstraction to
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accelerate rate. Binding studies using *H NMR spectroscopy allow for the quantification of H-
bonding ability which can then be related to catalyst activity. Additionally, concentration effects
on H-bonding ability can be explored. In general, more acidic silanol arrangements tended to be
more active catalysts. Given that POSS-triols such as 1.1a are comparable in acidity to 1.11 (pKa
= 6.8 vs. pKa = 5.9),3132 POSS-triols were predicted to be active H-bond-donor catalysts, but no
studies had been completed prior to work in the Franz group. Given that silica gel is an active H-

bond catalyst, studies of POSS-triol H-bond catalysis have potential to provide insight into the
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Figure 1.7. A) Previously studied organosilanol H-bonding catalysts from the Franz lab. B) Modes of
activation for organosilanol HBD catalysis.

1.2: Addition of Indole to Nitrostyrene With Known HBD Catalysts and
POSS-triols

POSS-triol HBD catalysis was examined using a reaction known to be catalyzed by H-

bond donors. The reaction between nitrostyrene 1.13a and indole 1.14a has been studied
previously with several compounds, including squaramides,3 phosphoric acids,3* and thioureas.®®
Silica gel is known to catalyze this transformation,¢ which allows for comparative studies with
POSS 1.1b and 1.1c. Several control experiments in the absence of catalyst accounted for
background rates in CH2Cl2, 0-DCB, and neat (5%, 24% and 32% respectively, Table 1, entries 1-
3). Solvent effects can also provide insight into possible cooperative or inhibitory H-bonding.3” A
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higher yield was observed with 0-DCB given the higher dielectric constant. The addition of water
did not affect the yield in CH2Cl2 (Table 1, entries 4-5).

ORY
s
R HBD (X mol %) 7
NOZ N f
X > NO,
solvent (1.9 M)
R 23°C, 16 h
R
113a;R=H 1.14a; R’ = H 1.15a;R=R'=H
1.13b; R = CF,4 1.14b; R’ = CH, 1.15b; R = CF3; R = CH,
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/)
P’
O OH
Si;
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R = 4-CICgH,

1.10 1.16
Table 1.1. NMR vyields for the addition of 1.14a-b to 1.13a-b with H-bond-donor catalysts®
Entry HBD Mol %  solvent % Yield %Yield - Background Krel®
1 none - CH.CI; 5 - -
2 none - 0-DCB 24 - -
3 none - none 32 - -
4 H20 (5 equiv) - CH,CI, 5 0 -
5 H20 (1 drop) - CH:Cl> 5 0 -
6 1.1b 20 CH:Cl> 12 7 ND
7 1.1b 20 none 30 0 -
8 1.1c 20 CH:Cl> 55 50 7.0
9 1.1c 20 0-DCB 49 25 -
10 1l.1c 20 none 43 11 -
11 1.10 20 0-DCB 38 14 1
12 1.11 20 CHCl; 49 44 3.6
13 1.12a 20 CH:Cl> 78 73 4.1
14 1.12a 20 0-DCB 96 72 -
15 1.12b 10 0-DCB 99 75 5.8
16° 1.16 10 CH:Cl; 75 -

20.038 mmol 1.13a, 1.5 equiv 1.14a. Determined using *H NMR spectroscopy with Ph-TMS as an
internal standard. ®[1.13b], = 0.42 M [1.14b], = 3.2 M, 10 mol% HBD, [fluorobenzene] = 0.1 M in
CDCl,. “data from Ref. 34, 1.0 equiv 1.14a, 0.3 M CHCl, 48 h.
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Several silanol-containing compounds 1.4a-d previously studied in the Franz group3¢
were compared to POSS 1.1b and 1.1c.!” POSS 1.1b provided no increased yield relative to
background in CH2Cl2 and neat (Table 1.1, entries 6 and 7). POSS 1.1c provided higher yields
compared to 1.1b (55% and 12% respectively) in CH2Clz, which is attributed to inductive effects
from phenyl substitution. With 0-DCB as the solvent, the yield of product 1.15a with POSS 1.1c
was reduced (25%, entries 9). In the absence of solvent, the yield of product 1.15a with POSS 1.1c
was further reduced (11%, entry 10). Silanols 1.10 and 1.11 were active catalysts, providing similar
yields to previous reports (Table 1, entries 11 and 12).36:38 Silanol 1.12a, which self-associates
with minimal effects on catalytic activity,? yields similar amounts of product in CH2Cl2 (72%) and
0-DCB (73%) (Table 1, entries 13 and 14). Phosphoric acid 1.16, studied by Zhang, provided
comparable yields to 1.12a with reduced loading and longer reaction time (entry 16).%* Overall,
POSS 1.1c was catalytically active in the addition of 1.13a to 1.14a, but previously studied silanols
and phosphoric acids provide product 1.15a in higher yield.

Relative rates were determined using a modified version of the reaction between 1.13b and
1.14b, shown in Figure 1.8. Fluorobenzene was used as an internal standard. The use of
trifluoromethyl substitution for °F NMR enables facile processing by simplifying spectra. In a
recent report, Dr. Kayla Diemoz showed that this reaction is useful for kinetic analysis of silanol
H-bonding catalysis.® Relative rates under pseudo-first-order conditions showed that despite poor
yields, POSS 1.1c provided the highest rate enhancement in the addition of 1.14b to 1.13b (krel =
7.0). The concentration of POSS 1.1c varied between studies with NMR yields (0.38 M) and NMR
rate (0.04 M), suggesting catalyst concentration affects activity. Additionally, nucleophile
concentration may affect rate (2.9 M 1.14a vs. 3.2 M 1.14b). The rate of POSS 1.1c surpassed
disiloxanediol 1.4b, one of the most active disiloxanediols synthesized to date (kret = 5.8 for 1.4b
vs. krel = 7.0 for 1.1c). The results from this study inspired a more detailed kinetic analysis of

POSS-triol 1.1c H-bonding catalysis to determine the mechanism.

CHa
Oy
CHg HBD catalyst >
\ N02 N Ly
/@/\/ CE/) PhF, CD,Cl NO,
F.C 23°C

3
1.13b 1.14b FsC 1.15b

Figure 1.8. Indole addition to nitrostyrene for 1°F NMR reaction monitoring.

33



1.3: Reaction Progress Kinetic Analysis (RPKA) and Variable Time

Normalization Analysis (VTNA) using °F NMR Spectroscopy

For kinetic analysis, both variable time normalization analysis (VTNA) and reaction
progress Kinetic analysis (RPKA) were used. Both of these protocols allow for the analysis of
chemical transformations at synthetically relevant concentrations. Discussions of these methods

can be found on page 10-11 of the Introduction.

1.3.1: Catalyst Order Determination using VTNA

Determining catalyst order provides insight into how many catalyst molecules are present

in the rate-determining step. VTNA is effective for determination of catalyst orders because there
is no need to calculate rate prior to analysis. The effect of catalyst concentration on rate from 0.025
M to 0.15 M POSS 1.1c was examined. Rate enhancement occurred as concentration increased
from 0.025 M—0.075 M and diminished past 0.1 M. POSS 1.1c was soluble at all concentrations
studied.

Table 1.2. Concentrations of POSS 1.1c for catalyst order determination.

Trial [1.1c] (M) | Kobs® 10*
1 0.025 -
2 0.05 6.1
3 0.075 9.0
4 0.10 9.9
5 0.125 10.6
6 0.150 11.7
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Fluorobenzene = 0.1 M, [1.13b], = 1.0 M, [1.14b], = 2.0 M.
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Figure 1.9. Concentration vs. time data for trials 1-6. For all trials, [fluorobenzene] = 0.1 M, [1.13b], =
1.0 M, [1.14b], = 2.0 M.

VTNA was completed from 0.025 M = 0.15 M according to Eq 1.1 where [A] = [1.1c].*®
From the trials, data can be manipulated as shown in Eq 1.1, where the effect of concentration is
integrated out from the reaction profile to some value a, simplified using the trapezoid rule.® At
the correct value of a, overlap of trials will be observed since all other concentrations are held
constant. Assuming the catalyst concentration is constant, it simplifies to [1.1c]? e time vs. [1.13Db].
The data split into two separate regimes from 0.025 M—>0.075 M 1.1c and 0.10 M to 0.15 M 1.1c.
From 0.025 M to 0.075 M, overlap of all trials occurred with a = 0.6 (Figure 1.10A) and from
0.100 M to 0.150 M 1.1c overlap occurred with a = 0.3 (Figure 1.10B). The results indicate that
the catalyst order of POSS 1.1c decreased as total concentration increased. Non-integer catalyst
orders could suggest a portion of the catalyst is inactive. For an order of 0.3, 30% of the total

amount of catalyst present is active.*

[Erarde = S, (A=) @ g (Eq 1.1)

t=0

35



A. B.

VTNA 0.025 M-0.075 M (Order = 0.6) VTNA 0.10 M-0.15 M (Order = 0.3)

1 & o [Lic/=0025M 1.2 [1.16]-0.125 M
08 \(( [1.1c] =0.05 M 1 0... [1.1c]|=0.150 M
% e “, [1.1c] =0.075 M S 08 0... [1.1c] =0.10 M
= O. 0 =
G *%a = 06 oo
= 04 @ on - LY

oo o = 0.4 P o
0.2 0.2 ® g0
0 0
0 100 200 300 400 0 200 400 600 800
[1.1C]0'6't [1.1C]0'3°t

Figure 1.10. VTNA of catalyst order. A) From 0.025 M to 0.075 M 1.1c, an order of 0.6 applied to these

data was shown to cause overlap of trials; B) From 0.10 M to 0.15 M 1.1c, an order of 0.3 applied to these

data was shown to cause an overlap of trials. For all experiments, [fluorobenzene] = 0.1 M, [1.13b], = 1.0
M, [1.14b], = 2.0 M.

1.3.2 Apparent Turnover Frequency Calculations

Apparent turnover frequencies (TOFapp) Were calculated to examine the activity of POSS
1.1c as concentration changes. Apparent turnover frequency is distinct from turnover frequency
(TOF) because it accounts for the effect of concentration on catalyst activity.*! Previous reports
detailing a catalyst concentration-dependent turnover frequency have hypothesized the formation
of off-cycle species with varied activity.*? If newly formed species are less active, TOFapp will
decrease as the total concentration of catalyst increases. With POSS 1.1c, TOFapp decreased for
first-order profiles as the concentrations increased, which suggested the catalyst is less active at
higher concentrations (Figure 1.11). The highest TOFapp observed was at 0.025 M, the lowest
concentration studied. Overall, the data supports reduced rate enhancement as concentration

increases, suggesting an inhibitory process that lowers the activity of 1.1c in solution.

-1y _ kobs ,60min
TOFapp (hT 1) = @ Thr (Eq 12)
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Table 1.3. Concentrations and used for apparent turnover frequency calculations.

Trial | [1.15a] (M) Kobs * 10* (Memin'™) TOFapp (1Y)
7 0.05 7.2 0.86
8 0.075 8.9 0.71
9 0.1 116 0.70
10 0.108 115 0.64
11 0.117 12.6 0.65
12 0.125 135 0.65

TOF,,, (hr?)

0.95
0.9
0.85
0.8
0.75
0.7
0.65
0.6

0.03

[1.13b], = 0.5 M; [1.14b], = 2.0 M; fluorobenzene = 0.1 M

TOF,,, vs. [1.1c]

0.05 0.07

0.09 0.11 0.13

[1.1c] (M)

Figure 1.11. TOF4pp vs. [1.1c] for trials 7-12. For all experiments, [fluorobenzene] = 0.1 M, [1.13b], =

1.3.3: “Different Excess” Experiments

0.5 M, [1.14b], = 2.0 M.

The order in the reaction between 1.13b and 1.14b changes with concentration of POSS-

triol 1.1c (Figure 1.12). A change in the overall order of the reaction can indicate a change in

catalyst resting state or even the rate-determining step.*3#4 Determining the orders in reagents for

both profiles provided insight into how the mechanism changes.
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Figure 1.12. Variable reaction order observed at varied POSS-triol concentrations, A) Second-order
kinetics are observed at 0.025 M 1.1c. B) First-order Kinetics are observed above 0.025 M 1.1c. For both
experiments, [fluorobenzene] = 0.1 M, [1.13b], = 1.0 M, [1.14b], = 2.0 M.

In order to investigate the change in mechanism between POSS concentrations, “different
excess” experiments*® combined with the VTNA protocol were conducted.*® These experiments
depend on the difference in concentration between two reagents (Eq 1.3) that is varied between
trials to calculate the order in a reagent. Two concentrations of POSS 1.1c were selected (0.1 M
and 0.025 M) based on the two profiles observed during catalyst order determination.

[1.14b] = [1.13b] + [xs] (Eq. 1.3)

From the “different excess” trials, data can be manipulated as shown in Eq 1.4, where the
effect of concentration is integrated out from the reaction profile to some value a, simplified using
the trapezoid rule.*® At the correct value of a, overlap of trials is observed since all other

concentrations are held constant.

[Erarde = s, () @ g (Eq 1.4)
The first set of experiments aimed to determine the order in nitrostyrene 1.13b at 0.025 M
and 0.1 M POSS 1.1c. A series of four trials were designed where the initial concentration of 1.13b
were varied, and the amount of 1.14b and POSS 1.1c were held constant (Table 1.4). The
concentration of 1.13b vs. time for all trials at 0.1 M POSS 1.1c exhibited 1% order profiles. The
concentration of 1.13b vs. time for all trials at 0.025 M POSS exhibited 2" order profiles.
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Table 1.4. Amounts used with varied concentration of nitrostyrene 1.13b at 0.1 M POSS 1.1c.

Trial | [1.13b]o (M) | [1.14b], (M) | [1.1c] (M)
13 15 2.0 0.025
14 1.25 2.0
15 15 1.6 01
16 1.25 1.6

[fluorobenzene] = 0.1 M

From the data obtained from “different excess” experiments, the order in 1.13b was
determined by overlaying trials of 1.15b vs. Eq 1.4 where [A] = [1.13b]. At the correct value of a,
the effect of [1.13b] on rate would integrate out, and overlap of trials would occur. At 0.025 M
POSS-triol 1.1c, rate enhancement occurred when the concentration of 1.13b was increased,
indicating positive order. Overlap of trials occurred when a = 1, indicating first order rate
dependence with 1.13b (Figure 1.13 A and B). At 0.025 M POSS 1.1c, the second-order profile is
first order in nitrostyrene 1.13b and first order in indole 1.14b, a bimolecular kinetic profile. In the
"different excess" experiments using 0.1 M POSS 1.1c, no rate enhancement occurs with increased
concentration of nitrostyrene 1.13b. Overlap of trials occurred at a = 0 (Figure 1.13C). The result
indicated that the reaction is zeroth order in nitrostyrene 1.13b and first order in indole 1.14b, a

saturation Kinetic profile.
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Figure 1.13. VTNA for varied nitrostyrene concentration. A) Concentration vs. time plot for varied
concentration of 1.13b with [1.1c] = 0.025 M and [1.14b], = 2.0 M. B) VTNA of reagent order, 1% order
was determined from this data when [1.1c] = 0.025 M. C) Concentration vs. time data for varied
concentration of 1.13b when [1.1¢c] = 0.1 M and [1.14b], = 1.6 M; no rate dependence was observed,
indicating zero order in nitrostyrene. For all experiments, [fluorobenzene] = 0.1 M.

To confirm both kinetic profiles from the first set of “different excess” experiments with
1.13b, reciprocal “different excess” experiments with 1.14b were conducted (Table 1.5 and Figure
1.14). The order in 1.13b was determined by overlaying trials of 1.15b vs. Eq 1.4 where [A] =
[1.14b]. For both profiles, rate enhancement is observed. Overlap of trials occurred when a =1,
indicating first order rate dependence with 1.14b (Figure 1.13A and B). These results match those
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determined from “different excess” experiments with 1.13b, further supporting the change in order

between profiles.

Table 1.5. Amounts used for experiments with varied concentration of N-methylindole 1.14b at 0.1 M
and 0.025 M POSS 1.1c.

Trial [1.13b], [1.14b], | [L1.1c] (M)
(M) (M)
17 1.5 2.0
18 15 1.25 0.025
19 15 2.0
20 1.5 1.75 0.1
[fluorobenzene] = 0.1 M
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Figure 1.14. VTNA for varied indole concentration. A) Concentration vs. time plot for varied
concentration of 1.14b with [1.1c] = 0.025 M and [1.13b], = 1.5 M. B) VTNA of reagent order, 1% order
was determined from this data when [1.1c] = 0.025 M. C) Concentration vs. time plot for varied
concentration of 1.14b with [1.1c] = 0.10 M and [1.13b], = 1.5 M. D) VTNA of reagent order, 1% order
was determined from this data when [1.1c] = 0.10 M. For all experiments, [fluorobenzene] = 0.1 M.
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1.3.4: “Same Excess” Experiments

The product contains a nitro group, which has the potential to H-bond with the catalyst. To
probe the possibility of catalyst decomposition or product inhibition, "same excess™ experiments
from the RPKA protocol were performed.*® Time-adjusted kinetic profiles can be constructed by
overlaying the trials that started with a lower concentration (trial 22 and 24) of nitrostyrene 1.13b
onto trials with higher concentration of 1.13b (21 and 23, respectively). A time adjustment should
result in the overlap of the reaction profiles if the catalyst performs at the same rate throughout the
whole reaction despite product present or fewer turnovers of the catalyst. If the reaction slows
down, it can be attributed to product inhibition or catalyst decomposition. Two trials with the
"same excess" conditions for POSS 1.1¢=0.10 M and 0.025 M were investigated with nitrostyrene
1.13b and indole 1.14b (Figure 1.15). Excellent overlap is observed for time-adjusted trials,

demonstrating that the catalyst works at the same efficiency throughout the whole reaction.

Table 1.6: Amounts used for experiments under “same excess” conditions with POSS 1.1c.

Trial | [1.13b], (M) [ [L.14b], (M) | [L.1c]
21 1.0 2.0
22 0.5 15 0.025
23 1.5 2.0
24 1.0 15 0.10
[Fluorobenzene] = 0.1 M
A. B.
1.6
12 1.4 ‘ ° ® Trial 23
1.2 .. Trial 24
1 ‘ @ Trial 21 .‘A _ _ _
— 1 ® Time-adjusted Trial 24
0.8 Time-adjusted Trial 22 = (¥
s = 038 ke
go.e % o ° Trial 22 ; o v y
1 ° ‘ 9
— (€
—0.4 o
~oooo..:3 1Y 0.4
0.2 0.2
0 0
0 1000 2000 3000 4000 5000 0 500 1000 1500 2000
Time (min) Time (min)

Figure 1.15. A) RPKA analysis of “same excess” experiment with [1.1c] = 0.10 M. No evidence of
product inhibition or catalyst degradation is observed. B) RPKA analysis of “same excess” experiment
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with [1.1c] = 0.025 M. No evidence of product inhibition or catalyst degradation is observed. For all
experiments, [fluorobenzene] = 0.1 M.

1.3.5: Kinetic Isotope Effect Experiments

Kinetic isotope effect experiments provide complementary information to VTNA and
RPKA by probing the rate-determining step in the transformation. Indole 1.14b-d was synthesized
because there would be three distinct KIEs based on the steps in the catalytic cycle. Typically, the
rate-determining step in this transformation is C-C bond formation,*® although binding of
nitrostyrene 1.13b has been found to be the rate-determining step with 1,3-disloxanediols.* Kinetic
isotope effects were measured using 1.14b-d that contained 90% incorporation of deuterium at the
3-position. Parallel experiments under identical concentrations of all components were monitored
by °F NMR until 75% conversion was observed. A calculated KIE of 1.1 supports C—C bond
formation as the rate-determining step. Experiments at 0.025 M POSS 1.1c were attempted but

could not be reproduced.

CH3
N
/
N NO, 1.14b cat 1.1¢c »
CD2C|2 o o+t
or
FsC CH, gghz
1.13b N 1 15b
/ 1.15b-d
D
1.14b-d

Table 1.7. Concentrations of Nitrostyrene 1.13b and indole 1.14b and POSS 1.1c.

Trial | [1.13b], (M) | [L.14b], or [L.14b-d]o (M) | [L.1c] (M) | Kens*10° (min)
25 1.0 2.0, [1.14b] 0.1 9.40
26 1.0 2.0, [1.14b-d] 0.1 9.01
27 1.0 2.0, [1.14b] 0.1 9.40
28 1.0 2.0, [1.14b-d] 0.1 8.32

[Fluorobenzene] = 0.1 M

1.3.6: Nitrobenzene Additive Experiments

Monitoring reactions in the presence of an inert competitive H-bond acceptor can provide
insight into the equilibrium between POSS and 1.13b prior to C—C bond formation. Previous work
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with 1,3-disiloxanediols has shown that the use of competitive H-bonding species can provide
mechanistic evidence on the nature of binding to the nitro group.® If the equilibrium strongly favors
the bound 1.1c1.13b species, the presence of an additive such as nitrobenzene would reduce rate
compared to a control. If the equilibrium is dynamic between 1.1c and 1.13b, the rate should not
change with equimolar quantities of 1.13b and nitrobenzene.

Experiments at 0.075 M and 0.025 M 1.1c were performed to test both profiles.
Nitrobenzene was selected as the Lewis base because it is nitro-containing similar to 1.13b and
would not react with 1.14b. When overlayed with trials without nitrobenzene, almost perfect
overlap is observed. This result indicates that H-bonding to nitro groups is dynamic and reversible.
Considering the first order profile fits with a saturation kinetic profile, this result shows it is not
actually saturation Kinetics. The formation of a 1.13bel.1c complex would compete with

1.1cenitrobenzene, leading to a reduction in rate.

A. B
1.6 16
e
1.4 4% 0 eauiy Nitroh
12 0 equiv nitrobenzene 12 ‘.. equiv Nitrobenzene
— L -
= 1 @ ® 1 equiv nitrobenzene -1 ) ] © 1 equiv Nitrobenzene
= 0.8 .o.. 208 s
506 4 % 06 °s
= ®
o \‘\. 204 T
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Figure 1.16. A) Graph of concentration of [1.13b] vs. time, overall first order behavior was observed.
[1.13b], = 1.50 M; [1.14b], = 2.0 M; B) Graph of concentration of [1.13b] vs. time for trials, overall
second order behavior was observed. [1.13b], = 1.50 M; [1.14b] = 2.0 M. For all experiments,
[fluorobenzene] = 0.1 M.

1.4: Diffusion Ordered Spectroscopy (DOSY) studies with POSS-triol 1.1¢

'H NMR Diffusion-Ordered Spectroscopy (DOSY) experiments were performed to
provide supporting evidence for the formation of self-associated species. The *H NMR DOSY

44



experiment relies on a pair of gradient pulses that establish a magnetic field gradient within the
sample.4” After a period of time, the sample is pulsed again to determine the change in the magnetic
field gradient, and spectra at varied field strength are collected (Figure 1.17A). For samples
containing larger molecular weights, the gradient will change less because of the lower diffusion
constant. When paired with internal standards that do not coordinate, one can estimate molecular
weights of species in solution by generating a standard curve.*® For analysis, a stacked plot of
spectra at varied magnetic field strength can be manipulated to a tH NMR DOSY spectrum using
Mestrenova (Figure 1.17B). A diffusion constant (D in m?/sec) for a resonance can be estimated
from the value in the F1 domain (Y-axis). 'H NMR DOSY has been used to estimate the molecular
weights of polymers* and to characterize metal-ligand complexes® and organolithium
compounds.® The Franz group has used *H NMR DOSY to study silanediol H-bonding with

bifunctional heterocycles® and 1,3-disiloxanediol self-association.®

A) B)

I
T P MJUUU

R A N A D EE el Al el sl ws a2 s ol s T
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Figure 1.17. A) Stacked plot of *H NMR spectrum collected at varied field strength. B) *H NMR DOSY
plot.

'H NMR DOSY was used to study the intermolecular self-association of 1.1c into 1.1c+1.1¢c
(Figure 1.17). Based on previous reports,?® internal standards cyclooctene, squalene, and
tetradecane were used. Concentrations between 0.05—0.3 M were studied. As concentration

increased from 0.05 M to 0.2 M, the calculated molecular weights increased from 927 to 1149
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g/mol for POSS 1.1c. The measured molecular weight is slightly higher than the monomer (931.34
g/mol), indicating some formation of a higher-order species. When concentration increased to 0.3
M, measured molecular weight increased to 1637.8 g/mol, indicating a large portion of POSS 1.1c
in a self-associated species (1.1ce1.1c). Overall, *H DOSY NMR data supports the formation of

self-associated species in solution at higher concentrations.

MW = 931.34 g/mol MW = 1862.68 g/mol
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Figure 1.18. Self-association equilibrium of POSS-triols with calculated molecular weights.

Table 1.8. Diffusion coefficient and measured molecular weights of 1.1c in CDCls.

[1.1c] (M) | D (m?/s)«10® | Molecular Weight (g/mol)
0.05 4.200 925.7
0.1 3.018 1041.1
0.2 3.060 1149.6
0.3 3.214 1637.8

1.5: Concentration and NMR Binding Studies with POSS-triols and Lewis

Bases

1.5.1 Dilution Studies/self-association Constants

Studies using *H NMR DOSY NMR spectroscopy support the formation of higher-order
species with increased concentration. Binding studies using *H NMR spectroscopy can provide

insight into the strength of H-bonds formed by calculating association constants.>? Additionally,
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quantifying association constants at regular intervals of concentrations can provide insight into
competitive or synergistic effects. Several organocatalysts are known to self-associate, including
phosphoric acids,>*%* thioureas,**** and silanediols.3¢ POSS-triol 1.1b is known to self-associate
in solution into dimeric species forming an extended H-bonding network between neighboring
silanols (Figure 1.19).28

Ph Ph  Ph Ph
Si O $i<0-d) Ph_ O~
Ph~ -'O/IO\ ._O—H o~ o,\'ol\ . Si—/ te)
7I O’ SI\’ ' / P/b( \ \|:|'H\O/ o O\ \Si'Ph
Ph o—H - / | . e
0 Ph& o | Ph-si-O-g; Ph—Si-o—H / Si-0 /
Sie__ [—Si ;"0 "o-si—ph [Ph §
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1.1c 1.1c*1.1¢c

Figure 1.19. Self-association equilibrium of 1.1¢.%

Binding studies using *H NMR spectroscopy were utilized to investigate the H-bonding of
POSS-triol 1.1c. For POSS 1.1c in CDCls, a downfield silanol chemical shift change (Ad = 0.51
ppm) from 0.013 M to 0.2 M was observed (Figure 1.20). A model equation was generated for the
observed chemical shift of the SiOH resonance using *H NMR spectroscopy based on self-
association into dimeric species from an unbound state (1) to a bound state (&2). From this data,
a self-association constant (Kdim) was calculated to be 400 + 80 M.2¢ This data, along with *H

DOSY NMR data, supports the formation of self-associated species in solution.

J8K[U]r+1-1
[v] = (Eq. 1.5)
dim
[U161+2K 4im[U]%6
Ocalc = - [U(]i i (Eq. 1.6)
T
A) B)
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Figure 1.20. A) 'H NMR study of POSS-triol 1.1¢ from 0.2to0 0.013 M in CDCls. A (Si—OH) = 0.51 ppm. B)
Self-association constant (Kgim) of 400 + 80 M was calculated from *H NMR data.

1.5.2 NMR Binding Studies with Nitrostyrene 1.13b and POSS 1.1c

Binding studies using *H NMR spectroscopy with nitrostyrene 1.13b were performed with
POSS 1.1c to investigate H-bonding in solution. At a POSS 1.1c concentration of 0.05 M, when

between zero to 10.0 equivalents of 1.13a were titrated in, a downfield silanol chemical shift of

0.46 ppm was observed (Figure 1.21). Broadening of the Si—OH resonance indicates some

exchange between 1.13a and POSS 1.1c, although a formally bound state was not observed. At a

POSS 1.1c concentration of 0.005 M, when between zero to 10.0 equivalents of 1.13a were titrated

in, no downfield silanol chemical shift was observed (Figure 1.21). A hypothesis for this result is

H-bonding may be too weak to detect by *H NMR spectroscopy. Binding studies with indole 1.14b

were not conducted based on previous silanol binding studies showing no interaction.®

10 equiv 1.13a

O equiv 1.13a

6 Si(OH) = 7.68 ppm

* ] I
JU U WUb Si(OH) = 7.75 ppm

T T T T T T T T T T T
8.4 8.3 8.2 8.1 8.0 7.9 7.8 77 7.6 75 7.4
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Figure 1.21. NMR binding study of POSS 1.1c (0.05 M in CDClz) in the presence of nitrostyrene 1.13a.
Siloxanol Ad = -0.07 ppm are observed in the presence of 10 equivalents of nitrostyrene 1.13a and

broadening of the silanol resonance is observed.
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Figure 1.22. NMR binding study of POSS 1.1c (0.005 M in CDCIs) in the presence of nitrostyrene 1.13a.
Siloxanol Ad = -0.02 ppm are observed in the presence of 10 equivalents of nitrostyrene 1.13a.

1.5.3: NMR Binding Studies with POSS 1.1¢c and Lewis Bases

In previous work by Dr. Kayla Diemoz, the H-bonding ability of organosilanols can be
investigated using binding studies with Lewis bases such as DMF and nBusNCI.2 Dr. Ngon Tran
previously showed how concentration effects on H-bonding ability can be investigated with
binding studies with 'H NMR spectroscopy.®® The Lewis bases chosen (nBusNCI and DMF) are
notably more basic than nitrostyrene 1.13a, which should perturb the equilibrium to detectable
levels using binding studies with *H NMR spectroscopy. POSS concentrations of 0.005 M and
0.05 M for binding studies were selected to examine the effect of self-association on H-bonding
ability.

NMR Binding studies were conducted with POSS 1.1c and nBusNCI. At a concentration
of 0.005 M in POSS 1.1c, when between zero to 5.0 equivalents of nBu4NCI were titrated in, a
downfield silanol chemical shift of 0.46 ppm was observed (Figure 1.23A). From the 'H NMR
data, a binding constant (Ka) of 750 £ 12 M- was calculated for the SiOH binding affinity to the
chloride anion (Figure 1.23B). The data shows POSS 1.1c forms stronger H-bonds with nBusNCI

than 1,3-disloxanediols.?

c

Ad; = 5obs,i - 6free = R_0A6 (Eg. 1.7)

(KqRo+1+KgS;)+ \[ (KqRo+1+KgSi)2—4K2RS;

(Eq. 1.8)

2Kg
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Figure 1.23. A) *H NMR binding study of POSS 1.1¢ (0.005 M in CDClIs) in the presence of nBu4Cl.
Siloxanol Ad = 0.46 ppm are observed in the presence of 15 equivalents of nBusCl. B) Binding constants
were calculated using *H NMR titration data for the silanol peak; K,= 750 + 12 M™%,

At a concentration of 0.05 M in POSS 1.1c, when between zero to 10.0 equivalents of
nBu4NCI were titrated in, an upfield silanol chemical shift of 0.25 ppm was observed (Figure
1.24). From 1-10 equivalents, the Si—OH resonance broadens then sharpens, indicating a transition
from exchange to a bound state with nBusNCI. Based on these results, 1.1c binds nBusNCI from
self-associated 1.1cel.1c. As seen with POSS 1.1b, competitive self-association reduces the

effective H-bonding ability of POSS, considering more equivalents were required to saturate.
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Figure 1.24. NMR binding study of POSS 1.1c (0.05 M in CDCIls) in the presence of nBusNCI.
Siloxanol Ad = — 0.26 ppm are observed in the presence of 10 equivalents of nBusNCI. An association
constant could not be calculated, due to the direction of the Si—OH shift.

Binding studies with DMF using *H NMR spectroscopy at 0.005 and 0.05 M POSS 1.1c
produced similar results (Figure 1.25 and Figure 1.26). Upfield chemical shifts of the silanols
were observed with the addition of Lewis base of 0.20 ppm and 0.59 ppm, respectively. At 0.005
M POSS 1.1c, saturation was observed by 10 equivalents of DMF, although an association constant
could not be accurately calculated (error was higher than the magnitude of the measurement). In
the 0.05 M study, saturation of POSS 1.1c was not observed until 15 equivalents. Overall, the data
supports that POSS 1.1c forms H-bonds with DMF, but competitive self-association leads to

reduced H-bonding ability at higher concentrations.
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Figure 1.25. NMR binding study of POSS 1.1c (0.005 M in CDCls) in the presence of DMF. Siloxanol
Ad =—0.20 ppm are observed in the presence of 15 equivalents of DMF. An association constant could
not be calculated, due to the direction of the SiOH shift.
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Figure 1.26. NMR binding study of POSS 1.1c (0.05 M in CDCIs) in the presence of DMF. Siloxanol Ad
=—0.59 ppm are observed in the presence of 15 equivalents of DMF. An association constant could not
be calculated, due to the direction of the SiOH shift.

The data supports that monomeric POSS 1.1c is the active H-bond-donor catalyst in the
addition of indole 1.14b to nitrostyrene 1.13b. Competitive self-association into an inactive
dimeric species leads to reduced H-bonding ability as concentration increases (Figure 1.27). Self-
association as the cause of decreased catalytic activity is supported by the lack of product inhibition
or catalyst degradation since it is a reversible process. The change in the direction of Si—OH shifts
demonstrate the concentration-dependent resting states of POSS-triols when making H-bonds to
Lewis bases. Upfield shifts are observed at higher concentrations with the addition of Lewis bases
because the H-bonding network of 1.1¢c*Cl is reduced (i.e. fewer H-bonds) compared to 1.1ce1.1c.
At higher concentrations (0.05M), POSS 1.1c are mostly self-associated, so H-bonds to Lewis
bases involve disruption of the self-associated species, and free monomeric POSS 1.1c is low in
concentration. Despite the presence of self-association, H-bonding to DMF and nBusNCI is
preferred. At lower concentrations (0.005 M) POSS 1.1c is monomeric, so H-bonds to Lewis bases
form directly with the silanols. Based on the kinetic data, 0.025 M is attributed as the approximate
concentration at which POSS 1.1c transitions from a resting state within the catalytic cycle to an

off-cycle inactive species (Figure 1.27).

Active catalyst Inactive catalyst
Resting state < 0.025 M Resting state > 0.025 M
Ph, o Ph Ph\ Ph
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/ \ Ph |  O—H - / o \ si-o"
Q Ph) o I Ph-si-O-si pp— S"O/H /
Siee__ [-Si. P "0-Si—Ph IPhO
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Figure 1.27. Proposed activities of POSS species in solution for HBD catalysis.

1.5.4: NMR Binding Studies with POSS 1.1b and Lewis Bases

Binding studies with nBusNCI and DMF using 'H NMR spectroscopy were utilized to
investigate the H-bonding of POSS-triol 1.1b. At a concentration of 0.005 M in POSS 1.1b, when

between zero to 5.0 equivalents of nBu4NCI were titrated in, a downfield silanol chemical shift of
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0.61 ppm was observed (Figure 1.28A). From the 'H NMR data, a binding constant (Ka) of 62 +
2 M- was calculated for the SiOH binding affinity to the chloride anion, which is lower than what

was reported previously (Figure 1.28B).%8

A. B.

5 Si(OH) = 6.60 ppm f\‘ 15 equiv nBu,NCI 0.7

* o (A%
§ Si(OH) = 6.55 ppm h 10 equiv nBu,NCI

JJ ~/

— € 0.5 /
Q- J
‘ X 6 Si(OH) = 6.42 ppm /\\ 5 equiv nBu,NCI o 0.4 //
] I o3 { —@— data
‘ . 8 Si(OH) = 6.31 ppm ‘ 3 equiv nBu,NCI 8 : /
— : ' — 0.2 / model
| &si(0H)=6.13 ppm | 1 equiv nBu,NCI 2 0.1 ® (Eq 1.7 and 1.8)
,_A_J | 85i(OH) = 5.99 ppm 0 equiv nBuyNCl 0 ©
0 5 10 15 20

[nBu4Cl]/[1.1b]

Figure 1.28. A) NMR binding study of POSS 1.1b (0.005 M in CDCIs) in the presence of nBusClI.
Siloxanol A = 0.61 ppm are observed in the presence of 15 equivalents of nBu4Cl, B) Binding constants
were calculated using *H NMR titration data for the siloxanol peak with K,= 62 + 2 M.

Binding studies were performed with nBu4NCI and POSS 1.1b where self-association
occurs in solution. At a concentration of 0.05 M in POSS 1.1b, when between zero to 10.0
equivalents of nBusNCI were titrated in, no silanol chemical shift was observed (Figure 1.29). At
10 equivalents, peak broadening of the Si—-OH resonance indicates exchange of H-bonds in
solution. Considering the magnitude of nBusNCI binding affinity to self-association constant (150
M vs. 62 M1),28 self-association is more favorable than binding to nBusNCI. This result can
explain why POSS 1.1b is catalytically inactive, as self-associated species are more favorable than
intermolecular H-bonding with another Lewis base. This data supports that self-associated POSS-

triols are catalytically inactive in the addition of indole 1.14b to nitrostyrene 1.13b.

| i 8 Si(OH) = 6.75 ppm ] 15 equiv nBu,NCl

-
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J JL (o) PP 0 equiv nBu,NCI

T T T T T T T T T T T T T T T T T T T T T T T T T T
80 78 76 74 72 70 68 66 64 62 60 58 51.6 5j4 52 50 48 46 44 42 40 38 36 34 32 30
ppm

Figure 1.29. NMR binding study of POSS 1.1b (0.05 M in CDCIls) in the presence of nBu4Cl. Siloxanol
Ad = 0 ppm are observed in the presence of 15 equivalents of nBu4Cl, although significant peak broadening
is observed. An association constant could not be calculated..

Binding studies were performed with DMF and POSS 1.1b to study H-bonding with neutral
Lewis bases. At a concentration of 0.005 M in POSS 1.1b, when between zero to 15.0 equivalents
of DMF were titrated in, no change chemical shift was observed (Figure 1.30). Based on previous
reports, stronger Lewis bases, such as nBusNCI and acetate, are required to bind to POSS 1.1b.?8
At a concentration of 0.05 M POSS 1.1b, when between zero to 15.0 equivalents of DMF were
titrated in, an upfield silanol chemical shift (A6 = —0.32 ppm) was observed (Figure 1.31). The
observed interaction between 1.1b and DMF at 0.05 M suggests that self-association is affecting
H-bonding ability in solution with POSS 1.1b.

*

N & Si(OH) = 5.99ppm 15 equivDMF

I8 ) R I

*

\ _ | 6Si(OH) =5.99 ppm 1 equivDMF

80 7.6 7.2 68 64 6.0 56 52 4.8 4.4 4.0
f1 {(ppm)
Figure 1.30. NMR binding study of POSS 1.1b (0.005 M in CDCIls) in the presence of DMF. Siloxanol

AS = 0 ppm are observed in the presence of 15 equivalents of DMF. An association constant could not be
calculated.

\ 15 equiv DMF & Si(OH) = 6.43 ppm
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Figure 1.31. NMR binding study of POSS 1b (50 mM in CDCIs) in the presence of DMF.
Siloxanol AS = — 0.32 ppm are observed in the presence of 15 equivalents of DMF.

In summary, for POSS 1.1b, the presence of self-association leads to a competitive
equilibrium with forming H-bonds to Lewis bases such as nBusNCIl and DMF. As this relates to
the addition of 1.14b to 1.13b, POSS 1.1b does not form H-bonds with nitrostyrene 1.13b but
preferentially self-associates, leading to no observable rate enhancement. The self-associated
species 1.1b+1.1b is proposed to be catalytically inactive. Considering nBusNCI exchanges with
1.1b at 0.05 M, nitrostyrene 1.13b likely does not form H-bonds with POSS 1.1b because it less
Lewis basic. No interactions are assumed between POSS 1.1b and indole 1.14b based on previous

reports.t

1.6: Synthesis of Silylated POSS 1.17 Investigation of H-bonding

POSS 1.17 was synthesized to examine the effects of reduced intramolecular H-bonding

on rate. Replacing a proton of POSS 1.1c with a trimethylsilyl group allows for only a single
intramolecular H-bond to occur, which typically leads to reduced acidity.?®> POSS 1.17 was

synthesized in 25% yield from POSS 1.1c with TMSCI and N-methylimidazole (Figure 1.32).
Ph Ph

S _~O—H ;. —O0TMS
O_Sl | O_Sl
Ph~Si'/,'O\Si,O—H TMS—CI (0.9 equiv) Ph- i~/,'O\Si,O—H
0 > 3 N-methylimidazole (0.9 equiv 0 > /
/ \ PR | O—H y (09equv) \ PR | d—H
0 Phss_ o) S_I CH.Cl. -78°C 0 Ph‘s o} S_I
\,O' I\O'/// l\Ph 2%z, \,O' I\O'/// l‘Ph
b /SI\O/S'\— b /SI\O/SI\—
Ph Ph
1.1c 117, 25%

Figure 1.32. Synthesis of POSS 1.17 using POSS-triol 1.1c.

In the addition of indole 1.14b to 1.13b, POSS-diol 1.17 provided no rate enhancement
relative to the background. Comparing to POSS 1.1c, this leads to more than an order of magnitude
loss of rate (Figure 1.33). The data supports that intramolecular H-bonding in POSS-triols is
required for catalytic activity.
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Figure 1.33. Comparison of catalytic activity between POSS-diol 1.17 and POSS 1.1c.[1.14b], =2.0 M
and [fluorobenzene] = 0.1 M.

Reduced H-bonding ability was observed with POSS-diol 1.17 using binding studies with
nBusNCl and DMF (Table 1.9). At 0.005 M, the binding constant to nBusNCI was calculated to
be 20 + 1 M1, approximately 40 times weaker than POSS 1.1c. A lower value of 7-11 M was
calculated for DMF, which is at the limit of quantification for 'H NMR titration constants.5?
Similar values for binding constants for both nBusNCI and DMF were measured using 0.05 M
POSS-diol 1.17, suggesting no self-association occurred. The Si-OH resonance in the *H NMR
spectrum showed a small shift (A5 = 0.08 ppm) from 0.2 to 0.025 M with no Lewis base present,
indicating no self-association with POSS-diol 1.17 (Figure 1.34). Overall, these studies indicate
that the intramolecular H-bonding of the triol moiety is required to provide rate enhancement for
catalysis. However, the triol moiety also leads to self-association, which reduces the effective H-

bonding of POSS-triols at higher concentrations.

Table 1.9. Binding data with POSS 1.17 and Lewis bases at varied concentrations

Lewis base [1.17] (M) Equivalents Ad (Si—OH) (ppm) | Ka (M)
NBu:NCI 0.005 5 1.92 20+1
) 0.05 15 1.20 22+1
0.005 15 1.87 71
DMF 0.05 15 0.92 11+1
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Figure 1.34. 'H NMR dilution study of POSS-diol 1.17 from 0.2 to 0.013 M in CDCls. A§ (SiOH) = 0.11
ppm.

1.7: X-ray crystallography of POSS compounds

X-ray crystallography can provide insight into the H-bonding interactions between silanols
within or between POSSs. Crystals of POSSs 1.1c and 1.17 were grown using slow evaporation in
CH2Cl2. X-ray data was collected and solved by Dr. Jim Fettinger. The crystal structure of triol-
substituted POSS 1.1c shows a cyclic H-bonding network that is formed with another POSS where
all silanols act as H-bond donors and acceptors (Figure 1.35). No intramolecular H-bonding
between silanols was observed, H-bonding occurs between silanols of the other POSS. H-bonding
distances vary slightly between 1.977 to 2.162 A. Unno has previously reported a crystal structure
of 1.1b, which crystallizes in the same manner, meaning that phenyl substitution does not
significantly affect the overall structure.?® Complex 1.1ce1.1c is proposed to be the self-associated

species in solution, as no silanols are available for H-bonding with nitrostyrene 1.13b.
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Figure 1.35. Ball and stick model of POSS 1.1c in the solid-state, based on X-ray data. Phenyl groups
have been removed for clarity.

Crystals of POSS-diol 1.17 were grown using slow evaporation in CH2Clz. The crystal
structure of POSS 1.17 crystallizes in a self-associated species where the TMS groups are
positioned anti to each other (Figure 1.36). Previous reports of POSS-diol derivatives crystallize
similarly.?332 Silanols are H-bonded in a network that contains both intramolecular and
intermolecular H-bonds. The range of H-bond distances are smaller as well ( 1.919 A and 1.952

A, respectively).

1.952 A

1
1
1
|
I
: Ph
I Ph \
! \S’O-SI\
: o 00 OTMS Ph
1 .
Ph \ \O-=s;i
: /o-é Ph-Si-9~H O,Sf\/o'\o
! Ph-Si ! / i N
: O A4 0o, isiPh o]
. Sisgr ™\ H=0"\_ [P"o
1 Ph Ph 0 e
: TMSO-g, /O UN
: \ Ph
! 1174117 Ph
1
1
1
I

Figure 1.36. Ball and stick model of POSS 1.17 in the solid-state, based on X-ray data. Phenyl groups
have been removed for clarity.
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1.8: Derivation of Rate Law and Analysis of Variable Reagent Order

Catalyst orders measured directly from kinetic data are limited in that the measured order
is an average between any two concentrations studied. This becomes difficult for transformations
where the order changes as a function of concentration, and valuable information can be lost. If
one wanted to know the exact effect of catalyst concentration at a particular concentration, the
elasticity (not the order) needs to be measured.*® Elasticity (€) is a measurement typically used in
economics,®® but has found use in fields such as enzymology®’ and physics.%® In kinetics,
differentiation with respect to catalyst of a rate law can produce an elasticity function that is useful
for reactions where the catalyst order continuously changes. Take, for example, a reaction of A
and B catalyzed to make C shown in Eq. 1.9 with the power-law shown in Eq. 1.10. As shown
with Eq. 1.11 and Eq. 1.12, taking the derivative with respect to [catalyst] produces a function that
models the percent activity of a catalyst where the value of c¢ (highlighted in red) would be the
order in catalyst at a particular concentration. A plot of [catalyst] vs. Eq. 1.12 can be generated to

compare with experimental results.

catalyst
A+B—>C (Eq. 1.9)
rate = K[A]?[B]P[catalyst]° (Eq. 1.10)
dirate) . ___ 4 p1A]e[B]?[catalyst] (Eq 1.11)

d([catalyst]) - d([catalyst])

d(rate)
d([catalyst])

= kc[A]%[B]?[catalyst]¢~! (Eq 1.12)

A rate expression was derived detailing the competitive self-association and C—C bond
formation as the rate-determining step. Assumptions for the rate law are included in Figure 1.37.
Given the presence of self-association in solution, an equilibrium is established that removes active
catalyst from the system. Starting with the dimerization equilibrium and mass balance, the amount
of active catalyst must be expressed in terms of total catalyst concentration ([1.1c]r) and the self-

association constant (Kdim).
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Figure 1.37. Catalytic cycle with proposed rates and equilibria. It is assumed that the formation of 1a+1.13b
is reversible and that the rate-determining step is C—C bond formation, based on kinetic studies of reagent
order. The reverse step of C—C bond formation is considered so slow that it is assumed to be 0.

11ce1.1
Ky = ﬁ (Eq. 1.13)
[1.1c]; = [1.1c] + 2[1.1c » 1. 1] (Eq. 1.14)
_ 2[1.1c]T
[1.1c] = VW iE o R (Eq. 1.15)

Starting with a simplified rate law and applying the rapid equilibrium assumption:
rate = k,[1.1c « 1.13b][1.14b] (Eq. 1.16)
rate = (k, + k_;)[1.1c « 1.13b] = k,[1.1c][1.13b] (Eq. 1.17)

The rate law becomes:

rate = %[1. 1c][1.13b][1.14b] (Eq. 1.18)
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Substituting [1. 1c]in terms of [1.1c] (Eq. 1.15), the rate law becomes

kyky 2[1.1c]7[1.13b][1.14b]

rate = kotk_1 1+ /1+8Kgim[1l.1c]T (Eq. 1.19)
For simplification, let A = % [1.13b][1.14b] and B = 8Ky,
2 -1

Taking the derivative with respect to [1.1c]r, the following elasticity (&) expression is generated:

d(rate] o= A(1+ 1+B[1.1C]T)—A[1.1C]T(ﬁ) (Eq
d[11c]r (1+/T+B[L1dr) '
1.20)

Plotting [1.1c] vs Eq. 1.20 (Figure 1.38), we observe non-integer catalyst orders in the
region studied for catalysis. The data matches well with measured catalyst orders, suggesting the

self-associated equilibrium with POSS 1.1c accounts for observed changes in order.
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Figure 1.38. [1.1c] (M) vs. elasticity (€). The average value from 0.025 M to0 0.10 M is 0.5. The
average value from 0.10 M to 0.15 M is 0.3.

1.9: Catalytic Cycle and Implications for Silica Surface Modeling
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Based on the data collected from kinetic analysis, synthesis of POSS derivatives, and *H
NMR binding studies, the following catalytic cycle is proposed (Figure 1.39). Previous studies of
1,3-dilsoxanediol HBD catalysis determined binding to nitro groups as the rate-determining step.*
At catalyst concentrations at or above 0.025 M, complex 1.1ce1.1c is the proposed resting state,
which must dissociate to the active monomer 1.1c. POSS-triol 1.1c activates nitrostyrene 1.13b
(i.e. complex 1.1c+1.13b). The addition of indole 1.14b to complex 1.1c+1.14b is rate-determining,
supported by the "different excess" experiments and KIE data. The dissociation of 1.1ce1.1c is not
the rate-determining step given that indole 1.14b provides rate enhancement. A change in the
overall reaction order is seen when the concentration of POSS-triol 1.1c is less than 0.025 M. A
catalyst order of 0.6 indicates that the equilibrium at lower concentration favors the monomeric
active catalyst species 1.1c. A first-order dependence was observed for both nitrostyrene 1.13b
and indole 1.14b, suggesting the formation of 1.1c+1.13b is not strongly favored, and a bimolecular

reaction profile is observed with C—C formation as the rate-determining step.
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Figure 1.39. Proposed catalytic cycle with concentration-dependent resting states.

Comparing the mechanism of POSS 1.1c HBD catalysis to a silica surface, the presence of

self-association adds an equilibrium to the reaction not present in the bulk material that ultimately
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alters observed kinetics (Figure 1.40). Future work in this area should make note of this, quantify
the self-association, and design experiments such that it is no longer affecting catalysis. Silica gel

remains a superior catalyst to POSS 1.1c both in activity and recyclability.

R R\’ R
N _ & -0~ R O-g;
O'?i/o H O/H\"‘O/H\"‘O/H O/S’O\‘g’\o_ \Si\ _gl\o\
R.S"o/'O\Si'O_'H J J d B\ e /O Ng-05
- ] 1 1 [ . So I
R _H , : : R-Sj-O- TR \
O/ R\ g S — O/?\? CI)/?\? ?/?\O # LOS[ R=Si~0 H/“o SI,RR L (4
Si _Si. o) o _..H
\ 0 ~o/~7~r ) NS0T oY
Si——Si-O Si0; Sic S H-===" 0=siZ07 "\
R SR %

Figure 1.40: Comparison of POSS 1.1c resting states to silica surfaces.

The difference in activity between POSS-triols 1.1¢c and POSS-diol 1.17 supports that
silanols within an extended H-bond network are more active due to more significant acidification
(Figure 1.41). Therefore, surfaces containing a higher quantity of extended vicinal silanols should

be more active than surfaces populated with isolated silanols.
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Figure 1.41: Proposal for more active H-bonding sites in silica surface catalysis.

1.10: Conclusions

In conclusion, a rigorous Kinetic study of POSS-triol HBD catalysis using °F NMR
spectroscopy and modern kinetic analysis packages (RPKA and VTNA) was performed. POSS-
triol 1.1c was found to be an active HBD catalyst in the addition of indole 1.14b to nitrostyrene
1.13b. However, silica gel remains a superior catalyst compared to POSS 1.1c both in activity and
ease of separation in the addition of indole 1.14b to nitrostyrene 1.13b. Data supports that the
catalyst becomes less active per unit as concentration increases, although no product inhibition or
catalyst degradation is present. Self-association into dimeric species is proposed to cause the
kinetics observed by removing free monomeric POSS 1.1c from solution and altering resting

states. Titration and concentration studies using *H NMR spectroscopy support the formation of
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self-associated species, which reduced the effective H-bonding ability to Lewis bases. The
presence of self-association adds an equilibrium that is not present in the bulk material, so future
work should note concentration effects present. Observed catalysis of POSS-triols does not mimic

a silica surface for most concentrations studied.

1.11: Experimental Procedures and Data

1.11.1: General Information

All nuclear magnetic resonance (NMR) spectra were obtained on Bruker Nanobay
AVIIIHD 400 (376 MHz for 1°F), and/or Varian VNMRS 600 (600 MHz for *H; 151 MHz for 13C;
119 MHz for 2°Si) at room temperature unless noted otherwise. Chemicals shifts were reported in
parts per million (d scale), and referenced according the following standards: tetramethylsilane
internal standard for 'H signals in chloroform (8 0.00 ppm), benzene residual solvent (& 7.16 ppm)
for 'H signals in benzene, deuterated chloroform or benzene carbon resonances (middle peak is &
77.1 or & 128.1 ppm, respectively) for 3C{*H} signals, tetramethylsilane external standard in
CDClIs for 2°Si{*H} signals (& 0.00), trifluoromethyl-benzene external standard in CDCIls for
BF(*H) signals. For all °Si NMR spectra, chromium(l11) acetylacetonate was added at 0.01 M as
a T1 relaxation agent, and relaxation delays were set to 5 seconds. Coupling constants were
reported in Hertz (Hz) and multiplicities were reported as follows: singlet (s), doublet (d), triplet
(t), quartet (g), and multiplet (m). Compounds were analyzed by HRMS on a Thermo Fisher
Orbitrap XL (Davis, CA) using electrospray in the positive ion mode at >60,000 resolution and
using 5 kV spray voltage, with a curtain plate temperature of 275 °C and sheath gas setting of 15.
These settings result in mass accuracies <5 ppm. Samples were analyzed via flow injection analysis
by injecting 5 pL samples into a stream of 50% acetonitrile and 50% aqueous solution of 0.1%
formic acid, flowing at 200 pL/minute. X-ray crystallography was completed using a Bruker
APEX-11 CCD Diffractometer.

Commercially available reagents were purchased and used without further purification
unless otherwise indicated. All deuterated solvents were dried using 4 A molecular sieves, then
transferred to a bottle of fresh mole sieves prior to binding and dilution studies. All silsesquioxanes
were purchased from HybridPlastics.com, indoles 1.14a and 1.14b were purchased from TCI.
Fluorobenzene was obtained from Sigma Aldrich. Tetrabutylammonium chloride was purchased

from Acros, and dried with Na2SO4 prior to binding studies. Silanols 1.4a-d were synthesized
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using previously reported procedures.! Nitrostyrenes 1.13a and 1.13b was synthesized according
to previous literature procedures. Indole 1.14b-d was synthesized according to previously reported
procedures. Reactions were analyzed by thin-layer chromatography (TLC) on EMD glass plates
that were pre-coated with silica gel 60 F254, and the reactions were purified by column
chromatography using Acros silica gel 60 A (0.035—-0.070 mm).

1.11.2: Synthetic Procedures

Procedure A: Indole addition reaction

NH
7

H HBD (X mol %
N N02 N ( 0)
NO,
/ solvent (1.9 M)
23°C, 16 h
1.13a 1.14a 1.15a

Nitrostyrene 1.13a (1.0 equiv, 56 mg, 0.38 mmol) was added to a flame-dried, Ar-charged
vial, followed by solvent (0.2 mL). Next, a H-bond donor or deionized water was added, and the
reaction stirred for 5 min. Indole 1.14a (1.5 equiv, 67 mg, 0.57 mmol) was added, and the reaction
stirred at 23 °C for 16 h. After 16 h, the reaction was diluted with CH2Cl2 (2 mL), and MgSO4 was
added in several portions over a 5 min period. The reaction was filtered and the solvent was
removed under reduced pressure. Phenyltrimethylsilane (10 uL) was added as an internal standard,
followed by CDCIs (0.6 mL), and the solution was transferred to an oven-dried NMR tube. A *H
NMR with 4 scans with 25 second relaxation delay was taken to determine yield. The reaction was

shown to have minimal rate enhancement from water under the given conditions.

Procedure B: Synthesis of POSS 1.17

Ph Ph

i —0—H ;i —0OTMS
O_Sl | O_Sl
Pheo. o O~ _ _O—H TMS—CI (0.9 equiv) Pheo.o A0~ _ _O—H
5o S| / N-methylimidazole (0.9 equiv) "o S| /
/ h\ Ph \ o—H ’ _ / h\ Ph \ o—H
P > 9P
o Ph) o I CH,Cly, 78C o Ph) o I

\ ,O'Si\O'//ISi‘Ph \ ,O'Si\O'//lSi‘Ph
Ph/Si\O/Si\‘Ph Ph/Si\o/Si\‘Ph
1.1c 1.17, 25%
To a flame-dried, Ar-charged round-bottom flask, Phenyl POSS-triol 1.1c (4.65 g, 5.00
mmol) followed by N-methylimidazole (0.255 g, 3.75 mmol) was added. Next, CH2Cl2 (50 mL)
was added, and the flask was cooled to 0°C and stirred for 10 min. Freshly distilled TMS-CI (0.475

mL, 3.75 mmol) was slowly added at a rate of 0.05 mL/min. A white solid immediately started to
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precipitate, and the reaction stirred for 3 h at 0 °C. After 3 h, the reaction mixture was filtered to
remove precipitate, washed with saturated ag. NaHCOs3 (15 mL). The organic layer was separated
and dried with Na2SOa4for 10 min and concentrated in vacuo. The crude product was purified via
flash chromatography in CH2Clz, followed by washes with pentanes (3 x 10 mL) to yield POSS
diol 1.17 as a white solid (0.960 g, 25% vyield based on TMSCI). *H NMR (600 MHz, CDCls) §
7.76 - 7.65 (m, 8H, ArH), 7.64 - 7.58 (d, J = 7.4 Hz, 4H, ArH), 7.53 (d, J = 7.4 Hz, 2H, ArH),
7.47 —7.20 (m, ArH), 5.04 (s, 2H, SiOH), 0.16 (s, 9H, Si-CH). *C NMR (151 MHz, CDCls) §
134.3 134.2, 134.2, 134.1, 134.1, 130.8, 130.8, 130.7, 130.6, 130.6, 130.5, 127.9, 127.9, 127.8,
1.6. °Si NMR (119 MHz, CDCls, Cr(acac)s = 0.01 M) & 14.6, —68.5, -76.4, —77.3, -77.5, —78.4.
Exact Mass calcd for CasH46012Sis (M + H)*, 1003.1222. Found: 1003.1218.

1.11.3: Procedures for Reaction Monitoring and Kinetic Analysis

Procedure A: General Procedure for Reaction Monitoring

The procedure for general reaction monitoring was adopted from a literature procedure.: A
stock solution of 4-trifluoromethyl-trans-B-nitrostyrene 1.13b and fluorobenzene in CD2Cl2 was
prepared. The catalyst was weighed directly into an oven-dried and argon-purged NMR tube
followed by the addition of a 4-trifluoromethyl-trans-B-nitrostyrene 1.13b stock solution in
CD2Cl2. An initial 1>F NMR scan was taken before the addition of N-methylindole 1.14b and then
the reaction was monitored by taking a spectrum every 30-60 min. 4 scans with a 25 second
relaxation delay were taken to assure complete relaxation for accurate integrations. Fluorobenzene
was used as an internal standard (—113 ppm) and integrations compared to 4-trifluoromethyl-trans-
B-nitrostyrene and product. Integration ranges for 4-trifluoromethyl-trans-p-nitrostyrene = — 62.9

to —63.0 ppm; product = —62.1 to —62.3 ppm; and internal standard: = -113.0 to —113.3 ppm.

Concentrations of starting materials and product were calculated based off the raw integrals and
the excess [xs].

__ (Integral of nitrostyrene/3)*[Fluorobenzene]
[1.13b] = Integral of fluorobenzene (Eqg. 1.21)
[1.14b] = [1.13b] + [xs] (Eq. 1.1)
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Integral of product/3)*[Fluorobenzene
Integral of fluorobenzene

[1.15b] =

T T T T T T T
-80 -85 -B0 -a5 -100 -105 -110 -115
f1ppmy

Figure 1.42. Example of °F NMR spectrum collected for monitoring the consumption of 4-trifluoromethyl-
trans-p-nitrostyrene 1.13b and formation of product 1.15b.

G0 o+ 68 2 75 80 81 'éf‘n:pp'f:? 96 100 104 108 1z 116
Figure 1.43. Example of *F NMR spectra collected over the course of the reaction monitoring the
consumption of 4-trifluoromethyl-trans-p-nitrostyrene 1.13b and formation of product 1.15b.

Fluorobenzene was used as an internal standard (—113 ppm).
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Procedure B: Relative Rates

The general procedure for reaction monitoring was followed for catalysts 1.10-1.12 and 1.1b-c.
Initial concentrations are: [1.13b] = 0.42 M, [1.14b] = 3.2 M, [HBD] = 0.04 M. Observed rate
constants (kobs) were calculated by taking the In[1.13b] for individual trials. Lines were observed

with high R? for all catalysts. keat and krel were calculated according to the following formulas:

Kcat = Kobs-Kbackground (Eq 1.23)
Krel = kcat/kbackground (Eq 1.24)
Procedure C: Catalyst Order

The general procedure for reaction monitoring was followed for POSS 1.1c at varied
concentrations. A 1.33 M stock solution of 1.13b in CD2Cl2 was prepared (0.450 mL for each
trial). Indole 1.14b (0.150 mL) was added after initial scans. Data was analyzed using catalyst
order determination analysis using VTNA,3® where a plot of multiple trials are graphed on
time*[1.1c]* vs. [1.13b]. The variable x was altered in 0.1 increments until overlap of trials is

observed.

Table 1.10. Amounts used for experiments with varied concentration of 1a.

Trial | [1.1c] (M) | 1.13b Stock (mL) | 1.14b (mL) | Mass 1.1c (mQ)
1 0.025 0.450 0.150 14.0
2 0.05 0.450 0.150 28.0
3 0.075 0.450 0.150 42.0
4 0.10 0.450 0.150 56.0
5 0.125 0.450 0.150 70.0
6 0.150 0.450 0.150 84.0

[1.13b], = 1.0 M; [1.14b], = 2.0 M; [fluorobenzene] = 0.1 M

Procedure D: Apparent Turnover Frequency

The general procedure for reaction monitoring was followed for POSS 1.1c at varied
concentrations. A 0.65 M stock solution of 1.13b in CD2Cl2was prepared (0.450 mL for each
trial). Concentrations of 1.1c used are in Table 1.11. Apparent turnover frequencies were

calculated from observed rate constants using the following equation:

TOF,,, (hr1) = feps . 20T (Eq. 1.2)

[cat] 1hr
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Table 1.11. Amounts used for experiments for determination of TOFgp,

Trial | [1.1c] (M) Mass of 1a (mg) Kobs * 10* (Memin™) TOFagp (hr?)
7 0.05 27.9 7.2 0.86
8 0.075 41.9 8.9 0.71
9 0.1 55.9 11.6 0.70
10 0.108 60.3 11.5 0.64
11 0.117 65.4 12.6 0.65
12 0.125 69.8 135 0.65
13 0.15 83.8 14.8 0.59
14 0.175 97.8 15.6 0.53

[1.13b], = 0.5 M; [1.14b], = 2.0 M; [fluorobenzene] = 0.1 M

Procedure E: “Different Excess” Experiments

The general procedure was followed for reaction monitoring for “different excess”

experiments. A 1.95 M stock solution of 1.13b in CD2Cl2 was prepared and amounts used are

included in Table 1.12 and 1.13. Indole 1.14b was added after initial scans. Reactions displayed

high R2.
Table 1.12. Amounts used for experiments with varied concentration of Nitrostyrene 1.13b with POSS
l.1c.
. 1.13b Stock 1.14b Mass 1.1c CD.Cl;
Trial | [1.13b]o (M) | [1.14b], (M) | [1.1c] (M) (mL) (mL) (mg) (mL)
15 1.5 1.6 0.1 0.450 0.130 55.0 0.020
16 1.25 1.6 0.1 0.375 0.130 55.0 0.075
17 15 2.0 0.025 0.450 0.150 14.0 0
18 1.25 2.0 0.025 0.375 0.150 14.0 0.075

[fluorobenzene] = 0.1 M

Table 1.13. Amounts used for experiments with varied concentration of N-methylindole 1.14b at 0.1 M
and 0.025 M POSS 1.1c.

Trial 1.13b Stock 1.14b Mass 1.1c CD.Cl;
[1.13b]o (M) | [1.14b]o (M) | [1.1c] (M) (mL) (mL) (mg) (mL)
19 15 2.0 0.1 0.450 0.150 55.9 0
20 15 1.75 0.1 0.450 0.130 55.9 0.020
21 15 1.75 0.025 0.450 0.130 14.0 0.020
22 15 1.25 0.025 0.450 0.110 14.0 0.040
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[fluorobenzene] = 0.1 M

Procedure F: “Same Excess” Experiments

The general procedure was followed for reaction monitoring for “different excess”

experiments. A 1.95 M stock solution of 1.13b in CD2Cl2 was prepared and amounts used are

included in Table 1.12 and 1.13. Indole 1.14b was added after initial scans. Reactions displayed

high R2.
Table 1.14. Amounts used for experiments under “same excess” conditions at 0.1 and 0.025 M POSS 1.1c.
. [1.13b] 1.14b Mass 1.1c | CD:Cl;
Trial [1.13b], (M) | [1.14b], (M) | [1.1c] (M) Stock (mL) (mL) (mag) (mL)
23 1.5 2.0 0.1 0.450 0.130 84.0 0.020
24 1.25 1.6 0.1 0.360 0.110 84.0 0.040
25 1.0 2.0 0.025 0.450 0.150 14.0 -
26 0.5 1.5 0.025 0.450 0.112 14.0 0.038

[fluorobenzene] = 0.1 M

Procedure G: Kinetic Isotope Effect Experiments

Kinetic isotope effects were measured following the general procedure for °F NMR reaction

monitoring, and were determined by dividing 1% order rate constants from reactions run in parallel.
A 1.33 M stock solution of 1.13b was made (0.450 mL for each trial). Indole was added (0.150

mL) after initial scans. Concentrations are included in Table 1.15.

Table 1.15. Concentrations of nitrostyrene 1.13b and indole 1.14b and POSS 1.1c.

Trial [1('3;’] [1.14b] ‘(’I(A[)l'l“b'd] [1a] (M) | Massla(mg) | kosse10*(min?)
27 10 2.0, [1.14b] 0.1 559 9.4
28 10 2.0, [1.14b-d] 0.1 5.9 9.01
29 10 2.0, [1.14b] 0.1 5.9 9.4
30 10 2.0, [1.14b-d] 0.1 5.9 8.3

[fluorobenzene] = 0.1 M
Corrected kobs for 1.14b-d, assuming 90% incorporation, is 8.96 min-* for trial 2, and trial 4 is 8.18

m-%, with an average of 8.57 min-!

Trial 1 in parallel with average; KIE = 1.10

Trial 3 in parallel with average; KIE = 1.09

Avg =1.10
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Our data is consistent with a secondary kinetic isotope effect, which supports our conclusion that
C-C bond formation is the rate determining step when [1.1¢c] = 0.1 M.

Procedure H: Nitrobenzene competition experiments

The general procedure for reaction monitoring was followed for POSS 1.1c in the presence
of nitrobenzene. A 1.95 M stock solution of 1.13b in CD2Cl2 (0.31 mL per trial) was prepared and
amounts used are included in Table 1.16. Additional CD2Cl> was used for trials without
nitrobenzene to account for total volume. Trials were overlayed to observe rate effects. All

reactions displayed high R2.

Table 1.16. Amounts used for experiments with nitrobenzene additive.

Trial [1.1c] (M) | Mass 1l.1c (mg) | [1.13b], | [1.14b]o (M) | Nitrobenzene CDCl (ML)
(M) (mL)
31 0.075 41.9 1.5 2.0 0 0.140
32 0.075 41.9 1.5 2.0 0.11 0.070
33 0.025 14.0 15 2.0 0 0.140
34 0.025 14.0 15 2.0 0.11 0.070

[fluorobenzene] =0.1 M

1.11.4: Procedures for DOSY, Binding, and Dilution studies
Procedure A: Procedure for tH NMR DOSY Spectroscopy of POSS 1.1c
Samples for 'H NMR Diffusion Oriented Spectroscopy (DOSY) were made by making

solutions of the appropriate POSS concentration in CDClIs (0.6 mL), followed by the addition of
squalene, cyclooctene, and tetradecane (10 pL each). The sample was placed in an NMR tube.
Spectra were acquired on a Varian 600 with 2D one-shot DOSY parameters. Experimental
parameters transmitter offset (o1p), sweep width (sw), and receiver gain (rg) were obtained from
IH NMR spectra prior to acquisition. A linear gradient from 5% to 95% strength with 15 or 20
data points (8 scans each) was used. Diffusion constants from the resulting spectra were processed
using the Ti/T2 relaxation function within the DOSY toolbox software after phase correction.
Estimated molecular weights of NMR-observed species were calculated by plotting log(MW) vs.
log(diffusion constant) of the internal standards and fitting to a straight line of these data points.

The diffusion coefficient from the Si—-OH of POSS 1.1c was used to estimate molecular weight.
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Table 1.17. Diffusion coefficient and calculated molecular weights at 0.025 M 1.1c

Molecule D (m?/s) Molecular Weight (g/mol) | Log MW
COE 1.34+10° 110.20 2.042
TDE 9.90+10° 196.37 2.293

Squalene 6.00+10 410.72 2.613

1.1c (0.05M) | 4.20+10° 925.70 2.966

Table 1.18. Diffusion coefficient and calculated molecular weights at 0.1 M 1.1c

Molecule D(m?/s) Molecular Weight (g/mol) | Log MW
COE 1.34+10° 110.20 2.042
TDE 9.90+10° 196.37 2.293

Squalene 6.0010° 410.72 2.613

11c(0.1M) | 344-10° 1041.11 3.018

Table 1.19. Diffusion coefficient and calculated molecular weights at 0.2 M 1.1c

Molecule D(m?/s) Molecular Weight (g/mol) | Log MW
COE 1.18-10° 110.20 2.042
TDE 8.47+10° 196.37 2.293

Squalene 50010 410.72 2.613

1.1c (0.2M) | 2.58+10° 1149.58 3.060

Table 1.20. Diffusion coefficient and calculated molecular weights at 0.3 M 1.1c

Molecule D(m?/s) Molecular Weight (g/mol) | Log MW
COE 9.87+10° 110.20 2.042
TDE 7.34+10° 196.37 2.293

Squalene 451+10° 410.72 2.613

1.1c(0.3M) | 9.87-10° 1637.8 3.214

Procedure B: Dilution Studies and Calculation of Self-association Constants
A solution of 0.2 M POSS-siloxanol was made in CDCls (1.2 mL). A 1:1 serial dilution

of transfers (0.6 mL) was done to dilute solutions to lower concentrations. Adequate mixing was

done prior to and after transfers. A *H NMR spectrum was collected at room temperature with 8
scans. Association constants were calculated using Microsoft Excel Solver to fit with the model
equation below. K was optimized and no constraints were used. Error was calculated as 95%

confidence intervals based on the fit of the NMR data to the model. The values for 8; and

&2 were set to 7.00 ppm and 8.00 ppm, respectively.
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4K gim

5 _ [U161+2K 4im[U]% 62
calc [Ulr

(Eq. 1.6)

d1 = chemical shift for the unbound, 62 = chemical shift for the self-associated, [U]r = total

concentration in solution, [U] = concentration of unbound, Kdim = self-association constant in M

Procedure C: 'H NMR Binding Studies with L ewis Bases and Determination of Association
Constants

Two stock solutions were each made by dissolving a POSS-siloxanol (116.4 mg 1.1c or 98.9
mg 1.1b, 0.125 mmol) in CDCls (2.5 mL). The Lewis base, either nBusNCl or DMF, was added to
only one of the stock solutions, up to 5 (0.048 mL DMF, or 173.7 mg nBusNClI) or 15 (0.144 mL
DMF, or 521.1 mg nBu4NCI) equivalents. It should be noted for DMF, the volume of the reagent
was taken into account to provide a total solution volume of 2.5 mL. Different volumes of each
stock solution were mixed to make a solution (0.6 mL) with the desired equivalents of Lewis Base.

A 'H NMR spectrum of each solution was recorded after 8 scans at room temperature.

Association constants were calculated using Microsoft Excel Solver to fit with the model
equation below. K, 81, 62 were optimized and no constraints were used. Error was calculated as
95% confidence intervals based on the fit of the NMR data to the model. A5 = & complex— O free ; 0
complex = chemical shift (ppm) of the SiOH proton in the bound Lewis base complex, estimated
from extrapolation of where the binding curve levels off, 6 free = chemical shift (ppm) of the SiOH
proton when no Lewis base is present; o obs, i = chemical shift of SIOH proton at i equivalents of
Lewis base. Ro = initial concentration of POSS-triols and Si = concentration of Lewis base at i

equivalents in M, Ka = binding constant in M1, Data was verified with repeated experiments.

C
A61' = 6‘obs,i - 6free = R_0A6 (Eg. 1.7)

KqRo+1+KgS))+ |(KaRo+1+KS))2—4K2RoS;
afto ai alo a2i aftoi

o (Eq. 1.8)
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1.11.5: Kinetic Data

Relative Rate

Table 1.21. Data from monitoring the uncatalyzed reaction using °F NMR spectroscopy.
Time (min) [1.13b] (M) [1.15b] (M) In[1.13b]

0 0.405 0.000 -0.903
30 0.403 0.003 -0.910
98 0.398 0.006 -0.921
205 0.392 0.013 -0.936
377 0.383 0.027 -0.959
688 0.365 0.042 -1.007
928 0.351 0.055 -1.046
1170 0.340 0.067 -1.079
1528 0.331 0.078 -1.105
1878 0.315 0.096 -1.154
2322 0.299 0.109 -1.206
2668 0.283 0.124 -1.261
3035 0.269 0.140 -1.314
3395 0.253 0.153 -1.373
3759 0.239 0.167 -1.433

4230 0.223 0.187 -1.499
4709 0.205 0.201 -1.586

Table 1.22. °F NMR data from monitoring the reaction catalyzed using 1.4a.
Time (min)  [1.13b] (M) [1.15b] (M) In[1.13b]

0 0.437 0.000 -0.829
30 0.437 0.001 -0.827
87 0.438 0.008 -0.826
206 0.437 0.013 -0.829
326 0.416 0.027 -0.877
506 0.412 0.035 -0.887
687 0.402 0.045 -0.911
866 0.393 0.054 -0.935
1046 0.381 0.063 -0.966
1226 0.376 0.073 -0.978
1406 0.363 0.085 -1.014
1646 0.353 0.097 -1.042
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1886 0.341 0.107 -1.075

2126 0.328 0.119 -1.115
2426 0.315 0.135 -1.154
2726 0.301 0.147 -1.202
2966 0.290 0.158 -1.238
3436 0.269 0.177 -1.314
3910 0.249 0.197 -1.392

Table 1.23. °F NMR data from monitoring the reaction catalyzed using 1.4b.
Time (min) [1.13b] (M) [1.15b] (M)  In[1.13b]

0 0.433 0.000 -0.838
30 0.415 0.012 -0.880
121 0.386 0.040 -0.952
219 0.361 0.065 -1.020
278 0.349 0.079 -1.054
400 0.323 0.107 -1.131
519 0.298 0.131 -1.211
699 0.264 0.165 -1.332
939 0.227 0.205 -1.481
1066 0.208 0.222 -1.570
1238 0.189 0.245 -1.668
1425 0.165 0.262 -1.800
1600 0.149 0.281 -1.902
1959 0.118 0.314 -2.137
2139 0.105 0.329 -2.257
2319 0.093 0.342 -2.379
2591 0.078 0.359 -2.551
2930 0.063 0.373 -2.770

Table 1.24. °F NMR data from monitoring the reaction catalyzed using 1.4c.
Time (min)  [71(M) [91 (M) In[7]

0 0.431 0.000  -0.842
15 0.416 0.005 -0.877
82 0.395 0.034 -0.928
142 0.385 0.057  -0.954
203 0.362 0.078 -1.016
322 0.317 0112 -1.150
442 0.289 0.149 -1.242
569 0.253 0.185 -1.376
681 0.226 0.211  -1.487
801 0.195 0.237 -1.636

75



1041 0.159 0.285 -1.837

1289 0.124 0.305 -2.087
1521 0.102 0.337  -2.283
1762 0.083 0.359  -2.485
2009 0.064 0.373  -2.749
2481 0.040 0.387 -3.219

Table 1.25. 1°F NMR data from monitoring the reaction catalyzed using 1.1c.

[1.13]
Time (min) (M) [L15b](M) In[1.13b]

0 0.416 0.000 -0.877
21 0.397 0.025 -0.923
62 0.374 0.048 -0.983
94 0.360 0.064 -1.022
121 0.349 0.077 -1.054
151 0.334 0.089 -1.097
188 0.321 0.104 -1.135
241 0.299 0.123 -1.206
278 0.287 0.137 -1.247
322 0.275 0.153 -1.292
383 0.255 0.166 -1.368
457 0.236 0.191 -1.444
543 0.213 0.206 -1.548
606 0.199 0.218 -1.613
671 0.185 0.231 -1.689
721 0.174 0.247 -1.749
909 0.143 0.275 -1.947
1013 0.126 0.288 -2.071
1133 0.111 0.313 -2.201
1254 0.095 0.325 -2.350

Catalyst Order
Table 1.26. 1°F NMR data from monitoring trial 1.
Time (min)  [1.13b] (M)  [1.15b] (M)

0 0.97 0.00
48 0.95 0.03
78 0.95 0.04

108 0.93 0.06
138 0.92 0.08
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169
199
228
257
290
320
350
380
412
443
470
498
561
681
826
921
1169
1291
1515
1649
1772
1891
2011
2372
2493
2603
2719
2844
2960
3081
3201
3310
3449
3560
3680
3800
4052
4278

Table 1.27. *°F NMR data from monitoring trial 2.

0.92
0.90
0.88
0.87
0.89
0.85
0.84
0.81
0.79
0.79
0.79
0.78
0.73
0.70
0.64
0.62
0.57
0.54
0.51
0.47
0.47
0.46
0.43
0.41
0.40
0.38
0.37
0.36
0.36
0.34
0.33
0.33
0.32
0.31
0.31
0.30
0.28
0.28

0.09
0.11
0.12
0.13
0.15
0.17
0.17
0.18
0.19
0.20
0.22
0.24
0.25
0.30
0.33
0.35
0.42
0.43
0.47
0.48
0.53
0.53
0.53
0.60
0.62
0.62
0.63
0.64
0.66
0.66
0.67
0.68
0.68
0.69
0.69
0.66
0.69
0.72
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Time (min) [1.13b] (M) [L.15b] (M)  In[1.13b]

0 1.00 0.00 0.00

15 0.99 0.02 -0.01
54 0.96 0.05 -0.05
121 0.91 0.10 -0.09
161 0.89 0.12 -0.12
206 0.87 0.14 -0.14
254 0.84 0.17 -0.17
297 0.82 0.19 -0.19
401 0.77 0.25 -0.26
521 0.71 0.31 -0.34
581 0.68 0.33 -0.38
641 0.66 0.36 -0.41
702 0.64 0.38 -0.45
761 0.62 0.41 -0.48
881 0.57 0.44 -0.56
1055 0.51 0.50 -0.67
1243 0.46 0.56 -0.77
1454 0.39 0.61 -0.94
1843 0.32 0.70 -1.14
2015 0.28 0.72 -1.26
2255 0.25 0.77 -1.38
2505 0.22 0.81 -1.53

Table 1.28. *°F NMR data from monitoring trial 3.

Time (min) [1.13b] (M) [L.15b] (M)  In[1.13b]

0 1.03 0.00 0.03
18 0.98 0.04 -0.012
62 0.95 0.07 -0.048
104 0.92 0.10 -0.080
151 0.89 0.13 -0.111
191 0.86 0.16 -0.150
234 0.82 0.20 -0.188
289 0.78 0.24 -0.242
355 0.73 0.29 -0.309
410 0.69 0.33 -0.369
476 0.65 0.37 -0.420
548 0.60 0.42 -0.496
629 0.56 0.46 -0.568
749 0.51 0.51 -0.666
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842 0.46 0.56 -0.758

935 0.43 0.59 -0.829
1033 0.39 0.63 -0.923
1120 0.37 0.65 -0.991
1241 0.33 0.69 -1.085

Table 1.29. 1°F NMR data from monitoring trial 4.

Time (min) [1.13b] (M) [L1.15b] (M)  In[1.13b]

0 1.00 0.00 0.00
22 0.96 0.03 -0.04
67 0.93 0.08 -0.08
98 0.91 0.10 -0.09
137 0.86 0.15 -0.15
182 0.83 0.19 -0.19
230 0.77 0.23 -0.26
273 0.75 0.26 -0.29
317 0.70 0.29 -0.35
378 0.67 0.34 -0.39
437 0.63 0.38 -0.46
498 0.59 0.42 -0.52
558 0.55 0.45 -0.59
617 0.53 0.49 -0.64
679 0.51 0.53 -0.67
738 0.46 0.54 -0.77
858 0.42 0.59 -0.86
978 0.37 0.63 -1.00
1100 0.33 0.67 -1.12
1218 0.30 0.72 -1.21

Table 1.30. °F NMR data from monitoring trial 5.

Time (min) [1.13b] (M) [L.15b] (M)  In[1.13b]

0 0.998 0.000 -0.002
23 0.977 0.021 -0.024
63 0.955 0.043 -0.046
112 0.883 0.115 -0.124
153 0.850 0.148 -0.163
193 0.784 0.214 -0.243
232 0.741 0.257 -0.300
272 0.722 0.276 -0.326
322 0.678 0.320 -0.389
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382 0.645 0.353 -0.439

443 0.596 0.402 -0.518
499 0.543 0.455 -0.611
559 0.511 0.487 -0.671
648 0.477 0.521 -0.740
756 0.417 0.581 -0.874
805 0.373 0.625 -0.987
894 0.345 0.653 -1.063
983 0.314 0.684 -1.158
1104 0.280 0.718 -1.273
1224 0.241 0.757 -1.422

Table 1.31. *°F NMR data from monitoring trial 6.

Time (min) [1.13b] (M) [L.15b] (M)  In[1.13b]

0 1.00 0.00 0.00
22 0.96 0.04 -0.04
56 0.92 0.09 -0.08
95 0.88 0.13 -0.13
126 0.85 0.16 -0.16
155 0.83 0.19 -0.19
184 0.79 0.22 -0.23
224 0.77 0.26 -0.26
264 0.73 0.29 -0.31
310 0.71 0.33 -0.34
359 0.67 0.36 -0.41
399 0.64 0.39 -0.44
445 0.59 0.42 -0.53
490 0.59 0.45 -0.53
534 0.54 0.48 -0.61
595 0.51 0.50 -0.68
656 0.48 0.54 -0.74
715 0.45 0.57 -0.79
775 0.43 0.60 -0.84
887 0.38 0.63 -0.96

Apparent Turnover Frequency

Table 1.32. *°F NMR data from monitoring trial 7.
Time (min) [1.13b] (M) [1.15b] (M) In[1.13b]

0 0.53 0.00 -0.64
27 0.51 0.01 -0.68
67 0.49 0.03 -0.72

80



107 0.47 0.04 -0.75

155 0.45 0.05 -0.79
194 0.44 0.06 -0.83
232 0.43 0.08 -0.85
287 0.41 0.09 -0.88
327 0.40 0.10 -0.91
367 0.39 0.12 -0.93
407 0.38 0.13 -0.96
447 0.37 0.14 -1.00
487 0.36 0.15 -1.03
587 0.33 0.18 -1.10
702 0.30 0.20 -1.22
807 0.28 0.23 -1.28
927 0.26 0.25 -1.37
1054 0.24 0.28 -1.44
1174 0.22 0.30 -1.52
1407 0.19 0.33 -1.67
1587 0.17 0.36 -1.79
1767 0.14 0.37 -1.93
1948 0.12 0.39 -2.09
2127 0.11 0.41 -2.20
2315 0.10 0.42 -2.35
2492 0.09 0.43 -2.42
2675 0.07 0.44 -2.60
2849 0.07 0.45 -2.72

Table 1.33. 1°F NMR data from monitoring trial 8.

Time (min) [1.13b] (M) [1.15b] (M)  In[1.13b]

0 0.54 0.00 -0.62
18 0.51 0.02 -0.67
57 0.49 0.03 -0.71
97 0.47 0.05 -0.75
148 0.45 0.08 -0.79
186 0.44 0.09 -0.82
224 0.41 0.10 -0.88
257 0.41 0.12 -0.89
298 0.39 0.14 -0.94
337 0.38 0.15 -0.98
377 0.36 0.16 -1.02
417 0.34 0.18 -1.07
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457 0.34 0.19 -1.08

557 0.31 0.23 -1.19
679 0.28 0.26 -1.29
798 0.25 0.29 -1.40
917 0.22 0.31 -1.50
1047 0.19 0.33 -1.64
1160 0.18 0.35 -1.73
1277 0.16 0.37 -1.83
1397 0.14 0.39 -1.93
1577 0.13 0.41 -2.06
1757 0.10 0.43 -2.25
1937 0.09 0.45 -2.39
2117 0.07 0.46 -2.60
2301 0.07 0.47 -2.70
2484 0.06 0.48 -2.86
2666 0.05 0.49 -3.02

Table 1.34. *°F NMR data from monitoring trial 9..

Time (min) [1.13b] (M) [L.15b] (M)  In[1.13b]

0 0.51 0.00 -0.67
13 0.50 0.02 -0.70
52 0.48 0.04 -0.73
91 0.46 0.06 -0.78
130 0.44 0.08 -0.82
168 0.42 0.10 -0.87
210 0.40 0.11 -0.92
249 0.38 0.13 -0.96
287 0.36 0.15 -1.01
327 0.35 0.17 -1.05
367 0.33 0.19 -1.11
408 0.32 0.21 -1.15
447 0.30 0.22 -1.21
607 0.24 0.27 -1.41
788 0.20 0.32 -1.61
968 0.16 0.33 -1.83
1152 0.14 0.38 -1.98
1329 0.11 0.37 -2.21
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Table 1.35. °F NMR data from monitoring trial 10.

Time (min) [1.13b] (M) [1.15b] (M)  In[1.13b]

0 0.54 0.00 -0.61
23 0.51 0.02 -0.67
62 0.49 0.05 -0.72
102 0.47 0.07 -0.75
140 0.45 0.09 -0.80
180 0.43 0.11 -0.85
220 0.40 0.13 -0.91
258 0.39 0.15 -0.93
300 0.37 0.17 -0.98
340 0.36 0.19 -1.03
381 0.34 0.20 -1.09
419 0.32 0.22 -1.13
459 0.30 0.23 -1.20
619 0.25 0.29 -1.39
799 0.20 0.33 -1.59
979 0.17 0.37 -1.79
1162 0.14 0.40 -1.97
1339 0.12 0.43 -2.15

Table 1.36. 1°F NMR data from monitoring trial 11.

Time (min) [1.13b] (M) [L.15b] (M)  In[1.13b]

0 0.50 0.00 -0.70
33 0.48 0.03 -0.73
73 0.48 0.06 -0.74
112 0.45 0.08 -0.80
149 0.43 0.10 -0.84
189 0.41 0.12 -0.90
229 0.38 0.14 -0.96
270 0.37 0.16 -1.00
309 0.35 0.19 -1.05
349 0.33 0.20 -1.11
390 0.32 0.22 -1.15
428 0.30 0.24 -1.20
468 0.28 0.26 -1.26
628 0.22 0.31 -1.51
808 0.18 0.36 -1.69
989 0.15 0.39 -1.91
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1172 0.12 0.40 -2.16
1357 0.09 0.43 -2.36

Table 1.37. 1°F NMR data from monitoring trial 12.

Time (min) [1.13b] (M) [L.15b] (M)  In[1.13b]

0 0.52 0.00 -0.65
42 0.48 0.04 -0.74
82 0.45 0.06 -0.79
121 0.44 0.09 -0.82
159 0.41 0.10 -0.89
200 0.39 0.12 -0.94
239 0.37 0.15 -0.98
279 0.35 0.16 -1.05
319 0.33 0.20 -1.11
359 0.31 0.21 -1.17
399 0.29 0.23 -1.25
438 0.27 0.25 -1.32
478 0.25 0.25 -1.38
638 0.21 0.32 -1.54
818 0.16 0.36 -1.80
999 0.12 0.37 -2.08
1191 0.10 0.40 -2.30
1367 0.09 0.42 -2.44

Table 1.38. 1°F NMR data from monitoring trial 13.

Time (min) [1.13b] (M) [1.15b] (M)  In[1.13b]

0 0.52 0.00 -0.66
18 0.50 0.03 -0.69
58 0.48 0.06 -0.74
98 0.43 0.09 -0.83
138 0.42 0.11 -0.88
178 0.38 0.13 -0.96
218 0.37 0.16 -0.99
258 0.34 0.18 -1.07
298 0.32 0.20 -1.16
338 0.31 0.23 -1.18
378 0.29 0.24 -1.24
418 0.27 0.26 -1.32
458 0.25 0.27 -1.39
553 0.21 0.31 -1.54
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617
797

0.20
0.17

0.34
0.39

-1.60
-1.78

Table 1.39. °F NMR data from monitoring trial 14.

Time (min) [1.13b] (M) [L.15b] (M)  In[1.13b]
0 0.52 0.00 -0.66
28 0.49 0.03 -0.72
68 0.45 0.06 -0.79

108 0.43 0.09 -0.85
148 0.41 0.12 -0.89
188 0.37 0.13 -0.99
228 0.35 0.16 -1.05
268 0.33 0.18 -1.10
308 0.31 0.20 -1.18
348 0.30 0.23 -1.22
388 0.27 0.24 1.32
428 0.25 0.26 -1.39
468 0.24 0.27 -1.43
561 0.21 0.30 -1.54
628 0.18 0.33 -1.69

“Different excess” experiments with nitrostyrene 1.13b

Table 1.40. *°F NMR data from monitoring trial 15.

Time (min) [1.13b] (M) [L.15b] (M)  In[1.13b]
7 1.438 1.583 0.363
37 1.388 1.551 0.328
67 1.361 1,513 0.308
97 1.316 1.486 0.274

127 1.201 1.460 0.255
158 1.273 1.431 0.241
187 1.234 1.414 0.210
217 1.222 1.380 0.200
246 1.189 1.362 0.173
276 1.176 1.328 0.162
307 1.149 1.304 0.138
337 1132 1.286 0.124
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367 1.103 1.257 0.098

397 1.070 1.244 0.068
427 1.062 1.210 0.060
457 1.027 1.207 0.026
487 1.010 1.164 0.010
557 0.966 1.146 -0.034
617 0.938 1.102 -0.064
677 0.894 1.081 -0.112
797 0.827 1.039 -0.191
921 0.780 0.971 -0.248
1038 0.741 0.915 -0.299
1158 0.701 0.870 -0.355
1278 0.664 0.812 -0.410

Table 1.41. *°F NMR data from monitoring trial 16
Time (min) [1.13b] (M) [1.15b] (M) In[1.13b]

.0 1.244 1.603 0.218
17 1.190 1.572 0.174
47 1.158 1.542 0.147
77 1.140 1.521 0.131
107 1.134 1.492 0.126
137 1.094 1.455 0.090
167 1.075 1.429 0.072
198 1.044 1.416 0.043
228 1.016 1.381 0.016
257 1.006 1.361 0.006
287 0.980 1.331 -0.020
317 0.962 1.317 -0.038
347 0.944 1.298 -0.057
377 0.920 1.272 -0.083
407 0.907 1.241 -0.097
437 0.882 1.218 -0.126
467 0.869 1.195 -0.140
497 0.845 1.176 -0.169
557 0.813 1.136 -0.208
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617 0.787 1.117 -0.240

677 0.744 1.086 -0.296
797 0.691 1.030 -0.369
918 0.636 0.986 -0.453
1037 0.591 0.937 -0.526
1162 0.531 0.918 -0.634
1284 0.490 0.875 -0.713

Table 1.42. *°F NMR data from monitoring trial 17

Time (min)  [1.13b] (M) [L.15b] (M)  1/[1.13b]

.0 1.419 2.000 0.705
10 1.424 1.983 0.702
70 1.389 1.946 0.720
131 1.364 1.908 0.733
197 1.315 1.869 0.761
250 1.290 1.839 0.775
309 1.263 1.807 0.792
370 1.237 1.772 0.809
429 1.201 1.743 0.833
490 1.174 1.708 0.852
668 1.090 1.625 0.918
851 1.026 1.539 0.975
1031 0.941 1.474 1.063
1209 0.868 1.416 1.152
1401 0.796 1.358 1.256
1578 0.741 1.310 1.349
1750 0.689 1.268 1.452
1931 0.655 1.220 1.527
2111 0.615 1.187 1.627
2289 0.582 1.148 1.719
2470 0.551 1.125 1.815
2649 0.525 1.095 1.904
2832 0.497 1.078 2.012
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3008 0.478 1.049 2.094

3190 0.459 1.021 2.179
3371 0.440 1.006 2.270
3548 0.423 0.990 2.366
3731 0.407 0.968 2.455
3910 0.392 0.953 2551
4088 0.378 0.939 2.643
4269 0.365 0.932 2.743
4448 0.352 0.918 2.843
4632 0.340 0.912 2.945
4810 0.334 0.895 2.994
4990 0.320 0.883 3.123

Table 1.43. *°F NMR data from monitoring trial 18

Time (min) [1.13b] (M) [L.15b] (M)  1/[1.13b]

.0 1.217 2.000 0.822
21 1.241 1.980 0.806
79 1.224 1.951 0.817
141 1.205 1.919 0.830
208 1.161 1.888 0.862
261 1.141 1.864 0.876
320 1.118 1.838 0.894
379 1.088 1.810 0.919
439 1.074 1.783 0.931
500 1.046 1.757 0.956
679 0.976 1.682 1.025
860 0.920 1.608 1.086
1041 0.871 1.540 1.148
1220 0.799 1.482 1.252
1411 0.720 1.438 1.388
1587 0.665 1.392 1.503
1762 0.620 1.351 1.612
1940 0.573 1.320 1.746
2122 0.547 1.280 1.828
2301 0.511 1.254 1.956
2481 0.489 1.222 2.047
2661 0.466 1.194 2.147
2843 0.441 1.178 2.268
3020 0.423 1.163 2.364
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3203 0.406 1.139 2.465
3381 0.387 1.114 2.583
3560 0.372 1.105 2.689
3739 0.353 1.095 2.831
3922 0.344 1.081 2.910
4100 0.334 1.064 2.994
4280 0.317 1.055 3.151
4460 0.306 1.048 3.272
4642 0.299 1.028 3.339
4822 0.289 1.017 3.459
5002 0.279 1.009 3.587
Varied Concentration of Indole 1.14b
Table 1.44 F NMR data from monitoring trial 19
Time (min) [1.13b] (M) In[1.15b]
0 1.548 [1.15b] (M) _ 0.437
10 1.475 2 0.389
47 1.405 1.952 0.340
76 1.356 1.892 0.304
107 1331 1.846 0.286
137 1.275 1.798 0.243
165 1.233 1757 0.209
101 1.207 1.720 0.188
220 1.182 1.686 0.167
248 1.129 1.651 0.121
279 1.095 1614 0.091
310 1.057 1.577 0.055
340 1.028 1.549 0.027
371 0.993 1511 -0.006
398 0.975 1477 -0.024
428 0.942 1.444 -0.059
460 0.912 1.422 -0.091
550 0.828 1.389 -0.188
669 0.753 1321 -0.282
790 0.672 1.233 -0.396
910 0.619 1.170 -0.479
1030 0.568 1.091 -0.565
1149 0.506 1.030 -0.680
1270 0.467 1.005 -0.760
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1390 0.424 0.946 -0.857

1508 0.398 0.919 -0.919
1628 0.372 0.868 -0.987
1750 0.330 0.813 -1.107
1870 0.315 0.827 -1.154
1989 0.292 0.785 -1.230
2110 0.267 0.748 -1.317
2228 0.249 0.726 -1.388
2349 0.233 0.719 -1.453
2469 0.216 0.694 -1.529
2590 0.197 0.690 -1.624
2710 0.187 0.661 -1.672
2834 0.175 0.656 -1.737

Table 1.45. °F NMR data from monitoring trial 20

Time (min) [1.13b] (M) [L.15b] (M) In[1.130]
0 1.579 15 0.457
21 1.520 1.435 0.419
56 1.478 1.402 0.390
89 1.431 1.368 0.358

118 1.388 1.335 0.328
147 1.357 1.306 0.305
176 1.336 1.278 0.290
204 1.300 1.253 0.263
231 1.275 1.226 0.243
263 1.247 1.199 0.221
290 1.220 1.176 0.198
322 1.183 1.148 0.168
353 1.140 1.121 0.131
382 1.128 1.008 0.120
411 1.109 1.073 0.104
438 1.083 1.053 0.080
470 1.055 1.031 0.053
560 0.981 0.977 -0.018
679 0.903 0.908 -0.101
810 0.840 0.838 -0.173
928 0.783 0.787 -0.244
1045 0.724 0.728 -0.321
1164 0.675 0.708 -0.392
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1286
1406
1526
1645
1766
1886
2006
2127
2246
2365
2484
2605
2724
2849

Table 1.46. 1°F NMR data from monitoring trial 21

0.627
0.599
0.558
0.535
0.499
0.467
0.446
0.422
0.399
0.376
0.356
0.336
0.323
0.302

0.650
0.615
0.589
0.553
0.528
0.509
0.480
0.434
0.408
0.390
0.368
0.341
0.334
0.314

Time (min)  [1.13b] (M) [1.15b] (M)  1/[1.13b]
0 1512 1.500 0.662
23 1.489 1.475 0.672
81 1.459 1.442 0.686

142 1.429 1.410 0.700
202 1.392 1.379 0.718
260 1371 1.349 0.729
321 1.345 1.317 0.744
380 1.321 1.288 0.757
442 1.201 1.260 0.775
566 1.235 1.204 0.810
740 1.170 1.128 0.855
927 1.110 1.051 0.901
1102 1.023 0.992 0.977
1292 0.949 0.935 1.054
1463 0.889 0.886 1.125
1641 0.825 0.844 1.211
1821 0.773 0.800 1.294
2001 0.734 0.756 1.362
2180 0.694 0.719 1.441
2362 0.657 0.685 1521
2526 0.617 0.646 1.621
2729 0.600 0.618 1.668
2912 0.572 0.583 1.748
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-0.511
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-0.623
-0.695
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-0.806
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-1.129
-1.197



3080 0.548 0.561 1.825
3260 0.525 0.550 1.906
3440 0.502 0.522 1.993
3625 0.482 0.495 2.073
3805 0.470 0.478 2.129
3993 0.450 0.459 2.221
4163 0.435 0.439 2.300
4460 0.413 0.401 2.423
4640 0.403 0.397 2.483
4819 0.385 0.399 2.596
5003 0.377 0.374 2.656
Table 1.47. *°F NMR data from monitoring trial 22.
Time (min) [1.13b] (M) [1.15b] (M)  1/[1.13b]

0 1.432 1.250 0.698

33 1.472 1.226 0.679

92 1.447 1.201 0.691

144 1.427 1.174 0.701

213 1.389 1.150 0.720

271 1.372 1.127 0.729

330 1.347 1.104 0.743

391 1.320 1.080 0.758

451 1.304 1.058 0.767

578 1.260 1.013 0.794

751 1.207 0.953 0.829

938 1.158 0.890 0.864

1123 1.130 0.823 0.885

1303 1.057 0.780 0.946

1471 1.005 0.739 0.995

1652 0.956 0.693 1.046

1831 0.915 0.660 1.093

2012 0.870 0.624 1.150

2191 0.839 0.594 1.192

2382 0.801 0.565 1.248

2551 0.782 0.534 1.279

2739 0.751 0.503 1.331

2922 0.726 0.480 1.378

3091 0.701 0.461 1.427

3272 0.679 0.439 1.473

3451 0.664 0.415 1.506
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“Same Excess” Experiments

3636
3814
4005
4173
4471
4651
4837

0.643
0.630
0.603
0.596
0.571
0.554
0.539

0.402
0.384
0.364
0.348
0.327
0.321
0.310

Table 1.48. *°F NMR data from monitoring trial 23.

[1.14b]

Time (min)  [1.13b] (M) (M) In[1.13b]
0 1.502 2.000 0.407
10 1.462 1.971 0.380
42 1.415 1.923 0.347

153 1.331 1.814 0.286
179 1.258 1.750 0.230
229 1.209 1.692 0.190
280 1.155 1.639 0.144
332 1.119 1.607 0.113
384 1.049 1.540 0.048
447 0.961 1.447 -0.040
508 0.899 1.382 -0.106
568 0.845 1.329 -0.168
688 0.773 1.261 -0.257
809 0.710 1.206 -0.342
929 0.646 1.138 -0.436
1049 0.610 1.102 -0.494
1229 0.568 1.050 -0.566

Table 1.49. *°F NMR data from monitoring trial 24.

Time (min)  [1.13b] (M) [1.14b] (M)  In[1.13b]

0 1.204 1.700 0.186
22 1.179 1.667 0.165
52 1.125 1.631 0.118
187 1.005 1.502 0.005
237 0.966 1.458 -0.035
288 0.929 1.415 -0.074
341 0.876 1.377 -0.132
393 0.846 1.336 -0.168
473 0.795 1.303 -0.230
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578
697
818
938
1064
1178

0.724
0.659
0.625
0.565
0.530
0.504

1.235
1.174
1.118
1.073
1.020
0.977

-0.323
-0.417
-0.469
-0.570
-0.634
-0.684

Table 1.50. 1°F NMR data from monitoring trial 25

Time (min) [1.13b] (M) [L.15b] (M)
0 0.97 0.00

48 0.95 0.03
78 0.95 0.04
108 0.93 0.06
138 0.92 0.08
169 0.92 0.09
199 0.90 0.11
228 0.88 0.12
257 0.87 0.13
290 0.89 0.15
320 0.85 0.17
350 0.84 0.17
380 0.81 0.18
412 0.79 0.19
443 0.79 0.20
470 0.79 0.22
498 0.78 0.24
561 0.73 0.25
681 0.70 0.30
826 0.64 0.33
921 0.62 0.35
1169 0.57 0.42
1291 0.54 0.43
1515 0.51 0.47
1649 0.47 0.48
1772 0.47 0.53
1891 0.46 0.53
2011 0.43 0.53
2372 0.41 0.60
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2493 0.40 0.62

2603 0.38 0.62
2719 0.37 0.63
2844 0.36 0.64
2960 0.36 0.66
3081 0.34 0.66
3201 0.33 0.67
3310 0.33 0.68
3449 0.32 0.68
3560 0.31 0.69
3680 0.31 0.69
3800 0.30 0.66
4052 0.28 0.69
4278 0.28 0.72

Table 1.51. °F NMR data from monitoring trial 26.
Time (min) [1.13b] (M) [L1.15b] (M) 1/[1.13b]

670 0.479 1.408 2.087
848 0.518 1.389 2.162
1035 0.512 1.374 2.277
1188 0.518 1.359 2.367
1390 0.519 1.348 2434
1570 0.533 1.337 2.495
1770 0.528 1.327 2.586
1945 0.525 1.320 2.632
2110 0.514 1.313 2.685
2290 0.479 1.308 2.727
2473 0.463 1.300 2.791
2650 0.439 1.295 2.824
2841 0.423 1.291 2.864
3010 0.411 1.287 2.906
3189 0.401 1.279 2.963
3369 0.387 1.275 3.015
3550 0.380 1.271 3.046
3730 0.373 1.267 3.125
3910 0.367 1.267 3.141
4090 0.358 1.262 3.200
4269 0.354 1.253 3.288
4450 0.349 1.250 3.333
4630 0.344 1.242 3.429
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Nitrobenzene binding experiments

Table 1.52. *°F NMR data from monitoring trial 27.
[1.13b]( [1.15b] In[1.13

Time (min) M) (M) b]

0 1.460 2.000 0.379
13 1.427 1.958 0.356
71 1.358 1.883 0.306

133 1.266 1.815 0.236
191 1.211 1.752 0.191
251 1.144 1.686 0.134
313 1.085 1.626 0.081
372 1.031 1574 0.031
428 0.995 1.524 -0.005
608 0.885 1.374 -0.122
790 0.739 1.270 -0.302
969 0.634 1.189 -0.455
1151 0.566 1.100 -0.568
1328 0.520 1.047 -0.654
1510 0.435 0.966 -0.832
1698 0.383 0.912 -0.960
1870 0.341 0.874 -1.076
2051 0.296 0.843 -1.216
2233 0.262 0.818 -1.339
2410 0.245 0.764 -1.407
2587 0.215 0.724 -1.538
2765 0.188 0.723 -1.669
2943 0.164 0.659 -1.805
3127 0.152 0.642 -1.881
3304 0.132 0.655 -2.025
3486 0.115 0.636 -2.161

Table 1.53. 1°F NMR data from monitoring trial 28.

Time (min) [1.13b] (M) [L.15b] (M)  In[1.13b]

0 1.490 2.000 0.399
23 1.422 1.944 0.352
85 1.361 1.857 0.309
142 1.249 1.795 0.222
200 1.199 1.722 0.182
261 1.126 1.648 0.119
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323

383

440

629

800

979

1166
1342
1521
1707
1884
2061
2242
2420
2604
2783
2960
3143
3320
3504

1.063
0.998
0.950
0.809
0.694
0.611
0.534
0.460
0.403
0.349
0.316
0.276
0.241
0.215
0.193
0.169
0.148
0.137
0.120
0.107

1.584
1.533
1.485
1.339
1.239
1.134
1.058
0.993
0.933
0.895
0.830
0.808
0.771
0.744
0.717
0.697
0.668
0.654
0.642
0.626

0.061
-0.002
-0.051
-0.211
-0.365
-0.493
-0.627
-0.777
-0.910
-1.052
-1.153
-1.287
-1.422
-1.538
-1.644
-1.777
-1.909
-1.989
-2.120
-2.237

Table 1.54. °F NMR data from monitoring trial 29.

[1.13b] [1.15b]
Time (min) (M) (M) 1/[1.13t

0 1.500 2.000  0.667
102 1.367 1941 0732
129 1.358 1.899  0.736
200 1.305 1.846  0.766
250 1.237 1817  0.809
308 1.246 1762 0.803
369 1.180 1.735  0.848
427 1.130 1719  0.885
620 1.075 1615 0931
791 0.993 1489  1.007
970 0.862 1453 1161
1150 0.803 1359  1.246
1327 0.725 1321  1.379
1512 0.659 1291 1518
1692 0.623 1220  1.604
1873 0.592 1174  1.690
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2051 0.535 1.170 1.868

2231 0.528 1.103 1.894
2414 0.492 1.076 2.033
2594 0.469 1.057 2.131
2773 0.448 1.047 2.234
2950 0.425 1.024 2.354
3133 0.409 1.000 2.444
3309 0.395 0.972 2.529
3491 0.390 0.946 2.564
3670 0.364 0.954 2.746
3851 0.347 0.940 2.879
4035 0.331 0.940 3.019
4402 0.323 0.888 3.092
4581 0.317 0.867 3.151
4762 0.306 0.863 3.268
4942 0.288 0.849 3.472

Table 1.55. 1°F NMR data from monitoring trial 30.

Time (min) [1.13b] (M) [L.15b] (M)  1/[1.13b]

0 1.498 2.000 0.668
31 1.442 1.960 0.693
94 1.407 1.909 0.711
150 1.358 1.881 0.736
59 1.310 1.823 0.763
121 1.262 1.782 0.793
183 1.220 1.745 0.820
243 1.160 1.704 0.862
301 1.130 1.669 0.885
507 1.083 1.525 0.923
667 0.949 1.483 1.054
838 0.862 1.399 1.160
1027 0.800 1.311 1.250
1205 0.730 1.251 1.371
1374 0.691 1.226 1.448
1563 0.626 1.159 1.598
1740 0.579 1.122 1.727
1917 0.550 1.072 1.818

2098 0.508 1.050 1.970
2274 0.482 1.011 2.073
2457 0.453 0.987 2.208
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2637 0.434 0.958 2.302

2813 0.394 0.958 2.537
2940 0.386 0.943 2.592
3114 0.373 0.894 2.680
3301 0.352 0.910 2.844
3473 0.342 0.868 2.924
3653 0.333 0.849 3.003
3837 0.319 0.840 3.139
4026 0.304 0.844 3.294
4208 0.299 0.821 3.340
4386 0.291 0.822 3.436
4568 0.286 0.804 3.494

Kinetic isotope effect
Table 1.56.°F NMR data from monitoring trial 31.

Time (min) [1.13b] (M) [L1.15b] (M)  In[1.13b]

0 0.973 0.0 -0.027
8 0.940 0.022 -0.062
37 0.914 0.051 -0.090
68 0.886 0.080 -0.122
98 0.862 0.107 -0.149
128 0.825 0.132 -0.192
158 0.806 0.160 -0.215
188 0.779 0.183 -0.250
218 0.760 0.207 -0.274
248 0.739 0.232 -0.303
278 0.716 0.253 -0.334
308 0.696 0.277 -0.363
338 0.676 0.298 -0.392
368 0.659 0.321 -0.417
488 0.590 0.396 -0.527
608 0.531 0.466 -0.632
728 0.479 0.530 -0.736

Table 1.57. *°F NMR data from monitoring trial 32.

Time (min) [1.13b] (M) [L.15b](M)  In[1.13b]

0 0.960 0.000 -0.040
18 0.937 0.029 -0.065
48 0.916 0.057 -0.088

99



78 0.890 0.084 -0.116

109 0.860 0.109 -0.150
137 0.839 0.132 -0.176
168 0.811 0.156 -0.209
197 0.792 0.179 -0.234
228 0.770 0.201 -0.261
258 0.750 0.222 -0.288
289 0.727 0.245 -0.319
318 0.706 0.259 -0.349
347 0.690 0.280 -0.371
378 0.671 0.296 -0.400
498 0.606 0.363 -0.502
618 0.551 0.420 -0.596
738 0.501 0.472 -0.691

Table 1.58.. %F NMR data from monitoring trial 33.

Time (min) [1.13b] (M) [L.15b] (M)  In[1.13b]

0 1.00 0.00 0.00
22 0.96 0.03 -0.04
67 0.93 0.08 -0.08
98 0.91 0.10 -0.09
137 0.86 0.15 -0.15
182 0.83 0.19 -0.19
230 0.77 0.23 -0.26
273 0.75 0.26 -0.29
317 0.70 0.29 -0.35
378 0.67 0.34 -0.39
437 0.63 0.38 -0.46
498 0.59 0.42 -0.52
558 0.55 0.45 -0.59
617 0.53 0.49 -0.64
679 0.51 0.53 -0.67
738 0.46 0.54 -0.77
858 0.42 0.59 -0.86
978 0.37 0.63 -1.00
1100 0.33 0.67 -1.12
1218 0.30 0.72 -1.21

Table 1.59. °F NMR data from monitoring trial 34.
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Time [1.13b] [1.15b] In[1.13
(min) M) (M) b]
0 1.04 0.00 0.04
9 0.99 0.03 -0.01
46 0.96 0.07 -0.04
69 0.94 0.09 -0.07
98 0.90 0.12 -0.11
129 0.88 0.15 -0.13
260 0.86 0.18 -0.15
289 0.82 0.20 -0.20
319 0.80 0.23 -0.22
348 0.76 0.25 -0.27
380 0.74 0.27 -0.30
408 0.72 0.29 -0.33
438 0.72 0.32 -0.34
470 0.68 0.33 -0.38
501 0.66 0.36 -0.41
528 0.65 0.40 -0.44
708 0.56 0.47 -0.58
890 0.48 0.56 -0.74
1.11.6: X-ray data
Table 1.60. Crystal Data for 1.1c.
Identification code JF2728FFMI
Empirical formula Ca H3g O12 Siy
Formula weight 931.35
Temperature 100(2) K
Wavelength 0.71073 A
Crystal system Triclinic
Space group P-1

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

a=14.4652(11) A
b=14.7780(12) A
c=22.8037(18) A

4491.6(6) A3

4

1.377 Mg/m®

0.273 mm’!
1936

o = 84.9923(19)°.
B =83.150(2)°.
v = 68.288(2)°.

0.422 x 0.226 x 0.162 mm*
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Crystal color and habit
Diffractometer

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Observed reflections (I > 2sigma(I))
Completeness to theta = 25.242°
Absorption correction

Max. and min. transmission
Solution method

Refinement method

F2

Data / restraints / parameters
Goodness-of-fit on F?

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

R indices (all data)

Extinction coefficient

Largest diff. peak and hole

Colorless Block

Bruker Photon100 CMOS

2.246 to 27.500°.

-18<=h<=18, -19<=k<=19, -29<=1<=29
41211

20619 [R(int) = 0.0104]

18247

99.9 %

Semi-empirical from equivalents
0.9470 and 0.8736

SHELXT (Sheldrick, 2014)

SHELXL-2018/3 (Sheldrick, 2018) Full-matrix least-squares on

20619 /59 / 1256
1.045

RI = 0.0345, wR2 = 0.0866
R1 = 0.0403, wR2 = 0.0906
0.00324(17)

0.541 and -0.422 e.A>

Table 1.61. Crystal data for POSS 1.16.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume
Z

Density (calculated)

Absorption coefficient

F(000)

Crystal size

Crystal color and habit
Diffractometer

Theta range for data collection
Index ranges

JF2708FMI
C45 H46 O12 Si8
1003.54

90(2) K

0.71073 A
Triclinic

P-1
a=11.0506(3) A
b= 14.9694(4) A
c=15.8952(5) A
2435.52(12) A3

2

1.368 Mg/m3

0.281 mm-!

1048

0.710 x 0.354 x 0.098 mm?
Colorless Plate

Bruker APEX-II CCD

1.977 to 30.616°.
-15<=h<=14, -21<=k<=21, -21<=1<=22

(= 96.5374(15)°.
®=103.0616(14)°.
© = 104.7571(15)°.
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Reflections collected 21904

Independent reflections 14894 [R(int) = 0.0139]
Observed reflections (I > 2sigma(l)) 13401

Completeness to theta = 25.242° 99.7 %

Absorption correction Semi-empirical from equivalents

Max. and min. transmission 0.9226 and 0.8113

Solution method SHELXT (Sheldrick, 2014)

Refinement method SHELXL-2017/1 (Sheldrick, 2017) Full-matrix least-squares on F2
Data / restraints / parameters 14894 /2 /770

Goodness-of-fit on F2 1.027

Final R indices [[>2sigma(])] R1=0.0301, wR2 =0.0824

R indices (all data) R1=10.0341, wR2 = 0.0854

Largest diff. peak and hole 0.521 and -0.338 e.A-3
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Chapter 2: Studies of Diarylcarbene Insertion into Si—H Bonds for the

Synthesis of Silicon-Stereogenic Silanes”

2.1: Introduction

This chapter represents the development of enantioselective diarylcarbene insertion
methodology to desymmetrize prochiral silanes to produce silicon-stereogenic silanes. The Franz
Lab is interested in developing methods to generate silicon-stereogenic silanes capable of further
functionalization for applications in ligand development, drug design, and silicon-based materials.
Several previous lab members have contributed to studies of enantioselective methodology to
produce silicon-stereogenic silanes including Dr. Kayla Diemoz! and Dr. Austin Kelly. In
particular, Dr. Austin Kelly developed a Rh(l)-catalyzed enantioselective alcoholysis of prochiral
silanes which highlighted the utility of using Si-H bonds as reactive sites.? After
desymmetrization, the remaining Si—H bond is a valuable functional handle capable of further
transformations. The work described in this chapter has been published in Journal of the American

Chemical Society in collaboration with Professor Jared Shaw at UC Davis.?

Strategies to synthesize silicon-stereogenic silanes vary from methods to produce
stereogenic carbon compounds due to the instability of sp? silicon centers. Instead, the approach
towards silicon-stereogenic silanes is to desymmetrize prochiral sp?® silicon centers with two
identical reactive groups (Figure 2.1A).* The remaining reactive group could be used for further
functionalization to produce more complex molecules. Carbene insertion into Si—H bonds is an
ideal transformation for the formation of silicon-centered chirality due to the well-developed
methodology for analogous enantioselective C—H insertion of prochiral sp® carbon centers (Figure
2.1B).%> As such, there are a plethora of catalysts commercially available and efforts can be focused
on expanding the scope of prochiral silanes. The mechanism of C—H insertion is proposed to occur
through an asynchronous concerted mechanism where hydride transfer precedes C-C bond
formation (Figure 2.1C).% The reaction can form two contiguous stereocenters with a prochiral

diazo compound. Given the increased hydridic character of Si-H bonds,” substrates deemed

* Reproduced in part with permission from Jagannathan, J. R.; Fettinger, J. C.; Shaw, J. T.; Franz, A. K. J. Am.
Chem. Soc. 2020, 142 (27), 11674-11679. Copyright 2020 American Chemical Society.
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unreactive to C—H insertion could be examined. Prior to this work there were three known

examples of carbene insertion to produce a silicon-stereogenic molecule.

reactive groups

X=0,CR,  X=CH,R OR, H 5 / S

X X_ X ! .
[l \Si/ ! chiral catalyst
/Si\ 7
R R’ R R' 1
Rare Common L
unstable Stable |

B) . ©
Hydride-like reactivity

H |
X w S p |

RS 3 R4
chiral catalyst VIR TIl NREY ; 'R
. R X 2 ’ X
Y H O R M- L5
R R R "R2 T : —\ \ R
X=GC,Si R R R

Figure 2.1. A) Strategies towards synthesis of silicon-stereogenic silanes. B) Carbene Insertion as a sp®
desymmetrization strategy. B) Transition-state structure of concerted X—H insertion step (X = C or Si).

In 2010, Katsuki reported an enantioselective carbene insertion into silanes with prochiral
Si—H bonds (2.1a-d) using alkyl diazoacetates (2.2a) (Figure 2.2).8 The most active and selective
catalyst synthesized and tested was Ir(l1)-salen 2.3, noted for its bowl-like structure. This report
was noted as the first example of desymmetrization of prochiral silanes using chiral metal
complexes undergoing an Si—H insertion pathway. The authors demonstrated the method with four
prochiral silanes containing sterically demanding substituents such as, 1-naphthyl (2.4a), 2,6-xylyl
(2.4b), isopropyl (2.4c), and cyclohexyl (2.4d) groups with yields between 73-86% and up to
99.5:05 dr and er. Interestingly, the stereochemistry set at carbon was identical whether silicon-
centered chirality was formed in the reaction or not. Kinetic isotope effect studies using prochiral
silanes match that of symmetrical silanes (KIE = 1.6), suggesting that both processes proceed

through concerted mechanisms where the Si—H insertion step is rate-determining.
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Figure 2.2. Katsuki’s Ir(IlI)-salen complex and application for carbene insertion into Si—H bonds to
produce silicon-stereogenic silanes.

In 2012, Iwasa reported an enantioselective carbene insertion into silanes with prochiral
Si-H bonds (2.1b-2.1e) using alkyl diazoacetate (2.2b) (Figure 2.3).° The catalyst chosen was
Ru(ll)-Pheox 2.5, noted for its activity in enantioselective cyclopropanations.’® Although
diastereoselectivity ranged from 58:42 to 79:21 dr, the enantioselectivities of both diastereomers
ranged from 92:8 t0 99.5:0.5 er for silanes 2.6a-2.6d. The authors noted that enantioselectivity was
dependent on the steric demand of the ester group of 2.2b, requiring a bis-1-naphthyl containing

group to achieve high enantioselectivity.
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Figure 2.3. Iwasa’s Ru(ll)-Pheox catalyst and examples for carbene insertion into Si—H bonds to produce

silicon-stereogenic silanes.

Most carbenes studied have been alkyl(ester) or aryl(ester) based on increased reactivity

and diazo compound stability.** The use of diarylcarbenes represents a current challenge in

carbene chemistry due to the presence of two aryl rings to stabilize the electron-poor carbon center,

leading to reduced reactivity (Figure 2.4A).1> Additionally, diaryldiazo compounds are less stable

to because of the presence of two electron-donating groups that increase basicity.> However,

stabilizing the carbene could lead to a more selective insertion reaction and generalized scope. To

date, there are three known examples of diarylcarbene insertion into Si—H bonds, with one setting

carbon-centered chirality.

el gelege

T T OO

Ester Aryl(ester) Ester or Aryl(ester) Diaryl
o Alkyl(ester)
Reactivity Stability
Selectivity

Figure 2.4 A) Stability of metal carbenoids based on substituents. B) Stability of diazo compounds.
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In 2012 Vincente and coworkers expanded the scope of carbenes capable of inserting into
Si—H bonds with their report of Zn(11)-catalyzed insertion into Si—H bonds (Figure 2.5).13 Carbenes
were generated in situ from functionalized alkynes where the alkyne reacts with the carbonyl to
form a furanyl(aryl) carbene intermediate which can undergo Si—H insertion.* The synthesis of
diaryl-containing 2.9a was optimized up to 90% yield and could be performed on gram-scale. The
reaction was tolerant to substitution about the alkyne, ketone and silane, with yields ranging from
59-97%. Alternative donor groups such as an alkyl or vinyl group provided products in good to
excellent yields (2.9b and 2.9c, 85% and 68% respectively). Silanes with two Si—H bonds provided
excellent reactivity (2.9d, 97%) as well as siloxanes (2.9e, 90%). Based on DFT calculations, the

reaction proceeds through a concerted mechanism where the Si—H insertion step is rate-limiting.

R
Y SiR
RsSi—H R /  1omol%znCl,  R__O ¢
*
_ T, R
2.7a-d K CH,Cly, rt )/
5 equiv 2 8a-d R 50ae
SiEtg SiEty SiMe,Ph
o o) o
-CsH
H3C \ / Ph HSC \ / H3C \ / nCs 12
o o) o
CH, CH, CHy
2.9a, 90% 2.9b, 87% 2.9c, 68%
SiHEt, Si(OTMS),CHs
o o}
Ph Ph
HC— | HsC—( ]
o o}
CHj CH,4
2.9d, 97% 2.9e, 90%

Figure 2.5 Vincente’s Zn(II)-catalyzed carbene insertion using alkynes as carbene precursors.

In 2017, Liu and coworkers expanded the scope of carbene precursors to diazo-derived
carbenes with their report on Ag(l)-catalyzed carbene insertion into Si—H bonds(Figure 2.6). Diazo
compounds were formed in situ from tosylhydrazones in the presence of NaH which could then
react with Ag(l). Aryl and aryl-alkyl carbenes were tolerated (2.11a-2.11e), including heterocyclic
compounds (2.11c). Benzhydryl-containing 2.11f was synthesized in 45% vyield. Silanes
containing two or more Si—H bonds were not tested with this method.
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Figure 2.6 Liu’s Ag(I)-catalyzed carbene insertion with aryl and diaryl hydrazones.

In 2018 Wang reported a Pd(0)-catalyzed carbene insertion into tosyl hydrazones as diazo
compound precursors (Figure 2.7). The use of electron-rich phosphines led to higher yields
compared to ligand-free conditions, suggesting an electron-rich metal promotes catalytic activity.®
Other catalysts such as Rh(Il) or Cu(l) complexes provided no reactivity under these conditions.
Substitution at the 2-, 3- and 4-position is tolerated for diaryl substrates and generated synthetically
useful quantities of benzhydryl products (2.11f, 2.14a-d). Using silanes with two Si—H bonds, the
authors performed two separate carbene insertions to rapidly functionalize (2.14e) or form a ring
(2.14f) in excellent yields. Based on previous work with disilanes,'>! the authors propose a
Pd(0)/Pd(I1) cycle where the rate-determining step is migratory insertion of hydride to a palladium

carbenoid.
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Figure 2.7 Wang’s Pd(0)-catalyzed carbene insertion with nosylhydrazones.

In 2019, Zhu reported a Rh(Il)-catalyzed insertion into Si—H bonds using enyne-derived
ketones as carbene precursors (Figure 2.8). The catalyst Rh2(R-BTPCP)4 has been noted as an
exceptionally active carbene insertion catalyst for C-H insertion and cyclopropanation.t’” The
reaction was tolerant to substitution about the ketone and alkyne, allowing for sulfonyl, furanyl,
and naphthyl groups while maintaining above 88:12 er at the carbon center (2.18a-¢). Silanes with
two Si—H bonds were tested (2.18f) but formed in low yield and enantioselectivity (78:22 er).

Competition and parallel KIE experiments support a concerted, rate-determining insertion step

similar to studies using diazo compounds.
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Figure 2.8 Zhu’s Rh(II)-catalyzed enantioselective carbene insertion into Si—H bonds using

Prior to our work, there were no reported examples of diarylcarbene insertion into Si—H
bonds to produce silicon-stereogenic silanes. We envisioned a strategy where prochiral silanes
reacted with diaryldiazo compounds as carbene precursors to access benzhydryl silanes with the
potential for contiguous stereocenters (Figure 2.9). In this strategy, chiral metal catalysts were
screened with prochiral silanes and diazo compounds to identify steric and electronic effects on
enantioselectivity. Furthermore, prochiral diazo compounds can also be investigated to examine
effects from setting two chiral centers. Finally, we envisioned that further transformations would
be explored in order to demonstrate the utility of the insertion products. To accomplish this

research, we collaborated with Dr. Jared Shaw at UC Davis given his lab’s previous work in

diarylcarbene insertion.!8-21

functionalized alkynes.
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Figure 2.9 Project overview.

2.2: Synthesis of Prochiral Silanes and Diazo Compounds

Silanes investigated were synthesized in 1-3 steps from commercially available materials
and one silane studied with this method was commercially available (2.1e, methylphenylsilane).
A method developed by Dr. Kayla Diemoz and Dr. Austin Kelly, originally to synthesize
silanediols and 1,3-disiloxanediols, was applied to the synthesis of prochiral silanes.??23 Starting
from Grignard reagents or organolithium reagents, addition to an alkyldichlorosilane followed by
reduction with LiIALH4 produced silanes (2.19a-2.191) in 21-87% yield (Figure 2.10, Route A).
Silanes were synthesized on up to 40 mmol scale with facile purification using Kugelrohr
distillation or flash chromatography. With this methodology, organolithium reagents tended to
afford faster, cleaner single additions to dichlorosilanes. This is especially true when using
electron-poor aryl bromides (2.19j). Prochiral silanes 2.19k and 2.191 were synthesized from alkyl
Grignard reagents added to chlorophenylsilane to control a single addition to the silicon center
(Figure 2.7, route B). Reduced yields of silanes are attributed to three reasons: 1) difficulty with
isolation of volatile liquids (2.19f, 2.19a), 2) formation of double-addition silane byproducts
(2.19d, 2.19j), and 3) difficulty with formation of Grignard reagent (2.19k). Siloxane 2.19m was
synthesized using a previously reported procedure.?*
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Figure 2.10 Synthesis of prochiral silanes using silyl electrophiles.

Symmetrical diazo compounds 2.20a-c were synthesized following a previously reported
procedure using hydrazine hydrate and diarylketones followed by oxidation with MnO: (Figure
2.11).% Diazo compounds 2.20a-c were synthesized to study electronic effects on yield and

enantioselectivity.

NoH4+H50 or NoH,4 (10 equiv) HoN.,.

j\ AcOH (1.2 equiv) “N MnO, (4 equiv) N,
| _ >
R™ 'R EtOH (0.5 M) F{)\F{? CH.Cl,,0°C,3h H)J\R
reflux or pwave, 16 h 2.20a-h
N, N N
ClI” I ll Cl H3CO ll I OCHj3
2.20a, 75% 2.20b, 74% 2.20c, 55%
N, Cl
N2 N2 OCHj 2
2.20d, 60% 2.20e, 68% 2.20f, 44% 2.209, 68% 2.20h, 63%

Figure 2.11 Synthesis of symmetrical and prochiral diazo compounds.

Prochiral diazo compounds were synthesized using a previously reported procedure
developed within the Shaw laboratory (Figure 2.11).20%6 Diarylketones were subjected to

hydrazine and acetic acid in refluxing or microwave conditions to synthesize hydrazones.
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Hydrazones were isolated as a mixture of isomers and oxidized with MnO: to furnish diazo
compounds. All purifications of diaryldiazo compounds were on basic alumina, as they readily
decompose on silica (pka = 9.7). In general, prochiral diazo compounds were more stable than

symmetrical diazo compounds.

2.3: Screening of Metal Catalysts for Diaryl Carbene Insertion Into Si—H Bonds

Several metals were screened in the reaction between 2.1e and 2.20a that catalyze carbene
insertion into Si—H bonds. Metal complexes include Fe(ll), Cu(l), Ir(l), Ru(l), and Rh(l) routinely
provided poor conversion of the diazo compound (Table 1 entries 1-6). Rh2(OAc)s provided
conversion of diazo compound 2.20a (Table 1, entry 7). *H NMR analysis revealed that insertion
product 2.21a was synthesized in 12% vyield.

Table 1. Optimization of carbene insertion of 2.20a into 2.1e using metal catalysts.

slow addition over 1 h Ph Ph._ _Ph
Nz — g
Ph  CHg catalyst HyC=Si NN Ph o. ,C"é,3h
g ‘ ‘ ivent (0.1 M) A N
7N vent (0.
H H S01.§h, temp © Ph Ph H H
2.1e 2.20a 2.21a 2.22a 2.23a
Entry Catalyst Loading (%) Additive % Yield?
1 Cu(OTf) 10 - <5
2 Cu[MeCN].PFs 10 - <5
3 (Irf[COD]CI) 5 - <5
4 [IrCpCl]2 5 - <5
5 [Ru(p-cymeme)Cl]. 5 - <5
6 Fe(OTf). 20 - <5
7 Rh2(OAC)4 1 - 12
8P Rh,OACs 1 - 35
9P Rh,OAcs 1 4A MS°© 42

2 NMR yield using Ph-TMS as an internal standard. ® 2.20a added over 1 hour using a syringe
pump. €100 mg/ 0.1 mmol 2.20a.

The major side product of the transformation was azine 2.22a.'® Inverse addition of the

diazo compound over 1 hour using a syringe pump was conducted to limit the diazo compound's

concentration in the flask to promote carbene insertion into 2.1e.?” Silane 2.21a was synthesized
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in 35% yield as determined by *H NMR analysis. Formation of 2.23a was observed using *H NMR
spectroscopy. Rh(Il) carboxylates are known to hydrolyze Si—H bonds in the presence of hydroxyl-
containing compounds, including water.?® The addition of 4A MS increased the yield of 2.21a
(42%) and 2.23a was not observed under these conditions.

2.4: Screening of Chiral Rhodium(ll)-Carboxylates for Enantioselective

Variant

The enantioselectivity of the reaction between 2.1e and 2.20a was evaluated with
structurally varied Rh(ll) catalysts (2.24a-j) using conditions developed from Table 1 (Figure
2.12). The enantiomers of product 2.21a were not polar enough to separate on CSP-HPLC, so Pd/C
catalyzed hydrolysis to the silanol (2.25a)?° was implemented to allow separation and determine
enantioselectivity. Results 2.24h, also tetrakis[N-
tetrachlorophthaloyl-(S)-tert-leucinato]dirhodium (Rh2(S-TCPTTL)4), provided the highest

enantioselectivity (76:24 er) and increased yield (76%). This catalyst is also commercially

show that catalyst known as

available.
Separates on
CSP-HPLC
: Ph H3C
N2 Ph/_S_E:H3 1 mol % 2.24a—] \ _H Pd/C (10 wt %) 3 \ _OH
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rRh't0 © N Rh'-N Rh'TO Ph RNMQ N RATO N
] Ll g | I%PLPh »— O »i o
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Figure 2.12 Ligand screen for enantioselective carbene insertion into Si—H bonds.

Further optimization of solvent and reaction temperature was accomplished. Literature
precedent suggested that Lewis basic solvents would significantly reduce reactivity and were not
examined.®® Non-polar solvents such as heptane, benzene, and toluene were observed to increase
enantioselectivity (Table 2, entries 1-4). Several reactions at reduced temperatures were screened
and no insertion occurred below —30 °C (Table 2, entries 6 and 7). Several reactions at temperatures
above —30 °C were attempted using heptane but were often difficult to replicate because of having
to setup the entire reaction (syringe pump + vial) in the refrigerator. Toluene was selected over
other solvents because it provided identical enantioselectivity and is less expensive. Lastly, a
slightly more dilute reaction with toluene provided an increased yield for 2.21a (Table 2, entry 8).
From these results, optimized conditions for symmetrical diazo compounds were 1 mol % Rhz(S-
TCPTTL)4 in toluene (0.05 M) with the addition of 4A MS.

Table 2. Optimization of solvent in Rh(ll)-catalyzed insertion of 2.20a into 2.1e using 2.24h.

Separates on

CSP-HPLC
N Ph _SFHs 1mol%2.24n "\ _H  PaC(10wt%) % _on
U Si_ HyC—Si” Ph—si”~
Ph Ph H H solvent (0.1 M) )\ THF/H,0 (99:1, 0.1 M) )\
2.20a 21e 4AMS, temp,1.5h Ph” “Ph m,1h Ph” ~Ph
inverse addition (1 h) 5 equiv 2.21a 2.25a
Entry Solvent Temp % Yield? erb
1 CH,Cl, rt 76 76:24
2 heptane rt 78 82:18
3 benzene rt 74 82:18
4 cyclohexane rt 74 82:18
5 PhMe rt 68 82:18
6 heptane -78 °C <5 -
7 heptane .30 °C <5 -
8 PhMe (0.05 M) rt 78 82:18
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20.1 mmol 2.20a, NMR vyield using Ph-TMS as an
internal standard. ® Determined using CSP-HPLC.

2.5: Studies of Si—H Insertion With Symmetrical Diazo Compounds

Silanes were tested with diazo 2.20a with optimized conditions to determine substituent
effects (Figure 2.13). Using optimized conditions, diphenyldiazomethane 2.20a and
phenylmethylsilane 2.1e form benzhydryl silane 2.21a in 78% yield and 82:18 er up to mmol scale.
Using methoxy-substituted 2.20b led to a reduced yield of silane 2.21b (45%) and maintained
enantioselectivity (81:19 er). Despite the stabilized carbene intermediate resulting from the
donating groups, only a deleterious effect on yield is observed. Using dichloro-substituted 2.20c
provided 2.21c in excellent yield (91%), although enantioselectivity is reduced (76:24 er).
Symmetrical electronic substitution at the 4-position of diaryl diazo compounds allowed for

carbene insertion, albeit at reduced yield or enantioselectivity.

Electronic effects were investigated on the aryl ring of the silane using diazo compound
2.20a (Figure 2.13, 2.21d-g). Electron-donating effects were deleterious to enantioselectivity,
exemplified in silane 2.21d (70%, 50:50 er), with yields of products comparable to silane 2.21a.
Electron-withdrawing groups such as 4-fluoro (2.21f) or a 2-naphthyl (2.21g) maintained
enantioselectivity (80:20 er and 82:18 er) although yields were slightly lower (66 and 69%).
Overall these results show that electron-donating effects on the silane are deleterious to

enantioselectivity, while electron-withdrawing effects are tolerated at a slight impact to yield.
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Al R Ny 1 mol % Ar!

o Rh,(S-TCPTTL, .-H
/SI\ k u, R'=Si
H H Ar2” TAr? PhMe (0.05 M), 4A MS
5 equiv inverse addition 23°C,1.5h Ar2” TAr2
2.1e, 2.19a-| 2.20a-c 2.21a-0

H3CO HsC
Ph, Ph,
HaC=—5i" Hio—8i" ch—SI @ @ @ ~
HsCO OCH; A Ph)\Ph Ph/I\Ph

Ph Ph Ph
2.21a, 76% 2.21b, 45% 2.21¢,91% 2 21d 70% 2.21e, 76% 2.21f, 66% 2.21g, 69%
82:18 er 81:19 er 76:24 er 50:50 er 74:26 er 80:20 er 82:18 er
Mes 2,4,6-
Oron O VY,
@ sH HaC=—8i” C s ~—8 ~—9 r—s/ Et,SIO— i <:>-—
HsC=—Si 3C=—Si HiC=—Si i 3Si0=—S8i”
i-Pr )\ i-Pr )\ By P /k
Ph Ph Ph Ph Ph Ph Ph Ph Ph Ph Ph Ph Ph Ph Ph Ph
2.21h, 60% 2.21i, 55% 2.21j, 64% 2.21k, 52% 2.211, 45% 2.21m, 60% 2.21n, 60% 2.210, 77%
79:21 er 69:31 er 55:45 er 82:18 er 86:14 er 50:50 er 61:39 er 70:30 er

Figure 2.13 Scope of silicon-stereogenic silanes synthesized using symmetrical diazo compounds.

The effect of steric interactions on both the aryl ring and alkyl portions of the silane were
investigated (Figure 2.13, 2.21h-0). Increasing steric bulk on the aryl ring proved deleterious to
enantioselectivity. Both 1-naphthyl (2.21h) and o-tolyl (2.21i) groups provided reduced
enantioselectivity (79:21 and 69:31 er, respectively) and yields are reduced (60% and 55%,
respectively) compared to 2.21a. In the case of mesityl-substituted 2.21j, almost no
enantioselectivity (55:45 er) was observed, and yields are lower (64% vs 78% vyield for 2.21a).
Steric bulk on the alkyl portion of the silane appeared to have no observable trend but led to
products in fair to good yields. Isobutyl-containing 2.211 led to the highest observable selectivity
with symmetrical diazo compounds (86:14 er) and was performed on mmol scale (45%). Isobutyl
substitution partially recovered enantioselectivity as seen with 1-naphthyl containing 2.21k (82:18
er). However, with an additional methyl group, neopentyl-containing 2.21m afforded no
enantioselectivity (50:50 er) and switching to a siloxane with similar substitution (2.21n) led to a
slight recovery in enantioselectivity (61:39 er). Lastly, cyclohexyl substituted 2.210 formed in
77% vyield with 70:30 er, indicating bulk closer to the silicon center is deleterious to

enantioselectivity.

2.6: Studies of Si—H Insertion with Prochiral Diazo Compounds

The effect of using a prochiral diazo compound on enantioselectivity was examined. Using

diazo compound 2.20d in lieu of 2.20a, several chiral dirhodium(Il) compounds were tested and
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Rh2(S-TCPTTL)4 formed silane 2.26a in 91% vyield, 93:7 dr and 93:7 er. A trial with Rh2(R-
TCPTTL)4 confirmed the identities of stereoisomers using CSP-HPLC to have confidence in the
measurement of 93:7 er. Reducing the temperature did not improve yield or enantioselectivity,
with no product observed below —30 °C (Table 3, entries 6-8).

Table 3. Optimization of metal-catalyzed insertion of 2.20d into 2.1e using Rh(Il) catalysts.

slow addition over 1 h Ph
Ph  CHg Ny CHs 1 mol% catalyst HaC=—Si”~
i
H “H 4 AMS, PhMe (0.05 M)
1.5 h, temp HsC
2.1e 2.20d 2.26a

Entry Catalyst Temp % Yield®  drP ert

1 R-2.24d rt 75 63:37 ND
2 2.24a rt 70 61:39 ND
3 2.24c rt <5 - ND
4 2.24h rt 91 93:7 937
5 R-2.24h rt 91 93:7 7:93
6 2.24h 0°C 78 93:7 937
7 2.24h -30°C <5 - ND
8 2.24h -78°C <5 - ND

20.1 mmol scale, NMR vyield using Ph-TMS as an internal standard. ® Determined using *H NMR. ¢
Determined using CSP-HPLC after Pd/C hydrolysis to the silanol.

Prochiral silanes were tested with diazo 2.20d, and all demonstrated better than 90:10 er
for the major diastereomer (Figure 2.14, 2.26a-f). Additionally, the reaction performed with 1
gram of 2.20d using 0.05 mol % 2.24h affords 2.26a good yield, diastereoselectivity, and
enantioselectivity (89%, 93:7 dr, 93:7 er). Overall, the data shows that diastereoselectivity is
substrate controlled, while enantioselectivity is controlled by the rhodium catalyst 2.24h. Notably,
using a diastereoselective reaction with silane 2.19g promotes enantioselectivity with 2.26¢ (94:6
er) compared to 2.21d (50:50 er).
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1 mol %
Ar/' pHs N2 Arc

. Rh,(S-TCPTTL), - _H
Si . HyC=—Si
H H Ph™ ~Ar PhMe (0.05 M), 4A MS _
5 equiv inverse addition 23°C,1.5h Ph™ SAr
2.20d 2.26a-2.26f

agram scale, 0.05 mol %

o Q. o 9 ¢«

C-—Sl H30—-Sl HyC=— Sl H;C=— Sl ch—sl ch—'sl
Ph™" Ph™" Ph™ Ph™" Ph™" Ph™
H3C H3C HzC H3C H3C H3C
2.26a, 89%*? 2.26b, 90% 2.26¢c, 85% 2.26d, 95% 2.26e, 55% 2.26f, 66%
93:7 dr 91:9dr 94:6 dr 91:9dr 82:18 dr 84:16 dr
93:7 er 93:7 er 94:6 er 93:7 er 92:8 er 93:7 er

Figure 2.14 Scope of silicon-stereogenic silanes synthesized using 2.20d.

Substitution on the ortho position of diaryl diazo compounds was explored to investigate
effects on enantioselectivity (Figure 2.15). With an electron-withdrawing group (2.26g), excellent
yield and enantioselectivity are observed (93%, 93:7 er), and diastereoselectivity increased (98:2
vs 93:7 dr). Recent work has noted potential synergistic effects of electronics and ortho substitution
on enantioselectivity in diarylcarbene chemistry.3! Electron-donating substituents lower
diastereoselectivity (2.26h, 90:10 dr vs 93:7 dr), but slightly improve enantioselectivity (95:5 vs
93:7 er). Substitution on both phenyl rings achieved excellent yield and good selectivity
in 2.26i (98% yield, 90:10 dr. 89:11 er), although slightly lower compared to other substitution
patterns. These substrates demonstrate that the presence of ortho-substitution iso-steric to a methyl
may increase enantioselectivity. Replacing a phenyl group with a 1-naphthyl group led to
decreased diastereoselectivity (2.26j, 85:15 dr) and low enantioselectivity (61:39 er), suggesting
that the location of steric bulk is essential. When steric bulk on the silane is used, high er is still

observed but dr is lower, suggesting that er and dr are set independently.

123



1 mol % Ar,
Ph _PHS N, H

st Rhp(STCPTTL) g g
H H Ph™ SAr  PhMe (0.05 M), 4A MS S
5 equiv inverse addition 23°C,1.5h Ph Ar
2.1e 2.20d-h 2.26a, g-j
Ar = PMP
Ph Ph Ph
~ _H ~ _H ~ _H Ph/‘v _H Ph/‘ H
HyC=Si HyC=Si HyC=Si H,C=Si HsC—Si/ ‘
Ph' D Ph' D Ph' b Ar“'D Ph
HsC FsC HsCO cl O
2.26a, 89% 2.269, 93% 2.26h, 91% 2.26i, 98% 2.26j, 78%
93:7 dr 98:2 dr 90:10 dr 90:10 dr 85:15dr
93:7 er 93:7 er 95:5 er 89:11 er 61:39 er

Figure 2.15 Scope of silicon-stereogenic silanes synthesized using 2.20d-h.

2.7: Mechanistic Studies

Yields with diazo compound 2.20a-c were lower than with prochiral diazo compounds
2.20d-2.20h. Based on results from optimization, the formation of azine 2.22a is the most
significant contributor to loss of yield, and rates of formation may vary based on ortho substitution.
It was confirmed that azines 2.22a and 2.27a are the primary products formed with Rhz(S-
TCPTTL)4 in the absence of silane (Figure 2.16A). There were no differences in overall reaction
order, suggesting that the decompositions of both diazo compounds occur through similar
mechanisms. Using ReactIR, rates of azine formation with diazo 2.20a and 2.20d were compared
in the presence of Rh2(S-TCPTTL)4 at 2041 cm™. Both reactions had first-order profiles suggesting
saturation of the rhodium-catalyst as previously observed in diarylcarbene insertion.3? A dramatic
rate difference between 2.20a and 2.20d was observed (krei>120), indicating that ortho substitution
lowers the rate of azine formation. By limiting azine formation, insertion into a prochiral silane's
Si—H bond becomes more favorable and leads to higher yields of silane 2.26a (compared to 2.20a,

89% vs. 76% respectively).
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1 L
0.05 mol % |

S
g 0.8 Rh,(S-TCPTTL), N\N
2 |
c PhMe (0.05 M)
o
S 06 krer > 120 2.20a Ph)\©
b
N~ 04 2.22a, >95% (NMR)
O
e
g 0.2 oh
Ny  CHs 0.05 mol % H N'
0 Rhy(S-TCPTTL), 3 "N CH,

Ph
|
0 2 4 )K© PhMe (0.05 M) Ph
Time (min) 2.20d

2.27a, >95% (NMR)

Figure 2.16 ReactIR analaysis of diazo decomposition for 2.20a and 2.20d using 2.24h. The
peak at 2041 cm* was monitored for both reactions.

Competition kinetic isotope effect experiments were performed to probe the rate-limiting
step in the transformation (Figure 2.17). Silane 1.6e-d?> was synthesized and tested in a 1:1 ratio
with silane 1.6e. A KIE of 1.6 was calculated, suggesting a rate-determining Si—H insertion step.
Given the magnitude of the isotope effect, the Si—-C and C—H bonds are proposed to form in a
concerted fashion, with a small amount of positive charge building up on the silicon center.®3 This
results fits with previous reports with both aryl(ester)carbenes®* and diarylcarbenes,?? suggesting

identical reactivity for both carbene classes despite different substituents.

Ph Ph

. _H . _D

N, CHs 1 mol % Rhy(S-TCPTTL)4 H,C=Si HzC=Si

Ph CH Ph CH o . .
o 3 o * eh PhMe (0.05 M), 4AMS PR Ph ki _16
o’ b e 23°C,1.5h D Ko
H;C H3C
2.1e-d? 2.1e 2.20d 2.26a 2.26a-d?
2.5 equiv each inverse addition

Figure 2.17 Competition KIE experiment using 2.1e-d?.

From results examining the mechanism of the transformation, the following catalytic cycle
is proposed (Figure 2.18): The rhodium catalyst (2.24h) reacts with the diazo compound (2.20a or
2.20d) to form complex 2.28a, which is approached by prochiral silane 2.1e to produce the silicon-
stereogenic silane 2.26a (or 2.21a) and regenerate the catalyst. Off-cycle formation of azine (2.22a
or 2.27a) can occur when metal carbene 2.28a reacts with another diazo compound. The addition

of 4A mol sieves reduces off-cycle formation of siloxane 2.23a.
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Figure 2.18 Proposed catalytic cycle.

A hypothesis for increased selectivity for prochiral diazo compounds compared to
symmetrical diazo compounds is attributed to the out-of-plane twist of the ortho-substituted aryl
ring in rhodium carbene 2.28a that blocks one face of the carbene from an approaching Si—H bond
(Figure 2.19). Additionally, the combination of ligand steric effects and the ortho-substituent is
proposed to limit isomerization of the aryl rings that would allow access to both faces of the
carbene. As seen with ortho-substituted diazo compounds 2.20d-2.20g, increasing electron-
withdrawing effects leads to higher observed diastereoselectivity. The out-of-plane twist would
limit conjugation of the electron-withdrawing group and lead to a more stable carbene
intermediate. Recent work from Houk® and Davies®' supports the out-of-plane twist with
dirhodium carbenes. The authors observed similar effects from diazo compound sterics and

electronics, supported by DFT calculations.
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Approach
blocked by R

out-of-plane tilt

Figure 2.19 Rationale for increased selectivity with prochiral diazo compounds.

2.8: Functionalization of Si—H insertion products

Transformations to demonstrate the further utility of insertion products were explored.
Access to enriched silanol 2.29a was accomplished using Pd/C catalyzed hydrolysis in THF/H20
in 90% yield, 90:10 dr and 93:7 er (Figure 2.20). Based on previous reports, this is known to occur
with inversion of configuration at the silicon center.®® Si-H hydrolyses were performed for all

silanes in order to report enantioselectivities using CSP-HPLC.

)

“ _H _OH
HoC—Si Pd/C (15 wt%) HaCr Si
©‘ D THF/H,O (0.1 M), rt, 10 min © K/@
HaC HaC
2.29a, 90% yield
B2 90:10 dr
93:7 er 93:7 er

Figure 2.20 Hydrolysis of 2.26a to 2.29a using Pd/C.

Conditions were screened for a hydrosilylation product with the remaining Si—H bond.
Several metals known to insert into Si—H bonds with retention of configuration, including Pt, Ir,
and Rh, were explored.?° Initial experiments were performed with Pt-based catalysts. NHC-based
Pt catalyst provided poor conversion and starting material was recovered (Table 4 entry 1). With
platinum(0)-1,3-divinyl-1,1,3,3-tetramethyldisloxane (Pt(dvs)) and PtO2, complete conversion of
the Si—H bond was observed and small amounts of hydrosilylation product 2.30b formed (Table

4, entries 2 and 3). Screening several solvents did not affect the reaction outcome (Table 4, entries
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4-6). With Rh-based catalysts, unexpected formation of vinylsilane 2.30a was observed in addition
to 2.30b (Table 4, entry 7). Switching to Wilkinson’s catalyst, as well as switching from CH2Cl:
to DCE, provided lower selectivity for 2.30a (Table 4, entries 8 and 9). When the reaction was
scaled up a 1:1 ratio of the vinyl silane and hydrosilylation product was observed (Table 4, entry
10). At reduced scale, the equivalents of styrene could have been more than as written since the
relative error is higher. A previous report supports that increased equivalents of alkene promote
vinylsilane formation.3” Here, an 85:15 selectivity was observed using three equivalents of 4-
fluorostyrene at 82% mass recovery (Table 4, entry 11). The vinylsilane formed in 93:7 dr,
indicating high fidelity of the stereochemical information. The enantiomers of vinylsilane 2.30a

did not separate on CSP-HPLC, so an er could not be determined.
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Table 4: Optimization of dehydrocoupling to form vinylsilane 2.30a

F F
M talyst (X mol % o AQ/ o A/EJ/
HsC=—Si catalyst (X mol %) N

4-F-Styrene (X equiv) HgC—"Si Hsc—/'Si
Y D WY — @K/@ o @D

HsC HsC HsC

923.:2763r 2.30a 2.30b

93:7 er

2.26a Temp Conversion 2.30a: % Mass

Entry Catalyst (mol %) Solvent

(mg) (°C) (%) 2.30bY  Recovery
12 31° PteNHC*® (10) DCE rt 10 - ND
22 32b PtO, ¢(10) DCE rt > 95 - ND
3 30° Pt(dvs) (2.5) pentane rt > 95 - ND
4¢ 102° Pt(dvs) (5) CHCl, rt > 95 - ND
5¢ 104° Pt(dvs) (5) DCE 80 > 95 - ND
6° 32° Pt(dvs) (5) DCE 80 > 95 - ND
7¢ 16° [Rh(COD)CI]2(2.5) CH:Cl: 40 > 95 85:15 ND
8¢ 33 [Rh(PPh3)Cl]2 (2.5) CH:Cl 40 > 95 75:25 ND
9¢ 31 [Rh(COD)CI]2(2.5) CH:Cl; 80 > 95 75:25 80
10¢ 102°®  [Rh(COD)CI]2(2.5) CHCl 40 > 95 50:50 75
11¢ 1037 [Rh(COD)CI];(2.5) CH:Cl2 40 > 95 85:15 82

aStirred for 12 h.® 1.2 equiv styrene used ¢ 10 weight %. ¢ Determined using *H NMR Spectroscopy.
¢Stirred for 16 h. 73.0 equiv styrene used.

Given the presence of benzylic C—H bonds from the ortho-methyl group of 2.26a, an
intramolecular C—H silylation could be accomplished with a chiral silane, leading to an
enantioenriched silaindane. Previous reports from the Hartwig group have led to the development
of arobust Ir(l)-catalyzed C—H silylation reaction for a variety of structures.® Several ligands were
screened with 2.26a (93:7 dr and 93:7 er) with an Ir-(1) source (Table 2.5 entries 1-3). Substituted
1,10-phenanthroline ligands provided Si—H conversion determined using TLC and the reaction
was monitored (Table 5, entry 3). After 96 h, silane 2.31a formed in 85 % yield and 90:10 dr. The

product was isolated in excellent yield and good diastereoselectivity on larger scale (Table 5, entry
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4). 'H NOE experiments confirmed a cis-relationship between the C-H and methyl groups (vide

infra).
Table 5: Optimization of C—H silylation of 2.26a

R R
o
~ _H )

(5 mol%

HyC=—Si” 2.5 mol % [Ir(cod)OCHjl, £ en
. Va 3
©\5© norbornene (1.2 equiv) E)v\/\sl
HsC @

THF (0.5 M), 100 °C, 4 d

2.26a 2.31a, 90% yield
93:7 dr 90:10 dr
93:7 er

Entry R R* Time(h) %yield® dr°

1 H H 24 0 ND
2 H CHs 24 0 ND
3 CHs CHs 96 85 90:10
4 CHs CHs 96 90° 90:10

2 Determined using *H NMR analysis using PhTMS as an internal standard, 0.1 mmol silane 2.26a. °
Determined using *H NMR spectroscopy ¢ 0.33 mmol 2.26a; isolated yield.

2.9: Determination of Absolute Configuration

The absolute configuration of the silicon and carbon centers were determined from two
separate experiments. Tamao-Fleming oxidation of 2.26¢ formed benzhydrol 2.32a in 92:8 er
(Figure 2.21A). Based on CSP-HPLC analysis and previous reports,3 the S configuration is the
enriched enantiomer and was applied to all other prochiral diazo compounds based on analogy.
Separately, *H NOE experiments confirmed a cis-relationship between the C—H and methyl groups
in 2.31a (Figure 2.21B). Assuming retention of configuration during the C—H silylation,?® an S

configuration was determined for the silicon center and applied to all other silanes by analogy.
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A. Carbon Configuration

H;CO
’c" H . OH
H,C=—Si”~ 1. BF3°2AcOH (1.1 equiv) :
. 2. Urea+H,0, then CsF
OO0
HsC
2.32a
2.26¢ S configuration
94:6 dr 92:8 er
94:6 er

B. Silicon Configuration

NOE Observed
e W,
H _Ph : E

R : /CH3
{ ,CHs - HyC=—Si~
Sl/ p— /SIV 3 T’
v H @ Ph
HsC
R Configuration

Figure 2.21: A) Tamao-Fleming oxidation of 2.26¢ for carbon configuration; B) *H NOE experiments of
2.31a for Si configuration.

2.10: Conclusions

In conclusion, an enantioselective, intermolecular diarylcarbene insertion into Si—H bonds
to synthesize silicon-stereogenic silanes was developed. Dirhodium(ll) carboxylates were
established as potent catalysts for the transformation, providing reactivity for symmetrical and
prochiral diazo compounds with a small library of prochiral silanes. The serendipitous discovery
that prochiral diaryldiazo compounds increased selectivity proved crucial to developing highly
enantioselective carbene insertion methodology. The unique reactivity of prochiral diazo
compounds increased yield of silane products by reducing the rate of off-cycle azine formation,
supported by Kinetic studies. Transformations of an enantioenriched silane derived from this
method showcase the potential applications.

The prochiral silanes developed serve as a source of prochiral silanes for current efforts in
the Franz Lab. Lab members Jacob Dalton and Adilene Bernal Sanchez are currently using
prochiral silanes to access prochiral silanediols to investigate desymmetrization with enzymes and
chiral organocatalysts. Additionally, lab member Yun-Pu Chang is studying silanes derived from

this method as silanol-based ligands.

131



2.11: Experimental Procedures and Characterization

*CAUTION* Diazo compounds are high energy compounds and require careful treatment. We
observed no problems throughout our work, but care should always be taken when handling large
quantities of diazo compounds. See Bull et. al.*® for risk analysis for related diazo compounds.

2.11.1: General Information

General information on NMR spectroscopy can be found on page 64.
2.11.2: Materials

For chapter 2, cyclohexylphenylsilane, triethylsiloxyphenylsilane,?* 2-
methoxybenzophenone,*®  naphthylphenylketone,*>  2-triflouoromethyl  benzophenone,*
diphenyldiazomethane,®  4,4'-(diazomethylene)bis(chlorobenzene),**  4,4'-(diazomethylene)
bis(methoxybenzene)* were made from previously published procedures. (Rh2(S-TCPTTL)s was
purchased from TCI; Rh2(OAc)4, Rh2(R-PTAD)s and Rh2(S-BTPCP)4 purchased from Strem
Chemicals Inc. Rh2(S-PTV)a, Rh2(S-PTTL)4, (Rh2(S-BPTTL)4 were donated by the Shaw Lab at
UC Davis. Dry CH2Cl2, THF, Et2O and PhMe were dispensed from a solvent purification system
that passes solvent through two columns of dry neutral alumina prior to use. NOTE: it is necessary
that the MnO2 used for the oxidation of hydrazones be ~85% pure with an average particle size of
2 microns, appearing as a fine black powder (e.g. Oakwood Chemical, CAS #: 1313-13-9, cat. #:
094454, lot #: 094454K03K or Sigma Aldrich, cat: 217646-100G, Lot # MKCJ7777).

2.11.3: Synthesis, Purification and Analysis

All microwave experiments were run in a Biotage Initiator EXP EU 400W microwave
synthesizer 2.0 (serial number 11031). MALDI data was obtained at the Mass Spectrometry
Facilities of University of California, Davis. Products were also analyzed by mass spectrometry
on a Bruker UltraFlextreme MALDI mass spectrometer (Bruker Corp, Billeraca, MA) in reflectron
mode. Samples were first mixed in a 1:1 ratio with a saturated solution of alpha-hydroxycinnamic
acid (Sigma Chemical Co) in high-purity water:MeCN (35%:65%) and 1mg of Nal to promote
cationization was added before being spotted on the plate and allowed to air dry. Samples were

analyzed using the minimum laser fluence to obtain adequate signal (s/n > 20), generally requiring
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1000 shots per sample. Data was analyzed in FlexAnalysis. Compounds were analyzed using low-
resolution mass spectrometry with an Advion© ASAP-APCI-MS was achieved and the
corresponding data is reported for those samples. Kinetic Analysis was performed using a Mettler
Toldedo ReactIR 700 (serial number B929971514) with a liquid N2 MCT detector fitted with a
DiComp probe (serial number B939349478). The system was filled with liquid N2 and allowed to
cool for 1 h before kinetic experiments begun. Initial trends were found using iC IR 7.1 and further
analyzed using Microsoft Excel. 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 um) 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 (90:10 hexanes/isopropanol)/hexanes or (90:10

heptane/isopropanol)/heptane system and 40 °C column oven temperature.

2.11.4: General Synthetic Procedures

Method A: Svnthesis of Donor/donor diazo Compounds 2.20a-¢, h

o) N2H, (10 equiv) HoN. MgSO
ACOH( 1.2 equiv) N w?no: Ne
Ar Ar T Ar
EtOH (0.2 M), 80 °C, 24-48 h CH,Cl,, 0 °C, 4-16 h
A 50-mL two-neck round-bottomed flask with a stir bar and condenser was charged with ketone

and anhydrous EtOH (0.2 M). Hydrazine (10 equiv), followed by AcOH (1.2 equiv) were added,
and the solution was heated to reflux. The reaction was monitored by TLC (7:3 hexanes/EtOAC)

until the ketone was fully consumed. The reaction was allowed to cool to room temperature, and
the solvent was removed via rotary evaporator. The resulting slurry was dissolved in Et20 (20
mL), washed with H20 (10 mL), brine (10 mL), and dried with Na2SQO4. The solution was filtered,
and the solvent was removed via rotary evaporator. The resulting hydrazone was verified to be
present by TLC (7:3 hexanes/EtOAc) and *H NMR spectroscopy, then carried on without further
purification.

The crude hydrazone mixture was transferred into a flame dried round-bottomed flask purged
with argon and charged with a stir bar. CH2Cl2 (15 mL) was added, followed by MgSO4 (100
mg/mmol). The solution was cooled down to 0°C, and MnO2 (8.0 equiv) was added in one portion.

The solution was monitored by TLC (7:3 hexanes/EtOAc) until all hydrazone was consumed. The
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solution was then filtered through celite, washed with CH2Cl2 (3 x 10 mL), and the solvent was
removed via rotary evaporator. Diazo products were purified by flash chromatography using (99:1
hexanes: EtsN) on basic alumina.

Diazo compound 2.20a-c were found to readily decompose within 24 h at room temperature,
so compounds was stored at -23 °C under argon, which increased stability to 2 weeks. Diazo
compounds 2.20a-h were found to be stable for > 48h at room temperature when stored under

argon.

Method B: Synthesis of 2.20f

O CFs  NoHs(10equv)  HN. o MgSO, N, CFs

AcOH (2 equiv) MnO,
Ph Ph — - Fh
EtOH (0.2 M) CH,Cl,, 0 °C, 4-16 h

165 °C (uwave) 3h

A 20-mL microwave vial with a stir bar was flamed dried, allowed to cool, then sealed. With
an Ar-balloon to equilibrate pressure, the vial was charged with 2-trifluoromethylbenzophenone
in (1.00 g, 4.00 mmol) in EtOH (10 mL). Hydrazine (1.28 mL, 40.0 mmol), followed by AcOH
(5.00 mmol, 0.290 mL) were added, and the solution was sparged with Ar for 5 min. The
microwave vial was heated in a microwave reactor to 165 °C for 3 h, with 15 sec of pre-stirring.
The reaction was allowed to cool to room temperature and was diluted in Et2O (20 mL), washed
with H20 (10 mL), brine (10 mL), and dried with Na2SOas. The solution was filtered, and the
solvent was removed via rotary evaporator. The crude hydrazone mixture was transferred into a
flame dried round-bottomed flask purged with argon and charged with a stir bar. CH2Cl2 (10 mL)
was added, followed by MgSO4 (100 mg/mmol). The solution was cooled down to 0 °C, and MnOz2
(32 mmol, 2.78 g) was added in one portion. The solution was monitored using TLC (7:3
hexanes/EtOAC) until all hydrazone was consumed. The solution was then filtered through celite,
washed with CH2Cl2 (3 x 10 mL), and the solvent was removed via rotary evaporator. The product
was purified by flash chromatography (99:1 hexanes/EtsN) on basic alumina to furnish diazo 2.20f

as ared liquid in 44% yield (462 mg, 1.76 mmol) over 2 steps.
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Method C: Synthesis of Aryl-alkyl Silanes 2.19a-j Using Grignard Reagents

Mg (1.15 equiv) ) .
DBE (0.15 equiv) BrMg— Ar SiCl,MeH Ar\SifMe LiAIH, Nai’

0°G.3h " Yo 0°Csh  y H

Br—Ar
THF (0.2 M)

Magnesium turnings (1.15 equiv) were added to THF in a flamed dried, argon-purged 2-neck
flask followed by the addition of DBE (0.15 equiv). The solution stirred for 1 h and turned black.
The aryl bromide (1.0 equiv) was slowly added dropwise over a 20-min period, and the solution
was brought to reflux for up to 16 h, or until magnesium was no longer observed in the flask. The
reaction was allowed to cool to room temperature and stirred an additional 15 min. The reaction
was cooled to 0 °C with vigorous stirring, and an alkyldichlorosilane was added quickly in one
portion, and stirred for an additional 2-3 h with no further cooling. The reaction was cooled to 0
°C again, and LiAIH4 (4.0 M solution in Et20, 1.0 equiv) was added dropwise over a 5-min period
and stirred for an additional 2 h. The reaction was slowly quenched with the addition of saturated
aq. Rochelle’s salt, and filtered over celite. The organic layer was separated and the aqueous layer
was washed with Et20, then the organic layers were combined and washed with brine, dried with
MgSOs, filtered, and then concentrated in vacuo. The products were purified either by bulb-to-

bulb distillation via Kugelrohr, sublimation, or column chromatography in hexanes.

Method D: Synthesis of Aryl-alkyl Silanes 2.19a-j Using Organolithium Reagents

n-BuLi (1.0 equiv) , siClMeH AN _Me  (jam, AR Me
Br—Ar Li—Ar ——— P . — % . Si
THF (0.2 M), -78°C, 1 h -78C,1h " g  -718°C.sh  H~ CH

A flamed dried round-bottomed flask with a stir bar was charged with an aryl bromide (1.0
equiv), and THF (25 mL). The reaction was cooled to -78 °C with vigorous stirring, and n-BuL.i
(2.5 M solution in hexanes, 1.0 equiv) was added dropwise, and the reaction stirred for 1 h. The
alkyldichlorosilane (1.0 equiv) was added quickly in one portion and the reaction stirred for 1 h at
-78 °C. LiAlH4 (4.0 M solution in Et20, 1.0 equiv) was added dropwise over a 5 min period and
the reaction stirred for 2 h. The reaction was slowly quenched with the addition of saturated ag.
Rochelle’s salt, and filtered over celite. The organic layer was separated and the aqueous layer was
washed with Et20, then the organic layers were combined and washed with brine, dried with
MgSOyq, filtered, and then concentrated in vacuo. The products were purified either via Kugelrohr,

sublimation, or flash chromatography (hexanes) to furnish pure silanes.
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Method E: Synthesis of 2.19k

Mg (1.15 equiv) PhSIHCI
DBE (0.15 equiv) !
Br” > tBu BrMg” “tBu oG g Si” > tBu
THF (0.2 M), reflux, 16 h ’ 0o H

Magnesium turnings (1.15 equiv, 5.75 mmol, 140 mg) were added to a flamed dried argon-
purged, 25-mL 2-neck flask. THF (10 mL), followed by DBE (0.15 equiv) were added to the flask.
The solution stirred for 1 h at room temperature and turned black. Neopentyl bromide (1.0 equiv,
5.0 mmol, 630 mL) was added dropwise, and the solution was brought to reflux for up to 16 h.
The reaction was allowed to cool to room temperature and stirred an additional 15 min. The
reaction was cooled to 0 °C with vigorous stirring, and chlorophenylsilane (1.0 equiv, 5.0 mmol,
0.66 mL) was added quickly in one portion and stirred for an additional 2-3 h with no further
cooling. The reaction was slowly quenched with the addition of saturated aqueous NH4CI (10 mL)
and filtered over celite. The organic layer was separated and the aqueous layer was washed with
Et20, then the organic layers were combined and washed with brine, dried with MgSOyu, filtered,
and then concentrated in vacuo. The crude mixture was purified by column chromatography (100
% hexanes) to furnish silane 2.19k as an oil in 25% yield (231 mg, 1.30 mmol).

Method F: Svnthesis of Racemic Standard for CSP-HPL.C analysis

A 4-mL reaction vial equipped with a stir bar and 50 mg 4A molecular sieves was heated under
flame and dried under high vacuum (<1 torr). After the vial cooled to room temperature, it was
purged with argon, followed by the addition of Rh2(OAc)4 (0.4 mg, 0.002 mmol), then silane (0.5
mmol). The vial was re-purged with argon, and CH2Cl2 (1 mL) was added. A diazo compound (0.1
mmol) was weighed into a separate flame-dried vial, and CH2Cl2 (1 mL) was added. The solution
of diazo compound in CH2Cl2> was drawn into a syringe. Using a long needle, the syringe was
placed on a syringe pump with the needle in the stirring solution. The syringe pump was
programmed to add the solution over a period of 1 h at room temperature. After 1 h, the solution
was diluted with hexane (5 mL), filtered through celite, and concentrated in vacuo. The presence
of insertion product was verified by *H NMR analysis, and CSP-HPLC analysis was then
conducted (Method I).
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Method G: General Procedure for Enantioselective Dirhodium(ll)-catalyzed Carbene
Insertion with Donor/donor Carbenes (Prochiral and Symmetrical)

A 8-mL reaction vial equipped with a stir bar and 4A molecular sieves (100 mg) was heated
under flame and dried under high vacuum (<1 torr). After the vial cooled to room temperature, it
was purged with argon, followed by addition of Rh2(S-TCPTTL)4 (0.0020 mmol, 3.6 mg) and
silane (1.0 mmol). The vial was re-purged with argon, and PhMe (2 mL) was added. Diazo
compound (0.2 mmol) was weighed into a separate flame-dried vial, and PhMe (2 mL) was added,
then the solution was drawn into a syringe. Using a long needle, the syringe was placed on a syringe
pump with the needle in the stirring solution of rhodium catalyst and silane. The syringe pump

was programed to add the solution of diazo compound over a period of 1 h at room temperature.

Needle in stirring solution ——

Figure 2.22. Example insertion with diagram

30 min after the addition of diazo compound, the solution was diluted with hexane (5 mL),
filtered through celite, and concentrated in vacuo. The crude mixture was diluted in hexanes and
ran through a short silica plug (4-cm in a Pasteur pipette) to remove catalyst and concentrated in
vacuo. The crude mixture was analyzed by 'H NMR spectroscopy to determine
diastereoselectivity, via the methyl resonance off the benzene ring. The product was then purified
using flash chromatography (dry loaded sample in silica, 98:2 hexanes/CH2Cl2) to furnish silanes

as pure compounds.
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Method H: Procedure for gsram-scale enantioselective dirhodium(Il)-catalyzed insertion of
diazo 3a and methylphenvlsilane 2.1e

A 100-mL round-bottomed flask with 4A molecular sieves (2.50 g) and equipped with a stir
bar was heated in the oven for 24 h and dried under high vacuum (<1 torr). After the flask cooled
to room temperature, Rh2(S-TCPTTL)4 (0.0025 mmol, 5.1 mg) and methylphenylsilane 2.1e (25.5
mmol, 3.50 mL) were added. The flask was purged with argon, followed by addition of PhMe (25
mL). Diazo compound 2.26a (5.1 mmol, 1.00 g) was weighed into a separate flame-dried vial,
PhMe (25 mL) was added, then drawn into a 30-mL syringe. Using a long needle, the syringe was
placed on a syringe pump with the needle in the stirring solution. The syringe pump was programed
to add the solution of diazo compound over a period of 2.5 h at room temperature.

.........

Figure 2.23. Gram-scale insertion.

After 2.5 h, the solution was filtered, and concentrated in vacuo. The crude mixture was
analyzed by *H NMR spectroscopy to determine diastereoselectivity via the methyl resonance off
the benzene ring. The product was then purified using flash chromatography (dry loaded sample
in silica, 98:2 hexanes/CH2Cl2) to furnish silane 2.26a as an oil in 89% yield (93:7 dr, 93:7 er, 1.34
g, 4.50 mmol). Silane 2.26a was found to be stable to air and atmospheric moisture for >3 weeks

with minimal decomposition and no loss diastereoselectivity or enantioselectivity.
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Method I: General procedure for hydrolysis for CSP-HPL C Analysis

Silane was added to a 4-mL reaction vial (10 mg) followed by THF/H20 (99:1 v/v, 0.5
mL), then Pd/C (10 mg) (preactivated with PhSiHs). The reaction was monitored by TLC until full
consumption of the silane was observed. The reaction was filtered through celite and concentrated
in vacuo. CH2Cl2 (0.1 mL) was added, and the sample was spotted onto a TLC plate (5 x 5 cm).
The plate was placed in a TLC chamber to develop (in 95:5 hexanes/EtOAc), and the silanol was
etched off the plate with a razor blade. The loose silica was washed with 70:30 hexanes/IPA (1
mL) and filtered through celite to furnish CSP-HPLC samples.

Method J: Tamao-Fleming Oxidation*’

) F 1. Urea*H,0, OH
H BF3+2AcOH (1.1 equiv) ~ _H  2.CsF :

HaC=—5i” HeC=—8i7 ~————— ]
: CH,Clp, 0°C ) THF/MeOH (1:1)
@) @) e
HaC HsC

94:6 dr 69:31 dr
94:6 er

S configuration
92:8 er

To a flame-dried, Ar-purged 8-mL reaction vial charged with a stir bar, silane 2.26¢ (258
mg, 0.770 mmol), and CH2Cl2 (3 mL) was added. The vial was cooled to 0°C, and BF3*2AcOH
(220 ul, 0.850 mmol) was added to the vial while stirring. The conversion of the arylsilane to the
silyl-fluoride was monitored using TLC (9:1 hexanes/EtOAc). After 3 h, the reaction was diluted
with CH2Cl2 (10 mL). Saturated aqueous NaHCO3 solution (8 mL) was added and the reaction
stirred until the evolution of gas ceased completely. The organic layer was separated, collected,
and the aqueous layer was extracted with CH2Cl2 (2 x 15 mL). The organic layer was dried over
Na2SOa4 and concentrated in vacuo to afford a silyl-fluoride intermediate that could be isolated as
a clear viscous oil and was identified using 'H NMR and '°F NMR spectroscopy. The silyl-fluoride
was carried forward directly into the next step. The crude mixture was dissolved in 1:1 MeOH/THF
(5 mL), and transferred to a flame-dried flask charged with a stir bar. Next, urea hydrogen peroxide
was added (80.0 mg, 0.850 mmol), and the reaction was monitored by TLC until full consumption
of the silyl-fluoride was observed. After 16 h, CsF (128 mg, 0.850 mmol) was added, and the
reaction was monitored by TLC until benzhydrol was observed (based on TLC). After 1 h,tThe

reaction mixture was filtered through celite, washed with H20 (5 mL), and dried over Na2SO4. The
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solution was filtered and concentrated in vacuo to furnish crude benzhydrol 2.32a. A CSP-HPLC
sample of the reaction mixture was prepared and analyzed (92:8 er). When compared to literature

values, they matched with previously reported data with the S-configuration.

Method K: C—H Silylation*°

HaC CHs
e O
“_ _H ) \
‘ CH

o (5 mol%
HzC=—Si 2.5 mol % [Ir(cod)OCHj], ; .
\“AL : norbornene (1.2 equiv) @Si/
[ jH;.;C THF (0.5 M), 100 °C, 4 d @
2.26a 2.31a, 90% yield
93:7 dr 90:10 dr
93:7 er

To a flame-dried, 4-mL reaction vial charged with stir bar, silane 2.26a (100 mg, 0.330 mmol),
norbornene (36 mg, 0.39 mmol), 3,4,7,8-tetramethyl-1,10-phenthroline (2.0 mg, 0.0084 mmol),
and [Ir(cod)OMe]z, (5.5 mg, 0.084 mmol), THF (0.7 mL) was added. A vial was purged with argon
and a cap was tightly screwed on. The vial was heated to 100 °C and stirred for 4 d. The reaction
was allowed to cool to room temperature, then diluted with hexanes (10 mL), and filtered through
a pad of celite. The organic solution was concentrated in vacuo, and the product was purified using
flash chromatography (98:2 hexanes/CH2Clz) to furnish silane 2.31a as an oil in 90 % yield (89.2
mg, 90:10 dr).

Method L: General Procedure for Pd/C Hydrolysis

2, o

HeC=—Si PA/C (15 wi%%)

©“ D THF/H,0 (0.1 M), rt, 10 min © D
HaC HaC

2.29a, 90% yield
Z26a 90:10 dr
93:7 er 93:7 er

To a flame-dried 4-mL reaction vial charged with stir bar, silane 2.26a (100 mg, 0.33 mmol,
93:7 dr; 93:7 er), Pd/C (15.0 mg, 15 wt%), and THF ( 3.30 mL, containing ~1% v/v H20) was
added. The consumption of starting material was monitored by TLC. After 10 min, CH2Cl2 (5 mL)

was added, and the reaction was filtered through a thin pad of celite. The solution was dried with
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Na2SOs, filtered, and concentrated in vacuo. The product was purified using flash chromatography
(95:5 hexanes/EtOAC) to furnish silanol 2.29a as an oil in 90% yield (94.6 mg, 90:10 dr, 93:7 er).

Method K: Dehydro-coupling reaction

Ph F F
¥ Ph Ph
i [Rh(CODCI, 2.5 mol% A\/Q/ J /\/©/

4-F-Styrene (3.0 equiv)  HaC=—Si HaC—-V‘Si

© D CHoCl, (0.1 M), 40°C, 16 h QD QD

2.26a 2.30a
93:7 dr 73% mass recovery 2.30b
937 er 85:15 (2.30a:2.30b’)

93:7 dr

To a flame-dried, argon purged 8-mL reaction vial charged with a stir bar, silane 2.26a (104
mg, 0.34 mmol, 93:7 dr; 93:7 er), 4-fluorostyrene (19 pL, 1.0 mmol, 3.0 equiv), and CH2Cl2 (3.5
mL) was added. After 5 min, [Rh(COD)CI]2 (5.2 mg, 0.010 mmol, 0.025 equiv) was added, and
the solution turned yellow, and was heated to 40°C and stirred for 16 h. The reaction was diluted
with hexanes and filtered through a thin silica pad to remove catalyst. The solvent was removed
via rotary evaporator, and the product was purified using flash chromatography (98:2->90:10
hexanes/CH2Cl2) to furnish silane 2.30a as an oil in 62% yield (73% mass recovery (104.1 mg);
85:15 mixture with hydrosilylation product 2.30b, 93:7 dr by °F NMR). The determination of
85:15 was confirmed using *H NMR spectroscopy by comparing the relative integrals of the peaks
at 4.10 and 3.97 ppm.

2.11.5: Procedure for in situ ReactlR Analysis

A 5-mL microwave reaction vial charged with a stir bar and 4 A MS (100 mg) was flame-dried
and cooled under vacuum (<1 torr). After cooling, the vial was sealed, and PhMe (3 mL) was
added. A hole was punctured using a spatula on top of the vial, then quickly fitted to the ReactIR
probe for background scans. The diazo compound was added as a solution (44.0 mg in 1.50 mL
PhMe), and more background scans were taken to identify the diazo compound on the IR spectrum
(2000-2100 cm?). Rh2(S-TCPTTL)4 was added as a solution in PhMe (0.5 mL of 0.3 mg/mL
solution), and the disappearance of diazo 2.20a or 2.20d was monitored to determine a 1% order

rate constant (k).
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Figure 2.24. Example of ReactIR setup used for kinetic analysis.

The disappearance of diazo compounds 2.20a and 2.20d was monitored at 2041 cm*and data
was transferred to Microsoft Excel for analysis. The values on the x-axis were manipulated to
reflect the total number of minutes after addition of diazo for determination of rate constants. Y-
axis values were normalized and data was presented in % conversion. The initial point used for 1%
order rate constant determination was set to when Rh2(S-TCPTTL)4 was added to the reaction vial.
For the determination of reaction order, and R? value, the final point was identified when the
concentration plateaued. The reactions were then filtered through a celite plug, and azines 2.22a
and 2.27a were analyzed using *H NMR spectroscopy to determine yield. NMR vyields using Ph-
TMS as an internal standard were >90% for all trials.
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Trial 1

A B

Peak at 2040 cm-1
1.2 bjazo added Rh added

1 \A 0

0.8

Peak at 2040 cm-1

11.6 11.8

0.6

Conversion

0.4 Y =-3.6176x +39.539

R%=0.9906

Ln(conversion)
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Time (min)

Time (min)

Figure 2.25. A: Data graphed for reaction with 2.20a catalyzed by Rh2(S-TCPTTL)4: A) Graph of

conversion vs. time. B) Graph of In[conv] vs. time once catalyst was added.

Figure 2.26. ReactIR surface plot for trial 1
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Trial 2

A B
1.2 Peak at 2041 cm-1 Peak at 2041 cm™!
1 0
8 9.5
0.8 05
-1
0.6
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-2
0.2 25
0 y =-3.1232x + 25.369
2 =
0 5 10 15 R?=0.9939
-0.2 -3.5

Figure 2.27. A: Data graphed for reaction with diazo compound 2.20a catalyzed by Rhz(S-
TCPTTL)4: A) Graph of conversion vs. time. B) Graph of In[conv] vs. time once catalyst was

added.

Trial 1
A B
Peak at 2041 cm-1 Peak at 2041 cm-1
1.2 0.5
1 / Rh added 0
<08 — 0.00 0 40.00 60.00 80.00 100.00
o ¥ S -05
[ =
S @
o 0.6 £
: g
S 04 5
0.2 € 15
0 <— Diazo compound adde 2 v =-0.0307x + 0.2426
0.00 50.00 . R*=0.9951
Time (min) ' Time (min)

Figure 2.28. A: Data graphed for reaction with diazo compound 2.20d catalyzed by Rhz(S-
TCPTTL)4: A) Graph of conversion vs. time. B) Graph of In[conv] vs. time once catalyst was
added.
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Figure 2.29. ReactIR surface plot for trial.

Trial 2
A B
12 Peak at 2041 cm-1 Peak at 2041 cm-1
X / Rh added 0
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0.8 -0.5
0.6 -1
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0.2 y =-0.025x + 0.314
0 4 ¢ Diazo compound added -2 R?=0.9986
0 20 40 60 80 100 120 -2.5

Figure 2.30. A: Data graphed for reaction with diazo compound 2.20d catalyzed by Rhz(S-
TCPTTL)4: A) Graph of conversion vs. time. B) Graph of In[conv] vs. time once catalyst was
added.

Based on the data observed, krel = k2a/ksa=117.8 for trial 1 and 127.2 for trial 2.

2.11.6: Procedure for Kinetic Isotope Effect

An 8-mL reaction vial equipped with a stir bar and 4A molecular sieves (100 mg) was
heated under flame and dried under high vacuum (<1 torr). After the vial cooled to room
temperature, it was purged with argon, followed by addition of Rh2(S-TCPTTL)4 (3.6 mg, 0.0020
mmol) and silane 2.1e (61 mg, 0.50 mmol) and silane 2.1e-d2 (62 mg, 0.50 mmol). The vial was
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re-purged with argon, and PhMe (2 mL) was added. Diazo compound 2.20d (39 mg, 0.20 mmol)
was weighed into a separate flame-dried vial, and PhMe (2 mL) was added, then the solution was
drawn into a syringe. Using a long needle, the syringe was placed on a syringe pump with the
needle in the stirring solution. The syringe pump was programed to add the solution over a period
of 1 h at room temperature.

30 min after diazo compound addition, the solution was diluted with hexanes (5 mL), and
filtered through celite, and concentrated in vacuo. The crude mixture was diluted in hexanes and
ran through a short silica plug (4 cm in a Pasteur pipette) to remove catalyst and concentrated in
vacuo. The product was then purified using column chromatography (dry loaded sample in silica,
98:2 hexanes/CH2Cl2) to furnish a mixture of silane 2.26a and 2.26a-d2 as an oil. The Kinetic
isotope effect was determined using an integration ratio of the benzhydryl resonance for the major
diastereomer present at 3.78. ppm and both benzyl resonances observed at 2.25 ppm (major

diastereomer) using Equation 1:

KIE = A (Eq. 1)

Where Ia is the integral of the benzhydryl resonance, and Is is the integral of both benzyl
resonances. This equation takes into account both stoichiometry and the combined integration of
both 2.26a and 2.26a-dz at 2.25 ppm.

Trial 1
In=1.00
ls =4.91
KIE =1.57

Trial 2
Ia=1.0

Is =4.90
KIE =1.58
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IH NMR, CDCls, 600 MHz
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Figure 2.31. 'H NMR spectrum of 2.26a and 2.26a-d2 mixture, with Ia and I shown.

2.11.7: Characterization Data

Silanes
Methyl(phenyl)silane-d, (2 6e-d,)
Made using previously reported procedures.*’ Spectrum matches with previous
er% report.#’
DD

IH NMR (600 MHz, CDCls) & 7.59 (m, 2H), 7.45 — 7.35 (m, 3H), 0.43 (s, 3H).

Isobutyl(phenyl)silane (2.19a)

Synthesized according to method C for silane formation using bromobenzene
(1.58 mL, 15.0 mmol) and dichlorosiobutylsilane (2.28 mL, 15.0 mmol) and
purified via Kugelrohr (150 °C, 100 torr) to give a clear liquid in 41% yield (1.01
g, 6.15 mmol) over 2 steps from addition of the chlorosilane.

IH NMR (600 MHz, CDCls) & 7.57 (m, 2H), 7.36 (m, 3H), 4.31 (t, J = 3.9 Hz, 2H), 1.85 (dh, J =
13.4, 6.7 Hz, 1H), 0.99 (d, J = 6.6 Hz, 6H), 0.95 (dt, J = 7.5, 3.9 Hz, 2H). 13C NMR (151 MHz,
CDCl3) § 135.35, 133.10, 129.58, 128.09, 25.75, 25.62, 20.61.2°Si NMR (119 MHz, CDCls) § -
33.8.
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Methyl(naphthalen-1-yl)silane (2.19b)

O Synthesized according to the general procedure B for silane formation using 1-
’Si,Me bromonaphthalene (2.10 mL, 15.0 mmol), n-BuLi (15.0 mmol, 6.00 mL of 2.50 M
O H H | solution in hexanes) and dichloromethylsilane (1.09 mL, 15.0 mmol) and purified

via Kugelrohr (150°C, 20 torr) followed by sublimation (70 °C, 760 torr) to give a
clear liquid that can be isolated in 50% yield (1.29 g, 7.5 mmol) over 2 steps from addition of the
chlorosilane.

IH NMR (600 MHz, CDCls) & 8.04 (d, J = 8.2 Hz, 1H), 7.64 — 7.54 (m, 3H), 7.29 — 7.23 (m, 1H),
7.24 —7.19 (m, 1H), 7.19 — 7.14 (m, 1H), 4.75 (q, J = 4.2 Hz, 2H), 0.24 (t, J = 4.2 Hz, 3H). 3C
NMR (151 MHz, CDCls) § 137.2, 135.3, 133.2, 132.2, 130.6, 129.0, 127.7, 126.3, 125.9, 125.4, -
7.2.295i NMR (119 MHz, CDCls) § —38.6.

Methyl(p-tolyl)silane (2.19c)
Synthesized according to the general procedure A for silane formation using 1-
bromo-4-methylbenzene (1.85 mL, 15.0 mmol) and dichloromethylsilane (1.09
mL, 15.0 mmol) and purified via Kugelrohr to give a clear liquid that can be
isolated in 63% yield (1.29 g, 9,48 mmol) over 2 steps from the addition of the
chlorosilane.

IH NMR (600 MHz, CeDs) & 7.42 (d, J = 7.5 Hz, 2H), 7.01 (d, J = 7.5 Hz, 2H), 4.53 (q, J = 4.1
Hz, 2H), 2.09 (s, 3H), 0.22 (t, J = 4.1 Hz, 3H). *C NMR (101 MHz, CDCls) 5 139.6, 135.0, 129.8,
129.0, 21.6, -7.4. 2Si NMR (119 MHz, CDCls) 5 -36.1.

Methyl(naphthalen-2-yl)silane (2.19d)

Synthesized according to the general procedure A for silane formation using 2-
Me bromonaphthalene (3.26 g, 15.0 mmol) in THF (5 mL) and dichloromethylsilane

WM (2.09 mL, 15.0 mmol) and purified via Kugelrohr (150 °C, 20 torr) followed by
sublimation (70°C, 760 torr) to give a clear liquid that can be isolated in 50% yield
(1.29 g, 7.50 mmol, based on Si) over 2 steps from the addition of chlorosilane.

IH NMR (600 MHz, CsDs) & 7.99 (s, 1H), 7.61 (t, J = 7.2 Hz, 3H), 7.49 (d, J = 8.1 Hz, 2H), 7.30
—7.22 (m, 2H), 4.60 (q, J = 4.3 Hz, OH), 0.25 (t, J = 4.2 Hz, 1H).13C NMR (101 MHz, CDCls) §
136.0, 134.0, 133.1, 131.0, 130.9, 128.1, 127.9, 127.4, 126.7, 126.2, -7.4.2°Si NMR (119 MHz,
CDCls) & -35.4.

Isobutyl(naphthalen-1-yl)silane (2.19¢)
Synthesized according to Method C for silane formation using 1-
sr“B” bromonaphthalene (2.10 mL, 15.0 mmol), n-BuLi (15.0 mmol, 6.00 mL of 2.50
O HH M solution in hexanes), and dichlorosiobutylsilane (2.28 mL, 15.0 mmol) and
purified via Kugelrohr (150 °C, 20 torr) followed by sublimation (70°C, 760 torr)

to produce a clear liquid in 21% yield (675 mg, 3.20 mmol, based of Si) over 2 steps from addition
of the chlorosilane.
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IH NMR (600 MHz, CsDs) 8 8.14 (m, 1H), 7.74 (m, 1H), 7.65 (m, 2H), 7.33 (m, 1H), 7.27 (m,
1H), 7.23 (M, 1H), 4.83 (t, J = 3.8 Hz, 2H), 1.76 (h, J = 6.7 Hz, 1H), 0.94 (dd, J = 7.1, 3.7 Hz, 2H),
0.91 (d, J = 6.6 Hz, 6H).13C NMR (151 MHz, CDCls) & 137.37, 135.85, 133.23, 131.87, 130.53,
129.04, 127.92, 126.31, 125.86, 125.39, 26.09, 25.62, 20.80. 2Si NMR (79 MHz, CDCls) § -36.0.

(4-fluorophenyl)(methyl)silane (2.19f)

Synthesized according to the general procedure B for silane formation using 1-
bromo-4-fluorobenzene (1.88 mL, 15.0 mmol), n-BuLi (15.0 mmol, 6.00 mL of
2.50 M solution in hexanes) and dichloromethylsilane (1.09 mL, 15.0 mmol) and
purified via Kugelrohr to give a clear liquid that can be isolated in 45% yield (1.15
g, 6.75 mmol) over 2 steps from addition of the chlorosilane.

IH NMR (600 MHz, CeDe) § 7.19 — 7.16 (m, 1H), 6.79 (t, J = 8.7 Hz, 1H), 4.37 (g, J = 4.3 Hz,
1H), 0.10 (t, J = 4.3 Hz, 1H).3C NMR (101 MHz, CDCls) & 164.2 (d, J = 248.7 Hz), 137.0 (d, J
= 7.6 Hz), 128.9 (d, J = 3.8 Hz), 115.4 (d, J = 19.9 Hz), -7.3. 1°F NMR (376 MHz, CDCl3) & -
111.16. °Si NMR (119 MHz, CDCl3) & -35.8

(4-methoxyphenyl)(methyl)silane (2.199)

Synthesized according to the general procedure for silane formation using 4-
bromoanisole (1.88 mL, 15.0 mmol) and dichloromethylsilane (1.09 mL, 15.0
mmol) and purified using flash chromatography (hexanes) to give a clear liquid
that can be isolated in 81% yield (1.85 g, 12.2 mmol) over 2 steps from addition
of the chlorosilane.

IH NMR (600 MHz, CeDe) 8 7.41 (d, J = 8.1 Hz, 2H), 6.80 (d, J = 8.0 Hz, 2H), 4.55 (g, J = 4.0
Hz, 2H), 3.27 (s, 3H), 0.23 (t, J = 4.1 Hz, 3H). 3C NMR (100 MHz, CDCls) 5 161.0, 136.5, 124.2,
114.0, 55.2, -7.2. 2Si NMR (119 MHz, CDCls) 5 -36.4.

Mesityl(methyl)silane (2.19h)

Synthesized according to the general procedure for silane formation using 2-
bromomesitylene (2.30 mL, 15.0 mmol) and dichloromethylsilane (1.09 mL,
15.0 mmol) and purified using flash chromatography (hexanes) to give a clear
liquid that can be isolated in 87% yield (2.14 g, 13.0 mmol) over 2 steps from
addition of the chlorosilane. Spectral data matches previously reported values.*®

IH NMR (400 MHz, CDCls) § 6.88 (s, 2H), 4.45 (q, J = 4.2 Hz, 2H), 2.47 (s, 6H), 2.30 (s, 3H),
0.36 (t, J = 4.2 Hz, 3H).

Methyl(o-tolyl)silane (2.19i)

Synthesized according to the general procedure for silane formation using 2-
bromotoluene (1.80 mL, 15.0 mmol) and dichloromethylsilane (1.09 mL, 15.0
mmol) and purified using flash chromatography (hexanes) to give a clear liquid that
can be isolated in 72% yield (1.47g, 10.8 mmol) over 2 steps from the addition of
the chlorosilane. Matches with previously reported spectra.*®
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IH NMR (600 MHz, CDCl3) 8 7.52 (d, J = 7.3 Hz, 1H), 7.32 (t, J = 7.5 Hz, 1H), 7.21 — 7.16 (m,
2H), 4.37 (q, J = 4.2 Hz, 2H), 2.46 (s, 3H), 0.43 (t, J = 4.2 Hz, 3H).

(4-fluoronaphthalen-1-yl)(methyl)silane (2.19j)

Synthesized according to the general procedure for silane formation using 4-
fluoro-1-bromonaphthalene (3.38 g, 150 mmol in 5 mL THF) and
dichloromethylsilane (1.09 mL, 15.0 mmol)) and purified via Kugelrohr (150 °C,
50 torr for 30 min then 105 °C, 10 torr) to give a clear liquid that can be isolated
in 21% yield (597.0 mg, 3.1 mmol, based off Si) over 2 steps from addition of the chlorosilane.

'H NMR (600 MHz, CDCls) & 8.18 (d, J = 8.0 Hz, 1H), 8.05 (d, J = 8.0 Hz, 1H), 7.72 (t, J = 6.7
Hz, 1H), 7.60 (dt, J = 16.1, 7.0 Hz, 2H), 7.18 — 7.12 (m, 1H), 4.65 (q, J = 4.2, 3.7 Hz, 2H), 0.54
(t, J = 3.9 Hz, 3H). *C NMR (150MHz, CDClI3 8 160.78 (d, Jcr = 255.0 Hz), 138.82 (d, Jcccr=
4.4 Hz), 135.28 (d, J ccr= 8.3 Hz), 127.80 (d, Jcccr= 4.8 Hz), 127.57 (d, J = 3.1 Hz), 127.32,
126.21 (d, Jececr = 1.7 Hz), 121.40 (d, Jcccr = 6.1 Hz), 109.17 (d, Jccr = 18.6 Hz), -7.19. °F
NMR (376 MHz, CDCls) § -120.24. 2°Si NMR (119 MHz, CDClz) 6 -35.8

Neopentyl(phenyl)silane (2.19k)
Synthesized using method H. Isolated as a clear liquid in 25 % yield (231 mg,
1.30 mmol).

H NMR (600 MHz, CDCl3) 6 7.57 (d, J = 6.4 Hz, 1H), 7.36 (hept, J = 6.7, 6.2 Hz, 2H), 4.34 (t, J
= 4.2 Hz, 2H), 1.08 (t, J = 4.2 Hz, 2H), 1.04 (s, 9H). 3C NMR (151 MHz, CDCls) & 135.35,
133.53, 129.51, 128.08, 33.07, 32.31, 27.09. 2°Si NMR (79 MHz, CDCls) 6 -37.8.
Cyclohexylphenylsilane (2.19I)

@L O Made using previously reported procedures.® Spectra matches with previous
report.
Si

'H NMR (600 MHz, CDCls) & 7.55 (dt, J = 6.5, 1.5 Hz, 2H), 7.41 — 7.37 (m, 1H), 7.37 — 7.33 (m,
2H), 4.16 (d, J = 3.0 Hz, 2H), 1.83 — 1.58 (m, 7H), 1.22 — 0.91 (m, 4H).
1,1,1-Triethyl-3-phenyldisiloxane (2.19m)

@Si,osmt3 Made using previously reported procedure.?* Spectra matches with previous
H H report.

IH NMR (400 MHz, CDCls) § 7.69 — 7.60 (m, 2H), 7.52 — 7.35 (m, 3H), 5.14 (s, 1H), 0.96 (t, J =
8.0 Hz, 9H), 0.60 (g, J = 8.0 Hz, 6H).
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Diazo compounds
Diphenyldiazomethane (2.20a)
Synthesized using previously reported procedures. Spectrum matches previous

0 report.*

IH NMR (600 MHz, CDCl3) § 7.39 (t, J = 7.7 Hz, 3H), 7.30 (d, J = 8.4 Hz, 2H), 7.19 (t, J = 7.4
Hz, 1H).

4,4'-(diazomethylene)bis(chlorobenzene) (2.20b)
Made using previously published procedures. Spectrum matches previous

e report.44
Cl I I Cl

IH NMR (400 MHz, CDCl3) § 7.36 (d, J = 8.8 Hz, 4H), 7.18 (d, J = 8.7 Hz, 4H).

4,4’-(diazomethylene)bis(methoxybenzene) (2.20c)
Made using previously published procedures. Spectrum matches

N .
| § I previous report.4
H;CO ‘ ‘ OCHs

IH NMR (600 MHz, CDCl3) § 7.18 (d, J = 8.8 Hz, 4H), 6.94 (d, J = 8.8 Hz, 4H), 3.82 (s, 3H).

Phenyl(o-tolyl)diazomethane (2.20d)
Synthesized using procedure A using 2-methylbenzophenone (0.36 mL, 2.0
N, Me | mmol), hydrazine (20 mmol, 0.62 mL), acetic acid (0.14 mL, 2.4 mmol) in EtOH
O O (10 mL). The hydrazone was isolated without purification, dissolved in CH2Clz
(15 mL) and oxidized with MnO2 (1.39 g, 16.0 mmol) to give a purple liquid that
can be isolated in 60% yield (243.0 mg, 1.20 mmol) over 2 steps.

IH NMR (400 MHz, CDCls5 7.43 (d, J = 7.1 Hz, 1H), 7.31 (m, 5H), 7.07 (t, J = 7.3 Hz, 2H), 6.97
(d, J = 7.9 Hz, 1H), 2.28 (s, 3H). 3C NMR (151 MHz, CDCl3) & 138.5, 131.5, 131.25, 131.0,
129.1,128.7, 127.2, 126.7, 124.1, 122.6, 20.6. APCI m/z calc for C1aH12N2 [M + H — N]

Phenyl(o-methoxyphenyl)diazomethane (2.20e)
Synthesized using procedure A using 2-methoxybenzphenone (457 mg, 2.20
N> OMe | mmol), hydrazine (24 mmol, 0.68 mL), acetic acid (0.15 mL, 2.6 mmol) in EtOH
(11 mL). The hydrazone was isolated without purification, dissolved in CH2Cl>
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(15 mL) and oxidized with MnO2 (1.53 g, 17.6 mmol) to give a purple oil that can be isolated in
68% yield (761.9 mg) over 2 steps.

IH NMR (600 MHz, CDCl3) & 7.37 (d, J = 7.6 Hz, 1H), 7.31 (g, J = 6.9 Hz, 3H), 7.08 (m, 3H),
7.04—6.96 (M, 2H), 3.86 (s, 3H). 3C NMR (101 MHz, CDCls) 5 157.0, 131.6, 130.1, 129.0, 124.2,
123.2, 121.2, 117.2, 111.7, 55.7. APCI m/z calc for CisH1sN20 [M + H — N2]* . 197.1. Found
196.5.

Phenyl(o-trifluoromethylphenyl)diazomethane (2.20f)
Synthesized using method B to give a red liquid that can be isolated in 44% yield
N, CFs | (461.5 mg, 1.76 mmol) over 2 steps.

'H NMR (400 MHz, CDCl3)  7.83 (d, J = 7.9 Hz, 1H), 7.59 (ddt, J = 23.5, 15.2, 7.6 Hz, 3H), 7.31
(t,J=7.7Hz, 2H), 7.08 (t, J = 7.4 Hz, 1H), 6.86 (d, J = 7.9 Hz, 2H). 3C NMR (101 MHz, CDCls)
6134.3,132.6,131.1(q, Jccr =30 Hz), 131.6,129.2,129.1 127.4 (9, Jeccr = 5.4 Hz), 127.0, 124.3,
124.0 (g, Jer = 275 Hz) 122.5.1%F NMR (376 MHz, CDCl3) 6 -61.93. APCI m/z calc for C1sHsF3N:
[M +H - Nz]*. 235.1. Found 234.4.

Phenyl(1-naphthyl)diazomethane (2.209)
Synthesized according to procedure A for diazo compound formation using 1-
N naphthylphenylketone (1.34 g, 5.70 mmol), hydrazine (57 mmol, 0.88 mL),
’ ‘ acetic acid (0.39 mL, 6.8 mmol) in EtOH (10 mL). The hydrazone was isolated
O O without purification, dissolved in CH2Cl2 (15 mL) and oxidized with MnO2 (3.96
g, 45.6 mmol) to give a purple solid that can be isolated in 68% yield (829 mg,
3.90 mmol) over 2 steps.

IH NMR (600 MHz, CDCl3) § 7.97 — 7.90 (m, 2H), 7.88 (d, J = 8.2 Hz, 1H), 7.69 (d, J = 6.7 Hz,
1H), 7.56 (dt, J = 21.5, 7.3 Hz, 2H), 7.49 (t, J = 7.4 Hz, 1H), 7.31 (t, J = 7.1 Hz, 2H), 7.08 (t, J =
7.1 Hz, 1H), 6.97 (d, J = 7.5 Hz, 2H). 13C NMR (151 MHz, CDCls) & 134.5, 132.2, 131.9, 129.5,
129.3,129.1, 128.9, 126.8, 126.5, 126.0, 125.6, 125.44, 124.2, 122.7. APCI m/z calc for C17H12N>
[M + H - N2]* . 217.1. Found 216.5.

1-chloro-2-(diazo(4-methoxyphenyl)methyl)benzene (2.20h)
N, Cl
Synthesized according to previous procedures and isolated as a red oil.3!
HyCO O O Spectrum matches previous report. 3

IH NMR (600 MHz, CDCl3) & 7.48 (d, J = 7.8 Hz, 1H), 7.42 (d, J = 5.9 Hz, 1H), 7.30 (d, J = 7.5
Hz, 1H), 7.27 (m, J 2H), 6.96 (d, J = 7.0 Hz, 2H), 6.91 (d, J = 9.0 Hz, 3H), 3.80 (s, 1H).

152



Insertion Products:

(S)-benzhydryl(methyl)(phenyl)silane (2.21a)

Synthesized using method F with diazo compound 2.20a (1.000 mmol, 181.0 mg),
silane 2.1e (610 mg, 5.00 mmol) in PhMe (20 mL total) to give a white solid in 78%
yield (225 mg, 0.780 mmol). Enantiomeric ratio was determined by HLPC after
hydrolysis with a Daicel CHIRALPAK ® OD-H column (2% IPA/ hexanes), 1.0
mL/min. tr (2.21aa) = 11.3 min, tr (2.21ab) = 12.9 min, 82:18 er (Si-OH product).
Absolute configuration was assigned to be (S) based on analogy to 2.26c.

IH NMR (400 MHz, CDCl3) § 7.32 (m, 2H), 7.28 — 7.21 (m, 7H), 7.18 (m, 4H), 7.12 (m, 2H), 4.84
—4.59 (m, 1H), 3.81 (d, J = 3.7 Hz, 1H), 0.30 (d, J = 3.5 Hz, 3H). 3C NMR (101 MHz, CDCl3) 5
142.3, 142.1, 135.0, 134.8, 129.6, 129.1, 129.0, 128.6, 128.5, 127.8, 125.6, 125.6, 43.3, -5.9. 29Si
NMR (79 MHz, CDCls) § -11.1. MALDI m/z calc for CaoH20Si [M + H]* . 289.141. Found 289.153.

Racemic Standard for 2.21a:

C:\LabSolutions\Training1107\Jake J\jrj3p58\jrj3p58e.lcd
mAU

5.0+ 3 PDA Multi 1
2.5
0.0
T T T T T T T
0.0 25 5.0 75 10.0 125 15.0 175

min
1 PDA Multi 1/320nm 4nm

< Peak Table >

PeakTable C:\LabSolutions\Training1107\Jake J\jrj3p58\jrj3p58e.lcd
PDA Ch1 320nm 4nm

Peaki# Ret. Time Area Height Area % Height %
1 11.254 111525 5344 54.926 57.328
2 12.929 91520 3978 45.074 42,672
Total 203045 9322 100.000| 100.000

Enantiomerically enriched (S) 2.21a using S-TCPTTL.:

C:\LabSolutions\Training1107\Jake J\jrj3p100-115\jrj3p115b.lcd
mAU

PDA Multi 1]
10+

-5
0.0 25 5.0 7.5 10.0 125 15.0 175

min
1 PDA Multi 1/265nm 4nm

< Peak Table >

PeakTable C:\LabSolutions\Training1107\Jake J\jrj3p100-115\jrj3p115b.lcd
PDA Ch1 265nm 4nm

Peakdt Ret. Time Area Height Area % Height %
1 11.377 249390 11382 81.855 82.869
2 13.346 55284 2353 18.145 17.131
Total 304673 13735] 100.000 | 100.000
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(S)-(bis(4-methoxyphenyl)methyl)(methyl)(phenyl)silane (2.21b)

O

- H
HaC=—Si

MeO II II OMe

Synthesized using method F with diazo compound 2.20c (0.20 mmol, 42
mg) and silane 2.1e (122 mg, 1.00 mmol) to give a white solid in 45%
yield (31.3 mg, 0.0900 mmol). Enantiomeric ratio was determined by
HLPC after hydrolysis with a Daicel CHIRALPAK ® AS column (2%
IPA/ hexanes), 1.0 mL/min. tr (2.21ba) = 13.7 min, tr (2.21bb) = 16.2
min, 81:19 er (Si-OH product). Absolute configuration was assigned to
be (S) based on analogy to 2.26c¢.

'H NMR (600 MHz, CeDs) & 7.41 — 7.36 (m, 2H), 7.17 (m, 2H), 7.15 - 7.09 (m, 5H), 6.78 (d, J =
8.6 Hz, 2H), 6.73 (d, J = 8.7 Hz, 2H), 4.96 (p, J = 3.6 Hz, 1H), 3.72 (d, J = 3.9 Hz, 1H), 3.31 (s,
3H), 3.27 (s, 3H), 0.29 (d, J = 3.7 Hz, 3H). 3C NMR (101 MHz, CDCls) 6 157.6, 157.5, 135.1,
135.0,134.8,134.7,129.9, 129.8, 129.56, 127.8, 114.0, 113.9, 55.4, 55.3, 40.9, -5.8. Did not ionize
using ESI, MALDI or APCI.

Racemic Standard for 2.21b:

<Chromatogram>

C:\LabSolutions\Training1107\Jake J\jrj3p116-120\jrj3p118a_pmp_9802AS.Icd

mAU

1
10
5]

L

5]

PDA Multi 1

§
&
N
o3
N

1 PDA Multi 1/233nm 4nm

< Peak Table >

0 5 10 15 20 25 30

min

PeakTable C:\LabSolutions\Training1107\Jake J\jrj3p116-120\jrj3p118a_pmp_9802AS.lcd

PDA Ch1 233nm 4nm

Peak# Ret. Time Area
1 13.722
2 16.259

Height Area % Height %
14077 49.974 64.499

7748 50.026 35.501

Total 1611469

21826 100.000| 100.000
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Enantiomerically enriched (S) 2.21b using S-TCPTTL:

<Chromatogram>

C:\LabSolutions\Training1107\Jake J\jrj3p120-130\jrj3p123.lcd
mAU

PDA Multi 1

e T s e e S e e e e L B e e e A
0 5 10 15 20 25 30

min
1 PDA Multi 1/233nm 4nm
< Peak Table >

PeakTable C:\LabSolutions\Training1107\Jake J\jrj3p120-130\jrj3p123.lcd
PDA Ch1 233nm 4nm

Peaki# Ret. Time Area Height Area % Height %
1 13.412 1249142 23869 18.595 29.783
2] 15.503 5468390 56276 81.405 70.217
Total 6717532 80145 100.000 100.000

(S)-(bis(4-chlorophenyl)methyl)(methyl)(phenyl)silane (2.21c)
Synthesized using method F with diazo compound 2.20b (0.200 mmol, 52.6
@ mg) and silane 2.1e (122 mg, 1.00 mmol) to give a white solid in 91% vyield
H (65.7 mg, 0.158 mmol). Enantiomeric ratio was determined by HLPC after
hydrolysis with a Daicel CHIRALPAK ® OD-H column (2% IPA/ hexanes),
o O O o 1.0mL/min. tr (2.21ca) = 16.4 min, tr (2.21cb) = 18.0 min, 74:26 er (Si-OH
product). Absolute configuration was assigned to be (S, S) based on analogy

to 2.26¢.

HyC=—5i”

IH NMR (600 MHz, CDCl3) & 7.40 — 7.33 (m, 1H), 7.30 — 7.25 (m, 4H), 7.24 (d, J = 7.3 Hz, 2H),
7.18 (d, J = 7.3 Hz, 2H), 7.12 (d, J = 7.5 Hz, 2H), 7.05 (d, J = 7.5 Hz, 2H), 4.67 (p, J = 4.5, 4.1
Hz, 1H), 3.75 (d, J = 3.7 Hz, 1H), 0.30 (d, J = 2.8 Hz, 3H). 3C NMR (101 MHz, CDCls) & 140.3,
140.0, 134.8, 133.7, 131.5, 131.4, 130.1, 130.0, 129.9, 128.7, 128.6, 127.9, 41.9, -6.2. 2°Si NMR
(79 MHz, CDCl3) & -10.8. MALDI m/z calc for C20H1sCl2Si [M + Na]* 379.045. Found 379.220.
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Racemic Standard for 2.21c:

C:\LabSolutions\Training1107\Jake J\jrj3p151-190\jrj3p155a-8020-OD-runl.lcd

mAU
PDA Multi 1
500
250+
o
————
0 5 10 15 20 25 30
min
1 PDA Multi 1/232nm 4nm
< Peak Table >
PeakTable C:\LabSolutions\Training1107\Jake J\jrj3p151-190\jrj3p155a-8020-OD-runl.led
PDA Ch1 232nm 4nm
Peaki# Ret. Time Area Height Area % Height %
1 16.432 19469494 574519 50.125 51.331
2 17.963 19372708 544721 49.875 48.669
Total 38842201 1119240 100.000] 100.000
<Chromatogram>
C:\LabSolutions\Training1107\Jake J\jrj3p151-190\jrj3p155b.lcd
mAU
4 PDA Multi 1|
400
300
200
100-]
o] T L
—Y
0 5 10 15 20
min

1 PDA Multi 1/232nm 4nm
< Peak Table >

PeakTable C:\LabSolutions\Training1107\Jake J\jrj3p151-190\jrj3p155b.lcd

PDA Ch1 232nm 4nm
Peaki# Ret. Time Area Height Area % Height %
1 16.385 14732848 435744 74.301 76.728
2 17.583 5095809 132161 25.699 23.272
Total 19828657 567905 100.000 100.000

(S)-benzhydryl(4-methoxyphenyl)(methyl)silane (2.21d)

Synthesized using method F with diazo compound 2.20a (0.200 mmol, 42.0 mg)
and silane 2.19g (152 mg, 1.00 mol) to give a white solid in 72% yield (45.9 mg,
0.144 mmol). Enantiomeric ratio was determined by HLPC after hydrolysis with
a Daicel CHIRALPAK ® OD-H column (1% IPA/ hexanes), 1.0 mL/min. tr
(2.21da) = 17.2, tr (2.21db) = 18.7, 50:50 er (Si-OH product). Absolute
configuration was assigned to be (S, S) based on analogy to 2.26c¢.

H NMR (600 MHz, CDCl3) 8 7.31 —7.08 (m, 13H), 6.81 (d, J = 8.5 Hz, 2H), 4.70 (p, J = 3.7 Hz,
1H), 3.79 (d, J= 1.6 Hz, 4H), 0.28 (d, J = 3.6 Hz, 3H).13C NMR (151 MHz, CDCl3)  160.7, 142.3,
142.0, 141.4, 136.8, 136.3, 129.0, 128.8, 125.4, 125.3, 113.5, 113.1, 55.7, 43.4, -7.3.2°Si NMR
(79 MHz, CDCls) 6 -11.6. MALDI m/z calc for C21H220Si [M + H]* 319.151. Found 319.245.
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Racemic Standard for 2.21d:

C:\LabSolutions\Training1107\Jake J\Racemic Standards\jrj3p80a_PMPMeRac.lcd
mAU

PDA Multi 1|

250

— [
0 5 10 15 20 25

min
1 PDA Multi 1/231nm 4nm
< Peak Table >

PeakTable C:\LabSolutions\Training1107\Jake J\Racemic Standards\jrj3p80a_PMPMeRac.lcd
PDA Ch1 231nm 4nm

Peak# Ret. Time Area Height Area % Height %
1 17.199 14775321 465125 49.202 52.976
2 18.739 15254421 412863 50.798 47.024
Total 30029742 877988 | 100.000 100.000

HPLC trace of 2.21d using S-TCPTTL.:

C:\LabSolutions\Training1107\Jake J\Racemic Standards\jrj3p80a_PMPMeRac.lcd
mAU

PDA Multi 1

Y
g 3
R
~ @
IR}

250+

T T T T T
5 10 15 20 25

1 PDA Multi 1/231nm 4nm
< Peak Table >

PeakTable C:\LabSolutions\Training1107\Jake J\Racemic Standards\jrj3p80a_PMPMeRac.lcd
PDA Ch1 231nm 4nm
Peak# Ret. Time Area Height

Area % Height %

1 17.199 14775321 465125 49.202 52.976
2 18.739 15254421 412863 50.798 47.024
Total 30029742 877988 100.000| 100.000

(S)-benzhydryl(4-methylphenyl)(methyl)silane (2.21€)

Synthesized using method F with diazo compound 2.20a (38.8 mg, 0.200 mmol)
and silane 2.19¢ (136 mg, 1.00 mmol) to give a white solid in 76% yield (46.0 mg,
0.152 mmol). Enantiomeric ratio was determined by HLPC after hydrolysis with a
Daicel CHIRALPAK ® AD-H column (2% IPA/ hexanes), 1.0 mL/min. tr (2.21ea)
=9.9min, tr (2.21eb) = 10.7 min, 74:26 er (Si-OH product). Absolute configuration
was assigned to be (S) based on analogy to 2.26c.

IH NMR (600 MHz, CDCls) § 7.31 — 7.24 (m, 5H), 7.22 (dd, J = 8.8, 2.4 Hz, 5H), 7.20 — 7.12 (m,
2H), 7.11 (d, J = 7.5 Hz, 2H), 4.73 (p, J = 3.8 Hz, 1H), 3.83 (d, J = 3.9 Hz, 1H), 2.34 (s, 3H), 0.31
(d, J = 3.7 Hz, 3H).13C NMR (151 MHz, CDCls) § 142.4, 142.2, 139.5, 135.1, 131.0, 129.1, 129.0,
128.7, 128.6, 128.5, 125.5, 44.2, 22.1, -5.8. 2°Si NMR (79 MHz, CDCl3) & -11.3. MALDI m/z calc

for C21H22Si [M + H]* 328.138. Found 325.207.
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Racemic Standard for 2.21e:

C:\LabSolutions\Training1107\Jake J\jrj3p120-130\jrj3p130a_runl_OD.lcd

mAU
PDA Multi 1]
154
10+
5]
o
T T T T T
0.0 25 5.0 7.5 10.0 125
min
1 PDA Multi 1/254nm 4nm
< Peak Table >
PeakTable C:\LabSolutions\Training1107\Jake J\jrj3p120-130\jrj3p130a_runl_OD.lcd
PDA Ch1 254nm 4nm
Peaki# Ret. Time Area Height Area % Height %
1 7.058 205950 16014 49.944 51.207
2 7.576 206416 15259 50.056 48.793
Total 412367 31273 100.000 100.000
Enantiomerically enriched (S) 2.21e using S-TCPTTL:
C:\LabSolutions\Training1107\Jake J\jrj3p131-150\jrj3p134a.lcd
mAU
3 PDA Multi 1
8
@
300+

200

100

o

e I s o e L s o s e e B e e s e L B A
0.0 25 5.0 7.5 10.0 125 15.0 175

min
1 PDA Multi 1/205nm 4nm

< Peak Table >

PeakTable C:\LabSolutions\Training1107\Jake J\jrj3p131-150\jrj3p134a.lcd
PDA Ch1 205nm 4nm

Peakit Ret. Time Area Height Area % Height %
1 9.858 7044481 361590 73577 75.312
2 10.670 2529844 118530 26.423 24.688
Total 9574324 480120 100.000| 100.000

(S)-benzhydryl(4-fluorophenyl)(methyl)silane (2.21f)

Synthesized using method F with diazo compound 2.20a (38.8 mg, 0.200 mmol)
and silane 2.19f (140 mg, 1.00 mmol) to give a white solid in 66% yield (40.4 mg,
0.132 mmol). Enantiomeric ratio was determined by HLPC after hydrolysis with a
Daicel CHIRALPAK ® AD-H column (2% IPA/ hexanes), 1.0 mL/min. tr (2.21fa)
= 10.2 min, tr (2.21fb) = 12.9 min, 80:20 er (Si-OH product). Absolute
configuration was assigned to be (S) based on analogy to 2.26c¢.

IH NMR (400 MHz, CDCl3) & 7.31 (dd, J = 9.4, 5.8 Hz, 3H), 7.28 — 7.23 (m, 5H), 7.23 — 7.13 (m,
4H), 6.99 (t, J = 8.7 Hz, 2H), 4.76 (p, J = 3.9 Hz, 1H), 3.82 (d, J = 3.9 Hz, 1H), 0.35 (d, J = 3.6
Hz, 3H). *C NMR (101 MHz, CDCl3) & 164.0 (d, Jcr = 249.0 Hz), 141.9, 141.75, 136.8 (d, Jeccr
= 7.4 Hz), 130.1 (d, Jeccer = 3.9 Hz), 128.9, 128.8, 128.6, 128.4, 125.6, 125.6, 115.0 (d, Jccr =
19.8 Hz), 43.2, -5.9. 1%F NMR (376 MHz, CDCl3) & -110.96. 2°Si NMR (79 MHz, CDCl3) § -11.1.

MALDI m/z calc for C20H19FSi [M + Na]* 329.113. Found 329.158.
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Racemic Standard for 2.21f;

C:\LabSolutions\Training1107\Jake J\Racemic Standards\jrj3p130b_runl_AD_4FPhMerac.lcd
mAU

PDA Multi 1

]
2
8
b

T T T T T T
5 10 15 20 25 30

min
1 PDA Multi 1/265nm 4nm

< Peak Table >

PeakTable C:\LabSolutions\Training1107\Jake J\Racemic Standards\jrj3p130b_run1_AD_4FPhMerac.lcd
PDA Ch1 265nm 4nm

Peak# Ret. Time rea Height Area % Height %
1 12.388 358819 18961 49.906 57.700
2 16.423 360171 13901 50.094 42.300
Total 718991 32862 100.000 100.000

Enantiomerically enriched (S) 2.21f using S-TCPTTL:

C:\LabSolutions\Training1107\Jake J\jrj3p131-150\jrj3p134b.lcd
mAU

PDA Multi 1|

10.182

T
0.0 25 5.0 75 10.0 125 15.0 175

min
1 PDA Multi 1/254nm 4nm

< Peak Table >

PeakTable C:\LabSolutions\Training1107\Jake J\jrj3p131-150\jrj3p134b.lcd
PDA Ch1 254nm 4nm

Peakit Ret. Time Area Height Area % Height %
1 10.182 278783 12928 79.816 81.628
2 11.806 70500 2910 20.184 18.372
Total 349283 15838 100.000| 100.000

(S)-benzhydryl(methyl)(naphthalen-2-yl)silane (2.21g)

(S) based on analogy to 2.26c.

Synthesized according to the general procedure for enantioselective donor/donor
insertion using 2.20a (38.8 mg, 0.200 mmol) and silane 2.19d (172 mg, 1.00
mmol) to give a white solid in 69% yield (0.158 mmol, 46.7 mg). Enantiomeric
ratio was determined by HLPC after hydrolysis with a Daicel CHIRALPAK ®
AD-H column (1% IPA/ hexanes), 1.0 mL/min. tr (2.21ga) = 19.5 min, tr (2.21gb)
= 24.2 min, 82:18 er (Si-OH product). Absolute configuration was assigned to be

IH NMR (600 MHz, CsDs)5 7.86 (s, 1H), 7.61 — 7.49 (m, 3H), 7.33 (d, J = 8.1 Hz, 1H), 7.28 —
7.18 (m, 6H), 7.13 (t, J = 7.6 Hz, 2H), 7.04 (dt, J = 13.7, 7.4 Hz, 3H), 6.97 (t, J = 7.3 Hz, 1H), 5.04
(p, J=3.6 Hz, 1H), 3.83 (d, J = 3.8 Hz, 1H), 0.32 (d, J = 3.6 Hz, 3H). 13C NMR (151 MHz, CDCls)
5142.2,142.0, 136.1, 134.0, 132.9, 132.3,130.9, 129.1, 129.0, 128.66, 128.5, 128.2, 127.8, 127.0,

159



126.7, 126.0, 125.7, 125.6, 43.3, -5.7.29Si NMR (119 MHz, CeDs) 5 -10.9 MALDI m/z calc for
Ca4H2:Si [M + Na]* 361.1383. Found 363.1318.

Racemic Standard for 2.21g:

C:\LabSolutions\Training1107\Jake J\jrj3p100-115\jrj3p113b_1.lcd
mAU
200

PDA Multi 1

0
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«

Enantiomerically enriched (S) 2.21g using S-TCPTTL.:

C:\LabSolutions\Training1107\Jake J\jrj3p151-190\jrj3p182.Icd
mAU

PDA Multi 1
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min
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< Peak Table >

PeakTable C:\LabSolutions\Training1107\Jake J\jrj3p151-190\jrj3p182.lcd
PDA Ch1 268nm 4nm

Peak# Ret. Time Area Height Area % Height %
1 19.492 2360689 66341 82.092 83.988
2 24.170 514989 12648 17.908 16.012
Total 2875678 78989 100.000 100.000

(S)-benzhydryl(methyl)(naphthalen-1-yl)silane (2.21h)

Synthesized using method F with diazo compound 2.20a (38.8 mg, 0.200 mmol)
and silane 2.19b (172 mg, 1.00 mmol) to give a white solid in 60% yield (40.6 mg,
0.120 mmol). Enantiomeric ratio was determined by HLPC after hydrolysis with
a Daicel CHIRALPAK ® AD-H column (1% IPA/ hexanes), 1.0 mL/min. tr
(2.21ha) = 10.1 min, tr (2.21hb) = 11.2 min, 77:23 er (Si-OH product). Absolute
configuration was assigned to be (S, S) based on analogy to 2.26c.

IH NMR (600 MHz, CsDs) & 8.08 — 8.01 (m, 1H), 7.63 — 7.58 (m, 2H), 7.54 — 7.49 (m, 1H), 7.25
(m, 2H), 7.19 (d, J = 7.5 Hz, 4H), 7.14 (s, 1H), 7.09 (t, J = 7.6 Hz, 2H), 7.03 — 6.96 (m, 3H), 6.91
(t, = 7.3 Hz, 1H), 5.33 (p, J = 3.6 Hz, 1H), 4.05 (d, J = 4.0 Hz, 1H), 0.36 (d, J = 3.7 Hz, 3H).13C
NMR (151 MHz, CDCls) & 142.3, 142.2, 137.1, 135.2, 133.3, 133.3, 130.4, 129.0, 129.0, 128.6,
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128.4,127.8, 126.0, 125.6, 125.5, 125.1, 43.1, -5.0.2°Si NMR (79 MHz, CDCls) § -15.6. MALDI
m/z calc for C24H22Si [M + Na]* 361.1383. Found 361.1446.

Racemic Standard for 2.21h:

Ci\LabSolutions\Training1107\Jake J\Racemic Standards\jrj3p53_NpMe_Racemic_9901AS.Icd

mAU
PDA Multi 1
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0.0 25 5.0 75 10.0 125 15.0 175

1 PDA Multi 1/284nm 4nm
< Peak Table >

PeakTable C:\LabSolutions\Training1107\Jake J\Racemic Standards\jrj3p53_NpMe_Racemic_9901AS.lcd

PDA Ch1 284nm 4nm
Peakif Ret. Time Area Height Area % Height %
1 10.095 10468276 314759 48.236 51733
2 11.251 11233883 293668 51.764 48.267
Total 21702159 608427 100.000 100.000

Enantiomerically enriched (S) 2.21hh using S-TCPTTL.:

C:\LabSolutions\Training1107\Jake J\jrj3p151-190\jrj3p179.lcd

mAU
£ PDA Multi 1|
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0.0 25 5.0 75 10.0 125 15.0 175
min

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

PeakTable C:\LabSolutions\Training1107\Jake J\jrj3p151-190\jrj3p179.lcd
PDA Ch1 254nm 4nm

Peak# Ret. Time Area Height Area % Height %
1 10.469 1482658 39621 20.760 23.884
2 11.538 5659377 126271 79.240 76.116
Total 7142035 165892 100.000 100.000

(S)-benzhydryl(2-methylphenyl)(methyl)silane (2.21i)

Synthesized using method F with diazo compound 2.20a (38.8 mg, 0.200 mmol)
and silane 2.191 (136 mg, 1.00 mmol) to give a white solid in 55% yield (33.2 mg,
0.110 mmol). Enantiomeric ratio was determined by HLPC after hydrolysis with a
Daicel CHIRALPAK ® OD-H column (1% IPA/ hexanes), 1.0 mL/min. tr (2.21ia)
= 10.9 min, tr (2.21ib) = 12.6 min, 69:31 er (Si-OH product). Absolute
configuration was assigned to be (S, S) based on analogy to 2.26c¢.

IH NMR (600 MHz, CDCls) 8 7.34 (m, 1H), 7.27 (m, 1H), 7.25 — 7.21 (m, 4H), 7.15 (m, 5H), 7.11
—7.04 (M, 3H), 4.82 (p, J = 3.7 Hz, 1H), 3.86 (d, J = 4.3 Hz, 1H), 2.17 (s, 3H), 0.28 (d, J = 3.7
Hz, 3H). 3C NMR (151 MHz, CDCl3) 5 144.3, 142.4, 142.3, 135.6, 133.8, 129.8, 129.7, 129.1,
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128.8, 128.6, 128.4, 125.6, 125.5, 125.0, 43.2, 22.6, -5.4. 2°Si NMR (119 MHz, CDCls) & -13.7
MALDI m/z calc for C21H22Si [M + H]* 328.138. Found 325.227.

Racemic Standard for 2.21i:

C:\LabSolutions\Training1107\Jake J\Racemic Standards\jrj3p80b_o-tolyIMeRac.lcd

mAU
PDA Multi 1|
10+
o
-10+
T T T T T
5 10 15 20 25
min

1 PDA Multi 1/254nm 4nm

< Peak Table >
PeakTable C:\LabSolutions\Training1107\Jake J\Racemic Standards\jrj3p80b_o-tolylMeRac.lcd
PDA Ch1 254nm 4nm
Peak# Ret. Time Area Height Area % Height %
1 10.910 318494 14704 50.034 52.599
2 12,616 318058 13251 49.966 47.401
Total 636552 27956 100.000 | 100.000

Enantiomerically enriched (S,S) 2.21i using S-TCPTTL.:

C:\LabSolutions\Training1107\Jake J\jrj3p120-130\jrj3p129c.lcd
mAU

PDA Multi 1|
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< Peak Table >

PeakTable C:\LabSolutions\Training1107\Jake J\jrj3p120-130\jrj3p129c.lcd

PDA Ch1 254nm 4nm
Peak# Ret. Time Area Height Area % Height %
1 10.917 660519 33039 68.790 70.490
2 12.622 299672 13831 31.210 29.510
Total 960191 46870 | 100.000 | 100.000

(S)-benzhydryl(mesityl)(methyl)silane (2.21j)

Synthesized using method F with diazo compound 2.20a (38.8 mg, 0.200 mmol)
and silane 2.19h (164 mg, 1.00 mmol) to give a white solid in 64% vyield (42.3
mg, 0.128 mmol). Enantiomeric ratio was determined by HLPC after hydrolysis
with a Daicel CHIRALPAK ® OD-H column (2% IPA/ hexaness), 1.0 mL/min.
tr (2.21ja) = 6.8 min, tr (2.21jb) = 8.6 min, 60:40 er (Si-OH product). Absolute
configuration was assigned to be (S) based on analogy to 2.26c¢.

'H NMR (400 MHz, CDCI3)$ 7.31 (m, 3H), 7.28 — 7.13 (m, 2H), 7.10 (d, J = 4.7 Hz, 4H), 7.04
(m, 1H), 6.75 (s, 2H), 4.94 (p, J = 4.3 Hz, 1H), 3.92 (d, J = 5.4 Hz, 1H), 2.24 (s, 9H), 0.29 (d, J =
4.0 Hz, 3H). 3C NMR (101 MHz, CDCl3) 5 144.7,142.7,142.4,139.4,129.3,129.1, 128.7, 128.6,
128.4, 128.3, 125.7, 125.3, 43.4, 24.1, 21.2, -3.7. °Si NMR (79 MHz, CDCls) § -18.0. MALDI
m/z calc for C23H26Si [M + Na]* 353.170. Found 353.248.
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Racemic Standard for 2.21j:

Ci\LabSolutions\Training1107\Jake J\Racemic Standards\JRJ-2-184-MES-Racemic.lcd
mAU

500 B ] PDA Mult 1]

1 PDA Multi 1/207nm 4nm
< Peak Table >

PeakTable C:\LabSolutions\Training1107\Jake J\Racemic Standards\JRJ-2-184-MES-Racemic.lcd
PDA Ch1 207nm 4nm

Peakit Ret. Time Area Height rea % Height %
1 7.465 5633456 460567 45.645 51548
2 9.243 6708400 432898 54.355 48.452
Total 12341856 893465 100.000 100.000

Enantiomerically enriched (S) 2.21j using S-TCPTTL.:

MAI

Ci\LabSolutions\Training1107\Jake J\jrj3p52-81\jrj3p56.Icd

u
1500 ~ 2 PDA Multi 1}
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1 PDA Multi 1/207nm 4nm

< Peak Table >

PeakTable C:\LabSolutions\Training1107\Jake J\jrj3p52-81\jrj3p56.Icd

PDA Ch1 207nm 4nm
eakd Ret. Time re: Height % Height %
1 6.777 16197961 1298528 40.801 47.019
2 8.595 23502137 1463158 59.199 52.981
Total 39700098 2761686 100.000] 100.000

(S)-benzhydryl(isobutyl)(phenyl)silane (2.21k)

Synthesized using method F with diazo compound 2.20a (388 mg, 1.00 mmol)
and silane 2.19a (820 mg, 5.00 mmol) to give a white solid in 45% yield (297 mg,
0.450 mmol). Enantiomeric ratio was determined by HLPC after hydrolysis with
a Daicel CHIRALPAK ® OD-H column (1% IPA/ hexanes), 1.0 mL/min. tr
(2.21ka) = 5.6 min, tr (2.21kb) = 6.2 min, 86:14 er (Si-OH product). Absolute

configuration was assigned to be (S, S) based on analogy to 2.26c¢.

IH NMR (400 MHz, CDCls) & 7.40 — 7.31 (m, 3H), 7.29 (d, J = 5.5 Hz, 6H), 7.25 — 7.15 (m, 5H),
7.12 (t, J = 6.8 Hz, 1H), 4.74 (h, J = 2.2 Hz, 1H), 3.86 (d, J = 3.9 Hz, 1H), 1.68 (dh, J = 12.5, 6.3
Hz, 1H), 0.93 (d, J = 5.9 Hz, 1H), 0.89 (d, J = 6.6 Hz, 6H), 0.80 (dd, J = 14.7, 7.7 Hz, 1H).13C
NMR (101 MHz, CDCls) § 142.4, 142.2, 135.4, 134.3, 129.5, 129.1, 129.0, 128.6, 128.4, 127.8,
125.6,125.4, 42.8, 26.1, 25.5, 25.2, 21.7. 29Si NMR (79 MHz, CDCls) § -8.7. Did not ionize using

ESI-MS or MALDI-TOF.

163



Racemic Standard for 2.21k:

C:\LabSolutions\Training1107\Jake J\Racemic Standards\jrj3p49a-racemic_iBuPh.lcd
mAU

2 PDA Multi 1|
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min
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< Peak Table >

PeakTable C:\LabSolutions\Training1107\Jake J\Racemic Standards\jrj3p49a-racemic_iBuPh.lcd
PDA Ch1 195nm 4nm
Peak# Ret. Time Area Height

Area % Height %

1 5.630 15800629 1676986 51.577 53.732
2 6.187 14834414 1444032 48.423 46.268
Total 30635043 3121017 100.000 100.000

Enantiomerically enriched (S) 2.21k using S-TCPTTL.:

<Chromatogram>

C:\LabSolutions\Training1107\Jake J\jrj3p120-130\jrj3p128.Ilcd
mAU
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< Peak Table >

PeakTable C:\LabSolutions\Training1107\Jake J\jrj3p120-130\jrj3p128.lcd
PDA Ch1 194nm 4nm

Peak# Ret. Time Area Height Area % Height %
1 5.665 32779438 2487817 85.694 88.076
2 6.345 5472326 336794 14.306 | 11.924
Total 38251764 2824612 100.000 100.000

(S)-benzhydryl(isobutyl)(naphthalen-1-yl)silane (2.211)

a Daicel CHIRALPAK ® AD-H column

IH NMR (600 MHz, CDCls) 3 7.92 (d, J = 8.3 Hz, 1H), 7.83 (dd, J = 8.1, 6.4 Hz, 2H), 7.59 (dd, J
= 6.7, 1.2 Hz, 1H), 7.48 — 7.43 (m, 1H), 7.40 (ddd, J = 8.1, 6.8, 1.4 Hz, 1H), 7.36 (td, J = 7.3, 6.7,
1.2 Hz, 1H), 7.30 — 7.26 (m, 5H), 7.26 — 7.23 (m, 1H), 7.17 (ddd, J = 8.5, 5.1, 1.8 Hz, 1H), 7.09
(d, J = 6.8 Hz, 2H), 7.07-7.03 (m 2H), 7.00 (td, J = 6.9, 1.4 Hz, 1H), 5.11 (td, J = 5.0, 2.2 Hz, 1H),
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min

Synthesized using method F with diazo compound 2.20a (38.8 mg, 0.200 mmol)
and silane 2.19e (214 mg, 1.00 mmol) to give a white solid in 60% yield (41.3 mg,
0.120 mmol). Enantiomeric ratio was determined by HLPC after hydrolysis with
(1% IPA/ hexanes), 1.0 mL/min. tr
(2.211a) = 10.9 min, tr (2.21Ib) = 12.6 min, 82:18 er (Si-OH product). Absolute
configuration was assigned to be (S) based on analogy to 2.26c.



4.04 (d, J = 4.5 Hz, 1H), 1.59 (ddt, J = 12.9, 7.7, 6.5 Hz, 1H), 1.03 (dt, J = 14.8, 5.8 Hz, 1H), 0.89
(dtd, J = 14.3,7.1, 6.4, 2.3 Hz, 1H), 0.82 (t, J = 6.3 Hz, 7H). 3C NMR (151 MHz, CDCl3) 5 142.4,
142.4, 137.3, 135.9, 133.3, 132.8, 130.3, 129.2, 129.0, 128.8, 128.6, 128.3, 127.9, 125.9, 125.7,
125.5,125.3,125.1, 41.4, 26.2, 25.5, 25.4, 22.5. 2°Si NMR (79 MHz, CDCls) § -9.5. MALDI m/z
calc for C27H2sSi [M - H]* 379.1877. Found 379.220.

Racemic Standard for 2.211:

C:\LabSolutions\Training1107\Jake J\Racemic Standards\jrj3p80c_NpiBuRac.lcd

mAU
PDA Multi 1
250
o
-250-
T T T T T
5 10 15 20 25
min

1 PDA Multi 1/205nm 4nm
< Peak Table >

PeakTable C:\LabSolutions\Training1107\Jake J\Racemic Standards\jrj3p80c_NpiBuRac.lcd

PDA Ch1 205nm 4nm
Peak# Ret. Time Area Height Area % Height %
1 10.928 8992685 422849 50.155 52.701
2 12.640 8937207 379512 49.845 47.299
Total 17929892 802361 100.000 100.000

Enantiomerically enriched (S) 2.211 using S-TCPTTL.:

C:\LabSolutions\Training1107\Jake J\jrj3p84,85,90\jrj3p84d.Icd
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< Peak Table >

PeakTable C:\LabSolutions\Training1107\Jake J\jrj3p84,85,90\jrj3p84d.lcd
PDA Ch1 285nm 4nm

Peaki# Ret. Time Area Height Area % Height %
1 10.454 2402971 101957 82.469 83.984
2 11.345 510822 19444 17.531 16.016
Total| 2913793 121400| 100.000 | 100.000
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(S)-benzhydryl(neopentyl)(phenyl)silane (2.21m)

Synthesized using method F with diazo compound 2.20a (38.8 mg, 0.200 mmol)
and silane 2.19k (178 mg, 1.00 mmol) to give a white solid in 60% yield (41.3 mg,
0.120 mmol). Enantiomeric ratio was determined by HLPC after hydrolysis with a
Daicel CHIRALPAK ® AD-H column (1% IPA/ heptane), 1.0 mL/min. tr
(2.21ma) = 10.6 min, tr (2.21mb) = 13.1 min, 50:50 er (Si-OH product). Absolute
configuration was assigned to be (S) based on analogy to 5a.

H NMR (400 MHz, CDCls) 6 7.37 — 7.30 (m, 3H), 7.30 — 7.21 (m, 6H), 7.18 (t, J = 6.8 Hz, 3H),
7.15-7.04 (m, 3H), 4.81 (t, J = 4.7 Hz, 1H), 3.80 (d, J = 4.0 Hz, 1H), 1.08 (dd, J = 14.7, 5.4 Hz,
1H), 0.93 (s, 1H), 0.89 (s, 9H). 13C NMR (101 MHz, CDCls) 5 142.4, 142.2, 135.4, 135.3, 129.4,
129.3, 128.9, 128.6, 128.3, 127.7, 125.6, 125.3, 43.3, 32.5, 30.6, 27.45. 2°Si NMR (79 MHz,
CDCls) 6 -11.1. Did not ionize using ESI, MALDI or APCI.

Racemic Standard for 2.21m:

C:\LabSolutions\Training1107\Jake J\jrj3p151-190\jrj3p181_AD_runl.lcd
mAU

PDA Multi 1|

10.607
13.139

T T T T T T
5 10 15 20 25 30

min
1 PDA Multi 1/205nm 4nm

< Peak Table >

PeakTable C:\LabSolutions\Training1107\Jake J\jrj3p151-190\jrj3p181_AD_runl.lcd
PDA Ch1 205nm 4nm
Peak# Ret. Time Area Height Area % Height %
1 10.607 8549235 433259 50.265 53.471
2 13.139 8459167 377007 49.735 46.529
Total 17008402 810266 100.000| 100.000

Enantiomerically enriched (S) 2.21m using S-TCPTTL.:

C:\LabSolutions\Training1107\Jake J\jrj3p151-190\jrj3p185.Icd
mAU

200+

PDA Multi 1
150
100

50-]

o /\/_A
0.0 25 5.0 75 10.0 125 15.0 175
min

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

PeakTable C:\LabSolutions\Training1107\Jake J\jrj3p151-190\jrj3p185.lcd
PDA Ch1 285nm 4nm

Peak# Ret. Time Area Height Area % Height %
1 8.156 3118650 199177 50.230 58.155
2 11.443 3090035 143318 49.770 41.845
Total 6208685 342495 100.000 100.000
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(S)-3-benzhydryl-1,1,1-triethyl-3-phenyldisiloxane (2.21n)

Synthesized using method F with diazo compound 2.20a (38.8 mg, 0.200 mmol)
and silane 2.19m (238 mg, 1.00 mmol) to give a white solid in 60% vyield (41.3
mg, 0.120 mmol). Enantiomeric ratio was determined by HLPC after hydrolysis
with a Daicel CHIRALPAK ® AD-H column (2% IPA/ hexanes), 1.0 mL/min.
tr (2.21na) = 9.5 min, tr (2.21nb) = 10.6 min, 61:39 er (Si-OH product). Absolute
configuration was assigned to be (S) based on analogy to 2.26c.

'H NMR (600 MHz, CDCls) § 7.37 — 7.31 (m, 1H), 7.31 - 7.25 (m, 8H), 7.25 - 7.20 (m, 3H), 7.20
—7.09 (m, 3H), 5.30 (d, J = 2.6 Hz, 1H), 3.80 (d, J = 2.6 Hz, 1H), 0.80 (t, J = 8.0 Hz, 6H), 0.41
(q,J=7.7 Hz, 6H). BC NMR (101 MHz, CDCl3) § 141.1, 141.0, 135.5, 134.1, 130.0, 129.5, 129.1,
128.5, 128.5, 127.7, 125.7, 125.6, 44.4, 6.7, 6.0. ?°Si NMR (79 MHz, CDCls) § -14.5, -18.4/ Did
not ionize using ESI, MALDI or APCI.

Racemic Standard for 2.21n:

<Chromatogram>

C:\LabSolutions\Training1107\Jake J\jrj3p131-150\jrj3p150a-8020-AD-runl.lcd

mAU
300 9
b

PDA Multi 1]

3
2
e

1 PDA Multi 1/204nm 4nm
< Peak Table >

PeakTable C:\LabSolutions\Training1107\Jake J\jrj3p131-150\jrj3p150a-8020-AD-runl.lcd
PDA Ch1 204nm 4nm

Peakit Ret. Time Area Height Area % Height %
1 9.516 5973920 311973 49.931 52.058
2 10.584 5990388 287304 | 50.069 47.942
Total 11964308 599277 100.000 100.000

Enantiomerically enriched (S) 2.21n using S-TCPTTL:

C:\LabSolutions\Training1107\Jake J\jrj3p131-150\jrj3p150b.lcd

400-] ] PDA Multi 1
&
300

200

1004

o

T T T T T T T
0.0 25 5.0 7.5 10.0 125 15.0 17.5
1 PDA Multi 1/204nm 4nm
< Peak Table >

PeakTable C:\LabSolutions\Training1107\Jake )\jrj3p131-150\jrj3p150b.Icd
PDA Ch1 204nm 4nm

Peakit | Ret. Time Area Height Area% Height %
1 9.519 10084552 407338 61.079 64.804
2 10,59 6426044 221227 38921 3519
Total 16510595 628565 100.000] 100,000
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(S)-benzhydryl(cyclohexyl)(phenyl)silane (2.210)

Synthesized using method F with diazo compound 2.20a (38.8 mg, 0.200 mmol)
and silane 2.191 (190 mg, 1.00 mmol) to give a white solid in 77% yield (54.9 mg,
0.158 mmol). Enantiomeric ratio was determined by HLPC after hydrolysis with a
Daicel CHIRALPAK ® AD-H column (2% IPA/ hexanes), 1.0 mL/min. tr
(2.210a) = 37.7 min, tr (2.210b) = 42.6 min, 70:30 er (Si-OH product). Absolute
configuration was assigned to be (S) based on analogy to 2.26c¢.

IH NMR (600 MHz, CDCls) & 7.34 — 7.27 (m, 6H), 7.27 — 7.20 (m, 4H), 7.19 — 7.10 (m, 5H), 7.07
—7.01 (m, 1H), 4.48 (dd, J = 4.5, 2.9 Hz, 1H), 3.96 (d, J = 4.4 Hz, 1H), 1.72 — 1.62 (m, 1H), 1.65
— 155 (m, 4H), 1.17 — 1.01 (m, 5H), 1.00 — 0.90 (m, 1H).NMR (151 MHz, CDCls) § 142.6, 142.3,
135.8, 133.2, 129.4, 129.2, 129.0, 128.6, 128.4, 127.7, 125.7, 125.4, 40.5, 28.5, 28.1, 27.8, 26.8,
22.9.2°Si NMR (79 MHz, CDCls) 6 -2.8. MALDI m/z calc for C2sH2sSi [M + Na]* 379.185. Found
379.140.

Racemic Standard for 2.210:

C:\LabSolutions\Training1107\Jake J\jrj3p151-190\jrj3p167b_AD2.lcd
mAU

PDA Multi 1|
754

50

25+

10 20 30 40 50
min
1 PDA Multi 1/204nm 4nm
< Peak Table >
PeakTable C:\LabSolutions\Training1107\Jake J\jrj3p151-190\jrj3p167b_AD2.lcd
PDA Ch1 204nm 4nm
Peaki# Ret. Time Area Height Area % Height %
1 37.715 5281022 81077 50.124 52.165
2 42.622 5254858 74346 49.876 47.835
Total 10535880 155423 100.000 100.000
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Enantiomerically enriched (S) 2.210 using S-TCPTTL:

<Chromatogram>

C:\LabSolutions\Training1107\Jake J\jrj3p151-190\jrj3p169.lcd
mAU

PDA Multi 1

©
S
o
<

150+

100+

50

T s e e L A s e s s e L B s e e LA s
0 10 20 30 40 50

min
1 PDA Multi 1/204nm 4nm

< Peak Table >

PeakTable C:\LabSolutions\Training1107\Jake J\jrj3p151-190\jrj3p169.lcd
PDA Ch1 204nm 4nm

Peak# Ret. Time Area Height Area % Height %
1 37.201 5726477 89443 29.288 31.364
2 42176 13826155 195731 70.712| 68.636
Totall 19552632 285174 100.000 100.000

(S)-methyl(phenyl)((S)-phenyl(o-tolyl)methyl)silane (2.26a):

Synthesized using method G with diazo compound 2.20d (1.00 g, 5.10 mmol) and
silane 2.1e (3.50 mL, 25.5 mmol) to give a clear oil in 89% vyield (93:7 dr, 1.34 g,
4.5 mmol). Enantiomeric ratio was determined by HLPC after hydrolysis with a
Daicel CHIRALPAK ® AD-H column (1% IPA/ heptane), 1.0 mL/min. tr
(2.26aa) = 29.9 min, tr (2.26ab) = 32.1 min, tr (2.26aa’) = 45.3 min, tr (2.26ab’)
=53.3 min, 93:7 er (Si-OH product, 2.26ab:2.26ab’). Absolute configuration was
assigned to be (S, S) based on analogy to 2.26¢ and 2.31a.

'H NMR (600 MHz, CDCl3)) 6 7.45 — 7.04 (m, 14H), 4.72 (g, J = 3.6 Hz, 3H), 3.96 (d, J = 4.0 Hz,
1H), 2.21 (s, 3H), 0.33 (d, J = 3.6 Hz, 3H).1*C NMR (151 MHz, CDCls) § 142.0, 140.5, 137.0,
135.1, 135.0, 139.0, 129.7, 129.6, 128.9, 128.3, 127.8, 126.1, 125.9, 125.2, 38.7, 20.3, -5.6. 2°Si
NMR (119 MHz, CDCl3) 6 -10.2. MALDI m/z calc for C21H22Si [M + H]* 303.156. Found 303.154.

Racemic Standard for 2.26a:

Ci\LabSolutions\Training1107\Jake J\jrj4p9a_9901heptanelPA_AD3_90min.lcd

PDA Multi 1]

-250-

-500-

-750

T T T T T y T T
10 20 30 40 50 60 70 80
1 PDA Multi 1/208nm 4nm

< Peak Table >

PeakTable C:\LabSolutions\Training1107\Jake Jjrj4p%a_9901heptanelPA_AD3_90min.lcd
PDA Ch1 208nm 4nm
Peakit  Ret. Time

Area Height Area% Height %

1 29.858 48239523 914305 25,085 31533
2 32.127 40004513 687079 20.802 23.696
3 45.266 42953904 635333 22.336 21912
4 53.322 61108498 662816 31777 22.859
Total 192306438 2899533 100.000 100.000
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Enantiomerically enriched (S,S) 2.26a using S-TCPTTL.:

Ci\LabSolutions\Training1107\Jake J\rj4p9\jrj4p9e_9901_heptanelPA_AD.lcd

min
1 PDA Multi 1/205nm 4nm
< Peak Table >
PeakTable C:\LabSolutions\Trainin g1107\Jake J\jri4p\jri4p9e_9901_heptanelPA_AD.lcd
PDA Ch1 205nm 4nm
Peakit | Ret. Time Area Height Area% Height %
1 32674 9589040 153329 7.062 10913
2 53.284 126202061 1251634 92938 89.087
Total 135791101 1404963 100.000 100,000

Enantiomerically enriched (R,R) 2.26a using R-TCPTTL:

MAY 250

C:\LabSolutions\Training1107\Jake J\jrj4p18.lcd

1000+

PDA Multi 1f

T
10
1 PDA Multi 1/205nm 4nm
< Peak Table >

T T T T
20 30 40 50

PeakTable C:\LabSolutions\Training1107\Jake J\jrj4p18.Icd

PDA Ch1 205nm 4nm
Peak# Ret. Time
1

2
Total

Area
32.206 75751446
54.671 5815274
81566720

Height Area % Height %
1197113 92.871 95.280
59299 7.129 4.720
1256412 100.000 100.000

(S)-(4-fluorophenyl)(methyl)((S)-phenyl(o-tolyl)methyl)silane (2.26b):

F

3

- H
HaC=—Si
Ph

H3C

Synthesized using method F with diazo compound 2.20d (42.0 mg, 0.200 mmol)

and silane 2.19f (140 mg, 1.00 mmol) to give an oil in 90% yield (57.7 mg, 0.180
mmol, 90:10 dr). Enantiomeric ratio was determined by HLPC after hydrolysis
with a Daicel CHIRALPAK ® AD-H column (2% IPA/ hexanes), 1.0 mL/min.
tr (2.26ba) = 36.0 min, tr (2.26bb) = 46.3 min, tr (2.26ba’) = 50.8 min, tr
(2.26bb”) = 56.5 min, 61:39 er (Si-OH product, 2.26bb’:2.26bb) Absolute
configuration was assigned to be (S, S) based on analogy to 2.26c¢.

IH NMR (600 MHz, CDCl3) & 7.43 (dd, J = 7.6, 1.4 Hz, 1H), 7.30 — 7.23 (m, 2H), 7.23 — 7.15 (m,
4H), 7.15 — 7.05 (m, 4H), 7.01 — 6.94 (m, 2H), 4.76 (p, J = 3.7 Hz, 1H), 3.96 (d, J = 4.1 Hz, 1H),
2.24 (s, 3H), 0.37 (d, J = 3.7 Hz, 3H). 13C NMR (151 MHz, CDCl3)  164.1 (d, Jcr = 248.9 Hz),
141.8, 140.26, 137.0 (d, Jeccr = 7.5 Hz), 137.0, 130.9, 129.6, 128.9, 128.5, 128.4, 126.1, 126.0,
125.3, 115.0 (d, Jecr = 19.7 Hz), 38.8, 20.3, -5.5. 1%F NMR (376 MHz, CDCl3) & -110.97. 2Si
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NMR (76 MHz, CDCls3) 6 -10.9. MALDI m/z calc for C21H21FSi [M + Na]* 343.129. Found
343.134.

Racemic Standard for 2.26b:

C:\LabSolutions\Training1107\Jake J\jrj4p130_9901hepIPA_AD.lcd

mAU
1007 8§ & PDA MUl 1
4 ~ ™~ 0
o
-100-
200
300
T T T T T
0 10 20 30 40 50
min
1 PDA Multi 1/203nm 4nm
< Peak Table >
PeakTable C:\LabSolutions\Training1107\Jake J\jrj4p130_9901hepIPA_AD.lcd
PDA Ch1 203nm 4nm
Peakit Ret. Time Area Height Area % Height %
1 29.727 5340505 74092 25.353 29.986
2 32.727 5722663 73381 27.167 29.698
3 51.098 4693375 49413 22.281 19.998
4 57.528 5308366 50207 25.200 20.319
Total 21064908 247094 100.000 100.000
Enantiomerically enriched (S,S) 2.26b using S-TCPTTL:
C:\LabSolutions\Training1107\Jake J\jrj4p138a.lcd
mAU
B 8 PDA Multi 1|
4 bl
@
1500 ~
1000
500+
1 ©
] g
o
] 8
o
T T T T T T T T
0 10 20 30 40 50 60 70 80
min

1 PDA Multi 1/203nm 4nm
< Peak Table >

PeakTable C:\LabSolutions\Training1107\Jake J\jrj4p138a.lcd
PDA Ch1 203nm 4nm

Peak# Ret. Time Area Height Area % Height %
1 35.996 10899260 152350 6.957 8.501
2 49.136 145765515 1639890 93.043 91.499
Total 156664775 1792240 100.000| 100.000
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Enantiomerically enriched (R,R) 2.26b using R-TCPTTL:

mAU

C:\LabSolutions\Training1107\Jake J\jrj4p144b_9901heplPA_AD.lcd

2500
2000

1500

1000
SOOJJ}JV\\,
o

PDA Multi 1]

)
E]
p
»

T T
10 20

1 PDA Multi 1/204nm 4nm

< Peak Table >

PDA Ch1 204nm 4nm
Ret. Time Area

31.185 189219089 2547395
46.106 12893569 144617

Peaki#
1
2

PeakTable C:\LabSolutions\Training1107\Jake J\jrj4p144b_9901hepIPA_AD.lcd

Height Area % Height %
93.621 94.628

6.379 5.372

Total

202112657 2692012 100.000| 100.000

(S)-(4-methoxyphenyl)(methyl)((S)-phenyl(o-tolyl)methyl)silane (2.26c):

H3CO

“ _H
HyC=—Si

Ph"

H3C

Synthesized using method F with diazo compound 2.20d (42.0 mg, 0.200
mmol) and silane 2.19g (152 mg, 1.00 mmol) to give a clear oil in 85% vyield
(56.5 mg, 0.170 mmol, 94:6 dr). Enantiomeric ratio was determined by HLPC
after hydrolysis with a Daicel CHIRALPAK ® AD-H column (1% IPA/
heptane), 1.0 mL/min. tr (2.26ca) = 33.3 min, tr (2.26cb) = 37.5 min, tr
(2.26ca’) = 47.5 min, tr (2.26cb’) = 56.3 min, 93.5:6.5 er (Si-OH product,
2.26¢b’:2.26¢b). Absolute configuration was assigned to be (S,S) based Tamao-

Fleming oxidation results and analogy to 2.31a.

'H NMR (400 MHz, CDCls) 6 7.39 (d, J = 7.6 Hz, 2H), 7.04-7.23 (m, 4H), 6.80 (d, J = 7.9 Hz,
1H), 4.73 - 4.67 (m, 1H), 3.93 (d, J = 3.7 Hz, 1H), 3.79 (s, 1H), 2.22 (s, 1H), 0.31 (d, J = 3.5 Hz,
3H). 3C NMR (151 MHz, CDCl3) 5 160.9, 142.13, 140.7, 137.0, 136.6, 130.9, 129.7, 128.9, 128.3,
126.0, 125.9, 125.7, 125.2, 113.6, 55.2, 39.0, 20.4, -5.4. °Si NMR (119 MHz, CDCIs) § -11.4. Did
not ionize using ESI, MALDI or APCI.
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Racemic Standard for 2.26¢:

C:\LabSolutions\Training1107\Jake J\jrj4p30a_9802heptanelPA_AD.lcd

mAU
500 B o PDA Multi 1]
3 2
83 5
400
300
200
100
o]
T T T T T

0 10 20 30 40 50
1 PDA Multi 1/230nm 4nm
< Peak Table >

PeakTable C:\LabSolutions\Training1107\Jake J\jrj4p30a_9802heptanelPA_AD.lcd

PDA Ch1 230nm 4nm
Peakd# Ret. Time Area Height Area % Height %
1 33.343 28394457 477248 24.430 28.566
2 37.532 29672263 466046 25.530 27.895
3 47.493 28590025 386124 24598 23111
4 56.310 9570529 341290 25.442 20.428
Total 116227274 1670708 100.000 100.000

Enantiomerically enriched (S,S) 2.26¢ using S-TCPTTL.:

C:\LabSolutions\Training1107\Jake J\jrj4p30b.lcd
mAU
200 PBA Multi 1]
&
o

3

150+

100+

50

36.217

0

0 10 20 30 40 50
1 PDA Multi 1/229nm 4nm
< Peak Table >

A S e A 11 1 AR Y 1 TR 1
PDA Ch1 229nm 4nm
Peakd# Ret. Time Area Height Area % Height %
1 36.217 1055937 19918 6.437 9.516
2 53.854 15348653 189387 93.563 90.484
Total 16404589 209306 100.000| 100.000
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Enantiomerically enriched (R,R) 2.26¢ using R-TCPTTL:

<Chromatogram>

C:\LabSolutions\Training1107\Jake J\jrj4p30c.lcd
mAU

PDA Multi 1|
300

200+

100

S —

L A e e L s e e L A s e e e e S
10 20 30 40 50

min
1 PDA Multi 1/232nm 4nm

< Peak Table >

PeakTable C:\LabSolutions\Training1107\Jake J\jrj4p30c.lcd
PDA Ch1 232nm 4nm
Peaki# Ret. Time Area Height
1 36.299 17064389 319925
2 53.900 1167520 14823
Total 18231909 334749

Area %
93.596
6.404
100.000

Height %
95.572
4.428
100.000

(S)-methyl(naphthalen-2-y1)((S)-phenyl(o-tolyl)methyl)silane (2.26d):

Synthesized using method F with diazo compound 2.20d (42.0 mg, 0.200
mmol) and silane 2.19d (172 mg, 1.00 mmol) to give a white solid in 95% yield
2N (66.9 mg, 0.190 mmol, 91:9 dr). Enantiomeric ratio was determined by HLPC
HyC=—Si" after hydrolysis with a Daicel CHIRALPAK ® AD-H column (1% IPA/
PR heptane), 1.0 mL/min. tr (2.26da) = 57.1 min, tr (2.26db) = 62.8 min, tr
HyC (2.26da’) = 86.4 min, tr (2.26db’) = 113.1 min, 92:8 er (Si-OH product,
2.26db’:2.26db) Absolute configuration was assigned to be (S, S) based on

analogy to 2.26c.

H NMR (600 MHz, CDCl3) § 7.85 (m, 2H), 7.77 (dd, J = 12.3, 8.0 Hz, 2H), 7.55 — 7.48 (m, 3H),
7.35(d, J=8.1 Hz, 1H), 7.21 (td, J = 15.6, 14.8, 7.9 Hz, 4H), 7.17 — 7.09 (m, 4H), 4.93 (p, J = 3.8
Hz, 1H), 4.11 (d, J = 3.7 Hz, 1H), 2.29 (s, 3H), 0.48 (d, J = 3.5 Hz, 3H). **C NMR (151 MHz,
CDCl3) 6 141.9, 140.5,137.0, 136.2, 134.0, 132.9, 132.5, 131.0, 130.9, 129.7, 128.9, 128.4, 128.2,
127.8, 126.9, 126.7, 126.1, 126.0, 126.0, 125.3, 38.8, 20.4, -5.4. 2°Si NMR (119 MHz, CDCl3) & -
10.1. MALDI m/z calc for C2sH24Si [M + Na]* 375.154. Found 375.166.
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Racemic Standard for 2.26d:

C:\LabSolutions\Training1107\Jake J\jrj4p138b_rac_9901heplPA_AD_140min.lcd

mAU
1000 Bl PDA Multi 1]
5|
8
g
750 ]
®
3
)
5004
250
&
0] T T . T
T T T T T
0 25 50 75 100 125
min

1 PDA Multi 1/229nm 4nm
< Peak Table >

PeakTable C:\LabSolutions\Training1107\Jake J\jrj4p138b_rac_9901hepIPA_AD_140min.lcd

PDA Ch1 229nm 4nm
Peak# Ret. Time Area Height Area % Height %
1 57.141 107678104 1005424 24.285 30.955
2 62.779 107704834 1004970 24.291 30.941
3 86.432 115186832 711986 25.978 21.921
4 113.108 112830097 525615 25.447 16.183
Total 443399867 3247994 100.000 100.000

Enantiomerically enriched (S,S) 2.26d using S-TCPTTL.:

C:\LabSolutions\Training1107\Jake J\jrj4p138b_ee_9901heplPA_AD_140min.lcd
mAU

PDA Multi 1
500 S

250+

62.428

tijm———- 7

T T T T
0 25 50 75 100

1 PDA Multi 1/222nm 4nm
< Peak Table >

PeakTable C:\LabSolutions\Training1107\Jake J\jrj4p138b_ee_9901heplPA_AD_140min.lcd
PDA Ch1 222nm 4nm

Peak# Ret. Time Area Height Area % Height %
1 62.428 9205162 78804 7.609 12.948
2 112.204 111770364 529829 92.391 87.052
Total 120975526 608633 100.000 100.000

Enantiomerically enriched (R,R) 2.26d using R-TCPTTL.:

Ci\LabSolutions\Training1107\Jake J\ri4p144a_9901heplPA_AD.lcd

mAU
2 PDA Multi 1
1500-] @
@
1000-]
500
©
1
o
T T T T T
25 50 75 100 125
min

1 PDA Multi 1/229nm 4nm
< Peak Table >

PeakTable C:\LabSolutions\Training1107\Jake J\jrj4p144a_9901hepIPA_AD.lcd

PDA Ch1 229nm 4nm
Peak# Ret. Time Area Height Area % Height %
1 61.356 196868375 1545840 92.289 94.460
2 109.676 16447848 90670 7.711 5.540
Total 213316223 1636509 100.000 100.000
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(S)-methyl(naphthalen-1-yl)((S)-phenyl(o-tolyl)methyl)silane (2.26e):

—  Synthesized using method F with diazo compound 2.20d (0.200 mmol, 42.0 mg)
and silane 2.19b (172 mg, 1.00 mmol) to give a white solid in 55% yield (38.8
mg, 0.110 mmol, 82:18 dr). Enantiomeric ratio was determined by HLPC after

H3c¥'si/H hydrolysis with a Daicel CHIRALPAK ® AD-H column (2% IPA/ heptane), 1.0
B mL/min. tr (2.26ea) = 23.9 min, tr (2.26eb) = 25.5 min, tr (2.26ea’) = 41.6 min,
tr (2.26eb’) = 50.4 min, 92:8 er (Si-OH product, 2.26ea’:2.26ea) Absolute

e configuration was assigned to be (S, S) based on analogy to 2.26c.

IH NMR (400 MHz, CDCls) § 7.90 — 7.75 (m, 4H), 7.57 (d, J = 6.7 Hz, 1H), 7.53 — 7.38 (m, 3H),
7.34 (dt, J = 8.5, 4.5 Hz, 2H), 7.15 (t, J = 7.2 Hz, 2H), 7.08 (m, 2H), 7.02 (m, 1H), 6.95 (m,1H),
5.16 (p, J = 4.1 Hz, 1H), 4.23 (d, J = 4.5 Hz, 1H), 2.17 (s, 3H), 0.45 (d, J = 3.8 Hz, 3H). NMR
(101 MHz, CDCl3) & 142.3, 14.0, 137.2, 136.9, 135.2, 133.5, 133.3, 130.9, 130.4, 129.8, 127.0,
128.7, 128.3, 127.7, 126.1, 126.0, 125.9, 125.6, 125.2, 125.1, 38.5, 20.3, -4.64.2%Si NMR (119
MHz, CDCls) & -10.6. MALDI m/z calc for CasH24Si [M + Na]* 375.154. Found 375.163.

Racemic Standard for 2.26e:

C:\LabSolutions\Training1107\Jake J\jrj4p25a_9802heptanelPA_AD-freshmix062718.Icd
mAU

PDA Multi 1|

400
300
200

100

o

7T
0 10 20 30 40 50

min
1 PDA Multi 1/225nm 4nm

< Peak Table >

PeakTable C:\LabSolutions\Training1107\Jake J\jrj4p25a_9802heptanelPA_AD-freshmix062718.lcd

PDA Ch1 225nm 4nm
Peak# Ret. Time Area Height Area % Height %
1 23.867 11999034 296453 18.768 24.617
2 25.494 19735208 478133 30.868 39.703
3 41.616 11911651 175483 18.631 14572
4 50.405 20288125 254205 31733 21.109
Total 63934018 1204274 100.000 100.000

Enantiomerically enriched (S,S) 2.26e using S-TCPTTL.:

C:\LabSolutions\Training1107\Jake J\jrj4p25b_9802_HeptanelPA_AD_rpt.lcd
mAU

75 3 PDA Multi 1
50
| L
0 T T
T T T T T
0 10 20 30 40 50
min

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

PeakTable C:\LabSolutions\Training1107\Jake J\jrj4p25b_9802_HeptanelPA_AD_rpt.lcd
PDA Ch1 254nm 4nm
Peakit

Ret. Time Area Height Area % Height %
1 15.593 350639 10711 7.891 13.008
2 27.053 4093054 71632 92.109 86.992
Total 4443693 82343 100.000 100.000
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(S)-(4-fluoronaphthalen-1-yl)(methyl)((S)-phenyl(o-tolyl)methyl)silane (2.26f):

Synthesized using method F with diazo compound 2.20d (0.200 mmol, 42.0 mg)

F
and silane 2.19j (190 mg, 1.00 mmol) to give a white solid in 66% yield (0.132
o u mmol, 48.9 mg, 84:16 dr. Enantiomeric ratio was determined by HLPC after

HiC— 17 hydrolysis with a Daicel CHIRALPAK ® AD-H column (2% IPA/ heptane), 1.0
Ph mL/min. tr (2.26fa) = 35.0 min, tr (2.26fb) = 37.9 min, tr (2.26fa”) = 59.8 min, tr
HaC (2.26fb>) = 65.6 min, 92:8 er (Si-OH product, 2.26fa’:2.26fa) Absolute

configuration was assigned to be (S, S) based on analogy to 2.26c¢.

'H NMR (400 MHz, CDCls) & 8.18 (d, J = 8.3 Hz, 1H), 7.94 (d, J = 8.5 Hz, 1H), 7.59 — 7.42 (m,
4H), 7.25-7.00 (m, 9H), 5.20 (g, J = 5.9, 4.0 Hz, 1H), 4.24 (d, J = 4.4 Hz, 1H), 2.23 (s, 3H), 0.52
(d, J=3.5Hz, 3H). 3C NMR (101 MHz, CDCls) § 160.5 (d, Jcr = 255.0 Hz), 140.2, 136.8, 135.2
(d, Jccer = 8.3 Hz), 130.9, 129.66, 129.1 (d, Jcccr = 4.9 Hz), 128.7, 128.6, 128.4, 128.2, 127.4 (d,
JeecF = 3.2 Hz), 126.8, 126.0, 125.9, 125.8 (d, Jccecr = 1.6 Hz), 125.1, 123.7 (d, Jecr = 15.0 Hz),
121.1 (d, Jccer = 6.3 Hz), 108.9 (d, Jccr= 18.5 Hz), 38.5, 20.2, -4.8. 1°F NMR (376 MHz, CDCl3)
8 -120.35. °Si NMR (76 MHz, CDCl3) 8 -12.7 MALDI m/z calc for C2sH23FSi [M + H]* 371.163.
Found 371.151.

Racemic Standard for 2.26f;

C:\LabSolutions\Training1107\Jake J\jrj4p123A_9901heplPA_AD_Dec3019.lcd
mAU

E g PDA Muli 1
15

101

0 10 20 30 40 50 60 70 80
1 PDA Multi 1/287nm 4nm
< Peak Table >

PeakTable C:\LabSolutions\Training1107\Jake J\jrj4p123A_9901hepIPA_AD_Dec3019.lcd
PDA Ch1 287nm 4nm
Peak# Ret. Time Area
807448
1433974
756270

Height %
23.694
41.363
11.826

Height
12083
21093 32.780
6031 17.288

Area %
18.458

65.539 1376912

4374605

11788 31475
50995 100.000

23117
100.000
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Enantiomerically enriched (S,S) 2.26f using S-TCPTTL:

C:\LabSolutions\Training1107\Jake J\jrj4p123B_9901hepIPA_AD_Dec3019.lcd
mAU

125 PDA Multi 1

3
B
5

10 20 30 40 50 60 70 80
1 PDA Multi 1/286nm 4nm
< Peak Table >

PeakTable C:\LabSolutions\Training1107\Jake J\jrj4p123B_9901hepIPA_AD_Dec3019.lcd
PDA Ch1 286nm 4nm

Peak# Ret. Time Area Height Area % Height %
1 34.568 1735561 18627 8.02 13578
2 57.551 19900422 118563 91.978 86.422
Totall 21635983 137190| 100.000 100.000

(S)-methyl(pheny)((S)-phenyl(2-(trifluoromethyl)phenyl)methyl)silane (2.269):

Synthesized using method F with diazo compound 2.20f (0.200 mmol, 52.4 mg)
and silane 2.1e (122 mg, 1.00 mmol) to give a white solid in 93% vyield (66.3 mg,
0.186 mmol, 98:2 dr, determined using °F NMR). Enantiomeric ratio was
determined by HLPC after hydrolysis with a Daicel CHIRALPAK ® AD-H
column (2% IPA/ hexanes), 1.0 mL/min. tr (2.26ga) = 14.7 min, tr (2.26gb) = 15.7
min, tr (2.26gb’) = 23.4 min, tr (2.26ga’) = 26.6 min, 93:7 er (Si-OH product,
5cb’:5cb) Absolute configuration was assigned to be (S, S) based on analogy to 2.26c.

'H NMR (600 MHz, CDCl3) 6 7.63 (dd, J = 12.3, 7.9 Hz, 2H), 7.50 (t, J = 7.6 Hz, 1H), 7.34 (d, J
=7.1Hz, 3H),7.29-7.22 (m, 4H), 7.21 (d, I =7.5Hz, 2H), 7.17 (t, J = 7.6 Hz, 2H), 7.10 (t, J =
7.2 Hz, 1H), 4.76 (p, J = 4.0 Hz, 1H), 4.22 (d, J = 4.7 Hz, 1H), 0.20 (d, J = 3.7 Hz, 4H). 13C NMR
(151 MHz, CDCl3) 6 141.7,141.7, 141.4,134.9, 134.3, 131.9, 131.4, 129.8, 128.8, 128.5, 128.5 (q,
Jeeer = 7.0 Hz),128.3, 128.1 (q, Jccr = 36.0 Hz), 127.9, 126.4 (q, Jccr = 5.9 Hz, 125.8, 125.7,
124.8 (q, JcF = 274 Hz), 37.80, -5.80. °F NMR (376 MHz, CDCls3) § -58.2. 2°Si NMR (76 MHz,
CDClIs) 6 -9.2. MALDI m/z calc for C2:H19F3Si [M + Na]* 379.110. Found 379.100

Racemic Standard for 2.26g:

C:\LabSolutions\Training1107\Jake J\CF3diazo_9802hexIPA_AD_rac.lcd
mAU

o

10 S
58

PDA Multi 1

T T T T T
10 20 30 40 50
1 PDA Multi 1/265nm 4nm

< Peak Table >

PeakTable C:\LabSolutions\Training1107\Jake \CF3diazo_9802hexIPA_AD_rac.lcd
PDA Ch1 265nm 4nm
Peak#

Ret. Time Area Height Area % Height %
1 14.735 296985 10257 28.532 35.312
2 15.655 238179 7932 22.883 27310
3 23413 284555 6737 27.338 23.194
4 26.573 ‘ 221156 4120 21.247 14.184
Total 1040875 29046 100.000 100.000
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Enantiomerically enriched (S,S) 2.269 using S-TCPTTL.:

C:\LabSolutions\Training1107\Jake J\CF3diazo_9802hexIPA_AD_ee.lcd
mAU

PDA Multi 1

T T T T T
10 20 30 40 50
1 PDA Multi 1/266nm 4nm

< Peak Table >

PeakTable C:\LabSolutions\Training1107\Jake J\CF3diazo_9802hexIPA_AD_ee.lcd
PDA Ch1 266nm 4nm
Peak# Ret. Time Area Height
1 17.427 301249 9119
2 24,601 3833358 88855
Totall 4134607 97974

Area %
7.286
92.714
100.000

Height %
9.308
90.692
100.000

(S)-((S)-(2-methoxyphenyl)(phenyl)methyl)(methyl)(phenyl)silane (2.26h):

Synthesized using method F with diazo compound 2.20e (48.9 mg, 0.200 mmol)
and silane 2.1e (122 mg, 1.00 mmol) to give a clear solid in 91% vyield (58.0 mg,
0.182 mmol, 90:10 dr). Enantiomeric ratio was determined by HLPC after
hydrolysis with a Daicel CHIRALPAK ® AD-H column (2% IPA/ hexanes), 1.0
mL/min. tr (2.26ha) = 26.6 min, tr (2.26hb) = 29.0 min, tr (2.26ha’) = 36.8 min,
tr (2.26hb’) = 42.9 min, 95:5 er (Si-OH product, 2.26ha’:2.26ha) Absolute configuration was
assigned to be (S, S) based on analogy to 2.26c.

IH NMR (600 MHz, CDCl3) 8 7.33 (d, J = 7.6 Hz, 2H), 7.30 (d, J = 7.2 Hz, 1H), 7.24 (dt, J = 11.6,
5.4 Hz, 3H), 7.19 — 7.11 (m, 5H), 7.09 — 7.05 (m, 1H), 6.88 (t, J = 7.4 Hz, 1H), 6.82 (d, J = 8.2
Hz, 1H), 4.70 — 4.66 (m, 1H), 4.26 (d, J = 3.5 Hz, 1H), 3.72 (s, 3H), 0.25 (d, J = 3.4 Hz, 3H). 13C
NMR (151 MHz, CDCls) § 156.9, 142.5, 136.0, 134.9, 131.0, 130.2, 129.3, 129.2, 128.3, 127.7,
126.8, 125.2, 120.7, 110.6, 55.3, 35.3, -5.7.29Si NMR (76 MHz, CDCl3) § -12.5. ESI-MS m/z calc
for Ca1H220:Si (Si~OH) [M - H] 333.1316. Found: 333.1304.
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Racemic Standard for 2.26h:

C:\LabSolutions\Training1107\Jake J\OMPracstd_9802hexanelPA_AD.lcd

PDA Multi 1)

26.561

1 PDA Multi 1/273nm 4nm
< Peak Table >

PeakTable C:\LabSolutions\Training1107\Jake \OMPracstd_9802hexanelPA_AD.lcd

PDA Ch1 273nm 4nm
Peakd# Ret. Time Area Height Area % Height %
1 26.561 2108170 66513 29.761 42517
2 29.007 1436247 32070 20.275 20.500
3 36.831 2148115 37141 30.325 23.741
4 42,864 1391142 20716 19.639 13.242
Total 7083674 156439 100.000 100.000
Enantiomerically enriched (S,S) 2.26h using S-TCPTTL.:
mAU - R -
15004 2 PDA Multi 1
3
1000
500-{
8
g
o
A
min

1 PDA Multi 1/206nm 4nm
< Peak Table >

PeakTable C:\LabSolutions\Training1107\Jake J\jrj4p84_9802hexanelPA_AD.lcd

PDA Ch1 206nm 4nm
Peak# Ret. Time Area Height Area % Height %
1 25.846 4372963 132933 4.655 8.202
2 35.881 89566615 1487798 95.345 91.798
Total 93939577 1620731 100.000 100.000
Enantiomerically enriched (R,R) 2.26h using R-TCPTTL.:
mAU
150 @ PDA Multi 1
] E
100+
50
] .
, 4
0~ 5
0 10 20 30 40
min

1 PDA Multi 1/274nm 4nm
< Peak Table >

PeakTable C:\LabSolutions\Training1107\Jake J\jrj4p87_9802HexIPA_AD.lcd

PDA Ch1 274nm 4nm
Peaki# Ret. Time Area Height Area % Height %
1 26.673 4936920 151331 95.059 97.064
2 37.195 256588 4577 4.941 2.936
Total 5193508 155909 100.000| 100.000
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(S)-((S)-(2-chlorophenyl)(4-methoxyphenyl)methyl)(methyl)(phenyl)silane (2.26i)
Synthesized using method F with diazo compound 2.20h (52.0 mg, 0.200
@ mmol) and silane 2.1e (122 mg, 1.00 mol) to give a white solid in 98% yield
(69.0 mg, 0.196 mmol, 90:10 dr. Enantiomeric ratio was determined by
HLPC after hydrolysis with a Daicel CHIRALPAK ® AD-H column (2%
Q\ IPA/ heptane), 1.0 mL/min. tr (2.26ia) = 49.1 min, tr (2.26ib) = 52.5 min,
HiCO c tr (2.26ia2°) = 55.0 min, tr (2.26ib’) = 87.0 min, 89:11 er (Si-OH product,
2.26ia”:2.26ia) Absolute configuration was assigned to be (S, S) based on

“ _H
HC=—Si

analogy to 2.26c.

IH NMR (600 MHz, CDCl3) § 7.39 (m, SH), 7.31 (t, J = 7.2 Hz, 2H), 7.22 (t, = 7.6 Hz, 1H), 7.16
(d, J = 8.2 Hz, 2H), 7.12 (t, J = 7.7 Hz, 1H), 6.78 (d, J = 8.4 Hz, 2H), 4.82 — 4.76 (m, 1H), 4.45
(d, J = 4.5 Hz, 1H), 3.76 (s, 3H), 0.38 (d, J = 3.4 Hz, 3H).13C NMR (151 MHz, CDCl3) § 157.7,
140.7, 135.0, 134.6, 134.1, 133.3, 130.4, 130.3, 129.9, 129.7, 127.9, 127.0, 126.8, 113.9, 75.9,
53.2, 36.2, -5.2. 295 NMR (79 MHz, CDCls) § -11.34. MALDI m/z calc for C21H21CIOSi [M - HJ*
351.097. Found 351.083.

Racemic Standard for 2.26i:

mAU

S B PDA Multi 1]
N1

204
15

10

T T T T T T T T
0 10 20 30 40 50 60 70 80
1 PDA Multi 1/233nm 4nm
< Peak Table >

PeakTable C:\LabSolutions\Training1107\Jake J\jrj4p185a_9802hepIPA_ADonODvalve.lcd
PDA Ch1 233nm 4nm
Peak# Ret. Time
49.093
52.485

Area
1980775
2179913
2060887
2015386
8236960

Height Area %
23674 24.047
25065 26.465
22061 25.020
15391 24.468
86192 100.000

Height %
27.467
29.081
25.596
17.857

100.000
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Enantiomerically enriched (S,S) 2.26i using S-TCPTTL:

mAU

] 2 PDA Multi 1]
N
8
20
10
ol
1 T T T T T T T T T T T T T T T
0 25 50 75
min
1 PDA Multi 1/254nm 4nm
< Peak Table >
PeakTable C:\LabSolutions\Training1107\Jake J\jrj4p185b_9802hepIPA_ADonODvalve.lcd
PDA Ch1 254nm 4nm
Peak# Ret. Time Area Height Area % Height %
1 49.364 317147 3994 10.972 12.473
2 55.280 2573303 28030 89.028 | 87.527
Total 2890450 32024 100.000 100.000
Enantiomerically enriched (R,R) 2.26i using R-TCPTTL.:
mAU -
1504 § PDA Multi 1]
4 g
100
50
o
T T T

0 25 50 75
min
1 PDA Multi 1/233nm 4nm

< Peak Table >

PeakTable C:\LabSolutions\Training1107\Jake J\jrj4p185c_9802hepIPA_ADonODvalve.lcd
PDA Ch1 233nm 4nm

Peak# Ret. Time Area Height Area % Height %
1 49.181 12792352 151676 88.662 89.256
2 55.142 1635909 18258 11.338 10.744
Total 14428261 169934 | 100.000| 100.000

(S)-methyl((S)-naphthalen-1-yl(phenyl)methyl)(phenyl)silane (2.26j):

Synthesized using method F with diazo compound 2.20g (48.9 mg, 0.200 mmol)
and silane 2.1e (122 mg, 1.00 mmol) to give a white solid in 78% yield (52.8 mg,
0.158 mmol, 85:15 dr). Enantiomeric ratio was determined by HLPC after
hydrolysis with a Daicel CHIRALPAK ® AD-H column (2% IPA/ hexanes), 1.0
mL/min. tr (2.26ja) = 36.0 min, tr (2.26ja’) = 46.3 min, tr (2.26jb) = 50.8 min, tr
(2.26jb°) = 56.5 min, 61:39 er (Si-OH product, 2.26ja:2.26ja’) Absolute
configuration was assigned to be (S, S) based on analogy to 2.26c¢.

IH NMR (600 MHz, CDCls) & 8.12 — 8.05 (m, 1H), 7.82 — 7.78 (m, 1H), 7.70 (d, J = 8.3 Hz, 1H),
7.62 (d, J = 7.1 Hz, 3H), 7.46 — 7.36 (m, 3H), 7.35 — 7.29 (m, 2H), 7.27 — 7.16 (m, 1H), 7.11 (m,
3H), 7.08 — 7.00 (m, 1H), 4.83 (p, J = 3.2 Hz, 1H), 4.56 (d, J = 4.2 Hz, 1H), 0.33 (d, J = 3.6 Hz,
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3H). 3C NMR (151 MHz, CDCl3) § 142.3, 138.2, 135.1, 134.5, 132.8, 129.7, 129.0, 128.7, 128.5,
128.4, 127.8, 127.4, 126.9, 126.0, 125.6, 125.4, 125.3, 124.2, 38.1, -5.4.°Si NMR (119 MHz,
CDCls) 6 -10.0. Did not ionize using ESI, MALDI or APCI.

Racemic Standard for 2.26j:

Ci\LabSolutions\Training1107\Jake J\irj4p101_9802hexanelPA_AD.lcd
40

PDA Multi 1|

35.988
46.277

T T T T T
0 10 20 30 40 50

1 PDA Multi 1/284nm 4nm
< Peak Table >

PeakTable C:\LabSolutions\Training1107\Jake J\jrj4p101_9802hexanelPA_AD.lcd

PDA Ch1 284nm 4nm
Peak# Ret. Time Area Height Area % Height %
1 35.988 2750234 37927 24.688 29.426
2 46.277 2813267 32673 25.254 25.349
3 50.840 2789483 30380 25.041 23.570
4 56.498 2786868 27912 25.017 21.655
Total 11139853 128892 100.000 100.000

Enantiomerically enriched (S,S) 2.26j using S-TCPTTL:

C:\LabSolutions\Training1107\Jake J\JRJ4p103.Icd

mAU
8 k4 PDA Multi 1
8 3
504 3 ]
254
o
T T T T T
10 20 30 40 50
min

1 PDA Multi 1/283nm 4nm
< Peak Table >

PeakTable C:\LabSolutions\Training1107\Jake JJRJ4p103.lcd
PDA Ch1 283nm 4nm

Peak# Ret. Time Area Height Area % Height %
1 36.085 3479088 49147 41.817 46.219
2 46.038 4840630 57187 58.183 53.781
Total 8319718 106334 100.000| 100.000
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Enantiomerically enriched (R,R) 2.26j using R-TCPTTL:

C:\LabSolutions\Training1107\Jake J\JRJ4p102.Icd

PDA Multi 1)

Dy

T T T T T
10 20 30 40 50

1 PDA Multi 1/222nm 4nm
< Peak Table >

PeakTable C:\LabSolutions\Training1107\Jake JURJ4p102.Icd
PDA Ch1 222nm 4nm
Peakit Ret. Time rea Height
36.045 76982519 1029081
46.068 56053744 652716
133036262 1681797

% Height %
57.866

42.134
100.000

61.189
38.811
100.000

Total

Azines and functionalized insertion products:

1,2-bis(diphenylmethylene)hydrazine (2.22a):

C———

Spectrum matches previous report.*

\
N.
!

IH NMR (600 MHz, CDCl3) & 7.47 (d, J = 7.7 Hz, 4H), 7.39 (dt, J = 11.4, 6.5 Hz, 6H), 7.36 — 7.31
(m, 6H), 7.27 (t, J = 7.5 Hz, 4H).

(1E,2E)-1,2-bis(phenyl(o-tolyl)methylene)hydrazine (2.22b):

Observed and isolated during Kinetics experiments as a yellow solid.

IH NMR (600 MHz, CDCls) § 7.37 (m, 4H), 7.29 (m, 6H), 7.22 (m, 6H), 2.23 (s, 6H). 3C NMR
(151 MHz, CDCl3) 5 137.8, 136.6, 130.3, 123.0, 129.9, 128.3, 128.3, 128.2, 128.0, 125.4, 20.2
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(R)-methyl(phenyl)((S)-phenyl(o-tolyl)methyl)silanol (2.29a):

Synthesized using method K 2.26a (100 mg, 0.330 mmol) to give a clear oil in 90%
yield (94.5 mg, 0.300 mmol, 93:7 dr). Enantiomeric ratio was determined by
HLPC with a Daicel CHIRALPAK ® AD-H column (1% IPA/ heptane), 1.0
mL/min. tr (2.29a) = 29.9 min, tr (2.29b) = 32.1 min, tr (2.292) = 45.3 min, tr
(2.29b°) = 53.3 min, 93:7 er (2.29b:2.29b°). Absolute configuration was assigned
to be (R, S) based on analogy to 2.26a, and formed through inversion.?

IH NMR (400 MHz, CsDg) & 7.70 (d, J = 7.6 Hz, 1H), 7.36 (d, J = 7.9 Hz, 2H), 7.26 (d, J = 7.6
Hz, 2H), 7.12 — 7.06 (m, 5H), 7.05 — 6.88 (M, 4H), 3.96 (s, 1H), 2.03 (s, 3H), 1.57 (s, 1H), 0.29 (s,
1H).3C NMR (151 MHz, CDCls) § 141.3, 139.7, 137.1, 136.9, 134.0, 130.9, 130.0, 129.9, 129.0,
128.4, 127.8, 126.0, 125.9, 125.4, 41.6, 20.4, -1.6. 2°Si NMR (79 MHz, CDCls) 6 1.66. MALDI
m/z calc for C22H22Si [M + Na]* 341.1332. Found 341.212.

Racemic Standard for 2.29a:

Ci\LabSolutions\Training1107\Jake J\rj4p9a_9901heptanelPA_AD3_90min.lcd
mAU

PDA Multi 1

o

-250

-500

-750+

1 PDA Multi 1/208nm 4nm
< Peak Table >

PeakTable C:\LabSolutions\Training1107\lake Jjrj4pda_9901heptanelPA_AD3_90min.Icd
PDA Ch1 208nm 4nm
Peakit

Ret. Time rea Height Area % Height %
1 20858 48239523 914305 25.085 31533
2 32127| 40004513 687079 20.802 23,696
3 45.266] 42953904 635333 22.33 21912
4 53322 61108498 662816 3L777 22,859
Total 192306438 2899533 100.000 100.000

Enantiomerically enriched (S,S) 2.29a using S-TCPTTL.:

C:\LabSolutions\Training1107\Jake J\jri4p20a.lcd

3 PDA Multi 1]
5

T T T T T
10 20 30 40 50

1 PDA Multi 1/204nm 4nm
< Peak Table >

PeakTable C:\LabSolutions\Training1107\Jake J\jrj4p20a.lcd
PDA Ch1 204nm 4nm
Peak# Ret. Time

Area Height Area% Height %
1 26.374 2588118 52218 6.858 9.805
2 44204 35149381 480353 93.142 90.195
Total 37737499 532571 100,000 100,000
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(R)-((E)-4-fluorostyryl)(methyl)(phenyl)((S)-phenyl(o-tolyl)methyl)silane (2.30a):

- Synthesized using method L with 2.26a (100 mg, 0.330 mmol) to give a

Ph A@ clear oil in 62% yield (104.1 mg, 0.204 mmol, 85:15 2.30a:2.30a’, 93:7 dr).

HaCm— 57 Absolute configuration was assigned to be (R, S) based on analogy to 2.26a
and assuming retention of configuration.?® The E isomer was assigned

©H3C based off J values of the alkene protons. Enantiomers could not separate

using CSP-HPLC.

'H NMR (600 MHz, CDCls) § 7.41 —7.32 (m, 6H), 7.29 (m 2H), 7.20 — 7.13 (m, 3H), 7.13 — 7.06
(m, 4H), 7.02 (m, 3H), 6.81 (d, J = 19.2 Hz, 1H), 6.50 (d, J = 19.2 Hz, 1H), 4.11 (s, 1H), 2.22 (s,
3H), 0.46 (s, 3H). 3C NMR (151 MHz, CDCls) 6 162.9 (d, Jcr = 250.4 Hz), 145.8, 141.7, 140.5,
137.0, 136.8, 135.0, 130.9, 130.3, 129.4, 129.1, 128.9, 128.4, 128.3, 128.2, 127.8, 125.8 (d, Jcccr
= 6.3 Hz), 125.1, 124.1 (d, Jocccr = 2.3 Hz), 115.6 (d, J ccr= 21.6 Hz), 40.1, 20.4, -3.9.MALDI
m/z calc for C2gH27FSi [M + H30]* . 441.204. Found 441.158. 1°F NMR (376 MHz, CDCls) § -
113.3. 2°Si NMR (79 MHz, CDClz) § -12.0.

(1S,2R)-2-methyl-1,2-diphenyl-2,3-dihydro-1H-benzo[c]silole (2.31a):

Synthesized using method J with 2.26a (100 mg, 0.330 mmol) to give a clear oil
in 90% vyield (89.2 mg, 0.300 mmol, 90:10 dr). Absolute configuration was
assigned to be (S, S) based on analogy to 2.26¢, and 'H NOESY experiments.
Could not separate using CSP-HPLC.

'H NMR (600 MHz, CDCl3) & 7.46 (d, J = 7.6 Hz, 1H), 7.32 - 7.20 (m, 1H), 7.19 — 7.12 (m, 4H),
7.08 (d, J = 7.6 Hz, 2H), 7.01 (d, J = 7.2 Hz, 1H), 6.75 (d, J = 8.4 Hz, 2H), 3.91 (s, 1H), 2.66 (d,
J =17.3 Hz, 1H), 2.34 (d, J = 17.3 Hz, 1H), 0.63 (s, 3H).*C NMR (151 MHz, CDCl3) & 144.8,
142.9, 142.1, 134.5, 129.6, 129.0, 128.9, 128.1, 127.9, 127.6, 126.6, 124.3, 43.4, 18.9, -4.6. ?°Si
NMR (79 MHz, CDCls) 6 15.7. MALDI m/z calc for C21H20Si [M + Na]* 323.123. Found 323.166.

(S)-phenyl(o-tolyl)methanol (2.32a)

Synthesized using procedure | for Tamao-Fleming oxidation of 2.26¢c. HPLC
retention times match previously reported syntheses. Enantiomeric ratio was
determined by HLPC with a Daicel CHIRALPAK ® OD-H column (2% IPA/
hexanes), 0.5 mL/min. tr (2.32aa) = 20.4 min, tr (2.32ab) = 21.6 min, 91.5:8.5
er. Absolute configuration was assigned to be (S) based on previous reports.3®

IH NMR (600 MHz, CDCl3) & 7.50 (d, J = 7.6 Hz, 1H), 7.31 (m, 4H), 7.27 — 7.21 (m, 2H), 7.19
(td, J = 7.4, 1.6 Hz, 1H), 7.13 (d, J = 7.3 Hz, 1H), 5.97 (s, 1H), 2.23 (s, 3H).
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Racemic Standard:
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Chapter 3: Studies of Carbene Insertion into Si-H Bonds of Silsesquioxane-
based Silanes and Further Functionalizations”

3.1: Introduction

This chapter presents studies of rhodium-catalyzed carbene insertion into Si—H bonds of
polyhedral oligomeric silsesquioxanes (POSSs). The Franz lab is interested in developing
synthetic methodology to access functionalized silicon-containing nanomaterials. A previous lab
member, Karina Targos, developed the methodology for carbene insertion into Si—H bonds of
POSSs containing one and eight Si-H bonds.! My efforts focused on expanding the scope,
synthesis of functionalized diazo compounds, and further transformations of insertion products.
The results presented in this chapter were compiled in a manuscript and submitted.

POSSs have emerged as a versatile platform for the synthesis of functionalized materials.
The inorganic siloxane core of POSSs, when incorporated into materials, has been noted to
increase thermal and chemical stability compared to unmodified counterparts.>® The organic
groups on the siloxane scaffold promote solubilization of POSSs in organic solvents which enables
facile processing and functionalization. Additionally, their discrete size and uniformity make them
attractive platforms for design compared to silane-coated nanoparticles which are often
synthesized in a distribution of sizes.# Cubic POSSs containing eight silicon atoms have been
studied most extensively due to ease of synthesis.®

Several strategies have been applied to incorporate POSSs into materials with diverse
applications (Figure 3.1).6 POSSs blended with polymers have been shown to provide enhanced
stiffness and stability and have been applied to low dielectric constant materials.” Alternative
strategies focus on covalent linkages with the surrounding organic groups, which can be used to
graft other molecules, polymers. Given the cubic shape, several different forms of connectivity
can be accessed (Figure 3.1). Pendant connectivity of POSSs to a polymer has been used for solid-
state batteries with increased thermal stability.® End-to-end connectivity of POSSs with a covalent
linker has been used for hybrid-hydrogels for drug delivery systems.® Cross-linked structures of

POSSs have been used for liquid crystal polymers for self-assembly.°

* Reproduced in part with permission from: J. R. Jagannathan, K. Targos, A. Franz, Angew. Chemie Int. Ed. 2021,
n/a, DOI: https://doi.org/10.1002/anie.202110417. Copyright 2021 John Wiley and Sons.
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Figure 3.1. Methods to incorporate POSSs into materizills include A) blends of POSSs and polymers, B)
pendant connectivity to polymers, C) end-to-end connectivity of POSSs with covalent linkers, and D) cross-
linked networks of POSSs with linkers.

Synthesis of POSSs with discrete, well-defined reactive sites is crucial for control of the
microstructure of materials. The formation of the cubic siloxane core is substrate dependent and
requires harsh conditions (Figure 3.2A). Alternative strategies are used to functionalize POSSs
with the siloxane core assembled.!! The state-of-the-art strategy is to derivatize POSSs with Si—H
bonds using Si—C bond formation reactions (Figure 3.2B).*> POSSs containing one, three, and
eight Si—H bonds have been accessed in order to vary both the quantity and connectivity possible.
POSSs 3.1a-c are accessed from silanol-containing POSSs with the addition of chlorosilanes and

base.13
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Figure 3.2. Strategies for synthesis of functionalized POSSs including A) hydrolytic condensation of
alkoxy or chlorosilanes, B) synthesis of silane-containing POSSs.

Several Si—C bond formation reactions have been explored with POSSs to access
functional materials (Figure 3.3).2* Some challenges with POSS functionalization include the steric
effects from the POSS cage or subsequent reactions with POSSs containing multiple Si—H bonds.
Hydrosilylation of olefins is most commonly used in polymer science and materials science to
functionalize POSSs because it is robust, scalable, and amenable to POSSs multiple Si—H bonds
(Figure 3.3).1> Additionally, Si—C arylation has been briefly explored to access aryl-alkyl
POSSs.1617 However, with only two transformations known to form Si-C bonds with POSS-
silanes, the scope of functionalized nanomaterials remains limited. Diversifying the applications
of POSSs in materials science ultimately requires the development of new synthetic methods about

the organic groups.
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Figure 3.3. Strategies for synthesis of functionalized POSSs containing Si—H bonds.

Carbene insertion into Si-H bonds is an attractive transformation for POSS
functionalization, given the potential for complex structures from simple building blocks.* Diazo

compounds are versatile intermediates with the potential for convergent syntheses and have a rich
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methodology to access architecturally diverse molecules.*® A plethora of diazo compounds can be
accessed in a single step from commercially available reagents. Carbene insertion can be
stereoselective and several methods are known to produce carbon and silicon-centered
chirality.?02! Several metals are known to catalyze carbene insertion into Si—H bonds, including
Rh(I1),%8 Cu(l),?? Fe(11) and Ag(l).?*

Carbene insertion into Si—H bonds of small-molecule siloxanes has been demonstrated by
Vincente and coworkers using Cu(l) catalysis with aryl(ester)diazo compounds (Figure 3.4).%
Tetramine ligand 3.5 was found to limit dimerization of 3.4, although slow addition of 3.4 was
conducted for all entries. The authors showed that siloxy and bis-siloxy-containing siloxanes
formed insertion products 3.6a and 3.6b in good yield (82% and 85%, respectively) using diazo
compound 3.2 as the limiting reagent. Siloxanes with 2 Si—H bonds were reacted to produce single
and double insertion products 3.6¢ and 3.6d in 95% and 79% yield, respectively, using the silane
as the limiting reagent for 3.4d. The double insertion product 3.4d was isolated as a mixture of
diastereomers. These results highlight that siloxanes are amenable to Si—H insertion reactions, and

subsequent insertions are possible when using the diazo compound in excess.

X
| Z
N
Ts—N N—Ts
N
Ar)"Me
3.5; Ar=1-Np
(CUOTf)2°C6H6 (l mol %) Si
N2 0 IRS
RsSi—H )l\ 3.5 (2.2 mol%) . )\
34 ' 3.6a-d
CO,Et
. . SO r SN -Oa
SiMe(OTMS), SiMe,(OTMS) —~Si° Siw —Si” 'Si< Ph
0 |
Ph”” ~CO,Et Ph”” ~CO,Et EtO,C” “Ph EtO,C” “Ph
3.6a, 82% 3.6b, 85% 3.6c, 95% 3.6d, 79%, 1:1 dr

(5:1 3.2:siloxane)
Figure 3.4. Vincente’s Cu(I)-catalyzed carbene insertion into Si—H bonds using siloxanes.

A bottleneck in POSS functionalization is the number of transformations that have been
demonstrated to form Si—C bonds with POSS-silanes. The success of carbene insertion into Si-H
bonds of siloxanes inspired efforts to functionalized POSSs (Figure 3.5 A). Vincente’s results

highlight that siloxy substitution and multiple Si—-H bonds are tolerated in the reaction with
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modified conditions. Ultimately, we envisioned a study of carbene insertion into Si—-H bonds of
POSSs. POSSs with one, three and eight Si—H bonds (3.2 and 3.3) would be to be investigated.
Aryl(ester) diazo compounds (3.7) serve as carbene precursors as they have ideal reactivity and
two orthogonal functional handles for derivatization.*® Selective insertions of POSS are predicated
to occur with minimal competitive C—H insertion considering C—H bonds are less reactive to than
Si—H bonds.?®> Additional transformations of insertion products (3.8) will be explored on both the
aryl ring (to biaryl 3.9) and ester (to amide 3.10) to demonstrate precedent for inclusion into

materials.

A) Carbene insertion into Si—-H bonds of POSS and
futher functionalization:

iBu
N
5i—O—gj N

. Oz0 q 2 Bu- _.O"O\ !
Bu~..—~“~_.._0 si—7 si-O e}
S Si \ COR Q N \
/ \ |'iBuO
olBuss_ o |/
\,O' I\O‘//OISI\I'BU
Siee_—Si™ R
FoNng (0] iBu
Bu NiBu
3.1
B) POSS with multiple Sli-H bonds H
Nd.s ﬁ'
Si Ndo
N H H_ o 3
- Si ~57 g—0—g-©
a-° \H 0. 220~ _J\LH
070 Sic Sig SI\O,SI\
R / \ | /
o . ) o)
Jisu) |Bu o-si-H H-ISi\’dS'\o-/’,S'\o
Si _S -0 gi—
\ o' ~o /7'~y o« P—o—S({T P
Si—g—si-0 p-Si-O O-sity
Bu NBu \
3.2 3.3

Figure 3.5. A) Project overview. B) POSS with multiple Si—H bonds to be explored.

3.2: Synthesis of Aryl(ester) Diazo Compounds

Aryl(ester) diazo compounds were synthesized to examine structure-activity relationships

and install useful functionality for subsequent transformations. Diazo compounds utilized in this
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work were synthesized from aryl acetic acid esters and tosyl azide as a diazo transfer reagent
(Figure 3.6).%8 Using DBU as a base in MeCN, diazo compounds 3.7a-e were synthesized in 50-
95% yields. Diazo products ranged from oils to solids and decomposed at room temperature and
were stored at -20 °C in the absence of light.

X
Xm DBU (L5 equiv) el 3.7a, R = Me X= H, 76%
> 3.7b, R = Me, X=F, 73%
OR MeCN, rt, 16 h OR  3.7¢, R = Me, X= Br, 95%
N, 3.7d, R = allyl, X= H,73%
3.7e, R = t-Bu, X= H, 50%
3.7a-e

Figure 3.6. Synthesis of aryl(ester)diazo compounds.

3.3: Synthesis of POSS-silanes

POSSs with one, three, and eight Si—H bonds were studied to showcase the methodology
(Figure 3.7). Additionally, there are varying ratios of C—H to Si-H bonds between POSSs,
allowing for studies on competitive C—H insertion. POSSs 3.2 and 3.11 can be synthesized in one
step from commercially available reagents and POSS 3.3 is available for purchase (at the time of

this work) at Hybridplastics.com.

\H./ H
I Si \Sli/
Ngi-H H, 0o :
\' N
Bu_ 5 Bu, & o\ H ~si” 5i—O0~g°
/
oSim O ~sir ™ 57 Si 057 O~gi0\§"
Bu-o.=~O~__0 O Bu~o " O~ _ 0 / | 0o
Si Si \ Me Si— Si \
/R Meu S /R MBu o-don ~Q.oy 0/
JiBu) o o " diu) o 7 H';Q"\O‘S'\o'/’s'\o
Si _SiZ Si —si : 0
\p I\O./ ISI\iBU \,O I\o-/ ISI\iBU N /SI\O/SI\O , /SI;
Siee_—Si- Si——Si-© ~si-0 O-si-
Bu” o N\ iBu” o N H H
iBu iBu | \
3.11 3.2 33

Figure 3.7. POSS-silanes studied in this chapter.

POSS 3.11 was synthesized by Karina Targos from POSS-diol 3.12 and
dichloromethylsilane.! Using EtsN as the base, POSS 3.11 was isolated in 89% yield and the
reaction could be performed on up to multi-gram scale (Figure 3.8). POSS 3.11 was found to be
stable to air, moisture, and light for greater than 1 year. The Si—H bond is more readily accessible
than previously studied POSSs with one Si—H bond,?” which we expect to facilitate single carbene

insertions with minimal competitive C—H insertion.
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_\Si/O\Si’iBu O.Si/O\Si'iBu
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' ° / lBu 3
/ \ iBu - . \ Bu 2y
0 /Bu) > 0 /Bu) O .0

O _-OH  THF (0.05M),0°C—>1t,4h

\ ,O‘Si\o-//lsr\isu \ ,O'Si\o'//lSi;iBu

3.12 3.11, 89%
Figure 3.8. Synthesis of novel POSS 3.11.
POSSs with three Si—H bonds are accessed from POSS-triols and chlorosilanes.?” POSS
3.2 has been previously used for OLEDs,?” three-dimensional emulsifiers,?® and optical
materials.?® POSS 3.2 was synthesized from POSS-triol 3.13, chlorodimethylsilane and Hiinig’s

base in THF in 25% yield after trituration (Figure 3.9).

H
\S'.
. . i—
Bu __OH Bu, 4 \H
oS oSk S
Bu~g O~ _oH SICIMeH (4.5 equiv)  Bu~g =+ O~ 0 Sy
o \ Hunig’s Base (6.0 equiv) o] W _Si-H
/ \ |'BuOH / |'BuO~>K
0 /Bu, o) OIBU\ o)

i _Si THF (0.07 M), 0°C—>1t, 4 h 'Si i
\S_,O‘S'\o-/_ P'~iBu ( ) \ 0% ~o/~7'~Bu
_ Sl—q—SI” _ Si— ~_—Si~
iBu NiBu Bu 9 NBu

3.13 3.2, 25%
Figure 3.9. Synthesis of known POSS 3.2.

3.4: Studies of Carbene insertion into Si—H bonds with POSS Containing One
Si—H bond

Carbene insertion into the Si—H bond of 3.11 with 3.7a was evaluated with metal catalysts
(Table 3.1).! Optimization focused on Rh(IlI) and Cu(l) complexes as catalysts, using one
equivalent of diazo compound 3.7a in CH2Cl2. The addition of MgSQa is used to limit Si—-H
hydrolysis, which is known to occur with Rh(Il) complexes.®® The diazo compound was added
over a period of one hour using a syringe pump to limit side reactions between diazo compounds.*®
Rh(I1) sources provided superior reactivity to produce POSS 3.14a (Table 3.1 entry 1-4), although
incomplete Si—H conversion was observed. Several catalysts, including bis[rhodium(a,a,0’,0.'
tetramethyl-1,3-benzenedipropionic acid)] (Rhz(esp)2), Rhz(Mes)s, and Rh2(OAc)s provided
similar reactivity, and ultimately Rh2(OAc)s was chosen because it is commercially available.
Increasing equivalents of diazo compound 3.7a led to complete conversion of the Si—-H bond of
3.11 and POSS 3.14a was isolated in 75% vyield (entry 7). Control experiments without MgSO4
provide slightly reduced yields (Table 3.1 entry 8). Catalyst loading experiments highlight the
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activity of Rh2(OAc)4 to produce 3.14a down to 0.1 mol% loading (Table 3.1, entries 9-11). These
conditions were applied to diazo compounds 3.7c-3.7e to investigate which substitution patterns

are tolerated in the reaction.

iBu ; ;

BU~. .0 O , - Pl

Bu 7.0/' \Sl\:g \SilMe )’\E catalyst X ’B“‘Si'o/'o\Si;O O\S_.Me

diu) o™ d M Ph”  coMe MgSO, o/iBuX (\D'BU d |
\S!O’S'\o-/_—’o,s'\,’Bu inverse addition (1 h) ~ CHCl, (0.1 M) \ fO'Si\O'//:Si\" 07 OMe

- - . g l~A~_—Si~™ BU

Bu '—o SI\' 3.7a rt,1h 8 o si-O B

st iBu Bu \iBu
. 3.14a
Table 3.1. Conditions tested for insertion of diazo compound 3.7a into Si—H bond of POSS 3.11.
Entry Catalyst (mol %) 3.7a:3.11 Si—H % Conversion Yield 3.14a"

1 Rho(Mes)s (1) 1:1 46 43

2 Rha(TFA)4 (1) 1:1 34 31

3 Rha(esp)2 (1) 1:1 44 43

4 Cu(OTf)2 (10) 2:1 ND 15

5 Cu[MeCN]4PFs (10) 2:1 ND 22

6 Rho(OAC)4 (1) 1:1 41 44

7 Rho(OAC)4 (1) 2:1 >95 85 (759
8¢ Rh,(OAC)4 (1) 2:1 >95 75

9 Rh,(OAC)4 (0.5) 2:1 >95 84

10 Rh2(OAc)4 (0.1) 2:1 >05 86

11 Rh,(OAc)4 (0.01) 2:1 ND 5

3 Determined using *H NMR spectroscopy. ® 0.1 mmol scale 3.11, NMR vyield using Ph-TMS as
an internal standard. ¢ Isolated yield. ¢ No MgSO, added.

Diazo compounds containing aryl bromides, alkene functional handles, and labile
protecting groups were studied with POSS 3.11 (Figure 3.9). POSS 3.11 was subjected to
optimized conditions with diazo compounds 3.7c-3.7e to produce 3.14b-3.14d in 73-83% vyield.
Scaling the reaction to 1 mmol of POSS 3.11 (0.93 g) led to comparable yield using a 3-hour slow
addition of diazo 3.7c and 3.7e (Figure 3.10). POSS compounds were found to be stable to air,
light and moisture for weeks. Additional substrates were also explored by Karina Targos as part

of a manuscript that was submitted.*
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3.14b, 73% (62%) 3.14c, 77% 3.14d, 83% (77%)

Figure 3.10. Scope of diazo compounds with valuable functionality. For reactions, 0.1 mmol of
POSS 3.11 was used in CH2Cl, (1 mL total). Yields in parenthesis indicate 1 mmol of POSS 3.11 (0.93 g)
was used with a 3-hour slow addition of diazo compound in CH,Cl, (10 mL total).

3.5: Studies of Carbene Insertion into Si—H Bonds with POSS Containing Three
Si—H Bonds

POSS 3.2 with three Si—-H bonds was subjected to optimized conditions to expand the
POSS-silanes amenable with this method. A 3-hour slow addition of diazo compound was used
for all trials. With diazo compound 3.7b complete consumption of 3.2 was observed using two
equivalents of diazo compound per Si—H bond (Figure 3.11). The product 3.15a was isolated in
52% yield with alkene 3.16a formed from diazo decomposition.'® With one equivalent of diazo
compound per Si—H bond, pure POSS 3.15a was isolated in 45% yield. With diazo compound 3.7¢
complete consumption of 3.2 was observed using two equivalents of diazo compound per Si—H
bond (Figure 3.11). The product 3.15b was isolated in 71% yield with alkene 3.16b formed from
diazo decomposition.'® With one equivalent of diazo compound per Si—H bond, pure POSS 3.15b
was isolated in 49% vyield. With diazo 3.7e and 3.7a, side products 3.16¢c and 3.16d were
successfully separated by trituration and flash chromatography (Figure 3.11). Using two
equivalents of a diazo compound, POSS 3.15c¢ and 3.15d were isolated in 45% and 44% yield

respectively.
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Figure 3.11. Carbene insertion into Si—H bonds of 3.2 using diazo compounds 3.7a-c and 3.7e and 0.1
mmol of POSS 3.2 was used for all trials in CH2Cl» (1 mL total).

In general, reduced yields of products 3.15a-d are attributed to several causes. Coelution
of side products 3.16a-d limits the total equivalents of a diazo compound that can be added in the
reaction. Incomplete conversion of Si—H bonds was observed using one equivalent of diazo
compound 3.7b and 3.7c. Additionally, it is noted that POSS 3.2 has 63 C—H bonds which compete

with Si—H bonds despite higher reactivity.?® | routinely observed products resulting from carbene
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insertion into C—H bonds using 'H NMR spectroscopy. No evidence of diastereomers or
diastereoselectivity was detected using *H or 1°F NMR spectroscopy for POSS 3.15a-d.

3.6: Studies of Carbene Insertion into Si—H Bonds with POSS Containing Eight

Si—H Bonds
POSS with eight Si—H bonds were examined to access global insertion products. POSS 3.3

has been used extensively to access materials for applications such as optoelectronic materials,*
supramolecular dendritic networks,® and hybrid polymer inorganic nanocomposites.®
Hydrosilylation is the typical transformation utilized for POSS 3.3.

The optimization of carbene insertion into the Si—H bonds of 3.3 was completed by Karina
Targos.! Initial conditions screened were performed using 1 mol % Rh2(OAc)s4 in CH2Cl2 a 3-hour
slow addition of diazo compound 3.7a. Using five equivalents of 3.7a relative to 3.3, 50%
conversion was observed but the yield could not accurately be determined. Using 8.5 equivalents
of 3.7a, POSS 3.17a was synthesized in 31% vyield and incomplete conversion was observed.
Increasing to 10 equivalents of 3.7a led to complete conversion of the Si—H bonds of 3.3 and POSS

3.17a was isolated in 43% yield.
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Table 3.2. Conditions tested for insertion of diazo compound 3.7a into Si-H of POSS 3.3.

Entry 3.7a: 3.3 Si—H % Conversion Yield 3.17aP
1 5:1 50 -
2 8.5:1 83 31
3 10:1 >95 43 (isolated)

2 Determined using *H NMR spectroscopy. ® 0.1 mmol 3.3, NMR yield using Ph-TMS as
an internal standard.

With diazo compound 3.7e, optimized conditions were used to isolate POSS 3.17b in 85%
yield after flash chromatography (Figure 3.12). Karina Targos demonstrated several other

substitutions on the aryl ring and found that electron-rich diazo compounds required higher
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equivalents to access global insertion products. The reaction could also be scaled up to 1 mmol of
3.3 (1.01 g) with comparable yields.! No evidence of diastereomers or diastereoselectivity was
detected using *H NMR spectroscopy for POSS 3.17b.
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Figure 3.12. Carbene insertion into Si—H bonds of 3.3 using diazo compound 3.7e.

3.7: Synthesis of Functionalized Diazo Compounds and Subsequent Carbene
Insertion into Si—H Bonds with POSS 3.11

Diazo compounds with amides, photoswitches, fluorinated groups and BODIPY
fluorophores were synthesized and reacted with POSS 3.11. Novel diazo compounds containing
fluorinated groups and BODIPY fluorophores were synthesized to showcase the versatility of the

chemistry of diazo compounds.

3.7.1: Synthesis and Studies of Amide-containing Diazo Compounds

Amides are commonly found in POSS-based materials used for drug delivery,® wettable
thermoplastics,3* and photoswitch conjugates.®> Demonstrating a successful transformation using
an amide-containing diazo compound would allow for one-step access to POSS-amide products.

Diazo compound 3.20 was synthesized in two steps using a known procedure from
phenylacetic acid 3.18. Amide coupling conditions with chloro-N, N, N’, N*-
tetramethylformamidinium hexafluorophosphate (TCFH) and N-methylaniline formed product
3.19, which was isolated in 42% yield (Figure 3.13).% Diazo transfer using TsN3 and DBU in
MeCN at 35 °C formed diazo compound 3.20, which was isolated in 10% yield. The starting
material 3.19 was recovered in 85% yield based on initial moles. Formation of an enolate is needed
to begin diazo transfer, so the reduced acidity of amides compared to esters may account for the

rate discrepancy.2®
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1. TCFH ( 1.2 equiv), NMI (1.2 le) TsN3 (1.5 equiv) o
©\)?\ equiv), MeCN (0.6 M), rt 1 h Me DBU (1.5equiv) % Me
> N > .
OH 2. N-methylaniline (1.2 equiv), E’h MeCN (0.5 M), 35 °C, 4h N Eh
16 h 2
3.18 3.19, 42% 3.20, 10%
Figure 3.13. Synthesis of diazo compound 3.17.

The reaction of diazo compound 3.20 was tested with POSS 3.11 using optimized
conditions (2 equivalents 3.20) with a 1-hour slow addition. Product 3.21 was observed in only
10% yield using *H NMR spectroscopy. The major amide-containing product was 3.22, isolated
in 60% yield. Repeating the reaction using a 3-hour slow addition did not improve the yield of
3.21 and the major product was 3.22. Previous reports with diazo compound 3.20 note the tendency
to cyclize via intramolecular C-H insertion.3":3 Despite the higher reactivity of Si-H bonds to C—-
H bonds,* the proximity due to an intramolecular C-H bond is more favorable. Substitution of the
amide to methyl groups would limit intramolecular C—H insertion but limits scope of possible
amide-containing POSSs.

intended product: )
Bu ; . side product:
S’/O\ ~iBu Bu ;
Bu- Sp'o\ _ ds'*o o O,Si/o\s(’B“ 0
7' o 5'\( M ©\”)‘\ e RN2(0AC) (L mol %) ’B“‘Si'o/'lo\ 60 2 me Ph
iB . M — -
oiBu\S‘ OI Sl:o/ H T Ejh MgSO, o/iBu\ (\;iBu O/SI N-Me
Ol A [— P ‘e L
\Sfo OS/i,ol ~iBu inverse adéition (1-3h) CHéC:lLZC(’?;r:\A) \ ,O'SI\O'/’/SI\ 0] -Ph
BuT 0T N 2 equiv ’ _ Si——Si0 Bu e
Bu Bu O Nl 3.22
3.11 3.20 3.21
Table 3.3. Conditions for insertion of diazo compound 3.17 into Si—H bond of POSS 3.11.
Slow .
.. 3.20 Yield . b
Entry  addition : . Yield3.22
conversion 3.21
(h)
1 1 >05% 10 60
2 3 >95% 7 55

20.05 mmol 3.11, NMR yield using Ph-TMS as an
internal standard. ® NMR vyield using Ph-TMS as an
internal standard.

Isatin-based diazo compound 3.25 was synthesized based on the hypothesis that
competitive C—H insertion would not occur. Isatin-based diazo compound 3.25 was accessed from
isatin (3.23) . Methylation in the presence of Mel and K2COsto formed 3.24 in 95% vyield (Figure
3.14). Isatin 3.24 was subjected to hydrazone formation in the presence of tosylhydrazine in THF

followed by aqueous NaOH to access diazo compound 3.25 in 45% yield.
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3.23 3.24, 95% 3.25,45%
Figure 3.14. Synthesis of diazo compound 3.25

Diazo compound 3.25 was subjected to optimized conditions with POSS 3.11 (2
equivalents of 3.25) over a 1-hour slow addition (Figure 3.15). Diazo compound 3.25 was observed
to build up in the flask during the slow addition, suggesting poor conversion; starting materials
were recovered. Performing a slow addition for 3 hours led to recovery of POSS 3.11 and diazo
compound 3.25 with no observable product (3.26) formation. A hypothesis for the poor reactivity
observed can be explained with the resonance forms of the metal carbenoid intermediate 3.27
(Figure 3.15). Donation of electron density from the vinylogous nitrogen could stabilize the

carbene, reducing reactivity.

intended product:

Bu ]
. .iBu p
. O-§|O/O\,Si~o N IBU\Si/O\Si'iBu
Bu~g. ~a > . X
7'0/’ 3'\(2 5iMe Rh,(OAC), (1 mol %) iBu~Si%O\Si,O' O v O
[[=1V] N N
OiBu~\S_ o g H . o) MgSO, O/IBU\ giBu Si e
\ 0% ~o/ 7'~y Me CH,Cl, (0.1 M) \ Si '//Si,o
_ Sieey—Si~© inverse addition (1-3 h) ,1or3h S"O o Ng
Bu NBu 2 equiv Bu I—~p—Si—~ Bu
3.11 3.25 Bu
3.26; <5%
ORh ORh
ot O
NMe =NMe
®
3.27

Figure 3.15. Studies of carbene insertion with diazo 3.25 and resonance forms of metal-carbenoid
3.27 formed with diazo 3.25.

3.7.2: Synthesis and Studies of a Photoswitch-containing Diazo Compound

Photoswitches are molecules that absorb light and undergo reversible isomerization
resulting in changes to the structure or properties of the molecule.*® POSS-based photoswitches
containing azobeneznes have been synthesized previoulsy and notable changes in isomerization
half-life are observed compared to POSS-free counterparts.** Azobenzene-based diazo compounds

were explored because several are known in the literature.
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Diazo compound 3.34 was accessed using a previously reported procedure starting from
glycine-methyl ester 3.31 and nitrosobenzene 3.28 (Figure 3.16).#> Nitrosobenzene 3.28 was
subjected to condensation conditions with aniline 3.29 in CH2Cl2/AcOH, forming azobenzene 3.30
in 85% yield. Glycine ester 3.31 was oxidized to methyldiazoacetate 3.32 using NaNO2 at 0 °C.
The diazo compound was quickly subjected to TFAA and pyridine to access coupling partner 3.33,
isolated in 47% yield over two steps. Cross-coupling of azobenzene 3.30 and diazo compound 3.33

in the presence of Pd(0) and base formed diazo compound 3.34 and was isolated in 60% yield.

(o]
N NH, I
_—
. Ns
©/ | CH,Cly:AcOH Ph” °N
(1:1, 0.5 M) .
3.28 3.29 r, 16 h 3.30, 85%

N TFAA (1.1 equiv)
NH,-HCI NaNO, (1.2 equiv) 12 pyridine (1.1 equiv)
kn/owle > KI(OMe > Fsc\n)l\n,owm
3:1 CH,Cly/H,0 (0.8 M) CH,Cl, (0.8 M) I

o} 0°Ctort, 1.5h 0o 0°Ctort, 12h 0
3.31 . 3.32. 3.33
used immediatlely 45 % (2 steps)

3.33 (1.5 equiv)
Pd(PPhg), (5 mol %)

|
/©/ K,COj3 (3.0 equiv) /@)‘\KOMe
/N¢ >
Ph” N MeOH (0.2 M), rt, 16 h ph NN 0

3.30 3.34,60%

Figure 3.16. Synthesis of diazo compound 3.34.

Diazo compound 3.34 was subjected to carbene insertion conditions with 3.11 using two
equivalents of diazo compound. Several Rh(Il) sources were screened, including Rh2(OAC)as,
Rh2(TFA)4, and Rha(esp)2. Full conversion of the diazo compound was observed by *H NMR and
TLC analysis after 12 hours (Table 3.4, entries 1-3). For all sources screened, 3.35 was observed
in less than 5% yield. Electron-donating effects from the azobenzene group are prposed to account

for reduced reactivity towards Si—H insertion.*3
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iBu iBu ]
_\Si/o\Si,/Bu ,\Si/o\sif'Bu

N - Q /O !
2 Bu~gi 7" ~~g;-0 Q

i u~7io/r \Si\(o \Si'Me OMe Rha(L)s (1 mol %) 7 o] Nas Si'Me
B B > : /
dmu\ oMM N. o MgSO, O'BU\Si 0 -0
Ph” SN \ 0% ~o/-3\ o

\Si,CiSI\OS'/;%\iBu inverse addition (1-3 h) CHzilﬂ(gﬂ M) ] /Si\o/Si—O Bu one
Bu” o— \By (2 equiv) Bu “Bu
3.11 3.34 3.35, <5%
Table 3.4. Conditions for insertion of diazo compound 3.34 into Si—H bond of POSS 3.11.
Entry Catalyst 3.30 Conversion Yield 3.31°
1 Rhy(OAC)4 >95 0
2 Rhy(TFA)4 >05 0
3 Rhaz(esp): >95 0
20.05 mmol 3.11 used, NMR yield using Ph-TMS as an internal
standard.

3.7.3: Synthesis and Studies of a Novel BODIPY-containing Diazo Compound

Boron-dipyrromethene (BODIPY) is a commonly used fluorophore with applications in
cellular imaging,** sensors* and mechanochromophoric materials.*® BODIPY-based POSS
compounds have been previously studied as photoemissive materials*’ and to probe POSS
permeation in cellular membranes.*® BODIPY-POSS compounds have been synthesized using
Heck reactions from vinyl-containing POSSs, so carbene insertion provides a complementary
route to access this functionality with a remaining ester for further functionalization. BODIPY -
based diazo compounds such as 3.39 were unknown prior to this work. The BODIPY was placed
at the 4-position of the aryl ring on the diazo compound to limit steric hinderance during the
insertion process.

Diazo compound 3.39 was accessed using a convergent synthetic scheme similar to
photoswitch 3.34 (Figure 3.17).4> BODIPY 3.39 was accessed from benzoyl chloride 3.36 and
pyrrole 3.37, isolated in 14% yield over 2 steps. Cross-coupling of 3.33 and BODIPY 3.38 led to
BODIPY 3.39 which was isolated in 73% yield.
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o H 1. CH,Cl, (0.2 M),

N reflux, 16 h
cl | ) —Me >
Me 2. BF3Et,0 (8.0 equiv)
I EtsN (8.0 equiv)

3.36 Me
2.0 equiv
3.37 14% (2 steps)

3.33 (3.0 equiv)
I Pd(PPhs), (20 mol %)
K,CO5 (3.0 equiv)

3.38 3.39, 73%
Figure 3.17: Synthesis of BODIPY -containing diazo compound 3.39.

BODIPY -diazo compound 3.39 was reacted with POSS 3.11 using 1 mol % Rh2(OACc)4 to
access insertion product 3.40 (Table 3.5). Diazo compound 3.39 proved unreactive with 3.11 using
the diazo compound in excess, although complete conversion was observed using TLC and ‘H
NMR analysis (Table 3.5, entry 1). Competitive insertion into C—H bonds was observed using *H
NMR spectroscopy, suggesting steric effects are significant in limiting Si—H insertion. Extending
the slow addition time to 6 or 12 hours did not increase the yield (Table 3.5, entries 2 and 3). With
BODIPY 3.39 as the limiting reagent and 5 equivalents of POSS 3.11, product 3.40 was isolated
in 16% yield (entry 4). POSS 3.40 exhibits strong fluorescence at 545 nm with a 14 nm Stokes
shift similar to previous BODIPYs (Figure 3.18).%° Overall, diazo compound 3.39 undergoes
carbene insertion processes, but the steric hinderance about POSS limits the yield of Si-H

insertion.
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OMe iBu,\Si/O\Si/iBu
Rhy(OAc)s (1 mol %) iBU\Si%O\Si(_d \O\S./Me e
MgSO, ofBU,\‘ (\)’Bu_,o’ I
CH,Cly (0.1 M) \!o‘s‘\o-/_’(j,s'\‘ 07 0OMe
rt, 1-12 h /SI\O/SI\. Bu
a1 inverse a?ggon (1-12 h) Bu Bu 3.40
Table 3.5. Conditions for insertion of diazo compound 3.35 into Si—H bond of POSS 3.11.
Entry 3.39:3.11 Slow addition (h)  3.39 Conversion? Yield 3.40P
1 2:1 3 >05 0
2 2:1 6 >05 0
3 2:1 12 >05 0
4 1:5 3 >95 16 (isolated)

a Determined using *H NMR spectroscopy and TLC. ® 0.05 mmol scale 3.39, NMR yield using
Ph-TMS as an internal standard.
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Figure 3.18. Normalized excitation and emission plots of POSS-BODIPY 3.40. Data was collected at 3.1
x 107 M in EtOH to limit self-quenching.

3.7.4: Synthesis and Studies of a Novel Fluorinated Diazo Compound

Fluorinated groups on POSSs have shown promise for super-oleophobic coatings,>
hydrophobic coatings,> and low-surface energy materials.>> Previous methods to access
fluorinated POSS include direct condensation of fluorinated alkoxysilanes,*° hydrosilylation of
fluorinated alkenes with POSS-silanes® and corner-capping of POSS-triols with fluorinated
trichlorosilanes.> The use of carbene insertion into Si—H bonds to install fluorinated groups would
provide a complementary route to methods that have been developed.

Fluorinated diazo compound 3.43 was accessed using diazo transfer from ester 3.42 (Figure
3.19). Alcohol 3.41 was subjected to esterification with phenylacetic acid 3.18 using TBTU in
DMF, forming ester 3.42 which was isolated in 65% yield.>® Ester 3.42 was subjected to diazo
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transfer conditions using TsN3 and DBU in MeCN, accessing diazo 3.43 which was isolated in

30% yield. Yields were typically low although total consumption of 3.42 was observed.

3.18 (1.5 equiv)

TBTU (1.5 equiv) TsN3 (1.5 equiv)
E
W Hiinig's Base (2.0 equiv) @\i DBU (1.5 equiv) O
B ———
HO CFs OCH,(CF,)6CF3 OCH,(CF2)CFs

EFE EE FE DMF (0.3 M), rt, 12 h MeCN (0.5 M)
35°C, 4h N
3.41 3.42, 65% 3.43, 30%

Figure 3.19. Synthesis of diazo compound 3.43.

Fluorinated diazo compound 3.43 was tested with POSS 3.11 using 1 mol % Rh20Acs in
CH2Cl2 with a 1-hour slow addition (Figure 3.20). The product 3.44 was observed in 25% yield
and 30% conversion of POSS 3.11 using *H NMR spectroscopy. Extending the slow addition to 3
hours led to 70% conversion of the Si—H bond of 3.11, and POSS 3.44 was isolated in 60% yield,
comparable to yields from methyl ester-containing diazo compounds studied in this work.

’BU\Si/o\Si,iBu IBU\Si,o\Si,iBu
Bu- 220~ _ 4 9 Bu~S20—__4 0
“sig Si;O \ Me o Sy si© % Me
Si. By Si
o/iBu\ \O:Bu OI H QHLOCH (CEC Rhy(OAc), (1 mol %) O4BU\ (\)l u O/
. . . O o
\ 05 ~o/~F'~mu T 2T MgSO, \ 00/~ 07 0CH,(CF,)CFs
Si—g—SiC 2 CH,Cl (0.1 M) _ Siey—si"0 Bu
Bu Bu 2 equiv tt,1-3h Bu ‘Bu
311 inverse addition (1-3 h) ’
- 3.44

3.43
1 h slow addition: 30% conversion 3.11, 25% yield (NMR) 3.44

3 h slow addition: 70% conversion 3.11, 60% yield (isolated) 3.44

Figure 3.20. Carbene insertion into Si—H bond of POSS with diazo compound 3.43.

3.8: Studies of Post-insertion Functionalization

3.8.1: Studies of Cross-coupling

Cross-coupling reactions of POSS compounds have been applied to the synthesis of
OLEDs,* photovoltaics,> and heterogenous POSS-based catalysts.>® To date, the majority of
cross-coupling performed on POSS fall within Heck, Sonogashira, and Suzuki reactions.4%
Conditions that enable sp?-sp? couplings with POSS 3.14b would serve as precedent for potential
inclusion into materials.

Heck coupling conditions were evaluated to functionalize POSS 3.14b.5" Heck coupling
conditions with styrene and Hiinig’s base in DMF led to full conversion of starting material 3.14b
but no product formed (Table 3.6 entry 1).58 Ester 3.46 was observed from C-Si cleavage. A
reaction with P(t-Bu)s as the ligand formed no product, and no desilylation occurred (Table 3.6
entry 2). Palladium sources are suspected to have oxidized in all trials, but the results can serve as

a control for POSS insertion products in the presence of a solubilized base. Previous examples of
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Heck coupling used POSS with silicon-centers in more sterically demanding positions, so base
hydrolysis (if that is the actual mechanism) would occur slowly compared to POSS 3.11.5° Another
possibility could be Pd-catalyzed isomerization to the silyl-enol ether, and subsequent hydrolysis
on work-up leading to separation of the aryl-ester moiety from POSS, which has been previously
observed at elevated temperatures.®® Using conditions reported by Fu,%* no coupling occurred and
partial desilylation of starting material was observed. (Table 3.6 entry 3). A repeated attempt using
the same conditions led to full desilylation with no coupling product observed as determined by
!H NMR spectroscopy (Table 3.6 entry 4). A review of POSS-related literature noted cage
rearrangements in the presence of solubilized bases even at room temperature.®? Conditions where

the base could be in a separate phase (i.e., aqueous phase) were investigated.

Bu

i Bu p AN

5j—0~g;- /B B EY\ 5j— O~g-BY |

o 070 > r o 070 > N

Bu-g7"~g-0 Q Me - Bu~g"~g-0 & Me B

/ o Meu S conditions / Q By S ' o

_condmem g

O/Bu\Si o s\‘o/ ofBu\\S, o S,o'

\ 0% ~0o/~F\ 0" ome \ 0% >0/~ o ome ove
Si— . _-Si-O Bu Si— . _si-O 'Bu 3.46

- [¢] \ iBu” o v

iBu Bu Bu
3.14b 3.45

iBu

Table 3.6. Conditions tested for cross-coupling reactions with POSS 3.11b.

. Solvent, C-Si Yield
Entry? Conditions Tem cleavage 3.45P
P or
Pd,dbas, PPhs, DMF, 0
1 Hiinig’s base 80°C ves (>95%) 0
PdOAcC,, 0
2 P(t-BU)3BF4, :(';'olé No
Cy:MeN
1,4- 0
szdbas, U 0
3 P(t-BU)s, CysMeN d|o>::1ne, Yes (40%)
1,4- 0
4 Pddbas, dioxane, Yes (>95%)

P(t-BU)a, CszeN ft

20.05 mmol scale, 1.5 equiv styrene 3 mol % Pd, 6 mol % ligand, 1.1 equiv base, 0.1 M, 16 h for all
trials. ® Determined using *H NMR spectroscopy.

Suzuki couplings were investigated to test biphasic cross-coupling conditions.®® Toluene
was selected as the solvent given its low water solubility and Na2CO3z was selected as a base given
the strong precedent. Using 4-fluorophenylboronic acid as a coupling partner with POSS 3.14b,
coupling product 3.47 formed in 37% vyield analyzed by 'H NMR spectroscopy with partial
cleavage of the C-Si bond (20%) (Figure 3.21). Biaryl-POSS 3.47 was isolated in 45% yield and
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ester 3.48 was isolated in 35% yield. Hydrolysis is not entirely suppressed under these conditions.
However, this result is a proof-of-concept that Suzuki couplings on POSS 3.47 yield isolable

quantities of biaryl-products with a remaining methyl ester for further functionalization.

/(Y B(OH),
iBu . | )
~ O\Si,/Bu = =z Bu

R
Si 5i—

F
. z
; . ~ O—__.-Bu ( |
i () q Br 1.2 equiv Si
Bu-o=7"~.._0 O Me Bu. 220 0 N
70 S'\\,B i Pd(PPhy), (10mol %) TSI TsicO T\ Me
Bu\ Bu ; Na,COs (2.0 equiv) / VBu Si
(0] U‘Si (0] Si,O giBu) o o/ PhE
\ o \O'//I\ 07 “OMe . @\/?]\
OMe

_ N PhMe/H,0 (9:1), 50°C, 3h \ 0% ~0/~3\ 0 ome
Si—H—Si Bu : -0\
By 0 _Si——Si-O Bu
Bu Bu “Bu 3.48, 20% (35%)
3.14b 3.47, 37% (45%)

Figure 3.21. Suzuki coupling of POSS 3.15b with 4-fluorophenylboronic acid, 0.1 mmol 3.15b, NMR
yield using Ph-TMS as an internal standard. Yields in parentheses are isolated.

3.8.2: Studies of Ester Deprotection:

To demonstrate the utility of the ester moiety, hydrolysis (i.e. deprotection) conditions were
tested to access carboxylic acid-based POSS. POSS-based carboxylic acids have been reported
previously.54

Conditions were tested with POSS 3.14a containing a methyl ester. POSS 3.14a was
subjected to 10 equivalents of LiIOH in THF/MeOH, leading to ester hydrolysis as well as C-Si
hydrolysis after 16 h (Table 3.7, entry 1).%° Reduced reaction times to 30 minutes and fewer
equivalents of LIOH resulted in both ester and C-Si hydrolysis (Table 3.7, entry 2). Attempted
acid-mediated hydrolysis using TFA resulted in recovery of starting material 3.14a. Alternative

ester substitutions were explored to investigate milder conditions.
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iBu .
N P i
/SI/O\Si‘ iBu iBu

Bu~gi7"~~g0 0 . (o) T
/S 9 S\IliBu s y 'Bu‘Si'o/’o\SifO A Me
oiBu\ o g conditions / \ e s
\O,Si\ _//Si' - oBu) o .0
! 0/~ 7\ 07 ~OMe \ Si _//s|
Si—~_—Si-O Bu o 0/~ 7\ 0% OH
Bu O “Bu _ Si——si~0 Bu
Bu \iBu
3.14a 240
Table 3.7. Conditions tested for conversion to POSS acid 3.49.
Additive, Solvent (M), . Conversion  Yield
Entry Equiv Temp Time (h) (%) 3.495
LiOH*H,O THF/MeOH (9:1,
>
L (00 0.1 M:, it 16 95 0
LiOH*H,O THF/MeOH (9:1,
. >
2 2.0) 0.1 M)®, rt 05 % 0
H.Cl, (0.1 M) ©
3 TFA(5.0) CHCl, ﬁ? )" 05 <5 0

2 Determined using *H NMR spectroscopy. ® 0.1 mmol 3.11a, NMR yield with Ph-TMS.

Deprotection of POSS 3.14d with a tert-butyl ester was evaluated.®® Thermal deprotection
conditions in refluxing PhMe resulted in recovery of 3.14d (Table 3.8, entry 1). Both Mgl2 and I2
resulted in the consumption of 3.14d, but no product 3.49 was observed (Table 3.8, entries 2 and
3). Several metal triflates in CH2Cl2 provided poor conversion after 16 h (Table 3.8, entries 3-5).
Using five equivalents of ZnBr2 in CH2Cl2, complete conversion of 3.11d was observed using TLC

and NMR spectroscopy. POSS 3.49 was isolated in 88% yield.%6

iBu

Ne:_—0O—__.-Bu Bu '
; O?IO ,S'~ ‘Si/O\Si,/Bu
IBU~Si'/, \Si’o O\ Me ] 055 Si]
/] By S Bu-g =" 510 A me
Bu . .
oiBu\ o o conditions / \ ey Si
.S|\ . /Sl OIBU\ ) o) B
o O~ 7\ 07 ~OotBu 5 0 i
Si— ~_-Si-O Bu ) O/~ 7\ _O7 "OH
iBu’ (6] \, /S|\O/Si—O iBu
iBu Bu \iBu
3.14d
3.49

Table 3.8. Conditions tested for conversion to POSS acid 3.49.
Entry  Additive (Equiv) Solvent (M), Temp Conversions (%)  Yield 3.49¢

12 - PhMe (0.1 M), 110 °C 0 0
20 Mgl (1.5)¢ PhMe (0.1 M), 110 °C >95 0
3 12(1.0) MeCN (0.1 M), 65 °C >05 0
4> Sc(OTf); (0.1) CHCl, (0.1 M), rt 10 0
5P La(OTf)3(0.1) CHCl, (0.1 M), rt 0 0
6° Fe(OTf), (0.1) CH:Cl; (0.1 M), rt 0 0
72 ZnBr; (5.0) CH.CI; (0.1 M), rt >95 88 (isolated)
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30.1 mmol scale, 16 h. °0.05 mmol scale, 16 h. ¢ Determined using *H NMR spectroscopy. ¢ NMR
yield using Ph-TMS as an internal standard. ¢ Generated in-situ from I, and Mg(0) in Et,O for 2 h
prior to use.

3.8.3: Studies of Amidation

Amidation is commonly used to prepare POSS-based hydrophilic dendrimers,® drug
delivery systems,® and flame retardant materials.®” These POSS are typically synthesized from
POSS-based amines, so this method would allow for complementary syntheses. Amide-based
diazo compounds are typically less reactive,®® so amidation after Si—H insertion could circumvent
reactivity issues.

Direct amidation from the methyl ester was examined to circumvent the requirement to
isolate POSS-acid 3.49. Catalytic DBU in PhMe for 16 h led to complete conversion of 3.14b, but
no product 3.50 was observed (Table 3.9, entry 1).5° Stoichiometric Ti(O-iPr)s4 in THF at 50°C
proved partially reactive, although no product 3.47 was observed (Table 3.9, entry 2). Lastly,
LiHMDS-mediated amidation led to C-Si hydrolysis (Table 3.9, entry 3).7° Given that all studies
of direct amidation failed, conditions starting from POSS acid 3.49 were explored.

iBu OMe

SI/O\SI,IBU S|/O\S’IBU 5
Buw S20~__ 4 O Br HN Bu-~ / ~c..0 O '
\S'O s|o Me Sig sic Me
|'iBu Sl conditions -~ \ |'iBu /S'
OIBU\ 0 O/ > O’Bu e}
\ o Sl\O/,S| \ o SI\O //SI X

OMe Nﬁl/
o) IBIJ SI\O/S| lBu H \/L
OMe

iBu SI\O/SIIBU iBu” iBu #
3.14b 3.50
Table 3.9. Amidation conditions tested from ester 3.14b.
Entry Additive (Equiv) Solvent (M), Temp  Conversion® (%)  Yield 3.50°
1 DBU (0.2) PhMe (0.2 M), rt >05 0
2 Ti(Oi-Pr)4 (1.0), 4AMS 2@ THF (0.6 M), 50 °C 10 0
3 LiHMDS (2.0) PhMe (0.25 M), rt >05 0
2 4A MS (0.5 g/mmol). ®0.05 mmol 3.14b, NMR vyield using Ph-TMS as an internal
standard.

With POSS-acid 3.49 in hand, amide coupling conditions were tested. Conditions using
oxalyl chloride followed by nucleophilic acyl substitution to form amide 3.51 resulted in C-Si
cleavage (Table 3.10, entry 1). Conditions using EDC and HOB, led to full conversion of the acid
as determined by TLC and *H NMR spectroscopy. When subjected to stirring with amine, C-Si
cleavage was observed in addition to amide bond formation (Table 3.10, entry 2). Reduction of
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reaction time (1 h and 0.2 h) led to similar results (Table 3.10, entries 3 and 4). Catalytic methods

using boric acid or boronic acids led to C-Si cleavage as well (Table 3.10, entries 5 and 6).

Bu ) OMe Bu_ i
. O-§iO/O\ISi:IBU 9y N\/(j . O‘§io/0\,8i‘olBu
Bu~g O~ 0 O e 2 BU-gi 7 5ic0 A Me
/ Q \\iBu Si conditions / \ \\iBu /SI
oiBu\\' o) _,O/ > OIBU‘Si (0] S_,O
\ oS~/ o on \ 0% ~o0 /" o N S
Si— . _si-0 Bu ) ,s|\o/s.—0 Bu H P
iBu” (0] \iBu iBu \iBu OMe
3.49 3.51
Table 3.10. Amidation conditions tested from acid 3.49.
Entry Additive S(()II\>|/)ent Time Conversion? hyg:r;)IS)I/sis Yield
. . 0 b
(Equiv) Temp (h) (%) (%)° 3.51
CH.ClI,
(COCI),
1 (0.2 12 h >05 >05 0
(1.2), DMF M), rt
CH.ClI,
HOBt (1.2),
2 (0.1 12 h >95 >95 0
EDC (1.2
(1.2 M), rt
CH.CI;
HOBt (1.2),
3 (0.1 1h >95 >95 0
EDC (1.2) M), rt
CH.CI,
HOBt (1.2),
4 (0.1 0.2 >05 >05 0
EDC (1.2) M), rt
) PhF
P 0.2
5 CFsPhB(OH); M) 16 h >05 >05 0
(0.2) 80°,C
PhF
(0.2
6 B(OH); (0.2) M) 16 h >95 >95 0
80°C

aDetermined using *H NMR spectroscopy °0.05 mmol scale, 16 h, NMR yield using Ph-TMS as
an internal standard. ©4A MS (100 mg/0.1 mmol 3.49 added).

3.9: Conclusion

In conclusion, carbene insertion into Si—H bonds of POSS-silanes using diazo compounds

as precursors has been demonstrated. Useful functionality, including aryl bromides, alkene

functional handles, and labile protecting groups can be installed in good yield and purity. POSS
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with one, three and eight Si—H bonds were reacted with diazo compounds to access functionalized
POSS. POSS with three Si—H bonds yielded lower than other POSS studied due to competitive C—
H insertion and coelution of side products. Diazo compounds containing fluorinated groups and
BODIPY chromophores were synthesized and subsequently reacted to access novel functionalized
POSS. Amide-containing diazo compounds were tested and all trials failed to produce insertion
products. Synthetic transformations of insertion products including ester deprotection and Suzuki
coupling were accomplished. However, all conditions for Heck couplings and amide couplings
failed due competitive to C—Si cleavage. The results of this chapter in addition to the results from

Karina Targos were compiled into a manuscript and submitted.

3.10 Experimental Procedures

3.10.1 General Information

See Chapter 1 and Chapter 2 experimental procedures (pages 64 and 132, respectively) for general
information on synthesis, purification, and analysis.

For Chapter 3, Fluorescence data was collected using a Cary Eclipse Spectrometer in EtOH at
3.1x10 "M in a 96-well plate to determine the proper dilution to limit quenching. Excitation and
emission wavelengths were determined separately, and data was normalized on Microsoft Excel.

For Chapter 3, tetracyclo[9.5.1.139.15%]octasiloxane-7,13-diol,1,3,5,7,9,11,13,15-octakis(2-
methyl propyl) (diSilanollsobutyl POSS) 3.13, 1,3,5,7,9,11,14-
heptaisobutyltricyclo[7.3.3.15!]heptasiloxane-endo-3,7,14-triol (triSilanollsobutyl POSS) 3.14
and octaSilane POSS (3.3) were purchased from Hybridplastics.com. Allyl-2-phenylacetate, tert-
butyl-2-phenylacetate, and were synthesized from previous published procedures.”*"> POSS 3.2
was synthesized from a previously reported procedure.?” POSS compounds were named using the
9Cl, ACI index.

3.10.2: Experimental Procedures
Method A: Procedure for Preparation of POSS 3.11
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In a flame-dried, Ar-charged 250-mL round-bottomed flask, a solution of POSS 3.9 (4.5 g,
5.0 mmol) and EtsN (5.65 mL, 40.5 mmol, 8.10 equiv) in THF (80 mL) was cooled to 0 °C and
stirred for 10 min. A solution of methyldichlorosilane (0.63 mL, 6.0 mmol, 1.2 equiv) in THF (20
mL) was prepared under Ar atmosphere and added dropwise to the POSS-diol solution. A white
solid immediately started to precipitate, and chlorosilane solution addition was temporarily halted
if excessive gas formation clouded the reaction flask. After stirring at 0 °C for 1 h, the flask was
removed from the bath and allowed to warm to room temperature. The flask stirred for an
additional 3 h, then was quenched with sat. ag. NaHCO3 (15 mL). Hexanes (15 mL) were added
to the reaction flask, and the reaction mixture was filtered to remove solids. The organic layer was
separated, dried with MgSOa4 for 10 min, and concentrated in vacuo. The crude product was
purified via flash chromatography on silica gel, eluted with hexanes and dried under vacuum to
afford POSS 3.11 as a colorless solid in 89% vyield (4.20 g, 4.50 mmol). Characterization data can

be found below.

Method B: General Procedure for Carbene Insertion into POSS Silanes

A 4-mL reaction vial equipped with a stir bar and MgSO4 (56 mg/0.1 mmol) was heated
under flame and dried under a high vacuum (<1 torr). After the vial was cooled to room
temperature, it was purged with argon, followed by the addition of Rh2(OAc)4 (0.01 equiv) and
the corresponding POSS. The vial was re-purged with argon, and solvent was added. The diazo
compound was weighed into a separate flame-dried vial and solvent was added, then the solution
was drawn into a syringe. Using a long needle, the syringe was placed on a syringe pump with the
needle tip in the stirring solution of POSS and rhodium catalyst. The syringe pump was
programmed to add the solution over a period of 1-3 h at room temperature. The mixture was
stirred for 30 min after complete addition and subsequently filtered through silica gel using CH2Cl-

and evaporated under reduced pressure (rotary evaporator). The products were purified using flash

217



chromatography to furnish pure functionalized POSS compounds. For products 3.14a-d, the crude
material was dissolved in hexanes (10 mL) and filtered through celite to remove byproducts prior
to flash chromatography. Specifics on mobile phase compositions are included in characterization
entries.

Method C: General Procedure for Gram-Scale Carbene Insertion into POSS Silanes

A 50-mL round-bottomed flask equipped with a stir bar and MgSO4 (560 mg) was heated
in the oven for 24 h and cooled under high vacuum (>1 torr). After the flask cooled to room
temperature, Rh2(OAC)4 (4.4 mg, 0.010 mmol) and POSS 3.11 (0.93 g, 1.0 mmol) or POSS 3.3
(1.01 g, 1.0 mmol) was added. The flask was purged with argon, followed by addition of CH2Cl2
(3.30 mL). The diazo compound was weighed into a separate flame-dried vial and CH2Cl2 was
added (6.70 mL), then the solution was drawn into a 10-mL syringe. Using a long needle, the
syringe was placed on a syringe pump with the needle tip in the stirring solution. The syringe pump
was programmed to add the solution over a period of 3 h at room temperature.

The mixture was stirred for 30 min after complete addition and was subsequently filtered
through silica gel using CH2Cl2 and evaporated under reduced pressure (rotary evaporator). The
products were purified using flash chromatography to furnish pure POSS compounds.

Method D: Procedure for Preparation of 3.42
3.18 (1.5 equiv)

TBTU (1.5 equiv)

F

W Hiinig’s Base (2.0 equiv) Q\/ﬁ

HO CFs g OCH,(CF,)sCF5

FFFFF F DMF (0.3 M), rt, 12 h

3.4 3.42, 65%

In a flame-dried, Ar-charged 25-mL round-bottomed flask, phenylacetic acid 3.18 (0.326
g, 240 mmol, 150 equiv), 2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethylaminium
tetrafluoroborate (TBTU, 0.960 g, 3.00 mmol, 1.50 equiv), Hiinig’s base (1.05 mL, 6.00 mmol,
2.00 equiv), and DMF (6.5 mL) were added and the flask stirred for 10 min. A solution of alcohol
3.41 (0.800 g, 2.00 mmol, 1.00 equiv) in DMF (1.5 mL) was prepared under an argon atmosphere
and added dropwise to the solution of acid and the reaction stirred for 12 h at room temperature.
After stirring, the reaction was diluted with CH2Cl2 (15 mL). The organic layer was washed with
5% HCI (2x 5 mL), saturated NaHCOs3 (2x 5 mL), and water (2x 5 mL). The organic layer was

separated, dried with MgSO4 for 10 min, and concentrated in vacuo. The crude product was
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purified using flash chromatography (98:2 hexanes/EtOAc, dry loaded silica) to furnish 3.42 as an
oil in 65% yield (0.728 g, 1.30 mmol). Characterization data can be found below.

Method E: Procedure for the Synthesis of Diazo Compounds Using Diazo Transfer

o]
X

Xm DBU (L5 equiv) el 3.7a, R = Me X= H, 76%

> 3.7b, R = Me, X=F, 73%
OR MeCN, rt, 16 h OR  3.7¢, R = Me, X= Br, 95%

N, 3.7d, R = allyl, X= H,73%
3.7e, R = t-Bu, X= H, 50%

3.7a-e

To a flame-dried, Ar-purged 25-mL round-bottomed flask charged with a stir bar, ester (1 equiv),
tosyl azide (1.5 equiv) and MeCN (0.6 M) were added and stirred for 10 min. DBU (1.5 equiv)
was added in a single portion with vigorous stirring and the reaction stirred at room temperature
for 18 h. Upon complete consumption of the starting materials, the mixture was quenched with a
sat. ag. solution of NH4ClI (5 mL), extracted with CH2Cl2 (3 x 30 mL), dried over MgSOs, and
concentrated under reduced pressure to afford a residue that was purified by flash chromatography
(hexanes/EtOAc, dry loaded silica 100:0->98:2) to afford the respective diazo(aryl) acetates (3.7a-
e and 3.43). The products were obtained as orange-red oils or solids in variable yields (30-95%).
The H NMR spectra were compared to literature to confirm the formation of desired products.
Method F: Synthesis of Diazo Compound 3.39

3.33 (3.0 equiv)
Pd(PPhs), (20 mol %)
KoCO; (30equiv)
- e

MeOH (0.05 M), rt, 20 h

3.38 3.39, 73%

To a flame-dried, 8 mL vial with a stir bar and K2COs (0.083 g, 0.60 mmol, 3.0 equiv),
BODIPY 3.38 (0.102 g, 0.200 mmol), methyl 2-diazo-4,4,4-trifluoro-3-oxobutanoate 3.33 (0.057
g, 0.30 mmol, 1.5 equiv), and anhydrous MeOH (4 mL) were added. The solution was purged with
argon for 5 min to remove dissolved oxygen. Tetrakis(triphenylphosphine)palladium(0) (0.0462 g,
0.04 mmol, 0.2 equiv) was added in a single portion, and the reaction stirred at room temperature.
After 12 h, methyl 2-diazo-4,4,4-trifluoro-3-oxobutanoate (0.057 g, 0.30 mmol, 1.5 equiv) was
added in a second portion, and the reaction stirred for an additional 4 h. The reaction was diluted
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with CH2Cl2 (5 mL) and filtered through celite. The residue was purified by flash chromatography
(hexanes/EtOAc 100:0-90:10, dry loaded silica) to furnish 3.39 as an orange solid in 73% yield
(0.0696 g, 0.145 mmol). Characterization data can be found below. Diazo 3.39 decomposed at
room temperature and was stored at 4 °C.

Method G: Procedure for Suzuki Cross-coupling”

/Ej/ B(OH),

iBu ; ; F
- =

_\Si/O\Si iBu F Bu /)/

o] Br 1.2 equiv 51— O~g-
; O':z0 Y . . .
Bu-giT " si0 A _Me

. 0z0 7
B~ g0 % Me

Ao S Pd(PPhs), (10 mol %) _
B . \,
O/’Bu\s. (\)/ SUO/ Na,CO5 (2.0 equw)‘ oiBu\ (\)IBU O/S|
Rl |—Si o AW B
\.«O \O/_ G\O7 OMe  phMe/H,0 (9:1), 50°C, 3h \O'Sl\o-//,s'\ 07~ OMe
_ Si— s8I0 Bu \f NS
Bu v _ S y—
iBu iBu \iBu
314b 3.47, 37% (45%)

A 4-mL reaction vial equipped with a stir bar was purged with argon, followed by addition of
POSS 3.14b (101.0 mg, 0.100 mmol), Na2COs (22.0 mg, 0.200 mmol, 2.00 equiv,), 4-
fluorophenylboronic acid (17.0 mg, 0.120 mmol, 1.20 equiv,), and Pd(PPhs)4 (11.6 mg, 0.0100
mmol, 0.100 equiv), and re-purged with argon. Toluene (0.90 mL), followed by deionized water
(0.10 mL) were added, and the reaction was heated to 50 °C for 3 h. After cooling to room
temperature, CH2Cl2 (5 mL) was added, followed by water (5 mL) and the organic layer was
separated, dried with MgSQa4, and evaporated under reduced pressure (rotary evaporator). The
crude product was purified by flash chromatography (hexanes/EtOAc (100/0 = 90/10), dry loaded
silica) to furnish POSS 3.47 as a white solid in 45% yield (95% purity by **F NMR, 56.6 mg, 0.045
mmol).

Method H: Procedure for Deprotection of POSS tert-Butyl Ester®®

iBu . B
N _iB BU .
.SI/O\Si BuU _\Si/O\Si’IBu

p o)y .
IBU‘Si'/’O\Si’OI O\ Me iBu‘Sip/'lo\S'fol O\ Me
/< My Si ZnBr, (5.0 equiv) 73 '\\,B S
1 o BU
OIBUXS' P s"O/ CH,Cl, (0.1 M), 1t, 24 h Jieu) o .0
Lol _SI . , , . ..
\ oo oo ok o5 ~of 50

_ ,Si\O/Si—O Bu Si— __si-0 'iBu oH
Bu 'iBu Bu” O gy
3.14d 3.49
A 4-mL reaction vial equipped with stir bar was purged with argon, followed by addition of
POSS 3.14d (112.0 mg, 0.1000 mmol) and ZnBr2 (125.0 mg, 0.5000 mmol, 5.000 equiv). The vial
was re-purged with argon, and CH2Cl2 was added (1.0 mL). The solution turned opaque and stirred

at room temperature for 24 h. The reaction was quenched by the addition of water (5 mL) and
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stirred for 1 h. CH2Cl2 (5 mL) was added, and the organic layer was separated, dried with MgSOu,
and evaporated under reduced pressure (rotary evaporator). The crude product was purified by
flash chromatography (hexanes/EtOAc 97:3, dry loaded silica) to furnish POSS 3.49 as a white
solid in 88% yield (93.8 mg, 0.09 mmol).

3.10.3: Characterization Entries

Intermediates:

N-methyl-N,2-diphenylacetamide (3.20)
0 Synthesized using a known procedure®® from phenyl acetic acid (0.675 g, 3.00
E,;Me mmol), TCFH (1.01 g, 3.60 mmol, 1.20 equiv), NMI (0.28 mL, 3.6 mmol, 1.2
equiv), and N-methylaniline (0.39 mL, 3.6 mmol, 1.2 equiv) in MeCN (5 mL). Isolated in 65%

yield (0.438g, 1.95 mmol). Spectrum matches previously reported data.’

IH NMR (400 MHz, CDCls) & 7.32-7.43 (m, 3H), 7.17-7.26 (m, 3H), 7.12 (d, J = 7.7 Hz, 2H),
7.05 (d, J = 7.2 Hz, 2H), 3.46 (s, 2H), 3.28 (s, 3H).

N-methylisatin (3.24)
o Synthesized from a known procedure’ from isatin (0.294 g, 2.00 mmol), Me-1 (0.187
=° 0 4.00 mmol, 2.00 equiv) and K2COs (0.552 g, 4.00 mmol, 2.00 equiv) in DMF/H20
e (9:1, 4 mL). Isolated in 95% yield and spectrum matches with previous reports.”™
IH NMR (600 MHz, CDCls) § 7.62 (t, J = 7.4 Hz, 2H), 7.19 — 7.09 (m, 1H), 6.90 (d, J = 7.9 Hz,

1H), 3.27 (s, 2H).

(E)-1-(4-iodophenyl)-2-phenyldiazene (3.30)

' Synthesized using a known procedure’® from nitrosobenzene (0.161g, 1.50 mmol),
P 4-iodoaniline (0.328g, 1.50 mmol, 1.00 equiv) in 1:1 CH2Cl2:AcOH (3 mL).
Isolated in 85% yield and spectrum matches previous report.”
1H NMR (400 MHz, CDCls) § 7.98 — 7.91 (m, 2H), 7.91 — 7.85 (m, 2H), 7.71 — 7.63 (m, 2H),
7.59 — 7.47 (m, 2H).
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2,8-diethyl-5,5-difluoro-10-(4-iodophenyl)-1,3,7,9-tetramethyl-5H-4).4,504-dipyrrolo[ 1,2-
c:2',1'-f][1,3,2]diazaborinine (3.38)
Me Synthesized using a known procedure’” from 4-iodobenzoy! chloride (1.332 g,
| 5.000 mmol), 4-ethyl-2,6-dimethylpyrrole (1.34 mL, 5.00 mmol, 2.00 equiv),
BF3+Et20 (4.90 mL, 40.0 mmol, 8.00 equiv), and EtsN (5.57 mL, 40.0 mmol,
ve  8.00 equiv) in CH2Cl2 (40 mL). Isolated in 14% yield. Spectra match with

previous reports.’’

IH NMR (400 MHz, CDCls) & 7.86 (d, J = 8.2 Hz, 2H), 7.07 (d, J = 8.1 Hz, 2H), 2.55 (s, 6H),
2.33(q, J = 7.6 Hz, 4H), 1.34 (s, 6H), 1.01 (t, J = 7.5 Hz, 6H).

19F NMR (376 MHz, CDCl3) & -145.80 (g, J = 33.0 Hz).

1B NMR (128 MHz, CDCl3) § 0.80 (t, J = 33.5 Hz).

2,2,3,3,4,4,5,5,6,6,7,7,8,8,8-pentadecafluorooctyl 2-phenylacetate (3.42)
©\)OL Synthesized using Procedure D in 65% yield.
OCH,(CF;)¢CF3
IH NMR (400 MHz, CDCls) & 7.56 — 7.17 (m, 5H), 4.60 (t, J = 13.5 Hz, 2H), 3.73 (s, 2H).
13C NMR (151 MHz, CDCls) § 170.2, 132.8, 129.4, 128.9, 127.7, 59.9 (t, J3cr = 27.4 Hz), 40.8.
F NMR (376 MHz, CDCls) § -80.74 (3F), -119.42 (2F), -122.43 (4F), -122.68 (2F), -123.30 (2F),
-126.08 (2F).
Orbitrap: exact mass calcd for Ci6HoF1502 [M + H]*, 519.0441; found: 519.0459.
POSS silanes

Tricyclo[7.3.3.1>!]heptasiloxane, 3,7,14-tris[(dimethylsilyl)oxy]-1,3,5,7,9,11,14-heptakis(2-
methylpropyl) (3.2)
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H Synthesized using a known procedure?’ from POSS 3.10 (3.724 g, 4.000

Bu, _/dSi_\_‘H mmol), chlorodimethylsilane (1.99 mL, 18.0 mmol, 4.50 equiv), and
iBu‘Si%?b\Si:dSI\sli_H Hiinig’s base (4.18 mL, 24.0 mmol, 6.00 equiv) in THF (56 mL). The
O<iB;'\Si\O /\/iB;O ] ~ product was obtained as a white solid in 25 % yield (1.02 g, 1.05 mmol)

’ |” 1 iBu . . . .
iBu,Si\O/Si\—i:u after trituration in CHCIs/MeOH (solvent: anti-solvent). Spectra match

with previous report.?’

IH NMR (600 MHz, CDCls) & 4.74 (h, J = 2.7 Hz, 3H), 1.84 (dh, J = 13.6, 6.7 Hz, 7H), 0.98 —
0.92 (m, 42H), 0.58 — 0.52 (M, 14H), 0.22 (t, J = 2.4 Hz, 18H).

13C NMR (151 MHz, CDCl3) § 26.11,26.01, 25.99, 25.78, 24.74, 24.21, 24.11, 24.03, 23.73, 22.58,
0.79.

295i NMR (79 MHz, CDCls[Cr(acac)s] = 0.01 M) & -5.46, -67.10, -67.66, -67.99

Pentacyclo[9.7.1.13°.15Y7 .17 8]nonasiloxane,13-methyl-1,3,5,7,9,11,15,17-octakis(2-
methylpropyl) (3.11)
’B“~Si/o\ o-Bu The product was synthesized according to procedure A section and was

. 0O 7
’B“‘Si'o/'o\Si;o %_Me obtained as a white solid (4.36 g, 4.67 mmol, 93%).

/ \ I'Bu Sy

OIBU‘ ) O .0

\ 0% ~0/~F~Eu

Si—._—Si-0
iBU/ O \iBU
IH NMR (600 MHz, CDCls): & 4.67 (s, 1H), 1.84 (m, 8H), 0.96 (d, J = 5.7 Hz, 48H), 0.58 (m,
16H), 0.18 (s, 3H).
13C NMR (100 MHz, CDClz): & 25.90, 25.87, 25.85, 25.8, 24.14, 24.07, 24.0, 23.6, 23.2, 23.1,
22.6,0.7.
2951 NMR ([Cr(acac)s] = 0.01 M, 119 MHz, CDCls): 5 -66.9, -68.2, -68.9, -69.1.

MALDI-TOF: exact mass calcd for CssH7sNaO13Sis [M + Na]*, 955.311; found: 955.6609.

Diazo compounds:

Methyl Diazo(phenyl)acetate (3.7a)

O
OMe

N2
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Procedure E was followed using p-toluenesulfonyl azide (4.828 g, 24.00 mmol) and methyl
phenylacetate (2.30 mL, 16.0 mmol). The product was obtained as an orange-red oil (2.164 g,
12.23 mmol, 76%)."®

IH NMR (400 MHz, CDCl3): & 7.48 (d, J = 7.9 Hz, 2H), 7.38 (t, J = 7.8 Hz, 2H), 7.18 (t, J = 7.4
Hz, 1H), 3.86 (d, J = 1.5 Hz, 3H).

Methyl Diazo(4-fluorophenyl)acetate (3.7b)
F o Procedure E was followed using p-toluenesulfonyl azide (4.82 g, 24.4 mmol) and
\©\”)‘\OME methyl 2-(4-fluorophenyl)acetate (2.85 mL, 16.3 mmol). The product was

N2

obtained as a red-orange oil (2.31 g, 11.9 mmol, 73% yield).”

IH NMR (400 MHz, CDCls): & 7.46—7.42 (m, 2H), 7.11-7.07 (m, 2H), 3.86 (s, 3H) ppm.

F NMR (376 MHz, CDCls): 6 -116.2 ppm.

Methyl Diazo(4-bromophenyl)acetate (3.7¢)

Br o Procedure E was followed using p-toluenesulfonyl azide (3.00 g, 15.2 mmol)
\©\(‘kwe and methyl 2-(4-bromophenyl)acetate (2.05 mL, 10.1 mmol). The product was

N

obtained as an orange solid (2.45 g, 9.60 mmol, 95% vyield).”

'H NMR (400 MHz, CDCl3) 4 7.49 (d, J = 8.6 Hz, 2H), 7.36 (d, J = 7.2 Hz, 2H), 3.87 (s, 3H).

Allyl-2-diazo-2-phenylacetate (3.7d)

©}(i Procedure E was followed using p-toluenesulfonylazide (2.70 g, 13.7 mmol) and
N, o allyl 2-phenylacetate (1.58 mL, 9.10 mmol). The product was obtained as a red-

orange oil (1.552 g, 7.670 mmol, 73%).8

!H NMR (600 MHz, CDCl3) § 7.49 (d, J = 7.8 Hz, 2H), 7.39 (t, J = 6.9 Hz, 2H), 7.19 (t, J = 7.5
Hz, 1H), 5.98 (ddd, J = 16.1, 11.0, 6.3 Hz, 1H), 5.37 (d, J = 15.1 Hz, 1H), 5.28 (d, J = 9.8 Hz, 1H),
4.78 (d, J = 5.6 Hz, 2H).

tert-Butyl Diazophenylacetate (3.7¢)

Ok
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Procedure E was followed using p-toluenesulfonyl azide (1.97 g, 10.0 mmol) and tertbutyl- 2-
phenylacetate (1.29 g, 6.70 mmol). Product was obtained as a red-orange oil (0.732 g, 3.35 mmol,
50%)."*

IH NMR (600 MHz, CDCl3) § 7.47 (d, J = 7.4 Hz, 2H), 7.39 — 7.31 (m, 2H), 7.18 — 7.13 (m, 1H),
1.55 (s, 9H).

2-diazo-N-methyl-N,2-diphenylacetamide (3.20)
Procedure E using N-methyl-N,2-diphenylacetamide (1.71g, 7.6 mmol), tosyl azide
e (2.24 g, 11.4 mmol) and DBU (1.72 mL, 11.4 mmol) in MeCN (13 mL). The
N, Ph

product was isolated as a yellow oil in 10% vyield (0.178 g, 0. 76 mmol). Spectra

match previous report. ’®

IH NMR (400 MHz, CDCls) & 7.42 — 7.08 (m, 10H), 3.44 (s, 3H).

3-diazo-1-methylindolin-2-one (3.25)
N2 Synthesized using a previously published procedure from N-methylisatin (0.484g,
@E;gio 3.00 mmol) and tosylhydrazine (0.614g, 3.30 mmol) followed by basic workup and

was accessed in 45% yield. Spectrum matches previous report.®”

IH NMR (400 MHz, CDCls) § 7.23 (m, 2H), 7.11 (td, J = 7.6, 1.0 Hz, 1H), 6.98 — 6.91 (m, 1H),
3.36 (s, 1H).

Methyl 2-diazo-4,4,4-trifluoro-3-oxobutanoate (3.33)

\ Synthesized using a known procedure*? from methyldiazoacetate (1.05 mL, 10.0

F3Cm)j\n/°Me mmol), TFAA (1.51 mL, 11.0 mmol, 1.10 equiv), pyridine (0.87 mL, 11 mmol,
O O
1.1 equiv) in CH2Cl2 (14 mL). Isolated in 65% yield after bulb-to-bulb distillation

(1.274 g, 6.5 mmol). Spectra match with previous report.*?

IH NMR (400 MHz, CDCls) § 3.93. 1°F NMR (376 MHz, CDCls) § -73.94.

Methyl-(E)-2-diazo-2-(4-(phenyldiazenyl)phenyl)acetate (3.34)
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N, Synthesized using a previously reported procedure*? from (E)-1-(4-

thN:NmOMQ iodophenyl)-2-phenyldiazene (0.150 g, 0.500 mmol), and methyl 2-diazo-
4,4,4-trifluoro-3-oxobutanoate (0.118g, 0.750 mmol) in MeOH (3 mL) and
was isolated in 60% yield (0.084g, 0.30 mmol) as an orange solid. Spectrum match with previous
reports.*
IH NMR (600 MHz, CDCl3) § 7.99 — 7.93 (m, 2H), 7.90 (d, J = 7.7 Hz, 2H), 7.67 — 7.61 (m, 2H),
7.51 (t, J=7.4 Hz, 2H), 7.46 (t, J = 7.2 Hz, 1H), 3.89 (s, 3H).
Methyl-2-diazo-2-(4-(2,8-diethyl-5,5-difluoro-1,3,7,9-tetramethyl-5H-424,5)\4-

dipyrrolo[1,2-c:2',1'-f][1,3,2]diazaborinin-10-yl)phenyl)acetate (3.39)

Me N, Synthesized using Procedure F and isolated in 73% yield.*?
OMe

IH NMR (600 MHz, CDCls) 6 7.63 (d, J = 8.4 Hz, 2H), 7.30 (d, J = 8.4 Hz, 2H), 3.90 (s, 3H), 2.53
(s, 6H), 2.30 (g, J = 7.6 Hz, 4H), 1.32 (s, 6H), 0.98 (t, J = 7.6 Hz,6H).

13C NMR (151 MHz, cdcls) § 165.48, 153.97, 139.61, 138.42, 133.66, 132.97, 130.83, 129.14,
126.60, 125.01, 51.06, 16.78, 14.77, 12.66, 12.05.

19F NMR (376 MHz, CDCls) § -145.80 (g, J = 33.0 Hz).

118 NMR (128 MHz, CDCls) & 0.80 (t, J = 33.5 Hz).

Orbitrap: exact mass calcd for C2s6H3z0BF2N4O2 [M + H]*, 479.2430; found: 479.2515.

2,2,3,3,4,4,5,5,6,6,7,7,8,8,8-pentadecafluorooctyl 2-diazo-2-phenylacetate (3.43)
Procedure E was followed using p-toluenesulfonyl azide (0.172 g,
wowcﬁ 0.870 mmol) and 3.38 (0.303 g, 0.58 mmol). The product was
oo mrrrey obtained as a yellow solid (0.106 g, 0.17 mmol, 30%).

IH NMR (400 MHz, CDCl3) § 7.47 (d, J = 7.7 Hz, 2H), 7.41 (t, J = 7.8 Hz, 2H), 7.28 — 7.18 (m,

1H), 4.78 (t, J = 13.2 Hz, 2H).
13C NMR (151 MHz, CDCls) 5 163.2, 129.3, 124.6, 124.2, 59.7 (t, J%cF = 27.6 Hz).
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19F NMR (376 MHz, CDCls) § -80.81 (3F) -119.46 (2F), -121.98 (4F), -122.24 (2F), -123.33 (2F),
-126.13 (2F).
Orbitrap: exact mass calcd for Ci6H7F1sN202 [M — N2 + H]*, 517.0279; found: 517.0308.

Insertion Products
rac-Pentacyclo[9.7.1.13°.157 1733]nonasiloxane, 13-methyl-13-[2-(methyl-2-(4-
bromophenyl)acetate)]-1,3,5,7,9,11,15,17-octakis(2-methylpropyl) (3.14b)

Bu Procedure C was followed using 3 h slow addition of diazo

,Si/O\Si”Bu

. / 1N B
lBu~5i'oo/fo\si—O Q SA:/@/ r compound 3.7c (0.510 g, 2.00 mmol) in CH2Cl2 (6.70 mL) to
|

/, \\iBu ,S
O\IBS§Si\O/o/Si, POSS silane 3.11 (0.933 g, 1.00 mmol) in CH2Cl2 (3.30 mL). The
! 1~ 1\ _O” "OMe
,Buzs'\o/sifBou Bu product was obtained as a white solid using flash chromatography
(100:0->98:2 hexanes/EtOAc, dry loaded silica) to furnish 3.14b

in 62% yield (0.719 g, 6.20 mmol).

'H NMR (400 MHz, CDCls): 6 7.37 (d, J =8.1 Hz, 2H), 7.24 (t, J = 7.0 Hz, 2H), 3.67 (s, 3H), 3.48
(s, 1H), 1.81 (m, 7H), 1.61 (m, 1H),0.96 (m, 42H), 0.86 (t, J = 6.7 Hz, 6H), 0.62 (d, J = 7.1 Hz,
2H), 0.56 (m, 10H), 0.47 (dd, J = 7.3, 2.4 Hz, 2H), 0.35 (d, J = 7.0 Hz, 2H), 0.23 (s, 3H).
13C NMR (100 MHz, CDCls): § 172.1, 134.6, 131.2, 130.9, 119.8, 51.8, 46.4, 26.0, 25.91, 25.88,
25.81, 25.78, 25.75, 25.73, 25.70, 24.1, 24.02, 23.95, 23.4, 23.22, 23.20, 23.11, 23.07, 22.5, -2.6.
29Si NMR ([Cr(acac)s] = 0.01 M, 79 MHz, CDCls): § -34.4, -67.0, -68.8, -68.88, -68.94, -69.0, -
69.1.
MAVLDI-TOF: exact mass calcd for C42Hs3sBrNaO1sSis [M + Na]*, 1181.274; found: 1181.449.
rac-Pentacyclo[9.7.1.13°.1517 1738]nonasiloxane,13-methyl-13-[2-(allyl-2-phenylacetate)]-
1,3,5,7,9,11,15,17-octakis(2-methylpropyl) (3.14c)
Bl 0 -Bu Procedure B was followed using 1 h slow addition of diazo compound
iBuZio/’\lo\Sggu‘oo\/Si?i) 2.7e (0.042 g, 0.20 mmol) in CH2Cl2 (0.67 mL) to POSS 3.11 (0.0934
\ 05"~0/~$\ oo g, 0.10 mmol) in CH2Cl2(0.33 mL). The product was obtained as a white
’B“’Si\o/sli—BOu ™ |  solid using flash chromatography (100:0->99:1 hexanes/EtOAc, dry
loaded silica) to furnish 3.14c in 77% yield (0.0852 g, 0.0770 mmol).
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1H NMR (600 MHz, CDCl3) § 7.34 (d, J = 7.6 Hz, 2H), 7.24 (d, J = 11.4 Hz, 2H), 7.16 (t, J = 7.4
Hz, 1H), 5.91 (ddt, J = 16.5, 10.9, 5.8 Hz, 1H), 5.29 (d, J = 17.1 Hz, 1H), 5.19 (d, J = 10.4 Hz,
1H), 4.62 (dd, J = 13.3, 5.8 Hz, 1H), 4.50 (dd, J = 13.3, 5.8 Hz, 1H), 3.52 (s, 1H), 1.96 — 1.69 (m,
6H), 1.57 (dd, J = 13.5, 6.8 Hz, 1H), 1.08 — 0.89 (m, 42H), 0.88 — 0.75 (m, 6H), 0.61 (d, J = 7.1
Hz, 2H), 0.55 (td, J=9.7, 8.8, 4.4 Hz, 10H), 0.47 (t, J = 6.6 Hz, 2H), 0.28 (t, J = 6.8 Hz, 2H), 0.23
(s, 3H).

13C NMR (100 MHz, CDCls) 3 171.4, 135.5, 132.7, 129.2, 128.2, 124.1, 118.2, 64.5, 47.1, 26.1,
26.0, 25.97, 25.94, 25.85, 25.81, 25.79, 25.73, 24.13, 24.11, 24.08, 24.06, 24.01, 23.94, 23.40,
23.28, 23.20, 23.14, 22.60, -1.93.

29Si NMR (79 MHz, CDCls) 6 -33.7, -66.9, -67.0, -68.8, -68.9, -69.0, -69.1, -69.2.
MALDI-TOF: exact mass calcd C,,Hgz0,5Sig [M + Na]*, 1129.378; found: 1129.338.

rac-Pentacyclo[9.7.1.13°.157 1733]nonasiloxane, 13-methyl-13-[2-(tertbutyl-2-
phenylacetate)]-1,3,5,7,9,11,15,17-octakis(2-methylpropyl) (3.14d)

Bu .
_Si/O\Si’IBu

iBu~Si'o/,'O\Si’O: <} ﬁp Procedure C was followed using 3 h slow addition of diazo
O -

Joo\  bme P compound 3.7e (0.430 g, 2.00 mmol) in CH2Clz (6.70 mL) to POSS
Siee . [-Si’ )

\sio | Os/i_dl\ 0™ 0 3.11 (0.934 g, 1.00 mmol) in CH2Cl2 (3.30 mL). The product was

e \

iBu
/Bu /i\ obtained as a white solid using flash chromatography (100:0>99:1
hexanes/EtOAc, dry loaded silica) to furnish 3.14d in 77% yield (0.865 g, 0.770 mmol).

iBu

IH NMR (600 MHz, CDCl3) § 7.32 (d, J = 7.7 Hz, 2H), 7.27 — 7.21 (m, 2H), 7.15 (t, = 7.4 Hz,
1H), 3.36 (s, 1H), 1.90 — 1.76 (m, 6H), 1.68 (m, 1H), 1.46 (s, 9H), 0.99 (m, 7H), 0.97 — 0.91 (m,
36H), 0.88 (m, 8H), 0.62 — 0.48 (m, 12H), 0.36 (m, 2H), 0.17 (s, 3H).

13C NMR (100 MHz, CDCl3) § 171.1, 136.2, 129.4, 128.1, 125.8, 80.3, 48.2, 28.37, 26.06, 26.00,
25.98, 25.95, 25.93, 25.90, 25.86, 25.81, 25.78, 24.14, 24.08, 24.05, 24.02, 24.00, 23.53, 23.30,
23.21, 22.60, -1.9.

295i NMR ([Cr(acac)s] = 0.01 M, 79 MHz, CDCls) § -33.1, -67.1, -67.1, -68.8, -69.0, -69.1, -69.20,
-69.25, -69.29.

MALDI-TOF: exact mass calcd C,5Hq,0;:Sis [M + Na]*, 1145.410; found: 1145.406.
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rac-Tricyclo[7.3.3.15!]heptasiloxane,3,7,14-tris[[dimethyl[2-[(methyI-2-
phenylacetate)])oxy]propyl]silylJoxy]-1,3,5,7,9,11,14-heptakis(2-methylpropyl) (3.15a)
o Procedure B was followed using 3 h slow addition of diazo
@om compound 3.7a (0.106 g, 0.600 mmol) in CH2Cl2 (0.8 mL) to POSS
Bu SI/O'S' \ )P\hCOZMe 3.2 (0.0965 g, 0.100 mmol) in CH2Cl2 (0.2 mL). The crude product

Bu._ 220~ . . . . .
BU~gi 7~ s.\;o s _< was dissolved in hexanes (10 mL) and filtered to remove azine prior
/Bu

/
O\'B(;'_\a\ o //sl Bu M 10 flash chromatography. The product was obtained as a white solid

;Bu'Si\O/Si(,Eu using flash chromatography (97:3—>95:5 hexanes/EtOAc, dry loaded
silica) to furnish 3.15a in 46% yield (0.0648 g, 0.460 mmol).

'H NMR (400 MHz, CDCl3) 6 7.36 (m, 6H), 7.27 (m, 6H), 7.23 — 7.13 (m, 3H), 3.67 (s, 9H), 3.55

(s,3H), 1.92 -1.67 (m, 7H), 1.08 — 0.90 (m, 42H), 0.58 (dt, J = 13.2, 6.7 Hz, 8H), 0.49 (d, J = 7.0

Hz, 6H), 0.24 (s, 9H), 0.14 (d, J = 2.4 Hz, 9H).

13C NMR (100 MHz, CDCls) 6 172.50, 135.04, 128.29, 127.53, 125.06, 51.24, 47.17, 25.71, 25.66,

25.63, 25.35, 24.34, 23.68, 23.58, 23.54, 23.48, 23.45, 23.42, 22.07, -0.89, -0.93, -1.08.

29Si NMR (79 MHz, CDCls) 6 4.66, 4.61, 4.54, -66.98, -67.01, -67.05, -67.07, -67.12, -67.18, -

67.27.

MALDI-TOF: exact mass calcd for CgH;040,5S1;0 [M + Na]*, 1431.513; found: 1431.492.

rac-Tricyclo[7.3.3.15!]heptasiloxane,3,7,14-tris[[dimethyl[2-(methyl-2-(4-
fluorophenyl)acetate)])oxy]propyl]silylJoxy]-1,3,5,7,9,11,14-heptakis(2-methylpropyl)
(3.15b)

F o Procedure B was followed using 3 h slow addition of diazo compound

mOMe 3.7b (0.0591 g, 0.300 mmol) in CH2Cl2 (0.75 mL) to POSS 3.2 (0.0965
'Sl\kcone g, 0.100 mmol) in CH2Cl2 (0.25 mL). The product was obtained as a
g,‘BuO’SIi\T(CO e yellow solid using flash chromatography (97:3->95:5 hexanes/EtOAc,
\ 0% ~o/~F~pu dry loaded silica) to furnish 3.15b in 45% yield (0.0659 g, 0.450 mmol).
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'H NMR (600 MHz, CDCls) & 7.30 (m, 6H), 6.95 (m, 6H), 3.66 (s, 9H), 3.50 (s, 3H), 1.81 (ddq, J
=17.1,12.6, 6.5 Hz, 3H), 1.69 (h, J = 7.0 Hz, 4H), 1.00 — 0.87 (m, 42H), 0.55 (m, 8H), 0.45 (m,
6H), 0.21 - 0.17 (m, 9H), 0.15 — 0.10 (m, 9H).

13C NMR (151 MHz, CDCls) & 172.66, 161.26 (d, XJcr = 244.0 Hz), 131.35 (d, 4Jcr = 3.1 Hz),
129.92 (d, 3Jcr = 7.2 Hz), 114.91 (d, 2JcF = 18.5 Hz), 51.52, 46.45, 25.91, 25.85, 25.83, 25.80,
25.55, 24.60, 24.57, 24.55, 23.94, 23.87, 23.83, 23.76, 23.67, 23.65, 23.62, -0.60, -0.64, -0.95, -
0.97.

F NMR (376 MHz, CDCls) 8 -117.75, -117.77, -117.78.

29Si NMR (79 MHz, CDCls) & 4.54, 4.48, 4.40, -66.77, -66.81, -66.85, -66.92, -66.99, -67.07, -
67.22.

MALDI-TOF: exact mass calcd for Cg;H;0sF3045Si,, [M + K], 1501.4569; found: 1501.4593.

rac-Tricyclo[7.3.3.1>"]heptasiloxane,3,7,14-tris[[dimethyl[2-(methyl-2-(4-
bromophenyl)acetate)])oxy]propyl]silyljoxy]-1,3,5,7,9,11,14-heptakis(2-methylpropyl)
(3.15c¢)
Br 5 Procedure B was followed using 3 h slow addition of diazo compound
\Q%%Ae 3.7¢ (0.0772 g, 0.300 mmol) in CH2Cl2 (0.75 mL) to POSS 3.2 (0.0965

iBu\Si/dSI_\S,)\COZMe g, 0.100 mmol) in CH2Cl2 (0.25 mL). The crude product was dissolved
Bu~ .'O"O\ 0 ~ r . . . .
ey TsiC 4 A in hexanes (10 mL) and filtered to remove azine prior to flash

/ \ |NBuo-SI<
Bu) / CO;Me ; . . .
O\ 1o'5'\o-/o/o,5i\,-3u chromatography. The product was obtained as a white solid using flash
_Sie_ ~_—Si-
L chromatography (98:2->95:5 hexanes/EtOAc, dry loaded silica) to

furnish 3.15c in 49% yield (0.0801 g, 0.0490 mmol).

A separate trial using 3 h slow addition of diazo compound 2.7a (0.0772 g, 0.600 mmol) in CHzCl2
(0.75 mL) to POSS 3.2 (0.0965 g, 0.100 mmol) in CH2Cl2 (0.25 mL) after workup and flash
chromatography yields POSS 3.15c in 71% vyield as a mixture (85% pure using ‘H NMR

spectroscopy) with diazo side-products.
'H NMR (600 MHz, CDClz) 6 7.40 (m, 6H), 7.25 (m, 6H), 3.68 (s, 9H), 3.51 (s, 3H), 1.83 (m, 4H),

1.71 (m, 3H), 1.06 — 0.88 (m, 42H), 0.58 (m, 9H), 0.47 (m, 5H), 0.23 (overlapping singlets, 9H),
0.15 (overlapping singlets, 9H).
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13C NMR (151 MHz, CDCl3) 6 172.44, 134.90, 131.33, 130.36, 119.79, 51.77, 46.99, 26.07, 25.99,
25.97, 25.71, 24.71, 24.68, 24.65, 24.10, 23.98, 23.91, 23.80, 23.77, 23.74, 22.38, -0.42, -0.46, -
0.82, -0.85.

29Si NMR (79 MHz, CDCls) & 4.44, 4.38, 4.30, -66.71, -66.75, -66.80, -66.90, -66.98, -67.06, -
67.21.

MALDI-TOF: exact mass calcd for CgH;0sBr;0,5Si;, [M + K], 1683.218; found: 1683.215.

rac-Tricyclo[7.3.3.15'!]heptasiloxane,3,7,14-tris[[dimethyl[2-(tertbutyl-2-
phenylacetate)oxy]propyl]silylJoxy]-1,3,5,7,9,11,14-heptakis(2-methylpropyl) (3.15d)
o Procedure B was followed using 3 h slow addition of diazo compound
QU)}OF,h 3.7e (0.126 g, 0.600 mmol) in CH2Cl2 (0.80 mL) to POSS 3.2 (0.0935
iBg.Ei/o ,\s,i\LCOZ’B“ g, 0.100 mmol) in CH2Cl2 (0.80 mL). The crude product was dissolved

Jiu gisu/c)‘s‘?(coztBu in hexanes (10 mL) and filtered to remove azine prior to flash
Sie . [—Si_, ] ) . .
\SIO\O/OS{,CS Bu chromatography. The product was obtained as a white solid using flash
iBu” NiBu

chromatography (97:3—>95:5 hexanes/EtOAc, dry loaded celite) to
furnish 3.15d in 44% yield (0.0675 g, 0.0440 mmol).

IH NMR (600 MHz, CDCls) & 7.30 (d, J = 7.9 Hz, 6H), 7.23 (t, J = 5.0 Hz, 6H), 7.13 (d, J = 7.7
Hz, 4H), 3.40 (s, 3H), 1.78 (h, 7.0 Hz, 4H), 1.64 (h, J = 7.1 Hz, 3H), 1.46 (s, 27H), 0.99 — 0.79 (m,
42H), 0.51 (m, 8H), 0.37 (m, 6H), 0.29 — 0.20 (m, 9H), 0.15 (m, 9H).

13C NMR (151 MHz, CDCls) 6 171.61, 135.89, 128.85, 128.15, 125.22, 80.35, 48.75, 28.39, 26.10,
26.06, 26.02, 25.72, 24.71, 24.66, 24.64, 24.59, 24.04, 24.02, 24.01, 23.91, 23.89, 23.87, 23.85,
23.82, 22.46, 0.36, 0.30, 0.25, -0.62, -0.71, -0.73, -0.80.

29Si NMR (79 MHz, CDCls) & 4.48, 4.35, 4.22, -66.98, -67.05, -67.14, -67.16, -67.31, -67.37, -
67.42.

MALDI-TOF: exact mass calcd for CosH136KO44Si16 [M + K]*, 1573.6268; found: 1573.6320.

rac-Octa-2-( tert-butyl 2-phenylacetate)pentacyclo[9.5.1.13°,1515 1713]octasiloxane (3.17a)
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o @ J< General procedure was followed using 2 h slow addition of
O

diazo compound 3.7e (0.218 g, 1.00 mmol) in CH2Cl2 (0.9 mL)
SO/SC;O/\Z\;\\:E’P;B to POSS 3.3 (0.1010 g, 0.1000 mmol) in CH2Cl2 (0.1 mL). The

3 0 product was obtained as a white solid using flash
Ph. \_O_o. O &i-0~gi” CO,tBu

i >Si ~./-Si
et ol o \\Q chromatography (90:10->0:100 hexanes/EtOAc) to furnish

o | o5
e B/Si’o O-g o0 3.17a in 85% yield (0.2159 g, 0.08500 mmol).

2 Ph
IH NMR (600 MHz, CDCls) § 7.30 — 7.27 (m, 16H), 7.22 (m, 16H), 7.13 (d, J = 7.6 Hz, 8H), 3.45
(s, 8H), 1.45 (s, 72H), 0.26 (s, 24H), 0.10 (m, 24H).
13C NMR (151 MHz, CDCls) & 171.19, 133.91, 128.61, 128.32, 124.96, 80.63, 47.07, 28.39, -
0.58, -1.31.
295) NMR (([Cr(acac)s] = 0.01 M 79 MHz, CDCls) § 7.50, -110.11.

Orbitrap: exact mass calcd for C;1,H;046Si;6 [M + NH4]*, 2554.7962; found: 2554.7974.

Functionalized Insertion Products

rac-Pentacyclo[9.7.1.13°.157 17%]nonasiloxane, 13-methyl-13-[2-((methyl-2-(4-(2,8-diethyl-
5,5-difluoro-1,3,7,9-tetramethyl-5H-4)4,5)04-dipyrrolo[1,2-c:2',1'-f][1,3,2]diazaborinin-10-
yl)phenyl)acetate)]-1,3,5,7,9,11,15,17-octakis(2-methylpropyl) (3.40)
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Procedure B was followed using 3 h slow addition of diazo
compound 3.43 (0.0239 g, 0.0500 mmol) in CH2Cl2 (0.5 mL)

ve to POSS silane 3.11 (0.230 g, 0.250 mmol) in CH2Cl2 (0.5
mL). The product was obtained as a red solid using
preparative TLC (95:5 hexanes/EtOAC) to furnish 3.40 as a
red solid in 16% yield (0.0114 g, 0.00800 mmol).

IH NMR (400 MHz, CDCls) 6 7.54 (d, J = 7.9 Hz, 2H), 7.21 (d, J = 7.9 Hz, 2H), 3.74 (s, 3H), 3.65
(s, 1H), 2.55 (s, 6H), 2.32 (q, J = 7.5 Hz, 4H), 2.09 — 1.99 (m, 1H), 1.97 — 1.76 (m, 7H), 0.99 (dd,
J=10.1, 6.6 Hz, 58H), 0.77 — 0.47 (m, 18H), 0.13 (s, 3H).

13C NMR (151 MHz, CDCl3) § 171.8, 153.2, 140.0, 138.1, 136.7, 133.3, 132.6, 130.8, 129.5, 128.1,
51.9,46.8, 26.01, 25.97, 25.94, 25.92, 25.89, 25.83, 25.81, 25.79, 25.78, 24.18, 24.15, 24.11, 24.06,
24.01, 23.54, 23.52, 23.31, 23.18, 23.16, 22.57, 22.55, 17.2, 14.8, 12.0, -3.9.

1B NMR (128 MHz, CDCls) § 0.84 (t, J = 32.8 Hz).

1SF NMR (376 MHz, CDCls) 6 -145.66 (q, J = 32.0 Hz).

IR (CCl4): 2962 cm™t (w), 2089 cm™ (s), 1707 cm* (m), 1541 cm-2 (s).

Fluorescence (EtOH, 3.1 x 107" M): (lexc max = 531 nm) lem max = 545 nm.

MALDI-TOF: exact mass calcd CsgH10sBF2N2015Sio [M + H]*, 1383.558; found: 1383.548.

rac-Pentacyclo[9.7.1.139,1517 171%]nonasiloxane,13-methyl-13-[2-((2,2,3,3,4,4,5,5,6,6,7,7,8,8,8
-pentadecafluorooctyl)-2-phenylacetate)]-1,3,5,7,9,11,15,17-octakis(2-methylpropyl) (3.44)

Procedure B was followed using 3 h slow addition of diazo
Bu

, o-§i/o\,5ifi8u compound 3.43 (0.0380 g, 0.0700 mmol) in CH2Cl2 (0.67
BuU-5= O~ G O Mme
O/I_BS\ Vi O,sr mL) to POSS 3.11 (0.0330 g, 0.0305 mmol) in CH2Cl2 (0.33

\ 05" ~0/~5\ 07 ocH,(cFy).crs ML). The product was obtained as a white solid using flash
Si— ~_—Si~Y Bu
e O \,

Bu Bu chromatography (99.5:0.5 hexanes/EtOAc) to furnish 3.44 in
60% yield (0.0304 g, 0.0210 mmol).

IH NMR (400 MHz, CDCls) & 7.37 (d, J = 7.6 Hz, 2H), 7.33 — 7.26 (m, 3H), 7.22 (t, J = 7.2 Hz,
1H), 4.73 (q, J = 14.0 Hz, 1H), 4.46 (q, J = 13.7 Hz, 1H), 3.60 (s, 1H), 1.98 — 1.61 (m, 8H), 1.08
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—0.83 (m, 48H), 0.70 — 0.55 (m, 12H), 0.48 (dd, J = 7.1, 4.2 Hz, 2H), 0.38 (dd, J = 7.2, 2.6 Hz,
2H), 0.26 (s, 3H).

13C NMR (151 MHz, CDCls) 8 170.7, 134.6, 129.2, 128.4, 126.4, 59.6 (t, J = 25.5 Hz), 46.6, 25.96,
25.92, 25.90, 25.88, 25.86, 25.82, 25.80, 25.78, 25.70, 24.11, 24.07, 24.05, 24.01, 23.98, 23.23,
23.18, 23.16, 23.11, 23.09, 22.57, -2.4.

19F NMR (376 MHz, CDCls) & -80.76 (3F), -119.38 (2F), -121.95 (4F), -122.71 (2F), -123.33 (2F),
-126.09 (2F).

29Si NMR (79 MHz, CDCls) § -34.46, -66.97, -67.00, -68.67, -68.77, -68.83, -69.02, -69.07, -69.11.
MALDI-TOF: exact mass calcd C,qHg;0,5Sig [M + Na]*, 1471.331; found: 1471.381.

rac-Pentacyclo[9.7.1.13°.157 173]nonasiloxane,13-methyl-13-2-[(methyl-2-(4'-fluoro-[1,1'-
biphenyl]-4-yl)acetate)]-1,3,5,7,9,11,15,17-octakis(2-methylpropyl) (3.47)

B oy /j/':
Si— - Tsi”
,-Bu?i%o\si\,d O\s‘Me = Synthesized using Procedure G. The product was obtained as
. ‘Bu S _ . _ .
O\IBou-XSi\o-/o/§L:\'oo - a white solid in 45% yield (95% purity by °F NMR) (0.0566
iBu,sf\o/si'—O Bu g, 0.0450 mmol).

iBu

IH NMR (400 MHz, CDCls) & 7.54 (m, 2H), 7.50 — 7.41 (m, 4H), 7.17 — 7.08 (m, 2H), 3.72 (s,
3H), 3.61 (s, 1H), 1.98 — 1.77 (m, 2H), 1.69 — 1.58 (m, 1H), 0.97 (m 42H), 0.84 (m, 2H), 0.67 (d,
J = 7.0 Hz, 6H), 0.60 (m, 10H), 0.53 (m, 2H), 0.36 (m, 2H), 0.29 (s, 3H).

13C NMR (100 MHz, CDCls) § 172.45, 162.34 (d, YJcr = 245.9 Hz), 137.21 (d, 4Jcr = 3.3 Hz),
137.19, 134.69, 129.52, 128.42 (d, ®Jcr = 7.9 Hz), 126.64, 115.54 (d, 2Jcr = 21.4 Hz), 50.79, 46.52,
25.89, 25.86, 25.80, 25.76, 25.73, 25.71, 25.67, 25.65, 25.62, 24.02, 23.97, 23.95, 23.93, 23.91,
23.88, 23.81, 23.30, 23.27, 23.18, 23.14, 23.10, 23.04, 22.45, -2.70.

F NMR (376 MHz, CDCls) § -116.27.

295i NMR (([Cr(acac)s] = 0.01 M, 79 MHz, CDCls) § -33.83, -66.93, -66.95, -68.80, -68.93, -69.01,
-69.11.

MALDI-TOF: exact mass calcd for C,gHg,FO,5Siq [M + K]*, 1213.3578; found: 1213.3599.

234



rac-Pentacyclo[9.7.1.13°.1517 17 B]nonasiloxane,13-methyl-13-2-[(2-phenylaceticacid)]-
1,3,5,7,9,11,15,17-octakis(2-methylpropyl) (3.49)

iB .
I;_\SiO/O\Si’lBu Synthesized using procedure H. The product was obtained as a
B - ll g 1 ‘O . ) ) )
. 7'5\ \S'\\,-Eu \Me white solid in 88% yield (95.9 mg, 0.0880 mmol).
0iBu) o) /

Si _Si’
\ 0% =0/~ 0% oH
,Si\O/Si.'O Bu

iBu iBu

IH NMR (600 MHz, CDCls) & 7.33 (d, J = 7.6 Hz, 2H), 7.24 (t, J = 8.1 Hz, 2H), 7.17 (t, J = 7.3
Hz, 1H), 3.53 (s, 1H), 1.84 (m, 6H), 1.73 (m, 1H), 1.56 (m, 1H), 0.99 (m, 6H), 0.94 (m, 32H), 0.88
(m, 6H), 0.84 —0.75 (m, 6H), 0.62 (d, J = 7.0 Hz, 2H), 0.59 — 0.51 (m, 10H), 0.50 — 0.40 (m, 2H),
0.27 (s, 3H).

13C NMR (151 MHz, CDCls) 5 176.9, 135.6, 131.2, 128.2, 126.1, 47.1, 26.0, 25.96, 25.95, 25.92,
25.91, 25.89, 25.85, 25.83, 25.81, 25.79, 25.76, 25.67, 24.12, 24.08, 24.05, 24.0, 23.9, 23.24, 23.22,
23.18, 23.2,23.1, 23.1, 22.6, -2.5.

29Si NMR ([Cr(acac)s] =0.01 M, 79 MHz, CDCls) § -33.32, -66.46, -66.49, -68.25, -68.37, -68.40,
-68.56, -68.64.

MALDI-TOF: exact mass calcd for C,;Hg,0,:Siq [M + K]*, 1105.321; found: 1105.316.
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