Chapter 1

DEVELOPMENT OF A NICKEL CATALYZED SILYL-HECK REACTION

1.1 Introduction and Overview

Unsaturated organosilanes are potent nucleophiles and highly useful
intermediates in organic synthesis.' Based on the precedence from Tanaka,? our lab has
developed a direct and efficient route to synthesize vinyl silanes directly from terminal
styrene derivatives.® These methods, however, are limited to the cross-coupling of silyl
iodides. When silyl triflates are utilized in the reaction, an iodide additive is required for
reactivity.® We recognized that silyl triflates are more mild and more commercially
abundant and wanted to utilize them directly in our silyl-Heck reactions.

Herein, we describe the first examples of a nickel-catalyzed silyl-Heck reaction.
We show that, unlike in palladium-catalyzed reactions, these nickel-catalyzed reactions
are able to utilize silyl triflate electrophiles without the need for iodide additives. Using
this system, a variety of styrene derivatives, and related terminal alkenes lacking allylic
hydrogen atoms, can be successfully transformed into E-vinyl silanes. As significantly,
for the first time, this catalytic system allows for the direct preparation of vinyl trialkyl
silanes from trialkylsilyl electrophiles larger than trimethylsilane. We believe that this
new catalytic system not only provides promise for developing general base-metal
catalysts for this class of reaction, but also greatly expands the types of unsaturated

organosilanes that can be accessed using the silyl-Heck reaction.



1.2 Applications and Synthesis of Vinyl Silanes
Vinyl silanes are important compounds in organic synthesis due to their wide
array of diverse reactivity. They can undergo cross coupling reactions such as the

1h, 4

Hiyama and Hiyama-Denmark reactions™" ~ to form new carbon-carbon bonds as well

as electrophilic halogenation reactions for forge new carbon-halogen bonds.’

Additionally, vinyl silanes can be oxidized via a Tamao-Fleming oxidation™® °

to give
access to carboxylic acids, aldehydes or ketones as well as carbonylation reactions to
give rise to **- and !-silylesters.’

Because of high utility and demand for functionalized vinyl silanes, many routes
to synthesize them have been developed over the years. The simplest approach is the
hydrosilylation of terminal alkynes (Figure 1.1).2 In most cases the syn-hydrosilylation
product (1.1) is formed following the Chalk-Harrod mechanism. This can be done with

a variety of metal catalysts including rhodium, platinum and cobalt. The trans-

hydrosilylation is possible using ruthenium catalysts.
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Figure 1.1 Hydrosilylation of Alkynes

A few methods exist for the direct conversion of terminal alkenes to vinyl
silanes. Among these, metathesis and dehydrogenative silylation are both effective but
each has its own drawbacks. Metathesis can be very sensitive to the substitution of the
silane and dehydrogenative silylation often results in accompanied reduction to the

alkyl silane producing difficult to separate mixtures.



Recently, we have established the silyl-Heck reaction as a novel route to access
both allyl and vinyl silanes.® 1% * This general method allows for the direct silylation
of terminal alkenes using silyl halides and transition metal catalysts, in a reaction that

we believe is analogous to classical Heck arylation (Figure 1.2).%?
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Figure 1.2 General Mechanism of the Silyl-Heck Reaction

In the continuous development of this chemistry, we have designed new ligands
and catalysts for this reaction.”® These improved catalytic conditions allow for more
mild reaction conditions as well as improve yields and selectivities. This work has also
been expanded the synthesis of vinyl silyl ethers and disiloxanes (Figure 1.3).** Using
silyl ditriflates with an iodide additive under palladium catalysis, a variety of silyl ethers

and disiloxanes were synthesized.
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Figure 1.3 Synthesis of Vinyl Silyl Ethers via the Silyl-Heck Reaction

1.3 Hypothesis and Proposal

Our previous work has focused exclusively on the use of palladium-based
catalysts in this transformation.® In these processes, we have found that the use of
iodosilanes is required. These can either be used directly or prepared in situ from silyl

chlorides, bromides, or triflates and simple iodide salts (Figure 1.4)."
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Figure 1.4 In Situ Silicon-Halogen Exchange

An active interest in our group is developing a catalyst capable of engaging
alternative silyl halides other than iodosilanes in silyl-Heck type reactions. This interest
is fueled by the recognition that iodosilanes are potent Lewis acids, and thus have
attenuated functional group compatibility. In addition, access to silyl iodides is limited,
with only trimethylsilyl iodide being commercially available. In contrast, a much wider
variety of silyl chlorides and triflates can be purchased, making methods that can

directly utilize these reagents attractive to develop.*



In an effort to expand the silicon scope of this reaction, we turned to
investigating the use of silyl triflate reagents as electrophilic cross-coupling partners.
Unfortunately, even the most reactive silyl triflate, trimethylsilyl triflate, fails to
undergo reaction under palladium-catalyzed conditions without added iodide.
Therefore, we sought to find a catalytic system that could activate and efficiently cross-
couple silyl triflates with alkenes. Silicon-oxygen bonds are known to be very strong,
and while the bond dissociation energy (BDE) of a silicon triflate bond is not known,
we hypothesize that it should be lower than a Si-OMe bond but stronger than a Si-I
BDE. With analogous carbon electrophiles, aryl triflates generally have similar
reactivity to aryl bromides.*® Table 1.1 depicts known bond dissociation energies of
trimethylsilyl halide and methoxy bonds. We attribute the lack of reactivity with silyl

triflates to the reluctance of palladium to insert into the strong Si-OTf bond.*’

Table 1.1 Silicon Halide and Oxygen Bond Dissociation Energies

entry bond BDE (kcal/mol)

1 MesSi-| 77
2 MesSi—-Br 96
3 Me;Si-Cl 113
4 MesSi-OMe 123

In cross-coupling chemistry of carbon electrophiles, nickel catalysts have proven
adept at the activation of strong carbon-heteroatom bonds (such as aryl ethers and
carboxylates), particularly in comparison to palladium catalysts.*® Seminal studies from
the Wenkert'® and Chatani’®® demonstrated that a simple phosphine supported nickel
catalyst is capable of activating C-O bonds in Kumada and Suzuki reactions

respectively (Figure 1.5).
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Figure 1.5 Nickel Catalyzed Activation of Strong Carbon-Oxygen Bonds

Despite the fact that silyl bromides and iodides been shown to oxidatively add to
a variety of late transition metals complexes, to our knowledge such reactions involving
nickel compounds have not been described.? ***® 2! Based upon the precedent with
strong C-X bonds, we decided to investigate silyl-Heck type reactions with nickel-

based catalysts.?

1.4 Reaction Optimization

To begin our investigation of nickel-catalyzed silyl-Heck reactions, we studied
the reaction of 4-tert-butyl styrene with trimethylsilyl triflate (MesSiOTf) without
iodide additives (Table 1.2). Consistent with our previous observations, palladium-
based catalysts provided only trace yield of desired vinyl silane 1.5 (entry 1). In our
hands, this outcome is not improved by variation of either palladium pre-catalyst, nature
of phosphine ligand, metal:ligand ratio, solvent, or temperature (not shown). In contrast,
a modest screen of catalysts derived from Ni(COD), and phosphine ligands revealed a
significantly different outcome. Whereas catalysts employing triaryl phosphines (entries
2 and 3) or mixed aryl-alkyl phosphines (entries 4 and 5) were ineffective, moderately
bulky trialkyl phosphines provided highly active catalysts (entries 6-10). Interestingly,

however, there seems to be a steric limit regarding ligand size; the very bulky ‘BusP was



ineffective (entry 11). Further optimization revealed that a highly effective catalyst was
obtained using '‘BuPCy, and Ni(COD), when a 1.5:1 ligand:metal ratio was employed
(entry 13).

Table 1.2 Identification of Nickel-Based Catalyst

10 mol % pre-catalyst
ligand
3 equiv Me3SiOTf

By Et;N, dioxane, 75°C,24h  tgy 1.5

entry pre-catalyst ligand (mol %) yield (1.5)
1  (COD)Pd(CH,SiMes), 'BuPPh; (30) 0%
2 Ni(COD); PPh; (30) 0%
3 Ni(COD); P(o-tol)s (30) 0%
4 Ni(COD), ‘BuPPh; (30) 12%
5 Ni(COD); Cy2PPh (30) 11%
6 Ni(COD); "BusP (30) 69%
7 Ni(COD); PCys (30) 57%
8 Ni(COD); PCyps (30) 65%
9 Ni(COD), ‘BuPCy; (30) 71%
10 Ni(COD), ‘Bu,PCy (30) 55%
11 Ni(COD), ‘BusP (30) 7%
12 Ni(COD), '‘BuPCys, (20) 85%
13 Ni(COD), '‘BuPCys, (15) 90%

1.5 Scope of Nickel Catalyzed Silyl-Heck Reaction

1.5.1 Styrene Scope

Using these optimized conditions, we studied the scope of the nickel-catalyzed
silyl-Heck reaction (Figure 1.6). A variety of styrenyl alkenes participate in the
reaction. On preparative scale (1 mmol), vinyl silane 1.5 was isolated in 82% vyield.
Likewise, unsubstituted styrene could be silylated in 89% isolated yield under these

conditions (1.6). A variety of ethereal substrates were also tolerated, including those



with both electron-donating para-methoxy (1.7) and electron-withdrawing meta-
methoxy groups (1.8) in good yield (71% and 76%, respectively). Silyl ethers (1.9) and
dioxoles (1.10) were also well tolerated. Aromatic fluorides proved amenable to the
reaction conditions; fluorinated vinyl styrene 1.11 was isolated in 66% yield.
Unfortunately, larger aromatic halogens were not compatible with the silylation
conditions. For example, the use of 4-chlorostyrene as substrate led to a complex
mixture of products without detectable formation of desired vinyl styrene 1.12. Also
problematic were highly electron-deficient or electron-rich styrenes. For example, the
formation of ester 1.13 was not observed, and dimethylamino product 1.14 was formed
in low yield. Strained rings, such as benzocyclobutane (1.15), and steric bulk on the
aromatic group ortho to the alkene (1.16), however, were well tolerated. Some
heterocyclic substrates could also be silylated using this protocol. For example,
silylation of N-vinyl carbazole led to vinyl silane 1.17 in high yield. In this case, as well
as all others reported herein, no more than trace product was observed in reactions
conducted without catalyst. However, in other cases, such as in the formation of
benzofuran 1.18, yields proved to be suboptimal. Finally, more complex vinyl silanes,
such as pinacol borane 1.19 and estradiol-derived 1.20, could also be accessed using the
nickel-catalyzed protocol. In the case of 1.19, tricyclopentyl phosphine (CypsP) proved
to be a slightly more effective ligand than '‘BuPCy,, demonstrating that some ligand
optimization might prove necessary to maximize vinyl silane yield. Silylation of
terminal alkenes bearing allylic hydrogen atoms, such as 1-decene, were also
investigated. However, with these substrates only trace desired product was observed;
alkene isomerization predominated. Overall, while these yields are slightly lower and

scope is somewhat more limited than our previously reported palladium-catalyzed silyl-



Heck protocol involving MesSil, we believe that this reaction enjoys sufficient substrate
scope to make it a synthetically viable alternative, particularly given the advantages of

using a nonprecious metal, nickel-based catalyst, and a silyl triflate as the silylating

reagent.
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Figure 1.6 Scope with Respect to Styrene Derivatives

1.5.2 Scope of Silyl-Triflate Electrophiles
As mentioned above, silyl triflates are much more abundant than silyl iodides.
We therefore wanted to investigate the scope of the transformation with respect to the

silyl triflate. Initial investigations using ‘BuPCy, and the above-optimized conditions



revealed that silyl triflates larger than trimethylsilyl triflate do participate in the
reaction. However, we rapidly identified the use of CysP with a ligand:metal ratio of 3:1
as an alternative catalyst that provided generally higher yields with larger silanes.

Scope studies using 4-tert-butyl styrene and this latter catalyst system are
outlined in Figure 1.7. Dimethylsilyl triflates containing one primary alkyl group, such
as "BuMe,SiOTf or BnMe,SiOTf participate well under these conditions (1.21 and
1.22), providing similar yields to MesSiOTf. One secondary substituent, such as in
'PrMe,SiOTH, can also be tolerated without loss of yield (1.23). However, a tertiary silyl
substituent proved to be beyond the steric limit under these conditions; using CysP as
ligand, none of desired vinyl silane 1.24 was observed using ‘BuMe;SiOTf (TBSOTT).
However, switching to the smaller ligand "BusP and using elevated temperatures did
allow for the formation of 1.24. Despite the modest yield, this transformation is
remarkable as it presumably involves oxidative addition at a silicon center that bears a
fully substituted adjacent center (akin to a neopentylic carbon center). Silyl triflates
bearing aromatic groups are also good substrates for the nickel-catalyzed silyl-Heck
reaction. Both phenyldimethyl and diphenylmethyl vinyl silanes can be prepared in
good yield in this way (1.25 and 1.26). Finally, triethylsilyl triflate also participates in
the reaction; 1.27 was prepared in 65% yield. However, triisopropylsilyl triflate appears
to be too large (even under forcing conditions). As the previously developed palladium-
catalyzed reaction only tolerates MesSil (used directly or generated in situ), these
results greatly expand the types of electrophilic trialkylsilanes that can participate in the

silyl-Heck reaction.
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Figure 1.7 Scope with Respect to Silyl-Triflate

1.6 Dimerization Byproduct

In the case of reactions using larger silyl triflates (Table 1.7), the major
byproduct is alkene 1.32 (Figure 1.8). We hypothesize that this styrene dimer arises via
a metal hydride-mediated Heck-type pathway.”® Palladium hydride 1.29, formed as a
catalytic intermediate in the desired pathway, can react with an equivalent of alkene to
form 1.30. Migratory insertion of another alkene leads to 1.32 which can undergo !-

hydride elimination to for dimer 1.32 and regenerate 1.29.
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Figure 1.8 Proposed Dimerization Catalytic Cycle

Minor amounts of similar dimers are also observed as byproducts in reactions
using MesSIOTTf (Figure 1.6); however, formation of these dimers is less significant.
These results suggest that the dimerization pathway becomes more competitive with
increasing steric bulk of the silyl triflate, likely due to the difficulty of oxidative

addition.

1.7 Summary

For the first time, we have demonstrated a nickel-catalyzed silyl-Heck reaction,
the first demonstration of a first-row transition metal catalyst in this type of reaction.
We have shown that simple phosphine-supported nickel-based catalysts are not only
capable of silylating styrene derivatives, but are also capable of promoting the reaction
with silyl triflate reagents without the need for in situ generation of silyl iodides.
Moreover, good substrate scope with respect to the alkene has been observed. More
importantly, for the first time electrophilic trialkylsilanes bearing alkyl groups larger

than methyl have been shown to participate in Heck-like reactions. These results



provide promising leads for the further development of silyl-Heck reactions using
inexpensive catalysts and silylating reagents.

This work was communicated in 2014 in Tetrahedron as an invited article
honoring Professor Sarah Reisman as recipient of the 2014 Tetrahedron Young

Investigator Award.**
1.8 Experimental Details

1.8.1 General Experimental Details

Dioxane, tetrahydrofuran, and dichloromethane were dried on alumina
according to published procedures.® Triethylamine was distilled from CaH. and then
sparged with nitrogen. 2-Dimethylaminoethanol was distilled under vacuum from
anhydrous potassium carbonate and sparged with nitrogen. Trifluoromethanesulfonic
acid (TfOH) was distilled under vacuum and stored under nitrogen in a teflon-sealed
vessel. Trimethylsilyl-, triethylsilyl-, (Oakwood Chemical), tert-butyldimethylsilyl-
(Combi-Blocks) and tri-iso-propylsilyl- (Gelest) trifluoromethanesulfonate were
distilled under vacuum and degassed prior to use. All hot glassware was oven dried for
a minimum of four hours or flame-dried under vacuum prior to use. All other substrates
and reagents were purchased in highest analytical purity from commercial suppliers.
Liquid substrates were sparged with nitrogen before use, and all others were used as
received. Column chromatography was performed with 5-20 "*'m or 40-63 "'m silica gel
(Silicycle) with the eluent reported in parentheses. Analytical thin-layer
chromatography (TLC) was performed on precoated glass plates and visualized by UV

or by staining with KMnOyq,



1.8.2 Instrumentation and Chromatography

NMR spectra were obtained on a Bruker AV400 MHz FT-NMR spectrometer
equipped with a Bruker CryoPlatform (400 MHz *H, 101 MHz **C, and 376 MHz *°F)
or on a Bruker AVIII 600 MHz FT-NMR spectrometer (600 MHz *H, 151 MHz *3C), in
the indicated deutero-solvent and were recorded at ambient temperatures. Chemical
shifts are reported in ppm. *H NMR were calibrated using the residual protio-solvent as
a standard. **C NMR spectra are calibrated using the deutero-solvent as a standard and
were recorded using the attached proton test.?® *°F spectra are referenced to an external
FCCI; sample. IR spectra were recorded on a Nicolet Magna 560 FTIR spectrometer as
thin films. GCMS data was collected using an Agilent 6850 series GC and 5973 MS
detector. High resolution MS was attained on a Waters GCT Premier spectrometer

using electron impact ionization (EI).
1.8.3 Reactions of Alkenes with Trimethylsilyl Trifluoromethanesulfonate

1.8.3.1 General Procedure A

In a glovebox (N, atmosphere), dicyclohexyl-tert-butylphosphine (15 mol %)
and Ni(COD); (10 mol %) were added to a 2-dram vial equipped with a stirbar. Solid
alkenes were also added at this time. Dioxane and triethylamine (5 equiv) were then
added sequentially, followed by liquid alkene (1 equiv) if applicable. The vial was
sealed with a Teflon-lined septum cap and removed from the glovebox. The reaction
mixture was stirred at room temperature until homogeneous. Trimethylsilyl
trifluoromethanesulfonate (3 equiv) was then added via syringe at room temperature
with stirring. The vessel was then heated in an oil bath at 75 °C with stirring for 24 h.
The reaction was removed from the oil bath and cooled to room temperature. The

reaction vessel was then opened to air, and brine and diethyl ether or hexanes were



added. The brine layer was removed, and the organic layer was washed twice with
brine. The combined aqueous layers were back-extracted twice with diethyl ether or
hexanes. The combined organic layers were dried over MgSO, and concentrated in
vacuo. The product was purified using flash silica chromatography, eluting with the

indicated solvent noted in parenthesis.

1.8.3.2 Characterization Data

J@/\/ SiMes (1.5) According to general procedure A, 1-tert-butyl-4-
Bu vinylbenzene (183 *'L, 1 mmol), ‘BuPCy, (38 mg, 0.15 mmol),
Ni(COD); (27.5 mg, 0.1 mmol), EtsN (700 "L, 5 mmol), and Me3SiOTf (540 *'L, 3
mmol) were reacted in dioxane (2 mL) at 75 °C for 24 h. The product was purified by
flash chromatography on silica gel (petroleum ether) and concentrated in vacuo to yield
of 1.5 as a colorless oil (190 mg, 82%): *H NMR (400 MHz, CDCls) & 7.38 (d, J = 8.7
Hz, 2H), 7.35 (d, J = 8.7 Hz, 2H), 6.85 (d, J = 19.1 Hz, 1H), 6.42 (d, J = 19.1 Hz, 1H),
1.31 (s, 9H), 0.14 (s, 9H); **C NMR (101 MHz, CDCls) § 151.2, 143.4, 135.8, 128.6,
126.2, 125.6, 34.7, 31.4, -1.0; FTIR (cm™): 2957, 1248, 986, 868, 838. HRMS (EI) m/z,
calcd for [CysH24Si]: 232.1647; found: 232.1668.

©/\/S“V'es (1.6) According to general procedure A, styrene (115 'L, 1 mmol),
'‘BuPCy, (38 mg, 0.15 mmol), Ni(COD), (27.5 mg, 0.1 mmol), EtsN

(700 'L, 5 mmol), and Me3sSiOTf (540 "L, 3 mmol) were reacted in dioxane (2 mL) at
75 °C for 24 h. The product was purified by flash chromatography on silica gel
(petroleum ether) and concentrated in vacuo to yield of 1.6 as a colorless oil (158 mg,
89%): 'H NMR (400 MHz, CDCls) § 7.44 (d, J = 7.0 Hz, 2H), 7.33 (t, J = 7.4 Hz, 2H),
7.25 (t, J = 7.2 Hz, 1H), 6.88 (d, J = 19.2 Hz, 1H), 6.48 (d, J = 19.1 Hz, 4H), 0.16 (s,



9H); *C NMR (101 MHz, CDCls) § 143.7, 138.5, 129.7, 128.7, 128.1, 126.5, -1.1;
FTIR (cm™) 2955, 1247, 988, 866, 843. HRMS (ElI) m/z, calcd for [CiiH16Si]:
176.1021; found: 176.1048.

X SiMeg . . .
/@A/ (1.7) According to general procedure A, 4-vinyl-anisole (134
MeO

"L, 1 mmol), ‘BuPCy, (38 mg, 0.15 mmol), Ni(COD), (27.5
mg, 0.1 mmol), EtsN (700 'L, 5 mmol), and Me3sSiOTf (540 *'L, 3 mmol) were reacted
in dioxane (2 mL) at 75 °C for 24 h. The product was purified by flash chromatography
on silica gel (petroleum ether) and concentrated in vacuo to yield 1.7 as a white solid
(146 mg, 71%): *H NMR (400 MHz, CDCl5) § 7.38 (d, J = 8.8 Hz, 2H), 6.91 — 6.75 (m,
3H), 6.31 (d, J = 19.1 Hz, 1H), 3.81 (s, 3H), 0.14 (s, 9H); *C NMR (101 MHz, CDCls)
6 159.6, 143.1, 131.5, 127.7, 126.8, 114.0, 55.5, -1.0; FTIR (cm'l) 2958, 1608, 1510,
1251, 1033, 993, 835, 798. HRMS (EI) m/z, calcd for [C1oH150Si]: 206.1127; found:
206.1140.

MeO x_SiMe;  (1.8) According to general procedure A, 3-vinyl-anisole (139
\©/\/ "L, 1 mmol), '‘BuPCy, (38 mg, 0.15 mmol), Ni(COD), (27.5

mg, 0.1 mmol), EtsN (700 'L, 5 mmol), and Me3sSiOTf (540 *'L, 3 mmol) were reacted
in dioxane (2 mL) at 75 °C for 24 h. The product was purified by flash chromatography
on silica gel (5 : 95 Et,0 : hexanes) and concentrated in vacuo to yield 1.8 as a colorless
oil (159 mg, 77%): *H NMR (400 MHz, CDCls) § 7.27 (t, J = 7.8 Hz, 1H), 7.06 (d, J =
7.7 Hz, 1H), 7.01 (t, J = 2.0 Hz, 1H), 6.87 (d, J = 19.2 Hz, 1H), 6.83 (dd, J = 2.7, 0.8
Hz, 1H), 6.50 (d, J = 19.1 Hz, 1H), 3.86 (s, 3H), 0.18 (s, 9H); *C NMR (101 MHz,
CDCl3) 6 159.9, 143.5, 139.9, 130.0, 129.6, 119.2, 114.0, 111.3, 55.5, -1.1; FTIR (cm™)



2954, 1263, 865, 838. HRMS (EI) m/z, calcd for [Ci2H130Si]: 206.1127; found:
206.1148.

TBSO\©/\/SiMe3 (1.9) According to general procedure A, tert-butyldimethyl(3-
vinylphenoxy)silane?” (234 mg, 1 mmol), 'BuPCy, (38 mg,

0.15 mmol), Ni(COD); (27.5 mg, 0.1 mmol), EtsN (700 'L, 5 mmol), and MesSiOTf
(540 "L, 3 mmol) were reacted in dioxane (2 mL) at 75 °C for 24 h. The product was
purified by flash chromatography on silica gel (petroleum ether) and concentrated in
vacuo to yield 1.9 as a colorless oil (236 mg, 77%): *H NMR (400 MHz, CDCls) § 7.18
(t, J=7.8Hz, 1H), 7.04 (d, J = 7.7 Hz, 1H), 6.91 (t, J = 2.1 Hz, 6H), 6.80 (d, J = 19.1
Hz, 1H), 6.73 (dd, J = 8.0, 2.3 Hz, 1H), 6.43 (d, J = 19.1 Hz, 1H), 0.99 (s, 9H), 0.20 (s,
6H), 0.15 (s, 9H); °C NMR (101 MHz, CDCls) § 156.0, 143.5, 140.0, 129.7, 129.5,
119.9, 119.8, 118.0, 25.9, 18.4, -1.1, -4.2; FTIR (cm™) 2956, 2859, 1575, 1280, 985,
838. HRMS (EI) m/z, calcd for [C17H300Si>]: 306.1835; found: 306.1819.

o ~SMes  (1.10)  According to  general  procedure A, 5
<O:©/\/ vinylbenzo[d][1,3]dioxole?” (148 mg, 1 mmol), 'BuPCy, (38
mg, 0.15 mmol), Ni(COD), (27.5 mg, 0.1 mmol), EtzN (700 "L, 5 mmol), and
MesSiOTT (540 "L, 3 mmol) were reacted in dioxane (2 mL) at 75 °C for 24 h. The
product was purified by flash chromatography on silica gel (hexanes) and concentrated
in vacuo to yield 1.10 as a colorless oil (127 mg, 57%): *H NMR (600 MHz, CDCls) &
7.00 (d, J = 1.8 Hz, 1H), 6.86 (dd, J = 8.0, 1.7 Hz, 1H), 6.80 — 6.74 (m, 2H), 6.27 (d, J =
19.1 Hz, 1H), 5.95 (s, 2H), 0.14 (s, 9H); *C NMR (151 MHz, CDCls) & 148.2, 147.6,



143.1, 1334, 127.4, 121.5, 108.3, 105.6, 101.2, -1.0; FTIR (cm'l) 2954, 2895, 1489,
1248, 866, 839. HRMS (EI) m/z, calcd for [C1,H160,Si]: 220.0920; found: 220.0933.

/©/\/S"V'es (1.11) According to general procedure A, 4-fluorostyrene (119 "L,
F 1 mmol), ‘BuPCy; (38 mg, 0.15 mmol), Ni(COD); (27.5 mg, 0.1

mmol), EtsN (700 'L, 5 mmol), and Me3SiOTf (540 "L, 3 mmol) were reacted in
dioxane (2 mL) at 75 °C for 24 h. The product was purified by flash chromatography on
silica gel (hexanes) and concentrated in vacuo to yield 1.11 as a colorless oil (128 mg,
66%): "H NMR (400 MHz, CDCls) & 7.40 (ddt, J = 8.3, 5.4, 2.5 Hz, 2H), 7.01 (app tt, J
= 8.5, 1.9 Hz, 2H), 6.82 (d, J = 19.1 Hz, 1H), 6.38 (d, J = 19.1 Hz, 1H), 0.15 (s, 9H);
3C NMR (101 MHz, CDCls) & 162.7 (d, J = 247.3 Hz), 142.4 (s), 134.7 (s), 129.4 (d, J
= 2.2 Hz), 128.0 (d, J = 8.0 Hz), 115.5 (d, J = 21.5 Hz), -1.1 (s); °F NMR (376 MHz,
CDCly) # -114.2; FTIR (cm™) 2956, 1507, 1248, 836. HRMS (EI) m/z, calcd for
[C11H1sFSi]: 194.0927; found: 194.0945.

E@/\/Sil\/les (1.15)  According to  general procedure A,  4-

vinylbenzocyclobutene (130 mg, 1 mmol), ‘BuPCy, (38 mg, 0.15
mmol), Ni(COD); (27.5 mg, 0.1 mmol), EtsN (700 'L, 5 mmol), and Me3SiOTf (540
"L, 3 mmol) were reacted in dioxane (2 mL) at 75 °C for 24 h. The product was
purified by flash chromatography on silica gel (petroleum ether) and concentrated in
vacuo to yield 1.15 as a colorless oil (157 mg, 78%): *H NMR (400 MHz, CDCls) §
7.24 (d, J = 10.1 Hz, 1H), 7.18 (s, 1H), 7.00 (d, J = 7.5 Hz, 1H), 6.85 (d, J = 19.1 Hz,
1H), 6.38 (d, J = 19.1 Hz, 1H), 3.16 (s, 4H), 0.14 (s, 9H); *C NMR (101 MHz, CDCls)
6 146.2, 146.1, 144.7, 137.5, 127.8, 126.1, 122.7, 120.0, 29.6, 29.4, -1.0; FTIR (Cm'l)



2955, 2930, 1247, 985, 866, 837. HRMS (EI) m/z, calcd for [Ci3H1Si]: 202.1178;
found: 202.1194.

(1.16) According to general procedure A, 2,4-dimethystyrene

/@/\/5‘“"% (146 "L, 1 mmol), ‘BuPCy, (38 mg, 0.15 mmol), Ni(COD),
Me (27.5 mg, 0.1 mmol), EtzN (700 "L, 5 mmol), and MesSiOTf
(540 "L, 3 mmol) were reacted in dioxane (2 mL) at 75 °C for 24 h. The product was
purified by flash chromatography on silica gel (hexanes) and concentrated in vacuo to
yield 1.16 as a colorless oil (126 mg, 62%): *H NMR (400 MHz, CDCls) & 7.43 (d, J =
7.9 Hz, 1H), 7.10 (d, J = 19.0 Hz, 1H), 6.99 (d, J = 8.4 Hz, 1H), 6.96 (s, 1H), 6.33 (d, J
=19.0 Hz, 1H), 2.35 (s, 3H), 2.31 (s, 3H), 0.16 (s, 9H); **C NMR (101 MHz, CDCls) §
141.2, 137.6, 135.3, 134.9, 131.2, 130.2, 127.0, 125.3, 21.3, 19.7, -1.0; FTIR (Cm'l)
2954, 1247, 987, 868, 842. HRMS (EI) m/z, calcd for [Ci3H20Si]: 204.1334; found:
204.1350.

O AN SiMe; (1.17) According to general procedure A, N-vinyl carbazole (193
mg, 1 mmol), '‘BuPCy; (38 mg, 0.15 mmol), Ni(COD); (27.5 mg,

O 0.1 mmol), EtsN (700 "L, 5 mmol), and Me3sSiOTf (540 "L, 3
mmol) were reacted in dioxane (2 mL) at 75 °C for 24 h. The product was purified by
flash chromatography on silica gel (petroleum ether) and concentrated in vacuo to yield
1.17 as a white solid (248 mg, 93%): *H NMR (400 MHz, CDCls) § 8.07 (d, J = 7.8 Hz,
2H), 7.72 (d, J = 8.3 Hz, 2H), 7.48 (ddd, J = 8.3, 7.2, 1.3 Hz, 2H), 7.38 — 7.27 (m, 3H),
6.04 (d, J = 17.2 Hz, 1H), 0.27 (s, 9H); **C NMR (101 MHz, CDCl;) & 139.4, 133.6,



126.3, 124.2, 120.8, 120.4, 113.5, 110.9, 77.2, -0.6; FTIR (cm™) 2953, 1610, 1447, 834,
751, 721. HRMS (EI) m/z, calcd for [C17H19NSI]: 265.1287; found: 265.1262.

/@/\/3"\"63 (1.19) Using a modification of general procedure A, 4-
pinB pinacolatoboryl ~ styrene® (230 mg, 1  mmol),

tricyclopentylphosphine (72 mg, 0.3 mmol), Ni(COD); (27.5 mg, 0.1 mmol), Et;N (700
"L, 5 mmol), and MesSiOTTf (540 'L, 3 mmol) were reacted in dioxane (2 mL) at 75 °C
for 24 h. The product was purified by flash chromatography on silica gel (15 : 85
CH,Cl;, : hexanes) and concentrated in vacuo to yield 1.19 as a white solid (123 mg,
41%): *H NMR (600 MHz, CDCls) 6 7.76 (d, J = 8.0 Hz, 2H), 7.43 (d, J = 8.0 Hz, 2H),
6.88 (d, J = 19.1 Hz, 1H), 6.55 (d, J = 19.1 Hz, 1H), 1.35 (s, 12H), 0.16 (s, 9H); *C
NMR (151 MHz, CDCls) § 143.7, 141.1, 135.2, 131.1, 125.8, 83.9, 25.0, -1.1 (the
carbon attached to boron was not observed); FTIR (cm™) 2953, 1607, 1358, 1141, 1090,
869. HRMS (EI) m/z, calcd for [C17H27BO,Si]: 302.1873; found: 302.1893.

e pT5° (1.20) According to general procedure A, tert-
butyldimethyl(((8R,9S,13S,14S,17S)-13-methyl-3-

MesSi vinyl-7,8,9,11,12,13,14,15,16,17-decahydro-6H-

cyclopenta[a]phenanthren-17-yl)oxy)silane® (396 mg, 1 mmol), ‘BuPCy; (38 mg, 0.15
mmol), Ni(COD); (27.5 mg, 0.1 mmol), EtsN (700 'L, 5 mmol), and Me;SiOTf (540
"L, 3 mmol) were reacted in dioxane (2 mL) at 75 °C for 24 h. The product was
purified by flash chromatography on silica gel (petroleum ether) and concentrated in
vacuo to yield 1.20 as a white foam (283 mg, 60%): *H NMR (400 MHz, CDCl;) & 7.25

—7.18 (m, 2H), 7.15 (s, 1H), 6.82 (d, J = 19.1 Hz, 1H), 6.40 (d, J = 19.2 Hz, 1H), 3.64



(t, J = 8.2 Hz, 1H), 2.98 — 2.73 (m, 2H), 2.30 (dt, J = 12.8, 3.0 Hz, 1H), 2.21 (td, J =
11.5, 11.0, 3.9 Hz, 1H), 2.08 — 1.79 (m, 3H), 1.76 — 1.59 (m, 1H), 1.59 — 1.09 (m, 7H),
0.89 (s, 9H), 0.74 (s, 3H), 0.14 (s, 9H), 0.04 (s, 3H), 0.03 (s, 3H); *C NMR (101 MHz,
CDCls) & 143.6, 140.7, 137.0, 135.9, 128.5, 127.0, 125.7, 123.7, 81.9, 49.9, 44.7, 43.7,
38.8, 37.3, 31.1, 29.7, 27.4, 26.4, 26.0, 23.4, 18.3, 11.5, -1.0, -4.3, -4.6; FTIR (cm™)
2926, 1248, 1095, 866, 836. HRMS (El) m/z, calcd for [CaoH450Si,]: 468.3244; found:
468.3259.

1.8.4 Reactions of Larger Silyl Triflates

1.8.4.1 General Procedure B

In a glovebox (N, atmosphere), tricyclohexylphosphine (30 mol %) and
Ni(COD), (10 mol %) were added to a 2-dram vial equipped with a stirbar. Dioxane,
triethylamine (5 equiv), and 1-tert-butyl-4-vinylbenzene (1 equiv) were then added,
sequentially. The vial was sealed with a Teflon-lined septum cap and removed from the
glovebox. The reaction mixture was stirred at room temperature until homogeneous.
The appropriate silyl trifluoromethanesulfonate reagent (3 equiv) was then added via
syringe at room temperature with stirring. The vessel was then heated in an oil bath at
75 °C with stirring for 24 h, after which time N,N-dimethyl ethanolamine (3 equiv) was
added via syringe with stirring at 75 °C. The vessel was stirred at 75 °C for
approximately 1 minute before stirring at room temperature for approximately 15
minutes. The reaction vessel was then opened to air, and hexanes and HCIl (1 M
aqueous) were added. The HCI layer was removed, and the organic layer was washed
twice with HCI (1 M aqueous). The combined aqueous layers were back-extracted with

hexanes. The combined organic layers were dried over MgSO, and concentrated in



vacuo. The product was purified using flash silica chromatography, eluting with the

indicated solvent noted in parenthesis.

1.8.4.2 Characterization Data

X Si"BuMe; (1.21) According to general procedure B, 1-tert-butyl-4-
‘Bu/©/\/ vinylbenzene (183 "L, 1 mmol), CysP (84 mg, 0.3 mmol),
Ni(COD), (27.5 mg, 0.1 mmol), EtsN (700 "L, 5 mmol), and n-butyldimethylsilyl

trifluoromethanesulfonate®®

(790 mg, 3 mmol) were reacted in dioxane (2 mL) at 75 °C
for 24 h. N,N-dimethyl ethanolamine (300 'L, 3 mmol) was added after reaction. The
product was purified by flash chromatography on silica gel (petroleum ether) and
concentrated in vacuo to yield 1.21 as a colorless oil (165 mg, 60%): *H NMR (600
MHz, CDCls) 6 7.38 (d, J = 8.4 Hz, 2H), 7.35 (d, J = 8.5 Hz, 2H), 6.85 (d, J = 19.2 Hz,
1H), 6.41 (d, J = 19.1 Hz, 1H), 1.35 — 1.28 (m, 13H), 0.88 (t, J = 6.8 Hz, 3H), 0.64 —
0.59 (m, 2H), 0.12 (s, 6H); *C NMR (151 MHz, CDCls) & 151.2, 143.8, 135.9, 127.8,
126.2, 125.6, 34.8, 31.5, 26.7, 26.3, 15.6, 14.0, -2.8; FTIR (cm™) 2956, 1982, 986, 837.

HRMS (EIl) m/z, calcd for [C1gH30Si]: 274.2117; found: 274.2092.

/©/\/SiB”Me2 (1.22) According to general procedure B, 1-tert-butyl-4-
‘Bu vinylbenzene (183 "L, 1 mmol), CysP (84 mg, 0.3 mmol),

Ni(COD), (27.5 mg, 0.1 mmol), EtsN (700 'L, 5 mmol), and benzyldimethylsilyl

trifluoromethanesulfonate'®

(895 mg, 3 mmol) were reacted in dioxane (2 mL) at 75
°C for 24 h. N,N-dimethyl ethanolamine (300 'L, 3 mmol) was added after reaction.
The product was purified by flash chromatography on silica gel (5 : 95 CH,Cl, :
hexanes) and concentrated in vacuo to yield 1.22 as a colorless oil (206 mg, 67%): *H

NMR (400 MHz, CDCls) & 7.36 (app s, 4H), 7.22 (t, J = 7.6 Hz, 2H), 7.08 (t, J = 7.4



Hz, 1H), 7.03 (app d, J = 7.3 Hz, 2H), 6.84 (d, J = 19.2 Hz, 1H), 6.38 (d, J = 19.2 Hz,
1H), 2.21 (s, 2H), 1.33 (s, 9H), 0.13 (s, 6H); *C NMR (101 MHz, CDCl;) § 151.4,
144.6, 140.1, 135.7, 128.4, 128.3, 126.4, 126.2, 125.6, 124.1, 34.8, 31.4, 26.3, -3.2;
FTIR (cm™) 2961, 1493, 832, 698. HRMS (EI) m/z, calcd for [C,1H2sSi]: 308.1960;
found: 308.1950.

/@/\/Si‘PrMez (1.23) According to general procedure B, 1-tert-butyl-4-
Bu vinylbenzene (183 "L, 1 mmol), CysP (84 mg, 0.3 mmol),
Ni(COD), (27.5 mg, 0.1 mmol), EtsN (700 'L, 5 mmol), and isopropyldimethylsilyl

trifluoromethanesulfonate'®

(750 mg, 3 mmol) were reacted in dioxane (2 mL) at 75 °C
for 24 h. N,N-dimethyl ethanolamine (300 'L, 3 mmol) was added after reaction. The
product was purified by flash chromatography on silica gel (petroleum ether) and
concentrated in vacuo to yield 1.23 as a colorless oil (157 mg, 60%): *H NMR (400
MHz, CDCl5) & 7.39 (d, J = 8.6 Hz, 2H), 7.36 (d, J = 8.4 Hz, 2H), 6.86 (d, J = 19.2 Hz,
1H), 6.41 (d, J = 19.2 Hz, 1H), 1.32 (s, 9H), 0.98 (d, J = 7.1 Hz, 6H), 0.93 — 0.80 (m,
1H), 0.10 (s, 6H); *C NMR (101 MHz, CDCls) & 151.2, 144.4, 135.9, 126.4, 126.2,
125.6, 34.7, 31.4, 17.8, 14.0, -5.1; FTIR (cm™) 2955, 2863, 1267, 987, 839. HRMS (EI)

m/z, calcd for [C17H25Si]: 260.1960; found: 260.1968.

/©/\/Sit3”'\"ez (1.24) Using a modification of general procedure B, 1-tert-
‘Bu butyl-4-vinylbenzene (183 'L, 1 mmol), "BusP (81 mg, 0.4
mmol), Ni(COD), (27.5 mg, 0.1 mmol), EtzN (700 "L, 5 mmol), and tert-
butyldimethylsilyl trifluoromethanesulfonate (690 'L, 3 mmol) were reacted in dioxane

(1 mL) at 110 °C for 24 h. N,N-dimethyl ethanolamine (300 "L, 3 mmol) was added



after reaction. The product was purified by flash chromatography on silica gel (hexanes)
and concentrated in vacuo to yield 1.24 as a colorless oil (86 mg, 31%): *H NMR (400
MHz, CDCl3) 6 7.39 (d, J = 8.6 Hz, 2H), 7.36 (d, J = 8.5 Hz, 2H), 6.87 (d, J = 19.2 Hz,
1H), 6.43 (d, J = 19.1 Hz, 1H), 1.32 (s, 9H), 0.91 (s, 9H), 0.11 (s, 6H); *C NMR (101
MHz, CDCl3) § 151.2, 144.7, 135.9, 126.2, 125.8, 125.6, 34.8, 31.4, 26.6, 17.0, -5.9;
FTIR (cm™) 2954, 2856, 1247, 987, 828. HRMS (EI) m/z, calcd for [CigHz3oSil:
274.2117; found: 274.2103.

/@/\/SiPhMez (1.25) According to general procedure B, 1-tert-butyl-4-
Bu vinylbenzene (183 "L, 1 mmol), CysP (84 mg, 0.3 mmol),
Ni(COD), (27.5 mg, 0.1 mmol), EtsN (700 "L, 5 mmol), and phenyldimethylsilyl

trifluoromethanesulfonate®™

(850 mg, 3 mmol) were reacted in dioxane (2 mL) at 75 °C
for 24 h. N,N-dimethyl ethanolamine (300 'L, 3 mmol) was added after reaction. The
product was purified by flash chromatography on silica gel (petroleum ether) and
concentrated in vacuo to yield 1.25 as a colorless oil (205 mg, 70%): *H NMR (600
MHz, CDCls) § 7.58 — 7.55 (m, 2H), 7.39 (d, J = 8.4 Hz, 4H), 7.37 - 7.33 (m, 5H), 6.93
(d, J = 19.1 Hz, 1H), 6.54 (d, J = 19.2 Hz, 1H), 1.32 (s, 9H), 0.42 (s, 6H); *C NMR
(151 MHz, CDCl3) 6 151.5, 145.3, 138.9, 135.6, 134.1, 129.1, 127.9, 126.4, 126.2,
125.6, 34.8, 31.4, -2.3; FTIR (cm™) 2960, 1247, 1112, 841, 821, 729, 698. HRMS (EI)

m/z, calcd for [CyoH26Si]: 294.1804; found: 294.1788.

/@/\/Siphzw'e (1.26) According to general procedure B, 1-tert-butyl-4-
‘Bu vinylbenzene (137 'L, 0.75 mmol), CysP (63 mg, 0.225

mmol), Ni(COD), (20.6 mg, 0.075 mmol), EtzN (529 "L, 3.75 mmol), and



diphenylmethylsilyl trifluoromethanesulfonate™®

(780 mg, 2.25 mmol) were reacted in
dioxane (1.5 mL) at 75 °C for 24 h. N,N-dimethyl ethanolamine (225 "L, 2.25 mmol)
was added after reaction. The product was purified by flash chromatography on silica
gel (10 : 90 CH.CI; : hexanes) and concentrated in vacuo to yield 1.26 as a colorless oil
(198 mg, 74%): *H NMR (400 MHz, CDCls) & 7.59 (dd, J = 7.5, 1.8 Hz, 4H), 7.47 -
7.33 (m, 10H), 6.97 (d, J = 19.1 Hz, 1H), 6.73 (d, J = 19.0 Hz, 1H), 1.33 (s, 9H), 0.72
(s, 3H); °C NMR (101 MHz, CDCls) 6 151.7, 147.1, 136.7, 135.5, 135.1, 129.4, 128.0,
126.5, 125.6, 123.9, 34.8, 31.4, -3.5; FTIR (Cm'l) 2961, 1427, 1111, 800, 699. HRMS

(EI) m/z, calcd for [CasH2gSi]: 356.1960; found: 356.1955.

X-SiEts  (1.27) According to general procedure B, 1-tert-butyl-4-
‘Bu©/\/ vinylbenzene (183 "L, 1 mmol), CysP (84 mg, 0.3 mmol),
Ni(COD), (27.5 mg, 0.1 mmol), EtzN (700 "L, 5 mmol), and triethylsilyl
trifluoromethanesulfonate (680 'L, 3 mmol) were reacted in dioxane (2 mL) at 75 °C
for 24 h. N,N-dimethyl ethanolamine (300 'L, 3 mmol) was added after reaction. The
product was purified by flash chromatography on silica gel (petroleum ether) and
concentrated in vacuo to yield 1.27 as a colorless oil (178 mg, 65%): *H NMR (400
MHz, CDCl5) & 7.40 (d, J = 8.6 Hz, 2H), 7.36 (d, J = 8.6 Hz, 2H), 6.88 (d, J = 19.3 Hz,
1H), 6.38 (d, J = 19.3 Hz, 1H), 1.32 (s, 9H), 0.98 (t, J = 7.9 Hz, 9H), 0.65 (q, J = 7.9
Hz, 6H); **C NMR (101 MHz, CDCls) § 151.2, 144.7, 135.9, 126.1, 125.6, 125.0, 34.7,
31.4, 7.6, 3.7; FTIR (cm™) 2954, 2874, 987, 788, 731. HRMS (EI) m/z, calcd for
[C1sH30SI]: 274.2117; found: 274.2093.



REFERENCES

(1) (@) Hosomi, A.; Endo, M.; Sakurai, H., Chem. Lett. 1976, 5, 941; (b) Masse, C. E.;
Panek, J. S., Chem. Rev. 1995, 95, 1293; (c) Fleming, I.; Barbero, A.; Walter, D., Chem.
Rev. 1997, 97, 2063; (d) Brook, M. A., Silicon in Organic, Organometallic, and
Polymer Chemistry. Wiley: Chichester, 2000; (e) Denmark, S. E.; Fu, J., Chem. Rev.
2003, 103, 2763; (f) Fleming, I.; Dunogues, J.; Smithers, R., The Electrophilic
Substitution of Allylsilanes and Vinylsilanes. In Organic Reactions, John Wiley &
Sons, Inc.: New York, 2004; pp 57; (g) Denmark, S. E.; Liu, J. H. C., Angew. Chem.,
Int. Ed. 2010, 49, 2978; (h) Nakao, Y.; Hiyama, T., Chem. Soc. Rev. 2011, 40, 4893.
(2) Yamashita, H.; Kobayashi, T.; Hayashi, T.; Tanaka, M., Chem. Lett. 1991, 20, 761.
(3) (@) McAtee, J. R.; Martin, S. E. S.; Ahneman, D. T.; Johnson, K. A.; Watson, D. A.,
Angew. Chem., Int. Ed. 2012, 51, 3663; (b) Martin, S. E. S.; Watson, D. A., J. Am.
Chem. Soc. 2013, 135, 13330.

(4) (a) Hatanaka, Y.; Hiyama, T., Synlett 1991, 1991, 845; (b) Hiyama, T.; Hatanaka,
Y., Pure Appl. Chem. 1994, 66, 1471; (c) Denmark, S. E.; Sweis, R. F., Acc. Chem. Res.
2002, 35, 835; (d) Hiyama, T., J. Organomet. Chem. 2002, 653, 58; (e) Handy, C. J.;
Manoso, A. S.; McElroy, W. T.; Seganish, W. M.; DeShong, P., Tetrahedron 2005, 61,
12201, (f) Denmark, S. E.; Baird, J. D., Chem. - Eur. J. 2006, 12, 4954; (g) Denmark, S.
E.; Regens, C. S., Acc. Chem. Res. 2008, 41, 1486; (h) Sore, H. F.; Galloway, W. R. J.
D.; Spring, D. R., Chem. Soc. Rev. 2012, 41, 1845; (i) Komiyama, T.; Minami, Y_;
Hiyama, T., ACS Catal. 2017, 7, 631.

(5) (a) Jarvie, A. W. P.; Holt, A.; Thompson, J., Journal of the Chemical Society B:
Physical Organic 1969, 852; (b) Miller, R. B.; McGarvey, G., J. Org. Chem. 1978, 43,
4424; (c) Miller, R. B.; McGarvey, G., Synth. Commun. 1978, 8, 291, (d) Chan, T. H.;
Koumaglo, K., Tetrahedron Lett. 1986, 27, 883; () Tamao, K.; Akita, M.; Maeda, K;
Kumada, M., J. Org. Chem. 1987, 52, 1100; (f) Chou, S. S. P.; Kuo, H. L.; Wang, C. J.;
Tsai, C. Y.; Sun, C. M., J. Org. Chem. 1989, 54, 868; (g) Brook, M. A.; Neuy, A., J.
Org. Chem. 1990, 55, 3609; (h) Stamos, D. P.; Taylor, A. G.; Kishi, Y., Tetrahedron
Lett. 1996, 37, 8647.

(6) Jones, G. R.; Landais, Y., Tetrahedron 1996, 52, 7599.

(7) (a) Tamao, K.; Kakui, T.; Kumada, M., Tetrahedron Lett. 1979, 20, 619; (b)
Hatanaka, Y.; Fukushima, S.; Hiyama, T., Tetrahedron 1992, 48, 2113; (c) Takeuchi,
R.; Ishii, N.; Sugiura, M.; Sato, N., J. Org. Chem. 1992, 57, 4189; (d) Yamane, M.;
Uera, K.; Narasaka, K., Bull. Chem. Soc. Jpn. 2005, 78, 477; (e) Pawlus$, P.;
Szudkowska, J.; Hreczycho, G.; Marciniec, B., J. Org. Chem. 2011, 76, 6438.

(8) (a) Marciniec, B.; Guli%ski, J., J. Organomet. Chem. 1993, 446, 15; (b) Roy, A. K,
Adv. Organomet. Chem. 2007, 55, 1; (c) Nakajima, Y.; Shimada, S., RSC Advances



2015, 5, 20603; (d) Sun, J.; Deng, L., ACS Catal. 2016, 6, 290; (e) Zaranek, M.;
Marciniec, B.; Pawluc, P., Organic Chemistry Frontiers 2016, 3, 1337.

(9) Trost, B. M.; Ball, Z. T., J. Am. Chem. Soc. 2005, 127, 17644.

(10) Martin, S. E. S.; Watson, D. A., Synlett 2013, 24, 2177.

(11) (a) Yamashita, H.; Hayashi, T.; Kobayashi, T.; Tanaka, M.; Goto, M., J. Am.
Chem. Soc. 1988, 110, 4417; (b) Chatani, N.; Amishiro, N.; Murai, S., J. Am. Chem.
Soc. 1991, 113, 7778; (c) Chatani, N.; Amishiro, N.; Morii, T.; Yamashita, T.; Murai,
S., J. Org. Chem. 1995, 60, 1834; (d) Yamashita, H.; Tanaka, M.; Goto, M.,
Organometallics 1997, 16, 4696; (e) Terao, J.; Jin, Y.; Torii, K.; Kambe, N.,
Tetrahedron 2004, 60, 1301; (f) Terao, J.; Torii, K.; Saito, K.; Kambe, N.; Baba, A.;
Sonoda, N., Angew. Chem., Int. Ed. 1998, 37, 2653.

(12) Oestreich, M., The Mizoroki-Heck Reaction. John Wiley & Sons: Chichester, U.K.,
2008.

(13) (a) McAtee, J. R.; Krause, S. B.; Watson, D. A., Adv. Synth. Catal. 2015, 357,
2317; (b) Krause, S. B.; McAtee, J. R.; Yap, G. P. A.; Watson, D. A., Org. Lett. 2017,
19, 5641; (c) McAtee, J. R.; Yap, G. P. A.; Watson, D. A., J. Am. Chem. Soc. 2014,
136, 10166.

(14) Olah, G. A.; Narang, S. C.; Gupta, B. G. B.; Malhotra, R., J. Org. Chem. 1979, 44,
1247.

(15) (a) Aizpurua, J. M.; Palomo, C., Tetrahedron Lett. 1985, 26, 6113; (b) Coppi, L.;
Ricci, A.; Taddei, M., Tetrahedron Lett. 1987, 28, 965; (c) Uhlig, W., J. Organomet.
Chem. 1993, 452, 29.

(16) Fu, G. C., Acc. Chem. Res. 2008, 41, 1555.

(17) Walsh, R., Acc. Chem. Res. 1981, 14, 246.

(18) (a) Li, B.-J.; Yu, D.-G.; Sun, C.-L.; Shi, Z.-J., Chem. - Eur. J. 2011, 17, 1728; (b)
Rosen, B. M.; Quasdorf, K. W.; Wilson, D. A.; Zhang, N.; Resmerita, A.-M.; Garg, N.
K.; Percec, V., Chem. Rev. 2011, 111, 1346.

(19) Wenkert, E.; Michelotti, E. L.; Swindell, C. S., J. Am. Chem. Soc. 1979, 101, 2246.
(20) Tobisu, M.; Shimasaki, T.; Chatani, N., Angew. Chem., Int. Ed. 2008, 47, 4866.
(21) (a) Kuyper, J., Inorg. Chem. 1978, 17, 77; (b) Usén, R.; Oro, L.; Fernandez, M., J.
Organomet. Chem. 1980, 193, 127; (c) Yamashita, H.; Kobayashi, T.; Hayashi, T.;
Tanaka, M., Chem. Lett. 1989, 18, 471, (d) Zlota, A. A.; Frolow, F.; Milstein, D., J.
Chem. Soc., Chem. Commun. 1989, 1826; (e) Yamashita, H.; Kawamoto, A.; Tanaka,
M.; Goto, M., Chem. Lett. 1990, 19, 2107; (f) Yamashita, H.; Kobayashi, T.; Hayashi,
T.; Tanaka, M., Chem. Lett. 1990, 19, 1447; (g) Kirss, R. U., Inorg. Chem. 1992, 31,
3451; (h) Levy, C. J.; Puddephatt, R. J.; Vittal, J. J., Organometallics 1994, 13, 1559;
(i) Levy, C. J.; Vittal, J. J.; Puddephatt, R. J., Organometallics 1996, 15, 2108; (j)
Gatard, S.; Chen, C.-H.; Foxman, B. M.; Ozerov, O. V., Organometallics 2008, 27,
6257; (k) Esposito, O.; Roberts, D. E.; Cloke, F. G. N.; Caddick, S.; Green, J. C.;
Hazari, N.; Hitchcock, P. B., Eur. J. Inorg. Chem. 2009, 2009, 1844; (I) Mitton, S. J.;
McDonald, R.; Turculet, L., Organometallics 2009, 28, 5122.

(22) Ng, S.-S.; Ho, C.-Y.; Jamison, T. F., J. Am. Chem. Soc. 2006, 128, 11513.



(23) Choi, J. H.; Kwon, J. K.; RajanBabu, T. V.; Lim, H. J., Adv. Synth. Catal. 2013,
355, 3633.

(24) McAtee, J. R.; Martin, S. E. S.; Cinderella, A. P.; Reid, W. B.; Johnson, K. A;;

Watson, D. A., Tetrahedron 2014, 70, 4250.

(25) Pangborn, A. B.; Giardello, M. A.; Grubbs, R. H.; Rosen, R. K.; Timmers, F. J.,
Organometallics 1996, 15, 1518.

(26) Patt, S. L.; Shoolery, J. N., J. Magn. Reson. 1982, 46, 535.

(27) Faler, C. A.; Joullié, M. M., Org. Lett. 2007, 9, 1987.

(28) Cambre, J. N.; Roy, D.; Gondi, S. R.; Sumerlin, B. S., J. Am. Chem. Soc. 2007,
129, 10348.



Chapter 2

DEVELOPMENT OF THE INTRAMOLECULAR SILYL-HECK REACTION

2.1 Introduction and Overview

Unsaturated silanes have widespread applications in various fields of chemistry.!
In 2012, our group published a palladium-catalyzed method for the synthesis of allyl-
and vinyl-silanes directly from unfunctionalized alkenes and trimethylsilyliodide
(TMSI).2 To this point, our studies have focused on bimolecular cross-coupling
reactions yielding linear silicon containing products.®> We sought to develop an
analogous intramolecular variant by tethering pendant alkenes to an electrophilic silane.
An intramolecular cyclization would give access to a new class of cyclic unsaturated
silicon containing heterocycles which are inaccessible with our previous methods.* In
addition, we suspect that internal alkenes, which have proven to be unreactive substrates
in bimolecular reactions, may show reactivity in an intramolecular system. We also saw
this as an opportunity to further explore the silyl-Heck mechanism. By examining the
endo versus exo selectivities, we hoped to gain insight into the factors that affect the
migratory insertion of the alkene and ultimately promote internal alkene participation in
a bimolecular reaction.

Herein, | report the reactivity of multiple silicon scaffolds, alkenyl chain lengths
and alkene substitutions in an intramolecular silyl-Heck reaction. This method works
well for the synthesis of 5- and 6-membered unsaturated silacycles. We found that endo
cyclization is preferred for most terminal alkenes, however, substitution on the alkene

has a pronounced effect on reaction efficiency, cyclization pattern, and product ring



size. Additionally, many of the products formed were vinyl silanes, which contrasts
earlier bimolecular studies where formation of the allylic isomer is preferred when
possible. Lastly, for the first time, we demonstrate that internal and disubstituted

alkenes participate in this silyl-Heck reaction with interesting selectivity.

2.2 Applications of Cyclic Silanes

Many researchers have explored the synthesis and applications of cyclic silanes
in organic synthesis. These unique compounds find use in many fields of chemistry
from medicines, to materials, to synthetic intermediates. The carbon to silicon switch,
which has had great success in the discovery of new drugs and bioactive molecules,’
can have much more drastic results when incorporated into a cyclic system. The longer
C-Si bond lengths and change in bond polarization can cause silicon containing rings to
adopt new and unique conformations. Many reviews have been written discussing the

ample utilizations of silicon containing heterocycles.™

2.2.1 Applications in Drugs and Medicine

Silacycles are common motifs in silicon derivatives of drugs known as
siladrugs.®® ” When silicon is introduced into an organic compound, the change in
chemical and physical properties can introduce new and unique properties. The larger
covalent radius and increased lipophilicity makes silicon containing molecules
important bioisosteres for pharmacological and medicinal purposes. The carbon to
silicon switch can be useful in the fine tuning of optimized functionality of nuclear
receptor ligands and can serve in mechanistic probes as transition state analogs. The
electropositive silicon atom (compared to C, N, O, etc.) can reverse bond polarization,

enhance hydrogen-bonding abilities and effect the metabolic pathways. Lastly, there is



no known element specific toxicity associated with silicon, making it optimal for drug
and medicinal applications.®®

Silicon analogs of bexarotene have been investigated because the longer Si-C
bond length was expected to give different ring conformations (Figure 2.1, top).® An X-
ray crystal structure of each compound confirmed the change in conformation and the
disila-bexarotene was shown to be an excellent and highly potent retinoid X receptor
(RXR) agonist. Silicon-analogs of many related compound were also synthesized and
examined in vitro. All of them showed equipotent or superior pharmacological potency

when compared to their carbon analogs.® &
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Figure 2.1 Carbon to Silicon Switch in Bioactive Materials

In another example, when examining silaspirane amines, DeGrado found that
2.4 demonstrated enhance potency as inhibitors against a drug resistant A/M2-V27A
mutant (Figure 2.1, bottom).® The silicon-analog (2.4) showed a 2.7-fold increase in

activity when compared to the carbon-analog (2.3).



2.2.2 Precursors for Polymers

Unsaturated cyclic silanes have also proven very useful in the development of
silicon based polymers.’® Polycarbosilanes have been the subject of much interest and
study over the past several decades. They can have unique and novel characteristics
when compared to polysiloxane and hydrocarbon polymers. Applications of
polycarbosilanes include optical materials, organic semi-conductors, ceramic precursors
and heat-resistant materials.*® *

Using a molybdenum catalyst, Gibson demonstrated the ring-opening metathesis
polymerization (ROMP) of simple cyclic silanes (Figure 2.2).)% The degree of
polymerization (monomer, dimer, polymer, etc.) could be controlled with varying
reaction conditions. When the reaction is run with benzene as a solvent, 10-membered
cyclo-dimers are the major product formed (2.5). These dienes arise via secondary
metathesis in which the active alkylidene prefers to bend back on the polymer chain
rather than add a new fragment, thus limiting the size of the polymers. On the other
hand, in the absence of solvent, 2.6 is readily polymerized to low molecular weight
oligomeric materials with sizes ranging from 40-100 kDa (2.7). On average, 2.7

polymers contain between 55-75% trans-alkene.

R R

P4 R R ,
f\/& [Mo] 'si [Mo] R «
- —_——
Si/\) benzene §_; no solvent \(\/ \"M/n
R R 25 26 27

Figure 2.2 Ring-Opening Metathesis Polymerization of Unsaturated Cyclic Silane



2.2.3 Synthetic Intermediates

Silacycles are also important as synthetic intermediates and have been utilized in
many total syntheses.'> They are often employed as temporary silicon tethers for
intramolecular reactions to help control selectivity and yield.®™ ® ** After the
cyclization reaction, the silicon is usually cleaved via hydrolysis or oxidation. However,
the wide synthetic potential of organosilicon groups can also be applied to obtain highly
complex compounds in a few steps. Most commonly, silicon containing rings are
oxidized to form complex alcohols.*> ** Recently, Steel utilized a cyclic allylic silane

2.8 in his synthesis of prelactone B (Figure 2.3).'%
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Figure 2.3 Steel’s Synthesis of Prelactone B (2.9)

In addition to oxidation, cyclic silanes have also been used in other silicon
related reactions. Denmark demonstrated that Hiyama-Denmark cross-coupling
reactions with cyclic vinyl silane ethers could give rise to stereodefined trisubstituted
olefins (Figure 2.4, top)." The reaction with cyclic vinyl silane 2.10 and 3-iodopyridine

under palladium catalysis produced 2.12 in 73% yield. In a separate reaction, Oshima



and Utimoto successfully demonstrated an allylation reaction with a cyclic allyl

siloxane (Figure 2.4, bottom).*
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Figure 2.4 Other Cross-Coupling Reactions of Cyclic Silyl Ethers

2.3 Synthesis of Cyclic Allyl and Vinyl Silanes

Over the past several decades, there have been numerous procedures reported
for the synthesis of cyclic organic silanes. However, many of these methods, especially
earlier ones, only produce trace amounts of silacycles as byproducts or as complex
mixtures of product isomers. For the sake of this thesis, | will only discuss synthetically
useful methods to prepare unsaturated silicon containing heterocycles. Additionally, I

will focus on the synthesis of 5- and 6-membered rings.

2.3.1 Barbier and Grignard Reactions

Unsaturated cyclic silanes can be synthesized in a variety of ways. The earliest
synthesis of a cyclic organosilane is an intramolecular Barbier cyclization of an open
chain organochlorosilanes (Figure 2.5).}" Quenching the resulting chlorosilane with
phenyl lithium gives 2.18 in a moderate yield. This method has also been use to

synthesize 5-membered® and 4-membered™ rings. Similarly, the formation of



organodimetallic reagents such as 2.20 can be mixed with methylphenylsilylchloride
(MePhSiCl,) to form 2.21 (Figure 2.5, bottom). This method avoids the synthesis of
complex and reactive silyl chlorides and allows for easy modification of the substitution
on silicon by changing the dichlorosilane used. However, both tactics require the

formation of highly reactive and sensitive reagents.
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Figure 2.5 Early Synthesis of Cyclic Organosilanes Using Organometallic Reagents

2.3.2 Cycloadditions

Classically, silacycles can be synthesized from cycloadditions of reactive silenes
or silylenes with dienes (Figure 2.6).* Silylenes (2.23) and silenes (2.25) can both react
with dienes (2.22) to give unsaturated silicon containing heterocycles 2.24 and 2.26
respectively. These reactive intermediates are typically formed via flash vacuum
pyrolysis (FVP) which requires extreme temperatures and pressures,” however, milder
synthetic approaches have also been applied.® While these cycloaddition reactions have
been exploited for the synthesis of heterocycles they were originally conducted for the

indirect observation of these reactive intermediates.?
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Figure 2.6 Cycloaddition Reactions of Reactive Silylenes and Silenes with Dienes

Pyrolysis of an excess of di- or trisilanes in a vacuum has been a common
method for the synthesis of reactive silylenes (Figure 2.7). In one example, Gasper
heated 1,2-dimethoxytetramethyldisilane (2.27) to 460 °C and found that one equivalent
of added diene (2.30 or 2.32) gives moderate yield of silacycles 2.31 and 2.33

respectively.?
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Figure 2.7 Synthesis of Silacycles via Silylene Cycloaddition

Under similar conditions, Conlin reported FVP of silacyclobutenes in the
presence of alkenes (Figure 2.8).”2 Under these extreme conditions, silacyclobutenes
undergoes a electrocyclic ring opening to form silene 2.35. Since 2.35 is a conjugated
compound, alkenes were added to quench the reactive intermediate. When trans-2-

butene was added, 2.37 and 2.38 were isolated in a 1:1 ratio. Both products were



determined to have a trans-geometry between the methyl groups which supports a
concerted cycloaddition mechanism. Similarly, when cis-2-butene was added, 2.39 and
2.40 were formed both with a cis-orientation of the methyl groups. Interestingly, both
reactions provide equimolar vinyl and allyl products. The vinyl product is likely the
result of a direct Diels-Alder cycloaddition of intermediate diene 2.35 with the alkene.
However, the allyl product is thought to go through a different mechanistic pathway
(Figure 2.8, bottom). Conlin proposed an initial [2+2] cycloaddition between the alkene
and the double bond of the silene to form intermediate 2.41. A stereoretentive 1,3-silyl

shift to the terminal methylene produces the allyl silane 2.42.
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Figure 2.8 Stereospecific Cycloadditions of Reactive Silene Intermediates

The excessive temperatures required to form these reactive intermediates limit
the practicality of this method for the synthesis of silacycles. In addition, these extreme

conditions promote the formation of multiple products due to competing cycloaddition



and rearrangement pathways. As such, new and more mild methods for the generation
of these reactive silene intermediate were developed.

One approach, a modified Peterson-type reaction, can form silenes from
nucleophilic silicon reagents and simple ketones (Figure 2.9).'° Nucleophilic addition to
a carbonyl followed by a base promoted elimination of trimethylsilanolate form silenes

19d, 19i

at room temperature (2.45). With few exceptions, silenes are still highly unstable

and reactive intermediates. Therefore, they must still be quenched with dienes to form

silicon containing heterocycles (2.46).**
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Figure 2.9 Peterson Modification for the Formation of Silene Intermediates

2.3.3 Ring Expansions

In 1975, Sakurai and Imai reported the palladium catalyzed reaction of 1,1-
dimethy! silacyclobutane (2.47) and acetylene 2.48 (Figure 2.10, top).? This reaction
proceeds with an excellent yield of the cyclic vinyl silane 2.49. Unfortunately,
substitution on the silacyclobutane ring or unsymmetrical alkynes produce multiple
isomeric products.?*** Tanaka later discovered that reacting silacyclobutanes with acid

chlorides can form cyclic silyl enol ethers (2.51) in good vyields.® Furthermore,



Woerpel ascertained that using silacyclopropanes and alkynes 5-membered silacycles

can be formed (2.54).%
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Figure 2.10 Bimolecular Palladium Catalyzed Ring Expansions of Small Silacycles

This reaction is thought to proceed through palladium activation of the strained
Si-C bond of 2.47 forming a 5-membered palladacycle. Migratory insertion of the
unsaturated fragment into the Si-Pd bond followed by reductive elimination gives rise to
the observed products.

This strategy has been applied to the enantioselective synthesis of complex
silicon containing heterocycle fragments. In 2011, Hayashi and Shintani demonstrated
the palladium-catalyzed desymmetrization of silacyclobutanes for the construction of
silacycles possessing a chiral tetraorganosilicon stereocenter (Figure 2.11).” Using a
chiral phosphoramidite ligand, the ring expansion of silacyclobutane 2.55 proceeds with

excellent yields and enantioselectivities. This intramolecular cyclization follows the



same mechanism as the bimolecular reactions, however, regioselectivity is not an issue

due to the geometric constraints of the starting material.
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Figure 2.11 Asymmetric Ring Expansion of Alkyne Tethered Silacyclobutanes

2.3.4 Intramolecular Hydrosilylation
More recently, intramolecular hydrosilylation has become a common method for
the synthesis of various unsaturated silacycles. Speier’s catalyst (H,PtClg) is commonly

used and gives a strong preference for exo-cyclizations (Figure 2.12).%8
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Figure 2.12 Exo-Selective Intramolecular Hydrosilylation

Tamao and Ito explored the use of Speier’s catalyst in the intramolecular

28c

hydrosilylation of homopropargylic alcohol derivatives (Figure 2.13).“™ These reactions

proceeded with the same preference for exo ring closure as the carbon analogs. In



addition, the oxidation (2.62) and halogenation (2.63) of 2.61 was demonstrated,

displaying the utility of these cyclic siloxane intermediates.
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Figure 2.13 Tamao’s and Ito’s Intramolecular Hydrosilylation of Homopropargylic
Alcohol Derivatives

Following the Chalk-Harrod mechanism,? oxidative addition into the Si-H bond
and coordination of the tethered alkyne leads to 2.65 (Figure 2.14). In a bimolecular
scenario, platinum would be added to the terminal position driven by steric repulsion.
However, the syn-addition of platinum to the terminal position would lead to
intermediate 2.69. Not only is 2.69 disfavored because it is a 7-membered ring with a
trans-alkene, but the reductive elimination forming the C-Si bond would also form a 6-
membered ring with a trans-alkene. This distortion overrides the preference for terminal
silylation and thus proceeds through the lower energy, exo-pathway (2.67). After

reductive elimination of 2.67, 2.68 is formed as a stereodefined alkene.
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Figure 2.14 Rational for the Exo-Selectivity of Intramolecular Hydrosilylation

Sashida has also demonstrated a 6-exo cyclization via intramolecular

hydrosilylation (Figure 2.15).2

As predicted by the mechanism, the exo-alkene is
formed as a single stereoisomer reflecting the syn-addition of the silicon and hydrogen

across the initial alkyne (2.72).
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Figure 2.15 Sashida’s 6-Exo Intramolecular Hydrosilation Reaction

Although exo-cyclization is preferred, few methods exist for the endo-
cyclization of pendant alkynes. By its very nature, this requires a net trans-addition of
silicon and hydrogen across the alkyne. Yamamoto reported a Lewis acid catalyzed
intramolecular trans-hydrosilylation of unactivated alkynes.*® Catalyzed by aluminum
trichloride, Yamamoto was able to synthesize the 6-membered vinyl silacycle 2.59 in

70% yield (Figure 2.16).
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Figure 2.16 Yamamoto’s Lewis Acid Catalyzed Intramolecular Trans-Hydrosilylation
Reaction

Yamamoto proposes initial bimolecular coordination of the tethered alkyne to
aluminum trichloride (AICIs). Intramolecular hydride transfer leads to the formal trans-
hydroalumination intermediate 2.73. The nucleophilic vinyl aluminum fragment can
attack the silicon in an intramolecular fashion leading to the product (2.59). This
method was also used to synthesize 5-, 7-, and 8-membered rings with similar
cyclization patterns.

Trost demonstrated an alternative approach to intramolecular endo-
hydrosilylation reaction using a ruthenium catalyst typically used for trans-
hydrosilylation reactions (Figure 2.17).3' The mechanism of this transformation is not
known, however, Trost suggests the trans-hydrosilylation could be facilitated by a

dinuclear rhodium intermediate.
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Figure 2.17 Trost’s Intramolecular trans-Hydrosilylation Reaction

2.3.5 Summary and Outlook

Many of the early methods to access these multifunctional silacycles require
extremely harsh reaction conditions. The use of reactive organometallic reagents or
FVP severely limits the functional group tolerance as well as the products that can be
synthesized. In addition, many of these methods proceed with poor regioselectivity
resulting in many isomeric byproducts with also drastically limits the synthetic utility of
the method. Intramolecular hydrosilylation is a promising solution to these limitations,
however, the incorporation of tethered alkynes into the substrate framework can be
difficult and more expensive to achieve than the analogous alkenes.

We envisioned that an intramolecular silyl-Heck reaction could provide an
alternative approach for the synthesis of many of these silicon-containing heterocycles
and were motivated to investigate such a reaction. This approach would allow for much
milder conditions than many of the current methods used. In addition, tethered alkenes

could be utilized as opposed to the more expensive alkynes.

2.4 Intramolecular Heck Cyclization

Since its discovery, the Heck reaction has become a popular method for C-C
bond formation between a carbon electrophile and an alkene. The intramolecular variant
of the Heck reaction has emerged as a reliable method for the synthesis of small,

medium, and large rings (Figure 2.18).
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Figure 2.18 General Scheme of the Intramolecular Heck Reaction

This reaction was first reported by Mori** and Heck,* and originally used for
the synthesis of indoles and similar nitrogen containing heterocycles. Since then, this
reaction has been well studied and utilized in many total syntheses.* ** 3* 3¢ Overman,*
Shibasaki,®> Grigg®® and others have done tremendous work exploring and
diastereoselectivity of this reaction and have even been able to induce
enantioselectivity. The continuous study of this reaction has led to a significant

understanding of the mechanism and general factors that affect ring closure selectivities.

2.4.1 Mechanism and Selectivity

The mechanism of the intramolecular Heck reaction proceeds via the same core
steps as the bimolecular reaction (Figure 2.19). Oxidative addition of palladium into the
aryl- or vinyl-halide bond forms the bis-ligated intermediate 2.80. The reaction rate of
this step is heavily dependent on the identity of the halide, where X =1 > Br >> CI. Loss
of a neutral ligand followed by coordination and migratory insertion of the tethered
alkene can occur in two possible ways. In one scenario, palladium is added to the
terminal position (or farther from the tether) placing the arene on the closer side of the
alkene (2.81). Since the palladium ends up outside of the newly formed ring, this mode
of ring closure is called “exo0”. Subsequent &-hydride elimination leads to the exo-
product 2.82, with the alkene outside of the ring. Another possibility is the addition of

the arene to the terminal (outside) position of the pendant alkene (2.83). This places



palladium directly attached to the newly formed ring and is described as an “endo”
cyclization. After &-hydride elimination, the new alkene is inside the newly formed ring

(2.84).
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Figure 2.19 Mechanism for Exo and Endo Intramolecular Heck Reactions

As drawn above, during the course of this reaction pathway, the charge on
palladium balanced therefore this is considered the “neutral” pathway. If the leaving
group “X” is a highly stabilized anion such as a triflate or a nonaflate, then it is not
bound to palladium during the entire reaction and is considered a “cationic” pathway.
This pathway can have several advantages over the neutral method. Since the palladium
is cationic, the alkene can bind without loss of ligand. As such, this is usually combined
with asymmetric ligands and used for the desymmetrization of the migratory insertion.
Asymmetric ligands have been used with neutral conditions but products typically result

with lower enantiomeric excess.



Alkenes are known to undergo suprafacial insertion into palladium carbon
bonds. There are two possible geometries in which this can occur (Figure 2.20). The
eclipsed geometry, in which the palladium-carbon bond overlaps with the inserting
alkene, and the twisted geometry, where the palladium-carbon bond is out of plane with
the incoming alkene. Overman probed this distinction with a diastereoselective reaction

towards synthesizing amaryllidaceae alkaloids.*’
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Figure 2.20 Two Possible Orientations for Migratory Insertion

Considering that both migratory insertion conformations have the pendant
carbamate group in the more favored equatorial position, Overman examined the
product ratio of this reaction. He found that the diastereomer derived from the eclipsed
boat conformation is favored by more than 20:1. This demonstrates that the migratory

insertion occurs via an eclipsed trajectory.

2.4.2 Exo Cyclizations
Generally, the intramolecular Heck reaction has a strong preference for exo ring
closures. Both 5- and 6-exo ring closures are very common among various substrates

(Figure 2.21). In one example, Overman demonstrated the formation of a quaternary



center with the synthesis of spirooxindole 2.86 via 5-exo ring closure (Figure 2.21,
top).*® The formation of quaternary centers can be a difficult task to achieve even in
modern organic chemistry. However, it has become commonplace with the
intramolecular Heck reaction. More recently, quaternary centers have been formed

asymmetrically using chiral phosphine ligands.®> 3 *

In a second example,
Danishefsky was able to synthesize a variety of congeners of FR 900482 (Figure 2.21,
bottom).*’ The key step in the synthesis of these congeners is the 6-exo intramolecular Heck

cyclization that proceeds with an excellent yield and stereoselectivity.

o) Me
oL
Me N
N cat. Pd(OAc),, PPhs
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<0 JZNcoMe cat. Pd(PPhs)s _ MeO O NCO;Me
Et3N

o 2.89, 90%

Figure 2.21 Selected Examples of 5- and 6-exo Intramolecular Heck Reactions

While the majority of intramolecular Heck reactions are designed to proceed
through a 5- or 6-exo cyclization, syntheses of other ring sizes have also been
demonstrated. Typically, 5-endo cyclizations are preferred over 4-exo due to the high
strain associated with the formation of a 4-membered ring. However, 4-exo cyclizations
have been established,* validating the strong preference for exo cyclization. In 1999,

Brase demonstrated an unprecedented 4-exo cyclization via an intramolecular Heck



reaction (Figure 2.22). Nonaflate 2.90 undergoes palladium catalyzed cyclization to

form diene 2.91 in a moderate yield.

Bn / Bn
(@) ONf
cat. Pd(OAc),, PPh;
EtsN
Me Me Me Me
2.90 2.91, 56%

Figure 2.22 Brase’s 4-exo-trig Cyclization

Larger rings have also been synthesized via exo cyclizations forming 7- and 8-
membered rings. Tietze has utilized a 7-exo cyclization as a key step in his synthesis of

cephalotaxine.*?

2.4.3 Endo Cyclizations

At a certain point, the tethered alkene chain length becomes so large that the
system behaves like a bimolecular system.*® An early report by Ziegler demonstrated
this principle with a macrocyclic ring closure (Figure 2.23).* Compound 2.93, a 16-
membered macrocycle was synthesized via an intramolecular Heck reaction and gave
complete endo selectivity. This cyclization served as a model system for the aglycone of

carbomycin B.



1 equiv PdCI5(MeCN), |
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Figure 2.23 Selected Example of Macrocyclic Cyclization

Some medium sized rings can be formed via 7- and 8-endo cyclizations.*
However, these reactions are often titled “uncommon” or “unusual” and generally have
electronic or steric factors that influence the migratory insertion step. Additionally,
many examples form mixtures of exo and endo products.*™ *® In 1997, Gibson
investigated the reaction of conformationally constrained phenylalanine analogues
(Figure 2.24, top).*** She found that 7-, 8-, and 9-membered rings could be formed

selectively using an intramolecular Heck reaction with various chain lengths of 2.94.
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Figure 2.24 Selected Examples of Endo-Heck Cyclizations



In 2006, Overman reported the 7-endo cyclization of compound 2.96.*% They
expected a 6-exo/3-exo cascade cyclization however only observed the 7-endo product.
This can be explained by examining the insertion topographies and they realized that
the 7-endo cyclization had less steric encumbrance. Other reports of endo cyclizations
have been determined to proceed through a radical pathway.*’

In some cases where endo products are observed, it proceeds through a 6-exo
insertion and rearrangement to form the 7-endo product (Figure 2.25).3% " 8 |n an
example from Rawal, he expected a 6-exo cyclization of 2.98, but only observed the 7-
endo product 2.100.“®® He proposes that after an initial 6-exo cyclization, coordination
of the palladium with the carbamate prevents &-hydride elimination. Intermediate 2.101
can undergo a 3-exo cyclization to form cyclopropane intermediate 2.102 which can &-
carbo eliminate to form 2.103. &-hydride elimination from 2.103 leads to the formal 7-
endo product 2.100. This rearrangement, originally discovered by Negishi, is usually

observed when &-hydride elimination is not possible.*3 #4348
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Figure 2.25 Rawal’s 6-exo/3-exo Cascade Cyclization



Since the initial discovery of the intramolecular Heck reaction, it has become a
common route for the synthesis of various 5-membered nitrogen and oxygen containing
rings. These reactions typically form the 5-endo product over the 4-exo. This selectivity
was originally thought to arise from the strain associated with the formation of a 4-
membered ring. However, Baldwin concluded that 5-endo-trig cyclizations are
disfavored and another mechanism must be in place.”® In 2000, Grigg proposed an

alternative mechanism that rationalizes the observed selectivity (Figure 2.26).>°

() 3
Br PA(OAC),(PPhg), O .
T NaHCO, \

t 2.104 2.105, 40% Et

Figure 2.26 Alternative Mechanism for the 5-Endo Cyclization of Enamines

Typically, condensation of a carbonyl with a haloaniline form the cyclization
precursor. The electron rich nature of these indole precursors allows for an
unconventional mechanism to explain the observed products. After oxidative addition,
the 5-endo-trig cyclization is disfavored; however, coordination of the electron rich
enamine to palladium occurs forming a 6-membered palladacycle (2.106). Direct

reductive elimination and tautomerization results in the observed product. This



mechanism circumvents the disfavored 5-endo-trig cyclization through the formation of

the 6-membered palladacycle and is specific to this class of substrates.

2.4.4 Highly Substituted Alkenes

The reaction of tri- and tetrasubstituted alkenes is a very difficult task to achieve
with the bimolecular Heck reaction.”® We notice a similar trend with the silyl-Heck
reaction, where we observe no reactivity with and internal or disubstituted alkenyl
substrates. However, the reaction of tri- and tetrasubstituted alkenes has become

common practice with the intramolecular Heck reaction (Figure 2.27).

; (2
Me cat. Pd(OAG),, PPh,
N N-Me N-Me
Et;N N ‘
Me
Br o) o

2.107 2.108 2.109
58%, 3.4 :1

Figure 2.27 Intramolecular Migratory Insertion of a Tetrasubstituted Alkene

In 1987, Overman demonstrated the intramolecular migratory insertion of a
tetrasubstituted alkene.®® This reaction proceeded with complete 5-exo selectivity in a
moderate yield to form a new fully substituted quaternary center. This example
demonstrates the strong entropic contribution gained by tethering the alkene to the

electrophile.

2.5 Development of General Conditions
We wanted to investigate the plausibility of an intramolecular silyl-Heck

reaction for several reasons. In addition to devising a new and efficient route to



unsaturated silacycles, we saw this as a chance to further investigate our proposed silyl-
Heck mechanism and better understand the limitations. The majority of our previous
silyl-Heck procedures require the use of silyl iodides with a palladium catalyst.
However, silyl triflates and chlorides can be utilized, provided there is an iodide
additive to form the active silyl iodide in situ. In our early studies of the silyl-Heck
reaction, we identified 'BuPPh, as an effective ligand for this transformation (Figure
2.28).% * With these catalytic conditions both allylic and vinylic silanes are accessible
in moderate to good vyields. However, after enormous amounts of additional
optimization and ligand fine-tuning, JessePhos was determined to be the most effective
ligand to date.”® Further studies involving this catalytic system reveled various air,
moisture and thermally stable single component precatalysts containing both palladium
and JessePhos in differing ligand to metal ratios and oxidation states (Figure 2.28,

bottom).>*

Bu Bu
T tBu/ﬁtl\li’/é)\‘Bu

t
‘BuPPh, Bu 2.110 JessePhos ‘Bu 2.111
CEI Lo A
L—Pld—L L—-Pd—L Jjpd pd
Cl I I L
2.112 2113 2.114

JessePhos,PdCl, JessePhos,Pd (JessePhosPdl,),

Figure 2.28 Optimal Ligands and Catalysts for the Bimolecular Silyl-Heck Reaction



2.5.1 [Investigation of Silyl Iodides

For the initial exploration of an intramolecular silyl-Heck reaction, we sought to
design a substrate that closely resembles our bimolecular reactions, which utilize
trimethylsilyl iodide and a simple terminal alkene. To this end, 4-pentenyldimethyl
iodosilane (2.116) was identified as an ideal substrate due to minimal steric and
electronic bias. However, due to the harsh nature of the silyl iodide synthesis,™
compound 2.116 was synthesized in only 80% purity (the remainder being inseparable

internal alkene isomers).

Me, Me PdCl,, Mel Me, Me
H'SIM —— I/SIM
2.115 2.116, 72% (80% pure)

Figure 2.29 Synthesis of Silyl lodide Substrate

Compound 2.116 can undergo either a 6-endo (2.117 or 2.118) or 5-exo (2.119)
cyclization (Figure 2.30, top); however, based on the intramolecular Heck precedence,
the 5-exo product 2.119 was expected to predominate since there is no significant
electronic contribution from the tethered alkene. Under modified silyl-Heck reaction

conditions®®

(Pd2dbas/JessePhos), compound 2.116 underwent cyclization in 61%
yield forming exclusively the 6-endo products 2.117 and 2.118 in a 1:1 ratio.

Surprisingly, no 5-exo product (2.119) was detected.
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Figure 2.30 First Example of a 6-Endo Intramolecular Silyl-Heck Reaction

The mechanism of this reaction likely proceeds via our proposed mechanism for
the intermolecular silyl-Heck reaction. After oxidative addition of the palladium (0)
complex to compound 2.116, exclusive endo cyclization occurs to form intermediate
2.121, followed by &-hydride elimination. The mixture of vinyl and allyl products can
be explained from &-hydride elimination with both H, or H, In contrast, the
bimolecular reaction has a large preference for formation of allyl silanes in all cases
where it is possible.? >%* %

In all reported examples of silyl-Heck and related reactions,”’ silicon exclusively
prefers silylation at the terminal carbon of the alkene. The exclusive endo cyclization
observed with 2.116 is likely due to this inherent preference for silylation of the
terminal position. This selectivity likely stems from the disfavored steric interaction
between the large groups on the silicon atom and the substitution of the alkene. The
strong preference for terminal silylation overrides the geometric alignment that typically
favors 5-exo cyclizations in the intramolecular Heck reaction.®” 3

Due to the volatility of the products derived from 2.116, as well as their similar

structure, purification of the geometrical isomers required preparatory gas



chromatography, leading to greatly reduced isolated yields of 2.117 and 2.118 (ca 12%
and 9% respectively). To facilitate the investigation of the intramolecular silyl-Heck
reaction, silyl electrophiles with groups larger than dimethyl were desired.
Unfortunately, the synthesis of diphenyl silyl iodide did not proceed without significant
alkene isomerization (Figure 2.31) and therefore, other silicon electrophiles were

considered.

P Ph PACl,, Mel Ph, PN . Akene
HOINNX 17NN Isomers

2.122 2.123, Low Conversion

Figure 2.31 Low Conversion of Diphenylsilanes

2.5.2 Investigation of Silyl Triflates

We have previously shown that with the use of silyl-triflates, groups larger than
methyl can be tolerated on silicon in the bimolecular reaction (see Chapter 1).>® We saw
this as an opportunity to both change the electrophilic silane as well as modify the
silicon scaffold. We proposed that compound 2.124 would have the right combination
of stability and reactivity to be a model system. Additionally, we were interested the

effect different substitution on silicon would have on the cyclization pattern.

& PP
Ph_ Ph
‘g [Ni] or [Pd]
TfO,SI\/\/\ <f
2124 2.125 2126 2127

Figure 2.32 Proposed Silyl-Triflate Substrate for the Intramolecular Silyl-Heck
Reaction



I began by finding a practical way to synthesize the compound 2.124. The
simplest method we envisioned was the slow addition silanol 2.128 to a cooled solution
of trifluoromethanesulfonic (triflic) anhydride (Figure 2.33, top). This is a common
method for the synthesis of aryl triflates from phenols.>® Unfortunately, none of the
desired 2.124 was detected. However, we observed full conversion to the disiloxane
2.129, presumably through rapid attack of free silanol 2.128 to the newly formed silyl-
triflate (2.124). Silyl-triflates are significantly more electrophilic than the analogous

aryl or alkyl triflates thus making this a difficult route for the formation of 2.124.

Phsio NS _TRO.EWN | IANANF L Y
Ph,

2.128 2.124
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2.130 2.124 2.131

not detected

Figure 2.33 Early Attempts to Synthesize Silyl-Triflate Substrate

Many of the non-commercial silyl triflates, used as substrates in our nickel
catalyzed reaction, were synthesize via protodearylation of phenyl silanes (Figure 2.33,
bottom).*® Subjecting 2.130 to 1.0 equivalents of triflic acid only resulted in
dealkylation of the pendant alkene to form triphenyl silyl triflate (2.131). This
demonstrates the higher reactivity of alkenes over arenes in the presence of a strong
acid such as triflic acid.

Allyl silanes have been shown to undergo deallylation in the presence of triflic

acid,®* and are considered to be more reactive that phenylsilanes.®® % Additionally,



since allyl silanes are considered to be more nucleophilic then carbon analogs, we
hypothesized that the desired deallylation should be compatible in the presence of the
tethered alkene. Unfortunately, when the reaction is run at room temperature with 1.0
equivalents of triflic acid mixtures of products are obtained (Figure 2.34). While the
majority of the product mixture is the desired product (2.124), about 30% of the
dealkylation product (2.133) was formed. Cooling the reaction down resulted in
incomplete conversion of 2.132, however, 1.5 equivalents of triflic acid at -78 °C

resulted in full conversion to the desired product 2.124.

2.132 2.124 2.133
equiv TfOH temp ratio (2.124/2.133)
1.0 rt 70:30
15 -78 °C 99:1
TfOH ® Tfoe ot detected

M T MeMe T | me” “Me Via HNMR

Figure 2.34 Optimal Synthesis of Diphenyl Silyl-Triflate Substrate 2.124

Upon a more thorough examination of the crude reaction mixture, isopropyl
triflate was detected in the solution before the removal of solvent. At cooler
temperatures, the propene generated from the deallylation reaction remains in solution.
After protonation with triflic acid the resulting carbocation is trapped with the triflate
anion to form isopropyl triflate. Unfortunately, this side reaction consumes varying

amounts of triflic acid making this a very sensitive and irreproducible reaction.



Nonetheless, with 2.124 in hand, we were able to explore the reactivity of silyl triflates
in this intramolecular reaction.

With clean substrate in hand, | was able to begin investigating the use of silyl
triflates for this transformation. Initially, substrate 2.124 was subjected to the nickel
catalyzed conditions shown to be superior for triflate coupling (Figure 2.35, top).”
Similar to the cyclization of silyl iodide 2.116, only 6-endo products were observed by
'H NMR spectroscopy as a 1:1 ratio. Unfortunately, 2.125 and 2.126 were only formed
in a combined 16%. The remaining mass balance consisted of various internal alkene
isomers of the starting material. While these conditions were optimal for styrene
derivatives, alkenes with allylic protons are problematic due to this undesired

isomerization pathway.

Ph~Si,Ph 10 mol % Ni(COD), Ph‘Si,Ph Ph~Si,Ph
*OTf 30 mol % Cy3P |
+
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2.124 dioxane, 75 °C, 24 h 2125  2.126
16% (1 : 1)
Ph\Si,Ph 5 mol % Pd,dbay Ph\Si,Ph Ph~Si,Ph
“OTf 10 mol % JessePhos |
+
S 1.4 equiv Lil, EtzN @
2.124 PhCF3, 45 °C, 24 h 2.125 2.126
73% (1: 1)

Figure 2.35 Determining Catalytic Conditions for the Cyclization of Silyl-Triflate 2.124

I sought to investigate the use of palladium in this reaction, because palladium in
combination with JessePhos results in no isomerization of aliphatic alkenes. However,
to date, there are no examples of silicon-triflate bond activation using palladium,

therefore an in situ formation of a silyl iodide is necessary for the reaction to proceed.



Switching to a palladium catalysis with stoichiometric lithium iodide (Lil), moderate
yields of 2.125 and 2.126 can be obtained. Again, these products are formed as an equal
molar ratio of allylic and vinylic isomers. Products 2.125 and 2.126 were isolated in a
combined 73% vyield and analytically separated using silver nitrate (AgNO3)
impregnated silica gel. Once separated, the tentatively assigned structures were
confirmed. As further conformation, a portion of the isolated mixture of 2.125 and
2.126 was hydrogenated to demonstrate convergence to a single reduced product 2.134

(Figure 2.36).%

Ph, '.Ph Ph, _,Ph Ph_ _,Ph
Si Si H,, Pd/C Si
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Figure 2.36 Hydrogenation of Product Mixture to a Single Saturated Product

Moving forward, we wanted to synthesize multiple tether lengths and internal
alkene isomers to explore the reactivity and selectivity of this reaction. For a rigorous
investigation, clean and isomerically pure alkenes are required. However, these
substrates are quite labile and difficult to handle and purify. As mentioned above, | had
to optimize specific conditions to form silyl triflate 2.124. Even with these conditions,
the formation of 2.124 was inconsistent due to varying concentrations of propene
mopping up the triflic acid generated in the reaction. Moreover, when switching to other
substrate precursors, especially ones containing internal alkenes, which are slightly

more electron rich, results in alkene isomerization and decomposition. A thorough study



of this reaction would require a facile, mild, and general method for the synthesis of a

variety of intramolecular substrates.

2.5.3 Investigation of Silyl Chlorides

We recognized that silyl chlorides provide an alternative class of silyl
electrophiles capable of forming silyl iodides in situ.** Additionally, silyl chlorides can
be formed under much milder reaction conditions, allowing for higher yields and purity
of starting material. Using 2.0 equivalents CuCl, and catalytic Cul, silanes can be
converted in to chlorosilanes under mild conditions (Figure 2.37).%° Because of the ease
of synthesis, both diphenyl (2.135) and methylphenyl (2.137) chlorosilanes were

synthesized and examined.

2 equiv CuCl,

Ph_ Ph Ph_ Ph
o 5 mol % Cul ‘ot
H'S'M C|/S'M
THF, rt, 12 h
2.122 2.135, 46%
e, P SmolosCul Me_ P
H'S'\/\/\ R T T Ve
THF, rt, 12 h
2.136 2.137, 69%

Figure 2.37 Synthesis of Silyl Chloride Substrates

Both 2.135 and 2.137 were subjected to similar reaction conditions to those
discussed earlier. We found that the addition of super stoichiometric Lil (1.4 equiv), as
an iodide source for silicon halogen exchange, is still required for the reaction to

52, 64

proceed (Figure 2.38).
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Figure 2.38 Cyclization of Silyl Chloride Substrates

Both compounds cyclized in an analogous manner to 2.116 and 2.124, resulting
in exclusively endo ring closure with a 1:1 ratio of vinylic and allylic isomers. Silyl
chloride 2.135 provided a combined 41% yield of products 2.125 and 2.126. However,
compound 2.137 was much more reactive and yielded 2.138 and 2.139 in 81%
combined vyield. In both cases, no exo-product (2.127 or 2.140) was observed. These
results suggest that while steric bulk of the silicon group can affect overall rate, the
selectivity for cyclization and &-hydride elimination is not influenced.

We have reported the use of single-component pre-ligated palladium
precatalysts with JessePhos.®® Use of these precatalysts both simplify reaction setup
and, on average, lead to higher and more reproducible yields. Using the single
component catalyst (JessePhos),PdCl,, methyl(phenyl)silane 2.137 cyclized to yield
products 2.138 and 2.139 in 88% combined yield. Therefore, the methyl(phenyl)silyl
chloride scaffold in combination with catalytic (JessePhos),PdCl, was chosen to further

explore the scope of the intermolecular silyl-Heck reaction.
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Figure 2.39 Intramolecular Cyclization with Single-Component Precatalyst

2.6 Scope and Reactivity of the Intramolecular Silyl-Heck Reaction

After establishing a general and mild route for the synthesis of silyl chlorides, |
sought to explore the effects of alkyl chain length and alkene substitution. We wanted to
determine if the exclusive endo-ring closure was limited to the pentenyl tether we have
explored so far or if it is general to different ring sizes and alkene substitutions. Various
chlorosilanes were synthesized using a simple two-step procedure (Figure 2.40). Using
commercially available methylphenylchlorosilane and the corresponding Grignard
reagent in conjunction with Kunai’s chlorination reaction, rapid access to all desired

chlorosilane alkene isomers is possible with good yields and purities.®®

Me, Ph  R.Magx Me. .Ph - Me, Ph
_Si. MR _Si. M _Si.
cI”H R 'H  5mol % Cul R™"Cl

Figure 2.40 General Synthetic Route to Chlorosilane Reagents

2.6.1 Exploring the Chain Length

First, we examined a one-carbon shorter analog under the same reaction
conditions (Figure 2.41). The butenyl substrate 2.141 provided a comparable yield of 5-
endo products 2.142 and 2.143. Similarly, in this case, both allyl and vinyl isomers were
obtained and no exo product (2.144) was observed. Baldwin suggested that 5-endo trig

cyclizations are disfavored due to the distortion required for orbital overlap.*® However,
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5-endo products have been observed in Heck reactions to form indoles and related

compounds, although they are thought to react through 6-membered palladacycles

intermediates.>® ¢

Me, .Ph  5mol % JessePhos,PdCl, Me, .Ph Me_  Ph

Siig 1.4 equiv Lil _ Si Si
K/ EtsN, PhCF3, 45°C, 24 h g+ )
2.141 2142 2143 2144

80% (1:1:0)

Figure 2.41 5-Endo Cyclization of 2.141

No 4-exo product was observed presumably because the formation of siletane is
highly disfavored due to ring strain. Attempting to favor siletane formation as the endo
product, allyl(methylphenyl)chlorosilane provided no cyclized product, with only
unreacted or isomerized starting material remaining even at elevated temperatures

(Figure 2.42).

Me. Ph 5 mol % JessePhos,PdCl,
‘si 1.4 equiv Lil
Cl/ \/\ = +
EtsN, PhCF3, 45 °C, 24 h
2.145 Not Observed

Figure 2.42 Limited Reactivity of Allyl(methylphenyl)chlorosilane (2.145)

We next sought to examine longer alkene tether lengths. When 2.146 was
subjected to the reaction conditions, products 2.148 and 2.149 were obtained in 31%

combined yield as a 3:1 mixture.
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Figure 2.43 6-Exo Cyclization of 2.146

Both products are formed via a 6-exo cyclization and no 7-endo products
(2.147) were detected. The direct product of this reaction (2.148) can slowly isomerize
to the more stable trisubstituted alkene product 2.149 throughout the reaction. This is
the first example of an exo-cyclization via a silyl-Heck reaction and more significantly,
this is the first example of the internal silylation of an alkene using this method. The
low yield and reversed selectivity demonstrates the difficulty associated with forming 7-
membered rings via this method. Interestingly, 7-endo Heck-cyclizations are common

45b, 69

and can be favored over 6-exo under certain reaction conditions, though most

45a, 45f, 46b 45d, 45h

examples are influenced electronically or sterically.
Unfortunately, attempting to drive larger ring cyclization with the 7-carbon
alkene tether failed to react, providing no observable quantities of 7- or 8-membered

silacycles (Figure 2.45).

Me\s_,Ph 5 mol % JessePhos,PdCl,
e 1.4 equiv Lil .
K/\/\ Ets;N, PhCF3, 45 °C, 24 h
A
2.150 Not Observed

Figure 2.44 Limited Reactivity of 2.150



2.6.2 Reaction of 1,1-Disubstitued Alkenes

After determining the range of reactive chain lengths, we next turned our
attention to studying the effects of substitution on the tethered alkene. Even simple
disubstituted alkenes have never participated in the bimolecular silyl-Heck reaction and
are poor substrates for dehydrogenative silylation.” This is presumably due to the
disfavored steric interaction between the silicon and the extra substitution on the alkene.
A similar limitation is observed in the Heck reaction wherein rates of reactivity
decrease with increasing olefin substitution.® The intramolecular Heck reaction;
however, can easily tolerate tri- and even tetrasubstituted alkenes with good yields,
excellent diastereoselectivity,* and enantioselectivity.3* 3

A silyl-Heck reaction with disubstituted alkenes would be of great value because
it would give access to more complex silicon containing products, greatly expanding
this methods utility. Considering the precedent of intramolecular Heck reactions, we
saw the intramolecular silyl-Heck reaction as an opportunity to examine the possibility
of internal alkene silylation. We began with the simple 1,1-disubstituted terminal alkene

2.151 (Figure 2.45). While this is still a terminal alkene, we have seen no reactivity with

gem-disubstituted olefins in any bimolecular reactions.
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Figure 2.45 Intramolecular Cyclization of a 1,1-Disubstituted Tethered Alkene



Subjecting alkene 2.151 to the reaction conditions gave rise to products 2.152
and 2.153 in a combined 88% yield as a 5:1 vinyl to allyl ratio. This is the first example
of the silylation of a disubstituted alkene using a silyl-Heck reaction. Consistent with
the previous intramolecular cases, the reaction proceeds with exclusive 6-endo
selectivity over 5-exo. However, contrary to the previous cases, there is a preference for
the vinyl isomer over the allyl isomers. Intermediate 2.154 contains three accessible
hydrogen atoms for which &-hydride elimination could proceed but only the vinyl
product is favored. The preference for vinyl silane in this case is interesting because
there is no preference in the absence of the exocyclic methyl and in the bimolecular

case there is a strong empirical preference for formation of the allylic product isomer.

2.6.3 Reaction of E-Alkene

Next, we investigated the reactivity of internal alkenes (Figure 2.46). We began
with the methyl-substituted E-alkene 2.156. We were particularly interested in the
reactivity of this substrate because an endo cyclization should result in selective allyl
silane formation (2.158). Under the same mechanistic hypothesis, a syn-migratory
insertion would lead to intermediate 2.157. With restricted bond rotation due to the
geometry constraints of the ring, the vinylic proton cannot properly align with
palladium for &-hydride elimination. Furthermore, if 2.156 undergoes a 5-exo

cyclization, a single isomer of 2.161 should be formed.
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Figure 2.46 Limited Reactivity of E-Methyl Tethered Alkene 2.156

Unfortunately, compound 2.156 failed to yield more than trace product, even
under elevated temperatures and reaction times. We attribute the lack of reactivity due
to steric congestion during the migratory insertion between the groups on silicon and

the methyl group of the E-alkene.

2.6.4 Reaction of Z-Alkenes
Lastly, we investigated the reactivity of tethered Z-alkenes beginning with the
methyl-substituted 2.162. When subjected to the reaction conditions, compound 2.162

cyclized to form product 2.163 in 18 % yield.
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Figure 2.47 Intramolecular Cyclization of Z-Substituted Tethered Alkenes

While this yield is low, this result is significant because it demonstrates for the
first time, internal alkenes participating in the silyl-Heck reaction. Additionally, only a
single alkene regioisomer results with high control of alkene stereochemistry. In the
absence of a terminal carbon to silylate, both ends of the alkene have similar steric
demands, therefore the conformational considerations dominate the transition state, an
effect commonly observed in the intramolecular Heck reaction of 5- and 6-membered
rings.®

The selective formation of the Z-alkene product can be explained via oxidative
addition into the Si-X bond (2.164), followed by syn-facial 5-exo migratory insertion
(2.165) and rotation about the C-C bond (2.167). A syn-periplanar &-hydride elimination
would then result in the observed Z-product 2.163. Similarly, using the tethered Z-

styrene derivative 2.168, the product 2.169 was obtained in 49% vyield as a single Z-



isomer. These results suggest that there is no alkene isomerization with these substrates

which is contrary to the previous examples.

2.7 Conclusion

In conclusion, the intramolecular silyl-Heck reaction is an effective way to
synthesize 5- and 6-membered unsaturated silicon containing rings. In nearly all cases,
terminal alkenes exclusively cyclize with endo selectivity presumably driven by the
strong steric preference for silicon to go to the less hindered terminal position.
Interestingly, with no terminal position to silylate, a tethered Z-olefin prefers exo
cyclization forming a stereodefined exocyclic alkene. For the first time, both 1,1 and
1,2-disubstituted alkenes have shown reactivity in this reaction and cyclic, trisubstituted

vinyl silanes can be synthesized from disubstituted olefins.
2.8 Experimental Details

2.8.1 General Experimental Details

Diethyl ether (Et;0O), tetrahydrofuran (THF), hexanes, and dichloromethane
(DCM) were dried on alumina according to published procedures.” Trifluorotoluene
(PhCF3) was purchased from Sigma Aldrich in an anhydrous septum sealed bottle,
transferred to a Straus flask by cannula and sparged with nitrogen for 15 minutes.
Magnesium turnings (Mg), copper (Il) chloride (CuCly), copper (1) iodide (Cul), 2,6-di-
tert-butyl-4-methylpyridine, and iodomethane, were purchased from commercial
suppliers and used as received. Dimethylchlorosilane, diphenylchlorosilane,
methylphenylchlorosilane and allyldiphenylchlorosilane were purchased from Gelest
and used as received. Trifluoromethanesulfonic acid (TfOH) was distilled under

vacuum and stored under nitrogen in a high-pressure reaction vessel. Non-commercial



alkyl bromides were prepared from the corresponding alcohols using a 2-step published
procedure.” Tris(dibenzylideneacetone)dipalladium(0) [Pd.(dba)s] was purchased from
Aldrich  or Strem and wused as received. Bis(3,5-di-tert-butylphenyl)(tert-

%% and the single component catalyst (JessePhos),PdCl,%

butyl)phosphine (JessePhos)
were prepared according to published procedures. Vials used in the glovebox were dried
in a gravity oven at 140 °C for a minimum of 12 h, transferred into the glovebox hot,
and then stored at rt in the glovebox prior to use. All other glassware was flame-dried
under vacuum prior to use. All reactions (0.25 - 1.0 mmol) were run in a nitrogen-filled
glovebox and heated using an aluminum block on a magnetic stir plate. All yields were
determined using *H NMR using 1,3,5-trimethoxybenzene as an internal standard and

isolated to confirm yield.

2.8.2 Instrumentation and Chromatography

400 MHz *H, 101 MHz C and 376 MHz ‘°F spectra were obtained on a 400
MHz FT-NMR spectrometer equipped with a Bruker CryoPlatform. 600 MHz *H, 151
MHz C, and 193 MHz B spectra were obtained on a 600 MHz FT-NMR
spectrometer equipped with a Bruker SMART probe. All samples were analyzed in the
indicated deutero-solvent and were recorded at ambient temperatures. All chemical
shifts are reported in ppm. *H NMR spectra were calibrated using the residual protio-
signal in deutero-solvents as a standard. *C NMR spectra were calibrated using the
deutero-solvent as a standard. IR spectra were recorded on a Nicolet Magma-IR 560
FT-IR spectrometer as thin films on KBr plates. High resolution MS data was obtained
on a Thermo Q-Exactive Orbitrap using electrospray ionization (ESI), or a Waters GCT
Premier spectrometer using chemical ionization (CI) or liquid injection field desorption

ionization (LIFDI). Column chromatography was performed with 40-63 um silica gel



with the eluent reported in parentheses. Analytical thin-layer chromatography (TLC)

was performed on pre-coated glass plates and visualized by UV or by staining KMnQO,.

2.8.3 Synthesis of Silane Precursors

2.8.3.1 General Procedure A

To an oven dried 3-neck flask fitted with a condenser, magnesium turnings (1.2-
1.4 equiv) were added, placed under vacuum while hot, and allowed to cool under
vacuum. Once the glassware was at rt, the vessel was backfilled with nitrogen and the
minimum amount of anhydrous diethyl ether needed to cover the magnesium turnings
was added, followed by roughly 5% of the corresponding alkyl bromide. If the Grignard
formation failed to initiate after a couple of minutes, a catalytic amount (ca. 3 pyL) of
1,2-dibromoethane was added. Once the solution began to self-reflux the remaining
diethyl ether and alkyl bromide were slowly added as needed to maintain a gentle
reflux. The reaction was refluxed for 1 hour (45 °C). The chlorosilane (1.0 equiv) in
anhydrous diethyl ether (1 M) was added via syringe to a separate flame-dried round
bottom flask with septum and stir bar under nitrogen at rt. The Grignard was transferred
to the round bottom flask containing the silyl chloride via syringe using a dropwise
addition, and the reaction was stirred at rt overnight. The reaction was cooled with an
ice/water bath and slowly quenched with water. The mixture was extracted with diethyl
ether three times and the combined organic layers were rinsed with brine. The organic
extract was dried over MgSQy, filtered, concentrated to a crude residue and purified by

distillation or flash silica gel chromatography to give the silane product.



2.8.3.2 Characterization Data

Me,_ Me (S2.1) According to general procedure A, the Grignard formed from

LSi
: 5-bromopent-1-ene (16 mL of a 1.5 M solution in Et,0, 24.0 mmol)

was reacted with dimethylchlorosilane (3.2 mL, 28.8 mmol) to give 2.23 g (73%) of
S2.1 as a clear oil after distillation (80 °C/220 mtorr). *H NMR (400 MHz, CDCls) #
5.80 (ddt, J = 16.9, 10.1, 6.7 Hz, 1H), 5.13 — 4.77 (m, 2H), 3.84 (dt, J = 7.1, 3.5 Hz,
1H), 2.16 — 1.91 (m, 2H), 1.51 — 1.35 (m, 2H), 0.69 — 0.50 (m, 2H), 0.06 (d, J = 3.7 Hz,
6H); *C NMR (101 MHz, CDCls) # 139.04, 114.65, 37.38, 23.98, 13.84, -4.31; FTIR
(cm™) 2925, 1256, 1063, 845, 800. HRMS (LIFDI) m/z, calcd for [C7H1Si]: 128.1021;
found: 128.0997.

Ph:Si J\?’h/\/\ (S2.2) According to general procedure A, the Grignard formed from
: A 5-bromo-1-pentene (16.2 mL of a 2 M solution in Et,0, 32.4 mmol),
was reacted with diphenylchlorosilane (5.0 mL, 27 mmol) in 30 mL Et,O to give 5.8 g
(85%) of S2.2 as a clear oil after distillation (120 °C/150 mtorr). *H NMR (400 MHz,
CDCls) # 7.58 — 7.53 (m, 4H), 7.41 — 7.34 (m, 6H), 5.77 (ddt, J = 17.0, 10.2, 6.7 Hz,
1H), 5.04 — 4.91 (m, 2H), 4.86 (t, J = 3.7 Hz, 1H), 2.19 — 2.04 (m, 2H), 1.63 — 1.50 (m,
2H), 1.21 — 1.10 (m, 2H); **C NMR (101 MHz, CDCls) # 138.6, 135.3, 134.6, 129.7,
128.1, 115.0, 37.3, 23.9, 11.8; FTIR (cm™) 3068, 2924, 2117, 1428, 1117, 808, 699.

HRMS (EI) m/z, calcd for [C17H20Si]: 252.1334; found: 252.1349.

Me. Ph (S2.3) According to general procedure A, the Grignard formed from

SN
H \ 5-bromo-1-pentene (30 ml of a 2 M solution in Et,O, 60 mmol) was

reacted with methylphenylchlorosilane (7.8 g, 50 mmol) in 50 mL Et,O to give 7.4 g
(92%) of S2.3 as a clear oil after distillation (77 °C/1.8 torr). *"H NMR (600 MHz,



CDCly) # 7.63 — 7.48 (m, 2H), 7.48 — 7.30 (m, 3H), 5.78 (ddt, J = 17.0, 10.2, 6.7 Hz,
1H), 5.07 — 4.85 (m, 2H), 4.36 (q, J = 3.6 Hz, 1H), 2.25 - 1.96 (m, 2H), 1.55 — 1.40 (m,
2H), 0.86 (dtd, J = 13.6, 8.2, 3.4 Hz, 2H), 0.34 (d, J = 3.8 Hz, 3H); *C NMR (151
MHz, CDCl5) # 138.7, 136.6, 134.3, 129.2, 127.9, 114.7, 37.2, 23.8, 12.9, -5.7; FTIR
(cm™) 3069, 2922, 2114, 1428, 1251, 1115, 878, 700. HRMS (El) m/z, calcd for
[C12H18Si]: 190.1178; found: 190.1201.

Me, Ph (S2.4) According to general procedure A, the Grignard formed from 4-

bromo-1-butene (16.8 mL of a 2.5 M solution in Et,O, 42 mmol) was
reacted with methylphenylchlorosilane (4.8 g, 30 mmol) to give 3.7 g (68%) of S2.4 as
a clear oil after distillation (80 °C/2 torr). *H NMR (400 MHz, CDCls) # 7.60 — 7.49 (m,
2H), 7.43 - 7.32 (m, 3H), 5.88 (ddt, J = 16.5, 10.1, 6.3 Hz, 1H), 5.07 — 4.84 (m, 2H),
4.38 (g, J = 3.6 Hz, 1H), 2.22 — 2.06 (m, 2H), 1.08 — 0.84 (m, 2H), 0.36 (d, J = 3.8 Hz,
3H); °C NMR (101 MHz, CDCls) # 140.9, 136.3, 134.4, 129.3, 127.9, 113.2, 28.4,
125, -5.7; FTIR (cm™) 3069, 2915, 2117, 1639, 1428, 1252, 1116, 833. HRMS (EI)
m/z, calcd for [C11H16Si]: 176.1021; found: 176.1013.

Me, Ph (S2.5) Using a modification of general procedure A, the commercial allyl

.Si
H magnesium bromide (23 mL of a 1.7 M solution in Et,O), was reacted

with methylphenylchlorosilane (5.0 g, 32 mmol) to give 4.4 g (85%) of S2.5 as a clear
oil after distillation (68 °C/2 torr). *H NMR (400 MHz, CDCls) # 7.62 — 7.52 (m, 2H),
7.46 — 7.33 (m, 3H), 5.82 (ddt, J = 16.9, 10.1, 8.0 Hz, 1H), 4.97 — 4.84 (m, 2H), 4.36 (q,
J = 3.5 Hz, 1H), 1.93 - 1.76 (m, 2H), 0.37 (d, J = 3.7 Hz, 3H); *C NMR (101 MHz,
CDCls) # 135.6, 134.4, 134.2, 129.5, 127.9, 114.1, 21.1, -6.2; FTIR (cm™) 3070, 2122,



1630, 1428, 1116, 879, 709. HRMS (El) m/z, calcd for [C1oH14Si]: 162.0865; found:
162.0882.

Me.  Ph (S2.6) According to general procedure A, the Grignard formed

H:Siw from 6-bromo-1-hexene (21.5 mL of a 1.5 M solution in Et,0, 32.3
mmol) was reacted with methylphenylchlorosilane (3.5 g, 23 mmol) to give 4.1 g (89%)
of S2.6 as a clear oil after distillation (80 °C/1.4 torr). *H NMR (400 MHz, CDCls) #
7.58 — 7.51 (m, 2H), 7.40 — 7.32 (m, 3H), 5.79 (ddt, J = 16.9, 10.2, 6.7 Hz, 1H), 5.05 —
4.86 (m, 2H), 4.34 (q, J = 3.6 Hz, 1H), 2.13 — 1.95 (m, 2H), 1.51 — 1.34 (m, 4H), 1.01 —
0.72 (m, 2H), 0.33 (d, J = 3.8 Hz, 3H); *C NMR (101 MHz, CDCl3) # 139.1, 136.8,
134.4, 129.3, 128.0, 114.4, 33.6, 32.5, 24.0, 13.3, -5.5; FTIR (Cm'l) 2924, 2115, 878,

700. HRMS (EI) m/z, calcd for [C13H20Si]: 204.1334; found: 204.1351.

Me_ Ph (S2.7) According to general procedure A, the Grignard formed

‘Si\/\/\/\
H = from 7-Bromo-1-heptene (12 mL of a 1.5 M solution in Et,0)

was reacted with methylphenylchlorosilane (2.3 g, 15 mmol) to give 2.3 g (69%) of
S2.7 as a clear oil after distillation (60 °C/150 mtorr). *H NMR (600 MHz, CDCls) #
7.72 = 7.44 (m, 2H), 7.44 — 7.31 (m, 3H), 5.80 (ddt, J = 17.0, 10.2, 6.7 Hz, 1H), 5.01 —
4.89 (m, 2H), 4.34 (q, J = 3.6 Hz, 1H), 2.07 — 1.97 (m, 2H), 1.45 — 1.31 (m, 6H), 0.93 —
0.75 (m, 2H), 0.33 (d, J = 3.8 Hz, 3H); **C NMR (151 MHz, CDCls) # 139.3, 136.9,
134.4, 129.3, 128.0, 114.3, 33.8, 32.8, 28.7, 24.3, 13.5, -5.5; FTIR (cm™) 2924, 2114,
1115, 878, 700. HRMS (EI) m/z, calcd for [C14H2,Si]: 218.1491; found: 218.1507.

Me.  Ph me (S2.8) According to general procedure A, the Grignard formed from
>si.
H



5-bromo-2-methylpent-1-ene (16 mL of a 1.5 M solution in Et,0, 24 mmol) was reacted
with methylphenylchlorosilane (3.0 g, 20 mmol) to give 1.8 g (60%) of S2.8 as a clear
oil after distillation (50 °C/200 mtorr). *H NMR (600 MHz, CDCls) # 7.57 — 7.49 (m,
2H), 7.42 — 7.31 (m, 3H), 4.76 — 4.58 (m, 2H), 4.36 (g, J = 3.6 Hz, 1H), 2.05 (t, J = 7.5
Hz, 2H), 1.68 (s, 3H), 1.56 — 1.49 (m, 2H), 0.87 — 0.77 (m, 2H), 0.34 (d, J = 3.8 Hz,
3H); °C NMR (151 MHz, CDCls) # 145.8, 136.7, 134.4, 129.3, 128.0, 110.3, 41.3,
22.5,22.4,13.1, -5.5; FTIR (cm™) 3070, 2929, 2115, 1116, 879, 700. HRMS (EI) m/z,
calcd for [C13H20Si]: 204.1334; found: 204.1338.
Mo " “ (S2.9) According to general procedure A, the Grignard from using
Me (Z)-6-iodohex-2-ene (40 mL of a 1.5 M solution in Et,O, 60 mmol,
1.2 equiv) was reacted with methylphenylchlorosilane (7.8 g, 50 mmol) to give 8.9 g
(87%) of S2.9 as a clear oil after distillation (80 °C/1.5 torr). *H NMR (400 MHz,
CDCls) # 7.58 — 7.49 (m, 2H), 7.40 — 7.34 (m, 3H), 5.53 — 5.41 (m, 1H), 5.41 - 5.29 (m,
1H), 4.35 (9, J = 3.6 Hz, 1H), 2.13 — 1.99 (m, 2H), 1.59 (d, J = 6.7 Hz, 3H), 1.51 — 1.35
(m, 2H), 0.98 — 0.75 (m, 2H), 0.34 (d, J = 3.7 Hz, 3H); *C NMR (101 MHz, CDCls) #
136.70, 134.43, 130.45, 129.32, 127.96, 124.27, 30.33, 24.43, 13.19, 13.02, -5.53; FTIR
(cm™) 2921, 2114, 1115, 878, 849, 699. HRMS (EI) m/z, calcd for [CisH2Si:
204.1334; found: 204.1350.

Me\S_.Ph (S2.10) According to general procedure A, the Grignard formed
el

from (Z)-1-(5-bromopent-1-enyl)-4-methylbenzene, 18 mL of a 1.5

M  solution in  Et,O, 27 mmol) reacted with

Me methylphenylchlorosilane (3.0 g, 20 mmol) to give 2.1 g (69%) of



S2.10 as a clear oil after distillation (120 °C/200 mtorr). *H NMR (600 MHz, CDCls) #
7.55 —7.45 (m, 2H), 7.43 - 7.31 (m, 3H), 7.15 (g, J = 7.9 Hz, 4H), 6.38 (d, J = 11.7 Hz,
1H), 5.63 — 5.48 (m, 1H), 4.38 — 4.24 (m, 1H), 2.41 — 2.33 (m, 2H), 2.33 (s, 3H), 1.61 —
1.45 (m, 2H), 0.95 — 0.79 (m, 2H), 0.33 (d, J = 3.8 Hz, 3H); *C NMR (151 MHz,
CDCl;) # 136.6, 136.3, 135.0, 134.5, 132.1, 129.4, 129.1, 129.0, 128.8, 128.0, 32.2,
25.0,21.3,13.4, -5.5; FTIR (cm™) 2921, 2113, 1512, 1428, 1115, 878, 838, 701. HRMS
(EI) m/z, calcd for [C19H24Si]: 280.1647; found: 280.1675.

Me  Ph (S2.11) According to general procedure A, the Grignard formed

H:SiMMe from (E)-1-Bromo-2-hexene (7 mL of a 1 M solution in Et;0, 7.0
mmol) was reacted with methylphenylchlorosilane (1.1 g, 7.0 mmol) to give 4.7 ¢
(85%) of S2.11 as a clear oil after distillation (85 °C/1.7 torr). *H NMR (400 MHz,
CDCl3) # 7.59 — 7.44 (m, 2H), 7.43 — 7.31 (m, 3H), 5.55 — 5.23 (m, 2H), 4.34 (q, J = 3.6
Hz, 1H), 2.09 — 1.92 (m, 2H), 1.64 (dd, J = 3.5, 1.3 Hz, 3H), 1.49 — 1.29 (m, 2H), 0.95 —
0.64 (m, 2H), 0.33 (d, J = 3.8 Hz, 3H); *C NMR (101 MHz, CDCl;) # 136.8, 134.5,
131.3, 129.3, 128.0, 125.3, 36.2, 24.5, 18.1, 13.1, -5.5; FTIR (cm™) 2920, 2114, 1428,
1251, 1116, 965, 877, 848, 700. HRMS (EI) m/z, calcd for [Ci3H2Si-H]: 203.1256;

found: 203.1239.

Ph. Ph (S2.12) According to general procedure A, the Grignard formed
AP ~ from 5-bromo-1-pentene (4.5 mL of a 2 M solution in Et;O, 9
mmol) was reacted with allyldiphenylchlorosilane (2.0 g, 7.7 mmol) to give 1.9 g (84%)
of $2.12 as a clear oil after flash chromatography (100% petroleum ether). *H NMR

(400 MHz, CDCly) # 7.53 — 7.45 (m, 4H), 7.40 — 7.30 (m, 6H), 5.86 — 5.68 (M, 2H),



5.05 — 4.82 (m, 4H), 2.15 — 2.03 (m, 4H), 1.54 — 1.41 (m, 2H), 1.16 — 1.06 (m, 2H); **C
NMR (101 MHz, CDCls) # 138.7, 135.6, 135.0, 134.2, 129.4, 127.9, 115.0, 114.5, 37.7,
23.1, 20.6, 11.7; FTIR (cm™) 3070, 2924, 1428, 1111, 699. HRMS (EI) m/z, calcd for
[C20H24Si]: 292.1647; found: 292.1667.

2.8.4 Synthesis of Silyl-TIodides and Silyl-Triflates
Me. Me (2.116) Following a modified procedure,®® a flame-dried round
TSN o _

bottom flask was fitted with a condenser, septum and stir bar and
charged with silane S2.1 (700 mg, 5.5 mmol, 1.0 equiv), iodomethane (690 pL, 11
mmol, 2.0 equiv), and palladium chloride (29.1 mg, 165 pmol, 1 mol %) the solution
was immediately cooled to 0 °C under positive nitrogen pressure, venting a slow stream
of gas out of the top of the condenser through an oil bubbler. The reaction was stirred
for 15 minutes at 0 °C then at rt for 1-3 h. The release of methane gas was observed by
bubble formation around the palladium. The product was then directly distilled under
partial vacuum into a flame-dried flask with Teflon screw cap containing copper beads
to yield 1.0 g (72%) of 2.116 as a clear oil after distillation (78 °C, 20 torr). The
resulting product was determined by *H NMR to contain 80% of the desired terminal
alkene geometry. 'H NMR (400 MHz, C¢D¢) # = 5.67 (ddt, J=17.1, 10.3, 6.9, 1H), 5.04
— 4.93 (m, 2H), 1.92 (q, J=6.8, 2H), 1.34 (dt, J=15.8, 7.5, 2H), 0.79 — 0.69 (m, 2H),
0.47 (s, 6H); *C NMR (101 MHz, C¢Ds) # = 138.4, 115.3, 36.8, 23.9, 19.7, 3.5; HRMS
(LIFDI) m/z, calcd for [C7H15Sil]: 253.9988; found: 254.0000.

S (2.124) Following a modified procedure,®™ allyl silane S2.12 (292

Jsi. _ :
TIO TN mg, 1 mmol, 1.0 equiv) and anhydrous dichloromethane (4 mL) were

added to a flame dried 25 mL schlenk flask with a stir bar. The mixture was cooled to —



78 °C and trifluoromethansulfonic acid (1.5 mmol, 132 pL, 1.5 equiv) was added
dropwise from a glass syringe. The reaction was allowed to stir at —78 °C for 30
minutes. Using a base trap (a ground glass frit adapter filled with solid potassium
hydroxide, placed in-between the flask and vacuum manifold), the DCM and excess
acid was removed in vacuo. Silyl triflate 2.124 was immediately used without further
purification. *H NMR (600 MHz, CDCls) # = 7.65 — 7.61 (m, 4H), 7.55 (tt, J=7.5, 1.8,
2H), 7.46 (t, J=7.6, 4H), 5.74 (ddt, J=17.1, 10.3, 6.8, 1H), 5.03 — 4.97 (m, 2H), 2.17 —
2.11 (m, 2H), 1.63 — 1.56 (m, 2H), 1.50 — 1.47 (m, 2H); *C NMR (151 MHz, CDCls) #
137.7, 134.9, 132.0, 129.4, 128.6, 115.8, 36.9, 21.7, 13.3; °F NMR (565 MHz, CDCl;)
#=-76.53.

2.8.5 Synthesis of Silyl-Chlorides
The chlorosilanes used for this study we all synthesize via a method from
Kunai.” Note: Due to moisture sensitivity of the silyl chlorides only *H and **C NMR

were used for characterization.

2.8.5.1 General Procedure B

In a nitrogen filled glovebox, CuCl, (2.0 equiv), Cul (0.05 equiv), and THF
(0.3-0.5M) were added to a schlenk flask with stir bar and sealed with a rubber septum.
The vessel was removed from the glovebox and placed under positive nitrogen pressure
and stirred. The silane (1.0 equiv) was added via syringe in one portion. The color of
the salts changed from brown to light brown/white within 30 min. The reaction was
allowed to stir under positive nitrogen pressure overnight. The THF was removed in
vacuo with a base trap (a ground glass frit adapter filled with solid potassium hydroxide

and placed in-between the vacuum and flask). Anhydrous hexanes was added to the



remaining salts and the organic solution was cannula filtered into another schlenk flask.
The salts were rinsed twice more with anhydrous hexanes and cannula filtered into the
same 100 mL flask. The volitile organics were removed in vacuo and the product was

distilled into a flame-dried high-pressure vessel with a Teflon screw cap.

2.8.5.2 Characterization Data

Ph, Ph (2.135) According to general procedure B, silane S2.2 (3.0 g, 11.9
o mmol), CuCl, (3.2 g, 23.7 mmol), and Cul (100 mg, 1 mmol) were
reacted in THF (25 mL) to give 1.6 g (47%) of 2.135 as a clear, viscous oil after
distillation (125 °C/200 mtorr). *H NMR (600 MHz, CDCls) # = 7.63 (dd, J=7.9, 1.3,
4H), 7.45 (tt, J=7.4, 1.8, 2H), 7.41 (t, J=7.2, 4H), 5.76 (ddt, J=17.0, 10.3, 6.7, 1H), 5.03
—4.93 (m, 2H), 2.13 (g, J=7.1, 2H), 1.61 (dt, J=16.5, 7.5, 2H), 1.39 — 1.33 (m, 2H); °C

NMR (151 MHz, CDCls) # = 138.3, 134.5, 133.8, 130.7, 128.3, 115.3, 37.0, 22.5, 16.1.

Me_ .Ph (2.137) According to general procedure B, silane S2.3 (4.0 g, 21

Ny

mmol), CuCl, (5.65 g, 42 mmol), and Cul (190 mg, 1 mmol) were

reacted in THF (40 mL) to give 3.27 g (69%) of 2.137 as a clear, viscous oil after
distillation (80 °C/700 mtorr). *H NMR (400 MHz, CDCls) # = 7.62 (dd, J=7.6, 1.8,
2H), 7.45 — 7.38 (m, 3H), 5.77 (ddt, J=17.0, 10.2, 6.7, 1H), 5.03 — 4.95 (m, 2H), 2.11 (q,
J=7.1, 2H), 1.61 — 1.48 (m, 2H), 1.12 — 1.03 (m, 2H), 0.66 (s, 3H); *C NMR (101
MHz, CDCls) # 138.4, 135.5, 133.5, 130.5, 128.2, 115.3, 37.0, 22.5, 17.6, 0.5.

Me  Ph (2.141) According to general procedure B, silane S2.4 (2.0 g, 11.2

clrSINNF mmol), CuCl; (3.04 g, 22.4 mmol), and Cul (190 mg, 1 mmol) were

reacted in THF (20 mL) to give 1.34 g (57%) of 2.141 as a clear, viscous oil after



distillation (55 °C/150 mtorr). *H NMR (600 MHz, CDCl;) # = 7.68 — 7.58 (m, 2H),
7.48 — 7.37 (m, 3H), 5.88 (ddt, J=16.5, 10.1, 6.2, 1H), 5.02 (dq, J=17.0, 1.7, 1H), 4.93
(dg, J=10.1, 1.6, 1H), 2.24 — 2.18 (m, 2H), 1.25 — 1.10 (m, 2H), 0.68 (s, 3H); **C NMR
(151 MHz, CDCls) # 140.3, 135.4, 133.5, 130.5, 128.3, 113.8, 27.2, 17.3, 0.6.

Z;a:Sifh/\ (2.145) According to general procedure B, silane S2.5 (4.0 g, 24.6 mmol),

CuCl; (6.62 g, 49.3 mmol), and Cul (190 mg, 1 mmol) were reacted in
THF (60 mL) to give 2.04 g (42%) of 2.145 as a clear, viscous oil after distillation (40
°C/200 mtorr). *H NMR (400 MHz, CDCls) # = 7.65 — 7.60 (m, 2H), 7.46 — 7.39 (m,
3H), 5.79 (ddt, J=17.5, 9.6, 7.9, 1H), 5.02 — 4.96 (m, 2H), 2.12 — 2.01 (m, 2H), 0.68 (s,

3H); **C NMR (101 MHz, CDCls) # 134.8, 133.6, 131.8, 130.6, 128.2, 116.1, 25.7, -0.3.

Me.  Ph (2.146) According to general procedure B, silane S2.6 (3.0 g, 15

CI:SiW mmol), CuCl; (4.0 g, 30 mmol), and Cul (190 mg, 1 mmol) were
reacted in THF (40 mL) to give 2.76 g (77%) of 2.146 as a clear, viscous oil after
distillation (65 °C/300 mtorr). *H NMR (400 MHz, CDCls) # = 7.62 (dd, J=7.6, 1.8,
2H), 7.45 — 7.38 (m, 3H), 5.78 (ddt, J=16.9, 10.2, 6.7, 1H), 5.00 (dg, J=17.1, 1.6, 1H),
4.93 (ddt, J=10.1, 2.2, 1.2, 1H), 2.09 — 2.01 (m, 2H), 1.50 — 1.40 (m, 4H), 1.12 — 1.02
(m, 2H), 0.66 (s, 3H); **C NMR (101 MHz, CDCls) # 138.9, 135.6, 133.5, 130.4, 128.2,

114.6, 33.5, 32.3, 22.6, 18.0, 0.5.

Me Ph (2.150) According to general procedure B, silane S2.7 (2.0 g, 9

:S.‘\/\/\/\
ci-” = mmol), CuCl; (2.46 g, 18 mmol), and Cul (190 mg, 1 mmol)

were reacted in THF (20 mL) to give 1.18 g (51%) of 2.150 as a clear, viscous oil after



distillation (85 °C/200 mtorr). *H NMR (400 MHz, CDCls) # 7.69 — 7.58 (m, 2H), 7.49
—7.36 (m, 3H), 5.79 (tdd, J = 10.0, 6.0, 2.4 Hz, 1H), 5.06 — 4.84 (m, 2H), 2.02 (d, J =
6.9 Hz, 2H), 1.51 — 1.40 (m, 2H), 1.40 — 1.32 (m, 4H), 1.13 — 1.00 (m, 2H), 0.66 (s,
3H); 3C NMR (101 MHz, CDCls) # 139.15, 135.65, 133.47, 130.41, 128.20, 114.42,
33.77, 32.57, 28.57, 22.96, 18.10, 0.47.

Me. Ph Me (2.151) Using a modified version of general procedure B, 2,6-di-tert-

S . i
a1 butyl-4-methylpyridine (2.5 g, 12 mmol), silane S2.8 (2.0 g, 10.0

mmol), CuCl; (2.6 g, 20 mmol), and Cul (100 mg, 1 mmol) were reacted in THF (20
mL) to give 1.38 g (58%) of 2.151 as a yellow, viscous oil after distillation (90 °C/1.5
mtorr). *H NMR (600 MHz, CDCls) # = 7.65 (dd, J=7.7, 1.4, 2H), 7.47 — 7.41 (m, 3H),
4.75 (s, 1H), 4.69 (s, 1H), 2.10 (t, J=7.4, 2H), 1.70 (s, 3H), 1.62 (dg, J=9.0, 7.4, 2H),
1.08 (td, J=7.7, 5.5, 2H), 0.69 (s, 3H); *C NMR (151 MHz, CDCls) # 145.3, 135.6,
133.5,130.4, 128.2,110.7, 41.0, 22.3, 21.1, 17.6, -0.5.

Note: 2,6-di-tert-butyl-4-methylpyridine was used to prevent the acid catalyzed alkene

isomerization to the internal alkene isomer during the course of the reaction.

\Si'\/\/\ (2.162) According to general procedure B, silane S2.9 (2.34 g, 11.4

Me  mmol), CuCl, (3.08 g, 23 mmol), and Cul (190 mg, 1 mmol) were
reacted in THF (25 mL) to give 1.3 g (51%) of 2.162 as a clear, viscous oil after
distillation (58 °C/150 mtorr). 'H NMR (600 MHz, CDCls) # = 7.63 (dd, J=7.8, 1.4,
2H), 7.46 — 7.39 (m, 3H), 5.48 (dqt, J=10.8, 6.8, 1.5, 1H), 5.36 (dtg, J=10.6, 7.2, 1.6,
1H), 2.11 (q, J=7.2, 2H), 1.60 (dd, J=6.7, 0.6, 3H), 1.52 (dq, J=9.8, 7.1, 1H), 1.09 (td,



J=7.6, 3.9, 2H), 0.67 (s, 3H); *C NMR (151 MHz, CDCls) # 135.6, 133.5, 130.4, 130.1,
128.2,124.7, 30.1, 23.1, 17.8, 13.0, 0.5.

Me_ Ph (2.168) According to general procedure B, silane S2.10 (2.1 g, 7.5
mmol), CuCl; (2.0 g, 15 mmol), and Cul (190 mg, 1 mmol) were
reacted in THF (15 mL) to give 884 mg (37%) of 2.168 as a clear,

Me  viscous oil after distillation (130 °C/250 mtorr). *H NMR (600

MHz, CDCls) # = 7.61 — 7.59 (m, 2H), 7.41 (m, 3H), 7.15 (d, J=8.3, 2H), 7.13 (d,

J=8.2, 2H), 6.40 (d, J=11.6, 1H), 5.57 (dt, J=11.5, 7.2, 1H), 2.39 (qd, J=7.2, 1.8, 2H),

2.34 (s, 3H), 1.61 (h, J=7.4, 6.9, 2H), 1.16 — 1.04 (m, 2H), 0.65 (s, 3H); *C NMR (151

MHz, CDCls) # 136.2, 135.4, 134.8, 133.3, 131.5, 130.3, 129.3, 128.8, 128.6, 128.1,

31.7,23.4,21.1,17.8,0.3.

ve. ph (2.156) According to general procedure B, silane S2.11 (4.74 g,
cr SN M 03 mmol), CuCl; (6.25 g, 46 mmol), and Cul (190 mg, 1 mmol)
were reacted in THF (50 mL) to give 3.25 g (59%) of 2.156 as a clear, viscous oil after
distillation (60 °C/300 mtorr). *H NMR (600 MHz, CDCls) # = 7.62 (dd, J=7.8, 1.4,
2H), 7.45 — 7.38 (m, 3H), 5.46 — 5.34 (m, 2H), 2.03 (q, J=7.1, 6.4, 2H), 1.64 (d, J=4.8,
3H), 1.50 (dg, J=9.8, 7.0, 2H), 1.06 (td, J=7.6, 5.8, 2H), 0.66 (s, 3H); *C NMR (151

MHz, CDCls;) # = 135.7, 133.5, 130.9, 130.4, 128.2, 125.7, 35.9, 23.2, 18.0, 17.8, 0.5.



2.8.6 Intramolecular Silyl-Heck Procedure

2.8.6.1 General Procedure C

In a nitrogen filled glovebox, (JessePhos),PdCl, (13.9 mg, 0.125 mmol, 5 mol
%), Lil (47 mg, 0.35 mmol, 1.4 equiv), EtsN (175 pL, 1.25 mmol, 5.0 equiv) and PhCF;
(500 pL, 0.5M) were added to a 1-dram vial with a magnetic stir bar. The silyl chloride,
(0.25 mmol, 1.0 equiv) was added in one portion via micropipette. The vial was then
sealed, and stirred at 45 °C for 24 h. The reaction was removed from heat, allowed to
cool to rt, and 1,3,5-trimethoxy benzene (28 mg, 2/3 equiv) was added under air. A
small aliquot was taken for NMR without concentration, the sample was returned to the
crude mixture, filtered thru celite with Et;O and concentrated before purification. The
crude oil was purified by flash silica chromatography with the indicated solvent in

parenthesis.

2.8.6.2 Characterization Data

Me, Me Me_  Me . .
Si Si (2117 and 2.118) In a nitrogen filled glovebox,
)+ (J

Z  trisdibenzyladinedipalladium  (Pdxdbaz, 11 mg), bis(3,5-

ditertbutyl-CsHs)-tertbutylphosphine (JessePhos, 12 mg), EtsN (175 pL) and PhCF;
(500 pL) were added to a 1-dram vial with a magnetic stir bar. The vial was capped,
heated at 45 °C and stirred for 5 min. The vial was removed from heat and silyliodide
2.116 (64 mg), was added in one portion without cooling. The vial was then resealed,
and stirred at 45 °C for 24 h. The reaction was removed from heat, allowed to cool to rt,
and mesitylene (35 pL) was added and a small aliquot was taken for NMR without
concentration. The volitiles (including products) of the crude were vacuum transferred
to separate them from the catalyst and ligand, and an analytical amount of the two

isomeric products were purified to "70% purity by preparatory gas chromatography.



(2.117, vinylsilane): 'H NMR (400 MHz, C¢D¢) # = 6.72 (dt, J=14.2, 4.0, 1H), 5.79 (d,
J=14.1, 1H), 2.02 — 1.94 (m, 2H), 1.72 (dg, J=7.0, 5.9, 2H), 0.66 — 0.62 (m, 2H), 0.08
(s, 6H); *C NMR (101 MHz, C¢D¢) # = 149.1, 127.1, 31.2, 21.5, 12.3, -1.6. HRMS
(LIFDI) calcd for [C7H14Si]: 126.0865, found: 126.0847. (2.118, allylsilane): *H NMR
(400 MHz, CeDs) # = 5.86 (dtt, J=10.1, 4.9, 1.8, 1H), 5.72 (dtt, J=10.7, 4.4, 1.9, 1H),
2.21 (tdt, J=6.4, 3.8, 1.9, 2H), 1.17 (dq, J=4.0, 1.9, 2H), 0.63 (t, J=6.9, 2H), 0.00 (s,
6H); *C NMR (101 MHz, CDCls) # = 130.5, 126.2, 23.2, 13.3, 10.3, -2.5. HRMS
(LIFDI) calcd for [C7H14Si]: 126.0865, found: 126.0835.

O O (2125 and 2.126) In a nitrogen filled glovebox,
trisdibenzyladinedipalladium  (Pd.dbas, 45.6 mg), bis(3,5-

ditertbutyl-CsHs)-tertbutylphosphine (JessePhos, 46.4 mg), EtsN (700 uL) and PhCF; (2
mL) were added to a 1-dram vial with a magnetic stir bar. The vial was capped, heated
at 45 °C and stirred for 5 min. The vial was removed from heat and silyl triflate 2.124,
was added in one portion without cooling. The vial was then resealed, and stirred at 45
°C for 24 h. The reaction was removed from heat, allowed to cool to rt, quenched by the
addition of water (ca. 2 mL) and extracted with diethyl ether (2 times ca. 1 mL ea.). The
organic layer was separated, dried with MgSQy, filtered, and concentrated to a crude oil
that was purified by flash silica chromatography (pentane) to give 183 mg (73%) of a
1:1 mixture of vinyl and allylsilane 2.125 and 2.126, respectively. (2.125, vinylsilane):
'H NMR (600 MHz, CDCls) # 7.61 — 7.50 (m, 4H), 7.44 — 7.30 (m, 6H), 7.03 (dt, J =
14.1, 4.0 Hz, 1H), 6.07 (dt, J = 14.2, 2.0 Hz, 1H), 2.32 — 2.24 (m, 2H), 1.98 — 1.85 (m,
2H), 1.23 — 1.17 (m, 2H). (2.126, allylsilane): *H NMR (600 MHz, CDCls) # 7.58 —
7.52 (m, 4H), 7.42 - 7.32 (m, 6H), 5.96 — 5.90 (m, 1H), 5.78 — 5.69 (m, 1H), 2.39 —



2.32 (m, 2H), 1.81 - 1.76 (m, 2H), 1.25 (t, J = 6.9 Hz, 2H). (2.125 and 2.126, mixture):
3C NMR (151 MHz, CDCls) # 152.0, 136.9, 136.6, 135.0, 134.7, 131.0, 129.5, 129.4,
128.0, 128.0, 125.6, 122.6, 31.1, 22.9, 21.0, 11.0, 10.3, 8.1; FTIR (cm™) 2908, 1427,
1112. HRMS (EI) m/z, calcd for [C13H20Si]: 250.1178; found: 250.1205.

s| (2.138 and 2.139) According to general procedure C, silyl chloride
O O 2.137 (56 mg, 0.25 mmol), (JessePhos),PdCl, (13.9 mg, 0.125
mmol, 5 mol %), Lil (47 mg, 0.35 mmol, 1.4 equiv), EtsN (175 pL, 1.25 mmol, 5.0
equiv) and PhCF; (500 uL, 0.5M) were stirred at 45 °C for 24 h. Analysis of the crude
reaction mixture via *H NMR revealed an 88% yield. The crude material was purified
via silica gel chromatography (hexanes) to afford a mixture of 2.138 and 2.139 as a
colorless oil (38 mg, 81%): (2.138, vinylsilane): *H NMR (600 MHz, CDCls) # 7.59 —
7.51 (m, 2H), 7.39 — 7.32 (m, 3H), 6.91 (dt, J = 14.1, 4.0 Hz, 1H), 5.91 — 5.79 (m, 1H),
2.25 — 2.18 (m, 2H), 1.90 — 1.80 (m, 2H), 1.03 — 0.80 (m, 2H), 0.35 (s, 3H). (2.139,
allylsilane): *H NMR (600 MHz, CDCls) # 7.61 — 7.51 (m, 2H), 7.40 — 7.32 (m, 3H),
5.91 — 5.80 (m, 1H), 5.78 — 5.66 (M, 1H), 2.36 — 2.27 (m, 2H), 1.63 — 1.36 (m, 2H),
1.04 — 0.80 (m, 2H), 0.33 (s, 3H). (2.138 and 2.139, mixture): *C NMR (151 MHz,
CDCls) # 150.8, 139.0, 138.9, 134.2, 133.8, 130.7, 129.2, 129.1, 128.0, 127.9, 125.9,
124.7,31.1, 23.0, 21.2, 12.1, 11.6, 9.4, -3.0, -3.8; FTIR (Cm'l) 2907, 1590, 1427, 1251,
1111, 809, 699. HRMS (ClI) m/z, calcd for [C12H16Si]: 188.1021; found: 188.1012.

Me\ .Ph Me\ .Ph(2.142 and 2.143) According to general procedure C, silyl chloride
<_7 <_7 2.141 (53 mg, 0.25 mmol), (JessePhos),PdCl, (13.9 mg, 0.125
mmol, 5 mol %), Lil (47 mg, 0.35 mmol, 1.4 equiv), EtsN (175 pL, 1.25 mmol, 5.0



equiv) and PhCF; (500 L, 0.5M) were stirred at 45 °C for 24 h. Analysis of the crude
reaction mixture via *H NMR revealed an 80% yield. The crude material was purified
via silica gel chromatography (pentane) to afford a mixture of 2.142 and 2.143 as a
colorless oil (31 mg, 71%): (2.142, vinylsilane): *H NMR (600 MHz, CDCls) # 7.55 —
7.48 (m, 2H), 7.42 — 7.32 (m, 3H), 7.00 (dt, J = 10.1, 2.7 Hz, 1H), 6.07 (dt, J = 10.1, 2.3
Hz, 1H), 2.70 — 2.51 (m, 2H), 1.06 — 0.82 (m, 2H), 0.48 (s, 3H). (2.143, allylsilane): *H
NMR (600 MHz, CDCls) # 7.61 — 7.55 (m, 2H), 7.43 — 7.31 (m, 3H), 5.97 (s, 2H), 1.69
— 1.43 (m, 4H), 0.48 (s, 3H). (2.142 and 2.143, mixture): *C NMR (101 MHz, CDCls)
#155.2, 138.9, 138.3, 134.0, 133.8, 131.2, 129.4, 129.2, 128.7, 128.0, 127.9, 32.4, 17.7,
8.8, -3.0, -3.7; FTIR (cm™) 3019, 2905, 1114. HRMS (CI) m/z, calcd for [C11H1.Si]:
174.0865; found: 174.0858.

Me_ ,Ph Me_ .Ph

~

sz% fj/'\/'e (2.148 and 2.149) According to general procedure C, silyl
+
chloride 2.146 (240 mg, 1.0 mmol), (JessePhos),PdCl, (56 mg,

0.5 mmol, 5 mol %), Lil (188 mg, 1.4 mmol, 1.4 equiv), EtsN (700 pL, 5.0 mmol, 5.0
equiv) and PhCF3 (2 mL, 0.5M) were stirred at 45 °C for 24 h. Analysis of the crude
reaction mixture via *H NMR revealed a 31% yield. The crude material was purified via
silica gel chromatography (hexanes) to afford a mixture of 2.148 and 2.149 as a
colorless oil (23 mg, 12%): (2.148, ex0): *H NMR (400 MHz, CDCls) # 7.59 — 7.51 (m,
3H), 7.40 — 7.33 (m, 3H), 5.60 (dd, J = 3.3, 1.6 Hz, 1H), 5.19 (dt, J = 3.6, 1.2 Hz, 1H),
2.49 — 2.27 (m, 2H), 1.96 — 1.83 (m, 1H), 1.70 — 1.60 (m, 1H), 1.54 — 1.39 (m, 1H),
1.20 — 1.09 (m, 1H), 0.86 — 0.72 (m, 1H), 0.34 (s, 3H). (2.149, endo): *H NMR (400
MHz, CDCl3) # 7.61 — 7.49 (m, 2H), 7.43 — 7.30 (m, 3H), 6.49 (dg, J = 4.2, 1.8 Hz,
1H), 2.23 - 2.12 (m, 2H), 1.84 — 1.76 (m, 2H), 1.71 (g, J = 2.0 Hz, 3H), 1.00 — 0.89 (m,



1H), 0.86 — 0.71 (m, 1H), 0.37 (s, 3H). (2.148 and 2.149, mixture): *C NMR (101
MHz, CDCls) # 150.8, 143.9, 138.2, 137.0, 134.4, 134.3, 131.9, 129.2, 129.1, 127.9,
127.9, 123.5, 40.0, 31.0, 30.6, 24.5, 21.9, 21.4, 13.7, 11.9, -4.3, -4.9; FTIR (cm™) 2921,
2852, 1653. HRMS (CI) m/z, calcd for [C13H15Si]: 202.1178; found: 202.1176.
Me_ .Ph  Me_ .Ph
Cj\ ) Cj\ (2.152 and 2.153) According to general procedure C, silyl
Me ZMe  chloride 2.151 (60 mg, 0.25 mmol), (JessePhos),PdCl, (13.9
mg, 0.125 mmol, 5 mol %), Lil (47 mg, 0.35 mmol, 1.4 equiv), EtsN (175 pL, 1.25
mmol, 5.0 equiv) and PhCF3 (500 pL, 0.5M) were stirred at 45 °C for 24 h. Analysis of
the crude reaction mixture via *H NMR revealed an 88% yield. The crude material was
purified via silica gel chromatography (pentane) to afford a mixture of 2.152 and 2.153
as a colorless oil (42 mg, 82%): (2.152, vinylsilane): *H NMR (400 MHz, CDCls) #
7.61—7.50 (m, 2H), 7.41 — 7.31 (m, 3H), 5.51 (s, 1H), 2.11 (t, 2H), 1.89 (d, 3H), 1.88 —
1.79 (m, 2H), 0.94 — 0.69 (m, 2H), 0.31 (s, 3H). (2.153, allylsilane): *H NMR (400
MHz, CDCls) # 7.60 — 7.49 (m, 2H), 7.41 — 7.31 (m, 3H), 5.51 (s, 1H), 2.29 — 2.21 (m,
2H), 1.79 (d, J = 1.8 Hz, 3H), 1.53 — 1.29 (m, 2H), 0.97 — 0.68 (m, 2H), 0.31 (s, 3H).
(2.152 and 2.153, mixture): **C NMR (101 MHz, CDCls) # 159.0, 139.6, 134.2, 133.8,
129.1, 128.9, 127.9, 127.8, 124.3, 118.4, 100.1, 35.3, 29.5, 28.5, 22.8, 21.6, 17.4, 10.7,
9.0, -2.8; FTIR (cm™) 2924, 1608, 1427, 1250, 1111, 815, 731, 698. HRMS (CI) m/z,
calcd for [C13H20Si]: 202.1178; found: 202.1174.
Me\Si'Ph/Me (2.163) According to general procedure C, silyl chloride 2.162 (240 mg,
Q) 1.0 mmol), (JessePhos),PdCl; (56 mg, 0.5 mmol, 5 mol %), Lil (188 mg,
1.4 mmol, 1.4 equiv), EtsN (700 pL, 5.0 mmol, 5.0 equiv) and PhCF; (2 mL, 0.5M)



were stirred at 45 °C for 24 h. Analysis of the crude reaction mixture via ‘H NMR
revealed a 18% vyield. The crude material was purified via silica gel chromatography
(pentane) to afford 2.163 as a colorless oil (36 mg, 17%): (2.163, single isomer): *H
NMR (600 MHz, CDCls) # 7.61 — 7.52 (m, 2H), 7.40 — 7.30 (m, 3H), 6.29 (qt, J = 6.6,
2.0 Hz, 1H), 2.39 — 2.33 (m, 2H), 1.85 — 1.69 (m, 2H), 1.64 (dt, J = 6.7, 1.9 Hz, 3H),
0.98 — 0.81 (m, 2H), 0.50 (s, 3H); *C NMR (151 MHz, CDCls) # 142.5, 138.1, 134.3,
133.8, 129.1, 127.9, 39.2, 25.5, 19.8, 15.0, -3.9; FTIR (cm™) 2916, 1428, 1250, 1112,
732, 698. HRMS (Cl) m/z, calcd for [C13H16Si]: 202.1178; found: 202.1177.
Me

(2.169) According to general procedure C, silyl chloride 2.168 (158
mg, 0.5 mmol), (JessePhos),PdCl, (28 mg, 0.25 mmol, 5 mol %), Lil

(94 mg, 0.7 mmol, 1.4 equiv), EtsN (350 pL, 2.5 mmol, 5.0 equiv)
and PhCF3 (1.0 mL, 0.5M) were stirred at 45 °C for 24 h. Analysis of the crude reaction
mixture via *H NMR revealed a 49% yield. The crude material was purified via silica
gel chromatography (hexanes) to afford 2.169 as a colorless oil (57 mg, 41%): *H NMR
(400 MHz, CDCls) # 7.58 — 7.52 (m, 2H), 7.37 — 7.31 (m, 3H), 7.26 (s, 1H), 7.08 (d, J =
8.1 Hz, 2H), 6.94 (d, J = 7.8 Hz, 2H), 2.66 — 2.58 (m, 2H), 2.25 (s, 3H), 1.98 — 1.85 (m,
1H), 1.76 — 1.63 (m, 1H), 0.97 (dd, J = 7.8, 6.6 Hz, 2H), 0.38 (s, 3H); *H NMR (400
MHz, CgDg) # 7.62 — 7.53 (m, 2H), 7.35 (s, 1H), 7.26 — 7.21 (m, 2H), 7.22 — 7.17 (m,
3H), 6.79 (d, J = 7.8 Hz, 2H), 2.66 — 2.52 (m, 2H), 1.98 (s, 3H), 1.94 — 1.79 (m, 1H),
1.71 - 1.57 (m, 1H), 0.99 — 0.84 (m, 2H), 0.41 (s, 3H); *C NMR (101 MHz, CDCls) #
144.0, 139.1, 138.4, 136.6, 136.6, 134.2, 129.2, 128.8, 128.0, 127.9, 42.8, 24.8, 21.3,
15.8, -5.0; ®C NMR (101 MHz, CsD¢) # 143.6, 140.0, 138.6, 137.1, 136.8, 134.5,



1295, 129.1, 128.3, 43.0, 25.1, 21.1, 16.1, -4.9; FTIR (cm') 2920, 1510, 1428, 1110,
809, 699. HRMS (CI) m/z, calcd for [C1oH2,Si]: 278.1491: found: 278.1493.
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Chapter 3

DISCOVERY AND DEVELOPMENT OF THE BORYL-HECK REACTION

3.1 Introduction and Overview

Unsaturated boronic esters are extremely valuable in organic synthesis and as
materials; therefore, an efficient route to synthesize them is highly desirable. We have
recently developed a palladium-catalyzed direct silylation of alkenes using electrophilic
silanes (silyl-Heck reactions).! This work inspired us to reinvestigate the analogous
boryl-Heck transformation. A boryl-Heck reaction would provide a direct route to

alkeny! or allyl boronic esters directly from unfunctionalized alkenes (Figure 3.1).

R3NIHCI

L,Pd [B]-CI
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Figure 3.1 Proposed Boryl-Heck Reaction

Herein, | describe the successful palladium-catalyzed borylation of alkenes

using readily available B-chlorocatechol borane (catBCl) as an electrophilic boron



source. This transformation converts a wide range of terminal mono-substituted alkenes
into terminal trans-alkenyl boronic esters with excellent regio- and stereoselectivity.
The labile catechol group of the initial products allows facile transesterification to a
variety of boronic acid derivatives. This reaction avoids problematic reduction and
overborylation products, utilizes an inexpensive boron source, and most importantly,
demonstrates for the first time that electrophilic borylation reagents are compatible with

a Heck-like catalytic cycle.

3.2 Applications of Alkenyl Boronic Esters

Organoboron compounds are among the most versatile reagents in synthetic
chemistry.? The hydroboration of unsaturated bonds has made boronic acids and esters
readily available and inexpensive. Easy access to these versatile reagents resulted in an
explosion of novel C-C and C-Het bond forming reaction in the 1970’s. These reactions
have since revolutionized organic synthesis and led to countless scientific
breakthroughs that have impacted the world today. The major utility of this class of
compounds is use as cross-coupling reagents in organic synthesis. Alkenyl boronic
esters, in particular, have gained great interest in recent years, as they participate in a
variety of transformations, including Suzuki-Miyaura cross-couplings® and Petasis
reactions.® The Suzuki-Miyaura reaction is commonly employed in industrial syntheses
of pharmaceutical and fine chemicals because, it is cost efficient and scalable. These
reagents can also be used to forge C-O, C-N, C-F, C-Br and C-1 bonds.* In addition to
being invaluable synthetic reagents, organoboronic acids have recently been introduced
in to pharmaceutical frameworks being incorporated into drugs and other therapeutic

applications including as anti-cancer, viral, fungal and bacterial agents.”



3.2.1 Suzuki-Miyaura Cross-Coupling

The Suzuki-Miyaura cross-coupling reaction was first reported by Akira Suzuki
and Norio Miyaura in 1979.° They originally reported the coupling of alkenyl boronic
esters, formed from hydroboration of alkynes, with aryl and alkenyl halides. This
reaction has since evolved into one of the most commonly applied reactions in modern
organic synthesis.> ” The recognition of the potential of this reaction led to a Nobel
prize, awarded to Suzuki, Negishi and Heck for their contributions to the development
of cross-coupling chemistry.

The Suzuki reaction is a commonly utilized method for the formation of new C-
C bonds in both academia and industry. The low toxicity associate with boron makes it
an ideal reagent for large scale reactions. Additionally, organoboronic acids and esters
are relatively stable when compared to other cross-coupling nucleophiles such as
organolithium, organomagnesium, and organozinc reagents. The general utility of this
reaction has been displayed again and again over the years demonstrating that virtually
any boronic acid derivative can be coupled with any electrophile to form a new carbon-

carbon bond (Figure 3.2).2

R-X + R—BY, cat. Pd or Ni R-R' + X-BY,
base
R, R’ = Aryl, Alkenyl, Benzyl, Allyl, Alkyl
X =1, Br, Cl, OTf, OTs, OPiv
BY, = B(OH),, Bpin, 9-BBN, BF3;K
base = "OH, CO5%, PO,%, F

Figure 3.2 General Scheme of the Suzuki Reaction

The generally accepted mechanism for the Suzuki-Miyaura reaction is displayed

in Figure 3.3. Oxidative addition of palladium into a carbon-halide bond, results in



formation of intermediate 3.3. Transmetallation of the R’ group from boron to
palladium forms intermediate 3.6 which can reductively eliminate to forge the new C-C

bond and regenerate the active palladium catalyst (3.1).

L,Pd

R-R’ R-X
37 3.1 3.2
L"\ L”~
JPd—R’ Pd—X
R 3.6 R’ 3.3
X-BY, R'—BY,
3.5 3.4

Figure 3.3 General Mechanism of the Suzuki Reaction

In the majority of cases, with trivalent boron, a stoichiometric excess of base is
required for transmetallation. The base coordinates to the vacant p-orbital on boron
forming a borate complex in situ. The high electron density on the borate, caused by the
negative charge, makes the carbon ligand on boron significantly more nucleophilic and
facilitates its transmetallation to palladium.

The hydroboration of alkynes creates rapid access to various functionalized
alkenyl boronic ester derivatives. This makes for very accessible cross-coupling
partners and has resulting in the synthesis of a wide range of natural products using a
Suzuki reaction.® In one example, a leukotriene B4 precursor was synthesized on a
multi-gram scale (Figure 3.4).° Using a Suzuki reaction between 3.9 and 3.10, Sato was

able to make 1.2 grams of compound 3.11 in 70% yield.
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Figure 3.4 Multigram Synthesis of Leukotriene B4 Precursor

Organotrifluoroborates are much more stable and easier to handle than boronic
acids or esters. They are generally white crystalline solids and indefinitely stable to air.
Additionally, they can be easily prepared with the addition of potassium bifluoride
(KHFy) to a variety of boronic acid derivatives. Work form the Molander group has
popularized the synthesis and applications of alkenyltrifluoroborates in many organic
reactions including the Suzuki reaction (Figure 3.5).° This reaction displays high
functional group tolerance with a variety of terminal and internal alkenyl trifluorborate

substrates.

B CN
5 /\( BF3K PdCl,(dppf)
+ _ = RN
R’ NC

3.12 3.13 R 3.14
entry R= R = product yield
1 n-oct H 3.14a 87%
2 H Me 3.14b 70%
3 H H 3.14c 76%
4 Ph H 3.14d 80%
5 Cl(CHz)3 H 3.14e 52%
6 Et Et 3.14f 70%

Figure 3.5 Molander’s Suzuki Reaction of Alkenyl Trifluoroborates



3.2.2 Petasis Reaction

Functionalized amines are routinely found in biological, pharmaceutical, and
natural compounds. In addition, amines can serve as ligands for transition metal
catalysis or as catalysts themselves in organocatalysis. They also serve as instrumental
precursors in the preparation of many polymers and materials. One general method for
the preparation of these versatile chemicals is the organometallic addition to an
unsaturated C-N bond (imines, nitriles, etc.). Many of these organometallic nucleophiles
are considered harsh reagents and are sensitive to air and moisture, which can limit the
functional group tolerance of the reaction.

Organoboranes, on the other hand, are considered much milder organometallic
reagents. They are generally air and moisture stable, relatively functional group tolerant,
and have a significantly lower toxicity associates with them. The Petasis reaction is the
three-component coupling reaction of aldehydes, amines, and organoboronic esters
(Figure 3.6).2®> When alkenyl boronic esters are utilized, allylic amines can be

synthesized with great diversity (Figure 3.6, bottom).
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Figure 3.6 General Scheme of the Borono-Mannich (Petasis) Reaction

This operationally simple reaction was first reported by Petasis and

Akritopoulou in 1993.* Anhydrous and degassed solvents are not required and the



reaction byproducts generally have low toxicity. The mechanism of this transformation
involves the condensation of an amine with an aldehyde to form an iminium ion or
hemi-aminal (Figure 3.7). Transfer of the carbon group from boron to the iminium

forms a new C-C bond attached to an amine.
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Figure 3.7 Mechanism of the Petasis Reaction

This reaction is highly stereospecific with respect to the geometry of the alkenyl
boronic ester and proceeds with excellent diastereoselectivity.*> Using a chiral biaryl
phenol catalyst, enantioenriched allylic amines can be synthesized with good yields and

high enantiomeric excess.*®

3.2.3 Heteroatomic Functional Group Conversions

The Suzuki and Petasis reactions are essentially functional group conversions
from boron to carbon. However, the versatility of boronic esters is not limited to forging
new C-C bonds. These reagents can also be used to forge new C-O, C-N, C-S, C-F, C-
Br and C-1 bonds. The Chan-Lam-Evans cross-coupling reaction readily converts C-B

bonds into C-N, C-O, or C-S bonds using stoichiometric or catalytic copper salts.



Alkenyl boronic esters can also be converted in to stereodefined alkenyl halides which

switches the polarity of the compound from a nucleophile to an electrophile.

3.2.3.1 Chan-Lam-Evans Reaction

Nitrogen and oxygen containing compounds are very useful as drugs,
pharmaceuticals, polymers, and materials. The formation of a new C-N or C-O bond is
therefore a very desirable task. These bonds can be formed in a variety of ways
including non-catalyzed reactions such as substitution reactions and transition metal
catalyzed Buchwald-Hartwig amination. Both of these involve carbon electrophiles,
such as halides or other activated leaving groups and free alcohols or amines. In 1998,
three groups reported the copper promoted cross-coupling between heteroatomic
nucleophiles and aryl boronic esters.** This reaction became known as the Chan-Lam-
Evans reaction and has revolutionized the synthesis of aryl ethers, amines, and

thioethers (Figure 3.8).> *°

Cu(OAc
R-YH + Ar—B(OH), #» R-Ar
amine base

Y=N,0O,S
R = H, alkyl, aryl, heteroaryl
Ar = aryl, heteroaryl

Figure 3.8 General Scheme of the Chan-Lam-Evans Reactions

The reaction mechanism of this reaction is not well understood; however, some
general trends and observations have been reported over the years. Electronic effects
were studied on the coupling of phthalimides and aryl boronic acids.? Electron rich

phthalimides performed better than electron deficient ones, however, electronics on the



boronic acid partner had little effect on rate. The addition of radical trap 1,1-
diphenylethylene has no effect on the reaction. This suggests that the reaction does not
proceed via a free radical pathway. However, the reaction can be catalyzed by copper if
oxygen is added to turn over the catalytic cycle.*

N- and O-vinyl functional groups can be used as protecting groups and easily
cleaved using ozonolysis or acidic hydrolysis. Thus, a Chan-Lam coupling reaction
between alkenyl boronic esters and amines and alcohols would be of great value to the
synthetic community. In 2003, Lam reported a copper promoted C-N and C-O bond
cross coupling with alkenyl boronic esters (Figure 3.9).” Using a Cu(OAc)-, the cross-
coupling of alkenyl boronic esters with variety of heterocyclic nucleophiles proceeded

with excellent yields.

R,NH _ By X NR2
B(OH) Cu(OAc)s,, air or
Ao o + O @ ————
ArOH B 0N

X

NH l
N™ "0 NH
H

B O N=/
92% O H 90% OH 92%

Bu

Bu 'Bu
79% 52%

Figure 3.9 Chan-Lam-Evans Coupling of Alkenyl Boronic Esters

Since Lam’s seminal report with alkenyl boronic esters, several other groups

have investigated their use in copper promoted cross-coupling reactions. In 2008, Batey



reported the synthesis of a variety of enamides via a copper catalyzed cross-coupling of

18

free amides and alkenyl trifluoroborates.™ Merlic discovered conditions for the

coupling of alkenyl pinacol boronic esters with aliphatic alcohols and silanols further

expanding the utility of the Chan-Lam-Evans reaction.** *°

3.2.3.2 Halogenation of Alkenyl Boronic Esters

One of the oldest applications of alkenyl boronic esters is the halogenation to
form alkenyl halides. The earliest reports of deboronohalogenation describe a
stereospecific synthesis of alkenyl bromides and iodides from alkenyl boronic esters.**
2 |nterestingly, bromination of alkenyl boronic esters proceeds with inversion of alkene
geometry while iodination proceeds with retention. The accepted mechanisms for
bromination and iodination, and thus origin of stereoselectivity, were determined by

Matteson®® and Brown?® respectively (Figure 3.10).
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Figure 3.10 Stereochemical Model for Deboronohalogenation

More recently, the fluorination of aryl and alkenyl boronic esters has been made
possible.* # While this field has been mostly focused on the fluorination of aryl

boronic esters due to their prevalence in pharmaceuticals, these methods have been



shown to be effective with alkenyl boronic esters as well. Ritter showed that silver
could mediate the regioselective fluorination of aryl and alkenyl boronic acids (Figure
3.11). Combining 3.15 with AgOTf and NaOH undergoes transmetallation of silver to
form 3.16, which can be isolated. Subsequent fluorination with SelectFluor leads to

vinyl fluoride 3.17.

B(OH), Agng nhex” N~ [Ad] SelectFluor X _F

n-hex
3.15 Na 3.16 3.17, 85%

Figure 3.11 Silver Promoted Fluorination of Alkenyl Boronic Esters

Sanford and Scott have discovered a rapid way to incorporate “°F in the
fluorination of boronic acids for the development of PET radiotracers.’ In a related
transformation, the Buchwald group has reported an iron catalyzed method for the
trifluoromethylation of alkenyl trifluorobornates.?? The trifluoromethyl group has had a

significant impact on the discovery and development of biologically active molecules.

3.2.3.3 Ocxidation to Carbonyls

In addition to the Chan-Lam coupling, the C-B bond can be converted into a C-
O bond via oxidation of alkenyl boronic esters. In this case, however, the direct product
is a labile boron enolate which rapidly decomposes and tautomerizes to the more stable
carbonyl (Figure 3.12). Since it was first reported by Brown,? many oxidants have been

used to oxidize alkenyl boronic esters.*
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Figure 3.12 Oxidation of Alkenyl Boronic Esters to Carbonyls

The oxidation of terminal alkenyl boronic esters into aldehydes has become a
common practice in the total synthesis of many natural products. Hydroboration of
terminal alkynes can be followed with oxidation to get the aldehyde group (Figure 3.13,
top).” Dansishefsky developed a two-step process for the conversion of terminal alkene
to an aldehyde using cross-metathesis followed by oxidation (Figure 3.13, bottom).?
This sequence typically uses trimethylamine N-oxide (Me3sNO) as the oxidant and has

been utilized in many total syntheses.?* %

HBcat [Ox]

R—=—H R Beat e
ZBpin . Ox

R —p> R/\/Bpm L, RMO
Grubbs 11

Figure 3.13 Two-Step Sequence to form Aldehyde from Alkynes or Alkenes

3.2.4 Biological Applications

Boron has long been considered biologically inert due to the lack of C-B bonds
found in natural products. However, the vacant p-orbital gives boron very unique
properties in biological environments. Additionally, the lack of toxicity associated with
boron makes it an ideal candidate for incorporation into biologically relevant molecules

and drugs. Many recent reviews have been written on the utility of varying boron



5f, 27 5a, 5e

containing fragments from single molecules, to polymers, to boron neutron
capture therapy.™

In fact, in 2003, the first boron containing drug was approved by the FDA.
Bortezomib was approved as a proteasome inhibitor for treatment of multiple myeloma

and other cancers (Figure 3.14).2

Ph
[ \])LH ~Bon
Z 3 M
N O \r e
Bortezomib Me

Figure 3.14 Structure of Bortezomib; The First FDA Approved Boron Containing Drug

Since then there has been an explosion of boron containing compounds
examined for biological activity with many compounds in varying stages of approvaI.Sb'
5. 529 Boron containing organic compounds have also seen new applications in
diagnosis and theroputics.> *° Boron is typically incorporated via attachment to sugars,
carbohydrates, or peptides.®> However, benzoboroxoles have become an interesting

class of compounds.*® %

3.3 Known Synthesis of Alkenyl Boronic Esters

Due to the high synthetic utility of alkenyl boronic esters, a variety of methods
for their synthesis have been developed. Most commonly used, alkyne hydroboration is
a simple way to access these versatile compounds. This method however required the
higher oxidation state of the alkyne to be reduced to the product. Starting from the

alkene oxidation state, several methods have been developed and utilized over the years.



Miyaura borylation is a popular method coupling nucleophilic boron reagents with sp?-
electrophiles. On the other hand, organometallic nucleophiles can be added to
electrophilic borates or chloroboranes to form new C-B bonds. These methods required
prefunctionalized alkenes, some of which are very reactive and difficult to handle. The
most optimal route to alkenyl boronic esters would be directly from unfunctionalized
alkenes. Cross-metathesis and dehydrogenative borylation have become popular for this
direct approach however each has some drawbacks. Both of these methods produce
product in moderate yields, however, regioselectivity and dimerization can create
undesired side products which cannot be separated. Each of these approaches along

with advantages and disadvantages will be discussed below.

3.3.1 Hydroboration

Alkyne hydroboration is perhaps the most common method for the synthesis of
alkenyl boronic esters.®® This approach is high yielding and highly regioselective with
terminal alkynes. The mechanism of the uncatalyzed alkyne hydroboration involves the
concerted syn-addition of the boron and hydrogen atoms across a carbon-carbon triple
bond (Figure 3.15, top). In all uncatalyzed reactions, this leads to the trans-product due
to the syn-facial addition of the borane and hydrogen atoms, however, several catalysts
exist for synthesis of the cis-product. The uncatalyzed reaction goes through a four-

membered transition state which explains the observed regioselectivity.
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Figure 3.15 Mechanism of Alkyne Hydroboration

The borane adds in an anti-Markovnikov fashion adding the boron atom to the
less substituted carbon of the alkyne. The #-electrons of the alkyne coordinate to the
electro positive boron leaving a partial positive charge at either the internal or terminal
carbon (3.19 and 3.22 respectively). The internal carbon can better stabilize a positive

charge, therefore transition 3.19 is lower in energy leading to the observed product.

3.3.1.1 Early Reports of Uncatalyzed Hydroboration

In 1972, Brown reported the use of catecholborane (catBH) as a hydroboration
reagent for this mild synthesis of alkenyl catechol boronic esters (Figure 3.16, top).2*
Unfortunately, the catechol ester is air and moisture sensitive, making it difficult to
purify, often leading to complex mixtures of products. Upon examining other
hydroboration reagents, pinacolborane (pinBH) was found to be an advantageous
alternative with good reactivity, excellent selectivity and stable isolable products

(Figure 3.16, Bottom).®
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Figure 3.16 Early Examples of Uncatalyzed Alkyne Hydroboration

3.3.1.2 Metal Catalyzed Alkyne Hydroboration

Although the uncatalyzed reaction can give high yields and good selectivity,

catalyzed reactions can offer several advantages including lower temperatures, different

regioselectivity, and better functional group tolerance. In 1995, Srebnik reported the

zirconium catalyzed hydroboration of alkynes with pinacolborane (Figure 3.17).%

HBpin (1.05 equiv)

R—=—H cat. Cp,ZrHCl RPN
3.26
R= product yield c:tahtjaor ?g oSrhzeGr{s
n-hex 3.26a 93% 98:2
CI(CH,); 3.26b 94% 97:3
Me3Si 3.26¢ 87% 90:10
Cyp 3.26d 94% 98:2
Ph 3.26e 75% 97:3
Ph(CH,)3 3.26f 87% 98:2

Figure 3.17 Zirconium Catalyzed Hydroboration

Using 5 mol % of Schwartz’s reagent, this method allows for the formation of

alkenyl boronic esters at 25 °C with only 1.05 equivalents of pinacolborane. This



method shows good yields and selectivities as well as improved functional group
tolerance. More recently, this approach has been used in the synthesis of macrocyclic
dienes®” and has been applied in many total synthesis.*®

Soon after his initial publication, Srebnik reported the rhodium catalyzed
hydroboration of alkynes using Wilkinson’s catalyst.®*® While this reaction gave
excellent yields, the regioselectivity dropped to 50-70%. However, altering the
precatalyst by replacing one of the triphenylphosphine ligands with carbon monoxide,

excellent yields and selectivities (>99:1) can be obtained (Figure 3.18).
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Figure 3.18 Selectivity of Rhodium Catalyzed Alkyne Hydroboration

The trans-selective synthesis of alkenyl boronic esters was made possible with a
rhodium/triisopropylphosphine catalyst and triethylamine.*® Using a deuterated alkyne,
Miyaura found that that product contained the deuterium atom trans to the added
catechol borane, suggesting that a 1,2-shift occurs. This result led Miyaura to propose
an alternative mechanism for the formation of the Z-alkenyl boronic esters. Miyaura’s

originally proposed mechanism was reexamined using density functional theory (DFT)



calculations and a slightly modified and more complete view of the mechanism was

proposed (Figure 3.19).**
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Figure 3.19 Mechanism of Trans-Hydroboration of Terminal Alkynes
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Oxidative addition of rhodium into the carbon hydrogen bond leads to
intermediate 3.28 which can isomerize to a vinylidene complex 3.29. This step accounts
for the 1,2-shift of the deuterium from the terminal position to the internal position. The
rhodium carbine 3.29 can oxidatively add into a B-H bond of catechol borane and
undergo a 1,2-migration of the metal hydride to form intermediate 3.31. Carbo and
Fernandez postulate that the cis-geometry of 3.31 is caused by the irreversible 1,2-
migration of the metal-hydride to carbon (3.32). Reductive elimination of 3.31 leads to
3.35 which is the deuterated product as observed by Miyaura.

Bispinacol boronate, which is more stable and easier to handle than pinacol
borane, can be used with stoichiometric copper to convert alkynes into alkenyl boronic
esters. In 2001, Miyaura reported a copper promoted Cu-B addition to terminal alkynes
(Figure 3.20).? Due to the mild conditions and experimentally simple setup, this has

become a popular and well-studied method for the synthesis of alkenyl boronic esters.*?



The mechanism is thought to be the addition of an in situ formed Cu-B complex (3.34)
across an alkyne to form intermediate 3.35. Protonation with water or methanol results

in the formal hydroboration product 3.25.

) CuCl/PBug Bpin Ph———H [Cul  Bpin| H,0 H Bpin
B,pin, | —_— . — 2 —
KOAc, DMF [Cu] AT il W
3.34 3.35 3.25, 56%

Figure 3.20 Miyaura’s Copper Promoted Formal Hydroboration of Alkynes

3.3.2 Miyaura Borylation

With the advent of modern cross-coupling reactions, an endless supply of sp?-
hybridized electrophiles have become widely available. In 1995, Miyaura discovered a
novel method for the direct borylation of these organic electrophiles converting them

into nucleophilic boronic esters (Figure 3.21).*

/\(X B,pin, /\erm
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Figure 3.21 Miyaura Borylation of Organic Electrophiles

Nucleophilic addition of alkenyl organometallic reagents to boron electrophiles
is a common method for the synthesis of simple alkenyl boronic esters, however, with
more complicated substrates, it is often difficult to retain stereochemistry and the harsh
nature of the organometallic reagents limits the functional group tolerance. Miyaura

borylation provides a much milder route to similar and new products.? Additionally, all



the components of a typical reaction are stable and easily handled greatly simplifying
the reaction. While aryl electrophiles are commonly employed as substrates in this
reaction, the use of alkenyl halides results in the formation alkenyl boronic esters. This
reaction proceeds with complete retention of stereochemistry and is compatible with a
variety of functional groups.*®

The mechanism of this transformation is similar to the Suzuki reaction except a
boron group undergoes transmetallation to the transition metal center rather than a
carbon group (Figure 3.22). Oxidative addition of palladium into a carbon-halide bond,
results in formation of intermediate 3.36. Transmetallation of one of the two boron
groups from Bypin, to palladium forms intermediate 3.37 which can reductively
eliminate to forge the new C-C bond and regenerate the active palladium catalyst.
Similar to the Suzuki reaction, a base is also needed to activate the diboron reagent for

transmetallation.

L,Pd
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Figure 3.22 Mechanism of the Miyaura Borylation

3.3.3 Syntheses from Other Prefunctionalized Alkenes
Alkenyl boronic esters can also be synthesized from nucleophilic addition of

organometallic reagents to electrophilic boron reagents (Figure 3.23). Typically, this



requires formation of a reactive organometallic reagent such as a Grignard or lithium
reagent and slow addition to a cooled solution of the boron electrophile. While Grignard
reagents are the most common, many other organometallic nucleophiles have also been

utilized in this reaction.

X—-B(OR),
M = Mg, Li, Zr, Al, Si

Figure 3.23 Alkenyl Boronic Ester Synthesis via Nucleophilic Addition of an
Organometallic Reagent

The nucleophile addition of Grignard reagents to boronic electrophiles such as
trialkylborates dates to 1926.* Gilman was able to synthesize phenyl boronic acid from
phenylmagnesium bromide and trimethylborate observing benzene and methanol as
byproducts. For the synthesis of alkenyl boronic esters, alkenyl nucleophiles are
required (Figure 3.24). In 1966, Hunter reported the synthesis of vinyl boronic ester
3.39 using vinyl magnesium chloride and borate 3.38 (Figure 3.24, top). This reaction
must be carried out at very low temperatures (=70 °C) to obtain a useful yield, when run

at —10 °C there was only 40% yield of 3.39.
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Figure 3.24 Addition of Alkenyl Nucleophiles to Boron Electrophiles

In 1991, Cole reported the transmetallation of organozirconium reagents to
boron (Figure 3.24, middle). Using catBCl (3.41), alkenyl boronic esters can be formed
under much more mild reaction conditions. Additionally, nucleophilic zirconium
reagents (3.40) can be easily synthesized from the hydroziconation of terminal alkynes
with Schwartz’s reagent.*” More recently, Hoveyda reported a unique method to
synthesize internal alkenyl boronic esters (Figure 3.24, bottom).* The key to this
approach is a nickel-catalyzed Markovnikov hydroalumination of terminal alkynes. This
reaction provides a facile and selective route to internal alkenyl aluminum reagents
(3.43) and nucleophile addition to borate 3.44 gives moderate yields of alkenyl boronic
esters (3.45).

Alkenyl boronic esters can also be synthesized from milder organometallic
reagents such as a vinyl silanes. The conversion of aryl silanes into aryl boronic esters
with the use of boron trichloride (BCls) has been known since the late 1980°s.*° In

1995, Naso was the first to apply this principle to the synthesis of alkenyl boronic esters



(Figure 3.25).°° While this method utilizes milder organometallic reagents and results in

good yields, the use of BCl; hinders the method’s functional group tolerance.

1) BCI
R/\/SiMe3 2) ():atecilol R/\/ peat
3.46
R= product yield
Ph 3.46a 79%
4-MeCgH,  3.46b 88%
n-Bu 3.46¢c 89%

Figure 3.25 Conversion of Vinyl Silanes to Alkenyl Boronic Esters

These methods, including Miyaura borylation, require prefunctionalized alkenes
as starting materials. The organometallic reagents are typically synthesized from
alkenyl halides or alkynes, which themselves can require multiple steps to prepare. In
addition, several of these methods required the use of harsh and reactive organometallic
reagents which can be difficult to prepare and handle. This reduces the functional group
tolerance permitted with these reactions and limits the practicality of their use. Methods
to synthesize alkenyl boronic esters directly from alkenes would be very advantageous

to the synthetic community.

3.3.4 Alkene Cross Metathesis

Over the past several decades, alkene cross-metathesis has become a widely
developed method for the synthesis of a diverse range of substituted alkenes.®® This
strategy has been applied to many total syntheses®* and has become so commonplace

that even general rules for predicting selectivity have been developed.”® The widely



accepted mechanism was first proposed by Hérisson and Chauvin in 1971 (Figure

3.26).*

Figure 3.26 Chauvin Mechanism for Cross-Metathesis

This mechanism involves the formation of a metallacyclobutane (3.48) from the
[2+2] addition of an alkene and a metal alkylidene. Normally, a [2+2] cycloaddition is
symmetry forbidden, resulting from a very high activation barrier, however, the
interaction of the alkene with the d-orbitals of the metal alkylidene lowers the energy
enough to react at modest temperatures. After the formation of 3.48, a cycloreversion
expelling ethylene results in the formation of a different alkylidene (3.49). An alkene
can then react with 3.49 in a similar fashion to form metallacyclobutane 3.50 which can
form product and regenerate the active metal alkylidene 3.47.

Using simple vinyl boronic esters, alkene metathesis can provide one route to
substituted alkenyl boronic esters directly from unactivated alkenes. Despite this
seemingly simple approach, few reports on the synthesis of alkenyl boronic esters via

cross-metathesis exist in the literature.



3.3.4.1 General Cross-Metathesis

In 1998, Renaud reported the first example of a cross-metathesis reaction
involving an alkenyl boronic ester.®® This report demonstrates the ring-closing
metathesis of alkenyl boronic esters tethered to pendant alkenes to form cyclic alkenyl
boronic esters (Figure 3.27). Using Grubbs 1% generation catalyst with boronic acids,
yields were limited to about 50%, however, using the more stable pinacol boronic ester,
five-, six-, and seven-membered carbo- and heterocyclic rings were formed in good to

excellent yields.

Bpin Grubbs | Bpin C";Fl;u:/Ph
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Figure 3.27 Renaud’s Intramolecular Ring Closing Metathesis

Grubbs reported the first example of a bimolecular cross-metathesis reaction to
form a linear alkenyl boronic ester with a single example in 2000.>® Subsequent studies
exploring the scope and generality of this method revealed that the use of ruthenium
based catalysts generally results in selective E-vinyl boronic ester formation (Figure
3.28).%*°" Formation of disubstituted alkeny! boronic esters (3.53) proceeds in moderate
to excellent yields (55-99%),** however, the synthesis of trisubstituted products gave

severely reduced yields (30-59%) (3.54).%"
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Figure 3.28 Bimolecular Cross-Metathesis to Form Alkenyl Boronic Esters

The Z-selective formation of linear alkenyl boronic esters via cross-metathesis
was made possible with a Mo-based monoaryloxide pyrrolide (MAP) complex.”® A
variety of alkenyl boronic esters were synthesized with excellent yields and Z-

selectivities (Figure 3.29).
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Figure 3.29 Z-Selective Cross-Metathesis to Form Alkenyl Boronic Esters

Cross-metathesis of alkenyl boronic esters has also been applied in the total
synthesis of a few molecules.®® *° Danishefsky used this strategy to set-up for an
intramolecular Suzuki reaction to form Epothilone 490, a 16-membered macrocycle

(Figure 3.30).%



Ar HO___O
JOH OTES _ OTES
Me Suzuki Me Metathesis Me
Me
Me  “then Me then Acylation Me
. Deprotection
Epothil 490 ,
pothiione pinB/?'\ OTroc OTroc

Me

Figure 3.30 Danishefsky’s Synthesis of Epothilone 490

3.3.4.2 Condensation Cross-Metathesis
Another approach to the synthesis of Z-alkenyl boronic esters is an
intramolecular ring closing metathesis (RCM) to form cyclic alkenyl boronic half acids

(Figure 3.31, top).%°
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Figure 3.31 Transesterification and Ring Closing Metathesis

This reaction is distinct from the original work from Renaud in that the tethered
alkene is linked via a B-O bond. The transesterification of an unsaturated boronic ester
with a homoallylic alcohol (3.57) provides a transient, mixed organoboronic ester (3.58)
which can be trapped using RCM with Grubbs 1% generation catalyst. Products from
this RCM such as 3.60 can be further manipulated in a stereoretentive fashion to form

compound 3.61 in a single step. This RCM has also been applied asymmetrically for the



desymmetrization of symmetric achiral allylic alcohols to form optically active

unsaturated cyclic boronic esters.”

3.3.4.3 Trans-Borylation
In a related reaction, Marciniec has reported the cross-coupling of non-

isomerizing olefins with vinyl substituted boronic esters (Figure 3.32, top).*

0]
1
~g-O_ RUHCICO)(POYy), ph/\/B‘}

o) 3.62,91%

trans-borylation

D H 7 (')’>
| HUAY )
D H (0] D

3.63 3.64 3.65

cross-metathesis

S e
oD L H N O B~
CeDs ,Y + \r,“ BuJ Grubbs | _ C6D5)\r 1)
D H O H
3.63 3.64 3.66

Figure 3.32 Marciniec’s Trans-Borylation Reaction and Deuterium Labeling Studies

Using a ruthenium hydride complex [RUuHCI(CO)(PCys).], instead of the
ruthenium carbine (Grubbs catalyst) used in traditional olefin metathesis, Marciniec has
shown that this reaction proceeds via a C-H cleavage rather than C-C cleavage (Figure
3.32, bottom).®®® Deuterium labeling studies with styrene-ds (3.63) indicated that the
carbon-boron bond of the vinyl substituted boronic ester (3.64) is cleaved presumably
forming a ruthenium boron complex which reacts with styrene to form product.
Conversely, the same labeling study with Grubbs 1% generation catalyst, indicates the

carbon-carbon double bond is cleaved, as expected for classical cross-metathesis (vide



supra). These results combined with a series of stoichiometric experiments®® led

Marciniec to propose the following mechanism (Figure 3.33).

ph” X~ B(OR), [Ru]—H Z B(OR),
)/ 3.67

BOR
37OB(OR)2 3_6 (OR),
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3.69

Figure 3.33 Mechanism of Marciniec’s trans-Borylation Reaction

The mechanism begins with migratory insertion of the vinyl boronic ester into
the ruthenium hydride bond to form an alkyl ruthenium complex 3.68. &-boryl
elimination results in the expulsion of ethylene and the formation of a ruthenium boron
complex (3.69). Migratory insertion of a styrene forms a second alkyl ruthenium
complex (3.70) which can undergo é&-hydride elimination to form product and
regenerate the active ruthenium hydride 3.67. DFT calculations from the Marder group

support this proposed mechanism.®®

3.3.4.4 Synthesis of Starting Materials

While these approaches allow for the synthesis of a variety of alkenyl boronic
esters with good yields and selectivity for E- or Z-products, there are still some inherent
drawbacks to this approach. This method requires preformed vinyl or propenyl boronic

esters as coupling partners. These substrates require multiple steps to form and are



therefore expensive to purchase or time consuming to prepare. These reagents are
typically prepared from a step intensive nucleophilic addition of an alkenyl group to

BCl; or B(OMe); (Figure 3.34).
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Figure 3.34 Synthesis of Common Vinyl Boronate Reagents

3.3.5 Heck Reactions

Using the same vinyl boronic esters as cross-coupling partners, one could
imagine a Heck reaction, to add substitution, rather than olefin metathesis.
Unfortunately, the Suzuki reaction uses nearly identical reagents and conditions which
makes selecting for one reaction over the other a very difficult task. In the early “90s,
Whiting studied the reaction of B-vinyl pinacolborane with these cross-coupling

conditions (Figure 3.35).%

Ar-X Ar-X

Ar/\/Bpin -~ /\Bpin —_— A
Pd(0) Pd(0)
3.72 ) 3.71 . . 3.73
Heck Reaction Suzuki Reaction

Figure 3.35 Heck vs. Suzuki Reaction of Pinacol Vinyl Boronic Ester



Compound 3.71 can potentially react via a Heck or Suzuki reaction to form
vinyl boronate 3.72 or styrene 3.73 respectively. With this train of thought 3.71 can be
considered a trans-vinyl dianion equivalent since the Heck coupling would lead to a
functionalized vinyl boronic ester which can undergo further cross-coupling.
Particularly, Whiting was interested in exploring how various sets of reaction conditions

effected the selectivity of one reaction verse the other.

3.3.5.1 Deciphering Between Heck and Suzuki Pathways

From his initial studies %

Whiting made several general observations. First,
there was no general trend among the reactivity of aryl halides. Various reaction
conditions were screened against each aryl halide to find the best conditions for both
reaction pathways. Second, it was found that reactions conducted at lower temperatures
tended to favor the Heck product over the Suzuki product, suggesting that the Heck
product may be kinetically favored. Lastly, upon examining a variety of palladium
precatalysts, there was no inherent preference for one palladium source over another.
However, he found that phenanthroline, as a ligand, tended to favor the Heck product.
Originally this reaction was thought to go through a classic Heck reaction
(Figure 3.36, top), with arylation of the terminal position of the vinyl boronic ester 3.71.
However, after further mechanistic investigation, Whiting discovered some
inconsistencies with his original proposal.”® At 80 °C, after 3 hours, the reaction
showed approximately 20% conversion of the aryl halide to only the Suzuki product

(3.73). Conversely, after 9 hours, the same reaction had gone to completion yielding

only the Heck product (3.72) (Figure 3.36, bottom).



Originally Proposed Mechanism:

Ar-X i i ;
/\Bpin Ar Bpin| Hydride Ar/\/Bpm
Pd(© [Pd] Elimination 5375

Heck Reaction

New Observations:

Ar-X ?? i
/\Bpin W [Ar/\ ] . Ar/\/Bpln
3.71 . . 3.73 3.72
Suzuki Reaction (3 hours) (9 hours)

Figure 3.36 Proposed Mechanism of Heck Reaction

Whiting proposes that 3.71 initially undergoes a Suzuki reaction to form 3.73 as
observed at shorter times. Balancing the reaction suggests the formation of a haloborane
(3.74) which is presumably in an equilibrium with the ammonium adduct 3.75. The
boryl-halogenation of 3.73 with 3.74 forms 3.76 which can undergo an E2 elimination

to form the observed “Heck product” (Figure 3.37, bottom).
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Figure 3.37 Mechanistic Studies on Heck Reaction of Pinacol Vinyl Boronic Ester

Testing this mechanistic theory, boron tribromide (BBr3;) and pinacol were

premixed and added to styrene with palladium and ligand but no product was observed



(Figure 3.37, bottom). As of now, the mechanism of this transformation is still unclear
but nonetheless this reaction has found use in the synthesis of polyenes, natural products

and material.

3.3.5.2 Applications of Vinyl Boronic Ester Heck Coupling Reactions

Once general conditions for the selective Heck coupling of C.1 with aryl halides
was established, Whiting moved to exploring the reactivity with alkenyl halides.®® The
product from this reaction is a fully conjugated polyene. The key to using alkenyl
halides was the use of silver or thalium salts in the reaction medium.®** This approach to
polyene synthesis has been applied to many total syntheses® such as Viridenomycin

(Figure 3.38).
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Figure 3.38 Structure of Viridenomycin

This approach has also been applied to the synthesis of multi-substituted
conjugated olefins such as triarylethylene units and larger.®” using this strategy in an
iterative process allows for rapid access to large molecular weight dendrimers.®”® These
dendrimers have various applications including electroactive, light emitting stilbenoids

and dyes in OLED devices (Figure 3.39).
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Figure 3.39 Iterative Synthesis of Stilbenoid Dendrimers

More recently, similar procedures have been reported in which the vinyl
boronate is the electrophile in the Heck-type cross-coupling reaction. Using a
bisfunctionalized alkenyl fragment containing both a halide and MIDA boronate as the
d8, 68

electrophile, the formation of various dienes and polyenes was accomplishe

(Figure 3.40)
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Figure 3.40 Synthesis of MIDA Protected Dienes

3.3.6 Dehydrogenative Borylation
The dehydrogenative borylation of alkenes has become a common method for
the direct borylation of terminal alkenes. Generally, the conditions include pinacol

borane or Bypin, with a transition metal catalyst and an alkene (Figure 3.41).

. transition metal . .
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- HBpin . .
3.79 3.82 Bpin 3.83 Bpin

Figure 3.41 General Scheme of Dehydrogenative Borylation

Yields and selectivities with pinacol borane for 3.79 are generally good, but can
become complicated by inseparable reduction products (3.80 and 3.81). However, these
side products can be limited with extra equivalents of alkene or external sacrificial
alkenes to absorb the generated hydrogen. Using B,pin, also limits reduction

byproducts by eliminating the formation of stoichiometric hydrogen (Figure 3.41,



bottom). However, these conditions often result in over borylation, forming mixtures of

mono- and di-borylated products (3.82 and 3.83).

3.3.6.1 Sacrificial Alkenes

The first examples of dehydrogenative borylation were reported in the 1980’s by
Sneddon and coworkers.®® In his initial report, Sneddon described the reaction of
pentaborane (BsHg) with simple terminal olefins such as propane and butane in the
presence of catalytic palladium bromide (PdBr;) to form various isomers of alkenyl
boron containing products. In addition, an equimolar ratio of reduced alkene (propane,
butane, etc.) was observed in these reactions, thus limiting the reaction yield to a

maximum of 50% (Figure 3.42).
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Figure 3.42 Sneddon’s Dehydrogenative Borylation with Pentaborane

In 1992, Brown and Lloyd-Jones demonstrated the dehydrogenative borylation

of a few styrenes with oxazaborolidene catalyzed by a rhodium dimer (Figure 3.43).”
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Figure 3.43 Brown and Lloyd-Jones’ Dehydrogenative Borylation

These reactions also resulted in a 1:1 ratio of alkenyl boronic ester product and
reduced starting material, however excellent yields of 3.86 can be obtained when
considering the borane (3.85) as the limiting reagent. A series of detailed mechanistic
studies led Brown and Lloyd-Jones to propose the following mechanism (Figure

3.44).%™

Ar\/\ /Cl‘ /\/Ar 2 H-BR Ar\/\ /H\ /\/Ar
Rh R Sl b SN Rh R
Ar/\/ o A Ar/\’ H /A

3.88 / 3.89

A X BR2 3.96

/\/AI’
AN Q/ H-Rh\/\Ar\
w a0 N
Rh-H Rh A
Ar/\/BRZ Me?/3.91
3.95
t l/‘H-BRz
7
Al’\/\ Ar\/\Rh/BRZ
Ar Rh Ar\( ‘H
Me 3.92
T\NAF\/\
R2B 3.04 _Rh-BR, AT
Ar
N 3.93 Ar Me

Figure 3.44 Mechanism of Dehydrogenative Borylation with Sacrificial Alkenes



The first step is the formation of catalytically active rhodium hydride dimer 3.89
from the rhodium precatalyst 3.88. Migratory insertion an alkene into the rhodium-
hydride bond forms intermediate 3.91. Then oxidative addition of 3.91 to an
oxazaborolidene B-H bond leads to intermediate 3.92. Reductive elimination of the
alkane and coordination of another styrene gives borylated rhodium bis-alkene complex
3.93. This ligand exchange on rhodium reflects the reduction of one equivalent of
styrene as observed in this reaction. Migratory insertion of another styrene into the
rhodium-boron bond and subsequent &-hydride elimination leads to intermediate 3.95
which consists of the borylated product coordinated to rhodium. Ligand exchange with
a new styrene releases one equivalent of alkenyl boronate 3.95 and restarts the catalytic
cycle. Each catalytic cycle requires two equivalents of styrene and produces one
equivalent of reduced alkane and one equivalent of borylated product (3.96).

Many other research groups have explored the dehydrogenative borylation
reactions with alkenes utilizing different boron sources such as catecholborane,
pinacolborane,” azaborine,’* and napthalene-1,8-diaminatoborane.” In all cases,
regardless of the boryl hydride used, 50% of the starting alkene acts as a hydrogen
acceptor and is reduced to the corresponding alkane. Additionally, only styrene derived
substrates are viable in these reactions (Figure 3.45). The reaction of 1-hexene under
identical conditions resulted in nearly selective hydroboration (3.100) over

dehydrogenative borylation (3.101)"*°
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Figure 3.45 Dehydrogenative Borylation of 1-Hexene

To overcome this limitation, Murata and Masuda found that with the addition of
a “sacrificial” alkene, slightly increased yields can be obtained.”® This was the first
example of using an external alkene as the hydrogen acceptor in place of the precious
alkene of interest. Murakami has expanded upon this principle and developed, for the
first time, general conditions for the dehydrogenative borylation of aliphatic alkenes.”
He found that using 2.3 equivalents of norbornene (nbe) in conjunction with pinacol
borane and catalytic rhodium(l), a variety of terminal alkenes can be converted into the

corresponding alkenyl boronic esters. This reaction proceeds with moderate yields,

chemo- and regioselectivity for the linear alkenyl boronic ester (Figure 3.46).
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Figure 3.46 Selected Scope of Murakami’s Borylation Reaction

While this was the first general method for the direct borylation of terminal,
non-aromatic alkenes, the vyields are moderate and the isolated products are

contaminated with ~10% inseparable byproducts.

3.3.6.2 No Sacrificial Alkenes

Whether half the starting alkene or an external “sacrificial” alkene, the above
methods all required a hydrogen acceptor to absorb the stoichiometric H, produced
during the reaction. To overcome this inherent limitation, Marder and his colleagues
discovered that using trans-[RhCI(CO)(PPhs),] in combination with diboron reagents
such as Bpin, and Bzneop,, allows for the dehydrogenative borylation of aromatic
alkenes without significant hydrogenation or hydroboration.”’

The ruthenium catalyzed reaction of B,pin, with 4-vinyl anisole in solvents such
as toluene, tetrahydrofuran and 1,4-dioxane gave complicated mixtures of products
containing dehydrogenative borylation, diboration, hydroboration, hydrogenation and

more.”” However, they found that in acetonitrile, the reactions were much cleaner but



with significantly slower rates. By using a combination of benzene and acetonitrile as a

solvent 93% of the styrene derived product was obtained with ~7% hydroboration.
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Figure 3.47 Marder’s Borylation Without Sacrificial Alkenes

Examining other substrates showed that each alkene must be individually
optimized to obtain a high and selective yields. 1,1-Disubstituted alkenes such as !-
methylstyrene and !-phenylstyrene showed good reactivity with both Bypin, and
B.neop, (Figure 3.47, middle). However, when a non-aromatic alkene such as 1-octene,
is subjected to the reaction conditions, only mixtures of vinyl boronic ester (3.105) and
vinyl bis-boronic ester (3.106) are obtained (Figure 3.47, bottom), demonstrating that
this is not a viable method for synthesis of non-conjugated alkenyl boronic esters.
Additionally, reaction times with conventional heating ranged from 2-6 days to observe
full conversion, however, using microwave irradiation reaction times could be as low as
30 min.

The key to this approach is encased in the proposed catalytic cycle. The
mechanisms put forth in the previous section, produce rhodium hydride intermediates

which reduce other alkenes to turn over the catalytic cycle. The Bpin,, used here, is



reduced to pinacol borane, which reacts poorly under these catalytic conditions.””® The
proposed mechanism for this transformation closely resembles a Heck-like pathway

(Figure 3.48).
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Figure 3.48 Mechanism of Dehydrogenative Borylation with B,pin;

The active rhodium complex (3.107) undergoes oxidative addition into the B-B
bond of B,pin, to form 3.108. An alkene can then coordinate to rhodium, replacing a
ligand or solvent molecule and then migratory insert into a rhodium-boron bond to form
complex 3.110. Intermediate 3.110 can either directly reductively eliminate to form
diboronic ester 3.113 and regenerate 3.107 or &-hydride eliminate to release product
3.111. In the latter case, rhodium hydride 3.112 is also formed which can reductively
eliminate to form pinacolborane and regenerate the active rhodium complex 3.107.

Palladium catalyzed dehydrogenative borylation had remained untouched since
Sneddon’s seminal results.®® This is perhaps because palladium is not efficient at

cleaving sp? C-H bonds under such reducing conditions as such with diboronic esters



and boryl hydrides. However, Szabo™ and Iwasawa’® have both independently reported
the palladium catalyzed dehydrogenative borylation of alkenes to form alkenyl boronic
esters (Figure 3.49). Both methods use elaborate palladium pincer complexes (3.114
and 3.116) and are sensitive to equivalents of Bpin, often resulting in over borylation.
However, with extra equivalents of alkene, overborylation can be suppressed (Figure

3.49, bottom).
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Figure 3.49 Palladium Pincer Catalyzed Dehydrogenative Borylation

In addition to rhodium and palladium, iron®® and copper® have also been shown

to catalyze dehydrogenative borylation with styrene derived alkenes (Figure 3.50).
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Figure 3.50 Iron and Copper Catalyzed Dehydrogenative Borylation Reactions

3.3.7 Summary and Outlook
While there are several methods for the synthesis of alkenyl boronic esters, there

are inherent drawbacks to each of these. Hydroboration,**

requires access to the
appropriate alkynes, and Miyaura borylation, requires prefunctionalized alkenes. Both
classes of starting materials are significantly more expensive and less commercially
abundant than the corresponding alkenes. Alkene cross-metathesis and Heck reactions
on vinyl boronic esters work well, however, they require vinyl boronic esters to make
vinyl boronic esters, eliminating the carbon-boron bond formation step.
Dehydrogenative borylation is by far the most modern method for the direct borylation
of alkenes. Unfortunately, the developed methods are typically limited in scope
(particularly with respect to linear "*-olefins) and frequently suffer from competitive
over-borylation, or alkene reduction/hydroboration. Many of these problems stem from
the use of highly reduced boron reagents. In addition, although some are commercially

available, diboranes require several synthetic steps to access and thus are relatively

expensive.®



3.4 Hypothesis and Background

We envisioned an alternative approach towards the synthesis of alkenyl boronic
esters which involves the palladium-catalyzed borylation of alkenes using chloroborane
reagents via a Heck-like reaction (Figure 3.1). Such a boryl-Heck process would be
advantageous, as the use of a more highly oxidized reagent would eliminate problematic
reduction byproducts. In addition, the required chloroboranes can be prepared directly

from inexpensive boron trichloride and diols.

3.4.1 Preliminary Studies

The first step of this proposed mechanism would be the oxidative addition of
palladium into the B-X bond. While the oxidative addition of various transition metals
into B-X bonds has been demonstrated® we were more interested in the use of d'°
metals. The oxidative addition of platinum into B-F,%*° B-CI,%® B-Br,*” and B-I®® has

been well established over the past several decades (Figure 3.51).
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Figure 3.51 Oxidative Addition of Platinum into B-Cl and B-B Bonds

Accompanied by two phosphine ligands, dozens of crystal structures exist

showing the oxidative addition product with haloboranes. In every case, the boron and



the halide have a trans-configuration about the platinum center.®” This contrasts the cis-

86a

configuration observed with oxidative addition of platinum into B-B bonds,™ and

compliments the observed oxidative addition into Si-X bonds.'® &
Tanaka has established that the oxidative addition of palladium into B-Cl bonds

and subsequent migratory insertion of alkynes is a feasible process (Figure 3.52).%
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Figure 3.52 Oxidative Addition of Palladium into a B-Cl Bond and Migratory Insertion
of 2-Butyne

The oxidative addition complex of PdCp(allyl) into a B-Cl bond (3.120) was
formed and isolated by Tanaka. Mixing 3.120 with 2-butyne in benzene resulted in the
formation of 3.121. While this discovery is not synthetically useful, it demonstrates that

our proposed catalytic cycle is feasible.

3.4.2 Related Carboboration Reactions

Suginome was the first to recognize the synthetic utility of these fundamental
steps.”* In 2005, he reported that chloroboryl homopropargylic ethers can undergo
trans-alkynylborylation using nickel catalysis and alkynyl tin reagents.®’ This reaction

is thought to proceed through activation of the boron chlorine bond by nickel catalysis



followed by transmetallation of an organic group from an organotin reagent (Figure

3.53).
N(Pr), SnBuj N(Pr), pinB  Et
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Figure 3.53 Suginome’s Nickel Catalyzed Carboboration Reaction

The immediate products are unstable towards moisture and therefore were
treated with pinacol and acetic anhydride to aid in isolation. Interestingly, only trans-
carboboration of the tethered alkyne was observed. Mechanistically, this contradicts
traditional metal catalyzed addition to alkynes which usually proceed in a cis-

30 A crystal structure was obtained of the intermediate before

fashion.***
transmetallation of the organotin reagent and displays the trans-addition configuration

(Figure 3.54).
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Figure 3.54 Model for Vinyl-Nickel Isomerization



The observed trans-addition of the metalloboron intermediate is thought to arise
from the isomerization of intermediate E-3.127 to the lower energy isomer Z-3.127.
This result, in conjunction with the stereochemistry of the products led to the following

proposed mechanism (Figure 3.55).

B -Bu
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Figure 3.55 Mechanism of Suginome’s Nickel Catalyzed Carboboration Reaction

Suginome’s proposed mechanism begins with the oxidative addition of nickel
(0) into the B-CI bond of 3.126. Subsequent coordination and migratory insertion of the
tethered alkyne results in intermediate E-3.127, which is thought to be unstable due to
the disfavored steric interaction of the ligands on boron and nickel. Cis- to trans-
isomerization about the C-C double bond occurs leading to Z-3.127 which is an isolated
intermediate. Transmetallation and reductive elimination of the alkynyl group forms

3.13, which can be quenched with pinacol and isolated.



Switching to a palladium catalyst and an organo-zirconium transmetallating
reagent, Suginome found that both trans- and cis- carboboration are possible in a
controlled manner with a similar chloroboryl homopropargylic ether substrate.”® Using
bulky trialkyl phosphines such as P('‘Bu)s and P(Cy)s, the previously observed trans-

carboboration product was observed with moderate yields and excellent stereocontol

(Figure 3.56).
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Figure 3.56 Ligand Controlled Stereoselective Carboboration Reactions

However, switching the ligand to P(Me)s the cis-carboboration product was
observed. Isolating a crystal of the migratory insertion intermediate clearly shows that
with PMej the cis-carbopalladation occurs. In this scenario, with palladium, they show
that stereoselective and the steric demand of the phosphine ligand are directly
correlated. They propose that the isomerization pathway can be driven by large steric
repulsion between the isopropyl group on nitrogen and the bulky phosphine ligands on
palladium.

In the previous scenarios, the chloroboranes were tethered to the alkyne in

which the intramolecular cyclizations were trapped with organometallic reagents. While



intramolecular cyclizations facilitate the reaction, they can also limit the scope and
utility of this reaction. Using a palladium catalysis, Suginome also de