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Unsaturated heteroatomic compounds are an important class of molecules in 

many disciplines of chemistry. In particular, organosilanes and boronic esters serve as 

valued reagents and intermediates in the synthesis of complicated organic materials. 

Because of their high synthetic value, much interest has been payed towards the 

synthesis of these unique reagents. This thesis details my endeavors towards 

discovering new synthetic routes to unsaturated organo silanes and boronic esters. I 

assisted in the development of a nickel catalyzed methods for the silylation of aromatic 

alkenes with various different electrophilic silyl-triflate reagents. My studies of the 

intramolecular silyl-Heck reaction resulted in several new discoveries including the first 

examples of silylation of disubstituted alkenes. Computational investigation into the 

mechanism of the silyl-Heck reaction led to a better and more complete understanding 

of the inter- and intramolecular reaction pathways. My work involving boron 

electrophiles in Heck reactions resulted in the first boryl-Heck reaction published in the 

Journal of the American Chemical Society. Follow up studies increased the reactivity of 

the catalytic system allowing for the synthesis of trisubstituted alkenyl boronic esters 

from disubstituted and internal alkenes. During these studies, several new and related 

reactions were discovered and are detailed in the appendix of this thesis, some of which 

are currently being investigated. 

 

ABSTRACT 



 

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.1 Based on the precedence from Tanaka,2 our lab has 

developed a direct and efficient route to synthesize vinyl silanes directly from terminal 

styrene derivatives.3 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.3b 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. 

Chapter 1 
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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 

Hiyama and Hiyama-Denmark reactions1h, 4 to form new carbon-carbon bonds as well 

as electrophilic halogenation reactions for forge new carbon-halogen bonds.5 

Additionally, vinyl silanes can be oxidized via a Tamao-Fleming oxidation1c, 6  to give 

access to carboxylic acids, aldehydes or ketones as well as carbonylation reactions to 

give rise to a- and b-silylesters.7 

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).8 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.9 

 

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.  

R H
HSiR’3
cat. [M] R SiR’3

1.1
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Recently, we have established the silyl-Heck reaction as a novel route to access 

both allyl and vinyl silanes.3, 10,2, 11 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).12  

 

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.13 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).3b 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.3 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).14  

 

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.15   

Sicat. Pd2(dba)3/tBuPPh2
cat. NaI, Et3N

then iPrOH
1.2, 70%

OiPr

MeMe

NN
Ts Ts

Me2Si(OTf)2+

+ Me3Si X
tBu

(COD)Pd(CH2SiMe3)2
tBuPPh2

LiI, Et3N, toluene tBu

SiMe3

Me3Si X

X = Cl, Br, OTf

LiI Me3Si I
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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.16 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.17  

Table 1.1 Silicon Halide and Oxygen Bond Dissociation Energies 

entry bond BDE (kcal/mol) 
1 Me3Si–I 77 
2 Me3Si–Br 96 
3 Me3Si–Cl 113 
4 Me3Si–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.18 Seminal studies from 

the Wenkert19 and Chatani20 demonstrated that a simple phosphine supported nickel 

catalyst is capable of activating C-O bonds in Kumada and Suzuki reactions 

respectively (Figure 1.5).  

5



 

 

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, 11a-d, 21 Based upon the precedent with 

strong C–X bonds, we decided to investigate silyl-Heck type reactions with nickel-

based catalysts.22 

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 (Me3SiOTf) 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)2 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 tBu3P was 

OMe cat. (Ph3P)2NiCl2
PhMgBr

Ph

OMe cat. Ni(COD)2/PPh3
Ph

CsFB
O

O Me
Me

Ph
+

1.3

1.4
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ineffective (entry 11). Further optimization revealed that a highly effective catalyst was 

obtained using tBuPCy2 and Ni(COD)2 when a 1.5:1 ligand:metal ratio was employed 

(entry 13). 

Table 1.2 Identification of Nickel-Based Catalyst 

 

 
entry pre-catalyst ligand (mol %) yield (1.5) 

1 (COD)Pd(CH2SiMe3)2 tBuPPh2 (30) 0% 
2 Ni(COD)2 PPh3 (30) 0% 
3 Ni(COD)2 P(o-tol)3 (30) 0% 
4 Ni(COD)2 tBuPPh2 (30) 12% 
5 Ni(COD)2 Cy2PPh (30) 11% 
6 Ni(COD)2 nBu3P (30) 69% 
7 Ni(COD)2 PCy3 (30) 57% 
8 Ni(COD)2 PCyp3 (30) 65% 
9 Ni(COD)2 tBuPCy2 (30) 71% 
10 Ni(COD)2 tBu2PCy (30) 55% 
11 Ni(COD)2 tBu3P (30) 7% 
12 Ni(COD)2 tBuPCy2 (20) 85% 
13 Ni(COD)2 tBuPCy2 (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% yield. 

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 

tBu tBu

SiMe3

10 mol % pre-catalyst
ligand

3 equiv Me3SiOTf

Et3N, dioxane, 75 °C, 24 h 1.5
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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 (Cyp3P) proved 

to be a slightly more effective ligand than tBuPCy2, 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-
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Heck protocol involving Me3SiI, 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. 

 

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 tBuPCy2 and the above-optimized conditions 
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a Isolated yields. All reactions run at 0.5 M concentration. b Yields determined by NMR.
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revealed that silyl triflates larger than trimethylsilyl triflate do participate in the 

reaction. However, we rapidly identified the use of Cy3P 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 nBuMe2SiOTf or BnMe2SiOTf participate well under these conditions (1.21 and 

1.22), providing similar yields to Me3SiOTf. One secondary substituent, such as in 
iPrMe2SiOTf, 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 Cy3P as 

ligand, none of desired vinyl silane 1.24 was observed using tBuMe2SiOTf (TBSOTf). 

However, switching to the smaller ligand nBu3P 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 Me3SiI (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.23 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 b-

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 Me3SiOTf (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 
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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.24 

1.8 Experimental Details 

1.8.1 General Experimental Details 

Dioxane, tetrahydrofuran, and dichloromethane were dried on alumina 

according to published procedures.25 Triethylamine was distilled from CaH2 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 µm or 40-63 µm 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 KMnO4. 
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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 1H, 101 MHz 13C, and 376 MHz 19F) 

or on a Bruker AVIII 600 MHz FT-NMR spectrometer (600 MHz 1H, 151 MHz 13C), in 

the indicated deutero-solvent and were recorded at ambient temperatures. Chemical 

shifts are reported in ppm. 1H NMR were calibrated using the residual protio-solvent as 

a standard. 13C NMR spectra are calibrated using the deutero-solvent as a standard and 

were recorded using the attached proton test.26 19F spectra are referenced to an external 

FCCl3 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 (N2 atmosphere), dicyclohexyl-tert-butylphosphine (15 mol %) 

and Ni(COD)2 (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 
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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 MgSO4 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 

(1.5) According to general procedure A, 1-tert-butyl-4-

vinylbenzene (183 µL, 1 mmol), tBuPCy2 (38 mg, 0.15 mmol), 

Ni(COD)2 (27.5 mg, 0.1 mmol), Et3N (700 µL, 5 mmol), and Me3SiOTf (540 µL, 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%): 1H NMR (400 MHz, CDCl3) 𝛿 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); 13C NMR (101 MHz, CDCl3) 𝛿 151.2, 143.4, 135.8, 128.6, 

126.2, 125.6, 34.7, 31.4, -1.0; FTIR (cm-1): 2957, 1248, 986, 868, 838. HRMS (EI) m/z, 

calcd for [C15H24Si]: 232.1647; found: 232.1668.  

 

(1.6) According to general procedure A, styrene (115 µL, 1 mmol), 
tBuPCy2 (38 mg, 0.15 mmol), Ni(COD)2 (27.5 mg, 0.1 mmol), Et3N 

(700 µL, 5 mmol), and Me3SiOTf (540 µL, 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%):  1H NMR (400 MHz, CDCl3) 𝛿 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, 

tBu

SiMe3

SiMe3
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9H); 13C NMR (101 MHz, CDCl3) 𝛿 143.7, 138.5, 129.7, 128.7, 128.1, 126.5, -1.1; 

FTIR (cm-1) 2955, 1247, 988, 866, 843. HRMS (EI) m/z, calcd for [C11H16Si]: 

176.1021; found: 176.1048. 

 

(1.7) According to general procedure A, 4-vinyl-anisole (134 

µL, 1 mmol), tBuPCy2 (38 mg, 0.15 mmol), Ni(COD)2 (27.5 

mg, 0.1 mmol), Et3N (700 µL, 5 mmol), and Me3SiOTf (540 µL, 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%): 1H NMR (400 MHz, CDCl3) 𝛿 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); 13C NMR (101 MHz, CDCl3) 

𝛿 159.6, 143.1, 131.5, 127.7, 126.8, 114.0, 55.5, -1.0; FTIR (cm-1) 2958, 1608, 1510, 

1251, 1033, 993, 835, 798. HRMS (EI) m/z, calcd for [C12H18OSi]: 206.1127; found: 

206.1140. 

 

(1.8) According to general procedure A, 3-vinyl-anisole (139 

µL, 1 mmol), tBuPCy2 (38 mg, 0.15 mmol), Ni(COD)2 (27.5 

mg, 0.1 mmol), Et3N (700 µL, 5 mmol), and Me3SiOTf (540 µL, 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 Et2O : hexanes) and concentrated in vacuo to yield 1.8 as a colorless 

oil (159 mg,  77%): 1H NMR (400 MHz, CDCl3) 𝛿 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); 13C NMR (101 MHz, 

CDCl3) 𝛿 159.9, 143.5, 139.9, 130.0, 129.6, 119.2, 114.0, 111.3, 55.5, -1.1; FTIR (cm-1) 

MeO SiMe3

MeO

SiMe3
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2954, 1263, 865, 838. HRMS (EI) m/z, calcd for [C12H18OSi]: 206.1127; found: 

206.1148. 

 

(1.9) According to general procedure A, tert-butyldimethyl(3-

vinylphenoxy)silane27 (234 mg, 1 mmol), tBuPCy2 (38 mg, 

0.15 mmol), Ni(COD)2 (27.5 mg, 0.1 mmol), Et3N (700 µL, 5 mmol),  and Me3SiOTf 

(540 µL, 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%): 1H NMR (400 MHz, CDCl3) 𝛿 7.18 

(t, J = 7.8 Hz, 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); 13C NMR (101 MHz, CDCl3) 𝛿 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-1) 2956, 2859, 1575, 1280, 985, 

838. HRMS (EI) m/z, calcd for [C17H30OSi2]: 306.1835; found: 306.1819. 

 

(1.10) According to general procedure A, 5-

vinylbenzo[d][1,3]dioxole27  (148 mg, 1 mmol), tBuPCy2 (38 

mg, 0.15 mmol), Ni(COD)2 (27.5 mg, 0.1 mmol), Et3N (700 µL, 5 mmol),  and 

Me3SiOTf (540 µL, 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%): 1H NMR (600 MHz, CDCl3) 𝛿 

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); 13C NMR (151 MHz, CDCl3) 𝛿 148.2, 147.6, 

O
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143.1, 133.4, 127.4, 121.5, 108.3, 105.6, 101.2, -1.0; FTIR (cm-1) 2954, 2895, 1489, 

1248, 866, 839. HRMS (EI) m/z, calcd for [C12H16O2Si]: 220.0920; found: 220.0933. 

 

(1.11) According to general procedure A, 4-fluorostyrene (119 µL, 

1 mmol), tBuPCy2 (38 mg, 0.15 mmol), Ni(COD)2 (27.5 mg, 0.1 

mmol), Et3N (700 µL, 5 mmol), and Me3SiOTf (540 µL, 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%): 1H NMR (400 MHz, CDCl3) 𝛿 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); 
13C NMR (101 MHz, CDCl3) 𝛿 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); 19F NMR (376 MHz, 

CDCl3) δ -114.2; FTIR (cm-1) 2956, 1507, 1248, 836. HRMS (EI) m/z, calcd for 

[C11H15FSi]: 194.0927; found: 194.0945. 

 

(1.15) According to general procedure A, 4-

vinylbenzocyclobutene (130 mg, 1 mmol), tBuPCy2 (38 mg, 0.15 

mmol), Ni(COD)2 (27.5 mg, 0.1 mmol), Et3N (700 µL, 5 mmol), and Me3SiOTf (540 

µL, 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%): 1H NMR (400 MHz, CDCl3) 𝛿 

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); 13C NMR (101 MHz, CDCl3) 

𝛿 146.2, 146.1, 144.7, 137.5, 127.8, 126.1, 122.7, 120.0, 29.6, 29.4, -1.0; FTIR (cm-1) 

SiMe3
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2955, 2930, 1247, 985, 866, 837. HRMS (EI) m/z, calcd for [C13H18Si]: 202.1178; 

found: 202.1194. 

 

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

(146 µL, 1 mmol), tBuPCy2 (38 mg, 0.15 mmol), Ni(COD)2 

(27.5 mg, 0.1 mmol), Et3N (700 µL, 5 mmol), and Me3SiOTf 

(540 µL, 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%): 1H NMR (400 MHz, CDCl3) 𝛿 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); 13C NMR (101 MHz, CDCl3) 𝛿 

141.2, 137.6, 135.3, 134.9, 131.2, 130.2, 127.0, 125.3, 21.3, 19.7, -1.0; FTIR (cm-1) 

2954, 1247, 987, 868, 842. HRMS (EI) m/z, calcd for [C13H20Si]: 204.1334; found: 

204.1350. 

 

(1.17) According to general procedure A, N-vinyl carbazole (193 

mg, 1 mmol), tBuPCy2 (38 mg, 0.15 mmol), Ni(COD)2 (27.5 mg, 

0.1 mmol), Et3N (700 µL, 5 mmol), and Me3SiOTf (540 µL, 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%): 1H NMR (400 MHz, CDCl3) 𝛿 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); 13C NMR (101 MHz, CDCl3) 𝛿 139.4, 133.6, 

N
SiMe3

Me

SiMe3
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126.3, 124.2, 120.8, 120.4, 113.5, 110.9, 77.2, -0.6; FTIR (cm-1) 2953, 1610, 1447, 834, 

751, 721. HRMS (EI) m/z, calcd for [C17H19NSi]: 265.1287; found: 265.1262.  

 

(1.19) Using a modification of general procedure A, 4-

pinacolatoboryl styrene28 (230 mg, 1 mmol), 

tricyclopentylphosphine (72 mg, 0.3 mmol), Ni(COD)2 (27.5 mg, 0.1 mmol), Et3N (700 

µL, 5 mmol), and Me3SiOTf (540 µL, 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 

CH2Cl2 : hexanes) and concentrated in vacuo to yield 1.19 as a white solid (123 mg, 

41%): 1H NMR (600 MHz, CDCl3) 𝛿 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); 13C 

NMR (151 MHz, CDCl3) 𝛿 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-1) 2953, 1607, 1358, 1141, 1090, 

869. HRMS (EI) m/z, calcd for [C17H27BO2Si]: 302.1873; found: 302.1893. 

 

(1.20) According to general procedure A, tert-

butyldimethyl(((8R,9S,13S,14S,17S)-13-methyl-3-

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

cyclopenta[a]phenanthren-17-yl)oxy)silane3b (396 mg, 1 mmol), tBuPCy2 (38 mg, 0.15 

mmol), Ni(COD)2 (27.5 mg, 0.1 mmol), Et3N (700 µL, 5 mmol),  and Me3SiOTf (540 

µL, 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%): 1H NMR (400 MHz, CDCl3) 𝛿 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 

Me OTBS
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(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); 13C NMR (101 MHz, 

CDCl3) 𝛿 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-1) 

2926, 1248, 1095, 866, 836. HRMS (EI) m/z, calcd for [C29H48OSi2]: 468.3244; found: 

468.3259.  

1.8.4 Reactions of Larger Silyl Triflates 

1.8.4.1 General Procedure B 

In a glovebox (N2 atmosphere), tricyclohexylphosphine (30 mol %) and 

Ni(COD)2 (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 HCl (1 M 

aqueous) were added. The HCl layer was removed, and the organic layer was washed 

twice with HCl (1 M aqueous). The combined aqueous layers were back-extracted with 

hexanes. The combined organic layers were dried over MgSO4 and concentrated in 
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vacuo. The product was purified using flash silica chromatography, eluting with the 

indicated solvent noted in parenthesis. 

1.8.4.2 Characterization Data 

(1.21) According to general procedure B, 1-tert-butyl-4-

vinylbenzene (183 µL, 1 mmol), Cy3P (84 mg, 0.3 mmol), 

Ni(COD)2 (27.5 mg, 0.1 mmol), Et3N (700 µL, 5 mmol),  and n-butyldimethylsilyl 

trifluoromethanesulfonate15b (790 mg, 3 mmol) were reacted in dioxane (2 mL) at 75 °C 

for 24 h. N,N-dimethyl ethanolamine (300 µL, 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%): 1H NMR (600 

MHz, CDCl3) 𝛿 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); 13C NMR (151 MHz, CDCl3) 𝛿 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-1) 2956, 1982, 986, 837. 

HRMS (EI) m/z, calcd for [C18H30Si]: 274.2117; found: 274.2092. 

  

(1.22) According to general procedure B, 1-tert-butyl-4-

vinylbenzene (183 µL, 1 mmol), Cy3P (84 mg, 0.3 mmol), 

Ni(COD)2 (27.5 mg, 0.1 mmol), Et3N (700 µL, 5 mmol),  and benzyldimethylsilyl 

trifluoromethanesulfonate15a  (895 mg, 3 mmol) were reacted in dioxane (2 mL) at 75 

°C for 24 h. N,N-dimethyl ethanolamine (300 µL, 3 mmol) was added after reaction. 

The product was purified by flash chromatography on silica gel (5 : 95 CH2Cl2 : 

hexanes) and concentrated in vacuo to yield 1.22 as a colorless oil (206 mg, 67%): 1H 

NMR (400 MHz, CDCl3) 𝛿 7.36 (app s, 4H), 7.22 (t, J = 7.6 Hz, 2H), 7.08 (t, J = 7.4 
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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); 13C NMR (101 MHz, CDCl3) 𝛿 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-1) 2961, 1493, 832, 698. HRMS (EI) m/z, calcd for [C21H28Si]: 308.1960; 

found: 308.1950. 

  

(1.23) According to general procedure B, 1-tert-butyl-4-

vinylbenzene (183 µL, 1 mmol), Cy3P (84 mg, 0.3 mmol), 

Ni(COD)2 (27.5 mg, 0.1 mmol), Et3N (700 µL, 5 mmol),  and isopropyldimethylsilyl 

trifluoromethanesulfonate15a (750 mg, 3 mmol) were reacted in dioxane (2 mL) at 75 °C 

for 24 h. N,N-dimethyl ethanolamine (300 µL, 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%): 1H NMR (400 

MHz, CDCl3) 𝛿 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); 13C NMR (101 MHz, CDCl3) 𝛿 151.2, 144.4, 135.9, 126.4, 126.2, 

125.6, 34.7, 31.4, 17.8, 14.0, -5.1; FTIR (cm-1) 2955, 2863, 1267, 987, 839. HRMS (EI) 

m/z, calcd for [C17H28Si]: 260.1960; found: 260.1968. 

 

(1.24) Using a modification of general procedure B, 1-tert-

butyl-4-vinylbenzene (183 µL, 1 mmol), nBu3P (81 mg, 0.4 

mmol), Ni(COD)2 (27.5 mg, 0.1 mmol), Et3N (700 µL, 5 mmol), and tert-

butyldimethylsilyl trifluoromethanesulfonate (690 µL, 3 mmol) were reacted in dioxane 

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

SitBuMe2

tBu

SiiPrMe2

tBu
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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%): 1H NMR (400 

MHz, CDCl3) 𝛿 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); 13C NMR (101 

MHz, CDCl3) 𝛿 151.2, 144.7, 135.9, 126.2, 125.8, 125.6, 34.8, 31.4, 26.6, 17.0, -5.9; 

FTIR (cm-1) 2954, 2856, 1247, 987, 828. HRMS (EI) m/z, calcd for [C18H30Si]: 

274.2117; found: 274.2103. 

 

(1.25) According to general procedure B, 1-tert-butyl-4-

vinylbenzene (183 µL, 1 mmol), Cy3P (84 mg, 0.3 mmol), 

Ni(COD)2 (27.5 mg, 0.1 mmol), Et3N (700 µL, 5 mmol),  and phenyldimethylsilyl 

trifluoromethanesulfonate15c (850 mg, 3 mmol) were reacted in dioxane (2 mL) at 75 °C 

for 24 h. N,N-dimethyl ethanolamine (300 µL, 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%): 1H NMR (600 

MHz, CDCl3) 𝛿 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); 13C NMR 

(151 MHz, CDCl3) 𝛿 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-1) 2960, 1247, 1112, 841, 821, 729, 698. HRMS (EI) 

m/z, calcd for [C20H26Si]: 294.1804; found: 294.1788. 

 

(1.26) According to general procedure B, 1-tert-butyl-4-

vinylbenzene (137 µL, 0.75 mmol), Cy3P (63 mg, 0.225 

mmol), Ni(COD)2 (20.6 mg, 0.075 mmol), Et3N (529 µL, 3.75 mmol),  and 

SiPh2Me

tBu

SiPhMe2

tBu
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diphenylmethylsilyl trifluoromethanesulfonate15c (780 mg, 2.25 mmol) were reacted in 

dioxane (1.5 mL) at 75 °C for 24 h. N,N-dimethyl ethanolamine (225 µL, 2.25 mmol) 

was added after reaction. The product was purified by flash chromatography on silica 

gel (10 : 90 CH2Cl2 : hexanes) and concentrated in vacuo to yield 1.26 as a colorless oil 

(198 mg, 74%): 1H NMR (400 MHz, CDCl3) 𝛿 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); 13C NMR (101 MHz, CDCl3) 𝛿 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-1) 2961, 1427, 1111, 800, 699. HRMS 

(EI) m/z, calcd for [C25H28Si]: 356.1960; found: 356.1955.  

 

(1.27) According to general procedure B, 1-tert-butyl-4-

vinylbenzene (183 µL, 1 mmol), Cy3P (84 mg, 0.3 mmol), 

Ni(COD)2 (27.5 mg, 0.1 mmol), Et3N (700 µL, 5 mmol), and triethylsilyl 

trifluoromethanesulfonate (680 µL, 3 mmol) were reacted in dioxane (2 mL) at 75 °C 

for 24 h. N,N-dimethyl ethanolamine (300 µL, 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%): 1H NMR (400 

MHz, CDCl3) 𝛿 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); 13C NMR (101 MHz, CDCl3) 𝛿 151.2, 144.7, 135.9, 126.1, 125.6, 125.0, 34.7, 

31.4, 7.6, 3.7; FTIR (cm-1) 2954, 2874, 987, 788, 731. HRMS (EI) m/z, calcd for 

[C18H30Si]: 274.2117; found: 274.2093. 
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DEVELOPMENT OF THE INTRAMOLECULAR SILYL-HECK REACTION 

2.1 Introduction and Overview 

Unsaturated silanes have widespread applications in various fields of chemistry.1 

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.3 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.4 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, I 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 
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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,5 

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.1, 6 

2.2.1 Applications in Drugs and Medicine 

Silacycles are common motifs in silicon derivatives of drugs known as 

siladrugs.6a, 7 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 
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no known element specific toxicity associated with silicon, making it optimal for drug 

and medicinal applications.6a 

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).8 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.8a, 8b 

 

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).9 The silicon-analog (2.4) showed a 2.7-fold increase in 

activity when compared to the carbon-analog (2.3). 
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2.2.2 Precursors for Polymers 

Unsaturated cyclic silanes have also proven very useful in the development of 

silicon based polymers.10 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.10b, 11  

Using a molybdenum catalyst, Gibson demonstrated the ring-opening metathesis 

polymerization (ROMP) of simple cyclic silanes (Figure 2.2).10a 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. 

 

Figure 2.2 Ring-Opening Metathesis Polymerization of Unsaturated Cyclic Silane 
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2.2.3 Synthetic Intermediates 

Silacycles are also important as synthetic intermediates and have been utilized in 

many total syntheses.12 They are often employed as temporary silicon tethers for 

intramolecular reactions to help control selectivity and yield.6b, 6c, 13 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.12, 14 Recently, Steel utilized a cyclic allylic silane 

2.8 in his synthesis of prelactone B (Figure 2.3).12b 

 

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).15 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 
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and Utimoto successfully demonstrated an allylation reaction with a cyclic allyl 

siloxane (Figure 2.4, bottom).16  

 

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, I 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).17 Quenching the resulting chlorosilane with 

phenyl lithium gives 2.18 in a moderate yield. This method has also been use to 

synthesize 5-membered18 and 4-membered16 rings. Similarly, the formation of 
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organodimetallic reagents such as 2.20 can be mixed with methylphenylsilylchloride 

(MePhSiCl2) 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. 

 

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).4 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,4 however, milder 

synthetic approaches have also been applied.19 While these cycloaddition reactions have 

been exploited for the synthesis of heterocycles they were originally conducted for the 

indirect observation of these reactive intermediates.20 
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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.21 

 

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).22 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 
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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. 

 

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 
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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).19 Nucleophilic addition to 

a carbonyl followed by a base promoted elimination of trimethylsilanolate form silenes 

at room temperature (2.45). With few exceptions,19d, 19i silenes are still highly unstable 

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

silicon containing heterocycles (2.46).19b 

 

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-

dimethyl silacyclobutane (2.47) and acetylene 2.48 (Figure 2.10, top).23 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.23-24 Tanaka later discovered that reacting silacyclobutanes with acid 

chlorides can form cyclic silyl enol ethers (2.51) in good yields.25 Furthermore, 
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Woerpel ascertained that using silacyclopropanes and alkynes 5-membered silacycles 

can be formed (2.54).26 

 

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).27 Using a 

chiral phosphoramidite ligand, the ring expansion of silacyclobutane 2.55 proceeds with 

excellent yields and enantioselectivities. This intramolecular cyclization follows the 
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same mechanism as the bimolecular reactions, however, regioselectivity is not an issue 

due to the geometric constraints of the starting material. 

 

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 (H2PtCl6) is commonly 

used and gives a strong preference for exo-cyclizations (Figure 2.12).28  

 

Figure 2.12 Exo-Selective Intramolecular Hydrosilylation 

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

hydrosilylation of homopropargylic alcohol derivatives (Figure 2.13).28c These reactions 

proceeded with the same preference for exo ring closure as the carbon analogs. In 
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addition, the oxidation (2.62) and halogenation (2.63) of 2.61 was demonstrated, 

displaying the utility of these cyclic siloxane intermediates. 

 

Figure 2.13 Tamao’s and Ito’s Intramolecular Hydrosilylation of Homopropargylic 
Alcohol Derivatives  

Following the Chalk-Harrod mechanism,29 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).28f 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). 

 

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.30 Catalyzed by aluminum 

trichloride, Yamamoto was able to synthesize the 6-membered vinyl silacycle 2.59 in 

70% yield (Figure 2.16).  

H
Si

Me Me

Si
MeMe

endo

exo Pt
Si

Me Me

Pt
Si

Me Me
H2PtCl6

Si
Me Me

Pt
H

Si
Me Me

Pt
H

H

H

H
Si

Me Me

HX
2.64

2.65

2.66

2.682.67

2.69 2.70

Si
H Me

H2PtCl6

Si
Me

2.72, 55%
Me MeMe Me

6-exo

2.71
H

42



 

 

Figure 2.16 Yamamoto’s Lewis Acid Catalyzed Intramolecular Trans-Hydrosilylation 
Reaction 

Yamamoto proposes initial bimolecular coordination of the tethered alkyne to 

aluminum trichloride (AlCl3). 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).31 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).  

Me
MeO

Si
Me Me

H
cat. 

[Cp*Ru(MeCN)3]PF6 O
Si

Me Me

2.75, 79%

Me

Me

6-endo

2.74
H

44



 

 

Figure 2.18 General Scheme of the Intramolecular Heck Reaction 

This reaction was first reported by Mori32 and Heck,33 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.3a, 3b, 3d, 3e Overman,34 

Shibasaki,35 Grigg36 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 = I > Br >> Cl. 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 “exo”. Subsequent β-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 
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palladium directly attached to the newly formed ring and is described as an “endo” 

cyclization. After β-hydride elimination, the new alkene is inside the newly formed ring 

(2.84). 

 

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. 
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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.37 

 

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 
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center with the synthesis of spirooxindole 2.86 via 5-exo ring closure (Figure 2.21, 

top).38 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.3b, 3d, 39 In a second example, 

Danishefsky was able to synthesize a variety of congeners of FR 900482 (Figure 2.21, 

bottom).40 The key step in the synthesis of these congeners is the 6-exo intramolecular Heck 

cyclization that proceeds with an excellent yield and stereoselectivity. 

 

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,41 validating the strong preference for exo cyclization. In 1999, 

Brase demonstrated an unprecedented 4-exo cyclization via an intramolecular Heck 
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reaction (Figure 2.22). Nonaflate 2.90 undergoes palladium catalyzed cyclization to 

form diene 2.91 in a moderate yield. 

 

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.42 

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.43 An early report by Ziegler demonstrated 

this principle with a macrocyclic ring closure (Figure 2.23).44 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.  
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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.45 

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.45h, 46 In 1997, Gibson 

investigated the reaction of conformationally constrained phenylalanine analogues 

(Figure 2.24, top).45a 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. 

 

Figure 2.24 Selected Examples of Endo-Heck Cyclizations 
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In 2006, Overman reported the 7-endo cyclization of compound 2.96.45d 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.47  

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).33, 45h, 48 In an 

example from Rawal, he expected a 6-exo cyclization of 2.98, but only observed the 7-

endo product 2.100.48b He proposes that after an initial 6-exo cyclization, coordination 

of the palladium with the carbamate prevents β-hydride elimination. Intermediate 2.101 

can undergo a 3-exo cyclization to form cyclopropane intermediate 2.102 which can β-

carbo eliminate to form 2.103. β-hydride elimination from 2.103 leads to the formal 7-

endo product 2.100. This rearrangement, originally discovered by Negishi, is usually 

observed when β-hydride elimination is not possible.48a, 48c, 48d 

 

Figure 2.25 Rawal’s 6-exo/3-exo Cascade Cyclization 
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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.49 In 2000, Grigg proposed an 

alternative mechanism that rationalizes the observed selectivity (Figure 2.26).50 

 

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 
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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.51 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).  

  

Figure 2.27 Intramolecular Migratory Insertion of a Tetrasubstituted Alkene 

In 1987, Overman demonstrated the intramolecular migratory insertion of a 

tetrasubstituted alkene.38 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. 
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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 tBuPPh2 as an effective ligand for this transformation (Figure 

2.28).2, 52 With these catalytic conditions both allylic and vinylic silanes are accessible 

in moderate to good yields. However, after enormous amounts of additional 

optimization and ligand fine-tuning, JessePhos was determined to be the most effective 

ligand to date.53 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).54 

 

Figure 2.28 Optimal Ligands and Catalysts for the Bimolecular Silyl-Heck Reaction 
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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,55 

compound 2.116 was synthesized in only 80% purity (the remainder being inseparable 

internal alkene isomers). 

 

Figure 2.29 Synthesis of Silyl Iodide 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 

conditions53b (Pd2dba3/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 β-hydride elimination. The mixture of vinyl and allyl products can 

be explained from β-hydride elimination with both Hv or Ha. In contrast, the 

bimolecular reaction has a large preference for formation of allyl silanes in all cases 

where it is possible.2, 53a, 56 

In all reported examples of silyl-Heck and related reactions,57 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.37, 39c  

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 
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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. 

 

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).58 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. 

 

Figure 2.32 Proposed Silyl-Triflate Substrate for the Intramolecular Silyl-Heck 
Reaction 
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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.59 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.  

 

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).60 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,61 and are considered to be more reactive that phenylsilanes.60b, 62 Additionally, 
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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. 

 

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. 

Ph2Si Ph2Si
OTf

Ph2Si
OTf

+

equiv TfOH temp ratio (2.124/2.133)

rt1.0

1.5 –78 °C

2.124 2.1332.132

70:30

99:1

TfOH

Me Me Me

OTf
TfOH

Me Me
detected 

via 1H NMR
TfO

59



 

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, I 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).58 

Similar to the cyclization of silyl iodide 2.116, only 6-endo products were observed by 
1H 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. 

 

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. 
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Switching to a palladium catalysis with stoichiometric lithium iodide (LiI), 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% yield 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).63 

 

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, I 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 
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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.64 Additionally, silyl chlorides can 

be formed under much milder reaction conditions, allowing for higher yields and purity 

of starting material. Using 2.0 equivalents CuCl2 and catalytic CuI, silanes can be 

converted in to chlorosilanes under mild conditions (Figure 2.37).65 Because of the ease 

of synthesis, both diphenyl (2.135) and methylphenyl (2.137) chlorosilanes were 

synthesized and examined.  

 

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 LiI (1.4 equiv), as 

an iodide source for silicon halogen exchange, is still required for the reaction to 

proceed (Figure 2.38).52, 64  
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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 yield. 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 β-hydride elimination is not influenced. 

We have reported the use of single-component pre-ligated palladium 

precatalysts with JessePhos.66 Use of these precatalysts both simplify reaction setup 

and, on average, lead to higher and more reproducible yields. Using the single 

component catalyst (JessePhos)2PdCl2, 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)2PdCl2 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, I 

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.65 

 

Figure 2.40 General Synthetic Route to Chlorosilane Reagents 
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 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-
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cyclizations are disfavored due to the distortion required for orbital overlap.49 However, 
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5-endo products have been observed in Heck reactions50, 67 to form indoles and related 

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

intermediates.50, 68  

 

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). 

 

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 

and can be favored over 6-exo under certain reaction conditions,45b, 69 though most 

examples are influenced electronically45a, 45f, 46b or sterically.45d, 45h 

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).  

 

Figure 2.44 Limited Reactivity of 2.150 
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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.70 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.51 The intramolecular Heck reaction; 

however, can easily tolerate tri- and even tetrasubstituted alkenes with good yields, 

excellent diastereoselectivity,34 and enantioselectivity.39a, 39b  

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. 

 

Figure 2.45 Intramolecular Cyclization of a 1,1-Disubstituted Tethered Alkene 
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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 β-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 β-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.3a 

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 
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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 (Et2O), tetrahydrofuran (THF), hexanes, and dichloromethane 

(DCM) were dried on alumina according to published procedures.71 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 (II) chloride (CuCl2), copper (I) iodide (CuI), 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 
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alkyl bromides were prepared from the corresponding alcohols using a 2-step published 

procedure.72 Tris(dibenzylideneacetone)dipalladium(0) [Pd2(dba)3] was purchased from 

Aldrich or Strem and used as received. Bis(3,5-di-tert-butylphenyl)(tert-

butyl)phosphine (JessePhos)53a and the single component catalyst (JessePhos)2PdCl2
66 

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 1H NMR using 1,3,5-trimethoxybenzene as an internal standard and 

isolated to confirm yield.  

2.8.2 Instrumentation and Chromatography 

400 MHz 1H, 101 MHz 13C and 376 MHz 19F spectra were obtained on a 400 

MHz FT-NMR spectrometer equipped with a Bruker CryoPlatform. 600 MHz 1H, 151 

MHz 13C, and 193 MHz 11B 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. 1H NMR spectra were calibrated using the residual protio-

signal in deutero-solvents as a standard. 13C 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 µm silica gel 
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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 KMnO4. 

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 µL) 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 MgSO4, filtered, concentrated to a crude residue and purified by 

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

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

5-bromopent-1-ene (16 mL of a 1.5 M solution in Et2O, 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). 1H NMR (400 MHz, CDCl3) δ 

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); 13C NMR (101 MHz, CDCl3) δ 139.04, 114.65, 37.38, 23.98, 13.84, -4.31; FTIR 

(cm-1) 2925, 1256, 1063, 845, 800. HRMS (LIFDI) m/z, calcd for [C7H16Si]: 128.1021; 

found: 128.0997. 

 

(S2.2) According to general procedure A, the Grignard formed from 

5-bromo-1-pentene (16.2 mL of a 2 M solution in Et2O, 32.4 mmol), 

was reacted with diphenylchlorosilane (5.0 mL, 27 mmol) in 30 mL Et2O to give 5.8 g 

(85%) of S2.2 as a clear oil after distillation (120 °C/150 mtorr). 1H NMR (400 MHz, 

CDCl3) δ 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); 13C NMR (101 MHz, CDCl3) δ 138.6, 135.3, 134.6, 129.7, 

128.1, 115.0, 37.3, 23.9, 11.8; FTIR (cm-1) 3068, 2924, 2117, 1428, 1117, 808, 699. 

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

 

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

5-bromo-1-pentene (30 ml of a 2 M solution in Et2O, 60 mmol) was 

reacted with methylphenylchlorosilane (7.8 g, 50 mmol) in 50 mL Et2O to give 7.4 g 

(92%) of S2.3 as a clear oil after distillation (77 °C/1.8 torr). 1H NMR (600 MHz, 
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CDCl3) δ 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); 13C NMR (151 

MHz, CDCl3) δ 138.7, 136.6, 134.3, 129.2, 127.9, 114.7, 37.2, 23.8, 12.9, -5.7; FTIR 

(cm-1) 3069, 2922, 2114, 1428, 1251, 1115, 878, 700. HRMS (EI) m/z, calcd for 

[C12H18Si]: 190.1178; found: 190.1201. 

 

(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 Et2O, 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). 1H NMR (400 MHz, CDCl3) δ 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 (q, 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); 13C NMR (101 MHz, CDCl3) δ 140.9, 136.3, 134.4, 129.3, 127.9, 113.2, 28.4, 

12.5, -5.7; FTIR (cm-1) 3069, 2915, 2117, 1639, 1428, 1252, 1116, 833. HRMS (EI) 

m/z, calcd for [C11H16Si]: 176.1021; found: 176.1013. 

 

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

magnesium bromide (23 mL of a 1.7 M solution in Et2O), 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). 1H NMR (400 MHz, CDCl3) δ 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); 13C NMR (101 MHz, 

CDCl3) δ 135.6, 134.4, 134.2, 129.5, 127.9, 114.1, 21.1, -6.2; FTIR (cm-1) 3070, 2122, 
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1630, 1428, 1116, 879, 709. HRMS (EI) m/z, calcd for [C10H14Si]: 162.0865; found: 

162.0882. 

 

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

from 6-bromo-1-hexene (21.5 mL of a 1.5 M solution in Et2O, 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). 1H NMR (400 MHz, CDCl3) δ 

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); 13C NMR (101 MHz, CDCl3) δ 139.1, 136.8, 

134.4, 129.3, 128.0, 114.4, 33.6, 32.5, 24.0, 13.3, -5.5; FTIR (cm-1) 2924, 2115, 878, 

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

 

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

from 7-Bromo-1-heptene (12 mL of a 1.5 M solution in Et2O) 

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). 1H NMR (600 MHz, CDCl3) δ 

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); 13C NMR (151 MHz, CDCl3) δ 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-1) 2924, 2114, 

1115, 878, 700. HRMS (EI) m/z, calcd for [C14H22Si]: 218.1491; found: 218.1507. 

 

(S2.8) According to general procedure A, the Grignard formed from 
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5-bromo-2-methylpent-1-ene (16 mL of a 1.5 M solution in Et2O, 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). 1H NMR (600 MHz, CDCl3) δ 7.57 – 7.49 (m, 

2H), 7.42 – 7.31 (m, 3H), 4.76 – 4.58 (m, 2H), 4.36 (q, 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); 13C NMR (151 MHz, CDCl3) δ 145.8, 136.7, 134.4, 129.3, 128.0, 110.3, 41.3, 

22.5, 22.4, 13.1, -5.5; FTIR (cm-1) 3070, 2929, 2115, 1116, 879, 700. HRMS (EI) m/z, 

calcd for [C13H20Si]: 204.1334; found: 204.1338. 

 

(S2.9) According to general procedure A, the Grignard from using 

(Z)-6-iodohex-2-ene (40 mL of a 1.5 M solution in Et2O, 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). 1H NMR (400 MHz, 

CDCl3) δ 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 (q, 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); 13C NMR (101 MHz, CDCl3) δ 

136.70, 134.43, 130.45, 129.32, 127.96, 124.27, 30.33, 24.43, 13.19, 13.02, -5.53; FTIR 

(cm-1) 2921, 2114, 1115, 878, 849, 699. HRMS (EI) m/z, calcd for [C13H20Si]: 

204.1334; found: 204.1350.  

 

(S2.10) According to general procedure A, the Grignard formed 

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

M solution in Et2O, 27 mmol) reacted with 

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

H Si
Me Ph

Me

H Si
Me Ph

Me

77



 

S2.10 as a clear oil after distillation (120 °C/200 mtorr). 1H NMR (600 MHz, CDCl3) δ 

7.55 – 7.45 (m, 2H), 7.43 – 7.31 (m, 3H), 7.15 (q, 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); 13C NMR (151 MHz, 

CDCl3) δ 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-1) 2921, 2113, 1512, 1428, 1115, 878, 838, 701. HRMS 

(EI) m/z, calcd for [C19H24Si]: 280.1647; found: 280.1675. 

 

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

from (E)-1-Bromo-2-hexene (7 mL of a 1 M solution in Et2O, 7.0 

mmol) was reacted with methylphenylchlorosilane (1.1 g, 7.0 mmol) to give 4.7 g 

(85%) of S2.11 as a clear oil after distillation (85 °C/1.7 torr). 1H NMR (400 MHz, 

CDCl3) δ 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); 13C NMR (101 MHz, CDCl3) δ 136.8, 134.5, 

131.3, 129.3, 128.0, 125.3, 36.2, 24.5, 18.1, 13.1, -5.5; FTIR (cm-1) 2920, 2114, 1428, 

1251, 1116, 965, 877, 848, 700. HRMS (EI) m/z, calcd for [C13H20Si-H]: 203.1256; 

found: 203.1239. 

 

(S2.12) According to general procedure A, the Grignard formed 

from 5-bromo-1-pentene (4.5 mL of a 2 M solution in Et2O, 9 

mmol) was reacted with allyldiphenylchlorosilane (2.0 g, 7.7 mmol) to give 1.9 g (84%) 

of S2.12 as a clear oil after flash chromatography (100% petroleum ether). 1H NMR 

(400 MHz, CDCl3) δ 7.53 – 7.45 (m, 4H), 7.40 – 7.30 (m, 6H), 5.86 – 5.68 (m, 2H), 
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5.05 – 4.82 (m, 4H), 2.15 – 2.03 (m, 4H), 1.54 – 1.41 (m, 2H), 1.16 – 1.06 (m, 2H); 13C 

NMR (101 MHz, CDCl3) δ 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-1) 3070, 2924, 1428, 1111, 699. HRMS (EI) m/z, calcd for 

[C20H24Si]: 292.1647; found: 292.1667. 

2.8.4 Synthesis of Silyl-Iodides and Silyl-Triflates 

(2.116) Following a modified procedure,55 a flame-dried round 

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 µL, 11 

mmol, 2.0 equiv), and palladium chloride (29.1 mg, 165 µmol, 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 1H NMR to contain 80% of the desired terminal 

alkene geometry. 1H NMR (400 MHz, C6D6) δ = 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); 13C NMR (101 MHz, C6D6) δ = 138.4, 115.3, 36.8, 23.9, 19.7, 3.5; HRMS 

(LIFDI) m/z, calcd for [C7H15SiI]: 253.9988; found: 254.0000. 

 

(2.124) Following a modified procedure,61b allyl silane S2.12 (292 

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 –
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78 °C and trifluoromethansulfonic acid (1.5 mmol, 132 µL, 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. 1H NMR (600 MHz, CDCl3) δ = 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); 13C NMR (151 MHz, CDCl3) δ 

137.7, 134.9, 132.0, 129.4, 128.6, 115.8, 36.9, 21.7, 13.3; 19F NMR (565 MHz, CDCl3) 

δ = -76.53. 

2.8.5 Synthesis of Silyl-Chlorides 

The chlorosilanes used for this study we all synthesize via a method from 

Kunai.55 Note: Due to moisture sensitivity of the silyl chlorides only 1H and 13C NMR 

were used for characterization. 

2.8.5.1 General Procedure B 

In a nitrogen filled glovebox, CuCl2 (2.0 equiv), CuI (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 
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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 

(2.135) According to general procedure B, silane S2.2 (3.0 g, 11.9 

mmol), CuCl2 (3.2 g, 23.7 mmol), and CuI (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). 1H NMR (600 MHz, CDCl3) δ = 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 (q, J=7.1, 2H), 1.61 (dt, J=16.5, 7.5, 2H), 1.39 – 1.33 (m, 2H); 13C 

NMR (151 MHz, CDCl3) δ = 138.3, 134.5, 133.8, 130.7, 128.3, 115.3, 37.0, 22.5, 16.1.  

 

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

mmol), CuCl2 (5.65 g, 42 mmol), and CuI (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). 1H NMR (400 MHz, CDCl3) δ = 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); 13C NMR (101 

MHz, CDCl3) δ 138.4, 135.5, 133.5, 130.5, 128.2, 115.3, 37.0, 22.5, 17.6, 0.5. 

 

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

mmol), CuCl2 (3.04 g, 22.4 mmol), and CuI (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 

Cl
Si

Me Ph

Cl
Si

Me Ph

Cl
Si

Ph Ph

81



 

distillation (55 °C/150 mtorr). 1H NMR (600 MHz, CDCl3) δ = 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 

(dq, J=10.1, 1.6, 1H), 2.24 – 2.18 (m, 2H), 1.25 – 1.10 (m, 2H), 0.68 (s, 3H); 13C NMR 

(151 MHz, CDCl3) δ 140.3, 135.4, 133.5, 130.5, 128.3, 113.8, 27.2, 17.3, 0.6. 

 

(2.145) According to general procedure B, silane S2.5 (4.0 g, 24.6 mmol), 

CuCl2 (6.62 g, 49.3 mmol), and CuI (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). 1H NMR (400 MHz, CDCl3) δ = 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); 13C NMR (101 MHz, CDCl3) δ 134.8, 133.6, 131.8, 130.6, 128.2, 116.1, 25.7, -0.3. 

 

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

mmol), CuCl2 (4.0 g, 30 mmol), and CuI (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). 1H NMR (400 MHz, CDCl3) δ = 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 (dq, 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); 13C NMR (101 MHz, CDCl3) δ 138.9, 135.6, 133.5, 130.4, 128.2, 

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

 

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

mmol), CuCl2 (2.46 g, 18 mmol), and CuI (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 
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distillation (85 °C/200 mtorr). 1H NMR (400 MHz, CDCl3) δ 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); 13C NMR (101 MHz, CDCl3) δ 139.15, 135.65, 133.47, 130.41, 128.20, 114.42, 

33.77, 32.57, 28.57, 22.96, 18.10, 0.47. 

 

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

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

mmol), CuCl2 (2.6 g, 20 mmol), and CuI (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). 1H NMR (600 MHz, CDCl3) δ = 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 (dq, J=9.0, 7.4, 2H), 

1.08 (td, J=7.7, 5.5, 2H), 0.69 (s, 3H); 13C NMR (151 MHz, CDCl3) δ 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. 

 

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

mmol), CuCl2 (3.08 g, 23 mmol), and CuI (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). 1H NMR (600 MHz, CDCl3) δ = 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 (dtq, 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, 
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J=7.6, 3.9, 2H), 0.67 (s, 3H); 13C NMR (151 MHz, CDCl3) δ 135.6, 133.5, 130.4, 130.1, 

128.2, 124.7, 30.1, 23.1, 17.8, 13.0, 0.5. 

 

(2.168) According to general procedure B, silane S2.10 (2.1 g, 7.5 

mmol), CuCl2 (2.0 g, 15 mmol), and CuI (190 mg, 1 mmol) were 

reacted in THF (15 mL) to give 884 mg (37%) of 2.168 as a clear, 

viscous oil after distillation (130 °C/250 mtorr). 1H NMR (600 

MHz, CDCl3) δ = 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); 13C NMR (151 

MHz, CDCl3) δ 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. 

 

(2.156) According to general procedure B, silane S2.11 (4.74 g, 

23 mmol), CuCl2 (6.25 g, 46 mmol), and CuI (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). 1H NMR (600 MHz, CDCl3) δ = 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 (dq, J=9.8, 7.0, 2H), 1.06 (td, J=7.6, 5.8, 2H), 0.66 (s, 3H); 13C NMR (151 

MHz, CDCl3) δ = 135.7, 133.5, 130.9, 130.4, 128.2, 125.7, 35.9, 23.2, 18.0, 17.8, 0.5. 
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2.8.6 Intramolecular Silyl-Heck Procedure 

2.8.6.1 General Procedure C 

In a nitrogen filled glovebox, (JessePhos)2PdCl2 (13.9 mg, 0.125 mmol, 5 mol 

%), LiI (47 mg, 0.35 mmol, 1.4 equiv), Et3N (175 µL, 1.25 mmol, 5.0 equiv) and PhCF3 

(500 µL, 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 Et2O 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 

(2.117 and 2.118) In a nitrogen filled glovebox, 

trisdibenzyladinedipalladium (Pd2dba3, 11 mg), bis(3,5-

ditertbutyl-C5H3)-tertbutylphosphine (JessePhos, 12 mg), Et3N (175 µL) and PhCF3 

(500 µL) 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 µL) 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. 
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(2.117, vinylsilane): 1H NMR (400 MHz, C6D6) δ = 6.72 (dt, J=14.2, 4.0, 1H), 5.79 (d, 

J=14.1, 1H), 2.02 – 1.94 (m, 2H), 1.72 (dq, J=7.0, 5.9, 2H), 0.66 – 0.62 (m, 2H), 0.08 

(s, 6H); 13C NMR (101 MHz, C6D6) δ = 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): 1H NMR 

(400 MHz, C6D6) δ = 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); 13C NMR (101 MHz, CDCl3) δ = 130.5, 126.2, 23.2, 13.3, 10.3, -2.5. HRMS 

(LIFDI) calcd for [C7H14Si]: 126.0865, found: 126.0835. 

 

(2.125 and 2.126) In a nitrogen filled glovebox, 

trisdibenzyladinedipalladium (Pd2dba3, 45.6 mg), bis(3,5-

ditertbutyl-C5H3)-tertbutylphosphine (JessePhos, 46.4 mg), Et3N (700 µL) and PhCF3 (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 MgSO4, 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): 
1H NMR (600 MHz, CDCl3) δ 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): 1H NMR (600 MHz, CDCl3) δ 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 – 
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2.32 (m, 2H), 1.81 – 1.76 (m, 2H), 1.25 (t, J = 6.9 Hz, 2H). (2.125 and 2.126, mixture): 
13C NMR (151 MHz, CDCl3) δ 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-1) 2908, 1427, 

1112. HRMS (EI) m/z, calcd for [C13H20Si]: 250.1178; found: 250.1205. 

 

(2.138 and 2.139) According to general procedure C, silyl chloride 

2.137 (56 mg, 0.25 mmol), (JessePhos)2PdCl2 (13.9 mg, 0.125 

mmol, 5 mol %), LiI (47 mg, 0.35 mmol, 1.4 equiv), Et3N (175 µL, 1.25 mmol, 5.0 

equiv) and PhCF3 (500 µL, 0.5M) were stirred at 45 °C for 24 h. Analysis of the crude 

reaction mixture via 1H 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): 1H NMR (600 MHz, CDCl3) δ 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): 1H NMR (600 MHz, CDCl3) δ 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): 13C NMR (151 MHz, 

CDCl3) δ 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-1) 2907, 1590, 1427, 1251, 

1111, 809, 699. HRMS (CI) m/z, calcd for [C12H16Si]: 188.1021; found: 188.1012. 

 

(2.142 and 2.143) According to general procedure C, silyl chloride 

2.141 (53 mg, 0.25 mmol), (JessePhos)2PdCl2 (13.9 mg, 0.125 

mmol, 5 mol %), LiI (47 mg, 0.35 mmol, 1.4 equiv), Et3N (175 µL, 1.25 mmol, 5.0 
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equiv) and PhCF3 (500 µL, 0.5M) were stirred at 45 °C for 24 h. Analysis of the crude 

reaction mixture via 1H 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): 1H NMR (600 MHz, CDCl3) δ 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): 1H 

NMR (600 MHz, CDCl3) δ 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): 13C NMR (101 MHz, CDCl3) 

δ 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-1) 3019, 2905, 1114. HRMS (CI) m/z, calcd for [C11H14Si]: 

174.0865; found: 174.0858. 

 

(2.148 and 2.149) According to general procedure C, silyl 

chloride 2.146 (240 mg, 1.0 mmol), (JessePhos)2PdCl2 (56 mg, 

0.5 mmol, 5 mol %), LiI (188 mg, 1.4 mmol, 1.4 equiv), Et3N (700 µL, 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 1H 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, exo): 1H NMR (400 MHz, CDCl3) δ 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): 1H NMR (400 

MHz, CDCl3) δ 7.61 – 7.49 (m, 2H), 7.43 – 7.30 (m, 3H), 6.49 (dq, J = 4.2, 1.8 Hz, 

1H), 2.23 – 2.12 (m, 2H), 1.84 – 1.76 (m, 2H), 1.71 (q, J = 2.0 Hz, 3H), 1.00 – 0.89 (m, 
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1H), 0.86 – 0.71 (m, 1H), 0.37 (s, 3H). (2.148 and 2.149, mixture): 13C NMR (101 

MHz, CDCl3) δ 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-1) 2921, 

2852, 1653. HRMS (CI) m/z, calcd for [C13H18Si]: 202.1178; found: 202.1176. 

 

(2.152 and 2.153) According to general procedure C, silyl 

chloride 2.151 (60 mg, 0.25 mmol), (JessePhos)2PdCl2 (13.9 

mg, 0.125 mmol, 5 mol %), LiI (47 mg, 0.35 mmol, 1.4 equiv), Et3N (175 µL, 1.25 

mmol, 5.0 equiv) and PhCF3 (500 µL, 0.5M) were stirred at 45 °C for 24 h. Analysis of 

the crude reaction mixture via 1H 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): 1H NMR (400 MHz, CDCl3) δ 

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): 1H NMR (400 

MHz, CDCl3) δ 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): 13C NMR (101 MHz, CDCl3) δ 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-1) 2924, 1608, 1427, 1250, 1111, 815, 731, 698. HRMS (CI) m/z, 

calcd for [C13H20Si]: 202.1178; found: 202.1174. 

 

(2.163) According to general procedure C, silyl chloride 2.162 (240 mg, 

1.0 mmol), (JessePhos)2PdCl2 (56 mg, 0.5 mmol, 5 mol %), LiI (188 mg, 

1.4 mmol, 1.4 equiv), Et3N (700 µL, 5.0 mmol, 5.0 equiv) and PhCF3 (2 mL, 0.5M) 
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were stirred at 45 °C for 24 h. Analysis of the crude reaction mixture via 1H NMR 

revealed a 18% yield. 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): 1H 

NMR (600 MHz, CDCl3) δ 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); 13C NMR (151 MHz, CDCl3) δ 142.5, 138.1, 134.3, 

133.8, 129.1, 127.9, 39.2, 25.5, 19.8, 15.0, -3.9; FTIR (cm-1) 2916, 1428, 1250, 1112, 

732, 698. HRMS (CI) m/z, calcd for [C13H16Si]: 202.1178; found: 202.1177. 

 

(2.169) According to general procedure C, silyl chloride 2.168 (158 

mg, 0.5 mmol), (JessePhos)2PdCl2 (28 mg, 0.25 mmol, 5 mol %), LiI 

(94 mg, 0.7 mmol, 1.4 equiv), Et3N (350 µL, 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 1H 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%): 1H NMR 

(400 MHz, CDCl3) δ 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); 1H NMR (400 

MHz, C6D6) δ 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); 13C NMR (101 MHz, CDCl3) δ 

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; 13C NMR (101 MHz, C6D6) δ 143.6, 140.0, 138.6, 137.1, 136.8, 134.5, 
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129.5, 129.1, 128.3, 43.0, 25.1, 21.1, 16.1, -4.9; FTIR (cm-1) 2920, 1510, 1428, 1110, 

809, 699. HRMS (CI) m/z, calcd for [C19H22Si]: 278.1491; found: 278.1493.  
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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).1 This work inspired us to reinvestigate the analogous 

boryl-Heck transformation. A boryl-Heck reaction would provide a direct route to 

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

 

Figure 3.1 Proposed Boryl-Heck Reaction 

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

using readily available B-chlorocatechol borane (catBCl) as an electrophilic boron 
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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.2 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-couplings2 and Petasis 

reactions.3 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-I bonds.4 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.5 
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3.2.1 Suzuki-Miyaura Cross-Coupling 

The Suzuki-Miyaura cross-coupling reaction was first reported by Akira Suzuki 

and Norio Miyaura in 1979.6 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.2, 7 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 

 

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 
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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). 

 

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.8 In one example, a leukotriene B4 precursor was synthesized on a 

multi-gram scale (Figure 3.4).9 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 

(KHF2) 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).10 This reaction displays high 

functional group tolerance with a variety of terminal and internal alkenyl trifluorborate 

substrates.  

 

Figure 3.5 Molander’s Suzuki Reaction of Alkenyl Trifluoroborates 
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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).2-3 When alkenyl boronic esters are utilized, allylic amines can be 

synthesized with great diversity (Figure 3.6, bottom). 

 

Figure 3.6 General Scheme of the Borono-Mannich (Petasis) Reaction 

 This operationally simple reaction was first reported by Petasis and 

Akritopoulou in 1993.11 Anhydrous and degassed solvents are not required and the 
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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. 

  

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.12 Using a chiral biaryl 

phenol catalyst, enantioenriched allylic amines can be synthesized with good yields and 

high enantiomeric excess.13 

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-I 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. 
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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.14 This reaction became known as the Chan-Lam-

Evans reaction and has revolutionized the synthesis of aryl ethers, amines, and 

thioethers (Figure 3.8).2, 15 

 

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.2 Electron rich 

phthalimides performed better than electron deficient ones, however, electronics on the 
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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.16 

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).17 Using a Cu(OAc)2, the cross-

coupling of alkenyl boronic esters with variety of heterocyclic nucleophiles proceeded 

with excellent yields.  

 

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

free amides and alkenyl trifluoroborates.18 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.4b, 19 

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.4a, 

20 Interestingly, 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 

Matteson20a and Brown20b respectively (Figure 3.10). 

 

Figure 3.10 Stereochemical Model for Deboronohalogenation 

More recently, the fluorination of aryl and alkenyl boronic esters has been made 

possible.4c, 21 While this field has been mostly focused on the fluorination of aryl 

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

 

Figure 3.11 Silver Promoted Fluorination of Alkenyl Boronic Esters 

Sanford and Scott have discovered a rapid way to incorporate 18F in the 

fluorination of boronic acids for the development of PET radiotracers.21c In a related 

transformation, the Buchwald group has reported an iron catalyzed method for the 

trifluoromethylation of alkenyl trifluorobornates.22 The trifluoromethyl group has had a 

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

3.2.3.3 Oxidation 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,23 many oxidants have been 

used to oxidize alkenyl boronic esters.24 
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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).23 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).25 

This sequence typically uses trimethylamine N-oxide (Me3NO) as the oxidant and has 

been utilized in many total syntheses.24, 26 

 

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 

R B(OR)2 [Ox] R O [B]
R’ R’

R O

R’

R H

R

HBcat

Grubbs II
Bpin

R Bcat

R Bpin

[Ox]

[Ox]

R
O

R
O

108



 

containing fragments from single molecules,5f, 27 to polymers,5a, 5e to boron neutron 

capture therapy.5d  

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).28  

 

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 approval.5b, 

5c, 5f, 29 Boron containing organic compounds have also seen new applications in 

diagnosis and theroputics.5c, 30 Boron is typically incorporated via attachment to sugars, 

carbohydrates, or peptides.31 However, benzoboroxoles have become an interesting 

class of compounds.30, 32 

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. 

Bortezomib

N
H

H
N BN

N

O

O

Me

Me
OH

OHPh

109



 

Miyaura borylation is a popular method coupling nucleophilic boron reagents with sp2-

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.33 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 p-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).23, 34 

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).35 
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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).36  

 

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 
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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 

dienes37 and has been applied in many total synthesis.38 

Soon after his initial publication, Srebnik reported the rhodium catalyzed 

hydroboration of alkynes using Wilkinson’s catalyst.39 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).  

 

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.40 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) 
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calculations and a slightly modified and more complete view of the mechanism was 

proposed (Figure 3.19).41 

 

Figure 3.19 Mechanism of Trans-Hydroboration of Terminal Alkynes 

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).42 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.43 
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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.  

 

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 sp2-

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).44  

 

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.2 Additionally, all 
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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.45 

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 B2pin2 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.  

 

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 
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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. 

 

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 1926.46 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.47 More recently, Hoveyda reported a unique method to 

synthesize internal alkenyl boronic esters (Figure 3.24, bottom).48 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 (BCl3) has been known since the late 1980’s.49 In 

1995, Naso was the first to apply this principle to the synthesis of alkenyl boronic esters 
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(Figure 3.25).50 While this method utilizes milder organometallic reagents and results in 

good yields, the use of BCl3 hinders the method’s functional group tolerance. 

 

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.51 This 

strategy has been applied to many total syntheses52 and has become so commonplace 

that even general rules for predicting selectivity have been developed.53 The widely 
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accepted mechanism was first proposed by Hérisson and Chauvin in 1971 (Figure 

3.26).54  

 

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.  
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3.3.4.1 General Cross-Metathesis 

In 1998, Renaud reported the first example of a cross-metathesis reaction 

involving an alkenyl boronic ester.55 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 1st 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.  

 

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 2000.56 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).4a, 57 Formation of disubstituted alkenyl boronic esters (3.53) proceeds in moderate 

to excellent yields (55-99%),4a however, the synthesis of trisubstituted products gave 

severely reduced yields (30-59%) (3.54).57b  
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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.58 A 

variety of alkenyl boronic esters were synthesized with excellent yields and Z-

selectivities (Figure 3.29).  

 

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.25, 59 Danishefsky used this strategy to set-up for an 

intramolecular Suzuki reaction to form Epothilone 490, a 16-membered macrocycle 

(Figure 3.30).25 
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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).60  

 

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 1st 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 
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desymmetrization of symmetric achiral allylic alcohols to form optically active 

unsaturated cyclic boronic esters.61 

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).62  

 

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

Using a ruthenium hydride complex [RuHCl(CO)(PCy3)2], 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).62a Deuterium labeling studies with styrene-d8 (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 1st generation catalyst, indicates the 

carbon-carbon double bond is cleaved, as expected for classical cross-metathesis (vide 
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supra). These results combined with a series of stoichiometric experiments62a led 

Marciniec to propose the following mechanism (Figure 3.33).  

 

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. β-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 β-hydride elimination to form product and 

regenerate the active ruthenium hydride 3.67. DFT calculations from the Marder group 

support this proposed mechanism.63 

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 
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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 

BCl3 or B(OMe)3 (Figure 3.34). 

 

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).64  

 

Figure 3.35 Heck vs. Suzuki Reaction of Pinacol Vinyl Boronic Ester 
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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,64a 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.64b 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).  
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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). 

 

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 
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(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.65 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.65a This approach to 

polyene synthesis has been applied to many total syntheses66 such as Viridenomycin 

(Figure 3.38). 

 

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.67 using this strategy in an 

iterative process allows for rapid access to large molecular weight dendrimers.67b 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 

electrophile, the formation of various dienes and polyenes was accomplished.8, 68 

(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 B2pin2 with a transition metal catalyst and an alkene (Figure 3.41).  

 

Figure 3.41 General Scheme of Dehydrogenative Borylation 
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become complicated by inseparable reduction products (3.80 and 3.81). However, these 
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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.69 In his initial report, Sneddon described the reaction of 

pentaborane (B5H9) with simple terminal olefins such as propane and butane in the 

presence of catalytic palladium bromide (PdBr2) 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). 

  

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).70  
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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).70-71 

 

Figure 3.44 Mechanism of Dehydrogenative Borylation with Sacrificial Alkenes 
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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 β-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,72 

pinacolborane,73 azaborine,74 and napthalene-1,8-diaminatoborane.75 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)73b  
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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.73b 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.76 

He found that using 2.3 equivalents of norbornene (nbe) in conjunction with pinacol 

borane and catalytic rhodium(I), 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 yields 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 H2 produced 

during the reaction. To overcome this inherent limitation, Marder and his colleagues 

discovered that using trans-[RhCl(CO)(PPh3)2] in combination with diboron reagents 

such as B2pin2 and B2neop2, allows for the dehydrogenative borylation of aromatic 

alkenes without significant hydrogenation or hydroboration.77 

The ruthenium catalyzed reaction of B2pin2 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.77b However, they found that in acetonitrile, the reactions were much cleaner but 
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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. 

 

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 α-

methylstyrene and α-phenylstyrene showed good reactivity with both B2pin2 and 

B2neop2 (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 B2pin2, used here, is 

RhCl(CO)(PPh3)2B2pin2+ Ar Bpin

MeO
Ar Bpin

2 days
3.97, 93% 3.98, 7%

RhCl(CO)(PPh3)2B2pin2+ n-hex Bpinn-hex n-hex Bpin

3 days
3.105, 33% 3.106, 67%

Bpin

+

+

RhCl(CO)(PPh3)2B2pin2+
Ar Bpin

4 days
3.104, 90%

Me Me

137



 

reduced to pinacol borane, which reacts poorly under these catalytic conditions.77b The 

proposed mechanism for this transformation closely resembles a Heck-like pathway 

(Figure 3.48). 

 

Figure 3.48 Mechanism of Dehydrogenative Borylation with B2pin2 

The active rhodium complex (3.107) undergoes oxidative addition into the B-B 

bond of B2pin2 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 β-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. 
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and boryl hydrides. However, Szabo78 and Iwasawa79 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 B2pin2 often resulting in over borylation. 

However, with extra equivalents of alkene, overborylation can be suppressed (Figure 

3.49, bottom). 

 

Figure 3.49 Palladium Pincer Catalyzed Dehydrogenative Borylation 

In addition to rhodium and palladium, iron80 and copper81 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,33d requires access to the 

appropriate alkynes, and Miyaura borylation,82 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 a-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.83 
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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 demonstrated84 we were more interested in the use of d10 

metals. The oxidative addition of platinum into B-F,85 B-Cl,86 B-Br,87 and B-I88 has 

been well established over the past several decades (Figure 3.51).  

 

Figure 3.51 Oxidative Addition of Platinum into B-Cl and B-B Bonds 
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the halide have a trans-configuration about the platinum center.87c This contrasts the cis-

configuration observed with oxidative addition of platinum into B-B bonds,86a and 

compliments the observed oxidative addition into Si-X bonds.1d, 89 

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).90  

 

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

3.53). 

 

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-

fashion.33a, 33d A crystal structure was obtained of the intermediate before 

transmetallation of the organotin reagent and displays the trans-addition configuration 

(Figure 3.54). 

 

Figure 3.54 Model for Vinyl-Nickel Isomerization 

O Cl
B

Et

N(iPr)2

Ph

SnBu3
cat. Ni(COD)2/PPh3 BO

N(iPr)2
Et

Ph
3.124, 93% 

(NMR)

toluene
+

pinacol, Ac2O

3.125, 85%

AcO
pinB Et

Ph
3.122 3.123

O Cl
B

Ph

N(iPr)2
B

O

(iPr)2N

Ni

Ph
 Ni(COD)2/PMe3

toluene Cl
PMe3

PMe3

Z-3.127, 30%

B
O

(iPr)2N
PMe3

Me3P Cl

Ph

Ni

3.126

E-3.127

Structure Determined
via X-Ray Crystallography

143



 

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). 

 

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-Cl 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 
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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.93 Using 

bulky trialkyl phosphines such as P(tBu)3 and P(Cy)3, the previously observed trans-

carboboration product was observed with moderate yields and excellent stereocontol 

(Figure 3.56). 

 

Figure 3.56 Ligand Controlled Stereoselective Carboboration Reactions 

However, switching the ligand to P(Me)3 the cis-carboboration product was 

observed. Isolating a crystal of the migratory insertion intermediate clearly shows that 

with PMe3 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 
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intramolecular cyclizations facilitate the reaction, they can also limit the scope and 

utility of this reaction. Using a palladium catalysis, Suginome also demonstrated a 

three-component coupling reaction of bis(diamino)chloroboranes, alkynes and 

organozirconium reagents (Figure 3.57).94 

 

Figure 3.57 Suginome’s 3-Componant Carboboration 

Using P(Me)3, on the cis-carboboration product was observed in moderate to 

excellent yields after a pinacol quench. Both alkenyl and aryl zirconium reagents were 

successful in this reaction giving access to acyclic tri- and tetrasubstituted alkenyl 

boronic esters. These conditions are nearly identical to the seminal work by Tanaka90a 

with the exception of the organozirconium nucleophile added to turn over the reaction. 

Since Tanaka’s original publication on the oxidative addition of palladium into 

boryl chloride bonds, Suginome has expanded the utility of this B-Cl activation by 

exploring the migratory insertion of various alkynes and transmetallation of various 

organometallic reagents. In the context of our proposed boryl-Heck reaction, we were 

more interested in the bimolecular migratory insertion of an alkene and termination via 

hydride elimination rather than transmetallation and reductive elimination.  

Suginome has also shown that both mechanistic steps are feasible under similar 
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ethers derived from homoallylic alcohols in a similar fashion to the homopropargylic 

alcohols (Figure 3.58). 

 

Figure 3.58 Suginome’s Carboboration of Alkenes 

Under a similar mechanistic regime, this reaction gives rise to selective 5-exo 

cyclization products with high stereoselectivity with substitutions on the alkyl tether. 

The high degree of diastereoselectivity can be rationalized by examining the chair like 

migratory insertion transition states (Figure 3.59).  

 

Figure 3.59 Stereochemical Model for Observed Diastereoselectivity 

The substitutions on the tether prefer equatorial positions over axial. More 

importantly, this shows that the migratory insertion of alkenes is possible under 
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Lastly, Suginome has demonstrated that alkenes such as styrenes and acrylates 

can serve as nucleophiles in the intramolecular cyclization of homopropargylic alkynes 

(Figure 3.60).95  

 

Figure 3.60 Suginome’s Intramolecular Reaction Terminated via a Heck Reaction 

These reactions follow the same mechanistic hypothesis as the rest of his work 

except rather than terminating with transmetallation of an organic nucleophile, the 

catalytic cycle is terminated with a bimolecular Heck reaction. This is perhaps the most 

encouraging of Suginome’s results because it demonstrates that amines are compatible 

with similar reaction conditions. 

3.5 Discovery and Development of the Boryl-Heck Reaction 

Suginome has demonstrated that all of the proposed fundamental steps are 

plausible, however, a complete boryl-Heck reaction that converts an alkene to an 

unsaturated boronic ester using an electrophilic borane had not yet been demonstrated.95 

In fact, Marder has previously suggested a boryl-Heck reaction may be possible.96 

However, his preliminary studies showed that catecholchloroborane (catBCl) and 

triethyl amine (Et3N, a common base in Heck reactions) form highly stable amine-

borane adduct 3.138 (Figure 3.61), which presumably prevents oxidative addition.  
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Figure 3.61 Equilibrium of catBCl and Et3N 

He also showed that phosphines can both coordinate, deactivate and decompose 

catBCl. Marder’s results, along with Suginome’s use of less electrophilic aminoboranes, 

illustrate the inherent difficulty of developing a boryl-Heck reaction to deliver a simple 

alkenyl boronic ester. Such a reaction requires both Lewis acidic chloroboronic esters 

and an effective base to turn over the catalytic cycle.  

I envisioned using catBCl as the boron electrophile, as it is commercially 

available and readily synthesized from BCl3 and catechol (both are abundant and 

inexpensive on-scale).97,98 I initially explored borylation of 1-decene using conditions 

similar to our silyl-Heck protocol (20 mol % Cy3P, 10 mol % [(COD)Pd(CH2SiMe3)2], 

Et3N, PhCF3, 80 °C).1a Unfortunately, I observed no borylated product but only starting 

alkene by 1H NMR spectrometry and GCMS. However, when examining the 11B NMR 

spectrum to determine the fate of the catBCl under these conditions, I observed the 

quantitative formation of amine-borane adduct 3.138 (~13 ppm) previously reported by 

Marder (Figure 3.62).96  
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Figure 3.62 11B NMR of Crude Reaction 

3.5.1 Base Optimization 

We hypothesized that formation of amine-borane adducts could be disrupted by 

use of a different class of base or by a larger amine that might form a less stable adduct. 

This would shift the equilibrium away from 3.138, resulting in a higher concentration of 

free catBCl in solution to enter the catalytic cycle. As mentioned above Et3N resulted in 

no conversion of starting material (Table 3.1, entry 1). 
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Table 3.1 Identification of an Effective Base 

 
entry base 3.139 (%) 3.140 (%) 3.141 (%) E/Z of 3.141 

1 Et3N 100 0 0 – 
2 none 3 97 0 – 
3 K2CO3 4 96 0 – 
4 pyridine 91 9 0 – 
5 2,6-lutidine 70 30 0 – 
6 iPr2NEt 52 33 15 ~90:10 
7 Cy2NMe 65 9 26 ~90:10 

 

Without base or with inorganic bases such as potassium carbonate, nearly full 

isomerization of the starting material to internal alkene isomers 3.140 was observed 

(entries 2 and 3). Weaker organic bases, such as pyridine or 2,6-lutidine, suppressed 

isomerization but did not lead to 3.141 (entries 4 and 5). In contrast, with the larger 

trialkylamine Hünig’s base, 15% of trans-alkenyl boronic ester 3.141 was observed 

(entry 6). With N,N-dicyclohexylmethylamine (Cy2NMe) even more of 3.141 (26%) 

was formed along with less starting material isomerization (entry 7). Importantly, in 

both entries 6 and 7, 3.141 was the only organoboron product; no internal alkenyl- or 

allyl-boronic esters were detected. In both cases, 3.141 was formed with high E/Z 

selectivity (ca. 90:10).  

3.5.2 Catalyst Optimization  

To optimize the reaction further, we turned our attention to the nature of the 

catalyst. In the absence of palladium and ligand, no product was observed (Table 3.2, 

entry 1).  
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Table 3.2 Optimization of Catalytic Conditions  

 
entry catalyst (mol %) ligand (mol %) 3.141 

(%) 
3.140 
(%) 

3.141 
(%) 

1 none none 100 0 0 
2 Pd2dba3 (5 mol %) Cy3P (20 mol %) 53 15 32 
3 Pd2dba3 (5 mol %) none 0 35 65 
4 Pd2dba3 (5 mol %) Ph3P (20 mol %) 65 10 25 
5 Pd2dba3 (5 mol %) tBu3P (20 mol %) 0 >99 0 
6 Pd2dba3 (5 mol %) dppe (10 mol %) >99 0 0 
7 Pd2dba3 (5 mol %) dppp (10 mol %) 96 0 4 
8 Pd2dba3 (5 mol %) SPhos (10 mol %) 0 56 44 
9 Pd2dba3 (5 mol %) tBuXPhos (10 mol %) 0 68 32 
10 Pd2dba3 (5 mol %) tBuPPh2 (20 mol %) 19 19 62 
11 Pd2dba3 (5 mol %) JessePhos (20 mol %) 2 16 82 
12 Pd2dba3 (2.5 mol %) JessePhos (10 mol %) 0 18 82 

 

Using Cy3P as ligand, various palladium precatalysts provided similar yields of 

1.141; however, Pd2dba3 was selected for further study (entry 2). Interestingly, Pd2dba3 

without added phosphine yielded a significant quantity of 1.141 (65%, entry 3). Mono- 

and bidentate phosphines as well as Buchwald ligands all prove inferior to entry 3 

(entries 4-9).99 In contrast, the use of tBuPPh2 led to less alkene isomerization, albeit in 

similar yield as entry 3 (entry 10). We next examined JessePhos, a ligand designed in 

our group for silyl-Heck reactions.1d Somewhat unexpectedly, this ligand provided a 

notable increase in the production of 1.141 (82%, entry 11), even with only 5 mol % Pd 

(entry 12), and has proven to be the most effective to date. We suspect that JessePhos 

has the correct balance of electron donor ability to support a highly active palladium 

catalyst, but is sterically hindered enough to prevent decomposition or deactivation of 

the boron reagent in situ.  
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3.5.3 Suppression of Starting Material Isomerization 

Even with JessePhos, alkene isomerization of the starting material continued to 

erode the yield. Jesse Spillane, an undergraduate working with me, investigated the use 

of additives and found that the addition of 1.5 equivalents of lithium 

trifluoromethanesulfonate (LiOTf) fully suppressed starting material isomerization 

(Table 3.3). With no competing isomerization, an increase in temperature was 

permissible (90 °C), and a quantitative yield was achieved (entry 2).  

Table 3.3 Additive Screen 

 
entry additive (1.5 equiv) 3.139 (%) 3.140 (%) 3.141 (%) 

1 none 0 18 82 
2 LiOTf 0 0 >99 

 

We do not fully understand the role of LiOTf in suppressing alkene 

isomerization, but suspect that the limited solubility of LiCl in PhCF3 might be 

important in controlling unfavorable palladium hydride equilibria in the reaction (Figure 

3.63).  

 

Figure 3.63 Palladium Hydride Equilibrium with Triflate and Chloride Anions 
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We suspect that the starting alkene isomerization is catalyzed by a palladium 

hydride complex formed during this reaction. Migratory insertion of the alkene into the 

palladium hydride bond forming an alkyl palladium which can β-hydride eliminate to 

form the more stable and unreactive internal alkene isomer. Stoichiometric triflate 

anions can exchange with chloride anions from the ammonium chloride formed. This 

exchange is driven by limited solubility of LiCl in PhCF3 and produces the ammonium 

triflate which is less prone to form a palladium hydride complex (3.142). 

3.5.4 Single Component Catalyst 

During the optimization process, we found that isolated products were 

contaminated with ~5% of a yellow solid. Sarah Krause, a colleague of mine identified 

this impurity as the phosphine-ligated palladium complex (JessePhos)2PdCl2. Sarah 

also found that using a palladium scavenger (ammonium pyrrolidine-

dithiocarbamate),100 this impurity could easily be removed resulting in pure products. 

Interested in this palladium complex, she was able to independently synthesize 

(JessePhos)2PdCl2 and sought to further simplify the setup of this reaction using this 

single component precatalyst. With this air and moisture stable complex, a quantitative 

yield of 3.141 was observed as a 90:10 mixture of E/Z alkenyl boronate isomers with 

only 2.5 mol % catalyst (Figure 3.64). Further studies also revealed that the single 

component catalyst provided more consistent results on preparative scale. 

 

Figure 3.64 Boryl-Heck Reaction with Single Component Catalyst 
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3.6 Substrate Scopes 

Next, we sought to examined the scope of this reaction. Catechol boronic esters 

are known to be air and moisture sensitive and prone to oxidation and hydrolysis. To 

facilitate isolation, pinacol (3 equiv) was added at the end of each reaction, resulting in 

rapid, quantitative conversion of the products to more easily isolated pinacol boronic 

esters (Figure 3.65).  

 

Figure 3.65 Pinacol Quench for Isolation 

Even as the pinacol ester, boronic esters are known to partially decompose 

during purification on silica gel. However, boric acid impregnated silica has been 

shown to decrease this decomposition resulting in increased isolated yields.101 In our 

hands, use of commercial, untreated silica gel resulted in yields ~5-10 % lower than 

with boric acid impregnated silica gel (see Experimental Details). 

3.6.1 Reactions with α-Olefins 

Under these conditions, the product from 1-decene (3.146) was isolated in 93% 

yield with an E/Z ratio of 89:11 (Figure 3.66). Other aliphatic alkenes were converted to 

alkenyl boronic esters with good yields and E/Z selectivities (3.147-3.148). Using 3 

equivalents of catBCl, 1,7-octadiene was bisborylated in 83% yield (3.149). A variety 
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ethers (3.151), alkyl chlorides (3.152), silanes (3.153), and alkyl pinacol boronic esters 
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(3.154). Although enolizable carbonyls interfered with the reaction (3.155-3.156, 

presumably due to competitive formation of boron enolates), non-enolizable carbonyls 

(3.157-3.158) did not. When allylbenzene was used as substrate, boronate 3.159 was 

observed as a mixture of alkene isomers. This is the only case where an allyl boronic 

ester was observed, which we attribute to the stability of a conjugated aromatic group.  

 

Figure 3.66 Scope of Linear α-Olefin Substrates 

3.6.2 Reactions with Styrene Derivatives 

Substituted styrenes were also investigated (Figure 3.67). Since starting material 

isomerization is not possible, LiOTf is not required. Jesse Spillane examined other 

additives and found that 5 mol % LiI accelerated the rate of these reactions, allowed for 

lower reaction temperature (70 °C), and led to improved yields. However, added LiI 
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increases starting material isomerization with non-styrenyl substrates. In the case of 

styrenyl substrates (except for 3.170), only E-alkenyl boronic esters were observed. 4-

tert-Butylstyrene was converted to 3.160 in 92% yield. Sterically hindered (3.161), 

electron-rich (3.162-3.163), and electron-poor substrates (3.164-3.165) all gave good to 

excellent yields. Aryl fluorides (3.166) and chlorides (3.167) were well tolerated. 

Heterocyclic alkenes, such as indoles (3.168) and dioxolanes (3.169), were also 

excellent substrates. Significantly, α-methylstyrene was also borylated in good yield 

and with excellent E/Z selectivity (3.170).77 This product cannot be synthesized via 

hydroboration, and it demonstrates that increased substitution on the alkene may be 

accessible in future work.  

 

Figure 3.67 Scope of Styrenyl Substrates 
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3.6.3 Formation of Different Boronic Acid Derivatives 

Different boronic esters provide different and sometimes orthogonal reactivity in 

a variety of chemical transformations.2 This boryl-Heck reaction is readily adapted to 

produce diverse boronate derivatives by simply changing the nucleophile added after 

the reaction, delivering various boronic esters (Figure 3.68, 3.171-3.173), amides 

(3.174), and trifluoroborates (3.175). We believe that this is a significant advantage over 

other reported methods, which have traditionally required different reaction conditions 

and boron containing precursors to access different alkenyl boronic esters. 

 

Figure 3.68 Synthesis of Alternative Boronic Acid Derivatives 
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The high degree of regio- and stereoselectivity of this reaction provides the 

potential for further cross coupling with the same selectivity. A two step, one pot 

sequence of boryl-Heck then Suzuki reaction with an aryl halide would give rapid 

access to stereo defined functionalized alkenes in a single step. The addition of 

iodobenzene and Cs2CO3 to the crude reaction mixture (3.176) gave stilbene 3.177 in 

98% yield as a single E-isomer (Figure 3.69). No catalyst exchange or addition was 

necessary, showing that (JessePhos)2PdCl2 is a competent precatalyst for both reactions 

under the same conditions. 

 

Figure 3.69 One Pot Boryl-Heck/Suzuki Sequence 

3.7 Mechanistic Studies 

On-going studies are aimed at elucidating the mechanism. At present, we favor 

the Heck-like pathway outlined in Figure 3.1. While we do not yet have a complete 

understanding of the mechanism, preliminary studies have revealed some key 

observations and insights. 
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11B NMR spectroscopy (Figure 3.70, 3.178), it is distinct from that formed with Et3N 

(3.138). The Cy2NMe derived complex has a broader peak and is shifted more 

downfield, both of which indicate a less tightly bound boron atom. Furthermore, the 

addition of 1 equiv of Et3N to 3.178 results in complete conversion to 3.138, providing 

additional evidence for a less stable Cy2NMe complex. This data supports the notion 

that a greater concentration of free catBCl is available with the use of a larger base and 

explains our success when compared to earlier reports. 

 

Figure 3.70 11B NMR Spectra of Amine-Borane Coordination Complexes. 
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Cy2NMe. The stability of catBCl·Et3N sequesters the catBCl, preventing it from 

entering the catalytic cycle. 

 

Figure 3.71 DFT Calculations of Coordination Amine Coordination Complex 

3.7.2 Isomerization Studies 

Second, I wanted to better understand the origin of vinyl/allyl selectivity in the 

boryl-Heck reaction. When given an opportunity to select between vinyl or allyl alkenyl 

boronic ester, the boryl-Heck exclusively prefers to form the vinyl product. The 

analogous bimolecular silyl-Heck reaction has a high selectivity for allyl silanes over 

vinyl (Figure 3.72). 

 

Figure 3.72 Vinyl vs. Allyl Selectivity for Boryl- and Silyl-Heck Reactions 
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The observed E/Z ratio is similar to that of earlier rhodium-catalyzed 

processes,76 which suggest a thermodynamic distribution of products. Experimental 

evidence for thermodynamic control was gained by spiking isomerically pure (E)-

hexenylborane 3.180 into the boryl-Heck reaction of 4-phenylbutene (Figure 3.73). 

Boronate 3.147 was formed with the expected E/Z selectivity, however 3.181 was 

detected with only a 93:7 E/Z ratio. This isomerization is not due to transesterification 

as erosion of alkene geometry is not seen without catalyst. These results show that 

under our exact catalytic conditions, isomerization of product can and does occur 

demonstrating that the vinyl/allyl and E/Z selectivity we observe in thermodynamically 

derived. Future studies will be aimed at elucidating the kinetic product.  

 

Figure 3.73 Isomerization Study 

We sought to compare some of the experimental E/Z ratios to calculated DFT 

energies for several substrates. All of the following calculations (B3LYP/6-31++G(d,p)) 

were performed at 90 °C. Ground state calculations for each of the four possible butene 

product isomers were performed to determine the relative ΔH. The products of 1-butene 

were chosen because they should be representative of all larger α-olefins. The computed 

and experimentally measured E-alkenyl, Z-alkenyl, E-allyl, and Z-allyl products 

correlate very well supporting the notion that the observed ratio is thermodynamic 

(Figure 3.74).  

Me Bcat

3.180, >99:1 E/Z

Me Bpin

Bpin

1.5 equiv LiOTf, Cy2NMe
PhCF3, 90 °C, 24 h

then pinacol

3.147, 88:12 E/Z

3.181, 93:7 E/Z

+
+

1.5 equiv catBCl
2.5 mol % (JessePhos)2PdCl2

162



 

 

Figure 3.74 Comparison of Theoretical and Experimental Product Distributions of 1-
Butene 

The products from allylbenzene and styrene were also examined and show 

similar correlations (Figures 3.75 and 3.76). 

 

Figure 3.75 Comparison of Theoretical and Experimental Product Distributions of 
Allylbenzene 
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Figure 3.76 Comparison of Theoretical and Experimental Product Distributions of 
Styrene 

3.8 Conclusion  

In conclusion, we have demonstrated the first example of a boryl-Heck reaction 

using an electrophilic boron reagent. This transformation converts terminal alkenes to 

alkenyl boronic esters and their derivatives in high yield and with good functional group 

tolerance. The reaction is compatible with both linear α-olefin and styrenyl substrates 

and provides products with excellent E/Z ratios. The utility of this reaction was 

demonstrated with a tandem boryl-Heck/Suzuki reaction to synthesize a non-symmetric 

stilbene product. This work demonstrates that identification of a bulky amine base, in 

combination with appropriate catalyst and additives, overcomes the previously observed 

incompatibility of chloroboranes with conditions that enable β-hydride elimination. 

Both experimental and computation studies indicate that the high level of selectivity is 

derived from a thermodynamic equilibrium of the lowest energy isomers. By harnessing 

a Heck mechanism, this method enables use of an inexpensive, readily available 

borylation reagent and avoids formation of byproducts, two significant advantages over 

existing methods to deliver these valuable versatile synthetic intermediates. 

This work was communicated in 2016 in The Journal of the American Chemical 

Society.99 
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3.9 Experimental Details 

3.9.1 General Experimental Details 

Diethyl ether, tetrahydrofuran and dichloromethane were dried on alumina 

according to published procedures.102 Catechol was purchased from Alfa Aesar and 

recrystallized from hot toluene prior to use. Boron trichloride was purchased from 

Acros as a 1 M solution in hexanes and used as received. N,N-

Dicyclohexylmethylamine was purchased from TCI, distilled from calcium hydride (80 

°C, 150 mtorr) and stored at rt on the bench in a nitrogen-filled Strauss flask. 

Trifluorotoluene was purchased from Sigma Aldrich in an anhydrous septum sealed 

bottle, transferred to a Straus flask by cannula transfer and sparged with nitrogen for 15 

minutes. Lithium trifluoromethanesulfonate was purchased from Oakwood and stored in 

a nitrogen-filled glovebox or in a desiccator under air. Bis(trimethylsilylmethyl)-

(cycloocta-1,5-diene) palladium(II) [(COD)Pd(CH2SiMe3)2] was prepared according to 

a published procedure.1a Tris(dibenzylideneacetone)dipalladium(0) [Pd2(dba)3] was 

purchased from Aldrich or Strem and used as received. Bis(3,5-di-tert-

butylphenyl)(tert-butyl)phosphine (L1) was prepared according to a published 

procedure.1d Substrates ethyl 4-vinylbenzoate,1b 5-vinylbenzo-1,3-dioxole103 and 1-

(toluene-4-sulfonyl)-2-vinyl-1H-indole104 were prepared according to published 

literature procedures. All other substrates and reagents were purchased in highest 

analytical purity from commercial suppliers and used as received. 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. “Double manifold” refers to a standard 

Schlenk-line gas manifold equipped with nitrogen and vacuum (ca. 100 mtorr). All 
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optimization reactions (0.25 mmol) were run in a nitrogen-filled glovebox and heated 

using an aluminum block on a magnetic stir plate. All yields in optimization reactions 

were determined using 1H NMR using 1,3,5-trimethoxybenzene or ferrocene as an 

internal standard and E/Z ratios were determined using 1H NMR of unpurified products. 

All other reactions were set up using standard Schlenk technique and heated with 

stirring in temperature controlled oil baths. Any product yields listed in the main text 

that do not match those listed in the supporting information are the average of multiple 

isolated yields. The E/Z ratio of the isolated products may differ from the crude mixture 

due to enrichment during purification. Only the E-isomer is reported for the 1H and 13C 

NMR spectral data. The 13C NMR spectra may contain extra, unassigned peaks, which 

we attribute to the minor Z-isomer. Note: The 13C NMR signal for carbons attached to 

boron did not appear in the collected spectra due to the quadruple splitting of 11B.105 

NMR data for some compounds may be reported in two different solvents to resolve 

overlapped 13C peaks. 

3.9.2 Instrumentation and Chromatography 

400 MHz 1H, 101 MHz 13C and 376 MHz 19F spectra were obtained on a 400 

MHz FT-NMR spectrometer equipped with a Bruker CryoPlatform. 600 MHz 1H, 151 

MHz 13C, and 193 MHz 11B 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. 1H NMR spectra were calibrated using the residual protio-

signal in deutero-solvents as a standard. 13C 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 
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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 boric acid 

impregnated 40-63 µm silica gel101 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 with iodine or KMnO4. 

3.9.3 Synthesis of Non-commercial Starting Materials and Reagents 

3.9.3.1 Alkenes Substrates 

(S3.1) A 500 mL round bottom flask equipped with a magnetic 

stir bar and rubber septum was charged with 4-

dimethylaminopyridine (305 mg, 0.1 equiv), triethylamine (100 mL), dichloromethane 

(100 mL), and 5-hexenol (3.0 mL, 25 mmol, 1.0 equiv) and sealed under air. 

Triisopropylchlorosilane (6.7 mL, 31.3 mmol, 1.25 equiv) was then added dropwise via 

syringe and the reaction was stirred for 72 h. The reaction was opened to air, quenched 

with water (100 mL), and extracted with diethyl ether (3 x 100 mL). The combined 

organic layers were washed with 1M hydrochloric acid (100 mL), dried with MgSO4, 

filtered through Celite, and concentrated in vacuo. The crude oil was purified by flash 

silica gel chromatography (hexanes) to afforded S3.1 as a colorless oil (5.32 g, 83%): 
1H NMR (400 MHz, CDCl3) δ 5.82 (ddt, J = 16.9, 10.2, 6.6 Hz, 1H), 5.01 (dd, J = 17.1, 

1.7 Hz, 1H), 4.94 (d, J = 10.2 Hz, 1H), 3.69 (t, J = 6.4 Hz, 2H), 2.08 (q, J = 7.1 Hz, 

2H), 1.62 – 1.52 (m, 2H), 1.51 – 1.41 (m, 2H), 1.14 – 0.96 (m, 21H); 13C NMR (101 

MHz, CDCl3) δ 139.1, 114.5, 63.4, 33.8, 32.6, 25.3, 18.2, 12.2; FTIR (cm-1): 2942, 

TIPSO
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2892, 2866, 1463, 1106, 1070, 1013, 994, 910, 882, 680, 658. HRMS (CI) m/z, calcd 

for [C15H33OSi]+: 257.2301; found: 257.2296.106 

 

(S3.2) A 500 mL round bottom flask equipped with a 

magnetic stir bar and a rubber septum was flame dried under 

vacuum, cooled to rt and refilled with nitrogen. The flask was briefly opened to air, and 

quickly charged with sodium hydride 60% dispersion in mineral oil (3.5 g, 87.5 mmol, 

1.5 equiv), and the flask was resealed. Anhydrous tetrahydrofuran (250 mL) was then 

added via syringe. The stirred suspension was cooled to 0 °C and 4-pentenol (6 mL, 

58.1 mmol, 1.0 equiv) was added dropwise via syringe (caution: vigorous gas 

evolution). The cooling bath was removed, and the reaction was allowed to stir for 3 h 

at rt. The mixture was then recooled to 0° C and 1-bromobutane (12.5 mL, 116.2 mmol, 

2 equiv) was added dropwise via syringe. The cooling bath was removed, and the 

mixture was stirred overnight at rt. The reaction was opened to air and quenched with 

saturated ammonium chloride (50 mL), adding the first few mL dropwise. This mixture 

was diluted with 200 mL diethyl ether, and the organic layer was separated, dried with 

MgSO4, filtered through Celite and concentrated in vacuo. The crude oil was purified 

by flash silica gel chromatography (5 : 95 ethyl acetate : hexanes) affording S3.2 as a 

colorless oil (70%): 1H NMR (400 MHz, CDCl3) δ 5.82 (ddt, J = 16.9, 10.2, 6.6 Hz, 

1H), 5.02 (dd, J = 17.1, 1.9 Hz, 1H), 4.95 (dd, J = 10.2, 2.0 Hz, 1H), 3.40 (td, J = 6.6, 

2.8 Hz, 4H), 2.11 (q, J = 6.9 Hz, 2H), 1.75 – 1.62 (m, 2H), 1.59 – 1.49 (m, 2H), 1.43 – 

1.31 (m, 2H), 0.91 (t, J = 7.4 Hz, 3H); 13C NMR (101 MHz, CDCl3) δ 138.5, 114.8, 

70.8, 70.3, 32.0, 30.5, 29.1, 19.5, 14.1; FTIR (cm-1): 2954, 2924, 2854, 1457, 1377. 

HRMS (CI) m/z, calcd for [C9H19O]+: 143.1436; found: 143.1425. 

Me O
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(S3.3) A 250 mL 3-neck round bottom flask equipped with a 

magnetic stir bar and a water condenser was charged with 

magnesium turnings (1.4 equiv), sealed with 3 rubber septa, flame dried under vacuum, 

cooled to rt and refilled with nitrogen. Anhydrous diethyl ether (5 mL) was added to 

cover the magnesium turnings and 5-bromopentene (1.2 equiv) was added dropwise via 

syringe. After the solution began to self-reflux the remaining diethyl ether (95 mL) and 

5-bromopentene were slowly added as needed to maintain a gentle reflux. After all of 

the bromide was added, the reaction was heated to 40 °C to reflux for 1 h. A separate 

oven dried round bottom flask equipped with a magnetic stir bar and rubber septum was 

cooled under vacuum, refilled with nitrogen, charged with dimethylphenylchlorosilane 

(2.5 mL, 15 mmol, 1.0 equiv), diluted with anhydrous diethyl ether (15 mL, 1 M) and 

cooled to 0 °C. The Grignard reagent, prepared above, was added dropwise via syringe 

to the solution of dimethylphenylchlorosilane at 0 °C. After the addition was complete, 

catalytic ZnCl2 (0.5 mL, 1 M in diethyl ether, 0.03 equiv) was added via syringe and the 

reaction was stirred for 72 h at rt under nitrogen. The reaction was cooled to 0 °C, 

opened to air, diluted with diethyl ether (10 mL) then slowly quenched with water (15 

mL). The mixture was extracted with diethyl ether (3 x 10 mL) and the combined 

organic layers were washed with brine, dried with MgSO4, filtered through Celite, and 

concentrated in vacuo. The crude oil was purified via flash silica gel chromatography 

(hexanes) to give S3.3 as a clear oil (2.09 g, 68%): 1H NMR (400 MHz, CDCl3) δ 7.56 

– 7.49 (m, 2H), 7.41 – 7.33 (m, 3H), 5.79 (ddt, J = 17.0, 10.2, 6.7 Hz, 1H), 5.06 – 4.91 

(m, 2H), 2.08 (q, J = 7.1 Hz, 2H), 1.51 – 1.36 (m, 2H), 0.85 – 0.73 (m, 2H), 0.28 (s, 

6H); 13C NMR (101 MHz, CDCl3) δ 139.6, 139.0, 133.7, 128.9, 127.9, 114.7, 37.8, 

PhMe2Si 2
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23.5, 15.4, -2.9; FTIR (cm-1): 3069, 2955, 2922, 1427, 1248, 1114, 910, 834, 811, 771, 

728, 699, 469. HRMS (CI) m/z, calcd for [C13H21Si]+: 205.1413; found: 205.1429.107 

  

(S3.4) A 100 mL round bottom flask equipped with a magnetic stir bar 

was charged with 4-pentenyl-1-boronic acid (1.65 g, 14.5 mmol, 1.0 

equiv), pinacol (1.75 g, 14.5 mmol, 1.0 equiv), MgSO4 (8.7 g, 5 equiv) and diluted with 

diethyl ether (15 mL, 1 M) under air. The reaction vessel was sealed with a rubber 

septum and stirred at rt overnight. The crude reaction mixture was filtered through 

Celite and concentrated in vacuo. The crude oil was purified via flash silica gel 

chromatography (5 : 95 ethyl acetate : hexanes) to give S3.4 as a colorless oil (2.10 g, 

75%): 1H NMR (600 MHz, CDCl3) δ 5.80 (ddt, J = 17.0, 10.2, 6.7 Hz, 1H), 4.99 (dd, 

1H), 4.93 (d, 1H), 2.05 (q, J = 7.0 Hz, 2H), 1.51 (p, J = 7.7 Hz, 2H), 1.24 (s, 12H), 0.79 

(t, J = 7.9 Hz, 2H). 13C NMR (151 MHz, CDCl3) δ 139.1, 114.6, 83.0, 36.5, 25.0, 23.6; 
11B NMR (193 MHz, CDCl3) δ 34.1; FTIR (cm-1): 2979, 2931, 1407, 1378, 1318, 1146, 

969, 910. HRMS (CI) m/z, calcd for [C11H22BO2]+: 197.1713; found: 197.1701.108 

  

(S3.5) A 100 mL round bottom flask equipped with a magnetic 

stir bar and a rubber septum was flame dried under vacuum, 

cooled to rt and refilled with nitrogen. Diisopropylamine (3.08 mL, 24 mmol, 1.2 equiv) 

and anhydrous tetrahydrofuran (10 mL) were added via syringe and the mixture was 

cooled to -78 °C under a positive pressure of nitrogen. A solution of n-butyllithium (9.2 

mL, 2.6 M in hexanes, 1.95 equiv) was added dropwise via syringe and the solution was 

stirred for 1 h at -78 °C. A solution of methyl isobutyrate (2.3 mL, 20 mmol, 1.0 equiv) 

in anhydrous tetrahydrofuran (10 mL, 2 M) was added dropwise via syringe and the 

MeO

O

Me Me
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reaction was stirred for 2 h at -78 °C. 5-Bromopentene (2.86 mL, 24 mmol, 1.2 equiv) 

was added via syringe then the cooling bath was removed and the reaction was stirred at 

rt for 24 h. The reaction was then cooled to 0 °C, opened to air and quenched with 

saturated aqueous ammonium chloride (20 mL). The mixture was extracted with diethyl 

ether (3 x 10 mL) and the combined organic layers were washed with brine, dried with 

MgSO4, filtered through Celite, and concentrated in vacuo. The crude oil was purified 

via flash silica gel chromatography (5 : 95 ethyl acetate : hexanes) to give S3.5 as a 

colorless oil (1.62 g, 48%): 1H NMR (600 MHz, CDCl3) δ 5.78 (ddt, J = 16.9, 10.2, 6.6 

Hz, 1H), 4.99 (dd, J = 17.1 Hz, 1H), 4.94 (d, J = 10.9 Hz, 1H), 3.65 (s, 3H), 2.02 (q, J = 

7.3 Hz, 2H), 1.55 – 1.47 (m, 2H), 1.39 – 1.27 (m, 2H), 1.16 (s, 6H); 13C NMR (151 

MHz, CDCl3) δ 178.6, 138.7, 114.7, 51.8, 42.4, 40.4, 34.2, 25.3, 24.4; FTIR (cm-1): 

2978, 2946, 1734, 1474, 1268, 1195, 1150, 911. HRMS (CI) m/z, calcd for [C10H19O2]+: 

171.1385; found: 171.1365.109 

  

(S3.6) A 500 mL round bottom flask equipped with a magnetic 

stir bar and a rubber septum, was flame dried under vacuum, 

cooled to rt, and refilled with nitrogen. Anhydrous dichloromethane (200 mL), 5-

hexenol (4.8 mL, 40 mmol, 1.0 equiv), pivaloyl chloride (5.9 mL, 48 mmol, 1.2 equiv) 

and triethylamine (6.7 mL, 48 mmol, 1.2 equiv) were each added sequentially via 

syringe. The reaction was stirred at rt for 20 h. The reaction was then opened to air and 

quenched with 3M aqueous ammonium hydroxide (60 mL). The organic layer was 

separated then washed with an additional 3 M ammonium hydroxide (1 x 60 mL) then 

with brine (1 x 60 mL). The combined aqueous layers were extracted with 

dichloromethane (1 x 60 mL). The combined organic layers were dried with MgSO4, 

tBu O

O
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filtered through Celite, and concentrated in vacuo. The crude liquid was purified via 

flash silica gel chromatography (5 : 95 diethyl ether : hexanes) to give S3.6 as a 

colorless liquid (6.57g, 89%): 1H NMR (400 MHz, CDCl3) δ 5.79 (ddt, J = 16.9, 10.2, 

6.7 Hz, 1H), 5.01 (dd, J = 17.1, 1.6 Hz, 1H), 4.96 (dd, J = 10.2, 3.1, 1.2 Hz, 1H), 4.05 

(t, J = 6.6 Hz, 2H), 2.08 (q, J = 7.2 Hz, 2H), 1.74 – 1.57 (m, 2H), 1.54 – 1.37 (m, 2H), 

1.19 (s, 9H); 13C NMR (101 MHz, CDCl3) δ 178.8, 138.6, 114.9, 64.4, 38.9, 33.4, 28.2, 

27.3, 25.3; FTIR (cm-1): 2975, 2936, 1730, 1481, 1285, 1156, 911. HRMS (CI) m/z, 

calcd for [C11H21O2]+: 185.1542; found: 185.1525. 

3.9.3.2 Single Component Precatalyst (JessePhos2PdCl2) 

(JessePhos2PdCl2) Bis(acetonitrile)dichloropalladium(II) (311 mg, 1.2 mmol, 1.0 

equiv) and bis(3,5-di-tert-butylphenyl)(tert-butyl)phosphine (1.12 g, 2.4 mmol, 2.0 

equiv) was added to a 50 mL round bottom flask equipped with a magnetic stir bar and 

a rubber septum. The atmosphere in the flask was replaced with nitrogen, and 

anhydrous dichloromethane (20 mL) was added via syringe. The reaction was stirred for 

30 minutes at rt. The flask was then briefly opened to air and the solvent was removed 

in vacuo (~200 mtorr). The resulting solid was recrystallized from anhydrous diethyl 

ether (15 mL) under a nitrogen atmosphere at 0 °C for 24 h to give (JessePhos)2PdCl2 as 

an air stable, fine yellow solid (1.23 g, 92% yield): 1H NMR (400 MHz, C6D6) δ 8.08 (t, 

J = 5.1 Hz, 8H), 7.60 (s, 4H), 1.76 (t, J = 7.3 Hz, 18H), 1.33 (s, 72H); 13C NMR (101 

MHz, C6D6) δ 149.6 (t, J = 4.7 Hz), 131.0 (t, J = 5.8 Hz), 130.5 (t, J = 40.1 Hz), 123.8, 

36.6 (t, J = 10.6 Hz), 35.2, 31.6, 31.1 (t, J = 2.6 Hz); 31P NMR (162 MHz, C6D6) δ 41.9; 

FTIR (cm-1): 2962, 2903, 2868, 1477, 1419, 1362, 1248, 1135, 708; mp = 261 °C (dec.). 

HRMS (LIFDI) m/z, calcd for [C64H102Cl2P2Pd]: 1108.5885; found: 1108.5583. Anal. 
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Calcd for C64H102Cl2P2Pd: C, 69.20; H, 9.26; Cl, 6.38. Found: C, 69.04; H, 9.38; Cl, 

6.23. 

A small portion of (JessePhos)2PdCl2 was dissolved in dichloromethane under 

air and recrystallized via slow evaporation at rt to give an X-ray quality crystal (Figure 

3.77, see below for full crystallographic details). 

 

Figure 3.77 Crystal Structure of (JessePhos)2PdCl2 (hydrogen atoms omitted for 
clarity). 

3.9.3.3 Catecholchloroborane (catBCl) 

Note: Although catecholchloroborane is commercially available, for this 

communication we prepared it using a modification of literature procedures.110  
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Caution: This reaction generates 2 equivalents of anhydrous hydrogen chloride 

gas. The addition rate of boron trichloride must be controlled to prevent over-

pressurization of the reaction vessel. All gas leaving the reaction should be scrubbed by 

base to prevent harm to people or equipment. 

 

(catBCl) A flame dried 500 mL Schlenk flask equipped with a magnetic 

stir bar and a rubber septum was cooled to rt under vacuum and refilled 

with nitrogen. The flask was briefly opened and quickly charged with catechol (10.46 g, 

95 mmol, 0.95 equiv) then resealed. The flask was then evacuated and refilled with 

nitrogen 3 times. Anhydrous hexanes (200 mL) was added via canula transfer. With a 

positive flow of nitrogen, the septum was removed and the Schlenk flask was equipped 

with an oven dried 100 mL pressure-equalizing addition funnel equipped with a rubber 

septum. The apparatus was fitted with a vent tube attached to a gas scrubber filled with 

aqueous NaOH (250 mL, ~10 M, 0 °C). The catechol solution was cooled to 0 °C with 

stirring (~1 h). Boron trichloride (100 mL, 1.0 M in hexane, 1.0 equiv) was cannula 

transferred into the addition funnel (stopcock closed). The stopcock was opened slightly 

to add boron trichloride dropwise to the solution of catechol with rapid stirring. Once 

the addition of boron trichloride was complete, the reaction was allowed to warm to rt 

and stir overnight (8-12 h) with a slow, constant flow of nitrogen entering the Schlenk 

flask through the side arm, and exiting the addition funnel through the vent tube leading 

to the gas scrubber. After 8-12 h, when the solution has become homogeneous, the slow 

addition funnel was quickly replaced with a glass stopper and the hexanes was removed 

in vacuo (~200 mtorr) through a solid NaOH trap to quench any residual hydrogen 

chloride gas. Once dried, the flask was sealed under vacuum, brought into a dry 

O
B

O
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glovebox and scraped into vials. The catecholchloroborane was used without further 

purification, but it can be sublimed (70 °C, 20 torr) to give a white solid (13.77 g, 94%): 
1H NMR (400 MHz, CDCl3) δ 7.18 – 7.12 (m, 2H), 7.07 – 7.00 (m, 2H); 13C NMR (101 

MHz, CDCl3) δ 148.2, 123.6, 112.9; 11B NMR (128 MHz, CDCl3) δ 28.9. 

3.9.3.4 Comments and Preparation of Boric Acid Impregnated Silica 

Note: Many boronic esters are known to partially decompose during purification 

on silica gel. However, boric acid impregnated silica has been shown to decrease this 

decomposition resulting in increased isolated yields.101 In our hands, use of commercial, 

untreated silica gel resulted in yields ~5-10 % lower than with boric acid impregnated 

silica gel (prepared according to the procedure below). Importantly, while boric acid 

impregnated silica gel is not necessary for this method, the use of it for purification did 

result in more consistent isolated yields. 

 

Boric Acid Impregnated Silica: A 1000 mL round bottom flask equipped with 

a thick stir bar was charged with silica gel (300 mL), boric acid (28 g) and ethanol (550 

mL) under air. The suspension was stirred at rt for 2 h at which time the ethanol and 

excess boric acid were removed by filtration through a fine glass frit. The impregnated 

silica was washed with ethanol (3 x 200 mL) and left to dry on the frit under constant 

suction for 16 h then placed in a 140 °C gravity oven to dry for an additional 48 h. Once 

dried, the boric acid impregnated silica was stored at rt in a desiccator until used. 

3.9.4 Procedure for the α-Olefin Boryl-Heck Reaction 

Note: All reactions in this section were performed on a 3 mmol scale. 
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3.9.4.1 General Procedure A (α-Olefins) 

In a nitrogen-filled glovebox, catecholchloroborane (1.5 equiv), lithium 

trifluoromethanesulfonate (1.5 equiv) and (JessePhos)2PdCl2 (2.5 mol %), were added 

to a flame-dried or oven-dried 25 mL Schlenk flask equipped with a stir bar. The flask 

was sealed with a rubber septum, removed from the glovebox and attached to a nitrogen 

manifold via the sidearm. 3 mL of trifluorotoluene (1 mL per mmol) was added via 

syringe with stirring. N,N-dicyclohexylmethylamine (5.0 equiv) was added via syringe 

and then the sides of the flask were rinsed with 3 mL of additional trifluorotoluene (1 

mL per mmol). The solution was stirred in an oil bath at 90 °C for 15 minutes, at which 

time the alkene substrate (1.0 equiv) was added in one portion via syringe. The reaction 

was allowed to stir at 90 °C for 24 h. After 24 h, the reaction was removed from the oil 

bath and opened to air. Pinacol (3 equiv) was added in one portion and the reaction was 

removed from heat and stirred for 1 h at rt. At that time, and with the reactor now 

cooled to rt, the reaction was diluted with 20 mL of diethyl ether. The reaction was 

stirred for 10 min, filtered through Celite and concentrated in vacuo to remove solvents, 

including trifluorotoluene. The crude oil was diluted with diethyl ether (30 mL) and 

washed with 1 M hydrochloric acid (3 x 20 mL) to remove excess amine. The organic 

layer was stirred with ammonium pyrrolidine-dithiocarbamate (palladium scavenger, 6 

equiv to palladium)100 for 1 h, then dried with MgSO4, filtered through Celite and 

concentrated in vacuo. A small aliquot of the crude reaction mixture (~20 µL) was 

analyzed by 1H NMR to determine the E/Z ratio. The crude material was purified via 

silica column chromatography on boric acid impregnated silica gel (as prepared above) 

in the indicated solvent combination. 
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Note: Only the E isomer is reported for the 1H and 13C NMR spectral data. The 
13C NMR spectra may contain extra, unassigned peaks, which are attributed to the 

minor Z isomer. 

3.9.4.2 Characterization Data 

(3.146) According to general procedure A, catecholchloroborane 

(694 mg, 4.5 mmol), (JessePhos)2PdCl2 (83 mg, 0.075 mmol), 

lithium trifluoromethanesulfonate (702 mg, 4.5 mmol), N,N-dicyclohexylmethylamine 

(3.2 mL, 5.0 mmol), trifluorotoluene (6.0 mL, 0.5 M), and 1-decene (443 mg, 3.0 

mmol) were combined under N2 and stirred at 90 °C for 24 h. The reaction was worked 

up according to general procedure A. Analysis of the crude reaction mixture via 1H 

NMR revealed an 88:12 E/Z ratio. The product was purified on boric acid impregnated 

silica gel chromatography (5 : 95 dichloromethane : hexanes) to afford 3.146 as a 

colorless oil (747 mg, 94%): 1H NMR (600 MHz, CDCl3) δ 6.64 (dt, J = 17.9, 6.5 Hz, 

1H), 5.42 (dd, J = 17.9, 1.9 Hz, 1H), 2.20 – 2.08 (m, 2H), 1.45 – 1.36 (m, 2H), 1.30 – 

1.22 (m, 22H), 0.87 (t, 3H); 1H NMR (400 MHz, C6D6) δ 7.00 (dt, J = 17.8, 6.5 Hz, 

1H), 5.82 (dt, J = 17.8, 1.5 Hz, 1H), 2.07 (q, 2H), 1.42 – 1.13 (m, 12H), 1.10 (s, 12H), 

0.92 – 0.83 (m, 3H); 13C NMR (151 MHz, CDCl3) δ 155.0, 83.1, 36.0, 32.0, 29.6, 29.4, 

28.4, 24.9, 22.8, 14.3; 13C NMR (101 MHz, C6D6) δ 155.1, 82.9, 36.3, 32.3, 29.9, 29.7, 

29.6, 28.8, 25.0, 23.1, 14.4; 11B NMR (193 MHz, CDCl3) δ 29.9; 11B NMR (128 MHz, 

C6D6) δ 30.0; FTIR (cm-1): 2978, 2926, 2855, 1639, 1362, 1320, 1146. HRMS (CI) m/z, 

calcd for [C16H32BO2]+: 267.2495; found: 267.2484. 

 

(3.147) According to general procedure A, catecholchloroborane 

(694 mg, 4.5 mmol), (JessePhos)2PdCl2 (83 mg, 0.075 mmol), 
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lithium trifluoromethanesulfonate (702 mg, 4.5 mmol), N,N-dicyclohexylmethylamine 

(3.2 mL, 5.0 mmol), trifluorotoluene (6.0 mL, 0.5 M), and 4-phenyl-1-butene (397 mg, 

3.0 mmol) were combined under N2 and stirred at 90 °C for 24 h. The reaction was 

worked up according to general procedure A. Analysis of the crude reaction mixture via 
1H NMR revealed an 88:12 E/Z ratio. The product was purified on boric acid 

impregnated silica gel chromatography (3 : 7 dichloromethane : hexanes) to afford 

3.147 as a colorless oil (687 mg, 89%): 1H NMR (600 MHz, CDCl3) δ 7.30 – 7.27 (m, 

2H), 7.20 – 7.16 (m, 3H), 6.70 (dt, J = 18.0, 6.2 Hz, 1H), 5.50 (d, J = 18.0 Hz, 1H), 2.79 

– 2.68 (m, 2H), 2.53 – 2.39 (m, 2H), 1.27 (s, 12H); 1H NMR (400 MHz, C6D6) δ 7.18 – 

6.90 (m, 6H), 5.78 (d, J = 17.9 Hz, 1H), 2.57 – 2.48 (m, 2H), 2.37 – 2.25 (m, 2H), 1.09 

(s, 12H); 13C NMR (101 MHz, CDCl3) δ 153.6, 141.9, 128.5, 126.0, 83.2, 37.7, 34.7, 

24.9; 13C NMR (101 MHz, C6D6) δ 153.8, 141.9, 128.7, 128.6, 126.1, 83.0, 37.9, 35.0, 

25.0; 11B NMR (193 MHz, CDCl3) δ 29.7; 11B NMR (128 MHz, C6D6) δ 29.8; FTIR 

(cm-1): 2977, 2929, 1637, 1361, 1320, 1144. HRMS (CI) m/z, calcd for [C16H24BO2]+: 

259.1869; found: 259.1867. 

 

(3.148) According to general procedure A, catecholchloroborane (694 

mg, 4.5 mmol), (JessePhos)2PdCl2 (83 mg, 0.075 mmol), lithium 

trifluoromethanesulfonate (702 mg, 4.5 mmol), N,N-dicyclohexylmethylamine (3.2 mL, 

5.0 mmol), trifluorotoluene (6.0 mL, 0.5 M), and vinylcyclohexane (341 mg, 3.0 mmol) 

were combined under N2 and stirred at 90 °C for 24 h. The reaction was worked up 

according to general procedure A. Analysis of the crude reaction mixture via 1H NMR 

revealed a 96:4 E/Z ratio. The product was purified on boric acid impregnated silica gel 

chromatography (1 : 9 dichloromethane : hexanes) to afford 3.148 as a pale yellow oil 
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(595 mg, 84%): 1H NMR (600 MHz, CDCl3) δ 6.58 (dd, J = 18.2, 6.2 Hz, 1H), 5.38 (d, 

J = 18.2, 1H), 2.07 – 1.94 (m, 1H), 1.80 – 1.67 (m, 4H), 1.67 – 1.60 (m, 2H), 1.27 (s, 

12H), 1.20 – 1.00 (m, 4H); 13C NMR (151 MHz, CDCl3) δ 160.0, 83.1, 43.4, 32.1, 26.3, 

26.1, 24.9; 11B NMR (193 MHz, CDCl3) δ 30.1; FTIR (cm-1): 2978, 2925, 2852, 1636, 

1371, 1349, 1321, 1147. HRMS (CI) m/z, calcd for [C14H26BO2]+: 237.2026; found: 

237.2041. 

(3.149) According to general procedure A, 

catecholchloroborane (694 mg, 4.5 mmol), 

(JessePhos)2PdCl2 (83 mg, 0.075 mmol), lithium trifluoromethanesulfonate (702 mg, 

4.5 mmol), N,N-dicyclohexylmethylamine (3.2 mL, 5.0 mmol), trifluorotoluene (6.0 

mL, 0.5 M), and 1,7-octadiene (165 mg, 1.5 mmol) were combined under N2 and stirred 

at 90 °C for 24 h. The reaction was worked up according to general procedure A. 

Analysis of the crude reaction mixture via 1H NMR revealed a 90:10 E/Z ratio. The 

product was purified on boric acid impregnated silica gel chromatography (1 : 1 

dichloromethane : hexanes) to afford 3.149 as a white solid (450 mg, 83%): 1H NMR 

(600 MHz, CDCl3) δ 6.61 (dt, J = 17.9, 6.5 Hz, 2H), 5.42 (d, J = 17.9 Hz, 2H), 2.20 – 

2.07 (m, 4H), 1.43 (p, J = 3.5 Hz, 4H), 1.26 (s, 24H); 13C NMR (151 MHz, CDCl3) δ 

154.6, 83.0, 35.8, 27.9, 24.9; 11B NMR (193 MHz, CDCl3) δ 29.9; FTIR (cm-1): 2978, 

2929, 1638, 1362, 1320, 1146; mp = 53 °C. HRMS (CI) m/z, calcd for [C20H37B2O4]+: 

363.2878; found: 363.2879. 

 

(3.150) According to general procedure A, 

catecholchloroborane (694 mg, 4.5 mmol), 

(JessePhos)2PdCl2 (83 mg, 0.075 mmol), lithium trifluoromethanesulfonate (702 mg, 
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4.5 mmol), N,N-dicyclohexylmethylamine (3.2 mL, 5.0 mmol), trifluorotoluene (6.0 

mL, 0.5 M), and triisopropylsiloxy-5-hexene (770 mg, 3.0 mmol) were combined under 

N2 and stirred at 90 °C for 24 h. The reaction was worked up according to general 

procedure A. Analysis of the crude reaction mixture via 1H NMR revealed a 90:10 E/Z 

ratio. The product was purified on boric acid impregnated silica gel chromatography (3 : 

7 dichloromethane : hexanes) to afford 3.150 as a colorless oil (1.02 g, 90%): 1H NMR 

(600 MHz, CDCl3) δ 6.63 (dt, J = 17.9, 6.4 Hz, 1H), 5.43 (d, J = 17.9 Hz, 1H), 3.67 (t, J 

= 6.3 Hz, 2H), 2.17 (q, 2H), 1.67 – 1.43 (m, 4H), 1.26 (s, 12H), 1.05 (s, 21H); 13C NMR 

(151 MHz, CDCl3) δ 154.7, 83.1, 63.3, 35.8, 32.7, 24.9, 24.7, 18.2, 12.2; 11B NMR (193 

MHz, CDCl3) δ 29.8; FTIR (cm-1): 2941, 2866, 1638, 1363, 1320, 1147, 1108. HRMS 

(CI) m/z, calcd for [C21H44BO3Si]+: 383.3153; found: 383.3134. 

 

(3.151) According to general procedure A, 

catecholchloroborane (694 mg, 4.5 mmol), 

(JessePhos)2PdCl2 (83 mg, 0.075 mmol), lithium trifluoromethanesulfonate (702 mg, 

4.5 mmol), N,N-dicyclohexylmethylamine (3.2 mL, 5.0 mmol), trifluorotoluene (6.0 

mL, 0.5 M), and 5-butoxy-pent-1-ene (426 mg, 3.0 mmol) were combined under N2 and 

stirred at 90 °C for 24 h. The reaction was worked up according to general procedure A. 

Analysis of the crude reaction mixture via 1H NMR revealed an 87:13 E/Z ratio. The 

product was purified on boric acid impregnated silica gel chromatography (1 : 9 

dichloromethane : hexanes) to afford 3.151 as a colorless oil (741 mg, 92%): 1H NMR 

(600 MHz, CDCl3) δ 6.63 (dt, J = 17.9, 6.4 Hz, 1H), 5.45 (d, J = 18.0 Hz, 1H), 3.50 – 

3.30 (m, 4H), 2.28 – 2.13 (m, 2H), 1.75 – 1.63 (m, 2H), 1.54 (ddd, J = 14.6, 11.2, 4.9 

Hz, 2H), 1.42 – 1.31 (m, 2H), 1.26 (s, 12H), 0.91 (t, J = 7.4 Hz, 3H); 13C NMR (151 
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MHz, CDCl3) δ 154.0, 83.2, 70.8, 70.3, 32.5, 32.0, 28.4, 24.9, 19.5, 14.1; 11B NMR 

(193 MHz, CDCl3) δ 29.8; FTIR (cm-1): 2977, 2934, 2862, 1639, 1364, 1321, 1146. 

HRMS (CI) m/z, calcd for [C15H30BO3]+: 269.2288; found: 269.2274. 

 

(3.152) According to general procedure A, catecholchloroborane 

(694 mg, 4.5 mmol), (JessePhos)2PdCl2 (83 mg, 0.075 mmol), 

lithium trifluoromethanesulfonate (702 mg, 4.5 mmol), N,N-dicyclohexylmethylamine 

(3.2 mL, 5.0 mmol), trifluorotoluene (6.0 mL, 0.5 M), and 11-chloro-1-undecene (584 

mg, 3.0 mmol) were combined under N2 and stirred at 90 °C for 24 h. The reaction was 

worked up according to general procedure A. Analysis of the crude reaction mixture via 
1H NMR revealed an 88:12 E/Z ratio. The product was purified on boric acid 

impregnated silica gel chromatography (1 : 4 dichloromethane : hexanes) to afford 

3.152 as a colorless oil (830 mg, 88%): 1H NMR (600 MHz, CDCl3) δ 6.63 (dt, J = 

18.0, 6.4 Hz, 1H), 5.42 (d, J = 18.0, 1H), 3.53 (t, J = 6.8 Hz, 2H), 2.19 – 2.03 (m, 2H), 

1.76 (p, 2H), 1.46 – 1.36 (m, 4H), 1.28 (s, 8H), 1.26 (s, 12H); 1H NMR (400 MHz, 

C6D6) δ 7.01 (dt, J = 17.8, 6.5 Hz, 1H), 5.83 (d, J = 17.8 Hz, 1H), 3.12 (t, J = 6.7 Hz, 

2H), 2.09 (q, J = 6.6 Hz, 2H), 1.56 – 1.23 (m, 6H), 1.21 – 0.97 (m, 20H); 13C NMR 

(151 MHz, CDCl3) δ 154.9, 83.1, 45.3, 36.0, 32.8, 29.5, 29.3, 29.0, 28.3, 27.0, 25.0; 13C 

NMR (101 MHz, C6D6) δ 154.9, 83.0, 45.0, 36.2, 32.9, 29.71, 29.65, 29.5, 29.1, 28.8, 

27.1, 25.0; 11B NMR (193 MHz, CDCl3) δ 30.0; 11B NMR (128 MHz, C6D6) δ 29.3; 

FTIR (cm-1): 2978, 2928, 2855, 1639, 1362, 1330, 1146. HRMS (CI) m/z, calcd for 

[C17H33BO2Cl]+: 315.2262; found: 315.2263. 

 

(3.153) According to general procedure A, 
PhMe2Si 2
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catecholchloroborane (694 mg, 4.5 mmol), (JessePhos)2PdCl2 (83 mg, 0.075 mmol), 

lithium trifluoromethanesulfonate (702 mg, 4.5 mmol), N,N-dicyclohexylmethylamine 

(3.2 mL, 5.0 mmol), trifluorotoluene (6.0 mL, 0.5 M), and (dimethyl)pent-4-

enyl(phenyl)silane (613 mg, 3.0 mmol) were combined under N2 and stirred at 90 °C for 

24 h. The reaction was worked up according to general procedure A. Analysis of the 

crude reaction mixture via 1H NMR revealed an 89:11 E/Z ratio. The product was 

purified on boric acid impregnated silica gel chromatography (1 : 9 dichloromethane : 

hexanes) to afford 3.153 as a yellow oil (881 mg, 89%): 1H NMR (400 MHz, CDCl3) δ 

7.59 – 7.44 (m, 2H), 7.40 – 7.31 (m, 3H), 6.60 (dt, J = 17.9, 6.5 Hz, 1H), 5.46 – 5.37 

(m, 1H), 2.24 – 2.09 (m, 2H), 1.54 – 1.36 (m, 2H), 1.26 (s, 12H), 0.82 – 0.71 (m, 2H), 

0.25 (s, 6H); 13C NMR (101 MHz, CDCl3) δ 154.6, 139.5, 133.7, 128.9, 127.8, 83.1, 

39.8, 24.9, 22.9, 15.6, -2.9; 11B NMR (193 MHz, CDCl3) δ 29.8; FTIR (cm-1): 2978, 

2924, 1638, 1427, 1398, 1389, 1362, 1320, 1249, 1214, 1146, 972, 850, 835, 812, 729, 

700. HRMS (CI) m/z, calcd for [C19H32BO2Si]+: 331.2265; found: 331.2245. 

 

(3.154) According to general procedure A, catecholchloroborane 

(694 mg, 4.5 mmol), (JessePhos)2PdCl2 (83 mg, 0.075 mmol), 

lithium trifluoromethanesulfonate (702 mg, 4.5 mmol), N,N-dicyclohexylmethylamine 

(3.2 mL, 5.0 mmol), trifluorotoluene (6.0 mL, 0.5 M), and pent-4-enyl-pinicolborane 

(570 mg, 2.9 mmol) were combined under N2 and stirred at 90 °C for 24 h. The reaction 

was worked up according to general procedure A. Analysis of the crude reaction 

mixture via 1H NMR revealed an 89:11 E/Z ratio. The product was purified on boric 

acid impregnated silica gel chromatography (1 : 9 dichloromethane : hexanes) to afford 

3.154 as a yellow oil (677 mg, 72%): 1H NMR (400 MHz, CDCl3) δ 6.59 (dt, J = 17.9, 
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6.5 Hz, 1H), 5.39 (d, J = 17.9 Hz, 1H), 2.25 – 2.01 (m, 2H), 1.68 – 1.38 (m, 2H), 1.23 

(s, 12H), 1.21 (s, 12H), 0.76 (t, J = 7.9 Hz, 2H); 1H NMR (400 MHz, CD3CN) δ 6.52 

(dt, J = 17.9, 6.6 Hz, 1H), 5.35 (dt, J = 17.9, 1.5 Hz, 1H), 2.15 – 2.09 (m, 2H), 1.47 (p, J 

= 7.6 Hz, 2H), 1.21 (s, 12H), 1.20 (s, 12H), 0.70 (t, J = 7.7 Hz, 2H); 13C NMR (101 

MHz, CDCl3) δ 154.7, 83.1, 83.0, 38.5, 25.0, 22.9; 13C NMR (101 MHz, CD3CN) δ 

155.2, 83.8, 83.7, 38.8, 25.12, 25.07, 23.6; 11B NMR (193 MHz, CDCl3) δ 34.1, 29.9; 
11B NMR (128 MHz, CD3CN) δ 35.5, 31.2; FTIR (cm-1): 2978, 2931, 1631, 1371, 1362, 

1319, 1267, 1239, 1214, 1146, 969, 849; HRMS (CI) m/z, calcd for [C17H33B2O4]+: 

323.2565; found: 323.2576. 

 

(3.157) According to general procedure A, 

catecholchloroborane (694 mg, 4.5 mmol), 

(JessePhos)2PdCl2 (83 mg, 0.075 mmol), lithium trifluoromethanesulfonate (702 mg, 

4.5 mmol), N,N-dicyclohexylmethylamine (3.2 mL, 5.0 mmol), trifluorotoluene (6.0 

mL, 0.5 M), and methyl 2,2-dimethylhept-6-enoate (511 mg, 3.0 mmol) were combined 

under N2 and stirred at 90 °C for 24 h. The reaction was worked up according to general 

procedure A. Analysis of the crude reaction mixture via 1H NMR revealed an 87:13 E/Z 

ratio. The product was purified on boric acid impregnated silica gel chromatography (7 : 

3 dichloromethane : hexanes) to afford 3.157 as a yellow oil (732 mg, 82%): 1H NMR 

(400 MHz, CDCl3) δ 6.60 (dt, J = 18.0, 6.4 Hz, 1H), 5.42 (dt, J = 18.0, 1.6 Hz, 1H), 

3.65 (s, 3H), 2.17 – 1.99 (m, 2H), 1.55 – 1.46 (m, 2H), 1.34 (tdd, J = 8.9, 7.1, 4.5 Hz, 

2H), 1.26 (s, 12H), 1.15 (s, 6H); 13C NMR (101 MHz, CDCl3) δ 178.6, 154.2, 83.2, 

51.8, 42.4, 40.5, 36.3, 25.3, 24.9, 23.8; 11B NMR (193 MHz, CDCl3) δ 30.2; FTIR (cm-
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1): 2978, 2944, 1733, 1639, 1362, 1320, 1146. HRMS (CI) m/z, calcd for [C16H30BO4]+: 

297.2237; found: 297.2240. 

 

(3.158) According to general procedure A, 

catecholchloroborane (694 mg, 4.5 mmol), 

(JessePhos)2PdCl2 (83 mg, 0.075 mmol), lithium trifluoromethanesulfonate (702 mg, 

4.5 mmol), N,N-dicyclohexylmethylamine (3.2 mL, 5.0 mmol), trifluorotoluene (6.0 

mL, 0.5 M), and hex-5-enyl pivalate (553 mg, 3.0 mmol) were combined under N2 and 

stirred at 90 °C for 24 h. The reaction was worked up according to general procedure A. 

Analysis of the crude reaction mixture via 1H NMR revealed an 88:12 E/Z ratio. The 

product was purified on boric acid impregnated silica gel chromatography (3 : 7 

dichloromethane : hexanes) to afford 3.158 as a yellow oil (847 mg, 91%): 1H NMR 

(600 MHz, CDCl3) δ 6.61 (dt, J = 18.0, 6.4 Hz, 1H), 5.44 (d, J = 18.0 Hz, 1H), 4.04 (t, J 

= 6.5 Hz, 2H), 2.19 (tdd, J = 7.7, 6.3, 1.5 Hz, 2H), 1.68 – 1.59 (m, 2H), 1.53 – 1.44 (m, 

2H), 1.26 (s, 12H), 1.19 (s, 9H); 13C NMR (101 MHz, CDCl3) δ 178.8, 154.0, 83.2, 

64.3, 38.9, 35.4, 28.3, 27.3, 24.9, 24.7; 11B NMR (193 MHz, CDCl3) δ 29.8; FTIR (cm-

1): 2978, 2935, 1730, 1269, 1363, 1147. HRMS (CI) m/z, calcd for [C17H32BO4]+: 

311.2394; found: 311.2379. 

 

(3.159) According to general procedure A, catecholchloroborane 

(694 mg, 4.5 mmol), (JessePhos)2PdCl2 (83 mg, 0.075 mmol), 

lithium trifluoromethanesulfonate (702 mg, 4.5 mmol), N,N-dicyclohexylmethylamine 

(3.2 mL, 5.0 mmol), trifluorotoluene (6.0 mL, 0.5 M), and allylbenzene (356 mg, 3.0 

mmol) were combined under N2 and stirred at 90 °C for 24 h. The reaction was worked 
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up according to general procedure A. The product was purified on boric acid 

impregnated silica gel chromatography (3 : 7 dichloromethane : hexanes) to afford four 

isomers of 3.159 as a yellow oil (527 mg, 72%): 1H NMR (400 MHz, CDCl3) E-allyl 

product: δ 7.35 – 7.14 (m, 5H), 6.38 (d, J = 15.8 Hz, 1H), 6.30 (m, 1H), 1.88 (d, J = 7.0 

Hz, 2H), 1.26 (s, 12H), 11B NMR (128 MHz, CDCl3) δ 33.6; E-alkenyl product: δ 7.35 

– 7.14 (m, 5H), 6.76 (dt, J = 17.8, 6.3 Hz, 1H), 5.45 (dt, J = 17.9, 1.6 Hz, 1H), 3.48 (dd, 

J = 6.3, 1.4 Hz, 2H), 1.25 (s, 12H); 11B NMR (128 MHz, CDCl3) δ 30.4; FTIR (cm-1): 

3026, 2978, 2931, 1637, 1496, 1449, 1361, 1325, 1271, 1214, 1167, 1144, 1109, 998, 

967, 887, 851, 745, 695, 673. HRMS (CI) m/z, calcd for [C15H22BO2]+: 245.1713; 

found: 245.1722. 

3.9.5 Procedure for the Styrene Boryl-Heck Reaction 

Note: All reactions in this section were performed on a 3 mmol scale. 

3.9.5.1 General Procedure B (Styrenes) 

In a nitrogen-filled glovebox, catecholchloroborane (1.5 equiv) was added to a 

dry 25 mL Schlenk flask equipped with a stir bar. The flask was sealed with a rubber 

septum, removed from the glovebox and attached to a nitrogen manifold via the 

sidearm. The flask was briefly opened and lithium iodide (5 mol %) and 

(JessePhos)2PdCl2 (2.5 mol %) were added and the flask was resealed, then evacuated 

and refilled with nitrogen 3 times. 3 mL of trifluorotoluene (1 mL per mmol) was added 

via syringe with stirring. N,N-dicyclohexylmethylamine (5.0 equiv) was added via 

syringe and then the sides of the flask were rinsed with 3 mL of additional 

trifluorotoluene (1 mL per mmol). The solution was stirred in an oil bath at 70 °C for 15 

minutes, at which time the alkene substrate (1.0 equiv) was added in one portion via 
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syringe. The reaction was allowed to stir at 70 °C for 24 h. After 24 h, the reaction was 

removed from the oil bath and opened to air. Pinacol (3 equiv) was added in one portion 

and the reaction was removed from heat and stirred for 1 h at rt. At that time, and with 

the reactor now cooled to rt, the reaction was diluted with 20 mL of diethyl ether. The 

reaction was stirred for 10 min, filtered through Celite and concentrated in vacuo to 

remove solvents, including trifluorotoluene. The crude oil was diluted with diethyl ether 

(30 mL) and washed with 1 M hydrochloric acid (3 x 20 mL) to remove excess amine. 

The organic layer was stirred with ammonium pyrrolidine-dithiocarbamate (palladium 

scavenger, 6 equiv to palladium)100 for 1 h, then dried with MgSO4, filtered through 

Celite and concentrated in vacuo. The crude material was purified via silica column 

chromatography on boric acid impregnated silica gel (as prepared above) in the 

indicated solvent combination. 

3.9.5.2  Characterization Data 

(3.160) According to general procedure B, catecholchloroborane 

(694 mg, 4.5 mmol), (JessePhos)2PdCl2 (83 mg, 0.075 mmol), 

lithium iodide (20 mg, 0.15 mmol), N,N-dicyclohexylmethylamine (3.2 mL, 5.0 mmol), 

trifluorotoluene (6.0 mL, 0.5 M), and 4-tert-butylstyrene (481 mg, 3.0 mmol) were 

combined under N2 and stirred at 70 °C for 24 h. The reaction was worked up according 

to general procedure B and purified on boric acid impregnated silica gel 

chromatography (3 : 7 dichloromethane : hexanes) to afford 3.160 as a white solid (814 

mg, 95%): 1H NMR (600 MHz, CDCl3) δ 7.43 (d, J = 8.3 Hz, 2H), 7.41 – 7.33 (m, 3H), 

6.12 (d, J = 18.4 Hz, 1H), 1.31 (s, 21H); 13C NMR (151 MHz, CDCl3) δ 152.3, 149.5, 

134.9, 127.0, 125.7, 83.4, 34.9, 31.4, 25.0; 11B NMR (193 MHz, CDCl3) δ 30.6; FTIR 
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(cm-1): 2966, 1625, 1346, 1329, 1141; mp = 89-90 °C. HRMS (CI) m/z, calcd for 

[C18H28BO2]+: 287.2182; found: 287.2191. 

 

(3.161) According to general procedure B, catecholchloroborane 

(694 mg, 4.5 mmol), (JessePhos)2PdCl2 (83 mg, 0.075 mmol), 

lithium iodide (20 mg, 0.15 mmol), N,N-dicyclohexylmethylamine (3.2 mL, 5.0 mmol), 

trifluorotoluene (6.0 mL, 0.5 M), and N,N-dimethylamino-4-vinylbenzene (442 mg, 3.0 

mmol) were combined under N2 and stirred at 70 °C for 24 h. The reaction was worked 

up according to general procedure B and purified on boric acid impregnated silica gel 

chromatography (1 : 9 dichloromethane : hexanes) to afford 3.161 as a pale yellow solid 

(766 mg, 94%): 1H NMR (400 MHz, CDCl3) δ 7.40 (d, J = 8.8 Hz, 2H), 7.33 (d, J = 

18.4 Hz, 1H), 6.66 (d, J = 8.8 Hz, 2H), 5.92 (d, J = 18.3 Hz, 1H), 2.98 (s, 6H), 1.30 (s, 

12H); 13C NMR (151 MHz, CDCl3) δ 151.1, 149.9, 128.5, 126.1, 112.1, 83.2, 40.5, 

25.0; 11B NMR (193 MHz, CDCl3) δ 29.8; FTIR (cm-1): 2977, 1604, 1522, 1430, 1388, 

1351, 1319, 1227, 1197, 1182, 1166, 1143, 807; mp = 83-87 °C. HRMS (ESI) m/z, 

calcd for [C16H25BNO2]+: 274.1973; found: 274.1984. 

 

(3.162) According to general procedure B, catecholchloroborane 

(694 mg, 4.5 mmol), (JessePhos)2PdCl2 (83 mg, 0.075 mmol), 

lithium iodide (20 mg, 0.15 mmol), N,N-dicyclohexylmethylamine (3.2 mL, 5.0 mmol), 

trifluorotoluene (6.0 mL, 0.5 M), and 2,4-dimethylstyrene (408 mg, 3.0 mmol) were 

combined under N2 and stirred at 70 °C for 24 h. The reaction was worked up according 

to general procedure B and purified on boric acid impregnated silica gel 

chromatography (7 : 13 dichloromethane : hexanes) to afford 3.162 as a pale yellow oil 
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(742 mg, 99%): 1H NMR (600 MHz, CDCl3) δ 7.62 (d, J = 18.3 Hz, 1H), 7.47 (d, J = 

7.9 Hz, 1H), 6.99 (d, J = 8.0 Hz, 1H), 6.97 (s, 1H), 6.04 (d, J = 18.3 Hz, 1H), 2.39 (s, 

3H), 2.30 (s, 3H), 1.31 (s, 12H); 13C NMR (151 MHz, CDCl3) δ 147.1, 138.7, 136.4, 

134.0, 131.3, 127.0, 125.9, 83.4, 25.0, 21.3, 19.9; 11B NMR (193 MHz, CDCl3) δ 29.6; 

FTIR (cm-1): 2978, 1622, 1348, 1323, 1145. HRMS (CI) m/z, calcd for [C16H24BO2]+: 

259.1869; found: 259.1876. 

 

(3.163) According to general procedure B, 

catecholchloroborane (694 mg, 4.5 mmol), (JessePhos)2PdCl2 

(83 mg, 0.075 mmol), lithium iodide (20 mg, 0.15 mmol), N,N-

dicyclohexylmethylamine (3.2 mL, 5.0 mmol), trifluorotoluene (6.0 mL, 0.5 M), and 4-

vinylanisole (403 mg, 3.0 mmol) were combined under N2 and stirred at 70 °C for 24 h. 

The reaction was worked up according to general procedure B and purified on boric 

acid impregnated silica gel chromatography (1 : 1 dichloromethane : hexanes) to afford 

3.163 as a yellow solid (765 mg, 98%): 1H NMR (600 MHz, CDCl3) δ 7.44 (d, J = 8.6 

Hz, 2H), 7.35 (d, J = 18.4 Hz, 1H), 6.87 (d, J = 8.7 Hz, 2H), 6.01 (d, J = 18.4 Hz, 1H), 

3.81 (s, 3H), 1.31 (s, 12H); 13C NMR (151 MHz, CDCl3) δ 160.4, 149.2, 130.6, 128.6, 

114.1, 83.4, 55.4, 25.0; 11B NMR (193 MHz, CDCl3) δ 30.3; FTIR (cm-1): 2978, 1626, 

1605, 1511, 1355, 1254, 1144; mp = 55 °C. HRMS (CI) m/z, calcd for [C15H22BO3]+: 

261.1662; found: 261.1652. 

 

(3.164) According to general procedure B, catecholchloroborane 

(694 mg, 4.5 mmol), (JessePhos)2PdCl2 (83 mg, 0.075 mmol), 

lithium iodide (20 mg, 0.15 mmol), N,N-dicyclohexylmethylamine (3.2 mL, 5.0 mmol), 
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trifluorotoluene (6.0 mL, 0.5 M), and 3-vinylanisole (403 mg, 3.0 mmol) were 

combined under N2 and stirred at 70 °C for 24 h. The reaction was worked up according 

to general procedure B and purified on boric acid impregnated silica gel 

chromatography (2 : 98 ethyl acetate : hexanes) to afford 3.164 as a yellow oil (657 mg, 

84%): 1H NMR (600 MHz, CDCl3) δ 7.37 (d, J = 18.4 Hz, 1H), 7.28 – 7.22 (m, 1H), 

7.08 (d, J = 7.6 Hz, 1H), 7.03 (s, 1H), 6.85 (dd, J = 8.2, 2.6 Hz, 1H), 6.16 (d, J = 18.4 

Hz, 1H), 3.81 (s, 3H), 1.31 (s, 12H); 13C NMR (151 MHz, CDCl3) δ 159.9, 149.5, 

139.1, 129.7, 120.0, 115.0, 112.1, 83.5, 55.3, 25.0; 11B NMR (193 MHz, CDCl3) δ 30.3; 

FTIR (cm-1): 2977, 1625, 1350, 1260, 1145. HRMS (CI) m/z, calcd for [C15H22BO3]+: 

261.1662; found: 261.1644. 

 

(3.165) According to general procedure B, 

catecholchloroborane (694 mg, 4.5 mmol), (JessePhos)2PdCl2 

(83 mg, 0.075 mmol), lithium iodide (20 mg, 0.15 mmol), N,N-

dicyclohexylmethylamine (3.2 mL, 5.0 mmol), trifluorotoluene (6.0 mL, 0.5 M), and 

ethyl 4-vinylbenzoate (529 mg, 3.0 mmol) were combined under N2 and stirred at 70 °C 

for 24 h. The reaction was worked up according to general procedure B and purified on 

boric acid impregnated silica gel chromatography (1 : 1 dichloromethane : hexanes) to 

afford 3.165 as a pale yellow solid (778 mg, 86%): 1H NMR (600 MHz, CDCl3) δ 8.01 

(d, J = 8.3 Hz, 2H), 7.53 (d, J = 8.2 Hz, 2H), 7.41 (d, J = 18.4 Hz, 1H), 6.27 (d, J = 18.4 

Hz, 1H), 4.37 (q, J = 7.1 Hz, 2H), 1.39 (t, J = 7.1 Hz, 3H), 1.32 (s, 12H); 13C NMR (151 

MHz, CDCl3) δ 166.4, 148.3, 141.8, 130.7, 130.0, 127.0, 83.7, 61.1, 25.0, 14.5; 11B 

NMR (193 MHz, CDCl3) δ 30.2; FTIR (cm-1): 2979, 1717, 1624, 1414, 1381, 1370, 
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1350, 1327, 1273, 1213, 1176, 1144, 1106, 970, 850, 764; mp = 79-80 °C. HRMS (CI) 

m/z, calcd for [C17H24BO4]+: 303.1768; found: 303.1771. 

 

(3.166) According to general procedure B, catecholchloroborane 

(694 mg, 4.5 mmol), (JessePhos)2PdCl2 (83 mg, 0.075 mmol), 

lithium iodide (20 mg, 0.15 mmol), N,N-dicyclohexylmethylamine (3.2 mL, 5.0 mmol), 

trifluorotoluene (6.0 mL, 0.5 M), and 4-fluorostyrene (386 mg, 3.0 mmol) were 

combined under N2 and stirred at 70 °C for 24 h. The reaction was worked up according 

to general procedure B and purified on boric acid impregnated silica gel 

chromatography (1 : 4 dichloromethane : hexanes) to afford 3.166 as a white solid (582 

mg, 78%): 1H NMR (600 MHz, CDCl3) δ 7.51 – 7.42 (m, 2H), 7.35 (d, J = 18.4 Hz, 

1H), 7.02 (t, J = 8.6 Hz, 2H), 6.07 (d, J = 18.4 Hz, 1H), 1.31 (s, 12H); 13C NMR (101 

MHz, CDCl3) δ 163.3 (d, J = 250 Hz), 148.3, 133.8 (d, J = 3 Hz), 128.8 (d, J = 8 Hz), 

115.7 (d, J = 22 Hz), 83.5, 25.0; 11B NMR (193 MHz, CDCl3) δ 30.3; 19F NMR (565 

MHz, CDCl3) δ -112.4; FTIR (cm-1): 2978, 1508, 1350, 1326, 1144; mp = 62-63 °C. 

HRMS (CI) m/z, calcd for [C14H19BO2F]+: 249.1462; found: 249.1470. 

  

(3.167) According to general procedure B, catecholchloroborane 

(694 mg, 4.5 mmol), (JessePhos)2PdCl2 (83 mg, 0.075 mmol), 

lithium iodide (20 mg, 0.15 mmol), N,N-dicyclohexylmethylamine (3.2 mL, 5.0 mmol), 

trifluorotoluene (6.0 mL, 0.5 M), and 4-chlorostyrene (416 mg, 3.0 mmol) were 

combined under N2 and stirred at 70 °C for 24 h. The reaction was worked up according 

to general procedure B and purified on boric acid impregnated silica gel 

chromatography (3 : 7 dichloromethane : hexanes) to afford 3.167 as a white solid (745 
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mg, 94%): 1H NMR (600 MHz, CDCl3) δ 7.41 (d, 2H), 7.33 (d, J = 18.5 Hz, 1H), 7.30 

(d, 2H), 6.13 (d, J = 18.4 Hz, 1H), 1.31 (s, 12H); 13C NMR (151 MHz, CDCl3) δ 148.2, 

136.1, 134.8, 129.0, 128.4, 83.6, 25.0; 11B NMR (193 MHz, CDCl3) δ 30.2; FTIR (cm-

1): 2974, 1627, 1492, 1411, 1380, 1372, 1356, 1323, 1212, 1166, 1146, 1089, 993, 803, 

640, 491; mp = 84-85 °C. HRMS (CI) m/z, calcd for [C14H19BO2Cl]+: 265.1167; found: 

265.1170. 

 

(3.168) According to general procedure B, catecholchloroborane 

(694 mg, 4.5 mmol), (JessePhos)2PdCl2 (83 mg, 0.075 mmol), 

lithium iodide (20 mg, 0.15 mmol), N,N-dicyclohexylmethylamine 

(3.2 mL, 5.0 mmol), trifluorotoluene (6.0 mL, 0.5 M), and 1-(toluene-4-sulfonyl)-2-

vinyl-1H-pyrrole (893 mg, 3.0 mmol) were combined under N2 and stirred at 70 °C for 

24 h. The reaction was worked up according to general procedure B and purified on 

boric acid impregnated silica gel chromatography (3 : 2 dichloromethane : hexanes) to 

afford 3.168 as a white solid (906 mg, 71%): 1H NMR (600 MHz, CDCl3) δ 7.98 (d, J = 

8.5 Hz, 1H), 7.86 (d, J = 8.1 Hz, 1H), 7.75 (d, J = 8.5 Hz, 2H), 7.69 (s, 1H), 7.46 (d, J = 

18.7 Hz, 1H), 7.37 – 7.30 (m, 1H), 7.26 (s, 1H), 7.21 (d, J = 8.2 Hz, 2H), 6.20 (d, J = 

18.7 Hz, 1H), 2.33 (s, 3H), 1.32 (s, 12H); 13C NMR (101 MHz, CDCl3) δ 145.3, 140.4, 

135.8, 135.0, 130.1, 128.9, 127.0, 126.4, 125.2, 123.9, 121.6, 121.0, 113.8, 83.6, 25.0, 

21.7; 11B NMR (193 MHz, CDCl3) δ 29.2; FTIR (cm-1): 2977, 1627, 1372, 1348, 1175, 

1142, 972; mp = 69 °C. HRMS (ESI) m/z, calcd for [C23H27BNO2S]+: 424.1748; found: 

424.1765. 

 

(3.169) According to general procedure B, catecholchloroborane O
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(694 mg, 4.5 mmol), (JessePhos)2PdCl2 (83 mg, 0.075 mmol), lithium iodide (20 mg, 

0.15 mmol), N,N-dicyclohexylmethylamine (3.2 mL, 5.0 mmol), trifluorotoluene (6.0 

mL, 0.5 M), and ethenyl-1,3-benzodioxole (445 mg, 3.0 mmol) were combined under 

N2 and stirred at 70 °C for 24 h. The reaction was worked up according to general 

procedure B and purified on boric acid impregnated silica gel chromatography (2 : 3 

dichloromethane : hexanes) to afford 3.169 as a yellow solid (616 mg, 76%): 1H NMR 

(600 MHz, CDCl3) δ 7.30 (d, J = 18.3 Hz, 1H), 7.03 (s, 1H), 6.94 (d, J = 9.3 Hz, 1H), 

6.77 (d, J = 8.0 Hz, 1H), 5.99 – 5.93 (m, 3H), 1.31 (s, 12H); 13C NMR (151 MHz, 

CDCl3) δ 149.2, 148.5, 148.2, 132.4, 122.8, 108.4, 106.0, 101.3, 83.4, 25.0; 11B NMR 

(193 MHz, CDCl3) δ 30.4; FTIR (cm-1): 2978, 1506, 1446, 1330, 1250, 1144, 1040; mp 

= 83 °C. HRMS (CI) m/z, calcd for [C15H20BO4]+: 275.1455; found: 275.1456. 

 

(3.170) According to general procedure B, catecholchloroborane (694 

mg, 4.5 mmol), (JessePhos)2PdCl2 (83 mg, 0.075 mmol), lithium 

iodide (20 mg, 0.15 mmol), N,N-dicyclohexylmethylamine (3.2 mL, 

5.0 mmol), trifluorotoluene (6.0 mL, 0.5 M), and α-methylstyrene (354 mg, 3.0 mmol) 

were combined under N2 and stirred at 70 °C for 24 h. The reaction was worked up 

according to general procedure B and purified on boric acid impregnated silica gel 

chromatography (7 : 13 dichloromethane : hexanes) to afford 3.170 as a light orange oil 

(517 mg, 71%): 1H NMR (600 MHz, CDCl3) δ 7.50 (d, 2H), 7.32 (t, J = 7.4 Hz, 2H), 

7.28 (d, 1H), 5.76 (s, 1H), 2.41 (s, 3H), 1.32 (s, 12H); 13C NMR (151 MHz, CDCl3) δ 

157.9, 144.0, 128.3, 128.1, 126.0, 83.1, 25.1, 20.2; 11B NMR (193 MHz, CDCl3) δ 30.0; 

FTIR (cm-1): 2978, 1621, 1355, 1145. HRMS (CI) m/z, calcd for [C15H22BO2]+: 

245.1713; found: 245.1710. 
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3.9.6 Preparation of Non-Pinacol Containing Boronic Esters 

(3.171) Using a modification of general procedure B, 

catecholchloroborane (694 mg, 4.5 mmol), 

(JessePhos)2PdCl2 (83 mg, 0.075 mmol), lithium iodide (20 

mg, 0.15 mmol), N,N-dicyclohexylmethylamine (3.2 mL, 5.0 mmol), trifluorotoluene 

(6.0 mL, 0.5 M), and 4-tert-butylstyrene (481 mg, 3.0 mmol) were combined under N2 

and stirred at 70 °C for 24 h. After 24 h, the reaction was removed from the oil bath and 

opened to air. 2-Methyl-2,4-pentanediol (1.2 mL, 9.0 mmol) was added in one portion 

and the reaction was allowed to cool to rt with stirring. Once at rt, the reaction was 

diluted with 20 mL of diethyl ether. The reaction was stirred for 10 min, filtered 

through Celite and concentrated in vacuo to remove solvents including trifluorotoluene. 

The crude oil was diluted with diethyl ether (30 mL) and washed with 1 M hydrochloric 

acid (3 x 20 mL) to remove excess amine. The organic layer was dried with MgSO4, 

filtered through Celite and concentrated in vacuo. The crude material was purified by 

boric acid impregnated silica gel chromatography (3 : 7 dichloromethane : hexanes) to 

afford 3.171 as a slight red solid (620 mg, 75%): 1H NMR (400 MHz, CDCl3) δ 7.42 (d, 

J = 8.3 Hz, 2H), 7.36 – 7.30 (m, 3H), 6.06 (d, J = 18.2 Hz, 1H), 4.27 (ddt, J = 12.0, 5.9, 

3.0 Hz, 1H), 1.82 (dd, J = 13.9, 3.0 Hz, 1H), 1.56 (t, J = 14.0, 11.4 Hz, 1H), 1.35 (m, J 

= 2.6 Hz, 6H), 1.33 (s, 3H), 1.31 (s, 9H); 13C NMR (101 MHz, CDCl3) δ 151.5, 146.5, 

135.4, 126.8, 125.5, 71.0, 64.9, 46.1, 34.8, 31.4, 28.3, 23.4; 11B NMR (128 MHz, C6D6) 

δ 25.6; mp = 70-73 °C; FTIR (cm-1): 2970, 1623, 1411, 1391, 1331, 1307, 1267, 1218, 

996, 815; HRMS (LIFDI) m/z, calcd for [C18H27BO2]+: 286.2104; found: 286.2111. 

 

(3.172) Using a modification of general procedure B, 

catecholchloroborane (694 mg, 4.5 mmol), 
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(JessePhos)2PdCl2 (83 mg, 0.075 mmol), lithium iodide (20 mg, 0.15 mmol), N,N-

dicyclohexylmethylamine (3.2 mL, 5.0 mmol), trifluorotoluene (6.0 mL, 0.5 M), and 4-

tert-butylstyrene (481 mg, 3.0 mmol) were combined under N2 and stirred at 70 °C for 

24 h. After 24 h, the reaction was removed from the oil bath and opened to air. 2,2-

Dimethyl-1,3-propanediol (937 mg, 9.0 mmol) was added in one portion and the 

reaction was allowed to cool to rt with stirring. Once at rt, the reaction was diluted with 

20 mL of diethyl ether. The reaction was stirred for 10 min, filtered through Celite and 

concentrated in vacuo to remove solvents including trifluorotoluene. The crude oil was 

diluted with diethyl ether (30 mL) and washed with 1 M hydrochloric acid (3 x 20 mL) 

to remove excess amine. The organic layer was dried with MgSO4, filtered through 

Celite and concentrated in vacuo. The crude material was purified by boric acid 

impregnated silica gel chromatography (1 : 9 ethyl acetate : hexanes) to afford 3.172 as 

a white solid (655 mg, 80%): 1H NMR (600 MHz, CDCl3) δ 7.43 (d, J = 8.3 Hz, 2H), 

7.35 (d, J = 8.3 Hz, 2H), 7.31 (d, J = 18.3 Hz, 1H), 6.06 (d, J = 18.3 Hz), 3.70 (s, 4H), 

1.31 (s, 9H), 1.01 (s, 6H); 13C NMR (151 MHz, CDCl3) δ 151.9, 147.1, 135.2, 126.9, 

125.6, 72.4, 34.8, 32.0, 31.4, 22.1; 11B NMR (193 MHz, CDCl3) δ 26.3; FTIR (cm-1): 

2962, 2872, 1622, 1513, 1476, 1313, 1256, 996, 815; mp = 79-81 °C. HRMS (CI) m/z, 

calcd for [C17H26BO2]+: 273.2026; found: 273.2026. 

 

(3.173) Using a modification of general procedure B, 

catecholchloroborane (694 mg, 4.5 mmol), 

(JessePhos)2PdCl2 (83 mg, 0.075 mmol), lithium iodide (20 

mg, 0.15 mmol), N,N-dicyclohexylmethylamine (3.2 mL, 5.0 mmol), trifluorotoluene 

(6.0 mL, 0.5 M), and 4-tert-butylstyrene (481 mg, 3.0 mmol) were combined under N2 
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and stirred at 70 °C for 24 h. After 24 h, the reaction was removed from the oil bath and 

opened to air. (1R,2R)-1,2-diphenyl-1,2-ethanediol (1.93 g, 9.0 mmol) was added in one 

portion and the reaction was allowed to cool to rt with stirring. Once at rt, the reaction 

was diluted with 20 mL of diethyl ether. The reaction was stirred for 10 min, filtered 

through Celite and concentrated in vacuo to remove solvents including trifluorotoluene. 

The crude oil was diluted with diethyl ether (30 mL) and washed with 1 M hydrochloric 

acid (3 x 20 mL) to remove excess amine. The organic layer was stirred with 

ammonium pyrrolidine-dithiocarbamate (palladium scavenger, 6 equiv to palladium)100 

for 1 h, then dried with MgSO4, filtered through Celite and concentrated in vacuo The 

crude material was purified by boric acid impregnated silica gel chromatography (1 : 4 

ethyl acetate : hexanes) to afford 3.173 as a thick yellow oil (929 mg, 81%): 1H NMR 

(600 MHz, CDCl3) δ 7.61 (d, J = 18.4 Hz, 1H), 7.50 (d, J = 8.3 Hz, 2H), 7.43 – 7.39 (m, 

6H), 7.38 – 7.33 (m, 6H), 6.32 (d, J = 18.4 Hz, 1H), 5.25 (s, 2H), 1.34 (s, 9H); 13C 

NMR (101 MHz, CDCl3) δ 152.7, 151.1, 140.4, 134.7, 129.0, 128.5, 127.2, 126.0, 

125.8, 86.7, 34.9, 31.4; 11B NMR (193 MHz, CDCl3) δ 30.8; FTIR (cm-1): 2963, 1622, 

1344, 1319, 1175, 999, 815, 761, 698. HRMS (CI) m/z, calcd for [C26H28BO2]+: 

383.2182; found: 383.2178. 

 

(3.174) Using a modification of general procedure B, 

catecholchloroborane (694 mg, 4.5 mmol), 

(JessePhos)2PdCl2 (83 mg, 0.075 mmol), lithium iodide (20 

mg, 0.15 mmol), N,N-dicyclohexylmethylamine (3.2 mL, 

5.0 mmol), trifluorotoluene (6.0 mL, 0.5 M), and 4-tert-butylstyrene (481 mg, 3.0 

mmol) were combined under N2 and stirred at 70 °C for 24 h. After 24 h, the reaction 
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was removed from the oil bath and opened to air. 1,8-Diaminonapthalene (1.42 g, 9.0 

mmol) was added in one portion and the reaction was allowed to cool to rt with stirring. 

Once at rt, the reaction was diluted with 20 mL of diethyl ether. The reaction was stirred 

for 10 min, filtered through Celite and concentrated in vacuo to remove solvents 

including trifluorotoluene. The crude material was purified by boric acid impregnated 

silica gel chromatography (3 : 7 dichloromethane : hexanes) to afford 3.174 as a yellow 

solid (664 mg, 85%): 1H NMR (400 MHz, CDCl3) δ 7.46 (d, J = 8.4 Hz, 2H), 7.41 (d, J 

= 8.4 Hz, 2H), 7.15 (d, J = 10.5 Hz, 1H), 7.11 (d, J = 7.5 Hz, 2H), 7.02 (d, J = 8.1 Hz, 

2H), 6.37 (d, J = 7.3 Hz, 2H), 6.29 (d, J = 18.6 Hz, 1H), 5.86 (s, 2H), 1.34 (s, 9H); 13C 

NMR (101 MHz, CDCl3) δ 152.1, 143.7, 141.3, 136.5, 134.9, 127.7, 126.7, 125.8, 

120.0, 117.7, 105.9, 34.9, 31.4; 11B NMR (193 MHz, CDCl3) δ 28.9; FTIR (cm-1): 

2962, 1600, 1513, 1413, 818, 762; mp = 135-136 °C. HRMS (ESI) m/z, calcd for 

[C22H24BN2]+: 327.2027; found: 327.2041. 

 

(3.175) Using a modification of general procedure B, 

catecholchloroborane (694 mg, 4.5 mmol), (JessePhos)2PdCl2 

(83 mg, 0.075 mmol), lithium iodide (20 mg, 0.15 mmol), N,N-

dicyclohexylmethylamine (3.2 mL, 5.0 mmol), trifluorotoluene (6.0 mL, 0.5 M), and 4-

tert-butylstyrene (481 mg, 3.0 mmol) were combined under N2 and stirred at 70 °C for 

24 h. After 24 h, the reaction was removed from the oil bath and allowed to cool to rt 

with stirring. Once at rt, the reaction was diluted with 20 mL of diethyl ether. The 

reaction was stirred for 10 min, filtered through Celite and concentrated in vacuo to 

remove solvents including trifluorotoluene. The crude oil was diluted with diethyl ether 

(30 mL) and washed with 1 M hydrochloric acid (3 x 20 mL) to remove excess amine. 
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The organic layer was dried with MgSO4, filtered through Celite and concentrated in 

vacuo. The crude solid was diluted with diethyl ether (10 mL) and cooled 0 °C in an ice 

bath. Once at 0 °C, potassium bifluoride (1.41 g, 18.0 mmol) was added with stirring. 

Deionized water (3 mL) was then added dropwise over 30 minutes, at which time the 

ice bath was removed and the reaction was allowed to warm to rt with stirring. Once at 

rt, the solvent was removed in vacuo. The crude solid was dissolved in acetone (20 ml), 

filtered through Celite and concentrated in vacuo. The crude material was purified by 

dissolving in hot acetone (10 mL) and precipitating with diethyl ether (20 mL) to afford 

3.175 as a white solid (564 mg, 71%): 1H NMR (600 MHz, acetone-d6) δ 7.27 (s, 4H), 

6.62 (d, J = 18.2 Hz, 1H), 6.29 (d, J = 18.0 Hz, 1H), 1.28 (s, 9H); 13C NMR (101 MHz, 

Acetone-d6) δ 149.1, 139.2, 134.3 (q), 126.2, 125.7, 34.8, 31.7; 11B NMR (193 MHz, 

Acetone-d6) δ 3.0; 19F NMR (376 MHz, Acetone-d6) δ -141.6; FTIR (cm-1): 3647, 

2966, 2869, 1705, 1627, 1563, 1464, 1412, 1393, 1364, 1296, 1098, 966, 855, 754, 560, 

514; mp = 263-267°C (dec.). HRMS (LIFDI) m/z, calcd for [C12H15BF3K]: 266.0856; 

found: 266.0872. 

3.9.7 Computational Methods 

All DFT calculations were performed with the Gaussian 09 software package.111 

Optimizations of the geometries of the minima were conducted with the B3LYP112 

method. The 6-31++G(d,p) basis set was applied to all atoms. Vibrational frequencies 

were computed at the same level of theory for each calculation to verify that the 

structure is an energy minimum and to evaluate the thermochemical properties. Solvent 

effects were computed based upon the gas-phase optimized structures using the same 

level of theory with the default polarized continuum solvation model (PCM) in 

Gaussian.113 1,2-Dichloroethane (ε = 10.13) was used instead of trifluorotoluene (ε = 
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9.18) because the Gaussian 09 program does not contain default solvent parameters for 

trifluorotoluene.114 In this section, all the energies are discussed in terms of enthalpy.  

3.9.8 Crystallographic Details 

X-ray Structural Analysis for (JessePhos)2PdCl2. The crystal was mounted 

using viscous oil onto a plastic mesh and cooled to the data collection temperature (200 

K). Data were collected on a Bruker-AXS APEX Duo CCD diffractometer. Unit cell 

parameters were obtained from 36 data frames, 0.3º ω, from three different sections of 

the Ewald sphere. No symmetry higher than triclinic was observed and the 

centrosymmetric space group option yielded chemically reasonable and computationally 

stable results of refinement. The data-set was treated with absorption corrections based 

on redundant multiscan data. The structure was solved using direct methods and refined 

with full-matrix, least-squares procedures on F2.115 The molecule is located at the 

inversion center.  

All non-hydrogen atoms were refined with anisotropic displacement parameters. 

All hydrogen atoms were treated as idealized contributions. Scattering factors are 

contained in the SHELXTL 6.12 program library.115 The CIF has been deposited under 

CCDC 1463772. 
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DEVELOPMENT OF A SECOND-GENERATION BORYL-HECK REACTION 

4.1 Introduction and Overview 

As discussed in Chapter 3, alkenyl boronic esters are important and versatile 

synthons in organic synthesis. The first-generation boryl-Heck approach proved to be an 

excellent route to synthesize trans-1,2-disubstituted alkenyl boronic esters.1 The 

conditions presented in Chapter 3 are efficient in the coupling of B-

chlorocatecholborane (catBCl) with a variety of terminal olefins with excellent yields 

and moderate functional group tolerance. We had even demonstrated that a-methyl 

styrene, a 1,1-disubstituted alkene, was an adequate coupling partner yielding a 

stereodefined trisubstituted alkenyl boronic ester in a moderate yield (Figure 4.1).  

 

Figure 4.1 First Generation Synthesis of Disubstituted Styrene Derivatives 

This was a very encouraging result because it demonstrated that higher 

substitution on the alkene substrate was feasible, and if general, would allow for the 
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synthesis of significantly more diverse alkenyl boronic esters using this method. 

Unfortunately, other disubstituted alkenes proved to be poor substrates under the 

original reaction conditions. For example, b-methyl styrene, a simple 1,2-disubstituted 

alkene, only gave 40% yield. Other 1,1-disubstituted alkenes, such as non-conjugated 

olefins, produce nothing more than trace yields, even under our most forcing conditions 

(Figure 4.2).  

 

Figure 4.2 Limited Reactivity of Non-Conjugated 1,1-Disubstituted Alkenes Using 1st 
Generation Boryl-Heck Reaction Conditions 

Herein, I report the development and utility of second-generation boryl-Heck 

conditions. These modified conditions allow for the direct borylation of a variety of 1,1- 

and 1,2-disubstituted alkenes to synthesize stereodefined trisubstituted alkenyl boronic 

esters. A tandem boryl-Heck/Suzuki reaction gives rise to a trisubstituted alkene in 

excellent yield in a stereodefined manner. The stereospecificity of this reaction supports 

our hypothesis of a Heck-like mechanism. Additionally, I found that formation of allyl 

boronic esters is kinetically disfavored with these conditions and does not form during 

the course of the reaction even as an intermediate. 
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4.2 Applications of Highly Substituted Alkenyl Boronic Esters 

Access to highly substituted alkenyl boronic esters would vastly increase the 

utility of the boryl-Heck reaction as the products would have several advantages over 

the mono-substituted analogs. In addition to the applications discussed in Chapter 3, 

highly substituted alkenyl boronic esters have several more synthetic utilities. They are 

perhaps most commonly used for the synthesis tri- and tetrasubstituted alkenes via the 

Suzuki reaction,2 expanding their use in the total synthesis of natural products and 

drugs.3 In addition, tri- and tetrasubstituted alkenyl boronic esters also have many 

synthetic applications that are not possible with lower substitution. Those methods and 

other applications will be discussed below. 

4.2.1 Asymmetric Hydrogenation of Alkenyl Boronic Esters 

One very useful application of highly substituted alkenyl boronic esters is the 

reductive hydrogenation of the alkenyl bond to form the corresponding alkyl boronic 

ester. Hydrogenation of simple alkenyl boronic esters would lead to linear alkyl boronic 

esters. However, the reduction of tri- and tetrasubstituted alkenyl boronic esters creates 

a new stereocenter, allowing for the possibility of desymmetrization. This provides a 

straightforward route to access to enantioenriched alkyl boronic esters. 

In 2002, Knochel reported the diastereoselective hydrogenation of alkenyl 

boronic esters (Figure 4.3).4 This directed reduction results in excellent 

diastereoselectivity allowing for excellent control of three adjacent stereocenters as 

shown in 4.1. Surprisingly, this reaction proceeds under simple palladium catalyzed 

hydrogenation conditions (H2 with Pd/C). 
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Figure 4.3 Knochel’s Diastereoselective Hydrogenation of Alkenyl Boronic Esters 

Miyaura was the first to report the asymmetric hydrogenation of a 1-alkenyl 

boron compound.5 While this was an important seminal result, only one substrate (1-

phenylethenylboronic acid and its esters) was examined and the enantiomeric excess 

obtained was considerable low, ranging from 16-80%. Morken followed up on this 

work by demonstrating that, with proper rhodium precatalyst and chiral phosphine 

ligand, excellent yields with high enantiomeric excess can be obtained for this class of 

prochiral alkenyl boronic ester substrates (Figure 4.4).6 Morken also explored the 

asymmetric hydrogenation of 1,2-diboronic esters which can be synthesized from the 

diboration of terminal alkynes.7 

 

Figure 4.4 Scope of Morken’s Rhodium Catalyzed Asymmetric Hydrogenation 
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Soon after, the use of catalytic iridium for this transformation became the state 

of the art (Figure 4.5).8 In general, the iridium catalyzed reaction provides higher 

enantiomeric excess and better functional group tolerance. Additionally, 1,2-

disubstituted alkenyl boronic esters are well tolerated, opening up a new class of 

products accessible via this strategy. 

 

Figure 4.5 Iridium Catalyzed Asymmetric Hydrogenation of Alkenyl Boronic Esters 

4.2.2 Synthesis of Acylboronates via Ozonolysis 

Acylboron compounds have gained increased interest due to their unique 

reactivity.9 Most notably, these reagents are used in amide coupling reactions due to 

their high chemoselectivity. In 2017, Bode and Ito reported a relatively unique 

procedure to synthesize acylboronate reagents from internal alkenyl boronic esters 

(Figure 4.6).10 The ozonolysis of alkenyl MIDA boronates (4.3) provides a concise 

route to acyl MIDA boronates (4.4), which can be further converted into the analogous 

acyl trifluoroborates (4.5) with potassium bifluoride. This reaction exhibits excellent 

functional group tolerance and gives access to acylboron reagents which were 

previously inaccessible.  
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Figure 4.6 Selected Scope of Acylboronate Synthesis via Ozonolysis 

4.2.3 Synthesis of Polyene Fragments 

As briefly discussed in Chapter 3, highly conjugated organic materials have 

unique and useful applications. They can function as light emitters, charge transporters, 

or both. The properties of these organic light-emitting diodes (OLEDs) has attracted 

much attention towards the synthesis and diversification of these frameworks.11 A 

common route for synthesizing these large compounds is through a Suzuki reaction of 

two highly conjugated fragments. This can require highly conjugated tri- and 

tetrasubstituted alkenyl boronic esters. For example, Shu and Diau used this strategy to 

synthesize novel distyrylcarbazole derivatives for use as simultaneously hole-

transporting and light-emitting layers in blue light-emitting diodes (Figure 4.7).12 

Through a bis-Suzuki reaction, 4.6 was coupled with two equivalents of 4.7 to form the 

highly conjugated 4.8 distyrylcarbazole. With access to 4.8, they were able to study the 

photophysical properties, thermos properties, electrochemistry, and electroluminescence 

properties.  
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Figure 4.7 Synthesis of Distyrylcarbazole Derivatives 

4.3 Typical Synthesis of Highly Substituted Alkenyl Boronic Esters 

Trisubstituted alkenyl boronic esters are especially valuable reagents in organic 

synthesis. However, far fewer methods for the synthesis of trisubstituted alkenyl 

boronic esters exist than for disubstituted analogs. In particular, synthesizing these 

compounds in a stereodefined manner is a difficult task to achieve. Many of the 

methods discussed in Chapter 3 can also be applied for the synthesis of trisubstituted 

alkenyl boronic esters, however, several new and distinct strategies have been recently 

realized. 

4.3.1 Hydroboration of Unsaturated Carbon-Carbon Bonds 

Similar to Chapter 3, Section 3.3.1, hydroboration is a common route to 

synthesize trisubstituted alkenyl boronic esters. Although, similar in principle to the 

hydroboration of terminal alkynes, internal alkyne hydroboration suffers from poor 

regioselectivity and significantly reduced reactivity.13 Additionally, due to the inherent 

mechanism, this is not viable for the synthesis of 1,1-disububstituted alkenyl boronic 

esters. However, many methods have been developed for the synthesis of 1,2-

disubstituted alkenyl boronic esters via the hydroboration of internal alkynes.  
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4.3.1.1 Uncatalyzed Hydroboration of Internal Alkynes  

The uncatalyzed direct hydroboration of internal alkynes is not as simple as for 

the terminal substrates. The direct hydroboration of internal alkynes follows the same 

hydroboration mechanism leading to the cis-product derived from a syn-addition of the 

boron and hydrogen atoms (Figure 4.8, top). Unfortunately, in non-symmetric cases, 

this reaction generally does not proceed with good regioselectivity (Figure 4.8, bottom). 

The regioselectivity observed with terminal alkynes is thought to arise from an 

electronic preference that occurs during the transition state of the addition. However, in 

the case of internal alkynes, there is less of an electronic bias, and in addition, added 

steric effects can drastically influence the regioselectivity.  

 

Figure 4.8 Hydroboration of Symmetric and Non-Symmetric Internal Alkynes 

Many borohydride reagents have been examined over the years and all show 

poor to moderate regioselectivity.13 Even with an electronically and sterically biased 

system (phenylpropyne), poor regioselectivity is observed across the board (Figure 4.9). 

Additionally, the hydroboration of more functionalized alkynes, such as acetylenic 

esters14 or diphenyl acetylene,15 does not occur even after prolonged reaction times.  
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Figure 4.9 Selectivities of Uncatalyzed Hydroboration of Phenylpropyne 

4.3.1.2 Copper Catalyzed Hydroboration of Internal Alkynes 

To overcome this severe limitation of hydroboration, copper catalysis has 

recently become a popular approach to synthesize alkenyl boronic esters from internal 

alkynes. Lipshutz and Aue found that the hydroboration of acetylenic esters is possible 

with pinacol borane in the presence of catalytic copper hydride (Figure 4.10).14 The 

reactive copper hydride can be formed in situ from CuCl, 1,2-

bis(diphenylphosphino)benzene, and sodium tert-butoxide or a commercial copper 

hydride reagent such as Stryker’s reagent can be used. Excellent stereochemistry was 

observed in all products giving nearly selective formation of the Z-product as a single 

regioisomer (4.11). Using this method, various a-carboalkoxyalkenyl boronic esters 

could be synthesized with good yields and excellent stereoselectivities. 
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Figure 4.10 Lipshutz’s Copper Catalyzed Hydroboration of Acetylenic Esters 

Contrasting the uncatalyzed hydroboration mechanism, the boron and hydride 

are not added simultaneously to the alkyne (Figure 4.11). However, the formal syn-

addition suggests a 1,2-addition to form carbon bound copper intermediate (4.14). 

Additionally, the high level of stereoselectivity suggests that the carbon bound 

intermediate does not isomerize to the oxygen bound complex (4.16) even though the 

Cu-C bonds are considerably weaker than Cu-O bonds. Using ab initio calculations, 

Lipshutz and Aue found that complex (4.14) is significantly more stable than (4.16). 

Furthermore, they calculated the transition state 4.13 which forms from a weakly bound 

p-complex between the copper hydride (4.12) and the alkyne. 

 

Figure 4.11 Mechanism of Copper Catalyzed Hydroboration of Acetylenic Esters 
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In 2008, Yun reported the stereoselective, formal hydroboration, of acetylenic 

esters to form b-boryl-a,b-ethylenic esters.16 Using copper catalysis combined with 

B2pin2 and methanol, the formal hydroboration of acetylenic esters could be performed. 

Interestingly, this method shows complete selectivity for the opposite regioisomer as 

demonstrated above (Figure 4.12). 

 

Figure 4.12 Yun’s Formal Hydroboration of Acetylenic Esters with Copper and B2pin2 

This reaction proceeds with good to excellent yields and perfect regioselectivity 

(except for the tert-butyl substituted alkyne (4.17d). The switch in regioselectivity from 

the copper hydride conditions can be explained by an alternative mechanism (Figure 

4.13). Rather than a copper hydride adding across the alkyne, the phosphine ligated 

copper boryl complex (4.20), formed from Cu-X and B2pin2, adds across the alkyne to 

form copper enolate 4.21. Quenching with methanol, protonates the enolate to form the 

product as well as an alkoxy copper species (4.18/4.19) which can react with B2pin2 to 

regenerate 4.20. 
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Figure 4.13 Mechanism of the Hydroboration of Acetylenic Esters with Copper and 
B2pin2 

A one-pot procedure has also been developed for an in situ asymmetric 

reduction to the chiral alkyl borane with excellent enantiomeric excess (Figure 4.14).17 

As mentioned above, the synthesis of enantiopure alkyl boronic esters is a highly 

desired task to accomplish. Asymmetric copper hydride addition to alkenyl boronic 

ester 4.22 and resulting protonation can give access to enantiopure products (4.23). 

Using (R,S)-Josiphos, polymethylhydrosilane (PMHS) and tert-butanol, chiral alkyl 

pinacol boronic esters can by formed with excellent yields and enantiomeric excess. 

This can be done from either the isolated alkenyl boronic esters (Figure 4.14, top) or 

generated in situ (Figure 4.14, bottom). 
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Figure 4.14 Asymmetric Reduction of Alkenyl Boronic Esters 

While these catalytic conditions worked well for acetylenic esters and terminal 

alkynes, they were inefficient at the hydroboration of internal aryl alkynes. In 2010, 

Yun and Son discovered that strong s-donating NHC ligands with copper catalysis are 

effective in the regioselective hydroboration of internal aryl methyl alkynes (Figure 

4.15, 4.25a).18  

 

Figure 4.15 Yun’s Copper/NHC Catalyzed Hydroboration of Internal Aryl Alkynes 

This reaction generally proceeds with excellent regioselectivity, however, 

switching to alkyl substitution larger than methyl such as ethyl (4.25b) or tert-butyl 
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NHC ligand with P(p-tol)3 gave excellent yields with a broader substrate scope.19 Larger 

substitution patterns, including b-branching substituents, were well tolerated with good 

yields under these new reaction conditions (Figure 4.16). Unfortunately, isopropyl- and 

cyclohexyl- substitutions proceeded with diminished regioselectivity, only about 80% 

for b-borylation.  

  

Figure 4.16 Yun’s Hydroboration of Larger Aryl-Alkyl Alkynes 

Interestingly, when tert-butyl substituted substrates were subjected to these 

conditions a complete switch in selectivity is observed (Figure 4.17). Selective a-

borylation occurs with these substrates in great yields. Furthermore, only the anti-

addition product (4.28) was detected. The switch in selectivity is likely due to increased 

steric repulsion between the pinacol boronate and the tert-butyl group. 
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Figure 4.17 Reversed Selectivity of tert-Butyl Substituted Aryl Alkynes  

For the regioselective hydroboration of dialkyl alkynes, two research groups 

have independently applied a directing group approach. Using propargylic-

functionalized internal alkynes in combination with copper catalysis, Carretero 

demonstrated that selective b-borylation was possible with moderate to good yields.20 A 

wide variety of Lewis basic functional groups were applicable to this approach, 

showing good to excellent regioselectivities (Figure 4.18). 
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This reaction is thought to proceed through a mechanism similar to Figure 4.13. 

However, DFT calculations suggest that the regioselectivity is a result of orbital control 

rather than steric or coordination effects.20 

The McQuade group showed that the regioselectivity of hydroboration with 

propargylic alcohols can be controlled using copper catalysis with different NHC 

ligands (Figure 4.19).21 Using protected alcohols with complex 4.31, excellent a-

selectivities and yields could be obtained (4.32). In contrast, using free alcohols with 

complex 4.33, the L.5 was major product with excellent yields (4.34). The McQuade 

group has since applied this directed approach to the synthesis of methyl axenoside and 

methyl 3-epi-axenoside.22 

 

Figure 4.19 McQuade’s Regioselective Hydroboration of Propargylic Internal Alkynes 
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various iron sources in the hydroboration of alkynes. Iron is very effective for the 

selective hydroboration of terminal alkynes using HBpin or B2pin2 and has recently 

been applied to internal alkynes for the synthesis of 1,2-disubstitued alkenyl boronic 

esters (Figure 4.20). Unfortunately, so far, the scope has been limited to simple alkynes 

such as diphenyl acetylene and 4-octyne but generally show good yields for the mono-

borylation with a variety of iron precatalysts.15, 28 

 

Figure 4.20 Iron Catalyzed Hydroboration of Internal Alkynes 

All of the catalysts discussed so far involve the syn-addition of the boron and 

hydrogen atoms across the alkyne forming the cis-product. On the other hand, the trans-

hydroboration of internal alkynes remains a much more difficult task to achieve and 

significantly fewer reports exist. In 2013, Früstner reported a ruthenium catalyst that 

could achieve the selective trans-hydroboration of internal alkynes (Figure 4.21).29 This 

method demonstrated excellent yields, selectivities, and functional group tolerance. 

Even macrocyclic alkynes could be trans-borylated to form compounds such as 4.36 

with excellent yields.  
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Figure 4.21 Früstner’s Ruthenium Catalyzed Trans-Hydroboration of Internal Alkynes 

4.3.1.4 Hydroboration of Allenes  

In a similar fashion to the copper catalyzed hydroboration of alkynes, the 

hydroboration of allenes can result in the same class of products. Unfortunately, this 

also has the potential to give rise to a mixture of products (Figure 4.22). An early study 

by Miyaura found that with a phosphine supported platinum catalysis, 4.38 is the major 

product in as mixture with up to 50% 4.37.30 Interestingly, the other potential isomers 

(4.39 and 4.40) were not observed. 

 

Figure 4.22 Potential Products of the Hydroboration of Allenes 

More than a decade later, this reaction was reinvestigated with different catalysts 

to examine their effect on reactivity and selectivity.31 Ma developed a ligand controlled 

highly selective copper-catalyzed borylmetalation of aryl allenes (Figure 4.23).31b Using 
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copper (I) chloride and bidentate ligand 4.41, good yields of 4.42 can be obtained, all 

with >95:5 selectivity. Under nearly identical conditions except with mono phosphine 

ligand 4.43 instead, 4.44 can be obtained with good yields as a single regioisomer. 

 

Figure 4.23 Ma’s Ligand Controlled Regioselective Hydroboration of Allenes 

4.3.2 Carboboration of Unsaturated Carbon-Carbon Bonds 

While many hydroboration procedures have been developed for the synthesis of 

trisubstituted alkenyl boronic esters, due to the inherent mechanism, these methods are 

limited to the synthesis of 1,2-(a,b)-carbosubstituted products. New methods were 

required for the synthesis of a,a-disubstituted and fully substituted alkenyl boronic 

esters. Recently, carboboration had become a common approach to solve this problem. 

Rather than adding a boron and a hydrogen atom across a triple bond, carboboration 

adds a boron and carbon atom resulting in a a,a-disubstituted configuration (Figure 

4.24). Additionally, with internal alkenes this would give rise to fully substituted 

alkenyl boronic esters. Recently a comprehensive review on this topic has been 

published.32 
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Figure 4.24 General Scheme of Carboboration of an Alkyne 

Generally, this process includes the formation of a metalloborane 4.45 (usually 

with copper) either isolated or made in situ. Combination of 4.45 with an alkyne result 

in the borylmetalation of the alkyne usually in a stereospecific manner which can be 

affected by steric interactions, electronic characteristics, or directing groups. 

Intermediate 4.46 can react with a carbon electrophile (E+) to form product (4.47). In 

the case of hydroboration, the electrophile is a proton usually from added water or 

methanol. However, E+ can also be an alkyl halide, aldehyde, conjugate acceptor, etc., 

forming a new carbon-carbon bond in a formal carboboration reaction. Typically, these 

methods involve the formation of highly nucleophilic boron reagents or intermediates 

(4.45 or 4.46) and are limited to the formation of 1,1-disubstituted and fully substituted 

alkenyl boronic esters. 

The earliest example of this approach using a nucleophilic boron reagent used a 

stoichiometric boryllithium nucleophile and copper (I) to add across extremely electron 

deficient alkynes and quenched with an electrophile (Figure 4.25).33 The 

stereochemistry of the alkenyl product can directly be affected by the temperature at 

which the reaction was run. The syn-product (4.50) is favored at lower temperatures and 

the anti-product (4.51) is favored at room temperature. Presumably, the higher 

temperatures allow for alkene isomerization to the more thermodynamically stable 4.51. 
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Figure 4.25 Yamashita’s and Nozaki’s Carboboration of an Electron-Deficient Alkyne 

4.3.2.1 Copper-Catalyzed Carboboration of Alkynes 

The most common method for carboboration is the copper catalyzed addition of 

B2pin2 and a carbon electrophile across a triple bond. This reaction follows nearly an 

identical pathway as copper catalyzed hydroboration of alkynes (Figure 4.26). Tortosa 

was the first to recognize the vinyl copper intermediate (4.52) in the proposed copper 

catalyzed hydroboration mechanism could be coupled with more than just a proton. 

Using an alkyl electrophile and stoichiometric sodium tert-butoxide to make the active 

copper species, the carboboration of alkynes was made possible.  
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Figure 4.26 Mechanism of Copper Catalyzed Hydro- and Carboboration of Alkynes  

The catalytic cycle begins with activation of copper with an alkoxide base to 

form 4.19. Transmetallation with B2pin2 results in the nucleophilic metalloborane 

intermediate 4.20. Addition of 4.20 across the alkyne results in vinyl copper species 

4.52 which can be quenched with a carbon electrophile to form product. 

In Tortosa’s seminal publication, methyl iodide shown to be a competent 

electrophile in this reaction (Figure 4.27).34 While the majority of reactions used methyl 

iodide to form cis-branched methyl alkenyl boronic esters, allyl iodide and benzyl 

bromide proceeded but were less effective electrophiles. 

 

Figure 4.27 Tortosa’s Carboboration with Methyl Iodide 
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Following this initial report, an explosion of chemistry using this strategy has 

been explored. Varying the phosphine or NHC ligand used, various allyl, benzyl and 

alkyl electrophiles including halides,35 phosphates,36 carbonates,37 and sulfonates35d can 

be used to synthesize a variety of a,a-disubstituted and fully substituted alkenyl boronic 

esters.  

Other non-traditional electrophiles are also effective in this reaction. Hou found 

that using an NHC copper complex the boracarboxylation of various alkynes could be 

achieved (Figure 4.28, top).38 This method is useful for the formation of multi-

functionalized alkenes using cheap and abundant copper and carbon dioxide. Brown 

was the first to utilize sp2 electrophiles and demonstrated the carboboration to form 

borylated styrene products such as 4.55. 

 

Figure 4.28 Carboboration with Non-Traditional Electrophiles 

Ito has applied this strategy to a cyclization carboboration reaction in an 

intramolecular alkylboration of propargylic ethers and amines (Figure 4.29).39 This 

provides an efficient route to alkenyl boronic esters bearing heterocyclic moieties 
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(4.57). These products can be further modified via a Suzuki reaction to give elaborate, 

stereodefined tri- and tetrasubstituted alkenes (4.58). 

 

Figure 4.29 Ito’s Intramolecular Carboboration Reaction 

In all cases mentioned so far, the boryl-metalation occurs so that boron is 

positioned on the less hindered carbon. Although, some DFT calculations have 

suggested that selectively is actually electronic in nature.39 Recently, Fu and Xiao 

reported a ligand controlled, regiodivergent carboboration of unactivated terminal 

alkynes.40 Both Markovnikov and anti-Markovnikov products can be selectively 

obtained by switching ligand and boron source (Figure 4.30). Using the bidentate 

phosphine ligand dppbz with B2pin2, normal Markovnikov regioselectivity is observed 

(4.59). However, using B2pai2 and DMAP as a ligand, internal borylation is possible, 

favoring 4.60. This reaction provides an efficient new route to alkenyl boronic esters 

from readily available terminal alkynes and bis-boron reagents. 
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Figure 4.30 Fu’s and Xiao’s Regiodivergent Carboboration of Unactivated Terminal 
Alkynes 

4.3.2.2 Carboboration of Allenes 

Akin to copper catalyzed hydroboration, the carboboration of allenes also 

provides a route to substituted alkenyl boronic esters (Figure 4.31). 4.63 can be 

synthesized from allene 4.61 and allyl phosphate 4.62 using copper/NHC catalysis.41 

The initial boryl cupperation forms allyl cupperate 4.64 which reacts with 4.62 to form 

4.63 through a SN2’-like reaction (4.64). 

 

Figure 4.31 Carboboration of Allenes with Allyl Phosphates 

4.3.3 1,2-Borylmetallation of Unsaturated Carbon-Carbon Bonds 

At the core, the copper catalyzed hydroboration and carboboration reactions are 

just a 1,2-borylcupperation of alkynes or allenes. Quenching the intermediate vinyl 
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copper species with an electrophile produces isolable products. In a broader sense, this 

is just the 1,2-borylmetallation of unsaturated carbon-carbon bonds (Figure 4.32). 

Fundamentally, this involves the addition of a metalloborane reagent across an 

unsaturated bond (4.46) followed by cross coupling with some carbon or heteroatomic 

electrophile (4.47). 

 

Figure 4.32 General Scheme for the Borylmetalation of Alkynes 

Adding non-transition metal boron complexes across unsaturated bonds would 

give rise to similar yet more stable 4.46 complexes. For example, if M = B, Si, or Sn, 

then intermediate 4.46 may be able to be isolated. Additionally, as different compounds 

can have orthogonal reactivity, this significantly increases the diversity of post-

modification procedures. 

4.3.3.1 Diboration of Alkynes 

Perhaps the most obvious example of the 1,2-borylmetallation of C-C 

unsaturated bonds is the diboration of terminal or internal alkynes. Suzuki and Miyaura 

were the first to report the platinum(0) catalyzed diboration of alkynes in 1993 (Figure 

4.33, top).42 They demonstrated that this method works for both terminal and internal 

alkynes with good yields. In one example, the diboron compound 4.65b was cross-

coupled with iodobenzene to replace both boronic esters with phenyl rings to form 4.66 

(Figure 4.33, bottom). 

[M]-[B]
R’R

R

[M] [B]

R’

E+

R

E [B]

R’4.45
4.46 4.47

231



 

 

Figure 4.33 Platinum Catalyzed Diboration of Terminal and Internal Alkynes 

Soon after their initial report, Miyaura demonstrated the mono-arylation of 1,2-

diborylalkenes (Figure 4.34, top).43 The key to the mono-arylation is the use of a slight 

excess of 4.67 (1.1 equiv) to the electrophile (1.0 equiv). The reaction proceeds in a 

regioselective manner, presumably derived from the different steric environments 

around each of the two different boronic esters. Furthermore, when triborylated alkenes 

(4.69) are subjected to similar conditions the same selectivity is observed for 4.70 

(Figure 4.34, bottom).44 

 

Figure 4.34 Regioselective Mono-Arylation of Di- and Triborylalkenes 
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While this method works well, the inherent selectivity of the Suzuki reaction 

limits the utility of this to the synthesis of 1,2-disubstitued alkenyl boronic esters. 

Suginome developed a modified procedure using a non-symmetric diboron reagent 4.71 

(Figure 4.35). Using either platinum or iridium catalysis, Suginome demonstrated the 

synthesis of various diboronic esters containing both a pinacolborane and a 1,8-

diaminonapthalene (Bdan) boron handle.45 The significance of this discovery is 

embedded in the regioselectivity of the diboration step. The Bdan group ends up at the 

trans-position relative to the initial substitution on the alkyne, placing the pinacolborane 

group at the internal position. Subsequent cross-coupling reacts selectively with the 

pinacolborane group (Figure 4.35, bottom). This results in the formation of 1,1-

disubstituted alkenyl boronic esters (4.73) with excellent yields and selectivities. 

 

Figure 4.35 Suginome’s Differentially Protected Diboration of Alkynes 
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4.3.3.2 Diboration of Allenes 

The diboration of allenes can also give rise to disubstituted alkenyl boronic 

esters (Figure 4.36).46 In the platinum catalyzed reaction, the addition has a strong 

tendency to occur at the internal position of the allene (4.75).46a However, steric factors 

can erode reaction selectivity as seen in 4.75d and 4.75e. 

 

Figure 4.36 Selectivity of Platinum Catalyzed Diboration of Allenes 

The formation of 4.75 also generates a new stereocenter. This allows the 

potential for desymmetrization of this reaction. In 2005, Morken reported a sequential 

asymmetric allene diboration/allylation reaction (Figure 4.37).47 The product from the 

diboration reaction (4.79) can act as both an allyl and an alkenyl boronic ester fragment. 

An asymmetric allylation reaction and sequential oxidation provides a route to 

synthesize enantioenriched b-hydroxyl ketones (4.80). This two-step process proceeds 

with good yields with high enantiomeric excess for differentially substituted allenes and 

aldehydes. 
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Figure 4.37 Morken’s Asymmetric Diboration of Allenes and Subsequent Allylation 
Reaction 

Allyl boronate 4.81 can also react with imines directly or aldehydes with added 

ammonium salts to form b-aminoketones after acylation (4.82 and 4.83).48 These 

alkenyl boronic esters can be further functionalized via protodeboronation or a Suzuki 

reaction to form 4.84 or 4.85 respectively, each with excellent enantiomeric excess. 

 

Figure 4.38 Morken’s Allylation of Imines and Downstream Functionalization  

4.3.3.3 Silylboration of Alkynes  

The silylboration of alkynes demonstrates similar reactivity and generates 

similar products to those of the diboration reaction. Ito found that with catalytic 
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palladium and silylborane 4.86, a variety of terminal and internal alkynes can undergo 

silylboration (Figure 4.39).49 And although two different group are being added across 

the alkyne, this reaction generally proceeds with excellent regioselectivity, placing the 

boron at the terminal position in the reaction with terminal alkynes. The internal alkynes 

Ito examined were symmetric therefore there are not issues with regioselectivity (4.87e 

and 4.87f). 

 

Figure 4.39 Ito’s Palladium Catalyzed Silylboration of Alkynes 

All d-10 metals are effective at catalyzing the silylboration of alkynes, however, 

palladium and platinum were found to prefer to yield monomer products similar to 4.87, 

while nickel tends to for dimer products (Figure 4.40).50 This reaction proceeds in a 

regio- and stereospecific manner resulting in the cis,cis-1-silyl-4-boryl diene products 

(4.88). 
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Figure 4.40 Nickel Catalyzed Silylborative Dimerization of Alkynes 

While silylborane 4.86 is the most commonly used reagent, other silylborane 

have been utilized in similar reactions.32, 51 All of which give the same regioselectivity 

across a terminal alkyne. These products are useful as bis-nucleophilic fragments. 

However, the more reactive boron handle is generally cross-coupled first with Suzuki 

reaction conditions leaving a highly substituted vinyl silane.49, 52 

4.3.3.4 Silylboration of Allenes 

In a similar fashion to the diboration of allenes, the silylboration of allenes is 

also possible. These reactions proceed with excellent regio- and chemoselectivity 

forming the alkenyl boronic ester and allyl silane simultaneously (Figure 4.41, top).53 

Reagents such as 4.89 are very useful in the synthesis of highly substituted alkenes. A 

Lewis acid promoted Sakurai reaction with 4.90 yields 4.91 in an excellent yield and 

stereochemistry.54 

 

Figure 4.41 Formation of Alkenyl Boronic Esters via a Sakurai Reaction 
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This reaction can also be desymmetrized using a chiral silylborane with a chiral 

palladium catalysis (Figure 4.42).55 With these conditions, a variety of alkenyl boronic 

esters can be synthesized with high diastereoselectivity. These products can also be 

utilized in an enantiospecific Sakurai reaction. 

 

Figure 4.42 Suginome’s and Murakami’s Asymmetric Silylboration of Allenes 

4.3.3.5 Borylstannylation of Alkynes 

Another common approach for the synthesis of highly substituted alkenyl 

boronic esters is the borylstannylation of alkynes and subsequent Stille coupling. 

Typical borylstannylation reactions involve reagent 4.94 and proceed under transition-

metal catalysis (Figure 4.43).56  

 

Figure 4.43 Palladium Catalyzed Borylstannylation of Alkynes 

O
B

O

Me

SiMe2Ph

Me
Me

•
R

PPh2

PdCp(allyl)/4.92
R

Bpai*

SiMe2Ph

product ratio

4.93a
4.93b
4.93c

4.93e

93:7
98:2
96:4
95:5
92:2

Me
Cy
Ph

4-MeOC6H4
4-CF3OC6H4

4.93d

yield % de

86%
96%

92%

92%
91%

R

92%
95%
95%
96%
92%

4.93

4.92

H
BnO

Me3Sn B
N

N
Me

Me
PdCl2(PPh3)2

B
N

N
Me

Me
Me3Sn

OBn

B
O

O

Me3Sn

OBn

Me Me
Me
Mepinacol

H+
4.95, 83%

4.94

238



 

Recently, Yoshida reported with copper catalyzed borylstannylation of alkyne 

using B2pin2 and tributyltin fluoride.57 Additionally, the other regioisomer is accessible 

with pinB-Bban and tributyltin methoxide forming the 1,8-diaminonapthyl boronic 

amide.58 Takaki and Yoshida have demonstrated the borylstannylation, followed by 

Stille and Suzuki reactions in a 3-step synthesis of the tetrasubstituted, breast cancer 

treatment drug (Z)-tamoxifen (Figure 4.44, 4.99).59 

 

Figure 4.44 Takaki’s and Yoshida’s Synthesis of (Z)-Tamoxifen 

4.3.4 Tandem Haloboration/Negishi Reactions 

In 1964, Lappert reported the first example of the haloboration of alkynes.60 

This reaction is thermodynamically favored due to the high electronegativity of boron 

and the preference to be carbon-bound over halogen-bound. The products from this 

reaction have at least two functional handles that can be further functionalized. Suzuki 

was the first to recognize this bis-functionality with a tandem Negishi/Suzuki Reaction 

(Figure 4.45).61 The haloboration of a terminal alkyne with BBr3 forms compound 

4.100. 4.100 was then subjected to Negishi cross-coupling conditions (4.101) followed 

by the addition of base and an aryl halide to form and isolate 4.102. 
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Figure 4.45 Haloboration with Tandem Negishi/Suzuki Reaction 

4.3.4.1 Haloboration of Alkynes 

Wang followed up on these initial findings and explored the Negishi cross-

coupling of intermediate 4.100 with alkynyl zinc reagents.62 The boronic esters 

synthesized from this method were converted to the vinyl iodides and again coupled 

with Negishi cross-coupling conditions. While the work from Wang was limited to 

alkynyl zinc reagents, it serves as a rapid and efficient method for the synthesis of 

elaborate enyne fragments. 

Negishi discovered general conditions for the haloboration of propyne.63 With 

the same sequence of steps, Negishi was able to synthesize methyl substituted (Z)-

trisubstitued alkenes (Figure 4.46). These fragments are very prevalent in terpenoids 

and can be difficult to synthesize in a stereodefined manner. 

 

Figure 4.46 Negishi’s Haloboration and Negishi Cross-Coupling of Propyne 

4.3.4.2 Reactions of 1,1-Haloborylalkenes 

A related approach involves the hydroboration of 1-halo-alkynes and subsequent 

Negishi cross-coupling.64 This is an effective method for the synthesis of stereodefined 
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1,2-disubstituted alkenyl boronic esters. This method also demonstrates a wide 

functional group tolerance. Alkyl, aryl, vinyl and alkynyl zinc reagents were all 

tolerated with moderate to good yields (Figure 4.47). 

 

Figure 4.47 Scope of Zinc Reagents for the Formation of 1,2-Disubstituted Alkenyl 
Boronic Esters 

In a related process, both Brown65 and Suzuki66 independently reported that 

alkyl lithium and Grignard reagents can directly react with a-halo-alkenyl boronic 

esters (Figure 4.48). Interestingly, this reaction results in inversion of the sp2 center 

resulting in a trans-configuration for 4.104 which is complimentary to the above 

strategy. Intermediate 4.105 is thought to undergo a 1,2-shift of R’ group expelling the 

bromide and causing the inversion. While this reaction is limited by the functional 

group tolerance of harsh organometallic reagents, the yields and selectivities are 

generally high. 

Bu I
1) (Ipc)2BH

2) CH3CHO
3) pinacol

Bu Bpin

I

RZnX
Pd(PPh3)4

Bu Bpin

R

product
4.103a
4.103b

4.103c

4.103e

PhCH2ZnBr
Me3SiCH2ZnI

PhZnCl

BuC
4.103d

yieldRZnX

62%
85%
87%
40%
67%CZnCl

Me2C CHZnCl

4.103

Me
Me

Me

Icp

241



 

 

Figure 4.48 Nucleophilic Substitution on a-Halo-Alkenyl Boronic Esters 

4.3.5 1,1-Borylmetallation of Alkynes 

The above methods typically add a boron reagent across an unsaturated C-C 

bond. Due to the syn-nature of the addition this process tends to add boron in a trans-

conformation to the original groups attached to the alkyne. On the contrary, if boron is 

already attached to the alkyne, then addition across it will result in a cis-conformation 

of boron and the other pre-attached group. Several groups have explored the 

hydrometallation of alkynyl boronic esters giving access to new and unique chemical 

compound entities. 

4.3.5.1 Transition Metal Boron Complexes  

In 1994, Srebnik reported the synthesis of the first stable 1,1-bismetalloalkene 

with boron and zirconium (Figure 4.49).67 Using a method developed by Brown,68 the 

1-alkynyldioxaboralane (4.106) could be synthesized from mixing tert-butyl acetylene 

with n-butyl lithium and quenching with isopropoxypinacol borane. Hydrozirconation 

of 4.106 with Schwartz’s reagent produces 4.107 in 82% isolated yield. X-ray analysis 

was used to confirm the structure and the cis-configuration of the zirconium and 

hydrogen atoms in complex 4.107.  
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Figure 4.49 Srebnik’s Synthesis of 4.107 

To demonstrate the versatility of this reagent, compound 4.107 was reacted with 

various electrophiles (Figure 4.50). A copper promoted conjugate addition of 4.107 with 

an enone provides 4.108 in 73% yield. Similarly, the reaction with acyl chlorides 

produces a-boryl enones 4.109 and 4.110 in good yields. Skipped diene 4.111 was 

synthesized from the reaction of 4.107 with allyl bromide in 87% yield. Additionally, 

when N-halosuccinimides are combined with 4.107 a variety of 1,1-haloboranes 

(4.112a-c) can be synthesize in excellent yields. 

 

Figure 4.50 Reactivity of Srebnik’s 1,1-Borylzirconium Reagent 

While this method shows good reactivity and functional group tolerance, the use 

of stoichiometric Schwartz reagent would be impractical and prohibitively expensive on 
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a large scale. To circumvent this, Walsh explored the synthesis and reactivity of related 

reagents (Figure 4.51).69 4.115 can be synthesized by the hydroboration of 1-

alkynyldioxaboralane 4.113 with dicyclohexylborane to form bis-borane 4.114. 

Transmetallation with dimethyl zinc produces 4.115 with excellent stereoretention. The 

high stereochemistry is derived from the transmetallation rate difference between 

dialkyl borane and pinacol boronic esters. The transmetallation of dialkyl boranes 

proceeds even at very low temperatures,70 however, boronic acid derivatives require 

high temperatures and prolonged reaction times (60 °C, 12 h) for transmetallation.71 

Furthermore, Walsh demonstrated the utility of this class of reagents by reacting 4.115 

with many electrophiles including aldehydes and imines to get 4.116 and 4.117 

respectively in good to excellent yields.69a, 69c, 69f 

  

Figure 4.51 Synthesis and Reactivity of 4.115 

4.3.5.2 Diboronic Esters 

Alternatively, symmetric alkenyl-1,1-diboronic esters, which can be synthesized 

in a variety of ways, can undergo a mono-Suzuki reaction to give rise to trisubstituted 

alkenyl boronic esters such as 4.118 (Figure 4.52). 
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Figure 4.52 Mono-Cross-Coupling of 1,1-Bisboronic Esters  

Chirk developed a cobalt catalyst (4.119) capable of converting terminal alkynes 

into differentially substituted 1,1-diboranes such as 4.120.72 The difference in reactivity 

between the two boron groups allows for a selective Suzuki reaction resulting in Z-

disubstituted alkenyl boronic ester 4.121. This two-step procedure represents a formal 

1,1-carboboration of 1-heptyne. 

 

Figure 4.53 Chirk’s Cobalt Catalyzed 1,1-Diboration of Terminal Alkynes 

4.3.6 Alkene Cross-Metathesis 

As discussed in Chapter 3, Section 3.3.4, metathesis provides a simple route to 

alkenyl boronic esters directly from alkenes. This approach works well for the synthesis 

of disubstituted alkenyl boronic esters, however, metathesis reactions show a significant 

decrease in yield when synthesizing trisubstituted alkenyl boronic esters (Figure 4.54). 
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Yields and selectivities drop even more when cross-coupling more functionalized 

alkenyl boronic esters (Figure 4.54, bottom). Additionally, an excess of the boronic 

ester coupling partner are required for even modest yields. While this method can be 

applied to the synthesis of trisubstituted products, this is not a synthetically reasonable 

approach. 

 

Figure 4.54 Synthesis of Trisubstituted Alkenyl Boronic Esters via Metathesis 

4.3.7 Dehydrogenative Alkene Borylation 

In many of the dehydrogenative borylation reactions discussed in Chapter 3, 

Section 3.3.5, examples of 1,1- and/or 1,2-disubstituted alkenes were shown to be 

viable substrates.73 However, Marder73a, 73b demonstrated only four disubstituted alkene 

substrates in his reports and Iwasawa73c, 73d only reported five. Furthermore, both groups 

only demonstrated the simplest of disubstituted alkenes. For example, Marder only 

examined hydrocarbon and mostly symmetric 1,1-disubstituted alkenes (Figure 4.55). 

While this is a big step forward for this chemistry, a more general and functional group 

tolerant method is desired. 
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Figure 4.55 Marder’s Limited Scope of Disubstituted Alkene Substrates 

Recently, Ge reported an iron catalyzed borylation of vinyl arenes (Figure 

4.56).74 This method tolerates a variety of functionalized arenes but is strictly limited to 

a-substituted vinyl arenes and is not general among other alkenes. 

 

Figure 4.56 Selected Scope from Ge’s Iron Catalyzed Dehydrogenative Borylation of a-
Substituted Vinyl Arenes 

4.3.8 Summary and Outlook 

The majority of methods designed to synthesize highly substituted alkenyl 

boronic esters require prefunctionalized alkenes or alkynes are precursors which limit 

the utility of their approach. Additionally, many of these strategies require multiple 

R

R
RhCl(CO)(PPh3)2B2pin2+

R

R
Bpin

Me

Ar

R
Fe(PMe3)4+ Ar

R
BpinHBpin

2 equiv. norbornene 4.124

Me
Bpin

4.124a, 93%

Me
BpinO

4.124c, 62%

Me
Bpin

4.124b, 75%
F3C

Bpin

4.124d, 65%

Me

Bpin

4.124e, 74%

247



 

steps to add all the substituents in a stereodefined manner and require the use of harsh 

and reactive vinyl-metallic intermediates. The methods to synthesize trisubstituted 

alkenyl boronic esters directly from alkenes also suffer from poor reactivity, generality, 

and functional group tolerance. 

4.4 Hypothesis and Development of Reaction Conditions 

We thought that if we could extend our boryl-Heck reaction to tolerate more 

substitution on the alkene, then this could become a synthetically valuable method for 

the synthesis of highly substituted alkenyl bononic esters directly from alkenes. 

Additionally, we hoped to develop general set of conditions for synthesis of both 1,1- 

and 1,2-disubstituted alkenyl boronic esters from their respective alkene precursors. 

Under the previous reaction conditions, terminal alkenes were well tolerated 

with excellent yields, regioselectivity and geometric selectivity. Vinyl cyclohexane 

reacted to from 4.125 in 84% isolated yield with a 96:4 E/Z ratio (Figure 4.57). 

Unfortunately, simply replacing one hydrogen atom with a methyl group at the a-

position gave nothing more than trace yield (4.126). 

 

Figure 4.57 Reactivity Difference Mono- and Disubstituted Alkenes 
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To explain this limitation towards both 1,1- and 1,2-disubstituted alkenes, we 

hypothesize that the steric repulsion from the added groups on the alkene and the 

ligands on palladium strongly disfavors the migratory insertion transition state (Figure 

4.58). A similar trend is observed in the Heck reaction, where reactivity drops off with 

increase alkenes substitution.75 This issue may be overcome with an intramolecular 

cyclization similar to Suginome’s work, however, we wanted to develop a more general 

bimolecular reaction. We hypothesized that lowering the coordination number on 

palladium by either lowering ligand to metal ratio or using a less coordinating X-type 

group from the boron electrophile, may allow for a more facile migratory insertion. 

 

Figure 4.58 Proposed Boryl-Heck Reaction Pathway 

4.4.1 Reaction Optimization 

I decided to reinvestigated the reaction of 4.126 under modified reaction 

conditions. I began by exploring more mild and simple conditions than the first 

generation boryl-Heck (70 °C in the absence of LiOTf), and only observed 3% yield by 
1H NMR spectroscopy (Table 4.1, entry 1). Switching to the commercially available 

catBBr (entry 2), showed a significant increase in yield to 63% is observed with 
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minimal isomerization of 4.126. In the absence of palladium there is no reactivity, 

ruling out the possibility of Lewis acid driven reaction (entry 3).  

Table 4.1: Optimization of Reaction Conditions 

 
entry B-X (equiv) precatalyst time (h) isom. SM 4.126 

1 catBCl (1.5) (JessePhos)2PdCl2 24 0% 3% 
2 catBBr (1.5) (JessePhos)2PdCl2 24 2% 63% 
3 catBBr (1.5) none 24 0% 0% 
4 catBBr (1.5) (JessePhos PdI2)2 24 2% 95% 
5 catBCl (1.5) (JessePhos PdI2)2 24 12% 33% 

 

Next, I examined a different single component catalyst which also contains 

palladium and JessePhos. Originally discovered as a possible intermediate in the silyl-

Heck catalytic cycle,76 complex (JessePhosPdI2)2 was used and 95% yield was 

observed with minimal starting material isomerization (entry 4). This dimer catalyst has 

an inherent ligand to metal ratio of 1:1. Comparing that to (JessePhos)2PdCl2 which has 

a ligand to metal ratio of 2:1, the lower ligand to metal ratio may result in a lower 

coordination number on palladium during that catalytic cycle. This may help to lower 

the transition state barrier for the migratory insertion step of the catalytic cycle. 

However, this catalyst did not produce reasonable yields in combination with catBCl 

(entry 5) which suggests a synergistic effect of both using a more electrophilic boron 

source and a lower ligand to metal ratio.  

By slightly increasing the equivalents of catBBr, excellent yields were obtained 

with no starting material isomerization (Figure 4.59). Additionally, adding catBBr as a 
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solution in toluene (~2 M) allowed for the entire reaction set-up to be performed 

without the use of a glovebox. 

 

Figure 4.59 Optimal Conditions for the Boryl-Heck Reaction of 1,1-Disubstituted 
Alkenes 

4.5 Exploration of Reaction Scope 

With optimal conditions determined, I sought to explore the generality of these 

conditions by examining the functional group tolerance and limits. Additionally, to be 

more synthetically useful, this set of conditions is general for both 1,1- and 1,2-

disubstituted alkenes. 

4.5.1 1,1-Disubstituted Alkenyl Boronic Esters 

First, I subjected a variety of 1,1-disubstituted alkenes to these reaction 

conditions to explore the generality of this reaction (Figure 4.60).  
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Figure 4.60 Scope of 1,1-Disubstituted Alkene Substrates 

Compound 4.126 was isolated in 94% yield as the E-stereoisomer. Both exo-

cyclic and acyclic symmetric alkenes gave excellent yields of single vinyl products 

4.127 and 4.128 respectively. Non-symmetric alkenes such as 2-methylhexene provided 

an excellent yield but unfortunately proceeded with poor E/Z selectivity (4.129, ca. 2:1). 

Naturally derived products such as limonene (4.130) and a pregnenolone derivative 

(4.131) can be borylated with good yields and excellent E/Z selectivities demonstrating 

that these feedstock chemicals could be used as starting materials in total syntheses. 

Furthermore, an X-ray structure was obtained of 4.131 confirming the proposed E-

alkene geometry. Under the first-generation conditions (Chapter 3), 4.132 was formed 

in only 70% yield. With the second-generation conditions, a quantitative yield of 4.132 

can be obtained demonstrating the increased reactivity of these second-generation 
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conditions. Other styrene derived products such as heterocycle 4.133 gave and excellent 

yield and moderate E/Z selectivity.  

4.5.2 1,2-Disubstituted Alkenyl Boronic Esters 

Next, I examined several 1,2-disubstituted alkenes under the identical reaction 

conditions determined to be optimal for the 1,1-disubstituted alkenes and found that 

they are just as effective. Additionally, this presented the opportunity to further explore 

the functional group tolerance of this reaction (Figure 4.61). 

 

Figure 4.61 Scope of 1,2-Disubstituted Alkene Substrates 

b-Methyl styrene can be isolated in 90% yield as a single Z-alkene isomer 

(4.134) which is a significant improvement over the 40% obtained with the first-
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Bpin

Me

Bpin

BuMe2N
4.134, 90% 4.136, 99%

SMe Bpin

Bu
4.138, 99%

Bpin

MeO

Bu

OTBS

Bpin

Me

Me

Me

Bpin

Cy
4.137, 85% 4.139, 67%

4.135, 98%

R
Cy2NMe, PhCF3, 70 °C, 4 h

then 3 equiv pinacol

Ar
R

Ar Bpin

single E isomer single Z isomer

 2.5 mol %  (JessePhosPdI2)2
 2.0 equiv catBBr

X-ray
of 4.139

X-ray
of 4.136

253



 

heterocycles are excellent substrates for this reaction providing a quantitative yield of 

4.138. In addition to the displayed functional group tolerance, b-substitution with 

methyl (4.134-4.135), butyl (4.136-4.137), and even cyclohexyl (4.139) groups is well 

tolerated all with good yields. In the case of 4.139, the remaining mass balance was 

unreacted and non-isomerized starting material. Additionally, in every case, a single Z-

isomer product is obtained from a single E-isomer of starting alkene.  

Unfortunately, when 1,2-dialiphatic alkenes such as trans-2-octene were 

employed, numerous products were formed as an inseparable mixture (Figure 4.62). 

Gas chromatography analysis of the crude reaction mixture revealed more than 4 

products with the mass of the intended product. Further optimization of this reaction, 

including a more selective catalyst, will be the subject of future investigations.  

 

Figure 4.62 Borylation of 2-Butene 

4.5.3 Tandem Boryl-Heck and Other Product Utilities 

Alkenyl boronic esters are excellent substrates for the Suzuki reaction which 

converts C-B bonds into C-C bonds. As demonstrated in Chapter 3, the tandem boryl-

Heck/Suzuki reaction provides a rapid and efficient route to stereodefined highly 

substituted alkenes. Now with access to disubstituted alkenyl boronic esters, this 

tandem reaction has the potential to synthesize stereodefined trisubstituted alkenes 

(Figure 4.63). Subjecting racemic limonene to the second-generation boryl-Heck 

reaction generates 4.140 in situ. The addition of 4-methoxyiodobenzene and CsCO3 
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leads to trisubstituted alkene 4.141 in 92% isolate yield in 94% isomeric purity. 

Furthermore, the addition of trimethylamine N-oxide to the crude reaction mixture 

directly oxidizes 4.140 to 4.142 in 71% yield as a mixture of diastereomers. 

 

Figure 4.63 Tandem Boryl-Heck/Suzuki Reaction and Boryl-Heck/Oxidation 

The stereodefined formation of C-O and C-X bonds is a difficult talk in organic 

chemistry. In addition to one-pot reactions demonstrated above, several 2-step 

procedures using the isolated products from this reaction can lead to new heteroatomic-

carbon bonds with excellent stereochemistry (Figure 4.64).  

 

Figure 4.64 Synthetic Applications of Isolated Trisubstituted Alkenyl Boronic Esters 
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Using a procedure developed by Merlic,77 allyl vinyl ether 4.143 was 

synthesized as a single stereoisomer in 69% yield. Compound 4.144 was synthesized in 

78% yield using CuBr2 as a brominating reagent. 

4.6 Mechanistic Investigations 

After exploring the scope and utility of this second-generation boryl-Heck 

reaction, I sought to further probe the mechanism by which it operates. We initially 

proposed a Heck-like mechanism but could not rule out other reaction pathways such as 

a C-H activation pathway. The observed inversion in alkene geometry when examining 

b-substituted alkenes is supportive of a Heck-like mechanism but not definitive. I 

carried out a series of mechanistic experiments to better understand the reaction 

mechanism. 

4.6.1 Study of Alkene Geometry  

To further probe this inversion of alkene geometry I examined the reaction of 

stilbene under these reaction conditions (Figure 4.65). When trans-stilbene was 

subjected to these reaction conditions the Z-isomer is the major product (4.145). This is 

consistent with all the other b-substituted styrenes and is indicative of a Heck-like 

reaction pathway. Both migratory insertion (4.146) and b-hydride elimination (4.147) 

are suprafacial processes (Figure 4.65, middle). Therefore, the borylpalladation, C-C 

bond rotation and b-hydride elimination should result in the Z-product 4.148. By the 

same mechanistic hypothesis, cis-stilbene should result in the E-product 4.149. When 

cis-stilbene is subjected to the same reaction conditions a 4:1 E/Z ratio is observed 

(Figure 4.65, bottom).  
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Figure 4.65 Inversion of Alkene Geometry During Reaction 

Both results are supportive of a Heck-type mechanism and oppose a C-H 

activation pathway, which would result in opposite products. while these substrates are 

obligated to give vinyl product we next turned our attention to a system where the allyl 

product is possible. 
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eliminations or post isomerization may result formation of the more stable vinyl product 

4.151.73d, 78 

 

Figure 4.66 Geometric Constraints Associated with the Boryl-Heck Reaction of 
Cyclohexene 

When we subjected cyclohexene to slightly modified boryl-Heck reaction 

conditions (100 °C) we observed almost exclusive formation of the allyl product 4.150 

(Figure 4.67). The hydroboration product was formed in 8% (4.152) and only trace 

(4%) vinyl product was detected (4.151). The low yield is most likely a result of the 

high temperature required, leaving some unreacted cyclohexene in the vapor phase 

inside the reactor. Nonetheless, this result further supports our proposed Heck-type 

mechanism. More interestingly, this demonstrates that significant product isomerization 

does not occur, even at elevated reaction temperatures, which is contrary to our first-

generation conditions. 

Bpin Bpin
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Figure 4.67 Boryl-Heck Reaction of Cyclohexene 

This also demonstrates the second example of a rigged substrate leading to 

allylic products (the first being allyl benzene).1 In the future, we hope to better harness 

this reaction to select for the allylic products. 

4.6.3 Kinetic Nature of b-Hydride Elimination 

With our first-generation conditions, we showed that the selective vinyl product 

formation is due to a thermodynamic equilibrium of product isomers funneling to the 

more stable vinyl boronic ester. similar to the first-generation conditions, we still only 

observe alkenyl product (except with cyclohexene). Therefore, we wanted to determine 

if the allylic product is kinetically accessible under normal reaction conditions.  

Subjecting enantiopure limonene to these conditions, we hypothesized that the 

proposed alkyl palladium intermediate 4.153 could eliminate to give the vinyl product 

directly (4.155) or eliminate from one of the allylic protons (4.154) then funnel to the 

thermodynamic alkenyl product 4.155. In the latter case, then we would expect observe 

racemization of the stereocenter in the isolated product.  
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Figure 4.68 Retention of a-Stereocenter During Boryl-Heck Reaction 

Upon examining the enantiomeric excess of 4.130, no racemization of the allylic 

stereocenter occurred. This shows that intermediate 4.153 has a strong kinetic 

preference for b-hydride elimination of the vinylic proton. Therefore, formation of the 

alkenyl product is both thermodynamically and kinetically favored under our current 

reaction conditions. 

4.7 Conclusion 

In conclusion, I have developed new reaction conditions for the direct borylation 

of various disubstituted alkenes. Both 1,1- and 1,2-disubstituted alkenes are excellent 

substrates for these second-generation boryl-Heck conditions, proceeding with excellent 

yields and E/Z selectivities. The utility of these improved reaction conditions has been 

demonstrated with a tandem boryl-Heck/Suzuki reaction leading to a stereodefined 

trisubstituted olefin. Mechanistic studies have revealed that this reaction is 

stereospecific with respect to starting material and product alkene geometry which rules 

out a C-H activation mechanism and is highly suggestive of a Heck-like pathway. 
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Further support for a Heck-like mechanism was acquired from the near selective allyl 

boronic ester formation from cyclohexene. Subjecting enantiopure limonene to these 

reaction conditions revealed that b-hydride elimination of the vinylic hydrogen atom is 

kinetically preferred over the allylic hydrogen atom. 

4.8 Experimental Details 

4.8.1 General Experimental Details 

Diethyl ether, tetrahydrofuran, toluene and dichloromethane were dried on 

alumina according to published procedures.79 B-bromocatecholborane (catBBr) was 

purchased from TCI and either stored as a toluene solution in a nitrogen filled Strauss 

flask on the bench or stored as a solid in a nitrogen filled glovebox at -35 °C. N,N-

Dicyclohexylmethylamine was purchased from TCI, distilled from calcium hydride (80 

°C, 150 mtorr) and stored at rt on the bench in a nitrogen-filled Strauss flask. 

Trifluorotoluene was purchased from Sigma Aldrich in an anhydrous septum sealed 

bottle, transferred to a Straus flask by cannula transfer and sparged with nitrogen for 15 

minutes. Bis(3,5-di-tert-butylphenyl)(tert-butyl)phosphine (JessePhos),80 

(JessePhos)2PdCl2,1 and [(JessePhos)PdI2]2
76 were all prepared according to published 

procedures. All other substrates and reagents were purchased in highest analytical purity 

from commercial suppliers and used as received. 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. “Double manifold” refers to a standard Schlenk-line gas 

manifold equipped with nitrogen and vacuum (ca. 100 mtorr). All optimization 

reactions (0.25 mmol) were run in a nitrogen-filled glovebox and heated using an 
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aluminum block on a magnetic stir plate. All yields in optimization reactions were 

determined using 1H NMR using 1,3,5-trimethoxybenzene as an internal standard and 

E/Z ratios were determined using 1H NMR of purified products and geometry was 

confirmed with nOe experiments. All other reactions were set up using standard 

Schlenk technique and heated with stirring in temperature controlled oil baths. Any 

product yields listed in the main text that do not match those listed in the supporting 

information are the average of multiple isolated yields. In most cases, only the major 

isomer is reported for the 1H and 13C NMR spectral data. The 13C NMR spectra may 

contain extra, unassigned peaks, which we attribute to the minor isomer. Note: The 13C 

NMR signal for carbons attached to boron did not appear in the collected spectra due to 

the quadruple splitting of 11B.81 NMR data for some compounds may be reported in two 

different solvents to resolve overlapped 13C peaks. 

4.8.2 Instrumentation and Chromatography  

400 MHz 1H, 101 MHz 13C and 376 MHz 19F spectra were obtained on a 400 

MHz FT-NMR spectrometer equipped with a Bruker CryoPlatform. 600 MHz 1H, 151 

MHz 13C, and 193 MHz 11B 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. 1H NMR spectra were calibrated using the residual protio-

signal in deutero-solvents as a standard. 13C 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 
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ionization (LIFDI). Column chromatography was performed with boric acid 

impregnated 40-63 µm silica gel82 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 with iodine or KMnO4. 

4.8.3 Synthesis of Non-Commercial Alkene Substrates  

(S4.1) Under nitrogen atmosphere, methyl triphenylphosphonium bromide 

(21.87 g, 60 mmol, 2.0 equiv) and anhydrous THF (60 mL) were added to 

a 200 mL round bottom flask with stir bar, and the contents of the flask 

were sparged with a stream of N2 for 10 minutes. The suspension was cooled to 0 °C, 

followed by anhydrous addition of t-BuOK (6.7 g, 60 mmol, 2.0 equiv) in one portion 

by quickly removing and replacing the septum. The resulting orange solution was 

allowed to stir at 0 °C for 1 hour, and then cyclohexylmethyl ketone (4.35 mL, 30 

mmol, 1.0 equiv) was added in dropwise via syringe. The resulting yellow suspension 

was stirred for 16 hours, slowly warming to room temperature. TLC showed full 

conversion of starting material, so the reaction was poured into a 1 M HCl solution (20 

mL), and extracted with diethyl ether (3 X 30 mL). The organic layer was dried with 

MgSO4, filtered through Celite and concentrated in vacuo. The crude material was 

purified via silica column chromatography (pentane) to afford S4.1 as a colorless liquid 

(2.53 g, 68%): 1H NMR (600 MHz, CDCl3) δ 4.66 (s, 2H), 1.86 (tt, J = 11.6, 3.2 Hz, 

1H), 1.79 – 1.72 (m, 4H), 1.71 (s, 3H), 1.67 (d, J = 12.8 Hz, 1H), 1.27 (qt, J = 13.5, 3.6 

Hz, 2H), 1.21 – 1.10 (m, 3H); 13C NMR (101 MHz, CDCl3) δ 151.5, 107.9, 45.7, 32.1, 

26.8, 26.5, 21.1; FTIR (cm-1): 2928, 2853, 1644, 1449, 1374, 885. HRMS (CI) m/z, 

calcd for [C9H17]+: 125.1330; found: 125.1338. 
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(S4.2) Under nitrogen atmosphere, methyl triphenylphosphonium 

bromide (16.4 g, 45 mmol, 1.5 equiv) and anhydrous diethyl ether (120 

mL) were added to a 250 mL round bottom flask with stir bar, and the contents of the 

flask were sparged with a stream of N2 for 10 minutes. The suspension was cooled to 0 

°C, followed by anhydrous addition of t-BuOK (5.1 g, 45 mmol, 1.5 equiv) in one 

portion by quickly removing and replacing the septum. The resulting orange solution 

was allowed to stir at 0 °C for 15 min, and then 4-tert-butyl cyclohexanone (4.67 g, 30 

mmol, 1.0 equiv) was added in one portion via syringe. The resulting yellow suspension 

was refluxed for 2.5 hours. TLC showed full conversion of starting material, so the 

reaction was poured into a water (100 mL), and extracted with diethyl ether (3 X 50 

mL). The organic layer was dried with MgSO4, filtered through Celite and concentrated 

in vacuo. The crude material was purified via distillation (56 °C, 8 torr) to afford S4.2 

as a colorless liquid (3.86 g, 84%): 1H NMR (600 MHz, CDCl3) δ 4.58 (t, J = 1.8 Hz, 

2H), 2.33 (dp, J = 13.7, 1.9 Hz, 2H), 2.06 – 1.95 (m, 2H), 1.91 – 1.81 (m, 2H), 1.15 (tt, 

J = 11.8, 2.9 Hz, 1H), 1.10 – 1.00 (m, 2H), 0.86 (s, 9H); 13C NMR (151 MHz, CDCl3) δ 

150.4, 106.2, 48.1, 35.5, 32.6, 29.1, 27.8; FTIR (cm-1): 2943, 2867, 2838, 1651, 1365, 

886. HRMS (CI) m/z, calcd for [C11H21]+: 153.1643; found: 153.1647. 

 

(S4.3) Under nitrogen atmosphere, methyl 

triphenylphosphonium bromide (12.7 g, 35.5 mmol, 1.2 equiv) 

and anhydrous THF (250 mL) were added to a 500 mL round bottom flask with stir bar, 

and the contents of the flask were sparged with a stream of N2 for 10 minutes. The 

suspension was cooled to 0 °C, followed by addition of n-BuLi (12.0 mL, 2.72 M, 32.5 

mmol, 1.1 equiv) in one portion via syringe. The resulting orange solution was allowed 

Me Me

tBu
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to stir at 0 °C for 30 min, and then 5-nonanone (5 mL, 29.6 mmol, 1 equiv) was added 

dropwise via syringe. The resulting yellow suspension was stirred for 16 hours, slowly 

warming to room temperature. TLC showed full conversion of starting material, so the 

reaction was poured into a water (100 mL), and extracted with diethyl ether (3 X 50 

mL). The organic layer was dried with MgSO4, filtered through Celite and concentrated 

in vacuo. The crude material was purified via distillation (65 °C, 20 torr) to afford S4.3 

as a colorless liquid (1.11 g, 27%): 1H NMR (600 MHz, CDCl3) δ 4.66 (s, 2H), 2.03 – 

1.92 (m, 4H), 1.42 – 1.34 (m, 4H), 1.33 – 1.20 (m, 4H), 0.88 (t, J = 7.3 Hz, 6H); 13C 

NMR (151 MHz, CDCl3) δ 150.9, 108.5, 35.9, 30.2, 22.7, 14.2; FTIR (cm-1): 2959, 

2930, 2873, 1644, 1467, 1379, 887. HRMS (CI) m/z, calcd for [C10H21]+: 141.1643; 

found: 141.1642. 

 

(S4.4) Under nitrogen atmosphere, methyl 

triphenylphosphonium bromide (35.72 g, 100 mmol, 2.5 

equiv) and anhydrous THF (80 mL) were added to a 250 

mL round bottom flask with stir bar, and the contents of the flask were sparged with a 

stream of N2 for 10 minutes. The suspension was cooled to 0 °C, followed by anhydrous 

addition of t-BuOK (10.77 g, 96 mmol, 2.4 equiv) in one portion by quickly removing 

and replacing the septum. The resulting orange solution was allowed to stir at 0 °C for 1 

hour, and then pregenolone (12.66 g, 40 mmol, 1.0 equiv) was dissolved in anhydrous 

THF and added dropwise via syringe. The resulting yellow suspension was stirred for 

16 hours, slowly warming to room temperature. TLC showed full conversion of starting 

material, so the reaction was poured into a water (100 mL), and extracted with diethyl 

ether (3 X 30 mL). The organic layer was dried with MgSO4, filtered through Celite and 
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concentrated in vacuo. The crude material was purified via silica column 

chromatography (1 : 4 ethyl acetate : hexanes) to afford S4.4 as a white solid (12.14 g, 

97%): 1H NMR (400 MHz, CDCl3) δ 5.41 – 5.30 (m, 1H), 4.82 (s, 1H), 4.69 (s, 1H), 

3.62 – 3.41 (m, 1H), 2.40 – 2.15 (m, 2H), 2.07 – 1.92 (m, 2H), 1.91 – 1.76 (m, 4H), 

1.74 (d, J = 1.6 Hz, 3H), 1.71 – 1.62 (m, 2H), 1.60 – 1.38 (m, 6H), 1.29 – 1.02 (m, 4H), 

0.99 (s, 3H), 0.97 – 0.90 (m, 1H), 0.56 (s, 3H); 13C NMR (101 MHz, CDCl3) δ 145.8, 

140.9, 121.8, 110.8, 71.9, 57.4, 56.6, 50.4, 43.2, 42.4, 38.8, 37.4, 36.7, 32.3, 32.0, 31.8, 

25.5, 24.8, 24.4, 21.3, 19.6, 12.8; FTIR (cm-1): 2933, 1062, 886, 668; mp = 133-135 °C. 

HRMS (ESI) m/z, calcd for [C22H33]+: 297.2577; found: 297.2566. (M – OH) 

 

(S4.5) A 100 mL round bottom flask equipped with a 

magnetic stir bar and rubber septum was charged with 

imidizole (2.7 g, 40 mmol, 2.0 equiv), dichloromethane 

(20 mL), DMF (20 mL), and S4.4 (6.22 g, 20 mmol, 1.0 equiv) and sealed under air. 

Triisopropylchlorosilane (5.5 mL, 25 mmol, 1.3 equiv) was then added dropwise via 

syringe and the reaction was stirred for 48 h at room temperature. The reaction was 

opened, quenched with water (20 mL), and extracted with dichloromethane (3 x 20 

mL). The combined organic layers were washed with sat. NaHCO3 (10 mL), water (10 

mL), and brine (10 mL), then dried with MgSO4, filtered through Celite, and 

concentrated in vacuo. The crude solid was recrystallized from hot iso-propanol to 

afforded S4.5 as white solid (7.92 g, 85%): 1H NMR (400 MHz, CDCl3) δ 5.29 (d, J = 

4.6 Hz, 1H), 4.82 (s, 1H), 4.69 (s, 1H), 3.63 – 3.43 (m, 1H), 2.35 – 2.17 (m, 2H), 2.09 – 

1.91 (m, 2H), 1.91 – 1.75 (m, 4H), 1.73 (s, 3H), 1.66 (ddt, J = 11.5, 6.5, 3.7 Hz, 2H), 

1.61 – 1.37 (m, 5H), 1.25 – 1.13 (m, 2H), 1.13 – 1.00 (m, 23H), 0.99 (s, 3H), 0.92 (ddd, 
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J = 12.2, 10.7, 4.9 Hz, 1H), 0.56 (s, 3H); 13C NMR (101 MHz, CDCl3) δ 145.9, 141.8, 

121.1, 110.8, 72.6, 57.4, 56.7, 50.5, 43.2, 38.8, 37.6, 36.8, 32.5, 32.4, 32.0, 25.5, 24.8, 

24.4, 21.3, 19.7, 18.3, 12.8, 12.5; FTIR (cm-1): 2940, 1384, 1105, 884; mp = 96-98 °C. 

HRMS (ESI) m/z, calcd for [C31H55SiO]+: 471.4017; found: 471.4001. 

 

(S4.6) Under nitrogen atmosphere, 3′,4′-

(Methylenedioxy)acetophenone (5.02 g, 30 mmol, 1.0 equiv) and 

anhydrous THF (30 mL) were added to a 100 mL round bottom flask 

with stir bar. The solution was cooled to 0 °C, followed by dropwise addition of 

MeMgCl (12 mL, 3.0 M, 36 mmol, 1.2 equiv). The suspension was stirred for 16 hours, 

slowly warming to room temperature. The solution was again cooled to 0 °C slowly 

quenched with sat. aqueous NH4Cl (10 mL) and washed with 1M HCl (10 mL). The 

organic layer was dried with MgSO4, filtered through Celite and concentrated in vacuo. 

The crude material dissolved in anhydrous diethyl ether (30 mL) and dry HCl (30 mL, 2 

M in diethyl ether) was added and the reaction was stirred for 15 minutes at room 

temperature. The solution was cooled to 0 °C, slowly quenched with sat. aqueous 

NaHCO3 (10 mL) and extracted with diethyl ether (3 X 30 mL). The organic layer was 

dried with MgSO4, filtered through Celite and concentrated in vacuo. The crude 

material was purified via silica column chromatography (1 : 49 ethyl acetate : hexanes) 

to afford S4.6 as a colorless oil (2.4 g, 49%): 1H NMR (600 MHz, CDCl3) δ 6.96 (d, J = 

1.8 Hz, 1H), 6.92 (dd, J = 8.1, 1.8 Hz, 1H), 6.75 (d, J = 8.1 Hz, 1H), 5.93 (s, 2H), 5.23 

(s, 1H), 5.03 – 4.91 (m, 1H), 2.09 (s, 3H); 13C NMR (151 MHz, CDCl3) δ 147.9, 147.2, 

142.9, 135.9, 119.3, 111.4, 108.0, 106.3, 101.1, 22.2; FTIR (cm-1): 1503, 1491, 1444, 

Me
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1230, 1040, 935, 886, 812. HRMS (CI) m/z, calcd for [C10H10O]: 162.0681; found: 

162.0680. 

 

(S4.7) Under nitrogen atmosphere, 4-bromo-dimethylaniline (1.0 

g, 5.0 mmol, 1.0 equiv), (JessePhos)2PdCl2 (270 mg, 5 mol %) 

and CsCO3 (4.07 g, 12.5 mmol, 2.5 equiv) were added to a dry 50 mL Schlenk flask 

equipped with a magnetic stir bar. The flask was sealed with a rubber septum and 

evacuated and refilled with nitrogen 3 times. A mixture of THF:water (10:1, 20 mL) 

was added via syringe. (E)-1-hexenyl-catecholborane (2.0 g, 10 mmol, 2.0 equiv) was 

added via syringe and the solution was stirred in an oil bath at 70 °C for 2 h. At that 

time, the reaction was diluted with diethyl ether (20 mL), stirred for 10 min, and filtered 

through Celite. The crude solution was washed with water (10 mL) and brine (10 mL). 

The organic layer was dried with MgSO4, filtered through Celite and concentrated in 

vacuo. The crude material was purified via silica column chromatography (1 : 9 

dichloromethane : hexanes) to afford S4.7 as a yellow oil (1.01 g, 100%): 1H NMR (600 

MHz, CDCl3) δ 7.31 (d, 2H), 6.76 (d, 2H), 6.37 (d, J = 15.8 Hz, 1H), 6.10 (dt, J = 15.7, 

6.9 Hz, 1H), 3.01 (s, 6H), 2.25 (q, 2H), 1.55 – 1.47 (m, 2H), 1.47 – 1.40 (m, 2H), 0.99 

(t, J = 7.2 Hz, 3H); 13C NMR (151 MHz, CDCl3) δ 149.9, 129.6, 127.2, 127.0, 126.9, 

112.9, 40.8, 32.9, 32.0, 22.4, 14.1; FTIR (cm-1): 2955, 2924, 1611, 1521, 1350, 1164, 

962, 803. HRMS (CI) m/z, calcd for [C14H22N]+: 204.1752; found: 204.1749. 

 

(S4.8) A 100 mL round bottom flask equipped with a magnetic stir bar and 

rubber septum was charged with imidizole (1.5 mg, 22 mmol, 1.1 equiv), 

dichloromethane (40 mL), and 3-bromophenol (3.46 g, 25 mmol, 1.0 equiv) 
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and sealed under air. A solution of tert-butyldimethylchlorosilane (3.31 g, 22 mmol, 1.1 

equiv) in dichloromethane was then added dropwise via syringe and the reaction was 

stirred for 24 h at room temperature. The reaction was opened, quenched with water (10 

mL), and extracted with dichloromethane (2 x 20 mL). The combined organic layers 

were washed with water (10 mL) and brine (10 mL), then dried with MgSO4, filtered 

through Celite, and concentrated in vacuo. The crude oil was purified by flash silica gel 

chromatography (2 : 98 ethyl acetate : hexanes) to afforded S4.8 as a colorless oil (5.67 

g, 99%): 1H NMR (400 MHz, CDCl3) δ 7.09 – 7.05 (m, 2H), 7.00 – 6.96 (m, 1H), 6.78 

– 6.70 (m, 1H), 0.96 (s, 9H), 0.18 (s, 6H); 13C NMR (101 MHz, CDCl3) δ 156.6, 130.6, 

124.6, 123.6, 122.6, 119.0, 25.7, 18.3, -4.3; FTIR (cm-1): 2930, 2859, 1590, 1474, 1270, 

1239, 932, 827, 782, 682. HRMS (CI) m/z, calcd for [C12H20OSiBr]+: 287.0467; found: 

287.0464. 

 

(S4.9) Under nitrogen atmosphere, (JessePhos)2PdCl2 (250 mg, 2.5 mol 

%) and CsCO3 (8.14 g, 25 mmol, 2.5 equiv) were added to a dry 100 

mL Schlenk flask equipped with a magnetic stir bar. The flask was 

sealed with a rubber septum and evacuated and refilled with nitrogen 3 times. A mixture 

of THF:water (10:1, 66 mL) was added via syringe followed by S4.8 (2.87 g, 10 mmol, 

1.0 equiv). (E)-1-hexenyl-catecholborane (4.04 mL, 20 mmol, 2.0 equiv) was added via 

syringe and the solution was stirred in an oil bath at 70 °C for 2 h. At that time, the 

reaction was diluted with diethyl ether (30 mL), stirred for 10 min, and filtered through 

Celite. The crude solution was washed with water (10 mL) and brine (10 mL). The 

organic layer was dried with MgSO4, filtered through Celite and concentrated in vacuo. 

The crude material was purified via silica column chromatography (hexanes) to afford 
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S4.9 as a colorless oil (2.77 g, 96%): 1H NMR (400 MHz, CDCl3) δ 7.12 (t, J = 7.8 Hz, 

1H), 6.92 (d, J = 7.7 Hz, 1H), 6.79 (t, J = 2.0 Hz, 1H), 6.65 (ddd, J = 8.1, 2.4, 1.0 Hz, 

1H), 6.29 (dt, J = 15.7, 1.3 Hz, 1H), 6.17 (dt, J = 15.7, 6.8 Hz, 1H), 2.17 (q, 2H), 1.51 – 

1.39 (m, 2H), 1.38 – 1.28 (m, 2H), 0.97 (s, 9H), 0.90 (t, J = 7.2 Hz, 3H), 0.18 (s, 6H); 
13C NMR (101 MHz, CDCl3) δ 155.9, 139.6, 131.4, 129.6, 129.4, 119.2, 118.6, 117.6, 

32.9, 31.6, 25.9, 22.4, 18.4, 14.1, -4.2; FTIR (cm-1): 2957, 2929, 2858, 1598, 1579, 

1279, 1157, 967, 854, 781. HRMS (CI) m/z, calcd for [C18H31OSi]+: 291.2144; found: 

291.2132. 

 

(S4.10) Under nitrogen atmosphere, (JessePhos)2PdCl2 (250 mg, 

2.5 mol %) and CsCO3 (8.14 g, 25 mmol, 2.5 equiv) were added to 

a dry 100 mL Schlenk flask equipped with a magnetic stir bar. The flask was sealed 

with a rubber septum and evacuated and refilled with nitrogen 3 times. A mixture of 

THF:water (10:1, 66 mL) was added via syringe followed by 2-iodo-5-methyl thiophene 

(1.2 mL, 10 mmol, 1.0 equiv). (E)-1-hexenyl-catecholborane (4.04 mL, 20 mmol, 2.0 

equiv) was added via syringe and the solution was stirred in an oil bath at 70 °C for 2 h. 

At that time, the reaction was diluted with diethyl ether (30 mL), stirred for 10 min, and 

filtered through Celite. The crude solution was washed with water (10 mL) and brine 

(10 mL). The organic layer was dried with MgSO4, filtered through Celite and 

concentrated in vacuo. The crude material was purified via silica column 

chromatography (hexanes) to afford S4.10 as a colorless oil (1.40 g, 78%): 1H NMR 

(400 MHz, CDCl3) δ 6.60 (d, J = 3.4 Hz, 1H), 6.54 (dq, J = 3.5, 1.1 Hz, 1H), 6.39 (dt, J 

= 15.6, 1.6 Hz, 1H), 5.90 (dt, J = 15.6, 7.0 Hz, 1H), 2.41 (s, 3H), 2.12 (qd, J = 7.1, 1.5 

Hz, 2H), 1.48 – 1.27 (m, 4H), 0.89 (t, J = 7.2 Hz, 3H); 13C NMR (101 MHz, CDCl3) δ 
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141.3, 137.8, 130.1, 125.3, 124.3, 123.4, 32.6, 31.6, 22.4, 15.7, 14.1; FTIR (cm-1): 

2924, 1384, 952, 792. HRMS (CI) m/z, calcd for [C11H17S]+: 181.1051; found: 

181.1047. 

(S4.11) Under nitrogen atmosphere, (JessePhos)2PdCl2 (250 mg, 

2.5 mol %) and CsCO3 (7.17 g, 22 mmol, 2.5 equiv) were added to 

a dry 100 mL Schlenk flask equipped with a magnetic stir bar. The 

flask was sealed with a rubber septum and evacuated and refilled with nitrogen 3 times. 

A mixture of THF:water (10:1, 66 mL) was added via syringe followed by 5-bromo-

meta-xylenes (1.64 g, 8.8 mmol, 1.0 equiv). (E)-1-vinyl-2-cyclohexyl-catecholborane 

(4.25 mL, 18.6 mmol, 2.1 equiv) was added via syringe and the solution was stirred in 

an oil bath at 70 °C for 3 h. At that time, the reaction was diluted with diethyl ether (30 

mL), stirred for 10 min, and filtered through Celite. The crude solution was washed 

with water (10 mL) and brine (10 mL). The organic layer was dried with MgSO4, 

filtered through Celite and concentrated in vacuo. The crude material was purified via 

silica column chromatography (hexanes) to afford S4.11 as a pale yellow oil (818 mg, 

44%): 1H NMR (600 MHz, CDCl3) δ 6.95 (s, 2H), 6.81 (s, 1H), 6.26 (d, 1H), 6.12 (dd, J 

= 15.9, 7.0 Hz, 1H), 2.27 (s, 6H), 2.16 – 2.03 (m, 1H), 1.82 – 1.69 (m, 4H), 1.68 – 1.59 

(m, 1H), 1.29 (dddd, J = 16.1, 12.7, 8.2, 3.4 Hz, 2H), 1.22 – 1.09 (m, 3H); 13C NMR 

(151 MHz, CDCl3) δ 138.1, 138.0, 136.6, 128.6, 127.4, 124.0, 41.3, 33.2, 26.4, 26.2, 

21.4; FTIR (cm-1): 2923, 2850, 1601, 1448, 964. HRMS (CI) m/z, calcd for [C15H19]+: 

214.1722; found: 214.1724. 

4.8.4 Preparation and Titration of CatBBr Solution 

Preparation: Under nitrogen atmosphere, B-bromocatecholborane (5.96 g, 30 

mmol) was quickly added to a dry 50 mL Schlenk flask equipped with a magnetic stir 
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bar. The flask was sealed with a rubber septum and evacuated and refilled with nitrogen 

3 times. Anhydrous toluene (10-15 mL) was added via syringe and the solution was 

stirred under a nitrogen atmosphere until all of the catBBr was dissolved. The solution 

was transferred into a nitrogen-filled 15 mL Strauss flask by cannula transfer and stored 

at room temperature under a nitrogen atmosphere. 

Titration: Under a nitrogen atmosphere trimethoxybenzene (28 mg) was 

weighed into a 1-dram vial and dissolved in ~2 mL anhydrous CDCl3. A solution of 

catBBr in toluene (prepared above, 250 µL) and Cy2NMe (250 µL) were added via 

syringe. The solution was mixed and directly examined by 1H NMR in a septum sealed 

NMR tube. The direct ratio of either catechol peak (6.95 and 6.86 ppm) to the C(sp2)-H 

peak of trimethoxybenzene (6.15 ppm) is the effective concentration of catBBr in 

toluene (Figure 4.69). 

 

Figure 4.69 Sample NMR of Used to Calculate Concentration  

4.8.5 Procedure for the Boryl-Heck Reaction 

Note: All reactions in this section were performed on a 1 mmol scale using 

double manifold technique. 
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4.8.5.1 General Procedure 

[(JessePhos)PdI2]2 (41 mg, 5 mol %) was added to a dry 10 mL Schlenk flask 

equipped with a magnetic stir bar. The flask was sealed with a rubber septum and 

evacuated and refilled with nitrogen 3 times. Trifluorotoluene (2 mL/mmol) was added 

via syringe followed by N,N-dicyclohexylmethylamine (1.1 mL, 5.0 equiv). B-

bromocatecholborane (1.1 mL, ~2 M, 2.0 equiv) was added quickly via syringe and the 

solution was stirred in an oil bath at 70 °C for 5 minutes. Alkene (1.0 equiv) was added 

in one portion via syringe and the reaction was stirred at 70 °C for 4 h. After 4 h, the 

reaction was removed from the oil bath and opened to air. Pinacol (350 mg, 3 equiv) 

was added in one portion and the reaction was removed from heat and stirred for 30 min 

at rt. At that time, the reaction was diluted with 5 mL of diethyl ether, stirred for 10 

min, and filtered through Celite. Ammonium pyrrolidine-dithiocarbamate (palladium 

scavenger, 6 equiv to palladium)83 was added to this crude mixture and stirred for 30 

min at rt. This mixture was filtered through Celite again and concentrated in vacuo to 

remove solvents, including trifluorotoluene. The crude oil was diluted with diethyl ether 

(10 mL) and washed with 1 M hydrochloric acid (3 x 10 mL) to remove excess amine. 

This solution was dried with MgSO4, filtered through Celite and concentrated in vacuo. 

The crude material was purified via silica column chromatography on boric acid 

impregnated silica gel in the indicated solvent combination. 

Note: Only the E isomer is reported for the 1H and 13C NMR spectral data. The 
13C NMR spectra may contain extra, unassigned peaks, which are attributed to the 

minor Z isomer. 

4.8.5.2 Characterization Data 
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(4.126) According to the general procedure, [(JessePhos)PdI2]2 (41 

mg, 0.05 mmol), trifluorotoluene (3.0 mL, 0.5 M), N,N-

dicyclohexylmethylamine (1.1 mL, 5.0 mmol), catBBr (1.1 mL, 2.0 

mmol), and S4.1 (124 mg, 1.0 mmol) were combined under N2 and stirred at 70 °C for 4 

h. The reaction was worked up according to the general procedure. The product was 

purified on boric acid impregnated silica gel chromatography (3 : 7 dichloromethane : 

hexanes) to afford 4.126 as a colorless oil (236 mg, 94%): 1H NMR (600 MHz, CDCl3) 

δ 5.10 (p, J = 1.0 Hz, 1H), 1.97 (d, J = 1.0 Hz, 3H), 1.94 – 1.87 (m, 1H), 1.79 – 1.69 (m, 

4H), 1.69 – 1.62 (m, 1H), 1.27 (s, 12H), 1.26 – 1.09 (m, 5H); 13C NMR (151 MHz, 

CDCl3) δ 168.0, 82.7, 49.6, 32.0, 26.9, 26.5, 25.0, 19.9; 11B NMR (193 MHz, CDCl3) δ 

29.9; FTIR (cm-1): 2978, 2926, 2853, 1653, 1319, 1260, 1145, 968, 850; mp = 27-28 

°C. HRMS (CI) m/z, calcd for [C15H28BO2]+: 251.2182; found: 251.2183. 

 

(4.127) According to the general procedure, [(JessePhos)PdI2]2 (41 

mg, 0.05 mmol), trifluorotoluene (3.0 mL, 0.5 M), N,N-

dicyclohexylmethylamine (1.1 mL, 5.0 mmol), catBBr (1.1 mL, 2.0 mmol), and S4.2 

(457 mg, 1.0 mmol) were combined under N2 and stirred at 70 °C for 4 h. The reaction 

was worked up according to the general procedure. The product was purified on boric 

acid impregnated silica gel chromatography (3 : 7 dichloromethane : hexanes) to afford 

4.127 as a colorless oil (687 mg, 82%): 1H NMR (600 MHz, CDCl3) δ 5.01 (s, 1H), 

3.28 – 3.14 (m, 1H), 2.32 (dq, J = 13.1, 2.9 Hz, 1H), 2.21 – 2.09 (m, 1H), 1.96 – 1.81 

(m, 3H), 1.26 (s, 12H), 1.22 – 1.04 (m, 3H), 0.85 (s, 9H); 13C NMR (101 MHz, CDCl3) 

δ 167.2, 82.7, 48.0, 40.1, 33.1, 32.6, 29.4, 29.2, 27.8, 25.0, 24.9; 11B NMR (193 MHz, 
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CDCl3) δ 29.5; FTIR (cm-1): 2942, 1642, 1384, 1036, 852. HRMS (CI) m/z, calcd for 

[C17H32BO2]+: 279.2495; found: 279.2485. 

 

(4.128) According to the general procedure, [(JessePhos)PdI2]2 

(41 mg, 0.05 mmol), trifluorotoluene (3.0 mL, 0.5 M), N,N-

dicyclohexylmethylamine (1.1 mL, 5.0 mmol), catBBr (1.1 mL, 2.0 mmol), and S4.3 

(420 mg, 1.0 mmol) were combined under N2 and stirred at 70 °C for 4 h. The reaction 

was worked up according to the general procedure. The product was purified on boric 

acid impregnated silica gel chromatography (2 : 8 dichloromethane : hexanes) to afford 

4.128 as a colorless oil (742 mg, 93%): 1H NMR (600 MHz, CDCl3) δ 5.03 (d, J = 1.3 

Hz, 1H), 2.39 – 2.26 (m, 2H), 2.09 – 1.97 (m, 2H), 1.38 – 1.28 (m, 4H), 1.28 – 1.20 (m, 

4H), 1.19 (s, 12H), 0.83 (dt, J = 11.3, 7.3 Hz, 6H); 13C NMR (151 MHz, CDCl3) δ 

167.8, 82.5, 38.8, 34.5, 31.8, 30.1, 24.8, 22.7, 22.5, 14.17, 14.14; 11B NMR (193 MHz, 

CDCl3) δ 30.0; FTIR (cm-1): 2958, 1634, 1317, 1263, 1145. HRMS (CI) m/z, calcd for 

[C16H32BO2]+: 267.2495; found: 267.2482. 

 

(4.129) According to the general procedure, [(JessePhos)PdI2]2 

(41 mg, 0.05 mmol), trifluorotoluene (3.0 mL, 0.5 M), N,N-

dicyclohexylmethylamine (1.1 mL, 5.0 mmol), catBBr (1.1 mL, 2.0 mmol), and 2-

methylhexene (98 mg, 1.0 mmol) were combined under N2 and stirred at 70 °C for 4 h. 

The reaction was worked up according to the general procedure. The product was 

purified on boric acid impregnated silica gel chromatography (1 : 9 dichloromethane : 

hexanes) to afford 4.129 as a colorless oil (196 mg, 88%): 1H NMR (600 MHz, CDCl3) 

E-4.129: δ 5.11 (s, 1H), 2.09 (t, 2H), 2.02 (s, 3H), 1.48 – 1.37 (m, 2H), 1.34 – 1.27 (m, 
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2H), 1.26 (s, 12H), 0.89 (t, J = 12.6 Hz, 3H); Z-4.129: δ 5.11 (s, 1H), 2.40 (dd, J = 8.4, 

6.9 Hz, 2H), 1.85 (d, J = 1.3 Hz, 3H), 1.48 – 1.37 (m, 2H), 1.34 – 1.27 (m, 2H), 1.25 (s, 

12H), 0.91 (t, J = 7.3 Hz, 3H); 13C NMR (151 MHz, CDCl3) mixture: δ 163.9, 163.4, 

82.7, 82.6, 42.0, 35.9, 31.3, 30.0, 25.03, 24.98, 22.59, 22.56, 21.3, 14.1; 11B NMR (193 

MHz, CDCl3) mixture: δ 29.8; FTIR (cm-1): 2929, 1640, 1317, 1264, 1144, 1053, 852. 

HRMS (CI) m/z, calcd for [C13H26BO2]+: 225.2026; found: 225.2023. 

 

(4.130) According to the general procedure, [(JessePhos)PdI2]2 

(41 mg, 0.05 mmol), trifluorotoluene (3.0 mL, 0.5 M), N,N-

dicyclohexylmethylamine (1.1 mL, 5.0 mmol), catBBr (1.1 mL, 

2.0 mmol), and (+)-limonene (480 mg, 1.0 mmol) were combined under N2 and stirred 

at 70 °C for 4 h. The reaction was worked up according to the general procedure. The 

product was purified on boric acid impregnated silica gel chromatography (2 : 8 

dichloromethane : hexanes) to afford 4.130 as a colorless oil (617 mg, 78%): 1H NMR 

(600 MHz, CDCl3) δ 5.44 – 5.33 (m, 1H), 5.15 (s, 1H), 2.19 – 2.10 (m, 1H), 2.10 – 2.00 

(m, 2H), 1.99 (d, J = 0.9 Hz, 3H), 1.97 – 1.88 (m, 2H), 1.83 – 1.76 (m, 1H), 1.64 (s, 

3H), 1.48 (qd, J = 11.9, 5.5 Hz, 1H), 1.27 (s, 12H); 13C NMR (151 MHz, CDCl3) δ 

167.0, 133.8, 120.8, 82.8, 45.2, 30.9, 30.9, 28.0, 25.0, 23.6, 19.7; 11B NMR (193 MHz, 

CDCl3) δ 30.2; FTIR (cm-1): 2977, 2930, 1717, 1635, 1438, 1145, 970, 851, 673. 

HRMS (CI) m/z, calcd for [C16H28BO2]+: 263.2182; found: 263.2187. 

 

(4.131) According to the general procedure, 

[(JessePhos)PdI2]2 (41 mg, 0.05 mmol), 

trifluorotoluene (3.0 mL, 0.5 M), N,N-
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dicyclohexylmethylamine (1.1 mL, 5.0 mmol), catBBr (1.1 mL, 2.0 mmol), and S4.5 

(1.41 g, 1.0 mmol) were combined under N2 and stirred at 70 °C for 4 h. The reaction 

was worked up according to the general procedure. The product was purified on boric 

acid impregnated silica gel chromatography (3 : 7 dichloromethane : hexanes) to afford 

4.131 as a white solid (1.47 g, 82%): 1H NMR (600 MHz, CDCl3) δ 5.31 (dt, J = 4.8, 

2.1 Hz, 1H), 5.16 (s, 1H), 3.55 (tt, J = 10.4, 4.8 Hz, 1H), 2.33 – 2.18 (m, 2H), 2.13 (t, J 

= 9.3 Hz, 1H), 2.01 (s, 4H), 1.92 – 1.76 (m, 4H), 1.66 (tt, J = 8.6, 2.6 Hz, 2H), 1.60 – 

1.50 (m, 3H), 1.43 (pd, J = 13.2, 11.8, 4.5 Hz, 2H), 1.27 (s, 12H), 1.24 – 1.14 (m, 2H), 

1.05 (d, J = 2.4 Hz, 22H), 1.00 (s, 3H), 0.94 (td, J = 11.8, 4.8 Hz, 1H), 0.57 (s, 3H); 13C 

NMR (151 MHz, CDCl3) δ 162.5, 141.9, 121.1, 82.7, 72.6, 61.1, 56.9, 50.5, 43.9, 43.3, 

38.8, 37.6, 36.8, 32.5, 32.4, 32.0, 25.6, 25.1, 25.0, 24.5, 23.5, 21.2, 19.6, 18.3, 13.0, 

12.5.; 11B NMR (193 MHz, CDCl3) δ 30.8; FTIR (cm-1): 2940, 2866, 1629, 1326, 1145, 

1104; mp = 137-140 °C. HRMS (ESI) m/z, calcd for [C37H66O4BSi]+: 597.4869; found: 

597.4848. 

A small sample was recrystallized from ethyl acetate layered with methanol to afford an 

X-ray quality crystal to confirm alkene geometry (see details below). 

 

(4.132) According to the general procedure, [(JessePhos)PdI2]2 (41 

mg, 0.05 mmol), trifluorotoluene (3.0 mL, 0.5 M), N,N-

dicyclohexylmethylamine (1.1 mL, 5.0 mmol), catBBr (1.1 mL, 2.0 

mmol), and α-methylstyrene (130 mg, 1.0 mmol) were combined under N2 and stirred at 

70 °C for 4 h. The reaction was worked up according to the general procedure. The 

product was purified on boric acid impregnated silica gel chromatography (2 : 10 

dichloromethane : hexanes) to afford 4.132 as a colorless oil (245 mg, 100%): 1H NMR 
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(600 MHz, CDCl3) δ 7.53 – 7.47 (m, 2H), 7.35 – 7.30 (m, 2H), 7.30 – 7.27 (m, 1H), 

5.76 (d, J = 1.0 Hz, 1H), 2.41 (d, J = 0.9 Hz, 3H), 1.32 (s, 13H); 13C NMR (151 MHz, 

CDCl3) δ 157.9, 144.0, 128.3, 128.0, 126.0, 83.1, 25.1, 20.2; 11B NMR (193 MHz, 

CDCl3) δ 30.2; FTIR (cm-1): 2978, 2361, 1621, 1384, 1355, 1144, 1035, 760. HRMS 

(CI) m/z, calcd for [C15H22BO2]+: 245.1713; found: 245.1703. 

 

(4.133) According to the general procedure, [(JessePhos)PdI2]2 

(10.1 mg, 2.5 mol %), catBBr (100 mg, 0.5 mmol), 

trifluorotoluene (500 µL, 0.5 M), N,N-dicyclohexylmethylamine 

(265 µL, 1.25 mmol), and S4.6 (36 mg, 0.25 mmol) were combined under N2 and stirred 

at 70 °C for 4 h. The reaction was worked up according to the general procedure. The 

product was purified on boric acid impregnated silica gel chromatography (3 : 7 

dichloromethane : hexanes) to afford 4.133 as a white solid (66 mg, 88%): 1H NMR 

(600 MHz, CDCl3) δ 7.04 – 6.98 (m, 2H), 6.79 – 6.75 (m, 1H), 5.95 (s, 2H), 5.66 (q, J = 

0.9 Hz, 1H), 2.36 (d, J = 0.9 Hz, 3H), 1.31 (s, 12H); 13C NMR (151 MHz, CDCl3) δ 

157.1, 147.8, 138.3, 119.9, 107.9, 106.5, 101.2, 83.1, 31.6, 25.0, 20.4; 11B NMR (193 

MHz, CDCl3) δ 30.2; FTIR (cm-1): 1384, 1321, 1236, 1038; mp = 50-53 °C. HRMS 

(CI) m/z, calcd for [C16H22BO4]+: 289.1611; found: 289.1605. 

 

(4.134) According to the general procedure, [(JessePhos)PdI2]2 (41 

mg, 0.05 mmol), trifluorotoluene (3.0 mL, 0.5 M), N,N-

dicyclohexylmethylamine (1.1 mL, 5.0 mmol), catBBr (1.1 mL, 2.0 mmol), and trans-

β-Methylstyrene (118 mg, 1.0 mmol) were combined under N2 and stirred at 70 °C for 4 

h. The reaction was worked up according to the general procedure. The product was 
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purified on boric acid impregnated silica gel chromatography (3 : 7 dichloromethane : 

hexanes) to afford 4.134 as a colorless oil (196 mg, 90%): 1H NMR (600 MHz, CDCl3) 

δ 7.41 – 7.37 (m, 2H), 7.34 (t, J = 7.7 Hz, 2H), 7.26 – 7.21 (m, 2H), 1.99 (d, J = 1.8 Hz, 

3H), 1.32 (s, 12H); 13C NMR (151 MHz, CDCl3) δ 142.5, 138.1, 129.6, 128.2, 127.2, 

83.7, 25.0, 16.0; 11B NMR (193 MHz, CDCl3) δ 30.8; FTIR (cm-1): 2977, 1616, 1384, 

1369, 1310, 1145, 1035, 865, 752, 699, 668. HRMS (CI) m/z, calcd for [C15H22BO2]+: 

245.1713; found: 245.1718. 

 

(4.135) According to the general procedure, [(JessePhos)PdI2]2 

(41 mg, 0.05 mmol), trifluorotoluene (3.0 mL, 0.5 M), N,N-

dicyclohexylmethylamine (1.1 mL, 5.0 mmol), catBBr (1.1 mL, 2.0 mmol), and trans-

anethole (449 mg, 1.0 mmol) were combined under N2 and stirred at 70 °C for 4 h. The 

reaction was worked up according to the general procedure. The product was purified 

on boric acid impregnated silica gel chromatography (5 : 95 dichloromethane : hexanes) 

to afford 4.135 as a pale yellow oil (804 mg, 98%): 1H NMR (600 MHz, CDCl3) δ 7.42 

– 7.36 (m, 2H), 7.20 (d, J = 1.8 Hz, 1H), 6.93 – 6.88 (m, 2H), 3.84 (s, 3H), 2.02 (d, J = 

1.8 Hz, 3H), 1.33 (s, 12H); 13C NMR (151 MHz, CDCl3) δ 158.7, 141.9, 130.9, 130.8, 

113.5, 83.4, 55.2, 24.9, 15.9; 11B NMR (193 MHz, CDCl3) δ 30.9; FTIR (cm-1): 2977, 

1605, 1510, 1250, 1146, 1099, 668. HRMS (CI) m/z, calcd for [C16H24BO3]+: 275.1819; 

found: 275.1823. 

 

(4.136) According to the general procedure, [(JessePhos)PdI2]2 

(41 mg, 0.05 mmol), trifluorotoluene (3.0 mL, 0.5 M), N,N-

dicyclohexylmethylamine (1.1 mL, 5.0 mmol), catBBr (1.1 mL, 2.0 mmol), and S4.7 
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(203 mg, 1.0 mmol) were combined under N2 and stirred at 70 °C for 4 h. The reaction 

was worked up according to the general procedure. The product was purified on boric 

acid impregnated silica gel chromatography (1 : 99 ethyl acetate : hexanes) to afford 

4.136 as a red solid (322 mg, 99%): 1H NMR (600 MHz, CDCl3) δ 7.30 (d, J = 8.7 Hz, 

2H), 7.10 (s, 1H), 6.72 – 6.66 (m, 2H), 2.97 (s, 6H), 2.47 – 2.39 (m, 2H), 1.52 – 1.44 

(m, 2H), 1.44 – 1.33 (m, 2H), 1.29 (s, 12H), 0.92 (t, J = 7.3 Hz, 3H); 13C NMR (151 

MHz, CDCl3) δ 149.7, 142.0, 130.7, 126.6, 112.0, 83.2, 40.5, 32.4, 29.5, 25.0, 23.1, 

14.3; 11B NMR (193 MHz, CDCl3) δ 31.1; FTIR (cm-1): 1602, 1519, 1384, 1349, 1037; 

mp = 79-81 °C. HRMS (CI) m/z, calcd for [C20H33BNO2]+: 330.2604; found: 330.2598. 

A small sample was recrystallized by slow evaporation of methanol to afford an X-ray 

quality crystal to confirm alkene geometry (see details below). 

 

(4.137) According to the general procedure, [(JessePhos)PdI2]2 (41 

mg, 0.05 mmol), trifluorotoluene (3.0 mL, 0.5 M), N,N-

dicyclohexylmethylamine (1.1 mL, 5.0 mmol), catBBr (1.1 mL, 2.0 

mmol), and S4.9 (871 mg, 1.0 mmol) were combined under N2 and stirred at 70 °C for 4 

h. The reaction was worked up according to the general procedure. The product was 

purified on boric acid impregnated silica gel chromatography (3 : 7 dichloromethane : 

hexanes) to afford 4.137 as a colorless oil (905 mg, 72%): 1H NMR (600 MHz, CDCl3) 

δ 6.99 (t, J = 7.9 Hz, 1H), 6.95 (s, 1H), 6.72 (ddt, J = 7.6, 1.6, 0.8 Hz, 1H), 6.63 (t, J = 

2.0 Hz, 1H), 6.53 (ddd, J = 8.1, 2.5, 1.0 Hz, 1H), 2.23 – 2.14 (m, 2H), 1.30 – 1.21 (m, 

2H), 1.21 – 1.13 (m, 2H), 1.12 (s, 12H), 0.79 (s, 9H), 0.69 (t, J = 7.3 Hz, 3H), 0.00 (s, 

6H); 13C NMR (151 MHz, CDCl3) δ 155.3, 141.5, 139.4, 128.9, 122.3, 120.6, 118.9, 

83.4, 32.3, 29.3, 25.7, 24.8, 22.9, 14.1, -4.4; 11B NMR (193 MHz, CDCl3) δ 31.2; FTIR 
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(cm-1): 2957, 2930, 2859, 1596, 1575, 1378, 1279, 1147, 1131, 838, 781, 689. HRMS 

(CI) m/z, calcd for [C24H42BO3Si]+: 417.2996; found: 417.3016. 

 

(4.138) According to the general procedure, [(JessePhos)PdI2]2 

(41 mg, 0.05 mmol), trifluorotoluene (3.0 mL, 0.5 M), N,N-

dicyclohexylmethylamine (1.1 mL, 5.0 mmol), catBBr (1.1 mL, 2.0 mmol), and S4.10 

(180 mg, 1.0 mmol) were combined under N2 and stirred at 70 °C for 4 h. The reaction 

was worked up according to the general procedure. The product was purified on boric 

acid impregnated silica gel chromatography (1 : 9 dichloromethane : hexanes) to afford 

4.138 as a colorless oil (304 mg, 99%): 1H NMR (600 MHz, CDCl3) δ 7.22 (s, 1H), 

6.91 (d, J = 3.5 Hz, 1H), 6.73 – 6.60 (m, 1H), 2.54 – 2.45 (m, 5H), 1.49 – 1.38 (m, 4H), 

1.28 (s, 12H), 0.94 (t, J = 7.0 Hz, 3H); 13C NMR (151 MHz, CDCl3) δ 141.8, 139.1, 

134.5, 130.1, 125.1, 83.4, 31.8, 30.1, 24.9, 23.2, 15.6, 14.3; 11B NMR (193 MHz, 

CDCl3) δ 31.0; FTIR (cm-1): 2976, 1603, 1361, 1304, 1215, 1146. HRMS (CI) m/z, 

calcd for [C17H28BO2S]+: 307.1903; found: 307.1903. 

 

(4.139) According to the general procedure, [(JessePhos)PdI2]2 

(41 mg, 0.05 mmol), trifluorotoluene (3.0 mL, 0.5 M), N,N-

dicyclohexylmethylamine (1.1 mL, 5.0 mmol), catBBr (1.1 mL, 

2.0 mmol), and S4.11 (214 mg, 1.0 mmol) were combined under N2 and stirred at 70 °C 

for 4 h. The reaction was worked up according the general procedure. The product was 

purified on boric acid impregnated silica gel chromatography (2 : 8 dichloromethane : 

hexanes) to afford 4.139 as a white solid (227 mg, 67%): 1H NMR (600 MHz, CDCl3) δ 

7.00 (s, 1H), 6.83 (s, 2H), 6.81 (s, 1H), 2.60 (tt, J = 11.7, 3.5 Hz, 1H), 2.23 (s, 6H), 1.67 
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Me

Me

Cy

SMe
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– 1.53 (m, 5H), 1.50 – 1.41 (m, 2H), 1.22 (s, 12H), 1.17 – 1.08 (m, 3H); 13C NMR (151 

MHz, CDCl3) δ 140.5, 138.3, 137.5, 128.6, 126.9, 83.1, 39.7, 32.2, 26.5, 26.2, 24.9, 

21.5; 11B NMR (193 MHz, CDCl3) δ 31.1; FTIR (cm-1): 3853, 2924, 2361, 2337, 1653, 

1559, 1441; mp = 83-85 °C. HRMS (CI) m/z, calcd for [C21H30BO2]+: 325.2339; found: 

325.2328. (M - CH3) 

A small sample was recrystallized by slow evaporation of methanol to afford an X-ray 

quality crystal to confirm alkene geometry (see details below). 

4.8.6 Downstream Functionalization Reactions 

(4.141) In a nitrogen-filled glovebox, to a 1-dram vial with 

a stir bar, was added [(JessePhos)PdI2]2 (10.1 mg, 2.5 mol 

%), catBBr (100 mg, 0.5 mmol), trifluorotoluene (500 µL, 

0.5 M), N,N-dicyclohexylmethylamine (265 µL, 1.25 mmol), and (+/-)-limonene (41 

µL, 0.25 mmol). The vial was capped and stirred at 70 °C for 4 h. The reaction was 

removed heat, opened to air and diluted with a mixture of THF:water (10:1, 500 µL). 

CsCO3 (250 mg, 0.75 mmol, 3.0 equiv) and 4-iodoanisole (146 mg, 0.625 mmol, 2.5 

equiv) were added and the vial was resealed and stirred at 60 °C for 16 h. At that time, 

the reaction was diluted with diethyl ether (500 µL), stirred for 10 min, and filtered 

through Celite and concentrated in vacuo. The crude material was purified via silica 

column chromatography (5 : 95 dichloromethane : hexanes) to afford 4.141 as a 

colorless oil (56 mg, 92%): 1H NMR (600 MHz, CDCl3) δ 7.22 – 7.13 (m, 2H), 6.91 – 

6.80 (m, 2H), 6.24 (s, 1H), 5.44 (s, 1H), 3.81 (s, 3H), 2.29 – 2.20 (m, 1H), 2.16 – 1.96 

(m, 4H), 1.87 – 1.80 (m, 4H), 1.68 (s, 3H), 1.63 – 1.55 (m, 1H); 13C NMR (151 MHz, 

CDCl3) δ 157.8, 141.9, 133.9, 131.5, 130.2, 123.0, 120.9, 113.6, 55.4, 43.9, 31.0, 30.9, 
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28.1, 23.7, 16.0; FTIR (cm-1): 2918, 1608, 1510, 1441, 1249, 1177, 1038, 862, 821. 

HRMS (EI) m/z, calcd for [C17H22O]+: 242.1671; found: 242.1661. 

(4.142) In a nitrogen-filled glovebox, to a 1-dram vial with a stir bar, 

was added [(JessePhos)PdI2]2 (10.1 mg, 2.5 mol %), catBBr (100 

mg, 0.5 mmol), trifluorotoluene (500 µL, 0.5 M), N,N-

dicyclohexylmethylamine (265 µL, 1.25 mmol), and (+/-)-limonene (41 µL, 0.25 

mmol). The vial was capped and stirred at 70 °C for 4 h. The reaction was removed 

heat, opened to air and trimethylamine N-oxide (112 mg, 1.5 mmol) was added. The 

vial was resealed and stirred at 70 °C for 18 h. The reaction was removed heat, opened 

to air, diluted with 1 mL diethyl ether, filtered thru Celite and concentrated. The crude 

oil was diluted with diethyl ether (1 mL) and washed with 1 M hydrochloric acid (3 x 1 

mL) to remove excess amine. This solution was dried with MgSO4, filtered through 

Celite and concentrated in vacuo. The crude material was purified via silica column 

chromatography (1 : 1 dichloromethane : pentane) to afford 4.142 as a colorless oil (27 

mg, 71%): 1H NMR (400 MHz, CDCl3) δ 9.66 (dd, J = 5.5, 2.5 Hz, 1H), 5.36 (dtt, J = 

5.9, 3.2, 1.6 Hz, 1H), 2.37 – 2.21 (m, 1H), 2.10 – 1.66 (m, 6H), 1.64 (s, 3H), 1.45 – 1.29 

(m, 1H), 1.07 (dd, J = 7.0, 5.2 Hz, 3H); 13C NMR (101 MHz, CDCl3) δ 205.8, 205.7, 

134.3, 134.2, 120.1, 120.0, 100.1, 51.2, 50.8, 34.43, 34.37, 30.3, 30.1, 29.8, 28.2, 27.5, 

25.6, 23.6, 10.5, 10.4; FTIR (cm-1): 2916, 2702, 1723, 1439, 1377, 799.  

 

(4.143) According to a modified literature procedure,77 a 1-

dram vial equipped with a magnetic stir bar was charged with 

alkenyl boronic ester 4.130 (69 mg, 0.25 mmol, 1.0 equiv), 

copper acetate (91 mg, 0.50 mmol, 2.0 equiv), triethylamine (140 µL, 0.25 mmol, 1.0 
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equiv), and allyl alcohol (500 µL) and sealed under air. The reaction was stirred for 20 h 

at room temperature. The reaction was opened, quenched with water (1 mL), and 

extracted with diethyl ether (3 x 500 µL). The combined organic layers were dried with 

MgSO4, filtered through Celite, and concentrated in vacuo. The crude oil was purified 

by flash silica gel chromatography (1 : 9 dichloromethane : hexanes) to afforded 4.143 

as a colorless oil (33 mg, 69%): 1H NMR (400 MHz, CDCl3) δ 6.00 – 5.85 (m, 2H), 

5.43 – 5.34 (m, 1H), 5.30 (dq, J = 17.2, 1.7 Hz, 1H), 5.19 (dq, J = 10.5, 1.4 Hz, 1H), 

4.21 (dt, J = 5.4, 1.5 Hz, 2H), 2.10 – 1.97 (m, 2H), 1.97 – 1.88 (m, 3H), 1.72 – 1.63 (m, 

4H), 1.60 (d, J = 1.4 Hz, 3H), 1.57 – 1.42 (m, 1H); 13C NMR (101 MHz, CDCl3) δ 

139.7, 134.5, 133.8, 120.9, 118.8, 117.1, 72.5, 38.1, 30.9, 30.7, 28.1, 23.7, 10.9; FTIR 

(cm-1): 2918, 1680, 1437, 1278, 1154, 923. HRMS (EI) m/z, calcd for [C13H30O]+: 

192.1514; found: 192.1510. 

 

(4.144) According to a modified literature procedure,72 a 2-dram vial 

equipped with a magnetic stir bar was charged with alkenyl boronic 

ester 4.126 (63 mg, 0.25 mmol, 1.0 equiv), copper (II) bromide (224 

mg, 1.0 mmol, 4.0 equiv), methanol (1.5 mL), and water (1.5 mL) and sealed under air. 

The reaction was stirred for 22 h at 80 °C. The reaction was cooled to room 

temperature, diluted with diethylether (1 mL), and extracted with diethyl ether (3 x 500 

µL). The combined organic layers were dried with MgSO4, filtered through Celite, and 

concentrated in vacuo. The crude oil was purified by flash silica gel chromatography 

(pentane) to afforded 4.144 as a colorless oil (40 mg, 78%): 1H NMR (600 MHz, 

CDCl3) δ 5.92 (t, J = 1.2 Hz, 1H), 2.02 (tt, J = 11.3, 3.3 Hz, 1H), 1.81 – 1.74 (m, 5H), 

1.69 (dddd, J = 17.2, 12.0, 3.6, 1.7 Hz, 3H), 1.29 – 1.12 (m, 5H); 13C NMR (151 MHz, 
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CDCl3) δ 146.9, 101.1, 47.1, 31.7, 26.6, 26.3, 17.8; FTIR (cm-1): 2927, 2853, 1624, 

1448, 1307, 1166, 774. HRMS (EI) m/z, calcd for [C9H15Br]+: 202.0357; found: 

202.0362. 

4.8.7 Additional Optimization Data 

During optimization, some additives were examined that were not included in 

the communication. The results from those experiments are shown below (Table 4.2). 

Note: All reactions in this section were performed on 0.25 mmol in a nitrogen-filled 

glovebox. 

 

 

 

 

 

 

Table 4.2 Additional Optimization Data 

 

 
entry B-X (equiv) precatalyst additives Isom. SM 4.126 

1 catBCl (1.5) (JessePhos)2PdCl2 none 0% 3% 
2 catBBr (1.5) (JessePhos)2PdCl2 none 2% 63% 
3 catBBr (1.5) none none 0% 0% 
4 catBBr (1.5) (JessePhosPdI2)2 none 2% 95% 
5 catBBr (1.5) (JessePhosPdI2)2 2.5 mol % JessePhos 2% 90% 
6 catBBr (1.5) (JessePhosPdI2)2 cat. Cy2NMeHCl 2% 91% 

1.5 equiv B-X
2.5 mol % precatalyst

5 equiv Cy2NMe
PhCF3, 70 °C, 24 h

then pinacol

Bpin
Me Me

P
tBu

tBu tBu

tButBu

JessePhos
5.126
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7 catBBr (1.5) (JessePhos)2PdCl2 cat. LiI 6% 81% 
8 catBCl (1.5) (JessePhos)2PdCl2 cat. LiI 22% 59% 
9 catBCl (1.5) (JessePhosPdI2)2 none 12% 33% 
10 catBBr (2.0) (JessePhosPdI2)2 none 0% 94% 

4.8.8 Chiral GC Trace of 4.130 

 

Figure 4.70 Enantiomeric Excess and Protodeboronation of 4.130 

The enantiomeric excess of 4.130 was determined to be 99% by chiral GC 

analysis (CYCLOSIL-B, 30m X 0.25mm, ramp 5 °C/min from 40 °C to 230 °C); 

tR(major) = 37.440 min, tR(minor) = 37.320 min. To rule out inversion of the 

stereocenter during the boryl-Heck reaction, isolated 4.130 was subjected to 

protodeboronation conditions. Refluxing 4.130 in acetic acid provided (+)-limonene in 

22% yield as a single enantiomer. This verifies that no epimerization or inversion 

occurs during the reaction.  

Me

Me

Me

Me
Bpin

4.130
(99% ee)

 2.5 mol %  (JessePhosPdI2)2
 2.0 equiv catBBr

Cy2NMe, PhCF3, 70 °C, 4 h
then pinacol

(+)-limonene
(99% ee)

Me
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4.8.9 Crystallographic Details 

X-ray structural analysis for 4.131, 4.136, and 4.139: Crystals were mounted using 

viscous oil onto a plastic mesh and cooled to the data collection temperature. Data were 

collected on a Bruker-AXS APEX II DUO CCD diffractometer with Cu-Kα radiation (λ 

= 1.54178 Å) focused with Goebel mirrors. Unit cell parameters were obtained from 36 

data frames, 0.5 º ω, from three different sections of the Ewald sphere. The unit cell 

parameters, and systematic absences in the diffraction data are consistent with P21 (4) 

and P21/m (11) for 4.131; and, uniquely, with P21/c (14) for 4.136 and 4.139. The 

occupancy and absence of a molecular mirror or inversion for 4.131 is consistent with 

the non-centrosymmetric space group option that yielded chemically reasonable and 

computationally stable results of refinement. For 4.131, refinement of the absolute 

Me

Me

Bpin

(+/-)-limonene

Me

Me

Bpin

(+)-limonene
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structure parameter to nil indicates the true hand of the data has been determined. For 

4.139, two symmetry unique, but chemically identical compound molecules were found 

in the asymmetric unit. The data were treated with multi-scan absorption corrections.84 

The structure was solved using intrinsic phasing methods and refined with full-matrix, 

least-squares procedures on F2.85 All non-hydrogen atoms were refined with anisotropic 

displacement parameters. Hydrogen atoms were treated as idealized contributions with 

geometrically calculated positions and with Uiso equal to 1.2 (or 1.5 for methyl) Ueq of 

the attached atom. Atomic scattering factors are contained in the SHELXTL program 

library.85  
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