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Chapter 2: Organogold compounds undergo stoichiometric cross-coupling reac-
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synthesis.  Herein is discussed an alkoxyboration reaction, the addition of boron–

oxygen σ bonds to alkynes. Functionalized O-heterocyclic boronic acid derivatives 

are produced using this transformation, which is mild and exhibits broad functional 

group compatibility. Our results demonstrate activation of this boron–O σ bond 

using a gold catalysis strategy that is fundamentally different from that used pre-

viously for other boron addition reactions. 

 

Chapter 6: Four additional investigations stemming from the benzofuran-forming 

alkoxyboration reaction (Chapter 5) are described. Discussed are electronic ef-

fects in the B/Au transmetalation reaction, progress towards an intermolecular 

alkoxyboration reaction, and the expansion of the alkoxyboration concept to two 

additional substrate classes for intramolecular B–O σ-bond activation reactivity. 
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Chapter 1  
Brief Introduction to Gold Catalysis 

Abstract: This chapter provides a very brief introduction to the field of homogeneous gold(I) ca-

talysis and discusses the context of the Blum group’s previous studies in this area. 

Historically considered an inert “noble metal,”1–3 gold has recently become 

the subject of intense inquiry in the fields of homogeneous4–10 and heterogene-

ous11–13 catalysis.14 Within the context of homogeneous catalysis, gold is most 

commonly used in the addition of nucleophiles to alkynes, allenes, and olefins 

(Scheme 1.1). Although notable exceptions exist, gold(I) often exhibits three key 

characteristics in these types of catalytic reactions: 

1. Soft Lewis acidity. The diffuse, empty 6p orbitals of gold(I) readily un-

dergo productive orbital overlap with π bonds, including carbon–carbon 

multiple bonds.4 The resulting π-complexes (such as 1.1) exhibit en-

hanced electrophilicity at carbon versus the starting material. 

2. High redox stability. Gold(I) is neither readily oxidized nor readily re-

duced.15 Thus, unlike other late transition metals, reversible oxidation 

state changes are uncommon in gold catalytic cycles.16  

3. Catalyst turnover by protonation. Many gold-catalyzed cycles proceed 

through an organogold intermediate,17 such as 1.2. Intermolecular pro-
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ton transfer (Step 3) is typically responsible for achieving catalyst turn-

over. 

Scheme 1.1. Representative example of a gold(I) catalyzed nucleophilic addition to a carbon–
carbon multiple bond.  

 

 
 

 

The first two characteristics, carbophilic Lewis acidity and redox stability, 

have been harnessed in powerful, creative ways for the synthesis of seemingly 

disparate architectures.4–10 In contrast, the use of protonolysis in catalyst turnover 

effects a loss of complexity from the potentially versatile carbon–gold bond.  

Previous work in the Blum group has focused on understanding the nature 

of the carbon–gold bond18 and alternative functionalization methods employing a 

second transition metal.19–26 The goal of these studies has been to combine pre-

existing reactions uniquely accessible through gold catalysis with the carbon–

carbon bond forming reactions available to other catalytic metals. The group has 

often used a gold-to-second-metal transmetalation step to link the two catalytic 

cycles. 

To this end, the following chapters discuss the reactivity of gold(I) with 

other metals and metalloids (Scheme 1.2): a gold/nickel dual-metal cross-coupling 

reaction for the formation of new carbon–carbon bonds, a gold/palladium cocata-

lyzed reaction for the concurrent installation of new carbon–carbon and carbon–

Ph
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Me OH
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Ph

AuIL

Me OH

Step 2

Ph

O
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H
Me Step 3

Ph

O

H
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nitrogen bonds in N-fused heterocycles, and a gold-catalyzed reaction for the 

formation of new carbon–oxygen and carbon–boron bonds in O-heterocycles.  

Scheme 1.2. Graphical abstract for Chapters 2–6.  
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Chapter 2  
Nickel-Catalyzed Cross-Coupling Re-
activity of Organogold Reagents 

Abstract: Organogold compounds undergo stoichiometric cross-coupling reactions with aryl and 

vinyl bromides in high yield under mild, nickel-catalyzed conditions. The reaction tolerates both 

electron-rich and electron-poor organogold complexes, and vinyl bromides undergo cross-coupling 

with high stereoselectivity. This novel transformation links well-established nickel catalysis with 

more recent developments in organogold transformations. 

Introduction 

In 2009, the Blum group disclosed the first well-characterized cross-

coupling reaction of stoichiometric organogold reagents.1,2 This study lent addi-

tional mechanistic support to the group’s prior development of reactions cocata-

lytic in both Au and Pd.3,4 These early reports were quickly followed by related 

studies from the groups of Hashmi,5,6 Sarandeses and Peréz Sestelo,7 Sarkar,8 

and Echavarren.9 

Like Pd, Ni is a d10 metal capable of catalyzing cross-coupling reactions.10 

It offers the advantages of comparatively low cost11 and the capability of undergo-

ing difficult C–O oxidative addition reactions not accessible with Pd.12 However, 

these advantages are tempered by the accessibility of single-electron transfer 

pathways by Ni,13 which could hinder reaction development and mechanism elu-

cidation. Following the Blum group’s successes with Au/Pd dual-metal reactivity, 
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Ni catalysis represented an appealing next target for increasing the breadth of 

metal-catalyzed functionalization reactions available to organogold complexes—

and ultimately catalytic organogold intermediates.  

Results and Discussion 

During initial experiments to establish standard reaction conditions, 

NiCl2(PCy3)2 (2.3, Cy = cyclohexyl)  was selected as an appropriate nickel pre-

catalyst. Anisole-Au complex 2.1 was treated with 4-halobenzaldehydes in the 

presence of a catalytic quantity of 2.3 to afford high conversion to the correspond-

ing cross-coupled biaryl product (Table 2.1). Iodotoluene and bromotoluene were 

found to give comparable reactivity (entries 1 and 2), and chlorotoluene afforded 

lower selectivity and a diminished rate of reaction (entry 3). Owing to their high 

availability and reactivity, bromides were selected as the oxidative addition part-

ner of choice for further investigation. 

Product selectivity was found to be highly dependent on the electronic na-

ture of the aryl halide. Jones has demonstrated that the rate of oxidative addition 

by Ni is enhanced for electron-deficient substrates.14 Electron-poor 4-

bromobenzaldehyde, for which oxidative addition should be facile, afforded the 

desired cross-coupled product with high selectivity (entry 2). Moderately electron-

rich 4-bromotoluene was anticipated to undergo oxidative addition by Ni at a re-

tarded rate and experimentally provided homocoupling of the organogold starting 

material as the primary product (entry 4). Thus in this system, there are two plau-

sible oxidation pathways for low-valent Ni: reduction of the aryl bromide through a 

two-electron process leading to cross-coupling, or reduction of the organogold
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Table 2.1. Electronic effects on Ni catalyzed cross-couping reaction.   

 

 

complex through a one-electron process producing homocoupled product 2.5a 

and visually observable Au0. Thus, in order to kinetically select for the desired 

cross-coupling pathway, electron-poor aryl halides should be employed. 

The nickel-catalyzed cross-coupling reaction is tolerant of arylgold rea-

gents ranging from electron-rich to electron poor (Table 2.2, entries 2.4a–d) and a 

variety of electron-poor aryl- and heteroarylbromides (entries 2.4e–h). Electro-

philic functional groups such carbonyls and nitriles are unreacted, highlighting the 

low nucleophilicity of the organogold and organonickel intermediates. The scope 

of the transformation is not limited to arylgold reagents; isopropenyl- and alkynyl-

Ar X
MeO

AuPPh3
NiCl2(PCy3)2 (3)

5 mol %
d6-benzene

25 ˚C MeO

Ar

2.2
1.0 equiv

2.1a
1.1 equiv

2.4a
desired
product

MeO
2.5a

homocoupled
product

OMe

Entry Ar X
Ratio by 1H NMR Spectroscopy
2.4a : 2.5a

1

2

3

4

H

O

I

H

O

Br

H

O

Cl

Me

Br
1.0 2.9

+ unreacted starting materials

1.0 0.2

Time
Temperature

20 h
25 °C

8 h
25 °C

1.0 0.515 h
75 °C

1.0 0.15 h
25 °C
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Table 2.2. Substrate scope of the Ni-catalyzed cross-coupling reaction of organogold reagents.d 

 
a Reaction conducted at 45 °C. b Starting from the Z bromide. c Not isolated due to product volatil-
ity. d Conditions: 1.30 equiv 2.1, 1.00 equiv 2.2 (30 mM), and 5 mol % 2.3. Yields are isolated 
yields. Values in parentheses reflect 1H NMR yields of a small-scale reaction in C6D6 with a me-
sitylene internal standard. 

 

gold reagents also proved to be suitable cross-coupling partners (entries 2.4i–j 

and 2.4m). The isopropenylgold coupling reactions demonstrate a tolerance for 

branching at the α carbon, while the comparatively slow formation of 2.4j  versus 

2.4a–d suggests that the organogold hybridization plays a role in the transmetala-

tion rate. Consistent with this hybridization dependence, Ph3PAuMe failed to un-

dergo detectable cross-coupling reactivity with 2.1a under standard reaction con-

ditions. A similar dependence has been reported in the protodeauration of or-

ganogold compounds, the rate of which also decreases in the order of sp2  > sp > 

sp3.15 The involvement of the π system has been postulated to be the cause of 

this rate dependence in protodeauration15  and in the transmetalation of other or-

ganometallic reagents to Ni;16 therefore, the diminished reaction rate of 2.4j  may 

NiCl2(PCy3)2 (2.3)
5 mol %

benzene, 25 ˚C
R1 AuPPh3 Br R2

2.1a-m 2.2a-m 2.4a-m
R1

R2

R

CHO

OMe, 2.4a, 100%, 1 h
Me, 2.4b, 83%, 1 h
H, 2.4c, 96%, 1 h
CF3, 2.4d, 95%, 1 h

R =
MeO

CN

2.4e 97%, 7.5 h

N

MeO

N

N

MeO

2.4ga 82%, 22 h
Me

OOHC

2.4h 77%, 7.5 h

CHO

2.4i 94%, 1 h

CHO CO2Et

MeO

CO2Et

2.4mb (89%),c 1 h
E:Z > 95:5

O

O
Me

Me

CHO

2.4ja 74%, 4 h 2.4lb 87%, 1 h
Z:E > 95:5

2.4ka 40% (75%), 4 h

2.4fa 86%, 22 h
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be due to a reduced kinetic accessibility of the alkynylgold π system resulting from 

a lower HOMO versus arylgold reagents 2.4a–d.17 This similarity to protodeaura-

tion in hybridization dependence suggests that nickel might display electrophilic 

character in transmetalation reactions with organogold compounds. 

Organogold butenolide rearrangement substrate 2.2k was isolated by 

Hammond,18 and derivatives have been implicated as intermediates in several 

Au-catalyzed rearrangements.4,19,20 When introduced to the Ni catalyst system, 

2.2k  afforded cross-coupled product 2.4k in 75% yield by 1H NMR spectroscopy, 

demonstrating the ability to functionalize known catalytic organogold intermedi-

ates with this Ni-catalyzed cross-coupling reaction. 

A stereocontrol study was conducted using 1-bromo-1-propene (2.6) as a 

model vinyl bromide. The reaction of organogold compound 2.2a with (E)-2.6 

yielded exclusively the E cross-coupled product 2.7 (Scheme 2.1), while (Z)-2.6 

was converted predominately to (Z)-2.7. Control experiments to probe the origin 

of the incomplete stereospecificity observed with (Z)-2.6 revealed that neither the 

product nor the starting material was subject to a Ni-catalyzed isomerization. Par-

tial loss of stereochemical integrity could have occurred through the formation of a 

vinyl radical through bromine atom abstraction by low-valent Ni.13 However, the 

predominance of a stereospecific cross-couping confirms that the primary path-

way for oxidative addition by Ni into 2.6 does not generate a free organic radi-

cal,21 which would result in a thermodynamic mixture of isomers of 2.7 regardless 

of the starting olefin geometry. In contrast, the reactions of ethyl (Z)-3-

bromopropenoate yielded the cross-coupled products (Z)-2.4l and (E)-2.4m in 
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both high yield and stereochemical purity, but with inversion of configuration for 

2.4m. An alternative mechanism, such as Michael addition-elimination of a weakly 

nucleophilic Ni intermediate22 or phosphine-catalyzed isomerization could explain 

the stereochemical scrambling observed to generate (E)-2.4m. 

Scheme 2.1. Stereoretention in the cross-coupling reaction with vinyl bromides.  

 

 

A proposed catalytic cycle for this reaction is shown in Scheme 2.2. Two 

successive transmetalation reactions between organogold 2.2 and Ni precatalyst 

2.1 yield the diorganonickel(II) intermediate 2.8 (step 1), reductive elimination 

from which is kinetically disfavored;23 therefore, single-electron oxidation by 

Au(I)24 or the organobromide23 could provide Ni(III) species 2.9. Subsequent re-

ductive elimination would afford the active Ni(I) catalyst 2.10 (steps 2, 3).25 In 

analogy to nickel-catalyzed cross-coupling reactions with metals other than gold, 

transmetalation of organogold complex 2.2 to Ni(I) is expected to precede oxida-

tive addition with organobromide 2.3.21,26,27 The resulting Ni(III) intermediate 2.12 

would then undergo rapid reductive elimination25 to afford the observed cross-

coupled product 2.4. Notably, once the active Ni catalyst has been generated 

MeO

AuPPh3

MeO

Me

2.1a
1.3 equiv

(E )-2.6
1.0 equiv

(E )-2.7
E:Z > 95:5

Br

MeO(Z )-2.6
1.0 equiv

(Z )-2.7
Z:E = 81:19

Me
Me

Br Me

2.3, 5 mol %
benzene-d6
50 ˚C, 16 h

2.3, 5 mol %
benzene-d6
50 ˚C, 16 h
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(steps 1–3), the absence of further homocoupling reactivity suggests that the or-

ganogold coupling partner is not reduced under these optimized reaction condi-

tions despite the potential thermodynamic favorability28,29 of a Au(I)/Ni(I) redox re-

action to form Au(0) and Ni(II). 

Scheme 2.2. Proposed NiI/NiIIIcatalytic cycle for the Ni-catalyzed cross-coupling reaction.  

 

 

Steps 1 and 4 in the proposed mechanism invoke a transmetalation from a 

homogeneous organogold complex to Ni. Previously, van Koten has investigated 

a directed organogold-to-Ni transmetalation as a part of a study of redox-innocent 

arylating agents for transition metals.30 In order to elaborate on this key trans-

metalation reaction within the specific context of cross-coupling reactivity, 

stoichiometric 2.1 was treated with an excess of 2.2a to mimic catalytic condi-

tions. Quantitative conversion to homocoupled product 2.5a was observed by 1H 

NMR spectroscopy, and a paramagnetic Ni complex was detected by EPR spec-

R
L2NiII

R

L2NiIICl2
2.3

L2NiI X

PPh3AuX

Ph3PAuR

L2NiI R
RX

Br

R
Ni(I) / Ni(III) cycle

L2NiIII

Ph3PAuX
2.1

2.10

RR

2.1

2.2

2.4

R

L2NiIII

X

Rstep 1 step 2

step 3

step 4

step 5

step 6

2.8 PPh3 + Au0

2 Ph3PAuR

2 Ph3PAuCl 2.9

2.11

2.12

X = Cl, Br
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troscopy. This result is consistent with steps 1–3 in Scheme 2.2 showing the gen-

eration of the active Ni catalyst. 

Scheme 2.3. Stoichiometric organogold homocoupling reaction.  

 

 

In summary, a Ni-catalyzed cross-coupling reaction of stoichiometric or-

ganogold reagents was developed. The reaction proceeds at ambient tempera-

tures in high yield, outcompeting potential single-electron reduction of Au(I) by 

low-valent Ni. The utility of this reaction in functionalizing a known catalytic or-

ganogold intermediate suggests access to unconventional cross-coupling bond 

disconnections. Although this stoichiometric reactivity has not yet been translated 

into a reaction cocatalytic in both Au and Ni, the insight gained regarding the po-

tential for single-electron transfer reactions between Au and other transition met-

als has since been applied by Gagné en route to dual-metal reactivity with Au.31  
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Experimental 

General Considerations 

All chemicals were used as received from commercial sources unless oth-

erwise noted. Chlorotriphenylphosphinegold(I) was purchased from Strem Chemi-

cal Co. 3-Bromo-2-formylfuran (3h) was obtained from Frontier Chemicals. Pre-

catalyst NiCl2(PCy3)2 (2.3) was prepared according to a literature procedure.1 

Benzene and tetrahydrofuran were purified by passage through an alumina col-

umn under argon pressure on a push-still solvent system. Benzene-d6 was dried 

over CaH2, degassed using three freeze-pump-thaw cycles, and vacuum trans-

ferred prior to use. All manipulations were conducted in a glovebox under nitrogen 

atmosphere or using standard Schlenk techniques unless otherwise specified. 
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Analytical and preparatory thin layer chromatography (TLC) were performed using 

Merck F250 and Analtech 1500 Å plates. Plates were visualized under UV irradia-

tion (254 nm) and/or using a solution of phosphomolybdic acid in ethanol followed 

by heating. Flash chromatography of organogold compounds was conducted us-

ing Acros 50–200 µm basic aluminum oxide (activity I). All proton and carbon nu-

clear magnetic resonance (1H and 13C NMR) spectra were recorded on a Bruker 

DRX-500 spectrometer or a Bruker DRX-500 spectrometer outfitted with a cryo-

probe. All chemical shifts are reported in parts per million. 1H and 13C NMR spec-

troscopy experiments are calibrated to the residual proteosolvent resonance (δ = 

7.27 ppm for CDCl3 or δ = 5.32 ppm for CD2Cl2 in 1H NMR spectroscopy experi-

ments; δ = 77.16 ppm for CDCl3 or δ = 54.00 ppm for CD2Cl2 in 13C NMR spec-

troscopy experiments). For 31P NMR spectroscopy experiments, spectra were ob-

tained on a Bruker DRX-400 spectrometer, and the chemical shifts are reported 

relative to an external standard of 85% aq. H3PO4 (δ = 0.00 ppm). X-band (9.28 

GHz) EPR spectra were obtained on a Bruker 300 spectrometer relative to a 

DPPH (2,2-diphenyl-1-picrylhydrazyl radical, g = 2.00) external standard. Low and 

high-resolution mass spectrometry data were obtained at the University of Cali-

fornia, Irvine. 
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Synthetic Procedures  

 

2.1a. Organogold compound 2.1a was prepared according to a literature proce-

dure.2 The product was obtained as a white powder (1.03 g, 83% yield). 1H NMR 

(CD2Cl2, 500 MHz): δ 3.75 (s, 3H), 6.83 (d, J = 7.4 Hz, 2H), 7.36 (m, 2H), 7.35–

7.54 (m, 9H), 7.59–7.63 (m, 6H). This spectrum is in agreement with previously 

reported spectral data.2  

 

 

2.1b. Organogold compound 2.1b was prepared according to a literature proce-

dure. 2 The product was obtained as a white powder (301 mg, 55% yield). 1H NMR 

(CD2Cl2, 500 MHz): δ 2.30 (s, 3H), 7.07 (d, J = 7.2 Hz, 2H), 7.38 (m, 2H), 7.47–

7.54 (m, 9H), 7.60–7.64 (m, 6H). This spectrum is in agreement with previously 

reported spectral data.2  

 

 

2.1c. Organogold compound 2.1c was prepared according to a literature proce-

dure.2 The product was obtained as a pale purple powder (181 mg, 34% yield). 1H 

NMR (CD2Cl2, 500 MHz): δ 7.03 (tt, J = 7.4 Hz, 1.4 Hz, 1H), 7.22 (t, J = 7.4 Hz, 

2H), 7.47–7.55 (m, 11H), 7.59–7.64 (m, 6H). This spectrum is in agreement with 

previously reported spectral data.2  

MeO

AuPPh3

Me

AuPPh3

AuPPh3
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2.1d. Organogold compound 2d was prepared according to a literature proce-

dure.2 The product was obtained as a pale yellow powder (97 mg, 32% yield). 1H 

NMR (CD2Cl2, 500 MHz): δ 7.46–7.56 (m, 11H), 7.59–7.68 (m, 8H). This spectrum 

is in agreement with previously reported spectral data.2  

 

 

2.1i. Isopropenyltriphenylphosphinegold(I) was prepared in a manner adapted 

from the literature method used to produce 2.1a-d. To a 50 ˚C solution of isopro-

penylmagnesium bromide in THF (0.5 M, 9 mmol, 4 equiv) in a 100-mL Schlenk 

flask under N2 was added dropwise a solution of chlorotriphenylphosphinegold(I) 

(396 mg, 1 equiv) in dry THF (11 mL). After stirring for 30 min, the reaction was 

cooled to 0 ˚C and the excess Grignard reagent was quenched by slowly adding 

pieces of crushed ice. The mixture was diluted with Et2O (100 mL) and washed 

with water (2 × 100 mL). The organic layer was dried over K2CO3 and concen-

trated to an oil. The oil was filtered through a plug of basic alumina (2.5 cm × 3 

cm) with THF into 10 mL fractions. Fractions containing the desired product were 

detected by UV absorbance on TLC plates and were combined and concentrated 

to remove volatiles. The resulting oil was diluted in a minimum of benzene (ca. 4 

mL), layered with pentanes (ca. 350 mL), and stored at 3 ˚C to crystallize over 3 

d. The white crystalline product was collected in a fine glass frit, washed with pen-

F3C

AuPPh3

MgBr
Ph3PAuCl

THF
50 ˚C

AuPPh3
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tanes (3 × 10 mL), crushed to a powder, and dried under vacuum to afford the 

desired product as a white powder (58 mg, 14% yield). Additional product was re-

covered by concentrating the filtrate in vacuo and redissolving the residue in ca. 4 

mL benzene. After layering the benzene solution with 50 mL pentane and storing 

at 0 ˚C for 3 h, analytically pure 2.1i was collected as a white powder by filtration 

through a fine glass frit for a combined yield of 188 mg (47%). 

1H NMR (CD2Cl2, 500 MHz): δ 2.09 (dt, J = 5.1, 1.4 Hz, 3H), 4.89 (m, 1H), 5.59 

(m, 1H), 7.36–7.50 (m, 9H), 7.52–7.58 (m, 6H). 

13C NMR (CD2Cl2, 500 MHz): δ 32.1, 120.3, 129.5 (d, JC-P = 40.0 Hz), 131.6, 

131.8 (d, JC-P = 190 Hz), 134.8 (d, JC-P = 55 Hz), 180.5 (d, JC-P = 113 Hz). 

Note: The 13C signal at δ = 131.8 ppm, corresponding to the gold ipso car-

bon, was poorly resolved from the baseline in a standard 13C NMR spec-

troscopy experiment after 350 scans. Its presence was confirmed through 

an HMBC experiment via its coupling to the methyl group protons. 

31P NMR (CD2Cl2, 400 MHz): δ = 41.2. 

HRMS (ESI) found m/z = 523.0848. Calcd for C21H20AuPNa ([M+Na]+): 523.0866.  

 

 

2.1j. Alkynyl gold compound 2.1j was prepared according to a literature proce-

dure.2 The product was obtained as a white powder (58 mg, 71% yield). 1H NMR 

(CD2Cl2, 500 MHz): δ 1.23 (s, 9H), 7.45 – 7.48 (m, 6 H), 7.51–7.56 (m, 9H). This 

spectrum is in agreement with previously reported spectral data.2  

AuPPh3
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2.1k. Gold lactone 2.1k was prepared according to a literature method.3 1H NMR 

(CD2Cl2, 500 MHz): δ 1.43 (d, J =  6.9 Hz, 3H), 1.97 (t, J = 1.1 Hz, 3H), 4.99 (q, J 

= 6.6 Hz, 1H), 7.50–7.58 (m, 15H). This spectrum is in agreement with previously 

reported spectral data.3  

 

 

3g. 2-Bromopyrazine was prepared from 2-chloropyrazine and bromotrimethylsi-

lane according to a literature procedure.4 The desired product was obtained as a 

pale yellow oil after distillation at ca. 15 torr (631 mg, 23 % yield). 1H NMR 

(CDCl3, 500 MHz): δ 8.37 (q, J = 0.2 Hz, 3.2 Hz, 1H), 8.52 (d, J = 2.5 Hz, 1H), 

8.71 (d, J = 1.3 Hz, 1H). This spectrum is in agreement with previously reported 

spectral data.4  

 

Representative small-scale cross-coupling screening procedure. In a N2-filled 

glovebox, Ni catalyst 2.3 (0.6 mg, 0.0008 mmol, 0.05 equiv) was weighed into a 

dram vial. To it was added a solution of organohalide 2.2 (0.016 mmol, 1.0 equiv) 

and mesitylene (8.9 µL, 0.064 mmol, 4.0 equiv) in 0.25 mL C6D6. To the resulting 

red-purple suspension was added a solution of the organogold compound 2.1 

(0.024 mmol, 1.3 equiv) in 0.25 mL C6D6 to afford a mixture that rapidly (ca. 2 

OMe

Ph3PAu Me

O

N

N

Br
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min) became a clear solution. The solution was then transferred to a J. Young 

NMR tube for observation by 1H NMR spectroscopy. All NMR spectra exhibited 

broad peaks prior to the completion of the reaction, presumably due to the pres-

ence of paramagnetic nickel complexes. 

 

General cross-coupling procedure. In a N2-filled glovebox, Ni catalyst 1 (3.5 mg, 

0.0050 mmol, 0.050 equiv) was weighed into a 20-mL scintillation vial. To it was 

added a solution of halide 3 (0.100 mmol, 1.00 equiv) in 1.5 mL benzene. To the 

resulting red-purple suspension was pipetted a solution of organogold compund 2 

(0.130 mmol, 1.30 equiv) in 1.5 mL benzene. The scintillation vial was equipped 

with an oven-dried stir bar and capped. The solution was stirred in the glovebox 

for the specified period of time. For reactions that required heating, the scintilla-

tion vial was capped, sealed with electrical tape, removed from the glovebox, and 

placed in a preheated oil bath. Upon completion, the reaction was exposed to air 

and the crude mixture was concentrated in vacuo. The resulting residue was dis-

solved in dichloromethane (ca. 2 mL) and loaded onto a 20 cm × 20 cm prepara-

tory TLC plate (1500 Å or 1000 Å in thickness). The scintillation vial was rinsed 

with additional dichloromethane (3 × ca. 0.25 mL), and each rinsing was also 

loaded onto the TLC plate in order to ensure full transfer. The plate was devel-

oped as indicated, and then the product band was transferred to a 30 mL fine 

glass frit. Products were extracted by stirring the silica in EtOAc (3 × 25 mL), and 

then the silica cake was washed with additional EtOAc (2 × 25 mL) without stirring 

to flush any residual product-containing solvent. The resulting solution was con-
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centrated and dried under high vacuum (<50 mtorr) to obtain the desired product. 

Most substrates required a second purification by preparatory plate TLC under 

identical conditions in order to fully separate tricyclohexylphosphine oxide and/or 

the organogold homocoupling product. 

 

 

2.4a. 4-Formyl-4'-methoxybiphenyl was synthesized according to the general 

cross-coupling procedure. Organogold compound 2.1a (73.6 mg) and bromide 

2.2a (18.5 mg) were employed (1.0 h, 25 ˚C). The product was isolated as a white 

solid (21.5 mg, quant. yield) through preparatory plate TLC developed using 2:1 

hexanes:Et2O. 1H NMR (CDCl3, 500 MHz): δ 3.88 (s, 3H), 7.02 (m, 2H), 7.61 (m, 

2H), 7.73 (d, J = 8.2 Hz, 2H), 7.94 (d, J = 8.2 Hz, 2H). This spectrum is in agree-

ment with previously reported spectral data for this compound.5 

 

 

2.4b. 4-Formyl-4'-methylbiphenyl was synthesized according to the general cross-

coupling procedure. Organogold compound 2.1b (71.5 mg) and bromide 2.2b 

(18.5 mg) were employed (1.0 h, 25 ˚C). The product was isolated as a white solid 

(17.4 mg, 83% yield) through preparatory plate TLC developed using 2:1 hex-

anes:Et2O. 1H NMR (CDCl3, 500 MHz): δ 2.43 (s, 3H), 7.31 (d, J = 5.0 Hz, 2H), 

7.56 (d, J = 10.0 Hz, 2H), 7.75 (d, J = 10.0 Hz, 2H), 7.95 (d, J = 5.0 Hz, 2H). This 
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spectrum is in agreement with previously reported spectral data for this com-

pound.6 

 

 

2.4c. 4-Formylbiphenyl was synthesized according to the general cross-coupling 

procedure. Organogold compound 2.1c (69.7 mg) and bromide 2.2a (18.5 mg) 

were employed (1.0 h, 25 ˚C). The product was isolated as a white solid (17.5 mg, 

96% yield) through preparatory plate TLC developed using 2:1 hexanes:Et2O. 1H 

NMR (CDCl3, 500 MHz): 7.43 (m, 1H), 7.50 (m, 2H), 7.65 (d, J = 8.8 Hz, 2H), 7.77 

(d, J = 8.2 Hz, 2H), 7.97 (d, J = 8.2Hz, 2H), 10.07 (s, 1H). This spectrum is in 

agreement with previously reported spectral data for this compound.7 

 

 

2.4d. 4-Formyl-4'-trifluoromethylbiphenyl was synthesized according to the gen-

eral cross-coupling procedure. Organogold compound 2.1d (78.5 mg) and bro-

mide 2.1a (18.5 mg) were employed (1.0 h, 25 ˚C). The product was isolated as a 

white solid (23.7 mg, 95% yield) following preparatory plate TLC developed using 

2:1 hexanes:Et2O. 1H NMR (CDCl3, 500 MHz): δ 7.75 (s, 4H), 7.77 (d, J = 8.2 Hz, 

2H), 8.00 (d, J = 8.2 Hz, 2H), 10.09 (s, 1H). This spectrum is in agreement with 

previously reported spectral data for this compound.8 
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2.4e. 4-Cyano-4'-methoxybiphenyl was synthesized according to the general 

cross-coupling procedure. Organogold compound 2.1a (73.6 mg) and bromide 

2.2e (18.2 mg) were employed (7.5 h, 25 ˚C). The product was obtained as a 

white solid (20.2 mg, 97% yield) following preparatory plate TLC developed using 

2:1 hexanes:Et2O. 1H NMR (CDCl3, 500 MHz): δ 3.87 (s, 3H), 7.00–7.03 (m, 2H), 

7.53–7.56 (m, 2H), 7.64–7.65 (m, 2H), 7.69–7.70 (m, 2H). This spectrum is in 

agreement with previously reported spectral data for this compound.9 

 

 

2.4f. 2-(4-Methoxyphenyl)pyridine was synthesized according to the general 

cross-coupling procedure. Organogold compound 2.1a (73.6 mg) and bromide 

2.2f (15.8 mg) were employed (22 h, 45 ˚C). The product was isolated as an off-

white solid (15.9 mg, 86% yield) following two TLC preparatory plates developed 

using 2:1 hexanes:Et2O and 1:1 hexanes:Et2O, respectively. 1H NMR (CDCl3, 500 

MHz): δ 3.87 (s, 3H), 7.01 (d, J = 7.0 Hz, 2H), 7.17 (ddd, J = 4.9 Hz, 2.2 Hz, 1.2 

Hz, 1H), 7.70 (m, 2H), 7.97 (d, J = 9.5 Hz, 2H), 8.66 (d, J = 4.0 Hz, 1H). This 

spectrum is in agreement with previously reported spectral data for this com-

pound.10 
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2.4g. 2-(4-Methoxyphenyl)pyrazine was synthesized according to the general 

cross-coupling procedure. Organogold compound 2.1a (73.6 mg) and bromide 

2.2g (15.9 mg) were employed (22 h, 45 ˚C). The product was isolated as white 

solid (15.3 mg, 82% yield) following two purifications by preparatory plate TLC. 1H 

NMR (CDCl3, 500 MHz): δ 3.88, (s, 3H), 7.03 (d, J = 8.1 Hz, 2H), 7.99 (d, J = 8.1 

Hz, 2H), 8.44 (s, 1H), 8.58 (s, 1H), 8.98 (s, 1H). This spectrum is in agreement 

with previously reported spectral data for this compound.11 

 

 

2.4h. 2-Formyl-3-(4-methylphenyl)furan was synthesized according to the general 

cross-coupling procedure. Organogold compound 2.1b (71.5 mg) and bromide 

2.2h (17.5 mg) were employed (7.5 h, 25 ˚C). The initial preparatory plate TLC 

was developed using 2:1 hexanes:Et2O. Two additional purifications by prepara-

tory plate TLC were required, developed using 3:2 hexanes:Et2O and 2:1 hex-

anes:Et2O in order to achieve analytical purity. The product was isolated as a light 

brown oil (14.3 mg, 77% yield). 

1H NMR (CDCl3, 500 MHz): δ 2.42 (s, 3H), 6.72 (d, J = 0.9 Hz), 7.29 (d, J = 7.8 

Hz), 7.47 (d, 8.0 Hz), 7.69 (d, J = 0.9 Hz). 

13C NMR (CDCl3, 500 MHz): δ 21.5, 113.8, 127.8, 129.1, 129.9, 139.2, 139.6, 

147.6, 160.7, 178.1. Note: The quaternary carbon at δ = 160.7 was not 
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visible in a standard 13C NMR spectroscopy experiment after 200 scans. It 

was detected through an HMBC experiment via its coupling with the neigh-

boring aryl protons. 

HRMS (ESI) found m/z = 209.0582. Calcd for C12H10O2Na ([M+Na]+) 209.0578. 

 

 

4i. 2-(4-Formylphenyl)propene was synthesized according to the general cross-

coupling procedure. Organogold compound 2.1i (65.0 mg) and bromide 2.2a 

(18.5 mg) were employed (1.0 h, 25 ˚C). The product was obtained as a white 

solid following preparatory plate TLC developed using 3:1 hexanes:Et2O. 1H NMR 

(CDCl3, 500 MHz): δ 2.19 (s, 3H), 5.25 (s, 1H), 5.52 (s, 1H), 7.62 (2, J = 8.2 Hz, 

2H), 7.85 (d, J = 8.4 Hz, 2H), 10.00 (s, 1H). This spectrum is in agreement with 

previously reported spectral data for this compound.12 

 

 

2.4j. 3,3-Dimethyl-1-(4-formylphenyl)-1-butyne was synthesized according to the 

general cross-coupling procedure. Organogold compound 2.1j (66.2 mg) and 

bromide 2.2a (18.5 mg) were employed (4.0 h, 45 ˚C). The product was isolated 

as an off-white solid (13.7 mg, 74% yield) following preparatory plate TLC devel-

oped using 2:1 hexanes:Et2O. 
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1H NMR (CDCl3, 500 MHz): δ 1.34 (s, 9H), 7.52 (d, J = 8.1 Hz, 2H), 7.79 (d, J = 

8.0 Hz, 2H), 9.98 (s, 1H).  

13C NMR (CDCl3, 125 MHz): δ 28.4, 31.0, 78.8, 103.4, 129.6, 130.8, 132.3, 135.1, 

191.8. 

HRMS (ESI) found m/z = 209.0946. Calcd for C13H14ONa ([M+Na]+): 209.0942. 

 

 

2.4k. 3,5-dimethyl-4-(4-formylphenyl)dihydrofuran-2-one was synthesized accord-

ing to the general cross-coupling procedure. Organogold compound 2.1k (74.1 

mg) and bromide 2.2a (18.5 mg) were employed (4 h, 45 ˚C). The product was 

isolated as pale yellow solid (8.6 mg, 40% yield) following three purifications by 

preparatory TLC developed using 3:2 hexanes:Et2O, 1:2 hexanes:Et2O, and 1:9 

hexanes:DCM in that order. 

1H NMR (CDCl3, 500 MHz): δ 1.39 (d, J = 6.8 Hz, 3H), 2.07 (d, J = 1.8 Hz, 3H), 

5.45 (m, 1H), 7.53 (d, J = 8.2 Hz, 2H), 8.01 (d, J = 8.3 Hz, 2H), 10.08 (s, 

1H). 

13C NMR (CDCl3, 125 MHz): δ 10.3, 19.2, 78.2, 125.7, 128.6, 130.3, 136.9, 137.4, 

159.0, 173.8, 191.4. 

HRMS (ESI) found m/z = 239.0675. Calcd for C13H12O3Na ([M+Na]+): 239.0684. 
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2.4l. Ethyl (Z)-3-(4-methoxyphenyl)-2-propenoate was synthesized according to 

the general cross-coupling procedure. Organogold compound 2.1a (73.6 mg) and 

bromide 2.2l (17.9 mg) were employed (1.0 h, 25 ˚C). The product was obtained 

as a colorless oil (17.1 mg, 83% yield, single diastereomer) following preparatory 

plate TLC developed using 2:1 hexanes:Et2O. An additional preparatory plate de-

veloped using 9:1 hexanes:Et2O was required in order to remove trace amounts 

of the E diastereomer. 1H NMR (CDCl3, 500 MHz): δ 1.29 (t, J = 7.1 Hz, 3H), 3.84 

(s, 3 H), 4.21 (q, J = 14.3, 7.1 Hz, 2H), 5.84 (d, J = 12.8 Hz, 1 H), 6.85 (d, J = 12.8 

Hz, 1H), 6.89 (m, 2H), 7.70 (d, J = 8.8 Hz, 2H). This spectrum is in agreement 

with previously reported spectral data for the Z isomer of this compound.13 For 

reference, the E isomer is also reported in the literature.14 

 

 

2.4m. Ethyl (E)-4-methylpenta-2,4-dienoate was synthesized according to the 

general cross-coupling procedure with modifications as described below. Or-

ganogold compound 2.1i (65.0 mg) and bromide 2.2l (17.9 mg) were employed (1 

h, 25 ˚C). The product was not readily isolated due to its volatility. However, suffi-

cient quantities of the clear, colorless oil were obtained for characterization (3.7 

mg, 26% yield) as follows: upon completion of the 1 h reaction period, the solution 
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of the crude reaction was decreased in volume to ca. 0.7 mL under moderated 

vacuum. The solution was loaded directly onto a preparatory TLC plate using por-

tions of DCM (3 × 0.1 mL) to ensure full transfer of the mixture. The plate was de-

veloped using 3:1 hexanes:Et2O. The most intensely absorbing band by UV was 

extracted with DCM (4 × 20 mL) in a manner similar to the general procedure, and 

the solution was concentrated under moderated vacuum. A second preparatory 

TLC plate developed under identical conditions was required in order to achieve 

analytical purity. 1H NMR (CDCl3, 500 MHz): δ = 1.31 (t, J = 7.1 Hz, 3H), 1.90 (s, 

3H), 4.23 (q, J = 7.1 Hz, 14.3 Hz), 5.35 (d, J = 10.3 Hz, 2H), 5.88 (d, J = 15.8 Hz, 

2H), 7.37 (d, J = 15.8 Hz). This spectrum is in agreement with previously reported 

spectral data for this compound.15 

 

Mechanistic Studies 

Homocoupling of 2.1a to yield 2.5a (Scheme 2.3). In a N2-filled glovebox, nickel 

complex 2.3 (2.5 mg, 0.0036 mmol, 1.0 equiv) and organogold compound 2.1a 

(20.5 mg, 0.0360 mmol, 10 equiv) were weighed into separate dram vials. Mesity-

lene (3.0 mg, 3.5 µL, 0.025 mmol, 7.0 equiv) was added to 1 by syringe. To this 

mixture was added a solution of organogold compound 2.1a in 0.5 mL C6D6. The 

reaction mixture was mixed by pipet until all solids were dissolved, and the solu-

tion was transferred to a J. Young tube for observation by 1H NMR spectroscopy. 

This sample exhibited broad peaks by 1H NMR spectroscopy both prior to and fol-

lowing the completion of the reaction, presumably due to the presence of par-

amagnetic nickel complexes. A separate sample with mesitylene omitted was 
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prepared in a similar manner for analysis by EPR spectroscopy after 4.5 h at 77 

K. A single peak with complex nuclear coupling was observed centered at g = 

2.17 at 77 K. No nuclear coupling was observed at 298 K, which is consistent with 

a metal-centered radical. 

 

Stereospecific coupling of 1-bromo-1-propene (2.6). The light in a N2-filled glove-

box was turned off to preclude any light-induced isomerization. In the glovebox, 

mesitylene (8.9 µL, 7.7 mg, 0.064 mmol, 4.0 equiv) was added to (Z)- or (E)-1-

bromo-1-propene, (2.6, 1.9 mg, 0.016 mmol, 1.0 equiv) in a dram vial. This solu-

tion was diluted in 0.15 mL C6D6 and was transferred to another dram vial con-

taining NiCl2(PCy3)2, (2.3, 0.6 mg, 0.0008 mmol, 0.05 equiv), using additional C6D6 

(1 × 0.10 mL) as a rinse to ensure full transfer. To the resulting red-purple sus-

pension was added a solution of organogold compound 2.1a (11.9 mg, 0.0210 

mmol, 1.30 equiv) in 0.25 mL C6D6. The reaction mixture was mixed by pipet until 

it became a transparent yellow solution (ca. 2 min), and the solution was then 

transferred to a J. Young tube and protected from light by wrapping it with alumi-

num foil. After being removed from the glovebox, the tube was heated in a 50 °C 

oil bath while still shielded from light with aluminum foil. The reaction progress 

was monitored periodically by 1H NMR spectroscopy. Upon consumption of the 

organogold starting material, the reaction was exposed to air and concentrated 

under reduced pressure in a rotary evaporator under moderated vacuum to re-

duce the loss of product due to its slight volatility. The resulting residue was ex-

tracted with 3:1 hexanes:Et2O and filtered through a silica gel plug (3 cm × 0.5 
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cm) using ca. 6 mL of the same solvent mixture. The solution was then concen-

trated under mild vacuum, and the residue was dissolved in CDCl3 for 1H NMR 

spectroscopic analysis. Comparison to the reported spectral data16 for both iso-

mers of the cross-coupled product 6 revealed that the reaction of (Z)-2.6 yielded 

primarily (Z)-2.7 and that of (E)-2.6 yielded (E)-2.7. 
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Chapter 3  
Gold and Palladium Dual-Catalyzed 
Ring-Expansion of Alkenyl Vinyl Az-
iridines 

Abstract: A vinyl aziridine activation strategy cocatalyzed by Pd(0) and a Au(I) Lewis acid was 

developed. This rearrangement installs a C–C and a C–N bond in one synthetic step to form pyr-

rolizidine and indolizidine products. Two proposed mechanistic roles for the gold cocatalyst were 

considered: (1) carbophilic gold catalysis or (2) azaphilic gold catalysis. Mechanistic studies sup-

port an azaphilic Lewis acid activation of the aziridine over a carbophilic Lewis acid activation of 

the alkene. 

Introduction 

Following unsuccessful attempts to develop a Ni/Au dual-catalyzed reac-

tion based upon the results disclosed in Chapter 1, attention was then turned to 

expanding general reaction manifold of Pd/Au dual catalysis1,2 to include C–N 

bond activation. Specifically, a Pd/Au dual-catalyzed carboamination reaction was 

inspired by reports of gold-catalyzed hydroamination reactions of olefins,3 which 

are proposed to proceed through carbophilic activation of the π system leading to 

alkylgold intermediates (Scheme 3.1a). This activation manifold has been sup-

ported experimentally by Toste and coworkers through the isolation of alkylgold 

intermediates in a gold-promoted hydroamination reaction.4 In Au-catalyzed hy-
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droamination reactions, this C–Au σ-bond is often proposed to undergo subse-

quent protodeauration to form a C–H bond.5 

Scheme 3.1. (a) Previous carbophilic hydroamination work by others. (b) This work: original envi-
sioned analogous mechanism for carbophilic carboamination.  

 

 

Mechanistically related to the hydroamination reaction, we envisioned a 

carboamination reaction6 (Scheme 3.1b). It was hypothesized that vinyl aziridine 

3.1 could undergo a carbophilic gold-catalyzed cyclization similar to Toste’s ami-

noauration of olefins with ureas4 and Bertrand’s aminoauration of alkynes with ter-

tiary amines (Scheme 3.1a).7 The resulting vinyl aziridinium ion 3.2 would be elec-

tronically activated for oxidative addition by Pd(0) because of the enhanced leav-

ing group ability of the ammonium as a neutral amine.8 An intramolecular 

gold/palladium cross-coupling reaction would afford pyrrolizidine 3.4 and regener-

ate both gold and palladium catalysts. 
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 Guided by this mechanistic hypothesis, a Pd and Lewis acid cocatalyzed 

ring-expansion of vinyl aziridines was developed. This reaction forms pyrrolizidi-

nes and indolizidines, two classes of N-fused heterocycles that are of interest be-

cause they exhibit biological activity.9-11 Subsequent mechanistic experiments re-

vealed that the carbophilic activation pathway shown in Scheme 3.1 was not op-

erative in the dual-catalyzed carboamination transformation; instead, the reaction 

proceeds through an uncommon azaphilic activation by  Au(I).12-14 

Results and Discussion 

To probe the conceptualized carboamination reactivity, we treated gem-

diphenyl vinyl aziridine 3.1a with 5 mol % (CAAC)AuCl/NaBArF and 2.5 mol % 

Pd2dba3 in CD2Cl2 at room temperature (Table 1). This reaction afforded car-

boamination product pyrrolizidine 3.2a in 76% isolated yield. This reaction toler-

ated adamantyl (3.2b, 86%), cyclohexyl (3.2c, 56%), and cyclopentyl (3.2d, 51%) 

substitutions. However, a gem-dimethyl group substitution (3.1f) gave no reaction, 

presumably due to a reduced rate of cyclization from a diminished Thorpe-Ingold 

effect.15 Methyl substitution at the internal position of the tethered alkene was tol-

erated (3.2e, 67%). Increasing the olefin tether length in diphenyl vinyl aziridine 

3.1g afforded indolizidine 3.2g in good yield (74%) with an increased diastereo-

meric ratio (10:1). 
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Table 3.1. Substrate scope of the Au/Pd dual-catalyzed ring-expansion reaction.  

 
a 15 mol % (CAAC)AuCl/NaBArF, 7.5 mol % Pd2dba3, 5 d. b 48 h. 
c 10 mol % (CAAC)AuCl/NaBArF, 5 mol % Pd2dba3. d 40 °C. 

 

Control experiments revealed that both Pd2dba3 and in situ-generated 

(CAAC)AuBArF were required for the observed dual-catalytic reactivity (Table 2). 

However, in contrast to our previous reports of Pd/Au cocatalyzed reactions,1,2 
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this reaction displayed a slow but nonzero background reaction with Pd2dba3 

alone. 

Table 3.2. Control experiments for the Au/Pd dual-catalyzed ring-expansion reaction.  

 

Entry Catalyst(s) Loading Conversion to 3.4a  
1 (CAAC)AuCl/NaBArF (3.5/3.6) 5.0 mol % / 5.0 mol % No reaction 
2 CAAC carbene/Pd2dba3 10. mol % / 5.0 mol % No reaction 
3 PdCl2(PPh3)2/AgSbF6 10. mol % / 20. mol % Decomposition 
4 Pd2dba3 5.0 mol % 7 % 
5 NaBArF (3.6) 5.0 mol % No reaction 
6 CAAC carbene 10. mol % No reaction 

 

a By 1H NMR spectroscopy. 
 

In order to probe the mechanism of this reaction, Z and E monodeuterated 

analogs of vinyl aziridine 3.1a were subjected to the dual-catalytic rearrangement 

conditions (Scheme 3.2). The Z diastereomer (3.1a') generated only the 1,2-trans 

product 3.2a', and the E diastereomer of aziridine (3.1a'') provided exclusively the 

1,2-cis diastereomer 3.2a''. 

N

Ph
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DCM, 23 °C, 16 h
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Ph N
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Scheme 3.2. Stereospecificity in the ring-expansion of deuterium-labelled vinyl aziridines.  

 

 
 

This observed stereospecificity was inconsistent with a carbophilic activa-

tion mechanism (Scheme 3.1b), which would have resulted in the opposite di-

astereomer of each product at the deuterium-labeled carbon. In a carbophilic acti-

vation mechanism, the cationic gold catalyst could bind reversibly to the tethered 

olefin16 and serve as a carbophilic Lewis acid (Scheme 3.2, complex 3.7a). The 

aziridine would then be primed for an intramolecular anti aminoauration to provide 

3.8,17 an elementary step well-established for other amine nucleophiles with both 

Au(I)3a,4 and Au(III).18 Pd(0) could then undergo oxidative addition into the aziridi-

nium moiety, and alkyl Au-to-Pd alkyl transmetalation19 with retention of configu-

ration (Pathway A) would provide palladacycle 3.9. A stereochemically retentive 

transmetalation, which is typical for Pd(II) with relatively nonpolar organometallic 

complexes such as trialkyl20 or pinacol boronates21 and alkylmercury(II) com-

plexes,22 is expected owing to the nonpolar nature of the C–Au bond.23 A reten-

tive C–C bond-forming reductive elimination24 from Pd(II) intermediate 3.9 would 

have provided the expected 1,2-cis product 3.2a'. Instead, 1,2-trans pyrrolizidine 
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product 3.2a'' was formed exclusively, thus eliminating Pathway A from further 

consideration. 

Scheme 3.3. Possible mechanisms involving carbophilic activation by Au.  

 

 
 

This surprising mechanistic data inspired us to consider several alternative 

mechanisms. First, Pd(0) could undergo oxidative addition into aziridinium com-

plex 3.8 but instead undergo an invertive transmetalation reaction (Scheme 3.2, 

Pathway B). However, invertive transmetalation reactions generally occur only for 

polarized carbon–metal bonds,25 such as alkyllithium26 and alkyltrifluoroborate27 

compounds or in highly polar solvents, such as HMPA.28,29 In contrast, the C–Au 

bond is largely nonpolar,23 and the dichloromethane used in our reactions is a 

less polar solvent; an invertive transmetalation from an alkyl-Au complex would 

thus represent an unusual elementary step. Pathway B was therefore unlikely, but 

further investigation into the stereochemistry of this fundamental step was war-

ranted (vida infra). 

We considered another possible mechanism in which the cationic gold 
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(Scheme 3.4, complex 3.7b), priming the vinyl aziridine for oxidative addition by 

Pd(0)30
 to provide heterobimetallic amide 3.11. Intermediate 3.11 is then poised 

for a syn aminoauration reaction (Pathway C), a selectivity postulated only infre-

quently.31-34 The alkylgold fragment in 3.12 could then undergo a retentive trans-

metalation, which is expected based upon the polarity of the C–Au bond. Finally, 

retentive reductive elimination from palladacycle 3.10 would provide the observed 

diastereomer of pyrrolizidine product 3.2a''. Because evidence supporting syn 

aminoauration by Au(I) is scarce in comparison to data supporting anti aminoau-

ration,3a,4 this mechanistic hypothesis remains unlikely; however, this pathway 

cannot be disregarded.  

Scheme 3.4. Possible mechanisms involving azaphilic activation by Au.  

 

 
 

An additional possible mechanism was considered in which the Pd inter-

mediate 3.13 undergoes a syn aminopalladation35,36 reaction with the tethered 

olefin to provide 3.10 directly (Pathway D). This mechanistic hypothesis circum-

vents the unlikely syn aminoauration step and avoids the stereochemical com-

plexities associated with the alkyl Au-to-Pd transmetalation reaction while still 
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providing a plausible route to observed product 3.2a''. Pathway D bears a 

mechanistic resemblance to the Pd-only-catalyzed aminoarylation reactions of 

olefins pioneered by Wolfe, which have been shown to proceed through syn 

aminopalladation elementary steps.37 

Scheme 3.5. (a) A possible catalytic intermediate and an isolable model complex. 
(b) Stoichiometric alkyl transmetalation from Au to Pd showing retention of stereochemistry.  

 

 
 

Attempts to characterize several of the organometallic intermediates shown 

in Schemes 3.3 and 3.4 were unsuccessful in differentiating between the pro-

posed mechanisms. Attention was instead turned towards probing the stereo-

chemical outcome of the possible Au-to-Pd alkyl transmetalation step. We pre-

pared alkylgold complex 3.14 (Scheme 3.5), which was isolated by Toste in a 

gold-promoted mechanistic study of the aminoauration of olefins.4 This isolable 

complex is a model for possible catalytic intermediate 3.8 (Scheme 3.3, Pathways 

A and B) with Pd:  both complexes possess an alkylgold fragment exocyclic to a 

pyrrolidine core. Furthermore, both also possess a tethered Lewis basic group 

NPh
Ph

H

3.14
1.0 equiv

[Pd(MeCN)4][BF4]2
NHtBu

O

AuPPh3

D

N
N

CD2Cl2
25 °C

NPh
Ph

H

O

NHtBu

Pd(bpy)

D

BF4

3.15

NPh
Ph

H

3.14 model of
possible intermediate

NHtBu

O

AuPPh3

DNPh
Ph

H
D

AuL
3.8

1.0 equiv 1.0 equiv

a)

b)

HHH

nOe
no nOex



42 

(Scheme 3.5, highlighted in blue), which could serve as a directing group for 

transmetalation by first binding to Pd. 

Model alkylgold complex 3.14 was treated with a source of dicationic Pd 

and 2,2'-bipyridine. The sole pyrrolidine product was characterized spectroscopi-

cally as 3.15 via nOe experiments. Specifically, irradiating at the indicated proton 

in complex 3.15 resulted in an nOe enhancement at the alkyl-Pd chiral center 

(Scheme 3.5b). Molecular modeling on the analogous perprotiated complex with 

density functional theory (DFT) calculations using the PBE functional38 confirm 

that the interatomic distances the ground state conformer allow for the nOe en-

hancements observed experimentally, thereby validating the structural assign-

ment. This first direct observation of the stereochemical outcome of a transmeta-

lation reaction between a chiral sp3 organogold complex and Pd indicates com-

plete retention of stereochemistry. Given the nOe data, the computational support 

of DFT calculations, and the several prior reports of retentive transmetalation with 

other nonpolar organometallic compounds,20-22 mechanistic Pathway B (Scheme 

3.3) was eliminated from further consideration.  Consequently, both carbophilic 

activation mechanisms A and B were ruled out on the basis of the experimental 

observations. 

With Pathways A and B eliminated from consideration in favor of azaphilic 

pathways C and D (Scheme 3.4), the nature of the active azaphilic Au(I) cocata-

lyst was then examined. The reaction of (CAAC)AuCl (3.5) with NaBArF (3.6) rap-

idly and quantitatively affords (CAAC)AuBArF and NaCl; however, it is possible 

that NaBArF was present in equilibrium39 with (CAAC)AuBArF/NaCl and cocata-
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lyzed the reaction. Indeed, even in the absence of Au(I), NaBArF was a compe-

tent cocatalyst with Pd(0), promoting the reaction in 87% 1H NMR spectroscopic 

yield (Table 3.3, entry 1). This assay yield is higher than that which was obtained 

in the presence of (CAAC)AuBArF/NaCl (entry 2), yet rigorous removal of NaCl 

from (CAAC)AuBArF confirmed that (CAAC)AuBArF was also a competent co-

catalyst even in the absence of Na (entry 3).40 

Table 3.3. Investigation of the active Lewis acid cocatalst from Table 3.1.  

 

Entry Lewis Acid 1H NMR Yielda 
1 NaBArF (8) 87% 
2 (CAAC)AuBArF 

generated in situ from 7+8, 
NaCl not removed 

79% 

3 (CAAC)AuBArF 
pre-formed from 7+8, 

NaCl removed 

64% 

4 (NBu4)BArF 27% 
5 None 18% 

 

a Relative to mesitylene internal standard. Reaction conditions: 1a (1.0 equiv), Pd2dba3 (2.5 mol%), 
Lewis acid (5.0 mol%), CD2Cl2, 25 °C, 24 h. 

 

In order to separate the effects of the Na cation from the BArF anion, 

(NBu4)BArF was examined as a cocatalyst with Pd(0) (entry 6). Its poor cocata-

lytic activity confirms the hypothesis that the azaphilic Lewis acid Na+ is indeed 

responsible for the observed reactivity from NaBArF rather than any significant ion 

Lewis acid, 5.0 mol %
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N

Ph
Ph Ph

Ph N
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exchange effects from the BArF anion itself, in contrast to that reported for a pre-

vious π-allyl palladium coupling.41 

We suspected that the same azaphilic activation mechanism might be op-

erative for both (CAAC)AuBArF and NaBArF. To test this hypothesis, we repeated 

the rearrangement of deuterium-labeled aziridine 3.1a' (Scheme 3.2) after rigor-

ously removing NaCl from (CAAC)AuBArF.  The 1,2-trans product 3.2a' was 

again obtained, albeit with a longer reaction time (perhaps due to catalyst loss 

upon filtration); the stereochemical course of the reaction is thus the same for the 

Au(I) Lewis acid and the mixture of Au(I) and Na, suggesting that Na and Au(I) 

Lewis acids operate by a similar azaphilic activation pathway. Therefore, the 

mechanism of this reaction represents an uncommon reaction manifold for Au(I), 

which is generally employed as a carbophilic Lewis acid.42-44 We have further 

supported the plausibility of this Au–N binding mode in the presence of a tethered 

olefin by DFT calculations, which revealed that the binding of (CAAC)Au(I) cation 

to vinyl aziridine 3.1f favored the N-bound complex over the π-complex by 

10 kcal/mol (Scheme 3.6). Of course, these data do not preclude the possibility of 

a Curtin-Hammett-type reaction manifold in which the thermodynamically disfa-

vored π-complex (3.16) is the kinetically competent intermediate; however, they 

do demonstrate the feasibility of Au(I) binding to the aziridine as originally estab-

lished crystallographically by Nöth and coworkers,12 and that this binding mode 

remains theromodynamically accessible even in the presence of a potentially 

competing olefin. 
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Scheme 3.6. Calculated thermodynamic favorability of azaphilic substrate binding mode.  

 

Gas phase DFT calculations were performed at the PBE/SDD (Def2SV) level of theory.  
 

Based on the mechanistic data and the efficacy of the NaBArF Lewis acid 

as a cocatalyst, we propose the catalytic cycle shown in Scheme 3.7. First, the 

aziridine undergoes Lewis acid-promoted oxidative addition45–47 by Pd(0). The re-

sulting Pd(II) intermediate 3.19 then undergoes a syn aminometalation.48 The ob-

served product 3.4 is then obtained following a reductive elimination from pallad-

acyclic intermediate 3.20. This catalytic cycle is generalized from mechanistic 

Pathways C or D from Scheme 3.4. 

Scheme 3.7. General catalytic cycle for the dual-catalyzed ring-expansion reaction.  
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works in one synthetic step. During the course of mechanistic experiments, an al-

kyl Au/Pd transmetalation was found to occur with complete retention of stereo-

chemistry. This first study of the retentive stereochemistry of transmetalation of 

chiral organogold(I) complexes to palladium and a successful strategy for avoid-

ing competing redox quenching of gold(I) by palladium49 provide insight into this 

subset of dual-metal catalysis. The reaction does not proceed through carbophilic 

Au(I) catalysis. Instead, an uncommon role for catalytic Au(I) as an azaphilic 

Lewis acid was revealed, even in the presence of a potential competing carbo-

philic activation pathway. These mechanistic studies lend support to previous re-

ports that gold binding to heteroatoms may be responsible for catalytic activity in 

some gold-catalyzed hydroamination reactions of alkenes, rather than direct gold 

π-complex activation.5a-c 
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Experimental 

General Considerations 

All chemicals were used as received from commercial sources unless oth-

erwise noted.  Acetonitrile, dichloromethane, diethyl ether, methanol, and tetrahy-
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drofuran were dried by passage through an alumina column under argon pressure 

on a push-still solvent system. Dichloromethane-d2 was dried over CaH2, de-

gassed using three freeze-pump-thaw cycles, and vacuum transferred prior to 

use. N,N-Diisopropyl ethyl amine (DIPEA) was distilled under nitrogen before use. 

(CAAC)AuCl1 (3.5) and NaBArF2 (3.6) were prepared according to literature pro-

cedures. [Pd(MeCN)4][BF4]2 was purchased from Sigma-Aldrich. All manipulations 

were conducted in a glovebox under N2 atmosphere or using standard Schlenk 

techniques unless otherwise specified. Analytical TLC was performed on Dynamic 

Absorbents 250 μm TLC plates with F-254 indicator. Plates were visualized under 

UV irradiation (254 nm), and/or using an aqueous solution of KMnO4 or an etha-

nol solution of ninhydrin followed by heating. Flash chromatography was con-

ducted using Grace Davisil 35–70 µm silica gel or Acros 50–200 µm basic alumi-

num oxide (activity I). All proton and carbon nuclear magnetic resonance (1H and 

13C NMR) spectra were recorded on a Bruker DRX-500 spectrometer, a Bruker 

DRX-500 spectrometer outfitted with a cryoprobe, or a Bruker AVANCE600 spec-

trometer. All chemical shifts are reported in parts per million. 1H and 13C NMR 

spectroscopy experiments are calibrated to the residual proteosolvent resonance. 

Low and high-resolution mass spectrometry data were obtained at a facility oper-

ated by the University of California, Irvine. 
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Synthetic Procedures  

All vinyl aziridines were prepared as described according to the following general 

procedures with exceptions as indicated. 

 

General Procedure A: Allylation of 2,2-disubstituted nitriles. NaH (1.1 equiv) was 

added to a flame-dried two-neck flask under positive N2 flow. Dimethylformamide 

was added to reach a final concentration of 1.0 M of S-3.1, and the resulting sus-

pension was cooled to 0 °C. The nitrile (1.0 equiv) was added portionwise over 

ca. 10 min, and the reaction was allowed to stir for 45 min at 0 °C. Allyl bromide 

(1.1 equiv) was added dropwise, and then the reaction mixture was allowed to 

warm to 25 °C and to stir for 16 h. At this time, the reaction mixture was cooled to 

0 °C and water was added slowly to quench unreacted NaH. The reaction was 

diluted 1:1 with Et2O and washed with water (3 ×) and brine (1 ×). The combined 

aqueous layers were back-extracted with DCM (1 ×), and the combined organic 

layers were dried over Na2SO4 and then filtered. Concentration in vacuo afforded 

an oil that was purified by column chromatography under the indicated conditions 

to afford S-3.2. 

 

General Procedure B: Reduction of nitriles to amines. Lithium aluminum hydride 

(LAH, 2.1 equiv) was added to a flame-dried  two-neck flask under positive N2 

flow. Et2O was added, and the vessel was cooled to 0 °C. Nitrile S-3.2 was added 
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in a Et2O solution (total reaction concentration, 0.15 M in nitrile), and then the re-

action was allowed to warm to 25 °C and stir for 16 h. At this time, the reaction 

mixture was cooled to 0 °C and quenched by adding 20% aq. NaOH. The bipha-

sic mixture was diluted with 1:5 with Et2O and filtered to remove precipitated salts 

before discarding the aqueous layer. The organic layer was then washed with 

brine (3×), dried over Na2SO4, and then filtered. Concentration in vacuo afforded 

the crude amine, which was purified by column chromatography under the indi-

cated conditions to afford S-2.3. 

 

General Procedure C. Aminolysis of butadiene monoxide. Amine starting material 

S-3.3 (1.0 equiv) was diluted in 2,2,2-trifluoroethanol (0.3 M in amine) in a 20 mL 

screw-cap scintillation vial under air. Butadiene monoxide (1.0 equiv) was added 

dropwise while stirring. The vial was capped and the reaction was allowed to stir 

for 16 h. At this time, concentration of the reaction mixture in vacuo afforded the 

crude α-amino alcohol S-3.4 as a mixture of regioisomers, which in select cases 

was purified by column chromatography (as indicated) before use. 

 

General Procedure D. Aziridination of α-amino alcohols. This reaction was set up 

in the glovebox due to moisture sensitivity. Triphenylphosphine dibromide3 

(1.1 equiv) was weighed into a screw-cap dram vial and equipped with a micro stir 

bar. Acetonitrile and DIPEA (2.3 equiv) were added. A solution of amino alcohol 

S-3.4 (1.0 equiv) in MeCN (total reaction concentration, 0.2 M) was then added 

dropwise to the stirring slurry of Ph3PBr2 and DIPEA. CAUTION: Reaction is exo-
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thermic. The vial was capped, and the reaction mixture was allowed to stir in the 

glovebox at 25 °C for 16 h. At this time, the crude reaction mixture was removed 

from the glovebox and concentrated in vacuo to ca. 1/5 of its original volume. 

Et2O was added to precipitate Ph3P=O, which was removed by filtration through a 

glass pipet plugged with glass fiber. This concentration/precipitation/filtration cycle 

was repeated two more times before purifying aziridine 3.1 by column chromatog-

raphy using the indicated conditions.  

 

Diphenyl vinyl aziridine (for pyrrolizidine product) 3.1a.  

 

2,2-Diphenyl-4-pentenenitrile (S-3.2a). Prepared from diphenylacetonitrile (5.00 g, 

25.9 mmol, 1.00 equiv) according to General Procedure A. Obtained 5.66 g of 

S-3.2a which was then taken on directly to the next step without further purifica-

tion. 1H NMR (CDCl3, 500 MHz): δ 3.14 (d, J = 7.2 Hz, 2H), 5.18 (d, J = 10.5 Hz, 

1H), 5.22 (d, J = 17.2 Hz, 1H), 5.78–5.76 (m, 1H), 7.29–7.32 (m, 2H), 7.35–7.41 

(m, 8H). This spectrum is consistent with previously reported spectral data.4 

 

Diphenyl amine S-3.3a. Prepared from S-3.2a (5.66 g, 24.3 mmol, 1.00 equiv) ac-

cording to General Procedure B. Obtained 5.92 g (quant) of S-3.3a as a yellow oil 

which was then taken on directly to the next step without further purification. 1H 

NMR (CDCl3, 500 MHz): δ 0.76 (br s, 2H), 2.94 (d, J = 7.1 Hz, 2H), 3.34 (s, 2H), 

4.98 (d, J = 10.1 Hz, 1H), 5.06 (d, J = 17.0 Hz, 1H), 5.37–5.45 (m, 1H), 7.18–7.22 

CN
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(m, 6H), 7.30 (m, 4H). This spectrum is consistent with previously reported spec-

tral data.4  

 

Diphenyl amino alcohol S-3.4a. Prepared from S-3.3a (2.00 g, 8.43 mmol, 1.00 

equiv) according to General Procedure C. Obtained 671 mg (25%) as a clear, 

colorless oil following purification using silica gel chromatography eluting from a 

gradient of 7:3 hexanes:EtOAc to 10:1:0.3 hexanes:EtOAc:NEt3.  

1H NMR (CDCl3, 500 MHz): δ 2.55 (dd, J = 8.9, 12.2, 1H), 2.76 (dd, J = 12.2, 3.6 

Hz, 1H), 3.05–3.17 (m, 1H), 3.30 (d, J = 11.3 Hz, 1H), 3.41 (d, J = 11.0 Hz, 

1H), 4.07–4.14 (m, 1H), 5.08 (d, J = 9.7 Hz, 1H), 5.15–5.22 (m, 2H), 5.35 

(d, J = 17.2, 1H), 5.42–5.52 (m, 1H), 5.77–5.87 (m, 1H), 7.23–7.33 (m, 

6H), 7.34–7.42 (m, 4H). 

13C NMR (CDCl3, 125 MHz): δ 41.7, 50.1, 55.3, 55.5, 70.2, 115.6, 118.0, 126.27, 

126.31, 128.02, 128.06, 128.2, 128.23, 134.7, 138.7, 146.5, 146.6.  

 

Diphenyl vinyl aziridine (for pyrrolizidine product) 3.1a. Prepared from S-3.4a 

(900. mg, 2.93 mmol, 1.00 equiv) according to General Procedure D. Obtained 

576 mg (68%) as a clear, viscous oil. 

1H NMR (CDCl3, 500 MHz): δ 1.10 (d, J = 6.5 Hz, 1H), 1.46 (app s, 2H), 2.89 (d, J 

= 11.5 Hz, 1H), 3.06 (d, J = 11.7 Hz, 1H), 3.10–3.19 (m, 2H), 4.86–5.00 (m, 

2H), 5.06 (d, J = 16.8 Hz, 1H), 5.27–5.48 (m, 2H), 7.14–7.21 (m, 6H), 

7.23–7.27 (m, 4H). 
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13C NMR (CDCl3, 125 MHz): δ 35.6, 41.8, 50.5, 68.0, 115.4, 118.0, 125.8, 125.9, 

127.8, 127.9, 128.3, 128.4, 135.0, 138.6, 147.1, 147.4.  

 

Adamantyl vinyl aziridine 3.1b. 

 

2-Allyladamantane-2-carbonitrile S-3.2b. To a THF solution of LDA (0.29 M, 6.0 

mL, 1.0 equiv) at -78 °C was added dropwise a solution of adamantane-2-

carbonitrile5 (S-3.1b, 215 mg, 1.34 mmol, 1.00 equiv) in 5.0 mL THF. The reaction 

mixture was stirred for 45 min at -78 °C, and then allyl bromide (237 µL, 2.71 

mmol, 2.02 equiv) was added dropwise. The reaction mixture was warmed to 

25 °C and was allowed to stir for 18 h. The reaction was then cooled to 0 °C and 

quenched by slowly adding 1 mL water. The biphasic mixture was diluted with 2 

mL DCM, and then washed with water (3 × 5 mL). The combined organic layers 

were dried over Na2SO4, filtered, and concentrated in vacuo. Purification of the 

mixture by column chromatography eluting from 5:95 EtOAc:hexanes afforded the 

desired product as a clear, colorless oil (251 mg, 93%). 1H NMR (CDCl3, 500 

MHz): δ 1.66 (br d, J = 13.3 Hz, 2H), 1.75 (br s, 2H), 1.82–1.95 (br m, 8H), 2.27 

(br d, J = 13.1 Hz, 2H), 2.56 (d, J = 7.3 Hz, 2H), 5.21 (app s, 1H), 5.24 (app d, J = 

4.5 Hz, 1H), 5.94 (m, 1H). This spectrum is consistent with previously reported 

spectral data.6 
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Adamantyl amine S-3.3b. Prepared from S-3.2b (390 mg, 2.0 mmol, 1.0 equiv) 

according to General Procedure B. Obtained 330 mg (82%) crude S-3.3b. 1H 

NMR (CDCl3, 500 MHz): δ 0.98 (br s, 2H), 1.55–1.59 (m, 2H), 1.70 (br s, 2H), 1.87 

(br d, J = 16.0 Hz, 2H), 2.01 (br d, J = 11.0 Hz, 2H), 2.09 (br d, J = 12.5 Hz, 2H), 

2.37 (d, J = 7.5 Hz, 2H), 2.84 (s, 2H), 5.05 (d, J = 10.0 Hz, 1H), 5.10 (d, J = 17.0 

Hz, 1H), 5.77–5.85 (m, 1H). Analysis by 1H NMR spectroscopy was consistent 

with the desired product in ca. 90 % purity, and it was used directly without further 

purification or characterization. 

 

Adamantyl amino alcohol S-4b. Prepared from S-3b (260 mg, 1.3 mmol, 1.0 

equiv) according to General Procedure C. Obtained 77 mg crude S-4b (22%). 

Analysis by 1H NMR spectroscopy revealed a complex mixture of regioisomers 

that was used without further purification. 

 

Adamantyl-substituted vinyl aziridine 3.1b. Prepared from S-3.4b (77 mg, 0.28 

mmol, 1.0 equiv) according to General Procedure D. Obtained 43 mg (60%) fol-

lowing purification using silica gel chromatograpy eluting with 2:98 

EtOAc:hexanes. 

1H NMR (CDCl3, 500 MHz): δ 1.49 (d, J = 6.5 Hz, 1H), 1.52–1.59 (m, 4H), 1.69–

1.72 (m, 4H), 1.86 (br d, J = 12.0 Hz, 2H), 1.91 (td, J = 10.5, 3.5 Hz, 1H), 

2.01 (br t, J = 8.5 Hz, 2H), 2.13 (br t, J = 11.5 Hz, 2H), 2.25 (d, J = 12.5 Hz, 

1H), 2.52 (dd, J = 14.0, 8.0 Hz, 1H), 2.65 (dd, J = 14.2, 7.5 Hz, 1H), 2.71 

(d, J = 12.5 Hz, 1H), 5.05–5.06 (m, 1H), 5.07–5.09 (m, 1H), 5.13 (d, J = 
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16.5 Hz, 1H), 5.27 (d, J = 17.5 Hz, 1H), 5.55 (ddd, J = 17.5, 10.0, 7.5 Hz, 

1H), 5.83–5.88 (m, 1H). 

13C NMR (CDCl3, 125 MHz): δ 28.1, 32.1, 32.4, 32.7, 32.8, 33.0, 33.1, 35.1, 36.7, 

39.9, 41.8, 63.0, 115.6, 116.8, 135.5, 139.2. 

HRMS (ESI+): [M+H]+ calcd for C18H27NH, 258.2222; found, 258.2225.  

 

Cyclohexyl vinyl aziridine 3.1c. 

 

1-Allylcyclohexane-1-carbonitrile S-3.2c. To a THF solution of LDA (0.35 M, 11 

mL, 1.0 equiv) at -78 °C was added neat cyclohexanecarbonitrile (S-3.1c, 590 µL, 

5.0 mmol, 1.0 equiv). The reaction mixture was stirred for 2.5 h at -78 °C, and 

then allyl bromide (870 µL, 10. mmol, 2.0 equiv) was added dropwise. The reac-

tion mixture was warmed to 25 °C and was allowed to stir for 15 h. The reaction 

was then cooled to 0 °C and quenched by slowly adding 1 mL water. The biphasic 

mixture was diluted with 20 mL EtOAc, and then washed with water (3 × 5 mL) 

and brine (1 × 5 mL). The combined aqueous layers were back-extracted with 

DCM (2 × 5 mL), and the combined organic layers were dried over Na2SO4, and 

then filtered. Purification by column chromatography eluting from 5:95 

EtOAc:hexanes afforded the desired product as a clear, colorless oil (560 mg, 

75%). 1H NMR (CDCl3, 500 MHz): δ 1.18 (ddd, J = 25.5, 12.5, 4.0 Hz, 1H), 1.25 

(td, J = 22.5, 6.5 Hz, 2H), 1.63 (ddd, J = 26.0, 13.0, 4.0 Hz, 2H), 1.70–1.77 (m, 

3H), 1.96 (d, J = 13.0 Hz, 2H), 2.29 (d, J = 7.5 Hz, 2H), 5.18 (ddd, J = 16.5, 3.0, 
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1.5 Hz, 1H), 5.20 (d, J = 10.0 Hz, 1H), 5.85–5.93 (m, 1H). This spectrum is con-

sistent with previously reported spectral data.7 

 

Cyclohexyl amine S-3.3c. Prepared from S-3.2c (560 mg, 3.8 mmol, 1.0 equiv) 

according to General Procedure B with the following modification: the reaction 

was conducted in refluxing Et2O instead of at 25 °C. Obtained 506 mg (88%) 

crude S-3.3c. 1H NMR (CDCl3, 500 MHz): δ 1.19 (br s, 2H), 1.23–1.33 (m, 5H), 

1.43–1.47 (m, 5H), 2.07 (dt, J = 7.5, 1.1 Hz, 2H), 2.53 (s, 2H), 5.03–5.04 (m, 1H), 

5.05–5.08 (m, 1H), 5.77–5.85 (m, 1H). Analysis by 1H NMR spectroscopy was 

consistent with the previously reported spectral data for this compound8 in ca. 90 

% purity, and it was used directly without further purification. 

 

Cyclohexyl amino alcohol S-3.4c. Prepared from S-3.3c (470 mg, 3.1 mmol, 1.0 

equiv) according to General Procedure C. The amino alcohol was partially purified 

by three iterations of silica gel column chromatography eluting with 3:7 

EtOAc:hexanes, but these attempts resulted in significant product loss. Obtained 

95 mg crude S-3.4c. Analysis by 1H NMR spectroscopy revealed a complex mix-

ture of regioisomers that was used without further purification. 

 

Cyclohexyl-substituted vinyl aziridine 3.1c. Prepared from S-3.4c (88 mg, 0.39 

mmol, 1.0 equiv) according to General Procedure D. Obtained 45 mg (56%) fol-

lowing purification by silica gel chromatography eluting from 5:95 EtOAc:hexanes.  
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1H NMR (CDCl3, 500 MHz): δ 1.31–1.40 (m, 5H), 1.44–1.48 (m, 6H), 1.75 (d, J = 

13.5 Hz, 1H), 1.81 (td, J = 10.5, 3.5 Hz, 1H), 1.90 (d, J = 12.5 Hz, 1H), 

2.18–2.62 (m, 2H), 2.39 (d, J = 12.5 Hz, 1H), 5.03 (app s, 1H), 5.05–5.07 

(m, 1H), 5.09 (dd, J = 10.3, 1.5 Hz, 1H), 5.28 (dd, J = 17.0, 1.5 Hz, 1H), 

5.55 (ddd, J = 17.5, 10.0, 7.5 Hz, 1H), 5.79–5.88 (m, 1H). 

13C NMR (CDCl3, 125 MHz): δ 21.7, 26.4, 33.9, 34.0, 35.2, 37.8, 42.4, 115.9, 

117.0, 135.5, 139.0. 

HRMS (ESI+): [M+H]+ calcd for C14H23NH, 206.1909; found, 206.1906. 

Cyclopentyl vinyl aziridine 3.1d. 

 

1-Allylcyclopentane-1-carbonitrile S-3.2d. To a THF solution of LDA (0.35 

M, 30 mL, 1.0 equiv) at -78 °C was added neat cyclopentanecarbonitrile (S-3.1d, 

1.10 mL, 10.5 mmol, 1.00 equiv) dropwise. The reaction mixture was stirred for 45 

min at -78 °C, and then allyl bromide (1.8 mL, 21 mmol, 2.0 equiv) was added 

dropwise. The reaction mixture was warmed to 25 °C and was allowed to stir for 

18 h. The reaction was then cooled to 0 °C and quenched by slowly adding 20 mL 

water. The biphasic mixture was diluted with 10 mL EtOAc, and then washed with 

water (2 × 20 mL). The combined organic layers were dried over Na2SO4, filtered, 

and concentrated in vacuo. Purification of the mixture by column chromatography 

eluting from 96:4 hexanes:EtOAc afforded the desired product as a yellow oil (758 

mg, 53%).  1H NMR (CDCl3, 500 MHz): δ 1.64–1.87 (m, 6H), 2.07–2.13 (m, 2H), 
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2.34 (dt, J = 7.3, 1.0 Hz, 2H), 5.16–5.22 (m, 2H), 5.89 (ddt, J = 16.2, 10.9, 7.4 Hz, 

1H). The product was used without further characterization. 

 

Cyclopentyl(allyl) amine S-3.3d. Prepared from S-3.2d (758 mg, 5.60 mmol, 1.00 

equiv) according to General Procedure B with the following modification: Obtained 

S-3.3d (487 mg, 63%) as a yellow oil. 1H NMR (CDCl3, 500 MHz): δ 1.13 (br s, 

2H), 1.36–1.44 (m, 4H), 1.55–1.65 (m, 4H), 2.12 (dt, J = 7.3, 1.2 Hz, 2H), 2.52 (s, 

2H), 5.02–5.09 (m, 2H), 5.81 (ddt, J = 17.0, 10.1, 7.4 Hz, 1H). This spectrum is 

consistent with previously reported spectral data.9 

  

Cyclopentyl(allyl) amino alcohol S-3.4d. Prepared from S-3.3d (487 mg, 3.50 

mmol, 1.0 equiv) according to General Procedure C. The amino alcohol was par-

tially purified by silica gel columatography eluting from 7:1 hexanes:EtOAc. Ob-

tained crude S-3.4d (275 mg) as a yellow oil. Analysis by 1H NMR spectroscopy 

revealed a mixture of regioisomers that was used without further purification. 

 

Cyclopentyl vinyl aziridine 3.2d. Prepared from S-3.4d (275 mg, 1.32 mmol, 1.00 

equiv) according to General Procedure D. Obtained a clear colorless oil (154 mg, 

90%) following purification by silica gel chromatography eluting from 95:5 hex-

anes:Et2O. 

1H NMR (CDCl3, 500 MHz): δ 1.39–1.53 (m, 5H), 1.55–1.61 (m, 4H), 1.66 (dd, J = 

3.3, 1.0 Hz), 1.80–1.84 (m, 1H), 2.02 (d, J = 12.1 Hz), 2.15–2.23 (m, 2H), 
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2.29 (d, J = 12.1 Hz, 1H), 5.00–5.07 (m, 3H), 5.27 (dd, J = 17.5, 1.7 Hz, 

1H), 5.49–5.56 (m, 1H), 5.82–5.87 (m, 1H). 

13C NMR (CD2Cl2, 125 MHz): δ 25.5, 25.5, 35.9, 36.1, 36.2, 42.4, 43.1, 47.8, 69.4, 

115.9, 117.2, 137.2, 140.0. 

HRMS (ESI+): [M+H]+ calcd for C13H22N, 192.1752; found, 192.1750.   

 

Cyclohexyl methallyl vinyl aziridine 3.1e. 

 

Cyclohexyl tert-butyl imine S-3.6. A 100-mL round-bottomed flask equipped with a 

condenser was charged with freshly distilled cyclohexanecarboxaldehyde (S-3.5, 

2.39 g, 21.3 mmol, 1.00 equiv), tert-butylamine (2.46 mL, 23.4 mmol, 1.10 equiv), 

MgSO4 (4.27 g, 35.6 mmol, 1.67 equiv) and dry DCM (21 mL).  The solution was 

refluxed for 1 h under N2.  Next, the solution was cooled to 25 °C and the resulting 

solid suspension was filtered through a coarse glass filter frit.  The filtrate was col-

lected and concentrated in vacuo to a thick yellow oil.  The crude product was pu-

rified by distillation (10 mmHg, 68 °C) to afford S-3.6 as a clear colorless oil (2.30 

g, 65%).  1H NMR (CDCl3, 500 MHz): δ 1.16 (s, 9H), 1.18–1.32 (m, 5H), 1.63–

1.70 (m, 1H), 1.70–1.79 (m, 4H), 2.11–2.19 (m, 1H), 7.40 (d, J = 6.0 Hz, 1H). This 

spectrum is consistent with previously reported spectral data.10 

 

(Methallyl) cyclohexyl tert-butyl imine S-3.7.  To a solution of LDA (0.91 M, 8.6 

mL, 1.1 equiv) in dry THF at 0 °C was added S-3.6 (1.20 g, 7.19 mmol, 1.00 
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equiv) dropwise.  The solution was allowed to stir for 1.5 h at 0 °C.  Then, 3-

bromo-2-methylpropene (0.76 mL, 7.6 mmol, 1.1 equiv) in dry THF (1.4 mL) was 

added dropwise at 0 °C.  The solution was slowly warmed to 25 °C as the ice bath 

melted and the solution was allowed to stir overnight.  Diethyl ether (50 mL) was 

added to the solution. The organic layer was extracted with water (100 mL).  The 

aqueous layer was then extracted with Et2O (2 × 100 mL).  The organic layers 

were collected, dried over K2CO3, filtered, and concentrated in vacuo to yield a 

crude yellow oil.  The crude product was taken directly to the next step without 

further purification or characterization.     

 

2-Cyclohexyl-2-methallyl-aldehyde S-3.8.  A 100-mL round-bottomed flask 

equipped with a condenser was charged with imine S-3.7 (1.46 g, 6.59 mmol, 

1.00 equiv) in DCM (13 mL) and oxalic acid dihydrate (0.830 g, 6.59 mmol, 1.00 

equiv) in water (8 mL).  The solution was refluxed for 2 h.  The solution was then 

cooled to 25 °C and the organic layer was collected.  The aqueous layer was ex-

tracted with DCM (2 × 50 mL).  The combined organic layers were dried over 

MgSO4, filtered, and concentrated in vacuo to yield a crude yellow oil.  The crude 

product was purified by distillation (10 mmHg, 85 °C) to afford S-3.8 as a clear, 

colorless oil (196 mg, 18%). 1H NMR (CDCl3, 500 MHz): δ 1.24–1.40 (m, 5H), 

1.45–1.62 (m, 3H), 1.65 (s, 3H), 1.86–1.90 (m, 2H), 2.22 (s, 2H), 4.67–4.69 (m, 

1H), 4.82–4.85 (m, 1H), 9.53 (s, 1H). This spectrum is consistent with previously 

reported spectral data.11 
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Cyclohexyl methallyl amino alcohol S-3.4e. Prepared using an adapted literature 

procedure.12 To a flame-dried 25-mL round-bottomed flask was added 2-

cyclohexyl-2-methyallyl-aldehyde S-3.8 (196 mg, 1.18 mmol, 1.10 equiv) and a 

solution of 1-amino-3-buten-2-ol13 (93.2 mg, 1.07 mmol, 1.00 equiv) in dry MeOH 

(1.3 mL). The reaction mixture was allowed to stir at 25 °C for 2 h. The reaction 

mixture was cooled to 0 °C, and NaBH4 (44.6 mg, 1.18 mmol, 1.10 equiv) was 

then added over 4 portions. The reaction mixture was allowed to warm back to 

25 °C. After 2.5 h, 1 M HCl (50 mL) was added slowly to the solution.  The aque-

ous layer was extracted with DCM (2 × 50 mL).  The aqueous layer was then bas-

ified with 20 % aq. NaOH (50 mL) to a pH of 14. The resulting heterogeneous 

mixture was extracted with DCM (3 × 50 mL), and the combined organic layers 

were dried over Na2SO4, filtered, and concentrated in vacuo to provide the de-

sired crude amino alcohol as a white solid.  The crude product was purified by sil-

ica gel chromatography eluting from 9:1 chloroform:MeOH to afford amino alcohol 

S-3.4e as a white solid (83 mg, 33%).  

1H NMR (CDCl3, 500 MHz): δ 1.33–1.50 (m, 10H), 1.80 (d, J = 0.5 Hz, 3H), 2.09 

(s, 2H), 2.47 (app d, J = 11.8 Hz, 1H), 2.52–2.60 (m, 2H), 2.75 (dd, J = 

12.0, 3.7 Hz, 1H), 4.12–4.18 (m, 1H), 4.67–4.70 (m, 1H), 4.85–4.88 (m, 

1H), 5.16 (d, J = 10.5 Hz, 1H), 5.34 (d, J = 17.3 Hz, 1H), 5.83 (ddd, J = 

17.2, 10.6, 5.6 Hz, 1H). 

13C NMR (CDCl3, 500 MHz): δ 21.8, 25.6, 26.3, 34.6, 34.7, 37.4, 55.4, 70.1, 

114.4, 115.6, 138.7, 143.6. 

HRMS (ESI+): [M+H]+ calcd for C15H28N, 238.2171; found, 238.2167.   
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(Methallyl) cyclohexyl vinyl aziridine 3.1e. Prepared from S-3.4e (83.0 mg, 0.350 

mmol, 1.00 equiv) according to General Procedure D. The crude product was pu-

rified by silica gel chromatography eluting from 95:5 hexanes:Et2O. The resulting 

product was resubjected to purification by silica gel chromatography eluting from 

12:1 hexanes:EtOAc to afford 3.1e (13 mg, 17%) as a clear, colorless oil. 

1H NMR (CDCl3, 500 MHz): δ 1.33–1.50 (m, 11H), 1.73 (d, J = 3.2 Hz, 1H), 1.77–

1.81 (m, 4H), 2.03 (d, J = 12.2 Hz, 1H), 2.17–2.24 (m, 2H), 2.33 (d, J = 

12.2 Hz, 1H), 4.71 (s, 1H), 4.87 (s, 1H), 5.08 (dd, J = 10.5, 1.8 Hz, 1H), 

5.28 (dd, J = 17.4, 1.7 Hz, 1H), 5.56 (ddd, J = 18.0, 10.2, 7.7 Hz, 1H). 

13C NMR (CDCl3, 500 MHz): δ 21.9, 25.9, 26.4, 34.0, 34.1, 35.5, 38.5, 42.0, 77.3, 

114.3, 115.6, 139.0, 143.7. 

HRMS (ESI+): [M+H]+ calcd for C15H25N, 220.2065; found, 220.2073.   

 

 

Dimethyl vinyl aziridine 3.1f. 

 

Dimethyl amino alcohol S-3.4f. Prepared using an adapted literature procedure.12 

To an oven-dried scintillation vial was added a solution of 1-amino-3-buten-2-ol13 

(S-3.5, 150 mg, 1.7 mmol, 1.0 equiv) in dry MeOH (2.0 mL). 2,2-Dimethyl-4-

pentenal (S-3.6, 290 mg, 2.6 mmol, 1.5 equiv) was then added dropwise, and the 

reaction mixture was allowed to stir at 25 °C for 2 h. The reaction mixture was 
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cooled to 0 °C, and NaBH4 (96 mg, 2.6 mmol, 1.5 equiv) was then added portion-

wise. The reaction mixture was allowed to warm back to 25 °C. After 3 h, the re-

action was diluted with DCM (10 mL) and sat. aq. NaHCO3 (3 mL) was added. 

The organic layer was then separated and extracted with 1 M HCl (3 × 3 mL). The 

combined acidic aqueous layers were washed with DCM (1 × 2 mL) and then bas-

ified with 20 % aq. NaOH (2 mL). The resulting heterogeneous mixture was ex-

tracted with DCM (2 × 5 mL), and the combined organic layers were dried over 

Na2SO4 and concentrated in vacuo to provide amino alcohol S-3.4f (240 mg, 

77%). 

1H NMR (CDCl3, 500 MHz): δ 0.90 (s, 6H), 2.01 (d, J = 11.5 Hz, 2H), 2.37 (d, J = 

11.5 Hz, 1H), 2.42 (d, J = 11.5 Hz, 1H), 2.54 (dd, J = 12.2, 9.0 Hz, 1H), 

2.74 (dd, J = 12.2, 4.0 Hz, 1H), 4.10–4.13 (m, 1H), 5.01–5.03 (m, 1H), 5.15 

(dt, J = 10.5, 1.5 Hz, 1H), 5.05 (app s, 1H), 5.33 (dt, J = 17.5, 1.5 Hz, 1H). 

No signals were observed for the amine and alcohol protons, presumably 

due to H/D exchange. 

13C NMR (CDCl3, 125 MHz): δ 25.6, 34.5, 44.8, 55.5, 59.8, 70.2, 115.7, 117.2, 

135.4, 138.9. 

HRMS (ESI+): [M+H]+ calcd for C11H21NOH, 184.1701; found, 184.1702. 

 

Dimethyl vinyl aziridine 3.1f. Prepared from S-3.4f (190 mg, 1.0 mmol, 1.0 equiv) 

according to General Procedure D. Obtained 58 mg (35%) following purification 

using silica gel chromatograpy eluting with 4:96 Et2O:hexanes. 
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1H NMR (CDCl3, 125 MHz): δ 0.94 (s, 3H), 0.95 (s, 3H), 1.43 (d, J = 6.5 Hz, 1H), 

1.75 (d, J = 3.0 Hz), 1.77–1.81 (m, 1H), 1.83 (d, J = 12.0 Hz, 1H), 2.07 (d, 

J = 7.4 Hz, 2H), 2.37 (d, J = 11.9 Hz, 1H), 5.01 (d, J = 6.0 Hz, 1H), 5.04 

(app s, 1H), 5.10 (dd, J = 10.3, 1.4 Hz, 1H), 5.29 (dd, J = 17.2, 1.3 Hz, 1H), 

5.56 (ddd, J = 17.4, 10.0, 7.7 Hz, 1H), 5.79–5.87 (m, 1H). 

13C NMR (CDCl3, 125 MHz): δ 25.8, 25.8, 35.1, 35.5, 42.5, 45.3, 72.2, 116.0, 

117.1, 135.6, 138.9. 

HRMS (ESI+): [M+H]+ calcd for C11H19NH, 166.1596; found, 166.1597. 

 

Diphenyl(homoallyl) vinyl aziridine 3.1g (for indolizidine product). 

 

Diphenyl(homoallyl) acetonitrile S-3.2g. Prepared from diphenylacetonitrile (4.62 

g, 23.9 mmol, 1.00 equiv) according to General Procedure A using homoallyl 

bromide instead of allyl bromide. Crude S-3.2g (5.90 g) was obtained as a yellow 

oil.  The crude product (containing EtOAc and hexanes impurities) was used in 

the next step without purification. 1H NMR (CDCl3, 500 MHz): δ δ 2.17–2.21 (m, 

2H), 2.46–2.49 (m, 2H), 5.01 (dd, J = 11.2, 1.3 Hz, 1H), 5.06 (dd, J = 17.1, 1.5 Hz, 

1H), 5.78–5.86 (m, 1H), 7.29–7.32 (m, 2H), 7. 36–7.41 (m, 8H). This spectrum is 

consistent with previously reported spectral data.14 

 

Diphenyl(homoallyl) amine S-3.3g. Prepared from S-3.2g (5.90 g, 23.9 mmol, 

1.00 equiv) according to General Procedure B. Obtained S-3.3g (4.30 g, 73%) as 
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a clear, colorless oil. 1H NMR (CDCl3, 500 MHz): δ 0.76 (br s, 2H), 1.75–1.78 (m, 

2H), 2.19–2.22 (m, 2H), 3.34 (s, 1H), 4.91 (dd, J = 10.2, 1.3 Hz, 1H), 4.96 (dd, J = 

17.1, 1.6 Hz, 1H), 5.75–5.80 (m, 1H), 7.19–7.32 (m, 10H).  This spectrum is con-

sistent with previously reported spectral data.15 

 

Diphenyl(homoallyl) amino alcohol S-3.4g and S-3.4g'. Prepared from S-3.3g 

(1.89 g, 7.53 mmol, 1.00 equiv) according to General Procedure C. The amino 

alcohol was partially purified by silica gel column chromatography eluting from 1:1 

EtOAc:hexanes, then 100% EtOAc. Obtained crude S-3.4g and S-3.4g' (1.92 g) 

as a yellow oil. Analysis by 1H NMR spectroscopy revealed a mixture of regioi-

somers that was used without further purification. 

 

Diphenyl(homoallyl) vinyl aziridine 3.1g. Prepared from S-3.4g and S-3.4g' (963 

mg, 3.00 mmol) according to General Procedure D. Obtained a clear colorless oil 

(537 mg, 59%) following purification by silica gel chromatography eluting from 

95:5 hexanes:EtOAc. 

1H NMR (CD2Cl2, 500 MHz): δ 1.16 (d, J = 6.3 Hz, 1H), 1.45 (d, J = 3.3 Hz, 1H), 

1.48–1.52 (m, 1H), 1.73–1.77 (m, 2H), 2.38–2.42 (m, 2H), 2.88 (d, J = 11.9 

Hz, 1H), 3.12 (d, J = 11.9 Hz, 1H), 4.89–4.97 (m, 4H), 5.28–5.35 (m, 1H), 

5.78–5.83 (m, 1H), 7.14–7.18 (m, 6H), 7.23–7.26 (m, 4H).  

13C NMR (CD2Cl2, 125 MHz): δ 29.1, 35.5, 36.4, 42.2, 50.9, 68.1, 114.2, 115.6, 

126.1, 126.1, 128.1, 128.1, 128.5, 128.6, 139.1, 139.6, 147.9, 148.3.  

HRMS (ESI+): [M+H]+ calcd for C22H26N, 304.2065; found, 304.2061.   
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Synthesis of deuterium-labeled vinyl aziridines. 

 

Deuterated alkynyl nitrile S-3.12. Terminal alkyne S-3.1116 was deuterated using 

a procedure adapted from Bew17 To a 25 mL flame-dried two-neck flask were 

added alkyne (780 mg, 3.4 mmol, 1.0 equiv) and anhydrous K2CO3 (460 mg, 3.4 

mmol, 1.0 equiv) under positive N2 flow. Dry MeCN (11 mL) was added, and the 

resulting heterogeneous mixture was stirred vigorously for 30 min. D2O (3.0 mL, 

150 mmol, 44 equiv) was then added, and resulting biphasic mixture was stirred 

vigorously for 1 h. The reaction mixture was then diluted with 30 mL dry DCM, 

and the two layers were quickly separated. (Note: the aqueous layer is more 

dense than DCM.) The organic layer was then dried over Na2SO4. After decanting 

off the drying agent, the resulting solution was concentrated in vacuo to afford a 

pale yellow oil. Further removal of volatiles under reduced pressure (< 10 mTorr) 

overnight afforded the desired product as a pale yellow solid (730 mg, 94%) with 

ca. 93% deuterium incorporation. This product is identical to the corresponding 

proteo-alkyne S-3.11 by 1H NMR spectroscopy except for a ca. 93% reduction in 

the terminal alkyne signal. 

 

(Z)-Deuterium-labeled vinyl nitrile S-3.13. To a warm flame-dried 50 mL round 

bottom flask with a stir bar under Ar atmosphere was added Lindlar’s catalyst 

(140 mg, 37 mg per mmol alkyne). The atmosphere was purged with Ar, and then 
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toluene (3 mL), quinoline (1.3 g, 9.9 mmol, 2.6 equiv), and a solution of alkyne S-

12 (890 mg, 2.8 mmol, 1.0 equiv) in toluene (9 mL) were added in that order. The 

Ar line was replaced with a H2 balloon, and the heterogeneous mixture was stirred 

vigorously. After 1.5 h, a 0.1 mL aliquot was removed by syringe, diluted with ca. 

1 mL DCM, filtered through a celite pad in a pipet filter, and concentrated in 

vacuo. Analysis by 1H NMR spectroscopy showed full consumption of the alkyne. 

(Note: Monitoring the reaction by TLC was unhelpful because the alkyne starting 

material and the desired olefin nearly overlap in all solvent systems tested.) The 

entire reaction mixture was then filtered through a celite pad, which was subse-

quently washed with 50 mL DCM. The resulting solution was concentrated in 

vacuo, and the crude product was purified by column chromatography eluting 

form 3:97 EtOAc:hexanes. After concentration of product-containing fractions in 

vacuo and further removal of volatiles under reduced pressure (< 10 mTorr) over-

night afforded S-3.13 as a colorless oil as an enriched mixture of olefin di-

astereomers (760 mg, 85%, Z:E = 2:1). Spectroscopic data were identical to the 

previously reported data for this compound.18 

 

(Z)-Deuterium-labeled vinyl amine S-3.14. To a flame-dried 25 mL round bottom 

flask was added LiAlH4 (370 mg, 9.7 mmol, 3.0 equiv) and dry Et2O (5.0 mL). The 

resulting suspension was cooled to 0 °C, and then nitrile S-3.13 (760 mg, 3.2 

mmol, 1.0 equiv) was added dropwise in a solution of Et2O (5.0 mL). The reaction 

was allowed to warm to 25 °C and stir vigorously for 14 h under an atmosphere of 

static Ar. The reaction was then cooled to 0 °C and quenched by adding 3 mL of 1 
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M NaOH dropwise. The precipitate was removed by filtration, and the filter cake 

was washed with Et2O (50 mL). The organic layer was separated, washed with 

brine (3 × 15 mL), and then dried over Na2SO4. Concentration in vacuo and fur-

ther removal of volatiles under reduced pressure (< 10 mTorr) overnight afforded 

S-14 as turbid, pale yellow oil (702 mg, 92%) in ca. 90% purity. No olefin isomeri-

zation was observed. The product was carried forward without further purification. 

 

(Z)-Deuterium-labeled vinyl amino alcohol S-3.15. To a rapidly stirring suspension 

of amine S-3.14 (357 mg, 1.50 mmol, 1.00 equiv) in 2,2,2-trifluoroethanol (5.5 mL) 

in a 15 mL round bottom flask open to air was added butadiene monoxide (120 

µL, 1.50 mmol, 1.00 equiv). The flask was sealed with a septum, equipped with a 

vent needle, and stirred for 18 h. The resulting yellow solution was then concen-

trated in vacuo to a brown oil. Further removal of volatiles under reduced pressure 

(< 10 mTorr) afforded the desired amino alcohol S-3.15 (quant.). Analysis by 1H 

NMR spectroscopy was consistent with a mixture of regioisomers. The crude 

product was carried forward without further purification or characterization. 

 

(Z)-Deuterium-labeled vinyl aziridine 3.1a'. To a dry 25 mL round bottom flask 

was added Ph3PBr2 (460 mg, 1.7 mmol, 1.1 equiv) in the glovebox. The flask was 

sealed with a septum, removed from the glovebox, and placed under dynamic N2. 

Dry MeCN (3.0 mL) and DIPEA (0.60 mL, 3.5 mmol, 2.3 equiv) were added. The 

reaction vessel was cooled to 0 °C in an ice/water bath, and then amino alcohol 

S-3.15 (462 mg, 1.5 mmol, 1.0 equiv) was added dropwise in a solution of dry 



73 

MeCN (4.0 mL) while stirring vigorously. The ice bath was allowed to melt, slowly 

raising the temperature to 0 °C, and the reaction proceeded over 16 h. At this 

time, the crude reaction mixture was concentrated in vacuo to a volume of ca. 1 

mL. Et2O (10 mL) was added to precipitate the Ph3P=O coproduct, which was re-

moved by filtration. This concentration/precipitation/filtration cycle was repeated 

twice more before purifying the mixture by silica gel chromatography eluting from 

5:95 EtOAc:hexanes. Concentration and further removal of volatiles under re-

duced pressure (< 10 mTorr) provided aziridine 3.1a' (240 mg, 55%). No olefin 

isomerization was observed (Z:E = 2:1). Spectroscopic characterization was iden-

tical to the protiated analog (3.1a) except for a diminished intensity of two olefin 

signals. 

 

 

Alkynyl phthalamide S-3.16. Alkynyl nitrile S-3.1116 (3.07 g, 13.2 mmol, 1.00 

equiv) and dry Et2O (100 mL) were added to a flame-dried 250 mL round bottom 

flask. The flask was cooled to -42 °C in a dry ice/acetonitrile bath. DIBAL-H (1.0 M 

in hexane, 20. mL, 1.5 equiv) was added slowly, and the reaction was stirred at -

42 °C for 3 h. The reaction was then warmed to 0 °C and NaBH4 (1.52 g, 40.2 

mmol, 3.02 equiv) was added in a single portion, and then EtOH (100 mL) was 

added dropwise over 30 min. The reaction was then warmed to 25 °C and stirred 
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overnight. After that time, the reaction was cooled to 0 °C and quenched by add-

ing water. The reaction was diluted with Et2O, and the organic layer was sepa-

rated and washed with 1 M NaOH. The organic layer was then dried over 

Na2SO4. The drying agent was removed by filtration, and concentration in vacuo 

afforded an oil. Analysis of the crude product by 1H NMR spectroscopy indicated 

full conversion to the unprotected alkynyl amine. The oil was diluted in 20 mL dry 

toluene. Phthalic anhydride (2.3 g, 15.5 mmol, 1.2 equiv) was added, and the mix-

ture was refluxed 3 h while distilling to remove water azeotropically. Concentration 

in vacuo afforded the crude solid product, which was purified by silica gel chroma-

tography eluting from 3:7 EtOAc:hexanes. Obtained 720 mg white solid (23%). 

1H NMR (CDCl3, 500 MHz): δ 1.92 (t, J = 2.6 Hz, 1H), 3.16 (d, J = 2.4 Hz, 2H), 

4.58 (s, 2H), 7.22–7.29 (m, 10H), 7.66 (dd, J = 5.4, 3.1 Hz, 2H), 7.72 (dd, J 

= 5.4, 3.3 Hz, 2H). 

13C NMR (CDCl3, 125 MHz): δ 30.3, 45.8, 51.5, 71.7, 81.5, 123.3, 127.0, 127.9, 

128.6, 131.7, 134.1, 144.2, 168.3. 

HRMS (ESI+): [M+H]+ calcd for C25H19NO2Na, 388.1313; found, 388.1303. 

 

(E)-Deuterium-labeled vinyl phthalamide S-3.17. In the glovebox, alkynyl 

phthalamide S-3.16 (600. mg, 1.64 mmol, 1.00 equiv) was dissolved in dry DCM 

(10. mL) and transferred to a scintillation vial containing Schwartz’s reagent 

(Cp2Zr(H)Cl, 593 mg, 2.30 mmol, 1.40 equiv). After stirring for 20 min at 25 °C, 

CD3OD (1.2 mL) was added to deuterate the organozirconocene intermediate. 

After stirring for 2 h at 25 °C, the reaction mixture was concentrated in vacuo and 
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loaded directly onto a silica gel column in a minimum of DCM and eluted using a 

gradient from 3:7 EtOAc:hexanes to 1:1 EtOAc:hexanes. The product was ob-

tained as a white solid (502 mg, 83%). 

1H NMR (CDCl3, 500 MHz): δ 3.03 (d, J = 6.9 Hz, 2H), 4.48 (s, 2H), 5.11 (d, J = 

17.2 Hz, 1H), 5.73 (dt, J = 17.2, 7.0 Hz, 1H), 7.21–7.29 (m, 10H), 7.66 (dd, 

J = 5.4, 3.1 Hz, 2H), 7.73 (dd, J = 5.6, 3.1 Hz, 2H). 13C NMR (CDCl3, 125 

MHz): δ 42.3, 45.2, 51.6, 118.3 (t, JC-D = 97.5 Hz), 123.1, 126.4, 127.7, 

128.6, 131.7, 133.8, 134.0, 145.4, 168.1. These spectral data reflect a D 

incorporation of greater than 95%. 

 

(E)-Deuterium-labeled vinyl amine S-3.18. In a scintillation vial, phthalamide 

S-3.17 (360 mg, 0.97 mmol, 1.0 equiv) was suspended in EtOH (5 mL). Hydrazine 

monohydrate (49 µL, 0.97 mmol, 1.0 equiv) was added. The vial was capped and 

the heterogeneous reaction mixture was heated at 75 °C for 18 h. At this time, the 

crude reaction mixture was concentrated in vacuo and the resulting residue was 

extracted into DCM, which was loaded directly onto a silica gel plug. The product 

was eluted with 1:20 MeOH:DCM. Each fraction was spotted onto a TLC plate 

and checked for UV absorbance. UV-absorbing fractions were combined and 

concentrated in vacuo to afford a colorless oil (170 mg). Analysis by 1H NMR 

spectroscopy was consistent with the desired amine product in ca. 70% purity, 

and the oil was carried forward without further purification or characterization.  
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(E)-Deuterium-labeled vinyl amino alcohol S-3.19. In a dram vial, crude vinyl 

amine S-3.18 (170 mg, 0.71 mmol, 1.0 equiv) was diluted with MeOH (3.0 mL). 

Butadiene monoxide (170 µL, 2.1 mmol, 3.0 equiv) was added dropwise, the vial 

was capped, and the reaction was allowed to stir at 25 °C for 26 h. At this time, 

the reaction mixture was concentrated in vacuo and loaded onto a silica gel col-

umn in a minimum amount of DCM. The product was eluted using 1:20 

MeOH:DCM. Product-containing fractions were detected as with amine S-3.18 

and were combined and concentrated in vacuo to a clear, colorless oil (110 mg). 

Analysis by 1H NMR spectroscopy was consistent with the desired amino alcohol 

as a mixture of regioisomers, and the oil was carried forward without further char-

acterization or purification. 

 

(E)-Deuterium-labeled vinyl aziridine 3.1a''. This reaction was set up in the glove-

box due to moisture sensitivity. To a scintillation vial containing triphenyl-

phosphine dibromide (180 mg, 0.43 mmol, 1.2 equiv) was added dry MeCN and 

DIPEA (140 µL, 0.82 mmol, 2.3 equiv). Amino alcohol S-3.19 (110 mg, 0.36 

mmol, 1.0 equiv) was added dropwise as a solution in dry MeCN (total reaction 

concentration, 0.20 M in amino alcohol). CAUTION: Reaction is exothermic. The 

vial was capped and the reaction mixture was stirred at 25 °C in the glovebox for 

26 h. At this time, the reaction mixture was removed from the glovebox and con-

centrated in vacuo. The resulting residue was extracted into Et2O and concen-

trated in vacuo again. The resulting residue was then extracted with 1:1 hex-

anes:Et2O, filtered to remove much of the remaining Ph3P=O coproduct, and con-
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centrated in vacuo a final time. Purification of the resulting residue by silica gel 

chromatography eluting from 1:50 EtOAc:hexanes afforded the desired product 

as a clear, colorless oil (50. mg, 49%, Z:E = 2:1). The 1H NMR spectrum was 

identical to the analogous per-protiated substrate (3.1a) except for the disappear-

ance of one of the olefin signals. HRMS (ESI+): [M+H]+ calcd for C21H23DN, 

291.1971; found, 291.1973. 

 

Rearrangement of deuterium-labeled vinyl aziridines. 

Dual-catalyzed rearrangement of (Z)-deuterium-labeled vinyl aziridine 3.1a'. In the 

glovebox, a solution of gold precatalyst 3.5 (6.1 mg, 0.010 mmol, 5.0 mol %) in 

dry DCM (0.5 mL) was added to a dram vial containing NaBArF (3.6, 8.9 mg, 

0.010 mmol, 5.0 mol %) using 0.25 mL dry DCM as a rinse. The resulting suspen-

sion was transferred to a screw-cap dram vial containing vinyl aziridine 3.1a' (58. 

mg, 0.20 mmol, 1.0 equiv) and a micro stir bar using 2 × 0.3 mL dry DCM as a 

rinse. Finally, Pd2dba3 (4.6 mg, 0.0050 mmol, 2.5 mol %) was added to the az-

iridine mixture in a solution with dry DCM (0.5 mL) using 04 mL dry DCM as a 

rinse. The vial was capped and the reaction mixture was stirred 25 °C in the 

glovebox for 26 h. After this time, the reaction mixture was removed from the 

glovebox and concentrated in vacuo to an oily brown solid, which was purified by 

column chromatography eluting using a gradient from 1:5:94 to 1:7:92 

NH4OH:MeOH:CHCl3. Many fractions contained the two diastereomers expected 

based on the analogous reaction of perprotiated aziridine 3.1a (i.e., not related to 

the relative stereochemistry of the deuterium), but in order to facilitate interpreta-



78 

tion of spectroscopic data, only fractions containing a single diastereomer were 

characterized fully by nOe analysis. 

Dual-catalyzed rearrangement of (E)-deuterium-labeled vinyl aziridine 3.1a''. In 

the glovebox, a solution of gold precatalyst 3.5 (5.3 mg, 0.0086 mmol, 5.0 mol %) 

in dry DCM (1.5 mL, 0.11 M in aziridine) was added to a dram vial containing 

BArF salt 3.6 (7.6 mg, 0.0086 mmol, 5.0 mol %). The resulting suspension was 

transferred to a dram vial containing vinyl aziridine 3.1a'' (50. mg, 0.17 mmol, 1.0 

equiv). Finally, the resulting suspension was transferred to a screw-cap dram vial 

containing Pd2dba3 (3.9 mg, 0.0043 mmol, 2.5 mol %). The vial was capped and 

the reaction mixture was stirred 25 °C in the glovebox for 26 h. After this time, the 

reaction mixture was removed from the glovebox and loaded directly onto a silica 

gel pipet column. The column was flushed with CHCl3 to remove the yellow dba 

band, and then the product was eluted with 1:99 MeOH:CHCl3. Fractions contain-

ing primarily diastereomers of the desired product by TLC analysis were com-

bined and concentrated in vacuo. Following a second purification under the same 

conditions, the desired product was obtained as a mixture of diastereomers (20. 

mg, 40%). 

Assignments were made for deuterated pyrrolizidines 3.2a' and 3.2a'' on 

the basis of nOe analysis and by comparison to fully assigned spectral data for 

the analogous per-protiated pyrrolizidine 3.2a. See the 1H NMR spectra below. 

(Note: For samples isolated as a mixture of two diastereomers at the allylic car-

bon, a prime mark [ ' ] is used to indicate peaks corresponding to the second iso-

mer.) 
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The following figure is an expanded overlay of three 1H NMR spectra 

(3.2a', 3.2a, and 3.2a'') in CDCl3.  The highlighted bands show the loss of a pro-

ton signal relative to perprotiated 3.2e corresponding to the incorporation of deu-

terium at that position.  Top spectrum: 3.2a' 1H NMR spectrum showing the loss 

of proton f2 (deuterium incorporation at this position).  Middle spectrum: perproti-

ated 3.2a 1H NMR spectrum.  Bottom spectrum: 3.2a'' 1H NMR spectrum showing 

the reduction of proton f1 (deuterium incorporation at this position).  
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Dual-catalyzed rearrangement of (Z)-deuterium-labeled vinyl aziridine 3.1a' under 

Na-free conditions. 

In the glovebox, gold precatalyst 3.5 (1.3 mg, 0.0022 mmol, 5.5 mol %) and 

BArF salt 3.6 (1.8 mg, 0.0020 mmol, 5.0 mol %) were weighed into separate dram 

vials. Precatalyst 3.5 was dissolved in 0.2 mL DCM and transferred to the vial 

containing 3.6. The resulting suspension was taken into a syringe, which was then 

equipped with a Target® Luer-Lock 0.2 µm PTFE filter. The (CAAC)AuBArF/NaCl 

suspension was filtered into a clean dram vial, and two 0.2 mL portions of DCM 

were used to rinse the vials formerly containing 3.5 and 3.6 as well as the filter to 

ensure full transfer of the cationic gold complex. The filtrate was then concen-

trated under reduced pressure to a clear, colorless glassy residue, from which 

volatiles were further removed in vacuo for 30 min. The residue was then taken 

up into a syringe with 0.25 mL CD2Cl2, and the resulting solution was filtered 

through another 0.2 µm PTFE filter cartridge into a dram vial containing deute-
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rium-labeled aziridine 3.1a' (11.6 mg, 0.0400 mmol, 1.00 equiv) in order to re-

move residual NaCl. The resulting solution was then transferred to a screw-cap 

dram vial containing Pd2dba3 (0.9 mg, 0.001 mmol, 2.5 mol %). All vials were then 

rinsed with an additional 0.25 mL portion of CD2Cl2 to ensure full transfer. The re-

action vessel was then capped, and the reaction was allowed to proceed in the 

glovebox at 25 °C. The crude reaction mixture was transferred to a J. Young tube 

for observation. After 2.5 d, the reaction had stalled at ca. 55 % conversion. The 

crude reaction was then concentrated in vacuo to an oily residue, which was sub-

sequently purified by column chromatography eluting using a gradient: 0:1:99 to 

4:1:95 MeOH:NH4OH:CHCl3. Analysis of the purified product by 1H NMR spec-

troscopy showed stereospecific deuterium incorporation matching the analogous 

reaction in which NaCl had not been removed.  

 

Computational Details and Optimized Cartesian Coordinates for 3.16 and 3.17 

Structures were first modeled using Avogadro19 1.1.1 and optimized using 

UFF molecular mechanics. Each structure was then subjected to a systematic 

conformational search in Spartan ’0820 of up to 10,000 conformers using molecu-

lar mechanics (MMFF). The five lowest-energy conformers were then further op-

timized in the gas phase in Gaussian 0921 using density functional theory (DFT) 

with the PBE functional22 and the Def2SV basis set.23
 Cationic complexes (formal 

charge +1) were modeled with a singlet spin state. 
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Olefin-bound vinyl aziridine complex 3.16, optimized geometry. 
Atom x (Å) y (Å) z (Å) Atom x (Å) y (Å) z (Å) 

Au -0.1958 -0.3193 0.4164 H 5.5641 -2.1977 0.6224 
C 1.8035 -0.1323 -0.0273 C 3.9754 -3.3505 -1.3015 
N 2.3430 1.1782 -0.1462 H 3.7010 -4.1489 -2.0279 
C 3.0178 -1.1542 -0.1710 H 4.8724 -2.8192 -1.6952 
C 4.1538 -0.2413 -0.8500 C 3.1064 -4.7751 0.6931 
C 3.8780 1.2436 -0.3619 H 5.2115 -4.6405 0.0251 
H 3.8425 -0.2951 -1.9311 C 1.4868 -3.2507 -0.6150 
H 5.1967 -0.5672 -0.6877 H 2.4637 -1.9580 -2.1697 
C 1.5233 2.4230 -0.2780 C 2.2405 -2.6498 1.8515 
C 1.2528 3.1991 0.9367 H 3.6839 -0.9645 1.9600 
C 0.5933 4.4713 0.7134 C 1.8561 -3.8057 0.8308 
C 0.3239 4.9922 -0.5886 H 1.2920 -4.1005 -1.3078 
C 0.6066 4.1861 -1.7344 H 0.5722 -2.6236 -0.6036 
C 1.1862 2.8615 -1.6351 H 3.3626 -5.2028 1.6913 
C 1.4318 2.6351 2.3811 H 2.8581 -5.6111 -0.0056 
C 0.0934 2.7825 3.2287 H 0.9954 -4.3795 1.2349 
H 0.2046 2.1890 4.1627 H 1.3907 -1.9792 2.0820 
H -0.7998 2.4233 2.6805 H 2.5828 -3.0874 2.8198 
H -0.0639 3.8520 3.4773 C -2.0107 0.1320 1.6728 
C 2.5914 3.3528 3.2025 C -2.5532 -0.3168 0.3919 
H 1.6491 1.5524 2.2737 H -1.9708 1.2036 1.8887 
H 2.7248 2.8454 4.1740 H -2.0571 -0.5426 2.5555 
H 2.2674 4.4101 3.3522 C -3.2758 -1.6920 0.1967 
H 3.5568 3.3354 2.6582 H -2.7952 0.4783 -0.3425 
C 1.2987 1.9391 -2.8952 C -4.0816 -1.8801 -1.1605 
C 1.7817 2.7407 -4.1748 H -4.0637 -1.7794 0.9759 
H 1.8143 2.0396 -5.0274 H -2.5360 -2.5162 0.3082 
H 1.0576 3.5661 -4.3717 C -5.1968 -0.7533 -1.2587 
H 2.7912 3.1811 -4.0225 C -4.7977 -3.2944 -1.0955 
C -0.0861 1.2195 -3.1837 H -4.0269 -4.0930 -1.0474 
H 2.0357 1.1370 -2.6425 H -5.4176 -3.4517 -2.0039 
H -0.2942 0.4473 -2.4099 H -5.4478 -3.3133 -0.1960 
H -0.8970 1.9760 -3.1600 C -3.1511 -1.8285 -2.4378 
H -0.0040 0.7163 -4.1635 H -3.7822 -1.8679 -3.3553 
H -0.1197 5.9839 -0.7102 H -2.4517 -2.6980 -2.4435 
H 0.3667 4.6073 -2.7245 H -2.5426 -0.8934 -2.4357 
H 0.3497 5.1093 1.5784 N -6.2327 -0.8123 -0.1248 
C 4.3084 2.3999 -1.3443 H -5.7608 -0.9382 -2.1974 
H 3.7553 2.4285 -2.3135 H -4.6825 0.2542 -1.2863 
H 5.3891 2.2970 -1.5279 C -6.9659 0.5195 0.0921 
H 4.0855 3.3817 -0.8493 C -5.9585 0.0048 1.1592 
C 4.6531 1.4705 1.0098 H -4.9941 0.5066 1.2906 
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H 4.3456 0.6726 1.7196 H -6.4843 -0.3561 2.0617 
H 4.4434 2.4691 1.4410 C -8.4755 0.4165 0.3088 
H 5.7384 1.4034 0.8073 H -6.6218 1.3663 -0.5312 
C 2.7021 -2.3829 -1.1685 C -9.2532 1.1026 1.2136 
C 3.4453 -1.7910 1.2597 H -8.9741 -0.2965 -0.3729 
C 4.7163 -2.7516 1.0916 H -10.3246 0.9619 1.2610 
C 4.3427 -3.9583 0.1202 H -8.7708 1.7822 1.9297 
H 5.0322 -3.0959 2.0964     

    
    

N-bound vinyl aziridine complex 3.17, optimized geometry. 
Atom x (Å) y (Å) z (Å) Atom x (Å) y (Å) z (Å) 

N 2.6242 -0.2993 1.2080 C -2.9287 3.2618 3.2941 
C 3.1472 1.0605 1.7325 H -2.2938 4.1101 3.6318 
C 2.6973 0.0112 2.7691 H -3.7663 3.6766 2.6941 
H 2.5532 1.9274 1.4729 H -3.3343 2.7082 4.1588 
H 4.2407 1.2186 1.7129 C -0.9577 1.5686 3.3762 
C 3.6737 -1.2933 0.6322 H -2.7146 1.4407 2.0475 
C 3.8668 -1.3179 -0.9495 H -0.1373 2.2994 3.5368 
H 3.3683 -2.3330 0.8983 H -1.4525 1.2852 4.3223 
H 4.6275 -1.0210 1.1482 H -0.5286 0.6405 2.9291 
C 5.2230 -2.1126 -1.1919 H 0.2866 5.9164 0.4023 
H 5.1637 -3.1287 -0.7389 H -0.8932 4.8144 2.2880 
H 6.0619 -1.5365 -0.7257 H 0.5032 4.7943 -1.8055 
H 5.4035 -2.2058 -2.2835 C -4.2917 2.1924 -0.1161 
C 2.6826 -2.1239 -1.6222 H -4.0633 2.4677 0.9389 
H 2.6014 -3.1268 -1.1453 H -5.3656 1.9742 -0.2227 
H 2.9069 -2.2475 -2.6947 H -4.0218 3.0907 -0.7251 
H 1.7053 -1.5971 -1.5293 C -3.7455 0.8889 -2.2407 
C 3.9929 0.1485 -1.5498 H -3.1586 0.0570 -2.6890 
C 4.0424 0.2052 -3.1005 H -3.4821 1.8508 -2.7249 
H 4.9492 0.5947 -1.1937 H -4.8238 0.7136 -2.4106 
H 3.1352 0.7405 -1.1603 C -2.3917 -2.3400 1.1626 
C 4.8390 1.0292 -3.8577 C -2.3754 -2.2190 -1.4513 
H 3.4627 -0.5845 -3.6155 C -3.5841 -3.2695 -1.4967 
H 5.4955 1.7430 -3.3451 C -3.4744 -4.2589 -0.2525 
H 4.8450 0.9792 -4.9378 H -3.5360 -3.8064 -2.4641 
Au 0.5913 -0.2082 0.4521 H -4.5646 -2.7421 -1.4404 
C -1.3810 -0.1801 -0.0439 C -3.5918 -3.4004 1.0821 
N -1.9740 1.0211 -0.3234 H -3.4984 -4.0453 1.9871 
C -2.4823 -1.3189 -0.0973 H -4.5938 -2.9200 1.1169 
C -3.8461 -0.4770 -0.0409 C -2.0825 -5.0250 -0.2935 
C -3.5084 0.9444 -0.6696 H -4.2978 -4.9970 -0.2922 
H -4.0877 -0.3582 1.0504 C -1.0332 -3.1897 1.1688 
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H -4.6744 -0.9724 -0.5881 H -2.4874 -1.7446 2.1036 
C -1.3198 2.3779 -0.1382 C -1.0035 -3.0247 -1.4957 
C -0.6303 2.9721 -1.2843 H -2.4306 -1.5485 -2.3341 
C -0.0753 4.2859 -1.0188 C -0.9001 -3.9638 -0.2132 
C -0.1750 4.9398 0.2456 H -1.1300 -3.9353 1.9923 
C -0.8536 4.2892 1.3212 H -0.1330 -2.5908 1.4215 
C -1.4114 2.9578 1.2014 H -2.0019 -5.6113 -1.2397 
C -0.4110 2.2880 -2.6713 H -2.0138 -5.7314 0.5682 
C 1.0930 2.3982 -3.1774 H 0.0657 -4.5098 -0.2365 
H 1.2815 3.4785 -3.3540 H -0.1563 -2.3178 -1.6250 
H 1.1711 1.8168 -4.1169 H -1.0246 -3.6536 -2.4134 
H 1.8471 2.0055 -2.4684 C 3.7542 -0.7147 3.5926 
C -1.3211 2.9403 -3.8096 H 1.6918 0.0835 3.2148 
H -0.6775 1.2121 -2.5520 C 4.9645 -0.2093 4.0071 
H -1.2276 2.3438 -4.7375 H 3.4852 -1.7375 3.8968 
H -0.9417 3.9749 -3.9814 H 5.2400 0.8272 3.7680 
H -2.3869 2.9921 -3.5151 H 5.6468 -0.7999 4.6059 
C -2.0518 2.2481 2.4453     
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Chapter 4  
Early Investigations in Dual-Catalyzed 
Borylation: Preface to Alkoxyboration 

Abstract: A borylation reaction cocatalyzed by Au and Rh was proposed as a means of isolating 

catalytic organogold intermediates as the corresponding organoboron derivatives for use in sub-

sequent functionalization steps. Products consistent with the proposed reactivity were obtained, 

but control experiments indicated no role for Rh in the reaction; organogold complexes were found 

to undergo facile thermal reactivity with electrophilic B without Rh. Electronic effects in the che-

moselective borylation of heterocyclic organogold complexes were studied, suggesting design pa-

rameters used in the development of the Au-catalyzed borylation reactions discussed in Chapters 

5 and 6. 

Introduction 

Because of its carbophilic Lewis acidity, Au(I) is commonly used in homo-

geneous catalysis to promote the attack of nucleophiles on C–C multiple bonds.1-4 

These intra- or intermolecular reactions often occur at room temperature and are 

general for both a wide variety of nucleophiles (e.g., amines, alcohols, carboxy-

lates, and esters) and a diverse set of pro-electrophiles (e.g., alkynes, allenes, 

and olefins). The mechanism of Au(I)-catalyzed nucleophilic addition to C–C mul-

tiple bonds has been well-documented and in many cases proceeds through an 

organogold intermediate.1–4 Despite the diversity of pathways through which 

these catalytic organogold intermediates are generated, subsequent functionali-

zation of the C–Au bond is largely limited to protonation (4.3, Scheme 4.1) or 
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trapping with a small number of other electrophiles, such as carbocation,5–7 silyl,8 

and sulfonyl9 electrophiles (4.4). Although each of these reactions represented an 

important advance in the field of Au catalysis, the specialized systems they em-

ploy do not represent a general means of achieving Au catalyst turnover. An al-

ternative method of functionalizing catalytic organogold intermediates could dra-

matically increase the synthetic versatility of Au-catalyzed rearrangements. Stud-

ies in the Blum group have demonstrated the interception of catalytic organogold 

intermediates through Pd-catalyzed cross-coupling reactivity, though this ap-

proach thus far has largely been limited to allylation (4.5).10,11 We have hypothe-

sized that this lack of generality arises from a requirement for the Pd-catalyzed 

steps to outcompete redox decomposition of the organogold intermediate,12 a 

pathway in which the allyl group could be uniquely kinetically suitable. 

Scheme 4.1. Functionalization of catalytic organogold intermediates by electrophilic trapping.  

 

 

When stoichiometric Au is employed, organogold compounds structurally 

similar to catalytic intermediates can be isolated and subsequently functionalized 

through Pd-catalyzed cross-coupling reactions,13–15 allowing for a greater breadth 
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of coupling partners. However, the high cost of employing stoichiometric Au on a 

preparatory scale is a clear disadvantage of this method. As a conceptual alterna-

tive, we envisioned that a catalytic organogold intermediate could be trapped by a 

second, inexpensive stoichiometric metal, isolated and stored indefinitely, and 

later used in subsequent cross-coupling reactions. A previous report from the 

Blum group disclosed a method for preparing α-stannyl enoates using Au and Pd 

cocatalysis.16 More recently, Liu demonstrated a creative approach to trap cata-

lytic organogold intermediates in a cyclization reaction with electrophilic Sn (4.6, 

Scheme 4.2), but the resulting stannanes were sluggishly reactive in Stille cross-

coupling reactions.17 We envisioned that trapping with B (4.7) instead of Sn would 

offer the twofold advantage of (1) many available downstream functionalization 

reactions18 and (2) diminished toxicity19 of the metalated product. In this way, 

catalytic organogold intermediates could conceptually be isolated as their or-

ganoboron analogs for use in subsequent functionalization reactions.  This reac-

tion would thus provide a means to combine the cyclization reactivity accessible 

using Au catalysis with the synthetic versatility of organoboron reagents. 

Scheme 4.2. Functionalization of catalytic organogold cyclization intermediates by metalation.  
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Results and Discussion 

It was envisioned that a reaction cocatalyzed by Au and either Rh or Ir 

would allow for tandem intramolecular cyclization and borylation to furnish boronic 

ester products not readily available through other methods. The original mecha-

nistic hypothesis underlying this project area is shown in Scheme 4.3. Lewis 

acidic Au(I) cocatalyst 4.8 was expected to promote an intramolecular nucleophilic 

addition to an alkyne to give vinylgold complex 4.11, which is known to be an in-

termediate in many Au-catalyzed reactions.1–4 Neutral vinylgold complex 4.11 

could undergo transmetalation with Rh(III)-boryl intermediate 4.12, an elementary 

step that has been studied previously in the Blum group.20 The resulting organo-

Rh(III) complex 4.13 could then undergo C–B bond-forming reductive elimina-

tion21 to provide desired borylated product 4.14 and regenerate the active Rh(I) 

catalyst, 4.15. Oxidative addition by 4.15 into haloborane 4.16, such as 

B-chlorocatecholborane,22 would complete the envisioned dual-catalytic cycle. 

Scheme 4.3. Mechanistic hypothesis underlying early studies of Au/B dual metal reactivity.  
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In order to simplify early investigations of the hypothesized Au/Rh dual-

catalyzed borylation reaction, a pair of experiments were conducted with 

stoichiometric organogold complex 4.17 (Scheme 4.4). The purpose of these ex-

periments was to study the proposed Rh catalytic cycle independent of the suc-

cess or failure of Au catalyst turnover. Treatment of 4.17 and known oxidative ad-

dition partner 4.18 in the presence of Wilkinson’s catalyst afforded rapid, clean 

conversion to the anticipated borylation product 4.20 and Au coproduct 4.21. This 

result suggested a functional Rh-catalyzed borylation reaction as shown in 

Scheme 4.3. However, the Rh-free control experiment afforded identical boryla-

tion reactivity, thereby indicating that the observed borylation reaction is best de-

scribed as a direct transmetalation from Au to B; no second metal catalyst was 

necessary. 

Scheme 4.4. Borylation of a stoichiometric organogold complex.  
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Also studied was the borylation of stoichiometric organogold complex 4.24, 

which Hammond demonstrated to be an intermediate in a Au-catalyzed cycliza-

tion reaction of allenoates (Scheme 4.5).23 Treatment of isolated 4.24 with B elec-

trophile 4.18 was expected to provide boronic ester 4.25 through a C-borylation 

pathway analogous to the one shown in Scheme 4.4. Instead, characterization 

data were consistent with the product of ring-opening O-borylation, boric ester 

4.26. 

Scheme 4.5. O-Borylation vs. C-borylation in an isolable Au catalytic intermediate.  

 

 

It was hypothesized that under yet-undetermined conditions (see Chapter 

5), boronic ester 4.25 and boric ester 4.26 could be present in equilibrium and 
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thus the distribution of these two species could be subject to thermodynamic con-

trol (Scheme 4.6). Computational inquiry using density functional theory (DFT) 

suggested that such an equilibrium would favor undesired O-borylated boric ester 

4.26, presumably because the B empty p orbital in 4.25 is poorly stabilized by the 

electron-poor alkene. Switching to phenol-derived boric ester 4.27 reversed the 

calculated equilibrium to favor C-borylated benzofuran 4.28. This reversal is likely 

due in part to better stabilization of the B empty p orbital of 4.28 afforded by the 

electron-rich enol ether moiety. Thus, computational studies suggested that C-

borylation could be promoted through the formation of electron-rich vinyl boronic 

esters. 

Scheme 4.6. Computational study of potential equilibria in O-borylation vs. C-borylation.  

 

Gas-phase thermochemical data calculated using the B3LYP functional and 6-31G basis set at a 

temperature of 298.15 K and a pressure of 1.000 atm. 

 

In light of the experimental and computational results presented in this 

chapter, subsequent borylation efforts were targeted towards forming electron-rich 
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vinylboronic esters through a reaction catalyzed only by Au and not a second 

transition metal. The results of these studies are described in Chapters 5 and 6. 
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Experimental 

General Considerations 

All chemicals were used as received from commercial sources unless oth-

erwise noted. Dichloromethane-d2 was dried over CaH2, degassed using three 

freeze-pump-thaw cycles, and vacuum transferred prior to use.  All manipulations 

were conducted in a glovebox under nitrogen atmosphere. All proton and carbon 

nuclear magnetic resonance (1H and 13C NMR) spectra were recorded on a 

Bruker DRX-400 spectrometer, Bruker DRX-500 spectrometer outfitted with a 

cryoprobe, or a Bruker AVANCE-600 spectrometer. All boron nuclear magnetic 
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resonance (11B NMR) spectra were recorded on a Bruker AVANCE-600 spec-

trometer. All phosphorous nuclear magnetic resonance (31P NMR) spectra were 

recorded on a Bruker DRX-400. All chemical shifts (δ) are reported in parts per 

million (ppm) downfield of tetramethylsilane, and referenced to the residual proti-

ated solvent peak (δ = 5.32 ppm for CD2Cl2 in 1H NMR spectroscopy experiments; 

δ = 53.84 ppm for CD2Cl2 in 13C NMR spectroscopy experiments). 11B and 31P 

NMR spectroscopy experiments are referenced to the absolute frequency of 

0 ppm in the 1H dimension according to the Xi scale. Low- and high-resolution 

mass spectrometry data were obtained at the University of California, Irvine.  

 

Synthetic Procedures  

 

4.17. Organogold compound 4.17 was prepared according to a literature proce-

dure.1 The product was obtained as a white powder (301 mg, 55% yield). 1H NMR 

(CD2Cl2, 500 MHz): δ 7.60–7.64 (m, 6H), 7.47–7.54 (m, 9H), 7.38 (m, 2H), 7.07 

(d, J = 7.2 Hz, 2H), 2.30 (s, 3H). This spectrum is in agreement with previously 

reported spectral data. 

 

 

4.24. Organogold complex 4.24 was prepared according to a literature proce-

dure.2 1H NMR (CD2Cl2, 500 MHz): δ 7.50–7.58 (m, 15H), 4.99 (q, J = 6.6 Hz, 
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1H), 1.97 (t, J = 1.1 Hz, 3H), 1.43 (d, J =  6.9 Hz, 3H). This spectrum is in agree-

ment with previously reported spectral data. 

 

Borylation of organogold complex 4.17 (Scheme 4.4) 

With catalytic Rh. In a N2-filled glovebox, organogold complex 4.17 (14 mg, 26 

µmol, 1.0 equiv) was dissolved in 300 µL CD2Cl2 and added to a dram vial con-

taining Rh complex 4.19 (2.3 mg, 2.6 µmol, 10. mol %). The resulting pale yellow 

solution was added to a dram vial containing B-chlorocatecholborane (5.0 mg, 

33 µmol, 1.3 equiv). The resulting solution was transferred to a J. Young NMR 

tube, and each vial was rinsed with an additional 200 µL CD2Cl2 to facilitate com-

plete material transfer. The mixture was allowed to react for 40 min at 25 °C, after 

which time the following spectroscopic data were obtained for the crude mixture: 

1H NMR (CD2Cl2, 400 MHz): δ 7.97 (d, J = 7.7 Hz, 2H), 7.58–7.47 (m, 15H), 7.33–

7.30 (m, 4H), 7.13 (dd, J = 2.4, 1.4 Hz, 2H), 2.43 (s, 3H), plus trace signals 

corresponding to unreacted 4.18 and one or two Rh-phosphine com-

plex(es), some of which partially overlap with the peaks listed above. 

 31P NMR (CD2Cl2, 162 MHz): δ 51.5 (d, J = 196.1 Hz, minor signal), 33.1 (s, ma-

jor signal), 31.4 (dd, J = 143.6, 37.0 Hz, trace signal). 

These spectroscopic data indicate full conversion of organogold complex 

4.17 to Ph3PAuCl (authentic sample 31P NMR, δ 33.1 in CD2Cl2) and a single tolyl-

containing product. Following spectroscopic analysis of the crude mixture, the re-

action was exposed to air and concentrated in vacuo. The resulting residue was 

purified by sublimation at ca. 10 mTorr to afford 7.8 mg of a white solid with 1H 
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NMR data matching previously reported spectral data for the purified borylated 

product 4.20.3 

1H NMR (CDCl3, 500 MHz): δ 8.00 (d, J = 7.9 Hz, 2H), 7.33–7.31 (m, 2H), 7.13 

(dd, J = 5.8, 3.3 Hz, 2H), 2.44 (s, 3H), plus several other trace signals cor-

responding to ca. two unidentified decomposition products. 

 

Without catalytic Rh. The Rh-free control reaction was conducted analogous to 

the procedure above but with rhodium complex 4.19 omitted. The mixture was al-

lowed to react for 40 min at 25 °C, after which time the following spectroscopic 

data were obtained for the crude mixture. 

1H NMR (CD2Cl2, 400 MHz): δ 7.97 (d, J = 7.8 Hz, 2H), 7.58–7.47 (m, 15H), 7.33–

7.30 (m, 4H), 7.13 (dd, J = 2.4, 1.4 Hz, 2H), 2.43 (s, 3H), plus trace signals 

corresponding to unreacted 4.18, some of which partially overlap with the 

peaks listed above. 

 31P NMR (CD2Cl2, 162 MHz): δ 33.1 (s). No other signals were observed. 

These spectroscopic data indicate full conversion of organogold complex 

4.17 to Ph3PAuCl (authentic sample 31P NMR, δ 33.1 in CD2Cl2) and desired bory-

lation product 4.20. 

 

Borylation of organogold complex 4.24 (Scheme 4.5) 

In a N2-filled glovebox, organogold complex 4.24 (12 mg, 20. µmol, 

1.0 equiv) was dissolved in 500 µL CD2Cl2 and added to a dram vial containing 

B-chlorocatecholborane (3.1 mg, 20. µmol, 1.0 equiv). The resulting solution was 
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transferred to a J. Young NMR tube and allowed to react at 25 °C. The reaction 

progress was monitored by 1H and 31P NMR spectroscopy periodically for 20 h, at 

which time 4.24 was ca. 90% consumed by 31P NMR analysis. The following 

spectroscopic data were obtained for the crude mixture: 

1H NMR (CD2Cl2, 400 MHz) displayed many overlapping, broad signals, most of 

which were not useful in structure determination. The most diagnostic sig-

nal was observed at δ = 5.60 (br s, 3H) corresponding to the allene olefinic 

proton. 

11B NMR (CD2Cl2, 193 MHz): δ 22.7 (br s). No other signals were observed. 

31P NMR (CD2Cl2, 162 MHz): δ 44.1 (s, minor signal), 33.1 (s, major signal). 

These spectroscopic data indicate ca. 90% conversion of organogold com-

plex 4.24 to Ph3PAuCl (authentic sample 31P NMR, δ 33.1 in CD2Cl2). The obser-

vation of a vinylic proton by 1H NMR and a boric ester [B(OR)3] moiety by 11B 

NMR suggested the formation of ring-opening product 4.26. However, further 

analysis was precluded by the high air sensitivity of this product. 

 

Computational Details and Cartesian Coordinates for Optimized Structures 

Thermochemical data for compounds 4.25–4.28 were obtained for opti-

mized geometries of the ground-state conformer for each molecule. Structures 

were first modeled using Avogadro4 1.1.1 and optimized using UFF molecular 

mechanics. Each structure was then subjected to a systematic conformational 

search in Spartan ’085 of up to 10,000 conformers using molecular mechanics 

(MMFF). The five lowest-energy conformers were then further optimized in the 
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gas phase in Gaussian 096 using density functional theory (DFT) calculations with 

the B3LYP functional7,8 and the 6-31G basis set.9 Thermochemical data were cal-

culated at the same level of theory at a temperature of 298.15 K and a pressure 

of 1.000 atm. 

 
4.25, optimized Cartesian coordinates. 

Atom x (Å) y (Å) z (Å) Atom x (Å) y (Å) z (Å) 
C -0.8230 2.3695 0.0607 H -3.7934 -2.4590 1.7608 
C -0.4531 1.0895 -0.2013 H -2.7983 -3.5231 0.7730 
C -2.2872 2.5144 -0.1833 H -5.7811 -2.9156 0.2606 
O -2.7793 1.2775 -0.6046 H -5.1399 -4.4161 0.9520 
C -1.6726 0.2876 -0.6329 H -4.7814 -3.9904 -0.7304 
O -2.9937 3.5116 -0.0601 B 0.9469 0.4849 -0.1233 
C -0.0240 3.5430 0.5193 O 2.1315 1.1447 0.2862 
H -0.4193 3.9223 1.4701 O 1.2572 -0.8540 -0.4707 
H -0.1158 4.3676 -0.1986 C 2.6453 -1.0098 -0.2743 
H 1.0295 3.2909 0.6451 C 3.1745 0.1998 0.1841 
C -2.0323 -0.8963 0.2708 C 4.5207 0.3557 0.4678 
H -1.5874 -0.0452 -1.6745 C 3.4336 -2.1305 -0.4747 
C -3.2987 -1.6423 -0.1834 C 4.8030 -1.9890 -0.1917 
H -2.1624 -0.5219 1.2953 C 5.3348 -0.7728 0.2694 
H -1.1746 -1.5818 0.2798 H 6.3966 -0.7013 0.4776 
C -3.6499 -2.8274 0.7344 H 4.9187 1.2980 0.8225 
H -3.1560 -2.0096 -1.2115 H 3.0121 -3.0622 -0.8305 
H -4.1382 -0.9366 -0.2167 H 5.4621 -2.8384 -0.3330 
C -4.9096 -3.5816 0.2798     
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4.26, optimized Cartesian coordinates. 
Atom x (Å) y (Å) z (Å) Atom x (Å) y (Å) z (Å) 

C -2.5941 -2.0023 0.0348 H -2.9506 -4.1017 0.4063 
C -3.1264 -0.8884 0.5152 H -3.3325 -3.5882 -1.2345 
C -3.6616 0.2106 0.9796 C -1.1656 -2.0674 -0.3243 
C -4.2627 1.3243 0.1388 O -0.4931 -0.8477 -0.1373 
H -3.6581 0.3789 2.0587 O -0.5927 -3.0591 -0.7727 
C -3.4541 2.6419 0.2312 B 0.8519 -0.5912 -0.0985 
H -5.2897 1.5059 0.4864 O 1.3647 0.6996 -0.3608 
H -4.3285 1.0051 -0.9082 O 1.8925 -1.4694 0.2682 
C -2.0625 2.5578 -0.4202 C 3.0769 -0.7004 0.2272 
H -3.3493 2.9297 1.2884 C 2.7582 0.6081 -0.1502 
H -4.0372 3.4406 -0.2501 C 4.3751 -1.0935 0.4984 
C -1.2629 3.8645 -0.3009 C 5.3668 -0.1034 0.3777 
H -2.1809 2.2964 -1.4823 C 5.0472 1.2108 0.0003 
H -1.4916 1.7371 0.0299 C 3.7216 1.5933 -0.2737 
H -1.7794 4.6977 -0.7949 H 4.6076 -2.1109 0.7867 
H -0.2737 3.7581 -0.7595 H 6.4000 -0.3632 0.5804 
H -1.1144 4.1418 0.7508 H 5.8379 1.9483 -0.0835 
C -3.3775 -3.2825 -0.1832 H 3.4624 2.6029 -0.5667 
H -4.4231 -3.1487 0.1022     

 
4.27, optimized Cartesian coordinates. 

Atom x (Å) y (Å) z (Å) Atom x (Å) y (Å) z (Å) 
C -1.1274 3.0143 0.0001 H 5.6679 0.5271 0.0004 
C -0.6960 4.3452 0.0001 H 2.4225 -2.3025 -0.0004 
C -0.1800 1.9895 0.0000 H 4.0567 -4.1750 -0.0004 
C 1.2075 2.2596 -0.0001 H 6.4994 -3.6989 0.0000 
C 1.6105 3.6135 -0.0001 H 7.3008 -1.3430 0.0004 
C 0.6715 4.6449 0.0000 B -1.7429 0.0163 0.0000 
H 1.0041 5.6774 0.0000 O -1.8674 -1.3918 0.0001 
H -1.4311 5.1431 0.0002 O -3.0316 0.6183 -0.0001 
H -2.1822 2.7705 0.0003 C -3.9561 -0.4512 0.0000 
H 2.6719 3.8345 -0.0002 C -3.2513 -1.6593 0.0001 
O -0.5404 0.6377 0.0000 C -5.3385 -0.4031 -0.0001 
C 2.1644 1.2084 -0.0002 C -6.0084 -1.6403 0.0000 
C 2.9897 0.3103 0.0000 C -5.3022 -2.8535 0.0001 
C 3.9324 -0.7592 0.0000 C -3.8959 -2.8837 0.0001 
C 3.4883 -2.1013 -0.0002 H -7.0928 -1.6540 0.0000 
C 4.4104 -3.1488 -0.0002 H -5.8506 -3.7891 0.0001 
C 5.7856 -2.8813 0.0000 H -3.3398 -3.8126 0.0002 
C 6.2362 -1.5551 0.0002 H -5.8714 0.5394 -0.0002 
C 5.3217 -0.5009 0.0002     
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4.28, optimized Cartesian coordinates. 
Atom x (Å) y (Å) z (Å) Atom x (Å) y (Å) z (Å) 

C -3.446 2.9971 -0.0801 H 4.1432 1.2589 -1.756 
C -4.6543 2.2934 -0.0811 H 1.7565 0.6329 -1.6722 
C -2.2791 2.2349 -0.064 H 3.4955 4.1881 1.3211 
C -2.2545 0.8446 -0.051 H 5.022 3.0356 -0.2613 
C -3.4835 0.1574 -0.0472 H 1.1067 3.5644 1.4197 
C -4.6751 0.8971 -0.0644 B -0.3426 -0.8543 0.037 
H -5.6287 0.3732 -0.0631 O -1.1845 -2.1479 -0.0126 
H -5.5925 2.8443 -0.0937 O 1.135 -1.2341 0.1959 
H -3.4105 4.0796 -0.0914 C 1.0761 -2.6045 0.2199 
H -3.5134 -0.9272 -0.0307 C -0.2174 -3.1149 0.1032 
O -1.0152 2.741 -0.0573 C -0.4592 -4.4739 0.1085 
C -0.1487 1.6779 -0.0531 C 2.1707 -3.4359 0.3465 
C -0.8781 0.5063 -0.029 C 1.9434 -4.8154 0.3537 
C 1.2591 2.0384 -0.105 C 0.6388 -5.3303 0.2355 
C 2.1292 1.4043 -1.0014 H -1.4667 -4.8638 0.0177 
C 1.7656 3.0493 0.7238 H 3.1723 -3.031 0.4386 
C 3.1157 3.4048 0.6705 H 2.7835 -5.4998 0.4526 
C 3.9722 2.7577 -0.218 H 0.4847 -6.4074 0.2439 
C 3.4795 1.7592 -1.0558     

 

References for Experimental Section. 

1. Roth, K. E.; Blum, S. A. Organometallics 2010, 29, 1712–1716. 

2. Liu, L.-P.; Xu, B.; Mashuta, M. S.; Hammond, G. B. J. Am. Chem. Soc. 2008, 

130, 17642–17643. 

3. del Grosso, A.; Pritchard, R. G.; Muryn, C. A.; Ingleson, M. J. Organometal-

lics 2010, 29, 241–249. 

4. Hanwell, M. D.; Curtis, D. E.; Lonie, D. C.; Vandermeersch, T.; Zurek, E.; 

Hutchinson, G. R. J. Cheminform. 2012, 4, 17. 

5. Spartan ’08; Wavefunction, Inc., Irvine CA, 2009. 

6. Gaussian 09; Gaussian, Inc., Wallingford CT, 2009. 

7. Becke, A. D. J. Chem. Phys. 1993, 98, 5648–5652. 

8. Stephens, P. J.; Devlin, F. J.; Chabalowski, C. F.; Frisch, M. J. J. Phys. Chem. 



103 

1994, 98, 11623–11627. 

9. Francl, M. M.; Pietro, W. J.; Hehre, W. J.; Binkley, J. S.; Gordon, M. S.; De-

Frees, D. J.; Pople, J. A. J. Chem. Phys. 1982, 77, 3654–3665. 



104 

Chapter 5  
Alkoxyboration: Ring-Closing Addi-
tion of B–O σ Bonds Across Alkynes 

Abstract: For nearly 70 years, the addition of boron–X σ bonds to carbon–carbon multiple bonds 

has been employed in the preparation of organoboron reagents. However, the significantly higher 

strength of boron–oxygen bonds has thus far precluded their activation for addition, preventing a 

direct route to access a potentially valuable class of oxygen-containing organoboron reagents for 

divergent synthesis.  Herein is discussed an alkoxyboration reaction, the addition of boron–oxygen 

σ bonds to alkynes. Functionalized O-heterocyclic boronic acid derivatives are produced using this 

transformation, which is mild and exhibits broad functional group compatibility. Our results demon-

strate activation of this boron–O σ bond using a gold catalysis strategy that is fundamentally differ-

ent from that used previously for other boron addition reactions. 

Introduction 

Boronic acids and their derivatives are versatile reagents in modern or-

ganic synthesis, and the hydroboration reaction is a well-established method for 

generating these building blocks through the addition of B–H bonds across C–C 

multiple bonds.1 First described by Hurd2 in 1948 and later developed in detail by 

Brown,3 this reaction has inspired many catalyzed variants.4,5 Recently, several 

compelling examples of related B–X bond addition reactivity have been reported 

for X = C,6,7 Si,5,8,9 Sn,5,10 S,11 B,5,12 Cl,13 Br,14 and I14 (Scheme 5.1a). Many of 

these transformations proceed through the oxidative addition of a catalytic transi-

tion metal such Ni(0), Pd(0), or Pt(0) into the B–X σ bond. 
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Despite this progress, the corresponding activation of B–O bonds and addi-

tion to C–C multiple bonds—alkoxyboration—has remained elusive.15,16 This strik-

ing dearth of B–O bond activation reactivity may be due to the extremely high 

strength of the B–O bond, ~136 kcal/mol, compared to less than 105 kcal/mol for 

all others entries in the series.17 This high stability may render the B–O bond un-

reactive towards oxidative addition, thus preventing the successful application of 

Ni, Pd, or Pt catalysis6-11 in an alkoxyboration reaction. Organoboron reagents are 

the building blocks of choice for medicinal chemistry and drug discovery.18  Given 

that ethers are found in many diverse classes of natural products19 and in nearly 

25% of the top-grossing pharmaceuticals in the United States for 2012,20 the de-

velopment of such a transformation allows for the preparation of oxygen-

containing building blocks useful in drug discovery and materials science.20,21 

Scheme 5.1. a) Previous work developing addition of B–X bonds across alkynes. b) This work 
demonstrating the first addition of B–O bonds across alkynes.  

 

 

 

Results and Discussion 

Herein is described the realization of an alkoxyboration reaction of alkynes 

(Scheme 5.1b), through which new O-heterocyclic organoboronate coupling part-
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ners are available for downstream functionalization.  The high functional group 

tolerance of this reaction enables downstream divergent synthesis of functional-

ized benzofurans22—the ability to accesses multiple benzofurans from one bench 

stable precursor. This work was conducted in conjunction with Blum group gradu-

ate student Darius Faizi. 

We envisioned that the desired alkoxyboration reactivity could be promoted 

through an activation pathway employing a bifunctional Lewis acidic/Lewis basic 

catalyst, which could simultaneously activate both the alkyne and the B–O σ bond 

partners. We anticipated that this unique strategy could allow for the anti addition 

of B–O bonds across alkynes by circumventing the previous problematic strategy 

of oxidative cleavage of the B–O bond.  

Our optimized one-pot procedure begins with 2-alkynylphenols (5.1), which 

are converted into the requisite boric ester intermediate 5.2 using the readily 

available reagent B-chlorocatecholborane (Table 5.1). Treatment of this interme-

diate with the commercially available Lewis acidic gold(I) precatalyst IPrAuCl and 

NaTFA affords alkoxyboration product 5.3 in good to excellent conversion as de-

termined by the ERETIC method.23 Interestingly, our examination of alternative π-

Lewis acidic transition metal catalysts revealed no other active catalysts aside 

from Au(I).24 For ease of isolation, the catecholboronic ester alkoxyboration prod-

uct 5.3 was converted into either the organotrifluoroborate25 or N-

methyliminodiacetic acid (MIDA) boronate26 derivative, 5.4, both of which are in-

definitely air stable. 
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Table 5.1. Functionalized benzofuran boronic acid derivatives available through the alkoxybora-
tion reaction.  

 

 

Values represent isolated yields of organotrifluoroborate or MIDA boronate products 4. Values in 
parentheses represent 1H NMR yields of the corresponding catechol boronic ester 3 versus an 
external mesitylene standard using the ERETIC method. 
 

Organotrifluoroborate 5.4a is readily isolated in high yield using a chroma-

tography-free purification, making this derivatization method particularly amenable 

to applying the alkoxyboration reaction on preparative scale. The corresponding 

MIDA derivative (5.4b) provides an option for purification by silica gel chromatog-

raphy, but this comes at the cost of slightly diminished yield. Single-crystal X-ray 

diffraction analysis of 5.4b allowed for unambiguous identification of the alkoxybo-

ration product (Scheme 5.2). 
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Scheme 5.2. X-ray structure of 5.4b with the thermal ellipsoids set at the 50% probability level (B, 
yellow; C, gray; H, white; O, red; N, blue).  

 

 

The alkoxyboration reaction is tolerant of a variety of functional groups 

suitable for downstream reactivity. Aryl bromide 5.4c, silyl-protected alcohol 5.4d, 

terminal alkyne 5.4f, amide 5.4g, esters 5.4h and 5.4i, and iodonitrile 5.4j are 

compatible with the reaction conditions. Many of these alkoxyboration reactions 

proceed smoothly at 50 °C, although the reactions generating 5.4d, 5.4g, 5.4h, 

and 5.4j required heating to 90 °C in order to effect full conversion. We attribute 

the relatively slow formation of 5.4d to the high steric encumbrance from the silyl 

ether at the 2-position of the benzofuran. The cyclization of substrates containing 

Lewis basic nitrogen atoms (forming 5.4g, 5.4h, and 5.4j) was likely retarded by 

reversible N–B coordination that was observed by 11B nuclear magnetic reso-

nance (NMR) spectroscopy. For all substrates, the mass balance was largely at-

tributable to protonolysis of the product C–B bond. 

Notably, many of these products contain functional groups incompatible 

with commonly employed methods of benzofuran synthesis, including via other 
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Scheme 5.3. Benzofuran boronic acid derivatives inaccessible using conventional borylation 
methods but newly accessible using the alkoxyboration reaction.  

 

 

 

borylation techniques (Scheme 5.3). In one frequently used borylation technique, 

an aryllithium intermediate is trapped by a boron electrophile (Method 1); electro-

philes such as carbonyl or nitrile groups and enolizable protons are not generally 

tolerated due to the highly nucleophilic and basic nature of the requisite organo-

lithium intermediate.27 Aryl halides may also suffer from undesired lithium/halogen 

exchange. The Miyaura borylation is a milder alternative that is compatible with 

electrophilic functional groups (Method 2), but aryl halides are borylated through 

this Pd(0)-catalyzed reaction28 and are therefore not spectator functional groups 

under these conditions.  Finally, the Ir-catalyzed C–H activation/borylation reac-
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but this reaction is regioselective for either 2- or 7-borylation; 3-borylated benzo-

furans such as those available through the alkoxyboration reaction cannot be syn-

thesized regioselectively through C–H activation/borylation.30 

Scheme 5.4. Versatility of alkoxyboration product in diversity-oriented synthesis.  

 

 

We set out to demonstrate the utility in divergent synthesis of the alkoxybo-

ration products enabled through this synthesis in subsequent functionalization 

(Scheme 5.4, all yields unoptimized). Rh-catalyzed conjugate addition of 5.4i into 

methyl vinyl ketone using the method developed by Batey31 provides β-
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Biolatto32 afforded afford 3-arylated benzofuran 5.8 with concomitant methanoly-

sis of the ethyl ester. Finally, addition of 5.4i to an iminium ion was used to pre-

pare aminated benzofuran 5.10. Thus, a single bench-stable alkoxyboration prod-

uct can be functionalized a variety of ways, which is important in diversity oriented 

syntheses to develop compound catalogs for drug discovery.18 

We next explored the scalability of the alkoxyboration reaction. Ester-

containing phenol 1i was successfully converted to more than 1 g of or-

ganotrifluoroborate 4i on a 5 mmol scale with 2.5% gold catalyst (Scheme 5.5). 

Full conversion of starting material was effected even with this lower Au catalyst 

loading. This convenient scalability demonstrates that quantities of O-heterocyclic 

boronic acid derivatives sufficient for multistep synthesis may be prepared using 

the alkoxyboration method.   

Scheme 5.5. Gram-scale alkoxyboration reaction.  

 

 

Having demonstrated the utility of this transformation in generating mem-

bers of the benzofuran class of O-heteroaryl boronic acid derivatives, we explored 

its application to the synthesis of a non-aromatic oxygen-containing heterocycle 

(Scheme 5.6). Simple and commercially available homopropargyl alcohol 5.11 

was subjected to standard alkoxyboration reaction conditions to prepare dihydro-
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furan product 5.12. Several unidentifiable trace side products were detected in 

this reaction, possibly consistent with intermolecular reactivity. This substrate 

suggests the potential for generality in the alkoxyboration reaction: The reaction 

features low labor “setup cost” by employing simple, commercially available start-

ing materials to generate highly value-added O-heterocyclic organoboronate 

compounds in one synthetic step, and the cyclization proceeds without requiring 

the gain of product aromaticity as a thermodynamic driving force and without the 

need for a fused ring system enforcing a conformational bias towards cyclization. 

Scheme 5.6. Alkoxyboration reaction forming a simple dihydrofuran.  

 

 

A number of Lewis-acidic metal catalysts have been developed for the ad-

dition of oxygen-electrophile bonds across alkynes,33 albeit not with boron. We 

propose the catalytic cycle shown in Scheme 5.7 featuring bifunctional Lewis 

acidic/Lewis basic substrate activation. The bifunctional catalyst IPrAuTFA can be 

generated in situ from IPrAuCl and NaTFA. Reaction of the Lewis basic 

trifluoroacetate anion with electrophilic boric ester 5.2a gives nucleophilic borate 

5.14. The resulting Lewis acidic Au(I) cation may then bind to the alkyne (5.15), 

increasing its electrophilicity. Nucleophilic attack on the alkyne–Au π complex by 

the phenol B–O bond would provide neutral intermediates: boron electrophile 5.16 

and organogold nucleophile 5.17, which could recombine to regenerate 5.11 with 
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Scheme 5.7. Mechanistic hypothesis featuring the bifunctional Lewis acidic/Lewis basic catalyst 
IPrAuTFA.  

 

 

 

 

concomitant formation of the observed alkoxyboration product 5.3a. Thus, the 

IPrAu cation of the catalyst activates the alkyne for nucleophilic attack, and the 

TFA counterion allows for reversible tuning from a boron electrophile to a nucleo-

philic borate adduct. This reaction manifold is fundamentally unique from the 

metal-catalyzed addition of B–C, B–Si, B–Sn, and B–S addition reactions, which 

often proceed through oxidative addition of a low-valent metal catalyst into the B–

X bond. We believe that the new activation strategy employed in the alkoxybora-

tion reaction could be extended to other types of B–X bonds in order to provide 

additional reactivity complementary to preexisting methods. Notably, this ap-
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trapping with electrophilic boron to generate other previously inaccessible or-

ganoboron building blocks. 

In summary, this alkoxyboration reaction proceeds through an activation of 

the strong B–O σ bond. This fundamentally new activation is showcased in a mild, 

gram-scale technique for the preparation of O-heterocyclic boronic acid deriva-

tives and downstream-functionalized benzofurans. The reaction provides a simple 

new bond disconnection for constructing these motifs with different regioselectivity 

and broader functional group compatibility than existing methods. This compatibil-

ity yields highly functionalized bench-stable building blocks for divergent synthesis 

that are not directly accessible using alternative methods.  The carbophilic Lewis-

acid activation mechanism for B–X bond addition suggests might see broader ap-

plication in other B–X addition reactions for the synthesis of previously inaccessi-

ble organoboron building blocks. This method highlights a new strategy for turning 

over gold and other carbophilic metal catalysts. 
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Experimental 

General Considerations 

All chemicals were used as received from commercial sources unless oth-

erwise noted. Sodium trifluoroacetate was dried at 130 °C at 10 mTorr for 18 h 

before use. Toluene and dichloromethane were purified by passage through an 

alumina column under argon pressure on a push-still solvent system. Anhydrous 

dimethylsulfoxide was obtained by stirring over activity I alumina 18 h under N2 

atmosphere, decanting the liquid, and distilling the liquid at 10 Torr over CaH2. 

Acetone was dried by distillation over anhydrous CaSO4 under N2 atmosphere. 

Toluene-d8 was dried over CaH2, degassed using three freeze-pump-thaw cycles, 

and vacuum transferred prior to use.  All manipulations were conducted in a 

glovebox under nitrogen atmosphere or using standard Schlenk techniques un-

less otherwise specified. Analytical thin layer chromatography (TLC) was per-

formed using Merck F250 plates. Plates were visualized under UV irradiation (254 
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nm) and/or using a basic aqueous solution of potassium permanganate. Flash 

chromatography was conducted using a Teledyne Isco Combiflash® Rf 200 

Automated Flash Chromatography System, and Teledyne Isco Redisep® 35–70 

µm silica gel. All proton and carbon nuclear magnetic resonance (1H and 13C 

NMR) spectra were recorded on a Bruker DRX-400 spectrometer, Bruker DRX-

500 spectrometer outfitted with a cryoprobe, or a Bruker AVANCE-600 spec-

trometer. All boron nuclear magnetic resonance (11B NMR) spectra were recorded 

on a Bruker AVANCE-600 spectrometer. All fluorine nuclear magnetic resonance 

(19F NMR) spectra were recorded on a Bruker DRX-400. All chemical shifts (δ) are 

reported in parts per million (ppm) downfield of tetramethylsilane, and referenced 

to the residual protiated solvent peak (δ = 7.26 ppm for CDCl3, δ = 2.50 ppm for 

d6-DMSO, or δ = 1.94 ppm for CD3CN in 1H NMR spectroscopy experiments; δ = 

77.16 ppm for CDCl3, δ = 39.52 ppm for d6-DMSO, or δ = 1.34 ppm for CD3CN in 

13C NMR spectroscopy experiments). 11B and 19F NMR spectroscopy experiments 

are referenced to the absolute frequency of 0 ppm in the 1H dimension according 

to the Xi scale. Low- and high-resolution mass spectrometry data were obtained 

at the University of California, Irvine. 
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Preparation of 2-alkynyl phenol substrates 5.1a–5.1j 

 

2-Iodophenyl acetate (SI-5.2). A solution of SI-5.1 (6.72 g, 30.5 mmol, 1.00 

equiv) and 4-dimethylaminopyridine (DMAP, 190 mg, 1.5 mmol, 5.0 mol %) was 

prepared in Et3N (6.4 mL, 46 mmol, 1.5 equiv) and DCM (60 mL). Acetic anhy-

dride (3.46 mL, 36.6 mmol, 1.20 equiv) was added dropwise. [Note: slight exo-

therm.] The reaction mixture stirred at 25 °C vented to air with a needle for 3 h. At 

this time, analysis by TLC (10% EtOAc/hexanes) indicated full conversion to a 

single new product. To the reaction mixture was added 50 mL water, and the re-

sulting biphasic mixture was separated. The aqueous layer was extracted with 

DCM (3 × 25 mL), and then the combined organic layers were washed with brine 

(1 × 50 mL). The organic layer was then dried over Na2SO4, filtered, and concen-

trated in vacuo to a colorless oil, which solidified to a white solid upon standing. 

The resulting solid was crushed to a powder, and volatiles were removed at ca. 

10 mTorr for 2.5 h to afford SI-5.2 as a white powder (7.27 g, 91% yield). 1H NMR 

(CDCl3, 600 MHz): δ 7.84 (dd, J = 7.9, 1.4 Hz, 1H), 7.38 (td, J = 7.2, 1.3 Hz, 1H), 

7.11 (dd, J = 8.0, 1.4 Hz, 1H), 6.99 (td, J = 7.6, 1.3 Hz, 1H), 2.38 (s, 3H). This 

spectrum is in agreement with previously reported spectral data.1 

 

2-(Phenylethynyl)phenyl acetate (SI-5.3). A 100-mL Schlenk tube was charged 

with Et3N (20 mL) and sparged with N2 for 20 min. Compound SI-5.2 (2.62 g, 10.0 

OH
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mmol, 1.00 equiv), Pd(PPh3)2Cl2 (120 mg, 0.20 mmol, 2.0 mol %), and CuI (95 

mg, 0.50 mmol, 5.0 mol %) were added under positive N2 pressure, then neat 

phenylacetylene (1.20 mL, 11.0 mmol, 1.10 equiv) was added. The reaction mix-

ture was heated at 45 °C for 19 h, at which time analysis by TLC (5% 

EtOAc/hexanes) indicated complete consumption of the aryl iodide. The reaction 

mixture was cooled to 25 °C and diluted with 75 mL Et2O. The resulting mixture 

was washed with saturated aqueous NH4Cl (4 × 25 mL) and brine (2 × 25 mL). 

The organic layer was dried over Na2SO4, filtered, and concentrated in vacuo to a 

dark brown oil. The oily residue was purified by column chromatography using an 

elution gradient from 5% EtOAc/hexanes to 10% EtOAc/hexanes. Volatiles were 

removed at ca. 10 mTorr and 25 °C for 18 h to afford SI-5.3 as a brown oil (2.50 

g, quant.). 1H NMR (CDCl3, 500 MHz): δ 7.59 (dd, J = 7.9, 1.4 Hz, 1H), 7.52–7.50 

(m, 2H), 7.39–7.35 (m, 4), 7.25 (td, J = 7.6, 1.3 Hz, 1H), 7.14 (dd, J = 8.0, 1.4 Hz, 

1H), 2.38 (s, 3H). This spectrum is in agreement with previously reported spectral 

data.1 

 

2-(Phenylethynyl)phenol (5.1a). A suspension of K2CO3 (2.00 g, 14.5 mmol, 

2.05 equiv) in MeOH (100 mL) and THF (90 mL) was cooled to 0 °C in an ice 

bath. A solution of SI-5.3 (1.69 g, 7.16 mmol, 1.00 equiv) in THF (10 mL) was 

added dropwise over 2 min. The resulting heterogeneous mixture was stirred vig-

orously at 0 °C vented to air with a needle for 1.5 h, at which time analysis by TLC 

(20% EtOAc/hexanes) revealed complete consumption of SI-5.3. The cold reac-

tion mixture was decanted into 200 mL DCM and washed with saturated aqueous 
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NH4Cl (1 × 100 mL). The organic layer was then dried over Na2SO4, filtered, and 

concentrated in vacuo to a brown solid residue, which was purified by silica gel 

chromatography using an elution gradient from 100% hexanes to 10% 

EtOAc/hexanes. Removal of volatiles at ca. 10 mTorr and 50 °C for 18 h to af-

forded 1a as a golden solid (970 mg, 70% yield). 1H NMR (CDCl3, 600 MHz): δ 

7.57–7.55 (m, 2H), 7.44 (dd, J = 7.6, 1.6 Hz, 1H), 7.40–7.39 (m, 3H), 7.30–7.27 

(m, 1H), 7.00 (dd, J = 8.3, 0.8 Hz, 1H), 6.93 (td, J = 7.5, 1.0 Hz, 1H), 5.83 (s, 1H). 

This spectrum is in agreement with previously reported spectral data.2 

 

 

This reaction sequence was conducted by graduate student Darius Faizi. 

4-Bromo-2-iodophenol (SI-5.5) was prepared according to a literature proce-

dure3 in 66% yield. 1H NMR (CDCl3, 600 MHz): δ 7.78 (d, J = 2.3 Hz, 1H), 7.35 

(dd, J = 8.6, 2.3 Hz, 1H), 6.89 (d, J = 8.2 Hz, 1H), 5.25 (br s, 1H). This spectrum 

is in agreement with previously reported spectral data. 

 

4-Bromo-2-iodophenyl acetate (SI-5.6). A solution of SI-5.5 (1.79 g, 6.00 mmol, 

1.00 equiv) and 4-dimethylaminopyridine (DMAP, 40. mg, 0.30 mmol, 5.0 mol %) 

in Et3N (1.0 mL, 7.2 mmol, 1.2 equiv) and DCM (12 mL) was cooled to 0 °C in an 

ice bath. Acetic anhydride (680 µL, 7.2 mmol, 1.2 equiv) was added dropwise 

over ca. 1 min, and then the cooling bath was removed. The reaction mixture was 

stirred at 25 °C while vented to air with a needle for 1 h. At this time, analysis by 
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TLC (10% EtOAc/hexanes) indicated full conversion to a single new product. The 

reaction mixture was washed with water (3 × 3 mL) and brine (3 × 3 mL), dried 

over Na2SO4, filtered, and concentrated in vacuo to a colorless oil, which solidified 

to a white solid upon standing. The resulting solid was crushed to a powder, and 

volatiles were removed at ca. 10 mTorr for 2.5 h to afford SI-5.6 as a white pow-

der (1.90 g, 93% yield). 

TLC (10% EtOAc/hexanes): Rf = 0.52, visualized by UV absorbance and KMnO4 

stain. 

1H NMR (CDCl3, 500 MHz): δ 7.97 (d, J = 2.3 Hz, 1H), 7.49 (dd, J = 8.6, 2.3 Hz, 

1H), 6.98 (d, J = 8.6 Hz, 1H), 2.37 (s, 3H).  

13C NMR (CDCl3, 125 MHz): 168.5, 150.6, 141.5, 132.6, 124.5, 119.9, 91.6, 21.3. 

HRMS (GC/ESI): Calculated for C8H10BrINO2 ([M+NH4]+), 357.8940; found 

357.8942. 

 

4-Bromo-2-(hex-1-yn-1-yl)phenyl acetate (SI-5.7). A 100-mL Schlenk tube was 

charged with 25 mL THF, Et3N (3.9 mL, 28 mmol, 4.1 equiv), and a stirbar. The 

combined solvents were sparged with N2 for 25 min. Compound SI-5.6 (2.34 g, 

6.86 mmol, 1.00 equiv), Pd(PPh3)2Cl2 (96 mg, 0.14 mmol, 2.0 mol %), and CuI (65 

mg, 0.34 mmol, 5.0 mol %) were added under postive N2 flow, followed by 1-

hexyne (2.4 mL, 21 mmol, 3.0 equiv). The resulting dark brown solution was 

stirred at 25 °C for 15 h, at which time analysis by TLC (10% EtOAc/hexanes) 

suggested full consumption of the starting aryl iodide. [Note: The aryl iodide start-

ing material overlaps the desired Sonogashira product in this solvent system, but 
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the reaction progress can be judged through differential staining by KMnO4 solu-

tion.] The reaction mixture was diluted with 75 mL EtOAc and washed with satu-

rated aqueous NH4Cl (3 × 20 mL), water (1 × 20 mL), and brine (3 × 20 mL). The 

organic layer was dried over Na2SO4, filtered, and concentrated in vacuo to a 

brown oil. Purification by column chromatography using an elution gradient (100% 

hexanes to 20% EtOAc/hexanes) followed by removal of volatiles at ca. 10 Torr 

for 1 h afforded SI-5.7 as a yellow-brown oil (1.91 g, 95% yield).  

TLC (10% EtOAc/hexanes): Rf = 0.52, visualized by UV absorbance and KMnO4 

stain. 

1H NMR (CDCl3, 500 MHz): δ 7.58 (d, J = 2.3 Hz, 1H), 7.40 (dd, J = 8.6 Hz, 2.3 

Hz, 1H), 6.94 (d, J = 8.6 Hz, 1H), 2.43 (t, J = 7.0 Hz, 2H), 2.32 (s, 3H), 1.58 

(m, 2H), 1.47 (app sextet, J = 7.3 Hz, 2H), 0.95 (t, J = 7.4 Hz, 3H).  

13C NMR (CDCl3, 125 MHz): δ 168.8, 150.7, 135.8, 131.7, 123.8, 120.3, 118.8, 

97.2, 74.5, 30.7, 22.0, 20.9, 19.3, 13.7. 

HRMS (GC/EI): Calculated for C14H19BrO2N ([M+NH4]+), 312.0599; found 

312.0600. 

 

4-Bromo-2-(hex-1-yn-1-yl)phenol (5.1c). A stirring suspension of K2CO3 (1.78 g, 

12.9 mmol, 2.00 equiv) in 45 mL MeOH and 35 mL THF was cooled to 0 °C in an 

ice bath. To the vigorously stirring cold suspension was added solution of acetate 

SI-7 (1.90 g, 6.44 mmol, 1.00 equiv) in 10 mL THF dropwise over ca. 2 min. The 

reaction mixture was stirred at 0 °C for 30 min, at which time analysis by TLC 

(10% EtOAc/hexanes) revealed full consumption of the acetate starting material. 
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The reaction mixture was diluted with 100 mL EtOAc, then washed with saturated 

aqueous NH4Cl (1 × 30 mL) and brine (3 × 10 mL). The organic layer was dried 

over Na2SO4, filtered, and concentrated in vacuo. The resulting oily residue was 

purified by column chromatography using an elution gradient from 100% hexanes 

to 10% EtOAc/hexanes. Volatiles were removed at ca. 10 mTorr overnight with 

stirring to afford 5.1c as a clear yellow oil (1.45 g, 89% yield). 

TLC (10% EtOAc/hexanes): Rf = 0.40, visualized by UV absorbance. 

1H NMR (CDCl3, 600 MHz): δ 7.41 (d, J = 2.4 Hz, 1H), 7.29 (dd, J = 8.7 Hz, 2.5 

Hz, 1H), 6.82 (d, J = 8.7 Hz, 1H), 5.76 (s, 1H), 2.49 (t, J = 7.0 Hz, 2H), 

1.65–1.50 (m, 2H), 1.45 – 1.52 (m, 2H), 0.97 (t, J = 7.4 Hz, 3H). 

13C NMR (CDCl3, 125 MHz): δ 155.8, 133.8, 132.6, 116.2, 112.5, 111.9, 99.5, 

73.5, 30.8, 22.2, 19.4, 13.7. 

HRMS (GC/CI): Calculated for  C12H13BrO (M+), 252.0150; found 252.0148.  

  

 

 

tert-Butyldiphenyl(prop-2-yn-1-yloxy)silane (SI-5.8) was prepared according to 

a literature procedure4 in 77% yield. 1H NMR (CDCl3, 500 MHz): δ 7.72 (d, J = 6.6 

Hz, 4H), 7.33–7.49 (m, 6H), 4.32 (d, J = 2.3 Hz, 2H), 2.39 (t, J = 2.3 Hz, 1H), 1.07 

(s, 9H). This spectrum is in agreement with previously reported spectral data. 
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1-Iodo-2-(methoxymethoxy)benzene (SI-5.9) was prepared according to a lit-

erature procedure5 in 97% yield. 1H NMR (CDCl3, 600 MHz) δ 7.78 (dd, J = 7.8, 

1.5 Hz, 1H), 7.26–7.30 (m, 1H), 7.07 (dd, J = 8.3, 1.1 Hz, 1H), 6.76 (td, J = 7.6, 

1.3 Hz, 1H), 5.24 (s, 2H), 3.52 (s, 3H).This spectrum is in agreement with previ-

ously reported spectral data. 

 

tert-Butyl((3-(2-(methoxymethoxy)phenyl)prop-2-yn-1-yl)oxy)diphenylsilane 

(SI-5.10). A flask was charged with compound SI-5.9 (1.50 g, 5.67 mmol, 1.00 

equiv), (PPh3)2PdCl2 (0.20 g, 0.28 mmol, 0.050 equiv), and CuI (0.11 g, 0.57 

mmol, 0.10 equiv). The flask was then evacuated and refilled with N2 three times 

before Et3N (6.3 mL, 45 mmol, 8.0 equiv) was added and stirred for 30 min. A 

separate flask was charged with compound SI-5.8 (2.14 g, 7.28 mmol, 1.30 

equiv), and then evacuated and refilled with N2 three times before adding 11 mL 

MeCN. The resulting solution was then added dropwise over ca. 4 min to the stir-

ring reaction mixture, which stirred for 18 h under dynamic N2. At this time, analy-

sis by TLC (20% EtOAc/hexanes) indicated full consumption of starting material. 

The reaction mixture was diluted with 50 mL EtOAc and washed with NH4Cl (1 × 

15 mL), water (1 × 10 mL), brine (1 × 10 mL), dried over Na2SO4, filtered, and 

concentrated in vacuo. The resulting oily residue was purified by column chroma-

tography using an elution gradient from 100% hexanes to 10% EtOAc/hexanes. 

Product-containing fractions were combined and concentrated in vacuo, and vola-

tiles were removed at ca. 10 mTorr for 18 h to afford SI-5.10 as a light yellow oil 

(2.18 g, 90% yield). 
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TLC (10% EtOAc/hexanes): Rf = 0.38, visualized by UV absorbance and KMnO4 

stain. 

1H NMR (CDCl3, 500 MHz): δ 7.76 (d, J = 6.7 Hz, 4H), 7.46–7.35 (m, 6H), 7.32 (d, 

J = 7.6 Hz, 1H), 7.28–7.21 (m, 1H), 7.10 (d, J = 8.3 Hz, 1H), 6.95 (t, J = 7.5 

Hz, 1H), 5.21 (s, 2H), 4.59 (s, 2H), 3.49 (s, 3H), 1.09 (s, 9H). 

13C NMR (CDCl3, 125 MHz): δ 157.9, 135.8, 133.8, 133.4, 129.9, 129.7, 127.8, 

121.9, 115.4, 113.8, 95.1, 91.7, 81.5, 56.4, 53.6, 26.9, 19.4. 

HRMS (ESI+): Calculated for C27H30O3SiNa ([M+Na]+), 453.1862; found 

453.1844. 

 

2-(3-((tert-Butyldiphenylsilyl)oxy)prop-1-yn-1-yl)phenol (5.1d). To a stirring 

solution of B-chlorocatecholborane (0.34 g, 2.2 mmol, 1.2 equiv) in 15 mL DCM 

was added SI-10 (0.80 g, 1.9 mmol, 1.0 equiv) in 4 mL DCM. The reaction mixture 

was stirred for 4.5 h under dynamic N2. At this time, analysis by TLC (10% 

EtOAc/hexanes) indicated full consumption of starting material. The reaction mix-

ture was diluted with 50 mL DCM, and the organic layer was washed with NH4Cl 

(1 × 10 mL), brine (1 × 10 mL), dried over Na2SO4, filtered, and concentrated in 

vacuo. The resulting oily residue was purified by column chromatography using 

an elution gradient from 100% hexanes to 10% EtOAc/hexanes. Product-

containing fractions were combined and concentrated in vacuo, and volatiles were 

removed at ca. 10 mTorr for 18 h to afford 5.1d as a light yellow oil (320 mg, 45% 

yield). 
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TLC (10% EtOAc/hexanes): Rf = 0.32, visualized by UV absorbance and KMnO4 

stain. 

1H NMR (CDCl3, 500 MHz): δ 7.74 (d, J = 6.7 Hz, 4H), 7.47–7.44 (m, 2H), 7.42–

7.40 (m, 4H), 7.24 (t, J = 7.8 Hz, 2H), 6.91 (d, J = 7.9 Hz, 1H), 6.84 (t, J = 

7.5 Hz, 1H), 5.55 (s, 1H), 4.60 (s, 2H), 1.08 (s, 9H). 

13C NMR (CDCl3, 125 MHz): δ 156.9, 135.8, 133.1, 132.0, 130.6, 130.1, 128.0, 

120.3, 114.8, 109.2, 95.0, 79.3, 53.3, 26.8, 19.3. 

HRMS (ESI+): Calculated for C25H26O2SiNa ([M+Na]+), 409.1600; found 

409.1584. 

 

 

2-((Trimethylsilyl)ethynyl)phenol (SI-5.11) was prepared according to a litera-

ture procedure6 in 71% yield. 1H NMR (CDCl3, 600MHz) δ 7.34 (dd, J = 7.6, 1.5 

Hz, 1H), 7.26–7.22 (m, 1H), 6.94 (d, J = 8.2 Hz, 1H), 6.85 (t, J = 6.0 Hz, 1H), 5.82 

(s, 1H), 0.28 (s, 9H). This spectrum is in agreement with previously reported spec-

tral data. 

 

2-Ethynylphenol (5.1e) was prepared according to a literature procedure6 in 82% 

yield. 1H NMR (CDCl3, 600MHz) δ 7.38 (dd, J = 7.7, 1.4 Hz, 1H), 7.30–7.26 (dt, J 

= 7.8, 1.2 Hz, 1H), 6.96 (d, J = 8.2 Hz, 1H), 6.88 (dt, J = 7.5, 0.8 Hz, 1H), 5.77 (s, 
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1H), 3.47 (s, 1H). This spectrum is in agreement with previously reported spectral 

data. 

 

 

1,4-Bis((trimethylsilyl)ethynyl)cyclohexa-2,5-diene-1,4-diol (SI-5.12). Anhy-

drous THF (60 mL) was cooled to -78 °C in a dry ice/isopropanol bath under a 

dynamic N2 atmosphere. A solution of nBuLi (1.0 M in hexanes, 50. mL, 50. 

mmol, 2.2 equiv) was cannulated slowly into the reaction vessel. To the resulting 

stirring solution was then added trimethylsilyl acetylene (7.1 mL, 50. mmol, 2.2 

equiv) dropwise over 30 min. After stirring an additional 30 min to affect complete 

deprotonation of the terminal alkyne, a solution of 1,4-benzoquinone (2.45 g, 22.7 

mmol, 1.00 equiv) in 20. mL anhydrous THF was added dropwise over 30 min. 

During this addition, the reaction mixture turned from a clear, pale yellow solution 

to a dark, teal solution. The reaction mixture was stirred for 18 h as the cooling 

bath warmed gradually to 25 °C. After this time, the resulting red-brown semisolid 

reaction mixture was cooled to 0 °C, and 100 mL EtOAc was added with vigorous 

agitation to break up the solid aggregate. Saturated aqueous NH4Cl (50 mL) was 

added to quench the reaction mixture, and then the pH was further adjusted to pH 

= 5 with ca. 1 mL 2 N aqueous HCl. The resulting biphasic mixture was sepa-

rated, and the organic layer was extracted with EtOAc (2 × 50 mL). The combined 

organic phases were dried over Na2SO4, filtered, and concentrated in vacuo to 

afford a tan solid. Volatiles were removed at 25 °C and ca. 10 mTorr for 2 h to af-
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ford crude SI-5.12 as a tan solid (6.08 g) in 70% purity. Crude SI-5.12 was used 

without further purification or characterization. 

 

1,4-Diethynylcyclohexa-2,5-diene-1,4-diol (SI-5.13). A suspension of K2CO3 

(5.5 g, 40. mmol, 4.0 equiv) in MeOH (50 mL) was cooled to 0 °C in an ice bath 

open to air. Solid SI-12 (3.0 g, 9.9 mmol, 1.0 equiv) was added portionwise over 

ca. 1 min, and the resulting mixture was stirred vigorously at 0 °C for 1.5 h, at 

which time analysis by TLC (30% EtOAc/hexanes) indicated full consumption of 

SI-5.12. The reaction mixture was warmed to 25 °C and was decanted away from 

excess K2CO3. The resulting solution was diluted with 50 mL EtOAc and was then 

washed with saturated aqueous NH4Cl (3 × 10 mL). The organic phase was dried 

over Na2SO4, filtered, and concentrated in vacuo to a tan solid containing crude 

SI-5.13, which was used directly in the next step without purification or characteri-

zation. 

 

2,4-Diethynylphenol (5.1f) was prepared using a method adapted from Ried and 

Schmidt.7 Crude SI-5.13 was dissolved in 10 mL benzene, and to the resulting 

solution were added H2O (10 mL) and 1 mL 1 N aqueous H2SO4 (1 mmol, 10 mol 

%). The resulting biphasic mixture was refluxed under air with vigorous stirring for 

20 min. After cooling to 25 °C, the biphasic mixture was separated, and the aque-

ous layer was extracted with benzene (3 × 5 mL). The combined organic layers 

were dried over Na2SO4, filtered, and concentrated in vacuo to a brown oil, which 

was purified by column chromatography using an elution gradient from 100% 
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hexanes to 20%. The purified product was dried at 25 °C and ca. 10 mTorr for 18 

h to afford 5.1f as a cream-colored solid (160 mg, 12% yield over 2 steps). 

TLC (20% EtOAc/hexanes): Rf = 0.43, visualized by KMnO4 stain. 

1H NMR (CDCl3, 600 MHz): δ 7.33 (d, J = 7.9 Hz, 1H), 7.09 (d, J = 1.1 Hz, 1H), 

7.02 (dd, J = 8.0, 1.3 Hz, 1H), 5.79 (s, 1H), 3.55 (s, 1H), 3.16 (s, 1H).  

13C NMR (CDCl3, 125 MHz): δ 157.1, 132.0, 124.7, 124.4, 118.5, 109.2, 86.0, 

82.9, 79.2, 77.8. 

HRMS (GC/ESI+): Calculated for C10H10NO ([M+NH4]+), 160.0762; found 

160.0764.  

 

 

This reaction sequence was conducted by graduate student Darius Faizi. 

4-Ethyl-N-(prop-2-yn-1-yl)benzenesulfonamide (SI-5.16) was prepared accord-

ing to a literature procedure8 in 91% yield. 1H NMR (CDCl3, 600 MHz) δ 7.77 (d, J 

= 8.2 Hz, 2H), 7.31 (d, J = 7.9 Hz, 2H), 4.66 (br s, 1H), 3.83 (dd, J = 6.0, 2.5 Hz, 

2H), 2.43 (s, 3H), 2.10 (t, J = 2.4 Hz, 1H). This spectrum is in agreement with pre-

viously reported spectral data. 

 

N-(Prop-2-yn-1-yl)-N-tosylacetamide (SI-5.17). A flask was charged with SI-16 

(1.29 g, 6.16 mmol, 1.00 equiv), Et3N (2.6 mL, 19 mmol, 3.0 equiv), and 13 mL 

DCM before it was cooled to 0 oC in an ice bath. At this time, acetyl chloride (0.88 

mL, 12 mmol, 2.0 equiv) was syringed into the stirring reaction vessel over 3 min. 
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The ice bath was removed, and the reaction mixture was stirred for 18 h before 

TLC (30% EtOAc/hexanes) revealed complete consumption of starting material. 

The reaction was quenched with 10 mL H2O, and the aqueous layer was ex-

tracted with DCM (2 × 10 mL). The combined organic layers were washed with 

brine (1 × 10 mL), and then dried over Na2SO4, filtered, and concentrated in 

vacuo. The resulting oily residue was purified by column chromatography using 

an elution gradient from 100% hexanes to 35% EtOAc/hexanes. Product-

containing fractions were combined and concentrated in vacuo, and volatiles were 

removed at ca. 10 mTorr for 18 h to afford SI-17 as a light yellow solid (1.1 g, 72% 

yield). 1H NMR (CDCl3, 600MHz) δ 7.91 (d, J = 8.4 Hz, 2H), 7.35 (d, J = 8.2 Hz, 

2H), 4.67 (d, J = 2.3 Hz, 2H), 2.45 (s, 3H), 2.33 (s, 3H), 2.28 (t, J = 2.4 Hz, 1H). 

This spectrum is in agreement with previously reported spectral data.9 

 

N-(3-(2-Hydroxyphenyl)prop-2-yn-1-yl)-N-tosylacetamide (5.1g). A Schlenk 

tube was charged with SI-5.1 (0.71 g, 3.2 mmol, 1.0 equiv), (PPh3)2PdCl2 (23 mg, 

0.032 mmol, 1.0 mol %), CuI (13 mg, 0.064 mmol, 2.0 mol %), and a stir bar. The 

tube was then evacuated and refilled with N2 three times before the addition of 

Et3N (1.8 mL, 13 mmol, 4.0 equiv) and 4 mL dioxane, and then stirred for 5 min. 

Compound SI-5.17 (1.05 g, 4.18 mmol, 1.30 equiv) was added over positive N2 

pressure. The Schlenk tube was heated to 45 oC under dynamic N2. After 4 h, 

analysis by TLC (30% EtOAc/hexanes) revealed complete consumption of start-

ing material. To the flask was added 10 mL water, and the aqueous phase was 

extracted with EtOAc (2 × 30 mL). The combined organic layers were washed 
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with brine (1 × 10 mL), dried over Na2SO4, filtered, and concentrated in vacuo. 

The resulting oily residue was purified by column chromatography using an elu-

tion gradient from 100% hexanes to 30% EtOAc/hexanes. Product-containing 

fractions were combined and concentrated in vacuo, and volatiles were removed 

at ca. 10 mTorr for 18 h to afford 5.1g as a light yellow solid (0.15 g, 14% yield). 

TLC (30% EtOAc/hexanes) Rf = 0.31, visualized by UV absorbance. 

1H NMR (CDCl3, 600 MHz): δ 7.88 (d, J = 8.2 Hz, 2H), 7.33 (d, J = 8.1 Hz, 2H), 

7.23 (td, J = 6.7, 1.5 Hz, 2H), 6.92 (d, J = 8.1 Hz, 1H), 6.84 (t, J = 7.5 Hz, 

1H), 5.92 (br. s, 1H), 4.88 (s, 2H), 2.42 (s, 3H), 2.41 (s, 3H). 

13C NMR (d8-toluene, 125 MHz): δ 169.2, 158.9, 144.8, 137.1, 131.7, 131.0, 

129.9, 125.4, 120.1, 115.4, 109.0, 91.9, 79.2, 36.2, 24.4, 21.0. 

HRMS (ESI+): Calculated for C18H17NO4SNa ([M+Na]+), 366.0776; found 

366.0768. 

 

 

 

4-(Prop-2-yn-1-yl)morpholine (SI-5.18) was prepared by adding propargyl bro-

mide (80 wt % in toluene, 15 g solution, 100 mmol, 1.0 equiv) dropwise over 20 

min to a stirring suspension of morpholine (22 mL, 250 mmol, 2.5 equiv) and 

K2CO3 (35 g, 250 mmol, 2.5 equiv) in THF (100 mL) at 25 °C. The resulting mix-
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ture was stirred vigorously for 18 h, at which point the reaction mixture was diluted 

with 200 mL EtOAc. The mixture was washed with water (1 × 60 mL) and brine (3 

× 20 mL), then the combined aqueous layers were back extracted with DCM (1 × 

20 mL). The combined organic layers were dried over Na2SO4, filtered, and con-

centrated in vacuo to a yellow-orange oil. Purification by Kugelrohr distillation, 

(250 Torr, 150 °C) afforded SI-5.18 as a clear, colorless oil (9.85 g, 79% yield). 1H 

NMR (CDCl3, 500 MHz): δ 3.74 (app t, J = 4.8 Hz, 4H), 3.29 (d, J = 2.5 Hz, 2H), 

2.57 (app t, J = 4.7 Hz, 4H), 2.27 (t, J = 2.5 Hz, 1H). This spectrum is in agree-

ment with previously reported spectral data.10 

  

Methyl 4-acetoxy-3-iodobenzoate (SI-5.20). A solution of iodophenol SI-5.19 

(5.00 g, 18.0 mmol, 1.00 equiv) and 4-dimethylaminopyridine (DMAP, 110 mg, 

0.90 mmol, 5.0 mol %) in Et3N (3.0 mL, 22 mmol, 1.2 equiv) and DCM (20 mL) 

was cooled to 0 °C in an ice bath. Neat acetic anhydride (2.0 mL, 22 mmol, 1.2 

equiv) was added dropwise over ca. 1 min, and then the cooling bath was re-

moved. The reaction mixture was stirred at 25 °C while vented to air with a needle 

for 2 h. At this time, analysis by TLC (20% EtOAc/hexanes) indicated full conver-

sion to a single new product. The reaction mixture was washed with water (1 × 40 

mL), and then the aqueous layer was back extracted with DCM (3 × 15 mL). The 

combined organic layers were washed with brine (3 × 3 mL), dried over Na2SO4, 

filtered, and concentrated in vacuo to a colorless oil, which was purified by silica 

gel chromatography using an elution gradient from 100% hexanes to 10% 

EtOAc/hexanes. Volatiles were removed from the purified product at ca. 10 mTorr 
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for 2.5 h to afford SI-5.20 as a white powder (5.41 g, 94% yield). 1H NMR (CDCl3, 

600 MHz): δ 8.52 (d, J = 1.8 Hz, 1H), 8.05 (dd, J = 8.4, 1.9 Hz, 1H), 7.18 (d, J = 

8.4 Hz, 1H), 3.93 (s, 3H), 2.40 (s, 3H). This spectrum is in agreement with previ-

ously reported spectral data.11 

 

Methyl 4-acetoxy-3-(3-morpholinoprop-1-yn-1-yl)benzoate (SI-5.21). A solu-

tion of SI-5.20 (480. mg, 1.50 mmol, 1.00 equiv) in Et3N (4 mL) was sparged with 

N2 for 25 min. PdCl2(PPh3)2 (18 mg, 0.026 mmol, 2.0 mol %) and CuI (12 mg, 

0.065 mmol, 5.0 mol %) were added under positive N2 flow, and to the resulting 

mixture was then added neat terminal alkyne SI-5.18 (197 mg, 1.58 mmol, 1.05 

equiv). The reaction mixture was then heated at 45 °C for 16 h. At this time, 

analysis by TLC (20% EtOAc/hexanes) indicated complete consumption of the 

starting aryl iodide. The reaction mixture was diluted with 10 mL DCM, then 

washed with water (1 × 15 mL) and brine (1 × 15 mL), and then the combined 

aqueous layers were back extracted with DCM (1 × 5 mL). The combined organic 

layers were dried over Na2SO4, filtered, and concentrated in vacuo. The resulting 

brown oil was purified by silica gel chromatography using an elution gradient from 

100% hexanes to 100% EtOAc. Volatiles were removed from the purified product 

at ca. 10 mTorr for 18 h to afford SI-5.21 as a viscous, yellow-brown oil (223 mg, 

55% yield) containing trace residual EtOAc. 

1H NMR (CDCl3, 500 MHz): δ 8.17 (d, J = 2.5 Hz, 1H), 8.00 (dd, J = 10.2, 2.5 Hz, 

1H), 7.18 (d, J = 10.1 Hz, 1H), 3.92 (s, 3H), 3.77 (app t, J = 5.5 Hz, 4H), 

3.56 (s, 2H), 2.64 (app t, J = 5.5 Hz, 4H), 2.37 (s, 3H).  
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13C NMR (CDCl3, 125 MHz): δ 168.5, 165.8, 155.0, 135.0, 130.8, 128.1, 122.6, 

117.6, 90.1, 80.0, 67.0, 52.5, 52.3, 48.1, 21.1.  

HRMS (ESI+): Calculated for C17H19NO5Na ([M+Na]+), 340.1161; found 340.1167.   

 

Methyl 4-hydroxy-3-(3-morpholinoprop-1-yn-1-yl)benzoate (5.1h). A solution 

of SI-5.21 (1.27 g, 4.00 mmol, 1.00 equiv) in THF (30 mL) was cooled to 0 °C in 

an ice bath. Solid K2CO3 (1.1 g, 8.0 mmol, 2.0 equiv) was added followed by slow 

addition of MeOH (30 mL). After completion of the addition, the reaction mixture 

was warmed slowly to 25 °C and was stirred vigorously for 2 h. At this time, 

analysis by TLC (5% MeOH/CHCl3) indicated complete consumption of the start-

ing acetate. The reaction mixture was diluted with 150 mL DCM and washed with 

water (1 × 30 mL) and brine (1 × 30 mL). The combined aqueous layers were 

back-extracted with DCM (1 × 30 mL), and then the combined organic layers were 

dried over Na2SO4, filtered, and concentrated in vacuo to a pale yellow oil. The oil 

was purified by silica gel chromatography using an elution gradient from 100% 

CHCl3 to 5 % MeOH/CHCl3. Volatiles were removed from the purified product at 

ca. 10 mTorr for 18 h to afford 5.1h as a cream-colored solid (175 mg, 16% yield). 

1H NMR (CDCl3, 600 MHz): δ 8.07 (d, J = 2.1 Hz, 1H), 7.94 (d, J = 8.6, 2.1 Hz, 

1H), 6.98 (d, J =  8.6 Hz, 1H), 6.27 (br s, 1H), 3.90 (s, 3H), 3.78 (app t, J = 

4.6 Hz, 4H), 3.60 (s, 2H), 2.65 (app t, J = 4.5 Hz, 4H).  

13C NMR (CDCl3, 125 MHz): δ 166.3, 160.5, 134.2, 132.2, 122.8, 114.9, 109.6, 

92.2, 79.0, 66.9, 52.6, 52.2, 48.3. 

HRMS (ESI+): Calculated for C15H17NO4Na ([M+Na]+), 298.1055; found 298.1055. 



136 

 

This reaction sequence was conducted by graduate student Darius Faizi. 

Ethyl hex-5-ynoate (SI-5.24) was prepared according to a literature procedure12 

in 87% yield. 1H NMR (CDCl3, 600MHz) δ 4.14 (q, J = 7.1 Hz, 2H), 2.44 (t, J = 7.4 

Hz, 2H), 2.27 (dt, J = 7.0, 2.6 Hz, 2H), 1.97 (t, J = 2.6 Hz, 1H), 1.85 (quin, J = 7.2 

Hz, 1H), 1.26 (t, J = 7.2 Hz, 3H). This spectrum is in agreement with previously 

reported spectral data. 

 

Ethyl 6-(2-(methoxymethoxy)phenyl)hex-5-ynoate (SI-5.25). A flask was 

charged with SI-5.9 (1.05 g, 3.98 mmol, 1.00 equiv), (PPh3)2PdCl2 (0.14 g, 0.20 

mmol, 0.050 equiv), and CuI (76 mg, 0.40 mmol, 0.10 equiv). The flask was then 

evacuated and refilled with N2 three times before Et3N (4.4 mL, 32 mmol, 8.0 

equiv) and 5 mL MeCN were added, and this mixture was stirred for 30 min. 

Compound SI-5.24 (0.98 g, 5.2 mmol, 1.30 equiv) was added dropwise by syringe 

over 2 min. The reaction mixture was stirred for 18 h under dynamic N2. At this 

time, analysis by TLC (30% EtOAc/hexanes) indicated full consumption of starting 

material. The reaction mixture was diluted with 50 mL DCM, and the organic layer 

was washed with NH4Cl (1 × 15 mL), water (1 × 10 mL), brine (1 × 10 mL), dried 

over Na2SO4, filtered, and concentrated in vacuo. The resulting oily residue was 

purified by column chromatography using an elution gradient from 100% hexanes 

to 40% EtOAc/hexanes. Product-containing fractions were combined and concen-

O

OEt

O

OH

OMOM

O

OEt

OH

O

OEt

EtOH, H2SO4 (PPh3)2PdCl2

SI-9

O
B

O
ClCuI

SI-5.23 SI-5.24 SI-5.25 5.1i



137 

trated in vacuo, and volatiles were removed at ca. 10 mTorr for 18 h to afford 

SI-5.25 as a light yellow oil (0.97 g, 88% yield). 

TLC (30% EtOAc/hexanes) Rf = 0.42, visualized by UV absorbance. 

1H NMR (CDCl3, 600 MHz): δ 7.37 (dd, J = 7.6, 1.5 Hz, 1H), 7.22 (td, J = 7.8, 1.2 

Hz, 1H), 7.08 (d, J = 8.2 Hz, 1H), 6.94 (t, J = 7.5 Hz, 1H), 5.24 (s, 2H), 4.14 

(q, J = 7.0 Hz, 2H), 3.52 (s, 3H), 2.59–2.48 (m, 2H), 1.95 (quin, J = 7.2 Hz, 

2H), 1.26 (t, J = 7.2 Hz, 3H). 

13C NMR (CDCl3, 125 MHz): δ 173.4, 157.8, 133.6, 129.1, 121.9, 115.3, 114.4, 

95.1, 93.2, 77.7, 60.5, 56.4, 32.2, 24.1, 19.3, 14.4. 

HRMS (ESI+): Calculated for C16H20O4Na ([M+Na]+), 299.1259; found 299.1255. 

 

Ethyl 6-(2-hydroxyphenyl)hex-5-ynoate (5.1i). A flask was charged with SI-5.25 

(1.6 g, 5.8 mmol, 1.0 equiv), 58 mL DCM, and a stir bar. B-Chlorocatecholborane 

(1.2 g, 7.5 mmol, 1.3 equiv) was then added, and the mixture was sparged with 

N2 for 10 min. The reaction mixture stirred for 18 h under dynamic N2. At this time, 

analysis by TLC (20% EtOAc/hexanes) indicated complete consumption of start-

ing material. The reaction mixture was diluted with 100 mL DCM and washed with 

water (3 × 30 mL) and brine (1 × 30 mL). The organic layer was dried over 

Na2SO4, filtered, and concentrated in vacuo. The resulting oily residue was puri-

fied by column chromatography using an elution gradient from 100% hexanes to 

20% EtOAc/hexanes. Product-containing fractions were combined and concen-

trated in vacuo, and volatiles were removed at ca. 10 mTorr for 18 h to afford 5.1i 

as a light yellow oil (1.2 g, 87% yield). 



138 

TLC (20% EtOAc/hexanes) Rf = 0.33, visualized by UV absorbance. 

1H NMR (CDCl3, 600 MHz): δ 7.28 (dd, J = 7.6, 1.5 Hz, 1H), 7.21 (t, J = 7.8 Hz, 

1H), 6.93 (d, J = 8.2 Hz, 1H), 6.84 (t, J = 7.5 Hz, 1H), 5.99 (s, 1H), 4.16 (q, 

J = 7.2 Hz, 2H), 2.57 (t, J = 6.9 Hz, 2H), 2.51 (t, J = 7.2 Hz, 2H), 1.97 (quin, 

J = 7.0 Hz, 2H), 1.26 (t, J = 7.2 Hz, 3H). 

13C NMR (CDCl3, 125 MHz): δ 173.5, 156.9, 131.7, 129.9, 120.3, 114.7, 110.0, 

96.2, 75.9, 60.8, 33.4, 23.8, 19.2, 14.4. 

HRMS (CI): Calculated for C14H17O3 ([M+H]+), 233.1178; found 233.1182. 

 

 

3,5-Diiodo-4-(methoxymethoxy)benzonitrile (SI-5.26). A solution of SI-5.25 

(742 mg, 2.00 mmol, 1.00 equiv) and N,N-diisopropylethylamine (700. µL, 4.00 

mmol, 2.00 equiv) in DCM (40 mL) was cooled to 0 °C under dynamic N2 atmos-

phere. Chloromethyl methyl ether (210 µL, 2.8 mmol, 1.4 equiv) was then added 

dropwise. The reaction mixture was stirred at 0 °C for 40 min. It was then warmed 

gradually to 25 °C was stirred for 15 h, at which time analysis by TLC (20% 

EtOAc/hexanes) indicated full consumption of the phenol starting material. The 

reaction mixture was diluted with 20 mL EtOAc and 10 mL H2O. The resulting 

biphasic mixture was stirred vigorously for 20 min to quench unreacted MOMCl, 

and then the phases were separated. The organic layer was washed with H2O (2 
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× 10 mL) and brine (1 × 10 mL), dried over Na2SO4, filtered, and concentrated in 

vacuo to a pale yellow solid (780 mg, 94% yield). 

1H NMR (CDCl3, 500 MHz): δ 8.08 (s, 2H), 5.22 (s, 2H), 3.75 (s, 3H).  

13C NMR (CDCl3, 125 MHz): δ 161.1, 143.4, 115.4, 111.8, 100.9, 91.7, 59.2. 

HRMS (GC/CI): Calculated for C9H11I2N2O2 ([M+NH4]+), 432.8910; found 

432.8896.  

 

3-(Cyclohex-1-en-1-ylethynyl)-5-iodo-4-(methoxymethoxy)benzonitrile 

(SI-5.27). A mixture of THF (24 mL) and Et3N (2.6 mL, 19 mmol, 5.0 equiv) was 

sparged with N2 for 20 min. Solid SI-5.26 (1.56 g, 3.76 mmol, 1.00 equiv), 

Pd(PPh3)2Cl2 (66 mg, 0.094 mmol, 2.5 mol %), and CuI (36 mg, 0.19 mmol, 5.0 

mol %) were added under positive N2 pressure. To the resulting solution was 

added 1-ethynylcyclohexene (463 µL, 3.95 mmol, 1.05 equiv). The reaction mix-

ture was stirred at 25 °C for 20 h, at which time analysis by TLC (10% 

EtOAc/hexanes) indicated complete consumption of SI-5.26. The reaction mixture 

was diluted with 100 mL EtOAc, then washed with saturated aqueous NH4Cl (3 × 

20 mL) and brine (2 × 20 mL). The organic phase was dried over Na2SO4, filtered, 

and concentrated in vacuo to an orange semisolid, which was purified using three 

successive silica gel chromatography columns using an elution gradient from 

100% hexanes to 10% EtOAc/hexanes. Volatiles were removed at 25 °C and ca. 

10 mTorr for 18 h to afford SI-5.27 as a yellow oil in 90% purity (249 mg, 17% 

yield). 
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1H NMR (CDCl3, 500 MHz): δ 7.98 (d, J = 2.0 Hz, 1H), 7.66 (d, J = 2.0 Hz, 1H), 

6.27 (m, 1H), 5.44 (s, 2H), 3.68 (s, 3H), 2.23–2.15 (m, 4H), 1.72–1.61 (m, 

4H).  

13C NMR (CDCl3, 125 MHz): δ 161.0, 141.9, 137.7, 137.6, 120.1, 118.4, 116.6, 

109.3, 99.6, 98.9, 92.5, 81.0, 58.9, 28.8, 26.0, 22.2, 21.4.  

HRMS (ESI+): Calculated for C17H16INO2Na ([M+Na]+), 416.0108; found 

416.0124.  

 

3-(Cyclohex-1-en-1-ylethynyl)-4-hydroxy-5-iodobenzonitrile (5.1j). To a solu-

tion of SI-5.27 (91 mg, 0.23 mmol, 1.0 equiv) in 2 mL DCM at 25 °C was added 

HCl·Et2O (280 µL, 1.2 equiv). The reaction mixture was stirred for 3 h, at which 

time analysis by TLC (10% EtOAc/hexanes) revealed complete consumption of 

the MOM ether starting material. The reaction mixture was diluted with 10 mL 

EtOAc and washed with water (3 × 2 mL) and brine (3 × 2 mL). The organic layer 

was dried over Na2SO4, filtered, and concentrated in vacuo to a pale yellow oil. 

The product was purified by silica gel chromatography using an elution gradient 

from 100% hexanes to 10% EtOAc/hexanes. Volatiles were removed at 25 °C 

and ca. 10 mTorr for 18 h to afford 5.1j as a white solid (45 mg, 55% yield). 

1H NMR (CDCl3, 500 MHz): δ 7.92 (d, J = 2.3 Hz, 1H), 7.60 (d, J = 2.3 Hz, 1H), 

6.67 (br s, 1H), 6.35–6.32 (m, 1H), 2.24–2.16 (m, 4H), 1.74–1.62 (m, 4H). 

13C NMR (CDCl3, 125 MHz): δ 159.0, 142.3, 138.8, 135.3, 119.5, 117.0, 106.1, 

101.1, 81.9, 78.1, 29.0, 26.0, 22.2, 21.3.  

HRMS (GC/CI): Calculated for C15H12INO (M+), 348.9964; found 348.9967.  
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Screen of potential alkoxyboration catalysts 

 

Boric ester 5.2a. A flame-dried 25-mL Schlenk tube was charged with a solution 

of 1a (97.0 mg, 0.500 mmol, 1.00 equiv) in dry DCM (3 mL). To this solution was 

then added a solution of B-chlorocatecholborane (77.0 mg, 0.500 mmol, 1.00 

equiv) in dry DCM (3 mL) at 25 °C. The reaction mixture was stirred for 30 min, 

and then the mixture was concentrated in vacuo to afford a moisture-sensitive, 

clear brown oil (159 mg, quant.) containing 5.2a, which was used directly in the 

catalyst screen without further purification.  

1H NMR (d8-toluene, 600 MHz): δ 7.38 (dd, J = 7.6, 1.6 Hz, 1H), 7.23–7.21 (m, 

2H), 6.98 (dd, J = 10.2, 1.4 Hz, 1 H), 6.92 (td, J = 8.7, 2.9 Hz, 1H), 6.86–

6.84 (m, 3H), 6.82 (dd, J = 5.8, 3.4 Hz, 2H), 6.76 (td, J = 15.1, 9.5 Hz), 

6.74 (J = 5.8, 3.4 Hz, 2H). 

11B NMR (d8-toluene, 193 MHz): δ 23.2 (br s). 

 

Catalyst screening reactions were set up in a N2-filled glovebox. Catalyst 

(0.0040 mmol, 10. mol %) was dissolved in anhydrous 1,2-dichloroethane (400 

µL) and added to a dram vial containing 5.2a (13 mg, 0.040 mmol, 1.0 equiv). Af-

ter mixing thoroughly, the reaction mixture was transferred to a J. Young NMR 

tube, removed from the glovebox, and heated in a preheated 50 °C oil bath. After 
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heating for the indicated time, the progress of the reaction was monitored by 1H 

and 11B NMR spectroscopy. 

 

Entry Catalyst Product : Starting Material 
Ratio (5.3a: 5.2a, 1H NMR) 

1 None Only 5.2a 

2 
Pd(PPh3)2Cl2 

+ 20 mol % AgOTf 
Only 5.2a 

3 
PEPPSI-IPr 

+ 20 mol % AgOTf 
Only 5.2a 

4 
IPrAuCl 

+ 10 mol % AgOTf 
> 95:5 

5 IPrAuCl Only 5.2a 

6 AgOTf Only 5.2a 

7 
IPrAuCl 

+ 10 mol % AgTFA 
> 95:5 

8 
IPrCuCl 

+ 10 mol % AgTFA 
Only 5.2a 

9 Trifluoroacetic acid Only 5.2a 

10 InBr3 Only 5.2a 
Table SI-5.1. Screen of alkoxyboration catalysts for optimal conversion to 5.3a by 

1H NMR spectroscopy. 

 

Synthesis and isolation of benzofuran alkoxyboration products 5.4a–5.4j 

Note: All alkoxyboration reactions were conducted in a N2-filled glovebox 

due to the high moisture sensitivity of the boric ester intermediate 5.2. All glass-

ware and reagents must be rigorously dry for optimal yield. The reaction progress 

was monitored by removing a small aliquot of the reaction mixture from the glove-
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box and diluting it in 1:1 EtOAc:water. This results in rapid hydrolysis of boric es-

ter intermediate 5.2 back to the phenol starting material 5.1. Thus, co-spotting the 

reaction mixture versus phenol 1 provides a convenient method for determining 

whether or not intermediate 5.2 has been fully consumed. The addition of PPh3 to 

quench the Au catalyst.13 between the alkoxyboration step and the formation of 

the organotrifluoroborate or MIDA boronate was essential.  

 

 

Benzofuran trifluoroborate 5.4a. A solution of phenol 5.1a (97.0 mg, 0.500 

mmol, 1.00 equiv) in 1.0 mL toluene was added to a flame-dried 10-mL Schlenk 

tube. To this stirring solution was added dropwise at 25 °C a suspension of NaH 

(69 wt % purity, 17.4 mg, 0.500 mmol, 1.00 equiv) in 0.5 mL toluene over 2 min. A 

suspension of NaTFA (20. mg, 0.15 mmol, 30. mol %) in 0.5 mL toluene was 

added next, and the resulting suspension was stirred for 15 min to affect full de-

protonation.  

To the resulting stirring sodium phenoxide suspension was added at 25 °C 

a solution of B-chlorocatecholborane (77.0 mg, 0.500 mmol, 1.00 equiv) in tolu-

ene (1.0 mL), using additional toluene as a rinse to ensure full transfer (2 × 0.5 

mL portions). The resulting suspension was stirred vigorously for 30 min to allow 

for full conversion to boric ester intermediate 5.2a.  

5.1a

1.a) NaH (1.0 equiv),  25 ˚C
1.b) ClB(catechol) (1.0 equiv), 25 ˚C

1.c) IPrAuCl (5.0 mol %)
       NaTFA (30 mol %)
       toluene,  50˚C, 24 h
2) KHF2 (3.5 equiv)
    toluene/acetone
    25 ˚C, 30 min

O
Ph

BF3K
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Next, a suspension of IPrAuCl (16 mg, 0.025 mmol, 5.0 mol %) in toluene 

(0.5 mL) was added to the reaction mixture at 25 °C, using additional toluene as a 

rinse to aid in full transfer (1 × 0.5 mL portion). The reaction mixture was then 

sealed with a ground glass stopper and a PTFE sealing ring and placed in a pre-

heated 50 °C copper shot heating bath. The final concentration of the reaction 

mixture was 0.1 M in 5.1a. 

After 24 h, analysis by TLC (20% EtOAc/hexanes) indicated full consump-

tion of boric ester intermediate 5.2a. The reaction mixture was cooled to 25 °C, 

and a solution of PPh3 (13 mg, 0.050 mmol, 10 mol %) in toluene (0.5 mL) was 

added. The resulting suspension was stirred for 22 h at 25 °C in order to quench 

IPrAuTFA before proceeding. 

The quenched reaction mixture was removed from the glovebox and fil-

tered through a fiberglass filter to remove the suspended solids. The filter was 

then rinsed with toluene (3 × 3 mL), and the combined filtrates were concentrated 

in vacuo to a pale yellow powder, which was suspended in acetone (4.5 mL) and 

added to a stirring solution of KHF2 (140 mg, 1.8 mmol, 3.5 equiv) in water (1.5 

mL). The resulting mixture was stirred at 25 °C for 30 min, and then concentrated 

in vacuo to remove the solvents. To this residue was added 2 mL Et2O and sub-

sequently concentrated at ca. 10 mTorr for 30 min in order to remove residual 

acetone. The resulting pale yellow solid residue was washed with Et2O (4 × 2 mL) 

and extracted with acetone (4 × 2 mL). The combined acetone extracts were con-

centrated in vacuo, and the resulting residue was subjected to an additional 
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washing/extraction cycle to yield 5.4a as a white powder (113 mg, 75% yield) after 

removing volatiles at 25 °C and ca. 10 mTorr for 18 h. 

1H NMR (d6-DMSO, 600 MHz): δ 8.10 (d, J = 7.4 Hz, 2H), 7.88 (d, J = 7.7 Hz, 1H), 

7.42 (d, J = 8.0 Hz, 1H), 7.38 (t, J = 7.6 Hz, 2H), 7.26 (t, J = 7.3 Hz, 1H), 

7.13 (td, J = 6.5 Hz, 1.2 Hz, 1H), 7.08 (td, J = 7.4, 0.9 Hz, 1H). 

13C NMR (d6-DMSO, 125 MHz): δ 154.7 (q, JC–F = 4.6 Hz), 153.8, 135.4, 133.3, 

127.9, 126.8, 126.7 (q, JC–F = 2.3 Hz), 124.1 (q, JC–F = 2.8 Hz), 122.7, 

109.6. [Note: As with many organotrifluoroborates, the ipso carbon was not 

detected, presumably due to broadening through coupling to the 11B nu-

cleus. The quaternary carbon at the benzofuran 2 position was also not de-

tected.] 

11B NMR (d6-DMSO, 193 MHz): δ 3.2 (br s). 

19F NMR (d6-DMSO, 376 MHz): δ -131.9 (br s). 

HRMS (ESI-): Calculated for C14H9BF3O ([M-K]-), 261.0701; found 261.0706.  

 

 

MIDA boronate 5.4b. A solution of phenol 5.1a (97.0 mg, 0.500 mmol, 1.00 

equiv) in 1.0 mL toluene was added to a flame-dried 10-mL Schlenk tube. To this 

stirring solution was added dropwise at 25 °C a suspension of NaH (92 wt % pu-

rity, 13.0 mg, 0.500 mmol, 1.00 equiv) in 0.5 mL toluene over 2 min. A suspension 

5.1a

1.a) NaH (1.0 equiv),  25 ˚C
1.b) ClB(catechol) (1.0 equiv), 25 ˚C

1.c) IPrAuCl (5.0 mol %)
       NaTFA (30 mol %)
       toluene,  50˚C, 24 h
2) H2MIDA 
    toluene/DMSO
    90 ˚C, 2 h

O
Ph

B(MIDA)

5.4b

OH

Ph
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of NaTFA (20. mg, 0.15 mmol, 30 mol %) in 0.5 mL toluene was added next, and 

the resulting suspension was stirred for 15 min to affect full deprotonation.  

To the resulting stirring sodium phenoxide suspension was added at 25 °C 

a solution of B-chlorocatecholborane (77.0 mg, 0.500 mmol, 1.00 equiv) in tolu-

ene (1.0 mL), using additional toluene as a rinse to ensure full transfer (2 × 0.5 

mL portions). The resulting suspension was stirred vigorously for 30 min to allow 

for full conversion to boric ester intermediate 5.2a.  

Next, a suspension of IPrAuCl (16 mg, 0.025 mmol, 5.0 mol %) in toluene 

(0.5 mL) was added to the reaction mixture at 25 °C, using additional toluene as a 

rinse to aid in full transfer (1 × 0.5 mL portion). The reaction mixture was then 

sealed with a ground glass stopper and a PTFE sealing ring and placed in a pre-

heated 50 °C copper shot heating bath. The final concentration of the reaction 

mixture was 0.1 M in 5.1a. 

After 24 h, analysis by TLC (20% EtOAc/hexanes) indicated full consump-

tion of boric ester intermediate 5.2a. The reaction mixture was cooled to 25 °C, 

and a solution of PPh3 (13 mg, 0.050 mmol, 10 mol %) in toluene (0.5 mL) was 

added. The resulting suspension was stirred for 16 h at 25 °C in order to quench 

IPrAuTFA before proceeding. 

Anhydrous DMSO (2.0 mL) and H2MIDA (81 mg, 0.55 mmol, 1.1 equiv) 

were added to the quenched alkoxyboration reaction mixture, and the resulting 

suspension was stirred at 90 °C for 2h. The reaction mixture was then cooled to 

25 °C and removed from the glovebox. Toluene was removed in vacuo at 25 °C 

and ca. 10 Torr, then DMSO was removed by Kugelrohr distillation at ca. 10 



147 

mTorr. The resulting semisolid residue was adsorbed onto Celite from a MeCN 

suspension and purified by silica gel chromatography using an elution gradient 

from 100% Et2O to 100% MeCN. Removal of volatiles at 25 °C and ca. 10 mTorr 

for 18 h afforded MIDA boronate 5.4b as a white powder (101 mg, 58% yield). 

Crystals suitable for X-ray diffraction analysis were prepared by slow diffusion of 

Et2O into a saturated solution of 5.4b in Et2O/acetone at 25 °C over 3 days 

TLC (10% MeCN/ Et2O): Rf = 0.39. 

1H NMR (CD3CN, 600 MHz): δ 7.72 (dd, J = 7.8 Hz, 0.8 Hz, 1H), 7.67–7.65 (m, 

2H), 7.55 (d, J = 9.7 Hz, 1H), 7.47–7.44 (m, 3H), 7.35– 7.31 (m, 1H), 7.29– 

7.26 (m, 1H), 3.97 (d, J = 17.1 Hz, 2H), 3.65 (d, J = 17.1 Hz, 2H), 2.56 (s, 

3H).  

13C NMR (CD3CN, 125 MHz): δ 169.0, 156.0, 133.6, 133.0, 130.6, 130.2, 129.3, 

125.2, 123.9, 123.5, 111.8, 63.0, 48.2. [Note: no signals were observed for 

the quaternary C–B ipso carbon or the quaternary carbon at the benzo-

furan 2 position.] 

11B NMR (CD3CN, 193 MHz): δ 11.3 (br s). 

 HRMS (ESI+): Calculated for C17H19BBrNO5 ([M+Na]+), 372.1023; found 

372.1016. 
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MIDA boronate 5.4c. A solution of phenol 5.1c (127 mg, 0.500 mmol, 1.00 equiv) 

in 1.0 mL toluene was added to a flame-dried 10-mL Schlenk tube. To this stirring 

solution was added dropwise at 25 °C a suspension of NaH (92 wt % purity, 13.0 

mg, 0.500 mmol, 1.00 equiv) in 0.5 mL toluene over 2 min. A suspension of 

NaTFA (20. mg, 0.15 mmol, 30 mol %) in 0.5 mL toluene was added next, and the 

resulting suspension was stirred for 15 min to affect full deprotonation.  

To the resulting stirring sodium phenoxide suspension was added at 25 °C 

a solution of B-chlorocatecholborane (77.0 mg, 0.500 mmol, 1.00 equiv) in tolu-

ene (1.0 mL), using additional toluene as a rinse to ensure full transfer (2 × 0.5 

mL portions). The resulting suspension was stirred vigorously for 30 min to allow 

for full conversion to boric ester intermediate 5.2c.  

Next, a suspension of IPrAuCl (16 mg, 0.025 mmol, 5.0 mol %) in toluene 

(0.5 mL) was added to the reaction mixture at 25 °C, using additional toluene as a 

rinse to aid in full transfer (1 × 0.5 mL portion). The reaction mixture was then 

sealed with a ground glass stopper and a PTFE sealing ring and placed in a pre-

heated 50 °C copper shot heating bath. The final concentration of the reaction 

mixture was 0.1 M in 5.1c. 

After 23 h, analysis by TLC (20% EtOAc/hexanes) indicated full consump-

tion of boric ester intermediate 5.2c. The reaction mixture was cooled to 25 °C, 

and a solution of PPh3 (13 mg, 0.050 mmol, 10 mol %) in toluene (0.5 mL) was 

5.1c

1.a) NaH (1.0 equiv),  25 ˚C
1.b) ClB(catechol) (1.0 equiv), 25 ˚C

1.c) IPrAuCl (5.0 mol %)
       NaTFA (30 mol %)
       toluene,  50˚C, 23 h
2) H2MIDA 
    toluene/DMSO
    90 ˚C, 2 h

O

B(MIDA)

5.4c

OH

Br Br
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added. The resulting suspension was stirred for 16 h at 25 °C in order to quench 

IPrAuTFA before proceeding. 

Anhydrous DMSO (2.0 mL) and H2MIDA (160 mg, 1.1 mmol, 2.2 equiv) 

were added to the quenched alkoxyboration reaction mixture, and the resulting 

suspension was stirred at 90 °C for 2h. The reaction mixture was then cooled to 

25 °C and removed from the glovebox. Toluene was removed in vacuo at 25 °C 

and ca. 10 Torr, then DMSO was removed by Kugelrohr distillation at ca. 10 

mTorr. The resulting semisolid residue was adsorbed onto Celite from a MeCN 

suspension and purified by silica gel chromatography using an elution gradient 

from 100% Et2O to 100% MeCN. Removal of volatiles at 25 °C and ca. 10 mTorr 

for 18 h afforded MIDA boronate 5.4c as a white powder (161 mg, 79% yield). 

TLC (10% MeCN/ Et2O): Rf = 0.50. 

1H NMR (CD3CN, 600 MHz): δ 7.59 (dd, J = 1.9 Hz, 0.4 Hz, 1H), 7.37 (d, J = 7.4 

Hz, 1H), 7.34 (dd, J = 8.7 Hz, 1.8 Hz, 1H), 4.12 (d, J = 17.2 Hz, 2H), 3.92 

(d, J = 17.2 Hz, 2H), 2.77 (app t, J = 7.7 Hz, 2H), 2.66 (s, 3H), 1.70 (app 

quintet, J = 7.7 Hz, 2H), 1.38 (sextet, J = 7.4 Hz, 2H), 0.93 (t, J = 7.4 Hz, 

3H).  

13C NMR (CD3CN, 125 MHz): δ 169.4, 167.4, 154.6, 135.6, 126.8, 124.9, 116.1, 

113.1, 63.0, 48.1, 31.6, 29.0, 23.2, 14.0. [Note: no signal was observed for 

the quaternary C–B ipso carbon.] 

11B NMR (CD3CN, 193 MHz): δ 11.3 (br s). 

 HRMS (ESI+): Calculated for C16H17BBrNO5Na ([M+Na]+), 430.0441; found 

430.0425.  
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MIDA boronate 5.4d. A solution of phenol 5.1d (85 mg, 0.22 mmol, 1.0 equiv) in 

1.0 mL toluene was added to a flame-dried 10-mL Schlenk tube. To this stirring 

solution was added dropwise at 25 °C a suspension of NaH (92 wt % purity, 6.0 

mg, 0.20 mmol, 1.0 equiv) in 0.5 mL toluene over 2 min. A suspension of NaTFA 

(9.0 mg, 0.070 mmol, 30 mol %) in 0.5 mL toluene was added next, and the re-

sulting suspension was stirred for 45 min to affect full deprotonation.  

To the resulting stirring sodium phenoxide suspension was added at 25 °C 

a solution of B-chlorocatecholborane (34 mg, 0.22 mmol, 1.0 equiv) in toluene 

(1.0 mL), using additional toluene as a rinse to ensure full transfer (2 × 0.5 mL 

portions). The resulting suspension was stirred vigorously for 30 min to allow for 

full conversion to boric ester intermediate 5.2d.  

Next, a suspension of IPrAuCl (7.0 mg, 0.010 mmol, 5.0 mol %) in toluene 

(0.5 mL) was added to the reaction mixture at 25 °C, using additional toluene as a 

rinse to aid in full transfer (1 × 0.5 mL portion). The reaction mixture was then 

sealed with a ground glass stopper and a PTFE sealing ring and placed in a pre-

heated 50 °C copper shot heating bath. The final concentration of the reaction 

mixture was 0.1 M in 5.1d. 

After 23 h, analysis by TLC (20% EtOAc/hexanes) indicated full consump-

tion of boric ester intermediate 5.2d. The reaction mixture was cooled to 25 °C, 

and a solution of PPh3 (6.0 mg, 0.020 mmol, 10 mol %) in toluene (0.5 mL) was 

O OTBDPS

5.4d
B(MIDA)

1.a) NaH (1.0 equiv),  25 ˚C
1.b) ClB(catechol) (1.0 equiv), 25 ˚C

1.c) IPrAuCl (5.0 mol %)
       NaTFA (30 mol %)
       toluene, 90 ˚C, 23 h

2) H2MIDA 
    toluene/DMSO
    90 ˚C, 2 h

OH

OTBDPS

5.1d
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added. The resulting suspension was stirred for 16 h at 25 °C in order to quench 

IPrAuTFA before proceeding. 

Anhydrous DMSO (2.0 mL) and H2MIDA (35 mg, 0.24 mmol, 1.1 equiv) 

were added to the quenched alkoxyboration reaction mixture, and the resulting 

suspension was stirred at 90 °C for 2 h. The reaction mixture was then cooled to 

25 °C and removed from the glovebox. Toluene was removed in vacuo at 25 °C 

and ca. 10 Torr, then DMSO was removed by Kugelrohr distillation at ca. 10 

mTorr. The resulting semisolid residue was adsorbed onto Celite from a MeCN 

suspension and purified by silica gel chromatography using an elution gradient 

from 100% Et2O to 100% MeCN. Removal of volatiles at 25 °C and ca. 10 mTorr 

for 18 h afforded MIDA boronate 5.4d as a white powder (32 mg, 48% yield). 

TLC (20% MeCN/Et2O): Rf = 0.50, visualized by UV absorbance. 

1H NMR (CD3CN, 600 MHz): δ  7.74 (dd, J = 7.8, 1.2 Hz, 4H), 7.56 (d, J = 7.6 Hz, 

1H), 7.51–7.46 (m, 3H), 7.46–7.40 (m, 4H), 7.32 (dt, J = 7.2, 1.2 Hz, 1H), 

7.25 (t, J = 7.6 Hz, 1H), 4.87 (s, 2 H), 4.24 (d, J = 17.2 Hz, 2H),  3.92 (d, J 

= 17.2 Hz, 2H), 2.63 (s, 3 H), 1.02 (s, 9 H) 

13C NMR (CD3CN, 125 MHz): δ 169.3, 161.7, 156.0, 136.5, 133.9, 132.7, 131.0, 

128.8, 125.4, 123.8, 123.1, 111.9, 62.7, 59.6, 48.3, 27.1, 19.8. [Note: no 

signal was observed for the quaternary C–B ipso carbon.] 

11B NMR (CD3CN, 193 MHz): δ 11.2. 

HRMS (ESI+): Calculated for C30H32O6BNSiNa ([M+Na]+), 564.1995; found 

564.1995. 
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MIDA boronate 5.4e. A solution of phenol 5.1e (90. mg, 0.76 mmol, 1.0 equiv) in 

1.5 mL toluene was added to a flame-dried 10-mL Schlenk tube. To this stirring 

solution was added dropwise at 25 °C a suspension of NaH (92 wt % purity, 20. 

mg, 0.76 mmol, 1.00 equiv) in 1.0 mL toluene over 2 min. A suspension of NaTFA 

(31 mg, 0.23 mmol, 30 mol %) in 0.5 mL toluene was added next, and the result-

ing suspension was stirred for 15 min to affect full deprotonation.  

To the resulting stirring sodium phenoxide suspension was added at 25 °C 

a solution of B-chlorocatecholborane (120 mg, 0.76 mmol, 1.0 equiv) in toluene 

(1.5 mL), using additional toluene as a rinse to ensure full transfer (2 × 0.5 mL 

portions). The resulting suspension was stirred vigorously for 30 min to allow for 

full conversion to boric ester intermediate 5.2e.  

Next, a suspension of IPrAuCl (25 mg, 0.040 mmol, 5.0 mol %) in toluene 

(0.5 mL) was added to the reaction mixture at 25 °C, using additional toluene as a 

rinse to aid in full transfer (3 × 0.5 mL portion). The reaction mixture was then 

sealed with a ground glass stopper and a PTFE sealing ring and placed in a pre-

heated 50 °C copper shot heating bath. The final concentration of the reaction 

mixture was 0.1 M in 5.1e. 

After 23 h, analysis by TLC (20% EtOAc/hexanes) indicated full consump-

tion of boric ester intermediate 5.2e. The reaction mixture was cooled to 25 °C, 

and a solution of PPh3 (20. mg, 0.080 mmol, 10 mol %) in toluene (0.5 mL) was 

O

5.4e

B(MIDA)

1.a) NaH (1.0 equiv),  25 ˚C
1.b) ClB(catechol) (1.0 equiv), 25 ˚C

1.c) IPrAuCl (5.0 mol %)
       NaTFA (30 mol %)
       toluene,  50 ˚C, 23 h

2) H2MIDA 
    toluene/DMSO
    90 ˚C, 2 h

OH

5.1e
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added. The resulting suspension was stirred for 16 h at 25 °C in order to quench 

IPrAuTFA before proceeding. 

Anhydrous DMSO (2.0 mL) and H2MIDA (124 mg, 0.84 mmol, 1.1 equiv) 

were added to the quenched alkoxyboration reaction mixture, and the resulting 

suspension was stirred at 90 °C for 2h. The reaction mixture was then cooled to 

25 °C and removed from the glovebox. Toluene was removed in vacuo at 25 °C 

and ca. 10 Torr, then DMSO was removed by Kugelrohr distillation at ca. 10 

mTorr. The resulting semisolid residue was adsorbed onto Celite from a MeCN 

suspension and purified by silica gel chromatography using an elution gradient 

from 100% Et2O to 100% MeCN. Removal of volatiles at 25 °C and ca. 10 mTorr 

for 18 h afforded MIDA boronate 5.4e as an off-white powder (82 mg, 40% yield). 

TLC (20% MeCN/Et2O): Rf = 0.58, visualized by UV absorbance. 

1H NMR (CD3CN, 600 MHz): δ 7.75 (s, 1H), 7.59 (d, J = 7.7 Hz, 1H), 7.55 (d, J = 

8.1 Hz, 1H), 7.32 (t, J = 8.4 Hz, 1H), 7.26 (t, J = 9.0 Hz, 1H), 4.12 (d, J = 

17.2 Hz, 2H), 3.95 (d, J = 17.2 Hz, 2H), 2.67 (s, 3H). 

13C NMR (CD3CN, 125 MHz): δ 169.3, 157.0, 151.7, 131.1, 125.2, 123.9, 122.9, 

112.2, 62.6, 48.1. [Note: no signal was observed for the quaternary C–B 

ipso carbon.] 

11B NMR (CD3CN, 193 MHz): δ 11.2 (br s). 

HRMS (ESI+): Calculated for C12H12BNO5Na ([M+Na]+), 296.0709; found 

296.0714. 
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MIDA boronate 5.4f. A solution of phenol 5.1f (71.0 mg, 0.500 mmol, 1.00 equiv) 

in 1.0 mL toluene was added to a flame-dried 10-mL Schlenk tube. To this stirring 

solution was added dropwise at 25 °C a suspension of NaH (92 wt % purity, 13.0 

mg, 0.500 mmol, 1.00 equiv) in 0.5 mL toluene over 2 min. A suspension of 

NaTFA (20. mg, 0.15 mmol, 30 mol %) in 0.5 mL toluene was added next, and the 

resulting suspension was stirred for 15 min to affect full deprotonation.  

To the resulting stirring sodium phenoxide suspension was added at 25 °C 

a solution of B-chlorocatecholborane (77.0 mg, 0.500 mmol, 1.00 equiv) in tolu-

ene (1.0 mL), using additional toluene as a rinse to ensure full transfer (2 × 0.5 

mL portions). The resulting suspension was stirred vigorously for 30 min to allow 

for full conversion to boric ester intermediate 5.2f.  

Next, a suspension of IPrAuCl (16 mg, 0.025 mmol, 5.0 mol %) in toluene 

(0.5 mL) was added to the reaction mixture at 25 °C, using additional toluene as a 

rinse to aid in full transfer (1 × 0.5 mL portion). The reaction mixture was then 

sealed with a ground glass stopper and a PTFE sealing ring and placed in a pre-

heated 50 °C copper shot heating bath. The final concentration of the reaction 

mixture was 0.1 M in 5.1f. 

After 23 h, analysis by TLC (20% EtOAc/hexanes) indicated full cosump-

tion of boric ester intermediate 5.2f. The reaction mixture was cooled to 25 °C, 

and a solution of PPh3 (13 mg, 0.050 mmol, 10 mol %) in toluene (0.5 mL) was 

5.1f

1.a) NaH (1.0 equiv),  25 ˚C
1.b) ClB(catechol) (1.0 equiv), 25 ˚C

1.c) IPrAuCl (5.0 mol %)
       NaTFA (30 mol %)
       toluene,  50˚C, 23 h
2) H2MIDA 
    toluene/DMSO
    90 ˚C, 2 h

O

B(MIDA)

5.4f

OH
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added. The resulting suspension was stirred for 16 h at 25 °C in order to quench 

IPrAuTFA before proceeding. 

Anhydrous DMSO (2.0 mL) and H2MIDA (160 mg, 1.1 mmol, 2.2 equiv) 

were added to the quenched alkoxyboration reaction mixture, and the resulting 

suspension was stirred at 90 °C for 2h. The reaction mixture was then cooled to 

25 °C and removed from the glovebox. Toluene was removed in vacuo at 25 °C 

and ca. 10 Torr, then DMSO was removed by Kugelrohr distillation at ca. 10 

mTorr. The resulting semisolid residue was adsorbed onto Celite from a MeCN 

suspension and purified by silica gel chromatography using an elution gradient 

from 100% Et2O to 100% MeCN. Removal of volatiles at 25 °C and ca. 10 mTorr 

for 18 h afforded MIDA boronate 5.4f as a white powder (52 mg, 35% yield). 

TLC (20% MeCN/ Et2O): Rf = 0.50. 

1H NMR (CD3CN, 600 MHz): δ 7.82 (s, 1H), 7.69 (s, 1H), 7.57 (d, J = 8.1 Hz, 1H), 

7.38 (dd, J = 7.1, 1.3 Hz, 1H), 4.12 (d, J = 17.2 Hz, 2H), 3.94 (d, J = 17.2 

Hz, 2H), 3.40 (s, 1H), 2.66 (s, 3H).  

13C NMR (CD3CN, 125 MHz): δ 169.2, 156.4, 153.3, 132.1, 127.9, 123.1, 115.8, 

84.4, 78.5, 62.6, 48.2. [Note: no signals were observed for the quaternary 

C–B ipso carbon and a second quaternary carbon.] 

11B NMR (CD3CN, 193 MHz): δ 11.0 (br s). 

HRMS (ESI+): Calculated for C15H12BNO5Na ([M+Na]+), 320.0709; found 

320.0713.  
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MIDA boronate 5.4g. A solution of phenol 5.1g (99 mg, 0.29 mmol, 1.0 equiv) in 

0.5 mL toluene was added to a flame-dried 10-mL Schlenk tube. To this stirring 

solution was added dropwise at 25 °C a suspension of NaH (92 wt % purity, 8.0 

mg, 0.50 mmol, 1.0 equiv) in 0.5 mL toluene over 2 min. A suspension of NaTFA 

(9.0 mg, 0.090 mmol, 30. mol %) in 0.5 mL toluene was added next, and the re-

sulting suspension was stirred for 15 min to affect full deprotonation.  

To the resulting stirring sodium phenoxide suspension was added at 25 °C 

a solution of B-chlorocatecholborane (45 mg, 0.29 mmol, 1.0 equiv) in toluene 

(0.5 mL), using additional toluene as a rinse to ensure full transfer (1 × 0.3 mL 

portion). The resulting suspension was stirred vigorously for 30 min to allow for 

full conversion to boric ester intermediate 5.2g.  

Next, a suspension of IPrAuCl (9.0 mg, 0.010 mmol, 5.0 mol %) in toluene 

(0.5 mL) was added to the reaction mixture at 25 °C, using additional toluene as a 

rinse to aid in full transfer (1 × 0.2 mL portion). The reaction mixture was then 

sealed with a ground glass stopper and a PTFE sealing ring and placed in a pre-

heated 90 °C copper shot heating bath. The final concentration of the reaction 

mixture was 0.1 M in 5.1g. 

After 23 h, analysis by TLC (20% EtOAc/hexanes) indicated full consump-

tion of boric ester intermediate 5.2g. The reaction mixture was cooled to 25 °C, 

and a solution of PPh3 (8.0 mg, 0.030 mmol, 10. mol %) in toluene (0.5 mL) was 

O TsN

5.4g

B(MIDA)

O

1.a) NaH (1.0 equiv),  25 ˚C
1.b) ClB(catechol) (1.0 equiv), 25 ˚C

1.c) IPrAuCl (5.0 mol %)
       NaTFA (30 mol %)
       toluene, 90 ˚C, 23 h

2) H2MIDA 
    toluene/DMSO
    90 ˚C, 2 h

OH
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O
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added. The resulting suspension was stirred for 16 h at 25 °C in order to quench 

IPrAuTFA before proceeding. 

Anhydrous DMSO (2.0 mL) and H2MIDA (52 mg, 0.35 mmol, 1.1 equiv) 

were added to the quenched alkoxyboration reaction mixture, and the resulting 

suspension was stirred at 90 °C for 2h. The reaction mixture was then cooled to 

25 °C and removed from the glovebox. Toluene was removed in vacuo at 25 °C 

and ca. 10 Torr, then DMSO was removed by Kugelrohr distillation at ca. 10 

mTorr. The resulting semisolid residue was adsorbed onto Celite from a MeCN 

suspension and purified by silica gel chromatography using an elution gradient 

from 100% Et2O to 100% MeCN. Removal of volatiles at 25 °C and ca. 10 mTorr 

for 18 h afforded MIDA boronate 5.4g as a white powder (59 mg, 41% yield). 

TLC (20% MeCN/Et2O): Rf = 0.58, visualized by UV absorbance. 

1H NMR (CD3CN, 600 MHz): δ 7.70 (d, J = 8.3 Hz, 2H), 7.47 (d, J = 7.6 Hz, 1H), 

7.40 (d, J = 7.9 Hz, 1H), 7.34–7.29 (m, 3H), 7.26 (t, J = 7.2 Hz, 1H), 5.28 

(s, 2H), 4.19 (d, J = 21.0 Hz, 2H), 4.12 (d, J = 21.0 Hz, 2H), 2.76 (s, 3H), 

2.39 (s, 3H), 2.35 (s, 3H). 

13C NMR (CD3CN, 125 MHz): δ 171.7, 169.6, 158.2, 155.6, 146.4, 137.2, 132.3, 

130.6, 129.0, 125.4, 124.1, 122.9, 111.9, 64.0, 49.0, 44.5, 25.0, 21.6. 

[Note: no signal was observed for the quaternary C–B ipso carbon.] 

11B NMR (CD3CN, 193 MHz): δ 11.3. 

HRMS (ESI+): Calculated for C23H23BN2O8SNa ([M+Na]+), 521.1170; found 

521.1153. 
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Benzofuran trifluoroborate 5.4h. A solution of phenol 5.1h (138 mg, 0.500 

mmol, 1.00 equiv) in 1.0 mL toluene was added to a flame-dried 10-mL Schlenk 

tube. To this stirring solution was added dropwise at 25 °C a suspension of NaH 

(92 wt % purity, 13.0 mg, 0.500 mmol, 1.00 equiv) in 0.5 mL toluene over 2 min. A 

suspension of NaTFA (20. mg, 0.15 mmol, 30 mol %) in 0.5 mL toluene was 

added next. Due to the low solubility of 5.1h in toluene, dry dichloroethane (0.5 

mL) and dry THF (1.0 mL) were added. The resulting suspension was stirred for 

15 min to affect full deprotonation.  

To the resulting stirring sodium phenoxide suspension was added at 25 °C 

a solution of B-chlorocatecholborane (77.0 mg, 0.500 mmol, 1.00 equiv) in tolu-

ene (0.5 mL), using additional toluene as a rinse to ensure full transfer (1 × 0.5 

mL portions). The resulting suspension was stirred vigorously for 30 min to allow 

for full conversion to boric ester intermediate 5.2h.  

Next, a suspension of IPrAuCl (16 mg, 0.025 mmol, 5.0 mol %) in toluene 

(0.5 mL) was added to the reaction mixture at 25 °C, using additional toluene as a 

rinse to aid in full transfer (1 × 0.5 mL portion). The reaction mixture was then 

sealed with a ground glass stopper and a PTFE sealing ring and placed in a pre-

heated 90 °C copper shot heating bath. The final concentration of the reaction 

mixture was 0.08 M in 5.1h. 

5.1h

1.a) NaH (1.0 equiv),  25 ˚C
1.b) ClB(catechol) (1.0 equiv), 25 ˚C

1.c) IPrAuCl (5.0 mol %)
       NaTFA (30 mol %)
       toluene/DCE/THF,  90˚C, 40 h
2) KHF2 (3.5 equiv)
    toluene/acetone
    25 ˚C, 30 min

O

BF3K

5.4h

OH

MeO

O

MeO

ON

N

O
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After 40 h, analysis by TLC (20% EtOAc/hexanes) indicated full consump-

tion of boric ester intermediate 5.2h. The reaction mixture was cooled to 25 °C, 

and a solution of PPh3 (13 mg, 0.050 mmol, 10 mol %) in toluene (0.5 mL) was 

added. The resulting suspension was stirred for 26 h at 25 °C in order to quench 

IPrAuTFA before proceeding. 

The quenched reaction mixture was removed from the glovebox and fil-

tered through a fiberglass filter to remove the suspended solids. The filter was 

then rinsed with chloroform (3 × 3 mL), and the combined filtrates were concen-

trated in vacuo to a pale yellow powder, which was suspended in acetone (4.5 

mL) and added to a stirring solution of KHF2 (160 mg, 2.0 mmol 4.0 equiv) in wa-

ter (1.5 mL). The resulting mixture was stirred at 25 °C for 30 min, and then con-

centrated in vacuo to remove the solvents. To this residue was added 2 mL Et2O 

and subsequently concentrated at ca. 10 mTorr for 30 min in order to remove re-

sidual acetone. The resulting pale yellow solid residue was washed with Et2O (4 × 

2 mL) and extracted with acetone (4 × 2 mL). The combined acetone extracts 

were concentrated in vacuo, and the resulting residue was subjected to an addi-

tional washing/extraction cycle to yield 5.4h as a light green powder (79 mg, 42% 

yield) with trace residual acetone after removing volatiles at 25 °C and ca. 10 

mTorr for 18 h.  

1H NMR (d6-DMSO, 600 MHz): δ 8.30 (s, 1H), 7.75 (dd, J = 9.4 Hz, 1.7 Hz, 1H), 

7.44 (d, J = 8.5 Hz, 1H), 3.85, (s, 3H), 3.67 (br s, 2H), 3.54 (app t, J = 4.1 

Hz, 4H), 2.44 (br s, 4H).  
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13C NMR (d6- DMSO, 125 MHz): δ 167.0, 157.3, 155.5 (br), 134.1, 125.2, 123.9, 

122.7, 109.8, 66.2, 54.2, 53.0, 51.8. [Note: As with many organotrifluorobo-

rates, the ipso carbon was not detected, presumably due to broadening 

through coupling to the 11B nucleus.] 

11B NMR (d6- DMSO, 193 MHz): δ 2.8 (br s). 

19F NMR (d6-DMSO, 376 MHz): δ -133.1 (br s). 

HRMS (ESI-): Calculated for C15H16BF3NO4 ([M-K]-), 342.1127; found 342.1125.  

 

 

Benzofuran trifluoroborate 5.4i. A solution of phenol 5.1i (101 mg, 0.440 mmol, 

1.00 equiv) in 0.75 mL toluene was added to a flame-dried 10-mL Schlenk tube. 

To this stirring solution was added dropwise at 25 °C a suspension of NaH (92 wt 

% purity, 11 mg, 0.44 mmol, 1.0 equiv) in 0.5 mL toluene over 2 min. A suspen-

sion of NaTFA (18 mg, 0.13 mmol, 30. mol %) in 0.5 mL toluene was added next, 

and the resulting suspension was stirred for 15 min to affect full deprotonation.  

To the resulting stirring sodium phenoxide suspension was added at 25 °C 

a solution of B-chlorocatecholborane (67 mg, 0.44 mmol, 1.0 equiv) in toluene 

(0.75 mL), using additional toluene as a rinse to ensure full transfer (2 × 0.5 mL 

portions). The resulting suspension was stirred vigorously for 30 min to allow for 

full conversion to boric ester intermediate 5.2i.  

O

5.4i

O
OEt

BF3K

1.a) NaH (1.0 equiv),  25 ˚C
1.b) ClB(catechol) (1.0 equiv), 25 ˚C

1.c) IPrAuCl (5.0 mol %)
       NaTFA (30 mol %)
       toluene,  50 ˚C, 24 h

2) KHF2
    acetone/H2O

OH

O

OEt

5.1i
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Next, a suspension of IPrAuCl (14 mg, 0.022 mmol, 5.0 mol %) in toluene 

(0.5 mL) was added to the reaction mixture at 25 °C, using additional toluene as a 

rinse to aid in full transfer (1 × 0.5 mL portion). The reaction mixture was then 

sealed with a ground glass stopper and a PTFE sealing ring and placed in a pre-

heated 50 °C copper shot heating bath. The final concentration of the reaction 

mixture was 0.1 M in 5.1i. 

After 24 h, analysis by TLC (20% EtOAc/hexanes) indicated full consump-

tion of boric ester intermediate 5.2i. The reaction mixture was cooled to 25 °C, 

and a solution of PPh3 (8.0 mg, 0.030 mmol, 10. mol %) in toluene (0.5 mL) was 

added. The resulting suspension stirred for 22 h at 25 °C in order to quench 

IPrAuTFA before proceeding. 

The quenched reaction mixture was removed from the glovebox and fil-

tered through a fiberglass filter to remove the suspended solids. The filter was 

then rinsed with toluene (3 × 3 mL), and the combined filtrates were concentrated 

in vacuo to a pale yellow powder, which was suspended in acetone (4.5 mL) and 

added to a stirring solution of KHF2 (136 mg, 1.70 mmol, 3.50 equiv) in water (1.5 

mL). The resulting mixture was stirred at 25 °C for 30 min, and then concentrated 

in vacuo to remove the solvents. To this residue was added 2 mL Et2O and sub-

sequently concentrated at ca. 10 mTorr for 30 min in order to remove residual 

acetone. The resulting pale yellow solid residue was washed with Et2O (4 × 2 mL) 

and extracted with acetone (4 × 2 mL). The combined acetone extracts were con-

centrated in vacuo, and the resulting residue was subjected to an additional 
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washing/extraction cycle to yield 5.4i as a white powder (102 mg, 69% yield) after 

removing volatiles at 25 °C and ca. 10 mTorr for 18 h. 

1H NMR (d6- DMSO, 600 MHz): δ 7.55 (t, J = 6.7 Hz, 1H), 7.27 (dd, J = 6.7, 1.8 

Hz, 1H), 7.05–6.93 (m, 2H), 4.03 (q, J = 7.0 Hz, 2H), 2.77 (t, J = 7.3 Hz, 

2H), 2.28 (t, J = 7.7 Hz, 2H), 1.85 (quin, J = 7.5 Hz, 2H), 1.16 (t, J = 7.1 Hz, 

3H). 

13C NMR (d6- DMSO, 125 MHz): δ 172.9, 157.3, 154.0, 134.6, 122.5, 121.3, 

120.7, 109.2, 59.6, 33.1, 27.0, 24.0, 14.1. 

11B NMR (d6- DMSO, 193 MHz): δ 2.9 (br s). 

19F NMR (d6- DMSO, 377 MHz) δ -133.6 (m). 

HRMS (ESI-): Calculated for C14H15BF3O3 ([M-K]-), 299.1069; found 299.1063. 

 

 

Benzofuran trifluoroborate 5.4j. A solution of phenol 5.1j (41.4 mg, 0.119 mmol, 

1.00 equiv) in 150 µL toluene was added to a flame-dried 10-mL Schlenk tube. To 

this stirring solution was added dropwise at 25 °C a suspension of NaH (92 wt % 

purity, 3.1 mg, 0.12 mmol, 1.0 equiv) in 150 µL toluene. A suspension of NaTFA 

(4.9. mg, 0.036 mmol, 30 mol %) in 150 µL toluene was added next. The resulting 

suspension was stirred for 15 min to affect full deprotonation.  

To the resulting stirring sodium phenoxide suspension was added at 25 °C 

a solution of B-chlorocatecholborane (18.3 mg, 0.119 mmol, 1.00 equiv) in tolu-

5.1j

1.a) NaH (1.0 equiv),  25 ˚C
1.b) ClB(catechol) (1.0 equiv), 25 ˚C

1.c) IPrAuCl (5.0 mol %)
       NaTFA (30 mol %)
       toluene,  50˚C, 20 h
2) KHF2 (3.5 equiv)
    toluene/acetone
    25 ˚C, 30 min

O
Ph

BF3K

5.4j

OH

Ph

I

NC

I

NC
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ene (150 µL), using additional toluene as a rinse to ensure full transfer (1 × 150 

µL portions). The resulting suspension was stirred vigorously for 30 min to allow 

for full conversion to boric ester intermediate 5.2j.  

Next, a suspension of IPrAuCl (16 mg, 0.025 mmol, 5.0 mol %) in toluene 

(150 µL) was added to the reaction mixture at 25 °C, using additional toluene as a 

rinse to aid in full transfer (1 × 150 µL portion). The reaction mixture was then 

sealed with a ground glass stopper and a PTFE sealing ring and placed in a pre-

heated 90 °C copper shot heating bath. The final concentration of the reaction 

mixture was 0.1 M in 5.1j. 

After 20 h, analysis by TLC (10% EtOAc/hexanes) indicated full consump-

tion of boric ester intermediate 5.2j. The reaction mixture was cooled to 25 °C, 

and a solution of PPh3 (3.1 mg, 0.012 mmol, 10 mol %) in toluene (0.5 mL) was 

added. The resulting suspension was stirred for 18 h at 25 °C in order to quench 

IPrAuTFA before proceeding. 

The quenched reaction mixture was removed from the glovebox and fil-

tered through a fiberglass filter to remove the suspended solids. The filter was 

then rinsed with chloroform (3 × 3 mL), and the combined filtrates were concen-

trated in vacuo to a pale yellow powder, which was suspended in acetone (1.0 

mL) and added to a stirring solution of KHF2 (37 mg, 0.48 mmol, 4.0 equiv) in wa-

ter (300 µL). The resulting mixture was stirred at 25 °C for 30 min, and then con-

centrated in vacuo to remove the solvents. Residual water was removed 

azeotropically by adding 2 mL acetone and concentrating in vacuo again. To this 

residue was added 2 mL Et2O and subsequently concentrated at ca. 10 mTorr for 
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30 min in order to remove residual acetone. The resulting pale yellow solid resi-

due was washed with Et2O (4 × 2 mL) and extracted with acetone (4 × 2 mL). The 

combined acetone extracts were concentrated in vacuo, and the resulting residue 

was subjected to an additional washing/extraction cycle to yield 5.4j as a light 

green powder (12 mg, 23% yield) with trace residual acetone after removing vola-

tiles at 25 °C and ca. 10 mTorr for 18 h.  

1H NMR (d6-DMSO, 600 MHz): δ 8.07 (d, J = 1.4 Hz, 1H), 7.87 (d, J = 1.5 Hz, 1H), 

7.59–7.57 (m, 1H), 2.56–2.53 (m, 2H), 2.23–2.20 (m, 2H), 1.69–1.65 (m, 

2H), 1.62–1.58 (m, 2H).  

13C NMR (d6-DMSO, 125 MHz): δ. [Note: As with many organotrifluoroborates, the 

ipso carbon was not detected, presumably due to broadening through cou-

pling to the 11B nucleus. A second quaternary carbon was also not de-

tected.] 

11B NMR (d6- DMSO, 193 MHz): δ 2.8 (br s). 

19F NMR (d6-DMSO, 376 MHz): δ -130.7 (br s). 

HRMS (ESI-): Calculated for C15H11BF3INO ([M-K]-), 415.9933; found 415.9916.  
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General procedure NMR conversions using ERETIC 

 

ERETIC experiments were conducted by Blum group graduate student Darius 

Faizi. A 4-mL vial was charged with a 2-substituted alkynylphenol (5.1, 0.05 

mmol, 1 equiv), and 0.5 mL d8-toluene. A second 4-mL vial was charged with NaH 

(1.3 mg, 0.050 mmol, 1.0 equiv) and NaTFA (2.7 mg, 0.020 mmol, 0.30 equiv). 

The solution containing the phenol was then added dropwise to the vial containing 

NaH and NaTFA, and swirled intermittently for 15 min. This cloudy mixture was 

then added dropwise to another 4-mL vial containing B-chlorocatecholborane (7.7 

mg, 0.050 mmol, 1.0 equiv). This mixture was then swirled intermittently for 30 

min before transferring into a new vial containing IPrAuCl (1.6 mg, 0.0030 mmol, 

0.050 equiv). This mixture was then transferred into a J. Young NMR tube, which 

was sealed and removed from the glove box. This tube was then heated to 50 oC 

for 18-24 h. An 1H NMR was taken (600 MHz, d8-toluene), and the signals corre-

lating to the corresponding cyclized benzofuran boronic ester (5.3) were com-

pared to an external standard of mesitylene (419 mmol/L in d8-toluene) using the 

ERETIC method, ensuring the acquisition parameters were identical. This general 

procedure was used for R1= H, R2=Ph (5.3a, 5.3b, 95%); R1= 6-Br, R2= Bu (5.3c, 

88%); R1= 6-CCH, R2=H (5.3f, 42%), R1= H, R2= -(CH2)3CO2Et (5.3i, 71%). 

OH

R2

O
R2

5.1a/5.1b, 5.1c, 5.1f, 5.1i

B
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R1

R1
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2

34
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Gram-scale preparation of 5.4i 

 

The gram-scale alkoxyboration reaction was conducted in a N2-filled 

glovebox. A flame-dried 100-mL Schlenk tube with a stirbar was charged with 

NaH (92 wt % purity, 123 mg, 5.13 mmol, 1.00 equiv) and NaTFA (210 mg, 1.5 

mmol, 30. mol %). Anhydrous toluene (12 mL) was added. To the resulting rapidly 

stirring suspension was added a solution of phenol 5.1i (1.30 g, 5.13 mmol, 1.00 

equiv) in toluene (2 mL) at 25 °C dropwise over 5 min. Additional toluene (3 × 2 

mL) was used as a rinse to aid in complete transfer. The reaction mixture was 

stirred at 25 °C for 30 min to affect full deprotonation. 

To the resulting pale yellow suspension was added a solution of B-

chlorocatecholborane (790. mg, 5.13 mmol, 1.00 equiv) in toluene (5 mL) drop-

wise over 5 min. [Note: a slight exotherm occurs.] Additional toluene (3 × 5 mL) 

was used as a rinse to aid in complete transfer. The reaction mixture was stirred 

at 25 °C for 30 min to affect full formation of boric ester intermediate 5.2i. 

A suspension of IPrAuCl (80. mg, 0.13 mmol, 2.5 mol %) in toluene (2.5 

mL) was added next, using additional toluene (3 × 2.5 mL) as a rinse to ensure 

full transfer. The reaction vessel was then sealed with a ground glass joint and a 

PTFE sealing ring and placed in a preheated 60 °C copper shot heating bath. The 

final concentration of the reaction mixture was 0.1 M in 5.1i. 

OH

5.1i
5.1 mmol

5.4i
83% yield

1.4 g

O

BF3K

OEt
O

OEt

O

1.a) NaH (1.0 equiv), 25 ˚C
1.b) ClB(catechol) (1.0 equiv), 25 ˚C

1.c) IPrAuCl (5.0 mol %)
       NaTFA (30 mol %)
       toluene,  50 ˚C
2) KHF2 (4.0 equiv)
    water/acetone, 25 ˚C
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After 22 h, analysis by TLC (10% EtOAc/hexanes) indicated complete con-

sumption of boric ester intermediate 5.2i. The reaction mixture was cooled to 25 

°C, and then a solution of PPh3 (67 mg, 0.26 mmol, 5.0 mol %) in 2.5 mL toluene 

was added to the reaction mixture. The resulting suspension was stirred for 23 h 

at 25 °C in order to quench IPrAuTFA before proceeding. 

The suspension containing boronic ester 5.3i was removed from the glove-

box and concentrated in vacuo. The resulting solid residue was extracted with 

toluene (3 × 15 mL), and the combined extracts were filtered through a fiberglass 

filter to ensure removal of suspended solids. The filtrate was concentrated in 

vacuo, and the resulting residue was dissolved in acetone (45 mL) and added to a 

vigorously stirring solution of KHF2 (1.6 g, 21 mmol, 4.0 equiv) in 15 mL H2O. The 

reaction mixture was stirred open to air for 30 min at 25 °C before being concen-

trated in vacuo to remove the solvents. Residual water was removed azeotropi-

cally by adding 2 mL acetone and concentrating in vacuo again. The resulting 

solid residue was washed with Et2O (15 × 30 mL) and extracted with acetone (3 × 

15 mL). The combined acetone extracts were concentrated in vacuo to yield 5.4i 

as a white powder (1.43 g, 83% yield) after removing volatiles at 25 °C and ca. 10 

mTorr for 18 h. Spectral data were identical to those previously obtained for this 

compound (see page S18). 
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Downstream functionalization reactions to produce 5.6, 5.8, and 5.10 

 

Ethyl 4-(3-(3-oxobutyl)benzofuran-2-yl)butanoate (5.6) was prepared by 

graduate student Darius Faizi. The Rh-catalyzed conjugate addition of 5.4i to 

methyl vinyl ketone was conducted using a procedure adapted from Batey.14 A 

dram vial was charged with 5.4i (85 mg, 0.25 mmol, 1.1 equiv) and a stirbar. The 

vial was pumped into a N2-filled glovebox, where Rh(acac)(CO)2 (1.9 mg, 7.1 

µmol, 3.0 mol %) and dppf (40. mg, 72 µmol, 30. mol %) were added. The vial 

was sealed with a septum cap, removed from the glovebox, and placed under dy-

namic N2 atmosphere. Methanol (2.2 mL) and water (400 µL) were added, and 

the resulting mixture was stirred at 25 °C for 15 min to dissolve the solids. Methyl 

vinyl ketone (19 µL, 0.23 mmol, 1.0 equiv) was added, and the reaction mixture 

was heated at 50 °C for 30 h. To the resulting heterogeneous brown mixture was 

added 10-mL DCM, and the resulting biphasic mixture was separated. The aque-

ous layer was back extracted with DCM (3 × 1 mL), and the combined organic 

layers were dried over Na2SO4, filtered, and concentrated in vacuo to a brown 

solid residue. Purification by silica gel chromatography using an elution gradient 

from 100% hexanes to 15% EtOAc/hexanes and removal of volatiles at 25 °C and 

ca. 10 mTorr for 18 h afforded 5.6 as a clear, colorless oil (33 mg, 44% yield). 

TLC (15% EtOAc/hexanes): Rf = 0.29. 

Me

O

5.5
0.91 equiv

Rh(acac)(CO)2 (3.0 mol %)
dppf (30 mol %)

MeOH/H2O, 50 ˚C
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O OEt
3
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O
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O
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1H NMR (CDCl3, 500 MHz): δ 7.43 (d, J = 7.2 Hz, 1H), 7.38 (d, J = 8.4 Hz, 1H), 

7.23–7.18 (m, 2H), 4.11 (q, J = 7.0 Hz, 2H), 2.88 (t, J = 7.3 Hz, 2H), 2.82 (t, 

J = 7.3 Hz, 2H), 2.77 (t, J = 7.3 Hz, 2H), 2.36 (t, J = 7.4 Hz, 2H), 2.13 (s, 

3H), 2.05 (quin, J = 7.5 Hz, 2H), 1.25 (t, J = 7.1 Hz, 3H). 

13C NMR (CDCl3, 125 MHz): δ 207.9, 173.3, 154.2, 153.8, 129.1, 123.5, 122.3, 

118.9, 113.8, 111.0, 60.5, 43.4, 33.6, 30.3, 25.6, 23.6, 17.6, 14.4. 

HRMS (ESI+): Calculated for C18H22O4Na ([M+Na]+), 325.1416; found 325.1420.  

 

 

Methyl 4-(3-(4-cyanophenyl)benzofuran-2-yl)butanoate (5.8) was prepared by 

graduate student Darius Faizi. A 20-mL vial was charged with 5.4i (99 mg, 0.29 

mmol, 1.1 equiv), K2CO3 (116 mg, 0.837 mmol, 3.00 equiv), and Pd(OAc)2 (0.2 

mg, 0.001 mmol, 0.3 mol %). The vial was then evacuated and refilled with N2 

three times. To this vial was then added 0.4 mL of MeOH that had been sparged 

for 10 min with N2. In a separate flask was added 4-benzonitrile (51 mg, 0.28 

mmol, 1.0 equiv), which was then evacuated and refilled with N2 three times be-

fore adding 0.4 mL MeOH that had been sparged 10 min with N2. This solution 

was then syringed into the stirring reaction vial over 1 min. The vial was then 

equipped with an argon balloon and heated to 65 °C. The mixture stirred for 18 h 

O
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before TLC (10% EtOAc/hexanes) showed the complete consumption of starting 

material. The reaction mixture was diluted with 20 mL toluene, and then the or-

ganic layer was washed with H2O (1 × 5 mL), brine (1 × 5 mL), filtered, and con-

centrated in vacuo. The resulting oily residue was purified by column chromatog-

raphy using an elution gradient from 100% hexanes to 15% EtOAc/hexanes. 

Product-containing fractions were combined and concentrated in vacuo, and vola-

tiles were removed at ca. 10 mTorr for 18 h to afford 5.8 as a white solid. (41 mg, 

44% yield). 

TLC (10% EtOAc/hexanes) Rf = 0.20, visualized by UV absorbance. 

1H NMR (CDCl3, 600 MHz): δ 7.78 (d, J = 8.2 Hz, 2H), 7.61 (d, J = 8.2 Hz, 2H), 

7.50 (dd, J = 16.3, 7.9 Hz, 2H), 7.32 (t, J = 7.6 Hz, 1H), 7.26 (t, J = 7.2 Hz, 

1H), 3.61 (s, 3H), 2.93 (t, J = 7.5 Hz, 2H), 2.38 (t, J = 7.3 Hz, 2H), 2.13 

(quin, J = 7.3 Hz, 2H). 

13C NMR (CDCl3, 125 MHz): δ 173.4, 155.0, 154.3, 137.8, 132.8, 129.7, 127.8, 

124.5, 123.3, 119.3, 119.0, 116.4, 111.4, 110.9, 51.8, 33.2, 26.2, 23.5. 

HRMS (ESI+): Calculated for C20H17NO3Na ([M+Na]+), 342.1106; found 342.1094. 

 

 

Ethyl 4-(3-((dimethylamino)methyl)benzofuran-2-yl)butanoate (5.10). A 10-mL 

Schlenk tube was charged with Eschenmoser’s salt (5.9, 74.0 mg, 0.300 mmol, 
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1.00 equiv) and 1.0 mL anhydrous MeCN. To the resulting suspension was added 

a solution of organotrifluoroborate 5.4i (101 mg, 0.300 mmol, 1.00 equiv) in 1.3 

mL dry MeCN. The reaction mixture was stirred vigorously for 30 min at 25 °C, at 

which time a saturated aqueous solution of NaHCO3 (1 mL) was added to quench 

the reaction. The resulting biphasic mixture was extracted with EtOAc (3 × 3 mL), 

and the combined organic layers were washed with brine (3 × 3 mL), dried over 

Na2SO4, and concentrated in vacuo to an oily residue. Purification by column 

chromatography using an elution gradient from 1.5% Et3N in hexanes to 40% 

EtOAc and 0.9% Et3N in hexanes afforded 5.10 as a clear, pale yellow oil (63 mg, 

72% yield) 

TLC (30% EtOAc + 1% Et3N/hexanes) Rf = 0.27, visualized by UV absorbance. 

1H NMR (CDCl3, 600 MHz): δ 7.63–7.61 (m, 1H), 7.41–7.30 (m, 1H), 7.24–7.19 

(m, 2H), 4.13 (q, J = 7.1 Hz, 2H), 3.47 (s, 2H), 2.86 (t, J = 7.3 Hz, 2H), 2.38 

(t, J = 7.4 Hz, 2H), 2.26 (s, 6H), 2.09 (app quin, J = 7.3 Hz, 2H), 1.26 (t, J = 

7.1 Hz, 3H).  

13C NMR (CDCl3, 125 MHz): δ 173.3, 155.4, 154.1, 129.7, 123.5, 122.5, 119.9, 

112.6, 110.7, 60.5, 53.2, 45.6, 33.6, 25.8, 23.5, 14.4. 

HRMS (ESI+): Calculated for C17H23NO3Na ([M+Na]+), 312.1576; found 312.1570. 
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Synthesis of dihydrofuran product 5.12 

 

Prior to use, 5.11 was dried by distilling over anhydrous K2CO3 (15 Torr, 80 

°C), and residual water was removed using activated 3Å molecular sieves. (Note: 

5.11 should not be stored over sieves indefinitely; a sample stored over sieves 

under N2 atmosphere at 25 °C for ca. 10 months was completely inactive under 

the given alkoxyboration reaction conditions despite maintaining > 95% purity by 

1H and 13C NMR spectroscopy.)   The alkoxyboration reaction was set up and 

conducted in a N2-filled glovebox. A flame-dried 100 mL Schlenk tube with a stir-

bar was charged with NaH (92 wt % purity, 26.0 mg, 1.00 mmol, 1.00 equiv) and 

NaTFA (41 mg, 0.30 mmol, 30 mol %). Anhydrous toluene (4 mL) was added. 

Compound 5.9 (103 µL, 1.00 mmol, 1.00 equiv) was added dropwise over 1 min, 

and then the reaction mixture was stirred at 25 °C for 40 min to affect full depro-

tonation. 

To the resulting suspension was added a solution of B-

chlorocatecholborane (154 mg, 1.00 mmol, 1.00 equiv) in toluene (2 mL) dropwise 

over 5 min. Additional toluene (2 × 1 mL) was used as a rinse to aid in complete 

transfer. The reaction mixture was stirred at 25 °C for 30 min to affect full forma-

tion of the boric ester intermediate. 

A suspension of IPrAuCl (31 mg, 0.050 mmol, 5.0 mol %) in toluene (1 mL) 

was added next, using additional toluene (2 × 0.5 mL) as a rinse to ensure full 

5.11

O

B(MIDA)

5.12
26% yield

OH
1.a) NaH (1.0 equiv),  25 ˚C
1.b) ClB(catechol) (1.0 equiv), 25 ˚C

1.c) IPrAuCl (5.0 mol %)
       NaTFA (30 mol %)
       toluene,  50 ˚C, 30 h
2) H2MIDA 
    toluene/DMSO
    90 ˚C, 3 h
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transfer. The reaction vessel was then sealed with a ground glass joint and a 

PTFE sealing ring and placed in a preheated 50 °C copper shot heating bath. The 

final concentration of the reaction mixture was 0.1 M in 5.11. 

Analysis by TLC (20% EtOAc/hexanes) at 23 h and 30 h indicated stalled, 

nearly complete consumption of the boric ester intermediate. The reaction mixture 

was cooled to 25 °C, and then a solution of PPh3 (26 mg, 0.10 mmol, 10 mol %) in 

1 mL toluene. The resulting suspension was stirred for 16 h at 25 °C in order to 

quench IPrAuTFA before proceeding. 

To the quenched reaction mixture were added H2MIDA (160 mg, 1.1 mmol, 

1.1 equiv) and dry DMSO (4 mL), and the resulting suspension was stirred at 90 

°C for 3 h. The reaction mixture was then cooled to 25 °C and removed from the 

glovebox. Toluene was removed in vacuo at 25 °C and ca. 10 Torr, then DMSO 

was removed by Kugelrohr distillation at ca. 10 mTorr. The resulting semisolid 

residue was adsorbed onto Celite from a MeCN suspension and purified twice by 

successive silica gel chromatography using an elution gradient from 100% Et2O to 

100% MeCN. Removal of volatiles at 25 °C and ca. 10 mTorr for 18 h afforded 

MIDA boronate 5.12 as a white powder (83 mg, 26% yield).  

1H NMR (CD3CN, 600 MHz): δ 3.94 (d, J = 17.2 Hz, 2H), 3.84 (d, J = 17.2 Hz, 

2H), 3.68 (t, J = 6.8 Hz, 2H), 2.86 (s, 3H), 2.38 (tt, J = 6.9, 2.3 Hz, 2H), 

2.11 (tt, J = 6.9, 2.3 Hz, 2H), 1.46 (sextet, J = 7.3 Hz, 2H), 0.95 (t, J = 7.3 

Hz, 3H).  

13C NMR (CD3CN, 125 MHz): δ 168.3, 82.0, 78.3, 63.3, 63.1, 46.1, 23.2, 22.7, 

21.1, 13.7. 



174 

11B NMR (CD3CN, 193 MHz): δ 8.8 (br s). 

HRMS (ESI+): Calculated for C12H18BNO5Na ([M+Na]+), 290.1178; found 

290.1180.  
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Chapter 6  
Further Investigations of Formal B–O 
σ-Bond Activation by Au: Transmeta-
lation, Intermolecular Reactivity, and 
Additional Intramolecular Reaction 
Substrate Classes 

Abstract: Four additional investigations stemming from the benzofuran-forming alkoxyboration 

reaction (Chapter 5) are described. Discussed are electronic effects in the B/Au transmetalation 

reaction, progress towards an intermolecular alkoxyboration reaction, and the expansion of the 

alkoxyboration concept to two additional substrate classes for intramolecular B–O σ-bond activa-

tion reactivity. 

Introduction 

The development of the benzofuran-forming alkoxyboration reaction 

(Chapter 5) inspired four ongoing lines of inquiry related to the activation of B–O 

σ bonds through Au catalysis: (1) a fundamental study of the B/Au transmetala-

tion step; (2) progress towards an intermolecular alkoxyboration reaction; (3) an 

expansion of intramolecular reactivity from alkoxyboration to oxyboration for the 

formation of isoxazole boronic acid derivatives from oximes; and (4) an applica-
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tion of intramolecular oxyboration with carboxylic acids (carboxyboration) for the 

formation of lactone boronic acid derivatives. 

Results and Discussion 

Ongoing Study 1: Studies in B/Au Transmetalation 

Although the organoboron-to-gold transmetalation reaction has been stud-

ied previously,1 the reverse reaction—an organogold-to-boron transmetalation—

had not been reported prior to our hypothesis of this step in the benzofuran-

forming alkoxyboration reaction (Chapter 5, Scheme 5.7). In order to better un-

derstand the mechanism of this possible key mechanistic step, the electronic fac-

tors affecting the thermodynamics and kinetics of transmetalation of an aryl group 

from Au to B were investigated.1  

Arylgold complex 6.1 was treated with a range of boron reagents as 

shown in Table 6.1. The table is qualitatively arranged from the least electrophilic 

B reagent (entry 1) to the most electrophilic (entry 6).2 Particularly useful in the 

analysis of the crude transmetalation reaction mixtures were diagnostic chemical 

shifts3 observable by 11B NMR spectroscopy: δ 33 ~ 31 ppm for boronic esters, δ 

23 ~ 18 ppm for boric esters, δ 10 ~ 0 ppm for mixed borates or boronates. No de-

tectable quantities of aryl transfer products were observed by NMR spectroscopy 

for borate 6.2a or electron-rich boric esters 6.2b and 6.2c, even with prolonged 

heating (entries 1–3). Substitution of two methoxy substituents for the less elec-

tron-donating catechol ligand (6.2d) afforded a small amount of arylated ion pair 

6.3d, observable by 11B NMR spectroscopy as a signal at δ = 15.2 ppm. Variable  
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Table 6.1. Electronic effects in the stoichiometric aryl transfer from Au to B.  

 
Ratios determined by 1H, 11B, and/or 19F NMR spectroscopy. “Equilibrium” indicates a reversible, 

thermal redistribution of products was observed by variable temperature NMR. 
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temperature NMR data indicated a reversible, thermal dependence on the product 

distribution, indicating that 6.3d was present in equilibrium with starting materials.  

Similarly, the slightly more electrophilic boric ester 6.2e afforded a greater 

equilibrium concentration of the ion pair 6.3e as well as the neutral transmetala-

tion product 6.4e. Finally, the reaction of organogold complex 6.1 with the most 

electrophilic B reagent studied, BF3·Et2O (entry 6), fully consumed 6.1 to rapidly 

provide a mixture of arylated ion pair 6.3f and neutral difluoroborane 6.4f. The re-

sulting mixture subsequently underwent slow conversion of 6.3f into 6.4f through 

a reaction with a currently unidentified fluoride acceptor.  

These data suggest that (1) the organogold-to-boron transmetalation is 

best represented as the addition of a nucleophilic C–Au σ-bond to a B electro-

phile, and (2) tetracoordinate anionic boron complexes may be present in equilib-

rium as transmetalation intermediates or off-cycle components in Au-to-B trans-

metalation reactions. If correct, these two conclusions lend additional understand-

ing to the mechanism of previously studied organoboron-to-gold transmetalation 

reactions1 according to the principle of microscopic reversibility. 

The proposed transmetalation partner from the benzofuran-forming alkoxy-

boration reaction, B-trifluoroacetoxycatecholborane (Scheme 5.7, 5.16), has not 

yet been included in this study owing to difficulties encountered in its independent 

synthesis. However, the electrophilicity of 5.16 likely lies between that of 6.2e and 

6.2f; therefore 5.16 is also anticipated to undergo facile transmetalation with aryl-

gold reagents, possibly in equilibrium.  
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Ongoing Study 2: Progress towards an Intermolecular Alkoxyboration Reaction 

Because intermolecular reactions are generally more entropically and ki-

netically challenging than related intramolecular reactions, we reasoned that stud-

ies towards intermolecular reactivity could test the limits of the alkoxyboration re-

action. It was envisioned that this route could be used in the synthesis of 

stereodefined enol ether boronic acid derivatives (such as 6.6, Scheme 6.1), po-

tentially valuable intermediates in the preparation of tetrasubstituted enol ethers. 

Thus, an intermolecular alkoxyboration could provide both interesting fundamen-

tal knowledge as well as a useful synthetic transformation.  

Scheme 6.1. Attempted intermolecular alkoxyboration reaction of 3-hexyne.  

 

 

Early studies towards intermolecular alkoxyboration reactivity were inspired 

by results from the stoichiometric transmetalation reactions described above in 

Section 1. Ion pair 6.3e was previously detected in the equilibrating transmetala-

tion reaction between arylgold complex 6.1 and boronic ester 6.2e (vida supra). 

This ion pair could potentially serve as a source of both a phenoxide nucleophile 

and a Lewis acidic Au cation to promote the anti phenoxyauration of 3-hexyne to 

provide 6.5. Notably, Nolan recently disclosed a hydrophenoxylation reaction of 

alkynes catalyzed by Au, proposing that the transformation proceed through a 

similar phenoxyauration step.4,5 Trapping of electron-rich phenoxyauration inter-
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mediate 6.5 in our system with additional 6.2e would result in the net intermolecu-

lar, anti addition of a B–O σ-bond across 3-hexyne to afford enol ether 6.6. 

When boric ester 6.2e was combined with a catalytic quantity of or-

ganogold complex 6.1 in neat 3-hexyne, a small amount of boronate intermediate 

was observable by 1H and 11B NMR spectroscopy (δ = 9.5 ppm, 11B NMR), possi-

bly consistent3,6 with 6.3e. No additional reactivity was observed upon prolonged 

heating. Variable temperature NMR data indicated a reversible, thermal depend-

ence on the product distribution, suggesting that the boronate was in equilibrium 

with boric ester starting material 6.2e. Generation of 6.6 from 6.3e could plausibly 

face substantial kinetic or thermodynamic challenges—or both. 

In order to investigate a possible thermodynamic cause for the failed reac-

tion shown in Scheme 6.1, a series of computational experiments were conducted 

using density functional theory (DFT) to study the anti addition of catecholboric 

esters to 3-hexyne (Table 6.2). The data suggest that the alkoxyboration reaction 

is essentially neutral enthalpically for electron-rich boric esters (entries 1 and 2) 

and becomes more favorable for comparatively electron-poor boric esters (entries 

3 and 4). This trend can readily be explained by the relative stabilization of the B 

empty p orbital through resonance;7,8 the alkoxyboration reaction would form an 

electron-rich vinyl boronic acid derivative, affording an enthalpic gain associated 

with increased resonance stabilization of the p orbital when compared to electron-

poor boric ester starting materials. These modest enthalpic gains are more than 

offset by the highly unfavorable entropic nature of an associative intermolecular 
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Table 6.2. Calculated thermochemical dependence of an intermolecular alkoxyboration reaction 
on the electronic character of the boric ester reagent.  

 

 

Gas phase DFT calculations were performed at the B3LYP/6-311G level of theory. Thermochemi-
cal parameters were calculated at 298.15 K and 1.000 atm. 

 
 

reaction, however, and each calculated reaction was found to be thermodynami-

cally disfavored overall. Significantly, the mechanistic hypothesis shown in 

Scheme 6.1 suggests that C-O bond formation could occur through Au-promoted 

nucleophilic addition to the alkyne in a Nolan-like4 oxyauration step. Therefore, 

boric esters possessing substituents more nucleophilic at O are expected to be 

the more kinetically favorable alkoxyboration partners, but the desired reaction is 

thermodynamically disfavored for these reagents (e.g., entries 1 and 2). Con-

versely, boric esters with substituents less nucleophilic at O could face a greater 

kinetic barrier for the hypothesized oxyauration step, but the alkoxyboration reac-

tion is more thermodynamically favorable. Thus, any potential intermolecular 
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ters: high substituent nucleophilicity (for kinetic competence of the reaction) and 

low substituent electron-donating ability (for thermodynamic viability). 

Phenol-derived catechol boric esters (such as 6.2e) were selected for addi-

tional computational investigation. We hypothesized that steric and/or electronic 

tuning of the internal alkyne could allow for a net exothermic alkoxyboration reac-

tion (Table 6.3). Substitution of 3-hexyne for diphenylacetylene resulted in a sub-

stantial decrease in thermodynamic favorability (entry 2, ΔH = +9.8 kcal/mol); the 

optimized structure of this product indicated that steric interactions force all four 

olefin substituents out of conjugation with one another for R = Ph. The more elec-

trophilic alkyne dimethyl acetylenedicarboxylate (DMAD, entry 3), was calculated 

to undergo a more enthalpically favorable alkoxyboration reaction than the other 

alkynes investigated (ΔH = -2.8 kcal/mol). Nevertheless, the free energy of the 

reaction remained unfavorable overall due to the large entropic component (ΔG = 

+10.6 kcal/mol). 

Table 6.3. Calculated thermochemical dependence of an intermolecular alkoxyboration reaction 
on the internal alkyne employed.  

 

  

Gas phase DFT calculations were performed at the B3LYP/6-311G level of theory. Thermochemi-
cal parameters were calculated at 298.15 K and 1.000 atm. 
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Thus, a general intermolecular alkoxyboration faces significant challenges. 

The potential reactions examined through DFT calculations were found to be 

thermodynamically disfavored; substituent manipulations affected modest varia-

tions in ΔH, but these variations were insufficient to overcome the uniformly large 

negative ΔS. DFT calculations suggested the thermodynamic unfavorability of 

such a reaction would be minimized with electron-poor boric esters. However, 

these same boric esters are inherently less nucleophilic and therefore may suffer 

from an increased kinetic challenge, which could arise from a requirement for the 

boron substituent to act as a nucleophile in the proposed alkyne-attack mecha-

nism.  Overall, these calculations indicate that the successful catalytic benzo-

furan-forming alkoxyboration reaction (Chapter 5) was enabled by a small enthal-

pic difference between the B–O σ bond of the starting materials and the B–C σ 

bond of the products, as well by as the comparatively low entropic cost of in-

tramolecular reactivity. It is possible that an intermolecular alkyne alkoxyboration 

may yet be realized. Strained cyclic alkynes, for example, or other specialized 

systems might favor this reaction. To date, however, no such successful reactions 

have been found. 

 

Ongoing Study 3: Intramolecular Alkoxyboration Reaction of Alkynyl Carboxylic 

Acids (Carboxyboration) to form Lactone Boronic Acid Derivatives 

In light of the challenges encountered in developing an intermolecular vari-

ant of the alkoxyboration reaction, attention was turned to expanding the scope of 

intramolecular reactivity. Inspired by Michelet’s 2006 disclosure of the Au-
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catalyzed intramolecular anti addition of carboxylic acids to alkynes,9 a lactone-

forming borylation reaction was envisioned (Scheme 6.2). The resulting lactone 

boronic acid derivatives could potentially be useful intermediates in the synthesis 

of lactone-containing natural products, such as members of the eremophilanolide 

class of terpenoids.10 

Scheme 6.2. Comparison between previously-reported Au-catalyzed lactone formation and this 
work for Au-catalyzed lactone-forming carboxyboration.   

 

 
  

 

This reaction could proceed through a B–O σ-bond activation mechanism 
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of pre-formed IPrAuTFA and mild heating fully consumed 6.15, but no desired 

carboxyboration product 6.17 was detected in the reaction mixture; esterification  

Scheme 6.3. Chemoselectivity in the Au-catalyzed carboxyboration reaction of a 2-alkynyl benzoic 
acid derivative.  

 

 

 

product 6.16 was instead observed as the major product. Hydrolysis of the B–O 

bond during silica gel chromatography allowed for unambiguous characterization 

of this major product via characterization of the corresponding catechol monoben-

zoate ester (6.16 with [B] replaced by H).  
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6.14 than the alkynylphenols from Chapter 5 permitted deprotonation by 

catecholborane.  Catecholborane thus served as a source of both a hydride base 

and a boron electrophile to furnish 6.15 without the need for exogenous base.  

Treatment of intermediate 6.15, now in the absence of NaCl, with catalytic 

IPrAuTFA affected full conversion to a 45:55 mixture of desired carboxyboration 

product 6.17 as the minor product with esterification product 6.16. Continued 

heating at 50 °C resulted in slow conversion of 6.16 into additional 6.17, stalling 

after 72 h at a 40:60 mixture favoring 6.17. This kinetic profile suggests two inter-

esting features: (1) conversion of boric ester 6.15 is kinetically controlled; and (2) 

the major mechanistic pathway to carboxyboration product 6.17 does not proceed 

through esterification product 6.16. Selectivity for the 6-endo vs. 5-exo-

regioisomer of 6.17 has not yet been determined. However, only a single regioi-

somer was formed under these conditions. 

Scheme 6.4. Proof-of-concept isolation of a carboxyboration product.  

 
Reaction sequence performed by Kim Tu. 
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troscopy, graduate student Kim Tu examined a carboxyboration reaction with the 
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benzoic acid 6.18 afforded catecholboronic ester carboxyboration product 6.19, 

which was subsequently converted into the corresponding MIDA boronate in 11% 

isolated yield. A higher yield could likely be realized by allowing the boric ester to 

preform for a greater period of time prior to the addition of IPrAuTFA.  The mass 

balance in this reaction was largely attributed to a competitive, B-free, Au-

catalyzed cyclization reaction of 6.18 that transfers proton rather than boron, simi-

lar to Michelet’s B-free report.8 As was observed with Ph-substituted derivative 

6.17, high regioselectivity was observed in the synthesis of 6.20, but the regio-

chemistry of product 6.20 has not yet been unambiguously assigned. Scheme 6.4 

shows the 6-exo regioisomer for clarity, but the 5-endo regioisomer is a possible 

alternative product. 

Scheme 6.5. Carboxyboration in an acyclic alkynoic acid.  

 
 

 

A preliminary investigation into the substrate scope of the carboxyboration 

reaction has commenced, and acyclic alkynoic acids (e.g., 6.21) are an interest-

ing, challenging substrate class owing to their lack of conformational bias towards 

cyclization (Scheme 6.5). The reaction of 3-heptynoic acid (6.21) with catecholbo-

rane provided boric ester intermediate 6.22, and the addition of catalytic 

IPrAuTFA effected slow conversion to a complex mixture of products. Analysis of 
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this mixture by 11B NMR spectroscopy indicated the formation of a minor boronic 

ester product (δ = 30.0 ppm), possibly consistent with carboxyboration product 

6.23. 

These preliminary results indicate that the Au-catalyzed carboxyboration 

reaction allows for the synthesis of lactone boronic acid derivatives. Continuing 

work will optimize the reaction conditions to further minimize the formation of es-

terification products such as 6.16 as part of the substrate scope expansion of this 

transformation. 

 

Ongoing Study 4: Intramolecular Oxyboration Reaction of Alkynyl Oximes to form 

Isoxazole Boronic Acid Derivatives 

Concurrent with the investigation of the lactone-forming carboxyboration 

reaction, additional borylation substrate classes were also studied. Inspired by 

previous reports of Au-catalyzed reactions to form 4-unsubstituted isoxazoles,12,13 

an isoxazole-forming oxyboration reaction was envisioned (Scheme 6.6). As with 

the benzofuran-forming alkoxyboration reaction and the carboxyboration reaction, 

the 4-position of the isoxazole ring is electron-rich by resonance into the empty p 

orbital on boron in 6.26; therefore, the this oxyboration reaction also satisfies the 

design requirement previously detailed in Chapter 4. We envisioned that the re-

sulting boronic acid derivatives could be useful intermediates in the synthesis of 

lactone-containing pharmaceuticals, such as the COX-2 inhibitor Valdecoxib.14 
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Scheme 6.6. Comparison between previously-reported Au-catalyzed isoxazole formation and this 
work for Au-catalyzed isoxazole-forming alkoxyboration.  

 

  
 
 

 

Oxime 6.24 was found to undergo facile boric ester formation when reacted 

with catecholborane (Scheme 6.7). Upon addition of a catalytic quantity of 

IPrAuTFA and mild heating, boric ester intermediate 6.25 underwent rapid, very 

clean conversion to borylated isoxazole 6.26, which was converted to the corre-

sponding MIDA boronate 6.27 under standard conditions in 35% isolated yield in 

one pot from 6.24. Graduate student Kim Tu is currently conducting an optimiza-

tion study and exploring the substrate scope of the isoxazole-forming alkoxybora-

tion reaction. 

Scheme 6.7. Proof-of-concept alkoxyboration reaction with an alkynyl oxime.  
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furan-forming alkoxyboration reaction discussed in Chapter 5. Two additional 

substrate classes have already been discovered: an isoxazole-forming alkoxybo-

ration reaction of alkynyl oximes and a lactone-forming carboxyboration reaction 

of alkynoic acids. The stoichiometric B/Au transmetalation study has indicated 

that a possible mechanistic step in these reactions, an organogold-to-boron 

transmetalation reaction, requires a sufficiently electrophilic B reagent and is re-

versible under some conditions. Further inquiry regarding the mechanism, scope, 

and limitations of these reactions is currently being conducted by members of the 

Blum group.  
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Experimental 

General Considerations 

All chemicals were used as received from commercial sources unless oth-

erwise noted. Sodium trifluoroacetate was dried at 130 °C at 10 mTorr for 18 h 

before use. Neat catecholborane was distilled under reduced pressure and stored 

under N2 atmosphere at -35 °C. Toluene was purified by passage through an 

alumina column under argon pressure on a push-still solvent system. Anhydrous 

dimethylsulfoxide was obtained by stirring over activity I alumina 18 h under N2 

atmosphere, decanting the liquid, and distilling at 10 Torr over CaH2. Anhydrous 

3-hexyne was obtained by distillation over CaH2 under N2 atmosphere. Toluene-

d8 was dried over CaH2, degassed using three freeze-pump-thaw cycles, and 

vacuum transferred prior to use.  Commercially available boric esters were dis-

tilled over Na0 and stored under N2 atmosphere at -35 °C. All manipulations were 

conducted in a glovebox under nitrogen atmosphere or using standard Schlenk 

techniques unless otherwise specified. Analytical thin layer chromatography (TLC) 

was performed using Merck F250 plates. Plates were visualized under UV irradia-

tion (254 nm) and/or using a basic aqueous solution of potassium permanganate. 

Flash chromatography was conducted using a Teledyne Isco Combiflash® Rf 200 

Automated Flash Chromatography System, and Teledyne Isco Redisep® 35–70 

µm silica gel. All proton and carbon nuclear magnetic resonance (1H and 13C 

NMR) spectra were recorded on a Bruker DRX-400 spectrometer, Bruker DRX-
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500 spectrometer outfitted with a cryoprobe, or a Bruker AVANCE-600 spec-

trometer. All boron nuclear magnetic resonance (11B NMR) spectra were recorded 

on a Bruker AVANCE-600 spectrometer. All fluorine nuclear magnetic resonance 

(19F NMR) spectra were recorded on a Bruker DRX-400. All chemical shifts (δ) are 

reported in parts per million (ppm) downfield of tetramethylsilane, and referenced 

to the residual protiated solvent peak (δ = 7.26 ppm for CDCl3, δ = 2.50 ppm for 

d6-DMSO, or δ = 1.94 ppm for CD3CN in 1H NMR spectroscopy experiments; δ = 

77.16 ppm for CDCl3, δ = 39.52 ppm for d6-DMSO, or δ = 1.34 ppm for CD3CN in 

13C NMR spectroscopy experiments). 11B and 19F NMR spectroscopy experiments 

are referenced to the absolute frequency of 0 ppm in the 1H dimension according 

to the Xi scale. NMR spectra for new compounds and variable temperature 

transmetalation studies are located in Appendix A. Low- and high-resolution mass 

spectrometry data were obtained at the University of California, Irvine.  

 

Synthesis of Transmetalation Partners 

 

IPrAuO(4-OMePh) (6.1). Au phenoxide complex 6.1 was prepared from IPrAuCl 

according to a literature procedure1 in 63% yield. 1H NMR (d8-toluene, 400 MHz) 

δ 7.27 (d, J = 6.5 Hz, 2H), 7.20 (t, J = 6.7 Hz, 2H), 7.09–7.05 (m, 4H), 6.73 (d, J = 

6.6 Hz, 2H), 6.40 (s, 2H), 3.34 (s, 3H), 2.68 (br m, 4H), 1.46 (d, J = 5.5 Hz, 12 H), 

1.11 (d, J = 5.6 Hz, 12 H).  

toluene
25 ˚C

AuKOH
N

N

iPr

iPr
iPr

iPr
MeO B(OH)2 MeOCl Au

N

N

iPr
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Tetrabutylammonium 

1-hydroxy-4-methyl-2,6,7-trioxa-1-borabicyclo[2.2.2]octan-1-uide (6.2a). Triol 

borate 6.2a was prepared using a procedured adapted from the synthesis of the 

corresponding Na salt.2 A 20 mL vial was charged with boric acid (180 mg, 2.9 

mmol, 1.0 equiv) and water (1 mL). Tetra-n-butylammonium hydroxide (1.7 g of 

44 wt % aq solution, 2.9 mmol, 1.0 equiv) and 1,1,1-tris(hydroxymethyl)ethane 

(350 mg,  2.9 mmol, 1.0 equiv) were added, and the reaction mixture was heated 

in a preheated 100 °C oil bath for 30 min. Volatiles were removed in vacuo, and 

250 the mg of resulting white powder was purified by reverse-phase silica gel 

chromatography eluting using a gradient from 100% water to 100% MeCN. 

Volatiles were removed in vacuo at 30 °C and ca. 10 mTorr overnight to afford 50 

mg 6.2a as a white powder (20% recovery). This salt exhibits a temperature- and 

solvent-dependent equilibrium with a dimer and higher order oligomers3 that 

obfuscates analysis by NMR spectroscopy. 

 

 

2-(p-tolyloxy)benzo[d][1,3,2]dioxaborole (6.2e). A flame-dried 100 mL Schlenk 

tube with a stirbar under a dynamic N2 atmosphere was charged with 

B-chlorocatecholborane (810 mg, 5.3 mmol, 1.0 equiv) and anhydrous DCM (7.5 
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mL). The reaction vessel was equipped with a 25 °C water bath to control any 

potential exotherm, and a solution of p-cresol (570 mg, 5.3 mmol, 1.0 equiv) in 

anhydrous DCM (7.5 mL) was added dropwise over 5 min. The resulting solution 

was stirred at 25 °C for 50 min before being concentrated in vacuo using Schlenk 

techniques. To the resulting oily residue was added anhydrous pentane (10 mL), 

and the solution was again concentrated to afford a viscous, pale yellow oil that 

solidified upon storage at -35 °C for 18 h. Boric ester 6.2e was obtained as a 

cream-colored solid in 81% yield (970 mg).  

1H NMR (anhydrous CD2Cl2, 600 MHz): δ 7.20 (br d, J = 8.0 Hz, 2H), 7.17 (dd, J = 

5.7, 3.4 Hz, 2H), 7.13 (br d, J = 7.3 Hz, 2H), 7.08 (dd, J = 5.8, 3.4 Hz, 2H), 

2.36 (s, 3H). 

11B NMR (anhydrous CD2Cl2, 193 MHz): δ 22.7 (br s). 

13C NMR (anhydrous CD2Cl2, 125 MHz): δ 150.6, 148.1, 134.4, 130.5, 123.0, 

119.6, 112.4, 20.8. 

 

General Procedure for Organogold-to-Boron Transmetalation Study 

 

All stoichiometric transmetalation reactions were set up in a N2-filled 

glovebox. A solution of boric ester 6.2 (17 µmol, 1.0 equiv) in anhydrous 

d8-toluene (0.5 mL) was added to a dram vial containing organogold complex 6.1 

(12 mg, 17 µmol). The resulting solution was mixed well and then transferred to a 

Au
N
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iPr

iPr
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J. Young NMR tube for observation. For reactions conducted at elevated 

temperatures, the NMR tube was heated in a preheated oil bath as indicated. 

Particularly useful in the analysis of the resulting mixtures were diagnostic 

chemical shifts observable by 11B NMR spectroscopy: δ 33 ~ 31 ppm for boronic 

esters such as 6.4e, δ 23 ~ 18 ppm for boric esters such as 6.2c, δ 10 ~ 0 ppm for 

mixed borates or boronates such as 6.3e and 6.4f.4 

 

Procedure for Attempted Intermolecular Alkoxyboration 

 

Organogold complex 6.1 (2.4 mg, 3.4 µmol, 5.0 mol %) was dissolved in 3-

hexyne (0.77 mL, 560 mg, 6.8 mmol, 1 0 equiv). The resulting solution was 

added to a dram vial containing boric ester 6.2e (15 mg, 68 µmol, 1.0 equiv) and 

mixed well to afford a turbid, cream-colored suspension, which was tranferred to a 

J. Young NMR tube. The NMR tube was removed from the glovebox and heated 

in a preheated 80 °C oil bath for 45 h. The mixture was periodically monitored by 

deuterium-free 1H and 11B NMR spectroscopy, which failed to indicate any 

formation of 6.6.  

 

General Procedure for Densitiy Functional Theory (DFT) Calculations 

Thermochemical data for compounds 4.24–4.27 were obtained for opti-

mized geometries of each molecule. Structures were first modeled using 

6.2e

OB
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Avogadro5 1.1.1 and optimized using UFF molecular mechanics. Each structure 

was then further optimized in the gas phase using Gaussian 096 using density 

functional theory (DFT) calculations using the B3LYP functional7,8 and the 6-311G 

basis set.9 Thermochemical data were calculated at the same level of theory at a 

temperature of 298.15 K and a pressure of 1.000 atm. 

 

Cartesian Coordinates for Optimized Structures from Tables 6.2 and 6.3 

Table 6.2, 3-hexyne. 
Atom x (Å) y (Å) z (Å) Atom x (Å) y (Å) z (Å) 

C 0.5655 0.2074 -0.0806 H 3.9938 -0.0401 0.1189 
C 0.5655 0.2074 -0.0806 H 2.9008 -1.1863 -0.6756 
C -1.9488 -0.6823 -0.0769 C -2.9782 0.4446 0.1223 
C 1.9488 0.6824 -0.0770 H -2.0699 -1.4315 0.7141 
C 2.9782 -0.4446 0.1224 H -2.1543 -1.2022 -1.0198 
H 2.0700 1.4316 0.7139 H -2.8149 0.9557 1.0736 
H 2.1544 1.2022 -1.0199 H -3.9938 0.0400 0.1189 
H 2.8148 -0.9556 1.0737 H -2.9009 1.1862 -0.6757 

 

Table 6.2, entry 1, boric ester. 
Atom x (Å) y (Å) z (Å) Atom x (Å) y (Å) z (Å) 

C -2.3627 0.2713 0.0000 H 0.5698 2.9057 0.0000 
C -1.0344 -0.1048 0.0000 O -0.4857 -1.4028 0.0000 
C -2.6266 1.6519 0.0000 O 1.2351 0.1491 0.0000 
C -1.5882 2.5925 0.0000 B 0.9130 -1.2297 0.0000 
C -0.2406 2.1924 0.0000 O 1.7958 -2.2425 0.0000 
C 0.0000 0.8330 0.0000 C 3.2428 -2.0742 0.0000 
H -3.1528 -0.4643 0.0000 H 3.6697 -3.0713 0.0000 
H -3.6526 1.9923 0.0000 H 3.5615 -1.5319 0.8895 
H -1.8249 3.6473 0.0000 H 3.5615 -1.5319 -0.8895 
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Table 6.2, entry 1, alkoxyboration product. 
Atom x (Å) y (Å) z (Å) Atom x (Å) y (Å) z (Å) 

C -2.2617 -0.2753 -0.2754 B 0.1962 0.3395 -0.1887 
C -1.2852 0.6717 -0.2629 O 0.8277 -0.9354 -0.0984 
O -3.5787 0.2040 -0.2546 O 1.2122 1.3338 -0.2042 
C -1.6577 2.1527 -0.2775 C 2.4463 0.6681 -0.1262 
C -1.9217 2.7214 1.1324 C 2.2162 -0.7058 -0.0632 
H -0.8494 2.7200 -0.7417 C 3.7223 1.1986 -0.1099 
H -2.5506 2.2922 -0.8879 C 4.7841 0.2824 -0.0264 
H -1.0409 2.6142 1.7691 C 4.5519 -1.0986 0.0364 
H -2.7542 2.2009 1.6074 C 3.2477 -1.6213 0.0186 
H -2.1697 3.7846 1.0811 H 3.0554 -2.6828 0.0663 
C -2.0727 -1.7696 -0.2140 H 3.8865 2.2646 -0.1594 
C -2.3353 -2.3481 1.1954 H 5.7999 0.6521 -0.0104 
H -2.7291 -2.2587 -0.9392 H 5.3913 -1.7770 0.0999 
H -1.0541 -2.0075 -0.5054 C -4.6894 -0.6172 -0.7175 
H -1.6189 -1.9393 1.9084 H -4.5586 -0.9035 -1.7625 
H -2.2239 -3.4338 1.1866 H -5.5617 0.0216 -0.6239 
H -3.3376 -2.1117 1.5565 H -4.8245 -1.5068 -0.1025 

 

Table 6.2, entry 2, boric ester. 
Atom x (Å) y (Å) z (Å) Atom x (Å) y (Å) z (Å) 

C 2.4624 3.6339 0.0000 C -1.7756 -0.7865 0.0000 
C 1.6847 2.4931 0.0000 C -3.1627 -0.8935 0.0000 
C 3.8550 3.4454 0.0000 C -0.9656 -1.9229 0.0000 
C 4.4177 2.1622 0.0000 C -1.5726 -3.1801 0.0000 
C 3.6113 1.0110 0.0000 C -2.9689 -3.3245 0.0000 
C 2.2463 1.2158 0.0000 C -3.7501 -2.1594 0.0000 
H 2.0157 4.6166 0.0000 C -3.6040 -4.6970 0.0000 
H 4.5036 4.3103 0.0000 H -4.6923 -4.6295 0.0000 
H 5.4931 2.0522 0.0000 H -3.3084 -5.2743 0.8799 
H 4.0309 0.0164 0.0000 H -3.3084 -5.2743 -0.8799 
O 0.2800 2.3823 0.0000 H -0.9455 -4.0632 0.0000 
O 1.2042 0.2609 0.0000 H 0.1090 -1.8256 0.0000 
B 0.0000 1.0027 0.0000 H -4.8295 -2.2412 0.0000 
O -1.2564 0.5200 0.0000 H -3.7585 0.0074 0.0000 
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Table 6.2, entry 2, alkoxyboration product. 
Atom x (Å) y (Å) z (Å) Atom x (Å) y (Å) z (Å) 

C 0.6070 0.1864 0.4131 C -3.7362 -0.9209 0.0052 
C -0.4436 0.9185 -0.0302 C -5.4045 0.6147 -0.8646 
O 1.8409 0.8733 0.5482 C -6.3501 -0.4076 -0.6815 
C 3.0589 0.3089 0.1178 C -5.9819 -1.6579 -0.1645 
C 4.1838 0.5485 0.9063 C -4.6522 -1.9383 0.1916 
C 5.4277 0.0790 0.4859 H -4.3556 -2.8966 0.5910 
C 5.5704 -0.6389 -0.7133 H -5.6738 1.5817 -1.2621 
C 4.4227 -0.8576 -1.4888 H -7.3824 -0.2247 -0.9455 
C 3.1706 -0.3856 -1.0864 H -6.7348 -2.4230 -0.0364 
H 4.0713 1.1060 1.8250 H 0.7480 2.5020 -0.8634 
H 6.2998 0.2714 1.0984 C -0.4370 3.3615 0.7236 
H 4.5073 -1.3948 -2.4251 H -0.9690 2.6186 -1.2328 
H 2.2980 -0.5388 -1.7063 H 0.2953 3.1685 1.5086 
C 6.9194 -1.1703 -1.1438 H -1.4360 3.2754 1.1559 
H 7.7162 -0.4540 -0.9354 H -0.3078 4.3917 0.3834 
H 6.9382 -1.3873 -2.2125 C 0.6113 -1.2284 0.9288 
H 7.1699 -2.0964 -0.6177 C 0.7786 -1.2918 2.4636 
C -0.2515 2.3744 -0.4476 H 1.4262 -1.7863 0.4611 
B -1.8674 0.3712 -0.0976 H -0.3170 -1.7149 0.6433 
O -2.3525 -0.9128 0.2698 H 1.7096 -0.8220 2.7822 
O -2.9586 1.1372 -0.5826 H 0.7907 -2.3309 2.7971 
C -4.1014 0.3221 -0.5094 H -0.0479 -0.7841 2.9627 

 

Table 6.2, entry 3, boric ester. 
Atom x (Å) y (Å) z (Å) Atom x (Å) y (Å) z (Å) 

O 1.3447 0.4301 0.0000 H 2.8450 -3.9670 0.0000 
B 0.0000 0.8333 0.0000 H 0.4989 -4.7234 0.0000 
C 1.3209 -0.9814 0.0000 H -1.3808 -3.0624 0.0000 
C -0.0057 -1.4103 0.0000 O -0.3297 2.1622 0.0000 
O -0.8514 -0.2772 0.0000 C -1.5792 2.8016 0.0000 
C 2.3792 -1.8683 0.0000 O -2.6315 2.1838 0.0000 
C 2.0503 -3.2342 0.0000 C -1.4295 4.2917 0.0000 
C 0.7160 -3.6645 0.0000 H -0.3862 4.5874 0.0000 
C -0.3484 -2.7474 0.0000 H -1.9291 4.7040 0.8774 
H 3.4021 -1.5234 0.0000 H -1.9291 4.7040 -0.8774 
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Table 6.2, entry 3, alkoxyboration product. 
Atom x (Å) y (Å) z (Å) Atom x (Å) y (Å) z (Å) 

C -1.7058 -0.3114 0.0598 O 1.3840 -0.9465 0.0525 
C -0.7537 0.6400 -0.0417 C 2.7707 -0.7106 -0.0389 
C -1.1186 2.1212 -0.0967 C 2.9815 0.6564 -0.2096 
C -1.1748 2.7703 1.3018 C 4.2486 1.1943 -0.3310 
H -2.0836 2.2446 -0.5883 C 5.3216 0.2899 -0.2733 
H -0.3785 2.6467 -0.7017 C 5.1086 -1.0854 -0.1016 
H -1.9315 2.2871 1.9212 C 3.8134 -1.6151 0.0196 
H -1.4222 3.8315 1.2246 H 4.3981 2.2552 -0.4638 
H -0.2125 2.6886 1.8109 H 6.3318 0.6639 -0.3639 
C -1.5650 -1.8027 0.1663 O -3.0601 0.1549 0.1984 
C -2.0311 -2.3556 1.5309 C -4.0663 -0.2079 -0.6961 
H -0.5246 -2.0704 0.0034 O -3.8600 -0.8634 -1.7125 
H -2.1477 -2.2626 -0.6344 C -5.3877 0.3278 -0.2370 
H -3.0751 -2.1102 1.7301 H -6.1543 0.0664 -0.9597 
H -1.4276 -1.9474 2.3434 H -5.3386 1.4111 -0.1257 
H -1.9311 -3.4420 1.5471 H -5.6441 -0.0864 0.7387 
B 0.7424 0.3111 -0.0695 H 3.6356 -2.6718 0.1511 
O 1.7349 1.3083 -0.2307 H 5.9573 -1.7539 -0.0621 

 
 
Table 6.2, entry 4, boric ester. 
Atom x (Å) y (Å) z (Å) Atom x (Å) y (Å) z (Å) 

O -1.3755 1.0432 0.0000 H -1.4335 5.6909 0.0000 
B -0.2262 0.2577 0.0000 H 1.0302 5.6802 0.0000 
C -0.9140 2.3824 0.0000 H 2.3023 3.5185 0.0000 
C 0.4798 2.3775 0.0000 O -0.3113 -1.1216 0.0000 
O 0.9289 1.0317 0.0000 C 0.6538 -2.0812 0.0000 
C -1.6458 3.5525 0.0000 O 1.8558 -1.9072 0.0000 
C -0.9070 4.7471 0.0000 C 0.0432 -3.4842 0.0000 
C 0.4954 4.7412 0.0000 F -1.3371 -3.5017 0.0000 
C 1.2233 3.5399 0.0000 F 0.4798 -4.1792 1.1234 
H -2.7250 3.5427 0.0000 F 0.4798 -4.1792 -1.1234 

 



202 

Table 6.2, entry 4, alkoxyboration product. 
Atom x (Å) y (Å) z (Å) Atom x (Å) y (Å) z (Å) 

C -0.8131 -0.4190 0.0526 O 2.2731 -0.9551 0.0422 
C 0.0943 0.5700 -0.0359 C 3.6552 -0.6832 -0.0531 
C -0.3178 2.0388 -0.0725 C 3.8290 0.6895 -0.2169 
C -0.3293 2.6812 1.3307 C 5.0803 1.2622 -0.3408 
H -1.3070 2.1390 -0.5173 C 6.1763 0.3858 -0.2928 
H 0.3811 2.5847 -0.7075 C 6.0005 -0.9959 -0.1276 
H -1.0509 2.1827 1.9790 C 4.7208 -1.5608 -0.0038 
H -0.6048 3.7353 1.2638 H 5.2013 2.3273 -0.4681 
H 0.6544 2.6218 1.8001 H 7.1758 0.7865 -0.3856 
C -0.6534 -1.9058 0.1599 O -2.2001 0.0138 0.1806 
C -1.1708 -2.4729 1.5007 C -3.1656 -0.3799 -0.6854 
H 0.3998 -2.1466 0.0417 O -3.0337 -1.0319 -1.7087 
H -1.1855 -2.3797 -0.6686 C -4.5110 0.1338 -0.1749 
H -2.2272 -2.2502 1.6548 F -5.5298 -0.1889 -1.0487 
H -0.6129 -2.0563 2.3404 F -4.5011 1.5173 -0.0213 
H -1.0492 -3.5566 1.5160 F -4.8166 -0.4274 1.0642 
B 1.6046 0.2849 -0.0693 H 4.5720 -2.6225 0.1228 
O 2.5632 1.3082 -0.2290 H 6.8668 -1.6415 -0.0953 

 

Table 6.3, entry 2, alkyne starting material (diphenylacetylene). 
Atom x (Å) y (Å) z (Å) Atom x (Å) y (Å) z (Å) 

C -0.3770 1.6064 -0.0902 H -4.5227 0.3978 -1.7010 
C 0.8362 1.5618 -0.1054 H -2.0494 0.3049 -1.7309 
C -1.8020 1.6592 -0.0727 C 3.0213 2.2521 0.8051 
C 2.2612 1.5090 -0.1231 C 4.4135 2.1970 0.7847 
C -2.4817 2.4547 0.8743 C 5.0750 1.4035 -0.1574 
C -3.8741 2.5040 0.8876 C 4.3331 0.6627 -1.0825 
C -4.6158 1.7644 -0.0386 C 2.9407 0.7121 -1.0691 
C -3.9540 0.9722 -0.9818 H 6.1559 1.3629 -0.1706 
C -2.5619 0.9172 -1.0020 H 4.8397 0.0469 -1.8139 
H -1.9074 3.0260 1.5903 H 2.5090 2.8655 1.5332 
H -4.3808 3.1187 1.6198 H 4.9823 2.7723 1.5031 
H -5.6967 1.8049 -0.0256 H 2.3662 0.1398 -1.7842 
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Table 6.3, entry 2, alkoxyboration product. 
Atom x (Å) y (Å) z (Å) Atom x (Å) y (Å) z (Å) 

C -0.5547 -0.1044 -0.5511 H 0.9900 -3.9993 1.4965 
C 0.4066 0.8183 -0.3000 H 0.0306 -5.4421 -0.2827 
O -1.8189 0.3241 -1.0197 C 0.1621 2.2942 -0.3138 
C -3.0032 -0.0040 -0.3197 C 0.7449 3.1090 0.6779 
C -4.1762 -0.0434 -1.0732 C -0.6134 2.9141 -1.3128 
C -5.3883 -0.3037 -0.4376 C -0.8107 4.2954 -1.3075 
C -5.4522 -0.5333 0.9479 C -0.2417 5.0896 -0.3083 
C -4.2569 -0.4818 1.6766 C 0.5368 4.4892 0.6839 
C -3.0327 -0.2152 1.0558 H 0.9859 5.0932 1.4617 
H -4.1247 0.1362 -2.1375 H 1.3574 2.6566 1.4443 
H -6.2979 -0.3308 -1.0250 H -1.4089 4.7507 -2.0861 
H -4.2783 -0.6451 2.7467 H -0.3994 6.1601 -0.3059 
H -2.1235 -0.1597 1.6364 H -1.0609 2.3091 -2.0844 
C -6.7732 -0.8309 1.6219 B 1.8666 0.3601 -0.0709 
H -7.5285 -0.0828 1.3700 O 2.6345 -0.3947 -0.9810 
H -6.6697 -0.8440 2.7074 O 2.6723 0.6857 1.0461 
H -7.1674 -1.8045 1.3173 C 3.9407 0.1128 0.8149 
C -0.3992 -1.5750 -0.4588 C 3.9144 -0.5443 -0.4137 
C -0.9583 -2.4034 -1.4482 C 5.0717 0.1484 1.6077 
C 0.2953 -2.1710 0.6082 C 6.2036 -0.5196 1.1123 
C 0.4550 -3.5561 0.6673 C 6.1772 -1.1825 -0.1234 
C -0.0893 -4.3680 -0.3305 C 5.0183 -1.2062 -0.9163 
C -0.7997 -3.7867 -1.3857 H 4.9837 -1.7109 -1.8699 
H -1.2265 -4.4107 -2.1595 H 5.0788 0.6642 2.5561 
H -1.5023 -1.9532 -2.2660 H 7.1133 -0.5201 1.6964 
H 0.6839 -1.5522 1.4067 H 7.0670 -1.6859 -0.4750 

 

Table 6.3, entry 3, alkyne starting material (DMAD). 
Atom x (Å) y (Å) z (Å) Atom x (Å) y (Å) z (Å) 

C 0.5994 0.1949 0.0682 H -4.4751 -1.3947 1.1025 
C -0.5994 0.1955 -0.0675 H -4.4319 -0.8995 -0.6203 
C 2.0165 0.2545 0.2903 O 2.5660 0.9848 1.1191 
C -2.0166 0.2572 -0.2883 O 2.6874 -0.6054 -0.5357 
O -2.5666 0.9957 -1.1094 C 4.1550 -0.6332 -0.4030 
O -2.6869 -0.6110 0.5295 H 4.4311 -0.9064 0.6128 
C -4.1547 -0.6371 0.3980 H 4.5672 0.3438 -0.6447 
H -4.5665 0.3374 0.6504 H 4.4760 -1.3834 -1.1151 
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Table 6.3, entry 3, alkoxyboration product. 
Atom x (Å) y (Å) z (Å) Atom x (Å) y (Å) z (Å) 

C -0.5061 0.0190 -0.5041 O 1.2172 3.0321 -1.1431 
C 0.5328 0.8670 -0.3630 O -0.7322 2.8498 0.0458 
O -1.7162 0.4467 -1.0227 C -0.9359 4.3013 -0.0791 
C -2.9335 0.1045 -0.3819 B 1.9778 0.3806 -0.0976 
C -4.0507 -0.0276 -1.2005 O 2.6258 -0.6521 -0.8005 
C -5.2851 -0.3119 -0.6187 O 2.8597 0.9588 0.8275 
C -5.4183 -0.4738 0.7742 C 4.0776 0.2569 0.7050 
C -4.2720 -0.3275 1.5679 C 3.9344 -0.7222 -0.2782 
C -3.0274 -0.0314 1.0033 C 5.2588 0.4374 1.3962 
H -3.9383 0.0970 -2.2652 C 6.3194 -0.4180 1.0552 
H -6.1568 -0.4145 -1.2539 C 6.1772 -1.3993 0.0624 
H -4.3498 -0.4376 2.6403 C 4.9680 -1.5684 -0.6300 
H -2.1591 0.1184 1.6326 H 4.8448 -2.3182 -1.3981 
C -6.7568 -0.8136 1.3909 H 5.3544 1.1997 2.1550 
H -7.5756 -0.3209 0.8638 H -1.8153 -4.0787 -1.4536 
H -6.8020 -0.5080 2.4369 H -1.3332 -3.8726 0.2621 
H -6.9495 -1.8901 1.3562 H -0.0840 -4.0691 -0.9912 
C -0.3757 -1.4374 -0.1821 H -1.9174 4.4777 0.3466 
O -1.0908 -2.2229 -1.0290 H -0.8971 4.5977 -1.1250 
O 0.2958 -1.8671 0.7587 H -0.1646 4.8313 0.4777 
C -1.0741 -3.6734 -0.7749 H 7.2643 -0.3178 1.5720 
C 0.3842 2.3315 -0.5563 H 7.0160 -2.0382 -0.1774 

 

Preparation of IPrAuTFA Catalyst  

 

No precautions were taken to exclude air or water, but the reaction was 

conducted in a fume hood with the light turned off. A solution of IPrAuCl (186 mg, 

300. µmol, 1.00 equiv) in DCM (3.0 mL) was added to a dram vial containing 

AgTFA (72.9 mg, 330. µmol, 1.10 equiv) and a stirbar. The vial was capped tightly 

and wrapped with aluminum foil to protect the reaction mixture from light. The 

reaction was stirred vigorously at 25 °C for 7 h before being filtered through a 
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Celite plug (ca. 0.5 mL). The Celite was rinsed with additional DCM (3 × 0.5 mL), 

and the resulting solution was concentrated in vacuo to a a white solid residue. 

The solid was crushed to a fine powder, from which volatiles were removed at 25 

°C and ca. 10 mTorr overnight to afford IPrAuTFA as a white powder (213 mg, 

quant.). 

1H NMR (CDCl3, 600 MHz): δ 7.54 (t, J = 7.8 Hz, 2H), 7.32 (d, J = 7.8 Hz, 4H), 

7.22 (s, 2H), 2.55 (sept, J = 6.9 Hz, 4H), 1.37 (d, J = 6.8 Hz, 12H), 1.24 (d, 

J = 6.9 Hz, 12H). 

19F NMR (CDCl3, 376 MHz): δ -74.1 (s). 

 

Synthesis of Alkynoic Acids for the Carboxyboration Reaction 

 

2-(Phenylethynyl)benzoic acid (6.14) was prepared in two steps from methyl 2-

iodobenzoate (790 mg, 3.0 mmol) using a previously published procedure.10 1H 

NMR (CDCl3, 500 MHz) δ 8.15 (dd, J = 7.9, 1.0 Hz, 1H), 7.70 (dd, J = 7.8 Hz, 1.0 

Hz, 1H), 7.60–7.56 (m, 3H), 7.44 (dt, J = 14.2, 3.8 Hz, 1H) 7.35–7.31 (m, 3H). 

This spectrum is in agreement with previously reported spectral data, but the car-

boxylic acid proton was not detected in our case. 

1) NaOH
2) HCl

CO2H

Ph

CO2Me

I
Ph

PdCl2(PPh3)2
CuI

CO2Me

Ph
6.14SI-6.1
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2-(Hex-1-yn-1-yl)benzoic acid (6.18) was prepared by Kim Tu in two steps from 

methyl 2-iodobenzoate (1.3g, 5.0 mmol) using a method adapted from the syn-

thesis of 6.14.10 1H NMR (CDCl3, 500 MHz) δ 8.10 (dd, J = 8.0, 0.5 Hz, 1H), 7.54 

(dd, J = 7.5, 1.0 Hz, 1H), 7.49 (td, J = 7.5 1.0 Hz, 1H), 7.37 (td, J = 8.0, 1.5 Hz, 

1H), 2.51 (t, J = 7.0 Hz, 2H), 1.67–1.61 (m, 2H), 1.55–1.48 (m, 2H), 0.96 (t, J = 

7.0 Hz, 3H). This spectrum is in agreement with previously reported spectral data 

for this compound.11 

 

 

3-Heptynoic acid (6.21) was prepared using a method based on a published 

procedure for the preparation of 3-pentynoic acid.12 A 25 mL round bottom flask 

was charged with Bobbitt’s salt (SI-6.4, 1.5 g, 5.1 mmol, 2.0 equiv), water (1 mL), 

MeCN (9 mL), and a stir bar. 3-Heptyn-1-ol (310 µL, 290 mg, 2.5 mmol, 1.0 equiv) 

was added, the reaction vessel was capped loosely, and the resulting dark or-

ange solution was stirred at 25 °C for 22 h. After this time, the resulting bright yel-

low solution was diluted with 20 mL water and extracted with Et2O (4 × 10 mL). 

The combined organic layers were washed with 10% aq HCl (1 × 5 mL) to remove 

residual TEMPO derivatives and then brine (1 × 10 mL). The pale yellow organic 
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phase was dried over MgSO4, filtered, and concentrated in vacuo to 330 mg of a 

yellow oil containing a 2:1 mixture of 6.21:unreacted heptynol. This mixture was 

added to 10% aq NaOH (10 mL). The resulting solution was washed with Et2O (3 

× 2 mL) and then acidified to pH ≈ 1 with 2 M aq HCl. The resulting mixture was 

extracted with Et2O (3 × 5 mL), dried over MgSO4, filtered, and concentrated in 

vacuo at 30 °C and ca. 10 Torr to afford 6.21 as a pale yellow oil (50 mg, 15% 

yield) contaminated with 23% isomeric allenoic acid. 

1H NMR (CDCl3, 500 MHz): δ 8.37 (br s, 1H), 3.33 (t, J = 1.9 Hz, 2H), 2.18 (tt, J = 

5.9, 0.9 Hz, 2H), 1.53 (app sextet, J = 7.3 Hz, 2H), 0.98 (t, J = 7.3 Hz, 3H). 

Allenoic acid impurity: δ 8.37 (br s, 1H), 5.68 (app q, J = 6.7 Hz, 1H), 5.60–

5.58 (m, 1H), 2.14 (qd, J = 7.6, 2.9 Hz, 2H), and additional signals overlap-

ping with 6.21. 

 

Sodium Effect in NMR-Scale Carboxyboration Reaction with 6.14 

 

Sodium-containing reaction. In a N2-filled glovebox, carboxylic acid 6.14 

(19.4 mg, 100. µmol, 1.00 equiv) was dissolved in 0.4 mL anhydrous d8-toluene 

and added to a dram vial containing NaH (2.4 mg, 0.10 mmol, 1.0 equiv). The re-

sulting suspension was mixed by syringe for ca. 2 min until H2 evolution was no 

longer observed and was subsequently transferred to a dram vial containing 
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B-chlorocatecholborane (15.4 mg, 100. µmol, 1.00 equiv). The resulting thick 

suspension was mixed by syringe for 5 min. To this was added a suspension of 

IPrAuCl (3.1 mg, 5.0 µmol, 5.0 mol %) and NaTFA (1.2 mg, 10. µmol, 10. mol %) 

in 0.4 mL anhydrous d8-toluene. The resulting mixture was transferred to a J. 

Young NMR tube and heated in a preheated 50 °C oil bath for 17 h. No boronic 

ester was observable in the crude reaction mixture by 11B NMR spectroscopy. 

The reaction vessel was returned to the glovebox and the catalyst was quenched 

by reacting with PPh3 (2.6 mg, 10. µmol, 10. mol %) for 2 h. The quenched reac-

tion mixture was filtered through a fiberglass filter and concentrated in vacuo, and 

the resulting residue was purified by silica gel chromatography eluting using a 

stepwise gradient from 100% hexanes to 100% EtOAc. Among the products ob-

tained was hydrolysis product SI-6.3. All 1H NMR signals from SI-6.3 were ob-

servable in the crude reaction mixture prior to air exposure except the phenol OH 

proton. 

1H NMR (CDCl3, 600 MHz): δ 8.19 (d, J = 6.5 Hz, 1H), 7.76 (d, J = 6.0 Hz, 1H), 

7.62 (t, J = 5.8 Hz, 1H), 7.54 (d, J = 4.6 Hz, 2H), 7.50 (t, J = 6.9 Hz, 1 H), 

7.35–7.34 (m, 3H), 7.19 (t, J = 7.6 Hz, 1H), 7.08 (dd, J = 6.7, 1.1 Hz, 1H), 

6.98 (t, J = 7.6 Hz, 1H), 5.87 (br s, 1H). 

13C NMR (CDCl3, 125 MHz): δ 164.6, 147.1, 138.7, 134.8, 132.9, 132.0, 131.7, 

131.4, 130.4, 129.1, 128.6, 128.5, 127.2, 124.2, 122.6, 120.9, 117.7, 95.5, 

88.3. Note: the 13C signals at 164.6, 147.1, 95.5, and 88.3 were detected 

indirectly using an HMBC experiment (optimized for 2 Hz coupling con-

stants) through long-range coupling to nearby protons. 
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HRMS (ESI+): Calculated for C21H14O3Na ([M+Na]+), 337.0841; found 337.0836. 

 

 
Sodium-free reaction. In a N2-filled glovebox, neat catecholborane (5.3 µL, 

6.0 mg, 50. µmol, 1.0 equiv) was added to a solution of 6.14 (11 mg, 50.  µmol, 

1.0 equiv) in 0.5 mL anhydrous d8-toluene. The resulting solution was mixed peri-

odically by syringe over 45 min before being transferred to a dram vial containing 

IPrAuTFA (3.5 mg, 5.0 µmol, 10. mol %). After dissolving the catalyst, the reaction 

mixture was transferred to a J. Young NMR tube and heated in a preheated 50 °C 

oil bath for 24 h. After this time, analysis by 1H and 11B NMR spectroscopy indi-

cated the formation of esterification product 6.16 and carboxyboration product 

6.17. Continued heating for up to 72 h resulted in slow, incomplete conversion of 

6.16 into additional 6.17. 

 

Isolation of Carboxyboration Product 6.20 

 

This reaction sequence was conducted by Blum group graduate student 

Kim Tu in a N2-filled glovebox. Benzoic acid derivative 6.18 (20. mg, 0.10 mmol, 
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1.0 equiv) was dissolved in 0.5 mL anhydrous d8-toluene. The resulting solution 

was added to a dram vial containing catecholborane (12 mg, 0.10 mmol, 1.0 

equiv). After mixing thoroughly, the resulting solution was transferred to a dram 

vial containing IPrAuTFA (3.5 mg, 5.0 µmol, 5.0 mol %). After dissolving the cata-

lyst, the reaction mixture was transferred to a J. Young NMR tube and heated in a 

preheated 50 °C oil bath for 24 h. Analysis of the mixture by 1H and 11B NMR 

spectroscopy indicated the formation of boronic ester 6.19. The reaction vessel 

was returned to the glovebox and transferred to a dram vial containing PPh3 (2.6 

mg, 10. µmol, 10 mol %), and the resulting mixture was stirred at 25 °C for 24 h to 

quench the IPrAuTFA catalyst. After this time, to the quenched reaction mixture 

was added N-methyliminodiacetic acid (H2MIDA, 16 mg, 0.11 mmol, 1.1 equiv) 

and anhydrous DMSO (0.5 mL). The vial was capped and heated in the glovebox 

at 90 °C to affect conversion of 6.19 into MIDA boronate derivative 6.20. After 2 h, 

the reaction mixture was cooled to 25 °C, removed from the glovebox, and the 

solvents were removed in vacuo as described in Chapter 5. The resulting yellow 

semisolid was suspended in MeCN and adsorbed onto Celite for purification by 

silica gel chromatography eluting using a stepwise gradient from 100% Et2O to 

100% MeCN. Product-containing fractions were detected by TLC and concen-

trated in vacuo to afford 6.20 as a white solid (4.1 mg, 11% yield) in low purity. 

1H NMR (d6-acetone, 600 MHz): δ 8.24 (d, J = 7.8 Hz, 1H), 7.87 (d, J = 7.8 Hz, 

1H), 7.72 (t, J = 7.2 Hz, 1H), 7.51 (t, J = 7.2 Hz, 1H), 4.47 (d, J = 17.4 Hz, 

2H), 4.34 (d, J = 17.4 Hz, 2H), 3.06 (s, 3H), 2.63 (t, J = 7.8 Hz, 2H), 1.44–

1.40 (m, 2H), 1.28–1.25 (m, 2H), 0.94 (t, J = 7.2 Hz, 3H). 
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11B NMR (d6-acetone, 193 MHz): δ 12.0 (s). 

13C NMR (d6-acetone, 125 MHz): δ 165.5, 162.6, 146.8, 141.5, 135.1, 130.0, 

127.8, 127.6, 125.3, 121.8, 120.7, 64.1, 48.8, 35.0, 32.0, 23.3, 14.1. 

 

NMR-Scale Carboxyboration Reaction of 6.21 

 

In a N2-filled glovebox, to a solution of 6.21 (6.3 mg, 50. µmol, 1.0 equiv) in 

anhydrous d8-toluene (0.5 mL) was added neat catecholborane (5.3 µL, 6.0 mg, 

50. µmol, 1.0 equiv). The resulting solution was mixed well and then transferred to 

a J. Young NMR tube for observation. After 3 h at 25 °C, 1H and 11B NMR spectra 

indicated full conversion to boric ester intermediate 6.22. The reaction vessel was 

returned to the glovebox, and IPrAuTFA (3.5 mg, 5.0 µmol, 10. mol %) was dis-

solved in the reaction mixture. The J. Young tube was then removed from the 

glovebox and heated in a preheated 50 °C oil bath for 17 h. Analysis of the mix-

ture by 1H and 11B NMR spectroscopy indicated trace conversion to a boronic es-

ter (11B NMR, δ = 30.0 ppm), possibly consistent with 6.23. 
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Synthesis of Oxime 6.24 

 

N-Methoxy-N-methylbenzamide (SI-6.5). This Weinreb amide was prepared using 

a published procedure13 from benzoyl chloride in 78% yield (1.29 g). 1H NMR 

(CDCl3, 500 MHz) δ 7.68 (app dd, J = 8.6, 1.5 Hz, 2H), 7.46 (tt, J = 7.3, 1.6 Hz, 

1H), 7.42–7.39 (m, 2H), 3.56 (s, 3H), 3.37 (s, 3H). This spectrum is in agreement 

with previously reported spectral data. 

 

1-Phenylhept-2-yn-1-one (SI-6.6) was prepared from SI-6.5 using a literature 

procedure.13 1H NMR (CDCl3, 500 MHz) δ 8.15 (app dd, J = 8.6, 1.5 Hz, 2H), 7.60 

(tt, J = 7.3, 1.6 Hz, 1H), 7.50–7.47 (m, 2H), 2.52 (t, J = 7.1 Hz, 2H), 1.71–1.65 (m, 

2H), 1.56–1.48 (m, 2H), 0.98 (t, J = 7.5 Hz, 3H). 

 

(Z)-1-Phenylhept-2-yn-1-one oxime (6.24) was prepared according to a method 

adapted from a published report for the synthesis of similar alkynyl oximes.14 A 

25 mL round bottom flask was charged with H2NOH·HCl (350 mg, 5.0 mmol, 

2.0 equiv), Na2SO4 (710 mg, 5.0 mmol, 2.0 equiv), and a stir bar. The solids were 

suspended in MeOH (7 mL). Pyridine (0.69 mL, 670 mg, 8.5 mmol, 3.4 equiv) and 

then SI-6.5 (470 mg, 2.5 mmol, 1.0 equiv) were added. The reaction vessel was 

loosely sealed with a septum, and the reaction mixture was stirred at 25 °C for 

19 h. At this time, analysis by TLC (10% EtOAc/hexanes, visualized by UV absor-

bance) indicated incomplete consumption of SI-6.5. Additional portions of 
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H2NOH·HCl (2.0 equiv), Na2SO4 (2.0 equiv), and pyridine (3.4 equiv) were added, 

and stirring was continued for an additional 24 h. Analysis by TLC still indicated 

incomplete consumption of SI-6.5. The reaction mixture was added to 15 mL wa-

ter and extracted with EtOAc (3 × 5 mL). The combined organic layers were 

washed with brine (1 × 5 mL), dried over Na2SO4, filtered, and concentrated in 

vacuo to a yellow oil. The oil was purified by silica gel chromatography using a 

stepwise gradient from 5% to 15% EtOAc in hexanes to afford 6.24 as a clear, 

pale yellow oil (36 mg, 7% yield). 

1H NMR (CDCl3, 600 MHz): δ 8.34 (br m, 1H), 7.86–7.82 (m, 2H), 7.40–7.37 (m, 

3H), 2.59 (t, J = 7.1 Hz, 3H), 1.72–1.66 (m, 2H), 1.57–1.49 (m, 2H), 0.98 (t, 

J = 7.5 Hz, 3H). Irradiation of the oxime –OH proton did not produce an 

observable NOE enhancement at the ortho phenyl protons. 

13C NMR (CDCl3, 125 MHz): δ 142.5, 133.7, 129.9, 128.5, 126.7, 105.8, 70.5, 

30.4, 22.2, 19.6, 13.7. 

 

Alkoxyboration Reaction to form Isoxazole 6.27 

  

This reaction was set up in a N2-filled glovebox. To a solution of oxime 6.24 

(10. mg, 50. µmol, 1.0 equiv) in anhydrous d8-toluene (0.5 mL) was added neat 

catecholborane (5.3 µL, 6.0 mg, 50. µmol, 1.0 equiv). The resulting solution was 

mixed well and transferred to a J. Young NMR tube for analysis. After 1 h at 
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25 °C, full conversion of 6.24 to a boric ester was observed. The reaction vessel 

was returned to the glovebox, and IPrAuTFA (3.5 mg, 5.0 µmol, 10. mol %) was 

dissolved in the reaction mixture. The resulting solution was removed from the 

glovebox and heated in a preheated 50 °C oil bath for 5 h, at which time analysis 

by 1H and 11B NMR spectroscopy revealed full conversion of the boric ester in-

termediate to a mixture containing boronic ester 6.26. The reaction mixture was 

again returned to the glovebox, and it was added to a dram vial containing PPh3 

(2.6 mg, 10. µmol, 10 mol %) using an additional portion of anhydrous toluene 

(1 × 0.2 mL) as a rinse to aid in the transfer. The vial was capped, and the cata-

lyst quench reaction was allowed to proceed at 25 °C for 2 h in the glovebox. Af-

ter this time, the quenched reaction mixture was transferred to a dram vial con-

taining H2MIDA (8.1 mg, 55 µmol, 1.1 equiv) using anhydrous DMSO (1 × 0.2 mL) 

as a rinse to aid in the transfer. The vial was capped tightly, removed from the 

glovebox, and heated in a preheated 90 °C oil bath for 3 h. After this time, the re-

action mixture was cooled to 25 °C and the solvents were removed in vacuo to 

afford a brown semisolid. Purification by silica gel chromatography using a step-

wise gradient from 100% Et2O to 50% MeCN in Et2O afforded 6.27 was a white 

powder (6.2 mg, 35% yield). 

TLC (10% MeCN/Et2O): Rf = 0.41, visualized by UV absorbance and KMnO4 

stain. 

1H NMR (CD3CN, 600 MHz): δ 7.48–7.46 (m, 3H), 7.44–7.41 (m, 2H), 3.84 (d, J 

=17.1 Hz, 2H), 3.35 (d, J = 17.1 Hz, 2H), 2.90 (t, J = 7.8 Hz, 2H), 2.47 (s, 

3H), 1.73–1.68 (m, 2H), 1.44–1.38 (m, 2H), 0.97 (t, J = 7.5 Hz, 3H). 
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11B NMR (CD3CN, 193 MHz): δ 10.6 (br s). 

13C NMR (CD3CN, 125 MHz): δ 179.7, 168.5, 167.5, 132.3, 130.3, 130.1, 129.5, 

62.9, 48.4, 31.4, 27.7, 23.2, 14.0. Note: the aryl 13C signal at 179.7 was de-

tected indirectly by an HMBC experiment (optimized for 10 Hz coupling 

constants) showing coupling to the allylic and homoallylic protons. One 13C 

signal was not detected, probably the boronate ipso carbon due to low 

sample concentration and poor signal response. 

HRMS (ESI+): Calculated for C18H21BN2O5Na ([M+Na]+), 379.1445; found 

379.1454. 
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Appendix A: NMR Spectra 
This appendix contains previously unpublished NMR spectra for compounds from Chapter 6. 
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