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ABSTRACT OF THE DISSERTATION 

 

 

Studies Pertaining to Amide C–N Bond Activation and Strained Heterocyclic Allenes 

 

by 

 

Milauni Mehta 

Doctor of Philosophy in Chemistry 

University of California, Los Angeles, 2023 

Professor Neil K. Garg, Chair 

 

 This dissertation describes the development of reaction methodologies that utilize 

unconventional building blocks. One major effort involves the development of a strategy to 

improve the practicality of the nickel-catalyzed Suzuki–Miyaura cross-coupling of amide 

electrophiles and a strategy for a base-mediated reduction of ketones to secondary alcohols. 

Furthermore, a one-pot reductive arylation of amides wherein two different nucleophiles are added 

to the amide carbonyl carbon is reported. This reaction, which proceeds by way of a sequential 

nickel-catalyzed Suzuki–Miyaura coupling and base-catalyzed reduction cascade process, directly 

converts amide starting materials to chiral secondary alkyl–aryl alcohol products. Finally, 

investigations into strained heterocyclic allenes are described. These studies detail the cyclic allene 
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approach to the core of the manzamine alkaloid keramaphidin B, where the key step hinges on a 

cycloaddition of an azacyclic allene intermediate. Furthermore, the parameters controlling the 

regioselectivity of the Diels–Alder cycloaddition of heterocyclic allenes with a-pyrones is 

reported. Each of the methodologies presented is expected to expand the synthetic toolbox by 

leveraging unique reactivity. 

 Chapter one outlines a strategy for performing nickel-catalyzed Suzuki–Miyaura couplings 

of aliphatic amides on the benchtop. In this approach, air- and moisture-sensitive reagents are 

stored in paraffin capsules, allowing for air-sensitive transition-metal-catalyzed cross-couplings to 

be carried out without the need for glovebox manipulations. This study is anticipated to advance 

the utility of amides as acyl synthons for C–C bond-forming cross-coupling reactions. 

 Chapters two and three concern the development of a base-catalyzed reduction of aryl 

ketones and its application toward a one-pot reductive arylation of aliphatic amides. In chapter 

two, the use of an electron-rich benzylic alcohol reductant to achieve a Meerwein–Ponndorf–

Verley (MPV)-type reduction of ketones is reported. This approach avoids the use of the hydride 

source as the solvent, proceeds under mildly basic conditions, reduces aromatic and O- and S-

containing heteroaromatic ketones, and delivers enantioenriched alcohol products through a 

stereospecific reduction when using an enantioenriched reductant. These studies expand the field 

of base-catalyzed MPV-type reductions of carbonyls and address several limitations associated 

with prior methodologies. Chapter three describes the application of this mild ketone reduction 

protocol toward a one-pot reductive arylation of amides. Specifically, this methodology, which 

proceeds by way of a nickel-catalyzed Suzuki–Miyaura coupling of aliphatic amides and 

subsequent base-catalyzed transfer hydrogenation of ketone intermediates, provides direct access 

to chiral secondary alkyl–aryl alcohols from amide starting materials. This study represents the 
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first catalytic method for the direct intermolecular addition of two different nucleophiles to the 

amide carbonyl carbon. Moreover, these efforts are expected to promote the development of 

additional catalytic approaches to directly convert carboxylic acids and their derivatives to 

functional groups bearing stereogenic centers. 

Chapter four describes the cyclic allene approach to the core of the manzamine alkaloid   

keramaphidin B. This approach to access the azadecalin core of the natural product relies on the 

strain-promoted Diels–Alder cycloaddition of an azacyclic allene with a pyrone trapping partner. 

It is demonstrated that the cycloaddition is tolerant of nitrile and primary amide functional groups 

and can be dovetailed with a subsequent retro-Diels–Alder step to access advanced intermediates. 

These studies highlight that strained cyclic allenes can be used to build significant structural 

complexity and should encourage further exploration of these fleeting intermediates in complex 

molecule synthesis. 

 Finally, chapter five describes the study of parameters affecting the regioselectivity of the 

strain-promoted Diels–Alder cycloaddition cyclic allenes and a-pyrones. This report investigates 

the scope of methyl-substituted heterocyclic allenes as dienophiles, substituent effects on both 

cycloaddition partners for the regioselectivity of the reaction, and relative reactivity of furans vs 

pyrones as trapping partners with both methyl- and ester-substituted cyclic allenes in competition 

experiments. Additionally, the first example of ester-substituted oxacyclic allenes in a Diels–Alder 

reaction with a-pyrone is reported. These studies provide insight into the fundamental reactivity 

of cyclic allenes and offer a starting point for determining the predictive capacity of Diels–Alder 

cycloadditions of heterocyclic allenes and pyrones.   
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CHAPTER ONE 

 

Ni-Catalyzed Suzuki–Miyaura Cross-Coupling of Aliphatic Amides on the Benchtop 

Milauni M. Mehta,† Timothy B. Boit,† Jacob E. Dander,† and Neil K. Garg. 

Org. Lett. 2020, 22, 1–5. 

 

1.1 Abstract 

Suzuki–Miyaura cross-couplings of amides offer an approach to the synthesis of ketones 

that avoids the use of basic or pyrophoric nucleophiles. However, these reactions require glovebox 

manipulations, thus limiting their practicality. We report a benchtop protocol for Suzuki–Miyaura 

cross-couplings of aliphatic amides that utilizes a paraffin capsule containing a Ni(0) pre-catalyst 

and NHC ligand. This methodology is broad in scope, scalable, and provides a user-friendly 

approach to convert aliphatic amides to alkyl–aryl ketones. 

 

1.2 Introduction 

The conversion of carboxylic acid derivatives to ketones is a fundamental transformation 

in synthetic chemistry (Figure 1.1).1 A common strategy to achieve this conversion is the Weinreb 

ketone synthesis, in which a N-methoxy-N-methyl amide undergoes net substitution with an 

organometallic nucleophile.2 An alternative strategy lies in the development of transition metal-

catalyzed cross-couplings of acyl electrophiles,1c,3 which avoid the use of strongly basic and 

pyrophoric organometallic reagents. Our laboratory and others have shown that amides, which are 

well suited for multi-step synthesis due to their pronounced stability, are particularly useful in this 
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context.4 Specifically, Ni-5,6 and Pd-catalysis7 have enabled the mild activation of the amide C–N 

bond for cross-coupling with boronic acids and esters,8 as well as organozinc reagents.9 

We recently reported a Ni-catalyzed Suzuki–Miyaura coupling of aliphatic amides to 

generate alkyl–aryl ketones (Figure 1.1, e.g. 1.1 + 1.2 ® 1.3).10,11 This methodology is broad in 

scope, but requires the use of a glovebox, thus limiting its practical utility.12 We questioned if a 

paraffin encapsulation strategy, analogous to that pioneered by Buchwald, could prove useful.13 In 

this approach, air-sensitive reagents are stored in paraffin capsules, ultimately providing a user-

friendly means to perform air-sensitive transition metal-catalyzed reactions. Previously, we 

showed the promise of this strategy for the Suzuki–Miyaura cross-coupling of a single benzamide-

derived substrate utilizing paraffin–Ni(cod)2/SIPr capsules.14 However, this pre-catalyst and 

ligand combination is ineffective in the coupling of amides derived from aliphatic carboxylic 

acids.10 Moreover, only a single example of a glovebox-free arylation of an aliphatic amide 

derivative has been reported, which uses a bench-stable Pd(II) pre-catalyst.15 We report the 

realization of a paraffin encapsulation strategy to achieve the nickel-catalyzed Suzuki–Miyaura 

coupling of aliphatic amides on the benchtop.  
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Figure 1.1. Methods for the conversion of amides to ketones, prior studies of Ni-catalyzed Suzuki–
Miyaura couplings that utilize a glovebox, and paraffin encapsulation strategy for benchtop 
delivery (present study). 
 
 
1.3 Reaction Discovery and Optimization 

Our studies were initiated by preparing the desired paraffin capsules, using a molding 

process analogous to one we had previously reported (Figure 1.2).14 These capsules were charged 

with Ni(cod)2 and Benz-ICy•HCl, as this pre-catalyst/ligand combination had proven effective in 

our original studies on the Suzuki–Miyaura coupling of aliphatic amides using a glovebox.10 Next, 

we assessed the utility of these capsules in the benchtop Suzuki–Miyaura coupling of amide 1.4 

with N-methylpyrrole-2-boronic acid pinacol ester (1.5), using 5 mol% Ni. Unfortunately, the use 

of our literature conditions resulted in poor yield of ketone 1.6.16 Specifically, the coupling of 1.4 

and 1.5 employing paraffin-encapsulated Ni(cod)2/Benz-ICy•HCl, 2.5 equiv of 1.5, toluene as the 

reaction solvent, and a stir rate of 400 RPM for 16 h at 120 °C provided ketone 1.6 in 28% 1H 

NMR yield.17 After extensive experimentation, it was found that employing higher equivalents of 
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hours proved beneficial. This provided ketone 1.6 in 91% yield on the benchtop. Additionally, 

these capsules displayed long-term air and moisture stability when stored outside of a glovebox. 

After two months of storage, a benchtop coupling of 1.4 and 1.5 generated 1.6 in comparable 

yield.16 These capsules are currently undergoing commercialization to enable their widespread 

use.18  

 

Figure 1.2. Preparation of Ni(cod)2/Benz-ICy•HCl–paraffin capsules and their use in the benchtop 
Suzuki–Miyaura coupling of piperidinyl amide 1.4 and pyrrole boronic ester 1.5 under optimized 
conditions. Yield was determined by 1H NMR analysis using 1,3,5-trimethoxybenzene as an 
external standard.  
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esters could be employed in the coupling, providing ketones 1.9 and 1.10 in 53% and 74% yields, 

respectively. Boronate esters featuring extended aromatic ring systems were also competent 

nucleophiles in the methodology, as demonstrated by the formation of naphthyl ketone 1.11 in 

71% yield. Of note, in all cases, benchtop yields of the desired ketone products were comparable 

to those obtained when using literature conditions requiring a glovebox (yields using the glovebox 

protocol are shown in parentheses in Figures 1.3 and 1.4).10 

 
 

Figure 1.3. Scope of the boronic ester coupling partner. Unless otherwise noted, yields reflect the 
average of two isolation experiments. Yields in parentheses were obtained by carrying out the 
reaction in a glovebox utilizing literature conditions without encapsulating Ni(cod)2 and Benz-
ICy•HCl in paraffin. aYield was determined by 1H NMR analysis using 1,3,5-trimethoxybenzene 
as an external standard. 
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and 4-tetrahydropyrancarboxylic acids were competent substrates, giving rise to ketones 1.13 and 

1.14 in 79% and 84% yield, respectively. We also evaluated the coupling of non-heterocyclic 

amides. Linear and carbocyclic amides underwent the reaction smoothly, as demonstrated by the 

formation of 1.15 and 1.16 in 83% yield and 89% yield, respectively. Notably, steric bulk adjacent 

to the amide carbonyl did not hinder the Suzuki–Miyaura coupling as the use of a pivalamide 

substrate gave ketone 1.17 in 90% yield. 

 
 

Figure 1.4. Scope of the amide substrate. Unless otherwise noted, yields reflect the average of two 
isolation experiments. Yields in parentheses were obtained by carrying out the reaction in a 

glovebox utilizing literature conditions without encapsulating Ni(cod)2 and Benz-ICy•HCl in 
paraffin. aYield was determined by 1H NMR analysis using 1,3,5-trimethoxybenzene as an external 

standard. 
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in the context of the scalable construction of biologically-relevant bis-heterocyclic ketones19 where 

the enolizable alkyl–aryl ketone provides a valuable synthetic handle for further manipulation. 

 

 

Figure 1.5. Gram-scale Suzuki–Miyaura coupling of amide 1.1 with boronate ester 1.18 to 
generate ketone 1.19.  
 
 
1.7 Conclusion 

We have developed a benchtop protocol for the Suzuki–Miyaura cross-coupling of 

aliphatic amides to access alkyl–aryl ketones. Our strategy leverages mild Ni-catalyzed C–N bond 

activation to avoid the use of strongly basic and pyrophoric reagents typically employed in amide 
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currently undergoing commercialization,18 obviate the need to setup the reactions in a glovebox. 
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ester nucleophiles. Thus, we hope these studies promote the use of Ni-mediated Suzuki–Miyaura 

couplings of aliphatic amides as a complement to traditional synthetic strategies.  
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1.8 Experimental Section 

1.8.1 Materials and Methods 

Unless stated otherwise, reactions were conducted in flame-dried glassware under an 

atmosphere of nitrogen or argon and commercially obtained reagents were used as received. 

Boronate esters 1.5, 1.18, 1.27–1.30 were obtained from Combi-Blocks. Ni(cod)2 and Benz-

ICy•HCl were obtained from Strem Chemicals. Potassium phosphate (K3PO4) was obtained from 

Acros. 1,4-Dioxane was obtained from Fisher Scientific and purified by distillation (over Na0 and 

benzophenone) and degassed by sparging with N2 for 1 h prior to use. Deionized water was 

degassed by sparging with N2 for ≥10 min prior to use. Paraffin wax (mp 53–57 °C ASTM D 87) 

was obtained from Sigma-Aldrich and used as received. 1,3,5-trimethoxybenzene was obtained 

from Alfa Aesar and used as received. Reaction temperatures were controlled using an IKAmag 

temperature modulator, and unless stated otherwise, reactions were performed at room temperature 

(approximately 23 °C). Thin-layer chromatography (TLC) was conducted with EMD gel 60 F254 

pre-coated plates (0.25 mm for analytical chromatography and 0.50 mm for preparative 

chromatography) and visualized using a combination of UV, anisaldehyde, iodine, and potassium 

permanganate staining techniques. Silicycle Siliaflash P60 (particle size 0.040–0.063 mm) was 

used for flash column chromatography. 1H NMR spectra were recorded on Bruker spectrometers 

(400, 500, and 600 MHz) and are reported relative to residual solvent signals. Data for 1H NMR 

spectra are reported as follows: chemical shift (δ ppm), multiplicity, coupling constant (Hz), 

integration. Data for 13C NMR are reported in terms of chemical shift (at 125 MHz). IR spectra 

were recorded on a Perkin-Elmer UATR Two FT-IR spectrometer and are reported in terms of 

absorption frequency (cm-1). DART-MS spectra were collected on a Thermo Exactive Plus MSD 

(Thermo Scientific) equipped with an ID-CUBE ion source and a Vapur Interface (IonSense Inc.). 
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Both the source and MSD were controlled by Excalibur software v. 3.0. The analyte was spotted 

onto OpenSpot sampling cards (IonSense Inc.) using CHCl3, CDCl3, or CH2Cl2 as the solvent. 

Ionization was accomplished using UHP He plasma with no additional ionization agents. The mass 

calibration was carried out using Pierce LTQ Velos ESI (+) and (–) Ion calibration solutions 

(Thermo Fisher Scientific).  

 

Note: Supporting information for the syntheses of amides 1.1, 1.4, 1.20, 1.21,5g and 1.22–1.2410 

have been published and spectral data match those previously reported. 

 

 

1.8.2 Experimental Procedures 
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The molten paraffin was then pipetted into a standard brass mold (Brass Nipple, 1/8 in x 

close) using a 5 3/4 in glass pipette and pipette bulb. 
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After cooling, the resulting wax cylinder was removed from the brass mold and trimmed 

to approximately 1 cm in length using a razor blade. 

 

 

 

Next, a cavity was bored in the wax cylinder using a standard drill bit (5/32 in, black oxide), 

taking care not to bore through the entire cylinder. 
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The resulting hollow and open capsule was brought into a glovebox, inserted into a 14/20 

septum for ease of handling, and charged with Ni(cod)2 (5.5 mg, 0.020 mmol, 5 mol%) and Benz-

ICy•HCl (12.8 mg, 0.040 mmol, 10 mol%). 

 

 

 

After charging the capsule, a warm metal spatula (maintained at approximately 80 °C using 

a hot plate in the glovebox) was used to melt the top of the capsule closed. Removal from the 

glovebox and re-dipping in molten wax twice (to ensure a proper seal) gave the desired capsules 

that were ready for use on the benchtop. The capsules were stored in a freezer maintained at –20 

°C under an atmosphere of air until use. 
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Note: Supporting information for the preparation of similar paraffin capsules has been 

previously disclosed.14 Typically, paraffin wax capsules generated in this way were used within 1–

2 weeks of being prepared. The stability of paraffin capsules to air and moisture was examined 

over a period of two months (See Section 1.8.2.3). 

 

1.8.2.2 Preparation of Paraffin Wax Capsules for Gram-Scale Coupling 

Representative Procedure for preparation of paraffin wax capsules for use in Section 1.8.2.5. 

Paraffin wax (mp 53–57 °C ASTM D 87) was melted in a 250 mL beaker suspended in an oil bath 

maintained at 80 °C. The molten paraffin (approximately 4 mL) was then pipetted into a standard 

glass VWR culture tube (12 x 75 mm) using a 5 3/4 in glass pipette and pipette bulb. After cooling, 

the resulting wax cylinder was removed from the culture tube (by scoring and carefully breaking 
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the glass away from the paraffin) and trimmed to approximately 2.0 cm in length using a razor 

blade. 

 

 

 

Next, a cavity was bored in the wax cylinder using a standard drill bit (15/64 in, black 

oxide), taking care not to bore through the entire cylinder. 
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The resulting hollow and open capsule was brought into a glovebox and charged with 

Ni(cod)2 (32.9 mg, 0.119 mmol, 5 mol%) and Benz-ICy•HCl (76.2 mg, 0.239 mmol, 10 mol%). 

After charging the capsule, a warm metal spatula (maintained at approximately 80 °C using a hot 

plate in the glovebox) was used to melt the top of the capsule closed. Removal from the glovebox 

and re-dipping in molten wax twice (to ensure a proper seal) gave the desired capsules that were 

ready for use on the benchtop (See Section 1.8.2.5)  
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Note: Supporting information for the preparation of similar gram-scale paraffin capsules 

has been previously disclosed.14  

 

1.8.2.3 Optimization of Methodology 

 

Representative Procedure for Table 1.1 (coupling of amide 1.4 and N-methylpyrrole-2-

boronic acid pinacol ester (1.5) is used as an example). Ketone 1.6. A 2-dram vial was charged 
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shaped 3/8 x 3/16 in). The vial and its contents were flame-dried under reduced pressure and 

N

O

N
Boc

Bn

Boc

+

Ni(cod)2 (5 mol%)
Benz-ICy•HCl (10 mol%)

K3PO4 (4.0 equiv)
H2O (2.0 equiv)

1,4-dioxane, 120 ºC
24 h, 800 RPM

(82% yield)

(pin)B N
Me

N

O

Boc

N
Me

1.4 1.5 1.6



 17 

allowed to cool under N2. The vial was then charged with amide substrate 1.4 (167 mg, 0.40 mmol, 

1.00 equiv), N-methylpyrrole-2-boronic acid pinacol ester (1.5, 414 mg, 2.00 mmol, 5.00 equiv), 

and a paraffin wax capsule containing Ni(cod)2 (5.50 mg, 0.02 mmol, 0.05 equiv) and Benz-

ICy•HCl (12.8 mg, 0.04 mmol, 0.10 equiv) prepared as described in Section 1.8.2.1. The vial was 

purged with N2 and subsequently deionized water (14.0 µL, 0.80 mmol, 2.00 equiv) and 1,4-

dioxane (0.40 mL, 1.00 M) were added. The vial was capped with a Teflon-lined screw cap under 

a flow of N2 and the reaction mixture was stirred vigorously (800 RPM) at 120 ºC for 24 h. After 

removing the vial from heat, the reaction mixture was transferred to a 100 mL pear-shaped flask 

containing 2.0 g of silica gel with hexanes (6 mL) and CH2Cl2 (6 mL). The mixture was adsorbed 

onto the silica gel under reduced pressure and filtered over a plug of silica gel (4.0 cm OD x 3.0 

cm, 300 mL of hexanes eluent to remove paraffin, then 250 mL of EtOAc eluent). The volatiles 

were removed under reduced pressure and the yield of ketone 1.6 was determined by 1H NMR 

analysis with 1,3,5-trimethoxybenzene as an external standard.10  

 

Any modifications of the conditions shown in the representative procedure  

above are specified below in Table 1.1. 
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Table 1.1. Optimization studies. 

 
aYields were determined by 1H NMR analysis using 1,3,5-
trimethoxybenzene as an external standard and reflect the average of two 
experiments. bReaction performed using conditions outlined in Entry 3. 

 
 

1.8.2.4 Scope of Methodology 

 

Representative Procedure for Figures 1.3 and 1.4 (coupling of amide 1.4 and N-

methylpyrrole-2-boronic acid pinacol ester (1.5) is used as an example). Ketone 1.6. A 2-dram 

vial was charged with anhydrous powder K3PO4 (340 mg, 1.60 mmol, 4.00 equiv) and a magnetic 

stir bar (egg-shaped 3/8 x 3/16 in). The vial and its contents were flame-dried under reduced 

pressure and allowed to cool under N2. The vial was then charged with amide substrate 1.4 (167 

mg, 0.40 mmol, 1.00 equiv), N-methylpyrrole-2-boronic acid pinacol ester 1.5 (414 mg, 2.00 

mmol, 5.0 equiv), and a paraffin wax capsule containing Ni(cod)2 (5.50 mg, 0.02 mmol, 0.05 

equiv) and Benz-ICy•HCl (12.8 mg, 0.04 mmol, 0.10 equiv) prepared as described in Section 

1.8.2.1. The vial was purged with N2 and subsequently deionized water (14.0 µL, 0.8 mmol, 2.00 
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equiv) and 1,4-dioxane (0.40 mL, 1.00 M) were added. The vial was capped with a Teflon-lined 

screw cap under a flow of N2 and the reaction mixture was stirred vigorously (800 RPM) at 120 

ºC for 24 h. After removing the vial from heat, the reaction mixture was transferred to a 100 mL 

pear-shaped flask containing 2.0 g of silica gel with hexanes (6 mL) and CH2Cl2 (6 mL). The 

mixture was adsorbed onto the silica gel under reduced pressure and filtered over a plug of silica 

gel (4.0 cm OD x 3.0 cm, 300 mL of hexanes eluent to remove paraffin, then 250 mL of EtOAc 

eluent). The volatiles were removed under reduced pressure and the crude residue was purified by 

flash column chromatography (19:1 Hexanes:EtOAc ® 9:1 Hexanes:EtOAc) to yield ketone 1.6 

(82% yield, average of two experiments) as a yellow oil. Ketone 1.6: Rf 0.25 (5:1 Hexanes:EtOAc). 

1H NMR (500 MHz, CDCl3): d 6.98 (dd, J = 4.1, 1.7, 1H), 6.83 (t, J = 2.0, 1H), 6.14 (dd, J = 2.6, 

1.7, 1H), 4.18 (br s, 2H), 3.93 (s, 3H), 3.21–3.10 (m, 1H), 2.82 (br s, 2H), 1.85–1.64 (m, 4H), 1.47 

(s, 9H). Spectral data match those previously reported.10  

 

Any modifications of the conditions shown in the representative procedure above are specified in 

the following schemes, which depict all of the results shown in Figures 1.3 and 1.4. 

 

 

Ketone 1.7. Purification by flash chromatography (19:1 Hexanes:EtOAc ® 9:1 Hexanes:EtOAc) 

generated ketone 1.7 (70% yield, average of two experiments) as a white solid. Ketone 1.7: Rf 0.33 

(5:1 Hexanes:EtOAc). 1H NMR (500 MHz, CDCl3): d 7.70 (d, J = 7.9, 1H), 7.39 (d, J = 3.9, 2H), 
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7.33 (s, 1H), 7.20–7.14 (m, 1H) 4.21 (br s, 2H), 4.07 (s, 3H), 3.47–3.32 (m, 1H), 2.88 (br s, 2H), 

1.86 (br s, 2H), 1.82–1.70 (m, 2H), 1.48 (s, 9H). Spectral data match those previously reported.10 

 

 

Ketone 1.8. 1H NMR analysis of the crude reaction mixture indicated a 78% yield of ketone 1.8 

relative to a 1,3,5-trimethoxybenzene external standard (average of two experiments). Purification 

by preparative thin-layer chromatography (1:1 Hexanes:EtOAc) provided an analytical sample of 

ketone 1.8 as a white solid. Ketone 1.8: Rf 0.30 (1:1 Hexanes:EtOAc). 1H NMR (500 MHz, 

CDCl3): d 8.78 (d, J = 2.6, 1H), 8.05 (dd, J = 9.1, 2.5, 1H), 6.63 (d, J = 9.1, 1H), 4.16 (br s, 2H), 

3.81 (t, J = 5.2, 4H), 3.68 (t, J = 4.7, 4H), 3.32–3.21 (m, 1H), 2.87 (br s, 2H), 1.79 (br s, 2H), 1.76–

1.65 (m, 2H), 1.46 (s, 9H). Spectral data match those previously reported.10 

 

 

Ketone 1.9. Purification by flash chromatography (19:1 Hexanes:EtOAc ® 9:1 Hexanes:EtOAc) 

generated ketone 1.9 (53% yield, average of two experiments) as a white solid. Ketone 1.9: Rf 0.33 

(5:1 Hexanes:EtOAc). 1H NMR (500 MHz, CDCl3): d 8.03 (d, J = 8.4, 2H), 7.74 (d, J = 8.4, 2H), 

4.16 (br s, 2H), 3.46–3.31 (m, 1H), 2.91 (br s, 2H), 1.85 (d, J = 13.3, 2H), 1.76–1.64 (m, 2H), 1.46 

(d, J = 4.0, 9H). Spectral data match those previously reported.10 
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Ketone 1.10. Purification by flash chromatography (24:1 Hexanes:EtOAc ® 5:1 Hexanes:EtOAc) 

generated ketone 1.10 (74% yield, average of two experiments) as a yellow oil. Ketone 1.10: Rf 

0.16 (9:1 Hexanes:EtOAc). 1H NMR (600 MHz, CDCl3): d 7.50 (dd, J = 7.8, 1.4 Hz, 1H), 7.36 

(td, J = 7.4, 1.3, 1H), 7.26–7.22 (m, 2H), 4.12 (br s, 2H), 3.18 (tt, J = 11.2, 3.6, 1H), 2.84 (br s, 

2H), 2.41 (s, 3H), 1.81 (d, J = 13.1, 2H), 1.60–1.58 (m, 2H), 1.46 (s, 9H). Spectral data match 

those previously reported.10  

 

 

Ketone 1.11. Purification by flash chromatography (19:1 Hexanes:EtOAc ® 14:1 

Hexanes:EtOAc) generated ketone 1.11 (71% yield, average of two experiments) as a white solid. 

Ketone 1.11: Rf 0.16 (9:1 Hexanes:EtOAc). 1H NMR (500 MHz, CDCl3): d 8.45 (s, 1H), 8.04–

7.85 (m, 4H), 7.65–7.53 (m, 2H), 4.20 (br s, 2H), 3.58 (tt, J = 11.2, 4.0, 1H), 2.96 (t, J = 2.8, 2H), 

1.90 (br s, 2H), 1.83–1.69 (m, 2H), 1.48 (s, 9H). Spectral data match those previously reported.10  

 

 

N

O

N
Boc

Bn

Boc

+

Ni(cod)2 (5 mol%)
Benz-ICy•HCl (10 mol%)

K3PO4 (4.0 equiv)
H2O (2.0 equiv)

1,4-dioxane, 120 ºC
24 h, 800 RPM

(74% yield)

(pin)B

N

O

Boc

1.4 1.27 1.10

MeMe

N

O

N
Boc

Bn

Boc

+

Ni(cod)2 (5 mol%)
Benz-ICy•HCl (10 mol%)

K3PO4 (4.0 equiv)
H2O (2.0 equiv)

1,4-dioxane, 120 ºC
24 h, 800 RPM

(71% yield)

(pin)B

N

O

Boc

1.4 1.28 1.11



 22 

 

Ketone 1.12. Purification by flash chromatography (19:1 Hexanes:EtOAc ® 9:1 Hexanes:EtOAc) 

generated ketone 1.12 (92% yield, average of two experiments) as a light brown oil. Ketone 1.12: 

Rf 0.26 (5:1 Hexanes:EtOAc). 1H NMR (400 MHz, CDCl3): d 7.05 (dd, J = 4.2, 1.6, 1H), 6.82 (t, 

J = 1.9, 1H), 6.14 (dd, J = 4.1, 2.5, 1H), 4.25 (br d, J = 13.5, 1H), 4.12 (br d, J = 11.7, 1H), 3.93 

(br s, 3H), 3.16 (tt, J = 11.4, 3.6, 1H), 2.94–2.83 (m, 1H), 2.70 (td, J = 12.7, 2.4, 1H), 2.02–1.92 

(m, 1H), 1.79–1.68 (m, 2H), 1.61–1.50 (m, 1H), 1.47 (s, 9H). Spectral data match those previously 

reported.10 

 

 

Ketone 1.13. Purification by sequential preparative thin-layer chromatography (9:1 

Hexanes:EtOAc and 5:1 Hexanes:EtOAc) generated ketone 1.13 (79% yield, average of two 

experiments) as a white solid. Ketone 1.13: Rf 0.17 (5:1 Hexanes:EtOAc). 1H NMR (500 MHz, 

CDCl3): d 6.99 (dd, J = 4.1, 1.6, 1H), 6.83 (t, J = 1.9, 1H), 6.14 (dd, J = 4.1, 2.5, 1H), 4.09–4.00 

(m, 2H), 3.94 (s, 3H), 3.52 (td, J = 11.8, 2.1, 2H), 3.26 (tt, J = 11.5, 3.8, 1H), 1.97–1.86 (m, 2H), 

1.74–1.67 (m, 2H). Spectral data match those previously reported.10  
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Ketone 1.14. Purification by flash chromatography (9:1 Hexanes:EtOAc) generated ketone 1.14 

(84% yield, average of two experiments) as a colorless oil. Ketone 1.14: Rf 0.22 (5:1 

Hexanes:EtOAc). 1H NMR (500 MHz, CDCl3): δ 7.03 (dd, J = 4.2, 1.7, 1H), 6.82 (t, J = 1.9, 1H), 

6.14 (dd, J = 4.2, 2.5, 1H), 4.10–4.04 (m, 1H), 3.99–3.93 (m, 1H), 3.92 (s, 3H), 3.53 (t, J = 10.8, 

1H), 3.46–3.34 (m, 2H), 2.02–1.94 (m, 1H), 1.91–1.80 (m, 1H), 1.80–1.65 (m, 2H). Spectral data 

match those previously reported.10 

 

 

Ketone 1.15. Purification by flash chromatography (19:1 Hexanes:EtOAc) generated ketone 1.15 

(83% yield, average of two experiments) as a colorless oil. Ketone 1.15: Rf 0.40 (5:1 

Hexanes:EtOAc). 1H NMR (500 MHz, CDCl3): δ 7.32–7.17 (m, 2H), 7.26–7.23 (m, 2H), 7.22–

7.17 (m, 1H), 6.94 (dd, J = 4.1, 1.7, 1H), 6.80 (t, J = 1.9, 1H), 6.11 (dd, J = 4.1, 2.4, 1H), 3.95 (s, 

3H), 3.14–3.08 (m, 2H), 3.05–2.99 (m, 2H). Spectral data match those previously reported.10  
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Ketone 1.16. Purification by flash chromatography (25:4:1 Hexanes:PhH:Et2O) generated ketone 

1.16 (89% yield, average of two experiments) as a colorless oil. Ketone 1.16: Rf 0.55 (5:1 

Hexanes:EtOAc). 1H NMR (500 MHz, CDCl3): δ 6.97 (dd, J = 4.1, 1.7, 1H), 6.80 (t, J = 1.9, 1H), 

6.12 (dd, J = 4.1, 2.5, 1H), 3.93 (s, 3H), 3.02 (tt, J = 11.7, 3.2, 1H), 1.88–1.79 (m, 4H), 1.76–1.67 

(m, 1H), 1.56–1.45 (m, 2H), 1.41–1.30 (m, 2H), 1.29–1.19 (m, 1H). Spectral data match those 

previously reported.10  

 

 

Ketone 1.17. 1H NMR analysis of the crude reaction mixture indicated a 90% yield of ketone 1.17 

relative to a 1,3,5-trimethoxybenzene external standard. Purification by preparative thin-layer 

chromatography (49:1 Cyclohexane:EtOAc), eluted twice, provided an analytical sample of ketone 

1.17 as a colorless oil. Ketone 1.17: Rf 0.65 (4:1 Hexanes:EtOAc). 1H NMR (500 MHz, CDCl3): 

δ 7.03 (dd, J = 4.1, 1.6, 1H), 6.75 (t, J = 1.9, 1H), 6.11 (dd, J = 4.1, 2.5, 1H), 3.90 (s, 3H), 1.36 

(m, 9H). Spectral data match those previously reported.10  
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1.8.2.5 Gram-Scale Benchtop Suzuki–Miyaura Cross-Coupling 

 

Ketone 1.19. A 20-mL scintillation vial was charged with anhydrous powder K3PO4 (2.03 g, 9.56 

mmol, 4.00 equiv) and a magnetic stir bar (football shaped, 0.5 x 1.5 cm). The vial and its contents 

were flame-dried under reduced pressure and allowed to cool under N2. The vial was charged with 

amide substrate 1.1 (1.00 g, 2.39 mmol, 1.00 equiv), boronic ester 1.18 (3.07 g, 11.9 mmol, 5.00 

equiv), and a paraffin wax capsule containing Ni(cod)2 (32.9 mg, 0.119 mmol, 0.050 equiv) and 

Benz-ICy•HCl (76.2 mg, 0.239 mmol, 0.100 equiv) prepared as described in Section 1.8.2.3. The 

vial was purged with N2 and subsequently deionized water (86.1 µL, 4.78 mmol, 2.00 equiv) and 

1,4-dioxane (2.39 mL, 1.00 M) were added. The vial was capped with a Teflon-lined screw cap 

under a flow of N2 and the reaction mixture was stirred vigorously (800 RPM) at 120 ºC for 24 h. 

After removing the vial from heat, the reaction mixture was transferred to a 100 mL pear-shaped 

flask containing 12.0 g of silica gel with hexanes (10 mL) and CH2Cl2 (10 mL). The mixture was 

adsorbed onto the silica gel under reduced pressure and filtered over a plug of silica gel (4.0 cm 

OD x 3.0 cm, 300 mL of hexanes eluent to remove paraffin, then 250 mL of EtOAc eluent). The 

volatiles were removed under reduced pressure and the crude residue was purified by flash column 

chromatography (14:1 Hexanes:Et2O ® 4:1 Hexanes:Et2O) to yield ketone 1.19 (73% yield, 

average of two experiments) as a white amorphous solid. Ketone 1.19: Rf 0.25 (5:1 

Hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): d 7.70 (d, J = 8.1, 1H), 7.44–7.34 (m, 3H), 7.20–

7.11 (m, 1H), 4.32 (br s, 1H), 4.24–3.96 (m, 4H), 3.47–3.27 (m, 1H), 2.98 (br s, 1H), 2.74 (br s, 

1H), 2.12–2.00 (m, 1H), 1.84–1.68 (m, 2H), 1.67–1.54 (m, 2H), 1.49 (s, 9H); 13C NMR (125 MHz, 

Boc
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CDCl3): d 195.3, 154.9, 140.5, 133.9, 126.3, 125.9, 123.2, 121.0, 111.9, 110.5, 79.9, 47.9, 46.2, 

44.9, 44.0, 32.4, 28.64, 28.61, 24.8; IR (film): 2973, 2938, 2861, 1691, 1656, 1614, 1423, 1168, 

1146, 970 cm–1; HRMS-APCI (m/z) [M + H]+ calcd for C20H27N2O3 , 343.2016; found 343.2010. 

Note: Ketone 1.19 was obtained as a mixture of conformers. These data represent empirically 

observed chemical shifts from the 13C NMR spectrum. 
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1.9 Spectra Relevant to Chapter One: 

 

Ni-Catalyzed Suzuki–Miyaura Cross-Coupling of Aliphatic Amides on the Benchtop 

Milauni M. Mehta,† Timothy B. Boit,† Jacob E. Dander,† and Neil K. Garg. 

Org. Lett. 2020, 22, 1–5. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



 28 

 
 
 
 

 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

10 9 8 7 6 5 4 3 2 1 0 ppm

1.
46

0
1.

66
5

1.
67

3
1.

69
1

1.
70

0
1.

71
5

1.
72

3
1.

73
8

1.
74

6
2.

81
5

3.
11

9
3.

12
7

3.
14

1
3.

14
9

3.
15

7
3.

17
1

3.
18

0
3.

92
9

4.
17

4

6.
12

4
6.

12
9

6.
13

3
6.

13
8

6.
81

7
6.

82
1

6.
82

4
6.

96
9

6.
97

3
6.

97
8

6.
98

1

9.
01

4

3.
98

5

2.
01

5

1.
00

7

3.
00

1
1.

95
0

0.
96

7

0.
97

9
0.

99
9

Current Data Parameters
NAME       MM-2019-036p
EXPNO                 2
PROCNO                1

F2 - Acquisition Parameters
Date_          20190206
Time              18.32 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG            zg30
TD                65536
SOLVENT           CDCl3
NS                    8
DS                    0
SWH           10000.000 Hz
FIDRES         0.305176 Hz
AQ            3.2767999 sec
RG                12.14
DW               50.000 usec
DE                10.00 usec
TE                298.0 K
D1           2.00000000 sec
TD0                   1
SFO1        500.1330008 MHz
NUC1                 1H
P1                10.00 usec
PLW1        13.50000000 W

F2 - Processing parameters
SI                65536
SF          500.1300122 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00

Figure 1.6 1H NMR (500 MHz, CDCl3) of compound 1.6. 
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DW               50.000 usec
DE                 6.00 usec
TE                296.7 K
D1           2.00000000 sec
TD0                   1

======== CHANNEL f1 ========
NUC1                 1H
P1                13.30 usec
PL1      0 dB
SFO1        500.3330020 MHz

F2 - Processing parameters
SI                32768
SF          500.3300227 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00

Figure 1.7 1H NMR (500 MHz, CDCl3) of compound 1.7. 
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Current Data Parameters
NAME     MM-2019-189rrrrp
EXPNO                 3
PROCNO                1

F2 - Acquisition Parameters
Date_          20190718
Time              13.45 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG            zg30
TD                65536
SOLVENT           CDCl3
NS                    8
DS                    0
SWH           10000.000 Hz
FIDRES         0.305176 Hz
AQ            3.2767999 sec
RG                12.14
DW               50.000 usec
DE                10.00 usec
TE                298.0 K
D1           2.00000000 sec
TD0                   1
SFO1        500.1330008 MHz
NUC1                 1H
P1                10.00 usec
PLW1        13.50000000 W

F2 - Processing parameters
SI                65536
SF          500.1300122 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00
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Current Data Parameters
NAME      MM-2019-181rp
EXPNO                 2
PROCNO                1

F2 - Acquisition Parameters
Date_          20190709
Time              18.23 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG            zg30
TD                65536
SOLVENT           CDCl3
NS                    8
DS                    0
SWH           10000.000 Hz
FIDRES         0.305176 Hz
AQ            3.2767999 sec
RG                12.14
DW               50.000 usec
DE                10.00 usec
TE                298.0 K
D1           2.00000000 sec
TD0                   1
SFO1        500.1330008 MHz
NUC1                 1H
P1                10.00 usec
PLW1        13.50000000 W

F2 - Processing parameters
SI                65536
SF          500.1300126 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00

Figure 1.9 1H NMR (500 MHz, CDCl3) of compound 1.9. 
 
 

Figure 1.8 1H NMR (500 MHz, CDCl3) of compound 1.8. 
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Current Data Parameters
NAME      MM-2019-033rp
EXPNO                 6
PROCNO                1

F2 - Acquisition Parameters
Date_          20190203
Time              17.11
INSTRUM           av600
PROBHD   5 mm BB5
PULPROG            zg30
TD                65536
SOLVENT           CDCl3
NS                    8
DS                    0
SWH           12376.237 Hz
FIDRES         0.188846 Hz
AQ            2.6476543 sec
RG                456.1
DW               40.400 usec
DE                 6.50 usec
TE                295.5 K
D1           2.00000000 sec
TD0                   1

======== CHANNEL f1 ========
NUC1                 1H
P1                18.25 usec
PL1               -1.00 dB
PL1W        31.62277603 W
SFO1        600.1336008 MHz

F2 - Processing parameters
SI                65536
SF          600.1300283 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00

Figure 1.10 1H NMR (600 MHz, CDCl3) of compound 1.10. 
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Current Data Parameters
NAME       MM-2019-179p
EXPNO                 3
PROCNO                1

F2 - Acquisition Parameters
Date_          20190709
Time              18.27 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG            zg30
TD                65536
SOLVENT           CDCl3
NS                    8
DS                    0
SWH           10000.000 Hz
FIDRES         0.305176 Hz
AQ            3.2767999 sec
RG                12.14
DW               50.000 usec
DE                10.00 usec
TE                298.0 K
D1           2.00000000 sec
TD0                   1
SFO1        500.1330008 MHz
NUC1                 1H
P1                10.00 usec
PLW1        13.50000000 W

F2 - Processing parameters
SI                65536
SF          500.1300123 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00

Figure 1.11 1H NMR (500 MHz, CDCl3) of compound 1.11. 
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Current Data Parameters
NAME      JED-2019-025p
EXPNO                20
PROCNO                1

F2 - Acquisition Parameters
Date_          20190123
Time              12.24
INSTRUM           av400
PROBHD   5 mm PABBO BB/
PULPROG            zg30
TD                52882
SOLVENT           CDCl3
NS                   32
DS                    0
SWH            8012.820 Hz
FIDRES         0.151523 Hz
AQ            3.2998369 sec
RG               189.85
DW               62.400 usec
DE                 6.50 usec
TE                298.1 K
D1           2.00000000 sec
TD0                   1

======== CHANNEL f1 ========
SFO1        400.1324008 MHz
NUC1                 1H
P1                15.00 usec
PLW1        13.00000000 W

F2 - Processing parameters
SI                65536
SF          400.1300178 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00

Figure 1.12 1H NMR (400 MHz, CDCl3) of compound 1.12. 
 
 

10 9 8 7 6 5 4 3 2 1 0 ppm

1.
71

5
1.

71
8

1.
72

2
1.

72
6

1.
87

0
1.

87
9

1.
89

4
1.

89
8

1.
90

3
1.

90
6

1.
91

8
1.

92
1

1.
92

7
1.

93
0

1.
94

5
1.

95
4

3.
23

8
3.

24
6

3.
25

4
3.

26
1

3.
26

9
3.

27
7

3.
28

4
3.

48
9

3.
49

3
3.

51
3

3.
51

7
3.

53
6

3.
54

1
4.

03
6

4.
03

9
4.

04
4

4.
04

8
4.

05
8

4.
06

2
4.

06
7

4.
07

1
6.

13
1

6.
13

6
6.

13
9

6.
14

4
6.

82
3

6.
82

7
6.

83
1

6.
97

9
6.

98
2

6.
98

7
6.

99
1

2.
04

7
2.

03
5

1.
00

7

2.
03

3

3.
01

1
2.

05
7

0.
97

9

0.
97

7
1.

00
0

Current Data Parameters
NAME     JED-2019-030p2
EXPNO                 1
PROCNO                1

F2 - Acquisition Parameters
Date_          20190128
Time              17.55 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG            zg30
TD                65536
SOLVENT           CDCl3
NS                    8
DS                    0
SWH           10000.000 Hz
FIDRES         0.305176 Hz
AQ            3.2767999 sec
RG                12.14
DW               50.000 usec
DE                10.00 usec
TE                298.0 K
D1           2.00000000 sec
TD0                   1
SFO1        500.1330008 MHz
NUC1                 1H
P1                10.00 usec
PLW1        13.50000000 W

F2 - Processing parameters
SI                65536
SF          500.1300122 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00

Figure 1.13 1H NMR (500 MHz, CDCl3) of compound 1.13. 
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Current Data Parameters
NAME      JED-2019-045p
EXPNO                 1
PROCNO                1

F2 - Acquisition Parameters
Date_          20190205
Time              16.42 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG            zg30
TD                65536
SOLVENT           CDCl3
NS                    8
DS                    0
SWH           10000.000 Hz
FIDRES         0.305176 Hz
AQ            3.2767999 sec
RG                12.14
DW               50.000 usec
DE                10.00 usec
TE                298.0 K
D1           2.00000000 sec
TD0                   1
SFO1        500.1330008 MHz
NUC1                 1H
P1                10.00 usec
PLW1        13.50000000 W

F2 - Processing parameters
SI                65536
SF          500.1300122 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00

Figure 1.14 1H NMR (500 MHz, CDCl3) of compound 1.14. 
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Current Data Parameters
NAME      JED-2019-052p
EXPNO                 1
PROCNO                1

F2 - Acquisition Parameters
Date_          20190214
Time              17.41 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG            zg30
TD                65536
SOLVENT           CDCl3
NS                    8
DS                    0
SWH           10000.000 Hz
FIDRES         0.305176 Hz
AQ            3.2767999 sec
RG                12.14
DW               50.000 usec
DE                10.00 usec
TE                298.0 K
D1           2.00000000 sec
TD0                   1
SFO1        500.1330008 MHz
NUC1                 1H
P1                10.00 usec
PLW1        13.50000000 W

F2 - Processing parameters
SI                65536
SF          500.1300122 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00

Figure 1.15 1H NMR (500 MHz, CDCl3) of compound 1.15. 
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Current Data Parameters
NAME      JED-2019-050p
EXPNO                 1
PROCNO                1

F2 - Acquisition Parameters
Date_          20190214
Time              13.07 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG            zg30
TD                65536
SOLVENT           CDCl3
NS                    8
DS                    0
SWH           10000.000 Hz
FIDRES         0.305176 Hz
AQ            3.2767999 sec
RG                12.14
DW               50.000 usec
DE                10.00 usec
TE                298.0 K
D1           2.00000000 sec
TD0                   1
SFO1        500.1330008 MHz
NUC1                 1H
P1                10.00 usec
PLW1        13.50000000 W

F2 - Processing parameters
SI                65536
SF          500.1300122 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00

Figure 1.16 1H NMR (500 MHz, CDCl3) of compound 1.16. 
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Current Data Parameters
NAME      JED-2019-054p
EXPNO                 1
PROCNO                1

F2 - Acquisition Parameters
Date_          20190219
Time              15.50 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG            zg30
TD                65536
SOLVENT           CDCl3
NS                    8
DS                    0
SWH           10000.000 Hz
FIDRES         0.305176 Hz
AQ            3.2767999 sec
RG                12.14
DW               50.000 usec
DE                10.00 usec
TE                298.0 K
D1           2.00000000 sec
TD0                   1
SFO1        500.1330008 MHz
NUC1                 1H
P1                10.00 usec
PLW1        13.50000000 W

F2 - Processing parameters
SI                65536
SF          500.1300122 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00

Figure 1.17 1H NMR (500 MHz, CDCl3) of compound 1.17. 
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Figure 1.18 1H NMR (500 MHz, CDCl3) of compound 1.19. 
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Figure 1.19 13C NMR (125 MHz, CDCl3) of compound 1.19. 
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Nakata, M.; Sasamata, M. Pharmacological Profile of Ramosetron, a Novel Therapeutic 

Agent for IBS. Inflammopharmacology 2007, 15, 5–9. 

(20) Amide derivatives featuring various N-substituents have been employed successfully in cross-

coupling reactions. N-Bn-N-Boc derivatives were selected for the present study due to their 

utility in the glovebox methodology and ease of preparation.  
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CHAPTER TWO 

 

Base-Mediated Meerwein–Ponndorf–Verley Reduction of Aromatic Ketones and 

Heterocyclic Ketones 

Timothy B. Boit, Milauni M. Mehta, and Neil K. Garg. 

Org. Lett. 2019, 21, 6447–6451. 

 

2.1 Abstract 

An experimental protocol to achieve the Meerwein–Ponndorf–Verley (MPV) reduction of 

ketones under mildly basic conditions is reported.  The transformation is tolerant of a range of 

ketone substrates, including O- and S-containing heterocycles, is scalable, and shows potential to 

be used as platform to access enantioenriched products. These studies provide a general method 

for achieving the reduction of ketones under mildly basic conditions and offer an alternative 

protocol to more well-known Al-based MPV reduction conditions. 

 

2.2 Introduction 

The Meerwein–Ponndorf–Verley (MPV) reaction is an important and powerful tool for the 

reduction of ketones and aldehydes because of its chemoselectivity, mild reaction conditions, 

scalability, and low operational cost.1 Discovered nearly a century ago,2 the traditional MPV 

reduction employs an aluminum alkoxide catalyst generated from a secondary alcohol (most 

commonly isopropanol) to achieve the reversible transfer hydrogenation of carbonyl substrates 

(Figure 2.1).3 This venerable reaction has been featured in the syntheses of several natural 

products4 and spurred numerous experimental5 and computational studies.6 Despite the synthetic 
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utility of the traditional MPV reduction, several drawbacks exist. These include long reaction 

times, the need for a large excess of reducing agent, competing side reactions such as aldol 

condensation and the Tishchenko reduction of aldehydes, and low enantioselectivities in the case 

of intermolecular asymmetric variants.1,3 Methodological advances to address these limitations 

include the use of additives,7 microwave irradiation,8 and the development of novel aluminum,9 

organoboron10 and metal alkoxide catalysts (i.e. transition11 and lanthanide12). A particularly 

efficient aluminum siloxide catalyst has been reported by the Krempner group.9c 

 

Figure 2.1. Traditional MPV reduction of ketones and base-mediated variant (prior studies). 
 
 
A largely unexplored approach to the MPV-type reduction of carbonyls uses simple alkali 

metal alkoxides. (Figure 2.1).13,14 This variant of the MPV reaction has several benefits including 

its avoidance of metal catalysts, operational simplicity, and compatibility with heteroatoms known 
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to inhibit metal catalysis.3,13 Specifically, isopropoxide catalysts generated from strong alkali 

bases, such as NaOH13a and KOH13b and milder bases such as K3PO4,13c have been employed in 

the reduction of aldehydes and ketones. Nevertheless, a number of limitations of the base-mediated 

MPV reduction remain unaddressed including a limited scope and the reliance on i-PrOH as the 

solvent and hydride source.15 Additionally, no examples of stereoselective base-mediated MPV 

reactions exist. We report the use of a simple potassium alkoxide reductant, generated in situ from 

the corresponding alcohol and K3PO4, for the reduction of a wide range of aromatic ketones. This 

methodology is tolerant of heterocycles, scalable, and shows potential for the asymmetric 

reduction of alkyl–aryl ketones. 

 

2.3 Reaction Discovery and Optimization 

To initiate our studies, we examined the reduction of dihydrochalcone (2.1) using alkyl–

alkyl secondary alcohols and K3PO4, a readily available and mild base (Table 2.1).16 Subjecting 

2.1 to catalytic K3PO4 using isopropanol or 3-pentanol (2.3) (2.5 equivalents) in 1,4-dioxane at    

80 °C provided none of the desired alcohol product 2.2 (entries 1 and 2).16,17,18 Owing to the 

potential reversibility of the reaction,1a–c,16 we turned to the use of aryl–alkyl reductants to bias the 

reaction equilibrium. Importantly, this class of alcohol enabled a greater control of the redox 

properties of the reductant. We evaluated alcohol 2.4 and the more electron-rich derivative 2.5 as 

reductants,19 anticipating that the stability of the respective aryl ketone and doubly vinylogous 

amide byproducts would drive the forward reaction to yield 2.2. Gratifyingly, the use of 2.5 

equivalents of 2.4 or 2.5 provided 2.2 in 40% and 61% yield, respectively (entries 3 and 4). 

Employing reductant 2.5 at 120 °C furnished desired product 2.2 in 92% yield (entry 5). Finally, 

alcohol 2.2 was obtained in near quantitative yield by utilizing excess base (entry 6).  
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Table 2.1. Optimization of reaction conditions 

 

Entry Reductant Equiv  
K3PO4 

Temp 
(°C) 

Yielda 

1 i-PrOH 0.50 80 0% 
2 3 0.50 80 0% 
3 4 0.50 80 40% 
4 5 0.50 80 61% 
5 5 0.50 120 92% 
6 5 4.0 120 99% 

 

 

aGeneral conditions unless otherwise stated: substrate 2.1 (1.0 equiv, 0.10 mmol), K3PO4 (0.50–
4.0 equiv), reductant (2.5 equiv), and 1,4-dioxane (1.0 M) heated at 80–120 °C for 16 h in a sealed 
vial under an atmosphere of N2. Yields determined by 1H NMR analysis using 1,3,5-
trimethoxybenzene as an external standard.  
 
 
2.4 Scope of Methodology 

With optimized conditions in hand, we examined a range of aryl ketone substrates in the 

reduction (Figure 2.2). Linear and a-branched substrates smoothly underwent reduction, giving 

rise to alcohols 2.2 and 2.6–2.8 in good yields. Of note, steric bulk on the alkyl substituent of the 

ketone was tolerated, as shown by the successful reduction of tert-butyl phenyl ketone to furnish 

alcohol 2.8 in 83% yield. The reduction of a-tetralone to give a-tetralol (2.9) in 86% yield 

demonstrates competence of a cyclic ketone substrate in this transformation. Notably, we found 

that electron-rich aromatic ketones and those highly decorated with heteroatom substituents 

underwent facile reduction, as demonstrated by the formation of alcohols 2.10 and 2.11 in 81% 
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and 87% yield, respectively. Finally, both electron-rich and electron-deficient benzophenone 

derivatives were suitable substrates, as shown by the production of alcohol products 2.12 and 2.13 

in good yields. 

 

Figure 2.2. Scope of the base-mediated MPV reduction of aromatic ketones. Conditions: substrate 
(1.0 equiv, 0.10 mmol), K3PO4 (4.0 equiv), reductant (2.5 equiv), and 1,4-dioxane (1.0 M) heated 
at 120 °C for 16 h in a sealed vial under an atmosphere of N2. Unless otherwise noted, yields reflect 
the average of two isolation experiments. aYield determined by 1H NMR analysis using 
hexamethylbenzene as an external standard. bReaction heated at 80 °C for 16 h.  
 
 

We next set out to evaluate the reactivity of a number of heterocyclic ketone substrates, as 

only a handful of examples of base-mediated MPV reductions of heterocyclic ketones have been 

previously reported (Figure 2.3).20 Benzofuran- and dibenzofuran-containing ketones underwent 
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reduction to provide alcohols 2.14 and 2.15 in 73% and 76% yield, respectively. Benzodioxole 

and benzodioxane moieties were also well tolerated, as seen by the formation of alcohols 2.16 and 

2.17 in good yields. Lastly, ketones bearing thiophenes were successfully employed, as judged by 

the formation of benzothiophene 2.18 and tetrahydrobenzothiophene 2.19 in 70% and 73% yield, 

respectively.21  

 

Figure 2.3. Scope of the base-mediated MPV reduction of heteroaromatic ketones. Conditions: 
substrate (1.0 equiv, 0.10 mmol), K3PO4 (4.0 equiv), reductant (2.5 equiv), and 1,4-dioxane (1.0 
M) heated at 120 °C for 16 h in a sealed vial under an atmosphere of N2. Unless otherwise noted, 
yields reflect the average of two isolation experiments. aYield determined by 1H NMR analysis 
using hexamethylbenzene as an external standard. bReaction heated at 130 °C for 16 h.  
 
 
2.5 Gram-Scale and Stereospecific Reductions 

As a demonstration of the utility of the base-mediated MPV reduction of ketones, we 

performed the additional studies shown in Figure 2.4. In the first, we performed a gram-scale 

reduction of acetyldibenzofuran 2.20.22 Carrying out the reaction at 130 °C for 24 h delivered 

alcohol 2.15 in 66% yield, thus demonstrating the scalability of this methodology. Next, we 
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questioned whether this reaction could be used for the synthesis of enantioenriched alcohols. 

Toward this end, we performed the reduction of phenylcyclohexyl ketone 2.21 using 

enantioenriched (R)-2.5. This proceeded to give alcohol (S)-2.6 with 50% stereochemical transfer 

(96% ee of (R)-2.5 ® 48% ee (S)-2.6. This result underscores the potential of the base-mediated 

MPV reduction to generate enantioenriched products.1e,12d,23 

 

Figure 2.4. Gram-scale reduction and stereochemical transfer studies demonstrating the synthetic 
utility of the base-mediated MPV reduction. Conditions: substrate (1.0 equiv), K3PO4 (4.0 equiv), 
reductant (2.5 equiv), and 1,4-dioxane (1.0 M) heated at the indicated temperature and time in a 
sealed vial under an atmosphere of N2.  
 
 
2.6 Conclusion 

In summary, we have developed the base-mediated MPV reduction of aromatic and 

heteroaromatic ketones. This methodology employs the simple combination of K3PO4 as a mild 

base and secondary alcohol 2.5 as the reductant.  The transformation is tolerant of a range of ketone 

substrates, including O- and S-containing heterocycles, and avoids the hydride source being used 

as the solvent. The reduction has been demonstrated on gram scale and shows potential to be used 
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as platform to provide enantioenriched products. These studies provide a general platform for 

achieving the reduction of ketones under mildly basic MPV conditions and offer an alternative 

protocol to the more classic Al-based MPV reduction. We hope this study will enable the greater 

utilization of the uncommon base-mediated variant of the MPV reduction in chemical synthesis. 
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2.7 Experimental Section 

2.7.1 Materials and Methods 

Unless stated otherwise, reactions were conducted in flame-dried glassware under an 

atmosphere of nitrogen or argon and commercially obtained reagents were used as received. Not-

commercially available ketone substrates were synthesized following protocols specified in 

Section A in the Experimental Procedures. Alcohols 2.5 and (R)-2.5 were synthesized following 

protocols specified in Section B and C in the Experimental Procedures, respectively.                        

1,2-Dicholoroethane, 1,4-dioxane, and isopropanol were obtained from Fischer Scientific and 

purified by distillation. 3-Pentanol (2.3) and 1-phenylethanol (2.4) were obtained from Sigma-

Aldrich and purified by distillation. Prior to use, 1,4-dioxane, isopropanol, 3-pentanol (2.3) and  

1-phenylethanol (2.4) were degassed by sparging with N2 for 1 h. Ketone 2.124 and 2.3625 were 

prepared according to literature procedures. 2.22, 2.28, 2.29, 2.30, 2.31, and 2.34 were obtained 

from Sigma-Aldrich. 2.26, 2.21, 2.27, 2.32, 2.35, and 2.37 was obtained from Combi-Blocks. 

Ketone 2.26 was obtained from Oxchem. Ketone 2.33 was obtained from Alfa Aesar. Pd(PPh3)4 

(99%) was obtained from Strem Chemicals. Acetyltrimethylsilane (2.23) (97%) was obtained from 

Sigma-Aldrich. Cesium fluoride (99%+) was obtained from Strem Chemicals. Potassium 

phosphate (K3PO4) was obtained from Acros. Reaction temperatures were controlled using an 

IKAmag temperature modulator, and unless stated otherwise, reactions were performed at room 

temperature (approximately 23 °C). Thin-layer chromatography (TLC) was conducted with EMD 

gel 60 F254 pre-coated plates (0.25 mm for analytical chromatography and 0.50 mm for 

preparative chromatography) and visualized using a combination of UV, anisaldehyde, iodine, and 

potassium permanganate staining techniques. Silicycle Siliaflash P60 (particle size 0.040–0.063 

mm) was used for flash column chromatography. 1H NMR spectra were recorded on Bruker 
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spectrometers (at 300, 400, 500, and 600 MHz) and are reported relative to residual solvent signals. 

Data for 1H NMR spectra are reported as follows: chemical shift (δ ppm), multiplicity, coupling 

constant (Hz), integration. Data for 13C NMR are reported in terms of chemical shift (at 75 and 

125 MHz). IR spectra were recorded on a Perkin-Elmer UATR Two FT-IR spectrometer and are 

reported in terms of frequency absorption (cm-1). DART-MS spectra were collected on a Thermo 

Exactive Plus MSD (Thermo Scientific) equipped with an ID-CUBE ion source and a Vapur 

Interface (IonSense Inc.). Both the source and MSD were controlled by Excalibur software v. 

3.0. The analyte was spotted onto OpenSpot sampling cards (IonSense Inc.) using CHCl3 or 

CH2Cl2 as the solvent. Ionization was accomplished using UHP He plasma with no additional 

ionization agents. The mass calibration was carried out using Pierce LTQ Velos ESI (+) and (–) 

Ion calibration solutions (Thermo Fisher Scientific). Optical rotations were measured with a 

Rudolf Autopol III Automatic Polarimeter. Trace metal analysis was determined by inductively 

coupled plasma mass spectrometry on an Agilent 8800 Triple Quadrupole ICP-MS instrument. 

The level of all analytes of interest was determined in MS/MS mode, measured using He in the 

collision/reaction cell using an environmental calibration standard (elements not included in this 

standard: B, Ti, Rb, Ru, Rh, Pd, Ir, and Pt). The quantification was done using the ICP-MS 

MassHunter WorkStation v4.3, through the QuickScan acquisition. Nitric acid was obtained from 

Fisher Scientific (A467500). Determination of enantiopurity was carried out on a Mettler Toledo 

SFC (supercritical fluid chromatography) or Agilent HPLC (high performance liquid 

chromatography) using Daicel ChiralPak IC–3 and Daicel ChiralPak OD–H columns. Data for 

SFC and HPLC spectra are reported in enantiomeric excess (ee). For SFC and HPLC 

chromatograms see Section 2.7.2.9 of Experimental Procedures. 
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2.7.2 Experimental Procedures 

2.7.2.1 Syntheses of Ketone Substrates 

Representative Procedure for the Synthesis of Ketone Substrates (synthesis of ketone 2.24 is 

used as an example). 

 

Ketone 2.24. A flame-dried 1-dram vial was charged 6-bromobenzofuran (2.22) (130 mg, 0.660 

mmol, 1.00 equiv) and a magnetic stir bar. In the glove box, CsF (401 mg, 2.64 mmol, 4.00 equiv) 

and Pd(PPh3)4 (38.1 mg, 0.0330 mmol, 0.0500 equiv) were added to the vial. The vessel was 

removed from the glove box and placed under an atmosphere of N2 on the bench. Distilled                                 

1,2-dichloroethane (0.700 mL, 1.00 M) and silane 2.23 (189 µL, 1.32 mmol, 2.0 equiv) were added 

and the vial was sealed with a Teflon-lined screw cap. The heterogeneous mixture was heated to 

75 ºC for 12 h. After cooling to 23 ºC, the mixture was diluted with hexanes (0.5 mL), filtered over 

a plug of silica gel (1.00 cm OD x 5.00 cm, 10 mL EtOAc eluent), and the volatiles were removed 

under reduced pressure. The crude residue was purified by flash chromatography (19:1 

Hexanes:EtOAc ® 14:1 Hexanes:EtOAc) to yield ketone 2.24 (57.0 mg, 54% yield) as a yellow 

oil. Ketone 2.24: Rf 0.42 (5:1 Hexanes:EtOAc); 1H NMR (600 MHz, CDCl3): d 8.13 (s, 1H), 7.89 

(dd, J = 8.30, 1.38 Hz, 1H), 7.79 (d, J = 2.17 Hz, 1H), 7.66 (d, J = 8.30 Hz, 1H), 6.87–6.89 (m, 

1H), 2.67 (s, 3H); 13C NMR (125 MHz, CDCl3): d 197.8, 154.8, 148.4, 134.0, 132.0, 123.3, 121.2, 

112.0, 107.0, 27.0; IR (film): 3118, 3003, 1673, 1425, 1271 cm–1; HRMS-APCI (m/z) [M+NH4]+ 

calcd for C10H12O2N+, 178.08626; found 178.08536. 

Pd(PPh3)4 (5 mol%)
CsF (4.0 equiv)

1,2-dichloroethane (1.0 M)
75 °C, 12 h

(54% yield) 2.24

Br
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O
O

O

Me+
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2.23
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Note: Supporting information for the synthesis of ketone 2.36 has previously been 

reported.25  The synthesis of the remaining substrate, 2.20, is as follows: 

 

Any modifications of the conditions shown in the representative procedure above are 

specified in the following scheme. 

 

 

Ketone 2.20. Purification by flash chromatography (49:1 Hexanes:EtOAc) generated ketone 2.20 

(263 mg, 77% yield) as a white solid. Ketone 2.20: Rf 0.33 (9:1 Hexanes:EtOAc). Spectral data 

match those previously reported.26 

 

2.7.2.2 Syntheses of Alcohol Reductant 2.5 

 

To a flame-dried flask equipped with a magnetic stir bar was added LiAlH4 (2.56 g, 67.4 

mmol, 1.10 equiv) in a glovebox. The flask was removed from the glovebox, THF (61.0 mL) was 

added, and the solution was cooled to 0 °C. To the solution was then added ketone 2.26 (2.00 g, 

61.5 mmol each, 0.200 equiv) in 5 aliquots over 25 min. The reaction was then warmed to 23 °C. 

After stirring for 2 h, the reaction was cooled to 0 °C and quenched by the sequential addition of 

deionized water (5 mL), 10% aq. NaOH (7 ml), MeOH (20 mL), and deionized water (10 mL). 

Pd(PPh3)4 (5 mol%)
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The mixture was then warmed to 23 °C and stirred for 30 min. The mixture was then filtered over 

a pad of celite (100 mL EtOAc eluent). The resulting organic layer was dried over Na2SO4, filtered, 

and the volatiles were removed under reduced pressure. The crude residue was purified by flash 

chromatography (5:1 Hexanes:EtOAc ® 3:1 Hexanes:EtOAc) to yield alcohol 2.5 (9.42 g, 93% 

yield) as a white solid. Alcohol 2.5: Rf 0.33 (3:1 Hexanes:EtOAc). Spectral data match those 

previously reported.27 

 

2.7.2.3 Syntheses of Enantioenriched Alcohol Reductant (R)-2.5 

 

To a flame-dried flask equipped with a magnetic stir bar was added (S)-(–)-CBS catalyst 

(170 mg, 0.613 mmol, 0.100 equiv). The flask was removed from the glovebox and THF (6.13 

mL) was added. Next, 2.26 (1.00 g, 6.13 mmol, 1.00 equiv) in a solution of THF (2.50 mL) was 

added to the reaction flask, which was then stirred to give a clear homogeneous solution and cooled 

to 0 °C. Subsequently, BH3•SMe2 (1.70 mL, 18.4 mmol, 3.00 equiv) was added (1 drop/2 sec) over 

7.50 min. The reaction was stirred at 0 °C for 2 min, then warmed to 23 °C. After stirring for 30 

min, the reaction was cooled to 0 °C and quenched by the dropwise addition of methanol (20 mL) 

and water (20 mL) and diluted with Et2O (50 mL). The layers were separated and the aqueous 

layer was extracted with Et2O (3 x 50 mL). The combined organic layers were washed with sat. 

aq. NH4Cl (80 mL), sat. aq. NaHCO3 (80 mL), and brine (80 mL). The organic layer was then dried 

over Na2SO4, filtered, and the volatiles were removed under reduced pressure. The crude residue 

was purified by flash chromatography (10:1 Hexanes:EtOAc ® 3:1 Hexanes:EtOAc) to yield 

(S)-(–)-CBS (10 mol%)
BH3•SMe2 (3 equiv)

THF (0.60 M)
0 → 23 ºC, 30 min

(86% yield, 81% ee)

O

Me

Me2N
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alcohol (R)-2.5 (871 mg, 86% yield, 81% ee) as a white solid. Alcohol (R)-2.5: Rf 0.33 (3:1 

Hexanes:EtOAc). The spectral data match those previously reported in the literature for rac-2.5.27 

The SFC data match those reported in the Experimental Procedures Section 2.7.2.7. 

 

 

A solution of (R)-2.5 (25.0 mg, 0.151 mmol, 1.00 equiv) in Et2O (1.00 mL) was filtered 

through a 0.45 µm Millipore Millex PTFE filter into a 1-dram vial. The vial was then placed within 

a 20 mL scintillation vial containing cyclohexane (2.00 mL). The scintillation vial was sealed and 

allowed to stand at 23 °C for 24 h, which led to the formation of white crystals. This vapor diffusion 

crystallization process was repeated three times to lead to the recovery of alcohol (R)-2.5 (11.8 

mg, 47% yield, 96% ee) as a white crystalline solid. ["]!"#.%	 = +51.6 (c = 1.00, CHCl3). The spectral 

data match those previously reported in the literature for rac-2.5.27 The major enantiomer product 

was assigned by comparison to published ["]! 	values for (R)-2.5.28 

 

2.7.2.4 Initial Survey of Reaction Conditions and Relevant Control Experiments 

 

Representative Procedure for Base-Mediated MPV Reduction from Table 2.2 (reduction of 

ketone 2.1 with alcohol 2.5 is used as an example). A 1-dram vial was charged with anhydrous 

powdered K3PO4 (85.0 mg, 0.400 mmol, 4.00 equiv) and a magnetic stir bar. The vial and its 

recrystallization via 
vapor diffusion

Et2O:cyclohexane (1:2)

(47% yield, 96% ee)
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Me2N
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2.22.1

K3PO4 (4.0 equiv)
2.5 (2.5 equiv)

1,4-dioxane (1.0 M)
120 ºC, 16 h
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contents were flame-dried under reduced pressure, then allowed to cool under N2. Ketone substrate 

2.1 (21.0 mg, 0.100 mmol, 1.00 equiv) and alcohol reductant 2.5 (41.3 mg, 0.250 mmol, 2.50 

equiv) were added. The vial was flushed with N2, and then 1,4-dioxane (0.100 mL, 1.00 M) was 

added. Under a stream of N2, the vial septum cap was quickly switched for a Teflon-lined screw 

cap, sealed, then further sealed with electrical tape. The reaction was stirred vigorously (800 rpm) 

at 120 °C for 16 h. After cooling to 23 °C, the mixture was diluted with hexanes (0.5 mL) and 

filtered over a plug of silica gel (1 cm OD x 5 cm, 10 mL EtOAc eluent). The volatiles were 

removed under reduced pressure and the yield of alcohol 2.2 was determined by 1H NMR analysis 

with 1,3,5-trimethoxybenzene as an external standard. 

 

Any modifications of the conditions shown in the representative procedure  

above are specified below in Table 2.2. 
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Table 2.2. Survey of reaction conditions and relevant control experiments 

 
aYields were determined by 1H NMR analysis using 1,3,5-trimethoxybenzene as 
an external standard. 
 
 

2.7.2.5 Trace Metal Analysis of Reagents 

Representative Procedure for Trace Metal Analysis (preparation of K3PO4 is used as an 

example). A 15-mL conical tube was charged with K3PO4 (95.2 mg, 1.00 equiv) and the sample 

was diluted with milli-Q water (6.8 mL) to a final concentration of 1.4% (w/w). Subsequently, 

ICP-MS-grade 70% nitric acid (200 μl) was added to each sample (2% final nitric acid 

concentration).  

0% 99%

Reaction Conditions
Experimental Resultsa

0% 99%

0% 99%

<5% 98%

Control Experiments:

<5% 98%

2.1 2.2

2.5 (2.5 equiv), K3PO4 (4.0 equiv), dioxane (1.0 M), 120 °C, 16 h
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2.5 (2.5 equiv), K3PO4 (4.0 equiv), dioxane (1.0 M), 80 °C, 16 h

2.5 (2.5 equiv), K3PO4 (4.0 equiv), dioxane (1.0 M), 120 °C, 3 h

2.5 (2.5 equiv), K3PO4 (4.0 equiv), 2-Me THF (1.0 M), 80 °C, 16 h

2.5 (2.5 equiv), K3PO4 (4.0 equiv), t-amyl alcohol (1.0 M), 80 °C, 16 h

11% 89%2.5 (2.5 equiv), K3PO4 (4.0 equiv), n-heptane (1.0 M), 80 °C, 16 h

0% 99%2.5 (2.5 equiv), K3PO4 (4.0 equiv), dioxane (1.0 M), 120 °C, 16 h
Ran in the dark

<5% 95%2.5 (2.5 equiv), K3PO4 (4.0 equiv), H2O (2.0 equiv),
 dioxane (1.0 M), 120 °C, 16 h

12% 88%2.5 (2.5 equiv), K3PO4 (4.0 equiv), dioxane (1.0 M), 120 °C, 16 h
Ran under an atmosphere of air
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Table 2.3. Trace metal analysis of K3PO4 

Sample: K3PO4 

Metal 
Concentration (ppm) 

(average of two samples) 

Fe 0.00809 

Al 0.000 

Co 0.000 

B 0.0240 

Ti 0.0420 

Mg 0.00189 

Mn 7.84 ´ 10–5 

Sc 0.000 

Rb 0.203 

Ni 0.0303 

Cu 0.000 

Zn 0.000 

Ru 9.46 ´ 10–6 

Rh 0.000 

Pd 1.53 ´ 10–5 

Ag 0.000 

Ir 1.17 ´ 10–6 

Pt 0.000 
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Table 2.4. Trace metal analysis of 1,4-dioxane 

Sample: 1,4-dioxane 

Metal 
Concentration (ppm) 

(average of two samples) 

Fe 0.00369 

Al 0.00384 

Co 0.000130 

B 0.00570 

Ti 0.00250 

Mg 0.01780 

Mn 0.000151 

Sc 0.00190 

Rb 3.41 ´ 10–5 

Ni 0.354 

Cu 0.000 

Zn 0.000 

Ru 0.000 

Rh 0.000 

Pd 1.06 ´ 10–5 

Ag 2.85 ´ 10–5 

Ir 0.000 

Pt 0.000 
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Table 2.5. Trace metal analysis of alcohol reductant 2.5 

Sample: Alcohol Reductant 2.5 

Metal 
Concentration (ppm) 

(average of two samples) 

Fe 0.00352 

Al 0.00121 

Co 3.20 ´ 10–5 

B 0.0211 

Ti 0.000642 

Mg 0.0125 

Mn 1.81 ´ 10–5 

Sc 0.000962 

Rb 5.15 ´ 10–6 

Ni 0.113 

Cu 0.000 

Zn 0.000 

Ru 0.000 

Rh 9.31 ´ 10–7 

Pd 3.00 ´ 10–6 

Ag 7.91 ´ 10–6 

Ir 0.000 

Pt 1.76 ´ 10–6 
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2.7.2.6 Scope of Methodology 

 

Representative Procedure for Base-Mediated MPV Reduction from Figure 2.2 (reduction of 

ketone 2.1 with alcohol 2.5 is used as an example). Alcohol 2.2. A 1-dram vial was charged with 

anhydrous powdered K3PO4 (85.0 mg, 0.400 mmol, 4.00 equiv) and a magnetic stir bar. The vial 

and its contents were flame-dried under reduced pressure, then allowed to cool under N2. Ketone 

substrate 2.1 (21.0 mg, 0.100 mmol, 1.00 equiv) and alcohol reductant 2.5 (41.3 mg, 0.250 mmol, 

2.50 equiv) were added. The vial was purged with N2, and then 1,4-dioxane (0.100 mL, 1.00 M) 

was added. Under a stream of N2, the vial septum cap was quickly switched for a Teflon-lined 

screw cap, sealed, then further sealed with electrical tape. The reaction was stirred vigorously (800 

rpm) at 120 °C for 16 h. After cooling to 23 °C, the reaction was quenched by the addition of sat. 

aq. NH4Cl (1.00 mL) and diluted with EtOAc (2.00 mL) and the layers were separated. The 

aqueous layer was extracted with EtOAc (3 x 2.00 mL) and the combined organic layers were 

passed through a plug (1.00 cm OD) of silica gel (3.00 cm tall) and Na2SO4 (3.00 cm tall) using 

EtOAc (10.0 mL) as eluent. The volatiles were removed under reduced pressure. The crude residue 

was purified by flash chromatography (99:1 Hexanes:EtOAc ® 19:1 Hexanes:EtOAc) to yield 

alcohol 2.2 (20 mg, 94% yield, average of two experiments) as a clear oil. Alcohol 2.2: Rf 0.32 

(5:1 Hexanes:EtOAc). 1H NMR (500 MHz, CDCl3): d 7.41–7.33 (m, 4H), 7.32–7.26 (m, 3H), 

7.23–7.16 (m, 3H), 4.78–4.61 (m, 1H), 2.85–2.61 (m, 2H), 2.23–1.97 (m, 2H), 1.87 (d, J = 3.5 Hz, 

1H). Spectral data match those previously reported.29 

2.22.1

K3PO4 (4.0 equiv)
2.5 (2.5 equiv)

1,4-dioxane (1.0 M)
120 ºC, 16 h

(94% yield)

O OH
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Any modifications of the conditions shown in the representative procedure above are specified in 

the following schemes, which depict all of the results shown in Figures 2.2 and 2.3. 

 

 

Alcohol 2.6. Purification by flash chromatography (99:1 Hexanes:EtOAc ® 19:1 

Hexanes:EtOAc) generated alcohol 2.6 (17 mg, 89% yield, average of two experiments) as a 

crystalline white solid. Alcohol 2.6: Rf 0.39 (5:1 Hexanes:EtOAc). ). 1H NMR (500 MHz, CDCl3): 

d 7.38–7.25 (m, 5H), 4.37 (dd, J = 7.2 Hz, 3.3 Hz, 1H), 2.03–1.92 (m, 1H), 1.84–1.72 (m, 2H), 

1.71–1.57 (m, 3H), 1.41–1.33 (m, 1H), 1.29–1.00 (m, 4H), 0.99–0.87 (m, 1H). Spectral data match 

those previously reported.30 

 

 

Alcohol 2.7. 1H NMR analysis of the crude reaction mixture indicated an 82% yield of alcohol 2.7 

relative to hexamethylbenzene external standard (average of two experiments). Purification by 

preparative thin-layer chromatography (3:1 Hexanes:EtOAc) provided an analytical sample of 

alcohol 2.7 as a clear oil. Alcohol 2.7: Rf 0.30 (5:1 Hexanes:EtOAc). 1H NMR (500 MHz, CDCl3): 

d 7.46–7.40 (m, 2H), 7.39–7.33 (m, 2H), 7.32–7.27 (m, 1H), 4.02 (dd, J = 8.3, 3.0, 1H), 1.90 (d, J 

2.62.21

K3PO4 (4.0 equiv)
2.5 (2.5 equiv)

1,4-dioxane (1.0 M)
120 ºC, 16 h

(89% yield)

O OH

2.72.27

K3PO4 (4.0 equiv)
2.5 (2.5 equiv)

1,4-dioxane (1.0 M)
120 ºC, 16 h

(82% yield by 1H NMR analysis)

O OH
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= 3.0, 1H), 1.28–1.18 (m, 1H), 0.69–0.61 (m, 1H), 0.60–0.52 (m, 1H), 0.52–0.44 (m, 1H), 0.42–

0.34 (m, 1H). Spectral data match those previously reported.31 

 

 

Alcohol 2.8. Purification by flash chromatography (24:1 Hexanes:EtOAc) generated alcohol 2.8 

(14 mg, 83% yield, average of two experiments) as a white crystalline solid. Alcohol 2.8: Rf 0.52 

(5:1 Hexanes:EtOAc). 1H NMR (500 MHz, CDCl3): d 7.35–7.30 (m, 4H), 7.29–7.26 (m, 1H), 4.40 

(d, J = 2.8, 1H), 1.84 (d, J = 2.8, 1H), 0.93 (s, 9H). Spectral data match those previously reported.32 

 

 

Alcohol 2.9. 1H NMR analysis of the crude reaction mixture indicated an 86% yield of alcohol 2.9 

relative to hexamethylbenzene external standard (average of two experiments). Purification by 

preparative thin-layer chromatography (9:1 PhH:Acetone) provided an analytical sample of 

alcohol 2.9 as a clear oil. Alcohol 2.9: Rf 0.50 (9:1 PhH:Acetone). 1H NMR (500 MHz, CDCl3): d 

7.48–7.39 (m, 1H), 7.24–7.17 (m, 2H), 7.14–7.05 (m, 1H), 4.84–4.71 (m, 1H), 2.88–2.78 (m, 1H), 

2.87–2.67 (m, 1H), 2.05–1.95 (m, 2H), 1.95–1.87 (m, 1H), 1.85–1.73 (m, 1H), 1.71–1.60 (m, 1H). 

Spectral data match those previously reported.33 

2.82.28

K3PO4 (4.0 equiv)
2.5 (2.5 equiv)

1,4-dioxane (1.0 M)
120 ºC, 16 h

(83% yield)

O

Me

Me
Me

OH

Me

Me
Me

2.92.29

K3PO4 (4.0 equiv)
2.5 (2.5 equiv)

1,4-dioxane (1.0 M)
120 ºC, 16 h

(86% yield by 1H NMR analysis)

O OH
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Alcohol 2.10. Purification by flash chromatography (2:2:1 CH2Cl2:Et2O:Hexanes) generated 

alcohol 2.10 (17 mg, 81% yield, average of two experiments) as a pale yellow solid. Alcohol 2.10: 

Rf 0.24 (1:1:1 CH2Cl2:Et2O:Hexanes). 1H NMR (500 MHz, CDCl3): d 7.33–7.28 (m, 2H), 6.93–

6.87 (m, 2H), 4.85 (dq, J = 6.4, 3.5, 1H), 3.90–3.83 (m, 4H), 3.19–3.12 (m, 4H), 1.67 (d, J = 3.5, 

1H), 1.48 (d, J = 6.4, 3H). Spectral data match those previously reported.34 

 

 

Alcohol 2.11. Purification by flash chromatography (9:1 Hexanes:EtOAc ® 2:1 Hexanes:EtOAc) 

generated alcohol 2.11 (18 mg, 87% yield, average of two experiments) as a clear oil. Alcohol 

2.11: Rf 0.33 (1:1 Hexanes:EtOAc). 1H NMR (500 MHz, CDCl3): d 6.60 (s, 2H), 4.89–4.77 (m, 

1H), 3.86 (s, 6H), 3.83 (s, 3H), 1.99–1.80 (m, 1H), 1.48 (d, J = 6.4, 3H). Spectral data match those 

previously reported.34 

 

 

 

2.102.30

Me
K3PO4 (4.0 equiv)
2.5 (2.5 equiv)

1,4-dioxane (1.0 M)
120 ºC, 16 h

(81% yield)

O

N
O

Me

OH

N
O

2.112.31

Me
K3PO4 (4.0 equiv)
2.5 (2.5 equiv)

1,4-dioxane (1.0 M)
120 ºC, 16 h

(87% yield)

O

MeO
OMe

MeO
Me

OH

MeO
OMe

MeO
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Alcohol 2.12.  1H NMR analysis of the crude reaction mixture indicated a 92% yield of alcohol 

2.12 relative to hexamethylbenzene external standard (average of two experiments). Purification 

by preparative thin-layer chromatography (3:3:2 CH2Cl2:Et2O:Hexanes) provided an analytical 

sample of alcohol 2.12 as a pale yellow solid. Alcohol 2.12: Rf 0.70 (1:1:1 CH2Cl2:Et2O:Hexanes). 

1H NMR (500 MHz, CDCl3): d 7.40–7.31 (m, 4H), 7.31–7.23 (m, 3H), 6.93–6.81 (m, 2H), 5.82 

(d, J = 3.0, 1H), 3.79 (s, 3H), 2.15 (d, J = 3.4, 1H). Spectral data match those previously reported.30 

 

 

Alcohol 2.13. Purification by flash chromatography (9:1 Hexanes:Et2O ® 3:1 Hexanes:Et2O) 

generated alcohol 2.13 (21 mg, 84% yield, average of two experiments) as a clear oil. Alcohol 

2.13: Rf 0.30 (5:1 Hexanes:Et2O). 1H NMR (500 MHz, CDCl3): d 7.60 (d, J = 8.3, 2H), 7.51 (d, J 

= 8.3, 2H), 7.42–7.34 (m, 4H), 7.34–7.28 (m, 1H), 5.88 (s, 1H), 2.46–2.32 (m, 1H). Spectral data 

match those previously reported.30  

 

 

2.122.32

K3PO4 (4.0 equiv)
2.5 (2.5 equiv)

1,4-dioxane (1.0 M)
120 ºC, 16 h

(92% yield by 1H NMR analysis)

O

OMe

OH

OMe

2.132.33

K3PO4 (4.0 equiv)
2.5 (2.5 equiv)

1,4-dioxane (1.0 M)
80 ºC, 16 h

(84% yield)

O

CF3

OH

CF3
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Alcohol 2.14. Purification by flash chromatography (90:9:1 ® 15:9:1 Hexanes:PhH:Acetone) 

generated alcohol 2.14 (12 mg, 73% yield, average of two experiments) as a yellow oil. Alcohol 

2.14: Rf  0.39 (9:1 PhH:Acetone); 1H NMR (500 MHz, C6D6): d 7.50–7.46 (m, 1H),  7.35 (d, J = 

8.1 Hz,  1H), 7.12 (ddd, J = 8.1, 1.4, 0.5 Hz, 1H),  6.35 (dd, J = 2.2, 1.1 Hz, 1H), 4.59 (q, J = 6.5 

Hz, 1H), 1.29 (d, J = 6.5 Hz, 3H), 1.14, (br s, 1H); 13C NMR (125 MHz, CDCl3): d 155.3, 145.4, 

142.8, 126.9, 121.2, 120.6, 108.4, 106.5, 70.7, 25.6; IR (film): 3350, 2972, 2926, 1430, 1265 cm–

1; HRMS-APCI (m/z) [M + H]+ calcd for C10H11O2+, 163.0754; found 163.0746. 

 

 

Alcohol 2.15. Purification by flash chromatography (90:9:1 ® 25:9:1 Hexanes:PhH:Acetone) 

generated alcohol 2.15 (16 mg, 76% yield, average of two experiments) as a yellow solid. Alcohol 

2.15: Rf 0.35 (9:1 PhH:Acetone). 1H NMR (400 MHz, CDCl3): d 8.03–7.91 (m, 2H), 7.60–7.51 

(m, 2H), 7.50–7.43 (m, 2H), 7.35 (td, J = 7.5, 1.0, 1H), 5.09 (dq, J = 6.4, 3.3, 1H), 1.90 (d, J = 3.3, 

1H), 1.60 (d, J = 6.4, 3H). Spectral data match those previously reported.35 

 

2.142.24

Me

K3PO4 (4.0 equiv)
2.5 (2.5 equiv)

1,4-dioxane (1.0 M)
120 ºC, 16 h

(73% yield)

O

O Me

OH

O

2.152.20

Me

K3PO4 (4.0 equiv)
2.5 (2.5 equiv)

1,4-dioxane (1.0 M)
120 ºC, 16 h

(76% yield)

O

O

Me

OH

O
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Alcohol 2.16. 1H NMR analysis of the crude reaction mixture indicated an 85% yield of alcohol 

2.16 relative to hexamethylbenzene external standard. Purification by preparative thin-layer 

chromatography (13:1:1 PhH:Et2O:CH3CN) provided an analytical sample of alcohol 2.16 as a 

yellow oil. Alcohol 2.16: Rf  0.30 (13:1:1 PhH:Et2O:CH3CN); 1H NMR (500 MHz, CDCl3): d 6.90 

(s, 1H), 6.82 (dd, J = 8.1, 1.7 Hz, 1H), 6.77 (d, J = 8.1 Hz, 1H), 5.95 (s, 2H), 4.86–4.79 (m, 1H), 

1.70 (d, J = 3.4 Hz, 1H),  1.46 (d, J = 6.4 Hz, 3H); 13C NMR (125 MHz, CDCl3): d 147.9, 147.0, 

140.1, 118.8, 108.2, 106.2, 101.1, 70.4, 25.3; IR (film): 3361, 2972, 2890, 1487, 1240 cm–1; 

HRMS-APCI (m/z) [M + H]+ calcd for C9H11O3+ , 167.0703; found 167.0699. 

 

 

Alcohol 2.17. Purification by flash chromatography (98:1:1 ® 28:1:1 PhH:Et2O:CH3CN) 

generated alcohol 2.17 (15 mg, 81% yield, average of two experiments) as a yellow oil. Alcohol 

2.17: Rf 0.32 (13:1:1 PhH:Et2O:CH3CN). 1H NMR (500 MHz, CDCl3): d 6.92–6.88 (m, 1H), 6.86–

6.81 (m, 2H), 4.80 (dq, J = 6.4, 3.6, 1H), 4.25 (s, 4H), 1.69 (d, J = 3.6, 1H), 1.46 (d, J = 6.4, 3H). 

Spectral data match those previously reported.36 

2.162.34

Me

K3PO4 (4.0 equiv)
2.5 (2.5 equiv)

1,4-dioxane (1.0 M)
120 ºC, 16 h

(85% yield by 1H NMR analysis)

O

O

O

Me

OH

O

O

2.172.35

Me

K3PO4 (4.0 equiv)
2.5 (2.5 equiv)

1,4-dioxane (1.0 M)
80 ºC, 16 h

(81% yield)

O

Me

OH
O

O

O

O
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Alcohol 2.18. Purification by flash chromatography (90:9:1 ® 40:9:1 Hexanes:PhH:Acetone) 

generated alcohol 2.18 (12 mg, 70% yield, average of two experiments) as a yellow oil. Alcohol 

2.18: Rf  0.38 (9:1 PhH:Acetone); 1H NMR (500 MHz, CDCl3): d 7.91 (s, 1H), 7.80 (d, J = 8.2 Hz, 

1H),  7.43 (d, J = 5.5 Hz, 1H), 7.38 (dd, J = 8.3, 1.3 Hz, 1H), 7.32 (d, J = 5.5 Hz, 1H), 5.10–5.0 

(m, 1H), 1.85 (d, J = 3.4 Hz, 1H), 1.56 (d, J = 6.5 Hz, 3H);  13C NMR (125 MHz, CDCl3): d 142.3, 

140.1, 139.2, 126.6, 123.8, 123.7, 122.3, 119.2, 70.7, 25.5; IR (film): 3351, 2971, 1398, 1197, 

1074 cm–1; HRMS-APCI (m/z) [M]+ calcd for C10H10OS+, 178.0447; found 178.0437. 

 

 

Alcohol 2.19. 1H NMR analysis of the crude reaction mixture indicated a 73% yield of alcohol 

2.19 relative to hexamethylbenzene external standard. Purification by preparative thin-layer 

chromatography (1:1:1 Hexanes:Et2O:CH2Cl2) provided an analytical sample of alcohol 2.19 as a 

white crystalline solid. Alcohol 2.19: Rf  0.48 (1:1:1 Hexanes:Et2O:CH2Cl2); 1H NMR (500 MHz, 

CDCl3): d 7.10 (dt, J = 5.2, 0.7 Hz, 1H), 7.03 (d, J = 5.2 Hz, 1H), 4.82–4.75 (m, 1H), 2.89–2.79 

(m, 1H),  2.77–2.67 (m, 1H), 2.06–1.94 (m, 2H), 1.93–1.79 (m, 2H), 1.64 (d, J = 7.0 Hz 1H); 13C 

NMR (125 MHz, CDCl3): d 139.0, 138.1, 126.7, 122.9, 65.6, 32.5, 25.2, 20.1; IR (film): 3235, 

2.182.36

Me

K3PO4 (4.0 equiv)
2.5 (2.5 equiv)

1,4-dioxane (1.0 M)
120 ºC, 16 h

(70% yield)

O

S Me

OH

S

2.192.37

K3PO4 (4.0 equiv)
2.5 (2.5 equiv)

1,4-dioxane (1.0 M)
130 ºC, 16 h

(73% yield by 1H NMR analysis)

S

O

S

OH
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2936, 2921, 1431, 982 cm–1; HRMS-APCI (m/z) [M + H]+ calcd for C8H11OS+, 155.0525; found 

155.0521. 

 

2.7.2.7 Gram-Scale Reduction 

 

Alcohol 2.15. An 8-dram vial was charged with anhydrous powdered K3PO4 (4.04 g, 19.0 mmol, 

4.00 equiv) and a magnetic stir bar. The vial and its contents were flame-dried under reduced 

pressure, then allowed to cool under N2. Ketone substrate 2.20 (1.00 g, 4.76 mmol, 1.00 equiv) 

and alcohol reductant 2.5 (1.96 g, 11.9 mmol, 2.50 equiv) were then added. The vial was flushed 

with N2 and subsequently 1,4-dioxane (4.76 mL, 1.00 M) was added. Under a stream of N2, the 

vial septum cap was quickly switched for a Teflon-lined screw cap, sealed, then further sealed with 

electrical tape. The reaction was then stirred vigorously (800 rpm) at 130 °C for 24 h. After cooling 

to 23 °C, the reaction was quenched by the addition of sat. aq. NH4Cl (8.00 mL) and diluted with 

EtOAc (6.00 mL) and the layers were separated. The aqueous layer was extracted with EtOAc (3 

x 6.00 mL) and the combined organic layers were passed through a plug (1.00 cm OD) of silica 

gel (3.00 cm tall) and Na2SO4 (3.00 cm tall) using EtOAc (10.0 mL) as eluent. The volatiles were 

removed under reduced pressure. The crude residue was purified by flash chromatography (60:9:1 

Hexanes:PhH:Acetone → 5:9:1 Hexanes:PhH:Acetone) to yield alcohol 2.15 (664 mg, 66% yield) 

as a yellow solid. Alcohol 2.15: Rf 0.32 (5:1 Hexanes:EtOAc). Spectral data match those 

previously reported.35 

 

2.152.20

Me

K3PO4 (4.0 equiv)
2.5 (2.5 equiv)

1,4-dioxane (1.0 M)
130 ºC, 24 h

(66% yield)

O

O

Me

OH

O



 
 
 

73 

2.7.2.8 Stereospecific Reduction 

 

Alcohol (R)-2.6. A 1-dram vial was charged with anhydrous powdered K3PO4 (85.0 mg, 0.400 

mmol, 4.00 equiv) and a magnetic stir bar. The vial and its contents were flame-dried under 

reduced pressure, then allowed to cool under N2. Ketone substrate 2.21 (18.8 mg, 0.100 mmol, 

1.00 equiv) and alcohol reductant (R)-2.5 (41.3 mg, 0.250 mmol, 2.50 equiv) were added. The vial 

was purged with N2 and subsequently, 1,4-dioxane (0.100 mL, 1.00 M) was added. Under a stream 

of N2, the vial septum cap was quickly switched for a Teflon-lined screw cap, sealed, then further 

sealed with electrical tape. The reaction was stirred vigorously (800 rpm) at 120 °C for 16 h. After 

cooling to 23 °C, the reaction was quenched by the addition of sat. aq. NH4Cl (1.00 mL) and 

diluted with EtOAc (2.00 mL) and the layers were separated. The aqueous layer was extracted 

with EtOAc (3 x 2.00 mL) and the combined organic layers were passed through a plug (1.00 cm 

OD) of silica gel (3.00 cm tall) and Na2SO4 (3.00 cm tall) using EtOAc (10.0 mL) as eluent. The 

volatiles were removed under reduced pressure. The crude residue was purified by flash 

chromatography (99:1 Hexanes:EtOAc ® 19:1 Hexanes:EtOAc) to yield alcohol (R)-2.6 (8.4 mg, 

44% yield, 48% ee) as a white crystalline solid. Alcohol (R)-2.6: Rf 0.39 (5:1 Hexanes:EtOAc). 

["]!"%.%	 = +20.8 (c = 0.50, CHCl3). The spectral data match those previously reported in the 

literature for rac-2.6.30 The major enantiomer product was assigned by comparison to published 

["]! 	values for (R)-2.6.37 

 

(R)-2.62.21

K3PO4 (4.0 equiv)
(R)-2.5 (2.5 equiv, 96% ee)

1,4-dioxane (1.0 M)
120 ºC, 16 h

(44% yield)

O

(R)

OH



 
 
 

74 

2.7.2.9 Verification of Enantiopurity 

2.7.2.9.1 Chiral SFC & HPLC Assays of Alcohol Reductant 

Table 2.6.  Conditions and results of chiral SFC analysis of alcohol reductant 2.5. 
 

Compound 

SFC Method 

Column/Temp. 

Abs. 

Wavelength 

Solvent 
Method 

Flow Rate 

Retention 

Times 

(min) 

Enantiomeric 

Ratio 

(er) 

 

Daicel 

ChiralPak IC-

3/35 °C 

λabs = 210 nm 

5% 

isopropanol 

in CO2 

3.5 

mL/min 
7.88/8.61 50:50 

 

Daicel 

ChiralPak IC-

3/35 °C 

λabs = 210 nm 

5% 

isopropanol 

in CO2 

3.5 

mL/min 
7.58/8.22 98:2 

 

 

 

 

 

 

 

 

 

 

 

OH

Me

Me2N

rac-2.5

OH

Me(R)

Me2N

(R)-2.5
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Figure 2.5. SFC trace of rac-2.5 (Table 2.6, Entry 1). 
 

 
 

         

Figure 2.6. SFC trace of (R)-2.5 (Table 2.6, Entry 2). 
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Sample:TBB-402-rac-IC5%MeOH1
Method Name:ICiso5%MeOH-3pt5
Run Info:N.A.
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2.7.2.9.2 Stereospecific Reduction of Ketone 2.6 

Table 2.7.  Conditions and results of chiral HPLC analysis of alcohol products. 

 

Compound 

HPLC Method 

Column/Temp. 

Abs. 

Wavelength 

Solvent 
Method 

Flow Rate 

Retention 

Times 

(min) 

Enantiomeric 

Ratio 

(er) 

 

Daicel 

ChiralPak OD-

H/23 °C 

λabs = 210 nm 

10% 

isopropanol 

in Hexanes 

1 mL/min 5.14/5.77 50:50 

 

Daicel 

ChiralPak OD-

H/23 °C 

λabs = 210 nm 

10% 

isopropanol 

in Hexanes 

1 mL/min 5.16/5.70 
74:26 

 

 

Figure 2.7. HPLC trace of rac-2.6 (Table 2.7, Entry 1). 
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Figure 2.8. HPLC trace of (R)-2.6 (Table 2.7, Entry 2). 
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2.8 Spectra Relevant to Chapter Two: 

 

Base-Mediated Meerwein–Ponndorf–Verley Reduction of Aromatic Ketones and 

Heterocyclic Ketones 

Timothy B. Boit,† Milauni M. Mehta, and Neil K. Garg. 

Org. Lett. 2019, 21, 6447–6451. 
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Current Data Parameters
NAME      MM-2019-089rp
EXPNO                 1
PROCNO                1

F2 - Acquisition Parameters
Date_          20190325
Time              12.02
INSTRUM           av600
PROBHD   5 mm BB5
PULPROG            zg30
TD                65536
SOLVENT           CDCl3
NS                    8
DS                    0
SWH           12376.237 Hz
FIDRES         0.188846 Hz
AQ            2.6476543 sec
RG                  256
DW               40.400 usec
DE                 6.50 usec
TE                295.5 K
D1           2.00000000 sec
TD0                   1

======== CHANNEL f1 ========
NUC1                 1H
P1                17.00 usec
PL1               -1.00 dB
PL1W        31.62277603 W
SFO1        600.1336008 MHz

F2 - Processing parameters
SI                65536
SF          600.1300285 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00

Figure 2.9 1H NMR (600 MHz, CDCl3) of compound 2.24. 
 
 

Figure 2.10 13C NMR (125 MHz, CDCl3) of compound 2.24. 
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======== CHANNEL f1 ========
NUC1                 1H
P1                13.30 usec
PL1      0 dB
SFO1        500.3330020 MHz

F2 - Processing parameters
SI                32768
SF          500.3300226 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00

 

 

 

 

 

 

 

 

 

 

 

10 9 8 7 6 5 4 3 2 1 0 ppm
2.

72
9

7.
39

5
7.

40
7

7.
42

0
7.

50
4

7.
50

6
7.

51
8

7.
53

0
7.

53
2

7.
60

3
7.

61
1

7.
61

6
7.

62
5

8.
01

4
8.

02
7

8.
11

6
8.

11
9

8.
13

0
8.

13
3

8.
60

8
8.

61
1

3.
14

7

1.
03

7
1.

02
5

2.
02

3

1.
00

7
1.

02
3

1.
00

0

Current Data Parameters
NAME     TBB-2019-183p-1
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F2 - Acquisition Parameters
Date_          20190521
Time              10.49
INSTRUM           av600
PROBHD   5 mm TBI5
PULPROG            zg30
TD                65536
SOLVENT           CDCl3
NS                    8
DS                    0
SWH           12376.237 Hz
FIDRES         0.188846 Hz
AQ            2.6476543 sec
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TE                295.6 K
D1           2.00000000 sec
TD0                   1

======== CHANNEL f1 ========
NUC1                 1H
P1                12.25 usec
PL1               -2.00 dB
PL1W        39.81071854 W
SFO1        600.1336008 MHz

F2 - Processing parameters
SI                65536
SF          600.1300281 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00

Figure 2.11 1H NMR (500 MHz, CDCl3) of compound 2.20. 
 
 

Figure 2.12 1H NMR (500 MHz, CDCl3) of compound 2.5. 
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Current Data Parameters
NAME      TBB-2019-188p
EXPNO                10
PROCNO                1

F2 - Acquisition Parameters
Date_          20190602
Time              16.24 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG            zg30
TD                65536
SOLVENT           CDCl3
NS                    8
DS                    0
SWH           10000.000 Hz
FIDRES         0.305176 Hz
AQ            3.2767999 sec
RG                13.13
DW               50.000 usec
DE                10.00 usec
TE                298.0 K
D1           2.00000000 sec
TD0                   1
SFO1        500.1330008 MHz
NUC1                 1H
P1                10.00 usec
PLW1        13.50000000 W

F2 - Processing parameters
SI                65536
SF          500.1300121 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00

Figure 2.13 1H NMR (500 MHz, CDCl3) of compound 2.2. 
 
 

Figure 2.14 1H NMR (500 MHz, CDCl3) of compound 2.6. 
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Time              21.45 h
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TE                298.0 K
D1           2.00000000 sec
TD0                   1
SFO1        500.1330008 MHz
NUC1                 1H
P1                10.00 usec
PLW1        13.50000000 W

F2 - Processing parameters
SI                65536
SF          500.1300124 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00
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Current Data Parameters
NAME       MM-2019-166p
EXPNO                 1
PROCNO                1

F2 - Acquisition Parameters
Date_          20190605
Time              17.42
INSTRUM          drx500
PROBHD   5 mm bb-Z Z800
PULPROG            zg30
TD                65536
SOLVENT           CDCl3
NS                    8
DS                    0
SWH           10000.000 Hz
FIDRES         0.152588 Hz
AQ            3.2767999 sec
RG                  181
DW               50.000 usec
DE                 6.00 usec
TE                296.6 K
D1           2.00000000 sec
TD0                   1

======== CHANNEL f1 ========
NUC1                 1H
P1                13.30 usec
PL1      0 dB
SFO1        500.3330020 MHz

F2 - Processing parameters
SI                32768
SF          500.3300227 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00

Figure 2.15 1H NMR (500 MHz, CDCl3) of compound 2.7. 
 
 

Figure 2.16 1H NMR (500 MHz, CDCl3) of compound 2.8. 
 
 

2.7

OH

2.8

OH

Me

Me
Me



 
 
 

83 

10 9 8 7 6 5 4 3 2 1 0 ppm

1.
47

7
1.

48
8

1.
48

9
1.

89
5

1.
92

8

3.
82

7
3.

86
4

4.
81

4
4.

82
6

4.
83

9
4.

85
0

6.
59

6

7.
26

0

3.
05

8

0.
99

1

3.
00

9
6.

00
4

1.
00

0

2.
01

5

Current Data Parameters
NAME      TBB-2019-196p
EXPNO                10
PROCNO                1

F2 - Acquisition Parameters
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Time              21.23 h
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PROBHD   Z119248_0002 (
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SOLVENT           CDCl3
NS                    8
DS                    0
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FIDRES         0.305176 Hz
AQ            3.2767999 sec
RG                13.13
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DE                10.00 usec
TE                298.0 K
D1           2.00000000 sec
TD0                   1
SFO1        500.1330008 MHz
NUC1                 1H
P1                10.00 usec
PLW1        13.50000000 W

F2 - Processing parameters
SI                65536
SF          500.1300124 MHz
WDW                  EM
SSB      0
LB                 0.70 Hz
GB       0
PC                 1.00
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DE                10.00 usec
TE                298.0 K
D1           2.00000000 sec
TD0                   1
SFO1        500.1330008 MHz
NUC1                 1H
P1                10.00 usec
PLW1        13.50000000 W

F2 - Processing parameters
SI                65536
SF          500.1300124 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00
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SI                65536
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SSB      0
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GB       0
PC                 1.00

Figure 2.17 1H NMR (500 MHz, CDCl3) of compound 2.9. 
 
 

Figure 2.18 1H NMR (500 MHz, CDCl3) of compound 2.10. 
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F2 - Acquisition Parameters
Date_          20190619
Time              20.39 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG            zg30
TD                65536
SOLVENT           CDCl3
NS                    8
DS                    0
SWH           10000.000 Hz
FIDRES         0.305176 Hz
AQ            3.2767999 sec
RG                13.13
DW               50.000 usec
DE                10.00 usec
TE                298.0 K
D1           2.00000000 sec
TD0                   1
SFO1        500.1330008 MHz
NUC1                 1H
P1                10.00 usec
PLW1        13.50000000 W

F2 - Processing parameters
SI                65536
SF          500.1300122 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00

Figure 2.19 1H NMR (500 MHz, CDCl3) of compound 2.11. 
 
 

Figure 2.20 1H NMR (500 MHz, CDCl3) of compound 2.12. 
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F2 - Processing parameters
SI                65536
SF          500.1300126 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00

Figure 2.22 1H NMR (400 MHz, CDCl3) of compound 2.14. 
 
 

Figure 2.21 1H NMR (500 MHz, CDCl3) of compound 2.13. 
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Time              14.02
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DS                    0
SWH            8012.820 Hz
FIDRES         0.151523 Hz
AQ            3.2998369 sec
RG               189.85
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F2 - Processing parameters
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PC                 1.00

Figure 2.23 13C NMR (125 MHz, CDCl3) of compound 2.14. 
 
 

Figure 2.24 1H NMR (400 MHz, CDCl3) of compound 2.15. 
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F2 - Processing parameters
SI                65536
SF          500.1300125 MHz
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SSB      0
LB                 0.30 Hz
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PC                 1.00

Figure 2.25 1H NMR (500 MHz, CDCl3) of compound 2.16. 
 
 

Figure 2.26 13C NMR (125 MHz, CDCl3) of compound 2.16. 
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Figure 2.27 1H NMR (500 MHz, CDCl3) of compound 2.17. 
 
 

Figure 2.28 1H NMR (500 MHz, CDCl3) of compound 2.18. 
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F2 - Processing parameters
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WDW                  EM
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LB                 0.30 Hz
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PC                 1.00
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Figure 2.29 13C NMR (125 MHz, CDCl3) of compound 2.18. 
 
 

Figure 2.30 1H NMR (500 MHz, CDCl3) of compound 2.19. 
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Figure 2.31 13C NMR (125 MHz, CDCl3) of compound 2.19. 
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CHAPTER THREE 

 

Reductive Arylation of Amides via a Nickel-Catalyzed Suzuki–Miyaura Coupling and 

Transfer Hydrogenation Cascade 

Milauni M. Mehta,† Timothy B. Boit,† Junyong Kim, Emma L. Baker and Neil K. Garg. 

Angew. Chem., Int. Ed. 2021, 60, 2472–2477. 

 

3.1 Abstract 

We report a means to achieve the addition of two disparate nucleophiles to the amide 

carbonyl carbon in a single operational step. Our method takes advantage of non-precious-metal 

catalysis and allows for the facile conversion of amides to chiral alcohols via a one-pot Suzuki–

Miyaura cross-coupling / transfer hydrogenation process. This study is anticipated to promote the 

development of new transformations that allow for the conversion of carboxylic acid derivatives 

to functional groups bearing stereogenic centers via cascade processes. 

 

3.2 Introduction 

The synthetic manipulation of carboxylic acid derivatives has become central to organic 

chemistry after more than a century of methodological development.1 Though the field has a rich 

history, strategies for nucleophilic addition to carboxylic acid derivatives may be largely 

characterized by two primary mechanisms (Figure 3.1a). The first involves an addition-elimination 

sequence to produce carbonyl derivatives via a tetrahedral intermediate.2 Notably, this traditional 

strategy has limitations in the context of organometallic nucleophiles, as the ketone products 

resulting from initial acyl substitution are susceptible to further nucleophilic attack to give achiral 
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alcohol products. Specialized acyl derivatives such as N-methyl-N-methoxy amides, or “Weinreb 

amides,” are often required to avoid such undesired reactivity and necessitate two-step protocols.2,3 

A complementary approach employs transition metal catalysis,4 where mild substrate activation 

affords an acyl-metal intermediate and allows for cross-coupling with a variety of nucleophiles.4a,5 

This alternative pathway differentiates the reactivity of the substrate from the product carbonyl to 

overcome the selectivity challenges mentioned above. An exciting opportunity offered by the latter 

strategy is the addition of a second, different nucleophile to the intermediate resulting from the 

initial cross-coupling reaction to generate chiral products. Cascade reactions of this type would 

provide efficient access to important chiral products in racemic or enantioenriched form from 

achiral starting materials.6 

Despite the widely recognized importance of cross-couplings, methods to leverage this 

platform for the addition of disparate nucleophiles to carboxylic acid derivatives remain 

underexplored.7 We envisioned that amides could provide a viable entry to address this challenge, 

given their recent popularization as cross-coupling handles.4j–o,8,9 Amides have been shown to 

undergo a variety of couplings through the intermediacy of acyl-metal species using either non-

precious or precious metal catalysis (e.g., Ni or Pd). Additionally, we viewed them as ideal 

substrates for one-pot cascade reactions, as their stability under non-metal catalyzed conditions 

could allow for the orchestration of orthogonal bond-forming events.10 Dixon has reported an 

elegant intramolecular reductive cyclization of a tertiary lactam substrate mediated by Vaska’s Ir 

complex,11 however, no examples exist for the intermolecular addition of two distinct nucleophiles 

to amides using catalysis in a single operation.12,13 Indeed, a reductive alkylation of aryl pyridyl 

esters reported by Chen and coworkers in 2019 represents the only known example of a carboxylic 

acid derivative undergoing direct catalytic addition of two nucleophiles through a cross-coupling 
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approach (Figure 3.1b).14 Though mechanistically distinct and not involving acyl metal species, 

two additional relevant methodologies should be highlighted. Buchwald and coworkers have 

reported a copper-catalyzed reductive alkylation of symmetric anhydrides to afford 

enantioenriched secondary alcohols,15 and more recently the Hoveyda group reported a copper-

catalyzed asymmetric reductive allylation of nitriles to access enantioenriched homoallylic amines 

(Figure 3.1b).16 Together, these examples illustrate some of the potential advantages of cascade 

reactions that add disparate nucleophiles to a single reactive center of an achiral substrate and 

uncover synergistic reactivity beyond the capabilities of one reaction manifold.17  

 

Figure 3.1. (a) Common reaction pathways for nucleophilic additions to carboxylic acid 
derivatives. (b) Direct catalytic approaches to chiral amines or alcohols from carboxylic acid 
derivatives. 
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In this manuscript, we describe a synthetic method for achieving the addition of two 

different nucleophiles to a carboxylic acid derivative using nickel catalysis.18 The overall 

transformation relies on a Suzuki–Miyaura cross-coupling / transfer hydrogenation cascade 

reaction of amide starting materials to form a C–C and C–H bond,19,20 consecutively, and 

ultimately furnish alcohol products (Figure 3.2).21 The results presented herein not only reinforce 

the notion that amides are versatile building blocks for transition-metal catalyzed reactions, but 

also validate their utility as synthons for directly generating sp3 carbon centers from the amide 

carbonyl. 

 

Figure 3.2. Overview of current study involving the conversion of aliphatic amides to alkyl–aryl 
alcohols via a Suzuki–Miyaura coupling / transfer hydrogenation cascade. 
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Unfortunately, this change resulted in low yields of 3.4 (entries 2 and 3).27 By shifting to the use 

of i-PrOH as an additive while using toluene as solvent, we obtained the desired product 3.4 in a 

slightly improved yield of 32%, with 18% of ketone 3.3 remaining (entry 4). Given our lab’s recent 

success in using 1-4-(dimethylamino)phenyl)-1-ethanol (DMPE, 3.7) in base-catalyzed MPV 

reductions,28 we also tested this benzylic alcohol in our system.29 By simply replacing i-PrOH with 

3.7, alcohol 3.4 was obtained in 51% yield (entry 5). Finally, switching the solvent to 1,4-dioxane 

(entry 6) and using boronate 3.6 in place of boronate 3.5 (entry 7) led to further improvements, 

delivering alcohol 3.4 in 82% yield.30,31,32  

It is worth noting that these optimized conditions satisfy a challenging balance of reactivity 

required for the success of the amide to alcohol conversion. Specifically, reducing agent 3.7 does 

not significantly impede the nickel-catalyzed cross-coupling step, yet is reactive enough to 

efficiently reduce ketone 3.3. Furthermore, as will be shown, other carbonyl functional groups are 

tolerated by the methodology’s mild reducing conditions. 
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Figure 3.3. Evaluation of reaction conditions for the nickel-catalyzed Suzuki–Miyaura coupling / 
transfer hydrogenation cascade of amide 3.1 with phenyl boronates and reductants. Standard 
conditions unless otherwise noted: amide substrate (0.20 mmol, 1.0 equiv); phenyl boronate (0.50–
0.80 mmol, 2.5–4.0 equiv); reductant (0.50 equiv, 2.5 equiv); K3PO4 (0.80 mmol, 4.0 equiv); H2O 
(0.40 mmol, 2.0 equiv); Ni(cod)2 (0.010–0.020 mmol, 5–10 mol%); 3.2 (0.020–0.040 mmol, 10–
20 mol%); solvent (1.0 M); 120 °C; 16 h in a sealed vial. aYield determined by 1H NMR analysis 
using 1,3,5-trimethoxybenzene as an external standard. 
 
 
3.4 Scope of the Aliphatic Amide Substrate and Robustness Screen 

With optimized conditions in hand, we evaluated the scope of the reaction with respect to 

the aliphatic amide33 coupling partner using phenyl boronate 3.6, which afforded a range of alkyl–

aryl alcohol products (Figure 3.4). Beginning with the parent dihydrocinnamic acid-derived amide 

substrate used in optimization studies (i.e., 3.1), the reductive arylation furnished alcohol 3.4 in 

76% isolated yield. Additionally, the use of an unbranched amide derived from decanoic acid 

provided alcohol 3.8 in 82% yield. Carrying out the reaction at 130 °C allowed for the reductive 
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arylation of sterically encumbered substrates, as demonstrated by the formation of alcohol 3.9 in 

61% yield. The compatibility of carbocyclic amides with boronate 3.6 was explored as well and 

gave alcohols 3.10–3.14 in good yields. We also evaluated an amide substrate bearing an 

epimerizable stereocenter a to the amide carbonyl. As shown by the formation of alcohol 3.15 

from the corresponding trans amide substrate, minimal erosion of stereochemistry was observed.34 

Of note, the ester moiety was not disturbed, demonstrating both the preferential cleavage of the 

amide C–N bond over the ester C–O bond and the mildness of the reducing conditions.35 The 

tolerance of the methodology toward heterocycles was also determined. Notably, 

tetrahydropyrans, pyrrolidines, and piperidines, all of which are valuable in medicinal chemistry,36 

could be employed as evidenced by the synthesis of alcohols 3.16–3.20, respectively.   

With the aim of further improving the synthetic utility of the reductive arylation, we 

performed a robustness screen to assess the compatibility of the reaction with various functional 

groups and heterocycles (Figure 3.4).37 Results indicated the tolerance of functional groups 

including tertiary alcohols, secondary anilines, and secondary amides, as demonstrated by 

moderate to good yields of alcohol 3.20 and appreciable recoveries of additives 3.22–3.24, 

respectively. Additionally, heterocycles such as quinoline (3.25), dibenzofuran (3.26), and N-

methyl indole (3.27) were found to be stable under our standard reductive arylation conditions 

with minimal to no inhibition of reactivity.38 These results complement those presented in the 

scope of the reaction and further demonstrate the methodology’s robustness toward several 

heteroatom-containing functional groups. 
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Figure 3.4. Scope of the reductive arylation of aliphatic amides and boronate 3.6. Standard 
conditions unless otherwise noted: amide substrate (0.20 mmol, 1.0 equiv); phenyl boronate 3.6 
(0.80 mmol, 4.0 equiv); 7 (0.50 mmol, 2.5 equiv); K3PO4 (0.80 mmol, 4.0 equiv); H2O (0.40 mmol, 
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2.0 equiv); Ni(cod)2 (0.020 mmol, 10 mol%); 3.2 (0.040 mmol, 20 mol%); solvent (1.0 M); 120 
°C; 16 h. Unless otherwise noted, yields reflect the average of two isolation experiments. aYield 
determined by 1H NMR analysis using 1,3,5-trimethoxybenzene as an external standard. bReaction 
ran at 130 °C. 
 
 
3.5 Scope of Aryl Boronic Ester Coupling Partner 

The scope of the aryl boronate component was also examined by coupling pinacol 

boronates with various amides (Figure 3.5).31,39 Methyl substitution at the ortho, meta, or para 

positions of the aryl boronate was tolerated, as demonstrated by the formation of alcohols 3.28–

3.30 in synthetically useful yields. We also evaluated aryl boronic ester nucleophiles bearing either 

a trimethylsilyl or trifluoromethyl group, which furnished alcohols 3.31 and 3.32, respectively, in 

good yields. Additionally, a naphthyl boronate ester underwent the reductive arylation to afford 

alcohol 3.33 in 58% yield. We also tested several boronates that possess functional groups that 

have been demonstrated to be reactive to nickel catalysis. To our delight, an aryl ester,35 an ether,40 

and a dimethyl amine were tolerated,41 thus giving rise to alcohols 3.34–3.36, respectively. 

Furthermore, a boronic ester containing a morpholinopyridine motif was employed to furnish 

alcohol 3.37, showing the reaction’s tolerance of this heteroatom-rich unit.42  
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Figure 3.5. Scope of the reductive arylation of aliphatic amides and aryl boronates. Standard 
conditions unless otherwise noted: amide substrate (0.20 mmol, 1.0 equiv); aryl boronate (0.80–
1.2 mmol, 4.0–6.0 equiv); 3.7 (0.50 mmol, 2.5 equiv); K3PO4 (0.80 mmol, 4.0 equiv); H2O (0.40 
mmol, 2.0 equiv); Ni(cod)2 (0.020–0.040 mmol, 10–20 mol%); 3.2 (0.040–0.080 mmol, 20–40 
mol%); solvent (1.0 M); 120 °C; 16–24 h. Unless otherwise noted, yields reflect the average of 
two isolation experiments. aYield determined by 1H NMR analysis using 1,3,5-trimethoxybenzene 
as an external standard. 
 
 
3.6 Synthetic Applications of the Methodology 
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commercially available carboxylic acid, was coupled with boronate 3.6 (Figure 3.6b). This 

transformation furnished alcohol 3.43 in 69% yield, providing facile access to a known 

intermediate in the synthesis of 3.44 from commercially available materials.44 These results not 

only further demonstrate the viability of leveraging a cross-coupling approach to add two disparate 

nucleophiles into an amide carbonyl carbon, but also showcase the practical utility of this reductive 

arylation protocol in the synthesis of complex chiral molecules.  

 

Figure 3.6. (a) Synthesis of alcohol 3.40, an intermediate in the synthesis of g-secretase modulator 
3.41. (b) Synthesis of alcohol 3.43, intercepting a known synthetic route toward Prozac® (3.44, 
fluoxetine). See section 3.8.2.6 for details. 
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3.7 Conclusion 

In summary, we have developed the first catalytic method for the direct intermolecular 

addition of two distinct nucleophiles to the amide carbonyl carbon. This transformation takes 

advantage of non-precious metal catalysis and allows for the facile conversion of amides to chiral 

alcohols via a cascade reaction involving Suzuki–Miyaura cross-coupling and subsequent transfer 

hydrogenation. The methodology has a broad scope with respect to both the amide and boronate 

cross-coupling partners. Additionally, it shows tolerance toward epimerizable stereocenters, select 

functional groups (i.e., alcohols, amines, esters, ethers, and secondary amides,) and a range of 

heterocycles. Moreover, the methodology can be used to access scaffolds of value to medicinal 

chemistry, as shown by the syntheses of 3.40 and 3.43. This study validates the use of a cross-

coupling approach to construct sp3 carbon centers from the amide carbonyl carbon in a single 

operational step. We hope this study will prompt the development of additional processes that 

allow for the direct conversion of carboxylic acid derivatives to functional groups bearing 

stereogenic centers45 via catalytic cascade processes. 
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3.8 Experimental Section 

3.8.1 Materials and Methods.  

Unless stated otherwise, reactions were conducted in flame-dried glassware under an 

atmosphere of nitrogen or argon and commercially obtained reagents were used as received. Amide 

substrates were synthesized following protocols specified in Section A in the Experimental 

Procedures. Alcohol 3.7 was prepared according to literature procedure.46 Boronate esters 3.5, 

3.59–3.61, 3.63–3.65, 3.67 and 3.68 were obtained from Combi-Blocks. Boronate ester 3.6 was 

obtained from TCI Chemicals. Boronate ester 3.39 was obtained from AK Scientific. Boronate 

esters 3.62 and 3.66 were prepared according to literature procedure.47  Ni(cod)2 and Benz-

ICy•HCl (3.2) were obtained from Strem Chemicals. [(TMEDA)Ni(o-tolyl)Cl] was prepared 

according to literature procedure.48 Ligand A (3.71) was prepared according to literature 

procedure.49 Potassium phosphate (K3PO4) was obtained from Acros. 1,4-dioxane was obtained 

from Fisher Scientific and purified by distillation over sodium metal degassed by sparging with 

N2 for 1 h. Paraffin wax (mp 53–57 °C ASTM D 87) was obtained from Sigma-Aldrich and used 

as received). 1,3,5-trimethoxybenzene was obtained from Alfa Aesar and used as received. 

Reaction temperatures were controlled using an IKAmag temperature modulator, and unless stated 

otherwise, reactions were performed at room temperature (approximately 23 °C). Thin-layer 

chromatography (TLC) was conducted with EMD gel 60 F254 pre-coated plates (0.25 mm for 

analytical chromatography and 0.50 mm for preparative chromatography) and visualized using a 

combination of UV, anisaldehyde, iodine, and potassium permanganate staining techniques. 

Silicycle Siliaflash P60 (particle size 0.040–0.063 mm) was used for flash column 

chromatography. 1H NMR spectra were recorded on Bruker spectrometers (400, 500, and 600 

MHz were allowed for our provided spectra) and are reported relative to residual solvent signals. 
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Data for 1H NMR spectra are reported as follows: chemical shift (δ ppm), multiplicity, coupling 

constant (Hz), integration. Data for 13C NMR are reported in terms of chemical shift (at 125 MHz). 

IR spectra were recorded on a Perkin-Elmer UATR Two FT-IR spectrometer and are reported in 

terms of frequency absorption (cm-1). DART-MS spectra were collected on a Thermo Exactive 

Plus MSD (Thermo Scientific) equipped with an ID-CUBE ion source and a Vapur Interface 

(IonSense Inc.). Both the source and MSD were controlled by Excalibur software v. 3.0. The 

analyte was spotted onto OpenSpot sampling cards (IonSense Inc.) using CHCl3 or CH2Cl2 as the 

solvent. Ionization was accomplished using UHP He plasma with no additional ionization 

agents. The mass calibration was carried out using Pierce LTQ Velos ESI (+) and (–) Ion 

calibration solutions (Thermo Fisher Scientific). Determination of enantiopurity was carried out 

on a Mettler Toledo SFC (supercritical fluid chromatography) using Daicel ChiralPak AD–H 

columnn. Data for SFC are reported in enantiomeric excess (ee). For SFC chromatograms see 

section 3.8.2.11 of Experimental Procedures. 

3.8.2 Experimental Procedures 

3.8.2.1 Syntheses of Amide Substrates 

Supporting information for the syntheses of amides 3.1,50 3.45–3.48,50 3.21,51 3.38,51 3.49–

3.52,51 and 3.5352 have been published and spectral data match those previously reported. 
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Syntheses for the remaining substrates shown in Figures 3.4 and 3.6 are as follows:  

 

Amide 3.55. To a mixture of carboxylic acid 3.54 (65.0 mg, 0.650 mmol, 1.00 equiv), EDC•HCl 

(137 mg, 0.0720 mmol, 1.10 equiv), HOBt (109 g, 0.710 mmol, 1.10 equiv), triethylamine (0.100 

mL, 0.710 mmol, 1.10 equiv), and DMF (5.00 mL, 0.130 M) was added benzylamine (78.0 µL, 

0.710 mmol, 1.10 equiv). The resulting mixture was stirred at 23 ºC for 17 h, and then diluted with 

deionized water (5 mL) and transferred to a separatory funnel with brine (5 mL). The aqueous 

layer was extracted with EtOAc (3 x 10 mL), then the organic layers were combined and washed 

with deionized water (3 x 10 mL), dried over Na2SO4, and evaporated under reduced pressure. The 

resulting crude material was used in the subsequent step without further purification.  

To a flask containing the crude material from the previous step was added DMAP (8.00 

mg, 0.0650 mmol, 0.100 equiv) followed by acetonitrile (4.00 mL, 0.160 M). Boc2O (184 g, 0.850 
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mmol, 1.30 equiv) was added in one portion and the reaction vessel was flushed with N2, then the 

reaction mixture was allowed to stir at 23 ºC for 20 h. The reaction was quenched by addition of 

saturated aqueous NaHCO3 (5 mL), transferred to a separatory funnel with EtOAc (10 mL) and 

H2O (10 mL), and extracted with EtOAc (3 x 10 mL). The organic layers were combined, dried 

over Na2SO4, and evaporated under reduced pressure. The resulting crude residue was purified by 

flash column chromatography (29:1 Hexanes:EtOAc) to yield amide 3.55 (60.5 mg, 32% yield, 

over two steps) as a clear oil. Amide 3.55: Rf 0.65 (5:1 Hexanes:EtOAc); 1H NMR (600 MHz, 

C6D6): d 7.30 (d, J = 7.5, 2H), 7.11 (t, J = 7.5, 2H), 7.03 (t, J = 7.5, 1H), 4.88 (s, 2H), 4.05 (quint, 

J = 8.3, 1H), 2.54–2.43 (m, 2H), 2.30–2.18 (m, 2H), 1.82–1.67 (m, 2H), 1.17 (s, 9H); 13C NMR 

(125 MHz, CDCl3): d 178.0, 152.8, 138.6, 128.4, 127.6, 127.1, 83.0, 47.6, 41.4, 28.0, 25.8, 17.9; 

IR (film): 2980, 2869, 1732, 1687, 1144, 980 cm-1; HRMS-APCI (m/z) [M + H]+ calcd for C-

17H24NO3+, 290.17507; found 290.17377. 

 

 

Amide 3.57. To a mixture of carboxylic acid 3.56 (1.00 g, 7.03 mmol, 1.00 equiv), EDC•HCl (1.48 

g, 7.74 mmol, 1.10 equiv), HOBt (1.18 g, 7.74 mmol, 1.10 equiv), triethylamine (1.10 mL, 7.74 

mmol, 1.10 equiv), and DMF (70 mL, 0.10 M) was added benzylamine (0.850 mL, 7.740 mmol, 

1.10 equiv). The resulting mixture was stirred at 23 ºC for 20 h, and then diluted with deionized 

water (100 mL) and transferred to a separatory funnel with EtOAc (30 mL) and brine (15 mL). 

The aqueous layer was extracted with EtOAc (3 x 100 mL), then the organic layers were combined 
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and washed with deionized water (4 x 100 mL), dried over Na2SO4, and evaporated under reduced 

pressure. The resulting crude solid material was used in the subsequent step without further 

purification.  

To a flask containing the crude material from the previous step was added DMAP (85.9 

mg, 0.703 mmol, 0.100 equiv) followed by acetonitrile (35.0 mL, 0.200 M). Boc2O (1.99 g, 9.14 

mmol, 1.30 equiv) was added in one portion and the reaction vessel was flushed with N2, then the 

reaction mixture was allowed to stir at 40 ºC for 16 h. The reaction was quenched by addition of 

saturated aqueous NaHCO3 (100 mL), transferred to a separatory funnel with EtOAc (20 mL) and 

extracted with EtOAc (3 x 40 mL). The organic layers were combined, dried over Na2SO4, and 

evaporated under reduced pressure. The resulting crude residue was purified by flash 

chromatography (99:1 Hexanes:EtOAc ® 9:1 Hexanes:EtOAc) to yield amide 3.57 as a white 

crystalline powder. Hot recrystallization of the purified product from n-heptane gave the 

recrystallized material (1.41 g, 60% yield over two steps) as white crystals. Amide 3.57: mp: 57.7–

62.8 ºC; Rf 0.57 (5:1 Hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): d 7.32–7.27 (m, 2H), 7.25–

7.20 (m, 3H), 4.85 (s, 2H), 3.59 (tt, J = 9.7, 3.9, 1H), 1.97–1.87 (m, 2H), 1.81–1.70 (m, 2H), 1.70–

1.44 (m, 8H), 1.40 (s, 9H); 13C NMR (125 MHz, CDCl3): d 180.8, 153.3, 138.7, 128.4, 127.6, 

127.1, 83.0, 47.8, 45.8, 31.9, 28.4, 28.0, 26.7; IR (film): 2977, 2928, 2858, 1734, 1694, 1369, 1148 

cm-1; HRMS-APCI (m/z) [M + H]+ calcd for C20H30NO3+, 332.22202; found 332.22098. 
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Amide 3.42. To a mixture of carboxylic acid 3.58 (500 mg, 2.46 mmol, 1.00 equiv), EDC•HCl 

(519 mg, 2.71 mmol, 1.10 equiv), HOBt (414 mg, 2.71 mmol, 1.10 equiv), triethylamine (0.380 

mL, 2.71 mmol, 1.10 equiv), and DMF (25.0 mL, 0.100 M) was added benzylamine (0.300 mL, 

2.71 mmol, 1.10 equiv). The resulting mixture was stirred at 23 ºC for 23 h, and then diluted with 

deionized water (100 mL) and transferred to a separatory funnel with EtOAc (30 mL) and brine 

(15 mL). The aqueous layer was extracted with EtOAc (3 x 80 mL), then the organic layers were 

combined and washed with deionized water (4 x 80 mL), dried over Na2SO4, and evaporated under 

reduced pressure. The resulting crude solid material was used in the subsequent step without 

further purification.  

To a flask containing the crude material from the previous step was added DMAP (28.9 

mg, 0.236 mmol, 0.100 equiv) followed by acetonitrile (12.0 mL, 0.200 M). Boc2O (671 mg, 3.07 

mmol, 1.30 equiv) was added in one portion and the reaction vessel was flushed with N2, then the 

reaction mixture was allowed to stir at 23 ºC for 17 h. The reaction was quenched by addition of 

saturated aqueous NaHCO3 (10 mL), transferred to a separatory funnel with EtOAc (20 mL) and 

extracted with EtOAc (3 x 40 mL). The organic layers were combined, dried over Na2SO4, and 

evaporated under reduced pressure. The resulting crude residue was purified by flash 

chromatography (19:1 Hexanes:EtOAc ® 9:1 Hexanes:EtOAc) to yield amide 3.42 (0.57 g, 61% 

yield over two steps) as a clear oil. Amide 3.42: Rf 0.38 (5:1 Hexanes:EtOAc); 1H NMR (500 

MHz, CDCl3): d 7.33–7.17 (m, 5H), 4.87 (br s, 2H), 3.55 (s, 2H), 3.15 (br s, 2H), 2.86 (br s, 3H), 
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1.45 (s, 9H), 1.40 (s, 9H); 13C NMR (125 MHz, CDCl3): d 174.4, 155.7, 153.1, 138.3, 128.4, 127.6, 

127.3, 83.5, 79.6, 79.5, 47.4, 45.6, 45.3, 37.2, 36.6, 35.0, 34.8, 28.6, 28.0; IR (film): 2977, 1734, 

1691, 1368, 1145 cm-1; HRMS-APCI (m/z) [M + H]+ calcd for C21H33N2O5+, 393.23840; found 

393.23730. 

Note: 3.42 was obtained as a mixture of rotamers. These data represent empirically observed 

chemical shifts from the 1H NMR and 13C NMR spectra. 

 

3.8.2.2 Relevant Control Experiments 

 

Representative Procedure for Conversion of Aliphatic Amides to Secondary Alcohols from 

Figure 3.3 (amide 3.1 and boronate ester 3.6 used as an example). A 1-dram vial was charged 

with anhydrous powder K3PO4 (170 mg, 0.800 mmol, 4.00 equiv) and a magnetic stir bar. The vial 

and its contents were flame-dried under reduced pressure and allowed to cool under N2. Amide 

substrate 3.1 (67.9 mg, 0.200 mmol, 1.00 equiv), boronate ester nucleophile 3.6 (152 mg, 0.800 

mmol, 4.00 equiv), and DMPE (3.7, 82.6 mg, 0.500 mmol, 2.50 equiv) were added. The vial was 

flushed with N2 for 5 min, then water (7.21 µL, 0.400 mmol, 2.00 equiv), which had been sparged 

with N2 for 10 min, was added. The vial was taken into a glovebox and charged with Ni(cod)2 

(5.50 mg, 0.0200 mmol, 10 mol%) and Benz-ICy•HCl (3.2, 12.8 mg, 0.0400 mmol, 20 mol%). 

Subsequently, 1,4-dioxane (200 µL, 1.00 M) was added. The vial was sealed with a Teflon-lined 

screw cap, removed from the glovebox, and stirred vigorously (800 RPM) at 120 ºC for 16 h. After 

3.1 3.6 3.4

+
(nep)B

DMPE (3.7, 2.5 equiv)
Ni(cod)2 (10 mol%)

Benz-ICy•HCl (3.2, 20 mol%)
K3PO4 (4.0 equiv)
H2O (2.0 equiv)

1,4-dioxane (1.0 M)
120 ºC, 16 h

N

O
Bn

Boc

OH

(4.0 equiv)
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cooling to 23 ºC, the mixture was quenched by the addition of saturated aqueous NH4Cl (1 mL) 

and extracted with EtOAc (3 x 2 mL). The combined organic layers were then filtered over a plug 

of silica gel (3 cm) and Na2SO4 (3 cm) using EtOAc (10 mL) as eluent. The volatiles were removed 

under pressure and the yield of alcohol 3.4 was determined by 1H NMR analysis with 1,3,5-

trimethoxybenzene as an external standard.  

Any modifications of the conditions shown in the representative procedure above are specific 

below in Table 3.1. 

 

Table 3.1. Relevant control experiments 

 
a Yields determined by 1H NMR analysis using 1,3,5-trimethoxybenzene as an 

external standard.  

b Substantial amounts of the corresponding Boc-cleavage product (de-Boc amide 

starting material) were observed due to the elevated reaction temperature. 

 

 

 

 

Reaction Conditions
Experimental Resultsa

3.1 3.3

N

O

Boc

Bn conditions

3.43.1

Ph

3.3

O

Ph
+

Ph

OH

Ph Ph

3.4

+
(nep)B

3.6

 3.6 (4.0 equiv), DMPE (3.7, 4.0 equiv), K3PO4 (4.0 equiv), H2O (2.0 equiv)
1,4-dioxane (1.0 M), 120 °C, 16 h 5%b 0% 0%

 3.6 (4.0 equiv), DMPE (3.7, 4.0 equiv), K3PO4 (4.0 equiv), H2O (2.0 equiv)
Benz-ICy•HCl (3.2, 20 mol%), 1,4-dioxane (1.0 M), 120 °C, 16 h 0%b

 3.6 (4.0 equiv), DMPE (3.7, 4.0 equiv), K3PO4 (4.0 equiv), H2O (2.0 equiv)
Ni(cod)2 (10 mol%), 1,4-dioxane (1.0 M), 120 °C, 16 h 12%b

0% 0%

0% 0%
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3.8.2.3 General Procedures for Methodology 

3.8.2.3.1 General Procedure A. A 1-dram vial was charged with anhydrous powder K3PO4 (170 

mg, 8.00 mmol, 4.00 equiv) and a magnetic stir bar. The vial and its contents were flame-dried 

under reduced pressure and allowed to cool under N2. Amide substrate (0.200 mmol, 1.00 equiv), 

boronate ester nucleophile (152 mg, 0.800 mmol, 4.00 equiv), and DMPE (3.7, 82.6 mg, 0.500 

mmol, 2.50 equiv) were added. The vial was flushed with N2 for 5 min, then water (7.21 µL, 0.400 

mmol, 2.00 equiv), which had been sparged with N2 for 10 min, was added. The vial was taken 

into a glovebox and charged with Ni(cod)2 (5.50 mg, 0.0200 mmol, 10 mol%) and Benz-ICy•HCl 

(3.2, 12.8 mg, 0.0400 mmol, 20 mol%). Subsequently, 1,4-dioxane (200 µL, 1.00 M) was added. 

The vial was sealed with a Teflon-lined screw cap, removed from the glovebox, and stirred 

vigorously (800 RPM) at 120 ºC for 16 h. After cooling to 23 ºC, the mixture was quenched by the 

addition of saturated aqueous NH4Cl (1 mL) and extracted with EtOAc (3 x 2 mL). The combined 

organic layers were then filtered over a plug of silica gel (3 cm) and Na2SO4 (3 cm) using EtOAc 

(10 mL) as eluent and the volatiles were removed under pressure. The crude mixture was adsorbed 

onto silica gel (450 mg) under reduced pressure and purified by flash column chromatography on 

silica. 

 

3.8.2.3.2 General Procedure B. A 1-dram vial was charged with anhydrous powder K3PO4 (170 

mg, 8.00 mmol, 4.00 equiv) and a magnetic stir bar. The vial and its contents were flame-dried 

under reduced pressure and allowed to cool under N2. Amide substrate (0.200 mmol, 1.00 equiv), 

boronate ester nucleophile (152 mg, 0.800 mmol, 4.00 equiv), and DMPE (3.7, 82.6 mg, 0.500 

mmol, 2.50 equiv) were added. The vial was flushed with N2 for 5 min, then water (7.21 µL, 0.400 

mmol, 2.00 equiv), which had been sparged with N2 for 10 min, was added. The vial was taken 
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into a glovebox and charged with Ni(cod)2 (5.50 mg, 0.0200 mmol, 10 mol%) and Benz-ICy•HCl 

(3.2, 12.8 mg, 0.0400 mmol, 20 mol%). Subsequently, 1,4-dioxane (200 µL, 1.00 M) was added. 

The vial was sealed with a Teflon-lined screw cap, removed from the glovebox, and stirred 

vigorously (800 RPM) at 120 ºC for 16 h.  After cooling to 23 ºC, the mixture was diluted with 

CH2Cl2 (1 mL) and washed with 2 M HCl (3 x 1 mL). The organic layer was then filtered over a 

plug of silica gel (3 cm) and Na2SO4 (3 cm) using EtOAc (10 mL) as eluent and the volatiles were 

removed under pressure. The crude mixture was adsorbed onto silica gel (450 mg) under reduced 

pressure and purified by flash column chromatography on silica. 

 

3.8.2.3.3 General Procedure C. A 1-dram vial was charged with anhydrous powder K3PO4 (170 

mg, 8.00 mmol, 4.00 equiv) and a magnetic stir bar. The vial and its contents were flame-dried 

under reduced pressure and allowed to cool under N2. Amide substrate (0.200 mmol, 1.00 equiv), 

boronate ester nucleophile (228 mg, 1.20 mmol, 6.00 equiv), and DMPE (3.7, 82.6 mg, 0.500 

mmol, 2.50 equiv) were added. The vial was flushed with N2 for 5 min, then water (7.21 µL, 0.400 

mmol, 2.00 equiv), which had been sparged with N2 for 10 min, was added. The vial was taken 

into a glovebox and charged with Ni(cod)2 (11.0 mg, 0.0400 mmol, 20 mol%) and Benz-ICy•HCl 

(3.2, 25.6 mg, 0.0800 mmol, 40 mol%). Subsequently, 1,4-dioxane (200 µL, 1.00 M) was added. 

The vial was sealed with a Teflon-lined screw cap, removed from the glovebox, and stirred 

vigorously (800 RPM) at 120 ºC for 16 h. After cooling to 23 ºC, the mixture was diluted with 

CH2Cl2 (1 mL) and washed with deionized H2O (3 x 1 mL). The organic layer was then filtered 

over a plug of silica gel (3 cm) and Na2SO4 (3 cm) using EtOAc (10 mL) as eluent and the volatiles 

were removed under pressure. The crude mixture was adsorbed onto silica gel (450 mg) under 

reduced pressure and purified by flash column chromatography on silica. 



 123 

Any modifications of the conditions shown in the representative procedures above are specified 

in the following schemes, which depict all of the results shown in Figures 3.4, 3.5, and 3.6. 

 

3.8.2.4 Scope of Amide Substrates 

 

Alcohol 3.4. Crude alcohol 3.4 was synthesized following General Procedure A. Purification by 

flash column chromatography (99:1 Hexanes:EtOAc ® 19:1 Hexanes:EtOAc) afforded alcohol 

3.4 (76% yield, average of two experiments) as a white solid. Alcohol 3.4: Rf 0.34 (5:1 

Hexanes:EtOAc). 1H NMR (500 MHz, CDCl3): δ 7.40–7.34 (m, 4H), 7.32–7.27 (m, 3H), 7.23–

7.16 (m, 3H), 4.70 (app t, J = 6.5, 1H), 2.76 (ddd, J = 13.9, 10.0, 5.8, 1H), 2.68 (ddd, J = 13.9, 9.6, 

6.4, 1H), 2.21–1.98 (m, 2H), 1.92 (br s, 1H). Spectral data match those previously reported.53  

 

 

Alcohol 3.8. Crude alcohol 3.8 was synthesized following General Procedure A.  1H NMR analysis 

of the crude reaction mixture indicated an 82% yield of alcohol 3.8 relative to 1,3,5-

trimethoxybenzene external standard. Sequential purification by preparative thin-layer 

chromatography (3:1 Hexanes:Et2O, then 4:1 Hexanes:Acetone) provided an analytical sample of 

3.1 3.6 3.4

+
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DMPE (3.7, 2.5 equiv)
Ni(cod)2 (10 mol%)

Benz-ICy•HCl (3.2, 20 mol%)
K3PO4 (4.0 equiv)
H2O (2.0 equiv)

1,4-dioxane (1.0 M)
120 ºC, 16 h

(76% yield)

N

O
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Boc

OH

Ph Ph

(4.0 equiv)

(4.0 equiv)
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DMPE (3.7, 2.5 equiv)
Ni(cod)2 (10 mol%)

Benz-ICy•HCl (3.2, 20 mol%)
K3PO4 (4.0 equiv)
H2O (2.0 equiv)

1,4-dioxane (1.0 M)
120 ºC, 16 h

(82% 1H NMR yield)
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alcohol 3.8 as a clear oil. Alcohol 3.8: Rf 0.52 (5:1 Hexanes:EtOAc). 1H NMR (500 MHz, CDCl3): 

δ 7.41–7.31 (m, 4H), 7.31–7.27 (m, 1H), 4.67 (dd, J = 7.5, 5.9, 1H), 1.87–1.75 (m, 2H), 1.75–1.65 

(m, 1H), 1.49–1.36 (m, 1H), 1.36–1.16 (m, 13H), 0.87 (t, J = 6.8, 3H). Spectral data match those 

previously reported.54 

 

 

Alcohol 3.9. Crude alcohol 3.9 was synthesized following General Procedure A. Purification by 

flash column chromatography (39:1 Hexanes:Et2O ® 6.5:1 Hexanes:Et2O) afforded alcohol 3.9 

(61% yield, average of two experiments) as a clear oil. Alcohol 3.9: Rf 0.48 (5:1 Hexanes:EtOAc). 

1H NMR (500 MHz, CDCl3): δ 7.34–7.28 (m, 4H), 7.29–7.26 (m, 1H), 4.40 (s, 1H), 1.83 (s, 1H), 

0.93 (s, 9H). Spectral data match those previously reported.55 

 

 

Alcohol 3.10. Crude alcohol 3.10 was synthesized following General Procedure A. Sequential 

purification by flash column chromatography (98:1:1 Hexanes:CH2Cl2:Et2O ® 3:1:1 

Hexanes:CH2Cl2:Et2O) followed by preparative thin-layer chromatography (1:1:1 

CH2Cl2:Et2O:Hexanes) afforded alcohol 3.10 (66% yield, average of two experiments) as a clear 

(4.0 equiv)
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H2O (2.0 equiv)

1,4-dioxane (1.0 M)
130 ºC, 16 h

(61% yield)
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H2O (2.0 equiv)

1,4-dioxane (1.0 M)
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(66% yield)
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oil. Alcohol 3.10: Rf 0.38 (5:1 Hexanes:EtOAc). 1H NMR (500 MHz, CDCl3): δ 7.37–7.30 (m, 

4H), 7.30–7.24 (m, 1H), 4.58 (d, J = 8.0, 1H), 2.69–2.56 (m, 1H), 2.15–1.96 (m, 2H), 1.92–1.75 

(m, 5H). Spectral data match those previously reported.55 

 

 

Alcohol 3.11. Crude alcohol 3.11 was synthesized following General Procedure A. 1H NMR 

analysis of the crude reaction mixture indicated a 76% yield of alcohol 3.11 relative to 1,3,5-

trimethoxybenzene external standard. Sequential purification by preparative thin-layer 

chromatography (5:1 Hexanes:EtOAc, then 5:1:1 Hexanes:CH2Cl2:Et2O) afforded an analytical 

sample of alcohol 3.11 as a clear oil. Alcohol 3.11: Rf 0.46 (5:1 Hexanes:EtOAc). 1H NMR (500 

MHz, CDCl3): δ 7.36–7.26 (m, 5H), 7.30–7.27 (m, 1H), 4.41 (d, J = 8.5, 1H), 2.22 (app sext, J = 

8.2, 1H), 1.95–1.78 (m, 2H), 1.70–1.63 (m, 1H), 1.54–1.44 (m, 3H), 1.42–1.33 (m, 1H), 1.19–1.10 

(m, 1H). Spectral data match those previously reported.56 

 

 

Alcohol 3.12. Crude alcohol 3.12 was synthesized following General Procedure A. 1H NMR 

analysis of the crude reaction mixture indicated a 74% yield of alcohol 3.12 relative to 1,3,5-
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trimethoxybenzene external standard. Alcohol 3.12: Rf 0.44 (5:1 Hexanes:EtOAc). Spectral data 

match those previously reported.57 

Note: The 1H NMR spectrum of the crude material obtained using the reaction conditions above 

is provided and matches previously reported 1H NMR data. 

 

 

Alcohol 3.13. Crude alcohol 3.13 was synthesized following General Procedure A. 1H NMR 

analysis of the crude reaction mixture indicated an 64% yield of alcohol 3.13 relative to 1,3,5-

trimethoxybenzene external standard). Preparation of an authentic sample of alcohol 3.13 from 

cycloheptyl(phenyl)methanone (see section 3.8.2.7 for experimental details) allowed for direct 

comparison with the 1H NMR spectrum of the crude reaction mixture and full characterization. 

Alcohol 3.13: Rf 0.57 (5:1 Hexanes:EtOAc); 1H NMR (600 MHz, CDCl3): d 7.35–7.23 (m, 5H), 

4.47 (d, J = 6.7, 1H), 1.93–1.82 (m, 2H), 1.79 (br s, 1H), 1.72–1.65 (m, 1H), 1.65–1.30 (m, 9H), 

1.23–1.09 (m, 1H); 13C NMR (125 MHz, CDCl3): d 144.0, 128.3, 127.5, 126.8, 79.4, 46.4, 31.2, 

29.4, 28.6, 28.5, 26.9, 26.7; IR (film): 3378, 2917, 2852, 1492, 699 cm-1; HRMS-APCI (m/z) [M 

+ H]+ calcd for C14H21O+, 205.15869; found 205.15788. 

Note: 1H NMR and 13C NMR spectra of the authentic material, as prepared in section 3.8.2.7, 

are provided.  A 1H NMR spectrum of the crude material obtained using the reaction conditions 

above is also provided and matches the 1H NMR spectrum of the authentic material. 
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(64% 1H NMR yield)
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Alcohol 3.14. Crude alcohol 3.14 was synthesized following General Procedure A. 1H NMR 

analysis of the crude reaction mixture indicated an 81% yield of alcohol 3.14 relative to 1,3,5-

trimethoxybenzene external standard (average of two experiments). To the crude reaction mixture 

was added a Teflon-coated magnetic stir bar and CH2Cl2 (1 mL). The solution was stirred, cooled 

to 0 °C, TFA (200 µL) was slowly added, and the contents were stirred at 0 °C for 1 h. The volatiles 

were then removed under reduced pressure to give the crude material, which was purified by flash 

column chromatography (99:1 Hexanes:EtOAc → 19:1 Hexanes:EtOAc). Treatment of the 

purified product with a solution (4 mL total volume, 1:1 v/v) of MeOH:2M KOH and stirring the 

resulting solution at 23 °C for 2 h afforded an analytical sample of alcohol 3.14 as a white solid. 

Alcohol 3.14: Rf 0.38 (5:1 Hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): d 7.43–7.29 (m, 5H), 

7.23–7.22 (m, 1H), 7.14–7.11 (m, 3H), 4.63 (d, J = 8.5, 1H), 3.16 (dd, J = 16.0, 8.0, 1H), 3.06 (dd, 

J = 16.0, 8.0, 1H), 2.87 (app sext, J = 8.3, 1H), 2.69 (dd, J = 16.0, 8.0, 1H), 2.64 (dd, J = 16.0, 8.5, 

1H); 13C NMR (125 MHz, CDCl3): d 144.0, 143.2, 142.8, 128.7, 128.0, 126.7, 126.4, 126.3, 124.7, 

124.5, 78.5, 47.3, 36.3, 36.1; IR (film): 3556, 3385, 3067, 3028, 2936 cm-1; HRMS-APCI (m/z) 

[M + NH4]+ calcd for C16H20NO+, 242.15394; found 242.15312. 

Note: 3.14 was obtained as a mixture of rotamers. These data represent empirically observed 

chemical shifts from the 1H NMR and 13C NMR spectra. 
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Alcohol 3.15. Crude alcohol 3.15 was synthesized following General Procedure A. Purification by 

flash column chromatography (99:1 Hexanes:Acetone ® 9:1 Hexanes:Acetone) afforded a 

mixture of the trans and cis diastereomers of alcohol 3.15 (77% yield, 31:1 trans:cis diastereomers, 

average of two experiments) as a clear oil. Trans diastereomer alcohol 3.15: Rf 0.22 (5:1 

Hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): d 7.37–7.24 (m, 5H), 4.35 (d, J = 7.2, 1H), 3.63 

(s, 3H), 2.20 (tt, J = 12.4, 3.6, 1H), 2.13–1.87 (m, 4H), 1.66–1.56 (m, 1H), 1.51–1.28 (m, 3H), 

1.13–0.96 (m, 2H); 13C NMR (125 MHz, CDCl3): d 176.6, 143.5, 128.4, 127.7, 126.7, 79.1, 51.6, 

44.2, 43.3, 28.70, 28.68, 28.4, 27.9; IR (film): 3454, 2938, 1731, 1716, 1170 cm-1; HRMS-APCI 

(m/z) [M + H]+ calcd for C15H21O3+, 249.14852; found 249.14806. 

 

 

Alcohol 3.16. Crude alcohol 3.16 was synthesized following General Procedure B. Purification by 

flash column chromatography (19:1 Hexanes:EtOAc ® 3:1 Hexanes:EtOAc) afforded alcohol 

3.16 (84% yield, average of two experiments) as a white solid. Alcohol 3.16: Rf 0.23 (3:1 

Hexanes:EtOAc). 1H NMR (500 MHz, CDCl3): d 7.38–7.26 (m, 5H), 4.32 (d, J = 7.7, 1H), 3.98 

(4.0 equiv)
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(app dd, J = 11.6, 4.6, 1H), 3.86 (app dd, J = 11.6, 4.6, 1H), 3.34 (td, J = 11.8, 2.2, 1H), 3.25 (td, 

J = 11.9, 2.3, 1H), 2.21 (br s, 1H), 1.94–1.86 (m, 1H), 1.86–1.72 (m, 1H), 1.50–1.36 (m, 1H), 

1.36–1.20 (m, 1H), 1.20–1.07 (m, 1H). Spectral data match those previously reported.58 

 

 

Alcohol 3.17. Crude alcohol 3.17 was synthesized following General Procedure B. Purification by 

flash chromatography (19:1 Hexanes:EtOAc ® 1:1 Hexanes:EtOAc) afforded a mixture of 

diastereomers of alcohol 3.17 (72% yield, 1:1 d.r., average of two experiments) as a clear oil. 

Alcohol 3.17: Rf 0.27 (3:1 Hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): d 7.37–7.26 (m, 10H), 

4.50 (dd, J = 2.8, 7.0, 1H), 4.40 (dd, J = 2.9, 8.5, 1H), 4.16 (ddd, J = 1.8, 4.0, 11.3, 1H), 3.89–3.71 

(m, 2H), 3.58 (ddd, J = 1.7, 4.0, 11.3, 1H), 3.49–3.30 (m, 3H), 3.20 (dd, J = 11.3, 9.4, 1H), 2.13, 

(d, J = 2.9, 1H), 2.10 (d, J = 3.0, 1H), 2.00–1.86 (m, 3H), 1.73–1.65 (m, 1H), 1.63–1.43 (m, 4H), 

1.43–1.35 (m, 1H), 1.20–1.10 (m, 1H); 13C NMR (125 MHz, CDCl3, 19 of 20 observed): d 143.1, 

143.0, 128.60, 128.56, 128.0, 127.9, 126.7, 126.4, 76.6, 75.9, 70.8, 70.6, 68.6, 68.4, 43.0, 42.9, 

26.4, 25.4, 25.3; IR (film): 3401, 2938, 2846, 1453, 1081 cm-1; HRMS-APCI (m/z) [M + H]+ calcd 

for C12H17O2+, 193.12231; found 193.12228. 

Note: 3.17 was obtained as a mixture of diastereomers. These data represent empirically 

observed chemical shifts from the 1H NMR and 13C NMR spectra. 
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Alcohol 3.18. Crude alcohol 3.18 was synthesized following General Procedure B.  Purification 

by flash chromatography (19:1 Hexanes:EtOAc ® 1:1 Hexanes:EtOAc) afforded a mixture of 

diastereomers of alcohol 3.18 (74% yield, 1:1 d.r., average of two experiments) as a clear oil. 

Alcohol 3.18: Rf 0.27 (9:1 PhH:Acetone). 1H NMR (500 MHz, DMSO-d6): 7.44–7.08 (m, 5H), 

5.45–5.33 (m, 1H), 4.52–4.21 (m, 1H), 3.45–2.83 (m, 4H), 2.47–2.27 (m, 1H), 1.97–1.71 (m, 1H), 

1.63–1.30 (m, 10H). Spectral data match those previously reported.59 

 Note: 3.18 was obtained as a mixture of rotamers and diastereomers. These data represent 

empirically observed chemical shifts from the 1H NMR spectra. 

 

 

Alcohol 3.19. Crude alcohol 3.19 was synthesized following General Procedure B. Purification by 

flash column chromatography (PhH ® 9:1 PhH:Acetone) afforded a mixture of diastereomers of 

alcohol 3.19 (75% yield, 1:1 d.r. average of two experiments) as a clear oil. Alcohol 3.19: Rf 0.44 

(9:1 PhH:Acetone); 1H NMR (500 MHz, CDCl3, 49 of 50 observed): d 7.81–7.26 (m, 10H), 4.50 

(br s, 1H), 4.43 (d, J = 8.5, 1H), 4.16–2.46 (m, 7H), 2.24–1.51 (m, 10H), 1.49–1.31 (m, 18H), 

1.22–1.09 (m, 1H); 13C NMR (125 MHz, CDCl3, 23 of 26 observed): d 155.4, 155.0, 142.9, 128.57, 

3.52 3.6 3.18

+
(nep)B

DMPE (3.7, 2.5 equiv)
Ni(cod)2 (10 mol%)

Benz-ICy•HCl (3.2, 20 mol%)
K3PO4 (4.0 equiv)
H2O (2.0 equiv)

1,4-dioxane (1.0 M)
120 ºC, 16 h

(74% yield, 1:1 d.r.)

N

O
Bn

Boc

OH

NN
Boc Boc

(4.0 equiv)

(4.0 equiv)
3.50 3.6 3.19

+
(nep)B

DMPE (3.7, 2.5 equiv)
Ni(cod)2 (10 mol%)

Benz-ICy•HCl (3.2, 20 mol%)
K3PO4 (4.0 equiv)
H2O (2.0 equiv)

1,4-dioxane (1.0 M)
120 ºC, 16 h

(75% yield, 1:1 d.r.)

N

O
Bn

Boc

OH

NN
Boc Boc
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128.56, 127.93, 127.91, 126.7, 126.5, 79.7, 79.4, 76.5, 75.9, 46.7, 44.5, 43.1, 43.0, 28.6, 28.5, 27.0, 

26.3, 24.8, 24.0; IR (film): 3422, 2975, 2930, 1665, 1424 cm-1; HRMS-APCI (m/z) [M + H]+ calcd 

for C17H26NO3+, 292.19072; found 292.18998. 

Note: 3.19 was obtained as a mixture of rotamers and diastereomers. These data represent 

empirically observed chemical shifts from the 1H NMR and 13C NMR spectra. 

 

 

Alcohol 3.20. Crude alcohol 3.20 was synthesized following General Procedure B. Purification by 

flash column chromatography (PhH ® 9:1 PhH:Acetone) afforded alcohol 3.20 (84% yield, 

average of two experiments) as a clear oil. Alcohol 3.20: Rf 0.33 (9:1 PhH:Acetone). 1H NMR 

(500 MHz, CDCl3): 7.38–7.23 (m, 5H), 4.34 (d, J = 7.5, 1H), 4.29–3.81 (m, 2H), 2.77–2.38 (m, 

2H), 2.26 (br s, 1H), 1.98–1.89 (m, 1H), 1.81–1.65 (m, 1H), 1.42 (s, 9H), 1.33–1.17 (m, 2H), 1.11 

(app qd, J = 12.5, 4.4, 1H). Spectral data match those previously reported.58 

 

 

 

 

 

 

 

3.21 3.6 3.20

+
(nep)B

DMPE (3.7, 2.5 equiv)
Ni(cod)2 (10 mol%)

Benz-ICy•HCl (3.2, 20 mol%)
K3PO4 (4.0 equiv)
H2O (2.0 equiv)

1,4-dioxane (1.0 M)
120 ºC, 16 h

(84% isolated yield)

N

O
Bn

Boc

OH

NN
BocBoc

(4.0 equiv)
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3.8.2.5 Scope of Boronate Ester Nucleophiles 

 

Alcohol 3.28. Crude alcohol 3.28 was synthesized following General Procedure B. Purification by 

flash column chromatography (19:1 Hexanes:EtOAc ® 3:1 Hexanes:EtOAc) afforded alcohol 

3.28 (55% yield, average of two experiments) as a crystalline solid. Alcohol 3.28: mp: 62–64 ºC; 

Rf 0.32 (2:1 Hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): d 7.42 (dd, J = 7.7, 1.3, 1H), 7.23 (td, 

J = 7.5, 1.5, 1H), 7.21–7.12 (m, 2H), 4.69 (d, J = 7.3, 1H), 4.03 (dd, J = 11.2, 4.5, 1H), 3.90 (dd, 

J = 11.5, 4.5, 1H), 3.37 (td, J = 9.5, 2.3, 1H), 3.29 (td, J = 9.5, 2.3, 1H), 2.35 (s, 3H), 1.96–1.83 

(m, 2H), 1.71 (br s, 1H), 1.60–1.48 (m, 1H), 1.42 (qd, J = 12.5, 4.6, 1H), 1.22–11.5 (m, 1H); 13C 

NMR (125 MHz, CDCl3): d 141.3, 135.3, 130.6, 127.5, 126.39, 126.36, 74.6, 68.1, 67.9, 42.2, 

29.4, 29.2, 19.6; IR (film): 3420, 2951, 2847, 1090, 1016 cm-1; HRMS-APCI (m/z) [M + H]+ calcd 

for C13H19O2+, 207.13796; found 207.13823. 

 

 

Alcohol 3.29. Crude alcohol 3.29 was synthesized following General Procedure B. Purification by 

flash chromatography (19:1 Hexanes:EtOAc ® 3:1 Hexanes:EtOAc) afforded alcohol 3.29 (59% 

(6.0 equiv)
3.38 3.59 3.28

+ (pin)B

DMPE (3.7, 2.5 equiv)
Ni(cod)2 (20 mol%)

Benz-ICy•HCl (3.2, 40 mol%)
K3PO4 (4.0 equiv)
H2O (2.0 equiv)

1,4-dioxane (1.0 M)
120 ºC, 16 h

(55% yield)

N

O
Bn

Boc

OH

OO

Me Me

(4.0 equiv)
3.38 3.60 3.29

+
(pin)B

DMPE (3.7, 2.5 equiv)
Ni(cod)2 (10 mol%)

Benz-ICy•HCl (3.2, 20 mol%)
K3PO4 (4.0 equiv)
H2O (2.0 equiv)

1,4-dioxane (1.0 M)
120 ºC, 16 h

(59% yield)

N

O
Bn

Boc

OH

OO

Me
Me
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yield, average of two experiments) as a white solid. Alcohol 3.29: mp: 97–99 ºC; Rf 0.36 (2:1 

Hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): d 7.23 (t, J = 7.5, 1H), 7.12–7.09 (m, 3H), 4.33 

(d, J = 7.9, 1H), 4.02 (dd, J = 11.4, 4.4, 1H), 3.90 (dd, J = 11.4, 4.4, 1H), 3.37 (td, J = 11.9, 2.3, 

1H), 3.29 (td, J = 11.9, 2.3, 1H), 2.36 (s, 3H), 1.93–1.90 (m, 1H), 1.89–1.79 (m, 2H), 1.47 (qd, J 

= 12.2, 4.5, 1H), 1.32 (qd, J = 12.2, 4.6, 1H), 1.18–1.15 (m, 1H); 13C NMR (125 MHz, CDCl3): d 

143.0, 138.2, 128.7, 128.4, 127.4, 123.8, 79.1, 68.0, 67.8, 42.5, 29.5, 29.4, 21.6; IR (film): 3409, 

2950, 2848, 1135, 1089, 1035 cm-1; HRMS-APCI (m/z) [M + H]+ calcd for C13H19O2+, 207.13796; 

found 207.13826. 

 

 

Alcohol 3.30. Crude alcohol 3.30 was synthesized following General Procedure B. Purification by 

flash chromatography (19:1 Hexanes:EtOAc ® 3:1 Hexanes:EtOAc) afforded alcohol 3.30 (62% 

yield, average of two experiments) as a white solid. Alcohol 3.30: mp: 71–74 ºC; Rf 0.25 (2:1 

Hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): d 7.24–7.13 (m, 4H), 4.33 (d, J = 7.9, 1H), 4.02 

(dd, J = 11.8, 4.4, 1H), 3.89 (dd, J = 11.2, 4.8, 1H), 3.37 (td, J = 11.9, 2.3, 1H), 3.28 (td, J = 11.9, 

2.3, 1H), 2.34 (s, 3H), 1.94–1.91 (m, 1H), 1.86–1.79 (m, 1H), 1.46 (qd, J = 12.3, 4.7, 1H), 1.30 

(qd, J = 12.3, 4.7, 1H), 1.17–1.13 (m, 1H); 13C NMR (125 MHz, CDCl3): d 143.0, 137.6, 129.2, 

126.7, 78.8, 68.0, 67.8, 42.5, 29.6, 29.3, 21.3; IR (film): 3410, 2950, 2847, 1089, 1033, 1017 cm-

1; HRMS-APCI (m/z) [M + H]+ calcd for C13H19O2+, 207.13796; found 207.13823. 

(4.0 equiv)
3.38 3.61 3.30

+
(pin)B

DMPE (3.7, 2.5 equiv)
Ni(cod)2 (10 mol%)

Benz-ICy•HCl (3.2, 20 mol%)
K3PO4 (4.0 equiv)
H2O (2.0 equiv)

1,4-dioxane (1.0 M)
120 ºC, 16 h

(62% yield)

N

O
Bn

Boc Me

OH

Me
OO
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Alcohol 3.31. Crude alcohol 3.31 was synthesized following General Procedure B. Purification by 

flash chromatography (PhH ® 9:1 PhH:Acetone) afforded alcohol 3.31 (62% yield, average of 

two experiments) as a clear oil. Alcohol 3.31: Rf 0.26 (9:1 PhH:Acetone); 1H NMR (500 MHz, 

CDCl3): d 7.51 (d, J = 8.1, 2H), 7.30 (d, J = 8.1, 2H), 4.37 (d, J = 7.5, 1H), 4.02 (dd, J = 11.4, 4.6, 

1H), 3.90 (dd, J = 11.4, 4.6, 1H), 3.37 (td, J = 12.0, 2.3, 1H), 2.29 (td, J = 12.0, 2.3, 1H), 1.95–

1.89 (m, 1H), 1.89–1.74 (m, 2H), 1.47 (app qd, J = 12.6, 4.7, 1H), 1.39–1.29 (m, 1H), 1.22–1.16 

(m, 1H), 0.26 (s, 9H); 13C NMR (125 MHz, CDCl3): d 143.5, 140.2, 133.6, 126.1, 79.0, 68.0, 67.8, 

42.4, 29.4, 29.3, –0.98; IR (film): 3409, 2953, 2846, 1247, 831 cm-1; HRMS-APCI (m/z) [M + K]+ 

calcd for C15H24O2SiK+, 303.11771; found 303.11798. 

 

 

Alcohol 3.32. Crude alcohol 3.32 was synthesized following General Procedure B. Purification by 

flash chromatography (PhH ® 9:1 PhH:Acetone) afforded alcohol 3.32 (53% yield, average of 

two experiments) as a clear oil. Alcohol 3.32: mp: 140–143 ºC; Rf 0.29 (9:1 PhH:Acetone). 1H 

NMR (500 MHz, CDCl3): d 7.61 (d, J = 8.3, 2H), 7.43 (d, J = 8.3, 2H), 4.48 (d, J = 7.1, 1H), 4.29–

(6.0 equiv)
3.38 3.62 3.31

+
(pin)B

DMPE (3.7, 2.5 equiv)
Ni(cod)2 (20 mol%)

Benz-ICy•HCl (3.2, 40 mol%)
K3PO4 (4.0 equiv)
H2O (2.0 equiv)

1,4-dioxane (1.0 M)
120 ºC, 16 h

(62% yield)

N

O
Bn

Boc

OH

OO SiMe3 SiMe3

(4.0 equiv)
3.21 3.63 3.32

+
(pin)B

DMPE (3.7, 2.5 equiv)
Ni(cod)2 (15 mol%)

Benz-ICy•HCl (3.2, 30 mol%)
K3PO4 (4.0 equiv)
H2O (2.0 equiv)

1,4-dioxane (1.0 M)
120 ºC, 16 h

(53% yield)

N

O
Bn

Boc CF3

OH

CF3
NN

Boc Boc
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3.93 (m, 2H), 2.77–2.45 (m, 2H), 2.01 (br s, 1H), 1.93–1.84 (m, 1H), 1.80–1.69 (m, 1H), 1.44 (s, 

9H), 1.34–1.12 (m, 4H); 13C NMR (125 MHz, CDCl3): d 154.9, 147.1, 130 (q, J = 32), 127.0, 

125.4 (q, J = 3.6), 125.4, 125.3, 123.1, 79.6, 77.9, 43.7, 28.6, 28.4, 27.9; IR (film): 3418, 2932, 

2859, 1666, 1325, 1162, 1125 cm-1; HRMS-APCI (m/z) [M]+ calcd for C18H24F3NO3+, 359.17028; 

found 359.17126. 

Note: 3.32 was obtained as a mixture of rotamers. These data represent empirically observed 

chemical shifts from the 1H NMR and 13C NMR spectra. 

 

 

Alcohol 3.33. Crude alcohol 3.33 was synthesized following General Procedure B. Purification by 

flash chromatography (PhH ® 9:1 PhH:Acetone) afforded alcohol 3.33 (58% yield, average of 

two experiments) as a clear oil. Alcohol 3.33: Rf 0.39 (9:1 PhH:Acetone); 1H NMR (500 MHz, 

CDCl3): d 7.89–7.80 (m, 3H), 7.73, (s, 1H), 7.53–7.43 (m, 3H), 4.56 (d, J = 7.5, 1H), 4.17 (app d, 

J = 13.4, 1H), 4.04 (app d, J = 13.4, 1H), 2.68 (td, J = 12.9, 2.7, 1H), 2.58 (td, J = 12.9, 2.7, 1H), 

2.04–1.98 (m, 1H), 1.89–1.82 (m, 1H), 1.43 (s, 9H), 1.36–1.15 (m, 4H); 13C NMR (125 MHz, 

CDCl3, 16 of 17 observed): d 154.9, 140.5, 133.3, 133.2, 128.4, 128.0, 127.8, 126.4, 126.1, 125.7, 

124.5, 79.4, 78.8, 43.5, 28.6, 28.4; IR (film): 3418, 2974, 2929, 2856, 1666, 1425, 1162 cm-1; 

HRMS-APCI (m/z) [M + H]+ calcd for C21H28NO3+, 342.20637; found 342.20615. 

 

 

(4.0 equiv)
3.21 3.64 3.33

+
(pin)B

DMPE (3.7, 2.5 equiv)
Ni(cod)2 (10 mol%)

Benz-ICy•HCl (3.2, 20 mol%)
K3PO4 (4.0 equiv)
H2O (2.0 equiv)

1,4-dioxane (1.0 M)
120 ºC, 24 h

(58% yield)

N

O
Bn

Boc

OH

NN
Boc Boc
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Alcohol 3.34. Crude alcohol 3.34 was synthesized following General Procedure B. Purification by 

flash chromatography (19:1 Hexanes:EtOAc ® 3:1 Hexanes:EtOAc) generated alcohol 3.34 (61% 

yield, average of two experiments) as a clear oil. Alcohol 3.34: Rf 0.18 (2:1 Hexanes:EtOAc); 1H 

NMR (500 MHz, CDCl3): d 8.00–7.95 (m, 2H), 7.39–7.34 (m, 2H), 4.45 (d, J = 7.2, 1H), 4.01 (app 

dd, J = 11.4, 4.2, 1H), 3.90 (app dd, J = 11.4, 4.2, 1H), 3.35 (td, J = 12.0, 2.0, 1H), 3.27 (td, J = 

12.0, 2.0, 1H), 1.91 (br s, 1H), 1.88–1.78 (m, 2H), 1.59 (s, 9H), 1.52–1.42 (m, 1H), 1.40–1.31 (m, 

1H), 1.18–1.14 (m, 1H); 13C NMR (125 MHz, CDCl3): d 165.7, 147.5, 131.6, 129.7, 128.5, 126.5, 

81.2, 78.4, 68.0, 67.7, 42.6, 29.3, 29.1, 28.3; IR (film): 3417, 2953, 2848, 1710, 1292, 1117 cm-1; 

HRMS-APCI (m/z) [M + H]+ calcd for C17H25O4+, 293.17474; found 293.17416. 

 

 

Alcohol 3.35. Crude alcohol 3.35 was synthesized following General Procedure B. Purification by 

flash chromatography (PhH ® 9:1 PhH:Acetone) generated alcohol 3.35 (72% yield, average of 

two experiments) as a clear oil. Alcohol 3.35: Rf 0.31 (9:1 PhH:Acetone); 1H NMR (500 MHz, 

CDCl3): d 7.24 (t, J = 8.1, 1H), 6.87–6.84, (m, 2H), 6.81 (ddd, J = 8.1, 2.5, 0.85, 1H), 4.56 (sept, 

(6.0 equiv)
3.38 3.65 3.34

+
(pin)B

DMPE (3.7, 2.5 equiv)
Ni(cod)2 (20 mol%)

Benz-ICy•HCl (3.2, 40 mol%)
K3PO4 (4.0 equiv)
H2O (2.0 equiv)

1,4-dioxane (1.0 M)
120 ºC, 16 h

(61% yield)

N

O
Bn

Boc

OH

OO
O

OtBu

O

OtBu

(6.0 equiv)
3.38 3.66 3.35

+
(pin)B

DMPE (3.7, 2.5 equiv)
Ni(cod)2 (20 mol%)

Benz-ICy•HCl (3.2, 40 mol%)
K3PO4 (4.0 equiv)
H2O (2.0 equiv)

1,4-dioxane (1.0 M)
120 ºC, 16 h

(72% yield)

N

O
Bn

Boc

OH

OO

OiPr OiPr
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J = 6.0, 1H), 4.32 (d, J = 7.6, 1H), 4.02 (app dd, J = 11.4, 4.2, 1H), 3.90 (app dd, J = 11.4, 4.2, 

1H), 3.36 (td, J = 12.0, 2.2, 1H), 3.28 (td, J = 11.8, 2.2, 1H), 1.94–1.87 (m, 1H), 1.87–1.78 (m, 

1H), 1.58 (br s, 1H) 1.46 (qd, J = 12.3, 4.6, 1H), 1.34 (d, J = 6.1), 1.33 (qd, J = 12.3, 4.4) (7H 

total),  1.23–1.15 (m, 1H); 13C NMR (125 MHz, CDCl3): d 158.1, 144.7, 129.5, 118.9, 115.0, 

114.3, 78.9, 69.9, 68.0, 67.8, 42.5, 29.4, 29.3, 22.2; IR (film): 3406, 2974, 2847, 1599, 1583, 1253, 

1116 cm-1; HRMS-APCI (m/z) [M]+ calcd for C15H22O3+, 250.15635; found 250.15623. 

 

 

Alcohol 3.36. Crude alcohol 3.36 was synthesized following General Procedure C. 1H NMR 

analysis of the crude reaction mixture indicated an 52% yield of alcohol 3.36 relative to 1,3,5-

trimethoxybenzene external standard (average of two experiments). Purification by preparative 

thin-layer chromatography (9:1 PhH:Acetone) provided an analytical sample of alcohol 3.36 as a 

clear oil. Alcohol 3.36: Rf 0.54 (2:1 Hex:EtOAc); 1H NMR (500 MHz, CDCl3): d 7.30–7.26 (m, 

2H), 7.25–7.14 (m, 3H), 6.75–6.72 (m, 1H), 6.70 (app d, J = 7.5, 1H), 6.66 (ddd, J = 8.5, 2.6, 0.8, 

1H), 4.62 (ddd, J = 8.3, 5.4, 3.3, 1H), 2.96 (s, 6H), 2.77 (ddd, J = 14.5, 9.8, 5.8, 1H), 2.69 (ddd, J 

= 14.5, 9.8, 6.4, 1H), 2.20–2.10 (m, 1H), 2.10–1.99 (m, 1H), 1.81 (d, J = 3.3, 1H); 13C NMR (125 

MHz, CDCl3): d 151.0, 145.7, 142.1, 129.4, 128.6, 128.5, 125.9, 114.3, 112.1, 110.1, 74.6, 40.8, 

40.4, 32.3; IR (film): 3366, 3025, 2918, 2858, 2801, 1602, 1495, 697 cm-1; HRMS-APCI (m/z) [M 

+ H]+ calcd for C17H22NO+, 256.16959; found 256.16915. 

 

(6.0 equiv)
3.1 3.67 3.36

+
(pin)B

DMPE (3.7, 2.5 equiv)
Ni(cod)2 (20 mol%)

Benz-ICy•HCl (3.2, 40 mol%)
K3PO4 (4.0 equiv)
H2O (2.0 equiv)

1,4-dioxane (1.0 M)
120 ºC, 16 h

(52% 1H NMR yield)

N

O
Bn

Boc

OH
NMe2

Ph Ph
NMe2
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Alcohol 3.37. Crude alcohol 3.37 was synthesized following General Procedure C. 1H NMR 

analysis of the crude reaction mixture indicated a 44% yield of alcohol 3.37 and 56% yield of the 

corresponding ketone intermediate relative to 1,3,5-trimethoxybenzene external standard (average 

of two experiments). Preparation of an authentic sample of alcohol 3.37 (see section 3.8.2.7 for 

experimental details) allowed for direct comparison with the 1H NMR spectrum of the crude 

reaction mixture and full characterization. Alcohol 3.37: Rf 0.45 (3:1 PhH:Acetone); 1H NMR (500 

MHz, CDCl3): d 8.15 (d, J = 2.4, 1H), 7.55 (dd, J = 8.8, 2.4, 1H), 7.31–7.26 (m, 2H), 7.22–7.15 

(m, 3H), 6.65 (d, J = 8.8, 1H), 4.65–4.59 (m, 1H), 3.83 (app t, J = 4.8, 4H), 3.50 (app t, J = 4.8, 

4H), 2.76–2.58 (m, 2H), 2.20–2.10 (m, 1H), 2.06–1.95 (m, 1H), 1.78–1.68 (m, 1H); 13C NMR (125 

MHz, CDCl3): d 159.6, 146.3, 141.7, 135.8, 129.5, 128.56, 128.55, 126.1, 107.1, 71.6, 66.9, 45.8, 

40.0, 32.2; IR (film): 3391, 3025, 2918, 2855, 1605, 1494, 1245 cm-1; HRMS-APCI (m/z) [M + 

H]+ calcd for C18H23N2O2+, 299.17540; found 299.17471. 

Note: 1H NMR and 13C NMR spectra of the authentic material, as prepared in section 3.8.2.7, 

are provided.  A 1H NMR spectrum of the crude material obtained using the reaction conditions 

above is also provided and matches the 1H NMR spectrum of the authentic material. 

 

 

 

 

(4.0 equiv)
3.1 3.68 3.37

+

(pin)B

DMPE (3.7, 2.5 equiv)
Ni(cod)2 (10 mol%)

Benz-ICy•HCl (3.2, 20 mol%)
K3PO4 (4.0 equiv)
H2O (2.0 equiv)

1,4-dioxane (1.0 M)
120 ºC, 16 h

(44% 1H NMR yield)
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O
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N
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3.8.2.6 Syntheses of Alcohols 3.40 and 3.43 

 

Alcohol 3.40. Crude alcohol 3.40 was synthesized following General Procedure B. Purification by 

flash column chromatography (19:1 Hexanes:EtOac ® 3:1 Hexanes:EtOAc) afforded alcohol 3.40 

(40% yield, average of two experiments) as a clear oil. Alcohol 3.40: Rf 0.45 (2:1 Hexanes:EtOAc); 

1H NMR (500 MHz, CDCl3): d 7.81 (s, 1H), 7.78 (s, 2H), 4.58 (dd, J = 6.9, 3.5, 1H), 4.03 (app dd, 

J = 11.6, 4.3, 1H), 3.95 (app dd, J = 11.6, 4.2, 1H), 3.36 (td, J = 12.1, 2.0), 3.32 (td, J = 12.1, 2.0) 

(2H total), 2.08 (d, J = 3.5, 1H), 1.90–1.80 (m, 1H), 1.79–1.72 (m, 1H), 1.49 (qd, 12.3, 4.6), 1.43 

(qd, J = 12.3, 4.7) (2H total), 1.29–1.19 (m, 1H); 13C NMR (125 MHz, CDCl3): d 145.6, 131.8 (q, 

J = 33), 126.8, 126.7, 124.5, 122.3, 121.8 (sept, J = 3.7), 77.5, 67.8, 67.6, 42.6, 29.1, 28.4; IR 

(film): 3401, 2956, 2855, 1277, 1128 cm-1; HRMS-APCI (m/z) [M + H]+ calcd for C14H15F6O2+, 

329.09708; found 329.09637. 

 

 

Alcohol 3.43. Crude alcohol 3.43 was synthesized following General Procedure B. Purification by 

flash column chromatography (PhH ® 9:1 PhH:Acetone) yield alcohol 3.43 (69% yield, average 

of two experiments) as a clear oil. Alcohol 3.43: Rf 0.48 (2:1 Hexanes:EtOAc); 1H NMR (400 

(4.0 equiv)
3.38 3.39 3.40

+

(pin)B

DMPE (3.7, 2.5 equiv)
Ni(cod)2 (10 mol%)

Benz-ICy•HCl (3.2, 20 mol%)
K3PO4 (4.0 equiv)
H2O (2.0 equiv)

1,4-dioxane (1.0 M)
120 ºC, 16 h

(40% yield)

N

O
Bn

Boc

OH

O
O

CF3 CF3

CF3 CF3

(6.0 equiv)

O

N
Bn

Boc
N
Me

Boc +
(nep)B

OH

N
Me

Boc

DMPE (3.7, 2.5 equiv)
Ni(cod)2 (20 mol%)

Benz-ICy•HCl (3.2, 40 mol%)
K3PO4 (4.0 equiv)
H2O (2.0 equiv)

1,4-dioxane (1.0 M)
120 ºC, 16 h

(69% yield)3.42 3.6 3.43
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MHz, CDCl3): d 7.42–7.18 (m, 5H), 4.60 (br s, 1H), 4.33 (br s), 3.90 (br s), 3.47 (br s), 3.30–2.92 

(m), 2.50 (br s), (total 3H), 2.87 (s, 3H), 2.00–1.88 (m, 1H), 1.88–1.67 (m, 1H), 1.47 (s, 9H). 

Spectral data match those previously reported.60 

Note: 3.43 was obtained as a mixture of rotamers. These data represent empirically observed 

chemical shifts from the 1H NMR spectrum. 

 

3.8.2.7 Syntheses of Authentic Samples of Alcohols 3.13 and 3.37 

 

To a flame-dried 1-dram vial equipped with a magnetic stir bar was added the ketone 3.69 

(11.4 mg, 0.0560 mmol, 1.00 equiv) in MeOH. The solvent was then evaporated under reduced 

pressure. The vial was then capped with a septum cap, and the atmosphere was purged with N2. 

To the vial was added MeOH (0.300 mL, 0.190 M) and the reaction was stirred to give a 

homogeneous solution. NaBH4 (6.80 mg, 0.180 mmol, 3.20 equiv) was added in a single portion 

and the vial was stirred at 23 °C. After 1 h, NaBH4 (6.40 mg, 0.170 mmol, 3.00 equiv) was added 

in a single portion and the vial was stirred at 23 °C. After 3 h, the reaction was quenched with H2O 

(2 mL). The aqueous layer was extracted with EtOAc (4 x 3 mL), the combined organic layers 

were dried over anhydrous MgSO4, and the volatiles were removed under reduced pressure. The 

resulting crude residue was purified by preparative thin-layer chromatography (5:1 

Hexanes:EtOAc) to yield alcohol 3.13 as a clear oil (10.0 mg, 87% yield).  

Note: See section 3.8.2.4 for chemical shifts from the 1H NMR and 13C NMR spectra. 

NaBH4 (6.2 equiv)

MeOH (0.20 M)
23 ºC, 4 h

(87% yield) 3.13

O OH

3.69
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A 1-dram vial was charged with anhydrous powder K3PO4 (170 mg, 0.800 mmol, 4.00 

equiv) and a magnetic stir bar. The vial and its contents were flame-dried under reduced pressure 

and allowed to cool under N2. Amide substrate 3.1 (67.9 mg, 0.200 mmol, 1.00 equiv) and boronate 

ester nucleophile 3.68 (116 mg, 0.400 mmol, 2.00 equiv) were added. The vial was flushed with 

N2 for 5 min, then water (7.21 µL, 0.400 mmol, 2.00 equiv), which had been sparged with N2 for 

10 min, was added. The vial was taken into a glovebox and charged with Ni(cod)2 (5.50 mg, 10 

mol%) and Benz-ICy•HCl (3.2, 12.8 mg, 20 mol%). Subsequently, 1,4-dioxane (200 µL, 1.00 M) 

was added. The vial was sealed with a Teflon-lined screw cap, removed from the glovebox, and 

stirred vigorously (800 RPM) at 120 ºC for 13 h. After cooling to 23 ºC, the mixture was quenched 

by the addition of saturated aqueous NH4Cl (1 mL) and extracted with EtOAc (3 x 2 mL). The 

combined organic layers were then filtered over a plug of silica gel (3 cm) and Na2SO4 (3 cm) 

using EtOAc (10 mL) as eluent. The volatiles were removed under reduced pressure and the 

resulting crude residue was purified by flash column chromatography (9:1 Hexanes:EtOAc ® 

EtOAc) to yield ketone 3.70 as a clear oil (10.0 mg, 87% yield). Alcohol 3.70: 1H NMR (500 MHz, 

CDCl3): d 8.78 (d, J = 2.3, 1H), 8.05 (dd, J = 9.1, 2.3, 1H), 7.32–7.28 (m, 2H), 7.26–7.18 (m, 3H), 

6.60 (d, J = 9.1, 1H), 3.81 (t, J = 5.0, 4H), 3.67 (t, J = 5.0, 4H), 3.19 (t, J = 7.5, 4H), 3.05 (t, J = 

7.5, 4H). Spectral data match those previously reported.61 

 

 

(2.0 equiv)
3.1 3.68 3.70

+

(pin)B

Ni(cod)2 (10 mol%)
Benz-ICy•HCl (3.2, 20 mol%)

K3PO4 (4.0 equiv)
H2O (2.0 equiv)

1,4-dioxane (1.0 M)
120 ºC, 13 h

(86% yield)

N

O
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N
Ph
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To a flame-dried 1-dram vial equipped with a magnetic stir bar was added NaBH4 (17.0 

mg, 0.450 mmol, 2.70 equiv). The ketone 3.70 (50.0 mg, 0.0170 mmol, 1.00 equiv) was dissolved 

in MeOH (0.60 mL, 0.30 M) and added to the vial. After 1 h, the reaction was quenched with H2O 

(2 mL). The aqueous layer was extracted with EtOAc (4 x 3 mL), the combined organic layers 

were dried over anhydrous NaSO4, and the volatiles were removed under reduced pressure. The 

resulting crude residue was purified by preparative TLC (1:1 Hexanes:EtOAc) to yield alcohol 

3.37 as a clear oil (25.0 mg, 50% yield). 

Note: See section 3.8.2.5 for chemical shifts from the 1H NMR and 13C NMR spectra. 

 

 

 

 

 

 

 

 

 

 

 

 

3.70

O

N

Ph

N
O

NaBH4 (2.7 equiv)

MeOH (0.30 M)
23 ºC, 1 h

(50% yield) 3.37

Ph

OH

N N
O
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3.8.2.8 Robustness Screen 

Table 3.2. Evaluation of functional group compatibility in the Suzuki–Miyaura coupling and 
transfer hydrogenation cascade 

 
Conditions: amide 3.21 (0.20 mmol, 1.00 equiv), PhB(nep) (3.6, 0.80 mmol, 4.00 equiv), DMPE 
(3.7, 0.50 mmol, 2.50 equiv), additive (0.20 mmol, 1.00 equiv), Ni(cod)2 (0.020 mmol, 10 mol%), 
Benz-ICy•HCl (3.2, 0.040 mmol, 20 mol%), K3PO4 (0.80 mmol, 4.00 equiv), H2O (0.40 mmol, 
2.00 equiv), and 1,4-dioxane (1.0 M) in a sealed vial at 120 °C for 16 h. Yields of coupled product, 
remaining additive, and remaining starting material were determined by 1H NMR analysis using 
1,3,5-trimethoxybenzene or hexamethylbenzene as an external standard. 

N

O

N
Boc

Bn +

Ni(cod)2 (10 mol%)
Benz-ICy•HCl (3.2, 20 mol%)

DMPE (3.7, 2.5 equiv)
Additive (1.0 equiv)

K3PO4, H2O, 1,4-dioxane
120 °C, 16 h

N

OH

Boc Boc

Entry SM
Remaining (%)

7

Additive Additive
Remaining (%)

5
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2

8
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6

N.D.b

Yield
of 3.20 (%)

12 22 18 0

1 –

Entry SM
Remaining (%)Additive Additive

Remaining (%)
Yield

of 3.20 (%)

3.21 3.6 3.20

81 N.D. 0

89 >99 0

0 0 0

42 0

43 0 0
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31 0 0

0 0 0

3 83 >99 0
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9 13 0 0
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O
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15 25 0 0
O
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3.8.2.9 Benchtop Variants of Methodology 

3.8.2.9.1 Procedure A: Employing a paraffin wax encapsulation approach. Note: The 

supporting information for the preparation of Ni(cod)2/Benz-ICy–paraffin capsules has been 

previously reported.62 

 

A 2-dram vial was charged with anhydrous powder K3PO4 (340 mg, 1.60 mmol, 4.00 equiv) and 

a magnetic stir bar (egg-shaped 3/8 x 3/16 in). The vial and its contents were flame-dried under 

reduced pressure and allowed to cool under N2. The vial was then charged with amide substrate 

3.1 (136 mg, 0.40 mmol, 1.00 equiv), boronate ester nucleophile 3.6 (304 mg, 1.60 mmol, 4.00 

equiv), DMPE (3.7, 165 mg, 1.00 mmol, 2.50 equiv), and a paraffin wax capsule containing 

Ni(cod)2 (11.0 mg, 0.0400 mmol, 10 mol%) and Benz-ICy•HCl (3.2, 25.5 mg, 0.0800 mmol, 20 

mol%) were added. The vial was purged with N2 and subsequently deionized water (14.0 µL, 0.80 

mmol, 2.00 equiv) and 1,4-dioxane (0.400 mL, 1.00 M), which had been sparged with N2 for 10 

min, were added. The vial was capped with a Teflon-lined screw cap under a flow of N2 and the 

reaction mixture was stirred vigorously (800 RPM) at 120 ºC for 18 h. After removing the vial 

from heat, the reaction mixture was transferred to a 100 mL pear-shaped flask containing 2.0 g of 

silica gel with hexanes (6 mL) and CH2Cl2 (6 mL). The mixture was adsorbed onto the silica gel 

under reduced pressure and filtered over a plug of silica gel (4.0 cm OD x 3.0 cm, 300 mL of 

hexanes eluent to remove paraffin, then 250 mL of EtOAc eluent). The volatiles were removed 

3.1 3.6 3.4

+
(nep)B

Ni(cod)2 (10 mol%)
Benz-ICy•HCl (3.2, 20 mol%)

DMPE (3.7, 2.5 equiv)
K3PO4 (4.0 equiv)
H2O (2.0 equiv)

1,4-dioxane (1.0 M)
120 ºC, 18 h

(64% 1H NMR yield)

N

O
Bn

Boc

OH

(4.0 equiv)
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under reduced pressure. 1H NMR analysis of the crude reaction mixture indicated a 64% yield of 

alcohol 3.4 relative to 1,3,5-trimethoxybenzene external standard (average of two experiments). 

 

3.8.2.9.2 Procedure B: Employing an air-stable Ni(II) pre-catalyst 

 

A 1-dram vial was charged with anhydrous powder K3PO4 (170 mg, 0.800 mmol, 4.00 equiv) and 

a magnetic stir bar. The vial and its contents were flame-dried under reduced pressure and allowed 

to cool under N2. Amide substrate 3.1 (67.9 mg, 0.200 mmol, 1.00 equiv), boronate ester 

nucleophile 3.6 (152 mg, 0.800 mmol, 4.00 equiv), DMPE (3.7, 82.6 mg, 0.500 mmol, 2.50 equiv), 

[(TMEDA)Ni(o-tolyl)Cl]48 (6.03 mg, 0.0200 mmol, 10 mol%), and Benz-ICy•HCl (3.2, 12.8 mg, 

0.0400 mmol, 20 mol%) were added. The vial was flushed with N2 for 5 min, then water (7.21 µL, 

0.400 mmol, 2.00 equiv) and 1,4-dioxane (200 µL, 1.00 M), which had been sparged with N2 for 

10 min, were added. The vial was capped with a Teflon-lined screw cap under a flow of N2 and 

the reaction mixture was stirred vigorously (800 RPM) at 120 ºC for 16 h. After cooling to 23 ºC, 

the mixture was quenched by the addition of saturated aqueous NH4Cl (1 mL) and extracted with 

EtOAc (3 x 2 mL). The combined organic layers were then filtered over a plug of silica gel (3 cm) 

and Na2SO4 (3 cm) using EtOAc (10 mL) as eluent. The volatiles were removed under reduced 

pressure. 1H NMR analysis of the crude reaction mixture indicated a 64% yield of alcohol 3.4 

relative to 1,3,5-trimethoxybenzene external standard.  

 

3.1 3.6 3.4

+
(nep)B

DMPE (3.7, 2.5 equiv)
[(TMEDA)Ni(o-tolyl)Cl] (10 mol%)

Benz-ICy•HCl (3.2, 20 mol%)
K3PO4 (4.0 equiv)
H2O (2.0 equiv)

1,4-dioxane (1.0 M)
120 ºC, 16 h

(64% 1H NMR yield)

N

O
Bn

Boc

OH

(4.0 equiv)
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3.8.2.10 Enantioselectivity Experiments  

 

Alcohol 3.4. A 1-dram vial was charged with anhydrous powder K3PO4 (170 mg, 0.800 mmol, 

4.00 equiv) and a magnetic stir bar. The vial and its contents were flame-dried under reduced 

pressure and allowed to cool under N2. Amide substrate 3.1 (67.9 mg, 0.200 mmol, 1.00 equiv), 

boronate ester nucleophile 3.6 (152 mg, 0.800 mmol, 4.00 equiv), and DMPE (3.7, 82.6 mg, 0.500 

mmol, 2.50 equiv) were added. The vial was flushed with N2 for 5 min, then water (7.21 µL, 0.400 

mmol, 2.00 equiv), which had been sparged with N2 for 10 min, was added. The vial was taken 

into a glovebox and charged with Ni(cod)2 (5.50 mg, 0.0200 mmol, 10 mol%) and Ligand A (3.71, 

15.6 mg, 0.0400 mmol, 20 mol%). Subsequently, 1,4-dioxane (200 µL, 1.00 M) was added. The 

vial was sealed with a Teflon-lined screw cap, removed from the glovebox, and stirred vigorously 

(800 RPM) at 120 ºC for 16 h. After cooling to 23 ºC, the mixture was quenched by the addition 

of saturated aqueous NH4Cl (1 mL) and extracted with EtOAc (3 x 2 mL). The combined organic 

layers were then filtered over a plug of silica gel (3 cm) and Na2SO4 (3 cm) using EtOAc (10 mL) 

as eluent. 1H NMR analysis of the crude reaction mixture indicated a 36% yield of alcohol 3.4 

relative to 1,3,5-trimethoxybenzene external standard. Purification by preparative thin-layer 

chromatography (4:1 Hexanes:EtOAc) provided an analytical sample of enantioenriched alcohol 

3.1 3.6 3.4
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Ligand A (3.71, 20 mol%)
DMPE (3.7, 2.5 equiv)

Ni(cod)2 (10 mol%)
K3PO4 (4.0 equiv)
H2O (2.0 equiv)

1,4-dioxane (1.0 M)
120 ºC, 16 h

(36% 1H NMR yield, 20% ee)
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3.4 as a clear oil. The spectral data match those previously reported in section 3.8.2.4 of 

Experimental Procedures for rac-3.4.  

  

3.8.2.11 Verification of Enantioenrichment 

Table 3.3.  Conditions and results of chiral SFC analysis of alcohol products 

Compound 
Method 

Column/Temp. 
Solvent 

Method 
Flow 

Rate 

Retention 
Times 

(min) 

Enantiomeric 
Ratio 

(er) 

 

Daicel ChiralPak 

AD-H/35 °C 

1% 

isopropanol 

in CO2 

3.5  

mL/min 
7.35/8.12 50:50 

 

Daicel ChiralPak 

AD-H/35 °C 

1% 

isopropanol 

in CO2 

3.5  

mL/min 
7.43/8.12 40:60 
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OH
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Figure 3.7. SFC trace of rac-3.4 (Table 3.3, Entry 1). 
 

 

          

 
Figure 3.8. SFC trace of enantionenriched-3.4 (Table 3.3, Entry 2). 
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3.8.2.12 Deuterium Incorporation Experiments 

3.8.2.12.1 Preparation of deuterated reducing agent d-DMPE (d-3.7) 

 

To a flame-dried flask equipped with a magnetic stir bar was added ketone 3.72 (50.0 mg, 0.307 

mmol, 1.00 equiv) and THF (3.0 mL, 0.10 M). The flask was cooled to 0 °C and lithium aluminum 

deuteride (39 mg, 0.921 mmol. 3.00 equiv) was added in a single portion. The reaction was then 

warmed to 23 °C and stirred for 1 h. The reaction was cooled to 0 °C and quenched by the 

sequential addition of MeOH (5 mL), and deionized water (3 mL) and the resulting mixture was 

transferred to a separatory funnel with CH2Cl2 (10 mL) and water (10 mL). The aqueous layer was 

extracted with CH2Cl2 (3 x 10 mL), then the organic layers were combined, dried over Na2SO4, 

and evaporated under reduced pressure. Purification of the crude residue by flash chromatography 

(4:1 Hexanes:EtOAc) afforded deuterated alcohol d-3.7 (46 mg, 91% yield) as a white solid. 

Alcohol d-3.7: Rf 0.33 (3:1 Hexanes:EtOAc). 1H NMR (500 MHz, CDCl3): δ 7.26 (d, J = 9.0, 2H), 

6.73 (d, J = 9.0, 2H), 2.94 (s, 3 H), 1.62 (s, 1H), 1.48 (s, 3H).  
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3.8.2.12.2 Deuterium incorporation experiments using d-DMPE (d-3.7) 

 

Conversion Yield of d-3.4 Yield of 3.4 
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3.9 Spectra Relevant to Chapter Three: 

 

Reductive Arylation of Amides via a Nickel-Catalyzed Suzuki–Miyaura Coupling and 

Transfer Hydrogenation Cascade 

Milauni M. Mehta,† Timothy B. Boit,† Junyong Kim, Emma L. Baker and Neil K. Garg. 

Angew. Chem., Int. Ed. 2021, 60, 2472–2477. 
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SFO1        600.1336008 MHz

F2 - Processing parameters
SI                65536
SF          600.1323580 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00

Figure 3.9 1H NMR (600 MHz, CDCl3) of compound 3.55. 
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F2 - Processing parameters
SI               131072
SF          125.7577764 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40

Figure 3.10 13C NMR (125 MHz, CDCl3) of compound 3.55. 
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F2 - Processing parameters
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SSB      0
LB                 1.00 Hz
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PC                 1.40

Figure 3.11 1H NMR (500 MHz, CDCl3) of compound 3.57. 
 
 

Figure 3.12 13C NMR (125 MHz, CDCl3) of compound 3.57. 
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F2 - Processing parameters
SI                65536
SF          500.1300121 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00

Figure 3.13 1H NMR (500 MHz, CDCl3) of compound 3.42. 
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F2 - Acquisition Parameters
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F2 - Processing parameters
SI               131072
SF          125.7577732 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40

Figure 3.14 13C NMR (125 MHz, CDCl3) of compound 3.42. 
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SFO1        600.1336008 MHz

F2 - Processing parameters
SI                65536
SF          600.1300283 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00

Figure 3.15 1H NMR (600 MHz, CDCl3) of compound 3.4. 
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F2 - Processing parameters
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WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00

Figure 3.16 1H NMR (500 MHz, CDCl3) of compound 3.8. 
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F2 - Processing parameters
SI                65536
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SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00

Figure 3.17 1H NMR (500 MHz, CDCl3) of compound 3.9. 
 
 

Figure 3.18 1H NMR (500 MHz, CDCl3) of compound 3.10. 
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F2 - Acquisition Parameters
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======== CHANNEL f1 ========
NUC1                 1H
P1                17.25 usec
PL1               -1.00 dB
PL1W        31.62277603 W
SFO1        600.1336008 MHz

F2 - Processing parameters
SI                65536
SF          600.1300288 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00

Figure 3.19 1H NMR (600 MHz, CDCl3) of compound 3.11. 
 
 

Figure 3.20 1H NMR (600 MHz, CDCl3) of compound 3.12. 
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F2 - Acquisition Parameters
Date_          20200207
Time              13.24
INSTRUM           av600
PROBHD   5 mm BB5
PULPROG            zg30
TD                65536
SOLVENT           CDCl3
NS                    8
DS                    0
SWH           12376.237 Hz
FIDRES         0.188846 Hz
AQ            2.6476543 sec
RG                  181
DW               40.400 usec
DE                 6.50 usec
TE                295.1 K
D1           2.00000000 sec
TD0                   1

======== CHANNEL f1 ========
NUC1                 1H
P1                16.50 usec
PL1               -1.00 dB
PL1W        31.62277603 W
SFO1        600.1336008 MHz

F2 - Processing parameters
SI                65536
SF          600.1300287 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00
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F2 - Acquisition Parameters
Date_          20200217
Time              19.23
INSTRUM           av400
PROBHD   5 mm PABBO BB/
PULPROG            zg30
TD                52882
SOLVENT           CDCl3
NS                    8
DS                    0
SWH            8012.820 Hz
FIDRES         0.151523 Hz
AQ            3.2998369 sec
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D1           2.00000000 sec
TD0                   1

======== CHANNEL f1 ========
SFO1        400.1324008 MHz
NUC1                 1H
P1                15.00 usec
PLW1        13.00000000 W

F2 - Processing parameters
SI                65536
SF          400.1300184 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00

4.5 ppm
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Figure 3.21 1H NMR (400 MHz, CDCl3) of compound 3.13. 
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Current Data Parameters
NAME      TBB-2020-021p
EXPNO                 3
PROCNO                1

F2 - Acquisition Parameters
Date_          20200715
Time              16.00
INSTRUM           av600
PROBHD   5 mm TBI5
PULPROG            zg30
TD                65536
SOLVENT           CDCl3
NS                    8
DS                    0
SWH           12376.237 Hz
FIDRES         0.188846 Hz
AQ            2.6476543 sec
RG                  181
DW               40.400 usec
DE                 6.50 usec
TE                294.4 K
D1           2.00000000 sec
TD0                   1

======== CHANNEL f1 ========
NUC1                 1H
P1                11.75 usec
PL1               -2.00 dB
PL1W        39.81071854 W
SFO1        600.1336008 MHz

F2 - Processing parameters
SI                65536
SF          600.1300276 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00

Figure 3.22 1H NMR (600 MHz, CDCl3) of compound 3.13. 
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PLW12        0.21094000 W
PLW13        0.10610000 W

F2 - Processing parameters
SI               131072
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SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40
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Current Data Parameters
NAME     TBB-2020-072rp
EXPNO                 2
PROCNO                1

F2 - Acquisition Parameters
Date_          20200715
Time              15.56
INSTRUM           av600
PROBHD   5 mm TBI5
PULPROG            zg30
TD                65536
SOLVENT           CDCl3
NS                    8
DS                    0
SWH           12376.237 Hz
FIDRES         0.188846 Hz
AQ            2.6476543 sec
RG                  181
DW               40.400 usec
DE                 6.50 usec
TE                294.3 K
D1           2.00000000 sec
TD0                   1

======== CHANNEL f1 ========
NUC1                 1H
P1                11.75 usec
PL1               -2.00 dB
PL1W        39.81071854 W
SFO1        600.1336008 MHz

F2 - Processing parameters
SI                65536
SF          600.1300277 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00

Figure 3.23 13C NMR (125 MHz, CDCl3) of compound 3.13. 
 
 

Figure 3.24 1H NMR (600 MHz, CDCl3) of compound 3.14. 
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Current Data Parameters
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EXPNO                20
PROCNO                1

F2 - Acquisition Parameters
Date_          20200803
Time              16.59 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG            zg30
TD                65536
SOLVENT           CDCl3
NS                    8
DS                    0
SWH           10000.000 Hz
FIDRES         0.305176 Hz
AQ            3.2767999 sec
RG                14.67
DW               50.000 usec
DE                10.00 usec
TE                298.0 K
D1           2.00000000 sec
TD0                   1
SFO1        500.1330008 MHz
NUC1                 1H
P1                10.00 usec
PLW1        13.50000000 W

F2 - Processing parameters
SI                65536
SF          500.1300120 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00

4.354.40 ppm

Figure 3.25 13C NMR (125 MHz, CDCl3) of compound 3.14. 
 
 

Figure 3.26 1H NMR (500 MHz, CDCl3) of compound 3.15. 
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Current Data Parameters
NAME     TBB-2019-298rp
EXPNO                 3
PROCNO                1

F2 - Acquisition Parameters
Date_          20191029
Time              19.46 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG            zg30
TD                65536
SOLVENT           CDCl3
NS                    8
DS                    0
SWH           10000.000 Hz
FIDRES         0.305176 Hz
AQ            3.2767999 sec
RG                13.13
DW               50.000 usec
DE                10.00 usec
TE                298.0 K
D1           2.00000000 sec
TD0                   1
SFO1        500.1330008 MHz
NUC1                 1H
P1                10.00 usec
PLW1        13.50000000 W

F2 - Processing parameters
SI                65536
SF          500.1300121 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00

Figure 3.27 13C NMR (125 MHz, CDCl3) of compound 3.15. 
 
 

Figure 3.28 1H NMR (500 MHz, CDCl3) of compound 3.16. 
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SI                65536
SF          500.1300121 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00
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F2 - Acquisition Parameters
Date_          20191029
Time              20.08 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                  120
DS                    2
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NUC2                 1H
CPDPRG[2        waltz16
PCPD2             80.00 usec
PLW2        13.50000000 W
PLW12        0.21094000 W
PLW13        0.10610000 W

F2 - Processing parameters
SI               131072
SF          125.7577755 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40

Figure 3.29 1H NMR (500 MHz, CDCl3) of compound 3.17. 
 
 

Figure 3.30 13C NMR (125 MHz, CDCl3) of compound 3.17. 
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F2 - Acquisition Parameters
Date_          20200803
Time              19.20 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG            zg30
TD                65536
SOLVENT           CDCl3
NS                    8
DS                    0
SWH           10000.000 Hz
FIDRES         0.305176 Hz
AQ            3.2767999 sec
RG                12.14
DW               50.000 usec
DE                10.00 usec
TE                298.0 K
D1           2.00000000 sec
TD0                   1
SFO1        500.1330008 MHz
NUC1                 1H
P1                10.00 usec
PLW1        13.50000000 W

F2 - Processing parameters
SI                65536
SF          500.1300121 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00

Figure 3.32 1H NMR (500 MHz, CDCl3) of compound 3.19. 
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EXPNO                 5
PROCNO                1

F2 - Acquisition Parameters
Date_          20200107
Time               9.41 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG            zg30
TD                65536
SOLVENT           CDCl3
NS                    8
DS                    0
SWH           10000.000 Hz
FIDRES         0.305176 Hz
AQ            3.2767999 sec
RG                12.14
DW               50.000 usec
DE                10.00 usec
TE                298.0 K
D1           2.00000000 sec
TD0                   1
SFO1        500.1330008 MHz
NUC1                 1H
P1                10.00 usec
PLW1        13.50000000 W

F2 - Processing parameters
SI                65536
SF          500.1300121 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00

Figure 3.31 1H NMR (500 MHz, CDCl3) of compound 3.18. 
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F2 - Acquisition Parameters
Date_          20200803
Time              19.54 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                  536
DS                    2
SWH           31250.000 Hz
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AQ            1.0485760 sec
RG               204.54
DW               16.000 usec
DE                28.00 usec
TE                298.0 K
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NUC2                 1H
CPDPRG[2        waltz16
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PLW2        13.50000000 W
PLW12        0.21094000 W
PLW13        0.10610000 W

F2 - Processing parameters
SI               131072
SF          125.7577733 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40

Figure 3.33 13C NMR (125 MHz, CDCl3) of compound 3.19. 
 
 

10 9 8 7 6 5 4 3 2 1 0 ppm

1.
22

8
1.

23
7

1.
24

2
1.

24
9

1.
25

7
1.

26
3

1.
27

3
1.

29
4

1.
42

2
1.

68
6

1.
69

3
1.

70
1

1.
70

9
1.

71
7

1.
72

4
1.

73
2

1.
74

0
1.

74
8

1.
92

0
1.

92
5

1.
93

0
1.

93
6

1.
94

0
1.

94
6

1.
95

1
1.

95
6

2.
26

0
2.

54
7

2.
62

9
4.

02
3

4.
07

7
4.

09
1

4.
10

5
4.

12
0

4.
12

8
4.

33
7

4.
35

2
7.

26
0

7.
26

7
7.

27
7

7.
28

1
7.

31
5

7.
32

0
7.

32
8

7.
33

0
7.

34
4

1.
04

9
2.

26
4

9.
08

3

1.
05

1
1.

02
0

0.
96

7

2.
03

1

2.
06

4

1.
00

0

5.
02

4

Current Data Parameters
NAME     TBB-2019-309rp
EXPNO                 2
PROCNO                1

F2 - Acquisition Parameters
Date_          20200731
Time               8.40 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG            zg30
TD                65536
SOLVENT           CDCl3
NS                    8
DS                    0
SWH           10000.000 Hz
FIDRES         0.305176 Hz
AQ            3.2767999 sec
RG                12.14
DW               50.000 usec
DE                10.00 usec
TE                298.0 K
D1           2.00000000 sec
TD0                   1
SFO1        500.1330008 MHz
NUC1                 1H
P1                10.00 usec
PLW1        13.50000000 W

F2 - Processing parameters
SI                65536
SF          500.1300119 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00

Figure 3.34 1H NMR (500 MHz, CDCl3) of compound 3.20. 
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F2 - Acquisition Parameters
Date_          20200107
Time               9.41 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG            zg30
TD                65536
SOLVENT           CDCl3
NS                    8
DS                    0
SWH           10000.000 Hz
FIDRES         0.305176 Hz
AQ            3.2767999 sec
RG                12.14
DW               50.000 usec
DE                10.00 usec
TE                298.0 K
D1           2.00000000 sec
TD0                   1
SFO1        500.1330008 MHz
NUC1                 1H
P1                10.00 usec
PLW1        13.50000000 W

F2 - Processing parameters
SI                65536
SF          500.1300121 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00

Figure 3.35 1H NMR (500 MHz, CDCl3) of compound 3.28. 
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NAME       MM-2019-294p
EXPNO               190
PROCNO                1

F2 - Acquisition Parameters
Date_          20200106
Time              18.38
INSTRUM           av400
PROBHD   5 mm PABBO BB/
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                  512
DS                    0
SWH           25252.525 Hz
FIDRES         0.385323 Hz
AQ            1.2976128 sec
RG               189.85
DW               19.800 usec
DE                 6.50 usec
TE                296.9 K
D1           2.00000000 sec
D11          0.03000000 sec
TD0                   1

======== CHANNEL f1 ========
SFO1        100.6243395 MHz
NUC1                13C
P1                10.00 usec
PLW1        52.00000000 W

======== CHANNEL f2 ========
SFO2        400.1324008 MHz
NUC2                 1H
CPDPRG[2        waltz16
PCPD2             90.00 usec
PLW2        13.00000000 W
PLW12        0.36111000 W
PLW13        0.29249999 W

F2 - Processing parameters
SI                65536
SF          100.6127584 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40

Figure 3.36 13C NMR (125 MHz, CDCl3) of compound 3.28. 
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F2 - Acquisition Parameters
Date_          20200107
Time              18.32
INSTRUM           av600
PROBHD   5 mm BB5
PULPROG            zg30
TD                65536
SOLVENT           CDCl3
NS                    8
DS                    0
SWH           12376.237 Hz
FIDRES         0.188846 Hz
AQ            2.6476543 sec
RG                322.5
DW               40.400 usec
DE                 6.50 usec
TE                295.0 K
D1           2.00000000 sec
TD0                   1

======== CHANNEL f1 ========
NUC1                 1H
P1                16.50 usec
PL1               -1.00 dB
PL1W        31.62277603 W
SFO1        600.1336008 MHz

F2 - Processing parameters
SI                65536
SF          600.1300288 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00

Figure 3.37 1H NMR (600 MHz, CDCl3) of compound 3.29. 
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NAME       MM-2019-292p
EXPNO               180
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F2 - Acquisition Parameters
Date_          20191204
Time              16.38
INSTRUM           av400
PROBHD   5 mm PABBO BB/
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                  512
DS                    0
SWH           25252.525 Hz
FIDRES         0.385323 Hz
AQ            1.2976128 sec
RG               189.85
DW               19.800 usec
DE                 6.50 usec
TE                296.7 K
D1           2.00000000 sec
D11          0.03000000 sec
TD0                   1

======== CHANNEL f1 ========
SFO1        100.6243395 MHz
NUC1                13C
P1                10.00 usec
PLW1        52.00000000 W

======== CHANNEL f2 ========
SFO2        400.1324008 MHz
NUC2                 1H
CPDPRG[2        waltz16
PCPD2             90.00 usec
PLW2        13.00000000 W
PLW12        0.36111000 W
PLW13        0.29249999 W

F2 - Processing parameters
SI                65536
SF          100.6127575 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40

Figure 3.38 13C NMR (125 MHz, CDCl3) of compound 3.29. 
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F2 - Acquisition Parameters
Date_          20191126
Time              15.00
INSTRUM          drx500
PROBHD   5 mm bb-Z Z800
PULPROG            zg30
TD                65536
SOLVENT           CDCl3
NS                    8
DS                    0
SWH           10000.000 Hz
FIDRES         0.152588 Hz
AQ            3.2767999 sec
RG                161.3
DW               50.000 usec
DE                 6.00 usec
TE                294.5 K
D1           2.00000000 sec
TD0                   1

======== CHANNEL f1 ========
NUC1                 1H
P1                13.30 usec
PL1      0 dB
SFO1        500.3330020 MHz

F2 - Processing parameters
SI                32768
SF          500.3300220 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00
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Current Data Parameters
NAME       MM-2019-286p
EXPNO                 5
PROCNO                1

F2 - Acquisition Parameters
Date_          20191127
Time              10.14 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                  184
DS                    2
SWH           31250.000 Hz
FIDRES         0.953674 Hz
AQ            1.0485760 sec
RG               204.54
DW               16.000 usec
DE                28.00 usec
TE                298.0 K
D1           2.00000000 sec
D11          0.03000000 sec
TD0                   1
SFO1        125.7722511 MHz
NUC1                13C
P1                10.50 usec
PLW1        23.00000000 W
SFO2        500.1330008 MHz
NUC2                 1H
CPDPRG[2        waltz16
PCPD2             80.00 usec
PLW2        13.50000000 W
PLW12        0.21094000 W
PLW13        0.10610000 W

F2 - Processing parameters
SI               131072
SF          125.7577751 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40

Figure 3.40 13C NMR (125 MHz, CDCl3) of compound 3.30. 
 
 

Figure 3.39 1H NMR (500 MHz, CDCl3) of compound 3.30. 
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Current Data Parameters
NAME       MM-2020-051p
EXPNO                 2
PROCNO                1

F2 - Acquisition Parameters
Date_          20200301
Time              14.13
INSTRUM           av600
PROBHD   5 mm BB5
PULPROG            zg30
TD                65536
SOLVENT           CDCl3
NS                    8
DS                    0
SWH           12376.237 Hz
FIDRES         0.188846 Hz
AQ            2.6476543 sec
RG                  362
DW               40.400 usec
DE                 6.50 usec
TE                300.0 K
D1           2.00000000 sec
TD0                   1

======== CHANNEL f1 ========
NUC1                 1H
P1                16.50 usec
PL1               -1.00 dB
PL1W        31.62277603 W
SFO1        600.1336008 MHz

F2 - Processing parameters
SI                65536
SF          600.1300289 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00

Figure 3.41 1H NMR (600 MHz, CDCl3) of compound 3.31. 
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Current Data Parameters
NAME       MM-2020-051p
EXPNO                 4
PROCNO                1

F2 - Acquisition Parameters
Date_          20200301
Time              15.26 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                  152
DS                    2
SWH           31250.000 Hz
FIDRES         0.953674 Hz
AQ            1.0485760 sec
RG               204.54
DW               16.000 usec
DE                28.00 usec
TE                298.0 K
D1           2.00000000 sec
D11          0.03000000 sec
TD0                   1
SFO1        125.7722511 MHz
NUC1                13C
P1                10.50 usec
PLW1        23.00000000 W
SFO2        500.1330008 MHz
NUC2                 1H
CPDPRG[2        waltz16
PCPD2             80.00 usec
PLW2        13.50000000 W
PLW12        0.21094000 W
PLW13        0.10610000 W

F2 - Processing parameters
SI               131072
SF          125.7577739 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40

Figure 3.42 13C NMR (125 MHz, CDCl3) of compound 3.31. 
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Current Data Parameters
NAME       MM-2020-034p
EXPNO                 6
PROCNO                1

F2 - Acquisition Parameters
Date_          20200216
Time              17.51 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG            zg30
TD                65536
SOLVENT           CDCl3
NS                    8
DS                    0
SWH           10000.000 Hz
FIDRES         0.305176 Hz
AQ            3.2767999 sec
RG                12.14
DW               50.000 usec
DE                10.00 usec
TE                298.0 K
D1           2.00000000 sec
TD0                   1
SFO1        500.1330008 MHz
NUC1                 1H
P1                10.00 usec
PLW1        13.50000000 W

F2 - Processing parameters
SI                65536
SF          500.1300121 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00
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NAME       MM-2020-034p
EXPNO                17
PROCNO                1

F2 - Acquisition Parameters
Date_          20200709
Time              13.49 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                  216
DS                    2
SWH           31250.000 Hz
FIDRES         0.953674 Hz
AQ            1.0485760 sec
RG               204.54
DW               16.000 usec
DE                28.00 usec
TE                298.0 K
D1           2.00000000 sec
D11          0.03000000 sec
TD0                   1
SFO1        125.7722511 MHz
NUC1                13C
P1                10.50 usec
PLW1        23.00000000 W
SFO2        500.1330008 MHz
NUC2                 1H
CPDPRG[2        waltz16
PCPD2             80.00 usec
PLW2        13.50000000 W
PLW12        0.21094000 W
PLW13        0.10610000 W

F2 - Processing parameters
SI               131072
SF          125.7577731 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40

Figure 3.44 13C NMR (125 MHz, CDCl3) of compound 3.32. 
 
 

Figure 3.43 1H NMR (500 MHz, CDCl3) of compound 3.32. 
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Current Data Parameters
NAME       MM-2020-035p
EXPNO                 8
PROCNO                1

F2 - Acquisition Parameters
Date_          20200216
Time              19.19 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG            zg30
TD                65536
SOLVENT           CDCl3
NS                    8
DS                    0
SWH           10000.000 Hz
FIDRES         0.305176 Hz
AQ            3.2767999 sec
RG                12.14
DW               50.000 usec
DE                10.00 usec
TE                298.0 K
D1           2.00000000 sec
TD0                   1
SFO1        500.1330008 MHz
NUC1                 1H
P1                10.00 usec
PLW1        13.50000000 W

F2 - Processing parameters
SI                65536
SF          500.1300125 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00

Figure 3.45 1H NMR (500 MHz, CDCl3) of compound 3.33. 
 
 

200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 ppm

28
.4

3
28

.5
8

43
.5

3

78
.8

3
79

.4
4

12
4.

51
12

5.
68

12
6.

10
12

6.
39

12
7.

83
12

8.
03

12
8.

39
13

3.
20

13
3.

25
14

0.
50

15
4.

92

Current Data Parameters
NAME       MM-2020-035p
EXPNO                 9
PROCNO                1

F2 - Acquisition Parameters
Date_          20200216
Time              19.27 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                   56
DS                    2
SWH           31250.000 Hz
FIDRES         0.953674 Hz
AQ            1.0485760 sec
RG               204.54
DW               16.000 usec
DE                28.00 usec
TE                298.0 K
D1           2.00000000 sec
D11          0.03000000 sec
TD0                   1
SFO1        125.7722511 MHz
NUC1                13C
P1                10.50 usec
PLW1        23.00000000 W
SFO2        500.1330008 MHz
NUC2                 1H
CPDPRG[2        waltz16
PCPD2             80.00 usec
PLW2        13.50000000 W
PLW12        0.21094000 W
PLW13        0.10610000 W

F2 - Processing parameters
SI               131072
SF          125.7577745 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40

Figure 3.46 13C NMR (125 MHz, CDCl3) of compound 3.33. 
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Current Data Parameters
NAME      MM-2019-284rp
EXPNO                 5
PROCNO                1

F2 - Acquisition Parameters
Date_          20200112
Time              13.12 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG            zg30
TD                65536
SOLVENT           CDCl3
NS                    8
DS                    0
SWH           10000.000 Hz
FIDRES         0.305176 Hz
AQ            3.2767999 sec
RG                12.14
DW               50.000 usec
DE                10.00 usec
TE                298.0 K
D1           2.00000000 sec
TD0                   1
SFO1        500.1330008 MHz
NUC1                 1H
P1                10.00 usec
PLW1        13.50000000 W

F2 - Processing parameters
SI                65536
SF          500.1300122 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00

Figure 3.47 1H NMR (500 MHz, CDCl3) of compound 3.34. 
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Current Data Parameters
NAME      MM-2019-284rp
EXPNO               250
PROCNO                1

F2 - Acquisition Parameters
Date_          20191204
Time              20.51
INSTRUM           av400
PROBHD   5 mm PABBO BB/
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                  512
DS                    0
SWH           25252.525 Hz
FIDRES         0.385323 Hz
AQ            1.2976128 sec
RG               189.85
DW               19.800 usec
DE                 6.50 usec
TE                296.6 K
D1           2.00000000 sec
D11          0.03000000 sec
TD0                   1

======== CHANNEL f1 ========
SFO1        100.6243395 MHz
NUC1                13C
P1                10.00 usec
PLW1        52.00000000 W

======== CHANNEL f2 ========
SFO2        400.1324008 MHz
NUC2                 1H
CPDPRG[2        waltz16
PCPD2             90.00 usec
PLW2        13.00000000 W
PLW12        0.36111000 W
PLW13        0.29249999 W

F2 - Processing parameters
SI                65536
SF          100.6127578 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40

Figure 3.48 13C NMR (100 MHz, CDCl3) of compound 3.34. 
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Current Data Parameters
NAME      MM-2020-039rp
EXPNO                 3
PROCNO                1

F2 - Acquisition Parameters
Date_          20200218
Time              17.44 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG            zg30
TD                65536
SOLVENT           CDCl3
NS                    8
DS                    0
SWH           10000.000 Hz
FIDRES         0.305176 Hz
AQ            3.2767999 sec
RG                12.14
DW               50.000 usec
DE                10.00 usec
TE                298.0 K
D1           2.00000000 sec
TD0                   1
SFO1        500.1330008 MHz
NUC1                 1H
P1                10.00 usec
PLW1        13.50000000 W

F2 - Processing parameters
SI                65536
SF          500.1300122 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00

Figure 3.49 1H NMR (500 MHz, CDCl3) of compound 3.35. 
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Current Data Parameters
NAME      MM-2020-039rp
EXPNO                 4
PROCNO                1

F2 - Acquisition Parameters
Date_          20200218
Time              17.50 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                   48
DS                    2
SWH           31250.000 Hz
FIDRES         0.953674 Hz
AQ            1.0485760 sec
RG               204.54
DW               16.000 usec
DE                28.00 usec
TE                298.0 K
D1           2.00000000 sec
D11          0.03000000 sec
TD0                   1
SFO1        125.7722511 MHz
NUC1                13C
P1                10.50 usec
PLW1        23.00000000 W
SFO2        500.1330008 MHz
NUC2                 1H
CPDPRG[2        waltz16
PCPD2             80.00 usec
PLW2        13.50000000 W
PLW12        0.21094000 W
PLW13        0.10610000 W

F2 - Processing parameters
SI               131072
SF          125.7577754 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40

Figure 3.50 13C NMR (125 MHz, CDCl3) of compound 3.35. 
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Current Data Parameters
NAME     MM-2020-065rrp
EXPNO                13
PROCNO                1

F2 - Acquisition Parameters
Date_          20200315
Time              20.17 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                   88
DS                    2
SWH           31250.000 Hz
FIDRES         0.953674 Hz
AQ            1.0485760 sec
RG               204.54
DW               16.000 usec
DE                28.00 usec
TE                298.0 K
D1           2.00000000 sec
D11          0.03000000 sec
TD0                   1
SFO1        125.7722511 MHz
NUC1                13C
P1                10.50 usec
PLW1        23.00000000 W
SFO2        500.1330008 MHz
NUC2                 1H
CPDPRG[2        waltz16
PCPD2             80.00 usec
PLW2        13.50000000 W
PLW12        0.21094000 W
PLW13        0.10610000 W

F2 - Processing parameters
SI               131072
SF          125.7577734 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40

Figure 3.52 13C NMR (125 MHz, CDCl3) of compound 3.36. 
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Figure 3.51 1H NMR (500 MHz, CDCl3) of compound 3.36. 
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Figure 3.53 1H NMR (600 MHz, CDCl3) of compound 3.37. 
 
 

10 9 8 7 6 5 4 3 2 1 0 ppm

1.
72

5
1.

74
6

1.
98

1
1.

99
5

2.
00

0
2.

00
8

2.
01

2
2.

01
5

2.
02

0
2.

02
7

2.
13

6
2.

13
9

2.
14

2
2.

15
1

2.
15

5
2.

15
7

2.
16

3
2.

16
6

2.
17

0
2.

18
2

2.
62

7
2.

64
2

2.
65

5
2.

66
1

2.
67

3
2.

68
4

2.
69

6
2.

70
3

2.
71

5
3.

49
4

3.
50

3
3.

51
3

3.
81

8
3.

82
8

3.
83

7
4.

60
0

4.
60

7
4.

61
6

4.
62

7
4.

63
3

6.
64

4
6.

66
1

7.
17

5
7.

18
7

7.
19

0
7.

20
1

7.
20

2
7.

26
5

7.
27

1
7.

28
0

7.
29

2
7.

29
6

7.
54

0
7.

54
5

7.
55

8
7.

56
3

8.
14

6
8.

15
0

0.
97

7

1.
04

9
1.

03
1

2.
03

9

4.
04

4

4.
08

0

1.
00

0

1.
00

9

2.
96

3
2.

20
5

0.
99

7

0.
98

9

Current Data Parameters
NAME            Desktop
EXPNO                12
PROCNO                1

F2 - Acquisition Parameters
Date_          20200315
Time              19.56 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG            zg30
TD                65536
SOLVENT           CDCl3
NS                    8
DS                    0
SWH           10000.000 Hz
FIDRES         0.305176 Hz
AQ            3.2767999 sec
RG                12.14
DW               50.000 usec
DE                10.00 usec
TE                298.0 K
D1           2.00000000 sec
TD0                   1
SFO1        500.1330008 MHz
NUC1                 1H
P1                10.00 usec
PLW1        13.50000000 W

F2 - Processing parameters
SI                65536
SF          500.1300121 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00

Figure 3.54 1H NMR (500 MHz, CDCl3) of compound 3.37. 
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Figure 3.56 1H NMR (500 MHz, CDCl3) of compound 3.40. 
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Figure 3.55 13C NMR (125 MHz, CDCl3) of compound 3.37. 
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Figure 3.57 13C NMR (125 MHz, CDCl3) of compound 3.40. 
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Figure 3.58 1H NMR (400 MHz, CDCl3) of compound 3.43. 
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Figure 3.60 1H NMR (400 MHz, CDCl3) of compound d-3.7. 
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Figure 3.59 1H NMR (500 MHz, CDCl3) of compound 3.70. 
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Cyclic Allene Approach to the Manzamine Alkaloid Keramaphidin B 

Milauni M. Mehta, Jordan A. M. Gonzalez, James L. Bachman, and Neil K. Garg. 

Manuscript submitted. 
 

4.1 Abstract 
 

Strained cyclic allenes are valuable synthetic building blocks for the assembly of complex 

scaffolds. In contrast to their close relatives, arynes and cyclic alkynes, cyclic allenes have seen 

sparse use in the context of total synthesis. We report an approach to access the core of the 

manzamine alkaloid keramaphidin B that relies on the strain-promoted Diels–Alder cycloaddition 

of an azacyclic allene with a pyrone trapping partner. We show that the cycloaddition is tolerant 

of nitrile and primary amide functional groups and can be dovetailed with a subsequent retro-

Diels–Alder step to access advanced intermediates. These studies demonstrate that strained cyclic 

allenes can be used to build significant structural complexity and should encourage further 

exploration of these fleeting intermediates in complex molecule synthesis.  

 

4.2 Introduction 

Manzamine alkaloids serve as attractive synthetic targets due to their impressive structural 

complexity. Some members of this class of natural products display important biological activities, 

including but not limited to anti-cancer, anti-bacterial, and anti-inflammatory properties.1,2,3 The 

present study pertains to the manzamine alkaloid keramaphidin B (4.1, Figure 4.1), which was first 

isolated in 1994 as a racemate and features a pentacyclic framework with an azadecalin core.4,5 

The eastern portion of the azadecalin core bears a [2.2.2]-bridged bicycle containing four 
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stereogenic centers, one of which is quaternary (C8a).  Additionally, the natural product possesses 

11- and 13-membered macrocyclic rings. Two prior syntheses of keramaphidin B (4.1) have been 

achieved: Baldwin’s biomimetic synthesis of (±)-4.1 in 19986,7,8 and Fürstner’s synthesis of (+)-

4.1 via an intermolecular Michael/Michael addition cascade to generate the central core in 2021.9  

 
Figure 4.1. (–)-Keramaphidin B (4.1), a complex manzamine alkaloid, and azacyclic allenes 4.2, 
an underutilized synthetic building block.  
 

We viewed keramaphidin B (4.1) as a suitable target to probe the scope and limitations of 

strained cyclic allene methodology in a complex setting. Specifically, we questioned if azacyclic 

allenes (4.2) could be used to assemble the azadecalin core and generate the C8a quaternary 

stereocenter  of keramaphidin B (4.1, Figure 4.1). The use of strained cyclic allenes in the context 

of total synthesis has remained underexplored, especially in comparison to related aryne chemistry, 

which has been used in >100 total syntheses to date.10,11,12 Encouraged by our group’s recent 

success in using an azacyclic allene (4.2) in the total synthesis of (–)-lissodendoric acid A,13 we 

sought to further expand cyclic allene chemistry by utilizing these fleeting intermediates to build 

the highly complex bridged azadecalin core of keramaphidin B (4.1).  

Strained cyclic allenes provide new tools for the rapid generation of highly complex, sp3-

rich scaffolds under mild reaction conditions. Although they were experimentally discovered over 

50 years ago,14,15,16,17 they have recently emerged as valuable synthetic building 

blocks.13,18,19,20,21,22,23,24,25,26,27,28,29,30,31,32,33,34,35,36,37,38,39,40,41 Most relevant to the studies described 

herein, it has been demonstrated that azacyclic allenes (4.2) serve as competent dienophiles in 
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strain-promoted Diels–Alder cycloadditions due to their appreciable strain energy of ~27 

kcal/mol.37 Generally, studies have focused on the use of electron-rich dienes, but in the context 

of our total synthesis studies,13 we found that regioselectivity of the cycloaddition with respect to 

the olefins of the cyclic allene can be modulated by using relatively electron-deficient pyrones. 

This approach has also proven useful in assembling the azadecalin core of keramaphidin B (4.1) 

in the presence of potentially reactive functional groups, as we describe in this report. 

 
4.3 Retrosynthetic Analysis 

Figure 4.2 shows our retrosynthetic analysis of keramaphidin B (4.1). The natural product 

4.1 was expected to arise from [2.2.2]-azabicycle 4.3 through late-stage functional group 

manipulations and installation of the 13-membered macrocycle. Next, we envisioned the assembly 

of [2.2.2]-azabicycle 4.3 via a series of cycloaddition processes. [2.2.2]-Azabicycle 4.3 would be 

accessed from intermediate 4.4, which would be generated in situ from precursor 4.5, via an 

intramolecular iminium or N-acyl iminium Diels–Alder (ImDA) cycloaddition.42,43,44 In turn, 

intermediate 4.5 would arise from cycloadduct 4.6 via a retro-Diels–Alder reaction that proceeds 

with loss of carbon dioxide. Lastly, cycloadduct 4.6 would be accessed from strained cyclic allene 

4.7 and pyrone 4.8 via the key strain-promoted Diels–Alder cycloaddition. This step would 

simultaneously introduce a quaternary center and construct the azadecalin core of the natural 

product. As will be discussed herein, several variations of this overall strategy were considered,45 

including the tether length (n) for the ImDA step, the oxidation state for the ImDA precursor (i.e., 

iminium vs N-acyl iminium),46 and whether cycloadduct 4.6 was isolated in the Diels–Alder/retro-

Diels–Alder sequence. 
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Figure 4.2. Retrosynthetic analysis of (–)-keramaphidin B (4.1). 
 
4.4 Model System Studies 

We first attempted to prepare a cycloadduct of type 4.6 with a pendant primary amine (see 

Figure 4.2; n = 7), as this could plausibly allow for direct assembly of the core of keramaphidin B 

(4.1) and install all the carbons necessary for the 11-membered macrocycle (Figure 4.3). The 

model system47 shown is proposed to provide valuable insight into the fundamental reactivity of 

the strained cyclic allene for constructing the bicyclic core of the natural product. The necessary 

silyl triflate 4.11 was derived from known silyl ketone 4.913 using a scalable three-step cross-

metathesis, hydrogenation, and triflation sequence. This route, which mimics a general strategy 

developed by our laboratory for prior studies, gave access to 4.11 in 26% yield over 3 steps. To 

evaluate the key step, 4.11 was subjected to pyrone 4.12 in the presence of CsF at 23 °C. Notably, 

pyrone 4.12 was chosen as the trapping partner for this cycloaddition as it has been demonstrated 

to be a competent diene for the strain-promoted Diels–Alder cycloaddition with azacyclic 
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allenes.13 We were delighted to obtain cycloadduct 4.14 in 56% yield. Of note, this key steps forms 

two new C–C bonds and sets three new stereocenters, including a quaternary carbon at C8a, which 

highlights the utility of cyclic allene methodology to generate structural complexity in a single 

synthetic step.  

The strain-promoted Diels–Alder cycloaddition of the cyclic allene proceeds with high 

regio- and diastereoselectivity, presumably via an approach shown in transition structure 4.13 

(Figure 4.3). With regard to regioselectivity,48 cycloaddition could occur at either olefin of the 

cyclic allene; however, the more substituted, relatively electron-rich olefin preferentially 

undergoes the reaction with the relatively electron-deficient pyrone, presumably via an inverse 

electron demand Diels–Alder cycloaddition.13 Considering the diastereoselectivity, the pyrone is 

thought to approach the allene in an endo fashion, with favorable orbital overlap between the diene 

and the non-reactive olefin of the cyclic allene.34 In this case, these stereoelectronic factors led to 

the formation of 4.14 with excellent regio- and diastereoselectivity.  

 
Figure 4.3. Model system for assembly of azadecalin scaffold (4.14). 
 

With cycloadduct 4.14 in hand, we aimed to construct the desired [2.2.2]-azabicycle via an 

ImDA reaction (Figure 4.4). We first sought to reduce the C4a–C5 alkene in the piperidinyl ring 
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to install the requisite stereochemistry at C4a.49 This was achieved by subjecting cycloadduct 4.14 

to allylic oxidation conditions, followed by a diastereoselective 1,4-reduction using modified 

Stryker’s reagent.13 Product 4.15 was obtained in 48% yield over two steps with >20:1 dr. Next, 

heating 4.15 to 80 °C in acetonitrile facilitated a retro-Diels–Alder reaction. Treatment of the 

product with TFA led to removal of the Boc protecting groups, thus affording the desired substrate 

4.16. Considerable effort was put forth to enable the desired intramolecular ImDA50 and generate 

the [2.2.2]-azabicyclic core. Although the formation of the iminium intermediate was validated,51 

exhaustive attempts to access the desired product 4.17 were not successful. We hypothesize that 

there is a significant entropic penalty to achieve the necessary reactive conformation for the ImDA 

reaction, resulting from the lengthy tether.52 Consequently, we opted to pursue a modified 

substrate, bearing a shorter and more geometrically constrained tether.   

 
Figure 4.4. Synthesis of ImDA precursor 4.16 and evaluation of intramolecular ImDA reaction. 

 

4.5 Revised Strategy and Experimental Results 

Our revised approach to synthesize the [2.2.2]-azabicycle is shown in Figure 4.5. We 

envisioned accessing cyclic allenes 4.18, which bear a shorter tether with either pendant nitrile or 

primary amide functional groups for the introduction of N-substituents. Trapping with pyrone 4.8 
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and a subsequent retro-Diels–Alder reaction would furnish cycloadducts 4.19. If the primary amide 

and nitrile functional groups are tolerated in this transformation, this step would expand upon 

known azacyclic allene cycloaddition chemistry. Subsequently, the s-cis diene present in 4.19 

could engage in the intramolecular N-acyl ImDA or ImDA cycloaddition,46 depending on the 

oxidation state at C16, to furnish 4.20. Cleavage of the C16–N bond53 could enable introduction 

of the 11-membered macrocycle. 

 

Figure 4.5. Revised strategy to construct the [2.2.2]-azabicycle.  
 

The requisite cyclic allene precursors were synthesized as shown in Figure 4.6. Silyl triflate 

4.21, accessible in one step from ketone 4.9 (see Section 4.7 for details), was elaborated to nitrile-

containing silyl triflate 4.22a through a hydroboration/oxidation, oxidation, and nitrile formation 

sequence.54 To access the other desired silyl triflate, nitrile 4.22a was treated with the Ghaffar–

Parkins catalyst to furnish primary amide 4.22b in 84% yield.55 It is notable that the silyl triflate 

motif withstands the various reaction conditions shown in Figure 4.6, thus demonstrating its utility 

in multistep synthesis. 
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Figure 4.6. Synthesis of cyclic allene precursors 4.22a and 4.22b.  
 

With silyl triflates 4.22a and 4.22b in hand, we evaluated each compound in a strain-

promoted Diels–Alder cycloaddition/retro-Diels–Alder cascade (Figure 4.7). Each substrate was 

independently subjected to pyrone 4.12 and CsF in acetonitrile. At ambient temperatures, as 

described previously, cyclic allene generation and Diels–Alder trapping occurred leading to the 

formation of two new C–C bonds and installation of the C8a quaternary carbon. By directly heating 

the reactions to 80 °C, the subsequent CO2 extrusion was achieved in one pot to generate trienes 

4.23a and 4.23b in 51% and 27% yield,56 respectively. The presumed mechanism is depicted for 

the reaction of amide 4.22b (4.22b®4.25®4.26®4.23b), with regio- and diastereoselectivity in 

the key cyclic allene trapping step paralleling observations described earlier (see Figure 4.3). 

Despite the low yield of 4.23b, it is notable that the primary amide functional group is tolerated in 

this complexity-generating step given the known electrophilicity of strained cyclic allenes.57 

Although extensive efforts to access 4.24 using ImDA and N-acyl ImDA approaches were 

ultimately curtailed due to the exploration of an alternative approach, our current results 

underscore the synthetic utility of strained cyclic allene intermediates for the generation of 

complex scaffolds in the context of a total synthesis study. 
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Figure 4.7. One-pot cycloaddition and CO2 extrusion to generate trienes 4.23a and 4.23b.  
 
4.6 Conclusion 

Strained cyclic allenes have seen sparse use in total synthesis, especially in comparison to 
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context of a synthetic approach to the manzamine alkaloid keramaphidin B (4.1). Our key step 
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with loss of CO2 takes place directly. These efforts should inform future synthetic design plans, 

including our ongoing efforts to assemble the bridged azadecalin core of keramaphidin B (4.1). 

Furthermore, we expect these studies will help fuel the exploration of strained azacyclic allenes 

for the assembly of complex structural architectures. 
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4.7 Experimental Section 

4.7.1 Materials and Methods.  

Unless stated otherwise, reactions were conducted in flame-dried glassware under an 

atmosphere of nitrogen using anhydrous solvents (either freshly distilled or passed through 

activated alumina columns). All commercially obtained reagents were used as received unless 

otherwise specified. Non-commercially available substrates were synthesized according to known 

preparations or following protocols specified in the Experimental Procedures. Dimethylformamide 

(DMF), tetrahydrofuran (THF), dichloromethane, benzene, methanol (MeOH), toluene (PhMe), 

and acetonitrile (MeCN) were passed through an activated alumina column prior to use.  Cesium 

carbonate, Grubbs’ 2nd generation catalyst, Brockman Grade activated basic alumina (60 mesh 

powder), potassium bis(trimethylsilyl)amide (KHMDS), pyridinium dichromate (PDC), tert-butyl 

hydroperoxide (t-BuOOH) 70 wt% in H2O, 1,2-bis(diphenylphosphino)benzene (BDP), 

trifluoroacetic acid (TFA), borane-tetrahydrofuran complex 1M in THF, sodium hydroxide 

(NaOH), and ammonium hydroxide (NH4OH) were obtained from Sigma-Aldrich. tert-Butanol (t-

BuOH), H2O2 30 wt% in H2O, and Dess–Martin periodinane (DMP) were purchased from Fischer 

Scientific. Ghaffar–Parkins catalyst, cesium fluoride (CsF), and Pd/C were purchased from Strem 

Chemicals. Iodine and poly(methylhydrosiloxane) (PMHS) were purchased from Alfa Aesar. 

Copper(II) acetate monohydrate (Cu(OAc)2•H2O) was purchased from TCI chemicals. N-(5-

chloro-2-pyridyl)bis(trifluoromethanesulfonimide) (Comins' Reagent) was purchased from 

Combi-Blocks. Di-tert-butyl iminodicarbonate (NH(Boc)2) was purchased from Ambeed. PMHS 

and t-BuOH were sparged with N2 prior to use. Reaction temperatures at or above 23 °C were 

controlled using an IKAmag temperature modulator. Thin-layer chromatography (TLC) was 

conducted with EMD gel 60 F254 pre-coated plates (0.25 mm for analytical chromatography and 
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0.50 mm for preparative chromatography) and visualized using a combination of UV light, 

anisaldehyde and potassium permanganate staining. Silicycle Siliaflash P60 (particle size 0.040–

0.063 mm) was used for flash column chromatography. 1H NMR spectra were recorded on Bruker 

spectrometers (at 400, 500, and 600 MHz) and are reported relative to the residual solvent signal. 

Data for 1H NMR spectra are reported as follows: chemical shift (δ ppm), multiplicity, coupling 

constant (Hz) and integration. 13C NMR spectra were recorded on Bruker spectrometers (at 100, 

125, and 150 MHz) and are reported relative to the residual solvent signal. Data for 13C-NMR 

spectra are reported in terms of chemical shift (δ ppm) and, when necessary, multiplicity and 

coupling constant (Hz). 19F NMR spectra were recorded on Bruker spectrometers (at 376 MHz) 

and reported in terms of chemical shift (δ ppm). IR spectra were obtained on a Perkin-Elmer UATR 

Two FT-IR spectrometer and are reported in terms of frequency of absorption (cm–1). DART-MS 

spectra were collected on a Thermo Exactive Plus MSD (Thermo Scientific) equipped with an ID-

CUBE ion source, a Vapur Interface (IonSense Inc.), and an Orbitrap mass analyzer. Both the 

source and MSD were controlled by Excalibur software v. 3.0. The analyte was spotted onto 

OpenSpot sampling cards (IonSense Inc.) using CDCl3 or CH2Cl2 as the solvent. Ionization was 

accomplished using UHP He (Airgas Inc.) plasma with no additional ionization agents. The mass 

calibration was carried out using Pierce LTQ Velos ESI (+) and (–) Ion calibration solutions 

(Thermo Fisher Scientific). 

 

Note: Supporting information for the syntheses of silyl ketone 4.9 and pyrone 4.12 have been 

published and spectral data match those previously reported.13 

 

 



 205 

4.7.2 Experimental Procedures 

 
4.7.2.1 Synthesis of Compound 4.16 

 
Alkene 4.10: To a solution of bromide 4.27 (4.00 g, 22.6 mmol, 1.00 equiv) in DMF (75.3 mL, 

0.30 M) was added di-tert-butyl iminodicarbonate (5.40 g, 24.8 mmol, 1.10 equiv) and cesium 

carbonate (8.10 g, 24.8 mmol, 1.10 equiv). The reaction mixture was heated to 90 °C for 15 h. 

After this time, the mixture was allowed to cool to 23 ºC, transferred to a separatory funnel, and 

diluted with water (100 mL) and CH2Cl2 (50 mL). The layers were separated and the aqueous layer 

was extracted with CH2Cl2 (3 x 100 mL). The combined organic layers were washed with water 

(3 x 100 mL), washed with brine (2 x 100 mL), dried over Na2SO4, filtered, and concentrated under 

reduced pressure. The crude residue was purified via flash chromatography (100% hexanes → 9:1 

hexanes:EtOAc) to afford alkene 4.10 (6.47 g, 91% yield) as a colorless oil. Alkene 4.10: Rf 0.45 

(9:1 hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): d 5.79 (ddt, J = 17.3, 9.8, 6.6, 1H), 4.98 (d, J 

= 16.9, 1H), 4.93 (d, J = 10.2, 1H), 3.54 (t, J = 7.6, 2H), 2.04 (q, J = 7.0, 2H), 1.56 (t, J = 7.5, 2H), 

1.50 (s, 18H), 1.44–1.35 (m, 2H), 1.34–1.23 (m, 2H); 13C NMR (100 MHz, CDCl3): d 152.8, 138.9, 

114.5, 82.0, 46.5, 33.8, 29.0, 28.6, 28.2, 26.4; IR (film): 2979, 2932, 1746, 1717, 1695 cm–1; 

HRMS-APCI (m/z) [M + H]+ calcd for C17H32NO4+, 314.2326; found 314.2325. 
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Silyl triflate 4.11: To a flask in the glovebox was added Grubbs' 2nd generation catalyst (96.0 mg, 

113 µmol, 4.00 mol%). The flask was then removed from the glovebox and silyl ketone 4.9 (1.00 

g, 2.83 mmol, 1.00 equiv) and alkene 4.10 (4.43 g, 14.1 mmol, 5.00 equiv) were added to the flask. 

The mixture was then dissolved in CH2Cl2 (18.9 mL, 0.15 M) and stirred to create a homogenous 

mixture. The flask was fitted with a reflux condenser and heated to 40 °C for 20 h under nitrogen. 

After this time, the reaction was removed from heat and cooled to 23 ºC. The solvent was 

evaporated under reduced pressure and the crude residue was purified via flash chromatography 

(95:5 → 85:15 hexanes:EtOAc) to afford the cross-metathesis product (1.14 g, 1.78 mmol), which 

was used directly in the subsequent step.  

To a solution of the cross-metathesis product (1.00 g, 1.57 mmol, 1.00 equiv) in THF (24 

mL, 0.033 M) and MeOH (24 mL) was added basic alumina (600 mg) and Pd/C (167 mg, 10.0 

wt%, 157 µmol, 10.0 mol%). The headspace of the flask was then flushed with H2 from a balloon 

and the reaction was left to stir under an atmosphere of H2 (1 atm) for 16 h. The reaction was then 

filtered over celite (5 cm, Monstr pipette) with CH2Cl2 as the eluent (25 mL) and the solvent was 

removed under reduced pressure. The crude residue was purified via flash chromatography (4:1 

hexanes:EtOAc) to afford the silyl ketone product (883 mg, 1.38 mmol), which was used directly 

in the subsequent step.  

To a flask in the glovebox was added KHMDS (164 mg, 824 µmol, 1.20 equiv). The flask 

was then removed from the glovebox, charged with THF (2.00 mL), and cooled to –78 °C. To 
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another flask was added the silyl ketone product (440 mg, 686 µmol, 1.00 equiv) and THF (3.00 

mL). The ketone solution was then added dropwise over 10 min to the KHMDS solution at –78 

°C. After stirring for 3 h at –78 °C, a solution of Comins' Reagent (350 mg, 892 µmol, 1.30 equiv) 

in THF (2.00 mL) was added dropwise over 5 min at –78 °C. The reaction was allowed to stir at  

–78 ºC for 30 min and then allowed to warm to 23 ºC and stirred for 16 h. After this time, the 

reaction was quenched with saturated aq. NaHCO3 (15 mL) and diluted with Et2O (20 mL). The 

layers were separated and the aqueous layer was extracted with Et2O (2 x 50 mL). The combined 

organic layers were dried over Na2SO4, filtered, and concentrated under reduced pressure to 

provide the crude residue. The crude residue was purified via flash chromatography (95:5 → 85:15 

hexanes:EtOAc) to afford silyl triflate 4.11 (260 mg, 26% yield over three steps) as a clear 

colorless oil. Silyl triflate 4.11: Rf 0.56 (5:1 Hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): δ 5.65 

(s, 1H), 4.17 (dd, J = 18.3, 4.0, 1H), 3.80–3.60 (m, 2H), 3.57–3.48 (m, 2H), 3.48–3.27 (m, 1H), 

1.55–1.52 (m, 2H), 1.50 (s, 18H), 1.46 (s, 9H), 1.25 (br s, 12H), 0.99 (t, J = 8.0, 9H), 0.73–0.66 

(m, 6H); 13C NMR (125 MHz, CDCl3): δ 154.3, 153.5, 152.9, 118.5 (q, J = 319), 110.3, 82.1, 80.5, 

47.5, 46.8, 46.7, 42.4, 41.9, 35.4, 33.0, 32.6, 30.58, 30.51, 29.7, 29.5, 29.22, 29.15, 28.5, 28.2, 

27.04, 26.96, 25.0, 24.6, 8.1, 6.9, 6.7, 5.9, 5.8, 2.9; 19F NMR (376 MHz, CDCl3): δ –74.8; IR 

(film): 2933, 2879, 1697, 1415, 1171 cm–1; HRMS–APCI (m/z) [M + H]+ calcd for 

C35H64F3N2O9SSi+, 773.4048; found 773.4034. 

Note: 4.11 was obtained as a mixture of rotamers. These data represent empirically observed 

chemical shifts from the 1H NMR and 13C NMR spectrum. 
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Cycloadduct 4.14: To a solution of silyl triflate 4.11 (53.0 mg, 68.6 µmol, 1.00 equiv) and pyrone 

4.12 (101 mg, 343 µmol, 5.00 equiv) in MeCN (687 µL, 0.10 M) was added CsF (52.1 mg, 343 

µmol, 5.00 equiv). The reaction mixture was allowed to stir at 1000 RPM at 23 °C for 20 h. After 

this time, the reaction mixture was filtered through a short plug of silica gel (3 cm silica) eluting 

with EtOAc (~10 mL) and then concentrated under reduced pressure. The crude residue was 

purified via flash chromatography (9:1 → 4:1 hexanes:EtOAc) to afford the cycloadduct 4.14 (27.0 

mg, 56% yield) as an amorphous yellow foam. Cycloadduct 4.14: Rf 0.22 (5:1 Hexanes:EtOAc); 

1H NMR (500 MHz, CDCl3): δ 7.40–7.32 (m, 5H), 6.54 (dd, J = 19.3, 2.2, 1H), 5.67 (ddd, J = 

22.8, 2.7, 2.1, 1H), 4.67 (s, 2H), 4.38–4.09 (m, 2H), 4.03 (dd, J = 10.9, 5.4, 1H), 3.92 (d, J = 10.9, 

1H), 3.68 (dd, J = 13.2, 2.0, 1H), 3.62 (td, J = 19.8, 5.0, 1H), 3.55–3.48 (m, 2H), 2.31 (dd, J = 

33.8, 12.2, 1H), 1.50 (s, 18H), 1.48 (d, J = 8.0, 9H), 1.25 (br s, 14H); 13C NMR (125 MHz, CDCl3): 

δ 169.2, 169.1, 155.2, 155.0, 152.9, 138.8, 138.3, 137.3, 137.2, 133.5, 133.0, 128.8, 128.30, 

128.27, 128.14, 128.11, 119.2, 118.8, 117.5, 117.1, 85.2, 85.1, 82.13, 82.09, 80.6, 80.4, 74.2, 67.9, 

67.8, 57.4, 57.3, 46.6, 45.6, 44.8, 43.0, 42.5, 40.8, 40.7, 34.4, 30.0, 29.9, 29.8, 29.6, 29.5, 29.3, 

29.2, 28.6, 28.5, 28.2, 27.0, 26.9, 23.5, 23.3; IR (film): 2981, 2926, 2857, 1771, 1697 cm–1; 

HRMS–APCI (m/z) [M + H – Boc]+ calcd for C36H52BrN2O7+, 703.2952; found 703.2948. 

Note: 4.14 was obtained as a mixture of rotamers. These data represent empirically observed 

chemical shifts from the 1H NMR and 13C NMR spectrum.  
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The structure of 4.14 was retroactively verified based on 2D-NOESY analysis of 4.15.  

 
 

Amide 4.15: To a solution of cycloadduct 4.14 (126 mg, 157 µmol, 1.00 equiv) in benzene (15.7 

mL, 0.01 M) was added PDC (177 mg, 470 µmol, 3.00 equiv) and t-BuOOH (65.0 µL, 70 wt% in 

H2O, 470 µmol, 3.00 equiv). The solution was stirred at 23 °C for 24 h. At this point, celite (90 

mg) was added and the solution was allowed to stir for 30 min. Next, the mixture was filtered over 

a pad of celite (5 cm, Monstr pipette) and rinsed with EtOAc (10 mL). The filtrate was diluted 

with saturated aq. sodium thiosulfate solution (10 mL) and water (10 mL). The solution was 

transferred to a separatory funnel, shaken, and the layers were separated. The aqueous layer was 

extracted with EtOAc (3 x 15 mL). The combined organic layers were washed with water (3 x 15 

mL) and brine (15 mL), dried over Na2SO4, filtered, and concentrated to a crude brown oil. The 

crude oil was purified via flash column chromatography (9:1 → 3:2 hexanes:EtOAc) to obtain the 

enamide intermediate (76 mg, 93 µmol), which was used in the next step.  

A flask was charged with copper(II) acetate monohydrate (9.2 mg, 46 µmol, 50 mol%) and 

BDP (4.1 mg, 9.2 µmol, 10 mol%). The solids were dissolved in sparged t-BuOH (87 µL, 917 

µmol, 10.0 equiv) and toluene (352 µL, 0.26 M). The contents of the flask were sonicated for 2 

min and then stirred for 20 min, during which the solution turned blue. At this point, PMHS (520 

µL, 275 µmol, 3.00 equiv) was added dropwise over 3 min, then the solution was allowed to stir 

for 40 min during which it turned yellow/green. A solution of enamide (75 mg, 92 µmol) in toluene 

(352 µL, 0.26 M) was then added to the Stryker reagent dropwise over 3 min. The reaction was 

stirred at 23 °C for 20 h, after which it was diluted with EtOAc (2 mL). The solution was 

1. PDC, t-BuOOH
    benzene, 23 °C

2. Cu(OAc)2·H2O (50 mol%)
    BDP (5 mol%), PMHS
    t-BuOH, PhMe, 23 °C

4.15(48% yield, 2 steps, >20:1 dr)4.14
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transferred to a separatory funnel and sequentially washed with 1N NaOH (2 mL), 1N HCl (2 mL), 

saturated aq. NaHCO3 solution (2 mL), and brine (2 mL). The combined aqueous layers were 

extracted with EtOAc (3 x 5 mL). The organic layers were combined, dried over Na2SO4, and 

concentrated under reduced pressure. The crude material was purified via flash chromatography 

(100% hexanes → 2:1 hexanes:EtOAc) to obtain amide 4.15 (38 mg, 30% yield over two steps) 

as a white foam. Amide 4.15: Rf 0.56 (2:1 hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): δ 7.40–

7.30 (m, 5H), 6.46 (s, 1H), 4.66 (d, J = 12.1, 1H), 4.57 (d, J = 12.1, 1H), 4.24 (d, J = 13.9, 1H), 

3.83 (d, J = 11.2, 1H), 3.65 (d, J = 11.2, 1H), 3.59 (s, 1H), 3.53 (t, J = 7.5, 2H), 3.20 (d, J = 13.9, 

1H), 2.59 (dd, J = 14.5, 5.7, 1H), 2.29 (dd, J = 11.9, 5.7, 1H), 2.04 (dd, J = 14.6, 12.0, 1H), 1.68–

1.60 (m, 1H), 1.53 (s, 9H), 1.50 (s, 18H), 1.35–1.18 (m, 13H); 13C NMR (125 MHz, CDCl3): δ 

169.2, 169.0, 152.9, 151.2, 137.0, 131.0, 128.8, 128.4, 128.1, 122.4, 86.6, 84.1, 82.1, 74.2, 69.1, 

56.8, 46.6, 45.9, 44.7, 43.5, 38.4, 37.5, 29.9, 29.51, 29.47, 29.2, 28.2, 28.1, 27.0, 23.2; IR (film): 

2983, 1771, 1730, 1367, 1132 cm–1; HRMS–APCI (m/z) [M + H – CO2]+ calcd for C40H60BrN2O8+, 

775.3528; found 775.3573. 

The structure of 4.15 was verified by 2D-NOESY, as the following interaction was observed: 
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Amine 4.16: A vial was charged with amide 4.15 (17.0 mg, 21.0 µmol, 1.00 equiv) and MeCN 

(410 µL, 0.05 M). The vial was heated to 80 °C for 16 h, after which it was allowed to cool to      

23 °C. The reaction mixture was concentrated under reduced pressure and purified via preparative 

TLC (2:1 hexanes:EtOAc) to afford the desired diene intermediate (11.5 mg, 14.8 µmol) with the 

Boc protecting groups intact, which was used in the subsequent step.  

A vial was charged with the diene intermediate (11.5 mg, 14.8 µmol, 1.00 equiv) and 

CH2Cl2 (0.20 mL, 0.074 M). Trifluoroacetic acid (0.10 mL, 9.00 equiv) was added dropwise to the 

diene solution over 2 min. The reaction mixture was allowed to stir at 23 ºC for 1 h. At this point, 

the septum was pierced with a nitrogen inlet and vent needle and the reaction mixture was allowed 

to concentrate at 23 ºC. CH2Cl2 (0.5 mL, 0.05 M) was added to resuspend the crude material and 

then subsequently evaporated off with a nitrogen inlet and vent needle. This was repeated twice 

more to afford amine 4.16 as the TFA salt (10 mg, 70% yield, two steps). Amine 4.16: Rf 0.67 (2:1 

CH2Cl2:MeOH); 1H NMR (500 MHz, MeOD-d4): δ 7.37–7.26 (m, 5H), 5.96 (s, 1H), 5.89 (s, 1H), 

4.56 (d, J = 11.8, 1H), 4.52 (d, J = 11.8, 1H), 4.12 (d, J = 13.5, 1H), 4.02 (d, J = 13.5, 1H), 3.20 

(d, J = 12.9, 1H), 2.89 (t, J = 7.6, 2H), 2.57–2.48 (m, 2H), 2.14 (td, J = 11.7, 8.8, 1H), 1.76–1.69 

(m, 1H), 1.66–1.58 (m, 2H), 1.40–1.22 (m, 15H); 13C NMR (125 MHz, MeOD-d4): δ 175.8, 162.8, 

143.6, 139.5, 133.9, 129.5, 128.8, 124.3, 118.3, 73.6, 72.0, 50.3, 42.3, 40.7, 38.0, 37.9, 33.9, 31.3, 

30.8, 30.2, 30.1, 28.6, 27.4, 25.0; IR (film): 3064, 1678, 1204, 1136, 801 cm–1; HRMS–APCI (m/z) 

[M + H – C2O2F3]+ calcd for C25H36BrN2O2+, 475.19547; found 475.19370. 

 

4.7.2.2 Syntheses of Silyl Triflates 4.22a and 4.22b 

 

i.  KHMDS
    THF, –78 ºC
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Silyl Triflate 4.21. A flask in the glovebox was charged with KHMDS (3.07 g, 15.4 mmol, 1.62 

equiv). The flask was brought out of the glovebox and the contents were dissolved in THF (32 

mL). This solution was then cooled to –78 ºC and ketone 4.9 (3.36 g, 9.50 mmol, 1.00 equiv) in 

THF (32 mL) was added dropwise over 15 min at –78 ºC. The solution was stirred at –78 ºC for 

2.5 h.  Then, a solution of Comins' reagent (4.66 g, 11.9 mmol, 1.25 equiv) in THF (32 mL) was 

added to the reaction mixture dropwise over 10 min at –78 ºC. The reaction was stirred for 1 h at 

–78 ºC, then warmed to 23 ºC and stirred for 2.5 h. After this time, the reaction was quenched with 

saturated aq. NaHCO3 (75 mL). The reaction was then transferred to a separatory funnel, the layers 

were separated, and the aqueous layer was extracted with ethyl acetate (3 x 75 mL). The organic 

layers were combined and washed with brine (75 mL), then dried over Na2SO4, filtered, and 

concentrated under reduced pressure. The crude material was purified via flash column 

chromatography (100% hexanes → 95:5 hexanes:EtOAc) to yield silyl triflate 4.21 (3.87 g, 84% 

yield) as a yellow oil. Silyl triflate 4.21: Rf 0.71 (9:1 pentane:EtOAc); 1H NMR (500 MHz, CDCl3): 

d 5.83–5.73 (m, 1H), 5.73–5.63 (m, 1H), 5.15–4.98 (m, 2H), 4.09 (dd, J = 18.2, 3.6, 1H), 3.95–

3.80 (m, 1H), 3.78–3.43 (m, 2H), 2.56–2.43 (m, 1H), 2.25 (dd, J = 14.4, 8.4, 1H), 1.46 (s, 9H), 

1.00 (t, J = 7.9, 9H), 0.78–0.68 (m, 6H); 13C NMR (125 MHz, CDCl3): d 154.3, 153.0, 133.5, 

133.3, 128.5, 118.5, 118.3 (q, J = 319), 118.2, 110.2, 82.6, 80.6, 80.4,  47.4, 46.6, 42.4, 42.0, 36.8, 

35.4, 31.4, 28.5, 28.3, 8.0, 7.0, 6.7, 6.6, 5.9, 2.8; 19F NMR (376 MHz, CDCl3): δ –74.7; IR (film): 

2961, 1701, 1415, 1209, 882 cm–1; HRMS-APCI (m/z) [M + H]+ calcd for C20H35F3NO5SSi+, 

486.1952; found 486.1985.  

Note: 4.21 was obtained as a mixture of rotamers. These data represent empirically observed 

chemical shifts from the 1H NMR and 13C NMR spectrum. 
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Silyl Triflate 4.22a: A vial was charged with silyl triflate 4.21 (1.18 g, 2.43 mmol, 1.00 equiv) 

and THF (12.1 mL, 0.20 M) and then cooled to 0 ºC. BH3•THF (7.29 mL, 7.29 mmol, 2.00 equiv, 

1.0 M in THF) was added dropwise at 0 ºC over 5 min. The reaction mixture was allowed to warm 

to 23 ºC over 30 min, and then allowed to stir for 3 h at 23 ºC. After this time, the reaction was 

cooled to 0 ºC and NaOH (24.3 mL, 24.3 mmol, 10.0 equiv, 1.0 M) and H2O2 (2.48 mL, 24.3 

mmol, 10.0 equiv, 30 wt% in H2O) were added sequentially to the reaction mixture. The reaction 

mixture was allowed to warm to 23 ºC over 10 min, then maintained at 67 ºC for 1 h. After this 

time, the solution was cooled to 23 ºC and diluted with H2O (10 mL) and EtOAc (10 mL). The 

solution was transferred to a separatory funnel and the aqueous layer was extracted with EtOAc (3 

x 50 mL). The combined organic layers were dried over Na2SO4, filtered and concentrated under 

reduced pressure. The crude material was purified by flash chromatography (9:1 → 1:1 

hexanes:EtOAc) to afford the primary alcohol (954 mg, 1.89 mmol), which was used in the 

subsequent step.  

To a solution of the primary alcohol (950 mg, 1.89 mmol, 1.00 equiv) in CH2Cl2 (18.9 mL, 

0.10 M) was added Dess–Martin periodinane (960 mg, 2.26 mmol, 1.20 equiv). The reaction 

mixture was allowed to stir at 23 ºC for 1 h. After this time, the reaction mixture was quenched 

with saturated aq. sodium thiosulfate (10 mL) and diluted with CH2Cl2 (10 mL). The mixture was 

transferred to a separatory funnel, the layers were separated, and the aqueous layer was extracted 

with CH2Cl2 (3 x 30 mL). The combined organic layers were washed with brine (40 mL), dried 

over MgSO4, filtered, and concentrated under reduced pressure. The crude material was dissolved 

BocN

OTf 1. i. BH3•THF, THF, 0 → 23 ºC
    ii. NaOH, H2O2, 67 ºC

2. DMP, CH2Cl2, 23 ºC
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in hexanes, filtered over a short celite plug (3 x 5 cm) eluting with hexanes (40 mL), concentrated 

under reduced pressure, and purified by flash chromatography (9:1 → 5:1 hexanes:EtOAc) to 

afford the aldehyde product (512 mg, 1.02 mmol), which was used in the subsequent step.  

To a vial was added the aldehyde product (256 mg, 510 µmol, 1.00 equiv), ammonium 

hydroxide (6.78 mL, 51.0 mmol, 10.0 equiv, 30 wt% in H2O), and THF (3.40 mL, 0.15 M). The 

vial was then wrapped in aluminum foil to exclude light. Iodine (142 mg, 561 µmol, 1.10 equiv) 

was added and the reaction mixture was allowed to stir at 23 ºC for 1 h. After this time, the reaction 

mixture was quenched with saturated aq. sodium thiosulfate (10 mL). The mixture was transferred 

to a separatory funnel and shaken. The layers were separated and the aqueous layer was extracted 

with EtOAc (3 x 10 mL). The organic layers were combined, washed with brine (20 mL), dried 

over Na2SO4, filtered, concentrated under reduced pressure, and purified by flash chromatography 

(100% hexanes → 9:1 hexanes:EtOAc) to afford silyl triflate 4.22a (95 mg, 32% yield over three 

steps) as a clear oil. Silyl triflate 4.22a: Rf 0.51 (5:1 hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): 

δ 5.83 (s, 1H), 4.31 (dd, J = 18.5, 4.7, 1H), 4.12–3.78 (m, 1H), 3.69 (dd, J = 18.3, 1.5, 1H), 3.48–

3.98 (m, 1H), 2.42 (t, J = 8.3, 2H), 2.20–2.04 (m, 1H), 2.04–1.90 (m, 1H), 1.48 (s, 9H), 1.01 (t, J 

= 8.0, 9H), 0.72 (qd, J = 7.7, 3.3, 6H); 13C NMR (125 MHz, CDCl3): δ 154.2, 150.6, 119.7, 118.4 

(q, J = 320), 113.6, 81.5, 46.8, 42.3, 34.9, 29.3, 28.5, 13.0, 8.0, 2.4; 19F NMR (376 MHz, CDCl3): 

δ –74.2; IR (film): 2962, 2881, 2246, 1698, 1414 cm–1; HRMS–APCI (m/z) [M + H]+ calcd for 

C20H34F3N2O5SSi+, 499.1904; found 499.1902. 

Note: 4.22a was obtained as a mixture of rotamers. These data represent empirically observed 

chemical shifts from the 1H NMR and 13C NMR spectrum. 
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Silyl Triflate 4.22b: To a vial in the glovebox was added Ghaffar–Parkins catalyst (64.6 mg, 150 

µmol, 0.20 equiv). The vial was removed from the glovebox and then a separate solution of silyl 

triflate 4.22a (375 mg, 752 µmol, 1.00 equiv) in sparged EtOH:H2O (4:1, 2.50 mL, 0.30 M) was 

added to the vial containing the catalyst. The reaction mixture was allowed to stir at 70 ºC for 1 h. 

After this time, the solution was cooled to 23 ºC, diluted with CH2Cl2 (5 mL), and filtered over a 

short silica plug with Na2SO4 layered on top of the silica (5 cm, Monstr pipette) eluting with 95:5 

CH2Cl2:MeOH (10 mL). The crude reaction solution was concentrated under reduced pressure and 

purified by flash chromatography (100% CH2Cl2 → 95:5 CH2Cl2:MeOH) to afford silyl triflate 

4.22b (328 mg, 84% yield) with minor silyl impurities. An aliquot of this material was repurified 

via preparative TLC (3:1 benzene:acetone) to give the desired product as an amorphous white 

foam for analytical purposes. Silyl triflate 4.22b: Rf 0.58 (3:1 benzene:acetone); 1H NMR (500 

MHz, MeOD-d4): δ 5.84 (s, 1H), 4.35–3.99 (m, 1H), 3.89 (dd, J = 18.4, 2.8, 1H), 3.83–3.38 (m, 

2H), 2.37–2.20 (m, 2H), 2.05–1.87 (m, 2H), 1.48 (s, 9H), 1.05 (t, J = 8.13, 9H), 0.84–0.73 (m, 

6H); 13C NMR (125 MHz, MeOD-d4): δ 178.0, 155.9, 153.5, 119.7 (q, J = 319), 113.3, 82.1, 47.6, 

43.4, 42.9, 36.0, 32.8, 31.5, 28.6, 26.2, 23.7, 21.0, 19.1, 14.4, 11.8, 8.2, 3.6; 19F NMR (376 MHz, 

MeOD-d4): δ –76.5, –80.1; IR (film): 3344, 3196, 2960, 2881, 1674 cm–1; HRMS–APCI (m/z) [M 

+ H]+ calcd for C20H36F3N2O6SSi+, 517.2010; found 517.2011. 

Note: 4.22b was obtained as a mixture of rotamers. These data represent empirically observed 

chemical shifts from the 1H NMR and 13C NMR spectrum. 
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4.7.2.3 Syntheses of Trienes 4.23a and 4.23b 

 
 

Triene 4.23a: To a solution of silyl triflate 4.22a (50.0 mg, 100 µmol, 1.00 equiv) and pyrone 4.12 

(136 mg, 461 µmol, 4.60 equiv) in MeCN (1.00 mL, 0.10 M) was added CsF (76.2 mg, 501 µmol, 

5.00 equiv). The reaction mixture was allowed to stir at 1000 RPM at 80 °C for 1 h. After this 

time, the reaction mixture was filtered through a short plug of silica gel (3 cm, Monstr pipette) 

eluting with EtOAc (~10 mL) and then concentrated under reduced pressure. The crude residue 

was purified via flash chromatography (100% hexanes → 4:1 hexanes:EtOAc) to afford triene 

4.23a (25 mg, 51% yield) as a yellow oil. Triene 4.23a: Rf 0.33 (5:1 hexanes:EtOAc); 1H NMR 

(600 MHz, CDCl3): δ 7.40–7.29 (m, 5H), 6.00 (s, 1H), 5.91 (d, J = 26.8, 1H), 5.76 (s, 1H), 4.54 

(s, 2H), 4.39 (dd, J = 66.4, 20.5, 1H), 4.17 (s, 1H), 4.00 (dd, J = 103.6, 13.0, 1H), 3.79 (dd, J = 

46.0, 26.8, 1H), 2.95 (dd, J = 66.9, 13.1, 1H), 2.54–2.35 (m, 1H), 2.34–2.25 (m, 1H), 2.02–1.93 

(m, 1H), 1.74–1.66 (m, 1H), 1.49 (s, 9H); 13C NMR (150 MHz, CDCl3): δ 155.1, 137.8, 129.6, 

129.1, 128.7, 128.1, 128.0, 125.8, 125.5, 124.8, 124.1, 80.9, 80.8, 73.0, 72.9, 69.2, 69.0, 48.4, 47.0, 

44.6, 44.1, 43.9, 35.2, 29.9, 28.5, 12.7; IR (film): 2979, 2920, 2851, 2241, 1694 cm–1; HRMS–

APCI (m/z) [M + H]+ calcd for C25H30BrN2O3+, 485.1434; found 485.1425. 

Note: 4.23a was obtained as a mixture of rotamers. These data represent empirically observed 

chemical shifts from the 1H NMR and 13C NMR spectrum. 

BocN
Br

OBn

N

4.22a 4.23a

O

O

OBn

Br

4.12

BocN

OTf

SiEt3

N

CsF

MeCN, 80 ºC

(51% yield)

+



 217 

 
 

Triene 4.23b: To a solution of silyl triflate 4.22b (15.0 mg, 29.0 µmol, 1.00 equiv) and pyrone 

4.12 (42.8 mg, 145 µmol, 5.00 equiv) in MeCN (290 µL, 0.10 M) was added CsF (22.1 mg, 145 

µmol, 5.00 equiv). The reaction mixture was allowed to stir at 1000 RPM at 80 °C for 3.5 h. After 

this time, the reaction mixture was filtered through a short plug of silica gel (3 cm silica, Monstr 

pipette) eluting with EtOAc (~10 mL) and then concentrated under reduced pressure. The crude 

residue was purified via preparative TLC (95:5 CH2Cl2:MeOH) to afford triene 4.23b (4.0 mg, 

27% yield) as a yellow oil. Triene 4.23b: Rf 0.26 (95:5 CH2Cl2:MeOH); 1H NMR (500 MHz, 

CDCl3): δ 7.39–7.28 (m, 5H), 5.97 (s, 1H), 5.93–5.72 (m, 2H), 5.28–5.01 (m, 1H), 4.53 (d, J = 

10.2, 2H), 4.36 (dd, J = 40.6, 20.8, 1H), 4.23–4.10 (m, 3H), 3.97–3.70 (m, 1H), 2.93 (dd, J = 54.2, 

13.0, 1H), 2.44–2.10 (m, 2H), 1.81 (dtd, J = 91.8, 12.6, 4.1, 1H), 1.47 (s, 9H), 1.25 (br s, 2H); 13C 

NMR (150 MHz, CDCl3): 175.4, 155.4, 137.9, 136.8, 134.4, 130.8, 128.7, 128.1, 128.01, 127.97, 

125.8, 125.6, 123.5, 122.8, 117.7, 80.6, 72.8, 72.5, 69.4, 69.1, 60.6, 48.9, 46.1, 44.7, 44.5, 44.4, 

43.8, 35.1, 34.5, 31.1, 30.5, 29.9, 28.6; IR (film): 3415, 3343, 3195, 2922, 2862, 1673 cm–1; 

HRMS–APCI (m/z) [M + H]+ calcd for C25H32BrN2O4+, 503.1540; found 503.1540. 

Note: 4.23b was obtained as a mixture of rotamers. These data represent empirically observed 

chemical shifts from the 1H NMR and 13C NMR spectrum. 
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4.8 Spectra Relevant to Chapter Four: 

 
 

Cyclic Allene Approach to the Manzamine Alkaloid Keramaphidin B 

Milauni M. Mehta, Jordan A. M. Gonzalez, James L. Bachman, and Neil K. Garg. 

Manuscript submitted. 
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Figure 4.8 1H NMR (500 MHz, CDCl3) of compound 4.10. 
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Figure 4.9 13C NMR (100 MHz, CDCl3) of compound 4.10. 
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Figure 4.10 1H NMR (500 MHz, CDCl3) of compound 4.11. 
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Figure 4.11 13C NMR (125 MHz, CDCl3) of compound 4.11. 
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Figure 4.12 19F NMR (376 MHz, CDCl3) of compound 4.11. 
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Figure 4.13 1H NMR (500 MHz, CDCl3) of compound 4.14. 
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Figure 4.14 13C NMR (125 MHz, CDCl3) of compound 4.14. 
 
 

10 9 8 7 6 5 4 3 2 1 0 ppm

1.
26

0
1.

50
1

1.
52

7
1.

61
2

1.
61

8
1.

62
5

1.
64

0
1.

66
5

2.
01

5
2.

04
4

2.
06

8
2.

26
8

2.
27

9
2.

29
1

2.
30

3
2.

56
8

2.
57

9
2.

59
7

2.
60

8
3.

18
7

3.
21

5
3.

51
3

3.
52

8
3.

54
3

3.
58

9
3.

64
5

3.
66

7
3.

81
5

3.
83

7
4.

22
6

4.
25

4
4.

55
8

4.
58

2
4.

64
3

4.
66

7
6.

46
0

7.
32

1
7.

33
5

7.
36

2
7.

37
5

7.
39

1

13
.5

35
18

.6
50

9.
13

7
1.

34
3

1.
30

3
1.

06
1

1.
02

9

1.
00

5
2.

32
3

1.
01

3
1.

09
5

1.
01

3

0.
99

8

1.
06

6
1.

01
5

1.
00

0

5.
31

9

Current Data Parameters
NAME      JG-2023-016rp
EXPNO                 1
PROCNO                1

F2 - Acquisition Parameters
Date_          20230207
Time              19.45 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG            zg30
TD                65536
SOLVENT           CDCl3
NS                   16
DS                    0
SWH           10000.000 Hz
FIDRES         0.305176 Hz
AQ            3.2767999 sec
RG                12.14
DW               50.000 usec
DE                10.00 usec
TE                298.0 K
D1           2.00000000 sec
TD0                   1
SFO1        500.1330008 MHz
NUC1                 1H
P1                10.00 usec
PLW1        13.50000000 W

F2 - Processing parameters
SI                65536
SF          500.1300126 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00

4.15

O

O

Br

7

OBn

(Boc)2N H

BocN

O

Figure 4.15 1H NMR (500 MHz, CDCl3) of compound 4.15. 
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Figure 4.16 NOESY (600 MHz, CDCl3) of compound 4.15. 
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Figure 4.17 13C NMR (125 MHz, CDCl3) of compound 4.15. 
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Date_          20230213
Time              11.59 h
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TD                65536
SOLVENT            MeOD
NS                   32
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TD0                   1
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WDW                  EM
SSB      0
LB                 0.30 Hz
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Figure 4.18 1H NMR (500 MHz, MeOD) of compound 4.16. 
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Figure 4.19 13C NMR (125 MHz, MeOD) of compound 4.16. 
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F2 - Acquisition Parameters
Date_          20220404
Time              19.43
INSTRUM          drx500
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TD                65536
SOLVENT           CDCl3
NS                    8
DS                    0
SWH           10000.000 Hz
FIDRES         0.152588 Hz
AQ            3.2767999 sec
RG                228.1
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DE                 6.00 usec
TE                297.9 K
D1           2.00000000 sec
TD0                   1

======== CHANNEL f1 ========
NUC1                 1H
P1                14.80 usec
PL1      0 dB
SFO1        500.3330020 MHz

F2 - Processing parameters
SI                32768
SF          500.3300220 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00
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4.21

Figure 4.20 1H NMR (500 MHz, CDCl3) of compound 4.21. 
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PROCNO                1

F2 - Acquisition Parameters
Date_          20230110
Time              20.15 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                 1042
DS                    2
SWH           31250.000 Hz
FIDRES         0.953674 Hz
AQ            1.0485760 sec
RG               204.54
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DE                28.00 usec
TE                298.0 K
D1           2.00000000 sec
D11          0.03000000 sec
TD0                   1
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NUC1                13C
P1                10.50 usec
PLW1        23.00000000 W
SFO2        500.1330008 MHz
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PLW12        0.21094000 W
PLW13        0.10610000 W

F2 - Processing parameters
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WDW                  EM
SSB      0
LB                 1.00 Hz
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PC                 1.40
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4.21

Figure 4.21 13C NMR (125 MHz, CDCl3) of compound 4.21. 
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PLW1        17.00000000 W

======== CHANNEL f2 ========
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NUC2                 1H
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F2 - Processing parameters
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Figure 4.22 19F NMR (376 MHz, CDCl3) of compound 4.21. 
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F2 - Acquisition Parameters
Date_          20230206
Time              16.22 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG            zg30
TD                65536
SOLVENT           CDCl3
NS                    8
DS                    0
SWH           10000.000 Hz
FIDRES         0.305176 Hz
AQ            3.2767999 sec
RG                12.14
DW               50.000 usec
DE                10.00 usec
TE                298.0 K
D1           2.00000000 sec
TD0                   1
SFO1        500.1330008 MHz
NUC1                 1H
P1                10.00 usec
PLW1        13.50000000 W

F2 - Processing parameters
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SF          500.1300125 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00
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Figure 4.23 1H NMR (500 MHz, CDCl3) of compound 4.22a. 
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F2 - Acquisition Parameters
Date_          20230206
Time              16.37 h
INSTRUM           av500
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SOLVENT           CDCl3
NS                  152
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TD0                   1
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NUC1                13C
P1                10.50 usec
PLW1        23.00000000 W
SFO2        500.1330008 MHz
NUC2                 1H
CPDPRG[2        waltz16
PCPD2             80.00 usec
PLW2        13.50000000 W
PLW12        0.21094000 W
PLW13        0.10610000 W

F2 - Processing parameters
SI               131072
SF          125.7577733 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40
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Figure 4.24 13C NMR (125 MHz, CDCl3) of compound 4.22a. 
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Time              17.37
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TD               262144
SOLVENT           CDCl3
NS                  128
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RG               189.85
DW                3.333 usec
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======== CHANNEL f2 ========
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NUC2                 1H
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PCPD2             90.00 usec
PLW2        13.00000000 W
PLW12        0.36111000 W

F2 - Processing parameters
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WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.00
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Figure 4.25 19F NMR (376 MHz, CDCl3) of compound 4.22a. 
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Current Data Parameters
NAME      MM-2023-027rp
EXPNO                 7
PROCNO                1

F2 - Acquisition Parameters
Date_          20230208
Time              17.45 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG            zg30
TD                65536
SOLVENT            MeOD
NS                    8
DS                    0
SWH           10000.000 Hz
FIDRES         0.305176 Hz
AQ            3.2767999 sec
RG                12.14
DW               50.000 usec
DE                10.00 usec
TE                298.0 K
D1           2.00000000 sec
TD0                   1
SFO1        500.1330008 MHz
NUC1                 1H
P1                10.00 usec
PLW1        13.50000000 W

F2 - Processing parameters
SI                65536
SF          500.1300099 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00

Figure 4.26 1H NMR (500 MHz, MeOD) of compound 4.22b. 
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NAME      MM-2023-027rp
EXPNO                 8
PROCNO                1

F2 - Acquisition Parameters
Date_          20230208
Time              18.07 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG          zgpg30
TD                65536
SOLVENT            MeOD
NS                  368
DS                    2
SWH           31250.000 Hz
FIDRES         0.953674 Hz
AQ            1.0485760 sec
RG               204.54
DW               16.000 usec
DE                28.00 usec
TE                298.0 K
D1           2.00000000 sec
D11          0.03000000 sec
TD0                   1
SFO1        125.7722511 MHz
NUC1                13C
P1                10.50 usec
PLW1        23.00000000 W
SFO2        500.1330008 MHz
NUC2                 1H
CPDPRG[2        waltz16
PCPD2             80.00 usec
PLW2        13.50000000 W
PLW12        0.21094000 W
PLW13        0.10610000 W

F2 - Processing parameters
SI               131072
SF          125.7576123 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40

Figure 4.27 13C NMR (125 MHz, MeOD) of compound 4.22b. 
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F2 - Acquisition Parameters
Date_          20230208
Time              19.12
INSTRUM           av400
PROBHD   5 mm PABBO BB/
PULPROG      zgfhigqn.2
TD               262144
SOLVENT            MeOD
NS                   32
DS                    0
SWH          150000.000 Hz
FIDRES         0.572205 Hz
AQ            0.8738133 sec
RG               189.85
DW                3.333 usec
DE                 6.50 usec
TE                297.8 K
D1           1.00000000 sec
D11          0.03000000 sec
D12          0.00002000 sec
TD0                   1

======== CHANNEL f1 ========
SFO1        376.4983660 MHz
NUC1                19F
P1                14.50 usec
PLW1        17.00000000 W

======== CHANNEL f2 ========
SFO2        400.1324008 MHz
NUC2                 1H
CPDPRG[2        waltz16
PCPD2             90.00 usec
PLW2        13.00000000 W
PLW12        0.36111000 W

F2 - Processing parameters
SI               262144
SF          376.4983660 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.00

Figure 4.28 19F NMR (376 MHz, MeOD) of compound 4.22b. 
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EXPNO                 1
PROCNO                1

F2 - Acquisition Parameters
Date_          20230129
Time              16.42 h
INSTRUM          Avance
PROBHD   Z168773_0038 (
PULPROG            zg30
TD                81920
SOLVENT           CDCl3
NS                    8
DS                    0
SWH           11904.762 Hz
FIDRES         0.290644 Hz
AQ            3.4406400 sec
RG                   57
DW               42.000 usec
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TE                298.0 K
D1           1.00000000 sec
TD0                   1
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P0                 4.00 usec
P1                12.00 usec
PLW1        19.40099907 W

F2 - Processing parameters
SI                65536
SF          600.1300155 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00

rotamers

BocN
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Figure 4.29 1H NMR (600 MHz, CDCl3) of compound 4.23a. 
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F2 - Acquisition Parameters
Date_          20230129
Time              17.45 h
INSTRUM          Avance
PROBHD   Z168773_0038 (
PULPROG          zgpg30
TD               131072
SOLVENT           CDCl3
NS                  912
DS                    0
SWH           35714.285 Hz
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Figure 4.30 13C NMR (150 MHz, CDCl3) of compound 4.23a. 
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Figure 4.31 1H NMR (500 MHz, CDCl3) of compound 4.23b. 
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5.1 Abstract 
 

Strained cyclic intermediates that contain a functional group with a preferred linear 

geometry constrained in a six-membered ring are valuable synthetic building blocks. Diels–Alder  

cycloadditions of such intermediates are particularly useful as they generate two new bonds and 

multiple stereocenters. Whereas Diels–Alder cycloadditions of strained cyclic alkynes, such as 

arynes and cyclic alkynes, are most well-studied, the corresponding reactions of heterocyclic 

allenes are less developed. Specifically, most examples of Diels–Alder reactions with strained 

cyclic allenes involve the use of electron-rich diene trapping partners. This study focuses on the 

use of a-pyrones, which are ambiphilic reaction partners, in Diels–Alder trappings of heterocyclic 

allenes. We investigate regioselectivity trends with respect to both coupling partners and perform 

competition experiments to assess the influence of structural features on reaction rates. 

Additionally, the first ester-substituted oxacyclic allene is accessed and evaluated in a Diels–Alder 

reaction with a-pyrone. Lastly, we demonstrate the scalability of this methodology. This study 

provides insight into strained cyclic allene reactivity, as well as new synthetic tools for the rapid 

construction of complex, heterocyclic scaffolds.  

 

5.2 Introduction 

Intermediates containing a functional group with preferred linear geometry constrained 

within a six-membered ring can be leveraged to build structural complexity. Cycloadditions of 
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strained intermediates are particularly useful as they typically generate two new bonds and 

multiple stereocenters. In the 1950s–1960s, furans (5.2, where X = O, Figure 5.1), which are 

commonly employed as electron-rich dienes in Diels–Alder (DA) cycloadditions, were used to 

validate the existence of the strained cyclic intermediates benzyne1,2,3,4 and cyclohexyne5,6 (5.3, 

Figure 5.1). In contrast to furans, pyrones (5.4)7 are relatively understudied dienes in DA reactions 

with strained cyclic alkynes (5.3). The first examples of benzyne8,9 and cyclohexyne10 undergoing 

the DA cycloaddition with a-pyrone were published in 1997 and 1998, respectively, three decades 

after furans had been demonstrated as competent reaction partners in the DA cycloadditions with 

strained cyclic alkynes.11,12,13,14 To note, cycloadducts 5.5 are often unstable due to facile extrusion 

of CO2 and subsequent aromatization; thus, although this method is useful for generating sp2-rich 

molecules, the structural and stereochemical complexity built in the Diels–Alder reaction is 

typically ablated.15,16,17,18,19
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Figure 5.1. Overview of scaffolds accessible from strain-promoted Diels–Alder cycloadditions of 
intermediates 5.3 or 5.6 with furans 5.2 or pyrones 5.4. 

 

We were interested in evaluating a related class of strained intermediates, cyclic allenes 

(5.6, Figure 5.1),20 in Diels–Alder cycloadditions with a-pyrones (5.4). Several factors motivated 

these studies: a) Similar to cyclic alkynes 5.3, cyclic allenes 5.6 can be generated under mild 

reaction conditions and exhibit strain-promoted reactivity;21,22,23,24,25,26,27,28,29,30,31,32,33,34,35,36,37, 

38,39,40,41,42,43,44,45 b) cyclic allenes 5.6 have two sites of reactivity that can be differentiated based 

on substituent effects, potentially allowing for the controlled formation of isomeric products; c) 

like linear allenes, cyclic allenes are chiral, providing long-term opportunities to control 

stereochemistry; d) although Diels–Alder trappings of cyclic allenes 5.6 have been known for 
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decades, nearly all studies focus on the use of electron-rich dienes 5.2 to provide cycloadducts 5.7 

or 5.8. The use of ambiphilic pyrones, which relies on the electronics of the substituents of both 

reaction partners to guide selectivity parameters of the cycloaddition,46 are not well explored, but 

can deliver structurally complex and isolable47 cycloadducts 5.9 or 5.10. There is only one report 

describing DA cycloadditions between strained cyclic allenes and pyrones, which recently enabled 

the first total synthesis of the manzamine alkaloid lissodendoric acid A.48  

In this manuscript, we study Diels–Alder reactions of strained heterocyclic allenes and a-

pyrones. We describe the scope of the heterocyclic allene and pyrone components with a focus on 

electronic perturbations and principles that guide regioselectivity. In addition, we demonstrate the 

scalability and functional group tolerance of the cycloaddition. We also perform competition 

experiments to gauge relative reaction rates when employing different cyclic allene / pyrone 

combinations. Overall, this study provides insight into strained cyclic allene reactivity and 

selectivity trends, as well as new synthetic tools for the assembly of highly functionalized, sp3-rich 

cycloadducts.  

 

5.3 Scope of Cycloadditions with Methyl-Substituted Heterocyclic Allenes 

We initiated our studies by investigating cycloadditions with allenes bearing either  

electron-donating or electron-withdrawing groups, beginning with methyl-substituted heterocyclic 

allene precursors 5.11 (Figure 5.2).49 The use of Kobayashi-type silyl triflate precursors12 5.11 

allows for cyclic allene generation under mild fluoride-based conditions. Both the oxygen- and 

nitrogen-containing variants of cyclic allenes were evaluated in this transformation, to compare 

their efficiency in the transformations, while also providing access to a variety of poly-heterocyclic 

cycloadducts. For the scope of the pyrone trapping partners, we evaluated unsubstituted pyrone 
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5.15, 4-chloro pyrone 5.16, pyrone 5.17 with electron-donating groups, and pyrone 5.18 with an 

electron-withdrawing substituent. We observed that the combination of the ambiphilic nature of 

pyrones 5.15 and 5.16 with allenes 5.12 leads to a mixture of isomers 5.19a/b, 5.20a/b, 5.21a/b, 

and 5.22a/b (Entries 1 and 2, Figure 5.2).50 It is inferred that the C1–C2 and C2–C3 olefins lack 

the electronic distinction required for a highly selective cycloaddition of one olefin over the other. 

Pyrone 5.17 did not undergo the DA cycloaddition with either oxa- or azacyclic allene 5.12; 

instead, only dimers 5.23 and 5.24 were observed in moderate yields (Entry 3, Figure 5.2). 

Excitingly, ester-substituted pyrone 5.18 underwent the DA cycloaddition with allenes 5.12 to give 

cycloadducts with high regioselectivity. More specifically, cycloadducts 5.25 and 5.26 were 

isolated in 39% and 36% yield, respectively, as single observed isomers with >20:1 dr (Entry 4, 

Figure 5.2). These studies suggest that methyl-substituted cyclic allenes generally behave as 

relatively electron-rich dienophiles due to the electron-donating effect of the methyl group; as 

such, strongly electron-withdrawing substituents are required on the pyrone for the cycloadditions 

to proceed with high regioselectivity. It is also worth noting that all major Diels–Alder 

cycloadducts obtained reflect endo-selectivity, which is consistent with prior studies. 48,51  
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Figure 5.2. Scope of the DA cycloaddition with methyl-substituted oxa and azacyclic allenes 
(5.12) and pyrones 5.15–5.18. Conditions unless otherwise stated: silyl triflate substrate (1.0 
equiv), pyrone (5.0 equiv), CsF (5.0 equiv), acetonitrile (0.1 M) at 23 ºC. Yields reflect the average 
of two experiments. aYield determined by 1H NMR analysis using 1,3,5-trimethoxybenzene as an 
external standard. bReaction performed with 10.0 equiv CsF for 48 h. cReaction performed with 
2.5 equiv TBAF in THF for 16 h. 
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5.4 Cycloadditions with Ester-Substituted Oxacyclic Allenes 

We also investigated cycloadditions of ester-substituted cyclic allenes 5.27 and 5.31 with 

both a-pyrone (5.15) and 2,5-dimethylfuran (5.29) as trapping partners (Figure 5.3). Cyclic allenes 

5.27 and 5.31 were accessed from their corresponding silyl triflate precursors, whose syntheses 

are described in Section 5.8.2.1. We first evaluated ester-substituted allene 5.27 with pyrone 5.15 

and observed a 33% yield of cycloadduct 5.28 with 4:1 dr. To further perturb the electronics of the 

system, we evaluated the corresponding cyclic allene bearing an additional methyl group (5.31) 

with 5.15. The Diels–Alder trapping proceeded with similar regioselectivity, with cycloadduct 

5.32 observed as the major product in 55% yield and 9:1 dr. Recognizing the strong influence of 

the ester substituents in determining the electronic nature of cyclic allenes 5.27 and 5.31, we 

explored the use of 2,5-dimethylfuran (5.29) as an electron-rich trapping partner. In both cases, 

the cycloaddition proceeded with excellent yield and dr to provide cycloadducts 5.30 and 5.33, 

which arose from cycloaddition on the C2–C3 olefins of 5.27 and 5.31, respectively. Notably, 

these are the first strain-promoted Diels–Alder cycloadditions with ester-substituted oxacyclic 

allenes. These results suggest that the greater electronic matching between ester-substituted allenes 

and electron-rich trapping partners leads to more efficient and selective reactions in comparison to 

those with ambiphilic trapping partners. 
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Figure 5.3. Cycloaddition reactions with a-pyrone (5.15) and 2,5-dimethylfuran (5.29) with ester-
substituted oxacyclic allene 5.27 and disubstituted oxacyclic allene 5.31. Conditions: silyl triflate 
substrate (1.0 equiv), pyrone (5.0 equiv), CsF (5.0 equiv), acetonitrile (0.1 M) at 23 ºC. aYield 
determined by 1H NMR analysis using 1,3,5-trimethoxybenzene as an external standard. bA 
constitutional isomer of 5.32 was also observed in ~20% yield, see Section 5.8.2.3 for further 
details. 

 

Several aspects of the DA cycloadditions of strained cyclic allenes and pyrones should be 

noted. In particular, the reactions occur at ambient temperature and are enabled by the high ring 

strain of the cyclic allene as compared to the typically elevated temperature required for DA 

cycloadditions with pyrones as dienes.21,46 Two new C–C bonds and three new stereocenters are 

formed in addition to other elements of structural complexity, such as a bicyclic ring system. 

Additionally, the use of reaction partners with either highly electron-donating or electron-

withdrawing substituents resulted in the cycloaddition proceeding with high regioselectivity. To 

note, the cycloadducts arising from methyl-substituted allenes (5.12) displayed excellent 

diastereoselectivity, whereas the cycloadducts arising from the allenes with ester substituents (5.27 

and 5.31) displayed a slightly lower diastereomeric ratio. While this is an empirical observation, 

we hypothesize that the difference in diastereomeric ratios of the cycloadducts is attributed to the 

different proposed mechanisms for the cycloadditions for methyl- vs ester-substituted allenes. 41,51  
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5.5 Competition Experiments 

Competition experiments were performed to compare the relative reaction efficiency of a-

pyrone (5.15) and 2,5-dimethylfuran (5.29) with cyclic allenes generated from cyclic allene 

precursors 5.34 and 5.35 (Figure 5.4). In the first experiment, 5.34, bearing an electron-donating 

methyl group, was treated with cesium fluoride in acetonitrile at 23 ºC for 16 hours in the presence 

of equimolar amounts of 5.15 and 5.29. We observed that cycloaddition with pyrone 5.15 occurred 

preferentially to give the mixture of isomers 5.20a and 5.20b in 56% overall yield and >20:1 dr 

for each regioisomer. In the second experiment, allene precursor 5.35, bearing the electron-

withdrawing ester substituent, was subjected to the same reaction conditions with equimolar 

amounts of 5.15 and 5.29. In this experiment, we observed almost exclusive cycloaddition between 

the ester-substituted allene and 2,5-dimethylfuran (5.29), which gave rise to cycloadduct 5.30 in 

89% yield (>20:1 dr), with cycloadduct 5.28 observed in <5% yield. Whereas the methyl-

substituted oxacyclic allene arising from 5.34 can be generally considered electron-rich thus 

leading to selective reactivity with electron-deficient pyrone over electron-rich furan, there is 

insufficient electronic bias between the two cyclic allene olefins to yield one constitutional isomer 

of the cycloadduct 5.20. In the case of 5.35, the electron-deficient cyclic allene generated in situ 

preferentially reacts with the electron rich diene 5.29. The observation of the single constitutional 

isomer of 5.30 also suggests better electronic matching between the Diels–Alder partners. Overall, 

these findings underscore that electronic matching of the cycloaddition partners is largely 

influenced by the substituents on both the cyclic allene (i.e., methyl vs ester) and the pyrone. 
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Figure 5.4. Competition experiments with allene precursors 5.34 and 5.35 with 2,5-dimethylfuran 
(5.29) and a-pyrone (5.15). Conditions unless otherwise stated: silyl triflate substrate (1.0 equiv), 
pyrone (5.0 equiv), CsF (5.0 equiv), acetonitrile (0.1 M) at 23 ºC. aYield determined by 1H NMR 
analysis using 1,3,5-trimethoxybenzene as an external standard. 
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contains several functional groups that are well poised for chemoselective elaboration to more 

complex products, including the allyl and ester groups, the lactone bridge, and the three distinct 

olefins. This demonstrates the utility of selective strain-promoted DA cycloadditions of cyclic 

allenes and pyrones in generating highly functionalized, sp3-rich heterocycles. 

 

 
Figure 5.5. Strain-promoted DA cycloaddition with allene precursor 5.36 and pyrone 5.18 on one 
mmol scale. Conditions: silyl triflate substrate (1.0 equiv), pyrone (5.0 equiv), TBAF (2.5 equiv), 
THF (0.1 M) at 23 ºC. 
 
 
5.7 Conclusion 

 We have conducted a systematic investigation of reactions between strained heterocyclic 

allenes and a-pyrones. Substituents on both reactants can be modulated to impart electronic bias, 

and, in turn, regioselectivity in the Diels–Alder cycloaddition reactions. Based on the competition 

experiments reported, it is hypothesized that predictable selectivity of the cycloaddition can be 

observed provided there is significant electronic bias between the two reaction partners. These 

studies provide fundamental insight into strained cyclic allene reactivity, new tools for the 

assembly of complex, sp3-rich scaffolds, and the impetus for further studies geared toward the 

understanding of selectivity-guiding principles in strained cyclic allene trapping reactions.  
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5.8 Experimental Procedures 

5.8.1 Materials and Methods.  

Unless stated otherwise, reactions were conducted in flame-dried glassware under an 

atmosphere of nitrogen using anhydrous solvents (either freshly distilled or passed through 

activated alumina columns). All commercially obtained reagents were used as received unless 

otherwise specified. Non-commercially available substrates were synthesized according to known 

preparations or following protocols specified in the Experimental Procedures. Tetrahydrofuran 

(THF), diethyl ether (Et2O), and acetonitrile (MeCN) were passed through an activated alumina 

column prior to use. Iodomethane (MeI), n-butyllithium (n-BuLi), potassium 

bis(trimethylsilyl)amide (KHMDS), diisopropylamine, hexamethylphosphoramide (HMPA), 

methyl cyanoformate (Mander’s reagent), sodium hydride (NaH, 60 wt%), and 

tetrabutylammonium fluoride (TBAF, 1.0 M in THF) were obtained from Sigma-Aldrich. Sodium 

hydride was washed with pentane prior to use and stored in a Nitrogen-filled glovebox. Cesium 

fluoride (CsF) was purchased from Strem Chemicals. Triethylsilylchloride (TESCl) was obtained 

from Oakwood Prodcts, Inc. N-(5-chloro-2-pyridyl)bis(trifluoromethanesulfonimide) (Comins' 

Reagent), trifluoromethanesulfonic acid (Tf2O), and methyl coumalate (5.18) were purchased from 

Combi-Blocks. Furan was purchased from Alfa Aesar. a-Pyrone (5.15) was purchased from 

Fischer Scientific. 4-chloro-2H-pyran-one (5.16) was purchased from Enamine. 4-methoxy-6-

methyl-2H-pyran-2H-one (5.17) was purchased from Ambeed. Tf2O, HMPA, and 

diisopropylamine were distilled over CaH2 prior to use. Reaction temperatures at or above 23 °C 

were controlled using an IKAmag temperature modulator. Thin-layer chromatography (TLC) was 

conducted with EMD gel 60 F254 pre-coated plates (0.25 mm for analytical chromatography and 

0.50 mm for preparative chromatography) and visualized using a combination of UV light, 
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anisaldehyde and potassium permanganate staining. Silicycle Siliaflash P60 (particle size 0.040–

0.063 mm) was used for flash column chromatography. 1H NMR, 2D-NOESY, 2D-HSQC, and 

2D-HMBC spectra were recorded on Bruker spectrometers (at 400, 500, and 600 MHz) and are 

reported relative to the residual solvent signal. Data for 1H NMR spectra are reported as follows: 

chemical shift (δ ppm), multiplicity, coupling constant (Hz) and integration. 13C NMR spectra 

were recorded on Bruker spectrometers (at 100, 125, and 150 MHz) and are reported relative to 

the residual solvent signal. Data for 13C-NMR spectra are reported in terms of chemical shift (δ 

ppm). 19F NMR spectra were recorded on Bruker spectrometers (at 376 MHz) and reported in 

terms of chemical shift (δ ppm). IR spectra were obtained on a Perkin-Elmer UATR Two FT-IR 

spectrometer and are reported in terms of frequency of absorption (cm–1). DART-MS spectra were 

collected on a Thermo Exactive Plus MSD (Thermo Scientific) equipped with an ID-CUBE ion 

source, a Vapur Interface (IonSense Inc.), and an Orbitrap mass analyzer. Both the source and 

MSD were controlled by Excalibur software v. 3.0. The analyte was spotted onto OpenSpot 

sampling cards (IonSense Inc.) using CDCl3 or CH2Cl2 as the solvent. Ionization was 

accomplished using UHP He (Airgas Inc.) plasma with no additional ionization agents. The mass 

calibration was carried out using Pierce LTQ Velos ESI (+) and (–) Ion calibration solutions 

(Thermo Fisher Scientific). 

 

Silyl enol ether 5.38,45 silyl ketone 5.41,45 and silyl triflate 5.4441 are known compounds. 1H NMR 

spectral data match those reported in literature.  
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5.8.2 Experimental Procedure 

5.8.2.1 Synthesis of Silyl Triflates 

 

Silyl ketone 5.39: To a solution of silyl enol ether 5.38 (1.00 g, 3.41 mmol, 1.00 equiv) in THF 

(40 mL) at –78 °C was added n-BuLi (2.09 mL, 2.4 M in hexanes, 5.11 mmol, 1.50 equiv) over 3 

min. The reaction was stirred at –78 °C for 1 h. Neat MeI (2.42 g, 1.07 mL, 17.0 mmol, 5.00 equiv) 

was then added over 4 min at –78 °C and the reaction was allowed to stir at this temperature for 2 

h. The reaction was then warmed to 23 °C and stirred for an additional 5 h, after which it was 

quenched by the addition of deionized water (100 mL). The layers were shaken, then separated 

and the aqueous layer was extracted with EtOAc (4 x 50 mL). The combined organic layers were 

dried over MgSO4, filtered, and concentrated under reduced pressure. The crude residue was 

purified by flash column chromatography (19:1 hexanes:EtOAc → 4:1 hexanes:EtOAc) to afford 

silyl ketone 5.39 as a colorless oil (540 mg, 69% yield). Silyl ketone 5.39: Rf 0.29 (9:1 

hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): δ 4.26–4.18 (m, 2H), 3.70 (td, J = 3.6, 11.9, 1H), 

3.38 (d, J = 11.4, 1H), 2.60 (ddd, J = 7.8, 12.1, 15.8, 1H), 2.36–2.30 (m, 1H), 1.08 (s, 3H), 0.99 (t, 

J = 7.9, 9H), 0.79–0.65 (m, 6H); 13C NMR (150 MHz, CDCl3): δ 209.9, 75.1, 67.9, 46.9, 41.5, 

15.9, 7.8, 2.8; IR (film): 2956, 2878, 1687, 1460 cm–1; HRMS–APCI (m/z) [M + H]+ calcd for 

C12H25O2Si+, 229.1618; found 229.1621. 
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Silyl triflate 5.34: To a flask in the glovebox was added KHMDS (331 mg, 1.66 mmol, 1.20 

equiv). The flask was then removed from the glovebox, charged with THF (2.30 mL), and cooled 

to –78 °C. To another flask was added the silyl ketone 5.39 (316 mg, 1.38 mmol, 1.00 equiv) and 

THF (2.30 mL). The ketone solution was then added dropwise over 5 min to the KHMDS solution 

at –78 °C. After stirring for 1 h at –78 °C, a solution of Comins' Reagent (812 mg, 2.07 mmol, 

1.50 equiv) in THF (2.30 mL) was added dropwise over 3 min at –78 °C. The reaction was allowed 

to gradually warm to 23 ºC and stirred for 16 h. After this time, the reaction was quenched with 

saturated aq. NH4Cl (15 mL) and diluted with deionized water (10 mL). The layers were shaken, 

then separated and the aqueous layer was extracted with Et2O (3 x 15 mL). The combined organic 

layers were dried over MgSO4, filtered, and concentrated under reduced pressure to provide the 

crude residue. The crude residue was purified via flash chromatography (7:1 → 1:1 

hexanes:benzene) to afford silyl triflate 5.34 (408 mg, 82% yield) as a clear colorless oil. Silyl 

triflate 5.34: Rf 0.52 (3:2 hexanes:benzene); 1H NMR (600 MHz, CDCl3): δ 5.67 (t, J = 2.89, 1H), 

4.29 (dd, J = 3.2, 16.1, 1H), 4.19 (dd, J = 2.6, 16.1, 1H), 3.84 (d, J = 11.3, 1H), 3.58 (d, J = 11.4, 

1H), 1.20 (s, 3H), 1.00 (t, J = 7.85, 9H), 0.72–0.66 (m, 6H); 13C NMR (125 MHz, CDCl3): δ 153.8, 

118.5 (q, J = 319.3), 111.5, 73.7, 64.8, 31.3, 17.7, 7.8, 2.5; 19F NMR (376 MHz, CDCl3): δ –74.5; 

IR (film): 2958, 2880, 2835, 1670, 1416 cm–1. 
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Silyl Triflate 5.35: To a solution of diisopropylamine (0.45 mL, 3.22 mmol, 1.20 equiv) in Et2O 

(13 mL) at –78 ºC was added n-BuLi (1.34 mL, 2.4 M in hexanes, 3.22 mmol, 1.20 equiv) over 10 

min. The reaction was stirred at –78 ºC for 20 min, then allowed to stir at 23 ºC for 10 min. Then 

the reaction mixture was cooled to –78 ºC and a solution of ketone 5.40 (575 mg, 2.68 mmol, 1.00 

equiv) in Et2O (13 mL) was added dropwise over 15 min and stirred at –78 ºC for 1 h. Then HMPA 

(467 µL, 2.68 mmol, 1.00 equiv) and Mander’s reagent (256 µL, 3.22 mmol, 1.20 equiv) were 

added dropwise sequentially over 3 min at –78 ºC. The reaction was stirred at –78 ºC for 1 h, then 

quenched by the addition of cold deionized water (0 ºC, 15 mL) and allowed to warm to 23 ºC. 

The layers were separated and the aqueous layer was extracted with Et2O (3 x 20 mL). The 

combined organic layers were dried over Na2SO4, filtered, and concentrated under reduced 

pressure to provide the crude product, which was purified by flash column chromatography 

(hexanes → 9:1 hexanes:EtOAc) to afford the β-keto ester as a colorless oil (605 mg, 2.22  mmol). 

This material was used directly in the next step.  

To a flask in the glovebox was added NaH (68.5 mg, 2.85 mmol, 2.10 equiv). The flask 

was removed from the glovebox, CH2Cl2 (7 mL) was added, and the suspension was cooled to 0 

ºC. A solution of the β-keto ester (370 mg, 1.36 mmol, 1.00 equiv) in CH2Cl2 (7 mL) was added 

dropwise over 10 min and allowed to warm to 23 ºC. After stirring for 1 h, the reaction was cooled 

to – 78 ºC and Tf2O (298 µL, 1.77 mmol, 1.30 equiv) was added dropwise over 5 min. After stirring 

for 15 min, the reaction was allowed to warm to 23 ºC and stirred for 2 h. The reaction was cooled 

to 0 ºC and was quenched by the addition of deionized water (15 mL). The layers were separated 
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and the aqueous layer was extracted with CH2Cl2 (3 x 20 mL). The combined organic layers were 

dried over Na2SO4, filtered, and concentrated under reduced pressure to provide the crude product, 

which was purified by flash chromatography (9:1 hexanes:EtOAc) to afford silyl triflate 5.35 (364 

mg, 60% yield, two steps) as a clear oil. Silyl triflate 5.35: Rf 0.55 (5:1 hexanes:EtOAc); 1H NMR 

(500 MHz, CDCl3): δ 4.55 (dd, J = 16.2, 3.0, 1H), 4.36 (dd, J = 16.1, 1.8, 1H), 3.93 (d, J = 3.8, 

2H), 3.78 (s, 3H), 2.12–2.07 (m, 1H), 1.00 (t, J = 7.9, 9H), 0.71 (q, J = 7.7, 6H); 13C NMR (125 

MHz, CDCl3): δ 163.1, 154.6, 118.4 (q, J = 320.2), 117.5, 66.5, 65.6, 52.1, 30.2, 7.2, 2.9; 19F NMR 

(376 MHz, CDCl3): δ –74.3; (IR (film): 2957, 2880, 1716, 1655, 1424 cm–1; HRMS–APCI (m/z) 

[M + H]+ calcd for C14H24F3O6SSi+, 405.1010; found 405.1005. 
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and the aqueous layer was extracted with Et2O (3 x 20 mL). The combined organic layers were 

i.  LDA (1.5 equiv)
    Et2O (0.1 M), –78 °C

ii. HMPA (1.0 equiv) 
    Mander’s Reagent (1.2 equiv)
    –78 °C

O

OH

SiEt3
Me

O

O

SiEt3
Me

CO2Me

(62% yield)5.39 5.41
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dried over MgSO4, filtered, and concentrated under reduced pressure to provide the crude product, 

which was purified by flash column chromatography (40:1 hexanes:EtOAc → 5:1 hexanes:EtOAc) 

to afford β-keto ester 5.41 (243 mg, 62% yield) as a light pink oil. β-keto ester 5.41: Rf 0.60 (9:1 

hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): δ 4.32 (d, J = 13.7, 1H), 4.25 (d, J = 13.6, 1H), 

3.84 (d, J = 11.3, 1H), 3.74 (s, 3H), 3.46 (d, J = 11.4, 1H), 1.20 (s, 3H), 0.98 (t, J = 8.1, 9H), 0.75–

0.67 (m, 6H); 13C NMR (125 MHz, CDCl3): δ 177.5, 171.1, 94.5, 73.2, 64.2, 51.4, 32.3, 17.4, 7.9, 

2.8; IR (film): 2954, 2877, 1746, 1653, 1607 cm–1; HRMS–APCI (m/z) [M + H]+ calcd for 

C14H27O4Si+, 287.1673; found 287.1682. 

 

 

Silyl Triflate 5.42: To a flask in the glovebox was added NaH (17.6 mg, 733 µmol, 2.10 equiv). 

The flask was removed from the glovebox and Et2O (1.75 mL) was added at 0 ºC. Next, a solution 

of β-keto ester 5.41 (100 mg, 349 µmol, 1.00 equiv) in Et2O (1.75 mL) was added dropwise over 

3 min and the suspension was allowed to warm to 23 ºC. After stirring for 1 h, the reaction was 

cooled to –78 ºC and Tf2O (76.7 µL, 454 µmol, 1.30 equiv) was added dropwise over 1 min. After 

stirring for 2 h at –78 °C, the reaction was allowed to warm to 23 ºC and stirred for 15 h. The 

reaction was quenched by the addition of deionized water (5 mL). The layers were separated and 

the aqueous layer was extracted with Et2O (3 x 5 mL). The combined organic layers were dried 

over MgSO4, filtered, and concentrated under reduced pressure to provide the crude product, which 

was purified by flash chromatography (19:1 hexanes:EtOAc → 5:1 hexanes:EtOAc) to afford silyl 

triflate 5.42 (98.5 mg, 67% yield) as a clear oil. Silyl triflate 5.42: Rf 0.47 (9:1 hexanes:EtOAc); 

O

OH

SiEt3
Me

CO2Me i.  NaH (2.1 equiv)
    Et2O (0.1 M), 0 → 23 °C

ii. Tf2O (1.3 equiv) 
    –78 → 23 °C

O

OTf

SiEt3
Me

CO2Me

(67% yield)5.41 5.42
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1H NMR (500 MHz, CDCl3): δ 4.67 (d, J = 16.0, 1H), 4.17 (d, J = 16.0, 1H), 3.76 (s, 3H), 3.71 

(m, 2H), 1.31 (s, 3H), 1.0 (t, J = 8.0, 9H), 0.71 (q, J = 7.6, 6H); 13C NMR (125 MHz, CDCl3): δ 

163.8, 156.0, 118.8, 118.5 (q, J = 320.4), 74.2, 66.6, 52.3, 33.5, 17.7, 7.7, 2.4; 19F NMR (376 MHz, 

CDCl3): δ –72.5;  IR (film): 2958, 2882, 1724, 1651, 1423 cm–1; HRMS–APCI (m/z) [M + H]+ 

calcd for C15H26F3O6SSi+, 419.1166; found 419.1183. 

 

5.8.2.2 Scope of Cycloadditions with Methyl-Substituted Heterocyclic Allenes 

General Procedure: To a solution of silyl triflate 5.11 (0.10 mmol, 1.00 equiv) and pyrone (5.00 

equiv) in MeCN (1.00 mL, 0.10 M) was added CsF (5.00 equiv). The reaction mixture was allowed 

to stir at 1000 RPM at 23 °C. After this time, the reaction mixture was filtered through a short plug 

of silica gel (3 cm silica) eluting with EtOAc (~10 mL) and then concentrated under reduced 

pressure. Yields were determined as an average of two experiments via NMR analysis using 1,3,5-

trimethoxybenzene as an external standard.  

 

Any deviations from the General Procedure are detailed below. For all compounds in which the 

diastereomeric ratio was >20:1, the minor diastereomer was not observed in the 1H NMR of the 

crude reaction mixture.  

 

Note:  Cycloadducts 5.19a/b, 5.21a/b, 5.23, and 5.25 are isolated as a mixture of N-epimers. 

Protons in the 1H NMR spectra are integrated together for each N-epimer. J-coupling values are 

provided for a single epimer. With regard to the 13C NMR spectra, some peaks overlap, leading 

to less peaks than expected for the two N-epimers. 
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 Cycloadduct 5.19a: An analytical sample of 5.19a was obtained via preparative TLC (9:1 

benzene:acetone). Cycloadduct 5.19a: Rf 0.42 (9:1 benzene:acetone); 1H NMR (500 MHz, 

CDCl3): δ 6.49–6.41 (m, 1H), 6.39–6.30 (m, 1H), 5.68 (d, J = 3.3, 1H), 5.43 (d, J = 4.9, 1H), 4.25 

(d, J =19.6, 1H), 3.93 (d, J = 11.4, 1H), 3.69–3.55 (m, 1H), 3.37 (t, J = 6.5, 1H), 2.21 (d, J = 11.6, 

1H), 1.48 (s, 9H), 1.15 (s, 3H); 13C NMR (125 MHz, CDCl3): δ 171.7, 155.6, 155.3, 137.7, 137.3, 

132.8, 132.5, 128.4, 128.1, 117.7, 117.2, 80.44, 80.39, 51.5, 51.3, 50.1, 43.2, 42.7, 35.6, 35.5, 28.6, 

22.3, 22.2; IR (film): 2979, 2928, 1761, 1696, 1399 cm–1; HRMS–APCI (m/z) [M + H]+ calcd for 

C16H22NO4+, 292.1543; found 292.1526. 

Note: Regioisomeric cycloadduct 5.19b was observed in the 1H NMR spectrum of the crude 

material, but an analytical sample could not be obtained due to decomposition. The yield of 

cycloadduct 5.19b reported in Figure 5.2 is based on integration of peaks analogous to those 

observed for cycloadduct 5.20b. 

The structure of 5.19a was verified by 2D-NOESY, as the following interactions were observed.  
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Cycloadduct 5.21a: An analytical sample of 5.21a was obtained via preparative TLC (1:1:1 

hexanes:CH2Cl2:Et2O). Cycloadduct 5.21a: Rf 0.46 (1:1:1 hexanes:CH2Cl2:Et2O); 1H NMR (500 

MHz, CDCl3): δ 6.39 (ddd, J = 13.9, 5.6, 2.3, 1H), 5.76–5.64 (m, 1H), 5.42, (d, J = 5.7, 1H), 4.38–

4.17 (m, 1H), 4.03 (dd, J = 89.2, 11.6, 1H), 3.65 (td, J = 20.0, 4.5, 1H), 3.49–3.41 (m, 1H), 2.41 

(dd, J = 31.3, 11.7, 1H), 1.49 (s, 9H), 1.16 (s, 3H); 13C NMR (125 MHz, CDCl3): δ 169.4, 155.6, 

155.3, 137.3, 136.7, 133.0, 132.6, 127.6, 127.2, 118.3, 117.9, 80.7, 80.6, 59.2, 59.1, 50.2, 49.1, 

43.1, 42.6, 36.0, 35.9, 28.6, 22.0, 21.9; IR (film): 2975, 2936, 2876, 1768, 1697 cm–1; HRMS–

APCI (m/z) [M + H]+ calcd for C16H21ClNO4+, 326.1154; found 326.1137. 

Note: Regioisomeric cycloadduct 5.21b was observed in the 1H NMR spectrum of the crude 

material, but an analytical sample could not be obtained due to decomposition. The yield of 

cycloadduct 5.21b reported in Figure 5.2 is based on integration of peaks analogous to those 

observed for cycloadduct 5.20b. 

The structure of 5.21a was verified by 2D-NOESY, as the following interactions were observed.  
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Cycloadduct 5.25: 10.0 equivalents of CsF were added to this reaction mixture and the reaction 

was allowed to stir for 48 h. An analytical sample of 5.25 was obtained via preparative TLC (1:1:1 

hexanes:CH2Cl2:Et2O). Cycloadduct 5.25: Rf 0.36 (1:1:1 hexanes:CH2Cl2:Et2O); 1H NMR (500 

MHz, CDCl3): δ 7.19–7.14 (m, 1H), 5.91 (s, 1H), 5.81 (d, J = 29.4, 1H), 4.26 (dd, J = 53.7, 19.7, 

1H), 3.98 (dd, J = 90.5, 11.5, 1H), 3.81 (s, 3H), 3.67–3.57 (m, 1H), 3.53 (t, J = 5.6, 1H), 2.15 (dd, 

J = 46.1, 11.4, 1H), 1.47 (s, 9H), 1.19 (s, 3H); 13C NMR (125 MHz, CDCl3): δ 170.1, 162.1, 162.0, 

155.5, 155.1, 137.1, 136.9, 136.7, 136.6, 136.5, 136.0, 119.1, 118.7, 80.64, 80.59, 52.61, 52.58, 

51.9, 51.4, 50.1, 43.2, 42.7, 36.3, 36.2, 28.6, 22.3, 22.2; IR (film): 2974, 2860, 1769, 1723, 1697  

cm–1; HRMS–APCI (m/z) [M + H]+ calcd for C18H24NO6+, 350.1598; found 350.1577. 

 

The structure of 5.25 was verified by 2D-NOESY, as the following interactions were observed.  
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Dimer 5.23: An analytical sample of 5.23 was obtained via preparative TLC (2:1 hexanes:EtOAc). 

Dimer 5.23: Rf 0.41 (5:1 hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): δ 4.49–4.11 (m, 4H), 3.38 

(t, J = 18.5, 2H), 2.62–2.34 (m, 4H), 1.76 (s, 6H), 1.46 (s, 18H); 13C NMR (125 MHz, CDCl3): δ 

155.1, 134.4, 133.8, 118.2, 117.6, 79.9, 47.7, 47.1, 45.6, 44.4, 42.9, 28.6, 16.9; IR (film): 2975, 

2926, 2857, 1695, 1404 cm–1; HRMS–APCI (m/z) [M + H]+ calcd for C22H35N2O4+, 391.2591; 

found 391.2567. 

Note: 5.23 was isolated as a single isomer, but as an unassigned diastereomer due to the dimeric 

nature of the product.  

 

 

Cycloadducts 5.20a and 5.20b: An analytical sample of 1.4:1 mixture of 5.20a and 5.20b was 

obtained via preparative TLC (9:1 benzene:MeCN followed by 19:1 CH2Cl2:Et2O). The 

cycloadducts were characterized as a mixture. Cycloadducts 5.20a and 5.20b: Rf 0.17 (2:1 

hexanes:EtOAc) 1H NMR (500 MHz, CDCl3): 5.20a (major isomer, proximal cycloadduct):             

δ 6.48–6.43 (m, 1H), 6.31–6.26 (m, 1H), 5.64 (br s, 1H), 5.45 (d, J = 5.2, 1H), 4.44 (d, J = 17.5, 

1H), 4.08 (dd, J = 3.3, 17.7, 1H), 3.64 (d, J = 9.4, 1H), 3.30 (d, J = 5.9, 1H), 2.77 (d, J = 9.2, 1H), 

1.29 (s, 3H); 5.20b (minor isomer, distal cycloadduct): δ 6.55–6.51 (m, 1H), 6.20–6.15 (m, 1H), 

CsF (5.00 equiv) 

MeCN (0.1 M)
23 °C, 16 h

(49% NMR yield,
>20:1 dr)
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5.74 (d, J = 5.0, 1H), 4.19 (d, J = 16.7, 1H), 4.03 (dd, J = 4.3, 9.3, 1H), 3.94–3.88 (m, 1H), 3.57–

3.53 (m, 1H), 2.70–2.64 (m, 1H), 2.62–2.57 (m, 1H), 1.69 (s, 3H); 13C NMR (125 MHz, CDCl3): 

δ 172.5, 171.6, 136.5, 133.1, 132.5, 127.7, 126.5, 126.2, 126.0, 118.7, 77.3, 74.5, 71.7, 68.7, 67.4, 

64.6, 50.6, 43.9, 34.3, 32.0, 22.5, 13.8; IR (film): 2981, 2922, 2886, 1759, 1382 cm–1.  

Note: Compounds 5.20a and 5.20b were characterized as a mixture of regioisomers. Due to the 

selective decomposition of regioisomer 5.20b, the ratio of cycloadducts 5.20a:b changes upon 

purification of the crude reaction mixture. 

The structure of 5.20a and 5.20b was verified by 2D-NOESY, as the following interactions were 

observed.  

 

 
Cycloadduct 5.22a: 10.0 equivalents of CsF were added to this reaction mixture and the reaction 

was allowed to stir for 48 h. An analytical sample of 5.22a was obtained via preparative TLC (9:1 

benzene:MeCN followed by 19:1 CH2Cl2:Et2O). Cycloadduct 5.22a: Rf 0.40 (2:1 hexanes:EtOAc); 

1H NMR (500 MHz, CDCl3): δ 6.39 (dd, J = 2.1, 5.57, 1H), 5.67 (br s, 1H), 5.44 (d, J = 5.7, 1H), 

4.44 (d, J = 17.8, 1H), 4.12 (dd, J = 3.2, 17.7, 1H), 3.74 (d, J = 9.6, 1H), 3.38 (d, J = 1.48, 1H), 

2.97 (d, J = 9.5, 1H), 1.31 (s, 3H); 13C NMR (125 MHz, CDCl3): δ 169.3, 136.1, 132.4, 127.8, 

5.20a

O
O

O

H
H

H

H

5.20b

H3C

H
H

H

O
O

O

H3C
H

H

H

H

H
H

H

CsF (10.00 equiv) 

MeCN (0.1 M)
23 °C, 48 h

(29% NMR yield, 
> 20:1 dr)

O

O

5.22a

O

OTf

5.34

Me
SiEt3

5.16

+

(5.00 equiv)

Cl

O
O

O

Me
Cl

O
O

O

H
Me

5.22b

+
Cl

(25% NMR yield, 
> 20:1 dr)
not isolated



 264 

119.4, 77.1, 70.6, 64.6, 58.2, 34.7, 22.2; IR (film): 2981, 2932, 2862, 1765, 1611 cm–1; HRMS–

APCI (m/z) [M + H]+ calcd for C11H12ClO3+, 227.0470; found 227.0465. 

Note: Regioisomeric cycloadduct 5.22b was observed in the 1H NMR spectrum of the crude 

material, but an analytical sample could not be obtained due to decomposition. The yield of 

cycloadduct 5.22b reported in Figure 5.2 is based on integration of peaks analogous to those 

observed for cycloadduct 5.20b. 

The structure of 5.22a was verified by 2D-NOESY, as the following interactions were observed.  

 

 
 

Cycloadduct 5.26: To a solution of silyl triflate 5.34 (36.0 mg, 0.10 mmol, 1.00 equiv) and pyrone 

5.18 (77.1 mg, 0.50 mmol, 5.00 equiv) in THF (10.0 mL, 0.10 M) was added TBAF (0.25 mL, 

0.25 mmol, 2.50 equiv). The reaction mixture was allowed to stir at 1000 RPM at 23 °C for 16 h. 

After this time, the reaction mixture was filtered through a short plug of silica gel (3 cm silica) 

eluting with EtOAc (~10 mL) and then concentrated under reduced pressure. The yield was 

determined as an average of two experiments via NMR analysis using 1,3,5-trimethoxybenzene as 

an external standard. An analytical sample of 5.26 was obtained via preparative TLC (3:1 

hexanes:EtOAc, followed by 19:1 CH2Cl2:Et2O, followed by 4:1:1 hexanes:CH2Cl2:Et2O, 

followed by 5:1 benzene:acetone). Cycloadduct 5.26: Rf 0.17 (2:1 hexanes:EtOAc); 1H NMR (500 

MHz, CDCl3): δ 7.11 (dd, J = 1.7, 6.3, 1H), 5.94 (s, 1H), 5.77 (br s, 1H), 4.44 (d, J = 17.8, 1H), 
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4.07 (dd, J = 3.2, 18.1, 1H), 3.81 (s, 3H), 3.67 (d, J = 9.5 1H), 3.46 (d, J = 6.3, 1H), 2.70 (d, J = 

9.5, 1H), 1.33 (s, 3H); 13C NMR (125 MHz, CDCl3): δ 169.9, 162.1, 137.4, 136.4, 135.3, 120.1, 

76.7, 71.6, 64.7, 52.6, 51.0, 34.8, 22.5; IR (film): 2981, 2882, 1771, 1721, 1354 cm–1; HRMS–

APCI (m/z) [M + H]+ calcd for C13H15O5+, 251.0914; found 251.0909. 

The structure of 5.26 was verified by 2D-NOESY, as the following interactions were observed.  

 

 
 

Dimer 5.24: An analytical sample of 5.24 was obtained via preparative TLC (3:1 hexanes:EtOAc, 

followed by 4:1:1 hexanes:CH2Cl2:Et2O, followed by a short plug of silica gel (3 cm silica) 

washing with hexanes (10 mL) and eluting with EtOAc (10 mL)). Dimer 5.24: Rf 0.20 (5:1 

hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): δ 4.18 (d, J = 16.1, 2H), 4.05 (dd, J = 5.6, 10.0, 

2H), 3.96 (d, J = 16.1, 2H), 3.15 (t, J = 9.7, 2H), 2.67 (br s, 2H), 1.69 (s, 6H); 13C NMR (125 MHz, 

CDCl3): δ 133.3, 118.1, 68.6, 67.4, 42.6, 15.1; IR (film): 2981, 2915, 2850, 1374, 1252 cm–1; 

HRMS–APCI (m/z) [M + H]+ calcd for C12H16O2+, 193.1223; found 193.1232. 

Note: 5.24 was isolated as a single isomer, but as an unassigned due to the dimeric nature of the 

product.  
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5.8.2.3 Cycloadditions with Ester-Substituted Oxacyclic Allenes 

 

Cycloadduct 5.30: Silyl triflate 5.35 (20 mg, 0.05 mmol, 1.00 equiv) and furan 5.29 (27 µL, 0.25 

mmol, 5.0 equiv) were added to the reaction flask and dissolved in MeCN (0.50 mL, 0.10 M). The 

solution was purged with nitrogen for 5 min and then CsF (38 mg, 0.25 mmol, 5.00 equiv) was 

added to the vial. The reaction mixture was then allowed to stir at 1000 RPM at 23 °C for 3 h. 

After this time, the reaction mixture was filtered through a short plug of silica gel (3 cm silica) 

eluting with EtOAc (~10 mL) and then concentrated under reduced pressure. Purification by flash 

chromatography (9:1 → 1:1 hexanes:EtOAc) afforded cycloadduct 5.30 as a clear oil (85% yield). 

Cycloadduct 5.30: Rf 0.48 (1:1 hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): δ 6.22 (d, J = 5.3, 

1H), 5.89 (d, J = 5.3, 1H), 5.57–5.52 (m, 1H), 4.54 (d, J = 9.4, 1H), 4.31 (d, J = 17.0, 1H), 4.00–

3.92 (m, 1H), 3.76–3.70 (m, 3H), 2.41 (d, J = 9.4, 1H), 1.73 (s, 3H), 1.58 (s, 3H); 13C NMR (125 

MHz, CDCl3): δ 172.6, 142.7, 142.1, 133.8, 115.4, 88.6, 87.1, 70.7, 64.8, 57.4, 52.5, 16.8, 14.8; 

IR (film): 3090, 2933, 1722, 1452, 1217 cm–1; HRMS–APCI (m/z) [M + H]+ calcd for C13H17O4+, 

237.1121; found 237.1121. 

The structure of 5.30 was verified by 2D-NOESY, as the following interactions were observed.  
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Cycloadduct 5.28: Silyl triflate 5.35 (21 mg, 0.05 mmol, 1.00 equiv) and pyrone 5.15 (21 µL, 0.26 

mmol, 1.0 equiv) were added to the reaction flask and dissolved in MeCN (0.52 mL, 0.10 M). The 

solution was purged with nitrogen for 5 min and then CsF (39 mg, 0.26 mmol, 5.00 equiv) was 

added to the vial. The reaction mixture was then allowed to stir at 1000 RPM at 23 °C for 3 h. 

After this time, the reaction mixture was filtered through a short plug of silica gel (3 cm silica) 

eluting with EtOAc (~10 mL) and then concentrated under reduced pressure. Yields were 

determined via NMR analysis using 1,3,5-trimethoxybenzene as an external standard. An 

analytical sample of 5.28 was obtained via preparative TLC (1:1 hexanes:EtOAc). Cycloadduct 

5.28: Rf 0.21 (1:1 hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): δ 6.57 (t, J = 6.0, 1H), 6.34–6.25 

(m, 1H), 5.85 (s, 1H), 5.58 (d, J = 4.5, 1H), 4.52–4.33 (m, 2H), 4.11 (d, J = 18.3, 1H), 3.79 (d, J = 

6.1, 1H), 3.75 (s, 3H), 2.75 (d, J = 9.5, 1H); 13C NMR (125 MHz, CDCl3): δ 171.3, 169.7, 135.4, 

134.6, 131.8, 127.7, 126.4, 121.4, 76.4, 69.9, 69.1, 65.5, 65.4, 53.4, 49.0, 47.4, 47.2; IR (film): 

3089, 2862, 1758, 1733, 1478 cm–1; HRMS–APCI (m/z) [M + H]+ calcd for C12H13O5+, 237.0758; 

found 237.0761. 

The structure of 5.28 was verified by 2D-NOESY, as the following interaction was observed.  
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Cycloadduct 5.33: Silyl triflate 5.42 (42 mg, 0.1 mmol, 1.00 equiv) and furan 5.29 (53 µL, 0.50 

mmol, 1.0 equiv) were added to the reaction flask and dissolved in MeCN (1.0 mL, 0.10 M). CsF 

(76 mg, 0.50 mmol, 5.00 equiv) was added to the vial. The reaction mixture was then allowed to 

stir at 1000 RPM at 23 °C for 16 h. After this time, the reaction mixture was filtered through a 

short plug of silica gel (3 cm silica) eluting with EtOAc (~10 mL) and then concentrated under 

reduced pressure. The yield was determined via NMR analysis using 1,3,5-trimethoxybenzene as 

an external standard. An analytical sample of 5.33 was obtained via preparative TLC (2:1 

hexanes:EtOAc). Cycloadduct 5.33: Rf 0.23 (1:1 hexanes:EtOAc); 1H NMR (500 MHz, CDCl3): 

δ 6.36 (d, J = 5.3, 1H), 5.87 (d, J = 5.3, 1H), 4.49 (d, J = 9.4, 1H), 4.07 (d, J = 16.4, 1H), 3.72 (s, 

3H), 3.69 (d, 16.4, 1H), 2.38 (d, J = 9.4, 1H), 1.88 (s, 3H), 1.68 (s, 3H), 1.55 (s, 3H); 13C NMR 

(125 MHz, CDCl3): δ 173.0, 141.6, 135.3, 134.4, 123.1, 87.8, 87.6, 70.7, 68.6, 57.0, 52.4, 17.7, 

16.8, 13.8; IR (film): 2981, 2867, 1721, 1453, 1384 cm–1. 

The structure of 5.33 was verified by 2D-NOESY (red) and 2D-HMBC (blue), as the following 

interactions were observed.  
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Cycloadducts 5.32 and 5.44: Silyl triflate 5.42 (42 mg, 0.1 mmol, 1.00 equiv) and pyrone 5.15 (48 

mg, 0.50 mmol, 1.0 equiv) were added to the reaction flask and dissolved in MeCN (1.0 mL, 0.10 

M). CsF (76 mg, 0.50 mmol, 5.00 equiv) was added to the vial. The reaction mixture was then 

allowed to stir at 1000 RPM at 23 °C for 16 h. After this time, the reaction mixture was filtered 

through a short plug of silica gel (3 cm silica) eluting with EtOAc (~10 mL) and then concentrated 

under reduced pressure. Yields were determined via NMR analysis using 1,3,5-trimethoxybenzene 

as an external standard. Analytical samples of regioisomers 5.32 and 5.44 were obtained via 

preparative TLC (2:1 hexanes:EtOAc followed by 2:1:1 benzene:CH2Cl2:Et2O). Cycloadduct 5.32 

(major product): Rf 0.28 (1:1 hexanes:EtOAc); 1H NMR (600 MHz, CDCl3): 6.60–6.56 (m, 1H), 

6.29–6.25 (m, 1H), 5.86 (dd, J = 1.5, 5.2, 1H), 4.36 (d, J = 9.4, 1H), 4.25 (d, J = 17.1, 1H), 3.92 

(d, J = 17.0, 1H), 3.77 (dd, J = 1.6, 6.2, 1H), 3.74 (s, 3H), 2.76 (d, J = 9.4, 1H), 1.74 (s, 3H); 13C 

NMR (125 MHz, CDCl3): 171.8, 170.2, 133.9, 128.4, 126.7, 124.9, 74.0, 70.4, 68.8, 53.3, 47.2, 

46.9, 14.1; IR (film): 2981, 2922, 1757, 1737, 1453 cm–1. Cycloadduct 5.44 (minor product): Rf 

0.23 (1:1 hexanes:EtOAc); 1H NMR (600 MHz, CDCl3): 6.56–6.52 (m, 1H), 6.50–6.46 (m, 1H), 

5.26 (dd, J = 1.7, 4.6, 1H), 4.47 (d, J = 6.0, 1H), 4.34 (d, J = 10.0, 1H), 4.23 (d, J = 16.9, 1H), 4.00 

(d, J = 16.9, 1H), 3.67 (s, 3H), 3.38 (d, J = 10.0, 1H), 1.81 (s, 3H); 13C NMR (125 MHz, CDCl3): 

171.1, 169.2, 133.4, 131.5, 130.4, 117.7, 74.6, 69.5, 69.3, 52.8, 52.7, 45.3, 14.4; IR (film): 2981, 

2886, 1749, 1728, 1382 cm–1. 

The structure of 5.32 and 5.44 was verified by 2D-NOESY and 2D-HMBC (blue), as the 

following interactions were observed.  
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5.8.2.4 Competition Experiments 

 
Silyl triflate 5.34 (18.0 mg, 50 µmol, 1.00 equiv), furan 5.29 (5.3 µL, 50 µmol, 1.0 equiv), and 

pyrone 5.15 (4.8 mg, 50 µmol, 1.0 equiv) were added to the reaction flask and dissolved in MeCN 

(500 µL, 0.10 M). CsF (38.0 mg, 250 µmol, 5.00 equiv) was added to the vial. The reaction mixture 

was then allowed to stir at 1000 RPM for 16 h at 23 °C. After this time, the reaction mixture was 

filtered through a short plug of silica gel (3 cm silica) eluting with EtOAc (~10 mL) and then 

concentrated under reduced pressure. Yields were determined via NMR analysis using 1,3,5-

trimethoxybenzene as an external standard. Characterization data for 5.20a and 5.20b are detailed 

in Section 5.8.2.3.  
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(494 µL, 0.10 M). The solution was purged with nitrogen for 5 min and then CsF (37.6 mg, 247 

µmol, 5.00 equiv) was added swiftly to the vial. The reaction mixture was then allowed to stir at 

1000 RPM at 23 °C for 3 h. After this time, the reaction mixture was filtered through a short plug 

of silica gel (3 cm silica) eluting with EtOAc (~10 mL) and then concentrated under reduced 

pressure. Yields were determined via NMR analysis using 1,3,5-trimethoxybenzene as an external 

standard. Characterization data for 5.30 and 5.28 are detailed in Section 5.8.2.3.  

 

5.8.2.5 1 mmol Scale Reaction 

 
 

Cycloadduct 5.37: To a solution of silyl triflate 5.36 (486 mg, 1.00 mmol, 1.00 equiv) and pyrone 

5.18 (771 mg, 5.00 mmol, 5.00 equiv) in THF (10.0 mL, 0.10 M) was added TBAF (2.50 mL, 2.50 

mmol, 2.50 equiv). The reaction mixture was allowed to stir at 1000 RPM at 23 °C for 16 h. After 

this time, the reaction mixture was filtered through a short plug of silica gel (3 cm silica) eluting 

with EtOAc (75 mL) and then concentrated under reduced pressure. The crude material was 

purified by column chromatography (9:1 → 1:1 hexanes:EtOAc) to afford 5.37 (227 mg, 60% 

yield) as an amorphous white foam. Cycloadduct 5.37: Rf 0.54 (1:1 hexanes:EtOAc); 1H NMR 

(500 MHz, DMSO-d6): δ 7.28 (td, J = 6.4, 2.0, 1H), 6.00 (s, 1H), 5.95 (dd, J = 19.3, 3.3, 1H), 

5.88–5.71 (m, 1H), 5.22 (dd, J = 27.2, 10.2, 1H), 5.08 (t, J = 18.0, 1H), 4.19–3.99 (m, 2H), 3.79 

(dd, J = 9.9, 6.4, 1H), 3.74 (s, 3H), 3.57 (qd, J = 19.4, 4.8, 1H), 2.31–2.16 (m, 1H), 1.93 (dd, J = 

63.0, 12.1, 1H), 1.82–1.71 (m, 1H), 1.41 (d, J = 4.6, 9H); 13C NMR (125 MHz, DMSO-d6): δ 

170.3, 162.0, 154.7, 154.3, 138.23, 138.16, 136.7, 136.5, 135.9, 135.8, 131.9, 131.8, 120.8, 120.7, 

TBAF (2.50 equiv) 

THF (0.1 M)
23 °C, 16 h

(60% yield, 
> 20:1 dr)
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120.2, 120.1, 79.8, 76.5, 76.4, 55.4, 52.8, 48.3, 48.3, 47.1, 46.1, 43.2, 42.9, 38.5, 28.5; IR (film): 

3082, 2872, 1767, 170, 1698 cm–1; HRMS–APCI (m/z) [M + H]+ calcd for C20H26NO6+, 376.1755; 

found 376.1753. 

The structure of 5.37 was verified by 2D-NOESY (red) and 2D-HMBC (blue), as the following 

interactions were observed.  
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5.9 Spectra Relevant to Chapter Five: 

 

Strain-Promoted (4+2) Cycloadditions of Heterocyclic Allenes and a-Pyrones 
 

Milauni M. Mehta,† Laura Wonilowicz,† and Neil K. Garg* 
 

Manuscript in Preparation  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 274 

Figure 5.6. 1H NMR (500 MHz, CDCl3) of compound 5.39. 
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Figure 5.7. 13C NMR (150 MHz, CDCl3) of compound 5.39. 
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Figure 5.8. 1H NMR (600 MHz, CDCl3) of compound 5.34. 

Figure 5.9. 13C NMR (125 MHz, CDCl3) of compound 5.34. 
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Figure 5.10. 19F NMR (376 MHz, CDCl3) of compound 5.34. 
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Figure 5.11. 1H NMR (500 MHz, CDCl3) of compound 5.35. 
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Figure 5.12. 13C NMR (125 MHz, CDCl3) of compound 5.35. 
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Figure 5.13. 19F NMR (376 MHz, CDCl3) of compound 5.35. 
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NUC2                 1H
CPDPRG[2        waltz16
PCPD2             90.00 usec
PLW2        13.00000000 W
PLW12        0.36111000 W

F2 - Processing parameters
SI               262144
SF          376.4983660 MHz
WDW                  EM
SSB                   0
LB                 1.00 Hz
GB                    0
PC                 1.00
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Current Data Parameters
NAME       LGW-2023-042
EXPNO                 8
PROCNO                1

F2 - Acquisition Parameters
Date_          20230403
Time              19.30 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                   23
DS                    2
SWH           31250.000 Hz
FIDRES         0.953674 Hz
AQ            1.0485760 sec
RG               204.54
DW               16.000 usec
DE                28.00 usec
TE                298.0 K
D1           2.00000000 sec
D11          0.03000000 sec
TD0                   1
SFO1        125.7722511 MHz
NUC1                13C
P1                10.50 usec
PLW1        23.00000000 W
SFO2        500.1330008 MHz
NUC2                 1H
CPDPRG[2        waltz16
PCPD2             80.00 usec
PLW2        13.50000000 W
PLW12        0.21094000 W
PLW13        0.10610000 W

F2 - Processing parameters
SI               131072
SF          125.7577718 MHz
WDW                  EM
SSB                   0
LB                 1.00 Hz
GB                    0
PC                 1.40

Figure 5.15. 13C NMR (125 MHz, CDCl3) of compound 5.41. 
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Current Data Parameters
NAME       LGW-2023-042
EXPNO                 7
PROCNO                1

F2 - Acquisition Parameters
Date_          20230403
Time              19.26 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG            zg30
TD                65536
SOLVENT           CDCl3
NS                    8
DS                    0
SWH           10000.000 Hz
FIDRES         0.305176 Hz
AQ            3.2767999 sec
RG                12.14
DW               50.000 usec
DE                10.00 usec
TE                298.0 K
D1           2.00000000 sec
TD0                   1
SFO1        500.1330008 MHz
NUC1                 1H
P1                10.00 usec
PLW1        13.50000000 W

F2 - Processing parameters
SI                65536
SF          500.1300123 MHz
WDW                  EM
SSB                   0
LB                 0.30 Hz
GB                    0
PC                 1.00

Figure 5.14. 1H NMR (500 MHz, CDCl3) of compound 5.41. 
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Current Data Parameters
NAME       LGW-2023-052
EXPNO                 8
PROCNO                1

F2 - Processing parameters
SI               131072
SF          125.7577717 MHz
WDW                  EM
SSB                   0
LB                 1.00 Hz
GB                    0
PC                 1.40

Figure 5.17. 13C NMR (125 MHz, CDCl3) of compound 5.42. 
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Current Data Parameters
NAME       LGW-2023-052
EXPNO                 7
PROCNO                1

F2 - Acquisition Parameters
Date_          20230403
Time              19.36 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG            zg30
TD                65536
SOLVENT           CDCl3
NS                    8
DS                    0
SWH           10000.000 Hz
FIDRES         0.305176 Hz
AQ            3.2767999 sec
RG                19.06
DW               50.000 usec
DE                10.00 usec
TE                298.0 K
D1           2.00000000 sec
TD0                   1
SFO1        500.1330008 MHz
NUC1                 1H
P1                10.00 usec
PLW1        13.50000000 W

F2 - Processing parameters
SI                65536
SF          500.1300125 MHz
WDW                  EM
SSB                   0
LB                 0.30 Hz
GB                    0
PC                 1.00

Figure 5.16. 1H NMR (500 MHz, CDCl3) of compound 5.42. 
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Figure 5.18. 19F NMR (376 MHz, CDCl3) of compound 5.42. 
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Current Data Parameters
NAME       LGW-2023-052
EXPNO                11
PROCNO                1

F2 - Acquisition Parameters
Date_          20230404
Time              16.53
INSTRUM           av400
PROBHD   5 mm PABBO BB/
PULPROG      zgfhigqn.2
TD               262144
SOLVENT           CDCl3
NS                    8
DS                    0
SWH          150000.000 Hz
FIDRES         0.572205 Hz
AQ            0.8738133 sec
RG               189.85
DW                3.333 usec
DE                 6.50 usec
TE                296.9 K
D1           1.00000000 sec
D11          0.03000000 sec
D12          0.00002000 sec
TD0                   1

======== CHANNEL f1 ========
SFO1        376.4983660 MHz
NUC1                19F
P1                14.50 usec
PLW1        17.00000000 W

======== CHANNEL f2 ========
SFO2        400.1324008 MHz
NUC2                 1H
CPDPRG[2        waltz16
PCPD2             90.00 usec
PLW2        13.00000000 W
PLW12        0.36111000 W

F2 - Processing parameters
SI               262144
SF          376.4983660 MHz
WDW                  EM
SSB                   0
LB                 1.00 Hz
GB                    0
PC                 1.00
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Current Data Parameters
NAME      MM-2023-042rp
EXPNO                 5
PROCNO                1

F2 - Acquisition Parameters
Date_          20230315
Time              12.21 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG            zg30
TD                65536
SOLVENT           CDCl3
NS                    8
DS                    0
SWH           10000.000 Hz
FIDRES         0.305176 Hz
AQ            3.2767999 sec
RG                12.14
DW               50.000 usec
DE                10.00 usec
TE                298.0 K
D1           2.00000000 sec
TD0                   1
SFO1        500.1330008 MHz
NUC1                 1H
P1                10.00 usec
PLW1        13.50000000 W

F2 - Processing parameters
SI                65536
SF          500.1300124 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00

Figure 5.19. 1H NMR (500 MHz, CDCl3) of compound 5.19a. 
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Current Data Parameters
NAME      MM-2023-042rp
EXPNO                 6
PROCNO                1

F2 - Acquisition Parameters
Date_          20230315
Time              12.47 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                  448
DS                    2
SWH           31250.000 Hz
FIDRES         0.953674 Hz
AQ            1.0485760 sec
RG               204.54
DW               16.000 usec
DE                28.00 usec
TE                298.0 K
D1           2.00000000 sec
D11          0.03000000 sec
TD0                   1
SFO1        125.7722511 MHz
NUC1                13C
P1                10.50 usec
PLW1        23.00000000 W
SFO2        500.1330008 MHz
NUC2                 1H
CPDPRG[2        waltz16
PCPD2             80.00 usec
PLW2        13.50000000 W
PLW12        0.21094000 W
PLW13        0.10610000 W

F2 - Processing parameters
SI               131072
SF          125.7577718 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40

Figure 5.20. 13C NMR (125 MHz, CDCl3) of compound 5.19a. 
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Current Data Parameters
NAME      MM-2023-048rp
EXPNO                 7
PROCNO                1

F2 - Acquisition Parameters
Date_          20230315
Time              12.52 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG            zg30
TD                65536
SOLVENT           CDCl3
NS                    8
DS                    0
SWH           10000.000 Hz
FIDRES         0.305176 Hz
AQ            3.2767999 sec
RG                26.59
DW               50.000 usec
DE                10.00 usec
TE                298.0 K
D1           2.00000000 sec
TD0                   1
SFO1        500.1330008 MHz
NUC1                 1H
P1                10.00 usec
PLW1        13.50000000 W

F2 - Processing parameters
SI                65536
SF          500.1300124 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00

Figure 5.21. 1H NMR (500 MHz, CDCl3) of compound 5.21a. 

230 220 210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 ppm

21
.8

8
22

.0
0

22
.7

8
28

.5
7

35
.9

1
35

.9
6

42
.6

4
43

.0
7

49
.1

3
50

.1
8

59
.1

2
59

.1
6

80
.5

9
80

.7
1

11
7.

86
11

8.
34

12
7.

16
12

7.
58

13
2.

64
13

3.
03

13
6.

78
13

7.
27

15
5.

27
15

5.
58

16
9.

44

Current Data Parameters
NAME      MM-2023-048rp
EXPNO                 8
PROCNO                1

F2 - Acquisition Parameters
Date_          20230315
Time              13.16 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                  392
DS                    2
SWH           31250.000 Hz
FIDRES         0.953674 Hz
AQ            1.0485760 sec
RG               204.54
DW               16.000 usec
DE                28.00 usec
TE                298.0 K
D1           2.00000000 sec
D11          0.03000000 sec
TD0                   1
SFO1        125.7722511 MHz
NUC1                13C
P1                10.50 usec
PLW1        23.00000000 W
SFO2        500.1330008 MHz
NUC2                 1H
CPDPRG[2        waltz16
PCPD2             80.00 usec
PLW2        13.50000000 W
PLW12        0.21094000 W
PLW13        0.10610000 W

F2 - Processing parameters
SI               131072
SF          125.7577718 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40

Figure 5.22. 13C NMR (125 MHz, CDCl3) of compound 5.21a. 
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Current Data Parameters
NAME       MM-2023-055p
EXPNO                 3
PROCNO                1

F2 - Acquisition Parameters
Date_          20230319
Time              16.30 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG            zg30
TD                65536
SOLVENT           CDCl3
NS                    8
DS                    0
SWH           10000.000 Hz
FIDRES         0.305176 Hz
AQ            3.2767999 sec
RG                12.14
DW               50.000 usec
DE                10.00 usec
TE                298.0 K
D1           2.00000000 sec
TD0                   1
SFO1        500.1330008 MHz
NUC1                 1H
P1                10.00 usec
PLW1        13.50000000 W

F2 - Processing parameters
SI                65536
SF          500.1300125 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00

Figure 5.23. 1H NMR (500 MHz, CDCl3) of compound 5.25. 
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Current Data Parameters
NAME       MM-2023-055p
EXPNO                 4
PROCNO                1

F2 - Acquisition Parameters
Date_          20230319
Time              17.24 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                  936
DS                    2
SWH           31250.000 Hz
FIDRES         0.953674 Hz
AQ            1.0485760 sec
RG               204.54
DW               16.000 usec
DE                28.00 usec
TE                298.0 K
D1           2.00000000 sec
D11          0.03000000 sec
TD0                   1
SFO1        125.7722511 MHz
NUC1                13C
P1                10.50 usec
PLW1        23.00000000 W
SFO2        500.1330008 MHz
NUC2                 1H
CPDPRG[2        waltz16
PCPD2             80.00 usec
PLW2        13.50000000 W
PLW12        0.21094000 W
PLW13        0.10610000 W

F2 - Processing parameters
SI               131072
SF          125.7577718 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40

Figure 5.24. 13C NMR (125 MHz, CDCl3) of compound 5.25. 
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Current Data Parameters
NAME       MM-2023-047p
EXPNO               720
PROCNO                1

F2 - Acquisition Parameters
Date_          20230309
Time               1.20
INSTRUM           av400
PROBHD   5 mm PABBO BB/
PULPROG            zg30
TD                52882
SOLVENT           CDCl3
NS                    8
DS                    0
SWH            8012.820 Hz
FIDRES         0.151523 Hz
AQ            3.2998369 sec
RG               155.85
DW               62.400 usec
DE                 6.50 usec
TE                295.5 K
D1           2.00000000 sec
TD0                   1

======== CHANNEL f1 ========
SFO1        400.1324008 MHz
NUC1                 1H
P1                15.00 usec
PLW1        13.00000000 W

F2 - Processing parameters
SI                65536
SF          400.1300178 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00

Figure 5.25. 1H NMR (400 MHz, CDCl3) of compound 5.23. 
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Current Data Parameters
NAME       MM-2023-047p
EXPNO               721
PROCNO                1

F2 - Acquisition Parameters
Date_          20230309
Time               1.50
INSTRUM           av400
PROBHD   5 mm PABBO BB/
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                  512
DS                    0
SWH           25252.525 Hz
FIDRES         0.385323 Hz
AQ            1.2976128 sec
RG               189.85
DW               19.800 usec
DE                 6.50 usec
TE                295.9 K
D1           2.00000000 sec
D11          0.03000000 sec
TD0                   1

======== CHANNEL f1 ========
SFO1        100.6243395 MHz
NUC1                13C
P1                10.00 usec
PLW1        52.00000000 W

======== CHANNEL f2 ========
SFO2        400.1324008 MHz
NUC2                 1H
CPDPRG[2        waltz16
PCPD2             90.00 usec
PLW2        13.00000000 W
PLW12        0.36111000 W
PLW13        0.29249999 W

F2 - Processing parameters
SI                65536
SF          100.6127701 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40

Figure 5.26. 13C NMR (100 MHz, CDCl3) of compound 5.23. 
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EXPNO                12
PROCNO                1

F2 - Acquisition Parameters
Date_          20230427
Time              17.38
INSTRUM          drx500
PROBHD   5 mm bb-Z Z800
PULPROG            zg30
TD                65536
SOLVENT           CDCl3
NS                   38
DS                    0
SWH           10000.000 Hz
FIDRES         0.152588 Hz
AQ            3.2767999 sec
RG                228.1
DW               50.000 usec
DE                 6.00 usec
TE                297.5 K
D1           2.00000000 sec
TD0                   1

======== CHANNEL f1 ========
NUC1                 1H
P1                14.80 usec
PL1                   0 dB
SFO1        500.3330020 MHz

F2 - Processing parameters
SI                32768
SF          500.3300231 MHz
WDW                  EM
SSB                   0
LB                 0.30 Hz
GB                    0
PC                 1.00

Figure 5.27. 1H NMR (500 MHz, CDCl3) of compounds 5.20a and 5.20b. 
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F2 - Acquisition Parameters
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Time              13.17 h
INSTRUM           av500
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TD                65536
SOLVENT           CDCl3
NS                  864
DS                    2
SWH           31250.000 Hz
FIDRES         0.953674 Hz
AQ            1.0485760 sec
RG               204.54
DW               16.000 usec
DE                28.00 usec
TE                298.0 K
D1           2.00000000 sec
D11          0.03000000 sec
TD0                   1
SFO1        125.7722511 MHz
NUC1                13C
P1                10.50 usec
PLW1        23.00000000 W
SFO2        500.1330008 MHz
NUC2                 1H
CPDPRG[2        waltz16
PCPD2             80.00 usec
PLW2        13.50000000 W
PLW12        0.21094000 W
PLW13        0.10610000 W

F2 - Processing parameters
SI               131072
SF          125.7577722 MHz
WDW                  EM
SSB                   0
LB                 1.00 Hz
GB                    0
PC                 1.40

Figure 5.28. 13C NMR (125 MHz, CDCl3) of compounds 5.20a and 5.20b. 

Figure 5.27. 1H NMR (500 MHz, CDCl3) of compounds 5.20a and 5.20b. Figure 5.27. 1H NMR (500 MHz, CDCl3) of compounds 5.20a and 5.20b. 
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F2 - Acquisition Parameters
Date_          20230504
Time              18.26 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG            zg30
TD                65536
SOLVENT           CDCl3
NS                    8
DS                    0
SWH           10000.000 Hz
FIDRES         0.305176 Hz
AQ            3.2767999 sec
RG                12.14
DW               50.000 usec
DE                10.00 usec
TE                298.0 K
D1           2.00000000 sec
TD0                   1
SFO1        500.1330008 MHz
NUC1                 1H
P1                10.00 usec
PLW1        13.50000000 W

F2 - Processing parameters
SI                65536
SF          500.1300127 MHz
WDW                  EM
SSB                   0
LB                 0.30 Hz
GB                    0
PC                 1.00
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PROCNO                1

F2 - Acquisition Parameters
Date_          20230504
Time              19.08 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                  751
DS                    2
SWH           31250.000 Hz
FIDRES         0.953674 Hz
AQ            1.0485760 sec
RG               204.54
DW               16.000 usec
DE                28.00 usec
TE                298.0 K
D1           2.00000000 sec
D11          0.03000000 sec
TD0                   1
SFO1        125.7722511 MHz
NUC1                13C
P1                10.50 usec
PLW1        23.00000000 W
SFO2        500.1330008 MHz
NUC2                 1H
CPDPRG[2        waltz16
PCPD2             80.00 usec
PLW2        13.50000000 W
PLW12        0.21094000 W
PLW13        0.10610000 W

F2 - Processing parameters
SI               131072
SF          125.7577721 MHz
WDW                  EM
SSB                   0
LB                 1.00 Hz
GB                    0
PC                 1.40

Figure 5.30. 13C NMR (125 MHz, CDCl3) of compound 5.22a. 

Figure 5.29. 1H NMR (500 MHz, CDCl3) of compound 5.22a. 
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F2 - Acquisition Parameters
Date_          20230404
Time              17.54 h
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PULPROG            zg30
TD                65536
SOLVENT           CDCl3
NS                   16
DS                    0
SWH           10000.000 Hz
FIDRES         0.305176 Hz
AQ            3.2767999 sec
RG                12.14
DW               50.000 usec
DE                10.00 usec
TE                298.0 K
D1           2.00000000 sec
TD0                   1
SFO1        500.1330008 MHz
NUC1                 1H
P1                10.00 usec
PLW1        13.50000000 W

F2 - Processing parameters
SI                65536
SF          500.1300146 MHz
WDW                  EM
SSB                   0
LB                 0.30 Hz
GB                    0
PC                 1.00
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NAME       LGW-2023-038
EXPNO                14
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F2 - Acquisition Parameters
Date_          20230404
Time              19.45 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                  310
DS                    2
SWH           31250.000 Hz
FIDRES         0.953674 Hz
AQ            1.0485760 sec
RG               204.54
DW               16.000 usec
DE                28.00 usec
TE                298.0 K
D1           2.00000000 sec
D11          0.03000000 sec
TD0                   1
SFO1        125.7722511 MHz
NUC1                13C
P1                10.50 usec
PLW1        23.00000000 W
SFO2        500.1330008 MHz
NUC2                 1H
CPDPRG[2        waltz16
PCPD2             80.00 usec
PLW2        13.50000000 W
PLW12        0.21094000 W
PLW13        0.10610000 W

F2 - Processing parameters
SI               131072
SF          125.7577714 MHz
WDW                  EM
SSB                   0
LB                 1.00 Hz
GB                    0
PC                 1.40

Figure 5.32. 13C NMR (125 MHz, CDCl3) of compound 5.26. 

Figure 5.31. 1H NMR (500 MHz, CDCl3) of compound 5.26. 
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Current Data Parameters
NAME       LGW-2023-035
EXPNO                12
PROCNO                1

F2 - Acquisition Parameters
Date_          20230404
Time              17.58 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG            zg30
TD                65536
SOLVENT           CDCl3
NS                    9
DS                    0
SWH           10000.000 Hz
FIDRES         0.305176 Hz
AQ            3.2767999 sec
RG                12.14
DW               50.000 usec
DE                10.00 usec
TE                298.0 K
D1           2.00000000 sec
TD0                   1
SFO1        500.1330008 MHz
NUC1                 1H
P1                10.00 usec
PLW1        13.50000000 W

F2 - Processing parameters
SI                65536
SF          500.1300120 MHz
WDW                  EM
SSB                   0
LB                 0.30 Hz
GB                    0
PC                 1.00

Figure 5.33. 1H NMR (500 MHz, CDCl3) of compound 5.24. 
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F2 - Acquisition Parameters
Date_          20230407
Time              12.32 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                   35
DS                    2
SWH           31250.000 Hz
FIDRES         0.953674 Hz
AQ            1.0485760 sec
RG               204.54
DW               16.000 usec
DE                28.00 usec
TE                298.0 K
D1           2.00000000 sec
D11          0.03000000 sec
TD0                   1
SFO1        125.7722511 MHz
NUC1                13C
P1                10.50 usec
PLW1        23.00000000 W
SFO2        500.1330008 MHz
NUC2                 1H
CPDPRG[2        waltz16
PCPD2             80.00 usec
PLW2        13.50000000 W
PLW12        0.21094000 W
PLW13        0.10610000 W

F2 - Processing parameters
SI               131072
SF          125.7577729 MHz
WDW                  EM
SSB                   0
LB                 1.00 Hz
GB                    0
PC                 1.40

Figure 5.34. 13C NMR (125 MHz, CDCl3) of compound 5.24. 
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F2 - Acquisition Parameters
Date_          20230406
Time              17.28 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG            zg30
TD                65536
SOLVENT           CDCl3
NS                    8
DS                    0
SWH           10000.000 Hz
FIDRES         0.305176 Hz
AQ            3.2767999 sec
RG                12.14
DW               50.000 usec
DE                10.00 usec
TE                298.0 K
D1           2.00000000 sec
TD0                   1
SFO1        500.1330008 MHz
NUC1                 1H
P1                10.00 usec
PLW1        13.50000000 W

F2 - Processing parameters
SI                65536
SF          500.1300126 MHz
WDW                  EM
SSB                   0
LB                 0.30 Hz
GB                    0
PC                 1.00
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F2 - Acquisition Parameters
Date_          20230406
Time              17.33 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                   40
DS                    2
SWH           31250.000 Hz
FIDRES         0.953674 Hz
AQ            1.0485760 sec
RG               204.54
DW               16.000 usec
DE                28.00 usec
TE                298.0 K
D1           2.00000000 sec
D11          0.03000000 sec
TD0                   1
SFO1        125.7722511 MHz
NUC1                13C
P1                10.50 usec
PLW1        23.00000000 W
SFO2        500.1330008 MHz
NUC2                 1H
CPDPRG[2        waltz16
PCPD2             80.00 usec
PLW2        13.50000000 W
PLW12        0.21094000 W
PLW13        0.10610000 W

F2 - Processing parameters
SI               131072
SF          125.7577719 MHz
WDW                  EM
SSB                   0
LB                 1.00 Hz
GB                    0
PC                 1.40

Figure 5.36. 13C NMR (125 MHz, CDCl3) of compound 5.30. 

Figure 5.35. 1H NMR (500 MHz, CDCl3) of compound 5.30. 
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Current Data Parameters
NAME     MM-2023-064rrp
EXPNO                 3
PROCNO                1

F2 - Acquisition Parameters
Date_          20230404
Time              18.04 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG            zg30
TD                65536
SOLVENT           CDCl3
NS                    8
DS                    0
SWH           10000.000 Hz
FIDRES         0.305176 Hz
AQ            3.2767999 sec
RG                12.14
DW               50.000 usec
DE                10.00 usec
TE                298.0 K
D1           2.00000000 sec
TD0                   1
SFO1        500.1330008 MHz
NUC1                 1H
P1                10.00 usec
PLW1        13.50000000 W

F2 - Processing parameters
SI                65536
SF          500.1300130 MHz
WDW                  EM
SSB      0
LB                 0.30 Hz
GB       0
PC                 1.00

Figure 5.37. 1H NMR (500 MHz, CDCl3) of compound 5.28. 
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F2 - Acquisition Parameters
Date_          20230404
Time              18.13 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                  136
DS                    2
SWH           31250.000 Hz
FIDRES         0.953674 Hz
AQ            1.0485760 sec
RG               204.54
DW               16.000 usec
DE                28.00 usec
TE                298.0 K
D1           2.00000000 sec
D11          0.03000000 sec
TD0                   1
SFO1        125.7722511 MHz
NUC1                13C
P1                10.50 usec
PLW1        23.00000000 W
SFO2        500.1330008 MHz
NUC2                 1H
CPDPRG[2        waltz16
PCPD2             80.00 usec
PLW2        13.50000000 W
PLW12        0.21094000 W
PLW13        0.10610000 W

F2 - Processing parameters
SI               131072
SF          125.7577723 MHz
WDW                  EM
SSB      0
LB                 1.00 Hz
GB       0
PC                 1.40

Figure 5.38. 13C NMR (125 MHz, CDCl3) of compound 5.28. 
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F2 - Acquisition Parameters
Date_          20230407
Time              14.46 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG          zgpg30
TD                65536
SOLVENT           CDCl3
NS                   40
DS                    2
SWH           31250.000 Hz
FIDRES         0.953674 Hz
AQ            1.0485760 sec
RG               204.54
DW               16.000 usec
DE                28.00 usec
TE                298.0 K
D1           2.00000000 sec
D11          0.03000000 sec
TD0                   1
SFO1        125.7722511 MHz
NUC1                13C
P1                10.50 usec
PLW1        23.00000000 W
SFO2        500.1330008 MHz
NUC2                 1H
CPDPRG[2        waltz16
PCPD2             80.00 usec
PLW2        13.50000000 W
PLW12        0.21094000 W
PLW13        0.10610000 W

F2 - Processing parameters
SI               131072
SF          125.7577731 MHz
WDW                  EM
SSB                   0
LB                 1.00 Hz
GB                    0
PC                 1.40
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NAME       LGW-2023-058
EXPNO                 3
PROCNO                1

F2 - Acquisition Parameters
Date_          20230407
Time              14.42 h
INSTRUM           av500
PROBHD   Z119248_0002 (
PULPROG            zg30
TD                65536
SOLVENT           CDCl3
NS                    8
DS                    0
SWH           10000.000 Hz
FIDRES         0.305176 Hz
AQ            3.2767999 sec
RG                30.07
DW               50.000 usec
DE                10.00 usec
TE                298.0 K
D1           2.00000000 sec
TD0                   1
SFO1        500.1330008 MHz
NUC1                 1H
P1                10.00 usec
PLW1        13.50000000 W

F2 - Processing parameters
SI                65536
SF          500.1300122 MHz
WDW                  EM
SSB                   0
LB                 0.30 Hz
GB                    0
PC                 1.00

Figure 5.40. 13C NMR (125 MHz, CDCl3) of compound 5.33. 

Figure 5.39. 1H NMR (500 MHz, CDCl3) of compound 5.33. 
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Figure 5.41. 1H NMR (600 MHz, CDCl3) of compound 5.32. 
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Figure 5.42. 13C NMR (125 MHz, CDCl3) of compound 5.32. 
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Figure 5.44. 13C NMR (125 MHz, CDCl3) of compound 5.44. 

Figure 5.43. 1H NMR (600 MHz, CDCl3) of compound 5.44. 
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Figure 5.45. 1H NMR (500 MHz, DMSO-d6) of compound 5.37. 

Figure 5.46. 13C NMR (125 MHz, DMSO-d6) of compound 5.37. 
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Figure 5.47. NOESY (500 MHz, DMSO-d6) of compound 5.37. 
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Figure 5.48. HSQC (600 MHz, DMSO-d6) of compound 5.37. 
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Figure 5.49. NOESY (600 MHz, CDCl3) of compound 5.19a. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

9.5
9.0

8.5
8.0

7.5
7.0

6.5
6.0

5.5
5.0

4.5
4.0

3.5
3.0

2.5
2.0

1.5
1.0

0.5
0.0

ppm

9.5

9.0

8.5

8.0

7.5

7.0

6.5

6.0

5.5

5.0

4.5

4.0

3.5

3.0

2.5

2.0

1.5

1.0

0.5

0.0

ppm

C
urrent D

ata P
aram

eters
N

A
M

E
     M

M
-2022-223rp2-2D

E
X

P
N

O
                30

P
R

O
C

N
O

                1

F2 - A
cquisition P

aram
eters

D
ate_          20221128

Tim
e              11.29 h

IN
S

TR
U

M
          A

vance
P

R
O

B
H

D
   Z168773_0038 (

P
U

LP
R

O
G

       noesygpph
TD

                 2048
S

O
LV

E
N

T           C
D

C
l3

N
S

                    4
D

S
                    4

S
W

H
            5882.353 H

z
FID

R
E

S
         5.744485 H

z
A

Q
            0.1740800 sec

R
G

                   16
D

W
               85.000 usec

D
E

                13.61 usec
TE

                298.0 K
D

0           0.00006972 sec
D

1           2.00000000 sec
D

8           0.30000001 sec
D

16          0.00020000 sec
IN

0          0.00017000 sec
TD

av                  1
S

FO
1        600.1328206 M

H
z

N
U

C
1                 1H

P
1                12.00 usec

P
2                24.00 usec

P
LW

1        19.40099907 W
G

P
N

A
M

[1]     S
M

S
Q

10.100
G

P
Z1              40.00 %

P
16             1000.00 usec

======== F1 IN
D

IR
E

C
T D

IM
E

N
S

IO
N

 ========
td1      256
sw

_F1    9.801752

F1 - A
cquisition param

eters
TD

                  256
S

FO
1           600.1328 M

H
z

FID
R

E
S

        45.955883 H
z

S
W

                9.802 ppm
FnM

O
D

E
             TP

P
I

F2 - P
rocessing param

eters
S

I                 1024
S

F          600.1300000 M
H

z
W

D
W

               Q
S

IN
E

S
S

B
                   2

LB
       0 H

z
G

B
       0

P
C

                 1.00

F1 - P
rocessing param

eters
S

I                 1024
M

C
2                TP

P
I

S
F          600.1300000 M

H
z

W
D

W
               Q

S
IN

E
S

S
B

                   2
LB

       0 H
z

G
B

       0

M
M

-2022-223rp2-noesy

O
O

BocN

Me

5.19a



 299 

Figure 5.50. HSQC (600 MHz, CDCl3) of compound 5.19a. 
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Figure 5.51. NOESY (500 MHz, CDCl3) of compound 5.21a. 
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Figure 5.52. HSQC (400 MHz, CDCl3) of compound 5.21a. 
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Figure 5.53. NOESY (600 MHz, CDCl3) of compound 5.25. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

9.5
9.0

8.5
8.0

7.5
7.0

6.5
6.0

5.5
5.0

4.5
4.0

3.5
3.0

2.5
2.0

1.5
1.0

0.5
0.0

ppm

9.5

9.0

8.5

8.0

7.5

7.0

6.5

6.0

5.5

5.0

4.5

4.0

3.5

3.0

2.5

2.0

1.5

1.0

0.5

0.0

ppm

C
urrent D

ata P
aram

eters
N

A
M

E
     M

M
-2022-225p2-2D

E
X

P
N

O
                 7

P
R

O
C

N
O

                1

F2 - A
cquisition P

aram
eters

D
ate_          20221204

Tim
e              12.27 h

IN
S

TR
U

M
          A

vance
P

R
O

B
H

D
   Z168773_0038 (

P
U

LP
R

O
G

       noesygpph
TD

                 2048
S

O
LV

E
N

T           C
D

C
l3

N
S

                    4
D

S
                    4

S
W

H
            5882.353 H

z
FID

R
E

S
         5.744485 H

z
A

Q
            0.1740800 sec

R
G

                   16
D

W
               85.000 usec

D
E

                13.61 usec
TE

                298.0 K
D

0           0.00006972 sec
D

1           2.00000000 sec
D

8           0.30000001 sec
D

16          0.00020000 sec
IN

0          0.00017000 sec
TD

av                  1
S

FO
1        600.1328206 M

H
z

N
U

C
1                 1H

P
1                12.00 usec

P
2                24.00 usec

P
LW

1        19.40099907 W
G

P
N

A
M

[1]     S
M

S
Q

10.100
G

P
Z1              40.00 %

P
16             1000.00 usec

======== F1 IN
D

IR
E

C
T D

IM
E

N
S

IO
N

 ========
td1      256
sw

_F1    9.801752

F1 - A
cquisition param

eters
TD

                  256
S

FO
1           600.1328 M

H
z

FID
R

E
S

        45.955883 H
z

S
W

                9.802 ppm
FnM

O
D

E
             TP

P
I

F2 - P
rocessing param

eters
S

I                 1024
S

F          600.1300000 M
H

z
W

D
W

               Q
S

IN
E

S
S

B
                   2

LB
       0 H

z
G

B
       0

P
C

                 1.00

F1 - P
rocessing param

eters
S

I                 1024
M

C
2                TP

P
I

S
F          600.1300000 M

H
z

W
D

W
               Q

S
IN

E
S

S
B

                   2
LB

       0 H
z

G
B

       0

5.25

O
O

BocN

Me
CO2Me



 303 

Figure 5.54. HSQC (600 MHz, CDCl3) of compound 5.25. 
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Figure 5.55. HMBC (600 MHz, CDCl3) of compound 5.25. 
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Figure 5.56. NOESY (600 MHz, CDCl3) of compound 5.20a and 5.20b. 
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Figure 5.57. HSQC (600 MHz, CDCl3) of compound 5.20a and 5.20b. 
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Figure 5.58. HMBC (600 MHz, CDCl3) of compound 5.20a and 5.20b. 
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Figure 5.59. NOESY (600 MHz, CDCl3) of compound 5.28. 
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Figure 5.60. HSQC (600 MHz, CDCl3) of compound 5.28. 
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Figure 5.61. HMBC (600 MHz, CDCl3) of compound 5.28. 
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Figure 5.62. NOESY (600 MHz, CDCl3) of compound 5.30. 
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Figure 5.63. NOESY (600 MHz, CDCl3) of compound 5.33. 
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Figure 5.64. HSQC (600 MHz, CDCl3) of compound 5.33. 
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Figure 5.65. HMBC (600 MHz, CDCl3) of compound 5.33. 
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Figure 5.66. NOESY (600 MHz, CDCl3) of compound 5.32. 
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Figure 5.67. HMBC (600 MHz, CDCl3) of compound 5.32. 
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Figure 5.68. NOESY (600 MHz, CDCl3) of compound 5.44. 
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Figure 5.69. HMBC (600 MHz, CDCl3) of compound 5.44. 
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Figure 5.70. NOESY (600 MHz, CDCl3) of compound 5.22a. 
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Figure 5.71. NOESY (600 MHz, CDCl3) of compound 5.26. 
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