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ABSTRACT 

Research in the Stoltz group aims, generally, to develop novel technologies for the 

preparation of stereochemically rich molecules and, further, to apply these technologies in 

the context of complex natural product total synthesis. Chapter 1 of this thesis describes the 

strategic utilization of a Pd-catalyzed asymmetric allylic allylation and N-acyl iminium ion 

cyclization to accomplish short, enantioselective total syntheses of Myrioneuron alkaloids 

(–)-myrifabral A and (–)-myrifabral B. Chapter 2 describes the development of a Pd-

catalyzed asymmetric allylic alkylation to generate acyclic a-quaternary carboxylic acid 

derivatives from geometrically defined fully substituted N-acyl indole-derived allyl enol 

carbonates. While ester-derived enol carbonates could be prepared with a high degree of 

enolate geometry control, they were ineffective in the asymmetric allylic alkylation 

reaction. Thus, N-acyl indole substrates served as excellent carboxylic ester equivalents. 

Chapter 3 discusses an unusual Pd-catalyzed decarboxylative a,b-dehydrogenation reaction 

of N-acyl indole-derived enol carbonates enabled by a novel, highly electron-deficient 

phosphinooxazoline ligand. Research presented in Chapter 4 delineates a globally 

diastereoconvergent approach to the Ireland–Claisen rearrangement for the synthesis of a-

tetrasubstituted amino acids bearing vicinal tertiary stereogenic centers. Computational 

investigation of the diastereoconvergence in Ireland–Claisen rearrangement revealed key 

intramolecular interactions which enable the reaction to proceed in exceptional 

diastereoselectivity without the need for a selective enolization protocol. A 

diastereodivergent approach for the Ireland–Claisen rearrangement in acyclic systems to 

generate vicinal quaternary/tertiary and quaternary/quaternary stereogenic centers in good 

to high diastereoselectivity is also discussed. Enolate geometry control and substrate design 



 xi 
are critical for achieving high diastereoselectivity in these transformations. Finally, the 

applications of the cryoEM technique micro-electron diffraction (microED) to the structural 

elucidation of small organic and organometallic molecules are presented. 
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CHAPTER 1 

Enantioselective Total Synthesis of (–)-Myrifabral A and B†  

 

1.1  INTRODUCTION 

 The Myrioneuron alkaloids are a family of structurally diverse polycyclic (tri-, tetra-, penta-

, hexa-, and decacyclic) alkaloids hypothesized to share a common biosynthetic origin from lysine 

(Figure 1.1.1).1 The first Myrioneuron alkaloids from Myrioneuron nutans were reported in 2002, 

with altogether 10 structures reported to date.2 Since 2013, many new alkaloids have been isolated 

from Myrioneuron faberi,3 Myrioneuron tonkinesis,4 and Myrioneuron effusum.5 In addition to their 

interesting structural features, a number of these alkaloids possess a range of biological activities such 

as antimalarial properties, KB cell cytotoxicity, antimicrobial, and hepatitis C virus (HCV) replication 

inhibition.1–5 Despite possessing promising biological properties and synthetically attractive motifs , 

relatively few of these alkaloids have been prepared by total synthesis efforts.2d,e,f,6  

Figure 1.1.1 Representative Myrioneuron alkaloids. 

 

We became interested in (±)-myrifabral A (4) and (±)-myrifabral B (5) due to their unique 

cyclohexane-fused octahydroquinolizine skeletons, which contain four contiguous stereogenic 
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centers including an all-carbon quaternary center embedded in the cyclohexane fusion. Interestingly, 

both 4 and 5 were isolated from Myrioneuron faberi as racemic mixtures of a- and b-hydroxy 

epimers. Even as racemates, these clusters display promising HCV replication inhibition (EC50 = 4.7 

µM for (±)-a,b-OH-4 and 2.2 µM for (±)-a,b-OH-5, respectively) with significantly reduced liver 

cell cytotoxicity compared to commercial pharmaceutical HCV drug telaprevir (EC50 = 0.09 µM).3c 

She et al. reported a rapid total synthesis of (±)-a,b-OH-4 and 2 (±)-a,b-OH-5, however, prior to our 

publication, no asymmetric approaches were disclosed.6c To enable further studies of these alkaloids 

in enantioenriched form, we developed a short, catalytic enantioselective total synthesis of (–)-a,b-

OH-4 and (–)-a,b-OH-5.  

1.2  RETROSYNTHETIC ANALYSIS 

In devising our strategy, we targeted (–)-myrifabral A (4), which can be directly 

converted to (–)-myrifabral B (5), as reported by She (Scheme 1.2.1).6c Retrosynthetically, 

we envisioned (–)-myrifabral A (4) could be simplified to tricyclic lactam (6). Importantly, 

the versatile ketone, allyl, and lactam functional handles in tricyclic lactam 6 provide ample 

opportunity for future diversification of the natural product scaffold for medicinal 

chemistry efforts and potential derivative synthesis. We envisioned the critical C(6)–C(7) 

bond could arise by means of a diastereoselective N-acyl iminium ion cyclization of 

enantioenriched ketone 7.7 Finally, the C(10) all-carbon quaternary center could be forged 

in an enantioselective manner by means of asymmetric allylic alkylation of glutarimide 8. 

In turn, glutarimide 8 could be prepared from b-ketoester 9.  
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Scheme 1.2.1. Retrosynthetic Analysis of (–)-Myrifabral A. 

 

1.3 DEVELOPMENT OF A ONE-POT GLUTARIMIDE SYNTHESIS 

Our synthetic efforts commenced with the preparation of glutarimide 8 (Scheme 

1.3.1). Alkylation of b-ketoester 9 with sulfonylmethyl carbamate 10 in the presence of 

Cs2CO3 proceeded smoothly on a 30.0 g scale to afford a-aminoketone 11 in 95% yield.8 

Elaboration of the Boc-protected amine to glutarimide 8 proceeded via a three-step reaction 

sequence: 1) amine-deprotection via TFA mediated Boc removal, 2) mono-acylation of the 

amine with glutaric anhydride, and 3) glutarimide ring closure utilizing standard protocols. 

Unfortunately, this procedure proved untenable for material throughput, inspiring the 

development of a practical, one-pot procedure.  

Scheme 1.3.1. Initial Synthesis of Glutarimide 8. 

 

Trifluoroacetic acid-mediated amine deprotection and double condensation in 

refluxing DMF provided glutarimide 8 in 60% yield (Table 1.3.1, entry 1). Utilizing 1,4-

dioxane as a solvent instead of DMF improved the yield of glutarimide 8 to 70% (entry 2). 
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O

O

O

97

1) TFA (13.0 equiv)
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Stoichiometric boric acid enabled the transformation in excellent yield in xylenes at 140 

°C (entry 3). While aryl boronic acids9 and boric acid10 have been demonstrated as effective 

catalysts for amidation of carboxylic acids with amines, we were surprised to observe 

commensurate Boc removal, amidation, and glutarimide cyclization in a single reaction 

pot. Control experiments revealed the reaction only proceeds with the complete set of 

reagents (entries 4–6). Furthermore, Boc protected a-aminoketone 11 was stable to xylenes 

at reflux for 120 h (entry 7). Catalytic boric acid (10 mol %) with 2 equivalents of glutaric 

anhydride (12) performed equally well as our best conditions (entry 8). Glutaric anhydride 

(12) was replaced with glutaric acid (13) without loss of reactivity (entry 9). Rendering the 

transformation homogeneous by utilizing PhB(OH)2 as a soluble boronic acid reduced the 

reaction time (entry 10), however, this benefit was tempered in larger scale reactions (entry 

11). Finally, electron-poor 4-CF3-PhB(OH)2 enabled the one-pot transformation to proceed 

at a faster rate in identical yield (entry 12). 
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Table 1.3.1. Glutarimide Synthesis Reaction Optimization.a 

 

 

1.4 TOTAL SYNTHESIS OF (–)-MYRIFABRAL A AND B 

With optimized conditions for the one-pot glutarimide synthesis in hand, a-

aminoketone 11 was converted to glutarimide 8 on a 15.0 g scale in 85% yield (Scheme 

1.4.1). Palladium-catalyzed decarboxylative asymmetric allylic alkylation of glutarimide 8 

with (S)-(CF3)3-t-BuPHOX (L1) as the chiral ligand established the C(10) all-carbon 

quaternary center, affording ketone 7 in 94% yield and 88% ee. The absolute configuration 

of the all-carbon quaternary was determined as (S) via vibrational circular dichroism (VCD) 

analysis. To affect the key N-acyl iminium ion cyclization, the ketone was first protected as 

ethyl vinyl ether 14. Mono-reduction of the glutarimide with LiEt3BH formed intermediate 

N-acyl hemiaminal 15 which underwent N-acyl iminium ion cyclization upon treatment with 

O

N

O

O

O

O

O

BocHN

O

O
conditions

11 8

OO O

OH

O

HO

O

12

13

entry conditions isolated yield (%)

1 3:1 DMF/TFA, 12 (4.0 equiv), reflux, 48 h 60

2 3:1 1,4-dioxane/TFA, 12 (4.0 equiv), reflux, 48 h 70

3 B(OH)3 (3.0 equiv), 12 (4.0 equiv), xylenes, Dean–Stark, reflux, 36 h 90–95

4 B(OH)3 (3.0 equiv), 12 (4.0 equiv), xylenes, Dean–Stark, reflux, 36 h >95% 11

5 12 (4.0 equiv), xylenes, Dean–Stark, reflux, 72 h >95% 11

6 13 (4.0 equiv), xylenes, Dean–Stark, reflux, 72 h >95% 11

7 xylenes, Dean–Stark, reflux, 120 h >95% 11

8 B(OH)3 (10 mol %), 12 (2.0 equiv), xylenes, Dean–Stark, reflux, 36 h 90–95

10 PhB(OH)2 (10 mol %), 13 (2.0 equiv), xylenes, Dean–Stark, reflux, 24 h 90–95

11b PhB(OH)2 (10 mol %), 13 (2.0 equiv), xylenes, Dean–Stark, reflux, 24 h 90–95

9 B(OH)3 (10 mol %), 13 (2.0 equiv), xylenes, Dean–Stark, reflux, 36 h 90–95

12b 4-CF3-PhB(OH)2 (10 mol %), 13 (2.0 equiv), xylenes, Dean–Stark, reflux, 24 h 90–95

[a] Reaction performed on a 0.16 mmol scale unless otherwise noted. [b] Reaction 
performed on a 0.80 mmol scale. 
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BF3•OEt2 to provide tricyclic lactam 6 as a single diastereomer in 81% yield over three steps. 

Completion of the synthesis required reduction of the lactam and ketone and elaboration of 

the terminal olefin to an aldehyde. To this end, a one-pot procedure was developed wherein 

the ketone was first reduced by L-Selectride with exceptional diastereoselection (>19:1). 

Following the reduction of the ketone, addition of LiAlH4 and heating to reflux afforded 

complete reduction of the lactam to the corresponding tertiary amine. A modified Fieser work 

up then provided desired amino alcohol 16 in 97% yield.  

Scheme 1.4.1. Enantioselective Synthesis of the Tricyclic Core. 

 

Initially, we found the terminal olefin recalcitrant to both direct and two-step 

oxidations to the aldehyde due to challenges with olefin isomerization and undesired or poor 

reactivity. To our delight, olefin cross metathesis using Hoveyda–Grubbs II catalyst of amino 

alcohol 16 with vinyl boronic acid pinacol ester (17) as an aldehyde surrogate smoothly 

afforded metathesis product 18 (Scheme 1.4.2). Elaboration of the vinyl boronate was then 
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affected by deprotection and oxidation of the boronic acid, with in situ lactolization providing 

(–)-myrifabral A in 50% yield. Adaptation of She’s conditions for the synthesis of (±)-

myrifabral B then provided access to (–)-myrifabral B in 70% yield.6c In our hands both (–)-

myrifabral B, and (–)-myrifabral A were isolated as oils, whereas racemates of these 

compounds are isolated as solids amenable to crystallization for X-Ray crystallography.3c,6c 

The absolute stereochemistry of the natural products was therefore determined via VCD 

analysis (vide supra). Spectroscopic data obtained were in excellent agreement with the 

natural compound (see section 1.6.4). 

Scheme 1.4.2 Completion of the Synthesis of (–)-Myrifabral A and B. 

 

1.5  CONCLUSION 

We have described the first enantioselective total synthesis of (–)-myrifabral 

A and B. Critical to the success of this strategy was the development of a direct and 

high yielding one-pot conversion of a Boc-protected amine (11) to the glutarimide 

(8). Palladium catalyzed decarboxylative asymmetric allylic alkylation provided the 

C(10) all-carbon quaternary center in 88% ee, setting the stage for ketone protection, 

glutarimide reduction, and an exclusively diastereoselective N-acyl iminium ion 
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cyclization. Following ketone and lactam reduction, cross metathesis with vinyl 

boronic acid pinacol boronate and subsequent boronic acid deprotection and 

oxidation afforded (–)-myrifabral A. Utilizing previously reported conditions, (–)-

myrifabral A was converted to (–)-myrifabral B. This marks the first catalyst-

controlled asymmetric synthesis of myrifabral A and B, enabling future biological 

study of individual enantiomeric series. 

1.6  EXPERIMENTAL SECTION 

1.6.1  MATERIALS AND METHODS 

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

an argon or nitrogen atmosphere using dry, deoxygenated solvents. Solvents were dried by 

passage through an activated alumina column under argon.11 Reaction progress was 

monitored by thin-layer chromatography (TLC) or Agilent 1290 UHPLC-MS.  TLC was 

performed using E. Merck silica gel 60 F254 precoated glass plates (0.25 mm) and 

visualized by UV fluorescence quenching, p-anisaldehyde, or KMnO4 staining.  Silicycle 

SiliaFlash® P60 Academic Silica gel (particle size 40–63 µm) was used for flash 

chromatography. 1H NMR spectra were recorded on Varian Inova 500 MHz and Oxford 

600 MHz spectrometers and are reported relative to residual CHCl3 (δ = 7.26 ppm) or TMS 

(δ = 0.00 ppm). 13C NMR spectra were recorded on a Bruker 400 MHz spectrometer (100 

MHz) and are reported relative to CHCl3 (δ = 77.16 ppm), C6D6 (δ = 128.06 ppm). Data 

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

(Hz), integration).  Multiplicities are reported as follows: s = singlet, d = doublet, t = triplet, 

q = quartet, p = pentet, sept = septuplet, m = multiplet, br s = broad singlet, br d = broad 

doublet.  Data for 13C NMR are reported in terms of chemical shifts (δ ppm).  IR spectra 
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were obtained by use of a Perkin Elmer Spectrum BXII spectrometer or Nicolet 6700 FTIR 

spectrometer using thin films deposited on NaCl plates and reported in frequency of 

absorption (cm–1). Optical rotations were measured with a Jasco P-2000 polarimeter 

operating on the sodium D-line (589 nm), using a 100 mm path-length cell. High resolution 

mass spectra (HRMS) were obtained from Agilent 6200 Series TOF with an Agilent 

G1978A Multimode source in electrospray ionization (ESI+), atmospheric pressure 

chemical ionization (APCI+), or mixed ionization mode (MM: ESI-APCI+). Reagents 

were purchased from commercial sources and used as received unless otherwise stated.  

1.6.2  EXPERIMENTAL PROCEDURES 

 

a-aminomethyl β-keto ester 11 

Compound 11 was prepared as previously described by Stoltz et al.2  To a stirred solution 

of β-keto ester 9 (20.0 g, 120.3 mmol, 1.0 equiv) in CH2Cl2 (600 mL) was added 

sulfonylmethyl carbamate 10 (39.2 g, 144.4 mmol, 1.2 equiv) in one portion at ambient 

temperature. After stirring for 5 min, Cs2CO3 (98.0 g, 300 mmol, 2.5 equiv) was added in 

one portion. The resulting white suspension was stirred vigorously at 20 ºC.  After 16 h, 

full consumption of starting material was determined by TLC analysis.  Saturated aqueous 

ammonium chloride (300 mL) was added slowly, and the biphasic mixture was stirred at 

ambient temperature for 40 min and extracted with CH2Cl2 (3 x 100 mL).  The combined 

organic layers were dried over Na2SO4, filtered, and concentrated to a viscous, colorless 

oil. Flash column chromatography (SiO2, 10% EtOAc in hexanes) afforded α-aminomethyl 

O

O

O
Cs2CO3 (2.5 equiv)
CH2Cl2, 23 ºC, 16 h

9
O

BocHN

O
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11
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β-keto ester 11 as an amorphous white solid (35.61 g, 114.36 mmol, 95% yield); 1H NMR 

(500 MHz, CDCl3) δ 5.91 (ddt, J = 17.2, 10.4, 5.9, 1H), 5.33 (dq, J = 17.2, 1.4, 1H), 5.25 

(dd, J = 10.4, 1.4 Hz, 1H), 5.17 (t, J = 5.7 Hz, 1H), 4.63 (d, J = 5.8 Hz, 1H), 3.55 (dd, J = 

13.9, 7.7 Hz, 1H), 3.41 (dd, J = 13.9, 5.7 Hz, 1H), 2.63–2.34 (m, 3H), 2.07–1.94 (m, 1H), 

1.87–1.75 (m, 1H), 1.74 – 1.53 (m, 4H), 1.41 (s, 9 H);13C NMR (100 MHz, CDCl3) δ 208.9, 

170.9, 155.9, 131.6, 119.2, 79.4, 66.3, 62.4, 44.3, 40.8, 33.8, 28.4, 27.2, 22.1; IR (Neat 

Film, NaCl) 3460, 2936, 2869, 1712, 1501, 1451, 1391, 1366, 1315, 1225, 1202, 1170, 

1140, 1099, 931, 856 cm–1; HRMS (MM:ESI-APCI+) m/z calc’d for C16H26NO5 [M+H]+: 

312.1805, found 312.1805. 

 

Glutarimide 8   

A flame-dried 2 L round bottom flask equipped with a Dean–Stark trap, a reflux 

condenser and a stirring bar was charged with 11 (15.00 g, 48.17 mmol, 1.0 equiv), glutaric 

acid (12.73 g, 96.35 mmol, 2.0 equiv), 4-CF3PhB(OH)2 (915.3 mg, 4.82 mmol, 10 mol %), 

and xylenes (960 mL). The resulting suspension was heated to reflux in a heating mantle 

with vigorous stirring. After 48 h, the light orange reaction solution was cooled to 20 ºC 

and concentrated to provide a crude orange oil. The crude oil was purified by column 

chromatography (2 → 5% EtOAc in CH2Cl2) to afford an off-white semisolid which was 

further purified by column chromatography (SiO2, 20→ 40% EtOAc in hexanes) to provide 

8 as an amorphous white solid (12.62 g, 41.05 mmol, 85% yield); 1H NMR (500 MHz, 

CDCl3) δ 5.94 (dddd, J = 17.3, 10.4, 6.1, 5.6 Hz, 1H), 5.33 (dd, J = 17.3, 1.5 Hz, 1H), 5.25 

O

N

O

O

O

O

O

BocHN

O

O 4-CF3PhB(OH)2 (10 mol %)
glutaric acid (2.0 equiv)

xylenes, reflux
Dean–Stark, 48 h

11 8
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(dd, J = 10.4, 1.5 Hz, 1H), 4.66 (ddt, J = 13.1, 6.1, 1.2 Hz, 1H), 4.53 (ddt, J = 13.1, 5.6, 

1.2 Hz, 1H), 4.32 (ABq, ΔδAB = 0.05, JAB = 14.1 Hz, 2H), 2.64 (t, J = 6.5 Hz, 4H), 2.48–

2.36 (m, 2H), 2.30–2.24 (m, 1H), 2.03–1.97 (m, 1H), 1.94 (p, J = 6.6 Hz, 2H), 1.77–1.70 

(m, 1H), 1.67–1.49 (m, 3H); 13C NMR (100 MHz, CDCl3) δ 206.0, 172.8, 169.8, 131.5, 

118.6, 66.4, 59.6, 41.9, 40.9, 34.0, 32.8, 27.1, 22.2, 16.7; IR (Neat Film, NaCl) 2942, 1711, 

1681, 1426, 1379, 1334, 1265, 1204, 1122, 1098, 1057, 1020 cm–1; HRMS (MM:ESI-

APCI+) m/z calc’d for C16H22NO5 [M+H]+: 308.1492, found 308.1504. 

 

Ketone 7  

 An oven-dried 1 L round bottom flask was charged with Pd2(dba)3 (819.6 mg, 0.895 

mmol, 2.75 mol %), (S)-(CF3)3-t-BuPHOX (1.1548 g, 1.95 mmol, 6.0 mol %), and a 

magnetic stirring bar in a N2-filled glovebox. The flask was then charged with toluene (650 

mL) and stirred at 24 ºC for 40 min, generating a dark orange/red solution.  The preformed 

catalyst solution was then cannulated into a solution of 8 (10.0 g, 32.54 mmol, 1.0 equiv) 

dissolved in toluene (325 mL) in a 2 L flame-dried round bottom flask.  The resulting dark 

green solution was stirred at 24 ºC.  Full consumption of the starting material was achieved 

after 7 h, as determined by TLC analysis (25% EtOAc in hexanes).  The crude reaction 

mixture was concentrated and directly purified by column chromatography (SiO2, 10 → 

40% EtOAc in hexanes) to yield glutarimide 7 as an off white semi-solid (8.06 g, 30.6 

mmol, 94% yield); 88% ee, [α]D25 +32.9 (c 1.0, CHCl3); 1H NMR (500 MHz, C6D6) δ 5.67 

Pd2(dba)3 (2.5 mol %)
(S)-(CF3)3-t-BuPHOX (6 mol %)

toluene, 23 ºC, 7 h

O

N

O

O

8

O
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O
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CF3
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(dddd, J = 16.7, 10.3, 8.4, 5.9 Hz, 1H), 5.04–4.94 (m, 2H), 4.12 (ABq, ΔδAB = 0.22, JAB = 

13.7 Hz, 2H), 2.90 (ddd, J = 15.6, 12.4, 6.2 Hz, 1H), 2.63 (t, J = 6.4 Hz, 4H), 2.38 (ddt, J 

= 14.2, 5.8, 1.3 Hz, 1H), 2.32 (dt, J = 15.8, 4.4 Hz, 1H), 2.01–1.87 (m, 4H), 1.83–1.68 (m, 

4H), 1.64–1.53 (m, 1H); 13C NMR (100 MHz, CDCl3) δ 213.2, 173.2, 134.7, 118.2, 51.8, 

44.2, 39.6, 38.7, 35.3, 33.1, 26.1, 21.2, 16.8; IR (Neat Film, NaCl) 3072, 2937, 2864, 1727, 

1701, 1679, 1638, 1430, 1380, 1340, 1319, 1243, 1173, 1120, 1056, 1008, 914, 868, 803 

cm–1; HRMS (MM:ESI-APCI+) m/z calc’d for C15H22NO3 [M+H]+: 264.1594, found 

264.1591; SFC Conditions: 35% IPA, 3.5 mL/min, Chiralpak AD-H column, λ = 210 nm, 

tR (min): major = 1.28, minor = 1.68.  
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Ethyl vinyl ether 14  

A flame-dried 250 mL round bottom flask was charged with 7 (3.00 g, 11.4 mmol, 

1.0 equiv), EtOH (114 mL), p-TsOH•H2O (43.4 mg, 0.228 mmol, 0.02 equiv), and 

CH(OEt)3 (38.0 mL, 228 mmol, 20.0 equiv).  The resulting clear, colorless solution was 

heated in a 40 ºC heating block for 16 h, after which time complete conversion was 

observed by TLC analysis (40% EtOAc in hexanes).  The reaction mixture was 

concentrated under reduced pressure and the resulting colorless oil was dissolved in EtOAc 

(50 mL) and poured into a separatory funnel containing saturated aqueous NaHCO3 (50 

mL).  The layers were separated, and the aqueous layer was extracted with EtOAc (2 x 100 

mL). The combined organics were washed with brine (25 mL), dried over Na2SO4, filtered, 

and concentrated. Flash column chromatography (SiO2, 30% EtOAc in hexanes) provided 

14 as a colorless oil (3.0326 g, 10.41 mmol, 91% yield); [α]D25 –72.6 (c 1.0, CHCl3); 1H 

NMR (500 MHz, C6D6) δ 5.90 (dddd, J = 17.3, 10.0, 9.2, 5.3 Hz, 1H), 5.18–5.01 (m, 2H), 

4.66–4.54 (m, 1H), 4.35 (ABq, ΔδAB = 0.23, JAB = 13.1 Hz, 2H), 3.55–3.31 (m, 2H), 2.95 

(ddt, J = 13.4, 5.1, 1.3 Hz, 1H), 2.14–1.81 (m, 8H), 1.77–1.64 (m, 1H), 1.64–1.50 (m, 2H), 

1.10 (t, J = 7.0 Hz, 3H), 1.06 – 0.91 (m, 2H); 13C NMR (100 MHz, C6D6) δ 172.2, 156.5, 

136.4, 117.1, 96.6, 61.8, 45.1, 42.7, 41.4, 33.2, 31.8, 24.5, 19.5, 16.8, 14.8; IR (Neat Film, 

NaCl) 3393, 3071, 2974, 2935, 2876, 2839, 1730, 1682, 1430, 1359, 1341, 1275, 1240, 

1220, 1176, 1158, 1138, 1113, 1057, 1046, 1002, 930, 912, 879, 846, 816, 787, 745, 698 

CH(OEt)3 (20.0 equiv)
p-TsOH•H2O (2 mol %)

EtOH, 40 ºC, 16 h

O

N

O

O

7

OEt

N

O

O

14
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cm–1; HRMS (MM:ESI-APCI+) m/z calc’d for C17H26NO3 [M+H]+: 292.1907, found 

292.1910. 

 

Tricyclic lactam 6 

A flame-dried 250 mL round bottom flask was charged with 14 (2.50 g, 8.58 mmol, 

1.0 equiv) and CH2Cl2 (86 mL). The resulting clear, colorless solution was cooled in a –78 

ºC bath.  After 15 min, LiEt3BH in (9.44 mL, 1.0 M in THF, 9.44 mmol, 1.1 equiv) was 

added dropwise over 5 min. After 30 min, an additional portion of LiEt3BH (360 µL, 0.360 

mmol, 0.042 equiv) was added. After 10 min, an additional portion of LiEt3BH (300 µL, 

0.300 mmol, 0.035 equiv) was added. After stirring for 10 min, the reaction was complete 

by TLC analysis (40% EtOAc in hexanes). EtOAc (210 µL, 2.15 mmol, 0.25 equiv) was 

added and the reaction was allowed to stir at –78 ºC. After 1 h, BF3•OEt2 (2.11 mL, 17.2 

mmol, 2.0 equiv) was added dropwise over 5 min. After 15 min, the reaction was complete 

by LC/MS analysis. The reaction mixture was quenched with H2O (60 mL), warmed to 20 

ºC, and transferred to a separatory funnel with CH2Cl2 (10 mL). The layers were separated 

and the aqueous was extracted with CH2Cl2 (3 x 25 mL). The combined organics were dried 

over Na2SO4, filtered, and concentrated to afford a pale-yellow oil. Purification by column 

chromatography (SiO2, 25% acetone in hexanes) yielded 6 as a white semi-solid (1.8841 

g, 7.62 mmol, 89% yield); [α]D25 –22.6 (c 1.0, CHCl3); 1H NMR (400 MHz, C6D6) δ 5.91 

(ddt, J = 17.4, 10.2, 7.5 Hz, 1H), 5.06–4.93 (m, 3H), 2.97 (dtd, J = 10.6, 5.5, 2.8 Hz, 1H), 

2.49 (dd, J = 13.7, 2.4 Hz, 1H), 2.29 (ddt, J = 17.1, 4.8, 2.6 Hz, 1H), 2.18 (dq, J = 7.4, 1.3 

OEt

N

O

O

14

LiEt3BH (1.2 equiv)
CH2Cl2, –78 ºC, 1 h;
EtOAc (0.25 equiv)

 –78 ºC, 1 h; N
O

O
6

then
BF3•OEt2 (2.0 equiv)

–78 ºC, 10 min
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Hz, 2H), 1.93 (dq, J = 4.9, 2.7 Hz, 1H), 1.91–1.72 (m, 4H), 1.48–1.30 (m, 2H), 1.25 – 1.15 

(m, 1H), 1.15–1.05 (m, 1H), 1.04 – 0.95 (m, 2H), 0.94–0.85 (m, 1H); 13C NMR (100 MHz, 

C6D6) δ 213.8, 168.5, 134.1, 118.3, 59.9, 52.8, 51.6, 49.1, 39.6, 39.2, 33.3, 28.9, 26.7, 20.5, 

19.7; IR (Neat Film, NaCl) 3074, 2937, 2870, 1716, 1644, 1460, 1440, 1416, 1346, 1264, 

1235, 1166, 1120, 1064, 994, 958, 916 cm–1; HRMS (MM:ESI-APCI+) m/z calc’d for 

C15H21NO2 [M+H]+: 248.1645, found 248.1653. 

 

Amino alcohol 16  

A two-necked 250 mL round bottom flask equipped with a reflux condenser, 

septum, and stir bar was charged with 6 (905 mg, 3.66 mmol, 1.0 equiv) and THF (73 mL).  

A flame-dried 25 mL conical flask under N2 was charged with L-Selectride (5.90 mL, 1.0 

M in THF, 5.90 mmol, 1.6 equiv). Both flasks were cooled to –78 ºC for 30 min, after 

which time the L-Selectride solution was slowly transferred to the flask containing 6 via 

syringe over 20 min via positive pressure cannulation, resulting in the formation of an 

opaque white reaction mixture. After 30 min, the septum was exchanged for an oven-dried 

glass stopper and LiAlH4 (555.6 mg, 14.6 mmol, 4.0 equiv) was added in a single portion 

to the reaction mixture. The reaction was then removed from the cooling bath and allowed 

to reach 20 ºC, after which time the flask was immersed in a 75 ºC oil bath. After refluxing 

for 9 h, complete conversion to 16 was observed by LC/MS and TLC analysis. The reaction 

mixture was diluted with Et2O (50 mL) and cooled in an ice/water bath. After 10 min, the 

reaction was slowly quenched with dropwise addition of H2O (800 µL) over 10 min, 

followed by the addition of aqueous NaOH (4.0 mL of a 2.5 M solution), and H2O2 (4.0 

L-Selectride (1.5 equiv)
THF, –78 ºC

then N
LiAlH4 (4.0 equiv)
–78 ºC to reflux

16

N
O

O
6

OH
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mL of a 30% solution). The resulting gray suspension was then stirred vigorously for 30 

min before being filtered through a pad of celite (5 x 5 cm), washing with EtOAc (3 x 75 

mL). The filtrate was then transferred to a separatory funnel and washed with H2O (60 mL) 

and brine (60 mL). The combined aqueous layers were extracted with EtOAc (3 x 80 mL). 

The combined organics were then dried over Na2SO4, filtered, and concentrated to a pale 

yellow oil. Purification by column chromatography (SiO2, 25% EtOAc in hexanes with 1% 

Et3N) afforded 16 as a colorless, viscous oil which slowly turns red with exposure to air 

(833.1 mg, 3.54 mmol, 97% yield); [α]D25 –13.4 (c 1.0, CHCl3); 1H NMR (500 MHz, C6D6) 

δ 5.83 (dddd, J = 15.1, 11.2, 8.3, 7.6 Hz, 1H), 5.04 (app t, J = 1.2 Hz, 1H), 5.02–4.99 (m, 

1H), 3.25 (m, 1H), 2.78–2.60 (m, 2H), 2.55 (d, J = 11.3 Hz, 1H), 2.08–1.74 (m, 6H), 1.68–

1.37 (m, 9H), 1.32–1.03 (m, 3H); 13C NMR (100 MHz, C6D6) δ 134.8, 116.8, 75.4, 65.5, 

65.4, 56.4, 43.3, 41.8, 37.8, 30.5, 30.0, 26.1, 24.7, 20.9, 20.0; IR (Neat Film, NaCl) 3404 

(br), 3072, 2931, 2856, 2797, 2759, 1638, 1463, 1442, 1375, 1336, 1271, 1223, 1198, 1182, 

1124, 1106, 1044, 995, 958, 947, 912, 844, 813, 768, 714, 678, 635 cm–1; HRMS 

(MM:ESI-APCI+) m/z calc’d for C15H26NO [M+H]+: 236.2009, found 236.2012.  

 

(–)-a,b-myrifabral A (4) 

In a nitrogen-filled glovebox, an oven-dried 25 mL round bottom flask was charged 

with amino alcohol 16 (100.0 mg, 0.424 mmol, 1.0 equiv), pinacol boronate 17 (356.2 mg, 

2.12 mmol, 5.0 equiv), and a Teflon-coated stir bar.  The flask was sealed with a septum, 

N

16

OH

(5.0 equiv)
HG II (10 mol %)

THF, 20 °C, 10 min

B

N

1.4:1 β:α-OH (–)-4

O OHthen
NaBO3•4H2O (20.0 equiv)
1:1 H2O/THF, 23 °C, 4 h

(17)
O

O
MeMe

Me
Me

Me
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removed from the glovebox, and placed under an atmosphere of nitrogen. To the flask was 

added THF (2.2 mL) to provide a clear, colorless solution. Hoveyda–Grubbs II catalyst 

(26.6 mg, 0.0424 mmol, 10 mol %) was then added rapidly in a single portion, and the 

flask was subjected to vacuum until the green solution began to bubble.  The dark green 

reaction was allowed to stir for 10 min under a static vacuum, at which point the flask was 

backfilled with nitrogen and an aliquot was analyzed by LC/MS, indicating full conversion 

of amino alcohol 16 to the putative cross metathesis product.  Note: Typically, the reaction 

solution rapidly turns dark brown/black when the flask is backfilled with nitrogen. The 

metathesis catalyst was quenched with the addition of ethyl vinyl ether (40 µL) at 20 °C.  

After stirring for 30 min at 20 °C, deionized water (2.2 mL) and NaBO3•4H2O (1.30 g, 

8.48 mmol, 20.0 equiv) were added and the resulting black, biphasic suspension was stirred 

rapidly at 20 °C.  After 4 h, full conversion of the intermediate cross metathesis product 

was observed by LC/MS analysis.  The reaction mixture was poured into a separatory 

funnel with EtOAc (5 mL) and H2O (10 mL). The layers were separated and the aqueous 

layer was extracted 3 x 5 mL EtOAc.  The combined organics were dried over Na2SO4, 

filtered, and concentrated to yield a dark brown oil.  Purification by column 

chromatography (SiO2, 0®50% EtOAc in hexanes with 2% Et3N) yielded (–)-myrifabral 

A (4) as a 1.4:1 mixture of b:a-OH epimers as a viscous yellow oil (90.1 mg, 0.358 mmol, 

85% yield).  Note: racemic samples of this compound are isolated as a colorless solid, in 

accordance with previous reports.3,4 Due to the complicated overlap of b- and a-OH 

epimers of (–)-4, the 1H NMR spectral data are reported with raw integration values; [α]D25 

–41.4 (c 1.0, CHCl3); 1H NMR (600 MHz, Pyridine-d5) δ 8.36 (s, 1.00), 7.70 (s, 0.72), 5.68 

(d, J = 3.7 Hz, 0.82), 5.10 (d, J = 9.6 Hz, 1.19), 4.19 (d, J = 3.4 Hz, 0.89), 3.21 (d, J = 3.6 



Chapter 1 – Enantioselective Total Synthesis of (–)-Myrifabral A and B 

 
18 

Hz, 1.17), 2.80–2.64 (m, 4.30), 2.54 (t, J = 10.7 Hz, 2.16), 2.30–2.19 (m, 2.22), 2.10 – 1.88 

(m, 7.28), 1.88 – 1.80 (m, 2.19), 1.78–1.72 (d, J = 11.9 Hz, 3.43), 1.68–1.59 (m, 8.86), 

1.57–1.40 (m, 8.86), 1.27 – 1.05 (m, 10.40); 13C NMR (100 MHz, Pyridine-d5) δ 98.3, 92.3, 

80.7, 72.5, 69.6, 69.1, 66.8, 66.4, 57.2, 57.2, 40.4, 40.2, 34.4, 33.1, 32.6, 30.7, 30.7, 30.6, 

29.6, 29.6, 28.7, 27.5, 26.9, 26.9, 25.5, 25.5, 21.4, 21.3, 21.3, 21.2; IR (Neat Film, NaCl) 

3381 (br), 3054, 2933, 2851, 2796, 2756, 2728, 2253, 1714, 1562, 1549, 1540, 1462, 1456, 

1444, 1396, 1374, 1336, 1298, 1277, 1243, 1209, 1189, 1124, 1106, 1077, 1057, 1009, 

998, 961, 949, 928, 917, 902, 886, 870, 856, 840, 826, 762, 739, 704, 673 cm–1, HRMS 

(MM:ESI-APCI+) m/z calc’d for C15H26NO2 [M+H]+: 252.1958, found 252.1960. 

 

(–)-a,b-myrifabral B (5) 

 The following procedure was adapted from Song’s total synthesis of (±)-myrifabral 

B.4 To a one dram vial with a stir bar was added (–)-4 (50.0 mg, 0.199 mmol, 1.0 equiv), 

THF (220 µL), 2 N aqueous HCl (250 µL), and N-ethyl-N-(methoxymethyl)ethanamine 

(117.2 mg, 0.995 mmol, 5.0 equiv) to provide a colorless, biphasic reaction mixture.  The 

vial was sealed with a Teflon-lined cap and heated in a vial well at 80 °C with rapid stirring.  

After 4 h, the reaction was complete by LC/MS analysis.  The vial was cooled to 20 °C, 

then the biphasic reaction mixture was poured into a separatory funnel with EtOAc (5 mL), 

and saturated aqueous NaHCO3 (10 mL). The layers were separated, and the aqueous layer 

was extracted with EtOAc (3 x 5 mL). The combined organics were dried over Na2SO4, 

filtered, and concentrated to a brown/yellow oil. Purification by column chromatography 

(SiO2, 20®60% EtOAc in hexanes with 2% Et3N) yielded (–)-myrifabral B (5) as a 1.6:1 

N

1.6:1 α:β-OH (–)-5

O

OH
1.2:1 2 N HCl/THF

reflux, 4 h

N

(–)-4, 1.4:1 α:β-OH

O

OH

NEt2OMe (5.0 equiv)Et2N
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mixture of b:a-OH epimers as a viscous yellow oil (29.5 mg, 0.0877 mmol, 44% yield).  

Note: racemic samples of this compound are isolated as a colorless solid, in accordance 

with previous reports.3,4 Due to the complicated overlap of b and a-OH epimers of (–)-5, 

the 1H NMR spectral data are reported with raw integration values; [α]D25 –37.5 (c 1.0, 

CHCl3); 1H NMR (600 MHz, Pyridine-d5) δ 5.72 (d, J = 3.0 Hz, 1.00), 4.82 (d, J = 8.2 Hz, 

1.67), 4.22 (d, J = 3.4 Hz, 1.01), 4.22 (d, J = 3.4 Hz, 1.40), 2.83–2.74 (m, 2.40), 2.73–2.68 

(m, 3.86), 2.66 (dd, J = 12.7, 7.9 Hz, 1.75), 2.60 (dd, J = 10.9, 7.2 Hz, 2.92), 2.57–2.47 (m, 

7.18), 2.45–2.33 (m, 6.41), 2.28 (tdd, J = 13.1, 6.6, 2.4 Hz, 1.64), 2.21 (dd, J = 12.8, 6.1 

Hz, 1.61), 2.15–2.01 (m, 4.23), 2.01–1.93 (m, 4.26), 1.83–1.78 (m, 3.00), 1.73–1.60 (m, 

9.07), 1.58–1.43 (m, 11.78), 1.39 (dd, J = 13.3, 4.4 Hz, 1.56), 1.34–1.28 (m, 3.61 ), 1.25 

(dt, J = 13.0, 3.1 Hz, 2.86), 1.21 – 1.09 (m, 3.00), 1.02 (t, J = 7.1 Hz, 5.89), 0.99 (t, J = 7.1 

Hz, 8.22), 0.85 (t, J = 12.9 Hz, 1.39); 13C NMR (100 MHz, Pyridine-d5) δ 103.1, 94.2, 80.4, 

72.6, 69.8, 69.0, 66.9, 66.4, 57.2, 57.2, 57.1, 56.8, 48.5, 48.0, 40.1, 40.0, 39.1, 37.3, 35.2, 

35.2, 33.8, 33.8, 30.7, 30.7, 30.5, 29.8, 26.9, 26.8, 25.5, 25.4, 21.6, 21.4, 21.3, 21.3, 12.9, 

12.4; IR (Neat Film, NaCl) 3076 (br), 2966, 2933, 2851, 2801, 2757, 2728, 2251, 1722, 

1692, 1557, 1462, 1444, 1375, 1346, 1297, 1276, 1267, 1243, 1205, 1196, 1178, 1144, 

1124, 1104, 1089, 1076, 1059, 1037, 967, 918, 904, 885, 813, 860, 833, 753, 715, 666, 616 

cm–1, HRMS (FAB+) m/z calc’d for C20H37N2O2 [M+H]+: 337.2855, found 337.2857. 

1.6.3 ABSOLUTE STEREOCHEMISTRY DETERMINATION OF 

KETONE 7 

1.6.3.1 VIBRATIONAL CIRCULAR DICHROISM 

Solutions of compounds 7 and ent-7 (69 mg/mL) were each prepared in CDCl3 and 

loaded into a front-loading SL-4 cell (International Crystal Laboratories) possessing BaF2 



Chapter 1 – Enantioselective Total Synthesis of (–)-Myrifabral A and B 

 
20 

windows and 100 μm path length. Infrared (IR) and VCD spectra were individually 

acquired on a BioTools ChiralIR-2X VCD spectrometer as sets of 24 one-hour blocks (24 

blocks, 3120 scans per block) at 4 cm–1 resolution in dual PEM mode.  A 15-minute 

acquisition of neat (–)-α-pinene control (separate 75 μm BaF2 cell) yielded a VCD 

spectrum in agreement with literature spectra and those previously acquired on the same 

instrument.  IR and VCD spectra were background-corrected using a 30-minute block IR 

acquisition of the empty instrument chamber under gentle N2 purge, and were solvent 

corrected using a 12-hour (12 blocks, 3120 scans per block) IR/VCD acquisition of CDCl3 

in the same 100 μm BaF2 cell as used for 7 and ent-7.  The reported spectra represent the 

result of block averaging. 

The arbitrarily chosen (R)-enantiomer of compound 7 was subjected to an initial 

exhaustive stochastic molecular mechanics-based conformational search (MMFF94 force 

field, 0.06 Å geometric RMSD cutoff, and 30 kcal/mol energy window) as implemented in 

MOE 2019.0102 (Chemical Computing Group, Montreal, CA).  All conformers retained 

the (R)-configuration and were subjected to geometry optimization, harmonic frequency 

calculation, and VCD rotational strength evaluation using density functional theory.  Initial 

quantum mechanical calculations utilized the B3LYP functional, small 6-31G* basis, and 

IEFPCM model (chloroform solvent) as an initial filter.  This was followed by subsequent 

treatment using the B3PW91 functional, cc-pVTZ basis, and implicit IEFPCM chloroform 

solvation model on all IEFPCM-B3LYP/6-31G* conformers below 5 kcal/mol, reusing the 

exact Hessian of the latter to facilitate optimization at the higher level of theory.   All 

calculations were performed with the Gaussian 16 program system (Rev. C.01; Frisch et 

al., Gaussian, Inc., Wallingford, CT). Resultant IEFPCM-B3PW91/cc-pVTZ harmonic 
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frequencies were scaled by 0.98. All structurally unique conformers possessing all positive 

Hessian eigenvalues were Boltzmann weighted by relative free energy at 298.15 K. The 

predicted IR and VCD frequencies and intensities of the retained conformers were 

convolved using Lorentzian line shapes (γ = 4 cm–1) and summed using the respective 

Boltzmann weights to yield the final predicted IR and VCD spectra. The predicted VCD 

spectrum of the (S) enantiomer was generated by inversion of sign. From the outstanding 

agreement between the theoretical and measured IR and VCD spectra across the entire 

useful range of the spectrum (900–1500 cm–1; regions A–J below) along with support of 

this assignment using the directly predicted versus measured optical rotations (see Method 

2) the absolute configurations of species 7 and ent-7 were established as (R) and (S), 

respectively. 
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Figure 1.6.3.1 Experimental (left) and Theoretical (right) VCD and IR of 7 and ent-7 

 

1.6.3.2 OPTICAL ROTATION 

The ensemble of unique IEFPCM-B3PW91/cc-pVTZ conformers of (R)-7 

generated in Method 1 above were subjected to optical rotation calculation at 589.0 nm 

using the B3LYP hybrid density functional, the large and diffuse 6-311++G(2df,2pd) basis 

set, and the IEFPCM implicit chloroform solvent model. The computed IEFPCM-

B3LYP/6-311++G(2df,2pd) optical rotations (weighted by IEFPCM-B3PW91/cc-pVTZ 

free energies at 298.15 K) along with those resulting from alternatively weighting by either 

the IEFPCM-B3PW91/cc-pVTZ total energies or IEFPCM-B3LYP/6-

311++G(2df,2pd)//IEFPCM-B3PW91/cc-pVTZ total energies are reported in (a)–(b) 

below. From comparison of the theoretically calculated and measured optical rotations (for 
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which reasonably good agreement in magnitude was found to exist) the respective VCD-

based AC assignments of (R) and (S) for 7 and ent-7 were further supported by those from 

the separate OR-based methodology.  

(a)  

Predicted optical rotation, weighted by IEFPCM-B3PW91/cc-pVTZ free energies:  –47.5° 

Predicted optical rotations, weighted by IEFPCM-B3PW91/cc-pVTZ total energies: –

45.5° 

Predicted optical rotations, weighted by IEFPCM-B3LYP/6-311++G(2df,2pd)//IEFPCM-

B3PW91/cc-pVTZ total energies: –45.8° 

∴ 

(b)  

Predicted optical rotation, weighted by IEFPCM-B3PW91/cc-pVTZ free energies:  +47.5° 

Predicted optical rotations, weighted by IEFPCM-B3PW91/cc-pVTZ total energies:  

+45.5° 

Predicted optical rotations, weighted by IEFPCM-B3LYP/6-311++G(2df,2pd)//IEFPCM-

B3PW91/cc-pVTZ total energies:  +45.8°  

Measured optical rotation: (CHCl3 solvent, 25 °C, c = 10.0 mg/mL, 10 cm pathlength, 88% 

ee)  

7: + 32.9, ent-7: –28.

(R)

O

N

O

O

(S)

O

N

O

O
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1.6.4  COMPARISON OF NATURAL AND SYNTETIC MYRIFABRALS 

Figure 1.6.4.1 Natural (top) and Synthetic (bottom) 1H NMR of Myrifabral A, 600 MHz, 

Pyridine-d5 

 

Figure 1.6.4.2 Natural (top) and Synthetic (bottom) 13C NMR of Myrifabral A, 100 MHz, 

Pyridine-d5 

 

myrifabral A (4) comparison spectra
1H NMR, 600 MHz, Pyridine-d5
top: natural
bottom: synthetic

myrifabral A (4) comparison spectra
13C NMR, 100 MHz, Pyridine-d5
top: natural
bottom: synthetic
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Figure 1.6.4.3 Natural (top) and Synthetic (bottom) 1H NMR of Myrifabral B, 600 MHz, 

Pyridine-d5 

 

Figure 1.6.4.4 Natural (top) and Synthetic (bottom) 13C NMR of Myrifabral B, 100 MHz, 

Pyridine-d5 

 

myrifabral B (5) comparison spectra
1H NMR, 600 MHz, Pyridine-d5
top: natural
bottom: synthetic

myrifabral B (5) comparison spectra
13C NMR, 100 MHz, Pyridine-d5
top: natural
bottom: synthetic
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Scheme A1.1 Enantioselective Total Synthesis of (–)-Myrifabral A and B 
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Figure A2.2 Infrared spectrum (Thin Film, NaCl) of compound 11. 
 

Figure A2.3 13C NMR (100 MHz, CDCl3) of compound 11. 
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Figure A2.5 Infrared spectrum (Thin Film, NaCl) of compound 8. 
 

Figure A2.6 13C NMR (100 MHz, CDCl3) of compound 8. 
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Figure A2.8 Infrared spectrum (Thin Film, NaCl) of compound 7. 
 

Figure A2.9 13C NMR (100 MHz, CDCl3) of compound 7. 
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Figure A2.11 Infrared spectrum (Thin Film, NaCl) of compound 14. 
 

Figure A2.12 13C NMR (100 MHz, C6D6) of compound 14. 
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Figure A2.14 Infrared spectrum (Thin Film, NaCl) of compound 6. 
 

Figure A2.15 13C NMR (100 MHz, C6D6) of compound 6. 
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Figure A2.17 Infrared spectrum (Thin Film, NaCl) of compound (–)-4. 
 

Figure A2.18 13C NMR (100 MHz, pyridine-d5) of compound (–)-4. 
 



Appendix 2 – Spectra Relevant to Chapter 1 45 

�
�

�
�

�
�

�
�

	



�
�

�
�
�

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 F
ig

ur
e 

A2
.1

9 
1 H

 N
M

R 
(5

00
 M

H
z, 

py
ri

di
ne

-d
5)

 o
f c

om
po

un
d 

( –
)-5

). 
  

N

(–
)-5

O

O
H

NE
t 2



Appendix 2 – Spectra Relevant to Chapter 1 46 

���������������������������

���

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure A2.20 Infrared spectrum (Thin Film, NaCl) of compound (–)-5. 
 

Figure A2.21 13C NMR (100 MHz, pyridine-d5) of compound (–)-5. 
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CHAPTER 2 

Pd-Catalyzed Asymmetric Decarboxylative Allylic  

Alkylation of Fully Substituted N-Acyl Indole-Derived Enol Carbonates †  

 

2.1  INTRODUCTION 

 The catalytic, enantioselective synthesis of all-carbon quaternary stereogenic centers 

has become an important area of research owing to the prominence of such structural motifs 

in natural products and their potential utility in medicinal applications.1 Numerous strategies 

have been developed for the synthesis of all-carbon quaternary stereogenic centers in cyclic 

systems.1,2 In contrast, approaches to the synthesis of all-carbon quaternary stereogenic in 

acyclic systems are limited in scope. This is ostensibly due to the requirement for 

stereodefined tetrasubstituted olefins or enolates typically necessary for high levels of 

enantioinduction.3 Our group has previously reported the utility of Pd-catalyzed 

decarboxylative allylic alkylation for preparing acyclic a-quaternary stereogenic aryl amides 

and ketones in high ee from the corresponding fully substituted acyclic allyl enol carbonates.4 

In the case of acyclic aryl ketones (Figure 2.1.1A), the enol carbonates could be prepared 

with excellent control of enolate geometry utilizing conditions developed by Zhang and 
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Gosselin (Figure 2.1.2),5 however, this was found to be inconsequential on the 

stereochemical outcome of the reaction. Specifically, the same enantiomer of product was 

obtained in identical enantiomeric excess regardless of the ratio of starting enolate geometric 

isomers.4b This result runs contrary to reports in the literature highlighting the central 

importance of controlling enolate geometry in acyclic Pd-catalyzed allylic alkylation.4a,6  

To expand the scope of this transformation, we sought to evaluate ester enolates as 

possible substrates, enabling access to synthetically versatile a-quaternary carboxylic acid 

derivatives. The Trost group has previously reported the enantioselective Pd-catalyzed allylic 

alkylation of two different ester enolate equivalents: 2-acylimidazoles7a and N-acyl 

oxazolidinones7b (Figure 2.1.1B). Both reports are limited to the synthesis of tertiary 

stereogenic centers from trisubstituted enolate nucleophiles, highlighting the difficulty of 

forming acyclic quaternary stereogenic centers via fully substituted enolates. Unique 

strategies have emerged to circumvent the challenges of fully substituted enolate preparation. 

For example, Shimizu and Kanai reported a dual boron-Pd catalytic system which enables 

access to a-quaternary carboxylic acids through a symmetrical, chiral carboxylic acid 

dianion (Figure 2.1.1C).8 Additionally, both Rh-9 and Ir-catalyzed10 allylic alkylation have 

been utilized in the synthesis of acyclic all-carbon quaternary stereogenic centers. The 

limited methodologies available for the synthesis of acyclic  a-quaternary carboxylic acid 

derivatives therefore warrant additional methods to access these challenging motifs. Toward 

this end, we investigated the synthesis of stereodefined acyclic ester enolates, or enolate 



Chapter 2 – Pd-catalyzed Asymmetric Decarboxylative Allylic Alkylation and 
Dehydrogenation of Fully Substituted N-acyl Indole-derived Enol carbonates 
 

 

49 

equivalents, and their application in enantioselective decarboxylative Pd-catalyzed allylic 

alkylation (Figure 2.1.1D). 

Figure 2.1.1 Pd-Catalyzed Enantioselective Allylic Alkylation of Acyclic Substrates. 

 

Figure 2.1.2 Selective Enolization of Fully Substituted Acyclic Ketones. 

 

2.2  SELECTIVE ENOLIZATION AND Pd-CATALYZED ALLYIC 

ALKYLATION OF ACYCLIC ESTERS 

This study began with the investigation of the stereoselective enolization of sterically 

varied a-alkyl,a-aryl-substituted esters. We were intrigued to find that treatment with 
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LiHMDS and Me2NEt at 25 ºC and enolate O-acylation with allyl chloroformate provided 

the desired ester-derived enol carbonates in high E/Z-selectivity, albeit in moderate yield 

(Scheme 2.1.1). This selectivity was encouraging, given that all previous examples of 

enolization with this protocol had been performed on aryl ketones.5 Our excitement was 

quickly tempered, however, as the ester-derived allyl enol carbonates were poor substrates 

for our standard4b Pd-catalyzed decarboxylative allylic alkylation conditions (Table 2.2.1). 

Despite optimization efforts, the best result obtained was utilizing the ethyl ester-derived 

substrate which provided the allylic alkylation product in 43% yield as a racemate with (S)-

(CF3)3-t-BuPHOX (L1) (entries 2 and 3). Both phenyl ester-derived (entry 1) and t-Bu ester-

derived (entries 4 and 5) substrates provided only trace quantities of product. 

Scheme 2.2.1 Selective Enolization and O-Acylation of Acyclic Esters. 

 

Table 2.2.1 Ester-derived Enol Carbonates in the Pd-Catalyzed Allylic Alkylation.a 

  

 

 

 

 

  

RO

O
Ph

Et
EtO

OCO2allyl
Et

Ph

LiHMDS (2.0 equiv)
Me2NEt (2.0 equiv)

toluene (0.20 M), 25 ºC, 2 h
then

allylchloroformate (2.0 equiv)
25 ºC, 30 min

R = Ph, 32% yield, >98:2 E/Z
R = Et, 56% yield, >98:2 E/Z
R = t-Bu, 60% yield, 91:9 E/Z

RO

OCO2allyl
Et

Ph
RO

O

Ph

Pd2(dba)3 (0.5 mol %)
(S)-(CF3)3-t-BuPHOX (1.2 mol %)

3:1 hexane/PhMe (0.10 M)
25 ºC, 12 h

entry temp (ºC)

1 25

2 25–60

3 70

% ee

–

–

0

4 25 –
5 80 –

time (h)

16

24–48

48

16
48

% conversion (yield)

>95 (<10)

trace

>95 (43)

trace
partial (<10)

E:Z ratio

>98:2

>98:2

>98:2

91:9
91:9

Et

t-Bu

Et

Ph

R

Et

t-Bu
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CF3

F3C

CF3

N

O
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[a] Reactions were performed on a 0.100 mmol scale. Yields are isolated yields. 
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2.3  SELECTIVE ENOLIZATION AND Pd-CATALYZED ALLYIC 

ALKYLATION OF ACYCLIC ESTER EQUIVALENTS 

To address this challenge, we turned to ester-enolate equivalents as an alternative to 

poorly reactive ester-derived enol carbonates. Based on literature precedent and our own 

recent studies of cyclic enolate derivatives,6b,11 we investigated N-acyl-heterocycles as 

potential substrates. We were pleased to find that a variety of N-acyl heterocycles can be 

prepared in good to excellent E/Z-selectivity with the LiHMDS and Me2NEt selective 

enolization protocol and provided promising reactivity in the subsequent Pd-catalyzed 

decarboxylative allylic alkylation under our standard conditions (Table 2.3.1). We found that 

the N-acyl pyrrole-derived enol carbonate affords the desired allylic alkylation product in a 

high 92% yield and a moderate 73% ee with electron-poor PHOX ligand L1, entry 1). The 

ee was improved to 83% by switching to a 3:1 methylcyclohexane/PhMe solvent system 

(entry 2), however, further experimentation led to no additional increase in selectivity for 

this substrate. By increasing the steric bulk on the pyrrole through the inclusion of an ortho-

methyl group (entry 3), the high enolization selectivity is retained, however, the resultant 

alkylation product is obtained in only 65% ee. An N-methylimidazole-derived C-acyl 

substrate (entry 4) was unreactive under the alkylation conditions. Further increasing the 

steric bulk of the N-acyl group to a carbazole (entry 5) results in a drop in enolization 

selectivity and no reaction is observed in the allylic alkylation. The optimal substrate was 

determined to be an N-acyl indole (entry 6), which both undergoes highly selective 

enolization and selectively and affords the desired alkylation product in an excellent 95% 
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yield and 90% ee. After additional experimentation, we found that the use of a novel electron-

defcient PHOX ligand (S)-Ty-PHOX (L2) provides the desired product in an improved 99% 

yield and 95% ee when a slightly modified 3:1 hexanes/toluene solvent mixture is used (entry 

7). Notably, the reaction is performed using only 0.5 mol % Pd2(dba)3 with 1.2 mol % of 

ligand and is complete in 12 h at 25 ºC. 
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Table 2.3.1 Optimization of the Acyclic Decarboxylative Allylic Alkylation.a 

 

  

P

CF3

F3C

CF3

N

O

t-Bu

(S)-(CF3)3-t-BuPHOX (L1)

P

CF3

F3C

CF3

N

O

t-Bu

(S)-Ty-PHOX (L2)

F

F

R2N

OCO2allyl
Ph

Et
R2N

O

Ph

Pd2(dba)3 (0.5 mol %)
ligand (1.2 mol %)
solvent (0.10 M)

 25 ºC, 12 h

Et

entry R2N– ligand solvent % eec% yieldb

1 L1 3:1 hexanes/toluene 7392
N

>98:2 E/Z

2 L1 3:1 MeCyd/toluene 8397
N

>98:2 E/Z

3 L1 3:1 MeCy/toluene 65not determinedN

>98:2 E/Z

Me

4 L1 3:1 MeCy/toluene –no reaction
N

N
>98:2 E/Z

Me

5 L1 3:1 MeCy/toluene –no reaction
N

>98:2 E/Z

6 L1 3:1 MeCy/toluene 9095N

>98:2 E/Z

7 L2 3:1 hexanes/toluene 9599N

>98:2 E/Z

[a] Reactions performed on a 0.100 mmol scale. [b] Yield of isolated 
product. [c] Determined by chiral SFC analysis. [d] MeCy = 
Methylcyclohexane. 
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2.4  IMPORTANCE OF ENOLATE GEOMETRY  

With optimal reaction conditions identified, we sought to examine the impact of 

substrate enolate geometry. In our group’s prior report on acyclic ketone enolates, the 

initial ratio of enolate geometries was found to be inconsequential to the reaction 

stereoselectivity.4b In contrast, the initial ratio of enolate geometries in acyclic N-acyl 

indole-derived enol carbonates has a significant impact on the stereoselectivity of the Pd-

catalyzed allylic alkylation (Table 2.4.1). A 21:79 E/Z mixture of enol carbonates (19a) 

provides the alkylation product (20a) in a significantly diminished 66% ee with L2 as the 

ligand, although the same enantiomer of product is the same as when a 98:2 E/Z mixture is 

used (entries 1 and 2). This result suggests that some degree of enolate geometry 

equilibration is occurring during the catalytic process, however, to a lesser extent than in 

the previously reported acyclic aryl ketone systems. 

Table 2.4.1 Importance of Enolate Geometry for Enantioselectivity. 

 

2.5  SCOPE OF THE ASYMMETRIC ALLYLIC ALKYLATION 

With optimized reaction conditions and the importance of enol carbonate geometry 

established, we examined the scope of this transformation for accessing various acyclic all-

carbon quaternary stereogenic centers (Table 2.5.1). All enol carbonates were accessed in 

excellent E/Z-geometry control (>98:2, see Experimental Section 2.8.2.2 for details) and 

the corresponding allylic alkylation products were obtained in high yields. Products 

19a

N

OCO2allyl
Et

Ph

20a

N

O

Ph

EtPd2(dba)3 (0.5 mol %)
(S)-Ty-PHOX (1.2 mol %)

3:1 hexanes/toluene (0.10 M)
 25 ºC, 12 h

entry E/Z ratio of 19a % ee 20a

1 >98:2 95
2 21:79 66
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bearing a longer a-alkyl chain such as n-pentyl (20b) or a branching i-Bu group (20c) were 

obtained in excellent 96% ee. Benzyl-substitution substrate 20d was also well tolerated, 

albeit in a slightly dimished 90% ee. Substrate 20d was crystallized and the absolute 

stereochemical configuration of (S) was determined by X-Ray crystallographic analysis, 

all other substrates’ stereochemistry were assigned by analogy. The presence of electron-

rich aryl groups resulted in a slight increase in enantioselectivity: both 4-methyl (20e) and 

4-methoxy (20f) substrates were isolated in 98% ee while 3,5-dimethoxy (20g) was 

obtained in 95% ee. Notably, both methoxy-substituted aryl substrates 20f and 20g required 

longer reaction times of 24 h for full conversion of the enol carbonates. Substitution with 

weakly electron-withdrawing substituents12 at the para-position were well tolerated in the 

case of 4-chloro (20h), 4-bromo (20i), and 4-fluoro (20j) substrates which were isolated in 

94, 94, and 96% ee, respectively. On the other hand, substitution with a strongly electron-

withdrawing 4-trifluoromethyl group (20k) led to a sharp drop in enantioselectivity to 72% 

ee, believed to result from the increased inductive stabilization of the enolate generated in 

situ.2f Substitution of the N-acyl indole was also well tolerated, with methyl-substituted 

substrate 20l isolated in 98% ee and bromo-substituted substrate 20m isolated in 92% ee. 

While ortho-substitution of the a-aryl substituent resulted in poor enolization geometry 

control and enantioselectivity in N-acyl indole-derived substrates, employing less sterically 

encumbered N-acyl 3-methyl pyrrole enabled 3-Me (20n) and 3-Br (20o) allylic alkylation 

products to be generated in moderate 89% and 80% ee, respectively. Notably, the use of a 

more electron-rich N-acyl pyrrole (i.e. 3-methyl pyrrole vs. pyrrole) provides a slight boost 
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in enantioselectivity analogous to N-acyl indole 20l vs. N-acyl indole 20a (95 vs. 98% 

ee).13  

The broad scope of a-aryl substituted substrates tolerated in this transformation, as 

well as the related ketone allylic alkylation,4b is in stark contrast to previous examples of 

a-aryl substituted and weakly basic substrates which are poor substrates for the Pd-

catalyzed enantioselective allylic alkylation with PHOX ligands.2f To rationalize this 

observation, as well as to explain the necessity for a-aryl substituents, we propose the a-

aryl group is likely rotated out of plane with respect to the enolate and that the N-acyl group 

is planar and in conjugation with the enolate to avoid steric clashing between both aromatic 

groups (Figure 2.5.1). With the a-aryl group out of plane with the enolate, there may also 

be an attractive edge-to-face interaction with the N-acyl aromatic group. As a result of the 

out of plane a-aryl group, there is no significant resonance stabilization of the enolate and 

therefore high enantioselectivities can be achieved. Inductive stabilization through 

electron-withdrawing substituents (e.g. 4-trifluoromethyl, 20k) may still impart lower 

levels of enantioselectivity.  
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Table 2.5.1 Scope of the Enantioselective Allylic Alkylation.a 

 

  

19

N

OCO2allyl
Et

Ph

20

N

O

Ph

EtPd2(dba)3 (0.5 mol %)
(S)-Ty-PHOX (1.2 mol %)

3:1 hexanes/toluene (0.10 M)
 25 ºC, 12 h

20a
99% yield, 95% ee

N

O
Et

20b
99% yield, 96% ee

N

O
n-Pentyl

20c
99% yield, 96% ee

N

O
i-Bu

20db

96% yield, 90% ee

N

O
Bn

20e
99% yield, 98% ee

N

O
Et

20fc

89% yield, 98% ee

N

O
Et

20gc

99% yield, 95% ee

N

O
Et

20h
99% yield, 94% ee

N

O
Et

OMe OMeMe
OMe

Cl

20i
98% yield, 94% ee

N

O
Et

20j
97% yield, 96% ee

N

O
Et

20k
98% yield, 72% ee

N

O
Et

20l
99% yield, 98% ee

N

O
Et

F CF3Br

20m
97% yield, 92% ee

N

O
Et

20n
99% yield, 89% ee

N

O

Me

Et

20o
87% yield, 80% ee

N

O

Me

EtBr

BrMe

Me

[a] All reactions performed on a 0.200 mmol scale. Yields are of isolated products. % ee was 
determined by chiral SFC analysis. [b] Absolute stereochemistry was determined by X-Ray 
crystallography, all other products assigned by analogy. [c] Reaction time of 24 h. 
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Figure 2.5.1 Hypothesis for Tolerance of a-Aryl Substituents.  

 

 To further investigate our hypothesis, we prepared substrate 19p bearing a-N-

pyrrolo substitution and examined its reactivity under our optimized Pd-catalyzed allylic 

alkylation conditions (Scheme 2.5.1). We reasoned that a-N-pyrrolo substitution mimic an 

a-phenyl substituent in the same manner that an N-acyl indole mimics a phenyl ketone. 

This is indeed the case, with alkylation product 20p isolated in an excellent 97% yield and 

99% ee.  

Scheme 2.5.1 Investigation of an a-N-pyrrole Substituted N-Acyl Indole Substrate.  

 

2.6  DERIVATIZATION OF N-ACYL INDOLE PRODUCTS 

 To highlight the utility of the enantioenriched a-quaternary N-acyl indole products, 

we examined product derivatizations (Scheme 2.6.1). Cleavage of allylic alkylation 

product 20a with KOTMS affords carboxylic acid 21 which can be isolated in 99% yield 

following a chromatography-free acid/base extraction procedure. Ethyl ester 22 was 

prepared in 75% yield following treatment of N-acyl indole 20a with KOEt. Reduction of 

the N-acyl indole with LiAlH4 generates b-quaternary alcohol 23 in 84% yield. The olefin 

of product 20a is also a valuable synthetic handle, demonstrated by Wacker oxidation to 

N

OCO2allyl
Et

N

OCO2allyl
Et

strain minimized:
aryl resonance

with enolate disrupted

steric clash between
indole and aryl group

19p

N

OCO2allyl
Et

N

20p
97% yield, 99% ee

N

O

N

EtPd2(dba)3 (0.5 mol %)
(S)-Ty-PHOX (1.2 mol %)

3:1 hexanes/toluene (0.10 M)
 25 ºC, 12 h
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1,4-dicarbonyl 24 in 95% yield as a 5:1 mixture of ketone/aldehyde. Surprisingly, N-acyl 

indole allylic alkylation product 20a was recalcitrant to react with MeMgBr as well as 

direct Weinreb amide-forming reaction conditions, even at elevated temperatures, 

suggesting the potential to employ this moiety as a robust and orthogonal carboxylic acid 

masking group (Scheme 2.6.2).  

Scheme 2.6.1 Derivatization of N-Acyl Indole Allylic Alkylation Product 20a. 

 

Scheme 2.6.2 Failed Derivatizations of N-Acyl Indole Allylic Alkylation Product 20a. 

 

2.7  CONCLUSION 

This study delineates the first example of a Pd-catalyzed allylic alkylation of N-

acyl indole-derived enol carbonates to provide access to acyclic all-carbon quaternary 

stereogenic centers in high yield and ee. While ester-derived enol carbonates could be 

generated with excellent geometrical isomer selectivity, these substrates we poorly reactive 

HO

O

Ph

EtKOTMS (10.0 equiv)

EtO

O

Ph

EtKOEt (3.0 equiv)
THF (0.09 M), 25 ºC

75% yield

THF (0.04 M), 50 ºC
99% yield

HO
Ph

EtLiAlH4 (3.0 equiv)
THF (0.05 M), 0 ºC

84% yield

PdCl2 (30 mol %)
CuCl (2.0 equiv)

9:1 DMF/H2O (0.04 M)
O2 (1 atm), 20 ºC

95% yield
5:1 ketone:aldehyde

N

O

Ph

Et
O

Me

20a

N

O

Ph

Et

21

22

23

24

N

O

Ph

Et

Me

O

Ph

EtMeMgBr (30.0 equiv)
THF, reflux

N

O

Ph

Et
AlMe3, or i-PrMgCl

NCH3OMe•HCl
THF, –20 to 60 ºC

Me

OMe

X

X

20a
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under standard Pd-catalyzed allylic alkylation conditions, necessitating the utilization of 

N-acyl indoles and pyrroles as ester-enolate equivalents. The preparation of the N-acyl 

indole- and pyrrole-derived enol carbonates as single geometrical enolate isomers, as well 

as the utilization of new electron-deficient PHOX ligand (S)-Ty-PHOX (L2), were critical 

to obtaining the excellent enantioselectivities observed.  

2.8  EXPERIMENTAL SECTION 

2.8.1  MATERIALS AND METHODS 

Unless otherwise noted, reactions were performed in flame-dried glassware under 

an Ar or N2 atmosphere using dry, deoxygenated solvents. Solvents were dried by passage 

through an activated alumina column under Ar.14 Reaction progress was monitored by thin-

layer chromatography (TLC) or Agilent 1290 UHPLC-MS. TLC was performed using E. 

Merck silica gel 60 F254 precoated glass plates (0.25 mm) and visualized by UV 

fluorescence quenching, p-anisaldehyde, or KMnO4 staining. Silicycle SiliaFlash® P60 

Academic Silica gel (particle size 40–63 µm) was used for flash chromatography. 1H NMR 

spectra were recorded on Varian Inova 500 MHz and Bruker 400 MHz spectrometers and 

are reported relative to residual CHCl3 (d 7.26 ppm) 13C NMR spectra were recorded on a 

Varian Inova 500 MHz spectrometer (125 MHz) and Bruker 400 MHz spectrometers (100 

MHz) and are reported relative to CHCl3 (d 77.16 ppm). Data for 1H NMR are reported as 

follows: chemical shift (d ppm) (multiplicity, coupling constant (Hz), integration). 

Multiplicities are reported as follows: s = singlet, d = doublet, t = triplet, q = quartet, p = 

pentent, sept = septuplet, m = multiplet, br s =broad singlet, br d = broad doublet, app = 

apparent. Data for 13C NMR reported in terms of chemical shifts (d ppm). IR spectra were 
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obtained by the use of a Perkin Elmer Spectrum BXII spectrometer or Nicolet 6700 FTIR 

spectrometer using thin films deposited on NaCl plates and reported in frequency of 

absorption (cm–1). Optical rotations were measured with a Jasco P-2000 polarimeter 

operating on the sodium D-line (589 nm), using a 100 mm path-length cell and reported as 

[a]DT (concentration in 10 mg/1 mL, solvent). Analytical SFC was performed with a 

Mettler SFC supercritical CO2 analytical chromatography system utilizing Chiralpak (AD-

H, AS-H, or IC) or Chiracel (OD-H, OJ-H, or OB-H) columns (4.6 mm x 25 cm) obtained 

from Daicel Chemical Industries, Ltd. High resolution mass spectra (HRMS) were obtained 

from Agilent 6200 Series TOF with an Agilent G1978A Multimode source in electrospray 

ionization (ESI+), atmospheric pressure chemical ionization (APCI+), or mixed ionization 

more (MM: ESI-APCI+), or obtained from the Caltech mass spectrometry laboratory. 

Ligands were prepared by known methods.15  

2.8.2 EXPERIMENTAL PROCEDURES 

2.8.2.1 General Procedure for the Pd-Catalyzed Decarboxylative Allylic 

Alkylation Reactions 

 

In a nitrogen-filled glovebox, a solution of Pd2(dba)3 (1.8 mg/mL) and L2 (2.8 

mg/mL) in toluene was stirred for 30 min at 25 ºC, then 0.5 mL of the resulting catalyst 

19

N

OCO2allyl
R

Ar

20

N

O

Ar

RPd2(dba)3 (0.5 mol %)
(S)-Ty-PHOX (1.2 mol %)

3:1 hexanes/toluene (0.10 M)
 25 ºC, 12 h

P

CF3

F3C

CF3

N

O

t-Bu

(S)-Ty-PHOX (L2)

F

F
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solution was added to a one-dram vial containing the allyl enol carbonate substrate (0.200 

mmol) dissolved in hexanes (1.5 mL). The vial was sealed with a Teflon-lined cap and 

electrical tape, removed from the glovebox, and stirred at 25 ºC for 12 h unless otherwise 

noted. The crude reaction mixture was concentrated then purified by silica gel flash 

chromatography to provide the desired alkylation product.  

 

(R)-2-ethyl-1-(1H-indol-1-yl)-2-phenylpent-4-en-1-one (20a) 

Purified by column chromatography (5% Et2O in hexanes) to provide an amorphous white 

solid (64.8 mg, 99% yield); 95% ee, [a]D25 –111.4 (c 1.0, CHCl3);  1H NMR (500 MHz, 

CDCl3) δ 8.58 (dt, J = 8.3, 0.8 Hz, 1H), 7.48–7.44 (m, 1H), 7.39–7.32 (m, 3H), 7.32–7.22 

(m, 4H), 6.84 (d, J = 3.9 Hz, 1H), 6.26 (d, J = 3.8 Hz, 1H), 5.45 (dddd, J = 16.6, 10.2, 8.5, 

6.2 Hz, 1H), 5.03–4.92 (m, 2H), 2.99 (dd, J = 14.0, 8.5 Hz, 1H), 2.88 (dd, J = 14.0, 6.2 Hz, 

1H), 2.25 (qd, J = 7.4, 1.5 Hz, 2H), 0.81 (t, J = 7.4 Hz, 3H); 13C NMR (100 MHz, CDCl3) 

δ 174.3, 143.0, 136.5, 133.0, 129.5, 129.2, 127.3, 126.5, 126.1, 125.1, 123.7, 120.6, 119.0, 

117.2, 108.2, 56.8, 40.5, 28.0, 8.4.; IR (Neat Film, NaCl) 3154, 3071, 2974, 2880, 1694, 

1643, 1600, 1584, 1538, 1495, 1471, 1463, 1446, 1380, 1303, 1206, 1225, 1149, 1077, 

1019, 1000, 920, 891, 820, 767, 701 cm–1; HRMS (MM:ESI-APCI+) m/z calc’d for 

C21H22NO [M+H]+: 304.1696, found 304.1691; SFC Conditions: 10% IPA, 2.5 mL/min, 

Chiralpak AD-H column, λ = 210 nm, tR (min): minor = 6.41, major = 6.95.  

 

N

O
Et
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(R)-2-allyl-1-(1H-indol-1-yl)-2-phenylheptan-1-one (20b) 

Purified by column chromatography (5% Et2O in hexanes) to provide an amorphous white 

solid (68.4 mg, 99% yield); 96% ee; [a]D25 –81.8 (c 1.0, CHCl3); 1H NMR (500 MHz, 

CDCl3) δ 8.58 (dq, J = 8.4, 0.8 Hz, 1H), 7.46 (dt, J = 7.6, 1.1 Hz, 1H), 7.35 (ddt, J = 8.3, 

5.3, 1.7 Hz, 3H), 7.30–7.22 (m, 4H), 6.85 (d, J = 3.9 Hz, 1H), 6.26 (dd, J = 3.8, 0.7 Hz, 

1H), 5.44 (dddd, J = 16.6, 10.1, 8.5, 6.1 Hz, 1H), 5.03–4.90 (m, 2H), 3.00 (dd, J = 14.0, 

8.6 Hz, 1H), 2.88 (dd, J = 14.0, 6.1 Hz, 1H), 2.25–2.11 (m, 2H), 1.35–1.24 (m, 1H), 1.21 

(qd, J = 6.5, 6.0, 3.1 Hz, 4H), 1.10–0.98 (m, 1H), 0.81–0.75 (m, 3H); 13C NMR (100 MHz, 

CDCl3) δ 174.4, 143.2, 136.5, 133.2, 129.5, 129.2, 127.3, 126.4, 126.1, 125.1, 123.7, 120.6, 

119.0, 117.3, 108.2, 56.4, 41.3, 35.0, 32.2, 23.4, 22.4, 14.0; IR (Neat Film, NaCl) 3071, 

2954, 2928, 2859, 1696, 1449, 1304, 1204, 1078, 919, 750, 702 cm–1; HRMS (MM:ESI-

APCI+) m/z calc’d for C24H28NO [M+H]+: 346.2165, found 346.2156; SFC Conditions: 

10% IPA, 2.5 mL/min, Chiralpak AD-H column, λ = 210 nm, tR (min): minor = 4.87, major 

= 5.84.  

  

N

O
n-Pentyl
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(R)-1-(1H-indol-1-yl)-2-isobutyl-2-phenylpent-4-en-1-one (20c) 

Purified by column chromatography (5% Et2O in hexanes) to provide an amorphous white 

solid (66.1 mg, 99% yield); 96% ee, [a]D25 –109.1 (c 1.0, CHCl3); 1H NMR (500 MHz, 

CDCl3) δ 8.62–8.52 (m, 1H), 7.49–7.43 (m, 1H), 7.39–7.32 (m, 3H), 7.30–7.21 (m, 4H), 

6.87 (d, J = 3.8 Hz, 1H), 6.27 (d, J = 3.8 Hz, 1H), 5.42 (dddd, J = 16.5, 9.9, 8.7, 5.9 Hz, 

1H), 5.04–4.89 (m, 2H), 3.13–3.01 (m, 1H), 2.91 (ddd, J = 14.2, 5.9, 1.5 Hz, 1H), 2.26 (dd, 

J = 14.1, 4.4 Hz, 1H), 2.10 (ddd, J = 14.1, 6.5, 1.1 Hz, 1H), 1.74 (ddt, J = 13.2, 11.0, 6.5 

Hz, 1H), 0.84 (d, J = 6.6 Hz, 3H), 0.62 (d, J = 6.6 Hz, 3H); 13C NMR (100 MHz, CDCl3) 

δ 174.8, 143.3, 136.5, 133.3, 129.6, 129.2, 127.3, 126.4, 126.1, 125.2, 123.8, 120.6, 119.2, 

117.3, 108.2, 56.1, 43.5, 42.2, 25.2, 24.1, 23.5; IR (Neat Film, NaCl) 3164, 3071, 3026, 

2957, 2868, 1693, 1639, 1600, 1584, 1537, 1472, 1449, 1306, 1222, 1206, 1149, 1079, 

919, 890, 767, 750, 702 cm–1; HRMS (MM:ESI-APCI+) m/z calc’d for C23H26NO [M+H]+: 

332.2009, found 332.1998; SFC Conditions: 10% IPA, 2.5 mL/min, Chiralpak AD-H 

column, λ = 210 nm, tR (min): minor = 4.86, major = 5.20.  

  

N

O
i-Bu
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(S)-2-benzyl-1-(1H-indol-1-yl)-2-phenylpent-4-en-1-one (20d) 

Purified by column chromatography (5% Et2O in hexanes) to provide an amorphous white 

solid (70.5 mg, 96% yield); 90% ee, [a]D25 +50.9 (c 1.0, CHCl3); 1H NMR (500 MHz, 

CDCl3) δ 8.54–8.50 (m, 1H), 7.48 (dt, J = 7.8, 1.0 Hz, 1H), 7.38–7.29 (m, 4H), 7.29–7.23 

(m, 1H), 7.18– 7.11 (m, 3H), 7.06 (dd, J = 8.2, 6.9 Hz, 2H), 6.92 (d, J = 3.8 Hz, 1H), 6.60 

(dd, J = 7.6, 1.5 Hz, 2H), 6.32 (d, J = 3.9 Hz, 1H), 5.82–5.69 (m, 1H), 5.11–5.05 (m, 1H), 

5.00–4.93 (m, 1H), 3.56 (d, J = 13.5 Hz, 1H), 3.42 (d, J = 13.5 Hz, 1H), 2.89 (d, J = 7.1 

Hz, 2H); 13C NMR (100 MHz, CDCl3) δ 173.7, 142.4, 136.6, 136.3, 132.8, 130.8, 129.5, 

129.1, 127.8, 127.6, 126.8, 126.7, 126.0, 125.2, 123.8, 120.6, 119.8, 117.3, 108.5, 57.8, 

42.4, 39.0; IR (Neat Film, NaCl) 3062, 3028, 2926, 1694, 1601, 1584, 1537, 1495, 1449, 

1328, 1305, 1203, 1078, 1019, 894, 751, 720, 702 cm–1; HRMS ((MM:ESI-APCI+) m/z 

calc’d for C26H24NO [M+H]+: 366.1852, found 366.1855; SFC Conditions: 10% IPA, 2.5 

mL/min, Chiralpak AD-H column, λ = 235 nm, tR (min): minor = 17.49, major = 18.37.  
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(R)-2-ethyl-1-(1H-indol-1-yl)-2-(p-tolyl)pent-4-en-1-one (20e) 

Purified by column chromatography (5% Et2O in hexanes) to provide a colorless oil (62.9 

mg, 99% yield); 98% ee, [a]D25 –112.1 (c 1.0, CHCl3); 1H NMR (500 MHz, CDCl3) δ 8.57 

(dq, J = 8.4, 1.0 Hz, 1H), 7.46 (d, J = 7.6 Hz, 1H), 7.35 (ddt, J = 8.4, 7.1, 1.3 Hz, 1H), 

7.26–7.21 (m, 1H), 7.15 (d, J = 1.0 Hz, 4H), 6.88 (dd, J = 3.9, 1.2 Hz, 1H), 6.27 (d, J = 3.8 

Hz, 1H), 5.44 (dddd, J = 17.6, 10.9, 9.3, 6.6 Hz, 1H), 5.03–4.91 (m, 2H), 3.00– 2.81 (m, 

2H), 2.35 (s, 3H), 2.22 (q, J = 7.4 Hz, 2H), 0.80 (td, J = 7.4, 1.2 Hz, 3H); 13C NMR (100 

MHz, CDCl3) δ 174.5, 139.9, 137.0, 136.5, 133.2, 129.9, 129.5, 126.3, 126.3, 125.0, 123.7, 

120.5, 118.9, 117.2, 108.1, 56.4, 40.5, 28.0, 21.2, 8.4; IR (Neat Film, NaCl) 2973, 1695, 

1640, 1585, 1537, 1514, 1472, 1450, 1380, 1321, 1304, 1224, 1206, 1105, 1077, 1020, 

918, 893, 813, 768, 750 cm–1; HRMS (MM:ESI-APCI+) m/z calc’d for C22H24NO [M+H]+: 

318.1852, found 318.1848; SFC Conditions: 15% IPA, 2.5 mL/min, Chiralpak AD-H 

column, λ = 210 nm, tR (min): minor = 4.21, major = 4.75.  
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(R)-2-ethyl-1-(1H-indol-1-yl)-2-(4-methoxyphenyl)pent-4-en-1-one (20f) 

Purified by column chromatography (10% Et2O in hexanes) to provide an amorphous white 

solid (59.2mg, 89% yield); 98% ee, [a]D25 –112.1 (c 1.0, CHCl3); 1H NMR (500 MHz, 

CDCl3) δ 8.58 (dq, J = 8.3, 0.8 Hz, 1H), 7.47 (ddd, J = 7.7, 1.4, 0.7 Hz, 1H), 7.35 (ddd, J 

= 8.3, 7.1, 1.3 Hz, 1H), 7.30–7.21 (m, 1H), 7.21–7.15 (m, 2H), 6.93–6.85 (m, 3H), 6.28 

(dd, J = 3.9, 0.7 Hz, 1H), 5.45 (dddd, J = 16.6, 10.2, 8.5, 6.1 Hz, 1H), 5.04– 4.90 (m, 2H), 

3.81 (s, 3H), 2.96 (dd, J = 13.9, 8.5 Hz, 1H), 2.85 (dd, J = 14.0, 6.1 Hz, 1H), 2.21(q, J = 

7.4Hz, 2H),0.80(t, J = 7.4Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 174.6, 158.6, 136.5, 

134.9, 133.2, 129.5, 127.5, 126.3, 125.1, 123.7, 120.5, 118.9, 117.2, 114.5, 108.1, 56.1, 

55.3, 40.5, 28.1, 8.4; IR (Neat Film, NaCl) 3163, 3073, 2973, 2837, 1694, 1640, 1609, 153, 

1538, 1514, 1450, 1380, 1304, 1250, 1206, 1184, 1076, 1034, 919, 890, 819, 768, 750 cm–

1; HRMS (MM:ESI-APCI+) m/z calc’d for C22H24NO2 [M+H]+: 334.1802 found 334.1816; 

SFC Conditions: 15% IPA, 2.5 mL/min, Chiralpak AD-H column, λ = 210 nm, tR (min): 

minor = 5.09, major = 5.73.  
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(R)-2-(3,4-dimethoxyphenyl)-2-ethyl-1-(1H-indol-1-yl)pent-4-en-1-one (20g) 

Purified by column chromatography (20% Et2O in hexanes) to provide an amorphous white 

solid (72.6 mg, 99% yield); 95% ee, [a]D25 –112.1 (c 1.0, CHCl3); 1H NMR (500 MHz, 

CDCl3) δ 8.61 (dt, J = 8.3, 0.9 Hz, 1H), 7.53 (dt, J = 7.7, 1.0 Hz, 1H), 7.40 (ddd, J = 8.2, 

7.2, 1.3 Hz, 1H), 7.33–7.28 (m, 1H), 6.98 (d, J = 3.8 Hz, 1H), 6.96–6.87 (m, 2H), 6.78 (d, 

J = 1.7 Hz, 1H), 6.34 (dt, J = 3.8, 0.8 Hz, 1H), 5.56–5.43 (m, 1H), 5.09–4.97 (m, 2H), 3.95 

(s, 3H), 3.86 (s, 3H), 3.01 (dd, J = 14.0, 8.5 Hz, 1H), 2.91 (dd, J = 14.0, 6.2 Hz, 1H), 2.26 

(q, J = 7.5 Hz, 2H), 0.91–0.78 (m, 3H); 13C NMR (100 MHz, CDCl3) 174.5, 149.5, 148.1, 

136.4, 135.3, 133.1, 129.5, 126.1, 125.0, 123.7, 120.5, 118.9, 118.5, 117.0, 111.3, 109.6, 

108.1, 56.3, 56.0, 55.9, 40.4, 28.0, 8.3; IR (Neat Film, NaCl) 3072, 2967, 2835, 1694, 1640, 

1587, 1518, 1449, 1412, 1306, 1260, 1206, 1150, 1077, 1027, 917, 893, 803, 768, 751 cm–

1; HRMS (MM:ESI-APCI+) m/z calc’d for C23H26NO3 [M+H]+: 364.1907 found 364.1892; 

SFC Conditions: 15% IPA, 2.5 mL/min, Chiralpak AD-H column, λ = 210 nm, tR (min): 

minor = 4.14, major = 4.92.  
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(R)-2-(4-chlorophenyl)-2-ethyl-1-(1H-indol-1-yl)pent-4-en-1-one (20h) 

Purified by column chromatography (5% Et2O in hexanes) to provide a colorless oil (68.2 

mg, 99% yield); 94% ee, [a]D25 –103.2 (c 1.0, CHCl3); 1H NMR (500 MHz, CDCl3) δ 8.57 

(d, J = 8.3 Hz, 1H), 7.48 (d, J = 7.7 Hz, 1H), 7.39–7.32 (m, 3H), 7.30–7.23 (m, 1H), 7.23–

7.18 (m, 2H), 6.81 (dd, J = 3.9, 0.8 Hz, 1H), 6.31 (dd, J = 3.9, 0.7 Hz, 1H), 5.48– 5.38 (m, 

1H), 5.05–4.92 (m, 2H), 2.97 (ddt, J = 14.1, 8.4, 0.9 Hz, 1H), 2.84 (ddt, J = 13.9, 6.1, 1.3 

Hz, 1H), 2.23 (q, J = 7.4 Hz, 2H), 0.82 (t, J = 7.4 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 

173.7, 141.6, 136.5, 133.3, 132.6, 129.5, 129.4, 127.9, 125.8, 125.3, 123.9, 120.7, 119.4, 

117.2, 108.6, 56.5, 40.6, 28.1, 8.4; IR (Neat Film, NaCl) 3074, 2974, 2880, 1695, 1639, 

1539, 1493, 1450, 1304, 1224, 1206, 1150, 1097, 1077, 1014, 920, 890, 815, 768, 752 cm–

1; HRMS (MM:ESI-APCI+) m/z calc’d for C21H21ClNO [M+H]+: 338.1306 found 

338.1291; SFC Conditions: 15% IPA, 2.5 mL/min, Chiralpak AD-H column, λ = 210 nm, 

tR (min): minor = 4.31, major = 4.78.  
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(R)-2-(4-bromophenyl)-2-ethyl-1-(1H-indol-1-yl)pent-4-en-1-one (20i) 

Purified by column chromatography (5% Et2O in hexanes) to provide a white foam (75.2 

mg, 98% yield); 94% ee, [a]D25 –83.1 (c 1.0, CHCl3); 1H NMR (500 MHz, CDCl3) δ 8.45 

(d, J = 9.6 Hz, 1H), 7.59 (d, J = 2.0 Hz, 1H), 7.44 (dd, J = 8.9, 2.0 Hz, 1H), 7.37 (dd, J = 

8.1, 6.8 Hz, 2H), 7.33–7.26 (m, 1H), 7.29–7.23 (m, 2H), 6.84 (d, J = 3.8 Hz, 1H), 6.20 (dd, 

J = 3.9, 0.7 Hz, 1H), 5.44 (dddd, J = 16.6, 10.0, 8.5, 6.1 Hz, 1H), 5.05–4.89 (m, 2H), 3.02–

2.91 (m, 1H), 2.87 (dd, J = 14.1, 6.2 Hz, 1H), 2.33–2.14 (m, 2H), 0.80 (t, J = 7.4 Hz, 3H); 

13C NMR (100 MHz, CDCl3) δ 174.3, 142.7, 135.2, 132.8, 131.3, 129.3, 127.9, 127.5, 

127.2, 126.4, 123.2, 119.2, 118.5, 117.0, 107.3, 56.8, 40.3, 28.0, 8.3; IR (Neat Film, NaCl) 

3162, 3065, 2974, 2879, 1698, 1639, 1598, 1574, 1534, 1496, 1443, 1364, 1304, 1266, 

1218, 1199, 1080, 1032, 1000, 947, 920, 887, 822, 811, 762, 734, 718, 702 cm–1; HRMS 

(MM:ESI-APCI+) m/z calc’d for C21H21BrNO [M+H]+: 382.0801 found 382.0785; SFC 

Conditions: 15% IPA, 2.5 mL/min, Chiralpak AD-H column, λ = 210 nm, tR (min): minor 

= 6.60, major = 7.38. 
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(R)-2-ethyl-2-(4-fluorophenyl)-1-(1H-indol-1-yl)pent-4-en-1-one (20j) 

Purified by column chromatography (5% Et2O in hexanes) to provide an amorphous white 

solid (62.1 mg, 97% yield); 96% ee, [a]D25 –83.1 (c 1.0, CHCl3); 1H NMR (500 MHz, 

CDCl3) δ 8.57 (d, J = 8.4 Hz, 1H), 7.46 (d, J = 7.7 Hz, 1H), 7.35 (t, J = 7.8 Hz, 1H), 7.27–

7.19 (m, 3H), 7.05 (t, J = 8.5 Hz, 2H), 6.81 (d, J = 3.9 Hz, 1H), 6.29 (d, J = 3.8 Hz, 1H), 

5.42 (dtd, J = 16.8, 9.0, 6.3 Hz, 1H), 5.02–4.89 (m, 2H), 2.95 (dd, J = 14.0, 8.4 Hz, 1H), 

2.83 (dd, J = 14.0, 6.2 Hz, 1H), 2.21 (q, J = 7.4 Hz, 2H), 0.79 (t, J = 7.4 Hz, 3H); 19F NMR 

(282 MHz, CDCl3) δ –114.82 (tt, J = 9.1, 4.7 Hz); 13C NMR (100 MHz, CDCl3) δ 174.0, 

162.0 (d, JC–F = 246.9 Hz), 138.9 (d, JC–F = 3.4 Hz), 136.5, 132.8, 129.5, 128.10 (d, JC–

F = 7.9 Hz), 125.9, 125.2, 123.9, 120.7, 119.3, 117.3, 116.1 (d, JC–F = 21.4 Hz), 108.4, 

56.3, 40.7, 28.2, 8.4; IR (Neat Film, NaCl) 3073, 2973, 1694, 1602, 1539, 1510, 1450, 

1305, 1226, 1206, 1164, 1102, 1077, 1016, 920, 890, 822, 810, 768, 751 cm–1; HRMS 

(MM:ESI-APCI+) m/z calc’d for C21H21FNO [M+H]+: 322.1602 found 322.1607; SFC 

Conditions: 10% IPA, 2.5 mL/min, Chiralpak AD-H column, λ = 210 nm, tR (min): minor 

= 4.57, major = 5.07.  
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(R)-2-ethyl-1-(1H-indol-1-yl)-2-(4-(trifluoromethyl)phenyl)pent-4-en-1-one (20k) 

Purified by column chromatography (5% Et2O in hexanes) to provide an amorphous white 

solid (73.0 mg, 98% yield); 70% ee, [a]D25 –75.6 (c 1.0, CHCl3); 1H NMR (500 MHz, 

CDCl3) δ 8.58 (dt, J = 8.3, 0.8 Hz, 1H), 7.63 (d, J = 8.2 Hz, 2H), 7.48 (dd, J = 7.7, 1.1 Hz, 

1H), 7.42–7.35 (m, 3H), 7.29–7.24 (m, 1H), 6.73 (d, J = 3.9 Hz, 1H), 6.31 (d, J = 3.9 Hz, 

1H), 5.42 (dddd, J = 16.6, 10.2, 8.4, 6.2 Hz, 1H), 5.06–4.92 (m, 2H), 3.01 (dd, J = 14.0, 

8.4 Hz, 1H), 2.88 (dd, J = 14.1, 6.3 Hz, 1H), 2.28 (qd, J = 7.3, 2.2 Hz, 2H), 0.83 (t, J = 7.4 

Hz, 3H); 19F NMR (376 MHz, CDCl3) δ –62.67; 13C NMR (100 MHz, CDCl3) δ 173.3, 

147.2 (overlapping), 136.5, 132.3, 129.6 (q, JC–F = 32.7 Hz), 129.5, 127.0, 126.1 (q, JC–F = 

3.8 Hz), 125.5, 125.4, 124.1, 124.1 (q, JC–F = 272.2 Hz), 120.7, 119.7, 117.3, 108.8, 56.9, 

40.6, 28.1, 8.4. IR (Neat Film, NaCl) 3076, 2977, 2882, 1697, 1618, 1549, 1450, 1412, 

1328, 1307, 1225, 1207, 1169, 1126, 1070, 1017, 922, 890, 843, 819, 768, 751 cm–1; 

HRMS (MM:ESI-APCI+) m/z calc’d for C22H21F3NO [M+H]+: 372.1570 found 372.1555; 

SFC Conditions: 5% IPA, 2.5 mL/min, Chiralpak AD-H column, λ = 210 nm, tR (min): 

minor = 4.48, major = 4.97.  
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(R)-2-ethyl-1-(5-methyl-1H-indol-1-yl)-2-phenylpent-4-en-1-one (20l) 

Purified by column chromatography (5% Et2O in hexanes) to provide a colorless oil (63.4 

mg, 99% yield); 98% ee, [a]D25 –111.7 (c 1.0, CHCl3); 1H NMR (500 MHz, CDCl3) δ 8.45 

(d, J = 8.5 Hz, 1H), 7.37–7.32 (m, 2H), 7.31–7.23 (m, 4H), 7.18 (dd, J = 8.5, 1.7 Hz, 1H), 

6.80 (d, J = 3.9 Hz, 1H), 6.19 (d, J = 3.8 Hz, 1H), 5.44 (dddd, J = 16.7, 10.3, 8.5, 6.2 Hz, 

1H), 5.02–4.93 (m, 2H), 2.98 (dd, J = 14.0, 8.5 Hz, 1H), 2.90–2.83 (m, 1H), 2.43 (s, 3H), 

2.24 (qd, J = 7.4, 1.5 Hz, 2H), 0.80 (t, J = 7.4 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 

174.1, 143.1, 134.7, 133.3, 133.1, 129.8, 129.1, 127.3, 126.5, 126.4, 126.1, 120.5, 118.9, 

116.9, 108.0, 56.7, 40.5, 28.0, 21.4, 8.4; IR (Neat Film, NaCl) 3024, 2974, 2879, 1694, 

1640, 1542, 1494, 1466, 1365, 1305, 1245, 1207, 1142, 1079, 1000, 919, 889, 830, 810, 

766, 734, 716, 702 cm–1; HRMS (MM:ESI-APCI+) m/z calc’d for C22H24NO [M+H]+: 

318.1852 found 318.1846; SFC Conditions: 15% IPA, 2.5 mL/min, Chiralpak AD-H 

column, λ = 210 nm, tR (min): minor = 5.21, major = 5.92.  
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(R)-1-(5-bromo-1H-indol-1-yl)-2-ethyl-2-phenylpent-4-en-1-one (20m) 

Purified by column chromatography (5% Et2O in hexanes) to provide an amorphous white 

foam (74.0 mg, 97% yield); 92% ee, [a]D25 –112.5 (c 1.0, CHCl3); 1H NMR (500 MHz, 

CDCl3) δ 8.57 (dq, J = 8.4, 0.9 Hz, 1H), 7.51–7.45 (m, 3H), 7.36 (ddd, J = 8.4, 7.2, 1.3 Hz, 

1H), 7.28–7.24 (m, 1H), 7.17–7.11 (m, 2H), 6.81 (d, J = 3.9 Hz, 1H), 6.31 (dd, J = 3.9, 0.8 

Hz, 1H), 5.43 (dddd, J = 16.6, 10.1, 8.4, 6.2 Hz, 1H), 5.03–4.92 (m, 2H), 2.96 (ddt, J = 

14.0, 8.4, 1.0 Hz, 1H), 2.86–2.80 (m, 1H), 2.22 (q, J = 7.4 Hz, 2H), 0.81 (t, J = 7.5 Hz, 

3H); 13C NMR (100 MHz, CDCl3) δ 173.6, 142.1, 136.5, 132.6, 132.3, 129.5, 128.2, 125.8, 

125.3, 123.9, 121.4, 120.7, 119.4, 117.2, 108.6, 56.5, 40.5, 28.0, 8.4; IR (Neat Film, NaCl) 

3073, 2974, 1694, 1586, 1537, 1492, 1450, 1305, 1224, 1206, 1149, 1076, 1010, 920, 890, 

814, 768, 752 cm–1; HRMS (MM:ESI-APCI+) m/z calc’d for C21H21BrNO [M+H]+: 

382.0801 found 382.0811; SFC Conditions: 15% IPA, 2.5 mL/min, Chiralpak AD-H 

column, λ = 210 nm, tR (min): minor = 5.28, major = 5.91.  
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(R)-2-ethyl-1-(3-methyl-1H-pyrrol-1-yl)-2-(o-tolyl)pent-4-en-1-one (20n) 

Purified by column chromatography (5% Et2O in hexanes) to provide a colorless oil (56.1 

mg, 99% yield); 89% ee, [a]D25 –87.4 (c 1.0, CHCl3); Note: Rotameric species were 

observed for this compound, thus the 1H NMR spectrum was recorded at elevated 

temperature (50 ºC): 1H NMR (400 MHz, CDCl3, 50 ºC) δ 7.37 (dt, J = 8.0, 1.5 Hz, 1H), 

7.30–7.21 (m, 1H), 7.18 (tt, J = 7.2, 1.4 Hz, 1H), 7.08 (d, J = 7.5 Hz, 1H), 6.77 (d, J = 10.9 

Hz, 2H), 5.84 (dt, J = 3.2, 1.5 Hz, 1H), 5.39 (s, 1H), 5.05–4.90 (m, 2H), 2.90 (d, J = 7.3 

Hz, 2H), 2.26 (dd, J = 13.1, 6.6 Hz, 1H), 2.14 (d, J = 11.3 Hz, 2H), 2.13 (s, 2H), 1.91 (d, J 

= 1.3 Hz, 3H), 0.77 (s, 3H); Note: Rotameric species were observed for this compound, 

thus the 13C NMR spectrum contains broad peaks: 13C NMR (100 MHz, CDCl3) δ 173.5, 

140.8, 136.8, 133.3, 132.7, 127.3, 126.4, 126.1, 122.5, 120.4, 118.8, 117.4, 114.4, 54.6, 

37.8, 28.0, 20.3, 12.0, 8.4; IR (Neat Film, NaCl) 3143, 3073, 2976, 2880, 1699, 1639, 1490, 

1459, 1490, 1459, 1389, 1337, 1309, 1199, 1134, 1080, 1068,990, 918, 893, 827, 773, 740 

cm–1; HRMS (MM:ESI-APCI+) m/z calc’d for C19H24NO [M+H]+: 282.1852 found 

282.1843; SFC Conditions: 3% IPA, 2.5 mL/min, Chiralcel OD-H column, λ = 210 nm, tR 

(min): minor = 4.99, major = 5.37.  
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(R)-2-(2-bromophenyl)-2-ethyl-1-(3-methyl-1H-pyrrol-1-yl)pent-4-en-1-one (20o) 

Purified by column chromatography (5% Et2O in hexanes) to provide an amorphous white 

solid (60.1 mg, 87% yield); 80% ee, [a]D25 –80.9 (c 1.0, CHCl3); Note: Rotameric species 

were observed for this compound, thus the 1H NMR spectrum was recorded at elevated 

temperature (50 ºC): 1H NMR (400 MHz, CDCl3, 50 ºC) δ 7.55 (dt, J = 8.0, 1.4 Hz, 1H), 

7.45 (dd, J = 8.0, 1.8 Hz, 1H), 7.43–7.36 (m, 1H), 7.16 (td, J = 7.5, 1.6 Hz, 1H), 6.74 (d, J 

= 9.1 Hz, 2H), 5.86 (dd, J = 3.4, 1.7 Hz, 1H), 5.46–5.24 (m, 1H), 5.04–4.92 (m, 2H), 3.14 

(dd, J = 14.4, 6.3 Hz, 1H), 3.01–2.85 (m, 1H), 2.46–2.33 (m, 1H), 2.19–2.05 (m, 1H), 1.92 

(s, 3H), 0.80 (s, 3H); Note: Rotameric species were observed for this compound, thus the 

13C NMR spectrum contains broad peaks: 13C NMR (100 MHz, CDCl3) δ 171.5, 141.8, 

135.3, 132.9, 129.0, 128.5, 127.8, 124.2, 122.5, 120.2, 119.1, 117.4, 114.4, 55.8, 36.5, 28.0, 

12.1, 8.8; IR (Neat Film, NaCl) 2977, 1704, 1485, 1470, 1390, 1309, 1201, 1134, 1068, 

1025, 919, 828, 769, 741 cm–1; HRMS (MM:ESI-APCI+) m/z calc’d for C18H21BrNO 

[M+H]+: 346.0801 found 346.0790; SFC Conditions: 3% IPA, 2.5 mL/min, Chiralpak OD-

H column, λ = 210 nm, tR (min): minor = 9.10, major = 9.72.  
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2.8.2.2 General Procedure for the Selective Enolization and Acylation 

 

 In a N2-filled glovebox an oven-dried 25-mL round bottom flask equipped with a 

Teflon-coated magnetic stir bar was charged with LiHMDS (335 mg, 2.00 mmol, 2.0 

equiv), sealed with a rubber septum, removed from the glovebox, and placed under a N2 

atmosphere. To the flask was then added toluene (3.0 mL) and N,N-dimethylethylamine 

(213 µL, 2.00 mmol, 2.0 equiv). The resulting clear, pale-yellow solution was stirred at 

25 ºC for 5 min, after which time a solution of N-acyl indole (1.00 mmol, 1.0 equiv) in 

toluene (2.0 mL) was added dropwise over 5 min. The resulting pale-yellow solution was 

stirred at 25 ºC for 2 h. The flask was then immersed in a 25 ºC water bath and allyl 

chloroformate (217 µL, 2.00 mmol, 2.0 equiv) was added dropwise over 1 min, causing a 

the reaction to become white and heterogeneous. The reaction was continued until no 

starting material remained by TLC (typically less than 30 min). The reaction mixture was 

diluted with 5 mL Et2O and quenched with 5 mL H2O. The layers were separated, and the 

aqueous layer was extracted 2 x 5 mL Et2O. The combined organic layers were dried over 

Na2SO4, filtered, and concentrated. The crude product was purified by silica gel flash 

chromatography to afford the desired enol carbonate. The E/Z ratio of enol carbonates 

was determined by 1H NMR and is >95:5 unless stated otherwise.  
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(E)-1-(1H-indol-1-yl)-2-phenylbut-1-en-1-yl allyl carbonate (19a) 

Purified by column chromatography (5% Et2O in hexanes) to provide the desired product 

as a colorless oil (2.08 g, 75% yield); 1H NMR (500 MHz, CDCl3) δ 7.55–7.43 (m, 2H), 

7.24–7.18 (m, 1H), 7.15–7.06 (m, 4H), 7.02–6.94 (m, 2H), 6.89 (d, J = 3.3 Hz, 1H), 6.35 

(dd, J = 0.9, 3.4 Hz, 1H), 5.88 (ddt, J = 5.8, 10.4, 17.1 Hz, 1H), 5.37–5.23 (m, 2H), 4.61 

(dt, J = 1.4, 5.8 Hz, 2H), 2.68 (q, J = 7.5 Hz, 2H), 1.09 (t, J = 7.5 Hz, 3H); 13C NMR (100 

MHz, CDCl3) δ 52.7, 136.2, 135.0, 130.8, 130.2, 129.0, 128.4, 128.2, 127.5, 127.5, 122.6, 

120.7, 119.4, 111.2, 103.9, 69.3, 24.9, 12.6; IR (Neat Film, NaCl) 3056, 2974, 1766, 1682, 

1519, 1456, 1333, 1259, 1238, 1209, 1143, 1119, 1094, 1042, 968, 946, 913, 765, 743, 699 

cm–1; HRMS (MM:ESI-APCI+) m/z calc’d for C22H22NO3 [M+H]+: 348.1594, found 

348.1588.  
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(E)-1-(1H-indol-1-yl)-2-phenylhept-1-en-1-yl allyl carbonate (19b) 

Purified by column chromatography (5% Et2O in hexanes) to provide the desired product 

as a colorless oil (337.6 mg, 87% yield); 1H NMR (500 MHz, CDCl3) δ 7.51–7.45 (m, 2H), 

7.23–7.16 (m, 1H), 7.14–7.05 (m, 4H), 6.98–6.91 (m, 2H), 6.89–6.84 (m, 1H), 6.36– 6.30 

(m, 1H), 5.94–5.81 (m, 1H), 5.36–5.22 (m, 2H), 4.60 (dq, J = 5.8, 1.4 Hz, 2H), 2.70–2.60 

(m, 2H), 1.49–1.26 (m, 6H), 0.89 (td, J = 7.1, 1.6 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 

152.7, 136.4, 136.3, 135.4, 130.9, 129.1, 129.0, 128.4, 128.2, 127.5, 127.5, 122.6, 120.7, 

120.7, 119.4, 111.2, 103.9, 69.3, 31.5, 31.4, 27.3, 22.4, 14.1; IR (Neat Film, NaCl) 3055, 

2956, 2929, 2860, 2363, 2340, 1765, 1684, 1457, 1332, 1242, 1211, 1142, 1118, 948, 764, 

742, 699 cm–1; HRMS (MM:ESI-APCI+) m/z calc’d for C25H28NO3 [M+H]+: 390.2064, 

found 390.2078.  
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(E)-1-(1H-indol-1-yl)-4-methyl-2-phenylpent-1-en-1-yl allyl carbonate (19c) 

Purified by column chromatography (5% EtO in hexanes) to provide the desired product 

as a white solid (327.6 mg, 87% yield); 1H NMR (500 MHz, CDCl3) δ 7.50 (ddd, J = 7.4, 

5.8, 1.0 Hz, 2H), 7.21 (ddd, J = 8.3, 7.1, 1.1 Hz, 1H), 7.15–7.08 (m, 4H), 6.99–6.91 (m, 

2H), 6.84 (d, J = 3.3 Hz, 1H), 6.33 (d, J = 3.3 Hz, 1H), 5.88 (ddt, J = 17.3, 10.5, 5.8 Hz, 

1H), 5.32 (dq, J = 17.1, 1.5 Hz, 1H), 5.26 (dq, J = 10.3, 1.3 Hz, 1H), 4.60 (dt, J = 5.8, 1.4 

Hz, 2H), 2.56 (d, J = 7.3 Hz, 2H), 1.62 (hept, J = 6.8 Hz, 1H), 1.00 (d, J = 6.6 Hz, 6H); 13C 

NMR (100 MHz, CDCl3) δ 152.6, 136.5, 136.3, 136.1, 130.9, 129.2, 128.4, 128.2, 128.0, 

127.5, 127.4, 122.6, 120.7, 120.7, 119.4, 111.2, 103.8, 69.3, 40.2, 26.5, 22.4; IR (Neat 

Film, NaCl) 3057, 3031, 2957, 2869, 1766, 1682, 1519, 1456, 1331, 1246, 1331, 1246, 

1209, 1144, 1118, 1046, 960, 767, 743, 699 cm–1; HRMS (MM:ESI-APCI+) m/z calc’d for 

C25H26NO3 [M+H]+: 376.1907, found 376.1902. 
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(E)-1-(1H-indol-1-yl)-2,3-diphenylprop-1-en-1-yl allyl carbonate (19d) 

Purified by column chromatography (5% Et2O in hexanes) to provide the desired product 

as a yellow oil (377.6 mg, 92% yield); 1H NMR (500 MHz, CDCl3) δ 7.58–7.49 (m, 2H), 

7.34–7.25 (m, 4H), 7.26–7.18 (m, 2H), 7.14 (tt, J = 7.1, 0.9 Hz, 1H), 7.07–6.99 (m, 3H), 

6.95 (m, 1H), 6.94–6.87 (m, 2H), 6.39 (dt, J = 3.4, 0.8 Hz, 1H), 5.91–5.79 (m, 1H), 5.35– 

5.22 (m, 2H), 4.58 (dt, J = 5.9, 1.3 Hz, 2H), 4.03 (s, 2H); 13C NMR (100 MHz, CDCl3) δ 

152.4, 138.0, 136.5, 136.1, 136.1, 130.7, 128.9, 128.8, 128.5, 128.4, 128.1, 127.7, 127.5, 

126.6, 126.4, 122.7, 120.9, 120.8, 119.4, 111.3, 104.2, 69.4, 37.7; IR (Neat Film, NaCl) 

3059, 3028, 1766, 1678, 1602, 1519, 1495, 1456, 1384, 1364, 1333, 1243, 1214, 1142, 

1117, 967, 945 cm–1; HRMS (MM:ESI-APCI+) m/z calc’d for C27H24NO3 [M+H]+: 

410.1751, found 410.1749.  
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(E)-1-(1H-indol-1-yl)-2-(p-tolyl)but-1-en-1-yl allyl carbonate (19e) 

Purified by column chromatography (6% Et2O in hexanes) to provide the desired product 

as a yellow oil (268.7 mg, 74% yield); 1H NMR (500 MHz, CDCl3) δ 7.54–7.42 (m, 2H), 

7.19 (ddd, J = 8.3, 7.1, 1.2 Hz, 1H), 7.10 (ddd, J = 8.0, 7.1, 1.0 Hz, 1H), 6.92–6.80 (m, 

5H), 6.35 (dd, J = 3.3, 0.9 Hz, 1H), 5.87 (ddt, J = 17.2, 10.5, 5.8 Hz, 1H), 5.41–5.18 (m, 

2H), 4.59 (dt, J = 5.8, 1.4 Hz, 2H), 2.64 (q, J = 7.5 Hz, 2H), 2.19 (s, 3H), 1.07 (t, J = 7.5 

Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 152.8, 137.2, 136.3, 134.8, 133.2, 130.9, 130.3, 

129.2, 129.0, 128.5, 127.5, 122.6, 120.8, 120.7, 119.6, 111.4, 103.8, 69.4, 25.0, 21.2, 12.7; 

IR (Neat Film, NaCl) 1764, 1457, 1333, 1258, 1238, 1209, 1143, 1120, 945, 818, 743 cm–

1; HRMS (MM:ESI-APCI+) m/z calc’d for C23H24NO3 [M+H]+: 362.1751, found 

362.1741.  
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(E)-1-(1H-indol-1-yl)-2-(4-methoxyphenyl)but-1-en-1-yl allyl carbonate (19f) 

Purified by column chromatography (10% Et2O in hexanes) to provide the desired product 

as a yellow oil (245.6 mg, 65% yield); 1H NMR (500 MHz, CDCl3) δ 7.51 (ddd, J = 7.8, 

1.2, 0.8 Hz, 1H), 7.45 (dq, J = 8.2, 0.9 Hz, 1H), 7.19 (ddd, J = 8.2, 7.1, 1.2 Hz, 1H), 7.10 

(ddd, J = 8.0, 7.1, 1.0 Hz, 1H), 6.92–6.82 (m, 3H), 6.67– 6.57 (m, 2H), 6.36 (dd, J = 3.3, 

0.9 Hz, 1H), 5.87 (ddt, J = 17.2, 10.4, 5.8 Hz, 1H), 5.37–5.19 (m, 2H), 4.59 (d, J = 5.8 Hz, 

2H), 3.68 (s, 3H), 2.63 (q, J = 7.5 Hz, 2H), 1.07 (t, J = 7.5 Hz, 3H); 13C NMR (100 MHz, 

CDCl3) δ 158.9, 152.9, 136.3, 134.6, 131.0, 129.9, 129.2, 128.8, 128.5, 128.3, 122.7, 120.8, 

120.8, 119.6, 113.7, 111.4, 103.9, 69.5, 55.2, 25.0, 12.8; IR (Neat Film, NaCl) 1764, 1609, 

1513, 1456, 1293, 1247, 1209, 1142, 1121, 1038, 831, 744 cm–1; HRMS (MM:ESI-APCI+) 

m/z calc’d for C23H24NO4 [M+H]+: 378.1700, found 378.1690.  
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(E)-allyl (2-(3,4-dimethoxyphenyl)-1-(1H-indol-1-yl)but-1-en-1-yl) carbonate (19g) 

Purified by column chromatography (20% Et2O in hexanes) to provide the desired product 

as a colorless oil (262.1 mg, 64% yield); 1H NMR (500 MHz, CDCl3) δ 7.54– 7.48 (m, 

2H), 7.21 (ddd, J = 1.3, 7.1, 8.3 Hz, 1H), 7.11 (td, J = 1.1, 7.5 Hz, 1H), 6.92 (t, J = 2.2 Hz, 

1H), 6.71 (dt, J = 1.9, 8.3 Hz, 1H), 6.66 (d, J = 8.4 Hz, 1H), 6.38 (dt, J = 1.2, 3.5 Hz, 1H), 

6.17 (t, J = 1.8 Hz, 1H), 5.89 (ddt, J = 5.8, 10.3, 17.1 Hz, 1H), 5.41–5.19 (m, 2H), 4.62 (dt, 

J = 1.4, 5.8 Hz, 2H), 3.77 (s, 3H), 3.23 (s, 3H), 2.68 (qd, J = 2.4, 7.6 Hz, 2H), 1.12 (td, J = 

2.2, 7.5 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 152.9, 148.4, 148.3, 136.6, 134.5, 130.9, 

130.6, 129.2, 128.4, 128.4, 122.7, 120.8, 120.8, 119.7, 119.6, 111.1, 110.7, 110.6, 104.0, 

69.4, 55.7, 55.2, 24.7, 12.9; IR (Neat Film, NaCl) 1763, 1518, 1456, 1262, 1242, 1208, 

1139, 1116, 1026, 946, 766, 744 cm–1; HRMS (MM:ESI- APCI+) m/z calc’d for 

C24H26NO5 [M+H]+: 408.1805, found 408.1817.  
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(E)-allyl (2-(4-chlorophenyl)-1-(1H-indol-1-yl)but-1-en-1-yl) carbonate (19h) 

Purified by column chromatography (8% Et2O in hexanes) to provide the desired product 

as a light yellow oil (356.3 mg, 93% yield); 1H NMR (500 MHz, CDCl3) δ 7.53–7.48 (m, 

1H), 7.43 (dq, J = 0.9, 8.2 Hz, 1H), 7.19 (ddd, J = 1.2, 7.1, 8.2 Hz, 1H), 7.11 (ddd, J = 1.0, 

7.1, 8.0 Hz, 1H), 7.09–7.03 (m, 2H), 6.92–6.82 (m, 3H), 6.37 (dd, J = 0.9, 3.4 Hz, 1H), 

5.86 (ddt, J = 5.8, 10.5, 17.2 Hz, 1H), 5.36–5.23 (m, 2H), 4.59 (dt, J = 1.3, 5.8 Hz, 2H), 

2.64 (q, J = 7.5 Hz, 2H), 1.06 (t, J = 7.5 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 152.6, 

136.2, 135.4, 134.8, 133.4, 130.8, 129.2, 129.0, 128.9, 128.6, 128.5, 122.9, 121.0, 120.9, 

119.8, 111.2, 104.4, 69.6, 24.9, 12.7; IR (Neat Film, NaCl) 1765, 1679, 1456, 1333, 1256, 

1238, 1209, 1144, 1120, 1096, 945, 827, 743 cm–1; HRMS (MM:ESI- APCI+) m/z calc’d 

for C22H21ClNO3 [M+H]+: 382.1204, found 382.1201.  
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(E)-allyl (2-(4-bromophenyl)-1-(1H-indol-1-yl)but-1-en-1-yl) carbonate (19i) 

Purified by column chromatography (5% Et2O in hexanes) to provide the desired product 

as an amorphous white solid (341.0 mg, 80% yield); 1H NMR (400 MHz, CDCl3) δ 7.53– 

7.49 (m, 1H), 7.43 (dd, J = 8.2, 0.9 Hz, 1H), 7.24–7.17 (m, 3H), 7.14–7.09 (m, 1H), 6.86 

(d, J = 3.4 Hz, 1H), 6.86–6.78 (m, 2H), 6.37 (d, J = 3.1 Hz, 1H), 5.86 (ddt, J = 17.3, 10.4, 

5.8 Hz, 1H), 5.36–5.23 (m, 2H), 4.59 (dt, J = 5.8, 1.4 Hz, 2H), 2.64 (q, J = 7.5 Hz, 2H), 

1.06 (t, J = 7.5 Hz, 3H); 13C NMR (100 MHz, CDCl3) 152.6, 136.1, 135.3, 135.2, 131.5, 

130.8, 129.3, 129.2, 128.8, 128.5, 122.8, 121.6, 121.0, 120.9, 119.7, 111.2, 104.4, 69.5, 

24.8, 12.7; IR (Neat Film, NaCl) 3053, 3032, 2974, 2937, 2876, 2248, 1899, 1766, 1681, 

1588, 1519, 1488, 1455, 1385, 1364, 1333, 1238, 1209, 1144, 1120, 945, 824, 766, 743 

cm–1; HRMS (MM:ESI-APCI+) m/z calc’d for C22H21BrNO3 [M+H]+: 426.0699, found 

426.0696.  
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(E)-allyl (2-(4-fluorophenyl)-1-(1H-indol-1-yl)but-1-en-1-yl) carbonate (19j) 

Purified by column chromatography (5% Et2O in hexanes) to provide the desired product 

as a colorless oil (312.6 mg, 86% yield); 1H NMR (500 MHz, CDCl3) 7.47 (dd, J = 37.4, 

8.0 Hz, 2H), 7.15 (dt, J = 41.2, 7.4 Hz, 2H), 6.97–6.86 (m, 3H), 6.82–6.74 (m, 2H), 6.38 

(d, J = 3.3 Hz, 1H), 5.88 (ddt, J = 16.7, 11.2, 5.8 Hz, 1H), 5.36–5.24 (m, 2H), 4.65– 4.55 

(m, 2H), 2.66 (q, J = 7.5 Hz, 2H), 1.08 (t, J = 7.5 Hz, 3H); 19F NMR (282 MHz, CDCl3) δ 

–114.05 – –114.17 (m); 13C NMR (100 MHz, CDCl3) δ 162.0 (d, J = 247.1 Hz), 152.7, 

136.2, 135.2, 132.1 (d, JC–F= 4.0 Hz), 130.8, 129.4, 129.3 (d, JC–F = 8.2 Hz), 128.8, 128.4, 

122.7, 120.9, 120.8, 119.6, 115.3 (d, JC–F = 21.6 Hz), 111.2, 104.2, 69.5, 25.0, 12.6; IR 

(Neat Film, NaCl) 2974, 1766, 1681, 1604, 1510, 1456, 1333, 1238, 1208, 1144, 1119, 

945, 835, 765, 743 cm–1; HRMS (MM:ESI-APCI+) m/z calc’d for C22H21FNO3 [M+H]+: 

366.1500, found 366.1502.  
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(E)-1-(1H-indol-1-yl)-2-(4-(trifluoromethyl)phenyl)but-1-en-1-yl allyl carbonate 

(19k)  

Purified by column chromatography (5% Et2O in hexanes) to provide the desired product 

as a white solid (375.1 mg, 90% yield); 1H NMR (500 MHz, CDCl3) 7.54 (dt, J = 1.0, 7.8 

Hz, 1H), 7.49 (dq, J = 1.0, 8.2 Hz, 1H), 7.41–7.34 (m, 2H), 7.28–7.21 (m, 1H), 7.19– 7.08 

(m, 3H), 6.87 (d, J = 3.3 Hz, 1H), 6.40 (dd, J = 0.9, 3.4 Hz, 1H), 5.89 (ddt, J = 5.9, 10.5, 

17.2 Hz, 1H), 5.38–5.25 (m, 2H), 4.63 (dt, J = 1.4, 5.8 Hz, 2H), 2.72 (q, J = 7.5 Hz, 2H), 

1.11 (t, J = 7.5 Hz, 3H); 19F NMR (282 MHz, CDCl3) δ –62.73; 13C NMR (100 MHz, 

CDCl3) δ 152.6, 140.2, 136.2, 136.0, 130.8, 129.5 (q, JC–F = 32.5 Hz), 129.0, 128.8, 128.5, 

128.1, 125.4 (q, JC–F = 272 Hz), 125.4–125.2 (m), 123.0, 121.1, 121.0, 119.8, 111.2, 104.6, 

69.7, 24.9, 12.6; IR (Neat Film, NaCl) 1766, 1681, 1617, 1456, 1325, 1260, 1239, 1211, 

1167, 1123, 1067, 946, 834, 744 cm–1; HRMS (MM:ESI-APCI+) m/z calc’d for 

C23H21F3NO3 [M+H]+: 416.1468, found 416.1456.  
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(E)-allyl (1-(5-methyl-1H-indol-1-yl)-2-phenylbut-1-en-1-yl) carbonate (19l) 

Purified by column chromatography (hexanes → 5% Et2O in hexanes) to provide the 

desired product as a yellow oil (336.3 mg, 93% yield); 1H NMR (500 MHz, CDCl3) δ 7.36 

(d, J = 8.3 Hz, 1H), 7.30–7.28 (m, 1H), 7.12–7.08 (m, 3H), 7.02 (d, J = 8.3 Hz, 1H), 6.97 

(dd, J = 6.4, 2.9 Hz, 2H), 6.83 (d, J = 3.3 Hz, 1H), 6.30–6.18 (m, 1H), 5.94–5.82 (m, 1H), 

5.37–5.24 (m, 2H), 4.63–4.55 (m, 2H), 2.67 (q, J = 7.5 Hz, 2H), 2.42 (s, 3H), 1.09 (t, J = 

7.5 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 152.7, 136.3, 135.3, 134.6, 130.9, 130.0, 

129.8, 129.1, 128.7, 128.3, 127.7, 127.5, 124.2, 120.6 119.5, 111.0, 103.6, 69.4, 25.0, 21.5, 

12.7; IR (Neat Film, NaCl) 3023, 2974, 2875, 1766, 1682, 1470, 1377, 1330, 1260, 1230, 

1209, 1163, 1125, 1095, 1042, 967, 946, 843, 796, 763, 718, 699 cm–1; HRMS (MM:ESI-

APCI+) m/z calc’d for C23H24NO3 [M+H]+: 362.1751, found 362.1751.  
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(E)-allyl (1-(5-bromo-1H-indol-1-yl)-2-phenylbut-1-en-1-yl) carbonate (19m) 

Purified by column chromatography (5% Et2O in hexanes) to provide the desired product 

as an amorphous white solid (352.3 mg, 83% yield); 1H NMR (500 MHz, CDCl3) δ 7.60 

(d, J = 1.9 Hz, 1H), 7.29 (d, J = 8.6 Hz, 1H), 7.24 (dd, J = 8.6, 1.9 Hz, 1H), 7.12–7.08 (m, 

3H), 6.94 (dd, J = 6.7, 3.0 Hz, 2H), 6.91 (d, J = 3.4 Hz, 1H), 6.29 (d, J = 3.3 Hz, 1H), 5.92–

5.82 (m, 1H), 5.36–5.24 (m, 2H), 4.61 (dt, J = 5.8, 1.4 Hz, 2H), 2.66 (q, J = 7.5 Hz, 2H), 

1.07 (t, J = 7.5 Hz, 3H); 152.7, 136.0, 134.9, 134.5, 131.0, 130.8, 130.2, 130.1, 128.4, 

127.8, 127.5, 125.5, 123.3, 119.8, 114.1, 112.8, 103.5, 69.6, 25.0, 12.6; IR (Neat Film, 

NaCl) 2973, 2934, 2873, 1764, 1679, 1452, 1375, 1236, 1208, 1128, 945, 758, 698 cm–1; 

13C NMR (100 MHz, CDCl3) δ HRMS (MM:ESI-APCI+) m/z calc’d for C22H21BrNO3 

[M+H]+: 426.0699, found 426.0696.  
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(E)-allyl (1-(3-methyl-1H-pyrrol-1-yl)-2-(o-tolyl)but-1-en-1-yl) carbonate (19n) 

Purified by column chromatography (2.5% Et2O in hexanes) to provide the desired product 

as a colorless oil (533.2 mg, 75% yield); Note: compound darkens in color overtime under 

Ar at –20 ºC. 1H NMR (500 MHz, CDCl3) δ 7.17–7.07 (m, 4H), 6.34 (dd, J = 2.9, 2.2 Hz, 

1H), 6.29 (ddd, J = 2.2, 1.7, 1.0 Hz, 1H), 5.95 (ddt, J = 17.2, 10.4, 5.8 Hz, 1H), 5.76 (ddd, 

J = 2.9, 1.7, 0.5 Hz, 1H), 5.44–5.28 (m, 2H), 4.70 (dq, J = 5.8, 1.4 Hz, 2H), 2.44 (dq, J = 

14.9, 7.3 Hz, 2H), 2.11 (d, J = 0.5 Hz, 3H), 1.91 (d, J = 1.0 Hz, 3H), 0.96 (t, J = 7.5 Hz, 

3H); 13C NMR (100 MHz, CDCl3) δ 152.9, 136.5, 136.3, 136.3, 131.0, 130.2, 129.2, 127.5, 

125.7, 122.8, 121.2, 119.6, 119.6, 118.2, 110.9, 69.5, 25.7, 19.4, 11.9, 11.8; IR (Neat Film, 

NaCl) 3061, 3019, 2972, 2936, 2874, 1769, 1688, 1487, 1456, 1350, 1258, 1234, 1185, 

1139, 1118, 1070, 1047, 1022, 995, 958, 946, 915, 837, 761, 729, 694 cm–1; HRMS 

(MM:ESI-APCI+) m/z calc’d for C20H24NO3 [M+H]+: 326.1751, found 326.1733.  
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(E)-allyl (2-(2-bromophenyl)-1-(3-methyl-1H-pyrrol-1-yl)but-1-en-1-yl) carbonate 

(19o) 

Purified by column chromatography (3% Et2O in hexanes) to provide the desired product 

as a colorless oil (410 mg, 70% yield) Note: compound darkens in color overtime under Ar 

at –20 ºC. 1H NMR (500 MHz, CDCl3) δ 7.53 (dd, J = 8.0, 1.2 Hz, 1H), 7.18 (td, J = 7.5, 

1.3 Hz, 1H), 7.13–7.03 (m, 2H), 6.50 (dd, J = 2.8, 2.2 Hz, 1H), 6.40 (m, 1H), 5.95 (ddt, J 

= 17.2, 10.5, 5.8 Hz, 1H), 5.77 (dd, J = 3.0, 1.7 Hz, 1H), 5.43–5.27 (m, 2H), 4.70 (dt, J = 

5.8, 1.3 Hz, 2H), 2.51 (ddq, J = 36.7, 14.5, 7.3 Hz, 2H), 1.92 (d, J = 1.0 Hz, 3H), 0.98 (t, J 

= 7.5 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 152.5, 137.7, 137.4, 132.9, 131.0, 130.9, 

129.1, 127.3, 125.0, 123.7, 121.4, 119.8, 119.6, 118.6, 111.0, 69.6, 24.5, 11.9, 11.8; IR 

(Neat Film, NaCl) 2972, 2936, 1770, 1692, 1488, 1470, 1392, 1364, 1350, 1292, 1251, 

1231, 1187, 1133, 1070, 1024, 959, 947, 758 cm–1; HRMS (MM:ESI- APCI+) m/z calc’d 

for C19H21BrNO3 [M+H]+: 390.0699, found 390.0688.  
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2.8.2.3 Preparation of N-Acyl Substrates 

General Procedure 1 

 

To an oven-dried scintillation vial containing the a-aryl carboxylic acid (1.2 equiv) 

was added SOCl2 (2.4 equiv) and the resulting mixture was stirred at 25 ºC for 20 min then 

heated to 70 ºC for 2 h (Note: effluent gas is bubbled through a glass tube packed with 

powdered NaOH). The reaction was then concentrated in vacuo to afford the crude acid 

chloride which was used in the next step without purification.  

A flame-dried flask containing the N-H heterocycle (1.0 equiv) in THF (0.50 M) 

was cooled to 0 ºC in an ice bath and n-BuLi (1.05 equiv) was added dropwise. The mixture 

was stirred at 0 ºC for 15 min then cooled to –78 ºC in a dry-ice/acetone bath. The crude 

acid chloride was dissolved in a small amount of THF and added rapidly to the 

deprotonated indole. The reaction mixture was allowed to warm to 25 ºC after which it was 

quenched with water and transferred to a separatory funnel with Et2O. The layers were 

separated, and the aqueous layer was exacted with Et2O. The combined organic layers were 

dried over Na2SO4, filtered, and concentrated. The N-acyl indole was then purified by silica 

gel flash chromatography.  
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1-(1H-indol-1-yl)-2-phenylbutan-1-one (25) 

Prepared on a 2.00 mmol scale and purified by column chromatography (3% Et2O in 

hexanes) to provide the desired product as a white solid (428.2 mg, 81% yield); 1H NMR 

(500 MHz, CDCl3) δ 8.54 (d, J = 8.3, 1H), 7.51–7.42 (m, 2H), 7.38–7.13 (m, 7H), 6.48 (d, 

J = 3.8 Hz, 1H), 4.10 (t, J = 7.2 Hz, 1H), 2.35–2.18 (m, 1H), 1.89 (dt, J = 13.7, 7.2 Hz, 

1H), 0.93 (t, J = 7.4 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 171.9, 139.1, 136.0, 130.3, 

129.1, 127.7, 127.5, 125.2, 124.9, 123.8, 120.8, 117.0, 109.1, 53.7, 27.9, 12.3; IR (Neat 

Film, NaCl) 3063, 2967, 2943, 2874, 1704, 1602, 1584, 1539, 1472, 1451, 1384, 1355, 

1328, 1304, 1222, 1208, 1181, 1154, 1082, 1017, 903, 880, 825, 807, 766, 749, 700 cm–1; 

HRMS (MM:ESI-APCI+) m/z calc’d for C18H18NO [M+H]+: 264.1383, found 264.1377.  
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1-(1H-indol-1-yl)-2-(p-tolyl)butan-1-one (26) 

Prepared on a 4.30 mmol scale and purified by column chromatography (3% Et2O in 

hexanes) to provide the desired product as a yellow oil (901.0 mg, 76% yield); 1H NMR 

(500 MHz, CDCl3) δ 8.57 (dd, J = 8.4, 0.9 Hz, 1H), 7.53–7.46 (m, 2H), 7.35 (ddd, J = 8.5, 

7.3, 1.3 Hz, 1H), 7.27–7.22 (m, 3H), 7.16–7.09 (m, 2H), 6.52 (dd, J = 3.8, 0.8 Hz, 1H), 

4.11 (t, J = 7.2 Hz, 1H), 2.36–2.21 (m, 4H), 1.91 (dp, J = 13.7, 7.4 Hz, 1H), 0.97 (t, J = 7.4 

Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 172.0, 137.0, 136.1, 136.0, 130.3, 129.8, 127.5, 

125.0, 124.9, 123.7, 120.7, 116.9, 108.9, 53.3, 27.8, 21.0, 12.2; IR (Neat Film, NaCl) 3051, 

3024, 2966, 2931, 2874, 1704, 1584, 1539, 1514, 1472, 1451, 1384, 1355, 1325, 1304, 

1223, 1208, 1187, 1155, 1084, 904, 808, 785, 767, 751, 715 cm–1; HRMS (MM:ESI-

APCI+) m/z calc’d for C19H20NO [M+H]+: 278.1539, found 278.1531.  
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1-(1H-indol-1-yl)-2-(4-methoxyphenyl)butan-1-one (27) 

Prepared on a 5.00 mmol scale and purified by column chromatography (3% Et2O in 

hexanes) to provide the desired product as a yellow oil containing minor impurities (1.2439 

g, 85% yield); 1H NMR (500 MHz, CDCl3) δ 8.56 (dq, J = 8.3, 0.9 Hz, 1H), 7.53–7.48 (m, 

2H), 7.35 (ddd, J = 8.4, 7.2, 1.3 Hz, 1H), 7.30–7.22 (m, 3H), 6.89–6.82 (m, 2H), 6.53 (dd, 

J = 3.8, 0.7 Hz, 1H), 4.10 (t, J = 7.3 Hz, 1H), 3.76 (s, 3H), 2.37–2.20 (m, 1H), 1.90 (m, 

1H), 0.97 (t, J = 7.3 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 172.2, 158.9, 135.9, 131.1, 

130.3, 128.7, 125.1, 124.9, 123.7, 120.7, 116.9, 114.4, 108.9, 55.1, 52.8, 27.8, 12.2; IR 

(Neat Film, NaCl) 2964, 2933, 1702, 1610, 1540, 1511, 1450, 1384, 1354, 1324, 1302, 

1252, 1222, 1207, 1179, 1154, 1033, 904, 820, 788, 766, 752 cm–1; HRMS (MM:ESI-

APCI+) m/z calc’d for C19H20NO2 [M+H]+: 294.1489, found 294.1494.  
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2-(3,4-dimethoxyphenyl)-1-(1H-indol-1-yl)butan-1-one (28) 

Prepared on a 4.20 mmol scale and purified by column chromatography (20 → 30% Et2O 

in hexanes) to provide the desired product as a yellow oil (838.3 mg, 62% yield); 1H NMR 

(500 MHz, CDCl3) δ 8.56 (dq, J = 8.3, 0.9 Hz, 1H), 7.54–7.49 (m, 2H), 7.35 (ddd, J = 8.4, 

7.2, 1.3 Hz, 1H), 7.29–7.22 (m, 1H), 6.92–6.85 (m, 2H), 6.81 (d, J = 8.1 Hz, 1H), 6.54 (dd, 

J = 3.8, 0.8 Hz, 1H), 4.08 (t, J = 7.3 Hz, 1H), 3.86 (s, 3H), 3.84 (s, 3H), 2.28 (dt, J = 13.7, 

7.3 Hz, 1H), 1.92 (dt, J = 13.8, 7.3 Hz, 1H), 0.97 (t, J = 7.3 Hz, 3H); 13C NMR (100 MHz, 

CDCl3) δ 172.1, 149.5, 148.4, 136.0, 131.6, 130.3, 125.2, 124.9, 123.8, 120.8, 120.2, 116.9, 

111.5, 110.3, 109.1, 56.0, 55.9, 53.4, 27.9, 12.3; IR (Neat Film, NaCl) 2964, 2934, 1699, 

1591, 1516, 1451, 1355, 1326, 1302, 1262, 1242, 1206, 1152, 1027, 790, 766, 752 cm–1; 

HRMS (MM:ESI-APCI+) m/z calc’d for C20H22NO3 [M+H]+: 324.1594, found 324.1588.  
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1-(5-methyl-1H-indol-1-yl)-2-phenylbutan-1-one (29) 

Prepared on a 2.50 mmol scale and purified by column chromatography (5% Et2O in 

hexanes) to provide the desired product as a cream-colored solid (567.3 mg, 82% yield); 

1H NMR (500 MHz, CDCl3) δ 8.43 (d, J = 8.4 Hz, 1H), 7.45 (d, J = 3.7 Hz, 1H), 7.38–7.27 

(m, 5H), 7.28–7.20 (m, 1H), 7.17 (d, J = 8.4 Hz, 1H), 6.45 (d, J = 3.7 Hz, 1H), 4.14 (t, J = 

7.2 Hz, 1H), 2.43 (s, 3H), 2.31 (dtd, J = 14.7, 7.3, 1.0 Hz, 1H), 1.99–1.89 (m, 1H), 0.99 

(td, J = 7.4, 0.9 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 171.7, 139.3, 134.2, 133.4, 130.6, 

129.2, 127.8, 127.5, 126.5, 124.9, 120.7, 116.6, 109.0, 53.7, 27.9, 21.5, 12.4; IR (Neat 

Film, NaCl) 3027, 2967, 2931, 2874, 1703, 1582, 1541, 1468, 1382, 1328, 1304, 1208, 

1182, 1089, 903, 833, 823, 811, 740, 700 cm–1; HRMS (MM:ESI-APCI+) m/z calc’d for 

C19H20NO [M+H]+: 278.1539, found 278.1534.  

  

N

O
Et

Me



Chapter 2 – Pd-catalyzed Asymmetric Decarboxylative Allylic Alkylation and 
Dehydrogenation of Fully Substituted N-acyl Indole-derived Enol carbonates 
 

 

99 

 

1-(3-methyl-1H-pyrrol-1-yl)-2-(o-tolyl)butan-1-one (30) 

Prepared on a 4.20 mmol scale and purified by column chromatography (5% Et2O in 

hexanes) to provide the desired product as a light yellow oil (539.3 mg, 54% yield); Note: 

compound darkens in color overtime under Ar at –20 ºC; 1H NMR (500 MHz, CDCl3) δ 

7.27–6.92 (m, 6H), 6.03 (dd, J = 3.3, 1.6 Hz, 1H), 4.24 (dd, J = 8.5, 5.7 Hz, 1H), 2.47 (s, 

3H), 2.20 (ddq, J = 14.5, 8.5, 7.3 Hz, 1H), 2.00 (d, J = 1.2 Hz, 3H), 1.84–1.64 (m, 1H), 

0.98 (t, J = 7.4 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 170.9, 137.9, 134.6, 131.0, 127.3, 

127.0, 126.8, 123.8, 119.3, 116.5, 115.4, 48.5, 27.4, 19.8, 12.7, 12.1; IR (Neat Film, NaCl) 

3021, 2964, 2928, 2874, 1708, 1488, 1459, 1396, 1355, 1327, 1306, 1192, 1171, 1082, 

1066, 952, 905, 834, 820, 780, 756, 730 cm–1; HRMS (MM:ESI- APCI+) m/z calc’d for 

C16H20NO [M+H]+: 242.1539, found 242.1532.  
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2-(2-bromophenyl)-1-(3-methyl-1H-pyrrol-1-yl)butan-1-one (31) 

Prepared on a 7.00 mmol scale and purified by column chromatography (3% Et2O in 

hexanes) to provide the desired product as a yellow oil (1.56 g, 72% yield) Note: Note: 

compound darkens in color overtime under Ar at –20 ºC; 1H NMR (500 MHz, CDCl3) δ 

7.59 (dd, J = 8.0, 1.3 Hz, 1H), 7.36 (dd, J = 7.8, 1.7 Hz, 1H), 7.28–7.22 (m, 2H), 7.11 (ddd, 

J = 8.0, 7.3, 1.7 Hz, 2H), 6.07 (dd, J = 3.3, 1.6 Hz, 1H), 4.62 (dd, J = 8.2, 6.1 Hz, 1H), 2.16 

(ddq, J = 13.7, 8.2, 7.3 Hz, 1H), 2.03 (d, J = 1.2 Hz, 3H), 1.83 (dqd, J = 13.6, 7.4, 6.2 Hz, 

1H), 1.00 (t, J = 7.3 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 170.2, 138.7, 133.2, 129.0, 

128.4, 128.4, 124.1, 124.1, 119.5, 116.6, 115.7, 50.7, 27.6, 12.3, 12.1; IR (Neat Film, NaCl) 

2967, 2930, 2875, 1709, 1489, 1471, 1440, 1398, 1356, 1328, 1306, 1200, 1180, 1067, 

1020, 908, 830, 810, 749 cm–1; HRMS (MM:ESI-APCI+) m/z calc’d for C15H17BrNO 

[M+H]+: 306.0488, found 306.0477.  
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General Procedure 2 

 

A flame-dried round bottom flask was charged with i-Pr2NH (367 μL, 2.60 mmol, 

1.3 equiv) and THF (18.0 mL). The solution was then cooled in a 0 ºC ice bath for 10 min 

and a 2.40 M solution of n-BuLi (996 μL, 2.40 mmol, 1.2 equiv) was added dropwise. After 

stirring for 15 min, the solution was cooled in a –78 ºC acetone/dry ice bath for 15 min, 

after which time a solution of acyl indole (498.6 mg, 2.00 mmol, 1.0 equiv) in THF (4.0 

mL) was added dropwise over 5 min. After stirring at –78 ºC for 1 h, neat ethyl iodide (193 

μL, 2.40 mmol, 1.2 equiv) was then added dropwise. The reaction mixture was allowed to 

slowly warm to 20 ºC, and then heated to 65 ºC and stirred for 16 h, after which time the 

reaction was quenched with the slow addition of 10 mL H2O. The mixture was then 

transferred to a separatory funnel and the layers were separated. The aqueous layer was 

extracted 3 x 10 mL Et2O and the combined organics were dried over Na2SO4, filtered, and 

concentrated. The desired N-acyl indole was isolated by silica gel flash chromatography. 
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2-(4-chlorophenyl)-1-(1H-indol-1-yl)butan-1-one (32) 

Purified by column chromatography (5% Et2O in hexanes) to provide the desired product 

as a light yellow oil (373.8 mg, 63% yield); 1H NMR (500 MHz, CDCl3) δ 8.54 (dd, J = 

8.4, 0.9 Hz, 1H), 7.52 (dt, J = 7.7, 1.1 Hz, 1H), 7.44 (d, J = 3.8 Hz, 1H), 7.36 (ddd, J = 8.4, 

7.2, 1.3 Hz, 1H), 7.30 (s, 4H), 7.28–7.24 (m, 1H), 6.56 (dd, J = 3.9, 0.8 Hz, 1H), 4.13 (t, J 

= 7.3 Hz, 1H), 2.29 (dt, J = 13.8, 7.3 Hz, 1H), 2.03–1.76 (m, 1H), 0.97 (t, J = 7.4 Hz, 3H); 

13C NMR (100 MHz, CDCl3) δ 171.5, 137.6, 136.0, 133.5, 130.4, 129.4, 129.2, 125.4, 

124.6, 124.0, 120.9, 117.0, 109.5, 53.1, 27.9, 12.3; IR (Neat Film, NaCl) 2967, 2361, 1700, 

1540, 1491, 1451, 1384, 1354, 1328, 1302, 1221, 1207, 1094, 1015, 904, 814, 794, 752 

cm–1; HRMS (MM:ESI-APCI+) m/z calc’d for C18H17ClNO [M+H]+: 298.0993, found 

298.0984.  
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2-(4-bromophenyl)-1-(1H-indol-1-yl)butan-1-one (33) 

Purified by column chromatography (5% Et2O in hexanes) to provide the desired product 

as a white solid (451.0 mg, 66% yield); 1H NMR (500 MHz, CDCl3) δ 8.54 (d, J = 8.3 Hz, 

1H), 7.52 (d, J = 7.7 Hz, 1H), 7.48–7.41 (m, 3H), 7.38–7.32 (m, 1H), 7.30–7.20 (m, 3H), 

6.56 (d, J = 3.8 Hz, 1H), 4.12 (t, J = 7.2 Hz, 1H), 2.29 (dp, J = 14.6, 7.3 Hz, 1H), 1.92 (dp, 

J = 14.6, 7.3 Hz, 1H), 0.98 (t, J = 7.3 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 171.5, 138.1, 

136.0, 132.3, 130.4, 129.6, 125.4, 124.6, 124.0, 121.6, 120.9, 117.0, 109.5, 53.2, 27.9, 12.3; 

IR (Neat Film, NaCl) 3052, 2967, 2931, 2874, 1703, 1486, 1451, 1383, 1354, 1327, 1301, 

1207, 1154, 1074, 1011, 904, 880, 812, 792, 755, 751, 713 cm–1; HRMS (MM:ESI-APCI+) 

m/z calc’d for C18H17BrNO [M+H]+: 342.0488, found 342.0497.  
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2-(4-fluorophenyl)-1-(1H-indol-1-yl)butan-1-one (34) 

Purified by column chromatography (5% Et2O in hexanes) to provide the desired product 

as a white solid (360.4 mg, 64% yield); 1H NMR (500 MHz, CDCl3) δ 8.55 (d, J = 8.3 Hz, 

1H), 7.52 (dd, J = 7.7, 1.0 Hz, 1H), 7.46 (d, J = 3.8 Hz, 1H), 7.39– 7.29 (m, 3H), 7.30–

7.22 (m, 1H), 7.07–6.97 (m, 2H), 6.56 (dd, J = 3.8, 0.6 Hz, 1H), 4.15 (t, J = 7.3 Hz, 1H), 

2.30 (dt, J = 13.8, 7.3 Hz, 1H), 1.92 (dq, J = 14.1, 7.3 Hz, 1H), 0.98 (t, J = 7.3 Hz, 3H); 19F 

NMR (282 MHz, CDCl3) δ –114.9 (tt, J = 8.5, 5.2 Hz); 13C NMR (100 MHz, CDCl3) δ 

171.8, 162.1 (d, JC–F = 246.2 Hz), 136.0, 134.8 (d, JC–F = 3.3 Hz), 130.3, 129.4 (d, JC–F = 

8.0 Hz), 125.3, 124.7, 123.9, 120.9, 117.0, 116.0 (d, JC–F = 21.5 Hz), 109.3, 52.8, 27.9, 

12.2; IR (Neat Film, NaCl) 3074, 2967, 2934, 2873, 1702, 1603, 1508, 1450, 1384, 1354, 

1327, 1301, 1222, 1207, 1158, 818, 792, 752, 714 cm–1; HRMS (MM:ESI-APCI+) m/z 

calc’d for C18H17FNO [M+H]+: 282.1289, found 282.1286.  
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1-(1H-indol-1-yl)-2-(4-(trifluoromethyl)phenyl)butan-1-one (35) 

Purified by column chromatography (6% Et2O in hexanes) to provide the desired product 

as a white solid (190.8 mg, 58% yield); 1H NMR (500 MHz, CDCl3) δ 8.55 (dd, J = 8.3, 

0.9 Hz, 1H), 7.62–7.58 (m, 2H), 7.55– 7.48 (m, 3H), 7.44 (d, J = 3.9 Hz, 1H), 7.37 (ddd, J 

= 8.5, 7.2, 1.3 Hz, 1H), 7.30–7.25 (m, 1H), 6.57 (dd, J = 3.8, 0.7 Hz, 1H), 4.23 (t, J = 7.3 

Hz, 1H), 2.41–2.26 (m, 1H), 1.95 (dt, J = 13.8, 7.3 Hz, 1H), 0.99 (t, J = 7.4 Hz, 3H); 19F 

NMR (282 MHz, CDCl3) δ –62.6; 13C NMR (100 MHz, CDCl3) δ 171.2, 143.0 (d, JC–F = 

1.5 Hz), 136.0, 130.4, 129.9 (q, JC–F = 32.6 Hz), 128.3, 126.1 (q, JC–F = 3.8 Hz), 125.5, 

125.4 (q, JC–F = 272.4 Hz), 124.5, 124.1, 121.0, 117.0, 109.7, 53.5, 28.0, 12.3; IR (Neat 

Film, NaCl) 1702, 1451, 1384, 1354, 1324, 1304, 1208, 1166, 1123, 1068, 1068, 1018, 

831, 800, 766, 752 cm–1; HRMS (MM:ESI-APCI+) m/z calc’d for C19H17F3NO [M+H]+: 

332.1257, found 332.1248.  

  

N

O
Et

CF3
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General Procedure 3 

 

To an oven-dried flask containing α-aryl carboxylic acid (5.0 mmol, 1.0 equiv) was 

added SOCl2 neat (620 μL, 8.50 mmol, 1.7 equiv) and the resulting mixture stirred at 25 

°C for 20 min then 70 °C for 2 h (note: effluent gas flow is bubbled through a glass tube 

packed with powdered NaOH). The reaction was then concentrated in vacuo to afford the 

crude acid chloride, which was used in the next step without further purification. A separate 

flame-dried flask containing freshly distilled indoline (4.20 mmol, 1.0 equiv), Et3N (1.17 

mL, 8.40 mmol, 2.0 equiv), and DMAP (25.7 mg, 0.21 mmol, 0.05 equiv) in CH2Cl2 (42 

mL) was cooled to –10 °C in an acetone/ice bath and the crude acid chloride (5.0 mmol, 

1.2 equiv) dissolved in CH2Cl2 (21 mL) was added dropwise via cannula transfer. The 

mixture was stirred at –10 °C for 15 min then warmed to 23 ºC and stirred for 18 h. The 

reaction mixture was quenched with saturated NaHCO3 (20 mL) and transferred to a 

separatory funnel. The layers were separated, and the aqueous layer was extracted twice 

with CH2Cl2 (20 mL). The combined organics were washed with brine (10 mL), dried over 

Na2SO4, filtered, and concentrated to afford the crude amide which was used in the next 

step without further purification.  

The crude amide prepared above was transferred to a round bottom flask affixed 

with a reflux condenser. Dry toluene (42 mL) and DDQ (2,3-Dichloro-5,6-dicyano-1,4- 

benzoquinone) (1.14 g, 5.0 mmol, 1.2 equiv) were then added and the resulting dark red 

reaction solution was heated to reflux for 16 h. The crude reaction mixture was then filtered 

indoline (1.0 equiv)
Et3N (2.0 equiv)

DMAP (0.05 equiv)
CH2Cl2 (0.10 M)

–10 to 23 ºC, 18 h

N

O
R

Ph
Cl

O
R

Ph

SOCl2 (2.4 equiv)
neat, 25 to 70 ºC

2 h

O
R

Ph
(1.2 equiv)

HO
toluene (0.10 M)

reflux, 16 h
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through a pad of celite with toluene, concentrated, and purified via flash column 

chromatography to afford the desired acyl indole. 

  
  



Chapter 2 – Pd-catalyzed Asymmetric Decarboxylative Allylic Alkylation and 
Dehydrogenation of Fully Substituted N-acyl Indole-derived Enol carbonates 
 

 

108 

 

1-(1H-indol-1-yl)-2-phenylheptan-1-one (36) 

Prepared according to General Procedure 3 and purified by column chromatography (5% 

Et2O in hexanes) to provide the desired product as a colorless oil (319.5 mg, 25% yield); 

1H NMR (500 MHz, CDCl3) δ 8.58 (dq, J = 8.4, 0.9 Hz, 1H), 7.54–7.48 (m, 2H), 7.39–

7.30 (m, 5H), 7.30–7.21 (m, 2H), 6.54 (dd, J = 3.8, 0.8 Hz, 1H), 4.25 (t, J = 7.2 Hz, 1H), 

2.34–2.25 (m, 1H), 1.90 (tdd, J = 12.9, 8.5, 5.7 Hz, 1H), 1.46–1.25 (m, 6H), 0.91–0.84 (m, 

3H); 13C NMR (100 MHz, CDCl3) δ 172.0, 139.4, 136.0, 130.3, 129.2, 127.7, 127.5, 125.2, 

124.8, 123.8, 120.7, 117.0, 109.1, 52.1, 34.7, 31.8, 27.4, 22.6, 14.1; IR (Neat Film, NaCl) 

3063, 3029, 2954, 2928, 2858, 1704, 1602, 1584, 1539, 1451, 1384, 1353, 1311, 1207, 

1154, 1102, 941, 919, 880, 766, 749, 700 cm–1; HRMS (MM:ESI-APCI+) m/z calc’d for 

C21H24NO [M+H]+: 306.1846, found 306.1846.  

  

N

O
n-Pentyl
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1-(1H-indol-1-yl)-4-methyl-2-phenylpentan-1-one (37) 

Prepared according to General Procedure 3 and purified by column chromatography (5% 

Et2O in hexanes) to provide the desired product as a colorless oil (1.2177 g, 99% yield); 

1H NMR (500 MHz, CDCl3) δ (d, J = 8.3 Hz, 1H), 7.54 (d, J = 3.8 Hz, 1H), 7.52–7.50 (m, 

1H), 7.39–7.29 (m, 5H), 7.27–7.22 (m, 2H), 6.55 (dd, J = 3.8, 0.7 Hz, 1H), 4.37 (t, J = 7.3 

Hz, 1H), 2.22 (dt, J = 13.6 Hz, 7.4 Hz, 1H), 1.79 (dt, J = 13.7, 6.9 Hz, 1H), 1.61 (dp, J = 

13.5, 6.8 Hz, 1H), 0.97 (dd, J = 27.5, 6.6 Hz, 6H); 13C NMR (100 MHz, CDCl3) δ 172.0, 

139.5, 136.1, 130.4, 129.3, 127.8, 127.5, 125.3, 124.8, 123.9, 120.9, 117.1, 109.3, 49.8, 

43.8, 25.9, 22.9, 22.7; IR (Neat Film, NaCl) 3386, 3154, 3063, 3029, 2956, 2868, 1703, 

1602, 1585 1538, 1493, 1471, 1451, 1385, 1344, 1332, 1308, 1295, 1222, 1207, 1103, 

1084, 1018, 943, 886, 766, 748, 670 cm–1; HRMS (MM:ESI-APCI+) m/z calc’d for 

C20H22NO [M+H]+: 292.1696, found 292.1696.  

  

N

O
i-Bu
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1-(1H-indol-1-yl)-2,3-diphenylpropan-1-one (38) 

Prepared according to General Procedure 3 and purified by column chromatography (5% 

Et2O in hexanes) to provide the desired product as a white solid (830.7 mg, 61% yield); 1H 

NMR (500 MHz, CDCl3) δ 8.56 (dd, J = 8.3, 0.9 Hz, 1H), 7.48 (dt, J = 7.5, 0.9 Hz, 1H), 

7.39 (d, J = 3.8 Hz, 1H), 7.34 (ddd, J = 8.4, 7.2, 1.3 Hz, 1H), 7.32 – 7.27 (m, 4H), 7.26 – 

7.10 (m, 7H), 6.48 (dd, J = 3.9, 0.7 Hz, 1H), 4.51 (t, J = 7.2 Hz, 1H), 3.67 (dd, J = 13.7, 

7.6 Hz, 1H), 3.14 (dd, J = 13.8, 6.9 Hz, 1H); 13C NMR (100 MHz, CDCl3) δ 171.2, 139.1, 

138.7, 136.0, 130.3, 129.3, 129.2, 128.5, 127.8, 127.7, 126.6, 125.3, 124.8, 123.9, 120.8, 

117.0, 109.3, 54.4, 40.8; IR (Neat Film, NaCl) 3155, 3062, 3029, 2927, 1950, 1805, 1698, 

1601, 1585, 1539, 1495, 1472, 1453, 1385, 1354, 1319, 1300, 1221, 1207, 1108, 1074, 

911, 898, 766, 749, 699 cm–1; HRMS (MM:ESI-APCI+) m/z calc’d for C23H20NO [M+H]+: 

326.1539, found 326.1536.  

  

N

O
Bn
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1-(5-bromo-1H-indol-1-yl)-2-phenylbutan-1-one (39) 

To a flame-dried conical flask containing 2-phenyl butanoic acid (492.6 mg, 3.00 mmol, 

1.0 equiv) was added SOCl2 neat (6.00 mmol, 440 µL, 2.0 equiv) and the resulting mixture 

stirred at 25 °C for 20 min and then 70 °C for 2 h (note: effluent gas flow is bubbled through 

a glass tube packed with powdered NaOH). The reaction was then concentrated in vacuo 

to afford the crude acid chloride, which was used in the next step without further 

purification. To a flame-dried 25 mL round bottom flask was added 5-bromoindole (588.1 

mg, 3.00 mmol, 1.0 equiv), DMAP (36.7 mg, 0.30 mmol, 0.10 equiv), CH2Cl2 (5.0 mL), 

and Et3N (627 μL, 4.50 mmol, 1.5 equiv). The resulting clear, colorless solution was then 

cooled in a 0 ºC ice bath for 10 min before a solution of the above crude acid chloride in 

CH2Cl2 (3.0 mL) was added dropwise via cannula. The resulting bright yellow solution 

was stirred at 23 ºC for 18 h then concentrated under reduced pressure. The crude yellow 

oil was then dissolved in Et2O (10 mL), transferred to a separatory funnel, and washed with 

H2O (20 mL). The aqueous layer was then extracted with Et2O (3 x 10 mL). The combined 

organics were then washed with brine (10 mL), dried over Na2SO4, filtered, and 

concentrated under reduced pressure to afford an orange oil which was purified by column 

chromatography (3% Et2O in hexanes) to provide the desired product as an off white solid 

with minor impurities (654.3 mg, 64% yield); 1H NMR (500 MHz, CDCl3) δ 8.44 (d, J = 

8.8 Hz, 1H), 7.63 (d, J = 1.9 Hz, 1H), 7.49 (d, J = 3.8 Hz, 1H), 7.44 (dd, J = 8.8, 2.0 Hz, 

Et3N (2.0 equiv)
DMAP (0.05 equiv)

CH2Cl2 (0.10 M)
0 to 23 ºC, 18 h

N

O
Et

Ph
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O
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1H), 7.38–7.30 (m, 4H), 7.30–7.22 (m, 1H), 6.46 (d, J = 3.8 Hz, 1H), 4.12 (t, J = 7.2 Hz, 

1H), 2.30 (dt, J = 14.1, 7.3 Hz, 1H), 1.95 (dt, J = 14.1, 7.01 Hz, 1H), 0.98 (t, J = 7.3, 3H); 

13C NMR (100 MHz, CDCl3) δ 171.8, 138.8, 134.6, 132.0, 129.2, 127.9, 127.7, 127.6, 

125.9, 123.4, 118.3, 117.0, 108.2, 53.7, 27.8, 12.3; IR (Neat Film, NaCl) 3063, 3028, 2967, 

2932, 2874, 1704, 1575, 1534, 1444, 1377, 1325, 1304, 1217, 1199, 1181, 1088, 896, 826, 

810, 699 cm–1; HRMS (MM:ESI-APCI+) m/z calc’d for C18H17BrNO [M+H]+: 342.0488, 

found 342.0478.  
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2.8.2.4 Derivatization of Alkylation Products 

 

(R)-2-ethyl-1-(1H-indol-1-yl)-2-phenylpent-4-en-1-one (21) 

To a flame-dried round bottom flask containing a stirred suspension of KOTMS (162 mg, 

1.26 mmol) in THF (1.5 mL) was added a solution of N-acyl indole 20a (38.2 mg, 0.126 

mmol) in THF (1.5 mL). The resulting mixture was placed in a 50 ºC oil bath and stirred 

for 16 h. The crude reaction was diluted with Et2O and 5 M NaOH, and the layers separated. 

The aqueous layer was washed with Et2O and acidified with 4 M HCl to pH 1. The aqueous 

layer was extracted with Et2O three times and the combined organic layers  washed with 

water, dried over MgSO4, and concentrated to a light yellow solid (25.6 mg, 99% yield), 

[a]D
25 –30.9 (c 1.0, CHCl3); 1H NMR (300 MHz, CDCl3) δ 7.45–7.17 (m, 5H), 5.54 (dddd, 

J = 17.0, 10.1, 7.6, 6.8 Hz, 1H), 5.16–4.96 (m, 2H), 2.81 (qdt, J = 14.1, 6.8, 1.2 Hz, 2H), 

2.22–1.90 (m, 2H), 0.81 (t, J = 7.4 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 181.9, 141.5, 

133.5, 128.5, 127.1, 126.8, 118.5, 54.0, 38.4, 26.9, 8.5; IR (Neat Film, NaCl) 3064, 2975, 

1699, 1498, 1447, 1401, 1252, 918, 698 cm–1; HRMS (MM:ESI-APCI+) m/z calc’d for 

C13H17O2 [M+H]+: 205.1223, found 205.1213.  
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KOTMS (10.0 equiv)
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ethyl (R)-2-ethyl-2-phenylpent-4-enoate (22) 

 

To a flame-dried round bottom flask containing a stirred solution of KOEt (32.2 mg, 0.383 

mmol) in THF (1.5 mL) was added a solution of acyl indole 20a (38.7 mg, 0.128 mmol) 

and the resulting mixture stirred at 25 °C for 15 h. The crude reaction was diluted with 

Et2O and quenched with saturated NH4Cl, and the layers separated. The aqueous layer was 

extracted with Et2O and the combined organic fractions dried over Na2SO4 and 

concentrated. The crude product was purified by silica gel flash chromatography (5% Et2O 

in hexanes) to provide the desired product as a colorless oil (22.3 mg, 75% yield), [α]D25 

–4.7 (c 1.0, CHCl3); 1H NMR (400 MHz, CDCl3) δ 7.33–7.07 (m, 5H), 5.46 (dddd, J = 

16.9, 10.1, 7.8, 6.7 Hz, 1H), 5.07–4.87 (m, 2H), 4.08 (q, J = 7.1 Hz, 2H), 2.87–2.58 (m, 

2H), 2.13–1.87 (m, 2H), 1.12 (t, J = 7.1 Hz, 3H), 0.71 (t, J = 7.4 Hz, 3H); 13C NMR (100 

MHz, CDCl3) δ 175.6, 142.4, 133.8, 128.3, 126.7, 126.6, 118.2, 60.8, 54.1, 38.7, 27.1, 14.2, 

8.5; IR (Neat Film, NaCl) 2976, 2360, 1728, 1220, 1135, 1030, 916, 700 cm–1; HRMS 

(MM:ESI-APCI+) m/z calc’d for C15H21O2 [M+H]+: 233.1536, found 233.1531.  
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(R)-2-ethyl-2-phenylpent-4-en-1-ol (23) 

To a flame-dried round bottom flask was added acyl indole 20a (32.6 mg, 0.107 mmol, 1.0 

equiv) and THF (2.1 mL). The resulting solution was cooled to 0 ºC for 5 min and then a 

1.0 M solution of LiAlH4 (320 mL, 0.320 mmol, 3.0 equiv) was added dropwise. The 

resulting solution was stirred at 0 ºC for 5 min, then diluted with Et2O (2.1 mL) and 

quenched with the addition of H2O (12 μL) followed by 15% w/v NaOH/H2O (12 μL), and 

an additional portion of H2O (36 μL). The resulting gray suspension was warmed to 20 ºC 

and stirred vigorously for 15 min. MgSO4 (50 mg) was added and the resulting suspension 

was stirred for 15 min and filtered through a plug of celite with Et2O. The crude product 

was purified by silica gel flash chromatography (10% Et2O in hexanes) to provide the 

desired product as a colorless oil (17.2 mg, 84% yield); [α]D25 +12.9 (c 0.65, CHCl3);  1H 

NMR (500 MHz, CDCl3) δ 7.38–7.31 (m, 4H), 7.23 (td, J = 6.4, 2.3 Hz, 1H), 5.70 (ddt, J 

= 17.3, 10.1, 7.3 Hz, 1H), 5.18–5.01 (m, 2H), 3.82–3.70 (m, 2H), 2.55 (ddd, J = 61.6, 13.9, 

7.2 Hz, 2H), 1.73 (q, J = 7.4 Hz, 2H), 1.34 (s, 1H), 0.74 (t, J = 7.4 Hz, 3H); 13C NMR (100 

MHz, CDCl3) δ 143.9, 134.9, 128.6, 127.0, 126.3, 117.8, 67.9, 46.3, 38.6, 27.5, 8.0; IR 

(Neat Film, NaCl) 3399 (br), 3060, 3024, 3004, 2966, 2934, 2880, 2361, 1638, 1497, 1459, 

1456, 1379, 1045, 1001, 914, 760, 699 cm–1; HRMS (MM:ESI- APCI+) m/z calc’d for 

C13H22NO [M+NH4]+: 208.1696, found 208.1692.  
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(R)-2-ethyl-1-(1H-indol-1-yl)-2-phenylpentane-1,4-dione (24) 

To a round bottom flask containing acyl indole 20a (33.1 mg, 0.109 mmol, 1.0 equiv) 

dissolved in 2.5 mL of 9:1 DMF/H2O was added PdCl2 (5.8 mg, 0.033 mmol, 0.30 equiv) 

and CuCl (21.6 mg, 0.218 mmol, 2.0 equiv). The flask was then quickly evacuated and 

backfilled three times with a balloon of O2, and then stirred at 20 ºC under a balloon of O2 

for 48 h. The crude reaction was then diluted with EtOAc (2 mL) followed by brine (2 mL). 

The layers were separated, and the aqueous layer was extracted with EtOAc (5 mL) twice. 

The combined organic layers were dried over Na2SO4, filtered, and concentrated. The crude 

product was purified by silica gel flash chromatography (10% Et2O in hexanes) to afford 

the desired product as a white foam in a 5:1 ketone/aldehyde ratio (33.2 mg, 0.104 mmol, 

95% yield); [α]D25 –194.5 (c 0.58, CHCl3); 1H NMR (400 MHz, CDCl3) δ 8.48 (d, J = 8.4 

Hz, 1H), 7.37 (d, J = 7.7 Hz, 1H), 7.31–7.23 (m , 5H), 7.23– 7.12 (m, 2H), 6.70 (d, J = 3.9 

Hz, 1H), 6.18 (d, J = 3.8 Hz, 1H), 3.26 (d, J = 15.4 Hz, 1H), 3.14 (d, J = 15.5 Hz, 1H), 2.64 

(dq, J = 14.9, 7.5 Hz, 1H), 2.32–2.15 (m, 1H), 1.68 (s, 3H), 0.78 (t, J = 7.4 Hz, 3H); 13C 

NMR (100 MHz, CDCl3) δ 207.1, 173.5, 142.1, 136.5, 129.3, 127.7, 126.5, 125.7, 125.2, 

123.8, 120.5, 117.1, 108.4, 108.4, 55.8, 48.5, 32.1, 27.5, 8.9; IR (Neat Film, NaCl) 3163, 

3056, 3056, 2972, 1721, 1697, 1537, 1450, 1308, 1206, 1076, 882, 768, 752, 702 cm–1; 

HRMS (MM:ESI-APCI+) m/z calc’d for C21H22NO2 [M+H]+: 320.1645, found 320.1630.  
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2.8.2.5 Synthesis of (S)-Ty-PHOX 

 

bis(3-fluoro-4-(trifluoromethyl)phenyl)phosphine oxide (40) 

According to the procedure of Stoltz15; A flame-dried 50 mL round bottomed flask was 

charged with magnesium turnings (804.7 mg, 33.1 mmol, 3.1 equiv) and Et2O (17.8 mL). 

The mixture was cooled to 0 ºC and 4-bromo-2-fluoro-1-(trifluoromethyl)benzene (4.52 

mL, 32.0 mmol, 3.0 equiv) was added dropwise over 15 min during which the reaction 

mixture turned from colorless to brown to black. A reflux condenser was then attached to 

the flask, and the mixture was warmed to 30 ºC in a water bath and stirred for 1 h. The 

resulting black solution was then canula transferred to a second 50 mL flame-dried round 

bottom flask to remove residual magnesium turnings. The resulting solution was then 

cooled to 0 ºC and neat diethyl phosphite (1.38 mL, 10.7 mmol, 1.0 equiv) was added 

dropwise over 10 min. The black reaction mixture was then allowed to warm to 20 ºC over 

1 h and stirred for 24 h. The reaction mixture was then cooled to 0 ºC and 2.0 N HCl (20 

mL) was added dropwise with vigorous stirring, leading to the precipitation of a brown 

solid. The mixture was then allowed to warm to 20 ºC and extracted with EtOAc (3 x 10 

mL). The combined organic layers were then washed with brine (10 mL), dried over 

Na2SO4, filtered, and concentrated to an orange oil. Purification by silica gel 

chromatography (30% EtOAc in hexanes to 60% EtOAc in hexanes) provided the desired 

product as a yellow solid (2.6803 g, 7.72 mmol, 72% yield); 1H NMR (400 MHz, CDCl3) 

δ 8.78 (s, 1H), 7.80 (td, J = 7.2, 3.2 Hz, 2H), 7.59 (ddd, J = 19.8, 13.7, 8.6 Hz, 4H); 19F 

F
F3C

Br Mg0 (3.1 equiv)
Et2O (0.60 M)

then 
HP(O)(OEt)2 (3.0 equiv)

0 to 20 ºC F
F3C

P
H
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NMR (282 MHz, CDCl3) δ –62.02 (d, J = 12.7 Hz), –110.40 – –110.63 (m); 31P NMR (162 

MHz, CDCl3) δ 14.77; 13C NMR (100 MHz, CDCl3) δ 159.9 (dd, J = 262.9, 17.6 Hz), 

137.2 (dd, J = 98.7, 6.0 Hz), 128.7 (dq, J = 14.0, 4.4 Hz), 126.3 (dd, J = 11.1, 4.4 Hz), 

123.7–122.4 (m), 121.8 (q, J = 273.2 Hz), 119.2 (dd, J = 22.0, 12.5 Hz); IR (Neat Film, 

NaCl) 3040, 2368, 1622, 1576, 1498, 1409, 1323, 1239, 1178, 1134, 1043, 951, 901, 833, 

696, 632 cm–1; HRMS (MM:ESI-APCI+) m/z calc’d for C14H8F8OP [M+H]+: 375.0180, 

found 375.0172.  
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(S)-(2-(4-(tert-butyl)-4,5-dihydrooxazol-2-yl)-4-(trifluoromethyl)phenyl)bis(3-fluoro-  

4-(trifluoromethyl)phenyl)phosphine oxide (41) 

To a flame-dried 100 mL two-necked round bottom flask equipped with a reflux condenser 

and glass stopper was added phosphine oxide 40 (2.4321 g, 6.50 mmol, 1.3 equiv), CuI 

(952.3 mg, 5.00 mmol, 1.0 equiv), and toluene (11.4 mL) followed by N,N’- 

dimethylethylenediamine (1.61 mL, 15.0 mmol, 3.0 equiv). The resulting green solution 

was stirred at 20 ºC for 20 min after which time oxazoline (1.75 g, 5.00 mmol, 1.0 equiv), 

Cs2CO3 (6.03 g, 18.5 mmol, 3.7 equiv), and toluene (4.9 mL) were added. The flask was 

then immersed in a 110 ºC oil bath and the reaction suspension gradually turned blue and 

then orange. After 13 h, the reaction was cooled to 20 ºC and the orange reaction mixture 

was loaded directly onto a silica gel column (hexanes to 25% EtOAc in hexanes) to provide 

a white foam (841.9 mg, 26% yield); [α]D25 –47.5 (c 1.0, CHCl3); 1H NMR (500 MHz, 

CDCl3) δ 8.24 (dd, J = 3.9, 1.8 Hz, 1H), 8.13–8.01 (m, 1H), 7.91–7.87 (m, 1H), 7.80–7.60 

(m, 4H), 7.50–7.39 (m, 2H), 4.03 – 3.93 (m, 2H), 3.42 (dd, J = 10.2, 9.4 Hz, 1H), 0.72 (s, 

9H); 31P NMR (121 MHz, CDCl3) δ 26.10; 19F NMR (282 MHz, CDCl3) δ – 61.90 (dd, J 

= 15.3, 12.6 Hz), –63.48, –111.76 – –112.14 (m); 13C NMR (100 MHz, CDCl3) δ 160.8 (d, 

J = 17.3 Hz), 160.4 (d, J = 2.1 Hz), 158.2 (d, J = 17.3 Hz), 140.7 (d, J = 5.7 Hz), 139.8 – 

139.2 (m), 138.4 (d, J = 6.1 Hz), 136.2 (d, J = 10.3 Hz), 135.8 – 134.4 (m), 134.0, 133.0, 

132.8 (d, J = 6.6 Hz), 127.7 (ddt, J = 20.1, 9.0, 4.2 Hz), 126.8 (dd, J = 9.5, 4.2 Hz), 124.4, 

F
F3C

P
H

O

F
CF3

+

Br

CF3

N

O

t-Bu

CuI (1.0 equiv)
Cs2CO3 (3.7 equiv)
DMEDA (3.0 equiv)

toluene (0.31 M)
110 ºC, 13 h

P

CF3

N

O

t-Bu

O

CF3

F

F3C

F
(1.3 equiv)
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123.4, 122.4 – 121.3 (m), 120.9 – 120.3 (m), 119.9 (dd, J = 22.1, 11.1 Hz), 69.3, 33.6, 

25.8s; IR (Neat Film, NaCl) 2963, 2907, 2873, 1664, 1621, 1574, 1497, 1479, 1664, 1621, 

1574, 1497, 1479, 1407, 1322, 1235, 1178, 1136, 1178, 1083, 1042, 964, 915, 833, 720, 

699, 629 cm–1; HRMS (MM:ESI-APCI+) m/z calc’d for C28H22F11NO2P [M+H]+: 

644.1207, found 644.1184.  
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(S)-2-(2-(bis(3-fluoro-4-(trifluoromethyl)phenyl)phosphaneyl)-5-  

(trifluoromethyl)phenyl)-4-(tert-butyl)-4,5-dihydrooxazole (L2, Ty-PHOX)  

To an oven-dried 25 mL Schlenk tube was added phosphine oxide 41 and Ph2SiH2 (1.49 

mL, 8.05 mmol, 7.0 equiv). The Schlenk tube was then sealed and heated in a 140 ºC oil 

bath behind a blast shield. After 16 h, the reaction was cooled to 20 ºC and slowly opened 

to a nitrogen atmosphere. The colorless reaction mixture was then loaded directly onto a 

silica gel column (hexanes to 25% CH2Cl2 in hexanes) to provide a white foam (610 mg, 

85% yield); [α]D25 –12.5 (c 1.0, CHCl3); 1H NMR (500 MHz, CDCl3) δ 8.31–8.25 (m, 1H), 

7.67–7.54 (m, 3H), 7.10 (dt, J = 19.3, 7.4 Hz, 2H), 7.03–6.95 (m, 3H), 4.33 (dd, J = 10.1, 

8.7 Hz, 1H), 4.16 (t, J = 8.6 Hz, 1H), 3.99 (dd, J = 10.1, 8.5 Hz, 1H), 0.74 (s, 9H); 19F 

NMR (282 Hz, CDCl3) δ –61.51 (dd, J = 21.1, 12.4 Hz), –63.10, –113.31 – –113.52 (m), 

–113.57 – –113.78 (m); 31P NMR (121 MHz, CDCl3) δ –7.38; 13C NMR (100 MHz, 

CDCl3) δ 161.05 – 160.82 (m), 160.49 (d, J = 4.0 Hz), 158.46 – 158.25 (m), 145.63 (t, J = 

4.2 Hz), 145.46 (d, J = 5.6 Hz), 140.49 (d, J = 28.6 Hz), 134.94, 134.74 – 134.58 (m), 

134.47 – 134.20 (m), 132.38 (d, J = 20.4 Hz), 131.64 (q, J = 33.3 Hz), 129.24 (ddd, J = 

34.0, 22.2, 3.7 Hz), 128.00 – 127.58 (m), 127.33 (dq, J = 12.2, 4.1 Hz), 126.65 (p, J = 3.4 

Hz), 126.43, 124.79, 123.73, 122.44 – 120.79 (m), 119.75 – 118.09 (m), 68.83, 33.59, 

25.60; IR (Neat Film, NaCl) 3071, 2960, 2871, 2138, 1655, 1617, 1570, 1491, 1430, 1403, 

neat
140 ºC, 16 h

P

CF3

N

O

t-Bu

CF3

F

F3C

F

P

CF3

N

O

t-Bu

O

CF3

F

F3C

F

Ph2SiH2
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1323, 1176, 1133, 1083, 1042, 967, 830, 735, 714, 698, 684, 624 cm–1; HRMS (MM:ESI-

APCI+) m/z calc’d for C28H22F11NOP [M+H]+: 628.1258, found 628.1271.  
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2.8.3  DETERMINATION OF ENANTIOMERIC EXCESS 

Table 2.8.3.1 Determination of Enantiomeric Excess of Asymmetric Allylic Alkylation 

Products 

 

entry compound assay conditions tR of major
isomer (min)

tR of minor
isomer (min) % ee

20a

N

O
Et

1
SFC Chiralpak AD-H

10% i-PrOH
isocratic, 2.5 mL/min

6.95 6.41 91

20b

N

O
n-Pentyl

2
SFC Chiralpak AD-H

10% i-PrOH
isocratic, 2.5 mL/min

5.84 4.87 96

20c

N

O
i-Bu

3
SFC Chiralpak AD-H

10% i-PrOH
isocratic, 2.5 mL/min

5.20 4.86 96

20d

N

O
Bn

4
SFC Chiralpak AD-H

10% i-PrOH
isocratic, 2.5 mL/min

18.37 17.49 96

20e

N

O
Bn

5
SFC Chiralpak AD-H

10% i-PrOH
isocratic, 2.5 mL/min

18.37 17.49 96

Me
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entry compound assay conditions tR of major
isomer (min)

tR of minor
isomer (min) % ee

20f

N

O
Et

6
SFC Chiralpak AD-H

15% i-PrOH
isocratic, 2.5 mL/min

5.73 5.09 98

20g

N

O
n-Pentyl

7
SFC Chiralpak AD-H

15% i-PrOH
isocratic, 2.5 mL/min

4.92 4.14 95

20h

N

O
i-Bu

8
SFC Chiralpak AD-H

15% i-PrOH
isocratic, 2.5 mL/min

4.78 4.31 94

20i

N

O
Bn

9
SFC Chiralpak AD-H

15% i-PrOH
isocratic, 2.5 mL/min

7.38 6.60 94

20j

N

O
Bn

10
SFC Chiralpak AD-H

10% i-PrOH
isocratic, 2.5 mL/min

5.07 4.57 96

F

OMe

OMe
OMe

Cl

Br

20k

N

O
Bn

11
SFC Chiralpak AD-H

5% i-PrOH
isocratic, 2.5 mL/min

4.97 4.48 70

CF3

20l

N

O
Bn

12
SFC Chiralpak AD-H

15% i-PrOH
isocratic, 2.5 mL/min

5.92 5.21 98

Me

20m

N

O
Bn

13
SFC Chiralpak AD-H

15% i-PrOH
isocratic, 2.5 mL/min

5.91 5.28 92

Br
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APPENDIX 3 

Spectra Relevant to Chapter 2: 

Pd-Catalyzed Asymmetric Decarboxylative Allylic Alkylation of Fully 

Substituted N-Acyl Indole-Derived Enol Carbonates 
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Figure A3.2 Infrared spectrum (Thin Film, NaCl) of compound 20a. 
 

Figure A3.3 13C NMR (100 MHz, CDCl3) of compound 20a. 
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Figure A3.5 Infrared spectrum (Thin Film, NaCl) of compound 20b. 
 

Figure A3.6 13C NMR (100 MHz, CDCl3) of compound 20b. 
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Figure A3.8 Infrared spectrum (Thin Film, NaCl) of compound 20c. 
 

Figure A3.9 13C NMR (100 MHz, CDCl3) of compound 20c. 
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Figure A3.11 Infrared spectrum (Thin Film, NaCl) of compound 20d. 
 

Figure A3.12 13C NMR (100 MHz, CDCl3) of compound 20d. 
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Figure A3.14 Infrared spectrum (Thin Film, NaCl) of compound 20e. 
 

Figure A3.15 13C NMR (100 MHz, CDCl3) of compound 20e. 
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Figure A3.17 Infrared spectrum (Thin Film, NaCl) of compound 20f. 
 

Figure A3.18 13C NMR (100 MHz, CDCl3) of compound 20f. 
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Figure A3.20 Infrared spectrum (Thin Film, NaCl) of compound 20g. 
 

Figure A3.21 13C NMR (100 MHz, CDCl3) of compound 20g. 
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Figure A3.23 Infrared spectrum (Thin Film, NaCl) of compound 20h. 
 

Figure A3.24 13C NMR (100 MHz, CDCl3) of compound 20h. 
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Figure A3.26 Infrared spectrum (Thin Film, NaCl) of compound 20i. 
 

Figure A3.27 13C NMR (100 MHz, CDCl3) of compound 20i. 
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Figure A3.29 Infrared spectrum (Thin Film, NaCl) of compound 20j. 
 

Figure A3.30 13C NMR (100 MHz, CDCl3) of compound 20j. 
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Figure A3.31 19F NMR (282 MHz, CDCl3) of compound 20j. 
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Figure A3.33 Infrared spectrum (Thin Film, NaCl) of compound 20k. 
 

Figure A3.34 13C NMR (100 MHz, CDCl3) of compound 20k. 
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Figure A3.35 19F NMR (376 MHz, CDCl3) of compound 20k. 
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Figure A3.37 Infrared spectrum (Thin Film, NaCl) of compound 20l. 
 

Figure A3.38 13C NMR (100 MHz, CDCl3) of compound 20l. 
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Figure A3.40 Infrared spectrum (Thin Film, NaCl) of compound 20m. 
 

Figure A3.41 13C NMR (100 MHz, CDCl3) of compound 20m. 
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Figure A3.43 Infrared spectrum (Thin Film, NaCl) of compound 20n. 
 

Figure A3.44 13C NMR (100 MHz, CDCl3) of compound 20n. 
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Figure A3.46 Infrared spectrum (Thin Film, NaCl) of compound 20o. 
 

Figure A3.47 13C NMR (100 MHz, CDCl3) of compound 20o. 
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Figure A3.49 Infrared spectrum (Thin Film, NaCl) of compound 19a. 
 

Figure A3.50 13C NMR (100 MHz, CDCl3) of compound 19a. 
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Figure A3.52 Infrared spectrum (Thin Film, NaCl) of compound 19b. 
 

Figure A3.53 13C NMR (100 MHz, CDCl3) of compound 19b. 
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Figure A3.55 Infrared spectrum (Thin Film, NaCl) of compound 19c. 
 

Figure A3.56 13C NMR (100 MHz, CDCl3) of compound 19c. 
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Figure A3.58 Infrared spectrum (Thin Film, NaCl) of compound 19d. 
 

Figure A3.59 13C NMR (100 MHz, CDCl3) of compound 19d. 
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Figure A3.61 Infrared spectrum (Thin Film, NaCl) of compound 19e. 
 

Figure A3.62 13C NMR (100 MHz, CDCl3) of compound 19e. 
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Figure A3.64 Infrared spectrum (Thin Film, NaCl) of compound 19f. 
 

Figure A3.65 13C NMR (100 MHz, CDCl3) of compound 19f. 
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Figure A3.67 Infrared spectrum (Thin Film, NaCl) of compound 19g. 
 

Figure A3.68 13C NMR (100 MHz, CDCl3) of compound 19g. 
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Figure A3.70 Infrared spectrum (Thin Film, NaCl) of compound 19h. 
 

Figure A3.71 13C NMR (100 MHz, CDCl3) of compound 19h. 
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Figure A3.73 Infrared spectrum (Thin Film, NaCl) of compound 19i. 
 

Figure A3.74 13C NMR (100 MHz, CDCl3) of compound 19i. 
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Figure A3.76 Infrared spectrum (Thin Film, NaCl) of compound 19j. 
 

Figure A3.77 13C NMR (100 MHz, CDCl3) of compound 19j. 
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Figure A3.78 19F NMR (282 MHz, CDCl3) of compound 19j. 
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Figure A3.80 Infrared spectrum (Thin Film, NaCl) of compound 19k. 
 

Figure A3.81 13C NMR (100 MHz, CDCl3) of compound 19k. 
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Figure A3.82 19F NMR (282 MHz, CDCl3) of compound 19k. 
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Figure A3.84 Infrared spectrum (Thin Film, NaCl) of compound 19l. 
 

Figure A3.85 13C NMR (100 MHz, CDCl3) of compound 19l. 
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Figure A3.87 Infrared spectrum (Thin Film, NaCl) of compound 19m. 
 

Figure A3.88 13C NMR (100 MHz, CDCl3) of compound 19m. 
 



Appendix 3 – Spectra Relevant to Chapter 2 192 

�
�

�
�

�
�

�
�

	



�
�

�
�
�

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Fi
gu

re
 A

3.
89

 1 H
 N

M
R 

(5
00

 M
H

z, 
C

D
C

l 3)
 o

f c
om

po
un

d 
19

n.
 

 

19
n

N

O
CO

2a
lly
l

M
e

Et

M
e



Appendix 3 – Spectra Relevant to Chapter 2 193 

���������������������������

���

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure A3.90 Infrared spectrum (Thin Film, NaCl) of compound 19n. 
 

Figure A3.91 13C NMR (100 MHz, CDCl3) of compound 19n. 
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Figure A3.93 Infrared spectrum (Thin Film, NaCl) of compound 19o. 
 

Figure A3.94 13C NMR (100 MHz, CDCl3) of compound 19o. 
 



Appendix 3 – Spectra Relevant to Chapter 2 196 

�
�

�
�

�
�

�
�

	



�
�

�
�
�

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Fi
gu

re
 A

3 .
95

 1 H
 N

M
R 

(5
00

 M
H

z, 
C

D
C

l 3)
 o

f c
om

po
un

d 
25

. 
 

N

O
Et

25



Appendix 3 – Spectra Relevant to Chapter 2 197 

���������������������������

���

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure A3.96 Infrared spectrum (Thin Film, NaCl) of compound 25. 
 

Figure A3.97 13C NMR (100 MHz, CDCl3) of compound 25. 
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Figure A3.99 Infrared spectrum (Thin Film, NaCl) of compound 26. 
 

Figure A3.100 13C NMR (100 MHz, CDCl3) of compound 26. 
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Figure A3.102 Infrared spectrum (Thin Film, NaCl) of compound 27. 
 

Figure A3.103 13C NMR (100 MHz, CDCl3) of compound 27. 
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Figure A3.105 Infrared spectrum (Thin Film, NaCl) of compound 28. 
 

Figure A3.106 13C NMR (100 MHz, CDCl3) of compound 28. 
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Figure A3.108 Infrared spectrum (Thin Film, NaCl) of compound 29. 
 

Figure A3.109 13C NMR (100 MHz, CDCl3) of compound 29. 
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Figure A3.111 Infrared spectrum (Thin Film, NaCl) of compound 30. 
 

Figure A3.112 13C NMR (100 MHz, CDCl3) of compound 30. 
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Figure A3.114 Infrared spectrum (Thin Film, NaCl) of compound 31. 
 

Figure A3.115 13C NMR (100 MHz, CDCl3) of compound 31. 
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Figure A3.117 Infrared spectrum (Thin Film, NaCl) of compound 32. 
 

Figure A3.118 13C NMR (100 MHz, CDCl3) of compound 32. 
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Figure A3.120 Infrared spectrum (Thin Film, NaCl) of compound 33. 
 

Figure A3.121 13C NMR (100 MHz, CDCl3) of compound 33. 
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Figure A3.123 Infrared spectrum (Thin Film, NaCl) of compound 34. 
 

Figure A3.124 13C NMR (100 MHz, CDCl3) of compound 34. 
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Figure A3.125 19F NMR (282 MHz, CDCl3) of compound 34. 
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Figure A3.127 Infrared spectrum (Thin Film, NaCl) of compound 35. 
 

Figure A3.128 13C NMR (100 MHz, CDCl3) of compound 35. 
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Figure A3.129 19F NMR (282 MHz, CDCl3) of compound 35. 
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Figure A3.131 Infrared spectrum (Thin Film, NaCl) of compound 36. 
 

Figure A3.132 13C NMR (100 MHz, CDCl3) of compound 38. 
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Figure A3.134 Infrared spectrum (Thin Film, NaCl) of compound 37. 
 

Figure A3.135 13C NMR (100 MHz, CDCl3) of compound 37. 
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Figure A3.137 Infrared spectrum (Thin Film, NaCl) of compound 38. 
 

Figure A3.138 13C NMR (100 MHz, CDCl3) of compound 38. 
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Figure A3.140 Infrared spectrum (Thin Film, NaCl) of compound 39. 
 

Figure A3.141 13C NMR (100 MHz, CDCl3) of compound 39. 
 



Appendix 3 – Spectra Relevant to Chapter 2 228 

�
�

�
�

�
�

�
�

	



�
�

�
�
�

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Fi
gu

re
 A

3.
14

2 
1 H

 N
M

R 
(3

00
 M

H
z, 

C
D

C
l 3)

 o
f c

om
po

un
d 

21
. 

 

H
O

O
Et 21



Appendix 3 – Spectra Relevant to Chapter 2 229 

���������������������������

���

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure A3.143 Infrared spectrum (Thin Film, NaCl) of compound 21. 
 

Figure A3.144 13C NMR (100 MHz, CDCl3) of compound 21. 
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Figure A3.146 Infrared spectrum (Thin Film, NaCl) of compound 22. 
 

Figure A3.147 13C NMR (100 MHz, CDCl3) of compound 22. 
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Figure A3.149 Infrared spectrum (Thin Film, NaCl) of compound 23. 
 

Figure A3.150 13C NMR (100 MHz, CDCl3) of compound 23. 
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Figure A3.152 Infrared spectrum (Thin Film, NaCl) of compound 24. 
 

Figure A3.153 13C NMR (100 MHz, CDCl3) of compound 24. 
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Figure A3.155 Infrared spectrum (Thin Film, NaCl) of compound 40. 
 

Figure A3.156 13C NMR (100 MHz, CDCl3) of compound 40. 
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Figure A3.158 31P NMR (162 MHz, CDCl3) of compound 40. 
 

Figure A3.157 19F NMR (282 MHz, CDCl3) of compound 40. 
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Figure A3.160 Infrared spectrum (Thin Film, NaCl) of compound 41. 
 

Figure A3.161 13C NMR (100 MHz, CDCl3) of compound 41. 
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Figure A3.163 31P NMR (162 MHz, CDCl3) of compound 41. 
 

Figure A3.162 19F NMR (282 MHz, CDCl3) of compound 41. 
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Figure A3.165 Infrared spectrum (Thin Film, NaCl) of compound L2. 
 

Figure A3.166 13C NMR (100 MHz, CDCl3) of compound L2. 
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Figure A3.168 31P NMR (162 MHz, CDCl3) of compound L2. 
 

Figure A3.167 19F NMR (282 MHz, CDCl3) of compound L2. 
 



Appendix 4 – X-Ray Crystallography Reports Relevant to Chapter 2 245 

 

 

APPENDIX 4 

X-Ray Crystallography Reports Relevant to Chapter 2:  

Pd-Catalyzed Asymmetric Decarboxylative Allylic Alkylation of Fully 

Substituted N-Acyl Indole-Derived Enol Carbonates 

 

A4.1  GENERAL EXPERIMENTAL 
 

X-Ray crystallographic analysis was obtained from the Caltech X-Ray 

Crystallography Facility using a Bruker D8 Venture Kappa Duo Photon 100 CMOS 

Diffractometer.  

A4.2  X-RAY CRYSTAL STRUCTURE ANALYSIS OF ALLYLATION 

PRODUCT 20d (V18448) 

An X-ray quality crystal of allylation product 20d (compound V18448) was grown 

by slow evaporation of a solution in chloroform (approx. 30 mg/600 µL). Low-temperature 

diffraction data (f-and w-scans) were collected on a Bruker AXS D8 VENTURE KAPPA 

diffractometer coupled to a PHOTON II CPAD detector with Cu Ka radiation (l = 1.54178 

Å) from an IμS micro-source for the structure of compound V18448. The structure was 

solved by direct methods using SHELXS1 and refined against F2 on all data by full-matrix 

least squares with SHELXL-20172 using established refinement techniques.3 All non-

hydrogen atoms were refined anisotropically. All hydrogen atoms were included into the 

model at geometrically calculated positions and refined using a riding model. The isotropic 
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displacement parameters of all hydrogen atoms were fixed to 1.2 times the U value of the 

atoms they are linked to (1.5 times for methyl groups). Compound V18448 crystallizes in 

the monoclinic space group P21 with one molecule in the asymmetric unit.  

Figure A4.2.1 X-Ray Coordinate of Allylation Product 20d 

 

Table A4.2.1 Crystal Data and Structure Refinement for 20d (V18448) 

Identification code  v18448 

Empirical formula  C26 H23 N O 

Formula weight  365.45 

Temperature  100(2) K 

Wavelength  1.54178 Å 

Crystal system  Monoclinic 

Space group  P21 

Unit cell dimensions a = 11.2225(10) Å a= 90°. 

 b = 6.4382(6) Å b= 99.6595(18)°. 

 c = 14.0893(13) Å g = 90°. 

Volume 1003.56(16) Å3 

Z 2 

Density (calculated) 1.209 Mg/m3 
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Absorption coefficient 0.564 mm–1 

F(000) 388 

Crystal size 0.500 x 0.500 x 0.300 mm3 

Theta range for data collection 3.182 to 80.104°. 

Index ranges -14<=h<=14, -7<=k<=7, -17<=l<=17 

Reflections collected 34321 

Independent reflections 4134 [R(int) = 0.0282] 

Completeness to theta = 67.679° 99.0 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 1.0000 and 0.8766 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 4134 / 1 / 253 

Goodness-of-fit on F2 1.038 

Final R indices [I>2sigma(I)] R1 = 0.0265, wR2 = 0.0681 

R indices (all data) R1 = 0.0265, wR2 = 0.0682 

Absolute structure parameter 0.05(4) 

Extinction coefficient n/a 

Largest diff. peak and hole 0.201 and -0.133 e.Å–3 
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Table A4.2.2 Atomic coordinates ( x 104) and equivalent  isotropic displacement 

parameters (Å2x 103) for 20d (V18448).  U(eq) is defined as one third of the trace of the 

orthogonalized Uij tensor. 

________________________________________________________________________  

 x y z U(eq) 

________________________________________________________________________ 

O(1) 5786(1) 1813(2) 7273(1) 26(1) 

C(1) 5783(1) 3638(2) 7476(1) 17(1) 

C(2) 4688(1) 5066(2) 7141(1) 15(1) 

C(11) 4200(1) 5966(2) 8006(1) 17(1) 

C(12) 4150(1) 4711(3) 8806(1) 24(1) 

C(13) 3652(2) 5458(3) 9579(1) 35(1) 

C(14) 3193(2) 7449(3) 9561(1) 37(1) 

C(15) 3241(2) 8701(3) 8777(1) 34(1) 

C(16) 3742(1) 7973(2) 8000(1) 24(1) 

C(3) 3683(1) 3670(2) 6559(1) 18(1) 

C(21) 2520(1) 4803(2) 6183(1) 18(1) 

C(22) 1602(1) 4907(3) 6737(1) 24(1) 

C(23) 530(1) 5950(3) 6403(1) 29(1) 

C(24) 351(1) 6888(3) 5504(1) 30(1) 

C(25) 1252(1) 6781(3) 4941(1) 27(1) 

C(26) 2327(1) 5746(2) 5278(1) 21(1) 

C(4) 5090(1) 6761(2) 6474(1) 17(1) 

C(5) 5781(1) 5882(2) 5740(1) 22(1) 

C(6) 6953(2) 6153(3) 5768(1) 29(1) 

N(1) 6826(1) 4548(2) 7998(1) 17(1) 

C(31) 6936(1) 6510(2) 8438(1) 20(1) 

C(32) 8087(1) 6829(3) 8874(1) 23(1) 

C(33) 8774(1) 5024(2) 8712(1) 21(1) 

C(34) 9996(1) 4507(3) 8984(1) 27(1) 

C(35) 10389(1) 2616(3) 8694(1) 31(1) 

C(36) 9598(1) 1254(3) 8132(1) 31(1) 

C(37) 8379(1) 1719(3) 7857(1) 24(1) 

C(38) 7982(1) 3609(2) 8164(1) 18(1) 
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Table A4.2.3   Bond lengths [Å] and angles [°] for 20d (V18448). 

____________________________________________________  

O(1)-C(1)  1.2093(19) 

C(1)-N(1)  1.4021(17) 

C(1)-C(2)  1.5434(18) 

C(2)-C(11)  1.5317(17) 

C(2)-C(4)  1.5553(17) 

C(2)-C(3)  1.5630(18) 

C(11)-C(16)  1.390(2) 

C(11)-C(12)  1.3950(19) 

C(12)-C(13)  1.391(2) 

C(12)-H(12)  0.9500 

C(13)-C(14)  1.380(3) 

C(13)-H(13)  0.9500 

C(14)-C(15)  1.375(3) 

C(14)-H(14)  0.9500 

C(15)-C(16)  1.393(2) 

C(15)-H(15)  0.9500 

C(16)-H(16)  0.9500 

C(3)-C(21)  1.5111(18) 

C(3)-H(3A)  0.9900 

C(3)-H(3B)  0.9900 

C(21)-C(22)  1.3949(19) 

C(21)-C(26)  1.3967(19) 

C(22)-C(23)  1.388(2) 

C(22)-H(22)  0.9500 

C(23)-C(24)  1.387(2) 

C(23)-H(23)  0.9500 

C(24)-C(25)  1.388(2) 

C(24)-H(24)  0.9500 

C(25)-C(26)  1.390(2) 

C(25)-H(25)  0.9500 

C(26)-H(26)  0.9500 

C(4)-C(5)  1.5041(18) 

C(4)-H(4A)  0.9900 

C(4)-H(4B)  0.9900 
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C(5)-C(6)  1.320(2) 

C(5)-H(5)  0.9500 

C(6)-H(6A)  0.9500 

C(6)-H(6B)  0.9500 

N(1)-C(31)  1.4035(18) 

N(1)-C(38)  1.4145(17) 

C(31)-C(32)  1.3505(19) 

C(31)-H(31)  0.9500 

C(32)-C(33)  1.433(2) 

C(32)-H(32)  0.9500 

C(33)-C(34)  1.4006(19) 

C(33)-C(38)  1.410(2) 

C(34)-C(35)  1.380(3) 

C(34)-H(34)  0.9500 

C(35)-C(36)  1.395(3) 

C(35)-H(35)  0.9500 

C(36)-C(37)  1.391(2) 

C(36)-H(36)  0.9500 

C(37)-C(38)  1.390(2) 

C(37)-H(37)  0.9500 

 

O(1)-C(1)-N(1) 119.69(12) 

O(1)-C(1)-C(2) 122.66(12) 

N(1)-C(1)-C(2) 117.58(12) 

C(11)-C(2)-C(1) 110.77(10) 

C(11)-C(2)-C(4) 113.19(11) 

C(1)-C(2)-C(4) 107.86(10) 

C(11)-C(2)-C(3) 108.16(10) 

C(1)-C(2)-C(3) 106.58(11) 

C(4)-C(2)-C(3) 110.09(10) 

C(16)-C(11)-C(12) 118.57(13) 

C(16)-C(11)-C(2) 121.87(12) 

C(12)-C(11)-C(2) 119.46(13) 

C(13)-C(12)-C(11) 120.54(16) 

C(13)-C(12)-H(12) 119.7 

C(11)-C(12)-H(12) 119.7 



Appendix 4 – X-Ray Crystallography Reports Relevant to Chapter 2 251 

C(14)-C(13)-C(12) 120.31(16) 

C(14)-C(13)-H(13) 119.8 

C(12)-C(13)-H(13) 119.8 

C(15)-C(14)-C(13) 119.60(15) 

C(15)-C(14)-H(14) 120.2 

C(13)-C(14)-H(14) 120.2 

C(14)-C(15)-C(16) 120.62(17) 

C(14)-C(15)-H(15) 119.7 

C(16)-C(15)-H(15) 119.7 

C(11)-C(16)-C(15) 120.36(15) 

C(11)-C(16)-H(16) 119.8 

C(15)-C(16)-H(16) 119.8 

C(21)-C(3)-C(2) 114.28(11) 

C(21)-C(3)-H(3A) 108.7 

C(2)-C(3)-H(3A) 108.7 

C(21)-C(3)-H(3B) 108.7 

C(2)-C(3)-H(3B) 108.7 

H(3A)-C(3)-H(3B) 107.6 

C(22)-C(21)-C(26) 118.29(13) 

C(22)-C(21)-C(3) 120.20(12) 

C(26)-C(21)-C(3) 121.50(12) 

C(23)-C(22)-C(21) 120.85(14) 

C(23)-C(22)-H(22) 119.6 

C(21)-C(22)-H(22) 119.6 

C(24)-C(23)-C(22) 120.35(14) 

C(24)-C(23)-H(23) 119.8 

C(22)-C(23)-H(23) 119.8 

C(23)-C(24)-C(25) 119.44(14) 

C(23)-C(24)-H(24) 120.3 

C(25)-C(24)-H(24) 120.3 

C(24)-C(25)-C(26) 120.22(14) 

C(24)-C(25)-H(25) 119.9 

C(26)-C(25)-H(25) 119.9 

C(25)-C(26)-C(21) 120.85(13) 

C(25)-C(26)-H(26) 119.6 

C(21)-C(26)-H(26) 119.6 
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C(5)-C(4)-C(2) 112.72(12) 

C(5)-C(4)-H(4A) 109.0 

C(2)-C(4)-H(4A) 109.0 

C(5)-C(4)-H(4B) 109.0 

C(2)-C(4)-H(4B) 109.0 

H(4A)-C(4)-H(4B) 107.8 

C(6)-C(5)-C(4) 123.74(14) 

C(6)-C(5)-H(5) 118.1 

C(4)-C(5)-H(5) 118.1 

C(5)-C(6)-H(6A) 120.0 

C(5)-C(6)-H(6B) 120.0 

H(6A)-C(6)-H(6B) 120.0 

C(1)-N(1)-C(31) 127.69(12) 

C(1)-N(1)-C(38) 124.72(12) 

C(31)-N(1)-C(38) 107.59(11) 

C(32)-C(31)-N(1) 110.11(13) 

C(32)-C(31)-H(31) 124.9 

N(1)-C(31)-H(31) 124.9 

C(31)-C(32)-C(33) 107.67(13) 

C(31)-C(32)-H(32) 126.2 

C(33)-C(32)-H(32) 126.2 

C(34)-C(33)-C(38) 119.61(15) 

C(34)-C(33)-C(32) 132.62(15) 

C(38)-C(33)-C(32) 107.76(12) 

C(35)-C(34)-C(33) 118.44(15) 

C(35)-C(34)-H(34) 120.8 

C(33)-C(34)-H(34) 120.8 

C(34)-C(35)-C(36) 121.20(14) 

C(34)-C(35)-H(35) 119.4 

C(36)-C(35)-H(35) 119.4 

C(37)-C(36)-C(35) 121.68(16) 

C(37)-C(36)-H(36) 119.2 

C(35)-C(36)-H(36) 119.2 

C(38)-C(37)-C(36) 116.98(15) 

C(38)-C(37)-H(37) 121.5 

C(36)-C(37)-H(37) 121.5 
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C(37)-C(38)-C(33) 122.06(13) 

C(37)-C(38)-N(1) 131.03(13) 

C(33)-C(38)-N(1) 106.87(12) 

_____________________________________________________________  
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Table A4.2.4   Anisotropic displacement parameters (Å2x 103) for V18448.  The 

anisotropic displacement factor exponent takes the form:  -2p2[ h2 a*2U11 + ...  + 2 h k 

a* b* U12] 

________________________________________________________________________  

 U11 U22  U33 U23 U13 U12 

________________________________________________________________________  

O(1) 23(1)  15(1) 39(1)  -3(1) -1(1)  2(1) 

C(1) 18(1)  16(1) 18(1)  1(1) 3(1)  -1(1) 

C(2) 16(1)  14(1) 16(1)  0(1) 2(1)  1(1) 

C(11) 14(1)  20(1) 16(1)  -2(1) 2(1)  -3(1) 

C(12) 21(1)  31(1) 21(1)  4(1) 3(1)  -2(1) 

C(13) 27(1)  59(1) 19(1)  1(1) 6(1)  -9(1) 

C(14) 26(1)  60(1) 27(1)  -19(1) 13(1)  -9(1) 

C(15) 28(1)  34(1) 43(1)  -17(1) 15(1)  -2(1) 

C(16) 24(1)  23(1) 28(1)  -4(1) 8(1)  0(1) 

C(3) 18(1)  17(1) 20(1)  -1(1) 1(1)  -1(1) 

C(21) 16(1)  15(1) 22(1)  -2(1) 1(1)  -2(1) 

C(22) 20(1)  28(1) 24(1)  -2(1) 2(1)  -5(1) 

C(23) 18(1)  32(1) 37(1)  -7(1) 7(1)  -2(1) 

C(24) 17(1)  25(1) 46(1)  -1(1) -2(1)  2(1) 

C(25) 23(1)  23(1) 32(1)  6(1) -3(1)  -2(1) 

C(26) 18(1)  22(1) 24(1)  0(1) 1(1)  -3(1) 

C(4) 18(1)  16(1) 17(1)  2(1) 3(1)  0(1) 

C(5) 28(1)  22(1) 19(1)  1(1) 7(1)  0(1) 

C(6) 30(1)  33(1) 28(1)  8(1) 13(1)  7(1) 

N(1) 16(1)  15(1) 19(1)  1(1) 2(1)  1(1) 

C(31) 20(1)  18(1) 20(1)  -2(1) 1(1)  0(1) 

C(32) 22(1)  24(1) 21(1)  -1(1) 0(1)  -3(1) 

C(33) 19(1)  27(1) 17(1)  4(1) 3(1)  -2(1) 

C(34) 17(1)  40(1) 24(1)  6(1) 1(1)  0(1) 

C(35) 17(1)  44(1) 31(1)  10(1) 5(1)  7(1) 

C(36) 26(1)  33(1) 34(1)  7(1) 10(1)  11(1) 

C(37) 23(1)  24(1) 27(1)  3(1) 6(1)  4(1) 

C(38) 15(1)  22(1) 17(1)  6(1) 4(1)  1(1) 
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Table A4.2.5 Hydrogen coordinates ( x 104) and isotropic  displacement parameters (Å2x 

103) for 20d (V18448). 
________________________________________________________________________

______ x  y  z  U(eq) 

________________________________________________________________________

______  

  

H(12) 4458 3335 8822 29 

H(13) 3627 4594 10122 42 

H(14) 2846 7953 10087 45 

H(15) 2929 10074 8765 41 

H(16) 3771 8853 7463 29 

H(3A) 3999 3053 6008 22 

H(3B) 3503 2516 6978 22 

H(22) 1710 4257 7351 29 

H(23) -83 6021 6792 34 

H(24) -384 7599 5275 36 

H(25) 1134 7416 4324 32 

H(26) 2939 5680 4887 26 

H(4A) 4365 7493 6137 20 

H(4B) 5602 7793 6874 20 

H(5) 5351 5085 5227 27 

H(6A) 7407 6943 6273 35 

H(6B) 7341 5559 5284 35 

H(31) 6293 7474 8431 24 

H(32) 8389 8032 9225 27 

H(34) 10541 5436 9358 33 

H(35) 11213 2235 8880 37 

H(36) 9901 -24 7933 37 

H(37) 7842 786 7476 29 
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CHAPTER 3 

Pd-Catalyzed Decarboxylative Dehydrogenation of  

Fully Substituted N-acyl Indole-Derived Enol Carbonates †  

 

3.1  INTRODUCTION 

Our lab has recently become interested in developing palladium-catalyzed 

asymmetric allylic alkylation reactions of acyclic stereodefined fully substituted enol 

carbonates to generate acyclic quaternary stereogenic centers. In our initial efforts, we 

reported the application of a highly E-selective enolization1 of acyclic a-aryl ketones to 

generate stereodefined, fully substituted acyclic ketone enol carbonates which were 

employed in a highly enantioselective Pd-catalyzed allylic alkylation to generate all carbon 

quaternary centers.2 We then extended this methodology to the synthesis of acyclic a-

quaternary carboxylic acid derivatives with N-acyl indole-derived enol carbonates as ester 

enolate equivalents (Scheme 3.1.1).3 During the optimization of this transformation, we 

determined that electron-poor PHOX ligand (S)-Ty-PHOX (L2) (Scheme 3.1.1.B) 

provided enhanced enantioselectivity compared with our standard (S)-(CF3)3-t-BuPHOX 

ligand (L3) (Scheme 3.1.1A). Seeking to further enhance the enantioselectivity of this 

reaction, we also examined electron-poor PHOX ligand (S)-F13-t-BuPHOX (L3). We were 

surprised to find that, while the desired allylic allylation product 20a was generated in 94% 
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ee, an unexpected a,b-dehydrogenation product (42a) was isolated in 15% yield (Scheme 

3.1.1C).  Interestingly, dehydrogenation product 42a was favored as the major product in 

79% yield when a starting mixture of 71:29 mixture of Z/E-enol carbonate 19a was used 

(Scheme 3.1.1D).  

This unusual change in reactivity with (S)-F13-t-BuPHOX (L3) prompted further 

investigation, especially given the limited methods available to access synthetically 

valuable a,b-unsaturated carboxylic acid derivatives such as 42a. Numerous distinct 

strategies have been developed to access a,b-unsaturated carbonyl and carboxylic acid 

motifs including selenium,4 sulfur,5 hypervalent iodine,6 and quinone7 based 

transformations, as well as palladium catalyzed dehydrogenations.8 One-step allyl-

palladium catalyzed dehydrogenations have recently been developed by Newhouse, with 

pioneering studies from Tsuji,9 as an effective method to generate  a,b-unsaturated 

carbonyls,10 carboxylic acids,11 and carboxylic acid derivatives.12 There are, however, 

limited examples employing acyclic systems bearing a-substitution, especially in high E/Z-

selectivity. Moreover, to the best of our knowledge, this is the first example of an electron 

deficient PHOX ligand promoting dehydrogenation reactivity with an allyl-palladium 

species. This new reactivity is complementary to the available methodology for the 

generation of a,b-unsaturated compounds.  
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Scheme 3.1.1 Discovery of a Ligand-Controlled a,b-Dehydrogenation. 

 

3.2  INVESTIGATION OF THE a,b-DEHYDROGENATION PROCESS 

While E-selective enolization1 and O-acylation provides reliable access to 20a with 

>98:2 E/Z-selectivity, there are no reported methods for achieving comparable Z-

selectivity (Scheme 3.2.1). Thus, enolization of N-acyl indole 25 with KHMDS in THF 

provided moderate Z-selectivity to enable our studies. Initially, we were interested in 

developing an achiral ligand to perform this transformation, however, we were surprised 

to find that analogous F13-glyPHOX ligand (L4) did not catalyze this transformation, even 
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(S)-Ty-PHOX (1.2 mol %)

3:1 hexanes/toluene (0.10 M)
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at elevated temperatures (Scheme 3.2.2). It should also be noted that utilizing (R)-L3 in 

this transformation with a 75:25 Z/E mixture of 19a provides identical yield and selectivity 

compared with (S)-L3.  

Scheme 3.2.1 E- and Z-Selective Enolizations of N-Acyl Indole 25. 

 

Scheme 3.2.2 Investigation of an Achiral PHOX Ligand. 

 

Subsequent studies aimed to identify conditions which could affect 

dehydrogenation from both enol carbonate geometries. Other solvents commonly 

employed in Pd-catalyzed dehydrogenation reactions were examined but provided no 

improvement over the 3:1 hexanes/toluene solvent system (Table 2, entries 1–6). When 

toluene or MTBE were used as solvents, full conversion of 19a is observed, albeit with 

lower selectivity for dehydrogenation product 42a over alkylation product 2 compared with 

3:1 hexanes/toluene (entries 2 and 3). In THF, the reaction slows and 65% of the 75:25 

Z/E-enol carbonate mixture was recovered after 24 h (entry 4). Polar, aprotic solvents such 

as DMF and MeCN utilized in the allyl-palladium catalyzed dehydrogenation by Tsuji9 

N

O
Ph

Et

Me2NEt (2.0 equiv)
LHMDS (2.0 equiv)
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then 
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lead to no conversion with high recovery of the enol carbonate in identical Z/E-enrichment 

(entries 5 and 6). Newhouse and co-workers demonstrated ZnCl2 can affect 

transmetallation to generate a zinc enolate which exhibits attenuated nucleophilicity and 

disfavors enolate allylation in allyl-palladium catalyzed dehydrogenation reactions.10–12 In 

our reaction, incorporation of stoichiometric ZnCl2 impeded both allylation and 

dehydrogenation reactions with 92% recovery of the enol carbonate mixture (entry 7). 

Heating the reaction with ZnCl2 additive to 60 ºC also failed to promote any appreciable 

level of conversion (entry 8). Importantly, when ZnCl2 is used as an additive with a >98:2 

E/Z mixture of enol carbonates, trace conversion to the allylation product is observed, albeit 

only after prolonged heating (>24 h) at 60 ºC (entry 9). This result further exemplifies the 

importance of enolate geometry in this transformation. We also examined N-acyl indole 

derived enol carbonate 19a under Tsuji’s original decarboxylative dehydrogenation 

conditions and found no dehydrogenation occurred (Scheme 3.2.3).9a Instead, a mixture of 

decarboxylative allylation, protonation and recovered enol carbonate 19a were obtained.  
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Table 3.2.1 Investigation of Reaction Parameters.a 

 
Scheme 3.2.3 Examination of Tsuji’s Decarboxylative Dehydrogenation. 

 

3.3  SCOPE OF THE a,b-DEHYDROGENATION PROCESS 

Bereft of reaction conditions favoring dehydogenation for both enolate geometries, 

we examined the reaction scope with pure Z-enol carbonates to simplify reaction analysis 

and product purification. A variety of N-acyl indoles were enolized using Z-selective 

conditions (vide supra) and trapped as the corresponding allyl enol carbonates. The 

geometrically pure Z-enol carbonates could be isolated by preparative chromatography and 

subjected to our standard reaction conditions (Table 3.2.1). Pleasingly, a range of alkyl and 

aryl group substitutions were well tolerated under the reaction conditions and  a,b-

N
Et

Ph

Pd(OAc)2 (5 mol %)
dppe (5 mol %)

MeCN (reflux), DMF (100 ºC) 
or 1,4-dioxane (reflux)

N

O
Ph

OCO2allyl

19a
>98:2 E/Z 20a

X

Me

not observed

N
Ph

Et

Pd(OAc)2 (5 mol %)
dppe (5 mol %)

MeCN (reflux), DMF (100 ºC) 
or 1,4-dioxane (reflux)

N

O
Ph

OCO2allyl

19a
75:25 Z/E 20a

X

Me

not observed

Me

entry solvent additive result

1 3:1 hexanes/toluene none 80% yield 42a (10:1 E/Z), 18% yield 20a

2 none 70% yield 42a (10:1 E/Z), 26% yield 20a

3 none 71% yield 42a (10:1 E/Z), 28% yield 20a

4b none 65% recovery of 19a (75:25 Z/E)

N
Ph

Et

additive
Pd2(dba)3 (0.5 mol %)

(S)-F13-t-BuPHOX (1.2 mol %)
solvent (0.10 M)

25 ºC, 24 h

N

O
Ph

OCO2allyl

N

O

Ph
+

42a 20a

5 none 94% recovery of 19a (75:25 Z/E)

6 none 92% recovery of 19a (75:25 Z/E)

toluene

MTBE

7 3:1 hexanes/toluene ZnCl2 (6.0 equiv) 92% recovery of 19a (75:25 Z/E)

DMF

MeCN

Et

8c 3:1 hexanes/toluene ZnCl2 (6.0 equiv) 94% recovery of 19a (75:25 Z/E)

THF

19a

ligand

L3

L3

L3

L3

L3

L3

L3

L3

E/Z ratio of 19a

25:75

25:75

25:75

25:75

25:75

25:75

25:75

25:75

9c 3:1 hexanes/toluene 94% recovery of 19a (75:25 Z/E)L3>98:2 ZnCl2 (6.0 equiv)

[a] All reactions performed on a 0.200 mmol scale. All yields are of isolated products. E/Z ratios were 
determined by 1H NMR integration. [b] Reaction did not go to completion. [c] Reaction performed at 60 ºC. 
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unsaturated products were obtained in high yield and excellent E-selectivity. With pure Z-

enol carbonate 1, product 42a was obtained in >99% yield with 10:1 E/Z-selectivity.  

Unsubstituted compound 42b was obtained in 84% yield despite the increased potential to 

undergo competitive intermolecular conjugate addition during the reaction.  Longer alkyl 

chains were well tolerated with n-butyl product 42c isolated in 97% yield with 15:1 E/Z-

selectivity.  Sterically encumbered i-propyl product 42d was also well tolerated with >98:2 

E- selectivity, albeit in a diminished 77% yield. Product 42e bearing 1,2- diphenyl 

substitution could be obtained in 75% yield and 6:1 E/Z-selectivity. A variety of aryl groups 

were also compatible with the dehydrogenation reaction. Notably, ortho-substituted 

product 42f was obtained in an excellent 91% yield with 10:1 E/Z-selectivity. Electron-rich 

4-methoxy phenyl product 42g was isolated in an excellent 94% yield with 18:1 E/Z-

selectivity.  Finally, products with electron poor 4-fluoro (42h) and 4-chloro (42i) aryl 

groups were also obtained in high yields (89% and 79% yield, respectively) and excellent 

E-selectivity (12:1 and 8:1 E/Z, respectively).  
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Table 3.3.1 Scope of the Catalytic Decarboxylative Dehydrogenation.a 

 

While we were pleased with the scope of a,b-unsaturated N-acyl indoles afforded 

by the Pd-catalyzed decarboxylative dehydrogenation, we ultimately desired to extend this 

methodology toward accessing a broader range of a,b-unsaturated carbonyl compounds. 

In these initial efforts, we determined this reaction was unsuccessful with other substrates 

commonly utilized in Pd-catalyzed asymmetric decarboxylative allylic alkylation in our 

laboratory (Figure 3.3.1). Cyclic allyl enol carbonate 4 and b-ketoesters 5–7 failed to 

convert to either allylation or dehydrogenation products with these reaction conditions. 

Even with the analogous acyclic phenyl ketone derived allyl enol carbonate 8 (75:25 Z/E) 

no conversion was observed. Future efforts will be directed toward investigation of the 

dehydrogenation reaction with substrate classes unsuccessful in this unique system toward 

N
Ar

R

Pd2(dba)3 (0.5 mol %)
(S)-F13-t-BuPHOX (1.2 mol %)

3:1 hexanes/toluene (0.10 M)
 25 ºC, 16 h

N

O
Ar

OCO2allyl

R

N

O

Me

>98:2 Z/E

42a
>99% yield, 10:1 E/Z

N

O

42b
84% yield

N

O

42c
97% yield, 15:1 E/Z

n-Bu

N

O

i-Pr

42d
77% yield, >20:1 E/Z

N

O

42e
75% yield, 6:1 E/Z

N

O

42f
91% yield, 10:1 E/Z

Me

N

O

Me

42g
94% yield, 19:1 E/Z

N

O

42h
89% yield, 12:1 E/Z

N

O

42i
79% yield, 8:1 E/Z

Me

Ph

OMe F Cl

Me

Me

[a] All reactions performed on a 0.200 mmol scale. Yields of isolated products. 
Product E/Z ratios were measured by 1H NMR integration. 
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a more general transformation and understanding the nature of the ligand promoted 

dehydrogenation. 

Figure 3.3.1 Unsuccessful Substrates for the Catalytic Decarboxylative Dehydrogenation. 

 

We posit a plausible catalytic cycle for this transformation can proceed as shown 

in Figure 3.3.2 wherein the allyl group of the enol carbonate ultimately serves as a hydride 

acceptor. A ligated Pd0 species can undergo oxidative addition to allyl enol carbonate 19a, 

generating palladium carboxylate 48. Subsequent decarboxylation can form allyl palladium 

complex 49 and enolate 50 which can form carbon-bound palladium enolate 51. At this 

stage, b-hydride elimination can occur to furnish product 42a and palladium hydride 52. 

Finally, reductive elimination of 13 regenerates the Pd0 species and generates propene as a 

by-product. 

  

Me
Me

OCO2allyl
Me

O

O

O
Me

OCO2allyl
Ph

Et

47 (75:25 Z/E)

O

NHBoc
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Figure 3.3.2 Plausible Catalytic Cycle. 

 

3.4  CONCLUSION 

In summary, we have developed the allyl-palladium catalyzed decarboxylative 

dehydrogenation reaction of fully substituted N-acyl indole derived allyl enol carbonates 

promoted by a newly developed electron deficient PHOX ligand.  The reaction was general 

with respect to N-acyl indole derived allyl enol carbonates and occurs only with F13-t-

BuPHOX (L3) ligand. Other substrate classes typically utilized in decarboxylative allylic 

alkylation in our laboratory were unreactive under these conditions.  Future efforts will be 

directed toward probing the nature of this unusual resolution of enolate geometries and 

expand this methodology into a more general transformation for a,b-dehydrogenation. 

Ultimately, this methodology provides new precedent for ligand-controlled selectivity of 

dehydrogenation over allylic alkylation with allyl-palladium catalysis. 
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3.5  EXPERIMENTAL SECTION 

3.5.1  MATERIALS AND METHODS 

Unless otherwise noted, reactions were performed in flame-dried glassware under an 

Ar or N2 atmosphere using dry, deoxygenated solvents. Solvents were dried by passage 

through an activated alumina column under Ar.13 Reaction progress was monitored by thin-

layer chromatography (TLC) or Agilent 1290 UHPLC-MS. TLC was performed using E. 

Merck silica gel 60 F254 precoated glass plates (0.25 mm) and visualized by UV 

fluorescence quenching, p-anisaldehyde, or KMnO4 staining. Silicycle SiliaFlash® P60 

Academic Silica gel (particle size 40–63 µm) was used for flash chromatography. 1H NMR 

spectra were recorded on Varian Inova 500 MHz and Bruker 400 MHz spectrometers and 

are reported relative to residual CHCl3 (d 7.26 ppm) 13C NMR spectra were recorded on a 

Varian Inova 500 MHz spectrometer (125 MHz) and Bruker 400 MHz spectrometers (100 

MHz) and are reported relative to CHCl3 (d 77.16 ppm). Data for 1H NMR are reported as 

follows: chemical shift (d ppm) (multiplicity, coupling constant (Hz), integration). 

Multiplicities are reported as follows: s = singlet, d = doublet, t = triplet, q = quartet, p = 

pentent, sept = septuplet, m = multiplet, br s =broad singlet, br d = broad doublet, app = 

apparent. Data for 13C NMR reported in terms of chemical shifts (d ppm). IR spectra were 

obtained by the use of a Perkin Elmer Spectrum BXII spectrometer or Nicolet 6700 FTIR 

spectrometer using thin films deposited on NaCl plates and reported in frequency of 

absorption (cm–1). Optical rotations were measured with a Jasco P-2000 polarimeter 

operating on the sodium D-line (589 nm), using a 100 mm path-length cell and reported as 

[a]DT (concentration in 10 mg/1 mL, solvent). Analytical SFC was performed with a Mettler 
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SFC supercritical CO2 analytical chromatography system utilizing Chiralpak (AD-H, AS-H, 

or IC) or Chiracel (OD-H, OJ-H, or OB-H) columns (4.6 mm x 25 cm) obtained from Daicel 

Chemical Industries, Ltd. High resolution mass spectra (HRMS) were obtained from Agilent 

6200 Series TOF with an Agilent G1978A Multimode source in electrospray ionization 

(ESI+), atmospheric pressure chemical ionization (APCI+), or mixed ionization more (MM: 

ESI-APCI+), or obtained from the Caltech mass spectrometry laboratory. 

3.5.2 EXPERIMENTAL PROCEDURES 

3.5.2.1 General Procedure for the Pd-Catalyzed Decarboxylative 

Dehydrogenation Reactions 

 

In a nitrogen-filled glovebox, a solution of Pd2(dba)3 (1.8 mg/mL) and (S)-F13-t-

BuPHOX (2.8 mg/mL) in toluene was stirred for 30 min at 25 °C, then 0.5 mL of the 

resulting catalyst solution was added to a one dram vial containing allyl enol carbonate 

substrate (0.2 mmol) dissolved in hexanes (1.5 mL).  The vial was sealed with a Teflon-

lined cap, removed from the glovebox, and stirred at 25 °C for 16 h unless noted otherwise.  

The crude reaction mixture was concentrated then purified by silica gel flash 

chromatography to provide the desired dehydrogenation product. 

  

N

O
Ar

R

O

O Pd2(dba)3 (0.5 mol %)
(S)-F13-t-BuPHOX (1.2 mol %)
3:1 hexanes/toluene (0.10 M)

 25 ºC, 16 h

N

O
Ar

R

CF3

N(C6F5)2P

t-Bu

(S)-F13-t-BuPHOX (L3)
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(E)-1-(1H-indol-1-yl)-2-phenylbut-2-en-1-one (42a) 

Purified by column chromatography (5% Et2O in hexanes) to provide a colorless oil (52.1 

mg, 0.199 mmol, >99% yield, 10:1 E/Z); 1H NMR (400 MHz, CDCl3) δ 8.47 (dq, J = 8.3, 

0.9 Hz, 1H), 7.54 (dq, J = 7.6, 0.8 Hz, 1H), 7.43–7.27 (m, 8H), 6.50 (dd, J = 3.8, 0.7 Hz, 

1H), 6.46 (q, J = 7.2 Hz, 1H), 1.99 (d, J = 7.1 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 

169.2, 138.0, 136.0, 134.9, 134.6, 130.8, 129.1, 128.8, 128.2, 127.2, 125.6, 125.0, 123.9, 

120.9, 116.7, 108.5, 15.3; IR (Neat Film, NaCl) 3054, 2918, 2854, 1682, 1585, 1535, 1495, 

1472, 1451, 1385, 1359, 1331, 1240, 1204, 1158, 1144, 1079, 1016, 946, 881, 815, 752, 

703 cm–1; HRMS (MM:ESI-APCI+) m/z calc’d for C18H16NO [M+H]+: 262.1226, found 

262.1222. 

  

N

O

Me
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1-(1H-indol-1-yl)-2-phenylprop-2-en-1-one (42b) 

Purified by column chromatography (5% Et2O in hexanes) to provide a colorless oil (41.4 

mg, 0.167 mmol, 84% yield);1H NMR (400 MHz, CDCl3) δ 8.57–8.54 (m, 1H), 7.57 (dt, J 

= 7.7, 1.0 Hz, 1H), 7.51–7.45 (m, 2H), 7.43–7.28 (m, 6H), 6.54 (d, J = 3.7 Hz, 1H), 6.08 

(s, 1H), 5.70 (s, 1H); 13C NMR (100 MHz, CDCl3) δ 168.7, 144.5, 135.7, 135.4, 131.0, 

129.2, 129.2, 127.1, 126.2, 125.3, 124.3, 121.0, 118.6, 116.8, 109.3; IR (Neat Film, NaCl) 

3055, 2926, 1692, 1535, 1496, 1471, 1450, 1378, 1348, 1293, 1205, 1156, 1072, 1016, 

931, 880, 752, 696 cm–1; HRMS (MM:ESI-APCI+) m/z calc’d for C17H14NO [M+H]+: 

248.1070, found 248.1063. 

  

N

O
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(E)-1-(1H-indol-1-yl)-2-phenylhept-2-en-1-one (42c) 

Purified by column chromatography (3% Et2O in hexanes) to provide a colorless oil (58.9 

mg, 0.194 mmol, 97% yield, 14:1 E/Z); 1H NMR (400 MHz, CDCl3) δ 8.47 (d, J = 8.3 Hz, 

1H), 7.54 (dd, J = 7.5, 0.9 Hz, 1H), 7.42 – 7.26 (m, 7H), 6.57–6.48 (m, 2H), 6.33 (t, J = 

7.5 Hz, 1H), 2.36 (q, J = 7.5 Hz, 2H), 1.50 (tt, J = 8.2, 6.9 Hz, 2H), 1.37 (dq, J = 14.4, 7.2 

Hz, 2H), 0.89 (t, J = 7.3 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 169.2, 140.2, 136.8, 

136.0, 135.2, 130.8, 129.0, 128.8, 128.2, 127.2, 125.0, 123.9, 120.9, 116.7, 108.5, 31.5, 

28.9, 22.6, 14.0; IR (Neat Film, NaCl) 3053, 2957, 2928, 2858, 1688, 1636, 1600, 1585, 

1534, 1494, 1472, 1450, 1379, 1333, 1205, 1157, 1143, 1113, 1078, 1016, 938, 882, 816, 

769, 752, 702 cm–1; HRMS (MM:ESI-APCI+) m/z calc’d for C21H22NO [M+H]+: 

304.1696, found 304.1688. 

  

N

O

n-Bu
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(E)-1-(1H-indol-1-yl)-4-methyl-2-phenylpent-2-en-1-one (42d) 

Purified by column chromatography (3% Et2O in hexanes) to provide a colorless oil (44.3 

mg, 0.153 mmol, 77% yield, >20:1 E/Z); 1H NMR (400 MHz, CDCl3) δ 8.46 (dd, J = 8.3, 

1.0 Hz, 1H), 7.55 (ddd, J = 7.7, 1.3, 0.7 Hz, 1H), 7.42–7.27 (m, 8H), 6.54 (d, J = 3.8 Hz, 

1H), 6.10 (d, J = 10.5 Hz, 1H), 2.80 (dhept, J = 10.5, 6.6 Hz, 1H), 1.11 (d, J = 6.6 Hz, 6H); 

13C NMR (100 MHz, CDCl3) δ 169.2, 146.6, 136.0, 135.3, 134.5, 130.9, 128.9, 128.8, 

128.8, 127.2, 125.0, 123.9, 120.9, 116.7, 108.5, 28.3, 22.7; IR (Neat Film, NaCl) 3054, 

2962, 2868, 1687, 1534, 1494, 1450, 1377, 1334, 1238, 1201, 1112, 1078, 1017, 882, 795, 

769, 752, 698 cm–1; HRMS (MM:ESI-APCI+) m/z calc’d for C20H20NO [M+H]+: 

290.1539, found 290.1528. 

  

N

O
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(E)-1-(1H-indol-1-yl)-2,3-diphenylprop-2-en-1-one (42e) 

Purified by column chromatography (5% Et2O in hexanes) to provide a colorless oil (48.3 

mg, 0.149 mmol, 75% yield, 6:1 E/Z); 1H NMR (400 MHz, CDCl3) δ 8.67 (d, J = 8.2 Hz, 

1H), 7.70 (dd, J = 11.3, 7.5 Hz, 2H), 7.65 (d, J = 3.8 Hz, 1H), 7.59–7.44 (m, 7H), 7.44–

7.30 (m, 5H), 6.71 (d, J = 3.8 Hz, 1H); 13C NMR (100 MHz, CDCl3) δ 169.2, 136.4, 136.1, 

135.3, 134.6, 130.9, 130.0, 129.3, 129.2, 128.9, 128.7, 128.5, 127.1, 126.0, 125.1, 124.1, 

121.0, 116.8, 108.9.; IR (Neat Film, NaCl) 3053, 3026, 2923, 1684, 1535, 1492, 1472, 

1450, 1381, 1333, 1235, 1206, 1155, 1141, 1112, 1077, 1016, 908, 882, 862, 753, 721, 694 

cm–1; HRMS (MM:ESI-APCI+) m/z calc’d for C23H18NO [M+H]+: 324.1383, found 

324.1380. 

  

N

O

Ph
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(E)-1-(1H-indol-1-yl)-2-(o-tolyl)but-2-en-1-one (42f) 

Purified by column chromatography (3% Et2O in hexanes) to provide a colorless oil (50.1 

mg, 0.182 mmol, 91% yield, 12:1 E/Z); 1H NMR (400 MHz, CDCl3) δ 8.40 (d, J = 8.2 Hz, 

1H), 7.46 (dd, J = 7.7, 1.1 Hz, 1H), 7.31–7.26 (m, 1H), 7.25 (d, J = 3.8 Hz, 1H), 7.22–7.16 

(m, 3H), 7.12 (d, J = 7.9 Hz, 2H), 6.42 (d, J = 3.8 Hz, 1H), 6.35 (q, J = 7.2 Hz, 1H), 2.28 

(s, 3H), 1.91 (d, J = 7.2 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 169.4, 138.0, 137.9, 135.9, 

134.0, 131.9, 130.8, 129.7, 129.5, 128.9, 127.2, 125.5, 124.9, 123.9, 120.8, 116.7, 108.4, 

21.4, 15.3; IR (Neat Film, NaCl) 3027, 2919, 2856, 1688, 1533, 1513, 1472, 1450, 1384, 

1329, 1239, 1206, 1157, 1143, 1113, 1080, 1017, 946, 882, 828, 770, 753, 723 cm–1; 

HRMS (MM:ESI-APCI+) m/z calc’d for C19H18NO [M+H]+: 276.1383, found 276.1375. 
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(E)-1-(1H-indol-1-yl)-2-(4-methoxyphenyl)but-2-en-1-one (42g) 

Purified by column chromatography (8% Et2O in hexanes) to provide a colorless oil (55.0 

mg, 0.189 mmol, 94% yield, 19:1 E/Z); 1H NMR (400 MHz, CDCl3) δ 8.48 (d, J = 8.3 Hz, 

1H), 7.54 (d, J = 7.7 Hz, 1H), 7.41–7.24 (m, 5H), 6.96–6.87 (m, 2H), 6.50 (d, J = 3.8 Hz, 

1H), 6.40 (q, J = 7.1 Hz, 1H), 3.81 (s, 3H), 1.99 (d, J = 7.1 Hz, 3H).;13C NMR (100 MHz, 

CDCl3) δ 169.6, 159.4, 137.6, 135.9, 133.6, 130.8, 130.3, 127.3, 127.2, 124.9, 123.9, 120.8, 

116.7, 114.2, 108.4, 55.4, 15.3; IR (Neat Film, NaCl) 2934, 2361, 1684, 1607, 1511, 1450, 

1328, 1292, 1250, 1202, 1178, 1110, 1079, 1032, 948, 881, 838, 815, 770, 753 cm–1; 

HRMS (MM:ESI-APCI+) m/z calc’d for C19H18NO2 [M+H]+: 292.1332, found 292.1340. 
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 (E)-2-(4-fluorophenyl)-1-(1H-indol-1-yl)but-2-en-1-one (42h) 

Purified by column chromatography (5% Et2O in hexanes) to provide a colorless oil (49.8 

mg, 0.178 mmol, 89% yield, 13:1 E/Z); 1H NMR (400 MHz, CDCl3) δ 8.45 (d, J = 8.2 Hz, 

1H), 7.55 (dt, J = 7.7, 0.9 Hz, 1H), 7.40–7.32 (m, 4H), 7.32–7.26 (m, 1H), 7.13–7.06 (m, 

2H), 6.53 (d, J = 3.8 Hz, 1H), 6.45 (q, J = 7.1 Hz, 1H), 1.96 (d, J = 7.1 Hz, 3H); 13C NMR 

(100 MHz, CDCl3) δ 169.0, 162.45 (d, JC–F = 248.2 Hz), 136.9, 135.9, 134.9, 130.9, 130.8, 

127.0, 125.1, 124.0, 120.9, 116.6, 116.0, 115.7, 108.7, 15.2; 19F NMR (282 MHz, CDCl3) 

δ –113.18 (dtq, J = 10.8, 5.3, 2.3 Hz). IR (Neat Film, NaCl) 3051, 2917, 1685, 1602, 1534, 

1509, 1472, 1450, 1385, 1331, 1224, 1202, 1160, 1101, 1080, 1016, 948, 881, 842, 786, 

770, 754 cm–1; HRMS (MM:ESI-APCI+) m/z calc’d for C18H15FNO [M+H]+: 280.1132, 

found 280.1137.  
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(E)-2-(4-chlorophenyl)-1-(1H-indol-1-yl)but-2-en-1-one (42i) 

Purified by column chromatography (5% Et2O in hexanes) to provide a colorless oil (46.7 

mg, 0.158 mmol, 79% yield, 8:1 E/Z); 1H NMR (400 MHz, CDCl3) δ 8.45 (d, J = 8.1 Hz, 

1H), 7.59–7.51 (m, 1H), 7.40–7.26 (m, 7H), 6.53 (d, J = 3.7 Hz, 1H), 6.46 (q, J = 7.2 Hz, 

1H), 1.97 (d, J = 7.1 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 168.7, 136.9, 135.9, 135.3, 

134.2, 133.2, 130.4, 129.2, 129.0, 127.0, 125.1, 124.1, 120.9, 116.6, 108.8, 15.3; IR (Neat 

Film, NaCl) 3051, 2916, 1688, 1534, 1491, 1472, 1451, 1384, 1330, 1204, 1143, 1089, 

1016, 947, 881, 838, 802, 770, 754 cm–1; HRMS (MM:ESI-APCI+) m/z calc’d for 

C18H15ClNO [M+H]+: 296.0837, found 296.0835. 
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3.5.2.2 General Procedure for the Z-Selective Enolization of N-Acyl Indole 

Substrates 

 

To a flame-dried flask was added KHMDS (2.0 equiv) followed by THF (0.20 M) and the 

resulting mixture stirred at 0 °C for 5 min. A solution of N-acyl indole (1.0 equiv) in THF 

(0.50 M) was then added dropwise, and the reaction stirred at 0 °C for 10 min then at 20 

ºC for 3 h.  The flask was then submerged in a room temperature water bath, and allyl 

chloroformate (2.0 equiv) was added neat, and the reaction continued until no starting 

material remained by TLC (typically less than 30 min).  The crude reaction mixture was 

diluted with Et2O (5 mL) and quenched with water.  The layers were separated, and the 

aqueous layer was extracted with Et2O (2 x 10 mL).  The combined organic layers were 

dried over Na2SO4 and concentrated. The (Z)-enol carbonates were purified by preparative 

LC on a Teledyne Isco ACCQPrep HP125; column: C–18, 100 Å, 5 µm, ID 20 mm, 

gradient 50 to 100% MeCN/H2O (0.25% AcOH). 
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(Z)-1-(1H-indol-1-yl)-2-phenylbut-1-en-1-yl allyl carbonate ((Z)-19a) 

Isolated as a viscous, colorless oil (168.2 mg, 0.484 mmol, 48% yield); 1H NMR (400 

MHz, CDCl3) δ 7.63 (d, J = 0.9 Hz, 1H), 7.57–7.53 (m, 1H), 7.46–7.38 (m, 4H), 7.34 (dd, 

J = 8.5, 2.9 Hz, 2H), 7.31–7.27 (m, 1H), 7.19 (t, J = 7.5 Hz, 1H), 6.62 (d, J = 3.2 Hz, 1H), 

5.68 (ddt, J = 17.1, 10.6, 5.6 Hz, 1H), 5.18–5.02 (m, 2H), 4.43 (dt, J = 5.6, 1.4 Hz, 2H), 

2.20 (q, J = 7.5 Hz, 2H), 0.85 (t, J = 7.5 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 152.9, 

136.7, 136.2, 133.7, 132.6, 130.8, 128.8, 128.5, 128.5, 128.1, 127.9, 122.9, 121.0, 118.8, 

111.1, 104.0, 69.0, 25.4, 12.7; IR (Neat Film, NaCl) 3054, 2972, 2356, 1761, 1684, 1518, 

1456, 1331, 1296, 1241, 1211, 1140, 1117, 1038, 961, 824, 765, 744, 702 cm–1; HRMS 

(MM:ESI-APCI+) m/z calc’d for C22H22NO3 [M+H]+: 348.1594, found 348.1586. 
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(Z)-1-(1H-indol-1-yl)-2-phenylprop-1-en-1-yl allyl carbonate (53) 

Isolated as a viscous, colorless oil (145.4 mg, 0.436 mmol, 44% yield); 1H NMR (400 

MHz, CDCl3) δ 7.65 (dt, J = 7.8, 0.8 Hz, 1H), 7.56–7.48 (m, 1H), 7.51–7.43 (m, 2H), 7.46–

7.36 (m, 2H), 7.40–7.30 (m, 2H), 7.29 (ddd, J = 8.2, 7.0, 1.2 Hz, 1H), 7.24–7.15 (m, 1H), 

6.64 (d, J = 3.1 Hz, 1H), 5.80–5.57 (m, 1H), 5.20–5.04 (m, 2H), 4.46 (dt, J = 5.6, 1.4 Hz, 

2H), 1.88 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 152.8, 137.8, 136.4, 134.1, 130.8, 128.6, 

128.4, 128.2, 128.0, 127.7, 125.5, 122.9, 121.0, 121.0, 118.9, 111.3, 104.3, 69.1, 18.8; IR 

(Neat Film, NaCl) 3055, 1763, 1684, 1518, 1474, 1456, 1328, 1295, 1278, 1242, 1213, 

1141, 1118, 1078, 1027, 950, 764, 744, 700 cm–1; HRMS (MM:ESI-APCI+) m/z calc’d for 

C21H20NO3 [M+H]+: 334.1438, found 334.1447. 
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(Z)-1-(1H-indol-1-yl)-2-phenylhept-1-en-1-yl allyl carbonate (54) 

Isolated as a viscous, colorless oil (152.7 mg, 0.436 mmol, 44% yield); 1H NMR (400 

MHz, CDCl3) δ 7.64 (dt, J = 7.8, 0.7 Hz, 1H), 7.54 (dq, J = 8.1, 0.7 Hz, 1H), 7.40 (d, J = 

3.5 Hz, 4H), 7.34 (p, J = 4.0 Hz, 2H), 7.30–7.25 (m, 1H), 7.19 (ddd, J = 8.0, 7.3, 1.1 Hz, 

1H), 6.62 (d, J = 3.2 Hz, 1H), 5.68 (ddt, J = 17.2, 10.7, 5.6 Hz, 1H), 5.20–4.98 (m, 2H), 

4.43 (dt, J = 5.6, 1.5 Hz, 2H), 2.26–2.08 (m, 2H), 1.21 (ddt, J = 12.6, 8.9, 4.6 Hz, 2H), 

1.14–0.97 (m, 4H), 0.78–0.63 (m, 3H); 13C NMR (100 MHz, CDCl3) δ 152.9, 136.7, 136.5, 

134.1, 131.5, 130.9, 129.0, 128.5, 128.5, 128.1, 127.9, 122.8, 121.0, 118.9, 111.2, 104.0, 

69.0, 32.0, 31.3, 27.3, 22.3, 13.9; IR (Neat Film, NaCl) 3055, 2955, 2928, 1762, 1682, 

1518, 1456, 1326, 1296, 1242, 1212, 1140, 1120, 988, 952, 765, 743, 718, 699 cm–1; 

HRMS (MM:ESI-APCI+) m/z calc’d for C25H28NO3 [M+H]+: 390.2064, found 390.2060. 
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(Z)-1-(1H-indol-1-yl)-4-methyl-2-phenylpent-1-en-1-yl allyl carbonate (55) 

Isolated as a viscous, colorless oil (137.2 mg, 0.365 mmol, 37% yield); 1H NMR (400 

MHz, CDCl3) δ 7.64 (d, J = 7.8 Hz, 1H), 7.53 (d, J = 8.1 Hz, 1H), 7.45–7.38 (m, 4H), 7.38–

7.31 (m, 2H), 7.31–7.26 (m, 1H), 7.19 (t, J = 7.5 Hz, 1H), 6.62 (d, J = 3.3 Hz, 1H), 5.78–

5.47 (m, 1H), 5.18–4.97 (m, 2H), 4.42 (dt, J = 5.5, 1.3 Hz, 2H), 2.08 (d, J = 7.3 Hz, 2H), 

1.42 (dh, J = 13.7, 6.8 Hz, 1H), 0.73 (d, J = 6.6 Hz, 6H); 13C NMR (100 MHz, CDCl3) δ 

152.8, 135.9, 135.8, 135.7, 135.6, 130.9, 130.2, 129.7, 129.0, 128.9, 128.4, 127.6, 125.5, 

122.5, 120.8, 120.7, 119.6, 111.4, 103.4, 69.5, 25.5, 19.7, 12.1; IR (Neat Film, NaCl) 3057, 

3030, 2956, 1766, 1682, 1611, 1518, 1456, 1384, 1366, 1347, 1326, 1296, 1278, 1244, 

1210, 1140, 1117, 1066, 971, 946, 888, 766, 743, 718, 700 cm–1; HRMS (MM:ESI-APCI+) 

m/z calc’d for C24H26NO3 [M+H]+: 376.1907, found 376.1910. 
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(Z)-1-(1H-indol-1-yl)-2,3-diphenylprop-1-en-1-yl allyl carbonate (56) 

Isolated as a viscous, colorless oil (129.2 mg, 0.316 mmol, 32% yield); 1H NMR (400 

MHz, CDCl3) δ 7.64 (dt, J = 7.8, 1.0 Hz, 1H), 7.63–7.55 (m, 1H), 7.38 (d, J = 3.4 Hz, 1H), 

7.33–7.27 (m, 6H), 7.21 (ddd, J = 8.1, 7.1, 1.1 Hz, 1H), 7.16–7.08 (m, 3H), 6.95–6.87 (m, 

2H), 6.67–6.53 (m, 1H), 5.68 (ddt, J = 17.3, 10.6, 5.6 Hz, 1H), 5.17–5.02 (m, 2H), 4.45 

(dt, J = 5.6, 1.4 Hz, 2H), 3.55 (s, 2H); 13C NMR (100 MHz, CDCl3) δ 152.8, 137.6, 136.7, 

136.2, 135.4, 130.8, 129.6, 128.8, 128.6, 128.4, 128.4, 128.0, 126.4, 123.0, 121.2, 121.1, 

119.0, 111.2, 104.4, 69.1, 38.3; IR (Neat Film, NaCl) 3060, 3027, 1763, 1683, 1518, 1494, 

1474, 1456, 1328, 1294, 1278, 1242, 1214, 1139, 1113, 1068, 987, 939, 766, 744, 712, 700 

cm–1; HRMS (MM:ESI-APCI+) m/z calc’d for C27H24NO3 [M+H]+: 410.1751, found 

410.1732. 
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(Z)-1-(1H-indol-1-yl)-2-(o-tolyl)but-1-en-1-yl allyl carbonate (57) 

Isolated as a viscous, colorless oil (117.4 mg, 0.324 mmol, 32% yield); 1H NMR (400 

MHz, CDCl3) δ 7.56 (dq, J = 8.1, 0.7 Hz, 1H), 7.51–7.44 (m, 1H), 7.22 (ddd, J = 8.2, 7.0, 

1.2 Hz, 1H), 7.14–7.08 (m, 1H), 7.08–6.97 (m, 4H), 6.85 (d, J = 3.3 Hz, 1H), 6.27 (d, J = 

3.3 Hz, 1H), 5.90 (ddt, J = 17.3, 10.4, 5.8 Hz, 1H), 5.42–5.13 (m, 2H), 4.69–4.57 (m, 2H), 

2.60 (ddt, J = 59.4, 13.8, 6.9 Hz, 2H), 2.17 (s, 3H), 1.09 (t, J = 7.5 Hz, 3H); 13C NMR (100 

MHz, CDCl3) δ 152.8, 136.8, 136.5, 134.6, 131.1, 130.9, 129.1, 128.5, 128.5, 128.4, 128.2 

(overlapping), 127.9, 122.8, 121.0, 118.8, 111.3, 104.0, 69.0, 40.8, 25.9, 22.3; IR (Neat 

Film, NaCl) 2934, 2361, 1684, 1607, 1511, 1450, 1328, 1292, 1250, 1202, 1178, 1110, 

1079, 1032, 948, 881, 838, 815, 770, 753 cm–1; HRMS (MM:ESI-APCI+) m/z calc’d for 

C23H24NO3 [M+H]+: 362.1751, found 362.1749. 
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(Z)-1-(1H-indol-1-yl)-2-(4-methoxyphenyl)but-1-en-1-yl allyl carbonate (58) 

Isolated as a viscous, colorless oil (168.6 mg, 0.447 mmol, 45% yield); 1H NMR (400 

MHz, CDCl3) δ 7.63 (dt, J = 7.8, 1.0 Hz, 1H), 7.55–7.51 (m, 1H), 7.37–7.30 (m, 3H), 7.30–

7.24 (m, 1H), 7.21–7.14 (m, 1H), 6.98–6.91 (m, 2H), 6.61 (dd, J = 3.3, 1.0 Hz, 1H), 5.82–

5.57 (m, 1H), 5.21–5.02 (m, 2H), 4.45 (dt, J = 5.6, 1.4 Hz, 2H), 3.85 (s, 3H), 2.17 (q, J = 

7.5 Hz, 2H), 0.84 (t, J = 7.5 Hz, 3H);13C NMR (100 MHz, CDCl3) δ 159.3, 152.9, 136.7, 

133.5, 132.2, 130.9, 129.4, 128.9, 128.4, 128.3, 122.8, 121.0, 120.9, 118.9, 113.9, 111.2, 

103.9, 69.0, 55.3, 25.4, 12.9; IR (Neat Film, NaCl) 2972, 1765, 1687, 1519, 1456, 1333, 

1259, 1238, 1210, 1144, 1115, 1088, 1039, 969, 945, 763, 743 cm–1; HRMS (MM:ESI-

APCI+) m/z calc’d for C23H24NO4 [M+H]+: 378.1700, found 378.1713. 

  

N

O

Et

O

O
OMe



Chapter 3 – Pd-Catalyzed Decarboxylative Dehydrogenation of Fully Substituted N-

Acyl Indole-Derived Enol Carbonates 

 

 

286 

 

(Z)-allyl (2-(4-fluorophenyl)-1-(1H-indol-1-yl)but-1-en-1-yl) carbonate (59) 

Isolated as a viscous, colorless oil (225.1 mg, 0.616 mmol, 31% yield); 1H NMR (400 MHz, 

CDCl3) δ 7.66 (dt, J = 7.8, 1.0 Hz, 1H), 7.55 (ddd, J = 8.2, 1.7, 0.6 Hz, 1H), 7.44–7.37 (m, 

2H), 7.34 (d, J = 3.3 Hz, 1H), 7.33–7.29 (m, 1H), 7.22 (ddd, J = 8.0, 7.1, 1.1 Hz, 1H), 7.17–

7.10 (m, 2H), 6.65 (dd, J = 3.2, 0.8 Hz, 1H), 5.72 (ddt, J = 17.2, 10.5, 5.7 Hz, 1H), 5.24–

5.08 (m, 2H), 4.46 (dt, J = 5.7, 1.4 Hz, 2H), 2.21 (q, J = 7.5 Hz, 2H), 0.86 (t, J = 7.5 Hz, 

3H); 13C NMR (100 MHz, CDCl3) δ 162.41 (d, JC–F = 246.9 Hz), 152.8, 136.7, 134.1, 132.1 

(d, JC–F = 3.5 Hz), 131.6, 130.8, 130.0 (d, JC–F = 8.2 Hz), 128.7, 128.5, 122.9, 121.0, 119.1, 

115.7, 115.5, 111.1, 104.2, 69.1, 25.5, 12.7;19F NMR (282 MHz, CDCl3) δ –113.98 – –

114.11 (m);.IR (Neat Film, NaCl) 3052, 2973, 1763, 1685, 1604, 1510, 1456, 1331, 1296, 

1242, 1211, 1160, 1140, 1117, 1066, 1037, 1012, 960, 846, 767, 745 cm–1; HRMS 

(MM:ESI-APCI+) m/z calc’d for C22H21FNO3 [M+H]+: 366.1500, found 366.1496.  
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(Z)-allyl (2-(4-chlorophenyl)-1-(1H-indol-1-yl)but-1-en-1-yl) carbonate (60) 

Isolated as a viscous, colorless oil (126.6 mg, 0.364 mmol, 36% yield); 1H NMR (400 

MHz, CDCl3) δ 7.65 (dt, J = 7.8, 0.9 Hz, 1H), 7.57–7.50 (m, 1H), 7.43–7.34 (m, 4H), 7.32 

(d, J = 3.3 Hz, 1H), 7.34–7.25 (m, 1H), 7.20 (td, J = 7.5, 7.1, 1.0 Hz, 1H), 6.64 (d, J = 3.2 

Hz, 1H), 5.71 (ddt, J = 17.1, 10.5, 5.7 Hz, 1H), 5.21–5.08 (m, 2H), 4.45 (dt, J = 5.7, 1.5 

Hz, 2H), 2.20 (q, J = 7.5 Hz, 2H), 0.85 (t, J = 7.5 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 

152.7, 136.6, 134.7, 134.2, 133.9, 131.3, 130.7, 129.6, 128.8, 128.7, 128.5, 123.0, 121.1, 

121.1, 119.2, 111.1, 104.3, 69.2, 25.3, 12.7; IR (Neat Film, NaCl) 2972, 1762, 1681, 1491, 

1474, 1455, 1241, 1209, 1140, 1111, 1014, 960, 816, 765, 744 cm–1; HRMS (MM:ESI-

APCI+) m/z calc’d for C22H21ClNO3 [M+H]+: 382.1204, found 382.1189. 
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3.5.2.3 Ligand Synthesis 

 

2-(2-bromo-5-(trifluoromethyl)phenyl)-4,5-dihydrooxazole (61) 

To a 500 mL round bottomed flask charged with a magnetic stirring bar and 

ethanolamine (1.35 mL, 22.31 mmol, 1.20 equiv) was added CH2Cl2 (62 mL).  To the 

mixture was added a solution of Na2CO3 (5.91 g, 55.77 mmol, 3.0 equiv) in water (46 mL).  

The biphasic mixture was vigorously stirred at 20 ºC. To the mixture was added 2-bromo-

5-(trifluoromethyl)benzoyl chloride14 (5.34 g, 18.59 mmol, 1.00 equiv) dropwise over 10 

min.  The reaction mixture was vigorously stirred at 20 ºC for 14 h.  The layers were 

separated, and the aqueous layer was extracted with CH2Cl2 (4 x 50 mL).  The combined 

organic layers were washed with brine (15 mL), dried over sodium sulfate, and 

concentrated to afford an amorphous white solid which was used in the next step without 

further purification.   

 To a 250 mL round bottomed flask charged with a stir bar and a reflux condenser 

was added the crude alcohol prepared above.  To the flask was added CH2Cl2 (120 mL) 

and Et3N (7.3 mL, 52.2 mmol, 2.8 equiv). The flask was cooled in a 0 ºC ice/water bath for 

10 min, then MsCl (2.02 mL, 26.1 mmol, 1.4 equiv) was added dropwise over 2 min.  The 

reaction was stirred at 0 ºC for 20 min then heated in an oil bath at 40 ºC for 8 h. The flask 

was then cooled to 20 ºC and the reaction mixture diluted with CH2Cl2 (50 mL) and 

transferred to a separatory funnel.  The organic layer was washed with water (2 x 50 mL) 

and brine (50 mL), then dried over Na2SO4, filtered, and concentrated to an orange oil. 

NBr

O

CF3

OBr

CF3

Cl

1. Na2CO3 (3.0 equiv)
    ethanolamine (1.2 equiv)
    1.3:1 CH2Cl2/H2O (0.17 M)
    20 ºC, 14 h

2. MsCl (1.4 equiv) 
    Et3N (2.8 equiv) 
    CH2Cl2 (0.16 M)
    0 to 40 ºC, 12 h
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Purification by column chromatography (15 to 25% EtOAc/hexanes) provided the product 

as a colorless oil (3.1182 g, 10.6 mmol, 57% yield); 1H NMR (400 MHz, CDCl3) δ 8.01 

(d, J = 2.3 Hz, 1H), 7.80 (d, J = 8.3 Hz, 1H), 7.53 (dd, J = 8.4, 2.2 Hz, 1H), 4.49 (t, J = 9.6 

Hz, 2H), 4.15 (t, J = 9.6 Hz, 2H); 13C NMR (100 MHz, CDCl3) δ 162.7 (d, J = 3.7 Hz), 

134.8, 130.5, 130.0 (q, JC–F = 35.3, 33.6 Hz), 128.3 (d, JC–F = 37.9 Hz), 126.0, 123.7 (q, 

JC–F = 272.4 Hz), 68.0, 55.6; 19F NMR (282 MHz, CDCl3) δ –62.93; IR (Neat Film, NaCl) 

2977, 1652, 1609, 1580, 1474, 1426, 1403, 1337, 1312, 1263, 1242, 1173, 1133, 1077, 

1027, 976, 947, 908, 831, 736, 712 cm–1; HRMS (MM:ESI-APCI+) m/z calc’d for 

C10H8BrF3NO [M+H]+: 293.9736, found 293.9740. 
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2-(2-(bis(perfluorophenyl)phosphaneyl)-5-(trifluoromethyl)phenyl)-4,5-

dihydrooxazole (F13-glyPHOX, L4)  

To a 100 mL Schlenk tube charged with a stir bar was added SI9 (320.5 mg, 1.09 mmol, 

1.0 equiv) and Et2O (22 mL).  The resulting solution was cooled to –78 ºC in an acetone/dry 

ice bath for 30 min, then a 1.26 M solution of sec-BuLi in hexanes (1.04 mL, 1.31 mmol, 

1.2 equiv) was added dropwise over 5 min.  The resulting dark red solution was stirred for 

30 min at –78 ºC, then TMEDA (200  µL, 1.32 mmol, 1.21 equiv) was added. After stirring 

for 15 min at –78 ºC, a solution of PCl(C6F5)215 (530.0 mg, 1.32 mmol, 1.21 equiv) in Et2O 

(11 mL) was added dropwise, resulting in an immediate color change to light red. After 1 

h at –78 ºC, the reaction mixture was warmed to 0 ºC and quenched with water (10 mL). 

The mixture was transferred to a separatory funnel and diluted with 5 mL brine before 

being separated. The aqueous layer was then extracted with Et2O (2 x 10 mL) and the 

combined organic layers dried over Na2SO4, filtered, and concentrated to yield a yellow 

oil. Purification by column chromatography (3% Et2O/hexanes) provided F13-glyPHOX as 

an amorphous white solid (128.7 mg, 0.222 mmol, 20% yield); 1H NMR (400 MHz, 

CDCl3) δ 8.24 (dd, J = 4.6, 1.9 Hz, 1H), 7.65 (dt, J = 8.4, 1.1 Hz, 1H), 7.36 (dd, J = 8.4, 

3.1 Hz, 1H), 4.45 (t, J = 9.6 Hz, 2H), 3.96 (t, J = 9.5 Hz, 2H); 13C NMR (100 MHz, CDCl3) 

δ 162.7 (d, J = 5.7 Hz), 149.5–145.9 (m), 144.2–140.8 (m), 139.2–136.0 (m), 137.4 (d, J = 

28.6 Hz), 133.1, 131.9 (q, J = 33.6 Hz), 131.6 (d, J = 21.7 Hz), 127.1 (d, J = 4.0 Hz), 126.4 

(d, J = 4.1 Hz), 123.5 (q, J = 272.6 Hz), 111.5 – 109.3 (m), 68.2, 55.0; 19F NMR (282 MHz, 

CF3

(C6F5)2P N
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sec-BuLi (1.2 equiv)
Et2O, –78 ºC, 30 min; 
TMEDA (1.21 equiv)

–78 ºC, 15 min;
PCl(C6F5)2 (1.21 equiv)

Et2O, –78 ºC
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CDCl3) δ –62.09 – –65.06 (m), –128.89 – –130.15 (m), –149.89 (tt, J = 20.8, 3.8 Hz), –

160.33 (tt, J = 20.8, 5.8 Hz); 31P NMR (162 MHz, CDCl3) δ –55.11 (p, J = 36.4 Hz); IR 

(Neat Film, NaCl) 1656, 1517, 1475, 1366, 1338, 1318, 1289, 1252, 1179, 1134, 1083, 

1041, 977, 949 cm–1; HRMS (MM:ESI-APCI+) m/z calc’d for C22H8F13NOP [M+H]+: 

580.0130, found 580.0138. 
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(S)-2-(2-(bis(perfluorophenyl)phosphaneyl)-5-(trifluoromethyl)phenyl)-4-(tert-

butyl)-4,5-dihydrooxazole ((S)-F13-glyPHOX, L3)  

To a 100 mL Schlenk tube charged with a stir bar was added (S)-2-(2-bromo-5-

(trifluoromethyl)phenyl)-4-(tert-butyl)-4,5-dihydrooxazole16 (289.2 mg, 0.826 mmol, 1.0 

equiv) and Et2O (16.5 mL).  The resulting solution was cooled to –78 ºC in an acetone/dry 

ice bath for 30 min, then a 1.26 M solution of sec-BuLi in hexanes (794 µL, 1.00 mmol, 

1.2 equiv) was added dropwise over 5 min.  The resulting dark red solution was stirred for 

30 min at –78 ºC, then TMEDA (150  µL, 1.00 mmol, 1.2 equiv) was added. After stirring 

for 15 min at –78 ºC, a solution of PCl(C6F5)215 (400.0 mg, 1.00 mmol, 1.2 equiv) in Et2O 

(8.3 mL) was added dropwise, resulting in an immediate color change to light red. After 1 

h at –78 ºC, the reaction mixture was warmed to 0 ºC and quenched with water (10 mL). 

The mixture was transferred to a separatory funnel and diluted with 5 mL brine before 

being separated. The aqueous layer was then extracted with Et2O (2 x 10 mL) and the 

combined organic layers dried over Na2SO4, filtered, and concentrated to yield a yellow 

oil. Purification by column chromatography (10% CH2Cl2/hexanes); [α]D25 –107.5 (c 1.0, 

CHCl3); 1H NMR (400 MHz, CDCl3) δ 8.25 (dd, J = 4.6, 1.9 Hz, 1H), 7.68 – 7.60 (m, 1H), 

7.31 (dd, J = 8.2, 3.0 Hz, 1H), 4.39 (dd, J = 10.2, 8.7 Hz, 1H), 4.22 (t, J = 8.7 Hz, 1H), 

3.95 (dd, J = 10.1, 8.7 Hz, 1H), 0.77 (s, 9H); 13C NMR (100 MHz, CDCl3) δ 161.5 (d, J = 

5.4 Hz), 149.5 – 145.5 (m), 144.5 – 140.2 (m), 139.7 – 135.4 (m), 137.3 (d, J = 28.9 Hz), 

133.0, 132.5 – 131.3 (m), 131.9, 127.1 (q, J = 3.6 Hz), 126.4 (q, J = 4.1 Hz), 123.6 (q, J = 

CF3

(C6F5)2P N

O

CF3

Br N

O

sec-BuLi (1.2 equiv)
Et2O, –78 ºC, 30 min; 
TMEDA (1.21 equiv)

–78 ºC, 15 min;
PCl(C6F5)2 (1.21 equiv)

Et2O, –78 ºC
t-Bu t-Bu
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272.6 Hz), 111.95 – 110.41 (m),  69.44, 33.63, 25.63; 19F NMR (282 MHz, CDCl3) δ –61.9 

– –64.6 (m), –127.5 – –132.1 (m), –150.3 (dtt, J = 213.8, 20.6, 3.8 Hz), –158.50 – –162.90 

(m); 31P NMR (162 MHz, CDCl3) δ –55.79 (p, J = 38.0 Hz); IR (Neat Film, NaCl) 2962, 

1654, 1517, 1473, 1362, 1327, 1306, 1287, 1179, 1135, 1085, 978, 834 cm–1; HRMS 

(MM:ESI-APCI+) m/z calc’d for C26H16F13NOP [M+H]+: 636.0756, found 636.0750. 
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Figure A5.2 Infrared spectrum (Thin Film, NaCl) of compound 42a. 
 

 Figure A5.3 13C NMR (100 MHz, CDCl3) of compound 42a. 
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Figure A5.5 Infrared spectrum (Thin Film, NaCl) of compound 42b. 
 

 

 Figure A5.6 13C NMR (100 MHz, CDCl3) of compound 42b. 
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Figure A5.8 Infrared spectrum (Thin Film, NaCl) of compound 42c. 
 

Figure A5.9 13C NMR (100 MHz, CDCl3) of compound 42c. 
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Figure A5.11 Infrared spectrum (Thin Film, NaCl) of compound 42d. 
 

Figure A5.12 13C NMR (100 MHz, CDCl3) of compound 42d. 
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Figure A5.14 Infrared spectrum (Thin Film, NaCl) of compound 42e. 
 

Figure A5.15 13C NMR (100 MHz, CDCl3) of compound 42e. 
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Figure A5.17 Infrared spectrum (Thin Film, NaCl) of compound 42f. 
 

Figure A5.18 13C NMR (100 MHz, CDCl3) of compound 42f. 
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Figure A5.20 Infrared spectrum (Thin Film, NaCl) of compound 42g. 
 

 Figure A5.21 13C NMR (100 MHz, CDCl3) of compound 42g. 
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Figure A5.23 Infrared spectrum (Thin Film, NaCl) of compound 42h. 
 

Figure A5.24 13C NMR (100 MHz, CDCl3) of compound 42h. 
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Figure A5.25 19F NMR (282 MHz, CDCl3) of compound 42h. 
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Figure A5.27 Infrared spectrum (Thin Film, NaCl) of compound 42i. 
 

Figure A5.28 13C NMR (100 MHz, CDCl3) of compound 42i. 
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Figure A5.30 Infrared spectrum (Thin Film, NaCl) of compound (Z)-19a. 
 

 Figure A5.31 13C NMR (100 MHz, CDCl3) of compound (Z)-19a. 
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Figure A5.33 Infrared spectrum (Thin Film, NaCl) of compound 53. 
 

Figure A5.34 13C NMR (100 MHz, CDCl3) of compound 53. 
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Figure A5.36 Infrared spectrum (Thin Film, NaCl) of compound 54. 
 

Figure A5.37 13C NMR (100 MHz, CDCl3) of compound 54. 
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Figure A5.39 Infrared spectrum (Thin Film, NaCl) of compound 55. 
 

Figure A5.40 13C NMR (100 MHz, CDCl3) of compound 55. 
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Figure A5.42 Infrared spectrum (Thin Film, NaCl) of compound 56. 
 

 Figure A5.42 13C NMR (100 MHz, CDCl3) of compound 56. 
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Figure A5.44 Infrared spectrum (Thin Film, NaCl) of compound 57. 
 

Figure A5.45 13C NMR (100 MHz, CDCl3) of compound 57. 
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Figure A5.47 Infrared spectrum (Thin Film, NaCl) of compound 58. 
 

Figure A5.48 13C NMR (100 MHz, CDCl3) of compound 58. 
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Figure A5.50 Infrared spectrum (Thin Film, NaCl) of compound 59. 
 

Figure A5.51 13C NMR (100 MHz, CDCl3) of compound 59. 
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Figure A5.52 19F NMR (282 MHz, CDCl3) of compound 59. 
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Figure A5.54 Infrared spectrum (Thin Film, NaCl) of compound 60. 
 

Figure A5.55 13C NMR (100 MHz, CDCl3) of compound 60. 
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Figure A5.57 Infrared spectrum (Thin Film, NaCl) of compound 61. 
 

Figure A5.58 13C NMR (100 MHz, CDCl3) of compound 61. 
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Figure A5.59 19F NMR (282 MHz, CDCl3) of compound 61. 
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Figure A5.61 Infrared spectrum (Thin Film, NaCl) of compound L4. 
 

 Figure A5.62 13C NMR (100 MHz, CDCl3) of compound L4. 
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Figure A5.64 31P NMR (162 MHz, CDCl3) of compound L4. 
 

Figure A5.63 19F NMR (282 MHz, CDCl3) of compound L4. 
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Figure A5.66 Infrared spectrum (Thin Film, NaCl) of compound L3. 
 

Figure A5.67 13C NMR (100 MHz, CDCl3) of compound L3. 
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Figure A5.69 31P NMR (162 MHz, CDCl3) of compound L3. 
 

Figure A5.68 19F NMR (282 MHz, CDCl3) of compound L3. 
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CHAPTER 4 

  Global Diastereoconvergence in the Ireland–Claisen 

Rearrangement of Isomeric Enolates:  

Synthesis of Tetrasubstituted a-Amino Acids †  

 

4.1  INTRODUCTION 

For over forty years, the Ireland–Claisen rearrangement has been a mainstay for the 

construction of a diversity of carbon–carbon bonds in organic synthesis.1 The ubiquity of 

the Ireland–Claisen rearrangement can be attributed to the relative ease of accessing the 

requisite allylic ester and the robust and predictable stereochemical outcome of the 

rearrangement. Consequently, the Ireland–Claisen rearrangement has been an 

indispensable tool for the construction of sterically encumbered vicinal stereogenic centers.  

Despite the utility of the Ireland–Claisen rearrangement, one longstanding challenge is the 

implementation of fully substituted acyclic allyl ester enolates derived from a,a-

disubstituted esters. This is presumably a consequence of the difficulty in controlling the 

enolate geometry in tetrasubstituted ester-derived systems. The Ireland–Claisen 

rearrangement typically proceeds through a predictable and well-defined chair-like 

transition state, thus, E- and Z-enolate geometries lead to diastereomeric products, 

necessitating a highly selective enolization protocol for efficient diastereoselection.  
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Few examples of fully substituted, acyclic enolates in highly diastereoselective 

Ireland–Claisen rearrangements have been reported to date.2 Zakarian and coworkers 

established the first effective protocol for the selective enolization of chiral a,a-

disubstituted esters utilizing chiral Koga-type3 bases to impart E/Z enolization selectivity 

(Figure 4.1.1A).4 Although this protocol enables the selective generation of either E- or Z-

tetrasubstituted ester enolates under mild conditions to access both diastereomeric series 

of rearrangement products, the utilization of allylic esters with highly enantioenriched or 

enantiopure a-stereocenters is required and each substrate requires optimization of the 

chiral base. Crimmins and coworkers utilized a chiral auxiliary approach to prepare chiral, 

non-racemic a-methyl-b-hydroxy allylic esters toward the synthesis of briarane natural 

products (Scheme 4.1.1B).5 In this approach, enolization selectivity is imparted by 

chelation and steric approach control to provide Ireland–Claisen rearrangement products 

with generally excellent diastereoselectivity.  

More recently, Zakarian and coworkers investigated the diastereodivergent 

Ireland–Claisen rearrangement of tetrasubstituted a-alkoxy ester enolates toward the 

synthesis of a-alkoxy carboxylic acids (Scheme 4.1.1C).6 While the chelation-controlled, 

kinetic Z-selective enolization of a-alkoxy esters has been well established,7 Zakarian and 

coworkers found an E-selective enolization could be achieved with judicious choice of base 

and solvent based on prior research from Langlois and coworkers.8 While a variety of a-

alkoxy carboxylic acid products were obtained with good to excellent diastereoselectivity, 

the level of control over enolate geometry is highly substrate dependent, particularly for E-

selective enolization. 
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Figure 4.1.1 Stereoselective Ireland–Claisen Rearrangements of Fully Substituted 

Acyclic a,a-Disubstituted Esters. 

 

We addressed the limitations of enolate geometry control by developing a system 

wherein both enolate geometries converge to a single diastereomer of product, rendering 

A. Stereodivergent Ireland–Claisen Rearrangements of Tetrasubstituted Enolates via Stereoselective
     Enolization with Chiral Base (Zakarian, ref 4)

C. Stereodivergent Ireland–Claisen Rearrangements of Tetrasubstituted Enolates via Chelation and 
     Non-Chelation Controlled Enolization (Zakarian, ref 6)
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the enolization selectivity inconsequential (Figure 4.1.1D). This was accomplished in the 

context of tetrasubstituted amino acid synthesis wherein intramolecular interactions of an 

a-phthalimide group with an E-phenyl substituted allyl olefin serves to overturn the 

inherent preference for the chair-like transition state from the E-silyl enol ether (∆∆G‡ = –

3.8 kcal/mol). In contrast, these interactions reinforce the energetic preference for the chair-

like transition state from the Z-silyl enol ether (∆∆G‡ = 5.5 kcal/mol). Consequently, in the 

case of a Z-phenyl substituted allyl olefin, the E-silyl enol ether rearranges via a chair-like 

transition state, while from the Z-silyl enol ether a boat-like transition state is favored. 

The ability to incorporate an enantioenriched allylic stereogenic center in the Ireland–

Claisen rearrangement allows for the transfer of chirality with generally excellent 

stereochemical fidelity. We demonstrate that chirality transfer is conserved within the 

divergent transition state preference from E-and Z-silyl enol ethers. In this study, we detail 

the computational design and modeling and experimental investigation of the Ireland–

Claisen rearrangement of tetrasubstituted a-phthalimido ester enolates toward the 

synthesis of non-natural tetrasubstituted a-amino acid derivatives bearing vicinal 

stereogenic centers (Figure 4.1.1D). 

4.2  QUANTUM MECHANICAL EVALUATION OF THE 

DIASTEREOCONVERGENT IRELAND–CLAISEN REARRANGEMENT 

Quantum Mechanics (QM) calculations were carried out to probe the energetic 

requirements for a diastereoconvergent transformation. A multi-level approach was 

employed in which geometries, thermodynamic corrections, and solvation free energies are 

obtained via density functional theory (DFT) with final electronic energies obtained from 
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calculations with domain based local pair natural orbital coupled-cluster theory (DLPNO-

CCSD(T)). Reported energies are relative Gibbs free energies in kcal/mol calculated at 

298.15 K with the DLPNO-CCSD(T)/cc-pVTZ/SMD(Toluene)//B3LYP-D3(BJ)/6-31G(d) 

level of theory. Throughout the text, signed ∆∆G‡ defined as ∆G‡(boat) – ∆G‡(chair) are 

provided. All computations were carried out using the ORCA program.9  Full 

computational details as well as comparisons between DFT and coupled-cluster methods 

are included in the Section 4.10 (vide infra). 

In a fully simplified model system, i.e., the trimethylsilyl enol ether derived from 

allyl acetate (1), an energetic preference of 2.6 kcal/mol is observed for the chair-like (TS1) 

over the boat-like transition state (TS2) (Figure 4.2.1A, D entry 1). A diastereoconvergent 

rearrangement will occur in the case of E/Z-mixtures of tetrasubstituted enolates when the 

sum of the interactions between the substituents for one enolate geometry overcomes the 

intrinsic preference for a chair-like transition state to the extent that the boat-like transition 

state is significantly favored. The groups of Houk, Neier, and Aviyente described a 

preference for a boat-like transition state in the Ireland–Claisen rearrangement of 

cyclohexenyl esters which was attributed to steric interactions between the enolate and 

cyclohexenyl fragments.10 In the case of acyclic, tetrasubstituted enol ethers, these 

interactions are diminished.  

We examined stereoconvergence in the Ireland–Claisen rearrangement in the 

context of the synthesis of valuable tetrasubstituted a-amino acid building blocks. The a-

phthalimido group was chosen as a stable, easily removed, bis-protected a-amine.11 

Introduction of the a-phthalimido group imparts a minimal effect on the chair/boat 
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selectivities, with a preference for the chair-like (TS3/TS5) over boat-like transition state 

(TS4/TS6) for both E- and Z-silyl enol ethers ((E/Z)-64) of 3.4 and 2.4 kcal/mol, 

respectively (Figure 4.2.1B, D entry 2). While introduction of substitution in the form of a 

phenyl group at the terminus of the allylic olefin slightly increases the preference for the 

chair-like transition state from (Z)-66 to 4.2 kcal/mol, the boat-like transition state is 1.0 

kcal/mol lower in energy than the chair-like transition state from enol ether (E)-66 (Figure 

2B, D entry 3).12 This reversal in preference for chair versus boat-like transition state for 

the  a-phthalimido E-silyl enol ethers is further exacerbated with additional substitution of 

the silyl enol ether. In fact, the boat-like transition state (TS14) derived from the 

corresponding a-phenyl-a-phthalimido E-silyl enol ether ((E)-69) is computed to be 3.8 

kcal/mol lower in energy than its chair counterpart (TS13) (Figure 4.2.1B, D entry 4). 

In contrast, high levels of selectivity for the chair-like transition state are anticipated 

for the fully substituted Z-silyl enol ether ((Z)-69), with the chair-like transition state 

(TS11) favored over the boat-like transition state (TS12) by 5.5 kcal/mol (Figure 4.2.1B, 

D entry 4). As a result, for the fully substituted system, the diastereoselectivity of the 

ensuing Ireland–Claisen rearrangement is anticipated to be independent of the E/Z-

selectivity in the enolization and trapping of the requisite tetrasubstituted silyl enol ether.  

Note the diastereoconvergent effect is significantly less pronounced when the a-phenyl 

group is substituted for an a-ethyl substituent (Figure 4.2.1C, D entry 5).13 
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Figure 4.2.1 Quantum Mechanical Investigation of the Diastereoconvergent Ireland–

Claisen Rearrangement.a 

 

[a] ∆∆G‡ (in kcal/mol) defined as ∆G‡ (boat) – ∆G‡ (chair) (A) Innate preference for chair-like TS. (B) Effect of 

substitution pattern on diastereoconvergence in the Ireland–Claisen rearrangement. (C) Probing  a-alkyl substitution. (D) 

Diastereoconvergence, compound labels, and tabulated relative free energies aAbsolute stereochemistry drawn arbitrarily 

– opposite enantiomeric series than TS-B/D. 
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conditions (Table 4.3.1). Enolization conditions of 1:1 LiHMDS/Me2NEt (entry 1) were 

originally developed by Gosselin, Zhang, and coworkers14 for the highly selective 

enolization of a,a-disubstitued aryl ketones. Additionally, Stoltz and Zhang demonstrated 

these conditions can be applied to the selective enolization and trapping of a variety of 

acyclic a-aryl substituted carboxylic acid derivatives including a-ethyl-a-phenyl t-butyl, 

phenyl, and ethyl esters.15  Enolization with LiHMDS (entry 2) and KHMDS (entry 3) 

without additives results in identical yields and diastereoselectivity. Notably, phthalimide 

protected amino acid 76a is obtained without column chromatography and the relative 

stereochemistry was confirmed unambiguously by X-ray crystallography, matching the 

computationally predicted outcome.16 

Table 4.3.1 Investigation of the Ireland–Claisen Rearrangement Enolization Conditions.a 

 

Direct observation of and quantification of the ratio of enolate geometries formed 

in situ proved challenging due to the facile nature of the rearrangement at low temperature 

and heterogeneous reaction mixture. Thus, analogous di-hydro-a-phthalimide substituted 

ester 77 was examined as a surrogate to 75 that is incapable of undergoing the Ireland–

Claisen rearrangement. A variety of kinetic enolate trapping reagents (e.g., TMSCl, 

TMSOTf, Ts2O, Tf2O) were studied employing the same enolization conditions (vide 
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1 LiHMDS, Me2NEt (2.0 equiv) 92 >20:1
2 LiHMDS 90 >20:1
3 KHMDS 90 >20:1

[a] Reactions performed on a 1.00 mmol scale, yields of isolated products. 
Diastereomeric ratios were determined by 1H NMR analysis. 
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supra). These trapping experiments failed due to the inability to form or isolate the resulting 

enol ethers; however, moderate yields of allyl enol carbonate isomers A and B were 

obtained with allyl chloroformate as an O-acylating reagent (Table 4.3.2). In each 

enolization and O-acylation control, a mixture of two isomeric enol carbonates was 

generated in varying E/Z ratios. Despite variable yields and selectivities, these results 

demonstrate that under each set of non-equilibrating enolization conditions, a mixture of 

enolates is generated. These yields do not necessarily reflect the true enolization selectivity 

due to the difficulty of O-acylation of the in situ-generated enolate. Although the reaction 

yield and diastereoselectivity of the Ireland–Claisen rearrangement of cinnamyl ester 75 is 

consistent for various enolization methods, our study proceeded with 1:1 

LiHMDS/Me2NEt as the standard enolization procedure as in practice this affords the 

cleanest reaction profile and most homogenous reaction mixture –– necessitating only an 

acid/base extraction to afford the rearranged products in high purity in most cases. 

Table 4.3.2 Model Substrate Enolate Trapping Experiments.a 

 

 

 

 

 

4.4  ORIGINS OF DIASTEREOCONVERGENCE 
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[a] Reactions performed on a 1.00 mmol scale, yields of isolated products. 
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suggests a diastereoconvergent mechanism is indeed occurring. Kinetic enolization of 75 

with LiHMDS/Me2NEt and trapping with TMSCl affords a mixture of E/Z silyl enol ethers 

(Z)-69 and (E)-69. Upon warming from –78 ºC, Z-enol ether (Z)-69 undergoes the [3,3]-

sigmatropic rearrangement preferentially through chair-like transition state TS11 (∆∆G‡ = 

5.5 kcal/mol), while E-enol ether (E)-69 rearranges predominantly via boat-like transition 

state TS14 (∆∆G‡ = –3.8 kcal/mol), yielding tetrasubstituted product 70 as a single 

diastereomer. With barrier heights of 19.6 and 19.9 kcal/mol for the rearrangement of (Z)-

69 and (E)-69, respectively, no appreciable resolution of the E/Z-silyl enol ether mixture 

is anticipated. Furthermore, these barrier heights are consistent with the experimentally 

observed reaction times considering gradual warming from –78 to 20 ºC. 

Initial inspection of TS11–TS14 reveals a commonality in which the planar 

phthalimide motif of the enolate fragment is rotated out of the plane defined by the olefin 

of the enolate (Figure 4.4.1). Examining the generality of this effect, the E- and Z-olefin 

isomers of both the simplified trisubstituted analog (78) and tetrasubstituted enolate (79), 

corresponding to the enolate fragments encountered in TS11–TS14, were optimized as the 

enolate anion (Figure 4.4.2). Indeed, a similar torsion around the N–C(olefin) bond is 

observed.  The simplified trisubstituted enolates (E)-78 and (Z)-78, present an optimal 

dihedral angle, defined between the planar enolate and phthalimide groups, of 55º and 53º, 

respectively.  The rotation is further accentuated with introduction of an aryl substituent as 

in the case of a-phenyl tetrasubstituted enolates (E)-79 and (Z)-79 with dihedral angles of 

85º and 66º, respectively (Figure 4.4.2). As is observed in TS11–TS14, the a-phenyl 

substituent remains nearly coplanar with the enolate fragment. This perturbation is likely 
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the result of the steric/electrostatic repulsion between the phthalimide oxygen and enolate 

oxygen atoms presenting a larger destabilizing force than the electronic stabilization gained 

through further conjugation with the enolate π-system as achieved with coplanarity. 

Figure 4.4.1 Origins of Diastereoconvergence in the Ireland–Claisen Rearrangement.a 

 

[a] Relative free energies given in kcal/mol. Surfaces depicted are solvent-excluded surfaces from Van der Waals radii 

with a probe radius of 1.4 Å. 
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fragment are encountered in the boat-like transition state (TS12), resulting in a distortion 

of the transition state geometry.  This adverse NPhth–Ph(cinnamyl) eclipsing interaction is 

largely relieved in the chair-like transition state (TS11). Hence, a substantial preference for 

the chair-like transition state (TS11) of 5.5 kcal/mol is afforded. In contrast, in the 

pericyclic transition states derived from E-silyl enol ether (E)-69, the phthalimide occupies 

an axial orientation. As a result, the chair-like transition state (TS13) bears the costly 

NPhth–Ph(cinnamyl) eclipsing interaction, which is greatly reduced in the boat-like 

transition state (TS14). The net interactions are substantial enough in magnitude to not 

only overcome the inherent preference for a chair-like transition state, but further favor the 

boat-like transition state by 3.8 kcal/mol. 

To further highlight the role that the phthalimide moiety has in the stereocontrol of 

the rearrangement, control calculations were carried out in which the a-phthalimide of 

(E/Z)-69 is replaced with an ethyl group (See Supporting Information for details). An 

analogous analysis to that of TS11–TS14 revealed that the magnitude of ∆∆G‡ of the 

chair/boat selectivity is reduced for both enolate geometries. Critically, with the a-

phthalimide replaced with an a-ethyl substituent, the key diastereoconvergence of the 

transformation is lost as the chair-like transition state is favored for both E- and Z-silyl enol 

ethers by 1.5 and 1.2 kcal/mol, respectively.17 Hence, in addition to being individually less 

selective (calculated maximum dr of 13:1 and 8:1), the overall diastereoselectivity is highly 

reliant on E/Z-selectivity of the initial enolization conditions.  

Based on our working stereochemical model, if the NPhth–Ph(cinnamyl) eclipsing 

interaction is indeed the dominant element of stereocontrol, then inversion of the 
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axial/equatorial positioning of the phenyl group of the cinnamyl fragment, i.e., employing 

the Z-cinnamyl ester (80), leads to an inversion in the chair/boat transition state preference 

for both corresponding E- and Z-silyl enol ethers. In this case, the double-inversion in 

stereoselectivity affords the identical diastereomerof product 76a as obtained from E-

cinnamyl ester 75. 

Figure 4.4.2 Geometric Perturbations Resulting from the Out-of-Plane Rotation of the 

Phthalimide Moiety.a 

 

[a] Surfaces depicted are solvent-excluded surfaces from Van der Waals radii with a probe radius of 1.4 Å. 
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With respect to the E-cinnamyl system, a global inversion in the chair/boat 

transition state preference for both E/Z-silyl enol ethers is predicted (Figure 5). Z-silyl enol 

ether (Z)-20 preferentially rearranges through a boat-like transition state (TS19) (∆∆G‡ = 

–1.0 kcal/mol), while for E-silyl enol ether (E)-81, the chair-like transition state (TS20) is 

preferred (∆∆G‡ = 5.2 kcal/mol). As anticipated, the Ireland–Claisen rearrangment of Z-

cinnamyl ester 80 affords the same diastereomeric outcome as with E-cinnamyl ester 75. 

In total, the diastereoselectivity of the transformation is invariant to any combination of the 

E/Z-geometry of both olefins of the in situ-generated silyl enol ether. We term this effect 

global diastereoconvergence — i.e., all possible stereoisomers derived from permutations 

of stereochemical elements of the reagent lead to formation of a single stereoisomer of 

product. To the best of our knowledge, this constitutes the first example of a globally 

diastereoconvergent Ireland–Claisen rearrangement of an acyclic, tetrasubstituted silyl 

enol ether. 
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Figure 4.4.3 Global Stereoconvergence in the Ireland–Claisen Rearrangement of Z- and 

E-Cinnamyl Compounds 75 and 80.a 

 

[a] Relative free energies given in kcal/mol. 

4.5  INVESTIGATION OF CHIRALITY TRANSFER 

A powerful feature of the Ireland–Claisen rearrangement is its ability to relay 

stereochemical information from a chiral center in the substrate to the absolute 

76a
92% yield, >20:1 dr

Ph O

OTMS
NPhth

Ph

Ph O

OTMS
Ph

NPhth

O

TMSO

NPhth

Ph

Ph

O

NPhth

Ph
H

Ph
TMSO

H

O

Ph

NPhth
Ph

H
TMSO

O

OTMS
NPhth

Ph

O

OTMS
Ph

NPhth

Ph

Ph

O

TMSO

Ph

NPhth

H

Ph

TS11: ∆∆G‡ = 5.5

TS14: ∆∆G‡ = –3.8

TS20: ∆∆G‡ = 5.2

TS19: ∆∆G‡ = –1.0

(Z)-69

(E)-69

(Z)-81

(E)-81

O

O
Ph

NPhth
Ph HO

O Ph

PhthN Ph
75

LiHMDS (2.0 equiv)
Me2NEt (2.0 equiv)

PhMe, –78 ºC;

then, TMSCl (2.0 equiv),
–78 to 20 ºC

O

O
Ph

NPhth
HO

O Ph

PhthN Ph
76a

92% yield, >20:1 dr
80

LiHMDS (2.0 equiv)
Me2NEt (2.0 equiv)

PhMe, –78 ºC;

then, TMSCl (2.0 equiv),
–78 to 20ºC

Ph

HO

O Ph

PhthN Ph

76a

Global Diastereoconvergence
(E)-cinnamyl

(Z)-cinnamyl

O

O
Ph

NPhth
Ph

75

O

O
Ph

NPhth
80

Ph



Chapter 4 – Global Diastereoconvergence in the Ireland–Claisen Rearrangement of 
Isomeric Enolates: Synthesis of Tetrasubstituted a-Amino Acids 
 

 

362 

stereochemistry of the rearranged product.18 In contrast to previous achiral examples, the 

approach of a chiral cinnamyl fragment from either the Re- or Si-faces of the enol ether 

gives rise to diastereomeric transition states. For a mixture of E/Z-silyl enol ethers this 

gives rise to eight unique transition states which we modeled with regards to 

enantioenriched a-phthalimido ester 82 (Figure 4.5.1).  

Analogous to our previous discussion, the Z- and E-silyl enol ethers derived from 

82 preferentially rearrange via chair-like (TS21) and boat-like (TS28) transition states, 

respectively. While the NPhth–Ph(cinnamyl) eclipsing interaction drives the chair/boat 

selectivity in each silyl enol ether geometry, differentiation between the two diastereotopic 

chair-like (TS21 and TS23) and boat-like (TS26 and TS28) transition states must be 

achieved for effective chirality transfer.  This component of the stereoselectivity arises in 

the energetic differences between axial and equatorial orientation of the methyl group 

(Figure 4.5.1). For the relevant chair-like transitions states (TS21 and TS23) derived from 

the Z-enol ether of 82, the 1,3-diaxial interactions imposed from the methyl group 

occupying an axial orientation carry an energetic penalty of 4.3 kcal/mol. Likewise, for the 

pair of boat-like transition states in the rearrangement of the E-enol ether (TS26 and TS28) 

a preference of 1.4 kcal/mol is found for the equatorial orientation of the methyl group. As 

a result, the system exhibits diastereoconvergence with respect to chirality transfer. To 

experimentally demonstrate this, we synthesized the enantioenriched a-phthalimido ester 

from the requisite alcohol, in turn prepared via Corey–Bakshi–Shibata (CBS) reduction.  

Indeed, non-selective enolization, trapping as the TMS enol ether, and warming to 20 ºC 

affords the desired a,a-disubstituted acid. The crude acid was subsequently transformed 
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to methyl ester 83, which was isolated in 86% yield over two steps, >20:1 dr, and with 

complete retention of enantiomeric excess (95% ee) (Figure 4.5.1). 

Figure 4.5.1 Chirality Transfer in the Diastereoconvergent Ireland–Claisen 

Rearrangement.a  

 

[a] Relative free energies (in kcal/mol) of the eight possible stereochemically distinct transition states for the 

rearrangement of the E- and Z-silyl enol ethers derived from 82. 
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esters, affording tetrasubstituted amino acid derivatives bearing an adjacent tertiary 

stereogenic center with generally >20:1 diastereoselectivity. Additionally, the 

rearrangement could be performed with standard substrate 75 on a 5.00 g (12.6 mmol) scale 

with identical yield and diastereoselectivity. In some cases, the carboxylic acid products 

were transformed into the corresponding methyl ester to circumvent challenges in substrate 

acid/base purification or decomposition of the parent carboxylic acid. With respect to the 

a-aryl group, a variety of both electron rich and electron deficient aryl rings were tolerated 

in excellent yields. Chloro and methoxy ortho-substitution was also well tolerated in the 

rearrangement, affording highly sterically encumbered amino acid derivatives 90 and 91 

in excellent yields with >20:1 dr. Variation of the allylic olefin aryl group was also well 

tolerated, providing differentially substituted b-aryl groups in high yield and 

diastereoselection. Methyl ortho-substitution was also well tolerated, affording carboxylic 

acid 98 as a single diastereomer in 79% yield. In addition to these substrates, a variety of 

different heterocycles were incorporated, affording rearrangement products in generally 

>20:1 dr and moderate to excellent yield. 

  



Chapter 4 – Global Diastereoconvergence in the Ireland–Claisen Rearrangement of 
Isomeric Enolates: Synthesis of Tetrasubstituted a-Amino Acids 
 

 

365 

 

HO

O

PhthN

76a
92% yield, >20:1 dr
93% yield, >20:1 drb

HO

O

PhthN

84
91% yield, >20:1 dr

HO

O

PhthN

85
94% yield, >20:1 dr

HO

O

PhthN

86
97% yield, >20:1 dr

HO

O

PhthN

87
94% yield, >20:1 dr

OMe t-Bu F CF3

O

O
R1

R3

NPhth

LiHMDS (2.0 equiv)
Me2NEt (2.0 equiv)

PhMe, –78 °C

then
TMSCl (2.0 equiv)

–78 to 20 °C

HO

O

PhthN R1

R3R2

R2

HO

O

PhthN

88
89% yield, >20:1 dr

HO

O

PhthN

89
96% yield, >20:1 dr

HO

O

PhthN

90c

95% yield, >20:1 dr

HO

O

PhthN

91c

87% yield, >20:1 dr

MeO

O

PhthN

92
70% yield, >20:1 dr

Cl

Cl Cl MeO

OMe

HO

O

PhthN

93
93% yield, >20:1 dr

HO

O

PhthN

94
83% yield, >20:1 dr

HO

O

PhthN

95
87% yield, >20:1 dr

HO

O

PhthN

96
88% yield, >20:1 dr

HO

O

PhthN

97
83% yield, >20:1 dr

Br F CF3 Me
Me

HO

O

PhthN

98
79% yield, >20:1 dr

MeO

O

PhthN

99
40% yield, >20:1 dr

MeO

O

PhthN

100
65% yield, >20:1 dr

HO

O

PhthN

101
76% yield, >20:1 dr

MeO

O

PhthN

N

102
89% yield, >20:1 dr

Me

N
O

O
Me

Me S

MeO

O

PhthN

103
71% yield, 10:1 dr

MeO

O

PhthN

104
68% yield, >20:1 dr

MeO

O

PhthN

105
38% yield, >20:1 dr

NS

ON

Me MeNBoc
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Table 4.6.1 Scope of the Diastereoconvergent Ireland–Claisen Rearrangement.a 

 



Chapter 4 – Global Diastereoconvergence in the Ireland–Claisen Rearrangement of 
Isomeric Enolates: Synthesis of Tetrasubstituted a-Amino Acids 
 

 

366 

While a broad scope of rearrangement products could be prepared utilizing this 

diastereoconvergent methodology, alkyl-substituted allylic esters proved to be challenging 

substrates (Scheme 4.6.2). E-hexenyl ester 106 afforded methyl ester 107 in 2.3:1 dr. A 

modest improvement in diastereoselectivity is observed with Z-pentenyl ester 108 which 

was isolated as methyl ester 109 in 3.7:1 dr. On the other hand, excellent 

diastereoselectivity and enantioretention (>99% ee) was observed with (S)-cyclohex-2-en-

1-ol derived ester 110. The relative and absolute stereochemistry of cyclohexene 111 was 

determined by single crystal X-ray diffraction.  

Scheme 4.6.2 Ireland–Claisen Rearrangement of Tetrasubstituted a-Phthalimido Esters 

with Alkyl Substituted Allyl Esters. 
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4.7  PRODUCT DERIVATIZATIONS 

Derivatization of Ireland–Claisen rearrangement product 15a afforded a range of 

densely functionalized small molecules (Scheme 4.7.1). Curtius rearrangement in t-BuOH 

provided bench-stable, differentially protected aminoacetal 112 in 82% yield.  

Iodolactonization afforded lactone 113 in an excellent 91% yield as a single diasteromer 

with the relative configuration confirmed by single crystal X-ray diffraction. Ozonolysis 

with reductive quenching provided cyclized product 114 in 11:1 dr and 86% yield. Methyl 

esterification with MeI/K2CO3 generated ester 115 in excellent 90% yield. Removal of the 

phthalimide proved challenging under standard hydrazine-mediated protocols due to 

competitive olefin reduction and slow phthalhydrazide removal. A modified Ganem 

protocol19 reported by Davies20 affected semi-reduction of the phthalimide. Methyl 

esterification followed by AcOH-mediated phthalide removal afforded a-amino acid 

methyl ester 116.  
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Scheme 4.7.1 Derivatizations of Ireland–Claisen Product 76a. 

 

4.8  CONCLUSION 

We have computationally modeled and experimentally developed a globally 

diastereoconvergent Ireland–Claisen rearrangement of a-phthalimido esters that is 

invariant to the geometry of the silyl enol ether and allylic ester olefin. A local coupled-

cluster theory (DLPNO-CCSD(T)) and DFT multi-level approach was employed for the 

accurate determination of quantum mechanical energies. The scope of the rearrangement 

is broad with respect to aryl and heteroaryl substitution, and a variety of a-phthalimide-

protected a-tetrasubstituted amino acids bearing a vicinal tertiary stereogenic center are 

isolated with generally excellent (>20:1) diastereoselection in good to excellent yields. 

Additionally, transfer of chirality with stereodefined  a-phthalimido esters affords 

rearrangement products with excellent retention of chiral information. A range of densely 

HO

O

PhthN Ph

Ph

PhthN Ph

Ph
BocHN

DPPA, Et3N

 t-BuOH, 75 ºC

NaHCO3, I2
O

O

Ph
NPhth

PhI

O

HO

O

Ph
NPhth

Ph

O3, CH2Cl2, –78 ºC
then Me2S

–78 to 20 ºC

MeI, K2CO3

DMF, 20 ºC
PhthN Ph

Ph

MeO

O

H2N Ph

Ph

MeO

O1. NaBH4, NaHCO3
    i-PrOH/H2O, 20 ºC
2. CH2N2, THF, 20 ºC
3. AcOH, 80 ºC

MeCN, 0 ºC

113
91% yield, >20:1 dr

112
82% yield, >20:1 dr

114
 86% yield, 11:1 dr

115
 90% yield, >20:1 dr

116
 71% yield, >20:1 dr

76a
 >20:1 dr



Chapter 4 – Global Diastereoconvergence in the Ireland–Claisen Rearrangement of 
Isomeric Enolates: Synthesis of Tetrasubstituted a-Amino Acids 
 

 

369 

substituted small molecules can be readily prepared from representative rearrangement 

product 76a. 

4.9  EXPERIMENTAL SECTION 

4.9.1  COMPUTATIONAL DETAILS 

All quantum mechanical calculations were performed with ORCA version 4.1 and 

4.2.21 The resolution of identity (RI) and chain-of-spheres22 (keyword = RIJCOSX) 

approximations were utilized for Coulomb and exchange integrals, respectively. Automatic 

generation of the auxiliary basis sets was employed (keyword = AutoAux).23 The finest 

integration grid settings (Grid7, NoFinalGrid, GridX9) were utilized in all calculations. 

The values obtained from all quantum mechanical calculations are included in the 

supporting excel file.  

4.9.1.1  Density Functional Theory (DFT) Calculations 

Unless otherwise noted, geometry optimizations were carried out with the B3LYP 

global hybrid generalized gradient approximation (GGA) functional24 with Becke–Johnson 

damped D3 dispersion corrections25 (henceforth referred to as B3LYP-D3(BJ)) with the 6-

31G(d) basis set on all atoms. Thermal corrections at 298.15 K were calculated from the 

unscaled vibrational frequencies at this level of theory. The Quasi-RRHO method was 

applied to correct for the breakdown of the harmonic oscillator approximation for low 

frequency vibrations.26 All stationary points are characterized by the appropriate number 

of imaginary vibrational modes (zero for optimized geometries and one for transition 

states). Intrinsic reaction coordinate (IRC) analyses were carried out to ensure all transition 

states connect the appropriate starting materials and products.  
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Triple-z quality single point calculations were carried out on all stationary points 

with the B3LYP-D3(BJ) and M06-2X27 density functionals with the def2-TZVPP basis 

set28 on all atoms. The SMD implicit solvation model29 for toluene (e = 2.374, rprobe = 1.300 

Å, Refrac. = 1.330) was employed in these single point calculations. Thermal corrections 

obtained at the previous level of theory were then applied to these electronic energies to 

obtain the final DFT Gibbs free energies. Relative free energies are given in kcal/mol and 

are calculated for a 1 atm standard state at 298.15 K. 

Conformer searching was carried out both manually and in Spartan Version 7. 

Conformers were subsequently optimized at the B3LYP-D3(BJ)/6-31G(d) level of theory. 

The lowest energy conformers [evaluated at B3LYP-D3(BJ)/def2-

TZVPP/SMD(Toluene)//B3LYP-D3(BJ)/6-31G(d)] are reported. Note that for transition 

states, all conformers were considered in subsequent DFT and DLPNO-CCSD(T) 

calculations. 

4.9.1.2  DLPNO-CCSD(T) Calculations 

Additional single point calculations were performed on key optimized structured 

with the domain based local pair natural orbital coupled-cluster (DLPNO-CCSD(T)) 

method as described by Neese and coworkers and as implemented in ORCA.30 The cc-

pVTZ basis set,31 with the corresponding cc-pVTZ/C and def2/J auxiliary basis sets,32 are 

used on all atoms. Gaseous free energies are calculated by applying the thermodynamic 

corrections obtained at the optimization (DFT) level of theory to the gas phase electronic 

energies from DLPNO-CCSD(T) single point calculations. A free energy of solvation 

calculated from DFT (M06-2X/def2-TZVPP/SMD(Toluene)) is added to the gaseous 
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coupled-cluster free energies to afford the final reported coupled-cluster solvated Gibbs 

free energies as reported in the manuscript: 

GCCSD(T) = E(el)CCSD(T) + ZPE + E(vib) + E(rot) + E(trans) + kbT – TS + ∆G(solv)DFT 

Similar results are obtained if the SMD for toluene is applied in the DLPNO-CCSD(T) 

calculations; however, we highlight that the solvent self-consistent reaction field (SCRF) 

is only optimized self-consistently with respect to the Hartree–Fock reference 

wavefunction and not with respect to the subsequent optimization of coupled-cluster 

amplitudes. 

Notes: 

§ Similar results are obtained with the def2-TZVPP basis set in control experiments, 

although we elected to employ Dunning’s cc-pVnZ family of basis sets for ease of 

basis set extrapolation with further calculations should the need arise.  

§ “TightPNO” settings were employed in all calculations. 

§ “TightPNO”: TCutPairs = 10–5, TCutDO = 5x10–3, TCutPNO = 1.00x10–7, TCutMKN = 10–3. 

4.9.1.3  Initial Benchmarking/Control Calculations 

Given the importance of non-covalent interactions in controlling the stereochemical 

outcome of the stereoconvergent Ireland–Claisen reaction, final electronic energies were 

obtained at the DLPNO-CCSD(T) level of theory. For comparison, DFT single point 

calculations were carried out with the B3LYP-D3(BJ) and M06-2X functionals. 

Gratifyingly, the results from the DFT and coupled-cluster computations are in good 

agreement.  
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Table 4.9.3.1 Comparison between DFT and DLPNO-CCSD(T) methods.a 

 

Method/Basis set TS11 TS12 TS13 TS14 

B3LYP-D3(BJ)/def2-TZVPP/SMD(PhMe) 0.0 4.3 3.8 0.0 

M06-2X/def2-TZVPP/SMD(PhMe) 0.0 5.4 3.7 0.0 

M06-2X/6-311++G(d,p)/SMD(PhMe) 0.0 5.4 3.7 0.0 

DLPNO-CCSD(T)/cc-pVTZ 0.0 5.3 3.6 0.0 

DLPNO-CCSD(T)/cc-pVTZ/SMD(PhMe) 0.0 5.5 3.8 0.0 

[a] Single point calculations carried out on B3LYP-D3(BJ)/6-31G(d) optimized geometries 

4.9.2  MATERIALS AND METHODS 

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

an argon or nitrogen atmosphere using dry, deoxygenated solvents.  Solvents were dried 

by passage through an activated alumina column under argon.33 Reaction progress was 

monitored by thin-layer chromatography (TLC) or Agilent 1290 UHPLC-MS. TLC was 

performed using E. Merck silica gel 60 F254 precoated glass plates (0.25 mm) and 

visualized by UV fluorescence quenching, p-anisaldehyde, or KMnO4 staining. Silicycle 

SiliaFlash® P60 Academic Silica gel (particle size 40–63 µm) was used for flash 

chromatography. 1H NMR spectra were recorded on Varian Inova 500 MHz and Bruker 

400 MHz spectrometers and are reported relative to residual CHCl3 (δ 7.26 ppm). 13C NMR 

spectra were recorded on a Varian Inova 500 MHz spectrometer (125 MHz) and Bruker 
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400 MHz spectrometers (100 MHz) and are reported relative to CHCl3 (δ 77.16 ppm). Data 

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

(Hz), integration). Multiplicities are reported as follows: s = singlet, d = doublet, t = triplet, 

q = quartet, p = pentet, sept = septuplet, m = multiplet, br s = broad singlet, br d = broad 

doublet. Data for 13C NMR are reported in terms of chemical shifts (δ ppm).  IR spectra 

were obtained by use of a Perkin Elmer Spectrum BXII spectrometer or Nicolet 6700 FTIR 

spectrometer using thin films deposited on NaCl plates and reported in frequency of 

absorption (cm–1). Optical rotations were measured with a Jasco P-2000 polarimeter 

operating on the sodium D-line (589 nm), using a 100 mm path-length cell.  High resolution 

mass spectra (HRMS) were obtained from Agilent 6200 Series TOF with an Agilent 

G1978A Multimode source in electrospray ionization (ESI+), atmospheric pressure 

chemical ionization (APCI+), or fast atom bombardment (FAB+). Reagents were 

purchased from commercial sources and used as received unless otherwise stated.  

4.9.3  EXPERIMENTAL PROCEDURES 

4.9.3.1  General Procedure for the Ireland–Claisen Rearrangement 

 

 In a nitrogen-filled glovebox, an oven-dried 50 mL round bottom flask was charged 

with LiHMDS (335.0 mg, 2.00 mmol, 2.0 equiv) and a Teflon-coated stir bar.  The flask 

was then sealed with a septum, removed from the glovebox, and placed under an 

atmosphere of nitrogen. To the flask was then added toluene (3.0 mL) and N,N-

dimethylethylamine (213 µL, 2.00 mmol, 2.0 equiv). The resulting solution was stirred at 

O
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20 °C for 5 min, then the flask was immersed in a –78 °C dry ice/acetone bath. After stirring 

for 15 min, a solution of the a-phthalidomido ester (1.00 mmol, 1.0 equiv) dissolved in 

toluene (7.0 mL) was added dropwise over 5 min, resulting in the immediate formation of 

a dark red/purple opaque reaction mixture. The reaction was maintained at –78 °C for 2 h, 

after which time TMSCl (254 µL, 2.00 mmol, 2.0 equiv) was added dropwise over 1 min.  

The reaction flask was then removed from the cooling bath and allowed to warm to 20 °C, 

typically resulting in an opaque yellow/orange reaction mixture.  After consumption of the 

a-phthalidomido ester was observed by TLC analysis (typically 2–4 h), the reaction was 

quenched with 1 N HCl (10 mL) and transferred to a separatory funnel with Et2O (10 mL). 

As noted below, some compounds required heating to 40 °C for 24 h for full conversion. 

The layers were separated, and the aqueous layer was extracted with Et2O (2 x 10 mL). 

The combined organic layers were dried over Na2SO4, filtered, and concentrated by rotary 

evaporation to afford the crude rearrangement product. Depending on the water solubility 

and/or stability of the product, the reaction was isolated using the following general 

procedures: 

Isolation Procedure 1: The crude reaction mixture was transferred to a 50 mL round 

bottom flask containing a Teflon-coated stir bar with THF (5 mL) and 2 N HCl (1 mL).  

The resulting mixture was stirred vigorously at 20 °C for 30 min. THF was then removed 

via rotary evaporation and the reaction mixture was transferred to a separatory funnel with 

Et2O (10 mL) and H2O (10 mL). The pH of the aqueous layer was adjusted to 12 with sat. 

aq. Na2CO3 and the layers were mixed and separated. The aqueous layer was washed with 

an additional portion of Et2O (10 mL), and the combined organic layers were washed with 
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H2O basified to pH 12 with Na2CO3 (5 mL). The combined aqueous layers were then 

acidified to pH 3 with 4 N HCl and extracted with Et2O (2 x 10 mL). The combined organic 

extracts were then dried over Na2SO4, filtered, and concentrated by rotary evaporation to 

afford the desired rearrangement product.  

Isolation Procedure 2: The crude reaction mixture was transferred to a flame-dried 25 mL 

round bottom flask with DMF (3.3 mL). To the stirring solution was then added K2CO3 

(165.8 mg, 1.20 mmol, 1.2 equiv) and MeI (75 µL, 1.2 mmol, 1.2 equiv). The resulting 

suspension was stirred rapidly at 20 °C.  After consumption of the carboxylic acid 

rearrangement product was observed by TLC analysis, the reaction mixture was transferred 

to a separatory funnel with EtOAc (10 mL) and H2O (10 mL). The layers were separated 

and the aqueous layer was extracted with EtOAc(2 x 10 mL). The combined organic layers 

were then washed with brine (10 mL), dried over Na2SO4, and concentrated via rotary 

evaporation. The crude product was then purified by flash column chromatography to 

afford the desired methyl ester.  

Isolation Procedure 3: Caution! Diazomethane is toxic and explosive; all operations 

should be carried out in a well-ventilated hood with adequate shielding. The crude reaction 

mixture was transferred to a 50 mL round bottom flask with THF (5 mL). The flask was 

charged with a Teflon-coated stir bar and a blast shield was placed in front of the reaction 

flask.  To the slowly stirring reaction mixture was then added freshly prepared CH2N2 

(approx. 6 mL of a 0.2 M solution in Et2O) drop-wise via a flame-polished pipette.  After 

consumption of the carboxylic acid rearrangement product was observed by TLC analysis, 

acetic acid (2.0 mL) was added dropwise to quench residual CH2N2. The reaction mixture 

was stirred for 20 mins and then transferred to a separatory funnel with EtOAc (10 mL) 
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and sat. aq. NaHCO3 (10 mL). The layers were separated and the aqueous was extracted 

with EtOAc (2 x 10 mL). The combined organics were dried over Na2SO4, filtered, and 

concentrated via rotary evaporation. The crude product was then purified by flash column 

chromatography to afford the desired methyl ester.  

 

(2S*,3R*)-2-(1,3-dioxoisoindolin-2-yl)-2,3-diphenylpent-4-enoic acid (76a) 

Prepared according to general procedure 1 with isolation procedure 1 and obtained as a 

white foam (364.5 mg, 0.917 mmol, 92% yield, >20:1 dr); 1H NMR (500 MHz, 

Chloroform-d) δ 7.79 – 7.72 (m, 2H), 7.73 – 7.67 (m, 2H), 7.48 – 7.42 (m, 2H), 7.28 – 7.21 

(m, 3H), 7.16 – 7.11 (m, 2H), 7.11 – 7.06 (m, 1H), 7.04 – 7.00 (m, 2H), 6.59 (ddd, J = 17.2, 

10.4, 8.3 Hz, 1H), 5.50 (d, J = 8.2 Hz, 1H), 5.24 – 5.02 (m, 2H); 13C NMR (100 MHz, 

Chloroform-d) δ 173.2, 167.9, 139.9, 138.3, 136.1, 134.4, 131.6, 130.6, 128.9, 128.1, 

128.0, 127.7, 127.2, 123.6, 118.9, 71.5, 53.1. IR (Neat Film, NaCl) 3061 (br), 1778, 1722, 

1497, 1470, 1448, 1369, 1348, 1320, 1265, 1200, 1161, 1110, 1087, 1034, 991, 961, 932, 

841, 790, 725, 705, 682, 642 cm–1; (MM:FAB+) m/z calc’d for C25H20NO4 [M+H]+: 

398.1392, found 398.1394. 

  

HO

O
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methyl (2S,3R,E)-2-(1,3-dioxoisoindolin-2-yl)-2,3-diphenylhex-4-enoate (83) 

Prepared according to general procedure 1 with isolation procedure 2 with purification by 

silica gel chromatography (30% EtOAc in hexanes) to afford the desired product as a white 

solid (365.4 mg, 86% yield over 2 steps, >20:1 dr, 95% ee) [α]D25 +49.5 (c 1.0, CHCl3); 1H 

NMR (400 MHz, Chloroform-d) δ 7.80 – 7.74 (m, 2H), 7.74 – 7.68 (m, 2H), 7.49 – 7.41 

(m, 2H), 7.32 – 7.23 (m, 3H), 7.22 – 7.16 (m, 2H), 7.13 – 7.02 (m, 3H), 6.16 (ddd, J = 15.3, 

8.8, 1.8 Hz, 1H), 5.57 (dq, J = 15.6, 6.5 Hz, 1H), 5.48 (d, J = 8.8 Hz, 1H), 3.60 (s, 3H), 

1.59 (dd, J = 6.4, 1.7 Hz, 3H); 13C NMR (100 MHz, Chloroform-d) δ 169.8, 168.0, 141.2, 

136.5, 134.2, 131.7, 131.0, 130.5, 129.6, 128.9, 127.9, 127.7, 127.4, 126.9, 123.4, 71.7, 

52.7, 52.3, 18.4; IR (Neat Film, NaCl) 1779, 1722, 1366, 1318, 1222, 1108, 1086, 972, 

904, 734, 722; (MM:ESI-APCI+) m/z calc’d for C27H24NO4 [M+H]+: 426.1700, found 

426.1694; SFC Conditions: 10% IPA, 2.5 mL/min, Chiralpak IC column, λ = 210 nm, tR 

(min): minor = 5.79, major = 7.70. 
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(2S*,3R*)-2-(1,3-dioxoisoindolin-2-yl)-2-(4-methoxyphenyl)-3-phenylpent-4-enoic 

acid (84) 

Prepared according to general procedure 1 with isolation procedure 1 and obtained as a 

white foam (388.7 mg, 0.909 mmol, 91% yield, >20:1 dr); 1H NMR (500 MHz, 

Chloroform-d) δ 7.79 – 7.74 (m, 2H), 7.74 – 7.70 (m, 2H), 7.43 – 7.37 (m, 2H), 7.21 – 7.15 

(m, 2H), 7.14 – 7.09 (m, 1H), 7.08 – 7.04 (m, 2H), 6.83 – 6.79 (m, 2H), 6.61 (ddd, J = 17.1, 

10.4, 8.3 Hz, 1H), 5.48 (d, J = 8.3 Hz, 1H), 5.21 – 5.09 (m, 2H), 3.79 (s, 3H); 13C NMR 

(100 MHz, Chloroform-d) δ 173.0, 167.9, 159.2, 140.1, 138.4, 134.3, 131.6, 130.6, 130.2, 

128.0, 127.9, 127.1, 123.5, 118.7, 113.1, 71.0, 55.3, 53.1; IR (Neat Film, NaCl) 3064 (br), 

1776, 1722, 1608, 1512, 1462, 1369, 1347, 1321, 1256, 1180, 1120, 1086, 992, 962, 925, 

828, 722, 703, 682 cm–1; (MM:FAB+) m/z calc’d for C26H22NO5 [M+H]+: 428.1498, found 

428.1489. 
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(2S*,3R*)-2-(4-(tert-butyl)phenyl)-2-(1,3-dioxoisoindolin-2-yl)-3-phenylpent-4-enoic 

acid (85) 

Prepared according to general procedure 1 with purification by flash column 

chromatography (25% EtOAc in hexanes with 2% AcOH) and isolated as a tan amorphous 

solid (426.7 mg, 0.941 mmol, 94% yield, >20:1 dr); 1H NMR (500 MHz, Chloroform-d) δ 

7.79 – 7.73 (m, 2H), 7.72 – 7.68 (m, 2H), 7.39 – 7.31 (m, 2H), 7.28 – 7.21 (m, 2H), 7.17 – 

7.12 (m, 2H), 7.12 – 7.06 (m, 1H), 7.05 – 6.99 (m, 2H), 6.61 (dt, J = 17.0, 9.9, 8.2 Hz, 1H), 

5.49 (d, J = 8.2 Hz, 1H), 5.20 – 5.07 (m, 2H), 1.28 (s, 9H); 13C NMR (100 MHz, 

Chloroform-d) δ 174.1, 167.9, 150.7, 140.0, 138.4, 134.3, 132.7, 131.5, 130.6, 128.5, 

127.9, 127.0, 124.6, 123.4, 118.6, 71.3, 52.9, 34.5, 31.3; IR (Neat Film, NaCl) 3062 (br), 

2963, 2361, 1778, 1722, 1715, 1652, 1506, 1470, 1506, 1470, 1368, 1348, 1319, 1267, 

1204, 1122, 1087, 992, 931, 838, 773, 723, 704, 665 cm–1; (MM:FAB+) m/z calc’d for 

C29H28NO4 [M+H]+: 454.2018, found 454.2022. 

  

HO

O

PhthN

t-Bu



Chapter 4 – Global Diastereoconvergence in the Ireland–Claisen Rearrangement of 
Isomeric Enolates: Synthesis of Tetrasubstituted a-Amino Acids 
 

 

380 

 

(2S*,3R*)-2-(1,3-dioxoisoindolin-2-yl)-2-(4-fluorophenyl)-3-phenylpent-4-enoic acid 

(86) 

Prepared according to general procedure 1 with isolation procedure 1 and obtained as a 

white foam (404.6 mg, 0.974 mmol, 97% yield, >20:1 dr); 1H NMR (500 MHz, 

Chloroform-d) δ 7.82 – 7.76 (m, 2H), 7.77 – 7.72 (m, 2H), 7.45 (t, J = 8.4, 5.1 Hz, 2H), 

7.16 – 7.10 (m, 3H), 7.11 – 7.04 (m, 2H), 6.95 (t, J = 8.5 Hz, 2H), 6.60 (dt, J = 17.0, 9.9, 

8.8 Hz, 1H), 5.49 (d, J = 8.2 Hz, 1H), 5.23 – 5.12 (m, 2H); 13C NMR (100 MHz, 

Chloroform-d) δ 173.1, 167.9, 162.3 (d, JC–F = 247.9 Hz), 139.6, 138.0, 134.5, 131.9 (d, 

JC–F = 3.5 Hz), 131.5, 130.8 (d, JC–F = 8.1 Hz), 130.6, 128.1, 127.3, 123.6, 119.1, 114.6 (d, 

JC–F = 21.5 Hz), 71.0, 53.2; 19F NMR (282 MHz, Chloroform-d) δ –62.69 – –62.73 (m); IR 

(Neat Film, NaCl) 3061, 1777, 1722, 1605, 1509, 1470, 1410, 1367, 1348, 1320, 1239, 

1164, 1107, 1086, 990, 962, 929, 839, 723, 703 cm–1; (MM:FAB+) m/z calc’d for 

C25H19NO4F [M+H]+: 416.1298, found 416.1282. 
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(2S*,3R*)-2-(1,3-dioxoisoindolin-2-yl)-3-phenyl-2-(4-(trifluoromethyl)phenyl)pent-4-

enoic acid (87) 

Prepared according to general procedure 1 with isolation procedure 1 with further 

purification by flash column chromatography (30% EtOAc in hexanes with 2% AcOH) 

and obtained as a white foam (438.6 mg, 0.942 mmol, 94% yield >20:1 dr); 1H NMR (500 

MHz, Chloroform-d) δ 7.81 – 7.77 (m, 2H), 7.77 – 7.73 (m, 2H), 7.60 (d, J = 8.5 Hz, 2H), 

7.53 (d, J = 8.6 Hz, 2H), 7.19 – 7.10 (m, 3H), 7.09 – 7.03 (m, 2H), 6.57 (ddd, J = 17.1, 

10.3, 8.5 Hz, 1H), 5.51 (d, J = 8.4 Hz, 1H), 5.24 – 5.15 (m, 2H); 13C NMR (100 MHz, 

Chloroform-d) δ 173.3, 167.9, 140.1, 139.3, 137.7, 134.6, 131.4, 130.5, 130.1 (q, JC–F = 

32.6 Hz), 129.4, 128.17, 127.4, 124.6 (q, JC–F = 3.7 Hz), 124.56 (q, JC–F = 272.8 Hz), 123.7, 

119.4, 71.3, 53.1; 19F NMR (282 MHz, Chloroform-d) δ –62.70; IR (Neat Film, NaCl) 

3064 (br), 1778, 1722, 1617, 1470, 1454, 1413, 1370, 1327, 1267, 1170, 1124, 1072, 1017, 

990, 963, 836, 724, 704, 656 cm–1; (MM:FAB+) m/z calc’d for C26H19NO4F3 [M+H]+: 

466.1266, found 466.1287. 
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(2S*,3R*)-2-(3-chlorophenyl)-2-(1,3-dioxoisoindolin-2-yl)-3-phenylpent-4-enoic acid 

(88) 

Prepared according to general procedure 1 with isolation procedure 1 and obtained as a 

white foam (385.0 mg, 0.891 mmol, 89% yield, >20:1 dr); 1H NMR (500 MHz, 

Chloroform-d) δ 7.82 – 7.77 (m, 2H), 7.77 – 7.71 (m, 2H), 7.44 (t, J = 1.8 Hz, 1H), 7.38 – 

7.35 (m, 1H), 7.25 (d, J = 1.8 Hz, 1H), 7.23 – 7.18 (m, 1H), 7.16 – 7.11 (m, 3H), 7.10 – 

7.03 (m, 2H), 6.58 (ddd, J = 17.1, 10.4, 8.4 Hz, 1H), 5.47 (d, J = 8.4 Hz, 1H), 5.23 – 5.14 

(m, 2H); 13C NMR (100 MHz, Chloroform-d) δ 173.1, 167.8, 139.2, 138.1, 137.6, 134.4, 

133.5, 131.3, 130.5, 129.3, 128.8, 128.2, 128.0, 127.3, 126.8, 123.6, 119.1, 71.0, 53.0; IR 

(Neat Film, NaCl) 3066 (br), 1777, 1720, 1470, 1454, 1430, 1370, 1319, 1266, 1121, 1074, 

925, 721, 705 cm–1; (MM:FAB+) m/z calc’d for C25H19NO4Cl [M+H]+: 432.1003, found 

432.1007. 
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(2S*,3R*)-2-(4-chlorophenyl)-2-(1,3-dioxoisoindolin-2-yl)-3-phenylpent-4-enoic acid 

(89) 

Prepared according to general procedure 1 with isolation procedure 1 and obtained as a 

white foam (416.7 mg, 0.964 mmol, 96% yield, >20:1 dr); 1H NMR (500 MHz, 

Chloroform-d) δ 7.78 – 7.74 (m, 2H), 7.74 – 7.71 (m, 2H), 7.43 – 7.35 (m, 2H), 7.26 – 7.20 

(m, 3H), 7.16 – 7.08 (m, 3H), 7.08 – 7.02 (m, 2H), 6.55 (ddd, J = 17.8, 10.1, 8.7 Hz, 1H), 

5.45 (d, J = 8.3 Hz, 1H), 5.26 – 5.02 (m, 2H); 13C NMR (100 MHz, CDCl3) δ 172.9, 167.9, 

139.6, 137.9, 134.8, 134.5, 134.1, 131.4, 130.5, 130.3, 128.1, 127.9, 127.3, 123.6, 119.1, 

71.1, 53.0; IR (Neat Film, NaCl) 3062 (br), 1778, 1714, 1494, 1470, 1454, 1371, 1348, 

1322, 1266, 1100, 1014, 992, 962, 856, 824, 723, 706, 682 cm–1; (MM:FAB+) m/z calc’d 

for C25H19NO4Cl [M+H]+: 432.1003, found 432.1005. 
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(2S,3R)-2-(2-chlorophenyl)-2-(1,3-dioxoisoindolin-2-yl)-3-phenylpent-4-enoic acid 

(90) 

Prepared according to general procedure 1 with heating to 40 ºC with isolation procedure 

1 and obtained as a white foam (409.2 mg, 0.948 mmol, 95% yield, >20:1 dr); 1H NMR 

(500 MHz, Chloroform-d) δ 7.88 – 7.81 (m, 1H), 7.79 – 7.73 (m, 2H), 7.74 – 7.68 (m, 2H), 

7.34 – 7.29 (m, 2H), 7.25 – 7.11 (m, 3H), 7.07 – 6.98 (m, 3H), 6.54 (ddd, J = 17.5, 10.4, 

7.4 Hz, 1H), 5.96 (d, J = 7.4 Hz, 1H), 5.18 (d, J = 10.5 Hz, 1H), 5.09 (d, J = 17.1 Hz, 1H); 

13C NMR (100 MHz, Chloroform-d) δ 172.8, 168.0, 139.2, 138.1, 134.4, 134.3, 132.7, 

131.9, 131.6, 131.4, 130.8, 129.1, 127.7, 127.0, 126.1, 123.5, 119.0, 72.4, 51.5; IR (Neat 

Film, NaCl) 3066 (br), 1777, 1720, 1470, 1454, 1430, 1370, 1319, 1266, 1121, 1074, 925, 

721, 705 cm–1; (MM:FAB+) m/z calc’d for C25H19NO4Cl [M+H]+: 432.1003, found 

432.1019. 

  

HO

O

PhthN
Cl



Chapter 4 – Global Diastereoconvergence in the Ireland–Claisen Rearrangement of 
Isomeric Enolates: Synthesis of Tetrasubstituted a-Amino Acids 
 

 

385 

 

(2S*,3R*)-2-(1,3-dioxoisoindolin-2-yl)-2-(2-methoxyphenyl)-3-phenylpent-4-enoic 

acid (91) 

Prepared according to general procedure 1 with heating to 40 ºC with isolation procedure 

1 and obtained as a white foam (371.4 mg, 0.869 mmol, 87% yield, >20:1 dr); 1H NMR 

(500 MHz, Chloroform-d) δ 7.80 – 7.73 (m, 2H), 7.76 – 7.68 (m, 2H), 7.69 – 7.62 (m, 1H), 

7.36 – 7.29 (m, 3H), 7.12 – 7.02 (m, 3H), 7.04 – 6.94 (m, 1H), 6.91 – 6.83 (m, 1H), 6.59 

(ddd, J = 17.0, 10.2, 8.0 Hz, 1H), 5.83 – 5.73 (m, 1H), 5.17 (d, J = 10.0 Hz, 1H), 5.16 – 

5.10 (m, 1H), 3.70 (s, 3H); 13C NMR (100 MHz, Chloroform-d) δ 172.1, 167.8, 156.7, 

140.3, 138.9, 134.1, 131.6, 130.7, 130.7, 129.6, 127.6, 126.7, 124.7, 123.2, 120.3, 118.0, 

111.5, 71.1, 55.6, 51.9; IR (Neat Film, NaCl) 3059 (br), 1776, 1716, 1490, 1463, 1435, 

1370, 1319, 1249, 1024, 917, 725, 702 cm–1; (MM:FAB+) m/z calc’d for C26H22NO5 

[M+H]+: 428.1498, found 428.1515. 

  

HO

O

PhthN
MeO



Chapter 4 – Global Diastereoconvergence in the Ireland–Claisen Rearrangement of 
Isomeric Enolates: Synthesis of Tetrasubstituted a-Amino Acids 
 

 

386 

 

(2S*,3R*)-2-(1,3-dioxoisoindolin-2-yl)-3-(4-methoxyphenyl)-2-phenylpent-4-enoic 

acid (92) 

Prepared according to general procedure 1 with isolation procedure 2 with purification by 

silica gel chromatography (30% EtOAc in hexanes) to afford the desired product as a light 

yellow oil (206.6 mg, 70% yield over 2 steps, >20:1 dr); 1H NMR (400 MHz, Chloroform-

d) δ 7.98 – 7.87 (m, 4H), 7.68 – 7.58 (m, 2H), 7.50 – 7.39 (m, 3H), 7.31 – 7.23 (m, 2H), 

6.82 – 6.77 (m, 2H), 6.77 – 6.62 (m, 1H), 5.66 (dd, J = 8.2, 1.3 Hz, 1H), 5.35 – 5.26 (m, 

2H), 3.88 (s, 3H), 3.79 (s, 3H); 13C NMR (100 MHz, Chloroform-d) δ 169.8, 168.1, 158.5, 

138.9, 136.5, 134.3, 132.3, 131.6, 131.5, 128.8, 127.7, 127.6, 123.5, 118.3, 113.3, 71.6, 

55.2, 52.7, 52.5; IR (Neat Film, NaCl) 1778, 1716, 1610, 1512, 1468, 1367, 1319, 1228, 

1180, 1115, 1035, 908, 846, 730; (MM:ESI-APCI+) m/z calc’d for C27H27N2O5 [M+NH4]+: 

459.1914, found 459.1907. 
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(2S*,3R*)-3-(4-bromophenyl)-2-(1,3-dioxoisoindolin-2-yl)-2-phenylpent-4-enoic acid 

(93) 

Prepared according to general procedure 1 with isolation procedure 1 to afford the desired 

product as a light yellow solid (664.9 mg, 93% yield, >20:1 dr); 1H NMR (400 MHz, 

DMSO-d6) δ 7.92 – 7.83 (m, 2H), 7.88 – 7.80 (m, 2H), 7.45 (d, J = 7.1 Hz, 2H), 7.32 – 

7.21 (m, 5H), 7.09 (d, J = 8.4 Hz, 2H), 6.42 (ddd, J = 17.2, 10.3, 8.7 Hz, 1H), 5.43 (d, J = 

8.6 Hz, 1H), 5.15 – 5.06 (m, 2H); 13C NMR (100 MHz, DMSO-d6) δ 169.5, 167.5, 140.0, 

138.5, 136.7, 135.0, 132.3, 130.7, 130.5, 128.7, 127.3, 127.2, 123.3, 119.9, 118.5, 70.5, 

51.6; IR (Neat Film, NaCl) 1773, 1715, 1488, 1367, 1348, 1319, 1123, 1074, 1009, 719; 

(MM:ESI-APCI+) m/z calc’d for C25H22BrN2O4 [M+NH4]+: 493.0757, found 493.0792. 
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(2S*,3R*)-2-(1,3-dioxoisoindolin-2-yl)-3-(4-fluorophenyl)-2-phenylpent-4-enoic acid 

(94) 

Prepared according to general procedure 1 with isolation procedure 1 to afford the desired 

product as a white solid (345.6 mg, 83% yield, >20:1 dr); 1H NMR (400 MHz, Chloroform-

d) δ 7.84 – 7.75 (m, 2H), 7.79 – 7.69 (m, 2H), 7.53 – 7.44 (m, 2H), 7.32 – 7.25 (m, 3H), 

7.18 – 7.08 (m, 2H), 6.79 – 6.71 (m, 2H), 6.58 (ddd, J = 17.2, 10.5, 8.0 Hz, 1H), 5.52 (d, J 

= 8.0 Hz, 1H), 5.19 (dt, J = 10.4, 1.4 Hz, 1H), 5.12 (dt, J = 17.2, 1.5 Hz, 1H); 13C NMR 

(100 MHz, Chloroform-d) δ 173.2, 168.0, 162.0 (d, JC–F = 245.9 Hz), 138.1, 135.6 (d, JC–

F = 3.4 Hz), 134.5, 132.2 (d, JC–F = 8.0 Hz), 131.5, 128.8, 128.2, 127.8, 123.6, 119.0, 115.0, 

114.8, 71.4, 52.2; 19F NMR (282 MHz, Chloroform-d) δ –115.4 (dddd, J = 13.8, 8.5, 5.3, 

1.6 Hz); IR (Neat Film, NaCl) 3070 (br), 1778, 1715, 1601, 1508, 1369, 1319, 1226, 910, 

849, 720; (MM:ESI-APCI+) m/z calc’d for C25H22FN2O4 [M+NH4]+: 433.1558, found 

433.1565. 
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(2S*,3R*)-2-(1,3-dioxoisoindolin-2-yl)-2-phenyl-3-(4-(trifluoromethyl)phenyl)pent-4-

enoic acid (95) 

Prepared according to general procedure 1 with isolation procedure 1 to afford the desired 

product as a white solid (404.3 mg, 87% yield, >20:1 dr); 1H NMR (400 MHz, Chloroform-

d) δ 7.81 – 7.72 (m, 4H), 7.49 (dd, J = 6.3, 2.8 Hz, 2H), 7.29 (t, J = 4.1 Hz, 7H), 6.61 (ddd, 

J = 17.2, 10.4, 8.0 Hz, 1H), 5.60 (d, J = 8.0 Hz, 1H), 5.22 (dd, J = 10.5, 0.9 Hz, 1H), 5.14 

(dd, J = 17.2, 1.0 Hz, 1H); 13C NMR (100 MHz, Chloroform-d) δ 13C NMR (101 MHz, 

Chloroform-d) δ 173.5, 167.9, 144.1, 137.5, 135.7, 134.6, 131.4, 131.0, 129.3 (q, J = 32.5 

Hz), 128.7, 128.3, 127.9, 125.6, 124.8 (q, J = 3.8 Hz), 123.6, 122.9, 119.6, 71.3, 52.7; 19F 

NMR (282 MHz, Chloroform-d) δ –62.6; IR (Neat Film, NaCl) 3077 (br), 1777, 1716, 

1368, 1347, 1326, 1166, 1125, 1069, 908, 723 cm–1; (MM:ESI-APCI+) m/z calc’d for 

C26H19F3NO4 [M+H]+: 466.1261, found 466.1275. 
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(2S*,3R*)-2-(1,3-dioxoisoindolin-2-yl)-2-phenyl-3-(p-tolyl)pent-4-enoic acid (96) 

Prepared according to general procedure 1 with isolation procedure 1 to afford the desired 

product as a light yellow solid (364.1 mg, 88% yield, >20:1 dr); 1H NMR (500 MHz, 

Chloroform-d) δ 7.81 – 7.76 (m, 2H), 7.75 – 7.68 (m, 2H), 7.51 – 7.46 (m, 2H), 7.26 (dd, 

J = 3.8, 2.7 Hz, 3H), 7.06 – 7.02 (m, 2H), 6.87 (d, J = 7.8 Hz, 2H), 6.61 (ddd, J = 16.9, 

10.5, 8.2 Hz, 1H), 5.50 (d, J = 8.3 Hz, 1H), 5.22 – 5.07 (m, 2H), 2.23 (s, 3H); 13C NMR 

(100 MHz, Chloroform-d) δ 173.1, 168.0, 138.4, 136.8, 136.7, 136.3, 134.3, 131.6, 130.4, 

128.9, 128.7, 128.0, 127.7, 123.5, 118.6, 71.5, 52.7, 21.2; IR (Neat Film, NaCl) 3424 (br), 

1778, 1714, 1514, 1367, 1318, 908, 722; (MM:ESI-APCI+) m/z calc’d for C26H25N2O4 

[M+NH4]+: 429.1809, found 429.1817. 
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(2S*,3R*)-2-(1,3-dioxoisoindolin-2-yl)-2-phenyl-3-(m-tolyl)pent-4-enoic acid (97) 

Prepared according to general procedure 1 with isolation procedure 1 to afford the desired 

product as a white solid (342.4 mg, 0.832 mmol, 83% yield, >20:1 dr); 1H NMR (400 MHz, 

Chloroform-d) δ 7.80 – 7.70 (m, 4H), 7.52 – 7.44 (m, 2H), 7.31 – 7.27 (m, 3H), 7.07 (d, J 

= 7.7 Hz, 1H), 6.98 (t, J = 7.5 Hz, 1H), 6.93 – 6.88 (m, 1H), 6.85 (d, J = 1.8 Hz, 1H), 6.57 

(ddd, J = 16.7, 10.8, 8.4 Hz, 1H), 5.53 – 5.39 (m, 1H), 5.19 – 5.10 (m, 2H), 1.95 (s, 3H); 

13C NMR (100 MHz, Chloroform-d) δ 172.1, 167.9, 140.1, 138.5, 137.4, 136.0, 134.3, 

131.6, 131.2, 129.0, 128.0, 128.0, 127.8, 127.8, 127.7, 123.5, 118.7, 71.4, 53.1, 21.2; IR 

(Neat Film, NaCl) 1777, 1719, 1367, 1319, 908, 720, 698; (MM:ESI-APCI+) m/z calc’d 

for C26H22NO4 [M+H]+: 412.1549, found 412.1545. 
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(2S*,3R*)-2-(1,3-dioxoisoindolin-2-yl)-2-phenyl-3-(o-tolyl)pent-4-enoic acid (98) 

Prepared according to general procedure 1 with isolation procedure 1 to afford the desired 

product as a white foam (326.6 mg, 0.794 mmol, 79% yield, >20:1 dr); 1H NMR (500 MHz, 

Chloroform-d) δ 7.96 – 7.88 (m, 2H), 7.87 – 7.74 (m, 2H), 7.41 (d, J = 7.7 Hz, 1H), 7.19 

(q, J = 6.8 Hz, 2H), 7.14 (t, J = 7.4 Hz, 1H), 7.07 (t, J = 7.7 Hz, 2H), 7.01 (d, J = 7.5 Hz, 

1H), 6.93 (d, J = 8.0 Hz, 2H), 6.72 (ddd, J = 17.4, 10.4, 7.3 Hz, 1H), 5.86 (d, J = 7.4 Hz, 

1H), 5.11 (d, J = 10.4 Hz, 1H), 5.03 (d, J = 17.0 Hz, 1H), 1.70 (s, 3H); 13C NMR (100 

MHz, Chloroform-d) δ 174.0, 168.7, 139.1, 138.6, 137.2, 135.5, 134.6, 131.6, 130.4, 129.7, 

128.1, 128.0, 127.4, 127.4, 126.2, 123.8, 117.9, 72.6, 48.3, 19.7; IR (Neat Film, NaCl) 

3056 (br), 2366, 1774, 1716, 1489, 1418, 1369, 1345, 1318, 1244, 1124, 1086, 90, 909, 

876, 794, 726, 698, 660; (MM:ESI-APCI+) m/z calc’d for C26H22NO4 [M+H]+: 412.1549, 

found 412.1534. 
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methyl (2S*,3R*)-2-(3,5-dimethylisoxazol-4-yl)-2-(1,3-dioxoisoindolin-2-yl)-3-

phenylpent-4-enoate (99)  

Prepared according to general procedure 1 with isolation procedure 2 and purification by 

flash column chromatography (20% EtOAc in hexanes) to afford the desired product as an 

amorphous white solid (171.9 mg, 0.399 mmol, 40% yield, >20:1 dr); 1H NMR (500 MHz, 

Chloroform-d) δ 7.74 (s, 4H), 7.21 (d, J = 7.6 Hz, 2H), 7.09 (t, J = 7.3 Hz, 1H), 7.01 (t, J 

= 7.5 Hz, 2H), 6.82 (ddd, J = 17.3, 10.6, 6.5 Hz, 1H), 5.31 (d, J = 6.6 Hz, 1H), 5.23 (dt, J 

= 10.8, 1.6 Hz, 1H), 5.04 (dt, J = 17.4, 1.3 Hz, 1H), 3.60 (s, 3H), 2.47 (s, 3H), 2.26 (s, 3H); 

13C NMR (100 MHz, Chloroform-d) δ 168.6, 167.6, 159.0, 140.1, 138.7, 134.6, 131.2, 

131.0, 127.9, 127.2, 123.6, 119.6, 111.9, 66.5, 52.9, 52.6, 14.3, 12.6; IR (Neat Film, NaCl) 

3474, 3060, 3028, 2950, 2251, 1780, 1743, 1726, 1603, 1467, 1432, 1406, 1365, 1349, 

1322, 1258, 1227, 1121, 1087, 1019, 1002, 964, 904, 858, 842, 792, 777, 760, 724, 704, 

684, 626 cm–1; (MM:ESI-APCI+) m/z calc’d for C25H23N2O5 [M+H]+: 431.1607, found 

431.1605. 
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methyl (2S*,3R*)-2-(1,3-dioxoisoindolin-2-yl)-2-(furan-2-yl)-3-phenylpent-4-enoate 

(100) 

Prepared according to general procedure 1 with isolation procedure 3 and purification by 

flash column chromatography (10–30% EtOAc in hexanes) to afford the desired product 

as a white foam (260.3 mg, 0.648 mmol, 65% yield, >20:1 dr); 1H NMR (400 MHz, 

Chloroform-d) δ 7.79 – 7.70 (m, 2H), 7.71 – 7.62 (m, 2H), 7.49 – 7.38 (m, 1H), 7.15 (s, 

5H), 6.69 – 6.53 (m, 1H), 6.43 (dt, J = 3.2, 0.5 Hz, 1H), 6.33 – 6.27 (m, 1H), 5.53 (d, J = 

7.5 Hz, 1H), 5.24 – 5.10 (m, 2H), 3.81 (s, 3H); 13C NMR (100 MHz, Chloroform-d) δ 

167.7, 167.6, 148.3, 142.0, 138.7, 137.1, 134.2, 131.6, 130.2, 127.9, 127.3, 123.3, 118.4, 

112.0, 110.7, 67.8, 52.9, 52.8; IR (Neat Film, NaCl) 3486, 3063, 3032, 2949, 2365, 1779, 

1720, 1653, 1636, 1612, 1495, 1468, 1452, 1435, 1366, 1347, 1316, 1225, 1156, 1124, 

1080, 1024, 928, 876, 784, 738, 716, 702, 684 cm–1; (MM:FAB+) m/z calc’d for 

C24H20NO5 [M+H]+: 402.1341, found 402.1362. 
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(2S*,3R*)-2-(1,3-dioxoisoindolin-2-yl)-3-phenyl-2-(thiophen-3-yl)pent-4-enoic acid 

(101) 

Prepared according to general procedure 1 with isolation procedure 1 and obtained as a tan 

amorphous solid tan solid with a minor impurity (306.0 mg, 0.758 mmol, 76% yield, >20:1 

dr); 1H NMR (500 MHz, Chloroform-d) δ 7.90 – 7.83 (m, 2H), 7.77 – 7.69 (m, 2H), 7.51 

– 7.47 (m, 1H), 7.36 – 7.32 (m, 3H), 7.32 – 7.28 (m, 3H), 7.28 – 7.23 (m, 1H), 6.59 (d, J = 

15.9 Hz, 1H), 6.24 (dt, J = 15.9, 6.4 Hz, 1H), 6.16 (s, 1H), 4.93 – 4.82 (m, 2H); 13C NMR 

(100 MHz, Chloroform-d) δ 172.4, 167.9, 138.8, 137.5, 137.2, 134.4, 131.6, 130.6, 128.3, 

128.0, 127.4, 125.3, 124.2, 123.6, 118.9, 69.7, 53.9; 13C NMR (100 MHz, Chloroform-d) 

δ 172.4, 167.9, 138.8, 137.5, 137.2, 134.4, 131.6, 130.6, 128.3, 128.0, 127.4, 125.3, 124.2, 

123.6, 118.9, 69.7, 53.9; IR (Neat Film, NaCl) 2912 (br), 1774, 1714, 1366, 1343, 1319, 

1227, 1169, 1122, 1058, 992, 771, 747, 721, 702, 674 cm–1; (MM:FAB+) m/z calc’d for 

C23H18NO4S [M+H]+: 404.0957, found 404.0944.  
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methyl (2S*,3R*)-2-(1,3-dioxoisoindolin-2-yl)-2-phenyl-3-(pyridin-3-yl)pent-4-enoate 

(102) 

Prepared according to general procedure 1 with isolation procedure 3 and purification by 

flash column chromatography (10–60% EtOAc in hexanes) to afford the desired product 

as a white foam (365.5 mg, 0.891 mmol, 89% yield, >20:1 dr); 1H NMR (500 MHz, 

Chloroform-d) δ 8.37 (d, J = 1.9 Hz, 1H), 8.36 (d, J = 1.5 Hz, 1H), 7.81 – 7.69 (m, 4H), 

7.64 (dt, J = 8.1, 2.0 Hz, 1H), 7.52 – 7.43 (m, 2H), 7.35 – 7.26 (m, 3H), 7.08 (dd, J = 8.0, 

4.8 Hz, 1H), 6.57 (ddd, J = 17.7, 10.5, 7.8 Hz, 1H), 5.56 (d, J = 7.8 Hz, 1H), 5.22 (d, J = 

10.3 Hz, 1H), 5.13 (d, J = 17.2 Hz, 1H), 3.60 (s, 3H); 13C NMR (100 MHz, Chloroform-d) 

δ 169.4, 168.0, 151.5, 148.1, 138.1, 137.5, 136.2, 135.8, 134.5, 131.3, 128.5, 128.0, 127.8, 

123.6, 122.8, 119.5, 71.1, 52.8, 50.9; IR (Neat Film, NaCl) 3482, 3035, 2950, 1778, 1722, 

1610, 1468, 1448, 1426, 1368, 1349, 1321, 1231, 1192, 1112, 1086, 1026, 970, 917, 902, 

842, 794, 751, 716, 651 cm–1; (MM:FAB+) m/z calc’d for C25H21N2O4 [M+H]+: 413.1501, 

found 413.1505. 
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tert-butyl 2-((3R*,4S*)-4-(1,3-dioxoisoindolin-2-yl)-5-methoxy-5-oxo-4-phenylpent-1-

en-3-yl)-1H-pyrrole-1-carboxylate (103) 

Prepared according to general procedure 1 with isolation procedure 3 and purification by 

flash column chromatography (20% EtOAc in hexanes) to afford the desired product as a 

white foam (354.4 mg, 0.708 mmol, 71% yield, 10:1 dr measured by ratio of major δ 3.77 

(s, 3H, integral = 2.71) to minor δ 3.73 (s, 3H, integral = 0.27)); 1H NMR (500 MHz, 

Chloroform-d) δ Major: 7.89 – 7.83 (m, 2H), 7.78 – 7.73 (m, 2H), 6.78 (d, J = 7.7 Hz, 1H), 

6.47 (ddd, J = 17.5, 10.3, 7.6 Hz, 1H), 6.09 (t, J = 3.4 Hz, 1H), 6.04 – 6.00 (m, 1H), 5.16 

(d, J = 17.0 Hz, 1H), 3.77 (s, 3H), Minor: 7.70 – 7.66 (m, 0.2H), 7.60 – 7.56 (m, 0.2H), 

7.31 – 7.28 (m, 0.4H), 6.81 (d, J = 7.5 Hz, 0.1H), 6.17 (ddd, J = 17.0, 10.3, 6.8 Hz, 0.1H), 

5.92 (t, J = 3.5 Hz, 0.1H), 5.85 (d, J = 3.6 Hz, 0.1H), 5.04 – 4.99 (m, 0.1H), 3.73 (s, 0.3H), 

Overlapping: 7.23 – 7.14 (m, 4.4H), 7.06 – 7.00 (m, 2.1 H), 5.10 – 5.06 (m, 1.2H), 1.45 (s, 

9.4H); 13C NMR (100 MHz, CDCl3) δ Major: 169.1, 168.2, 149.4, 137.7, 136.7, 134.4, 

131.8, 131.6, 127.8, 127.6, 123.6, 121.9, 117.2, 114.6, 110.0, 84.0, 72.5, 52.5, 44.4, 28.0, 

Minor: 169.3, 168.1, 149.8, 137.4, 134.1, 131.9, 131.7, 128.2, 127.9, 127.5, 123.3, 121.6, 

117.5, 114.8, 109.5, 83.7, 71.6, 52.8, 44.5, 28.1; IR (Neat Film, NaCl) 3484, 2950, 2981, 

1778, 1732, 1613, 1470, 1416, 1395, 1369, 1324, 1239, 1165, 1128, 1067, 1000, 942, 924, 

854, 817, 772, 725, 701, 665 cm–1; (MM:FAB+) m/z calc’d for C29H29N2O6 [M+H]+: 

501.2026, found 501.2047. 
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methyl (2S*,3R*)-3-(3,5-dimethylisoxazol-4-yl)-2-(1,3-dioxoisoindolin-2-yl)-2-

phenylpent-4-enoate (104)  

Prepared according to general procedure 1 with isolation procedure 3 and purification by 

flash column chromatography (30% EtOAc in hexanes) to afford the desired product as a 

white foam (291.7 mg, 0.678 mmol, 68% yield, >20:1 dr); 1H NMR (500 MHz, 

Chloroform-d) δ 7.91 (dd, J = 5.4, 3.1 Hz, 2H), 7.83 (dd, J = 5.5, 3.1 Hz, 2H), 7.40 – 7.33 

(m, 2H), 7.33 – 7.22 (m, 3H), 6.59 (ddd, J = 16.7, 10.5, 5.6 Hz, 1H), 5.33 (dt, J = 5.4, 1.9 

Hz, 1H), 5.22 (dt, J = 10.4, 1.6 Hz, 1H), 5.03 (dt, J = 17.2, 1.3 Hz, 1H), 3.76 (s, 3H), 2.03 

(s, 3H), 1.75 (s, 3H); 13C NMR (100 MHz, Chloroform-d) δ 169.0, 168.6, 168.1, 160.7, 

136.5, 135.5, 134.7, 131.5, 128.1, 128.1, 127.9, 123.8, 117.8, 111.3, 70.9, 52.8, 43.4, 12.4, 

10.9; IR (Neat Film, NaCl) 3478, 3061, 2952, 1777, 1747, 1728, 1715, 1614, 1497, 1569, 

1446, 1434, 1367, 1349, 1319, 1232, 1175, 1125, 1089, 1006, 967, 924, 794, 720, 701, 666 

cm–1; (MM:FAB+) m/z calc’d for C25H23N2O5 [M+H]+: 431.1607, found 431.1594. 
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methyl (2S*,3S*)-2-(1,3-dioxoisoindolin-2-yl)-2-phenyl-3-(thiazol-2-yl)pent-4-enoate 

(105) 

Prepared according to general procedure 1 with isolation procedure 3 and purification by 

flash column chromatography (30% EtOAc in hexanes) to afford the desired product as a 

tan amorphous solid (160.2 mg, 0.382 mmol, 38% yield, >20:1 dr); 1H NMR (500 MHz, 

Chloroform-d) δ 7.80 – 7.76 (m, 2H), 7.75 – 7.70 (m, 2H), 7.53 – 7.48 (m, 2H), 7.41 (d, J 

= 3.3 Hz, 1H), 7.35 – 7.27 (m, 3H), 7.22 (d, J = 3.3 Hz, 1H), 6.55 – 6.47 (m, 1H), 5.80 (d, 

J = 9.1 Hz, 1H), 5.28 – 5.18 (m, 2H), 3.64 (s, 3H); 13C NMR (100 MHz, Chloroform-d) δ 

169.5, 168.5, 168.1, 142.2, 136.1, 135.5, 134.2, 131.7, 128.5, 128.0, 127.7, 123.4, 119.7, 

119.5, 70.0, 53.1, 51.6; IR (Neat Film, NaCl) 2950, 2339, 1779, 1722, 1490, 1448, 1368, 

1348, 1320, 1267, 1232, 1150, 1111, 1086, 1057, 988, 963, 899, 842, 758, 716, 695, 664 

cm–1; (MM:FAB+) m/z calc’d for C23H19N2O4S [M+H]+: 419.1066, found 419.1064. 
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methyl (2S*,3S*)-2-(1,3-dioxoisoindolin-2-yl)-2-phenyl-3-vinylhexanoate (107) 

Prepared according to general procedure 1 with isolation procedure 2 with purification by 

silica gel chromatography (0–30% EtOAc in hexanes) to afford the desired product as 

white foam (304.5 mg, 0.837 mmol, 84% yield, 2.3:1 dr measured by ratio of major δ 3.77 

(s, 3H, integral = 2.98) to minor δ 3.73 (s, 3H, integral = 1.28)); 1H NMR (500 MHz, 

Chloroform-d) δ Major: 7.76 – 7.68 (m, 2H), 7.67 – 7.61 (m, 2H), 5.86 (dt, J = 17.1, 9.8 

Hz, 1H), 5.19 (dd, J = 17.1, 1.8 Hz, 1H), 5.12 (dd, J = 10.2, 1.9 Hz, 1H), 4.24 (t, J = 10.2 

Hz, 1H), 3.77 (s, 3H), 1.55 (dt, J = 11.8, 5.9 Hz, 1H), 0.86 (t, J = 7.2 Hz, 3H); Minor: 7.79 

– 7.73 (m, 0.8H), 7.71 – 7.64 (m, 1H), 5.55 (dt, J = 17.1, 9.8 Hz, 0.4H), 4.97 (dd, J = 10.3, 

1.5 Hz, 0.4H), 4.90 (d, J = 17.1 Hz, 0.4H), 4.17 (t, J = 9.9 Hz, 0.5H), 3.73 (s, 1.3H), 1.77 

(td, J = 12.1, 6.0 Hz, 0.4H), 1.09 – 1.00 (m, 0.5H), 0.89 (t, J = 7.3 Hz, 1.8H); Overlapping: 

7.62 – 7.55 (m, 3H), 7.33 – 7.15 (m, 4.8H), 1.50 – 1.27 (m, 3H), 0.98 – 0.89 (m, 2H), 13C 

NMR (100 MHz, Chloroform-d) δ 169.0, 167.9, 138.6, 137.9, 136.9, 136.3, 134.1, 134.1, 

131.6, 131.6, 128.1, 127.9, 127.8, 127.6, 127.5, 123.3, 123.2, 119.2, 118.7, 71.7, 70.9, 52.3, 

52.2, 48.2, 46.3, 32.6, 32.3, 20.8, 20.7, 14.2, 14.0; IR (Neat Film, NaCl) 2953, 1776, 1743, 

1718, 1368, 1317, 1222, 994, 934, 718, 700 cm–1; (MM:FAB+) m/z calc’d for C23H24NO4 

[M+H]+: 378.1705 found 378.1690. 
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methyl (2S*,3S*)-2-(1,3-dioxoisoindolin-2-yl)-3-ethyl-2-phenylpent-4-enoate (109) 

Prepared according to general procedure 1 with isolation procedure 2 with purification by 

silica gel chromatography (0–30% EtOAc in hexanes) to afford the desired product as 

white foam (293.9 mg, 0.841 mmol, 84% yield, 3.7:1 dr measured by ratio of major δ 3.78 

(s, 3H, integral = 2.85) to minor δ 3.76 (s, 3H, integral = 0.78); 1H NMR (400 MHz, 

Chloroform-d) Major: δ 7.78 – 7.74 (m, 2H), 7.70 – 7.66 (m, 2H), 7.62 – 7.58 (m, 2H), 

7.34 – 7.27 (m, 3H), 5.87 (ddd, J = 17.1, 10.2, 9.4 Hz, 1H), 5.23 (ddd, J = 17.1, 2.1, 0.4 

Hz, 1H), 5.18 (dd, J = 10.3, 2.1 Hz, 1H), 3.78 (s, 3H), 1.77 – 1.63 (m, 1H), 1.02 – 0.94 (m, 

5H), Minor: δ 7.80 – 7.77 (m, 2H), 7.71 – 7.69 (m, 2H), 7.65 – 7.62 (m, 2H), 7.25 – 7.19 

(m, 3H), 5.56 (ddd, J = 17.1, 10.3, 9.0 Hz, 1H), 5.02 (dd, J = 10.3, 1.8 Hz, 1H), 4.94 (ddd, 

J = 17.1, 1.8, 0.7 Hz, 1H), 3.76 (s, 3H), 1.90 (dqd, J = 12.8, 7.0, 1.3 Hz, 1H), 1.16 – 1.04 

(m, 1H), 0.96 – 0.87 (m, 4H); 13C NMR (100 MHz, Chloroform-d) Major: δ 169.2, 168.1, 

138.0, 136.6, 134.2, 131.7, 128.1, 128.0, 127.9, 123.3, 119.6, 71.1, 52.5, 48.7, 23.6, 12.2, 

Minor δ 168.9, 168.5, 138.8, 135.9, 134.2, 131.8, 127.9, 127.7, 127.7, 123.4, 119.1, 71.8, 

52.3, 50.1, 23.7, 12.2; IR (Neat Film, NaCl) 3476, 3064, 3030, 2967, 2935, 2875, 1777, 

1746, 1714, 1722, 1638, 1613, 1498, 1468, 1448, 1456, 1434, 1384, 1367, 1351, 1320, 

1267, 1227, 1145, 1111, 1084, 1004, 922, 894, 792, 775, 719, 699, 658 cm–1; (MM:FAB+) 

m/z calc’d for C22H22NO4 [M+H]+: 364.1549 found 364.1535. 
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methyl (S)-2-((S)-cyclohex-2-en-1-yl)-2-(1,3-dioxoisoindolin-2-yl)-2-phenylacetate 

(111) 

Prepared according to general procedure 1 with heating to 40 ºC with isolation procedure 

2 and purification by flash column chromatography (0–30% EtOAc in hexanes) to afford 

the desired product as a white amorphous solid (327.0 mg, 0.871 mmol, 87% yield, >20:1 

dr, >99% ee); [α]D25 –48.8 (c 1.0, CHCl3); 1H NMR (400 MHz, Chloroform-d) δ 7.85 – 

7.74 (m, 2H), 7.75 – 7.67 (m, 2H), 7.71 – 7.62 (m, 2H), 7.36 – 7.21 (m, 3H), 5.83 (dp, J = 

10.4, 1.8 Hz, 1H), 5.76 – 5.66 (m, 1H), 4.46 – 4.34 (m, 1H), 3.69 (s, 3H), 2.06 – 1.56 (m, 

5H), 1.28 (tdd, J = 12.4, 10.7, 2.9 Hz, 1H); 13C NMR (100 MHz, CDCl3) δ 168.9, 168.3, 

134.1, 131.6, 128.8, 128.0, 127.8, 127.7, 127.7, 123.3, 71.4, 52.3, 40.2, 25.2, 25.1, 22.5; 

IR (Neat Film, NaCl) 3475, 3035, 2930, 2361, 1778, 1738, 1722, 1715, 1614, 1496, 1469, 

1446, 1434, 1367, 1348, 1320, 1227, 1194, 1149, 1117, 1084, 1058, 1034, 1008, 940,  910, 

792, 753, 719, 696, 682, 665 cm–1; (MM:FAB+) m/z calc’d for C23H22NO4 [M+H]+: 

376.1549, found 376.1526. SFC Conditions: 10% IPA, 2.5 mL/min, Chiralpak OB-H 

column, λ = 210 nm, tR (min): minor = 7.30, major = 9.80. 
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4.9.3.2  Ireland–Claisen Rearrangement of (Z)-3-phenylallyl 2-(1,3-

dioxoisoindolin-2-yl)-2-phenylacetate (80) 

 

Ireland–Claisen rearrangement of (Z)-cinnamyl ester 80 was performed on a 1.00 mmol 

scale according to general procedure 1 with isolation procedure 1 and to afford product 76a 

as a white foam (366.0 mg, 0.921 mmol, 92% yield, >20:1 dr); 1H NMR (500 MHz, 

Chloroform-d) δ 7.79 – 7.72 (m, 2H), 7.73 – 7.67 (m, 2H), 7.48 – 7.42 (m, 2H), 7.28 – 7.21 

(m, 3H), 7.16 – 7.11 (m, 2H) (d, J = 7.6 Hz, 1H), 7.11 – 7.06 (m, 1H), 7.04 – 7.00 (m, 2H), 

6.59 (ddd, J = 17.2, 10.4, 8.3 Hz, 1H), 5.50 (d, J = 8.2 Hz, 1H), 5.24 – 5.02 (m, 2H); 13C 

NMR (100 MHz, Chloroform-d) δ 173.2, 167.9, 139.9, 138.3, 136.1, 134.4, 131.6, 130.6, 

128.9, 128.1, 128.0, 127.7, 127.2, 123.6, 118.9, 71.5, 53.1. IR (Neat Film, NaCl) 3061 (br), 

1778, 1722, 1497, 1470, 1448, 1369, 1348, 1320, 1265, 1200, 1161, 1110, 1087, 1034, 

991, 961, 932, 841, 790, 725, 705, 682, 642 cm–1; (MM:FAB+) m/z calc’d for C25H20NO4 

[M+H]+: 398.1392, found 398.1394. 
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4.9.3.3  Ireland–Claisen Rearrangements of Substrates Relevant to Figure 

4.2.1 

 

Ireland–Claisen rearrangement of ester 117 was performed on a 1.00 mmol scale 

according to general procedure 1. After consumption of a-phthalidomido ester 117 was 

observed by TLC analysis (ca. 30 min), the reaction was quenched with 1 N HCl (10 mL) 

and transferred to a separatory funnel with Et2O (10 mL).  The layers were separated and 

the aqueous layer was extracted with Et2O (2 x 10 mL).  The combined organic layers were 

dried over Na2SO4, filtered, and concentrated by rotary evaporation. 1H, 13C, and HRMS 

analysis indicated a complex mixture of products without evidence for the formation of 

desired product 118. 

 

Ireland–Claisen rearrangement of ester 119 was performed on a 1.00 mmol scale 

according to general procedure 1. After consumption of the a-phthalidomido ester 119 was 

observed by TLC analysis (ca. 4 h), the reaction was quenched with 1 N HCl (10 mL) and 

transferred to a separatory funnel with Et2O (10 mL).  The layers were separated and the 

aqueous layer was extracted with Et2O (2 x 10 mL).  The combined organic layers were 

dried over Na2SO4, filtered, and concentrated by rotary evaporation to afford the crude 

rearrangement product.  Purification by silica gel column chromatography (20 to 70% 

EtOAc in hexanes) afforded the desired product 120 as an amorphous white solid  (241.9 

O
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mg, 0.692 mmol, 69% yield, 2.7:1 dr measured by ratio of major 4.87 (d, J = 9.1 Hz, 1H, 

integral = 1.00) to minor 4.32 (d, J = 9.2 Hz, 1H, integral = 0.37)); 1H NMR (500 MHz, 

Chloroform-d) δ Major: 6.59 (dt, J = 16.8, 9.7 Hz, 1H), 5.17 – 5.10 (m, 2H), 4.87 (d, J = 

9.1 Hz, 1H), 2.49 (dq, J = 14.7, 7.4 Hz, 1H), 0.96 (t, J = 7.3 Hz, 3H), Minor: 6.50 (dt, J = 

16.7, 9.7 Hz, 0.4H), 5.05 – 4.99 (m, 0.8H), 4.32 (d, J = 9.2 Hz, 0.4H), 2.77 (dq, J = 14.6, 

7.3 Hz, 0.4H), 1.00 (t, J = 7.3 Hz, 1.1H), Overlapping: 7.78 – 7.72 (m, 2.6H), 7.72 – 7.65 

(m, 2.7H), 7.28 – 7.23 (m, 3.4H), 7.21 – 7.13 (m, 4H), 2.30 (dq, J = 14.6, 7.3 Hz, 1.4H); 

13C NMR (100 MHz, CDCl3) δ Major: 175.1, 168.4, 139.3, 137.0, 134.2, 131.5, 129.9, 

128.4, 127.3, 123.3, 118.3, 69.9, 53.3, 27.3, 9.2, Minor:175.5, 168.6, 139.3, 137.3, 134.2, 

131.4, 130.2, 128.1, 127.2, 123.4, 117.8, 69.7, 55.7, 28.3, 9.8; IR (Neat Film, NaCl) 2943 

(br), 2352, 1778, 1714, 1456, 1367, 1352, 1318, 1254, 1157, 1072, 995, 956, 912, 869, 

760, 726, 630, 612 cm–1; (MM:ESI-APCI+) m/z calc’d for C21H20NO4 [M+H]+: 350.1392, 

found 350.1366. 
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Ireland–Claisen rearrangement of ester 121 was performed on a 1.00 mmol scale 

according to general procedure 1. After consumption of the a-phenyl ester 121 was 

observed by TLC analysis (ca. 4 h), the reaction was quenched with 1 N HCl (10 mL) and 

transferred to a separatory funnel with Et2O (10 mL). The layers were separated, and the 

aqueous layer was extracted with Et2O (2 x 10 mL). The combined organic layers were 

dried over Na2SO4, filtered, and concentrated by rotary evaporation to afford the crude 

rearrangement product. Purification by silica gel column chromatography (10 to 50% 

EtOAc in hexanes) afforded the desired product 122 as a white foam (244.1 mg, 0.871 

mmol, 87% yield, 2.9:1 dr measured by ratio of major 0.87 (t, J = 7.3 Hz, 3H, integral = 

3.00) to minor 0.93 (t, J = 7.3 Hz, 3H, integral =1.05)); 1H NMR (500 MHz, Chloroform-

d) δ 1H NMR (500 MHz, Chloroform-d) δ Major: 6.89 (d, J = 7.2 Hz, 2.0H), 5.12 – 5.05 

(m, 2.1H), 2.21 – 2.08 (m, J = 6.9 Hz, 2H), 0.87 (t, J = 7.3 Hz, 3H) Minor: 6.56 (d, J = 7.4 

Hz, 0.67H), 5.20 – 5.12 (m, 0.6H), Overlapping: 7.33 – 7.21 (m, 4.4H), 7.19 – 7.07 (m, 

4.7H),7.07 – 7.01 (m, 2.0H), 6.10 – 5.95 (m, 1.3H), 4.18 – 4.11 (m, 1.3H), 2.01 – 1.94 (m, 

0.7H), 0.93 (t, J = 7.3 Hz, 1.1H); 13C NMR (100 MHz, Chloroform-d) δ Major:180.8, 

140.7, 137.6, 137.6, 130.1, 129.7, 127.7, 127.4, 127.0, 126.8, 117.5, 60.4, 56.3, 30.3, 9.5, 

Minor: 181.0, 139.1, 138.6, 136.2, 130.5, 130.0, 127.7, 127.3, 127.2, 127.0, 117.5, 60.7, 

57.0, 29.4, 9.5; (MM:FAB+) m/z calc’d for C19H21O2 [M+H]+: 281.1542, found 281.1541. 
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4.9.3.4  Derivatizations of Rearrangement Products 

 

tert-butyl ((1S*,2R*)-1-(1,3-dioxoisoindolin-2-yl)-1,2-diphenylbut-3-en-1-

yl)carbamate (112) 

To a flame-dried 10 mL round bottom flask with a Teflon-coated magnetic stir bar was 

added carboxylic acid 15a (79.5 mg, 0.200 mmol, 1.0 equiv), t-BuOH (1.0 mL), Et3N (39 

µL, 0.28 mmol, 1.4 equiv), and DPPA (52 µL, 0.24 mmol, 1.2 equiv). The flask was then 

immersed in a metal heating block at 75 ºC and stirred rapidly. After 20 h, the reaction was 

complete by TLC analysis. The reaction was cooled to 20 ºC, concentrated by rotary 

evaporation, and directly purified by silica gel column chromatography (15% Et2O in 

hexanes) to afford 51 as a viscous yellow oil (76.8 mg, 0.164 mmol, 82% yield); Note: for 

1H and 13C spectra some peak broadening and rotameric peaks are observed. 1H NMR 

(400 MHz, Chloroform-d) δ 7.82 – 7.65 (m, 4H), 7.48 – 7.43 (m, 2H), 7.42 – 7.36 (m, 1H), 

7.30 – 7.20 (m, 4H), 7.13 – 7.00 (m, 3H), 6.67 – 6.52 (m, 1H), 5.50 (d, J = 8.4 Hz, 1H), 

5.20 – 5.05 (m, 2H), 1.20 (s, 9H); 13C NMR (100 MHz, Chloroform-d) δ 167.7, 167.4, 

140.8, 139.0, 137.0, 134.0, 131.6, 130.5, 130.1, 128.8, 127.7, 127.3, 127.1, 126.8, 126.1, 

123.2, 120.3, 120.2, 118.3, 82.4, 72.2, 52.5, 27.4; IR (Neat Film, NaCl) 2976, 2169, 1778, 

1721, 1600, 1489 1467, 1367, 1320, 1244, 1157, 1087, 963, 914, 778, 750, 718, 700 cm–

1;(MM:FAB+) m/z calc’d for C28H26N2O4 [M–CH2]+•: 454.1893, found 454.1905. 
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2-((3S*,4S*,5S*)-5-(iodomethyl)-2-oxo-3,4-diphenyltetrahydrofuran-3-

yl)isoindoline-1,3-dione (113) 

To a flame-dried 1 dram vial with a Teflon-coated magnetic stirring bar was added 

carboxylic acid 15a (79.5 mg, 0.200 mmol, 1.0 equiv) and MeCN (700 µL). The 

heterogeneous reaction mixture was then cooled in a 0 ºC ice bath for 10 min, then NaHCO3 

(168.0 mg, 2.00 mmol, 10.0 equiv) was added. After stirring for an additional 5 min, the 

reaction flask was charged with I2 (152.3 mg, 0.600 mmol, 3.0 equiv). The resulting 

orange/black suspension was stirred vigorously at 20 ºC for 3 h, after which time TLC 

analysis showed full consumption of carboxylic acid 15a.  The reaction mixture was 

transferred to a separatory funnel with 10 mL Et2O and 10 mL H2O. The layers were 

separated and the aqueous layer was extracted with Et2O (3 x 5 mL). The combined organic 

layers were washed with sat. aq. Na2S2O3 (5 mL), dried over Na2SO4, filtered, and 

concentrated to afford a white solid.  Purification by silica gel column chromatography 

(25% EtOAc in hexanes) afforded the desired product as an amorphous white solid (94.5 

mg, 0.181 mmol, 91% yield, >20:1 dr); 1H NMR (500 MHz, Chloroform-d) δ 7.89 – 7.84 

(m, 2H), 7.79 (dd, J = 5.5, 3.1 Hz, 2H), 7.56 – 7.51 (m, 2H), 7.37 – 7.25 (m, 5H), 7.14 (d, 

J = 6.1 Hz, 3H), 5.29 (d, J = 4.0 Hz, 1H), 5.12 (ddd, J = 9.4, 5.6, 4.2 Hz, 1H), 3.23 (dd, J 

= 10.1, 5.7 Hz, 1H), 2.68 – 2.61 (m, 1H); 13C NMR (100 MHz, Chloroform-d) δ 171.1, 

167.3, 134.9, 134.0, 132.8, 131.2, 130.4, 130.0, 129.1, 128.6, 128.2, 127.5, 124.0, 80.2, 

67.9, 53.8, 0.8; IR (Neat Film, NaCl) 3034, 1790, 1774, 1722, 1498, 1468, 1448, 1364, 

PhthN Ph

Ph

HO

O
NaHCO3, I2
MeCN, 0 ºC

O

O

Ph
NPhth

PhI



Chapter 4 – Global Diastereoconvergence in the Ireland–Claisen Rearrangement of 
Isomeric Enolates: Synthesis of Tetrasubstituted a-Amino Acids 
 

 

409 

1347, 1315, 1266, 1169, 1124, 1084, 1058, 1008, 959, 917, 872, 735, 718, 697 cm–1; 

(MM:FAB+) m/z calc’d for C25H19NO4I [M+H]+: 524.0359, found 524.0360.  
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2-((3S*,4S*,5R*)-5-hydroxy-2-oxo-3,4-diphenyltetrahydrofuran-3-yl)isoindoline-1,3-

dione (114)  

 A 10 mL round bottom flask was charged with a Teflon-coated magnetic stir bar, 

carboxylic acid 15a (79.5 mg, 0.200 mmol, 1.0 equiv) and CH2Cl2 (2 mL).  The resulting 

solution was cooled in a –78 ºC dry ice/acetone bath for 10 min, after which time ozone 

was bubbled through the solution for 30 min, generating a pale blue solution with TLC 

analysis indicating full consumption of carboxylic acid 15a.  The reaction was then sparged 

with O2 for 10 min, affording a colorless solution to which SMe2 (44 µL, 0.60 mmol, 3.0 

equiv) was then added.  The colorless reaction mixture was warmed to 20 ºC and allowed 

to stir for 2 h, after which time it was loaded directly onto a silica gel column and eluted 

(0–5% MeOH/CH2Cl2) to afford the desired product as a white foam (68.1 mg, 0.171 

mmol, 86% yield, 11:1 dr measured by ratio of major δ 5.61 (d, J = 7.0 Hz, 1H, integral = 

1.00) to minor δ 5.40 (d, J = 4.5 Hz, 1H, integral = 0.09); 1H NMR (500 MHz, Chloroform-

d) Major: δ 7.90 – 7.83 (m, 2H), 7.81 – 7.73 (m, 2H), 7.37 – 7.17 (m, 6H), 7.04 (d, J = 7.5 

Hz, 2H), 7.00 (d, J = 8.0 Hz, 2H), 6.06 (d, J = 6.9 Hz, 1H), 5.61 (d, J = 7.0 Hz, 1H), 4.23 

– 4.16 (m, 1H), Minor: 6.27 (dd, J = 10.3, 4.6 Hz, 1H) 5.40 (d, J = 4.5 Hz, 1H); 13C NMR 

(100 MHz, Chloroform-d) δ 170.9, 168.4, 134.7, 132.9, 131.9, 131.5, 129.5, 128.6, 128.2, 

128.2, 128.0, 123.8, 99.4, 71.6, 54.5; IR (Neat Film, NaCl) 3456, 3064 (br), 1770, 1721, 

1608, 1500, 1469, 1450, 1378, 1346, 1323, 1265, 1169, 1122, 1087, 1062, 969, 949, 891, 

874, 852, 772, 719, 699, 670 cm–1; (MM:FAB+) m/z calc’d for C24H18NO5 [M+H]+: 

400.1185, found 400.1194.  
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methyl (2S*,3R*)-2-(1,3-dioxoisoindolin-2-yl)-2,3-diphenylpent-4-enoate (115) 

 To a flame-dried 10 mL round bottom flask with a Teflon-coated magnetic stir bar 

was added carboxylic acid 15a (397.4 mg, 1.00 mmol, 1.0 equiv) and DMF (3.3 mL).  To 

the colorless solution was then added K2CO3 (276.4 mg, 2.00 mmol, 2.0 equiv) and MeI 

(106 µL, 1.70 mmol, 1.7 equiv). The resulting suspension was stirred rapidly at 20 ºC for 

30 min, at which time TLC analysis indicated full conversion of carboxylic acid 15a.  The 

reaction mixture was then transferred to a separatory funnel with EtOAc (10 mL) and H2O 

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

x 5 mL).  The combined organics were washed with brine (5 mL), dried over Na2SO4, 

filtered, and concentrated to afford a yellow oil which was purified by silica gel 

chromatography (30% Et2O in hexanes) to afford the desired methyl ester as a white foam 

(372.0 mg, 0.904 mmol, 90% yield); 1H NMR (500 MHz, Chloroform-d) δ 7.80 – 7.69 (m, 

4H), 7.48 – 7.43 (m, 2H), 7.31 – 7.24 (m, 3H), 7.22 – 7.18 (m, 2H), 7.14 – 7.03 (m, 3H), 

6.58 (ddd, J = 17.1, 10.4, 8.3 Hz, 1H), 5.53 (d, J = 8.4 Hz, 1H), 5.21 – 5.08 (m, 2H), 3.60 

(s, 3H); 13C NMR (100 MHz, Chloroform-d) δ 169.7, 168.0, 140.5, 138.7, 136.3, 134.3, 

131.6, 130.6, 128.8, 127.9, 127.8, 127.6, 127.0, 123.4, 118.7, 71.5, 53.2, 52.7; IR (Neat 

Film, NaCl) 3060, 3030, 2951, 1778, 1721, 1611, 1498, 1448, 1348, 1366, 1320, 1270, 

1229, 1110, 1087, 1006, 968, 922, 901, 775, 758, 738, 720 cm–1; (MM:FAB+) m/z calc’d 

for C26H22NO4 [M+H]+: 412.1549, found 412.1524. 
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amino acid methyl ester 116 

To a 100 mL round bottom flask with a Teflon-coated magnetic stirring bar was 

added carboxylic acid 15a (397.4 mg, 1.00 mmol, 1.0 equiv), i-PrOH (16 mL), and 

saturated aqueous NaHCO3 solution (1.4 mL). The resulting cloudy reaction mixture was 

cooled in an ice bath for 5 min. To the cooled reaction was then added NaBH4 (227.0 mg, 

6.00 mmol, 6.0 equiv) slowly with vigorous stirring. The ice bath was then removed, and 

the reaction allowed to stir at 20 ºC for 12 h, after which time full consumption of acid 15a 

was observed by LC/MS analysis. The reaction mixture was concentrated to dryness, then 

passed through a 2x4 cm plug of silica gel with 10% MeOH in EtOAc (50 mL).  The 

solution was then concentrated to a yellow foam which was used directly without further 

purification.  

Caution! Diazomethane is toxic and explosive; all operations should be carried out 

in a well-ventilated hood with adequate shielding. To a 50 mL round bottom flask with a 

Teflon-coated stirring bar was added the crude product and THF (5 mL). The flask was 

placed behind a blast shield, and to the slowly stirring reaction mixture was then added 

freshly prepared CH2N2 (approx. 6 mL of a 0.2 M solution in Et2O) drop-wise via a flame-

polished pipette. Acetic acid (2.0 mL) was added dropwise to quench residual CH2N2. After 

stirring an additional 15 min, the reaction mixture was concentrated to a yellow foam.  

The flask was sealed with a rubber septum, the purged and evacuated 3x with N2.  

To the flask was then added AcOH (2.0 mL) was the reaction mixture was stirred at 80 ºC 

for 8 h in a heating well. The brown reaction solution was then cooled to 20 ºC and poured 
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into a separatory funnel containing 20 mL sat. aq. NaHCO3 and 20 mL EtOAc. The 

separatory funnel was shaken, and the layers separated. The aqueous layer was extracted 2 

x 10 mL EtOAc and the combined organics were dried over Na2SO4. Purification by 

column chromatography (0 to 10% MeOH in CH2Cl2) afforded the desired amino acid 

methyl ester as a white foam (163.5 mg, 0.707 mmol, 71% yield over 3 steps); 1H NMR 

(400 MHz, Chloroform-d) δ 7.82 – 7.62 (m, 2H), 7.41 – 7.22 (m, 8H), 6.04 (ddd, J = 17.1, 

10.3, 8.3 Hz, 1H), 4.96 (dq, J = 10.4, 1.3 Hz, 1H), 4.86 (dt, J = 17.2, 1.3 Hz, 1H), 4.46 (d, 

J = 8.3 Hz, 1H), 3.57 (s, 3H); 13C NMR (100 MHz, Chloroform-d) δ 174.8, 140.6, 140.0, 

136.3, 129.8, 128.5, 128.3, 127.7, 127.3, 126.6, 118.6, 67.4, 56.9, 52.6; IR (Neat Film, 

NaCl) 3370, 2919, 2360, 1719, 1597, 1490, 1446, 1227, 1032, 1008, 944, 920, 778, 752, 

730, 714, 701, 668 cm–1; (MM:ESI-APCI+) m/z calc’d for C18H20NO2 [M+H]+: 282.1494, 

found 282.1497. 

4.9.3.5  Preparation of Ireland–Claisen Substrates 

General Procedure 2 

 

 To a flame-dried 100 mL round bottom flask was added commercial or previously 

reported a-bromo carboxylic acid (10.0 mmol, 1.0 equiv), cinnamyl alcohol (1.74 g, 13.0 

mmol, 1.3 equiv), DMAP (122.2 mg, 1.0 mmol, 0.10 equiv) and CH2Cl2 (50 mL).  The 

resulting solution was then cooled in a 0 ºC ice/water bath for 10 minutes after which time 

DCC (2.68 g, 13.0 mmol, 1.3 equiv) was added in a single portion.  The resulting solution 

was vigorously stirred at 20 ºC for 12 h, during which time a white solid precipitates.  After 

the reaction was complete by TLC analysis (typically 12 h), the reaction mixture was 

HO
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concentrated by rotary evaporation and the resulting solid cake was suspended in 30 mL of 

Et2O.  The mixture was then filtered through a 2 x 5 cm celite pad with 2 x 20 mL rinses 

of Et2O.  The resulting solution was concentrated by rotary evaporation and eluted through 

a 5 x 10 cm plug of silica gel, eluting with 15% Et2O in hexanes.  The crude ester was then 

used in the next step without further purification. 

 To a flame-dried 100 mL round bottom flask was added the crude a-bromo ester 

prepared above and DMF (33 mL). To the resulting solution was then added potassium 

phthalimide (3.70 g, 20.0 mmol, 2.0 equiv) in a single portion.  The resulting slurry was 

then vigorously stirred at 20 ºC. After the reaction was complete by TLC analysis (typically 

12 h), the reaction mixture was quenched with 20 mL of H2O.  The reaction mixture was 

then transferred with 30 mL of EtOAc to a separatory funnel containing 20 mL of brine. 

The layers were separated and the aqueous was extracted with EtOAc (2 x 20 mL). The 

combined organics were washed with brine (30 mL), dried over Na2SO4, and concentrated. 

The crude a-phthalimide ester was then purified by column chromatography. 

General Procedure 3 

 

To a flame-dried round bottom flask was added the alcohol (2.0 equiv), DMAP 

(0.10 equiv), the a-phthalimide carboxylic acid (2.0 equiv), CH2Cl2 (0.10 M) and Et3N 

(2.0 equiv).  To the resulting solution was then added the EDC•HCl (2.0 equiv) in a single 

portion.  The resulting solution was vigorously stirred at 20 ºC for 12 h.  The reaction 

mixture was then diluted with CH2Cl2 (20 mL) and transferred to a separatory funnel.  The 

organic layer was washed with 0.5 N HCl (20 mL), sat. aq. NaHCO3 (10 mL), and brine 
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(10 mL). The organic layer was then dried over Na2SO4, filtered, and concentrated. The 

resulting crude mixture was then purified by column chromatography to afford the desired 

a-phthalidomido esters.  

General Procedure 4 

 

To a flame-dried round bottom flask was added cinnamyl alcohol (1.5 equiv), 

DMAP (0.20 equiv), a-phthalimido carboxylic acid (1.5 equiv), CH2Cl2 (0.20 M). The 

stirring solution was then cooled in an ice bath and to the resulting solution was then added 

the DCC (1.5 equiv) in a single portion. The resulting solution was vigorously stirred at 20 

ºC for 12 h.  To the reaction mixture was then added silica gel (10 g) and the resulting 

slurry was concentrated to a dry solid which was loaded directly onto a silica gel flash 

column for purification to afford the corresponding a-phthalimido cinnamyl ester.  

General Procedure 5 

 

 This general procedure was adapted from a procedure reported by Petasis and 

coworkers.34  To a 250 mL round bottom flask with a Teflon-coated magnetic stir bar was 

added glyoxylic acid hydrate (1.4253 g, 15.00 mmol, 1.0 equiv), CH2Cl2 (75 mL), and 

bis(4-methoxyphenyl)methanamine (3.65 g, 15.0 mmol, 1.0 equiv).  The resulting 

heterogeneous reaction mixture was stirred rapidly for 5 min, after which time aryl boronic 
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acid (15.0 mmol, 1.0 equiv) was added in a single portion, causing the precipitation of a 

white solid.  The reaction was stirred vigorously for 16 h, after which time the reaction 

mixture was concentrated by rotary evaporation. To the flask was then added 70% v/v 

AcOH/H2O (75 mL), and the flask was affixed with a reflux condenser. The mixture was 

then heated to reflux in a metal heating block (preheated to 115 ºC) for 1 h, after which 

time the mixture became homogeneous. After cooling to 20 ºC, 3 N HCl (32 mL) was then 

added, the mixture was transferred to a separatory funnel with H2O (5 mL), and washed 

with CH2Cl2 (3 x 20 mL). The aqueous layer was then partially concentrated to 

approximately 10 mL total volume, frozen in a dry ice/acetone bath, and lyophilized to 

afford the crude amino acid hydrochloride which was used without purification. 

 To a 250 mL round bottom flask with a Teflon-coated magnetic stir bar was added 

the crude amino acid hydrochloride, H2O (75 mL), Na2CO3 (2.38 g, 22.5 mmol, 1.5 equiv), 

and N-ethoxycarbonylphthalimide (4.93 g, 22.5 mmol, 1.5 equiv).  The reaction mixture 

was stirred vigorously for 3 h, after which time it was transferred to a separatory funnel 

with H2O (10 mL).  The pH of the aqueous layer was adjusted to 12 with sat. aq. Na2CO3 

solution, then the aqueous layer was washed with Et2O (3 x 50 mL).  The aqueous layer 

was then acidified to pH 2 with 2 N HCl and extracted with EtOAc (3 x 50 mL), dried over 

Na2SO4, filtered, and concentrated to afford the desired carboxylic acid which was used 

without further purification.   

 To a 500 mL round bottom flask was added the carboxylic acid, CH2Cl2 (150 mL), 

Et3N (4.2 mL, 30 mmol, 2.0 equiv), DMAP (366.5 mg, 3.00 mmol, 0.20 equiv), and 

cinnamyl alcohol (4.03 g, 30.0 mmol, 2.0 equiv).  To the rapidly stirring solution was then 

added EDC•HCl (5.75 g, 30.0 mmol, 2.0 equiv) in a single portion.  The reaction was 
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stirred until full consumption of the carboxylic acid by TLC analysis, after which time the 

reaction mixture was diluted with CH2Cl2 (100 mL) and transferred to a separatory funnel.  

The organic layer was washed with 0.5 N HCl (50 mL), sat. aq. NaHCO3 (50 mL), and 

brine (50 mL). The organic layer was then dried over Na2SO4, filtered, and concentrated. 

The resulting crude mixture was then purified by column chromatography to afford the 

desired a-phthalidomido esters. 

 

(E)-cinnamyl 2-(1,3-dioxoisoindolin-2-yl)-2-phenylacetate (75) 

Performed on a 10.00 mmol scale according to general procedure 3 and purified by silica 

gel chromatography (50% CH2Cl2, 2% EtOAc in hexanes) to afford the desired product as 

an amorphous white solid (3.59 g, 9.03 mmol, 90% yield); 1H NMR (500 MHz, 

Chloroform-d) δ 7.88 – 7.82 (m, 2H), 7.74 – 7.69 (m, 2H), 7.61 – 7.55 (m, 2H), 7.41 – 7.28 

(m, 7H), 7.28 – 7.23 (m, 1H), 6.60 (d, J = 15.9 Hz, 1H), 6.25 (dt, J = 15.8, 6.4 Hz, 1H), 

6.07 (s, 1H), 4.90 (qdd, J = 12.8, 6.4, 1.3 Hz, 2H); 13C NMR (100 MHz, Chloroform-d) δ 

167.9, 167.1, 136.1, 134.7, 134.5, 134.3, 131.8, 129.8, 128.7, 128.6, 128.2, 126.7, 123.7, 

122.4, 66.7, 56.0; IR (Neat Film, NaCl) 3476, 3060, 3030, 2929, 1772, 1746, 1721, 1611, 

1496, 1468, 1450, 1385, 1337, 1214, 1184, 1111, 1088, 1076, 1020, 968, 894, 842, 790, 

777, 720, 697, 661 cm–1; (MM:FAB+) m/z calc’d for C25H20NO4 [M+H]+: 398.1392, found 

398.1368. 
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3-phenylpropyl 2-(1,3-dioxoisoindolin-2-yl)-2-phenylacetate (77) 

Performed on a 5.00 mmol scale according to general procedure 3 and purified by silica 

gel chromatography (20% EtOAc in hexanes) to afford the desired product as a viscous, 

colorless oil (1.9659 g, 4.92 mmol, 98% yield); 1H NMR (500 MHz, Chloroform-d) δ 7.91 

– 7.85 (m, 2H), 7.77 – 7.70 (m, 2H), 7.60 (d, J = 7.3 Hz, 2H), 7.38 (dt, J = 12.0, 7.0 Hz, 

3H), 7.27 (t, J = 7.6 Hz, 2H), 7.20 (t, J = 7.3 Hz, 1H), 7.11 (d, J = 7.5 Hz, 2H), 6.04 (s, 

1H), 4.27 (t, J = 6.4 Hz, 2H), 2.61 (t, J = 7.7 Hz, 2H), 1.97 (p, J = 6.8 Hz, 2H); 13C NMR 

(100 MHz, Chloroform-d) δ 168.0, 167.2, 141.0, 134.6, 134.3, 131.8, 129.9, 128.7, 128.6, 

128.5, 126.1, 123.6, 65.5, 56.0, 32.0, 30.2; IR (Neat Film, NaCl) 3472, 3062, 3028, 2957, 

1773, 1746, 1717, 1603, 1515, 1496, 1468, 1454, 1385, 1336, 1215, 1186, 1110, 1076, 

1021, 958, 917, 897, 828, 746, 721, 698, 668, 660 cm–1; (MM:FAB+) m/z calc’d for 

C25H22NO4 [M+H]+: 400.1549, found 400.1550. 
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cinnamyl 2-(1,3-dioxoisoindolin-2-yl)acetate (117) 

Performed on a 3.00 mmol scale according to general procedure 4 and purified by silica 

gel chromatography (50% CH2Cl2, 2% EtOAc in hexanes) to afford the desired product as 

an amorphous white solid (895.0 mg, 2.79 mmol, 93% yield); 1H NMR (500 MHz, 

Chloroform-d) δ 7.94 – 7.83 (m, 2H), 7.79 – 7.71 (m, 2H), 7.40 – 7.35 (m, 2H), 7.34 – 7.29 

(m, 2H), 7.28 – 7.22 (m, 1H), 6.64 (d, J = 15.8 Hz, 1H), 6.25 (dt, J = 15.9, 6.5 Hz, 1H), 

4.82 (d, J = 6.4 Hz, 2H), 4.49 (s, 2H); 13C NMR (100 MHz, Chloroform-d) δ 167.5, 167.2, 

136.0, 135.0, 134.3, 132.1, 128.7, 128.3, 126.8, 123.7, 122.3, 66.5, 39.0; IR (Neat Film, 

NaCl) 2341, 2359, 1716, 1456, 1417, 1391, 1316, 1194, 1112, 956, 759, 734, 711 cm–1; 

(MM:ESI-APCI+) m/z calc’d for C19H19N2O4 [M+NH4]+: 339.1345, found 339.1333. 
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cinnamyl 2-(1,3-dioxoisoindolin-2-yl)butanoate (119) 

Performed on a 4.00 mmol scale according to general procedure 3 and purified by silica 

gel chromatography (0 to 20% EtOAc in hexanes) to afford the desired product as a 

colorless, viscous oil (1.2869 g, 3.68 mmol, 92% yield); 1H NMR (500 MHz, Chloroform-

d) δ 7.93 – 7.85 (m, 2H), 7.81 – 7.73 (m, 2H), 7.40 – 7.31 (m, 4H), 7.30 – 7.24 (m, 1H), 

6.63 (d, J = 15.9 Hz, 1H), 6.25 (dt, J = 15.9, 6.4 Hz, 1H), 4.88 – 4.79 (m, 3H), 2.42 – 2.25 

(m, 2H), 0.99 (t, J = 7.5 Hz, 3H); 13C NMR (100 MHz Chloroform-d) δ 169.2, 167.8, 136.1, 

134.5, 134.3, 131.9, 128.7, 128.2, 126.7, 123.6, 122.6, 66.3, 53.9, 22.3, 11.1; IR (Neat 

Film, NaCl) 3476, 3028, 2971, 2879, 1775, 1744, 1716, 1612, 1495, 1467, 1449, 1388, 

1290, 1265, 1215, 1149, 1112, 1073, 1041, 967, 898, 743, 720, 693 cm–1; (MM:ESI-

APCI+) m/z calc’d for C21H20NO4 [M+H]+: 350.1392, found 350.1404. 
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cinnamyl 2-phenylbutanoate (121) 

Performed on a 4.00 mmol scale according to general procedure 3 and purified by silica 

gel chromatography (0 to 20% EtOAc in hexanes) to afford the desired product as a 

colorless, viscous oil (1.0340 g, 3.69 mmol, 92% yield); 1H NMR (500 MHz, Chloroform-

d) δ 7.41 – 7.16 (m, 10H), 6.53 (d, J = 15.9 Hz, 1H), 6.23 (dt, J = 15.8, 6.1 Hz, 1H), 4.73 

(qd, J = 13.0, 6.1 Hz, 2H), 3.51 (t, J = 7.7 Hz, 1H), 2.14 (dq, J = 14.8, 7.4 Hz, 1H), 1.85 

(dq, J = 14.1, 7.4 Hz, 1H), 0.92 (t, J = 7.3 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 173.9, 

139.2, 139.1, 136.4, 136.3, 133.8, 128.7, 128.7, 128.2, 128.1, 128.1, 127.4, 127.3, 126.7, 

126.7, 123.3, 123.3, 65.2, 53.6, 26.9, 26.8, 12.3, 12.3; IR (Neat Film, NaCl) 3028, 2965, 

2933, 2875, 1733, 1600, 1495, 1453, 1381, 1346, 1266, 1221, 1198, 1164, 1119, 1072, 

1028, 965, 731, 696 cm–1; (MM:FAB+) m/z calc’d for C19H21O2 [M]+•: 280.1483, found 

280.1463. 

  

O

O
Et

Ph



Chapter 4 – Global Diastereoconvergence in the Ireland–Claisen Rearrangement of 
Isomeric Enolates: Synthesis of Tetrasubstituted a-Amino Acids 
 

 

422 

 

(Z)-3-phenylallyl 2-(1,3-dioxoisoindolin-2-yl)-2-phenylacetate (80) 

Performed on a 3.00 mmol scale according to general procedure 3 and purified by silica 

gel chromatography (0–30% EtOAc in hexanes) to afford the desired product as an 

amorphous white solid (1.056 g, 2.66 mmol, 89% yield); 1H NMR (400 MHz, Chloroform-

d) δ 7.80 – 7.73 (m, 2H), 7.69 – 7.58 (m, 2H), 7.53 – 7.45 (m, 2H), 7.35 – 7.21 (m, 5H), 

7.21 – 7.15 (m, 1H), 7.14 – 7.05 (m, 2H), 6.58 (dt, J = 11.8, 1.5 Hz, 1H), 5.97 (s, 1H), 5.70 

(dt, J = 11.7, 6.7 Hz, 1H), 4.92 (dd, J = 6.7, 1.6 Hz, 2H); 13C NMR (100 MHz, Chloroform-

d) δ 168.0, 167.2, 135.9, 134.5, 134.3, 133.7, 131.9, 129.9, 128.8, 128.7, 128.7, 128.5, 

127.7, 125.1, 123.7, 63.2, 56.0;  IR (Neat Film, NaCl) 3045, 1746, 1715, 1682, 1558, 1496, 

1468, 1451, 1384, 1337, 1301, 1217, 1109, 1076, 962, 829, 788, 771, 722, 700, 638 cm–1; 

(MM:FAB+) m/z calc’d for C25H20NO4 [M+H]+: 398.1392, found 398.1412. 
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(R, E)-4-phenylbut-3-en-2-yl 2-(1,3-dioxoisoindolin-2-yl)-2-phenylacetate (82) 

Performed on a 4.83 mmol scale according to general procedure 3 and purified by silica 

gel chromatography (20% EtOAc in hexanes) to afford a viscous oil (1.8586 g, 4.52 mmol, 

94% yield, 1:1 dr); 1H NMR (500 MHz, Chloroform-d) δ 7.85 (ddd, J = 9.8, 5.4, 3.0 Hz, 

2H), 7.75 – 7.67 (m, 2H), 7.61 – 7.55 (m, 2H), 7.43 – 7.22 (m, 8H), 6.57 (ddd, J = 16.0, 

2.9, 1.1 Hz, 1H), 6.15 (dt, J = 15.9, 6.7 Hz, 1H), 6.06 (d, J = 4.5 Hz, 1H), 5.71 (dpd, J = 

9.7, 6.5, 1.2 Hz, 1H), 1.46 (d, J = 6.5 Hz, 1.5H), 1.43 (d, J = 6.5 Hz, 1.5H); 13C NMR (100 

MHz, Chloroform-d) δ 167.4, 167.4, 167.2, 167.2, 136.3, 136.3, 134.6, 134.3, 134.3, 132.2, 

132.2, 131.9, 129.9, 129.9, 128.7, 128.6, 128.6, 128.6, 128.1, 128.1, 128.0, 126.7, 123.7, 

123.7, 73.5, 73.4, 56.3, 56.2, 20.4, 20.3; IR (Neat Film, NaCl) 1717, 1384, 1213, 1108, 

1076, 1037, 965, 722, 695; (MM:ESI-APCI+) m/z calc’d for C26H25N2O4 [M+NH4]+: 

429.1809, found 429.1799. 
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cinnamyl 2-(1,3-dioxoisoindolin-2-yl)-2-(4-methoxyphenyl)acetate (123)  

Prepared on a 10.00 mmol scale according to general procedure 2 and purified by column 

chromatography (30–100% CH2Cl2 in hexanes) to provide a white foam (1.63g, 3.81 

mmol, 38% yield); 1H NMR (500 MHz, Chloroform-d) δ 7.87–7.82 (m, 2H), 7.75–7.67 

(m, 2H), 7.53 – 7.47 (m, 2H), 7.36 – 7.28 (m, 4H), 7.23–7.27 (m, 1H), 6.92–6.83 (m, 2H), 

6.60 (dd, J = 15.9, 1.4 Hz, 1H), 6.24 (dt, J = 15.8, 6.4 Hz, 1H), 6.01 (s, 1H), 4.88 (qdd, J = 

12.8, 6.4, 1.4 Hz, 2H), 3.79 (s, 3H); 13C NMR (100 MHz, Chloroform-d) δ 168.3, 167.3, 

159.8, 136.2, 134.8, 134.3, 132.0, 131.3, 128.7, 128.3, 126.8, 126.8, 123.7, 122.5, 114.0, 

66.8, 55.6, 55.4; IR (Neat Film, NaCl) 3027, 2935, 2838, 2364, 1772, 1746, 1716, 1612, 

1515, 1467, 1384, 1336, 1306, 1252, 1214, 1180, 1105, 1032, 966, 910, 834, 793, 738, 

716, 694, 645 cm–1; HRMS (MM:ESI-APCI+) m/z calc’d for C26H22NO5 [M+H]+: 

428.1492, found 428.1507. 
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cinnamyl 2-(4-(tert-butyl)phenyl)-2-(1,3-dioxoisoindolin-2-yl)acetate (124) 

Prepared on a 10.00 mmol scale according to general procedure 2 and purified by column 

chromatography (30–90% CH2Cl2 in hexanes) to provide a white foam (2.73 g, 6.02 mmol, 

60% yield); 1H NMR (500 MHz, Chloroform-d) δ 7.87–7.79 (m, 2H), 7.74–7.68 (m, 2H), 

7.52 – 7.46 (m, 2H), 7.40–7.28 (m, 6H), 7.27–7.23 (m, 1H), 6.59 (dd, J = 15.9, 1.4 Hz, 

1H), 6.25 (dt, J = 15.9, 6.4 Hz, 1H), 6.04 (s, 1H), 4.89 (qdd, J = 12.8, 6.4, 1.4 Hz, 2H), 

1.30 (s, 9H); 13C NMR (100 MHz, Chloroform-d) δ 168.2, 167.2, 151.6, 136.2, 134.7, 

134.3, 132.0, 131.5, 129.6, 128.7, 128.2, 126.8, 125.7, 123.7, 122.6, 66.8, 55.8, 34.7, 31.4; 

IR (Neat Film, NaCl) 2960, 1773, 1748, 1717, 1508, 1466, 1384, 1219, 1186, 1108, 966, 

910, 842, 721 cm–1; HRMS (MM:ESI-APCI+) m/z calc’d for C29H28NO4 [M+H]+: 

454.2013, found 454.2010. 
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cinnamyl 2-(1,3-dioxoisoindolin-2-yl)-2-(4-fluorophenyl)acetate (125) 

Prepared on a 10.00 mmol scale according to general procedure 2 and purified by column 

chromatography (35% CH2Cl2, 2% EtOAc in hexanes) to provide an amorphous white 

solid (2.48 g, 5.97 mmol, 60% yield); 1H NMR (500 MHz, Chloroform-d) δ 7.98 – 7.84 

(m, 2H), 7.82 – 7.75 (m, 2H), 7.65 – 7.59 (m, 2H), 7.43 – 7.34 (m, 4H), 7.34 – 7.27 (m, 

1H), 7.13 – 7.05 (m, 2H), 6.66 (d, J = 15.9 Hz, 1H), 6.29 (dt, J = 15.8, 6.5 Hz, 1H), 6.08 

(s, 1H), 4.94 (qdd, J = 12.7, 6.5, 1.4 Hz, 2H).; 13C NMR (100 MHz, Chloroform-d) δ 167.9, 

167.2, 162.8 (d, JC–F = 248.1 Hz), 136.1, 135.0, 134.5, 131.9, 131.9 (d, JC–F = 1.7 Hz), 

130.5 (d, JC–F = 3.5 Hz), 128.7, 128.3, 126.8, 123.8, 122.3, 115.7 (d, JC–F = 21.7 Hz), 67.0, 

55.3; 19F NMR (282 MHz, Chloroform-d) δ –112.87 (tt, J = 8.5, 5.1 Hz); IR (Neat Film, 

NaCl) 3045, 2940, 1747, 1716, 1607, 1512, 1469, 1384, 1336, 1224, 1184, 1162, 1112, 

1096, 968, 895, 848, 837, 742, 717, 694 cm–1; (MM:FAB+) m/z calc’d for C25H19NO4F 

[M+H]+: 416.1298, found 416.1275. 
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cinnamyl 2-(1,3-dioxoisoindolin-2-yl)-2-(4-(trifluoromethyl)phenyl)acetate (126) 

Prepared on a 10.00 mmol scale according to general procedure 2 and purified by column 

chromatography (27% CH2Cl2, 3% EtOAc in hexanes) to provide an amorphous white 

solid (2.76 g, 6.30 mmol, 63% yield); 1H NMR (500 MHz, Chloroform-d) δ 7.90 – 7.84 

(m, 2H), 7.77 – 7.72 (m, 2H), 7.70 (d, J = 8.2 Hz, 2H), 7.62 (d, J = 8.2 Hz, 2H), 7.38 – 

7.29 (m, 4H), 7.29 – 7.23 (m, 1H), 6.60 (d, J = 15.8 Hz, 1H), 6.24 (dt, J = 15.9, 6.5 Hz, 

1H), 6.09 (s, 1H), 4.90 (dddd, J = 20.5, 12.8, 6.5, 1.2 Hz, 2H); 13C NMR (100 MHz, 

Chloroform-d) δ 167.3, 167.1, 138.3, 136.0, 135.1, 134.5, 131.7, 130.8 (q, JC–F = 32.6 Hz), 

130.3, 128.7, 128.3, 126.8, 125.6 (q, JC–F = 3.7 Hz), 124.0 (q, JC–F = 272.3 Hz), 123.9, 

122.1, 67.1, 55.4; 19F NMR (282 MHz, Chloroform-d) δ –62.7; IR (Neat Film, NaCl) 3486, 

3044, 2938, 2116, 1774, 1747, 1720, 1620, 1495, 1469, 1449, 1422, 1385, 1326, 1385, 

1326, 1216, 1170, 1125, 1105, 1069, 966, 909, 847, 745, 719 cm–1; (MM:FAB+) m/z calc’d 

for C26H19NO4F3 [M+H]+: 466.1266, found 466.1255.  
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cinnamyl 2-(3-chlorophenyl)-2-(1,3-dioxoisoindolin-2-yl)acetate (127) 

Prepared on a 10.00 mmol scale according to general procedure 2 and purified by column 

chromatography (35% CH2Cl2, 2% EtOAc in hexanes) to provide an amorphous white 

solid (2.66 g, 6.16 mmol, 62% yield); 1H NMR (500 MHz, Chloroform-d) δ 7.89 – 7.83 

(m, 2H), 7.76 – 7.70 (m, 2H), 7.59 – 7.54 (m, 1H), 7.46 (dt, J = 6.6, 2.0 Hz, 1H), 7.37 – 

7.29 (m, 6H), 7.29 – 7.22 (m, 1H), 6.60 (d, J = 15.8 Hz, 1H), 6.23 (dt, J = 15.8, 6.4 Hz, 

1H), 6.00 (s, 1H), 4.88 (tdd, J = 13.1, 6.4, 1.2 Hz, 2H); 13C NMR (100 MHz, Chloroform-

d) δ 167.4, 167.1, 136.3, 136.1, 135.0, 134.5, 134.5, 131.8, 130.0, 129.9, 129.0, 128.7, 

128.3, 128.1, 126.8, 123.9, 122.2, 67.0, 55.4; IR (Neat Film, NaCl) 3044, 1775, 1746, 1721, 

1610, 1469, 1447, 1382, 1312, 1256, 1216, 1188, 1104, 967, 912, 738, 722, 710 cm–1; 

(MM:FAB+) m/z calc’d for C25H19NO4Cl [M+H]+: 432.1003, found 432.1024. 
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cinnamyl 2-(4-chlorophenyl)-2-(1,3-dioxoisoindolin-2-yl)acetate (128) 

Prepared on a 10.00 mmol scale according to general procedure 2 and purified by column 

chromatography (35% CH2Cl2, 2% EtOAc in hexanes) to provide a white foam (2.60 g, 

6.02 mmol, 60% yield); 1H NMR (500 MHz, Chloroform-d) δ 7.88 – 7.82 (m, 2H), 7.76 – 

7.70 (m, 2H), 7.53 – 7.48 (m, 2H), 7.37 – 7.29 (m, 6H), 7.28 – 7.22 (m, 1H), 6.60 (dd, J = 

15.9, 1.5 Hz, 1H), 6.23 (dt, J = 15.8, 6.5 Hz, 1H), 6.02 (s, 1H), 4.94 – 4.80 (m, 2H); 13C 

NMR (100 MHz Chloroform-d) δ 167.6, 167.1, 136.1, 135.1, 134.8, 134.5, 133.0, 131.8, 

131.3, 128.9, 128.7, 128.3, 126.8, 123.84, 122.2, 67.0, 55.3; IR (Neat Film, NaCl) 3024, 

1773, 1745, 1717, 1493, 1467, 1384, 1216, 1186, 1090, 963, 911, 737, 723, 7103 cm–1; 

(MM:FAB+) m/z calc’d for C25H19NO4Cl [M+H]+: 432.1003, found 432.1018. 
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cinnamyl 2-(2-chlorophenyl)-2-(1,3-dioxoisoindolin-2-yl)acetate (129) 

Prepared on a 10.00 mmol scale according to general procedure 2 and purified by column 

chromatography (10–90% CH2Cl2 in hexanes) to provide a white foam (2.72 g, 6.30 mmol, 

63% yield); 1H NMR (500 MHz, Chloroform-d) δ 7.89 – 7.84 (m, 2H), 7.77 – 7.71 (m, 

2H), 7.69 – 7.63 (m, 1H), 7.44 – 7.37 (m, 1H), 7.37 – 7.23 (m, 7H), 6.60 (d, J = 15.9 Hz, 

1H), 6.56 (d, J = 1.7 Hz, 1H), 6.24 (dt, J = 15.9, 6.4 Hz, 1H), 4.94 – 4.86 (m, 2H); 13C 

NMR (100 MHz, Chloroform-d) δ 167.6, 167.2, 136.1, 134.9, 134.5, 134.4, 131.9, 131.8, 

131.6, 130.1, 129.6, 128.7, 128.3, 126.8, 123.8, 122.2, 66.9, 53.5; IR (Neat Film, NaCl) 

3024, 1773, 1746, 1717, 1493, 1384, 1216, 1186, 1090, 963, 737, 723, 710 cm–1; HRMS 

(MM:ESI-APCI+) m/z calc’d for C25H19ClNO4 [M+H]+: 432.0997, found 432.0984. 
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cinnamyl 2-(1,3-dioxoisoindolin-2-yl)-2-(2-methoxyphenyl)acetate (130) 

Prepared on a 10.00 mmol scale according to general procedure 2 and purified by column 

chromatography (50% CH2Cl2, 2% EtOAc in hexanes) to provide a white amorphous solid 

(2.67 g, 6.25 mmol, 63% yield); 1H NMR (500 MHz, Chloroform-d) δ 7.87 – 7.81 (m, 2H), 

7.74 – 7.67 (m, 2H), 7.56 – 7.50 (m, 1H), 7.36 – 7.28 (m, 5H), 7.27 – 7.23 (m, 1H), 6.96 

(t, J = 7.5 Hz, 1H), 6.89 (d, J = 8.2 Hz, 1H), 6.64 – 6.54 (m, 2H), 6.25 (dt, J = 15.9, 6.3 

Hz, 1H), 4.88 (d, J = 6.2 Hz, 2H), 3.84 (s, 3H); 13C NMR (100 MHz, Chloroform-d) δ 

168.5, 167.3, 157.3, 136.2, 134.4, 134.2, 131.9, 130.6, 130.0, 128.6, 128.1, 126.7, 123.5, 

122.6, 122.3, 120.3, 110.7, 66.5, 55.8, 50.3; IR (Neat Film, NaCl) 1841, 1720, 1602, 1494, 

1466, 1384, 1251, 1216, 1097, 1026, 963, 902, 748, 718 cm–1; (MM:FAB+) m/z calc’d for 

C26H22NO5 [M+H]+: 428.1498, found 428.1500. 
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(E)-3-(4-methoxyphenyl)allyl 2-(1,3-dioxoisoindolin-2-yl)-2-phenylacetate (131) 

Performed on a 2.72 mmol scale according to general procedure 3 and purified by silica 

gel chromatography (30% EtOAc in hexanes) to afford a viscous yellow oil (1.10 g, 2.57 

mmol, 95% yield); 1H NMR (500 MHz, Chloroform-d) δ 7.89 – 7.81 (m, 2H), 7.75 – 7.68 

(m, 2H), 7.61 – 7.53 (m, 2H), 7.39 – 7.31 (m, 3H), 7.30 – 7.27 (m, 2H), 6.87 – 6.80 (m, 

2H), 6.59 – 6.50 (m, 1H), 6.11 (dt, J = 15.8, 6.6 Hz, 1H), 6.06 (s, 1H), 4.87 (qdd, J = 12.6, 

6.6, 1.3 Hz, 2H), 3.81 (d, J = 0.8 Hz, 3H); 13C NMR (100 MHz, Chloroform-d) δ 168.0, 

167.2, 159.7, 134.6, 134.5, 134.3, 131.9, 129.9, 128.9, 128.7, 128.6, 128.0, 123.7, 120.1, 

114.1, 67.1, 56.1, 55.4; IR (Neat Film, NaCl) 1772, 1746, 1716, 1607, 1512, 1384, 1337, 

1250, 1220, 1175, 1113, 1033, 966, 906, 895, 838, 721, 699; HRMS (MM:ESI-APCI+) 

m/z calc’d for C26H25N2O5 [M+NH4]+: 445.1758, found 445.1748. 
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(E)-3-(4-bromophenyl)allyl 2-(1,3-dioxoisoindolin-2-yl)-2-phenylacetate (132) 

Performed on a 2.00 mmol scale according to general procedure 3 and purified by silica 

gel chromatography (20% EtOAc, in hexanes) to afford a viscous colorless oil (897.1 mg, 

1.88 mmol, 94% yield); 1H NMR (500 MHz, Chloroform-d) δ 7.84 (dd, J = 5.4, 3.1 Hz, 

2H), 7.74 – 7.67 (m, 2H), 7.63 – 7.54 (m, 2H), 7.46 – 7.31 (m, 5H), 7.23 – 7.16 (m, 2H), 

6.55 – 6.47 (m, 1H), 6.23 (dt, J = 15.9, 6.3 Hz, 1H), 6.08 (s, 1H), 4.99 – 4.81 (m, 2H); 13C 

NMR (100 MHz, Chloroform-d) δ 167.9, 167.1, 135.1, 134.5, 134.3, 133.4, 131.8, 131.8, 

129.8, 128.8, 128.7, 128.2, 123.7, 123.3, 122.0, 66.5, 56.0; IR (Neat Film, NaCl) 1772, 

1748, 1717, 1487, 1384, 1214, 1185, 1109, 1073, 1008, 965, 721, 699; HRMS (MM:ESI-

APCI+) m/z calc’d for C25H22BrN2O4 [M+NH4]+: 493.0757, found 493.0748. 
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(E)-3-(4-fluorophenyl)allyl 2-(1,3-dioxoisoindolin-2-yl)-2-phenylacetate (133) 

Performed on a 2.79 mmol scale according to general procedure 3 and purified by silica 

gel chromatography (20% EtOAc in hexanes) to afford a viscous yellow oil (1.0238 g, 2.46 

mmol, 88% yield); 1H NMR (300 MHz, Chloroform-d) δ 7.85 (dd, J = 5.5, 3.1 Hz, 2H), 

7.72 (dd, J = 5.5, 3.1 Hz, 2H), 7.62 – 7.52 (m, 2H), 7.43 – 7.27 (m, 5H), 7.05 – 6.91 (m, 

2H), 6.56 (dd, J = 15.9, 1.4 Hz, 1H), 6.16 (dt, J = 15.9, 6.4 Hz, 1H), 6.06 (s, 1H), 4.96 – 

4.79 (m, 2H); 13C NMR (100 MHz, Chloroform-d) δ 168.0, 167.1, 162.7 (d, J = 247.6 Hz), 

134.5, 134.3, 133.6, 132.3 (d, J = 3.3 Hz), 131.8, 129.8, 128.7, 128.6, 128.3 (d, J = 8.1 Hz), 

123.7, 122.2 (d, J = 2.2 Hz), 115.6 (d, J = 21.7 Hz), 66.6, 56.0; 19F NMR (282 MHz, 

Chloroform-d) δ –113.5 (tt, J = 8.6, 5.4 Hz); IR (Neat Film, NaCl) 1773, 1748, 1716, 1601, 

1508, 1385, 1227, 1185, 1112, 968, 908, 722, 700; HRMS (MM:ESI-APCI+) m/z calc’d 

for C25H22FN2O4 [M+NH4]+: 433.1558, found 433.1544. 

  

O

O

N OOF

Ph



Chapter 4 – Global Diastereoconvergence in the Ireland–Claisen Rearrangement of 
Isomeric Enolates: Synthesis of Tetrasubstituted a-Amino Acids 
 

 

435 

 

(E)-3-(4-(trifluoromethyl)phenyl)allyl 2-(1,3-dioxoisoindolin-2-yl)-2-phenylacetate 

(134) 

Performed on a 2.00 mmol scale according to general procedure 3 and purified by silica 

gel chromatography (25% EtOAc in hexanes) to afford a  viscous colorless oil (799.2 mg, 

1.72 mmol, 86% yield); 1H NMR (500 MHz, Chloroform-d) δ 7.90 – 7.81 (m, 2H), 7.77 – 

7.68 (m, 2H), 7.64 – 7.53 (m, 4H), 7.46 – 7.31 (m, 5H), 6.66 – 6.57 (m, 1H), 6.34 (dt, J = 

15.9, 6.0 Hz, 1H), 6.10 (s, 1H), 4.98 – 4.85 (m, 2H); 13C NMR (100 MHz, Chloroform-d) 

δ 167.9, 167.2, 139.6 (d, J = 1.5 Hz), 134.5, 134.4, 132.8, 131.8, 129.9 (q, J = 32.5) 129.8, 

128.8, 128.7, 126.9, 125.6 (q, J = 3.8 Hz), 125.2, 123.9 (q, J = 271.8) 123.7, 66.2, 56.0; 

19F NMR (282 MHz, Chloroform-d) δ –62.5; IR (Neat Film, NaCl) 1773, 1750, 1719, 1615, 

1385, 1326, 1214, 1168, 1120, 1068, 720, 698; HRMS (MM:ESI-APCI+) m/z calc’d for 

C26H22N2O4 [M+NH4]+: 483.1526, found 483.1512. 
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(E)-3-(p-tolyl)allyl 2-(1,3-dioxoisoindolin-2-yl)-2-phenylacetate (135) 

Performed on a 2.72 mmol scale according to general procedure 3 and purified by silica 

gel chromatography (20% EtOAc in hexanes) to afford a viscous yellow oil (1.0574 g, 2.57 

mmol, 94% yield); 1H NMR (500 MHz, Chloroform-d) δ 7.91 – 7.82 (m, 2H), 7.72 (dd, J 

= 5.5, 3.0 Hz, 2H), 7.62 – 7.55 (m, 2H), 7.41 – 7.31 (m, 3H), 7.28 – 7.22 (m, 3H), 7.16 – 

7.08 (m, 2H), 6.57 (dd, J = 15.9, 1.3 Hz, 1H), 6.19 (dt, J = 15.8, 6.5 Hz, 1H), 6.06 (s, 1H), 

4.88 (qdd, J = 12.7, 6.5, 1.3 Hz, 2H), 2.34 (s, 2H); 13C NMR (100 MHz, Chloroform-d) δ 

168.0, 167.2, 138.2, 134.8, 134.5, 134.3, 133.3, 131.9, 129.9, 129.4, 128.7, 128.7, 126.7, 

123.7, 121.3, 67.0, 56.1, 21.3; IR (Neat Film, NaCl) 1772, 1748, 1716, 1384, 1222, 1182, 

1108, 1076, 966, 906, 719, 698 cm–1; HRMS (MM:ESI-APCI+) m/z calc’d for C26H25N2O4 

[M+NH4]+: 429.1809, found 429.1818. 
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(E)-3-(m-tolyl)allyl 2-(1,3-dioxoisoindolin-2-yl)-2-phenylacetate (136) 

Performed on a 2.00 mmol scale according to general procedure 3 and purified by silica 

gel chromatography (20% EtOAc in hexanes) to afford a viscous oil (779 mg, 1.89 mmol, 

95% yield); 1H NMR (500 MHz, Chloroform-d) δ 7.85 (dd, J = 5.4, 3.1 Hz, 2H), 7.71 (dd, 

J = 5.5, 3.0 Hz, 2H), 7.63 – 7.56 (m, 2H), 7.42 – 7.32 (m, 3H), 7.23 – 7.13 (m, 3H), 7.08 

(d, J = 7.4 Hz, 1H), 6.62 – 6.54 (m, 1H), 6.25 (dt, J = 15.8, 6.4 Hz, 1H), 6.09 (s, 1H), 4.90 

(qdd, J = 12.8, 6.4, 1.4 Hz, 2H), 2.35 (s, 3H); 13C NMR (100 MHz, Chloroform-d) δ 168.0, 

167.1, 138.2, 136.0, 134.9, 134.5, 134.3, 131.8, 129.9, 129.0, 128.7, 128.6, 128.5, 127.4, 

123.9, 123.7, 122.2, 66.8, 56.0, 21.4; IR (Neat film, NaCl) 1772, 1747, 1715, 1605, 1468, 

1456, 1385, 1214, 1186, 1111, 1076, 966, 908, 776, 721, 697; (MM:ESI-APCI+) m/z calc’d 

for C26H25N2O4 [M+NH4]+: 429.1809, found 429.1791. 
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(E)-3-(o-tolyl)allyl 2-(1,3-dioxoisoindolin-2-yl)-2-phenylacetate (137) 

Performed on a 3.00 mmol scale according to general procedure 3 and purified by silica 

gel chromatography (0–30% EtOAc in hexanes) to afford a viscous, colorless oil (716.0 

mg, 1.74 mmol, 58% yield); 1H NMR (500 MHz, Chloroform-d) δ 7.88 – 7.82 (m, 2H), 

7.75 – 7.67 (m, 2H), 7.63 – 7.56 (m, 2H), 7.45 – 7.31 (m, 4H), 7.20 – 7.08 (m, 3H), 6.82 

(d, J = 15.7 Hz, 1H), 6.14 (dt, J = 15.8, 6.3 Hz, 1H), 6.08 (s, 1H), 4.98 – 4.86 (m, 2H), 2.28 

(s, 3H); 13C NMR (100 MHz, Chloroform-d) δ 167.9, 167.1, 135.8, 135.3, 134.5, 134.3, 

132.4, 131.9, 130.4, 129.9, 128.7, 128.7, 128.1, 126.2, 125.9, 123.7, 66.9, 56.1, 19.8; IR 

(Neat Film, NaCl) 3477, 3065, 3030, 2948, 2358, 2258, 1772, 1747, 1716, 1636, 1614, 

1496, 1485, 1468, 1456, 1385, 1358, 1337, 1216, 1186, 1112, 1076, 966, 909, 720, 699 

cm–1; (MM:ESI-APCI+) m/z calc’d for C26H22NO4 [M+H]+: 412.1549, found 412.1549. 
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cinnamyl 2-(3,5-dimethylisoxazol-4-yl)-2-(1,3-dioxoisoindolin-2-yl)acetate (138) 

Performed according to general procedure 5 and purified by column chromatography (0–

30% EtOAc in hexanes) to afford an amorphous white solid (1.2173 g, 2.92 mmol, 19% 

yield over 4 steps); 1H NMR (500 MHz, Chloroform-d) δ 7.90 – 7.83 (m, 2H), 7.78 – 7.72 

(m, 2H), 7.38 – 7.25 (m, 5H), 6.65 (d, J = 15.8 Hz, 1H), 6.25 (dt, J = 15.8, 6.7 Hz, 1H), 

5.98 (s, 1H), 4.89 (d, J = 6.6 Hz, 2H), 2.49 (s, 3H), 2.34 (s, 3H); 13C NMR (100 MHz, 

Chloroform-d) δ 169.3, 166.9, 166.6, 159.5, 135.7, 135.6, 134.4, 131.5, 128.6, 128.3, 

126.7, 123.7, 121.6, 108.2, 67.2, 45.7, 12.2, 10.5; IR (Neat Film, NaCl) 3509, 2935, 1726, 

1677, 1430, 1364, 1340, 1299, 1240, 1175, 1114, 1050, 1002, 925, 839, 816, 754, 694 cm–

1; (MM:FAB+) m/z calc’d for C24H21N2O5 [M+H]+: 417.1450, found 417.1469. 
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cinnamyl 2-(1,3-dioxoisoindolin-2-yl)-2-(furan-2-yl)acetate (139) 

Performed according to general procedure 5 and purified by column chromatography (0–

30% EtOAc in hexanes) to afford an amorphous white solid (1.7335 g, 4.47 mmol, 30% 

yield over 4 steps); 1H NMR (500 MHz, Chloroform-d) δ 7.92 – 7.82 (m, 2H), 7.80 – 7.69 

(m, 2H), 7.42 – 7.37 (m, 1H), 7.37 – 7.28 (m, 4H), 7.28 – 7.22 (m, 1H), 6.65 – 6.57 (m, 

2H), 6.38 (dd, J = 3.1, 1.8 Hz, 1H), 6.24 (dt, J = 15.9, 6.4 Hz, 1H), 6.18 (s, 1H), 4.94 – 

4.84 (m, 2H); 13C NMR (100 MHz, Chloroform-d) δ 166.8, 166.2, 146.8, 142.7, 136.1, 

134.9, 134.4, 131.9, 128.7, 128.3, 126.8, 123.8, 122.1, 110.9, 110.7, 67.1, 49.5; IR (Neat 

Film, NaCl) 3838, 3472, 3027, 1750, 1721, 1662, 1646, 1493, 1467, 1449, 1426, 1384, 

1336, 1300, 1221, 1192, 1110, 1089, 1073, 1014, 964, 933, 906, 886, 833, 734, 715, 70, 

692 cm–1; (MM:FAB+) m/z calc’d for C23H18NO5 [M+H]+: 388.1185, found 388.1206. 
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cinnamyl 2-(1,3-dioxoisoindolin-2-yl)-2-(thiophen-3-yl)acetate (140) 

Performed according to general procedure 5 and purified by column chromatography (0–

30% EtOAc in hexanes) to afford an amorphous white solid with a minor, inseparable 

impurity (1.7355 g, 4.30 mmol, 29% yield over 4 steps); 1H NMR (500 MHz, Chloroform-

d) δ 7.92 – 7.87 (m, 2H), 7.79 – 7.73 (m, 2H), 7.54 – 7.51 (m, 1H), 7.40 – 7.31 (m, 6H), 

7.31 – 7.26 (m, 1H), 6.62 (d, J = 15.8 Hz, 1H), 6.27 (dt, J = 15.9, 6.4 Hz, 1H), 6.20 (s, 1H), 

4.91 (qd, J = 12.8, 6.3 Hz, 2H); 13C NMR (100 MHz, Chloroform-d) δ 167.7, 167.0, 136.1, 

134.7, 134.3, 131.8, 128.7, 128.6, 128.2, 126.7, 126.0, 125.9, 123.7, 122.3, 66.8, 51.0; IR 

(Neat Film, NaCl) 3474, 3102, 3060, 3027, 2933, 2699, 2482, 2296, 2258, 1948, 1888, 

1770, 1747, 1722, 1714, 1613, 1550, 1513, 1494, 1469 1456, 1449, 1384, 1337, 1298, 

1220, 1179, 1108, 1088, 1020, 968, 910, 886, 838, 800, 732, 711, 693, 668 cm–1; 

(MM:FAB+) m/z calc’d for C23H18NO4S [M+H]+: 404.0957, found 404.0968. 
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(E)-3-(pyridin-3-yl)allyl 2-(1,3-dioxoisoindolin-2-yl)-2-phenylacetate (141)  

Performed on a 4.75 mmol scale according to general procedure 3 and purified by silica 

gel chromatography (30–100% EtOAc in hexanes) to afford the desired product as an 

amorphous white solid (1.5260 g, 3.83 mmol, 81% yield);1H NMR (500 MHz, Chloroform-

d) δ 8.53 (s, 1H), 8.51 – 8.44 (m, 1H), 7.94 – 7.81 (m, 2H), 7.77 – 7.67 (m, 2H), 7.72 – 

7.66 (m, 1H), 7.62 – 7.54 (m, 2H), 7.45 – 7.32 (m, 3H), 7.31 – 7.21 (m, 1H), 6.56 (d, J = 

16.0 Hz, 1H), 6.32 (dt, J = 15.9, 6.1 Hz, 1H), 6.07 (s, 1H), 5.00 – 4.82 (m, 2H); 13C NMR 

(100 MHz, Chloroform-d) δ 167.8, 167.0, 148.8, 148.2, 134.3, 134.3, 133.2, 131.8, 131.7, 

130.4, 129.7, 128.7, 128.6, 124.9, 123.6, 123.5, 66.0, 55.9; IR (Neat Film, NaCl) 3471, 

3033, 2938, 1771, 1747, 1716, 1613, 1385, 1337, 1264, 1222, 1186, 1111, 1088, 1076, 

970, 895, 721, 700 cm–1 ;(MM:FAB+) m/z calc’d for C24H19N2O4 [M+H]+: 399.1345, 

found 399.1358. 
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tert-butyl (E)-2-(3-(2-(1,3-dioxoisoindolin-2-yl)-2-phenylacetoxy)prop-1-en-1-yl)-1H-

pyrrole-1-carboxylate (142) 

Performed on a 4.48 mmol scale according to general procedure 3 and purified by silica 

gel chromatography (20% EtOAc in hexanes) to afford the desired product as an 

amorphous white solid (1.9915g, 4.09 mmol, 91% yield); 1H NMR (500 MHz, Chloroform-

d) δ 7.85 (dt, J = 7.5, 3.8 Hz, 2H), 7.71 (dq, J = 7.3, 4.0 Hz, 2H), 7.55 (d, J = 7.5 Hz, 2H), 

7.34 (dq, J = 9.7, 6.9 Hz, 4H), 7.23 – 7.17 (m, 1H), 6.41 (d, J = 3.4 Hz, 1H), 6.13 (t, J = 

3.4 Hz, 1H), 6.08 – 5.99 (m, 1H), 6.04 (s, 1H), 4.93 – 4.78 (m, 2H), 1.58 (s, 9H); 13C NMR 

(100 MHz, Chloroform-d) δ 167.9, 167.1, 149.2, 134.5, 134.2, 132.5, 131.8, 129.8, 128.6, 

128.6, 126.3, 123.6, 122.3, 121.8, 111.9, 110.9, 84.0, 67.0, 56.0, 28.0; IR (Neat Film, NaCl) 

3476, 3064, 2982, 2940, 1738, 1722, 1716, 1613, 1496, 1469, 1456, 1385, 1372, 1323, 

1247, 1214, 1183, 1172, 1165, 1128, 1069, 962, 892, 847, 721, 699 cm–1;(MM:FAB+) m/z 

calc’d for C28H26N2O6 [M]+•: 486.1791, found 486.1808. 
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(E)-3-(3,5-dimethylisoxazol-4-yl)allyl 2-(1,3-dioxoisoindolin-2-yl)-2-phenylacetate 

(143)  

Performed on a 6.20 mmol scale according to general procedure 3 and purified by silica 

gel chromatography (30% EtOAc in hexanes) to afford the desired product as an 

amorphous white solid (2.0168 g, 4.84 mmol, 78% yield);1H NMR (500 MHz, Chloroform-

d) δ 7.90 – 7.81 (m, 2H), 7.77 – 7.70 (m, 2H), 7.60 – 7.53 (m, 2H), 7.40 – 7.30 (m, 3H), 

6.29 (d, J = 16.3 Hz, 1H), 6.05 (s, 1H), 5.92 (dt, J = 16.2, 6.2 Hz, 1H), 4.90 – 4.80 (m, 2H), 

2.38 (s, 3H), 2.29 (s, 3H); 13C NMR (100 MHz, Chloroform-d) δ 167.8, 167.0, 166.2, 

158.2, 134.4, 134.3, 131.7, 129.7, 128.7, 128.6, 123.6, 123.5, 122.4, 111.8, 66.6, 55.9, 11.6, 

11.4; IR (Neat Film, NaCl) 3044, 1747, 1716, 1676, 1610, 1430, 1385, 1337, 1213, 1110, 

1076, 962, 893, 721, 699, 682 cm–1; (MM:FAB+) m/z calc’d for C24H21N2O5 [M+H]+: 

417.1450, found 417.1478. 
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(E)-3-(thiazol-2-yl)allyl 2-(1,3-dioxoisoindolin-2-yl)-2-phenylacetate (144) 

Performed on a 6.28 mmol scale according to general procedure 3 and purified by silica 

gel chromatography (30% EtOAc in hexanes) to afford the desired product as an viscous, 

colorless semisolid (1.32 g, 3.24 mmol, 52% yield); 1H NMR (500 MHz, Chloroform-d) δ 

7.89 – 7.84 (m, 2H), 7.77 (d, J = 3.2 Hz, 1H), 7.75 – 7.70 (m, 2H), 7.59 – 7.54 (m, 2H), 

7.40 – 7.32 (m, 3H), 7.26 (d, J = 3.2 Hz, 1H), 6.78 (dt, J = 15.9, 1.4 Hz, 1H), 6.61 (dt, J = 

15.9, 5.9 Hz, 1H), 6.07 (s, 1H), 4.99 – 4.86 (m, 2H); 13C NMR (100 MHz, Chloroform-d) 

δ 167.9, 167.2, 165.5, 143.6, 134.4, 134.4, 131.9, 129.8, 128.9, 128.7, 128.6, 126.7, 123.8, 

119.0, 65.5, 56.0; IR (Neat Film, NaCl) 3476. 3060, 1772, 1750, 1716, 1610, 1487, 1467, 

1456, 1385, 1336, 1216, 1186, 1110, 1076, 960, 894, 787, 772, 760, 719, 699, 638 cm–1 

;(MM:FAB+) m/z calc’d for C22H17N2O4S [M+H]+: 405.0909, found 405.0899.  
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(E)-hex-2-en-1-yl 2-(1,3-dioxoisoindolin-2-yl)-2-phenylacetate (106) 

Performed on a 3.00 mmol scale according to general procedure 3 and purified by silica 

gel chromatography (0–25% EtOAc in hexanes) to afford the desired product as a colorless 

oil (784.8 mg, 2.16 mmol, 72% yield); 1H NMR (500 MHz, Chloroform-d) δ 7.90 – 7.80 

(m, 2H), 7.75 – 7.68 (m, 2H), 7.58 – 7.51 (m, 2H), 7.41 – 7.28 (m, 3H), 6.02 (s, 1H), 5.73 

(dt, J = 13.9, 6.8 Hz, 1H), 5.56 – 5.49 (m, 1H), 4.67 (qd, J = 12.2, 6.5 Hz, 2H), 2.00 (q, J 

= 7.1 Hz, 2H), 1.37 (h, J = 7.3 Hz, 2H), 0.87 (t, J = 7.4 Hz, 3H); 13C NMR (100 MHz, 

Chloroform-d) δ 168.0, 167.2, 137.3, 134.6, 134.3, 131.9, 129.9, 128.7, 128.6, 123.7, 

123.3, 67.0, 56.1, 34.3, 22.1, 13.7; IR (Neat Film, NaCl) 3838, 3472, 2956, 2932, 1773, 

1745, 1719, 1610, 1498, 1467, 1457, 1426, 1384, 1338, 1302, 1216, 1186, 1116, 1089, 

1076, 1016, 996, 970, 906, 894, 835, 776, 760, 768, 719, 699, 661, 645 cm–1; (MM:ESI-

APCI+) m/z calc’d for C22H22NO4 [M+H]+: 364.1549, found 364.1572. 
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(Z)-pent-2-en-1-yl 2-(1,3-dioxoisoindolin-2-yl)-2-phenylacetate (108) 

Performed on a 3.00 mmol scale according to general procedure 3 and purified by silica 

gel chromatography (0–25% EtOAc in hexanes) to afford the desired product as a colorless 

oil (903.9 mg, 2.59 mmol, 86% yield); 1H NMR (500 MHz, Chloroform-d) δ 7.88 – 7.82 

(m, 2H), 7.75 – 7.68 (m, 2H), 7.54 (d, J = 7.4 Hz, 2H), 7.41 – 7.28 (m, 3H), 6.02 (s, 1H), 

5.63 (dt, J = 10.6, 7.5 Hz, 1H), 5.51 – 5.41 (m, 1H), 4.83 – 4.73 (m, 2H), 2.10 (p, J = 7.5 

Hz, 2H), 0.95 (t, J = 7.5 Hz, 3H); 13C NMR (100 MHz, Chloroform-d) δ 168.0, 167.2, 

137.8, 134.6, 134.3, 131.9, 129.9, 128.7, 128.6, 123.7, 122.0, 62.0, 56.0, 21.0, 14.1; IR 

(Neat Film, NaCl 3473, 3025, 2964, 2935, 1772, 1747, 1718, 1649, 1498, 1467, 1458, 

1384, 1266, 1214, 1186, 1108, 1088, 1076, 1020, 996, 976, 906, 893, 842, 719, 699 cm–1; 

(MM:ESI-APCI+) m/z calc’d for C21H20NO4 [M+H]+: 350.1392, found 350.1422. 
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(S)-cyclohex-2-en-1-yl 2-(1,3-dioxoisoindolin-2-yl)-2-phenylacetate (110) 

Performed on a 3.00 mmol scale and purified by silica gel chromatography (0–30% EtOAc 

in hexanes) to afford the desired product as an amorphous white solid (953.4 mg, 2.64 

mmol, 66% yield, 1:1 dr); 1H NMR (500 MHz, Chloroform-d) δ 7.84 (q, J = 5.5, 4.6 Hz, 

2H), 7.71 (dt, J = 5.5, 2.6 Hz, 2H), 7.54 (dd, J = 7.8, 2.3 Hz, 2H), 7.38 – 7.29 (m, 3H), 6.01 

(s, 0.5H), 6.00 (s, 0.5H), 5.93 (tt, J = 13.2, 3.8 Hz, 1H), 5.79 – 5.72 (m, 0.5H), 5.72 – 5.65 

(m, 0.5H), 5.49 – 5.38 (m, 1H), 2.06 – 1.83 (m, 3H), 1.81 – 1.70 (m, 1H), 1.58 (dp, J = 

13.1, 6.6 Hz, 2H); 13C NMR (100 MHz, Chloroform-d) δ 167.7, 167.7, 167.2, 134.7, 134.3, 

134.3, 133.4, 133.2, 131.9, 129.9, 129.8, 128.6, 128.5, 125.1, 125.1, 123.6, 70.4, 70.4, 56.2, 

56.1, 28.2, 28.1, 24.9, 24.8, 18.8, 18.7; IR (Neat Film, NaCl) 3472, 3034, 2935, 2866, 2831, 

1773, 1741, 1734, 1718, 1650, 1612, 1550, 1497, 1467, 1455, 1426, 1385, 1360, 1337, 

1231, 1214, 1187, 1161, 1112, 1089, 1076, 1051, 1018, 1006, 961, 909, 855, 844, 834, 

816, 785, 778, 760, 767, 719, 699, 682, 661 cm–1; (MM:FAB+) m/z calc’d for C22H20NO4 

[M+H]+: 362.1392, found 362.1408. 
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4.9.3.6  Investigation of Enolization Selectivity 

 

entry enolization conditions 
% yield 
isomer 

A 

% yield 
isomer 

B 

1 LiHMDS (2.0 equiv), Me2NEt (2.0 equiv), 
PhMe (0.10 M), – 78 °C, 2 h 16 23 

2 LiHMDS (2.0 equiv), PhMe (0.10 M), – 78 
°C, 2 h 43 27 

3 KHMDS (2.0 equiv), PhMe (0.10 M), – 78 
°C, 2 h 55 24 

 In a nitrogen-filled glovebox, an oven-dried 50 mL round bottom flask was charged 

with LiHMDS (335.0 mg, 2.00 mmol, 2.0 equiv) or KHMDS (399.0 mg, 2.00 mmol, 2.0 

equiv) and a Teflon-coated stir bar.  The flask was then sealed with a septum, removed 

from the glovebox, and placed under an atmosphere of nitrogen. To the flask was then 

added toluene (3.0 mL) and for entry 1, N,N-dimethylethylamine (213 µL, 2.00 mmol, 2.0 

equiv). The resulting solution was stirred at 20 °C for 5 min, then the flask was immersed 

in a –78 °C dry ice/acetone bath. After stirring for 15 min, a solution of the a-

phthalidomido ester 16 (1.00 mmol, 1.0 equiv) dissolved in toluene (7.0 mL) was added 

dropwise over 5 min, resulting in the immediate formation of a dark red/purple opaque 

reaction mixture. The reaction was maintained at –78 °C for 2 h, after which time allyl 

chloroformate (217 µL, 2.00 mmol, 2.0 equiv) was added dropwise over 1 min.  The 

reaction flask was then removed from the cooling bath and allowed to warm to 20 °C.  

After 30 min, the reaction was quenched with 1 N HCl (10 mL) and transferred to a 

separatory funnel with Et2O (10 mL).  The layers were separated and the aqueous layer 

was extracted with Et2O (2 x 10 mL). The combined organic layers were dried over 

O

O
Ph

N
Ph

OO

conditions
then

allyl chloroformate
–78 to 20 ºC

Ph O

O

O

O
N

O
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77 enol carbonates A and B
geometries not assigned
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Na2SO4, filtered, and concentrated by rotary evaporation to afford the crude allyl enol 

carbonates. Due to substantial NMR overlap of enol carbonates A and B, the crude reaction 

mixtures were purified directly by silica gel chromatography (0–30% EtOAc in hexanes).  

Enol carbonate olefin geometries were not assigned unambiguously, therefore the higher 

Rf enol carbonate by TLC analysis (30% EtOAc) is designated enol carbonate A and the 

lower Rf enol carbonate by TLC analysis (30% EtOAc) is designated enol carbonate B.   

Entry 1: 76.6 mg, 0.158 mmol, 16% yield of enol carbonate A; 112.2 mg, 0.232 mmol, 

23% yield enol carbonate B 

Entry 2: 209.3 mg, 0.433 mmol, 43% yield of enol carbonate A; 131.7 mg, 0.272 mmol, 

27% yield enol carbonate B 

Entry 3: 266.4 mg, 0.551 mmol, 55% yield of enol carbonate A; 116.3 mg, 0.241 mmol, 

24% yield enol carbonate B 

Enol carbonate A: colorless, viscous oil; 1H NMR (400 MHz, Chloroform-d) δ 7.76 (dd, 

J = 5.5, 3.1 Hz, 2H), 7.61 (dd, J = 5.5, 3.1 Hz, 2H), 7.29 – 7.24 (m, 2H), 7.20 – 7.13 (m, 

2H), 7.13 – 7.03 (m, 3H), 7.03 – 6.97 (m, 1H), 6.93 – 6.86 (m, 2H), 5.68 (ddt, J = 17.1, 

10.5, 5.8 Hz, 1H), 5.17 (dq, J = 17.2, 1.3 Hz, 1H), 5.11 (dq, J = 10.5, 1.1 Hz, 1H), 4.49 (dt, 

J = 5.7, 1.2 Hz, 2H), 3.88 (t, J = 6.3 Hz, 2H), 2.41 (dd, J = 8.5, 7.0 Hz, 2H), 1.81 – 1.68 

(m, 2H); 13C NMR (100 MHz, Chloroform-d) δ 167.2, 150.8, 141.1, 134.3, 133.1, 132.2, 

130.5, 128.6, 128.4, 127.9, 127.6, 126.0, 123.8, 119.9, 103.4, 69.9, 69.8, 31.8, 30.9; IR 

(Neat Film, NaCl) 3069, 3026, 2955, 1777, 1725, 1680, 1604, 1496, 1468, 1446, 1420, 

1383, 1264, 1201, 1173, 1113, 1088, 1071, 1020, 975, 941, 913, 883, 766, 753, 721, 699 

cm–1; (MM:FAB+) m/z calc’d for C29H26NO6 [M+H]+: 484.1760, found 484.1739. 
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Enol carbonate B: colorless, viscous oil; 1H NMR (400 MHz, Chloroform-d) δ 7.78 – 7.71 

(m, 2H), 7.64 – 7.56 (m, 2H), 7.39 – 7.31 (m, 2H), 7.20 – 7.12 (m, 2H), 7.12 – 7.06 (m, 

3H), 7.05 – 7.00 (m, 1H), 6.98 – 6.94 (m, 2H), 5.62 (ddt, J = 17.1, 10.4, 5.8 Hz, 1H), 5.09 

(dq, J = 17.2, 1.4 Hz, 1H), 4.99 (dq, J = 10.5, 1.1 Hz, 1H), 4.45 (dt, J = 5.8, 1.3 Hz, 2H), 

3.92 (t, J = 6.3 Hz, 2H), 2.50 (dd, J = 8.3, 7.0 Hz, 2H), 1.92 – 1.80 (m, 2H); 13C NMR (100 

MHz, Chloroform-d) δ 166.9, 151.3, 150.8, 141.1, 134.4, 132.7, 132.1, 130.6, 128.6, 128.5, 

128.5, 127.9, 127.5, 126.1, 123.9, 119.8, 103.5, 71.2, 69.8, 31.9, 30.9; IR (Neat Film, NaCl) 

3059, 3026, 2955, 1777, 1725, 1672, 1604, 1496, 1468, 1445, 1424, 1385, 1300, 1250, 

1203, 1165, 1110, 1088, 1071, 996, 948, 882, 760, 748, 721, 700 cm–1; (MM:FAB+) m/z 

calc’d for C29H26NO6 [M+H]+: 484.1760, found 484.1740. 
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4.9.4  DETERMINATION OF ENANTIOMERIC EXCESS 

Table 4.9.4.1 Determination of Enantiomeric Excess 
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APPENDIX 6 

Spectra Relevant to Chapter 4: 

Global Diastereoconvergence in the Ireland–Claisen Rearrangement of 

Isomeric Enolates: Synthesis of Tetrasubstituted a-Amino Acids 
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Figure A6.2 Infrared spectrum (Thin Film, NaCl) of compound 76a 
 

Figure A6.3 13C NMR (100 MHz, CDCl3) of compound 76a. 
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Figure A6.5 Infrared spectrum (Thin Film, NaCl) of compound 83. 
 

Figure A6.6 13C NMR (100 MHz, CDCl3) of compound 83. 
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Figure A6.8 Infrared spectrum (Thin Film, NaCl) of compound 84. 
 

Figure A6.9 13C NMR (100 MHz, CDCl3) of compound 84. 
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Figure A6.11 Infrared spectrum (Thin Film, NaCl) of compound 85. 
 

Figure A6.12 13C NMR (100 MHz, CDCl3) of compound 85. 
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Figure A6.14 Infrared spectrum (Thin Film, NaCl) of compound 86. 
 

Figure A6.15 13C NMR (100 MHz, CDCl3) of compound 86. 
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Figure A6.16 19F NMR (282 MHz, CDCl3) of compound 86. 
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Figure A6.18 Infrared spectrum (Thin Film, NaCl) of compound 87. 
 

Figure A6.19 13C NMR (100 MHz, CDCl3) of compound 87. 
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Figure A6.20 19F NMR (282 MHz, CDCl3) of compound 87. 
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Figure A6.22 Infrared spectrum (Thin Film, NaCl) of compound 88. 
 

Figure A6.23 13C NMR (100 MHz, CDCl3) of compound 88. 
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Figure A6.25 Infrared spectrum (Thin Film, NaCl) of compound 89. 
 

Figure A6.26 13C NMR (100 MHz, CDCl3) of compound 89. 
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Figure A6.28 Infrared spectrum (Thin Film, NaCl) of compound 90. 
 

Figure A6.29 13C NMR (100 MHz, CDCl3) of compound 90. 
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Figure A6.31 Infrared spectrum (Thin Film, NaCl) of compound 91. 
 

Figure A6.32 13C NMR (100 MHz, CDCl3) of compound 91. 
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Figure A6.34 Infrared spectrum (Thin Film, NaCl) of compound 92. 
 

Figure A6.35 13C NMR (100 MHz, CDCl3) of compound 92. 
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Figure A6.37 Infrared spectrum (Thin Film, NaCl) of compound 93. 
 

Figure A6.38 13C NMR (100 MHz, DMSO-d6) of compound 93. 
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Figure A6.40 Infrared spectrum (Thin Film, NaCl) of compound 94. 
 

Figure A6.41 13C NMR (100 MHz, CDCl3) of compound 94. 
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Figure A6.42 19F NMR (282 MHz, CDCl3) of compound 94. 
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Figure A6.44 Infrared spectrum (Thin Film, NaCl) of compound 95. 
 

Figure A6.45 13C NMR (100 MHz, CDCl3) of compound 95. 
 



Appendix 6 – Spectra Relevant to Chapter 4 492 

���������������������������������

��	

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A6.46 19F NMR (282 MHz, CDCl3) of compound 95. 
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Figure A6.48 Infrared spectrum (Thin Film, NaCl) of compound 96. 
 

Figure A6.49 13C NMR (100 MHz, CDCl3) of compound 96. 
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Figure A6.51 Infrared spectrum (Thin Film, NaCl) of compound 97. 
 

Figure A6.52 13C NMR (100 MHz, CDCl3) of compound 97. 
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Figure A6.54 Infrared spectrum (Thin Film, NaCl) of compound 98. 
 

Figure A6.55 13C NMR (100 MHz, CDCl3) of compound 98. 
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Figure A6.57 Infrared spectrum (Thin Film, NaCl) of compound 99. 
 

Figure A6.58 13C NMR (100 MHz, CDCl3) of compound 99. 
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Figure A6.60 Infrared spectrum (Thin Film, NaCl) of compound 100. 
 

Figure A6.61 13C NMR (100 MHz, CDCl3) of compound 100. 
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Figure A6.63 Infrared spectrum (Thin Film, NaCl) of compound 101. 
 

Figure A6.64 13C NMR (100 MHz, CDCl3) of compound 101. 
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Figure A6.66 Infrared spectrum (Thin Film, NaCl) of compound 102. 
 

Figure A6.67 13C NMR (100 MHz, CDCl3) of compound 102. 
 



Appendix 6 – Spectra Relevant to Chapter 4 507 

�
�

�
�

�
�

�
�

	



�
�

�
�
�

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Fi
gu

re
 A

6.
68

 1 H
 N

M
R 

(5
00

 M
H

z, 
C

D
C

l 3)
 o

f c
om

po
un

d 
10

3.
 

 

M
eO

O

Ph
th
N 10
3

NB
oc



Appendix 6 – Spectra Relevant to Chapter 4 508 

���������������������������

���

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure A6.69 Infrared spectrum (Thin Film, NaCl) of compound 103. 
 

Figure A6.70 13C NMR (100 MHz, CDCl3) of compound 103. 
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Figure A6.72 Infrared spectrum (Thin Film, NaCl) of compound 104. 
 

 Figure A6.73 13C NMR (100 MHz, CDCl3) of compound 104. 
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Figure A6.75 Infrared spectrum (Thin Film, NaCl) of compound 105. 
 

Figure A6.76 13C NMR (100 MHz, CDCl3) of compound 105. 
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Figure A6.78 Infrared spectrum (Thin Film, NaCl) of compound 107. 
 

Figure A6.79 13C NMR (100 MHz, CDCl3) of compound 107. 
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Figure A6.81 Infrared spectrum (Thin Film, NaCl) of compound 109. 
 

Figure A6.82 13C NMR (100 MHz, CDCl3) of compound 109. 
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Figure A6.84 Infrared spectrum (Thin Film, NaCl) of compound 111. 
 

Figure A6.85 13C NMR (100 MHz, CDCl3) of compound 111. 
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Figure A6.87 Infrared spectrum (Thin Film, NaCl) of compound 120. 
 

Figure A6.88 13C NMR (100 MHz, CDCl3) of compound 120. 
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Figure A6.90 Infrared spectrum (Thin Film, NaCl) of compound 122. 
 

Figure A6.91 13C NMR (100 MHz, CDCl3) of compound 122. 
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Figure A6.93 Infrared spectrum (Thin Film, NaCl) of compound 112. 
 

Figure A6.94 13C NMR (100 MHz, CDCl3) of compound 112. 
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Figure A6.96 Infrared spectrum (Thin Film, NaCl) of compound 113. 
 

Figure A6.97 13C NMR (100 MHz, CDCl3) of compound 113. 
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Figure A6.99 Infrared spectrum (Thin Film, NaCl) of compound 114. 
 

Figure A6.100 13C NMR (100 MHz, CDCl3) of compound 114. 
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Figure A6.102 Infrared spectrum (Thin Film, NaCl) of compound 115. 
 

Figure A6.103 13C NMR (100 MHz, CDCl3) of compound 115. 
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Figure A6.105 Infrared spectrum (Thin Film, NaCl) of compound 116. 
 

Figure A6.106 13C NMR (100 MHz, CDCl3) of compound 116. 
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Figure A6.108 Infrared spectrum (Thin Film, NaCl) of compound 75. 
 

Figure A6.109 13C NMR (100 MHz, CDCl3) of compound 75. 
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Figure A6.111 Infrared spectrum (Thin Film, NaCl) of compound 77. 
 

Figure A6.112 13C NMR (100 MHz, CDCl3) of compound 77. 
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Figure A6.114 Infrared spectrum (Thin Film, NaCl) of compound 117. 
 

Figure A6.115 13C NMR (100 MHz, CDCl3) of compound 117. 
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Figure A6.117 Infrared spectrum (Thin Film, NaCl) of compound 119. 
 

Figure A6.118 13C NMR (100 MHz, CDCl3) of compound 119. 
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Figure A6.120 Infrared spectrum (Thin Film, NaCl) of compound 121. 
 

Figure A6.121 13C NMR (100 MHz, CDCl3) of compound 121. 
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Figure A6.123 Infrared spectrum (Thin Film, NaCl) of compound 80. 
 

Figure A6.124 13C NMR (100 MHz, CDCl3) of compound 80. 
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Figure A6.126 Infrared spectrum (Thin Film, NaCl) of compound 82. 
 

Figure A6.127 13C NMR (100 MHz, CDCl3) of compound 82. 
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Figure A6.129 Infrared spectrum (Thin Film, NaCl) of compound 123. 
 

Figure A6.130 13C NMR (100 MHz, CDCl3) of compound 123. 
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Figure A6.132 Infrared spectrum (Thin Film, NaCl) of compound 124. 
 

Figure A6.133 13C NMR (100 MHz, CDCl3) of compound 124. 
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Figure A6.135 Infrared spectrum (Thin Film, NaCl) of compound 125. 
 

Figure A6.136 13C NMR (100 MHz, CDCl3) of compound 125. 
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Figure A6.137 19F NMR (282 MHz, CDCl3) of compound 125. 
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Figure A6.139 Infrared spectrum (Thin Film, NaCl) of compound 126. 
 

Figure A6.140 13C NMR (100 MHz, CDCl3) of compound 126. 
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Figure A6.141 19F NMR (282 MHz, CDCl3) of compound 126. 
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Figure A6.143 Infrared spectrum (Thin Film, NaCl) of compound 127. 
 

Figure A6.144 13C NMR (100 MHz, CDCl3) of compound 127. 
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Figure A6.146 Infrared spectrum (Thin Film, NaCl) of compound 128. 
 

Figure A6.147 13C NMR (100 MHz, CDCl3) of compound 128. 
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Figure A6.149 Infrared spectrum (Thin Film, NaCl) of compound 129. 
 

Figure A6.150 13C NMR (100 MHz, CDCl3) of compound 129. 
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Figure A6.152 Infrared spectrum (Thin Film, NaCl) of compound 130. 
 

Figure A6.153 13C NMR (100 MHz, CDCl3) of compound 130. 
 



Appendix 6 – Spectra Relevant to Chapter 4 565 

�
�

�
�

�
�

�
�

	



�
�

�
�
�

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Fi
gu

re
 A

6.
15

4 
1 H

 N
M

R 
(5

00
 M

H
z, 

C
D

C
l 3)

 o
f c

om
po

un
d 

13
1.

 
 

O

O

N

13
1

O
O

M
eO



Appendix 6 – Spectra Relevant to Chapter 4 566 

���������������������������

���

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure A6.155 Infrared spectrum (Thin Film, NaCl) of compound 131. 
 

Figure A6.156 13C NMR (100 MHz, CDCl3) of compound 131. 
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Figure A6.158 Infrared spectrum (Thin Film, NaCl) of compound 132. 
 

Figure A6.159 13C NMR (100 MHz, CDCl3) of compound 132. 
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Figure A6.161 Infrared spectrum (Thin Film, NaCl) of compound 133. 
 

Figure A6.162 13C NMR (100 MHz, CDCl3) of compound 133. 
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Figure A6.163 19F NMR (282 MHz, CDCl3) of compound 133. 
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Figure A6.165 Infrared spectrum (Thin Film, NaCl) of compound 134. 
 

Figure A6.166 13C NMR (100 MHz, CDCl3) of compound 134. 
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Figure A6.167 19F NMR (282 MHz, CDCl3) of compound 134. 
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Figure A6.169 Infrared spectrum (Thin Film, NaCl) of compound 135. 
 

Figure A6.170 13C NMR (100 MHz, CDCl3) of compound 135. 
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Figure A6.172 Infrared spectrum (Thin Film, NaCl) of compound 136. 
 

Figure A6.173 13C NMR (100 MHz, CDCl3) of compound 136. 
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Figure A6.175 Infrared spectrum (Thin Film, NaCl) of compound 137. 
 

Figure A6.176 13C NMR (100 MHz, CDCl3) of compound 137. 
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Figure A6.178 Infrared spectrum (Thin Film, NaCl) of compound 138. 
 

Figure A6.179 13C NMR (100 MHz, CDCl3) of compound 138. 
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Figure A6.181 Infrared spectrum (Thin Film, NaCl) of compound 139. 
 

Figure A6.182 13C NMR (100 MHz, CDCl3) of compound 139. 
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Figure A6.184 Infrared spectrum (Thin Film, NaCl) of compound 140. 
 

Figure A6.185 13C NMR (100 MHz, CDCl3) of compound 140. 
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Figure A6.187 Infrared spectrum (Thin Film, NaCl) of compound 141. 
 

Figure A6.188 13C NMR (100 MHz, CDCl3) of compound 141. 
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Figure A6.190 Infrared spectrum (Thin Film, NaCl) of compound 142. 
 

Figure A6.191 13C NMR (100 MHz, CDCl3) of compound 142. 
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Figure A6.193 Infrared spectrum (Thin Film, NaCl) of compound 143. 
 

Figure A6.194 13C NMR (100 MHz, CDCl3) of compound 143. 
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Figure A6.196 Infrared spectrum (Thin Film, NaCl) of compound 144. 
 

Figure A6.197 13C NMR (100 MHz, CDCl3) of compound 144. 
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Figure A6.199 Infrared spectrum (Thin Film, NaCl) of compound 106. 
 

Figure A6.200 13C NMR (100 MHz, CDCl3) of compound 106. 
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Figure A6.202 Infrared spectrum (Thin Film, NaCl) of compound 108. 
 

Figure A6.203 13C NMR (100 MHz, CDCl3) of compound 108. 
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Figure A6.205 Infrared spectrum (Thin Film, NaCl) of compound 110. 
 

Figure A6.206 13C NMR (100 MHz, CDCl3) of compound 110. 
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Figure A6.208 Infrared spectrum (Thin Film, NaCl) of compound enol carbonate A. 
 

Figure A6.209 13C NMR (100 MHz, CDCl3) of compound enol carbonate A. 
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Figure A6.211 Infrared spectrum (Thin Film, NaCl) of compound enol carbonate B. 
 

Figure A6.212 13C NMR (100 MHz, CDCl3) of compound enol carbonate B. 
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APPENDIX 7 

  X-Ray Crystallography Reports Relevant to Chapter 4: 

Global Diastereoconvergence in the Ireland–Claisen 

Rearrangement of Isomeric Enolates:  

Synthesis of Tetrasubstituted a-Amino Acids  
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A7.1  GENERAL EXPERIMENTAL 

X-Ray crystallographic analysis was obtained from the Caltech X-Ray 

Crystallography Facility using a Bruker D8 Venture Kappa Duo Photon 100 CMOS or a 

Bruker AXS KAPPA APEX II diffractometer. 

A7.2  X-RAY CRYSTRAL STRUCTURE ANALYSIS OF IRELAND–

CLAISEN REARRANGEMENT PRODUCT 76a (V19143) 

An X-ray quality crystal of Ireland–Claisen rearrangement product 76a (compound 

V18448) was grown by slow cooling of a solution in toluene (approx. 50 mg/600 µL).  

Low-temperature diffraction data (f-and w-scans) were collected on a Bruker AXS D8 

VENTURE KAPPA diffractometer coupled to a PHOTON II CPAD detector with Mo Ka 

radiation (l = 0.71073 Å) from an IμS micro-source for the structure of compound V19143. 

The structure was solved by direct methods using SHELXS1 and refined against F2 on all 

data by full-matrix least squares with SHELXL-20172 using established refinement 

techniques.3  All non-hydrogen atoms were refined anisotropically. All hydrogen atoms 

were included into the model at geometrically calculated positions and refined using a 

riding model.  The isotropic displacement parameters of all hydrogen atoms were fixed to 

1.2 times the U value of the atoms they are linked to (1.5 times for methyl groups).  

Compound V19143 crystallizes in the triclinic space group P–1 with one molecule in the 

asymmetric unit.  The coordinates for the hydrogen atom bound to O1 were located in the 

difference Fourier synthesis and refined semi-freely with the help of a restraint on the O–

H distance (0.84(4) Å).  
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Figure A7.2.1 X-Ray Coordinate of Ireland–Claisen Rearrangement Product 76a 

 

Table A7.2.1 Crystal Data and Structure Refinement for 76a (V19143) 
Identification code  V19143 
Empirical formula  C25 H19 N O4 
Formula weight  397.41 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Triclinic 
Space group  P-1 
Unit cell dimensions a = 8.645(2) Å a= 93.927(13)°. 
 b = 10.036(3) Å b= 96.322(12)°. 
 c = 12.230(3) Å g = 113.900(15)°. 
Volume 956.8(4) Å3 
Z 2 
Density (calculated) 1.379 Mg/m3 
Absorption coefficient 0.094 mm-1 
F(000) 416 
Crystal size 0.450 x 0.250 x 0.150 mm3 
Theta range for data collection 2.636 to 36.329°. 
Index ranges -14<=h<=14, -16<=k<=16, -20<=l<=20 
Reflections collected 47728 
Independent reflections 9254 [R(int) = 0.0600] 
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Completeness to theta = 25.242° 99.6 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.7389 and 0.6940 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 9254 / 1 / 274 
Goodness-of-fit on F2 1.035 
Final R indices [I>2sigma(I)] R1 = 0.0449, wR2 = 0.1207 
R indices (all data) R1 = 0.0555, wR2 = 0.1309 
Extinction coefficient n/a 
Largest diff. peak and hole 0.586 and -0.297 e.Å-3 
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Table A7.2.2 Atomic Coordinates (x 104) and Equivalent Isotropic Displacement 
Parameters (Å2x 103) for 76a (V19143).  U(eq) is Defined as One Third of the Trace of 
the Orthogonalized Uij Tensor. 
________________________________________________________________________  
 x y z U(eq) 
________________________________________________________________________  
C(1) 5924(1) 5535(1) 1870(1) 13(1) 
O(1) 6544(1) 6036(1) 955(1) 17(1) 
O(2) 5608(1) 4314(1) 2102(1) 18(1) 
C(2) 5878(1) 6774(1) 2682(1) 11(1) 
N(1) 5163(1) 7649(1) 2043(1) 12(1) 
C(6) 3796(1) 7005(1) 1165(1) 13(1) 
O(3) 3204(1) 5730(1) 752(1) 16(1) 
C(7) 3264(1) 8171(1) 849(1) 14(1) 
C(8) 1938(1) 8087(1) 62(1) 18(1) 
C(9) 1782(1) 9400(1) -82(1) 21(1) 
C(10) 2917(1) 10728(1) 539(1) 21(1) 
C(11) 4220(1) 10785(1) 1356(1) 18(1) 
C(12) 4354(1) 9476(1) 1498(1) 14(1) 
C(13) 5526(1) 9155(1) 2317(1) 13(1) 
O(4) 6555(1) 9979(1) 3080(1) 19(1) 
C(21) 7800(1) 7664(1) 3141(1) 13(1) 
C(22) 8882(1) 8605(1) 2491(1) 16(1) 
C(23) 10631(1) 9341(1) 2856(1) 20(1) 
C(24) 11337(1) 9147(1) 3877(1) 20(1) 
C(25) 10286(1) 8199(1) 4523(1) 21(1) 
C(26) 8526(1) 7451(1) 4155(1) 17(1) 
C(3) 4787(1) 6121(1) 3610(1) 13(1) 
C(31) 2887(1) 5214(1) 3199(1) 13(1) 
C(32) 2197(1) 3682(1) 3091(1) 17(1) 
C(33) 434(1) 2859(1) 2804(1) 22(1) 
C(34) -653(1) 3553(1) 2607(1) 23(1) 
C(35) 26(1) 5073(1) 2685(1) 21(1) 
C(36) 1777(1) 5896(1) 2992(1) 17(1) 
C(4) 5062(1) 7322(1) 4541(1) 16(1) 
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C(5) 4064(1) 7193(1) 5313(1) 22(1) 
________________________________________________________________________
________ 
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Table A7.2.3 Bond lengths [Å] and angles [°] for V19143 
_____________________________________________________  
C(1)-O(2)  1.2038(9) 
C(1)-O(1)  1.3352(10) 
C(1)-C(2)  1.5532(10) 
O(1)-H(1O)  0.850(12) 
C(2)-N(1)  1.4807(9) 
C(2)-C(21)  1.5486(11) 
C(2)-C(3)  1.5626(11) 
N(1)-C(6)  1.4053(10) 
N(1)-C(13)  1.4201(10) 
C(6)-O(3)  1.2155(9) 
C(6)-C(7)  1.4797(11) 
C(7)-C(8)  1.3841(11) 
C(7)-C(12)  1.3884(11) 
C(8)-C(9)  1.3989(13) 
C(8)-H(8)  0.9500 
C(9)-C(10)  1.3971(14) 
C(9)-H(9)  0.9500 
C(10)-C(11)  1.4008(12) 
C(10)-H(10)  0.9500 
C(11)-C(12)  1.3857(11) 
C(11)-H(11)  0.9500 
C(12)-C(13)  1.4899(11) 
C(13)-O(4)  1.2081(10) 
C(21)-C(22)  1.3963(11) 
C(21)-C(26)  1.3966(11) 
C(22)-C(23)  1.3904(12) 
C(22)-H(22)  0.9500 
C(23)-C(24)  1.3902(14) 
C(23)-H(23)  0.9500 
C(24)-C(25)  1.3842(14) 
C(24)-H(24)  0.9500 
C(25)-C(26)  1.3988(12) 
C(25)-H(25)  0.9500 
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C(26)-H(26)  0.9500 
C(3)-C(31)  1.5244(11) 
C(3)-C(4)  1.5249(11) 
C(3)-H(3)  1.0000 
C(31)-C(32)  1.3956(11) 
C(31)-C(36)  1.3990(11) 
C(32)-C(33)  1.3967(12) 
C(32)-H(32)  0.9500 
C(33)-C(34)  1.3894(14) 
C(33)-H(33)  0.9500 
C(34)-C(35)  1.3869(14) 
C(34)-H(34)  0.9500 
C(35)-C(36)  1.3908(12) 
C(35)-H(35)  0.9500 
C(36)-H(36)  0.9500 
C(4)-C(5)  1.3264(12) 
C(4)-H(4)  0.9500 
C(5)-H(5A)  0.9500 
C(5)-H(5B)  0.9500 
 
O(2)-C(1)-O(1) 124.51(7) 
O(2)-C(1)-C(2) 123.19(7) 
O(1)-C(1)-C(2) 111.85(6) 
C(1)-O(1)-H(1O) 109.9(9) 
N(1)-C(2)-C(21) 111.86(6) 
N(1)-C(2)-C(1) 108.70(6) 
C(21)-C(2)-C(1) 101.80(6) 
N(1)-C(2)-C(3) 110.60(6) 
C(21)-C(2)-C(3) 112.53(6) 
C(1)-C(2)-C(3) 111.00(6) 
C(6)-N(1)-C(13) 110.41(6) 
C(6)-N(1)-C(2) 122.40(6) 
C(13)-N(1)-C(2) 126.44(6) 
O(3)-C(6)-N(1) 125.27(7) 
O(3)-C(6)-C(7) 127.79(7) 



Appendix 7 – X-Ray Crystallography Reports Relevant to Chapter 4 
 

 

613 

N(1)-C(6)-C(7) 106.94(6) 
C(8)-C(7)-C(12) 122.17(7) 
C(8)-C(7)-C(6) 129.64(7) 
C(12)-C(7)-C(6) 108.19(7) 
C(7)-C(8)-C(9) 116.69(8) 
C(7)-C(8)-H(8) 121.7 
C(9)-C(8)-H(8) 121.7 
C(10)-C(9)-C(8) 121.37(8) 
C(10)-C(9)-H(9) 119.3 
C(8)-C(9)-H(9) 119.3 
C(9)-C(10)-C(11) 121.18(8) 
C(9)-C(10)-H(10) 119.4 
C(11)-C(10)-H(10) 119.4 
C(12)-C(11)-C(10) 116.97(8) 
C(12)-C(11)-H(11) 121.5 
C(10)-C(11)-H(11) 121.5 
C(11)-C(12)-C(7) 121.54(7) 
C(11)-C(12)-C(13) 130.16(7) 
C(7)-C(12)-C(13) 108.27(6) 
O(4)-C(13)-N(1) 126.09(7) 
O(4)-C(13)-C(12) 127.95(7) 
N(1)-C(13)-C(12) 105.94(6) 
C(22)-C(21)-C(26) 118.31(7) 
C(22)-C(21)-C(2) 119.86(7) 
C(26)-C(21)-C(2) 121.55(7) 
C(23)-C(22)-C(21) 120.88(8) 
C(23)-C(22)-H(22) 119.6 
C(21)-C(22)-H(22) 119.6 
C(24)-C(23)-C(22) 120.38(8) 
C(24)-C(23)-H(23) 119.8 
C(22)-C(23)-H(23) 119.8 
C(25)-C(24)-C(23) 119.40(8) 
C(25)-C(24)-H(24) 120.3 
C(23)-C(24)-H(24) 120.3 
C(24)-C(25)-C(26) 120.31(8) 
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C(24)-C(25)-H(25) 119.8 
C(26)-C(25)-H(25) 119.8 
C(21)-C(26)-C(25) 120.68(8) 
C(21)-C(26)-H(26) 119.7 
C(25)-C(26)-H(26) 119.7 
C(31)-C(3)-C(4) 111.16(6) 
C(31)-C(3)-C(2) 114.66(6) 
C(4)-C(3)-C(2) 110.84(6) 
C(31)-C(3)-H(3) 106.6 
C(4)-C(3)-H(3) 106.6 
C(2)-C(3)-H(3) 106.6 
C(32)-C(31)-C(36) 118.46(7) 
C(32)-C(31)-C(3) 120.66(7) 
C(36)-C(31)-C(3) 120.76(7) 
C(31)-C(32)-C(33) 120.41(8) 
C(31)-C(32)-H(32) 119.8 
C(33)-C(32)-H(32) 119.8 
C(34)-C(33)-C(32) 120.47(8) 
C(34)-C(33)-H(33) 119.8 
C(32)-C(33)-H(33) 119.8 
C(35)-C(34)-C(33) 119.50(8) 
C(35)-C(34)-H(34) 120.3 
C(33)-C(34)-H(34) 120.3 
C(34)-C(35)-C(36) 120.13(8) 
C(34)-C(35)-H(35) 119.9 
C(36)-C(35)-H(35) 119.9 
C(35)-C(36)-C(31) 121.00(8) 
C(35)-C(36)-H(36) 119.5 
C(31)-C(36)-H(36) 119.5 
C(5)-C(4)-C(3) 125.11(8) 
C(5)-C(4)-H(4) 117.4 
C(3)-C(4)-H(4) 117.4 
C(4)-C(5)-H(5A) 120.0 
C(4)-C(5)-H(5B) 120.0 
H(5A)-C(5)-H(5B) 120.0 
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_____________________________________________________________  
Symmetry transformations used to generate equivalent atoms:   
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Table A7.2.4 Anisotropic displacement parameters (Å2x 103) for 76a (V19143).  The 
anisotropic displacement factor exponent takes the form:  -2p2[ h2 a*2U11 + ...  + 2 h k 
a* b* U12] 
________________________________________________________________________  
 U11 U22  U33 U23 U13 U12 
________________________________________________________________________  
C(1) 14(1)  12(1) 14(1)  -1(1) 1(1)  6(1) 
O(1) 23(1)  16(1) 14(1)  -1(1) 5(1)  10(1) 
O(2) 22(1)  12(1) 22(1)  1(1) 4(1)  9(1) 
C(2) 12(1)  10(1) 12(1)  0(1) 1(1)  6(1) 
N(1) 14(1)  10(1) 12(1)  0(1) 0(1)  6(1) 
C(6) 14(1)  13(1) 11(1)  0(1) 1(1)  6(1) 
O(3) 19(1)  14(1) 14(1)  -3(1) 0(1)  7(1) 
C(7) 16(1)  15(1) 13(1)  2(1) 2(1)  8(1) 
C(8) 19(1)  22(1) 16(1)  4(1) 0(1)  10(1) 
C(9) 22(1)  27(1) 21(1)  9(1) 2(1)  14(1) 
C(10) 22(1)  22(1) 25(1)  11(1) 7(1)  14(1) 
C(11) 17(1)  14(1) 24(1)  6(1) 6(1)  9(1) 
C(12) 14(1)  13(1) 16(1)  3(1) 3(1)  7(1) 
C(13) 14(1)  10(1) 17(1)  1(1) 2(1)  6(1) 
O(4) 18(1)  13(1) 23(1)  -4(1) -2(1)  6(1) 
C(21) 12(1)  12(1) 13(1)  0(1) 1(1)  5(1) 
C(22) 14(1)  17(1) 18(1)  4(1) 3(1)  6(1) 
C(23) 14(1)  18(1) 26(1)  2(1) 5(1)  5(1) 
C(24) 13(1)  20(1) 26(1)  -5(1) -1(1)  5(1) 
C(25) 17(1)  26(1) 18(1)  -2(1) -3(1)  9(1) 
C(26) 15(1)  20(1) 14(1)  1(1) -1(1)  7(1) 
C(3) 13(1)  12(1) 13(1)  1(1) 2(1)  5(1) 
C(31) 13(1)  13(1) 13(1)  1(1) 2(1)  5(1) 
C(32) 17(1)  13(1) 18(1)  1(1) 2(1)  5(1) 
C(33) 19(1)  16(1) 23(1)  -1(1) 3(1)  1(1) 
C(34) 14(1)  26(1) 22(1)  -4(1) 1(1)  4(1) 
C(35) 15(1)  26(1) 22(1)  -2(1) 1(1)  10(1) 
C(36) 15(1)  17(1) 19(1)  1(1) 2(1)  9(1) 
C(4) 18(1)  17(1) 14(1)  -2(1) 2(1)  7(1) 
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C(5) 24(1)  25(1) 17(1)  -1(1) 6(1)  10(1) 
________________________________________________________________________
______ 
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Table A7.2.5 Hydrogen coordinates ( x 104) and isotropic  displacement parameters (Å2x 
10 3) for V19143. 
________________________________________________________________________  
 x  y  z  U(eq) 
________________________________________________________________________  
  
H(1O) 6581(17) 5342(14) 536(11) 20 
H(8) 1171 7182 -360 22 
H(9) 886 9390 -612 26 
H(10) 2803 11607 404 25 
H(11) 4978 11681 1792 21 
H(22) 8416 8744 1790 20 
H(23) 11348 9980 2404 24 
H(24) 12531 9660 4129 25 
H(25) 10761 8055 5219 25 
H(26) 7818 6792 4600 21 
H(3) 5237 5440 3940 15 
H(32) 2931 3197 3213 20 
H(33) -25 1818 2744 26 
H(34) -1853 2990 2420 28 
H(35) -707 5553 2529 25 
H(36) 2226 6938 3063 20 
H(4) 6025 8233 4570 20 
H(5A) 3089 6298 5312 27 
H(5B) 4323 7994 5867 27 
________________________________________________________________________
________ 
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Table A7.2.6 Torsion angles [°] for V19143. 
________________________________________________________________  
O(2)-C(1)-C(2)-N(1) -141.93(7) 
O(1)-C(1)-C(2)-N(1) 45.42(8) 
O(2)-C(1)-C(2)-C(21) 99.90(8) 
O(1)-C(1)-C(2)-C(21) -72.76(7) 
O(2)-C(1)-C(2)-C(3) -20.06(10) 
O(1)-C(1)-C(2)-C(3) 167.28(6) 
C(21)-C(2)-N(1)-C(6) 150.72(7) 
C(1)-C(2)-N(1)-C(6) 39.11(9) 
C(3)-C(2)-N(1)-C(6) -82.99(8) 
C(21)-C(2)-N(1)-C(13) -40.15(9) 
C(1)-C(2)-N(1)-C(13) -151.76(7) 
C(3)-C(2)-N(1)-C(13) 86.14(8) 
C(13)-N(1)-C(6)-O(3) 179.89(7) 
C(2)-N(1)-C(6)-O(3) -9.42(12) 
C(13)-N(1)-C(6)-C(7) 0.68(8) 
C(2)-N(1)-C(6)-C(7) 171.37(6) 
O(3)-C(6)-C(7)-C(8) 3.61(14) 
N(1)-C(6)-C(7)-C(8) -177.21(8) 
O(3)-C(6)-C(7)-C(12) -176.58(8) 
N(1)-C(6)-C(7)-C(12) 2.61(8) 
C(12)-C(7)-C(8)-C(9) 2.43(12) 
C(6)-C(7)-C(8)-C(9) -177.78(8) 
C(7)-C(8)-C(9)-C(10) 0.21(13) 
C(8)-C(9)-C(10)-C(11) -2.21(14) 
C(9)-C(10)-C(11)-C(12) 1.53(13) 
C(10)-C(11)-C(12)-C(7) 1.08(12) 
C(10)-C(11)-C(12)-C(13) -176.79(8) 
C(8)-C(7)-C(12)-C(11) -3.16(12) 
C(6)-C(7)-C(12)-C(11) 177.01(7) 
C(8)-C(7)-C(12)-C(13) 175.13(7) 
C(6)-C(7)-C(12)-C(13) -4.71(8) 
C(6)-N(1)-C(13)-O(4) 175.02(8) 
C(2)-N(1)-C(13)-O(4) 4.80(12) 
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C(6)-N(1)-C(13)-C(12) -3.45(8) 
C(2)-N(1)-C(13)-C(12) -173.67(6) 
C(11)-C(12)-C(13)-O(4) 4.72(14) 
C(7)-C(12)-C(13)-O(4) -173.36(8) 
C(11)-C(12)-C(13)-N(1) -176.84(8) 
C(7)-C(12)-C(13)-N(1) 5.07(8) 
N(1)-C(2)-C(21)-C(22) -39.46(9) 
C(1)-C(2)-C(21)-C(22) 76.44(8) 
C(3)-C(2)-C(21)-C(22) -164.69(6) 
N(1)-C(2)-C(21)-C(26) 146.64(7) 
C(1)-C(2)-C(21)-C(26) -97.46(8) 
C(3)-C(2)-C(21)-C(26) 21.42(9) 
C(26)-C(21)-C(22)-C(23) -1.64(11) 
C(2)-C(21)-C(22)-C(23) -175.73(7) 
C(21)-C(22)-C(23)-C(24) 0.28(12) 
C(22)-C(23)-C(24)-C(25) 0.79(13) 
C(23)-C(24)-C(25)-C(26) -0.46(13) 
C(22)-C(21)-C(26)-C(25) 1.96(12) 
C(2)-C(21)-C(26)-C(25) 175.95(7) 
C(24)-C(25)-C(26)-C(21) -0.93(13) 
N(1)-C(2)-C(3)-C(31) 54.99(8) 
C(21)-C(2)-C(3)-C(31) -179.10(6) 
C(1)-C(2)-C(3)-C(31) -65.76(8) 
N(1)-C(2)-C(3)-C(4) -71.86(7) 
C(21)-C(2)-C(3)-C(4) 54.05(8) 
C(1)-C(2)-C(3)-C(4) 167.39(6) 
C(4)-C(3)-C(31)-C(32) -130.31(8) 
C(2)-C(3)-C(31)-C(32) 103.00(8) 
C(4)-C(3)-C(31)-C(36) 45.45(9) 
C(2)-C(3)-C(31)-C(36) -81.24(9) 
C(36)-C(31)-C(32)-C(33) -1.27(12) 
C(3)-C(31)-C(32)-C(33) 174.58(7) 
C(31)-C(32)-C(33)-C(34) 0.99(13) 
C(32)-C(33)-C(34)-C(35) 0.63(14) 
C(33)-C(34)-C(35)-C(36) -1.94(14) 
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C(34)-C(35)-C(36)-C(31) 1.67(13) 
C(32)-C(31)-C(36)-C(35) -0.05(12) 
C(3)-C(31)-C(36)-C(35) -175.90(7) 
C(31)-C(3)-C(4)-C(5) 35.57(11) 
C(2)-C(3)-C(4)-C(5) 164.33(8) 
________________________________________________________________  
Symmetry transformations used to generate equivalent atoms:  
________________________________________________________________________
____  
D-H...A d(D-H) d(H...A) d(D...A) <(DHA) 
________________________________________________________________________
____  
 O(1)-H(1O)...O(3)#1 0.850(12) 1.915(12) 2.7303(10) 160.5(13) 
________________________________________________________________________
____  
Symmetry transformations used to generate equivalent atoms:  
#1 -x+1,-y+1,-z       
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A7.3  X-RAY CRYSTRAL STRUCTURE ANALYSIS OF IRELAND–

CLAISEN REARRANGEMENT PRODUCT 111 (V20078) 

An X-ray quality crystal of Ireland–Claisen Rearrangement Product 111 (compound 

V20078) was grown by slow cooling of a solution in i-PrOH (approx. 20 mg/300 µL). 

Low-temperature diffraction data (f-and w-scans) were collected on a Bruker AXS D8 

VENTURE KAPPA diffractometer coupled to a PHOTON II CPAD detector with Cu Ka 

radiation (l = 1.54178 Å) from an IμS micro-source for the structure of compound V20078. 

The structure was solved by direct methods using SHELXS1 and refined against F2 on all 

data by full-matrix least squares with SHELXL-20182 using established refinement 

techniques.3  All non-hydrogen atoms were refined anisotropically. All hydrogen atoms 

were included into the model at geometrically calculated positions and refined using a 

riding model. The isotropic displacement parameters of all hydrogen atoms were fixed to 

1.2 times the U value of the atoms they are linked to (1.5 times for methyl groups). All 

disordered atoms were refined with the help of similarity restraints on the 1,2- and 1,3-

distances and displacement parameters as well as rigid bond restraints for anisotropic 

displacement parameters. Compound V20078 crystallizes in the triclinic space group P1 

with two molecules in the asymmetric unit.  
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Figure A7.3.1 X-Ray Coordinate of Ireland–Claisen Rearrangement Product 111 

(V20078) 

 

Table A7.3.1 Crystal Data and Structure Refinement for 111 (V20078) 
Identification code  V20078 
Empirical formula  C23 H21 N O4 
Formula weight  375.41 
Temperature  100(2) K 
Wavelength  1.54178 Å 
Crystal system  Triclinic 
Space group  P1 
Unit cell dimensions a = 8.7657(4) Å a= 79.3918(12)°. 
 b = 9.6615(5) Å b= 89.6083(13)°. 
 c = 11.4746(6) Å g = 82.2116(12)°. 
Volume 946.20(8) Å3 
Z 2 
Density (calculated) 1.318 Mg/m3 
Absorption coefficient 0.734 mm-1 
F(000) 396 
Crystal size 0.200 x 0.150 x 0.100 mm3 
Theta range for data collection 3.920 to 74.662°. 
Index ranges -10<=h<=10, -10<=k<=12, -14<=l<=14 
Reflections collected 43609 
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Independent reflections 7033 [R(int) = 0.0302] 
Completeness to theta = 67.679° 99.0 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.7538 and 0.6661 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 7033 / 3 / 507 
Goodness-of-fit on F2 1.048 
Final R indices [I>2sigma(I)] R1 = 0.0387, wR2 = 0.1032 
R indices (all data) R1 = 0.0391, wR2 = 0.1041 
Absolute structure parameter -0.22(12) 
Extinction coefficient n/a 
Largest diff. peak and hole 0.241 and -0.220 e.Å-3 
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Table A7.3.2 Atomic Coordinates ( x 104) and Equivalent Isotropic Displacement 
Parameters (Å2x 103) for 111 (V20078). U(eq) is Defined as One Third of the Trace of 
the Orthogonalized Uij tensor. 
________________________________________________________________________ 
 x y z U(eq) 
________________________________________________________________________  
C(1) 6288(3) 4066(3) 7505(2) 15(1) 
N(1) 7046(2) 3211(2) 8607(2) 16(1) 
C(11) 6637(3) 1885(3) 9145(2) 17(1) 
O(1) 5602(2) 1330(2) 8815(2) 22(1) 
C(12) 7725(3) 1332(3) 10165(2) 19(1) 
C(13) 7807(4) 85(3) 10991(3) 26(1) 
C(14) 8981(4) -143(3) 11854(3) 31(1) 
C(15) 9998(4) 828(3) 11880(3) 30(1) 
C(16) 9900(3) 2087(3) 11050(3) 24(1) 
C(17) 8741(3) 2309(3) 10190(2) 19(1) 
C(18) 8348(3) 3509(3) 9178(2) 17(1) 
O(2) 8995(2) 4543(2) 8885(2) 20(1) 
C(21) 4566(3) 3871(3) 7493(2) 17(1) 
O(3) 3880(2) 3729(2) 6632(2) 24(1) 
O(4) 3906(2) 4037(2) 8520(2) 19(1) 
C(22) 2246(3) 4092(3) 8512(3) 22(1) 
C(31) 6200(3) 5679(3) 7504(2) 16(1) 
C(32) 5942(3) 6199(3) 8557(3) 19(1) 
C(33) 5778(3) 7649(3) 8550(3) 23(1) 
C(34) 5824(3) 8606(3) 7485(3) 26(1) 
C(35) 6048(4) 8095(3) 6443(3) 25(1) 
C(36) 6243(3) 6644(3) 6444(3) 20(1) 
C(41) 7091(3) 3625(3) 6391(2) 16(1) 
C(42) 8729(3) 3958(3) 6304(2) 18(1) 
C(43) 9846(3) 3209(3) 5799(3) 22(1) 
C(44) 9616(3) 1979(3) 5221(3) 25(1) 
C(45) 7929(3) 1766(3) 5176(3) 24(1) 
C(46) 7076(3) 2066(3) 6297(2) 19(1) 
C(101) 3411(3) 5804(3) 2643(2) 19(1) 
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N(101) 2805(3) 6625(2) 1479(2) 18(1) 
C(111) 3232(3) 7972(3) 1031(2) 20(1) 
O(101) 4204(3) 8496(2) 1477(2) 27(1) 
C(112) 2251(3) 8578(3) -41(3) 21(1) 
C(113) 2232(4) 9844(3) -827(3) 26(1) 
C(114) 1131(4) 10127(3) -1740(3) 29(1) 
C(115) 118(4) 9166(3) -1858(3) 28(1) 
C(116) 152(3) 7890(3) -1066(3) 23(1) 
C(117) 1233(3) 7624(3) -154(3) 20(1) 
C(118) 1513(3) 6402(3) 845(2) 18(1) 
O(102) 777(2) 5420(2) 1086(2) 24(1) 
C(121) 5160(3) 5846(3) 2700(2) 20(1) 
O(103) 5883(2) 5842(2) 3591(2) 26(1) 
O(104) 5815(2) 5729(2) 1656(2) 23(1) 
C(122) 7473(3) 5659(4) 1663(3) 28(1) 
C(131) 2488(3) 6488(3) 3593(3) 22(1) 
C(132) 3062(4) 7422(4) 4217(3) 31(1) 
C(133) 2126(5) 8068(4) 5001(4) 43(1) 
C(134) 623(4) 7830(4) 5161(3) 35(1) 
C(135) 22(4) 6929(3) 4534(3) 29(1) 
C(136) 957(3) 6266(3) 3755(3) 23(1) 
C(141) 3225(3) 4186(3) 2761(2) 19(1) 
C(142) 3830(3) 3512(3) 1735(3) 22(1) 
C(143) 4396(4) 2147(3) 1864(3) 27(1) 
C(144) 4603(4) 1142(3) 3034(3) 32(1) 
C(145) 3726(4) 1755(3) 4008(3) 25(1) 
C(146) 3895(4) 3318(3) 3935(3) 24(1) 
________________________________________________________________________
________ 
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Table A7.3.3 Bond Lengths [Å] and Angles [°] for 111 (V20078) 
_____________________________________________________  
C(1)-N(1)  1.484(3) 
C(1)-C(21)  1.547(4) 
C(1)-C(31)  1.550(4) 
C(1)-C(41)  1.555(4) 
N(1)-C(11)  1.408(3) 
N(1)-C(18)  1.409(3) 
C(11)-O(1)  1.210(3) 
C(11)-C(12)  1.487(4) 
C(12)-C(13)  1.383(4) 
C(12)-C(17)  1.387(4) 
C(13)-C(14)  1.400(5) 
C(13)-H(13)  0.9500 
C(14)-C(15)  1.383(5) 
C(14)-H(14)  0.9500 
C(15)-C(16)  1.393(4) 
C(15)-H(15)  0.9500 
C(16)-C(17)  1.389(4) 
C(16)-H(16)  0.9500 
C(17)-C(18)  1.487(4) 
C(18)-O(2)  1.208(3) 
C(21)-O(3)  1.199(3) 
C(21)-O(4)  1.335(3) 
O(4)-C(22)  1.449(3) 
C(22)-H(22A)  0.9800 
C(22)-H(22B)  0.9800 
C(22)-H(22C)  0.9800 
C(31)-C(36)  1.393(4) 
C(31)-C(32)  1.397(4) 
C(32)-C(33)  1.387(4) 
C(32)-H(32)  0.9500 
C(33)-C(34)  1.394(4) 
C(33)-H(33)  0.9500 
C(34)-C(35)  1.378(5) 
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C(34)-H(34)  0.9500 
C(35)-C(36)  1.389(4) 
C(35)-H(35)  0.9500 
C(36)-H(36)  0.9500 
C(41)-C(42)  1.512(4) 
C(41)-C(46)  1.532(4) 
C(41)-H(41)  1.0000 
C(42)-C(43)  1.331(4) 
C(42)-H(42)  0.9500 
C(43)-C(44)  1.500(4) 
C(43)-H(43)  0.9500 
C(44)-C(45)  1.523(4) 
C(44)-H(44A)  0.9900 
C(44)-H(44B)  0.9900 
C(45)-C(46)  1.537(4) 
C(45)-H(45A)  0.9900 
C(45)-H(45B)  0.9900 
C(46)-H(46A)  0.9900 
C(46)-H(46B)  0.9900 
C(101)-N(101)  1.483(4) 
C(101)-C(121)  1.541(4) 
C(101)-C(131)  1.545(4) 
C(101)-C(141)  1.575(4) 
N(101)-C(111)  1.408(4) 
N(101)-C(118)  1.412(4) 
C(111)-O(101)  1.209(4) 
C(111)-C(112)  1.486(4) 
C(112)-C(113)  1.378(4) 
C(112)-C(117)  1.390(4) 
C(113)-C(114)  1.394(4) 
C(113)-H(113)  0.9500 
C(114)-C(115)  1.393(5) 
C(114)-H(114)  0.9500 
C(115)-C(116)  1.387(5) 
C(115)-H(115)  0.9500 
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C(116)-C(117)  1.381(4) 
C(116)-H(116)  0.9500 
C(117)-C(118)  1.481(4) 
C(118)-O(102)  1.209(3) 
C(121)-O(103)  1.206(4) 
C(121)-O(104)  1.342(4) 
O(104)-C(122)  1.446(4) 
C(122)-H(12A)  0.9800 
C(122)-H(12B)  0.9800 
C(122)-H(12C)  0.9800 
C(131)-C(136)  1.394(4) 
C(131)-C(132)  1.396(4) 
C(132)-C(133)  1.389(5) 
C(132)-H(132)  0.9500 
C(133)-C(134)  1.373(6) 
C(133)-H(133)  0.9500 
C(134)-C(135)  1.383(5) 
C(134)-H(134)  0.9500 
C(135)-C(136)  1.392(4) 
C(135)-H(135)  0.9500 
C(136)-H(136)  0.9500 
C(141)-C(142)  1.507(4) 
C(141)-C(146)  1.524(4) 
C(141)-H(141)  1.0000 
C(142)-C(143)  1.327(4) 
C(142)-H(142)  0.9500 
C(143)-C(144)  1.502(5) 
C(143)-H(143)  0.9500 
C(144)-C(145)  1.516(4) 
C(144)-H(14A)  0.9900 
C(144)-H(14B)  0.9900 
C(145)-C(146)  1.524(4) 
C(145)-H(14C)  0.9900 
C(145)-H(14D)  0.9900 
C(146)-H(14E)  0.9900 
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C(146)-H(14F)  0.9900 
N(1)-C(1)-C(21) 109.5(2) 
N(1)-C(1)-C(31) 111.1(2) 
C(21)-C(1)-C(31) 101.9(2) 
N(1)-C(1)-C(41) 110.8(2) 
C(21)-C(1)-C(41) 110.4(2) 
C(31)-C(1)-C(41) 112.7(2) 
C(11)-N(1)-C(18) 110.8(2) 
C(11)-N(1)-C(1) 122.8(2) 
C(18)-N(1)-C(1) 126.0(2) 
O(1)-C(11)-N(1) 125.4(3) 
O(1)-C(11)-C(12) 128.2(3) 
N(1)-C(11)-C(12) 106.4(2) 
C(13)-C(12)-C(17) 122.0(3) 
C(13)-C(12)-C(11) 129.7(3) 
C(17)-C(12)-C(11) 108.2(2) 
C(12)-C(13)-C(14) 116.3(3) 
C(12)-C(13)-H(13) 121.9 
C(14)-C(13)-H(13) 121.9 
C(15)-C(14)-C(13) 121.8(3) 
C(15)-C(14)-H(14) 119.1 
C(13)-C(14)-H(14) 119.1 
C(14)-C(15)-C(16) 121.6(3) 
C(14)-C(15)-H(15) 119.2 
C(16)-C(15)-H(15) 119.2 
C(17)-C(16)-C(15) 116.6(3) 
C(17)-C(16)-H(16) 121.7 
C(15)-C(16)-H(16) 121.7 
C(12)-C(17)-C(16) 121.7(3) 
C(12)-C(17)-C(18) 108.3(2) 
C(16)-C(17)-C(18) 130.0(3) 
O(2)-C(18)-N(1) 125.7(3) 
O(2)-C(18)-C(17) 128.0(3) 
N(1)-C(18)-C(17) 106.3(2) 
O(3)-C(21)-O(4) 124.2(2) 
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O(3)-C(21)-C(1) 123.9(2) 
O(4)-C(21)-C(1) 111.5(2) 
C(21)-O(4)-C(22) 114.6(2) 
O(4)-C(22)-H(22A) 109.5 
O(4)-C(22)-H(22B) 109.5 
H(22A)-C(22)-H(22B) 109.5 
O(4)-C(22)-H(22C) 109.5 
H(22A)-C(22)-H(22C) 109.5 
H(22B)-C(22)-H(22C) 109.5 
C(36)-C(31)-C(32) 118.8(3) 
C(36)-C(31)-C(1) 120.6(2) 
C(32)-C(31)-C(1) 120.3(2) 
C(33)-C(32)-C(31) 120.5(3) 
C(33)-C(32)-H(32) 119.7 
C(31)-C(32)-H(32) 119.7 
C(32)-C(33)-C(34) 120.3(3) 
C(32)-C(33)-H(33) 119.9 
C(34)-C(33)-H(33) 119.9 
C(35)-C(34)-C(33) 119.3(3) 
C(35)-C(34)-H(34) 120.4 
C(33)-C(34)-H(34) 120.4 
C(34)-C(35)-C(36) 120.9(3) 
C(34)-C(35)-H(35) 119.6 
C(36)-C(35)-H(35) 119.6 
C(35)-C(36)-C(31) 120.3(3) 
C(35)-C(36)-H(36) 119.9 
C(31)-C(36)-H(36) 119.9 
C(42)-C(41)-C(46) 109.3(2) 
C(42)-C(41)-C(1) 111.7(2) 
C(46)-C(41)-C(1) 114.6(2) 
C(42)-C(41)-H(41) 107.0 
C(46)-C(41)-H(41) 107.0 
C(1)-C(41)-H(41) 107.0 
C(43)-C(42)-C(41) 123.3(3) 
C(43)-C(42)-H(42) 118.3 
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C(41)-C(42)-H(42) 118.3 
C(42)-C(43)-C(44) 124.1(3) 
C(42)-C(43)-H(43) 117.9 
C(44)-C(43)-H(43) 117.9 
C(43)-C(44)-C(45) 112.2(2) 
C(43)-C(44)-H(44A) 109.2 
C(45)-C(44)-H(44A) 109.2 
C(43)-C(44)-H(44B) 109.2 
C(45)-C(44)-H(44B) 109.2 
H(44A)-C(44)-H(44B) 107.9 
C(44)-C(45)-C(46) 112.0(2) 
C(44)-C(45)-H(45A) 109.2 
C(46)-C(45)-H(45A) 109.2 
C(44)-C(45)-H(45B) 109.2 
C(46)-C(45)-H(45B) 109.2 
H(45A)-C(45)-H(45B) 107.9 
C(41)-C(46)-C(45) 109.2(2) 
C(41)-C(46)-H(46A) 109.8 
C(45)-C(46)-H(46A) 109.8 
C(41)-C(46)-H(46B) 109.8 
C(45)-C(46)-H(46B) 109.8 
H(46A)-C(46)-H(46B) 108.3 
N(101)-C(101)-C(121) 108.4(2) 
N(101)-C(101)-C(131) 106.1(2) 
C(121)-C(101)-C(131) 114.3(2) 
N(101)-C(101)-C(141) 110.9(2) 
C(121)-C(101)-C(141) 105.5(2) 
C(131)-C(101)-C(141) 111.6(2) 
C(111)-N(101)-C(118) 110.4(2) 
C(111)-N(101)-C(101) 120.8(2) 
C(118)-N(101)-C(101) 126.9(2) 
O(101)-C(111)-N(101) 124.5(3) 
O(101)-C(111)-C(112) 128.9(3) 
N(101)-C(111)-C(112) 106.7(2) 
C(113)-C(112)-C(117) 121.9(3) 
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C(113)-C(112)-C(111) 130.4(3) 
C(117)-C(112)-C(111) 107.7(3) 
C(112)-C(113)-C(114) 116.6(3) 
C(112)-C(113)-H(113) 121.7 
C(114)-C(113)-H(113) 121.7 
C(115)-C(114)-C(113) 121.5(3) 
C(115)-C(114)-H(114) 119.3 
C(113)-C(114)-H(114) 119.3 
C(116)-C(115)-C(114) 121.5(3) 
C(116)-C(115)-H(115) 119.2 
C(114)-C(115)-H(115) 119.2 
C(117)-C(116)-C(115) 116.8(3) 
C(117)-C(116)-H(116) 121.6 
C(115)-C(116)-H(116) 121.6 
C(116)-C(117)-C(112) 121.8(3) 
C(116)-C(117)-C(118) 129.6(3) 
C(112)-C(117)-C(118) 108.7(2) 
O(102)-C(118)-N(101) 126.5(3) 
O(102)-C(118)-C(117) 127.3(3) 
N(101)-C(118)-C(117) 106.1(2) 
O(103)-C(121)-O(104) 123.4(3) 
O(103)-C(121)-C(101) 124.8(3) 
O(104)-C(121)-C(101) 111.4(2) 
C(121)-O(104)-C(122) 114.6(2) 
O(104)-C(122)-H(12A) 109.5 
O(104)-C(122)-H(12B) 109.5 
H(12A)-C(122)-H(12B) 109.5 
O(104)-C(122)-H(12C) 109.5 
H(12A)-C(122)-H(12C) 109.5 
H(12B)-C(122)-H(12C) 109.5 
C(136)-C(131)-C(132) 118.1(3) 
C(136)-C(131)-C(101) 118.3(3) 
C(132)-C(131)-C(101) 123.3(3) 
C(133)-C(132)-C(131) 120.0(3) 
C(133)-C(132)-H(132) 120.0 
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C(131)-C(132)-H(132) 120.0 
C(134)-C(133)-C(132) 121.3(3) 
C(134)-C(133)-H(133) 119.4 
C(132)-C(133)-H(133) 119.4 
C(133)-C(134)-C(135) 119.7(3) 
C(133)-C(134)-H(134) 120.2 
C(135)-C(134)-H(134) 120.2 
C(134)-C(135)-C(136) 119.4(3) 
C(134)-C(135)-H(135) 120.3 
C(136)-C(135)-H(135) 120.3 
C(135)-C(136)-C(131) 121.5(3) 
C(135)-C(136)-H(136) 119.2 
C(131)-C(136)-H(136) 119.2 
C(142)-C(141)-C(146) 110.9(2) 
C(142)-C(141)-C(101) 114.9(2) 
C(146)-C(141)-C(101) 111.6(2) 
C(142)-C(141)-H(141) 106.3 
C(146)-C(141)-H(141) 106.3 
C(101)-C(141)-H(141) 106.3 
C(143)-C(142)-C(141) 122.5(3) 
C(143)-C(142)-H(142) 118.8 
C(141)-C(142)-H(142) 118.8 
C(142)-C(143)-C(144) 124.4(3) 
C(142)-C(143)-H(143) 117.8 
C(144)-C(143)-H(143) 117.8 
C(143)-C(144)-C(145) 111.7(3) 
C(143)-C(144)-H(14A) 109.3 
C(145)-C(144)-H(14A) 109.3 
C(143)-C(144)-H(14B) 109.3 
C(145)-C(144)-H(14B) 109.3 
H(14A)-C(144)-H(14B) 107.9 
C(144)-C(145)-C(146) 111.4(3) 
C(144)-C(145)-H(14C) 109.3 
C(146)-C(145)-H(14C) 109.3 
C(144)-C(145)-H(14D) 109.3 
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C(146)-C(145)-H(14D) 109.3 
H(14C)-C(145)-H(14D) 108.0 
C(145)-C(146)-C(141) 110.2(2) 
C(145)-C(146)-H(14E) 109.6 
C(141)-C(146)-H(14E) 109.6 
C(145)-C(146)-H(14F) 109.6 
C(141)-C(146)-H(14F) 109.6 
H(14E)-C(146)-H(14F) 108.1 
_____________________________________________________________  
Symmetry transformations used to generate equivalent atoms:  
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Table A7.3.4 Anisotropic Displacement Parameters (Å2x 103) for 111 (V20078). The 
Anisotropic Displacement Factor Exponent Takes the Form:  -2p2[ h2 a*2U11 + ...  + 2 
h k a* b* U12]. 
________________________________________________________________________  
 U11 U22  U33 U23 U13 U12 
________________________________________________________________________  
C(1) 16(1)  15(1) 13(1)  -2(1) 0(1)  -2(1) 
N(1) 13(1)  18(1) 16(1)  -1(1) 0(1)  -3(1) 
C(11) 19(1)  18(1) 15(1)  -2(1) 4(1)  -3(1) 
O(1) 24(1)  22(1) 21(1)  -4(1) -2(1)  -7(1) 
C(12) 21(1)  21(1) 15(1)  -4(1) 2(1)  0(1) 
C(13) 32(2)  20(1) 22(2)  -1(1) 0(1)  -2(1) 
C(14) 41(2)  25(2) 20(2)  3(1) -5(1)  7(1) 
C(15) 30(2)  31(2) 25(2)  -5(1) -11(1)  8(1) 
C(16) 22(1)  28(2) 23(2)  -7(1) -4(1)  2(1) 
C(17) 17(1)  22(1) 18(1)  -6(1) 0(1)  2(1) 
C(18) 14(1)  23(1) 15(1)  -6(1) 1(1)  1(1) 
O(2) 16(1)  24(1) 22(1)  -4(1) 0(1)  -6(1) 
C(21) 17(1)  17(1) 16(1)  -3(1) 0(1)  -2(1) 
O(3) 19(1)  36(1) 19(1)  -9(1) -1(1)  -5(1) 
O(4) 13(1)  29(1) 18(1)  -8(1) 1(1)  -3(1) 
C(22) 13(1)  31(2) 23(2)  -8(1) 2(1)  -4(1) 
C(31) 12(1)  18(1) 19(1)  -4(1) 0(1)  -2(1) 
C(32) 15(1)  22(1) 21(1)  -6(1) 1(1)  -2(1) 
C(33) 21(1)  25(1) 27(2)  -12(1) 1(1)  -2(1) 
C(34) 26(2)  18(1) 36(2)  -8(1) 0(1)  -3(1) 
C(35) 28(2)  19(1) 27(2)  1(1) -1(1)  -4(1) 
C(36) 20(1)  22(1) 19(1)  -5(1) 1(1)  -2(1) 
C(41) 18(1)  18(1) 13(1)  -3(1) 2(1)  -1(1) 
C(42) 20(1)  18(1) 16(1)  -2(1) 1(1)  -2(1) 
C(43) 18(1)  26(1) 21(1)  -1(1) 3(1)  -3(1) 
C(44) 21(2)  29(2) 24(2)  -7(1) 5(1)  5(1) 
C(45) 22(2)  27(2) 24(2)  -11(1) 2(1)  0(1) 
C(46) 20(1)  18(1) 21(1)  -5(1) 2(1)  -2(1) 
C(101) 19(1)  25(1) 15(1)  -4(1) -1(1)  -3(1) 
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N(101) 17(1)  23(1) 16(1)  -4(1) 0(1)  -4(1) 
C(111) 21(1)  22(1) 18(1)  -7(1) 3(1)  -5(1) 
O(101) 30(1)  29(1) 23(1)  -6(1) -4(1)  -11(1) 
C(112) 21(1)  24(2) 19(1)  -8(1) -1(1)  -2(1) 
C(113) 30(2)  24(2) 24(2)  -5(1) -3(1)  -4(1) 
C(114) 38(2)  22(2) 24(2)  -3(1) -4(1)  0(1) 
C(115) 30(2)  28(2) 25(2)  -9(1) -9(1)  5(1) 
C(116) 19(1)  25(2) 27(2)  -10(1) -3(1)  1(1) 
C(117) 20(1)  21(1) 20(1)  -8(1) 1(1)  0(1) 
C(118) 13(1)  23(1) 19(1)  -8(1) 2(1)  -2(1) 
O(102) 18(1)  26(1) 27(1)  -4(1) -2(1)  -5(1) 
C(121) 23(1)  22(1) 17(1)  -4(1) 1(1)  -4(1) 
O(103) 24(1)  35(1) 18(1)  -5(1) -4(1)  -5(1) 
O(104) 17(1)  36(1) 19(1)  -10(1) 1(1)  -6(1) 
C(122) 16(1)  39(2) 31(2)  -10(1) 1(1)  -5(1) 
C(131) 26(2)  22(1) 17(1)  -3(1) 1(1)  -2(1) 
C(132) 28(2)  36(2) 31(2)  -15(1) -1(1)  -1(1) 
C(133) 44(2)  44(2) 46(2)  -28(2) 1(2)  -2(2) 
C(134) 41(2)  34(2) 30(2)  -14(1) 9(1)  6(1) 
C(135) 29(2)  24(2) 30(2)  -2(1) 10(1)  2(1) 
C(136) 26(2)  21(1) 22(1)  -5(1) 6(1)  -2(1) 
C(141) 20(1)  20(1) 16(1)  -5(1) -2(1)  -2(1) 
C(142) 19(1)  28(2) 18(1)  -6(1) 0(1)  -3(1) 
C(143) 26(2)  31(2) 26(2)  -14(1) 3(1)  -1(1) 
C(144) 37(2)  25(2) 35(2)  -10(1) 0(1)  1(1) 
C(145) 28(2)  25(2) 20(2)  -2(1) -3(1)  0(1) 
C(146) 27(2)  25(2) 18(1)  -6(1) -3(1)  4(1) 
________________________________________________________________________
______ 
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Table A7.3.5 Hydrogen Coordinates ( x 104) and Isotropic Displacement Parameters 
(Å2x 103) for 111 (V20078). 
________________________________________________________________________  
 x  y  z  U(eq) 
________________________________________________________________________  
  
H(13) 7106 -580 10974 31 
H(14) 9082 -988 12438 37 
H(15) 10783 632 12477 36 
H(16) 10590 2761 11072 29 
H(22A) 1972 3208 8321 33 
H(22B) 1788 4899 7915 33 
H(22C) 1854 4206 9296 33 
H(32) 5878 5555 9283 23 
H(33) 5635 7991 9273 28 
H(34) 5702 9600 7477 31 
H(35) 6068 8744 5714 30 
H(36) 6408 6308 5720 24 
H(41) 6513 4214 5682 19 
H(42) 8973 4741 6625 22 
H(43) 10852 3471 5804 26 
H(44A) 10218 1103 5667 30 
H(44B) 10011 2144 4404 30 
H(45A) 7863 775 5088 29 
H(45B) 7420 2407 4473 29 
H(46A) 6000 1869 6256 23 
H(46B) 7586 1438 7007 23 
H(113) 2934 10492 -749 31 
H(114) 1070 10995 -2295 35 
H(115) -612 9388 -2496 34 
H(116) -535 7232 -1146 28 
H(12A) 7927 4817 2227 42 
H(12B) 7760 6515 1900 42 
H(12C) 7856 5597 867 42 
H(132) 4092 7617 4106 37 
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H(133) 2533 8686 5435 51 
H(134) -1 8281 5700 42 
H(135) -1019 6765 4633 34 
H(136) 541 5649 3325 28 
H(141) 2093 4137 2781 23 
H(142) 3804 4087 967 26 
H(143) 4690 1781 1169 32 
H(14A) 5712 934 3253 39 
H(14B) 4238 236 2958 39 
H(14C) 4117 1212 4790 30 
H(14D) 2622 1657 3939 30 
H(14E) 4997 3421 4002 28 
H(14F) 3350 3677 4601 28 
________________________________________________________________________
________ 
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Table A7.3.6 Torsion Angles [º] for 111 (V20078). 
________________________________________________________________  
C(21)-C(1)-N(1)-C(11) 34.9(3) 
C(31)-C(1)-N(1)-C(11) 146.7(2) 
C(41)-C(1)-N(1)-C(11) -87.2(3) 
C(21)-C(1)-N(1)-C(18) -152.7(2) 
C(31)-C(1)-N(1)-C(18) -40.9(3) 
C(41)-C(1)-N(1)-C(18) 85.3(3) 
C(18)-N(1)-C(11)-O(1) -177.1(3) 
C(1)-N(1)-C(11)-O(1) -3.6(4) 
C(18)-N(1)-C(11)-C(12) 2.5(3) 
C(1)-N(1)-C(11)-C(12) 176.0(2) 
O(1)-C(11)-C(12)-C(13) -1.5(5) 
N(1)-C(11)-C(12)-C(13) 178.9(3) 
O(1)-C(11)-C(12)-C(17) 178.5(3) 
N(1)-C(11)-C(12)-C(17) -1.1(3) 
C(17)-C(12)-C(13)-C(14) -0.3(4) 
C(11)-C(12)-C(13)-C(14) 179.7(3) 
C(12)-C(13)-C(14)-C(15) 0.2(5) 
C(13)-C(14)-C(15)-C(16) 0.3(5) 
C(14)-C(15)-C(16)-C(17) -0.7(5) 
C(13)-C(12)-C(17)-C(16) -0.1(4) 
C(11)-C(12)-C(17)-C(16) 179.9(3) 
C(13)-C(12)-C(17)-C(18) 179.3(3) 
C(11)-C(12)-C(17)-C(18) -0.7(3) 
C(15)-C(16)-C(17)-C(12) 0.6(4) 
C(15)-C(16)-C(17)-C(18) -178.7(3) 
C(11)-N(1)-C(18)-O(2) 177.0(3) 
C(1)-N(1)-C(18)-O(2) 3.8(4) 
C(11)-N(1)-C(18)-C(17) -2.9(3) 
C(1)-N(1)-C(18)-C(17) -176.1(2) 
C(12)-C(17)-C(18)-O(2) -177.8(3) 
C(16)-C(17)-C(18)-O(2) 1.6(5) 
C(12)-C(17)-C(18)-N(1) 2.2(3) 
C(16)-C(17)-C(18)-N(1) -178.5(3) 
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N(1)-C(1)-C(21)-O(3) -138.4(3) 
C(31)-C(1)-C(21)-O(3) 103.8(3) 
C(41)-C(1)-C(21)-O(3) -16.2(4) 
N(1)-C(1)-C(21)-O(4) 48.3(3) 
C(31)-C(1)-C(21)-O(4) -69.4(3) 
C(41)-C(1)-C(21)-O(4) 170.6(2) 
O(3)-C(21)-O(4)-C(22) -2.4(4) 
C(1)-C(21)-O(4)-C(22) 170.8(2) 
N(1)-C(1)-C(31)-C(36) 149.3(2) 
C(21)-C(1)-C(31)-C(36) -94.1(3) 
C(41)-C(1)-C(31)-C(36) 24.3(3) 
N(1)-C(1)-C(31)-C(32) -36.2(3) 
C(21)-C(1)-C(31)-C(32) 80.4(3) 
C(41)-C(1)-C(31)-C(32) -161.3(2) 
C(36)-C(31)-C(32)-C(33) -1.9(4) 
C(1)-C(31)-C(32)-C(33) -176.5(2) 
C(31)-C(32)-C(33)-C(34) 1.9(4) 
C(32)-C(33)-C(34)-C(35) -0.6(4) 
C(33)-C(34)-C(35)-C(36) -0.7(5) 
C(34)-C(35)-C(36)-C(31) 0.7(5) 
C(32)-C(31)-C(36)-C(35) 0.6(4) 
C(1)-C(31)-C(36)-C(35) 175.2(3) 
N(1)-C(1)-C(41)-C(42) -64.9(3) 
C(21)-C(1)-C(41)-C(42) 173.6(2) 
C(31)-C(1)-C(41)-C(42) 60.3(3) 
N(1)-C(1)-C(41)-C(46) 60.0(3) 
C(21)-C(1)-C(41)-C(46) -61.5(3) 
C(31)-C(1)-C(41)-C(46) -174.7(2) 
C(46)-C(41)-C(42)-C(43) 22.5(4) 
C(1)-C(41)-C(42)-C(43) 150.3(3) 
C(41)-C(42)-C(43)-C(44) 2.0(4) 
C(42)-C(43)-C(44)-C(45) 5.3(4) 
C(43)-C(44)-C(45)-C(46) -37.2(4) 
C(42)-C(41)-C(46)-C(45) -52.7(3) 
C(1)-C(41)-C(46)-C(45) -178.9(2) 
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C(44)-C(45)-C(46)-C(41) 62.4(3) 
C(121)-C(101)-N(101)-C(111) -46.2(3) 
C(131)-C(101)-N(101)-C(111) 77.1(3) 
C(141)-C(101)-N(101)-C(111) -161.5(2) 
C(121)-C(101)-N(101)-C(118) 151.2(3) 
C(131)-C(101)-N(101)-C(118) -85.6(3) 
C(141)-C(101)-N(101)-C(118) 35.8(4) 
C(118)-N(101)-C(111)-O(101) 172.7(3) 
C(101)-N(101)-C(111)-O(101) 7.4(4) 
C(118)-N(101)-C(111)-C(112) -6.4(3) 
C(101)-N(101)-C(111)-C(112) -171.7(2) 
O(101)-C(111)-C(112)-C(113) 3.1(5) 
N(101)-C(111)-C(112)-C(113) -177.9(3) 
O(101)-C(111)-C(112)-C(117) -175.7(3) 
N(101)-C(111)-C(112)-C(117) 3.3(3) 
C(117)-C(112)-C(113)-C(114) 0.4(4) 
C(111)-C(112)-C(113)-C(114) -178.4(3) 
C(112)-C(113)-C(114)-C(115) -0.9(5) 
C(113)-C(114)-C(115)-C(116) 0.6(5) 
C(114)-C(115)-C(116)-C(117) 0.2(5) 
C(115)-C(116)-C(117)-C(112) -0.7(4) 
C(115)-C(116)-C(117)-C(118) 177.4(3) 
C(113)-C(112)-C(117)-C(116) 0.4(4) 
C(111)-C(112)-C(117)-C(116) 179.4(3) 
C(113)-C(112)-C(117)-C(118) -178.1(3) 
C(111)-C(112)-C(117)-C(118) 0.9(3) 
C(111)-N(101)-C(118)-O(102) -172.1(3) 
C(101)-N(101)-C(118)-O(102) -7.9(5) 
C(111)-N(101)-C(118)-C(117) 6.9(3) 
C(101)-N(101)-C(118)-C(117) 171.1(2) 
C(116)-C(117)-C(118)-O(102) -4.1(5) 
C(112)-C(117)-C(118)-O(102) 174.2(3) 
C(116)-C(117)-C(118)-N(101) 176.9(3) 
C(112)-C(117)-C(118)-N(101) -4.7(3) 
N(101)-C(101)-C(121)-O(103) 147.3(3) 
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C(131)-C(101)-C(121)-O(103) 29.2(4) 
C(141)-C(101)-C(121)-O(103) -93.8(3) 
N(101)-C(101)-C(121)-O(104) -39.5(3) 
C(131)-C(101)-C(121)-O(104) -157.7(2) 
C(141)-C(101)-C(121)-O(104) 79.4(3) 
O(103)-C(121)-O(104)-C(122) -2.6(4) 
C(101)-C(121)-O(104)-C(122) -175.8(2) 
N(101)-C(101)-C(131)-C(136) 72.4(3) 
C(121)-C(101)-C(131)-C(136) -168.1(3) 
C(141)-C(101)-C(131)-C(136) -48.5(3) 
N(101)-C(101)-C(131)-C(132) -101.4(3) 
C(121)-C(101)-C(131)-C(132) 18.1(4) 
C(141)-C(101)-C(131)-C(132) 137.7(3) 
C(136)-C(131)-C(132)-C(133) 1.9(5) 
C(101)-C(131)-C(132)-C(133) 175.7(3) 
C(131)-C(132)-C(133)-C(134) -1.4(6) 
C(132)-C(133)-C(134)-C(135) 0.1(6) 
C(133)-C(134)-C(135)-C(136) 0.6(5) 
C(134)-C(135)-C(136)-C(131) 0.0(5) 
C(132)-C(131)-C(136)-C(135) -1.3(5) 
C(101)-C(131)-C(136)-C(135) -175.4(3) 
N(101)-C(101)-C(141)-C(142) 50.6(3) 
C(121)-C(101)-C(141)-C(142) -66.6(3) 
C(131)-C(101)-C(141)-C(142) 168.7(2) 
N(101)-C(101)-C(141)-C(146) 178.0(2) 
C(121)-C(101)-C(141)-C(146) 60.8(3) 
C(131)-C(101)-C(141)-C(146) -63.9(3) 
C(146)-C(141)-C(142)-C(143) 21.9(4) 
C(101)-C(141)-C(142)-C(143) 149.6(3) 
C(141)-C(142)-C(143)-C(144) -4.3(5) 
C(142)-C(143)-C(144)-C(145) 14.7(4) 
C(143)-C(144)-C(145)-C(146) -42.7(4) 
C(144)-C(145)-C(146)-C(141) 61.8(3) 
C(142)-C(141)-C(146)-C(145) -49.4(3) 
C(101)-C(141)-C(146)-C(145) -178.8(2) 
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________________________________________________________________  
Symmetry transformations used to generate equivalent atoms:  
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A7.4 X-RAY CRYSTRAL STRUCTURE ANALYSIS OF IRELAND–

CLAISEN REARRANGEMENT PRODUCT 113 (d19152) 

An X-ray quality crystal of Iodolactonization product 113 (compound d19152) was 

grown by slow cooling of a solution in toluene (approx. 50 mg/600 µL). Low temperature 

(100K) X-ray data were collected with a Bruker AXS KAPPA APEX II diffractometer 

running at 50 kV and 30 mA (Mo Ka = 0.71073 Å; PHOTON 100 CMOS detector with 

TRIUMPH graphite monochromator). All diffractometer manipulations, including data 

collection, integration, and scaling were carried out using the Bruker APEX3 software. An 

absorption correction was applied using SADABS. The space group was determined, and 

the structure solved by intrinsic phasing using XT. Refinement was full-matrix least 

squares on F2 using XL. All non-hydrogen atoms were refined using anisotropic 

displacement parameters. Hydrogen atoms were placed in idealized positions and the 

coordinates refined. The isotropic displacement parameters of all hydrogen atoms were 

fixed at 1.2 times the Ueq value of the bonded atom. Compound D19152 crystallizes in the 

monoclinic space group P21/n (#14) with one molecule in the asymmetric unit.  
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Figure A7.4.1 X-Ray Coordinate of Iodolactonization Product 113 (d19152) 

 
A7.4.1 Crystal Data and Structure Refinement for d19152 
Identification code  d19152 
Empirical formula  C25 H18 I N O4 
Formula weight  523.30 
Temperature  100 K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P 1 21/n 1 
Unit cell dimensions a = 10.564(3) Å a= 90° 
 b = 11.245(3) Å b= 99.605(14)° 
 c = 18.024(4) Å g = 90° 
Volume 2111.0(9) Å3 
Z 4 
Density (calculated) 1.647 g/cm3 
Absorption coefficient 1.550 mm-1 
F(000) 1040 
Crystal size 0.38 x 0.28 x 0.23 mm3 
Theta range for data collection 2.095 to 39.457°. 
Index ranges -18 £ h £ 18, -19 £ k £ 19, -32 £ l £ 31 
Reflections collected 116544 
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Independent reflections 12393 [R(int) = 0.0317] 
Completeness to theta = 25.242° 100.0 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 1.0000 and 0.9003 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 12393 / 0 / 280 
Goodness-of-fit on F2 1.045 
Final R indices [I>2sigma(I)] R1 = 0.0235, wR2 = 0.0543 
R indices (all data) R1 = 0.0321, wR2 = 0.0572 
Extinction coefficient n/a 
Largest diff. peak and hole 0.582 and -1.257 e.Å-3 
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A7.4.2 Atomic Coordinates ( x 104) and Equivalent Isotropic Displacement Parameters 
(Å2x 103) for 113 (d19152).  U(eq) is Defined as one Third of the Trace of the 
Orthogonalized Uij Tensor 
________________________________________________________________________
____________  
 x y z U(eq)                   pop 
________________________________________________________________________
____________   
I(1) 69462(2) 42397(2) 2320(2) 183(1) 1 
O(1) 91487(8) 27284(8) 29620(5) 262(2) 1 
O(2) 70094(6) 57024(6) 39843(4) 153(1) 1 
O(3) 66878(7) 29559(6) 18651(3) 146(1) 1 
O(4) 66269(8) 14619(6) 26660(4) 197(1) 1 
N(1) 77648(7) 40606(7) 34013(4) 123(1) 1 
C(1) 64824(8) 35589(7) 31003(4) 116(1) 1 
C(2) 58040(8) 44885(7) 25247(4) 117(1) 1 
C(3) 65422(8) 42399(8) 18656(5) 126(1) 1 
C(4) 66452(9) 25118(8) 25523(5) 139(1) 1 
C(5) 89720(8) 36292(9) 32989(5) 159(1) 1 
C(6) 99316(8) 44973(9) 36764(5) 153(1) 1 
C(7) 112555(9) 45394(11) 37153(6) 212(2) 1 
C(8) 118931(9) 55061(11) 40936(6) 232(2) 1 
C(9) 112402(9) 63773(10) 44307(6) 204(2) 1 
C(10) 99104(9) 63219(9) 43919(5) 164(1) 1 
C(11) 92837(8) 53747(8) 40017(4) 128(1) 1 
C(12) 78907(8) 51282(8) 38246(4) 119(1) 1 
C(13) 58413(8) 31854(8) 37607(4) 125(1) 1 
C(14) 62680(10) 21628(9) 41678(5) 174(2) 1 
C(15) 57814(10) 18590(9) 48140(5) 204(2) 1 
C(16) 48741(9) 25774(10) 50691(5) 188(2) 1 
C(17) 44428(10) 35903(10) 46649(5) 199(2) 1 
C(18) 49211(9) 38934(9) 40158(5) 176(2) 1 
C(19) 43592(8) 43835(8) 22863(5) 129(1) 1 
C(20) 36645(9) 54402(9) 21319(5) 165(1) 1 
C(21) 23455(9) 54181(10) 18704(6) 206(2) 1 
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C(22) 17004(9) 43390(10) 17649(6) 215(2) 1 
C(23) 23815(10) 32842(10) 19149(6) 207(2) 1 
C(24) 37016(9) 33017(9) 21724(5) 169(1) 1 
C(25) 58542(9) 46312(9) 11081(5) 164(1) 1 
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A7.4.3 Bond Lengths [Å] and Angles [°] for 113 (d19152) 
_____________________________________________________  
I(1)-C(25)  2.1507(10) 
O(1)-C(5)  1.2114(12) 
O(2)-C(12)  1.2066(10) 
O(3)-C(3)  1.4520(11) 
O(3)-C(4)  1.3433(11) 
O(4)-C(4)  1.1989(11) 
N(1)-C(1)  1.4841(12) 
N(1)-C(5)  1.4051(12) 
N(1)-C(12)  1.4167(11) 
C(1)-C(2)  1.5603(12) 
C(1)-C(4)  1.5646(12) 
C(1)-C(13)  1.5234(12) 
C(2)-H(2)  1.0000 
C(2)-C(3)  1.5512(12) 
C(2)-C(19)  1.5196(13) 
C(3)-H(3)  1.0000 
C(3)-C(25)  1.5015(12) 
C(5)-C(6)  1.4878(14) 
C(6)-C(7)  1.3894(14) 
C(6)-C(11)  1.3854(13) 
C(7)-H(7)  0.9500 
C(7)-C(8)  1.3953(17) 
C(8)-H(8)  0.9500 
C(8)-C(9)  1.3944(17) 
C(9)-H(9)  0.9500 
C(9)-C(10)  1.3962(14) 
C(10)-H(10)  0.9500 
C(10)-C(11)  1.3828(13) 
C(11)-C(12)  1.4790(12) 
C(13)-C(14)  1.3977(13) 
C(13)-C(18)  1.3926(13) 
C(14)-H(14)  0.9500 
C(14)-C(15)  1.3918(13) 
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C(15)-H(15)  0.9500 
C(15)-C(16)  1.3891(14) 
C(16)-H(16)  0.9500 
C(16)-C(17)  1.3874(15) 
C(17)-H(17)  0.9500 
C(17)-C(18)  1.3919(13) 
C(18)-H(18)  0.9500 
C(19)-C(20)  1.3999(13) 
C(19)-C(24)  1.3990(13) 
C(20)-H(20)  0.9500 
C(20)-C(21)  1.3945(14) 
C(21)-H(21)  0.9500 
C(21)-C(22)  1.3892(16) 
C(22)-H(22)  0.9500 
C(22)-C(23)  1.3902(16) 
C(23)-H(23)  0.9500 
C(23)-C(24)  1.3944(14) 
C(24)-H(24)  0.9500 
C(25)-H(25A)  0.9900 
C(25)-H(25B)  0.9900 
 
C(4)-O(3)-C(3) 110.44(6) 
C(5)-N(1)-C(1) 127.87(7) 
C(5)-N(1)-C(12) 110.96(7) 
C(12)-N(1)-C(1) 121.12(7) 
N(1)-C(1)-C(2) 106.16(7) 
N(1)-C(1)-C(4) 109.09(7) 
N(1)-C(1)-C(13) 108.47(7) 
C(2)-C(1)-C(4) 99.85(6) 
C(13)-C(1)-C(2) 119.31(7) 
C(13)-C(1)-C(4) 113.31(7) 
C(1)-C(2)-H(2) 109.2 
C(3)-C(2)-C(1) 98.90(6) 
C(3)-C(2)-H(2) 109.2 
C(19)-C(2)-C(1) 117.65(7) 
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C(19)-C(2)-H(2) 109.2 
C(19)-C(2)-C(3) 112.27(7) 
O(3)-C(3)-C(2) 104.27(6) 
O(3)-C(3)-H(3) 109.6 
O(3)-C(3)-C(25) 109.03(7) 
C(2)-C(3)-H(3) 109.6 
C(25)-C(3)-C(2) 114.49(7) 
C(25)-C(3)-H(3) 109.6 
O(3)-C(4)-C(1) 109.05(7) 
O(4)-C(4)-O(3) 121.84(8) 
O(4)-C(4)-C(1) 128.80(8) 
O(1)-C(5)-N(1) 125.01(9) 
O(1)-C(5)-C(6) 128.89(9) 
N(1)-C(5)-C(6) 106.10(8) 
C(7)-C(6)-C(5) 130.44(9) 
C(11)-C(6)-C(5) 108.29(8) 
C(11)-C(6)-C(7) 121.24(9) 
C(6)-C(7)-H(7) 121.6 
C(6)-C(7)-C(8) 116.80(10) 
C(8)-C(7)-H(7) 121.6 
C(7)-C(8)-H(8) 119.1 
C(9)-C(8)-C(7) 121.79(9) 
C(9)-C(8)-H(8) 119.1 
C(8)-C(9)-H(9) 119.6 
C(8)-C(9)-C(10) 120.90(10) 
C(10)-C(9)-H(9) 119.6 
C(9)-C(10)-H(10) 121.6 
C(11)-C(10)-C(9) 116.88(9) 
C(11)-C(10)-H(10) 121.6 
C(6)-C(11)-C(12) 108.61(8) 
C(10)-C(11)-C(6) 122.37(8) 
C(10)-C(11)-C(12) 128.96(8) 
O(2)-C(12)-N(1) 125.11(8) 
O(2)-C(12)-C(11) 128.88(8) 
N(1)-C(12)-C(11) 106.00(7) 
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C(14)-C(13)-C(1) 119.38(7) 
C(18)-C(13)-C(1) 121.75(8) 
C(18)-C(13)-C(14) 118.60(8) 
C(13)-C(14)-H(14) 119.7 
C(15)-C(14)-C(13) 120.63(9) 
C(15)-C(14)-H(14) 119.7 
C(14)-C(15)-H(15) 119.8 
C(16)-C(15)-C(14) 120.38(9) 
C(16)-C(15)-H(15) 119.8 
C(15)-C(16)-H(16) 120.4 
C(17)-C(16)-C(15) 119.20(8) 
C(17)-C(16)-H(16) 120.4 
C(16)-C(17)-H(17) 119.7 
C(16)-C(17)-C(18) 120.60(9) 
C(18)-C(17)-H(17) 119.7 
C(13)-C(18)-H(18) 119.7 
C(17)-C(18)-C(13) 120.58(9) 
C(17)-C(18)-H(18) 119.7 
C(20)-C(19)-C(2) 117.30(8) 
C(24)-C(19)-C(2) 124.04(8) 
C(24)-C(19)-C(20) 118.55(8) 
C(19)-C(20)-H(20) 119.6 
C(21)-C(20)-C(19) 120.87(9) 
C(21)-C(20)-H(20) 119.6 
C(20)-C(21)-H(21) 120.0 
C(22)-C(21)-C(20) 120.09(10) 
C(22)-C(21)-H(21) 120.0 
C(21)-C(22)-H(22) 120.2 
C(21)-C(22)-C(23) 119.51(9) 
C(23)-C(22)-H(22) 120.2 
C(22)-C(23)-H(23) 119.7 
C(22)-C(23)-C(24) 120.60(10) 
C(24)-C(23)-H(23) 119.7 
C(19)-C(24)-H(24) 119.8 
C(23)-C(24)-C(19) 120.37(9) 
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C(23)-C(24)-H(24) 119.8 
I(1)-C(25)-H(25A) 109.3 
I(1)-C(25)-H(25B) 109.3 
C(3)-C(25)-I(1) 111.72(6) 
C(3)-C(25)-H(25A) 109.3 
C(3)-C(25)-H(25B) 109.3 
H(25A)-C(25)-H(25B) 107.9 
_____________________________________________________________  
Symmetry transformations used to generate equivalent atoms:  
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A7.4.4 Anisotropic Displacement Parameters (Å2x 103) for 113 (d19152). The Anisotropic 
Displacement Factor Exponent Takes the Form:  -2p2[ h2 a*2U11 + ...  + 2 h k a* b* 
U12]._ 
_______________________________________________________________________  
 U11 U22  U33 U23 U13 U12 
________________________________________________________________________  
I(1) 216(1)  219(1) 125(1)  11(1) 63(1)  -14(1) 
O(1) 219(3)  257(4) 304(4)  -124(3) 27(3)  92(3) 
O(2) 148(2)  167(3) 153(3)  -29(2) 49(2)  28(2) 
O(3) 213(3)  127(3) 102(2)  -8(2) 39(2)  22(2) 
O(4) 326(4)  114(3) 154(3)  -5(2) 45(2)  30(2) 
N(1) 127(3)  132(3) 114(2)  -17(2) 27(2)  25(2) 
C(1) 140(3)  111(3) 99(3)  -3(2) 22(2)  14(2) 
C(2) 138(3)  108(3) 106(3)  2(2) 22(2)  11(2) 
C(3) 149(3)  121(3) 109(3)  5(2) 26(2)  11(2) 
C(4) 186(3)  125(3) 107(3)  -12(2) 24(2)  21(3) 
C(5) 149(3)  182(4) 144(3)  -12(3) 21(2)  57(3) 
C(6) 133(3)  189(4) 135(3)  17(3) 19(2)  40(3) 
C(7) 142(3)  276(5) 218(4)  26(3) 34(3)  56(3) 
C(8) 128(3)  295(5) 264(4)  75(4) 7(3)  13(3) 
C(9) 163(4)  218(4) 212(4)  57(3) -27(3)  -22(3) 
C(10) 169(3)  160(4) 150(3)  22(3) -9(3)  1(3) 
C(11) 127(3)  147(3) 108(3)  24(2) 11(2)  19(2) 
C(12) 136(3)  129(3) 95(3)  0(2) 27(2)  17(2) 
C(13) 141(3)  133(3) 102(3)  0(2) 23(2)  4(2) 
C(14) 223(4)  165(4) 143(3)  31(3) 61(3)  43(3) 
C(15) 273(4)  192(4) 161(3)  52(3) 78(3)  25(3) 
C(16) 189(4)  243(4) 143(3)  24(3) 57(3)  -16(3) 
C(17) 190(4)  271(5) 151(3)  21(3) 71(3)  53(3) 
C(18) 198(4)  199(4) 140(3)  22(3) 59(3)  57(3) 
C(19) 141(3)  135(3) 110(3)  -5(2) 22(2)  7(2) 
C(20) 156(3)  158(3) 179(3)  -9(3) 25(3)  23(3) 
C(21) 160(4)  240(4) 212(4)  -13(3) 16(3)  53(3) 
C(22) 145(3)  304(5) 191(4)  -46(3) 11(3)  -5(3) 
C(23) 182(4)  236(4) 198(4)  -39(3) 19(3)  -46(3) 
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C(24) 178(3)  161(4) 167(3)  -14(3) 23(3)  -18(3) 
C(25) 182(3)  197(4) 115(3)  26(3) 33(2)  25(3) 
________________________________________________________________________
______ 
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A7.4.5 Hydrogen Coordinates ( x 104) and Isotropic Displacement Parameters (Å2x 10 
3) for 113 (d19152) 
________________________________________________________________________  
 x  y  z  U(eq) 
________________________________________________________________________  
  
H(2) 6017 5308 2723 14 
H(3) 7407 4624 1972 15 
H(7) 11705 3939 3495 25 
H(8) 12796 5573 4122 28 
H(9) 11707 7017 4690 25 
H(10) 9457 6908 4623 20 
H(14) 6896 1670 4002 21 
H(15) 6071 1156 5082 24 
H(16) 4553 2378 5515 23 
H(17) 3815 4081 4833 24 
H(18) 4617 4589 3744 21 
H(20) 4097 6182 2206 20 
H(21) 1888 6142 1764 25 
H(22) 801 4322 1592 26 
H(23) 1944 2545 1841 25 
H(24) 4157 2575 2271 20 
H(25A) 5693 5498 1118 20 
H(25B) 5013 4224 997 20 
________________________________________________________________________
________ 
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A7.4.6 Torsion Angles [°] for 113 (d19152) 
________________________________________________________________  
O(1)-C(5)-C(6)-C(7) 3.25(18) 
O(1)-C(5)-C(6)-C(11) -178.70(10) 
O(3)-C(3)-C(25)-I(1) -63.31(8) 
N(1)-C(1)-C(2)-C(3) 75.39(7) 
N(1)-C(1)-C(2)-C(19) -163.61(7) 
N(1)-C(1)-C(4)-O(3) -84.86(8) 
N(1)-C(1)-C(4)-O(4) 101.48(11) 
N(1)-C(1)-C(13)-C(14) -73.89(10) 
N(1)-C(1)-C(13)-C(18) 100.01(9) 
N(1)-C(5)-C(6)-C(7) -176.34(10) 
N(1)-C(5)-C(6)-C(11) 1.71(10) 
C(1)-N(1)-C(5)-O(1) -3.07(15) 
C(1)-N(1)-C(5)-C(6) 176.54(8) 
C(1)-N(1)-C(12)-O(2) 1.01(13) 
C(1)-N(1)-C(12)-C(11) -177.87(7) 
C(1)-C(2)-C(3)-O(3) 39.31(8) 
C(1)-C(2)-C(3)-C(25) 158.36(7) 
C(1)-C(2)-C(19)-C(20) 146.36(8) 
C(1)-C(2)-C(19)-C(24) -37.39(11) 
C(1)-C(13)-C(14)-C(15) 174.16(9) 
C(1)-C(13)-C(18)-C(17) -173.61(9) 
C(2)-C(1)-C(4)-O(3) 26.18(9) 
C(2)-C(1)-C(4)-O(4) -147.47(10) 
C(2)-C(1)-C(13)-C(14) 164.51(8) 
C(2)-C(1)-C(13)-C(18) -21.60(12) 
C(2)-C(3)-C(25)-I(1) -179.65(6) 
C(2)-C(19)-C(20)-C(21) 176.48(8) 
C(2)-C(19)-C(24)-C(23) -176.58(8) 
C(3)-O(3)-C(4)-O(4) 172.99(9) 
C(3)-O(3)-C(4)-C(1) -1.18(9) 
C(3)-C(2)-C(19)-C(20) -99.86(9) 
C(3)-C(2)-C(19)-C(24) 76.39(10) 
C(4)-O(3)-C(3)-C(2) -24.90(9) 
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C(4)-O(3)-C(3)-C(25) -147.60(7) 
C(4)-C(1)-C(2)-C(3) -37.94(7) 
C(4)-C(1)-C(2)-C(19) 83.06(8) 
C(4)-C(1)-C(13)-C(14) 47.40(11) 
C(4)-C(1)-C(13)-C(18) -138.70(9) 
C(5)-N(1)-C(1)-C(2) -113.25(9) 
C(5)-N(1)-C(1)-C(4) -6.46(11) 
C(5)-N(1)-C(1)-C(13) 117.40(9) 
C(5)-N(1)-C(12)-O(2) 178.57(8) 
C(5)-N(1)-C(12)-C(11) -0.31(9) 
C(5)-C(6)-C(7)-C(8) 177.59(10) 
C(5)-C(6)-C(11)-C(10) -179.47(8) 
C(5)-C(6)-C(11)-C(12) -1.92(10) 
C(6)-C(7)-C(8)-C(9) 1.29(16) 
C(6)-C(11)-C(12)-O(2) -177.41(9) 
C(6)-C(11)-C(12)-N(1) 1.42(9) 
C(7)-C(6)-C(11)-C(10) -1.20(14) 
C(7)-C(6)-C(11)-C(12) 176.35(8) 
C(7)-C(8)-C(9)-C(10) -0.95(16) 
C(8)-C(9)-C(10)-C(11) -0.47(14) 
C(9)-C(10)-C(11)-C(6) 1.54(13) 
C(9)-C(10)-C(11)-C(12) -175.48(8) 
C(10)-C(11)-C(12)-O(2) -0.07(15) 
C(10)-C(11)-C(12)-N(1) 178.75(8) 
C(11)-C(6)-C(7)-C(8) -0.24(14) 
C(12)-N(1)-C(1)-C(2) 63.87(9) 
C(12)-N(1)-C(1)-C(4) 170.66(7) 
C(12)-N(1)-C(1)-C(13) -65.49(9) 
C(12)-N(1)-C(5)-O(1) 179.57(10) 
C(12)-N(1)-C(5)-C(6) -0.82(9) 
C(13)-C(1)-C(2)-C(3) -161.86(7) 
C(13)-C(1)-C(2)-C(19) -40.86(10) 
C(13)-C(1)-C(4)-O(3) 154.19(7) 
C(13)-C(1)-C(4)-O(4) -19.46(13) 
C(13)-C(14)-C(15)-C(16) -0.79(16) 
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C(14)-C(13)-C(18)-C(17) 0.33(14) 
C(14)-C(15)-C(16)-C(17) 1.09(16) 
C(15)-C(16)-C(17)-C(18) -0.70(16) 
C(16)-C(17)-C(18)-C(13) -0.01(16) 
C(18)-C(13)-C(14)-C(15) 0.07(14) 
C(19)-C(2)-C(3)-O(3) -85.56(8) 
C(19)-C(2)-C(3)-C(25) 33.49(10) 
C(19)-C(20)-C(21)-C(22) 0.48(15) 
C(20)-C(19)-C(24)-C(23) -0.38(13) 
C(20)-C(21)-C(22)-C(23) -0.61(16) 
C(21)-C(22)-C(23)-C(24) 0.25(16) 
C(22)-C(23)-C(24)-C(19) 0.25(15) 
C(24)-C(19)-C(20)-C(21) 0.02(13) 
________________________________________________________________  
Symmetry transformations used to generate equivalent atoms:  
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APPENDIX 8 

  Diastereodivergent Ireland–Claisen 

Rearrangements of Isomeric Enolates†  

 

A8.1  INTRODUCTION 

The Ireland–Claisen rearrangement is one of the most enabling tactics for the 

stereoselective construction of carbon–carbon bonds available to chemists.1 The ability to 

reliably predict and control stereochemical outcomes in Ireland–Claisen rearrangements 

has led to its extensive implementation in organic synthesis. In the context of fully 

substituted acyclic ester enolates, however, the Ireland–Claisen rearrangement remains 

highly limited in scope.2,3 This is ostensibly due to the lack of procedures that enable 

control over the enolate geometry in acyclic a,a-disubstituted esters.4 New methods that 

address this selective enolization challenge are therefore highly desirable for enabling 

stereoselective carbon–carbon bond formation to generate vicinal stereogenic centers in 

acyclic motifs. Toward this end, we previously developed and computationally modeled a 

class of globally diastereoconvergent Ireland–Claisen rearrangements of a-phthalimido,a-

aryl-cinnamyl ester-derived enolates to prepare tetrasubstituted a-amino acids bearing a 

vicinal tertiary stereogenic center in excellent diastereoselectivity (Figure A8.1.1A, also 

see Chapter 4).5 The geometry of both the enolate and cinnamyl olefin were 
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inconsequential to the diastereoselectivity in these systems, thus obviating the requirement 

for selective enolization, albeit at the expense of accessing only a single diasteromeric 

series of product. To further expand the scope of acyclic Ireland–Claisen rearrangements, 

we have investigated the diastereodivergent3c synthesis of a series of a-alkyl,a-aryl 

carboxylic acids bearing vicinal tertiary or quaternary stereogenic centers by harnessing a 

selective enolization protocol6 in concert with substrate design (Figure A8.1.1B). 

Figure A8.1.1 Stereoconvergent and Stereodivergent Approaches to the Ireland–Claisen 

Rearrangement of Fully Substituted Acyclic Enolates. 

 

A8.2  DEVELOPMENT OF THE DIASTEREODIVERGENT IRELAND–

CLAISEN REARRANGEMENT 

In our previous investigation,5 we found enolization with a selective enolization 

protocol6 and Ireland–Claisen rearrangement of a-phenyl,a-ethyl ester 121 led to the 
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formation of carboxylic acid 122 in 87% yield in 2.9:1 diastereoselection (Scheme 5.2.1). 

Computational modeling of this system predicts a 1.5 and 1.2 kcal/mol preference for a 

chair-like transition states for both the Z- and E-silyl enol ethers (calculated maximum dr 

of 13:1 and 8:1, respectively).5 We hypothesized that the low diastereoselectivity in this 

Ireland–Claisen rearrangement is the result of poor enolization geometry control given that 

the predicted chair-like transition states would lead to the formation of diastereomeric 

products with higher diastereoselectivities. We reasoned that incorporation of substitution 

geminal to the ester sp3 oxygen atom might impact the enolization selectivity while also 

enabling transfer of chirality in enantioenriched substrates. We subsequently examined a 

series of substrates incorporating such substitution using a-methyl, a-phenyl substitution 

as a model system (Table A8.2.1). Increasing the steric size of the R group from H to Me 

or Et led to higher diastereoselectivities of 4.0:1 and 5.2:1, respectively (entries 1–3). 

Further increasing the steric size of this substituent to i-Pr led to a lower diastereoselectivity 

of 3.2:1, however, t-Bu substitution provided the highest observed diastereoselectivity of 

10.6:1 (entries 4–5).   



Appendix 8 – Diastereodivergent Ireland–Claisen Rearrangements of Isomeric 
Enolates 
 

 

664 

Scheme A8.2.1 Initial Investigation of an a-Aryl,a-Alkyl Acyclic Cinnamyl Ester.5 

 

Table A8.2.1 Effect of Substitution on the Diastereoselectivity of the Ireland–Claisen 

Rearrangement. 
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Several enolate trapping experiments were then performed with saturated ester 

model 133 to ascertain the degree of enolate geometry control, however, we were unable 

to isolate any products in these experiments. At this juncture, we were curious as to how 

the steric size of the a-alkyl substituent impacted the diastereoselectivity in the Ireland–

Claisen rearrangement. Prior research with this selective enolization protocol demonstrated 

a precipitous drop in enolization selectivity in a-Me substituted systems compared with a-

Et substitution.6,7 In these new systems (i.e. 123 and 134), both a-Me and a-Et substitution 

lead to similar levels of diastereoselectivity (10.6:1 and 11.0:1, respectively) favoring the 

same diastereomeric series of product, as confirmed by X-Ray crystallographic analysis 

(Scheme A8.2.3). If these esters undergo the Ireland–Claisen via chair-like transition states 

as predicted in substrate 121 (Figure A8.1.1), the relative syn-Ph stereochemistry indicates 

that the enolization is Z-selective. This is in contrast to a-aryl,a-alkyl aryl ketone-derived 

systems which undergo E-selective enolization with a slightly modified protocol.6,7a  These 

results are also at odds with related ester systems investigated in Chapter 2 (see Scheme 

2.2.1). As a control, we performed the enolization with ester 123 in absence of the Me2NEt 

additive and observed a significant drop in diastereoselectivity from 10.6:1 to 1.5:1 (Table 

A8.2.2, entries 1–2). Utilizing KHMDS as a base also led to a significant drop in 

diastereoselectivity from 10.6:1 to 4.8:1 (entries 1 and 3). Interestingly, each of these 

enolization protocols favors the same diastereomeric series of products whereas in prior 

research, enolization with LiHMDS/Me2NEt favors the opposite enolate geometry as that 

formed with other enolization conditions.7,8  
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Scheme A8.2.2 Failed Enolate Trapping Experiments. 

 

Scheme A8.2.3 Comparison of a-Me and a-Et Substituents. 

 

Table A8.2.2 Enolization Control Experiments. 

 

If chair-like transition states are favored in both enolate geometries, then utilizing 

a Z-cinnamyl olefin would enable selective access to the anti-Ph diastereomeric series. 

Accordingly, Z-olefin 136 was prepared and subjected to the Ireland–Claisen 

rearrangement protocol to generate carboxylic acid 137 in 55% yield and 17.4:1 dr favoring 
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crystallographic analysis. This result provides further evidence for a Z-selective enolization 

OPh

O
Me

Ph

t-Bu

X OPh

OR
Me

Ph

t-BuLiHMDS (2.0 equiv)
Me2NEt (2.0 equiv)

PhMe (0.10 M) , –78 ºC, 1 h;
 R–X (2.0 equiv)

–78 to 20 ºC

R–X = Ts2O, allyl chloroformate,
TMSCl

133

OPh

O
Me

Ph

t-Bu

HO

O
LiHMDS (2.0 equiv)
Me2NEt (2.0 equiv)

PhMe (0.10 M) , –78 ºC, 1 h;
TMSCl (2.0 equiv)

–78 to 20 ºC Me Ph

Ph

t-Bu

123 128
78% yield, 11.2:1 dr

OPh

O
Et

Ph

t-Bu

HO

O
LiHMDS (2.0 equiv)
Me2NEt (2.0 equiv)

PhMe (0.10 M) , –78 ºC, 1 h;
TMSCl (2.0 equiv)

–78 to 20 ºC Et Ph

Ph

t-Bu

134 135
81% yield, 11.2:1 dr

OPh

O
Me

Ph
HO

Oconditions
PhMe (0.10 M) , –78 ºC, 1 h;

TMSCl (2.0 equiv)
–78 to 20 ºC Me Ph

Ph

128123

entry dr % yieldenolization conditions

2 1.5:1 79LiHMDS (2.0 equiv)
3 4.8:1 69KHMDS (2.0 equiv)

1 10.6:1 72LiHMDS (2.0 equiv), Me2NEt (2.0 equiv)

t-Bu

t-Bu



Appendix 8 – Diastereodivergent Ireland–Claisen Rearrangements of Isomeric 
Enolates 
 

 

667 

in these a-aryl,a-alkyl systems and demonstrates diastereodivergence with respect to the 

relative stereochemistry which is dictated by the geometry of the cinnamyl olefin. 

Scheme A8.2.4 Diastereodivergence of the Ireland–Claisen Rearrangement.  

 

A8.3  INVESTIGATION OF CHIRALITY TRANSFER 

 A powerful feature of the Ireland–Claisen rearrangement is its ability to relay 

stereochemical information during the [3,3]-rearrangement with excellent stereochemical 

fidelity. Noyori asymmetric hydrogenation enabled access to (S)-123 in an excellent 92% 

ee. Ireland–Claisen rearrangement of (S)-23 then provided enantioenriched acid (S,R)-128 

in 81% yield and 13.2:1 dr with complete enantioretention.  

Scheme A8.3.1 Transfer of Chirality with an Enantioenriched Ester.  
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bearing geometrically defined 1,1,2-trisubstituted olefins. Toward this end, we examined 

the series of trisubstituted olefins 138–142 in vicinal quaternary center formation (Table 

A8.4.1).  As a point of reference, for ester 138 where R = H, desired rearrangement product 

143 is formed in 90% yield and 3.3:1 dr (entry 1). Increasing the steric bulk of the R group 

to R = Me (139) or R = Et (140) increases the diastereoselectivity to 6.1:1 and 8.4:1, 

respectively (entries 2 and 3). Further increasing the size of R to R = i-Pr provides the 

optimal diastereoselectivity of 10.0:1 whereas a bulkier t-Bu group (142) decreases the 

selectivity to A8.3:1 in this system (entries 4 and 5).  

Table A8.4.1 Optimization of Substrates for Vicinal Quaternary Center Formation. 

 

 To access the opposite diastereomeric series, we investigated Z-olefin substrates 

148–150 (Table A8.4.2). It should be noted that a substrate where R = t-Bu could not be 
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Table A8.4.2 Diastereodivergence in Vicinal Quaternary Center Formation. 

 

Scheme A8.4.1 Chirality Transfer in the Formation of Vicinal Quaternary Centers.  
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dr whereas more electron-poor b-aryl groups such as 4-CF3-phenyl (168, 7.7:1 dr) and 4-

F-phenyl (169, 9.3:1 dr) were isolated with lower diastereoselectivity. Notably, 4-MeO-

phenyl products 162 (27:1 dr) and 163 (32:1 dr) were isolated in excellent dr in both 

diastereomeric series. Carboxylic acid 164 bearing a sterically encumbered o-tolyl 

substituent was isolated in an excellent 10.5:1 dr. Heterocyclic furan and pyridine 

containing products 170 and 171 were also isolated in excellent dr (10.4:1 and 42.6:1, 

respectively). Carboxylic acid product 172 containing a 2-Me-phenyl group at the a-

position was isolated in a low 1.8:1 dr, ostensiably due to poor enolization geometry control 

with a highly sterically encumbered a-aryl group. Substitution with 4-MeO-phenyl at the 

a-position also led to a diminished dr of 5.5:1 in carboxylic acid 173 whereas 4-Br-phenyl 

product 174 was isolated in an excellent 21.7:1 dr. 

 Generally high diasteroeselectivities were also observed in vicinal 

quaternary/quaternary Ireland–Claisen rearrangements (Table A8.5.2). Carboxylic acid 

175 containing a b-ethyl group was isolated in a slightly lower dr of 8.8:1 compared with 

b-methyl model substrate 143 which was isolated in 10.0:1 dr. Highly sterically 

encumbered chromane 176 and 2-Chloro-phenyl product 177 were isolated with excellent 

diastereoselectivities of 15.1:1 and 13.4:1, respectively. Additionally, b-aryl substituted 

products containing 4-MeO-phenyl (178, 10.9:1 dr), 4-CF3-Ph (179, 8.2:1 dr), and 2-

napthyl (180, 8.6:1 dr) groups were isolated in high dr. Finally, geraniol-derived product 

181 and nerol-derived product 182 were isolated in good diastereoselectivities of 5.9:1 and 

7.3:1 dr, respectively.  
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Table A8.5.1 Scope of Vicinal Quaternary/Tertiary Carboxylic Acid Products. 
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Table A8.5.2 Scope of Vicinal Quaternary/Quaternary Carboxylic Acid Products. 

  

A8.6  PRODUCT DERIVATIZATIONS 

 Derivatizations of Ireland–Claisen product 150 containing vicinal quaternary 

stereogenic centers were performed to demonstrate the synthetic utility of these Ireland–

Claisen rearrangements. Carboxylic acid reduction with LiAlH4 was utilized to prepare 

alcohol 183. Ozonolysis with PPh3 reductive workup resulted in the formation of O-acyl 

lactol 184 in a 2:1 ratio of hydroxy epimers. Derivative 184 served as an interesting point 

of divergence for other derivatization reactions. Treatment of ozonolysis product 184 with 

DAST results in the formation of fluoride 185 as a single fluoride epimer. Wittig 

methylenation produced carboxylic acid 186, constituting a two-step exchange of olefin 

substitution from rearrangement product 150. Finally, treatment of ozonolysis product 185 

with Jones reagent provides C2-symmetric compound 187.  
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Scheme A8.6.1 Derivatizations of Ireland–Claisen Product 150. 

 

A8.7  CONCLUSION 

 We have developed a series of Ireland–Claisen rearrangements for the 

diastereoselective synthesis of extremely congested vicinal tertiary/quaternary and 

quaternary/quaternary stereogenic centers. Our protocol harnesses a substrate-derived 

selective enolization selective enolization procedure that enables the diastereoselective 

Ireland–Claisen rearrangements. Both diastereomeric series of products are accessible via 

this approach and the reaction scope and limitations are discussed. Derivatization reactions 

of vicinal quaternary center containing product 150 are presented to demonstrate the 

synthetic utility of these extremely sterically encumbered acyclic products.  
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APPENDIX 9 

  The Total Synthesis of Havellockate†  

 

A9.1  INTRODUCTION 

Marine organisms produce a vast array of complex natural products that have 

enthralled chemists for decades. The polycyclic furanobutenolide-derived cembrenoid and 

norcembrenoid natural products isolated from soft corals of the Sinularia genus are a 

synthetically challenging class of such marine natural products, with only two members of 

this natural product family succumbing to total synthesis efforts to date.1 Our laboratory 

has long been fascinated with the structural complexity of these targets and has engaged in 

efforts toward several members of this family of natural products, including 

bielschowskysin2 (188) and ineleganolide3 (189), with our most recent efforts culminating 

in the first total synthesis of norcembranoid diterpenoid (–)-scabrolide A (190) (Figure 

A9.1.1A).4 Havellockate (191) is a C20 cembranoid isolated from Sinularia granosa in 1998 

and is characterized by a highly oxygenated cis-fused tricyclic core reminiscent of 

yonarane-type norcembranoids (blue) and a unique spiro-fused b-hydroxybutanolide ring 

not observed in other congeners of this class (Figure A9.1.1B).5,6 In addition to these 

structural features, havellockate possesses eight stereogenic centers, seven of which are 

contiguous. 
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Figure A9.1.1 Furanobutenolide-derived Cembranoid and Norcembranoid Diterpenoids. 

 

A9.2  RETROSYNTHETIC ANALYSIS 

 No completed total syntheses of havellockate have been disclosed, however, 

synthetic efforts by Mehta7 and Barriault8 highlight the synthetic challenge of this natural 

product. Retrosynthetically, we first turned our attention to the potentially sensitive 

spirolactone moiety, which we envisaged installing at a late stage from enone 192 (Scheme 

A9.2.1). From enone 192, an intramolecular Diels–Alder disconnection and redox 

manipulations simplified our target to propiolic ester 193, a sequence previously utilized 

in our group’s synthesis of (–)-scarbolide A. Finally, propiolic ester 193 could arise from 

aldehyde 194 and sulfone 195 via a convergent Julia–Kocienski olefination.9  
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Scheme A9.2.1 Retrosynthetic Analysis of Havellockate. 

 

A9.3  THE TOTAL SYNTHESIS OF HAVELLOCKATE 

Our efforts commenced with the synthesis of aldehyde 194 from previously 

reported (–)-linalool-derived enone 196 (Scheme A9.3.1).10 Bromination of enone 196 

followed by cyanide conjugate addition/elimination provided vinylogous acyl nitrile 197. 

Diastereoselective Leuche reduction and alcohol protection affords nitrile 199, which is 

subsequently reduced to aldehyde 194 with DIBAL. The sulfone fragment was prepared 

from known acyl oxazolidinone 199 (Scheme A9.3.2). Following d-deprotonation, a-

alkylation with t-Bu bromoacetate and reductive auxiliary removal yielded alcohol 201 in 

>99% ee. A Mitsunobu reaction with 1-phenyltetrazole thiol (PTSH) and sulfide oxidation 

was then used to prepare sulfone 195. 
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Scheme A9.3.1 Synthesis of the Aldehyde Coupling Partner. 

 

Scheme A9.3.2 Synthesis of the Sulfone Coupling Partner. 

 

With both coupling partners in hand, we turned our attention to the convergent 

olefination. Addition of KHMDS to a mixture of sulfone 195 and aldehyde 194 at –78 ºC 

forged the required C=C bond with >20:1 E-selectivity. Deprotection of the 2º and 3º 

alcohols with TBAF provided diol 203, setting the stage for 2º alcohol acylation and 

intramolecular Diels–Alder cycloaddition, which would serve to complete the carbocyclic 

core. Based on our group’s prior efforts with similar esterification reactions,3,4 we did not 

anticipate difficulty in the preparation of propiolic ester 193. Upon treatment of diol 203 

with propiolic acid with diisopropylcarbodiimide (DIC) and dimethyl aminopyridine 

(DMAP), relatively facile conversion to ester 193 occurs, however, our attempts to isolate 

and purify this intermediate were met with frustration (Scheme A9.3.3). We observed ester 
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193 spontaneously decomposes after prolonged exposure to silica gel or upon 

concentration to a neat compound after purification. Consequently, the esterification 

reaction mixture was quickly passed through a plug of silica gel and the partially purified 

fractions were added directly into the xylenes solvent for the Diels–Alder reaction. After 

removal of the residual lower-boiling solvents, the xylenes solution was degassed and 

heated to 120 ºC to accomplish the Diels–Alder cycloaddition which proceeds in a modest 

44% yield. Despite significant efforts to optimize this sequence, including the examination 

of a variety of propiolic acid surrogates, we were unable to realize a higher-yielding 

alternative. Fortunately, this convergent sequence still enabled sufficient material 

throughput to explore our late-stage chemistry.  

With access to Diels–Alder product 202, a three-step oxidation protocol involving 

alcohol-directed olefin epoxidation, reductive epoxide opening, and oxidation with 

concomitant olefin migration generated key enone 192. We initially investigated the 

diastereoselective 1,2-addition of Grignard reagents to enone 192, however, these efforts 

were met with no productive C–C bond formation. Specifically, addition of vinyl 

magnesium bromide (as a model nucleophile) to a solution of enone 192 in THF led to only 

recovered enone. We attribute this to the basicity of the Grignard reagent, which, in this 

case, deprotonates the vinylogous b-ketoester (acidic proton highlighted in red) before 1,2-

addition can occur.  
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Scheme A9.3.3 Convergent Synthesis of the Core and Failed 1,2-Addition of Grignard 

Reagents. 

 

 We were pleased to find the required carbon atoms for the spirocyclic lactone could 

be installed via the Barbier addition of a less basic allyl zinc reagent derived from 3-

bromopropenyl acetate (Scheme A9.3.4).11 Following deacetylation, triol 206 was isolated 

in 22% yield in >20:1 dr. Unfortunately, we were unable to affect the necessary conversion 

of the t-Bu ester in triol 206 to the methyl ester required for completion of havellockate.   
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Scheme A9.3.4 Successful Barbier Addition of an Organozinc Reagent and Failed 

Conversion to a Methyl Ester.  

 

 Returning to enone 192, we found the t-Bu ester could be smoothly converted to 

the required methyl ester in a two-step sequence utilizing formic acid to chemoselectively 

form the corresponding carboxylic acid which was treated with diazomethane to affect 

methyl ester formation (Scheme A9.3.5). Methyl ester enone 208 was then subjected to 

Barbier allylation and deacetylation to afford triol 208 in 20% yield. At this stage in our 

efforts, the diastereoselectivity and byproducts of this reaction are currently under 

investigation. Elaboration of the terminal olefin was accomplished via a 

hydrosilylation/Tamao–Fleming sequence which delivered tetraol 209 in 27% yield. 

Catalytic Stahl oxidation with concomitant lactonization then afforded havellockate (191) 

which was unambiguously identified via X-Ray crystallographic analysis.  
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Scheme A9.3.5 Completion of the Total Synthesis of Havellockate 

 

A9.4  CONCLUSION 

 We have developed the first successful total synthesis of C20 cembranoid 

havellockate. The core was rapidly assembled via a convergent Julia–Kocienski olefination 

and a subsequent intramolecular Diels–Alder/oxidation sequence previously utilized in our 

group’s total synthesis of (–)-scabrolide A. Following conversion of the t-Bu ester to a 

methyl ester, late-stage installation of the spirocyclic lactone moiety was accomplished via 

Barbier of the enone core with a functionalized allyl zinc reagent. Finally, a 

hydrosilylation/Tamao–Fleming oxidation and Stahl oxidation delivered havellockate 

which was unambiguously identified via X-Ray crystallography. Ongoing efforts are 

focused on optimizing the synthetic route.  
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Scheme A10.1 Synthesis of Aldehyde Fragment 194 

 

Scheme A10.2 Synthesis of Sulfone Fragment 195 
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Scheme A10.3 Convergent Julia–Kocienski Olefination and Total Synthesis of 
Havellockate 
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APPENDIX 11 

  The CryoEM Method MicroED as a Powerful Tool for Small 

Molecule Structure Determination†  

 

A11.1  INTRODUCTION 

 The history of organic chemistry closely parallels the development of new methods 

for structural characterization. The earliest studies were driven by melting point 

determination, and over the past 175 years more complex methods for interrogation of 

structure have been developed. Techniques such as polarimetry,1 UV-vis,2 and infrared 

spectroscopy,3 coupled with electron paramagnetic resonance,4 vibrational circular 

dichroism,5 circular dichroism,6 and mass spectrometry7 have been commonly employed 

over the years, dramatically expanding our ability to assign structures. In the past 50 years, 

however, the explosion of NMR spectroscopy8 and the accompanying abundance of 

individual NMR experiments have produced a wealth of detailed structural information for 

organic chemists. Indeed, NMR is a mainstay in chemistry and the most predominant 

method employed in both routine synthetic experiments and in advanced structural 

elucidation of complex small molecules. In the current state-of-the-art, only single crystal 

X-ray diffraction holds a higher place in terms of precision, producing unequivocal 
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structural information about the position, orientation, connectivity, and placement of 

individual atoms and bonds within a given molecule.  

 For decades, small molecule X-ray analysis has been the definitive tool for 

structural analysis.9 This technique, however, is not within limitations. The process is 

considered by many an art, where the production of high-quality crystals suitable for X-

ray diffraction requires uncodified “tricks of the trade” as well as a certain amount of luck! 

Additionally, even after a substance has been crystallized, there is no guarantee that the 

particular crystal form will be amenable to X-ray diffraction. Since crystal growth is both 

a slow and arduous process, X-ray diffraction has not been an effective tool for rapid, on-

the-fly structural determination of small molecules. For this reason, X-ray diffraction is 

generally not implemented as a routine analytical tool for the practicing organic chemist, 

despite the fact that the structural data provided are far superior to any other 

characterization method to date.  

In this study, we employed the recently developed electron cryo-microscopy 

(cryoEM) method microcrystal electron diffraction (MicroED)10 to address the long 

standing need for fast and reliable structure determination in organic chemistry. Recently, 

electron diffraction was used to solve the structure of a methylene blue derivative, although 

no scope studies were undertaken to allow the reader to assess the applicability of the of 

the methodology.11 Moreover, a specialized detector was used for their experiments, 

limiting the broad adaptability of their approach to the wider synthetic community.11 We 

demonstrate that with minimal sample preparation and experiment time, simple powders 

and seemingly amorphous materials (in some cases, solids isolated via silica gel 

chromatography and rotary evaporation) could be directly used in MicroED studies, 
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leading to rapid, high quality structural elucidation of several classes of complex molecules 

with atomic resolution, in many cases below 1 Å. Moreover, we utilize a commercially 

available microscope that is already in use at universities around the world. MicroED has 

the potential to dramatically accelerate and impact the fields of synthetic chemistry, natural 

product chemistry, drug discovery, and many others by delivering rapid, high resolution 

atomic structures of complex, small molecules with minimal sample preparation or formal 

crystallization procedures. 

A11.2  RESULTS AND DISCUSSION 

The applicability of MicroED was initially tested on the naturally occurring steroid 

progesterone (1) as a model system (Figure A11.2.1). The sample was obtained as a powder 

from chemical supplier Preparations Laboratories Inc. (we estimate the bottle to be more 

than 20 years old). Small quantities of the seemingly amorphous solid were transferred 

directly from the bottle on to a glass cover slides and ground between another slide to 

produce a fine powder. The powder was then deposited on a holey carbon-copper grid, 

cooled to liquid nitrogen temperatures, and transferred to a cryo electron microscope 

operating at an acceleration voltage of 200 kV (Thermo Fisher Talos Arctica). An overview 

of the preparation is shown in Figure A11.2.1. Upon imaging, thousands of nano crystals 

were easily discernable on the grid surface providing ample nanocrystals to investigate for 

diffraction. Typically, for samples such as these, the vast majority of nano crystals 

diffracted to ~1 Å resolution or better. Through continuous rotation of the sample stage, 

140 degrees of diffraction data could be collected from a single nano crystal12 while the 

improved autoloader and piezo stage of the Talos Arctica allowed us to travel through the 

zero degree point without introducing errors in crystal position. Typically, the stage was 
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rotated at 0.5 degrees per second and an entire data set was collected in less than 3 minutes 

as a movie using a bottom mount CetaD CMOS detector fitted with a thick scintillator for 

diffraction studies. Software developed from previous studies was used to convert the 

initially diffraction movie frames into SMV format for expeditious processing in the 

readily available XDS software package commonly used for X-ray crystallography.13 By 

collecting data from just a single nanocrystal, the structure of steroid 210 was resolved to 

an impressive 1 Å resolution. The entire process, from bottle to structure, was easily 

accomplished in less than 30 minutes. 

Figure A11.2.1 The Process of Applying MicroED to Small Molecule Structural Analysis. 

 

 Encouraged by these results, we wanted to investigate a wide range of natural 

products to fully explore the scope and applicability of this powerful structural 

determination method for small molecules (Figure A11.2.2A). The Talos Arctica was 
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branded acetaminophen and Kroger-branded ibuprofen were crushed using a mortar and 

pestle and the ground powder was placed on EM grids as described above. Despite the 

heterogeneity of such pharmaceuticals, which typically include a multitude of coatings, 

binders, and other formulation agents, we were astonished to obtain such clearly resolved 

atomic resolution structures of both acetaminophen (211) and ibuprofen (212) in rapid 

succession. Just as impressively, structures of the sodium channel blocker carbamazepine 

(213) and the macrocyclic polypetide antibiotic thiostrepton (220) were also determined 

from seemingly amorphous powders used as received from Sigma-Aldrich. We went on to 

further study several commercially available natural products and derivatives.  Once again, 

compounds were used as received, without any crystallization, to yield atomic resolution 

structures of biotin (214), ethisterone (215), cinchonine (216), and brucine (217). Of the 

eleven different commercial bioactives examined, all eleven yielded processable MicroED 

data. Of those eleven compounds, ten were amenable to rapid structure determination by 

direct methods,14 while one was determined by molecular replacement.15 As mentioned 

previously, all structures were obtained without any crystallization attempts or chemical 

modifications to compounds examined. While these pharmaceutical and commercial 

natural products were likely recrystallized for purification purposes by the manufacturer, 

the powders examined by MicroED possessed nano crystals a billionth the size (~100 nm) 

of crystals typically needed for X-ray crystallography. This was powder to structure. 
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 Next, we decided to investigate compounds that were never crystallized, but instead 

were purified by flash column chromatography. Since silica gel chromatography is the 

most common method of purification in early-stage research for complex molecules in drug 

discovery, natural product isolation efforts, and synthesis efforts in general, we were 

interested to see whether solid samples prepared in such a way would be amenable to 

analysis by MicroED. Four compounds, purified by chromatographic methods, were 

collected from our laboratories and samples of these seemingly amorphous solids were 

analyzed. Here, two of four compounds diffracted, yielding atomic resolution structures at 

or below 1 Å (218 and 213, Figure A11.2.2A and B). While the success rate for these 

compounds was 50%, it is worthy to note that no crystallization procedures were employed 

in the isolation of these materials. Notably, (+)-limaspermadine (218), an alkaloid natural 

product synthesized by our labs,16 was resolved from a residue of only milligram quantities 

of material following flash chromatography and rotary evaporation from a scintillation vial 

(Figure A11.2.2B). Furthermore, while it is extremely challenging to observe protons in 

X-ray structures, electrons interact with matter more strongly than X-rays and are affected 

by charge making them relatively common to observe in MicroED data.17 For all structures 

resolved from our samples, at least some, if not most protons could be observed on the 

molecule In particular, the density maps obtained for limaspermidine (218) and 

carbamazepine (213) after refinement showed protons associated with almost all atoms in 

these molecules (Figure A11.2.2C).   
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Figure A11.2.2 Different Types of Small Molecule Structures Solved by MicroED. A) 
Several Pharmaceuticals, Vitamins, Commercial Natural Products and Synthetic Samples 
Resolved through MicroED. B) Example of an Amorphous Film Utilized in this Study 
Leading to 1 Å Resolution Data. C) Protons Could be Observed for Several Compounds 
through MicroED. Green Spheres are Fo-Fc maps Showing Positive Density Belonging to 
Hydrogen Atoms of the Molecule. 
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 Astounded by the ease with which such high-quality data was obtained and the 

apparent generality of MicroED to small molecules, we undertook studies to examine 

heterogeneous samples (mixtures of compounds). In the case of heterogeneous samples, 

single crystal X-ray diffraction precludes the study of mixtures and NMR is poorly suited 

for this task. For this experiment, mixtures of four compounds (213, 214, 216 and 217, cf. 

Figure A11.2.3) were crushed together and deposited on a holey carbon grid. Several 

crystal forms belonging to the different compounds in the mixture were visually identified 

on the grids (Fig. 3). MicroED data was collected from several nano crystals and the 

identity of each species was resolved within minutes by confirmation of unit cell 

parameters as determined through XDS. After compound identification, atomic resolution 

structures could be rapidly determined for all small molecules present in the mixture 

(Figure A11.2.3). 

Figure A11.2.3 Identification of Compounds from Heterogeneous Mixtures. 
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A11.3  CONCLUSION 

The results described here introduce a powerful new characterization tool into the 

organic chemist’s toolbox. While MicroED was initially developed for structure 

determination of biological material such as proteins in a frozen, hydrated state18 we 

demonstrate that cross pollination of macromolecular structural methods of cryoEM are 

powerful tools for chemical synthesis, drug characterization, and drug discovery. Prior to 

this work, MicroED has allowed for the structural charaterizarion of several proteins from 

crystals which had generally been unsuitable for X-ray crystallography due to their small 

size or morphologiesError! Bookmark not defined.,19. Despite this success, the MicroED method 

has largely gone unnoticed in the small molecule communities. Based on our findings, we 

anticipate that MicroED will be enthusiastically received by many types of small molecule 

chemists in both academia and industry.  Here we have shown that a variety of seemingly 

amorphous solid materials can lead to rapid atomic resolution structure determination by 

MicroED with little or no additional sample preparation or crystallization. The fact that a 

solid film in a flask, following solvent removal from a flash chromatography purification, 

can lead to an atomic resolution molecular structure, is evidence that MicroED will likely 

have a profound effect on the structural characterization work-flow of organic chemists. 

Although the past 50 years have seen huge advances in the state-of-the-art, no completely 

new techniques have been introduced that alter the routine structural interrogation of 

organic substances. NMR8, IR3, UV-Vis2, and X-ray diffraction9 have been routinely in 

place since the 1960’s and are still utilized today as the most common methods for structure 

determination in chemistry. We believe that electron diffraction is potentially the next big 
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advance in the field and are enthusiastic about the prospects of expanding its utility as a 

routine analytical technique for chemists.20,21 
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  Characterization of Reactive Organometallic Species via 

MicroED†  

 

A11.1  INTRODUCTION 

For over a century, crystallography has fueled developments in modern chemistry. 

Within the chemical enterprise, crystallography has played a particularly special role in 

organometallic chemistry. Here, NMR-silent nuclei, paramagnetic spin, diversity of 

bonding and coordination environments, and poor reactivity profiles hinder the application 

of many solution-state characterization techniques. However, the need for carefully 

prepared single crystals with dimensions on the order of 0.1 mm3 can also limit the 

application of X-ray crystallography. Moreover, neutron diffraction can be limited by the 

requirement of even larger crystals (∼0.5 mm3) and incompatibility with boron-containing 

compounds, as a result of destructive nuclear reactions.1 Electron diffraction, as opposed 

to X-ray diffraction, offers several benefits, primarily the ability to circumvent the need for 

such large crystals for successful structural analysis of molecular compounds. Since earlier 

work by Kolb et al.2 and Mugnaioli et al.3 to adapt 3D electron diffraction techniques for 

structural analysis, several studies using a variety of electron diffraction techniques have 

been employed to structurally characterize inorganic and organic−inorganic hybrid 
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materials such as metal organic frameworks.4−10 Although these studies demonstrate power 

of such techniques, we aim to adapt this method as a routine structural characterization tool 

for inorganic and organometallic chemists who often rely on traditional X-ray analysis as 

their primary means of characterization for highly reactive and unstable compounds. Here 

we employ the electron diffraction technique MicroED under ambient temperature using a 

300 keV TEM to structurally characterize several organometallic compounds, reactive 

intermediates, and transition-metal coordination complexes, which are of interest to the 

practicing chemist and are often employed as catalytic reagents for a variety of important 

synthetic transformations. Despite there being several different methods for the collection 

of electron diffraction data, we found that the continuous rotation technique used for 

MicroED is readily implemented on currently available instruments, and data obtained 

from this method is easily processed using standard, freely available, crystallographic 

software.11 The MicroED method itself, which has typically been employed for large 

macromolecular structure analysis, is often performed under cryogenic conditions to 

preserve the hydration state of such biomolecules. However, prior studies have shown that 

by leveraging sensitive detectors, it is possible to use low electron doses to collect 

diffraction for small molecule structure determination under ambient temperatures, even 

for compounds that are particularly beam sensitive.12−15 Using ambient temperature 

MicroED, we successfully resolved the first crystal structure of the privileged 

hydrozirconation reagent chloridobis(η5cyclopentadienyl)hydridozirconium, colloquially 

known as Schwartz’s reagent, which was obtained from bulk powder utilized as purchased 

and determined by direct methods. We also report the ab initio structure of a Pd(II) 1,2-

dipallidated alkyl species, obtained as a precipitant from the reaction mixture of ethylene 
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with a pseudo-low-coordinate Pd(I) dimer. As a demonstration of the broad applicability 

of MicroED, we also determine the structures of five other transition-metal complexes. 

A12.2  RESULTS AND DISCUSSION 

Having recently reported the application of the CryoEM method MicroED to 

determine structures of several complex organic molecules,16 we now evaluated the facility 

with which MicroED could interrogate complex organometallic species. We were 

particularly interested in chemical entities that failed to yield structures by conventional 

structural elucidation methods––crystallography or solution-state characterization. We first 

interrogated the structure of chloridobis(η5cyclopentadienyl)hydridozirconium 221 

(Figure A12.2.1A),17 a well known industrial catalyst colloquially referred to as Schwartz’s 

reagent. Schwartz’s reagent sees widespread use in modern organic synthesis and is useful 

for a number of unique transformations mediated via hydrozirconation intermediates.18−20 

However, despite its synthetic relevance and the countervailing fact that half a century has 

transpired since Wailes and Weigold first discovered this species,21,22 no single crystal 

structure of this canonical zirconocene complex has been obtained. This gap in 

crystallographic data has been attributed to the low solubility of the complex in 

hydrocarbon and ethereal solvents and its reactivity with polar chlorinated solvents,23 

precluding its crystallization and hindering NMR studies. As such, the currently accepted 

structure of Schwartz’s reagent, a centrosymmetric dimer doubly linked by two bridging 

hydride ligands, represents a reconstruction from a combination of FTIR spectroscopy,21,22 

solid-state 35Cl NMR studies,24 and X-ray diffraction of related complexes.25 To confirm 

this inferred structure, we subjected commercially acquired Schwartz’s reagent to ambient 

temperature MicroED. Continuous-rotation data was collected from three crystals at 
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ambient temperature (ca. 23 °C), using a low flux 300 keV electron beam (e.g., below 0.01 

e−/Å2 per second) and a TVIPS XF-416 camera in rolling shutter mode (Figure A12.2.3B). 

The resulting diffraction was reduced and merged to obtain a high-completeness (90.6%) 

data set resolved at 1.15 Å. The room temperature Schwartz’s structure was then 

determined ab initio by direct methods and refined to reveal the expected centrosymmetric 

dimer. Importantly, refinement proceeded smoothly and required no ex post facto 

corrections, calculations, or molecular replacement procedures.26 The structure with riding 

hydrogens on the cyclopentadienyl ligands refined with anisotropic displacement 

parameters to an R1 value of 14.9%. Critically, we had already observed suggestive regions 

of electron density consistent with bridging hydrides in the initial difference Fourier map 

(Figure A12.2.1B). To trace this more explicitly, we tracked peaks in the screened 

Coulomb potential within the unit cell, representing atomic locations. A sampling of 

consecutive two-dimensional slices in real space along the a-axis at the central mirror 

plane, which runs orthogonal to the cyclopentadienyl rings but bisects the zirconium, 

chlorine, and hydrogen atoms (Figure A12.2.1C) shows two hydrides emerging from the 

void space of the noise floor, thus corroborating the hydride positions observed during 

structural refinement (Figure A12.2.1D). 
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Figure A12.2.1 Determination of the Structure of Schwartz’s Reagent via MicroED. 

 

Concurrent to our study of the application of MicroED to organometallic species, 

we sought to apply this powerful technique to active research problems in our groups 

including the reactivity of dimeric Pd(I) complexes. Dimeric palladium(I) species featuring 

Pd−Pd bonds have been previously reported to react with a variety of small molecules to 

give homolytic cleavage27 or insertion products.28 Pd(I) dimer 222 (Figure A12.2.2), 

synthesized by thermolysis or UV irradiation of the methyl palladium phosphine 

precursor,29 was fully characterized by single crystal XRD (Figure A12.2.2B) and 

multinuclear NMR. To study the reactivity of this species (2), a THF solution was treated 

with ethylene gas, which interestingly led to a dramatic color change and precipitation of 

a yellow solid (Figure A12.2.2A). Efforts to characterize this solid, however, were 

frustrated by the lack of solubility and fragile nature of the putative ethylene adduct, as 

treatment of the precipitant with a variety of crystallization and/or NMR solvents led to 

rapid gas release and reformation of starting material 222. Typically, such physical 

Schwartz’s Reagent (221)
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properties of a reactive intermediate would preclude definitive structural characterization. 

The yellow precipitate was instead taken directly from the reaction mix and deposited on 

an EM grid for characterization by MicroED. Remarkably, under high magnification, the 

apparently amorphous solid proved to have nanocrystalline domains. Diffraction movies 

were reduced to yield a high-completeness data set that produced an ab initio solution, 

which during refinement led to the definitive structural assignment of the species as the 

unexpected oxidative insertion product 223. Such ethylene insertion products have been 

reported but remain rare.30−32 This structure features two Pd(II) phosphine moieties linked 

by the reduced ethylene linker (Figure A12.2.2C, D). The extended linker precludes ipso-

π-arene interactions of the phosphines, and therefore, one equivalent of THF completes the 

coordination sphere of each palladium center. The solid-state 13C{1H} cross-polarization 

magic angle spinning (CPMAS) NMR spectrum of 223 contains a signal at 37 ppm 

assigned to the reduced ethylene fragment. The 11B{1H} and 31P{1H} CPMAS NMR 

spectroscopy are also consistent with the structure of 223 obtained from microED 

measurements. These NMR spectra also demonstrate the homogeneity of the sample. 
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Figure A12.2.2 MicroED and X-Ray Crystallographic Structures of Pd-species 222 and 

223. 

 

To establish the generality of our approach we went on to determine structures of 

five additional commonly used organometallic compounds and transition-metal 

coordination complexes (Figure A12.2.3). The structures of tris(acetylacetonato)iron(III) 

[Fe(acac)3](224), benzylidene-bis(tricyclohexylphosphino)-dichlororuthenium (Grubbs’ 

first generation catalyst) (225), [1,1-bis(diphenylphosphino)ferrocene]dichloronickel(II) 

(226), Pd(dibenzylideneacetone)((S)-4-tert-butyl-2-[2-(diphenylphosphino)phenyl]-2-

oxazoline) (Pd(dba)(PHOX)) (226), and carbonyl(hydrido)tris 

(triphenylphosphane)rhodium(I) [HRh(CO)(PPh3)3] (227), (Figure A12.2.3A), were all 

determined using direct methods from data collected at noncryogenic temperatures. 

Together, this set of molecular structures demonstrates the utility of ambient temperature 

electron diffraction for the study of transition metal complexes. Bulk powders of these 

compounds were analyzed by MicroED as described above, and data collected from one or 

222 223



Appendix 12 – Characterization of Reactive Organometallic Species via MicroED 
 

 

710 

more crystals were merged resulting in the assignment of space group and unit cell 

parameters that closely matched published values for XRD structures of these compounds, 

with the exception of compounds 226 and 227, which are new polymorphs.33,36 For a direct 

comparison, electron diffraction structures of compounds 224, 225, and 228 were overlaid 

with previously reported X-ray structures.37,39 Rootmean-square (RMS) values were 

calculated based on the deviation of atomic position resulting in RMS values of 0.0514, 

0.1311, 0.1733 Å and a maximum deviation of 0.1140, 0.2270, and 0.3289 Å for 

compounds 4, 5, and 8, respectively (Figure A12.2.4). On the basis of the overlaid 

structures, the position of the observed hydride in the case of the Rh−H complex (225) is 

both geometrically and symmetrically consistent with the published X-ray crystallographic 

data with a deviation of 0.164 Å.40 Although the published structures of these compounds 

are associated with lower statistical errors in general, our ambient temperature MicroED 

structures were determined from bulk powders (i.e., no formal recrystallization) and 

maintain sufficiently accurate statistical parameters (Figure A12.2.3C) to unambiguously 

characterize the connectivity of these compounds. These considerations render electron 

diffraction a powerful alternative for structural determination of transition metal hydride 

structures. Several previous studies use electron diffraction data for the determination of 

hydrogen atom positions41−44 in metal hydrides, which are capable of exhibiting different 

chemical, electronic, and bonding properties in comparison to typical hydrogen atoms, and 

thus, the current quality of electron diffraction data obtained in this study does not allow 

for their unambiguous placement with high-enough precision to facilitate accurate 

discussion of bond lengths and angles. Although collecting data in continuous-rotation 

mode helps reduce dynamical scattering, residual dynamical scattering present in the data 
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limits the accuracy of refinements based on a kinematical scattering approximation, and 

therefore, bond distances derived in this way can potentially be chemically inconsistent.45 

This problem has been well-analyzed by several other groups including Palatinus et al., 

who have used dynamical refinement on electron diffraction data collected in precession 

mode to help reduce statistical errors in atomic placement and bonding.43,45,46,47 It is 

expected that such statistics of hydride localization as well as bond lengths and angles for 

all atomic constituents will improve with subsequent amelioration of microscopes and 

detectors. Furthermore, improvements in refinement software such as Jana, which has 

previously been used for processing of precession data, may now allow the possibility of 

applying dynamical refinements to continuous-rotation data, further reducing statistical 

error.42,43 

Figure A12.2.3 Structures Determined by Ambient Temperature MicroED. 

 

Fe(acac)3 (224) Grubbs’ 1st 
generation (225)

Fe(acac)3 (224)

H–Rh(CO)(PPh3)3 (228)Pd(dba)(PHOX) (227)

Ni(dppf)Cl2 (226)
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Figure A12.2.4 Overlay of Ambient Temperature ED (red) and Previously Reported X-

Ray Diffraction (blue) Structures. 

 

A12.3  CONCLUSION 

Ambient temperature electron diffraction is an advantageous step toward the 

routine determination of organometallic species and potentially applicable to a wide array 

of small molecule organometallic and inorganic solids. The ability to routinely solve 

structures from nanocrystalline material and unambiguously determine the position of all 

atoms, including historically challenging hydrides attached to heavy atoms, presents 

chemists with a potent tool for the broad identification and characterization of elusive, but 

relevant, complexes. Armed with this method, we have determined structures of a diverse 

series of organometallic compounds and transition-metal coordination complexes, 

including those obtained from both commercial and laboratory synthesis. Importantly, each 

of these structures was determined ab initio by direct methods and refined using methods 

common to XRD. Our application of ambient temperature MicroED to the structure 

determination of Schwartz’s reagent, obtained directly from the commercial seemingly 

H–Rh(CO)(PPh3)3 (228)
RMSD: 0.1733
Max D: 0.3289

Grubbs’ 1st 
generation (225)

RMSD: 0.1311
Max D: 0.2270

Fe(acac)3 (224)
RMSD: 0.0514
Max D: 0.1140



Appendix 12 – Characterization of Reactive Organometallic Species via MicroED 
 

 

713 

amorphous powder, highlights the power of this new approach. Despite the importance of 

this molecule in synthetic chemistry, no previous high-resolution crystal structures have 

been obtained, as a result of the seemingly amorphous nature of the white powder obtained 

by precipitation during its preparation. Our ambient temperature MicroED structure not 

only confirms the dimeric nature of the reagent but more remarkably identifies the likely 

locations of bridging hydrides that are visible in electrostatic potential maps and can be 

refined freely. This method also allows for the determination of an unusual Pd(II) 

intermediate that was not amenable to structure determination by solution-state NMR or 

single crystal X-ray diffraction. Moreover, neutron diffraction would be incompatible with 

this compound because of destructive boron neutron capture nuclear reactions. 

Importantly, although several protein structures have been determined by MicroED using 

molecular replacement, and structures of small molecules and polypeptides of known 

connectivity have been determined from MicroED data via direct methods, the reported 

Pd(II) complex (223) is a rare example of a novel complex small molecule identified by 

MicroED without prior knowledge of the structure or other corroborating solution-state 

spectroscopic methods. Although our data does not facilitate extensive discussions of bond 

lengths or angles because of higher-thanexpected statistical errors in refinement compared 

to traditional XRD, the fact that cryogenic temperatures are not required to obtain structural 

information from reactive metal complexes is ground-breaking, as many research 

institutions can make rapid use of readily available TEM facilities. Moreover, utilization 

of a more sensitive and faster detector, with shorter dead-time,11 reduces peak overlap 

between frames as well. Ambient temperature measurements also dramatically simplify 

sample preparation and loading, eliminating issues typically associated with cryogenic 
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cooling that often complicate crystal screening and data collection (e.g., ice deposition). 

We envision that microelectron diffraction will continue to improve and find new 

applications in the molecular sciences. Efforts directed toward a multitude of new frontiers 

in small molecule electron diffraction are already underway. These efforts are expected to 

bring new horizons for small molecule structure determination over the coming months 

and years. 
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Table A13.1 Notebook Cross-Reference for Chapter 1 

 
 
  

Compound 1H NMR (instrument) 13C NMR (instrument) Yield/Procedure

4 TJF-IX-263A
 file: TJF-IX-myrifabralA (FID)

TJF-IX-263A
 file: TJF-IX-myrifabralA (Florence) TJF-IX-263

5 TJF-IX-271A (FID) TJF-IX-271A (Florence) TJF-IX-271A

6 TJF-III-065A (Indy) TJF-III-065A (Florence) TJF-III-065A

7 TJF-V-147 (Indy) TJF-V-147 (Florence) TJF-V-147

8 TJF-III-229 (Indy) TJF-III-229 (Florence) TJF-V-239

11 TJF-IV-259A (Indy) TJF-IV-259A (Florence) TJF-IV-259A

14 TJF-IX-183A (Indy) TJF-IX-183A (Florence) TJF-IX-183,185

16 TJF-III-155A (Indy) TJF-III-155 (Florence) TJF-III-195
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Figure A13.2 Notebook Cross-Reference for Chapter 2 

 
 
  

Compound 1H NMR (instrument) 13C NMR (instrument) Yield/Procedure

EJA-VIII-205-sm (Indy) EJA-VIII-205-sm (florence) XX

TJF-V-033A_proton2 (Indy) TJF-V-033A_carbon (florence) TJF-V-033

TJF-V-031A_proton (Indy) TJF-V-031A_carbon (florence) TJF-V-031

TJF-V-029A_proton_2 (Indy) TJF-V-029A_carbon2 (florence) TJF-V-029

EJA-VIII-057 (Indy) EJA-VIII-057 (florence) EJA-VIII-057

EJA-VIII-059 (Indy) EJA-VIII-059 (florence) EJA-VIII-059

EJA-VIII-067 (Indy) EJA-VIII-067 (florence) EJA-VIII-067

EJA-VIII-073 (Indy) EJA-VIII-073 (florence) EJA-VIII-073

TJF-IV-177A_proton (Indy) TJF-IV-177A_carbon (florence) TJF-IV-177

TJF-IV-199A_proton2 (Indy) TJF-IV-199A_carbon (florence) TJF-IV-199

EJA-VIII-065-2 (Indy) EJA-VIII-065 (florence) EJA-VIII-065

TJF-IV-191A_proton (Indy) TJF-IV-191A_carbon (florence) TJF-IV-191

TJF-IV-197A_proton (Indy) TJF-IV-197A_carbon (florence) TJF-IV-197

EJA-VIII-121 (Indy) EJA-VIII-121 (florence) .

EJA-VIII-147 (Indy) EJA-VIII-147 (florence) EJA-VIII-147

TJF-IV-153A_proton (Indy) TJF-IV-153A_carbon (Indy) EJA-VIII-205

TJF-V-035A_proton (Indy) TJF-V-035A_carbon (florence) TJF-V-035A

TJF-V-035C_proton (Indy) TJF-V-035C_carbon (florence) TJF-V-035C

TJF-V-035B (Indy) TJF-V-035B (florence) TJF-V-035B

TJF-IV-217D_proton (Indy) TJF-IV-217D_carbon (florence) TJF-IV-217D

TJF-IV-227A(217E) proton (Indy) TJF-IV-227A_carbon (florence) TJF-IV-227A

TJF-IV-227B_proton (Indy) TJF-IV-227B_carbon (florence) TJF-IV-227B

TJF-IV-217B_proton2 (Indy) TJF-IV-217B_carbon (florence) TJF-IV-217B

TJF-IV-217G_proton (Indy) TJF-IV-217G_carbon (florence) TJF-IV-217G

TJF-IV-217A_proton (Indy) TJF-IV-217A_carbon (florence) TJF-IV-217A

TJF-IV-217C_proton (Indy) TJF-IV-217C_carbon (florence) TJF-IV-217C

TJF-IV-217I_proton (Indy) TJF-IV-217I_carbon (florence) TJF-IV-217I

TJF-IV-217H_proton (Indy) TJF-IV-217H_carbon (florence) TJF-IV-217H

TJF-V-035D_proton (Indy) TJF-V-035D_carbon (verona) TJF-V-035D

TJF-V-035E_proton (Indy) TJF-V-035E_carbon (verona) TJF-V-035E

19a

19b

19c

19d

19e

19f

19g

19h

19i

19j

19k

19l

19m

19n

19o

20a

20b

20c

20d

20e

20f

20g

20h

20i

20j

20k

20l

20m

20n

20o
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Figure A13.3 Notebook Cross-Reference for Chapter 2 (continued) 

 
 
  

EJA-VIII-213-2 (HG3) EJA-VIII-213-2 (florence) EJA-VIII-213

EJA-VIII-215 (florence) EJA-VIII-215 (florence) EJA-VIII-215

TJF-V-123cr (Indy) TJF-V-123A_carbon (florence) TJF-V-123

TJF-V-121A (florence) TJF-V-121A (florence) TJF-V-121

EJA-VII-285 (Indy) EJA-VII-285 (florence) EJA-VII-285

EJA-VIII-047-col (Indy) EJA-VIII-047 (florence) EJA-VIII-047

EJA-VIII-051 (Indy) EJA-VIII-051 (florence) EJA-VIII-051

EJA-VIII-055 (Indy) EJA-VIII-055 (florence) EJA-VIII-055

TJF-IV-071A_proton_hv3 (Indy) TJF-IV-071A_carbon (florence) TJF-IV-071A

EJA-VIII-119 (Indy) EJA-VIII-119 (florence) EJA-VIII-119

21

22

23

24

25

26

27

28

29

30

EJA-VIII-137 (Indy) EJA-VIII-137 (florence) EJA-VIII-137

EJA-VIII-069 (Indy) EJA-VIII-069 (florence) EJA-VIII-069

TJF-IV-169A_proton (Indy) TJF-IV-196A (misnamed) (florence) TJF-IV-169

31

32

33

TJF-IV-187A_proton (Indy) TJF-IV-187A_carbon (florence) TJF-IV-187

EJA-VIII-043 (Indy) EJA-VIII-043 (florence) EJA-VIII-061,043

TJF-IV-293A (Indy) TJF-IV-295_carbon (florence) TJF-IV-295

34

35

36

TJF-V-025A (Indy) TJF-V-025_carbon (florence) TJF-V-025

TJF-IV-293A_proton (Indy) TJF-V-293_carbon (misnamed) (florence) TJF-IV-293

TJF-IV-069crystal TJF-IV-069crystal TJF-IV-069

37

38

39

TJF-IV-185_char (Indy) TJF-IV-185_char (florence) TJF-IV-185

TJF-IV-189A_proton (Indy) TJF-IV-189A_carbon (florence) TJF-IV-189

TJF-IV-195A_proton3 (Indy) TJF-IV-195A_carbon (florence) TJF-IV-195

40

41

L2

Compound 1H NMR (instrument) 13C NMR (instrument) Yield/Procedure
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Figure A13.4 Notebook Cross-Reference for Chapter 3  

 
  

Compound 1H NMR (instrument) 13C NMR (instrument) Yield/Procedure

42a TJF-VI-253A TJF-VI-253A TJF-VI-253

42b TJF-VI-253B TJF-VI-253B TJF-VI-253

42c TJF-VI-253D TJF-VI-253D TJF-VI-253

42d TJF-VI-253E TJF-VI-253E TJF-VI-253

42e TJF-VI-253C TJF-VI-253C TJF-VI-253

42f TJF-VI-253J TJF-VI-253J TJF-VI-253

42g TJF-VI-253H TJF-VI-253H TJF-VI-253

42h TJF-VI-253F TJF-VI-253F TJF-VI-253

42i TJF-VI-253G TJF-VI-253G TJF-VI-253

(Z)-19a BW-II-023A (florence) BW-II-023A (florence) BW-II-023

53 TJF-VI-217A (florence) TJF-VI-217A (florence) TJF-VI-217

54 TJF-VI-235A (florence) TJF-VI-235A (florence) TJF-VI-235

55 TJF-VI-213A (florence) TJF-VI-213A (florence) TJF-VI-213

56 TJF-VI-215A (florence) TJF-VI-215A (florence) TJF-VI-215

57 TJF-VI-219 TJF-VI-219 TJF-VI-219

58 BW-II-027 (florence) BW-II-027 (florence) BW-II-027

59 TJF-VI-237A TJF-VI-237A TJF-VI-237

60 TJF-VI-227 TJF-VI-227 TJF-VI-227

61 TJF-VI-171A (florence) TJF-VI-171A (florence) TJF-VI-171A

L4 TJF-VI-179A(florence) (misnamed) TJF-VI-179A(florence) (misnamed) TJF-VI-177

L3 TJF-VI-187A (florence) TJF-VI-187A (florence) TJF-VI-187
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Figure A13.5 Notebook Cross-Reference for Chapter 4  

 
 

Compound 1H NMR (instrument) 13C NMR (instrument) Procedure

75 EJA-X-245-2 (Indy) TJF-VIII-163A (florence) TJF-VIII-163

76a TJF-VI-279B (from E-cinnamyl) (Indy) TJF-VI-279B (from E-cinnamyl) (florence) –

77 TJF-VII-169A_proton (Indy) TJF-VII-169A_carbon (florence) TJF-IX-269

80 TJF-X-Zcinnamyl (Indy) TJF-X-Zcinnamyl (florence) TJF-X-049

82 EJA-X-217 EJA-X-217 EJA-X-233

83 EJA-X-243_proton (Indy) EJA-X-243A-me (florence) EJA-X-243

84 TJF-VII-215 (Indy) TJF-VII-215 (florence) TJF-VII-215

85 TJF-VIII-227 (misnamed) (Indy) TJF-VII-227 (misnamed) (florence) TJF-VII-229

86 TJF-VII-231 (Indy) TJF-VII-231 (florence) TJF-VII-231

87 TJF-VII-247 (Indy) TJF-VII-247 (florence) TJF-VII-247

88 TJF-VII-233A_proton (Indy) TJF-VII-233A (florence) TJF-VII-233

89 TJF-VII-249A_proton (Indy) TJF-VII-249A_carbon (florence) TJF-VII-249

90 TJF-VIII-199A (misnamed) (Indy) TJF-III-199 (misnamed) (florence) TJF-VII-199

91 TJF-VII-241 (Indy) TJF-VII-241 (florence) TJF-VII-241

92 EJA-X-263-ester-2 (Indy) EJA-X-263-ester-2 (florence) EJA-X-263

93 EJA-X-203 (Indy) EJA-X-203 (florence) EJA-X-203

94 EJA-X-267_proton (Indy) EJA-X-267_carbon (florence) EJA-X-267

95 EJA-X-179A_proton (Indy) EJA-X-179A_proton (florence) EJA-X-179A

97 EJA-X-197 (Indy) EJA-X-197 (florence) EJA-X-197

98 TJF-X-083 (Indy) TJF-X-083 (florence) TJF-X-083

99 TJF-IX-181_proton (Indy) TJF-IX-181_carbon (florence) TJF-IX-181

100 TJF-X-159A (Indy) TJF-X-159A (florence) TJF-X-159

101 TJF-IX-169_proton (Indy) TJF-IX-169-CARBON (florence) TJF-IX-169

102 TJF-VIII-273_proton (Indy) TJF-VIII-273_carbon (florence) TJF-VIII-273

103 TJF-VIII-275_2 (Indy) TJF-VIII-275 (florence) TJF-VIII-275

104 TJF-VIII-269A_proton (Indy) TJF-VIII-269A_carbon (florence) TJF-VIII-269

105 TJF-VIII-277A_proton (Indy) TJF-VIII-277A_carbon (florence) TJF-VIII-277

106 TJF-X-041A (Indy) TJF-X-041A_carbon (florence) TJF-X-041

107 TJF-X-053_proton (Indy) TJF-X-053_carbon (florence) TJF-X-053

108 TJF-X-039A (Indy) TJF-X-039A_carbon (florence) TJF-X-039

96 EJA-X-265-3 (Indy) EJA-X-265-3 (florence) EJA-X-265

76a TJF-X-055 (from Z-cinnamyl) (Indy) TJF-X-055 (from Z-cinnamyl) (florence) TJF-X-055
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Figure A13.6 Notebook Cross-Reference for Chapter 4 (continued)  

 
 
 
 
  

113 TJF-IX-017 (misnamed) (florence) TJF-IX-017 (misnamed) (florence) TJF-VII-275

114 TJF-VIII-051A_carbon (florence) TJF-VIII-051A_carbon (florence) TJF-VIII-051

115 TJF-VIII-271A_proton (Indy) TJF-VIII-271A_carbon (florence) TJF-VIII-271A

116 TJF-X-199A_char (florence) TJF-X-199A_char (florence) TJF-X-199

117 TJF-X-115A (Indy) TJF-X-115A (florence) TJF-X-115

119 TJF-X-095A (Indy) TJF-X-095A (florence) TJF-X-095

120 TJF-X-155_2 (Indy) TJF-X-155_carbon2 (Indy) TJF-X-155

121 TJF-X-133A_2 (Indy) TJF-X-133A (florence) TJF-X-133

122 TJF-X-157A_2 (Indy) TJF-X-157A_2 (florence) TJF-X-157

123 TJF-VII-165A (Indy) TJF-VII-165A (florence) TJF-VII-165

124 TJF-VII-185A (Indy) TJF-VII-185A_carbon (florence) TJF-VII-185

125 TJF-VII-191A (Indy) TJF-VII-191A_carbon (florence) TJF-VII-191

126 TJF-VII-167A (Indy) TJF-VII-167A_carbon (florence) TJF-VII-167

127 TJF-VII-195A (Indy) TJF-VII-195A_carbon (florence) TJF-VII-195

128 TJF-VII-193A (Indy) TJF-VII-193A_carbon (florence) TJF-VII-193

129 TJF-VII-163A (misnamed) (Indy) TJF-VII-163A_carbon (misnamed) (florence) TJF-VII-153

130 TJF-VII-187A (Indy) TJF-VII-187A_carbon (florence) TJF-VII-187

131 EJA-X-257 (Indy) EJA-X-257 (florence) EJA-X-257

132 EJA-X-173 (Indy) EJA-X-173 (florence) EJA-X-173

133 EJA-X-261 (Indy) EJA-X-261 (florence) EJA-X-261

134 EJA-X-171 (Indy) EJA-X-171 (florence) EJA-X-171

135 EJA-X-259 (Indy) EJA-X-259 (florence) EJA-X-259

136 EJA-X-187 (Indy) EJA-X-187 (florence) EJA-X-187

109 TJF-X-057A (Indy) TJF-X-057A (florence) TJF-X-057

110 TJF-VIII-219A_proton (Indy) TJF-VIII-219A (florence) TJF-VII-223, VIII-219

111 TJF-X-051A (Indy) TJF-X-051A (florence) TJF-X-051

112 TJF-VIII-027A (florence) TJF-VIII-027A (florence) TJF-VIII-027

Compound 1H NMR (instrument) 13C NMR (instrument) Procedure
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Figure A13.7 Notebook Cross-Reference for Chapter 4 (continued)  

 

enol carbonate A TJF-IX-275_spotA (florence) TJF-IX-275_spotA (florence) TJF-IX-275

enol carbonate B TJF-IX-275_spotB (florence) TJF-IX-275_spotB (florence) TJF-IX-275

137 TJF-X-073A (Indy) TJF-X-075A  (misnamed) (florence) TJF-X-073

138 TJF-IX-155A (Indy) TJF-IX-155A_carbon (florence) TJF-IX-155

139 TJF-IX-139A_proton (Indy) TJF-IX-139A_carbon (florence) TJF-IX-139

140 TJF-IX-157A_proton (Indy) TJF-IX-157-carbon (florence) TJF-IX-157

141 TJF-VIII-129A_proton (Indy) TJF-VIII-129A_carbon (florence) TJF-VIII-129

142 TJF-VIII-251A_proton (Indy) TJF-VIII-251A_carbon (florence) TJF-VIII-251

143 TJF-VIII-243 (Indy) TJF-VIII-243 (florence) TJF-VIII-243

144 TJF-IX-thiazoleester (Indy) TJF-IX-thiazoleester (florence) TJF-VIII-245

Compound 1H NMR (instrument) 13C NMR (instrument) Procedure
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