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CHAPTER 4 

Development of a Tandem Conjugate Addition/Prins Cyclization 

4.1 Introduction 

Mechanistic studies of the formal (3 + 2) cycloaddition between 3-substituted 

indoles and 2-amidoacrylates revealed that the initial product is an iminium ion, and 

cyclization by the pendant amide to afford the pyrroloindoline occurs upon aqueous 

work-up (Chapter 2). As a result, we hypothesized that novel indoline structures could be 

accessed by intercepting the iminium ion with alternate nucleophiles. Chapter 3 described 

the use of reducing agents for this purpose; this chapter will discuss our investigation of 

carbon nucleophiles (Figure 1a). 

Our initial goal was the development of an intramolecular cascade reaction. We 

envisioned that upon Lewis acid promoted conjugate addition of the indole to the 

acrylate, a tethered alkene would add into the iminium intermediate. The resulting 

carbocation would then be quenched by a nucleophile such as chloride. Overall, such a 

reaction would constitute a tandem conjugate addition/asymmetric protonation/Prins 

cyclization (Figure 1b). 
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Figure 1. a) Previously developed pyrroloindoline and indoline syntheses. b) 
Proposed conjugate addition/Prins cyclization. 
 

 

 

4.1.1 Cascade Reactions Incorporating Prins Cyclizations 

Cascade reactions have long attracted the attention of organic chemists with their 

ability to rapidly build up molecular complexity. Several groups have reported examples 

of cascades either initiated by or terminated with a Prins cyclization. Heathcock and 

coworkers’ one-step synthesis of dihydro-proto-daphniphylline involves an incredible 

cascade of iminium ion intermediates, including a formal hetero-Diels–Alder reaction 

(which likely proceeds in a stepwise manner), followed by an aza-Prins cyclization to 

generate carbocation 178 (Figure 2).1 
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Figure 2. Iminium cascade with a Prins cyclization by Heathcock. 
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Me

Me

Me

OHC

O

Me

Me

Me

OHC

R

R

N
Me

H

N

O

R

Me

H

R

N

R
R

R
Me

NH2Me

Me
Me

Me

NMe

R

Me

Me

Me

N

H

Me

Me
Me

Me

Me

Me

Me

N

H

Me
Me

Me
H

Me

Me

Me

N

H

Me
Me

Me

Me

Me

Me

HN

H

Me
Me

Me

1. H2NMe

2. AcOH, 
    heat

1,4-addition
enamine 
formation

formal
hetero-Diels–Alder

reaction
1,5-hydride

shift

hydrolysis

(65% yield)

Me
NH2

Heathcock, 1992

aza-
Prins

dihydro-proto-daphniphylline (180)

172

173
174 175

176

177 178

179



Chapter 4–Development of a Tandem Conjugate Addition/Prins Cyclization  
 

272 

Figure 3. Cascade with Prins cyclization in synthesis of (–)-aspidophytine. 

 

 

 The pinacol-terminated Prins cyclization was developed by the Overman group 

and has facilitated the total syntheses of several natural products. One such application is 
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cyclization, which generates allylic carbocation 193. The cascade is terminated by a 

pinacol rearrangement to afford bicycle 194. 
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Figure 4. Prins-pinacol in synthesis of sclerophytin A. 

 

 

 Rychnovsky and coworkers developed a Mukaiyama aldol-Prins cyclization 

cascade, and demonstrated the utility of this transformation in a formal synthesis of 

leucascandrolide A (Figure 5).4 Chiral aldehyde 196 and enol ether 197 underwent aldol-

Prins coupling in the presence of 2.5 equivalents of BF3OEt2 and 1.5 equivalents of 2,6-

di-tert-butylpyridine to produce most of the leucascandrolide A skeleton in a single step. 

 In 2007, the Rychnovsky laboratory reported a streamlined synthesis of 

leucascandrolide A using an improved variant of the Mukaiyama aldol-Prins coupling.5 

The second generation methodology utilizes more accessible cyclization precursors (201 

and 202) rather than an enol ether allylsilane, and yields a more highly functionalized 

product (203) with three new stereocenters (Figure 5). 
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Figure 5. Mukaiyama aldol-Prins in formal synthesis of leucascandrolide A. 

 

 

 Reddy and coworkers developed a Prins/Friedel–Crafts cyclization to access 

fused tricyclic systems (Figure 6).6 The stereochemistry of the product is determined by 

the olefin geometry in the starting material. However, a small amount of the minor, cis 

diastereomer is formed through a stepwise mechanism in the case shown in Figure 6. 

 

Figure 6. Prins-Friedel–Crafts by Reddy. 
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4.2 Development of a Conjugate Addition/Prins Cyclization 

Although many examples exist in the literature of cascade reactions involving 

Prins cyclizations, a Prins cyclization triggered by a conjugate addition/asymmetric 

enolate protonation was not known at the outset of this project.  

Preliminary studies showed that exposure of 3-homoallyl indole 168 and acrylate 

67 to SnCl4 and (R)-BINOL yields indoline 169 with a highly promising 88% ee, but low 

yield due to the formation of side products (Figure 7). A chloride ion from the Lewis acid 

serves to quench the carbocationic intermediate. While the reaction conditions are similar 

to the formal (3 + 2) cycloaddition, pyrroloindoline formation is precluded by addition of 

the tethered alkene to the indolinium ion during the course of the reaction.  

 

Figure 7. Preliminary result for conjugate addition/Prins cyclization. 
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(entry 4). On the other hand, zirconium tetrachloride provided the product in 30% yield, 

9:1 dr, and 40% ee (entry 5). Zirconium tert-butoxide was not an effective Lewis acid for 

this reaction (entry 6), while antimony pentachloride proved to be too reactive, and only 

indole decomposition was observed, even at –78 °C (entry 7). 

While the enantioselectivity observed with zirconium tetrachloride was lower 

than with tin tetrachloride, the reaction was qualitatively much cleaner, with fewer side 

products. Thus, subsequent optimization was performed with zirconium tetrachloride. 

 

Table 1.  Lewis acid screen.  

 
Entry Lewis acid Product Yield (%) ee (%)a 

1 SnCl4 169 19 88 
2 SnBr4 208 0 -- 
3 TiCl4 169 27 0 
4 Ti(OiPr)4 209 0 -- 
5 ZrCl4 169 30 40 
6 Zr(OtBu)4 210 0 -- 
7 SbCl5 169 0 -- 
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hydrobenzoin. TADDOL appeared initially promising, providing indoline 169 in 37% 

yield and 66% ee, but subsequent screening revealed decomposition under the reaction 

conditions. Thus (R)-3,3’-Br2-BINOL was determined to be the optimal ligand for this 

transformation. 

 

Table 2. Ligand screen.  

 
Entry Chiral Diol Yield (%) ee (%)a 

1 (R)-BINOL 30 40 
2 (R)-6,6ʼ-Br2-BINOL 38 30 
3 (R)-3,3ʼ-Br2-BINOL 40 76 
4 (S)-VANOL 33 74 
5 (S)-VAPOL 0 -- 
6 (R,R)-hydrobenzoin 35 0 
7 (4R,5R)-TADDOL 37 66 
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Chiral zirconium Lewis acids are most commonly used to activate carbonyls or 

imines in Strecker, 7  Mannich, 8  aldol, 9  aldehyde allylation, 10  and cycloaddition 

reactions.11 The Kobayashi laboratory has developed an isolable zirconium catalyst for 

asymmetric Mannich reactions.8e Addition of hexanes to a dichloromethane solution of a 

zirconium alkoxide, (R)-6,6’-dibromo-BINOL, and N-methylimidazole (NMI) causes 

precipitation of a white powder that is a stable (over at least 6 months) but highly active 

catalyst (Figure 8).  

 

Figure 8. Asymmetric Mannich reaction promoted by isolable Zr catalyst. 
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six BINOL ligands. This represents the first X-ray crystallographic structure of a chiral 

zirconium-BINOL complex that is catalytically competent in Mannich-type reactions. To 

the best of our knowledge, there are no examples of zirconium complexes acting as chiral 

protonation catalysts prior to the development of our conjugate addition-Prins 

cyclization. 

4.2.3 Investigation of Additives 

Unfortunately, our initial efforts to improve the yield of the conjugate 

addition/asymmetric protonation/Prins cyclization by modifying the catalyst structure 

proved unfruitful. At this point, it was observed that the yield was correlated to catalyst 

loading, suggesting poor turnover of the deprotonated BINOLate.  

 

Figure 9. Stoichiometric proton source. 
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stoichiometric proton is likely provided by the pendant amide (Figure 9). While the full 

mechanistic picture of the formal (3 + 2) cycloaddition is likely more complicated than 

direct proton transfer from the amide to the BINOLate (as cyclization and thus amide 

deprotonation does not occur until work-up), we nonetheless hypothesized that a 

stoichiometric proton source might improve the yield of the Prins cyclization.  

With this hypothesis in mind, the Prins reaction was performed with 1.6 

equivalents of (R)-BINOL and 1.6 equivalents of ZrCl4. Unfortunately, the product was 

isolated in only 36% yield (Figure 10). Tentatively, this result can be explained by the 

fact that the (R)-BINOLZrCl4 complex (Figure 10, inset) is too sterically hindered to 

effectively activate the acrylate substrate. It may be crucial to have free ZrCl4 in solution 

to coordinate to the acrylate, in addition to (R)-BINOLZrCl4, which effects enolate 

protonation. Therefore, our next strategy to improve the yield of this transformation was 

to incorporate an external achiral, stoichiometric proton source to regenerate the BINOL 

catalyst. 

 

Figure 10. Stoichiometric ligand. 
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this reagent may also participate in the nonselective direct protonation of enolate 215, 

which would lower the ee of the product.  

 

Figure 11. Incorporation of stoichiometric, achiral proton source. 
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achiral proton source was also carefully optimized after screening of several substituted 

phenols. 

 

Figure 12. Catalytic enantioselective protonation of silyl enol ethers. 
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generating the enolate substrate in situ. The concentration of the stoichiometric proton 

source is also minimized by slow addition. 

 

Figure 13. Catalytic enantioselective protonation of enolates. 
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Table 3. pKa of achiral acid vs. enantioselectivity. 

 
Entry X σp ee (%) 

1 Cl 0.23 40 
2 H 0.00 77 
3 CH3 -0.17 85 
4 CH3O -0.27 87 
5 (CH3)2n -0.83 92 

 

Based on these precedents, the use of additives in the conjugate addition/Prins 

cyclization was investigated. Initially, various substituted phenols were added as 

stoichiometric proton sources. The phenol would need to be carefully optimized to 
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nonselective enolate protonation by the achiral phenol is occurring. On the other hand, 

use of the more hindered 2,6-t-Bu2-phenol failed to improve the yield (entry 3), i.e., the 

rate of proton transfer from the phenol to the BINOLate is too low. 
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Table 4. Screen of achiral proton sources.  

 
Entry Achiral H+ Source Yield (%) ee (%) 

1 -- 30 40 
2 2,6-dimethylphenol 66 19 
3 2,6-di-t-butylphenol 34 45 
4a 2,6-dimethylphenol 23 26 
5b 2,6-dimethylphenol 27 37 
6b phenol 33 35 
7b 4-bromophenol 35 24 

a slow addition of indole. b slow addition of achiral proton source. 

 

NMR studies of Yamamoto’s asymmetric protonation of silyl enol ethers 

promoted by stoichiometric (R)-BINOL-MeSnCl4 revealed formation of a tin-aryloxide 

species (233) and TMSCl (Figure 14a).12 On the other hand, reaction with the 

unmethylated (R)-BINOL resulted in formation of the inactive silylated diol 236. The 

former complex was found to be a more effective catalyst. They proposed that in the 

catalytic reaction employing 2,6-dimethylphenol as the stoichiometric proton source, the 

tin complex receives a proton and chloride from the phenol and TMSCl, respectively, and 

TMS-2,6-dimethylphenol is formed as a byproduct (Figure 14b). It was hypothesized in 

our Prins cyclization, a Lewis acid complex such as 239 is formed after donation of a 

proton to the enolate and a chloride to quench the carbocation. Proton transfer from a 

phenol to complex 239 may be unfavorable, but further addition of a chloride source such 

as TMSCl may aid in regenerating the active BINOLZrCl4 complex (241, Figure 14c). 
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Figure 14. (a) Yamamoto’s NMR studies of LBA-promoted enantioselective silyl 
enol ether protonation. (b) Yamamoto’s catalytic enantioselective silyl enol ether 
protonation. (c) Hypothesis for promoting catalyst turnover in the conjugate 
addition/Prins cyclization. 
 

 

 

 With this hypothesis in mind, the Prins reaction was performed in the presence of 

1.0 equivalent of TMSCl and 1.0 equivalent of 2,6-dimethylphenol. Gratifyingly, the 

product 169 was isolated in 71% yield (Table 5, entry 1). Methylation of the catalyst 

resulted in a slight improvement in yield and ee (entry 2). Functionalization of the diol 
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with a benzoyl group, which is capable of coordinating to the Lewis acid, was highly 

detrimental to enantioselectivity (entry 4). Catalysts substituted with bromines at the 3 

and 3’ positions were also screened. Surprisingly, the relationship between ee and the 

alkyl group (entries 5-7) was inconsistent with the analogous trend for backbone-

unsubstituted catalysts (entries 1-3). 

 

Table 5. Screen of alkylated BINOL derivatives incorporating TMSCl. 

 
Entry Catalyst Yield (%) ee (%) 

1 (R)-BINOL 71 28 
2 (R)-BINOL-Me 81 46 
3 (R)-BINOL-Bn 90 31 
4 (R)-BINOL-Bz 84 2 
5 (R)-3,3ʼ-Br2-BINOL 72 50 
6 (R)-3,3ʼ-Br2-BINOL-Me 70 12 
7 (R)-3,3ʼ-Br2-BINOL-Bn 80 60 

 
 

 Since (R)-3,3’-Br2-BINOL-Bn did not provide a significant increase in 

enantioselectivity compared to (R)-3,3’-Br2-BINOL, most of the subsequent screening 

was performed with the unalkylated catalyst due to ease of preparation. 

 To investigate the possibility of cooperative effects between the chiral diol and 

the achiral, stoichiometric proton donor, a variety of phenol derivatives were screened. 

The rate of nonselective enolate protonation was expected to be related to the electronic 

and steric profile of the achiral proton source (Table 6). 3,5-Dimethoxyphenol was found 

to give unexpectedly high ee, albeit in only 40% yield (entry 7), while 2,6-

dimethoxyphenol was less successful (entry 6).  
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Table 6. Screen of phenol derivatives. 

 
Entry Phenol Substitution Yield (%) ee (%) 

1 2-Me 72 21 
2 2,6-Me2 72 50 
3 2-OMe 52 7 
4 3-OMe 47 21 
5 4-OMe 66 20 
6 2,6-(OMe)2 36 16 
7 3,5-(OMe)2 40 86 
8 2-F 63 52 
9 2-Cl 78 80 

10a 2-Cl 72 17 
11b 2-Cl 71 65 
12 2-Br 79 66 
13 3-Cl 76 50 
14 4-Cl 67 26 
15 2,6-F2 70 67 
16 2,4-Cl2 80 63 
17 2,6-Cl2 71 87 
18c 2,6-Cl2 66 86 
19d 2,6-Cl2 74 83 
20e 2,6-Cl2 68 87 
21f 2,6-Cl2 67 87 
22g 2,6-Cl2 77 87 
23 2,6-Cl2-4-Me 84 87 
24 2,4,6-Cl3 77 86 
25 2,6-Br2 56 86 

a (R)-3,3’-Br2-BINOL-Me was used as the catalyst. b (R)-3,3’-Br2-BINOL-Bn was used as the catalyst.              

c TESCl (1.0 equiv) instead of TMSCl. d [indole] = 0.2 M. e [indole] = 0.1 M. f Reaction run at 40 °C.          
g Reaction run in DCE. 
 

Keeping in mind that the methoxy group is electron-withdrawing in the meta 

position (as reflected by its Hammett substituent constant σm), halogenated phenols were 

screened next. Of the ortho-monosubstituted phenols, 2-chlorophenol gave the best 

results. Interestingly, the alkylated catalysts (R)-3,3’-Br2-BINOL-Me (entry 10) and (R)-

3,3’-Br2-BINOL-Bn (entry 11) in conjunction with 2-chlorophenol resulted in lower ee, 

in contrast to the trend observed with 2,6-dimethylphenol. Finally, ortho-dichlorinated 
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phenols were found to provide both good yields and ee’s (entries 16-24); the optimal 

phenol also incorporates a slightly electron-donating para-methyl group (entry 23). 

 Indole substrates protected with either allyl or benzyl groups were then 

investigated (Table 7). Unfortunately, the optimal stoichiometric proton source (2,6-

dichloro-4-methylphenol) for the reaction with N-methylindoles was not optimal for these 

alternative substrates, reflecting the delicate balance of reaction rates required to achieve 

good yield and enantioselectivity in this transformation. For both N-allyl- and N-

benzylindoles, 2-6-dibromophenol was chosen as the optimal proton source because it is 

commercially available and also provides good yields and ee’s. 

 

Table 7. Screen of indole protecting groups. 

 
Entry Protecting Group Phenol Substitution Yield (%) ee (%) 

1 allyl 2,6-Cl2 70 87 
2 allyl 2,6-Cl2-4-Me 75 86 
3 allyl 2,4,6-Cl3 79 83 
4 allyl 2,6-Br2 70 90 
5 allyl 2,6-Br2-4-Me 71 87 
6 allyl 2,4,6-Br3 52 84 
7 Bn 2,6-Cl2-4-Me 74 85 
8 Bn 2,6-Br2 82 91 
9 Bn 2,6-Br2-4-Me 67 91 

10 Bn 2,6-Br2-4-OMe 77 84 
11 Bn 2,6-Br2-4-tBu 78 90 
12 Bn 2,4,6-Br3 76 86 
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4.2.4 Substrate Scope of the Conjugate Addition/Prins Cyclization 

Table 8. Substrate scope.  

 
a Determined by 1H NMR of crude reaction mixture. b Determined by SFC using chiral stationary phase.      
c 1.1 equiv. ZrCl4 was employed. d 2,6-dichloro-4-methylphenol was employed. e 2,6-dibromo-4-t-
butylphenol was employed.  
 

 Having identified optimal reaction parameters, a screen of indole substrates was 

conducted. For the 5-bromoindole substrate, the N-Me protecting group (to yield 247) 

gave improved enantioselectivity over N-Bn. The benzyl group was utilized for the other 

substrates with indole backbone substitution. Surprisingly, both 5-methoxy- and 6-

methyl-substituted substrates, when exposed to the standard reaction conditions, yielded a 

significant quantity of the corresponding pyrroloindoline. It is possible that the electron-
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donating property of the methoxy substituent decreases the electrophilicity of the 

indolinium ion, thus disfavoring addition by the tethered alkene. Upon work-up, the 

unreacted indolinium ion is attacked by the pendant amide to give the pyrroloindoline. It 

is unclear why Prins cyclization is disfavored in the case of the 6-methyl-substituted 

substrate. Fortunately, yields of both Prins products (246b and 246e) were improved by 

reducing the amount of ZrCl4 to 1.1 equivalents.   

 We were pleased to find that N-homoallylindole smoothly underwent conjugate 

addition and Prins cyclization. However, under the standard reaction conditions, the 

product (248) was isolated in only 86% ee (Table 9). A screen of substituted phenols 

revealed 2,6-dibromo-4-tbutylphenol to be optimal, giving the product in 89% ee and 

80% yield (entry 6). 

 

Table 9. Screen of phenol additives to N-tethered substrate. 

 
Entry Phenol Substitution Yield (%)a

 ee (%) 
1 2,6-Cl2 82 86 
2 2,4,6-Cl3 (62) 85 
3 2,6-Cl2-4-Me (76) 84 
4 2,6-Br2 80 86 
5 2,4,6-Br3 84 87 
6 2,6-Br2-4-tBu 80 89 

a Yields in parentheses are determined by integration of crude 1H NMR with respect to (R)-3,3’-Br2-
BINOL. Other yields are isolated. 
 

4.2.5 Unsuccessful Substrates 

Several substrates with alternative tether structures were synthesized. When 

exposed to the conditions for the conjugate addition/Prins cyclization, many formed 
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complex mixtures of products (Figure 15a). However, some substrates underwent 

competing reaction mechanisms. For example, the allylsilane moiety of indole 255 

facilitates cyclization such that it occurs at a faster rate than conjugate addition, and the 

observed product results from protonation of the indole followed by cyclization. On the 

other hand, a small amount of the desired product was formed from allylsilane substrate 

257, likely because cyclization to form the seven-membered ring is slower than the six-

membered ring analogue (258 vs. 256). Friedel–Crafts substrate 259 failed to undergo 

cyclization by the aryl ring, forming the pyrroloindoline instead. 

 

Figure 15. Unsuccesful alternative substrates. 
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4.2.6 Mechanistic Considerations 

The relative stereochemistry of the major diastereomer of conjugate 

addition/Prins cyclization product 169 was determined by single crystal X-ray 

crystallography (Figure 16, crystal structure shows enantiomer). Aza-Prins cyclizations 

which form six-membered rings favor transition states with an antiperiplanar alignment 

of the iminium ion and alkene, rather than a synclinal arrangement, because overlap 

between the alkenyl π-system and the developing lone pair on nitrogen is maximized.15 In 

this case, the observed chloride stereochemistry results from axial attack, which is 

generally disfavored in intermolecular cases. Alternatively, chloride delivery may occur 

in an intramolecular fashion from a zirconium species coordinated to the ester or amide 

carbonyl, or the carbocation intermediate can chair flip prior to chloride attack. 

 

Figure 16. Relative stereochemistry of conjugate addition/Prins products. 
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 The major product of the conjugate addition/Prins cyclization is the (S,S) 

diastereomer (absolute stereochemistry determined by analogy to the pyrroloindoline 

synthesis). Epimerization of diastereomerically pure Prins product (S,S)-246a returns a 

mixture of (S,S)-246a and (R,S)-246a, where (R,S)-246a is the enantiomer of the minor 

diastereomer formed in the Prins reaction (Figure 17). Thus, the originally-formed 

diastereomers (S,S)-246a and (S,R)-246a have opposite configurations at the quaternary 

center, which is consistent with the (R)-3,3’-dibromo-BINOLZrCl4 complex acting as an 

asymmetric protonation catalyst in an analogous fashion to the (R)-BINOLSnCl4 

complex. Furthermore, the configuration of the chloride is linked to the stereochemistry 

of the C3 quaternary center. 

 

Figure 17. Epimerization study. 
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resulting carbocation (to yield 169). The (R)-3,3’-Br2-BINOLateZrCl4 complex (262) 

receives a chloride from TMSCl and a proton from the achiral phenol (263) to regenerate 

the active protonation catalyst (261). 

 

Figure 18. Proposed mechanism of the conjugate addition/Prins cyclization. 
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this step is reversible, then the deuterium label should undergo scrambling. However, if 

conjugate addition is not reversible, no scrambling would be expected. When this acrylate 

was subjected to the Prins reaction conditions (run to low conversion), significant 

scrambling of the deuterium label was observed in the reisolated acrylate (Figure 19b, 

41% had opposite alkene stereochemistry compared to starting acrylate). A control 

reaction performed in the absence of the indole substrate showed no deuterium 

scrambling. This result is consistent with a reversible conjugate addition step. 

 

Figure 19. Stereochemical probe of reversability of conjugate addition. 
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Lewis acid and allyltrimethylsilane as the nucleophile gave a small amount of the C2-

allylated product (267). Development of this methodology will likely require further 

screening of Lewis acids. 

 

Figure 20. Preliminary investigation of intermolecular nucleophiles. 
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 A screen of Lewis acids revealed ZrCl4 to be optimal, while (R)-3,3’-dibromo-

BINOL gave the best combination of yield and enantioselectivity. The (R)-3,3’-Br2-

BINOLZrCl4 complex acts as an asymmetric protonation catalyst in an analogous 

fashion to the (R)-BINOLSnCl4 catalyst utilized in the pyrroloindoline synthesis. 

Additives were found to be necessary to achieve catalyst turnover in this transformation. 

After the (R)-3,3’-Br2-BINOLZrCl4 complex effects enolate protonation and donates a 

chloride ion, it receives a proton from an achiral phenol and a chloride from TMSCl.  

A stereodefined, deuterium-labelled acrylate substrate was designed as a probe for 

the reversability of the conjugate addition step. Results from this experiment are 

consistent with conjugate addition being reversible. 
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4.4 Experimental Section 

4.4.1 Materials and Methods 

Unless otherwise stated, reactions were performed under a nitrogen atmosphere using 

freshly dried solvents. Tetrahydrofuran, methylene chloride, toluene, and hexanes were 

dried by passing through activated alumina columns. Dimethylformamide was dried over 

activated molecular sieves, and dichloroethane was distilled over calcium hydride. 

Deuterated methylene chloride (CD2Cl2) for the experiments resubjecting the 

pyrroloindoline products to reaction conditions was dried by passing through a plug of 

activated alumina. All other commercially obtained reagents were used as received unless 

specifically indicated. EtAlCl2 (neat) and 1 M SnCl4 in DCM were purchased from 

Aldrich and (R)-BINOL was obtained from Alfa Aesar. Reactions were monitored by 

thin-layer chromatography using EMD/Merck silica gel 60 F254 pre-coated plates (0.25 

mm) and were visualized by UV, p-anisaldehyde, or KMnO4 staining. Flash column 

chromatography was performed either as described by Still et al. using silica gel (particle 

size 0.032-0.063) purchased from Silicycle, or pre-packaged RediSep®Rf columns on a 

CombiFlash Rf system (Teledyne ISCO Inc.). Diastereomeric ratios were determined by 

integration of NMR spectra or HPLC or SFC analysis. Optical rotations were measured 

on a Jasco P-2000 polarimeter using a 100 mm path-length cell at 589 nm. 1H and 13C 

NMR spectra were recorded on a Varian Mercury 300 (at 300 MHz and 75 MHz, 

respectively), a Varian 400 (at 400 MHz and 100 MHz, respectively) or a Varian Inova 

500 (at 500 MHz and 125 MHz, respectively), and are reported relative to internal 

chloroform (1H, δ = 7.26, 13C, δ = 77.0). Data for 1H NMR spectra are reported as 

follows: chemical shift (δ ppm) (multiplicity, coupling constant (Hz), integration). 
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Multiplicity and qualifier abbreviations are as follows: s = singlet, d = doublet, t = triplet, 

q = quartet, m = multiplet, br = broad, app = apparent. IR spectra were recorded on a 

Perkin Elmer Paragon 1000 spectrometer and are reported in frequency of absorption 

(cm–1). Preparative HPLC was performed with either an Agilent 1100 or 1200 Series 

HPLC utilizing an Agilent Zorbax RX-SIL 5µm column (9.4 x 250 mm). Analytical 

chiral HPLC was performed with an Agilent 1100 Series HPLC utilizing Chiralcel AD or 

OD-H columns (4.6 mm x 25 cm) obtained from Daicel Chemical Industries, Ltd with 

visualization at 254 nm. Analytical SFC was performed with a Mettler SFC supercritical 

CO2 analytical chromatography system with Chiralcel AD-H and OJ-H columns (4.6 mm 

x 25 cm). Melting points were determined using a Büchi B-545 capillary melting point 

apparatus and the values reported are uncorrected. HRMS were acquired using either an 

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

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

ionization mode, or obtained from the Caltech Mass Spectral Facility. 
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4.4.2 General Procedure A. Conjugate Addition/Asymmetric 

Protonation/Prins Cyclization Cascade 

To a flame-dried flask was added indole (0.20 mmol, 1.00 equiv), acrylate (0.24 

mmol, 1.20 equiv), and (R)-3,3’-dibromo-BINOL (0.04 mmol, 0.20 equiv), and phenol 

(0.20 mmol, 1.00 equiv).  The flask was charged with DCM (1.5 mL), followed by 

addition of TMSCl (0.2 mmol, 1.00 equiv), ZrCl4 (0.32 mmol, 1.60 equiv unless 

specifically indicated), then stirred at room temperature for 24 h. The reaction was 

quenched by diluting with 1 mL MeCN and 1 mL 1 M HCl, followed by addition of 5 

mL H2O.  The aqueous layer was extracted with ethyl acetate (3 x 5 mL) and the 

combined organic layers were washed with either saturated NaHCO3(aq) (10 mL).  The 

aqueous layer was back extracted with EtOAc (10 mL) and the combined organic layers 

were dried (Na2SO4), filtered, and concentrated.  The crude residue was purified by flash 

chromatography. 

4.4.3 Indoline Products from Conjugate Addition/Asymmetric 

Protonation/Prins Cyclization Cascade 

Indoline 169. 

 

Prepared from 1-methyl-3-homoallyl-1H-indole and methyl 2-trifluoroacetamidoacrylate 

using General Procedure A to yield 169 in 84% yield. The diastereomeric ratio was 

determined to be 7:1 by 1H NMR analysis of the crude reaction mixture. The 

enantiomeric excess of the major diastereomer was determined to be 87% by chiral SFC 
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MeO2C

NHTFA

Me

H



Chapter 4–Development of a Tandem Conjugate Addition/Prins Cyclization  
 

302 

analysis (AD-H, 2.5 mL/min, 7% IPA in CO2, λ = 254 nm): tR(major) = 4.9 min; 

tR(minor) = 6.0 min. The major diastereomer was separated by flash chromatography 

(10% ethyl acetate/hexanes). 1H NMR (500 MHz, CDCl3) δ 7.14 (td, J = 7.7, 1.3 Hz, 

1H), 6.95 (dd, J = 7.3, 0.8 Hz, 1H), 6.82 (d, J = 7.8 Hz, 1H), 6.75 (td, J = 7.4, 0.9 Hz, 

1H), 6.54 (d, J = 7.8 Hz, 1H), 4.55 (td, J = 7.6, 5.8 Hz, 1H), 4.28 – 4.21 (m, 1H), 3.50 (s, 

3H), 3.45 (t, J = 5.1 Hz, 1H), 2.72 (s, 3H), 2.41 (dd, J = 14.9, 7.4 Hz, 1H), 2.24 (dd, J = 

14.9, 5.7 Hz, 1H), 2.13 – 1.99 (m, 2H), 1.91 – 1.76 (m, 4H); 13C NMR (126 MHz, CDCl3) 

δ 171.3, 156.5 (q, JC-F = 37.7 Hz), 150.9, 133.0, 128.5, 121.7, 118.8, 115.5 (q, JC-F = 

287.6 Hz), 108.8, 68.7, 55.8, 52.6, 50.2, 44.5, 37.8, 32.9, 32.8, 32.0, 31.0; IR (NaCl/thin 

film) 3312, 2954, 2864, 1711, 1607, 1482, 1209, 1178 cm-1; [α]D
25 = +55.6 (c = 2.06, 

CH2Cl2). HRMS (MM) calc’d for C19H22ClF3N2O3 [M+H]+ 419.1344, found 419.1358. 

 
 
Indoline 245. 

 

Prepared from 1-allyl-3-homoallyl-1H-indole and methyl 2-trifluoroacetamidoacrylate 

using General Procedure A to yield 245 in 70% yield. The diastereomeric ratio was 

determined to be 4:1 by 1H NMR analysis of the crude reaction mixture. The 

enantiomeric excess of the major diastereomer was determined to be 89% by chiral SFC 

analysis (OD-H, 2.5 mL/min, 7% IPA in CO2, λ = 254 nm): tR(major) = 7.3 min; 

tR(minor) = 4.9 min. The major diastereomer was separated by recrystallization (10% 

ethyl acetate/hexanes). 1H NMR (500 MHz, CDCl3) δ 7.11 (td, J = 7.7, 1.3 Hz, 1H), 6.94 

(dd, J = 7.3, 0.8 Hz, 1H), 6.73 (td, J = 7.4, 0.9 Hz, 1H), 6.60 (d, J = 7.7 Hz, 1H), 6.57 (d, 
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J = 7.8 Hz, 1H), 5.87 (dddd, J = 17.2, 10.2, 7.0, 4.8 Hz, 1H), 5.31 (ddd, J = 17.2, 3.1, 1.6 

Hz, 1H), 5.25 (ddd, J = 10.2, 2.8, 1.4 Hz, 1H), 4.62 (dd, J = 13.8, 7.5 Hz, 1H), 4.23 (qd, J 

= 7.6, 3.7 Hz, 1H), 3.91 (ddt, J = 15.9, 4.8, 1.6 Hz, 1H), 3.68 (t, J = 4.9 Hz, 1H), 3.64 – 

3.56 (m, 1H), 3.47 (s, J = 2.1 Hz, 3H), 2.41 (dd, J = 14.8, 7.3 Hz, 1H), 2.27 (dd, J = 14.8, 

6.0 Hz, 1H), 2.11 (dt, J = 13.5, 4.1 Hz, 1H), 2.03 – 1.94 (m, 1H), 1.93 – 1.73 (m, 4H); 13C 

NMR (126 MHz, CDCl3) δ 171.4, 156.4 (q, JC-F = 37.8 Hz), 149.6, 133.2, 133.0, 128.4, 

121.8, 118.6, 117.9, 115.4 (q, JC-F = 288.0 Hz), 109.0, 65.8, 55.7, 52.6, 50.1, 48.2, 44.4, 

37.33, 32.9, 32.2, 31.0; IR (NaCl/thin film) 3310, 2951, 1711, 1606, 1553, 1479, 1462, 

1441, 1209, 1174 cm-1; [α]D
25 = 78.1 (c = 1.39, CH2Cl2). HRMS (MM) calc’d for 

C21H23ClF3N2O3 [M+H]+ 445.1500, found 445.1496. 

Indoline 247a. 

 

 Prepared from 1-benzyl-3-homoallyl-5-bromo-1H-indole and methyl 2-

trifluoroacetamidoacrylate using General Procedure A to yield 247a in 70% yield. The 

diastereomeric ratio was determined to be 5:1 by 1H NMR analysis of the crude reaction 

mixture. The enantiomeric excess of the major diastereomer was determined to be 85% 

by chiral SFC analysis (OD-H, 2.5 mL/min, 10% EtOH in CO2, λ = 254 nm): tR(major) = 

9.5 min; tR(minor) = 7.7 min. 1H NMR (500 MHz, CDCl3) δ 7.38 – 7.28 (m, 5H), 7.15 

(dd, J = 8.3, 2.0 Hz, 1H), 7.03 (d, J = 2.0 Hz, 1H), 6.68 (d, J = 8.1 Hz, 1H), 6.36 (d, J = 

8.4 Hz, 1H), 4.62 (dd, J = 14.6, 6.6 Hz, 1H), 4.38 (d, J = 15.6 Hz, 1H), 4.22 – 4.09 (m, 

2H), 3.66 (t, J = 4.8 Hz, 1H), 3.49 (s, 3H), 2.38 (dd, J = 14.9, 6.8 Hz, 1H), 2.28 (dd, J = 
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14.9, 6.2 Hz, 1H), 2.01 – 1.75 (m, 5H); 13C NMR (126 MHz, cdcl3) δ 171.2, 156.5 (q, JC-F 

= 38.1 Hz), 149.3, 137.3, 135.5, 131.0, 128.8 (×2), 127.5, 127.4 (×2), 125.0, 115.4 (q, JC-F 

= 287.9 Hz), 110.4, 110.2, 66.6, 60.4, 55.3, 52.8, 50.2, 49.9, 44.7, 37.1, 33.0, 32.1, 30.9. 

IR (NaCl/thin film) 3308, 2951, 2864, 1713, 1475, 1210, 1175 cm-1; [α]D
25 = +41.4 (c = 

0.90, CH2Cl2). 

 

Indoline 247b.  

 

Prepared from 1-benzyl-3-homoallyl-5-methoxy-1H-indole and methyl 2-

trifluoroacetamidoacrylate using General Procedure A (but with 1.1 equiv ZrCl4) to yield 

246b in 93% yield. The diastereomeric ratio was determined to be 6:1 by 1H NMR 

analysis of the crude reaction mixture. The enantiomeric excess of the major 

diastereomer was determined to be 91% by chiral SFC analysis (AD-H, 2.5 mL/min, 12% 

IPA in CO2, λ = 254 nm): tR(major) = 4.5 min; tR(minor) = 4.1 min. The major 

diastereomer was separated by flash chromatography (1520% ethyl acetate/hexanes). 

1H NMR (400 MHz, CDCl3) δ 7.41 – 7.27 (m, 5H), 6.63 – 6.57 (m, 2H), 6.53 (d, J = 7.7 

Hz, 1H), 6.39 (d, J = 8.0 Hz, 1H), 4.60 (dd, J = 13.8, 6.8 Hz, 1H), 4.34 (d, J = 15.4 Hz, 

1H), 4.23 (dd, J = 9.8, 6.4 Hz, 1H), 4.07 (d, J = 15.4 Hz, 1H), 3.72 (s, 3H), 3.55 (t, J = 

4.6 Hz, 1H), 3.47 (s, 3H), 2.44 (dd, J = 14.9, 7.0 Hz, 1H), 2.28 (dd, J = 14.9, 5.8 Hz, 1H), 

2.16 – 2.09 (m, 1H), 1.99 – 1.72 (m, 5H); 13C NMR (101 MHz, CDCl3) δ 171.3, 156.4 (q, 

JC-F = 37.7 Hz), 153.4, 144.2, 138.0, 134.7, 128.6 (×2), 127.5 (×2), 127.3, 115.4 (q, JC-F = 

N H

Cl

MeO2C
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H
MeO
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288.0), 112.7, 109.8, 109.2, 67.0, 55.8, 52.7, 51.2, 50.1, 44.7, 36.9, 33.0, 32.3, 31.1, 29.7; 

IR (NaCl/thin film) 3315, 2925, 1716, 1555, 1490, 1215, 1176 cm-1; [α]D
25 = +40.4 (c = 

0.96, CH2Cl2). HRMS (MM) calc’d for C26H28ClF3N2O4 [M+H]+ 525.1762, found 

525.1749. 

 

Indoline 247c. 

 

Prepared from 1-benzyl-3-homoallyl-4-methyl-1H-indole and methyl 2-

trifluoroacetamidoacrylate using General Procedure A to yield 246c in 90% yield. The 

diastereomeric ratio was determined to be 4:1 by 1H NMR analysis of the crude reaction 

mixture. The enantiomeric excess of the major diastereomer was determined to be 90% 

by chiral SFC analysis (OD-H, 2.5 mL/min, 10% EtOH in CO2, λ = 254 nm): tR(major) = 

7.5 min; tR(minor) = 6.7 min. The major diastereomer was separated by flash 

chromatography (510% ethyl acetate/hexanes). 1H NMR (400 MHz, CDCl3) δ 7.39 – 

7.27 (m, 5H), 6.96 (t, J = 7.7 Hz, 1H), 6.67 (d, J = 7.6 Hz, 1H), 6.48 (d, J = 7.6 Hz, 1H), 

6.37 (d, J = 7.9 Hz, 1H), 4.64 (q, J = 7.0 Hz, 1H), 4.40 (d, J = 15.8 Hz, 1H), 4.21 – 4.12 

(m, 2H), 3.60 (t, J = 4.3 Hz, 1H), 3.38 (s, 3H), 2.51 (dd, J = 15.0, 6.6 Hz, 1H), 2.40 (dd, J 

= 15.0, 7.0 Hz, 1H), 2.29 (s, 3H), 2.21 (dt, J = 14.6, 4.3 Hz, 1H), 2.03 – 1.88 (m, 4H), 

1.88 – 1.75 (m, 1H); 13C NMR (101 MHz, CDCl3) δ 171.3, 156.5 (q, JC-F = 37.8 Hz), 

150.9, 138.0, 133.9, 129.7, 128.7 (×2), 128.3, 127.4 (×2), 127.3, 122.2, 115.4 (q, JC-F = 

287.9 Hz), 107.0, 65.8, 55.5, 52.6, 50.6, 50.4, 46.2, 36.6, 33.1, 31.3, 31.1, 19.1; IR 
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(NaCl/thin film) 3311, 2953, 1711, 1589, 1452, 1212, 1177 cm-1; [α]D
25 = 79.4 (c = 0.81, 

CH2Cl2). 

 

Indoline 247d. 

 

Prepared from 1-benzyl-3-homoallyl-5-methyl-1H-indole and methyl 2-

trifluoroacetamidoacrylate using General Procedure A to yield 246d in quantitative yield. 

The diastereomeric ratio was determined to be 6:1 by 1H NMR analysis of the crude 

reaction mixture. The enantiomeric excess of the major diastereomer was determined to 

be 90% by chiral SFC analysis (OJ-H, 2.5 mL/min, 8% EtOH in CO2, λ = 254 nm): 

tR(major) = 7.0 min; tR(minor) = 5.1 min. The major diastereomer was separated by flash 

chromatography. 1H NMR (500 MHz, CDCl3) δ .39 – 7.27 (m, 5H), 6.87 (ddd, J = 7.9, 

1.7, 0.7 Hz, 1H), 6.78 (d, J = 1.7 Hz, 1H), 6.50 (d, J = 7.7 Hz, 1H), 6.39 (d, J = 7.9 Hz, 

1H), 4.62 (td, J = 7.6, 5.5 Hz, 1H), 4.37 (d, J = 15.4 Hz, 1H), 4.24 (dt, J = 11.3, 3.7 Hz, 

1H), 4.10 (d, J = 15.4 Hz, 1H), 3.56 (t, J = 5.2 Hz, 1H), 3.49 (s, J = 2.3 Hz, 3H), 2.44 (dd, 

J = 14.8, 7.5 Hz, 1H), 2.30 – 2.21 (m, 4H), 2.09 – 1.78 (m, 6H); 13C NMR (126 MHz, 

CDCl3) δ 171.4, 156.4 (q, JC-F = 37.8 Hz), 147.9, 138.0, 133.0, 128.7, 128.6 (×2), 128.0, 

127.5 (×2), 127.3, 122.8, 116.6 (q, JC-F = 287.8 Hz), 109.0, 66.9, 56.1, 52.6, 50.4, 50.1, 

44.6, 37.3, 32.8, 31.1, 30.8, 20.7; IR (NaCl/thin film) 3314, 2951, 2868, 1715, 1552, 

1490, 1440, 1210, 1177 cm-1; [α]D
25 = +55.3 (c = 0.85, CH2Cl2). HRMS (MM) calc’d for 

C26H28ClF3N2O3 [M+H]+ 509.1813, found 509.1831. 
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Indoline 247e. 

 

Prepared from 1-benzyl-3-homoallyl-6-methyl-1H-indole and methyl 2-

trifluoroacetamidoacrylate using General Procedure A (but with 1.1 equiv ZrCl4) to yield 

246e in 74% yield. The diastereomeric ratio was determined to be 3:1 by 1H NMR 

analysis of the crude reaction mixture. The enantiomeric excess of the major 

diastereomer was determined to be 92% by chiral SFC analysis (AD-H, 2.5 mL/min, 20% 

IPA in CO2, λ = 254 nm): tR(major) = 2.6 min; tR(minor) = 2.1 min. The major 

diastereomer was separated by flash chromatography (510% ethyl acetate/hexanes). 1H 

NMR (500 MHz, CDCl3) δ 7.39 – 7.27 (m, 5H), 6.84 (d, J = 7.4 Hz, 1H), 6.54 (d, J = 7.4 

Hz, 1H), 6.49 (d, J = 7.7 Hz, 1H), 6.33 (s, 1H), 4.60 (td, J = 7.7, 5.4 Hz, 1H), 4.38 (d, J = 

15.6 Hz, 1H), 4.21 (dq, J = 11.0, 3.7 Hz, 1H), 4.13 (d, J = 15.6 Hz, 1H), 3.58 (t, J = 5.3 

Hz, 1H), 3.49 (s, J = 2.4 Hz, 3H), 2.39 (dd, J = 14.8, 7.6 Hz, 1H), 2.27 – 2.21 (m, 4H), 

2.06 – 1.77 (m, 6H); 13C NMR (126 MHz, CDCl3) δ 171.4, 156.5 (q, JC-F = 37.8 Hz), 

150.3, 138.6, 138.0, 129.9, 128.7 (×2), 127.4 (×2), 127.3, 121.8, 119.2, 115.4 (q, JC-F = 

287.8 Hz), 109.8, 66.7, 56.0, 52.7, 50.1, 50.0, 44.37, 37.6, 33.0, 31.0, 30.8, 21.7; IR 

(NaCl/thin film) 3312, 2950, 1712, 1612, 1551, 1493, 1452, 1210, 1176 cm-1; [α]D
25 = 

+65.8 (c = 0.89, CH2Cl2). HRMS (MM) calc’d for C26H28ClF3N2O3 [M+H]+ 509.1813, 

found 509.1823. 

 

Indoline 247f. 
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Prepared from 1-benzyl-3-homoallyl-7-methyl-1H-indole and methyl 2-

trifluoroacetamidoacrylate using General Procedure A to yield 246f in 89% yield. The 

diastereomeric ratio was determined to be 6:1 by 1H NMR analysis of the crude reaction 

mixture. The enantiomeric excess of the major diastereomer was determined to be 89% 

by chiral SFC analysis (AD-H, 2.5 mL/min, 20% IPA in CO2, λ = 254 nm): tR(major) = 

2.7 min; tR(minor) = 2.2 min. The major diastereomer was separated by flash 

chromatography (510% ethyl acetate/hexanes). 1H NMR (400 MHz, CDCl3) δ 7.39 – 

7.27 (m, 5H), 6.91 (d, J = 7.5 Hz, 1H), 6.82 (d, J = 7.3 Hz, 1H), 6.70 (t, J = 7.4 Hz, 1H), 

6.46 (d, J = 7.8 Hz, 1H), 4.71 (d, J = 16.5 Hz, 1H), 4.62 – 4.49 (m, 2H), 4.19 (td, J = 7.9, 

3.8 Hz, 1H), 3.51 (s, 3H), 3.45 (t, J = 4.9 Hz, 1H), 2.35 (s, 3H), 2.24 (d, J = 6.3 Hz, 2H), 

2.04 (dt, J = 15.0, 4.4 Hz, 1H), 1.96 – 1.69 (m, 5H).; 13C NMR (101 MHz, CDCl3) δ 

171.4, 156.4 (q, JC-F = 37.7 Hz), 148.0, 139.3, 133.7, 132.3, 128.7 (×2), 127.3, 127.2 (×2), 

120.4, 120.0, 119.3, 115.4 (q, JC-F = 287.8 Hz), 66.4, 55.9, 52.7, 52.3, 50.0, 44.6, 37.9, 

33.9, 32.0, 30.8, 19.6; IR (NaCl/thin film) 3314, 2952, 1715, 1558, 1452, 1208, 1176 cm-

1; [α]D
25 = +57.2 (c = 0.94, CH2Cl2). HRMS (MM) calc’d for C26H28ClF3N2O3 [M–H]– 

507.1668, found 507.1681. 

5-Bromo-N-methyl Indoline. 
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Prepared from 1-methyl-3-homoallyl-5-bromo-1H-indole and methyl 2-

trifluoroacetamidoacrylate using General Procedure A to yield 247 in 77% yield. The 

diastereomeric ratio was determined to be 5:1 by 1H NMR analysis of the crude reaction 

mixture. The enantiomeric excess of the major diastereomer was determined to be 88% 

by chiral SFC analysis (AD-H, 2.5 mL/min, 20% MeOH in CO2, λ = 254 nm): tR(major) 

= 1.9 min; tR(minor) = 5.3 min. The major diastereomer was separated by flash 

chromatography. 1H NMR (500 MHz, CDCl3) δ 7.23 (dd, J = 8.3, 2.0 Hz, 1H), 7.02 (d, J 

= 2.0 Hz, 1H), 6.81 (d, J = 7.9 Hz, 1H), 6.41 (d, J = 8.3 Hz, 1H), 4.56 (dd, J = 14.4, 6.7 

Hz, 1H), 4.25 – 4.17 (m, 1H), 3.54 (s, J = 2.4 Hz, 3H), 3.47 (t, J = 4.9 Hz, 1H), 2.70 (s, 

3H), 2.36 (dd, J = 15.0, 7.0 Hz, 1H), 2.23 (ddd, J = 15.0, 5.9, 2.7 Hz, 1H), 2.15 – 2.07 

(m, 1H), 2.03 – 1.96 (m, 1H), 1.93 – 1.74 (m, 4H); 13C NMR (126 MHz, CDCl3) δ 171.1, 

156.5 (q, JC-F = 37.9 Hz), 150.1, 135.6, 131.1, 124.9, 115.5 (q, JC-F = 287.5 Hz), 110.4, 

110.1, 68.7, 55.2, 52.7, 50.1, 44.7, 37.7, 32.9, 32.8, 32.4, 31.0.; IR (NaCl/thin film) 3309, 

2953, 2863, 1709, 1555, 1478, 1210, 1178 cm-1; [α]D
25 = +23.7 (c = 0.88, CH2Cl2). 

HRMS (MM) calc’d for C19H21BrClF3N2O3 [M+H]+ 497.0449, found 497.0452. 

 

Indoline 248. 

 

Prepared from 1-homoallyl-3-methyl-1H-indole and methyl 2-trifluoroacetamidoacrylate 

using General Procedure A to yield 248 in 80% yield. The diastereomeric ratio was 

determined to be 6:1 by 1H NMR analysis of the crude reaction mixture. The 
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enantiomeric excess of the major diastereomer was determined to be 89% by chiral SFC 

analysis (AD-H, 2.5 mL/min, 10% IPA in CO2, λ = 254 nm): tR(major) = 2.7 min; 

tR(minor) = 8.7 min. The major diastereomer was separated by flash chromatography 

(1215% ethyl acetate/hexanes). 1H NMR (500 MHz, CDCl3) δ 7.12 (td, J = 7.7, 1.2 Hz, 

1H), 6.99 (dd, J = 7.7, 1.3 Hz, 1H), 6.89 (d, J = 7.9 Hz, 1H), 6.74 (td, J = 7.4, 0.9 Hz, 

1H), 6.50 (d, J = 7.9 Hz, 1H), 4.58 (td, J = 7.8, 4.6 Hz, 1H), 3.98 (tt, J = 11.8, 4.0 Hz, 

1H), 3.72 (ddd, J = 13.3, 4.7, 2.1 Hz, 1H), 3.59 (s, J = 3.5 Hz, 3H), 3.16 (dd, J = 11.8, 2.7 

Hz, 1H), 2.82 (tt, J = 18.4, 9.2 Hz, 1H), 2.30 (dd, J = 14.9, 4.7 Hz, 1H), 2.21 – 2.07 (m, 

3H), 1.89 – 1.77 (m, 1H), 1.72 (q, J = 11.9 Hz, 1H), 1.22 (s, 3H); 13C NMR (126 MHz, 

CDCl3) δ 171.3, 156.6 (q, JC-F = 37.7 Hz), 148.8, 134.4, 128.5, 122.7, 118.8, 115.5 (q, JC-F 

= 287.7 Hz), 107.3, 70.1, 57.1, 52.7, 50.3, 45.7, 43.9, 40.4, 35.9, 34.6, 21.0; IR 

(NaCl/thin film) 3314, 2958, 1711, 1606, 1482, 1454, 1211, 1173 cm-1. HRMS (MM) 

calc’d for C19H22ClF3N2O3 [M+H]+ 419.1344, found 419.1342. 
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4.4.4 SFC Traces for Racemic and Enantioenriched Products 

246 (Table 7, Entry 8): racemic 

 

 

 

246 (Table 7, Entry 8): 91% ee 
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247a (Table 8): racemic 

 

 

 

247a (Table 8, major diastereomer only): 85% ee 

 

 

  

N H

Cl

MeO2C

NHTFA

Bn

H
Br



Chapter 4–Development of a Tandem Conjugate Addition/Prins Cyclization  
 

313 

247b (Table 8): racemic 

 

 

 

247b (Table 8): 91% ee 
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247c (Table 8): racemic 

 

 

 

247c (Table 8, major diastereomer only): 88% ee 
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247d (Table 8): racemic 

 

 

 

247d (Table 8): 92% ee 
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247e (Table 8): racemic 

 

 

 

247e (Table 8): 93% ee 
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247f (Table 8): racemic 

 

 

 

247f (Table 8): 89% ee 
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248 (Table 8): racemic 

 

 

 

248 (Table 8): 89% ee 
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245 (Table 8): racemic 

 

 
 
 

245 (Table 8): 89% ee 
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169 (Table 8): racemic 

 

 
 

169 (Table 8): 87% ee 
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4.4.5 Synthesis of deuterated acrylate 67-d1 

 

 Acrylate 67 (10 mmol, 1.97g, 1.0 equiv) was dissolved in 50 mL CH2Cl2 and 

cooled to –78 °C. Molecular bromine (10 mmol, 0.51 mL, 1.0 equiv) was added 

dropwise, and the reaction was stirred for 10 minutes before moving to an ice bath, where 

it was stirred for 40 minutes. DABCO (10 mmol, 1.1 g, 1.0 equiv) was added as a 

solution in 15 mL CH2Cl2. The reaction was stirred for 1.5 h, then filtered through celite, 

and concentrated. The crude mixture was purified by flash chromatography (30% 

Et2O/pentane) to yield 2.03 g (74% yield) of bromoacrylate 285.  

285: 1H NMR (300 MHz, acetone) δ 7.89 (s, 1H), 3.80 (s, 3H) 
 
 Bromoacrylate 285 (3 mmol, 830 mg) was dissolved in 6 mL ethyl acetate (not 

dried), and Pd/BaSO4 (reduced, 29 mg) was added. The reaction was sparged with D2, 

then sealed and stirred until the reaction no longer progressed by TLC (approximately 

four days). The reaction was filtered through celite, concentrated, and purified by flash 

chromatography (20% Et2O/pentane) to yield 180.5 mg (30% yield) of deuterium labelled 

acrylate 67-d1. 

67-d1: 1H NMR (500 MHz, CDCl3) δ 8.53 (s, 1H), 6.13 (d, J = 1.4 Hz, 1H), 3.92 (s, 3H); 

13C NMR (126 MHz, CDCl3) δ 163.5, 155.1 (q, JC-F = 38.2 Hz), 129.4, 115.2 (q, JC-F = 

288.3 Hz), 112.1 (t, JC-D = 26 Hz), 53.47; HRMS (MM) calc’d for C6H5DF3N2O3 [M–H]– 

197.0290, found 197.0295. 
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