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ABSTRACT OF THE DISSERTATION 

 

 

Theoretical Investigations of the Stereoselectivities and Mechanisms of Organic Reactions 

Catalyzed by Vicinal Diamines and Transition Metal Complexes 

 

 

by 

 

 

Adam Simon 

Doctor of Philosophy in Chemistry 

University of California, Los Angeles, 2018 

Professor Kendall N. Houk, Chair 

 

 

 This dissertation describes the elucidation of reaction mechanisms and the sources of 

asymmetric induction in organic reactions with density functional theory. Modern density 

functional theory is used to develop and propose models for the stereoselectivity of complex 

organocatalytic reactions. Computations of reactions catalyzed by vicinal diamines, which involve 

a broad scope of substrates and reactivity, are described in Chapters 1-3. A series of collaborations 

with experimental research groups are elaborated on in Chapters 4-7.  
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 Chapter 1 describes a computational study of aldol reactions catalyzed by the vicinal 

diamine class of organocatalysts. The computations and DFT benchmark of the entire transition 

state landscape of a theoretical model for the simplest aldol reaction catalyzed by ethylene diamine 

were performed. In addition, the first successful experimental report of a vicinal diamine-catalyzed 

aldol reaction was studied computationally. The computations revealed a nine-membered cyclic 

transition state in well-defined conformations of cyclooctane. We identified that the crown (chair-

chair) conformation accounted for the observed stereoselectivity in these aldol reactions. 

 Chapter 2 elaborates on the findings in Chapter 1 of the dissertation by exploring five 

modern and complex examples of aldol chemistry involving elaborate vicinal diamine catalysts by 

density functional theory. The computations revealed the sources of stereoselectivity, reactivity, 

and substituent effects both in catalyst and substrates for aldol reactions catalyzed by vicinal 

diamines. We proposed a stereoselectivity model based on the conformations of cyclooctane that 

serves as a predictive model for further aldol chemistry, as well as for the design of new reactions.  

 Chapter 3 continues the exploration of vicinal diamine catalysis in the realm of Nazarov 

chemistry. Density functional theory was used to determine the mechanism, stereoselectivity, and 

source of product inhibition in Nazarov reactions of ketoenones catalyzed by vicinal diamines. 

The formation of an enamine-iminium ion was determined, and the stereoselectivity was found to 

be caused by the cyclohexane conformation formed in the enamine-iminium complex. The 

dihedral angle of the diamine preferred one helicity of the electrocyclization transition state.  

 Chapter 4 summarizes a collaboration between our group and the research group of Prof. 

Patrick Harran, where they developed new methods to synthesize macrocyclic pyrroloindolines by 

alkylating tryptophan-based oligopeptides. Computations were performed to understand the 

regiodivergent nature of the macrocyclization reactions. We determined that both the endo- and 
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exo-pyrroloindolines form, but the exclusive observation of endo-pyrroloindolines is due to the 

propensity for the exo-intermediates to rapidly rearrange to thermodynamically preferred C2-

linked isomers. 

 In Chapter 5, a collaboration between our group and Prof. Neil Garg’s research group on 

the arylations of chiral enamines with arynes. The Garg lab discovered and developed the synthetic 

methodology for arylating the alpha position of chiral enamines to form stereodefined quaternary 

centers. We performed density functional theory calculations to understand the mechanism and 

source of stereoselectivity in the reaction of benzyne and chiral enamines, as well as predict better-

performing substituents.  

 Chapter 6 describes a collaboration between our group and Prof. Karl Anker Jørgensen’s 

research group in Aarhus, Denmark. The Jørgensen group discovered and developed hetero-[6+4] 

and [6+2] reactions of heteroaromatic compounds to yield highly complex scaffolds from simple 

pyrrole aldehydes and olefins. With density functional theory calculations, we determined the 

nature of the [6+4] and [6+2] reaction mechanisms to be stepwise zwitterionic pathways. The 

enantio-controlling step was identified as the cyclization step. DFT was used to predict better-

performing catalysts for the hetero-[6+2] reaction.  

 In Chapter 7, we describe a collaboration with Prof. Scott Denmark on the Soai reaction. 

Prof. Denmark’s group has discovered a new autocatalytic reaction system where detailed kinetics 

and mechanistic investigations revealed the intricacies of the autocatalytic Soai mechanism. We 

performed density functional theory calculations to probe the transition state model of 

enantioselectivity in the autocatalytic mechanism, and the source of autocatalysis.  
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Chapter 1. Transition States of Vicinal Diamine-Catalyzed Aldol Reactions 

1.1 Abstract 

 The transition states of aldol reactions catalyzed by vicinal diamines are characterized with 

density functional calculations. It was found that a cyclic transition state involving a nine-

membered hydrogen bonded ring is preferred. The crown (chair-chair) conformations of the 

transition state account for the observed stereoselectivity of these reactions. 

1.2 Introduction 

 Vicinal diamines such as 1-5 are effective organocatalysts for aldol reactions (Scheme 

1.1).1-4 The pioneering work by Yamamoto with catalyst 1 was one of the first examples of chiral 

diamines in direct aldol reactions.5 Luo followed this with the first effective chiral primary-tertiary 

diamine catalyst 2.6 Zhang computationally investigated the stereoselectivity of aldol reactions 

with diamine 2.7 The origins of stereoselectivities in these reactions were explained by ad hoc 

models with steric clashes between the substrate and the catalyst moieties. The nature of the 

transition states in these reactions, and their role in determining stereocontrol have received little 

attention. 

Scheme 1.1. Example Diamines in Aldol Catalysis 
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 We recently studied the origins of enantiocontrol in the organocatalyzed fluorination8,9 and 

an intramolecular aldol condensation,10,11 both catalyzed by cinchona alkaloid-derived primary 

amines that contain a chiral vicinal diamine. We showed that these reactions proceed through 

cyclic transition states with well-defined conformations. We have now investigated the origins of 

stereoselectivity in intermolecular aldol reactions catalyzed by vicinal diamines. Here, we propose 

cyclic transition structures for these reactions, and show how their conformational preferences 

underlie the high levels of stereoselectivity in a manner that is reminiscent of the seminal 

Zimmerman–Traxler model.12  

 The model by Zimmerman and Traxler was a breakthrough in the understanding of 

stereocontrol in aldol additions. The stereochemical outcomes of metal-catalyzed aldol reactions 

are governed by the conformation of a six-membered cyclic transition state (Figure 1.1A).12,13 The 

conformational preference of cyclic transition states has since then been the basis of stereocontrol 

in a wide variety of asymmetric reactions. In the Houk–List model for proline-catalyzed aldol 

reactions, the stereochemistry-determining C–C bond-forming step involves a partial 

Zimmerman–Traxler-like transition state acquiring a chair configuration of the enamine and the 

electrophilic carbonyl group (Figure 1.1B).14 The intramolecular fluorine transfer in Figure 1.1C 
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acquires a chair conformation of the seven-membered stereocontrolling cyclic transition state.8 

The transition state models summarized in Figure 1 highlight the chair transition states of these 

asymmetric reactions. 

 

Figure 1.1. Example of the Zimmerman-Traxler model (A), the Houk-List model with L-proline 

(B), and the Lam-Houk model with cinchona alkaloid-primary amine (C). 

 

 We first explored the simplest possible example of aldol transition states for the aldol 

reaction acetaldehyde and formaldehyde catalyzed by ethylenediamine, the parent vicinal diamine 

(Scheme 1.2). We also studied the experimental system of acetone and p-nitrobenzaldehyde 

catalyzed by diamine 1.  

Scheme 1.2. Model Aldol Reaction and Yamamoto’s Reported Aldol Addition Catalyzed by L-

Proline Derived Catalyst. 

Houk-List Model

Lam-Houk Model

Zimmerman-Traxler Model

A

B

C
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1.3 Computational Methods  

 Conformational searches were performed with OPLS-2005 force-fields in 

Maestro/Macromodel.15 Quantum chemical calculations were performed using Gaussian 09.16 

Geometry optimizations and frequency calculations were performed at the B3LYP/6-31G(d) level 

of theory.17 Single-point energies of the aldol transition structures were also calculated using 

B3LYP,17 ωB97X-D,18 and M06-2X19 with the def2-TZVPP20 basis set in conjunction with the 

IEF-PCM21 solvation model for the experimental system. The M06-2X/def2-TZVPP//B3LYP/6-

31G(d) level of theory, including IEF-PCM (acetone) for the experimentally used solvent, has been 

shown to efficiently yield accurate energies for stereoisomeric transition states in organocatalytic 

systems,22 and the results using this method are presented in the main text. All other DFT methods 

yielded the same trends and magnitudes in the relative free energies of activation (∆∆G‡) of the 

stereoisomeric transition structures.  

1.4 Results and Discussion 

 The four lowest-energy transition structures for the aldol reaction of formaldehyde and 

acetaldehyde catalyzed by protonated ethylenediamine are shown in Figure 1.2. These four are 

H H
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(+)-gauche diamines. There are four enantiomeric structures with (-)-gauche diamine conformers 

as well.  

 

Figure 1.2. Lowest-energy transition structures TS-1a–d for the aldol addition of formaldehyde 

and the enamine formed by (+)-gauche ethylenediamine and acetaldehyde (M06-2X/def2-

TZVPP//B3LYP/6-31G(d)). The free energies of activation (∆∆G‡), relative to TS-1a, are reported 

in kcal/mol. 

 

 The cyclic transition structures are highlighted in yellow. As in the intramolecular aldol 

study,10 the eight heavy atoms of the aldol transition state resemble low-energy conformers of 

cyclooctane.23 TS-1a is the crown conformation (chair-chair) and is the lowest-energy transition 

structure. TS-1b is the chair-boat and is higher in energy than TS-1a by only 0.6 kcal/mol. TS-1a 
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and TS-1b both acquire Zimmerman-Traxler chair conformations,12 but TS-1b is a boat on the 

catalyst side. The dihedral angle of the N-C3-C4-N bond is 58º for TS-1a and 55º for TS-1b, 

corresponding to a favorable conformation of the catalyst. The minor difference in energy between 

the two transition structures arises from an eclipsed H-H interaction in TS-1b between the N–H of 

the enamine and the axial C–H of C3. Both TS-1a and TS-1b have s-trans configurations of the 

enamine and staggered approaches along the forming C–C bond. 

 TS-1c is in a boat-chair conformation and is 2.6 kcal/mol higher in energy than TS-1a. TS-

1d is in a boat-boat conformation and is 3.3 kcal/mol higher in energy compared to TS-1a. Both 

transition structures have s-cis configurations of the enamine and are higher in energy than the s-

trans transition structures, in agreement with the Houk-List model.14 The destabilization of both 

TS-1c and TS-1d is due to eclipsing about the forming C–C bond, a type of torsional steering.24 

The presence of 1,2-allylic strain of the enamine NH and vinyl hydrogen of C2 also contributes to 

their higher energies. Additionally, the dihedral angle of the N-C3-C4-N bond is 75° for TS-1c 

and 46° for TS-1d. Both transition structures have boat conformations at the forming C–C bond 

and are higher in energy compared to the chairs (TS-1a and TS-1b), as in the Zimmerman-Traxler 

model.12 In addition to these four transition structures, four higher-energy conformations were 

located. 

 These results show that there are strongly preferred crown (chair-chair) and chair-boat 

conformations. For the experimental catalysts 1-5 the (+)- or (-)-gauche preference is determined 

by the chirality of the catalyst, which excludes the possibility of enantiomeric conformations. We 

explored if the conformational preferences observed in the model system are maintained in more 

substituted systems with catalyst 1.   
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 We studied the Yamamoto catalyst 1 that attained reasonable stereoselectivity in an 

intermolecular aldol addition of p-nitrobenzaldehyde and acetone (Scheme 1.2). Enantioselectivity 

in this reaction is 88% ee, which corresponds to a difference in activation free energies (∆∆G‡) of 

1.6 kcal/mol. The two lowest-energy transition structures leading to the major (TS-2a) and minor 

(TS-2b) products are illustrated in Figure 1.3. TS-2a and TS-2b have (+)-gauche conformations 

of the catalyst and are both crown conformations. They differ in the facial selectivity of the 

aldehyde; TS-2a has an equatorial aryl group, and TS-2b has an axial aryl group. The geometry 

of the enamine-catalyst is very similar in both transition structures. Thus the enantioselectivity 

arises from the equatorial versus axial position of the aldehyde substituent on a cyclic transition 

state in the crown conformation. 

 

Figure 1.3. Lowest-energy transition structures TS-2a and TS-2b for the aldol addition of p-

nitrobenzaldehyde and the enamine formed by catalyst 1 and acetone (M06-2X/def2-TZVPP–IEF-

PCM(acetone)//B3LYP/6-31G(d)–IEF-PCM(acetone)). The free energies of activation (∆∆G‡), 

relative to TS-2a, are reported in kcal/mol. 
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 In addition to TS-2a and TS-2b, 7 stereoisomeric transition structures TS-2c–i were 

located (Figure 1.4). TS-2c, TS-2e, and TS-2g lead to the major (R) enantiomer, while TS-2d, TS-

2f, TS-2h, and TS-2i lead to the minor (S) enantiomer. TS-2c, TS-2f, and TS-2g have (-)-gauche 

conformations at the NCCN bond of the diamine, and the pyrrolidine rings are axial relative to the 

cyclic aldol transition state. TS-2d, TS-2f, TS-2g, and TS-2h are destabilized due to eclipsed 

forming C–C bonds. TS-2e is higher in energy than TS-2a by 2.1 kcal/mol and is in the boat-chair 

conformation that is destabilized by a slightly eclipsed forming C–C bond and a wide 79° NCCN 

dihedral angle of the catalyst. TS-2i, a chair-boat but with a highly distorted pyrrolidine ring, is 

10.4 kcal/mol higher in energy. 
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Figure 1.4. Transition structures TS-2c–i for the aldol reaction of p-nitrobenzaldehyde and the 

enamine formed by catalyst 1 and acetone (M06-2X/def2-TZVPP–IEF-PCM(acetone)//B3LYP/6-

31G(d)–IEF-PCM(acetone)). Stereoisomeric transition structures that lead to the major (R) 

product are on the left side of the figure. Stereoisomeric transition structures that lead to the minor 

(S) product are on the right side of the figure. The relative free energies of activation compared 

with TS-2a are reported in kcal/mol.  

 

 We have found that the lowest-energy transition structures, i.e. the crown (chair-chair) 

conformations, acquire matching (+)-gauche conformations at both the forming C–C bond and the 

NCCN bond of the catalyst. The catalyst is able to occupy both (+)- and (-)-gauche conformations 

at the NCCN bond, however the (+)-gauche conformations were found to be more stable in this 

case because the (-)-gauche conformer has an axial pyrrolidine ring. The transition structures with 

mismatching (+)- and (-)-gauche conformations are higher in energy. The model system is quite 

transferable to the experimental system. The RMSD between the skeleton of the crown in the 

model and experimental system was 0.13 Å.  

1.5 Conclusions 

 The stereoselectivity of intermolecular aldol additions catalyzed by vicinal diamines can 

be explained by the model in Scheme 1.3. The hydrogen-bonded transition state prefers a crown 

conformation, although the chair-boat is only slightly higher in energy. Both the crown and the 

chair-boat contain a chair arrangement of the enamine and carbonyl atoms that is consistent with 

the Zimmerman-Traxler model. These preferences are found in the model system, and are 

amplified in substituted systems with additional steric interactions. In the intramolecular aldol 

condensation10 we found that the stereocontrolling transition structure was the boat-chair. In that 
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case, the presence of a tether between the enamine and carbonyl affected the approaching C–C 

bond configurations, which led to the boat-chair acquiring a more favorable staggered 

conformation.  

Scheme 1.3. Stereoselectivity Model for Vicinal Diamine-Catalyzed Aldol Reactions. 

 

1.6 References 

(1) Li, J.; Fu, N.; Li, X.; Luo, S.; Cheng, J.-P. J. Org. Chem. 2010, 75, 4501–4507. 

(2) Chen, L.; Luo, S.; Li, J.; Li, X.; Cheng, J.-P. Org. Biomol. Chem. 2010, 8, 2627–2632. 

(3) Gao, J.; Bai, S.; Gao, Q.; Liu, Y.; Yang, Q. Chem. Commun. 2011, 47, 6716–6718. 

(4) Kumar, A.; Singh, S.; Kumar, V.; Chimni, S. S. Org. Biomol. Chem. 2011, 9, 2731–2742. 

(5) Nakadai, M.; Saito, S.; Yamamoto, H. Tetrahedron 2002, 58, 8167–8177. 

(6) (a) Luo, S.; Xu, H.; Li, J.; Zhang, L. A.; Cheng, J.-P. J. Am. Chem. Soc. 2007, 129, 3074–

3075. (b)  Zhang, L.; Fu, N.; Luo, S. Acc. Chem. Res. 2015, 48, 986−997.  

(7) Sun, X.; Zhu, R.; Gao, J.; Zhang, D.; Feng, D. J. Phys. Chem. A. 2012, 116, 7082–7088. 

(8) Lam, Y.-h.; Houk, K. N. J. Am. Chem. Soc. 2014, 136, 9556–9559. 

(9) Kwiatkowski, P.; Beeson, T. D.; Conrad, J. C.; MacMillan, D. W. C. J. Am. Chem. Soc. 

2011, 133, 1738–1741. 

(10) Lam, Y.-h.; Houk, K. N. J. Am. Chem. Soc. 2015, 137, 2116–2127. 

(11) Zhou, J.; Wakchaure, V.; Kraft, P.; List, B. Angew. Chem. Int. Ed. 2008, 47, 7656–7658. 



 12 

(12) Zimmerman, H. E.; Traxler, M. D. J. Am. Chem. Soc. 1957, 79, 1920–1923. 

(13) Li, Y.; Paddon-Row, M. N.; Houk, K. N. J. Am. Chem. Soc. 1988, 110, 3684–3686. 

(14) Bahmanyar, S.; Houk, K. N.; Martin, H. J.; List, B. J. Am. Chem. Soc. 2003, 125, 2475–

2479. 

(15) (a) Banks, J.L.; Beard, H.S.; Cao, Y.; Cho, A.E.; Damm, W.; Farid, R.; Felts, A.K.; Halgren, 

T.A.; Mainz, D.T.; Maple, J.R.; Murphy, R.; Philipp, D.M.; Repasky, M.P.; Zhang, L.Y.; Berne, 

B.J.; Friesner, R.A.; Gallicchio, E.; Levy. R.M. J. Comp. Chem. 2005, 26, 1752. (b) Schrödinger 

Release 2015-3: MacroModel, version 10.9, Schrödinger, LLC, New York, NY, 2015. 

(16) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. A.; Cheeseman, J. 

R.; Scalmani, G.; Barone, V.; Mennucci, B.; Petersson, G. A.; Nakatsuji, H.; Caricato, M.; Li, X.; 

Hratchian, H. P.; Izmaylov, A. F.; Bloino, J.; Zheng, G.; Sonnenberg, J. L.; Hada, M.; Ehara, M.; 

Toyota, K.; Fukuda, R.; Hasegawa, J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; 

Vreven, T.; Montgomery, J. A., Jr.; Peralta, J. E.; Ogliaro, F.; Bearpark, M.; Heyd, J. J.; Brothers, 

E.; Kudin, K. N.; Staroverov, V. N.; Keith, T.; Kobayashi, R.; Normand, J.; Raghavachari, K.; 

Rendell, A.; Burant, J. C.; Iyengar, S. S.; Tomasi, J.; Cossi, M.; Rega, N.; Millam, J. M.; Klene, 

M.; Knox, J. E.; Cross, J. B.; Bakken, V.; Adamo, C.; Jaramillo, J.; Gomperts, R.; Stratmann, R. 

E.; Yazyev, O.; Austin, A. J.; Cammi, R.; Pomelli, C.; Ochterski, J. W.; Martin, R. L.; Morokuma, 

K.; Zakrzewski, V. G.; Voth, G. A.; Salvador, P.; Dannenberg, J. J.; Dapprich, S.; Daniels, A. D.; 

Farkas, O.; Foresman, J. B.; Ortiz, J. V.; Cioslowski, J.; Fox, D. J. Gaussian 09, Rev. D.01; 

Gaussian, Inc.: Wallingford, CT, 2013. 

(17) (a) Becke, A. D. J. Chem. Phys. 1993, 98, 5648. (b) Lee, C.; Yang, W.; Parr, R. G. Phys. 

Rev. B 1988, 37, 785. (c) Vosko, S. H.; Wilk, L.; Nusair, M. Can. J. Phys. 1980, 58, 1200. (d) 

Stephens, P. J.; Devlin, F. J.; Chabalowski, C. F.; Frisch, M. J. J. Phys. Chem. 1994, 98, 11623.  



 13 

(18) Chai, J.-D.; Head-Gordon, M. Phys. Chem. Chem. Phys. 2008, 10, 6615.  

(19) Zhao, Y.; Truhlar, D. Theor. Chem. Acc. 2008, 120, 215.  

(20) Weigend, F.; Ahlrichs, R. Phys. Chem. Chem. Phys. 2005, 7, 3297.  

(21) Tomasi, J.; Mennucci, B.; Cammi, R. Chem. Rev. 2005, 105, 2999.  

(22) Simoń, L.; Goodman, J. M. Org. Biomol. Chem. 2011, 9, 689− 700. 

(23) Wiberg, K. B. J. Org. Chem. 2003, 68, 9322−9329. 

(24) Wang, H.; Houk, K. N. Chem. Sci. 2014, 5, 462-470. 

 

  



 14 

Chapter 2. Origins of Stereoselectivity of Chiral Vicinal Diamine-Catalyzed Aldol Reaction 

2.1 Abstract 

 The sources of asymmetric induction in aldol reactions catalyzed by cinchona alkaloid-

derived amines, and chiral vicinal diamines in general, have been determined by density functional 

theory calculations. Four vicinal diamine-catalyzed aldol reactions were examined. The cyclic 

transition states of these reactions involve nine-membered hydrogen-bonded rings in distinct 

conformations. Using nomenclature from eight-membered cycloalkanes, the heavy atoms of the 

low-energy transition states are in crown (chair-chair) and chair-boat conformations. The factors 

that control which of these are favored have been identified. 

2.2 Introduction 

 The functionalization of carbonyl compounds by asymmetric aminocatalysis has proven to 

have considerable synthetic utility.1 Proline and its derivatives are widely used chiral amines for 

enantioselective reactions.2 The collaborations of experimentalists and computational chemists 

have revealed the mechanistic intricacies of asymmetric aldol reactions catalyzed by proline.3 

Vicinal diamines are another general class of related catalysts and are alternatives to proline.4 

 Both vicinal diamines and proline rely on enamine and iminium chemistry. Proline has a 

carboxylic acid while one of the amines of a diamine can be protonated and function as a general 

acid. These catalysts vary from simple 1,2-diaminocyclohexanes (3) to more complex cinchona 

alkaloid-derived amines 1 and 2 (Scheme 2.1). The vicinal diamines, 3 and 4, are important 

catalysts for aldol reactions. A summary of aldol reactions involving chiral vicinal diamine 

catalysts is shown in Scheme 2. Yamamoto, using diamine 4, reported one of the first examples of 

vicinal diamine-catalyzed aldol reactions (Scheme 2.2, eq. 1).4 They used acetone, as well as cyclic 

ketones, with p-nitrobenzaldehyde as the aldol acceptor and reported good to excellent 
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enantioselectivity. Luo reported a successful and robust series of aldol reactions catalyzed by 3 

(Scheme 2.2, eq. 2).5 Catalyst 3 works with linear aliphatic ketone donors with excellent 

stereocontrol, and gives unprecedented syn diastereoselectivity for ethyl ketones.5  

Scheme 2.1. Examples of Vicinal Diamines 

 

 The cinchona alkaloid-derived primary amine catalysts 1 and 2 are pseudoenantiomers 

because the important stereogenic centers at C8 and C9 are inverted. These cinchona alkaloid-

derived primary amines have been studied spectroscopically and computationally.6-8 While 1 and 

2 are conformationally flexible, both the ground state and transition states of the reactions that they 

catalyze have a common conformational preference.7-9 

 The use of cinchona-derived amine catalysts both complemented and expanded the 

synthetic utility of chiral pyrrolidine-based secondary amines in aldol chemistry.10-13 Cinchona 

alkaloid-derived primary amines are advantageous over secondary amine catalysts for reactions 

involving sterically demanding functional groups.14 The first example of asymmetric 
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intermolecular aldol reactions catalyzed by cinchonine- and cinchonidine-based primary amines 

(1 and 2a) was reported in 2007 (Scheme 2.2, eq. 3).10 Later, these catalysts, including quinine-

derived primary amines (2b), were shown to perform well with more complex substrates, which 

sometimes reacted overly slow with secondary amine-based catalysts (Scheme 2.2, eq. 4-5).12,13  

Scheme 2.2. Examples of Aldol Reactions Catalyzed by Chiral Vicinal Diamines 
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 The sources of asymmetric induction in the reactions by Liu,10 Chimni,13 and Zhao12 

(Scheme 2.2, eq. 3-5) are not well known, and they have mostly been explained by ad hoc models 

in the original reports. The origins of asymmetric induction of vicinal diamine-catalyzed aldol 

reactions were only recently explored by our group9,15 and the Zhang group.16 Our efforts have 

shown that the stereoselectivities of intra- and intermolecular aldol reactions are determined by 

favored conformations of cyclic transition states.9,15 

 We now present quantum chemical calculations of transition states for the more complex 

examples of these reactions reported by Liu,10 Chimni,13 and Zhao12 in Scheme 2.2. The privileged 

cinchona alkaloid-derived primary amines are examined with classical substrates, i.e. 

cyclohexanone and p-nitrobenzaldehyde, and pharmaceutically-relevant isatin-based substrates. 

Additionally, we revisit computations by the Zhang group16 for the sources of stereoselectivity in 

the aldol reactions reported by Luo (Scheme 2.2, eq. 2).5 A general method to explain the source 

of asymmetric induction in vicinal diamine-catalyzed reactions is proposed. 

2.3 Computational Methods 

 All quantum chemical calculations were performed with Gaussian 09.17 Geometry 

optimizations and frequencies were calculated with the B3LYP18 density functional with the 6-

31G(d) basis set in conjunction with the IEF-PCM implicit solvation model.19 Optimized 

geometries were verified by frequency calculations as minima (zero imaginary frequencies) or 

transition structures (a single imaginary frequency). Free energy corrections were calculated using 

Truhlar’s quasiharmonic approximation.20 Single point energy calculations were performed on 

optimized geometries with the M06-2X21 density functional and def2-TZVPP22 basis set with the 

IEF-PCM model for the experimental solvent reported. The thermal corrections evaluated from 

the unscaled vibrational frequencies at the B3LYP/6-31G(d)–IEF-PCM level on the optimized 
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geometries were then added to the M06-2X/def2-TZVPP–IEF-PCM electronic energies to obtain 

the free energies. We previously tested how several density functionals perform with the model 

system15 and found that the M06-2X/def2-TZVPP–IEF-PCM//B3LYP/6-31G(d)–IEF-PCM 

provided accurate energies while being relatively efficient in terms of computational times.23 

B3LYP/6-31G(d) provides appropriate geometry structures, but dispersion-inclusive methods with 

larger basis sets are required for accurate energies.9a 

 Monte Carlo conformational searches were performed on the enamines formed by the 

protonated catalysts and aldol donors in the presence of the aldol acceptors to identify reactive 

conformations with the OPLS_2005 force field24 in Maestro/Macromodel.25 Reactive 

conformations with the distance between the bond-forming atoms shorter than 4.0 Å were used as 

input geometries for transition structure optimizations. Structure graphics were generated using 

CYLView.26 

2.4 Results and Discussion 

 We previously studied the origins of stereoselectivity in intramolecular aldol condensations 

catalyzed by cinchona alkaloid-derived primary amine 2b.9a,11,27 The stereochemistry-determining 

transition structures by Lam and Houk are shown in Scheme 2.3. These reactions proceed through 

a nine-membered hydrogen bonded cyclic transition state, where the eight heavy atoms adopt 

conformations that resemble low-energy conformations of cyclooctane.28 The lowest-energy 

transition structure adopts the boat-chair conformation, and leads to the major enantiomer. The 

minor product was predicted to form via the cyclic transition structure in the crown conformation.  

Scheme 2.3. Stereo-Determining Transition Structures by Lam and Houk9a 
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 The transition states of intermolecular aldol reactions catalyzed by the parent vicinal 

diamine were also reported in an earlier communication.15 The prototypical vicinal diamine-

catalyzed aldol transition structures (Scheme 2.4) display well-defined conformations, with a 

preference for the crown conformation. Chair conformations about the forming C–C bonds were 

found in the low-energy crown and chair-boat conformations. The s-trans enamines (crown and 

chair-boat) were found to be preferred over s-cis enamines (boat-chair and boat-boat). We also 

explained Yamamoto’s vicinal diamine-catalyzed aldol reaction shown in Scheme 2.5.4 The crown 

with an equatorial aryl substituent formed the observed major product, while the crown with an 

axial aryl substituent formed the minor enantiomeric product, reminiscent of the Zimmerman-

Traxler model.29 

Scheme 2.4. Prototypical Vicinal-Diamine Catalyzed Aldol Transition Structures15 
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Scheme 2.5. Stereo-Determining Transition Structures for Yamamoto’s Aldol Reaction15 

 

 In 2007, Liu reported that the aldol reactions of cyclohexanones and substituted 

benzaldehydes were effectively catalyzed by the cinchona alkaloid-derived vicinal diamine 1 
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(Scheme 2.6).10 They observed 99% ee, with a diastereomeric ratio of 9.2:1 for the example in 

Scheme 2.6. This corresponds to a difference in free energies of activation (∆∆G‡) of ≥2.9 kcal/mol 

for enantioselectivity and 1.2 kcal/mol for diastereoselectivity.  

Scheme 2.6. Example Aldol Reaction Reported by Liu 

 

 

 Four transition structures for the aldol reaction of p-nitrobenzaldehyde and the enamine 

formed by 1 and cyclohexanone were located (Figure 2.1). As reported earlier,15 the transition 

structures are nine-membered hydrogen-bonded rings that have heavy atoms resembling 

conformations of cyclooctane.28 The quinoline ring is equatorial in the favored transition structures.  

 TS-1a leads to the major (R,S) anti-product and is the lowest-energy transition structure. 

The (R,R) syn-diastereomer is formed from TS-1b and is higher in energy by 1.6 kcal/mol 

compared with TS-1a. Both TS-1a and TS-1b are crown conformations, have staggered 

conformations about the forming C–C bond, and have s-trans enamine conformations of the 

catalyst. These two transition structures differ by the equatorial and axial nature of the p-

nitrobenzaldehyde group. TS-1c also leads to a syn-diastereomer, but with the (S,S) absolute 

configuration. This transition structure is higher in energy by 2.8 kcal/mol. TS-1c is in a boat-chair 

conformation, and contains a steric interaction between the s-cis enamine and the quinoline ring 
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of the catalyst. The proximal H•••H interaction is at 2.73 Å. The forming C–C bond is rather 

eclipsed with a dihedral angle of 36° at the OC–CC bond. The absolute configuration of the minor 

diastereomer has not been reported,10 but we predict that the (R,R) syn-product is preferred via TS-

1b, in close agreement with experimental diastereoselectivity.  

 

Figure 2.1. Lowest-energy transition structures TS-1a–d for the aldol addition of p-

nitrobenzaldehyde and the enamine formed by 1 and cyclohexanone (M06-2X/def2-TZVPP–IEF-

PCM//B3LYP/6-31G(d)–IEF-PCM (cyclohexanone)). The free energies of activation (∆∆G‡), 

relative to TS-1a, are reported in kcal/mol. 
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 The minor (S,R) enantiomer is formed by TS-1d, which is higher in energy than TS-1a by 

2.8 kcal/mol, also in close agreement with experimental enantioselectivity. TS-1d is in the chair-

boat conformation, which has a staggered arrangement at the forming C–C bond between the s-

trans enamine and electrophilic carbonyl carbon. TS-1d contains steric interactions between the 

axial alkyl group of the enamine and the quinoline ring of the catalyst. These H•••H interactions 

in the chair-boat are 2.44 and 2.53 Å. Thus, the destabilization of the chair-boat results from steric 

repulsions between the axial methylene of the cyclohexanone and the quinoline ring of the catalyst. 

 We also studied the aldol reactions reported by Chimni13 and Zhao12 to explore how 

complex substrates affected the conformational preferences of the aldol transition state (Scheme 

2.7). Catalysts 2a and 2b possess the same absolute configuration at C8 and C9, yet the senses of 

stereoselectivity of the two reactions are opposite. The (R) product reported by Chimni is formed 

from the addition to the Si face of isatin by the enamine derived from 2a and pyruvic aldehyde 

dimethyl acetal in 92% ee (∆∆G‡ = 1.9 kcal/mol). The reaction reported by Zhao, however, yields 

the (S) product requiring Re selectivity at the isatin by the enamine derived from 2b and 

acetaldehyde also in 92% ee (∆∆G‡ = 1.8 kcal/mol). 

Scheme 2.7. Aldol Reactions Reported by Chimni and Zhao 
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 For Chimni’s aldol reaction (Scheme 2.7, eq. 1), the two lowest-energy stereocontrolling 

transition structures are shown in Figure 2.2. TS-2a leads to the major (R) product and is the 

lowest-energy transition structure. The minor (S) enantiomer forms from TS-2b. The difference in 

free energy of activation (∆∆G‡) between TS-2a and TS-2b is 3.6 kcal/mol, which overestimates 

the reported enantioselectivity.  

 TS-2a and TS-2b have similar conformations at the cinchona alkaloid-derived primary 

amine catalyst. Both enamines are s-trans and the quinoline rings are equatorial. The chair-boat is 

destabilized by a steric clash between the axial dimethoxymethyl group of the enamine and 

quinoline ring of the catalyst. The major H•••H interactions are 2.50 and 2.40 Å between the axial 

CH of the enamine, quinoline ring, and C8-H of the catalyst. 
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Figure 2.2. Lowest-energy transition structures TS-2a and TS-2b for the aldol addition of isatin 

and the enamine formed by 2a and pyruvic aldehyde dimethyl acetal (M06-2X/def2-TZVPP–IEF-

PCM//B3LYP/6-31G(d)–IEF-PCM (1,4-dioxane)). The free energies of activation (∆∆G‡), 

relative to TS-2a, are reported in kcal/mol. The two lowest-energy transition structures for Zhao’s 

aldol reaction (Scheme 2.7, eq. 2) are shown in Figure 2.3. TS-3a, the favored transition structure, 

is in the chair-boat conformation, with an s-trans enamine and equatorial quinoline ring. With an 

aldehyde aldol donor, there is no steric interaction between the axial substituent of the enamine 

and quinoline ring in the chair-boat. TS-3b is in the crown conformation with both an s-trans 

enamine and equatorial quinoline ring. We found that the distances between the amide carbonyl 

oxygen and the polarized CH's adjacent to the protonated quinuclidinium nitrogen are quite close 

in both TS-3a and TS-3b. 

TS-2a 
crown
∆∆G‡ = 0

TS-2b 
chair-boat
∆∆G‡ = 3.6
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Figure 2.3. Lowest-energy transition structures TS-3a and TS-3b for the aldol addition of isatin 

and the enamine formed by 2b and acetaldehyde (M06-2X/def2-TZVPP–IEF-PCM//B3LYP/6-

31G(d)–IEF-PCM (THF)). The free energies of activation (∆∆G‡), relative to TS-3a, are reported 

in kcal/mol. 

 

 In TS-3a there are two +NCH•••O𝛿- interactions at 2.57 and 2.32 Å. In the crown, TS-3b, 

these are further apart at 2.74 and 2.67 Å. Thus, there are hydrogen-bonding interactions between 

the amide carbonyl oxygen and the polarized alkyl groups adjacent to the quinuclidinium nitrogen, 

which are stronger in the chair-boat conformation. Electrostatic +NCH•••O𝛿- interactions are also 

present in the Houk-List model for proline-catalyzed aldol additions.3a 
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 To test the importance of this electrostatic interaction, we computed a model of the reaction, 

where the amide functional group in the aldol transition structures TS-4a and TS-4b is replaced 

with methylene groups. The crown and chair-boat conformations with the model reactant are 

shown in Figure 2.4. TS-4a, the chair-boat, is higher in energy than TS-4b, the crown, by 1.1 

kcal/mol. Thus, hydrogen bonding between the amide carbonyl oxygen and polarized alkyl groups 

overcome the intrinsic conformational preferences of the aldol transition state in Zhao’s aldol 

reaction with aldehyde aldol donors. These results explain the difference in facial selectivities of 

the enamine additions to isatin in the reactions reported by Chimni13 and Zhao.12 

 

Figure 2.4. Model aldol system where the amide functional group of isatin was replaced with 

methylenes. The transition structures TS-4a and TS-4b are modified structures from TS-3a and 

TS-4a
chair-boat
∆∆G‡ = 1.1

TS-4b
crown
∆∆G‡ = 0
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TS-3b, which were calculated at the M06-2X/def2-TZVPP–IEF-PCM//B3LYP/6-31G(d)–IEF-

PCM (THF) level of theory. The free energies of activation (∆∆G‡), relative to TS-4b, are reported 

in kcal/mol. 

 

 Luo reported a robust methodology for bimolecular aldol reactions catalyzed by the vicinal 

diamine 3.5a One example, similar to the reaction reported by Liu10 in the same year, is the aldol 

addition of p-nitrobenzaldehyde and cyclohexanone catalyzed by 3 (Scheme 2.8). The reaction 

achieved 98% ee with 9:1 dr, corresponding to difference in free energies of activation of 2.7 

kcal/mol and 1.2 kcal/mol, respectively. 

 

Scheme 2.8. Example Aldol Reaction Reported by Luo 

 

 In 2012, the Zhang group reported computational studies of three aldol reactions reported 

by Luo, including the reaction in Scheme 2.8.16 They calculated the transition structures for the 

reactions at the B3LYP/6-311+G(d,p)//B3LYP/6-31G(d) level of theory and explained the 

reported enantioselectivities and diastereoselectivities. Their chemical analysis involves the 

conformations of the enamines and using Newman projections down the forming C–C bond, 

reminiscent of the Houk-List model. The differences in energy between the stereoisomeric 
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transition structures were rationalized by the degree of planarity of the enamine and dihedral angle 

of the forming C–C bonds. The model proposed by the Zhang group illustrates the conformations 

of the enamine and aldol acceptor, but ignores conformations of the catalyst.  

 We recalculated their transition structures at the M06-2X/def2-TZVPP–IEF-

PCM//B3LYP-6-31G(d)–IEF-PCM (cyclohexanone) level of theory. The four lowest-energy 

transition structures are shown in Figure 2.5. TS-5a, TS-5c, and TS-5d are consistent with the 

transition structures reported by Zhang. However, we located a new low-energy stereoisomer, TS-

5b. TS-5a leads to the major (R,S) anti-product and is the lowest-energy transition structure. TS-

5b leads to the (R,R) syn-diastereomer and is higher in energy by 1.5 kcal/mol compared with TS-

5a, in close agreement with the experimental diastereoselectivity. TS-5c leads to the (S,S) syn-

diastereomer and is higher in energy by 3.6 kcal/mol. TS-5d, which forms the minor (S,R) 

stereoisomer, is higher in energy by 4.2 kcal/mol. The energy difference between TS-5a and TS-

5d reproduces the enantioselectivity found by Zhang. 

 We found that the transition structures again have heavy atoms arranged in conformations 

resembling those of cyclooctane,28 and are analogous to the results of the cinchona alkaloid-

catalyzed reaction of cyclohexanone and p-nitrobenzaldehyde in their relative trend of energies 

(Figure 2.1). The lowest-energy transition structure, TS-5a, is in the crown conformation. TS-5b 

is also in a crown conformation but has an axial aryl group of the aldehyde. TS-5c is in the boat-

chair conformation, and is destabilized due to an eclipsed forming C–C bond and steric interactions 

between the enamine and catalyst. TS-5d is in the chair-boat conformation. Both TS-5a and TS-

5d contain staggered chair conformations at the forming C–C bond and have enamines in s-trans 

conformations. The source of destabilization of TS-5d is due to the steric H•••H interactions 

between the axial methylene of cyclohexanone and the catalyst. Shown in Figure 2.5, the H•••H 
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distances are 1.95 and 2.38 Å, which are not present in TS-5a because the axial methylene is 

distant from the cyclohexyl portion of the catalyst.  

 

 

Figure 2.5. Lowest-energy transition structures TS-5a–d for the aldol addition of p-

nitrobenzaldehyde and the enamine formed by 3 and cyclohexanone (M06-2X/def2-TZVPP–IEF-

PCM//B3LYP/6-31G(d)–IEF-PCM (cyclohexanone)). The free energies of activation (∆∆G‡), 

relative to TS-5a, are reported in kcal/mol. 
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 In the studies of Yamamoto’s catalyst,15 we found that the lowest-energy transition 

structure, i.e. the crown, acquired (+)-gauche conformations about both the forming C–C bond and 

the NCCN dihedral of the catalyst. In contrast, the higher-energy transition structures were in 

various combinations of (+)- and (-)-gauche conformations about these two bonds.  

 The lowest-energy transition structures for the Chimni, Liu, and Luo reactions either have 

matching (+)- or (-)-gauche conformations at both the forming C–C bonds and NCCN dihedrals. 

In these systems, the NCCN dihedral of the catalyst is fixed either due to rigidity (1,2-

diaminocyclohexane) or conformational preference (cinchona alkaloid-derived primary amines). 

When the diamine is (+)-gauche, then the major product has a (+)-gauche arrangement about the 

forming bond. These results are summarized in Scheme 2.9. The NCCN dihedral of the vicinal 

diamines is a predictable measure for the gauche conformation about the forming C–C bond in the 

crown conformation. 

2.5 Conclusions 

 Cyclic transition structures are preferred for vicinal-diamine catalyzed aldol reactions. The 

crown conformer is consistently the lowest-energy transition structure in bimolecular systems, 

unless secondary interactions destabilize the crown or stabilize the chair-boat (e.g. Figure 2.3). 

The crown has trans-enamine and staggered chair arrangements of both the forming bond and 

catalyst. The gauche conformations about the NCCN bond and forming C–C bond of the catalyst 

are both (+) or (-) for the crown conformations. We have found this to be the case in five examples 

(Scheme 9). In addition, we have predicted the preferences of the minor enantiomer, being either 

a chair-boat or crown with an axial substituent depending on the system. Diastereoselectivity relies 

on the difference in energy between the two crown conformations, analogous to the Zimmerman-
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Traxler model.29 In intramolecular aldol reactions, the boat-chair conformation is preferred 

(Scheme 2.9).9a 

Scheme 2.9. Summary of Results 
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 The model proposed here explains the source of asymmetric induction for aldol reactions 

catalyzed by both simple and complex vicinal diamines. The general features of this system have 

been invoked to explain other vicinal diamine-catalyzed reactions.30 The predictability and 

reliability of these mechanistic insights should assist in the rational design of vicinal diamine-

catalyzed reactions of aldol, Mannich, and other carbonyl functionalizing reactions. 
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Chapter 3. Origins of Stereoselectivity of Enamine-Iminium Activated Nazarov 

Cyclizations by Vicinal Diamines 

3.1 Abstract 

 The mechanism and sources of asymmetric induction in Nazarov reactions reported by Tius 

and coworkers have been determined with quantum chemical calculations. A chiral vicinal diamine 

forms an enamine-iminium adduct with α-ketoenones, and this undergoes a cationic conrotatory 

electrocyclization. The chiral diamine imparts stereocontrol in the enamine-iminium complex by 

forming a six-membered ring that favors one helicity of the electrocyclization transition state. 

 

3.2 Introduction 

 Nazarov cyclizations are synthetically important reactions that generate cyclopentenones 

via a cationic 4π electrocyclization of a protonated dienone; up to three new contiguous carbon 

stereocenters can be generated in this reaction.1 Nazarov reactions have achieved high levels of 

stereoselectivity by chiral Lewis acid catalysts,2 chiral auxiliaries,3 and recently organocatalysts.4 

Vicinal diamines are successful organocatalysts, because of their bifunctional and tunable 

behavior.5 Tius reported that simultaneous enamine and iminium activation by a chiral vicinal 

diamine for stereoselective Nazarov reactions of α-ketoenones gave 11-63% yield and 90:10 

to >99:1 enantiomeric ratios (Scheme 3.1).6 

Scheme 3.1. Chiral diamine-mediated Nazarov cyclizations.6 
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 Computational modeling of stereoselectivity has been accomplished for many Nazarov 

reactions.7,8 The first stereochemical model for an organocatalyzed Nazarov reaction was recently 

reported by our group.8 These computational results explained the induction of asymmetry by a 

thiourea–primary amine catalyst,4b which favored one helical conformation in the Nazarov 

cyclization transition state. In the thiourea system, the electrocyclization occurred via an enol 

intermediate with hydrogen-bonding catalysis by the thiourea–primary amine. Enamine formation 

was unlikely due to the nonpolar conditions of the reaction. By contrast, the mechanism and source 

of stereoselectivity, as well as the cause of product inhibition in the diamine-mediated Nazarov 

reaction by Tius has not been studied computationally.6 Tius proposed a simultaneous enamine-

iminium intermediate that undergoes cyclization. We used density functional theory calculations 

to predict transition states for three pathways: two combinations of enamine-iminium activation at 

the two carbonyls, and an enamine intermediate that undergoes a Michael addition. The 

thermodynamics of the intermediates along the reaction coordinate were calculated to determine 

the source of product inhibition. The factors that control stereoselectivity, as well as a 

stereochemical model, are proposed.  
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3.2 Computational Methods 

 The quantum chemical calculations were performed with Gaussian 09.9 The geometries 

were fully optimized at the B3LYP10/6-31G(d) level of theory in conjunction with the IEF-PCM 

implicit solvation model11 to account for solvation effects of acetonitrile (MeCN), the solvent used 

experimentally. All optimized geometries were verified by frequency computations as minima 

(zero imaginary frequencies) or transition structures (a single imaginary frequency). Free energy 

corrections were calculated using Truhlar’s quasiharmonic approximation.12 Free energies were 

obtained by performing single-point energy calculations on the optimized geometries with the 

density functional method M06-2X13/def2-TZVPP14 with the IEF-PCM model (MeCN). We found 

that the M06-2X/def2-TZVPP–IEF-PCM//B3LYP/6-31G(d)–IEF-PCM level of theory provides 

accurate geometries and energies, while being relatively efficient in computational times.15 The 

lowest-energy transition structures were also optimized at the M06-2X/6-31G(d,p) level of theory 

in conjunction with single point energies calculated using various dispersion-inclusive DFT 

methods. These methods qualitatively agree with the experimental results. 

3.3 Results and Discussion 

 The reaction proceeds experimentally by exposing the α-ketoenone substrate to a full 

equivalent of diamine salt I in wet acetonitrile at room temperature for 6-7 days.6 An unidentified 

intermediate forms containing the product. Acidic work-up liberates the cyclopentenone from the 

intermediate with extremely high optical purity and modest yields. The free energy profile of the 

Nazarov cyclization involving 1 and diamine salt I (Entry 1, Scheme 1) was calculated with the 

M06-2x/def2-TZVPP–IEF-PCM//B3LYP/6-31G(d)–IEF-PCM(MeCN) level of theory (Scheme 

3.2). We predict the diamine forms an enamine at C4, which is the electrophilic carbonyl, to form 

2a or 2b. Either the primary or the secondary amine can react at this position. The primary amine 
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as the enamine nitrogen in 2a is more stable by 6.8 kcal/mol because the cyclohexyl group is far 

from the methyl groups of the α-ketoenone. Enamine 2 can either undergo a Michael addition to 

form the product directly, or proceed to the enamine-iminium intermediate 3. The predicted barrier 

for the Michael addition is 15.8 kcal/mol for 2a and 24.5 kcal/mol for 2b. The equilibrium 

formation of the intermediate 3 should occur readily, although we did not compute barriers for this 

equilibrium, which involve a number of proton shuffling processes with water. The enamine-

iminium intermediate 3 is more stable than reactants by 2.6 kcal/mol and 3.0 kcal/mol for 3a and 

3b, respectively. Either 3a or 3b reacts via the 4π electrocyclization with a barrier of only 10.5 

kcal/mol for 3a and 11.8 kcal/mol for 3b. We predict that the electrocyclization mechanism is 

significantly lower in energy than the Michael addition mechanism, and is the dominant pathway. 

The electrocyclization forms the highly stable enamine-iminium products 5a and 5b, which are 

26.2 and 23.2 kcal/mol lower in energy than separated 1 and diamine I-H+, respectively. The 

hydrolysis product, 6, is 14.8 kcal/mol lower in energy. This agrees with the observed product 

inhibition when diamine I is used in substoichiometric quantities. Intermediate 5 requires acidic 

work-up to release 6 via hydrolysis. 

 

Scheme 3.2. Proposed mechanism of the Nazarov reaction 
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 The electrocyclization transition state determines the stereochemistry. Entry 1, as reported 

by Tius, yields electrocyclization product 6 with (S) configuration at the newly formed chiral 

center with greater than 99% enantiomeric excess. We predict that diamine I forms the enamine 

with substrate 1 to give the enamine-iminium 3a as the reactive complex; the primary amine first 

attacks the carbonyl of 1. The lowest-energy transition structures for the electrocyclization of 3a 

are shown in Figure 3.1. 
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Figure 3.1. Lowest-energy transition structures for the Nazarov cyclization of the enamine-

iminium intermediate 3a derived from substrate 1 and diamine I leading to the major (S) and minor 

(R) products (M06-2X/def2-TZVPP–IEF-PCM//B3LYP/6-31G(d)–IEF-PCM (MeCN). Newman 

projections through C3 and C4 are shown below TS-1M and TS-1P. The cyclohexyl rings are 

transparent in the Newman projections for clarity. The relative free energies of activation 

compared with TS-1M are reported in kcal/mol.  

 

 The transition structure TS-1M leads to the major (S)-product. TS-1P yields the 

unobserved minor (R)-product, and is higher in energy by 4.6 kcal/mol. The M and P (left- and 

right-handed helicity, respectively) in the TS-series refer to the helical chirality of the forming 

five-membered ring that is highlighted in blue. The differences from those in Figure 1 are the 
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disposition and conformations of the cyclohexyl ring and the conformations of the two six-

membered rings. The difference in activation barriers between TS-1M and TS-1P (∆∆G‡ = 4.6 

kcal/mol) agrees with the experimentally observed enantioselectivity (>99.5% e.e. (S), ∆∆G‡ >3.6 

kcal/mol).  

 The stereocontrolling factor that differs between TS-1M and TS-1P is the helical chirality 

of the forming five-membered ring. The internal six-membered ring, highlighted in yellow, 

resembles a half–chair conformation in the transition structures. It is fused to an additional chair 

six-membered ring and resembles a trans-decalin. The N-C6-C7-N dihedral angle is –57º in TS-

1M and –49º in TS-1P. Also shown in Figure 1 are Newman projections through C3 and C4 of the 

transition structures. The dihedral angle N-C3-C4-N is –21º in TS-1M, and 7º in TS-1P. TS-1P is 

more planar than TS-1M. 

 In order to understand what causes the difference in energy between transition structures 

TS-1M and TS-1P, a model system was studied with the external six-membered ring removed. 

This allows free rotation of the diamine, and removes the chirality of C6 and C7. Computations of 

the enamine-iminium intermediate formed by 1 with achiral diamine II (Scheme 3.1) were 

performed. They reveal what transition state geometry is favored in the absence of chiral auxiliary 

constraints. The lowest-energy transition structures TS-2M and TS-2aP, as well as a higher energy 

transition structure TS-2bP, are illustrated in Figure 3.2. 
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Figure 3.2. TS-2M and TS-2aP are the (enantiomeric) lowest-energy transition structures for the 

model Nazarov cyclization of the enamine-iminium intermediate derived from substrate 1 and 

diamine II. (M06-2X/def2-TZVPP–IEF-PCM//B3LYP/6-31G(d)–IEF-PCM (MeCN). TS-2bP is 

a higher energy transition structure similar to the geometry of TS-1P. The transition structures are 

illustrated as Newman projections through C6 and C7. The relative free energies of activation 

compared with TS-2M are reported in kcal/mol. 

 

 Figure 3.2 displays the Newman projections across C6 and C7 of the achiral diamine. TS-

2M and TS-2aP are enantiomeric and isoenergetic in this model system. The dihedrals about C3 

and C4 are –21° and 21° respectively, due to the clockwise and counter-clockwise twists of the 
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cyclizing termini. In turn, this causes the N-C6-C7-N dihedral angles of TS-2M and TS-2aP to be 

–57º and 57º, respectively, in the half-chairs. TS-2bP is a higher-energy transition structure that 

leads to the minor (R)-product with a –49° N-C6-C7-N dihedral angle. TS-2bP is 8.2 kcal/mol 

higher in energy than TS-2M. The –49° dihedral forces the cyclization transition state to be nearly 

planar at C3-C4, resulting in the higher energy TS-2aP. The uncatalyzed parent Nazarov transition 

state has a 31° dihedral at C3-C4, and locking the C6-C7 conformation into the (–)-gauche 

conformation favors the left-handed M helix of the cyclization transition state. 

 The transition structures (Figure 3.3) were calculated for the Nazarov cyclization of Entry 

2 (Scheme 3.1). In this case, the preferred enamine-iminium intermediate has a secondary nitrogen 

for the enamine and primary nitrogen for the iminium. However, this does not change the 

conformation of the amines, which are (–)-gauche. This preference is opposite of the enamine-

iminium intermediate we calculated from Entry 1. In this case, the enamine is unsubstituted. In 

Entry 1, the enamine is substituted with methyl groups, which have closed-shell repulsions with 

the cyclohexyl ring. In each case, the difference in energy between the two arrangements in the 

electrocyclization transition state is less than 2 kcal/mol. The factors that control the 

stereoselectivity remain the same. The predicted difference in activation barrier (∆∆G‡) is 3.1 

kcal/mol, which agrees closely with the experimentally observed enantioselectivity of 98.5% 

(∆∆G‡ = 2.9 kcal/mol).  
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Figure 3.3. Lowest-energy transition structures for the Nazarov cyclization of the enamine-

iminium intermediate for Entry 2 in Scheme 3.1 leading to the major (S) and minor (R) products 

(M06-2X/def2-TZVPP–IEF-PCM//B3LYP/6-31G(d)–IEF-PCM (MeCN). The relative free 

energies of activation compared with TS-3M are reported in kcal/mol.  
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3.5 Conclusions 

 The mechanism, source of product inhibition, and origins of stereoselectivity have been 

explained with density functional theory calculations. The reaction forms the enamine-iminium 

intermediate originally predicted by Tius.6 The product inhibition occurs because the enamine-

iminium cyclopentenone-intermediate following cyclization is extremely stable, and requires 

acidic conditions for hydrolysis to occur.  

 The diamine is locked into the (–)-gauche conformation, which favors left-handed helicity 

in the Nazarov transition state. The (–)-gauche diamine yields cyclizations with M helicity, and 

the (+)-gauche diamine is predicted to yield P helicity (Scheme 3.3). Torquoselectivity is achieved 

through the newly formed ring of the diamine and α-ketoenone. This six-membered ring favors 

one helical chirality of the cyclizing moiety of the Nazarov transition state. If product inhibition 

can be solved, this would provide another organocatalytic method for Nazarov cyclizations with 

high optical purity.  

 

Scheme 3.3. Summary of Stereoselectivity Model 
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Chapter 4. On the Prevalence of Bridged Macrocyclic Pyrroloindolines Formed in 

Regiodivergent Alkylations of Tryptophan. 

4.1 Abstract 

 A Friedel-Crafts alkylation is described that efficiently transforms tryptophan-containing 

peptides into macrocycles of varying ring connectivity. Factors are surveyed that influence the 

distribution of regioisomers, with a focus on indole C3-alkylations leading to bridged endo-

pyrroloindolines. We probe the stability and stereochemistry of these pyrroloindolines, study their 

rearrangement to C2-linked indolic macrocycles, and demonstrate a scalable, stereoselective 

synthesis of this compound class. Placing the macrocyclization in sequence with further template-

initiated annulation leads to extraordinary polycyclic products and further demonstrates the 

potential for this chemistry to drive novel peptidomimetic lead discovery programs 

4.2 Introduction 

 The pyrroloindoline (hexahydropyrrolo[2,3-b]indole) motif is present in numerous 

tryptophan- and tryptamine-derived natural products. Methods to synthesize this ring system 

typically parallel biosynthetic schemes, wherein an indolic precursor is activated by substitution 

at its C3 position by an external electrophile.1 The incipient indolenium ion is then captured 

internally by a proximal nitrogen nucleophile (Fig. 4.1A). Bimolecular reactions of tryptophan in 

this manner often proceed without diastereoselectivity.2 Where achievable, kinetically 

diastereoselective transformations typically favor an exo disposition of the C2-carboxyl group,3 

the extent of which depends strongly on the nature of the electrophile and on Nα- and carboxyl 

substitution.4 Significant advances in enantioselective synthesis of pyrroloindolines have been 

recently reported,5 including catalyst systems that can override the inherent substrate bias of 
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tryptophan.6 Here, we investigate a different modality wherein the indole activation step is itself a 

ring-forming reaction (Fig. 4.1B).  

 Acid-promoted Friedel-Crafts alkylation enables procedurally straightforward, protecting 

group-free access to densely functionalized macrocycles.1 The indolic side chain of tryptophan is 

a powerful partner in this chemistry, because its multident nucleophilicity leads to diverse ring 

structures. 

 

Figure 4.1. A. Pyrroloindoline synthesis and biosynthesis typically proceed via bimolecular 

electrophilic substitution of indole at C3 and capture of the resulting indolenium ion by a proximal 
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nitrogen nucleophile. The reaction of tryptophan is often exo-selective. a Tautomerization of 

tryptophan by acid equilibrates to the C2-endo pyrroloindoline.4e,10 B. Intramolecular C‒C bond 

formation at C3 leads to ansa-bridged macrocyclic pyrroloindolines.  

 

 Competing alkylation of indole C3 is particularly interesting as it embeds an endo-

pyrroloindoline segment directly into an angularly linked, ansa-bridged peptidyl macrocycle.2 

Pyrroloindolines bearing a C3a-linked macrocycle are rare, having been identified in only two 

classes of natural products, the chaetocochins,7 and nocardioazines.8 To our knowledge, synthesis 

of macrocyclic pyrroloindolines by intramolecular indole C3 substitution is limited to one example 

in an initial communication by us (vide infra).9 The present study accesses six new products 

bearing these motifs, as well as thirty-nine additional indolic macrocycle isomers, and 

characterizes their structures and reactivity in detail. 

 In a recent study of internal alkylations of tryptophan-containing peptides, we 

characterized the products derived from acidolysis of composite oligomer 2 (Scheme 4.1).9 When 

treated with Brønsted or Lewis acid, degradation of the cinnamyl carbonate in 2 led to competing 

internal Friedel-Crafts alkylations of proximal tryptophan and tyrosine side chains. The 

distribution of products was sensitive to acid promoter, solvent and temperature. Major products 

resulted from substitution at indole C5 of both tryptophan residues (4, 5, Scheme 4.1). The least 

polar isomer, a minor product of the reaction, was assigned as ansa-bridged polycycle 3, wherein 

the macrocyclization had formed an angular C–C linkage to a newly-formed endo-pyrroloindoline. 

The connectivity and relative stereochemistry of 3 was assigned by correlation NMR spectroscopy 

(HMBC, NOESY). Within limits of preparative isolation and analysis, a single diastereomer of 3 

was identified in the product mixture.  
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Scheme 4.1. Initial unoptimized discovery (see ref. 9). Oligomer 2, derived from template 1 and 

Trp-Trp-Tyr, forms isomeric macrocycles by direct internal Friedel-Crafts alkylation under acidic 

conditions (e.g. MeSO3H, MeNO2). Major products 4 and 5 result from substitution at indole C5. 

Bridged endo-pyrroloindoline 3 was obtained as a minor product. 

 

 

 Large ring-forming alkylations of this type were designed to generate topologically varied 

macrocycles with the intent of studying how ring connectivity and side chain rotational freedom 

influence pharmacological properties. Macrocyclization alone often improves performance 

relative to linear counterparts by restricting conformation and masking polar functional groups.11 

Recent efforts have focused on confronting the pharmacokinetic limitations typically faced by 

macrocycles.11a,c,12 In particular, stereochemistry and backbone N-methylation patterns have been 

identified in cyclic penta- and hexapeptide lactams,11d,13 and of related analogs,11b,14 that enable 

passive diffusion through membranes and enhance oral bioavailability. More general means to 

affect these changes would be highly desirable. Along these lines, the increased rigidity and fewer 

main chain N–H bonds in 3 made this compound particularly interesting. 
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 Here, we carefully examine the structure and stability of ansa-bridged pyrroloindolines 

related to 3. We survey their prevalence in mixtures of isomeric macrocycles generated by internal 

Friedel-Crafts alkylations of tryptophan. We evaluate structural features and reaction conditions 

that influence pyrroloindoline formation, and examined the origin of the observed 

diastereoselectivity. In addition, we have prepared a member of this new structural class using 

conventional target-based synthesis, thereby confirming structure and establishing a scalable route 

to the group in general. Lastly, we show that this new unimolecular pyrroloindoline formation also 

proceeds in more complex settings. 

 

4.3 Computational Methods 

All quantum chemical calculations were performed with Gaussian 09. Geometry optimizations and 

frequencies were calculated with the ωB97x-D (in vacuo) density functional with the 6-31G(d,p) 

basis set. Optimized geometries were verified by frequency calculations as minima (zero 

imaginary frequencies) or transition structures (a single imaginary frequency). Free energy 

corrections were determined using unscaled ωB97x-D/6-31G(d,p) vibrational frequencies 

assuming a standard state of 1 atm and 298.15 K. Errors in the treatment of low modes as harmonic 

oscillations were mitigated by use of the quasiharmonic approximation proposed by Truhlar and 

coworkers. Single point energy calculations were performed on optimized geometries with 

ωB97x-D/6-311+G(d,p). The free energies reported herein were determined by adding zero-point 

energy and thermal correction determined using ωB97x-D/6-31G(d,p) to electronic energies 

computed at the ωB97x-D/6-311+G(d,p) level of theory. 
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Monte Carlo conformational searches were performed on the intermediates using the OPLS-2005 

force field in Maestro/Macromodel. Reactive conformations with the distance between the bond-

forming atoms shorter than 4.0 Å were used as input geometries for transition structure 

optimizations.  

 

4.4 Results and Discussion 

 Analogs of linear oligomer 2 were designed to block major pathways of C5 alkylation in 

an attempt bias macrocyclization towards electrophilic substitution at indole C3. Substrates 6 and 

7 bearing 5-methyl- and 5-fluoro-L-tryptophan, respectively, blocked C5 alkylation and removed 

competing side chain nucleophiles of Trp1 and Tyr3 (Scheme 4.2). Treating 6 or 7 with either 

methanesulfonic acid or triflimide in nitromethane‡ led to complete conversion to a mixture of 

isomeric products within minutes at room temperature. Abundant products were isolated and 

characterized as C–C and C–N linked macrocycles 8a-d and 9a-d. Bridged pyrroloindolines 8d 

and 9d were assigned as endo-22S,24R,25R on the basis of sequential NOE correlations about the 

newly formed pyrrolidine ring (see Scheme 4.2A). However, these materials were again obtained 

only as minor products. While using triflimide (4‒6 eq.) as the acid promoter increased overall 

yield and remarkably shortened reaction times (1-2 min), it did not appreciably alter product 

distribution as had been observed for parent substrate 2.9 Blocking C5 with an electron-donating 

substituent (i.e. –CH3) had not suppressed reaction at the benzenoid ring or enhanced 

pyrroloindoline formation as intended, but an electron-withdrawing substituent (i.e. –F) was 

somewhat more effective in this regard. Both, however, shifted reactivity at the benzenoid ring 

from C5 to C4. Nonetheless, the formation of 15-membered macrocyclic endo-pyrroloindoline 

products in substrates bearing P2 tryptophan residues appeared to be generally diastereoselective. 



 59 

 

Scheme 4.2. Pyrroloindoline-forming macrocyclizations of 5-substituted tryptophans. A, B. 

Acidolysis of oligomers 6, 7 or 10 promotes internal substitution at indole N1, C2, C3, C4 or C6 

(blue). The connectivity and relative stereochemistry of bridged pyrroloindolines 8d, 9d and 11e 

was assigned by 1H-13C-HMBC and 1H-1H-NOESY (red arrows), respectively. 

 

aTf2NH 4-6 eq., MeNO2, 5 mM in substrate, rt. bAdditional products were detected by HPLC; 

combined yield underestimates actual yield due to characterization of only major products, shown. 

nd = not determined. 

 

 Accordingly, we next surveyed substrates varying in the position of tryptophan and in 

composition of the surrounding peptide. Substrate 10, bearing 5-fluoro-L-tryptophan at P4, 

underwent rapid cyclization unimpeded by the basic guanidine or imidazole side chains of arginine 
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and histidine, respectively (Scheme 4.2B). Triflimide improved reaction yield considerably in this 

case, and afforded 21-membered ring bridged endo-pyrroloindoline 11e and isomeric macrocycles 

11a‒d in 91% combined yield. Notably, the major product resulted from alkylation at indole C6 

(i.e. 11d), rather than C4 as had been observed in reactions of 6 and 7. Taken together, these data 

suggest that regioselectivity tracks the inherent indole reactivity, which can be influenced by 

substitution of the indole nucleus. However, unlike bimolecular variants, the course of these 

cyclizations also depends on the geometry attainable by a given substrate and therefore the 

sequence of the embedded peptide. Thus, blocking the highly reactive C5 position of native 

tryptophan offers a useful means to finely tune the topology of macrocyclic products by shifting 

ring connectivity to adjacent positions C4 and C6. 

 To further test the effect of chain length on reaction regioselectivity and pyrroloindoline 

formation, we examined cyclizations of isomeric substrates 12‒15 bearing 5-bromo-L-tryptophan 

in positions 1 through 4 (Scheme 4.3). Acidolysis of P1 variant 12 resulted primarily in cyclization 

at indole C6 (i.e. 16a) and, to a lesser extent, at N1 and C7. No pyrroloindoline was observed in 

this case, presumably due to unfavorable strain associated with formation of a 13-memered ring 

by C3 substitution. As expected, P2 isomeric sequence 13 led to the pyrroloindoline 17e bearing 

the core 15-membered ring shared by products 3, 8d and 9d. Surprisingly, however, 17e was 

 

Scheme 4.3. Cyclization scan of oligomers having Trp(5-Br) shifted along the chain (P1→P4). 

Pyrroloindoline formation is sensitive to sequence composition and ring size, but favored by 5-

bromotryptophan. No pyrroloindoline is formed from P1 isomer 12, whereas P2 and P3 variants 

13 and 14 lead to pyrroloindolines 17e and 18c, respectively, as major products. Internal C3 
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alkylation of the P4 variant leads instead to cyclization of the terminal carboxamide to exo-

pyridoindoline 19b. 

 

formed as the major product in 28% yield. It is not yet known whether this improved yield reflects 

the inherent reactivity of 5-bromoindole. Regioselectivity for C3 alkylation may also benefit from 

the smaller steric bulk of the serine side chain in 17e relative to tryptophan in 3 or to phenylalanine 

in 8d and 9d. Intriguingly, acidolysis of isomeric P3 sequence (14) also led to C3 alkylation and 

cyclization giving endo-pyrroloindoline 18c as the major product in 27% yield. The final P4 

variant (15), however, did not give an analogous pyrroloindoline but instead afforded exo-

pyridoindoline 19b by cyclization of the terminal carboxamide subsequent to C3 cinnamylation. 

Interestingly, the observed exo configuration had resulted from initial pro-R substitution, a facial 

bias identical to that observed for the pyrroloindoline outcomes. In another case, however, a 

substrate bearing 5-bromotryptophan at P4 yielded both exo- and endo-pyridoindolines (1.8:1 dr). 

This suggests that the mechanism for diastereoselection leading to exo-19b is distinct from 

pyrroloindoline outcomes (vide infra). The substrates surveyed here indicate that regioselectivity 
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in tryptophan-based macrocyclizations is sensitive to oligomer composition, but bridged endo-

pyrroloindoline and pyridoindoline products appear to form frequently.  

 While facial bias offers one potential rationale for the observed diastereoselectivity, we 

remained cognizant of the possibility for rearrangement of C3-linked macrocycles to other isomers 

under the reaction conditions.15 Indeed, bimolecular electrophilic substitution at indole C2 often 

proceeds by initial C3 addition and 1,2-migration.16 When isolated pyrroloindoline 18c was re-

subjected to the reaction conditions with Tf2NH (4 eq.) in MeNO2, partial 1,2-rearrangement to 

the corresponding C2-linked isomer 18a was observed over a period of several hours. Consistent 

with previous observations, this slow equilibration of pyrroloindoline products suggests that large 

ring-forming cinnamylations proceed under kinetic control.17 Under forcing conditions with 20 

vol% TFA in MeNO2, complete rearrangement of 18c to 18a was observed within 3 hours (t1/2 = 

44 min, Fig. 2). Trace formation of other macrocycle isomers indicates that 1,2-rearrangement 

competes with reversion to a cinnamyl carbocation. The formation of C2-linked 18a in brief 

acidolysis reactions of linear substrate 14 may result from direct substitution at C2.16b,18 

Alternatively, 18a may result from initially unselective C3 alkylation and rapid 1,2-rearrangement 

of one diastereomer, that corresponding to the exo-pyrroloindoline (i.e. pro-S addition at C3).19 

Though a discrete exo diastereomer has not been observed, the latter possibility is supported by 

the near equal ratio of C3- to C2-linked products in the aforementioned seven examples. In two 

additional acid-promoted cyclizations, however, indole C2-linked macrocycles were obtained in 

the absence of pyrroloindoline products. Yet, in the case of 2→3 (Scheme 4.1), the product of C3 

alkylation was obtained without concurrent C2 alkylation.9  
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Fig. 4.2. Rearrangement of pyrroloindoline 18c. A. Time-course HPLC-UV (254 nm) analysis 

showing rearrangement of isolated 18c to isomer 18a in TFA/MeNO2 solution. Trace regioisomers 

(labelled) also form in this reaction. B. Proposed mechanism for 1,2-rearrangement.18 C. Kinetic 

plot showing pseudo-first-order reaction of 18c and accumulation of major product 18a 

 

 To further probe the origin of diastereoselectivity in pyrroloindoline-forming 

macrocyclizations, we examined the 1,2-rearrangement of model exo- and endo-pyrroloindolines 
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21a and 21b (Fig. 4.3A). Under pseudo-first-order conditions using 20 vol% TFA in MeNO2, 

rearrangement of exo-21b to indole C2-linked product 22 proceeded at a rate nearly 30-times faster 

than that of endo-21a (Fig. 4.3B). An Eyring plot was constructed from rate data at five different 

temperatures, which revealed activation energies ∆G‡exo = 20.5 kcal•mol-1 and ∆G‡endo = 22.4 

kcal•mol-1 for these processes at 22 °C. We next explored this reaction computationally in order to 

better understand this kinetic difference. Using density functional theory (DFT), endo-

pyrroloindoline 21a (R = Me) was calculated to be 1.0 kcal•mol-1 more stable than the 

corresponding exo diastereomer 21b. This finding is consistent with reported thermodynamic 

preferences of related pyrroloindolines.3b,4e,19 Preference for the endo-pyrroloindoline in this case 

is primarily due to 1,3-allylic strain resulting from the tertiary amide. DFT was also used to 

calculate the free energy profiles for the reactions of 21a and 21b (Fig. 4.4-4.5). In each case, 1,2-

shift of the cinnamyl group from an intermediate indolium ion (i.e. 23a,b) was found to be rate 

limiting. Diastereomeric transition structures TS-2a and TS-2b bear nearly enantiomeric 

geometries with respect to the indole ring and migrating cinnamyl group, but differ in orientation 

of the S-alanyl moiety relative to the indolic nucleus. This leads to greater stabilization of transition 

state TS-2b relative to TS-2a (∆∆G‡calc = 2.9 kcal•mol-1), in agreement with the experimentally 

observed difference in activation energy (∆∆G‡exp = 1.9 kcal•mol-1). Thus, the more rapid 

rearrangement of exo-pyrroloindoline 21b results both from the higher energy of 21b relative to 

21a, and from the lower kinetic barrier for the reaction 21b→22 relative to 21a→22. These 

findings suggest that the diastereoselectivity observed in pyrroloindoline-forming 

macrocyclizations arises, at least in part, from the facility of exo-pyrroloindolines to rearrange to 

the corresponding indole C2-linked isomers. 
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Fig. 4.3. exo-Pyrroloindolines rearrange more readily than endo-pyrroloindolines. A. Under 

acidic conditions, C3a-cinnamyl pyrroloindolines undergo ring-chain tautomerism and 1,2-

rearrangement to indole C2-linked isomers. The kinetic plot for rearrangement of 21a and 21b in 

20 vol% TFA at 5 °C shows the faster rate of reaction for exo-pyrroloindoline 21b. From Eyring 

analysis, the free energy of activation was 1.9 kcal•mol-1 higher for exo-21b relative to endo-21a. 

B. DFT calculations indicate that endo-pyrroloindoline 21a is the thermodynamically more stable 

than exo-21b. Cinnamyl 1,2-shift is rate limiting in both cases, and the reaction of exo-21b 

proceeds via a lower kinetic barrier. Note: All free energies are in kcal•mol-1. 

 

 

Fig. 4.4. Free energy profile for the 1,2-rearrangement of exo- and endo-pyrroloindolines 

shown in Figure 3 (where R=Me). (ωB97x-D/6-311+G(d,p)–SMD (nitromethane) // ωB97x-D/6-

31G(d,p)) The relative free energies are compared with endo-S8a and are reported in kcal/mol. 

The blue pathway represents the endo reaction profile, and the green pathway represents the exo 

reaction profile. 
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Fig. 4.5. Lowest-energy intermediates S8-S10, and S12 for the free energy profile in Fig. 4.4. 

(ωB97x-D/6-311+G(d,p)–SMD (nitromethane) // ωB97x-D/6-31G(d,p)). The relative free 

energies are compared with endo-S8a and are reported in kcal/mol. 

 

 The Friedel-Crafts macrocyclizations under study generate collections of macrocycle 

isomers that would be time- consuming to prepare individually. Exploring ring diversity in this 

manner is our approach to refining biological activity. Importantly, isomers of particular interest 

may also be synthesized by convergent means. This has been demonstrated by a selective synthesis 

of fluorinated pyrroloindoline 9d (Scheme 4.4). Starting from 5-fluoro-L-tryptophan methyl ester 

and cinnamyl alcohol 24, a derivative of template 1, intermolecular Pd0-catalyzed allylation 

promoted by Et3B led to selective C3 cinnamylation and afforded endo-pyrroloindoline 26 in 80% 

yield as a single diastereomer.20 The remaining two amino acids were then introduced by first 

amidation of 26 with N-Boc-L-phenylalanine, then saponification of the methyl ester and coupling 
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of the resulting carboxylate to L-threonine amide to give 27. Deprotection of the N-Boc and tert-

butyl groups with TFA:DCM (1:1) at 0 °C minimized C3‒C2 rearrangement, and lactamization of 

this seco acid with HBTU completed bridged pyrroloindoline 9d. This material was 

spectroscopically identical to that obtained by the acidolysis of 7 (see annotations Scheme 4.4). 

Convergent routes such as this are useful for preparing larger quantities of material, whereas 

Friedel-Crafts cyclization forms pyrroloindolines and additional macrocycle isomers rapidly and 

directly.  

 

Scheme 4.4. Selective synthesis of pyrroloindoline 9d. Bimolecular Pd0-catalyzed C3-selective 

cinnamylation of 5-fluoro-L-tryptophan promoted by Et3B sets up to form the bridging 15-

membered ring by lactamization. 1H NMR spectra (500 MHz, DMSO-d6) of 9d obtained by this 

route match that of material isolated from the acid-promoted cyclization. Key resonance 

annotations in blue. * Denotes contaminant signals. 
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 Internal alkylations using simple template 1 form large rings with broad functional group 

tolerance and procedural ease. Creative opportunity exists to combine macrocyclizations of this 

type with additional template reactivity to further stabilize the peptide domain by rigidifying 

product structures. For example, variant 28 additionally bears a latent aldehyde designed to initiate 

N-acyliminium ion cyclizations (e.g. 29, Scheme 4.5), the results of which depend on the nature 

of the P1 side chain.21 Extensive investigations of this reaction by the Meldal laboratory 

demonstrate flexibility and generally high diastereoselectivity.22 In direct comparison to template 

1, we examined the performance of trifunctional 28 using prototypical tryptophan-containing 

oligomer Trp-Trp-Tyr.9,22  Acylation of the N-terminus and treatment with aqueous acetic acid 

promoted diastereoselective Pictet-Spengler cyclization of Trp1 to give intermediate fused 

tryptoline 30 in 88% yield. When treated with Tf2NH (3 eq.) in MeNO2, this material was cleanly 

transformed to isomeric products 31a‒f resulting exclusively from alkylation of Trp2 with the 

major product arising from substitution at indole C5, as expected. Alkylation ortho to the phenol 

of tyrosine, anticipated from previous studies of analogous substrate 2, was not oserved.23 

Alkylation of the P1 tryptoline moiety was also not observed, presumably due to strain associated 

with annulation of this rigid ring system. These results anticipate that templates 1 and 28 will 

exhibit subtly different regioselectivity in large ring-forming reactions. That said, we were pleased 

to find polycyclic pyrroloindoline 31e, despite these differences. This product possesses nine fused 

rings and a mere five rotatable bonds, whereas Trp-Trp-Tyr itself possesses eleven such bonds. 

Additionally, 31e bears less polar surface area (161 Å2) than the starting peptide (181 Å2), with 

only non-polar surface area introduced by the template. These alterations tend towards molecular 

properties advocated for the design of orally bioavailable drugs.11c,24 Though 31e has not yet been 

evaluated for biological activity, this outcome exemplifies marked structural alterations that can 
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be quickly achieved. The pharmacological properties of such structures will almost assuredly 

improve relative to the starting peptide. 

 

Scheme 4.5. Combining trifunctional template 28 with Trp-Trp-Tyr rapidly forms complex 

polycycles. Initial amidation and Pictet-Spengler cyclization of Trp1 (i.e. 29) followed by acid-

promoted cyclization leads to macrocycle isomers 31a‒f substituting the periphery of Trp2. 

Polycycle 31e, results from indole C3 alkylation and cyclization to the endo-pyrroloindoline, 

analogously to related products obtained from template 1. *Note: Peak 31d contained two product 

isomers that were not identified. 

 

 

4.5 Conclusions 

 Regiodivergent internal alkylations of tryptophan create macrocycles of varying 

connectivity in two or three steps from linear peptides. Macrocyclic products bearing embedded 



 71 

endo-pyrroloindolines are a valuable facet of this chemistry. The simplicity of the acidolysis 

method permits even minor constituents to be isolated, screened for function, and characterized 

with relative ease. In this regard, the general presence of pyrroloindolines and predictability of 

regiochemical outcomes are more important than the abundance of any one product. For structures 

of particular interest, convergent target-oriented synthesis is always an option, as we demonstrate. 

These more step-intensive routes offer scalable access when refined medicinal chemistry is 

appropriate. Finally, methods combining large ring-formations with additional template-initiated 

annulation, such as in reactions of 28, hold unique potential to quickly build peptidomimetics of 

unprecedented structural complexity.  
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Chapter 5. Arynes and Cyclic Alkynes as Synthetic Building Blocks for Stereodefined 

Quaternary Centers 

5.1 Abstract 

 We report a facile method to synthesize stereodefined quaternary centers from reactions of 

arynes and related strained intermediates b-ketoester-derived substrates. Conversion of b-

ketoesters to chiral enamines is followed by reaction with in situ generated strained arynes or cyclic 

alkynes.  Hydrolytic workup provides the arylated or alkenylated products in enantiomeric ratios 

as high as 98:2. We also describe the one-pot conversion of a b-ketoester substrate to the 

corresponding enantioenriched α-arylated product. Computations show how chirality is transferred 

from the N-bound chiral auxiliary to the final products. These are the first theoretical studies of 

aryne trapping by chiral nucleophiles to set new stereocenters. Our approach provides the most 

general known solution to the challenging problem of stereoselective b-ketoester 

arylation/alkenylation, with formation of a quaternary center. 

 

5.2 Introduction 

 Arynes have historically been avoided as synthetic intermediates as a result of their high 

reactivity1,2 However, recent studies have demonstrated that arynes can be generated under mild 

reaction conditions,3 trapped regioselectively using predictive models,4 and employed in a host of 

synthetic applications. The utility of arynes is evident, as they have now been used to synthesize 

natural products, ligands, materials, agrochemicals, and pharmaceutical agents (e.g., 1–3, Figure 

5.1a).Error! Bookmark not defined.,5 

 The majority of reported synthetic applications of arynes are intermolecular reactions that 

lead to achiral or racemic products.6 We questioned if arynes and related strained intermediates 
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could instead serve as building blocks to generate enantioenriched products bearing quaternary 

centers. Only two methodologies leading to intermolecular, stereoselective aryne trappings have 

been reported and are limited to the synthesis of tertiary stereocenters.7,8 

 We considered the reaction manifold in which b-ketoesters 49 would be trapped with 

strained alkynes 5, to give their corresponding α-arylated products 6 with formation of a quaternary 

stereocenter (Figure 4.1b).10 As prior efforts to achieve this direct functionalization in a racemic 

sense were accompanied by an undesired C–C bond fragmentation,11 we considered a two-step, 

alternative approach. First, b-ketoesters 4 would be treated with amines 7 to afford the 

corresponding enamines 8.12 Trapping of the enamines 8 with in situ-generated arynes (or strained 

cyclic alkynes) would give the α-arylated or alkenylated products 6 after hydrolysis in the same 

pot.13 The use of a chiral amine (i.e., 7) in this process would ultimately give rise to 

enantioenriched products 6 bearing quaternary stereocenters.Error! Bookmark not defined. It should be n

oted that the enantioselective α-arylation of b-ketoesters has remained a challenging synthetic 

problem.14 Promising developments include the use of hypervalent iodine reagents (racemic or 

modest enantioenrichment),15 the Cu-catalyzed, enantioselective coupling of 2-methylacetates 

with 2-iodotrifluoroacetanilides,16 and the Pd-catalyzed α-arylation of malonates and 

cyanoacetates (racemic).17 A general method for the stereocontrolled α-arylation or -alkenylation 

of b-ketoesters has not been disclosed. 
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Figure 5.1. Synthetic applications of arynes and strategy for the stereoselective arylation of β-

ketoesters.  

 

 We report the development of the synthetic sequence shown in Figure 5.1b, which provides 

a facile method to achieve the stereoselective α-arylation/alkenylation of b-ketoesters.Error! Bookmark n

ot defined. In addition to providing access to adducts bearing stereodefined quaternary centers, this 

methodology demonstrates that highly reactive arynes and related intermediates can serve as 



 78 

building blocks to access enantioenriched products by intermolecular trapping. In addition, the 

origins of stereoselectivity have been revealed by a computational investigation of these reactions. 

 

5.3 Computational Methods 

 All quantum chemical calculations were performed with Gaussian 09. Geometry 

optimizations and frequencies were calculated with the B3LYP (in vacuo) density functional with 

the 6-31+G(d,p) basis set. Optimized geometries were verified by frequency calculations as 

minima (zero imaginary frequencies) or transition structures (a single imaginary frequency). Free 

energy corrections were determined using unscaled B3LYP/6-31+G(d,p) vibrational frequencies 

assuming a standard state of 1 atm and 298.15 K. Errors in the treatment of low modes as harmonic 

oscillations were mitigated by use of the quasiharmonic approximation proposed by Truhlar and 

coworkers. Single point energy calculations were performed on optimized geometries with the 

M06-2X functional and def2-TZVPP5 basis set in conjunction with the SMD implicit solvation 

model. The free energies reported herein were determined by adding zero-point energy and thermal 

correction determined using B3LYP/6-31+G(d,p) to electronic energies computed at the M06-

2X/def2-TZVPP–SMD level of theory. Transition structures were also optimized at the B3LYP 

level of theory with the implicit SMD solvation method, which provided similar energies but 

yielded poor TS geometries. Transition structures optimized with M06-2X had convergence issues 

and often failed to locate a TS. This has been found in similar computational studies involving 

aryne intermediates. The B3LYP functional has been shown to have better convergence on 

transition structures for these reactions. We selected the M06-2X/def2-TZVPP–SMD//B3LYP/6-

31+G(d,p) level of theory due to providing a combination of accurate geometries and energies for 

these reactions, in addition to the examples provided by Goodman and our group.  
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Monte Carlo conformational searches were performed on the reactive complexes using the OPLS3 

force field in Maestro/Macromodel. Reactive conformations with the distance between the bond-

forming atoms shorter than 4.0 Å were used as input geometries for transition structure 

optimizations. Molecular graphics were generated using CYLView. 

 

5.4 Results and Discussion 

 Development of a Racemic and Stereospecific Reaction to Generate Quaternary 

Centers. To commence our studies, we selected b-ketoester 9 as an initial substrate for the two-

step arylation procedure (Figure 5.2). As the use of enamines and arynes to construct quaternary 

stereocenters was unknown, we first pursued a racemic transformation. Benzylamine was 

condensed with ketoester 9 to yield enamine 10 quantitatively. Next, enamine 10 was used to trap 

benzyne, which was generated in situ from silyl triflate 11 (1.5 equiv) in DME at 30 °C (6 h). After 

quenching with 1 M HCl(aq), we were delighted to obtain the desired α-arylated product 12 in 92% 

yield with introduction of a quaternary center. Furthermore, we surveyed several other highly 

reactive intermediates to gauge the possibility of utilizing substituted benzynes and cyclic alkynes. 

The use of fused arynes 2,3-naphthalyne and N-Boc-4,5-indolyne provided arylated products 13 

and 14, respectively.18 In addition, trapping with known heterocyclic alkynes19 delivered 

tetrahydropyridine 15 and dihydropyran 16 in 67% and 74% yields, respectively. These results 

represent a facile means to install aryl and vinyl moieties onto a cyclic b-ketoester with quaternary 

center formation. 
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Figure 5.2. Discovery of methodology for the arylation/vinylation of b-ketoesters in racemic 

fashion. Conditions for enamine formation: ketoester 9 (1.0 equiv), benzylamine (1.5 equiv), 

Na2SO4 (5:1 by wt.), benzene (0.7 M), 80 °C, 16 h. Conditions for arylation/alkenylation unless 

otherwise stated: i. enamine 10 (1.0 equiv), silyl triflate 11 (1.5 equiv), CsF (7.5 equiv), DME (0.1 

M), 30 °C, 6 h; ii. 1 M HCl(aq), 23 °C, 30 min. Yields reflect the average of two isolation 

experiments. a Aryne trapping performed for 3 h.  

 

 Having developed the racemic arylation/alkenylation reaction, we turned our attention to 

the discovery of a diastereoselective variant to access enantioenriched products (Table 1).20 Thus, 

a series of enantioenriched chiral amines, readily prepared using Ellman auxiliary chemistry (i.e., 

18–24),21,22 were condensed with ketoester 9 to access enamines 17.  Subsequent arylation under 

the conditions depicted in Figure 5.2 furnished 12 in enantioenriched form. Utilization of phenyl 

derivative 18 resulted in the formation of 12 in good yield and 87:13 enantiomeric ratio (er) (entry 

1). Employing amine 19, bearing a cyclohexyl moiety, gave the desired product in a lower er of 

65:35 (entry 2). Recognizing the importance of the aryl fragment, we examined 1- and 2-naphthyl 
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derived amines 20 and 21, which provided 12 in 90:10 and 78:22 er (entries 3 and 4, respectively). 

With improved results in the case of 20, we examined anthracenyl amines 22–24 (entries 5–7). As 

the use of ethyl derivative 23 furnished 12 with the best combination of yield and er (entry 6), 23 

was selected for subsequent studies. It should be noted that the Ellman-approach provides both 

enantiomers of 23, which, in turn, permits access to each enantiomer of the products depicted 

subsequently.23,24 

 

Table 5.1 Survey of chiral auxiliaries to give optically enriched ketone 12.a 

 

a Reaction conditions: i. enamine 17 (1.0 equiv), silyl triflate 11 (1.5 equiv), CsF (7.5 equiv), DME 

(0.1 M), 30 °C, 6 h; ii. 1 M HCl(aq), 23 °C, 30 min. 

Entry Xc–NH2 Yield

1

2

3

4
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Me
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 Scope of Methodology. With a suitable chiral amine identified, we evaluated several 

cyclic alkynes in the stereoselective arylation/alkenylation reaction to form quaternary 

stereocenters (Figure 5.3). The reaction was tolerant of substituted benzyne intermediates and 

extended aryl units, giving rise to arylated products 28 and 13, respectively. Moreover, trapping 

of an indolyne intermediate delivered heterocycle-containing product 14. When applied to non-

aromatic, strained alkynes, the methodology provided alkenylated products in good yields and 

stereoselectivities.  For example, trapping of cyclohexyne provided cyclohexene derivative 29 in 

good yield and 93:7 er.  Additionally, by employing heterocyclic alkynes, products 15 and 16 were 

obtained in excellent yields and comparable stereoselectivities. 

 As shown in Figure 5.4, the methodology is also tolerant of variation in the nucleophilic 

component. For example, replacement of the ethyl ester with a benzyl ester in the parent substrate 

gave rise to arylated product 32 in 71% yield and 93:7 er. Furthermore, piperidinone and 

tetrahydropyranone derivatives could be employed to access heterocyclic products (i.e., 33–35). 

Enamines derived from 7-membered ring b-ketoesters could also be utilized, as shown by the 

formation of arylated products 36 and 37 with excellent stereoselectivity. Lastly, the formation of 

ketoester 38 demonstrates the viability of utilizing this methodology for the α-arylation of acyclic 

b-ketoesters. 
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Figure 5.3. Variation of the electrophile. Conditions unless otherwise stated: i. enamine 25 (1.0 

equiv), silyl triflate 26 (1.5 equiv), CsF (7.5 equiv), DME (0.1 M), 30 °C, 6 h; ii. 1 M HCl(aq), 

23 °C, 30 min. Yields reflect the average of two isolation experiments. a Aryne or cyclic alkyne 

trapping performed for 3 h. 
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Figure 5.4. Variation of the nucleophilic component 30 in the trapping with 11. Conditions unless 

otherwise stated: i. enamine 30 (1.0 equiv), silyl triflate 11 (1.5 equiv), CsF (7.5 equiv), DME (0.1 

M), 30 °C, 3 h; ii. 1 M HCl(aq), 23 °C, 30 min. Yields reflect the average of two isolation 

experiments. a Aryne trapping performed for 6 h.  

 

 One-pot, Stereoselective Arylation. As one final application of this methodology, we 
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amine 23 to generate enamine 40 in situ.  Addition of CsF and silyl triflate 11, followed by stirring 

at 30 °C for 6 h, and subsequent acid-mediated hydrolysis yielded the desired α-arylated product 

36. When performed on mmol scale, the reaction gave 36 in 68% yield and 96:4 er, in addition to 
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67% recovered amine 23. This protocol provides a promising means to achieve the direct, 

asymmetric α-arylation of b-ketoesters. 

 

Figure 5.5. One-pot, mmol-scale arylation reaction to furnish 36. Conditions for enamine 

formation: ketoester 39 (1.0 equiv), amine 23 (1.0 equiv), benzene (0.7 M), 80 °C, 16 h, followed 

by evaporation of benzene solvent. Conditions for arylation: i. silyl triflate 11 (1.5 equiv), CsF (7.5 

equiv), DME (0.1 M), 30 °C, 6 h; ii. 1 M HCl(aq), 23 °C, 12 h. 

 

 Computational Analysis of Chirality Transfer. Density functional theory (DFT) 

calculations were performed to understand how stereochemical information is transferred from the 

chiral auxiliary to the newly formed quaternary stereocenter. Our laboratories have studied 

reactions of arynes in nucleophilic additions using computations,Error! Bookmark not defined. but no t

heoretical studies of aryne trapping by chiral nucleophiles to set new stereocenters have been 

reported. All calculations described here utilize the M06-2X25/def2-TZVPP–SMD26 (diethyl 

ether)//B3LYP27/6-31+G(d,p) level of theory. 

 We first calculated the stereo-controlling transition structures for the reaction of benzyne 

and the S enantiomer of the chiral enamine derived from amine 20, which possesses the 1-naphthyl 

group at the chiral center. The stereochemistry-controlling transition structures are shown in Figure 

5.6. Each pathway has a low barrier (∆G‡ = 9.6 and 11.6 kcal/mol, respectively). TS1 leads to the 

experimentally preferred stereoisomer, (S)-12, whereas TS2 yields the minor enantiomer, (R)-12. 
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The difference in free energy of activation (∆∆G‡) is 2.0 kcal/mol, within error of the 

experimentally observed selectivity of 90:10 (∆∆G‡ = 1.3 kcal/mol). In both TS1 and TS2, an 

intramolecular hydrogen bond between the NH and ester carbonyl is present. Axial-attack by 

benzyne occurs in both cases, as expected from the preference the forming bond to be staggered 

with respect to the allylic CH bonds (known previously as the Fürst-Plattner rule).28  While attack 

is axial in both cases, and the chiral group is in its favored conformation, the interaction of the CH 

at the stereogenic center is disfavorable in the minor TS.  

 

Figure 5.6. Lowest-energy transition structures TS1 and TS2 for the addition of benzyne and the 

chiral enamine derived from amine 20 (M06-2X/def2-TZVPP–SMD (diethylether)//B3LYP/6-

31+G(d,p)). Free energy activation barriers (∆G‡) are compared to separated intermediates. The 

difference in free energies of activation (∆∆G‡), relative to TS1, are reported in kcal/mol. 

 

 In TS2, there is a close-contact H–H interaction of 2.1 Å between the chiral center of the 

enamine and methylene of the six-membered ring. This contact is alleviated in TS1, with an H–H 

interaction distance of 2.4 Å. Our laboratory has previously examined the transmission of chirality 

in the reaction of a similar chiral enamine with acrylonitrile, which similarly revealed the 

importance of torsional interactions between forming bonds and allylic bonds.29 In that case, the 
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same conformations and their energies were found for the chiral enamine with a phenyl ring instead 

of naphthyl.  Torsional strain30 controls the stereoselectivity of this reaction, where the enamine 

conformations remain the same for both stereoisomeric transition states. One might expect that the 

stereoselectivity cannot be modulated by the size of the substituent, but as found here, enamine 25 

has improved enantioselectivity with the larger 9-anthracenyl substituent.  

 We calculated the stereochemistry-controlling transition structures for the reaction of chiral 

enamine 25 and benzyne using methyl groups in place of ethyl groups to simplify computations. 

Figure 5.7. Lowest-energy transition structures TS3 and TS4 for the addition of benzyne and 

chiral enamine 25 (M06-2X/def2-TZVPP–SMD (diethylether)//B3LYP/6-31+G(d,p)). Free 

energy activation barriers (∆G‡) are compared to separated intermediates. The difference in free 

energies of activation (∆∆G‡), relative to TS1, are reported in kcal/mol.31 The two lowest-energy 

transition structures leading to the major and minor stereoisomers are shown in Figure 5.7. TS3 

leads to the experimentally preferred stereoisomer, (S)-12, whereas TS4 yields the minor 

enantiomer. The difference in free energy of activation (∆∆G‡) is 2.5 kcal/mol, within error of the 

experimentally observed selectivity of 92:8 (∆∆G‡ = 1.5 kcal/mol) and 0.5 kcal/mol higher than 

observed with 20. Axial-attack by benzyne again occurs the two half-chair conformers of the 

cyclohexene. However, here the conformation of the enamine stereogenic group differs between 

the stereoisomeric transition structures. While, the conformation of TS3 is analogous to that in 

TS1, the enamine in TS4 is in a higher-energy conformation because the face being blocked to 

form the (R)-isomer is blocked by the anthracene group. This conformation yields a higher-energy 

penalty than the torsional strain found in TS2, which enables an increase in enantioselectivity.  
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Figure 5.7. Lowest-energy transition structures TS3 and TS4 for the addition of benzyne and 

chiral enamine 25 (M06-2X/def2-TZVPP–SMD (diethylether)//B3LYP/6-31+G(d,p)). Free 

energy activation barriers (∆G‡) are compared to separated intermediates. The difference in free 

energies of activation (∆∆G‡), relative to TS1, are reported in kcal/mol. 
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pot provides the arylated products in good to excellent enantiomeric ratios (up to 98:2 er). This 

strategy circumvents a previously known undesired C–C bond fragmentation, while providing the 

most general solution to the challenging problem of stereoselective b-ketoester 

arylation/alkenylation, with formation of a quaternary center. In addition, a one-pot procedure for 

the conversion of a b-ketoester substrate to the corresponding enantioenriched α-arylated product 

was developed. Finally, computations show how chirality transfer is achieved from the chiral 

auxiliary to the final products, a type of conformational transmission operating in the trapping of 

arynes by chiral nucleophiles. We expect these studies will enable further developments of 

intermolecular, stereoselective reactions of highly reactive aryne and cyclic alkyne intermediates. 
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Chapter 6. Catalytic Enantioselective Hetero-[6+4] and [6+2] Cycloadditions of 

Heteroaromatic Compounds 

6.1 Abstract 

 The development of the first chemo-, regio- and stereoselective hetero-[6+4] and [6+2] 

cycloadditions of heteroaromatic compounds is presented. The concept is based on activation of 

pyrroles, imidazoles and pyrazoles by an aldehyde handle, which by reaction with an 

organocatalyst generates an electron-rich hetero-6π-component that reacts in a chemo-, regio- and 

stereoselective manner with electron-deficient dienes and olefins. For the hetero-[6+4] 

cycloaddition of the pyrrole system with electron-deficient dienes, a wide variation of both 

reaction partners are possible providing attractive pyrrolo-azepine products in high yields and 

excellent enantioselectivities (up to 99% ee). The hetero-[6+4]-cycloaddition reaction concept is 

extended to include imidazoles and pyrazoles giving imidazolo- and pyrazolo-azepines. The same 

concept is successfully employed to include hetero-[6+2] cycloadditions of the pyrrole system 

with nitroolefins giving important pyrrolizidine alkaloid scaffolds. Experimental NMR and 

mechanistic studies show that the first step of the reaction is rapid formation of an iminium-ion, 

which by treatment with a base generates two hetero-6π-intermediates. Density functional theory 

calculations were used to determine the mechanism and sources of asymmetric induction in the 

hetero-[6+4] and [6+2] cycloadditions. After forming the reactive hetero-6π-components, a 

stepwise addition occurs with the diene or olefin leading to a zwitterionic intermediate which 

undergoes cyclization to afford the cycloadducts, followed by catalyst release. The 

stereoselectivity is controlled by the second step, and computations elaborate on the various 

substrate and catalyst effects that alter the experimentally observed enantioselectivity. The 
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computational studies provided a basis for improving the enantioselectivity of the hetero-[6+2] 

cycloaddition. 

 

6.2 Introduction 

 Moving the borders of reactivity can pave avenues for novel methodologies in organic 

synthesis. An important challenge for such new developments is to provide methodologies where 

basic organic molecules are employed in combination with diverse reaction partners. Furthermore, 

combining experimental and computational investigations might provide deeper mechanistic 

understandings for expanding reactivity into new chemical spaces. In the following, we present 

the unprecedented catalytic chemo-, regio-, and enantioselective hetero-[6+4] and [6+2] 

cycloaddition reactions of heteroaromatic compounds. Mechanistic studies allow for identification 

of reactive intermediates in the catalytic cycle. Computational studies afford important insights 

into the mechanism and stereoselectivity of these cycloaddition reactions and allow for 

improvement of enantioselecivity. 

 Heterocyclic compounds, such as pyrroles, imidazoles and pyrazoles are fundamental 

scaffolds in chemistry. Their functionalization has been the center of numerous synthetic efforts, 

due to their presence in e.g. biologically relevant compounds1-5 and materials.6-9 For these 

heterocyclic compounds a large number of especially electrophilic C-functionalization are well-

established methodologies.10 Besides classical electrophilic aromatic substitution chemistry, such 

as halogenation, nitration, sulfonation, acylation and Vilsemeir-Haack formilation, asymmetric 

functionalization of pyrrole derivatives is mainly carried out under Friedel-Crafts conditions11,12 

or following C-H functionalization methodologies13 (Scheme 6.1, top). On the other hand, their 
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employment as N-centered nucleophiles is much less explored, although N-fused bicycles are key 

backbones of many important products.14-19 

 

Scheme 6.1. N- versus C- asymmetric functionalization of pyrrole derivatives. 

 

 In the present work, we disclose novel direct strategies for enantioselective 

functionalization of pyrroles, imidazoles and pyrazoles based on unprecedented catalytic 

enantioselective hetero-[6+4] and [6+2] cycloaddition reaction (Scheme 6.1, bottom). 



 98 

 Recently, the first intermolecular organocatalytic enantioselective [6+4],20 [8+2]21,22 and 

[10+4] cycloadditions23 were disclosed. In addition, Hayashi has reported a [6+2] intramolecular 

cycloaddition of a fulvene moiety with a catalytically generated enamine.24 Hong has explored 

stoichiometric amounts of 6-aminofulvenes for intermolecular [6+2],25 [6+3]26 and [6+4] 

cycloadditions.27 Furthermore, Chen developed an organocatalyzed enantioselective [6+2] 

cycloaddition where a 4-aminofulvene intermediate is produced in situ in catalytic quantities.28 

 Pyrroles, imidazoles and pyrazoles, substituted with an aldehyde are stable aromatic 

species which, upon condensation with an aminocatalyst, can render aminoazafulvenes. These 6π-

components can be expected prone to participate in cycloadditions. Stable 6-aminoazafulvenes 

were first reported in 1975 by Kanemasa,29 and later 6-amino-1,4-diazafulvene was shown to react 

as a 6π-component in thermal30 and metal-promoted31 cycloadditions.  

 To the best of our knowledge pyrrole-, imidazole- and pyrazoles-derivatives have never 

been demonstrated to participate in enantioselective hetero-[6+4] cycloadditions, and only few 

examples of racemic hetero-[6+2] cycloadditions have been disclosed.16-18 The nitrogen-

containing bicyclic compounds obtained in Scheme 6.1, bottom, include pyrrolo[1,2-a]azepines 4 

or 6, and pyrrolizine derivatives 8. The former is a scaffold in the family of Stemona alkaloids, 

like Parvistemonine A A,32 and cephalotaxine alkaloids B.33 Furthermore, Midazolam C and 

related imidazopyrrolobenzodiazepines-based anti-anxiety drugs,34 present a similar backbone 

built on a diazole moiety. Compounds 8 contain a skeleton shared between a family of recurring 

natural pyrrolizidine alkaloids D exhibiting cytotoxicity.35 In addition, this motif is present in 

Ketorolac, a non-steroidal anti-inflammatory drug E (Scheme 6.2).36 

 

Scheme 6.2. Biologically-relevant scaffolds A-E based on products 4, 6 and 8 in Scheme 7.1 
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6.3 Computational Methods 

 All quantum chemical calculations were performed with Gaussian 09. Geometry 

optimizations and frequencies were calculated with the B3LYP density functional with the 6-

31G(d) basis set in conjunction with the SMD implicit solvation model (chloroform). Optimized 

geometries were verified by frequency calculations as minima (zero imaginary frequencies) or 

transition structures (a single imaginary frequency). Free energy corrections were determined 

using unscaled B3LYP/6-31G(d) vibrational frequencies assuming a standard state of 1 atm and 

298.15 K. Errors in the treatment of low modes as harmonic oscillations were mitigated by use of 

the quasiharmonic approximation proposed by Truhlar and coworkers. Single point energy 

calculations were performed on optimized geometries with M06-2X/def2-TZVPP with the implicit 

solvation model SMD (chloroform). The free energies reported herein were determined by adding 

zero-point energy and thermal correction determined using B3LYP/6-31G(d)–SMD to electronic 

energies computed at the M06-2X/def2-TZVPP-SMD level of theory. 

 Monte Carlo conformational searches were performed on the intermediates using the 

OPLS3 force field in Maestro/Macromodel. Transition structure input geometries were generated 
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by performing scans for the N–C or C–C addition at the B3LYP/6-31G(d) level of theory on the 

located minima (reactive intermediates). 

 

6.4 Results and Discussion 

 Screening of reaction conditions for hetero-[6+4] cycloadditions. We started our 

investigation by treating pyrrole-2-carbaldehyde 1a with secondary aminocatalysts 3 to provide 

the desired transient electron-rich 6-aminoazafulvene which was captured by electron-deficient 

diene 2a in a hetero-[6+4] cycloaddition, rendering the tricyclic compound 4aa after catalyst 

release. The most commonly employed aminocatalyst 3a37 combined with benzoic acid and 

molecular sieves (MS) as additives in dry CDCl3 at room temperature delivered 4aa in trace 

amounts, but with an excellent degree of enantioselectivity (99% ee, Table 6.1, entry 1). Changing 

for a less bulky fluorine substituted catalyst 3b38,39 improved the yield to 40% maintaining the 

enantioselectivity (entry 2), while catalyst 3c afforded 4aa with improved yield but slightly 

diminished enantioselectivity (entry 3). The most stereoselective catalyst was selected and, in 

order to overcome the poor reactivity, other reaction parameters were evaluated. Notably, to 

achieve a decent degree of conversion, both benzoic acid and MS had to be applied as additives 

(entries 4,5). Performing the reaction at 40 °C resulted in diminished yield due to rapid 

decomposition of 2a (entry 6). However, employing an excess of 2a improved the yield slightly 

(entry 7). Finally, after additional screening, we found that pMeOBzOH along with more 

concentrated reaction medium and a reaction time of 2 d afforded 4aa in 73% yield and 99% ee 

(entry 8). 

 

Table 6.1. Optimization of the hetero-[6+4] cycloaddition.a 
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Entry	 Cat	3	 Additiveb	 Yield	(%)c	 ee	(%)d	

1	 3a	 BzOH,	MS	 5	 99	
2	 3b	 BzOH,	MS	 40	 99	
3	 3c	 BzOH,	MS	 65	 95	
4	 3b	 MS	 12	 n.d.	
5	 3b	 BzOH	 10	 n.d.	
6e	 3b	 BzOH,	MS	 20	 96	
7f	 3b	 BzOH,	MS	 46	 99	
8f	 3b	 pMeOBzOH,	MS	 75(73)g	 99	

a Reaction conditions: Supporting Information. b 20 mol% acid used. c Yield measured by NMR 

of the crude reaction mixture with Et4Si as internal standard. d Determined by chiral stationary 

phase UPCC. e Reaction at 40 °C. f Reaction conditions: 1a (0.1 mmol), 2a (0.15 mmol), 2 d. g 

Isolated yield. 

 

 Scope of hetero-[6+4] cycloadditions for pyrroles. First, variations of substituents in the 

4-position of the pyrrole ring were employed. The introduction of heteroatoms such as bromine 

(1b), silicon (1c) and sulfur (1d) provided the products 4ba-da in 68-90% yield and 99% ee (Table 

6.2, entries 2-4). The absolute configuration of 4da was assigned by single crystal X-ray analysis 

and extended by analogy to products 4 and 6 (vide infra). An aromatic substituent (aldehydes 1e 

and 1f) gave 4ea and 4fa with similarly high yields and excellent stereoselectivities (entries 5,6). 

Modifications on the electron-withdrawing group of 2 were then explored, finding that different 
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aromatic ketones (2b-d) and esters (2e,f) allowed the synthesis of 4ab-af in 54-88% yield and 99% 

ee (entries 7-11).  

 

Table 6.2. Reaction scope of the hetero-[6+4] cycloaddition: variation of aldehydes 1 and electron-

poor dienes 2a 

 

Entry	 1,	R	 2,	X	 Yield	(%)b	 ee	(%)c	

1	 1a,	H	 2a,	Ph	 4aa	73	 99	
2	 1b,	Br	 2a,	Ph	 4ba	68	 99	
3	 1c,	Si(iPr)3	 2a,	Ph	 4ca	90	 99	
4	 1d,	SPh	 2a,	Ph	 4da	70	 99	
5	 1e,	Ph	 2a,	Ph	 4ea	65	 99	
6	 1f,	pMeOC6H4	 2a,	Ph	 4fa	52	 99	
7	 1a,	H	 2b,	pBrC6H4	 4ab	87	 99	
8	 1a,	H	 2c,	pMeOC6H4	 4ac	54	 99	
9	 1a,	H	 2d,	pNO2C6H4	 4ad	67	 99	
10	 1a,	H	 2e,	OEt	 4ae	60	 99	
11	 1a,	H	 2f,	OPh	 4af	88	 99	

a Reaction conditions: Supporting Information. b Isolated yield. c Determined by chiral stationary 

phase UPCC. 

 

 Scope of hetero-[6+4]-cycloadditions for imidazoles and pyrazoles. Gratifyingly, the 

described hetero-[6+4] cycloaddition strategy could be extended to imidazoles (1g,h) and 

pyrazoles (1i), applying only some minor modifications of the reaction conditions. The scope of 

the reaction of 1g-i was demonstrated by reaction with four electron-poor dienes 2 (Scheme 6.3). 

Imidazole-2-carbaldehyde 1g, as well as imidazole-4-carbaldehyde 1h, required in most of the 
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cases milder reaction conditions (10 mol% catalyst and additive and higher dilution) due to some 

instability of the respective products in the reaction mixtures. The hetero-[6+4] cycloadducts 4ga, 

4gd and 4ge were obtained in moderate to good yields (46-69%) and high enantioselectivities (84-

95% ee). In comparison, similar high enantiomeric excesses, but lower yields were obtained for 

4ha, 4hb and 4he, probably due to enhanced instability of these products. Finally, pyrazole-5-

carbaldehyde 1i turned out to be the least reactive heterocycle investigated; however, we were 

pleased to obtain 4ia and 4ib in 31% and 38% yield, and 87% and 90% ee, respectively.  

 

Scheme 6.3. Scope of the hetero-[6+4] cycloaddition of imidazoles and pyrazole 1g-i with 

electron-deficient dienes 2a 
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a Reaction conditions: Supporting Information. Unless otherwise stated, 10 mol% 3b and 10 mol% 

pMeOBzOH were employed; reaction time: 1 d. b Isolated yield. c Determined by chiral stationary 

phase UPCC. d 3b (20 mol%), pMeOBzOH (20 mol%) e Reaction time: 2 d. f Reaction time: 6 d. 

 

 In addition, a different class of electron-deficient dienes 5 based on an acyclic, and less 

conformationally restricted scaffold reacted with pyrrole 1a and imidazole 1g as well, although 

requiring an increased catalyst and additive loading (40 mol%), and a longer reaction time (4 d). 

Both an electron-neutral aryl substituent (5a) and an electron-poor one (5b) were tolerated 

(Scheme 6.4). Products 6aa and 6ab, displaying a different decoration of the seven-membered ring 

with respect to cycloadducts 4, were obtained in good yields and excellent enantioselectivities. 

Imidazole 1g also reacted with 5a, affording 6ga in moderate yield and slightly diminished 

enantioselectivity. However, the reaction with ester 5c was found to give rise to 6gc in only 10% 

yield and 51% ee. These examples demonstrate the broad applicability of the methodology for the 

construction of structurally diverse hetero-[6+4]-cycloadducts.  

 

Scheme 6.4. Scope of the hetero-[6+4] cycloaddition of pyrrole and imidazole with electron-

deficient dienes 5a 
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a Reaction conditions: Supporting Information. b Isolated yield. c Determined by chiral stationary 

phase UPCC. 

 

 Transformation of hetero-[6+4] cycloadducts. Having explored the reactivity of various 

substrates towards the hetero-[6+4]-cycloaddition reaction, we decided to illustrate the bicyclic 

system as intermediate in the synthesis of more functionalized compounds. The reaction of 4aa 

with BnSH in presence of a catalytic amount of Et3N afforded compound 9, bearing 3 consecutive 

stereocenters, as a single diastereomer in 57% yield and 99% ee (Scheme 6.5). 

 

Scheme 6.5. Transformation of [6+4]-cycloadducta 

 

a Reaction conditions: Supporting Information. b Isolated yield. c Determined by chiral stationary 

phase UPCC. d 38% recovered starting material (4aa). 

 

 Screening of reaction conditions for hetero-[6+2] cycloadditions. We then envisioned to 

extend this strategy to enantioselective hetero-[6+2] cycloadditions.40,41 We initially found that 

pyrrole-2-carbaldehyde 1a reacted with 1.5 equiv. of trans-β-nitrostyrene 7a in presence of 

catalyst ent-3a (20 mol%) in CDCl3 at room temperature to produce cycloadduct 8aa in 40% yield 

and 66% ee after 48 h (Table 6.3, entry 1). The addition of benzoic acid (20 mol%) increased the 

enantioselectivity (entry 2) and performing the reaction in the presence of MS allowed to reach the 

same yield in 24 h (entry 3). Employing catalyst 3b, which was highly stereoselective in the hetero-
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[6+4] cycloaddition, resulted in slightly improved yield and similar enantioselectivity (entry 4). 

Bulkier catalyst 3d improved the enantioselectivity to 82% ee, without significantly lowering the 

conversion (entries 5,6). To ease the purification, we inverted the 1a/7a ratio, affording full 

consumption of 7a. During this experiment we noticed that compound 8aa was prone to double 

bond shift in the reaction mixture, leading to isomer 8’aa. We hypothesized that this shift was acid 

promoted, leading us to lower its amount to 10 mol%. Even so, we found that this side reaction 

still occurred, but only when the nitroolefin was consumed (entries 7,8). Therefore, an excess of 

nitroolefin was reapplied to disfavour the isomerization, thus delivering the optimal conditions 

(entry 9). Unfortunately, we observed both isomerization and decomposition of 8aa as isolated 

compound. At present time we did not elucidate the pathway of this double bond shift. However, 

we exclude an equilibration between the two isomers, since recovered 8aa showed only slightly 

diminished enantiomeric excess instead of displaying complete racemization. Nonetheless, we 

surmised that exploiting the reactivity of the electrophilic double bond, might circumvent this issue 

and at the same time bring diversity to the methodology. We therefore conceived a two-step one-

pot strategy consisting in the addition of a nucleophile to the reaction mixture at the end of the 

hetero-[6+2] cycloaddition step. 

 

Table 6.3. Optimization of the hetero-[6+2] cycloaddition.a 
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Entry	 3	 Addi-	
tive	

Yield		
(conv.	of		
7a,	%)b,c	

Ratio		
8aa/	
8’aab	

ee	(%)d	

1	 ent-3a	 -e	 40	(50)	 >20:1	 66	
2	 ent-3a	 BzOHh,e	 40	(48)	 >20:1	 76	
3f	 ent-3a	 BzOHh	 41	(52)	 >20:1	 76	
4	 3b	 BzOHh	 49	(59)	 >20:1	 -77	
5f	 3d	 BzOHh	 35	(30)	 >20:1	 82	
6	 3d	 BzOHh	 50	(65)	 18:1	 82	
7f,g	 3d	 BzOHi	 40	(80)	 13:1	 81	
8g	 3d	 BzOHi	 41	(>99)	 2.5:1	 76	
9	 3d	 BzOHi	 62	(65)	 >20:1	 82	

a Reaction conditions: Supporting Information. b Measured by NMR of the crude reaction mixture 

with Et4Si as internal standard. c Amount of 7a present in the reaction mixture divided by initial 

amount. d Determined by chiral stationary phase UPCC. e No MS added. f Reaction time: 24 h. g 

In this case, the reaction was carried out with an inverted ratio of 1.5 equiv. of aldehyde. h 20 mol% 

of BzOH used. i 10 mol% of BzOH used. 

 

 Scope and transformations of hetero-[6+2] cycloadducts of pyrroles. It was found that aryl 

groups on the pyrrole ring would lead to stable hetero-[6+2] adducts and 8ea and 8fa, derived from 

pyrrole-2-carbaldehydes 1e and 1f reacting with trans-β-nitrostyrene 7a, were directly isolated in 

good yields and enantioselectivities (Scheme 6.6). 

 

Scheme 6.6. Scope of the hetero-[6+2] cycloaddition of pyrrole-2-carbaldehydes 1 with 

nitroolefins 7a 
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a Reaction conditions: Supporting Information. Isolated yields. Enantiomeric excess determined 

by chiral stationary phase UPCC. b Reaction performed on 1 mmol scale. 

 

 In Scheme 6.6, we demonstrate the hetero-[6+2] cycloaddition of two different pyrrole-2-

carbaldehydes with various nitroolefins coupled with a selective reduction with NaBH4 for the 

preparation of dihydropyrrolizines 9. This reaction afforded 9aa, derived from pyrrole-2-

carbaldehyde 1a and trans-β-nitrostyrene 7a in 45% overall yield and 82% ee. This protocol was 

also successfully applied to the hetero-[6+2] cycloaddition of 1a with 4-bromo- and 4-fluoro 

substituted nitroolefins 7b and 7c affording 9ab and 9ac with similar results. The 4-bromo 
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substituted pyrrole-2-carbaldehyde 1b underwent the same reaction sequence, displaying slightly 

diminished efficiency. 4-Methoxy- and 3-methoxy substituted nitroolefins 7d and 7e also 

participated successfully in the hetero-[6+2] cycloaddition with 1a. Further diversity was 

demonstrated by addition of benzylthiol at the end of these last cycloadditions, giving 10ad and 

10ae with moderate yields and good enantioselectivities, displaying three contiguous stereocenters, 

as single diastereoisomers. A neutral nucleophile such as indole was also found to be a competent 

reaction partner. This protocol was employed to prepare 11ab and 11af, obtained as single 

diastereoisomers. The absolute stereochemistry of compound 8ea was determined by ECD 

analysis. For compounds 9, 10 and 11, the stereochemistry of the stereocenters created during the 

transformations, relative to that of the original stereocenter, was assigned by NMR spectroscopy. 

The disclosed one-pot hetero-[6+2] cycloaddition – nucleophilic addition sequence – was thus 

demonstrated to display wide applicability and synthetic utility in the rapid preparation of complex 

and biologically relevant structures from simple and commercially available starting materials. 

MECHANISTIC INVESTIGATIONS 

 Experimental investigations. A series of experimental investigations were initiated to gain 

insight into possible intermediates and reaction pathway(s) involved in the mechanism of the 

hetero-[6+4]- and [6+2] cycloadditions. We started by attempting to detect the reactive 

intermediate(s) by means of NMR spectroscopy.42-44 A proposed mechanism for the hetero-[6+4] 

cycloaddition is outlined in Scheme 6.7. 

 

Scheme 6.7. Proposed mechanism for the formation of the hetero-[6+4] cycloadduct via iminium-

ion I and hetero-6π-component II 
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 The first step of the mechanistic investigations was to identify the proposed intermediates 

I and II in Scheme 6.7. We started by treating pyrrole-2-carbaldehyde 1b with a stoichiometric 

amount of catalyst 3b and benzoic acid in CDCl3 at room temperature over MS for 18 h (Scheme 

6.8, Experiment 1). A new species was observed by 1H NMR, assigned to be iminium-ion I. 

Isolation of I was impaired by its tendency to rapidly hydrolyze in air.45 When the electron-

deficient diene 2e was added to the NMR tube, product 4be (EWG = CO2Et, 99% ee) was formed, 

and in parallel iminium-ion I disappeared. The absence of MS in the NMR tube considerably 

slowed down the regeneration of intermediate I, via condensation of 3b with 1b, resulting in 

increasing catalyst 3b concentration over time. We thus proved the role of I as a productive 

intermediate for the reaction. By treatment of the intermediate I with a base, such as triethylamine, 

another species appeared, showing broad signals in 1H NMR and two distinctive different signals 

in 19F NMR, suggesting the presence of two isomers. These NMR signals were assigned to 

intermediate II, which was also unstable and prone to hydrolysis. Further characterization of 
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intermediate II was not possible (Scheme 6.8, Experiment 2). Then, electron-poor 4π-component 

2e was treated with preformed intermediate II, in the absence of MS, and formation of product 

4be was observed (1H NMR), along with consumption of II and concomitant catalyst 3b release 

(monitored by 19F NMR), suggesting II as a second reactive intermediate in the hetero-[6+4] 

cycloaddition. It should be noted that under these latter stoichiometric reaction conditions and in 

the presence of triethylamine, performed for the mechanistic investigations, product 4be was 

formed in 85% ee, which is lower than the excellent enantioselectivities obtained in the hetero-

[6+4] cycloaddition under catalytic conditions. 

 

Scheme 6.8. Experiments for the observation of intermediates I and II and their reaction with diene 

2e. 
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 To better mimic the optimized reaction conditions, we moved to monitor the actual 

catalytic reaction proceedings by mean of NMR spectroscopy (Scheme 6.8, Experiment 3 and 

Figure 6.1). The aldehyde was continuously consumed during the reaction (graph A). The 

concentration of the catalyst quickly decreased at the beginning of the reaction course, and, since 

it was regenerated by product formation, its amount reached a steady state (graph B). Interestingly, 

the rapid formation of iminium-ion I was observed at first and 19F NMR revealed the presence of 

intermediate II as well, in about 3:1 ratio in favor of I. Intermediate I reached a steady state after 

a rapid build-up (graph C), and remained constant for several hours, while product 4be was slowly 

forming (graph D). During these investigations, intermediate II, appeared as two distinct signals, 

confirming the presence of two isomers. The importance of MS was also underlined by this 

experiment, as they allowed constant replacement of the reacted intermediates by facilitating the 

condensation of catalyst 3b and 1b. Observability of intermediates I and II in the experiment under 

the real optimized reaction conditions (i.e. their formation was not forced), indicates compelling 

evidence of these species being reactive intermediates in the hetero-[6+4] cycloaddition. 
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Figure 6.1. Consumption of pyrrole 1b (graph A); amount of catalyst 3b over time (graph B); the 

development of iminium-ion I over time (graph C) and cycloadduct 4be formation (graph D) as a 

function of time. Reaction conditions: Pyrrole 1b (1 equiv.), electron-deficient diene 2e (1 equiv.), 

catalyst 3b (20 mol%) and benzoic acid (20 mol%) in CDCl3 (0.17 M), in the presence of MS. 

Integrations have been normalized towards TES as internal standard. 

 

 Computational investigations. The energetic preferences of iminium-ion I and intermediate 

II were investigated with density functional theory. Computations were performed with M06-

2X46/def2-TZVPP47 corrected energies with the SMD48 (CHCl3) solvation model on B3LYP49/6-

31G(d) calculated geometries. 

 Intermediate structures. The lowest-energy conformations for the trans- and cis-iminium-

ion are shown in Figure 6.2. Their difference in free energy is 3.2 kcal/mol, in favor of the trans-
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iminium-ion. The cis-iminium-ion acquires a disfavored conformation of the catalyst to 

accommodate the pyrrole substituent (the high-energy catalyst is shown in Figure 6.2). This 

corroborates well with the NMR observation of one signal for iminium-ion I. The cis- and trans-

6π-components were also calculated. We found that their difference in free energy was 1.1 

kcal/mol in favor of the cis-6π-component. This also agrees with the observation of two signals 

for intermediate II, where both cis- and trans-6π-components are observable by NMR 

spectroscopy. 
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Figure 6.2. Optimized ground-state structures for two conformations of the catalyst and lowest-

energy conformations for the cis- and trans-arrangements of intermediates I and II (M06-2X/def2-

TZVPP–SMD//B3LYP/6-31G(d)–SMD (CHCl3).  

 

 Calculation of the enantioselective hetero-[6+4] cycloaddition pathway. To probe the 

mechanism of the hetero-[6+4] cycloadditions, DFT calculations were performed to locate the 

transition states of the reaction of the 6π-components II and a slightly truncated model of substrate 

2. This truncation modified the aryl group or ester on the terminal ketone to a methyl to avoid 

conformational flexibility. The concerted cycloaddition transition structures were exhaustively 

searched, but only revealed step-wise pathways.  

 We computed the free energy profile for the reaction mechanism after the hetero-6π-

components II are formed (Figure 6.3). The zero-energy refers to the separated hetero-6π-

components II and substrate 2. The first step involves nucleophilic addition of the pyrrole nitrogen 

to the electrophilic β-position of the cyclic enone. The two lowest-energy transition structures 

leading to the two stereoisomers are TS-Ia and TS-Ib. Transition structure TS-Ia provides the (R)-

zwitterionic intermediate (R)-int-Ia which leads to the observed stereoisomer with a free energy 

of activation barrier of 23.4 kcal/mol. Transition structure TS-Ib yields the corresponding (S)-

intermediate and minor stereoisomer with a free energy of activation barrier of 22.8 kcal/mol. 

Interestingly, both low-energy TSs are nucleophilic additions via the pyrrole nitrogen lone pair 

instead of the π-system. Both transition structures arise from the trans-II hetero-6π-component. 

All transition structures from cis-II were at least 3.0 kcal/mol higher in energy. We found the 

difference in energy between TS-Ia and TS-Ib to be 0.6 kcal/mol, in favor of TS-Ib. We predict 

the two zwitterions, (R)-int-Ia and (S)-int-Ib, form in approximately a 74:26 ratio. The zwitterions 
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are 8.0 and 9.5 kcal/mol higher in energy than the separated (R)- and (S)-intermediates, 

respectively.  

 

Figure 6.3. Computed free energy reaction pathway profile for the hetero-[6+4] cycloaddition 

involving hetero-6-π-intermediate trans-II derived from catalyst 3b and model of substrate 2 

(M06-2X/def2-TZVPP–SMD//B3LYP/6-31G(d)–SMD (CHCl3). The starting point is the 

computed free energy of the separated trans-II and substrate and all following energies are 

compared to them. All structures are lowest-energy conformations of transition states or ground 

states.  

 

 From the zwitterionic intermediate, the cyclization via C–C bond formation occurs by 

addition of the conjugated enolate to the carbon of the iminium-ion. The lowest-energy transition 

structures for the cyclization of the major and minor stereoisomers are shown in Figure 6.3. The 
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lowest-energy TS, (R)-TS-IIa leads to the observed adduct with a free energy of activation barrier 

of 19.5 kcal/mol, which eliminates to the product (not computed). The lowest-energy TS leading 

to the minor stereoisomer, (S)-TS-IIb, has a free energy of activation barrier of 26.3 kcal/mol. 

Transition structure (S)-TS-IIb is disfavored due to the s-cis arrangement of the iminium-ion and 

high-energy conformation of the pyrrolidine catalyst (see high-energy catalyst conformation in 

Figure 6.2). The source of these unstable interactions arises from the ketone position in the C–C 

bond TS. In (R)-TS-IIa, the ketone is on the opposite side of the bulky pyrrolidine substituent, 

whereas in (S)-TS-IIb the ketone points directly at the diphenyl fluoro group, forcing the 

conformational changes. In summary, the stereoselectivity is controlled by the C–C bond forming 

step - the second step in the step-wise mechanism. The N–C bond forming step yields both (R)- 

and (S)-intermediates, however only (R)-int-Ia cyclizes readily to the adduct. The barrier for 

cyclization for (S)-TS-IIb is significantly higher than the reverse reaction back to the reactants 

(∆∆G‡ = 3.5 kcal/mol), which causes (S)-int-Ib to reverse until it is completely consumed and 

converted to the (R)-adduct. This corroborates with the experimental results where only the (R)-

product is observed. Calculations using catalyst 3c reveal a decreased difference in the free energy 

barriers between forward cyclization and reverse for the zwitterionic intermediate leading to the 

minor enantiomer (∆∆G‡ = 2.8 kcal/mol) in agreement with the 95% ee (Table 6.1, entry 3). This 

is due to removing the disfavoured F•••O interaction found in (S)-TS-IIb.  

 Calculation of the enantioselective hetero-[6+2] cycloaddition pathway. While the hetero-

[6+4] cycloadditions are practically stereospecific for the reactions with the electron-deficient 

dienes 4, the hetero-[6+2] cycloaddition variant is modest in enantioselectivity. We examined the 

example in Table 6.3, entry 4, due to its close similarity with the hetero-[6+4] cycloaddition system 

to determine the drop in enantioselectivity to 77% ee. We performed exhaustive computational 
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modelling of the mechanism, and show the free energy profile for lowest-energy TSs and 

intermediates in Figure 6.4. The two lowest-energy transition structures for the first N–C bond 

forming step, TS-IIIa and TS-IIIb, are within 0.2 kcal/mol, similar to the hetero-[6+4] 

cycloaddition. They have a free energy of activation barriers of 23.8 and 24.0 kcal/mol for the (R)- 

and (S)-pathways, respectively. The two stereoisomeric intermediates, (S)-int-IIIa and (R)-int-

IIIb, are formed. In this case, (S)-int-IIIa cyclizes readily with a free energy of activation barrier 

of 14.7 kcal/mol compared to the separated reactants (2.6 kcal/mol from the intermediate) to form 

the (S)-adduct. In contrast, the barrier for cyclization to form the (R)-adduct is 23.8 kcal/mol via 

(R)-TS-IVb, equivalent to the N–C bond forming barrier for the (R)-pathway. This TS is 

unfavourable due to the steric interaction between the nitro group and the phenyl of the pyrrolidine.  

 

Figure 6.4. Computed free energy reaction pathway profile for the hetero-[6+2] cycloaddition 

involving hetero-6-π-intermediate trans-II derived from catalyst 3b and model of substrate 7 
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(M06-2X/def2-TZVPP–SMD//B3LYP/6-31G(d)–SMD (CHCl3). The starting point is the 

computed free energy of the separated trans-II and substrate and all following energies are 

compared to them. All structures are lowest-energy conformations of transition states or ground 

states. 

 

 Unlike the [6+4] cycloaddition, the nitro group is small enough not to force a 

conformational change in the catalyst in the [6+2] cycloaddition, and thus the destabilization of 

(R)-TS-IVb is not as pronounced as (S)-TS-IIb. The free energy barrier for (R)-TS-IVb is equal 

to the N–C bond-forming step for the (R)-pathway. To summarize, the N–C bond formation occurs 

without stereoselectivity and yields both zwitterionic intermediates. The (S)-adduct forms rapidly, 

whereas the (R)-intermediate (R)-int-IIIb has equal barriers to form the adduct or reverse to the 

reactants, leading to a 2:1 ratio of (R)- to (S)-stereoisomers. In comparison to the hetero-[6+4] 

cycloaddition with the electron-deficient diene 2, which is stereospecific, the hetero-[6+2] 

cycloaddition achieves modest enantioselectivity due to the smaller size of the substrate 7 in the 

C–C transition state. 

 Based on these computational results, we anticipated that destabilizing the minor pathway 

transition structure for the C–C bond (R)-TS-IVb would improve the enantioselectivity. We 

predicted that substitution at the 3,5-positions of the pyrrolidine phenyl groups could provide an 

unfavourable steric environment around the nitro group in (R)-TS-IVb. This substitution would 

not interfere with the other stereoisomeric C–C bond-forming TS (S)-TS-IVa, as well as both the 

N–C bond forming TSs. A 3,5-Me2Ph substituted pyrrolidine, catalyst 3j, was synthesized to test 

the prediction (Scheme 6.8). The reaction of 1a and nitrostyrene 7a with catalyst 3j afforded the 

corresponding cycloadduct ent-8aa with improved enantioselectivity of 85% ee (Scheme 6.8), 
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supporting the computational prediction. The transition structure for the disfavoured C–C forming 

bond transition structure TS-3j-a is also shown in Scheme 8 with a free energy barrier of 25.0 

kcal/mol, showing the increased steric repulsion between the nitro group the methyl substituent 

introduced in catalyst 3j. 

 

Scheme 6.8. Experiments for the predicted catalyst 3j and calculated transition structure.  

 

 

6.5 Conclusions 

 In conclusion, we have developed a novel concept for catalytic enantioselective activation 

of heteroaromatic compounds, such as pyrroles, imidazoles and pyrazoles by organocatalysis by 

generating electron-rich hetero-6π-intermediates acting as a nucleophile. This intermediate reacts 

in a highly chemo-, regio- and stereoselective manner with various types of electron-deficient 

dienes and olefins, in [6+4]- and [6+2] cycloaddition reactions, respectively. The reaction of 

pyrroles provide bio-attractive pyrrolo-azepine scaffolds by a [6+4] cycloaddition reaction with 
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dienes in high yields and enantioselectivities up to 99% ee. Imidazolo- and pyrazolo-azepines are 

formed in a similar [6+4] cycloaddition by reaction of imidazoles and pyrazoles with dienes. The 

activation concept for pyrroles has been extended to enantioselective [6+2] cycloaddition reactions 

with nitroolefins affording pyrralizidines alkaloid scaffolds which are demonstrated to undergo 

further reactions. By NMR investigations, we have been able to identify two different types of 

intermediates in the catalytic cycle. First, an iminium-ion intermediate is formed; then 

deprotonation of the heteroaromatic N–H leads to the reactive electron-rich hetero-6�-

intermediate formed in two isomeric forms, of which only one reacts with the diene and olefin in 

the [6+4] and [6+2] cycloadditions, respectively. The methodology developments, scope of the 

two different cycloaddition reactions and mechanistic investigations allowing for the identification 

of reactive intermediates have been coupled with extensive computational studies. Based on these 

computational studies, we have shown that these hetero-[6+4] and [6+2] cycloadditions occur via 

step-wise mechanisms. The stereocontrol occurs at the second C–C bond forming step, rather than 

the N–C bond forming transition state. The source of stereoselectivity is the difference in free 

energy of activation barriers between the C–C and N–C TS for the minor stereoisomer, rather than 

the traditional comparison between two stereoisomeric transition structures. In the case of the 

hetero-[6+4] cycloaddition, high stereoselectivity is achieved due to the bulky 4π substrate which 

interacts strongly with the substituent of the pyrrolidine catalyst. For the hetero-[6+2] 

cycloaddition system, the nitro-vinyl substrate is naturally smaller and does not cause large steric 

effects at the pyrrolidine catalyst, which lowers the C–C bond forming TS and thus achieves worse 

stereoselectivity. These computational investigations have predicted that catalyst modification 

might improve the enantioselectivity. [6+2] Cycloadditions applying a catalyst based on these 

predictions shows increased enantioselectivity from 77% to 85% ee. 
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Chapter 7. Demystifying the Soai Reaction 

7.1 Abstract 

 The extraordinary Soai reaction has profoundly impacted chemists’ perspective of absolute 

asymmetric synthesis and its role in the origin of biological homochirality. Herein, we describe 

the unprecedented observation of asymmetry amplifying autocatalysis in the alkylation of 5-

(trimethylsilylethynyl)pyridine-3-carbaldehyde using diisopropylzinc. Kinetic studies with a 

“Trojan-horse” substrate and spectroscopic analysis of a series of zinc-alkoxides that incorporate 

specific structural mutations reveal a ‘pyridine-assisted cube escape’. The new cluster functions 

as a catalyst that activates the aldehyde and poises a bound diisopropylzinc moiety for alkyl group 

transfer. Transition-state models leading to both the homochiral and heterochiral products were 

validated by density functional theory calculations. Our deconstruction of the Soai system 

contributes substantially to understanding the mechanism of this transformation that has stood as 

a longstanding challenge in chemistry. 

 

7.2 Introduction 

 The autocatalytic, asymmetry amplifying alkylation of pyrimidine-5-carbaldehydes with 

diisopropylzinc, crowned as the ‘Soai reaction’, occupies a venerable position in organic chemistry 

(Figure 7.1a).1,2 The transformation is peerless in its efficiency for asymmetric autocatalysis and 

sensitivity to initial chiral imbalances, making it a sui generis example of a reaction predisposed 

to evolve toward homochirality. Enantiopure products are obtained in three reaction cycles even 

with calculated autocatalyst e.e. as low as 5 × 10-5 %.3 In the absence of added catalyst, symmetry 

breaking can yield non-racemic products,4-7 thus categorizing the transformation as an example of 

absolute asymmetric synthesis.8 A large variety of chiral additives1,9-15 and even circularly 
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polarized light16 and isotopic chirality17-19 can influence the outcome of the reaction by biasing an 

initial imbalance toward one of the enantiomers. Soai’s seminal discoveries have received 

widespread attention in diverse chemical fields and have revived discussions regarding absolute 

asymmetric synthesis, chiral symmetry breaking, and the origin of biological homochirality.20-23  

 Since the discovery of the reaction in 1995, the groups of Soai, Blackmond and Brown 

have spearheaded efforts to provide a mechanistic explanation (Figure 7.1b). Initial kinetic studies 

suggested a dimeric24 or trimeric25 alkoxide aggregate as the catalyst. A revised proposal26 

invoking a dimeric alkoxide catalyst and two substrate molecules leading to a tetrameric transition 

state was successfully modeled with DFT calculations.27 Reaction simulations by Buhse 

demonstrated compatibility with both monomeric and dimeric catalysts, suggesting inherent 

limitations of kinetic analysis.28,29 The first spectroscopic studies on the zinc alkoxide were 

consistent with a dimeric structure but were limited in scope because of the challenges associated 

with solubility and peak broadening in toluene, which is the reaction solvent.30 For the first time 

in 2007, Klankermayer et.al. suggested a square-macrocycle-square (SMS) tetramer as a possible 

end product species.31 In 2010, Brown and Blackmond reported an intriguing inverse dependence 

of reaction rate on temperature and provided further support for the SMS tetramer as a promising 

species in the reaction cycle on the basis of further kinetic and spectroscopic investigations32 as 

well as a DFT study on these tetramers by Gridnev.33 Finally in 2015, Soai disclosed the first X-

ray crystal structures of the enantiopure and racemic alkoxides which exist as tetramers or 

oligomers depending on crystallization conditions (Figure 7.1b).34 
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Figure 7.1: a. The Soai reaction system. b. Current state of structural and mechanistic 

understanding.  c. Structural idiosyncrasies. d. Unsolved challenges and open questions. 

 

 The remarkable robustness of the Soai reaction is rivaled by the severe structural 

constraints on the reactants for successful asymmetric autocatalysis (Figure 7.1c).35 Although 

systematic studies with other dialkylzinc reagents are lacking, asymmetric amplification is 

observed exclusively with diisopropylzinc. 2-Alkynylpyrimidine-5-carbaldehydes36 remain the 

workhorse substrates and only scant reports with other competent aldehydes have been 

presented.37,38 An inspection of the proposed tetrameric catalyst structure does not reveal a role for 

the second nitrogen in the pyrimidine ring nor the defining contributions from the alkyl groups 

toward catalyst aggregation. Moreover, the reasons for superlative performance of the alkynyl-

substituted substrates remain unclear. Another idiosyncrasy is the bewildering failure of 2-
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(triisopropylsilylethynyl)pyrimidine-5-carbaldehyde to display amplifying autocatalysis.36 For a 

reaction demonstrating such striking characteristics, the extremely narrow substrate scope is 

perhaps unsurprising. Nevertheless, a fundamental rationalization of these structural constraints 

that allow exclusive access to the requisite catalytic intermediates remains obscure highlighting 

our lack of understanding of this reaction. Although the current consensus of a tetrameric alkoxide 

catalyst represents a significant milestone in the identification of product aggregation, this 

knowledge has not enabled the formulation of a compelling transition state hypothesis nor 

provided deeper insights into the structural contributions from various parts of the molecule that 

give rise to asymmetric autocatalysis. Two decades since Soai’s pioneering publication, a holistic 

understanding of the reaction remains an open challenge with fundamental implications on our 

understanding of chiral symmetry breaking and absolute asymmetric synthesis. 

 

7.3 Computational Methods 

 All quantum chemical calculations were performed with Gaussian 09. Geometry 

optimizations and frequencies were calculated with the B3LYP  (in vacuo) density functional with 

the 6-31G(d) basis set. Optimized geometries were verified by frequency calculations as minima 

(zero imaginary frequencies) or transition structures (a single imaginary frequency). Free energy 

corrections were determined using unscaled B3LYP/6-31G(d) vibrational frequencies assuming a 

standard state of 1 atm and 298.15 K. Errors in the treatment of low modes as harmonic oscillations 

were mitigated by use of the quasiharmonic approximation proposed by Truhlar and coworkers. 

Single point energy calculations were performed on optimized geometries with M06-2X/def2-

TZVPP in conjunction with the SMD implicit solvation model for the experimental solvent used 

(toluene). The free energies reported herein were determined by adding zero-point energy and 
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thermal correction determined using B3LYP/6-31G(d) to electronic energies computed at the 

M06-2X/def2-TZVPP-SMD level of theory.   

 The tetramer input geometry was obtained from the crystal structure by Soai, and then 

manually modified for our computational models. Monte Carlo conformational searches were 

performed on the intermediates using the OPLS3 force field in Maestro/Macromodel. Transition 

structure input geometries were generated by performing scans for the alkylation at the B3LYP/6-

31G(d) level of theory on the located minima. 

 

7.4 Results and Discussion 

 The first stage of our investigation was to deconstruct the Soai system and understand the 

contributions to catalysis and asymmetric amplification from its various components: (1) the 

dialkylzinc reagent, (2) the carbinol substituent, (3) the aromatic core and (4) the alkynyl 

substituent. Orienting studies began with the well-known pyrimidine-5-carbaldehyde 1d and 

different dialkylzinc reagents.39 The next series of experiments probed the role of the aromatic 

core, which led us to the startling discovery that 5-(trimethylsilylethynyl)pyridine-3-carbaldehyde 

(3) displayed efficient amplifying asymmetric autocatalysis in the reaction with diisopropylzinc 

(Figure 6.2a). Product carbinol 4, when included in this reaction as a scalemic catalyst, afforded 

newly-generated product with higher enantioenrichment.40,41 The reaction is homogenous even at 

high concentrations and is conveniently monitored by tracking aldehyde consumption using in-

situ IR spectroscopy (Figure 7.2). The transformation displays all the characteristics of an 

amplifying autocatalytic process (Figure 7.2b). Without added catalyst, sigmoidal aldehyde 

consumption, with an initial induction period, followed by a rapid reaction is observed, 

characteristic of autocatalysis (entry 1, blue dashed curve). Inclusion of scalemic product carbinol 
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(4) eliminates the induction period, leading to the rapid production of product with higher 

enantioenrichment than the initially added autocatalyst (entry 2, red dashed curve). At lower 

concentrations, the background reaction without added product is sluggish and inefficient (entry 

3, solid blue curve). However, inclusion of either enantioenriched (entry 4, solid red curve) or 

racemic (entry 5, solid green curve) carbinol (4) results in accelerated reactions and efficient 

product generation. In case of the enantioenriched autocatalyst (entry 4), highly enantioenriched 

product is obtained whereas the racemic autocatalyst (entry 5) yields racemic product. Crucially, 

the latter reaction is much slower than the former indicating the lower catalytic activity of the 

racemic autocatalyst species, further highlighting the non-linear effect. These observations 

establish that just as is the case in the iconic Soai pyrimidine-system, non-linear amplifying 

autocatalysis is also operative in the reaction of 3 and diisopropylzinc. 
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Figure 7.2: a. Asymmetric autocatalysis with chiral amplification in alkylation of 3 with 

diisopropylzinc. b. Observation of sigmoidal aldehyde consumption profiles and non-linear 

autocatalysis upon monitoring aldehyde consumption by in-situ IR spectroscopy c Qualitative 

comparison of catalytic activities and non-linear effect of alkoxides PyXX in dialkylzinc addition 

to 3 by ReactIR monitoring of aldehyde consumption. 

 

 The new system also shares the other non-obvious, idiosyncratic characteristics typical to 

the Soai reaction. In the new pyridine system, an inverse rate profile with respect to temperature 

was noted, with a rate maximum at ~0o C. The analogous reaction of 3 with diethylzinc did not 

result in asymmetric amplification or rate enhancement (Figure 7.2c, entries 4 and 5). Remarkably, 

the reaction of diisopropylzinc with 5-(triisopropylsilylethynyl)pyridine-3-carbaldehyde was 

sluggish and demonstrated neither asymmetric amplification nor autocatalytic rate enhancement. 

Such striking similarities of the two systems clearly demonstrate that one of the nitrogen atoms in 

the pyrimidine ring is dispensable in the Soai system. 

 To evaluate contributions of the alkyl group on the carbinol center in the catalyst and the 

O-Zn-alkyl group, a qualitative comparison of catalysis by four different zinc alkoxides (PyII, 

PyEE, PyIE and PyEI) was made by in-situ IR monitoring of dialkylzinc additions to 3 in 

catalyzed and uncatalyzed reactions (Figure 7.2c) (nomenclature: Py/Ph = pyridine/phenyl 

indicating the aromatic core, I/E = isopropyl/ethyl indicating the carbinol alkyl group and I/E = 

isopropyl/ethyl indicating the alkylzinc group). In all cases, the corresponding scalemic carbinols 

were used for generating the zinc alkoxides and the product enantiomeric composition was 

analyzed to assess any non-linear effects. Under these conditions, the uncatalyzed reactions 

(entries 1 and 4) are sluggish, show low conversion and ultimately stall. Inclusion of either PyEE 
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(entry 5) or PyIE (entry 6) shows no appreciable rate enhancement. In the case of PyEE, the 

product carbinol has a lower e.r. than the added catalyst whereas a minor positive non-linear effect 

is seen in case of PyIE. Entry 2 represents the autocatalytic reaction with diisopropylzinc and 

reiterates the high catalytic efficiency and strong non-linear behavior of catalyst PyII. Finally, 

with alkoxide PyEI (entry 3), a sigmoidal aldehyde decay with high final product e.r. is achieved. 

The absence of an initial rate enhancement is noteworthy. This behavior is interpreted to arise from 

a low catalytic activity of PyEI giving rise to an initial production of PyII followed by strong 

asymmetric autocatalysis from a buildup of PyII. Taken together, these observations indicate that 

in this alkoxide series, only PyII possesses the requisite structural requirements for efficient, 

amplifying catalysis and replacement of either or both isopropyl groups results in alkoxides (PyEE, 

PyIE and PyEI) that possess markedly inferior catalytic efficiencies. 

 To gain insights into the structural requirements for efficient catalysis, a spectroscopic 

study to characterize the solution state structures of phenyl (PhEE, PhEI, PhIE and PhII) and 

pyridyl (PyEE, PyEI, PyIE and PyII) zinc alkoxides in toluene was initiated (Figure 7.3). The 

high solubility of these species along with their stability in toluene for extended periods 

represented a significant advantage over their pyrimidine analogs and facilitated detailed 1D and 

2D NMR spectroscopic characterization.  
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Figure 7.3: Partial 1H-NMR spectra (750 MHz) of zinc alkoxides in toluene-d8 at 23 0C. tol = 

residual toluene, prop = propane, eth = ethane. a. Enantioenriched zinc alkoxides with signature 

chemical shifts for species a (black boxed) and species b-d (red boxed) b. Diastereomeric species 
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possible in a racemic cubic tetramer with their relative peak distributions. 1H NMR of the aryl and 

TMS region for racemic PhEI displays this predicted quadruplet pattern. 

 

 In general, for all alkoxides, spectra obtained from racemic samples showed greater 

multiplicity of signals and additional peaks compared to spectra obtained from enantioenriched 

samples, proving that none of these alkoxides exist as monomers. Figure 7.3a presents the upfield 

region of the eight, enantioenriched alkoxides to allow comparison of important spectral 

characteristics. To assist this comparison, alkoxides differing by only a nitrogen atom in the 

aromatic core are assigned the same color and are arranged successively. Different colors highlight 

four possible combinations of the carbinol-alkyl and O-Zn-alkyl groups. For the enantioenriched 

phenyl alkoxides PhEE (spectrum 1), PhEI (spectrum 3) and PhIE (spectrum 5), a single set of 

peaks corresponding to a predominant species was observed. The signature characteristics of this 

species are the sharp, clearly resolved peaks with only minor perturbation over a wide temperature 

range (-20 – 50 oC) and the atypical upfield chemical shifts of the alkylzinc protons H(7) and H(8) 

(Figure 7.3a, black boxes) in comparison to the free dialkylzinc protons H(9) and H(10) 

 For alkoxide PhEI, a remarkable quadruplet splitting pattern in the racemic aggregate is 

observed in comparison to the enantiopure aggregate (Figure 7.3b). Such a pattern is consistent 

with a symmetric, cubic tetramer structure, which finds ample precedent.42,43 The racemic cubic 

tetramer can exist as a mixture of three diastereomers depending on the configurations at the four 

constituent alkoxide stereogenic centers: (1) homochiral (D2), (2) meso (S4) and (3) heterochiral 

(C1) (Figure 7.3b). The symmetry of the cube renders many combinations degenerate, for example, 

all six possibilities in the meso case represent a single, equivalent structure whereas in the 

heterochiral diastereomer, the eight possibilities represent two enantiomorphs (c.f. RSSS, SRSS, 
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SSRS, SSSR are all equivalent structures representing one of the enantiomorphs). The heterochiral 

cubic tetramer contains two sets of diastereotopic protons (arising from the minor and major 

enantiomers in an individual cube) and is expected to give rise to two signals in a 3:1 ratio. Thus, 

an overall 1:3:3:1 peak pattern is ideally expected in the spectrum of the racemic cubic tetramer.  

The atypical upfield shift of the alkylzinc protons is believed to arise from shielding by the aryl 

groups and is also observed in the ethylzinc alkoxide of (S)-1-phenylethanol, the methylzinc 

alkoxide of which has been proposed to form a cubic tetramer.44 On the basis of these observations, 

species PhEE, PhEI and PhIE are believed to form cubic tetramers (species a, Figure 7.3a) in 

solution and the upfield chemical shifts of protons H(7) and H(8) (black boxes) are a diagnostic 

feature of this structure.  

 The spectrum of pyridylzinc alkoxide PyEE (spectrum 2) shows a predominant species 

matching the spectral characteristics of a cubic tetramer. Clearly, presence of the pyridine nitrogen 

in PyEE does not disrupt the natural preference to form a cubic tetramer. Increasing the bulk of 

the alkyl groups in the pyridyl series in species PyEI (spectrum 4) and PyIE (spectrum 6) still 

maintained the cubic tetramer assembly (species a, black boxed diagnostic peaks) but also showed 

the presence of other species (species b, c), the peaks of which are labeled with the suffix ‘b’ or ’c’ 

in Figure 7.3a (c.f. H(7b), H(6c)). Broad peaks with downfield shifts of protons H(7) and H(8) (red 

boxes) characterize species b. A third species (c) with sharp peaks and downfield alkylzinc protons 

can be identified in the spectrum of PyIE (spectrum 6). In the spectra for the bulkiest derivatives 

of both phenyl and pyridyl complexes PhII (spectrum 7) and PyII (spectrum 8) respectively, 

diagnostic peaks for the cubic tetramer are completely absent. Two components can be detected in 

the spectrum of PhII (species d, e) whereas the single species with broad peaks seen in the 

spectrum of PyII resembles species b (in the spectra of PyEI and PyIE) in chemical shift patterns 



 141 

(red boxed). Species b and c also show diagnostic peak differences in the aryl region in comparison 

to species a.  

 Diffusion Ordered Spectroscopy (DOSY) studies of the alkoxides for molecular weight 

estimations established that all of these compounds except PhII are tetrameric and are unchanged 

over a temperature range of 0 to 50 0 C, highlighting the stability of these aggregates. DOSY 

analysis showed that PhII exists as a mixture of trimers. This evidence provides further support to 

the hypothesis that species a are cubic tetramers and reveals that species b and c represent distinct 

aggregate structures that are also tetrameric.  

 Rationalizing the effect of structure on alkoxide aggregation (Figure 7.4) begins with the 

assumption that a cubic tetramer is the preferred constitution for these alkylzinc alkoxides. 

However, replacement of ethyl groups around the cube core by bulkier isopropyl groups results in 

destabilization of the cube structure by steric repulsion to the point at which the cube is no longer 

viable as in cases of PhII and PyII. A weakened cube can be further disrupted by a pyridine 

nitrogen through coordination to the zinc alkyls to assist in the formation of alternative tetrameric 

aggregates. Indeed, addition of pyridine to solutions of PhEI, PhIE and PhII results in disruption 

of the aggregate structure whereas PhEE remains unaffected (Figure 7.4a). With a pyridine 

nitrogen available for coordination to zinc, alkoxides PyEE, PyEI, PyIE and PyII are poised to 

escape the cube only if the core is sufficiently weakened. The resulting continuum of structures 

displayed by these alkoxides represents this phenomenon. Whereas PyEE maintains a cubic 

tetramer constitution because its core is sufficiently stable to resist pyridine disruption, PyEI and 

PyIE exhibit formation of other tetrameric species owing to partial cube escape facilitated by 

nitrogen coordination. Finally, zinc alkoxide PyII represents the end point with complete cube 

escape and access to an exclusive, alternative tetrameric aggregate structure. The most simple way 
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in which such a cube-escape can occur is an intramolecular coordination of the pyridyl nitrogen to 

expand the cube to a square-macrocycle-square (SMS) connectivity (Figure 7.4b). This 

connectivity is identical to the crystal structure described by Soai. Clearly, only a single nitrogen 

is required in the aromatic core to build this tetramer. 
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Figure 7.4: a. Sterically weakened PhXX cubic tetramers are disrupted by pyridine. b. A 

conceptually similar ‘cube escape’ occurs in the PyXX alkoxides with intramolecular pyridine 

coordination yielding the Soai tetramer. c. The predicted identity of the cube-escaped PyII Soai 

tetramer based on analogy with Soai’s crystal structure. 

 

 In light of the striking similarity of PyII to the structure and properties of the original Soai 

system 2d, as well as the rationale for the assembly of the SMS tetramer, the proposal that its 

identity is analogous to that found in the recently disclosed X-ray crystal structure of 2c (the ‘Soai 

tetramer’) seems compelling (Figure 7.4c).  

 Investigation of the properties of autocatalytically competent PyII would be simplified by 

the identification of a competent substrate that would give rise to a non-autocatalytically competent 

product. Previous studies had established that the reaction of pyridine-3-carbaldehyde (5) with 

diisopropylzinc does not display amplifying autocatalysis45 and this behavior was confirmed in 

our own studies. We thus envisaged using this aldehyde as a non-autocatalytically competent 

substrate for catalyst PyII. 

 The alkylation of 5 with diisopropylzinc in presence of scalemic PyII (67:33 e.r.) displayed 

marked rate enhancement in comparison to the uncatalyzed reaction (Figure 7.5a, entries 1 and 2). 

Crucially, a positive non-linear effect is also observed such that the product carbinol 6 possessed 

a higher e.r. (87:13) than the catalyst and of the same absolute configuration (S). Clearly, the 

attributes enabling PyII to function as an autocatalyst with aldehyde 3, namely, enantioselective 

catalysis and a positive non-linear effect, are also operational in the non-autocatalytic reaction with 

5. However, the aldehyde decay profile is reminiscent of a conventional catalyst-substrate reaction 

because the newly formed product contributes minimally to catalysis. This reaction is thus 
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representative of the alkyl transfer step in the autocatalytic reaction. A significant observation 

which highlights the substrate specificity of the PyII catalyst was the poor reactivity of 

benzaldehyde 8 and 4-(trimethylsilylethynyl)benzaldehyde 10 under identical catalytic conditions 

(entries 3 and 4).  

 

Figure 7.5: a. In-situ IR profiles for aldehyde consumption in diisopropylzinc alkylations 

catalyzed by scalemic PyII. b. Rate law and thermodynamic parameters for the non-autocatalytic 

reaction as measured using initial rate kinetic analysis. 

 

 In-situ IR monitoring of aldehyde consumption was employed for a comprehensive initial 

rate kinetic analysis of the diisopropylzinc alkylation of 5 catalyzed by PyII (Figure 7.5b). The 

initial rate displayed a first order dependence on catalyst concentration and zeroth order 

dependence on both 5 and diisopropylzinc, indicating that saturation binding of both reactants to 

the catalyst aggregate precedes the rate limiting alkyl transfer. We believe that the decrease in 

conversion rate over time arises from catalyst poisoning and/or product inhibition by the product 
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alkoxide that can mimic the PyII monomer and incorporate into the PyII aggregate. Arrhenius 

activation parameters were determined assuming a tetrameric catalyst aggregate. The alternative 

assumptions of monomeric, dimeric or trimeric catalyst aggregates resulted in only a minor 

variation in calculated values of ΔS‡ and ΔG‡. The reaction shows conventional Arrhenius 

behavior with a lowering of initial rate upon decreasing temperature. These studies with “Trojan-

horse” substrate 5 thus provide insights into the mode of action of the PyII catalyst.  

 For the hypothesis that PyII emulates the ‘Soai tetramer’ to be valid, it must also provide 

a clear explanation for the observed saturation kinetic behavior (with 5) and production of 

homochiral products from both 3 and 5. Catalysis must be facilitated by a reactant-binding model 

that would account for activation of the carbonyl group as well as an incoming diisopropylzinc 

prior to alkyl transfer. The critical demonstration of poor reactivity of aldehydes 8 and 10 (Figure 

7.5a) indicates that pyridine-3-carbaldehydes are a privileged substrate class for the Soai tetramer 

owing to nitrogen coordination to a favorable site on the catalyst. Independent spectroscopic 

studies revealed that: (1) the dialkylzinc binds to the pyridine nitrogens of PyII as well as 

substrates 3 and 5, (2) the carbonyl group in 5 has an inherently poor affinity to diisopropylzinc 

and binding is exclusive to the ring nitrogen with diagnostic chemical shift changes and, (3) the 

carbonyl group in 5 can coordinate to an unsaturated zinc in the alkoxide core. In light of these 

considerations, two possible models for reactant docking prior to the alkyl transfer are proposed. 

Common to both models is carbonyl coordination to an unsaturated O–Zn center and 

diisopropylzinc binding to the two ‘pyridyl arms’ of the Soai tetramer. Further, the pyridyl nitrogen 

of the substrate can be bound either to the remaining unsaturated Zn–O center or to a 

diisopropylzinc bound to one of the arms of the tetramer. These two options give rise to the floor-

to-floor (Figure 7..6) or the floor-to-arm models, respectively. In both cases, a bound 
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diisopropylzinc on the catalyst arm appears to be stereoelectronically predisposed to react with an 

activated carbonyl group arising from two-point substrate docking to the catalyst.  

 The energetic preferences of the floor-to-floor and floor-to-arm binding modes were 

interrogated with density functional theory. Soai’s crystal structure for 2e was employed as the 

starting geometry for the PyII tetramer after the replacement of pyrimidine cores and tert-butyl 

groups by pyridines and trimethylsilyl groups, respectively. Computations of the aldehyde 5 bound 

to tetramer PyII using M06-2X/def2-TZVPP single-point energies with the SMD (toluene) 

solvation model on B3LYP/6-31G(d) calculated geometries reveal a preference for the floor-to-

floor model (int-5a, Figure 7.6). Alkyl group transfer by diisopropylzinc is primed for delivery to 

the Si face of the aldehyde in int-5a, which would lead to the (S) stereoisomer. However, the Re 

face of the substrate is inaccessible in int-5a. To bring a bound diisopropylzinc in proximity to the 

Re face requires rotation of both the substrate and one arm of the tetramer as shown in int-5b. This 

species, which is unfavorable by 5.9 kcal/mol, would lead to the (R) stereoisomer. The 

stereocontrolling transition structures TS-5a and TS-5b arising from int-5a and int-5b, 

respectively, are shown in Figure 7.5. TS-5a is the lowest-energy transition structure and leads to 

the observed alcohol (S)-6 with an activation free energy barrier of 12.5 kcal/mol. TS-5b is 2.2 

kcal/mol higher in energy compared to TS-5a and yields the (R) stereoisomer. This energy 

difference is in agreement with the observed stereoselectivity of PyII with pyridine-3-

carbaldehyde 5 (95:5 e.r., ∆∆G‡ = 1.7 kcal/mol). The difference in energy arises from the 

geometric distortion of the tetramer required to accommodate the diisopropylzinc alkylation on 

the Re face of aldehyde 5 (similar to the energetic difference between int-5a and int-5b).47 

Although of no direct stereochemical consequence, it is interesting to note that the isopropyl group 

transfers (SE2 reactions) occur with “inversion of configuration” at the methine carbon (vide infra). 
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Figure 7.6: DFT studies for floor-to-floor substrate docking and alkyl transfer by the PyII tetramer. 
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calculated at the M06-2X/def2-TZVPP–SMD (toluene)//B3LYP/6-31G(d) level of theory. 

Energies reported in kcal/mol. Purple, zinc; yellow, silicon; red, oxygen; blue, nitrogen; gray, 

carbon. Hydrogens are hidden for clarity. ∆G, free energy of activation. ∆∆G‡, relative free energy 

activation barrier. 

 

 The transition structures and minima for the autocatalytic reaction of aldehyde 3 and 

tetramer PyII were also investigated computationally. The ground state geometry int-3a is quite 

similar to int-5a, N.B. the bulky aldehyde 3 is conformationally restricted in the tetramer. The 

lowest-energy transition structure TS-3a leads to the alcohol (S)-4, and the next higher energy 

transition structure TS-3b (4.4 kcal/mol) leads to the (R)-4 product. This large difference in energy 

comports with an enantioselective autocatalytic mechanism. TS-3a is analogous to TS-5a, in 

which facile alkyl transfer (with “inversion”) takes place from diisopropylzinc in the ground state 

geometry int-3a. Contrariwise, TS-3b, represents an SE2-type mechanism with “retention of 

configuration” at the methine of the transferring isopropyl group. This higher-energy pathway 

occurs because the left arm of the tetramer does not rotate for alkyl transfer to the Re-face of the 

aldehyde as in int-5b. This conformation is inaccessible for aldehyde 3 because to arrange this 

substrate to receive the isopropyl group would require that the trimethylsilylethynyl substituent be 

in the same space as the opposite arm (N.B., the C5 position of aldehyde 5 in both int-5b and TS-

5b, which corresponds to the trimethylsilylethynyl-substituted position of 3). A similar type of 

transition structure was located for aldehyde 5, i.e. without the trimethylsilylethynyl group (TS-

5e), which was 5.2 kcal/mol higher in energy. This observation reveals that the constrained SE2 

substitution with retention of configuration (TS-3b and TS-5e) is highly disfavored compared to 

the invertive SE2 pathway seen in TS-5a and TS-3a. Thus, the stereoselectivity arises from the 
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steric environment of the chiral tetramer, which favors Si-face addition to the aldehyde when 

bound in the preferred floor-to-floor conformation.  

 Finally, the catalytic competence of the racemate (heterochiral) tetramer was 

computationally investigated. The heterochiral aggregate was modeled according to Soai’s 

racemate crystal structure for 2c (Figure 7.1). The heterochiral geometry was found to be preferred 

to the homochiral PyII geometry by 2.1 kcal/mol. At the outset, a two point floor-to-floor substrate 

binding to the racemate tetramer appears impossible since the analogous unsaturated zinc atoms 

are positioned on opposite sides of the macrocycle. Indeed, a located single point carbonyl binding 

mode was found to be disfavored by 9.8 kcal in comparison to int-3a. The transition state arising 

from such a binding, rac-tet-TS, (Figure 7.6) has a free energy of 24.6 kcal/mol and is hence, 

highly disfavoured. Thus, the racemate PyII tetramer is catalytically incompetent as well as 

energetically preferred, providing a mechanism for non-linearity in the asymmetric autocatalytic 

action of the homochiral PyII Soai tetramer. 

 

7.5 Conclusions 

 The Soai reaction represents a fortuitous confluence of three phenomena in catalysis: 

autocatalysis, enantioselective catalysis and non-linear effects (asymmetric amplification). The 

pyridine-based autocatalytic system 3 displays these phenomena and mirrors all reported aspects 

of the classical pyrimidine system. Mechanistically, this achieves a structural simplification of 

Soai system because the omission of a nitrogen atom in the aromatic core of the pyrimidine system 

in turn translates to four fewer coordinating sites on the Soai tetramer. In addition, we studied the 

activity of related catalysts with careful structural mutations to elucidate the constraints on the 

catalyst structure. Armed with this set of empirical structure-activity relationships of various 
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catalysts, characterization of these catalyst aggregates by detailed NMR spectroscopic analysis 

revealed the logical correlation of catalytic activity to molecular structure. The pyridine 

coordination assisted ‘cube escape’ model provides a hypothesis as to how the SMS macrocycle 

tetramer is a natural evolutionary endpoint of the pyridinyl (and presumably pyrimidyl) alkoxides.  

 Studies with substrates 5, 8 and 10 revealed that the PyII catalyst prefers the pyridine-3-

aldehyde scaffold. This is likely due to the substrate pyridyl nitrogen binding at a strategic location 

on the tetramer to promote catalysis. The autocatalytic reaction is a combination of two 

conceptually distinct steps: alkyl transfer from a dialkylzinc to the substrate aldehyde followed by 

reconstitution of the active catalyst from the newly formed product. The competency of substrate 

5 provided an opportunity to decouple these two steps and study in isolation, the alkyl transfer step 

that reflects the key attributes of rate enhancement, selectivity and non-linearity as a means to 

scrutinize catalyst properties. This disconnection is achieved by combining an autocatalyst 

together with a competent substrate (5) whose product is catalytically incompetent. Such a strategy 

enabled us to sidestep the challenging kinetic analysis of autocatalytic reactions and employ 

classical initial rate measurements to indirectly interrogate catalysis by the Soai tetramer.  

 The structural simplification resulting from the pyridine-system and, the substrate 

specificity of PyII with the surrogate pyridine-3-carbaldehyde directly enabled suggestions of 

possible transition state models by minimizing choices for substrate and reagent binding sites on 

the tetrameric catalyst. Gratifyingly, computational studies corroborated the hypothesis that TS 

models of the surrogate substrate 5 are reflective of, and can be extended to, the reaction with 

substrate 3, which switches enantioselective catalysis by PyII into an asymmetric, autocatalytic 

transformation and imparts improved selectivity by virtue of the conformationally restrictive 

trimethylsilyl-alkynyl substitution. The geometry of the heterochiral racemic tetramer precludes 
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floor-to-floor binding of the substrate, thus suggesting a simple resolution for the origin of non-

linearity. Computational studies motivated by such a suggestion confirmed the catalytic 

incompetence of the energetically favoured racemic tetramer.  

 The uniqueness of diisopropylzinc in eliciting amplifying autocatalysis can be ascribed to 

the ability of the resulting product alkoxides to achieve ‘cube escape’. Conversely, the reaction of 

diethylzinc generates a catalytically inactive cubic tetramer product and fails to display 

asymmetric autocatalysis. The ring nitrogen atom with a 1,3-relationship to the alkoxide oxygen 

is indispensable for the assembly of the catalyst by bridging two dimeric units and providing 

binding sites for reactants on the catalyst arms. Complementarily, this 1,3-relationship in the 

substrate facilitates a two-point binding mode for aldehyde activation.  In other words, we suggest 

that the Soai tetramer allows catalysis with an ‘expansion’ of the cubic tetramer, made possible by 

replacing two Zn-O cube bonds by the aromatic pyridine linker (Figure 7.4). Such a structural 

change provides two unsaturated Zinc atoms for reactant coordination, at a distance defined by the 

aromatic pyridine linkers, hence providing the required dimensions for pyridine-3-aldehyde 

substrate binding! 

 Anecdotal claims by Brown et al. that reactions of dicyclopropylzinc, di-tert-butylzinc and 

dicyclopentylzinc with 1d do not provide amplifying autocatalysis47 suggests that in spite of cube 

escape, unfavorable interactions may preclude assembly or activity of the Soai tetramer in these 

cases (in case of dicyclopentylzinc, the hydride reduction product is obtained31). The increased 

Lewis basicity of the nitrogen in a pyridine when compared to a pyrimidine is expected to result 

in a stronger binding of the dialkylzinc reagent in this system.48 Indeed, a number of pyridyl 

complexes of dialkylzincs have been previously described and our assignments of diagnostic 

chemical shift difference patterns between bound and unbound species are consistent with these 
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reports.49,50 The stronger association is a likely reason for the saturation kinetics seen in our system 

(with substrate 5) in contrast to the studies with substrate 1e, which show an order of 1.6 in 

aldehyde. 

 Although causes for the structural idiosyncrasies of the Soai system have been commented 

upon earlier, this study provides the first, definitive experimental rationalization that provides an 

understanding of the fundamental basis of these structural requirements. The unprecedented 

observation of efficient amplifying autocatalysis with 3, along with the attendant mechanistic 

insights provides an opportunity to further broaden the reaction scope to other substituted pyridine-

3-carbaldehydes. These results contribute to addressing longstanding mechanistic questions 

regarding the extraordinary Soai reaction and will serve as a platform for further studies and 

explorations in the fascinating area of asymmetric autocatalysis.  
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