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Organocatalysis, the use of small organic molecules to accelerate organic reactions, has
been of significant interest to synthetic chemists, and publications in this field have increased
rapidly since the beginning of this century. In the meanwhile, density functional theory has been
extensively applied to explore the origins of catalysis and selectivities observed in these
transformations. The first portion of this dissertation reports the theoretical findings of a broad
scope of reactions catalyzed by primary and secondary amines, aminoalcohols, and squaramides.
The second part focuses on the understanding and the development of cycloadditions including the
Diels–Alder and hetero-Diels–Alder reactions, 1,3-dipolar cycloadditions, and higher-order
cycloadditions.
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Two examples of asymmetric catalyses with cinchona-alkaloid-derived primary amines are
described in Chapters 1 and 2: (1) an intramolecular alkylation towards the synthesis of a migraine
drug candidate, and (2) higher-order cycloadditions between tropone and cyclopentenone. We
showed that three key interactions are responsible for enantioselectivity of the first reaction, and
they are achieved with less distortion in the preferred transition state (TS). Modeling with the
counterion is proved crucial to reproducing experimental stereoselectivities. Our TS model for the
second example suggests the hydrogen bond formed between the quinuclidinium and the tropone
oxygen determines periselectivity.
The reaction between an oxyallyl cation and indoles catalyzed by a novel aminoalcohol
developed in the MacMillan group is presented in Chapter 3. The uncatalyzed addition of indole
to oxyallyl cation is predicted to have a high (S,S)/(R,R) diastereoselectivity. Two hydrogen bonds
and a cation–π interaction facilitate binding of the oxyallyl cation to the catalyst. The cyclohexane
moiety, a new addition to the Hayashi–Jørgensen catalyst, controls enantioselectivity. Chapter 4
reports the computational design, synthesis, and applications of a new chiral hydrogen-bond donor
catalyst. In addition to the bidentate hydrogen-bond donor motif, the squaramide catalyst features
three chiral centers and hydrogen-bond acceptors. DFT calculations indicate that C−H···O
hydrogen-bonding is crucial to the enantioselective Friedel–Crafts alkylation catalyzed by the
squaramide. Chapter 5 discusses the experimental development of an unnatural amino acid
mutagenesis method and the computational investigation of cation–π interactions in methyllysine
reader proteins. Our results suggest that the two tyrosines in the binding pocket of a model reader
protein interact with the methyllysine cation to a different extent. This work suggests the degree
of contacts between reader proteins and cationic substrates may be exploited to enhance selective
inhibition.
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Chapters 6–9 consist of DFT studies of the mechanisms, reactivities, and selectivities of a
collection of cycloadditions. The remarkable reactivities of transannular Diels–Alder (TADA)
reactions are investigated and discussed in Chapter 6. Among 13 TADA reactions computed, 12membered macrocycles have the largest rate acceleration. This is due to the lowering of distortion
energy from the strained reactant to the TS. TADA reactivities are further improved by fine-tuning
the ring size, namely by incorporating heteroatoms such as oxygen and nitrogen and alkyne to the
macrocycle. Chapter 7 explores the mechanism and selectivity of [6 + 4] cycloadditions of tropone
(T) and dimethylfulvene (F), a classic reaction reported in 1967 by Houk and Woodward. An
ambimodal [6T + 4F]/[4T + 6F] TS is located using DFT calculations. Reaction dynamics
simulations reveal the initial product distribution and predict high [6 + 4] periselectivity. Chapter
8 focuses on the regioselectivity of 1,3-dipolar cycloadditions of benzo- and mesitylnitrile oxides
with alkynyl pinacol and MIDA boronates. The electronic energies of activation are mainly
controlled by distortion energies. In Chapter 1, the N,N-diquaternized cinchona-alkaloid-derived
amine catalyzes an intramolecular alkylation reaction, and the last chapter is a second example of
quaternary ammonium salts as powerful Lewis acidic organocatalysts. The mechanism of the azaDiels–Alder reaction catalyzed by onium salts is predicted to be concerted asynchronous when
modeled with a counter anion.
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Chapter 1. Model for the Enantioselectivity of Asymmetric Intramolecular Alkylations by
bis-Quaternized Cinchona Alkaloid-Derived Catalysts
1.1 Abstract
A model for the stereoselectivity of intramolecular alkylations by N,N′-disubstituted cinchona
alkaloid catalysts reported by Xiang et al. was established using density functional theory (DFT)
calculations. The stereocontrol is based on the minimal distortion of the TS and catalyst required
to achieve favorable electrostatic interactions in the favored TS. Counterions must be included in
computational modeling of ion-paired catalysis in order to reproduce experimental
enantioselectivity.
1.2 Introduction
Cinchona alkaloids are popular organocatalysts because of their excellent availability and
diversity.1 Cinchona-derived phase-transfer catalysts were discovered in the early 1980s.2,3 They
are cinchona alkaloids that are alkylated at the quinuclidine nitrogen. Since then, diverse
generations of ion-paired catalysts have been developed for various asymmetric syntheses under
phase-transfer conditions.4-17 The first application of such catalysts is the asymmetric αsubstitution in the synthesis of (+)-indacrinone reported by Dolling, Davis, and Grabowski in 1984
(Scheme 1.1).2
Based on a single-crystal X-ray structure of the benzyl cinchoninium ion, Dolling and
coworkers hypothesized that the reaction proceeds via an enolate–cinchoninium ion pair, where
the C9-hydroxyl group of 2 hydrogen-bonds with the enolate, while the quinoline ring of 2 πstacks with the methoxydichlorobenzo moiety of the substrate 1.3 The Si face of the enolate is
blocked by the catalyst, and approach of the electrophile (CH3Cl) to the Re face accounts for
enantiocontrol.
1

Recently, Pliego studied the phase-transfer mechanism of this reaction by DFT
computations and proposed an alternative model that features electrostatic stabilization of the
chloride leaving group by the monoquaternized catalyst,18,19 in addition to the hydrogen bond
originally proposed by Dolling. These models are shown in Scheme 1.1. They reported that the
differences in energy between the transition states were due to the distance between the chloride
leaving group and positively charged nitrogen.
Scheme 1.1. The Enantioselective Step in the Asymmetric Synthesis of (+)-Indacrinone and Two
Models for the Origins of Enantioselectivity
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Until recently, the structures of cinchona alkaloid-based phase-transfer catalysts had only
been modified by functionalization of the C9-hydroxyl group and alkylation of the bridgehead
amine.20 In search of an efficient phase-transfer catalyst for the asymmetric intramolecular
Hughes, D.;
U.; Ryan. K.; of
Schoenewaldt,
alkylation
in Dolling,
the preparation
a class ofE.;
drug candidates for the treatment of migraine, a novel
Grabowski, E. J. Org. Chem. 1987, 52, 4745

de Freitas MarHns, E.; Pliego, J. R., Jr. ACS Catal. 2013, 3, 613

class of N,N′-disubstituted cinchona alkaloids 5 was discovered by Xiang et al. (Scheme 1.2).21 In
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this new generation of phase-transfer catalysts, the quinuclidine nitrogen and the quinoline
nitrogen are both alkylated.7
Scheme 1.2. Asymmetric Spirocyclization Catalyzed by Doubly Quaternized Cinchona Alkaloid
Derivatives
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The spirocyclization with 5a was scalable under mild conditions and catalyst loadings as
low as 0.3 mol%. Respectable selectivity was achieved with 5b, where the quinoline nitrogen is
methylated. The original mono-quaternized catalyst (5c) was not highly stereoselective in this
reaction. Mechanistic studies have described several stereoselectivity models for cinchona-based
phase transfer organocatalysis,2,13,19 however they do not account for the observed stereoselectivity
in these systems. We propose a general model to explain enantioselectivity based on the
conformations of the alkylation transition state and stabilization of the enolate and leaving group
by the cinchona alkaloid. In addition, we revisit previous calculations by Pliego to elucidate further
the source of stereoselectivity in the methylation reaction shown in Scheme 1.1.
1.3 Computational Methods
Quantum mechanical computations were performed using Gaussian 09.22 The geometries
were fully optimized at the B3LYP23/6-31G(d) level of theory with the SMD implicit solvation
3

model24 to account for the solvation effects of toluene, the solvent used experimentally.25 All of
the optimized geometries were verified by frequency computations as minima (zero imaginary
frequencies) or transition structures (a single imaginary frequency). Single-point energies of the
optimized geometries were then evaluated using the dispersion-corrected density functional
method B3LYP-D326a (with a Becke−Johnson (BJ) damping function26b,c) and the 6-311+G(d,p)
basis set. The thermal corrections evaluated from the unscaled vibrational frequencies at the
B3LYP/6-31G(d) level on the optimized geometries were then added to the B3LYP-D3(BJ)/6311+G(d,p) electronic energies to obtain the free energies. The free energy corrections were
calculated using Truhlar’s quasiharmonic approximation.27
We have also performed optimization and frequency calculations of the low-energy
transition states using the M06-2X28 functional with the 6-31G(d) basis set. Single points using
M06-2X and the larger 6-311+G(d,p) basis set were also calculated. The transition structures
resulting from these calculations are shown in Figure S8. We have found that the energetics
between the major and minor transition structures were comparable to those optimized at the
B3LYP/6-31G(d) level of theory with higher-level single point energies.
Monte Carlo conformational searches were carried out with the MMFFs force field
implemented in MacroModel29 to identify the lowest-energy conformers of the new dicationic
cinchona-derived phase-transfer catalyst, the catalyst–substrate complex, and the transition state
structures.
1.4 Results and Discussion
We have recalculated the transition structures reported by Pliego19 at the B3LYP/6-31G(d)
level of theory, which are illustrated in Figure 1. These structures were previously computed at the
M08 and DP4 levels of theory. Figure 1A shows the lowest-energy major and minor transition
4

structures in Pliego’s work. The minor TS is 7.9 kcal/mol less stable than the major TS in the gas
phase, or 6.3 kcal/mol in toluene.

A)

major TS
∆∆G‡ = 0

minor TS
∆∆G‡ = 7.9, 6.3
(Pliego et al.)

B)

new model for minor TS
∆∆G‡ = 3.6, 3.2
(this work)

B3LYP-D3(BJ)/6-311+G(d,p)//B3LYP/6-31G(d)
B3LYP-D3(BJ)/6-311+G(d,p)/SMD(toluene)//B3LYP/6-31G(d)

Figure 1.1. A) The Pliego model for the transformation mediated by the monoquaternized
cinchoninium catalyst. B) A new complementary minor TS to the Pliego model. All energies are
in kcal/mol.
The Grabowski-type major TS, where the leaving chloride points away from the catalyst,
is 11.2 kcal/mol higher in energy. In agreement with Pliego’s conclusion, the Grabowski/Dolling
model is disfavored. The distinct difference between the major and minor TS is the position of the
leaving chloride ion. Pliego proposed that the relative stabilization of the transition states depends
on the distance between the negatively charged chloride and the positively charged nitrogen center

5

of the cinchoninium catalyst.19 We have discovered a new minor TS that offers a clearer picture to
the origins of stereoselectivity for this phase-transfer catalysis (Figure 1.1B). The new minor TS
is 4.3 kcal/mol more stable than the original Pliego minor TS, and the position of the chloride in
the new minor TS is similar to that in the major TS. Comparing the two minor TSs, we see a
recurring theme that the position of the chloride with respect to the electropositive pocket around
the quinuclidinium nitrogen is important. Specifically, it is the C–H bonds polarized by N+ that
interact and stabilize the leaving group.
We then studied the enantioselectivity of the bis-quaternary salt catalysis depicted in
Scheme 2. The enantioselectivity of the spirocyclization is excellent with catalyst 5a, when
substituents on both nitrogen atoms are 2-bromo-5-methoxybenzyl; respectable selectivity was
achieved with 5b, where the quinoline nitrogen is methylated. The selectivity decreases drastically
if the quinoline is not alkylated (5c). We have identified an explanation for the origins of the
enantioselective phase-transfer catalysis by these N,N′-disubstituted cinchona alkaloids.
For this phase-transfer process, we assume an interfacial mechanism6,19,30 similar to the
reaction in Scheme 1. Substrate 4 is predominantly in the organic phase, while the dicationic
catalyst is in the aqueous phase. A complex of the salt with the hydroxide base (catalyst–OH−) is
transported to the toluene layer, where 4 is deprotonated to form the corresponding enolate. The
catalyst–enolate complex undergoes reaction in the organic phase, where the neutral product
remains.
We investigated the conformational preferences for the dialkylated quinidine-derived
phase-transfer catalysts 5 in toluene and in water. Figure 1.2 shows model catalyst 5b′ in four lowenergy conformations. The vinyl group on the quinuclidinium ring is replaced by a methyl group
to reduce the number of redundant conformations. This substitution has been shown to be

6

inconsequential for the origins of enantiocontrol.31-33 The doubly quaternized catalyst is most
stable in the anti-open conformation. The syn-open conformer is more than 2 kcal/mol higher in
energy in both toluene and water implicit solvation. The closed conformations are at least 5
kcal/mol higher than the anti-open conformer and are, therefore, not significant.
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Figure 1.2. Four low-energy conformations of model catalyst 5b′. All energies are in kcal/mol.
We explored the possible transition states of the dicationic catalyst, including
Grabowski/Dolling- and Pliego-type modes of activation. Figure 1.3 shows the lowest-energy
transition states corresponding to the former two models as well as a lowest-energy alternative
model. The Pliego-type TS, in which the leaving chloride associates with the quinuclidinium
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binding pocket, is 19.0 kcal/mol more stable than the Grabowski- type TS in the gas phase. This
agrees with the current views,18,19 about the monoquaternized catalyst. The enolate oxygen is
hydrogen-bonded and near the quinolinium. Note that the Grabowski-type TS is stabilized in
implicit toluene by 10.2 kcal/mol. However, it is still energetically disfavored because the building
negative charge on the leaving chloride is not stabilized by the catalyst. The third mode of
activation, which we call the “reverse-Pliego,” is unique to the diquaternized catalyst; the
quinolinium group creates a second positively-charged site for coordination of the chloride leaving
group, and the enolate oxygen is now in the quinuclidinium site.

Pliego model
∆∆G‡ = 0

Grabowski/Dolling model
∆∆G‡ = 19.0, 8.8

Reverse Pliego model
∆∆G‡ = 5.3, 5.9

B3LYP-D3(BJ)/6-311+G(d,p)//B3LYP/6-31G(d)
B3LYP-D3(BJ)/6-311+G(d,p)/SMD(toluene)//B3LYP/6-31G(d)

Figure 1.3. Three transition state for catalysis by the diquaternized cinchona-alkaloid derived
phase-transfer catalyst. All energies are in kcal/mol.
We also explored the possible role of the second counterion to the dication. We scrutinized
possible modes of interactions between the dicationic catalyst, a bromide ion, and the enolate.34
The global minimum complex is shown in Figure 1.4a. The catalyst adopts the anti-open
conformation in the complex. The enolate oxygen forms a hydrogen bond interaction with the C9hydroxyl group of the catalyst, while the quinolinium ring interacts with the enolate double bond
by π-π stacking. The C–Cl bond points away from the catalyst. These interactions resemble the
interactions proposed in Dolling’s model.3 The bromide ion is associated via electrostatic
interactions with the catalyst’s C–H bonds attached to the quinuclidinium nitrogen and in the
8

quinolinium ring.35 This is consistent with the position of the bromide ion in the X-ray structure
of a similar doubly quaternized cinchona alkaloid derivative 5d (Figure 1.4b).
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3.57
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Br –

Br

OMe
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5bʹ·Br−·enolate ion triplet
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OH
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Figure 1.4. (a) The global minimum of the catalyst(Br−)–enolate complex. The quinuclidinium
ring is rendered in gray for clarity. (b) X-ray crystal structure of an analogous N,N′-diquaternized
cinchona alkaloid derivative (5d). In the schematic drawings, atoms closer to the viewer are
represented by larger font sizes.
view 2

The stereo-determining transition states leading to the major and minor stereoisomers were
calculated including the bromide counterion (Figure 1.5). A counterion is required to reproduce
the experimental enantioselectivity. It has been reported that DFT calculations of charged
complexes require counterions for accuracy.36
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Figure 1.5. Lowest-energy stereocontrolling TSs for the reaction in Scheme 2. In the schematic
drawings, atoms closer to the viewer are represented by larger font sizes. All energies are in
kcal/mol.
Figure 1.5 shows the lowest-energy transition structures that lead to the major and the
minor enantiomer. The major TS is lower in energy than the minor TS by 2.1 kcal/mol with single
points performed in the gas phase and in toluene, which is in reasonable agreement with the
experimentally observed enantioselectivity (1.3 kcal/mol). The calculated selectivity in implicit
water solvation is 3.0 kcal/mol. The Dolling-type major TS is 7.7 kcal/mol higher in energy. The
global minimum of the complex (Figure 1.4) prefers the Grabowski/Dolling-type conformation,
but the transition state differs. This is due to the lack of leaving group stabilization in the complex
10

geometry. Common features can be found in the major and the minor TS. The quinolinium ring,
the C9-O bond, and the substituted phenyl ring with one of its adjacent methylene C–H bonds lie
approximately in the same plane (perpendicular to the plane of the paper in Figure 1.3).37 In both
structures, the leaving Cl− is stabilized by hydrogen bonding with the α C–H bonds of the
quinuclidinium, the hydrogen geminal to the C9-OH group, and the 5′-H atom of the quinolinium
ring. The enolate oxygen is stabilized by hydrogen bonding with the C9-hydroxyl group. Unlike
its position in the substrate complex, the bromide ion is situated near the quinolinium ring in the
transition state, which is where the iodide ion resides in the X-ray structure (Figure 1.4b). This is
in line with recent computational models that revealed the preferred ion-paired complex is not
necessarily the lowest-energy ion pair in the transition state.33 The main difference between the
two transition structures is the relative position of the cyclization TS and the catalyst. This leads
to two different π stacking interactions for the major and minor transition structures. In the major
TS, the substituted benzyl group on the quinuclidinium nitrogen of the catalyst is involved, while
in the minor TS, the quinolinium ring forms π–π stacking with the pyridine moiety of the substrate.
A closer look at the two π–π stacking interactions suggests that the one present in the major TS is
slightly more stabilizing due to the parallel and closer alignment of the aromatic rings (−4.4 versus
−3.8 kcal/mol). This factor by itself is not sufficient to explain the experimentally observed and
theoretically predicted enantioselectivity, however.
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Figure 1.6. (a) Distortion-interaction analysis for reaction catalyzed by 5b′. All energies are in
kcal/mol. (b) Electrostatic interactions between the catalyst and the enolate in the stereocontrolling
TSs. Atoms closer to the viewer are represented by larger font sizes.
We used the distortion/interaction model to elucidate what causes the difference in energy
between the major and minor TSs of this reaction (Figure 1.6a).38-41 Starting from the stable
catalyst(Br−)–enolate complex, the distortion energy (Edist) is defined as the energy required to
distort each species [catalyst(Br−) and enolate] from reactant geometry to transition state geometry.
The positive interaction energies (Eint = Ea − Edist) suggest that the two species are destabilized
going from complex to the transition state geometries. While the interaction energies differ only
slightly, the distortion of the catalyst and the enolate is most significant in the minor TS (∆Edist,total
= 2.5 kcal/mol). The structural origins of this differential distortion are illustrated in Figure 1.6b.
There are π–π stacking interactions with the catalyst in both TSs. The major TS acquires a matched
hydrogen bonding interaction involving the two hydrogen-bond donating groups (namely, the C9OH and one of the α C–H bonds of the quinuclidinium nitrogen) and the two hydrogen-bond
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accepting groups (the enolate O− and the Cl− leaving group). On the other hand, the enolate in the
minor TS is distorted from its optimal geometry to achieve the same interactions with the catalyst.
We also studied catalyst 5a′, a truncated version of the best experimentally used catalyst
5a (Figure 1.7a). The stereocontrolling major and minor TSs were computed for substrate 4 as well
as substrates 7 (96% ee) and 8 (65% ee). A linear relationship was obtained between the
experimental ∆∆G‡, and the difference in total distortion energies between the major and minor
TSs (Figure 1.7b) suggests that the level of enantioselectivity is controlled by the extent of
distortion of the minor TS.

Figure 1.7. (a) Model catalyst 5a′ and two experimentally used substrates 7, 8. (b) Plot of the
difference in total distortion energies (∆Edist = ∆Edist,minor − ∆Edist,major) for all four reactions
investigated and the experimental ∆∆G‡ computed from the experimental % ee. All energies are
in kcal/mol.
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1.5 Conclusions
We report a model that explains how doubly quaternized cinchona alkaloid derivatives
function as phase-transfer catalysts and how they impart stereoselectivity to spirocyclizations
giving rise to products with quaternary stereogenic centers. Like the Dolling and the Pliego
models, the interaction of the C9-hydroxyl group with the enolate oxygen is important. The
cinchona alkaloid does not act as a steric shield, as Dolling proposed, but stabilizes the transition
structure by electrostatic interactions with the leaving chloride ion. We propose that two more
interactions are required for enantioselectivity: a chloride-CH interaction for the leaving group,
and a π–π stacking interaction between the pyridine of the substrate and the chiral catalyst. We
have shown that it is crucial to incorporate the counterion when modeling ion-pair catalysts to
predict accurate selectivities. We demonstrate that the stereoselectivity of the alkylation is directly
related to the degree of distortion of the catalyst and the substrate necessary to achieve favorable
electrostatic interactions.
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Chapter 2. On the Periselectivities and Stereoselectivities of Cinchona-Based Primary
Amine-Catalyzed [6 + 4] Cycloaddition Reactions
2.1 Introduction
Cycloaddition reactions are among the most fundamental reactions in organic chemistry.
Since the seminal contributions by Diels and Alder, numerous synthetic applications,1-3 and
subsequent theoretical considerations by Woodward and Hoffmann, Diels–Alder reactions have
been landmarks for the construction of six-membered ring systems. The [4 + 2] cycloaddition
involves six π-electrons and all aspects of the different types of selectivity can, to a very high
extent, be controlled by variation of substituent patterns, catalysis and reaction conditions. The
understanding of the reaction course of the [4 + 2] cycloadditions performed under a variety of
reaction conditions has been the goal of numerous experimental and computational studies.
Scheme 2.1. Peri- and Stereo-selective Cycloadditions by Cinchona Alkaloid Primary Amine
Catalysts
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Cycloadditions in which more than six π-electrons are involved have been called higherorder cycloadditions. Higher-order cycloadditions, such as [6 + 4] and [8 + 2] cycloaddition are,
compared to the [4 + 2] cycloadditions, much more challenging to control. These higher-order
cycloadditions often suffer from lack of periselectivity, as many different pericyclic reactions may
occur with extended π systems. Tropone, for example, may act as a 2π-, 4π-, 6π or 8π component
in cycloadditions, depending on the reaction partner. A further challenge for higher-order
cycloadditions is to control the stereoselectivity, both diastereoselectivity from exo/endo
competition, and enantioselectivity in the presence of a chiral catalyst. Regioselectivity provides
yet another challenge. Being able to control peri- and stereoselectivity in higher-order
cycloadditions would enable their use in the generation of molecular scaffolds as part of important
natural products or drug targets.
Peri- and stereo-selective control of higher-order cycloadditions has been described rarely;
Rigby et al.4 have presented an example of an intramolecular metal-promoted intramolecular
cycloaddition reaction which proceeds in good yield and low enantioselectivity, while Xi et al.
reported a metal-catalyzed aza-[8 + 2]-cycloaddition.5 Garst and Houk described regioselectivity
in cycloadditions of substituted dienes and tropones.6
Recently, the first examples of stereoselective [6 + 4] and [8 + 2] cycloadditions catalyzed
by cinchona alkaloid primary amines was disclosed (Scheme 2.1).7 In addition to stereoselective
catalysis, these reactions exhibited periselectivity that could be tuned by varying the ring size of
the cyclic enones and altering the substitution patterns of the tropone/heptafulvenes.
In this work, we have carried out computational studies of the factors that govern the
reaction pathways for higher-order cycloaddition reactions. We report computational and
additional experimental investigations of: 1) the periselectivity of the plausible cycloadditions
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between the dienamine formed from cyclopentenone and tropone, and 2) the diastereo- and
enantioselectivities of the [6 + 4] cycloaddition. The study is based on computational
investigations combined with experimental investigations.
2.2 Computational Methods
Quantum mechanical computations were performed using Gaussian 09.8 The geometries
were fully optimized at the B3LYP9-11/6-31G(d) level of theory with the SMD implicit solvation
model12 to account for the solvation effects of 1,4-dioxane, the solvent used experimentally. All
of the optimized geometries were verified by frequency computations as minima (zero imaginary
frequencies) or transition structures (a single imaginary frequency). Single-point energies of the
optimized geometries were evaluated using the dispersion-corrected density functional method
M06-2X13,14 and the 6-311+G(d,p) basis set. The thermal corrections evaluated from the unscaled
vibrational frequencies at the B3LYP/6-31G(d) level on the optimized geometries were then added
to the M06-2X/6-311+G(d,p) electronic energies to obtain the free energies. The free energies
were corrected using Truhlar’s quasiharmonic correction, by raising vibrational frequencies that
are below 100 cm–1 to 100 cm–1.12,14
2.3 Results and Discussion
The reaction of cyclopentenone 1 with tropone 2 in the presence of the cinchona alkaloid
primary amines catalyst 3a must proceed by a cross-dienamine intermediate for the reaction of 1
with 3a. At the outset, we have analyzed the energy profile of the possible [6+4] and [4+2]
cycloadditions that lead to the exo [6+4] cycloadduct and the endo [4+2] cycloadduct, respectively,
by reaction of 2 with the cross-dienamine intermediate 11 (Figure 1).
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Figure 2.1. Energy profile of the [6 + 4] and [4 + 2] cycloadditions between tropone 2 and
dienamine 11. All energies are in kcal/mol.
Figure 2.1 shows the energy profile of the possible cycloaddition pathways between
tropone 2 and the cross-dienamine intermediate 11 formed from the reaction of the cyclopentenone
1 with a model cinchona alkaloid primary amine catalyst 3a′. Our computational model catalyst
3a′ contains a truncation of the vinyl group in catalyst 3a to a methyl group to reduce
conformational complexity. Upon dienamine formation between cyclopentenone 1 and catalyst
3a′,

the 4π-component can react with 2 to undergo a [6 + 4], [4 + 2], or [8 + 2] cycloaddition

pathway. Our results show that the Diels–Alder pathway is 8.5 kcal/mol higher in energy than the
[6 + 4] pathway. The [8 + 2] pathway is endergonic and reversible. The most favorable pathway
leads to the [6 + 4] adduct, and it involves a stepwise mechanism. This is consistent with the high
periselectivity observed experimentally. The rate-determining step is the first C–C bond formation
via 15 and has a barrier of 15.4 kcal/mol, while the second step is lower by about 5 kcal/mol.
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1

H NMR spectroscopic investigations have shown that 2-cyclopentenone 1 preferentially

forms the cross-dienamine 11 by reaction with catalyst 3a, while the corresponding linear
dienamine 19 could not be observed. These experimental results are supported by computational
studies, as we have found the lowest-energy conformer to be the cross-dienamine 11 which is 2.2
kcal/mol more stable than its linear constitutional isomer 19 (Figure 2.2). Furthermore, the
transition state (TS) structures arising from 21 are at least 4 kcal/mol higher in energy than the
ones from 11.

cross dienamine
11
∆∆G = 0

H
N

QH
HN

linear dienamine
19
∆∆G = 2.2

H
N

QH
HN

M06-2X/6-311+G(d,p)/SMD/1,4-dioxane // B3LYP/6-31G(d)/SMD/1,4-dioxane

Figure 2.2. Structures and energetics of cross and linear dienamines. All energies are in kcal/mol.
Since the [6 + 4] cycloaddition involves a stepwise mechanism, we expect three possible
staggered conformations about the first C–C bond (Figure 2.3A). To assess these conformations,
we constructed a simplified N-methyl cross-dienamine as a model for the cyclopentanone 1 and
cinchona alkaloid primary amine catalyst 3a formed intermediate in the experimental
investigations. Catalyst 3a was truncated to eliminate other conformations, and we focused on the
conformations about the C–C forming bond, as well as the cross-dienamine s-cis/s-trans
conformations (Figure 2.3B).
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Figure 2.3. Transition state conformations of a simplified N-methyl dienamine model. Gauche
describes the relative position of the carbonyl carbon and the nitrogen-bearing carbon. All energies
are in kcal/mol.
Figure 2.3C shows a total of six TS structures corresponding to the three staggered
conformers about the C–C forming bond and the two conformers about the C–N single bond.
Overall, the s-trans TS conformers (Figure 2.3C, top) are more stable than the s-cis conformers
(Figure 2.3C, bottom). Within the s-trans TS conformers, the two gauche TSs 22a and 22b are
lower in energy than the anti TS 22c, which follows Seebach’s topological rule for carbon–carbon
bond formation.15 Transition state structure 22a is the most stable TS, presumably due to the
proximity of the developing positive and negative charges. In this TS, the distance between the
carbonyl oxygen and hydrogen with most positive charge is 2.41 Å.
We next expanded our computational model to explore the more flexible conformations of
the [6 + 4] cycloaddition TS in the presence of the quinuclidinium ring (without the quinoline
substituent). As shown in Figure 4, the tropone oxygen forms a hydrogen bond with the protonated
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quinuclidine and the carbon–carbon bond forming TS features a 9-membered macrocycle
excluding the hydrogen (colored in yellow). Naturally, the anti-conformation about the forming
C–C bond cannot be adopted in this model because the hydrogen-bond interaction would be
sacrificed. Transition state structures 24a,b and 25a,b are built on the gauche-conformers in the
N-methyl cross-dienamine model shown in Figure 3C and in the brown boxes below.
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O H N
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H

44°

O H N

+3°

22a: ∆∆G‡ = 2.8

22b: ∆∆G‡ = 0

s-trans TS 24a
∆∆G‡ = 0

s-trans TS 24b
∆∆G‡ = 10.6

+27°
−53°

s-cis TS 25a
∆∆G‡ = 3.4

s-cis TS 25b
∆∆G‡ = 7.9

23a: ∆∆G‡ = 3.0

23b: ∆∆G‡ = 2.4
45°

−62°
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Figure 2.4. Transition state conformations of a quinoline-truncation model. All energies are in
kcal/mol.
The importance of hydrogen bonding in the cyclic transition state structure (as shown in
Figure 2.4), inspired us to pursue further investigations on the role of the acid on the periselectivity
of the [6 + 4] cycloaddition.
The role of the anionic counterion has been investigated by studying the conjugate bases
of several chiral acid pairs in the aminocatalyzed reaction between 2-cyclopentenone 1 and tropone
2, Scheme 2.2. Inspection of the results in Scheme 2 show that the stereochemical outcome of the
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reaction is independent of the stereochemistry of the chiral counteranion; e.g. the reactions
performed with each enantiomer of CSA result in the same enantiomer of the product exo-4 with
similar enantioselectivity. Comparable results are obtained for the two other chiral acids
investigated.
The absence of match/mismatch interactions for the reactions with pairs of chiral acid
additive demonstrates the low importance of the counterion on the reaction. Therefore, it is a good
approximation to exclude the anionic counterion from the calculations of the reaction pathway.

Scheme 2.2. The role of the Stereochemistry of the Counteranion for the Reaction of 2Cyclopentenone 1 with Tropone 2 in the Presence of the Cinchona Alkaloid Primary Amine
Catalyst 3a
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Next, the influence of the amount of acid additive was investigated. A series of reactions
was performed in which 10, 20, 30, 40, and 50 mol% (−)-CSA was present in the reaction mixture
(Table 1). The results in Table 1 show that the conversion of tropone 2 and the yield of exo-4 are
dependent on the amount of (−)-CSA present in the reaction mixture as increased reaction rates
(conversion) are observed for higher concentrations of (−)-CSA. These results are in line with the
calculated reaction pathway, as the equilibrium between the acid and the quinuclidine base
determines the reaction rate through the concentration of active protonated catalyst. In contrast to
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this, the enantioselectivity of exo-4 is relatively independent of the amount of acid as 91-95% ee
is obtained when the amount of (−)-CSA is varied.
Table 2.1. The Role of Amount of (−)-CSA if the Conversion (Yield) and Enantiomeric Excess of
the Reaction of Cyclopentenone 1 with Tropone 2 in the Presence of the Cinchona Alkaloid
Primary Amines Catalyst 3a
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The results obtained for the role of amount of (−)-CSA (Table 2.1) and stereochemistry of
the acid counterion (Scheme 2.2) for the [6 + 4] cycloaddition, show that the role of the acid is to
protonate the quinuclidine in order for the tropone oxygen to form a hydrogen bond with the
protonated quinuclidine. This hydrogen bond determines the periselectivity of the [6 + 4]
cycloaddition.
Interestingly, while TS 22b in the most simplified model is the lowest energy TS conformer,
the corresponding TS 24b is substantially higher in energy (∆∆G‡ = 10.6 kcal/mol) than TS 24a
due to torsional strain. The gauche-(−) TS conformation is unachievable in the presence of the
quinuclidinium ring, and instead, the eclipsed conformation is adopted. Transition states 25a and
25b, with the s-cis cross-dienamine are also higher in energy. The lowest-energy TS conformer
24a features the gauche-(+) conformation about the forming C–C bond as well as a crown-like
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conformation of the macrocycle. From these two truncated models, we gained a good
understanding of the conformational preference of this reaction.
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mirror inverted minor TS

M06-2X/6-311+G(d,p)/SMD/1,4-dioxane // B3LYP/6-31G(d)/SMD/1,4-dioxane

Figure 2.5. A) Stereodetermining transition structures of the formal [6 + 4] reaction. B) Overlay
of the major and the mirror inverted minor TSs. All energies are in kcal/mol.
Having explained the periselectivity, we moved forward to explain the stereoselectivities
of the [6 + 4] cycloaddition between cyclopentenone 1 and tropone 2 catalyzed by the cinchona
alkaloid primary amine catalyst 3a. The stereodeterming TSs are shown in two views in Figure
5A. Transition state structure 26 leading to the major adduct is 1.0 kcal/mol more stable than the
TS 27 which leads to the minor adduct. The difference in energy appears to come from the two
hydrogen-hydrogen repulsions of 2.08 and 2.25 Å observed in the TS providing the minor adduct.
The bottom views of the TSs also suggest a difference in conformation of the cross-dienamine; the
NH-moiety points up in the TS giving the major adduct and down in the TS for the minor adduct.
In a different perspective of the TS providing the minor adduct (Figure 2.5B), it is notable that the
6π- and 4π-components of both TSs are a pair of mirror images. An overlay at the π-components
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of both TSs is shown. The preference for the gauche-(+) conformation is consistent with the one
we found in the truncated models.

Figure 2.6. Energetics of chiral dienamine conformers. All energies are in kcal/mol.
To understand the intrinsic preference of the cross-dienamine conformations, the tropone
in the enantiodetermining TSs was removed, and the remaining cross-dienamine conformations
were optimized (Figure 2.6). The energy difference between the two conformations is 0.7 kcal/mol
favoring cross-dienamine 28, the conformation in the TS for the major adduct. The dihedral angle
(highlighted in pink) in 28 is −117º, which resembles the anti-open conformation of cinchona
alkaloids. The same dihedral angle in dienamine 29 is −76º, which is closer to the syn-open
conformation. Comparing the two cross-cross diendienamine conformers to the stereodetermining
TSs, we see that this dihedral angle becomes closer to anti (−120º) in the major TS and closer to
syn (−71º) in the minor TS.
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Our hypothesis that the two hydrogen-hydrogen repulsive interactions destabilize the TS
for the minor adduct was validated in the truncated model, where the quinoline ring was removed.
In the absence of the quinoline, the repulsions are no longer observed, and the enantioselectivity
diminishes (Figure 2.7).
g− TS 30
∆∆G‡ = 0

g+ TS 31
∆∆G‡ = −0.2

M06-2X/6-311+G(d,p)/SMD/1,4-dioxane // B3LYP/6-31G(d)/SMD/1,4-dioxane

Figure 2.7. Stereodetermining transition structures of quinoline-truncated model. All energies are
in kcal/mol.
TS 26
6π Si 4π Re
∆∆G‡ = 0

TS 27
6π Re 4π Si
∆∆G‡ = 1.0

TS 32
6π Re 4π Re
∆∆G‡ = 6.2

TS 33
6π Si 4π Si
∆∆G‡ = 3.1

M06-2X/6-311+G(d,p)/SMD/1,4-dioxane // B3LYP/6-31G(d)

Figure 2.8. Lowest-energy diastereomeric transition structures. All energies are in kcal/mol.
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Finally, since two chiral centers are formed after the first TS, we studied the four possible
diastereomeric transition structures (Figure 2.8). We found that TSs 32 and 33 are 3–6 kcal/mol
less stable than the TS 26. Congruent with experimental observations, the cross-dienamine 11 and
tropone react highly diastereoselectively to give the [6+4] exo adduct 18.
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Chapter 3. Origins of Stereoselectivity in Chiral Aminoalcohol Catalysis of Oxyallyl Cation–
Indole Reactions
3.1 Abstract
The enantioselective coupling of indoles with racemic α-tosyloxy ketones mediated by a chiral
amino alcohol catalyst is studied with density functional theory (DFT) calculations. The addition
of indole to oxyallyl cation intrinsically favors the (S,S) and (R,R) stereoisomeric products through
electrostatic interactions in the transition state. Our model shows that the enantioselectivity is
controlled by the cyclohexane moiety of the catalyst; selectivity diminishes upon removal of the
cyclohexane ring. Substitution to enhance the enantioselectivity of this reaction is proposed.
3.2 Introduction
Oxyallyl cations, highly electrophilic species, were first proposed as intermediates in the
neutral Favorskii rearrangement in 1894,1,2 and this century in Nazarov cyclizations.3,4 They have
also been employed in cycloadditions5-7 with 2π and 4π components, and in reactions with other
nucleophiles.8-13 The general applications of oxyallyl cations with a broad scope of nucleophiles
in α-substitution of ketones were first described by the groups of Chi14 and MacMillan15. The
highly reactive cations are generated under weakly basic conditions and trapped by neutral
heteroatoms15 and soft π-nucleophiles. Kartika and coworkers reported regioselective nucleophilic
additions to unsymmetrical oxyallyl cations under mild Brønsted acid catalysis in 2015.16-18
Recently, the MacMillan group reported an enantioselective variant of the direct coupling
of unprotected indoles and in situ generated oxyallyl cations;19 a chiral amino alcohol catalyst 3
derived from Jørgensen-Hayashi-type catalysts20,21 was used to activate the oxyallyl cation for
enantioselective nucleophilic addition (Scheme 3.1).
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Scheme 3.1. Asymmetric Conversion of Racemic α-Tosyloxy Ketones to Optically Enriched αIndolic Carbonyls
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3.3C.;Computational
Methods
Liu,
Oblak, Z.; Vander Wal,
M. N.; Dilger, A. K.; Almstead, D. K.; MacMillan, D. W. C. J. Am. Chem. Soc. 2016, 138, 2134.
Quantum mechanical calculations were performed using Gaussian 09.22 All structures were
optimized at the M06-2X/6-31G(d) level of theory23,24 with the SMD model25 to account for
solvation effects of perfluorobenzene. Conformational searches were performed with the
MMFFs26 force field implemented in MacroModel27 to identify the lowest-energy conformers of
the catalyst and the catalyst-substrate complex.
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3

3.4 Results and Discussion
We have undertaken a theoretical study of the reaction path, established transition state
geometries, and developed a model that explains how stereocontrol is achieved.
Me
N

O

Me
*

oxyallyl caGon
electrophile

Me

O

N

O

N

*

*

immediate product 6

7
S enanGomer
R enanGomer

S, S
R, S
S, R
R, R

Figure 3.1. Possible stereochemistries of the uncatalyzed reaction.
We first studied the uncatalyzed reaction of the oxyallyl cation from ⍺-tosyloxy
cyclopentanone and N-methyl indole. Figure 3.1 lists the four possible stereomeric products
formed by C–C bond formation. Upon rearomatization, the stereocenter at the C-3 of the indole
(labeled in green) is eliminated to form 7. We studied the transition structures for the formation of
the (S,S) and the (R,S) stereoisomers; the remaining two stereoisomers are enantiomers
of these
6
two and are isoenergetic in the absence of the chiral catalyst.
Kinetic studies showed that the rate-determining step in this reaction is the catalystmediated deprotonation step to form a catalyst–oxyallyl cation complex prior to the
stereodetermining C–C bond formation. A KIE of 3.5 for ⍺-H(D) is observed, consistent with the
very low barrier of reaction we computed.
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22°

Newman projec/on

g+-(S,S)-TS 8
∆G‡ = 7.3, ∆∆G‡ = 0

55°

g+-(R,S)-TS 9
∆∆G‡ = 1.4

Newman projec/on

M06-2X/6-311+G(d,p)/SMD(C6F6)//M06-2X/6-31G(d)/SMD(C6F6)

Figure 3.2. Lowest-energy TSs leading to the (R,S) and the (S,S) stereoisomers and electrostatic
potential maps. All energies are in kcal/mol.
Figure 3.2 shows the lowest-energy transition structures leading to the (S,S) and the (R,S)
stereoisomers. Other conformations about the forming bond are at least 3 kcal/mol higher in
energy. The activation free energy is only 7.3 kcal/mol. The (S,S)-TS 8 is 1.4 kcal/mol more stable
than the (R,S)-TS 9. There are two factors that contribute to this energy difference. Both TSs adopt
a gauche (+) conformation about the forming C–C bond, with the C2–C1(δ+) bond of the indole
gauche to the enolate C–O bond. This is related to the Seebach–Golínski topological rule about
the preferred conformer of TS involving the formation of a zwitterion.28 In the (S,S)-TS, the
developing positive charge on C-2 and the methyl group of the indole are in proximity with the
oxygen of the oxyallyl cation. Specifically, the ɑ-hydrogens form two C–H···O hydrogen bonds
with the forming enolate oxygen at 2.3 Å and 2.5 Å. On the other hand, there is only one such
interaction in the (R,S)-TS because the dihedral angle about the forming bond is larger. The
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widening of the angle further leads to a more pronounced separation of charges in the (R,S)-TS
and makes it less stable; this can be visualized in the electrostatic potential map of the structure,
where the deep blue positive potential on the N-methyl is close to the negative potential (red) in
the (S,S)-TS.
We next investigated how the catalyst favors the formation of the (S,S) over the
enantiomeric (R,R) transition state. The aminoalcohol catalyst is flexible, and numerous
conformations are possible. Furthermore, the oxyallyl cation can interact with the catalyst through
various modes. We located 34 distinct conformations for the catalyst and 62 for the catalyst–
electrophile complex. Figure 3.3 shows the lowest-energy A) bidentate and B) monodentate
catalyst–oxyallyl cation complexes. Complex 5a is 5.9 kcal/mol more stable than the separate
reactants. In both complexes, one of the naphthyl groups forms a cation-π interaction with the
oxyallyl cation at 3.1 Å. Complex 5b is 4.4 kcal/mol higher in energy than complex 5a. This
conformation of O–C–C–N in complex A is −57°, but 52° in the less stable complex 5b. In the
free catalyst, the gauche minus (g−) conformation of O–C–C–N is 3.5 kcal/mol more stable than
the g+ conformation. Further destabilization of complex 5b comes from the loss of one hydrogen
bond from the N–H group. These structures are both more stable than the DFT optimized structure
previously published,19 where the O–C–C–N dihedral angle is closer to 180° (Scheme 3.2).
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∆∆G° = 0
∆G° = −5.9

g+ 5b
∆∆G° = 4.4
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CH3
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O
H
H

CH3
CH3

CH3

O

M06-2X/6-311+G(d,p)/SMD(C6F6)//M06-2X/6-31G(d)/SMD(C6F6)
14

Figure 3.3. Lowest-energy catalyst–oxyallyl cation complexes A) bidentate B) monodentate. All
energies are in kcal mol−1.
In the enantioselective catalysis, one face of the oxyallyl cation is blocked by the
dimethylnaphthyl group of the catalyst, but either α-carbon is accessible to the nucleophilic indole.
There are four distinct transition states, namely (S,S), (R,S), (S,R), and (R,R). We determined the
geometry of the catalyst coordinating to each TS and found that the (S,S) and (R,R) TSs are the
lowest-energy pathways, just as found in Figure 3.2 for the uncatalyzed reaction.
Figure 3.4 shows the lowest-energy major and minor transition structures in the presence
of the catalyst. Both the major and the minor TSs have the same arrangement of the oxyallyl moiety
and the catalyst as in the preferred complex 5a (Figure 3.3). The Newman projections viewing
along the forming C–C bonds of the major and minor TSs are shown on the upper corners of Figure
3.4. The distances between the hydrogen atoms on the methyl group of the indole and the
cyclohexane ring of the catalyst (indicated by green lines) are different for the major and minor
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TSs. The closer proximity (2.66 Å versus 2.79 Å) between the partially positive N-methyl group
and the partially positive hydrogens of the cyclohexane ring destabilizes the minor TS as shown
in the electrostatic potential maps (Figure 3.4).

.

−28°

28°

g−-(S,S)-TS (major)
∆G‡ = 10.6
∆∆G‡ = 0

g−-(R,R)-TS (minor)
∆∆G‡ = 1.2

energies in kcal/mol
M06-2X/6-311+G(d,p)/SMD(C6F6)//M06-2X/6-31G(d)/SMD(C6F6)

Figure 3.4. Lowest-energy stereodetermining TSs. Naphthyl groups in Newman projections are
hidden for clarity. All energies are in kcal/mol. The reaction occurs with 92% ee experimentally.
To support our hypothesis that unfavorable electrostatic interaction between the N-methyl
group and the cyclohexane ring plays an important role in determining the stereoselectivity of this
reaction, we optimized the corresponding major and minor TSs for the reaction of the N-H indole
substrate. The two TSs are shown in Figure 3.5. In the absence of the N-methyl group, the minor
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TS is only 0.2 kcal/mol higher in energy than the major TS. This is in qualitative agreement with
the experimentally observed lower enantioselectivity (70% ee) with the N-H indole substrate.
Another model where the 6-membered ring is truncated also predicts low enantioselectivity.

dm-g−-(S,S)-TS 11a (major)
∆∆G‡ = 0

dm-g−-(R,R)-TS 11b (minor)
∆∆G‡ = 0.2

energies in kcal/mol
M06-2X/6-311+G(d,p)/SMD(C6F6)//M06-2X/6-31G(d)/SMD(C6F6)

Figure 3.5. Lowest-energy stereodetermining TSs with the N–H indole substrate. The absence of
the N-methyl group results in diminished selectivity. All energies are in kcal/mol. The reaction
occurs with 70% ee experimentally.
A model in which the two hydrogens were replaced by fluorines (Figure 3.6) predicts an
enhanced selectivity for the (S,S)-TS. The major TS is 1.7 kcal/mol more stable with our
computationally designed geminal difluorocyclohexane catalyst through a combination of
electrostatic and steric effects.
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F2-g−-(S,S)-TS 12a (major)
∆∆G‡ = 0

F2-g−-(R,R)-TS 12b (minor)
∆∆G‡ = 1.7

energies in kcal/mol
M06-2X/6-311+G(d,p)/SMD(C6F6)//M06-2X/6-31G(d)/SMD(C6F6)

Figure 3.6. Lowest-energy stereodetermining TSs with a computationally designed geminal
difluorocyclohexane catalyst. All energies are in kcal/mol.
3.5 Conclusions
In summary, the relative energies calculated for the stereodetermining transition states
agree well with experimentally observed enantioselectivities. There is a strong preference for one
transition-state geometry with (S,S)/(R,R) diastereoselectivity, and the catalyst favors a g−
arrangement of the hydrogen bonding units. The transition state that leads to the (S,S)-intermediate
is favored mainly because of the more favorable electrostatic interactions between the N-methyl
group of the indole nucleophile and the cyclohexane ring of the catalyst.
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Chapter 4. Design and Applications of N-tert-Butyl Sulfinyl Squaramide Catalysts
4.1 Abstract
A new chiral hydrogen-bonding dyonor (HBD) system, N-tert-butyl sulfinyl squaramide, was
designed and synthesized. The core N-tert-butyl sulfinyl squaramide with an 1-aminoindan-2-ol
skeleton was found to be an efficient catalyst in the enantioselective Friedel–Crafts alkylation of
indoles with acyl phosphonates.
4.2 Introduction
Inspired by the mechanistic studies of enzyme catalysis where hydrogen bonding serves a
key role in substrate activation, single or dual HBD motifs have been a prominent feature in
organocatalysts.1 In 1994, Curran and Kuo demonstrated for the first time that urea derivatives are
competent organic catalysts in the allylation of cyclic sulfinyl radicals with allyltributylstannane.2
Pioneered by Jacobsen, Schreiner, and Takemoto, thiourea derivatives have become a frequent
core of hydrogen-bonding type organocatalysts over the years.3 In 2008, Rawal applied a chiral
squaramide-based organocatalyst in a Michael addition of 1,3-dicarbonyl compounds to nitro
olefins and observed excellent chemical efficiency and stereocontrol.4 Looking back at the process
of development of hydrogen-bond catalysts, acidity is a key element to the design and optimization
of a new catalyst.5 Acidity influences the proton-donating ability of the catalyst and is generally
consistent with hydrogen-bond strengthening. This is also consistent with development of the order
of the catalyst discovery from urea to thiourea, and then to squaramide. Among the three skeletons,
squaramides often show better catalytic efficiencies than the corresponding (thio)ureas.
Although a broad range of important asymmetric transformations has been realized by
chiral squaramide catalysis,6 some drawbacks, such as strong self-aggregation and poor solubility
in nonpolar solvent, still limit the application of squaramides in organocatalysis. To date, only one
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example was reported. Through squaramide-based metal−organic framework (MOF) derivatives,
detrimental self-association of the catalyst is prevented, and the biorelevant Friedel−Crafts
reaction between indole and β-nitrostyrene is accelerated dramatically.7 Furthermore, the relative
acidity of squaramide hinders the development of squaramide-type catalysts. As a result, novel
strategies for the development of highly efficient chiral HBD catalysts that can overcome these
shortcomings are highly desirable.

Figure 4.1. Rational design of N-tert-butyl sulfinyl squaramide catalysts.
Recently, Ellman and co-workers have developed a new class of urea catalysts that contain
the N-sulfinyl group, which serves as a chiral controlling element and an acidifying center.8
Comparing the acidities between N-tert-butylsulfinyl substituted (thio)urea and 3,5bis(trifluoromethyl)phenyl substituted (thio)urea, we found that the N-tert-butylsulfinyl showed
stronger electronic effects than the latter (Figure 4.1). In addition, the tertiary butyl of the Nsulfinyl is a well-known lipid soluble group. Based on these aspects, we envisioned that a new
hydrogen bond system that combines squaramide with a N-tert-butyl sulfinyl group could solve
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the drawbacks of squaramide catalysts. The N-tert-butyl sulfinyl squaramide is proposed to
improve the solubility and the acidity of the squaramide catalyst. The presence of a sulfinyl oxygen
can serve as a hydrogen-bond accepting site, enabling dual or bifunctional activation modes that
enrich the catalytic potential of the N-tert-butyl sulfinyl squaramide. Herein, we report the design
and synthesis of N-tert-butyl sulfinyl squaramides and their application in the asymmetric
Friedel−Crafts reaction of indoles with acyl phosphonates.9,10 The Jørgensen model (I) and our
proposed model for catalysis (II) were also investigated (Figure 4.1).
4.3 Computational Methods
The transition states structures were optimized using the functional M06-2X11 and the 6311G(d) basis set as implemented in Gaussian 09.12 The IEF-PCM solvation model was used to
account for the effects of the chloroform environment.13 Transition structures were confirmed by
frequency calculations at the same level. Single-point energy calculations were performed at the
M06-2X/def2TZVPP8-IEF-PCM(chloroform) level with the previously optimized structures.
AIM analysis14 were conducted using Multiwfn.15 The estimated energies of hydrogen bonding
interactions in transition states were calculated using the formula (E = 1/2V(r)) reported by
Espinosa et al.16 THE C−H···O hydrogen bonding in TS2S was confirmed by electron density and
its Laplacian, which are within the range of criteria for hydrogen bonding (0.002–0.04 au for the
electron density and 0.02–0.15 au for its Laplacian).17 All energetics reported are in kcal/mol and
bond lengths are in angstroms (Å). Structures were generated using CYLview.18
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4.4 Results and Discussion
Table 4.1. Optimization of Reaction Conditionsa

entry
1
2
3
4
5
6
7
8
9
10d
11d
12e
a

catalyst
2a
2b
2c
2d
2e
2f
2g
2h
2b
2b
2b
2b

solvent
CH2Cl2
CH2Cl2
CH2Cl2
CH2Cl2
CH2Cl2
CH2Cl2
CH2Cl2
CH2Cl2
CHCl3
CHCl3
CHCl3
CHCl3

t (°C)
rt
rt
rt
rt
rt
rt
rt
rt
rt
10
0
–20

yieldb (%)
92
93
70
68
75
75
70
70
92
93
90
85

eec (%)
3
76
3
4
–15
–29
22
50
85
90
92
94

The reactions were performed with 0.1 mmol of 3a, 0.2 mmol 4a, and 0.01 mmol of catalyst 2 in

0.5 mL of solvent at the given temperature for 1 d. bIsolated yields. cDetermined by chiral HPLC
analysis. dThe reaction was performed with 40 mg of 3 Å molecular sieves in 2 mL of CHCl3 for
2 d. eThe reaction was performed with 40 mg of 3 Å molecular sieves in 2 mL of CHCl3 for 3 d.
The reaction of indole 3a and acyl phosphonate 4a in CH2Cl2 was investigated first. As
shown in Table 4.1, (1R,2S)-1-aminoindan-2-ol-derived N-sulfinyl squaramide 2a afforded the
desired product 5a in 92% yield but only 3% ee (Table 4.1, entry 1), while the diastereomer 2b
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promoted the addition in 93% yield with 76% ee (Table 4.1, entry 2). trans-Aminoindanol-derived
squaramides 2c and 2d resulted in slightly lower yields and poor ee values (Table 4.1, entries 3
and 4). Other amino alcohol-derived N-tert-butyl sulfinyl squaramides 2e−g all resulted in low
enantioselectivities (Table 4.1, entries 5−7). For comparison, conventional squaramide 2h, which
contains the 3,5-bis-(trifluoromethyl)phenyl group, was also investigated in the model reaction in
which 5a was obtained in 50% ee (Table 4.1, entry 8). With the optimal catalyst 2b, we next
screened other conditions. CHCl3 is shown to be a better solvent than CH2Cl2 (Table 4.1, entries 2
and 9). Decreasing the temperature of the reaction along with addition of 3 Å molecular sieves had
a positive effect on the enantioselectivity (Table 4.1, entries 10−12). The optimal condition is
shown in entry 12: with 10 mol % 2b and 3 Å molecular sieves in CHCl3 at −20 °C, the reaction
gave 5a in 85% yield with 94% ee.
We next explored the substrate scope. As shown in Scheme 4.1, using other nucleophiles
such as EtOH, BnNH2, or 4-Me-BnOH, the reactivities and enantioselectivities were unaffected
(80−86% yields and 93% ee for 5b−d). Five- or 6-position substituted indoles also worked well
with this Friedel−Crafts strategy. As a result, the desired products 5e−l were obtained in good to
excellent yields and very good enantioselectivities (68−92% yields and 86−95% ee). The reactivity
is sensitive to the nature of the substituent on the indole ring: electron-donating substituents
enhance the reactivity (5e-g, 5k), and electron-poor indoles require higher temperatures (5i−j) to
maintain acceptable conversions. Substrates with a substituent adjacent to the activation site or
attack site on the indole ring were also examined. To our delight, the 7-methylindole transformed
to the corresponding methyl ester product 5n in 70% yield with 96% ee. The 2-methylindole and
4-methylindole also gave the Friedel−Crafts products in good yields and ee values (5m and 5o).
However, only 40% yield and 11% ee were obtained for the desired product 5p in the conversion
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of methyl protected indole, which indicates that the N−H of the indole is essential for the
stereocontrol of the reaction.
Scheme 4.1. Substrate Scopea,b,c

a

The reactions were performed with 0.1 mmol of 3, 0.2 mmol of 4, 0.01 mmol of 2b, and 40 mg

of 3 Å molecular sieves in 2 mL of CHCl3 at −20 °C for 3 d. bIsolated yields. cDetermined by chiral
HPLC. dAt 0°C.e0.1mmol 3 and 0.1 mmol 4 at rt. fIn 1 mL of CHCl3 at 0°C. gIn 0.5 mL of CHCl3
at 0 °C without 3 Å molecular sieves.
The reaction was also applicable for β-ethyl- and β-isopropyl-substituted acyl
phosphonates, which gave 5q and 5r with very good enantioselectivities. For the reaction of indole
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and β-phenyl-substituted acyl phosphonate, product 5s was obtained in 75% yield and 85% ee
under the reoptimized reaction conditions.

Figure 4.2. Synthetic applications of the indolyl ester products.
The potential and synthetic application of this catalytic approach was demonstrated by the
transformations shown in Figure 4.2. Using ammonia as the nucleophile, the 1 mmol scale reaction
was performed to give amide 6 in good yield and excellent enantioselectivity. Reduction of the
amide by LiAlH4 gave the chiral homotryptamine 7. The enantiomeric excess of 7 was determined
by analyzing the corresponding sulfonamide derivative 8, which may serve as an inhibitor of
mammalian 15-lipoxygenase.19 Alternatively, 9 can be obtained by benzoyl protection of 7.
Treating 9 with the traditional Bischler− Napieralski protocol with phosphoryl chloride in toluene
gave the 7-endo-trig cyclization product, chiral azepino[3,4-b]indole 10, in 64% yield and 94% ee.
To further evaluate the catalytic efficiency of our new catalyst, a kinetic investigation was
carried out. The new catalyst 2b exhibited higher reactivity than the conventional squaramide
catalyst 2h. Furthermore, the acidities of catalysts 2b and 2h were determined. The pKa values of
catalysts 2b and 2h are 8.30 and 11.87, respectively. This result indicated that the chiral N-tertbutyl sulfinyl squaramide is more acidic than the corresponding 3,5-bis(trifluoromethyl)phenyl
type squaramide. This is consistent with the order of reactivity.
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Based on the optimization conditions shown in Table 4.1, all of the catalysts gave the
desired product in moderate to good yields. However, the enantioselectivities differ significantly
among them. Previous mechanistic modes (Figure 4.3, TS1S and TS1R) cannot fully explain the
experiment results. Since the tert-butyl-sulfinyl-derived organocatalysts have been identified as
chiral Lewis bases for reduction of imines,20 a new mechanism was proposed (Figure 4.3, TS2S
and TS2R) in which the sulfinyl oxygen of tert-butyl sulfinyl group acts as a Lewis base, forming
a hydrogen bond with the indole N−H moiety, and the enone electrophile is activated by the
tridentate squaramide aminoindanol motif.

Figure 4.3. Optimized structures of transition states. The C–H···O interactions are highlighted in
green. The red dashed line indicates C–H···π interaction. The bond lengths are in angstroms (Å).
To determine how the catalyst promotes these reactions, we performed DFT calculations.
Extensive explorations of a variety of catalytic arrangements show that the most stable transition
state structure is TS2S, which involves SO activation of the indole, while TS1S, lacking such
activation, is 3.7 kcal/mol less stable (Figure 4.3). TS2R is also more stable than TS1R by 0.9
kcal/mol. This suggests that the model 2 better describes the transition structures of this
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Friedel−Crafts reaction. The more stable type 2 TSs can be explained by the stronger hydrogen
bond formed between the sulfinyl oxygen of the catalyst and the N−H of indole (1.76 and 1.74 Å),
interactions that are not present in the first model. Instead weaker hydrogen bonds are observed
between the indole N−H and the hydroxyl oxygen of the catalyst (1.94 and 2.01 Å).
The model 2 TSs also explain the enantioselectivity. TS2S is 2.2 kcal/mol more stable than
TS2R, which is in excellent agreement with the experimental enantioselectivity of 94% ee. We
explain this result as follows: (1) a favorable electrostatic interaction between the forming enolate
oxygen and the electropositive hydrogen alpha to the indole nitrogen at 2.44 Å is observed in
TS2S;21 (2) an unconventional C−H···O hydrogen-bonding interaction present in TS2S is likely
to be crucial to inducing the enantioselectivity.22 Both interactions are labeled in green. In TS2S,
the distance between the one C−H of tert-butyl and the carbonyl oxygen is 2.26 Å, which is shorter
than the sum of van der Waals radii of hydrogen and oxygen atoms. The theory of atoms in
molecules (AIM) have been used to investigate the interatomic interactions on the basis of the
topological properties of electron density.23 The analysis of electron density at bond critical point
(BCP) and its derivatives was used to gain insight into the hydrogen bonding.24 Topological
analysis of the electron density distribution of C−H···O interaction in TS2S indicates that this type
of interaction is hydrogen-bonding.25 Using the parameters derived from AIM analysis and the
equation reported by Espinosa, the estimated total hydrogen-bonding energies of TS2S and TS2R
are 41.4 and 38.0 kcal/mol, respectively.26,27 The estimated difference in total hydrogen-bonding
energies is 3.4 kcal/mol, which is close to the calculated relative free energy difference (2.2
kcal/mol).
This analysis indicates that the difference in free energies is mainly induced by hydrogenbonding interactions between the catalyst and the substrates. The estimated energies of C−H···O
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hydrogen-bonding is approximately 3.0 kcal/mol. This inter- action makes a key contribution to
the stability of TS2S. In addition, TS2S is also stabilized by a C−H···π interaction between the
methyl of phosphonates and the aromatic ring of amino-indanol,28 which is labeled in red. These
three stabilizing interactions are not present in TS2R. The energy difference between the TS2S
and TS2R arises from the collective favorable electrostatic interactions observed in TS2S.
4.5 Conclusions
In summary, the design and synthesis of N-tert-butyl sulfinyl squaramides are described.
The newly designed HBD system demonstrates many advantages over the conventional
squaramide catalyst. The investigated N-tert-butyl sulfinyl squaramide with a 1-aminoindan-2-ol
skeleton successfully catalyzes the enantioselective Friedel−Crafts alkylations of indoles and acyl
phosphonate. A new mechanism was proposed based on the Lewis base properties of the sulfinyl
oxygen. DFT calculation indicated that C−H···O hydrogen-bonding is crucial to induction of the
observed enantioselectivity.
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Chapter 5. Investigation of Trimethyllysine Binding by the HP1 Chromodomain via
Unnatural Amino Acid Mutagenesis
5.1 Abstract
Trimethyllysine (Kme3) reader proteins are targets for inhibition due to their role in mediating
gene expression. Although all such reader proteins bind Kme3 in an aromatic cage, the driving
force for binding may differ; some readers exhibit evidence for cation−π interactions whereas
others do not. We report a general unnatural amino acid mutagenesis approach to quantify the
contribution of individual tyrosines to cation binding using the HP1 chromodomain as a model
system. We demonstrate that two tyrosines (Y24 and Y48) bind to a Kme3-histone tail peptide via
cation−π interactions, but linear free energy trends suggest they do not contribute equally to
binding. X-ray structures and computational analysis suggest that the distance and degree of
contact between Tyr residues and Kme3 plays an important role in tuning cation−π-mediated
Kme3 recognition. Although cation−π interactions have been studied in a number of proteins, this
work is the first to utilize direct binding assays, X-ray crystallography, and modeling, to pinpoint
factors that influence the magnitude of the individual cation−π interactions.
5.2 Introduction
Lysine methylation plays a critical role in the regulation of gene expression by recruiting
proteins involved in chromatin remodeling.1,2 Methyllysine reader proteins discriminate both the
degree (Kmen, n = 0−3) and position of methylation on histone tails, triggering downstream
processes that control gene function. Dysregulation of Kmen formation and recognition is
associated with varied disease states including cancer.3−5 Accordingly, Kmen reader proteins are
emerging as important therapeutic targets.6
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Reader proteins that recognize trimethyllysine (Kme3) contain an “aromatic cage”
consisting of 2−4 aromatic residues that bind the cationic ammonium.2 Although only a few studies
have probed the mechanism of Kme3 recognition, cation−π interactions have been shown to play
a key role in some Kme3 readers.7,8 Due to the importance of Kme3 recognition in regulating gene
expression, as well as efforts to develop inhibitors of this interaction,6,9 there is a need for methods
that provide detailed insight into the mechanisms by which reader proteins bind and discriminate
Kmen adducts. We report a general, unnatural amino acid (UAA)-based approach to examine the
contribution of individual Tyr residues toward the recognition of Kme3-containing histone tail
peptides. Coupled with computational studies, we show that two Tyr residues in a model reader
protein contribute differentially to cation−π-mediated binding of Kme3.

Figure 5.1. (A) Aromatic residues (Y24, Y48, and W45) in the HP1 Kme3-binding pocket
complexed with Kme3-containing peptide. Wild type HP1 (green, PDB: 1KNE)11 has been
overlaid with Y24pNO2Phe (cyan, PDB: 6AT0) and Y24F (purple, PDB: 6ASZ). (B) General
structure of p-substituted phenylalanines. (C) The effect of R-groups on electrostatic surface
potential (colored maps) and calculated cation−π binding energy (CπBE, kcal/mol) for substituted
benzenes and Na+.10 Measured Kd values (μM) for HP1-UAA variants at positions 24 and 48,
against a H3K9me3 peptide, are also provided. AA = amino acid abbreviations used in the text.
n.d. = not determined.

62

5.3 Computational Methods
The structure of the Y24–Y48–Kme3 complex was extracted and truncated from the crystal
structure of the wild type protein (PDB: 1KNE). Each terminus of the fragments was capped with
a hydrogen atom at 1.09 Å. The cation–π interaction for each of the two tyrosine residues with the
lysine ammonium ion was computed by single-point energy calculations at the M06/6-31G(d,p)
level of theory. M06/6-31G(d,p) was recently shown to model cation–π interactions well by
Dougherty, et al. The interaction energy is defined as the energy difference between the dimer and
each amino acid monomers: Eint = Edimer – (EKme3 + EY). All quantum chemical calculations were
performed using Gaussian 09. All graphics on optimized structures were generated with CYLview.
5.4 Results and Discussion
Initial investigations into cation−π interactions in Kme3 reader proteins were performed
using the chromodomain of heterochromatin protein 1 (HP1), a model reader from Drosophila
melanogaster that binds to K9me3 on the tail of histone H3, leading to epigenetic silencing.11 The
binding pocket is composed of two Tyr residues (Y24 and Y48, Figure 5.1) and one Trp residue
(W45).12 It has been shown that mutation of any of these aromatic residues to Ala significantly
reduces binding to Kme3.12 Furthermore, the importance of the cation has been demonstrated by
a reduced affinity of >2 kcal/mol for a histone peptide containing a neutral Kme3 isostere.7 As
HP1 has been extensively characterized, it provides an excellent model system for detailed
mechanistic studies of cation−π interactions in methyllysine reader proteins.
Pioneering studies by Dougherty and co-workers on cationic ligand gated ion channels
elucidated the contribution of “aromatic cage” residues to cation−π interactions via replacement
with fluorinated aromatic amino acid isosteres. Residues involved in cation−π interactions showed
attenuated ion channel activity with increasing fluorination and a linear free energy relationship
63

(LFER) between the log of activity and calculated cation−π strength.13 This approach, however,
makes use of stoichiometric UAA-suppressor tRNAs, which restrict UAA-protein yields.14,15
Consequently, such investigations have been limited to systems that can be studied via single
channel or single cell activity assays.13−15 Using this method, direct measurements of
protein−ligand interactions (e.g., Ka) and structural investigations have not been shown.
Genetic encoding via orthogonal tRNA/tRNA synthetase pairs permits the expression and
purification of UAA-proteins in high yield, a feature that we envisioned would enable direct
measurements of reader protein-peptide binding interactions and structure determination efforts.
For example, Roberts and co-workers have confirmed the presence of multiple tyrosine- mediated
cation−π interactions between phosphatidylcholine and amphitrophic phosphatidylinositolspecific phospholipase C (PI-PLC) via the genetic incorporation of pentafluorophenylalanine or
3,5-difluorotyrosine.16 Moreover, this work permitted structural characterization of an intraprotein
cation−π interaction between a Tyr residue and a positively charged histidine. Nevertheless,
isosteric fluorinated amino acids are difficult targets for genetic incorporation due to their similar
size and shape with respect to canonical amino acids. Accordingly, only a limited number of highly
fluorinated isosteres have been shown to be selectively incorporated into proteins, precluding more
detailed LFER investigations.17−20 As an alternative approach, a large number of p-substituted Phe
derivatives bearing electron-withdrawing or -donating groups have been incorporated into proteins
using this methodology (Figure 5.1B,C).21−25 In light of the recognized role of substituent effects
in tuning cation−π interactions, we hypothesized that UAA-Phes might provide a convenient
alternative for measuring cation−π interactions via LFER analysis.
We chose to replace each tyrosine residue in the HP1 aromatic cage (Tyr24 and Tyr48)
with p-substituted Phe derivatives because the p-hydroxyl projects into solvent and substitutions
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at this position were least likely to interfere with the binding of Kme3 peptides (Figure 4.1).
Accordingly, we chose a series of six amino acids possessing substituents that span a large range
of electrostatic potential (R = CH3, H, OH, CF3, CN, NO2, Figure 5.1C), for incorporation into
HP1. Although tRNA/tRNA synthetase pairs have been evolved for each UAA,21,23,26−28 we
exploited a single tRNA synthetase (pCNPheRS) that was evolved for the recognition of pCNPhe
(Figure 5.1C), but possesses a particularly broad substrate scope.26
To incorporate UAAs into HP1, mutants containing a TAG stop codon in place of tyrosine
codons at positions 24 or 48 were cloned into a pET expression system and paired with a single
accessory plasmid (pUltra-pCNPheRS) that contains the orthogonal tRNA/tRNA synthetase
pair.30 Expressions in the absence of amino acid yielded little to no HP1; however, addition of
5−20 mM pCNPhe, pNO2Phe, pCF3Phe, or pCH3Phe led to high levels of UAA containing
protein. Although pCNPheRS has been shown to incorporate CN- and NO2-substituted Phe,26 to
our knowledge this is the first demonstration of promiscuous pCNPheRS-mediated incorporation
of pCF3Phe, and pCH3Phe. UAA-incorporation was confirmed by ESI-LCMS, and canonical
amino acid contamination was not detected. Circular dichroism showed UAA-mutations did not
affect folding of HP1. We note that Y24pCNPhe was poorly behaved at the high concentrations
necessary for ITC, and thus we were unable to obtain reliable binding data for this mutant.
The binding constants between each HP1-UAA variant and an H3K9me3 peptide (amino
acids 1−15) were measured using ITC. When the free energy of binding (ΔGb) is plotted against
calculated cation−π binding energies based on gas phase interactions of substituted benzene with
Na+,10 a LFER is observed (Figure 5.2A), revealing the presence of a tunable cation−π interaction
at each position. High correlations were also observed when plotted against other methods that
have been used to calculate cation−π energies. Intriguingly, comparison of the relationship
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between ΔGb and calculated cation−π binding energies (Figure 5.2A) suggests a difference in
magnitude of the effect at the two Tyr positions in which Tyr24 participates in a stronger cation−π
interaction with Kme3 than Tyr48.
To support our observation that changes in binding affinity result from modification of the
cation−π interaction, the data were also plotted against polarizability29 (Figure 5.2B) and log P
(Figure 5.2C) to observe contributions of polarizability (van der Waals (VDW) interactions) and
hydrophobicity to binding, respectively. A weak negative correlation between binding affinity and
polarizability was observed. Increased polarizability of a substituent leads to a greater ability to
participate in VDW interactions; if VDW interactions were contributing significantly, binding
affinities would be expected to increase as this parameter increases, contrary to the relationship
observed here. Log P is based on octanol/water partition coefficients and is used as a measure of
hydrophobicity. There is no significant correlation between ΔGb and log P. These results indicate
that VDW interactions and the hydrophobic effect are not strong drivers of the observed substituent
effects.

Figure 5.2. (A) Relationship between ΔGb of H3K9me3/HP1-UAA variant interactions and
calculated gas-phase cation−π binding energies between C6H5R and Na+.10 Y24 mutants (blue):
slope = −0.074, R2 = 0.94; Y48 mutants (red): slope = −0.048, R2 = 0.93. (B) Relationship between
ΔGb and calculated polarizability.29 (C) Relationship between ΔGb and hydrophobicity
parameter
2
(log P). In each panel, the two data sets share the wild type (WT) point shown in black.
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To ensure that changes in binding were not due to structural perturbations induced by the
UAAs, X-ray crystal structures of two variants were determined. Because pNO2Phe and Phe have
the largest and smallest p-substituents, and represent opposite extremes of calculated cation−π
binding energies, these two structures should provide evidence as to whether changes in ligand
binding result from unexpected conformational changes. Because mutations to Tyr24 show a more
pronounced effect on binding, the Tyr24Phe and Tyr24pNO2Phe variants were crystallized, and
their structures were determined to 1.52 and 1.28 Å resolution, respectively. Changes in binding
affinity do not appear to be the result of changes in protein structure as wild type, Tyr24Phe, and
Tyr24pNO2Phe crystal structures overlay with an RMSD of less than 0.3 Å (Figure 5.1A), and the
distances between Kme3 atoms and each phenyl ring do not significantly change (Figure 5.3).

Figure S22. Cation-π distances between Kme3 and 24-and 48-position
substituents. A) HP1 wild type (PDB 1KNE), B) HP1 Y24F (PDB 6ASZ), and C) HP1
Y24pNO2Phe (PDB 6AT0). D) Measured cation-π distances between Kme3 and center
of the aromatic ring at positions 24 or 48.

Figure 5.4. Cation-π distances between Kme3 and 24-and 48-position substituents. A) HP1 wild
type (PDB 1KNE), B) HP1 Y24F (PDB 6ASZ), and C) HP1 Y24pNO2Phe (PDB 6AT0). D)
Measured cation-π distances between Kme3 and center of the aromatic ring at positions 24 or 48.
Inspection of the X-ray structures provides a qualitative assessment of the differences in

Figure S22. Cation-π distances between Kme3 and 24-and 48-position
substituents. A) HP1 wild type (PDB 1KNE), B) HP1 Y24F (PDB 6ASZ), and C) HP1
Y24pNO2Phe (PDB 6AT0). D) Measured cation-π distances between Kme3 and center
of the aromatic ring at positions 24 or 48.

measured binding affinity upon UAA mutagenesis at Tyr24 and Tyr48 (Figure 5.4). Two methyl
S30

groups and the methylene of Kme3 make van der Waals contact with Tyr24 (<4.5 Å, Figure
4.4A,B), whereas only a single methyl group makes close contact with Tyr48 (Figure 5.4C).
3

Computational studies by Dougherty have predicted that a 3-point contact of NMe4 with benzene
is about 1.67-fold stronger when compared to aS30single methyl group in gas-phase calculations.30
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These calculations are consistent with our data in Figure 5.2, in which the slopes for Y24 and Y48
differ by a factor of 1.6.

Figure 5.4. (A) Measured distances between the center of Y24 and Y48 with respect to atoms on
Kme3 (PDB: 1KNE). (B and C) Contact surface of Kme3 with Y24 (B) and Y48 (C) viewed
normal to the plane of the ring. Kme3 atoms are colored as in panel A. Interaction energies (Eint)
for Kme3 and each tyrosine are shown and were calculated by M06/6-31G(d,p) or (M06/6311+G(d,p)).
To further support this observation, interaction energies (Eint) between Kme3 and Tyr24 or
Tyr48 were calculated using geometries obtained from the wild type Kme3-bound HP1 crystal
structure (1KNE). Eint values were calculated at the M06/6-31G(d,p) level of theory, which has
previously been shown to predict cation−π strength in good agreement with experimental gasphase measurements for tetramethylammonium interactions with benzene.30 Calculated Eint values
predict a stronger interaction with Kme3 for Tyr24 (Eint = −11.6 kcal/mol) when compared to
Tyr48 (Eint = −6.9 kcal/ mol; Figure 5.3B,C). Furthermore, calculations at the M06 level performed
using the larger 6-311+G(d,p) basis set provided similar results (Tyr24- Eint = −11.0 kcal/mol;
Tyr48- Eint = −7.2 kcal/mol). Our experimental results are consistent with both levels of theory,
which predict that the magnitude of the substituent effect differs by a factor of 1.5 and 1.7,
respectively.
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5.5 Conclusions
In summary, we have developed a method for detailed mechanistic and structural
investigations of cation−π interactions in proteins, which we have applied here to a methyllysine
reader protein. This work provides a rare direct measurement of the electronic tunability of discrete
cation−π binding interactions in aqueous solutions.31,32 Interestingly, though our data demonstrate
that both Tyr24 and Tyr48 of HP1 contribute to Kme3 binding via a cation−π interaction, our
combined experimental and computational results indicate that these positions do not participate
to the same degree, with Y24 exhibiting a greater influence on Kme3 binding. ITC binding
analyses and X-ray crystal structures provide the first experimental data demonstrating that the
distance and degree of contact influence the magnitude of the cation−π interaction, as had been
predicted computationally.30 Few examples exist of different magnitudes of cation−π interactions
within the same binding pocket, and these studies lack structural insight into the molecular basis
of such differences.
As computational modeling has become a tool for more efficient drug design, this study
also highlights the importance of accurately modeling cation−π interactions in therapeutic targets.
The combined binding and structural information from this work provides an experimental
benchmark for validating computational methods. Furthermore, as many methyllysine reader
proteins share an aromatic cage motif in their binding pocket,2,33 this work suggests that differences
in degree of contacts among reader proteins may be exploited to enhance selective inhibition. By
understanding how a protein recognizes its natural substrate, we provide a new framework for the
study and design of probes with the necessary affinity and selectivity for therapeutic use.
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Chapter 6. Distortion, Tether, and Entropy Effects on Transannular Diels–Alder
Cycloaddition Reactions of 10 to 18-Membered Rings
6.1 Abstract
Density functional theory calculations were performed on a set of 13 transannular Diels–Alder
(TADA) reactions with 10 to 18-membered rings. The results were compared with bimolecular
and intramolecular Diels–Alder reactions in order to investigate the controlling factors of the high
TADA reactivities. The effects of tether length, heteroatoms, and alkynyl dienophiles on reactivity
were analyzed. We found a correlation between tether length and reactivity, specifically with 12membered macrocycles undergoing cycloaddition most readily. Furthermore, modifying 12membered macrocycles by heteroatom substitution and utilizing alkynyl dienophiles enhances the
reaction rates up to 105 fold.
6.2 Introduction
The Diels–Alder reaction has been widely employed in organic synthesis to construct sixmembered carbocyclic compounds since its discovery in 1928.1 The prototypical Diels–Alder
reaction of butadiene and ethene is very slow, but it is accelerated by appropriate substitution to
confer nucleophilic and electrophilic character on the diene and dienophile, or vice versa.2-4
Intramolecular Diels–Alder reactions, which have been well studied both experimentally and
computationally, exhibit higher reaction rates due to the minimization of entropic penalties by
linking the reacting moieties in a single molecule. 5,6
Transannular Diels–Alder (TADA) reactions are particularly interesting because the
macrocyclic reactants often found to undergo Diels–Alder reactions rapidly under exceptionally
mild conditions even below room temperature.7 Furthermore, they are effective in giving rise to
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tricyclic molecules with predictable stereochemistry at the ring junctions, which can serve as the
structural backbone for a wide range of natural products.8
The greatest challenge for successful transannular reactions is to synthesize the requisite
macrocycles efficiently. Deslongchamps and coworkers were the first to report methods to prepare
macrocyclic substrates in the early 1990s, utilizing a Pd(0) catalyst to prepare 10- to 14-membered
rings.9-11 In 2013, Merlic and coworkers developed a new method to synthesize a range of cyclic
trienes and dienynes by Pd(II)-catalyzed macrocyclizations (Scheme 6.1).12,13 This method enables
the syntheses of a broad range of macrocycles that contain diene and dienophile joined by two
tethers.
Scheme 6.1. Methodology developed by Merlic and coworkers for macrocyclizations12,13
X n

Bpin
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Bpin
n

10 mol %
PdCl 2(PPh 3)2
10 equiv AcCH2Cl
5 equiv K 2CO 3
2 mM MeOH
23 °C 12 h

X
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Scheme 6.2 shows six TADA reactions of macrocycles reported earlier.12 The macrocycles
in eq 1–3a are 12-membered rings with cis–alkenyl, trans–alkenyl, and alkynyl dienophiles, and
the macrocycle in eq 3b also contains an alkynyl dienophile, and the oxygen atoms are replaced
by nitrogen atoms in the tethers.
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Scheme 6.2. Experimental data on TADA reactions
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12-membered macrocycles were not isolated. b Yields are for two steps from the macrocyclization

of the acyclic bisboronates.
All of the 12-membered macrocycles were not isolable and instead directly gave the
tricyclic cycloaddition products in high yields (Scheme 6.2 eq 1–3b). The 14-membered substrates
such as macrocycles 7 and 9 in eq 4 and 5 were less reactive and could be isolated and
characterized. The 14-membered hydrocarbon macrocycle underwent TADA reaction readily to
form the corresponding [6,6,6]-fused tricyclic product. The TADA reaction was not observed to
give the [5,6,7]-fused tricyclic product with unsymmetrical macrocycle 9 (eq 5). Macrocycles 1
and 7 gave endo and exo isomers, respectively.
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Scheme 6.3. Experimental data on a series of TADA reactions13
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Yield is for two steps from the macrocyclization of the acyclic dienynyl bisboronate.
More recent results on a series of dioxa macrocycles featuring a diene and an alkyne

dienophile showed that the length of the oxygen-containing tethers dramatically influences TADA
reactivities (Scheme 6.3). With the exception of the 12-membered macrocycle 5a, the remaining
macrocycles were isolable. As the ring size increases, the reactivities decrease markedly. The
largest 18-membered macrocycle does not undergo TADA reaction. We also observed high
reactivities for 12-membered macrocycles containing either alkene (1 and 3) or alkyne (5a and 5b)
dienophiles.12,13 The rates of Diels–Alder reactions are usually lower for macrocycles with alkyne
dienophiles due to the higher LUMO energies of the dienophiles, but both alkenes and alkynes
react readily in these cases.14
Kinetic experiments for the 14-membered trienic hydrocarbon macrocycle 7 (Scheme 6.2)
and for the 14-membered dienynic dioxa macrocycle 11 (Scheme 6.3) were carried out, and the
experimental reaction barriers were found to be 26.1 and 27.0 kcal/mol, respectively, based upon
their half-lives.12,13
Although the reactivities of the cis/trans isomers of C14 trienes have been explored
previously, there has been few systematic theoretical study of TADA reactivities concerning the
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effects of ring size, and no work has been done on how the types of atoms in the macrocycles
modulate reactivities.15–17 We studied the energetics and transition structures of this series of
TADA reactions in order to delineate the origins of the reactivities and stereoselectivities.
6.3 Computational Methods
Optimizations and frequency calculations were computed using the B3LYP density
functional theory with the 6-31+G(d,p) basis set implemented in Gaussian 09 Revision D.01.18
The D2 version of Grimme’s dispersion model was used to correct for dispersion energies in the
calculations.19 Single point energies were calculated at the M06-2X level using the 6-311+G(d,p)
basis set. While B3LYP provides accurate optimized geometries, it overestimates reaction barriers
for pericyclic reactions.20 Performing single point energy calculations with M06-2X on B3LYP
optimized structures gives results in better agreement with experimental data without resorting to
higher levels of theory.21 All stationary points were verified as minima or first-order saddle points
by a vibrational frequency analysis. All of the free energies are reported in kcal/mol for 1 atm and
at 298.15 K.
Conformational searches were carried out with MacroModel from Schrödinger using
MMFF with an energy window of 20 kcal/mol.22 The 10 lowest energy conformers were optimized
with B3LYP-D2/6-31+G(d,p) to locate the global minimum for each reaction. Conformations of
transition structures are sampled by constrained searches. All graphics on optimized structures
were generated with CYLview.23
6.4 Results and Discussion
The computed barriers (∆G‡) for experimental results shown in Scheme 2 for six TADA
reactions (eq 1–5) are listed in Table 6.1. The barriers for 12-membered substrates (eq 1–3b) are
below 20 kcal/mol and thus are expected to be reactive at room temperature. This is consistent
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with the experimental observation that 12-membered substrates were not isolable under the
conditions in which they were generated. Macrocycle 7 (eq 4) undergoes TADA reaction with a
computed barrier of 27.2 in benzene at 343 K and 26.7 kcal/mol in the gas-phase at room
temperature, which is in good agreement with the experimental barrier of 26.1 kcal/mol in benzene
solvent. Macrocycle 9 in eq 5 has a high computed barrier of at least 30 kcal/mol and does not
undergo a TADA reaction. Overall, our initial computational results are consistent with the
experimental observations.
Table 6.1. Computed Activation Free Energies and Stereoselectivities
eq

1

2

3a

3b

15.7

17.5

12.3

12.2

3.4

/

/

/

∆G‡ a

∆∆G‡ b
a

4

5

26.7,

32.5,

27.2c

30.0c

−2.0

/

Energies are calculated at the M06-2X/6-311+G(d,p)//B3LYP-D2/6-31+G(d,p) level and are

reported in kcal/mol in the gas-phase.

b

∆∆G‡ = ∆G‡exo − ∆G‡endo.

c

Energies are calculated in

solvents and temperatures specified in Scheme 2.
There are two diastereomeric transition states for the TADA reaction of macrocycle 1, and
the energy difference between the endo and the exo pathways is 3.4 kcal/mol in favor of the endo
transition state. This is consistent with the stereoselectivity observed experimentally. The forming
five- membered rings in all of the transition structures adopt envelope conformations exclusively
(Figure 6.1). The stereochemistry is explained by the lower energy of the cis-ring junctions in the
endo transition state. This preference is more pronounced in the product, and the cis-fused [5,6,5]tricycle is 12.8 kcal/mol lower in energy than the trans-fused tricycle.
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1-endo-TS
ΔG‡ = 15.7
ΔG° = −42.0

1-exo-TS
ΔG‡ = 19.1
ΔG° = −29.2

Figure 6.1. Endo and exo transition structures of TADA reaction of 1 to 2.

7-endo-TS view 1
ΔG‡ = 28.7
ΔG° = −26.1

7-endo-TS view 2

7-exo-TS
ΔG‡ = 26.7
ΔG° = −28.4

Figure 6.2. Endo and exo transition structures of TADA reaction of 7 to 8.
The stereoselectivities of TADA reactions of 14-membered macrocycles were studied
theoretically and experimentally by Deslongchamps and coworkers.17 For the TADA reaction of
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the 14-membered macrocycle 7, the six-membered rings formed by the tethers preferentially adopt
chair conformations (Figure 6.2). Transition structures with more than one boat conformation are
at least 3.1 kcal/mol less stable than the chair–boat–chair conformers. The computed energy
difference between endo and exo transition states is 2.0 kcal/mol in favor of the exo pathway.
Although both transition states adopt chair–boat–chair conformations, there are steric clashes
between the carbonyl oxygen atoms of the axial methyl esters and the diene hydrogens in the endo
transition state, as revealed by view 2 in Figure 6.2. These steric clashes are not found in the exo
transition state.
To further understand the differences in reactivities among the transannular Diels–Alder
reactions, we compared these results to those for simple models. We first studied a series of four
bimolecular and six intramolecular Diels–Alder reactions (Tables 6.2 and 6.3). These substrates
were chosen because they share the same diene and dienophile moieties with the transannular
substrates. The two common motifs, namely the triene and the dienyne, are color coded in blue
and red, respectively.
Table 2 shows four bimolecular reactions varying in the dienophile (alkenyl versus
alkynyl) and in the extent of substitution of the reactive component (hydrogen versus methyl
group). Their energetics are also given Table 6.2. The common theme in bimolecular Diels–Alder
reactions is their large −T∆S‡ terms (12—16 kcal/mol). For the unsubstituted substrates 17/18 and
23/18, which only differ in the dienophile, the activation barriers of 34.4 and 33.3 kcal/mol,
respectively, are similar. When a methyl group is added to each end of the reactive compoment,
the barriers are substantially higher (40.6 and 44.4 kcal/mol) due to steric hindrance in the
transition states. The reaction with the alkynyl dienophile is enthalpically less favorable, which is
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well-known experimentally.14,21 For the reaction with 20/21, the endo transition state is 2.3
kcal/mol more stable than the exo one.
Table 6.2. Computed activation parameters for bimolecular Diels–Alder reactions modeled in this
work

17
+

23
+
19

18
H 3C
H 3C

20
+

CH 3
CH 3

CH 3
H 3C

a

CH 3

H 3C
H 3C

H 3C

21

24

18
CH 3
25
+

CH 3

CH 3
H 3C
H 3C
26

21

22

CH 3

∆E‡a

∆H‡a

−T∆S‡a

∆G‡a

17/18-TS

19.7

20.9

13.5

34.4

20/21-endo-TS

21.2

22.4

15.9

38.3

20/21-exo-TS

24.3

25.4

15.2

40.6

23/18-TS

21.3

21.8

11.5

33.3

25/21-TS

28.5

29.3

15.1

44.4

Energies are calculated at the M06-2X/6-311+G(d,p)//B3LYP-D2/6-31+G(d,p) level and are

reported in kcal/mol in the gas-phase.
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Table 6.3. Computed activation parameters for model intramolecular Diels–Alder reactions
CH 3

n
n
n
n
n

= 0:
= 1:
= 2:
= 3:

CH 3

CH 3
CH 3
n
27
29
31
33

28
30
32
34
CH 3

n
n = 1:
n = 2:

O
n

35
37

36
38

∆E‡a

∆H‡a

−T∆S‡a

∆G‡a

27-endo-TS

38.8

37.7

3.3

41.0

27-exo-TS

40.9

40.0

3.4

43.4

29-endo-TS

26.0

25.4

3.4

28.8

29-exo-TS

28.7

28.1

3.2

31.3

31-endo-TS

23.8

23.4

4.7

28.1

31-exo-TS

25.4

24.8

4.1

28.9

33-endo-TS

30.2

29.9

3.7

33.6

33-exo-TS

33.4

33.1

3.6

36.7

1

35-TS

25.8

24.9

3.3

28.3

2

37-TS

29.3

28.6

4.1

32.7

n
0

1

2

3

a

CH 3

CH 3
CH 3

O

Energies are calculated at the M06-2X/6-311+G(d,p)//B3LYP-D2/6-31+G(d,p) level and are

reported in kcal/mol in the gas-phase.
The six intramolecular reactions and their energetics are shown in Table 6.3. Both the
hydrocarbon and the oxadienynic series are shown. The substrates within each series vary in the
length of the tether. In general, their entropy terms are approximately 10 kcal/mol lower than those
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of the bimolecular reactions. The great decrease in the entropy term from 12–16 kcal/mol to 3–5
kcal/mol is consistent with the reduced translational and rotational entropy cost of unimolecular
processes relative to bimolecular reactions. The intramolecular reactions have activation enthalpies
that are higher than those of the bimolecular reactions depending on the tether length. The increase
in reactivities of intramolecular Diels–Alder reactions is entropy-controlled.
We modeled thirteen TADA reactions to systematically investigate the factors controlling
their reactivities (Scheme 6.4). They are designed to model the effects of tether length, alkenyl
versus alkynyl dienophile, and the types of atoms in the tethers.
Scheme 6.4. TADA reactions studied computationally
O

n

n
n
n
n
n

= 0:
= 1:
= 2:
= 3:

40
42
44
46

n
n
n
n

= 1:
= 2:
= 3:
= 4:

n
n

n

n

39
41
43
45

O

O

n

O
n

5a
11
13
15

6a
12
14
16

O
O

O

X
X

X
n

Z-dienophile: 1
E-dienophile: 3

n

O
n

n

2
4
n = 1, X = NCH 3:
n = 1, X = CH2:
n = 2, X = CH2:

X

5b
47
49

6b
48
50

To quantify how tether length, types of atoms, and types of dienophile affect activation
enthalpies in TADA reactions, we used a modified variant of the distortion-interaction model to
analyze these transannular cycloadditions. The distortion-interaction model was developed to
study bimolecular reactions, but has been applied to intramolecular cycloaddition.24-26 The
activation energy, ΔE‡, is dissected into two parts, namely the distortion energy ΔE‡d and the
interaction energy ΔE‡i: ΔE‡ = ΔE‡d + ΔE‡i. ΔE‡d is defined as the total energy required to distort
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the geometry of each isolated reactant into the geometry of the transition state without allowing
interaction between reactants. ΔE‡i is the interaction energy between the reacting components in
the transition state, which is determined by subtracting the distortion energy from the activation
energy.
Scheme 6.5. Modified distortion-interaction model that allows analysis of unimolecular reactions
H
H

H
H

We modified the model to treat unimolecular systems such as TADA reactions as employed
previously to study other intramolecular cycloadditions.26 The substrate contains two portions: the
reactive components and the tether(s) that link them together. We removed the tethers and capped
the carbon with a hydrogen atom at 1.07 Å (Scheme 6.5). The result of this procedure yields diene
and dienophile fragments that are separate from each other, but still possess the geometries they
adopt in the original transannular reactions. ΔE‡app, or the apparent activation energy, refers to the
energy difference between the interacting transition state structures and the reactant structures. The
differences between ΔE‡ and ΔE‡app are the approximate distortion energies of the tethers, ΔE‡tether.
Table 6.4. Distortion-interaction analysis on bimolecular and intramolecular Diels–Alder reactions
bimolecular
H 3C

intramolecular
H 3C

CH 3
25
+

H
CH 3

H 3C

O

H

H

H 3C

n

H

21

35, 37
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Reaction

BMDA-18/23

BMDA-21/25

IMDA-35 (n=1)

IMDA-37 (n=2)

/

28.5

25.8

29.3

ΔE‡d, diene

17.6

16.7

19.0

15.8

ΔE‡d, dienophile

11.6

18.6

15.2

21.5

ΔE‡d, total

29.1

35.3

34.2

37.3

ΔE‡tether

/

5.3

2.3

5.6

−7.8

−12.0

−10.6

−13.6

ΔE‡

ΔE‡i

Table 6.4 summarizes the results of the distortion-interaction analysis for the methylated
model bimolecular reaction and for the intramolecular reactions. In general, more energy is
required to distort the diene and dienophile from the reactant geometry to the transition state
geometry for methylated systems than nonmethylated systems due to steric effects. Compared to
the prototypical bimolecular model, the methyl-substituted reaction has a total distortion energy
that is 6 kcal/mol higher. The difference of 5.3 kcal/mol between ΔE‡ and ΔE‡app suggests there is
strain carried by the methyl groups, which come close in the transition structure. For the
intramolecular reactions, the total distortion energies of the diene and the dienophile are higher
than those of the parent bimolecular reactions. In addition, the tethers are also strained in the
transition states (ΔE‡ − ΔE‡app > 0). Given that, substrate 35, with less tether strain, is more reactive.
6.4.1 Tether length
Scheme 4 shows thirteen model TADA reactions that were investigated in this work. We first
analyze two series that demonstrate how ring size influences TADA reactivity. The energetics are
summarized in Tables 6.5 and 6.6. For reactions with diastereomeric (endo versus exo) pathways,
the lowest ones are shown. The series of hydrocarbon macrocycles in Table 6.5 ranges from 10 to
16-membered rings, and the dioxa macrocyclic series in Table 6.6 ranges from 12 to 18-membered
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rings. For the series of dioxa macrocycles, we compare our computational predictions with
Merlic’s experimental results. The computed barrier of 28.0 kcal/mol for the reaction with 11 is in
good agreement with the experimentally measured barrier of 27.0 kcal/mol.
Table 6.5. Activation parameters of a series of model reactions with trienic macrocycles to
demonstrate the effects of tether length on TADA reaction rates

n

n
n
n
n
n

a

= 0:
= 1:
= 2:
= 3:

n

n

* * *
*

39
41
43
45

40
42
44
46

∆H‡ a

−T∆S‡ a

∆G‡ a

39-endo-TS (10)b

26.9

1.3

28.2

41-endo-TS (12)b

19.6

1.6

21.2

43-exo-TS (14)b

21.1

2.5

23.6

45-endo-TS (16)b

30.6

3.1

33.7

Energies are calculated at the M06-2X/6-311+G(d,p)//B3LYP-D2/6-31+G(d,p) level and are

reported in kcal/mol. b The size of the macrocycle is in parenthesis.
In both series, the 12-membered macrocyclic substrates have the lowest activation barriers.
The 12-membered hydrocarbon 41 has an activation free energy of 20.4 kcal/mol, while the dioxa
analog 5a has a barrier of only 12.6 kcal/mol. Both substrates form [5,6,5]-fused tricyclic products.
Note that while the activation entropies range from 1–3 kcal/mol for all reactions, the activation
enthalpies for the 12-membered substrates are considerably lower than those of most larger
substrates, which is thus responsible for the rate enhancement.
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The 10-membered and 14-membered substrates are also reactive at ambient or slightly
elevated temperatures, with a barrier range of 23 to 28 kcal/mol. Macrocycles of 16 atoms or more
do not undergo TADA reaction readily. The computed barriers for the dioxa macrocycles 5a, 11,
13, and 15 correspond well with the experimental yields and reaction conditions. Figure 6.3 shows
the computed lowest energy transition structures for both model series.
Table 6.6. Activation parameters of a series of model reactions with dioxa macrocycles to
demonstrate the effects of tether length on TADA reaction rates
O
O

O

n

n
n
n
n
n

a

= 1:
= 2:
= 3:
= 4:

n
O
n

5a
11
13
15

6a
12
14
16

∆H‡a

−T∆S‡a

∆G‡a

T, % yieldb

5a-TS (12)c

10.8

1.8

12.6

rt, 84d

11-TS (14)c

25.9

2.1

28.0

50 ˚C, 99

13-TS (16)c

36.1

1.8

37.9

120 ˚C, trace

15-TS (18)c

38.9

2.7

41.6

120 ˚C, nr

Energies are calculated at the M06-2X/6-311+G(d,p)//B3LYP-D2/6-31+G(d,p) level and are

reported in kcal/mol. b Experimental yields and reaction temperatures. c The size of the macrocycle
is in parenthesis. d Yield is for two steps from the macrocyclization of the acyclic dienyne.
The distortion-interaction analysis for bimolecular and intramolecular Diels-Alder
reactions was given in Table 4. We now present similar results for the TADA reactions. Table 6.7
compares trienic macrocycles 39, 41, 43, and 45 to the prototypical bimolecular reaction between
2-butene (20) and 2,4-hexadiene (21). For all cases, there are two factors governing the reactivities
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of TADA reactions: the total distortion energy of the reactive components and the tether strain
change from the reactant to the transition state geometry (both indicated in green). All TADA
reactions here have increased tether strain in the transition states, which shows the tethers
contribute negatively to reactivities (ΔE‡ − ΔE‡app = ΔE‡d, tether > 0). The reaction of 39 has the
highest tether strain, because two 4-membered rings are formed in the product. The reaction of 43
has the least tether strain as two cyclohexane rings are formed in the most stable chair
conformation. Despite this, the reaction of 43 is not the most facile. The TADA reaction of 41 is
the most facile in the series because it has the lowest total distortion energy and a reasonable tether
strain of 7.1 kcal/mol.

39-endo-TS

41-endo-TS

5a-TS

43-exo-TS

45-endo-TS

13-TS

11-TS

15-TS

Figure 6.3. Transition structures of TADA reactions
To illustrate this point, we compare the reactions of 39 and 43. The total distortion in the
reaction of the former is slightly smaller, but its tether strain is significantly larger. Weighing both
factors, the reaction of 43 is faster. Substrate 45 does not undergo TADA reaction due to the high
diene-dienophile distortion energy and high tether strain.
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Table 6.7. Distortion-interaction analysis on TADA reactions 39–45
TADA
H
H

n

n

H
H

39, 41, 43, 45

Reaction

BMDA-

39-endo

41-endo

43-exo

45-endo

20/21

(n=0)

(n=1)

(n=2)

(n=3)

ΔE‡d, diene

20.7

15.1

13.4

16.8

21.6

ΔE‡d, dienophile

11.4

8.0

7.7

10.1

16.8

ΔE‡d, total

32.1

23.1

21.0

26.9

38.3

ΔE‡i

−12.5

−6.6

−7.9

−9.3

−15.4

ΔE‡app

19.6

16.5

13.1

17.6

22.9

ΔE‡

21.2

28.3

20.2

22.3

30.5

ΔE‡d, tether

1.6

11.8

7.1

4.7

7.6

The unsymmetrical 13-membered macrocycle should show reactivity between those of the
12-membered and 14-membered macrocycles. Indeed, the trienic 13-membered macrocycle is
predicted to undergo TADA reaction via the endo pathway with a barrier of 21.9 kcal/mol.
Table 6.8 shows the distortion interaction analysis for the TADA reactions of dioxa
macrocycles 5a, 11, 13 and 15. For the reaction of 5a, which forms a [5,6,5]-fused tricyclic product,
the energy required to distort the reactive components to the transition state geometry is 23.1
kcal/mol, which is 12.2 kcal/mol lower than that of the bimolecular reaction. The three-atom
tethers bring the diene and the dienophile into close proximity to allow for a more facile Diels–
Alder reaction. In addition, the tether strain going from the reactant to the transition state geometry
is reduced (ΔE‡d, tether = −4.1). As a result, this reaction has a very low barrier (ΔG‡ = 12.6 kcal/mol).
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For the reaction of 11, 13, and 15, as the tether length increases, the total distortion energy
increases to be greater than that of the bimolecular reaction, although that is partially compensated
by the interaction energy. In fact, the presence of longer tethers is enthalpically worse than the
case of no tether at all. Moreover, the ΔE‡d, tether term suggests that the longer tethers are building
up strain in the transition states ΔE‡d, tether > 0 kcal/mol).
Table 6.8. Distortion-interaction analysis on TADA reactions 5a, 11–15
TADA
H

O

O

n

n

H

H

H

5a, 11, 13, 15

Reaction

BMDA-21/25

5a (n=1)

11 (n=2)

13 (n=3)

15 (n=4)

ΔE‡d, diene

16.7

13.7

12.6

13.6

15.9

ΔE‡d, dienophile

18.6

9.4

22.2

17.2

26.9

ΔE‡d, total

35.3

23.1

34.8

30.7

42.8

ΔE‡i

−12.0

−7.3

−12.7

−7.9

−12.7

ΔE‡app

23.2

15.9

21.1

22.8

30.0

ΔE‡

28.5

11.8

26.4

37.7

40.0

ΔE‡d, tether

5.3

−4.1

4.3

14.9

10.0

A TADA reaction is most facile when the diene and the dienophile need to distort
minimally due to the presence of the two tethers and when the two tethers are least strained going
from the reactant to the transition state geometries. Only the TADA reaction of 5a meets both
criteria and is hence most reactive. TADA reactions that satisfy only one criterion such as those of
41 and 43 are less reactive, and those with high distortion energies for both the reactive
91

components and the tethers are enthalpically disfavored. TADA substrates with longer tethers
exhibit distortion energies similar, or greater to those of the intermolecular reactions, along with
strain built up in the tethers in the transition states. However, these reactions are still faster than
intermolecular reactions due to the elimination of translational and conformational entropy.
6.4.2 Types of atoms within the macrocycle
Merlic and coworkers synthesized macrocyclic diethers and diamines that also underwent
facile TADA reactions. The heteroatoms can effectively shrink the size of the macrocycles due to
shorter C–X bonds. Calculations show that the 12-membered hydrocarbon macrocyclic triene 41
and the oxygen-containing triene 1 have activation free energies of 21.2 and 15.7 kcal/mol,
respectively. The dienyne 47, the oxygen-containing 5a, and the nitrogen-containing 5b have
activation free energies of 14.2, 12.6, and 12.2 kcal/mol, respectively. We calculate that for 12membered macrocycles, replacing carbon atoms with heteroatoms such as oxygen and nitrogen
increases the reaction rate by 10 to 1000-fold (Table 6.9).
Table 6.9. Activation parameters of two series of modeled reactions to demonstrate the effect of
heteroatoms in 12-membered macrocycles on TADA reactivity
X
X

X
X

41 X = CH2
1 X=O

∆H‡a

−T∆S‡a

∆G‡a

41-endo-TS

19.6

1.6

21.2

1-endo-TS

14.4

1.3

15.7
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X
X

X

X
47 X = CH2
5a X = O
5b X = NMe

a

∆H‡a −T∆S‡a

∆G‡a

47-TS

12.6

1.6

14.2

5a-TS

10.8

1.8

12.6

5b-TS

10.6

1.6

12.2

Reported energies are M06-2X/6-311+G(d,p)//B3LYP-D2/6-31+G(d,p) energies in kcal/mol in

the gas-phase.
Table 6.10. Distortion-interaction analysis explaining the high reactivities with heteroatoms in 12membered macrocycles
ΔE‡

ΔE‡d, total

ΔE‡i

ΔE‡d, tether

41-endo-TS

20.2

21.0

−7.9

7.1

1-endo-TS

15.1

19.3

−5.7

1.5

47-TS

14.0

26.0

−10.2

−1.8

5a-TS

11.8

23.1

−7.3

−4.1

5b-TS

12.1

23.5

−7.6

−3.8

Table 6.10 shows the distortion-interaction analysis for the two series of TADA reactions.
As X changes from a carbon atom to a heteroatom, the decrease in the total distortion of the diene
and the dienophile is accompanied by a decrease of favorable interaction between the two reactive
parts with comparable magnitudes (2–3 kcal/mol). However, the distortion of the tether is greatly
reduced (2–5.6 kcal/mol) when the heteroatom is part of the ring. The incorporation of heteroatoms
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enhances TADA reaction rates by reducing the distortion of the tethers built up in the transition
states.
6.4.3 Alkene versus alkyne dienophile
As previously shown, Diels–Alder reactions with alkyne dienophiles are enthalpically less
favorable.21 Table 6.11 compares the activation parameters for the TADA reactions of the alkene
and the alkyne 14-membered macrocycles. The barrier for the alkyne-containing macrocycle is
much higher than that for the alkene-containing macrocycle as expected (31.8 versus 22.6
kcal/mol). The distortion-interaction analysis shows that the distortions for both the reactive
components and the tethers are higher in the alkyne macrocycle (Table 6.12).
Table 6.11. Activation parameters of alkene vs alkyne 14-membered macrocycles

43 alkene
49 alkyne

a

∆H‡a

−T∆S‡a

∆G‡a

(Z)-43-exo-TS

20.4

2.2

22.6

49-TS

30.1

1.7

31.8

Reported energies are M06-2X/6-311+G(d,p)//B3LYP-D2/6-31+G(d,p) energies in kcal/mol in

gas phase.
Table 6.12. Distortion-interaction analysis for two TADA reactions of 14-membered macrocycles
ΔE‡

ΔE‡d, total

ΔE‡i

ΔE‡d, tether

(Z)-43-exo-TS

22.3

26.9

−9.3

4.7

49-TS

31.0

34.8

−12.7

8.9
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For 12-membered macrocycles, macrocycles with a trans-alkene dienophile are roughly
100-fold less reactive than those with a cis-alkene in accord with literature examples (Table
6.13).16,27 However, substrates possessing alkyne dienophiles are 102–105-fold more reactive than
those involving cis-alkene dienophiles. Table 6.14 shows that although distortions of the reactive
parts of macrocycles 47 and 5a are higher, which is expected for alkyne dienophiles, the distortions
of the tethers are significantly lower by 5–9 kcal/mol compared to their cis-alkene dienophile
counterparts (41 and 1). This is because the 12-membered cyclodienyne has more strain release
than 12-membered cyclotriene in the cycloaddition transition state.
Table 6.13. Activation parameters of two series of modeled reactions to demonstrate the effect
dienophile types in 12-membered macrocycles on TADA reactivity

41 alkene
47 alkyne

∆H‡a

−T∆S‡a

∆G‡a

41-endo-TS

19.6

1.6

21.2

47-TS

12.6

1.6

14.2
O

O

O
O
1 cis-alkene
3 trans-alkene
5a alkyne

∆H‡a

−T∆S‡a

∆G‡a

1-endo-TS

14.4

1.3

15.7

3-TS

15.7

1.8

17.5

5a-TS

10.8

1.8

12.6
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a

Reported energies are M06-2X/6-311+G(d,p)//B3LYP-D2/6-31+G(d,p) energies in kcal/mol in

the gas-phase.
Table 6.14. Distortion-interaction analysis explaining the high reactivities for alkyne-containing
12-membered macrocycles
ΔE‡

ΔE‡d, total

ΔE‡i

ΔE‡d, tether

41-endo-TS

20.2

21.0

−7.9

7.1

47-TS

14.0

26.0

−10.2

−1.8

1-endo-TS

15.1

19.3

−5.7

1.5

3-TS

16.3

24.0

−8.0

0.3

5a-TS

11.8

23.1

−7.3

−4.1

The rate enhancement with alkyne dienophiles and/or heteroatoms in 12-membered
macrocycles summarized in Figure 6.4 is an exception rather than a general trend. For larger
macrocycles, the rate enhancements were not observed. The effect of alkyne dienophiles in larger
rings resembles that for the bimolecular and intramolecular Diels–Alder reactions, decreasing
reactivity.

increasing reactivity

increasing reactivity

47

35

O

O

3

O

O

1

O

O

5a

Figure 6.4. TADA reactivity trends for 12-membered macrocycles
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6.5 Conclusions
The reactivities of macrocyclic trienes and dienynes in TADA reactions have been
systematically investigated. The most reactive TADA substrates benefit from two factors, lowering
of the distortion energies of the diene and dienophile compared to bimolecular and intramolecular
reactions due to the linking tethers, and strain release of the tethers in the transition structures.
Among the macrocycles we studied, 12-membered rings undergo the most facile TADA reactions
due to favorable enthalpy. Within 12-membered rings, the presence of heteroatoms in the tethers
and alkynyl dienophiles increases the reactivities by up to 5 orders of magnitude relative to the all
hydrocarbon trienic macrocycles.
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Chapter 7. Mechanisms and Origins of Periselectivity of the Ambimodal [6 + 4]
Cycloadditions of Tropone to Dimethylfulvene
7.1 Abstract
The mechanisms and selectivities of the cycloadditions of tropone to dimethylfulvene have been
investigated with M06-2X and B3LYP-D3 density functional theory (DFT) calculations and quasiclassical direct molecular dynamics simulations. The originally proposed reaction mechanism
(Houk) involves a highly peri-, regio-, and stereoselective [6F + 4T] cycloaddition of tropone [4π]
to dimethylfulvene [6π], followed by a [1,5] hydrogen shift, and, finally, a second [6 + 4]
cycloaddition of tropone [6π] to the cyclopentadiene moiety [4π]. Paddon-Row and Warrener
proposed an alternative mechanism: the initial cycloaddition involves a different [6T + 4F]
cycloaddition in which fulvene acts as the 4π component, and a subsequent Cope rearrangement
produces the formal [6F + 4T] adduct. Computations now demonstrate that the initial cycloaddition
proceeds via an ambimodal transition state that can lead to both of the proposed [6 + 4] adducts.
These adducts can interconvert through a [3,3] sigmatropic shift (Cope rearrangement). Molecular
dynamics simulations reveal the initial distribution of products and provide insights into the timeresolved mechanism of this ambimodal cycloaddition. Competing [4 + 2] cycloadditions and
various sigmatropic shifts are also explored.
7.2 Introduction
Diels–Alder reactions and 1,3-dipolar cycloadditions involve six π electrons.
Cycloaddition reactions involving more than six π electrons are termed higher-order
cycloadditions. As a prototype of higher-order cycloadditions, the [6 + 4] cycloaddition1 was first
predicted to be an orbital symmetry-allowed pericyclic reaction under thermal conditions in 1965
by Woodward and Hoffmann (Scheme 7.1).2 At that time, R. B. Woodward proposed that one of
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us search for such a cycloaddition.3 One year later, Cookson4 and Ito5 independently reported the
reaction of tropone with cyclopentadiene to afford the exo [6 + 4] cycloadduct selectively (Scheme
7.1b). In the 50 years since then, various research groups have explored and developed this
reaction.6 Garst and Rigby have put this reaction to synthetic use,7 but its synthetic applications
remain limited. A major drawback is that there are many potential competing reactions including
other allowed pericyclic processes such as Diels–Alder reactions. Low periselectivity directly
leads to relatively low yields of the desired cycloadducts.1
The origins of periselectivity of higher-order cycloadditions are poorly understood. We
have recently discovered the involvement of intramolecular (transannular) [6 + 4] cycloadditions
in the biosyntheses of natural products (Scheme 7.1c and d).8 These cycloadditions involve
ambimodal transition states (a transition state directly leading to different products). In such cases,
post-transition-state reaction dynamics are important in determining the periselectivities of these
reactions.
There is only one example of a catalytic enantioselective [6 + 4] cycloaddition in the
literature prior to 2017: a chiral titanium(IV) Lewis acid catalyzes an intramolecular [6 + 4]
cycloaddition with only moderate enantioselectivity (Scheme 7.1e).9 Most recently, Jørgensen and
co-workers reported the first catalytic enantioselective intermolecular [6 + 4] cycloaddition with
excellent enantioselectivity, using a chiral primary amine catalyst to activate 2-cyclopentenone
(Scheme 7.1f).10
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Scheme 7.1. Representative [6 + 4] Cycloadditions

Besides [6 + 4] cycloadditions, the authors also reported [8 + 2] and formal [4 + 2]
cycloadditions. They found that the periselectivities are controlled on the basis of factors such as
the ring size of the cycloalkenones and the substitution patterns of the heptafulvenes.
In 1967, one of us discovered the 2:1 adduct of tropone to dimethylfulvene. This was
reported first at a Woodward Thursday night group meeting, but the structure of the adduct could
not be fully determined with 60 MHz NMR available at the time. In 1970, at Louisiana State
University, with the help of master NMR spectroscopist Norman Bhacca, we reported the structure
104

of this novel double [6 + 4] cycloadduct (Scheme 7.2). A complex pentacyclic molecule 3 was
formed with remarkably high selectivity by the reaction of tropone 1 with dimethylfulvene
2.11 When the reaction was carried out at room temperature for 2 weeks, an intermediate 4 and a
Diels–Alder product 5 were also observed (Scheme 7.2a).
Scheme 7.2. Double [6 + 4] Cycloaddition of Tropone to Dimethylfulvene

The mechanism proposed originally is shown in Scheme 7.2b. Tropone 1 and
dimethylfulvene 2 undergo an initial [6 + 4] cycloaddition to form cycloadduct 6. The
cyclopentadiene ring in 6 subsequently undergoes a [1,5] sigmatropic hydrogen shift to form 4,
which contains a more substituted, and thus more stable, alkene. Finally, 4 reacts with another
molecule of tropone 1 in a second exo [6 + 4] cycloaddition to afford compound 3. The initial [6
+ 4] cycloaddition that forms 6 represents the first example of fulvene serving as a 6π component
in a cycloaddition.
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Shortly after, Paddon-Row and Warrener elaborated upon the originally proposed
mechanism (Figure 7.1, pathway 1).12 They proposed that the formation of 6 involves a [6T + 4F]
cycloaddition to form 7, where tropone is the 6π electron addend. Then, 7 could convert to 6 by a
Cope rearrangement (Figure 7.1, pathway 2). One piece of the evidence for this proposal was the
identification of the analogous compound 7′ in the reaction of tropone with an isobenzofulvene.
In addition, extended Hückel MO calculations supported the formation of 7 over 6.13 However, no
direct evidence could be obtained at that time to exclude the possibility of pathway 1, because 7
was never detected in the reaction mixture.

Figure 7.1. Proposed mechanisms of the initial [6 + 4] cycloaddition of tropone to
dimethylfulvene.
The highly peri-, regio-, and stereoselective cycloaddition of tropone to dimethylfulvene
renders this reaction an interesting platform upon which to investigate origins of periselectivity in
higher-order cycloaddition reactions. We have now used modern density functional theory
calculations and quasi-classical direct molecular dynamics simulations to explore the entire
reaction pathway, with a focus on the selectivities of the first [6 + 4] cycloaddition.
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7. 3 Computational Methods
All density functional theory (DFT) calculations were performed using Gaussian 09.14
Geometry optimizations and frequency calculations were performed at the B3LYP/6-31G(d) level
of theory,15 with Grimme’s D3 empirical dispersion correction.16 Normal vibrational mode
analysis confirmed that optimized structures are minima (no imaginary frequency) or transition
structures (one imaginary frequency). Transition structures were also verified by intrinsic reaction
coordinate (IRC) calculations. Truhlar’s quasiharmonic correction was used to compute molecular
entropies to reduce error caused by the breakdown of the harmonic oscillator approximation, by
setting all positive frequencies that are less than 100 cm–1 to 100 cm–1.17 Since the M06-2X
functional.18 has been shown to yield more accurate energetics for cycloaddition reactions,19 M062X/6-311+G(d,p) single-point energies were computed on the B3LYP-D3-optimized structures.
Solvent effects were evaluated with the polarizable conductor model (PCM).20 All 3D rendering
of stationary points was generated using CYLview.21 GaussView22 and Avogadro23 were used to
construct initial structures used in our computations.
Molecular dynamics (MD) simulations were performed at the B3LYP-D3/6-31G(d) level
of theory in the gas phase. Quasiclassical trajectories (QCTs) were initiated in the region of the
potential energy surface near TS-1. Normal mode sampling involved adding the zero-point energy
for each real normal mode, and performing a Boltzmann sampling of geometries to afford the
thermal energy available at 298 K with a random phase. The trajectories were then propagated in
the forward and backward directions for 500 fs. The classical equations of motion were integrated
with a velocity-Verlet algorithm using Singleton’s program Progdyn,24 with the energies and
derivatives computed on the fly with B3LYP-D3 using Gaussian 09. The step length for integration
was 1 fs.
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7.4 Results and Discussion
7.4.1 Possible [6 + 4] and [4 + 2] Cycloadducts
The possible thermally allowed cycloadditions are listed in Figure 7.2. The XF or XT notation
indicates the X (X = 6, 4, or 2) π-electron addends involved in the cycloaddition are fulvene (F) or
tropone (T). The corresponding cycloadducts and computed free energies of reaction are also
shown. Carbonyl additions and the possibility of fulvene acting as an s-trans diene are excluded.

Figure 7.2. Possible allowed thermal cycloadditions we computed here, with the corresponding
cycloadducts and computed free energies of reaction. Carbonyl additions and the possibility of
fulvene acting as an s-trans diene are excluded. Free energies are computed at the PCM(diethyl
ether)/M06-2X/6-311+G(d,p)//B3LYP-D3/6-31G(d) level and are in kcal/mol.
In the [6 + 4] cycloadditions, fulvene could behave as the 6π electron addend (Figure 7.2a),
or as the 4π electron addend (Figure 7.2b). Analogously, in the [4 + 2] cycloadditions, fulvene
could serve as the 2π (Figure 7.2c) or 4π (Figure 7.2d) component. For each mode of cycloaddition,
there are four different cycloadducts (only two for 6T + 4F due to symmetry), originating from
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different regio- (syn/anti) or stereo- (endo/exo) approaches of the reactants. These add up to 14
different cycloadditions.
The originally proposed adduct 6 from the 6F + 4T cycloaddition (Scheme 7.2, pathway 1)
is relatively stable (ΔGrxn = −3.0 kcal/mol). However, its regioisomer 6b is almost isoenergetic
(ΔGrxn= −3.1 kcal/mol). The Paddon-Row–Warrener proposed intermediate (7) (Scheme 7.2,
pathway 2) is slightly higher in energy than the reactants (ΔGrxn = 1.3 kcal/mol). Thus, it could be
generated in the reaction mixture and then converted into the more stable adduct 6, as suggested
by Paddon-Row and Warrener. Adduct 7a is much higher in energy than its endo isomer, 7, in
agreement with the generally observed exo selectivity of [6 + 4] cycloadditions.
The 4T + 2F cycloaddition (Figure 7.2c) is the most thermodynamically favorable mode of
cycloaddition. The most stable product 5 (ΔGrxn = −7.2 kcal/mol) corresponds to an adduct that was
observed experimentally in 4% yield.11 The Diels–Alder adducts from the alternative 4F + 2T
cycloadditions (Figure 7.2d) are much higher in energy (∼14 kcal/mol) than the reactants, and are
formally forbidden due to unfavorable thermodynamics of reaction.
7.4.2 Transition States and Free Energies of Activation
Figure 7.3 shows the transition structures (TS) we successfully located by performing
relaxed scans of the potential energy surface (PES) starting from the 14 cycloadducts.
Interestingly, we were only able to find 10 distinct TSs. They are listed and numbered in ascending
order of relative free energies (TS-1–10).
In the cases of the first four transition structures, TS-1–4, the searches for TSs for different
cycloadducts resulted in only one transition structure. For example, the searches for transition
structures for adducts 6 and 7 both led to TS-1. These four TSs are highly asynchronous; the
shortest partially formed σ bonds are ∼1.9 Å, and the second and third partially formed σ bonds
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are much longer at ∼3 Å. For each TS, the shortest forming bond corresponds to the one formed in
both adducts, while the formation of either the second or third bond determines which one of the
two distinct adducts is formed.

Figure 7.3. Transition structures (TS) that lead to different cycloadducts. Free energies of
activation are computed at the PCM(diethyl ether)/M06-2X/6-311+G(d,p)//B3LYP-D3/6-31G(d)
level and are in kcal/mol.
Figure 7.4 illustrates this phenomenon by highlighting (in green) the atoms involved in the
two different modes of cycloaddition for the lowest energy transition state TS-1 (ΔG⧧ = 27.9
kcal/mol). Adduct 7 is generated when bonds C2–C15 and C3–C13 are formed, while the
formation of bonds C2–C15 and C7–C24 leads to adduct 6. The less stable adduct 7 could convert
to the more stable adduct 6 by a [3,3] sigmatropic shift (Cope rearrangement) via TS-Cope-1,
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which has a barrier of 26.3 kcal/mol. Curiously, TS-Cope-1 resembles 6 more than 7, in
contradiction to Hammond’s postulate.

Figure 7.4. Ambimodal transition state TS-1 that could lead to either 7 or 6. A Cope rearrangement
converts 7 into 6 via TS-Cope-1. Free energies are in kcal/mol.
A transition state that leads to multiple products has been termed “bis-pericyclic”25a or
“ambimodal”.25d The occurrence of such a transition state is a result of a potential energy surface
(PES) bifurcation.26 The phenomenon of PES bifurcation was discovered for cycloadditions by
Caramella25a and has been found frequently since then.25 It has been proposed in many chemical
reactions such as the cationic rearrangements in terpene biosynthesis.27 We have recently
demonstrated the involvement of intramolecular (transannular) [6 + 4]/[4 + 2] ambimodal
cycloadditions in the biosynthesis of heronamides and spinosyn A.8 The reaction between tropone
and dimethylfulvene provides a new example of this type, a [6 + 4]/[4 + 6] ambimodal
cycloaddition. Thus, in contrast to kinetic control, the initial distribution of adducts 7 and 6 is
instead determined by post-transition-state dynamics.28
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7.4.3 Molecular Dynamics Simulations
Direct chemical dynamics simulations, which integrate the technologies of classical
dynamics and ab initio electronic structure theory, provide the ideal tool to study reactions
involving PES bifurcations and ambimodal transition states.29 MD simulations predict the
distribution of products for bifurcating reactions, and provide valuable information on the timeresolved mechanisms. Figure 7.5 shows snapshots of two representative reactive trajectories,
which lead to (a) adduct 7 and (b) adduct 6, respectively.

Figure 7.5. Snapshots for two typical reactive trajectories of tropone–dimethyl fulvene
cycloaddition that lead to (a) adduct 7 and (b) adduct 6, respectively. Snapshots at 0 fs correspond
to transition state geometries where trajectories are initiated.
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In Figure 7.5a, the two reactants are about 3.5 Å away from each other at −96 fs (0 fs
corresponds to the transition state geometry where trajectories are initiated). After they pass the
transition state at 0 fs, it takes 34 fs for the first bond to form (defined by C–C bond length shorter
than 1.6 Å). The second bond forms at 94 fs, and adduct 7 is formed. The time gap between the
formation of the two bonds is 60 fs, which is at the borderline between a dynamically concerted
and a dynamically stepwise mechanism.30 Analogously, some trajectories lead to adduct 6, as
represented by the one shown in Figure 7.5b. In this case, after the formation of the same first bond
at 47 fs, a different second bond forms at 132 fs.

Figure 7.6. Distribution of 117 reactive trajectories, 107 (91%) of which lead to 7 and 10 (9%) of
which lead to 6. The three axes represent the forming bond lengths, and each trajectory has a
different color.
Out of the 117 reactive trajectories we obtained in our simulations, 107 trajectories (91%)
go to adduct 7, while 10 trajectories (9%) lead to adduct 6 (shown in Figure 7.6). The results
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suggest that both adducts are formed initially in the reaction but there is a dynamic preference
(10:1) for the formation of 7 over 6.
7.4.4 Substituent Effects
We have further investigated how substituents influence the ambimodal transition states,
and, more importantly, the distributions of products, which could guide future experimental
designs of cycloaddition with enhanced periselectivity. Specifically, we studied the reactions of
dimethylfulvene 2 with 2-methyltropone 1A and 4-methyltropone 1B, respectively. We
hypothesized that the presence of an additional substituent (even as small as a methyl group) will
adversely affect the bond formation at this substituted carbon atom. The optimized transition
structures are shown in Figure 7.7.

Figure 7.7. Ambimodal transition states TS-1A and TS-1B for the reaction of dimethylfulvene 2
with 2-methyltropone 1A and 4-methyltropone 1B, respectively. Free energies of activation are in
kcal/mol.
Methyl substitution only has a small effect on the geometries of the ambimodal TS. The
changes in forming bond lengths are within 0.05 Å, as compared to TS-1. The activation barriers
increase slightly, as indicated by the computed ΔG⧧ values.
We carried out molecular dynamics simulations from the two ambimodal transition states.
The distributions of products are summarized in Figure 7.8.
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For the reaction of 1A with 2, the percentage of the major product (7A) is 87%. This
decrease in percentage (from 91% for the reaction of unsubstituted tropone) supports our
hypothesis that having a methyl substituent impedes bond formation at the substituted carbon (C3 of 7A). More significantly, for the reaction of 1B with 2, this percentage increases to 99%. Only
1 out of the 103 reactive trajectories leads to 6B, presumably due to the unfavorable formation of
a new C–C bond with two sp3 quaternary carbons (C7–C24 in 6B). Thus, this reaction is predicted
to be a [6 + 4] cycloaddition with excellent periselectivity. These results may provide some insights
and guiding principles for the designs of higher-order cycloadditions with enhanced
periselectivity.

Figure 7.8. (a) Distribution of 115 reactive trajectories for the reaction between 1A and 2, 100
(87%) of which lead to 7A and 15 (13%) of which lead to 6A. (b) Distribution of 103 reactive
trajectories for the reaction between 1B and 2, 102 (99%) of which lead to 7B and 1 (1%) of which
leads to 6B.
7.4.5 [1,5] Hydrogen Shift and Second [6 + 4] Cycloaddition of Tropone
When adduct 6 was formed during the reaction, whether directly from the cycloaddition of
tropone to fulvene, or through the Cope rearrangement of 7, it never exceeded 10% of the reaction
mixture as monitored by NMR.11 The original hypothesis is that it undergoes rapid [1,5]
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sigmatropic hydrogen shift to afford 4 (isolated in 22% yield). We explored this process and found
that the barrier for this [1,5] shift is only 23.7 kcal/mol (Figure 7.9, TS-11). The cyclopentadiene 4,
featuring a more substituted alkene, is more stable than 6 by 2.1 kcal/mol. Compound 4 could then
undergo another exo-selective [6 + 4] cycloaddition with tropone via TS-12 (ΔG⧧ = 28.3 kcal/mol)
to form the final product 3, which is a thermodynamic sink (−9.5 kcal/mol) on the PES.

Figure 7.9. [1,5] Sigmatropic hydrogen shifts and the second [6 + 4] cycloaddition. Free energies
are computed at the PCM(diethyl ether)/M06-2X/6-311+G(d,p)//B3LYP-D3/6-31G(d) level and
are in kcal/mol.
Experimentally, when 4 was heated at 50 °C, partial conversion to a new isomer (33% at
equilibrium) was observed. Although the new isomer could not be separated from 4, its structure
was nevertheless proposed (Figure 7.9, 4a). It was hypothesized that “the cyclopentadiene ring in
4 underwent two reversible [1,5] sigmatropic hydrogen shifts to form 4a”.11 We have optimized
the structure of 4a and found that indeed it is slightly higher in energy than 4 by 0.5 kcal/mol. This
predicts a 2:1 ratio between 4 and 4a at equilibrium, in excellent agreement with the experiments.11
The complete reaction profile is shown in Figure 7.10. Tropone 1 and dimethylfulvene 2
undergo a highly peri-, regio-, and stereoselective and ambimodal [6 + 4]/[4 + 6] cycloaddition via
TS-1 to form adducts 6 and 7 simultaneously. 7 then converts into 6, which is thermodynamically
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more stable, via a Cope rearrangement transition state TS-Cope-1. The cyclopentadiene ring in 6
undergoes rapid [1,5] sigmatropic hydrogen shifts via TS-11 to form 4, which contains more
substituted alkenes and is thus more stable. Finally, 4 reacts with another tropone in an exoselective [6 + 4] cycloaddition via TS-12 to afford a pentacyclic compound 3.

Figure 7.10. Complete reaction pathway. Free energies are computed at the PCM(diethyl
ether)/M06-2X/6-311+G(d,p)//B3LYP-D3/6-31G(d) level and are in kcal/mol.
7.5 Conclusion
We have explored the mechanisms and selectivities of the double [6 + 4] cycloaddition of
tropone to dimethylfulvene, which was first reported in 1970. The two proposed pathways by
which the key intermediate 6 are formed are united through the discovery of an ambimodal [6 +
4]/[4 + 6] transition state using density functional theory calculations. Molecular dynamics and
reaction trajectory simulations provide insights into the timing of bond formation for this
ambimodal cycloaddition. Reaction dynamics also predict the initial distribution of the two
adducts. We have also investigated the proposed [3,3] sigmatropic carbon shift (Cope
rearrangement), [1,5] sigmatropic hydrogen shifts, and a second [6 + 4] cycloaddition of tropone
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involved in the whole reaction pathway. The results are in good agreement with the original
proposal for the formation of the pentacyclic final product. Our findings establish the origins of
this highly peri-, regio-, and stereoselective [6 + 4] cycloaddition. The ambimodal and dynamicscontrolled nature of this reaction suggests the potential generality of these phenomena in other
higher-order cycloadditions. We showed that the position of a methyl substituent on the tropone
influences the initial distribution of the cycloadducts. Further understanding of how different
substituents, catalysts, and solvents influence the dynamics and selectivities of higher-order
cycloadditions will be the subject of future investigations.
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Comput. 2016, 12, 974. (c) Yang, Z.; Yu, P.; Houk, K. N. J. Am. Chem. Soc. 2016, 138, 4237. (d)
Nieves-Quinones, Y.; Singleton, D. A. J. Am. Chem. Soc. 2016, 138, 15167. (e) Hare, S. R.;
Tantillo, D. J. Chem. Sci. 2017, 8, 1442.

121

(29)

Pratihar, S.; Ma, X.; Homayoon, Z.; Barnes, G. L.; Hase, W. L. J. Am. Chem. Soc. 2017,

139, 3570.
(30)

(a) Black, K.; Liu, P.; Xu, L.; Doubleday, C.; Houk, K. N. Proc. Natl. Acad. Sci. U. S. A.

2012, 109, 12860. (b) Xu, L.; Doubleday, C. E.; Houk, K. N. J. Am. Chem. Soc. 2011, 133, 17848.
(c) Yu, P.; Yang, Z.; Liang, Y.; Hong, X.; Li, Y.; Houk, K. N. J. Am. Chem. Soc. 2016, 138, 8247.

122

Chapter 8. Origins of regioselectivity in 1,3-dipolar cycloadditions of nitrile oxides with
alkynylboronates
8.1 Abstract
Density functional theory (M06-2X) studies of the regioselectivity of 1,3-dipolar cycloaddition
reactions of benzo and mesitonitrile oxides with alkynyl pinacol and MIDA boronates are reported.
Calculated relative free energies of activation reproduce the experimentally observed product
ratios. The electronic energies of activation are found to be mainly controlled by distortion energies
required to achieve the transition states. Both electronic and steric effects influence
regioselectivities.
8.2 Introduction
Isoxazoles are found in a number of drugs such as valdecoxib, a non-steroidal antiinflammatory agent (Figure 8.1). The 1,3-dipolar cycloaddition reaction is one of the most useful
reactions for the synthesis of isoxazoles.1,2 Organoboron reagents have been utilized in the 1,3dipolar cycloaddition reactions of nitrile oxides and alkynylboronates to form 3,4- and 3,5substituted isoxazole boronic esters (Figure 8.2), as reported by Harrity and coworkers.3 The
isoxazole boronic esters can be further transformed by Pd-catalyzed cross-coupling reactions. This
methodology is promising for the synthesis of a variety of isoxazoles.3,4
Me
O
N

SO2NH 2
Ph

Figure 8.1. Valdecoxib, a non-steroidal anti-inflammatory drug (NSAID) that contains an
isoxazole unit.
Recently, Hamann and coworkers reported the synthesis of 3,5-substituted isoxazole
boronic esters by 1,3-dipolar cycloadditions of ethynyl boronic acid MIDA (N123

methyliminodiacetic acid)5 esters and nitrile oxides (Figure 8.3, reaction (1)).6 The reaction
between ethynyl boronic acid MIDA ester and benzonitrile oxide only yields the 3,5-substituted
product as a single regioisomer, in contrast to the results with the corresponding pinacol esters
(Figure 8.3, reactions (2) and (3)).3,6 Hamann and coworkers hypothesized that the complete
regioselectivity in the case of the MIDA ester is due to the presence of the sp3-hybridized boron
center, which is more sterically demanding in the case of the MIDA boronates compared to the
sp2-hybridized boron of the pinacol esters.6 Nitrile oxides in these reactions were generated in situ
from the corresponding hydroxamic acid chlorides.3,6
Scheme 8.1. 1,3-Dipolar cycloaddition reaction of nitrile oxide and alkynyl boronic acid pinacol
ester.

While the pinacol boryl group should be electron-withdrawing due to the partially vacant
boron orbital, it is not so clear whether the MIDA boryl is electron-withdrawing or electrondonating.

124

Scheme 8.2. 1,3-Dipolar cycloaddition reactions of nitrile oxides (generated in situ) with ethynyl
boronic acid esters.3,6.

In reaction (3), the bulkier and electron-rich mesityl group is present on the nitrile oxide.
If steric hindrance were governing the regioselectivity of the reaction, then the ratio of 3,5- to 3,4substituted product in reaction (3) would be larger than the ratio of 3,5- to 3,4-substituted product
in reaction (2). However, the ratio of 3,5- to 3,4-substituted product in reaction (3) is much smaller
than expected. This unexpectedly lower ratio suggests that steric hindrance is not the only factor
governing the regioselectivity of the reaction. We now present detailed computations to explain
the regioselectivity of reactions (1)–(3).
8.3 Computational Methods
Avogadro7,8 and Gaussview9 were used to create initial structures of reactants (nitrile
oxides and alkynylboronates) and products (isoxazole boronic esters). All density functional
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theory calculations were performed using Gaussian09.10 Geometry optimizations and frequency
calculations of reactants and transition states were performed at the M06-2X level using the 631G(d) basis set.11,12 Single point energies were calculated on the optimized structures at the M062X level using the 6-311+G(d,p) basis set. Solvation effects in acetonitrile and diethyl ether were
computed by a self-consistent reaction field (SCRF) using the SMD solvent model.13 Frontier
molecular orbitals (FMOs) and their energies were computed at the HF/6-31G level on the M062X/6-31G(d) optimized geometries. CYLview14 was used to create images of optimized structures.
Chemcraft15 was used to create images of molecular orbitals.
8.4 Results and Discussion

Figure 8.2. Transition structures for the 3 reactions of nitrile oxides with ethynyl boronic esters.
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The transition structures (TS) and activation energies for the three reactions are shown in
Figure 8.2. The TS leading to the 3,5-substituted product of a reaction is denoted “TS-Xa”, where
X is the number of the reaction being discussed. The transition state leading to the 3,4-substituted
product of a reaction is denoted “TS-Xb”, accordingly. The free energy barriers for the 3 reactions
are all about 28 kcal/mol. The difference in activation free energies (∆∆G‡) between the reaction
(1) transition states is 5.2 kcal/mol. This difference in activation energies is in good agreement
with Hamann’s findings of complete regioselectivity favoring the 3,5-product when the MIDA
ester was used.6 The relative electronic energy (∆∆E‡) of the two transition states is slightly
smaller, 4.5 kcal/mol. For reaction (2), involving the pinacol boronic ester, the calculated ∆∆G‡ is
1.2 kcal/mol. The experimental product ratio is 9 to 1, favoring the 3,5-product.3 This ratio
corresponds to a difference in activation energies of 1.3 kcal/mol at room temperature, according
to transition state theory. This is in good agreement with the calculated ∆∆G‡ value (1.2 kcal/mol).
Interestingly, the calculated ∆∆E‡ is −0.9 kcal/mol, favoring the minor product. For reaction 3, in
which the larger mesityl group is present, the calculated ∆∆G‡ further decreases to 0.6 kcal/mol.
This is in good agreement with the experimental product ratio of 2.5:1. The ∆∆E‡ is −2.2 kcal/mol,
favoring the minor product even more, compared to reaction (2).
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Figure 8.3. Graph of distortion, interaction, and activation energies for the three reactions
discussed previously (green: distortion energy of dipolarophile, blue: distortion energy of dipole,
red: interaction energy, black: activation energy).
To gain more insight into the factors controlling the trends in activation energies, the six
transition states were analyzed using the distortion/interaction model,16,17 also known as the
activation strain model.18,19 For each reaction, the transition structure is separated into two
fragments (dipole and dipolarophile), followed by single-point energy calculations on each
distorted fragment. The difference in energy between the distorted fragments and optimized
ground-state geometries is the distortion energy of dipole (Edist-4π) and dipolarophile (Edist-2π),
respectively. The difference between the activation energy (∆E‡) and the total distortion energy
(Edist = Edist-4π + Edist-2π) is the interaction energy (Eint). The results are shown in Figure 3. The black
arrows correspond to the activation energies (∆E‡). The green arrows correspond to the distortion
energies of the dipolarophiles (Edist-2π). The blue arrows correspond to the distortion energies of
the dipoles (Edist-4π). The total length of blue and green arrows corresponds to the total distortion
energy (Edist). The red arrows correspond to the favorable interaction energies (Eint).
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For each of the six transition states, the Edist-4π is the main contributor to the Edist. This
observation is quite general in 1,3-dipolar cycloadditions and Diels-Alder reactions.17,20 The Edist2π

is relatively small and constant, except for TS-1b. The dipolarophile distortion is 8.6 kcal/mol

for TS-1b, whereas the others are 5.2–5.7 kcal/mol. In TS-1b (Figure 8.2), the C–C–B angle is
149°, whereas the same angles in the other 5 TS ranges from 161–174°. This greater deviation
from linear structure accounts for the much higher distortion energy of the dipolarophile in TS-1b
is likely due to the steric repulsion between the nitrile oxide phenyl group and the bulky MIDA
group. Comparing the two TSs in reaction (1), Edist-2π of TS-1b is 3.0 kcal/mol higher than that of
TS-1a. The much higher activation energy of TS-1b than that of TS-1a is mainly attributed to the
higher distortion energy arising from steric effects. The larger MIDA substituent on the alkyne
strongly disfavors the formation of the 3,4-substituted product.
In reaction (2), the -0.9 kcal/mol difference in ∆E‡ favoring TS-2b mainly originates from
the distortion of the dipole (Edist-2π). Edist-4π of TS-2b is 1.0 kcal/mol lower than that of TS-2a. In
the TS structures, the N–C–C angle of TS-2b is 147° compared to that of 143° in TS-2a. This is
an unusual example in which the ΔΔE‡ and ΔΔG‡ have opposite signs. It is likely due to the fact
that the more crowded TS, TS-2b, has less vibrational freedom and, therefore, less favorable
entropy. In reaction (3), the −2.2 kcal/mol difference in ∆E‡ favoring TS-3b mainly originates
from the distortion of the dipole (Edist-4π). Edist-4π of TS-3b is 2.3 kcal/mol lower than that of TS3a. In the TS structures, both the N–C–C angle (145°) and the O–N–C angle (141°) of TS-3a are
smaller (more distorted) compared to those of TS-3b.
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Figure 8.4. Frontier molecular orbitals (FMO) involved in the 1,3-dipolar cycloaddition of nitrile
oxides and alkynylboronates. From left to right: the HOMO and LUMO of the benzonitrile oxide
generated in situ in reaction (1) and (2) (denoted 1a), the HOMO and LUMO of the mesitonitrile
oxide generated in situ in reaction (3) (denoted 8a), the HOMO and LUMO of the pinacol boronic
ester used in both reactions (2) and (3), and the HOMO and LUMO+2 of the MIDA boronate used
in reaction (1).
Replacing the phenyl group with a mesityl group generally increases the favorable
interaction energies (more negative), as found in going from reaction (2) to (3). This is due to the
electron-donating nature of methyl groups on the phenyl ring. To explore this observation, we
computed the energies of the frontier molecular orbitals (FMO) of the two dipoles and two
dipolarophiles.21, 22 The results are shown in Figure 8.4.
In reactions (2) and (3), the HOMOs of the dipoles (1a and 8a, respectively) interact with
the LUMO of the dipolarophile (5). The HOMO of 8a is 0.4 eV higher in energy than that of 1a,
due to the electron-donating methyl groups present in the latter structure.23 As a result, the HOMO
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of 8a interacts more strongly with the LUMO of 5. This is in agreement with the more favorable
interaction energy of reaction (3) compared to that of reaction (2). In reaction (1), the dominating
interaction is between the LUMO of 1a and the HOMO of 2. This is an example of inverseelectron-demand 1,3-dipolar cycloadditions.
8.5 Conclusions
The regioselectivities of three 1,3-dipolar cycloadditions of nitrile oxides with
alkynylboronates have been elucidated using density functional theory (M06-2X). The calculated
free energy barriers of reaction reproduce the experimentally observed product ratios.
Distortion/interaction analyses reveal that the regioselectivity is mainly governed by the distortion
energies. With ethynyl boronic acid MIDA ester, the reaction does not afford the 3,4-substituted
isoxazole product, due to the large distortion energy required to achieve the corresponding
transition state. With ethynyl pinacol boronic ester, the reaction produces a mixture of two
regioisomeric products. The electronic energies of activation favor the minor products, due to
smaller distortion energies required to achieve the minor transition states. When benzonitrile oxide
is replaced with mesitonitrile oxide, the favorable interaction energies increase. This can be
explained by the electron-donating nature of the methyl groups present on the mesityl group.
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Chapter 9. Ammonium and Sulfonium Salts as Catalysts in an Aza-Diels–Alder Reaction
9.1 Introduction
The discovery of quaternary ammonium salts as phase-transfer catalysts (PTC) was
reported in 1971.1 In the decades since then, various organic transformations including catalytic
asymmetric variants under biphasic conditions promoted by onium salts have been explored
extensively.2-6 Due to the versatility of these cationic species to serve as catalysts in both water
and organic solvents,7-9 PTC-catalyzed reactions are generally performed under mild conditions,
with simple operations and involving environmentally friendly solvents. As a result, they are
widely used in both industrial and academic laboratories. Continuous efforts have been made
towards understanding of the important roles played by these catalysts, including the enhanced
reactivities and the origins of stereo-induction. One widely accepted view is that they mainly act
as bases to activate nucleophiles through the formation of ion pairs, such as ammonium enolates.
Recent experimental and theoretical studies of tetraalkylammonium salts in asymmetric
phase-transfer catalysis and organocatalysis suggest that they interact with the reactants through
favorable electrostatic interactions with hydrogen atoms ⍺ to the quaternary nitrogen of the
catalyst.

10-12

Consequently, this capability to act as hydrogen bond donor could be potentially

utilized to activate electrophiles. In 2015, Maruoka and coworkers demonstrated hydrogenbonding catalysis of tetraalkylammonium salt catalysts in Mannich-type reactions (Scheme
9.1a).13 X-ray crystal structures of the catalysts and NMR titration studies provided evidence of
their hydrogen bond donor ability to promote the cleavage of the leaving group. Shortly after, the
authors described the concept of using onium salts as hydrogen-bonding catalysts and reported the
design and applications of tetraalkylammonium and trialkylsulfonium salts in aza-Diels–Alder
reactions imines with Danishefsky’s diene (Scheme 9.1b).14,15 NMR titration experiments
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suggested the association of the onium catalysts with the imine (dienophile) through hydrogen
bonding, but no further evidence was obtained on the detailed reaction mechanism and origins of
catalysis.

Scheme 9.1. Aza-Diels–Alder Cycloaddition Catalyzed by Ammonium and Sulfonium Salts
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In a recent study by the groups of Tang, Watanabe and ours, a SAM-dependent enzymecatalyzed pericyclic reaction cascade (Diels–Alder, hetero-Diels–Alder, and retro-Claisen) was
discovered in the biosynthesis of leporine, a fungal natural product.16 The enzyme regulates the
pericyclic transition states (TS) by using SAM as the cofactor during catalysis. Computational
modeling suggests that a positively charged trimethylsulfonium cation (a simple model for SAM)
can lower the reaction barriers through electrostatic interactions with the TS. Experimentally, a
positively-charged ammonium analogue of SAM, sinefungin, can function in a comparable manner
to that of SAM. We speculate such interactions between the pericyclic TS and the
sulfonium/ammonium cations in the enzyme can also be involved in the aza-Diels–Alder reaction
(potentially a pericylic process through a concerted TS) catalyzed by onium salts.
We have undertaken a theoretical study on this aza-Diels–Alder reaction between imine 1
and Danishefsky’s diene 2 to explore the mechanism of these onium-catalyzed cycloadditions, and
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to provide insights into how hydrogen-bond interactions activate the dienophile to promote
catalysis.
9.2 Computational Methods
All density functional theory (DFT) calculations were performed using Gaussian 09.17
Geometry optimizations and frequency calculations were performed at the B3LYP/6-31G(d) level
of theory18-20 with the conductor-like polarizable continuum model (CPCM)21-23 using
dichloromethane (ε = 8.9) to account for solvation effects. All optimized geometries were verified
by frequency computations as minima or transition structures. Single-point energy calculations on
the optimized geometries were computed using the dispersion-corrected density functional method
B3LYP-D324 (with a Becke−Johnson (BJ) damping function25,26) and the 6-311+G(d,p) basis set.
Conformational searches were carried out in MacroModel27 using the MMFFs force field. All 3D
renderings of stationary points were generated using CYLview.28
9.3 Results and Discussions
9.3.1 Uncatalyzed Aza-Diels–Alder Reaction
We

first

investigated

the

imino

Diels–Alder

cycloaddition

between

N,1-

diphenylmethanimine 1 and Danishefsky’s diene 2. Figure 9.1 shows the computed free energy
profile of the uncatalyzed reaction. The uncatalyzed reaction occurs in a concerted manner, via
either the endo (6) or the exo pathway (7), to give diastereomeric adducts 8 and 9. Upon
desilylation, the enone product 3 is formed. The free energy of activation of the reaction is 27
kcal/mol for the endo pathway and the exo pathway is 1 kcal/mol higher in energy. These barriers
correspond to a very slow process under the reaction conditions, in good agreement with the
experimentally observed low yield (4%) of the product. The endo adduct 8 is more than 2 kcal/mol
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lower in energy than the exo adduct. The subsequent release of methoxytrimethylsilane 3 is highly
exergonic by 26.8 kcal/mol.
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Figure 9.1. Free energy profile of the aza-Diels–Alder cycloadditions between imine 1 and
Danishefsky’s diene 2. All energies are in kcal/mol. Distances are in Å.
Due to elimination of the second chiral center formed in the cycloaddition step, the
diastereoselectivity of the reaction cannot be observed experimentally. We computed a slight endo
preference (∆∆G‡ = 1 kcal/mol) for this reaction (Figure 9.2A). While both the endo-TS 6 and exoTS 7 are concerted transition structures, they are highly asynchronous, with shorter forming C–C
bonds at 1.9 Å and longer forming C–N bonds at 2.8–3.0 Å. There are two CH–π interactions
between the phenyl groups of the imine and the trimethylsilyloxy/methoxy groups of the diene at
3.4–3.6 Å in the endo TS.
Decomposition of the activation energy into distortion and interaction energies shows that
the difference in energy arises from the higher distortion of the diene in the exo TS (Figure 9.2B,
20.2 kcal/mol). The distortion energies of the dienophile and the interaction energies are similar
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in both TSs. This is consistent with the observation that the endo TS is less synchronous with a
longer forming C–N bond. An overlay of the dienes shows the difference in their extent of
distortion between the endo and exo transition structures (Figure 9.2C).
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Figure 9.2. Optimized transition structures of endo and exo pathways of the cycloaddition between
imine 1 and Danishefsky’s diene 2. All energies are in kcal/mol. Distances are in Å.

138

9.3.2 Quaternary ammonium-catalyzed aza-Diels–Alder Reaction
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Figure 9.3. Energy profile of the catalyzed cycloaddition. All energies are in kcal/mol.
We next explored the reaction between imine 1 and Danishefsky’s diene 2 in the presence
of catalyst 4 using the N,N-dimethylpiperidinium cation as the model catalyst. Compared to the
uncatalyzed reaction, which involves a concerted mechanism, the catalyzed reaction undergoes a
stepwise mechanism, with the C–C bond formation as the rate-determining step (Figure 9.3).
Shallow intermediate 13 was located on the potential energy surface for the endo pathway. The
optimized transition structures for the first step in the endo and exo pathways have forming C–C
bonds of ~1.95 Å, and the C–N distances are ~3 Å. The slight preference for the endo adduct
(∆∆G‡ = 0.8 kcal/mol) is maintained (Figure 9.4). Association of the cationic catalyst and the
diphenylimine to form complex 11 is 0.7 kcal/mol endergonic but 7.9 kcal/mol exothermic. The
slightly unfavorable binding energy might be due to an overestimation of the solvation energy of
the positively charged catalyst by the polar dichloromethane solvent, or the errors in computed
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entropy of association.29 The lowest vacant π orbital (LUMO+1) of the cationic complex has an
energy of −1.22 eV.
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Figure 9.4. Optimized transition structures of endo and exo pathways of the cycloaddition
between imine 1 and Danishefsky’s diene 2 in the presence of the quaternary ammonium
catalyst. All energies are in kcal/mol. Distances are in Å.
Figure 9.5A shows various conformational geometries of the complex formed between the
catalyst and the imine within 1 kcal/mol. While hydrogen-bonding catalyses we studied previously
often involve a unique lowest-energy reactant complex conformation, and alternative binding
modes are significantly higher in energy, the complexes located here exhibit a high binding
flexibility. Specifically, all of the hydrogens ⍺ to the quaternary nitrogen, namely those on the
methyl groups and on the cyclohexane ring, coordinate to the electron-rich regions of the imine
via hydrogen-bonding and cation–π interactions. This confirms NMR titration experiments
reported by Maruoka et al., in which all of the ⍺ hydrogens are increasingly shielded when the
concentration of the imine increases. The electrostatic potential (ESP) map of catalyst 4 shows that
both the ⍺ and β hydrogens are electropositive, and the piperidinium cation serves as a Lewis acid
in the catalysis of the cycloaddition (Figure 9.5B).
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Figure 9.6. Energy profile of the catalyzed cycloaddition in the presence of iodide counterion. All
energies are in kcal/mol.
To account for the possible influence of the anion and to provide a more comprehensive
picture of catalysis by the ammonium salt, we further modeled the reaction in the presence of a
counterion. Figure 6 shows the energy profile of the catalysis when iodide was included. We
noticed that the formation of the complex 16 is exergonic by over 9 kcal/mol. The LUMO+1 orbital
of the net-neutral complex has an energy of 1.09 eV, which is decreased compared to the LUMO
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of the imine (1.55 eV in Figure 9.2). Interestingly, the mechanism of the cycloaddition is back to
a concerted asynchronous one, confirmed by intrinsic reaction coordinate (IRC) analysis, in this
overall charge-neutral model. No zwitterionic intermediates were located. The energy barrier from
the global minimum complex is 24.3 kcal/mol. Figure 9.7 shows that the high conformational
flexibility for this catalyst is preserved in the ion triplet model. The positions of the imine and the
iodide with respect to the piperidinium catalyst are interchangeable. This increase in
conformational entropy is accounted for because it is present in both the complex and in the
transition state. Overall, we believe that cycloadditions catalyzed by quaternary ammonium salts
are most accurately modeled by incorporating a counterion. While others have suggested that DFT
calculations of charged complexes require counterions for accuracy, we have also reported that the
inclusion of a bromide counterion was necessary in reproducing and predicting the
enantioselectivity of an intramolecular alkylation catalyzed by phase-transfer cinchona-alkaloid
catalysts. 30,31
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Figure 9.7. (A) Conformational flexible catalyst–imine complex. (B) Position of iodide counterion
in the endo transition structures. All energies are in kcal/mol. Distances are in Å.
9.3.3 Tertiary sulfonium-catalyzed aza-Diels–Alder Reaction
In addition to utilizing quaternary ammonium salts as hydrogen-bonding catalysts, the
groups of Shirakawa and Maruoka demonstrated the catalytic ability of tertiary sulfonium in
organic synthesis. Figure 9.8 compares the free energy profiles of the dimethylpiperidiniumcatalyzed and the tertiary sulfonium-catalyzed hetero-Diels–Alder cycloaddition. The complex
formed between sulfonium catalyst 5a and imine 1 is 10.8 kcal/mol lower in energy than the
separate reactants.
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Å.
The lowest unoccupied orbital (LUMO+1) of complex 18 has an energy of 0.98 eV, lower
than those for the ammonium complex 16 and for imine 1 (1.09 and 1.55 eV, respectively). The
energy barrier is 23.3 kcal/mol from complex 18, 1 kcal/mol lower than the piperidinium-catalyzed
reaction. This agrees with the experimental yields of 67% and 81% for the ammonium iodide and
sulfonium iodide-accelerated reactions. Transition structures with the iodide in alternative
positions are isoenergetic.
9.4 Conclusions
We have explored the mechanisms of the recently reported aza-Diels–Alder reactions
between imines and a Danishefsky’s diene using DFT computations. While the uncatalyzed
reaction proceeds via a concerted, asynchronous transition state and has a relatively high barrier,
quaternary ammonium or tertiary sulfonium salts can work as Lewis acid catalysts to accelerate
the reaction. Hydrogen-bonding and C-H–π interactions are involved in the catalyst-imine
complexes and in the transition structures. The hydrogen-bonding interactions between the ⍺hydrogens of the catalyst and the nitrogen of the imine promote the aza-Diels–Alder reactions by
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lowering the LUMO energy of the imine (dienophile). The computed diastereoselectivities (endo
versus exo pathway) are generally low. This result, in addition to the observed high binding
flexibility of the catalyst-imine complexes and the transition states, implies potential difficulties
to develop stereoselective variants of such reactions. However, theoretical insights into the
reaction mechanisms and origins of catalysis may help experimentalists to achieve such goals and
to increase the versatility of this mode of catalysis. Finally, we found that the reaction could
proceed in a stepwise fashion that involves a shallow intermediate on the potential energy surface,
when modeled using only the cation as the catalyst, while incorporating a counterion changes the
mechanism to a concerted one.
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