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Abstract 
 

Hydrogen bonds are ubiquitous in Nature and are the principal interaction through 

which enzymes catalyze reactions. Brønsted acid organocatalysts mimic this process and 

present a greener alternative to metal-based species as the former do not contribute to 

the consumption of limited metal resources or the production of toxic metal wastes. 

Despite these benefits, organocatalysts have remained underutilized in industrial 

processes because they typically have low activity compared to their inorganic 

counterparts. In 2015, the Kass group demonstrated that Brønsted acidity and 

organocatalytic activity could be significantly enhanced in low-polarity media through the 

incorporation of formal positive charges. This principle has since been extended to 

common organocatalyst scaffolds such as thioureas and phosphoric acids. This 

dissertation details the further enhancement of Brønsted acidity in low-polarity solvents by 

the concerted action of positive charges and electron-withdrawing groups and a study on 

the implications of catalyst acidity on the rate of FriedelïCrafts alkylation reactions. In 

addition, the interactions of charged thioureas and Brønsted acidic co-catalysts are 

explored and the charge-enhanced acidity approach is extended to asymmetric TADDOL 

organocatalysis. 
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Chapter 1 ï Introduction 
 
 
1.1 ï Hydrogen bonds 

In virtually every biological and chemical system in Nature, hydrogen bonds are 

present. Frozen lakes remain habitable below the surface because of these interactions; 

ice is less dense than water as a result of the hydrogen bonds in the formerôs various 

crystal lattices (Figure 1.1a.).1 All aspects of human biology are encoded by nucleosides 

whose hydrogen bond interactions keep DNA strands together (Figure 1.1b.).2 

 
 

Figure 1.1. a) Hydrogen bonding network in the hexagonal crystal structure 
of ice.1 b) Hydrogen bonding between base pairs in DNA (left: guanine and 
cytosine, right: adenine and thymine).2 
 

 
Hydrogen bonds are non-covalent interactions that may occur intramolecularly or 

intermolecularly and cover a range of interaction strengths from 0.5ï40 kcal molï1.3ï5 

Hydrogen, when covalently bonded to an electronegative atom (typically nitrogen, oxygen, 

sulfur, or a halogen), develops an electron-poor character and some positive charge. In 

the presence of a nearby species with a lone pair of electrons, the electrostatic interaction 

between the hydrogen and the electron-rich atoms brings them into close proximity, 

constituting a hydrogen bond. The distance between the two centers is inversely 
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correlated with the strength of the interaction; a smaller gap is indicative of a stronger 

hydrogen bond. 

By allowing molecules to closely interact with one another without covalent bonds, 

hydrogen bonding is a major factor in many chemical processes such as the formation of 

macromolecules,2 molecular recognition,6 and the maintenance of rigid chemical 

conformations.7 Perhaps the most important of these roles is the promotion of chemical 

reactions. 

 

1.2 ï Hydrogen bonding in enzymes 

Acid-catalyzed reactions are abundant in both the laboratory and Nature. While 

countless Brønsted and Lewis acidic compounds have been utilized in a research setting, 

none have been able to match the efficiency and selectivity of Natureôs catalysts: enzymes. 

The scope of enzymes comprises a wide range of species; some make use of Lewis 

acidic metal centers8 to accelerate chemical reactions, but innumerable natural catalysts 

employ hydrogen bonding for their activity.9,10 Hydrogen bond acceptance lowers the 

LUMO energy of the substrate, increasing its electrophilicity. This process often occurs in 

concert with Brønsted base catalysis wherein the substrate acts as a hydrogen bond donor, 

thereby enhancing its nucleophilicity (Figure 1.2). 
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Figure 1.2. A DielsïAlder reaction transition state analog stabilized by the 
enzyme chorismate mutase, demonstrating a Brønsted base interaction 
(Gly 78) and several Brønsted acid interactions (Arg 7, Cys 75, Arg 90, Tyr 
108, Arg 116).11 

 
 

The remarkable selectivity and efficiency demonstrated by enzymes is the result of 

refinement over millions of years of evolution. The natural catalysts show strong affinity 

for their intended substrates and possess binding pockets that almost perfectly fit these 

species. While this ñlock-and-keyò interaction accounts for the efficacy of enzymes in 

nature, it poses a significant issue for their use in organic synthesis which has made them 

relatively underutilized.12 The high specificities exhibited by enzymes makes their 

substrate scopes generally quite limited, and even if a particular substrate is tolerated the 

catalytic efficiency and selectivity often pales in comparison to that achieved with the 

intended guest compound. 

 
 
1.3 ï Brønsted acid catalysis 

Due to the drawbacks associated with the use of enzymes in organic synthesis, 

chemists have devoted significant research to the development of artificial acid catalysts. 

These species, while not necessarily exhibiting the same level of activity and selectivity 

as enzymes, have a number of advantages that make them more useful in the synthetic 
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laboratory. Some of these catalysts operate via Lewis acidity (Scheme 1.1a), whereby an 

electron-deficient center (often a metal) from the catalyst accepts an electron pair (typically 

oxygen, nitrogen, or sulfur) from its substrate. Metal-based catalysts have their own 

drawbacks, however, as they contribute to environmentally harmful metal waste and are 

often air and water-sensitive. 

Taking inspiration from Natureôs catalysts, researchers have developed a wide variety 

of metal-free, Brønsted acidic catalyst scaffolds since the 1970s.13,14 These compounds 

have been dubbed organocatalysts and, like their biological counterparts, utilize hydrogen 

bonding interactions to activate their substrates as electrophiles (in the case of Brønsted 

acids) and nucleophiles (Brønsted bases). Biomimetic chemistry, as it has been called,15 

has given rise to catalysts that are simpler in structure, less expensive, wider in substrate 

scope, and can be used in a greater range of transformations and conditions than 

enzymes.16ï18 Additionally, organocatalysts are often viewed as green alternatives to 

metal-centered species.14 The former are less environmentally harmful, do not contribute 

to precious metal depletion, and are generally more stable in air and water.19,20 

Asymmetric organocatalysis in particular has been recognized as an extremely important 

area of research, with Benjamin List and David W. C. MacMillan sharing the 2021 Nobel 

Prize in Chemistry for their contributions to the field. 
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Scheme 1.1. Generic addition-elimination reaction catalyzed by a) a Lewis 
acid (L.A.), b) a Brønsted acid (HA) by specific acid catalysis, and c) a 
Brønsted acid (HA) by general acid catalysis. 

 

Brønsted acidity can be broadly divided into two categories: specific and general. 

Specific acid catalysis (Scheme 1.1b), typical of more strongly acidic species, proceeds 

via a complete proton transfer from the catalyst to its electrophilic substrate. This now 

protonated and a positively-charged ion possessing a lower LUMO energy than its 

conjugate base, in turn reducing the HOMO-LUMO gap between the nucleophile and 

electrophile. Reduction of this energetic difference increases the rate of nucleophilic attack 

and, as this step is typically rate-limiting, the reaction as a whole. Because specific acid 

catalysis involves complete proton transfer, direct influence of the catalytic species on 

stereoselectivity is often low; selectivity is generally achieved by substrate control, the use 

b 

a 

c 
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of a chiral anion, or the addition of a chiral anion binder.21,22 Some asymmetric 

organocatalysts, such as chiral phosphoric acids, are able to engage in specific acid 

catalysis while maintaining stereoselectivity because their conjugate bases can coordinate 

with the protonated intermediate.23,24 In general acid catalysis, however, the proton donor 

species remains in close proximity to the substrate (Scheme 1.1c). For this reason, the 

majority of Brønsted acid organocatalysts that have been developed are weaker acids 

which operate via this pathway.25 

The distinction between the two pathways, however, is not always apparent. A given 

catalyst may even facilitate a reaction via general acid catalysis in one instance, but by 

specific acid catalysis in an environment that enhances its acidity.26 Predicting by which 

model a given species will proceed may therefore be difficult.14 

 

1.4 ï Asymmetric Brønsted acid organocatalysis 

Weaker Brønsted acid organocatalysts principally engage in general acid catalysis 

that involves the donation of hydrogen bonds (or partial protonation) without a full proton 

transfer. The rate-determining step, generally nucleophilic attack, occurs when the acid is 

coordinating with its electrophilic substrate.25 In the transition state of this step, the 

nucleophile, electrophile, and catalyst all remain partially bonded to one another. In the 

case of asymmetric catalysis, this makes the transition state structure chiral even if the 

starting materials are achiral and can lead to stereoselectivity. 

While this is broadly true of most Brønsted acid organocatalysts, the specifics vary 

considerably between different molecular scaffolds. One aspect of principal importance is 

the number of hydrogen bonds a catalyst donates. Single- and double-hydrogen bond 

donors are the most common, though some multiple-hydrogen bond donor 

organocatalysts have been developed.27,28 The number of hydrogen bonds donated by a 

catalyst affects multiple aspects of the interaction, most notably the strength of 
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binding/activation (greater with a higher number of bond donors) and the possible 

conformational isomers of the host-guest complex (fewer with more binding interactions).29 

For these reasons, dual-donors such as (thio)ureas and (thio)squaramides (Figure 1.3) 

are particularly common.30,31 

 

 
 

Figure 1.3. Common diprotic organocatalyst scaffolds. 
 
 

Several single-hydrogen bond donor platforms have also been used to great effect, 

such as Ŭ,Ŭ,Ŭô,Ŭô-tetraaryl-1,3-dioxolane-4,5-dimethanol (TADDOL), which will be 

elaborated on later. Other diol platforms have been used as well, such as 1,1ô-bi-2-

naphthol (BINOL) and 1,1ô-biaryl-2,2ô-dimethanol (BAMOL) (Figure 1.3), which are diols 

generally considered to be double-donors but are theorized to be able to form 

intramolecular hydrogen bonds to act as single-hydrogen bond donors in the same 

manner as TADDOLs.32,33 All three of these catalyst types, however, have been 

documented as being able to form dual interactions with substrates in various cases.34 

 

1.5 ï Phenols 

Some of the earliest endeavors into what would become organocatalysis were made 

with hydroxyl-containing compounds. Rodgman and Wright published an article in 1953 

on the ability of carboxylic acids and alcohols to accelerate DielsïAlder reactions, though 

the scope was limited to common solvents such as acetic acid and methanol.35 
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1.5.1 ï Structure-activity relationships in phenols 

A significant step forward came in 1970, when Partansky published on the use of 

alcohols, phenols, and carboxylic acids as catalysts in the reaction of phenyl glycidyl ether 

and diethylamine (Scheme 1.2).36 Phenols were the most active compounds he employed 

in this reaction despite being less acidic than carboxylic acids. While this observation was 

not commented on in the report, it is likely due to the ability of carboxylic acids to form 

head-to-tail dimers, limiting their effectiveness as organocatalysts.37 Partansky also notes 

that the amine-epoxide reaction occurs more rapidly when the catalyst has more hydroxyl 

groups and that greater acidity led to a faster reaction within a specific type of compound. 

Electron-withdrawing groups on the aryl ring of a phenol had the greatest impact on 

reaction rate; 2,4-dinitrophenol was the most active catalyst Partansky employed for this 

reaction, affording a greater than five-fold increase in rate relative to phenol. 

 
 

Scheme 1.2. Reaction of phenyl glycidyl ether and diethylamine. 

 
 
 

1.5.2 ï Aryl diols 

Following up on this work, Hine et al. reported on 1,8-biphenylenediol (1.1, Figure 1.4) 

and its ability to form crystalline complexes with various Lewis basic compounds in 1985.38 

The researchers noted that the diolôs binding constant was about fifty times greater than 

that of m-nitrophenol despite their equivalent ionization constants. This was evidence of 

the dual-hydrogen bond donation that 1.1 engaged in, and that doubling the number of 

donor sites more than doubled the binding constant. Hinesôs and other diols were 

employed as catalysts in the same reaction Partansky had studied in 1970 (Scheme 1.2). 

Relative to phenol, catechol (the simplest diol investigated) gave a nearly twofold rate 

acceleration while 1.1 accelerated the reaction by over an order of magnitude. 
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Figure 1.4. 1,8-Phenylenediol catalysts.38ï40 

 

 

The utility of electron withdrawing groups in Brønsted acid organocatalysts was 

reaffirmed once again when 4,5-dinitro-1,8-phenylenediol (1.2, Figure 1.4) was shown by 

Hine to bind to Lewis bases to a greater extent than 1.1.40 This finding led Kelly et al.ôs 

use of diols as catalysts for DielsïAlder reactions.39 Diol 1.3 (Figure 1.4), a variation on 

1.2 intended to improve solubility in nonpolar media, accelerated these transformations by 

up to 75-fold relative to the uncatalyzed process. Compounds like 1.3, an electron 

withdrawing group-enhanced diol organocatalyst would become the basis for a variety of 

organocatalytic scaffolds including TADDOLs and BINOLs, and their dual-hydrogen 

bonding nature would become prevalent in the form of (thio)ureas and (thio)squaramides. 

 

1.6 ï (Thio)ureas 

Among the most ubiquitous of the organocatalytic scaffolds today are ureas and 

thioureas.30 Their modular syntheses have allowed for the development of a vast array of 

chiral and achiral species. Ureas and thioureas can be formed in a single step from an 

isocyanate or isothiocyanate, respectively, and an amine (mono-[thio]ureas) or diamine 

(bis-[thio]ureas) (Scheme 1.3). This is usually accomplished at room temperature with no 

catalyst or promoter. 
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Scheme 1.3. Synthesis of a generic ureas (X = O) and thioureas (X = S). 
a) mono-(thio)urea. b) bis-(thio)urea, where R2(NH2)2 is typically chiral. 

 
 

The two (or more) hydrogen bonds donated by mono- and bis-(thio)ureas have made 

them extremely versatile catalysts that are useful for a wide range of organic 

transformations. This versatility arises from the multiple different mechanisms by which a 

thiourea may promote a reaction: direct substrate activation, anion binding, and anion 

abstraction.41 A (thio)urea is not limited to acting in one single capacity in a given reaction; 

a single catalyst may participate in more than one of these actions over the course of a 

transformation. 

 

1.6.1 ï Mechanisms of (thio)urea organocatalysis 

The first of these processes, substrate activation (Figure 1.5a), is the most typical of a 

Brønsted acid catalyst. In this case, a (thio)urea forms a hydrogen bonding interaction with 

an electronegative center of an electrophile, lowering the LUMO energy and facilitating 

nucleophilic attack. Stereoselectivity can be achieved when an asymmetric (thio)urea 

blocks one face of the substrate more than the other thereby biasing the direction from 

which it is attacked. Direct substrate activation is the most common mechanism by which 

mono-(thio)ureas operate. 
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Figure 1.5. (Thio)urea catalysis by a) direct substrate activation, b) anion 
binding, and c) anion abstraction. 

 

The second process, anion binding (Figure 1.5b), is most often associated with 

multifunctional (thio)ureas.42 This mechanism involves the coordination of the urea or 

thiourea with an anion, typically the counteranion of a positively-charged electrophile. This 

can enhance the rate of a reaction by limiting the interaction between the anion and 

electrophile thereby increasing the latterôs susceptibility to nucleophilic attack. In the case 

of a chiral (thio)urea, this process may occur asymmetrically; anionïelectrophile 

interaction becomes feasible only from one face of the latter species. This reduces the 

chance of attack on one side while leaving the other relatively unobstructed. Alternatively, 

high selectivity can be achieved with anion binding when the negatively charged species 

acts as the nucleophile. Simultaneous binding of both participant compounds by 

multifunctional (thio)ureas has been employed to great effect.43 

The final mechanism by which ureas and thioureas are known to catalyze reactions is 

anion abstraction (Figure 1.5c), a special case of anion binding.44 In this process, which is 

also generally associated with bis-species, the (thio)urea coordinates with a leaving group 
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(generally a halide) on its substrate. This allows elimination to occur more readily, and a 

highly electrophilic carbocation is often generated. Stereoselectivity arises in the same 

manner as in the anion binding mechanism. 

 

1.6.2 ï Early (thio)urea research 

Early research on the hydrogen bonding ability of ureas was carried out by Etter who 

utilized them for co-crystallization of Lewis basic compounds such as ketones and 

epoxides.45 These studies revealed the ability of the relatively weakly-acidic ureas to bind 

more strongly to bases than previously thought, similar to what Hine had reported about 

diols five years prior.38 This discovery eventually led to the first report of ureas as Brønsted 

acid catalysts by Curran in 1994, wherein researchers found that a urea bearing electron-

withdrawn aryl groups was an effective additive for accelerating the allylation of 

organoselenium compounds, even more so than some of the most commonly-used Lewis 

acids (Scheme 1.4, Table 1.1).47 In one reaction, 1.0 molar equivalents of the diarylurea 

led to greater conversion than 1.25 molar equivalents of lithium chloride, zinc bromide, or 

trifluoroborane etherate.  

 
 

 
 
Scheme 1.4. Acid-promoted diastereoselective allylation of 
(phenylselanyl)-tetrahydrothiophene oxide.47 
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Table 1.1. Effects of acids on the selectivity and yield for the allylation of 
(phenylselanyl)tetrahydrothiophene (Scheme 1.4).47 

 

additive (equiv) 1.5a / 1.5b yield (%) 

LiCl (1.25) 5.8 / 1 25 

ZnBr2 (1.25) 8.0 / 1 60 

BF3 · Et2O (1.25) 4.5 / 1 73 

1.4 (1.0) 7.0 / 1 81 

 
 

The following year, Curran et al. investigated the use of urea 1.4 in a Claisen 

rearrangement (Scheme 1.5, Table 1.2) and found that the presence of thi hydrogen bond 

donor increased the reaction rate by more than an order of magnitude.47 

 

 
 

Scheme 1.5. Claisen rearrangement of methoxy(vinyloxy)propene.47 
 
 

Table 1.2. Rate effects of urea 1.4 on a Claisen rearrangement (Scheme 
1.5).47 

 

equiv 1.4 krel 

0 1 

0.1 2.7 

0.4 5.0 

1.0 22.4 

 
 

1.6.3 ï Structure-activity relationships in (thio)ureas 

While these early studies prominently featured ureas, thioureas have largely 

supplanted their oxygen-bearing counterparts in the field of organocatalysis for several 

reasons. Due to sulfurôs lower electronegativity than oxygen, thioureas are less prone to 
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self-association than ureas.48 Aggregation of the catalyst, while slightly increasing its 

acidity, reduces its effective loading as the hydrogen bonds donor engaging in self-

association cannot activate its intended substrate. In addition to being less susceptible to 

aggregation, thioureas are more acidic than ureas allowing the former to activate its 

substrates to a greater extent.49 For these reasons, use of ureas in organocatalysis 

generally remain limited to special applications such as tandem (thio)ureas and internal 

activation, both of which are discussed later in this section. 

A demonstration of the structure-reactivity relationships in thioureas was provided in a 

seminal 2003 report by Schreiner and Wittkopp.50 Multiple symmetric thioureas were 

employed as catalysts for the DielsïAlder reaction of cyclopentadiene and various 

Ŭ,ɓ-unsaturated ketones (Scheme 1.6). The researchers concluded that the most 

important factor in determining rate and selectivity was the structure of the catalyst; those 

featuring aryl groups with electron-withdrawing groups afforded the greatest reaction rates. 

In particular, the thiourea bearing 3,5-bis(trifluoromethyl)phenyl groups (1.6) was the most 

active species, giving a rate more than eight times faster than that afforded by its n-alkyl-

substituted analog (1.7). In the years since these data were published, 1.6 has become 

known as ñSchreinerôs thioureaò and is considered the gold standard of thiourea 

organocatalysts. 
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Scheme 1.6. Thiourea-catalyzed DielsïAlder reaction of cyclopentadiene 
and (E)-3-phenyl-1-(pyridin-2-yl)prop-2-en-1-one. Rate constants relative 
to uncatalyzed reaction.50 

 

 

An interesting observation made by Schreiner and Wittkopp was that while the 

presence of electron-withdrawing groups on the aryl rings of a thiourea worked to enhance 

its acidity, the effect of the location of those groups was at times counterintuitive. For 

example, when fluorophenyl groups were employed, the DielsïAlder reaction depicted in 

Scheme 1.6 was fastest with the para-substituted isomer as the catalyst 1.8, intermediate 

with the meta-compound 1.9, and slowest in the presence of the ortho-substituted species 

1.10 (Figure 1.6). The greater rate afforded by 1.8 versus 1.9 can be adequately explained 

by the acidic center of the thiourea being in conjugation with fluorine in the former species 

but not the latter. This argument would not, however, account for the rate enhancement 

afforded by 1.8 being over three times that of 1.10. 

 

 
 

Figure 1.6. Fluorophenyl-substituted thioureas and their afforded rate 
constants for the DielsïAlder reaction of cyclopentadiene and (E)-3-
phenyl-1-(pyridin-2-yl)prop-2-en-1-one relative to the uncatalyzed 
reaction.50 
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Schreiner and Wittkopp reasoned this observation was due to intramolecular hydrogen 

bonding between the sulfur and aryl CïH in the electron-withdrawn thioureas (Scheme 

1.7a). This interaction increases the barrier to rotation of the phenyl rings, in turn reducing 

the entropic penalty incurred upon complexation of the catalyst with its substrate. 

Additionally, intramolecular hydrogen bonding of this nature can enhance the species 

acidity and reduce its susceptibility to aggregation, likewise enhancing catalytic activity. 

Substitution at the ortho- position(s) of the aryl ring both disrupts ortho-HïS attraction and 

introduces repulsive EWGïS interactions (Scheme 1.7b), explaining the minimal rate 

enhancement afforded by 1.10. 

 

 
 
Scheme 1.7. Thiourea sulfur engaging in a) intramolecular coordination 
with an ortho aryl hydrogen, increasing catalyst rigidity, and b) a repulsive 
interaction with electron-withdrawing substituent Rô, decreasing catalyst 
rigidity.50 

 
 

1.6.4 ï Tandem (thio)ureas and intramolecular coordination 

Schreiner and Wittkoppôs intramolecular hydrogen bonding hypothesis had a profound 

impact on the development of organocatalytic (thio)ureas; many have been developed 

with intramolecular coordination as a central focus.51 For example, M. Smith et al. 

developed a tandem system comprising covalently-linked urea and thiourea (for example, 

1.11) making use of the acidity-enhancing property of aggregation while minimizing the 

corresponding effects of reduced effective loading.52 This design, like the intramolecular 
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hydrogen bonding proposed by Schreiner and Wittkopp, also serves to keep the catalyst 

conformation rigid and subsequently reducing the entropic penalty of coordination. 

(Thio)urea 1.11 was used to great effect in an asymmetric MukaiyamaïMannich reaction; 

researchers consistently attained ees of over 95% with catalyst loadings as low as 0.1 

mol% (Scheme 1.8). 

 
 

 
 

Scheme 1.8. Asymmetric MukaiyamaïMannich reaction catalyzed by 
tandem (thio)urea 1.11.52 

 
 

Other intramolecular coordination techniques have involved the use of Lewis acidic 

motifs in the ortho-position of an aromatic ring. In the 1990s, B. Smith et al. synthesized a 

series of borane-functionalized ureas (e.g., 1.12) for use as carboxylate receptors.53,54 

These boronate ureas and related species were later employed as organocatalysts by 

Mattson et al. in 2011.55 Applied to the FriedelïCrafts reaction of indole and trans-ɓ-

nitrostyrene (Scheme 1.9, Table 1.3), the internally-activated compounds afforded 

several-fold rate enhancements relative to Schreinerôs thiourea (1.6) Following the 
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successful application of boronate ureas, other species have been developed with 

different Lewis acidic centers such as palladium and platinum.56 

 

 
 

 
 

Scheme 1.9. Thiourea-catalyzed FriedelïCrafts reaction of indole and 
trans-ɓ-nitrostyrene.55 

 
 
Table 1.3. Effect of catalyst on the yield of a FriedelïCrafts reaction 
(Scheme 1.9).55 

catalyst isolated yield (%) 

N,Nô-bis(3,5-bis[trifluoromethyl]phenyl)urea 43 

1.6 80 

1.12 99 

 
 

1.6.5 ï Asymmetric mono-thiourea catalysis 

While early research into (thio)urea organocatalysis centered around reaction rates, 

researchers began incorporating chiral substituents into these species to accomplish 

asymmetric syntheses. Their facile, modular syntheses have led to a wide array of 

different catalysts, some of the most successful of which have incorporated Lewis base 

functionality.27 These motifs have received particular attention for their ability to coordinate 

with and activate a nucleophilic species while the adjacent thiourea activates the 
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electrophile (Scheme 1.10).57 This cooperativity has proven highly effective in improving 

both reaction rates and stereoselectivities. 

 
 

Scheme 1.10. Proposed mechanism of activation of the electrophile 
(nitroalkene) and nucleophile (malonate ester) in a Takemoto thiourea-
catalyzed Michael addition.57 
 
 

Since 2003, Takemoto et al. have reported on a series of thioureas bearing a chiral, 

Lewis basic moiety on one side and 3,5-bis(trifluoromethyl)phenyl on the other.58,59 The 

Michael addition of nitroalkenes to malonate esters (Scheme 1.11) was the first reaction 

studied with these bifunctional species, in this case thiourea 1.13.60 The simultaneous 

activation and directing of both reactants led to both high yields (up to 95%) and ees (up 

to 93%). 

 
 

 
 
Scheme 1.11. Asymmetric Michael addition catalyzed by a Takemoto-type 
thiourea organocatalyst.61 
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Later studies on this catalyst led to the inclusion of chiral quaternary centers in the 

product scope and the reduction of loadings to as low as 2%.57 Corresponding kinetic 

studies supported the proposed mechanism of electrophile activation by the thiourea and 

concurrent nucleophile activation by amine substituent. 

Nitrogenous substituents such as Schiff bases, pyrroles, and amines are also common 

in thiourea organocatalysts. Compounds incorporating these functionalities are often 

referred to as Jacobsen thioureas and were developed largely through a combinatorial 

approach in the 1990s and 2000s.61 A diverse range of Jacobsen thioureas have been 

developed and applied to a large number of stereoselective transformations such as 

Strecker, PictetïSpengler, and Mannich reactions.62ï66 A recent example of Jacobsen-

type thiourea catalysis is in the total synthesis of (+)-arborescidine C by Hong et al.67 

Researchers employed a Schiff base-containing thiourea (1.14) their key step: an 

organocatalyzed PictetïSpengler reaction for which they achieved excellent selectivity 

(Scheme 1.12). 

 

 
 

 
 
Scheme 1.12. Asymmetric, organocatalyzed PictetïSpengler reaction 
serving as the key step in enantioselective total synthesis of (+)-
arborescidine C.67 
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A third type of chiral, Lewis-base bifunctionalized thiourea is that first developed by 

Ricci et al. These species feature a cis-aminoindanol motif as the nucleophile-binding 

group, which can also serve as an additional hydrogen bond donor in some cases.68,69 

The first application of this structure to thiourea organocatalysis was in a FriedelïCrafts 

alkylation of indole with trans-ɓ-nitrostyrene (Scheme 1.13) with catalyst 1.15.70 The 

researchers concluded that the hydroxyl group was critical for maintaining high conversion 

and selectivity. 

 

 

 
 

Scheme 1.13. Asymmetric FriedelïCrafts alkylation catalyzed by a cis-
aminoindanol-substituted thiourea.70 
 
 

The transition state proposed by Ricci et al. for the aminoindanolôs role in this 

transformation was later supported by computational efforts from Herrera et al., the latter 

of which suggested participation of the alcohol in both nucleophile and electrophile 

activation (Scheme 1.14).70,71 These versatile aminoindanol-substituted thioureas have 

been used successfully for a variety of 1,4-additions.72ï75 
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Scheme 1.14. Transition state structure for a thiourea-catalyzed 
asymmetric FriedelïCrafts alkylation, proposed by Ricci et al. and later 
supported and refined by Herrera et al.70,71 

 
 

1.6.6 ï Multifunctional thioureas and anion binding catalysis 

The modular syntheses of ureas and thioureas has afforded a wide variety of catalysts; 

within the last two decades, bis- and poly-thioureas have become increasingly 

common.41,76,77 These species often operate through the anion binding/abstraction 

mechanism and in some cases they are hypothesized to act as both anion binders and 

direct substrate activators in the same reaction. A common strategy is the utilization of a 

chiral species to bind an achiral anion thereby imparting stereoselectivity. 

An early example of asymmetric anion-binding catalysis was reported by Nagasawa 

et al. in 2006 with a bifunctional guanidine-thiourea catalyst (1.16).78 A diastereoselective 

Henry reaction was accomplished with high drs up to 99:1 and ees up to 99% (Scheme 

1.15). 
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Scheme 1.15. Diastereoselective Henry reaction catalyzed by a chiral, 
bifunctional guanidine-thiourea catalyst.78 

 
 

The proposed transition state invokes the binding of nitromethaneôs conjugate base 

by the guanidine motif, while an adjacent thiourea activates an aldehyde (Scheme 1.16). 

The catalystôs binding of both the nucleophile and electrophile allows it to directly control 

the direction of attack affording high selectivity, a common mechanism in multi-thiourea 

catalysis. 

 
 

Scheme 1.16. Rate-determining step in the diastereoselective Henry 
reaction mechanism proposed by Nagasawa et al.78 

 
 

Two years later, Wulff and Rabalakos reported on the application of a bifunctional 

thiourea based on a binaphthyl scaffold (1.17) for the Michael addition of nitroalkanes to 

nitroalkenes (Scheme 1.17).79 Similarly to Nagasawaôs bifunctional compound, this 

catalyst binds both the nucleophile and electrophile to direct attack from a particularly face. 

A highly enantio- and diastereoselective transformation, the researchers were able to 

achieve drs of up to 90:10 and ees of up to 95%. 
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Scheme 1.17. Diastereo- and enantioselective nitroalkane-nitroalkene 
Michael addition catalyzed by a chiral bifunctional thiourea.79 

 
 
Stereoselectivity through bifunctional thioureas is not limited to species that bind the 

nucleophile, however. In 2016, Seidel et al. developed an enantioselective oxa-Pictetï

Spengler reaction catalyzed by a chiral bis-thiourea (1.18) inspired by Nagasawaôs bis-

thiourea80 via counteranion coordination (Scheme 1.18).81 In the proposed mechanism, 

an indolinium co-catalyst (1.19) facilitates the formation of an oxocarbenium halide 

intermediate. Binding of the bis-thiourea catalyst to the counteranion during intramolecular 

cyclization imparts high enantioselectivity. 
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Scheme 1.18. Enantioselective oxa-PictetïSpengler reaction catalyzed by 
a chiral bis-thiourea via anion binding.81 
 
 

1.7 ï TADDOLs 

Ŭ,Ŭ,Ŭô,Ŭô-Tetraaryl-1,3-dioxolane-4,5-dimethanol, better known as TADDOL (Figure 

1.7), has been an increasingly-employed organocatalytic scaffold since 2003.82 Originally 

developed as chiral ligands for metal catalysts, these tartaric acid-derived species had 

been receiving significant attention from researchers well before their adoption as 

Brønsted acids.83 Their relatively facile production and large steric bulk have made them 

highly effective for stereoselective synthesis. 

 
 

Figure 1.7. Generic TADDOL derived from L-tartaric acid. 
 
 

Symmetrically-substituted TADDOLs can be made in as few as two steps from a 

commercially-available tartrate ester (Scheme 1.19). The synthesis is highly modular; 

different dioxolane R-groups and aryl substituents can be used generally without 

modification to the synthetic procedure.84 
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Scheme 1.19. Two-step synthesis of a generic symmetrically-substituted 
TADDOL from an L-tartrate ester. 

 
 

1.7.1 ï TADDOLs as ligands 

Early use of TADDOLs as ligands in metal complexes was pioneered by Seebach et 

al. in the late 1980s. Primarily employed in titanium species, TADDOL ligands proved 

versatile; moderate ees were achieved with a stoichiometric loading of a Ti-TADDOL 

species in a wide variety of asymmetric transformations such as alkylation of carbonyls 

(Scheme 1.20), cyanohydrin additions, DielsïAlder reactions, and [2+2] 

cycloadditions.85ï87 

 
Scheme 1.20. Asymmetric methylation reaction using in situ-generated Ti-
TADDOL methylating agents.85 
 
 

Later enantioselective reactions were developed with TADDOL as a ligand for a metal 

used in sub-stoichiometric amounts. In 1996, Jørgensen et al. reported a highly 

stereoselective cycloaddition reaction (Scheme 1.21) with catalytic Ti-TADDOL complex 

1.20.88 Diastereomeric ratios exceeded 95:5 in favor of the endo-product for every 

substrate and ees of the major compound were as high as 93%. 
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Scheme 1.21. Asymmetric 1,3-dipolar cycloaddition catalyzed by a Ti-
TADDOL complex. 
 

 
1.7.2 ï TADDOLs as organocatalysts 

TADDOLs continued to be used on occasion as ligands for metal complexes for the 

next decade, but it was not until 2003 that the first use of a TADDOL as a Brønsted acid 

organocatalyst was published. From the outset, it was poised to be a highly effective 

organocatalytic scaffold. Rawal et al. utilized tetra-1-naphthyl-substituted TADDOL 1.21a 

in an asymmetric hetero-DielsïAlder reaction (Scheme 1.22), obtaining excellent yields 

and ees.89 

 
 

 
 

Scheme 1.22. TADDOL-organocatalyzed hetero-DielsïAlder reaction.89 
 



28 
 

Following up on this work, Rawal et al. screened TADDOLs with different substitution 

patterns to probe their structure-reactivity relationship.90 A DielsïAlder reaction (Scheme 

1.23, Table 1.4) was performed with 1.21a, b, and c, as catalysts and the researchers 

determined that the identity of the aryl groups is critical to both activity and selectivity. 

 

 
 

Scheme 1.23. Asymmetric TADDOL-catalyzed DielsïAlder reaction.90 

 

 

Table 1.4. Catalyst effects on yield and enantioselectivity of a DielsïAlder 
cyclization (Scheme 1.23).90 

 

catalyst yield (%) ee (%) 

1.21a 83 91 

1.21b 45 33 

1.21c 30 31 

 
 

TADDOLs 1.21b and 1.21c, which feature aryl substituents with less steric bulk than 

those in 1.21a, were less active and less selective than their 1-naphthyl-substituted 

counterpart. Larger aryl groups provide more conformational rigidity in the catalyst which, 

as in thioureas, can reduce the entropic penalty of coordination and subsequently improve 

the strength of substrate activation.91 Additionally, this higher rigidity allows for a more 

defined binding pocket and increases the stereoselectivity that can be achieved with the 

catalyst. 
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1.7.3 ï Structural rigidity through intramolecular hydrogen bonding 

While aryl group steric factors appear to be crucial, it is another structural aspect of 

these species that is perhaps the most important for influencing rigidity: intramolecular 

hydrogen bonding. Despite earlier organocatalyst research on diols which were dual-

hydrogen bond donors, TADDOLs are formally considered only single-donors.90,91 Solid-

state structures of catalysts 1.21aïc obtained by Rawal et al. all clearly showed one of 

the OïH hydrogens interacting with the other oxygen (Figure 1.8)90 and it has since been 

shown that this intramolecular association remains intact in solution.92,93 The ñcollaborativeò 

action of TADDOLsô two hydroxyl groups not only improves the catalysts rigidity 

characteristics, but also strongly enhances the strength of hydrogen bond donation to the 

substrate. 

 
 

Figure 1.8. Three-dimensional representation of 1.21a showing the 
intramolecular hydrogen bond.90 
 
 

1.7.4 ï Ketal variation and bis-TADDOLs 

Variation of the aryl substituents on TADDOLs is the most common difference between 

species, only requiring the use of a different aryl Grignard reagent. Incorporating different 

substituents on the 1,3-dioxolane ring is similarly straightforward; this depends on the 

ketone that is used for ketal formation. This portion of the scaffold is not varied as often, 

however, due to its remoteness from the active site. While the acetone-derived ketal is the 
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most common in organocatalytic species, TADDOLs with other groups are known. For 

example, in 2005 Tanaka et al. reported the use of the 1,4-dioxaspiro[4.5]decane-based 

TADDOLs (R,R)-1.22 and (S,S)-1.22 as well as 1.21 and its enantiomer in the asymmetric 

photodimerization of coumarins (Scheme 1.24).94 Over the course of the reaction, a 

matched dimer-TADDOL complex precipitates, while the mismatching dimer remains in 

solution where it can undergo the reverse reaction. The researchers found that TADDOLs 

1.21 too readily form insoluble complexes with their mismatched products leading to sub-

optimal enantioselectivity. By contrast, (R,R)-1.22 and (S,S)-1.22 complexes remained in 

solution longer; these species afforded ees of 95% or greater for their respective products 

compared to the 85% ees achieved with 1.21c and its enantiomer. In addition to dimethyl 

and cyclohexyl, TADDOLs incorporating cyclopentyl,95 cyclooctyl,96 diphenyl,97 fluoren-9-

yl,98 and many others have been reported. 

 
 

 
 
Scheme 1.24. Enantioselective [2+2] photodimerization of 2H-chromen-2-
one and co-crystallization with chiral TADDOLs. 
 
 

Bis-TADDOLs have also been developed by taking advantage of the easy-to-construct 

ketal motif. Porco et al. introduced the dimeric species 1.23 in 2006, applying it toward a 
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dipolar cycloaddition in the total synthesis of rocaglamides (Scheme 1.25).99 Acting as a 

chiral mediator, this TADDOL afforded the best ee of the eight investigated. 

 

 
 

Scheme 1.25. Asymmetric synthesis of (±)-methyl rocagalate with a bis-
TADDOL chiral mediator.99 

 
 

1.8 ï Quantifying Brønsted acidity 

By far the most common way to quantify Brønsted acidity is with the dissociation 

constant (Ka) and, more generally, its negative logarithm (pKa) (Equation 1.1). As pKa is 

fundamentally a quantification of ionization, it is usually measured in polar solvents 

because they can stabilize free ions, allowing dissociation to occur. Less polar solvents, 

on the other hand, tend to discourage dissociation and cause opposite charges to 

aggregate, making the quantification of ionization more difficult.100 Water, dimethyl 

sulfoxide (DMSO), and acetonitrile are consequently the most often-used solvents for 

measuring pKa.101 
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HA Ÿ H+ + Aī 

pK
a
 = -log

H
+
A

HA
 

 
This method is not, however, the best for quantifying the acidity of an organocatalyst. 

As reactions employing these species are generally performed in low-polarity media, the 

activity of Brønsted acid catalysts may not correlate well with their pKas. Multiple analytical 

methods have therefore been developed to quantify Brønsted acidity in media that more 

closely resemble those in which a catalyst will be used. 

 

1.8.1 ï UV-vis spectroscopy 

A method for quantifying Brønsted acidity using UV-vis spectroscopy was developed 

by Kozlowski et al. and first reported in 2012.102 In this process, a solution of Hiranoôs 

colorimetric sensor 1.24103 in dichloromethane is titrated with a Brønsted acid (Scheme 

1.26). Initially red, the solution undergoes a visible color change and a decrease in the 

wavelength of maximum absorbance (ɚmax) upon the addition of a hydrogen bond donor 

(Figure 1.9). Titration continues until the sensor is saturated and ɚmax no longer changes; 

the total change in ɚmax serves as a direct 

measure of the catalystôs Brßnsted acidity. 
 

 
 

Scheme 1.26. Colorimetric sensor 1.24 and a Brønsted acid (HA) 
complex. 

 
 
 

(1.1) 
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Figure 1.9. UV-vis spectra of sensor 1.24 (solid line) and of a saturated 
1.24-Brønsted acid complex (dotted line). 
 
 

In an extensive study of this method, thirty-three hydrogen bond-donor species were 

used as titrants for 1.24.104 For all compounds investigated, the difference in the 

wavelength reciprocals (i.e., 1/ɚmax,final ï 1/ɚmax,initial) was found to correlate linearly with the 

logarithms of the host-guest equilibrium binding constant (Keq) and rate constant for a 

DielsïAlder reaction (Scheme 1.27) with excess cyclopentadiene and 1 mol% catalyst in 

chloroform (k) (Figure 1.10). While the latter parameter correlates with the water and 

DMSO pKa values for the catalysts, it does so only for a given type of compound (e.g., 

carboxylic acids). This illustrates the disconnect between measured acidity in polar 

solvents and catalytic activity in low-polarity media. 

 

 
 

Scheme 1.27. DielsïAlder cyclization of cyclopentadiene with methyl 
vinyl ketone. 
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Figure 1.10. Logarithm of the relative rate constant for a DielsïAlder 
reaction (Scheme 1.27) vs difference of reciprocal wavelengths. Linear 
least-squares analysis gave ln(krel) = 6.92 × 104 (1/ɚsat ï 1/ɚinitial) ï 6.19, 
r2 = 0.945.104 

 

 
1.8.2 ï 31P NMR spectroscopy 

Following up on a study of triaklylphosphine oxides for assessing Lewis acidity,105 Hilt 

et al. reported in 2014 on their use of tri-n-butylphosphine oxide (Bu3PO) as a probe for 

measuring the Brønsted acidity of organocatalysts with 31P NMR spectroscopy.106 Several 

thioureas and a thiophosphoramide were assessed by measuring the 31P NMR chemical 

shift of Bu3PO alone and in the presence of the hydrogen bond donor. As the probe 

becomes saturated, its shift stops changing upon the addition of more acid. The magnitude 

of the overall change in this parameter (ȹŭ) was shown to correlate strongly with the 

logarithm of the rate constant for a DielsïAlder cyclization for all but one of the investigated 

thioureas. 

A significant expansion of this method was published in 2019 by Diemoz and Franz 

wherein an extensive and varied library of hydrogen bond donors were examined using 

triethylphosphine oxide (Et3PO).107 In addition to (thio)ureas, phenols, diols, carboxylic 

acids, phosphoric acids, silanols, and boronic acids were studied. While ȹŭ bore a 
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moderate correlation with the logarithm of the rate constant for a FriedelïCrafts reaction, 

the relationship was significantly more pronounced when different catalyst types (i.e., 

phenols and carboxylic acids) and substitution patterns (i.e., ortho- and meta-) were 

segregated. 

   

1.8.3 ï IR spectroscopy 

Reed et al. reported the application of infrared (IR) spectroscopy toward the 

quantification of Brønsted acidity in 2004.108 In this study, the NïH stretch frequency of a 

trioctylammonium carboranate was shown to inversely correlate with the basicity of the 

anion and, by extension, directly correlate with the acidity of the corresponding carborane 

acid. 

This method was later adapted by Samet and Kass et al. for the direct assessment of 

Brønsted acidity for a series of phenols and phenol analogues.109 In the modified 

procedure, a solution-state IR spectrum of an acid was collected in carbon tetrachloride, 

followed by a spectrum in 1% V/V acetonitrile-d3. The addition of a hydrogen bond-

acceptor species caused a red-shift in the OïH stretching frequency of the phenol, the 

magnitude of which (ȹɜ) serves as a direct indicator the speciesô acidity (Figure 1.11). A 

stronger hydrogen bond donor interaction more closely resembles complete protonation 

and thus its OïH stretch frequency is weakened to a greater extent, affording a higher ȹɜ 

value. 
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Figure 1.11. IR spectra of phenol in CCl4 (solid line) and 99:1 CCl4:CD3CN 
(dotted line). 
 

 

1.9 ï Charge-enhanced Brønsted acidity 

1.9.1 ï Phenols 

In Samet et al.ôs IR study, ȹɜ was shown to exhibit strong linear relationships with both 

pKa (measured in DMSO) and gas-phase acidity (ȹG°acid).109 The latter parameter, unlike 

the former, exhibited a distinction between m- and p-substituted phenols (Figure 1.12) 

whereby correlation was stronger when compounds were segregated by substitution 

pattern. Additionally, ȹɜôs correlation with gas-phase acidity (r2 = 0.950 for m-substituted 

phenols, 0.970 for p-substituted phenols) is stronger than with pKa (r2 = 0.936 when 

outliers are excluded), indicating that ȹG°acid is a better predictor of acidity in low-polarity 

solvents. 

 

ȹɜ 
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Figure 1.12. Gas-phase acidity ȹG°acid (kcal molï1) vs OïH stretch 
frequency shift ȹɜ (cmï1) for m-substituted phenols ( )̧ and p-substituted 
phenols (º). Linear least-squares analysis gave ȹG°acid = ï0.241(ȹɜ) + 
380.3, r2 = 0.950 (m-, solid line) and ȹG°acid = ï0.324(ȹɜ) + 393.2, r2 = 
0.970 (p-, dotted line).109 

 
 

In low-polarity media, stabilization of ions is predominantly accomplished through the 

electrostatic interaction between opposite charges and this effect is reduced by resonance 

charge dispersal. In high-dielectric media such as water and DMSO, however, charge 

stabilization occurs mainly through solvation and charge dispersal therefore does not carry 

the stability penalties. The gas phase, in which there is no solvation effect, subsequently 

serves as a stronger mimic of low-polarity conditions. 

Due to the high reliance on electrostatic stabilization in the gas phase, positive charges 

provide greater stabilization of conjugate bases (and thus heightened acidity) than non-

charged electron-withdrawing groups.110ï112 Positively-charged motifs were therefore 

hypothesized by Kass et al. to afford substantial Brønsted acidity enhancement in CCl4 

and other low-polarity media. The first of these species to be investigated was the p-

(trialkylammonium)-substituted phenol 1.25 (Figure 1.13), which was predicted by anion-

free gas-phase acidity computations to be far more acidic than any neutral phenol that 

had been investigated. 
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Figure 1.13. Positively-charged phenols and a phenol analog; R = C8H17 
in experimental studies, R = CH3 in computational studies.109 

 
 

To test the hypothesis experimentally, researchers synthesized phenol 1.25a, which 

featured iodide as the counteranion. Strong association between the phenol OïH and the 

iodide anion prevented 1.25a from interacting with acetonitrile-d3 in the IR study, causing 

its ȹɜ value to be effectively zero (Table 1.5, entry 3).109 This result was consistent with 

the tendency of charges to aggregate in low-polarity media; the extremely electron-

deficient OïH hydrogen and negatively-charged iodide remained closely associated. 

However, when iodide was replaced with the weakly-coordinating anion tetrakis[3,5-

bis(trifluoromethyl)phenyl]borate (BArF
4) to give 1.25b, the acidity-enhancing effect of the 

positive charge could be observed (Table 1.5, entry 4). The acidity-enhancing effect of the 

positive charge was increased further by relocation of the charged center to inside the ring, 

producing phenol analog 1.26 (Table 1.5, entry 5). Of particular note was that the 

positively-charged species 1.25 and 1.26 were less acidic than p-nitrophenol as measured 

by pKas in DMSO, reflecting the solvation-based charge-stabilization of polar solvents. 
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Table 1.5. Various measures of acidity for phenols and a phenol 
analog.109ï111 

 

entry compound 
pKa 

(DMSO) 
ȹG°acid

a 
(kcal molï1) 

ȹɜ 
(cmï1) 

ȹɜrel 

1 phenol 18.0 341.5 157 0.71 

2 p-nitrophenol 10.8 320.9 221 1 

3 1.25a 12.5 
261.4 

ī2 < 0 

4 1.25b 12.5 329 1.5 

5 1.26 12.4 231.1 370 1.7 

aȹG°acid for charged compounds were computed in the absence of a counteranion. 
 

 
Chemical kinetics were then employed to assess the catalytic activity of the positively-

charged species. The FriedelïCrafts reaction of N-methylindole and trans-ɓ-nitrostyrene 

was chosen as it had been shown to be a good indicator of catalyst acidity (Scheme 

1.28).113,114 Catalysts 1.25b and 1.26 did indeed afford significant rate enhancement over 

even the most acidic neutral phenol examined (p-nitrophenol), with a two thousand-fold 

reaction rate increase in one case (Table 1.6, entry 3). The difference in rate between 1.26 

and p-nitrophenol was highly concentration dependent, as the presence of polar reagents 

greatly alters the dielectric properties of the reaction mixture. A greater concentration 

makes the medium more polar, in turn reducing the effectiveness of the positively-charged 

motif.109 

 
 
Scheme 1.28. FriedelïCrafts alkylation catalyzed by phenols and a phenol 
analog.109 
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Table 1.6. Kinetic data for a phenol and phenol analog-catalyzed Friedelï
Crafts alkylation (Scheme 1.28).109,a 

entry catalyst 
[ɓ-NS] 
(mM) 

t1/2
 

(h) 
krel 

1 p-nitrophenol 29 4100 1 

2 1.25b 29 64 64 

3 1.26 29 2.1 2000 

4 p-nitrophenol 83 1200 1 

5 1.25a 83 8400 0.14 

6 1.25b 83 42 29 

7 1.26 83 1.6 750 

8 p-nitrophenol 235 640 1 

9 1.25b 235 37 17 

aReactions were conducted with 3 equiv N-methylindole 
relative to trans-ɓ-nitrostyrene and a catalyst 
concentration of 8.3 mM. 

 
 
 

1.9.2 ï Achiral phosphoric acids and thioureas 

After establishing the acidity-enhancing property of positively-charged centers, the 

pyridinium motif was applied by Kass et al. toward common organocatalytic scaffolds. In 

2016, Jie Ma of the Kass group reported on charge-enhancement in phosphoric acids.115 

Mono-cation 1.27 and di-cation 1.28 were applied to FriedelïCrafts alkylations and Dielsï

Alder cyclizations with the latter species giving rate enhancements of more than two 

thousand-fold versus diphenylphosphoric acid (DPP) for both reactions. Additionally, 1.28 

increased the rate of ŭ-valerolactone polymerization (Scheme 1.29) by up to 2.3 times 

relative to DPP. 
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Scheme 1.29. Organocatalyzed polymerization of ŭ-valerolactone initiated 
by benzyl alcohol.115 

 

In the same year, Yang Fan investigated achiral thioureas bearing positive charges in 

place of more typical electron-withdrawing groups.116 A singly-charged (1.29) and a 

doubly-charged (1.30) species (Figure 1.14) were synthesized and used as catalysts for 

a FriedelïCrafts alkylation (Scheme 1.28) and a DielsïAlder cyclization (Scheme 1.27). 

In both reactions, the two ionic thioureas were significantly more active than their neutral 

counterparts (Tables 1.7 and 1.8); catalyst 1.30 afforded a greater than four hundred-fold 

rate enhancement relative to Schreinerôs thiourea 1.6 for the FriedelïCrafts reaction and 

nearly one hundred-fold for the DielsïAlder reaction. In addition, the improved acidity 

invoked by the pyridinium motifs gave increased selectivity for the endo product of the 

latter reaction. 

 

 
 

Figure 1.14. Achiral charge-enhanced thioureas.116 
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Table 1.7. Kinetic data for thiourea-catalyzed FriedelïCrafts alkylation 
(Scheme 1.28).116,a 

entry catalyst mol% t1/2
 krel 

1 - - 1100 h 0.025 

2 N,Nô-diphenylthiourea 10 820 h 0.035 

3 1.6 10 29 h 1 

4 1.29 10 4.5 h 6.5 

5 1.30 10 4.3 m 410 

6 1.30 5 17 m  

7 1.30 2.5 3.5 h  

9 1.30 1 200 h  

a[N-methylindole] = 250 mM, [nitrostyrene] = 83 mM. Conversion 
monitored by 1H NMR spectroscopy. 

 
 
Table 1.8. Kinetic data for thiourea-catalyzed DielsïAlder cyclization 
(Scheme 1.27).116,a 

entry catalyst t1/2
 krel endo:exo 

1 - 2.2 h 0.72 71:29 

2 1.6 1.6 h 1b 81:19 

3 1.29 13 m 24b 88:12 

4 1.30 3.5 m 97b 88:12 

a[cyclopentadiene] = 500 mM, [methyl vinyl ketone] = 
167 mM, [catalyst] = 16.7 mM. Conversion monitored 
by 1H NMR spectroscopy. bCorrected for the 
background reaction rate. 

 
 

This significant increase in reactivity is in accord with the findings of Schreiner and 

Wittkopp,50 wherein electron-withdrawing groups enhanced the activity of thioureas. 

Positive charges induce the same effect but to a greater extent; they likely serve to not 

only increase Brønsted acidity, but also to increase rigidity of the catalyst via the 

intramolecular coordination proposed in 2003 (Scheme 1.7). 
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1.9.3 ï Charge-enhanced chiral thioureas 

Having demonstrated that positive charges significantly improve the catalytic activity 

of thioureas, Fan and Kass developed charge-enhanced asymmetric Ricci-type thioureas 

(1.31ï33.117 Applied to the FriedelïCrafts reaction of indoles and trans-ɓ-nitrostyrenes 

(Scheme 1.30), these catalysts proved highly effective under conditions in which 1.15 

afforded no reaction (Table 1.9) and tolerated a range of nucleophilic and electrophilic 

substrates (Table 1.10). 

 
 
 

 

 
 
Scheme 1.30. Thiourea organocatalyzed FriedelïCrafts alkylation of 
indoles with trans-ɓ-nitrostyrenes.117 
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Table 1.9. Reaction data for a thiourea-catalyzed FriedelïCrafts reaction 
(Scheme 1.30; R1, R2 = H).117,a 

entry catalyst 
t 

(h) 
conversion 

(%) 
er 

1 ent-1.15 48 trace - 

2 1.31 48 76 91:9 

3 1.32 48 41 93:7 

4 1.33 46 70 93:7 

a[indole] = 250 mM, [nitrostyrene] = 83 mM, [catalyst] = 
8.3 mM, T = ī35 ÁC. Conversion monitored by 1H NMR 
spectroscopy. 

 
 
 
 
 
Table 1.10. Reaction data for FriedelïCrafts alkylation (Scheme 1.30) 
catalyzed by 1.32.117,a 

entry R1 R2 
t 

(h) 
conversionb 

(%) 
er 

1 H H 71 76 93:7 

2 5-OMe H 70 99 91:9 

3 6-OMe H 70 99 95:5 

4 5-Cl H 72 35 92:8 

5 6-Cl H 72 32 89:11 

6 H 4-Me 70 83 92:8 

7 H 2-Cl 72 91 89:11 

8 H 3-Br 72 85 92:8 

a[indole] = 250 mM, [nitrostyrene] = 83 mM, [catalyst] = 8.3 mM, 
T = ī35 °C. bMonitored by 1H NMR spectroscopy. 
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1.10 ï Dissertation content 

This dissertation will focus on the use of positive charges to enhance the activity of 

Brønsted acid organocatalysts. The synthesis and characterization of novel 

organocatalysts, as well as their analysis and application toward organic transformations, 

will be presented. 

In Chapter 2, a series of hydroxypyridinium ions with electron-withdrawing substituents 

were produced. Their acidities were predicted with computations and measured 

experimentally using UV-vis, 31P NMR, and IR spectroscopies and they were employed 

as catalysts for various organic reactions. The mechanism of an organocatalyzed Friedelï

Crafts alkylation was probed with various experimental methods. 

Chapter 3 details the application of a chiral, charge-enhanced thiourea and numerous 

acidic additives toward asymmetric reactions. The mechanism of an organocatalyzed oxa-

PictetïSpengler reaction was investigated using reaction data and kinetic analysis. 

Finally, Chapter 4 concerns the development and characterization of charge-

enhanced TADDOL organocatalysts and their use in several asymmetric organic 

transformations including a previously unreported hetero-DielsïAlder reaction. 
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Chapter 2 ï N-Vinyl and N-aryl hydroxypyridinium organocatalysts 
 
 
2.1 ï Introduction 

Acid-catalyzed reactions are commonplace and are utilized in a wide variety of 

transformations spanning from the synthesis of small molecules to biocompounds and 

polymers. The development of Brønsted acids and hydrogen bond donating 

organocatalysts, consequently, is of significant interest and a subject of considerable 

research efforts.1ï8 Incorporation of electron withdrawing groups into these species not 

only increases their acidities and hydrogen bond donor abilities, but also typically leads to 

more active catalysts and enhanced reaction rates.9ï18 Extension of this strategy with the 

use of one or more positively charged centers was recently reported to be particularly 

effective in non-polar solvents leading to rate accelerations corresponding to orders of 

magnitude compared to non-charged substituents.19ï22 Even more active catalysts can be 

envisioned by introducing electron withdrawing groups into positively charged substrates. 

To explore this idea, a series of six model hydroxypyridinium salts were examined (2.1ï

2.6, Figure 2.1). In this report, we describe the syntheses of these six compounds, 

companion density functional theory computations, IR, UV-vis, and 31P NMR 

spectroscopic studies, along with kinetic isotope effect and rate constant determinations 

to assess catalyst acidities, activities, and reaction mechanisms. 

 
 

Figure 2.1. Catalysts used in this work. 
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2.2 ï Results and discussion 

The tetrakis[3,5-bis(trifluoromethyl)phenyl]borate (BArF
4
ī) salt of the N-n-octyl-3-

hydroxypyridinium ion has previously been reported,19 and its N-methyl analog (2.1) was 

made in a similar way.22 Various strategies were employed for the preparation of the halide 

precursors of the other model species. Compound 2.2-Cl was synthesized via a 

modification of the procedure from Jung and Buszek23 whereas 2.3-Cl was formed using 

an analogous method to Katrizky et al.24 The preparation of 2.5-Br was accomplished 

using a similar procedure to that of EicherïLorka et al.,25 and the 2,4-dinitrophenyl-

substituted catalyst precursors, 2.4-Cl and 2.6-Cl, were obtained via a similar route to the 

one reported by Eda, Kurth, and Nantz.26 Conversions of the halide salts to their BArF
4
ī 

analogs were carried out largely in the same way and took advantage of the differential 

solubilities of NaCl and NaBr compared to NaBArF
4 in organic solvents. 

Catalyst acidities were first evaluated at 298 K in the gas phase without the BArF
4
ī 

counteranion using B3LYP/6-31G(d,p) computations (Table 2.1). This methodology was 

previously used to reproduce experimental Brønsted acidities and successfully predict 

catalyst activities in non-polar media.19 As anticipated, the presence of vinyl and aryl 

substituents with electron-withdrawing groups at the nitrogen ring center lead to more 

acidic species than their alkyl-substituted counterpart (i.e., 2.1). In addition, 2.6, the para-

substituted analog of 2.4, is the strongest acid in this series due to enhanced electron 

delocalization in its conjugate base. 
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Table 2.1. Computed B3LYP/6-31G(d,p) acidities for a series of catalysts 
without their counteranions at 298 K. 
 

catalyst 
ȹG°acid 

(kcal molī1) 
ȹȹG°acid 

(kcal molī1) 

2.1 232.9 0.0 

2.2 230.9 ī2.0 

2.4 226.6 ī6.3 

2.5 224.2 ī8.7 

2.6 219.3 ī13.6 

 

Several spectroscopic approaches were carried out to experimentally evaluate the 

relative acidities and hydrogen bond donating abilities of 2.1ï2.6. Infrared spectroscopy 

was initially explored as previously reported by observing the change between the OïH 

stretching frequency of a phenol in carbon tetrachloride and upon coordination with 1% 

v/v CD3CN in CCl4.19,22 A reduction in this mode from 3541 cmī1 to 3128 cmī1 was 

observed for 2.3, and this difference of 413 cmī1 is larger than the 370 cmī1 reported for 

N-n-octyl-3-hydroxypyridinium BArF
4.19 This result is consistent with an acidity 

enhancement due to the presence of an electron withdrawing group, but 2.2 and 2.4ï2.6 

are not soluble in carbon tetrachloride or in CD3CN/CCl4 mixtures with up to 5% 

acetonitrile-d3. Consequently, we decided to focus on alternative approaches. 

A UV-vis titration method for evaluating hydrogen bond donor ability utilizing 7-methyl-

2-phenylimidazo[1,2-a]pyrazine-3(7H)-one (2.7) as a colorimetric sensor was first 

reported by Kozlowski and coworkers and recently updated by Payne and Kass.22,27,28 In 

the latter approach, a constant concentration of 2.7 is maintained as it is titrated with a 

Brønsted acid of interest (HOAr in this case). This leads to a blue-shift of the ɚmax of 2.7 

due to its coordination with the hydrogen bond donor. When a 1:1 association occurs 

(Scheme 2.1), an isosbestic point is observed (Figures 2.2 and A.8ïA.11) and a non-linear 



49 
 

fit of the data affords the equilibrium binding constant (K1:1, Table 2.2). This was the case 

for 2.1, 2.2, 2.4, and 2.5, but not 2.6. 

 
 

  
 

Scheme 2.1. Coordination of 2.7 to afford 1:1 and 1:2 binding complexes. 
 
 

 
 

 
Figure 2.2. UV-vis spectra from 350 to 600 nm for the titration of 2.7 with 
2.4. Only some of the spectra are provided for clarity. 
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Table 2.2. Non-linear binding isotherm titration results for a series of 
catalysts with 2.7.a 

catalyst 
ɚmax(1:1) 
(nm)b 

K1:1 K1:2 

2.1c 472.1 (471.7) 2.0 × 104 - 

2.2 469.4 (468.8) 5.3 × 104 - 

2.4 469.1 (468.8) 8.5 × 104 - 

2.5 466.3 (466.0) 1.7 × 105 - 

2.6 434.7 3.5 × 105 7.2 × 103 

aConstant sensor concentrations of 22ï34 ɛM in CH2Cl2 were 
used. bCalculated values obtained from a plot of ɢ/ɚmax at each 
titration point, where ɢ is the 1:1 mole fraction resulting from 
the fit of the data. See ref. 22 for further details. Parenthetical 
numbers are the directly observed ɚmax values from the 
titrations. cData from ref. 22. 

 
 

An isosbestic point is not observed for 2.6 (Figure 2.3), which is indicative of the 

formation of at least two intermediate species, and is consistent with the resulting 1:2 

binding model fit of the titration results. A plot of the logarithm of K1:1 versus ȹGęacid (Figure 

2.4) is linear for all five hydroxypyridinium ion salts examined in this work, indicating that 

the 1:1 binding equilibrium constants provide a good measure of the catalystsô acidities 

and hydrogen bond donating abilities.i

 
i The ɚmax values are not as good a measure of catalyst acidity or activity. 
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Figure 2.3. UV-vis spectra from 350 to 600 nm for the titration of 2.7 with 
2.6. Only some of the spectra are provided for clarity. 
 

 

 
Figure 2.4. Logarithm of 1:1 equilibrium binding constants versus 
computed gas-phase acidities. A linear least-squares analysis affords ln 
K1:1 = ī0.198 Ĭ ȹG°acid + 56.2, r2 = 0.959. 

 
 
An alternative spectroscopic approach for evaluating Brønsted acidities and hydrogen 

bond donating abilities in nonpolar media was reported by Diemoz and Franz this past 

year.29 In this methodology, the 31P NMR spectrum of triethylphosphine oxide (Et3PO) is 

recorded in dichloromethane and subsequently titrated with a Brønsted acid of interest. 

Rapid formation of a hydrogen bond complex leads to an averaged spectrum with a single 

downfield 31P signal. Its chemical shift progressively increases until it levels off to a 

constant value as more of the acid is added and the proportion of free (non-complexed) 

Et3PO diminishes to negligible amounts. The magnitude of this shift (ȹŭ) was found to 

0.00

0.10

0.20

0.30

350 400 450 500 550 600

a
b

s
o

rb
a

n
c
e

wavelength (nm)



52 
 

correlate with the activity of a variety of organocatalysts. For 1 it was found that only 1.5 

equivalents are needed to bind to Et3PO to achieve the maximum downfield shift (Table 

A.7). Since all of our other catalysts are predicted to be more acidic than 2.1, 1.5 

equivalents of these acids were considered to be sufficient to obtain the chemical shifts of 

the bound complexes (i.e. ŭ1.5). A summary of the results is given in Table 2.3 and ȹŭ for 

the meta-substituted isomers (2.1, 2.2, 2.4, and 2.5) were found to linearly correlate with 

ln K1:1 from the UV-vis data (Figure 2.5) and ȹG°acid (i.e., the computed gas-phase acidities, 

Figure A.14). The para-substituted derivative shows positive deviations from the lines in 

both plots, presumably because of its enhanced acidity and hydrogen bond donating 

ability due to the conjugation of the acidic site with the formally charged nitrogen atom 

center. 

 
Table 2.3. Titration results for a series of catalysts with Et3PO monitored 
by 31P NMR.a 

catalyst 
ŭ1.5 

(ppm)b 
ȹŭ 

(ppm) 

2.1 60.83 10.33 

2.2 61.67 11.17 

2.4 61.96 11.46 

2.5 62.49 11.99 

2.6 65.44 14.94 

aTriethylphosphine oxide (5.0 mM) in CD2Cl2 
has a chemical shift of 50.50 ppm. 
bObserved chemical shifts upon addition of 
1.5 equivalents of the indicated acid. 
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Figure 2.5. Triethylphosphine oxide 31P NMR shift changes versus ln K1:1 
for meta-substituted catalysts (filled circles) and 2.6 (open circle). A linear 
least-squares fit for the meta compounds gives the following equation: ȹŭ 
(ppm) = 0.781 × ln K1:1 + 2.62, r2 = 0.997. 
 
 

Computations, 1:1 equilibrium binding constants from UV-vis titrations, and the 

triethylphosphine oxide 31P NMR data all predict a catalyst activity order of 2.6 > 2.5 > 2.4 

> 2.2 > 2.1. To assess this prognostication, the FriedelïCrafts alkylation of N-methylindole 

with trans-ɓ-nitrostyrene (eq. 2.1) was examined. This reaction was chosen because it is 

known to progress 

 
 

 more rapidly with stronger acids in a related series and has been widely used to assess 

organocatalysts.19ï22,29ï35 Pseudo-first order rate constants were obtained using 1H NMR 

to monitor the reaction progress (Table 2.4). The reaction rates increased as expected for 

the meta-substituted pyridinium salts (i.e., 2.5 > 2.4 > 2.2 > 2.1), but surprisingly, 2.6 

afforded a smaller rate acceleration than 2.5 by a factor of 1.4, despite the formerôs greater 

acidity, larger K1:1, and bigger ȹŭ. Triflic acid was also examined, and it was found to be 

less active than our phenol derivatives and a poor catalyst for this transformation. 
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Table 2.4. Kinetic data for the FriedelïCrafts alkylation of N-methylindole 
with trans-ɓ-nitrostyrene.a 

entry catalyst 
k 

(hī1) 
t1/2 
(h) 

krel 

1 - 1.9 × 10ī4 3700 2.3 × 10ī3 

2 2.1 0.082 8.5 1 

3 2.2 0.17 4.2 2.0 

4 2.4 0.19 3.6 2.4 

5 2.5 0.29 2.4 3.6 

6 2.6 0.21 3.3 2.6 

7 TfOH 8.8 × 10ī3 79 0.11 

aReactions were carried out at 27 °C in CD2Cl2 with 10 mol% of 
the indicated catalyst, 500 mM of trans-ɓ-nitrostyrene, and 50 
mM of N-methylindole. Rate constants are corrected for the 
non-catalyzed background process. 

 

This led us to hypothesize that for the stronger acids the carbon-carbon bond forming step 

in the FriedelïCrafts alkylation may no longer be rate determining, and that deprotonation 

at C3 to aromatize the indole and reform the catalyst could become the slow step (Scheme 

2.2). Such variations with changing pH are well-known and have been reported with 

organocatalysts,36ï39 but not for the FriedelïCrafts reaction of N-methylindole with trans-

ɓ-nitrostyrene even though it has been extensively used for benchmarking 

purposes.  
 
 

 
 

Scheme 2.2. Proposed reaction mechanism for the FriedelïCrafts 
alkylation of N-methylindole with trans-ɓ-nitrostyrene where step 3 
becomes rate determining with strong acid catalysts. 

 
 
To probe a possible change in the rate determining step of the mechanism, isotopically 

labeled 3-deuterio-N-methylindole40 was prepared and kinetic isotope effects (KIEs) for 
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the FriedelïCrafts alkylation with different catalysts were determined (Table 2.5). An 

inverse KIE was obtained with 2.4, and this is consistent with a rate determining carbon-

carbon bond forming step (i.e., a change  

 
Table 2.5. Kinetic data for the FriedelïCrafts alkylation of 3-deuterio-N-
methylindole with trans-ɓ-nitrostyrene.a 

entry catalyst 
t1/2 
(h) 

kD 
(hī1) 

kH / kD 

1 2.4 2.8 0.24 0.80 

2 2.5 2.4 0.29 1.0 

3 2.6 5.2 0.13 1.6 

4 TfOH 138 5.0 × 10ī3 1.7 

aBackground corrected initial rates corresponding to reaction 
conversions of Ò 10% were obtained at 27 °C in CDCl2 using 10 
mol% of the indicated catalyst, 500 mM trans-ɓ-nitrostyrene, 
and 50 mM of 3-deuterio-N-methylindole. 

 
 

in hybridization from sp2 to sp3 in the nucleophilic attack of N-methylindole on trans-ɓ-

nitrostyrene). Conversely, normal KIEs were found with 2.6 and triflic acid. This is in accord 

with the deprotonation at C3 becoming the slow step in the reaction mechanism when 

more acidic catalysts are used. No isotope effect was found with 2.5, suggesting that in 

this case nucleophilic attack and deprotonation are competitive. In accord with the 

proposed mechanism in Scheme 2.2, 2H NMR experiments showed that deuterium was 

only incorporated into the product at the Ŭ-position to the nitro group and was not observed 

until greater than 10% conversion to the product was reached. These findings reveal that 

the reaction rate for the FriedelïCrafts alkylation is not a reliable indicator of relative 

acidities for acidic catalysts. 

It was anticipated that a more acidic intermediate in the FriedelïCrafts reaction is 

formed when 2,2,2-trifluoroacetophenone is used as the electrophile in lieu of trans-ɓ-

nitrostyrene. Two electron withdrawing groups are present in the former case rather than 

one (i.e., OH and CF3 vs NO2) and they both are one bond closer to the key C3 position. 
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This should facilitate the re-aromatization step (3 in Scheme 2.2) making it more likely that 

carbon-carbon bond formation will 

 

be rate determining, and increasing the acidity range of catalysts that can be reliably 

probed. Mono- and bis-coupled products are commonly observed for this transformation 

(eq. 2.2)41ï43 and so the selectivities along with the reaction rate constants are given in 

Table 2.6 for the least (2.1) and most (2.5, 2.6, and TfOH) acidic catalysts that were 

explored in this study. As expected, the KIEs are smaller for each catalyst, and this 

transformation proceeds 3.5 times more rapidly with 2.6 than with 2.5. Formation of the 

bis-coupled product increases with the catalytic activity suggesting that the mono/bis ratio 

can also serve as an indicator of the catalystsô relative acidities. Consequently, tunable 

catalysts with modular syntheses such as our hydroxypyridinium salts are useful for this 

type of reaction since the proper balance between reaction rate and selectivity must be 

struck. 
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Table 2.6. Kinetic and selectivity data for the FriedelïCrafts alkylation of N-
methylindole with 2,2,2-trifluoroacetophenone.a 

 

entry catalyst 
kH 

(hī1) 
t1/2 
(h) 

krel 

1 - 7.4 × 10ī5 9400 1.0 × 10ī3 

2 2.1 0.072 10 1 

3 2.5 0.34 2.1 4.6 

4 2.6 1.1 0.61 16 

5 TfOH 0.053 13 0.73 

 

entry catalyst mono/bisb 
kD 

(hī1)c 
t1/2 
(h) 

kH / kD 

1 - 100:0 - - - 

2 2.1 100:0 - - - 

3 2.5 98:2 0.38 1.8 0.90 

4 2.6 91:9 0.95 0.73 1.2 

5 TfOH 86:14 0.037 19 1.4 

aReactions were carried out at 27 °C in CD2Cl2 with 500 mM 
of 2,2,2-trifluoroacetophenone, 50 mM of N-methylindole or 3-
deuterio-N-methylindole, and 10 mol% of the indicated 
catalyst. bThe product selectivities were determined using N-
methylindole. cInitial rates were used. 

 
 
To avoid multistep mechanisms where the rate determining step can change with the 

acidity of the catalyst, and to examine a model transformation that better reflects the 

Brønsted acidity and hydrogen bond donating ability of the catalyst, the DielsïAlder 

reaction between cyclopentadiene and methyl vinyl ketone was examined (eq. 2.3). 

Pseudo-first order rate constants and the endo/exo product ratios were measured at 25 °C 

in dichloromethane-d2 with a 1 mol% catalyst loading (Table 2.7). As expected based upon 

the computed acidities, UV-vis and 31P NMR data, the reactivity order is now 2.6 > 2.5 > 

2.4 > 2.1 and the selectivities follow a similar trend. Excellent correlations between ln k 
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and ȹŭ, ln K1:1, and ȹG°acid are observed (Figures 2.6, 2.7 and A.15, respectively), 

indicating that all three approaches can serve as useful guides for catalytic activities. 

 

 

 
Table 2.7. Kinetic and selectivity data for the DielsïAlder reaction of 
cyclopentadiene with methyl vinyl ketone.a 

 

entry catalyst 
k 

(hī1) 
t1/2 
(h) 

krel endo/exo 

1 - 0.11 6.5 0.72 86:14 

2 2.1 0.15 4.7 1 89:11 

3 2.4 0.46 1.5 3.1 91:9 

4 2.5 0.81 0.85 5.5 91:9 

5 2.6 3.4 0.20 23 92:8 

aReactions were carried out at 25 °C in CD2Cl2 with 1 mol% of the indicated 
catalyst, 250 mM cyclopentadiene, and 25 mM methyl vinyl ketone. 
Background corrected rate constants for the non-catalyzed process are 
given. 
 

 
 

 
Figure 2.6. A plot of the logarithm of the rate constant for the DielsïAlder 
reaction of cyclopentadiene with methyl vinyl ketone vs ȹŭ of the Et3PO 31P 
NMR shift for meta-substituted catalysts (filled circles) and the para-isomer 
2.6 (open circle). Linear least squares fits of the data give ln k = 1.02 Ĭ ȹŭ 
ī 12.5, r2 = 1.00 (meta isomers only) and ln k = 0.650 Ĭ ȹŭ ī 8.33, r2 = 
0.955 (all compounds). 
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Figure 2.7. A plot of the logarithm of the rate constant for the DielsïAlder 
reaction of cyclopentadiene with methyl vinyl ketone vs the logarithm of the 
1:1 equilibrium binding constants with colorimetric sensor 2.7 for all six 
catalysts in Table 2.8. The equation for the line obtained from a linear least 
squares fit is ln kDïA = 0.934 × ln K1:1 ī 11.2, r2 = 0.987. 
 
 

A comparison of the charge-activated catalysts with non-charged species would be 

useful to obtain a better sense of their qualitative acidities. Pentafluorophenol (C6F5OH) 

and pentafluorobenzoic acid (C6F5CO2H) were chosen for this purpose because they have 

known equilibrium association constants with 2.727,28 and ȹŭ 31P NMR shifts with Et3PO,29 

and the latter values for pentafluorophenol and pentafluorobenzoic acid are between those 

for 2.1 and 2.4, and 2.5 and 2.6, respectively (Table 2.8). The UV-vis method, however, 

suggests that the two non-charged compounds are significantly weaker acids than the 

hydroxypyridinium salts, and should be much less effective catalysts. Kinetic data for both 

the FriedelïCrafts alkylation of N-methylindole with trans-ɓ-nitrostyrene and the Dielsï

Alder reaction of cyclopentadiene with methyl vinyl ketone were obtained using both 

C6F5OH and C6F5CO2H. The resulting rate constants for the latter reaction are in accord 

with the K1:1 values from the UV-vis titrations in that the two non-charged catalysts are 

much less effective than 2.1, 2.4, 2.5, and 2.6.ii Both of these quantities (k and K1:1) span 

 
ii This also applies to the FriedelïCrafts reaction rate constants. 
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approximately three orders of magnitude and their log-log plot is linear for all six catalysts 

that were examined (charged and non-charged, Figure 2.7). An analogous correlation with  

Table 2.8. Spectroscopic and kinetic data for the FriedelïCrafts and 
DielsïAlder reactions with all catalysts. 

catalyst K1:1 
ȹŭ 

(ppm) 
kFïC 

(hī1)a 

2.1 2.0 × 104 10.33 0.082 

2.2 5.3 × 104 11.17 0.17 

2.4 8.5 × 104 11.46 0.19 

2.5 1.7 × 105 11.99 0.29 

2.6 3.5 × 105 14.94 0.21 

C6F5OH 492c 11.0d 4.3 × 10ī4 

C6F5CO2H 1410c 12.8d 4.2 × 10ī3 

 

catalyst 
t1/2 
(h) 

kDïA 
(hī1)b 

t1/2 
(h) 

2.1 8.5 0.15 4.7 

2.2 4.2 - - 

2.4 3.6 0.46 1.5 

2.5 2.4 0.81 0.85 

2.6 3.3 3.4 0.20 

C6F5OH 1600 4.3 × 10ī3 160 

C6F5CO2H 160 0.016 43 

aReactions were carried out at 27 °C in CD2Cl2 with 10 
mol% of the indicated catalyst, 500 mM trans-ɓ-
nitrostyrene, and 50 mM N-methylindole. bReactions 
were carried out at 25 °C in CD2Cl2 with 1 mol% of the 
indicated catalyst, 250 mM cyclopentadiene, and 25 
mM methyl vinyl ketone. Background corrected rate 
constants for the non-catalyzed processes are given. 
cValue from ref. 28. dValue from ref. 29. 

 
 

the 31P NMR ȹŭ shifts is not observed indicating that binding to Et3PO is not as universal 

a predictor of reactivity, and depends more on the structure of the species being 

investigated (i.e., compounds with the same ȹŭ values can have different acidities and 
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catalytic activities). This is in keeping with the report by Diemoz and Franz, who found 

separate correlations for different types of compounds.29 

If one uses the FriedelïCrafts rate constants for the transformation of N-methylindole 

with trans-ɓ-nitrostyrene rather than those for the DielsïAlder reaction of cyclopentadiene 

with methyl vinyl ketone in the log-log plot displayed in Figure 2.7, then a parabolic 

relationship results rather than a straight line (Figure 2.8). The maximum rate is obtained 

with 5 and falls off with more or less acidic catalysts as given by bigger or smaller K1:1 

values, respectively. This indicates that 2.5 represents an inflection point in the 

mechanism and the rate determining step shifts from CïC bond formation with weaker 

acids to proton abstraction with stronger ones (i.e., steps 1 vs 3 in Scheme 2.2). In accord 

with this view, the kinetic isotope effects are 1.0 for 2.5, < 1.0 for weaker acids and > 1.0 

for stronger ones. It also appears that the charged hydroxypyridinium ion salts are all more 

acidic than trifluoroacetic acid (CF3CO2H) given that K1:1 = 5,490 and ln K1:1 = 8.61 for this 

compound.27,28,iii 

 
 
 
 
 
 
 

 
iii Unfortunately, we were unable to measure the corresponding quantity for triflic acid as the 
solution became opaque when 1 equivalent of TfOH was added to a 1.0 × 10ī6 M solution of 2.7 
in CH2Cl2. 
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Figure 2.8. A plot of the logarithm of the rate constant for the FriedelïCrafts 
reaction of N-methylindole with trans-ɓ-nitrostyrene versus the logarithm of 
the 1:1 equilibrium binding constants with colorimetric sensor 2.7 (filled 
circles). A least squares analysis of the data gives ln kDA = ī0.169 × (ln 
K1:1)2 + 4.14 × ln K1:1 ī 26.8, r2 = 0.996, and this quadratic equation was 
used to obtain an estimated value for ln K1:1 for triflic acid (open circle) of 
16.7. 
 
 

2.3 ï Conclusion 

Incorporation of electron withdrawing substituents into charge-containing catalysts 

proved to be an effective strategy for increasing their acidities in a nonpolar solvent 

(CH2Cl2) as measured by 1:1 equilibrium association constants with 2.7, 31P NMR shifts 

with triethylphosphine oxide, and gas-phase acidities. Of these quantities, the K1:1 values 

were found to be more broadly suitable for correlating catalyst activities. Kinetic isotope 

effects and an inverted parabolic rate profile for the FriedelïCrafts alkylation of N-

methylindole with trans-ɓ-nitrostyrene revealed that the rate determining step can change 

from carbon-carbon bond formation to proton transfer to the conjugate base of the catalyst. 

This leads to a region where reaction rates decrease with increasing acidity making this a 

less useful model transformation for evaluating relative catalyst acidities than previously 

considered. All of the hydroxypyridinium BArF
4
ī salts reported in this work were also found 

to be more acidic in dichloromethane than trifluoroacetic acid.
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Chapter 3 ï Charged-enhanced thioureas and Brønsted acid additives 
 
 
3.1 ï Introduction 

Metal-free organocatalysis has been an increasingly studied field over the last several 

decades.1 Among the most common types of such catalysts are small-molecule Brønsted 

acids that employ hydrogen bonding to lower the activation energies of a wide variety of 

organic transformations. Thioureas have received a great deal of attention in this regard 

due to their straightforward construction and ability to serve as dual-hydrogen bond 

donors.2,3 Relatively high catalyst loadings of 10-20 mol% are typically required, and 

consequently investigations into improving their catalytic activities are of continued 

interest.4,5 

One of the commonly-cited reasons for low thiourea catalytic activity is self-

aggregation.6,7 By hydrogen bonding with itself rather than a substrate, the thioureaôs 

effective catalyst loading is reduced. A few strategies have been developed for increasing 

the amount of free catalyst in solution by disrupting thiourea self-association. These 

approaches include intramolecular interactions with the sulfur atom and a protonated 

pyridine (or quinoline) ring,8 Lewis acid sites,9-12 a covalently-linked urea,13 and the 

addition of external Brønsted14,15 or Lewis16 acid co-catalysts (Figure 3.1). These 

methodologies have been shown to impact both catalyst activity and selectivity. 
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Figure 3.1. Intramolecular a) and intermolecular b) thiourea aggregation 
prevention strategies. 
 
 

Positively-charged centers are also known to be highly effective in increasing the 

activity of a variety of organocatalytic scaffolds including thioureas.17,18 This strategy 

increases catalyst acidity in nonpolar and non-hydrogen bond accepting solvents more so 

than neutral electron-withdrawing groups such as CF3, CN or NO2, and typically leads to 

faster transformations.19 Moderate to good stereoselectivities also have been achieved by 

Brønsted acids incorporating chiral substituents.20 For example, 3.1 (Figure 3.2), was 

reported to catalyze the FriedelïCrafts alkylation of indoles with trans-ɓ-nitrostyrenes with 

good conversions and enantioselectivities at ī35 °C, although long reaction times of up to 

three days were required. These results represent an improvement in terms of the activity 

of the thiourea catalyst relative to 3.2 and 3.3, and the stereoselectivity compared to 3.2. 
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Figure 3.2 Chiral charge-enhanced thiourea organocatalysts (3.1), a non-
charged analog (3.2), and a reference thiourea (3.3) 

 
 

Brønsted acid co-catalysts with 3.2 can decrease reaction times and increase 

enantioselectivities of the catalyzed FriedelïCrafts alkylation of indole and trans-ɓ-

nitrostyrene. Analogous effects with positively-charged catalysts have not been 

investigated, but could provide a simple means to improve their activities and/or 

selectivities. In this report we describe such a study with charge-enhanced thiourea 3.1, 

and the use of this catalyst along with an acid co-catalyst in an asymmetric oxa-Pictetï

Spengler reaction first reported by Seidel et al. in 2016.21 

 

3.2 ï Results and discussion 

3.2.1 ï FriedelïCrafts alkylation 

The positive effects of a Brønsted acid co-catalyst on the reaction of indole with trans-ɓ-

nitrostyrene are readily apparent when commercially available vs base-treated CDCl3 are 

compared. Over time chloroform becomes acidic and in our original report good 

conversions and enantiomeric ratios (ers) were obtained using an open bottle of CDCl3 

stored on a laboratory bench at room temperature for an indeterminant amount of time 
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(Table 3.1, entries 1 and 2). Subsequently, when the solvent was treated with a base to 

remove the acid impurity, both the conversion and er decreased (entries 3 and 4); the 

latter dropped 12ï13% at room temperature  and ī35 °C. In the original report, the effect 

of an added acid was considered but the addition of p-toluenesulfonic acid prevented the 

reaction from occurring. To address this issue further, we examined the impact of a variety 

of different added acids. Trifluoroacetic acid was found to precipitate the catalyst resulting 

in no product formation, while acetic acid and washing the catalyst with HCl prior to its use 

both led to ~5% reductions in the reaction conversion and er (entries 5ï7). Addition of HCl 

or mandelic acid as a co-catalyst improved the stereoselectivity by 5ï6% at ī35 °C and 

9% at 20 °C, and the latter additive was found to restore the reaction conversion back to 

the level originally obtained with non-base washed CDCl3 (entries 8ï14 vs 1 and 2). It is 

also worth noting that in accord with the results of Herrera,14 the individual enantiomers of 

mandelic acid afforded the same results as when racemic material was used (entries 15 

and 16 vs 11). Brookhartôs acid (HBArF
4 · 2 Et2O) gave the best results and a 5 or 10 mol% 

loading was found to restore the originally reported stereoselectivity, and match or exceed 

the reaction conversion (entries 17ï21). This suggests that in-situ formation of Brookhartôs 

acid occurred in the original study due to the presence of adventitious HCl in the solvent 

and a small amount of residual BArF
4
ī in the catalyst. Added water was also examined 

(entries 22ï24), but it was found to only have a minor impact.  
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Table 3.1. Effects of acid additives on FriedelïCrafts alkylation in CDCl3.
a 

 

entry additive (mol%) 
temp 
(°C) 

conv. 
(%)d 

ere 

1b - 20 100 75:25 

2b - ī35 76 91:9 

3 - 20 93 63:37 

4 - ī35 52 78:22 

5 CF3CO2H ī35 0 - 

6 CH3CO2H ī35 45 72:28 

7c - ī35 45 73:27 

8 HCl (20) 20 100 72:28 

9 HCl (10) ī35 60 81:19 

10 HCl (20) ī35 56 83:17 

11 (±)-PhCH(OH)CO2H (10) 0 89 83:17 

12 (±)-PhCH(OH)CO2H (20) 0 100 84:16 

13 (±)-PhCH(OH)CO2H (10) ī35 64 83:17 

14 (±)-PhCH(OH)CO2H (20) ī35 76 84:16 

15 (ï)-mandelic acid (10) 0 87 86:14 

16 (+)-mandelic acid (10) 0 84 84:16 

17 HBArF
4 · 2 Et2O (5) 0 93 86:14 

18 HBArF
4 · 2 Et2O (10) 0 100 85:15 

19 HBArF
4 · 2 Et2O (5) ī35 74 91:9 

20 HBArF
4 · 2 Et2O (10) ī35 89 89:11 

21 HBArF
4 · 2 Et2O (20) ī35 77 79:21 

22 H2O (1) ī35 55 81:19 

23 H2O (10) ī35 58 82:18 

24 H2O (100) ī35 52 81:19 

aReactions were carried out in 600 ɛL of base-treated chloroform at the 
indicated temperatures over 48 h using 0.150 mmol of indole, 0.050 mmol 
of trans-ɓ-nitrostyrene, and 0.0050 mmol of 3.1a. bUntreated solvent, 
data from ref. 19. cThe thiourea catalyst was washed with HCl prior to 
use. dDetermined by 1H NMR. eMeasured by chiral HPLC. 
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Similar experiments were carried out in CD2Cl2 with HCl, mandelic acid (racemic 

material and the individual enantiomers), HPF6, HBF4, and Brookhart's acid as co-

catalysts (Table B.1). Improved conversions and ers were obtained with each additive, but 

somewhat better results were obtained in CDCl3. Our best conditions employed base-

washed CDCl3, a 5 mol% loading of Brookhartôs acid, 10 mol% of 3.1, and a reaction 

temperature of ī35 °C. These optimized variables were subsequently employed for 

substituted indoles and trans-ɓ-nitrostyrene derivatives (eq. 3.1) and the reaction 

conversions span from 43ï74%, whereas the stereoselectivities are relatively invariant 

with ers of ~90:10 (Table 3.2).20 

 

 
Table 2. Substrate scope of the FriedelïCrafts alkylation.a 

 

entry R Ar 
conv 
(%)b 

erc 

1 H Ph 74 91: 9 

2 5-Cl Ph 58 89:11 

3 6-Cl Ph 43 87:13 

4 5-OMe Ph 73d 91:9 

5 6-OMe Ph 75d 92:8 

6 H 4-MeC6H5 71 90:10 

7 H 2-ClC6H5 74 88:12 

8 H 3-BrC6H 62 89:11 

aReactions were carried out at -35 °C over 48 h in 
600 ɛL of base-treated CDCl3 with 10 mol% 3.1a, 5 
mol% HBArF

4 · 2 Et2O, and indole and trans-ɓ-
nitrostyrene concentrations of 250 and 83 mM, 
respectively. bDetermined by 1H NMR. c Measured 
by chiral HPLC. dIsolated yields. 
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3.2.2 ï Oxa-PictetïSpengler cyclization 

To further the scope of charge-enhanced thiourea Brønsted acid co-catalyst 

interactions, we considered the oxa-PictetïSpengler reaction of tryptophol (3.4) with 

benzaldehyde (3.5, eq. 3.2).20,21 Initial experiments affirmed the need of the thiourea 

catalyst 3.1 and indolinium salt co-catalyst 6 for the reaction to take place (Table 3, entries 

1-3, and 8-9). Doubling the tryptophol, catalyst, and co-catalyst concentrations leads to 

faster transformations corresponding to a roughly four-fold increase in rate without 

sacrificing selectivity (entries 3 vs 6 and 9 vs 10). Addition of 3 Å molecular sieves to 

scavenge the water byproduct produced in this transformation also leads to a higher 

reaction conversion without noticably changing the er (entries 10 vs 16, 17 vs 18 and 19 

vs 20). Employing CDCl3 as the solvent instead of CD2Cl2 or using Brookhart's acid as an 

additive increased product formation too, but in these instances the larger amount of 

product came at the expense of the stereoselectivity (entries 10 vs 11 and 10 vs 12 or 13 

vs 14, respectively). The latter result contrasts with an er enhancement that is obseved in 

the Friedel-Crafts alkylation. A decrease in the reaction temperature from ī30 to ī78 °C 

leads to an increase in the er as expected (i.e., from 54 : 46 to 70 : 30; entries 3 vs 9 and 

6 vs 10). Further improvement was not obtained by increasing the steric bulk of the alkyl 
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Table 3.3. Effects of various reaction conditions on conversion and 
selectivity in the oxa-PictetïSpengler reaction (eq. 3.2).a 

 

entry 
T 

(°C) 
[3.4] 
(mM) 

co-cat. additive (mol%) 
conv 
(%)b erc 

1d ī30 50 3.6a - 0 - 

2 ī30 50 - - 5 - 

3 ī30 50 3.6a - 22 54:46 

4e ī30 50 3.6a - 18 51:49 

5 ī30 50 (rac)-3.6a - 19 53:47 

6 ī30 100 3.6a - 65 54:46 

7 ī30 100 3.6e - 58 69:31 

8 ī78 50 - - 0 - 

9 ī78 50 3.6a - 10 70:30 

10 ī78 100 3.6a - 32 69:31 

11f ī78 100 3.6a - 46 60:40 

12 ī78 100 3.6a HBArF
4 · 2 Et2O (10) 51 61:39 

13 ī78 100 3.6c  100 52:48 

14 ī78 100 3.6c HBArF
4 · 2 Et2O (10) 100 50:50 

15 ī78 100 3.6d - 35 68:32 

16 ī78 100 3.6e 3 Å mol. sieves 69 68:32 

17 ī78 100 3.6b - 19 64:36 

18 ī78 100 3.6b 3 Å mol. sieves 31 64:36 

19 ī78 100 3.6e - 34 74:26 

20 ī78 100 3.6e 3 Å mol. sieves 61 72:28 

21 ī78 100 3.6f 3 Å mol. sieves 55 71:29 

22 ī78 100 (rac)-3.6a - 37 56:44 

23 ī78 100 (rac)-3.6e - 39 58:42 

24 ī78 100 (ent)-3.6e - 49 48:52 

25e ī78 100 3.6e - 45 50:50 

26e ī78 100 (rac)-3.6e - 40 40:60 

27e ī78 100 (ent)-3.6e - 31 29:71 
aExperiments were carried out in CD2Cl2 at ī30 or ī78 °C over the course of 1 or 48 h, 
respectively with 363 mmol of 3.6, 10 mol% of 3.1b and the indicated co-catalyst unless 
otherwise specified. bDeterrmined by 1H NMR of the reaction mixture. cMeasured by 
chiral HPLC. dNo catalyst was used. e3.1a was used as the catalyst. fBase-treated CDCl3 
was used as the solvent. 
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group in the co-catalyst from methyl to isopropyl (3.6a vs 3.6d; entry 10 vs 15) or changing 

the Clī counteranion in the indolinium salt to Iī or BArF
4
ī (3.6b and 3.6c, respectively; entry 

10 vs 17 and 13). 

When the enantiomer of the catalyst (3.1a) was employed, a small decrease in product 

formation and er was observed (entry 3 vs 4). This suggests that there is a 

matched/mismatched interaction with the co-catalyst and this was confirmed when 

racemic co-catalyst was used (entries 3 vs 5 and 10 vs 22). In the latter case, the 

conversion increased from 32 to 37% but the er dropped from 69 : 31 to 56 : 44. These 

results are different to those reported by Seidel et al. with non-charged bis-thiourea 

catalysts in that they found the same selectivity regardless of whether a single enantiomer 

or a racemic mixture of the co-catalyst was used. This suggests a mechanistic difference 

for this transformation, and we suspected that it could be related to an off-cycle 

epimerization of the previously proposed iminium ion 3.7 via its isomerization to a more 

substituted achiral derivative 3.8 (eq. 3.3). To address this issue, DFT computations were 

carried out on the free ions corresponding to 3.7 and 3.8 with the M06-2X functional and 

the cc-pVDZ basis set. These species are found to be similar in energy with a slight 

preference for the latter ion (ȹH° = 0.17 kcal molī1 at 298 K). This led us to hypothesize 

that a perturbation in their equilibration or equilibrium constant at ī78 °C is an important 

factor in the improved enantioselectivity at lower temperature. 
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Methyl substituted co-catalyst 3.6e, (rac)-3.6e, and (ent)-3.6e were synthesized to 

eliminate the proposed racemization of 3.7 (eq. 3.3) by integrating a quaternary center at 

the ester bearing carbon (i.e., the C2 position). i An inverse relationship between the 

reaction conversion and enantiomeric ratio was observed when using 3.6e, (rac)-3.6e and 

(ent)-3.6e. That is, the former quantity spans from 34 to 49% and the latter ranges from 

74 : 26 to 48 : 52 in going from 3.6e to (ent)-3.6e with 3.1b as the catalyst (entries 19, 23, 

and 24). The same results but in the opposite direction were obtained when 3.1a was used 

(entries 25ï27). At higher temperatures (ī30 vs ī78 °C), the er was also found to be 

largely preserved when 3.6e is used in place of 3.6a. Increasing the steric bulk of the ester 

substituent (i.e., 3.6a vs 3.6d and 3.6e vs 3.6f), however, had a negligible effect on both 

the conversion and stereoselectivity. These results indicate that there are matched and 

mismatched catalyst and co-catalyst pairs, and that eliminating the potential for 

racemization (or exploiting it through a dynamic kinetic resolution) could provide a means 

to improve this process. 

To examine the mechanism of the oxa-PictetïSpengler reaction and elucidate the role 

of each species, we carried out a variable time normalization (VTN) kinetic analysis (Table 

3.4).22 The results are consistent with first-order dependences for tryptophol (3.4) and the 

thiourea catalyst (3.1b), and zeroth-order for benzaldehyde (3.5) and the indolinium co-

catalyst (3.6d, Figure 3.3). They are also in accord with the observation that doubling the 

concentrations of 3.1b, 3.4, and 3.5 led to a roughly four-fold increase in reaction rate. 

 
 
 
 
 
 
 
 
 

 
i The absolute configurations of 3.6e, (ent)-3.6e, 3.6f, and (ent)-3.6f were not established. 
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Table 3.4. VTN kinetic analysis initial reactant concentrations (mM).a 

 

reaction [3.4]0 [3.5]0 [3.1b] [3.6d] 

A 6.2 12.3 0.62 0.62 

B 9.2 12.3 0.62 0.62 

C 6.2 18.4 0.62 0.62 

D 6.2 12.3 0.93 0.62 

E 6.2 12.3 0.62 1.0 

aReactions were carried out in CH2Cl2 at room temperature and the 
transformations were monitored by UV-vis spectroscopy at 600 nm. 

 
 

 
 
Figure 3.3. VTN kinetic analysis plots to determine reaction order for (a) 3.4, (b) 3.5, (c) 3.1b, 
and (d) 3.6d. Some data points are omitted for clarity. 
 

(a) 

(b) 

(c) 

(d) 
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The orders in each reagent are in accord with our proposed mechanism for the oxa-

PictetïSpengler reaction (Figure 3.4). In this catalytic cycle, iminium intermediate 3.7 

forms from benzaldehyde and the indolinium co-catalyst via a rapid equilibrium (step I), 

and subsequently forms a hydrogen bonded complex with the thiourea catalyst (step II). 

In the rate-determining step (III), nucleophilic attack of tryptophol on the activated iminium 

ion occurs concurrently with an intramolecular proton transfer. Re-protonation of the 

catalyst and elimination of indoline induces formation of an oxocarbenium intermediate 

(step IV). The matched thiourea-indoline pair (Figure 3.5) subsequently forms a chiral,  

 

 

 
 

Figure 3.4. Proposed mechanism for the oxa-PictetïSpengler reaction 
catalyzed by chiral charge-enhanced thiourea 3.1b and chiral indolinium 
co-catalyst 3.6. 
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three-hydrogen bond donor-anion complex in the selectivity-determining step (V) in which 

the indole -́system attacks the oxocarbenium. The mismatched pair is unable to adopt 

the appropriate configuration for anion binding and thus stereochemical control is 

weakened and the product is less enantiomerically enriched. A final proton abstraction 

rearomatizes the indole ring system to give the reaction product and regenerate the 

catalysts (step VI). 

 

 
 

Figure 3.5. Proposed structures of (a) cooperative anion binding 
complexes and (b) mismatched interactions that do not result in binding 
complexes. 

 
 
3.3 ï Conclusion 

Substoichiometric Brønsted acid additives were found to enhance the rate and 

stereoselectivity of the FriedelïCrafts alkylation of N-methylindoles with trans-ɓ-
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nitrostyrenes catalyzed by chiral thiourea BArF
4 salt 3.1. The most effective of these 

compounds, 5 mol% Brookhartôs acid, leads to good yields and enantiomeric ratios of 

~90 : 10. The same catalyst along with indolinium co-catalyst 3.6 was also found to 

promote the oxa-PictetïSpengler reaction of tryptophol and benzaldehyde. A matching 

and mismatching interaction between the chiral thiourea and indolinium salt was observed, 

and an off-cycle racemization process of the co-catalyst was proposed along with a 

reaction mechanism that can account for the variable time normalization kinetic results. 

That is, under the reaction conditions employed, the oxa-PictetïSpengler reaction was 

found to be first-order in tryptophol and the thiourea catalyst, and zeroth-order in 

benzaldehyde and the iminium co-catalyst. These mechanistic findings suggest potential 

avenues for the development of more selective charge-enhanced catalyst systems. 
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Chapter 4 ï Charge-enhanced TADDOL organocatalysts 
 
 
4.1 ï Introduction 

Brønsted acid-catalyzed transformations are some of the most elementary in both 

Nature and organic chemistry.1 The development of asymmetric Brønsted acid 

organocatalysts has therefore become a growing focus of research over the last several 

decades.2 Many different scaffolds for such species have been described, including 

thioureas, BINOLs, and BINOL-derived phosphoric acids.3,4 One of the more recent 

developments in this area is that of Ŭ,Ŭ,Ŭô,Ŭô-tetraaryl-1,3-dioxolane-4,5-dimethanol 

derivatives, or TADDOLs, having been used as Brønsted acid organocatalysts since 2003 

(Figure 4.1).5 Prior to this they had been well-established as sterically bulky, chiral ligands 

for metal complexes.6 TADDOLsô rigid structures, held by an intramolecular hydrogen 

bond, proved particularly useful in the activation of dienophiles in hetero-DielsïAlder 

reactions.7 Often affording excellent enantioselectivity, TADDOLs cemented themselves 

as invaluable catalytic scaffolds for a variety of additional asymmetric transformations, 

such as Mukaiyama aldol, Strecker, and Wittig reactions.8 Despite this, the utility of 

TADDOLs has been limited by their relatively low catalytic activity necessitating high 

loadings with 20% being the most common.8,9 

 
 
Figure 4.1. Generic TADDOL structure (left) and a representation of 
intramolecular hydrogen bonding in a tetraphenyl-substituted TADDOL.7 
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Within the last decade, our group has reported numerous organocatalytic scaffolds 

with positively-charged centers that greatly increase acidity and subsequent activity.10ï12 

This has been accomplished most often with the introduction of pyridinium motifs in place 

of neutral phenyl group derivatives (Figure 4.2). These charged aryl groups are envisioned 

as convenient ones for the enhancement of TADDOL hydrogen bond donor ability while 

maintaining the steric bulk that has allowed for their exceptional stereoselectivities. 

 

 
 

Figure 4.2. TADDOL catalysts explored in this work. 
 
 
 

4.2 ï Results and discussion 

The differentially-substituted TADDOLs discussed in this work were constructed from 

a (L)-tartaric acid-derived Weinreb amide (Scheme 4.1).12 Symmetry of the TADDOL was 

controlled through the inclusion or exclusion of a lithium salt during the addition of Grignard 

reagents to ketones; the former affords a C2-epimer while the latter gives C1. This result 
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Scheme 4.1. Synthetic pathway for charge-enhanced TADDOLs. 
 
 

is similar to that reported in Seebach et al.ôs TADDOL syntheses in which primarily C2-

isomers were obtained with lithium and cerium compounds employed during Grignard 

additions.13 To rationalize the observed diastereomeric control  (Scheme 4.2), we suspect 

that coordination between the magnesium of the Grignard reagent and one of the  
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Scheme 4.2. Proposed pathways for TADDOL diastereomeric control. 
a) The first addition occurs at the re-face of one carbonyl. b) When Li+ is 
present, the second addition occurs at the re-face of the remaining carbonyl, 
affording a C2-diastereomer. c) When Li+ is absent, the second addition 
occurs at the si-face of the remaining carbonyl, affording the 
C1-diastereomer. 
 
 

dioxolane oxygens leads to a re-addition of the pyridinyl ring and formation of the (R)-

stereocenter via conformation as illustrated in Scheme 4.2a. The second dioxolane-

directed addition of the Grignard reagent also gives the (R)-configuration and one of two 

potential C2-diastereomers when lithium is present. Chelation of Li+ or (MgX+) with the 

newly-formed alkoxide center and the oxygen of the remaining carbonyl keeps the latter 

oriented downward leading to a second re-addition and (R)-stereocenter (Scheme 4.2b). 

The structure of the resulting diol (4.5) was confirmed to be the (1R,1ôR)-diastereomer by 

X-ray crystallography (Figure 4.3). When no lithium salt is used, a precipitate was 

observed that is presumed to be MgX2, and the C1-diastereomer resulted. This 

observation is rationalized as being due to chelation of the Grignard magnesium to the 

dioxolane and carbonyl oxygens, causing the si-face to orient downward. The subsequent 

si-addition forms the (S)-stereocenter as shown in Scheme 4.2c. 
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Figure 4.3. Single molecule from the crystal structure of 4.5, the 
C2-symmetric precursor to TADDOLs 4.1a and 4.2. Both pyridine rings are 
oriented syn to the nearest dioxolane oxygen, and the intramolecular 
OīH···OH  hydrogen bond is visible. Non-polar hydrogen atoms have been 
omitted for clarity. 
 
 

In order to evaluate the effectiveness of our charge-enhanced TADDOLs, we first 

investigated the hetero-DielsïAlder reaction of benzaldehyde and a silyl enol ether of 4-

(dimethylamino)-3-butenone, a reaction first reported by Rawal et al. (Scheme 4.3).7 This 

transformation did not afford the DielsïAlder product, however, as the highly acidic 

catalyst 4.1b caused degradation of the diene to its Ŭ,ɓ-unsaturated ketone 4.6. 

 
 

Scheme 4.3. TADDOL-catalyzed hetero-DielsïAlder reaction reported by 
Rawal et al. in 2004.7 

 
 

Consequently, we turned our attention to hetero-DielsïAlder reactions using 2-

phenoxy-1,3-butadiene (4.7)15 in place of a silyl enol ether; the former is significantly more 

resistant to degradation in acidic media (Equation 4.1, Table 4.1). When the diene was 
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exposed to 4.1a under the reaction conditions in the absence of an electrophile, 

approximately 1% degradation was observed after 24 h. Ethyl glyoxylate is a particularly 

electrophilic aldehyde16 and was used to increase conversion to the hetero-DielsïAlder 

product and minimize the accompanying diene decomposition. 

 

 
 
 
Table 4.1 Kinetic and selectivity data for the hetero-DielsïAlder reaction of 
2-phenoxy-1,3-butadiene (4.7) and ethyl glyoxylate, catalyzed by 4.1a.a 

 

entry toluene/DCM 4.7 : aldehyde 
conversion 

(%) 
 isolated yield 

(%) 
ee ± 2ů 

(%) 

1 20/80 1:2 77 - 30.6 ± 0.7 

2 50/50 1:2 89 86 37.6 ± 0.1 

3 75/25 1:2 94 85 39.8 ± 0.2 

4 100/0 1:2 60 - 29.2 ± 0.2 

5b 75/25 1:2 83 72 28.9 ± 0.4 

6c 75/25 1:2 86 79 47.0 ± 0.3 

7 75/25 1:1 76 71 42.7 ± 0.1 

8 75/25 2:1 100 94 44.4 ± 0.1 

9c,d 75/25 2:1 90 80 47.8 ± 0.4 

aReactions were conducted at room temperature for 24 h with [ethyl glyoxylate] = 500 mM 
and 10 mol% catalyst unless otherwise indicated. Conversion was monitored by 1H NMR. 
bReaction was performed at 0 °C for 68 h. cReaction was run at 40 °C for 6 h. d5 mol% of 
4.1a was used. 

 
 

Both conversions and selectivities are dependent upon the polarity of the reaction 

medium; both improve with a greater toluene to dichloromethane ratios up to 3 : 1 (entries 

1ï3). Above this value, both metrics decrease presumably because of poor catalyst 

solubility (entry 4). Interestingly, the enantioselectivity for the reaction was significantly 
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lower at 0 °C than at room temperature (entry 3 vs 5), and was more favorable at higher 

temperature (i.e. 40 °C, entry 5 vs 6). These changes with temperature are atypical, and 

suggest that several complexes between the catalyst and aldehyde are involved. If their 

relative contributions change with temperature and they have inherently different 

selectivities, this could readily account for the observed enantiomeric excesses. Further 

optimaztion of the reaction (entries 7ï9) led us to our best conditions in which a 5 mol% 

catalyst loading of 4.1a was used with a 2 : 1 diene to dienophile ratio in a 3 : 1 tolune to 

dichloromethane solvent mixture to afford an 80% isolated yield with a modest 48% ee in 

6 h. 

To assess the significance of the charged centers in 4.1a, we examined an analogous 

tetraphenyl derivative, TADDOL 4.4. We were pleased to find that, in contrast to our 

acidity-enhanced catalyst, the non-charged analog is much less effective. That is, with 

4.1a, a 90% reaction conversion and 48% ee was obtained at 40 °C over the course of 

6 h. Conversely, 96 h were needed with 4.4 and even then only 42% conversion was 

achieved; the ee was also nearly 10% less (Table 4.2, entry 1 vs 2). A positively-charged 

TADDOL derivative is thus found to be significantly more active than a non-charged 

TADDOL. In addition, the highly polar nature of 4.1a renders it insoluble in a 1 : 1 

hexanes/toluene mixture, unlike the other materials involved in this reaction. Consequently, 

the catalyst can be easily recovered after completion of the reaction by concentrating the 

crude material and washing the solid residue with a 1 : 1 hexanes/toluene mixture. The 

TADDOL was recovered with 68% efficiency and subsequently  re-used with only a small 

diminishment in the yield and stereoselectivity (entry 2 vs 3). 
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Table 4.2. Kinetic and selectivity data for the TADDOL-organocatalyzed 
hetero-DielsïAlder reaction of 2-phenoxy-1,3-butadiene (4.7) and ethyl 
glyoxylate (Equation 4.1).a 

entry catalyst 
conversion 

(%) 
isolated yield 

(%) 
 ee ± 2ů 

1b 4.4 42 39 39.2 ± 0.4 

2 4.1a 90 80 47.8 ± 0.4 

3 4.1ac 86 75 45.1 ± 0.2 

4 4.1b 87 79 44.4 ± 0.3 

5 4.2 100 93 31.7 ± 0.3 

6 4.3 95 86 45.4 ± 0.4 

aReactions were run for 6 h at 40 °C in 1.00 mL of 75/25 toluene-
d8/CD2Cl2 with [4.7] = 1000 mM, [ethyl glyoxylate] = 500 mM, and 
[catalyst] = 25 mM. Reaction conversions were monitored by 1H NMR 
and enantioselectivities were determined by HPLC with a chiral column. 
bReaction time was 96 h. cRecycled catalyst was used. 
 

The location of the charged centers within the TADDOL framework appears to be of 

little consequence; 4.1a afforded very similar results to both its epimer, 4.1b, and its 

regioisomer, 4.3. Protonated catalyst 4.2 was the most active of the group, but also the 

least selective, likely due to the presence of additional acidic sites located outside of the 

chiral binding pocket. Compared to the neutral TADDOL 4.4, all of the charged species 

except 4.2 gave greater selectivity in the hetero-DielsïAlder reaction. While the reason for 

this is unclear, it could be due to the presence of the sterically bulky BArF
4 anions in the 

ionic catalysts; steric bulk is well known to have a positive impact on TADDOL 

selectivities.7,8,17 Alternatively, the greater acidity of the charged catalyst could result in 

stronger interactions with the aldehyde and a tighter complex thereby leading to the 

enhanced selectivity. 

To continue probing the activity-enhancing effects of positive charges in TADDOLS, a 

more traditional DielsïAlder cyclization was also investigated (Equation 4.2). The reaction 

of 1,3-cyclohexadiene and methyl vinyl ketone has been reported to be catalyzed by Lewis 
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acids numerous times18ï20, but there is thus far no published use of a hydrogen bonding 

catalyst for this transformation. 

Indeed, this particular DielsïAlder reaction is challenging from an organocatalytic 

perspective; only trace conversion was observed when the neutral TADDOL 4.4 was used 

(Table 4.3, entry 1). As in the hetero-DielsïAlder reaction, however, the positively-charged 

organocatalysts are far more active than their non-charged counterpart and afforded the 

endo-product in up to a 68% conversion and 62% ee; the exo-isomer was not observed. 

Additionally, concentrating the reaction mixture to dryness and washing the residue with 

toluene allowed the catalyst to be separated from the other compounds and then be 

reused. 

 
Table 4.3. Kinetic and selectivity data for the TADDOL-organocatalyzed 
DielsïAlder reaction of 1,3-cyclohexadiene and methyl vinyl ketone 
(Equation 4.2).a 

 

entry catalyst 
temperature 

(°C) 
conversion 

(%) 
 ee ± 2ů 

1 4.4 80 trace - 

2 4.1a 40 43 62.1 ± 0.1 

3 4.1a 80 68 40.7 ± 0.1 

4 4.1ab 40 36 59.3 ± 0.2 

5 4.3 40 50 60.6 ± 0.1 

aReactions were run for 24 h at the indicated temperature in 1.00 mL of 
75/25 toluene-d8/CD2Cl2 with [cyclohexadiene] = 2500 mM, [methyl vinyl 
ketone] = 250 mM, and [catalyst] = 50 mM. Conversion was monitored 
by 1H NMR and enantioselectivities were determined by HPLC with a 
chiral column. bRecycled catalyst was used. 
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4.3 ï Conclusion 

We successfully demonstrated the activity-enhancing effects of positive charges in 

TADDOL-organocatalyzed (hetero-)DielsïAlder reactions. In the asymmetric 

dihydropyran ring-forming reaction of phenoxybutadiene and ethyl glyoxylate, excellent 

yields of up to 93% and moderate selectivities of as high as 48% ee were achieved with 

just 5 mol% catalyst loadings. Reasonable conversions and enantiomeric ratios of up to 

68% and 81 : 19, respectively, were achieved for the reaction of cyclohexadiene and 

methyl vinyl ketone, whereas only trace product was formed with uncharged TADDOL 

catalyst 4.4. Positively charged centers, consequently, are a promising avenue for 

increasing the activity of TADDOLs while continuing to exploit the scaffoldôs strong 

stereoselectivity. 
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Appendix A ï Supplemental information for Chapter 2 
 
 
A.1 ï General 

All reaction vessels and NMR tubes were stored at 120 °C for a minimum of 12 h and 

allowed to cool to room temperature in a vacuum desiccator over Drierite before use. 

Syringes and volumetric flasks were kept in the same desiccator but were not heated. 

Alumina, molecular sieves, and calcium sulfate were activated in a kiln at 300 °C for at 

least 24 h. 

Acetone, chloroform, and carbon tetrachloride were supplied by Fisher Scientific 

whereas ethyl propiolate, 2,2,2-trifluoroacetophenone, and pentafluorobenzoic acid were 

obtained from Oakwood Chemical. 1-Chloro-2,4-dinitrobenzene, triethylphosphine oxide, 

sodium tetrakis[3,5-bis(trifluoro-methyl)phenyl]borate (NaBArF
4), pentafluorophenol, and 

HCl were purchased from Acros Organics, Alfa Aesar, ArkPharm, Fluka, and VWR 

Chemical, respectively. Deuterated solvents were acquired from Cambridge Isotope 

Laboratories and all other chemicals came from Sigma-Aldrich. Reagents were used as 

supplied except for N-methylindole, which was passed neat through a pipet containing 

activated alumina and stored under argon. Anhydrous CH2Cl2 was used as purchased, 

CD2Cl2 was dried by the addition of activated molecular sieves to the reagent bottle at 

least 24 h before use, and all other solvents were dried in the same manner as N-

methylindole and stored over molecular sieves. Charged catalysts were kept under 

vacuum (0.05ï0.1 Torr) for at least 12 h before use. 

NMR spectra were obtained with 400 and 500 MHz spectrometers. The 1H and 13C 

chemical shifts were referenced at ŭ 5.32 and 54.0 (CD2Cl2), ŭ 7.26 and 77.2 (CDCl3), 

ŭ 2.50 and 39.5 (DMSO-d6), and ŭ 1.94 and 1.3 (CD3CN), respectively. 2H chemical shifts 

were referenced relative to benzene-d6 (7.36 ppm). Triethylphosphine oxide 31P NMR 

shifts were acquired in CD2Cl2 and referenced at ŭ 50.5 through the deuterium lock 
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channel according to the IUPAC unified scale.1 Medium pressure liquid chromatography 

was performed using an automated flash chromatography system with silica gel columns. 

Melting point data were collected in unsealed capillaries and were uncorrected. Solution 

and ATR FT-IR spectra were recorded with a liquid cell and a laminated diamond crystal, 

respectively. High resolution mass spectra were obtained with an electrospray ionization 

- time of flight mass spectrometer using PEG-200 as an internal mass calibrant. UV 

spectra were taken using 10 mm quartz cells sealed with PTFE septum caps. 

 

A.2 ï Synthetic Procedures 

N-Methyl-3-hydroxypyridinium (2.1). The iodide and BArF
4
ï salts of this ion were 

prepared according to the literature procedure.2 

(E)-N-(2-Carboethoxyvinyl)-3-hydroxypyridinium BArF
4 (2.2). Concentrated HCl (1.75 

mL, 21.0 mmol) was added dropwise with stirring to a 50 mL round-bottomed flask 

containing 3-hydroxypyridine (1.00 g, 10.5 mmol) and 25 mL of methanol. After 10 min, 

the solvent was removed in vacuo and the resulting solid was dissolved in ethanol (30 mL). 

Ethyl propiolate (1.60 mL, 1.55 g, 15.8 mmol) was added and this mixture was heated with 

an oil bath to reflux overnight. Concentration of the resulting material with a rotary 

evaporator afforded a residue which was dissolved in 25 mL of acetone. This solution was 

stirred overnight at room temperature and the resulting precipitate was isolated by vacuum 

filtration to give 845 mg (35%) of crude 2.2-Cl. Some of this material (64.7 mg, 0.282 

mmol), along with 1.5 mL of CH2Cl2 and 250 mg (0.28 mmol) of NaBArF
4, were added to 

a 6 dram vial and stirred overnight at room temperature. The resulting precipitate was 

removed with a 0.45 ɛm PTFE membrane and then hexanes were added until the solution 

just became cloudy. This mixture was subsequently dried over activated CaSO4 and 

filtered through another 0.45 ɛm PTFE membrane. Removal of the solvent in vacuo gave 

253 mg (85%) of an off-white powder (mp 175ï178 °C) that was stored in a dry-box under 
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nitrogen. 1H NMR (400 MHz, CD2Cl2) ŭ 8.35 (dd, J = 2.2, 1.7 Hz, 1H), 8.28 (ddd, J = 6.0, 

1.2, 1.2 Hz, 1H), 8.10 (ddd, J = 8.8, 2.5, 1.0 Hz, 1H), 8.05 (d, J = 13.9 Hz, 1H), 7.99 (dd, 

J = 8.8, 6.0 Hz, 1H), 7.72 (s, 8H), 7.56 (s, 4H), 6.74 (d, J = 14.0 Hz, 1H), 4.37 (q, J = 7.1 

Hz, 2H), 1.36 (t, J = 7.1 Hz, 3H). 13C{1H} NMR (125 MHz, CD2Cl2) ŭ 162.5, 

162.3 (q, 1JB-C = 62 Hz), 158.4, 141.5, 136.0, 135.4, 133.8, 130.2, 130.1, 129.4 (qq, 2JF-C 

= 39 Hz and 2JB-C = 3.5 Hz), 125.2 (q, 1JF-C = 339 Hz), 123.8, 118.1 (septet, 3JF-C = 4.6 Hz), 

63.6, 14.3. IR-ATR 3103, 1704, 1358, 1280, 1121 cmï1. HRMS (ESI) m/z [M ï BArF
4]+ 

calcd for C10H12NO3 194.0812, found 194.0829. 

n-Octyl (E)-3-chloroacrylate. Propiolic acid (3.0 mL, 3.41 g, 48 mmol) was added over 1 

min to a 25 mL round-bottomed flask containing 5 mL (60 mmol) of concentrated HCl. This 

solution was then heated with an oil bath to reflux with stirring for 18 h before being diluted 

with 5 mL of water. The product was extracted with chloroform (3 × 5 mL) and the 

combined organic material was washed with brine (2 × 5 mL) and dried over MgSO4. 

Concentration in vacuo gave 4.72 g (90%) of crude (E)-3-chloroacrylic acid as an odorous, 

lustrous brown solid (flakes). A portion of this material (450 mg, 4.1 mmol), along with 700 

ɛL (580 mg, 4.5 mmol) of n-octanol, and 160 mg (0.84 mmol) of p-toluenesulfonic acid 

monohydrate, were placed in a 25 mL round-bottomed flask equipped with a Dean-Stark 

trap and dissolved in 7.5 mL of toluene. This solution was heated with an oil bath to 130 °C 

for 24 h, during which time water was removed from the system. Concentration of the 

reaction mixture with a rotary evaporator was followed by addition of 15 mL of hexanes 

and filtration of the resulting material. Removal of the solvent in vacuo afforded an oil that 

was purified by MPLC with 5% ethyl acetate in hexanes to give 829 mg (92%) of a clear, 

pale yellow liquid. The 1H NMR spectrum of this previously reported compound matched 

the literature data.3 1H NMR (400 MHz, CDCl3) ŭ 7.35 (d, J = 13.5 Hz, 1H), 6.24 (d, J = 

13.5 Hz, 1H), 4.15 (t, J = 6.7 Hz, 2H), 1.65 (p, J = 7.6 Hz, 2H), 1.39ï1.22 (m, 10H), 0.88 

(t, J = 6.7 Hz, 3H). 
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(E)-N-(2-Carbooctoxyvinyl)-3-hydroxypyridinium chloride (2.3-Cl). In a 25 mL round-

bottomed flask, 779 mg (3.56 mmol) of n-octyl (E)-3-chloroacrylate and 271 mg (2.85 

mmol) of 3-hydroxypyridine were dissolved in 5 mL of acetonitrile. This solution was 

heated to reflux with an oil bath with stirring for 24 h, and then an additional 162 mg (0.741 

mmol) of n-octyl (E)-3-chloroacrylate was added. The reaction was heated for another 12 

h and was subsequently concentrated with a rotary evaporator. Ethyl acetate (10 mL) was 

added to the resulting dark brown oil and the mixture was stirred at room temperature for 

4 h. This resulted in precipitation of the product, which was collected by vacuum filtration 

to afford 385 mg (43%) of a pale tan powder (mp 132ï134 °C) that was stored in a dry-

box under nitrogen. 1H NMR (400 MHz, CDCl3) ŭ 9.31 (s, 1H), 8.59 (s, 1H), 8.33-8.20 (m, 

2H), 7.95 (s, 1H), 6.95 (d, J = 13.4 Hz, 1H), 4.23 (t, J = 6.7 Hz, 2H), 1.70 (p, J = 6.8 Hz, 

2H), 1.41-1.20 (m, 10H), 0.87 (t, J = 6.8 Hz, 3H). 13C{1H} NMR (156 MHz, CDCl3) ŭ 163.3, 

159.4, 142.3, 136.1, 132.8, 130.2, 128.9, 121.5, 66.7, 31.9, 29.30, 29.28, 28.6, 25.9, 22.8, 

14.2. IR-ATR 2958, 2928, 2855, 2473 (OH···Clï), 1710, 1582, 1317, 1289, 1185 cmï1. 

HRMS (ESI) m/z [M ï Cl]+ calcd for C16H24NO3 278.1751, found 278.1768. 

(E)-N-(2-Carbooctoxyvinyl)-3-hydroxypyridinium BArF
4 (2.3). Dichloromethane (1 mL) 

was added to a 6 dram vial containing 565 mg (0.638 mmol) of NaBArF
4 and 200 mg (0.637 

mmol) of 2.3-Cl and the solution was stirred at room temperature overnight. Filtration of 

the resulting mixture through a 0.45 ɛm PTFE membrane and removal of the solvent under 

reduced pressure gave 720 mg (99%) of the product as an orange-brown semisolid. This 

material degraded with a half-life of approximately 5 days when stored in a dry-box under 

nitrogen. 1H NMR (400 MHz, CD2Cl2) ŭ 8.34 (t, J = 2.0 Hz, 1H), 8.21 (dt, J = 6.0 and 

2.0 Hz, 1H), 8.08 (ddd, J = 8.8, 2.5, and 1.0 Hz, 1H), 8.03 (d, J = 14.0 Hz, 1H), 7.89 (dd, 

J = 8.8 and 6.0 Hz, 1H), 7.75ï7.70 (m, 8H), 7.57 (s, 4H), 6.73 (d, J = 14.0 Hz, 1H), 4.30 

(t, J = 6.8 Hz, 2H), 1.73 (p, J = 7.4 Hz, 2H), 1.45ï1.25 (m, 10H), 0.88 (t, J = 7.0 Hz, 3H). 

13C{1H} NMR (125 MHz, CDCl3) 162.1, 161.8 (q, 1JB-C = 62 Hz), 158.1, 140.9, 135.1, 134.9, 
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132.5, 129.4, 129.2 (qq, 2JF-C = 39 Hz and 2JB-C = 3.8 Hz), 129.3, 124.6 (q, 1JF-C = 338 Hz), 

123.3, 117.7, 67.6, 31.8, 29.21, 29.17, 28.4, 25.8, 22.7, 14.1. IR-ATR 3084, 2933, 2861, 

1706, 1582, 1355, 1277, 1127 cmï1. HRMS (ESI) m/z [M ï BArF
4]+ calcd for C16H24NO3 

278.1751, found 278.1759. 

N-(2,4-Dinitrophenyl)-3-hydroxypyridinium BArF
4 (2.4). In a 50 mL round-bottomed 

flask, 320 mg (3.4 mmol) of 3-hydroxypyridine and 690 mg (3.4 mmol) of 1-chloro-2,4-

dinitrobenzene were dissolved in 20 mL of acetonitrile and heated to reflux with an oil bath 

with stirring overnight. After cooling to room temperature, the resulting precipitate was 

collected by vacuum filtration and washed with acetonitrile to give 959 mg (96%) of crude 

2.4-Cl as a light tan powder. A portion of this material (112 mg, 0.377 mmol) was dissolved 

in 5 mL of water with 300 mg (0.34 mmol) of NaBArF
4 in a 6 dram vial. Dichloromethane 

(5 mL) was added and the mixture was stirred vigorously for 3 h. The clear yellow organic 

layer was subsequently washed with brine (2 × 5 mL) and dried over MgSO4. It was then 

triturated with hexanes until the solution just became cloudy whereupon it was passed 

through a 0.45 ɛm PTFE membrane. Removal of the solvent in vacuo gave 328 mg (86%) 

of a light tan powder (mp 54ï56 °C) that was stored in a dry-box under nitrogen. 1H NMR 

(400 MHz, CD2Cl2) ŭ 9.30 (d, J = 2.4 Hz, 1H), 8.85 (dd, J = 8.6 and 2.4 Hz, 1H), 8.25ï8.19 

(m, 2H), 8.14 (ddd, J = 6.0, 1.4, and 1.3 Hz, 1H), 8.07 (dd, J = 8.6 and 5.9 Hz, 1H), 

7.93 (d, J = 8.6 Hz, 1H), 7.72 (s, 8H), 7.55 (s, 4H). 13C{1H} NMR (125 MHz, CD2Cl2) ŭ 

162.3 (q, 1JB-C = 62 Hz), 159.7, 150.7, 143.7, 138.6, 136.7, 135.6, 135.4, 133.4, 131.1, 

130.7, 130.0, 129.4 (qq, 2JF-C = 39 Hz and 2JB-C = 3.7 Hz), 125.2 (q, 1JF-C = 339 Hz), 123.6, 

118.1 (septet, 3JF-C = 5.0 Hz). IR-ATR 3114, 1694, 1611, 1553, 1481, 1354, 1279 cmï1. 

HRMS (ESI) m/z [M ï BArF
4]+ calcd for C11H8N3O5 262.0458, found 262.0467. 

(E)-N-(2-Cyanovinyl)-3-hydroxypyridinium BArF
4 (2.5). A solution of 5.0 mL (4.1 g, 76 

mmol) of acrylonitrile in 5 mL of chloroform was prepared in a 25 mL round-bottomed flask 

fitted with a condenser topped with an addition funnel. This setup was covered in 
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aluminum foil to avoid exposure to light and heated to reflux with an oil bath. Bromine (9.0 

mL, 28g, 153 mmol) was then added dropwise over 1 h and the reaction mixture was 

refluxed for an additional 3 h. It was subsequently washed with 10% aqueous Na2S2O3 

(3 × 5 mL) and brine (2 × 5 mL), and then dried with Na2SO4. Rotary evaporation of the 

organic material afforded 16.1 g (98%) of crude 2,3-dibromopropionitrile as a golden oil. 

A portion of this material (470 mg, 2.2 mmol) was dissolved in 7 mL of methanol along 

with 420 mg (4.4 mmol) of 3-hydroxypyridine in a 25 mL round-bottomed flask. This 

mixture was heated to reflux with an oil bath for 3 h and concentrated with a rotary 

evaporator to give a dark brown viscous oil, which was combined with 7 mL of isopropanol 

and stirred vigorously at room temperature overnight. The precipitate that formed was 

isolated by vacuum filtration, dissolved in 2 mL of methanol, and triturated into toluene (20 

mL) with stirring. Vacuum filtration of the resulting solid gave 288 mg (57%) of crude 2.5-Br 

as a brown powder. Some of this material (67.2 mg, 0.290 mmol) was placed in a 6 dram 

vial along with 1 mL of water with 210 mg (0.24 mmol) of NaBArF
4. Dichloromethane (1 

mL) was added and the mixture was stirred overnight at room temperature. The organic 

fraction was subsequently washed with brine (2 × 2 mL) and dried over Na2SO4. At a later 

date, it was triturated with hexanes until the solution just became cloudy, dried over 

activated CaSO4, and passed through a 0.45 ɛm PTFE membrane. Removal of the solvent 

under reduced pressure afforded 221 mg (91%) of a brown, slightly lustrous powder (mp 

157ï160 °C) that was stored in a dry-box under nitrogen. 1H NMR (400 MHz, CD2Cl2) ŭ 

8.29 (dd, J = 2.0 and 1.4 Hz, 1H), 8.23 (d, J = 6.0 Hz, 1H), 8.17 (ddd, J = 9.1, 2.7, and 0.9 

Hz, 1H), 8.04 (dd, J = 8.8 and 6.0 Hz, 1H), 7.87 (d, J = 14.4 Hz, 1H), 7.72 (s, 8H), 7.56 

(s, 4H), 6.38 (d, J = 14.3 Hz, 1H). 13C{1H} NMR (125 MHz, CD2Cl2) ŭ 162.3 (q, 1JB-C = 62 

Hz), 158.8, 145.5, 137.1, 135.4, 133.4, 130.6, 129.7, 129.4 (qq, 2JF-C = 39 Hz and 2JB-C = 

3.6 Hz) 125.2 (q, 1JF-C = 339 Hz), 118.1 (septet, 3JF-C = 5.0 Hz), 112.1, 104.8. IR-ATR 3208, 
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1355, 1278, 1123 cmï1. HRMS (ESI) m/z [M ï BArF
4]+ calcd for C8H7N2O 147.0553, found 

147.0540. 

N-(2,4-Dinitrophenyl)-4-hydroxypyridinium BArF
4 (2.6). A 50 mL round-bottomed flask 

was loaded with 200 mg (2.1 mmol) of 4-hydroxypyridine, 492 mg (2.4 mmol) of 1-chloro-

2,4-dinitrobenzene, and 10 mL of acetonitrile. This solution was heated to reflux with an 

oil bath with stirring overnight, and the resulting precipitate was collected by vacuum 

filtration and washed with acetonitrile to give 588 mg (94%) of 2.6-Cl as a pale pink powder. 

In a 6 dram vial, 100 mg (0.336 mmol) of this material was dissolved in 3 mL of methanol 

along with 298 mg (0.336 mmol) of NaBArF
4 and the mixture was stirred vigorously. After 

30 min, 3 mL of CH2Cl2 was added to the vial and stirring continued overnight. The 

resulting precipitate was removed with a 0.45 ɛm PTFE syringe filter and hexanes were 

added dropwise to the solution until it just became cloudy. Drying with activated CaSO4, 

followed by a second filtration and concentration with a rotary evaporator, afforded 340 

mg (90%) of an off-white powder (mp 125ï127 °C). 1H NMR (400 MHz, CD2Cl2) 

ŭ 9.27 (d, J = 2.5 Hz, 1H), 8.82 (dd, J = 8.6 and 2.5 Hz, 1H), 8.27ï8.23 (m, 2H), 7.88 (d, 

J = 8.6 Hz, 1H), 7.72 (s, 8H), 7.56 (s, 4H), 7.50ï7.46 (m, 2H). 13C{1H} NMR (125 MHz, 

CD2Cl2) ŭ 174.4, 162.3 (q, 1JB-C = 62 Hz), 160.0, 150.5, 145.6, 138.3, 135.4, 131.3, 131.1, 

129.4 (qq, 2JF-C = 39 Hz and 2JB-C = 3.6 Hz), 125.2 (q, 1JF-C = 338 Hz), 123.5, 118.1 (septet, 

3JF-C = 4.7 Hz), 116.8. IR-ATR 3676, 3086, 1643, 1610, 1552, 1355, 1278, 1119 cmï1. 

HRMS (ESI) m/z [M ï BArF
4]+ calcd for C11H8N3O5 262.0458, found 262.0468. 

3-Deuterio-N-methylindole.4 Using CH2Cl2 as an eluent, 1 mL (8.0 mmol) of N-

methylindole was passed through a small column of activated alumina. This solution was 

then concentrated with a rotary evaporator and the resulting material was stored in a 6 

dram vial under argon. Concurrently, a 50 mL two-necked round-bottomed flask equipped 

with a reflex condenser was filled with D2O (10 mL) and heated to 110 °C with an oil bath 

for 1 h while the system was flushed with argon. The solvent was then removed via syringe 
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and the N-methylindole was added along with 15 mL of D2O. This mixture was heated to 

80 °C with vigorous stirring under argon for 24 h, then stirred for an additional 96 h at room 

temperature. The product was subsequently extracted with CH2Cl2 (1 × 15 mL) and the 

organic layer was dried over MgSO4. The solution was concentrated in vacuo and the 

resulting neat liquid was passed through a plug of activated alumina to give 657 mg (62%) 

of a pale mint green oil (99% D by 1H NMR) that was stored in a glovebox under nitrogen. 

1H NMR (400 MHz, CD2Cl2) ŭ 7.60 (d, J = 7.9 Hz, 1H), 7.35 (d, J = 8.2 Hz, 1H), 7.21 (t, J 

= 7.2 Hz, 1H), 7.11ï7.06 (m, 2H), 6.47 (d, J = 3.1 Hz, 0.01 H), 3.79 (s, 3H). 

 

A.3 ï Experimental and computational procedures 

General FriedelïCrafts kinetics procedures. To a 1 mL volumetric flask, 74.6 mg (0.500 

mmol) of trans-ɓ-nitrostyrene or 70.2 ɛL (87.0 mg, 0.500 mmol) of 

2,2,2-trifluoroacetophenone was added along with 6.2 ɛL (6.5 mg, 0.050 mmol) of N-

methylindole and 0.005 mmol of a charged catalyst or 10 ɛL of a 0.5 M solution of a non-

charged catalyst in CH2Cl2. This mixture was diluted with CD2Cl2 to the mark and mixed 

by inverting the flask twice. It was then transferred to an NMR tube that was capped and 

sealed with PTFE tape. The first NMR spectrum was collected within 5 min of the 

preparation of the solvent (t0) and the NMR tube was maintained at 27 °C in the NMR 

probe (for KIE experiments) or a water bath (for all other experiments) between acquisition 

of subsequent spectra. When trans-ɓ-nitrostyrene was used as the electrophile, reaction 

progress was monitored using signals at ŭ 6.47 (N-methylindole) and ŭ 5.17, 5.08 and 

4.98 (FriedelïCrafts product) or ŭ 3.79 (3-d-N-methylindole) and ŭ 3.74 (deuterated 

product) for the KIE experiments. With PhCOCF3 as the electrophile, the methyl signals 

at 3.79 (N-methylindole), 3.83 (mono addition product), and 3.74 ppm (bis addition product) 

were used. A pseudo-first-order kinetic model was employed to determine half-lives and 

rate constants (Tables A.1ïA.4, Figures A.1 and A.2). 
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General procedure for the reaction of cyclopentadiene with methyl vinyl ketone. 

Cyclopentadiene was generated by distillation from its dimer and stored at ï78 °C under 

argon for up to 3 h. Methyl vinyl ketone (MVK) was distilled within 1 week of when it was 

used, and was kept at 4 °C under argon. A 1 mL volumetric flask was filled with MVK (20.3 

ɛL, 17.5 mg, 0.250 mmol), 0.0025 mmol of a charged catalyst or 10 ɛL of a 0.25 M solution 

of a non-charged catalyst in CH2Cl2, and sufficient CH2Cl2 before being mixed by inverting 

the stoppered flask twice. A portion of this solution (100 ɛL) was added to a separate 1 

mL volumetric flask along with 21.0 ɛL (16.5 mg, 0.250 mmol) of cyclopentadiene and 

filled with CD2Cl2 before mixing this mixture by inverting the flask twice. This solution was 

then transferred to an NMR tube which was capped and sealed with PTFE tape. The first 

NMR spectrum was collected within 5 min of solvent addition (t0) and the NMR tube was 

maintained at 25 °C in the NMR probe between acquisition of subsequent spectra. 

Reaction progress was monitored using signals at 2.24 (MVK), 2.08 (endo), and 2.17 ppm 

(exo) (Table A.5, Figure A.3). A pseudo-first-order kinetic model was used to determine 

half-lives and rate constants. 

Solution IR procedure. A 6 dram vial was loaded with 3 (29.2 mg, 25.6 ɛmol), CCl4 (5 

mL), and CD3CN (50 ɛL) and this mixture was stirred until all of the catalyst dissolved. A 

separate solution of 5 mL of CCl4 and 50 ɛL of CD3CN with no catalyst was also prepared 

and a background spectrum of this mixture was recorded in a 10 mm liquid cell that was 

stored in a dry-box under nitrogen. This cell was subsequently emptied and purged with 

nitrogen for 1 min before being reloaded with the sample solution. A new spectrum was 

obtained and background corrected. 

General procedure for UV-vis titrations. 7-Methyl-2-phenylimidazo[1,2-a]pyrazin-

3(7H)-one (2.7), was kept under vacuum (0.05ï0.1 torr) for at least 12 h before use. Three 

volumetric flasks were employed to prepare the required solutions as follows: A 1 mL 

volumetric flask was filled with 1.0ï1.5 mg (4.4ï6.7 ɛmol) of 2.7 and sufficient CH2Cl2 to 
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afford solution A. In a 5 mL volumetric flask, 25 ɛL of solution A was diluted with CH2Cl2 

to the line to give solution B. A separate 5 mL volumetric flask was used to prepare solution 

C, which consisted of 25 ɛL of solution A, 25ï30 molar equivalents of catalyst relative to 

2.7, and sufficient CH2Cl2 to fill the flask to the line. Background UV-vis spectra of CH2Cl2 

from 300ï950 nm were collected before each sample spectrum in a 10 mm quartz cuvette 

with a screw-on PTFE septum cap. For the titrations, 2 mL of solution B were placed in a 

separate cuvette and the UV-vis spectrum was recorded. Subsequently, 10 ɛL of solution 

C was added via syringe and the solution was swirled for 15 s and a new spectrum was 

obtained. Further mixing of the solution for an additional 10 s was carried out and the 

spectrum was re-recorded. This was repeated, if necessary, until consecutive spectra 

differed by no more than 1 nm in ɚmax and 0.010 absorbance units. Additional aliquots of 

solution C were added and the spectra were recorded in the same way until ɚmax did not 

change over three consecutive additions (2.1, 2.2, 2.4, and 2.5) or until at least 20 molar 

equivalents of catalyst relative to the 2.7 had been added (2.6). Equilibrium binding 

constants (K) were determined using absorbance values at 440, 470, 500, and 530 nm by 

carrying out non-linear fits of the resulting binding isotherms using the Supramolecular 

BindFit app (app.supramolecular.org/bindfit).5ï6 In each case, 1:1. 2:1, and 

1:2 associations were explored, though all of the data are in accord with 1:1 binding except 

for the results with 2.6, which are consistent with 1:2 binding (Table A.6). While ɚmax for 

the 1:1 complex can be obtained directly in the former instances, it cannot in the latter 

case. Consequently, ɚmax(1:1) was determined by plotting ɢ1:1/ɚmax versus ɢ1:1, where ɢ1:1 is 

the mole fraction of  the 1:1 complex as obtained from the BindFit output file. ii  The 

reciprocal of the sum of the slope and y-intercept from the resulting linear least squares fit 

 
ii See ref. 2 for additional details. 
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afforded ɚmax(1:1). These values are all within 1.0 nm of the directly-observed, leveled-off 

determinations with 2.1, 2.2, 2.4, and 2.5. 

Catalyst titration procedures with triethylphosphine oxide. Triethylphosphine oxide 

was stored and weighed in a glovebox under nitrogen. For the titration with 1, 2.1ï2.4 mg 

(15.7ï17.9 ɛmol) of Et3PO was dissolved in minimal CH2Cl2, transferred to a 1 mL 

volumetric flask, and diluted to the mark (solution A). In a separate 1 mL volumetric flask, 

1 (9.4ï10.0 mg, 9.7ï10.3 ɛmol) was added and diluted to the line with CH2Cl2 (solution 

B). An NMR tube was then filled with 100 ɛL of solution A and 400 ɛL of CD2Cl2. An initial 

NMR spectrum was obtained to establish the 31P chemical shift of Et3PO. Subsequently, 

80 ɛL of solution B was added via microsyringe to the NMR tube, which was then inverted 

twice before obtaining another spectrum. This process was repeated until the 31P signal 

shifted by no more than 0.1 ppm in three consecutive spectra (Table A.7, Figure A.15). 

For the other catalysts, full titrations were not carried out.  In these cases, 5.0 mg (37.3 

ɛmol) of Et3PO were placed in a 1 mL volumetric flask which was filled to the line with 

CH2Cl2. An NMR tube was loaded with 135 ɛL of this solution and 315 ɛL of CD2Cl2 to 

obtain the initial 31P NMR signal of Et3PO. Subsequently, 7.5 ɛmol of the selected catalyst 

and 500 ɛL of CH2Cl2 were added with mixing and a second 31P NMR spectrum was 

recorded to obtain the change in the chemical shift. 

Computations. Calculations were performed at the Minnesota Supercomputing Institute 

using Gaussian 167 with the B3LYP functional and the 6-31G+(d,p) basis set.8ï9 Full 

geometry optimizations and subsequent vibrational frequency determinations were carried 

out and all of the given stationary points correspond to energy minima with no negative 

eigenvalues (Table S8). Unscaled vibrational frequencies were used to obtain zero-point 

energies, thermal corrections to the enthalpies at 298 K, and entropies. Low frequency 

modes that contribute more than ½RT to the enthalpy correction were replaced with ½RT. 
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A.4 ï Experimental and computational data 
 
Table A.1. Background-corrected kinetic data for the FriedelïCrafts alkylation of N-
methylindole with trans-ɓ-nitrostyrene.a 

 
 

catalyst 
trial 1 trial 2 

t (m) conv. (%) t (m) conv. (%) 

2.1 

0 0.0 0 0.0 

55 8.2 47 6.8 

115 16.4 108 15.2 

175 23.4 168 22.6 

234 29.8 229 29.3 

295 36.1 288 35.0 

355 41.3 349 40.7 

416 46.6 411 45.5 

478 51.3 469 49.7 

535 54.5 533 54.0 

597 58.1 1430 85.7 

656 61.4 1489 86.8 

715 64.3 1548 87.4 

1443 86.8   

1513 88.1   

1570 88.8   

2.2 

0 1.6 0 2.2 

58 16.3 57 16.5 

118 29.3 121 31.1 

178 40.2 180 42.0 

238 49.5 237 50.7 
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catalyst 
trial 1 trial 2 

t (m) conv. (%) t (m) conv. (%) 

2.2 

299 56.6 300 58.7 

359 62.9 358 64.5 

418 68.0   

481 72.7   

2.4 

0 5.4 0 6.0 

61 23.0 62 22.0 

121 36.6 122 35.6 

183 48.3 181 47.3 

243 57.5 244 56.4 

302 64.5 302 63.4 

362 71.0   

422 76.0   

2.5 

0 5.4 0 8.0 

50 26.9 61 31.4 

108 46.3 122 48.9 

170 60.1 182 61.4 

231 70.2 241 70.7 

292 77.5   

2.6 

0 1.9 0 1.0 

60 18.2 57 17.7 

121 33.0 117 33.9 

185 46.4 178 47.4 

242 56.8 239 56.9 

301 65.2 301 66.3 

361 72.2   
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catalyst 
trial 1 trial 2 

t (m) conv. (%) t (m) conv. (%) 

TfOH 

0 0.0   

2765 28.6   

5696 56.4   

C6F5OH 

0 0.0   

2715 1.2   

5489 3.9   

C6F5CO2H 

0 0.0   

382 2.9   

1609 9.6   

3050 19.9   

aData for the uncatalyzed process can be found in ref. 2. 

 

 
Figure A.1. Pseudo-first-order fits of the kinetic data for the FriedelïCrafts alkylation 
reaction of N-methyldinole with trans-ɓ-nitrostyrene with different catalysts: 2.1 (ñ, y = ï
0.00136x ï 0.0320, r2 = 0.999), 2.2 (¡, y = ï0.00278x ï 0.00445, r2 = 0.998), 2.4 (ß, y = 
ï0.00320x + 0.00134, r2 = 0.998), 2.5 ( ,̧ y = ï0.00486x ï 0.00769, r2 = 0.997), and 2.6 
(Â, y = ï0.00352x + 0.0151, r2 = 0.997), where the equations correspond to the average 
of the two determinations. Trial 1 and 2 data are represented by filled and open symbols, 
respectively. Data points are shifted up along the y-axis so that the y-intercept values are 
small for ease of comparison. 
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Table A.2. Kinetic data for the FriedelïCrafts alkylation of 3-deuterio-N-methylindole with 
trans-ɓ-nitrostyrene. 
 

2.4 2.5 2.6 TfOH 

t 
(m) 

conv. 
(%) 

t 
(m) 

conv. 
(%) 

t 
(m) 

conv. 
(%) 

t 
(m) 

conv. 
(%) 

0.00 3.2 0.00 3.2 0.00 4.5 0.00 2.9 

2.68 4.0 2.24 4.6 1.72 4.7 123 4.2 

4.65 5.0 4.56 5.3 3.65 4.9 242 4.9 

6.55 5.6 6.07 6.0 5.58 5.7 363 5.9 

8.56 6.7 8.39 7.0 7.57 5.8   

10.6 7.1 11.1 8.2 9.58 6.8   

  13.5 9.3 15.5 8.0   

    25.5 9.5   

 
 
 
 
Table A.3. Background-corrected kinetic data for the FriedelïCrafts alkylation of N-
methylindole with 2,2,2-trifluoroacetophenone. 
 

catalyst 
trial 1 trial 2 

t (m) conv. (%) t (m) conv. (%) 

2.1 

0 2.0 0 2.3 

125 13.1 122 12.7 

245 25.2 243 25.9 

364 35.9 363 35.3 

485 44.5 481 44.6 

606 51.8 601 51.6 

725 58.4 722 58.1 

844 64.1 847 64.1 

964 69.2 963 68.8 
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catalyst 
trial 1 trial 2 

t (m) conv. (%) t (m) conv. (%) 

2.5 

0 15.8 0 16.8 

62 43.5 63 44.1 

121 59.3 123 59.9 

180 69.9 183 70.5 

243 78.6 233 79.2 

2.6 

0 23.0 0 22.1 

29 53.5 32 54.2 

57 72.5 62 72.7 

88 84.3 91 84.3 

118 91.6 125 91.7 

147 95.8 151 95.2 

TfOH 

0 13.0   

119 23.1   

239 32.0   

363 38.4   

481 43.9   

601 48.9   

- 

0 0.0   

11551 1.4   

23055 2.8   

34579 4.4   
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Figure A.2. Pseudo-first-order fits of the kinetic data for the FriedelïCrafts alkylation 
reaction of N-methylindole with 2,2,2-trifluoroacetophenone with different catalysts: 2.1 (ñ, 
y = ï0.00121x + 0.0180, r2 = 0.999), 2.5 ( ,̧ y = ï0.00561x ï 0.0249, r2 = 0.998), and 2.6 
(Â, y = ï0.0189x + 0.0513, r2 = 0.995), where the equations correspond to the average of 
the two determinations. Trial 1 and 2 data are represented by filled and open symbols, 
respectively. Data points are shifted up along the y-axis so that the y-intercept values are 
small for ease of comparison. 
 
 
Table A.4. Kinetic data for the FriedelïCrafts alkylation of 3-deuterio-N-methylindole with 
2,2,2-trifluoroacetophenone. 
 

2.5 2.6 TfOH 

t 
(m) 

conv. 
(%) 

t 
(m) 

conv. 
(%) 

t 
(m) 

conv. 
(%) 

0 8.3 0 17.9 0 4.0 

3 10.0 2 21.3 20 5.2 

6 11.9 4 24.1 40 6.6 

9 13.6 6 26.2 60 7.5 

12 15.2 8 28.4 80 8.6 

15 16.4 10 30.4 100 9.8 

18 18.1 12 32.8 120 10.7 

21 19.7 16 36.8   

24 21.1 18 38.9   

27 22.8     

30 23.9     
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Table A.5. Background-corrected kinetic data for the DielsïAlder reaction of 
cyclopentadiene with methyl vinyl ketone. 
 

catalyst 
trial 1 trial 2 

t (m) conv. (%) t (m) conv. (%) 

2.1 

0.0 4.6 0.0 4.1 

10.0 7.2 10.0 6.9 

20.0 9.7 20.0 9.5 

30.0 11.9 30.0 11.4 

39.9 14.2 40.0 14.3 

50.0 16.4 50.0 16.3 

130.2 31.3 130.1 30.6 

140.1 33.1 140.1 32.3 

150.0 34.5 150.1 34.0 

2.4 

0.0 9.1 0.0 6.6 

5.0 12.8 5.1 9.7 

10.2 16.3 10.1 13.3 

15.2 19.6 15.1 16.3 

20.0 22.5 20.1 19.5 

60.0 42.6 25.0 22.8 

65.0 44.8 30.0 25.8 

70.0 46.6 35.0 28.7 

75.0 48.9 40.2 31.9 

80.0 50.4 45.2 34.7 

85.0 52.3   

2.5 

0.0 9.4 0.0 9.0 

5.0 16.2 5.0 15.2 

10.0 21.9 10.0 21.2 

15.0 27.1 15.1 26.5 

20.0 31.4 20.0 31.7 
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catalyst 

 
trial 1 

 
trial 2 

t (m) conv. (%) t (m) conv. (%) 

2.5 

25.0 35.0 25.0 36.6 

30.0 38.9 30.0 41.1 

35.1 42.2 35.0 45.4 

40.0 44.9 40.0 49.3 

  45.0 53.1 

2.6 

0.0 47.1 0.0 37.4 

5.2 62.0 2.4 45.7 

10.2 72.1 4.9 51.8 

15.2 79.7 7.4 57.0 

20.0 83.8 10.0 63.7 

25.0 87.6 12.7 69.2 

  15.1 73.2 

  17.6 76.7 

C6F5OH 

1.0 1.0   

11.0 1.0   

21.0 1.1   

31.0 1.2   

41.0 1.3   

51.0 1.3   

61.0 1.4   

C6F5CO2H 

1.0 1.1   

11.0 1.4   

21.0 1.7   

31.0 1.9   

41.0 2.1   

51.0 2.4   

61.0 2.7   



132 
 

catalyst 
trial 1 trial 2 

t (m) conv. (%) t (m) conv. (%) 

- 

0 0.0   

64 10.0   

124 19.9   

184 27.6   

 
 
 
 

 
Figure A.3. Pseudo-first-order fits of the kinetic data for the DielsïAlder reaction of 
cyclopentadiene with methyl vinyl ketone using four different catalysts: 2.1 (ñ, y = 
ī0.00263x ī 0.00211, r2 = 0.994), 2.4 (ß, y = ī0.00763x ī 0.00155, r2 = 0.999), 2.5 ( ,̧ y 
= ī0.0138x ī 0.00365, r2 = 0.987), and 2.6 (Â, y = ī0.0585x + 0.00579, r2 = 0.995), where 
the equations correspond to the average of the two determinations. Trial 1 and 2 data are 
represented by filled and open symbols, respectively. Data points are shifted up along the 
y-axis so that the y-intercept values are small for ease of comparison.
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Table S6. UV-vis titration data. 

cat. trial 
[1.7] 
(ɛM) 

[cat.] 
(ɛM) 

equiv X1:1 X1:2 

observed absorbance at calculated absorbance at 

440 
nm 

470 
nm 

500 
nm 

530 
nm 

440 
nm 

470 
nm 

500 
nm 

530 
nm 

1.2 

1 22.2 

0.0 0.0 0.0000 - 0.1601 0.3113 0.3888 0.2796 0.1601 0.3113 0.3888 0.2796 

7.1 0.3 0.1592 - 0.1920 0.3377 0.3815 0.2462 0.1928 0.3339 0.3738 0.2396 

14.1 0.6 0.2888 - 0.2193 0.3546 0.3670 0.2115 0.2194 0.3523 0.3616 0.2071 

20.9 0.9 0.3925 - 0.2379 0.3645 0.3523 0.1825 0.2406 0.3670 0.3518 0.1811 

27.6 1.2 0.4748 - 0.2568 0.3778 0.3448 0.1610 0.2575 0.3787 0.3441 0.1604 

34.2 1.5 0.5403 - 0.2708 0.3871 0.3359 0.1423 0.2709 0.3880 0.3379 0.1440 

50.1 2.3 0.6533 - 0.2917 0.3991 0.3201 0.1092 0.2941 0.4040 0.3272 0.1156 

65.3 2.9 0.7227 - 0.3076 0.4105 0.3138 0.0913 0.3083 0.4139 0.3207 0.0982 

93.7 4.2 0.8007 - 0.3207 0.4175 0.3041 0.0723 0.3243 0.4249 0.3133 0.0787 

132.0 5.9 0.8566 - 0.3360 0.4329 0.3076 0.0643 0.3358 0.4329 0.3081 0.0646 

176.3 7.9 0.8922 - 0.3466 0.4439 0.3117 0.0610 0.3431 0.4379 0.3047 0.0557 

223.1 10.0 0.9147 - 0.3512 0.4486 0.3124 0.0584 0.3477 0.4411 0.3026 0.0501 

2 22.2 

0.0 0.0 0.0000 - 0.1271 0.2452 0.3053 0.2165 0.1271 0.2452 0.3053 0.2165 

7.5 0.3 0.1673 - 0.1516 0.2655 0.2981 0.1880 0.1529 0.2631 0.2926 0.1835 

14.8 0.7 0.3020 - 0.1742 0.2808 0.2890 0.1624 0.1737 0.2776 0.2824 0.1570 

22.0 1.0 0.4084 - 0.1896 0.2925 0.2798 0.1393 0.1902 0.2890 0.2744 0.1361 

29.1 1.3 0.4918 - 0.2028 0.2998 0.2710 0.1208 0.2030 0.2979 0.2681 0.1197 

36.0 1.6 0.5573 - 0.2141 0.3067 0.2643 0.1066 0.2132 0.3049 0.2631 0.1068 

52.8 2.4 0.6688 - 0.2304 0.3173 0.2540 0.0828 0.2304 0.3169 0.2547 0.0849 

68.8 3.1 0.7362 - 0.2409 0.3236 0.2468 0.0677 0.2408 0.3241 0.2496 0.0716 

98.7 4.4 0.8111 - 0.2521 0.3307 0.2403 0.0524 0.2523 0.3321 0.2439 0.0569 

126.1 5.7 0.8509 - 0.2588 0.3357 0.2385 0.0471 0.2585 0.3364 0.2409 0.0491 

174.6 7.9 0.8918 - 0.2670 0.3425 0.2391 0.0428 0.2648 0.3408 0.2378 0.0410 

216.2 9.7 0.9125 - 0.2673 0.3414 0.2355 0.0376 0.2680 0.3430 0.2362 0.0369 

268.5 12.1 0.9295 - 0.2691 0.3415 0.2348 0.0370 0.2706 0.3448 0.2349 0.0336 

1.4 1 24.4 

0.0 0.0 0.0000 - 0.1339 0.2761 0.3558 0.2602 0.1339 0.2761 0.3558 0.2602 

7.2 0.3 0.1891 - 0.1660 0.2960 0.3389 0.2177 0.1687 0.2983 0.3370 0.2156 

14.3 0.6 0.3449 - 0.1947 0.3154 0.3245 0.1826 0.1974 0.3166 0.3215 0.1788 

21.2 0.9 0.4679 - 0.2171 0.3289 0.3107 0.1516 0.2200 0.3310 0.3092 0.1498 

28.0 1.1 0.5621 - 0.2380 0.3430 0.3024 0.1306 0.2374 0.3421 0.2998 0.1276 
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1.4 

1 24.4 

34.7 1.4 0.6332 - 0.2486 0.3484 0.2908 0.1074 0.2505 0.3504 0.2927 0.1108 

41.2 1.7 0.6871 - 0.2603 0.3557 0.2849 0.0940 0.2604 0.3568 0.2874 0.0981 

50.8 2.1 0.7455 - 0.2704 0.3614 0.2772 0.0795 0.2712 0.3636 0.2816 0.0843 

66.2 2.7 0.8069 - 0.2837 0.3707 0.2721 0.0657 0.2824 0.3708 0.2754 0.0698 

95.0 3.9 0.8689 - 0.2938 0.3773 0.2672 0.0533 0.2939 0.3781 0.2693 0.0552 

121.4 5.0 0.8993 - 0.2992 0.3815 0.2650 0.0478 0.2995 0.3816 0.2662 0.0480 

168.1 6.9 0.9289 - 0.3070 0.3879 0.2672 0.0457 0.3049 0.3851 0.2633 0.0410 

242.9 9.9 0.9517 - 0.3110 0.3914 0.2659 0.0410 0.3091 0.3878 0.2610 0.0356 

2 22.2 

0.0 0.0 0.0000 - 0.1318 0.2798 0.3615 0.2647 0.1318 0.2798 0.3615 0.2647 

3.2 0.1 0.0897 - 0.1457 0.2913 0.3577 0.2485 0.1492 0.2909 0.3522 0.2427 

6.4 0.3 0.1720 - 0.1612 0.2997 0.3485 0.2295 0.1652 0.3009 0.3437 0.2226 

9.6 0.4 0.2467 - 0.1754 0.3075 0.3392 0.2094 0.1798 0.3101 0.3359 0.2043 

15.8 0.7 0.3745 - 0.2008 0.3243 0.3265 0.1782 0.2047 0.3258 0.3227 0.1731 

21.9 1.0 0.4756 - 0.2240 0.3382 0.3151 0.1516 0.2244 0.3382 0.3122 0.1484 

27.9 1.3 0.5547 - 0.2382 0.3472 0.3038 0.1284 0.2397 0.3479 0.3040 0.1290 

33.8 1.5 0.6162 - 0.2507 0.3543 0.2958 0.1108 0.2517 0.3555 0.2976 0.1140 

42.4 1.9 0.6847 - 0.2657 0.3641 0.2880 0.0920 0.2651 0.3639 0.2905 0.0972 

50.8 2.3 0.7336 - 0.2746 0.3691 0.2814 0.0789 0.2746 0.3699 0.2854 0.0853 

58.9 2.7 0.7696 - 0.2811 0.3733 0.2773 0.0701 0.2816 0.3743 0.2817 0.0765 

72.0 3.2 0.8117 - 0.2948 0.3843 0.2795 0.0666 0.2898 0.3795 0.2773 0.0662 

90.6 4.1 0.8513 - 0.2990 0.3849 0.2717 0.0548 0.2975 0.3843 0.2732 0.0565 

108.0 4.9 0.8761 - 0.3008 0.3852 0.2680 0.0485 0.3023 0.3874 0.2706 0.0504 

129.7 5.8 0.8975 - 0.3054 0.3886 0.2676 0.0460 0.3065 0.3900 0.2684 0.0452 

168.1 7.6 0.9218 - 0.3126 0.3944 0.2694 0.0448 0.3112 0.3930 0.2659 0.0393 

216.1 9.7 0.9397 - 0.3154 0.3964 0.2683 0.0414 0.3147 0.3952 0.2641 0.0349 

1.5 1 28.9 

0.0 0.0 0.0000 - 0.1578 0.3250 0.4204 0.3094 0.1578 0.3250 0.4204 0.3094 

8.2 0.3 0.2258 - 0.2186 0.3489 0.3876 0.2530 0.2059 0.3457 0.3864 0.2502 

16.3 0.6 0.4184 - 0.2550 0.3652 0.3588 0.2023 0.2470 0.3633 0.3575 0.1997 

24.2 0.8 0.5696 - 0.2831 0.3776 0.3377 0.1653 0.2792 0.3771 0.3347 0.1600 

32.0 1.1 0.6784 - 0.3041 0.3881 0.3221 0.1361 0.3024 0.3871 0.3183 0.1315 

39.6 1.4 0.7526 - 0.3185 0.3955 0.3102 0.1143 0.3182 0.3939 0.3072 0.1121 

58.0 2.0 0.8506 - 0.3398 0.4040 0.2924 0.0846 0.3391 0.4028 0.2924 0.0864 

75.6 2.6 0.8944 - 0.3484 0.4084 0.2847 0.0704 0.3485 0.4068 0.2858 0.0749 

108.4 3.8 0.9328 - 0.3565 0.4109 0.2776 0.0598 0.3567 0.4103 0.2800 0.0648 

138.6 4.8 0.9498 - 0.3591 0.4119 0.2765 0.0586 0.3603 0.4119 0.2775 0.0603 
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1.5 

1 28.9 
176.8 6.1 0.9621 - 0.3597 0.4116 0.2745 0.0573 0.3629 0.4130 0.2756 0.0571 

226.7 7.9 0.9713 - 0.3588 0.4084 0.2721 0.0567 0.3649 0.4139 0.2742 0.0547 

2 28.9 

0.0 0.0 0.0000 - 0.1606 0.3318 0.4288 0.3154 0.1606 0.3318 0.4288 0.3154 

4.1 0.1 0.1155 - 0.1835 0.3445 0.4159 0.2873 0.1839 0.3426 0.4113 0.2838 

8.2 0.3 0.2237 - 0.2058 0.3557 0.4015 0.2594 0.2056 0.3527 0.3948 0.2542 

12.3 0.4 0.3236 - 0.2253 0.3655 0.3857 0.2309 0.2257 0.3621 0.3796 0.2269 

16.3 0.6 0.4141 - 0.2435 0.3765 0.3750 0.2068 0.2439 0.3706 0.3659 0.2021 

24.2 0.8 0.5635 - 0.2761 0.3914 0.3519 0.1649 0.2740 0.3846 0.3432 0.1613 

32.0 1.1 0.6716 - 0.2976 0.4020 0.3336 0.1324 0.2957 0.3947 0.3267 0.1317 

39.6 1.4 0.7458 - 0.3137 0.4091 0.3212 0.1110 0.3106 0.4016 0.3154 0.1114 

47.1 1.6 0.7963 - 0.3236 0.4128 0.3119 0.0970 0.3208 0.4064 0.3078 0.0976 

65.1 2.3 0.8669 - 0.3392 0.4201 0.2990 0.0730 0.3350 0.4130 0.2970 0.0783 

92.4 3.2 0.9146 - 0.3480 0.4213 0.2885 0.0599 0.3446 0.4174 0.2898 0.0652 

123.8 4.3 0.9401 - 0.3516 0.4204 0.2829 0.0545 0.3497 0.4198 0.2859 0.0583 

166.3 5.8 0.9575 - 0.3523 0.4167 0.2784 0.0528 0.3532 0.4215 0.2833 0.0535 

215.5 7.5 0.9682 - 0.3501 0.4107 0.2741 0.0526 0.3554 0.4225 0.2816 0.0506 

277.1 9.6 0.9759 - 0.3477 0.4045 0.2696 0.0537 0.3569 0.4232 0.2805 0.0485 

1.6 1 26.6 

0.0 0.0 0.0000 0.0000 0.0892 0.1854 0.2401 0.1753 0.0892 0.1854 0.2401 0.1753 

3.8 0.1 0.1265 0.0004 0.1091 0.1850 0.2225 0.1549 0.1091 0.1839 0.2199 0.1543 

7.6 0.3 0.2459 0.0016 0.1337 0.1853 0.2007 0.1322 0.1279 0.1823 0.2006 0.1344 

11.3 0.4 0.3564 0.0041 0.1534 0.1834 0.1797 0.1109 0.1455 0.1808 0.1825 0.1158 

15.0 0.6 0.4559 0.0079 0.1656 0.1775 0.1601 0.0924 0.1614 0.1792 0.1659 0.0988 

18.6 0.7 0.5423 0.0136 0.1772 0.1765 0.1472 0.0793 0.1753 0.1776 0.1511 0.0838 

22.3 0.8 0.6139 0.0212 0.1874 0.1753 0.1361 0.0684 0.1871 0.1760 0.1383 0.0710 

25.8 1.0 0.6699 0.0307 0.1987 0.1785 0.1314 0.0633 0.1966 0.1744 0.1277 0.0605 

29.4 1.1 0.7114 0.0421 0.2013 0.1732 0.1197 0.0531 0.2039 0.1727 0.1191 0.0522 

32.9 1.2 0.7403 0.0548 0.2060 0.1711 0.1140 0.0476 0.2093 0.1710 0.1122 0.0458 

39.8 1.5 0.7703 0.0829 0.2125 0.1682 0.1055 0.0402 0.2160 0.1677 0.1025 0.0373 

46.6 1.8 0.7774 0.1120 0.2155 0.1644 0.0978 0.0342 0.2192 0.1646 0.0963 0.0324 

53.3 2.0 0.7724 0.1407 0.2183 0.1615 0.0933 0.0313 0.2205 0.1617 0.0921 0.0296 

59.9 2.2 0.7612 0.1682 0.2182 0.1579 0.0891 0.0287 0.2206 0.1589 0.0891 0.0280 

69.5 2.6 0.7391 0.2068 0.2203 0.1550 0.0853 0.0269 0.2199 0.1551 0.0859 0.0267 

84.9 3.2 0.6986 0.2635 0.2158 0.1455 0.0785 0.0240 0.2176 0.1497 0.0824 0.0263 

113.8 4.3 0.6243 0.3531 0.2142 0.1401 0.0776 0.0262 0.2123 0.1412 0.0786 0.0272 

140.4 5.3 0.5648 0.4196 0.2115 0.1361 0.0774 0.0288 0.2076 0.1349 0.0765 0.0286 
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1.6 1 26.6 

164.8 6.2 0.5177 0.4706 0.2066 0.1305 0.0752 0.0302 0.2038 0.1301 0.0751 0.0299 

208.4 7.8 0.4493 0.5431 0.2009 0.1238 0.0741 0.0324 0.1982 0.1233 0.0733 0.0321 

254.7 9.6 0.3930 0.6018 0.1973 0.1206 0.0754 0.0378 0.1935 0.1179 0.0721 0.0339 

307.9 11.6 0.3429 0.6534 0.1878 0.1119 0.0716 0.0371 0.1893 0.1130 0.0711 0.0357 

367.2 13.8 0.3000 0.6973 0.1827 0.1070 0.0705 0.0379 0.1857 0.1089 0.0702 0.0372 

764.2 28.7 0.1622 0.8372 0.1713 0.0973 0.0647 0.0374 0.1740 0.0959 0.0678 0.0423 
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Figure A.4. Plot of ɚmax versus catalyst equivalents for trials 1 (left) and 2 (right) with 2.2. 
 
 
 
 
 
 
 
 
 

 
Figure A.5. Plot of ɚmax versus catalyst equivalents for trials 1 (left) and 2 (right) with 2.4. 
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Figure A.6. Plot of ɚmax versus catalyst equivalents for trials 1 (left) and 2 (right) with 2.5. 
 
 

 
 
 
 
 
 

 
Figure A.7. Plot of ɚmax versus catalyst equivalents for 2.6. 

 
 
 
 
 

 
 
 
 



139 
 

 
 
 
 

 
Figure A.8. Plot of absorbance versus wavelength with increasing equivalents of 2.1 (red 
= 0 equivalents, indigo = max. equivalents). The isosbestic points at 370 and 486 nm are 
consistent with a 1:1 binding model.; these spectra come from ref. 2. 
 

 
 
 
 

 
Figure A.9. Plot of absorbance versus wavelength with increasing equivalents of 2.2 (red 
= 0 equivalents, indigo = max. equivalents). The isosbestic point at 486 nm is consistent 
with a 1:1 binding model. 
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Figure A.10. Plot of absorbance versus wavelength with increasing equivalents of 2.4 (red 
= 0 equivalents, indigo = max. equivalents). The isosbestic point at 485 nm is consistent 
with a 1:1 binding model. 
 

 
 
 
 

 
Figure A.11. Plot of absorbance versus wavelength with increasing equivalents of 2.5 (red 
= 0 equivalents, indigo = max. equivalents). The isosbestic point at 480 nm is consistent 
with a 1:1 binding model. 
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Figure A.12. Plot of absorbance versus wavelength with increasing equivalents of 2.6 (red 
= 0 equivalents, indigo = max. equivalents). The isosbestic point at 466 nm is lost after 
more than 2 equiv of catalyst are added. This, and the appearance of a new absorption 
maximum at 560 nm are inconsistent with a 1:1 binding model, but are in accord with a 
1:2 association (or another, more complex biding model). 
 
 

Table A.7. Titration data for Et3PO with 2.1. 
 

equiv 
ŭ 

(ppm) 
ȹŭ 

(ppm) 

0.0 50.50 0.00 

0.5 58.00 7.50 

1.0 59.85 9.35 

1.5 60.83 10.33 

2.0 60.85 10.35 

2.5 60.87 10.37 

 

 
Figure A.13. Plot of the titration data for Et3PO with 2.1. 
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Figure A.14. Triethylphosphine oxide 31P NMR shift changes versus ȹG°acid for meta-
substituted catalysts (filled circles) and 2.6 (open circle). A linear least-squares fit for the 
meta compounds gives the following equation: ȹŭ = ï0.166 Ĭ ȹG°acid + 49.1, r2 = 0.897. 
 
 
 
 
 

 
Figure A.15. A plot of the logarithm of the rate constant for the DielsïAlder reaction of 
cyclopentadiene with methyl vinyl ketone vs ȹG°acid for meta-substituted catalysts (filled 
circles) and the para-isomer 2.6 (open circle). Linear least squares fits of the data give ln 
k = ī0.193 × ȹG°acid + 43.0, r2 = 0.997 (meta isomers only) and ln k = ī0.229 × ȹG°acid + 
51.3, r2 = 0.981 (all compounds). 
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Table A.8. Cartesian coordinates, electronic and zero-point energies, thermal corrections 
to enthalpies at 298 K, and entropies for optimized structures. Energies are given in 
Hartrees and entropies are given in cal molī1 Kī1. None of the given structures have 
imaginary frequencies. 
 
 
N-Methyl-3-hydroxypyridinium 

B3LYP/6-31+G(d,p) = ī363.215680, zpe = 0.134309, tc = 0.141990, S = 84.381 

1 6 0 ī1.097910 1.145147 ī0.005823 

2 6 0 ī0.020275 ī0.954254 ī0.007984 

3 6 0 1.237999 ī0.346528 0.000292 

4 6 0 1.309711 1.055421 0.004873 

5 6 0 0.130040 1.793176 0.002107 

6 1 0 ī2.044048 1.670023 ī0.008255 

7 1 0 ī0.127459 ī2.032103 ī0.011841 

8 1 0 2.272618 1.558326 0.009231 

9 1 0 0.153317 2.876841 0.004185 

10 8 0 2.290626 ī1.177318 0.001505 

11 1 0 3.138856 ī0.709127 0.005316 

12 6 0 ī2.457205 ī0.906163 0.010461 

13 1 0 ī2.452715 ī1.695096 ī0.742043 

14 1 0 ī2.618491 ī1.331917 1.002829 

15 1 0 ī3.244348 ī0.189895 ī0.217488 

16 7 0 ī1.145271 ī0.207043 ī0.011075 

 

N-Methy-3-hydroxypyridinium conjugate base 

B3LYP/6-31+G(d,p) = ī362.821397, zpe = 0.120780, tc = 0.128187, S = 83.088 

1 6 0 ī1.031346 1.163198 ī0.013795 

2 6 0 ī0.013161 ī0.979349 ī0.018403 
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3 6 0 1.336993 ī0.452717 0.000443 

4 6 0 1.385234 0.998519 0.011380 

5 6 0 0.233354 1.759760 0.004637 

6 1 0 ī1.962996 1.710749 ī0.018798 

7 1 0 ī0.174613 ī2.050536 ī0.027017 

8 1 0 2.364980 1.465916 0.022870 

9 1 0 0.286614 2.844227 0.009540 

10 8 0 2.335004 ī1.203165 0.005034 

11 6 0 ī2.436740 ī0.829757 0.023396 

12 1 0 ī2.410458 ī1.757445 ī0.548742 

13 1 0 ī2.705017 ī1.045710 1.060613 

14 1 0 ī3.174816 ī0.157566 ī0.414513 

15 7 0 ī1.107104 ī0.191748 ī0.024309 

 

(E)-N-(2-Carboethoxyvinyl)-3-hydroxypyridinium 

B3LYP/6-31+G(d,p) = ī668.505751, zpe = 0.210292, tc = 0.222784, S = 119.052 

1 6 0 ī3.725851 ī1.306675 0.398689 

2 6 0 ī2.375698 ī1.569762 0.237964 

3 6 0 ī1.961166 0.711299 ī0.239227 

4 6 0 ī3.312684 1.019535 ī0.075199 

5 6 0 ī4.210583 ī0.009519 0.248965 

6 1 0 ī4.394394 ī2.123788 0.644070 

7 1 0 ī1.941128 ī2.553875 0.354763 

8 1 0 ī1.243346 1.464571 ī0.532554 

9 1 0 ī5.269614 0.199280 0.370472 

10 8 0 ī3.644319 2.305873 ī0.263573 
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11 1 0 ī4.593934 2.467290 ī0.159917 

12 6 0 ī0.121320 ī0.881217 ī0.201717 

13 1 0 0.070199 ī1.903026 ī0.510931 

14 6 0 0.879493 ī0.036573 0.049151 

15 1 0 0.748593 0.980135 0.405110 

16 6 0 2.282220 ī0.533029 ī0.144430 

17 6 0 4.579054 0.093852 0.002192 

18 1 0 4.743970 ī0.219419 ī1.032094 

19 1 0 4.783010 ī0.757548 0.656879 

20 8 0 2.546460 ī1.661026 ī0.509784 

21 7 0 ī1.517764 ī0.557789 ī0.066131 

22 6 0 5.378577 1.323372 0.375550 

23 1 0 6.445242 1.098449 0.279476 

24 1 0 5.146963 2.163467 ī0.285272 

25 1 0 5.185614 1.623620 1.409313 

26 8 0 3.156723 0.429860 0.142353 

 

(E)-N-(2-Carboethoxyvinyl)-3-hydroxypyridinium conjugate base 

B3LYP/6-31+G(d,p) = ī668.114297, zpe = 0.197003, tc = 0.209217, S = 118.747 

1 6 0 ī3.790572 ī1.261945 0.250183 

2 6 0 ī2.430392 ī1.542057 0.140173 

3 6 0 ī1.982244 0.777352 ī0.168519 

4 6 0 ī3.372869 1.159506 ī0.055662 

5 6 0 ī4.265860 0.032823 0.158531 

6 1 0 ī4.471078 ī2.092594 0.409104 

7 1 0 ī2.003084 ī2.531066 0.216897 
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8 1 0 ī1.237068 1.533034 ī0.370780 

9 1 0 ī5.327495 0.245565 0.236871 

10 8 0 ī3.737974 2.348594 ī0.147972 

11 6 0 ī0.177279 ī0.847003 ī0.123855 

12 1 0 0.008929 ī1.901462 ī0.293239 

13 6 0 0.849892 ī0.002965 0.016651 

14 1 0 0.740748 1.055690 0.217223 

15 6 0 2.229772 ī0.541467 ī0.086773 

16 6 0 4.533233 0.056156 0.011078 

17 1 0 4.712447 ī0.398477 ī0.967722 

18 1 0 4.720743 ī0.703903 0.775332 

19 8 0 2.515180 ī1.707251 ī0.294860 

20 7 0 ī1.559871 ī0.506002 ī0.058718 

21 6 0 5.363762 1.305946 0.226195 

22 1 0 6.427063 1.049899 0.176376 

23 1 0 5.154526 2.055092 ī0.543108 

24 1 0 5.162688 1.748647 1.206214 

25 8 0 3.133547 0.441594 0.085313 

 

N-(2,4-Dinitrophenyl)-3-hydroxypyridinium 

B3LYP/6-31+G(d,p) = ī963.944803, zpe = 0.190619, tc = 0.204581, S = 129.856 

1 6 0 3.615692 ī0.349589 0.820953 

2 6 0 2.224368 ī0.305139 0.883975 

3 6 0 2.053838 ī0.811176 ī1.428485 

4 6 0 3.438094 ī0.876986 ī1.529495 

5 6 0 4.227395 ī0.644983 ī0.411457 
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6 1 0 1.674972 ī0.090731 1.792802 

7 1 0 1.382477 ī0.956549 ī2.264544 

8 1 0 3.885811 ī1.101298 ī2.490685 

9 1 0 5.310785 ī0.681622 ī0.462324 

10 7 0 1.485742 ī0.529613 ī0.234801 

11 6 0 0.033202 ī0.461521 ī0.140958 

12 6 0 ī0.659260 ī1.667199 ī0.039231 

13 6 0 ī0.669756 0.756876 ī0.129910 

14 6 0 ī2.051809 ī1.671494 0.065202 

15 1 0 ī0.108743 ī2.602362 ī0.033586 

16 6 0 ī2.056407 0.764922 ī0.011785 

17 6 0 ī2.720430 ī0.452851 0.078003 

18 1 0 ī2.610926 ī2.596814 0.141092 

19 1 0 ī2.602730 1.700735 0.002806 

20 7 0 0.007109 2.071877 ī0.258749 

21 7 0 ī4.205109 ī0.445185 0.193482 

22 8 0 1.161976 2.071216 ī0.690169 

23 8 0 ī0.632204 3.060004 0.066705 

24 8 0 ī4.755599 ī1.537710 0.269936 

25 8 0 ī4.753269 0.650220 0.203264 

26 8 0 4.416854 ī0.136588 1.874119 

27 1 0 3.942527 0.106793 2.683207 

 

N-(2,4-Dinitrophenyl)-3-hydroxypyridinium conjugate base 

B3LYP/6-31+G(d,p) = ī963.560391, zpe = 0.177225, tc = 0.190914, S = 128.973 

1 6 0 3.655897 ī0.324622 0.980704 
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2 6 0 2.209309 ī0.253656 0.918683 

3 6 0 2.120986 ī0.839317 ī1.397762 

4 6 0 3.515124 ī0.929735 ī1.419271 

5 6 0 4.267610 ī0.687821 ī0.287056 

6 1 0 1.630186 ī0.013840 1.801778 

7 1 0 1.478390 ī0.980110 ī2.254269 

8 1 0 3.994310 ī1.191905 ī2.357267 

9 1 0 5.350414 ī0.761182 ī0.311488 

10 7 0 1.523884 ī0.500209 ī0.224655 

11 6 0 0.083359 ī0.452434 ī0.169704 

12 6 0 ī0.613516 ī1.658097 ī0.066595 

13 6 0 ī0.629744 0.754536 ī0.146117 

14 6 0 ī2.003107 ī1.667200 0.041194 

15 1 0 ī0.052602 ī2.586332 ī0.057595 

16 6 0 ī2.014211 0.770173 ī0.009208 

17 6 0 ī2.677586 ī0.449035 0.069518 

18 1 0 ī2.558727 ī2.593765 0.115779 

19 1 0 ī2.557526 1.705986 0.026163 

20 7 0 0.043462 2.063060 ī0.297035 

21 7 0 ī4.153124 ī0.445952 0.191614 

22 8 0 0.972198 2.127806 ī1.096692 

23 8 0 ī0.404387 2.993096 0.367606 

24 8 0 ī4.712708 ī1.537895 0.264892 

25 8 0 ī4.716039 0.645634 0.210060 

26 8 0 4.277346 ī0.100378 2.036774 
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(E)-N-(2-Cyanovinyl)-3-hydroxypyridinium 

B3LYP/6-31+G(d,p) = ī493.521765, zpe = 0.137725, tc = 0.147244, S = 96.441 

1 6 0 0.689678 1.652070 ī0.005327 

2 6 0 0.675033 ī0.713387 ī0.159143 

3 6 0 2.063525 ī0.758705 ī0.014413 

4 6 0 2.770926 0.445813 0.128516 

5 6 0 2.068154 1.648665 0.126233 

6 1 0 0.091249 2.553772 0.005200 

7 1 0 0.097403 ī1.612015 ī0.327545 

8 1 0 3.852636 0.442140 0.227869 

9 1 0 2.587441 2.594377 0.231147 

10 6 0 ī1.414541 0.524852 ī0.249228 

11 1 0 ī1.782321 1.404700 ī0.763376 

12 6 0 ī2.222834 ī0.415965 0.258841 

13 1 0 ī1.848857 ī1.267785 0.821843 

14 8 0 2.610920 ī1.981035 ī0.045070 

15 7 0 0.018790 0.473707 ī0.134441 

16 6 0 ī3.636844 ī0.328654 0.104707 

17 7 0 ī4.793123 ī0.277942 ī0.009573 

18 1 0 3.576844 ī1.965394 0.032414 

 

(E)-N-(2-Cyanovinyl)-3-hydroxypyridinium conjugate base 

B3LYP/6-31+G(d,p) = ī493.140770, zpe = 0.124308, tc = 0.133568, S = 96.445 

1 6 0 0.732804 1.621381 ī0.008067 

2 6 0 0.702031 ī0.760670 ī0.126503 

3 6 0 2.139898 ī0.880041 ī0.010588 
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4 6 0 2.819329 0.401947 0.091655 

5 6 0 2.122282 1.595252 0.091837 

6 1 0 0.137123 2.522329 0.008930 

7 1 0 0.103579 ī1.649104 ī0.269596 

8 1 0 3.902622 0.387514 0.159086 

9 1 0 2.645480 2.543109 0.168915 

10 6 0 ī1.360276 0.516617 ī0.154263 

11 1 0 ī1.728900 1.484728 ī0.471250 

12 6 0 ī2.199928 ī0.479708 0.168350 

13 1 0 ī1.854214 ī1.444143 0.525905 

14 8 0 2.709190 ī1.987927 ī0.016072 

15 7 0 0.059792 0.433863 ī0.104855 

16 6 0 ī3.611292 ī0.302084 0.070667 

17 7 0 ī4.766692 ī0.179173 0.000290 

 

N-(2,4-Dinitrophenyl)-4-hydroxypyridinium 

B3LYP/6-31+G(d,p) = ī963. 956408, zpe = 0.191099, tc = 0.204858, S = 130.042 

1 6 0 3.485702 ī0.611045 1.157922 

2 6 0 4.182670 ī0.487674 ī0.061470 

3 6 0 3.446364 ī0.365042 ī1.258445 

4 6 0 2.075261 ī0.358910 ī1.204270 

5 6 0 2.110763 ī0.593649 1.149054 

6 1 0 4.007448 ī0.706304 2.104297 

7 1 0 1.456117 ī0.262771 ī2.087941 

8 1 0 1.521858 ī0.660776 2.055248 

9 6 0 ī0.035646 ī0.442799 0.011023 
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10 6 0 ī0.713491 ī1.660857 ī0.022633 

11 6 0 ī0.761889 0.761676 0.032198 

12 6 0 ī2.109685 ī1.690436 ī0.022099 

13 1 0 ī0.148295 ī2.586650 ī0.055841 

14 6 0 ī2.153186 0.746962 0.014077 

15 6 0 ī2.799564 ī0.483568 ī0.004249 

16 1 0 ī2.656485 ī2.625894 ī0.041591 

17 1 0 ī2.716289 1.672846 0.018961 

18 7 0 1.416957 ī0.474651 ī0.014528 

19 7 0 ī0.099468 2.087409 0.085639 

20 7 0 ī4.288329 ī0.503137 ī0.007824 

21 8 0 1.051378 2.124942 0.527584 

22 8 0 ī0.746353 3.047710 ī0.302432 

23 8 0 ī4.856060 0.582347 0.009405 

24 8 0 ī4.823689 ī1.605766 ī0.027796 

25 8 0 5.505685 ī0.481523 ī0.164880 

26 1 0 5.959389 ī0.555270 0.689815 

27 1 0 3.960664 ī0.272148 ī2.207661 

 

N-(2,4-Dinitrophenyl)-4-hydroxypyridinium conjugate base 

B3LYP/6-31+G(d,p) = ī963. 585039, zpe = 0.178036, tc = 0.191688, S = 127.192 

1 6 0 ī3.502615 0.385557 0.990492 

2 6 0 ī4.316534 ī0.515210 0.168034 

3 6 0 ī3.527944 ī1.355553 ī0.739183 

4 6 0 ī2.176405 ī1.288138 ī0.781526 

5 6 0 ī2.152642 0.412684 0.899437 
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6 1 0 ī4.007820 1.033019 1.698100 

7 1 0 ī1.581238 ī1.877378 ī1.468877 

8 1 0 ī1.540537 1.050624 1.526442 

9 6 0 ī0.043399 ī0.417130 ī0.010061 

10 6 0 0.642073 ī1.639807 0.085467 

11 6 0 0.725505 0.762217 ī0.090011 

12 6 0 2.030862 ī1.690522 0.104184 

13 1 0 0.068263 ī2.554386 0.186117 

14 6 0 2.114892 0.736477 ī0.026945 

15 6 0 2.750003 ī0.496133 0.059092 

16 1 0 2.558383 ī2.633021 0.184584 

17 1 0 2.685989 1.655219 ī0.072444 

18 7 0 ī1.457180 ī0.415208 0.026200 

19 7 0 0.110762 2.084736 ī0.332621 

20 7 0 4.222806 ī0.536807 0.103346 

21 8 0 ī0.826803 2.134849 ī1.124176 

22 8 0 0.608597 3.046178 0.250506 

23 8 0 4.821940 0.536738 0.073754 

24 8 0 4.754469 ī1.644886 0.166884 

25 8 0 ī5.548786 ī0.565005 0.234874 

26 1 0 ī4.055867 ī2.032778 ī1.401024 
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A.5 ï NMR spectra 

N-Methyl-3-hydroxypyridinium iodide (1-I), 1H NMR (400 MHz, CD3CN)  
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N-Methyl-3-hydroxypyridinium iodide (1-I), 13C NMR (125 MHz, CD3CN)  
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N-Methyl-3-hydroxypyridinium BArF
4 (1), 1H NMR (400 MHz, DMSO-d6)  
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N-Methyl-3-hydroxypyridinium BArF
4 (1), 13C NMR (125 MHz, DMSO-d6) 
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(E)-N-(2-Carboethoxyvinyl)-3-hydroxypyridinium BArF
4 (2), 1H NMR (400 MHz, CD2Cl2) 
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(E)-N-(2-Carboethoxyvinyl)-3-hydroxypyridinium BArF
4 (2), 13C NMR (125 MHz, CD2Cl2) 
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n-Octyl (E)-3-chloroacrylate, 1H NMR (400 MHz, CDCl3) 
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(E)-N-(2-Carbooctoxyvinyl)-3-hydroxypyridinium chloride (1.3-Cl), 1H NMR (400 MHz, CDCl3) 
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(E)-N-(2-Carbooctoxyvinyl)-3-hydroxypyridinium chloride (1.3-Cl), 13C NMR (156 MHz, CDCl3) - UDEFT 
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(E)-N-(2-Carbooctoxyvinyl)-3-hydroxypyridinium BArF
4 (1.3), 1H NMR (400 MHz, CD2Cl2) 
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(E)-N-(2-Carbooctoxyvinyl)-3-hydroxypyridinium BArF
4 (1.3), 13C NMR (125 MHz, CDCl3) 
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N-(2,4-Dinitrophenyl)-3-hydroxypyridinium BArF
4 (1.4), 1H NMR (400 MHz, CD2Cl2) 
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N-(2,4-Dinitrophenyl)-3-hydroxypyridinium BArF
4 (1.4), 13C NMR (125 MHz, CD2Cl2) 
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(E)-N-(2-Cyanovinyl)-3-hydroxypyridinium BArF
4 (1.5), 1H NMR (400 MHz, CD2Cl2) 
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(E)-N-(2-Cyanovinyl)-3-hydroxypyridinium BArF
4 (1.5), 13C NMR (125 MHz, CD2Cl2) 
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N-(2,4-Dinitrophenyl)-4-hydroxypyridinium BArF
4 (1.6), 1H NMR (400 MHz, CD2Cl2) 
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N-(2,4-Dinitrophenyl)-4-hydroxypyridinium BArF
4 (1.6), 13C NMR (125 MHz, CD2Cl2) 
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3-deuterio-N-Methylindole, 1H NMR (400 MHz, CD2Cl2) 
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Appendix B ï Supplemental information for Chapter 3 
 
 
B.1 ï General 

Reaction vessels and NMR tubes were stored at 120 °C for a minimum of 12 h and 

allowed to cool to room temperature in a vacuum desiccator over Drierite (reactions in air) 

or while being purged with argon (air-free reactions) before use. Syringes and volumetric 

flasks were kept in the same desiccator but were not heated. Alumina, molecular sieves, 

and calcium sulfate were activated in a kiln at 300 °C for at least 24 h before use. Synthetic 

transformations were carried out under an argon atmosphere unless otherwise noted. 

HPLC analyses were performed with an Agilent 1260 Infinity instrument and a 

RegisCell or RegisPack chiral column. UV-vis spectra were recorded on an Agilent Cary 

3500 UV-vis instrument. IR spectra were obtained with a Thermo Scientific Nicolet iS5 

spectrometer with an iD5 laminated diamond attenuated total reflectance (ATR) source. 

1H NMR spectroscopy was performed with a Bruker Avance 400 MHz instrument while 

13C NMR spectra were collected on a Bruker Avance 500 MHz spectrometer (126 MHz for 

13C). The chemical shifts are given in ppm and were referenced at ŭ 5.32 and 54.0 (CD2Cl2), 

ŭ 7.26 and 77.2 (CDCl3), and ŭ 2.50 and 39.5 (DMSO-d6). 

Non-deuterated solvents were supplied by Fisher Scientific while deuterated solvents 

were purchased from Cambridge Isotope Laboratories. Non-anhydrous solvents were 

dried by passing them through a plug of activated alumina before use. Tryptophol, 

aqueous acids, and sodium tetrakis[3,5-bis(trifluoromethyl)phenyl]borate were obtained 

from Acros, VWR, and ArkPharm, respectively. Oakwood Chemical supplied 

(S)-indoline-2-carboxylic acid and trans-2-chloro-ɓ-nitrostyrene, while di-tert-butyl 

dicarbonate, 4-(trifluoromethyl)benzaldehyde, 5-chloroindole, 6-chloroindole, 

6-methoxyindole, and trans-2-chloro-ɓ-nitrostyrene were purchased from Alfa Aesar. All 

other compounds were obtained from Sigma-Aldrich. 
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B.2 ï Synthetic procedures 

3-(3-(2-Hydroxy-2,3-dihydro-1H-inden-1-yl)thioureido)-1-methylpyridin-1-ium BArF
4 

(3.1). Both enantiomers were prepared via a literature method.1 1H NMR (400 MHz, CD2Cl2) 

ŭ 9.98 (s, 0.67H), 8.13ï8.05 (m, 2H), 7.95ï7.82 (m, 2H), 7.72 (s, 8H), 7.56 (s, 4H), 7.41 

(d, J = 7.4 Hz, 1H), 7.34 (d, J = 4.1 Hz, 2H), 7.27 (sextet, J = 3.9 Hz, 1H), 5.93 (br s, 

0.54H), 4.82 (s, 1H), 4.37 (s, 3H), 3.30 (dd, J = 16.6, 5.2 Hz, 1H), 3.02 (d, J = 17.0 Hz, 

1H). 

HBArF
4 · 2 Et2O (Brookhartôs acid). This compound was prepared according to a 

literature procedure and the 1H NMR of the resulting material is in agreement with the 

published NMR spectrum.2 1H NMR (400 MHz, CD2Cl2) ŭ 7.74 (s, 8H), 7.57 (s, 4H), 3.89 

(q, J = 7.2 Hz, 8H), 1.34 (t, J = 7.2 Hz, 12H). 

Methyl (S)-indoline-2-carboxylate. This compound was synthesized via a literature 

procedure and the 1H NMR is in accord with the reported spectrum. 3 1H NMR (400 MHz, 

CDCl3) ŭ 7.03ï7.10 (m, 2H), 6.74 (ddd, J = 14.5, 7.8, 1.1 Hz, 2H), 4.39 (dd, J = 10.2, 5.5 

Hz, 1H), 3.75 (s, 3H), 3.29ï3.43 (m, 2H). 

1-(tert-Butyl) 2-methyl (S)-indoline-1,2-dicarboxylate. In a 6-dram vial, methyl (S)-

indoline-2-carboxylate (1.00 g, 5.64 mmol) and di-tert-butyl dicarbonate (1.43 mL, 1.36 g, 

6.22 mmol) were combined. The vessel was sealed and heated to 40 °C for 18 h with 

vigorous stirring. After cooling to room temperature, the mixture was purified by silica gel 

MPLC with 5% EtOAc/hexanes as the eluent. Concentration in vacuo gave 1.44 g (92%) 

of a white crystalline solid (mp 52ï54 °C). The 1H NMR spectrum is in accord with that 

reported in the literature. 4 1H NMR (400 MHz, CDCl3) (two rotamers) ŭ 7.89 (s, 0.67H, 

broad), 7.49 (s, 0.33H, broad), 7.19 (t, J = 6.1 Hz, 1H, broad), 7.11 (dd, J = 5.9, 1.0 Hz, 

1H), 6.94 (td, J = 6.0, 1.0 Hz, 1H), 4.79ï5.00 (broad singlets, 1H), 3.75 (s, 3H), 3.51 (dd, 

J = 13.2 Hz, 9.6 Hz, 1H), 3.11 (dd, J = 13.2 Hz, 3.7 Hz, 1H), 1.44ï1.66 (broad singlets, 

9H). 
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Methyl 2-methylindoline-2-carboxylate (racemic). A 50 mL round-bottomed flask was 

charged with a solution of diisopropylamine (1.05 mL, 0.758 g, 7.49 mmol) in THF (10 mL). 

After cooling to ï78 °C, n-butyllithium (2.5 M in hexanes, 2.90 mL, 7.25 mmol) was added 

over 5 m. The mixture was allowed to stir for 30 m, followed by the addition of 1-tert-butyl 

2-methyl (S)-indoline-1,2-dicarboxylate (1.00 g, 3.61 mmol) in THF (10 mL) over 30 m. 

This solution was stirred at ï78 °C for 2 h, after which iodomethane (0.75 mL, 1.71 g, 12.0 

mmol) was added over 5 m. The reaction mixture was then allowed to stir for 18 h while 

slowly warming to ambient temperature. Careful quenching with 1 M HCl (8.00 mL, 8.00 

mmol) was followed by concentration to dryness with a rotary evaporator and redissolution 

in 1.25 M HCl in MeOH (10 mL, 12.5 mmol). After this solution was stirred at room 

temperature overnight, it was concentrated in vacuo, taken up in 50% hexanes/EtOAc (20 

mL), and washed with concentrated NaHCO3 solution (3 × 10 mL) and brine (10 mL). The 

organic material was then dried over MgSO4 and purified by silica gel MPLC with 

5% EtOAc/hexanes as the eluent to give 0.547 g (79%) of racemic product as a clear 

yellow oil. The enantiomers were separated by HPLC with a RegisPack column column 

(25 cm × 10 mm, 5 ɛm) with a 99.2:0.8 hexanes/isopropanol mobile phase using a flow 

rate of 2.00 mL minï1. 1H NMR (400 MHz, CDCl3) ŭ 7.04 (t, J = 7.8 Hz, 2H), 6.73 (t, J = 

7.5 Hz, 1H), 6.68 (d, J = 7.6 Hz, 1H), 3.74 (s, 3H), 3.57 (d, J = 15.9 Hz, 1H), 2.97 (d, J = 

16.0 Hz, 1H), 1.57 (s, 3H). 13C NMR (126 MHz, CDCl3) ŭ 177.0, 149.6, 127.8, 127.1, 124.7, 

119.6, 110.1, 67.5, 52.8, 40.9, 26.4. IR (ATR source) 3344, 2974, 1721, 1471, 1269, 1103 

cmï1. HRMS-ESI: calcd for C11H14NO2 (M + H)+ 192.2375, found 192.2362. 

Isopropyl (S)-indoline-2-carboxylate. A two-neck round-bottomed flask with a stir bar 

and reflux condenser was charged with (S)-indoline-2-carboxylic acid (3.80 g, 23.3 mmol). 

Isopropanol (30 mL) and THF (20 mL) were added and the mixture was stirred at room 

temperature for 20 m, followed by dropwise addition of SOCl2 (2.10 mL, 28.9 mmol) over 

10 m. The reaction contents were then heated to reflux with stirring for 3 h before being 
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concentrated to dryness with a rotary evaporator. The resulting residue was taken up in 

sat. NaHCO3 (30 mL) and extracted with EtOAc (3 x 15 mL). The organic fractions were 

combined, washed with brine, and dried with MgSO4. This material was then concentrated 

under reduced pressure and purified by MPLC on silica gel with 95/5 hexanes/EtOAc to 

give 4.56 g (95%) of a pale yellow oil. The 1H NMR of this compound is in accord with a 

previously reported spectrum. 5 1H NMR (400 MHz, CDCl3) ŭ 7.09 (dd, J = 7.7, 1.2 Hz, 1H), 

7.05 (dd, J = 7.7, 1.2 Hz, 1H), 6.75ï6.80 (m, 2H), 5.06 (septet, J = 6.2 Hz, 1H), 4.37 (dd, 

J = 10.4, 5.4 Hz, 1H), 3.41 (dd, J = 16.3, 10.6 Hz, 1H), 3.29 (dd, J = 16.2, 5.4 Hz, 1H), 

1.265 (d, J = 6.3 Hz, 3H), 1.260 (d, J = 6.2 Hz, 3H). 

1-(tert-Butyl) 2-isopropyl (S)-indoline-1,2-dicarboxylate. Isopropyl (S)-indoline-2-

carboxylate (4.56 g, 22.0 mmol) and di-tert-butyl dicarbonate (5.50 mL, 5.23 g, 23.9 mmol) 

were combined in an 8-dram vial which was then sealed. This vessel was heated to 40 °C 

for 24 h with vigorous stirring. After cooling to room temperature, the mixture was purified 

by silica gel MPLC with 5% EtOAc/hexanes as the eluent. Concentration in vacuo gave 

5.07 g (75%) of a viscous, colorless oil with a 1H NMR in agreement with the literature 

spectrum.6 1H NMR (400 MHz, CDCl3) (two rotamers) ŭ 7.82 (s, 0.64H, broad), 7.49 (s, 

0.36H, broad), 7.19 (t, J = 7.9 Hz, 1H), 7.10 (d, J = 7.4 Hz, 1H), 6.93 (t, J = 7.5 Hz, 1H), 

5.06 (septet, J = 6.2 Hz, 1H), 4.80 (s, 1H, broad), 3.50 (dd, J = 16.3 Hz, 4.6 Hz, 1H, broad), 

3.06 (dd, J = 16.5 Hz, 4.5 Hz, 1H), 1.59 (s, 3H, broad), 1.51 (s, 6H, broad), 1.24ï1.26 

(broad singlets, 6H). 

Isopropyl 2-methylindoline-2-carboxylate (racemic). A solution of diisopropylamine 

(2.00 mL, 1.44 g, 14.3 mmol) in THF (20 mL) was prepared in a 100 mL round-bottomed 

flask. The solution was cooled to ī78 °C, n-butyllithium (2.5 M in hexanes, 5.50 mL, 13.8 

mmol) was added over 5 m and the mixture was stirred for 30 m. A solution of 1-tert-butyl 

2-isopropyl (S)-indoline-1,2-dicarboxylate (2.10 g, 6.88 mmol) in THF (20 mL) was then 

added over 30 m. After continued stirring at ï78 °C for 2 h, iodomethane (1.50 mL, 3.42 
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g, 24.1 mmol) was added over 10 m. The resulting reaction mixture was allowed to slowly 

warm to room temperature while stirring for 32 h. Quenching with 1 M HCl (15.0 mL, 15.0 

mmol) and concentration in vacuo was followed by dissolution in DCM (30 mL) with 

trifluoroacetic acid (3.0 mL, 4.47 g, 39.2 mmol). This mixture was stirred at ambient 

temperature overnight, then concentrated to dryness, dissolved in EtOAc and washed with 

a saturated NaHCO3 solution (3 × 15 mL) and brine (15 mL). The organic material was 

dried over MgSO4, concentrated in vacuo, and purified by silica gel MPLC with 5% 

EtOAc/hexanes as the eluent to give 1.03 g (68%) of the racemic product as a clear, 

golden oil. The enantiomers were separated using the same method as for methyl 2-

methylindoline-2-carboxylate. 1H NMR (400 MHz, CDCl3) ŭ 7.08ï7.02 (m, 2H), 6.78ï6.71 

(m, 2H), 5.02 (septet, J = 6.2 Hz, 1H), 3.55 (d, J = 16.0 Hz, 1H), 2.97 (d, J = 15.8 Hz, 1H), 

1.58 (s, 3H), 1.25 (d, J = 6.2, 3H), 1.24 (d, J = 6.4, 3H). 13C (126 MHz, CDCl3) ŭ 176.1, 

149.9, 127.7, 127.2, 124.6, 119.3, 109.9, 69.1, 67.3, 40.8, 26.4, 21.81, 21.79. IR (ATR 

source) 3366, 2979, 1723, 1458, 1271, 1096 cmï1. HRMS-ESI: calcd for C13H18NO2 (M + 

H)+ 220.1332, found 220.1338. 

General procedure for alkyl (S)-indoline-2-carboxylate HCl salts. A solution of an 

indoline free base (1 mmol) in diethyl ether (3 mL) was loaded into a 6-dram vial with a 

stir bar. The vessel was cooled to 0 °C and 750 ɛL of 2 M HCl in Et2O was added dropwise 

over 1 m. Stirring continued for 5 m, after which the solvent was removed with a rotary 

evaporator to give the solid product. 

Methyl (S)-indoline-2-carboxylate HCl (3.6a). White crystals (213 mg) were obtained 

using the general procedure in a quantitative yield (mp 165ï166 °C) and the 1H NMR 

spectrum is in accord with that of the literature compound.7 1H NMR (400 MHz, DMSO-d6,) 

ŭ 7.83 (br s, 2H), 7.08 (dd, J = 7.6, 1.2 Hz, 1H), 7.01 (td, J = 7.6, 1.2 Hz, 1H), 6.68ï6.73 

(m, 2H), 4.50 (dd, J = 10.3, 6.2 Hz, 1H), 3.68 (s, 3H), 3.33 (dd, J = 16.1, 10.3 Hz, 1H), 

3.13 (dd, J = 16.1, 6.2 Hz, 1H). 
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Isopropyl (S)-indoline-2-carboxylate HCl (3.6d). An off-white fluffy solid (241 mg) was 

obtained following the general procedure in a quantitative yield (mp 147ï150 °C). 1H NMR 

(400 MHz, CDCl3) ŭ 7.78ï7.75 (m, 1H), 7.42ï7.37 (m, 2H), 7.36ï7.32 (m, 1H), 5.17 (septet, 

J = 6.2 Hz, 1H), 5.05 (dd, J = 10.0, 5.1 Hz, 1H), 3.76 (ddd, J = 16.4, 10.0, 1.0 Hz, 1H), 

3.43 (ddd, J = 16.6, 5.0, 0.8 Hz, 1H), 1.330 (d, J = 6.3 Hz, 3H), 1.325 (d, J = 6.3 Hz, 3H). 

13C NMR (126 MHz, CDCl3) ŭ 168.0, 135.5, 132.5, 130.1, 129.2, 125.6, 120.8, 72.0, 59.5, 

33.6, 21.80, 21.77. IR (ATR source) 2824, 2304 br (NïH···Clï), 1729, 1237, 1099 cmï1. 

HRMS-ESI: calcd for C12H16NO2 (M ï Cl)+ 206.1176, found 206.1183. 

Methyl 2-methylindoline-2-carboxylate HCl (3.6e). A white crystalline solid (225 mg) 

was obtained using the general procedure in a 99% yield (mp 217ï219 °C). 1H NMR (400 

MHz, DMSO-d6) ŭ 6.99 (dd, J = 7.4, 1.4 Hz, 1H), 6.93 (td, J = 7.6, 1.4 Hz, 1H), 6.57 (dd, 

J = 7.4, 1.1 Hz, 1H), 6.54 (dd, J = 7.8, 1.0 Hz, 1H), 3.65 (s, 3H), 3.36 (d, J = 16.2 Hz, 1H), 

2.88 (d, J = 16.1 Hz, 1H), 1.43 (s, 3H). 13C NMR (126 MHz, DMSO-d6) ŭ 194.5, 175.6, 

127.3, 126.3, 124.3, 117.8, 108.7, 66.4, 52.2, 40.4, 25.2. IR (ATR source) 2767, 2440 br 

(NïH···Clï), 1742, 1261, 1244, 1131 cmï1. HRMS-ESI: calcd for C11H14NO2 (M ï Cl)+ 

192.1019, found 192.1006. 

Isopropyl 2-methylindoline-2-carboxylate HCl (3.6f). The resulting material from the 

general procedure was washed twice with Et2O to afford 230 mg (90%) of a pink crystalline 

solid (mp 186ï188 °C). 1H NMR (400 MHz, CDCl3) ŭ 10.71 (bs, 2H), 7.90ï7.84 (m, 1H), 

7.38ï7.32 (m, 2H), 7.31ï7.27 (m, 1H), 5.09 (septet, J = 6.4 Hz, 1H), 3.64 (d, J = 16.1 Hz, 

1H), 3.32 (d, J = 16.1 Hz, 1H), 2.07 (s, 3H), 1.29 (d, J = 6.3 Hz, 3H), 1.22 (d, J = 6.3 Hz, 

3H). 13C NMR (126 MHz, CDCl3) ŭ 170.0, 136.8, 133.1, 129.7, 128.9, 125.6, 121.1, 71.8, 

71.0, 40.8, 21.8, 21.64, 21.57. IR (ATR source) 2867, 2335 br (NïH···Clï), 1732, 1528, 

1279, 1100 cmï1. HRMS-ESI: calcd for C13H18NO2 (M ï Cl)+ 220.1332, found 220.1343. 

Methyl (S)-indoline-2-carboxylate HI (3.6b). A 6-dram vial was filled with a solution of 

methyl (S)-indoline-2-carboxylate (200 mg, 1.13 mmol) in methanol (3 mL). While stirring 
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at room temperature, 1.00 mL of 57% HI in water was added dropwise over 2 min. 

Methanol (2 mL) was then added and the mixture was concentrated to dryness. The 

resulting residue was taken up in DCM, dried over activated CaSO4, and filtered before 

the solvent was removed in vacuo. This gave 337 mg (98%) of the product as a brown 

crystalline solid (mp 144ï145 °C). The 1H NMR of this material is in agreement with that 

of the literature compound.7 1H (400 MHz, CDCl3) ŭ 7.91 (d, J = 7.8 Hz, 1H), 7.46 (td, J = 

7.5, 1.1 Hz, 1H), 7.42 (dd, J = 7.8, 1.4 Hz, 1H), 7.38 (dd, J = 7.4, 1.2 Hz, 1H), 5.35 (dd, J 

= 9.8, 5.3 Hz, 1H), 3.91 (s, 3H), 3.80 (dd, J = 16.5, 9.8 Hz, 1H), 3.54 (dd, J = 16.5, 5.2 Hz, 

1H). 

Methyl (S)-indoline-2-carboxylate HBArF
4 (3.6c). In a 6-dram vial in air, methyl (S)-

indoline-2-carboxylate HCl (200 mg, 0.936 mmol) was dissolved in DCM (2 mL) with 

NaBArF
4 (830 mg, 0.937 mmol). The solution was stirred for 2 h at room temperature and 

then filtered and concentrated to dryness to give 942 mg (97%) of an off-white powder 

(mp 109ï111 °C). 1H NMR (400 MHz, CDCl3) ŭ 7.70 (s, 8H), 7.51 (s, 4H), 7.45 (d, J = 2.8 

Hz, 1H), 7.42 (d, J = 7.6 Hz, 2H), 7.26 (s, 1H), 4.93ï4.83 (m, 1H), 3.81 (s, 3H), 3.63 (m, 

1H), 3.43 (dd, J = 16.8, 4.9 Hz, 1H). 13C NMR (126 MHz, CDCl3) ŭ 169.0, 161.8 (q, 1JBïC 

= 50 Hz), 134.9, 132.3, 130.2, 129.5, 129.1 (qq, 2JFïC = 29 Hz, 3JBïC = 2.9 Hz), 126.9, 

125.7, 124.6 (q, 1JFïC = 273 Hz), 119.1, 117.7 (septet, 3JFïC = 3.2 Hz), 59.9, 55.5, 33.0. IR 

(ATR source) 3273, 3045, 1725, 1353, 1270, 1112 cmï1. HRMS-ESI: calcd for C10H12NO2 

(M ï BArF
4)+ 178.0863, found 178.0882. 

 

B.3 ï Experimental and computational procedures 

General procedure for FriedelïCrafts reaction. To a 6-dram vial, the desired indole 

(150 ɛmol) and nitrostyrene (50 ɛmol) were added along with catalyst 3.1a (5.7 mg, 5.0 

ɛmol) and an additive in most cases. The vial was purged with argon and cooled in a 

regulated acetone bath at the desired temperature. Solvent (600 ɛL) was then added by 
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syringe and the vial was swirled for 10 s at ambient temperature before being returned to 

the cooling bath. After the elapsed reaction time, an aliquot (~300 ɛL) was placed in an 

NMR tube along with ~300 ɛL of CDCl3 or CD2Cl2 and a spectrum was collected within 5 

m. The remaining reaction mixture was loaded onto a silica gel column and the product 

was isolated by MPLC (100% hexanes for 2 m followed by a ramp to 100% DCM over 5 

m and a final hold time of 8 m). Chiral HPLC analysis was performed using a RegisCell 

column (25 cm Ĭ 5 mm, 5 ɛm) at a flow rate of 1.00 mL minï1 and the given enantiomeric 

ratios are the average of five injections with absorbances measured at 220, 254, and 280 

nm for each injection. 

General procedure for oxa-PictetïSpengler reaction. A 6-dram vial was loaded with 

3.1b (3.5 mg, 3.0 ɛmol or 7.0 mg, 6.1 ɛmol), co-catalyst (3.0 ɛmol or 6.0 ɛmol), and 

tryptophol (4.8 mg, 30 ɛmol or 9.6 mg, 60 ɛmol) and purged with argon. A 2-dram vial was 

charged with a solution of the desired benzaldehyde (363 ɛmol) in solvent (600 ɛL) and 

both vessels were placed in a temperature-regulated acetone bath at the desired 

temperature using an immersion cooler. The benzaldehyde solution was then added via 

syringe to the 6-dram vial which was swirled for 10 s out of the cooling bath and then 

returned. After the elapsed time, an aliquot (~300 ɛL) was placed in an NMR tube along 

with ~300 ɛL of CDCl3 or CD2Cl2, and a spectrum was collected within 5 m. The remaining 

reaction mixture was loaded onto a silica gel column and the product was isolated by 

MPLC (100% hexanes for 2 m followed by a ramp to 15% EtOAc [for 3- and 

4-nitrobenzaldehyde products] or 30% EtOAc [all others] over 2 m and a final hold time of 

11 m). Chiral HPLC analysis was performed using a RegisPack column (25 cm × 5 mm, 

5 ɛm) at a flow rate of 1.25 mL minï1 and the enantiomeric ratios are given as the average 

of five injections with the absorbances measured at 220 nm. 

General procedure for oxa-PictetïSpengler variable temperature normalization 

(VTN) kinetic analysis. In a 6-dram vial, a solution of co-catalyst isopropyl (S)-indoline-
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2-carboxylate HCl (3.6d) (1.0 mg, 4.9 ɛmol for reactions AïD; 1.6 mg, 7.8 ɛmol for reaction 

E) in DCM (8 mL) was prepared. Half of this solution was transferred to a second vessel 

containing tryptophol (4.0 mg, 24.8 ɛmol for reactions A and CïE; 6.0 mg, 36.8 ɛmol for 

reaction B) and catalyst 3.1b (2.8 mg, 2.4 ɛmol for reactions AïC and E; 4.3 mg, 3.7 ɛmol 

for reaction D). Once all of the compounds were fully dissolved, 3 mL of this solution was 

transferred to a quartz cuvette. Benzaldehyde (3.75 ɛL, 36.9 ɛmol for reactions A, B, D, 

and E; 5.60 ɛL, 55.2 ɛmol for reaction C) was added, the cuvette was swirled for 10 s, 

then capped and placed in the UV-vis spectrometer along with a blank cuvette containing 

only DCM. The temperatures of both cuvettes were held constant at 25 °C and spectra 

from 250ï900 nm were collected every 10 m for 18 h. The molar absorptivity of the product 

was measured to be 0.0448 mMï1 cmï1 at 600 nm using the following calibration data: 

0.00 mM, A = 0.01864; 1.00 mM, A = 0.06735; 2.00 mM, A = 0.1084; 3.00 mM, A = 0.1525; 

4.00 mM, A = 0.2002. Its concentration was then determined using (A ï A0)/Ů. 

Computations. All calculations were performed using Gaussian 168 at the Minnesota 

Supercomputer Institute. Full geometry optimizations were carried out with the M06-2X 

functional and the cc-pVDZ basis set.9ï11 Subsequent vibrational frequencies were 

obtained to ensure that each stationary point of interest corresponds to an energy 

minimum, and to afford zero-point energies, thermal corrections to the enthalpies at 298 

K, and entropy values. 
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B.4 ï Experimental and computational data 

Table B.1. Effects of acid additives on FriedelïCrafts alkylation in CDCl2.
a 

 

entry 
additive 
(mol%) 

temp (°C) 
conv. 
(%)b 

erc 

1 - 20 66 62:38 

2 - 0 56 79.5:20.5 

3 - ī35 47 69:31 

4 HCl (10) 20 86 74:26 

5 HCl (20) 20 86 79:21 

6 HCl (30) 20 81 78:22 

7 HCl (40) 20 82 80:20 

8d HCl (10) 20 1 - 

9 (±)-PhCH(OH)CO2H (10) 20 85 80:20 

10d (±)-PhCH(OH)CO2H (10) 20 2 - 

11 (±)-PhCH(OH)CO2H (10) 0 79 86:14 

12 (ï)-PhCH(OH)CO2H (10) 0 80 85:15 

13 (+)-PhCH(OH)CO2H (10) 0 80 84:16 

14 (±)-PhCH(OH)CO2H (20) 0 82 85:15 

15 (±)-PhCH(OH)CO2H (10) ī35 50 70:30 

16 (±)-PhCH(OH)CO2H (20) ī35 55 69:31 

17 (±)-PhCH(OH)CO2H (50) ī35 56 70:30 

18 (±)-PhCH(OH)CO2H (100) ī35 59 70:30 

19 HPF6 (10) 20 82 73:27 

20 HPF6 (20) 20 85 79:21 

21d HPF6 (10) 20 2 - 

22 HBF4 (10) 20 73 66:34 

23 HBF4 (20) 20 72 67:33 

24d HBF4 (10) 20 0 - 

25 HBArF
4 · 2 Et2O (10) 20 86 71:29 

26 HBArF
4 · 2 Et2O (10) 0 79 82:18 

27 HBArF
4 · 2 Et2O (10) ī35 51 79:21 

aReactions were carried out at the indicated temperatures using indole and 
trans-ɓ-nitrostyrene concentrations of 250 and 83 mM, respectively. 
bDetermined by 1H NMR. cMeasured by chiral HPLC. dNo thiourea catalyst 
was used. 
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Table B.2. Data for VTN kinetic analysis Reaction A. 
 
[tryptophol] = 6.2 mM 
[benzaldehyde] = 12.3 mM 
[3.1b] = 0.62 mM 
[3.6d] = 0.62 mM 
 

time 
(m) 

Abs. 
(600 nm) 

[product] 

(mM) 
 time 

(m) 
Abs. 

(600 nm) 
[product] 

(mM) 

0 0.037139 0.000000  310 0.275352 5.316445 

10 0.038030 0.019885  320 0.278625 5.389501 

20 0.039376 0.049928  330 0.281426 5.452010 

30 0.042271 0.114527  340 0.284212 5.514179 

40 0.047643 0.234433  350 0.286492 5.565062 

50 0.055103 0.400930  360 0.288762 5.615744 

60 0.065020 0.622240  370 0.291051 5.666814 

70 0.075969 0.866607  380 0.292889 5.707832 

80 0.088029 1.135774  390 0.294503 5.743867 

90 0.100428 1.412486  400 0.295923 5.775563 

100 0.113090 1.695086  410 0.297005 5.799702 

110 0.125814 1.979059  420 0.297849 5.818548 

120 0.138173 2.254879  430 0.298402 5.830878 

130 0.150422 2.528264  440 0.298940 5.842883 

140 0.162159 2.790199  450 0.299550 5.856497 

150 0.173226 3.037204  460 0.299811 5.862316 

160 0.183901 3.275451  470 0.300274 5.872660 

170 0.193730 3.494807  480 0.300732 5.882873 

180 0.203211 3.706411  490 0.301175 5.892771 

190 0.211784 3.897745  500 0.301521 5.900479 

200 0.220017 4.081472  510 0.301816 5.907072 

210 0.227271 4.243367  520 0.302407 5.920273 

220 0.233716 4.387214  530 0.302497 5.922275 

230 0.239924 4.525775  540 0.302992 5.933316 

240 0.246147 4.664647  550 0.303095 5.935624 

250 0.251243 4.778377  560 0.302967 5.932756 

260 0.256198 4.888959  570 0.302995 5.933390 

270 0.260665 4.988658  580 0.303227 5.938554 

280 0.264869 5.082479  590 0.302961 5.932635 

290 0.268966 5.173918  600 0.303310 5.940422 

300 0.272204 5.246190     
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Table B.3. Data for VTN kinetic analysis Reaction B. 
 
[tryptophol] = 9.2 mM 
[benzaldehyde] = 12.3 mM 
[3.1b] = 0.62 mM 
[3.6d] = 0.62 mM 
 

time 
(m) 

Abs. 
(600 nm) 

[product] 

(mM) 
 

time 
(m) 

Abs. 
(600 nm) 

[product] 

(mM) 

0 0.032948 0.000000  310 0.428815 8.834983 

10 0.033628 0.015178  320 0.431557 8.896183 

20 0.035581 0.058763  330 0.433361 8.936432 

30 0.040302 0.164122  340 0.435330 8.980389 

40 0.050068 0.382087  350 0.436421 9.004718 

50 0.064438 0.702804  360 0.437430 9.027255 

60 0.081857 1.091546  370 0.438263 9.045828 

70 0.101655 1.533397  380 0.439138 9.065367 

80 0.122951 2.008691  390 0.439660 9.077024 

90 0.144538 2.490472  400 0.440030 9.085275 

100 0.166573 2.982242  410 0.440185 9.088728 

110 0.188505 3.471719  420 0.440851 9.103594 

120 0.210308 3.958334  430 0.441244 9.112376 

130 0.230924 4.418448  440 0.441376 9.115313 

140 0.250847 4.863072  450 0.441654 9.121524 

150 0.269837 5.286894  460 0.441447 9.116909 

160 0.287714 5.685876  470 0.441836 9.125579 

170 0.304203 6.053889  480 0.441759 9.123852 

180 0.319518 6.395692  490 0.441867 9.126262 

190 0.333970 6.718233  500 0.441931 9.127704 

200 0.346947 7.007854  510 0.441599 9.120285 

210 0.359169 7.280614  520 0.442010 9.129467 

220 0.369961 7.521479  530 0.441865 9.126220 

230 0.380139 7.748621  540 0.441929 9.127650 

240 0.389238 7.951699  550 0.442137 9.132308 

250 0.397121 8.127623  560 0.441866 9.126242 

260 0.404503 8.292380  570 0.441799 9.124753 

270 0.410869 8.434452  580 0.441921 9.127469 

280 0.416539 8.561011  590 0.442053 9.130413 

290 0.421067 8.662056  600 0.441994 9.129101 

300 0.425161 8.753437     
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Table B.4. Data for VTN kinetic analysis Reaction C. 
 
[tryptophol] = 6.2 mM 
[benzaldehyde] = 18.4 mM 
[3.1b] = 0.62 mM 
[3.6d] = 0.62 mM 
 

time 
(m) 

Abs. 
(600 nm) 

[product] 

(mM) 
 

time 
(m) 

Abs. 
(600 nm) 

[product] 

(mM) 

0 0.033806 0.000000  310 0.269252 5.254699 

10 0.034597 0.017654  320 0.272092 5.318083 

20 0.035843 0.045464  330 0.275126 5.385799 

30 0.038971 0.115271  340 0.277478 5.438297 

40 0.044576 0.240385  350 0.279658 5.486948 

50 0.051937 0.404650  360 0.281562 5.529447 

60 0.061086 0.608850  370 0.284017 5.584237 

70 0.071935 0.850985  380 0.286089 5.630463 

80 0.083896 1.117920  390 0.287937 5.671705 

90 0.097528 1.422158  400 0.289523 5.707121 

100 0.110090 1.702526  410 0.290438 5.727541 

110 0.122714 1.984267  420 0.291195 5.744437 

120 0.134506 2.247439  430 0.291308 5.746955 

130 0.145789 2.499250  440 0.291243 5.745488 

140 0.157425 2.758954  450 0.291568 5.752752 

150 0.168393 3.003727  460 0.291626 5.754046 

160 0.178968 3.239743  470 0.291774 5.757349 

170 0.188363 3.449427  480 0.291675 5.755149 

180 0.198078 3.666238  490 0.292068 5.763912 

190 0.207218 3.870220  500 0.291812 5.758206 

200 0.214683 4.036836  510 0.292033 5.763123 

210 0.221837 4.196499  520 0.292181 5.766430 

220 0.228516 4.345553  530 0.292215 5.767184 

230 0.233958 4.467004  540 0.292272 5.768461 

240 0.239413 4.588766  550 0.292343 5.770049 

250 0.244743 4.707704  560 0.292446 5.772352 

260 0.250398 4.833908  570 0.292346 5.770120 

270 0.254631 4.928399  580 0.292372 5.770707 

280 0.258735 5.019988  590 0.292637 5.776605 

290 0.262066 5.094317  600 0.292348 5.770163 

300 0.265871 5.179236     
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Table B.5. Data for VTN kinetic analysis Reaction D. 
 
[tryptophol] = 6.2 mM 
[benzaldehyde] = 12.3 mM 
[3.1b] = 0.93 mM 
[3.6d] = 0.62 mM 
 

time 
(m) 

Abs. 
(600 nm) 

[product] 

(mM) 
 

time 
(m) 

Abs. 
(600 nm) 

[product] 

(mM) 

0 0.037485 0.000000  310 0.297160 5.795424 

10 0.038234 0.016705  320 0.298385 5.822758 

20 0.044768 0.162542  330 0.299670 5.851442 

30 0.058762 0.474864  340 0.298722 5.830298 

40 0.076428 0.869134  350 0.299960 5.857926 

50 0.095019 1.284035  360 0.300624 5.872743 

60 0.113064 1.686771  370 0.301185 5.885262 

70 0.130210 2.069437  380 0.301838 5.899825 

80 0.146490 2.432761  390 0.302196 5.907829 

90 0.161584 2.769642  400 0.302433 5.913117 

100 0.174988 3.068789  410 0.302570 5.916180 

110 0.187961 3.358328  420 0.302776 5.920759 

120 0.199439 3.614497  430 0.303129 5.928651 

130 0.210371 3.858461  440 0.303560 5.938271 

140 0.219932 4.071853  450 0.303566 5.938404 

150 0.228604 4.265387  460 0.303660 5.940486 

160 0.236588 4.443573  470 0.303722 5.941875 

170 0.243714 4.602612  480 0.303837 5.944458 

180 0.250750 4.759656  490 0.304239 5.953422 

190 0.256607 4.890357  500 0.304094 5.950193 

200 0.262316 5.017788  510 0.304087 5.950022 

210 0.267713 5.138231  520 0.304266 5.954026 

220 0.272052 5.235060  530 0.305462 5.980719 

230 0.276366 5.331349  540 0.304855 5.967164 

240 0.280329 5.419791  550 0.305208 5.975056 

250 0.283837 5.498092  560 0.305667 5.985290 

260 0.287262 5.574532  570 0.305744 5.987007 

270 0.290548 5.647867  580 0.306362 6.000798 

280 0.293289 5.709031  590 0.306459 6.002957 

290 0.295450 5.757262  600 0.305976 5.992184 

300 0.295442 5.757081     
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Table B.6. Data for VTN kinetic analysis Reaction E. 
 
[tryptophol] = 6.2 mM 
[benzaldehyde] = 12.3 mM 
[3.1b] = 0.62 mM 
[3.6d] = 1.0 mM 
 

time 
(m) 

Abs. 
(600 nm) 

[product] 

(mM) 
 

time 
(m) 

Abs. 
(600 nm) 

[product] 

(mM) 

0 0.037441 0.000000  310 0.276452 5.334246 

10 0.037708 0.005953  320 0.280558 5.425884 

20 0.038292 0.018988  330 0.284201 5.507200 

30 0.039985 0.056772  340 0.286411 5.556529 

40 0.043312 0.131036  350 0.289598 5.627640 

50 0.048729 0.251921  360 0.292459 5.691508 

60 0.055942 0.412909  370 0.294758 5.742808 

70 0.064907 0.612992  380 0.297139 5.795953 

80 0.074836 0.834574  390 0.299197 5.841890 

90 0.085774 1.078691  400 0.300885 5.879558 

100 0.097256 1.334954  410 0.302504 5.915676 

110 0.109256 1.602778  420 0.303777 5.944090 

120 0.121433 1.874536  430 0.304833 5.967655 

130 0.133811 2.150791  440 0.305809 5.989447 

140 0.146095 2.424935  450 0.306281 5.999972 

150 0.158245 2.696116  460 0.306747 6.010381 

160 0.170264 2.964340  470 0.307572 6.028804 

170 0.180752 3.198423  480 0.307862 6.035273 

180 0.190400 3.413739  490 0.308127 6.041182 

190 0.199619 3.619492  500 0.308288 6.044772 

200 0.208301 3.813259  510 0.308729 6.054618 

210 0.216619 3.998902  520 0.308890 6.058216 

220 0.224393 4.172406  530 0.307746 6.032675 

230 0.232046 4.343195  540 0.307811 6.034138 

240 0.238788 4.493665  550 0.307924 6.036651 

250 0.245502 4.643516  560 0.308040 6.039247 

260 0.251576 4.779074  570 0.308040 6.039244 

270 0.257159 4.903680  580 0.308070 6.039911 

280 0.262580 5.024657  590 0.308234 6.043558 

290 0.267685 5.138591  600 0.308227 6.043404 

300 0.272149 5.238230     
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Table B.7. Cartesian coordinates, electronic and zero-point energies, thermal corrections 
to enthalpies at 298 K, and entropies for optimized structures. Energies are given in 
Hartrees and entropies are given in cal molī1 Kī1. None of the given structures have 
imaginary frequencies. 

 

3.7. M06-2X/cc-pVDZ = ī862.152768, zpe = 0.297091, tc = 0.312095 , S = 133.724 

1 6 0 2.651847 ī1.872142 0.201585 

2 6 0 2.068424 ī0.646391 ī0.105962 

3 6 0 2.804675 0.514920 ī0.305772 

4 6 0 4.188808 0.477285 ī0.171368 

5 6 0 4.797204 ī0.734608 0.152645 

6 6 0 4.037258 ī1.895921 0.334818 

7 1 0 2.074040 ī2.789188 0.315862 

8 1 0 4.785125 1.377441 ī0.320809 

9 1 0 5.881127 ī0.782374 0.255665 

10 1 0 4.534041 ī2.836356 0.570806 

11 6 0 1.901433 1.672821 ī0.622835 

12 1 0 1.879531 2.385739 0.214318 

13 1 0 2.202205 2.217158 ī1.525420 

14 6 0 0.513263 1.014560 ī0.812941 

15 7 0 0.673654 ī0.372514 ī0.295433 

16 6 0 ī0.560031 1.808381 ī0.073283 

17 8 0 ī0.585551 1.502307 1.219147 

18 6 0 ī1.574104 2.214552 1.987161 

19 1 0 ī1.451183 1.869651 3.016760 

20 1 0 ī1.402838 3.294666 1.908004 

21 1 0 ī2.575248 1.973771 1.605689 

22 6 0 ī0.276170 ī1.201082 0.022368 
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23 1 0 0.072644 ī2.108273 0.523886 

24 6 0 ī1.704367 ī1.086644 ī0.164412 

25 6 0 ī2.340676 ī0.266155 ī1.118813 

26 6 0 ī2.486823 ī1.916144 0.665996 

27 6 0 ī3.725824 ī0.258498 ī1.205419 

28 1 0 ī1.773504 0.344884 ī1.817252 

29 6 0 ī3.871565 ī1.884775 0.587483 

30 1 0 ī1.997478 ī2.577226 1.383755 

31 6 0 ī4.490982 ī1.053441 ī0.347603 

32 1 0 ī4.213302 0.369409 ī1.950382 

33 1 0 ī4.469258 ī2.516735 1.243487 

34 1 0 ī5.578904 ī1.035063 ī0.420640 

35 8 0 ī1.229649 2.639070 ī0.619515 

36 1 0 0.244793 0.968767 ī1.874644 

3.8. M06ī2X/ccīpVDZ = ī862.152147, zpe = 0.296088, tc = 0.311207 , S = 134.083 
 
1 6 0 ī1.236935 ī2.188919 ī0.671117 

2 6 0 ī0.038821 ī1.579505 ī0.318384 

3 6 0 0.975391 ī2.219170 0.397210 

4 6 0 0.806940 ī3.540230 0.791183 

5 6 0 ī0.386568 ī4.177503 0.447462 

6 6 0 ī1.390512 ī3.513849 ī0.269777 

7 1 0 ī2.023158 ī1.664759 ī1.211338 

8 1 0 1.580597 ī4.066446 1.349876 

9 1 0 ī0.543057 ī5.214355 0.744773 

10 1 0 ī2.311882 ī4.040610 ī0.515773 

11 6 0 2.093356 ī1.241836 0.580480 
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12 1 0 2.330817 ī1.014964 1.633182 

13 1 0 3.045023 ī1.540262 0.109605 

14 6 0 1.566505 ī0.026222 ī0.101793 

15 7 0 0.386465 ī0.244106 ī0.603349 

16 6 0 2.299672 1.288151 ī0.186878 

17 8 0 3.569987 1.089186 0.109110 

18 6 0 4.398566 2.273174 0.093576 

19 1 0 5.399977 1.928276 0.359703 

20 1 0 4.383107 2.716905 ī0.908976 

21 1 0 4.016744 2.995801 0.824670 

22 6 0 ī0.476985 0.692594 ī1.363313 

23 1 0 ī0.834088 0.126326 ī2.232880 

24 6 0 ī1.629483 1.168664 ī0.508626 

25 6 0 ī1.381780 1.841763 0.690973 

26 6 0 ī2.943520 0.971551 ī0.936776 

27 6 0 ī2.445440 2.298181 1.464158 

28 1 0 ī0.354960 2.029738 1.011273 

29 6 0 ī4.007183 1.438046 ī0.165526 

30 1 0 ī3.141554 0.466650 ī1.885621 

31 6 0 ī3.758499 2.095136 1.037568 

32 1 0 ī2.249566 2.824782 2.398204 

33 1 0 ī5.031161 1.287946 ī0.507571 

34 1 0 ī4.589756 2.457694 1.642491 

35 8 0 1.779357 2.337800 ī0.455887 

36 1 0 0.154671 1.519968 ī1.696463 
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B.5 ï NMR spectra 

3-(3-(2-Hydroxy-2,3-dihydro-1H-inden-1-yl)thioureido)-1-methylpyridin-1-ium BArF
4 (1) 

1H (CD2Cl2, 400 MHz) 
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HBArF
4 · 2 Et2O (Brookhartôs acid) 

1H (CD2Cl2, 400 MHz) 
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Methyl (S)-indoline-2-carboxylate 

1H (CDCl3, 400 MHz) 
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1-(tert-Butyl) 2-methyl (S)-indoline-1,2-dicarboxylate 

1H (CDCl3, 400 MHz) 
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Methyl 2-methylindoline-2-carboxylate 

1H (CDCl3, 400 MHz) 
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Isopropyl (S)-indoline-2-carboxylate 

1H (CDCl3, 400 MHz) 
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1-(tert-Butyl) 2-isopropyl (S)-indoline-1,2-dicarboxylate 

1H (CDCl3, 400 MHz) 
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Isopropyl 2-methylindoline-2-carboxylate 

1H (CDCl3, 400 MHz) 
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Isopropyl 2-methylindoline-2-carboxylate 

13C (CDCl3, 126 MHz) 

  


