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ABSTRACT OF THE DISSERTATION 
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by 
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The Cope rearrangement has been used as the key step of many natural product 

syntheses but to date there is only one limited example in the literature that is capable of 

performing a catalytic, asymmetric variant of this reaction. The first half of this 

dissertation focuses on our efforts towards performing a catalytic asymmetric Cope 

rearrangement to access remote stereocenters. The rearrangement of 2-formyl-1,5-dienes 

was achieved with both Brønsted and Lewis acid catalysts. The best Lewis acid catalyst 

was determined to be AuCl3. As there are no examples of asymmetric Au(III) catalysis, 

we designed and synthesized bis-α-chiral dipyrromethanes as potential new ligands for 

organometallic asymmetric Cope rearrangements. 

This work also focuses on the design and synthesis of functionalized deep 

cavitands for use as biomimetic C-H oxidation catalysts. Enzymes are capable of 

performing site-selective oxidations by incorporating substrates in their binding pockets 

and selectively oxidizing the C-H bond closest in proximity to the active site of the 

enzyme. Cavitands are capable of selectively binding guests of the appropriate size and 
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shape, much like enzymes. Specifically, this work involves the synthesis of cavitands that 

contain deep cavities with functionalized rims that possess the ability to complex to 

metals such as iron or copper. These deep functionalized cavitands were found to be 

capable of binding amines and other small guests as well as performing unprecedented 

anion binding. Metal coordination was also achieved at the rims of the cavitand making 

these metallobound cavitands potential enzymes mimics by binding a guest in their 

cavities and selectively oxidizing the groups closest in proximity to the catalytic sites, i.e. 

the metal bound rims. 
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Chapter One: Cope Rearrangement Background 

1.1 Introduction 

The Cope rearrangement is the classic example of a [3,3]-sigmatropic rearrangement. 

Since its discovery in 1940 by Arthur C. Cope in which 1,5-dienes were heated at 

elevated temperatures,
1
 much progress has been made allowing for a more widespread 

use of the Cope rearrangement in the synthetic world. Such variants of this rearrangement 

include lowering reaction temperatures by applying acid catalysts
2
 and promoters

3
 to 

reduce reaction times. There are diastereoselective versions of this reaction
 
but to date 

there is only one report of a catalytic asymmetric Cope rearrangement.
4
  

Cope rearrangements are widely used in the total synthesis of many natural 

products such as (+)-frullanolide,
5
 (-)-acutumine,

6
 (-)-patchoulenone,

7
 (+)-lentiginosine,

8
 

(+)-erogorgiaene
9
, and syn-streptorubin-B

10
. Often the Cope substrates involved in the 

total synthesis of these complex natural products possess chiral directing groups that 

allow for asymmetric induction. If a method could be developed to provide chiral 

products from achiral precursors, a new utensil could be added to the synthetic chemist’s 

toolbox. 

 

1.2 Diastereoselective Cope Rearrangements 

Cope rearrangements proceed through ordered chair-like transition states and therefore 

transmit stereochemistry present in the starting material to the rearranged products. This 

was first discovered in 1967 when trans-3-methyl-3-phenylhepta-1,5-diene 1 was 



2 

 

rearranged to provide an 87:13 mixture of cis and trans-3-methyl-6-phenylhepta-1,5-

diene, (S)-3 and (R)-3, respectively (Scheme 1.1).
11

  

 

Scheme 1.1: Chair-like transition state helps transmit stereochemical information in Cope rearrangements. 

 

The stereoselectivity in this reaction is caused by the chair-like transition state. 

Diene 1 can react through two different chair conformation transition states. In one chair 

conformation, 2a, the bulkier phenyl group is equatorial and the methyl group is axial. 

The methyl group in the axial position causes some unfavorable strain but it is not as 

unfavorable as the torsional strain found in 2b caused by the bulkier phenyl group being 

axial.  This causes a preference for transition state 2a leading to more formation of (S)-3.  

Diastereoselective Cope rearrangements have seen much success by using chiral 

auxiliaries.
12,13

 Chiral oxazolidinone auxiliaries are typically incorporated into 1,5-dienes, 

as in 4 (Scheme 1.2).
13

 Rapid rearrangement occurs with a high degree of 

diastereoselectivity. Chirality is transferred from the stereogenic centers present in the 

starting materials, namely the chiral oxazolidinone and silyl protected alcohol. The high 

degree of selectivity for 5 over 6 is attributed to the preference for the oxazolidinone 

residing in a pseudo-equatorial position during the transition state due to the increased 



3 

 

1,3-diaxial interactions found in 4b caused by the bulky oxazolidinone being pseudo-

axial.  

 

 

Scheme 1.2: Chiral auxiliaries provide for high diastereoselectivity. 

 

1.3 Asymmetric Amino-Cope Rearrangements 

Amino-Cope rearrangements involve the rearrangement of 3-amino-1,5-dienes such 7 

(Scheme 1.3). These rearrangements typically lead to enamine products. The 

incorporation of an amine group allows for chiral directing groups to be incorporated to 

the 1,5-diene substrate. Typically, amino-Cope rearrangements are used to form 

aldehydes with β- or γ-stereocenters (Scheme 1.3).
15,16

 Enantioselectivity is achieved by 

incorporating a chiral auxiliary which favors the conformation of the auxiliary to be 

equatorial in chair-like transition state 8 leading to the observed selectivity. Once the 

anionic amino-Cope product is formed the introduction of acid removes the auxiliary via 

hydrolysis to afford enantioenriched aldehydes 9. Choice of solvent played a key role in 

this report. Using THF alone afforded lower enantioselectivities, ranging from 39-77 %, 



4 

 

due to a competing [1,3]-rearrangement being more prevalent. When coordinating co-

solvent 1,3-dimethyl-3,4,5,6-tetrahydro-2-(1H)-pyrimidinone (DMPU) was employed, 

this competing pathway was less prevalent and enantioselectivities ranged from 82-89 %, 

albeit lower overall yields were observed.
16

 

 

 

Scheme 1.3: Amino-Cope rearrangement for the enantioselective synthesis of β-substituted aldehydes. 

 

1.4 Asymmetric Aza-Cope Rearrangements 

Aza-Cope rearrangements are a variant of the typical Cope rearrangement. They involve 

the sigmatropic reaction of 1,5-imino alkenes as opposed to 1,5-dienes (Scheme 1.4). By 

incorporating this nitrogen atom, aza-Copes have an added coordinative lone pair that 

makes them capable of binding to asymmetric catalysts to afford enantiomerically 

enhanced products.  

 

 

Scheme 1.4: Comparison of an aza-Cope and a Cope rearrangement. 
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One such example of a catalytic asymmetric aza-Cope is shown in Scheme 1.5.
14

 

In this report, asymmetric aminoallylation of aryl aldehydes was performed using chiral 

Brønsted acids. The best yields and enantioselectivities were obtained when chiral 

phosphoric acid 11 was employed in conjunction with methyl-tert-butylether (MTBE) as 

the solvent. The authors propose that catalyst 11 donates its acidic proton to the imine 

nitrogen forming an iminium ion with the deprotonated phosphoric acid closely 

associated creating a chiral ion pair. This interaction favors the rearrangement of iminium 

ion 12 to occur on the opposite side of the closely associated phosphoric acid leading to 

13, which upon hydrolysis yields allylated benzylamines 14 with enantioselectivities 

ranging from 80-88 %. 

 

 

Scheme 1.5: Catalytic asymmetric aminoallylation of aldehydes via an  enantioselective aza-Cope. 
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1.5 Catalytic Asymmetric Cope Rearrangements 

The only example of a catalytic asymmetric Cope rearrangement in which no chiral 

centers are present in the starting materials was published last year. In this report, achiral 

1,5-dienes containing alkenyl-methylenecyclopropanes are converted to their Cope 

products at low temperatures in the presence of a new chiral gold (I) catalyst 15, derived 

from the double chloride abstraction of (S)-3,5-xylyl-PHANEPHOS(AuCl)2 

(PHANEPHOS = 4,12-bis(diphenylphosphino)-[2,2]-paracyclophane, Scheme 1.6).
4
 

Favorable Cope rearrangements are typically driven by the formation of 

thermodynamically favored products converting less substituted alkenes to more 

substituted alkenes. The example shown in Scheme 1.6 forms less substituted alkene 

products, but these reactions are driven forward by the release of ring strain caused by the 

alkenyl- methylenecyclopropane.  

 

 

Scheme 1.6: Example of a catalytic asymmetric Cope rearrangement. 
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Similar reactivity has been observed employing achiral Pd(MeCN)2Cl2 as catalyst 

in the rearrangement of acyclic 1,5-dienes.
17

 Both of these examples operate by 

electrophilic activation of substrate by the metal source. In the chiral gold(I) example, the 

first step involves the complexation of gold to the methylenecyclopropane leading to 

intermediate 17, which is kinetically preferred over complexation to the other alkene 

giving intermediate 18 because it forms a tertiary carbocation as opposed to a secondary 

carbocation (Scheme 1.7). The asymmetric induction is caused by the bulky chiral 

PHANEPHOS ligand 15, which favors rearrangement from the opposite face of the 

bound gold. Unfortunately, this report is extremely limited in scope as it requires the 

presence of a methylenecyclopropane unit. Development of a catalytic asymmetric Cope 

rearrangement that is more widely applicable and does not rely on such an uncommon 

functional group would be much more beneficial to the synthetic world. 

 

Scheme 1.7: Proposed pathways for the electrophilic activation of Cope rearrangements bearing 

methylenecyclopropanes. 
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1.6 Hydrogen Bonding Catalysts 

One way in which enzymes are capable of catalyzing a wide range of chemical processes 

is by hydrogen bonding to a substrate, through their amino acid residues, thereby 

decreasing the electron density of a substrate and activating it for attack by a nucleophile. 

Chorismate mutase is a biological catalyst that uses hydrogen bonding to convert 

chorismate to prephenate via a [3,3]-sigmatropic rearrangement (Scheme 1.8).
18

 In this 

enzyme-catalyzed Claisen rearrangement, there are several hydrogen bonding 

interactions between chorismate and chorismate mutase. The hydrogen bonds aid in 

holding the substrate in place or activate the substrate for the pericyclic reaction to occur. 

It has been suggested that the important interaction in this system is the double hydrogen 

bond donation to the oxygen of the vinyl ether which activates chorismate for the 

pericyclic reaction to occur.
19,20 
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Scheme 1.8: Chorismate mutase: Acceleration of a Claisen rearrangement by double hydrogen bonding 

and multiple non-covalent catalyst-substrate interactions. 

 

In the past decade, much progress has been made in using hydrogen bonding as a 

means of asymmetric catalysis.
21

 Most of these chiral hydrogen bonding catalysts are 

substituted ureas or thioureas that provide dual point hydrogen bonding. An example of 

this type of catalyst used for a pericyclic reaction is seen in the asymmetric catalyzed 

Claisen rearrangement of ester substituted allyl vinyl ethers using a chiral guanidinium 

tetrakis[3,5-bis(trifluoromethyl)phenyl]borate (BArF) catalyst.
22

 Computational studies 

revealed that the chiral guanidinium salt dually hydrogen bonds to the oxygen of the allyl 

vinyl ether and the carbonyl oxygen of the pendant ester (Figure 1.1).
23

 This interaction 

helps catalyze the rearrangement by lowering the lowest unoccupied molecular orbital as 

well as stabilizing the negative charge that develops in the transition state. Once the 
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bulky chiral guanidinium salt is bound to the achiral substrate rearrangement is favored to 

occur from the opposite enantioface that the catalyst is bound to. 

  

 

Figure 1.1: Proposed H-bonding interactions in asymmetric Claisen rearrangement.
23

 

 

Asymmetric reactions involving single-point hydrogen bonding catalysts are far 

less common due to the difficulty in sufficiently activating substrates through this single 

interaction. One of the few catalysts capable of doing this is α,α,α’,α’-tetraaryl-1,3-

dioxolane-4,5-dimethanol, TADDOL. First employed as a chiral ligand for titanium 

catalyzed reactions,
24

 TADDOL has since been commonly employed as a hydrogen 

bonding catalyst.
25,26

 TADDOL forms an intramolecular hydrogen bond between its 

alcohols leaving one hydrogen exposed (Figure 1.2). This exposed hydrogen is more 

acidic than the intramolecularly H-bounded hydrogen and as a result is better able to form 

an intermolecular hydrogen bond with a hydrogen bond acceptor, such as the oxygen of 

an aldehyde (Figure 1.2).  
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Figure 1.2: Proposed hydrogen bonding interactions of TADDOL. 

 

TADDOL has been used as a single-point hydrogen bonding catalyst in Diels-

Alder reactions where the dienophile is an α,β-unsaturated aldehyde (Scheme 1.9). 

TADDOL activates the dienophile through LUMO lowering catalysis. When the 

dienophile hydrogen bonds to TADDOL it is donating some of its electron density to 

form this hydrogen bond. This further makes this already electron-deficient alkene more 

electron poor and thereby makes it prone for attack by the electron-rich diene.  

 

 

Scheme 1.9: Enantioselective Diels-Alder using a single-point hydrogen bonding catalyst. 

 

One of the reasons that asymmetric single-point hydrogen bonding catalysis is so 

challenging is because with just a single binding point it is difficult to find the 

appropriate amount of steric bulk to induce chirality without being too bulky so as to 
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impede substrate binding. TADDOL’s bulky 1-naphthyl aryl substituents provide an 

appropriate amount of steric bulk to block one enantioface of the hydrogen bound 

dienophile as depicted in Figure 1.2. If the aryl group is switched to smaller substituents, 

such as phenyl, then a decrease in enantioselectivity is observed.
26

 We will apply some of 

these concepts to our systems in hopes of achieving asymmetric catalytic Cope 

rearrangements.  
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Chapter Two: Towards a Catalytic Asymmetric Cope Rearrangement 

2.1 Synthesis and Design of Cope Substrates 

In order to induce chirality in the rearrangement of achiral 1,5-dienes, we decided that a 

coordinative lone pair needed to be incorporated into the Cope substrates. As such, the 

Cope substrates designed in this work were constructed to contain a pendant aldehyde so 

that chiral catalysts could interact with the oxygen of the carbonyl group. We believed 

that the substrate should bind to a chiral catalyst and block one face of the achiral 

substrate forcing the rearrangement to occur on the opposite face, similar to TADDOL’s 

interaction with enal dienophiles (Figure 2.1).  

 

 

Figure 2.1: Proposed binding of TADDOL to α,β-unsaturated aldehydes. 

 

There are several examples of substrates that take advantage of incorporating 

carbonyl groups to help bind to chiral catalysts and transfer chirality to the final 

product.
1,2

 The pendant aldehyde should make the adjacent alkene more electrophilic 

thereby activating it for attack by the other olefin. When a catalyst binds to the carbonyl 

oxygen the electrophilicity of this alkene should be further increased. 
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The 2-formyl-1,5-dienes designed in this work have the potential to lead to either 

beta or gamma stereocenters, relative to the aldehyde, depending on the substitution of 

the initial 1,5-dienes. If the alkene bearing the aldehyde is substituted then it would lead 

to a β-stereocenter (Scheme 2.1A). If the other alkene is substituted then a γ-stereocenter 

would be observed (Scheme 2.1B). Incorporating stereochemistry at these positions is 

much less common than incorporating stereochemistry at the α-position. 

 

 

Scheme 2.1:  Potential stereocenters formed in asymmetric Cope rearrangement. 

 

Synthesizing Cope substrates proved to be more difficult than expected. Several 

different synthetic routes were planned. Initially, a cross metathesis reaction between 

styrene and 5-hexen-1-ol using Grubb’s second generation catalyst 20 was performed but 

unfortunately this did not lead to the desired alkene as the major product (Scheme 2.2a).
3
 

Instead, the dominant reaction was that of styrene self-metathesizing leading to the 

formation of stilbene. Similar results were obtained when using other olefins such as 3,3-

dimethylbutene. Since cross metathesis of these alkenes proved to be low yielding, a 
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different route was employed (Scheme 2.2b). Hydration of dihydropyran 21 gives 

tetrahydropyranol 22. Under Wittig conditions this ring opens and reacts with an ylide, 

and forms an alkene but with the added bonus of also producing an alcohol in the 

product, 23.
4
 The alcohol can then be oxidized to the corresponding aldehyde in the 

presence of pyridinium dichromate (PDC). The second alkene can then be introduced by 

treating with Eschenmoser’s salt leading to the desired 1,5-dienes with a pendant 

aldehyde, 24.
5
  

 

 

 

Scheme 2.2: Accessing 1,5-dienes via (a) olefin cross metathesis (b) Wittig pyranol ring opening. 

 

 

 

Dienes 24 were the simplest Cope substrates synthesized, and illustrated that the 

dienal could be accessed using Eschenmoser’s salt. The Cope rearrangement of 24 forms 

less substituted 1,5-dienes, however, and this is thermodynamically unfavorable. Once 

formed, there is the possibility that they could rearrange and convert back to the initial 

1,5-dienes, which are more thermodynamically stable. Hence, a second class of Cope 

substrates was also synthesized. 
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Cope substrates 25 were designed with geminal dimethyl substituents to form 

more thermodynamically favorable tetrasubstituted alkene product 26 (Scheme 2.3). 

Furthermore, the gem-dimethyl groups aid kinetically by making the substrate fold in 

such a manner to more readily form the ordered, chair-like transition state through the 

Thorpe-Ingold effect.
6
 This has the potential to facilitate a more tightly bound transition 

state such that when the chiral catalyst binds to the substrate, the chirality can be 

transferred much more efficiently, potentially leading to high enantioselectivity.  

 

 

Scheme 2.3: New 3,3-dimethyl-2-formyl-1,5-diene Cope substrates 25 form thermodynamically favorable tetra-

substituted alkene products 26. 

 

The first attempted synthetic route to new Cope substrates 25 involved three steps 

and is shown in Scheme 2.4. First, α-alkylation of isobutyraldehyde 28 using 2-

methylene-1,3-propanediol 27 in the presence of a palladium•BEt3 catalyst leads to 

hemiacetal 29, albeit with low yields.
7
 Unlike our previous synthesis, when this 

hemiacetal was subjected to Wittig conditions, it did not lead to the desired alkene. 

Instead, only starting material was recovered. This is attributed to the added steric 

hindrance caused by the dimethyl groups which are adjacent to the acetal.  
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Scheme 2.4: First synthetic route to more substituted Cope substrates 25. 

 

As this Wittig reaction failed, a lengthier route was required (Scheme 2.5). First, 

3,3-dimethyl-1,5-pentandiol was monoprotected with tert-butyldimethylsilyl chloride 

(TBSCl).
8
 This was then oxidized to the corresponding aldehyde 30 with Dess-Martin 

periodinane followed by Wittig olefination to introduce the first alkene. The alcohol was 

then deprotected using tetrabutylammonium fluoride (TBAF) followed by oxidation. The 

second alkene was introduced by reacting the aldehyde with Eschenmoser’s salt leading 

to our desired 3,3-dimethyl-2-formyl-1,5-dienes.
5
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Scheme 2.5: Synthetic route to thermodynamically-favored Cope substrates showing various substituents 

that can be placed at chiral center of rearranged Cope product. 

 

By simply changing the Wittig reagent used to react with aldehyde 30, a variety 

of different substituents can be incorporated into the Cope substrate. The alkene “R” 

group in 31, as depicted in Scheme 2.5, forms the chiral center of rearranged Cope 

product 32. Due to the commercial availability of the Wittig salts, this reaction was used 

to test the reactivity of the Cope substrates. As a result of employing a Wittig reaction in 

the incorporation of an alkene, a 10:1 mixture of E and Z isomers is obtained, 

respectively. This is not ideal because when attempting to perform asymmetric Cope 

rearrangements with this mixture of alkenes present, it would be difficult to determine the 

enantioselectivity since the different isomers of alkenes would lead to different 

enantiomers. To solve this issue, an alternate reaction, the Kocienski modified Julia 
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olefination, could be used to selectively give one isomer.
9
 This however lengthens the 

synthesis of the Cope substrates by incorporating two additional steps due to the fact that 

the starting materials are not commercially available and therefore must be synthesized 

before the aldehyde can be converted to an alkene (Scheme 2.6). This involves 

condensing an alcohol onto 1-phenyltetrazole-5-thiol 33 to produce the corresponding 

sulfide 34. The sulfide is then oxidized with meta-chloroperbenzoic acid (mCPBA) to a 

sulfone 35. This reacts with aldehyde 30 to form the first alkene of the Cope substrate. 

One key feature of this step is that a variety of different groups can still be incorporated 

so long as they are tolerant to the reaction conditions involved in making the sulfone 

precursor.  

 

 

   Scheme 2.6: Kocienski modified Julia olefination as alternate to Wittig olefination in Cope substrate          

synthesis for stereoselective alkene formation. 

 

 

2.2 Rearrangement Using Protic Acids and Hydrogen Bonding Catalysts 

 

Seeing the success of using TADDOL as a hydrogen bonding catalyst for Diels-Alder 

reactions,
2,10

 we sought to apply this interaction between catalyst and enal substrate in 

hopes of achieving rearrangement of our 2-formyl-1,5-diene 36. TADDOL was tested as 

a catalyst for the rearrangement of dienal 36. Table 2.1 shows the results of these 
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attempts in various solvents (entries 5-8). Initially, toluene was used to prevent 

competitive binding of catalyst with solvent. As this proved to give zero conversion to 

product, more polar solvents were tested and they too failed to yield any product as 

determined by 
1
H NMR. Due to the lack of reactivity using TADDOL as a catalyst, protic 

acids were tested to determine whether rearrangement was possible with these 2-formyl-

1,5-dienes.  

 

 

Table 2.1: Acid catalyzed Cope rearrangement of 2-formyl-1,5-diene 36. 

 

Following a report in which 2-acyl-1,5-dienes rearranged in the presence of 

trifluoroacetic acid (TFA),
11

 catalytic and stoichiometric amounts of trifluoroacetic acid 
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were tested. At ambient temperature no product formationwas observed by 
1
H NMR 

(Table 2.1, entries 1-3). Thankfully, a stoichiometric amount of hexafluorophosphoric 

acid (HPF6) in CDCl3 afforded rearrangement in 43 % conversion as determined by 
1
H 

NMR ratios of 36:37 (Table 2.1 entry 4). As product formation was only detected under 

extremely acidic conditions, we shifted our focus to rearranging the 3,3-dimethyl-2-

formyl-1,5-dienes 31.  

 Table 2.2 summarizes the results of using various protic acids used as catalysts for 

the rearrangement of 8-phenyl-3,3-dimethyl-2-formyl-1,5-octadiene 38. TADDOL was 

no longer employed as a catalyst as it had proved surprisingly inactive. TFA and 

BF3•Et2O were tested in the Cope rearrangement of 2-acyl-1,5-dienes.
11

 At room 

temperature neither gave conversion to product. After increasing the temperature to 80 

ºC, TFA afforded 25 % product as determined by 
1
H NMR. HCl and HBF4 gave similar 

conversions to product at room temperature. The best result, 80 % conversion to product, 

was again observed using HPF6 as catalyst at room temperature. This data confirmed a 

general trend was that the more acidic catalyst provides more conversion to product. This 

suggested that in order to use a chiral hydrogen bonding catalyst, a more acidic hydrogen 

donor than TADDOL would be necessary.  
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Table 2.2: Acid catalyzed Cope rearrangement of 38. 

 

Chiral phosphoric acids have been employed as Brønsted acid catalysts for aza 

Diels-Alder reactions.
12,13

 The design of these catalysts allows for variability as a 

functional Brønsted acid. Figure 2.2 shows the proposed binding of a chiral phosphoric 

acid with an imine for an aza Diels-Alder reaction.
12a

 The phosphoric acid acts as a 

hydrogen bond donor with the added advantage of being more acidic. Although not as 

acidic as HPF6, the pKa is 1.2, similar to TFA, which is active at 80 ºC. The doubly 

bound oxygen acts as a Lewis basic site where it can donate its electrons to a bound 

substrate. Steric bulk can be introduced at the positions marked Ar. These can be altered 

to either increase or decrease the chiral environment of the substrates being introduced in 

order to afford enantioenriched products.  
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Figure 2.2: Functional chiral Brønsted acid. 

 

Since these phosphoric acids have proven to be good chiral hydrogen bonding 

catalysts and are more acidic than TADDOL (pKa of 1.3 and 12.2, respectively) we used 

them as catalysts for the rearrangement of 38 (Scheme 2.7). The two chiral catalysts that 

were readily available to us were (R)-VAPOL hydrogen phosphate 40 and (S)-(-)-

binaphthyl-2,2’-diyl hydrogen phosphate 41. When 30 mol % of catalyst was used at 

room temperature in CDCl3 no conversion to product was observed by 
1
H NMR. It 

appears that these phosphoric acids are also not acidic enough to catalyze the Cope 

rearrangement of our 3,3-dimethyl-2-formyl-1,5-dienes. This confirms that hydrogen 

bonding, rather than stoichiometric protonation, is not sufficient to activate the alkene.  
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Scheme 2.7: Attempts at using Chiral phosphoric acids for Cope rearrangement of 38. 

 

2.3 Cope Rearrangement Using Lewis Acid Catalysis 

Despite the precedent of TADDOL activating an enal for intermolecular Diels-Alder 

reactions, hydrogen bonding catalysts failed to catalyze the sigmatropic rearrangement of 

our 2-formyl-1,5-dienes. We then focused on a more conventional route: Lewis acidic 

catalysis. Various metal salts were tested to see which would afford rearrangement. Since 

there are several examples of achiral metal complexes catalyzing various types of 

sigmatropic reactions, such as Diels-Alder
14

 and Claisen rearrangements,
15

 we wished to 

find a Lewis acid that could be complexed to a chiral ligand to afford enantioenriched 

products. Various gold, copper, and palladium sources were tested, as well as one 

aluminum source (Table 2.3). (PPh3Au)3OBF4, Pd(OAc)2, CuI, and Cu(I)OTf failed to 



30 

 

catalyze rearrangement  of 42 after 48 h. Pd(MeCN)2Cl2 gave 36 % conversion to product 

43 after 48 h and AlCl3 gave 64 % and 77 % conversion after 1 and 48 h, respectively. 

The best results were obtained with AuCl3 as catalyst giving full conversion to product 

after one hour as determined by 
1
H NMR. 

 

 

Table 2.3: Lewis-acids tested for Cope rearrangement. 

 

The incorporation of ligands to metal salts tends to slow reaction rates. As such, 

we chose to focus our attention on the complexation of chiral ligands to AuCl3 as it 

provided the fastest reaction. Various chiral ligands were tested including (R)-VAPOL 

46, (R)-VAPOL hydrogenphosphate 40, (+)-TADDOL 47, (R, R)-DACH-pyridyl Trost 

ligand 48, (8S, 3R)-(-)-N-benzylcinchonidinium chloride 49, and (R)-(+)-1,1’-binaphthyl-
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2,2’-diamine 50  (Table 2.4). In the first attempts, gold(III) chloride and chiral ligand 

were simply pre-mixed in CDCl3 for 1 h at room temperature to allow complexation to 

occur. After this one hour pre-mix, Cope substrate 51 was introduced and allowed to stir 

for 22 hours at room temperature. Although rearrangement to product 52 was observed in 

the presence of all these chiral ligands, none of these reactions were enantioselective, as 

determined by chiral gas chromatography (GC) analysis. The lack of enantioselectivity 

combined with the slower reaction rate suggested that the chiral ligands were competing 

with the Cope substrate for binding to Au
3+

, causing it to become an less active catalyst in 

the presence of chiral ligands.  

A common concern with metal catalysis is that free counterions can form trace 

amounts of acid. The acid then has the potential to catalyze the reaction instead of the 

Lewis acidic metal. This is not believed to be the case with our reactions as evidenced by 

our previous observation where one equivalent of HCl yields 24 % product as determined 

by 
1
H NMR (Table 2.2, entry 5). If HCl were solely catalyzing the rearrangement, then 

one would expect to see similar yields when using 100 mol % HCl and 30 mol % AuCl3 

as catalysts because, even in the unlikely event that all the chlorides are displaced in 

AuCl3, then AuCl3 would generate 90 mol % HCl in situ. This is however not the case 

leading us to conclude that Au
3+

 is catalyzing the rearrangement.  
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Table 2.4: Cope rearrangement using AuCl3 and chiral ligands. 

 

As our attempts of complexing chiral ligands to AuCl3 and then introducing Cope 

substrates in situ failed to produce enantioselective products, we sought to ascertain 

whether the chiral Au(III) complexes were forming in situ. NaAuCl4 and chiral ligands 

48, 50, or 53 were combined in CD2Cl2 (Scheme 2.8). The 
1
H NMR spectra of these 

solutions were obtained to see if a change in chemical shift had occurred, which would 

suggest that complexation had taken place. To our despair, no such shift was observed. 

Triethylamine was added to these NMR solutions to see if deprotonating the ligands 
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would aid in complexation. The addition of base provided different NMR spectra but 

unfortunately it was not of complexed ligand. Instead, the change in chemical shift was 

due to the ligand being deprotonated and not complexation to the gold source.  

 

 

Scheme 2.8: Gold(III) complexation with chiral ligands proved unsuccessful. 

 

Since the neutral chiral ligands failed to complex to AuCl3, we next sought to 

make these ligands better electron donors by deprotonating them. Inspiration for this 

came from titanium TADDOLate catalysts, where the anionic ligand is complexed to 

Ti(OiPr)4 or Cl2Ti(OiPr)2 in aprotic solvents and is then subjected to reaction 

conditions.
18

 Following these reports, the previous chiral ligands used in Table 2.4 were 

complexed in-situ to AuCl3 by first deprotonating the ligand with potassium tert-butoxide 

(K-OtBu) and then adding AuCl3 followed by stirring at room temperature for 1 h to 

allow for complexation to occur. Cope substrate was then introduced and the mixture was 

stirred at room temperature for 22 h. These reactions were run in CDCl3 to allow for easy 
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monitoring by 
1
H NMR spectroscopy. Under these conditions no rearrangement was 

observed using any of the chiral ligands shown in Table 2.5. This can be interpreted in 

one of three ways: 1) the addition of base shuts down all reactivity because it neutralizes 

trace amounts of acid that form in situ and catalyze the reaction 2) tert-butoxide is 

complexing to the gold source outcompeting the Cope substrate for binding to the metal 

catalyst source or 3) the ligands are too strongly coordinated making the metal center 

electron rich and therefore does not allow the substrate to coordinate to the metal center. 

Scenario 2 is most likely occurring as gold alkoxide complexes are common.
19

  
 

 

 

Table 2.5: Cope rearrangement using AuCl3 and anionic chiral ligands. 
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In order to further disprove the idea that trace amounts of acid was forming in situ 

and catalyzing the rearrangement, 2,6-di-tert-butylpyridine was added to the reaction 

mixture in the hopes that it would neutralize any acid formed without binding to the gold 

center due to the steric bulk from the tert-butyl groups. No reactivity was observed upon 

addition of this base. This result however, does not prove that acid was acting as the 

catalyst. A previous report has shown that 2,6-di-tert-butylpyridine can complex to 

gold.
20

 In this report, crystals of this complex were obtained and characterized by 
1
H 

NMR, IR, and elemental analysis.
 
However, the 

1
H NMR spectrum did show ca. 80 % 

dissociation of the ligand in solution as evidenced by the appearance of a second set of 

peaks. This is most likely due to the steric hindrance caused by the tert-butyl groups but 

for our purposes, coordination to the gold source seems to be enough to impede the Cope 

rearrangement of our 2-formyl-1,5-dienes. 

 Part of the difficulty of these studies is that we were in uncharted territory: 

asymmetric Au(III) catalysis. There are very few examples in the literature that employ 

chiral organometallic gold (III) complexes.
21

 Scheme 2.9 shows the proposed structure of 

the product of an attempt at complexing phenyl-PyBOX 54 with NaAuCl4. The authors 

discovered that there was a loss of C2 symmetry by 
1
H NMR and 

13
C NMR. From the 

NMR data, the authors proposed that one of the oxazoline rings hydrolyzed yielding 55. 

This organometallic catalyst was employed in the epoxidation of olefins with yields 

ranging from 7-98 % and enantioselectivities ranging from 5-45 %.  
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Scheme 2.9: Complexation of NaAuCl4 with phenyl-PyBOX 54 forms the hydrolyzed adduct 55.
21

 

 

We attempted to form this complex to see if it could be applied as a catalyst for 

the Cope rearrangement of our 2-formyl-1,5-dienes. Unfortunately, our attempts at 

forming this complex produced less than 10 % complex as determined by 
1
H NMR 

spectroscopy. Attempts at changing the counterion by transmetallating yielded deceptive 

results. The 
1
H NMR signals of Py-BOX ligand 54 shifted when AuCl3 and AgSbF6 were 

added to a solution of ligand 54 in CDCl3. Adding various amounts of AgSbF6 helped us 

to determine that the shift in NMR signals was actually due to silver complexing to 

ligand . 

Since complexing chiral ligands to gold sources proved to be difficult we moved 

to making less active but well-studied chiral organometallic Cu(II) complexes. Table 2.6 

summarizes the results of combining Cu(II) sources and chiral BOX ligands for the 

rearrangement of 51. These reactions were carried out by first pre-mixing BOX ligands 

and Cu(OTf)2 in CDCl3 for 1 h before introducing Cope substrate 51. The reactions were 

monitored by 
1
H NMR. Complexes 56-59 did not yield any product. This confirms that 

the addition of ligand to Cu(OTf)2 is detrimental to the metal as a Lewis acid catalyst for 

our system. The only complex that provided product 52 (46 % yield) was complex 60. 
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This is the only complex attempted with an SbF6 counterion. In order to obtain this 

complex, AgSbF6 was added to a mixture of CuCl2 in CDCl3. Cope substrate was then 

introduced and the reaction was monitored by 
1
H NMR spectroscopy. Chiral GC analysis 

of the product formed showed that no asymmetric induction had occurred. A racemic 

mixture was obtained suggesting to us that the copper source was either not fully 

complexed to the chiral ligand or that the ligand does not possess enough steric bulk to 

induce chirality on the Cope substrate. 
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Table 2.6: Cu(II)BOX complexes used for the rearrangement of 51. 
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Chapter Three: Background on Dipyrromethane Ligands 

3.1 Introduction 

Porphyrins have been the interest of many research groups ever since the discovery of 

cytochrome P450 (CYP) in the 1950’s.
1
 CYP is capable of selectively catalyzing the 

hydroxylation of aliphatic C-H bonds as well as forming epoxides from alkenes.  The 

active site of CYP contains an iron porphyrin unit which binds oxygen thereby activating 

oxygen for incorporation into many organic substrates (Figure 3.1). Many biomimetic 

catalysts bearing porphyrin units have since been studied. Notable are metalloporphyrins 

and metallodipyrrins. 

 

 

Figure 3.1: The active site of cytochrome P450 bearing a metalloporphyrin unit. 

 

Dipyrrins contain only two pyrrole rings which are connected by a bridging 

methylene carbon. They are essentially half of a porphyrin (Figure 3.2). Metallodipyrrins 

and metallodipyrromethanes have been used as metal-organic frameworks,
2
 light-

harvesting systems,
3-5

 C-H bond amination catalysts,
6,7

 and as ligands for asymmetric 

catalysis.
8-12

 Dipyrrins have the advantage of being capable of incorporating functionality 

at the 2 positions of each pyrrole ring, whereas the macrocyclic porphyrin cannot.  
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Figure 3.2: Structure of the simplest dipyrrin. 

 

3.2 Dipyrrins as BODIPY Dyes 

Difluoroborondipyrrins (BODIPY) were first discovered in 1968.
13

 These fluorophores 

exhibit high stability, sharp fluorescence peaks, high quantum yields and tunable 

emission. They are most often used as probes and sensors due to their optical properties.
14

 

Not until a patent in 1988 were BODIPY dyes more widely used as biomolecule labeling 

agents.
15

 The bridging group in dipyrrins plays a key role in the fluorescence of BODIPY 

dyes. Reports have shown that having a mesityl group at the bridging carbon is better 

than a phenyl group because the added steric bulk restricts internal rotation of the ring 

with respect to the dipyrrin framework (Figure 3.3).
4,5

 The restricted rotation dramatically 

alters the excited state properties of the complexes by slowing the nonradiative relaxation 

to the ground state. In the two examples shown in Figure 1.3, the phenyl substituted 

metallodipyrrin is a weak emitter with a fluorescence yield of 0.006 and an excited-state 

lifetime of 90 ± 10 ps, whereas the mesityl substituted dipyrrin has a fluorescence yield 

of 0.36 and an excited-state lifetime of 2.7 ± 0.3 ns in toluene. 
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Figure 3.3: Structural differences lead to difference in emission for dipyrrin complexes.
5
 

 

The bridging groups frequently contain the sensor for ion detection. Figure 3.4 

shows the structures of BODIPY dyes with such bridging groups. BODIPY 61 is used as 

a sensor for calcium,
16

 62 is selective for potassium over sodium ions,
17

 and 63 is a Cu
+
-

responsive probe.
18

 

 

 

 

 
Figure 3.4: Structures of BODIPY dyes used for ion sensing. 
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3.3 Metallodipyrrins as C-H Bond Amination Catalysts 

Ferrous dipyrrins have been shown to catalyze C-H bond aminations and olefin 

aziridinations.
6,7

 Catalyst 64 was designed to be coordinatively and electronically 

unsaturated to make the metal center reactive. To accomplish this, bulky mesityl groups 

were incorporated at the 2,2’-positions of dipyrrin to block off any extra coordination to 

the metal (Figure 3.5). C-H bond amination using this catalyst proved to be difficult as 

product inhibition was observed due to the nitrene inserting into ligand C-H bonds.  

 

 

Figure 3.5: Structure of coordinatively unsaturated iron dipyrrin catalyst 64. 

 

To prevent this intramolecular reaction from occurring, the reactive C-H bonds 

were removed to afford bisadamantyl complex 65•FeCl(L). The proposed catalytic cycle 

for C-H bond amination using catalyst 65•FeCl(L) is illustrated in Scheme 3.1. First, the 

organic azide binds to the catalyst via ligand exchange with a solvent molecule. Next, 

imido formation occurs upon loss of N2. Then H-atom transfer between the imido 

complex and a benzylic C-H occurs yielding a benzylic radical which upon radical 

recombination forms the new amine and regenerates the active catalyst. Low turnover 

numbers were observed with these modified catalysts however, due to product inhibition 
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as determined by the addition of amine to the reaction medium leading to an undetectable 

amount of amination. One can imagine that a chiral version of this catalyst could be made 

if a bulky chiral substituent were added at the 2,2’-positions of these dipyrrins.  

 

 

Scheme 3.1: Proposed catalytic cycle for C-H bond amination with ferrous dipyrrin 65.
7
 

 

3.4 Dipyrromethanes as Ligands for Organometallic Catalysts 

As there are very few examples of chiral dipyrromethanes, they are rarely used as 

catalysts in asymmetric reactions. In one report, pyrrole macrocyclic ligand 66 is 

complexed to Cu(OAc)2 to catalyze the Henry reaction of aldehydes with nitromethane 

(Scheme 3.2).
12

 Yields ranged from 20-98 % with enantioselectivities ranging from 0-
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95%. Although this is an example of dipyrromethanes being incorporated in a chiral 

catalyst, the chiral centers are not directly attached to the pyrrole rings. 

 

 

Scheme 3.2: Asymmetric Henry reaction catalyzed by a chiral macrocyclic dipyrromethane.
12

 

 

The authors propose that this catalyst behaves similarly to a chiral 

bis(oxazoline)•Cu(OAc)2 system previously reported.
19

 First, an acetate is displaced to 

allow for the aldehyde and nitronate to coordinate to copper. Then the electrophilic 

aldehyde coordinates to the more Lewis acidic equatorial position while the nitronate 

coordinates to the apical position (Scheme 3.3). The asymmetric induction comes from 

the chiral diaminocyclohexane moiety but the authors were uncertain as to what role the 

dipyrromethanes play. They propose that the pyrrole N-H’s may be hydrogen bonding to 

the copper bound nitronate anion or the nitroalkoxide thereby stabilizing them. 
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Scheme 3.3: Proposed interaction of aldehyde and nitronate with 66•Cu(OAc)2.
12

 

 

In contrast to this report, achiral dipyrromethanes form axially chiral 

bis(azaferrocene) ligands when complexed to copper(I) sources for catalysis in 

cyclopropanation reactions,
8,9

 ring expansions of oxetanes,
10

 and the coupling of alkynes 

with nitrones.
11

 In these complexes, dipyrromethane coordinates in an ɳ
5
 fashion to an 

iron(II) source (Scheme 3.4), leading to three different isomers of the ligand. The meso 

diastereomer is easily separated by flash chromatography and the two enantiomers can be 

separated by chiral HPLC.
9
  

 

 

Scheme 3.4: Synthesis of the first chiral bis(azaferrocene) ligand 67.
11

 

 

These ligands are similar to semicorrins and bisoxazolines in that they are bidentate 

ligands with the coordinating nitrogens being sp
2
 hybridized (Figure 3.6).  
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Figure 3.6: Bidentate ligands used in asymmetric copper catalyzed reactions.  

 

Ligand 67 was originally used for catalysis in alkene cyclopropanation reactions.
9
 

When used as a catalyst in the coupling of alkynes with nitrones to form β-lactams, it was 

not as efficient at transferring chirality. The authors found better success when they 

employed methyl substituted dipyrromethanes in their bis(azaferrocene) framework 

(Figure 3.7).
11

 If bulky chiral substituents were put in place of the methyl groups in 68, 

one can imagine that more stereocontrol could be achieved.  

 

 

Figure 3.7: Modified bis(azaferrocene) ligand 68. 
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3.5 Synthesis of Dipyrromethanes 

Dipyrromethanes are commonly synthesized using Brønsted acids, such as trifluoroacetic 

acid (TFA),
20,21

 p-toluenesulfonic acid,
22

 and hydrochloric acid,
23

 as well as Lewis acid 

catalysts such as InCl3,
20,24

 Cu(OTf)2,
25

 MgBr2, and BF3• OEt3.
26

 The common theme 

shared among all these reports is that dipyrromethanes are easy to synthesize but difficult 

to purify. The difficulty in purifying these compounds is due to the fact that these 

condensation reactions lead to the formation of multiple products (Scheme 3.5). The 

desired dipyrromethane 69 is usually the major product formed but N-confused isomers 

70 and higher oligomers such as 71 can also form.  

 

 

Scheme 3.5: Synthesis of dipyrromethanes leads to formation of unwanted byproducts. 

 

Byproducts 70 and 71 are difficult to separate from the desired dipyrromethane 

69. Silica gel flash chromatography has proven competent to isolate the higher oligomers 

but is quite cumbersome as there is a small difference in retention factors between 69, 70, 

and 71 and the product can stick to the column.
27

 Purification via column 

chromatography has been avoided with a multi-step purification protocol that entails an 

aqueous wash, removal of volatile organics and excess pyrrole, filtration through a pad of 
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silica, Kugelrohr distillation, and finally, recrystallization.
20

 This procedure only works 

on large scale syntheses of dipyrromethanes, however.  

 The yield of desired dipyrromethane 69 is affected by the amount of pyrrole used, 

the catalyst used, the concentration of catalyst, and the aldehyde used as well. The 

general trends observed in the literature are as follows: 1) increasing the amount of 

pyrrole leads to higher yields of 69, 2) reducing the amount of acid catalyst leads to more 

formation of undesired byproducts 70 and 71, 3) low concentrations of acid catalyst lead 

to a decrease in reaction rate, 4) stronger acids, whether they be Brønsted or Lewis acids, 

gave better conversions to product but Brønsted acids gave more N-confused product and 

Lewis acids yielded more oligomer (Table 3.1).
20, 21, 28, 29

 

 

 

Table 3.1: Effect of acid on yields of 69, 70, and 71.
20
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 One other report of interest involves the condensation of aldehydes and N-

methylpyrrole.
28

 This report varies from the previous reports in that it uses an 

organocatalyst and requires only 5 equivalents of N-methylpyrrole, as opposed to the 20-

200 equivalents used by the previous reports discussed, to obtain decent yields of 

dipyrromethane. Scheme 3.6 shows the optimized conditions for synthesizing N,N-

dimethyldipyrromethanes using organocatalyst 72. Although using catalyst 72 leads to 

the formation of more oligomer, it yields no N-confused dipyrromethane, which is much 

more difficult to separate from the desired dipyrromethane on small scale.  

 

  

Scheme 3.6: Optimized conditions for the condensation of N-methylpyrrole and aryl aldehydes.28 
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Chapter Four: α-Chiral Dipyrromethanes for Asymmetric Catalysis 

4.1 Design of α-Chiral Dipyrromethanes 

As part of our interest in asymmetric catalysis, we designed a new catalyst in hopes of 

applying it for the asymmetric rearrangement of our 2-formyl-1,5-dienes. The design of 

our catalyst allows for diverse applications. It possesses the potential to be varied at the 

bridging carbon of the dipyrrolo backbone, the α-chiral center, as well as the pendant 

alcohol, which can be protected (Figure 4.1). 

  

 

Figure 4.1: General scaffold of ligand design allows for variability at several positions. 

 

 The variability of the bridging carbon of the dipyrrolo backbone is key in 

allowing for diverse applications. When fully substituted, it possesses the potential to 

increase ligand stability when used as a ligand for organometallic catalysis (Scheme 4.1). 

This bridging carbon does not have to be fully substituted in order to form ligands of this 

type but if not fully substituted care must be taken so as not to oxidize this site and form 

dipyrrins. Bulky groups can be varied at the α-chiral centers as needed in order to achieve 

enantio-enriched products.  
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Scheme 4.1: α-Chiral dipyrromethane possesses potential to be used as ligand for organometallic catalysis. 

 

If an aryl substituent were present at the bridging carbon of the dipyrrolo 

backbone, then the bis-α-chiral dipyrromethane 73 can be oxidized to form dipyrrin 74. 

Upon complexation to a metal source, bis-α-chiral metallodipyrrins 75 can be obtained 

(Scheme 4.2).  

 

 
Scheme 4.2: Synthetic route to bis-α-chiral metallodipyrrin 75 from bis-α-chiral dipyrromethane 73. 

 

4.2 Synthesis of α-Chiral Dipyrromethanes 

The first step in the synthesis of these new ligands is the formation of the 

dipyrromethane backbone (Scheme 4.3). As the isolation of dipyrromethane 76 from 

tripyrrane 77 is challenging due to their similar polarities, we sought to use conditions 
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that would favor the formation of 76, while at the same time not using huge excesses of 

pyrrole. Following a previous literature report in which N-methylpyrrole was condensed 

with various aldehydes using pyrrolidine•HBF4 72 as an organocatalyst, we attempted the 

condensation of pyrrole and benzaldehyde (Scheme 4.3). Under these reaction conditions, 

poor selectivity was observed as determined by gas chromatography of the reaction 

mixture. In an attempt to optimize reaction conditions the solvent was varied to see if the 

ratio of 76 : 77 could be improved. Solvents such as THF, MeCN, MeOH, were tested as 

well as mixed solvent systems THF:MeOH, MeCN:MeOH, MeCN:H2O, MeCN: iPrOH, 

in 20:3 ratios, respectively. The best results obtained were with MeCN. Due to this 

finding, we chose to further optimize conditions using MeCN as the solvent for the 

condensation of ketones onto pyrrole. 

  

 

Scheme 4.3: Synthesis of dipyrromethane 76. 

 

Applying reaction conditions optimized for the condensation of aldehydes to the 

condensation of letones with pyrrole provided poor selectivity for dipyrromethane 78 

over tripyrrane 79 (Table 4.1, entry 1). Due to this finding, other salts were made and 

tested as organocatalysts. HPF6 was tested as it is a stronger acid than HBF4 and previous 

reports have shown that stronger Brønsted acids lead to higher formation of 
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dipyrromethanes over tripyrranes.
1
 We also chose to try a different nitrogen source to get 

away from using from pyrrolidine leading us to use the less harsh base, morpholine. 

Table 4.1 summarizes the results of using these catalysts. While they all lead to similar 

overall yields, the PF6 salts 80 and 82 provided far better selectivity than their BF4 salt 

analogues, 72 and 81. Due to this finding, dipyrromethanes were synthesized using 

morpholine•HPF6 salts as pyrrolidine is more dangerous to use.  

 

 
Table 4.1: Optimization of organocatalyst for higher formation of dipyrromethane 78. 

 

 With the catalyst synthesis optimized, the next step was to incorporate the α-chiral 

substituent via the conjugate addition of an α,β-unsaturated aldehyde on dipyrromethane 

78. This step allows for variability at the chiral centers of the ligand framework. This 

variability is essential as it is never easy to predict how bulky the chiral group needs to be 

in order to provide good enantioselectivities in an asymmetric reaction. A variety of 
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different catalysts are easily accessible simply by varying the R group of the α,β-

unsaturated aldehyde or by varying the dipyrromethane used (Scheme 4.4).  

 

Scheme 4.4: Synthetic scheme for variable synthesis of α-chiral dipyrromethanes. 

 

Following a report in which N-methylpyrroles were reacted with α,β-unsaturated 

aldehydes in the presence of 83•TFA, we initially tested benzyl imidazolidinone 83 as a 

catalyst for the formation of α-chiral dipyrromethanes (Table 4.2).
2
 The imidazolidinone 

acts as a LUMO lowering catalyst by condensing onto the α,β-unsaturated aldehyde to 

form a more reactive iminium ion which is activated for attack by pyrrole. The product 

obtained at this point is a dialdehyde but in situ reduction provides the corresponding 

diol. Catalyst 83 provided good yields of α-chiral dipyrromethanes 84-88. The 

enantioselectivity of 86 was determined to be 75 % ee by chiral high performance liquid 

chromatography (HPLC), which was less than ideal since we intended to use 86 as a 

chiral ligand scaffold. Lowering the temperature of a reaction is common in asymmetric 

synthesis as it slows the background reaction from occuring and leads to higher 

enantioselectivities. Attempts at lowering the reaction temperature unfortunately did not 

improve asymmetric induction.  
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Table 4.2: Synthesized α-chiral dipyrromethanes using 1

st
 generation MacMillan catalyst 83. 

 

 Macmillan’s 2
nd

 generation catalyst 89 contains a bulky tert-butyl group at the 2 

position of the imidazolidinone as opposed to the geminal methyls found in 83. Figure 

4.2 illustrates the effect of incorporating a tert-butyl group at this position. Monte Carlo 

simulations of iminium ions derived from acrolein and catalysts 83 and 89, respectively, 

have shown that 83 has a negative effect on the carbon-carbon bond forming event as one 

of the methyl groups hinders the attack of the nucleophile.
3
 Catalyst  89 on the other 

hand, has no such negative effect. The tert-butyl group aids in blocking the nucleophile 

from attacking the top face of the iminium intermediate. When catalyst 89 was used to 
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synthesize 86 under the same reaction conditions as in Table 4.2, similar yields were 

observed but an optimal enantioselectivty of 99 % was obtained.  

 

 

Figure 4.2: Comparison of the interaction between pyrrole and catalysts 83 and 89. 

 

4.3 As Ligands for Organometallic Catalysis 

With bis-α-chiral dipyrromethanes in hand, we moved on to try our ligands for 

organometallic catalysis. Since AuCl3 was the best at catalyzing the Cope rearrangement 

of our 2-formyl-1,5-diene we initially attempted to coordinate 86 to AuCl3. To our 

knowledge, there are no examples of asymmetric catalysis using gold (III). There is some 

precedent however, for metal complexation of dipyrromethanes with Ti,
4
 Mn, Fe, Co, Ni, 

and Zn.
5
 Although Au(III) is not one of the metals shown to previously complex to 

dipyrromethanes, we wished to achieve similar complexation with our bis-α-chiral 

dipyrromethanes. Once complexed, it would then be tested as an organometallic catalyst 

for the asymmetric Cope rearrangement of our 2-formyl-1,5-dienes.  
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Our initial attempts at coordinating AuCl3 to our bis-α-chiral dipyrromethanes 

were performed using 86 in C6D6 for ease of monitoring by 
1
H NMR (Scheme 4.5). After 

2h of stirring, an NMR was taken to see if any complexation had occurred. 

Unfortunately, no complexation was detected as concluded by the lack of change in 

chemical shift in the 
1
H NMR spectrum. We thought that perhaps the anionic ligands 

might coordinate better to the gold source therefore triethylamine was added to 

deprotonate 86.  This too lead to no discernable change in chemical shift once AuCl3 was 

added. Even after heating the mixture no complex was observed as determined by 
1
H 

NMR. 

 

 

Scheme 4.5: Synthetic scheme for the complexation of AuCl3 with α-chiral dipyrromethane 86. 

 

Tetraphenylporphyrins (TPP) have been shown to complex with gold (III) salts 

via ɳ
1
 coordination to the nitrogen of the pyrrole units.

6,7
 Dipyrrins can be thought of as 

half of a porphyrin. Others in the Larsen group have shown that dipyrrins can be made 

from our bis-α-chiral dipyrromethane ligand scaffold. Complexation of these bis-α-chiral 

dipyrrins with several metals was also attempted by others in the group but this work will 

not be discussed here. 
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Formation of azaferrocene derivatives with 86 was next attempted. Precedent for 

this comes from a report in which azaferrocenes were synthesized by reacting 

dilithiodipyrromethane with Cp
*
FeCl (Scheme 4.6).

8
 In this example, a mixture of 

enantiomers and the meso diastereomer are formed because there are no substituents on 

the dipyrromethane to help favor one product over another. Our dipyrromethanes contain 

chiral directing groups that could aid in the selectivity for the (+) and (-)-enantiomers 

over the meso-stereoisomer. 

 

Scheme 4.6: Synthesis of azaferrocene 68 leads to a mixture of isomers. 

 

Some modifications to 86 needed to be made before forming bisazaferrocenes. In 

order to prevent the alcohols from coordinating to the iron source as alkoxides, they were 

protected using tert-butyldimethylsilylchloride to provide bis-silylated product 90 

(Scheme 4.7). This was then doubly deprotonated using n-butyl lithium and treated with a 

freshly prepared solution of cyclopentadienyliron chloride (CpFeCl). Unfortunately, the 

desired bis(azaferrocene) product was not obtained. After several attempts, we were only 

able to ferrocenylate one of the pyrrole rings of 90. Attempts to take the 
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monoazaferrocenylated product and re-subject it to reaction conditions to obtain the 

desired bisazaferrocene were also unsuccessful.  

 

 

 
Scheme 4.7: Proposed synthesis for new α-chiralbisazaferrocene 91 (SPARTAN semi-empirical 

calculation AM1 forcefiled). 

 

The difficulty of synthesizing 91 was believed to be due to the instability of 

CpFeCl. To remedy this, pentamethylcyclopentadienyliron chloride was instead used 

since it is more stable, but unfortunately this failed to form any desired product. It is 

unclear as to why forming these bisazaferrocenes is so difficult. Perhaps, it is due to the 

added steric bulk caused by either the geminal methyls or the α-chiral centers found in 90 

that are not present in 68. This can be tested by attempting to bis-azaferrocenylate 92 

(Scheme 4.8).  If 92 is capable of bis-azaferrocenylation then that would suggest that the 

added bulk of the geminal methyls caused bis-azaferrocenylation of 93 to fail. Bis-

azaferrocene 93 more closely resembles the previously reported bis-azaferrocenes 67 and 

68.
8, 9

  

 

91 
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Scheme 4.8: Bis-azaferrocenylation of bis-α-chiral dipyrromethane 92 containing an unsubstituted 

dipyrromethane backbone. 
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Chapter Five: Biomimetic Receptors and C-H Oxidation Catalysts 

5.1 Introduction 

Enzymes possess receptor sites that contain rigid, concave cavities that complement the 

convex surfaces of suitably sized substrates or inhibitors.
1
 Cavitands are synthetic 

molecular receptors that mimic this behavior as they too possess defined concave cavities 

that can bind substrates of the appropriate size, shape and charge. Typically, substrates 

need to fill about 55 % of the volume of the cavity to achieve strong binding.
2
  

 Resorcinarene based cavitands are an ideal precursor for constructing biomimetic 

molecular receptors as they possess the ability to be functionalized at the “rims” and 

“feet” of these structures (Scheme 5.1). They are easily synthesized from resorcinol 94 

and an aldehyde in the presence of acid. The feet can be varied to display solubilizing 

groups that do not affect the cavity or binding of substrates. The rims can be 

functionalized by simply deprotonating them and performing a nucleophilic aromatic 

substitution reaction to deepen the cavity. Deeper cavities are desirable to allow for larger 

guests to be encapsulated in order to better mimic enzyme receptor sites.  

 

 
Scheme 5.1: Resorcinarene based cavitands allow for variability at the rims and feet. 
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It is important to note that these receptor mimics do not always adopt the desired 

bowl-shaped conformation. Depending on the environment and the nature of the added 

walls, they can adopt vase or kite-like conformations (Figure 5.1). In the vase-like 

conformation, the cavitand contains a cavity that is occupied by solvent molecules or 

some other guest of the appropriate size. In the kite-like conformation, there is a very 

shallow cavity and it usually exists as a dimer where two are sandwiched together, often 

termed a "velcrand". Distinguishing between the two conformations can be performed by 

1
H NMR analysis. The methine CH proton at the bridging carbon of the base usually 

resonates above 5 ppm if in the vase-like conformation and below 5 ppm if in the kite-

like conformation. In the kite conformation, this proton resonates further upfield due to it 

sitting in the induced magnetic field of the aromatic rings causing it to be more shielded 

than if it were in the vase conformation. 

 

 

Figure 5.1: Conformations adopted by cavitands: (A) vase conformation (B) kite conformation.  

 

 

A B 
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5.2 Deep Cavitands 

One class of deep cavitands are the quinoxaline/pyrazine cavitands.
3-5

 Initial reports on 

these types of cavitands found that cavitands containing pyrazine walls were found to 

exist only in their vase-like conformations, whereas quinoxaline cavitands displayed 

vase-like conformations above 5 ºC and kite conformations at low temperatures.
5
 A later 

study revealed that quinaxoline cavitands could be made to reversibly switch back-and-

forth between the vase and kite conformations by altering either the temperature or acidic 

environment of the molecular receptor.
3
 The authors propose that in the presence of acid 

the quinaxoline cavitand was protonated at the basic quinoxaline nitrogens, thereby 

forming positive charges that repelled one another and forced the cavitand into the kite 

conformation. When the solution was neutralized, the vase-like conformation was 

restored.  

Another class of deep cavitands are the rigid nanoscale molecular baskets 97, 

which bridge the oxygens at the rim of the cavity with aryl substituents (Figure 5.4).
6, 7

 

Several different derivatives of this basket have been synthesized and possess the ability 

to encapsulate haloalkanes with the halogen pointing inside the cavity.
6
 The authors 

attribute this type of interaction to C-H···X-R hydrogen bonding between the benzal C-H 

of the host and the halogen of the guest. Similar binding is seen with azidoadamantane.
8
 

Although these deep cavitands are rigidly held into vase-like conformations through 

covalent bonds, it is synthetically challenging to derivatize these scaffolds to incorporate 

functionalized groups that can be used for catalysis. 
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Figure 5.2: Basic structure of rigid molecular baskets.
6
 

 

5.3 Self-Assembly of Deep Cavitands via Intramolecular Hydrogen Bonding 

The rigid, deep cavitand, molecular baskets are held in to the desired vase-like 

conformation because the aromatic rings are bridged together through covalent bonds. 

This is not the case for all cavitands. If cavitands are not forced into a vase-like 

conformation through covalent bonds then they must self-assemble to fold into the 

desired cavity containing conformation. 

One such class of deep cavitands that have been synthesized is octaamide 

cavitands 99.
9-11

 They are easily made in two steps from octanitro 96 by reducing 96 with 

SnCl2 to yield octaamine 98. Acylation of octaamine 98 affords octaamide 99 (Scheme 

5.2). These synthetic molecular receptors, 99, are self-assembled to form vase-like shapes 

through an intramolecular seam of hydrogen bonds at the rim of the cavity, which are 

arranged in a head-to-tail orientation. In the presence of competitive hydrogen-bonding 

solvents, such as DMSO, these cavitands fail to fold into the vase-like conformation due 

to the disruption of intramolecular hydrogen bonds between the amides at the rim of the 

cavitand.
10
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Scheme 5.2: Synthetic scheme for octaamide deep cavitands self-assembled via intramolecular H-bonds. 

  

 Octaamide molecular receptors 99 possess the ability to have dual binding 

abilities. Substrates of the appropriate size and shape are bound and interact with the 

cavity through CH-π interactions. If the substrate possesses hydrogen bonding 

capabilities such as adamantanamine then the adamantane portion sits within the cavity of 

the molecular receptor and the amine portion can hydrogen bond with the acidic rim of 

the receptor (Figure 5.2).
10

 Other substrates, such as 1-chloroadamantane or 1-

azidoadamantane, have been found to have electrostatic interactions with the amide rims. 

 

 
Figure 5.3: Octaamide cavitands can achieve two point binding.

11
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5.4 Self-Assembly of Cavitands via Intermolecular Hydrogen Bonding 

Another class of cavitand molecular receptors are the benzimidazole functionalized deep 

cavitands.
12-14

 These cavitands are also synthesized from octaamine 98 but are reacted 

with non-acyl chloride acid derivatives such as orthoesters, imidates or aldehydes (in the 

presence of oxidants) to form benzimidazole cavitands such as 100 (Scheme 5.3). This 

allows for variability at the cavitand rim by simply changing the imidate used to react 

with the octaamine precursor 98. Water soluble cavitands have been synthesized, which 

are capable of binding trimethylammonium salts through cation-π interactions.
12, 15

 

Incorporation of a variety of functional groups at the rim of both benzimidazole and 

octaamide cavitands is quite limited. A new method needs to be developed to provide 

easy access to deep cavitands with functionalized rims. 

 

 
Scheme 5.3: General synthesis of benzimidazole deep cavitands. 

 

In contrast to octaamides 99, which self-assemble through intramolecular 

hydrogen bonds, benzimidazole cavitands 100 self-assemble through intermolecular 

hydrogen bonds with solvent molecules, such as water or methanol. Without the aid of 
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these hydrogen bonding additives, these cavitands do not form stable vase-like 

conformations and are instead more likely to form velcrands. These velcrands are often 

highly insoluble and challenging to work with.  

 

 

Figure 5.4: Crystal structure of 100b with four molecules of methanol and one bound chloroform 

molecule.
13

 

 

5.5 Self-Assembled Cavitands via Metal Coordination 

Another mode of self-assembly of cavitands is through metal-coordination, but this is far 

less common.
16, 17

 The first example of a metallobridged cavitand is shown in Figure 

5.5.
16

 In this example, the imidazole groups on the walls of the cavitand are held together 

through hydrogen bonding with four water molecules and the four 3,8-phenanthroline 

groups are complexed to octahedral rhenium. The remaining coordination sites of 

rhenium are filled by CO and a bromine ion.  
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Figure 5.5: Metallobridged cavitand 101 with four water molecules hydrogen bonding to the imidazole 

rings and four rhenium metals bound at the corners.
16

 

  

The cavity of metallobridged cavitand 101 is large enough to bind smaller 

cavitands and calixarenes (Figure 5.6). Calixarenes containing O-propyl substituents, 104 

and 105, and cavitands with substitution at the lower rim, 108, either failed to bind or 

were bound poorly in the cavity of 101 as determined by 
1
H NMR spectroscopy. If 

substitution at the rim was not present, 102, 103, and 107, then strong binding was 

observed. The authors propose that this observed binding is due to the face-to-face 

stacking interactions between the electron-poor metallocavitand host and the electron-

rich guest. 
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Figure 5.6: Association constants of calixarene and cavitand guests 102-108  with cavitand host 101.

16
 

 

 While these metallocavitands still maintain their host-guest properties in the 

presence of coordinated metals at the rim, the metal centers themselves do not possess 

catalytic activity. In order to achieve catalysis, different metals need to be incorporated 

which are capable of performing catalysis, such as iron(II) or copper(I) for C-H oxidation 

catalysis. 

 

5.6 Non-Haem Iron Oxygenase Biomimetic C-H Oxidation Catalysts 

Converting organic molecules into useful feedstock is an area of chemistry that has 

received much attention in the past few decades. Enzymes are capable of regio- and 

stereoselectively oxidizing unactivated C-H bonds. This is possible because the substrate 
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is precisely positioned within the binding pocket of the metalloenzyme. Only the C-H 

bond that is in closest proximity to the active metal species is oxidized, even if there are 

more reactive C-H bonds present. Some of the enzymes that are capable of doing this are 

cytochrome P-450,
18

 methane monooxygenase,
19

 and Rieske non-haem iron 

oxygenases.
20, 21

 

 Much progress has been made in making synthetic mimics of these enzyme 

catalysts. The non-haem iron oxygenases have had great success in chemoselectively 

oxidizing unactivated C-H bonds based on steric and electronic differences between the 

multiple C-H bonds present in the substrate. 
22-24

 The structure of some of these catalysts 

109-112
23, 25

 are shown in Figure 5.7. These biomimetic catalysts contain tetradentate 

ligands bound to an iron source and require two labile cis-coordination sites at the iron 

center to provide catalytic activity.
21

 While great chemoselectivity has been achieved 

with these catalysts, they are unable to mimic the regioselectivity displayed by enzymatic 

oxidation processes. This is due in part to the fact that these catalysts do not have pre-

defined binding pockets to force the oxidation to occur at one site over another. 

Cavitands are known to possess defined binding pockets. If similar N-donor groups could 

be incorporated onto a deep cavitand scaffold then there would be access to new 

regioselective C-H oxidation catalysts by taking advantage of the host-guest properties of 

cavitands. 
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Figure 5.7: Structure of biomimetic non-haem iron oxygenase catalysts.  

 

5.7 Multi-metal Catalysts 

In addition to Rieske non-haem iron oxygenases, methane monooxyganase (MMO) is a 

class of enzymes that is capable of performing selective hydrocarbon oxidations.
19, 26

 The 

active site of MMO contains a diiron center with four glutamate and two histidine 

residues. The reduced state 113 is a diiron(II) complex and the resting state 114 is a 

diiron(III) complex (Figure 5.8). There are several metalloproteins that share this 

carboxylate-bridged diiron active site motif.
27

 

  

 

Figure 5.8: The active site of sMMO in its reduced state 113 and oxidized state 114.
19
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Multimetal catalysis is an area of chemistry that has gained much interest because 

it has been shown that more than one metal, when combined together, is better than one.
28

 

In general, the multimetal catalyst systems achieve better catalytic activity and reactivity 

than their mononuclear counterparts. Most of these systems are bimetallic systems in 

which the two metal centers are in close proximity to each other and exhibit a cooperative 

effect. However, it is a synthetic challenge to assemble several metal centers together that 

possess this cooperative effect that is present in nature in metalloenzymes such as 

methane monooxygenase. 

A previous report has shown that a synthetic diiron acetate bridged MMO mimic 

is formed in situ and is capable of catalyzing the epoxidation of olefins using H2O2 as 

oxidant.
24, 29

 This report involves the use of a tetradentate polypyridyl ligand 115 and 

acetic acid as an additive (Scheme 5.4). The authors investigated the addition of acetic 

acid to the reaction mixture and found that higher conversions to epoxide were observed 

with as little as 1 equivalent of acetic acid with respect to catalyst. Without the addition 

of acetic acid, lower yields of epoxide were observed. Other additives were screened but 

acetic acid proved to be best. 
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Scheme 5.4: Epoxidation of olefins using an MMO mimic 115.
24

 

 

To further investigate the effect of acetic acid on this system, the authors grew 

crystals of the iron complex both in the presence and absence of acetic acid. Without 

acetic acid, a mononuclear complex was obtained whereas with the addition of acetic 

acid, an acetate bridged dinuucleur complex 116 was obtained (Figure 5.9). Both the 

mononuclear complex 115 in the presence of acetic acid and the dinuclear acetate bridged 

complex 116 displayed similar reactivity. UV-vis spectroscopy revealed that the 

dinuclear complex forms from the mononuclear complex. Based from these results, the 

authors propose that the active catalyst is the dinuclear complex 116 and behaves 

similarly to MMO. 
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Figure 5.9: Structure of diiron acetate bridged oxidation catalyst 116.
24

 

 

Although there are several biomimetic hydrocarbon oxidation catalysts, there are 

very limited examples that are capable of performing regioselective oxidations due to a 

lack of substrate organization. Cavitands are well precedented hosts which are capable of 

binding guests of the appropriate size, shape, and charge. We hope to combine these two 

fields by designing new cavitand scaffolds which possess multiple N-donor sites at the 

rim for self-assembly around an iron (II) center in hopes of using metallocavitands as 

regioselective C-H oxidation catalysts. 
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Chapter 6: Functionalized Deep Cavitands 

6.1 Introduction  

The goal of this work is to synthesize deep cavitands with multiple N-donor sites at the 

rim for metal complexation in order to effect biomimetic site selective C-H oxidation. We 

hope to achieve this by having the substrate to be oxidized bound inside the cavity of the 

cavitand. Once bound, the substrate C-H bond closest in proximity to the metal source at 

the rim of the cavitand should be selectively oxidized (Figure 6.1).  

 

 
Figure 6.1: Model for site-selective C-H oxidation. 

 

Previous work in the group involved the synthesis of cavitands that were 

complexed to iron(II) salts and used as efficient catalysts for C-H oxidation in aqueous 

solution under mild conditions.
1,2

  These self-folded metallocavitands were not capable of 

performing regioselective C-H oxidations for a number of reasons. The labile, 

unoccupied sites on the iron that are required for catalytic activity tended to point away 

from the cavity. In addition, the shallow, Cram-type cavitands displayed small cavities 

that were ineffective recognition elements (Figure 6.2). In order to solve the issue of a 

lack of regioselectivity, deeper cavities need to be incorporated into the cavitand scaffold, 
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as well as groups at the rim that can coordinate the iron source with the labile sites on the 

metal pointing inward, towards the bound guest substrate.  

 

 

Figure 6.2: Previous cavitands capable of catalyzing C-H oxidations.
1
 

 

6.2 Synthesis of Pyrazine Deep Cavitand 

Our initial targets were pyrazine deep cavitands. These were selected because they had 

the potential to incorporate several different rims by simply condensing a different amine 

onto 2,3-dichloropyrazine-5,6-dicarboxylic acid 117 (Scheme 6.1).
3
 Simple variation of 

the amine group is desirable as we wished to coordinate metals to these added groups, 

and a modular synthesis would allow rapid optimization of the structure. Incorporating 

bidentate groups at the rims of the cavitand as in 111 and 112 was most appealing as 

chelation would allow strong metal complexation. Deep cavitand 113 was also desirable 

as it possessed the ability to be further functionalized through copper catalyzed azide 

alkyne cycloaddition (CuAAC) reactions. 
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Scheme 6.1: Variable synthesis of pyrazine deep cavitands. 

 

The condensation of propargylamine on 117 to form diimidopyrazine 118 (where 

R= C≡CH) has been reported.
4
 Reacting four equivalents of 118 with resorcinarene 95 

led to the desired pyrazine deep cavitand 121 in 78 % yield. The CuAAC reaction of 121 

with 2-azidopyridine 125 was attempted following standard CuAAC conditions used on 

other cavitands in our lab (Scheme 6.2).
2
 Under these conditions, only starting materials 

were recovered. Increasing the temperature of the reaction did not appear to aid the 

reactivity. 
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Scheme 6.2: Functionalization of 125 through CuAAC. 

 

As there was a lack of reactivity between 121 and 125, we decided to change the 

order of our initial synthesis and perform the CuAAC reaction before performing the 

SNAr reaction. Various systematic changes were made such as varying the temperature, 

solvent, copper source, as well as the addition of co-catalyst. Solvent systems such as 

MeOH:H2O, CH2Cl2:MeOH, 
t
BuOH:CH2Cl2, THF, 

t
BuOH:H2O, 

t
BuOH: CH2Cl2:H2O 

were tested but either no reaction occurred or very little product formed, with mostly 

starting materials being recovered. In an effort to ascertain whether the CuACC reaction 

of 125 was at all possible, we performed the CuAAC reaction of 125 with phthalimide 

126 (Scheme 6.3).
5
 Under the conditions outlined in Scheme 6.3, clean conversion to 

product was obtained. These same conditions were then performed on 128 but instead of 

yielding imide, amido-ester 129 was obtained. Changing the solvent to 
t
BuOH, a bulkier 

alcohol, to avoid ester formation led to diminished reactivity.  
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Scheme 6.3: CuAAC reaction of propargylimides 126 and 128 with 2-azidopyridine 125. 

 

 

Since the CuAAC reaction proved to be troublesome, we moved our focus to 

condensing different amines onto 117. The amines attempted are shown in Figure 6.3. 

Initially, the previously reported procedure for condensing propargylamine onto 117 was 

used.
4
 Diamine 133 was insoluble in the reaction solvent leading to little reactivity. The 

small reactivity observed appeared to be the product of a nucleophilic aromatic 

substitution reaction as determined by the lack of the correct isotope pattern for a 

dichloro species in the mass spectrum. Similar results were obtained when different 

conditions were employed following a procedure to make phthalimide 126.
5
  

 

 
Figure 6.3: Amines used for condensation with 117 for functionalization of pyrazine cavitand rims. 
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The condensation of amine 132 with anhydride 117 appeared to lead to more 

promising results. The 
1
H NMR spectrum suggested that possible product had formed 

due to a shift in the CH2 proton resonance. The product of this reaction was then used to 

perform an SNAr with resorcinarene 95. This led to the recovery of starting materials 

suggesting that the amine may have added into the pyrazine ring and displaced one or 

both of the chlorides therefore making desired product formation impossible. Similar 

results were obtained using amine 131. Condensation of 133 led to less than 5 % product 

formation after purification by silica gel flash chromatography. Amido acid was also 

recovered from the column but little conversion to products was observed. The lack of 

desired product formation and very low yields obtained led us to conclude that 

functionalizing pyrazine deep cavitands was not a viable option. 

 

6.3 Synthesis of Benzimidazole Deep Cavitands 

Given the difficulty of functionalizing pyrazine dicarboxylic anhydride 117, we next 

focused our attention on synthesizing benzimidazole deep cavitands. Benzimidazole deep 

cavitands are best synthesized by reacting octaamine 97 with an imidate in refluxing 

ethanol to afford the corresponding tetrabenzimidazole cavitand (Scheme 6.4b). Few 

imidates are commercially available, but can be synthesized by reacting the 

corresponding nitrile with either HCl gas or sodium metal in methanol or ethanol 

(Scheme 6.4a).  
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Scheme 6.4: General synthesis of benzimidazole cavitands. 

 

We initially set out to synthesize benzimidazole deep cavitand 135 (Scheme 

6.4b). Imidate 134 failed to be synthesized upon treatment with Na metal and MeOH. We 

instead attempted to synthesize imidate 134 using an anhydrous HCl solution in dioxane. 

Imidate was formed using these conditions but unfortunately when the solvent and excess 

HCl was removed, the imidate would hydrolyze to the ester. Benzimidazole deep 

cavitand 135 could be synthesized once on a small scale under these reaction conditions 

but was never able to be replicated due to the sensitivity of imidate 134 to any residual 

water present. Due to the instability of this imidate, a one pot synthesis of 135 was 

attempted by first making imidate 134 and then adding octaamine 97 in situ. This 

unfortunately still led to no product formation; only octaamine and hydrolyzed imidate 

were recovered. 

The synthesis of cavitand 137 has recently been reported by condensing imidate 

137 onto octaamine cavitand 97.
6
 Cavitand 138 is then reacted with a diamine to form a 
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covalent capsule 139 (Scheme 6.5). We hoped to be able to condense different amines 

onto 138 to form different functionalized deep cavitands for metal coordination.  

 

 
Scheme 6.5: Synthesis of covalent capsule 138 via a derivitizable acetal cavitand 137.

6
 

 

 Following the reported procedure we were able to replicate the synthesis of 137 

but were not successful at functionalizing it upon condensation with 2-picolylamine 

under the reported condensation conditions. Condensation with aniline gave a mixture of 

products that could not be isolated cleanly. A quick search of the literature led us to a 

report in which acetals were reacted with aryl and alkyl primary amines using lanthanide 

triflates as catalyst (Scheme 6.6).
7
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Scheme 6.6: Lanthanide triflate catalyzed condensation of acetals with primary amines.

7
 

 

Following a modified version of this procedure, we initially attempted to react 

137 with 2-picolylamine but were unsuccessful (Scheme 6.7). The crude 
1
H NMR 

spectrum showed a mixture of starting materials and possible partially reacted species. 

Attempts at running the reaction for a longer period of time did not aid in product 

formation. The mixture of products proved too difficult to purify by column 

chromatography. Since reacting alkylamines proved to be difficult, we next tried our 

hand at using arylamines.  

 

 
Scheme 6.7: Synthesis of functionalized benzimidazole deep cavitands. 

 

When 2-aminopyridine was used, starting material was no longer recovered. The 

diethoxy peaks were no longer present in the 
1
H NMR spectrum suggesting that 
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condensation had occurred forming cavitand 141 but the peaks were broad and 

undefined. The broadened peaks are attributed to the cavitand “flexing” between the vase 

and kite-like conformations. Attempts at using water saturated CDCl3 to aid in folding the 

cavitand into the vase-like conformation via hydrogen bonding with water molecules 

(Figure 6.4), failed to template the folding of the cavitand.  

 Since it was unclear as to whether or not 141 had formed, we attempted the 

condensation of 137 with 6-amino-2,2’-bipyridine.
8
 Using this arylamine gave a more 

defined 
1
H NMR spectrum, although it was still somewhat broad. Addition of 5 % 

DMSO to a CDCl3 solution of 142 provided a well-defined 
1
H NMR spectrum suggesting 

that the cavitand is rigid and exists only in the vase-like conformation in this environment 

(Figure 6.4a).  
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Figure 6.4: Proposed vase-like conformation of 142 self-assembled via hydrogen bonding with four water 

molecules A) side-view B) top-view (SPARTAN, semi-empirical calculation, AM1 forcefield). 

 

6.4 Functionalization of Benzimidazole Deep Cavitands via Transimination 

 In an attempt to find other benzimidazole deep cavitands that were capable of binding 

guests we decided to try to functionalize 142 via transimination with other primary 

amines (Scheme 6.8). This was achieved by dissolving cavitand 142 in CH2Cl2 and 

adding a primary amine of choice. Initially n-butylamine was used. Upon removal of 

solvent and sonication in diethylether to remove excess amine and 6-aminobipyridine, 

pure cavitand 145 was isolated after vacuum filtration. The 
1
H NMR spectrum showed 

the disappearance of the bipyridine resonances as well as new peaks in the alkyl region 

corresponding to the added n-butyl groups at the rim of the cavitand. 

 

A B 
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Scheme 6.8: Functionalization of 144 via transimination with primary alkyl amines. 

 

 To determine the scope of this transimination, other primary amines were also 

tested. N,N-dimethylethylenediamine, adamantanamine, cyclohexylamine, and 2-

picolylamine were successful reactants for transimination, but electron poor amines such 

as p-anisidine failed even after heating at 50 ºC overnight.  

Transimination of 141 with 2-picolylamine, n-butylamine, or N,N-dimethyl 

ethylenediamine was also successful suggesting that 141 was indeed synthesized despite 

the ambiguous 
1
H NMR spectrum obtained. Since 141 was a suitable transimination 

precursor we focused our attention on reactions this cavitand as opposed to 142 due to 

greater simplicity in adding 2-aminopyridine to cavitand 137. 
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6.5 Guest Binding Studies 

Guest binding studies of cavitands 141, 142, 144, and 145 were initially performed in 

CDCl3. Cavitand 142 was the most appealing as it has the deepest cavity and metal 

complexing abilities due to the rigid bipyridine  groups at the rim of the cavitand. We 

believed that 142 would be a good host for small molecules because the bipyridyl groups 

block off the top of the cavity (Figure 6.4b). Cyclohexane, choline, and 

tetramethylammonium bromide were the only guests that were bound in the cavity, albeit 

with extremely low binding constants. These guests were determined to be bound inside 

the cavity by the presence of proton resonances in the negative ppm region of the 
1
H 

NMR spectrum (Figure 6.5). The bound guests' protons resonate in this region as a result 

of the magnetic anisotropy caused by the multiple aromatic rings surrounding the guest.
 

The poor binding of these small guests is most likely due to the fact that the NMR 

solvent, CDCl3, is bound inside the cavity and is a better guest therefore very little 

cyclohexane, choline, or tetramethylammonium bromide was observed to be bound. 

Other guests that were tested were acetylcholine, cyclopentane, cyclooctane, tert-butyl 

benzene, adamantanamine hydrochloride, and adamantanamine. These guests were 

incapable of out-competing the solvent for encapsulation in the cavity of 142. It is 

possible that these guests may be encapsulated but the exchange between bound and 

unbound is much faster than the NMR time-scale therefore the encapsulation of these 

guests is not observed. Similar results were observed using 141 as the host. Choline, 

cyclooctane and tetramethylammonium salts were all extremely poorly bound inside the 

cavity, even more than with 142.  
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Figure 6.5: Guest binding studies of 142 by 

1
H NMR in 5% DMSO-d6/CDCl3 with (a) choline chloride,       

(b) acetyl choline bromide, (c) tetramethylammonium bromide, and (d) cyclohexane. 

 

Cavitand 144 encapsulated choline, acetyl choline, cyclohexane, cyclohexanol, 

cyclohexanecarboxylic acid, cyclooctylamine, cyclohexylamine, adamantlyamine, and n-

hexylamine (Figure 6.6). The best host-guest complexes were observed with amine 

guests. The scope of amines capable of being bound was analyzed, and short amines such 

as iso-butylamine, tert-butylamine, n-butylamine were not observed to be bound inside 

the cavity. This was most likely due to their small size and inability to properly fill the 

cavity. Adamantanamine hydrochloride was added as guest but did not bind as 

determined by 
1
H NMR, suggesting that guests with charged groups pointing out of the 

cavity are poor guests. Other guests tried were hexadecyltrimethylammonium bromide, 

octane, cyclopentane, cyclooctane, adamantane, adamantanecarboxylic acid, trans-

decalin, and tert-butylbenzene. All of these guests failed to bind inside the cavity. The 

fact that cyclooctane and adamantane failed to bind inside the host while their amine 



106 

 

counterparts were bound suggests that the amino group plays a role in the binding of 

these guests inside of 144, as well as any space-filling interactions. 

 

 
Figure 6.6: Binding studies of 144 (2.0 mM in CDCl3) with 200 mM guest (a) cyclohexylamine,                   

(b) cyclooctylamine, (c) adamantylamine, and (d) n-hexylamine. 

 

We initially believed that 144 was capable of achieving two-point binding with 

amine guests through CH-π interactions at the base of the cavity and N-H-N hydrogen 

bonding between the amine of the guest and the pyridyl nitrogen of the host at the top of 

the cavity. To test this, 145 was used as the host for binding of amine guests as it lacks 

the extra hydrogen bond acceptor at the top of the cavity. Similar binding was observed 

with this cavitand disproving our hypothesis that hydrogen bonding was occurring 

between the pyridyl nitrogen of 144 and the amine guests (Figure 6.7). Since similar 
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results were obtained, this instead suggested that hydrogen bonding might be occurring 

between the imine nitrogen of the cavitands and the amine guests (Figure 6.8). 

 

 
Figure 6.7: Binding studies of 145 (3.9 mM in CDCl3) with 39 mM guest (a) cyclohexylamine,                   

(b) cyclooctylamine, (c) adamantylamine, and (d) n-hexylamine. 
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Figure 6.8: Amine guests interact with imine of cavitand (A) cyclooctylamine guest in 144, (B) cyclo-

hexylamine guest in 145 (SPARTAN, semi-empirical calculation, AM1 forcefield). 

 

The poor guest binding observed in using hosts 144 and 145 was thought to be 

attributed to competitive binding with the solvent, CDCl3, which is known to be a good 

guest for benzimidazole deep cavitands. In an attempt to obtain better binding, C6D6 and 

p-xylene-d10 were used for binding studies. With these NMR solvents, binding was also 

observed but it was no better than using CDCl3.  

Upon acquiring a 
13

C NMR spectrum of 142 it became apparent why guest 

binding was so difficult. A quartet was present far upfield at around 1 ppm in the 
13

C 

NMR spectrum suggesting that a CX3 group was possibly bound inside the cavitand, 

where X is an NMR active atom leading to a quartet splitting pattern. A 
19

F NMR 

revealed that a CF3 containing compound was present in the NMR sample. The only 

logical species that could be present was a trifluoromethanesulfonate (triflate) anion that 

144• c-octylamine 145• c-hexylamine 
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was most likely retained from the La(OTf)3 catalyzed condensation reaction to form 142 

(Scheme 6.7). Comparison of the 
19

F
 
NMR of La(OTf)3 to that of cavitand 142 led us to 

conclude that triflate was bound inside the cavity due to the shift in the fluorine 

resonance. A triflate ion was also found to be bound in the cavity of 141, as determined 

by 
19

F NMR.   

In an attempt to synthesize deep cavitand 141 without the presence of a bound 

triflate ion, La(NO3)3 was used as the catalyst for the condensation. Under these 

conditions 141 was obtained and the scope of fluorine containing anion binding was 

tested. Tetrabutylammonium tetrafluoroborate, sodium hexafluoroantimonate, or 

tetrabutylammonium hexafluorophosphate was added to a CDCl3 solution of 141. Only 

BF4 was bound as determined by a shift in the 
19

F NMR spectrum. Titration experiments 

led us to discover that BF4 had a fast exchange rate between being bound and unbound 

due to the lack of two distinct peaks for bound and unbound BF4 anions.  

To further test the scope of anion binding a competition experiment was 

performed. Cavitand 141 was pre-complexed with nBu4BF4 in CDCl3 and various non-

NMR active counterions were added to determine whether or not the introduced anions 

could outcompete BF4
-
 for binding in the cavitand. If the introduced anion does 

outcompete BF4
-
 then unbound BF4

-
 should be seen in the 

19
F NMR. Figure 6.9 shows the 

results of these experiments. Bromide and HSO4
-
 completely displaced BF4

-
, while iodide 

appeared to weakly displace BF4
-
.  
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Figure 6.9: 

19
F NMR (CDCl3, 400 MHz, 298K) anion binding competition experiment of 141•BF4.

 

 

 Cavitands should not be expected to bind anions as they possess an electron rich 

cavity due to the presence of several aromatic rings. In an attempt to determine how 

anions are capable of being bound inside deep cavitand 141 some control experiments 

were performed (Figure 6.10). Cavitands 145 was found to also bind BF4
-
 suggesting that 

there might be some interaction between the anion and the imine nitrogen of the host. To 

test this, unsubstituted benzimidazole cavitand 149 was used as a host. This cavitand was 

also found to bind BF4
-
 suggesting that anion binding may purely be driven by hydrogen 

bonding to the walls of the cavitand. To ascertain as to whether anion binding was unique 

to benzimidazole deep cavitands or not, octaamide cavitand 150 was tested as a potential 

host as it possesses many more hydrogen bond donors than benzimidazole cavitands. To 

our delight octaamide cavitand was not found to bind BF4
-
. We believe that this suggests 
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that there may be some hydrogen bonding interaction with the benzimidazole nitrogens as 

well as some interaction with the functionalized rims that drives this anion binding event 

but it is unclear as to what this interaction is. 

 

        . 
Figure 10: Anion binding of benzimidazole deep cavitands 141, 145, and 149 (

19
F NMR, CDCl3, 300 

MHz).     .      

 

6.6 Metal Complexation 

Knowing that these benzimidazole deep cavitands are capable of binding small guests, 

we next sought to determine if these new deep benzimidazole cavitands were capable of 

binding metals without blocking the top of the cavity so as to still allow for encapsulation 

of guests. Our goal was to be able to bind two iron metals with two cis-labile cites 

pointing towards the cavity allowing for site selective C-H oxidations (Figure 6.11). 
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Figure 6.11: Proposed iron complexation of 142 with cyclohexane bound inside the cavity (SPARTAN, 

semi-empirical calculation, AM1 forcefield). 

 

 Attempts at titrating Cu(MeCN)4BF4 in a CDCl3 solution of 142 led to a 

broadened 
1
H NMR spectrum. Since copper binding did not lead to any useful 

information, we switched to using zinc triflate as it is diamagnetic and possesses a similar 

coordination sphere to iron. Figure 6.12 shows the 
1
H NMR spectra of Zn(OTf)2 titration 

with 142. Upon addition of one equivalent of Zn(OTf)2 a shift in the aromatic bipyridine 

peaks could be seen. Although there was a shift in the 
1
H NMR resonances there did not 

appear to be more than one complex present in solution suggesting that 142 is capable of 

binding Zn
2+

 through all of its bipyridine nitrogens. With two equivalents of Zn(OTf)2, 

one complex was again dominant but the shift in resonances suggests that 142 was now 

bound to two Zn
2+

 ions. Addition of three and five equivalents of Zn(OTf)2 lead to no 
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discernible change in the 
1
H NMR spectrum suggesting that 142 has not coordinated to 

more than two zinc(II) ions. Unfortunately, we did not observe binding of cyclohexane or 

choline with the metals complexed at the rim of the cavity suggesting that the metal 

centers have blocked off the top of the cavity, limiting the host properties.. 

 

 
Figure 6.12: 

1
H NMR (5% DMSO-d6 in CDCl3) titration of Zn(OTf)2 with 142 : a) 0 equiv. Zn(OTf)2,      

b) 1 equiv. Zn(OTf)2, c) 2 equiv. Zn(OTf)2, d) 3 equiv. Zn(OTf)2, e) 5 equiv. Zn(OTf)2. 

 

 Titration of La(NO3)3 with 142 led to a different coordination of the cavitand. 

Figure 6.13 shows the 
1
H NMR results of this titration. Upon the addition of one 

equivalent of La(NO3)3 only one species is present as evidenced by only one set of 

bipyridine peaks. Upon the addition of two equivalents of La(NO3)3, again only one 

species is present but the shift in proton resonances suggests that it is not the same 

species as with one equivalent of La(NO3)3. With three and four equivalents only one 

142 
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species is evident but with each addition of La
3+

 very small shifts in the proton 

resonances are evident suggesting that La
3+

 is not strongly coordinated to cavitand 142. A 

comparison of four and five equivalents of La(NO3)3 shows no discernible change in the 

1
H NMR spectra suggesting that with four equivalents the cavitand is saturated with 

La(NO3)3. 

  

 
Figure 6.13: 

1
H NMR (5% DMSO-d6 in CDCl3) titration of La(NO3)3 with 142: a) 0 equiv. La(NO3)3,         

b) 1 equiv. La(NO3)3, c) 2 equiv. La(NO3)3, d) 3 equiv. La(NO3)3, e) 4 equiv. La(NO3)3,       

f) 5 equiv. La(NO3)3. 

 

 Further work still needs to be completed in order to find a system where metal 

coordination is possible at the rims without blocking the top of the cavity so that guests 

can move freely in and out of the cavity. 

 

142 



115 

 

6.7 References 

1. Djernes, K. E.; Padilla, M.; Mettry, M.; Young, M. C.; Hooley, R. J., "Hydrocarbon 

Oxidation Catalyzed by Self-Folded Metal-Coordinated Cavitands." Chem. 

Commun. 2012, 48, 11576-11578. 

2. Djernes, K. E.; Moshe, O.; Mettry, M.; Richards, D. D.; Hooley, R. J., "Metal-

Coordinated Water-Soluble Cavitands Act as C–H Oxidation Catalysts." Org. Lett. 

2012, 14, 788-791. 

3. Cram, D. J.; Choi, H. J.; Bryant, J. A.; Knobler, C. B., "Solvophobic and Entropic 

Driving Forces for Forming Velcraplexes, Which are 4-Fold, Lock-Key Dimers in 

Organic Media." J. Am. Chem. Soc. 1992, 114, 7748-7765. 

4. Gottschalk, T.; Jarowski, P. D.; Diederich, F., "Reversibly Controllable Guest 

Binding in Precisely Defined Cavities: Selectivity, Induced Fit, and Switching in 

Novel Resorcin[4]arene-Based Container Molecules." Tetrahedron 2008, 64, 8307-

8317. 

5. Hucher, N.; Decroix, B.; Daïch, A., "Intramolecular Amidoalkylation and 

Thioamidoalkylation Cyclization via ω-Carbinol Lactams." J. Org. Chem. 2001, 66, 

4695-4703. 

6. Asadi, A.; Ajami, D.; Rebek, J., "Covalent Capsules: Reversible Binding in a Chiral 

Space." Chem. Sci. 2013, 4, 1212-1215. 

7. Heaney, H.; Simcox, M. T.; Slawin, A. M. Z.; Giles, R. G., "Lanthanide Triflate 

Catalysed Reactions of Acetals with Primary Amines and Cascade Cyclisation 

Reactions." Synlett 1998, 1998, 640-642. 



116 

 

8. Yin, J.; Xiang, B.; Huffman, M. A.; Raab, C. E.; Davies, I. W., "A General and 

Efficient 2-Amination of Pyridines and Quinolines." J. Org. Chem. 2007, 72, 4554-

4557. 

9. (a) Gardner, J. S.; Conda-Sheridan, M.; Smith, D. N.; Harrison, R. G.; Lamb, J. D., 

"Anion Binding by a Tetradipicolylamine-Substituted Resorcinarene Cavitand." 

Inorg. Chem. 2005, 44, 4295-4300; (b) Zhu, S. S.; Staats, H.; Brandhorst, K.; 

Grunenberg, J.; Gruppi, F.; Dalcanale, E.; Lützen, A.; Rissanen, K.; Schalley, C. A., 

"Anion Binding to Resorcinarene-Based Cavitands: The Importance of C-H⋅⋅⋅Anion 

Interactions." Angew. Chem. Int. Ed. 2008, 47, 788-792; (c) Kvasnica, M.; Purse, B. 

W., "Specific Tetramethylammonium Recognition Drives General Anion Positioning 

in Tandem Sites of a Deep Cavitand." New J. Chem. 2010, 34, 1097-1099. 

 

 



117 

 

Chapter 7: Self-Folded Multi-Metal Catalysts for C-H Oxidation 

7.1 Synthesis of Multi-Dentate Ligands 

Hydrocarbon oxidation catalysts typically employ the use of tetradentate ligands 

complexed to iron.
1-3

 As such, we designed our catalysts to incorporate this motif in 

hopes of templating our supramolecular ligands around an iron(II) source for use as C-H 

oxidation catalysts. As we did not know what the best ligand would be, we wished to be 

able to easily synthesize several different catalysts from one common starting material. 

Copper catalyzed azide-alkyne cycloaddition (CuAAC) reactions seemed like an ideal 

choice as they allow for variability of the alkyne and azide substrates.  

 

 

Scheme 7.1: Synthetic scheme for CuAAC reactions yielding ligands with multiple N-donor sites. 
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Triazide 151 was easily synthesized via an SN2 reaction of sodium azide with 

commercially available 1,3,5-tris(bromomethyl)-2,4,6-triethylbenzene.
4
 Scheme 7.1 

shows the synthetic scheme for the CuAAC reaction of 151 to afford ligands 152 and 

153. Ligand 152 was easily synthesized following previously reported CuAAC reaction 

conditions.
5
 Unfortunately, 153 could not be synthesized following this same procedure, 

as the reaction failed to reach completion as determined by ESI mass spectrometry and 

1
H NMR analysis. The lack of reaction completion for 153 was attributed to the multiple 

N-donor sites binding to the copper source as evidenced by the broadened peaks in the 
1
H 

NMR spectrum of the crude reaction mixture. Since copper was used as a catalyst in the 

formation of 153 it was evident that copper was bound to the tetradentate product leading 

to product inhibition. While this was an encouraging sign that the target was a strong 

metal-binding species, an alternate synthetic route was needed. To circumvent product 

inhibition, co-catalyst 154 was introduced. Tris-benzimidazolyl ligand 154 has been 

shown to accelerate CuAAC reactions by freeing the copper catalyst from newly formed 

triazides.
5
 With the introduction of this catalyst better reactivity was observed but 

unfortunately the product could not be isolated from the DMSO:water mixture. 

Previously, the addition of copious amounts of water aided in the precipitation of product 

but this was not observed in the isolation of 153. To solve this issue, a 1:1 mixture of 

t
BuOH and water was used as solvent. Full conversion to product was observed using this 

solvent mixture in the presence of co-catalyst 154 which could be isolated upon removal 

of 
t
BuOH followed by extraction with CH2Cl2.  
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While full conversion to product was observed, the 
1
H NMR spectrum was still 

broad, presumably due to residual bound copper. Since the goal was to bind 153 to iron 

sources for C-H oxidation catalysis, pure, free ligand 153 was required. Purification was 

accomplished by treating with an aqueous solution of disodium 

ethylenediaminetetraacetic acid (Na2EDTA). This metal chelator binds the residual 

copper from the CuAAC reaction so that free ligand 153 could be isolated and 

subsequently complexed to iron. Upon treatment with Na2EDTA the 
1
H NMR spectrum 

of 153 produced sharp signals suggesting that all residual copper had been removed 

successfully. 

 

7.2 Metal Coordination 

Since 152 and 153 contain many N-donor sites, they possess the ability to complex 

multiple metals. This would hopefully lead to more effective oxidation catalysts as there 

is usually a cooperative effect that leads to multinuclear catalysts being more efficient 

than their mononuclear counterparts. In order for this cooperative effect to occur, the 

metals need to be in close proximity to one another. This is somewhat challenging: the 

metal binding sites are usually not sufficiently close to one another to pre-organize the 

ligands for the multinuclear species to form. With 152 and 153 possessing several 

binding sites, as well as displaying some degree of flexibility, it should be much easier 

for multinuclear species to form that have the metal centers in close proximity to one 

another.  
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 In order to determine how many metals were bound to each scaffold, 
1
H NMR 

titrations were performed. Initially, titrations with simple iron (II) salts were attempted. 

Unfortunately, due to the paramagnetic nature of the iron (II) species, the 
1
H NMR 

spectra of these complexes were quite broad, which made it difficult to determine the 

number of bound metals in the aggregate. Zinc (II) possesses a similar coordination 

sphere to iron (II) and has the added benefit of being diamagnetic and easily analyzed by 

1
H NMR spectroscopy. As such, we chose to focus our attention on the titration of zinc 

(II) salts.  

 The titrations were performed in DMSO-d6 as a result of the poor solubility of the 

metal complexes in other solvents (Figure 7.1). Upon addition of one equivalent of 

Zn(OTf)2 to 152 there was a shift in the triazole proton as well as the pyridyl proton 

resonances suggesting that complexation has occurred through the pyridyl and triazole 

nitrogens. The presence of only one set of peaks suggesting that there was only one 

complex present. With two equivalents of Zn(OTf)2 there was again only one species 

present but the slight shift in proton resonances suggests that this was not the same 

mononuclear species as before. Addition of three equivalents of Zn(OTf)2 did not lead to 

any discernible change in the 
1
H NMR spectrum suggesting that 152 was only capable of 

forming mono and dinuclear complexes. 
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Figure 7.1: 

1
H NMR titration (298 K, DMSO-d6) of Zn(OTf)2 with 152 a) free ligand b) 1 equiv. Zn(OTf)2 

c) 2 equiv. Zn(OTf)2 d) 3 equiv. Zn(OTf)2. 

 

MALDI mass spectral analysis of 152 complexed to iron sulfate further illustrated 

the ability of 152 to complex either one or two iron metals (Figure 7.2). The MALDI 

spectrum shows the presence of two species that incorporate complexed iron salts. One 

species is a mononuclear iron complex and the other species shows the presence of two 

metal ions. As 152 forms two iron complexes it will hereafter be referred to as 152•Fex, 

for clarity. 
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Figure 7.2: Comparison of the experimental and predicted MALDI spectra of 152 complexed with FeSO4. 

 

Upon titration of one equivalent of Zn(OTf)2 to 153, multiple species were 

evident as determined by the various peaks in the aromatic region between 7-9 ppm 

(Figure 7.3b). With two equivalents of Zn(OTf)2 one species began to dominate but it was 

not until the addition of three equivalents that only one species was seen (Figure 7.3c and 

7.3d, respectively). Addition of more than three equivalents of Zn(OTf)2 did not cause a 
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change in the 
1
H NMR spectrum (Figure 7.3e). This led us to conclude that three metal 

ions are bound to polypyridyl ligand 153 - unsurprising, as the ligand has far more 

coordination sites than 152. 

 
Figure 7.3: 

1
H NMR (298 K, DMSO-d6) titration of Zn(OTf)2 with 153 a) free ligand b) 1 equiv. Zn(OTf)2 

c) 2 equiv. Zn(OTf)2 d) 3 equiv. Zn(OTf)2 e) 5 equiv. Zn(OTf)2. 
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Further support for the formation of a trinuclear complex comes from MALDI-

MS analysis. The MALDI mass spectrum of 153•3Zn(OTf)2 was acquired which shows 

the presence of the trinuclear complex (Figure 7.4). To prove that trinuclear complexes 

were also formed with our desired iron (II) salts, the MALDI mass spectrum was 

acquired of a sample of 153 treated with excess FeSO4. This too led to a trinuclear 

complex (Figure 7.5). 

 

 
Figure 7.4: Comparison of the experimental and predicted MALDI-MS spectra of 153•Zn3(OTf)5. 
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Figure 7.5: Comparison of the experimental and predicted MALDI-MS spectra of 153•Fe3(SO4)2OH•H2O. 

 

It is believed that each metal is bound to four nitrogens, three coming from a 

dipicolylamino group and one from the triazole ring (Figure 7.6). Support for this comes 

from comparison of the 
1
H NMR spectra of free ligand 153 with that of 153•Zn3. For 

instance, a 0.28 ppm shift in the triazole proton is observed suggesting that the zinc (II) is 

complexing to one of the nitrogens of the triazole ring. There are also significant shifts in 

the aromatic proton resonances suggesting that zinc (II) is also complexed to the pyridine 

nitrogen.
 
Furthermore, a shift in the CH2 proton resonances adjacent to the tertiary amine 

suggests that this nitrogen is also bound to metal center. Before complexation these CH2 

protons are all symmetric and therefore there is only one signal for them at 3.67 ppm. 

After complexation, the symmetry of these protons is lost suggesting that the pyridine 

rings are being held in a rigid conformation in which they are no longer symmetric.  
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Figure 7.6: Comparison of iron binding to 152 and 153 (SPARTAN, semi-empirical calculation, AM1 

forcefield). 

 

In an attempt to determine the effect of counterion, NaOAc was added to the 

NMR solution of 153•Zn3. The 
1
H NMR spectrum shows a shift of the pyridyl-CH2 

protons as well as a slight shift of the triazole proton.  We believe this is evidence for the 

acetates helping bridge the metal centers together, much like has been seen in methane 

monooxygenase (MMO).
6
 In order to determine the true structure of this trinuclear 

complex X-ray diffraction needs to be performed. Growing suitable crystals of 153•Fe3 

for X-ray crystal analysis is ongoing work in the lab. Thus far, the complex has powdered 

out using both slow evaporation and diffusion techniques with a variety of solvents. 

 

 

152•Fe 153•Fe3 
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7.3 Oxidations 

Previous work in our group has shown that cavitands with pyridyl triazole rims 

can complex iron and be used as a catalyst for the oxidation of hydrocarbons.
7, 8

 We 

initially used the reaction conditions employed in these reports to test 153•Fe3 as a C-H 

oxidation catalyst on trans-decalin, as previous work in the lab has shown that it is a 

weakly reactive substrate.
8
 These conditions unfortunately led to only small amounts of 

hydrocarbon oxidation. In an attempt to increase the catalytic activity of 153•Fe3, acetic 

acid was added to the reaction mixture as it is a commonly employed additive in C-H 

oxidation reactions.
2,3,9

 The optimal amount of acetic acid was 5 equivalents with respect 

to hydrocarbon, giving the best conversion to oxidized hydrocarbon products.  

Other acids were tested in order to determine whether Brønsted acids aid in the C-

H oxidation or the acetate group is important (as in metalloenzyme catalyst methane 

monooxygenase).
6
 Using triflic (TfOH) and p-toluenesulfonic (TsOH) acids led to lower 

product yields (Table 7.1, entries 3 and 5, respectively). Instead of oxidizing the 

hydrocarbon substrate, oxidation of solvent was observed as determined by GC-MS 

analysis. The oxidation of solvent led to the consumption of the oxidant, and prevented 

the oxidation of the hydrocarbon. Employing methanesulfonic acid (MsOH) as the 

additive provided slightly lower yields than acetic acid but this too led to solvent 

oxidation.  
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Table 7.1: Optimization of acid additive for C-H oxidation catalysis. 

 

 To further elucidate the role of acetic acid in this system sodium acetate was 

tested as an additive. If this system is similar to the active site of methane 

monooxygenase, then one would expect the acetates to help bridge the iron centers and 

have a cooperative effect. In the presence of 5 equivalents of sodium acetate, very little 

oxidation occurred (Table 7.1, entry 4). When the amount of sodium acetate was reduced 

to 30 mol %, one equivalent per iron site, then similar reactivity was observed as when 

acetic acid was employed as the additive (Table 7.1, entry2). This suggests that the 

acetates play a key role in the catalyst system. This has been previously observed in the 

epoxidation of olefins using a methane monooxygenase mimic.
3
 

With optimal reaction conditions in hand, we next sought to determine the 

substrate scope. Table 7.2 shows the results of C-H oxidation using 152•Fex and 153•Fe3 

as catalysts. Cyclic hydrocarbons favored the formation of ketones that would allow for 

release of ring strain. Cyclooctane favored monooxidation with both catalysts but 



129 

 

153•Fe3 overoxidized the hydrocarbon and also led to the formation of 1,4-

cyclooctanedione. The selectivity for formation of 1,4-cyclooctanedione over other 

possible diones can be explained in terms of sterics and electronics. Oxidation does not 

occur at the C-H bonds closest to the first ketone due to the electron withdrawing nature 

of ketones. One would expect the formation of 1,5-cyclooctanedione to be favored if 

electronics was the only determining factor for C-H oxidation but instead 1,4-

cyclooctandione was favored. This is attributed to the fact that if 1,5-cyclooctandione 

were formed then there would be a considerable amount of steric strain present in the 

cyclic structure. Similar stereoelectronic effects were observed in the oxidation of 

methylcyclohexane leading to a preference for the formation of 3-methylcyclohexanone 

for both catalysts. Dibutylether showed selectivity for oxidation at the C-H adjacent to 

the ether oxygen, as would be expected. The adjacent C-H bonds are more electron rich 

and therefore more reactive toward oxidation by our electrophilic catalyst 153•Fe3. The 

same can be said for the preference in oxidation of the benzylic C-H bonds of 4-

ethyltoluene. 

 In oxidizing methylcyclohexane, trans-decalin, and cis-decalin a general 

preference for oxidizing secondary over tertiary C-H bonds was evident when using 

catalyst 153•Fe3. In the case of trans-decalin a selectivity of 13.8:1 for 2º over 3º C-H 

oxidation was observed. This is attributed to the unfavorable steric interaction between 

the four axial hydrogens and the axial hydroxyl that would result if the tertiary carbon 

were oxidized. If the tertiary carbon were oxidized, there would be steric interactions 

between four axial protons and the newly formed hydroxyl. Cis-decalin only has this 
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negative interaction between two axial hydrogens and the newly formed hydroxyl group 

leading to a modest selectivity of 1.4:1 for 2º over 3º C-H oxidation.  

 An anomaly to the preference for 2º over 3º C-H oxidation was evident when 

oxidizing adamantane substrates with catalyst 153•Fe3. Adamantane led to more 3º C-H 

oxidation yielding adamantan-1-ol. This may be due to the added ring strain that forms 

by oxidizing the 2º C-H sites to ketones. The same preference was seen with 

adamantanecarboxylic acid yielding the 3º alcohol product over the ketone.  

To our delight, unactivated, linear alkane chains were also oxidized. We 

previously failed to oxidize these substrates using a metallocavitand as the catalyst.
8
 n-

Octane was oxidized in 55 % overall yield using 153•Fe3. In this case, no selectivity was 

observed as the C-H bonds are all essentially identical in terms of sterics and electronics.  

Using 152•Fex as catalyst yielded little or no oxidation of n-octane, adamantane, 

adamantancarboxylic acid, and cyclohexylacetate. This is attributed to the additional 

cooperative effect present in the multi-metal catalyst 153•Fe3 that is not as prevalent in 

150•Fex due to the mixture of mono and dinuclear iron complexes. 153•Fe3 more closely 

resembles the active site of methane monooxygenase which contains a diiron center with 

acetate and oxo-bridges. While we have synthesized a biomimetic catalyst capable of 

performing C-H oxidations, we have not attained regioselectivity. In order to achieve 

regioselective C-H oxidations we need to design a catalyst that possesses a deeper cavity 

with similar N-donor sites, as in 152 and 153, to incorporate metals for templating and 

catalysis. 
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Table 7.2: Substrate scope for unactivated C-H oxidations. a) GC yields using 153•Fe3, b) 152•Fex. 
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Chapter Eight: Experimental 

8.1 General Information 

1
H and 

13
C NMR spectra were recorded on a Varian Inova 300 or 400 MHz spectrometer. 

Proton (
1
H) chemical shifts are reported in parts per million (δ) with respect to 

tetramethylsilane (Si(CH3)4, δ = 0), and referenced internally with respect to the protio 

solvent impurity. Carbon (
13

C) chemical shifts are reported in parts per million (δ) with 

respect to tetramethylsilane (Si(CH3)4, δ = 0), and referenced internally with respect to 

the solvent 
13

C signal (either CDCl3, DMSO-d6, acetone-d6, or CD3CN). Deuterated 

solvents were obtained from Cambridge Isotope Laboratories, Inc., Andover, MA, and 

used without further purification. All other materials were obtained from Aldrich 

Chemical Company, St. Louis, MO and were used as received. Solvents were dried 

through a commercial solvent purification system (SG Water, Inc.). Gas chromatography 

data was obtained on Agilent Technologies 6850 GC system. Chiral GC data was 

obtained on an Agilent Technologies 7890 GC system. HPLC were acquired on an 

Aglinet Technologies Electrospray mass spectra were recorded on an Agilent 63210 LC 

TOF mass spectrometer using electrospray ionization and processed with an Agilent 

MassHunter Operating System. MALDI mass spectra were obtained using a PE 

Biosystems DE-STR MALDI TOF spectrometer operating in refractive mode at 2100 eV. 

Molecular modeling (semi-empirical calculations) was performed with SPARTAN using 

the AM1 force field. All oxidation products were assigned by comparison (spectrometric 

or spectroscopic) to authentic samples. 
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8.2 Chapter Two Experimental 

 

8-Phenyl-5-octen-1-ol, 23a: Tetrahydropyranol 22 (216 

μL, 2.28 mmol), 3-phenylpropyltriphenylphosphonium bromide (1.15 g, 2.50 mmol) and 

NaH (60% dispersion in oil, 110 mg, 2.50 mmol) were combined in THF (10 mL). The 

reaction mixture was stirred at 60 ºC for 18 h before removing the solvent and diluting in 

20 mL hexanes. The solution was decanted and the solvent was removed and purified by 

silica gel column chromatography (5 to 10 % EtOAc/Hexanes). Obtained 137 mg of a 

clear oil (29% yield). 
1
H NMR (CDCl3, 300 MHz): δ 7.26-7.11 (m, 5H), 5.49-5.14 (m, 

2H), 3.54 (t, J = 7.6 Hz, 2H), 2.59 (t, J = 7.5 Hz, 2H), 2.28 (q, J = 7.6 Hz, 2H), 1.93 (q, J 

= 7.0 Hz, 2H), 1.50-1.23 (m, 4H). 
13

C NMR (CDCl3, 75 MHz): δ ESI MH
+
 m/z expected 

205.1587, found 205.1590. Observed spectra consistent with literature values.
1
  

 

 5-Nonen-1-ol, 23b: Tetrahydropyranol 22 (216 μL, 2.28 

mmol), n-butyltriphenylphosphonium bromide (1.0 g, 2.50 mmol) and NaH (60% 

dispersion in oil, 110 mg, 2.50 mmol) were combined in THF (10 mL). The reaction 

mixture was stirred at 60 ºC for 18h before removing the solvent and diluting in 20 mL 

hexanes. The solution was decanted and the solvent was removed. Purified by silica gel 

column chromatography (5 to 10 % EtOAc/hexanes). Obtained 156 mg of a clear oil 

(48% yield). 
1
H NMR (CDCl3, 300 MHz): δ 5.50-5.26 (m, 2H), 3.61 (t, J = 6.6 Hz, 2H), 

2.48 (broad s, 1H), 2.12-1.87 (m, 4H), 1.63 -1.48 (m, 2H), 1.46-1.28 (m, 4H), 0.87 (t, J = 

7.6 Hz, 3H). 
13

C NMR (CDCl3, 75 MHz): δ 130.2, 129.6, 62.9, 32.4, 29.4, 27.0, 25.9, 
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23.0, 13.9. IR (neat) 3328, 3005, 2956, 2862, 1654, 1456, 1061 cm
-1

. ESI M*-H
+
 m/z 

expected 141.1274, found 141.1274. Observed spectra consistent with literature values.
2
 

5-Nonen-1-al: In an oven-dried, N2 flushed, 25 mL round 

bottom flask was combined alcohol 23b (89 mg, 0.63 mmol), pyridinium dichromate 

(470 mg, 1.25 mmol) and 4Å powdered molecular sieves (350 mg) in 3 mL CH2Cl2. The 

reaction mixture was stirred for 3 h at room temperature before diluting with 20 mL 

hexanes and filtering through a celite plug with a thin layer of silica gel, washed with 

50% Et2O/hexanes. The solvent was removed and the filtering process was repeated once 

more rinsing with 30% Et2O/hexanes to remove PCC. The solvent was removed to yield 

a light yellow oil (75 mg, 85 %) 
1
H NMR (CDCl3, 300 MHz): δ 9.76 (t, J = 1.6 Hz, 1H), 

5.59-5.23 (m, 2H), 2.42 (td, J = 1.6, 7.3 Hz, 2H), 2.07 (q, J = 7.2 Hz, 2H), 1.98 (q, J = 7.2 

Hz, 2H), 1.68 (qn, J = 7.3 Hz, 2H), 1.35 (sx, J = 7.3 Hz, 2H),  0.88 (t, J = 7.3 Hz, 3H) 
13

C 

NMR (CDCl3, 75 MHz): δ 202.8, 131.2, 128.5, 43.4, 29.4, 26.6, 22.9, 22.2, 13.9. IR 

(neat) 3006, 2957, 2930, 2871, 2716, 1725, 1456 cm
-1

. ESI M*-H
+
 m/z expected 

139.1117, found 139.1112. 

 

2-Methylene-8-phenyl-5-octen-1-al, 24a: In an oven-dried, N2 

flushed, 10 mL round bottom flask was combined alcohol 23a 

(100 mg, 0.49 mmol), pyridinium chlorochromate (211 mg, 0.98 mmol) and 4Å 

powdered molecular sieves (270 mg) in 3 mL CH2Cl2. The reaction mixture was stirred 

for 3 h at room temperature before diluting with 20 mL hexanes and filtering through a 

celite plug with a thin layer of silica gel. The solvent was removed and the filtering 
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process was repeated once more rinsing with 30% Et2O/hexanes to remove PCC. The 

solvent was removed to yield a light yellow oil whoch was immediately used in the next 

step without further purification. The crude aldehyde was dissolved in 2 mL CH2Cl2 

before adding dimethylmethyleneammonium iodide (180 mg, 0.98 mmol) and 

triethylamine (207 μL, 1.45 mmol). The reaction mixture was stirred at room temperature 

for 30 min before washing with saturate aqueous NaHCO3 solution and extracting the 

aqueous layer with CH2Cl2. The combined organic layers were dried with Na2SO4, 

filtered and the solvent was removed under reduced pressure. The product was purified 

by silica gel flash chromatography eluting with 10 % Et2O/hexanes to yield a clear oil (76 

mg, 73 % 2-step yield). 
1
H NMR (CDCl3, 300 MHz): δ 9.48 (s, 1H), 7.30-7.23 (m, 2H), 

7.18-7.14 (m, 3H), 6.16 (s, 1H), 5.94 (s, 1H), 5.56-5.26 (m, 2H), 2.64 (t, J = 6.9 Hz, 2H), 

2.32 (q, J = 7.5 Hz, 2H), 2.28-2.19 (m, 2H), 2.14 (t, J = 7.2 Hz, 2H). 
13

C NMR (CDCl3, 

75 MHz): δ 194.7, 149.7, 142.2, 134.5, 130.0, 129.2, 128.7, 128.5, 126.0, 36.1, 29.4, 

28.0, 25.6. 

2-Formyl-1,5-nonadiene, 24b: 5-Nonen-1-al (75 mg, 0.54 

mmol), dimethylmethyleneammonium iodide (198 mg, 1.07 mmol) and triethylamine 

(222 μL, 1.60 mmol) were dissolved in 2 mL CH2Cl2. The reaction mixture was stirred at 

room temperature for 18 h before washing with saturate aqueous NaHCO3 solution and 

extracting the aqueous layer with CH2Cl2. The combined organic layers were dried with 

Na2SO4, filtered and the solvent was removed under reduced pressure. The product was 

purified by silica gel flash chromatography eluting with 5 % EtOAc/hexanes. 
1
H NMR 

(CDCl3, 300 MHz): δ 9.53 (s, 1H), 6.24, (d, J = 0.9 Hz, 1H), 5.99 (s, 1H), 5.46-5.24 (m, 
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2H), 2.32-2.27 (m, 2H), 2.23-2.15 (m, 2H), 1.97 (q, J = 7.0 Hz, 2H), 1.34 (sx, J = 7.4 Hz, 

2H), 0.88 (t, J = 7.4 Hz, 3H). 
13

C NMR (CDCl3, 75 MHz): δ 194.7, 149.8, 134.4, 131.0, 

128.4, 29.4, 28.0, 25.5, 22.9, 13.9. IR (neat) 3008, 2959, 2929, 2872, 2697, 1688, 1456 

cm
-1

. ESI MH
+
 m/z expected 153.1274, found 153.1280.  

 

3,3-Dimethyl-5-methylene-tetrahydro-2-pyranol, 29: Following a 

modified previously reported procedure:
3
 In an oven-dried, argon flushed 

25 mL round bottom flask was combined Pd(OAc)2 (23 mg, 0.1 mmol), PPh3 (53 mg, 0.2 

mmol), LiCl (44 mg, 1.0 mmol) and THF (5 mL). To this mixture was added 

isobutyraldehyde (91 μL, 1.0 mmol), 2-methylene-1,3-propanediol 28 (90 μL, 1.1 mmol), 

NEt3 (170 μL, 1.2 mmol), and BEt3 (1.0 M in THF, 2.4 mL). The reaction mixture was 

stirred at 50 ºC under argon for 20 h before diluting with EtOAc and washing with 1M 

HCl, followed by saturated aqueous NaHCO3 solution and brine. The organic layer was 

dried with Na2SO4, filtered, and the solvent was removed. The product was purified by 

silica gel flash chromatography (0-20 % Et2O/hexanes) to yield  29 as a yellow oil (18 

mg, 12% yield). 
1
H NMR (300 MHz, CDCl3): δ 4.83 (s, 1H), 4.74 (s, 1H), 4.62 (s, 1H), 

4.34 (d, J = 12.3 Hz, 1H), 3.94 (d, J = 12.3 Hz, 1H), 2.32 (d, J = 13.3 Hz, 1H), 1.96 (d, J 

= 13.5 Hz, 1H), 0.96 (s, 3H), 0.94 (s, 3H). 
13

C NMR (75 MHz, CDCl3): δ 141.7, 110.4, 

99.6, 66.9, 42.3, 36.5, 25.3, 22.0. ESI M-H
+
 m/z expected 141.0921, found 141.0920. 
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3,3-Dimethyl-1-tert-butyldimethylsiloxy-pentan-5-ol: 

 Following a previously reported procedure:
4
 To a solution of 60 

% NaH (333 mg, 8.32 mmol) in 15 mL diethyl ether at 0 
o
C was added dropwise 3,3-

dimethyl-1,5-pentanediol (1 g, 7.56 mmol) in 3 mL diethyl ether. The reaction mixture 

was stirred for 1 h at room temperature before adding neat tert-butyldimethylsilyl 

chloride (1.37 g, 9.08 mmol). The reaction mixture was stirred for 1 h at room 

temperature before adding 10 mL of water. The organic layer was separated and the 

aqueous layer was extracted with diethyl ether (3x). The combined organic fractions were 

washed with brine, dried with MgSO4, filtered and the solvent was removed under 

reduced pressure. The crude mixture was purified by flash chromatography on silica gel 

(eluent: ethyl acetate/hexanes 1/4) to afford the monoprotected alcohol in 56 % yield. 
1
H 

NMR (CDCl3, 300 MHz): δ 3.72 (t, J = 7.2 Hz, 2H), 3.71 (t, J = 7.2 Hz, 2H), 1.57 (t, J = 

6.9 Hz, 2H), 1.55 (t, J = 6.9 Hz, 2H), 0.93 (s, 6H), 0.90 (s, 9H), 0.06 (s, 6H). 
13

C NMR 

(CDCl3, 75 MHz): δ 60.1, 59.7, 44.3, 44.0, 28.1, 25.9, 18.3, 14.1, -5.4. ESI MH
+
 m/z 

expected 247.2088, found 247.2104. 

 

 3,3-Dimethyl-5-tert-butyldimethylsiloxy-pentanal, 30: 3,3-

Dimethyl-1-tert-butyldimethylsiloxy-pentan-5-ol (883 mg, 3.58 

mmol) was dissolved in 30 mL of CH2Cl2 in an argon flushed, oven-dried flask followed 

by addition of Dess-Martin periodinane (1.60 g, 3.76 mmol). The reaction mixture was 

stirred for 1 h at room temperature before diluting in 60 mL of diethyl ether. The mixture 

was then filtered through a silica gel plug with a 1:1 mixture of hexanes/diethyl ether. 
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The filtrate was then evaporated in vacuo to afford 30 as a slightly yellow oil in 87% 

yield (764 mg). 
1
H NMR (CDCl3, 300 MHz): δ 0.03 (s, 6H), 0.86 (s, 9H), 1.06 (s, 6H), 

1.60 (t, J = 7.2 Hz, 2H), 2.32 (d, J = 3.0 Hz, 2H), 3.70 (t, J = 7.2 Hz, 2H), 9.34 (t, J = 3.0 

Hz, 1H). 
13

C NMR (CDCl3, 75 MHz): δ 203.8, 59.8, 55.1, 44.6, 32.9, 28.2, 26.1, 18.4, -

5.2. ESI MH
+
 m/z expected 245.1931, found 245.1940. Observed spectra consistent with 

literature values.
4
  

 

8-Phenyl-3,3-dimethyl-1-(tert-butyldimethylsiloxy)-5-

octene: To a suspension of 3-phenylpropyl 

triphenylphosphonium bromide (500 mg, 2.66 mmol) in 20 mL toluene was added 60% 

NaH (106 mg, 2.66 mmol). The mixture was stirred for 5 min at room temperature before 

the addition of 30 (500 mg, 2.05 mmol). The reaction was stirred at 70 
o
C for 24 h before 

cooling and diluting in 50 mL hexanes. The mixture was passed through a silica gel plug 

with a 1:1 diethyl ether/hexanes mixture. The solvent was removed under reduced 

pressure to afford pure product as a clear oil 98% yield (692 mg). 
1
H NMR (CDCl3, 300 

MHz): δ 7.35-7.08 (m, 5H), 5.55-5.25 (m, 2H) , 3.66 (t, J = 7.5 Hz, 2H), 2.67 (q, J = 7.2 

Hz, 2H), 2.44-2.23 (m, 2H), 2.01-1.78 (m, 2H), 1.47 (t, J = 7.5 Hz, 2H), 0.90 (s, 9H), 

0.84 (s, 6H), 0.06 (s, 6H). 
13

C NMR (CDCl3, 75 MHz): δ 142.3, 132.1, 128.6, 128.4, 

127.6, 125.8, 60.2, 45.8, 44.3, 36.3, 34.7, 32.8, 27.4, 27.3, 26.2, -5.1. IR (film) 3028, 

2955, 2928, 2856, 1605, 1497, 1471, 1254, 1092 cm
-1

. ESI MH
+
 m/z  expected 347.2765, 

found 347.2753. 
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8-Phenyl-3,3-dimethyl-5-octen-1-ol: In an oven-dried, 

argon flushed flask was dissolved 8-phenyl-3,3-dimethyl-1-

(tert-butyldimethylsiloxy)-5-octene (680 mg, 1.97 mmol) in THF (4 mL) and 

tetrabutylammonium fluoride (1 M in THF, 3.93 mL, 3.93 mmol). The reaction was 

stirred for 2 h at which point it was diluted in 10 mL hexanes and passed through a silica 

gel plug with 1/1 diethyl ether/hexanes. The residue was purified by flash 

chromatography on silica gel (eluent: 2/10 diethyl ether/hexanes) to afford a slightly 

yellow oil in 92 % yield (417 mg) 
1
H NMR (CDCl3, 300 MHz): δ 7.30-7.18 (m, 5H), 

5.50-5.42 (m, 2H), 3.68 (t, J = 7.2 Hz, 2H), 2.64 (t, J = 7.4 Hz, 2H), 2.33 (q, J = 6.9 Hz, 

2H), 1.90 (d, J = 6.9 Hz, 2H), 1.48 (t, J = 6.9 Hz, 2H), 0.87 (s, 6H). 
13

C NMR (CDCl3, 75 

MHz): δ 142.2, 130.8, 128.6, 128.4, 126.7, 125.9, 60.0, 44.4, 39.8, 36.0, 33.1, 29.5, 27.4. 

IR (neat) 3341, 3062, 3025, 2955, 2928, 1603, 1454. 1026 cm
-1

.
 
ESI MH

+
 m/z found 

232.1911, expected 232.1900. 

 

8-Phenyl-3,3-dimethyl-5-octen-1-al: 8-Phenyl-3,3-

dimethyl-5-octen-1-ol (393 mg, 1.69 mmol) was dissolved in 

10 mL of CH2Cl2 in an argon flushed, oven-dried flask followed by addition of Dess-

Martin periodinane (789 mg, 1.86 mmol). The reaction mixture was stirred for 3 h at 

room temperature before diluting in 20 mL of hexanes. The mixture was then filtered 

through a silica gel plug with a 1/4 mixture of diethyl ether/hexanes. The filtrate was then 

evaporated in vacuo to afford a slightly yellow oil in 87% yield (339 mg). 
1
H NMR 

(CDCl3, 400 MHz): δ 9.80 (t, J = 3.0 Hz, 1H), 7.31-7.27 (m, 2H), 7.21-7.16 (m, 3H), 
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5.61-5.40 (m, 2H), 2.67 (t, J = 7.2 Hz, 2H), 2.35 (q, J = 6.9 Hz, 2H), 2.22 (d, J = 3.0 Hz, 

2H), 2.03 (d, J = 7.2 Hz, 2H), 1.04 (s, 6H).
 13

C NMR (CDCl3, 100 MHz): δ 203.6, 131.8, 

128.6, 128.4, 126.0, 125.9, 125.7, 54.6, 40.0, 35.95, 34.3, 29.9, 27.7. IR (neat) 3063, 

3027, 2957, 2926, 2855, 1720, 1603, 1496, 1454 cm
-1

. ESI MH
+
 m/z expected 231.1743, 

found 231.1741. 

 

8-Phenyl-2-formyl-3,3-dimethyl-1,5-octadiene, 38: N,N-

Dimethylmethyleneammonium iodide (542 mg, 2.93 mmol) 

and anhydrous triethylamine (0.61 mL, 4.40 mmol) were dissolved in 10 mL CH2Cl2. To 

this was added 8-phenyl-3,3-dimethyl-5-octen-1-al (338 mg, 1.47 mmol) dissolved in 1 

mL CH2Cl2. The reaction mixture was stirred at room temperature for 20 h before 

diluting in 10 mL hexanes and passing through a silica gel plug with 1/4 diethyl 

ether/hexanes. The solvent was removed under reduced pressure and the product was 

purified by flash chromatography on silica gel (eluent 2/98 diethyl ether/hexanes) to 

afford a light yellow oil in 61 % yield (216 mg). 
1
H NMR (CDCl3, 300 MHz): δ 9.52 (s, 

1H), 7.31-7.24 (m, 3H), 7.20-7.16 (m, 2H), 6.25 (s, 1H), 5.97 (s, 1H), 5.48-5.40 (m, 1H), 

5.22-5.15 (m, 1H), 2.63 (t, J = 7.5 Hz, 2H), 2.38-2.31 (m, 4H), 1.15 (s, 6H). 
13

C NMR 

(CDCl3, 75 MHz): δ 195.2, 156.6, 135.6, 142.2, 131.1, 128.8, 128.5, 126.6, 126.1, 37.7, 

37.3, 36.2, 29.6, 26.9. IR (film) 3062, 3025, 2955, 2924, 2854, 2706, 1698, 1454 cm
-1

. 

ESI MH
+
 m/z found 243.1750, expected 243.1743. 
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 3-Formyl-2-methyl-5-phenethyl-2,6-heptadiene, 39: In an N2 

flushed two-dram vial was combined Cope substrate 38 (60 mg, 0.247 

mmol) and trifluoroacetic acid (19 μL, 0.247 mmol) in 3 mL toluene. 

The reaction mixture was stirred at 80 ºC for 18 h before purifying via flash 

chromatography using 1 % then 2 % Et2O/hexanes as eluent. 
1
H NMR (CDCl3, 300 

MHz): δ 10.11 (s, 1H), 7.29-7.24 (m, 2H), 7.19-7.15 (m, 3H), 5.57 (ddd, J = 17.0, 10.1, 

9.2 Hz, 1H), 4.95 (dd, J = 10.2, 2.0 Hz, 1H), 4.88 (ddd, J = 17.0, 2.0, 0.5 Hz, 1H), 2.68 

(ddd, J = 13.8, 10.5, 5.2 Hz, 1H), 2.50 (ddd, J = 13.8, 10.3, 6.5, 1H), 2.40-2.28 (m, 2H), 

2.18 (s, 3H), 2.17-2.05 (m, 1H), 1.92 (s, 3H), 1.76-1.52 (m, 2H). ESI MH
+
 m/z found 

243.1745, calculated 243.1743. 

 

3,3-Dimethyl-tert-butyldimethylsiloxy-5-pentadecene: 

To a suspension of n-decyltriphenylphosphonium bromide 

(1.29 g, 2.66 mmol) in 20 mL anhydrous toluene was added 60% NaH (106 mg, 2.66 

mmol). The mixture was stirred for 5 min at room temperature before the addition of 30 

(500 mg, 2.05 mmol). The reaction was stirred at 70 
o
C for 24 h before cooling and 

diluting in 50 mL hexanes. The mixture was passed through a silica gel plug with a 1/1 

diethyl ether/hexanes mixture. The solvent was removed under reduced pressure and 

purified by silica gel flash column chromatography (eluent 2:98 diethyl ether/hexanes) to 

afford an oil in 60 % yield (450 mg). ESI MH
+
 m/z expected 369.3547, found 369.3530. 
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 3,3-Dimethyl-5-pentadecen-1-ol: In an oven-dried, argon 

flushed flask 3,3-Dimethyl-tert-butyldimethylsiloxy-5-

pentadecene (450 mg, 1.23 mmol) was stirred with tetrabutylammonium fluoride (1 M in 

THF, 2.5 mL, 2.50 mmol). The reaction was stirred for 1 h at which point it was diluted 

in 20 mL diethyl ether and passed through a silica gel plug with 1/1 diethyl 

ether/hexanes. The residue was purified by flash chromatography on silica gel (eluent: 

2/10 diethyl ether/hexanes) to afford a clear oil in 84 % yield (263 mg).
1
H NMR (CDCl3, 

300 MHz): δ 5.51-5.35 (m, 2H), 3.72- 3.66 (m, 2H), 2.42 (t, J = 7.5 Hz, 1H), 2.01 (d, J = 

6.3 Hz, 2H), 1.96 (d, J = 7.2 Hz, 2H), 1.53 (t, J = 6.6 Hz, 2H), 1.43-1.27 (m, 14H), 0.94-

0.86 (m, 9H). 
13

C NMR (CDCl3, 75 MHz): δ 132.2, 125.8, 60.0, 44.5, 39.9, 33.1, 32.1, 

29.9, 29.7, 29.5, 27.5, 27.4, 25.8, 22.9, 20.9, 14.3. 

 

3,3-Dimethyl-5-pentadecen-1-al: 3,3-Dimethyl-5-pentadecen-

1-ol (263 mg, 1.03 mmol) was dissolved in 10 mL of 

anhydrous CH2Cl2 in an argon flushed, oven-dried flask followed by addition of Dess-

Martin periodinane (481 mg, 1.13 mmol). The reaction mixture was stirred for 1 h at 

room temperature before diluting in 30 mL of hexanes. The mixture was then filtered 

through a silica gel plug with a 1/4 mixture of diethyl ether/ hexanes. The filtrate was 

then evaporated under reduced pressure to afford a clear oil in 87 % yield (226 mg). 
1
H 

NMR (CDCl3, 300 MHz): δ 9.58 (t, J = 3.0 Hz, 1H), 5.55-5.47 (m, 1H), 5.44-5.34 (m, 

1H), 2.64 (d, J = 3.0 Hz, 2H), 2.07 (d, J = 7.5 Hz, 2H), 2.03-1.97 (m. 2H), 1.33-1.26 (m, 
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14H), 1.06 (s, 6H), 0.88 (t, J = 7.2 Hz, 3H). 
13

C NMR (CDCl3, 75 MHz): δ 203.6, 133.2, 

124.8, 54.7, 40.1, 34.4, 32.1, 29.8, 29.5, 27.5, 22.9, 14.3.  

 

2-Formyl-3,3-dimethyl-1,5-pentadecadiene, 42: N,N-

Dimethylmethyleneammonium iodide (331 mg, 1.79 mmol) 

and anhydrous triethylamine (0.34 mL, 2.69 mmol) were dissolved in 9 mL CH2Cl2. To 

this was added 3,3-dimethyl-5-pentadecen-1-al (226 mg, 0.90 mmol) dissolved in 1 mL 

CH2Cl2. The reaction mixture was stirred at room temperature for 20 h before diluting in 

hexanes (10 mL) and passing through a silica gel plug with 1/1 hexanes/diethyl ether. 

The product was purified by flash chromatography on silica gel (eluent 2-10% diethyl 

ether in hexanes) to afford a clear oil in 60 % yield (142 mg). 
1
H NMR (CDCl3, 300 

MHz): δ 9.53 (s, 1H), 6.27 (s, 1H), 5.98 (s, 1H), 5.44-5.29 (m, 1H), 5.21-5.09 (m, 1H), 

3.86 (t, J = 7.3 Hz, 3H), 2.38 (d, J = 7.8 Hz, 2H), 1.99-1.92 (m, 2H), 1.34-1.22 (m, 14H), 

1.17 (s, 6H) 
13

C NMR (CDCl3, 75 MHz): δ 195.0, 156.6, 135.3, 132.3, 125.6, 37.6, 37.1, 

33.1, 29.8, 29.5, 27.5, 26.8, 22.8, 14.3.  

 

2-Isopropylidene-4-vinyl-tetradecanal, 43: In a two-dram vial 

flushed with argon was combined AuCl3 (3.0 mg, 0.010 mmol) 

and Cope substrate 42 (10 mg, 0.038 mmol) in 0.3 mL CDCl3. The reaction mixture was 

stirred for 1 h before passing through a silica pipet plug with CDCl3
 
to yield the dienal 

43.  
1
H NMR (300 MHz, CDCl3): δ 10.10 (s, 1H), 5.46 (dt, 17.3, 9.6 Hz, 1H), 4.87-4.77 
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(m, 2H), 2.36- 2.24 (m, 1H), 2.18 (s, 3H), 1.95 (s, 3H), 1.40-1.17 (m, 18H), 0.86 (t, J = 

6.5 Hz, 3H). 

 

 3,3-Dimethyl-tert-butyldimethylsiloxy-5-nonene: To 

a suspension of n-butyltriphenylphosphonium bromide 

(1.62 g, 4.06 mmol) in 30 mL toluene was added 60% NaH (162 mg, 4.06 mmol). The 

mixture was stirred for 5 min at room temperature before the addition of 30 (764 mg, 

3.12 mmol). The reaction was stirred at 70 
o
C for 24 h before cooling and diluting in 50 

mL hexanes. The mixture was passed through a silica gel plug with a 3/5 diethyl 

ether/hexanes mixture. The solvent was removed under reduced pressure to afford pure 

product as an oil in 89 % yield (790 mg).
  1

H NMR (CDCl3, 75 MHz): δ 5.44-5.37 (m, 

2H), 3.65 (t, J = 7.5 Hz, 2H), 1.98 (q, J = 6.9 Hz, 2H), 1.92 (d, J = 6.0 Hz, 2H), 1.47 (t, J 

= 7.5 Hz, 2H), 1.36 (sx, J = 7.5 Hz, 2H), 0.88-0.85 (m, 18H), 0.03 (s, 6H). 
13

C NMR 

(CDCl3, 100 MHz): δ 131.6, 126.3, 60.3, 44.4, 39.9, 33.1, 29.9, 27.4, 26.1, 23.0, 18.5, 

14.0, -5.1. ESI MH
+
 m/z expected 285.2608, found 285.2630. 

 

 3,3-Dimethyl-5-nonen-1-ol: In an oven-dried, argon 

flushed flask dissolved protected 3,3-dimethyl-tert-

butyldimethylsiloxy-5-nonene (755 mg, 2.65 mmol) in 5 mL THF before adding 

tetrabutylammonium fluoride (1 M in THF, 4 mL, 3.98 mmol). The reaction was stirred 

for 1 h at which point it was diluted in 20 mL diethyl ether and passed through a silica gel 

plug with 1/1 diethyl ether/hexanes. The residue was purified by flash chromatography 
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on silica gel (eluent: 2/10 diethyl ether/hexanes) to afford a clear oil in 91 % yield (450 

mg). 
1
H NMR (CDCl3, 300 MHz): δ 5.52-5.38 (m, 2H), 3.71 (t, J = 7.5 Hz, 2H), 2.53 

(broad s, 1H), 2.01 (q, J = 5.7 Hz, 2H), 1.96 (d, J = 6.6 Hz, 2H), 1.54 (t , J = 7.5 Hz, 2H), 

1.38 (sx, J = 7.5 Hz, 2H), 0.95-0.88 (m, 9H). IR (neat): 3392, 3010, 2957, 2930, 2872, 

1455, 1467, 1231, 1026 cm
-1

. ESI-MS MH
+
 m/z found 171.1741, expected 171.1743. 

 

3,3-Dimethyl-5-nonen-1-al:
 

3,3-Dimethyl-5-nonen-1-ol 

(350 mg, 2.05 mmol) was dissolved in 12 mL of CH2Cl2 in 

an argon flushed, oven-dried flask followed by addition of Dess-Martin periodinane (870 

mg, 2.15 mmol). The reaction mixture was stirred for 1 h at room temperature before 

diluting in 40 mL of diethyl ether. The mixture was then filtered through a silica gel plug 

with a 1/1 mixture of hexanes/diethyl ether. The filtrate was then evaporated in vacuo to 

afford a light yellow oil in 99% yield (345 mg). 
1
H NMR (CDCl3, 300 MHz): δ 9.85 (t, J 

= 3.0 Hz, 1H), 5.56-5.39 (m, 2H), 2.27 (d, J = 3.0 Hz, 2H), 2.08 (d, J = 7.2 Hz, 2H), 2.00 

(q, J = 6.9 Hz, 2H), 1.38 (sx, J = 7.2 Hz, 2H), 1.07 (s, 6H), 0.90 (t, J = 7.5 Hz, 3H). ESI 

M*[-H] m/z: expected 167.1430, found 167.1423. 

 

2-Formyl-3,3-dimethyl-1,5-nonadiene, 51: N,N-

Dimethylmethyleneammonium iodide (758 mg, 4.10 mmol) 

and triethylamine (0.85 mL, 6.15 mmol) were dissolved in 15 mL CH2Cl2. To this was 

added a solution of 3,3-dimethyl-5-nonen-1-al (345 mg, 2.05 mmol) dissolved in 1 mL 

CH2Cl2. The reaction mixture was stirred at room temperature for 20 h before washing 
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with NaHCO3 solution and extracting with CH2Cl2. The combined organic layers were 

dried with MgSO4 filtered and the solvent was removed under reduced pressure. The 

product was purified by flash chromatography on silica gel (eluent 5/95 diethyl 

ether/hexanes) to afford a light yellow oil in 64 % yield (236 mg).
 1

H NMR (CDCl3, 300 

MHz): δ 9.54 (s, 1H), 6.28 (s, 1H), 5.99 (s, 1H), 5.44-5.35 (m, 1H), 5.20-5.11 (m, 1H), 

2.39 (d, J = 7.8 Hz, 2H), 1.97 (q, J = 6.6 Hz, 2H), 1.34 (sx, J = 6.9 Hz, 2H), 1.18 (s, 6H), 

0.89 (t, J = 6.9 Hz, 3H). 
13

C NMR (CDCl3, 75 MHz): δ 194.9, 156.5, 135.3, 131.9, 125.7, 

37.5, 37.1, 29.5, 26.7, 22.9, 13.9. ESI m/z: expected 181.1587, found 181.1582. 

 

2-Isopropylidene-4-vinyl-heptanal, 52: In a two-dram vial 

flushed with argon was combined AuCl3 (3.4 mg, 0.01 mmol) 

and Cope substrate 51 (18 mg, 0.10 mmol) in 0.5 mL CDCl3. The reaction mixture was 

stirred for 30 min before passing through a silica pipet plug with 95:5 hexanes:Et2O
 
to 

yield the dienal 52.  
1
H NMR (300 MHz, CDCl3): δ 10.10 (s, 1H), 5.49 (dt, 16.8, 9.3 Hz, 

1H), 4.89-4.77 (m, 2H), 2.33- 2.22 (m, 2H), 2.18 (s, 3H), 1.95 (s, 3H), 1.40-1.13 (m, 5H), 

0.86 (t, J = 6.3 Hz, 3H). GLC (Supelco Astek Chiraldex Γ-TA column, 100 ºC isotherm, 

22 psi): tr = 22.4 min and tr = 23.2 min. 
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8.3 Chapter Four Experimental 

General Procedure A: Synthesis of dipyrromethanes 

To a solution of pyrrole (5.0 equiv) and catalyst 82 (10 mol %) in MeCN was added 

aldehyde/ketone (1.0 equiv). The solution was stirred at 60 ºC for 1 h before diluting in 

EtOAc and washing with saturated aqueous NaHCO3 solution. The organic layer was 

dried with Na2SO4, filtered and the solvent was removed. The product was purified by 

silica gel column chromatography (0-5 % EtOAc/Hexanes).  

 

General Procedure B: Conjugate Addition Synthesis of α-Chiral Dipyrromethanes 

 A 4 mL vial equipped with a magnetic stir bar was charged with (R)-2,2-dimethyl-3-

methyl-5-benzyl-4-imidazolidinone•TFA, 83 and THF/H2O (95/5) and cooled to -30 
o
C 
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before adding aldehyde. The solution was stirred for 5 min at -30 
o
C before adding 

bispyrrole. The suspension was stirred for 72 h before diluting in diethyl ether and adding 

an excess of sodium borohydride (NaBH4). After stirring for 15 min at room temperature 

the excess NaBH4 was quenched with saturated aqueous NaHCO3 and the organics were 

extracted with ethyl acetate. The combined organic layers were washed with saturated 

aqueous NaHCO3 and brine. The organics were then dried with MgSO4 and concentrated. 

The resulting residue was purified by silica gel chromatography (20-50% ethyl acetate in 

hexanes) to afford the corresponding diols. 

 

General Procedure C: Conjugate Addition Direct Isolation of Aldehyde Products 

Upon complete consumption of dipyrromethane as determined by TLC, the reaction 

mixture was diluted with diethyl ether, washed with saturated aqueous NaHCO3, and 

brine. The organics were then dried with MgSO4 and concentrated. The resulting residue 

was purified by silica gel chromatography (15-30% ethyl acetate in hexanes) to afford the 

corresponding aldehydes. 

 

5-Phenyldipyrromethane, 76:  Prepared according to general 

procedure A: Pyrrole (10.0 mmol), benzaldehyde (2.0 mmol), and 82 

(0.2 mmol). Obtained 210 mg, 47 % yield. 
1
H NMR (300 MHz, acetone-d6); δ 9.63 (br s, 

2H), 7.37 – 7.10 (m, 5H), 6.69 (tt, J = 9.5, 4.8 Hz, 2H), 6.01 (dd, J = 5.8, 2.7 Hz, 2H), 

5.77 (dddd, J = 3.3, 2.5, 1.6, 0.7 Hz, 2H), 5.46 (s, 1H).
 13

C NMR (75 MHz, acetone-d6); δ 
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144.2, 133.7, 128.9, 128.5, 126.7, 117.4, 107.8, 107.0, 44.6. Observed spectra consistent 

with literature values.
5
  

 

5,5-Dimethyldipyrromethane, 78: Prepared according to general 

procedure A: Pyrrole (20.0 mmol), acetone (5.0 mmol), and 82 (0.5 

mmol). Obtained 383 mg, 44 % yield. 
 1

H NMR (300 MHz, CDCl3): δ 7.71 (br s, 2H), 

6.61 (td, J = 2.6, 1.7 Hz, 2H), 6.14 (dt, J = 5.6, 2.7 Hz, 2H), 6.10 (td, J = 3.0, 1.6 Hz, 

2H), 1.64 (s, 6H).
 13

C NMR (75 MHz, CDCl3): δ 139.2, 117.2, 107.8, 103.9, 35.4, 29.4. 

Observed spectra consistent with literature values.
5
 

 

Dipyrromethane: Prepared according to general procedure A. Pyrrole 

(25.0 mmol), acetone (5.0 mmol), and 82 (0.5 mmol). Obtained 268 mg, 

36 % yield.  
1
H NMR (300 MHz, CDCl3): δ 7.81 (br s, 2H), 6.63 (m, 2H), 6.14 (m, 2H), 

6.03 (m, 2H), 3.96 (s, 2H).
 13

C NMR (75 MHz, CDCl3): δ 129.2, 117.2, 108.1, 106.5, 

26.2. Observed spectra consistent with literature values.
5
 

 

Following general procedure B with (E)-4-methyl-2-

pentenal (0.17 mL, 1.37 mmol), dipyrromethane (50 mg, 

0.34 mmol), 83 (27 mg, 0.07 mmol), and 0.8 mL THF: H2O 

(95:5). Obtained 70 mg, 59 % yield. 
1
H NMR (300 MHz, 

CDCl3) δ 7.87 (s, 2H), 5.92 (t, J = 2.8 Hz, 2H), 5.78 (t, J = 2.9 Hz, 2H), 3.89 (s, 2H), 3.60 

– 3.33 (m, 4H), 2.40 (ddd, J = 11.1, 6.9, 3.8 Hz, 2H), 2.05 – 1.82 (m, 2H), 1.81 – 1.50 
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(m, 4H), 0.90 (d, J = 6.7 Hz, 6H), 0.80 (d, J = 6.7 Hz, 6H). 
13

C NMR (75 MHz, CDCl3) δ 

134.0, 128.1, 106.1, 105.3, 62.0, 43.3, 35.7, 33.2, 26.9, 21.0, 20.4.  

 

 Following general procedure C with (E)-cinnamaldehyde 

(0.18 mL, 1.44 mmol), dipyrromethane (70 mg, 0.48 mmol), 

83 (32 mg, 0.1 mmol), and 1.0 mL THF: H2O (95:5). 

Obtained 120 mg, 61% yield. 
1
H NMR (300 MHz, CD3CN) δ 9.62 (dd, J = 3.2, 1.3 Hz, 

2H), 7.37 – 7.13 (m, 10H), 5.76 (t, J = 2.9 Hz, 2H), 5.66 (t, J = 2.9 Hz, 2H), 4.47 (dd, J = 

14.6, 6.9 Hz, 2H), 3.66 (s, 2H), 3.08 (ddd, J = 17.0, 8.2, 2.0 Hz, 2H), 2.93 (ddd, J = 16.9, 

7.1, 1.6 Hz, 2H). 
13

C NMR (100 MHz, CD3CN): δ 202.5, 144.5, 133.5, 130.7, 129.4, 

128.4, 127.5, 106.3, 105.9, 49.6, 39.3, 26.5. IR (film): 3365, 3060, 3027, 2926, 2729, 

1716, 1600, 1585, 1493, 1029 cm
-1

. ESI M*
+
 m/z expected 410.1989, found 410.2008. 

 

 Following general procedure B with (E)-cinnamaldehyde 

(0.18 mL, 1.44 mmol), dipyrromethane (70 mg, 0.48 mmol), 

83 (32 mg, 0.1 mmol), and 1.0 mL THF: H2O (95:5). 

Obtained 127 mg, 64% yield. 
1
H NMR (400 MHz, CD3CN): 

δ 8.75 (s, 2H), 7.39 – 7.07 (m, 10H), 5.81 (t, J = 2.9 Hz, 2H), 5.71 (d, J = 2.9 Hz, 2H), 

4.04 (t, J = 7.7 Hz, 2H), 3.71 (s, 2H), 3.48-3.40 (m, 4H), 2.28 – 2.16 (m, 2H), 2.13 – 2.00 

(m, 2H). 13
C NMR (100 MHz, CD3CN): δ 145.7, 134.8, 130.2, 129.2, 128.5, 127.0, 106.1, 

105.2, 60.6, 41.6, 39.0, 26.6. IR (film): 3346, 3059, 3026, 2933, 2881, 1585, 1491, 1452, 

1025 cm
-1

. ESI M־H
+
 m/z expected 413.2235, found 413.2272. 
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Following general procedure C with (E)-cinnamaldehyde 

(108 μL, 0.86 mmol), 78 (50 mg, 0.29 mmol), 83 (19 mg, 

0.06 mmol), and 0.6 mL THF: H2O (95:5). Obtained 98 mg, 

78 % yield. 
1
H NMR (acetone-d6, 300 MHz): δ 9.67 (t, J = 

2.0 Hz, 2H), 9.25 (broad s, 2H), 7.32 -7.08 (m, 10H), 5.75 (t, J = 3.0 Hz, 2H), 5.69 (t, J = 

3.0 Hz, 2H), 4.56 (t, J = 7.8 Hz, 2H), 3.15 -2.99 (m, 2H), 2.96-2.86 (m, 2H), 1.51 (s, 6H). 

13
C NMR (acetonitrile-d6, 100 MHz): δ 202.6, 144.6, 139.9, 133.5, 129.4, 128.5, 127.4, 

105.6, 104.3, 50.0, 39.3, 39.2, 36.1. IR (neat): 3321, 2961, 1711, 1583, 1494, 771,  700 

cm
-1

. ESI M*
+
 m/z expected 438.2302 found 438.2317. 

 

 Following general procedure B with (E)-cinnamaldehyde 

(0.87 mL, 6.9 mmol), 78 (400 mg, 2.3 mmol), 89 (88 mg, 

0.23 mmol), and 5.0 mL THF: H2O (95:5). Obtained 857 

mg, 84 % yield. 
1
H NMR (acetone-d6, 300 MHz): δ 9.09 

(broad s, 2H), 7.30- 7.07 (m, 10H), 5.72 (t, J = 3.0 Hz, 2H), 5.68 (t, J = 3.0 Hz, 2H), 

4.13- 4.01 (m, 2H), 3.56-3.3856 (m, 4H), 2.25-2.15 (m, 2H), 2.05-1.95 (m, 2H), 1.50 (s, 

6H). 
13

C NMR (acetone-d6, 75 MHz): δ 146.1, 139.3, 134.7, 129.0, 128.7, 126.7, 104.7, 

104.1, 60.6, 41.8, 40.0, 36.2, 30.4. IR (film): 3297, 3027, 2935, 2878, 1688, 1600, 1581, 

1452, 762, 698 cm
-1

. ESI M*+[-H] m/z expected 441.2537 found 441.2552.  
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Racemic Sample: HPLC (AD-H column, 0-3 % EtOH in hexanes, 120 min, 0.3 mL/min, 

214 nm) tr = 96.4 min, tr = 105.6 min. 

 

 

Enantioselective Sample: 99 % ee HPLC (AD-H column, 0-3 % EtOH in hexanes, 120 

min, 0.3 mL/min, 214 nm) tr = 95.7 min, tr = 105.6 min. 
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 Following general procedure B with (E)-4-methyl-2-

pentenal (110 μL, 0.945 mmol), 76 (70 mg, 0.315 mmol), 

83 (21 mg, 0.063 mmol), and 1 mL 95:5 THF:H2O. 

Obtained 94 mg, 61 % yield.
 1

H NMR (CDCl3, 300 MHz): 

δ 7.89 (broad s, 2H), 7.31-7.15 (m, 5H), 5.79-5.77 (m, 2H), 5.74-5.71 (m, 2H), 5.38 (s, 

1H), 3.55-3.45 (m, 4H), 2.42 (ddd, J = 3.8, 6.8, 10.9 Hz, 2H), 1.92-1.60 (m, 6H), 0.89 (d, 

J = 6.7 Hz, 4H), 0.79 (d, J = 6.7 Hz, 6H). 

 

Following general procedure C with (E)-cinnamaldehyde 

(119 μL, 0.945 mmol), 76 (70 mg, 0.315 mmol), 83 (21 mg, 

0.063 mmol), 1.0 mL THF: H2O (95:5). Obtained 108 mg, 

70 % yield. 
1
H NMR (300 MHz, CD3CN): δ 9.62 (t, J = 2.0 

Hz, 2H), 8.69 (bd s, 2H), 7.33 – 7.06 (m, 15H), 5.79 (t, J = 

3.1 Hz, 2H), 5.57 (dt, J = 6.3, 3.0 Hz, 2H), 5.20 (s, 1H), 4.48 (t, J = 7.7 Hz, 2H), 3.07 

(ddd, J = 16.9, 8.2, 2.0 Hz, 2H), 2.92 (ddd, J = 17.0, 7.2, 1.7 Hz, 2H). 
13

C NMR (75 

MHz, CD3CN): δ 202.5, 144.6, 144.1, 134.0, 133.8, 129.4, 129.1, 128.5, 127.5, 127.3, 

107.3, 105.9, 49.7, 44.6, 39.2. IR (neat): 3334, 3026, 2923, 2853, 1715, 1634, 1581, 

1493, 1451, 1260, 1028 cm
-1

. ESI MH
+
 m/z expected 487.2380, found 487.2382. 
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 Following general procedure B with (E)-cinnamaldehyde 

(119 μL, 0.945 mmol), 76 (70 mg, 0.315 mmol), 83 (21 

mg, 0.063 mmol), and 1.0 mL THF: H2O (95:5). Obtained 

80 mg, 73 % yield. 
1
H NMR (300 MHz, CD3CN): δ 8.75 

(s, 2H), 7.43 – 7.02 (m, 15H), 5.83 (t, J = 2.6 Hz, 2H), 5.62 (t, J = 2.6 Hz, 2H), 5.25 (s, 

1H), 4.10 – 3.98 (m, 2H), 3.43 (tt, J = 6.5, 3.4 Hz, 4H), 2.19 (dq, J = 13.8, 6.8 Hz, 2H), 

2.09 – 1.96 (m, 2H). 
13

C NMR (75 MHz, CD3CN): δ 145.7, 144.4, 135.3, 133.2, 129.2, 

129.1, 128.6, 127.0, 107.2, 105.2, 60.6, 44.7, 41.6, 39.2. IR (neat): 3337, 3026, 2936, 

2880, 1600, 1583, 1492, 1452, 1359, 1223, 1028, 763 cm
-1

. ESI MH
+
 m/z found 491.2706 

expected 491.2693. 

 

Diol 86 (124 mg, 0.28 mmol), tert-butyldimethylsilyl chloride 

(94 mg, 0.62 mmol), and imidazole (46 mg, 0.68 mmol) were 

combined in THF (5 mL) and stirred at room temperature for 

3 h before washing with water. The organic layer was dried 

with Na2SO4, filtered and the solvent was removed. The product was purified by silica 

gel flash chromatography eluting with 20 % Et2O/hexanes to yield a light yellow oil (105 

mg, 56 % yield). 
1
H NMR (400 MHz, CD3CN): δ 8.38 (s, 2H), 7.30 – 7.13 (m, 10H), 

5.78-5.74 (m, 2H), 5.73-5.70 (m, 2H), 4.03 (t, J = 7.8 Hz, 2H), 3.62 – 3.37 (m, 4H), 2.15 

(td, J = 13.7, 7.0 Hz, 2H), 2.06 – 1.96 (m, 2H), 1.49 (s, 6H), 0.90 (s, 18H), -0.01 (s, 12H). 

13
C NMR (100 MHz, CD3CN): δ 145.7, 139.3, 134.7, 129.2, 128.7, 127.0, 104.7, 104.2, 

61.5, 41.3, 39.5, 36.0, 29.4, 26.3, 18.9, -5.1. IR (neat) 3446, 3028, 2953, 2928, 2883, 
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2856, 1601, 1581, 1492, 1471, 1461, 1253, 1098, 831, 771 cm
-1

. ESI MH
+
 m/z expected 

671.4423, found 671.4456. 

 

Following a previously reported procedure:
6
 

An oven-dried 2-dram vial containing FeCl2 

(38 mg, 0.303 mmol) was evacuated and 

backfilled with argon before adding 1.4 mL 

THF. To this mixture was added a solution containing freshly cracked cyclopentadiene 

(25 μL, 0.295 mmol), n-BuLi (1.6 M in hexanes, 0.2 mL) and 0.6 mL THF, via cannula 

at -10 ºC.  The reaction mixture was stirred at -10 ºC for 45 min. Concurrently, a solution 

of 90 (50 mg, 0.075 mmol), n-BuLi (1.6 M in hexanes, 0.1 mL) and 0.6 mL THF was 

stirred at room temperature for 1 h before adding AgOAc (12.5 mg, 0.075 mmol) and 

stirring for an additional 10 min at room temperature until all AgOAc was dissolved. 

Once completely dissolved this mixture was added via cannula at -10 ºC to the solution 

containing FeCl2 and cyclopentadiene. The reaction mixture was warmed to room 

temperature and stirred for 48 h before quenching with a methanolic solution of 

bipyridine (58 mg, 0.2 mL) and passing through a silica plug with ether. Purified by silica 

gel flash chromatography using 1:20:79 NEt3:Et2O:hexanes to obtain an orange solid (56 

mg, 95 % yield) 
1
H NMR (300 MHz, C6D6): δ 7.55-7.08 (m, 10H), 6.05 (t, J = 2.1 Hz, 

4H), 4.04 (s, 10H), 3.74 (m, 2H), 3.62-3.45 (m, 4H), 2.21 (td, J = 13.2, 6.4 Hz, 2H), 2.04 

(td, J = 13.4, 6.8 Hz, 2H), 1.42 (s, 6H), 1.00 (s, 18H), 0.03 (s, 12H). ESI MH
+
 m/z 
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expected, 791.4085 found 791.4169. HPLC (Daicel Chiralcel AD-H, 1 cm x 25 cm, 214 

nm, 2/98 i-PrOH/hexanes, 3.0 mL/min): 3.60 min (50 %), 4.82 min (50 %). 

 

8.4 Chapter Six Experimental 

Following a previously reported procedure:
15

 

Resorcinarene 95
14

 (1.29 g, 1.16 mmol) was dissolved in 

25 mL dimethylformamide before being treated with 

triethylamine (1.62 mL, 11.6 mmol). To this reaction 

mixture was added 4,5-difluoro-1,2-dinitrobenzene (1.0 

g, 4.90 mmol). The reaction mixture was stirred at 65 ºC for 18 h before being cooled to 

room temperature and poured into 200 mL water. The yellow precipitate was collected by 

vacuum filtration and purified by flash chromatography using 3:1 CH2Cl2/hexanes as the 

eluent. A light yellow solid was isolated (1.0 g, 49 % yield). 
1
H NMR (300 MHz, 

DMSO-d6): δ 8.81 (s, 8H), 8.22 (s, 4H), 7.79 (s, 4H), 5.52 (t, J = 7.9 Hz, 4H), 2.36 (q, J = 

6.6 Hz, 8H), 1.40-1.22 (m, 72H), 0.84 (t, J = 6.3 Hz, 12H). 

 

Following a previously reported procedure:
15

 To a 

suspension of octanitro cavitand 96 (400 mg, 0.227 

mmol) in ethanol (11.4 mL) and concentrated HCl (2.9 

mL) was added SnCl2•2H2O (3.28 g, 14.54 mmol). The 

reaction mixture was stirred at 65 ºC for 18 h before 

cooling to room temperature and adding ca. 10 mL H2O. An off-white precipitate was 
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collected upon vacuum filtration. The precipitate was dried under vacuum and used 

without further purification. 
1
H NMR (300 MHz, DMSO-d6): δ 7.66 (s, 4H), 7.17 (s, 4H), 

7.11 (s, 8H), 5.49 (t, J = 8.0 Hz, 4H), 2.36-2.17 (m, 8H), 1.46-1.13 (m, 72H), 0.85 (t, J = 

6.3 Hz, 12H). 

 

Following a previously reported procedure
12

: 128 (120 mg, 0.47 

mmol), 95
14

 (114 mg, 0.10 mmol), and N,N-

diisopropylethylamine (180 μL, 1.03 mmol) were dissolved in 

N,N,-dimethylformamide and stirred at 40 ºC for 18 h. The 

solvent was removed and the crude product was dissolved in 

CH2Cl2, washed with water, dried with MgSO4, filtered and 

then the solvent was removed under reduced pressure to yield an orange solid (50 mg, 27 

% yield). 
1
H NMR (300 MHz, CDCl3): δ 7.64 (s, 4H), 7.03 (S, 4H), 4.68 (t, J = 7.5 Hz, 

4H), 4.48 (d, J = 2.6 Hz, 8H), 2.25 (t, J = 2.5 Hz, 4H), 2.14 (q, J = 6.9 Hz, 8H), 1.32-1.24 

(m, 72H), 0.86 (t, J = 6.9 Hz, 12H). 
13

C NMR (100 MHz, CDCl3): δ 161.4, 155.7, 152.5, 

141.4, 134.9, 124.2, 117.0, 76.5, 72.6, 36.0, 32.2, 32.1, 29.8, 29.7, 29.5, 27.7, 22.8, 14.2. 

 

2-Azidopyridine 125: Following a previously reported procedure
7
 in which 

2-bromopyridine (1.23 mL, 13.0 mmol) was dissolved in 60 mL EtOH/H2O 

(3:1) and the solution was degassed with N2. After degassing for 15 min, NaN3 (1.65 g, 

25.4 mmol), L-sodium ascorbate (130 mg, 0.7 mmol), CuI (240 mg, 1.27 mmol), and 

N,N’-dimethylethylenediamine (0.2 mL, 1.90 mmol) were added. A reflux condenser was 
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attached and the reaction mixture was stirred at 100 ºC for 1 h before cooling to room 

temperature and diluting with 100 mL of H2O. The crude reaction mixture was extracted 

with CH2Cl2 (3 x 50 mL). The combined organic layers were washed with water, dried 

with Na2SO4, filtered and the solvent was removed (96% yield). 
1
H NMR (CDCl3, 300 

MHz): 8.84 (dt, J = 7.0, 1.1 Hz, 1H), 8.05 (dt, J = 9.0 Hz, 1.1 Hz, 1H), 7.68 (ddd, J = 9.0, 

7.0, 1.1 Hz, 1H), 7.24 (td, J = 6.9, 1.0 Hz, 1H).  

 

1H-Isoindole-1,3(2H)-dione, 2-(2-propyn-1-yl), 126: Phthalic 

anhydride (148 mg, 1.0 mmol) propargylamine (130 μL, 2.0 mmol) 

and triethylamine (14 μL, 0.1 mmol) were combined in toluene. The 

reaction mixture was refluxed for 5 h before cooling to room temperature and removing 

volatile compounds under reduced pressure. Obtained light yellow solid (180 mg, 97 %). 

NMR spectrum matches previously reported literature
8
 

 1
H NMR (300 MHz, CDCl3): δ 

7.94 – 7.84 (m, 2H), 7.74 (dd, J = 5.4, 3.1 Hz, 2H), 4.46 (d, J = 2.5 Hz, 2H), 2.22 (t, J = 

2.5 Hz, 1H). 

 

2-[[1-(2-Pyridyl)triazole-4-yl]methyl]isoindoline-1,3-dione 

127: 2-Azidopyridine (13 mg, 0.108 mmol), 1H-Isoindole-1, 

3(2H)-dione, 2-(2-propyn-1-yl) (20mg, 0.108 mmol), 

CuSO4•5H2O (2.5 mg, 0.0108 mmol), L-sodium ascorbate 

(4.3 mg, 0.0216 mmol), and 152
9
 (8.8 mg, 0.0216 mmol) were combined in 2 mL 

CH2Cl2:MeOH (3:1) and stirred at 50 ºC for 48 h. The crude reaction mixture was diluted 
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in CH2Cl2 and washing with an aqueous solution of Na2EDTA. The organic layer was 

dried with MgSO4, filtered and the solvent was removed under reduced pressure yielding 

a white solid. 
1
H NMR (300 MHz, CDCl3): δ 8.58 (s, 1H), 8.47 (ddd, J = 4.9, 1.8, 0.8 Hz, 

1H), 8.14 (dd, J = 4.9, 4.2 Hz, 1H), 7.90 – 7.85 (m, 3H), 7.75 – 7.69 (m, 2H), 7.33 (ddd, J 

= 7.5, 4.9, 1.0 Hz, 1H), 5.10 (s, 2H). ESI MH
+
 m/z expected 306.0986, found 306.1015. 

 

2,3-Dichloro-6-prop-2-ynyl-pyrrolo[3,4-]pyrazine-5,7-dione, 

128: Following a previously reported procedure
12

: To a 

suspension of 5,6-dichloropyrazine dicarboxylic anhydride 117
13

 

(100 mg, 0.46 mmol) in THF (5 mL) was added propargylamine (30 μL, 0.46 mmol) 

dropwise. The reaction mixture was stirred at 68 ºC for 5 h before cooling to room 

temperature and adding oxalyl chloride dropwise (43 μL, 0.50 mmol) followed by 

dropwise addition of pyridine (100 μL, 1.24 mmol). The reaction mixture was stirred 

overnight at room temperature before filtering the suspension through a pad of celite. The 

solvent was removed under reduced pressure. CH2Cl2 (6 mL) was added and any 

undissolved solid was removed by vacuum filtration. The solvent was removed from the 

filtrate and the product was purified by silica gel flash chromatography using CH2Cl2 as 

the eluent to obtain 40 mg of a white powder (38 % yield). 
1
H NMR (300 MHz, CDCl3): 

δ 4.56 (d, J = 2.5 Hz, 2H), 2.29 (t, J = 2.5 Hz, 1H). 

 

 [1-(2-Pyridyl)triazole-4-yl]methanamine, 132: tert-Butyl-N-[[1-

(2-pyridyl)triazole-4-yl]methyl]carbamate (166 mg, 0.603 mmol) 
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was dissolved in 2 mL CH2Cl2/TFA (1:1). The reaction mixture was stirred for 20 h 

before removing the solvent, washing with saturated aqueous NaHCO3, and extracting 

with EtOAc. The solvent was removed to yield a light brown waxy-solid (62 %). 
1
H 

NMR (300 MHz, CDCl3): δ 8.49 (dd, J = 5.1 Hz, 1.9 Hz, 1H), 8.46 (s, 1H), 8.19 (d, J = 

8.2 Hz, 1H), 7.91 (td, J =7.8, 1.9 Hz, 1H), 7.45-7.29 (m, 1H), 4.08 (s, 2H). ESI MH
+
 m/z 

expected 176.0931, found 176.0933. 

 

N’-(2-Pyridylmethyl)ethane-1,2-diamine, 133: Following a 

previously reported procedure
10

 2-bromomethylpyridine 

hydrobromide (253 mg, 1.0 mmol) and ethylenediamine (0.67 mL, 10.0 mmol) were 

combined in anhydrous ethanol. The reaction mixture was stirred for 18h before 

removing the solvent. The product was purified by basic alumina flash chromatography 

using 5 % MeOH in CH2Cl2 as the eluent. Obtained 123 mg of a yellow/orange oil 

(82%). NMR matches previously reported literature. 
1
H NMR (400 MHz, CDCl3): δ 8.55 

(d, J = 4.7 Hz, 1H), 7.64 (td, J = 7.6, 1.5 Hz, 1H), 7.31 (d, J = 7.7 Hz, 1H), 7.15 (dd, J = 

7.3, 4.9 Hz, 1H), 3.92 (s, 2H), 2.84 (t, J = 5.9 Hz, 2H), 2.73 (t, J = 5.8 Hz, 2H). 

 

2-Azidomethylpyridine: Following a previously reported procedure
11

 2-

bromomethyl pyridine hydrobromide (200 mg, 0.79 mmol) and sodium 

azide (57 mg, 0.87 mmol) were dissolved in 3.2 mL acetone/H2O (20:1) and stirred for 18 

h before diluting in 10 mL CH2Cl2 and washing with water. The organic layer was dried 

with MgSO4, filtered and the solvent was removed to yield an orange oil. 
1
H NMR (300 
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MHz, CDCl3): δ 8.64-8.57 (m, 1H), 7.72 (td, J = 7.7, 1.8 Hz, 1H), 7.35 (d, J =7.8 Hz, 

1H), 7.30-7.21 (m, 1H), 4.49 (s, 2H). 

 

tert-Butyl-N-[[1-(2-pyridyl)triazole-4-yl]methyl]carbamate: 

2-Azidopyridine (100 mg, 0.83 mmol), N-Boc-propargylamine 

(142 mg, 0.916 mmol), CuSO4•5H2O (20 mg, 0.083 mmol), and L-sodium ascorbate (33 

mg, 0.166 mmol) were dissolved in 4 mL 
t
BuOH/CH2Cl2 (1:1) and stirred at 70 ºC. After 

18 h an aqueous solution of Na2EDTA was added and the biphasic mixture was stirred 

vigorously for 5 min before extracting with CH2Cl2. The organic layer was dried with 

Na2SO4, filtered and the solvent was removed. The crude product was purified by silica 

gel flash chromatography eluting with 20% EtOAc/hexanes then 50 % EtOAc/hexanes to 

yield a light yellow solid (68 %). 
1
H NMR (400 MHz, CDCl3): δ 8.50 (s, 1H), 8.48 (d, J 

= 4.1 Hz, 1H), 8.15 (d, J = 8.2 Hz, 1H), 7.89 (td, J = 8.1, 1.7 Hz, 1H), 7.33 (dd, J = 7.0, 

5.1 Hz, 1H), 5.20 (s, 1H), 4.49 (d, J = 5.8 Hz, 2H), 1.44 (s, 9H). 
13

C NMR (100 MHz, 

CDCl3): δ 155.9, 149.3, 148.7, 146.1, 139.2, 123.7, 119.4, 113.9, 79.7, 36.3, 28.5. ESI 

MH
+
 m/z expected 276.1455, found 276.1466. 

 

 [1-(2-Pyridyl)triazol-4-yl]methanol: 2-Azidopyridine (500 mg, 

4.16 mmol), propargyl alcohol (0.72 mL, 12.48 mmol), 

CuSO4•5H2O (103 mg, 0.412 mmol), L-sodium ascorbate (225 mg, 1.13 mmol), and 

BIm3 (171 mg, 0.412 mmol) were combined in a 1:1 mixture of 
t
BuOH and water (8 mL). 

The reaction mixture was stirred for 18 h at 80 ºC before removing the solvent and 
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dissolving in CH2Cl2 and washing with an aqueous solution of Na2EDTA to remove any 

copper present. The organic layer was dried with Na2SO4, filtered and the solvent was 

removed to yield 600 mg of a tan solid (82 % yield). 
1
H NMR (300 MHz, DMSO-d6): δ 

8.64 (s, 1H), 8.57 (dt, J = 4.9, 1.3 Hz, 1H), 8.13 – 8.03 (m, 2H), 7.66 – 7.43 (m, 1H), 5.34 

(t, J = 5.7 Hz, 1H), 4.63 (d, J = 5.8 Hz, 2H).
 13

C NMR (75 MHz, DMSO-d6): δ 149.1, 

148.9, 148.6, 140.0, 124.1, 119.6, 113.6, 54.9. ESI MH
+
 m/z expected 177.0771, found 

177.0779. 

 

2-[4-(Bromomethyl)triazol-1-yl]pyridine:  [1-(2-Pyridyl)triazol-4-

yl]methanol (176 mg, 1.0 mmol) was suspended in 7 mL CH2Cl2 

before adding PBr3 (103 μL, 1.1 mmol). The reaction mixture was stirred for 2 h before 

removing solvent and adding water and sonicating to crash out the product. A beige solid 

was collected by vacuum filtration (202 mg, 85 % yield). 
1
H NMR (300 MHz, cdcl3) δ 

8.62 (s, J = 33.8 Hz, 37H), 8.51 (s, 1H), 8.19 (d, J = 7.9 Hz, 36H), 7.99 – 7.86 (m, 40H), 

7.37 (dd, J = 7.1, 5.1 Hz, 38H), 4.66 (s, 85H). 
13

C NMR (100 MHz, CDCl3): δ 149.0, 

148.7, 145.1, 139.3, 123.9, 120.4, 113.9, 21.5. ESI MH
+
 m/z expected 238.9927, found 

239.0032. 

 

2-[1-(2-Pyridyl)triazol-4-yl]acetonitrile: 2-[4-(Bromomethyl) 

triazole-1-yl]pyridine (740 mg, 3.16 mmol) and KCN (412 mg, 

6.33 mmol) were dissolved in 5 mL DMSO. The reaction mixture was stirred at 70 ºC for 

20 h before cooling to room temperature, diluting in CH2Cl2 and washing with water. The 
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aqueous layer wash extracted with CH2Cl2 and the solvent was removed from the 

combined organic layers to yield a light yellow solid. 
1
H NMR (400 MHz, CDCl3): δ 

8.63 (s, 1H), 8.49 (d, J = 4.1 Hz, 1H), 8.15 (d, J = 8.2 Hz, 1H), 7.91 (t, J = 7.2 Hz, 1H), 

7.36 (dd, J = 6.9, 5.2 Hz, 1H), 3.96 (s, 2H). 
13

C NMR (100 MHz, CDCl3): δ 148.8, 139.4, 

138.0, 124.1, 119.9, 116.3, 113.8, 15.6. ESI MH
+

 m/z expected 186.0774, found 

186.0807.  

 

2-Pyridylacetonitrile (111 μL, 1.0 mmol) and 70 μL 

anyhydrous  were combined in an oven-dried, N2 

flushed 4-dram vial before cooling to 5 ºC and 

adding 1 mL of HCl in diethyl ether (2.0 M, 2.0 

mmol). The reaction mixture was placed in a fridge 

for 2 days before removing solvent, flushing vial 

with N2, and adding 1 mL anhydrous EtOH and 98
15

 

(50 mg, 0.033 mmol). The reaction mixture was stirred at 70 ºC for 18 h before filtering 

off precipitate and rinsing with MeOH. The precipitate was dried under vacuum to yield 

13 mg of a beige solid (42 %). 
1
H NMR (300 MHz, DMSO-d6): δ 8.57 (s, 8H), 8.26 (d, J 

= 4.6 Hz, 4H), 8.21 (s, 4H), 7.88 – 7.81 (m, 4H), 7.68 (s, 4H), 7.46 (d, J = 7.8 Hz, 4H), 

7.38 (dd, J = 6.9, 5.4 Hz, 4H), 5.56 (t, J = 7.9 Hz, 4H), 4.34 (s, 8H), 2.42 – 2.30 (m, 8H), 

1.41-1.07 (m, 24H), 0.85 (t, J = 6.1 Hz, 12H). MALDI-MS MH
+
 m/z expected 1926.1, 

found 1926.2. 
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2,2′-Bipyridine-N-oxide: Following a previously reported procedure
16

 2,2′-bipyridine 

(1g, 6.4 mmol) was dissolved in trifluoroacetic acid (4.9 mL, 64.0 mmol) before adding 

H2O2 (30 % in H2O, 1.1 mL, 9.6 mmol). The reaction mixture was stirred for 2 h before 

neutralizing with 6 M NaOH and extracting with CHCl3 (4 x 10 mL). The combined 

organic layers were washed with brine, dried with Na2SO4, filtered and the solvent was 

removed under reduced pressure. The crude product was placed under vacuum to obtain 

716 mg of a white solid (65 %). 
1
H NMR (400 MHz, CDCl3) δ 8.90 (dt, J = 8.1, 1.0 Hz, 

1H), 8.73 (ddd, J = 4.8, 1.7, 0.9 Hz, 1H), 8.32 (dd, J = 6.5, 1.1 Hz, 1H), 8.19 (dd, J = 8.0, 

2.1 Hz, 1H), 7.84 (td, J = 7.8, 1.8 Hz, 1H), 7.42 – 7.33 (m, 2H), 7.28 (dt, J = 4.9, 2.9 Hz, 

1H). 

 

6-Amino-2,2′-bipyridine: Following a previously reported procedure
16

 2,2′-bipyridine-

N-oxide (710 mg, 4.12 mmol) was dissolved in toluene (40 mL). The reaction mixture 

was cooled to 0 ºC before adding 
t
BuNH2 (2.28 mL, 21.9 mmol) followed by p-

toluenesulfonyl chloride (1.81 g, 9.48 mmol). The reaction mixture was stirred for 24 h 

before adding 40 mL trifluoroacetic acid and heating to 70 ºC. Stirring was continued at 

70 ºC for 24 h before removing the solvent and diluting with CH2Cl2 and quenching with 

saturated aqueous NaHCO3 until pH of 8-9 was reached. The aqueous layer was extracted 

with CH2Cl2 (5 x 15 mL). The combined organic layers were washed with brine, dried 

with Na2SO4, filtered and the solvent was removed to yield a red precipitate. The crude 

product was dissolved in methyl-tert-butyl ether and decanting off solution leaving 

behind the solid. HCl solution (2M in Et2O, 4 mL, 8 mmol) was added to the solution and 
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the precipitate was collected and washed with methyl-tert-butyl ether. The precipitate 

was dissolved in CH2Cl2 and washed with saturated aqueous NaHCO3 solution. The 

aqueous layer was extracted with CH2Cl2 (4 x 15 mL) and the combined organic layers 

were dried with Na2SO4, filtered and the solvent was removed yielding a red precipitate. 

The product was purified by silica gel flash chromatography eluting with CH2Cl2 

followed by 1% MeOH in CH2Cl2. Obtained 173 mg light brown solid (25 %). 
1
H NMR 

(400 MHz, CDCl3): δ 8.66 (ddd, J = 4.8, 1.7, 0.9 Hz, 1H), 8.27 (dt, J = 8.1, 1.0 Hz, 1H), 

7.78 (td, J = 7.8, 1.8 Hz, 1H), 7.71 (dd, J = 7.4, 0.5 Hz, 1H), 7.58 (dd, J = 9.7, 5.9 Hz, 

1H), 7.27 (ddd, J = 7.5, 4.8, 1.1 Hz, 1H), 6.56 (dd, J = 8.2, 0.5 Hz, 1H), 4.66 (s, 2H). 

 

Ethyl-2,2-diethoxyethanimidate Sodium metal (92 mg, 4.0 mmol) was dissolved in 4 

mL anhydrous ethanol before adding diethoxyacetonitrile (556 μL, 4.0 mmol). The 

reaction mixture was stirred at room temperature overnight before removing the solvent, 

diluting in CH2Cl2, and washing with water. The aqueous layer was extracted 3x with 

CH2Cl2 and the combined organic layers were dried with Na2SO4, filtered and the solvent 

was removed under reduced pressure to yield 252 mg of a clear oil (36 %). 
1
H NMR (400 

MHz,CDCl3): δ 7.84 (s, 1H), 4.77 (s, 1H), 4.22 (q, J = 7.1 Hz, 2H), 3.84-3.33 (m, 4H), 

1.32 (t, J = 7.1 Hz, 3H), 1.23 (t, J = 7.0 Hz, 6H). 
13

C NMR (100 MHz, CDCl3): δ 168.2, 

96.4, 62.0, 61.8, 15.2, 14.3. ESI MH
+
 m/z expected 176.2329, found 176.1298. 
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Following a previously reported procedure:
17

 Octaamine 

98 (175 mg, 0.104 mmol) and ethyl-2,2-

diethoxyethanimidate (148 mg, 8.4 mmol) were combined 

in 3 mL anhydrous ethanol before adding trifluoroacetic 

acid (151 μL, 1.96 mmol). The reaction mixture was 

stirred at 70 ºC for 18 h before cooling to 0 ºC and 

collecting precipitate by vacuum filtration and washed with hexanes to remove excess 

imidate. A peach precipitate was obtained (158 mg, 77 % yield). 
1
H NMR (400 MHz, 

CDCl3): δ 7.94 (s, 8H), 7.47 (s, 4H), 7.20 (s, 4H), 5.71 (t,  J = 8.0 Hz, 4H), 5.67 (s, 4H), 

3.78-3.46 (m, 16H), 2.22 (q, J = 5.7 Hz, 8H), 1.56-1.07 (m, 96H), 0.89 (t, J = 6.6 Hz, 

12H). 
13

C NMR (100 MHz, CDCl3): δ 155.6, 151.9, 150.3, 135.7, 130.3, 123.8, 116.4, 

110.1, 94.8, 63.1, 33.5, 32.4, 32.1, 29.9, 29.6, 28.2, 22.9, 15.1, 14.3.  

 

General Procedure D: Synthesis of aryl-imine cavitands 

138 (1 equiv), aryl amine (6 equiv), and La(OTf)3 (40 mol %) were combined in toluene. 

The reaction mixture was stirred for 18 h at 110 ºC before removing the solvent under 

reduced pressure and sonicating in ether to remove excess 6-amino-2,2’-bipyridine. Pure 

product was collected upon vacuum filtration. 
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General Procedure E: Synthesis of alkyl-imine cavitands via transimination: 

Aryl-imine cavitand (1 equiv) and alkylamine (5 equiv) were combined in CH2Cl2 (1 mL) 

and stirred for 2 min before removing the solvent under reduced pressure. The crude 

precipitate was sonicated in diethyl ether to remove excess 2-picolylamine and the 

byproduct, 2-aminopyridine. Pure product was collected upon vacuum filtration. 

 

Following general procedure D: Tetradiethoxy 

acetal cavitand 138 (122 mg, 0.062 mmol), 6-

amino-2,2’-bipyridine (64 mg, 0.371 mmol) and 

La(NO3)3 (11 mg, 0.025 mmol) were combined in 

4 mL toluene in a 20 mL high pressure vessel and 

stirred for 18 h. Obtained red orange precipitate 

(89 % yield). 
1
H NMR (400 MHz, CDCl3 + 5% 

DMSO-d6): δ 8.64 (d, J = 4.4 Hz, 4H), 8.11 (d, J 

= 8.0 Hz, 4H), 8.00 (s, 4H), 7.81 (t, J = 7.7 Hz, 4H), 7.72 – 7.63 (m, 4H), 7.46 (s, 4H), 

7.38-7.32 (m, 8H), 7.19 (s, 4H), 6.98 (d, J = 8.7 Hz, 4H), 5.62 (t, J = 7.4 Hz, 4H), 2.17 

(q, J =5.4 Hz, 8H), 1.36-1.16 (m, 72H), 0.80 (t, J = 7.0 Hz, 12H). 
13

C NMR (125 MHz, 

CDCl3): δ 156.5, 155.7, 150.7, 149.9, 148.4, 147.7, 141.9, 140.6, 138.0, 136.7, 135.3, 

125.2, 123.9, 121.8, 121.4, 120.1, 119.2, 117.2, 112.7, 111.4, 110.6, 109.3. 33.0, 32.0, 

30.9, 30.5, 29.8, 29.5, 28.9, 28.5, 28.2, 23.8, 22.8, 21.7. 
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Following general procedure D: Tetradiethoxy 

acetal cavitand 138 (50 mg, 0.025 mmol), p-

aminobenzoic acid (26 mg, 0.20 mmol) and 

La(OTf)3 (6 mg, 0.010 mmol) were combined in a 1 

mL toluene in a 10 mL high pressure vessel and 

stirred for 18 h. Obtained red orange precipitate (89 

% yield). 
1
H NMR (300 MHz, CDCl3 + 5% DMSO-

d6): δ 8.03 (s, 8H), 7.76 (d, J = 7.7 Hz, 8H), 7.39 (s, 

4H), 7.17 (s, 4H), 6.52 (d, J = 6.9 Hz, 8H), 5.67 (t, J = 8.3 Hz, 4H), 2.18 (q, J = 6.9 Hz, 

8H), 1.44-1.10 (m, 72H), 0.79 (t, J = 6.9 Hz, 12H). 

 

Following general procedure D: Diethoxy acetal 

cavitand 138 (150 mg, 0.076 mmol), 2-aminopyridine 

(43 mg, 0.457 mmol) and La(NO3)3 (13 mg, 0.030 

mmol). Obtained red orange precipitate (116 mg, 77 % 

yield). 
1
H NMR (400 MHz, CDCl3 + 5% DMSO-d6): δ 

8.04 (br s, 4H), 7.82 (br s, 8H), 7.60 (br s, 12H), 7.18 

(br s, 4H), 6.88 (d, J = 8.9 Hz, 4H), 6.61 (t, J = 5.6 Hz, 

4H), 5.62 (br s, 4H), 2.16 (br s, 8H), 1.43-1.13 (m, 72H), 0.81 (br 12H). 
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Following general procedure E: 144 (135 mg, 

0.059 mmol), 2-picolylamine (30 μL, 0.35 mmol) 

and 3 mL CH2Cl2. Obtained 86 mg precipitate (73 

% yield). 
1
H NMR (400 MHz, CDCl3): δ 8.40 (br 

s, 4H), 8.03- 7.87 (br, 12H), 7.52-7.08 (m, 20H), 

5.70 (br, 4H), 4.40 (s, 8H), 2.23 (br, 8H), 1.46-

1.20 (m, 72H), 0.89 (t, J = 6.3 Hz, 12H). 

 

Following general procedure E: 144 (50 mg, 0.022 

mmol), n-butylamine (11 μL, 0.11 mmol) and 1 mL 

CH2Cl2. Obtained 20 mg precipitate (50 % yield). 
1
H 

NMR (400 MHz, CDCl3
 
+ 1 % DMSO-d6): δ 7.77 (s, 

8H), 7.49 (s, 4H), 7.09 (s, 8H), 5.63 (br s, 4H), 2.96 

(br s, 8H), 2.15 (br s, 8H), 1.68 (br s, 8H), 1.43-1.20 

(m, 80H), 0.86 (m, 24H). 

 

Following general procedure E: 144 (20 mg, 

0.0087 mmol), N,N-dimethylethylenediamine (5 

μL, 0.044 mmol) and 1 mL CH2Cl2. Obtained 12 

mg precipitate (70 % yield). 
1
H NMR (300 MHz, 

CDCl3): δ 7.89 (s, 4H), 7.72 (s, 8H), 7.46 (s, 4H), 

7.21 (s, 4H), 5.77 (t, J = 8.0 Hz, 4H), 3.15 (br s, 
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8H), 2.71 (br s, 8H), 2.37 (br s, 24H), 2.25 (br s, 8H), 1.44-1.18 (m, 72H), 0.90 (t, J = 5.9 

Hz, 12H). 

 

Cavitand 146 (43 mg, 0.021 mmol) was dissolved 

in CH2Cl2 (3 mL). To this solution was added 

NaBH4 (8 mg, 0.21 mmol) followed by MeOH (1 

mL). The reaction mixture was stirred for 2 h 

before removing the solvent and sonicating in 

ether and collecting precipitate by vacuum 

filtration. 
1
H NMR (300 MHz, CDCl3): δ 8.55 (br 

s, 8H), 7.87-7.08 (m, 24 H), 5.70 (br s, 4H), 3.97 (s, 8H), 3.51 (s, 8H), 2.20 (br s, 8H), 

1.46-1.13 (m, 72H), 0.89 (br s, 12H). 

 

8.5 Chapter Seven Experimental 

In a 10 mL round bottom flask equipped with a stir bar 

was combined CuSO4·5H2O (23 mg, 0.092 mmol), L-

sodium ascorbate (36 mg, 0.183 mmol), and 151
18

 

(100mg, 0.306 mmol) in 4 mL of 4:1 DMSO:H2O. To 

this mixture was added 2-ethynyl pyridine (97 μL, 

0.917 mmol) and the reaction mixture was stirred for 

24 h at 100 ºC. After being cooled to room temperature 15 mL of water was added and 

the resulting gray precipitate was collected by vacuum filtration. The crude precipitate 
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was dissolved in DCM and washed with an aqueous solution of Na2EDTA. The organic 

layer was dried with Na2SO4, filtered, and the solvent removed under reduced pressure to 

yield 152 as a gray solid (175 mg, 87%)
 1

H NMR (400 MHz, CDCl3): δ 8.46 (d, J = 4.5 

Hz, 3H), 8.18 (d, J = 7.9 Hz, 3H), 8.08 (s, 3H), 7.76 (td, J = 7.8, 1.5 Hz, 3H), 7.21 (dd, J 

= 6.8, 5.2 Hz, 3H), 5.73 (s, 6H), 2.84 (q, J = 7.4 Hz, 6H), 1.00 (t, J = 7.5 Hz, 9H). 
13

C 

NMR (101 MHz, CDCl3): δ 150.1, 149.0, 148.2, 146.9, 137.3, 129.8, 123.1, 121.8, 120.6, 

48.2, 23.8, 15.5. ESI-TOF [MH
+
] m/z expected 637.3259, found 637.3227. 

 

152•Fex: In a two-dram vial 152 (100 mg, 0.157 mmol) was dissolved in MeOH (1.5 

mL). In a separate 2-dram vial FeSO4·7H2O (48 mg, 0.173 mmol) was dissolved in 

MeOH (1 mL). The two solutions were combined and sonicated for 5 min before 

collecting a brown precipitate (114 mg, 92%). An NMR could not be obtained due to the 

paramagnetic nature of the complex.  

 

In a sealed tube was combined 151 (50 mg, 0.153 

mmol), N,N-bis(2-pyridylmethyl)-N-propargylamine 

(180 mg, 0.758 mmol), CuSO4·5H2O (12 mg, 0.046 

mmol), sodium ascorbate (18 mg, 0.092 mmol), co-

catalyst 154
18

 (19 mg, 0.046 mmol), and 2 mL of 1:1 

t
BuOH:H2O. The reaction mixture was stirred for 24 h 

at 80 ºC before removing the solvent and redissolving 

in DCM (20 mL) and adding an aqueous solution of Na2EDTA (15 mL). This mixture 
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was stirred for 1 hour to remove any bound copper from the ligand. The organic layer 

was separated, dried with Na2SO4, filtered and the solvent removed under reduced 

pressure to yield a brown, waxy substance (130 mg, 82 %).  
 1

H NMR (300 MHz, 

CDCl3): δ 8.46 (dt, J = 4.7, 1.4 Hz, 6H), 7.61(td, J = 7.6, 1.8 Hz, 6H), 7.51 (td, J = 7.8, 

1.2 Hz, 6H), 7.45 (s, 3H), 7.11 (ddd, J = 7.4, 4.9, 1.4 Hz, 6H), 5.62 (s,6H), 3.76 (s, 6H), 

3.75 (s, 12H),  2.80 (q, J = 7.4 Hz, 6H), 0.92 (t, J = 7.3 Hz, 9H). 
 13

C NMR (75 MHz, 

CDCl3): δ 158.9, 148.8, 146.2, 144.2, 136.4, 129.6, 123.2, 122.7, 121.9, 59.3, 48.4, 47.8, 

23.5, 15.2.  ESI-TOF [MNa
+
] m/z expected 1061.5616, found 1061.5734. 

 

153•Fe3: In a two-dram vial 153 (100 mg, 0.157 mmol) was dissolved in MeOH (1.5 

mL). In a separate two-dram vial FeSO4·7H2O (48 mg, 0.173 mmol) was dissolved in 

MeOH (1 mL). The two solutions were combined and sonicated for 5 min before 

collecting a brown precipitate (114 mg, 92%). 
1
H and 

13
C NMR could not be obtained 

due to the paramagnetic nature of the complex.  

 

General procedure for oxidation reactions 

In a 0.3 mL conical vial, catalyst (0.004 mmol, 10 mol %) was dissolved in 0.2 mL 

solvent (1:1 MeCN:H2O) before adding 
t
BuOOH (0.40 mmol, 10 equiv), acetic acid (0.20 

mmol, 5 equiv), and substrate (0.04 mmol, 1 equiv). The reaction mixture was stirred for 

18 h at 50 ºC. Aliquots were taken and passed through a silica gel pipet plug with ether 

before being analyzed by GCMS. All yields are based on recovered starting material. 
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