
  

 

 

STUDIES TOWARD THE SYNTHESIS OF (‒) AGELASTATIN A 

AND 

MECHANISTIC INVESTIGATIONS OF THE UNCATALYZED CHLOROCYCLIZATION 
OF 4-PHENYL-4-PENTENOIC ACID 

 
By 

Emily R. Dzurka  

 

 

 

 

 

 

 

 

A DISSERTATION 

Submitted to  
Michigan State University  

in partial fulfillment of the requirements 
for the degree of  

 
Chemistry – Doctor of Philosophy  

2022 

 

 

 

 

 



 

ABSTRACT 

STUDIES TOWARD THE SYNTHESIS OF (‒) AGELASTATIN A 
AND 

MECHANISTIC INVESTIGATIONS OF THE UNCATALYZED CHLOROCYCLIZATION 
OF 4-PHENYL-4-PENTENOIC ACID 

 
By 

Emily R. Dzurka  

 This thesis presents an investigation into efforts towards the total synthesis of 

agelastatin A, as well as a mechanistic study of the uncatalyzed chlorocyclization reaction 

of 4-phenyl-4-pentenoic acid. 

 Chapter 1 introduces all the prior total syntheses completed to date of agelastatin 

A. This chapter details the benefits, and similarities between each synthesis, as well as 

serves as an introduction into why a different, and novel route to the molecule is 

beneficial. Chapter 2 presents the current studies towards synthesizing the molecule 

utilizing chemistry that was developed in the Borhan lab. Within this chapter, different 

synthetic routes to access the molecule are described.  

 Chapter 3 focuses on the mechanistic studies to determine the molecularities that 

lead to the syn- and anti-chlorolactonization. Chemical kinetics were a central part of this 

investigation, as well as concentration studies. This information provided key insights into 

the postulated transition states that lead either the syn-addition or anti-addition product. 
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Chapter 1 ‒ Significance and Prior Syntheses of (‒) Agelastatin A 

 

1.1. Isolation, Characterization, and Biological Activity 

 

The agelastatin family of alkaloids (Figure 1.1) are a group of cytotoxic molecules 

that exhibit a unique, complex tetracyclic framework possessing multiple contiguous 

stereocenters. Agelastatins A (1) and B (2) were isolated from the Coral Sea marine 

sponge, Agelas dendromorpha ,in 1993 near New Caledonia.1 Agelastatins C (3) and D 

(4) were isolated in 1998 from the West Australian sponge, Cymbastela sp.2 In 2010, 

agelastatins E (5) and F (6) were isolated from the New Caledonian sponge A. 

dendromorpha (Figure 1.1).3  

 

Figure 1.1. Molecular structures of all agelastatin alkaloids (1-6) 

 

 

Characterization of agelastatin A (1) was accomplished using extensive nuclear 

magnetic resonance (NMR) studies as well as comparison of degradative studies.1 Cis 

stereochemistry between C5-C4 and C7-C8 was elucidated using NOE, and trans-fusion 
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stereochemistry was established by the small coupling between H(C4) and H(C8). Other 

extensive NOE within the molecule confirmed these results.1 Utilizing molecular modeling 

and CD exciton-coupling method, the absolute stereochemistry was found to be S 

configuration at C4 and C5, and S configuration at C8 and R configuration at C7.4 

Agelastatin A (1) represents several complex, unmet synthetic challenges, but it also 

exhibits a broad array of potent biological activities. Specifically, (‒) agelastatin A (1) 

exhibits antitumor effects against a range of human tumor cells, such as human bladder, 

skin, colon, and breast carcinomas, and it was found to be 1.5 to 1.6 times more potent 

than cisplatin for malignant cell growth inhibition.5 Though a series of cell assays and in 

vitro experiments, it was demonstrated that agelastatin A blocks protein synthesis by 

directly inhibiting ribosome elongation.6 In vivo studies also indicated that upon 

administration of agelastatin A (1) to mice with leukemia, an increase in lifespan was 

observed.5 Computational docking studies showed that hydrogen bonds in the D-ring with  

amino acid residues in close proximity of the binding pocket, as well as π-π stacking 

between the pyrrole ring and neighboring aromatic amino acids contribute to the 

molecular interactions and potency of the molecule.6 Other than potency against various 

cancers, agelastatin A has shown potential as a small molecule treatment for Alzheimer’s 

disease. In this case, the primary mode of action (MOA) was observed though inhibition 

of the glycogen synthase kinase 3β.7 This enzyme has been shown to contribute to 

abnormal phosphorylation of the protein tau, which is hypothesized to be one of the 

primary causes for triggering Alzheimer’s disease.8 This enzyme has also been shown to 

have a role in bipolar disorder. Thus, the ability for agelastatin A (1) to inhibit the glycogen 
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synthase kinase 3β could also provide potential therapeutic options for Alzheimer’s and 

bipolar disorder.  

 The unique and complex 5,6,5,5 tetracyclic core of the agelastatin family, coupled 

with the cytotoxicity associated with these molecules have prompted considerable efforts 

toward the total synthesis of agelastatin A (1). Currently, numerous total syntheses of 

agelastatin A (1) have been reported to date.9,10,11,12,13,14,15,16,17,18,19,20 The fused ring 

system, specifically for the C-ring with 4 contiguous nitrogen-substituted stereogenic 

centers has proved most challenging in the prior syntheses, and only two of these 

syntheses involve late-stage construction of the densely functionalized C-ring.19,20 The 

development of a concise, modular synthetic platform to construct the complex 

agelastatin core could provide access to these natural products in an asymmetric fashion 

without the use of precursors from the chiral pool. Late-stage core construction as well as 

introduction of the stereocenters also provides access to unprecedented analogs in an 

efficient manner for more in-depth structural activity relationship (SAR) as well as MOA 

analysis. 

 

1.2. Prior Syntheses 

 

 The first total synthesis of agelastatin A (1) was completed in 1999 by Weinreb et 

al. highlighted by a hetero cycloaddition and a Sharpless/Kresze allylic amination 

protocol, shown in Scheme 1.1.9 First, a hetero-Diels-Alder cyclization between 

cyclopentadiene and N-sulfinyl methyl carbamate formed bicyclic amino-sulfoxide I-7.21  

I-7 is then immediately reacted with PhMgBr to form sulfoxide I-8, which is prone to 
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undergo a sigmatropic reaction to produce the allylic sulfoxide I-11. Upon heating, this 

intermediate readily undergoes a 2,3-sigmatropic allylic rearrangement to construct the 

amine-alcohol cyclopentene I-10. Carbamate formation and Boc protection allowed for a 

Sharpless/Kresze allylic amination22 to successfully provide amino-carbamate I-14 in 

good yield. Reduction with sodium borohydride, followed by amide coupling with I-16, and 

desilylation with TBAF afforded pyrrole I-18. Hydrolysis with LiOH, PDC oxidation of the 

newly formed carbinol and then 1,4-aza-Michael addition of the pyrrole afforded I-19, 

successfully constructing the A, B, and C rings of the core in a diastereoselective manner. 

Ipso bromo-desilylation using NBS smoothly installed the bromide on the pyrrole, and Boc 

deprotection was then achieved using TMSI at ambient temperature. The use of acids, 

such as TFA, caused dimerization. Lastly, subjection of the amino-ketone to sodium 

hydroxide and methyl isocyanate provided the urea, constructing the D ring 

diastereoselectively and completing the first total synthesis of agelastatin A (1) in an 

asymmetric route of 16 overall steps. Ring closure of the D-ring was hypothesized to be 

selective for cis because cis-fusion of the C and D ring is calculated to be approximately 

20 kcal/mol more stable than the trans isomer.2 
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Scheme 1.1. Weinreb’s total synthesis of (±) agelastatin A (1) 
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 The first asymmetric total synthesis of agelastatin A (1) was completed by Feldman 

et al. in 2002 (Scheme 1.2).10 The synthesis commenced with chiral epoxyalkyne I-20, 

which is selectively opened with sodium azide, and the resultant carbinol was subjected 

to oxazolidinone synthesis using PMe3, n-BuLi and CO2 successfully providing the cyclic 

carbamate I-21. The silylalkyne was converted to the stannane I-22 in a three-step 

sequence, which upon exposure to PhI(CN)OTf (Stang’s reagent),23 alkynyliodonium salt 

I-23 was accessed. This intermediate readily reacts with sodium p-toluenesulfinate to 

form the putative alkylidenecarbene intermediate that undergoes a 1,5 C-H insertion to 

form the cyclopentene I-24 in modest yield. The cyclization yields the cis-fused product 

diastereoselectively, setting one of the four C-N stereocenters. High selectivity is 

observed because the cis-isomer is calculated to be approximately 20 kcal/mol lower in 

energy than the trans isomer.2  

 Conjugate addition of o-nitrobenzylamine onto the α, β-unsaturated sulfone, and 

then acylation with pyrrolic acid chloride I-25 provided amide I-26 in good yield and 

diastereoselectivity. Stereochemistry for the B and C rings was hypothesized to be 

established by the concave framework upon conjugate addition of o-nitrobenzylamine 

onto the sulfone, and therefore set the second of four C-N stereocenters on the central 

C-ring. The unfunctionalized pyrrole was used to avoid issues throughout the remaining 

steps in the synthesis. Cs2CO3 mediated hydrolysis of the oxazolidinone followed by 

Swern oxidation provided ketone I-28 in good yield. Upon oxidation to the ketone, it was 

discovered that the traditional Swern conditions also facilitated a 1,4-aza Michael addition 

to construct the B-ring, forming the tricycle in a one-pot process. Long-wave irradiation 

followed by selective mono-bromination, using precisely one equivalent of NBS in the 
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solvent mixture of MeOH/THF successfully completed the first asymmetric total synthesis 

of (‒) agelastatin A in 14 overall steps. 

 

Scheme 1.2. Feldman’s asymmetric total synthesis of (‒) agelastatin A (1) 
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 In a strategy reminiscent of the pioneering work conducted by Weinreb, Hale and 

co-workers published an enantiospecific total synthesis of (‒) agelastatin A (1) starting 

from chiral oxazolidinone (‒) I-15 (Scheme 1.3).11 Chiral (‒) I-15 was prepared from D-

glucosamine in 17 steps.24 Racemic 15 was previously used as an advanced intermediate 

in the Weinrab synthesis of racemic agelastatin A (1), however, in this synthesis, the use 

of chiral (‒) I-15 constitutes an enantiospecific total synthesis of agelastatin A.11 This 

synthesis sought an alternative route to (‒) agelastatin A (1) from Weinreb et al. due to 

their use of highly dangerous methyl isocyanate.  

 Boc deprotection using trifluoroacetic acid, followed by N-carbamoylation with the 

acid chloride25 to form the urea I-31 was achieved in high yield  using the combination of  

n-BuLi and DABCO. A second N-acylation, followed by treatment with HSnBu3 and AIBN 

mediated deprotection, and then subsequent hydrolysis, PDC oxidation and selective 

NBS-mediated 1,4-aza Michael cyclization afforded bromo-tricycle I-35 in five steps. 

Unlike previous syntheses,9,10 treatment of enone I-34 with bases such as Et3N, NaH, 

KHMDS, Cs2CO3 and PBu3 all proved ineffective, only returning back the starting enone. 

However, upon subjecting the pyrrole-enone to NBS, ipso-bromodesilylation and further 

bromination of the pyrrole affords a more acidic pyrrole intermediate, which then readily 

undergoes the desired 1,4-aza Michael cyclization in the presence of Hunig’s base. pKa 

studies conducted by Hale and co-workers indicated this as a plausible explanation as to 

why successful cyclization occurs upon bromination.24 I-35 exists as a mixture of 

brominated compounds, however, dehalogenation readily occurs using Pd/C in the 

presence of H2 and NaOAc to form I-36. Hydrogenative benzyl deprotection followed by 

selective mono-bromination completed the synthesis to afford (‒) agelastatin A (1). 
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Scheme 1.3. Hale’s asymmetric synthesis of (‒) agelastatin A (1) 
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 The next asymmetric enantioselective total synthesis of (‒) agelastatin A (1) was 

developed by Davis, highlighted by the construction of core intermediates though an 

enantioselective and diastereoselective alkylation, cross-metathesis, and a 

diastereoselective 1,4-aza Michael addition.12  

 

Scheme 1.4. Davis’ asymmetric synthesis of (‒) agelastatin A (1) 
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The synthesis began with the preparation of the chiral precursor, α, β diamino ester 

I-39, accomplished using enantioselective alkylation of I-37 with enantiopure sulfinimine 

I-38. (Scheme 1.4). Chiral sulfinimine I-38 was prepared from commercially available 

(1R,2S,5R)-(‒)-menthyl (S)-p-toluenesulfinate, or (1R,2S,5R)-(‒)-menthyl (R)-p-

toluenesulfinate.26 Thee of the four possible diastereomers were isolated in a ratio of 

18:1:5, with the major syn diastereomer (1-39) being isolated in 73% yield. High selectivity 

was predicted due to the chair like transition state during the alkylation of the enolate 

(Scheme 1.5). E-enolate formation of I-37 leads to the proposed transition state, which 

provides syn selectivity because of the lower energy associated with the depicted 

diastereomeric transition state shown in Scheme 1.5.27  

 

Scheme 1.5. Determination of Stereochemistry  

 

 

Ester I-39 was then converted to the desired asymmetric metathesis precursor I-43 

in a high yielding, five step sequence. Ring closing metathesis of diene I-43 was 

successfully achieved using Grubb’s second-generation catalyst to afford the diamino-

enone I-44. Similar to the previous Weinreb synthesis of agelastatin A,9 the enone 

smoothly underwent 1,4-aza Michael addition cyclization to form I-45, constructing the 

tricyclic core in a high diastereoselectivity. Although, as previously mentioned, Hale et al. 

reported that Cs2CO3 did not induce cyclization on a similar substrate, both Weinrab and 

Davis found success in achieving the 1,4-aza Michael cyclization using Cs2CO3 under 
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ambient conditions. Hydrogenative debenzylation using Pd/C with H2,, followed by 

treatment with methyl isocyanate afforded the final D-ring (I-29).9 Lastly, to conclude 

Davis’ synthesis of (‒) agelastatin A (1), selective monobromination of the pyrrole was 

achieved using NBS.10 
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 Trost and coworkers also successfully developed an asymmetric, enantioselective 

synthesis of the enantiomer, (+) agelastatin A (1), highlighted by two different Tsuji-Trost 

asymmetric allylic alkylations (AAA) to construct the core and simultaneously establish 

multiple stereocenters (Scheme 1.6).13 Their synthesis began from cyclopentene-1,4-diol 

that was Boc protected to form I-46, which undergoes selective alkylation using bromo-

2-pyrrole carboxylate I-47 in the presence of ligand I-54, [Pd(C3H5)Cl]2 and Cs2CO3 to 

afford pyrrole I-48. Hydrolysis using LiOH, followed by acid chloride formation, and then 

exposure to NH2OMe•HCl provided Weinreb’s amide I-49 in good yield over two steps. 

 Another intramolecular Pd-catalyzed asymmetric allylic alkylation (AAA) was 

performed to access piperazinone I-50. Although, in this instance, the chiral ligand was 

not necessary for the cyclization, however it was found to provide a higher yield when 

used. Aziridination of the alkene using N-heterocyclic carbene complex I-55 installed the 

tosylaziridine, which underwent In(OTf)3/DMSO mediated ring opening and oxidation to 

afford the α-amino ketone I-52.28,29 Similar to previous syntheses,9,12 exposure of the 

amino-ketone to methyl isocyanate triggers cyclization and installs the D-ring (I-53) with 

the correct stereochemical relationship. Completion of the synthesis was then 

accomplished using a SmI2 mediated cleavage of N-OMe and N-Ts to provide (+) 

agelastatin A (1).  
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Scheme 1.6. Trost’s asymmetric synthesis of (+) agelastatin A (1) 
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 Ichikawa and co-workers developed an alternative asymmetric strategy to access    

(‒) agelastatin A (1) (Scheme 1.7).14 Starting from I-56, which was readily derived from 

L-arabitol,30 selective deprotection of the terminal acetonide, followed by mesylation, 

elimination, hydrolysis, IBX oxidation, and then olefination with carbethoxymethylene-

triphenylphosphorane afforded the dienoate I-58 over five steps in good yield.31  

 DIBAL reduction, and then oxidation provided the aldehyde I-59, which undergoes 

enantioselective addition using diethylzinc to access allyl alcohol I-60 with 92:8 

selectivity.32 Reaction with trichloroacetyl isocyanate, followed by hydrolysis gave the 

carbamate, which set the stage for the [3,3]-sigmatropic rearrangement. Dehydration33 

generated the cyanate, which instantly rearranged into the isocyanate. Subsequent 

exposure to benzyloxy-tributylstannane gave the Cbz protected amine (I-63). Dowex 

deprotection, followed by ring closing metathesis using Grubb’s catalyst generated 

cyclopentenyl amino-diol I-65 in high yield. Exposure to 2,2-dimethoxypropane gave a 

mixture of diol protection and oxygen-nitrogen protection, however, the diol protected 

acetonide was readily hydrolyzed with wet silica gel. The resultant alcohol was then 

treated with trichloroacetyl isocyanate to form cyclopentene I-67, which undergoes a [3,3] 

Sigmatropic rearrangement, and the resultant isocyanate is then trapped with 2,2,2-

trichloroethanol to give the rearranged protected amine I-68 selectively, in good yield. 

Troc deprotection followed by amidation and another Dowex mediated deprotection 

afforded amino-alcohol I-70 in good yield over three steps. 
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Scheme 1.7. Ichikawa’s asymmetric synthesis of (‒) agelastatin A (1) 
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 Subsequent IBX oxidation to the enone allowed for the desired 1,4-aza Michael 

addition/cyclization upon subjection to Hunig’s base, thus  constructing the  B-ring and 

the tricyclic core in a diastereoselective fashion.11 Exposure to Pd/C and H2 

simultaneously dehalogenated  the pyrrole ring, and provided the free, unprotected 

amine, which was immediately reacted with methyl isocyanate in situ to construct the final 

D-ring diastereoselectively. Lastly, selective monobromination of the pyrrole provided      

(‒) agelastatin A(1) in an overall 27 step total synthesis.10  
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 In an alternative fashion, Yoshimitsu and coworkers developed an asymmetric 

enantioselective synthesis from achiral starting materials and utilized an enzymatic 

resolution to provide enantiopure intermediates along the path to completing the total 

synthesis of (‒) agelastatin A (1).15 They began their synthesis by reacting 

cyclopentadiene with Boc-protected nitrosyl amine in a hetero Diels-Alder reaction to 

produce bicycle I-72 (Scheme 1.8). Reductive cleavage of the N-O bond produced cis-I-

73, and enzymatic resolution of amino alcohol I-73 provided I-74 in 99% ee. Hydrolysis, 

followed by Mitsunobu inversion, provided the trans-amino cyclopentene I-76. 

Simultaneous Boc-deprotection and conversion of the amine to the desire pyrrole was 

efficiently synthesized using the Clauson-Kaas pyrrole synthesis in the presence of 2,5-

dimethoxytetrahydrofuran and TFA.34,35 Carbomylation at the 2-position of the pyrrole ring 

was achieved using trichloroacetyl isocyanate, followed by cleavage of the trichloroacetyl 

group using mildly acidic conditions to access amide I-79. Nitrile formation using POCl3 

followed by methanolysis afforded carbinol I-80 in good yield, which was converted to 

azide I-81 using CDI and TMSN3 in the presence of H2O. Water proved necessary to 

promote full conversion of the carbamate and reduce undesired side product formation. 
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Scheme 1.8. Yoshimitsu’s synthesis of (‒) agelastatin A (1) 
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 With the azide in hand, aziridination was carried out at 160 ̊C in dichloromethane to 

generate I-82, which was readily ring opened regioselectivity using NaN3 to give azide 1-

83. Hydrolysis of the nitrile followed by hydrogenation generated amino-amide I-84, which 

cyclizes under acidic media at elevated temperature to afford lactam I-85. Transamidation 

of the carbamate using methylamine, followed by TPAP oxidation of the resultant alcohol 

afforded the desired cyclized urea (I-29), thus installing the D-ring and tetracyclic core in 

a diastereoselective manner. Weinreb, Feldman, Davis, Hale, Trost, and Ichikawa all 

used a similar approach to cyclize the D-ring, which involved either deprotection and in 

situ cyclization,10,11 or deprotection followed by exposure to methyl isocyanate.9,12,14 

Lastly, the overall 19 step total synthesis of (‒) agelastatin A was completed using a 

selective monobromination of the pyrrole.10 
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 Wardrop et al. developed an alternative racemic total synthesis of agelastatin A (1) 

starting from cis-hydroxyacetate I-87,16 which is readily prepared from cyclopentadiene 

(Scheme 1.9).36 Imidate I-88 was formed though reaction with trichloroacetonitrile in the 

presence of DBU, whereby heating in xylenes effected the [3,3] sigmatropic 

rearrangement to form cis-amido-acetate I-89 in good yield and selectivity, with the cis-

configuration being established using NOESY.  

 Exposure to N-bromoacetamide triggered a bromo-etherification/cyclization to form 

bromide I-90, which readily undergoes elimination in the presence of DBU to form the 

allylic acetate. Hydrolysis mediated by p-toluenesulfonic acid, followed by Mitsunobu and 

amidation using N-methylbenzylamide provided urea I-94 in good yield over three steps.   

 Hydrazinolysis of the phthalimide using N2H4 provided the free amine, which was 

directly coupled with 2-pyrrole carboxylic acid to form amide I-95. Acetate hydrolysis, IBX 

oxidation, and then K2CO3 mediated 1,4-aza Michael addition/cyclization installed the B-

ring and tricyclic core.9 In the same procedure used by Hale,11 benzyl deprotection 

caused a spontaneous in situ cyclization of the amine onto the ketone to form the final D-

ring (I-29) in a diastereoselective manner. Lastly, monobromination occurred using 

Feldman’s conditions to provide (±) agelastatin A (1).10   
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Scheme 1.9. Wardrop’s total synthesis of (±) agelastatin A (1). 
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 Chida and co-workers also developed an asymmetric total synthesis of (‒) 

agelastatin A (1) starting from enantiopure diol I-97 with the key steps that utilize a double 

Overman rearrangement followed by a ring-closing metathesis to establish stereocenters 

of both amines of the C-ring (Scheme 1.9).17 Monotosylation of commercially available I-

97, followed by installation of the thioether gave I-98 (Scheme 1.10). Swern oxidation and 

Wittig olefination then provided the diene with high Z-selectivity but was readily 

isomerized to the desired E-alkene using AIBN and thiophenol. Acetonide deprotection 

using acetic acid followed by exposure to trichloroacetonitrile and DBU afforded the 

bistrichloroacetimidate I-102 in modest yield. This set the stage for one of the key steps, 

double Overman rearrangement. I-102 was heated in o-xylenes to undergo the 

rearrangement in a highly stereoselective manner, and I-103 was isolated as the sole 

product in good yield.37 The allylic sulfide was then oxidized to the sulfoxide, which 

underwent the Mislow-Evans rearrangement using P(OMe)3 to generate the allylic alcohol 

I-105 as a mixture of diastereomers. Ring closing metathesis using Grubb’s catalyst 

successfully generated cyclopentene I-106, constructing the central C-ring and setting 

both amine stereocenters in the process. Mesylation of the alcohol occurred using MsCl 

and NEt3 triggered in situ cyclization to provide oxazoline I-107. It is important to note that 

both isomers of the allylic alcohol were used, but closure of the oxazoline ring provided a 

single diastereomer due to the cis stereochemistry being lower in energy.2  
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Scheme 1.10. Chida’s total synthesis of (‒) agelastatin A (1) 
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 Removal of the trichloroacetyl group with DIBAL and coupling of the 2-bromopyrrole 

carboxylic acid provided I-108. The oxazoline ring was hydrolyzed and the resulting 

alcohol was protected as the pyran I-109. Amidation of the trichloroacetamide with 2,4-

dimethoxybenzylmethyl amine afforded urea I-110, which the THP protection was then 

removed, and oxidation of the resultant alcohol afforded enone I-111. In similar fashion 

to previous syntheses, treatment of the pyrrole with NEt3 induced 1,4-aza Michael 

addition/cyclization to construct the B-ring in a diastereoselective manner. Final 

deprotection using CAN afforded the cyclic urea D-ring, and thus completed the total 

synthesis of (‒) agelastatin A (1) in 22 overall steps from erythitol. 
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 Du Bois et al. also successfully developed an enantioselective total synthesis of (‒) 

agelastatin A (1), but unlike previous syntheses, the D-ring was constructed earlier in the 

synthesis (Scheme1.11).18 Starting from commercially available, enantioenriched lactam 

I-112, Boc protection, followed by NaBH4 reduction provided enantiopure cyclopentenyl 

alcohol I-114. Sulfamoylation followed by Rh-catalyzed aziridination quickly afforded 

aziridine I-116 as a single diastereomer in high yield.38,39 Treatment with NaN3 

regioselectivity opened the aziridine ring, the resultant sulfonamide was acylated, and the 

oxathiazepane was then displaced to produce selenide I-118 in high yield.  

 Boc deprotection, and Clauson-Kaas pyrrole synthesis afforded the pyrrole I-119. 

Staudinger conditions were then employed to reduce the azide, which was immediately 

treated with methyl isocyanate to provide urea I-120. mCPBA oxidation triggered 

selenoxide elimination to produce the exocyclic cyclopentene I-121, which upon oxidative 

cleavage with OsO4 and NaIO4 led to the cyclic urea, resulting in the hemiaminal, and 

formation of the D-ring diastereoselectively. tBuOK in the presence of t-amyl alcohol 

smoothly generated the 6-membered lactam ring (B-ring), triggering cyclization 

selectively over hydrolysis. Lastly, to complete the synthesis, selective monobromination 

of the pyrrole following Feldman’s procedure completed the synthesis  to (‒) agelastatin 

A (1) in 14 overall steps from lactam I-112.10 
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Scheme 1.11. Du Bois’ total synthesis of (‒) agelastatin A (1) 
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 Movassaghi and coworkers also developed an enantioselective total synthesis of     

(‒) agelastatin A (1), highlighted by a unique Cu-mediated cross-coupling and two acid 

mediated diastereoselective cyclizations to construct the B, C, and D rings of the 

tetracyclic framework.19 Starting from enantiopure D-aspartic acid diester I-123 the 

pyrrole was selectively monobrominated using NBS and  DTBMP.40 Treatment of the 

pyrrole with chlorosulfonyl isocyanate afforded the amide I-125, which upon addition of 

sodium borohydride in methanol, followed by addition of p-toluenesulfonic acid, delivered 

I-126 as a single diastereomer. This occurs via formation of an imide intermediate, and 

subsequent reduction to product I-126.  

 Next, Movassaghi et al. explored routes to couple I-127 with triazone I-128 to 

introduce the imidazolone substructure. Using direct addition along with the use 

transmetallated deriviates of the triazone proved to be difficult and did not afford any of 

the desired coupled product due to either lack of reactivity, by-product formation, or 

decomposition. Thus, a stable metal derivative of the triazone was needed, and the cross-

coupling of thioester 1-127 with stannyl derivative I-128 proved to be fruitful. To that end, 

I-128 is synthesized in two steps from commercially available material.41 I-126 was 

converted to the thioester using trimethylaluminium and 4-methylbenzenethiol. Use of 

CuTC efficiently coupled together the triazone and thioester to provide I-129.42 Triazone 

was exposed to HCl, which unraveled the 6-membered ring, and underwent spontaneous 

cyclization to provide the imidazolone D-ring I-130 in 89% yield and 99% ee. To complete 

the synthesis of (‒) agelastatin A (1), I-130 was heated in an aqueous solution of 

methanesulfonic acid to trigger cyclization, constructing the C-ring to provide (‒) 

agelastatin A (1). 1H NMR studies found that upon cyclization, (‒) agelastatin A (1) is the 
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thermodynamically favored product, and the reaction equilibrates to form the natural 

product under these conditions.  

 

Scheme 1.12. Movassaghi’s total synthesis of (‒) agelastatin A (1) 
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 Lastly, Romo and coworkers developed a diastereoselective racemic synthesis to 

(±) agelastatin A (1), highlighted by two late-stage separate acid-mediated 

diastereoselective cyclizations to construct the B and C rings of the tetracyclic 

framework.20 Unlike most previous syntheses, Romo started the synthesis with the 

formation of the D-ring urea I-133 from tartaric acid 1-131 and N-methyl urea I-132.43 

Carboxylic acid I-133 was then converted to the ester using K2CO3 and MeI, followed by 

amine protection. The ester was reduced using DIBAL-H, and oxidized to provide 

aldehyde I-134. Using the Ohira-Bestmann reagent (I-135) under modified Seyferth-

Gilbert conditions,  the terminal alkyne intermediate was formed in good yield.44,45 This 

was then subjected to ZnII-mediated acetalization to furnish the alkynyl acetal I-136.  

 Coupling of acetal, I-136 with pyrrole I-137 by activation with SnCl4 provided I-138. 

The methoxy group was critical for efficient coupling presumably because of the α-effect, 

which renders the amide nitrogen more nucleophilic, providing a selective reaction.  

 Cleavage of the methoxy group using SmI2, followed by alkyne reduction using 

Lindlar’s catalyst to form the alkene I-140 set the stage for cyclization and formation of 

the tetracyclic core. Exposure to TFA formed the N-acyliminium intermediate I-141, which 

upon formation undergoes nucleophilic addition from the D-ring urea, to construct the C-

ring diastereoselectively (I-142). Regioselective addition of water to the iminium ion 

afforded I-143 in high yield.  

 To complete the synthesis, KHMDS was used to remove Tse protecting group. 

Initially, Reyes et al. attempted to open the D-ring cyclic urea to form a cyclopentenone, 

undergo aza-Michael addition, followed by the subsequent D-ring closure to yield 

agelastatin A (1). This is similar to prior syntheses. However, they had found that neat 



31 

silica gel with gentle heating effects the transformation and cyclization of the B-ring 

diastereoselectively in good yield to provide agelastatin A (1).  

 

Scheme 1.13. Reyes’ total synthesis of (±) agelastatin A (1) 
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1.3. Conclusion  

 

 The total synthesis of agelastatin A (1) has evolved though myriad of new, 

successful approaches to access the natural product as well as other natural compounds 

in the agelastatin family. From the first total synthesis completed by Weinreb et al in 1999, 

and the first asymmetric synthesis completed in 2002 by Feldman et al., agelastatin A (1) 

has been synthesized in various ways that utilize unique chemistry. However, only two of 

these syntheses involve late-stage construction of the densely functionalized C-ring,19,20 

with only one of those total syntheses being asymmetric.19 Movassaghi et al. showed an 

elegant approach to the natural product that constructs the C-ring in a late-stage strategy, 

which set three of the four stereocenters in a diastereoselective fashion via iminium 

induced cyclization using methanesulfonic acid. The other 10 total syntheses construct 

the C-ring early in the synthesis, and 8 of the total syntheses construct the B-ring in a 

similar fashion as the Weinreb synthesis via a 1,4-aza Michael addition into the ketone. 

Also, 12 of the previous total syntheses constructed the urea D-ring in the later stages, 

typically implementing amide deprotection and subsequent cyclization. Due to 

considerable efforts towards the total synthesis of agelastatin A (1), any new strategies 

must offer significant innovation if it is to serve as a competitive route. Therefore, 

developing an asymmetric, modular synthesis, without the use of motifs from the chiral 

pool that forms the functionalized C-ring in the late-stage of the synthesis, and 

implements new chemistry and strategies that can simultaneously construct the core as 

well as install chirality in one step, warrants an investigation as this can be applicable to 

other natural products.  
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Chapter 2 – Studies Toward the Total Synthesis of (‒) Agelastatin A 

 

2.1. Introduction  

 

 Catalytic alkene functionalization is a rapidly growing field in organic chemistry. In 

particular, halofunctionalization has shown great utility, and has become a widely used 

transformation in organic synthesis. This well-known reaction, where a halogen adds to 

an alkene or alkyne, is a reaction that is often taught in sophomore organic chemistry 

classes at the collegiate level. Our group, as well as others, have studied this 

transformation in depth, and previous reports have showcased its versatility as a tool to 

functionalize small, complex organic molecules to provide access to a myriad of different 

scaffolds.46,47,48  

 

2.2. Background  

 

 One of the very first catalytic asymmetric halofunctionalization reactions was 

published in 2010 by Borhan and coworkers and consisted of an asymmetric 

chlorolactionization.49 Catalyzed by (DHQD)2PHAL, in the presence of dichloro-

diphenylhydantion (DCDPH), simultaneous chlorination and cyclization, or 

chlorolactonization of carboxylic acids with pendant 1,1-disubstituted alkenes provided 

the chlorolactones (Figure 2.1).49 Since then, numerous other methodologies from our 

lab, as well other research groups, have been reported.50,51,52,53,54 
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Figure 2.1. Catalytic asymmetric halofunctionalization of alkene carboxylic acids 

 

 

 To help predict the outcome of halogenation reactions, mechanistic investigations 

using a computational tool and method developed in our research group, referred to as 

HalA (halenium affinity), allows us to understand the nuances that determine regio- and 

chemoselectivity of electrophilic alkene halogenation reactions.55 Previously, our group 

developed a computationally derived scale to predict the halogenation reaction in the 

presence of several Lewis bases, which was validated by numerous experiments. Though 

an idea analogous to proton affinity values, we were able to quantify the propensity of an 

alkene to undergo halogenation. For a given Lewis base, the HalA value is defined as the 

DFT calculated energy upon reacting with the halenium ion (X+). Depending on the 

outcome, the Lewis base may be neutral or anionic, giving rise to two scenarios: 

neutral acceptor: ∆𝐻𝑟𝑥𝑛(𝑋+ +  𝐿𝐵 →   𝑋 − 𝐿𝐵+) 

anionic acceptor: ∆𝐻𝑟𝑥𝑛(𝑋+ +  𝐿𝐵− →   𝑋 − 𝐿𝐵) 

The HalA values are calculated in kcal/mol where 𝑇 = 298.15𝐾 in equation 1.  
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𝐻𝑎𝑙𝐴 =  −∆𝐸(𝑒𝑙𝑒𝑐) − ∆𝑍𝑃𝐸 −  ∆𝐸(𝑣𝑖𝑏)
′ +

5

2
𝑅𝑇  (equation 1) 

where, ΔE(elec) = E(electronic)(X-LB adduct) – [E(electronic) (:LB) – E(electronic)(X+)], ΔZPE = ZPE 

(X−LB adduct) − ZPE (:LB), ΔEʹ(vib) = Eʹ(vib)(X−LB adduct) − Eʹ(vib)(:LB), and (5/2) RT as 

translational degree of freedom. 

 To showcase the utility and practicality of HalA, our strategy was to compute the 

likelihood of a Lewis base, such as an alkene, to undergo halenium capture, and this 

predictive model was then validated experimentally with the exact same molecules that 

were used in the computational model. Additionally, HalA values take into account the 

influence of sterics and electronic variations, thereby providing a quantitative assessment 

for more than just chemical intuition. The factors that dictate kinetic and stereochemical 

stability of chiral halonium ions have been well studied and established that transfer of a 

chlorenium is irreversible.56,57,58,59 As an illustration of HalA applicability, the halenium 

affinity for two double bonds in a single molecule were computed to predict the regio- and 

chemoselectivity of this reaction (Figure 2.2). In this scenario there are two possible 

pathways the reaction could proceed to yield two different products. The experimental 

results suggest that the 1,1-disubstituted olefin was chlorinated selectively, initially 

forming a benzylic tertiary carbocation upon chlorination, which then triggers a 

nucleophilic attack of the 1,2-disubstitiuted alkene in an ene-type cyclization to form an 

exo-cyclic benzylic carbocation. This intermediate then undergoes subsequent Friedel 

Crafts cyclization to form the 6,5,5-tricycle in a 55% isolated yield and 5:1 

diastereoselectivity.55 The observed regioselectivity of this reaction (path A favored) 

enables predictions of the major product, where no observed product was seen from Path 

B, along with any side products that arise from chlorination via Path B. In terms of 
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practicality, the small difference in HalA values between the two olefins seems negligible 

for chemoselectivity. However, this example shows the utility of using the HalA method 

for accurate prediction of chemoselectivity of alkene halogenation reactions. The 

experimental confirmation of the theoretically predicted chemoselectivity suggests that 

even small energetic differences (≤2 kcal/mol) can be reliably determined using the HalA 

method.  

 

Figure 2.2. Chlorocyclization of diene is predicted by the higher HalA of the 1,1-
disubstituted olefin 
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2.3. Overall Approach to (‒) agelastatin A (1)  

 

 Based off this prior work, it was envisioned that the 5,6,5,5 tetracyclic core of 

agelastatin A (1) could be accessed from amide II-2 though an asymmetric halenium-ion 

initiated cascade simultaneously establishing all four contiguous stereocenters 

diastereoselectively in a single operation from an achiral starting material (Scheme 2.1).  

 

Scheme 2.1. Proposed mechanism for halofunctionaliztion in the synthesis of   
agelastatin A (1) 

 

 

 We hypothesize that upon exposure of intermediate II-2 to a halogenating reagent 

in methanol, the subsequent incipient halenium ion would undergo methanolysis followed 

by a second ionization to form an iminium intermediate which induces a 5-exo-trig 

cyclization to form methylether II-3 in a single operation. 

 This proposed mechanism to access agelastatin A in a single transformation is 

similar to the overall approach used in Movassaghi’s total synthesis. Movassaghi used 
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an elegant approach to the natural product that constructs the C-ring in a late-stage 

strategy, which set three of the four stereocenters in a diastereoselective fashion via 

iminium induced cyclization using methanesulfonic acid (Scheme 2.2).19 However, our 

approach differs by using the halocyclization on an achiral motif to construct the 

tetracyclic core in an asymmetric fashion. Using our group’s aforementioned asymmetric 

halofunctionalization chemistry, this would not only allow us to construct the core and set 

multiple contiguous chiral centers, but also introduce chirality at the end of the synthesis. 

This strategy could allow us to potentially simplify the early stage of the synthesis, and 

provide efficient access to an array of molecules that could be used to not only access 

the natural product, but serve as a platform to produce a variety of other compounds in 

the agelastatin family as well as analogs. 

 

Scheme 2.2. Movassaghi’s approach to agelastatin A (1) 
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2.4. Computational Studies  

 

 Computational studies predict that the D ring olefin undergoes halogenation 

selectively over the B ring olefin, forestalling competitive halogenation. In our key step of 

the synthesis, HalA values are calculated to help determine the chemo- and 

regioselectivity of halogenation and subsequent halenium ion induced cyclization (Figure 

2.3).  

 

Figure 2.3. Chemo- and regioselectivity issues with the proposed synthesis 

 

 

 From our previous work, the HalA values were calculated by choosing DFT as the 

method, and B3LYP/6-31G* as the basis for a chlorenium ion. In the first step of the 

calculation, the Lewis base is subjected to a conformer distribution search to find the most 
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stable conformer with minimum energy. Then, calculations were performed on the lowest 

energy conformer. Next, the calculations are performed on the chlorenium ion in its triplet 

state (s2p4) to yield the most stable ion. The same calculations used for the Lewis base 

are applied to the Lewis base-halenium complex as well. For the molecule in question, 

there are 4 possible products (Figure 2.3), therefore, separate calculations must be 

considered for each nucleophilic site to where the chlorenium ion can suitably be 

attached. The thee energetic values, electronic energy, zero-point energy, and vibrational 

energy can all be extracted from the output file of the calculations from Lewis base and 

Lewis base- chlorenium ion complex. The electronic energy of the chlorenium ion is also 

extracted from the output files (Table 2.1). 

 

Table 2.1. Electronic energy, zero-point energy, and vibration energy (kcal/mol) 

Compound  E(elec) ZPE E’(vib) 

Lewis base -2138073.749 134.9342 9.9242 

Cl+ -288439.3721 - - 

desired adduct -2426694.318 136.6089 10.4033 

undesired adduct 1 -2426677.989 135.8912 10.4025 

undesired adduct 2 -2426682.052 136.1305 10.4028 

undesired adduct 3 -2426674.512 135.7075 10.4023 
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 These values were substituted into equation 1 to calculate the HalA for each possible 

outcome of halogenation. The HalA values of our desired adduct is at least 11.9 kcal/mol 

higher as compared to the undesired adducts and is predicted to be formed preferentially, 

thereby potentially leading to the desired product; data which preliminarily supports our 

hypothesis (Figure 2.4). 

 

Figure 2.4. Calculated HalA values for each outcome 
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2.5. Retrosynthesis Route 1  

 

 Predicated on the calculated HalA values, our retrosynthesis was designed to target 

the advanced enamide II-2, which we hypothesized could undergo enantioselective 

halogenation to build the fused-tetracyclic framework for agelastatin A (1) in a single 

asymmetric operation. Enamide II-2 is derived from the oxidative cleavage of the olefin in 

amide II-4, which is afforded from methyl ester II-5 though carboxylate interconversions 

to produce the amide. Urea formation was envisioned to come from Boc deprotection, 

acylation, and exposure to ammonia could produce the desired urea II-4. Ester II-5 was 

envisioned to be accessed in three steps from the Boc-protected amino alcohol II-6, which 

is synthesized from cyclopentadiene in a known two step protocol that utilizes a hetero-

Diels-Alder cycloaddition.60 

 

Scheme 2.3. Retrosynthetic plan for agelastatin A (1) 
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2.6. Synthetic Route 1  

 

 To begin the synthesis, sodium meta-periodate and N-Boc-hydroxylamine reacted 

with freshly cracked dicyclopentadiene in a MeOH/water mixture at room temperature to 

undergo a Diels-Alder cycloaddition to provide bicycle II-7 in 70% yield. Reductive 

cleavage of the N-O bond using bis(cyclopentadienyl)titanium(IV) dichloride and zinc 

dust, or Nugent’s reagent, provided the amino alcohol II-6 in 86% yield (Scheme 2.4).61 

The use of sodium borohydride and molybdenum hexacarbonyl was also shown to cleave 

the N-O bond, however further exploration led to the use of Nugent’s reagent which 

improved the yield to 86%. The use of sodium borohydride and molybdenum 

hexacarbonyl also suffered from poor scalability and reproducibility.  

 

Scheme 2.4. Synthesis of amino alcohol 

 

 

It is worth noting, homolysis of the hydroxyl group upon activation of the titanium 

Lewis acid at temperatures greater than -30 ◦C is precedented, occurring though a radical 

deoxygenation pathway (Scheme 2.5).62 In an effort to prevent this undesired reactivity, 

an immersion cooler was used to maintain the temperature at -30 ◦C until complete 

conversion of starting material was observed by TLC, upon which the reaction was 

quenched with a saturated solution of potassium carbonate, and then allowed to warm to 

ambient temperature. 
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Scheme 2.5. Proposed Mechanism for Ti(III)-Mediated Alcohol Deoxygenation-
Reduction 

 

 

Lithium aluminum hydride reduction of II-6 afforded the methylated amino alcohol II-

8, which was then selectively re-protected using di-tert-butyl dicarbonate to provide 

alcohol II-9 (Scheme 2.6). Proper cooling of a mixture of di-tert-butyl dicarbonate and 

triethylamine in dichloromethane prior to addition of starting material was necessary to 

avoid undesired double protection. This produced compound II-9 in 4 scalable steps from 

cyclopentadiene and provided multiple gram quantities. Unfortunately, direct methylation 

of II-6 was not achievable in a single step due to methylation of the alcohol. 

 

Scheme 2.6. Synthesis of II-9 

 

 

 Alcohol II-9 was then subjected to a Mitsunobu reaction employing the bromopyrrole 

as the nucleophile, and a strong base, such as KHMDS proved necessary to promote 

conversion of starting material. This afforded the pyrrole II-10 with high trans-

diastereoselectivity of the carbamate and pyrrole (Scheme 2.7). The purification of II-10 
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was complicated because of the bromo pyrrole I-47 had a similar polarity to the product 

II-10. However, using diethylether in hexanes, and a larger, longer silica gel column 

proved sufficient to separate the two molecules. Saponification of the methyl ester 

proceeded using lithium hydroxide in THF/water to generate the carboxylic acid and the 

resultant acid was converted to the amide in high yield over two steps. Initial activation of 

the acid with oxalyl chloride to form the acyl chloride in situ proved necessary, and the 

acyl chloride was immediately reacted with a saturated solution of ammonia in THF to 

form amide II-11. Initially, carbonyldiimidazole was used in an attempt to form the 

carbamate, which was then treated directly with ammonium hydroxide to form the amide, 

however, this led to a far lower yield (54%).  

 

Scheme 2.7. Synthesis of amide II-11 
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 Exposure of amide II-11 to trifluoracetic acid in dichloromethane afforded the 

deprotected amine II-12 in an isolated 77% yield. The next step, installation of the desired 

urea (II-13), proved to be synthetically challenging. Previously, Dr. Hadi Gholami used 

potassium isocyanate in the presence of HCl in EtOH/water to convert the amine to urea 

II-13. However, this reaction was not reproducible (Scheme 2.8).  

 

Scheme 2.8. Synthesis of urea II-13 

 

 

 Prior use of potassium isocyanate did provide access to urea II-13. It was envisioned 

that oxidative cleavage of the double bond in II-13 would yield the bisaldehyde, which 

could undergo intramolecular cyclization in situ to form the advanced key intermediate, 

enamide II-2, in a single operation (Scheme 2.9). However, Dr. Hadi Gholami attempted 

ozonolysis, dihydroxylation, and other oxidation conditions and only starting material was 

recovered upon attempted cleavage of II-13.  
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Scheme 2.9. Oxidative cleavage of cyclopentene and in situ cyclization  

 

 

 Due to the difficulty in cleaving the double bond, it was hypothesized that the trans-

configuration of the two bulky substituents leads to an environment that is sterically 

inaccessible, and thus giving low reactivity with several oxidizing reagents (Figure 2.5). 

Therefore, it was hypothesized that the syn-isomer would allow one face of the olefin to 

be more open, and therefore improve the reactivity of the olefin to oxidative cleavage.  

 

Figure 2.5. Trans and syn isomers  
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 To test this hypothesis, a new synthetic strategy was implemented to access the 

syn-diastereomer II-10. The Appel reaction using carbon tetrabromide and 

triphenylphosphine was thought to convert the alcohol to the allylic bromide to achieve an 

overall stereochemical inversion. Then, subjection of the bromide to the pyrrole under 

basic conditions could provide II-10 with the desired syn diastereomer.  

 

Scheme 2.10. Retrosynthesis of syn-II-10 

 

 

 However, bromination of the alcohol under standard Appel conditions did not render 

the desired brominated product. Other halogenating reagents were evaluated, and the 

major isoloated product was found to be bicycle II-14. This molecule presumably arises 

from an intramolecular SN2’ displacement of the halide to form bicyclic carbamate II-14 in 

good yields (Table 2.2). 
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Table 2.2. Halogenation of allylic alcohol 

 

Entry Reagent(s) Solvent Temperature (○C) Yield (%) 

1  PBr3 CH2Cl2 0 ̊C → 23 ̊C 82 

2 MsCl, NEt3 CH2Cl2 0 ̊C → 23 ̊C 62 

3 CBr4, PPh3 CH2Cl2 23 C̊ 71 

4 I2, DIAD, PPh3 THF 23 C̊ 74 

  

 The formation of bicycle II-14 due to rapid intramolecular cyclization upon activation 

of the allylic alcohol indicated another approach was necessary to access the 

intermediate needed to evaluate our key halo-cyclization strategy. The strategy was 

modified to access the syn-isomer II-10. Predicated on Trost’s approach to agelastatin A 

(1), a Boc protected alcohol could undergo allylation with the brominated pyrrole (I-47) to 

afford the desired C-N bond, while maintaining the stereochemistry (Scheme 1.6).63 

Employing the Tsuji-Trost allylation strategy, the syn isomer II-10 was successfully 

generated in an isolated 77% yield (Scheme 2.11). Conversion of the allylic amino alcohol 

II-9 to the Boc protected amino alcohol was accomplished using excess Boc anhydride 

and triethylamine in 22% yield. Originally, I sought to utilize the same reaction setup that 

was employed by Trost et al. After stirring for 24 h at room temperature, TLC analysis 

showed only starting material. Upon gentle heating to 40 ̊C for 12 h, TLC analysis 

confirmed conversion of starting material, and the desired product was isolated in 77% 
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yield after silica gel chromatography. Using variable temperature NMR studies and 

comparing the NOE of the anti and syn isomers, the syn-isomer II-10 was determined to 

be the configuration of the product formed via the Tsuji-Trost allylation between pyrrole I-

47 and the allylic carbonate II-15 (see Experimental Section).  

 

Scheme 2.11. Asymmetric allylation for the synthesis of the syn-isomer 

 

 

 Initially, one of the limiting factors of this route to access syn-II-10 was that only 

minimal quantities of the di-Boc protected starting material could be generated due to 

formation of II-16, which was the major isolated byproduct (Scheme 2.12). This occurred 

despite adding excess Boc anhydride, or running the reaction in dilute conditions. 

Interestingly, switching to the conditions used by Trost et al., which used Boc anhydride 

in the presence of 30% aqueous sodium hydroxide, DMAP, and tetrabutylammonium 

hydrogensulfate did not generate any dimer, and the desired product II-15 was 

reproducibly synthesized in 59-64% yield.13 
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Scheme 2.12. Boc protection of II-9 

 

   

 For proof of concept, I attempted to oxidatively cleave the double bond on the methyl 

ester substrate syn-II-10. Previously, the cleavage was conducted on the late stage 

intermediate II-13 after conversion to the amide and addition of the urea functionality. 

However, since the desired isomer was obtained, we wanted to assess our original 

hypothesis regarding steric hinderance of the olefin functionalization (Figure 2.5). Initially, 

syn-II-10 was exposed to ozonolysis, however, the material was recalcitrant to these 

oxidant conditions. Though investigation of other oxidants, it was found that stoichiometric 

osmium tetroxide in combination with 4-methylmorpholine N-oxide in dichloromethane 

provided the desired diol in an isolated 87% yield. The unoptimized reaction is sluggish, 

needing 5 days to reach completion, however, the successful oxidation supports our 

hypothesis that the double bond of the syn-diastereomer can be successfully oxidized 

under conditions that were previously unreactive for the trans-isomer. 
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Scheme 2.13. Dihydroxylation of the syn-isomer 

 

 

 With access to syn isomer II-10 and proof that the olefin is reactive to oxidizing 

conditions for the syn isomer, syn II-10 was subjected to the same transformations to 

access the syn isomer for the urea compound II-13 (Scheme 2.14). 

 

Scheme 2.14. Formation of syn isomer II-12 

 

 

 Methyl ester syn-II-10 was converted into the amide by first forming the carboxylic 

acid using lithium hydroxide in THF/water. Activation of the carboxylic acid with oxalyl 

chloride afforded the acid chloride (NMR analysis confirmed acid chloride formation). 

Since the acid chloride is sensitive to hydrolysis and isolation, the crude solution of the 

acid chloride was concentrated under nitrogen, THF was added, and this solution was 

then directly added dropwise to a saturated solution of ammonia in THF at -78 ̊C to 

provide the amide syn-II-11 in good yield. Lastly, deprotection of the Boc group using 

trifluoroacetic acid in dichloromethane at 0 ̊C afforded the amine syn-II-12 in good yield.  
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  Due to the difficulty with isolating and purifying the Boc deprotected amine syn-II-

12, a three-step protocol was developed to transform the Boc protected amine to the urea 

syn-II-13.64 The deprotected amine was confirmed via NMR, added to a precooled 

solution of triphosgene in dichloromethane, followed by the addition of Hunigs base, and 

stirred for 1 h. 1H NMR confirmed formation of the acetylated product, and this crude 

solution was then directly added to a solution of ammonia in THF, which was precooled 

to -78 °C. The reaction was stirred for 12 h and slowly warmed to room temperature to 

generate the urea syn-II-13. It is important to note, the urea product is difficult to purify 

due to the polarity of the molecule and the four nitrogen atoms that are present. An 

aqueous workup is not feasible and a significant loss of product to the water layer is 

observed. Similarly, column conditions must be basic to ensure the urea II-13 elutes 

though the silica. This, however, does not remove Hunigs base from the product and thus, 

has caused issues to remove. Multiple columns must be performed in order to ensure 

complete removal of Hunigs base.  

 

Scheme 2.15. Formation of urea syn-II-13 

 

 

 With the urea in hand, oxidative cleavage and cyclization to generate our key 

intermediate, enamide II-2 was investigated. With the successful oxidation syn-II-10 
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(Scheme 2.13), we hypothesized that the desired oxidation, and/or consecutive 

oxidation/cyclization of urea syn-II-13 could be feasible. In the presence of osmium 

tetroxide and NMO in THF/water at 23 °C, the diol was successfully formed from the urea 

syn-II-13 (Scheme 2.16). Oxidation of alkene to the diol was successful, as observed by 

1H NMR. The protons corresponding to the olefin completely disappear from the NMR 

spectra, and the appearance of the diol α-hydrogens were observed in the spectra. Also, 

to further verify the formation of the diol, the spectra for diol II-18 was compared to the 

isolated diol II-17, made from the methyl ester syn-II-10.  

 

Scheme 2.16. Dihydroxylation of the urea syn-II-13 

 

 

 While diol formation occurred smoothly, attempts to cleave the diol was problematic 

(Table 2.3). Complex NMRs and decomposition was observed with minimal-to-no 

observation of the desired product. Other conditions, such as ozonolysis and ruthenium 

trichloride with NaIO4 also only led to decomposition of the starting material with no 

observation of the desired oxidized product. Interestingly, AD-mix-α only returned starting 

material.  
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Table 2.3. Attempts at oxidative cleavage of the syn-isomer 

 

Entry Conditions Result(s) 

1 
 OsO4, NaIO4 

THF, H2O, 23 C̊ 

Complete consumption of starting material; 
Complex product(s) formed; No desired product or 

hemi-aminal observed  

2 
OsO4, Pb(OAc)4 

THF, H2O, 23 C̊ 

Complete consumption of starting material; 
Complex product(s) formed; No desired product or 

hemi-aminal observed 

3 
OsO4, HIO4 

THF, H2O, 23 C̊ 

Complete consumption of starting material; 
Complex product(s) formed; No desired product or 

hemi-aminal observed 

4 
AD-mix-α, t-BuOH 

 23 C̊ 
Starting material was recovered 

5 
O3, CH3CH2Cl2,  

-78 C̊ 
Decomposed (unidentifiable byproducts) 

 

 The current hypothesis as to why cleavage has been presently unsuccessful centers 

on the amide and urea functional groups, which can potentially coordinate with the 

oxidant, thus precluding diol coordination and subsequent oxidation. Oxidation of the 

amido- and urea functionality is also possible and cannot be ruled out.  

 Due to the ongoing difficulty in the oxidative cleavage of the cyclopentene to 

synthesize enamide II-2, as well as the scalability and purification issues associated with 

this synthesis, an alternate approach to access enamide II-2 was developed.  
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2.7. Retrosynthesis Route 2 

 

 Targeting enamide II-2, it was envisioned that fragments II-19 and II-20 could be 

coupled together to forge the new methylene bond. The allylic halide II-19 was envisioned 

to come from carboxylic acid II-21 via reduction to the alcohol, and then halogenation. 

The preparation of carboxylic acid II-21 is a known procedure from tartaric acid and methyl 

urea.20 Fragment II-20 was proposed to come from bis amide II-22, which can be 

accessed from II-23 after exposure to base to induce cyclization. The formation of II-23 

is a known procedure that is afforded from the reaction between 2-trichloroacetyl pyrrole 

and glycine methyl ester.65  

 

Scheme 2.17. Retrosynthetic scheme route 2 
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2.8. Synthetic Route 2  

 

 Targeting II-21, tartaric acid and N-methyl urea are heated in the presence of sulfuric 

acid to provide the cyclic urea II-21 (Scheme 2.18).20 This was taken directly to the next 

step, protection, without further purification. Protection of the amide was deemed 

necessary later in the synthesis in the course of coupling the two fragments together. The 

protection was also envisioned to help forego elimination of the activated coupling 

precursor due to potential instability of this moiety. 

 The carboxylic acid was converted into the methyl ester II-24 using one equivalent 

of potassium carbonate, and one equivalent of methyl iodide, with the methyl iodide slowly 

added dropwise over a few min.20 This slow addition is done to prevent N-methylation, 

and the precise use of one equivalent of base preferentially deprotonates the carboxylic 

acid, while slow dropwise addition provides preferential methyl ester formation.  

  

Scheme 2.18. Methyl ester formation 

 

 

 Isolation of methyl ester II-24 proved to be difficult, and removal of DMF was also an 

issue. An aqueous work-up to remove DMF also caused the loss of product due to its 

high solubility in the aqueous layer. To circumvent this issue, and increase the isolated 

yield of the product, formation of methyl ester was confirmed via 1H NMR. Upon 
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completion as observed by NMR, the reaction was concentrated under a flow of nitrogen 

gas. The crude reaction mixture was suspended in ethyl acetate and filtered over celite 

to remove the potassium carbonate, and the methyl ester II-24 was taken to the next step 

without further purification.  

 Next, amide protection was attempted by alkylating the oxygen of the amide 

selectively using trimethyl oxonium tetrafluoroborate in dichloromethane at ambient 

temperature to provide the desired O-methylated product II-25 (Scheme 2.19). This was 

confirmed via comparison of the carbon NMR for the N vs. O-methylated product. N-

methylated product was obtained via the side product of methyl ester formation II-24, 

which uses methyl iodide as the methylating reagent (Scheme 2.18). II-25 was taken to 

the next step without further purification.  

 

Scheme 2.19. Methyl ether formation 
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 The ester was reduced with lithium aluminum hydride in ether to access the imidazyl 

alcohol selectively in 68% yield (Scheme 2.20).  

 

Scheme 2.20. Imidazyl alcohol formation 

 

 

 Next, I attempted to convert the alcohol into a suitable coupling partner. Initial 

attempts to effect this transformation only returned back starting material, or complex 

undesired byproduct formation as observed by NMR spectrum (Table 2.4).  

 

Table 2.4. Attempts to form imidazyl halide or tosylate for coupling 

 

Entry Conditions Result(s) 

1 
 PBr3, CH2Cl2, 
0 C̊ → 23 C̊ 

Full conversion; Starting material was 
recovered upon isolation 

 

2 
TsCl, DMAP,  
CH2Cl2, 23 C̊ 

Complete consumption of starting material; 
complex NMR  
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 The issues of forming the imidazyl halide/tosylate are presumably due to an 

intramolecular elimination to displace the now good leaving group (Figure 2.6). Upon 

workup this reforms the allylic alcohol, which is observed upon bromination using PBr3.  

 

Figure 2.6. Proposed mechanism for elimination  

 

 

 As a result of these observations, it was proposed that formation of the 

corresponding salt of II-26 would circumvent the elimination issues due to deactivating 

the imidazole ring. Thus, exposure of alcohol II-26 to thionyl chloride in dichloromethane 

provided the desired chloride II-27 as the HCl salt without further purification (Scheme 

2.21). This reaction was not subjected to an aqueous workup, it was simply concentrated 

under nitrogen and taken onto the next step. 

 

Scheme 2.21. Formation of the coupling partner II-27 

 

 

 Upon sonication or exposure to base such as DBU, decomposition of the product II-

27 is readily observed. Due to the sensitivity of the molecule, it was stored cold, in a 
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refrigerator under a nitrogen atmosphere, and used within a week of synthesizing to 

ensure proper reactivity. 

  With the first coupling partner in hand, a strategy to synthesize the other coupling 

partner II-20 was evaluated. Starting from 2-trichloroacetyl pyrrole and glycine methyl 

ester, amide II-23 was isolated in good yield (Scheme 2.22). Literature precedent states 

that exposure of II-23 in the presence of sodium hydride will produce the bicycle II-22.65 

However, numerous attempts resulted in recovered starting material, and the desired 

product was not formed. To circumvent this, the amide II-23 was exposed to lithium 

hydroxide in THF/water to convert the methyl ester to the carboxylic acid II-28 in 71% 

yield. The carboxylic acid II-28 was then stirred in neat acetic anhydride and heated to 

50 ̊C to successfully perform the cyclization and provide the acetate product II-29. 

Cleavage of the acetate group was then done using 1M HCl in a mixture of methanol and 

dichloromethane at ambient temperature. Addition of methanol proved necessary to 

afford the complete cleavage of the acetate group. Initially, potassium carbonate in the 

presence of methanol was attempted to cleave the acetate, however, these conditions 

solely provided the initial starting uncyclized amide II-23.  
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Scheme 2.22. Synthesis of II-22 

 

 

 After cleavage of the acetate group, the amide was protected using the same 

reagent that was used prior for coupling partner II-25. Thus, exposure to trimethyl 

oxonium tetrafluoroborate in dichloromethane at room temperature selectively provided 

the O-methylated product II-30 in good yield (Scheme 2.23).  

 

Scheme 2.23. Protection of amide to form II-30 
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 Next, conditions were evaluated to access a suitable coupling partner. Synthesis of 

the triflate was first attempted using KHMDS with phenyl triflimide, however, the desired 

triflate was not formed and these conditions only caused decomposition (Table 2.5). 

Similarly, using triflic anhydride with triethylamine also caused decomposition of the 

starting material with no identifiable product(s) observed. However, following a modified 

literature procedure,66 the aryl tosylate was synthesized in 86% yield using DMAP, 

triethylamine, and tosyl chloride in toluene at ambient temperature.  

 

Table 2.5. Attempts to form coupling partner II-31 

 

Entry Conditions Result(s) 

1 
KHMDS, Tf2NPh 

THF, -78 C̊ 
Complete consumption of starting material; 

complex NMR  

2 
Tf2O, NEt3, CH2Cl2, 

23 C̊ 
Complete consumption of starting material; 

complex NMR  

3 
TsCl, DMAP, NEt3,  

PhMe, 23 C̊ 
Desired aryl tosylate (II-31), 86% yield  

 

 With a scalable and efficient route to both coupling partners, attempts to couple the 

two fragments were evaluated. Initially, as a test cross-coupling reaction, tosylate II-31 

was reacted with phenyl boronic acid using a modified literature procedure, which 

employed Pd(OAc)2, BrettPhos, and K3PO4 in t-AmOH at 80 °C (Scheme 2.24).67 These 
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conditions did indeed successfully afford the desired coupled product II-32 in an isolated 

57% yield. This result was encouraging and proved that the aryl tosylate II-31 could 

undergo oxidative addition without issues and participate in cross-coupling reactions with 

appreciable success.  

 

Scheme 2.24. Coupling reaction with phenyl boronic acid 

 

 

 Using the proven aforementioned conditions, next, I attempted to convert aryl 

tosylate II-31 to the boronate ester II-33 with B2Pin2 (Scheme 2.25). However, the reaction 

did not yield the desired boronate ester product, and only the dimer of the starting material 

II-33 was isolated in 72% yield. 

 

Scheme 2.25. Formation of dimer II-33 
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 Due to dimer formation, different conditions were screened (Table 2.6). Addition of 

LiCl (entry 1) only caused decomposition. Solvent switch to dioxane, as well as modifying 

the palladium catalyst in different solvents (entries 2-4) only caused decomposition and 

no identifiable products were observed. Utilizing a different method,68 formation of the 

boronate using HBPin with triethylamine, Pd(PPh3)Cl2 in dichloroethane was attempted, 

but only decomposition was observed (entry 5). Modification of the palladium catalyst to 

Pd(OAc)2 and the solvent to tAmOH  only afforded starting material  at room temperature 

(entry 6), and upon heating, only decomposition was observed indicating a clear 

temperature effect and slim operating window to be able to successfully undergo oxidative 

addition and competent coupling without decomposition. To promote the formation of the 

boronate ester II-34 and decrease dimer formation, the reaction was performed under 

dilute conditions (0.005M) and excess B2Pin2 (15 equiv). However, unfortunately, only the 

dimer II-33 was isolated in 39% yield with no observable desired product (entry 7). 
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Table 2.6. Screening conditions for BPin formation 

 

Entry Solvent Pd Catalyst Additive Base Boron Temp. Result(s) 

1 tAmOH Pd(OAc)2 LiCl K3PO4 B2Pin2 23 → 80 ̊C Decomposition 

2 Dioxane Pd(OAc)2 ----- K3PO4 B2Pin2 23 → 80 ̊C Decomposition 

3 Dioxane Pd(amphos)Cl2 ----- K3PO4 B2Pin2 
23 → 80 
→110 ̊C 

Decomposition  

4 tAmOH Pd(amphos)Cl2 ----- K3PO4 B2Pin2 23 → 80 ̊C Decomposition 

5 DCE Pd(PPh3)2Cl2 ----- NEt3 HBPin 23 → 80 ̊C Decomposition  

6 tAmOH Pd(OAc)2 ----- NEt3 HBPin 23 ̊C→80 ̊C Decomposition  

7 
tAmOH 

(0.005M) 
Pd(OAc)2 ----- K3PO4 

B2Pin2  

(15 equiv) 
23 → 80 ̊C 

Dimer II-33 
formed, 39%  
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 Based on these observations, my hypothesis is that the boronate ester II-34 is 

forming in solution, but it is then directly undergoing a rapid in-situ Suzuki reaction with 

residual starting tosylate II-31 to form the dimer II-33. This indicates that the boronate 

ester II-34 is highly reactive under conditions that successfully allow for initial oxidative 

addition of the tosylate. However, once formed it either participates in the cross-coupling 

reaction to form the dimer, or decomposes (Table 2.6, entries 1-6). To test this hypothesis, 

I ran the same conditions that were used in Scheme 2.25 without the B2Pin2 (Scheme 

2.26). After heating the reaction at 80 ̊C for 2 h, only starting material was present, 

whereas in the presence of B2Pin2 dimer product II-33 was solely formed. Upon heating 

to 110 ̊C, there was complete decomposition of the starting material, confirming the 

hypothesis that II-34 must be forming in solution and then undergoing rapid cross-

coupling reaction to form the dimer II-33. 

 

Scheme 2.26. Dimer formation attempt without B2Pin2 
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 Since the tosylate II-31 was undergoing an in-situ Suzuki reaction, I hypothesized 

that after formation of the boronate ester from II-31, then a cross coupling could occur in 

with imidzayl chloride II-27. This would effectively undergo a conversion to the boronate 

ester, followed by Suzuki reaction all in one pot. To test this, I ran the reaction with the 

same conditions described above, except now I added II-27 to the round bottom flask. 

Unfortunately, after heating for 4 h only decomposition of both starting materials, II-31 

and II-27 was observed.  

 

Scheme 2.27. Attempted one pot boronate ester formation followed by Suzuki reaction 

 

 

 Next, I attempted to form the boronate ester utilizing the other coupling fragment, 

the chloride II-27.69 Since the chloride was isolated as a salt, and exposure to base, such 

as DBU, causes decomposition, consideration of the base for the Miyaura borylation 

reaction is important. Protonated imidazole has a pKa of approximately 7, and in molecule 

II-27 it is slightly higher than 7 due the electronically rich imidazole. Potassium acetate 

was therefore selected as the base to attempt formation of the boronate ester. 

Unfortunately, changing the palladium catalyst or solvent did not affect the outcome of 

the reaction, and decomposition of the starting material was observed (Table 2.7, entries 

1-6).  
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Table 2.7. Attempted formation of imidazyl BPin II-35 

 

Entry Solvent Pd Catalyst Temperature Result(s) 

1 Dioxane Pd(OAc)2 23 ̊C Decomposition 

2 PhMe Pd(OAc)2 23 → 50 → 80 C̊ Decomposition 

3 Dioxane Pd(amphos)Cl2 23 ̊C        Decomposition 

4 PhMe Pd(amphos)Cl2 23 ̊C Decomposition 

5 Dioxane Pd(dppf)Cl2 23 → 50 C̊ Decomposition  

6 PhMe Pd(dppf)Cl2 23 ̊C Decomposition  

 

 Due to the difficulties associated with forming the boronate species on either 

coupling fragment, other coupling strategies were explored. Conversion of the aryl 

tosylate II-31 to the aryl bromide II-36 would allow for lithium-halogen exchange and 

provide another route to the targeted enamide II-2. Following a modified literature 

procedure,70 the aryl tosylate, nickel catalyst, zinc, COD, lithium bromide, and DMA/THF 

was reacted together at room temperature for 24 h. NMR monitoring of the reaction only 

showed starting material (Scheme 2.28). The reaction was then heated to 50 ̊C for 4 h, 

and monitoring of the reaction by NMR only indicated starting material. The temperature 
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was then increased to 80  ̊C, and after 1 h, NMR indicated complete decomposition with 

no identifiable products observed (Scheme 2.28).  

 

Scheme 2.28. Attempted formation of aryl bromide II-36 

 

 

 With problematic boronate formation and aryl bromide formation, a Stille coupling 

was next evaluated as an alternative strategy.71 To this end, lithium tri-n-butylstannane in 

THF was generated by freshly using prepared lithium diisopropylamine with tri-n-butyltin 

hydride at -78 °C (Scheme 2.29). Chloride II-27 was added to the freshly prepared tri-n-

butylstannane in one portion at -78 ̊C, and after 2 h the reaction was neutralized. Due to  

product instability on silica gel, the crude product was used directly in the next reaction to 

attempt the Stille coupling. 1H NMR spectra indicated the stannane may have 

successfully worked, however, due to purification issues, and removal of the tin 

byproducts from the reaction, this made it very difficult to verify successful stannane 

formation. The freshly generated stannane II-37 was added to a deoxygenated round 

bottom flask that contained tosylate II-31, Pd(OAc)2, XPhos, CsF, and tert-butanol. After 

stirring at room temperature for 2 h, NMR of an aliquot indicated only starting materials. 

The reaction was then heated to 80 ̊C for 4 h, and NMR confirmed conversion of starting 

material via NMR. Unfortunately, upon workup, NMR of the crude mixture indicated only 

dimer II-33 as the major product with no desired product observed. 
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Scheme 2.29. Attempted Stille Coupling 

 

 

 Kumada and Negishi couplings were next evaluated as alternatives (Table 2.8). 

Initially the Kumada coupling was explored using isopropylmagnesium chloride, which in 

this case was used to undergo magnesium halogen exchange with II-36. This mixture in 

THF was then added to a solution of II-27 and reacted with Pd(PPh3)4, Ni(dppf)Cl2, and 

Pd(OAc)2 as the catalysts (entries 1-3). Unfortunately, in each reaction, only starting 

tosylate II-27 was recovered. There was no sign of successful cross-coupling, or any 

remaining chloride II-36.  

 Negishi coupling was evaluated next. However, the Negishi coupling conditions 

showed the same results. The only difference was observed with the use of Pd(OAc)2 as 

the catalyst, which caused decomposition of the tosylate II-27 as well as the chloride II-

36 with no identifiable products. Presumably, chloride II-36, when exposed to base such 

as the isopropylmagnesium chloride, decomposes due to the instability of its compound. 
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Table 2.8. Attempted Kumada and Negishi Couplings 

 

Entry Solvent Catalyst MgX ZnX Temp. Result(s) 

1 THF Pd(PPh3)4 iPrMgCl ----- 23 ̊C→80 ̊C 
Decomposition 
upon heating 

2 THF Ni(dppf)Cl2 iPrMgCl ----- 23 ̊C→80 ̊C 
Decomposition 
upon heating 

3 THF Pd(OAc)2 iPrMgCl ----- 23 ̊C→80 ̊C 
 Decomposition        
p upon heating 

4 THF Pd(PPh3)4 iPrMgCl ZnCl2 23 ̊C→80 ̊C 
Decomposition 
upon heating 

5 THF Ni(dppf)Cl2 iPrMgCl ZnCl2 23 ̊C→80 ̊C 
Decomposition 
upon heating 

6 THF Pd(OAc)2 iPrMgCl ZnCl2 23 ̊C→80 ̊C 
Decomposition 
upon heating 
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2.9. Conclusion  

 

 Currently, efforts toward accessing the key intermediate to test the penultimate 

enantioselective halo-cyclization to access the tetracyclic core of agelastatin A (1) are 

ongoing. The enantioselective halo-cyclization event in the total synthesis, if successful, 

can be exploited as a traceless source of chirality, and applicable to other total syntheses. 

Initially, our attempts to access the key intermediate to test our halo-cyclization strategy 

starting from cyclopentadiene was highlighted by a diastereoselective Tsuji-Trost 

allylation to access a key pyrrole substituted cyclopentene. Although it was shown that 

we could selectively oxidize the alkene, the residual oxidized C-C bond proved to be 

recalcitrant in undergoing successful oxidative cleavage. It is hypothesized that this is 

due to deleterious reactivity with the amide and urea functionality in close proximity. This 

route is also difficult to scale up, and therefore, a second strategy was developed that 

commences from simple starting materials, and offers an efficient, scalable route to each 

of the fragments. Unfortunately, the final cross-coupling to access the desired 

intermediate has not worked so far, and suitable conditions have yet to be developed. 

Future work will consist of using a coupling strategy that is similar to Movassaghi’s 

synthesis that entails a thioester and a stannane for efficient coupling.19 A new strategy 

to synthesize the enamide II-2 from the imidazyl chloride II-36 and tosylate II-27 

fragments is currently under development.  
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2.10. Experimental Section 

 

2.10.1. General Information  

 

Unless otherwise mentioned, solvents were purified as follows. Toluene and CH2Cl2 were 

dried over CaH2 whereas THF and Et2O were dried over sodium (dryness was monitored 

by color of benzophenone ketyl radical); they were freshly distilled prior to use. NMR 

spectra were obtained using 500 MHz Varian NMR spectrometers and referenced using 

the residual 1H peak from the deuterated solvent. Waters 2795 (Alliance HT) instrument 

was used for HMS analysis with polyethylene glycol (PEG-400-600) as a reference. 

Column chromatography was performed using Silicycle 60Å, 35-75 µm silica gel. Pre-

coated 0.25 mm thick silica gel 60 F254 plates were used for analytical TLC and 

visualized using UV light or potassium permanganate stain.  
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2.10.2. Experimental Procedure for Route 1 Synthesis 

 

Prepared following literature precedent.60 

 

 

Dicyclopentadiene was placed in a three-neck round-bottom flask equipped with a 

condenser and placed in a sand bath heated to approximately 180 ̊C. The receiving flask 

is a three-membered round-bottom flask that is placed in a -78 ̊C ice bath to collect the 

monomer. Cyclopentadiene (20 mL, 244 mmol, 1.5 equiv) was added directly to the clear 

stirring solution of N-Boc-hydroxylamine (21.6 g, 162 mmol, 1 equiv) in MeOH (600 mL) 

at 0 ̊C. Sodium (meta)periodate (18.9 g, 178 mmol, 1.1 equiv) was added directly 

afterwards and the solution turned a bright yellow. The reaction was allowed to stir for 1 

h at 0 ̊C. After evaporation of the solvent, the crude product was dissolved in ethyl acetate 

and water, partitioned, and the residual organics were extracted from the aqueous layer 

with ethyl acetate (3 x 300 mL). The combined organics were washed with brine (300mL), 

dried over Na2SO4, decanted, and concentrated. The crude bright yellow product was 

subjected to column chromatography; 30% ethyl acetate/hexane to afford II-7 as a pale-

yellow solid (13.4 g, 70% yield).  

1H NMR (500 MHz, Chloroform-d, 23 ̊C) δ 6.40 – 6.34 (m, 2H), 5.16 (dd, J = 1.9, 0.9 Hz, 

1H), 4.93 (dd, J = 3.3, 1.2, 1H), 2.00 – 1.89 (m, 1H), 1.73 – 1.65 (m, 1H), 1.42 (s, 9H).  

13C NMR (126 MHz, Chloroform-d, 23 ̊C) δ 158.49, 134.05, 132.87, 83.48, 81.92, 64.95, 

48.06, 28.09. 
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HRMS: calculated for C5H8NO [M+H-Boc]+ 98.0606, found 98.0606 

IR: 2985-2883 cm-1,1733 cm-1, 1563 cm-1, 1144 cm-1 

M.P.: 43.3-45.2 C̊ 
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Prepared following literature precedent.61 

 

Under an argon atmosphere, a solution of zinc (4.8 g, 73.7 mmol, 3 equiv) and 

bis(cyclopentadienyl)titanium(IV) dichloride (9.18 g, 36.8 mmol, 1.5 equiv) in dry THF (60 

mL) was stirred at room temperature for 45 min. The solution turned from a dark red to 

an olive green. The solution was cooled to -30 ̊C and stirred for 15 min. A solution of the 

bicycle II-7 (4.84 g, 24.6 mmol, 1 equiv) in MeOH (50 mL) was added dropwise. The 

reaction vessel was stirred for 14 h at -30 ̊C. After evaporation under nitrogen of the 

solvent, the crude product was placed in an ice bath and diluted with 100 mL of ethyl 

acetate and 100 mL of saturated solution of K2CO3 and stirred for 15 min. The solution 

was suction filtered through a pad of celite, transferred to a separatory funnel, partitioned, 

and the residual organics were extracted from the aqueous layer with ethyl acetate (3 x 

100 mL). The combined organics were washed with brine (100 mL), dried over Na2SO4, 

decanted and concentrated under vacuum to give a pale-yellow solid. The crude product 

is subjected to column chromatography 30% ethyl acetate/hexane to afford II-6 as a pale-

yellow solid (4.2 g, 86% yield).  

1H NMR (500 MHz, Chloroform-d, 23 ̊C) δ 5.99 (dd, J = 5.7, 2.0 Hz, 1H), 5.85 (ddd, J = 

5.5, 2.3, 1.0 Hz, 1H), 4.80 (s, 1H), 4.70 (dd, J = 6.4, 2.7 Hz, 1H), 4.42 (ddd, J = 8.1, 3.8, 

1.9 Hz, 1H), 2.79 – 2.70 (m, 1H), 1.55 (m, 1H), 1.44 (s, 9H). 

13C NMR (126 MHz, Chloroform-d, 23 ̊C) δ 155.25, 136.07, 134.15, 79.58, 75.18, 54.85, 

41.38, 28.39. 

HRMS: calculated for C10H18NO3 [M+H]+ 200.1287, found 200.1278 
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IR: 3365 cm-1, 2979-2814 cm-1, 1680 cm-1, 1519 cm-1, 1160 cm-1 

M.P.: 44.5-46.8 C̊ 

  



79 

 

Lithium aluminum hydride (4.1 g, 98 mmol, 4 equiv) was placed in a round bottom 

flask with dry THF (120 mL) and a condenser was attached. A yellow solution of the 

hydroxyl amine II-6 (4.86 g, 24.5 mmol, 1 equiv) in dry THF (10 mL) was added dropwise 

via syringe over 10 min under argon. The reaction mixture was then refluxed for 12 h. The 

gray solution was placed in an ice bath, diluted with ethyl ether (100 mL), and excess 

lithium aluminum hydride was quenched by the sequential dropwise addition of water (4 

mL), aqueous NaOH (15%, 4 mL), and water (12 mL). After stirring for 5 min, solid Na2SO4 

was added, and the mixture was allowed to stir for an additional 15 min. The cold bath 

was removed and the heterogenous mixture was suction filtered over a pad of Na2SO4 

and concentrated to reveal the methyl amine II-8 as a dark red oil (2.41 g, 87% yield). 

The crude product was used directly in the next reaction with no further purification.  

1H NMR (500 MHz, Chloroform-d, 23 ̊C) δ 6.02 (ddd, J = 5.7, 2.0, 1.1 Hz, 1H), 5.97 (ddd, 

J = 5.7, 1.8 Hz, 1.7 Hz, 1H), 4.71 (m, 1H), 3.59 (m, 1H), 2.59 (ddd, J = 13.7, 7.2, 6.5 Hz, 

1H), 2.46 (s, 3H), 1.44 (ddd, J = 13.8, 4.4, 4.3 Hz, 1H). 

13C NMR (126 MHz, Chloroform-d, 23 ̊C) δ 136.20, 134.82, 75.22, 63.80, 40.61, 34.05. 

HRMS: calculated for C6H11N [M+H-OH]+ 97.0891, found 97.0890 

IR: 3972 cm-1, 2854-2745 cm-1, 1663 cm-1, 1011 cm-1  
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To a flame dried 250 mL round bottom flask was added di-tert-butyl-dicarbonate (4.5 

g, 20.64 mmol, 1.1 equiv) and DMAP (cat.) in dry dichloromethane (160 mL) and was 

placed in an ice water bath cooled to 0 ̊C and stirred for 30 min. In a separate pear-shaped 

flask was added triethylamine (2.86 mL, 20.64 mmol, 1.1 equiv) and precooled to 0 ̊C for 

30 min. Separately, in a 25 mL round bottom flask the methyl amine II-8 (2.12 g, 18.76 

mmol, 1 equiv) was dissolved in dichloromethane (10 mL) and cooled to 0 ̊C. After 30 

min, a solution of 9 was added dropwise to the 250 mL round bottom flask; the transfer 

was quantified with dry dichloromethane (10 mL), followed by the precooled triethylamine. 

The dark red solution was warmed to room temperature and stirred for 12 h. The reaction 

mixture was diluted with dichloromethane (50 mL) and saturated ammonium chloride (100 

mL). The biphasic mixture was poured into a separatory funnel and partitioned. The 

residual organics were extracted from the aqueous layer with dichloromethane (3 x 100 

mL). The combined organics were washed brine (100 mL), dried over solid Na2SO4, 

decanted, and concentrated under vacuum. The crude product was subjected to column 

chromatography 10% ethyl acetate/hexanes → 30% ethyl acetate/hexanes to afford II-9 

as a light brown solid (3.25 g, 81% yield). NMR indicated product as a mixture of rotomeric 

isomers at room temperature. 

1H NMR (500 MHz, DMSO-d6, 80 ̊C) δ 5.92 (dd, J = 5.6, 2.1 Hz, 1H), 5.68 (dd, J = 5.6, 

1.6 Hz, 1H), 4.97 (dd, J = 6.2, 1.9 Hz, 1H), 4.65 (d, J = 5.3 Hz, 1H), 4.58 (m, 1H), 2.64 (s, 

3H), 2.49 (dd, J = 13.6, 7.8, 5.6 Hz, 1H), 1.44 (s, 9H), 1.37 (ddd, J = 13.6, 5.5, 5.3 Hz, 

1H). 
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1H NMR (500 MHz, Chloroform-d, 23 ̊C) δ 5.83 (dd, J = 5.7, 2.1 Hz, 1H), 5.60 (dd, J = 

5.9, 1.5 Hz, 1H), 4.89 (m, 1H), 4.60 (m, 1H), 2.58 (s, 3H), 2.51 (ddd, J = 13.9, 7.9, 5.6 Hz, 

1H), 1.38 (m, 1H), 1.33 (s, 9H). 

13C NMR (126 MHz, DMSO-d6, 80 ̊C) δ 160.06,142.80, 137.30, 83.80, 78.60, 64.49, 

43.05, 33.63 33.44. 

HRMS: calculated for C11H20NO3 [M+H]+ 214.1437, found 214.1443 

IR: 3260cm-1, 2975-2868 cm-1, 1684 cm-1, 1140 cm-1 

M.P.: 44.5-46.5 C̊  
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Prepared following literature precedent.13 

 

A solution of the pyrrole-2-carboxylate methyl ester (3.0 g, 24 mmol, 1 equiv) was 

dissolved in THF (225 mL) and MeOH (120 mL) and placed in an ice bath cooled to 0 ̊C 

and stirred for 30 min. Recrystallized NBS from water (4.3 g, 24 mmol, 1 equiv) was added 

in portions. The first portion of NBS (0.76 g) was added and stirred for 30 min, a second 

portion of NBS (0.94 g) was added and after 40 min, a third portion of NBS (0.774 g) and 

after 40 min, the fourth and last portion of NBS (1.8 g) was added. After stirring for 2 h at 

0 C̊, the solvent was removed under vacuum to give a gray solid. The crude product was 

subjected to column chromatography 10% ether in hexanes to give the brominated 

pyrrole as a white solid (1.59 g, 32% yield).  

1H NMR (500 MHz, Chloroform-d, 23 ̊C) δ 9.99 (s, 1H), 6.83 (dd, J = 3.9, 2.6 Hz, 1H), 

6.21 (dd, J = 3.9, 2.5 Hz, 1H), 3.89 (s, 3H). 

13C NMR (126 MHz, Chloroform-d, 23 ̊C) δ 161.01, 123.73, 116.84, 112.71, 105.41, 

51.84. 

HRMS: calculated for C6H6NO2 [M+H-Br]+ 125.0476, found 125.0474 

IR: 3231 cm-1, 1684 cm-1, 1550 cm-1, 742 cm-1  

M.P.: 102.3-104.7 ̊C 
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A clear solution of the pyrrole (2.3 g, 11.27 mmol, 1 equiv) and triphenylphosphine 

(3.5 g, 17.35 mmol, 1.54 equiv) in freshly distilled THF (90 mL) was placed in an ice water 

bath cooled to 0 ̊C and stirred for 20 min under argon. Diisopropyl azodicarboxylate (4.4 

mL, 17.35 mmol, 1.54 equiv) was added dropwise via syringe and the reaction mixture 

turned a milky yellow. A solution of the hydroxy amine II-9 (2.4 g, 11.27 mmol, 1 equiv) in 

THF (5 mL) was added dropwise to the solution; the transfer was quantitated with dry 

THF (5 mL). KHMDS (35 mL, 0.5 M in toluene, 17.35 mmol, 1 equiv) was added directly 

after the addition of II-9. After 10 min the milky yellow solution turned a deep red, the ice 

bath was removed and allowed to stir at room temperature for 13 h. The reaction mixture 

was diluted with ethyl acetate (100 mL) and saturated ammonium chloride (100 mL), the 

biphasic solution was poured into a separatory funnel and partitioned. The organics were 

extracted from the aqueous layer with ethyl acetate (3 x 100 mL), combined, washed with 

brine (100 mL), dried over solid Na2SO4, decanted, and concentrated. The crude red 

liquid was purified by silica gel chromatography; 10% ether in hexanes to afford II-10 as 

a clear oil (2.68 g, 59%). NMR indicated product as a mixture of rotomeric isomers at 

room temperature. 

1H NMR (500 MHz, DMSO-d6, 80 ̊C) δ 6.93 (d, J = 4.1 Hz, 1H), 6.69 (ddd, J = 9.1, 6.0, 

2.8 Hz, 1H), 6.31 (d, J = 4.1 Hz, 1H), 5.97 (m, 1H), 5.87 (m, 1H), 5.49 (m, 1H), 3.77 (s, 

3H), 2.69 (s, 3H), 2.41 (m, 1H), 2.23 (m, 1H), 1.45 (s, 9H). 
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1H NMR (500 MHz, Chloroform-d, 23 ̊C) δ 6.95 (d, J = 4.1, 1H), 6.92 (br s, 1H), 6.21 (d, 

J = 4.1 Hz, 1H), 5.93 (ddd, J = 5.7, 2.1, 2.0 Hz, 1H), 5.81 (ddd, J = 5.4, 2.8, 2.6 Hz, 1H), 

5,49 (br s, 1H), 3.80 (s, 3H), 2.72 (s, 3H), 2.50 (m, 1H), 2.24 (m, 1H), 1.48 (s, 9H). 

13C NMR (126 MHz, DMSO-d6, 80 ̊C) δ 160.58, 155.33, 134.21, 124.69, 119.35, 113.66, 

109.13, 79.39, 63.51, 62.48, 51.67, 34.60, 29.72, 28.64, 21.94. 

HRMS: calculated for C12H12BrN2O2 [M+H-Boc]+ 299.0395, found 299.0475 

IR: 2979-2925 cm-1, 1693 cm-1, 1677 cm-1, 1142 cm-1, 736 cm-1  
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To a solution of the ester II-10 (0.141 g, 0.35 mmol, 1 equiv) in THF (4 mL) and water 

(10 mL) was added LiOH (0.44 g, 10 mmol, 30 equiv). After the clear solution was stirring 

for 12 h, it was acidified to pH = 2 using 1M HCl and diluted with ethyl acetate (4 mL). 

The biphasic mixture was poured into a separatory funnel, partitioned, and the residual 

organics were extracted from the aqueous layer using ethyl acetate (3 x 20 mL). The 

combined organics were washed with brine (20 mL), dried over Na2SO4, decanted and 

concentrated. The crude product II-38 was purified by silica gel chromatography; 30% 

ethyl acetate in hexanes to afford the acid as a white solid. NMR indicated product as a 

mixture of rotomeric isomers at room temperature. 

1H NMR (500 MHz, DMSO-d6, 80 ̊C) δ 6.89 (d, J = 4.1 Hz, 1H), 6.82 (ddd, J = 8.5, 5.4, 

2.7 Hz, 1H), 6.27 (d, J = 4.1 Hz, 1H), 5.97 (m, 1H), 5.85 (m, 1H), 5.49 (dd, J = 8.4, 2.8 

Hz, 1H), 2.69 (s, 3H), 2.41 (ddd, J = 15.0, 9.3, 6.0 Hz, 1H), 2.21 (ddd, J = 14.6, 9.5, 3.2 

Hz, 1H), 1.45 (s, 9H). 

1H NMR (500 MHz, Chloroform-d, 23 ̊C) δ 10.84 (br s, 1H), 7.10 (d, J = 4.1 Hz, 1H), 6.87 

(br s, 1H), 6.24 (d, J = 4.2 Hz, 1H), 5.92 (m, 1H), 5.82 (m, 1H), 5.5 (br s, 1H), 2.72 (s, 

3H), 2.52 (br s, 1H), 2.24 (br s, 1H), 1.48 (s, 9H).  

13C NMR (126 MHz, DMSO-d6, 80 ̊C) δ 161.53, 155.39, 134.37, 134.00, 125.94, 119.02, 

113.35, 108.09, 79.39, 63.21, 62.63, 34.65, 29.77, 28.67. 

HRMS: calculated for C11H14BrN2O2 [M+H-Boc]+ 285.0238, found 285.0256 

IR: 3136cm-1, 2975-2879 cm-1, 1691 cm-1, 1662 cm-1, 915 cm-1, 739 cm-1  
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M.P.: 189.7-194.9 ̊C 

 

The carboxylic acid II-38 (0.125 g, 0.32 mmol, 1 equiv) in dichloromethane (7 mL) 

was placed in an ice bath cooled to 0 ̊C and stirred for 20 min under an argon atmosphere. 

Oxalyl chloride (55 μL, 0.64 mmol, 2 equiv) was added dropwise, followed by three drops 

of DMF. The ice bath was removed, and the solution was allowed to warm to room 

temperature. The reaction was monitored by NMR for full conversion to the acid chloride, 

approximately 1 hour, and the solution was concentrated under nitrogen. Fresh 

anhydrous ammonia was condensed at -78 ̊C in THF (2 mL) and the newly prepped acid 

chloride in THF (1 mL) was added dropwise; the transfer was quantitated with dry THF (1 

mL). The reaction vessel was stirred for 2 h at -78 ̊C under argon and warmed to room 

temperature. Afterwards, the solution was diluted with ethyl acetate (4 mL) and water (5 

mL), the biphasic mixture was transferred to a separatory funnel and washed with water 

(3 x 5 mL). The combined organics were washed with brine (5 mL), dried over solid 

Na2SO4, decanted, and concentrated under nitrogen. The resulting crude product was 

subjected to silica gel chromatography; 30% → 50% ethyl acetate in hexanes to afford 

the amide II-11 as a light brown oil (0.115 g, 92% yield). NMR indicated product as a 

mixture of rotomeric isomers at room temperature. 

1H NMR (500 MHz, DMSO-d6, 80 ̊C) δ 7.08 (br s, 2H), 6.87 (m, 1H), 6.80 (d, J = 4.2 Hz, 

1H), 6.21 (d, J = 4.0 Hz, 1H), 5.95 (ddd, J = 5.7, 2.2, 2.1 Hz, 1H), 5.81 (ddd, J = 5.5, 3.0, 

2.6 Hz, 1H), 5.48 (m, 1H), 2.66 (s, 3H), 2.39 (m, 1H), 2.17 (m, 1H), 1.44 (s, 9H). 
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1H NMR (500 MHz, Chloroform-d, 23 ̊C) δ 6.93-6.73 (br s, 1H), 6.60 (d, J = 4.1 Hz, 1H), 

6.19 (d, J = 4.1 Hz, 1H), 5.93 (m, 1H), 5.80 (m, 1H), 5.67-5.46 (br s, 1H), 2.69 (s, 3H), 

2.54 (m, 1H), 2.25 (m, 1H), 1.47 (s, 9H). 

13C NMR (126 MHz, DMSO-d6, 80 ̊C) δ 167.90, 160.10, 139.60, 138.37, 133.87, 119.29, 

117.25, 110.26, 84.07, 67.60, 67.17, 39.52, 34.38, 33.41. 

HRMS: calculated for C11H14BrN3O [M+H-Boc]+ 283.0320, found 283.0325 

IR: 3344 cm-1, 2977-2927 cm-1, 1652 cm-1, 1603 cm-1, 1142 cm-1, 742 cm-1 
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A solution of the amide II-11 (48.6 mg, 0.13 mmol, 1 equiv) in dry dichloromethane 

(6 mL) was placed in an ice bath and cooled to 0 ̊C and stirred for 20 min under argon. 

TFA (2 mL) was added dropwise over 2 min. The ice bath was removed and was stirred 

at room temperature for 10 h. Excess TFA was slowly neutralized with aqueous NaHCO3 

(10 mL). The biphasic mixture was poured into a separatory funnel, partitioned, washed 

with brine (20 mL), dried over Na2SO4, decanted and concentrated. The crude product 

was subjected to column chromatography 10% methanol in dichloromethane + 1% 

triethylamine to afford the pure product as a light brown oil (27.7 mg, 77%).  

1H NMR (500 MHz, Chloroform-d, 23 ̊C) δ 6.72 (m, 1H), 6.58 (d, J = 4.1 Hz, 1H), 6.17 (d, 

J = 4.0 Hz, 1H), 6.03 (m, 1H), 5.88 (m, 1H), 5.64-5.44 (br s, 1H), 4.18 (m, 1H), 2.49 (m, 

1H), 2.47 (s, 3H), 2.34 (ddd, J = 14.3, 9.1, 2.5 Hz, 1H). 

13C NMR (126 MHz, Chloroform-d, 23 ̊C) δ 162.91, 135.10, 133.42, 127.01, 114.16, 

112.51, 107.79, 65.40, 63.04, 36.43, 33.57. 

IR: 3330 cm-1, 2918-2879 cm-1, 1668 cm-1, 1604 cm-1, 724 cm-1 
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A solution of the alcohol II-9 (73 mg, 0.34 mmol, 1 equiv) in dry dichloromethane (2 

mL) was placed in an ice bath and cooled to 0 ̊C under argon and stirred for 20 min. PBr3 

(34 μL, 34 mmol, 1 M in DCM, 1 equiv) was added dropwise and the solution was allowed 

to warm to room temperature. The clear solution was stirred at room temperature for 1 

hour and then diluted with dichloromethane (2 mL) and then HBr was slowly neutralized 

with aqueous NaHCO3 (5 mL). The biphasic mixture was poured into a separatory funnel 

and partitioned. The residual organics were extracted from the aqueous layer using 

dichloromethane (3 x 10 mL), washed with brine (15 mL), dried over Na2SO4, decanted 

and concentrated. The crude material was subjected to silica chromatography 20% ethyl 

acetate/hexanes to yield the clear oil (39 mg, 82% yield).  

1H NMR (500 MHz, Chloroform-d, 23 ̊C) δ 6.05 (m, 1H), 5.85 (m, 1H), 5.40 (ddd, J = 7.0, 

2.3, 1.2 Hz, 1H), 4.24 (ddd, J = 7.7, 5.2, 2.6 Hz, 1H), 2.85 (s, 3H), 2.57 (m, 2H).  

13C NMR (126 MHz, Chloroform-d, 23 ̊C) δ 157.38, 135.00, 128.65, 82.36, 58.89, 36.89, 

29.54. 

HRMS: calculated for C7H10NO2 [M+H]+ 140.0711, found 140.0746 

IR: 2920-2875 cm-1, 1735 cm-1, 1026 cm-1 
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Prepared following literature precedent.13 

 

To a flame dried 500 mL round bottom flask was added di-tert-butyl-dicarbonate        

(8.2 g, 38 mmol, 2.5 equiv), nBu4NHSO4 (0.5 g, 1.5 mmol, 0.1 equiv), and II-9 (1.7 g, 1 

5mmol, 1 equiv) in dry dichloromethane (150 mL) and the reaction flask was placed in an 

ice water bath cooled to 0 ̊C and stirred for 30 min. 30% aqueous sodium hydroxide (15 

mL) was added dropwise, and the reaction was warmed to room temperature and stirred 

overnight, and then heated in an oil bath to 35 ̊C for 5 h. The dark red solution was 

warmed to room temperature and stirred for 12 h. The reaction mixture was diluted with 

dichloromethane (50 mL) and saturated sodium chloride (100 mL). The biphasic mixture 

was poured into a separatory funnel and partitioned. The residual organics were extracted 

from the aqueous layer with dichloromethane (3 x 100 mL). The combined organics were 

dried over solid Na2SO4, decanted, and concentrated under vacuum. The crude product 

was subjected to column chromatography 10% ethyl acetate/hexanes → 20% ethyl 

acetate/hexanes to afford II-15 as a clear oil (2.82 g, 60% yield). NMR indicated product 

as a mixture of rotomeric isomers at room temperature. 

1H NMR (500 MHz, DMSO-d6, 80 ̊C) δ 6.03 – 5.94 (m, 2H), 5.37 (ddd, J = 6.3, 5.1, 1.4 

Hz, 1H), 5.06 (dd, J = 6.8, 6.4 Hz, 1H), 2.69 (m, J = 14.3, 8.0, 1.1 Hz, 1H), 2.62 (s, 3H), 

1.52 (m, 1H), 1.45 (s, 9H), 1.44 (s, 9H). 
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1H NMR (500 MHz, Chloroform-d, 23 ̊C) δ 5.98 (br s, 1H), 5.90 (br s, 1H), 5.39 (br s, 1H), 

5.28 (br s, 0.5H), 5.05 (br s, 0.3H), 4.65 (br s, 0.2H), 2.76 (m, 1H), 2.64 (s, 3H), 1.59 (m, 

1H), 1.48 (s, 9H), 1.45 (s, 9H). 

13C NMR (126 MHz, DMSO-d6, 80 ̊C) δ 155.20, 153.00, 137.12, 132.35, 81.94, 80.08, 

79.39, 59.52, 34.86, 28.96, 28.64, 28.01. 

IR: 2981-2950 cm-1, 1739 cm-1, 1690 cm-1, 1144 cm-1 
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Prepared following literature precedent.13 

 

A solution of the ligand I-54 (17 mg, 6 mol%) and [Pd(C3H5)Cl]2 (3 mg, 2 mol%) in 

dichloromethane (2 mL) which had been stirring for 10 min at room temperature under an 

argon atmosphere was added to a solution of the Boc protected amino alcohol II-15 (0.13 

g, 0.415 mmol, 1 equiv), pyrrole I-47 (85 mg, 0.415 mmol, 1 equiv) and Cs2CO3 (0.135 g, 

0.415 mmol, 1 equiv) in dichloromethane (2 mL) under argon, the resulting solution turned 

a golden yellow. The reaction vessel was equipped with a condenser and the mixture was 

heated to 40 ̊C for 13 h. The reaction was monitored by NMR. The reaction mixture was 

filtered through a celite cake and concentrated. The crude product was subjected to 

column chromatography 10% ether in hexanes to afford the pure product syn-II-10 as a 

yellow oil (0.128 g, 77% yield). NMR indicated product as a mixture of rotomeric isomers 

at room temperature.  

1H NMR (500 MHz, DMSO-d6, 80 ̊C) δ 6.93 (d, J = 4.1 Hz, 1H), 6.36 – 6.26 (m, 2H), 6.09 

(dd, J = 5.8, 2.1 Hz, 1H), 5.90 (ddd, J = 5.8, 2.8, 1.9 Hz, 1H), 5.17 (m, 1H), 3.78 (s, 3H), 

2.83 (s, 3H), 2.70 (m, 1H), 2.03 (m, 1H), 1.45 (s, 9H). 

1H NMR (500 MHz, Chloroform-d, 23 ̊C) δ 6.94 (d, J = 4.1 Hz, 1H), 6.50 (br s, 1H), 6.20 

(d, J = 4.1 Hz, 1H), 6.04 (dd, J = 5.1, 2.2 Hz, 1H), 5.81 (br s, 1H), 5.41-5.10 (br s, 1H), 

3.80 (s, 3H), 2.86 (s, 3H), 2.78 (m, 1H), 2.07 (m, 1H), 1.47 (s, 9H). 
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13C NMR (126 MHz, DMSO-d6, 80 ̊C) δ 160.55, 155.32, 133.87, 132.36, 124.77, 119.33, 

113.80, 109.11, 79.38, 61.54, 59.97, 51.64, 36.85, 29.76, 28.67. 

HRMS: calculated for C12H12BrN2O2 [M+H-Boc]+ 299.0395, found 299.0403 

IR: 2983-2868 cm-1, 1705 cm-1, 1686 cm-1, 1126 cm-1, 744 cm-1 
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To a stirring solution of the cis methyl ester syn-II-10 (9 mg, 23 μmol, 1 equiv) and 

NMO (5.3 mg, 45 μmol, 2 equiv) in THF (1 mL) was added OsO4 (26 μL, 4% in H2O). The 

reaction vessel was stirred at room temperature for 5 days. After the 5 days, saturated 

Na2S2O3 (5 mL) was added. The biphasic mixture was poured into a separatory funnel 

and the residual organics were extracted from the aqueous layer with ethyl acetate (3 x 

5 mL). The combined organics were washed with brine (10 mL), dried over Na2SO4, 

decanted and concentrated. The crude product was subjected to column chromatography 

50% ethyl acetate in hexanes to yield pure product II-17 as a yellow oil (7.9 mg, 87% 

yield). NMR indicated product as a mixture of rotomeric isomers at room temperature. 

1H NMR (500 MHz, DMSO-d6, 80 ̊C) δ 7.01 (d, J = 4.2, 1H), 6.34 (d, J = 4.3, 1H), 5.17 (br 

s, 1H), 4.67 (d, J = 4.0 Hz, 1H), 4.42 (d, J = 5.3 Hz, 1H) 4.43 – 4.23 (m, 4H), 3.78 (s, 3H), 

2.85 (s, 3H), 2.26 (dd, J = 11.6, 1.8 Hz, 1H), 1.89 (m, 1H), 1.45 (s, 9H).  

1H NMR (500 MHz, Chloroform-d, 23 ̊C) δ 7.04 (d, J = 4.2 Hz, 1H), 6.24 (d, J = 4.2 Hz, 

1H), 5.22 (br s, 1H), 4.57-4.44 (m, 3H), 3.95 (br s, 1H),  3.79 (s, 3H), 2.91 (s, 3H), 2.51 

(m, 1H), 2.04 (m, 1H), 1.48 (s, 9H). 

13C NMR (126 MHz, DMSO-d6, 80 ̊C) δ 165.41, 160.50, 128.84, 125.09, 117.53, 116.46, 

83.87, 77.47, 74.90, 68.76, 65.11, 56.50, 33.92, 33.74, 33.45. 

HRMS: calculated for C12H18BrN2O4 [M+H-Boc]+ 333.0449, found 333.0525 

IR: 3426 cm-1, 2947-2814 cm-1, 1707 cm-1, 1668 cm-1, 1028 cm-1, 1004 cm-1, 752 cm-1  
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To a solution of the ester syn-II-10 (68 mg, 0.17 mmol, 1 equiv) in THF (3 mL) and 

water (6 mL) was added LiOH (0.24 g, 5.11 mmol, 30 equiv). After the clear solution was 

stirring for 12 h, it was acidified to pH = 2 using 1M HCl and diluted with ethyl acetate (4 

mL). The biphasic mixture was poured into a separatory funnel, partitioned, and the 

residual organics were extracted from the aqueous layer using ethyl acetate (3 x 10 mL). 

The combined organics were washed with brine (10 mL), dried over Na2SO4, decanted 

and concentrated. The crude product was purified by silica gel chromatography; 30% 

ethyl acetate in hexanes to afford the acid syn-II-11 as a white solid (48.5 mg, 71% yield). 

NMR indicated product as a mixture of rotomeric isomers at room temperature. 

1H NMR (500 MHz, DMSO-d6, 80 ̊C) δ 6.90 (d, J = 4.1 Hz, 1H), 6.44 (m, 1H), 6.28 (d, J = 

4.2 Hz, 1H), 6.09 (m, 1H), 5.88 (m,1H), 5.15 (m, 1H), 2.82 (s, 3H), 2.67 (dd, J = 11.9, 7.6 

Hz, 1H), 2.04 (dd, J = 11.9, 9.2 Hz, 1H), 1.45 (s, 9H). 

1H NMR (500 MHz, Chloroform-d, 23 ̊C) δ 7.08 (br s, 1H), 6.47 (br s, 1H), 6.25 (br s, 1H), 

6.05 (br s, 1H), 5.82 (br s, 1H), 2.86 (br s, 4H), 2.07 (br s, 1H), 1.48 (s, 9H). 

13C NMR (126 MHz, DMSO-d6, 80 ̊C) δ 161.57, 155.30, 134.21, 132.09, 125.75, 119.06, 

113.33, 108.28, 79.35, 61.17, 59.92, 36.83, 29.77, 28.66. 

HRMS: calculated for C11H14BrN2O2 [M+H-Boc]+ 285.0238, found 285.0238 

IR: 3176 cm-1, 2983-2897 cm-1, 1698 cm-1, 1661 cm-1, 1519 cm-1, 1105 cm-1, 744 cm-1  

M.P.:191.5-196.7 ̊C 
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The acid (0.119 g, 0.31 mmol, 1 equiv) in dichloromethane (6 mL) was placed in an 

ice bath cooled to 0 ̊C and stirred for 20 min. Oxalyl chloride (53 μL, 0.62 mmol, 2 equiv) 

was added dropwise, followed by thee drops of dry DMF under an argon atmosphere. 

The ice bath was removed, and the solution was allowed to warm to room temperature. 

The reaction was monitored by NMR for full conversion to the acid chloride, approximately 

1 hour, and the solution was concentrated under nitrogen. Fresh anhydrous ammonia 

was condensed at -78 C̊ in THF (2 mL) in a separate round bottom flask, and the newly 

prepared acid chloride in THF (1 mL) was added dropwise; the transfer was quantitated 

with dry THF (1 mL). The reaction vessel was stirred for 2 h at -78 ̊C and warmed to room 

temperature. Afterwards, the solution was diluted with ethyl acetate (4 mL) and water (5 

mL), the biphasic mixture was transferred to a separatory funnel and washed with water 

(3 x 5 mL). The combined organics were washed with brine (5 mL), dried over solid 

Na2SO4, decanted, and concentrated under nitrogen. The resulting crude product was 

subjected to silica gel chromatography; 30% → 50% ethyl acetate in hexanes to afford 

the amide II-11 as a light brown oil (70 mg, 59% yield). NMR indicated product as a 

mixture of rotomeric isomers at room temperature.  

1H NMR (500 MHz, DMSO-d6, 80 ̊C)  δ 7.10 (br s, 2H), 6.80 (br s, 1H), 6.45 (br s, 1H), 

6.21 (br s, 1H), 6.05 (br s, 1H), 5.84 (br s, 1H), 5.12 (br s, 1H), 2.82 (s, 3H), 2.64 (m, 1H), 

2.05 (m, 1H), 1.44 (s, 9H). 

1H NMR (500 MHz, Chloroform-d, 23 ̊C) δ 6.59 (d, J = 4.0 Hz, 1H), 6.48-6.27 (br s, 1H), 

6.19 (d, J = 4.0 Hz, 1H), 6.03 (m, 1H), 5.80 (br s, 1H), 5.64 – 5.42 (br s, 1H), 2.87 (s, 3H), 

2.80 (br s, 1H), 2.12 (dd, J = 11.9, 9.3 Hz, 1H), 1.47(s, 9H). 
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13C NMR (126 MHz, DMSO-d6, 80 ̊C) δ 163.08, 155.30, 134.46, 131.83, 129.02, 114.61, 

112.52, 105.77, 79.30, 60.89, 59.93, 37.05, 29.75, 28.67. 

HRMS: calculated for C11H14BrN3O [M+H-Boc]+ 283.0320, found 283.0322 

IR: 3336 cm-1, 3184 cm-1 2968-2810 cm-1, 1660 cm-1, 1603 cm-1, 1437 cm-1, 742 cm-1 
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 The amide syn-II-11 (70 mg, 0.183 mmol, 1 equiv) was dissolved in dry 

dichloromethane (10 mL) and cooled to 0 C̊ under argon. TFA (3 mL) was added 

dropwise, and the reaction was warmed to room temperature. The reaction was 

monitored by NMR for full deprotection, approximately 1 hour, and the solution was 

concentrated under nitrogen. The deprotected product was dissolved in dichloromethane 

(4 mL) and added dropwise to a cooled solution (0 ̊C) of triphosgene (27 mg, 0.09 mmol, 

0.5 equiv) in dichloromethane (5 mL). The transfer of the deprotected amine was 

quantitated with dichloromethane (1 mL). Diisopropylethylamine (70 μL, 0.4 mmol, 2.2 

equiv) was added directly afterwards, and the reaction flask was stirred at 0 ̊C for 1 h. 

Reaction was monitored via NMR and concentrated under nitrogen upon completion. 

Fresh anhydrous ammonia was condensed at -78 ̊C in THF (2 mL) in a separate round 

bottom flask. The acylated product was taken up in THF (4 mL) and added dropwise to 

the anhydrous ammonia. The reaction flask was stirred at -78 ̊C for 2 h, and then slowly 

warmed to room temperature under an argon atmosphere. The reaction was stirred at 

room temperature for 12 h. Concentrated under nitrogen flow and subjected to silica gel 

chromatography, 3% MeOH in CHCl3 + 1% NH4OH → 5% MeOH in CHCl3 + 1% NH4OH 

→ 9% MeOH in CHCl3 + 1% NH4OH to provide the pure product as an amorphous pale-

yellow foam (36 mg, 61% yield over three steps). NMR indicates product with minor 

impurities.  
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1H NMR (500 MHz, Methanol-d, 23 ̊C)  δ 6.76 (d, J = 4.0 Hz, 1H), 6.38 (ddd, J = 12.5, 

9.9, 2.7 Hz, 1H), 6.20 (d, J = 4.1 Hz, 1H), 6.08 (dd, J = 5.6, 2.2 Hz, 1H), 5.82 (dd, J = 5.8, 

2.8, 1H), 5.28 (br s, 1H), 2.93 (s, 3H), 2.76 (dd, J = 12.0, 7.5 Hz, 1H), 2.11 (dd 

, J = 12.0, 9.4 Hz, 1H). 

13C NMR (126 MHz, Methanol-d, 23 ̊C) δ 164.46, 160.45, 134.19, 131.37, 127.75, 114.51, 

112.23, 106.49, 61.00, 36.29, 29.05. 

HRMS: calculated for C12H16BrN4O2 [M+H]+ 327.0456, found 327.0461 

IR: 3391 cm-1, 3191 cm-1, 1671 cm-1, 1636 cm-1, 1581 cm-1 
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2.10.3. Experimental Procedure for Route 2 Synthesis 

 

Prepared following literature precedent. 20 

 
 Tartaric acid (10 g, 66.7 mmol, 1 equiv) and N-methylurea (5.43 g, 73 mmol, 1.1 

equiv) were added in 6 portions over the course of 1 h to a stirring solution of sulfuric acid 

(45 mL). After the last portion was added, the solution was heated to 80 ̊C and stirred for 

3 h, and the solution turned a brown/yellow color. After 3 h, the reaction was poured into 

a 500 mL beaker with ice. The solution was left until the ice had completely melted 

(approx. 30 min), and then filtered over a frit funnel. The solid was transferred from the 

frit funnel using the methanol to a round bottom flask and concentrated under vacuum to 

afford II-21 as a cream powder (3 g, 32 %). The crude product was used directly in the 

next reaction with no further purification. 

1H NMR (500 MHz, DMSO-d6, 23 ̊C) δ 10.82 (s, 1H), 7.26 (d, J = 2.6 Hz, 1H), 3.27 (s, 

3H). 

13C NMR (126 MHz, DMSO-d6, 23 ̊C) δ 161.29, 154.11, 118.81, 115.36, 28.83. 

HRMS: calculated for C5H7N2O3 [M+H]+ 143.0456, found 143.0462 

IR: 3153 cm-1, 3096 cm-1, 1678 cm-1, 1636 cm-1, 1572 cm-1 

M.P.: 222.2 - 230.1 ̊C 
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 Under an argon atmosphere, to 50 mL dry round bottom flask was added potassium 

carbonate (0.138 g, 1 mmol, 1 equiv), carboxylic acid II-21 (0.15 g, 1 mmol, 1 equiv) and 

dry DMF (10 mL). The reaction was stirred at room temperature for 10 min. Methyl iodide 

(65 μL, 1 mmol, 1 equiv) was added dropwise to the reaction and allowed to stir for 2 h at 

room temperature. After 2 h, it was heated to 60 ̊C and stirred for 1 h. Upon completion, 

the reaction was concentrated under nitrogen, taken up in ethyl acetate and filtered over 

celite, and then transferred to a round bottom flask and concentrated under vacuum. The 

brown crude mixture was taken to the next step without further purification and yielded 

the product as a pale-yellow solid (0.127 g, 77%).  

1H NMR (500 MHz, Chloroform-d, 23 ̊C) δ 11.63 (br s, 1H), 7.12 (d, J = 2.4 Hz, 1H), 3.81 

(s, 3H), 3.52 (s, 3H). 

13C NMR (126 MHz, Chloroform-d, 23 ̊C) δ 160.11, 155.21, 118.22, 115.48, 51.50, 29.05. 

HRMS: calculated for C6H9N2O3 [M+H]+ 157.0613, found 157.0675 

IR: 3517 cm-1, 3138 cm-1, 1700 cm-1, 1658 cm-1, 1581 cm-1 

M.P.: 192.3-193.1 ̊C 
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 To a stirring solution of methyl ester II-24 (0.328 g, 2.1 mmol, 1 equiv) in dry 

dichloromethane (21 mL) under an argon atmosphere and at room temperature was 

added trimethyloxonium tetrafluoroborate (1.24 g, 8.4 mmol, 4 equiv). The reaction was 

stirred at room temperature for 24 h and turned a light pink. Monitoring the reaction was 

done by performing a mini workup on the aliquot, and analysis via NMR. Once the reaction 

was complete, dichloromethane was added (20 mL), followed by sodium bicarbonate till 

a pH = 7 is achieved. The biphasic mixture was poured into a separatory funnel and 

partitioned. The residual organics were extracted from the aqueous layer with 

dichloromethane (3 x 50 mL). The combined organics were dried over solid Na2SO4, 

decanted, and concentrated under vacuum. The crude product was taken directly to the 

next reaction without further purification and provided II-25 as a white solid (0.264 g, 74% 

yield). 

1H NMR (500 MHz, Chloroform-d, 23 ̊C) δ 7.43 (s, 1H), 4.10 (s, 3H), 3.83 (s, 3H), 3.66 (s, 

3H). 

13C NMR (126 MHz, Chloroform-d, 23 ̊C) δ 160.89, 156.07, 133.32, 119.17, 56.98, 51.10, 

30.06. 

HRMS: calculated for C7H10N2O3 [M+H]+ 171.0769, found 171.0872 

IR: 2915 cm-1, 2851 cm-1, 1698 cm-1, 1675 cm-1, 1583 cm-1 

M.P.: 62.3-63.1 C̊ 
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 Under an argon atmosphere, with dry THF (30 mL) and methyl ether II-25 (0.5 g, 

2.98 mmol, 1 equiv) at 0 ̊C was added powder lithium aluminum hydride (0.23 g, 5,96 

mmol, 2 equiv) slowly in portions over the course of ten min. The reaction was then 

warmed to room temperature and stirred for 4 h. TLC was used to monitor the reaction, 

and upon completion the gray solution was placed in an ice bath, diluted with ethyl ether 

(20 mL), and excess lithium aluminum hydride was quenched by the sequential dropwise 

addition of water (2 mL), aqueous NaOH (15%, 2 mL), and water (4 mL) at 0 ̊C. After 

stirring for 5 min, solid Na2SO4 was added, and the mixture was allowed to stir for an 

additional 15 min. The cold bath was removed and the heterogenous mixture was suction 

filtered over a pad of Na2SO4 and concentrated to reveal the alcohol II-26 as cream 

colored solid (0.27 g, 64% yield). The crude product was used directly in the next reaction 

with no further purification.  

1H NMR (500 MHz, Chloroform-d, 23 ̊C) δ 6.56 (s, 1H), 4.51 (s, 2H), 4.01 (s, 3H), 3.42 (s, 

3H). 

13C NMR (126 MHz, Chloroform-d, 23 ̊C) δ 154.21, 127.18, 121.89, 56.43, 55.04, 28.29. 

HRMS: calculated for C6H11N2O2 [M+H]+ 143.0820, found 143.0914 

IR: 3215 cm-1, 2930 cm-1, 1583 cm-1, 1554 cm-1 

M.P.: 224.7-226.2 ̊C 
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 Alcohol II-26 (0.242 g, 1.7 mmol, 1 equiv) in dry dichloromethane (25 mL) was cooled 

to 0 ̊C in an ice bath under an argon atmosphere. Thionyl chloride (0.2 mL, 2.6 mmol, 1.5 

equiv) was added dropwise to the solution, and the resulting reaction turned a bright pink 

upon initial addition. The ice bath was removed, and the reaction was allowed to warm to 

room temperature and turned a pale yellow/brown color. Monitored via NMR, after 1 h the 

reaction was complete, and concentrated under a flow of nitrogen. Diethyl ether was 

added to the flask (3 x 5 mL) and pipetted out to remove byproducts, and leaving the 

product behind, which is only soluble in dichloromethane and chloroform. The crude 

product was isolated as a dark purple/black solid (0.231 g, 70%) and used without further 

purification. Upon exposure to base or sonication the product decomposes.  

1H NMR (500 MHz, Chloroform-d, 23 ̊C) δ 7.08 (s, 1H) 4.59 (s, 2H), 4.53 (s, 3H), 3.59 (s, 

3H). 

13C NMR (126 MHz, Chloroform-d, 23 ̊C) δ 149.89, 124.75, 113.53, 62.97, 33.82, 29.63. 

IR: 3096 cm-1, 1709 cm-1, 1629 cm-1, 1603 cm-1 

M.P.: 90.8-93.3 C̊ 
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 The pyrrole (2.12 g, 10 mmol, 1 equiv) and amino methyl ester (1.88 g, 15 mmol,1.5 

equiv) was added to a flame dried 500 mL round bottom flask under an argon atmosphere. 

Dry acetonitrile (150 mL) was added, followed directly by dry triethylamine (2.8 mL, 20 

mmol, 2 equiv). The reaction was stirred at room temperature for 24 h. Reaction was 

monitored via NMR. Upon completion, the solution was filter over a fritted funnel and then 

concentrated. The solid was dissolved in ethyl acetate (100 mL), washed with 1M HCl (3 

x 50 mL). The organics were dried over Na2SO4, decanted, and concentrated. The crude 

product was subjected to silica gel chromatography 50% ethyl acetate in hexanes to 

afford the pure product as a white crystalline solid (1.32 g, 68% yield).  

1H NMR (500 MHz, Chloroform-d, 23 ̊C) δ 9.63 (br s, 1H), 6.93 (dd, J = 2.7, 1.2 Hz, 1H), 

6.65 (ddd, J = 3.8, 2.5, 1.3 Hz, 1H), 6.44 (br s, 1H), 6.24 (dd, J = 3.8, 2.6 Hz, 1H), 4.21 

(d, J = 5.3 Hz, 2H), 3.79 (s, 3H). 

13C NMR (126 MHz, Chloroform-d, 23 ̊C) δ 170.60, 161.09, 125.17, 121.94, 109.97, 

109.72, 52.47, 41.12. 

HRMS: calculated for C8H11N2O3 [M+H]+ 183.0769, found 183.0114 

IR: 3384 cm-1, 3217 cm-1, 1733 cm-1, 1633 cm-1, 1556 cm-1, 1517 cm-1 

M.P.: 142.9-146.4 ̊C 
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 The methyl ester II-23 (2.48 g, 13.6 mmol, 1 equiv) was dissolved in THF (68 mL) at 

room temperature, and to the stirring solution was added water (270 mL) and lithium 

hydroxide (11.4 g, 272 mmol, 20 equiv). The reaction turned a pink color upon initial 

addition of lithium hydroxide. The solution was stirred overnight, and TLC confirmed 

conversion of starting material. 1M HCl was added to pH = 2, and the biphasic mixture 

was poured into a separatory funnel and partitioned. The residual organics were extracted 

from the aqueous layer with ethyl acetate (3 x 150 mL). The combined organics were 

dried over solid Na2SO4, decanted, and concentrated under vacuum. The crude product 

was subjected to silica gel chromatography, 100% ethyl acetate + 1% AcOH, to provide 

pure II-28 as a white powder solid (1.64 g, 71% yield). 

1H NMR (500 MHz, DMSO-d6, 23 ̊C) δ 12.54 (br. s, 1H), 11.46 (s, 1H), 8.31 (dd, J = 6.1, 

3.5 Hz, 1H), 6.85 (m, 1H), 6.77 (m, 1H), 6.07 (m, 1H), 3.85 (d, J = 6.0 Hz, 2H). 

13C NMR (126 MHz, DMSO-d6, 23 ̊C) δ 172.18, 161.34, 126.30, 122.00, 110.72, 109.08, 

40.98. 

HRMS: calculated for C7H9N2O3 [M+H]+ 169.0613, found 169.0670 

IR: 3383 cm-1, 3239 cm-1, 1735 cm-1, 1702 cm-1, 1638 cm-1, 1596 cm-1 

M.P.: 154.3-156.2 ̊C 
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 Carboxylic acid II-28 (0.6 g, 3.57 mmol, 1 equiv) in acetic anhydride (45 mL) was 

stirred for 30 min at room temperature, and then heated to 50 ̊C for 3 h. Upon heating, 

the reaction solution turned a bright golden yellow. Reaction was monitored via NMR, and 

after conversion to II-29, the solution was concentrated under nitrogen flow. The resultant 

product was dissolved in dichloromethane, transferred to a separatory funnel, and 

washed with sodium bicarbonate. The organic layer was dried over Na2SO4, decanted, 

and concentrated under vacuum. The crude product was taken directly to the next step 

without further purification. 

 Compound II-29 was dissolved in methanol (56 mL) and dichloromethane (20 mL) 

at room temperature. To the stirring solution was added 1M HCl to a pH = 2, and the 

resulting solution was stirred for 24 h. Reaction was monitored via NMR, upon which the 

reaction was concentrated under a flow of nitrogen to provide a bright yellow/orange solid. 

The crude product was subjected to silica gel chromatography, 50% ethyl acetate in 

hexanes → 100% ethyl acetate, to provide pure II-22 as a bright red powder solid (0.32 

g, 62% yield). 

1H NMR (500 MHz, DMSO-d6, 23 ̊C) δ 8.19 (br s, 1H), 7.57 (dd, J = 3.2, 1.6 Hz, 1H), 6.93 

(dd, J = 3.4, 1.5 Hz, 1H), 6.56 (dd, J = 3.3, 3.2 Hz, 1H), 4.38 (d, J = 2.1 Hz, 2H). 

1H NMR (500 MHz, Chloroform-d, 23 ̊C) δ 7.56 (dd, J = 3.2, 1.5 Hz, 1H), 7.18 (dd, J = 

3.6, 1.5 Hz, 1H), 6.56 (d, J = 3.3 Hz, 1H), 4.47 (d, J = 2.0 Hz, 2H).  
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13C NMR (126 MHz, DMSO-d6, 23 ̊C) δ 163.29, 156.38, 126.83, 119.17, 117.05, 115.21, 

46.89. 

HRMS: calculated for C7H7N2O2 [M+H]+ 151.0507, found 151.0508 

IR: 3167 cm-1, 1711 cm-1, 1667 cm-1, 1618 cm-1, 1574 cm-1 

M.P.: 231.6-232.2 ̊C 
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 Compound II-22 (100 mg, 0.67 mmol, 1 equiv) was dissolved in dry dichloromethane 

(10 mL) and added to a flame dried round bottom flask under an argon atmosphere. 

Trimethyloxonium tetrafluoroborate (99 mg, 0.67 mmol) was added in one portion at room 

temperature. The resulting solution was stirred at room temperature for 48 h. Monitoring 

the reaction is done by performing a mini workup on the aliquot, and then via NMR. Upon 

completion, the reaction was diluted with dichloromethane (10 mL), saturated sodium 

bicarbonate was added to a pH = 7 was achieved. The biphasic mixture was poured into 

a separatory funnel and partitioned. The residual organics were extracted from the 

aqueous layer with dichloromethane (3 x 20 mL). The combined organics were dried over 

solid Na2SO4, decanted, and concentrated under vacuum. The crude product was 

subjected to silica gel chomatography,10% ethyl acetate in hexanes to provide II-30 as a 

red solid (78 mg, 72% yield). 

1H NMR (500 MHz, Chloroform-d, 23 ̊C) δ 7.52 (dd, J = 3.2, 1.5 Hz, 1H), 6.67 (dd, J = 

3.3, 1.5 Hz, 1H), 6.47 (dd, J = 3.3, 3.2 Hz, 1H), 4.58 (s, 2H), 3.87 (s, 3H). 

13C NMR (126 MHz, Chloroform-d, 23 ̊C) δ 167.18, 153.47, 122.80, 117.79, 114.71, 

112.75, 52.89, 52.78. 

HRMS: calculated for C8H9N2O2 [M+H]+ 165.0664, found 165.0964 

IR: 3129 cm-1, 1720 cm-1, 1658 cm-1, 1559 cm-1 

M.P.: 79.4-82.1 C̊ 
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 To a flame dried 50 mL round bottom flask was added methyl ether II-30 (0.156 g, 

0.952 mmol, 1 equiv), and DMAP (0.175 g, 1.43 mmol, 1.5 equiv), and freshly distilled 

toluene (6 mL). Triethylamine was added (0.2 mL, 1.43 mmol, 1.5 equiv), followed by 

tosyl chloride (0.273 g, 1.43 mmol, 1.5 equiv) at room temperature. Upon addition of tosyl 

chloride, the reaction turned a deep blood red. The reaction was stirred at room 

temperature for 1.5 h. Water (12 mL) was added and the biphasic solution was transferred 

to a separatory funnel and partitioned. The residual organics were extracted from the 

aqueous layer with ethyl acetate (3 x 10 mL). The combined organics were dried over 

solid Na2SO4, decanted, and concentrated under vacuum. The crude product was 

subjected to silica gel chomatography,10% ethyl acetate in hexanes → 30% ethyl acetate 

in hexanes to provide II-31 as a blood red solid (0.26 g, 86% yield). 

1H NMR (500 MHz, Chloroform-d, 23 ̊C) δ 7.85 (d, J = 8.5 Hz, 2H), 7.39 (dd, J = 2.7, 1.4 

Hz, 1H), 7.38 (d, J = 7.8 Hz, 2H), 6.81 (dd, J = 4.0, 1.4 Hz, 1H), 6.71 (dd, J = 4.0, 2.7 Hz, 

1H), 6.60 (s, 1H), 4.02 (s, 3H), 2.47 (s, 3H). 

13C NMR (126 MHz, Chloroform-d, 23 ̊C) δ 155.01, 146.58, 132.47, 131.44, 130.20, 

128.71, 121.83, 114.56, 113.87, 113.39, 104.09, 53.64, 21.83. 

HRMS: calculated for C7H7N2O2 [M+H]+ 151.0507, found 151.0508 

IR: 3096 cm-1, 1636 cm-1, 1591 cm-1, 1519 cm-1 

M.P.: 68.4-70.3 C̊ 
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 A flame dried flask equipped with a stir bar was charged with Pd(OAc)2 (4.2 mg, 

0.019 mmol, 2 mol%), BrettPhos (20 mg, 0.04 mmol, 4 mol %), K3PO4 (60 mg, 0.282 

mmol, 3 equiv), PhB(OH)2 (23 mg, 0.188 mmol, 2 equiv), and aryl tosylate II-31 (30 mg, 

0.094 mmol, 1 equiv). The flask was evacuated and back filled with argon three times. 

Freshly deoxygenated tAmOH was added to the flask, and the reaction was added to a 

preheated oil bath at 80 ̊C and stirred for 2 h. The reaction was monitored via NMR. Upon 

completion, the reaction was allowed to cool to room temperature, filtered over celite 

using dichloromethane as the solvent. Concentrated using rotary vacuum, and subjected 

to silica gel chromatography, 5% ethyl acetate in hexanes to provide the product as a 

yellow oil (12 mg, 57% yield). 

1H NMR (500 MHz, Chloroform-d, 23 ̊C) δ 7.63 – 7.57 (m, 2H), 7.55 – 7.45 (m, 3H), 7.41 

(dd, J = 2.6, 1.4 Hz, 1H), 7.04 (s, 1H), 6.88 (dd, J = 4.0, 1.4 Hz, 1H), 6.72 (dd, J = 4.1, 

2.6 Hz, 1H), 4.10 (s, 3H). 

13C NMR (126 MHz, Chloroform-d, 23 ̊C) δ 156.40, 132.68, 129.14, 129.05, 128.79, 

126.69, 123.50, 120.56, 114.73, 113.05, 102.91, 53.25. 

HRMS: calculated for C14H13N2O [M+H]+ 225.1028, found 225.1122 

IR: 3060 cm-1, 1622 cm-1, 1514 cm-1, 1444 cm-1 

M.P.: 30.8-32.2 C̊ 
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 A flame dried flask equipped with a stir bar was charged with Pd(OAc)2 (4.2 mg, 

0.019mmol, 2 mol%), BrettPhos (20 mg, 0.04 mmol, 4 mol%), K3PO4 (60 mg, 0.282 mmol, 

3 equiv), B2Pin2 (48 mg, 0.188 mmol, 2 equiv), and aryl tosylate II-31 (30 mg, 0.094 mmol, 

1 equiv). The flask was evacuated and back filled with argon three times. Freshly 

deoxygenated tAmOH was added to the flask, and the reaction was added to a preheated 

oil bath and stirred for 2 h. The reaction was monitored via NMR. Upon completion, the 

reaction was allowed to cool to room temperature, filtered over celite using 

dichloromethane as the solvent. Concentrated using rotary vacuum, and subjected to 

silica gel chromatography, 5% ethyl acetate in hexanes → 10% ethyl acetate in hexanes 

to provide the product as a sticky bright red oil (9.9 mg, 72% yield). 

1H NMR (500 MHz, Chloroform-d, 23 ̊C) δ 7.36 (s, 1H), 6.95 (dd, J = 4.1, 1.4 Hz, 1H), 

6.78 (dd, J = 2.6, 1.4 Hz, 1H), 6.70 (dd, J = 4.1, 2.6 Hz, 1H), 4.14 (s, 3H). 

13C NMR (126 MHz, Chloroform-d, 23 ̊C) δ 157.78, 126.98, 119.77, 118.25, 115.61, 

113.69, 103.76, 53.59. 

HRMS: calculated for C16H15N4O2 [M+H]+ 295.1195, found 295.1415 

IR: 3091 cm-1, 3003 cm-1, 2915 cm-1, 1508 cm-1, 1446 cm-1 
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2.10.4 Confirmation of syn-isomer via NOESY studies  

 

NOE for anti and syn isomers; The protons next to the pyrrole and N-Boc for the syn-

isomer shows correlation to same CH2 proton. However, for the anti-isomer those protons 

show correlation to opposite CH2 protons. 

 

Figure 2.7. NOESY for syn-isomer II-10 
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Figure 2.8. NOESY for anti-isomer II-10 
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2.10.5. Catalog of Spectra  

Figure 2.9. 1H NMR of compound II-7 (500 MHz, Chloroform-d, 23 C̊) 
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Figure 2.10. 13C NMR of compound II-7 (126 MHz, Chloroform-d, 23 ̊C) 
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Figure 2.11. 1H NMR of compound II-6 (500 MHz, Chloroform-d, 23 ̊C) 
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Figure 2.12. 13C NMR of compound II-6 (126 MHz, Chloroform-d, 23 ̊C) 
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Figure 2.13. 1H NMR of compound II-8 (500 MHz, Chloroform-d, 23 ̊C) 
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Figure 2.14. 13C NMR of compound II-8 (126 MHz, Chloroform-d, 23 ̊C) 
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Figure 2.15. 1H NMR of compound II-9 (500 MHz, DMSO-d6, 80 ̊C) 
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Figure 2.16. 13C NMR of compound II-9 (126 MHz, DMSO-d6, 80 ̊C) 
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Figure 2.17. 1H NMR of compound anti-II-10 (500 MHz, DMSO-d6, 80 ̊C) 
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Figure 2.18. 13C NMR of compound anti-II-10 (126 MHz, DMSO-d6, 80 ̊C) 
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Figure 2.19. NOESY of compound anti-II-10 
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Figure 2.20. 1H NMR of compound I-47 (500 MHz, Chloroform-d, 23 ̊C) 
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Figure 2.21. 13C NMR of compound I-47 (126 MHz, Chloroform-d, 23 ̊C) 
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Figure 2.22. 1H NMR of compound anti-II-38 (500 MHz, DMSO-d6, 80 ̊C) 
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Figure 2.23. 13C NMR of compound anti-II-38 (126 MHz, DMSO-d6, 80 ̊C) 
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Figure 2.24. 1H NMR of compound anti-II-11 (500 MHz, DMSO-d6, 80 ̊C) 
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Figure 2.25. 13C NMR of compound anti-II-11 (126 MHz, DMSO-d6, 80 ̊C) 
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Figure 2.26. 1H NMR of compound anti-II-12 (500 MHz, Chloroform-d, 23 ̊C) 
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Figure 2.27. 13C NMR of compound anti-II-12 (126 MHz, Chloroform-d, 23 ̊C) 
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Figure 2.28. 1H NMR of compound II-14 (500 MHz, Chloroform-d, 23 ̊C) 
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Figure 2.29. 13C NMR of compound II-14 (126 MHz, Chloroform-d, 23 ̊C) 
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Figure 2.30. 1H NMR of compound II-15 (500 MHz, DMSO-d6, 80 ̊C) 
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Figure 2.31. 13C NMR of compound II-15 (126 MHz, DMSO-d6, 80 C̊) 
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Figure 2.32. 1H NMR of compound syn-II-10 (500 MHz, DMSO-d6, 80 ̊C) 
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Figure 2.33. 13C NMR of compound syn-II-10 (126 MHz, DMSO-d6, 80 ̊C) 
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Figure 2.34. NOESY of compound syn-II-10 
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Figure 2.35. 1H NMR of compound syn-II-38 (500 MHz, DMSO-d6, 80 ̊C) 
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Figure 2.36. 13C NMR of compound syn-II-38 (126 MHz, DMSO-d6, 80 ̊C) 
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Figure 2.37. 1H NMR of compound II-17 (500 MHz, DMSO-d6, 80 ̊C) 
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Figure 2.38. 13C NMR of compound II-17 (126 MHz, DMSO-d6, 80 C̊) 
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Figure 2.39. 1H NMR of compound syn-II-11 (500 MHz, DMSO-d6, 80 ̊C) 
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Figure 2.40. 13C NMR of compound syn-II-11 (126 MHz, DMSO-d6, 80 ̊C) 
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Figure 2.41. 1H NMR of compound syn-II-13 (500 MHz, methanol-d, 23 ̊C) 
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Figure 2.42. 13C NMR of compound syn-II-13 (126 MHz, methanol-d, 23 ̊C) 
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Figure 2.43. 1H NMR of compound II-21 (500 MHz, DMSO-d6, 23 ̊C) 



150 

Figure 2.44. 13C NMR of compound II-21 (126 MHz, DMSO-d6, 23 C̊) 
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Figure 2.45. 1H NMR of compound II-24 (500 MHz, Chloroform-d, 23 ̊C) 
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Figure 2.46. 13C NMR of compound II-24 (126 MHz, Chloroform-d, 23 ̊C) 
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Figure 2.47. 1H NMR of compound II-25 (500 MHz, Chloroform-d, 23 ̊C) 
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Figure 2.48. 13C NMR of compound II-25 (126 MHz, Chloroform-d, 23 ̊C) 
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Figure 2.49. 1H NMR of compound II-26 (500 MHz, Chloroform-d, 23 ̊C) 
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Figure 2.50. 13C NMR of compound II-26 (126 MHz, Chloroform-d, 23 ̊C) 
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Figure 2.51. 1H NMR of compound II-27 (500 MHz, Chloroform-d, 23 ̊C) 
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Figure 2.52. 13C NMR of compound II-27 (126 MHz, Chloroform-d, 23 ̊C) 
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Figure 2.53. 1H NMR of compound II-23 (500 MHz, Chloroform-d, 23 ̊C) 
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Figure 2.54. 13C NMR of compound II-23 (126 MHz, Chloroform-d, 23 ̊C) 
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Figure 2.55. 1H NMR of compound II-28 (500 MHz, DMSO-d6, 23 ̊C) 
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Figure 2.56. 13C NMR of compound II-28 (126 MHz, DMSO-d6, 23 C̊) 
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Figure 2.57. 1H NMR of compound II-22 (500 MHz, DMSO-d6, 23 ̊C) 



164 

Figure 2.58. 13C NMR of compound II-22 (126 MHz, DMSO-d6, 23 C̊) 
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Figure 2.59. 1H NMR of compound II-30 (500 MHz, Chloroform-d, 23 ̊C) 
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Figure 2.60. 13C NMR of compound II-30 (126 MHz, Chloroform-d, 23 ̊C) 
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Figure 2.61. 1H NMR of compound II-31 (500 MHz, Chloroform-d, 23 ̊C) 
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Figure 2.62. 13C NMR of compound II-31 (126 MHz, Chloroform-d, 23 ̊C) 
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Figure 2.63. 1H NMR of compound II-33 (500 MHz, Chloroform-d, 23 ̊C) 
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Figure 2.64. 13C NMR of compound II-33 (126 MHz, Chloroform-d, 23 ̊C) 
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Figure 2.65. 1H NMR of compound II-32 (500 MHz, Chloroform-d, 23 ̊C) 



172 

Figure 2.66. 13C NMR of compound II-32 (126 MHz, Chloroform-d, 23 ̊C) 
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Chapter 3 – Mechanistic Investigations of the Uncatalyzed Chlorocyclization of   

4-phenyl-4-pentenoic acid  

 

3.1. Introduction  

 

Electrophilic halofunctionalization reactions are a well-known, long-time researched 

organic transformation in organic synthesis. Generally, the mechanism that is typically 

invoked is  a stepwise addition reaction , which involves alkene capture of an electrophilic 

halogen, leading to the bridged, cyclic halirenium intermediate. Nucleophilic attack of the 

latter intermediate leads to the product (Figure 3.1).72 The nucleophile in this scenario 

can be halides, water, alcohols, amines, carboxylates, or other nucleophilic centers.  

 

Figure 3.1. Commonly Depicted Mechanism of Electrophilic Addition to Alkene (AdE2) 

 

 

This transformation can introduce multiple, complex functionalities with a single 

operation showcasing its general utility. Previous reports by our own group, as well as 

others, have demonstrated the applicability of this versatile tool to provide access to 

numerous scaffolds, including oxazolidinones, oxazolines, dihydrooxazines, lactones, 

and a variety of other cyclic and acyclic motifs.52,73,74  Research from our group has found 

that the cinchona alkaloid, (DHQD)2PHAL, is particularly effective at catalyzing 

chlorocyclization of substrates such as unsaturated amides, carbamates, naphthols, and 
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carboxylic acids in good yields and high enantio- and diastereoselectivity.48, 75, 76 Despite 

the growth seen in the halofunctionalization field, mechanistic investigations of these 

reactions are lacking. A recent mechanistic study from our lab explores how the catalyst 

guides the enantioselective cyclization by templating the ring closure though hydrogen 

bonding and van der Waals interactions.77 However, much less attention has been given 

to understanding the intrinsic nature and stereopreferences of these reactions in the 

absence of a catalyst. Having a full analysis of the reaction path and stereochemical 

control element is essential to providing mechanistic reference points for the analysis and 

design of stereocontrolled pathways for halofunctionalization reactions of alkenes. 

Therefore, it is essential to understand the intrinsic diastereoselectivities of the 

uncatalyzed chlorocylization of carboxylic acid III-1-D.  

Under the uncatalyzed reaction conditions, the chlorolactonization occurs sluggishly 

to provide an anti:syn product ratio of 64:36 (Scheme 3.1).78 The formation of both these 

isomers in appreciable quantities suggests that at least two different mechanistic 

pathways could be leading to the different isomers. 

 

Scheme 3.1. Uncatalyzed chlorocyclization of III-1-D. Enantiomeric pairs were 

eliminated for clarity 

 

 

Significant formation of the syn-isomer may indicate evidence that these reactions 

do not simply proceed via the cyclic chloriranium ion, which would solely produce the anti-
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isomer. For instance, in the syn-chlorolactonization product, the oxygen of the carboxylic 

acid would add to the same face of the olefin as chlorenium ion delivery. This is difficult 

to explain using the classical mechanistic model of addition via a cyclic halonium 

intermediate, and thus obviates the cyclic halonium ion intermediate. To elucidate the 

mechanism that leads to the syn- and anti-isomer, concentration, and solvent studies, as 

well as a Variable Time Normalization Analysis kinetic study will be utilized.  
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3.2. Description of Variable Time Normalization Analysis Method (VTNA) 

 

 Beforehand, a description of Variable Time Normalization Analysis (VTNA) is 

discussed. VTNA is a modern method for chemical kinetic analysis. It requires the ability 

to correlate concentration as a function of time, thus NMR and React-IR are well suited 

techniques to accomplish this. Ultimately, different reaction concentration profiles on the 

same reaction are measured to determine the order of reaction components.79,80,81 This 

method is beneficial because it allows for minimal time for data processing, uses modern 

reaction monitoring techniques such as NMR, as well as directly analyzing the orders 

without determining the rate profiles of each reaction. Importantly, the analysis performed 

under the reaction conditions without the need for exaggerated concentrations, thus 

enabling analysis of factors at relevant reaction conditions. VTNA also enables use of 

data throughout the whole reaction as opposed to the small initial rate analysis. 

Continuing, this method is thought to be of particular value to those who are not experts 

in kinetics and need to determine the orders of reactions for mechanistic analysis.  

 For example, let’s use the following reaction:  

𝐴 + 𝐵 → 𝐶 + 𝐷 

 From this reaction, the following rate equation can be deduced:  

𝑟𝑎𝑡𝑒 =  −
𝑑𝐴

𝑑𝑡
= 𝑘[𝐴]𝛼[𝐵]𝛽      equation 1 

 Upon rearranging, and taken into the integral form so every variable is in the form of 

concentration or time leads to the following equation:  

∫ −
𝑑[𝐴]

[𝐴]𝛼

𝐴

𝐴0
 =  ∫ [𝐵]𝛽𝑑𝑡

𝑡𝑛

0
 equation 2 
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While this a relatively complex equation in the integral form, the left side of the equation 

reveals that the normalized axis for different reaction profiles provides only a function of 

A, thus the following equation is shown below that sets the right side equal to the 

function of A : 

𝑓(𝐴)  =  ∫ [𝐵]𝛽𝑑𝑡 
𝑡𝑛

0
     equation 3 

 Lastly, using the trapezoid approximation to simplify the above equation leads to:  

𝑓(𝐴) =  ∫ [𝐵]𝛽𝑑𝑡
𝑡𝑛

0
=  ∑ (

[𝐵]𝑖+ [𝐵]𝑖−1

2
)

𝛽

(𝑡𝑖 −  𝑡𝑖−1)   equation 4 

 This reduces the integral function to a summation and simplifies the equation so that 

it can be easily used if the concentration of B and time is known. Since the summation 

expression is rather large, it will be abbreviated as follows:  

∑ (
[𝐵]𝑖+ [𝐵]𝑖−1

2
)

𝛽
(𝑡𝑖 −  𝑡𝑖−1) =    ∑ [𝐵]𝛽∆𝑡  (𝑎𝑏𝑏𝑟𝑒𝑣𝑖𝑎𝑡𝑒𝑑 𝑓𝑜𝑟𝑚)  equation 5 

 This above equation normalizes the time between each set of data points by the 

average concentration of the points, and therefore the effect of concentration on the 

reactant being studied has been normalized from the time axis. In order to determine the 

order of A and B using VTNA at least two experiments with different excess values are 

studied (Table 3.1). A different excess experiment is when the concentration of one 

reactant is increased, hence the name of the experiments being “different excess 

experiments”. The aim of different excess experiments is to elucidate the effect of one of 

the reactants by comparing the reaction profiles of each, where identical reaction 

conditions are present except for the concentration of the reactant that is analyzed.  
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Table 3.1. Set of different excess experiments 

Exp [A] (M) [B] (M) 

1 4 5 

2 4 6 

  

 For example, in reaction 1 and 2, plotting [A] vs. time leads to a non-overlaying plot 

due to the change of concentration in B (Figure 3.2a). However, different excess 

experiments when plotted as [A] vs ∑ [𝐵]𝛽∆𝑡 should yield overlaying plots when the B in 

equation ∑ [𝐵]𝛽∆𝑡 is raised to the correct order (β), as a result providing the reaction order 

of B. This analysis is shown in Figure 3.2b, Figure 3.2c, and Figure 3.2d. As the value of 

β is changed, this shows an effect on the graphs, and ultimately leads to overlaying plots 

when β is equal to 2, therefore, indicating that the order of B is 2.  

 

Figure 3.2. Example of VTNA of different excess experiments 
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 The normalization of the time scale can be applied to as many reaction 

components that is desired as long as their concentration can be measured, either directly 

or indirectly. Thus, in the above example, the order of A could be elucidated by plotting 

∑ [𝐴]𝛼∆𝑡 against B, or even C or D (products). It is possible to apply time normalization 

to all of the components in the reaction, and when all of the changing kinetic driving forces 

are raised to the correct power, this will cause the reaction profiles to become a straight 

line. VTNA will be used later in this chapter to determine the reaction orders of the 

reagents in the uncatalyzed chlorocyclization of alkenoic acids.  

 The reader is referred to a great resource that details all of the different ways to 

study the kinetics of reactions, as well as a general example of using VTNA to determine 

the reaction orders of the components in a reaction.82  
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3.3. Background  

 

One of the very first catalytic, asymmetric halofunctionalization reactions was 

published in 2010 by Borhan and coworkers, which catalyzed a 1,1-disubstitiuted alkene 

to undergo chlorocyclization to provide a lactone (Figure 3.3a).75 Using a monodeuterated 

alkene to generate an asymmetric sp3 center (CDHC) the absolute and relative facial 

selectivity of the chlorenium (electrophile) and oxygen (nucleophile) addition across the 

double bond was revealed (Figure 3.3a). Here, the catalyzed reaction of the deuterated 

carboxylic acid provided primarily syn-selectivity with a syn:anti ratio of 89:11, obviating 

the bridging chloronium mechanism that proceeds via the intermediacy of the textbook 3-

membered cyclic halirenium ion, which would follow the commonly depicted mechanism 

(Figure 3.1).78 However, recent reports have provided an alternative mechanistic route. 

Borhan and co-workers, as well as Denmark and co-workers, have shown evidence for a 

one-step concerted AdE3-type addition mechanism (Figure 3.3b).83,84 In this type of 

addition mechanism, the nucleophile is poised for attack onto the olefin, followed by 

subsequent capture of a halonium ion. Our recent work has noted that the reaction rate 

was directly correlated to the nucleophilicity of the internal nucleophile proximal to the 

alkene. Here, the ability of the nucleophile to activate the alkene pi system to attack the 

electrophilic halogenating agent points to a concerted AdE3-type addition mechanism that 

can occur in a syn or anti-fashion.  
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Figure 3.3. a) Catalytic asymmetric chlorolactonization of alkenoic acid III-1-D by 
DCDMH and mediated by (DHQD)2PHAL. b) one-step, concerted addition pathway 

 

 

Previously discussed, in Chapter 2, Halenium Ion Affinity (HalA) is a parameter that 

provides a measure of the affinity of a Lewis base species toward binding to a halenium 

ion (Figure 3.4a). The HalA value aids in predictions of regio-, and chemoselectivity of 

electrophilic alkene halogenation reactions.55 HalA values can be calculated (equation 1, 

Chapter 2) using density functional models, which relates to the ground state enthalpic 

difference between the halogenated and de-halogenated species. These values then 

allow determination of whether the halogenating agent can thermodynamically 

halogenate an alkene, where the greater HalA value is predicted to capture the halenium 

ion (Figure 3.4b).  
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Figure 3.4. (a) Halenium Affinities (b) Reactivity prediction based off HalA values 

 

 

 Though calculating HalA values and directly applying halenium affinities to assess 

reactivity, it was predicted that carboxylic acid III-1 would be unable to undergo 

chlorocyclization because the byproduct of DCDMH (MCDMH anion) has a higher HalA 

value, and thus the equilibrium of the reaction would lie towards starting material (Figure 

3.5a). However, this substrate readily reacted in the presence of DCDMH. This led to 

revisiting the transition state, leading to the postulate that for the chlorolactonization 

reaction, the reactive alkene precursor is in a biased conformation with the carboxylic acid 

(nucleophile) positioned near the alkene, and ready for simultaneous attack of the olefin 

as it captures the halenium ion (electrophile) (Figure 3.5b).55  
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Figure 3.5. (a) HalA values of reported substrates (b) Depiction of the concerted 

NAAA pathway 

 

 

 This conformation is now referred to as “nucleophile assisted alkene activation” or 

NAAA, because the otherwise unreactive alkene is now activated to enable halogenation 

and yield the chlorocyclization product.83 While this confirmation is slightly higher in 

energy, it does compensate for the cationic charge development by the nucleophile’s 

position and thus, prevents the formation of higher energy cationic intermediates.  

 Due to these prior findings, it was hypothesized that these different transition states 

could potentially lead to either the syn- or anti-addition product. Based on the reactive 

conformation of III-1 required for reactivity (NAAA), the syn-addition product is thought to 

arise from a bimolecular transition state, where the olefin is activated by the proximal 

oxygen on the carboxylic acid, and this then engages the chlorenium donor. The syn-
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stereochemistry arises from H-bonding of DCDMH with the carboxylic acid, and the 

concerted transfer of the chlorenium to the same face (Figure 3.6). For the anti-transition 

state, it was hypothesized that a termolecular transition state, at a minimum, exists to lead 

to the anti-selectivity. The carboxylic acid moiety participates in hydrogen bonding to 

promote the carboxylate (nucleophile) to activate the olefin, while a chlorenium 

(electrophile) from DCDMH is transferred to the opposite face (Figure 3.6). The hydrogen 

bonding partner with the carboxylic acid is hypothesized to be the acid dimer, chlorenium 

donor, or the byproduct of the halogenating species, which is MCDMH in this scenario.  

 

Figure 3.6. Transition states leading to syn- and anti-addition for chlorolactonization 
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 In order to determine the transition states that lead to syn- and anti-product, as 

well as determine the validity of the above hypotheses, different variables of this 

transformation were evaluated systematically. A full kinetic investigation could aid in 

determining the plausible mechanistic pathways. Specifically, the reaction order of each 

component within the rate determining step, elucidated with VTNA, is necessary to 

address mechanistic questions and propose potential pathways.79,80,81 
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3.4. Synthesis of Carboxylic Acid III-1-D and Determination of Stereochemistry  

 

To probe the factors that determine the formation of the syn- and anti-product, we 

required a labeled substrate to determine the stereochemical outcome of the newly 

formed sp3 carbon center. The deuterated substrate III-1-D was accessed in a 4-step 

synthesis starting with the silylation of alcohol III-3, followed by a Pd-catalyzed deutero-

hydroarylation,85 and then subsequent deprotection and oxidation (Scheme 3.2).78 

Silylation of the alcohol was necessary otherwise over deuteration occurred at the 

terminal sp2 carbon. The deutero-hydroarylation successfully afforded a high level of 

deuterium incorporation (88%) and good Z:E selectivity (95:5). It is important to note that 

the stereochemical impurity of the substrate was mathematically considered when 

conducting the final analysis of the anti:syn ratio (see Experimental Section). 

 

Scheme 3.2. Synthesis of deuterated substrate III-1-D 
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Absolute stereochemistry of the newly formed CDHCl stereocenter was determined 

via NOESY analysis of the epoxide III-7-D though a previously reported procedure 

(Scheme 3.3).78 III-1-D underwent (DHQD)2PHAL catalyzed chlorocyclization to form III-

2-D. The absolute configuration of III-2-D at C5 is the R configuration, which was also 

previously elucidated.75 Lithium borohydride reduction, followed by base mediated 

epoxide formation returned the epoxy alcohol III-7-D. The non-deuterated epoxy alcohol 

III-7 was synthesized similarly from III-2. NOSEY studies of III-7 shows that Ha  (2.73 ppm) 

has a syn orientation to the phenyl group and Hb (2.98 ppm) has an anti-orientation to the 

phenyl group.78 1H-NMR analysis of the resulting epoxy alcohol III-7-D shows only a peak 

at 2.73 ppm, establishing that the deuterium has an anti-orientation with respect to the 

phenyl group. Therefore, this leads to the assignment of the R-configuration for the 

carbon bearing the deuterium in the epoxy alcohol III-7-D, implying that the 

stereochemistry at C6 for III-2-D is the S-configuration because the epoxy alcohol is 

formed though SN2 displacement of the chloride. 
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Scheme 3.3. Absolute stereochemical assignment of the deuterated center (C6) 

 

 

3.5. Chlorenium Ion, Solvent, and Concentration Studies  

 

To investigate the intrinsic factors that determine anti:syn ratios in the absence of a 

catalyst, systematic reaction conditions were studied for chlorocyclization of III-1-D. First, 

the chlorenium source was evaluated (Table 3.2, entries 1-5). Each chlorenium source 

was screened to determine if the associated HalA value with each chlorenium source will 

have an influence on the outcome. HalA values are defined as a parameter to help predict 

the ability and ease of electrophilic halogenation occurring in the reaction where III-1-D is 

present and undergoes chlorocyclization in the presence of a chlorenium source.55 It was 

envisioned that syn:anti ratios could be correlated with HalA values, and the ease to which 

the chlorenium donor will halogenate the alkene. The results from these studies indicate 
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that changes in the chlorenium source do have a significant impact on the resulting 

syn:anti ratio, which range from 13:87 to 36:64. However, the syn:anti ratios in this study 

could not be correlated to the chlorerium ion donor ability, and therefore, no conclusion 

about HalA relating to the syn:anti ratio could be determined. 

The results appear to indicate that the chlorenium donor must be involved in the step 

that drives diastereoselectivitiy causing differences in the syn- or anti-addition.86 For 

example, in Figure 3.6, the species participating in the hydrogen bond with the carboxylic 

acid that leads to the anti-product could be the residual chlorenium donor. The greater 

the ability of the byproduct to participate in hydrogen bonding, the more likely the anti-

transition state would predominate.  

The effects of different solvents on the anti:syn ratios were screened (Table 3.2, 

entries 6-10). The observed diastereoselectivities indicate significant solvent 

dependance. Generally, solvents with low polarity, such as toluene or dichloromethane, 

yielded a higher amount of the syn-product (56:44 and 45:55, respectively). This is in 

stark contrast to solvents with high polarity, such as acetonitrile, which afford increased 

anti-product (23:77 syn:anti). This solvent effect that leads to different syn:anti ratios, 

contributes to the hypothesis that two different mechanisms arise to provide either the 

syn or anti product independently. Each pathway, syn-addition and anti-addition is 

affected differently by the solvent polarity and hydrogen bonding capability of a solvent. 

For instance, in a solvent with higher polarity, a transition state that involves additional 

buildup of charge as well as hydrogen bonding networks associated with that transition 

state would be more stable. The proposed anti-transition state would have an overall 

higher dipole moment and an increase in hydrogen bonds as compared to the syn-
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transition state. Therefore, the more polar solvent might favor this transition state, and 

enable the structurally defined, concerted pathway, to proceed, delivering increased anti-

product. However, a nonpolar solvent would be less likely to support a larger dipole 

moment and the multitude of hydrogen bond donors and acceptors associated with the 

anti-transition state. This would promote the 1:1 reaction complex, facilitating a 

bimolecular transition state that favors the syn-product formation.  

.  
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Table 3.2. Screen of chlorinating reagents, solvents, and concentration effects on 

anti:syn ratios of III-1-D 

 

Entry Cl+  Source  
HalA or 

Solvent ε 
Solvent  [Sub] M [Cl+] M syn : anti 

1 Di.Ch.T 273.3 CHCl3:Hex (1:1) 0.05 0.055  13 : 87 

2 TCCA 252.1 CHCl3:Hex (1:1) 0.05 0.055  22 : 78 

3 NcSac 265.0 CHCl3:Hex (1:1) 0.05 0.055  21 : 79 

4 DCDPH 270.1 CHCl3:Hex (1:1) 0.05 0.055 36 : 64 

5 DCDMH  275.7 CHCl3:Hex (1:1) 0.05 0.055  36 : 64 
       

6 DCDMH 37.5 CH3CN 0.05 0.055  23 : 77 

7 DCDMH 2.38 PhMe 0.05 0.055  56 : 44 

8 DCDMH 9.0 DCM 0.05 0.055  45 : 55 

9 DCDMH 26.1 TFE 0.05 0.055  26 : 74 

10 DCDMH 4.8 CHCl3 0.05 0.055  49 : 51 
       

11 DCDMH 3.35 CHCl3:Hex (1:1) 0.05 0.0125  33 : 67 

12 DCDMH - CHCl3:Hex (1:1) 0.05 0.025  34 : 66 

13 DCDMH - CHCl3:Hex (1:1) 0.05 0.05  36 : 64 

14 DCDMH - CHCl3:Hex (1:1) 0.05 0.1  29 : 71  

15 DCDMH - CHCl3:Hex (1:1) 0.05 0.25  27 : 73 

       

16 DCDMH - CHCl3:Hex (1:1) 0.0125 0.05  27 : 73 

17 DCDMH - CHCl3:Hex (1:1) 0.025 0.05 28 : 72 

(13) DCDMH - CHCl3:Hex (1:1) 0.05 0.05 36 : 64 

18 DCDMH - CHCl3:Hex (1:1) 0.1 0.05  33 : 67 

       

(13) DCDMH - CHCl3:Hex (1:1) 0.05 0.05  36 : 64 

19 DCDMH - CHCl3:Hex (1:1) 0.025 0.025  41 : 59 

20 DCDMH - CHCl3:Hex (1:1) 0.0125 0.0125  52 : 48 

21 DCDMH - CHCl3:Hex (1:1) 0.00625 0.00625  54 : 46 
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Next, the effect on concentration of reactants on the selectivity of the reaction was 

studied, and further mechanistic clues emerged about the molecularities of each transition 

state. Initially, the concentration of DCDMH was systematically changed while keeping 

the concentration of the deuterated carboxylic acid III-1-D constant at 0.05 M in a 1:1 

solvent mixture of chloroform:hexanes (Table 3.2., entries 11-15). This showed little 

change in the syn:anti ratio; only a slight increase in anti-product was observed when 

DCDMH concentration was increased. This data suggests that more than one molecule 

of DCDMH, or the byproduct, MCDMH, is involved in the transition state for anti-

cyclization, where one molecule of DCDMH is transferring a chlorenium ion, and another 

molecule of DCDMH or the byproduct of MCDMH, is participating in H-bonding with the 

carboxylic acid to promote the anti-transition state (Figure 3.6). At high concentrations of 

DCDMH, the anti-forming transition state could be composed of two (or more) molecules 

of DCDMH and one molecule of alkene substrate III-1-D.  

Next, the concentration of carboxylic acid III-1-D was systematically changed while 

the concentration of DCDMH was held constant at 0.05 M in 1:1 solvent mixture of 

chloroform:hexane (Table 3.2, entries 16-18). Changes in the concentration of carboxylic 

acid III-1-D revealed that an increase in anti-cyclization product occurred as the 

concentration of III-1-D was lowered to 0.0125 M (entry 16). In this scenario, there was a 

large excess of DCDMH as compared to alkene substrate III-1-D, and an increase in anti-

product support the above suggestion where more than one molecule of DCDMH, or the 

byproduct MCDMH, is involved in the transition state leading to the increase in anti-

product. Interestingly, as the concentration of III-1-D was increased to 0.1 M, and the 

concentration of DCDMH was kept consistent at 0.05 M, again an increase in anti-product 
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was observed (Table 3.2., entry 18), presumably due to dimer formation which could 

satisfy the H-bond partner of the carboxylate (Figure 3.6). This finding reveals that the 

moiety participating in hydrogen bonding relay proposed for the anti-transition state could 

be fulfilled by the dimer of the carboxylic acid III-1-D, DCDMH, or MCDMH.  

Furthermore, the concentration of DCDMH and the substrate were both 

systematically decreased creating a more dilute solution of each reactant, and this led to 

an increase in syn-product formation (Table 3.2., entries 19-21). At lower concentrations, 

the proposed 1:1 complex of substrate:DCDMH would be favored (Figure 3.6) over the 

termolecular proposed transition state that leads to the anti-product. Here, the DCDMH 

would function as both the base and the chlorenium ion source, and delivers the 

chlorenium to the same face as the nucleophile. 

At higher concentrations, the anti-forming transition state could be composed of one 

molecule of carboxylic acid III-1-D, one molecule of DCDMH, and another molecule that 

participates in hydrogen bonding relay. Here, the molecule participating in hydrogen 

bonding relay will activate the carboxylate for nucleophilic attack onto the olefin, enabling 

chlorenium ion transfer and ring closure to take place in a concerted mechanism with 

minimal charge separation.  

 

  



194 

3.6. Kinetic Studies Using VTNA 

  

With this data in hand, a full kinetic investigation of the reaction was conducted to 

determine the plausible mechanistic pathways by revealing the order of the individual 

reactants in the rate-determining step. As discussed earlier in this chapter, the method 

developed by Bures, Variable Time Normalization Analysis (VTNA) offers key insights 

into reaction mechanisms.79,80,81 This method reveals the order of each individual 

component in the reaction by using modern reaction monitoring methods, such as NMR 

to determine the concentration and time of the variable in question, and then utilizes the 

following equation to plot the VTNA profiles. 

∑ (
[𝐵]𝑖+ [𝐵]𝑖−1

2
)

𝛽
(𝑡𝑖 −  𝑡𝑖−1)   equation 5 

The original uncatalyzed conditions of the reaction for III-1-D were used initially 

(Table 3.2, entry 5). To follow the kinetic parameters of this reaction, NMR analysis proved 

optimal using CDCl3 instead of CHCl3, which still allowed us to use a 1:1 solvent mixture 

of chloroform:hexanes.  

The proton that is present on the newly formed sp3 carbon, CDHCl, has a different 

chemical environment for syn-cyclization as compared to anti-cyclization, thus allowing 

quantification of the products. Being able to differentiate between the transition state for 

syn- and anti-addition, the reaction orders of III-1-D, DCDMH, and MCDMH are elucidated 

individually. 

Shown in Table 3.3 are the different set of conditions that were studied for VTNA. 

Experiment B is the standard reaction condition, (0.5 M III-1-D and 0.55 M DCDMH). 

Experiment A has a slightly lower concentration of III-1-D (0.3 M). The concentration of 
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DCDMH was kept constant, providing a different excess of the substrate III-1-D between 

experiments A and B. Next, experiment C has the concentration of III-1-D constant and  

while the concentration of DCDMH was changed to 0.1 M to provide a different excess in 

DCDMH between experiments B and C.  

 

Table 3.3. Set of different excess experiment to find orders using VTNA 

Exp [III-1-D] (M) [DCDMH] (M) 

A 0.03 0.055 

B 0.05 0.055 

C 0.05 0.1 
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 The syn-transition state was first investigated. Comparing the reaction profiles of 

experiments A and B (different excess in carboxylic acid III-1-D) indicates that carboxylic 

acid III-1-D is first order with respect to the syn-product (Figure 3.7). The syn-transition 

state was previously hypothesized to go through a bimolecular transition state, where one 

molecule of III-1-D reacts with one molecule of DCDMH to undergo cyclization.  

 

Figure 3.7. VTNA analysis of III-1-D leading to the syn-product from a set of different 
excess experiments. The plots correspond to experiments A and B and overlay when III-
1-D is raised to the power of 0.9, indicating first order. 
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Similarly, the reaction profiles of experiments B and C were next investigated. In 

experiment B, the conditions are 0.05 M III-1-D and 0.055 M DCDMH, and in experiment 

C the conditions used are 0.05 M III-1-D and 0.1 M DCDMH, where a different excess of 

DCDMH was present to determine the reaction order of DCDMH. As shown in Figure 3.8, 

the overlay between the two reaction profile occur when the order is raised to 1.2, 

indicating that DCDMH is first order with respect to the syn-transition state.  

 

Figure 3.8. VTNA analysis of DCDMH leading to the syn-product from a set of different 
excess experiments. The plots correspond to experiments B and C and overlay when 
DCDMH is raised to the power of 0.9, indicating that DCDMH is first order. 

 
  



198 

Next, all three experiments, A, B and C, were plotted with all three components 

present in the reaction, which is III-1-D, DCDMH, and the byproduct of DCDMH, MCDMH. 

In VTNA plots, the reaction profiles will become straight lines when all the driving forces 

that change during the reaction are raised to the correct order. It is usually beneficial to 

perform analysis on the orders independently, and then perform the analysis of the 

combination of orders. Since it was discovered that III-1-D and DCDMH are both first 

order with regard to the syn-transition state, the plot of all the variable raised to the correct 

order should overlay and become a straight line. MCDMH was included in these VTNA 

plots to determine if there is any effect on the reaction and/or product. The previous 

equation that is used for VTNA was modified slightly to now include all thee components, 

shown below:  

∑ (
[𝐼𝐼𝐼1𝐷]𝑖+ [𝐼𝐼𝐼1𝐷]𝑖−1

2
)

𝛼

(
[𝐷𝐶𝐷𝑀𝐻]𝑖+ [𝐷𝐶𝐷𝑀𝐻]𝑖−1

2
)

𝛼

(
[𝑀𝐶𝐷𝑀𝐻]𝑖+ [𝑀𝐶𝐷𝑀𝐻]𝑖−1

2
)

𝛼
(𝑡𝑖 − 𝑡𝑖−1)   equation 6 
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 Upon plotting all three experiments, A, B, and C, and raising III-1-D and DCDMH 

to the power of 0.9, and MCDMH to a power of 0, an overlay of all three reaction profiles 

and a straight line is observed (Figure 3.9). Therefore, it can be concluded that the starting 

carboxylic acid III-1-D, and DCDMH indeed are first order with respect to the syn-cyclized 

product, while MCDMH has no effect on the syn-transition state. 

 

Figure 3.9. VTNA analysis of experiments A, B, and C. The plots overlay when DCDMH 

and III-1-D are raised to the power of 0.9, indicating that first order, and when MCDMH is 

zero order  
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These findings combined with the aforementioned results from the concentration 

and solvent studies support our initial hypothesis. Evaluation of all the data together, the 

syn-transition state preferentially proceeds though a bimolecular process, yielding the 

syn-cyclized product (Figure 3.10). 

 

Figure 3.10. Transition state leading to the syn-cyclized product 

 

 

 These same VTNA studies were next applied to the anti-product to determine the 

reaction orders. Initially, the order of III-1-D and DCDMH were evaluated independently. 

The reaction profiles of experiments A and B were plotted to determine the order of 

carboxylic acid for the anti-transition state. Interestingly, the carboxylic acid III-1-D 

overlaps when raised to the order of 0.45 (Figure 3.11). It was therefore concluded that 

III-1-D is half order dependance with respect to the anti-product. This is presumably due 

to dimer formation of the carboxylic acid.  
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Figure 3.11. VTNA analysis of III-1-D leading to the anti-product from a set of different 

excess experiments. The plots correspond to experiments A and B and overlay when 

alkene III-1-D is raised to the power of 0.45, indicating that III-1-D is half order. 

 

 

 Using experiments B and C, with a different excess in DCDMH, the reaction profiles 

of these reaction conditions were next investigated. Upon raising DCDMH to the order of 

0.9 an overlay occurs, indicating that DCDMH is first order with respect to the anti-product 

(Figure 3.12).  

 

Figure 3.12. VTNA analysis of DCDMH leading to the anti-product from a set of different 

excess experiments. The plots correspond to experiments B and C and overlay when 

DCDMH is raised to the power of 0.9, indicating that DCDMH is first order. 
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The anti-transition state was hypothesized to be termolecular, at minimum, with the 

starting carboxylic acid participating in hydrogen bonding to promote the oxygen 

(nucleophile) to activate the olefin, while a chlorine (electrophile) from DCDMH is 

simultaneously transferred to the opposite face. The VTNA studies elucidated the orders 

of the anti-transition state, where III-1-D is half order, presumably due to the dimer of the 

carboxylic acid, and DCDMH was found to be first order. Next, all three experiments, A, 

B and C, were plotted with all three components present in the reaction (III-1-D, DCDMH, 

and the byproduct of DCDMH, MCDMH). MCDMH was also included in these VTNA plots 

to determine if there is any effect on the reaction and/or product formation. Using the 

same equation 6 that involved all three components, the three reaction profiles were 

plotted. Upon raising III-1-D to 0.45, DCDMH to 0.95, and MCDMH to 0.2, a straight line 

with maximum overlap occurs, indicating that, as previously discussed, carboxylic acid 

III-1-D is half order dependence, and DCDMH was found to be first order dependence for 

the anti-transition state (Figure 3.13). 
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Figure 3.13. VTNA analysis of experiments A, B, and C. The plots overlay when DCDMH 
is raised to 0.95 indicating that first order, III-1-D is raised to 0.45 indicating half order, 
and when MCDMH is raised to an overall order of 0.2. 

 

 

Interestingly, for the anti-transition state, it was found that MCDMH has an overall 

reaction order of 0.2. This is presumably because initially no MCDMH is present within 

the reaction, however, as the reaction progresses a higher concentration of MCDMH is 

present which leads to an overall order being a fraction. In order to study the exact order 

of each reagent at a specific time in the reaction, it is necessary to limit the analysis to 

the specific time points of the reaction.79 Since MCDMH does show dependance, and its 

concentration is zero at the onset of the reaction, an investigation using VTNA at the 

beginning and at the end of the reaction was done to determine the role of MCDMH. 

Upon plotting all three experiments, A, B and C, and limiting the analysis to the 

beginning of the reaction, it was found that an overlay occurs when III-1-D is raised to 

0.6, DCDMH is raised to 1, and MCDMH is raised to 0 (Figure 3.14). Indicating that 

carboxylic acid is half order, DCDMH is first order, and MCDMH is not involved in the 

beginning of the reaction. 
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Figure 3.14. VTNA analysis of experiments A, B, and C in the beginning of anti-product 
formation. The plots overlay when DCDMH is raised to 1 indicating that first order, III-1-D 
is raised to 0.6 indicating half order, and when MCDMH is raised to an order of 0. 

 

 

 Upon plotting all three experiments, A, B and C, and limiting the analysis to the 

end of the reaction, there is now a dependance seen with MCDMH (Figure 3.15). 

Specifically, the plots overlay when carboxylic acid is raised to 0.3, DCDMH is raised to 

1 indicating first order, and then MCDMH is raised to an order of 0.7. Since MCDMH is 

now present within the reaction mixture, we see a higher dependance on MCDMH leading 

to the anti-cyclized product.  
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Figure 3.15. VTNA analysis of experiments A, B, and C at the end of anti-product 
formation. The plots overlay when DCDMH is raised to 1 indicating that first order, III-1-D 
is raised to 0.3, and when MCDMH is raised to an order of 0.7. 

 

 

The kinetic studies helped to illuminate the role of the hydrogen bond partner in the 

termolecular transition state since this could be fulfilled by multiple different species in 

solution depending on the specific time in the reaction. Predicated on the observed data 

from the VTNA studies, it was found that the hydrogen bonding partner is primarily the 

dimer of the carboxylic acid with slight contribution from MCDMH as well (Figure 3.16).  
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Figure 3.16. Transition state leading to the anti-cyclized product 

 

 

 Based off the VTNA results, MCDMH does show dependence on the anti-cyclized 

product. Therefore, this was investigated further to understand the role of MCDMH more 

accurately. Concentration studies in the presence of MCDMH were performed (Table 

3.4). Chloroform was used in these studies because MCDMH is insoluble at higher 

concentrations in the mixed solvent system of chloroform:hexanes. It is important to note 

a reaction without MCDMH was also performed in chloroform as well in order to facilitate 

accurate head-to-head comparisons (Table 3.4, entry 1).  

At low concentrations, III-1-D and DCDMH showed modest preference for the syn 

product since the 1:1 complex would be favored at lower concentrations (69:31, syn:anti). 

Interestingly, when the concentration of MCDMH was increased to 0.1 M, the selectivity 

switched to now favor the anti-product, with a syn:anti ratio of 38:62 (Table 3.4, entry 2). 

To verify these results, we evaluated another urea-type base, tetramethylurea, which 

would not be chlorinated in the presence of DCDMH (Table 3.4, Entry 3). The data from 

these experiments indicate an even stronger preference for the anti-product, with a 
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syn:anti ratio of 11:89. This stronger preference for syn could be due to an electrostatic 

interaction of the urea, which coordinates to the carboxylic acid to facilitate formation of 

the termolecular transition state, and promote anti-addition product formation (Figure 

3.16).  

 

Table 3.4. Screening of MCDMH effects in the syn:anti ratio of III-2-D 

Entry Solvent [Sub] M [DCDMH] M [MCDMH] M [tetramethylurea] M syn : anti 

1 CHCl3 0.00625 0.00625 0 0 69 : 31 

2 CHCl3 0.00625 0.00625 0.1 0 38 : 62 

3 CHCl3 0.00625 0.00625 0 0.1 11 : 89 

 

 
The average order of MCDMH in the anti-transition state was found to be 0.2. This is 

consistent with the proposed transition state because in the beginning stages of the 

reaction, MCDMH is not present or negligible, whereas a higher concentration is present 

in the later stages of the reaction. Therefore, as MCDMH is produced this acts as the 

hydrogen bond relay partner for the termolecular transition state. Prior to the formation of 

MCDMH, or a high enough concentration present in the reaction, it is hypothesized that 

the dimer of III-1-D is fulfilling this role based off the half order dependance. To test this 

hypothesis, benzoic acid was added to the standard conditions, and the syn:anti ratio was 

calculated (Table 3.5).  
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Table 3.5. Effects of benzoic acid in the syn:anti ratio of III-2-D  

Entry Solvent [Sub] M [DCDMH] M [benzoic acid] M syn : anti 

1 CHCl3:Hex (1:1) 0.05 0.055 0 36 : 64 

2 CHCl3:Hex (1:1) 0.05 0.055 0.05 27 : 73 

 

 
The addition of benzoic acid increased the formation of the anti-product, providing 

evidence that the hydrogen bond relay partner in the anti-transition state is fulfilled by 

either the dimer III-1-D, MCDMH, or another protic hydrogen bond donor present in 

solution. Similarly, in the concentration studies using a large excess of III-1-D as 

compared to DCDMH, an increase in anti-product was observed (Table 3.2, Entry 19). 

Based on the VTNA results and concentration studies, it is concluded that the dimer of 

alkene III-1-D, as well as MCDMH, once produced, act as the hydrogen bond relay partner 

leading to the anti-addition transition state. 

To verify that the syn- and anti-cyclized product arise via different mechanisms, the 

orders found for syn-addition were input for the anti-addition product to yield a plot that 

does not overlay (Figure 3.17). Since no overlay was observed, this data provides 

evidence supporting that the syn-product arises from a different mechanism than the anti-

product. 
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Figure 3.17. Average order of III-1-D, DCDMH, and MCDMH for syn-addition (top) anti-
addition product with the same order (bottom) 

 

 

 

 Similarly, the values that were found for anti-addition were now input for the syn-

addition product, and the resulting plot also does not overlay. Again, the lack of an overlay 

in the plots provides evidence supporting that the syn- and anti-product are formed via 

different transition states to yield the corresponding products (Figure 3.18).  
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Figure 3.18. Average order of III-1-D, DCDMH, and MCDMH for anti-addition (top) syn-

addition product with the same order (bottom) 
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With the results and data from the detailed VTNA analysis of the uncatalyzed 

chlorolactonization reaction, we can conclude the following observations (See 

Experimental Section for experimental analysis and data):  

a) The syn-addition shows first order dependence with respect to the 

carboxylic acid III-1-D and the chlorenium ion donor DCDMH.  

b) The anti-addition product shows first order dependence with respect to 

DCDMH. 

c) Anti-addition results in average being half order dependence with respect 

to the carboxylic acid III-1-D and 0.2 order for MCDMH. 

d) Each diastereomer arises from two completely different mechanisms. 
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3.7. Conclusion  

 

 Overall, VTNA and concentration studies have revealed the order of each reagent 

during the course of the reaction, and provide evidence supporting the plausible 

differentiated transition states and reaction pathways leading to both the syn- and anti-

addition products, independently. Moreover, it was also found that different cyclization 

diastereoselectivities are impacted by solvent and chlorenium sources. This information 

is important for the development of future halofunctionalization reactions.  A full analysis 

and understanding of the reaction pathways and stereochemical control elements are 

essential to providing mechanistic reference points for the design of selective 

halofunctionalization of alkenes. More specifically, as more catalytic reactions are 

developed for halofunctionalization, the intrinsic nature of these reactions should be 

considered to simplify organocatalysis.  
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3.8. Experimental Section 

 

 

3.8.1. General Information 

 

 

Unless otherwise mentioned, solvents were purified as follows. CDCl3, CHCl3, and 

hexanes were purchased from Sigma Aldrich and incubated over 4Å MS for 48h prior to 

use. DCM was dried over CaH2 and Et2O was dried over sodium, and freshly distilled 

prior to use. DMF was freshly distilled over 4Å MS prior to use. NMR spectra were 

obtained using a 500 MHz Bruker Spectrometer, and referenced using the residual 1H 

peak from the deuterated solvent. Column chromatography was performed using 

SiliCycle silica gel (230-400 mesh). Halofunctionalization reactions were performed in the 

absence of light. 1,3-Dichloro-5,5-dimethylhydantion (DCDMH) and 3-chloro-5,5-

dimethylhydantion (MCDMH) was recrystallized prior to use.  
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3.8.2. Procedure for synthesis of labeled carboxylic acid III-1-D 

 

 

To a stirring solution of dichloromethane (43 mL) at room temperature was added 

imidazole (2.93 g, 43 mmol) and TIPSCl (9.2 mL, 43 mmol), and the reaction solution 

turned a milky white. 4-pentyn-1-ol (0.2 mL, 21.5 mmol) was added dropwise, and stirred 

overnight under argon. Water (80 mL) was added, partitioned, and the residual organics 

were extracted from the aqueous layer (3 x 50 mL). The combined organics were dried 

over Na2SO4, decanted, and concentrated under rotovap. The crude oil was subjected to 

column chromatography; 1% ethyl acetate/hexanes to afford III-4 as a clear oil (3.8 g, 

74% yield).   

1H NMR (500 MHz, Chloroform-d, 23 ̊C) δ 3.77 (dd, J = 6.0, 5.9 Hz, 2H), 2.30 (dd, J = 

7.1, 2.7 Hz, 2H), 1.91 (t, J = 2.7 Hz, 1H), 1.74 (ddd, J = 13.2, 7.1, 6.0 Hz, 2H), 1.22 – 0.76 

(m, 21H). 

13C NMR (126 MHz, Chloroform-d, 23 ̊C) δ 84.29, 68.14, 61.65, 31.75, 17.96, 14.84, 

11.95. 

HRMS: calculated for C11H22OSi [M+H - iPr]+ 198.1439, found 198.1385 

IR: 3316 cm-1, 2946 cm-1, 2864 cm-1, 1459 cm-1, 1102 cm-1 
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Prepared following literature precedent.85 

 

 

To a 10 mL flame dried round bottom was added TIPS protected alcohol III-4 (0.5 g, 

2.1 mmol), followed by NaBPh4 (0.72 g, 2.1 mmol) and Pd(Cl)2(PPh3)2 (44 mg, 0.0625 

mmol) under argon. D2O (4 mL) was added to the round bottom, followed directly by acetic 

acid (0.24 mL, 4.2 mmol), the solution turned a cloudy bright yellow, and stirred overnight 

under argon. Upon completion, which was verified via NMR, the reaction solution had 

turned a deep red color. The solution was filtered over a pad of celite, rinsed with hexanes, 

and concentrated. The crude product was subjected to column chromatography; 100% 

hexanes to afford the desired product as a clear oil in 52% yield (0.35 g).  

1H NMR for major Z-isomer (500 MHz, Chloroform-d, 23 ̊C) δ 7.45 (m, 2H), 7.34 (m, 

2H), 7.28 (m, 1H), 5.09 (s, 1H), 3.73 (dd, J = 6.3, 1.1 Hz, 2H), 2.63 (ddd, J = 8.9, 6.2, 1.3 

Hz, 2H), 1.72 (ddd, J = 9.1, 6.3, 1.2 Hz, 2H), 1.17 – 1.04 (m, 21H). 

13C NMR for major Z-isomer (126 MHz, Chloroform-d, 23 ̊C) δ 148.16, 141.19, 128.28, 

127.32, 126.15, 112.16, 111.98 (t), 62.83, 31.70, 31.57, 18.09, 12.06. 

HRMS: calculated for C17H27DOSi [M+H - iPr]+ 277.1987, found 277.1840 

IR: 2939 cm-1, 2864 cm-1, 1462 cm-1, 1105 cm 
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To a flame dried round bottom flask was added III-5 (1.00 g, 3.13mmol) followed by 

Et2O (33 mL). To the stirring solution was added tetrabutylammonium fluoride (1M in THF, 

10 mL) and stirred at room temperature. Upon completion, verified via TLC, saturated 

ammonium chloride was added (20 mL), partitioned, and the residual organics were 

extracted with ethyl acetate (3 x 20 mL). The combined organics were dried over Na2SO4, 

decanted, and concentrated. The crude product was subjected to column 

chromatography; 20% ethyl acetate/hexanes to afford the pure product as a clear oil 

(0.473 g, 93%).  

1H NMR for major Z-isomer (500 MHz, Chloroform-d, 23 ̊C) δ 7.43 (m, 2H), 7.33 (m, J = 

7.6, 6.8, 1.2 Hz, 2H), 7.28 (m, 1H), 5.09 (dd, J = 1.3 Hz, 1H), 3.67 (dd, J = 6.4 Hz, 2H), 

2.62 (m, 2H), 1.73 (m, 2H). 

13C NMR for major Z-isomer (126 MHz, Chloroform-d, 23 ̊C) δ 147.85, 140.94, 128.33, 

127.43, 126.10, 112.51 (t), 62.46, 31.49, 31.13. 

HRMS: calculated for C11H13DO [M+H]+ 164.1186, found 164.1184 

IR: 3336 cm-1, 2258 cm-1, 1059 cm-1 
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Prepared following literature precedent.78 

 

In a flame dried flask, III-6-D (0.473 g, 2.9 mmol) was dissolved in dry DMF (14 mL) 

and PDC (3.8 g, 10.13 mmol) was added in one portion. The resulting mixture was stirred 

overnight at room temperature under argon. After completion of the reaction, monitored 

via TLC, a 1:1 mixture of ethyl acetate:hexanes was added (20 mL), and partitioned. The 

organic layer was washed with water (3 x 10 mL), and residual organics were extracted 

from the aqueous layer with 1:1 mixture of ethyl acetate:hexanes (2 x 10 mL). The 

organics were combined, dried over Na2SO4, decanted, and concentrated. The crude 

product was subjected to column chromatography; 30% ethyl acetate/hexanes to afford 

the pure product as a white crystalline solid [0.268 g, 52% yield, 5% E (5.25 ppm), 95% 

Z (5.08 ppm), and 12% 4-phenyl-4-pentenoic acid III-1 (5.09 and 5.31 ppm)].  

1H NMR for major Z-isomer (500 MHz, Chloroform-d, 23 ̊C) δ 7.43 (m, 2H), 7.38 (m, 

2H), 7.30 (m, 1H), 5.12 (dd, J = 1.4 Hz, 1H), 2.97 (dd, J = 8.6, 6.9 Hz, 2H), 2.56 (dd, J = 

8.7, 6.9 Hz, 2H). 

13C NMR for major Z-isomer (126 MHz, Chloroform-d, 23 ̊C) δ 179.22, 146.43, 140.37, 

128.44, 127.69, 126.08, 112.99, 112.71 (t), 32.93, 30.07. 

HRMS: calculated for C11H11DO2 [M-H]- 176.0822, found 176.0820 

IR: 2273 cm-1, 1696 cm-1, 1602 cm-1 
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3.8.3. Non-catalyzed chlorolactonization of III-1-D 

 

 

 
 

 To a flame dried screw-top vial equipped with a stir bar was added DCDMH (21 mg, 

0.11 mmol, 1.1 equiv) and deuterated 4-phenyl-4-pentenoic acid III-1-D (18 mg, 0.1 mmol, 

1 equiv). These reagents were dissolved in a 1:1 mixture of chloroform: hexanes, and 

stirred at room temperature for 72 h. After completion of the reaction, monitored via NMR, 

the reaction mixture was poured into a separatory funnel chloroform (5 mL) was added. 

The organic layer was washed with aqueous Na2SO3 (2 x 5 mL), and residual organics 

were extracted from the aqueous layer with chloroform (2 x 10 mL). The combined 

organics were dried over Na2SO4, decanted, and concentrated. The crude product was 

purified by silica gel chromatography; 20% ethyl acetate/hexanes to afford the desired 

product as a mixture of two diastereomers in 90% yield (21 mg).  

1H NMR (500 MHz, Chloroform-d, 23 ̊C) δ 7.54 – 7.34 (m, 5H), 3.83 (s, 0.6H, anti-

diastereomer), 3.74 (s, 0.3H, syn-diastereomer), 2.83 (m, 2H), 2.5 (m, 2H). 

13C NMR (126 MHz, Chloroform-d, 23 ̊C) δ 175.70, 140.65, 128.86, 128.68, 124.88, 

87.04, 51.88 (t) 31.38, 29.01. 
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3.8.4. Procedure to measure diastereomeric ratio   

 

Following the method published previously in our lab,78 we are able to calculate the 

diastereomeric ratio and obtain a syn:anti ratio. Since there is 12% unlabeled alkenoic 

acid III-1, the integral of each diastereomer was calculated by subtracting the integral of 

the overlapping non-labeled product as shown in Figure 3.18. Peaks a, b, d, and e result 

in an AB quarter and belong to the non-labeled substrate. Since the integrals of peaks a 

and e are equivalent (a = e = 5.91) and similarly with integral values for b and d (b = d = 

11.85). Peaks c and f belong to the deuterated product and overlap with b and e, 

respectively. Therefore, to obtain the correct values for the deuterated peaks (c and f), 

the non-labeled product is subtracted. For example, the correct integral of c results from 

subtracting the integral value of d from the overall integral of c and b (c = 100 – 11.85 = 

88.15). Similarly, the correct integral of f results from subtracting the integral value of a 

from the overall integral value of e and f (f = 55.18 – 5.91 = 49.27). 
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Figure 3.19: 1H NMR spectrum of labeled lactone product with DCDMH 

 

 
 

 

 This calculation prior to the 5% correction for the presence of the E-isomer, the 

syn:anti ratio is 39:61. For correction of the E/Z isomeric mixture, we used the following 

equations. D1-syn will indicate the diastereomers resulting in syn-addition, and D2-anti will 

indicate the diastereomers resulting in anti-addition. Defining the fraction of the product 

that arises from attack of Cl+ on the olefin that is anti to the nucleophile as A, and that is 

syn to the nucleophile as S, the following equations can be evaluated:  
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𝐷1−𝑠𝑦𝑛 = 𝐸 
𝐴

(𝐴 + 𝑆)
+ 𝑍

𝑆

(𝐴 + 𝑆)
       (𝑖) 

𝐷2−𝑎𝑛𝑡𝑖 = 𝑍
𝐴

(𝐴 + 𝑆)
+ 𝐸

𝑆

(𝐴 + 𝑆)
          (𝑖𝑖)  

 

After rearranging and cross-multiplying the above equations, we get equation (iii). 

Since the diastereomeric integral values are available from 1H NMR after correcting for 

the dihydrogen isomer, integral values of peaks c and f are 88.15 and 49.27, respectively. 

Those corresponding values are inserted into equation (iii) to determine the ratio of anti-

addition to syn-addition.  

𝐷1−𝑠𝑦𝑛

𝐷2−𝑎𝑛𝑡𝑖
=

(𝐴 𝑥 𝐸) − (𝑆 𝑥 𝑍)

(𝑆 𝑥 𝐸) − (𝐴 𝑥 𝑍)
        (𝑖𝑖𝑖) 

 
Inputting those values will give:  
 

𝐷1−𝑠𝑦𝑛

𝐷2−𝑎𝑛𝑡𝑖
=

(88.15 𝑥 5) − (49.27 𝑥 95)

(49.27 𝑥 5) − (88.15 𝑥 95)
= 0.5216       (𝑖𝑣) 

 

Hence, %D1-syn = 34.28 and %D2-anti = 65.72, therefore anti-addition:syn-addition = 

66:34 
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3.8.5. (DHQD)2PHAL Catalyzed Chlorolactonization of III-1-D 

 

 

 To a flame dried screw-top vial equipped with a stir bar was added (DHQD)2PHAL 

(8 mg, 0.01 mmol), DCDMH (22 mg, 0.11 mmol), and benzoic acid (12 mg, 0.1 mmol). A 

1:1 solvent mixture of chloroform:hexanes was added (2 mL), and the reaction was cooled 

to -40 ̊C using an immersion cooler. The solution was stirred at -40 ̊C for 20 min. The 

deuterated carboxylic acid III-1-D (18 mg, 0.1 mmol) was added in one portion. The 

resulting mixture was stirred at -40 ̊C for 6 h. After completion, the reaction was poured 

into a separatory funnel, diluted with chloroform (10 mL), and the organic layer was 

washed with 0.1 M aqueous NaOH (2 x 10 mL). The residual organics were extracted 

from the aqueous layer using chloroform (2 x 10 mL). The combined organics were dried 

over Na2SO4, decanted, and concentrated. The crude isolate was purified by column 

chromatography; 20% ethyl acetate/hexanes. Diastereomers at the C6 are not separable 

using chiral HPLC, however, C5 diastereomers, obtained in a ratio of (5R:5S) = 93.3:6.7,  

are separable using a chiralpak OJ-H column (15% iso-propanol in hexanes; 0.8 mL/min; 

254 nm; RT1 = 23.15 min (5R) and RT2 = 32.43 min (5S)). 

The dr ratio is obtained via chiral HPLC separation, where R configuration is favored at C5 

position. Since HPLC does not separate deuterated and non-deuterated analogues, we 
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determined the syn:anti ratio for each set of diastereomers after HPLC purification via 1H 

NMR using the method described above, Section 3.8.3.b. For example, the R configuration 

at C5 is composed of two diastereomers, (5R, 6S) and (5R, 6R), which lead to the syn- 

and anti-product, respectively. Whereas the S configuration at C5 is composed of (5S, 6R) 

and (5S, 6S), which lead to the syn- and anti-product, respectively (Figure 3.19).  
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Figure 3.20: Face selectivity in catalyzed chlorolactonization using HPLC and 1H NMR 
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3.8.6. Procedure to measure diastereomeric ratio  

 

In order to obtain the four isomeric products ratios, 1H NMR was implemented after chiral 

chromatography HPLC. The 5R, set 1, contains both (5R, 6S) and (5R, 6R), and the 5S, 

set 2, contains both (5S, 6R) and (5S, 6S). 1H NMR analysis of both sets revealed a dr of 

syn:anti ratio for set 1 to be (>99:1), and a dr ratio of syn:anti for set 2 to be (12:88). These 

values are after correction for the non-labeled product and the Z/E mixture of the starting 

material. The corrections are described below.  

The steps towards calculating the dr of the 5S and 5R products are as follows. First, the 

non-labeled product integral values were subtracted from the overall integral values of 

the diastereomers, as discussed earlier in Section 3.8.3.b and shown in Figure 3.18. As 

measured from 1H NMR  there is a 95:5 mixture of Z:E olefin starting material III-1-D. 

Thus, the E olefin contributes a fraction to the (5R,6S) product via anti-addition, whereas 

(5R, 6R) is formed though syn-addition. For correction of this isomer, we used the 

following equations.  

Defining the fraction of the product that arises from attack of Cl+ on the olefin that is anti 

to the nucleophile as A, and that is syn to the nucleophile as S, the following equations 

can be evaluated. 

(5𝑅, 6𝑆) = 𝑍 
𝑆

(𝐴 + 𝑆)
+ 𝐸

𝐴

(𝐴 + 𝑆)
       (𝑣) 

(5𝑅, 6𝑅) = 𝐸
𝑆

(𝐴 + 𝑆)
+ 𝑍

𝐴

(𝐴 + 𝑆)
          (𝑣𝑖)  
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After rearranging and cross-multiplying: 

𝐴

𝑆
=

((5𝑅, 6𝑆) 𝑥 𝐸) − ((5𝑅, 6𝑅) 𝑥 𝑍)

((5𝑅, 6𝑅) 𝑥 𝐸) − ((5𝑅, 6𝑆) 𝑥 𝑍)
        (𝑣𝑖𝑖) 
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For the 5R diastereomer, equation vii is used, which is similar to equation iii. The 

diastereomeric ratio is available from 1H NMR by correcting for the dihydrogen isomer as 

shown in Figure 3.19 and discussed above in Section 3.8.3.b.  

 

syn-addition:anti-addition calculation for the 5R Isomer (Set 1):  

 

Figure 3.21. 1H NMR spectrum of labeled lactone product (5R) catalyzed by 

(DHQD)2PHAL 
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The values of c and f can be inserted into equation vii above. That leads to the following:  

𝐴

𝑆
=

(97.05 𝑥 5) − (4.69 𝑥 95)

(4.69 𝑥 5) − (97.05 𝑥 95)
 = 0.0043      (𝑣𝑖𝑖𝑖) 

Hence, %D1-syn = 99.5 and %D2-anti = 0.5, therefore anti-addition:syn-addition = 

0.5:99.5 
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syn-addition:anti-addition calculation for the 5S Isomer (Set 2):  

 

Similar to the 5R isomer, 5S diastereomers syn:anti ratio can be determined by the 

following equation:  

𝑆

𝐴
=

((5𝑆, 6𝑆) 𝑥 𝐸) − ((5𝑆, 6𝑅) 𝑥 𝑍)

((5𝑆, 6𝑅) 𝑥 𝐸) − ((5𝑆, 6𝑆) 𝑥 𝑍)
        (𝑥) 

 

For the 5S diastereomer, equation x is used, which is similar to equation vii. The 

diastereomeric ratio is available from 1H NMR by correcting for the dihydrogen isomer as 

shown in Figure 3.19 and discussed above in Section 3.8.3.b.  
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Figure 3.22: 1H NMR spectrum of labeled lactone product (5S) catalyzed by 

(DHQD)2PHAL 

 

 

 

Those values of c and f can be inserted into equation x above. That leads to the following:  

𝑆

𝐸
=

(91.54 𝑥 5) − (17.2 𝑥 95)

(17.2 𝑥 5) − (91.54 𝑥 95)
= 0.136       (𝑣) 

 

Hence, %D1-syn = 12.1 and %D2-anti = 87.9, therefore anti-addition:syn-addition = 

88:12 
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3.8.7. Absolute Stereochemical Determination at the Deuterated Carbon 

 

Scheme 3.4: Synthesis of Epoxy Alcohol 

 

 

Shown previously in our lab,78 we are able to convert the lactone III-2 into epoxy 

alcohol III-7. This is done by a lithium borohydride reduction, followed by a sodium 

hydroxide mediated cyclization of the resulting chlorohydric intermediate to provide the 

epoxy alcohol. Performing nOe studies show that Ha, which shows up at 2.73 ppm, has a 

syn-orientation to the phenyl group and Hb, 2.98 ppm, has an anti-orientation to the phenyl 

group. This assignment allowed us to correspond epoxy alcohol III-7 to the catalyzed 

lactone labeled product version III-7-D.  
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Scheme 3.5: Absolute stereochemistry determination for the labeled carbon 

 

 

Lactone III-2-D, that was synthesized in the presence of (DHQD)2PHAL was reduced in 

the presence of lithium borohydride, followed by sodium hydroxide to provide III-7-D as 

the product. 1H NMR analysis of epoxy alcohol III-7-D has a peak at 2.73 ppm, which 

suggests the deuterium has an anti-orientation to the phenyl group. Thus, we can assign 

an R configuration at the carbon bearing the deuterium in III-7-D. Since this is formed via 

SN2 cyclization from the chlorohydrin intermediate, thus, lactone III-2-D is assigned the S 

configuration on the carbon bearing the deuterium. 

 

3.8.8. General Procedure for Synthesis of Epoxy Alcohol III-7-D 

 

Lactone III-2-D (25 mg, 0.12 mmol) was dissolved in a 1:1 THF:MeOH mixture (1 mL) 

and cooled to 0 ̊C. Lithium borohydride (8 mg, 0.36 mmol) was added in one portion, and 

allowed to stir for 5 h at room temperature. To the reaction was then added 10% aqueous 

NaOH solution (1 mL) and stirred for 30 min at room temperature. The reaction was 

diluted with dichloromethane (1 mL), placed into a separatory funnel, and partitioned. The 
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residual organics were extracted from the aqueous layer with DCM (2 x 2 mL). The 

combined organics were dried over Na2SO4, decanted, and concentrated. The crude 

product was purified via chromatography; 30% ethyl acetate/hexanes with 1% Et3N to 

yield III-7-D as a colorless oil in 86% yield (10.1 mg).  

1H NMR (500 MHz, Chloroform-d, 23 ̊C) δ 7.46 – 7.27 (m, 5H), 3.66 (br. m, 2H), 2.73 (s, 

1H), 2.43 (m, 1H), 1.78 (m, 1H), 1.65 (m, 2H). 

13C NMR (126 MHz, Chloroform-d, 23 ̊C) δ 128.42, 127.51, 125.83, 62.32, 60.04, 55.80 

(t), 31.62, 27.85. 
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3.8.9 Kinetic Studies  

 

3.8.10. Sample Preparation for Kinetic Studies 

 

A stock solution of internal standard (tert-butyl methyl ether, 0.0667 mmol) was freshly 

prepared in hexanes (2 mL). In two additional vials, stock solutions of DCDMH (0.11 

mmol) in CDCl3 (0.5 mL), and deuterated 4-phenyl-4-pentenoic acid III-1-D (0.1 mmol) in 

CDCl3 (0.5 mL) was freshly prepared each time. Kinetic experiments were performed as 

follows: To each NMR tube, 0.2 mL of the internal standard stock solution, and 0.2 mL III-

1-D stock solution was added, followed with 0.2 mL of hexanes to total 0.6 mL of solvent 

in the NMR tube. The DCDMH stock solution was added, totaling 0.8 mL of solvent, briefly 

shaken, and quickly inserted into the NMR at room temperature. An initial 1H NMR was 

taken, and then the NMR instrument was set up to collect data every 30 mins over the 

course of 72 h.  

 

3.8.11. Kinetic Experiments and Procedure to Measure syn & anti Concentration 
from Isomeric Mixture 

 

Based on the constant concentration of the internal standard (tert-butyl methyl ether), 

concentration of the product III-2-D was calculated for the syn- and anti-product at each 

data point. The concentration of DCDMH was determined by the amount of product at 

each data point. The chloromethylene product peaks that is a result of the Z-isomer, E-

isomer, and unlabeled substrate that appears at 3.8 ppm, were used to determine the 

concentration of the syn- and anti-product, as well as the DCDMH concentration by 
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subtracting the concentration of what had reacted from the initial concentration of 

DCDMH. The peak at 5.12 ppm correspond to the Z-isomer, the peak at 5.32 ppm 

corresponds to the E-isomer, and the peaks at 5.14 and 5.34 ppm correspond to the 

unlabeled starting material, and these peaks were measured to determine the 

concentration throughout the reaction. The alkene starting material concentration was 

determined via 1H NMR and solely the Z-isomer was measured for VTNA analysis. 

To correct for the isomeric mixture of products, the integrals of the unlabeled starting 

material were subtracted from the overall integral of the labeled diastereomers, as 

explained earlier in Section 3.8.3.b. Furthermore, as measured earlier by 1H NMR, the 

deuterated alkenoic acid contains 5% impurity of the E-olefin. To account for this and to 

calculate the correct concentration of the syn-product and the anti-product we used the 

following equations. The syn-product is a result of syn-addition across the Z-olefin, and 

anti-addition across the E-olefin. Similarly, the anti-product is a combination of anti-

addition to the Z-olefin and a fraction of syn-addition to the E-olefin.  

 

Thus, to calculate the syn-product concentration arising solely from the Z-olefin, the 

following equation was used, which is derived from equation iii.  

[𝑠𝑦𝑛]  = (𝑆 𝑥 𝑍) − (𝐴 𝑥 𝐸) 

 

The anti-product is a result of anti-addition to the Z-olefin and syn-addition to the E-olefin, 

therefore, to calculate the anti-product concentration from the Z-olefin the following 

equation was used, which is derived from equation iii.  

[𝑎𝑛𝑡𝑖]  = (𝐴 𝑥 𝑍) − (𝑆 𝑥 𝐸) 
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At each data point, those calculations were performed to find the concentration of syn-

product and anti-product independent of one another that is a result of the Z-olefin. The 

experiments designed to determine the order in each reagent is described in Table 3.3.  

 

Table 3.3. VTNA experiment studies 

Exp [III-1-D] (M) [DCDMH] (M) 

A 0.03 0.055 

B 0.05 0.055 

C 0.05 0.1 

 

The kinetic profile of each experiment is plotted as time (s) vs product concentration (M) 

after the correction for the Z-isomer. This plot is prior to any VTNA analysis is performed.  

 

Figure 3.23. Kinetic profile of product formation for 0.03 M III-1-D and 0.055 M DCDMH 
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Figure 3.24. Kinetic profile of product formation for 0.05 M III-1-D and 0.055 M DCDMH 

 

 

Figure 3.25. Kinetic profile of product formation for 0.05 M III-1-D and 0.1 M DCDMH 
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3.9.12. Catalog of Spectra  

Figure 3.26. 1H NMR of compound III-4 (500 MHz, Chloroform-d, 23 ̊C) 

 



239 

Figure 3.27. 13C NMR of compound III-4 (126 MHz, Chloroform-d, 23 ̊C) 
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Figure 3.28. 1H NMR of compound III-5 (500 MHz, Chloroform-d, 23 ̊C) 



241 

Figure 3.29. 13C NMR of compound III-5 (126 MHz, Chloroform-d, 23 ̊C) 
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Figure 3.30. 1H NMR of compound III-6 (500 MHz, Chloroform-d, 23 ̊C) 
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Figure 3.31. 13C NMR of compound III-6 (126 MHz, Chloroform-d, 23 ̊C) 
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Figure 3.32. 1H NMR of compound III-1-D (500 MHz, Chloroform-d, 23 ̊C) 
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Figure 3.33. 13C NMR of compound III-1-D (126 MHz, Chloroform-d, 23 ̊C) 
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Figure 3.34. 1H NMR of compound III-2-D – from uncatalyzed chlorolactonization (500 MHz, Chloroform-d, 23 ̊C) 
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Figure 3.35. 1H NMR of compound III-2-D – from catalyzed chlorolactonization (500 MHz, Chloroform-d, 23 ̊C) 
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Figure 3.36. 13C NMR of compound III-2-D (126 MHz, Chloroform-d, 23 ̊C) 
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