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ABSTRACT OF THE DISSERTATION 
 

 

Prodiginines, JBIR-141 and Surveying the Computational Landscape of OFCP-Derived  

Macrobicycles 

 

by 

 

Morris Joseph Dweck 

Doctor of Philosophy in Chemistry 

University of California, Los Angeles, 2023 

Professor Patrick G. Harran, Chair 

 

Chapter one outlines my work surrounding the investigation of the reaction pathways 

operative upon the photoirradiation of [8]-(2,6)-pyridinophane N-oxide. Herein, I describe the 

isolation and characterization of two previously undiscovered heterocyclophanes identified as 

photolabile intermediates in the production of a ketopyrrolophane compound central to our 

synthetic approach to the natural product (+)-marineosin A. In addition, I outline a unified and 

computationally supported mechanistic framework developed in collaboration with Janice B. Lin 

and Selbi Nuryyeva under the guidance of Professor Ken Houk. This framework describes the 

formation and interconversion of all isolated products and intermediates. This framework greatly 

adds to our overall understanding of the photochemistry of pyridine N-oxides. 

Chapter two details my work surrounding the exploration of an unprecedented alkyl chain 

migration observed in the assembly of the tripyrrolic core of the prodiginine natural product (+)-



 iii 

marineosin A. Various experiments demonstrating the generality of this reaction are shown 

through the utilization of electronically perturbed heterobiaryl systems. Further detailed is an in-

depth examination of my efforts to elucidate the mechanism of this unique migration which is 

complimented by computational analysis carried out in collaboration by Mark A. Maskeri 

formerly of the Houk Group. 

Chapter three outlines my progress towards establishing the first total synthesis of the 

natural product JBIR-141. Further detailed is our plan towards completion of the route as well as 

a set of proposed analogs, all of which are easily accessed due to the modularity of our synthetic 

pathway. These analogs will play a crucial role in identifying the natural product's active 

pharmacophore, elucidating its mechanism of action, and maximizing its potential as a 

chemotherapeutic agent. 

Chapter four details my work surrounding the development of peptide macrocyclization 

methodology utilizing commercial octafluorocyclopentene (OFCP). Herein, I showcase the ability 

of OFCP to engage linear, unprotected peptides in polysubstitution cascade reactions to generate 

complex fluorinated polycycles. In addition, I show that intermediates of these cascades can be 

intercepted by exogenous nucleophiles, enabling access to a diverse range of hybrid compounds 

composed of peptides, sugars, lipids, and heterocyclic components. Further detailed is the use of 

small molecular inserts which greatly expands the diversity of polycyclic structures accessible 

using this methodology. Lastly, I delve into my work in the field of computational analysis where 

I discuss the capability of polycycles generated using this methodology to structurally mimic 

protein surface loops central to mediating a wide variety of protein-protein interactions. 
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Chapter One: The Photochemistry of [8]-Pyridinophane N-Oxide 

 
1.1 Introduction 

 
1.1.1 History of the Photochemistry of Pyridinophane N-Oxides 

 
The photochemistry of heterocyclic N-oxides is a rich and interesting field of study as 

many of these compounds exhibit diverse photoreactivity, undergoing a wide variety of 

transformations to form a plethora of unique products.1-3 Despite being one of the simplest in this 

class of compounds, pyridine N-oxide exhibits exceptionally diverse photoreactivity. The 

photochemistry of pyridine N-oxide (1) was first investigated in the 1950s with studies that probed 

its electronic structure and described its photodeoxygenation.4-5 In 1966, Streith and Sigwalt 

described the photorearrangement of pyridine N-oxide (1) to 2-formylpyrrole (2) (Scheme 1.1.1).6 

Drawing an analogy to nitrone chemistry7, they postulated an oxaziridine as the first ground state 

intermediate in these reactions with subsequent norcaradiene-type electrocyclic ring expansion 

leading to the generation of a 1,2-oxazepine en route to the formylpyrrole. In 1975, the same group 

discovered that performing the reaction in aqueous CuSO4 markedly improved yields of 

formylpyrrole products.8 Compared to previous conditions, this new procedure was scalable9-11 

and minimized tar formation typically observed in metal-free variants of the reaction. To explain 

this increased efficiency, the authors proposed the formation of a nitrene intermediate, derived 

from their previously hypothesized 1,2-oxazepine, and rationalized that stabilization of this nitrene 

via metal complexation allowed for electrocyclic ring closure to the formylpyrrole to proceed more 

efficiently. 
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Scheme 1.1.1 Photorearrangement of pyridine N-oxide. (A) Early findings and optimizations 
surrounding the photorearrangement of pyridine N-oxide to 2-formylpyrrole. (B) Early 
mechanistic hypothesis for the photorearrangement of pyridine N-oxide to 2-formylpyrrole. (C) 
The photorearrangement of pyridine N-oxide was proposed to proceed through an oxaziridine 
intermediate analogous to that produced by irritation of nitrones. 
 
 

Additional support for a nitrene intermediate came from flash photolysis studies carried out 

by Lohse and co-workers.12 In these studies, it was observed that irradiation of pyridine N-oxide in 

the presence of base rapidly formed dienyl nitriles and that N-oxide decomposition quantum yield 

was insensitive to base concentration and dissolved oxygen (Scheme 1.1.2). Reactivity of an 

unknown intermediate (lifetime in H2O ∼ 63 ms) toward amines was inconsistent with ground state 

chemistry of oxaziridines and oxazepines and product formation was thought too slow to involve 

an excited state. Instead, they postulated this unknown intermediate to be a vinyl nitrene, 

deprotonation of which was the source of the observed nitrile. This helped to explain why tars 

formed in many pyridine N-oxide photolysis reactions contain nitrile functional groups.12 
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Scheme 1.1.2 Results of photolysis experiments carried out by Lohse and coworkers. 
 
 
 
 
 
 
 

n Time (h) % Yield 
4 5 6 7 3 (recovered) 

6 3 1.0 0.4 – 4.2 – 
7 5 4.6 1.3 4.0 0.7 20.0 
8 5 5.3 0.6 5.2 – 25.0 
9 15 – 1.7 1.0 – 9.4 
10 20 5.8 11.9 0.4 3.1 7.6 

 

Table 1.1.1 Results from Weber’s study of pyridinophane N-oxide photorearrangement. 
 

In 1989, Weber reported syntheses of pyridine N-oxides with carbons 2 and 6 bridged by 

hydrocarbon chains of varying length.13 Photolyses of these pyridinophane N-oxides gave product 

mixtures containing ketopyrrolophanes, macrocyclic azirenes and furanylalkyl nitriles (Table 1.1.1). 

Based on the mechanistic hypotheses previously proposed by Streith and Sigwalt,  Weber proposed 

that photoexcitation of his pyridinophane N-oxide substrates generate oxaziridines i as primary 

photointermediates with valence bond isomerism analogous to norcaradiene-type walking 

rearrangements14 allowing for the interconversion between oxaziridines i and epoxides ii (Scheme 

1.1.3). From these two interconvertible species, it was hypothesized that intermediate 1,2-

oxazepine iii and 1,3-oxazepine iv could be derived via electrocyclic ring expansions of oxaziridine 
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i and epoxide ii respectively. While the latter of these oxazepines was postulated to fragment to form 

furanylalkyl nitriles 7, the former were thought to proceed to vinyl nitrenes v which could then 

undergo competing 1,5- or 1,3- electrocyclic ring closure to form ketopyrrolophanes 5 or azirenes 6 

respectively. 

 

 

 

 

 

 

 

 

 

 

 

Scheme 1.1.3 Mechanistic framework for the photorearrangement of pyridinophane N-oxides 
put forth by Weber circa 1989. 
 
 

In his report, Weber found that the amount of ketopyrrolophane versus azirine formed in a 

reaction was directly correlated with the length of the pyridinophane N-oxide hydrocarbon bridge; 

with longer aliphatic chains (n > 8) generally favoring the formation of the ketopyrrolophane over 

the azirine. In addition, Weber demonstrated that while thermolysis of isolated azirines resulted in 

their conversion to corresponding ketopyrrolophanes, their re-exposure to irradiation resulted in 

decomposition to intractable mixtures. 
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1.1.2 Relevance to Our 2019 Total Synthesis of (+)-Marineosin A 

 
The prodiginine alkaloids are a family of natural products which have fascinated chemists 

for decades, holding a unique and privileged position in terms of their historical and chemical 

significance. Produced as secondary metabolites by several members of the Streptomyces 

actinomycetes and Serratia enterobacteriaceae bacterial families, the prodiginines are most often 

characterized by their brilliant red/pink color; a consequence of their prototypical tripyrrolic core.15 

Many of these bacterial lipochromophores have been shown to possess a range of interesting 

biological activities16 with one synthetic variant, Obatoclax (8) (Figure 1.1.1), having advanced 

to clinical trials as a chemotherapeutic.17-18 Of the prodiginines, the ansa-bridged members of the 

family have long been coveted synthetic targets due to both their challenging structure and 

promising cytotoxicity towards a variety of cancer cell lines.15 

 

 

 

 

 

 
Figure 1.1.1 Prodiginines with clinical chemotherapeutic potential. Structure of phase II clinical 
trial chemotherapeutic Obatoclax (8) and  (+)-maineosin A (9) along with results of (+)-marineosin 
A NCI-60 cell screening panel showing potent cytotoxicity against a range of melanoma derived 
cell lines.  
 

In 2019, our lab published the first laboratory synthesis of (+)-marineosin A (9)19, an ansa-

bridged prodiginine natural product first isolated in 2008 by Fenical and coworkers from the 

culture broth of a marine-derived Streptomyces-related actinomycete (strain CNQ-617).20 Unlike 
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many prodiginines, marineosin-A is unique in that it is completely colorless. This is due to the 

presence of a spiroiminal motif which interrupts its chromaphoric tripyrrolic system, a feature 

which makes marineosin-A one of the most structurally complex members of the prodiginine 

family. In addition to its complex structure, marineosin-A also exhibits a wide range of useful 

biological activity, showing significant inhibition of human colon carcinoma (HCT-116) cells 

(IC50 0.5 μM) as well as selective activities against a variety of melanoma cell lines (as shown in 

Figure 1.1.1).20,21 

 

 

 

 

 

 
 
 
 

 

 
Scheme 1.1.4 Our published retrosynthetic analysis of (+)-marineosin A. 
 

As shown in our retrosynthetic analysis of (+)-marineosin A (Scheme 1.1.4), we were able 

to access the natural product in just 8-steps with assembly of the tripyrrolic core achieved via the 
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of [8]-(2,6)-pyridinophane N-oxide 13 to ketopyrrolophane 12, an integral building block which 

maps directly onto the ansa-bridged pyrrolic unit present in the natural product. While this exact 

transformation was first published by Weber and coworkers in the late 1980’s, reported yields of 

desired ketopyrrolophane 12 were low (0.6%) (Table 1.1.1, n = 8) with no definitive evidence 

provided for its mechanistic formation.13 Despite this challenging starting point, we decided to 

pursue optimization of this photorearrangement. This decision was largely driven by the 

convenience by which the reaction’s starting material, pyridinophane N-oxide 13, could be 

prepared from commercial 2,6-dichloropyridine (14) and 1,8-dibromoctane (15) via successive 

nickel-catalyzed Kumada cross-couplings23 followed by oxidation of the resulting pyridinophane 

with mCPBA. 

Optimization of this reaction carried out via batch photolysis, done by screening various 

reaction solvents and temperatures (Table 1.1.2), resulted in dramatically improved isolated yield 

of 12 with the use of THF at –78°C providing the best results (Entry 7, 19%). While this 

optimization represents an over 30-fold yield improvement upon Weber’s reported yield, control 

experiments showed that desired ketopyrrolophane 12 was photolabile and degraded during the 

time frame of the batch process. This finding, coupled with our relatively limited throughput using 

batch photolyses, prompted us to redesign our experimental setup to a continuous flow system (i.e 

flow photolysis). In this system, a cold THF solution (–78°C, 0.01M) of 13 was pumped through 

small-bore FEP tubing which was wrapped around an insulated jacketed mercury lamp. By 

controlling the rate at which the solution was propelled through the tubing, we were able to control 

the residence time of the reaction mixture. Optimization of this residence time to 5 min resulted in 

our highest isolated yields of the desire ketopyrrolophane (Entry 10, 25%) and allowed for its 

isolation on gram scale in short order.  
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Entry Solvent Temp (°C) % Yield 
16 17 12 18 

1 c-hexane r.t. 17 3 3 4 
2 DME r.t. 12 6 4 10 
3 EtOH r.t. 7 3 6 7 
4 MeCN r.t. 8 4 5 7 
5 THF r.t. 11 9 7 14 
6 THF –40 19 5 18 12 
7 THF –78 10 2 19 10 
8 DME –30 14 5 10 15 
9a THF –75 9 3 19 17 

10b THF –75 15 5 25 18 
Table 1.1.2 Optimization of the photorearrangement towards ketopyrrolophane 12.aExperiment 
performed in flow format (residence time = 2 min) with one layer of FEP tubing wrapped around 
the immersion well. bExperiment performed in flow format (residence time = 5 min) with three 
layers of FEP tubing wrapped around immersion well. 
 
 

While these optimizations and the implementation of flow chemistry were significant 

breakthroughs in removing the bottleneck towards pushing material through our synthetic route, 

we couldn’t help but notice major differences between Weber’s experimental results and our own. 

During the course of these reaction optimizations and experimental redesigns, we were surprised 

to have consistently isolated substantial amounts of two macrocyclic products, fused bicyclic 

pyrrole 17 and macrolactam 18, not mentioned in Weber’s publication. Additionally, we were 

perplexed by the conspicuous absence of azirine 19, which Weber isolated as the predominant 

product of the reaction, from essentially all optimization product mixtures. Intrigued by these 

experimental inconsistencies, we decided to further investigate the mechanism of this 

photoinduced transformation with the goal of further optimizing the reaction by eliminating and/or 
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suppressing the formation of undesired side products (i.e  17 and 18). 

 
 

1.2 The Photorearrangement of [8]-(2,6)-Pyridinophane N-Oxide 
 

Our interest in the photochemistry of pyridinophane N-oxide 13 persisted following the 

publication of our total synthesis of (+)-marineosin A.19 By optimizing reaction parameters and 

adapting the experimental setup to a flow format, we increased the yield of key building block 

ketopyrrolophane 12 40-fold compared to previous literature reports.13 This ultimately facilitated 

a synthesis of (+)-marineosin A. Interestingly, the optimized photolysis of 13 on gram scales did 

not produce appreciable amounts of azirene 19, the major product reported by Weber. Rather, two 

novel side products, fused bicyclic pyrrole 17 and macrolactam 18 were isolated, the formation of 

which we were unable to rationalize within the existing mechanistic framework put forth by 

Streith, Sigwalt and Weber.6,8,13 In an attempt to rationalize these findings, we used computations 

to guide further experiments towards the goal of developing a comprehensive mechanistic 

framework which describes the formation of all isolated products. Herein, we describe a more 

detailed view of the reaction aided by the identification of novel heterocyclic intermediates 

coupled with computational analysis carried out in collaboration with the Houk group. 

To begin constructing a mechanistic framework which describes the formation of all 

isolated products resulting from the photolysis of pyridinophane N-oxide 13, we probed relative 

energies of postulated photolytic intermediates in Scheme 1.1.3 using density functional theory 

(DFT). We included electronic energies, appropriate in describing electronic excitations, and free 

energies, appropriate for energetics on the ground state. The calculations supported a pathway from 

13 to 12 and 19 via common intermediate nitrene 22. As shown in Figure 1.2.1, the first excited 

state of N-oxide 13 is calculated to relax to a geometry with increased C-O bonding and pass 
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through a funnel onto the ground state surface of oxaziridine 20. Cleavage of the C-N bond 

(20à21 TS, via electrocyclic ring expansion) in 20 is calculated to proceed with a low barrier of 

4.5 kcal/mol to generate 1,2-oxazepine 21. Photoexcitation of 21 (vide infra) would then lead to 

lengthening of its N-O bond and the formation of nitrene 22. Both singlet and triplet states of 22 

were probed, and the triplet state was calculated to be significantly more stable. Triplet nitrene 22 

is a key intermediate in the overall photorearrangement.  

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2.1 Calculated energies for proposed intermediates en route to nitrene 22. Unless 
indicated otherwise, all geometries were optimized using B3LYP/6-31G(d) in the gas phase as a 
closed shell singlet.24-27 22 was optimized as an open shell triplet using UB3LYP/6-31G(d) in the 
gas phase. Subsequent single-point energy calculations on each of the optimized structures were 
performed using (U)M06-2X/6-311+G(d,p) with the polarizable continuum model IEF-PCM for 
solvation by cyclohexane as either a closed shell singlet (blue) or open-shell triplet (red).28 For 13 
and 21, a TD-DFT energy calculation was used to compute its lowest energy excitation using M06-
2X/6-311+G(d,p) with the same solvation model as single-point calculations (black). Images of 
optimized structures were generated with Mercury 4.3.1.29 
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Figure 1.2.2 depicts the pathway for conversion of 22 to azirene 19 and ketopyrrolophane 

12. The cis geometric isomer of 19 is calculated to be 1.2 kcal/mol higher in energy than its trans 

counterpart and has not been observed experimentally. Thus, trans-19 is referred to simply as 19 

from here on. Reversion of 19 to 22 is unfavorable, as cleavage of the newly formed C-N bond 

would require temperatures of ~200°C.30, 31 Triplet 22 could also electrocyclize to 2H-pyrrole 23. 

Isomerization of 23 to its 1H form 12 may occur via thermal 1,5 hydrogen shift (activation barrier 

= 19 kcal/mol) or via bimolecular proton transfers.  

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2.2 Calculated relative energies of intermediates in the formation of acylpyrrolophane 12 
from nitrene 22. See Figure 1.2.1 for computational details. 
 

Regarding the origin of fused bicyclic pyrrole 17, Padwa had reported that photolysis of 

vinyl azirenes of type 24 gave 3-formylpyrroles,30 with subsequent mechanistic studies implicating 

a nitrile ylide intermediate (e.g. 2532, Figure 1.2.3, inset). Though these findings seemed at odds 
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with Weber’s account of unproductive azirine photolysis, DFT calculations suggested this to be a 

feasible pathway to 17. As depicted in Figure 1.2.3, photoexcitation of 19 could cleave the azirene 

C-C bond to generate nitrile ylide 27. Ring closure in 27 to afford 2H pyrrole 28 is calculated to 

be facile  (27à28 TS), whereupon prototropy in 28 would generate fused bicyclic 1H-pyrrole 17. 

 

 

 

 

 

 

 

 

 

 
 
 

Figure 1.2.3 Calculated pathway from azirine 19 to fused bicyclic pyrrole 17. Photoexcitation of 
vinyl azirene 19 is thought to generate nitrile ylide 27 en route to bicyclic pyrrole 7. Precedent for 
this proposal is found in Padwa’s synthesis of formyl pyrroles from vinyl azirenes (inset).  See 
Figure 1.2.1 for computational details. 
 

The above calculations provided a framework to design new experiments. If fused bicyclic 

pyrrole 17 derived from photorearrangement of azirene 19, blocking that process could be useful. 

We simulated the UV-Vis spectrum of 19 (TD-DFT) and compared it to experimental spectra for 

N-oxide 13 and ketopyrrolophane 12 (Figure 1.2.4). All three absorbed maximally near 280 nm. 

However, the spectrum of 13 showed a second absorbance maxima near 235 nm. We speculated 

that selective irradiation in that region might allow the photorearrangement of 13 to proceed to 12 
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while minimizing secondary photochemistry of azirene 19. In that case 19 would accumulate in 

the reaction, allowing it to be isolated and subsequently converted to 12 by thermolysis.13 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.2.4 Experimental and calculated UV-vis spectra. Overlay of UV-vis spectra of 29b (15 
mM 70% aq. ethylene glycol), pyrrolophane 12 (0.1 mM THF), N-oxide 13 (0.005 mM THF), and 
the simulated spectrum of azirene 19 (computed using TD-B3LYP/-@31+G(d,p)/IEFPCMcyclo-
hexane). 
 
 

We considered laser excitation and the use of band pass filters to achieve selective 

excitation at 235 nm, but neither was practical in our experimental format. Fortunately, published 

spectra of vinamidinium perchlorate (29a) suggested it could serve as a solution filter with 

transmissive character in the region around 240 nm.33 Both the perchlorate and 

hexafluorophosphate salts of compound 29 were readily synthesized and isolated as light yellow 

crystals.34 Screening counter ion, solvent, and concentration revealed that a 15 mM solution of 

hexafluorophosphate salt 29b in 70% aqueous ethylene glycol possessed a UV spectrum aligned 

with our needs (Figure 1.2.4). To filter light in our flow apparatus, the glycol solution of 29b was 

pumped through the inner lamp-jacket of the Hanovia apparatus (see Experimental Section for 
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details) from an external reservoir pre-cooled to –78˚C. Control experiments showed the filter 

solution lost transmittance in the 240 nm region within 1 hour, necessitating its replacement every 

45 minutes. Even in that case, however, product mixtures from solution filtered photolyses were 

little changed relative to those run in Pyrex. Because the experiments were premised on the 

simulated UV-Vis spectrum of azirene 19 being accurate and the absence of overlapping absorption 

from other intermediates, we were hesitant to interpret the results. 

Instead, to test the validity of Figure 1.2.3, we sought to isolate 19, which Weber had 

characterized previously. Analytical GC/MS was used to monitor products formed in the photolysis 

of 13 over time. This was best achieved by sampling solutions of 13 (10 mM in THF) during 

irradiation at ambient temperature in a Rayonet carousel. Preparative-scale batch reactions require 

several hours to complete. The GC/MS trace after 1 hour was surprising (Figure 1.2.5A). While 

expected products 16, 12, and 17 were present, lactam 18 was absent, and the major products were 

three unknown molecules. The mass spectrum of each unknown showed a parent ion with m/z = 

205, indicating they were isomers of starting material 13. Sampling the photolysis every 15 

minutes and plotting relative peak areas versus time showed that unknowns I-III predominated at 

early time points (Figure 1.2.5B). The concentration of II plateaued at 45 min and remained stable 

thereafter, whereas amounts of I and III decreased significantly. The concentration of target 

pyrrolophane 12 continued to increase after starting material 13 was consumed, indicating it 

derived from either I or III. The time course experiment was repeated in 1:1 DME:H2O solvent. 

This resulted in rapid consumption of 13 (<1 h) and a correspondingly fast appearance of I, yet 

neither II nor III were detected (Figure 1.2.5C). In the context of prior observations, this pointed 

towards I as the source of pyrrolophane 12.  
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aa 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.2.5 Data towards identification, isolation and charterization of photolabile intermediates. 
(A) Analytical gas chromatograph of crude mixture derived from batch photolysis of 13 (254 nm, 
0.01 M THF, rt) after 60 minutes. (B) Relative concentrations of species in panel a plotted vs time 
during photolysis of 13 (254 nm, 0.01 M THF, rt). For SI for details. (C) Same as panel (B) except 
photolysis reaction solvent was 1:1 DME:H2O. Trend lines are two-period moving averages. (D) 
1H NMR spectra (CDCl3, 400 MHz) of isolated unknowns I and II from panel A), eventually 
assigned as structures 21 and 30, respectively. 
 

A 
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To verify this hypothesis, it was necessary to isolate and photolyze I. This substance was 

acid-labile and unstable to chromatography. However, we were able to enrich crude samples in the 

molecule. Pyridinophane N-oxide 13 was photolyzed for 1 hour in 1:1 DME:H2O (wherein II and 

III were not formed) and the reaction mixture was extracted with ethyl acetate. Concentration of 

the organic layer provided a residue that was triturated with hexanes to leave behind insoluble 

pyrroles 12 and 17. The resultant hexanes solution contained ~75% I (GC/MS). 13C-NMR analysis 

indicated the main component of the mixture had an intact ansa bridge and the three vinylic 

resonances observed by 1H-NMR were consistent with 1,2–oxazepinophane 21 (Figure 1.2.5D). 

To our knowledge, this was the first direct evidence for a 1,2-oxazepine intermediate in the 

photorearrangement of pyridine N-oxides.35 Moreover, structure 21 is the first 1,2-oxazepine 

isolated lacking electron withdrawing substitution.36 Re-photolyzing 21 in DME:H2O resulted in 

its conversion to keto pyrrolophane 12 and unknown II, confirming 21 as an intermediate in the 

photolysis of 13. This is supported by several additional experiments: Irradiation of a 0.1 M THF 

solution of 13 produced a dark orange mixture in which 21 accumulated quickly, but 12 and II 

were produced in trace quantities (Figure 1.4.5). Strongly absorbing orange tars likely slowed 

photoreaction of 21. Similar results were observed when the photolysis was carried out using a 

312 nm light source, a wavelength at which 21 has minimal absorbance (Figure 1.4.7). The 

instability of 21 accounts for it not being observed in prior studies.13  

GC/MS analysis of an optimized flow photolysis reaction showed substantial production 

of II (Figure 1.4.4). II proved to be quite sensitive, but careful chromatography using dry, 

triethylamine-neutralized silica gel afforded small quantities of the compound (~85% purity by 

GCMS). Its 1H NMR spectrum was similar to that obtained for 1,2-oxazepine 21, but a downfield 

resonance was indicative of a vinyl ether, suggesting II to be 1,3-oxazepinophane 30 (Figure 
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1.2.5D). Precedent for this assignment was found in prior photolyses of pyridine N-oxides bearing 

one or more phenyl substituents, which were reported to afford the corresponding 1,3-oxazepins 

in high yields.37 Photolysis of 30 did not lead to discernible products, only slow decomposition 

(Figure 1.4.8) This result was consistent with the reported photostability of 1,3-oxazepin-2,4-

dicarbonitrile.38 To our knowledge, 30 represents the first 1,3-oxazepinophane and indeed the first 

1,3-oxazepine to be isolated without the aid of aryl and cyano substitutions.39 Unknown III, despite 

numerous attempts, has yet to be isolated. Merely concentrating crude solutions containing III 

resulted in its degradation. 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
Figure 1.2.6 Experimental and computational evidence for formation of 1,3-oxazepine 30. (A) 
Time dependent concentrations of major species observed during the photolysis of isolated 21 (254 
nm, 0.01 M THF, rt). (B) A possible path to 30 during the photolysis of 21 (C) If formed, 
calculations indicate aminyl diyl 31 could proceed readily to 30 by way of intermediate 
epoxypyridine 32. See Figure 1.2.1 and Experimental Section for computational details. 
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Mechanistically, it is not clear how the excited state of 21 leads to 30 in addition to products 

12 and 17. One possibility is that a ground state equilibrium between 21 and its electrocyclized 

counterpart 20 (calculated to be ~1000:1 at 25˚C) is perturbed towards 20 in the excited state, such 

that N-O bond homolysis to afford aminyl diyl 31 (Figure 1.2.6B) becomes competitive with 

nitrene formation. If so, calculations predict cyclization to epoxypyridine 32 and subsequent 

electrocyclic ring-opening to 30 to be facile (Figure 1.2.6C).  

In the photolysis of 21, azirene 19 was isolated alongside 30. Interestingly, 19 co-eluted 

with macrolactam 18 during silica gel chromatography, despite the two having significantly 

different Rf values on TLC. A 2D-TLC experiment was performed, drying the plate between runs. 

In that case, the spot for 19 cleanly converted into the spot for 18. GC/MS analyses of samples of 

19 that had been adsorbed onto silica gel and allowed to stand at ambient atmosphere overnight 

also showed full conversion of 19 into 18 (Figure 1.2.7A). Calculations depicted in Scheme 

1.2.7B indicate hydration of 19 and ring opening of the resulting hemiaminal 33 should be facile. 

We conclude that macrolactam 18 is not a primary photoproduct. It forms only through hydrolysis 

of residual azirine 19 during chromatographic purification of crude reaction mixtures. 

When protected from hydrolysis, 19 was found to convert to fused bicyclic pyrrole 17 

within minutes of exposure to 254 nm light (Figure 1.2.7C), confirming the prediction outlined in 

Figure 1.2.3. Continued irradiation resulted in near-complete degradation of 17 within an 

additional 45 minutes. Such photoinstability is perhaps why this molecule escaped Weber’s careful 

analyses, as their irradiations were conducted over a period of hours. Additionally, we obtained a 

UV-Vis spectrum of 19 (Figure 1.4.12). Although our calculations accurately predicted its 

absorbance maxima at 269 nm, they markedly overestimated absorbance at 235 nm (see 
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Experimental Section for additional discussion). This likely contributed to ineffectual attempts at 

solution filtering described earlier.   

 

 

 

 

 

 

 

 

 

 

 
 
Figure 1.2.7 Experimental and computational evidence for the fate of azirine 19. (A) Azirene 19 
hydrolyzes to lactam 18 during silica gel chromatography (see Figure 1.4.9). (B) Computations 
which indicate the hydrolysis of 19 to 18 is energetically favorable. See Figure 1.2.1 and 
Experimental Section for computational details. (C)  GC/MS analysis reveals that photolysis of 19 
(254 nm, 0.01 M THF, rt) forms bicyclic pyrrole 17 and that 17 is unstable to the reaction 
conditions. 
 

On a related note, we did not detect formation of furanonitrile 7 (Table 1.1.1) in any 

photolysis. This was consistent with Weber’s findings, wherein furanonitriles (postulated to be 

derived from 1,3-oxazepine intermediates) were detected only in photorearrangement of the 

shortest and longest ansa bridge lengths examined (Table 1.1.1, n = 6, 4.2%; n = 7, 0.7%; n = 10, 

3.1%). Lastly, we speculate reduction of 20 is the source of pyridinophane 16 (Table 1.1.2). 16 is 
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observed in all photoreactions of 13. However, we have not yet identified the species that is 

concomitantly oxidized.40 

 

1.3 Conclusion 
 

The photorearrangement of [8]-2,6-pyridinophane N-oxide has been studied using a 

combination of experiments and calculations. Weber had originally isolated 0.6% yield of keto 

pyrrolophane 12 from the reaction. We modified the photolysis solvent and temperature and 

adapted the reaction to a flow format to maximize pyrrolophane formation. The yield of product 

12 increased 40-fold under those conditions, but previously undetected by-products were formed. 

Density functional theory was used to calculate energies of putative oxaziridine, oxazepine and 

nitrene intermediates consistent with early mechanistic studies of pyridine N-oxide 

photorearrangements. By carefully analyzing the time course of batch photolyses using analytical 

GC/MS, we were able to show that ansa-bridged 1,2- and 1,3-oxazepins were isolable species that 

formed rapidly in the reaction. Control experiments established that both pyrrolophane 12 and 

bicyclic pyrrole 17 in our optimized photolysis were actually derived from secondary 

photoexcitation of 1,2-oxazepine 21. We speculate that the excited state of 21 diverges to either 

nitrene or walking-type rearrangement pathways leading to ketopyrrolophane 12 and azirene 19 or 

1,3-oxazepinophane 30, respectively. We isolated trace amounts of macrocyclic vinyl azirene 19 

first identified by Weber and showed it converted to 17 within minutes upon UV photolysis at 

room temperature. 

The data show that the formation of 12 is the result of two successive photoexcitations 

starting from 13, wherein the second photoexcitation is the origin of competing pathways that 

result in multiple end products. This suggests optimizing the photosynthesis of 1,2-oxazepine 21 
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may be the most the effective means to access 12 on scale, wherein a non-photochemical method 

to rearrange 21 would be required. Studies and results to identify such a method are outlined in the 

thesis of lab member Dr. Evan E. Hurlow.41 
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1.4 Experimental Section 

 
General Methods and Materials 

 
Unless otherwise specified, reactions were performed in flame-dried glassware under an 

atmosphere of argon. Reagents were purchased from commercial vendors and used as received 

unless otherwise stated. Diethyl ether (Et2O), chloroform (CHCl3), tetrahydrofuran (THF) and 1,2-

dimethoxy ethane (DME) were passed through a Glass Contour solvent drying system. Magnesium 

turnings were polished by sequential rinsing with aqueous 1M HCl, absolute ethanol, and Et2O. 

The washed turnings were placed under vacuum for several hours then stored under an atmosphere 

of argon. Yields refer to chromatographically and spectroscopically (1H-NMR) homogeneous 

materials, unless otherwise stated. Thin-layer chromatography (TLC) was conducted on precoated 

plates (Sorbent Technologies, silica gel 60 PF254, 0.25 mm) visualized with UV 254 nm. For acid-

sensitive compounds, TLC plates were neutralized with TEA/Hexane (1%) before use. Column 

chromatography was performed on silica gel 60 (SiliCycle, 240−400 mesh). For acid-sensitive 

compounds, silica gel was premixed with TEA/Hexane (1%) before being loaded into the column. 

NMR spectra were recorded on Bruker Avance spectrometers (400/100 MHz, 500/125 MHz, and 

600/100 MHz). Chemical shifts are reported in ppm and referenced to residual internal CHCl3 for 

1H (δ 7.26) and 13C (δ 77.2) spectra. Deuterated chloroform used in NMR experiments was 

neutralized prior to sample dissolution via passage through a plug of neutral alumina. UV-Vis 

spectra were obtained using a Shimadzu UV3101PC UV-VIS-NIR Scanning Spectrophotometer 

unless otherwise noted. GC/MS analyses were run on an Agilent 7250 Q-TOF GC/MS using an 

Agilent 19091S-433 HP-5MS capillary column. High resolution mass spectra were recorded using 

Thermo Fisher Scientific Exactive Plus with IonSense ID-CUBE DART source and Orbitrap 
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analyzer.  

Batch photoreactions were carried out in either a standard Ace Glass immersion well 

photoreactor or an Ace Glass low temperature immersion well photoreactor using a Hanovia 450W 

mercury arc lamp. Flow photoreactions were carried out using 1/16" ID x 1/8" OD x 1/32" Wall 

Versilon™ FEP Tubing coiled around an Ace Glass 7858 triple-walled quartz immersion well in 

either one or three layers. The reaction solution was propelled by a peristaltic pump (Binaca model 

1001) through the FEP tubing under irradiation by a Hanovia 450W mercury arc lamp. Time course 

experiments were conducted inside of a Rayonet Reactor (Southern New England Ultraviolet Co.) 

utilizing a 254 nm bulb set using quartz test tubes unless otherwise stated. 
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Experimental Procedures and Product Characterization 
 
 
[8]-(2,6)-pyridinophane (16) 

 

 

To a flame-dried 500 mL 3-neck round bottom flask, equipped with an addition funnel, condenser, 

and stir bar, were added polished magnesium tunings (4.86 g, 0.2 mol, 2.0 eq.) and a single iodine 

crystal in anhydrous Et2O (200 ml) under Ar. With vigorous stirring, from the addition funnel was 

added 1,8-dibromooctane (1 mL). The mixture was heated using a heat gun until the brown color 

dissipated. The remaining 1,8-dibromooctane (27.6 g in total, 0.1 mol, 1.0 eq.) was added dropwise 

into the flask at a rate such that the solution was maintained at a gentle reflux. After addition was 

complete, the addition funnel was rinsed with anhydrous diethyl ether (10 mL) into the reaction 

mixture. The resulting mixture was refluxed for another hour. (When stirring was stopped, the 

mixture separated into two layers; the top a translucent light gray and the bottom a viscous, opaque 

gray). 

During the reflux, to a separate flame-dried 2 L 3-necked round bottom flask equipped with a 

thermometer was added 2,6-dichloropyridine (14.8 g, 0.1 mol, 1.0 eq.) and NiCl2(dppp) (0.43 g, 

0.75 mmol, 0.8 mol %) in anhydrous Et2O (1 L) under Ar. The mixture was cooled in an ice-water 

batch to 10 °C, followed by addition of the newly formed di-Grignard solution in Et2O via syringe 

pump over 6 h. During the addition, the reaction solution was kept at 10 °C with vigorous stirring. 

When TLC monitoring (5% EtOAc/Hexane) confirmed that 2,6-dichloropyridine was fully 

consumed, the reaction mixture was carefully poured into ice water then filtered through celite. 

The organic layer was separated and the aqueous layer was extracted with EtOAc (100 mL X 3). 

N
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The organic layers were combined, washed with brine, dried over Na2SO4, filtered, and 

concentrated to an orange oil. The resulting 23 g of crude product was dry-loaded onto silica gel 

(30 g) and purified by flash column chromatography (EtOAc in Hexane: 3%) to yield compound 

16 (9.48 g, 50 mmol, 50%) as a colorless oil. 1H-NMR (400 MHz, CDCl3) δ 7.46 (t, J = 7.6 Hz, 

1H), 6.89 (d, J = 7.6 Hz, 2H), 2.84 (t, J = 6.38 Hz, 4H), 1.83 – 1.77 (m, 4H), 1.42 – 1.36 (m, 4H), 

1.06 – 0.98 (m, 4H); 13C-NMR (100 MHz, CDCl3) δ 160.6, 136.6, 120.0, 35.7, 26.3, 25.1, 23.2; 

HRMS (EI) calculated for C13H20N [M+H]+: 190.1590, found 190.1583. 

 

[8]-(2,6)-pyridinophane N-oxide (13) 

 
 
 

To a stirred solution of 16 (34.4 g, 182 mmol, 1.0 eq.) in CHCl3 (182 mL) in a 3 L flask submerged 

in a room temperature water bath was added mCPBA (62.8 g, 75% purity, 273 mmol, 1.5 eq.) in 

several portions. After 30 min, the reaction turned too thick to stir and another 100 mL of CHCl3 

was added. The resulting mixture was then stirred at r.t. for 16 h, and then diluted with CHCl3 (2 

L), followed by addition of K2CO3. The resulting white slurry was stirred at r.t. for 2 h then mixed 

with celite (200 g) and filtered through a layer of celite. The filter cake was rinsed with CHCl3 

until no product could be detected by TLC. The filtrate was then concentrated and purified by flash 

column chromatography (EtOAc in Hexane:10%-40%) to yield compound 13 (30.6 g, 149 mmol, 

82%) as pale yellow crystalline solid, and recovered compound 16 (2.64 g, 14 mmol, 8%). 

Alternatively, desired compound 13 can be isolated from the crude product via recrystallization 

from hot pentanes. 1H-NMR (400 MHz, CDCl3) δ 7.46 (t, J = 7.6 Hz, 1H), 6.89 (d, J = 7.6 Hz, 

2H), 2.84 (t, J = 6.38 Hz, 4H), 1.82 – 1.76 (m, 4H), 1.42 – 1.36 (m, 4H), 1.04 – 0.98 (m, 4H); 13C-

N O
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NMR (100 MHz, CDCl3) δ 160.6, 136.6, 120.0, 35.7, 26.3, 25.1, 23.2; HRMS (EI) calculated for 

C13H20NO [M + H]+: 206.1539, found 206.1534. 

 

General Procedures for the Photolysis of 13  

Batch Irradiation Conditions (Table 1.1.2, Entry 7):  

A 1 L immersion well photoreactor was charged with a solution of 13 (3.9 g, 19.18 mmol) 

in THF (1 L, 0.02M). The solution was cooled to -78 °C and then irradiated with a 450 W Hanovia 

Mercury Arc lamp for 3h with stirring. The mixture was monitored by 1H-NMR spectrum analysis 

of aliquots. The lamp was removed and the mixture was warmed to room temperature and 

concentrated. The residue was then purified by flash column chromatography (EtOAc in Hexane: 

10% - 20% - 22% - 30% - 40%). 

 

Flow Irradiation Conditions (Table 1.1.2, Entry 10):  

A quartz immersion well wrapped with 3 layers of FEP tubing was placed in a dewar and 

cooled to -75 °C with isopropanol and dry ice. The solution of 13 (6.32 g, 30.8 mmol) in anhydrous 

THF (0.01 M) was pumped through the FEP tubing with a residence time of 5 minutes. The 

resulting light-yellow solution was concentrated, purified by flash column chromatography 

(EtOAc in Hexane: 10% - 20% - 22% - 30% - 40%). This resulted in 12 (1.56 g, 7.6 mmol, 25%), 

17 (292 mg, 1.42 mmol, 5%), 18 (1.185 g, 5.3 mmol, 18%) and 16 (866 mg, 4.6 mmol, 15%). 
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11H-1(2,5)-pyrrolacyclodecaphan-2-one (12)  

 

 
 
White solid. M.P.: 198 °C. 1H-NMR (500 MHz, CDCl3) δ 8.73 (s, 1H), 6.98 (t, J = 3.2 Hz, 1H), 

6.09 (t, J = 3.2 Hz, 1H), 2.78 – 2.73 (m, 2H), 2.68 (t, J = 6.3 Hz, 2H), 1.79 (tq, J = 13.6, 6.8, 6.1 

Hz, 4H), 1.60 – 1.49 (m, 2H), 1.37 (p, J = 6.0 Hz, 2H), 1.21 (p, J = 6.9 Hz, 2H), 1.08 (ddt, J = 

12.3, 8.9, 5.4 Hz, 2H); 13C-NMR (125 MHz, CDCl3): 190.3, 137.9, 132.3, 115.9, 111.5, 36.1, 27.0, 

26.7, 26.2, 23.5, 23.4, 23.3, 21.7; HRMS (EI) calculated for C13H20NO [M + H]+: 206.1545, found 

206.1533.  

 

5,6,7,8,9,10,11,12-octahydrocycloundeca[b]pyrrol-4(1H)-one (17) 

 
 
 

White solid. M.P.: 154 °C.  1H-NMR (500 MHz, CDCl3) δ 8.14 (s, 1H), 6.63 (t, J = 2.7 Hz, 1H), 

6.44 (t, J = 2.9 Hz, 1H), 3.09 (t, J = 6.35 Hz, 1H), 2.68 (t, J = 6.35 Hz, 1H), 1.75 (p, J = 6.2 Hz, 

2H), 1.64 – 1.58 (m, 2H), 1.37 (p, J = 6.1 Hz, 2H), 1.23 (tt, J = 8.9, 4.6 Hz, 2H), 1.12 (ddt, J = 

10.3, 7.7, 4.6 Hz, 2H), 1.09 – 1.01 (m, 2H); 13C-NMR (125 MHz, CDCl3) δ 202.3, 136.9, 124.3, 

116.6, 110.1, 41.7, 28.1, 27.8, 25.4, 25.1, 24.6, 24.5, 22.8; HRMS (EI) calculated for C13H20NO 

[M + H]+: 206.1545, found 206.1532. 
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(Z)-azacyclotetradec-13-ene-2,11-dione (18)  

 
 
 

White solid. M.P.:  119 °C. 1H-NMR (500 MHz, CDCl3) δ 7.63 (d, J = 10.1 Hz, 1H), 6.90 (ddt, J 

= 10.4, 9.0, 1.3 Hz, 1H), 4.80 (dt, J = 9.1, 7.7 Hz, 1H), 3.15 (dd, J = 7.7, 1.2 Hz, 2H), 2.45 (t, J = 

6.7 Hz, 2H), 2.36 – 2.33 (m, 2H), 1.69 – 1.61 (m, 4H), 1.35 (tt, J = 7.1, 3.0 Hz, 4H), 1.27 (q, J = 

7.3 Hz, 2H), 1.17 (dq, J = 8.4, 6.5 Hz, 2H); 13C-NMR (126 MHz, CDCl3) δ 210.7, 170.9, 125.4, 

101.0, 41.9, 40.7, 36.0, 26.8, 26.0, 25.3, 25.3, 24.3, 23.3; HRMS (EI) calculated for C13H21NO2 

[M + H]+: 224.1651, found 224.1637. 

 

(E)-14-azabicyclo[11.1.0]tetradeca-2,13-dien-4-one (19) 

 
 
 
 

A quartz immersion well enclosing a medium pressure mercury arc lamp and wrapped with FEP 

tubing was placed in a dewar and cooled to -75 °C with isopropanol and dry ice. The lamp was 

turned on and allowed to warm up for 15 minutes. A peristaltic pump was then used to drive a 

solution of 13 (4.1 g, 20 mmol) in anhydrous THF (0.01 M) through the FEP tubing at a rate 

corresponding to a residence time of 2 minutes. The resulting light yellow solution was 

concentrated and purified by flash column chromatography using neutralized silica gel (EtOAc in 

Hexane: 15%) to afford 19 as a light yellow oil. The product’s NMR spectra matched those 

reported by Weber.13 UV-VIS: (0.01 mM THF) λmax1 = 238 nm, λmax2 = 269 nm. 

 

 

HN
OO
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(Z)-14-oxa-15-azabicyclo[8.3.2]pentadeca-1(13),10(15),11-triene (21) 

 

 

To a 20 ml quartz test tube containing a stir bar was added 21 mg (0.1 mmol) [8]-2,6-pyridinophane 

N-oxide 13. 5 ml DME then 5 ml water were added and the tube capped with a septum and pierced 

with a needle. The solution was degassed in a bath sonicator for 5 minutes, after which the tube 

was suspended in a Rayonet photoreactor equipped with a stir plate and irradiated at 254 nm for 

60 minutes. The resulting light-yellow solution was washed with water and the aqueous fraction 

extracted with EtOAc. The organic layer was dried with Na2SO4 and concentrated under reduced 

pressure. 0.5 ml hexanes were added to the residue resulting in precipitation of compounds 12 and 

17. The hexanes were carefully pipetted away and concentrated to afford 12 mg of a light-yellow 

oil containing ~75% 21 (GC/MS) with 16 as the major contaminant. 1H-NMR (600 MHz, CDCl3): 

δ 5.76 (d, J= 4.9 Hz, 1H), 5.58 (d, J= 5.5 Hz, 1H), δ 5.55 (t, J= 5.2 Hz, 1H), 2.40 (dd, J= 6.1, 6.5 

Hz, 2H), 2.34 (dd, J= 6.0, 6.2 Hz, 2H), 1.76 (m, 2H), 1.55 (m, 2H), 1.45 (m, 4H), 1.34 (m, 4H). 

13C-NMR (100 MHz, CDCl3): δ 160.5, 154.2, 138.1, 116.7, 113.4, 35.2, 34.0, 25.9, 25.0, 24.9, 

24.8, 23.9, 22.6. UV-VIS: (0.07 mM THF) λmax1 = 234 nm, λmax2 = 288 nm. 

 

(Z)-11-oxa-15-azabicyclo[8.4.1]pentadeca-1(14),10(15),12-triene (30) 

 

 

A quartz immersion well enclosing a medium pressure mercury arc lamp and wrapped with FEP 

tubing was placed in a dewar and cooled to -75 °C with isopropanol and dry ice. The lamp was 

turned on and allowed to warm up for 15 minutes. A peristaltic pump was then used to drive a 

N
O

N

O
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solution of 13 (4.1 g, 20 mmol) in anhydrous THF (0.01 M) through the FEP tubing at a rate 

corresponding to a residence time of 2 minutes. The resulting light yellow solution was 

concentrated and purified by flash column chromatography using neutralized silica gel (EtOAc in 

Hexane: 10%) to afford 5 mg of a clear oil containing ~85% 30. 1H-NMR (400 MHz, CDCl3): δ 

6.58 (d, J= 8.0 Hz, 1H), 5.68 (dd, J= 8.0, 8.0 Hz, 1H), δ 5.46 (dd, J= 5.9, 0.8 Hz, 1H), 2.52 (t, J= 

6.3 Hz, 2H), 2.31 (t, J= 6.2 Hz, 2H), 1.67 (m, 2H), 1.49 (m, 4H), 1.41 (s, 6H). 13C-NMR (100 

MHz, CDCl3): δ 155.5, 154.1, 138.0, 118.4, 112.1, 33.5, 33.4, 24.4, 24.3, 23.3, 22.4, 21.6, 21.4. 

UV-VIS: (0.07 mM THF) λmax1 = 238 nm, λmax2 = 304 nm. 
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Photolysis Reactor Experimental Setups 
 
 
Flow photolyses were carried out using a flow reactor setup as depicted in Figures 1.4.1, Figure 

1.4.2 and Figure 1.4.3. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.4.1 Flow Reactor Setup. Arrows indicate direction of flow. 
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Figure 1.4.2 Experimental setup for flow photolysis. Arrows indicate direction of flow of solution 
of 13 (green) and water (blue). 
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Figure 1.4.3 Experimental setup for filtered flow photolysis. Arrows indicate direction of flow 
of solution of 13 (green) and cooled filtration solution (purple). 
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Time Course Experiment Procedures  and Additional GC/MS Data 
 
 
General Procedure: 
 
To a 20 ml quartz test tube was added 0.1 mmol 13 and a stir bar. The appropriate solvent was 

then added and the tube capped with a rubber septum. The septum was pierced with a needle and 

the vessel was degassed using a bath sonicator for 5 minutes. The tube was then suspended in the 

center of a Rayonet photoreactor with stirring. The reactor was covered with a light-blocking cloth 

and powered on. To sample the reaction, the reactor was powered-off, the reaction vessel was 

removed and uncapped, and the desired volume of reaction media was removed using a 

micropipette.  

 

GC/MS Sample Preparation:  

To a GC/MS vial containing a low-volume insert was added 50 μl of reaction media, 200 μl of 

cyclohexane, and 10 μl of a 10 mg/ml cyclohexane solution of [6]-2,6-pyridinophane as an internal 

standard.  

 

GC/MS Method: 

For all samples, oven temperature was held at 70 °C for 1 minute, then ramped up to 300 °C at a 

rate of 20 °C/min, then held at 300 °C for 4 minutes.  

 

Data Workup: 

Peak identity was verified using authentic samples of 12, 13, 16, 17, and 18 isolated previously by 

column chromatography. Peaks of interest for a given sample were integrated manually using 
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Agilent ChemStation software and peak areas were exported as a Microsoft Excel spreadsheet. 

Spreadsheets of a given time course were then compiled into a single file using Microsoft Excel 

and peak areas were normalized with respect to the internal standard’s peak area for each time 

point. The data was then normalized with respect to the largest area observed and plotted. Trend 

lines are two-period moving averages. 

 
 
Figure 1.4.4 GC/MS trace of a flow photolysis reaction from which azirine 19 and 1,3-oxazepine 
30 were isolated. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.4.5 Time Course Irradiation of a 0.1 M solution of 13. 
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Figure 1.4.6 Time Course Irradiation of 13 filtered by 29b (15 mM in 70% aq. glycol). 
 
 
 
 
 
 
 
 
 
 
 
 
 
Filtration was affected by immersion of a stoppered quartz test tube containing the reaction 
mixture within a larger quartz test tube containing the filter solution. Resultant filtration path 
length was approximately 1 cm.  
 
 
 
 
 
 
Figure 1.4.7  Time Course Irradiation of 13 at 312 nm. 
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Figure 1.4.8 Time Course Irradiation of 30 (254 nm, 0.01 M THF). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

No products resulting from the photolysis of 30 were detected. 
 
 
 
 
 
Figure 1.4.9 GC/MS chromatograms of 19 before and after hydrolysis on SiO2.  
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UV-Vis Spectra 
 
 
Figure 1.4.10 UV-Vis spectrum of 21 (0.07 mM in THF). 
 

 
 
 

Figure 1.4.11 UV-Vis spectrum of 30 (0.07 mM in THF). 
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Figure 1.4.12 UV-Vis spectrum of 19 (0.1 mM in THF). 
 

 
 
 
 

Figure 1.4.13 UV-Vis spectrum of 13 (0.005 mM in THF). 
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Figure 1.4.14 UV-Vis spectrum of 12 (0.1 mM in THF). 
 

 
 
 
Figure 1.4.15 UV-Vis of 29b (15 mM in 70% aqueous glycol) before and after 1 hour of 
irradiation. 
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Figure 1.4.16 UV-Vis spectra of 29b (15 mM) in glycol solutions of varying aqueous content. 
 

 
Figure 1.4.17 UV-Vis spectra of S1 in various solvents at 60 mM.  
 

 

 
 

Spectra in Figure 1.5.17 were collected using a JASCO V-770 UV-Vis spectrophotometer 
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Computational Methods 
 
 
 Using density functional theory (DFT), we optimized the geometries of each of the 

structures discussed in the main text, either as a closed-shell singlet or open-shell triplet in the gas 

phase (See Table 1.4.1).24-27 Subsequent single-point energy calculations on each of the optimized 

structures were performed using (U)M06-2X/6-311+G(d,p) with the polarizable continuum model 

IEF-PCM for solvation by cyclohexane as either a closed shell singlet or open-shell triplet.28 The 

energy of the pure open shell singlet 22 was determined using the sum method based on the total 

spin operator (S^2) derived from the single-point entry calculations shown in Table 1.4.1.42-44 All 

optimized geometries were verified by frequency computations at the higher level of theory as 

minima (no imaginary frequencies) or transition structures (one imaginary frequency). Frequency 

analysis was performed at 298.15 K. Free energies were corrected using GoodVibes program45 

based on Truhlar’s quasiharmonic approximation, which sets all the real vibrational frequencies 

that are lower than 100 cm−1 to correct entropies for the breakdown of the harmonic oscillator 

approximation.46,47 TD-DFT was used to compute the lowest energy excited state for 13, 19-trans, 

and 21 using M06-2X/6-311+G(d,p) with the polarizable continuum model IEF-PCM for solvation 

by cyclohexane (see Table 1.4.1). TD-DFT was also used to compute the lowest 100 excitations 

for 19-trans in order to obtain absorption spectra for the molecule based on the ground state 

geometry. All quantum chemical computations were performed using either Gaussian 09 or 

Gaussian 16.48,49 

A conformational search for each of the structures was carried out with one of two methods: 

(1) MacroModel from Schrödinger using OPLS_2005 and an energy window of 10.0 kcal mol.50,51 

(2) Metadynamic sampling in extended tight binding Conformer–Rotamer Ensemble Sampling 

Tool (xtb CREST) program package (version 6.2).52 Redundant conformer eliminations were 
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performed using an energy window of 10.0 kcal mol-1 and a maximum atom deviation cutoff of 

0.5 Å. The lowest energy conformers were optimized with B3LYP/6-31G(d) to locate the global 

minimum for each structure.   

 

Table 1.4.1 Relative electronic energy and total spin operator (S^2) for 22. 
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Table 1.4.2 Summary of DFT calculations and energies for each structure 
 Optimization 

(U)B3LYP/6-
31G(d) 

Frequency 
(U)M06-2X/6-311+G(d,p) IEFPCMcyclohexane 

Single-point 
(U)M06-2X/6-311+G(d,p) 

IEFPCMcyclohexane 

Structure R1/U3 
* 

Electroni
c Energy R1/U3 * 

Zero Point 
Energy 

Correction 
Energy 

Correction 
Enthalpy 

Correction 

Quasiharmon
ic Free 
Energy 

Correction 
Enthalpy 

Quasiharmo
nic Free 
energy 

Negative 
Frequency 

Electronic 
Energy R1 * 

Electronic 
Energy U3 * 

4 R1 -
636.74927 R1 0.302079 0.314853 0.315798 0.255260 -636.320498 -636.381035 - -636.6362955 - 

5 R1 -
636.80393 R1 0.302142 0.315355 0.316299 0.254697 -636.386034 -636.447636 - -636.7023332 - 

6-trans R1 -636.7278 R1 0.298761 0.313041 0.313985 0.249973 -636.308043 -636.372055 - -636.6220281 -636.495592 

6-cis R1 -
636.72683 R1 0.298763 0.312955 0.313899 0.250203 -636.306354 -636.370051 - -636.6202536 - 

7 R1 -
636.80288 R1 0.302376 0.315657 0.316602 0.254892 -636.386312 -636.448022 - -636.7029138 - 

8 R1 -
713.24229 R1 0.328265 0.343763 0.344707 0.277438 -712.790526 -712.857795 - -713.1352327 - 

14 R1 -
636.69294 R1 0.300608 0.313365 0.314309 0.253940 -636.272524 -636.332893 - -636.5868331 - 

14à15T
S R1 -

636.68702 R1 0.299255 0.311736 0.31268 0.252850 -636.2659 -636.32573 -458.768 -636.5785803 - 

15 R1 -
636.71204 R1 0.30088 0.313798 0.314743 0.254044 -636.287735 -636.348434 - -636.6024777 - 

16 U3 -
636.69486 U3 0.295761 0.310477 0.311421 0.189603 -636.264734 -636.330423 - -636.5200259 -636.5761551 

17 R1 -
636.77865 R1 0.300338 0.313755 0.314699 0.252568 -636.359442 -636.421573 - -636.6741409 - 

17à5T
S R1 -

636.72602 R1 0.296489 0.309572 0.310516 0.249243 -636.314032 -636.375305 -1438.813 -636.6245479 - 

21 R1 -
636.72429 R1 0.297517 0.312099 0.313043 0.248522 -636.295385 -636.359906 - -636.6084279 - 

21à22T
S R1 -

636.69892 R1 0.296329 0.310229 0.311173 0.248206 -636.272666 -636.335633 -290.545 -636.5838392 - 

22 R1 -
636.76971 R1 0.300446 0.313861 0.314806 0.252802 -636.351838 -636.413842 - -636.6666437 - 

25 R1 -
636.75649 R1 0.301126 0.314196 0.31514 0.270255 -636.335217 -636.396389 - -636.6666437 - 

26 U3 -
636.68084 U3 0.298026 0.311279 0.312224 0.217876 -636.256282 -636.318578 - -636.5364544 -636.5685054 

27 R1 -
636.74615 R1 0.301152 0.313888 0.314832 0.254360 -636.32676 -636.387232 - -636.6415921 - 

28 R1 -
713.17022 R1 0.327703 0.343082 0.344026 0.277054 -712.732095 -712.799067 - -713.0761213 - 

* R1 indicates closed-shell singlet; U3 indicates open-shell triplet
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Calculated XYZ Coordinate Geometries 
 
13 
 

 
 
C         -2.31485       -1.05476       -0.66027 
C         -1.72733       -0.25800        0.31414 
N         -0.51033       -0.63151        0.85267 
C          0.21295       -1.66119        0.28611 
C         -0.37954       -2.45025       -0.69313 
C         -1.66587       -2.18334       -1.15576 
H         -2.13120       -2.81142       -1.90831 
H          0.19997       -3.27340       -1.10051 
C          1.65096       -1.79283        0.70056 
H          1.95189       -2.83496        0.54065 
H          1.74579       -1.57305        1.76694 
C          2.61275       -0.88274       -0.11858 
H          3.62224       -1.27580        0.05687 
C          2.60999        0.64243        0.20140 
H          3.64265        0.93805        0.42679 
C          2.11193        1.57299       -0.92866 
H          2.47206        2.59086       -0.71879 
H          2.59982        1.27413       -1.86799 
C          0.58838        1.63887       -1.15697 
H          0.40042        2.10672       -2.13433 
H          0.18994        0.62266       -1.24452 
C         -0.17439        2.44586       -0.08240 
H          0.20630        2.20195        0.91290 
H          0.04446        3.50947       -0.25160 
C         -1.71052        2.26128       -0.08367 
H         -2.18039        3.16708        0.32146 
H         -2.06912        2.16991       -1.11938 
C         -2.27025        1.07208        0.74999 
H         -2.03479        1.22277        1.80609 
H         -3.36101        1.05773        0.64075 
H          2.03372        0.82070        1.11276 
H          2.41517       -1.04416       -1.18769 
O         -0.01936        0.02555        1.84823 
H         -3.28600       -0.75547       -1.04328 

 
 
12 
 

 
 
C          0.82504       -1.88690        0.18046 
C          0.10508       -2.77232       -0.61990 
C         -1.23509       -2.33120       -0.65888 
C         -1.32645       -1.17476        0.11236 
N         -0.06022       -0.95168        0.62900 
H          0.19175       -0.16211        1.20059 
H          0.52206       -3.63048       -1.13066 
H         -2.05828       -2.76314       -1.21034 
C         -2.41964       -0.21410        0.23737 
O         -3.52517       -0.43883       -0.24619 
C          2.28992       -1.78270        0.50474 
H          2.51964       -2.30318        1.44634 
H          2.85040       -2.30998       -0.27673 
C          2.77969       -0.31964        0.61148 
H          2.28254        0.15637        1.46895 
H          3.84381       -0.32631        0.87690 
C          2.56133        0.52406       -0.66722 
H          1.74674        0.09179       -1.25966 
H          3.45626        0.44815       -1.29786 
C          2.26452        2.01678       -0.41042 
H          2.35685        2.56003       -1.36103 
H          3.04228        2.42782        0.24871 
C          0.88077        2.33474        0.19645 
H          0.86364        3.39427        0.48706 
H          0.75983        1.78773        1.14368 
C         -0.31104        2.06925       -0.74235 
H         -0.24189        2.77607       -1.58076 
H         -0.23398        1.07177       -1.18971 
C         -1.70117        2.23237       -0.09432 
H         -1.74689        3.20239        0.41969 
H         -2.45973        2.26704       -0.88583 
C         -2.14115        1.13623        0.91215 
H         -3.08806        1.44706        1.36445 
H         -1.41491        1.04615        1.73115 
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19-trans 
 

 
 
C         -2.41111       -1.30957       -0.11532 
O         -3.39643       -1.62823       -0.77216 
C         -1.08885       -1.86542       -0.47401 
C          0.06961       -1.63953        0.17562 
C          1.38872       -2.08208       -0.28402 
C          2.59286       -1.32162        0.08052 
N          2.49671       -2.35417        0.78765 
C          3.41155       -0.08993       -0.07263 
H          3.77723       -0.02752       -1.10638 
H          4.28472       -0.18863        0.58310 
C          2.61373        1.19115        0.27606 
C          1.61325        1.63663       -0.80343 
C          0.68215        2.76957       -0.32453 
H          1.27236        3.48616        0.26360 
C         -0.52765        2.28778        0.50297 
H         -0.20106        1.51608        1.21435 
H         -0.90319        3.11689        1.11803 
C         -1.68488        1.76232       -0.36397 
H         -1.30549        1.04196       -1.10087 
H         -2.07983        2.60490       -0.94823 
C         -2.84687        1.12604        0.42072 
H         -3.14244        1.79420        1.24096 
H         -3.71818        1.03085       -0.23761 
C         -2.56169       -0.27830        1.00423 
H         -3.42625       -0.58939        1.60114 
H         -1.69691       -0.25294        1.67370 
H          0.31138        3.32880       -1.19399 
H          1.01095        0.78229       -1.13688 
H          2.18043        1.96917       -1.68339 
H          2.10230        1.03753        1.23513 
H          3.33655        1.99930        0.44571 
H          1.41307       -2.73663       -1.15530 
H          0.07692       -1.05064        1.09072 
H         -1.10303       -2.47963       -1.37326 

19-cis 
 

 
 
 
C         -1.07126       -1.91458       -0.20579 
O         -0.69106       -1.90932       -1.37361 
C         -0.13998       -1.98658        0.94458 
C          1.17957       -1.69859        0.89243 
C          1.97211       -1.31851       -0.28619 
C          2.80688       -0.10589       -0.23482 
N          3.50930       -1.12997       -0.06232 
C          2.86065        1.38006       -0.29320 
H          2.86098        1.67669       -1.35218 
H          3.82053        1.70240        0.12857 
C          1.67279        2.05331        0.42903 
H          1.59050        1.63818        1.44270 
H          1.90604        3.11843        0.55342 
C          0.33416        1.89388       -0.30794 
C         -0.87014        2.35537        0.52601 
C         -2.23582        2.19544       -0.17191 
H         -3.01743        2.58121        0.49816 
C         -2.59492        0.76205       -0.60820 
H         -1.82547        0.38711       -1.29185 
C         -2.78683       -0.23665        0.55109 
H         -2.10714        0.00270        1.37858 
H         -3.80170       -0.14397        0.95836 
C         -2.54332       -1.71117        0.13635 
H         -2.83821       -2.37445        0.95961 
H         -3.13954       -1.96484       -0.74599 
H         -3.51863        0.79456       -1.20118 
H         -2.25450        2.84106       -1.06119 
H         -0.74031        3.41287        0.79697 
H         -0.87133        1.80449        1.47699 
H          0.20692        0.84384       -0.59056 
H          0.37072        2.45989       -1.25072 
H          1.66278       -1.70915       -1.24914 
H          1.73741       -1.69445        1.83024 
H         -0.58145       -2.20100        1.91561 
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17 
 

 
 
C         -2.58103       -1.27876       -1.31112 
C         -1.78252        0.13755        0.26878 
C         -0.99089       -1.01622        0.28253 
H         -3.26242       -1.60608       -2.08274 
H         -3.43703        0.63300       -0.93656 
C          0.19764       -1.21316        1.13020 
O          0.37489       -0.57984        2.17002 
C          1.28497       -2.14962        0.61660 
H          1.95032       -2.36999        1.45750 
H          0.85279       -3.09481        0.26484 
C          2.07942       -1.49108       -0.54146 
H          1.39029       -1.31707       -1.37658 
H          2.81303       -2.22106       -0.90502 
C          2.79411       -0.16850       -0.15442 
H          2.51362        0.11687        0.86575 
H          3.87761       -0.33932       -0.12410 
C          2.51573        1.00855       -1.11231 
H          2.78349        0.70238       -2.13387 
H          3.19126        1.83845       -0.85888 
C          1.06414        1.52644       -1.11415 
H          0.38030        0.68899       -1.28935 
H          0.93177        2.20366       -1.97026 
C          0.65954        2.27871        0.16830 
H          0.99683        1.73098        1.05506 
H          1.19575        3.23784        0.18220 
C         -0.85371        2.55423        0.31141 
H         -1.28874        2.77493       -0.67456 
H         -0.99414        3.46126        0.91374 
C         -1.67316        1.43638        1.01215 
H         -2.68747        1.81968        1.19666 
H         -1.22732        1.22656        1.98674 
N         -2.72954       -0.04816       -0.70103 
C         -1.50363       -1.89584       -0.73095 
H         -1.13601       -2.88243       -0.97688 

18  
 

  
O         -1.92478       -2.65146       -0.97784 
O          1.44263        0.22715        1.50593 
N         -0.11967       -1.88533        0.19600 
H          0.19512       -1.32724        0.98420 
C         -1.48530       -2.03836       -0.01695 
C         -2.37494       -1.34299        1.00702 
H         -2.13576       -1.71158        2.01383 
H         -3.39995       -1.64557        0.77550 
C         -2.23650        0.19728        0.98048 
H         -2.92854        0.61723        1.72296 
H         -1.23037        0.47112        1.31768 
C         -2.51624        0.81752       -0.39804 
H         -1.90857        0.30736       -1.15617 
H         -3.55887        0.61481       -0.67824 
C         -2.26772        2.33736       -0.48428 
H         -3.01013        2.86100        0.13460 
H         -2.45811        2.65574       -1.51882 
C         -0.86433        2.80807       -0.05402 
H         -0.79602        3.89514       -0.20122 
H         -0.74327        2.64518        1.02504 
C          0.29904        2.11258       -0.77637 
H          0.14601        1.03002       -0.72088 
H          0.28190        2.36162       -1.84681 
C          1.68275        2.44826       -0.17716 
H          1.56809        2.70586        0.88175 
H          2.11375        3.32769       -0.67064 
C          2.66974        1.27757       -0.27101 
H          2.77003        0.90897       -1.30112 
H          3.68268        1.58739        0.03167 
C          2.27785        0.10586        0.61884 
C          2.90049       -1.26108        0.34229 
H          3.94439       -1.14477        0.03128 
H          2.88916       -1.82235        1.28554 
C          2.13420       -1.98697       -0.75118 
H          2.70775       -2.33012       -1.60638 
C          0.81484       -2.24784       -0.76971 
H          0.36220       -2.77923       -1.59989 
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20 
 

 
 
C          2.36418        0.08503        0.78778 
C          2.17441       -1.09903        1.40505 
C          1.13861       -2.00534        0.95254 
C          0.33664       -1.68720       -0.09000 
N          0.55245       -0.51771       -0.88424 
C          1.63760        0.39003       -0.46438 
O          1.90623       -0.50011       -1.53994 
C          1.40254        1.83891       -0.84640 
H          2.37321        2.31619       -1.03940 
H          0.86000        1.82900       -1.79604 
C          0.63804        2.65448        0.22259 
H          0.38826        3.63068       -0.21488 
H          1.31490        2.86686        1.06137 
C         -0.63318        1.99501        0.79419 
H         -0.34320        1.05839        1.28533 
H         -1.02170        2.63891        1.59608 
C         -1.75925        1.72638       -0.21846 
H         -1.34065        1.26331       -1.11797 
H         -2.18894        2.68686       -0.53686 
C         -2.89298        0.83324        0.32896 
H         -3.29006        1.28262        1.25085 
C         -2.49591       -0.62923        0.62340 
H         -3.31952       -1.11298        1.16459 
H         -1.64824       -0.63667        1.31951 
C         -2.14472       -1.46341       -0.63261 
H         -1.92542       -0.79921       -1.47347 
H         -3.00911       -2.06698       -0.93592 
C         -0.93376       -2.41273       -0.46025 
H         -0.78251       -2.94572       -1.41060 
H         -1.14437       -3.17346        0.30162 
H         -3.72354        0.83718       -0.39123 
H          0.92931       -2.89838        1.53564 
H          2.72771       -1.34892        2.30655 
H          3.03363        0.84030        1.18954 
 
 
 
 

20à21 TS 

 
 
C          2.13234        0.42384        0.92185 
C          2.24777       -0.86870        1.38194 
C          1.52665       -1.94153        0.79967 
C          0.61083       -1.71184       -0.20917 
N          0.63136       -0.60063       -1.02182 
C          1.61227        0.68163       -0.37892 
O          2.00239       -0.20864       -1.36627 
C          1.13582        2.03456       -0.85139 
H          2.01800        2.64564       -1.09378 
H          0.61385        1.86695       -1.79771 
C          0.24194        2.80678        0.14410 
H         -0.13470        3.69991       -0.37278 
H          0.86204        3.18138        0.96998 
C         -0.93396        2.01441        0.74644 
H         -0.52381        1.17519        1.31959 
H         -1.44109        2.65683        1.48020 
C         -1.97215        1.49267       -0.26134 
H         -1.46075        1.04710       -1.12129 
H         -2.55101        2.34157       -0.65175 
C         -2.94253        0.45442        0.34047 
H         -3.38810        0.86902        1.25627 
C         -2.29964       -0.90943        0.66749 
H         -2.98937       -1.48833        1.29572 
H         -1.40829       -0.74697        1.28578 
C         -1.92049       -1.74351       -0.57798 
H         -1.79448       -1.08854       -1.44521 
H         -2.73786       -2.43110       -0.82883 
C         -0.62518       -2.57103       -0.41948 
H         -0.49004       -3.17646       -1.32702 
H         -0.72031       -3.27034        0.41967 
H         -3.77702        0.29617       -0.35732 
H          1.50040       -2.89240        1.32524 
H          2.74207       -1.05077        2.33356 
H          2.35981        1.26501        1.57053 
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21 
 

  
 
C          0.70562       -1.85801       -0.00181 
C          0.05744       -2.00173        1.17814 
C         -1.38435       -1.94910        1.27809 
C         -2.18847       -1.25612        0.42874 
C         -1.68568       -0.38733       -0.63210 
N         -0.64182       -0.57545       -1.36885 
O         -0.05052       -1.89968       -1.16246 
C         -2.33061        0.97175       -0.84758 
H         -1.96169        1.36532       -1.79854 
H         -3.41614        0.84123       -0.95137 
C         -2.04883        1.97945        0.29707 
H         -2.36688        2.97235       -0.04898 
H         -2.68993        1.73338        1.15392 
C         -0.59099        2.02918        0.79364 
H         -0.53420        2.75712        1.61574 
C          0.47283        2.37868       -0.26111 
H          0.32191        3.41582       -0.59368 
H          0.33568        1.74781       -1.14513 
C          1.92344        2.23071        0.24716 
H          2.60759        2.61994       -0.52023 
H          2.05930        2.87552        1.12766 
C          2.35101        0.79629        0.62362 
H          3.30295        0.84500        1.16947 
H          1.62617        0.38714        1.33739 
C          2.50612       -0.17898       -0.56374 
H          1.85315        0.11092       -1.39294 
H          3.53352       -0.13490       -0.94689 
C          2.17956       -1.65490       -0.19913 
H          2.51584       -2.30853       -1.01355 
H          2.72140       -1.94520        0.70991 
H         -0.35688        1.05692        1.24151 
H         -3.25073       -1.18112        0.65034 
H         -1.84301       -2.41396        2.14980 
H          0.63624       -2.11848        2.09120 

22 
 

 
 
C          2.15748       -1.20770        0.54958 
O          1.78160       -1.10416        1.71263 
C          1.48834       -2.11261       -0.41845 
C          0.11738       -2.25046       -0.52332 
C         -0.82505       -1.55932        0.25810 
C         -2.23149       -1.46126       -0.08792 
N         -2.80320       -2.27841       -0.88842 
C         -3.04023       -0.27373        0.45714 
H         -4.08814       -0.44223        0.19377 
C         -2.54957        1.08482       -0.11748 
C         -1.54366        1.83928        0.77631 
H         -0.86861        1.12932        1.26705 
C         -0.70499        2.89880        0.03146 
C          0.42758        2.31672       -0.83987 
C          1.59210        1.72451       -0.02508 
C          2.55025        0.83781       -0.84976 
C          3.22959       -0.28633       -0.01840 
H          3.79399        0.13704        0.81870 
H          3.92131       -0.84420       -0.66268 
H          1.99585        0.36619       -1.67203 
H          3.33157        1.44718       -1.32034 
H          1.18468        1.13253        0.80044 
H          2.15800        2.53591        0.45273 
H          0.01511        1.53510       -1.49370 
H          0.80648        3.09814       -1.51244 
H         -1.37131        3.50593       -0.59724 
H         -0.26863        3.59034        0.76533 
H         -2.09894        2.32210        1.59155 
H         -2.12064        0.90903       -1.11167 
H         -3.42151        1.73023       -0.28243 
H         -2.97804       -0.27245        1.55346 
H         -0.47384       -0.98450        1.10611 
H         -0.26687       -2.84722       -1.34886 
H          2.11272       -2.56940       -1.18372 
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23 
 

 
 
C          1.77435       -1.02259       -0.51757 
N          0.35508       -0.99713       -0.85481 
C         -0.24930       -1.75525        0.00574 
C          0.67086       -2.32991        1.00844 
C          1.90352       -1.88030        0.71280 
H          2.83855       -2.06645        1.22607 
H          0.38004       -2.97980        1.82662 
C         -1.72417       -2.07035       -0.04344 
H         -2.09442       -2.18845        0.98508 
C         -2.61216       -1.08033       -0.82538 
H         -2.02615       -0.65687       -1.64744 
H         -3.43252       -1.64357       -1.28716 
C         -3.24053        0.03375        0.03472 
H         -3.85519       -0.44016        0.81391 
H         -3.93948        0.60546       -0.59272 
C         -2.25938        1.00912        0.70653 
C         -1.56883        1.97905       -0.26552 
C         -0.42373        2.78618        0.37413 
C          0.84053        1.95678        0.66209 
H          1.50702        2.50363        1.33922 
H          0.55759        1.04061        1.19388 
C          1.63959        1.59656       -0.61888 
C          2.47496        0.35861       -0.38592 
O          3.65312        0.38563       -0.09335 
H          0.94987        1.40127       -1.44496 
H          2.30841        2.41891       -0.89119 
H         -0.77851        3.23100        1.31470 
H         -0.15655        3.62817       -0.27942 
H         -2.32236        2.67453       -0.66064 
H         -1.18409        1.42257       -1.12819 
H         -1.50848        0.43500        1.26482 
H         -2.80410        1.59595        1.45984 
H         -1.80979       -3.07188       -0.49197 
H          2.30551       -1.50291       -1.35635 

23à12 TS 
 

 
 
C          0.73467       -1.84857        0.15606 
C         -0.01580       -2.70020       -0.68366 
C         -1.34268       -2.29190       -0.64251 
C         -1.39907       -1.16400        0.20916 
N         -0.04366       -0.88176        0.69315 
H          0.38434       -3.53182       -1.25297 
H         -2.18677       -2.70551       -1.17777 
C         -2.43743       -0.09502        0.23519 
O         -3.52170       -0.29210       -0.29088 
C          2.21461       -1.85740        0.44166 
H          2.42213       -2.44250        1.34991 
H          2.72363       -2.38029       -0.37880 
C          2.78184       -0.43272        0.61219 
H          2.26517        0.03268        1.45784 
H          3.83848       -0.50407        0.89935 
C          2.63646        0.45334       -0.64744 
H          1.83069        0.06364       -1.28055 
H          3.55054        0.37396       -1.25073 
C          2.36271        1.94197       -0.35196 
H          2.49608        2.51670       -1.27981 
H          3.12895        2.31232        0.34432 
C          0.96921        2.25504        0.23216 
H          0.96163        3.30117        0.57112 
H          0.80378        1.64058        1.12368 
C         -0.19562        2.05543       -0.75215 
H         -0.07080        2.75689       -1.58963 
H         -0.15178        1.05208       -1.19223 
C         -1.59253        2.28916       -0.14430 
H         -1.60659        3.26905        0.35218 
H         -2.33603        2.34220       -0.94963 
C         -2.08900        1.23850        0.88534 
H         -3.01521        1.61094        1.33573 
H         -1.34552        1.10466        1.67691 
H         -0.97772       -1.36541        1.41758 
  



   
 

51 

27 
 

 
 
C          0.72314       -2.81678       -0.38922 
N          1.63705       -2.11031        0.22905 
C          2.32964       -1.44214        0.94817 
C          3.18476       -0.22897        0.79466 
C          3.08332        0.53127       -0.54716 
C          1.70461        1.12447       -0.88283 
H          1.76735        1.56216       -1.88905 
H          0.96810        0.31537       -0.95549 
C          1.20692        2.20383        0.09314 
H          1.99603        2.95961        0.21899 
H          1.05068        1.76753        1.08936 
C         -0.07926        2.92270       -0.36457 
H         -0.28398        3.75047        0.32940 
H          0.11563        3.38797       -1.34116 
C         -1.33765        2.04149       -0.48067 
C         -1.89876        1.55209        0.86579 
C         -2.96393        0.44792        0.73320 
H         -3.32324        0.17343        1.73683 
H         -3.83939        0.81123        0.18333 
C         -2.53009       -0.85291        0.03994 
O         -3.33975       -1.47875       -0.64124 
C         -1.14400       -1.29773        0.22727 
C         -0.63892       -2.38469       -0.41914 
H         -1.31896       -2.96465       -1.03957 
H         -0.49774       -0.70978        0.87072 
H         -1.08410        1.19808        1.50962 
H         -2.34115        2.40354        1.40097 
H         -1.12232        1.18026       -1.12508 
H         -2.12076        2.61055       -0.99992 
H          3.38800       -0.14721       -1.35393 
H          3.82983        1.33750       -0.51777 
H          2.96176        0.43080        1.64188 
H          4.21842       -0.55971        0.96477 
H          1.05597       -3.70832       -0.90894 

27à28 TS 
 

 
 
C         -2.03502       -2.15767       -1.13225 
C         -2.12309        0.01128       -0.22026 
C         -0.36943       -1.70582        0.57825 
H         -2.48265       -2.71597       -1.94290 
C          1.00861       -1.52540        1.03250 
O          1.23548       -1.05943        2.15263 
C          2.15104       -1.73369        0.04415 
H          3.07537       -1.83880        0.62139 
H          2.00766       -2.64871       -0.54529 
C          2.24700       -0.52144       -0.91927 
H          1.30716       -0.46269       -1.48015 
H          3.03174       -0.72122       -1.66058 
C          2.52743        0.82150       -0.20846 
H          2.16997        0.77303        0.82548 
H          3.61344        0.96637       -0.13508 
C          1.91087        2.04806       -0.90929 
H          2.23900        2.06649       -1.95866 
H          2.32022        2.95903       -0.44926 
C          0.37147        2.12881       -0.87939 
H         -0.05875        1.21789       -1.31303 
H          0.05510        2.95347       -1.53465 
C         -0.23699        2.36216        0.51532 
H          0.09553        1.58351        1.21339 
H          0.15366        3.31001        0.91004 
C         -1.78083        2.42711        0.52287 
H         -2.14003        2.87968       -0.41067 
H         -2.12146        3.08452        1.33215 
C         -2.49782        1.07367        0.73644 
H         -3.59034        1.20477        0.70984 
H         -2.25466        0.69122        1.73763 
N         -2.57478       -0.96987       -0.78875 
C         -0.83310       -2.46935       -0.49246 
H         -0.22896       -3.26535       -0.92392 
H         -1.09332       -1.32795        1.29571 
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28 
 

 
 
C          1.89050       -1.25092       -1.73499 
C          0.72904       -1.36099        0.11357 
C          1.92193       -0.43468        0.40601 
H          2.08855       -1.51256       -2.76844 
C          1.48590        0.92387        1.01200 
O          1.24003        0.98433        2.20205 
C          1.31820        2.12409        0.09476 
H          1.24563        3.01157        0.73208 
H          2.20509        2.22269       -0.54233 
C          0.06172        1.99422       -0.79994 
H          0.13324        1.06252       -1.37023 
H          0.08548        2.80175       -1.54263 
C         -1.26215        2.05254       -0.01571 
H         -1.14211        1.55048        0.95263 
H         -1.48494        3.10030        0.22615 
C         -2.45406        1.43017       -0.76656 
H         -2.51522        1.86947       -1.77260 
H         -3.38507        1.71277       -0.25540 
C         -2.38669       -0.10473       -0.88372 
H         -1.43170       -0.39922       -1.32872 
H         -3.15117       -0.43900       -1.59694 
C         -2.59025       -0.85219        0.45833 
H         -2.42784       -0.16705        1.30184 
H         -3.64133       -1.15934        0.53474 
C         -1.70022       -2.09362        0.67180 
H         -1.65155       -2.69353       -0.24456 
H         -2.16818       -2.72589        1.43688 
C         -0.26547       -1.79027        1.15771 
H          0.14587       -2.70301        1.61717 
H         -0.28308       -1.04652        1.96331 
N          0.74811       -1.80549       -1.10122 
C          2.61173       -0.45203       -0.92606 
H          3.52890        0.07202       -1.16423 
H          2.53118       -0.90649        1.19033 

30 
 

 
 
C          2.46091        1.30052       -0.26863 
C          3.27674        0.11231       -0.44375 
C          2.76996       -1.12073       -0.58310 
C          0.73074       -0.99703        0.51093 
C          1.24021        1.30529        0.32398 
H          2.88217        2.25295       -0.58485 
H          4.35982        0.21519       -0.46401 
H          3.36917       -2.02433       -0.65828 
N          0.66458        0.19193        0.94824 
C          0.42163        2.57568        0.49579 
H          0.71024        3.28743       -0.28755 
H          0.68784        3.04351        1.45564 
C         -0.06710       -2.12147        1.10683 
H         -0.51838       -1.75015        2.02961 
H          0.59389       -2.95732        1.36749 
O          1.39774       -1.35943       -0.67137 
C         -1.15399       -2.63254        0.11781 
H         -0.67831       -3.30746       -0.60282 
H         -1.86807       -3.23757        0.69195 
C         -1.88960       -1.53242       -0.67078 
H         -1.15343       -1.02727       -1.30749 
H         -2.59154       -2.01536       -1.36425 
C         -2.65138       -0.49106        0.17237 
H         -2.09590       -0.27284        1.09125 
H         -3.61025       -0.92004        0.49420 
C         -2.91238        0.83282       -0.57781 
H         -3.65530        1.42092       -0.02032 
H         -3.37256        0.60741       -1.55055 
C         -1.65522        1.70030       -0.80186 
C         -1.10177        2.34030        0.48933 
H         -1.33704        1.70382        1.34790 
H         -1.60443        3.29915        0.67169 
H         -1.88969        2.49031       -1.52791 
H         -0.87472        1.09166       -1.27512 
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31 
 

 
 
C         -0.10934       -1.54270       -0.09096 
C         -0.77765       -1.93032        1.12111 
C         -1.95996       -1.26976        1.50634 
C         -2.46710       -0.27301        0.71668 
C         -1.79246        0.08758       -0.58529 
N         -0.55049       -0.60666       -0.88434 
H         -2.46784       -1.55599        2.42444 
H         -0.36882       -2.73314        1.72640 
H         -3.38822        0.24882        0.95733 
C          1.18307       -2.24237       -0.49529 
H          1.49249       -2.92939        0.30271 
H          0.97516       -2.85942       -1.37961 
C         -1.52045        1.66895       -0.67252 
H         -2.50154        2.13902       -0.79464 
H         -0.96501        1.80654       -1.60313 
C          2.32363       -1.25972       -0.82207 
H          1.96871       -0.59823       -1.61843 
H          3.16271       -1.82646       -1.24399 
C         -0.80421        2.31962        0.52502 
H         -1.45972        2.26816        1.40399 
H         -0.72308        3.38736        0.27127 
C          2.80533       -0.43351        0.39904 
H          2.12143       -0.59131        1.24309 
H          3.77554       -0.81718        0.74007 
O         -2.69452       -0.07860       -1.60892 
C          0.58286        1.78382        0.91726 
H          0.46740        0.76546        1.29940 
H          0.94632        2.38054        1.76651 
C          2.94487        1.08085        0.14533 
H          3.39166        1.54566        1.03633 
H          3.66246        1.24028       -0.67203 
C          1.63291        1.80907       -0.20363 
H          1.86424        2.85367       -0.45720 
H          1.20667        1.35995       -1.10686 

32 
 

 
 
C         -2.68118        0.40174        0.31326 
C         -2.77066       -0.92542        0.92766 
C         -1.82891       -1.85556        0.65683 
C         -0.61525       -1.48099       -0.06845 
N         -0.38828       -0.28544       -0.49832 
C         -1.38127        0.71112       -0.41951 
C         -0.83982        2.12646       -0.49851 
H         -0.38770        2.26243       -1.48981 
H         -1.69417        2.81058       -0.45081 
C          0.18579        2.46524        0.61776 
H         -0.05480        3.46068        1.01233 
H          0.04402        1.77606        1.46004 
C          1.67426        2.49244        0.20687 
H          2.24948        2.86463        1.06764 
H          1.79544        3.24850       -0.58256 
C          2.30181        1.17472       -0.28428 
H          1.73632        0.81306       -1.14672 
H          3.31926        1.39333       -0.64121 
C          2.38040        0.06391        0.77542 
H          1.42257       -0.02482        1.29732 
C          2.78857       -1.31575        0.22181 
H          3.75975       -1.21204       -0.28424 
C          1.82966       -2.02101       -0.76312 
H          2.36022       -2.90163       -1.14866 
H          1.62994       -1.37920       -1.62729 
C          0.48794       -2.51600       -0.19306 
H          0.64199       -2.98039        0.79335 
H          0.09856       -3.32643       -0.82859 
H          2.96765       -1.99303        1.07040 
H          3.11667        0.35425        1.53990 
O         -2.59494        0.45807       -1.12351 
H         -1.87984       -2.84680        1.10007 
H         -3.57439       -1.12632        1.63228 
H         -3.26151        1.21534        0.74683 
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33 
 

 
 
C         -1.82699        0.89695       -0.51522 
C         -2.69442       -0.32127       -0.26891 
N         -2.67098       -1.47508       -1.14162 
H         -1.93617       -1.41556       -1.84746 
C         -2.11322       -1.64498        0.22523 
C         -0.68731       -1.82308        0.53193 
C          0.37149       -1.73137       -0.29420 
C          1.75548       -1.75950        0.25280 
O          1.98400       -2.05119        1.42002 
C          2.90267       -1.35439       -0.67113 
H          3.63990       -2.16517       -0.61873 
H          2.56688       -1.28154       -1.71326 
C          3.60292       -0.03766       -0.24822 
C          2.84022        1.25575       -0.59491 
C          1.63594        1.57522        0.30730 
H          1.99281        1.87357        1.30348 
H          1.04886        0.66641        0.46331 
C          0.71790        2.66352       -0.26938 
H          0.46259        2.39531       -1.30483 
H          1.26886        3.61184       -0.34046 
C         -0.58037        2.90801        0.52580 
H         -1.16768        3.67355       -0.00065 
H         -0.32987        3.33931        1.50479 
C         -1.46637        1.66860        0.76446 
H         -2.39031        1.98076        1.26521 
H         -0.96215        0.98159        1.45599 
H          2.50297        1.19229       -1.64105 
H          3.54345        2.09942       -0.56224 
H          4.57761       -0.01048       -0.75113 
H          3.80860       -0.08745        0.82850 
H          0.25632       -1.55103       -1.36136 
H         -0.46166       -2.01435        1.58123 
H         -2.77891       -2.21158        0.87516 
O         -3.96368        0.05136        0.17066 
H         -4.56867       -0.65592       -0.10962 
 
 

 
 
 
 
 
 
 
 
 
H         -0.91364        0.57949       -1.02452 
H         -2.37316        1.54889       -1.20974 
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TD-DFT Calculations 
 
The lowest excited state for each of the structures in below in Table 1.4.3 were 

calculated using TD-M06-2X/6-311+G(d,p) with the IEFPCM solvation model with cyclohexane 

and are discussed in the main text.  

 

Table 1.4.3 Lowest excited state for 13, 19-trans, and 21.  
Structure Excitation (n) Energy (eV) Energy (nm) Oscillator 

Strength (f) 
13 1 4.5096 274.94 0.0025   
19-trans 1 3.6393 340.68 0.0002   
21 1 3.8699 320.38 0.0378   

 
In previous work, we had successfully used B3LYP with 6-31+G(d,p) to simulate 

absorption spectra of conjugated aromatic rings; however, we found, as described in the main text, 

this method was unsuccessful in predicting accurate absorption of 19-trans. Therefore, we 

performed a benchmark of other DFT methods (CAM-B3LYP, M06-2X, and ωB97XD with a 

larger basis set 6-311+G(d,p)) for 19-trans and compare to the spectrum calculated at the 

B3LYP/6-31+G(d,p) level of theory (Figure S9). The 100 lowest excited states were calculated 

using each method and basis set with the IEFPCM solvation model with cyclohexane. The 

calculated spectrum shown in Figure 1 of the main text, which was used to guide experiments 

initially, was plotted with a peak half-width at half height of 0.33 eV. However, computed spectra 

below were plotted with peak half-width at half height of 0.1 eV to provide more insight to the 

simulated band shapes. 

We find that although all methods are able to predict the general band shape (peaks), the 

excited state energies deviate between methods. Compared to experimental results, B3LYP 

energies are significantly red-shifted, while CAM-B3LYP and ωB97XD energies match well for 

the higher peak (~240 nm) but are slightly overestimated for the lowest energy peak. On the other 
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hand, M06-2X predicts the lowest energy peak fairly accurately, but the second peak at 248 nm is 

slightly red-shifted. Across all the methods, oscillator strengths, which are known to be unreliable 

for TD-DFT, agree only moderately with experiment.  

 
 

Figure 1.4.18 Experimental absorption spectrum (black dashed line) plotted against computed 
absorption spectra of 19-trans calculated using B3LYP/6-31+G(d,p), CAM-B3LYP/6-
311+G(d,p), M06-2X/6-311+G(d,p) and ωB97X-D/6-311+G(d,p) in cyclohexane (IEFPCM 
solvation model). The excitation energies of absorption peaks in nm are indicated in parentheses. 
Computed spectra were plotted with peak half-width at half height of 0.1 eV (or 806.6 cm-1). 
 
The lowest 100 excited states calculated using each method can be found below (energy in eV, 
energy in nm, oscillator strength):   
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B3LYP/6-31+G(d,p) 
 
3.5866 eV 345.69 nm 0.0002 
4.4873 eV 276.30 nm 0.3301 
4.8197 eV 257.25 nm 0.0645 
5.4524 eV 227.39 nm 0.0021 
5.5705 eV 222.57 nm 0.0018 
6.0339 eV 205.48 nm 0.0317 
6.0744 eV 204.11 nm 0.0046 
6.2132 eV 199.55 nm 0.0085 
6.2305 eV 199.00 nm 0.0102 
6.2571 eV 198.15 nm 0.0031 
6.2689 eV 197.78 nm 0.0049 
6.3313 eV 195.83 nm 0.0061 
6.4527 eV 192.14 nm 0.0065 
6.4820 eV 191.27 nm 0.0334 
6.5123 eV 190.39 nm 0.0064 
6.6052 eV 187.71 nm 0.0148 
6.6377 eV 186.79 nm 0.0169 
6.6515 eV 186.40 nm 0.0110 
6.6686 eV 185.92 nm 0.0082 
6.7064 eV 184.87 nm 0.0213 
6.7590 eV 183.43 nm 0.0185 
6.8436 eV 181.17 nm 0.0195 
6.8920 eV 179.90 nm 0.0426 
6.9791 eV 177.65 nm 0.0223 
7.0262 eV 176.46 nm 0.0125 
7.0388 eV 176.14 nm 0.0146 
7.0415 eV 176.08 nm 0.0069 
7.0807 eV 175.10 nm 0.0071 
7.1057 eV 174.49 nm 0.0029 
7.2072 eV 172.03 nm 0.0082 
7.2388 eV 171.28 nm 0.0022 
7.3124 eV 169.55 nm 0.0033 
7.3183 eV 169.42 nm 0.0100 
7.3305 eV 169.14 nm 0.0009 
7.3644 eV 168.36 nm 0.0063 
7.3775 eV 168.06 nm 0.0027 
7.3897 eV 167.78 nm 0.0056 
7.4119 eV 167.28 nm 0.0066 
7.4512 eV 166.39 nm 0.0001 
7.4870 eV 165.60 nm 0.0004 
7.5108 eV 165.07 nm 0.0349 
7.6657 eV 161.74 nm 0.0134 
7.7418 eV 160.15 nm 0.0169 
7.7609 eV 159.75 nm 0.0016 

 
 
7.7969 eV 159.02 nm 0.0000 
7.8105 eV 158.74 nm 0.0078 
7.8276 eV 158.39 nm 0.0343 
7.8468 eV 158.01 nm 0.0203 
7.8730 eV 157.48 nm 0.0082 
7.8944 eV 157.05 nm 0.0081 
7.9030 eV 156.88 nm 0.0089 
7.9353 eV 156.24 nm 0.0095 
7.9595 eV 155.77 nm 0.0124 
7.9729 eV 155.51 nm 0.0060 
7.9992 eV 155.00 nm 0.0173 
8.0163 eV 154.67 nm 0.0097 
8.0354 eV 154.30 nm 0.0167 
8.0669 eV 153.69 nm 0.0025 
8.0869 eV 153.31 nm 0.0149 
8.0920 eV 153.22 nm 0.0002 
8.1031 eV 153.01 nm 0.0169 
8.1078 eV 152.92 nm 0.0182 
8.1215 eV 152.66 nm 0.0283 
8.1361 eV 152.39 nm 0.0203 
8.1402 eV 152.31 nm 0.0134 
8.1711 eV 151.74 nm 0.0265 
8.1903 eV 151.38 nm 0.0014 
8.2184 eV 150.86 nm 0.0017 
8.2398 eV 150.47 nm 0.0146 
8.2556 eV 150.18 nm 0.0312 
8.2604 eV 150.09 nm 0.0061 
8.2747 eV 149.84 nm 0.0156 
8.2922 eV 149.52 nm 0.0123 
8.3151 eV 149.11 nm 0.0106 
8.3536 eV 148.42 nm 0.0009 
8.3604 eV 148.30 nm 0.0041 
8.3747 eV 148.05 nm 0.0204 
8.3908 eV 147.76 nm 0.0230 
8.3995 eV 147.61 nm 0.0151 
8.4346 eV 146.99 nm 0.0019 
8.4805 eV 146.20 nm 0.0059 
8.4854 eV 146.11 nm 0.0176 
8.4885 eV 146.06 nm 0.0092 
8.5162 eV 145.59 nm 0.0255 
8.5450 eV 145.10 nm 0.0069 
8.5565 eV 144.90 nm 0.0275 
8.5661 eV 144.74 nm 0.0065 
8.5743 eV 144.60 nm 0.0304 

 
 
8.5948 eV 144.26 nm 0.0147 
8.6046 eV 144.09 nm 0.0131 
8.6124 eV 143.96 nm 0.0025 
8.6362 eV 143.56 nm 0.0220 
8.6519 eV 143.30 nm 0.0054 
8.6608 eV 143.16 nm 0.0258 
8.7128 eV 142.30 nm 0.0022 
8.7189 eV 142.20 nm 0.0028 
8.7435 eV 141.80 nm 0.0020 
8.7567 eV 141.59 nm 0.0223 
8.7642 eV 141.47 nm 0.0022 
8.7851 eV 141.13 nm 0.0114 
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CAM-B3LYP/6-311+G(d,p) 
 
3.8282 eV 323.87 nm 0.0003 
4.7908 eV 258.80 nm 0.3105 
5.1157 eV 242.36 nm 0.1170 
6.2625 eV 197.98 nm 0.0041 
6.7152 eV 184.63 nm 0.0316 
6.7992 eV 182.35 nm 0.0150 
6.9153 eV 179.29 nm 0.0112 
7.0023 eV 177.06 nm 0.0239 
7.0624 eV 175.55 nm 0.0167 
7.1010 eV 174.60 nm 0.0293 
7.2031 eV 172.13 nm 0.0777 
7.2469 eV 171.09 nm 0.0215 
7.2868 eV 170.15 nm 0.0131 
7.3283 eV 169.19 nm 0.0382 
7.3776 eV 168.05 nm 0.0053 
7.4293 eV 166.89 nm 0.0018 
7.4556 eV 166.30 nm 0.0136 
7.5134 eV 165.02 nm 0.0246 
7.5257 eV 164.75 nm 0.0381 
7.6501 eV 162.07 nm 0.0121 
7.7324 eV 160.34 nm 0.0066 
7.7456 eV 160.07 nm 0.0107 
7.8443 eV 158.06 nm 0.0146 
7.9091 eV 156.76 nm 0.0004 
7.9584 eV 155.79 nm 0.0023 
7.9849 eV 155.27 nm 0.0051 
8.0403 eV 154.20 nm 0.0079 
8.0825 eV 153.40 nm 0.0112 
8.1303 eV 152.50 nm 0.0074 
8.1453 eV 152.22 nm 0.0072 
8.1532 eV 152.07 nm 0.0325 
8.1866 eV 151.45 nm 0.0006 
8.2318 eV 150.62 nm 0.0095 
8.3082 eV 149.23 nm 0.0039 
8.3699 eV 148.13 nm 0.0074 
8.3982 eV 147.63 nm 0.0091 
8.4181 eV 147.28 nm 0.0369 
8.4361 eV 146.97 nm 0.0021 
8.4704 eV 146.37 nm 0.0182 
8.4933 eV 145.98 nm 0.0196 
8.5489 eV 145.03 nm 0.0050 
8.5715 eV 144.65 nm 0.0914 
8.6071 eV 144.05 nm 0.0061 
8.6268 eV 143.72 nm 0.0026 

 
 
8.6354 eV 143.58 nm 0.0046 
8.6576 eV 143.21 nm 0.0242 
8.6814 eV 142.82 nm 0.0249 
8.6884 eV 142.70 nm 0.0186 
8.7160 eV 142.25 nm 0.0490 
8.7532 eV 141.64 nm 0.0514 
8.7620 eV 141.50 nm 0.0213 
8.7812 eV 141.19 nm 0.0071 
8.8419 eV 140.22 nm 0.0192 
8.8633 eV 139.88 nm 0.0152 
8.8889 eV 139.48 nm 0.0152 
8.9012 eV 139.29 nm 0.0017 
8.9375 eV 138.72 nm 0.0143 
8.9379 eV 138.72 nm 0.0098 
8.9528 eV 138.49 nm 0.0276 
8.9762 eV 138.12 nm 0.0568 
8.9972 eV 137.80 nm 0.0066 
9.0101 eV 137.61 nm 0.0030 
9.0423 eV 137.12 nm 0.0016 
9.0514 eV 136.98 nm 0.0230 
9.0721 eV 136.66 nm 0.0109 
9.0823 eV 136.51 nm 0.0219 
9.1162 eV 136.00 nm 0.0041 
9.1449 eV 135.58 nm 0.0163 
9.1570 eV 135.40 nm 0.0056 
9.1754 eV 135.13 nm 0.0112 
9.1927 eV 134.87 nm 0.0488 
9.2078 eV 134.65 nm 0.0182 
9.2189 eV 134.49 nm 0.0140 
9.2578 eV 133.92 nm 0.0138 
9.2885 eV 133.48 nm 0.0205 
9.3076 eV 133.21 nm 0.0144 
9.3149 eV 133.10 nm 0.0112 
9.3325 eV 132.85 nm 0.0094 
9.3566 eV 132.51 nm 0.0314 
9.3779 eV 132.21 nm 0.0130 
9.3895 eV 132.05 nm 0.0246 
9.4110 eV 131.74 nm 0.0092 
9.4411 eV 131.32 nm 0.0283 
9.4525 eV 131.17 nm 0.0305 
9.4739 eV 130.87 nm 0.0136 
9.4919 eV 130.62 nm 0.0153 
9.5136 eV 130.32 nm 0.0119 
9.5321 eV 130.07 nm 0.0103 

 
 
9.5410 eV 129.95 nm 0.0068 
9.5863 eV 129.34 nm 0.0767 
9.5911 eV 129.27 nm 0.0562 
9.6145 eV 128.96 nm 0.0081 
9.6237 eV 128.83 nm 0.0178 
9.6308 eV 128.74 nm 0.0121 
9.6457 eV 128.54 nm 0.0226 
9.6643 eV 128.29 nm 0.0112 
9.6767 eV 128.13 nm 0.1882 
9.6863 eV 128.00 nm 0.0051 
9.7088 eV 127.70 nm 0.0542 
9.7188 eV 127.57 nm 0.0511 
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M06-2X/6-311+G(d,p) 
 
3.6655 eV 338.24 nm 0.0003 
4.7097 eV 263.25 nm 0.1886 
4.9959 eV 248.17 nm 0.2263 
6.1850 eV 200.46 nm 0.0031 
6.5782 eV 188.48 nm 0.0056 
6.7353 eV 184.08 nm 0.0372 
6.7785 eV 182.91 nm 0.0179 
6.9621 eV 178.08 nm 0.0060 
7.0076 eV 176.93 nm 0.0077 
7.0686 eV 175.40 nm 0.0119 
7.1156 eV 174.24 nm 0.0578 
7.1697 eV 172.93 nm 0.0123 
7.1885 eV 172.48 nm 0.0111 
7.2463 eV 171.10 nm 0.0635 
7.3178 eV 169.43 nm 0.0126 
7.3800 eV 168.00 nm 0.0011 
7.4282 eV 166.91 nm 0.0278 
7.4554 eV 166.30 nm 0.0133 
7.4991 eV 165.33 nm 0.0286 
7.5342 eV 164.56 nm 0.0106 
7.5513 eV 164.19 nm 0.0125 
7.6366 eV 162.36 nm 0.0239 
7.6437 eV 162.20 nm 0.0008 
7.7352 eV 160.29 nm 0.0092 
7.7659 eV 159.65 nm 0.0095 
7.8222 eV 158.50 nm 0.0025 
7.8464 eV 158.01 nm 0.0028 
7.8913 eV 157.12 nm 0.0260 
7.9720 eV 155.52 nm 0.0038 
8.0532 eV 153.96 nm 0.0024 
8.0908 eV 153.24 nm 0.0207 
8.1097 eV 152.88 nm 0.0081 
8.1281 eV 152.54 nm 0.0022 
8.2231 eV 150.77 nm 0.0022 
8.2569 eV 150.16 nm 0.0072 
8.2845 eV 149.66 nm 0.0080 
8.3105 eV 149.19 nm 0.0069 
8.3255 eV 148.92 nm 0.0113 
8.3455 eV 148.56 nm 0.0056 
8.3636 eV 148.24 nm 0.0093 
8.3982 eV 147.63 nm 0.0124 
8.4178 eV 147.29 nm 0.0110 
8.4253 eV 147.16 nm 0.0080 
8.4414 eV 146.88 nm 0.0107 

 
 
8.4694 eV 146.39 nm 0.0090 
8.5266 eV 145.41 nm 0.0101 
8.5296 eV 145.36 nm 0.0366 
8.5521 eV 144.98 nm 0.0170 
8.5650 eV 144.76 nm 0.0085 
8.5809 eV 144.49 nm 0.0010 
8.5863 eV 144.40 nm 0.0033 
8.5956 eV 144.24 nm 0.0217 
8.6296 eV 143.67 nm 0.0706 
8.6619 eV 143.14 nm 0.0942 
8.7044 eV 142.44 nm 0.0168 
8.7243 eV 142.11 nm 0.0176 
8.7680 eV 141.40 nm 0.0186 
8.7839 eV 141.15 nm 0.0086 
8.8153 eV 140.65 nm 0.0151 
8.8402 eV 140.25 nm 0.0058 
8.8739 eV 139.72 nm 0.0093 
8.8771 eV 139.67 nm 0.0081 
8.9003 eV 139.30 nm 0.0032 
8.9122 eV 139.12 nm 0.0245 
8.9343 eV 138.77 nm 0.0045 
8.9477 eV 138.56 nm 0.0328 
8.9536 eV 138.47 nm 0.0088 
8.9706 eV 138.21 nm 0.0077 
8.9750 eV 138.14 nm 0.0206 
8.9867 eV 137.96 nm 0.0194 
9.0191 eV 137.47 nm 0.0297 
9.0423 eV 137.12 nm 0.0092 
9.0690 eV 136.71 nm 0.0131 
9.0694 eV 136.71 nm 0.0186 
9.0936 eV 136.34 nm 0.0110 
9.1324 eV 135.76 nm 0.0140 
9.1399 eV 135.65 nm 0.0151 
9.1749 eV 135.13 nm 0.0061 
9.1909 eV 134.90 nm 0.0103 
9.2184 eV 134.50 nm 0.0024 
9.2213 eV 134.45 nm 0.0142 
9.2422 eV 134.15 nm 0.0108 
9.2486 eV 134.06 nm 0.0101 
9.2633 eV 133.84 nm 0.0042 
9.2813 eV 133.59 nm 0.0304 
9.3056 eV 133.24 nm 0.0108 
9.3135 eV 133.12 nm 0.0200 
9.3225 eV 132.99 nm 0.0193 

 
 
9.3374 eV 132.78 nm 0.0339 
9.3592 eV 132.47 nm 0.0439 
9.3720 eV 132.29 nm 0.0085 
9.4025 eV 131.86 nm 0.0238 
9.4091 eV 131.77 nm 0.0043 
9.4281 eV 131.51 nm 0.0246 
9.4374 eV 131.37 nm 0.0289 
9.4517 eV 131.18 nm 0.0493 
9.4719 eV 130.90 nm 0.0169 
9.4748 eV 130.86 nm 0.0118 
9.4919 eV 130.62 nm 0.0033 
9.5179 eV 130.26 nm 0.0485 
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ωB97XD/6-311+G(d,p) 
 
3.8077 eV 325.61 nm 0.0003 
4.8022 eV 258.18 nm 0.3170 
5.1442 eV 241.02 nm 0.1163 
6.2590 eV 198.09 nm 0.0042 
6.7233 eV 184.41 nm 0.0342 
6.9832 eV 177.55 nm 0.0062 
7.0304 eV 176.35 nm 0.0400 
7.0993 eV 174.64 nm 0.0086 
7.1787 eV 172.71 nm 0.0449 
7.2438 eV 171.16 nm 0.0230 
7.2738 eV 170.45 nm 0.0743 
7.3164 eV 169.46 nm 0.0220 
7.3933 eV 167.70 nm 0.0051 
7.4135 eV 167.24 nm 0.0074 
7.4512 eV 166.40 nm 0.0197 
7.5452 eV 164.32 nm 0.0441 
7.5592 eV 164.02 nm 0.0244 
7.7011 eV 160.99 nm 0.0193 
7.7185 eV 160.63 nm 0.0059 
7.7583 eV 159.81 nm 0.0044 
7.9235 eV 156.48 nm 0.0184 
7.9935 eV 155.11 nm 0.0163 
8.0387 eV 154.23 nm 0.0045 
8.1519 eV 152.09 nm 0.0162 
8.1914 eV 151.36 nm 0.0132 
8.1947 eV 151.30 nm 0.0066 
8.2261 eV 150.72 nm 0.0121 
8.3589 eV 148.33 nm 0.0054 
8.3829 eV 147.90 nm 0.0012 
8.4206 eV 147.24 nm 0.0155 
8.4315 eV 147.05 nm 0.0183 
8.4587 eV 146.58 nm 0.0030 
8.4796 eV 146.21 nm 0.0077 
8.5369 eV 145.23 nm 0.0204 
8.5694 eV 144.68 nm 0.0529 
8.5771 eV 144.55 nm 0.0400 
8.6301 eV 143.66 nm 0.0091 
8.6632 eV 143.12 nm 0.0201 
8.6786 eV 142.86 nm 0.0159 
8.7141 eV 142.28 nm 0.0674 
8.7175 eV 142.22 nm 0.0023 
8.7803 eV 141.21 nm 0.0012 
8.7904 eV 141.04 nm 0.0454 
8.8335 eV 140.36 nm 0.0254 

 
 
8.8641 eV 139.87 nm 0.0043 
8.9043 eV 139.24 nm 0.0193 
8.9270 eV 138.89 nm 0.0225 
8.9403 eV 138.68 nm 0.0528 
8.9638 eV 138.32 nm 0.0257 
8.9895 eV 137.92 nm 0.0177 
8.9932 eV 137.86 nm 0.0016 
9.0621 eV 136.82 nm 0.0153 
9.0898 eV 136.40 nm 0.0194 
9.1086 eV 136.12 nm 0.0074 
9.1280 eV 135.83 nm 0.0042 
9.1512 eV 135.48 nm 0.0008 
9.1782 eV 135.09 nm 0.0552 
9.1918 eV 134.89 nm 0.0680 
9.2171 eV 134.52 nm 0.0140 
9.2456 eV 134.10 nm 0.0393 
9.2766 eV 133.65 nm 0.0020 
9.2946 eV 133.39 nm 0.0160 
9.3023 eV 133.28 nm 0.0039 
9.3263 eV 132.94 nm 0.0020 
9.3641 eV 132.40 nm 0.0016 
9.3699 eV 132.32 nm 0.0204 
9.3890 eV 132.05 nm 0.0314 
9.3940 eV 131.98 nm 0.0109 
9.4022 eV 131.87 nm 0.0135 
9.4355 eV 131.40 nm 0.0275 
9.4466 eV 131.25 nm 0.0016 
9.4564 eV 131.11 nm 0.0412 
9.4967 eV 130.55 nm 0.0150 
9.5071 eV 130.41 nm 0.0243 
9.5115 eV 130.35 nm 0.0425 
9.5398 eV 129.96 nm 0.0090 
9.5870 eV 129.33 nm 0.0134 
9.6097 eV 129.02 nm 0.0907 
9.6453 eV 128.54 nm 0.0786 
9.6530 eV 128.44 nm 0.0373 
9.6742 eV 128.16 nm 0.0154 
9.6930 eV 127.91 nm 0.0079 
9.7144 eV 127.63 nm 0.0105 
9.7356 eV 127.35 nm 0.0025 
9.7417 eV 127.27 nm 0.0224 
9.7577 eV 127.06 nm 0.0181 
9.7758 eV 126.83 nm 0.0226 
9.7861 eV 126.69 nm 0.0024 

 
 
9.7987 eV 126.53 nm 0.0050 
9.8229 eV 126.22 nm 0.0624 
9.8364 eV 126.05 nm 0.0310 
9.8632 eV 125.70 nm 0.0376 
9.8816 eV 125.47 nm 0.0544 
9.9040 eV 125.19 nm 0.2617 
9.9075 eV 125.14 nm 0.0279 
9.9284 eV 124.88 nm 0.0193 
9.9506 eV 124.60 nm 0.0034 
9.9613 eV 124.47 nm 0.1327 
9.9773 eV 124.27 nm 0.0065 
9.9886 eV 124.13 nm 0.0129
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Crystallographic Data 

 
Crystals suitable for X-ray analysis were grown by slow diffusion of the samples in 

EtOAc into Hexane at room temperature. The diffraction data were measured 100K(2) on a 

Bruker Smart Apex2 CCD-based X-ray diffractometer system equipped with a Mo-Kα radiation 

(λ = 0.71073 Å). The frames were integrated with the Bruker Saint software package using a 

narrow-frame integration algorithm. The structure was solved and refined using the Bruker 

SHELXTL Software Package. All atoms were refined anisotropically, and hydrogen atoms were 

removed for clarity.  
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ORTEP of 12 (50% probability ellipsoids) 
 

 

 
 

Crystal data and structure refinement for Compound 12. 
Identification code    cu_har1702s_a 
Empirical formula    C13 H19 N O 
Formula weight    205.29 
Temperature     0(2) K 
Wavelength     1.54178 Å 
Crystal system    Monoclinic 
Space group     P21/n 
Unit cell dimensions   a = 7.7866(3) Å a= 90°. 
     b = 15.2172(7) Å b= 112.279(3)°. 
     c = 10.1883(5) Å g = 90°. 
Volume    1117.09(9) Å3 
Z     4 
Density (calculated)   1.221 Mg/m3 
Absorption coefficient  0.594 mm-1 
F(000)     448 
Crystal size    ? x ? x ? mm3 
Theta range for data collection 5.520 to 69.358°. 
Index ranges    -8<=h<=9, -18<=k<=15, -11<=l<=11 
Reflections collected   8118 
Independent reflections  2005 [R(int) = 0.0742] 
Completeness to theta = 67.679° 98.0 %  
Refinement method   Full-matrix least-squares on F2 
Data / restraints / parameters 2005 / 0 / 145 
Goodness-of-fit on F2   0.958 
Final R indices [I>2sigma(I)]  R1 = 0.0400, wR2 = 0.0984 
R indices (all data)   R1 = 0.0492, wR2 = 0.1006 
Extinction coefficient   n/a 
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Largest diff. peak and hole  0.218 and -0.229 e.Å-3 
 
 
ORTEP of 17 (50% probability ellipsoids) 
 

 

 
 

Crystal data and structure refinement for Compound 17. 
Identification code    cu_har1703s_a 
Empirical formula    C13 H19 N O 
Formula weight    205.29 
Temperature     100(2) K 
Wavelength     1.54178 Å 
Crystal system    Monoclinic 
Space group     P21/n 
Unit cell dimensions   a = 9.4220(3) Å a= 90°. 
     b = 9.3471(3) Å b= 99.966(2)°. 
     c = 12.8767(5) Å g = 90°. 
Volume    1116.92(7) Å3 
Z     4 
Density (calculated)   1.221 Mg/m3 
Absorption coefficient  0.594 mm-1 
F(000)     448 
Crystal size    .4 x .3 x .1 mm3 
Theta range for data collection 5.397 to 69.880°. 
Index ranges    -11<=h<=11, -11<=k<=11, -15<=l<=12 
Reflections collected   8386 
Independent reflections  2062 [R(int) = 0.0213] 
Completeness to theta = 67.679° 99.2 %  
Absorption correction   Semi-empirical from equivalents 
Max. and min. transmission  0.75 and 0.68 
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Refinement method   Full-matrix least-squares on F2 
Data / restraints / parameters 2062 / 0 / 145 
Goodness-of-fit on F2   1.098 
Final R indices [I>2sigma(I)]  R1 = 0.0389, wR2 = 0.0921 
R indices (all data)   R1 = 0.0420, wR2 = 0.0934 
Extinction coefficient   n/a 
Largest diff. peak and hole  0.330 and -0.198 e.Å-3 
 
 
ORTEP of 18 (50% probability ellipsoids) 
 

 

 
 

Crystal data and structure refinement for Compound 18. 
Identification code    mo_har1704s_a 
Empirical formula    C13 H21 N O2 
Formula weight    223.31 
Temperature     100(2) K 
Wavelength     0.71073 Å 
Crystal system    Monoclinic 
Space group     P21/n 
Unit cell dimensions   a = 9.7653(9) Å a= 90°. 
     b = 9.7181(9) Å b= 98.8330(10)°. 
     c = 13.3075(12) Å g = 90°. 
Volume    1247.9(2) Å3 
Z     4 
Density (calculated)   1.189 Mg/m3 
Absorption coefficient  0.079 mm-1 
F(000)     488 
Crystal size    0.400 x 0.300 x 0.200 mm3 
Theta range for data collection 2.419 to 30.916°. 
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Index ranges    -13<=h<=13, -13<=k<=13, -18<=l<=19 
Reflections collected   18951 
Independent reflections  3718 [R(int) = 0.0224] 
Completeness to theta = 25.242° 100.0 %  
Absorption correction   Semi-empirical from equivalents 
Max. and min. transmission  0.75 and 0.70 
Refinement method   Full-matrix least-squares on F2 
Data / restraints / parameters 3718 / 0 / 145 
Goodness-of-fit on F2   1.072 
Final R indices [I>2sigma(I)]  R1 = 0.0433, wR2 = 0.1111 
R indices (all data)   R1 = 0.0454, wR2 = 0.1133 
Extinction coefficient   n/a 
Largest diff. peak and hole  0.360 and -0.341 e.Å-3 
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NMR Spectra 
 
Spectrum 1.4.1 1H-NMR spectrum of compound 12 (CDCl3, 500 MHz) 
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Spectrum 1.4.2 13C-NMR spectrum of compound 12 (CDCl3, 125 MHz) 
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Spectrum 1.4.3 1H-NMR spectrum of compound 17 (CDCl3, 500 MHz) 
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Spectrum 1.4.4 13C-NMR spectrum of compound 17 (CDCl3, 125 MHz) 
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Spectrum 1.4.5  1H-NMR spectrum of compound 18 (CDCl3, 500 MHz) 
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Spectrum 1.4.6 13C-NMR spectrum of compound 18 (CDCl3, 125 MHz) 
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Spectrum 1.4.7 1H-NMR spectrum of compound 19 (CDCl3, 500 MHz) 
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Spectrum 1.4.8 13C-NMR spectrum of compound 19 (CDCl3, 125 MHz) 
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Spectrum 1.4.9 1H-NMR spectrum of compound 21 (CDCl3, 600 MHz) 
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Spectrum 1.4.10 13C-NMR spectrum of compound 21 (CDCl3, 100 MHz) 
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Spectrum 1.4.11 HSQC spectrum of compound 21 (CDCl3, 400 MHz) 
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Spectrum 1.4.12 HMBC spectrum of compound 21 (CDCl3, 400 MHz) 
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Spectrum 1.4.13 1H-NMR spectrum of compound 30 (CDCl3, 400 MHz) 
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Spectrum 1.4.14 13C-NMR spectrum of compound 30 (CDCl3, 100 MHz) 
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Spectrum 1.4.15 HSQC spectrum of compound 30 (CDCl3, 400 MHz) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

N

O



 81 

Spectrum 1.4.16 HMBC spectrum of compound 30 (CDCl3, 400 MHz) 
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Chapter Two: An Atypical Chain-Migration in Ansa-Bridged Prodiginine Chromophores 
 
 
2.1 Introduction 
 
 

In our 2019 synthesis of the natural product (+)-marineosin A1, we elected to forge the 

prototypical tripyrrolic prodiginine core from fragments of reversed polarity relative to their 

biosynthesis as well as conventional construction methodologies detailed in previous publications 

(Scheme 2.1.1).2-4 This was done via the condensation of nucleophilic methoxy-bispyrrole 3 with 

α-branched 2-hydroxypropyl ketopyrrolophane 2, the latter of which was the product of alkylation 

of ketopyrrolophane 1 with (S)-propylene oxide (Scheme 2.1.2). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Scheme 2.1.1 Biosynthesis of prodiginines Marineosin A and Streptorubin B along with our 
approach for the construction of the tripyrrolic prodiginine core. 
 
 
 
 
 
 
 
 
 
 
Scheme 2.1.2 Our published route to tetrahydrofuran containing iso-premarineosins 5. Reagents 
and conditions: a) LDA (3.1 eq.), 0 °C, 0.5 h; (S)-propylene oxide (5.0 eq.), AlMe3 (1.1 eq.), –
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78°C to rt, 12 h, 71%, d.r = 2:1; b) 2 (1.0 eq.), 3 (1.0 eq.), 1.5 eq. HCl (1M in MeOH), Na2SO4, 
toluene, 0°C, 0.5 h; 1M NaOMe/MeOH, 87%, d.r = 1:1. 
 
 

When a solution of fragments 2 and 3 was treated with dry HCl, the solution turned deep 

red within seconds, indicating the formation condensation product 4. Despite repeated attempts, 4 

could not be isolated from the reaction as predominantly starting materials were recovered 

following aqueous workup of the reaction. From this, we concluded that while prodiginines 

bearing a hydrogen at C9 position (e.g. Streptorubin B in Scheme 2.1.1) are isolable species5, 

branched ansa-bridge connectivity at C9 destabilizes the resulting extended conjugated system 

making it prone to hydrolysis (as depicted). To stabilize 4 in situ, we quenched the reaction with 

dry NaOMe. This gave novel structural variants of iso-premarineosin (5) in good yield. These 

tetrahydrofuran products derive from the chromophore of charged azafulvene 4 being internally 

disrupted at C9, the same position attacked by water during hydrolysis. While compounds 5 were 

found to be air-sensitive, they were sufficiently stable to be purified by flash column 

chromatography and isolated in high yield (87%, 1:1 d.r). 

 
 
 
 
 
 
 
 
 
 
 
Scheme 2.1.3 Discovery of an unprecedented alkyl chain migration in the assembly of ansa-
bridged prodiginine tripyrrolic core. 
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of desired 5 (52%, 1:1 d.r) and the isolation of a structurally distinct unknown compound having 

an identical mass to that of the desired product in 12% yield. Extensive characterization of this 

unknown via 2D-NMR suggests it to have a structure consistent with that of 6, a product which 

appears to be the resultant of 2-hydroxypropyl side chain migration onto the proximal pyrrole ring 

(Scheme 2.1.3). Realizing this rearrangement to be unprecedented in the literature and of great 

value towards the design and synthesis of synthetic prodiginines, we decided to explore the 

generality of this rare migration as well as better understand the operative mechanism by which is 

proceeds. The latter of these goals was done with the assistance of DFT calculations carried out in 

collaboration with the Houk Group. 

 

2.2 Exploration of the Generality and Mechanism of Observed Rearrangement  
 
 
2.2.1 Exploration of Observed Rearrangement Generality 
 

 
The exploration of this unpresented chain migration began with a brief analysis of the 

kinetics governing the condensation between bispyrrole 3 and 2-hydroxypropyl ketopyrrolophane 

2. Because tetrahydrofurans 5 proved to be unstable to LCMS analysis, optimal time points for 

isolating maximal yields of 5 and 6 were determined via isolated yields of reactions run in parallel. 

From this data, we found that while the highest isolated yield of 5 was achieved by quenching the 

reaction after 0.5 h at 0°C (87%), the highest isolated yield of rearrangement product 6 (16%) was 

obtained by allowing the reaction to stir at room temperature for an addition 2 h before quenching 

(total reaction time = 2.5 h). These findings suggests that the rate of formation of 6 is slower than 

5 which adds credence to our hypothesis that the former comes from the latter. 
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With an optimal timepoint for the isolation of the rearrangement product established, we 

next turned our attention towards investigating how altering the electronics of the bispyrrole 

system affected the propensity for the observed rearrangement. To probe how altering the 

electronics in the pyrrole ring bearing the methoxy group (B-ring) effects the results of the 

condensation reaction, known dess-methoxy bispyrrole 76 was condensed with 2 and left to stir at 

room temperature for various extended periods of time before quenching (Scheme 2.2.1). While 

this resulted in the isolation of tetrahydrofuran product 8, no product resulting from chain 

migration was observed. This suggests that while the electron density of the dess-methoxy 

bispyrrole B-ring is sufficient for condensation to occur, it is not electron rich enough to promote 

chain migration.  

 

 

 

 

Scheme 2.2.1 Results of condensation of dess-methoxy bipyrrole 7 with alkyl ketopyrrolophane 
2.  
 

We next decided to investigate how altering the electronics of the pyrrole ring not bearing 

the methoxy group (A-ring) effected the reaction. Towards this goal, a series of methoxy-pyrrole 

heterobiaryls were synthesized (shown in Figure 2.2.1) using the sequence shown in Scheme 

2.2.2, the same sequence used to synthesize methoxy bispyrrole 3. 
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Figure 2.2.1 Synthesized heterobiaryls used to study how altered electronics of the A-ring pyrrole 
effects rearrangement behavior. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Scheme 2.2.2 General synthetic scheme used to synthesize the heterobiaryls shown in Figure 
2.2.1. 
 

While this preparation closely mirrors our 2013 published route to substituted 2,2-

bipyrroles and pyrrolylfurans7, it differs only in the procedure of the cycloaddition reaction used 

to afford heterobiaryl isoxazoles 158 as well as the incorporation of a Cbz protecting group on the 

A-ring nitrogen.  While not explicitly shown in any of the schemes in this chapter, the Cbz 

protecting group of these methoxy heterobiaryls (as well as the Cbz group of 3) were removed 

prior to their use in condensation reactions. This was done using typical hydrogenolysis conditions 

using Pd/C under an atmosphere of hydrogen gas (See Experimental Section for details). It is worth 

noting that these Cbz-deprotected products were found to be quite unstable, often turning black in 

color when exposed to air for mere seconds. For this reason, we decided to minimize handling of 
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these compounds by telescoping them directly to condensation reactions after their isolation from 

the hydrogenolysis procedure. 

Once prepared, these heterobiaryls were condensed with 2 using conditions aimed to 

maximize the yield of rearrangement product (outlined above).These reactions resulted in the 

isolation of iso-premarineosin analogs as well as products resulting from rearrangement in various 

yields as shown in Scheme 2.2.3.  

 

 

 

 

 

 

 

Scheme 2.2.3 Results of the condensation of 2-hydroxypropyl ketopyrrolophane 2 with 
heterobiaryls. 
 

Condensation of heterobiaryls 9 and 10 (Figure 2.2.1), derived from 3,5-

difluorobenzaldehyde and pyridine-2-carboxaldehyde respectively, with 2 resulted in the isolation 

of rearrangement products 20a and 20b along with corresponding iso-premarineosin analogs 19a 

and 19b respectively. Comparing the isolated yields of these rearrangements products (6% for 20a 

and 12% for 20b) to that obtained for the parent methoxy bispyrrole system (16%), we postulated 

that the electron donating capability of the A-ring might be directly responsible for this observed 

trend in isolated yields. More specifically, we hypothesized that lowering the electron density in 

the A-ring of the heterobiaryl lowered the propensity for chain migration.  In this way, we reasoned 
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that increasing the electron density in the heterobiaryl A-ring would have the opposite effect. 

Evidence for this hypothesis was provided by the results of condensing 12, derived from 3-

methoxybenzaldehyde, with 2 which yielded rearrangement product 20d in 20% yield and 

tetrahydrofuran product 19d in 19% yield. It should be noted that while attempts were made to 

further support this hypothesis through the utilization of electronically-neutral heterobiaryl 11 

(derived from benzaldehyde) these condensation reactions failed to yield any definitively 

characterizable products. This is thought to be a result of the instability of reaction intermediates 

form during the condensation. It should also be noted that the lack of any observed trend in the 

isolated yields of tetrahydrofuran products 19a –19d did not go unnoticed and it is thought to the 

result of the varying hydrolytic instability of these products.  

The results of the above two studies suggest that while sufficient electron density in the B-

ring is necessary for the observed rearrangement to occur, the efficiency of this migration is greatly 

affected by the electron density of the aromatic A-ring; with increasing A-ring electron density 

resulting in a greater propensity for rearrangement as summarized in Figure 2.2.2. While the 

reason for this observed trend is not currently known, we feel this observation to be quite valuable 

as it can be leveraged to access new prodiginine scaffolds as well as analogs of (+)-marineosin A 

for structure-activity relationship (SAR) studies. 

 

 

 

 

 

Figure 2.2.2 Observed trend in the electron density of the pyrrole A-ring and the isolated yield of 
rearrangement products. 
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To further assess the generality of this rearrangement, we then turned our attention to see 

if sidechains other than 2-hydroxypropyl  groups would undergo the observe rearrangement. 

Towards this goal, we synthesized butyl and allyl alkylated ketopyrrolophane analogs 21 and 22, 

done by simply changing the electrophile used in the ketopyrrolophane alkylation reaction, and 

condensed them with methoxy bispyrrole 3 (Scheme 2.2.4). 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
Scheme 2.2.4 Condensation of differentially alkylated ketopyrrolophane analogs 21 and 22  with 
methoxy bispyrrole 3. 
 
 

To our surprise, these reactions failed to yield any products resulting from condensation 
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mitigated by activation of the ketone via the formation of an oxonium containing tetrahydrofuran   

intermediate under the acidic condition of the reaction as shown in Scheme 2.1.2. 

 

 

 

 
Scheme 2.2.5 Control condensation reaction between methoxy bispyrrole 3 and ketopyrrolophane 
1. 
 
 

To test this hypothesis, we synthesized 2-hydroxybutyl alkylated ketopyrrolophane 24, 
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Scheme 2.2.6 Reactions designed to test oxonium intermediate hypothesis. (A) Condensation of 
2-hydroxybutyl alkylated ketopyrrolophane 24 with methoxy bispyrrole 3. (B) Condensation of 
alkylated ketopyrrolophane analog 26 with methoxy bispyrrole 3. 

 

While these findings supported our hypothesis as to the importance of a hydroxylated 

sidechain in condensation reactions utilizing α-alkylated ketopyrrolophanes, the lack of any 

observed rearrangement product in the reaction using 24 confounded us. For this reason, we 

decided to further explore the mechanism by which this perceived rearrangement occurred. 
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C7 position of the ansa-bridged pyrrole ring (C-ring) with concomitant reorganization of the π-

system followed by re-aromatization of the resulting 3H-pyrrole resulting in 6 (Scheme 2.2.7). 

 

 

 

 

Scheme 2.2.7 Mechanistic hypothesis for a [1,7]-sigmatropic rearrangement leading to the 
formation of 6. 
 

To test this hypothesis, we began by re-acidifying a solution of iso-premarineosin 5 to see 

if it would undergo rearrangement. While reacidification of 5 did result in the successful formation 

of azafulvene intermediate 4, as indicated by the appearance of a prototypical bright red color 

consistent with presence of a prodiginine chromophore, allowing the resulting solution to stir at 

room temperature overnight failed to yield any product resulting from rearrangement. This same 

experiment was done using iso-premarineosin analogs 19a, 19b and 19d all of which failed to 

produce products resulting from rearrangement (Scheme 2.2.8A). To ensure that migration of the  

2-hydroxypropyl side chain was not occurring prior to condensation of the two fragments, albeit 
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allowed to stir at room temperature overnight, resulting in the isolation of only starting material 

(Scheme 2.2.7B).  

 

 

 

 

N

OH

N
H

Me

NTs

OMe

Cl

unstable

N

OH

N
H

Me

NTs

OMe

Cl

1

2
3

4
5

6

7 HN
NH

NH

OMe Me
OH

OH
H

4 6

[1,7]-sigmatropic
shift re-aromatization



 98 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Scheme 2.2.8 (A) Re-acidification of iso-premarineosin 6 and related analogs failed to yield any 
products resulting from rearrangement indicating the mechanism of this migration to be 
inconsistent with a unimolecular [1,7]-sigmatropic rearrangement. (B) Acidification of the same 
compounds used in panel (A) in the presence of 1.0 eq. of 2 yielded rearrangements products with 
greater yield than ever observed indicating the operative mechanism to be bimolecular in nature. 
(C) Repeating the experiments depicted in panel (B) using ketopyrrolophane 1 failed to yield 
rearrangement products indicating the likelihood of some chain transfer process as shown in 
Scheme 2.2.9. 
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astonishment, this resulted in the isolation of 6 in yields higher than observed previously (39%). 

This same experiment was also carried out using iso-premarineosin analogs 19a, 19b and 19d 

which yielded similar behavior, resulting in the isolation of rearrangement products 20a, 20b and 

20d in 22%, 31% and 43% yield respectively (Scheme 2.2.8B). Interestingly, control experiments 

done by reacidifying iso-premarineosin 5 as well as related analogs 19a, 19b and 19d in the 

presence of ketopyrrolophane 1 (lacking the 2-hydroxypropyl side chain) failed to result in the 

formation of any products resulting from rearrangement (Scheme 2.2.8C). These results greatly 

indicate that the observed chain migration likely proceeds via a bimolecular reaction and not 

unimolecular [1,7]-sigmatropic rearrangement as originally postulated. Furthermore, these results 

also strongly suggests that alkyl chain’s “migration” onto the B-ring pyrrole might actually be the 

resultant of an intermolecular transfer as opposed to an intramolecular migration as shown in 

Scheme 2.2.9.  

 

 

 

 
 
 
Scheme 2.2.9 Reaction depicting the idea that the “migrated” alkyl chain on the pyrrole B-ring 
might result from intermolecular transfer as opposed to intramolecular migration.  
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The first of these questions was, is the observed migrations truly bimolecular in nature? While 

logic suggests that the simplest mechanism for this observed rearrangement is unimolecular, 

experimental evidence supported a bimolecular mechanism to be operative. Secondly, if we are to 

assume that the isolated rearrangement products are the resultants of bimolecular processes, how 

does the 2-hydroxypropyl ketopyrrolophane facilitate this rearrangement in bimolecular manner? 

Lastly, we asked ourselves, if the observed rearrangement is the result of intermolecular chain 

transfer as opposed to intramolecular migration (as shown in Scheme 2.2.9), how is the migrating 

chain activated? 

To answer the first of these guiding questions, DFT calculations were carried out on a 

model system to determine the energetic feasibility of a unimolecular [1,7]-sigmatropic 

rearrangement. These calculations (shown in Figure 2.2.3) show that the energy required for such 

a suprafacial rearrangement are prohibitively high from both the neutral and charged chromophore 

systems (ΔG‡ 77.5 and 69.0 kcal/mol respectively). Realizing that the inherit topology of the 

molecule would not allow for such a rearrangement to occur in an antarafacially fashion, 

calculations for such pathway were not explored. 
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Figure 2.2.3 DFT calculations to determine the feasibility of a unimolecular, superficial [1,7]-
sigmatropic rearrangement as the operative migration mechanism from both a neutral and charged 
chromophoric system. These calculations were carried out using the following parameters: ωB97X-
D/def2-TZVPP/SMD(PhMe)//ωB97X-D/def2-SVP/SMD(PhMe), QH corrections (@298.15 K). 
Displayed energies are in kcal/mol (see Experimental Section for details). 

 

Confident that the observed migration likely proceeds via some bimolecular pathway, a 
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conditions of the reaction, by the C7 position of the C-ring pyrrole of 5. Rearomatization of the C-

ring followed by rebound nucleophilic attack of the sidechain C1 carbon results in a proposed 

strained cyclopropane containing system via phenonium-ion type elimination of enol-

ketopyrrolophane 1. Cyclopropane ring opening by water, released during the condensation 

reaction, is then thought to yield the 2-hydroxypropyl sidechain at the pyrrole C7 position with 

stereoinversion at the chiral center.  
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Scheme 2.2.10 Proposed bimolecular mechanism for the observed alkyl chain migration. 
 

With the 2-hydroxypropyl sidechain from 2 successfully transferred to the condensation 

product, the system is then proposed to undergo acid promoted tetrahydrofuran ring opening 

followed by elimination of either propylene oxide or 1-methoxy-2-propanol via some unknown 

mechanism. Calculation of the energetics of this pathway is shown in Figure 2.2.4 – 2.2.6. 

Unfortunately, these calculations suggest that the phenonium ion-type elimination of 1 to be 

prohibitively high in energy (ΔG‡  = 47 kcal/mol). In addition, a plausible transition state for the 

elimination of the “un-migrated” 2-hydroxypropyl sidechain, as either propylene oxide or 1-

methoxypropan-2-ol, could not be ascertained. For these reasons, we have severe reservations 

about the validity of this mechanism but do feel it contains components which speaks to the 

feasibility of other predicated steps. 
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Figure 2.2.4 DFT calculations related to the nucleophilic attack of the sidechain chiral center in 2 
by the C7 position of the C-ring pyrrole of 5 followed by rearomatization of the C-ring pyrrole as 
shown in Figure 2.2.3. To simplify calculations, the ansa-bridge of both 2-hydroxypropyl 
alkylated ketopyrrolophane 2 and condensation product 5 were removed. These calculations were 
carried out using the following parameters: ωB97X-D/def2-TZVPP/SMD(PhMe)//ωB97X-
D/def2-SVP/SMD(PhMe), QH corrections (@298.15 K) (see Experimental Section for details). 
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Figure 2.2.5 DFT calculations related to the rebound nucleophilic attack of the 2-hydroxypropyl 
sidechain C1 carbon resulting in the formation of a cyclopropane ring via phenonium-ion type 
elimination followed by opening of the cyclopropane ring by water as shown in Figure 2.2.3. See 
Figure 2.2.4 and Experimental Section for computational details. 
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Figure 2.2.6 (A) DFT calculations related to the opening of the tetrahydrofuran ring under acidic 
conditions followed by the elimination of the 2-hydroxylpropyl sidechain as propylene oxide as 
shown in Figure 2.2.3. (B) DFT calculations related to the opening of the tetrahydrofuran ring 
under acidic conditions followed by the elimination of the 2-hydroxylpropyl sidechain as 1-
methoxypropan-2-ol as shown in Figure 2.2.3. See Figure 2.2.4 and Experimental Section for 
computational details. 
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While the calculations outlined above cast great doubt towards an operative mechanism 

which proceeds via the release of the propylene oxide, we decided to further explore this potential 

reaction pathway via experimentation. This was done by conducting condensation reactions 

between 2 and 3 under previously described conditions monitoring both the reaction mixture as 

well as the head space above the reaction via GCMS for any trace of propylene oxide. To our 

dismay, no propylene oxide, or related products thereof, were detected at any point during the 

progress of the reaction. While this finding does not definitively eliminate the possibility of a 

mechanism which proceeds via the release of propylene oxide, it does cast doubt on that 

hypothesis.  

To entertain the possibility that our structural assignment for these migration products 

might be incorrect, we attempted to grow crystals of all isolated rearrangements products which 

showed the potential to be crystalline so that their structure could be verified via x-ray 

crystallography and/or MicroED. From these attempts, no analyzable crystals were isolated. For 

this reason, we derivatized the migrated sidechain of 6 hoping that these products would be more 

crystalline. These derivatives, as well as the rearrangement products we attempted to recrystallize, 

are shown in Figure 2.2.7. Unfortunately, all attempts to recrystallize these derivatives failed 

despite having screen a great number of conditions. To date, we are still working to grow crystals 

of these products as well as related analogs so that our structural assignment of these unique 

products can be definitively verified.  

 

 

 

 



 107 

 

 

 

 

 

 

 

 

 

Figure 2.2.7 Rearrangement compounds and analogs thereof used for recrystallization attempts 
for structure verification.   
 
 
2.3 Conclusion 
 
 

In our 2019 published route to (+)-marineosin A, the prototypical tripyrrolic prodiginine 
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not necessary for condensation to occur, it is necessary for the observed migration and that 

increasing electron density in the pyrrole A-ring results in higher isolated yields of the 

rearrangement product. In addition, we observed that the use of non-hydroxyl containing α-

branched ketopyrrolophanes in these reactions failed to yield any condensation products. This led 

us to hypothesize that the presence of the sidechain C2 hydroxyl group is necessary when using α-

branched ketopyrrolophanes as it allows for the formation of an activated oxonium ion which 

counteracts the steric encumbrance created by the α-branching. 

Towards elucidation of an operative mechanism for this migration, we explored the 

potential that the isolated rearrangement product might be the result of a rare alkyl [1,7]-

sigmatropic shift. While this explanation seemed the most likely, both experimentation and DFT 

calculations carried out in collaboration with the Houk group, showed this scenario to be unlikely. 

To our surprise, continued experimentation eventually provided evidence that this migration might 

actually be the result of a bimolecular process. While this finding was supported by further 

experimentations, DFT calculations were unable to provide a computationally supported 

bimolecular mechanism for the formation of the rearrangement products.  

Finally, attempts to confirm the absolute structure of the rearrangement products using x-

ray crystallography and/or MicroED were undertaken via attempted recrystallization of isolated 

products as well as derivatives thereof. To date, the operative mechanism for this alkyl chain 

migration is unknown and the absolute structure of these rearrangement products await definitive 

characterization via crystal analysis methods. Despite this, we feel that our current understanding 

of this rare migration, albeit limited, is of great value as it allows for the design and synthesis of 

unique prodiginine analogs which have the potential for a wide variety of interesting and impact 

biological activities.  
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2.4 Experimental Section 
 
 
General Methods and Materials 
 
 

Unless otherwise specified, reactions were performed in flame-dried glassware under an 

atmosphere of argon using anhydrous solvents. Reagents were purchased from commercial 

vendors and used as received unless otherwise stated. Tetrahydrofuran (THF), diethyl ether (Et2O), 

acetonitrile (MeCN) and toluene (PhMe) were passed through a Glass Contour solvent drying 

system. Anhydrous N,N dimethylformamide (DMF) was purchased from Supelco, Inc – Sigma 

Aldrich. Yields refer to chromatographically and spectroscopically (1H-NMR) homogeneous 

materials, unless otherwise stated. Thin-layer chromatography (TLC) was conducted on precoated 

plates (Sorbent Technologies, silica gel 60 PF254, 0.25 mm) visualized with UV 254 nm. For acid-

sensitive compounds, TLC plates were neutralized with TEA/Hexane (1%) before use. Column 

chromatography was performed on silica gel 60 (SiliCycle, 240−400 mesh). Purification of 

peptides was performed using an Agilent 1200 HPLC system equipped with G1361A preparative 

pumps, a G1314A auto sampler, a G1314A VWD, a G1364B automated fraction collector, and a 

Waters Sunfire C18 column (5 μm, 19 mm × 250 mm), unless otherwise noted. 0.1% TFA in 

MeCN/H2O solvent system. Analytical HPLC was performed using the same system, but with a 

G1312A binary pump. 0.1% TFA in MeCN/H2O solvent system. Mass spectra were recorded using 

an Agilent 6130 LC/MS system equipped with an ESI source. High-resolution mass spectra were 

recorded on Thermo Scientific Exactive® Mass Spectrometer with DART ID-CUBE Waters GST 

Premier, Waters LCT Premier, and Agilent 6545 LC-QTOF. NMR spectra were recorded on 

Bruker Avance spectrometers (400/100 MHz, 500/125 MHz, and 600/150 MHz). NMR spectra 

were recorded on Bruker Advance (300, 400, 500, or 600 MHz) spectrometers. HSQC, HMBC, 
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and COSY NMR experiments were used to aid assignment of NMR peaks when required. All 19F 

NMR spectrums used CFCl3 as a calibration standard. 

 
General Experimental Procedures 
 
 
General Procedure for the Alkylation of Ketopyrrolophane 1 
 
 
 
 
 
 
To a flame-dried 3-neck 100 mL round bottom flask, equipped with a low-temperature 

thermometer and a stir bar, was added anhydrous THF (10 mL) and iPr2NH (0.9 mL, 6.2 mmol, 

3.2 eq.) after which, the resulting solution was then  cooled to –78°C. To this solution was added 

n-BuLi (2.5 M in hexane, 2.5 mL, 6.2 mmol, 3.1 eq.) dropwise. Once done, the resulting colorless 

solution was stirred for 10 min at –78°C and then warmed up to 0°C. The solution of 1 (410 mg, 

2 mmol, 1.0 eq.) in anhydrous THF (30 mL) was added into the formed LDA solution via syringe 

pump over 3 h while maintaining the LDA solution at 0°C. The resulting light yellow solution was 

then stirred for another 30 min at 0°C, and then cooled to  –78°C. Once done, the appropriate 

electrophile (5.0 eq.) was added followed by a AlMe3 solution (2.0 M in hexane, 1.1 mL, 2.2 mmol, 

1.1 eq.) if appropriate. The reaction mixture was stirred at –78°C for another 30 min, slowly 

warmed up to rt over 1 h, and then allowed to stir at rt overnight. To quench the reaction, the 

mixture was carefully added into a stirred solution of potassium sodium tartrate and ice which was 

then extracted with EtOAc (process repeated 3x). The organic layers were then combined, washed 

with brine, dried over Na2SO4, filtered, concentrated, and purified by flash column 

chromatography using TEA neutralized silica gel using a EtOAc in Hexane eluding system. 

 

HN

O

1

Electrophile (5.0 eq.)
AlMe3 (1.1 eq.)

THF, 0°C to rt, 12 h

LDA (3.1 eq.);

HN

O

R
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General Procedures for the Synthesis of Methoxy-Pyrrole Aryls  

 

 
 
 
 
 
 
 
 
Scheme 2.2.11 General route for the synthesis of methoxy-pyrrole aryl nucleophiles.  

 
Methoxy pyrrole-aryl compounds were synthesized using modified procedures based on 

references 7 and 8. 

 
General Procedure for the Synthesis of Aryl-Oximes 14 

To a 500mL round bottom flask, equipped with a stir bar, was added Aryl-Aldehydes 13 (110 

mmol, 1.0 eq), sodium acetate trihydrate (275 mmol, 2.5 eq.) and hydroxylamine hydrochloride 

(165 mmol, 1.5 eq.) followed by a 1:3 Ethanol/Water solution (180 mL). The reaction vessel was 

then equipped with a water jacketed condenser and heated to reflux. Once done, the reaction 

mixture was left to reflux while stirring under an atmosphere of argon gas for 1.5 h. After this 

time, the reaction was cooled to room temperature and extracted with DCM (process repeated 3x). 

The isolated organic layers were then combined, washed with brine, dried over MgSO4, filtered 

and concentrated. The isolated crude products from these reactions were carried directly forward 

to the next reaction without any further purification. 

 
 
 
 
 
 

H

O NaOAc•3H2O (2.5 eq.)
NH2OH•HCl (1.5 eq.)

H

N
OH NHCbz (1.3 eq.)

Oxone (1.1 eq.)
Na2CO3 (1.5 eq.)

ON

NHCbz

Mo(CO)6 (0.5 eq.)

N
Cbz

OMe

CSA (1.1 - 2.2 equiv.)NHCbz
ONH2

EtOH/H2O (1:3)
reflux, 1.5 h

NaCl (0.7 eq.)
CH3CN/H2O (20:1) 

0°C, 24 h

Dean–Stark
MeOH, reflux

MeCN/H2O (20:1)
90°C, 3 h

13 14 15

16
17

Aryl Aryl Aryl

Aryl
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General Procedure for the Synthesis of Aryl-Isoxazoles 15  

To a 1000mL round bottom flask, equipped with a stir bar, was added Aryl-Oximes 14  (80 mmol, 

1.0 eq), Cbz-protected propargylamine (104 mmol, 1.3 eq.), sodium chloride (56 mmol, 0.7 eq.) 

and sodium carbonate (120mmol, 1.5 eq.) followed by 20:1 MeCN/H2O solution (350 mL). The 

resulting reaction mixture was then sparged with argon gas for 30 min after which, Oxone® (88 

mmol, 1.1 eq.) was added. Once done, the reaction was stirred at 0°C for 24 h under an atmosphere 

of argon gas. After this time, the mixture was filtered through celite and the resulting filtrate 

washed with a sat. NaHCO3 solution, a sat. Na2S2O3 solution, brine, dried over Na2SO4, filtered, 

concentrated and purified via flask column chromatography using a EtOAc in Hexane eluding 

system. 

 
General Procedure for the Synthesis β-Keto Enamine 16  

To a 500mL round bottom flask, equipped with a stir bar, containing an argon sparged 20:1 

MeCN/H2O solution (200mL) was added molybdenum hexacarbonyl (10 mmol, 1.0 eq.). The 

resulting suspension was then heated to 90°C until all solids dissolved (~15 min) after which, the 

transparent light-yellow solution was cooled to rt. To this solution was added a solution of Aryl-

Isoxazoles 15 (10 mmol, 1.0 eq.) dissolved in a 20:1 MeCN/H2O solution (40 mL) dropwise over 

1 h. Once complete, the reaction vessel was equipped with a water jacketed reflux condenser and 

heated to reflux where it was left to stir under an atmosphere of argon gas for 3 h. After this time, 

the product mixture was concentrated and to the resulting brown solid was added 50 mL of EtOAc 

followed by 11.0 g of silica gel after which, the resulting mixture was vigorously stirred while air 

was bubble through it for 1 h. Once done, the resulting slurry was filtered through celite and the 

resulting filtrate concentrated. The isolated crude products from these reactions were carried 

directly forward to the next reaction without any further purification. 
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General Procedure for the Synthesis of Methoxy Pyrrole-Aryls 17 

To a flame-dried 250mL round bottom flask, equipped with a stir bar, containing β-Keto Enamines 

16 (10 mmol, 1.0 eq.) was added camphorsulfonic acid (11 mmol, 1.1 eq.) followed by  anhydrous 

MeOH (66 mL). Note: Synthesis of the methoxy-pyrrole pyridyl heterobiaryl system required the 

use of 2.2 eq. of camphorsulfonic acid . Once done, the reaction vessel was equipped with a Deak–

Stark apparatus (the collection arm of which was filled with activated 3Å molecular sieves) and 

the reaction was heated to reflux where it was left to stir under an atmosphere of argon gas until 

TLC analysis indicated complete consumption of the starting material. After this time, the reaction 

was concentrated and the resulting solids diluted with EtOAc. The resulting solution was then 

washed with sat. NaHCO3 solution, brine, dried over MgSO4, filtered, concentrated and purified 

via flask column chromatography using a EtOAc in Hexane eluding system. 

 
General Procedure for the Cbz-Deprotected of Methoxy Pyrrole-Aryls 
 
 
 
 
 
 
Before their use in condensation reactions, all Cbz-protected methoxy-pyrrole aryls were Cbz-

deprotected using the procedure outlined below. Due to their instability in air, these deprotected 

products were not subjected to characterization: 

To a 50 mL round bottom flask, equipped with a stir bar, was added Cbz-protected methoxy-

pyrrole aryls (0.7 mmol, 1.0 eq.) and Pd/C (0.2 wt. eq.) followed by EtOAc (7 mL). Once done, 

the reaction vessel was evacuated of air and the atmosphere replaced with hydrogen gas after 

which, the reaction was left to stir at rt until TLC indicated complete conversion of the starting 

material. After this time, the reaction mixture was filtered through celite and the resulting filtrate 

NCbz

MeO

Aryl

NH

MeO

Pd/C (0.2 wt. eq.)

EtOAc, rt

Aryl
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concentrated via rotary evaporation (making sure to back fill the rotary evaporation apparatus with 

argon gas). The isolated crude products from these reactions were then carried directly forward to 

the next reaction without any further purification. Note: Because nearly all of the products isolated 

from these reactions were found to be air sensitive, handling of the concentrated products were 

minimized to prevent further degradation. 

 
General Procedure for the Condensation of Methoxy Pyrrole-Aryls with Ketopyrrolophanes 
 
 
 
 
 

 
 
To a flame-dried 50 mL round bottom flask, equipped with a stir bar, was added ketopyrrolophanes 

(2.6 mmol, 1.0 eq.) and Na2SO4 (2.6 g) followed by of PhMe (26 mL, 0.1M) after which, the 

resulting solution was cooled to 0°C. To the reaction mixture was added a solution of Cbz-

deprotected methoxy pyrrole-aryls (2.6 mmol, 1.0 eq.) dissolved in PhMe (26 mL, 0.1M) dropwise 

over 30 min. Upon the first drop of this solution being added to the reaction mixture, HCl (3.9 mL, 

1M in MeOH, 1.5 eq.) was rapidly added, causing the reaction mixture to turn bright pink to dark 

purple in color. To quench the reaction, a freshly prepared solution of NaOMe in MeOH (10 mL 

3.85 eq.) was added to the reaction mixture at 0°C after which, the resulting solution was added 

dropwise into ice-water which was then extracted with EtOAc (process repeated 3x). The organic 

layers were then combined, washed with brine, dried over Na2SO4, filtered, and concentrated. The 

resulting crude product was immediately purified via flash column chromatography using a EtOAc 

in Hexane eluding system. 
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Experimental Procedures and Product Characterization 
 
 
11H-1(2,5)-pyrrolacyclodecaphan-2-one (1) 
 
 
 
 

The experimental procedure for the synthesis of 1 can be found in our 2019 publication of the total 

synthesis of (+)-Marineosin A.1 1 was isolated as a white solid. 1H-NMR (CDCl3, 500 MHz,) δ 

8.73 (s, 1H), 6.98 (t, J = 3.2 Hz, 1H), 6.09 (t, J = 3.2 Hz, 1H), 2.78 – 2.73 (m, 2H), 2.68 (t, J = 6.3 

Hz, 2H), 1.79 (tq, J = 13.6, 6.8, 6.1 Hz, 4H), 1.60 – 1.49 (m, 2H), 1.37 (p, J = 6.0 Hz, 2H), 1.21 

(p, J = 6.9 Hz, 2H), 1.08 (ddt, J = 12.3, 8.9, 5.4 Hz, 2H); 13C-NMR (CDCl3, 126 MHz): 190.3, 

137.9, 132.3, 115.9, 111.5, 36.1, 27.0, 26.7, 26.2, 23.5, 23.4, 23.3, 21.7; HRMS (EI) calculated 

for C13H20NO [M + H]+: 206.1545, found 206.1541 (1.9 ppm mass defect) 

3-((S)-2-hydroxypropyl)-11H-1(2,5)-pyrrolacyclodecaphan-2-ones (2) 
 
 
 
 
 
 
 
Synthesized following the general procedure for the alkylation of ketopyrrolophane 1 (outlined 

above) using (S)-propylene oxide as the electrophile along with the use of AlMe3. 2 was isolated 

as a mixture of diastereomers as a light-yellow foam (71% yield, 2:1 d.r). (S)-3-((S)-2-

hydroxypropyl)-11H-1(2,5)-pyrrolacyclodecaphan-2-one (2S): 1H-NMR (C6D6, 500 MHz,) δ 9.23 

(s, 1H), 7,22 (dd, J = 2.7, 3.7 Hz, 1H), 5.94 (t, J = 2.7 Hz, 1H), 3.70 – 3.80 (m, 1H), 3.25 – 3.32 

(m,1H), 2.49 (td, J = 3.9, 15.5 Hz, 1H), 2.15 – 2.32 (m, 3H), 1.63 – 1.72 (m, 1H), 1.50 – 1.61 (m, 

2H), 1.40 − 1.11 (m, 5H), 1.09 (d, J = 6.2 Hz, 3H), 0.99 − 0.80 (m, 5H); 13C-NMR (C6D6, 126 

HN

O

HN

OH
Me

O
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MHz) δ 193.0, 138.1, 133.8, 116.2, 111.6, 67.0, 41.52, 41.50, 35.2, 27.2, 27.0, 24.5, 24.3, 24.1, 

24.0, 22.5; HRMS (EI) calculated for C16H25NO2 [M]+: 263.1885, found: 263.1876 (3.4 ppm mass 

defect). (R)-3-((S)-2-hydroxypropyl)-11H-1(2,5)-pyrrolacyclodecaphan-2-one (2R): 1H-NMR 

(C6D6, 500 MHz,)  δ 9.14 (s, 1H), 7,25 (t, J = 3.0 Hz, 1H), 5.94 (t, J = 3.0 Hz, 1H), 3.81 – 3.79 

(m, 1H), 3.47 – 3.43 (m, 1H), 2.45 – 2.40 (m, 1H), 2.38 – 2.35 (m, 1H), 2.23 – 2.16 (m, 1H), 1.77 

– 1.75 (m, 1H), 1.65 – 1.60 (m, 1H), 1.51 – 1.49 (m, 1H), 1.40-1.03 (m, 7H), 1.00 (d, J = 6.2 Hz, 

3H), 0.98 – 0.75 (m, 4H); 13C-NMR (C6D6, 126 MHz,) δ 192.0, 137.9, 134.3, 115.9, 111.6, 66.4, 

42.1, 41.1, 35.7, 27.2, 26.9, 24.9, 24.4, 24.1, 24.0, 22.3; HRMS (ESI) calculated for C16H25NO2 

[M]+: 263.1885, found: 263.1874 (4.2 ppm mass defect). 

 
Benzyl 4-methoxy-1'-tosyl-1H,1'H-[2,2'-bipyrrole]-1-carboxylate (Cbz-Protected 3) 
 
 
 
 
 
Synthesized following the general route for the synthesis of methoxy-pyrrole aryl nucleophiles 

(shown in Scheme 2.2.8). 3 was isolated as a white solid. 1H-NMR (CDCl3, 500 MHz) δ 7.42 (d, 

J = 8.2 Hz, 2H), 7.34-7.31 (m, 3H), 7.28-7.23 (m, 3H), 7.18 (d, J = 8.1 Hz, 2H), 6.94 (d, J = 2.0 

Hz, 1H), 6.18-6.16 (m, 2H), 5.68 (d, J = 2.1 Hz, 1H), 5.16 (bs, 2H), 3.74 (s, 3H), 2.36 (s, 3H); 13C-

NMR (CDCl3, 126 MHz) δ 150.0, 148.9, 144.7, 135.8, 134.7, 129.5, 128.5, 128.46, 128.4, 127.2, 

125.5, 123.3, 121.5, 116.8, 111.3, 110.2, 102.4, 68.8, 57.5, 21.6; HRMS (ESI) calculated for 

C24H23N2O5S [M+H]+: 451.1328, found 451.1324 (0.9 ppm mass defect). 

 
 
 
 

NCbz

NTs

MeO
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(25S)-22-(4-methoxy-1'-tosyl-1H,1'H-[2,2'-bipyrrol]-5-yl)-25-methyl-22,23,24,25-tetrahydro-11H-
1(2,5)-pyrrola-2(2,3)-furanacyclononaphane (5) 
 
 
 
 
 
 
 
Synthesized following the general procedure for the condensation of methoxy pyrrole-aryls with 

ketopyrrolophanes quenching the reaction immediately after addition of the methoxy pyrrole-aryl 

solution was complete.  5 was isolated as a mixture of diastereomers as a tan foam (87% yield, 1:1 

d.r) 1H-NMR (CDCl3, 500 MHz,) δ 8.96 (s, 1H), 8.84 (s, 1H), 8.76 (s, 1H), 8.69 (s, 1H), 7.39 – 

7.36 (m, 2H), 7.26 (d, J = 3.0 Hz, 2H), 7.25 (d, J = 3.0 Hz, 2H), 6.92 (d, J = 8.0 Hz, 2H), 6.83 (d, 

J = 8.0 Hz, 2H), 6.23 (t, J = 3.3 Hz, 2H), 6.18 (ddd, J = 3.3, 1.8, 9.1Hz, 2H), 6.01 (dq, J = 3.1, 

2.8Hz, 2H), 6.01 (dd, J = 3.2, 7.4 Hz, 2H), 5.82 (dt, J = 14.8, 2.8 Hz, 2H), 4.45 – 4.38 (m, 1H), 

4.20 – 4.14 (m, 1H), 3.83 (s, 3H), 3.8o (s, 3H), 2.87 (q, J = 7.5 Hz, 1H), 2.76 (t, J = 6.1 Hz, 1H), 

2.72-2.51 (m, 4H), 2.28 (s, 3H), 2.24 (s, 3H), 2.22 – 2.16 (m, 1H), 1.88 – 1.83 (m, 1H), 1.79 – 1.72 

(m, 1H), 1.69 – 1.58 (m, 2H), 1.57 – 1.42 (m, 6H), 1.39 (d, J = 6.2 Hz, 3H), 1.35 (d, J = 6.2 Hz, 

3H), 1.32 – 0.84 (m, 15H), 0.82 – 0.75 (m, 1H), 0.74 – 0.65 (m, 1H); 13C-NMR (CDCl3, 126 MHz) 

δ 144.7, 144.6, 141.6, 139.7, 134.7, 134.5, 133.4, 132.2, 131.3 130.9, 129.5, 129.4, 127.60, 127.56, 

127.52, 127.4, 123.3, 123.11, 123.08, 121.6, 115.3, 114.9, 114.5, 114.1, 111.3, 111.1, 106.2, 105.3, 

105.0, 104.9, 100.0, 99.9, 85.2, 84.5, 75.5, 73.7, 58.82, 58.80, 48.1, 48.0, 42.1, 41.0, 31.6, 31.5, 

29.5, 28.2, 27.8, 27.3, 26.8, 26.7, 25.8, 25.5, 25.4, 23.8, 22.7, 21.6, 21.5, 21.3, 14.2, 14.1; HRMS 

(ESI) calculated for C32H40N3O4S [M + H]+: 562.2734, found: 562.2723 (2.0 ppm mass defect). 
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(S,E)-1-(2-(4-methoxy-1'-tosyl-1H,1'H-[2,2'-bipyrrol]-5-yl)-11H-1(2,5)-pyrrolacyclodecaphan-2-
en-13-yl)propan-2-ol (6) 
 
 
 
 
 
 
Synthesized following the general procedure for the condensation of methoxy pyrrole-aryls with 

ketopyrrolophanes allowing the reaction mixture to warm to rt and stir for 2 h after addition of the 

methoxy pyrrole-aryl solution was complete before quenching. 6 was isolated as a purple foam 

(16% yield) alongside 5 (48% yield). 1H-NMR (acetone-d6, 500 MHz) δ 9.30 (s, 1H), 9.11 (s, 

1H), 7.38 (d, J = 8.4 Hz, 2H), 7.32 (dd, J = 3.2, 1.9 Hz, 1H), 7.30 (d, J = 8.4 Hz, 2H), 6.47 (t, J = 

8.4 Hz, 1H), 6,26 (m, 2H), 6.08 (s, 1H), 5.79 (d, J = 2.8 Hz, 1H), 3.89 (q, J = 6.4 Hz, 1H), 3.75 (s, 

3H), 2.64 (m, 2H), 2.44 (d, J = 7.3 Hz, 1H), 2.42 (d, J = 5.9 Hz, 1H), 2.36 (s, 3H), 1.92 (m, 2H), 

1.60 (m, 2H), 1.53-1.13 (m, 7H), 1.11 (d, J = 6.2 Hz, 3H), 0.61 (m, 1H), 0.54 (m, 1H); 13C-NMR 

(acetone-d6, 126 MHz) δ 146.1, 146.0, 136.2, 132.9, 130.7, 129.8, 129.2, 129.2, 127.9, 127.4, 

127.4, 124.2, 123.9, 119.4, 118.5, 118.3, 117.3, 117.2, 115.2, 112.9, 106.3, 99.9, 99.8, 68.6, 58.1, 

37.4, 30.1, 29.0, 28.5, 28.4, 27.7, 27.4, 26.3, 23.6, 21.5; HRMS (ESI) calculated for C32H40N3O4S 

[M + H]+: 562.2734, found: 562.2725 (1.6 ppm mass defect). 

 
1H,1'H-2,2'-bipyrrole (7)  
 
 
 
 
 
To a flame-dried 500-mL round bottom flask ,equipped with a stir bar, was added 1H-pyrrole (1.0 

g, 1.0 mL, 1.0 eq., 15 mmol) followed by DCM (248 mL, 0.06 M) after which, .the resulting 

solution was cooled to –78°C. To the cooled solution was then added  

bis(trifluoroacetoxy)iodo]benzene (2.2 g, 0.33 eq., 4.9 mmol, 98% wt.) and bromotrimethylsilane 
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(1.6 g, 1.3 mL, 0.67 eq., 10 mmol, 97% wt.) under argon. The reaction mixture was then allowed 

to stir for 1 h at –78 °C. After this time, the reaction mixture was warmed to 0°C and quenched 

via the addition of 50 mL of sat. NaHCO3 after which,  it was warmed to rt and stirred for 10 min. 

The reaction was then extracted with DCM (process repeated 3x). Then organic layers were then 

combined, dried over Na2SO4, filtered, concentrated and purified via flask column 

chromatography using silica gel (EtOAc in Hexane: 0% - 10% - 20%). 7 was isolated as a dark-

purple powder (349 mg, 35% yield). 7 was found to be very unstable to air and had to be stored 

under argon in the freezer. 1H-NMR (CDCl3, 500 MHz) δ 8.27 (s, 2H), 6.79–6.76 (m, 2H), 6.25 

(q, J = 2.9 Hz, 2H), 6.23–6.20 (m, 2H); 13C-NMR (CDCl3, 126 MHz) δ 126.1, 117.7, 109.6, 103.7; 

HRMS (ESI) calculated for C8H8N2 [M+H]+: 133.0766, found 133.0768 (1.5 ppm mass defect). 

 
(25S)-25-methyl-22-(1'-tosyl-1H,1'H-[2,2'-bipyrrol]-5-yl)-22,23,24,25-tetrahydro-11H-1(2,5)-
pyrrola-2(2,3)-furanacyclononaphane (8) 
 
 
 
 

 

Synthesized following the general procedure for the condensation of methoxy pyrrole-aryls with 

ketopyrrolophanes quenching the reaction immediately after addition of the bispyrrole (7) solution 

was complete. 8 was isolated as a mixture of diastereomers as a tan foam (41% yield). 1H-NMR 

(CDCl3, 500 MHz) δ 8.57 (s, 1H), 8.50 (s, 1H), 7.75 (s, 1H), 7.44 (s, 1H), 6.78–6.71 (m, 2H), 6.28 

(t, J = 3.0 Hz, 1H), 6.22–6.19 (m, 3H), 6.19–6.16 (m, 3H), 6.15 (t, J = 6.2 Hz, 1H), 6.04 (t, J = 2.9 

Hz, 1H), 5.86 (t, J = 3.0 Hz, 1H), 5.83 (t, J = 2.8 Hz, 1H), 5.80 (t, J = 3.0 Hz, 1H), 4.48 (s, J = 6.3 

Hz, 1H), 3.96–3.87 (m, 1H), 2.82–2.74 (m, 2H), 2.73–2.67 (m, 1H), 2.64–2.57 (m, 1H), 2.54–2.47 

(m, 1H), 2.33–2.24 (m, 1H), 2.15–2.08 (m, 1H), 1.99–1.83 (m, 3H), 1.76–1.68 (m, 3H), 1.53–1.49 
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(m, 2H), 1.45–1.40 (m, 3H), 1.39–1.35 (m, 2H), 1.35–1.33 (m, 3H), 1.13 (d, J = 6.3 Hz, 3H), 1.08–

0.99 (m, 6H), 0.97 (d, J = 6.6 Hz, 3H), 0.86–0.83 (m, 3H); HRMS (ESI) calculated for C24H31N3O 

[M+H]+: 378.2545, found 378.2552 (1.9 ppm mass defect). 

Benzyl 2-(3,5-difluorophenyl)-4-methoxy-1H-pyrrole-1-carboxylate (9) 
 
 
 
 
 
 
 
Synthesized following the general route for the synthesis of methoxy-pyrrole aryl nucleophiles 

(shown in Scheme 2.2.8). 9 was isolated as a white powder. 1H-NMR (CDCl3, 400MHz) δ 7.35 

(t, J = 3.26 Hz, 3H), 7.26-7.23 (m, 1H), 6.84 (d, J = 2.15 Hz, 2H), 6.82 (d, J = 2.35 Hz, 1H), 6.71 

(tt, J = 9.01, 2.35 Hz, 2.35 Hz, 1H), 6.03 (d, J = 2.15, 1H), 5.21 (s, 2H), 3.74 (s, 3H); HRMS (ESI) 

calculated for C19H15F2NO3 [M+H]+;344.1098, found 344.1107 (2.6 ppm mass defect). 

 
Benzyl 4-methoxy-2-(pyridin-2-yl)-1H-pyrrole-1-carboxylate (10) 
 
 
 
 
 
 
Synthesized following the general route for the synthesis of methoxy-pyrrole aryl nucleophiles 

(shown in Scheme 2.2.8). 10 was isolated as a green solid as a suspected pyridinium salt. 1H-NMR 

(CDCl3, 500MHz) δ 9.23 (s, 1H), 8.32 (ddd, J = 4.9, 1.7, 1.0 Hz, 1H), 7.61 (td, J = 7.3, 1.8 Hz, 

1H), 7.55 (dt, J = 8.0, 1.0 Hz, 1H), 7.39–7.34 (m, 3H), 7.33–7.27 (m, 1H), 7.03 (ddd, J = 7.4, 4.9, 

1.1 Hz, 1H), 6.48 (dd, J = 2.7, 1.8 Hz 1H), 6.38 (dd, J = 2.8, 1.8 Hz, 1H), 4.71 (s, 2H), 3.78 (s, 

3H); 13C NMR (CDCl3, 126 MHz) δ 171.3, 150.4, 150.3, 148.9, 141.0, 136.7, 128.9, 128.7, 127.8,  
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127.1, 120.7, 118.1, 102.2, 95.8, 65.5, 58.1; HRMS (ESI) calculated for C18H16N2O3 [M+H]+: 

309.1239, found 309.1243 (1.3 ppm mass defect).  

 
Benzyl 4-methoxy-2-phenyl-1H-pyrrole-1-carboxylate (11) 
 
 
 
 
 
 
Synthesized following the general route for the synthesis of methoxy-pyrrole aryl nucleophiles 

(shown in Scheme 2.2.8). 11 was isolated as a pale-yellow oil. 1H-NMR (CDCl3, 400 HMz) δ 

7.97 (dd, J = 8.4, 1.3 Hz, 1H), 7.47 (tt, J = 7.3, 1.5 Hz, 1H), 7.36-7.28 (m, 6H), 7.21-7.15 (m, 2H), 

6.83 (d, J = 2.1 Hz, 1H), 6.00 (d, J = 2.1 Hz, 1H). 5.19 (s, 2H), 3.74 (s, 3H); 13C-NMR (CDCl3, 

101 HMz) δ 150.6, 149.9, 134.8, 134.6, 133.5, 133.1, 129.3, 128.5, 128.3, 127.7, 127.6, 107.7, 

101.4, 68.6, 57.6; HRMS (ESI) calculated for C19H17NO3 [M+H]+: 308.1281, found 308.1275 (1.9 

ppm mass defect). 

 
Benzyl 4-methoxy-2-(3-methoxyphenyl)-1H-pyrrole-1-carboxylate (12) 
 
 
 

 
 
 
Synthesized following the general route for the synthesis of methoxy-pyrrole aryl nucleophiles 

(shown in Scheme 2.2.8). 12 was isolated as a tan powder. 1H-NMR (CDCl3, 500MHz) δ 7.54 (d, 

J = 8.18 Hz, 1H), 7.51-7.46 (m, 1H), 7.38 (t, J = 8.18 Hz, 1H), 7.34-7.28 (m, 2H), 7.23-7.16 (m, 

2H), 7.11 (dd, J = 8.18, 2.56 Hz, 1H), 6.94-6.80 (m, 2H), 5.19 (s, 1H), 3.86 (s, 3H), 3.75 (d, J = 

2.56 Hz, 2H), 2.60 (s, 3H); 13C-NMR (CDCl3, 126MHz) δ 159.8, 149.8, 138.5, 129.6, 128.5, 
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128.3, 121.9, 121.1, 119.7, 114.9, 113.4, 112.3, 107.7, 101.4, 68.6, 57.6, 55.5, 55.2. HRMS (ESI) 

calculated for C20H19NO4 [M+H]+: 338.1392, found 338.1399 (2.1 ppm mass defect). 

 
(25S)-22-(5-(3,5-difluorophenyl)-1H-pyrrol-2-yl)-25-methyl-22,23,24,25-tetrahydro-11H-1(2,5)-
pyrrola-2(2,3)-furanacyclononaphane (19a) 
 
 
 
 
 
 
 
 
Synthesized following the general procedure for the condensation of methoxy pyrrole-aryls with 

ketopyrrolophanes allowing the reaction mixture to warm to rt and stir for 2 h after addition of the 

methoxy pyrrole-aryl solution was complete before quenching. 19a was isolated as a light-pink 

film (43% yield). 1H-NMR (CDCl3, 500 MHz) δ 8.89 (s, 1H), 8.53 (s, 1H), 8.46 (s, 1H), 8.39 (s, 

1H), 6.92–6.80 (m, 4H), 6.62–6.52 (m, 2H), 6.33–6.28 (m, 2H), 6.00–5.96 (m, 1H), 5.95 (t, J = 

2.8 Hz, 1H), 5.80 (t, J = 2.80 Hz, 1H), 5.76 (t, J = 2.80 Hz, 1H), 4.51–4.40 (m, 1H), 4.20–4.09 (m, 

1H), 3.93 (s, 3H), 3.90 (s, 3H), 2.93–2.88 (m, 3H), 2.83–2.76 (m, 1H), 2.69–2.61 (m, 1H), 2.61–

2.56 (m, 2H), 2.56–2.48 (m, 1H), 2.22–2.14 (m, 1H), 1.91–1.83 (m, 1H), 1.79–1.71 (m, 1H), 1.55–

1.45 (m, 5H), 1.42 (d, J = 6.1 Hz, 3H), 1.41–1.38 (m, 5H), 1.33–1.25 (m, 4 H), 1.20–1.13 (m, 4H), 

1.11–1.02 (m, 4H), 1.01–0.92 (m, 2H), 0.91–0.87 (m, 1H), 0.86–0.77 (m, 2H), 0.76–0.66 (m, 1H). 

13C-NMR (CDCl3, 126 MHz ) δ 150.3, 150.2, 149.1, 148.9, 143.2, 141.1, 136.2, 136.1, 132.8, 

131.9, 131.5, 131.0, 128.6, 127.7, 127.5, 127.0, 125.5, 125.0, 124.2, 122.6, 120.1, 119.9, 117.3, 

117.0, 106.2, 105.4, 105.0, 104.8, 95.5, 95.3, 85.2, 84.6, 75.5, 73.7, 65.4, 58.7, 58.6, 47.9, 47.5, 

42.1, 40.7, 29.7, 28.0, 27.6, 27.0, 26.7, 26.6, 25.8, 25.3, 23.5, 22.7, 21.9, 21.4; HRMS (ESI) 

calculated for C27H32F2N2O2 [M+H]+: 455.2110, found 455.2122 (2.6 ppm mass defect). 
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(25S)-25-methyl-22-(5-(pyridin-2-yl)-1H-pyrrol-2-yl)-22,23,24,25-tetrahydro-11H-1(2,5)-pyrrola-
2(2,3)-furanacyclononaphane (19b) 
 
 
 

 
 
 
 
Synthesized following the general procedure for the condensation of methoxy pyrrole-aryls with 

ketopyrrolophanes allowing the reaction mixture to warm to rt and stir for 2 h after addition of the 

methoxy pyrrole-aryl solution was complete before quenching. 19b was isolated as a light-red film 

(8% yield) as a suspected hydrochloride salt. 1H-NMR (CDCl3, 500 MHz) δ 9.44 (s, 1H), 9.31 (s, 

1H), 8.96 (s, 1H), 8.62 (s, 1H), 8.41–8.37 (m, 2H), 7.59–7.50 (m, 2H), 7.39–7.34 (m, 4H), 6.98–

6.91 (m, 2H), 6.48–6.43 (m, 2H), 5.99–5.94 (m, 2H), 5.78 (t, J = 2.6 Hz, 1H), 5.74 (t, J = 2.9 Hz, 

1H), 4.49–4.40 (m, 1H), 4.24–4.15 (m, 1H), 3.95 (s, 3H), 3.91 (s, 3H), 2.94–2.88 (m, 1H), 2.82–

2.76 (m, 1H), 2.66–2.60 (m, 1H), 2.60–2.56 (m, 2H), 2.56–2.48 (m, 1H), 2.21–2.14 (m, 1H), 1.86–

1.81 (m, 1H), 1.78–1.70 (m, 1H), 1.67–1.58 (m, 3H), 1.55–1.44 (m, 6H), 1.42–1.40 (m, 6H), 1.36–

1.29 (m, 3H), 1.19–1.13 (m, 3H), 1.09–1.03 (m, 2H), 0.99–0.93 (m, 2H), 0.86–0.78 (m, 3H), 0.75–

0.69 (m, 1H); 13C-NMR (CDCl3, 126 MHz) δ 150.3, 150.2, 149.1, 148.9, 143.2, 141.1, 136.2, 

136.1, 132.8, 131.9, 131.5, 131.0, 128.6, 127.7, 127.5, 127.0, 125.5, 125.0, 124.2, 122.6, 120.1, 

119.9, 117.3, 117.0, 106.2, 105.4, 105.0, 104.8, 95.5, 95.4 85.2, 84.6, 75.5, 73.7, 65.4, 58.7, 58.6, 

47.9, 47.6, 42.1, 40.7, 29.7, 29.5, 28.0, 27.6, 27.0, 26.7, 26.6, 25.8, 25.3, 23.5, 22.7, 21.9, 21.4; 

HRMS (ESI) calculated for C26H33N2O2 [M+H]+: 420.2651, found 420.2659 (1.9 ppm mass 

defect). 

 
 
 
 

O

Me

HN
NH

MeO

N



 124 

(25S)-22-(5-(3-methoxyphenyl)-1H-pyrrol-2-yl)-25-methyl-22,23,24,25-tetrahydro-11H-1(2,5)-
pyrrola-2(2,3)-furanacyclononaphane (19d) 
 
 

 
 

 

Synthesized following the general procedure for the condensation of methoxy pyrrole-aryls with 

ketopyrrolophanes allowing the reaction mixture to warm to rt and stir for 2 h after addition of the 

methoxy pyrrole-aryl solution was complete before quenching. 19d was isolated as a dark-purple 

film (19% yield). 1H-NMR (CDCl3, 400 MHz) δ 8.96 (s, 1H), 8.52 (s, 1H), 8.45 (s, 1H), 8.35 (s, 

1H), 7.23 (t, J = 7.9 Hz, 2H), 6.99–6.97 (m, 1H), 6.97–6.95 (m, 1H), 6.92 (t, J = 1.9 Hz, 1H), 6.91 

(t, J = 1.7 Hz, 1H), 6.73–6.67 (m, 2H), 6.31–6.26 (m, 2H), 5.99 (t, J = 2.8 Hz, 1H), 5.96 (t, J = 2.8 

Hz, 1H), 5.80 (t, J = 2.9 Hz, 1H), 5.75 (t, J = 2.9 Hz, 1H), 4.50–4.41 (m, 1H), 4.18–4.09 (m, 1H), 

3.94 (s, 3H), 3.90 (s, 3H), 3.82 (s, 6H), 3.01–2.91 (m, 1H), 2.85–2.77 (m, 1H), 2.69–2.61 (m, 1H), 

2.58 (t, J = 5.8 Hz, 2H), 2.55–2.46 (m, 1H), 2.23–2.13 (m, 1H), 1.89–1.82 (m, 2H), 1.80–1.71 (m, 

3H), 1.66–1.60 (m, 2H), 1.56–1.50 (m, 2H), 1.48–1.44 (m, 2H), 1.42 (d, J = 6.6 Hz, 3H), 1.41–

1.38 (m, 5H), 1.23–1.20 (m, 2H), 1.18–1.14 (m, 2H), 1.10–1.05 (m, 2H), 0.97 (d, J = 6.7 Hz, 2H), 

0.89–0.87 (m, 3H), 0.85–0.81 (m, 2H), 0.76–0.67 (m, 1H);  13C-NMR (CDCl3, 101 MHz) δ 160.2, 

160.1, 134.3, 134.2, 133.0, 132.1, 131.8, 131.3, 130.0, 129.9, 126.6, 125.8, 125.6, 125.1, 122.6, 

116.4, 116.2, 115.8, 111.8, 111.6, 111.4, 109.2, 109.0 106.5, 106.4, 105.5, 105.0, 105.0, 95.2, 95.1, 

85.4, 84.8, 75.7, 73.9, 58.8, 55.4, 55.4, 48.1, 47.5, 34.8, 31.7, 29.8, 28.1, 27.8, 26.9, 26.8, 26.6, 

25.9, 25.6, 25.5, 25.4, 22.8, 22.1, 21.4, 14.3, 14.3; HRMS (ESI) calculated for C28H36N2O3 

[M+H]+: 449.2804, found 449.2818 (3.1 ppm mass defect). 
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(S,E)-1-(2-(5-(3,5-difluorophenyl)-3-methoxy-1H-pyrrol-2-yl)-11H-1(2,5)-pyrrolacyclodecaphan 
-2-en-13-yl)propan-2-ol (20a) 
 
 
 
 
 
 
Synthesized following the general procedure for the condensation of methoxy pyrrole-aryls with 

ketopyrrolophanes allowing the reaction mixture to warm to rt and stir for 2 h after addition of the 

methoxy pyrrole-aryl solution was complete before quenching. 20a was isolated as a light-purple 

film (6% yield). 1H-NMR (CDCl3, 500 MHz) δ 8.79 (s, 1H), 7.68 (s, 1H), 6.93–6.87 (m, 2H), 6.59 

(t, J = 7.9 Hz, 1H), 6.51 (tt, J = 8.9, 2.1 Hz, 1H), 6.31 (d, J = 3.0 Hz, 1H), 5.85 (d, J = 2.8 Hz, 1H), 

4.08–3.99 (m, 1H), 3.88 (s, 3H), 2.73–2.64 (m, 1H), 2.59 (dd, J = 14.3, 3.8 Hz, 1H), 2.56–2.47 (m, 

1H), 2.37 (dd, J = 14.4, 9.4 Hz), 1.99–1.84 (m, 2H), 1.74–1.60 (m, 4H), 1.51–1.45 (2 H), 1.23 (d, 

J = 6.2 Hz, 3H), 0.98–0.95 (m, 1H), 0.86–0.83 (m, 1H), 0.80–0.72 (m, 1H), 0.65–0.51 (m, 1H); 

13C-NMR (CDCl3, 126 MHz) δ 164.6, 164.5, 162.7, 162.6, 146.4, 133.1, 132.2, 125.5, 123.7, 

118.5, 106.0, 105.8, 100.6, 96.0, 68.8, 58.1, 35.9, 34.8, 31.7, 29.9, 28.7, 28.6, 28.6, 28.1, 27.2, 

27.0, 25.6, 25.4, 23.5, 14.3; HRMS (ESI) calculated for C27H32F2N2O2 [M+H]+: 455.2510, found 

455.2515 (1.1 ppm mass defect). 

(S,E)-1-(2-(3-methoxy-5-(pyridin-2-yl)-1H-pyrrol-2-yl)-11H-1(2,5)-pyrrolacyclodecaphan-2-en-
13-yl)propan-2-ol (20b) 

 

 
Synthesized following the general procedure for the condensation of methoxy pyrrole-aryls with 

ketopyrrolophanes allowing the reaction mixture to warm to rt and stir for 2 h after addition of the 
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methoxy pyrrole-aryl solution was complete before quenching. 20b was isolated as a light-pink 

film (12% yield). 1H-NMR (CDCl3, 500 MHz) δ 9.32 (s, 1H), 8.35 (m, 1H), 7.70 (s, 1H), 7.55 (t, 

J = 7.4 Hz, 1H), 7.39 (d, J = 8.1 Hz, 1H), 6.94 (m, 1H), 6.58 (t, J = 8.5 Hz, 1H), 6.45 (s, 1H), 5.88 

(d, J = 2.4 Hz, 1H), 4.01–3.92 (m, 1H), 3.87 (s, 1H), 2.71–2.61 (m, 1H), 2.60–2.51 (m, 1H), 2.39 

(dd, J = 14.2, 9.2 Hz, 1H), 2.01–1.91 (m, 1H), 1.78–1.66 (m, 2H), 1.64–1.56 (m, 2H), 1.53–1.45 

(m, 2H), 1.44–1.35 (m, 2H), 1.19 (d, J = 6.2 Hz, 3H), 0.79–0.71 (m, 1H), 0.70–0.59 (m, 1H); 13C-

NMR (CDCl3, 126 MHz) δ 150.2, 148.9, 146.6, 136.6, 132.8, 130.8, 126.0, 123.3, 120.1, 119.0, 

118.6, 117.9, 106.2, 95.8, 68.3, 58.1, 36.4, 29.8, 28.7, 28.6, 28.5, 28.1, 25.6, 23.3; HRMS (ESI) 

calculated for C26H33N3O2 [M+H]+: 420.2651, 420.2653 (0.5 ppm mass defect). 

(S,E)-1-(2-(3-methoxy-5-(3-methoxyphenyl)-1H-pyrrol-2-yl)-11H-1(2,5)-pyrrolacyclodecaphan-
2-en-13-yl)propan-2-ol (20d) 

 
 
 
 

Synthesized following the general procedure for the condensation of methoxy pyrrole-aryls with 

ketopyrrolophanes allowing the reaction mixture to warm to rt and stir for 2 h after addition of the 

methoxy pyrrole-aryl solution was complete before quenching. 20d was isolated as a light-purple 

film (20% yield). 1H-NMR (CDCl3, 400 MHz) δ 8.50 (s, 1H), 7.73 (s, 1H), 7.19 (t, J = 7.1 Hz, 

1H), 6.97 (d, J = 7.7 Hz, 1H), 6.94 (t, J = 1.8 Hz, 1H), 6.73–6.62 (m, 1H), 6.52 (t, J = 8.5, 1H), 

6.30 (d, J = 3.0, 1H), 5.84 (d, J = 2.9 Hz, 1 H), 4.03–3.94 (m, 1H), 3.88 (s, 3H), 3.80 (s, 3H), 2.69–

2.61 (m, 1H), 2.60–2.49 (m, 2H), 2.44–2.35 (m, 1H), 1.98–1.90 (m, 1H), 1.90–1.82 (m, 2H), 1.76–

1.68 (m, 1H), 1.66–1.57 (m, 2H), 1.55–1.46 (m, 2H), 1.42–1.38 (m, 2H), 1.20 (t, J = 6.2, 3H), 

0.78–0.65 (m, 1H), 0.65–0.52 (m, 1H); 13C-NMR (CDCl3, 101 MHz) δ 160.1, 146.4, 134.1, 132.9, 

130.5, 129.8, 127.2, 125.7, 123.9, 118.5, 117.2, 116.2, 111.3, 109.3, 105.6, 95.1, 68.7, 58.1, 55.4, 
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36.1, 31.7, 28.1, 27.2, 26.9, 25.6, 25.4, 23.2, 22.8; HRMS (ESI) calculated for C28H36N2O3 

[M+H]+: 449.2804, found 449.2807 (0.7 ppm mass defect).  

3-butyl-11H-1(2,5)-pyrrolacyclodecaphan-2-one (21) 

 
 
 

 

Synthesized following the general procedure for the alkylation of ketopyrrolophane 1 (outlined 

above) using 1-bromobutne as the electrophile. 21 was isolated as a white film (32% yield). 1H-

NMR (CDCl3, 400 MHz) δ 8.77 (s, 1H), 6.98 (dd, J = 3.5, 2.8 Hz, 1H), 6.10–6.08 (m, 1H), 2.97–

2.83 (m, 2H), 2.69–2.57 (m, 1H), 2.02–1.92 (m, 1H), 1.92–1.8 1(m, 1H), 1.74–1.63 (m, 2H), 1.62–

1.57 (m, 2H), 1.50–1.38 (m, 3H), 1.35–1.28 (m, 3H), 1.26–1.19 (m, 3H), 1.17–1.09 (m, 1H), 0.88 

(t, J = 7.1 Hz, 3H); 13C-NMR (CDCl3, 101 MHz) δ 191.5, 137.9, 133.2, 116.0, 111.6, 44.7, 35.0, 

32.1, 30.6, 26.8, 26.6, 24.6, 23.8, 23.7, 23.1, 22.2, 14.2. HRMS (ESI) calculated for C17H27NO 

[M+H]+ : 262.2171, found 262.2179 (3.1 ppm mass defect). 

3-allyl-11H-1(2,5)-pyrrolacyclodecaphan-2-one (22) 

 

 
 

Synthesized following the general procedure for the alkylation of ketopyrrolophane 1 (outlined 

above) using allyl bromide as the electrophile. 21 was isolated as a white film (40% yield). 1H-

NMR (CDCl3, 400 MHz) δ 6.79 (d, J = 4.9 Hz, 1H), 5.61-5.47 (m, 1H), 5.13-4.90 (m, 2H), 3.56 

(sept, J = 4.0 Hz, 1H), 2.65 (dd, J = 13.3, 7.5 Hz, 1H), 4.90-2.28 (m, 2H), 2.16-1.99 (m, 2H), 1.84-
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1.67 (m, 1H), 1.67-1.54 (m, 2H), 1.53-1.37 (m, 3H), 1.37-1.11 (m, 4H), 1.09-0.86 (m, 2H), 0.79-

0.63 (m, 1H); HRMS (ESI) calculated for C29H33N3O3S [M+H]+: 504.2321, found 504.2330 (1.8 

ppm mass defect).  

(E)-2-(4-methoxy-1'-tosyl-1H,1'H-[2,2'-bipyrrol]-5-yl)-11H-1(2,5)-pyrrolacyclodecaphan-2-ene 
(23)  

 

 
Synthesized following the general procedure for the condensation of methoxy pyrrole-aryls with 

ketopyrrolophanes allowing the reaction mixture to warm to rt and stir for 24 h after addition of 

the methoxy pyrrole-aryl solution was complete before quenching. 23 was isolated as a red oil 

(48% yield). 1H-NMR (CDCl3, 500 MHz) δ (ppm) 8.45 (bs, 1H), 8.00 (bs, 1H), 7.33-7.29 (m, 3H), 

7.14 (d, J = 8.0 Hz, 2H), 6.53 (t, J = 8.4 Hz, 1H), 6.21 (t, J = 3.3 Hz, 1H), 6.17 (dd, J = 1.8, 3.4 Hz, 

1H), 6.07 (t, J = 2.9 Hz, 1H), 5.95 (t, J = 2.9 Hz, 1H), 5.93 (d, J = 3.0 Hz, 1H), 3.79 (s, 3H), 2.65 

(t, J = 6.1 Hz, 2H), 2.35 (s, 3H), 2.04 (q, J = 7.7 Hz, 2H), 1.58 (p, J = 5.4 Hz, 2H), 1.48-1.40 (m, 

2H), 1.40-1.32 (m, 2H), 1.30-1.15 (m, 4H), 0.88-0.76 (m, 2H); 13C-NMR (CDCl3, 126 MHz,) δ 

145.2, 144.7, 135.0, 132.4, 129.5, 128.4, 127.6, 127.2, 126.6, 125.3, 123.4, 116.9, 116.3, 114.7, 

111.79, 108.5, 105.5, 99.2, 58.0, 28.7, 28.0, 27.9, 27.8, 27.3, 26.9, 25.3, 21.6; HRMS (ESI) 

calculated for C29H33N3O3S [M+H]+: 504.2321, found 504.2330 (1.8 ppm mass defect). 
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3-((S)-2-hydroxybutyl)-11H-1(2,5)-pyrrolacyclodecaphan-2-one (24) 

 

 
 

 

Synthesized following the general procedure for the alkylation of ketopyrrolophane 1 (outlined 

above) using (S)-butylene oxide as the electrophile along with the use of AlMe3. 24 was isolated 

as a mixture of diastereomers as a light-yellow foam (32% yield). 1H-NMR (CDCl3, 500 MHz) δ 

9.37 (s, 1H), 6.94 (s, 1H), 6.05 (s, 1H), 3.58-3.36 (m, 2H), 2.89-2.74 (m, 1H) , 2.74-2.54 (m, 2H), 

2.21 (t, J = 11.7 Hz, 1H), 1.88-1.57 (m, 6H), 1.57-1.29 (m, 9H), 1.15-1.04 (m, 3H); 13C-NMR 

(CDCl3, 126 MHz) δ 193.5, 102.8, 171.2, 138.8, 133.4, 116.1, 111.6, 72.7, 71.6, 40.6, 39.4, 31.3, 

26.7, 24.1, 23.9, 23.7, 9.9; HRMS (ESI) calculated for C17H27NO2 [M+H]+: 278.2115, found: 

278.2111 (1.4 ppm mass defect) 

(25S)-25-ethyl-22-(4-methoxy-1'-tosyl-1H,1'H-[2,2'-bipyrrol]-5-yl)-22,23,24,25-tetrahydro-11H-
1(2,5)-pyrrola-2(2,3)-furanacyclononaphane (25) 

 

 
 

Synthesized following the general procedure for the condensation of methoxy pyrrole-aryls with 

ketopyrrolophanes allowing the reaction mixture to warm to rt and stir for 2 h after addition of the 

methoxy pyrrole-aryl solution was complete before quenching. 25 was isolated as a purple film 

(37% yield). 1H-NMR (CDCl3, 500 MHz) δ 8.90 (s, 2H), 8.54 (s, 1H), 8.69 (s, 1H), 7.38 (m, 2H), 

7.27 (m, 2H), 7.25 (m, 2H), 6.90 (d, J = 8.2 Hz, 2H), 6.80 (d, J = 8.2 Hz, 2 H), 6.23 (t, J = 3.1 Hz, 
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2H), 6.19 (dd, J = 3.3, 1.8 Hz, 1H), 6.17 (dd, J = 3.3, 1.8 Hz, 1H), 6.02 (t, J = 2.8 Hz, 1H), 6.00 (t, 

J = 2.8 Hz, 1H), 5.88 (dd, J = 3.2, 1 Hz, 2H), 5.83 (t, J = 2.9 Hz, 1 H), 5.81 (t, J = 2.9 Hz, 1 H), 

4.17 (m, 1H), 3.94 (m, 1H), 3.82 (s, 3H), 3.80 (s, 3H), 2.84 (q, J = 7.2 Hz, 1 H), 2.76 (m, 1H), 

2.73–2.66 (m, 1H), 2.66–2.61 (m, 1H), 2.61–2.57 (m, 1H), 2.57–2.49 (m, 1H), 2.27 (s, 3H), 2.24 

(s, 3H), 2.19–2.13 (m, 1H), 1.90–1.80 (m, 3 H), 1.80–1.69 (m, 2H), 1.68–1.60 (m, 4H), 1.53–1.43 

(m, 6H), 1.18–1.12 (m, 4H), 1.11–1.06 (m, 2H), 1.02 (t, J = 7.5 Hz, 3H), 1.00–0.94 (m, 6H), 0.91–

0.82 (m, 5H), 0.81–0.67 (m, 2H); 13C-NMR (CDCl3, 126 MHz ) δ 144.7, 144.6, 141.6, 139.9, 

136.4, 134.7, 134.5, 133.5, 132.5, 131.2, 130.9, 129.6, 129.5, 129.0, 128.2, 127.7, 127.7, 127.6, 

126.8, 126.5, 123.3, 123.2, 123.1, 121.9, 115.4, 115.1, 114.5, 114.0, 111.3, 111.2, 106.2, 105.3, 

105.2, 105.1, 99.9, 99.9, 84.9, 84.3, 81.3, 79.4, 59.0, 58.9, 47.9, 47.7, 40.3, 39.1, 34.8, 31.7, 30.1, 

29.6, 28.9, 28.2, 27.9, 27.5, 26.9, 26.0, 26.0, 25.5, 25.4, 23.9, 22.8, 21.7, 14.3, 11.6, 11.0, 10.9; 

HRMS (ESI) calculated for C33H40N3O4S [M+H]+: 576.2891, found 576.2879 (2.1 ppm mass 

defect). 

(2S)-1-(2-oxo-11H-1(2,5)-pyrrolacyclodecaphane-3-yl)propan-2-yl pivalate (26) 

 
 

 

 
To a flame-dried dram vial, equipped with a stir bar, was added 2 (34 mg, 0.13 mmol, 1.0 eq) and 

DMAP (16 mg, 0.13 eq., 1.0 eq) followed by DCM (0.7mL, 0.2M) after which, the resulting 

solution was cooled to –78°C. To the reaction mixture was added trimethylacetic anhydride (27.0 

μL, 0.13 mmol, 1.0 eq). Once done, the reaction was allowed to warm to rt and was stirred at rt for 

16 h. After this time, the reaction was quenched via the addition of de-ionized water and the 
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resulting biphasic mixture extracted with DCM (process repeated 3x). The organic layers were 

then combined, washed with a sat. NH4Cl solution, brine, dried over Na2SO4, filter, concentrated 

and purified via flask column flash column chromatography using TEA neutralized silica gel 

(EtOAc in Hexane: 0% - 10% - 15% - 20%). 26 was isolated as a mixture of diastereomers as a 

yellow oil (37% yield). 1H-NMR (CDCl3, 400 MHz) δ 8.81 (s, 1H), 6.93 (q, J = 3.6 Hz, 1H), 6.06 

(t, J = 2.8 Hz, 1H), 5.25-4.64 (m, 1H), 3.22-3.02 (m, 1H), 2.85 (dq, J = 15.8, 3.6 Hz, 1H), 2.67-

2.53 (m, 1H), 2.42-2.31 (m, 1H), 2.03 (s, 1H), 1.94-1.74 (m, 2H), 1.70-1.18 (m, 22H); 13C-NMR 

(CDCl3, 101 MHz) δ 191.7, 178.7, 138.4, 133.0, 116.2, 111.4, 70.5, 69.9, 41.3, 41.1, 39.0, 38.8, 

38.2, 34.9, 34.8, 24.2, 24.1,23.8, 23.6, 22.8, 20.7; HRMS (ESI) calculated for C21H33NO3 [M + 

H]+: 348.2538, found: 348.2526 (3.4 ppm mass defect). 

(S,E)-1-(2-(4-methoxy-1'-tosyl-1H,1'H-[2,2'-bipyrrol]-5-yl)-11H-1(2,5)-pyrrolacyclodecaphan-2-
en-13-yl)propan-2-yl (4-bromophenyl)carbamate (27) 

 
 
 
 

 

To a flame-dried dram vial, equipped with a stir bar, was added 6 (31.4 mg, 1.0 eq., 55.9 µmol) 

and 1-bromo-4-isocyanatobenzene (22.1 mg, 2.0 eq., 112 µmol) followed by DCE (559 µL, 0.1M). 

To the resulting stirred solution was then added NEt3 (31.2 µL, 2.0 eq., 224 µmol) after which, the 

reaction was left to stir at rt under an atmosphere of argon gas for 3h. After this time, the reaction 

was diluted with deionized water and extracted with EtOAc (process repeated 3x). The organic 

layers were then combined, washed with brine, dried over Na2SO4, filtered, concentrated, and 

purified via flash column chromatography using TEA neutralized silica gel (EtOAc in Hexane: 
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0% - 10%). 27 was isolated as a dark-red film (14.8mg, 34% yield). 1H-NMR (CDCl3, 500 MHz) 

δ 8.50 (s, 1H), 7.67 (s, 1H), 7.35–7.31 (m, 4H), 7.19 (d, J = 8.8 Hz, 2H), 7.12 (d, J = 8.2 Hz, 2H), 

6.52 (t, J = 8.4 Hz, 1H), 6.46 (s, 1H), 6.22 (t, J = 3.3 Hz, 1H), 6.18 (dd, J = 3.3, 1.7 Hz, 1H), 5.93 

(d, J = 2.9 Hz, 1H), 5.83 (d, J = 2.6 Hz, 1H), 5.08 (sext, J = 6.2 Hz, 1H), 3.77 (s, 3H), 3.41 (q, J = 

7.2 Hz, 1H), 2.96 (q, J = 7.2 Hz, 1H), 2.64 (d, J = 6.2 Hz, 2H), 2.61–2.52 (m, 2H), 2.32 (s, 3H), 

2.01–1.93 (m, 2H), 1.56–1.45 (m, 2H), 1.43–1.36 (m, 2H), 1.19–1.12 (m, 3H), 0.86–0.80 (m, 2H), 

0.64–0.55 (m, 1H), 0.55–0.45 (m, 1H); HRMS (ESI) calculated for C39H43BrN4O5S [M+H]+: 

759.2216, found 759.2223 (0.9 ppm mass defect). 

(S,E)-1-(2-(4-methoxy-1'-tosyl-1H,1'H-[2,2'-bipyrrol]-5-yl)-11H-1(2,5)-pyrrolacyclodecaphan-2-
en-13-yl)propan-2-yl acetate (28) 

 
 
 
 
 

To a flame-dried dram vial equipped, equipped with a stir bar, was added 6 (10.6 mg, 1.0 eq., 18.9 

µmol) followed by DCM (78.9 µL, 0.24 M) after which, the resulting solution was cooled to 0ºC. 

To the cold reaction mixture was then added NEt3 (5.31 µL, 2.0 eq., 37.7 µmol), DMAP (233 µg, 

0.1 eq., 1.89 µmol) and Ac2O (2.31 µL, 1.3 eq., 24.5 µmol). Once done, the reaction was allowed 

to warm to rt and then stirred at rt under an atmosphere of argon gas for 16 h. After this time, the 

reaction mixture was quenched via the addition of a sat. NH4Cl solution after which, it was 

extracted with DCM (process repeated 3x). The organic layers were then combined, washed with 

a sat. NaHCO3 solution, brine, dried over Na2SO4, filtered, concentrated, and purified via flash 

column chromatography using TEA neutralized silica gel (EtOAc in Hexane: 0% - 15%). 28 was 

isolated as a dark red-oil (4.3 mg, 38% yield). 28 was found to be very unstable and notable 
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degradation was observed via 1H-NMR over hours at rt in solution with CDCl3 and acetone-d6. 

1H-NMR (acetone-d6, 500 MHz) δ 9.53 (s, 1H), 7.75 (d, J = 8.3 Hz, 2H), 7.68 (dd, J = 3.2, 1.8 Hz, 

1H), 7.08 (d, J = 8.0 Hz, 2H), 6.93 (dd, J = 3.6, 1.8 Hz, 1H), 6.43 (t, J = 4.2 Hz, 1H), 6.14 (s, 1H), 

6.08 (s, 1H), 5.02–4.94 (m, 1H), 3.79 (s, 3H), 3.15–3.07 (m, 1H), 2.77–2.71 (m, 2H), 2.67–2.62 

(m, 1H), 2.58–2.49 (m, 1H), 2.46–2.40 (m, 1H), 2.31 (s, 3H), 1.86 (s, 3H), 1.83–1.78 (m, 2H), 

1.45–1.35 (m, 3H), 1.05 (d, J = 6.4 Hz, 3H), 0.77–0.70 (m, 2H); HRMS (ESI) calculated for 

C34H41N3O5S {M+H]+: 604.2845, found 604.2851 (1.0 ppm mass defect).  

(S,E)-13-(2-((tert-butyldimethylsilyl)oxy)propyl)-2-(4-methoxy-1'-tosyl-1H,1'H-[2,2'-bipyrrol]-
5-yl)-11H-1(2,5)-pyrrolacyclodecaphan-2-ene (29) 

 

 

 

To a flame-dried dram vial, equipped with a stir bar, was added 6 (7.1 mg, 1.0 eq., 13 µmol) and 

imidazole (1.7 mg, 2.0 eq., 25 µmol) followed by DCM (97 µL, 0.13 M) after which the reaction 

mixture was cooled to 0ºC. To the cold reaction mixture was then added TBSCl (2.3 mg, 1.2 eq., 

15 µmol). Once done, the reaction was allowed to warm to rt and then stirred at rt under an 

atmosphere of argon gas for 16 h. After this time, the reaction mixture was added to ice water and 

the resulting biphasic mixture extracted with EtOAc (process repeated 3x). The organic layers 

were then combined, dried over Na2SO4, filtered, concentrated and purified via flash column 

chromatography using TEA neutralized silica gel (EtOAc in Hexane: 0% - 10%). 29 was isolated 

as a dark-red film (2.6 mg, 30% yield). as a dark-red film. 28 was found to be very unstable and 

notable degradation was observed via 1H-NMR over hours at rt in acetone-d6. 1H-NMR (acetone-

d6, 500 MHz) δ 9.30 (s, 1H), 8.83 (s, 1H), 7.35 (d, J = 8.4 Hz, 2H), 7.31–7.27 (m, 3H), 6.50 (t, J = 

NH
N
H

OMe

OTBS
Me

NTs



 134 

8.4 Hz, 1H), 6.28–6.23 (m, 2H), 6.05 (d, J = 2.9 Hz, 1H), 5.77 (d, J = 2.7 Hz, 1H), 4.28–4.21 (m, 

1H), 4.21–4.15 (m, 1H), 4.07–4.0 (m, 1H), 3.97–3.91 (m, 1H), 3.74 (s, 3H), 2.66–2.61 (m, 2H), 

2.34 (s, 3H), 2.31–2.26 (m, 2H), 1.56–1.53 (m, 2H), 1.42–1.39 (m, 3H), 1.15–1.10 (m, 3H), 1.05–

1.02 (m, 2H), 0.65–0.59 (m, 2H), 0.11 (s, 9H), -0.04 (s, 6H); HRMS (ESI) calculated for 

C38H53N3O4SSi [M+H]+:  676.3604, 676.3609 (0.7 ppm mass defect). 
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Computational Methods 
 
 
Quantum mechanical investigations of the putative intramolecular rearrangement were conducted 

with density functional theory (DFT) calculations using Gaussian 16.16 

Geometries were prepared and conformationally sampled with Grimme’s xTB/CREST17,18 and 

Zimmerman’s GSM19 codes. Semiempirical quantum mechanics optimizations with xTB were 

conducted at the GFN-XTB-220 level of theory with the analytical linearized Poisson-Boltzmann 

(ALPB) model for toluene implicit solvation. Conformational sampling with CREST was 

conducted at the GFN-XTB-2 level of theory with ALPB toluene implicit solvation, confining any 

relevant ion pairs with ellipsoidal potentials. 

Initial DFT geometry optimizations were completed at the ωB97X-D/def2-SVrP21,22 level with the 

solvation model based on density (SMD) for toluene.23 Single-point corrections to energy were 

made at the ωB97X-D/def2-TZVPP level with the SMD for toluene. 

Ensembles for the calculation of candidate structure NMR spectra were prepared with 

xTB/CREST. Structures contributing >1% of the overall Boltzmann population at 298.15 K were 

subjected to further geometry optimization using B3LYP/6-31+G(d,p)24-26. Degenerate structures 

were rejected and NMR spectra were computed with using Hoye’s protocol27, estimated RMSD 

2.1 ppm, at the mPW1PW91/6-311+G(2d,p)28 with the polarizable continuum model (PCM) 

solvation for acetone.29 The resulting ensembles were subsequently re-weighted by Boltzmann 

contribution to total population. 

Quasiharmonic corrections to enthalpy (Head-Gordon) and entropy (Grimme) were applied to 

optimized structure energies using Paton’s GoodVibes software30 at 298.15 K unless otherwise 

specified. Visualizations were prepared with Legault’s CYLview20.31 
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NMR Spectra 
 
Spectrum 2.4.1 1H-NMR of Compound 1 (CDCl3, 500 MHz) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Spectrum 2.4.2 13C-NMR spectrum of compound 1 (CDCl3, 126 MHz) 
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Spectrum 2.4.3 1H-NMR of compound 2S (C6D6, 500 MHz) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Spectrum 2.4.4 13C-NMR of compound 2S (C6D6, 126 MHz) 
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Spectrum 2.4.5 1H-NMR of compound 2R (C6D6, 500 MHz) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Spectrum 2.4.6 13C-NMR of compound 2R (C6D6, 126 MHz) 
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Spectrum 2.4.7 1H-NMR of compound Cbz-Protected 3 (CDCl3, 500 MHz)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Spectrum 2.4.8 13C-NMR of compound Cbz-Protected 3 (CDCl3, 126 MHz) 
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Spectrum 2.4.9 1H-NMR of compound 5 (CDCl3, 500 MHz) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Spectrum 2.4.10 13C-NMR of compound 5 (CDCl3, 126 MHz) 
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Spectrum 2.4.11 HSQC of compound 5 (CDCl3, 126 MHz) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Spectrum 2.4.12 HMBC of compound 5 (CDCl3, 126 MHz) 
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Spectrum 2.4.13 COSY of compound 5 (CDCl3, 500 MHz)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Spectrum 2.4.14 NOSEY of compound 5 (CDCl3, 500 MHz) 
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Spectrum 2.4.15 1H-NMR of compound 6 (acetone-d6, 500 MHz) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Spectrum 2.4.16 13C-NMR of compound 6 (acetone-d6, 126 MHz) 
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Spectrum 2.4.17 HSQC of compound 6 (acetone-d6, 126 MHz) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Spectrum 2.4.18 HMBC of compound 6 (acetone-d6, 126 MHz) 
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Spectrum 2.4.19 COSY of compound 6 (acetone-d6, 500 MHz) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Spectrum 2.4.20 NOSEY of compound 6 (acetone-d6, 500 MHz) 
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Spectrum 2.4.21 1H-NMR of compound 7 (CDCl3, 500 MHz) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Spectrum 2.4.22 1H-NMR of compound 8 (CDCl3, 500 MHz) 
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Spectrum 2.4.23 1H-NMR of compound 9 (CDCl3, 400 MHz) 
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Spectrum 2.4.24 1H-NMR of compound 10 (CDCl3, 500 MHz) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Spectrum 2.4.25 13C-NMR of compound 10 (CDCl3, 126 MHz) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

NCbz

MeO

N

NCbz

MeO

N



 149 

Spectrum 2.4.26 1H-NMR of compound 11 (CDCl3, 400 HMz) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Spectrum 2.4.27 13C-NMR of compound 11 (CDCl3, 101 HMz) 
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Spectrum 2.4.28 1H-NMR of compound 12 (CDCl3, 500 MHz) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Spectrum 2.4.29 13C-NMR of compound 12 (CDCl3, 126 MHz) 
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Spectrum 2.4.30 1H-NMR of compound 19a (CDCl3, 500 MHz)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Spectrum 2.4.31 13C-NMR of compound 19a (CDCl3, 126 MHz) 
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Spectrum 2.4.32 1H-NMR of compound 19b (CDCl3, 500 MHz)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
Spectrum 2.4.33 13C-NMR of compound 19b (CDCl3, 126 MHz) 
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Spectrum 2.4.34 1H-NMR of compound 19d (CDCl3, 400 MHz) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
Spectrum 2.4.35 13C-NMR of compound 19d (CDCl3, 101 MHz) 
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Spectrum 2.4.36 1H-NMR of compound 20a (CDCl3, 500 MHz)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Spectrum 2.4.37 13C-NMR of compound 20a (CDCl3, 126 MHz) 
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Spectrum 2.4.38 HSQC of compound 20a (CDCl3, 126 MHz) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
Spectrum 2.4.39 HMBC of compound 20a (CDCl3, 126 MHz) 
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Spectrum 2.4.40 COSY of compound 20a (CDCl3, 126 MHz) 
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Spectrum 2.4.41 1H-NMR of compound 20b (CDCl3, 500 MHz)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
Spectrum 2.4.42 13C-NMR of compound 20b (CDCl3, 126 MHz) 
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Spectrum 2.4.43 HSQC of compound 20b (CDCl3, 126 MHz) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
Spectrum 2.4.44 HMBC of compound 20b (CDCl3, 126 MHz) 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 159 

Spectrum 2.4.45 COSY of compound 20a (CDCl3, 500 MHz) 
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Spectrum 2.4.46 1H-NMR of compound 20d (CDCl3, 400 MHz)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
Spectrum 2.4.47 13C-NMR of compound 20d (CDCl3, 101 MHz) 
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Spectrum 2.4.48 HSQC of compound 20d (CDCl3, 101 MHz) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Spectrum 2.4.49 HMBC of compound 20d (CDCl3, 101 MHz) 
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Spectrum 2.4.50 COSY of compound 20d (CDCl3, 400 MHz) 
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Spectrum 2.4.51 1H-NMR of compound 21 (CDCl3, 400 MHz)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
Spectrum 2.4.52 13C-NMR of compound 21 (CDCl3, 101 MHz) 
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Spectrum 2.4.53 1H-NMR of compound 22 (CDCl3, 400 MHz) 
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Spectrum 2.4.54 1H-NMR of compound 23 (CDCl3, 500 MHz) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Spectrum 2.4.55 13C-NMR of compound 23 (CDCl3, 126 MHz) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

NHNH

NTs

MeO

NHNH

NTs

MeO



 166 

Spectrum 2.4.56 1H-NMR of compound 24 (CDCl3, 500 MHz) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Spectrum 2.4.57 13C-NMR of compound 24 (CDCl3, 126 MHz) 
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Spectrum 2.4.58 1H-NMR of compound 25 (CDCl3, 500 MHz)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Spectrum 2.4.59 13C-NMR of compound 25 (CDCl3, 126 MHz) 
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Spectrum 2.4.60 1H-NMR of compound 26 (CDCl3, 400 MHz) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Spectrum 2.4.61 13C-NMR of compound 26 (CDCl3, 101 MHz) 
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Spectrum 2.4.62 1H-NMR of compound 27 (CDCl3 ,500 MHz) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Spectrum 2.4.63 1H-NMR of compound 28 (acetone-d6, 500 MHz) 
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Spectrum 2.4.64 1H-NMR of compound 29 (acetone-d6, 500 MHz) 
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Chapter Three: Progress Towards the Total Synthesis of JBIR-141 
 
 
3.1 Introduction 
 
 

Transcription factors are proteins that regulate the expression of genes by binding to 

replication complexes and modulating the activity of DNA polymerase. They control a myriad of 

processes ranging from cellular nutrient utilization to cell cycle progression, mitosis, and 

apoptosis. Despite their central role in the life cycle of “normal” cells, the activity of certain 

transcription factors has been associated with cancer progression as drivers of metastases, 

angiogenesis, and drug resistance.1 For this reason, transcription factors have long been coveted 

as potential targets of chemotherapeutic small-molecule drugs. Frustratingly, the identification and 

development of specific transcription factor inhibitors that function effectively within cells has 

been a mountainous challenge, with the utilization of large screening libraries composed of drug-

like heterocycles yielding limited success.2  

While many of the over 1,500 known transcription factors have been well studied for their 

role in the orchestration of numerous biological processes, the FoxO (forkhead box subclass O) 

family has garnered particular attention due to their association as regulators of cellular longevity. 

In addition, they have also been well acknowledged for their role as tumor suppressors by inducing 

cell cycle arrest and apoptosis. The FoxO family of transcription factors consists of four members; 

FoxO1, FoxO3, FoxO4 and FoxO6. Among them, FoxO3a, a subtype of FoxO3, is unique in that 

it is a disordered protein which, in addition to its normal function as a tumor suppressor, has been 

found to induce cancer cell invasion, metastases, and drug resistance.3-8  
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When carrying out its typical function as a tumor suppressor, FoxO3a functions within the 

nucleus, transcribing genes involved in cell cycle arrest and apoptosis. Like many members of the 

FoxO family, the transcriptional activity of FoxO3a is tightly regulated, via mechanisms which 

controls its nuclear concentration, though modulation of the phosphatidylinositol 3-kinase (PI3K)-

protein kinase B (Akt) signaling pathway. In cells not designated for programmed cell death, this 

pathway proceeds via the activation of Akt by PI3K, the former of which is responsible for the 

direct phosphorylation of FoxO3a. This causes  FoxO3a’s expulsion from the nucleus and its 

subsequent degradation in the cytoplasm, thus down regulating the transcription of its target 

apoptotic genes.9 Dysregulation or improper functioning of this PI3K-Akt regulatory pathway has 

been shown to lead to unfettered cell proliferation and the development of cancers such as chronic 

myeloid leukemia (CML). This was confirmed though the finding that CML cells carry an 

abnormal BCR-ABL gene absent in normal cells; a genetic abnormality which has been associated 

with the increased production of BCR-ABL proteins, which, by activating the PI3K-Akt signaling 

pathway, leads to the translocation of FoxO3a out of the nucleus and the downregulation of 

apoptosis, enabling unchecked growth and proliferation of CML cells (Figure 3.1.1A).10 

 
 
 
 
 
 
 
 
 
Figure 3.1.1 Cellular Regulation of FoxO3a transcriptional activity (A) Regulation of FoxO3a 
transcriptional activity in cancer (CML) cells (B) Regulation of FoxO3a transcriptional activity 
during treatment with Imatinib. 
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Today, the most common treatment for CML employs developed tyrosine kinase inhibitors 

(TKIs). Imatinib (aka Gleevec or Glivec), one of the most widely used of these TKIs since its 

introduction to the market in late 2001, has been shown to operate upstream of PI3K and 

successfully treats CML by acting as an inhibitor of BCR-ABL proteins, downregulating the anti-

apoptotic PI3K-Akt pathway (Figure 3.1.1B).11 While the advent of these TKIs was once hailed 

as a “magic bullet” in the fight against chronic myeloid leukemia, their continued use was found 

to lead to cancer recurrence via the formation of drug resistant stem cells  whose growth was 

promoted by the accumulation of nuclear FoxO3a driven by TGF-β signaling.12  Further studies 

have also show FoxO3a to be critical for the maintenance and self-renewal of hematopoietic stem 

cells (HSCs) as well as leukemia initiating cells (LICs), factors which also contribute to drug 

resistance and cancer recurrence.12-15  

This paradoxical role of FoxO3a as a pro-apoptotic transcription factor in non-cancerous 

cells and an anti-apoptotic promoter in cancer stem cells is attributed to increased concentrations 

of intranuclear β-catenin found in the latter; a protein which binds to FoxO3a and diverts its 

function to stem cell maintenance without inducing apoptosis.4 As a result of these findings, it has 

been posited that small molecules capable of selectively inhibiting FoxO3a transcriptional would 

be highly valuable towards the elimination of CML stem cells not targeted by TKIs. In 2015, a 

Japanese laboratory, led by Kazuo Shin-ya and coworkers, screened over 250,000 natural products 

in search of inhibitors of FoxO3a mediated transcription.16 From this screen, JBIR-141 (1, Figure 

3.1.2) and JBIR-142 (2) were identified as a potent inhibitor of FoxO3a transcriptional activity.17  

 
 
 
 
 

Figure 3.1.2 Structures of JBIR-141 (1), JBIR-142 (2) and co-isolated 3. 
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JBIR-141 (1) and JBIR-142 (2) are peptidomimetic natural products extracted from the 

culture broth of Streptomyces sp. 4587H4S, a soil-derived actinomycete bacterial strain isolated 

from samples collected at Ishigaki island, Japan. Their structure was elucidated utilizing mass 

spectroscopy (HRESIMS) and UV/IR absorption data in conjunction with extensive 1D- and 2D-

NMR analysis (i.e DQF-COSY, HSQC, CT-HMBC18). For further structural elucidation, literature 

protocols for degradation studies19,20 were carried out on 3 (Figure 3.1.2); a product co-isolated 

with 1 and 2 resulting from hydrolysis of the N-terminal oxazoline of the latter. The products 

isolated from these studies were further analyzed using the methods outlined above with absolute 

stereochemical elucidation provided via the utilization of Marfey’s method.21,22 

Using cell-based luciferase reporter assays conducted on HEK293 cells, both JBIR-141 (1) 

and JBIR-142 (2) were identified as potent inhibitors of FoxO3a transcriptional activity with 

cellular IC50 values of  23.1 nm and 166.1 nm, respectively.17  Moreover, both compounds show 

notable selectivity against FoxO3a over other transcription factors such as NF-κB, p53, and notch 

(Figure 3.1.3A/B). Interestingly, this data also indicates the concomitant effect of these 

compounds to up-regulate NF-κB transcriptional activity, an unexpected finding. It should also be 

noted that cell viabilities during the 24 h incubation period remained relatively unchanged, 

indicating the low cytotoxicity of 1 and 2 in these studies.  

 
 
 
 
 
 
 
 
Figure 3.1.3 Data obtained from cell-based luciferous assays measuring the inhibition of 
transcription factor activity by (A) JBIR-141 (1), (B) JBIR-142 (2) and (C) compound 3. (○) 
Foxo3a, (●) NF-kB, (Δ) p53, (▲) notch. 
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In addition to their potent inhibition of FoxO3a transcriptional activity, further biological 

testing showed both 1 and 2 to exhibit strong cytotoxic activity against a variety of human cancer 

cell lines including, SKOV-3 (human ovarian adenocarcinoma), MESO-1 (human malignant 

mesothelioma), and Jurkat (human T-lymphoma): IC50 values 11.7 and 101 nm against SKOV-3, 

89.8 and 66.5 nm against MESO-1, 4.4 and 30.6 nm against Jurkat for 1 and 2, respectively. 

Interestingly, parallel testing of these compounds alongside 3 showed the latter to be almost 

completely inactive towards FoxO3a inhibition (Figure 3.13C) as well as dramatically less 

cytotoxic against SKOV-3, MESO-1 and Jurkat cell lines (IC50 = 1094, 3353 and 836 nm, 

respectively). These findings underscore the significance of the N-terminal oxazoline functionality 

in compounds 1 and 2 with respect to their biological activity. A summary of cytotoxicity IC50 

values against these various cell lines is shown in Table 3.1.1. 

 IC50 [nM] 

 JBIR-141 (1) JBIR-142 (2) 3 
SKOV-3 11.7 101 1094 
MESO-1 89.8 66.5 3353 
JURKAT 4.41 30.6 836 

 
Table 3.1.1 Summary of IC50 values for 1, 2 and 3 against SKOV-3, MESO-1 and Jurkat cell lines. 
 
 

In a 2022 patent, Sir Paul Nurse and colleagues at the Francis Crick Institute in London 

reported the isolation and characterization of a stable JBIR-141 Zn2+ complex from extracts of 

actinomycete strain DEM21859.23 Bioassays of this isolated zinc-complex ran in parallel with the 

apo-natural product showed the former to be significantly more active against unicellular fission 

yeast S. Pombe as well as other bacterial strains. In addition, Zinc-bound 1 was also found to 

display potent cytotoxicity against a variety of acute myeloid leukemia (AML) cell lines (Kasumi-

I, SKNO-I, THP-I, MV-4-11 , HL-60 and OCI-AML3) as well as  burkitts lymphoma (i.e non-
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hodgkins lymphoma) cell lines (Ramos and BL-41) with EC50 values ranging from 10 to 200 nm 

(see Table 3.1.2 for EC50 values). In addition to these results, the isolated complex was found to 

be 102-203 less cytotoxic towards the negative control mesenchymal stromal cells (MSC).  

Cell Line EC50 (nM) 
MSC 20,000 
Kasumi-1 80 
SKNO-1 30 
MD-4-11 60 
BL-41 10 
HL-60 50 
OCI-AML3 200 
THP-1 60 
Ramos 50 

 
Table 3.1.2 Summary of EC50 values of JBIR-141(1) Zn2+ complex against a variety of acute 
myeloid leukemia (AML) cell lines and burkitts lymphoma (i.e non-hodgkins lymphoma) cell 
lines. 
 
 

While no structure for the isolated complex was reported, we hypothesize that JBIR-141 

binds Zn2+ in a manner analogous to the binding of Cu2+ in chalkophomycin24 (Figure 3.1.4A) 

wherein the deprotonated N-nitrosohydroxylamine (aka diazeniumdiolate) and acyl tetramate 

motifs coordinate to the metal as planar LX type ligands (e.g acetylacetonate, aka ‘acac’). A 

computationally supported and refined model of our purported structure for this coordination  

complex, created in  collaboration with the group of Professor Ken Houk, is shown be below in 

Figure 3.1.4B. 

 

 
 
 
 
Figure 3.1.4 X-ray crystal structure of chalkophomycin Cu2+ complex and proposed coordination 
complex of JBIR-141 Zn2+ complex. (A) Single crystal X-ray structure of Chalkophomycin Cu2+ 
complex (CCDC database ID# 2019562). (B) Proposed structure of JBIR-141 Zn2+ complex. This 
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structure was determined via conformation sampling of the deprotonated parent compound (1) 
using Conformer–Rotamer Ensemble Sampling Tool (CREST)25. To the lowest energy 
conformation of anionic ligand 1 was then manually added a Zn2+ ion (shown in purple) at close 
proximity to the anionic acyl tetramate. Free rotation of the sigma bonds allows the anionic N-
nitrosohydroxylamine group to coordinate the Zn2+ center in a 4-coordinate tetrahedral geometry. 
The geometry of this complex was subsequently optimized using DFT calculations using the 
B3LYP-D326,27 functional and def2SVP28 basis set. 
 
 

While both JBIR-141 (1) and JBIR-142(2) display a wide variety of promising biological 

activities which makes them well positioned for development into chemotherapeutic agents, 

particularly as a TKI-compliments in the treatment of CML, more research is needed as essentially 

nothing is known about their biological mechanisms of action or their molecular target(s).17 

Moreover, because these products encompass a diverse range of biologically active structural 

motifs, numerous potential hypotheses can be posited to explain their mechanism of action as a 

FoxO3a inhibitor. 

Several of these hypotheses stem from the potential for these compounds to bind metals 

via their N-nitrosohydroxylamine functionality, a finding well reported in the literature29,30, 

working in concert with either their amino oxazoline and/or acyl tetramate motifs. While 

fluctuating intracellular concentrations of Cu2+ and Zn2+ ions has been shown to modulate FoxO 

signaling in human hepatoma cells via activation of the PI3K-Akt pathway31 and be instrumental 

in the ability of β-thujaplicin (aka hinokitiol) to down regulate the activity of FOXOla32, we feel 

it is unlikely that metal ion sequestration is responsible for the inhibition of FoxO3a activity by 

these compounds. This doubt is supported by the high cellular potency of the aforementioned 

JBIR-141 Zn2+ complex (EC50 10-200 nM) which, at such low concentrations, is unlikely to 

significantly perturb intracellular zinc concentrations. An alternative theory to metal sequestration 

proposes that these compounds may operate through the release of nitric oxide (NO). This 

hypothesis is grounded in findings which show NO signaling to be correlated with inhibited 
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FoxO3a activity.33 While the N-nitrosohydroxylamine moiety found in these structures do not 

typically function as NO donors34, its conjugate base has been shown to release NO upon one 

electron enzymatic oxidation.35 Finally, it has also been proposed that these structure function as 

a pro-drug wherein their acetate group is cleaved by esterase activity upon entry into the cell, 

revealing an amido ethanol motif reminiscent of transition state isosteres used for protease 

inhibition.36 

Because the isolated yields of these two compounds were extremely low (14 mg and 17 

mg for 1 and 2, respectively) and to date, neither have been synthesized in a laboratory, we set out 

to establish the first laboratory synthesis of JBIR-141 and JBIR-142. In doing so, we plan to 

establish the means to procure sufficient material, as well as analogs thereof, to facilitate structure-

activity relationship (SAR) and expanded biological studies to better understand their mechanism 

of action as a FoxO3a inhibitor towards the ultimate goal of maximizing their therapeutic potential 

as a complimentary CML treatment. Towards these efforts, we quickly narrowed our focus to the 

synthesis of JBIR-141 alone as it shows superior cytotoxicity against a majority of tested cell lines 

as well as 7-fold greater inhibition of FoxO3a transcriptional activity compared to JBIR-142 (23.1 

vs. 166.1 nm). 

 
 
3.2 Overview of Relevant Literature 
 
 

JBIR-141's potential utility as a selective inhibitor of FoxO3a transcriptional activity 

coupled with its potent cytotoxicity against several human cancer cell lines has garnered 

considerable attention from researchers worldwide. This has resulted in the concerted effort of 

several labs to actively pursue the development of a synthetic route to the natural product. Despite 

these efforts, to date, none have succeeded.  
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One research group who has so far made notable progress towards developing a route to 

JBIR-141 is the group of Takayuki Doi at Tohoku University in Japan. In late 2022, Doi and 

coworkers published work describing the 14-step synthesis of the central N-nitrosohydroxylamine 

containing γ-amino acid segment of JBIR-141 derived from allyl (S)-N-Boc-pyroglutamate.37  This 

route is shown in Scheme 3.2.1 below. While this same laboratory has reported elaborations of 

this central fragment in conference proccedings38, to our knowledge these efforts have not yet 

generated JBIR-141. 

 
 
 
 
 
 
 
 
 
 
 

 
Scheme 3.2.1 Synthetic route to the N-nitrosohydroxylamine containing central fragment of JBIR-
141 (1) developed by the laboratory of Takayuki Doi at Tohoku University, Japan. 
 
 

In addition to these efforts led by Doi and colleagues, the laboratory of Rainer Schobert at 

the University of Bayreuth in Germany has also made significant contributions towards 

establishing the first total synthesis of JBIR-141 through his publication of a related synthetic 

analog (4, Figure 3.2.1)39 While this analog contains all three key functionalities present in JBIR-

141 (1), including the N-terminal oxazoline, N-nitrosohydroxylamine and C-terminal acyl 

tetramate as well as six of the seven chiral centers, it differs from the natural product only via the 

omission of a centrally located isobutyl acetate spacer (highlighted in red). In this work, the authors 
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141 and JBIR-142] compounds” and to “fathom the compatibility of the N-nitrosohydroxylamine 

group with reactions and conditions typical of heterocyclic and tetramate chemistry and its 

amenability to standard protecting/deprotecting protocols.” As shown in their retrosynthetic 

analysis of analog 4 (Scheme 3.2.2), Schobert and workers utilized a fragment assembly approach 

to arrive at the backbone of the natural product with final tailoring of the N-nitrohydroxylamine 

greatly mirroring that employed by Doi and coworkers.37 

 
 
 
 
 
 
 
Figure 3.2.1 The natural product JBIR-141(1) alongside analog 4 (synthesized by Schobert and 
coworkers) which is missing the central isobutyl acetate linker (shown in red) of the natural 
product. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Scheme 3.2.2 Retrosynthetic analysis of 4, an analog of JBIR-141(1) synthesized by Rainer 
Schobert of University of Bayreuth, Germany. 
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Upon its completion, 4, along with numerous route intermediates (Figure 3.2.2), were 

tested for their cytotoxic and antimicrobial activities against KB-3-1 (cervix carcinoma) and L-

929 (mouse fibroblast) cell lines as well as a panel of a dozen microorganisms. To the authors 

great surprise, none of the tested compounds showed any noticeable inhibitory effect on the 

proliferation or viability against any of the tested cancel cancer cell lines (Table 3.2.1). This 

inactivity greatly suggests that the central isobutyl acetate linker missing from 4 is essential for 

the cytotoxicity against cancer cell lines observed in previous studies.17 Even more surprising was 

the inactivity of compounds 4, 6 and 8 against the entire panel of tested bacteria and fungi (Table 

3.2.2). Such inactivity amongst C3-acyltetramate containing compounds is rare as a wealth of 

literature indicates  that a substantial amount of bacterially derived tetramic acids show strong 

antimicrobial activity.40-42 

 

 

 
 
Figure 3.2.2 Compounds tested for cytotoxicity and antimicrobial activity against KB-3-1 (cervix 
carcinoma) and L-929 (mouse fibroblast) cell lines as well as a panel of a dozen microorganism 
by Schobert lab. 
 

IC50 [μg/L] 

Compound L-929 [ACC2] 
Tox. 
Nr. KB-3-1 [ACC158] Tox.Nr. 

4 – 3847 – 3848 
5 – 3845 – 3846 
6 – 3845 – 3846 
7 – 3849 – 2850 
8 – 3847 – 3848 
Epo B 0.00022 3807 0.000023 3808 
Reference: Epo B: epothilone B; –: not active  

 
Table 3.2.1 Results of cytotoxicity studies of Figure 3.2.2 compounds against KB-3-1 (cervix 
carcinoma) and L-929 (mouse fibroblast) cell lines. Epo B: epothilone B; – : not active. 
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Table 3.2.2 Results of antimicrobial studies of Figure 3.2.2 compounds against a panel of a 
bacteria and fungi. aoxytetracycline; bkanamycin; cciprobay; dgentamicin; enystatin; – : not active. 
 
 
 
3.3 Initial Retrosynthetic Analysis of JBIR-141 
 
 

Looking at the structure of JBIR-141 (1, Figure 3.3.1) one can readily see that it is 

comprised of three major functionalities: an N-terminal oxazoline (boxed in blue), a centrally 

located N-nitrosohydroxylamine (boxed in red) and a C-terminal C3-acylated tetramic acid (boxed 

in green). While a wealth of literature exists surrounding the synthesis and general stability of both 

oxazolines43 and tetramic acids44, the synthesis, reactivity, and general stability of N-

nitrosohydroxylamines is far less researched as these chemical entities are generally rare in 

nature.24, 45,46 In fact, both JBIR-141 and JBIR-142 represent the first isolated complex natural 

products that feature this delicate moiety. In our eyes, it is the presence of all three of these 

functionalities in a single structure which makes JBIR-141 such a synthetic challenge. 
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Figure 3.3.1 Structure of JBIR-141 (1) with its three major structural functionalities highlighted. 
 
 

Retrosynthetically, we envision disconnection and the indicated amide and ester bonds 

(Scheme 3.3.1) to afford three fragments of comparable complexity (9, 10 and 6) with the 

oxazoline and C3-acyated tetramic acid motifs already established is fragments 9 and 6, 

respectively. In line with the putative biosynthesis of the natural product, we view these segments 

as derivable from common amino acids and commodity chemicals. This provides an inexpensive 

chiral pool source for all but one of the stereocenters in 1. Fragment assembly followed by 

installation of the N-nitrosohydroxylamine, which we planned to execute late-stage due to its 

delicate nature, will provide JBIR-141 (1). 
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Scheme 3.3.1 Our initial retrosynthetic analysis of JBIR-141 (1). 
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should be noted that since the development of this proposed route, a great number of strategy level 

changes have been made and the proposed fragments shown above represent only our initial plan. 

 
 
3.4 Synthetic Studies Towards JBIR-141 
 
 
3.4.1 Synthetic Studies Towards N-Terminal Oxazoline Fragment 9 
 
 

Due to the abundance of oxazoline heterocycles found in natural products47,48 and their 

extensive use in ligand systems for asymmetric catalysis49, numerous methods for their syntheses 

have been published.43 One widely employed approach is the stereoinvertive cyclodehydration of 

β-hydroxyamides, functionalities found in serine and threonine containing peptides. In contrast to 

their biosynthesis50, this strategy involves the activation and subsequent displacement of the β-

hydroxyl group, a process that literature shows can be facilitated by a variety of different 

reagents.51Notably, the use of DeoxoFluor® and DAST, compounds originally developed for 

deoxofluorination, have been utilized for such purposes.52-54 This greatly shaped how we 

envisioned forging the key oxazoline functionality of fragment 9. 

Our initial plan for the synthesis of fragment 9 is shown below in Scheme 3.4.1. This route 

commenced with the synthesis of known N,N-dimethyl-L-alanine (11)55 and L-allo-threonine 

methyl ester hydrochloride (12)56 from commercially available L-alanine and L-allo-threonine, 

respectively.  It should be noted that while L-allo-threonine is available for purchase from a variety 

of commercial sources, as of current date,  its cost exceeds >$10/gram. For this reason, we elected 

to prepare it in house from L-threonine in just 4 steps.57 With both of these components in hand, 

we envisioned that treating an equimolar mixture of 11 and 12 with an excess of Deoxo-Fluor® 

would result in direct formation of the desired oxazoline functionality.  
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Scheme 3.4.1 Initial plan for the synthesis of N-terminal oxazoline fragment 9. 
 
 

We postulated that this 2-step process would proceed via the formation of an amide bond 

between 12 and an acyl fluoride derived from alanine component 11 followed by activation of the 

secondary alcohol of the in-situ generated dipeptide. This would initiate a stereoinvertive 

cyclodehydration as shown in rendering 13.58,59 To screen condition for this reaction, we began by 

adopting procedures put forth by Kangani and workers who published a series of papers outlining 

the one- pot synthesis of oxazolines from carboxylic acids using Deoxo-Fluor®.52,53 While none of 

these publications described the use of two amino acids as the components for this cascade, this 

did not deter us from pursuing this avenue. Unfortunately, despite extensive screening of reagent 

equivalents, reaction temperature, reaction solvent, and reagent order of addition, we observed no 

detectable formation of desired 14 and only minor traces of its antecedent dipeptide. It was the 

latter of these findings that prompted us to explore a stepwise approach for this sequence.  

 

 

Scheme 3.4.2 Stepwise approach for the synthesis of oxazoline fragment 14 using Deoxo-Fluor®  
 
 

As shown above in Scheme 3.4.2, the coupling of 11 and 12 using conventional methods 
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the aqueous layers produced from the workup of the reaction. Consequently, we opted to avoid 

unnecessary aqueous washes prior to purification of the product via flash column chromatography. 

To our dismay, both NMR and LCMS analysis of the crude product resulting from treatment of 15 

with Deoxo-Fluor® revealed a complex mixture of species, with the desired product appearing to 

be only a minor component. To exacerbate our frustrations, subsequent attempts to find suitable 

conditions for this transformation using alternative fluorinating agents, such as DAST and 

XtalFluor-E, also yielded complex mixtures of products with no appreciable formation of the 

desired oxazoline. While a cursory survey of the literature revealed numerous unexplored 

methodologies for achieving the desired stereoinvertive cyclodehydration from 15, such as the use 

of Ph2SO-Tf2O60, Martin's sulfurane61, Burgess reagent62, and various Mitsunobu protocols63, we 

decided to turn our attention towards alternative cyclization approaches. 

In 2005, Ishihara and coworkers at Nagoya University published work which demonstrated 

the ability of various molybdenum oxides to efficiently catalyze dehydrative cyclization reactions 

of  N-acylserines and N-acylthreonines to form oxazolines.64 While we were initially attracted to 

this method due to its use of sub-stoichiometric (i.e catalytic) quantities of dehydrating agent, we 

quickly realized that it most appealing aspect was its ability to proceed with high stereochemical 

retention at the oxazoline C5 position (the one adjacent to the oxazoline oxygen). While the authors 

never carried out studies to determine the operative mechanism of these reported reactions, they 

attributed this stereochemical retention to be the result of a biomimetic-like cyclization, a plausible 

mechanism for which is shown in Figure 3.4.1A.65,66 This stands in stark contrast to the 

mechanistic pathway employed by conventional stoichiometric dehydrating agents, which involve 

the activation and subsequent displacement of the β-hydroxyl group (Figure 3.4.1B). The ability 

to achieve cyclodehydration with stereochemical retention at the C5 center was significant because 
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it allowed for the substitution of L-allo-threonine with L-threonine in our envisioned, the latter of 

which is dramatically more cost-effective.  

 

 

 

 

 

 
 
 
Figure 3.4.1 Comparison of oxazoline forming cyclodehydration mechanisms. (A) Biomimetic 
like amide activated cyclodehydration mechanism. (B) Hydroxyl activated cyclodehydration 
mechanism. 
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Stark apparatus. 1H-NMR analysis of the reaction mixture after 3 h showed complete consumption 

of the dipeptide starting material and successful formation to the desired oxazoline with  little to 

no epimerization at the C2-exomethine position.  While the reason for this reduced epimerization 

is not definitively known, we attribute it to doubling the catalyst loading compared to the amount 

outlined by Ishihara and coworkers. Because amino acid derived oxazolines have been shown to 

be hydrolytically unstable43, oxazoline 18 was purified via flash column chromatography using 

rigorously dried, deactivated silica gel. While we recognize that replacing Cbz-protected L-alanine 

with N,N-dimethyl-L-alanine 11 would enhance the efficiency of this route, we noticed that all 

oxazoline synthesized from comparable polypeptides using this methodology featured an aromatic 

residue in the N-acyl side chain64,66 which, we speculated to be necessary  for effective cyclization. 

In addition, we felt that the ease with which dipeptide 17 was prepared compared to dipeptide 15 

justified this slight reduction in step efficiency. 

 

 

 
Scheme 3.4.3  Synthesis of 2,4-disubstituted oxazoline methyl ester 18 from L-threonine. 
 
 

With the key oxazoline functionality of the fragment forged, one-pot Cbz-deprotection 
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of material (84% yield compared to 96% yield). While we had Initially anticipated the hydrolytic 

instability of the oxazoline motif to require neutral, anhydrous conditions for the conversion of 14 

to 9, such as the use of Me3SnOH68 or MgI269, methodologies developed by Nicolaou and Parrot, 

respectively. To our delight, we were pleased to find that traditional saponification conditions 

using CsOH yielded desired N-terminal oxazoline fragment 9 in near quantitative yield.  

 

 

 
Scheme 3.4.4 Completion of the synthesis of N-terminal oxazoline fragment 9. 
 
 

While the route to fragment 9 outlined above is both short and efficient, one of its greatest 

attributes is its inherent flexibility. As demonstrated in Scheme 3.4.5, the ability to alter the amino 

acid inputs within this sequence offers a straightforward means of varying both the C3 and C5 

substituents. This provides facile access to a diverse range of structural analogs which, in turn, will 

be used in structure-activity relationship (SAR) studies. 

 

 

 
Scheme 3.4.5 Illustration of the inherent flexibility of our route towards the design and synthesis 
of structural analogs. 
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3.4.2 Synthetic Studies Towards Central β-Lactone Fragment 10 
 
 

Initially, we envisioned the central fragment of JBIR-141 would derive from some 

protected form of L-ornithine methyl ester (19, Scheme 3.4.6A), which could be easily prepared 

from its corresponding free acid. Controlled oxidation of 19’s primary amine was to be achieved 

using Bode’s sulfonyloxaziridine 20.70,71 Condensing 19 with 20 would result in Schiff base 21b 

which is internally oxygenated as shown in Scheme 3.4.6B to give nitrone 21c. Subsequent 

exchange aminolysis with hydroxylamine would then liberate 22.70 Given the potential instability 

of a free hydroxylamine functionality moving forward in this route, we planned to carry it forward 

in protected form (23). While numerous protecting groups could have been employed in this 

context, our preference leaned toward N-allyloxycarbonyl (Alloc) due to its compatibility with 

subsequent reactions in our planned route. From 23, partial reduction of it ester using DIBAL-H 

would yield protected α-amino aldehyde 24 which, we envisioned could be quickly elaborated to 

the desired β-lactone in a straightforward manner. 

 

 

 

 

 

 
 
 
Scheme 3.4.6 Plan for the synthesis of JBIR-141’s central fragment. (A) Initial plan for the 
synthesis of the central fragment derived from L-ornithine. (B) Mechanism of amine hydroxylation 
using sulfonyloxaziridine 20. 
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Seeking a route more conducive to the design and synthesis of structural analogs, we 

reevaluated this strategy and determined that the central β-lactone fragment should instead be 

derived from allylglycine (as opposed to L-ornithine). This approach offers a broader range of 

potential analogs thanks to the allyl group's ability to serve as a versatile handle for the late-stage 

installation of the N-nitrosohydroxylamine as well as a wide variety of alternative functionalities. 

These analogs will be vital towards assessing the importance of this central functionality in the 

natural product’s biological activity. Among various protecting groups considered for this 

modified route, we chose 2-(Trimethylsilyl)ethoxycarbonyl (Teoc) due to its compatibility with 

future planned reactions. 

The synthesis of Teoc-protected β-Lactone 10 (further referred to as simply 10) 

commenced with the conversion of L-allylglycine to it its corresponding methyl ester 

hydrochloride salt (25) using literature outlined conditions (Scheme 3.4.7).72 Teoc protection of 

crude 25’s free amine gave 26 in high yield (91%) which was subsequently purified via passage 

through a short silica gel plug. Although Teoc-OSu is commercially available, we opted to 

synthesize it in-house from 2-trimethylsilylethanol following a two-step procedure detailed in the 

literature.73 DIBAL-H reduction of methyl ester 25 yielded 26, setting the stage for formation of 

the β-lactone functionality.  

 
 
 
 
 
 
 
 
Scheme 3.4.7 Synthesis of Teoc-protected α-amino aldehyde 27 from L-allylglycine. 
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Our construction of the β-lactone functionality of 10 was inspired by the work of Cossìoa 

and coworkers at the University of the Basque Country, who, in 1996, published work 

demonstrating the stereocontrolled synthesis of β-Propiolactones from achiral lithium enolates 

and homochiral aldehydes.74 This work, which elaborates on methodology published several years 

earlier by the laboratory of Rick Danheiser75,76, outlines the synthesis of β-lactones via the 

condensation of  achiral thiol ester enolates with chiral aldehydes to form a β-hydroxyl thiol ester 

alkoxide intermediates which, upon warming, cyclizes to β-lactones (Scheme 3.4.8). The authors 

attribute the high diastereoselectivity of these reactions to be the result of attack of the aldehyde 

by the lithium enolate in open transition state consistent with the Felkin-Ahn model.77,78 

 
 
 

 
 
Scheme 3.4.8 Methodology developed by Danheiser et al. and further elaborated on by Cossìoa 
and workers for the synthesis of β-lactones from achiral lithium enolates and homochiral 
aldehydes. 
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isobutyrate to protected α-amino aldehyde 27 followed by mild acidic workup would provide 

desired β-lactone 10. The execution of this reaction was carried out via the dropwise addition of 

known S-phenyl 2-methylpropanethioate (28)79, derived from isobutyryl chloride and thiophenol 

in a single step, to a cold solution of LDA (–78°C), followed by the dropwise addition of 27 

(Scheme 3.4.9). Slow warming of the resulting reaction mixture to 0°C and then to rt, followed by 

quenching with a saturated solution of ammonium chloride, yielded β -lactone 10 (60%, d.r 4:1) 

after purification via flash column chromatography.  
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Scheme 3.4.9 Synthesis of β-lactone 10 from Teoc-protected allylglycine derived aldehyde 27 and 
S-phenyl 2-methylpropanethioate (28) using methodology developed by Cossìoa and Danheiser. 
 
 

Having established a synthetic route to the central fragment, we anticipated that the ester 

linkage between the central and C-terminal fragments could be formed via the nucleophilic 

opening of the β-lactone of 10 by the hydroxyl group of C3-acylated tetramic acid 6 (Scheme 

3.4.10A). To model this reaction, we attempted to open the β-lactone of 10 with α-

hydroxyisovaleric acid ethyl ester (30) which we viewed as a good surrogate for C3-acylated 

tetramic acid 6. Stirring these two compounds in DCM at various temperatures (ranging from 0°C 

to 60°C) failed to forge the desired ester linkage and instead show no reaction (Scheme 3.4.10B). 

Subsequent efforts done with the inclusion of DMAP as an additive yielded analogous results. 

 
 
 
 
 
 
 
 
 
 
 

 
Scheme 3.4.10 Plans and model system for the coupling of the central and C-terminal fragments 
of JBIR-141. (A) Planned approach for the formation of ester linkage between the central and C-
terminal fragments of JBIR-141. (B)  Model system used to explore the formation of the 
aforementioned ester linkage. 
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Speculating this lack of reactivity to be the result of steric interference, created by the 

neopentyl center adjacent to the ester carbonyl of 10 as well as the isopropyl group of 30, we 

decided to explore the hydrolysis of β-lactone 10. We believed that the resulting carboxylic acid 

product (31, Scheme 3.4.11A) would be more electrophilic than the β-lactone, particularly after 

activation with traditional coupling reagents (e.g EDC, HBTU, HATU, etc.). Frustratingly, 

attempts to hydrolyze the β-lactone of 10 using LiOH, NaOH and KOH at temperatures ranging 

from 0°C to 60°C yielded mixtures of unreacted starting material and the product resulting from 

Teoc deprotection (Scheme 3.4.11B). Similar results were obtained when hydrolysis was 

attempted using H2O2 and LiOH, conditions shown to be effective for the hydrolysis of sterically 

hindered amide bonds.80 Suspecting that carboxylic acid 31 is prone reclosure upon hydrolysis due 

to the Thorpe–Ingold effect81,82, we decided to test this hypothesis by attempting ring opening with 

NaBH4 as the resulting aldehyde could not reclose to the β-lactone. To our surprise, treatment of 

10 with 1.1 eq. of NaBH4 yielded no reaction. In an ambitious endeavor to both hydrolyze the β-

lactone ring and install the acylated secondary alcohol of the central fragment, acidic ring opening 

was attempted using sodium acetate (NaOAc) in boiling acetic acid (AcOH). Mass analysis of 

crude product isolated from this reaction showed it to contain a major mass consistent with that of 

γ-lactam 33, the product resulting from internal lactamization of Teoc deprotected 31. 
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Scheme 3.4.11 Opening of central fragment 10’s β-lactone via hydrolysis. (A) Envisioned 
hydrolysis of β-lactone 10 to yield desired carboxylic acid 31. (B) Exploration of the hydrolysis 
of β-lactone 10 under both basic and acidic conditions. 
 
 

Disheartened by our inability to open the β-lactone of 10 without deprotection of the amine, 

we decided to alter our approach towards the central fragment in pursuit of one more akin to 

carboxylic acid 31. While we deemed this strategy to be the most straightforward, we did anticipate 

some difficulties in coupling to the carboxylic acid due to the presence of the adjacent neopentyl 

center. These concerns were underscored by the fact that Schobert and coworkers chose to omit 

this neopentyl-containing portion in their synthesis of JBIR-141 analog 4 (Figure 3.2.1).39 

Further planning led us to conclude that structure 34 (Figure 3.4.2) would serve as the 

optimal central fragment for construction of the desired natural product. This fragment differs from 

previously envisioned 31 in two significant aspects. To prevent internal lactamization when 

coupling to the C-terminal fragment, we decided to protect the vicinal hydroxy carbamate of 31 as 

an oxazolidine. In addition, the amino protecting group was switched from Teoc to Boc as the 

latter enables simultaneous deprotection of both protecting groups under acidic conditions. 
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Figure 3.4.2 New target for the central fragment to be used towards the synthesis of JBIR-141(1). 
 
 

The synthesis of central fragment 34 began with the conversion of Boc-L-allylglycine, 

purchased as the dicyclohexylammonium salt, into its corresponding Boc-protected α-amino 

aldehyde (36, Scheme 3.4.12). This commenced via methyl esterification, carried out using methyl 

iodide (MeI) and potassium carbonate (K2CO3), followed by reduction of the resulting crude 

methyl ester (35) with DIBAL-H. From 36, BF3 mediated Mukaiyama aldol addition of 

trimethylsilylketene83, derived from methyl isobutyrate, yielded β-hydroxy ester 37 in good yield 

(72%) with high diastereoselectivity (10:1). The observed diastereoselectivity of this reaction is 

consistent with an open transition state and nucleophilic attack of the aldehyde rotamer having the 

carbamate substituent perpendicular to the carbonyl group (i.e Felkin geometry).84 

 
 
 
 
 
 
 
 
 
 
 
 
Scheme 3.4.12 Synthesis of central fragment intermediate β-hydroxy ester 37 from Boc-L-
allylglycine. 
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Installation of the central fragments oxazolidine component, the protection scheme 

selected to prevent internal lactamization during activation of 34 when coupling to 6, was 

accomplished using 2,2-dimethoxypropane in the presence of catalytic p-toluenesulfonic acid 

(pTsOH) (Scheme 3.4.13). Best yields for this reaction were obtained when a drying agent 

(Na2SO4) was added to the reaction mixture. Finally, saponification of oxazolidine 38 yielded 

desired central fragment 34 in quantitative yield. 

 
 
 
 
 
 
Scheme 3.4.13 Completion of the synthesis of central fragment 34. 
 
 
 
3.4.3 Synthetic Studies Towards C-Terminal C3-Acylated Tetramic Acid 6 
 
 

Among the three fragments selected to construct the backbone of JBIR-141, we anticipated 

the synthesis of C-terminal C3-acylated tetramic acid 6 would present the greatest challenge. 

Retorosynthetically, we envisioned that this fragment would be formed via the C3-acylation of 

tetramic acid 39 with a protected form of (S)-α-hydroxy isovaleric acid (40, Scheme 3.4.14). For 

the latter of these components, we opted for a benzyl protecting group due to its straightforward 

removal via hydrogenolysis. 

 

 

 

Scheme 3.4.14 Retrosynthetic analysis of C-terminal C3-acylated tetramic acid 6. 
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Initially, we envisioned construction of tetramic acid 39 would be accomplished using an 

adapted protocol develop by Jouin and coworkers.85 This protocol was made to proceed via the 

condensation of Boc-N-methyl-L-alanine with commercial Meldrum’s acid (41, Scheme 3.4.15). 

Exposing the product of this reaction (42) to dry HCl in dioxane would cleave its tert-butyl 

carbamate (Boc) protecting group with mild thermolysis of the resultant amine hydrochloride salt 

expected to initiate lactam formation via ensuing loss of acetone followed by in-situ 

decarboxylation, resulting in tetramic acid 39. Unfortunately,  we found that this methodology was 

not efficient using systems containing N-methylated amino acids. This led us to explore a number 

of alternative potential routes which eventually led to the successful synthesis of 39 utilizing a 

strategy centering around Dieckmann cyclization. 

 

 

 
 
Scheme 3.4.15 Initially envision route to tetramic acid 39 utilizing methodology develop by Jouin 
et al. 
 
 

Our first developed route to tetramic acid 39 commenced with the ethyl esterification of 

N-methyl-L-alanine86, resulting in the quantitative isolation of 43 which was carried forward 

without purification (Scheme 3.4.16A). Subsequent N-acylation of 43 with acetyl chloride yielded 

44, which was isolated in 92% yield via vacuum distillation. A thorough screening of bases and 

additives revealed that a combination of KHMDS and 18-crown-6-ether provided the highest 

yields of tetramic acid 39 via Dieckmann cyclization (Scheme 3.4.15B). Although purification of 

39 via flash column chromatography was effective, it was found that acid/base extraction could be 

employed as an alternative albeit with some loss of material (88% recovery). 
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Scheme 3.4.16 Our first developed route to tetramic acid 39. (A) Synthesis of 44 from N-methyl-
L-alanine. (B) Screened conditions for the Dieckmann cyclization of 44. 
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significant epimerization of the tetramic acid C5 center. Heating of 47, which if needed can be 

efficiently purified via acid/base extraction, with slightly less than one equivalent of water 

efficiently initiated decarboxylation, resulting in the isolation of optically active tetramic acid 39 

which did not necessitate further purification after workup. One of the things which attracted us to 

this approach is its ability to provide facile access to various analogs of 39 such as its non-

methylated congener as well as higher alkyl homologs.89 

 

 

 

 

 
Scheme 3.4.17 Improved synthesis of tetramic acid 39 utilizing a protocol develop by Wood et al. 
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isolation of desired 40. While the product of this reaction was most often spectroscopically pure 

via 1H-NMR analysis, it was found that isolated 40 can be further purified via acid/base extraction 

if desired. 

 

 

 

 
Scheme 3.4.18 Synthesis of benzyl-protected (S)-α-hydroxyisovaleric acid 40. 
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Towards the utilization of this outlined strategy, O-acylation of tetramic acid 39 with 40 

was first accomplished using DCC in the present of base, resulting in the in-situ generation of 52 

(Scheme 3.4.19). To our frustration, O- to C- acyl transfer conditions outlined by Yoda et al. failed 

to yield 53 in appreciable quantities (Table 3.4.1 entry 1). In addition, attempts to optimize both 

the formation of intermediate 52 as well as the efficiency of the O- to C- acyl transfer were met 

with limited success (Table 3.4.1 entries 2–7). Inspired by recent work published by Li and 

coworkers in their total synthesis of the natural product Kibdelomycin96, we decided to explore 

the use of cyanide as a potential O- to C- acyl transfer promoter. After several rounds of 

optimization (entries 8–11), highest yields of 53 were isolated using 35 mol% of potassium cyanide 

(KCN) at rt for 48 h (entry 12). 

 

 

 

 
Scheme 3.4.19 Final steps towards the synthesis of C3-acyated tetramic acid 6. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 3.4.1 Attempts at optimization of O- to C- acyl transfer towards the synthesis of 53. 
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From 53, debenzylation using typical hydrogenolysis conditions (Pd/C under H2) afforded 

desired C3-acyalted tetramic acid 6. While this route allows for facile analog synthesis via the 

utilization of numerous lactic acid variant (i.e analogs of 40) as a means to vary the isopropyl unit, 

we were continually frustrated by our inability to definitively characterize as well as efficiently 

purify both 53 and 6. While these difficulties in characterization stem from the known propensity 

of C3-acylated tetramic acids to exist in a variety of tautomeric states87,97-98 (Figure 3.4.3A), 

difficulties in their purification is ascribed to their known ability to bind metals from diverse 

sources, such as drying agents (e.g Na2SO4 and MgSO4) as well as silica gel, in a manner akin to 

acetylacetonate ligands (Figure 3.4.3B).87,99-100 Recognizing that these inherent properties would 

present significant challenges when it came to the characterization and purification of subsequent 

compounds, we decided to reconsider our approach towards construction of the backbone of JBIR-

141. 

 

 
 
 
 
 
 
 

 
Figure 3.4.3 Difficulties encountered due to the presence of the C3-acylated tetramic acid moiety. 
(A) Depiction of multiple potential tautomers of 6 which causes difficulties in definitive 
characterization. (B) Depiction of the ability of 6 to bind metals akin to acetylacetonate (acac) 
ligands. 
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construct the backbone of the natural product using β-ketoamide acyl tetramate linear precursor 

6’, which would be used to form the tetramic acid functionality via Dieckmann cyclization after 

installation of the N-nitrosohydroxylamine amine (Scheme 3.4.20B). We reasoned that while 6’ 

could still exist in a variety of different tautomeric states, it would be significantly easier to purify 

than the corresponding C3-acyalted tetramic acids. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Scheme 3.4.20 Envisioned routes towards the completion of JBIR-141. (A) Originally planned 
route to JBIR-141 with tetramic acid present before installation of the N-nitrosohydroxylamine. 
(B) Revised plan to JBIR-141with with tetramic acid formation after installation of the N-
nitrosohydroxylamine.   
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decomposition of the Meldrum’s acid portion of the molecule, which, after releasing acetone and 

carbon dioxide (CO2) results in the in-situ generation of acyl ketene intermediate 55.102 

Nucleophilic attack of this intermediate by N-methyl-L-alanine methyl ester followed by 

tautomerization results in desired β-ketoamide 56. To access 6’, debenzylation of 54 was carried 

out using typical hydrogenolysis conditions (i.e Pd/C, H2) which proceeded in high yield and did 

not require purification after isolation of the crude. With all of the fragments needed to assemble 

the backbone of JBIR-141 in hand, fragment assembly could finally begin. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Scheme 3.4.21 Synthetic route towards β-ketoamide acyl tetramate linear precursor 6’. 
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3.4.4 Synthetic Studies Towards Backbone Assembly of JBIR-141  
 
 

With all of the fragments needed to assemble the core of JBIR-141 (1) in hand, backbone 

assembly commenced with the coupling of central fragment 34 and C-terminal fragment 6’ 

(Scheme 3.4.22). While traditional coupling reagents such as EDC, HBTU, and HATU failed to 

form the desired ester linkage, we discovered that 2-methyl-6-nitrobenzoic anhydride103 (MNBA, 

i.e Shinna’s reagent) was effective, yielding the desired product (57) in 58% yield. It should be 

noted that while 1H-NMR characterization of this product was relatively challenging, due to the 

presence of equilibrating tautomers, both its characterization and purification were markedly easier 

than what was observed with previous C3-acylated tetramic acids. From this intermediate, 

concurrent Boc deprotection and oxazolidine removal were achieved by refluxing 57 in a 2:2:1 

mixture of formic acid/H2O/THF, leading to the isolation of 58 in nearly quantitative yield. While 

compound 58 represents the furthest intermediate we have achieved to date towards establishing 

the first total synthesis of JBIR-141 (1), we are optimistic in our ability to complete the synthesis 

in the near future. 

 
 
 
 
 
 
 
 
 
 
Scheme 3.4.22 Progress towards backbone assembly towards JBIR-141 (1). 
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3.5 Plans Towards the Completion of JBIR-141  
 
 

Scheme 3.5.1 below shows our envisioned plan towards completing the first total synthesis 

of JBIR-141 (1). This plan begins with the coupling of N-terminal fragment 9 with 58 (our furthest 

intermediate to date) to establish the backbone of the natural product. While we show the use of 

TBTU-mediated amidation as the expected method for this purpose, many alternative coupling 

reagents exist and will be explored. From 59, we expect acylation of the central fragment’s 

secondary alcohol to be relatively straightforward with the upcoming installation of the N-

nitrosohydroxylamine being our greatest challenge.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Scheme 3.5.1 Our envisioned plan towards completing the first total synthesis of JBIR-141 (1). 
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under acidic conditions, to yield a hydroxylamine.106 Subsequent exposure of the resultant product 

to t-butyl nitrite should generate the desired N-nitrosohydroxylamine.107 While this is currently our 

favored plan, we do have concerns that the oxazoline ring in 61 may not survive oxime reduction 

conditions. For this reason, we propose an alternative route (shown on left). This alternative route 

begins with the conversion of alkene 60 to its corresponding primary iodide via Brown’s 

hydroboration / iodination sequence.108 Subsequent treatment with NaNO2 should give nitroalkane 

62, from which, the hydroxylamine could derive from partial reduction using Zn(0).109-111 As 

postulated previously, treatment of the resulting hydroxylamine with t-butyl nitrite should generate 

the desired N-nitrosohydroxylamine.107   

 

 

 

 

 

 

 

 

 

 
Scheme 3.5.2 Two proposed routes for installation of the N-nitrosohydroxylamine motif. 
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of TBAF/THF to be the most appropriate as it should not interfere with any of the other existing 

functionalities.112 By executing the synthetic route proposed herein, the first laboratory synthesis 

of JBIR-141 (1) will be completed in 13/14 steps as the longest linear sequence depending on 

pathway utilized for installation of the N-nitrosohydroxylamine.  

 

 

 

 
Scheme 3.5.3 Tetramic acid formation via Dieckmann cyclization affording JBIR-141 (1). 
 
 
 
3.6 Proposed Analog Synthesis for Structure-Activity Relationship Studies  
 
 

With a synthetic route to JBIR-141 (1) established, our next step will be to utilize said route 

to synthesize structural analogs which will be used to help us address numerous questions we have 

concerning both the structure of the natural product as well as its mechanism of action as an 

inhibitor of FoxO3a transcriptional activity. These questions include: Is the N-terminal threonine 

derived oxazoline segment stable at/below pH 7.4? Would an oxazole or thiazole, both common 

in natural products, be a more stable and tolerated surrogate? Is the acetate group of the central 

fragment esterase sensitive? Is the N-nitrosohydroxylamine functionality a source of nitric oxide 

in biological settings? If so, is controlled NO release responsible, in part or in full, for its effects 

on FoxO3a transcriptional activity? Is the C-terminal acyl tetramate configurationally stable? Do 

segments of JBIR-141 internally cooperate to bind metals? If so, which ones and with what 

affinity? How does the positioning of peripheral functionality relative to main chain elements 

effect its biological activity? And finally, what is the active pharmacophore of JBIR-141 (1) and 
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how can we increase its potency as a FoxO3a inhibitor. Addressing these questions will enhance 

our understanding of JBIR-141 (1) as well as its potential applications. 

Towards the design and synthesis of structural analogs, we will begin by generating a 

focused library of truncation variants in hopes of identifying segments of the natural product that 

can be simplified or eliminated while retaining its biological functions. Figure 3.6.1 below  

outlines five initial targets towards this effort. Hydrogenation of 60 followed by Dieckmann 

cyclization will afford 64 wherein the effect of eliminating the N-nitrosohydroxylamine will be 

ascertained. Likewise, the effect of eliminating the C-terminate tetramate will be examined using 

structure 65. This molecule will be prepared by esterifying 34 with isobutanol (instead of coupling 

with 6’) and then carrying that product through the remaining steps of our proposed route. By 

directly coupling 9 with 6, we will generate compound 66, wherein the entire central fragment is 

missing. Lastly, vicinal amino alcohol 58 will be coupled to butyric acid and N,N-dimethyl-L-

alanine. Those two products will be advanced to structures 67 and 68, respectively, via 

continuation of our proposed route.  Relative to 1, 68 has the methyloxazoline ring excised yet 

retains a basic N-terminus whereas 67 has both the heterocycle as well as its basic appendage 

removed.   
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Figure 3.6.1 Proposed truncation analogs of JBIR-141 (1) for structure-activity relationship 
studies. 
 
 

Screening compounds 64–68 for cellular cytotoxicity and examining their effects on 

FoxO3a mediated transcription will give us key information on which motifs / functional groups 

(if any) in 1 can be eliminated. This will focus and accelerate subsequent analog syntheses. In 

addition to this proposed set of truncation analogs, we plan to analog each domain of the structure. 

Most pressing is determining the role of the N-nitrosohydroxylamine. Acting in concert with both 

the amino oxazoline and acyl tetramate motifs, the N-nitrosohydroxylamine may allow JBIR-141 

(1) to function as a zinc or iron siderophore for its producing organism. Despite this, zinc or iron 

sequestration is likely not responsible for its effects on FoxO3a transcriptional activity as Nurse 

and coworkers point out that the high cellular potency of the JBIR-141 Zn complex (EC50 10-200 

nM) makes it unlikely that the molecule perturbs intracellular zinc concentrations significantly.23 

Instead, they hypothesize the zinc complex has a defined receptor.  
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have on JBIR-141's biological activity, analogs having the N-nitrosohydroxylamine replaced with 

a hydroxamic acid and an alkyl imidazole will be prepared from aldehyde 61 (via oxidation / 

hydroxylamine coupling or tosylmethylisocyanide / Schiff base cycloaddition, respectively) 

(Figure 3.6.2) . There is also potential for JBIR-141 to release nitric oxide (NO). NO signaling 

has been correlated with inhibited FoxO3a activity.33 While N-nitrosohydroxylamines are not 

typically used as NO donors34, their conjugate bases do release NO upon one electron enzymatic 

oxidation.35 We will test if JBIR-141 has this activity and whether N-alkoxy nitrosamine variants 

of 1 do as well. The latter compounds should be less susceptible to oxidation and thus poorer NO 

donors. Similar perturbations will be made to structures like 70, wherein the alkyl chain displaying 

the N-nitrosohydroxylamine has been replaced by a phenyl group, rigidifying the system, and 

likely lowering its pKa. Lastly, JBIR-141 is possibly a pro-drug, wherein its acetate group is 

cleaved by esterase activity upon entry into the cell, revealing an amido ethanol motif reminiscent 

of transition state isosteres used for protease inhibition.36 Elaborating from 59, analogs of JBIR-

141 having esterase stable functional groups (e.g carbonate and urethane) in place of the acetate 

will be synthesized and their activities tested. Kawahara has reported the threonine form of JBIR-

141 (3, Figure 3.1.2) was devoid of activity.17 We will synthesize planar oxazole and thiazole 

congeners of 1 (i.e 71) anticipating greater hydrolytic stability and, if activity is retained, better 

pharmacological performance. Lastly, regarding the C-terminus, we note that by using achiral or 

symmetric variants of 39 (i.e 72 and 73) in the synthesis of analogs of 6, we can streamline the 

overall route and further improve scalability. These analogs, as well as ones resultant from further 

design and exploration, will prove to be instrumental towards establishing structure-activity 

relationships of JBIR-141. 
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Figure 3.6.2 Proposed functional group analogs of JBIR-141 (1) for structure-activity relationship 
studies. 
 
 
 
3.7 Conclusion 
 
 

JBIR-141, a recently isolated peptidomimetic natural product, shows impressive 

cytotoxicity towards SKOV-3, MESO-1 and Jurkat cancer cell lines in vitro as well as a potent 

inhibition of FoxO3a transcriptional activity. The transcription factor FoxO3a has been shown to 

confer drug resistance and promote the metastasis and growth of leukemia initiating cells and drug 

resistant stem cells which are responsible for the downstream development of diseases such as 

chronic myeloid leukemia. For this reason, inhibitors of FoxO3a transcriptional activity are well 

poised to become a new type of targeted cancer therapeutic. To date, no synthesis of JBIR-141 has 

been reported and its mechanism of action as an inhibitor of FoxO3a transcriptional activity is 

unknown.  

Selective and potent small molecule inhibitors of gene expression attributed to individual 

transcription factors are rare, making JBIR-141 a highly valuable synthetic target. Outlined in this 

chapter is our progress towards and proposed completion of the natural product JBIR-141 (1). This 

route is both efficient and highly modular, making it conducive to the facile design and synthesis 
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of a wide variety of structural analogs. These analogs will be used to probe structure-activity 

relationships which will be used to identify the active pharmacophore of the natural product. This 

will prove to be vital towards achieving our ultimate goal, maximizing its therapeutic potential as 

an inhibitor of FoxO3a transcriptional activity towards the development of a complimentary 

chemotherapeutic agent to be used to treat chromic myeloid leukemia.  
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3.8 Experimental Section 
 
 

General Methods and Materials 
 

 
Unless otherwise specified, reactions were performed in flame-dried glassware under an 

atmosphere of argon using anhydrous solvents. Reagents were purchased from commercial 

vendors and used as received unless otherwise stated. Tetrahydrofuran (THF), diethyl ether (Et2O), 

acetonitrile (MeCN), dichloromethane (DCM), chloroform (CHCl3) and toluene (PhMe) were 

passed through a Glass Contour solvent drying system. Methanol (MeOH) was distilled from 

Mg(OMe)2, which was generated by refluxing methanol over magnesium turnings until all the 

turnings had converted into a white precipitate. The distilled MeOH was stored in a flame-dried 

flask over activated 3Å molecular sieves under argon. Anhydrous N,N dimethylformamide (DMF) 

was purchased from Supelco, Inc – Sigma Aldrich. Yields refer to chromatographically and 

spectroscopically (1H-NMR) homogeneous materials, unless otherwise stated. Thin-layer 

chromatography (TLC) was conducted on precoated plates (Sorbent Technologies, silica gel 60 

PF254, 0.25 mm) visualized with UV 254 nm. For acid-sensitive compounds, TLC plates were 

neutralized/deactivated with TEA/Hexane (1%) before use. Column chromatography was 

performed on silica gel 60 (SiliCycle, 240−400 mesh). Purification of compounds via preparative 

HPLC was performed using an Agilent 1200 HPLC system equipped with G1361A preparative 

pumps, a G1314A auto sampler, a G1314A VWD, a G1364B automated fraction collector, and a 

Waters Sunfire C18 column (5 μm, 19 mm × 250 mm), unless otherwise noted. 0.1% TFA in 

MeCN/H2O solvent system. Analytical HPLC was performed using the same system, but with a 

G1312A binary pump. 0.1% TFA in MeCN/H2O solvent system. Mass spectra were recorded using 

an Agilent 6130 LC/MS system equipped with an ESI source. High-resolution mass spectra were 
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recorded on Thermo Scientific Exactive® Mass Spectrometer with DART ID-CUBE Waters GST 

Premier, Waters LCT Premier, and Agilent 6545 LC-QTOF. NMR spectra were recorded on 

Bruker Avance spectrometers (400/100 MHz, 500/125 MHz, and 600/150 MHz). NMR spectra 

were recorded on Bruker Advance (300, 400, 500, or 600 MHz) spectrometers. HSQC, HMBC, 

and COSY NMR experiments were used to aid assignment of NMR peaks when required.  
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Experimental Procedures and Product Characterization 
 
 
(S)-N,N-dimethyl-L-alanine (11)55 
 
 
 
 
 
To a 250 mL round-bottom flask (equipped with a stir bar) was added L-alanine (6.0 g, 67.3 mmol. 

1.0 eq), a 37% aqueous solution of formaldehyde (20.8 mL, 255.9 mmol, 3.8 eq.) and water (127 

mL) followed by Pd/C (10 wt. % Pd) (2.52 g, 2.4 mol, 3.5 mol%). Once done, the reaction flask 

was evacuated of air and backfilled with H2 after which, the reaction mixture was left to stir at rt 

under an atmosphere of H2 gas for 48 h. After this time, the reaction mixture was heated to reflux 

and left to stir for 0.5 h. Once done, the reaction vessel was purged with argon gas, and the hot 

reaction mixture filtered through a plug of Celite®. The isolated filtrate was then concentrated 

under reduced pressure and then repeatedly azeotroped with toluene (3x) to afford (S)-N,N-

dimethyl-L-alanine (11) (7.8 g, 99% yield) as a white solid. All characterization data obtained for 

the isolated product was in accordance with literature reported data.55 

 
 
L-allo-threonine methyl ester hydrochloride (12)56 

 

 

 
 

 
To a 250 mL round-bottom flash (equipped with a stir bar) containing  MeOH (150 mL) at 0 °C 

was slowly added SOCl2 (2.2 mL, 30.3 mmol, 1.0 eq.). After stirring for several minutes,  L-allo-

threonine (3.6 g, 30.2 mmol, 1.0 eq) was added to the acidic MeOH solution after which, the 

reaction mixture was heated to reflux and left to stir under an atmosphere of argon gas for 4 h. 

After this time, the reaction mixture was cooled to rt and then directly concentrated under reduced 
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pressure. The resulting solid was then stripped with Et2O (2x) to afford L-allo-threonine methyl 

ester hydrochloride (12) (5.1 g, 100% yield) as a white solid. All characterization data obtained 

for the isolated product was in accordance with literature reported data.56 

 
 
Methyl dimethyl-L-alanyl-L-allothreoninate (15) 
 
 
 
 
 
To a 25 mL round-bottom flask (equipped with a stir bar) was added N,N-dimethyl-L-alanine (300 

mg, 2.6 mmol 1.0 eq.) and L-allo-threonine methyl ester hydrochloride (521 mg, 3.1 mmol, 1.2 

eq.) followed by DMF (5.0 mL). To the resulting stirred solution was then added HBTU (1.5 g, 

3.8 mmol, 1.5 eq.) followed by DIPEA (2.2 mL, 12.8 mmol, 5.0 eq.). Once done, the reaction 

mixture was then left to stir at rt under an atmosphere of argon gas for 6 h. After this time, the 

reaction mixture was diluted with EtOAc, washed with sat. NaHCO3(aq) followed by brine, dried 

over Na2SO4, filtered, concentrated under reduced pressure, and purified via flash column 

chromatography (silica gel, MeOH/DCM: 0%→5%→10%) to yield 15 (208 mg, 35% yield) as a 

yellow oil. 1H-NMR (methanol-d4, 400 MHz): δ 4.61 (br, 2H), 4.56 (d, J = 5.3 Hz, 1H), 4.14-4.02 

(m, 1H), 3.75 (s, 3H), 3.35 (s, 2H), 3.18 (q, J = 6.9 Hz, 1H), 2.40 (s, 4H), 1.30 (d, J = 6.7 Hz, 3H), 

1.24 (d, J = 6.7 Hz, 3H); HRMS (EI) m/z calculated for C10H20N2O4 [M+H]+: 233.1496, found 

233.1498. 
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L-threonine methyl ester hydrochloride (16)67 

 

 

 
 
 
To a 250 mL round-bottom flash (equipped with a stir bar) containing  MeOH (84 mL) at 0 °C 

was slowly added SOCl2 (6.1 mL, 83.9 mmol, 1.0 eq.). After stirring for several minutes,  L-

threonine (10.0 g, 83.9 mmol, 1.0 eq) was added to the acidic MeOH solution after which, the 

reaction mixture was heated to reflux and left to stir under an atmosphere of argon gas for 4 h. 

After this time, the reaction mixture was cooled to rt and then directly concentrated under reduced 

pressure. The resulting solid was then stripped with Et2O (2x) to afford L-Threonine methyl ester 

hydrochloride (16) (14.2 g, 100% yield) as a white solid. All characterization data obtained for the 

isolated product was in accordance with literature reported data.67 

 
 
Methyl ((benzyloxy)carbonyl)-L-alanyl-L-threoninate (17) 
 
 
 
 
 
 
To a 100 mL round-bottom flask (equipped with as stir bar) was added 16 (5.0 g, 29.5 mmol, 1.0 

eq.), Cbz-L-alanine (6.6 g, 29.5 mmol, 1.0eq) and HATU (12.3 g, 32.4 mmol, 1.1 eq) followed by 

DMF (59 mL), after which, the resulting solution was cooled to 0 °C. To the resulting stirred cold 

solution was then added DIPEA (15.4 mL, 88.4 mmol, 3.0 eq.) dropwise; causing the reaction 

mixture to turn bright yellow. Once done, the reaction was then left to stir at 0°C for 0.5 h after 

which, it was warmed to rt and left to stir under an atmosphere of argon gas for 7 h. After this time, 

the reaction was quenched via the addition of 1M HCl(aq) (60 mL) and extracted with EtOAc (3x). 

The isolated organic layers were then combined, washed with sat. NaHCO3 (aq) followed by brine, 
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dried over Na2SO4, filtered, and concentrated under reduced pressure to yield 17 (9.2 g, 92 % 

yield) as a white solid. Crude 17 was carried forward to the next reaction without purification. 1H-

NMR (methanol-d4, 500MHz): δ 7.41-7.21 (m,5H), 5.10 (s,2H), 4.45 (d, J = 2.6 Hz, 1 H), 4.29 

(dd, J = 6.7, 2.9 Hz, 1 H), 4.25 (q, J = 6.9 Hz, 1 H), 3.73 (s, 3 H), 2.80 (s, 3H), 1.37 (d, J = 7.6 Hz, 

3H), 1.17 (d, J = 6.8 Hz, 3 H); HRMS (ESI) m/z calculated for C16H22O6N2 [M+H]+: 339.1551; 

found 339.1549.  

 
 
Methyl (4S,5R)-2-((S)-1-(((benzyloxy)carbonyl)amino)ethyl)-5-methyl-4,5-dihydrooxazole-4-
carboxylate (18) 
 
 
 
 
 
To a 500 mL round-bottom flask (equipped with a stir bar) was added 17 (4.5 g, 13.3 mmol, 1.0 

eq.) followed by toluene (226 mL). To the resulting stirred solution was then added 

(NH4)6Mo7O24�4H2O (3.3 g, 2.7 mmol, 0.2 eq.) after which, the reaction vessel was equipped with 

a Dean–Stark apparatus and a reflux condenser. Once done, the reaction mixture was then heated 

to reflux and left to stir under an atmosphere of argon gas (with azeotropic removal of water) for 

3 h. After this time, the reaction mixture was cooled to rt, directly concentrated under reduced 

pressure, and purified via flash column chromatography (deactivated silica gel, EtOAc/Hex: 

0%→15%→35%) to yield 18 (3.0 g, 70% yield) as a colorless oil. 1H-NMR (CDCl3, 500 MHz): 

δ  7.38-7.28 (m, 5 H), 5.50 (dd, J = 15.9, 6.9 Hz, 1H), 5.15-5.06 (m, 2H), 4.91-4.82 (m, 1H), 4.57-

4.45 (m, 1H), 4.25 (t, J = 6.2 Hz, 1H), 3.77 (d, 3.5 Hz, 3H), 1.43 (d, J = 6.9 Hz, 6H) ppm; 13C-

NMR (CDCl3, 125 MHz): δ  171.3, 170.0, 155.6, 136.5, 128.6, 128.2, 128.2, 80.0, 74.3, 67.0, 52.8, 

45.5, 21.0, 19.7 ppm; HRMS (ESI) m/z calculated for C16H20N2O5 [M+H]+: 321.1445, found 

321.1442. 
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Methyl (4S,5R)-2-((S)-1-(dimethylamino)ethyl)-5-methyl-4,5-dihydrooxazole-4-carboxylate (14)  

 
 
 
 
To a 250 mL round-bottom flask (equipped with a stir bar) was added 18 (320 mg, 1.0 mmol, 1.0 

eq.), a 37% aqueous solution of formaldehyde (0.19 mL, 2.5 mmol, 2.5 eq.) and MeOH (100 mL) 

followed by Pd/C (10 wt. % Pd) (74 mg, 0.07 mol, 7.0 mol%). Once done, the reaction flask was 

evacuated of air and backfilled with H2 after which, the reaction mixture was left to stir at rt under 

an atmosphere of H2 gas for 24 h. After this time, the reaction vessel was purged with argon gas, 

and the reaction mixture filtered through a plug of Celite®. The isolated filtrate was then 

concentrated under reduced pressure to yield 14 (205 mg, 96% yield) as a colorless oil. While 

crude 14 was often carried forward to the next reaction without purification, an analytically pure 

sample can be isolated via flash column chromatography (deactivated silica gel, MeOH/DCM: 

0%→1%→2%). 1H-NMR (CDCl3, 500 MHz): δ 4.88-4.79 (m, 1H), 4.25 (d, J = 6.9 H, 1H), 3.76 

(s, 3H), 3.43-3.29 (m, 1H), 2.32 (s, 6H), 1.42 (d, J = 6.9 Hz, 3H), 1.32 (d, J = 6.9 Hz, 3H); HRMS 

(ESI) m/z calculated for C10H18N2O3 [M+H]+: 215.1390, found 215.1394. 

 
 
(4S,5R)-2-((S)-1-(dimethylamino)ethyl)-5-methyl-4,5-dihydrooxazole-4-carboxylic acid (9) 
 
 
 
 
 
To a 100 mL round-bottom flask (equipped with a stir bar) was added 14 (650 mg, 3.0 mmol, 1.0 

eq.) followed by a solution of THF/H2O (100:1) (30 mL). To the resulting stirred solution was then 

added CsOH (909 mg, 6.1 mmol, 2.0 eq.) after which, the resulting reaction mixture was left stir 

at rt under an atmosphere of argon has for 1 h. After this time, the reaction mixture was directly 
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concentrated under reduced pressure and then repeatedly azeotroped with toluene (3x). The 

isolated crude product was then dissolved in DCM and then filtered through a short plug of Celite® 

(to remove any insoluble impurities) after which, the isolated filtrate was concentrated under 

reduced pressure to yield 9 (601 mg, 99% yield) as a white solid. Because the 1H-NMR spectrum 

of the isolated crude product showed it to be free of impurities, it was not subjected to any further 

purification. 1H-NMR (methanol-d4, 500 MHz): δ 4.80-4.67 (m, 1H), 4.01 (d, 6.8 Hz, 1H), 3.39- 

3.31 (m, 1H), 2.30 (s, 6H), 1.38 (d, J = 6.8 Hz, 3H), 1.30 (d, J = 6.8 Hz, 3H); HRMS (ESI) m/z 

calculated for C9H16N2O3 [M+H]+: 201.1234, found 201.1232. 

 
 
L-allylglycine methyl ester hydrochloride (25)72 

 

 

 
 
 
 
 
To a 250 mL round-bottom flash (equipped with a stir bar) containing  MeOH (145 mL) at 0 °C 

was slowly added SOCl2 (25.2 mL, 347.4 mmol, 8.0 eq.). After stirring for several minutes,  L-

allylglycine (5.0 g, 43.4 mmol, 1.0 eq) was added to the acidic MeOH solution after which, the 

reaction mixture was warmed to rt and left to stir under an atmosphere of argon gas for 17 h. After 

this time, the reaction mixture was directly concentrated under reduced pressure and stripped with 

Et2O (2x) to yield 25 (7.0 g, 97% yield) as a white solid. Crude 25 was carried forward to the next 

reaction without purification. All characterization data obtained for the isolated product was in 

accordance with literature reported data.72 

 
 
 
  

O

OH
H2N

L-allylglycine

SOCl2 (8.0 eq.)

O

OMe
H2NMeOH, 0°C to rt, 17h

25

HCl  �



 227 

Methyl (S)-2-(((2-(trimethylsilyl)ethoxy)carbonyl)amino)pent-4-enoate (26) 
 
 
 
 
 
 
To a 10 mL conical flask (equipped with a stir bar) was added 25 (1.0 g, 15.7 mmol, 1.0 eq) and 

Teoc-OSu (1.7 g, 6.6 mmol, 1.1 eq.) followed by H2O (6 mL). To the resulting stirred solution was 

then added Et3N (2.2 mL, 15.7 mmol, 2.6 eq.) dissolved in dioxanes (6 mL), after which, the 

resulting reaction mixture was left to stir at rt under an atmosphere of argon gas for 18 h. After 

this time, the reaction was diluted with H2O (20 mL) and extracted with Et2O (3x). The isolated 

organic layers were then combined, washed with 1M KHSO4(aq), dried over MgSO4, filtered, 

concentrated under reduced pressure, and purified via flask column chromatography (silica gel, 

EtOAc, Hex:  20%) to yield 26 (1.5 g, 91% yield) as a colorless oil.  1H-NMR (CDCl3, 400 MHz): 

δ 5.78-5.59 (m, 1H), 5.21-5.04 (m, 3H), 4.44 (q, J = 6.09 Hz, 1H), 4.16 (t, J = 9.4 Hz, 2H), 3.75 

(s, 3H), 2.62-2.42 (m, 2H), 1.03- 0.94 (m, 2H), 0.03 (s, 9); HRMS (ESI) m/ calculated for 

C12H23NO4Si [M+H]+: 274.1469, found 274.1466. 

 
 
2-(trimethylsilyl)ethyl (S)-(1-oxopent-4-en-2-yl)carbamate (27) 
 
 
 
 
 
 
To a 100 mL round-bottom flask (equipped with a stir bar) was added 26 (1.5 g, 5.5 mmol. 1.0 

eq.) followed by DCM (55 mL) after which, the resulting solution was cooled to –78°C. To the 

resulting stirred cold solution was then added DIBAL-H (1.0 M in in Hex, 8.2 mL, 8.2 mmol, 1.5 

eq.) over a period of 1 h. After addition of the DIBAL-H solution was complete, the resulting 
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reaction mixture was left to stir at –78°C under an atmosphere of argon gas for 2 h. After this time, 

the reaction was quenched via the dropwise addition of 1M HCl(aq) (50 mL) and then allowed to 

warm to rt. The reaction mixture was then extracted with DCM (3x) and the isolated organic layers 

combined, washed with 1M HCl(aq) followed by H2O, dried over MgSO4, filtered, concentrated 

under reduced pressure, and purified via flash column chromatography (silica gel, EtOAc/Hex: 

0%→5%→10%→15%) to yield 27 (975 mg, 73% yield) as a colorless oil. 1H-NMR (CDCl3, 400 

MHz): δ 9.58 (s, 1H), 5.78-5.58 (m, 1H), 5.22-5.08 (m, 3H), 4.31 (q, J = 5.8,  Hz, 1H), 4.14 (t, J = 

9.2 Hz, 2H), 2.68-2.39 (m, 2H),  1.03-0.90 (m, 2H), 0.01 (s, 9H); HRMS (ESI) m/ calculated for 

C11H21NO3Si [M+H]+: 244.1364, found 244.1367. 

 
 
S-phenyl 2-methylpropanethioate (28)79 
 
 
 
 
 
To a 500 mL round-bottom flask was added Thiophenol (5.2 mL, 49.5 mmol, 1.1 eq., 97%) 

followed by DCM (247 mL). To the resulting stirred solution was then added Et3N (6.9 mL, 49.5 

mmol, 1.1 eq.) after which, the resulting solution was cooled to 0°C. To the resulting stirred cold 

solution was then added isobutyryl chloride (4.8 mL, 45.0 mmol, 1.0 eq.) dropwise over 1 h. After 

addition of the isobutyryl chloride was complete, the resulting reaction mixture was left stir at 0°C 

under an atmosphere of argon gas for 1 h. After this time, the reaction was quenched via the 

addition of water and extracted with DCM (3x). The isolated organic layers were then combined, 

washed with brine, dried over MgSO4, filtered, concentrated under reduced pressure, and purified 

via flask column chromatography (silica gel, DCM/Hex: 10%→20%→50%) to yield 28 (6.5g 80% 

SPh

OEt3N (1.1 eq.)
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DCM, 0°C, 1 h
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Cl
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yield) as a colorless oil. All characterization data obtained for the isolated product was in 

accordance with literature reported data.79 

 
 
2-(trimethylsilyl)ethyl ((S)-1-((R)-3,3-dimethyl-4-oxooxetan-2-yl)but-3-en-1-yl)carbamate (10) 
 
 
 
 
 
 
To a 250 mL round-bottom flask (equipped with a stir bar) was added THF (60 mL) followed by 

diisopropylethylamine (1.9 mL, 13.6 mmol, 1.1 eq.) after which, the resulting solution was cooled 

to –78°C. To the resulting stirred cold solution was then added nBuLi (2.21M in Hex, 5.9 mL, 

12.9 mmol, 1.05 eq.) dropwise with the resultant solution of LDA being left to stir at –78°C under 

an atmosphere of argon gas for 10 min. To this cold solution of LDA was then added a solution of 

28 (2.2 g, 12.3 mmol, 1.0 eq.) dissolved in THF (15 mL) after which, the resulting reaction mixture 

was left to stir at –78°C under an atmosphere of argon gas for 1 hr. After this time, a solution of 

27 (3.0 g, 12.3 mmol, 1.0 eq.) dissolved in THF (15 mL) was added to the reaction mixture over a 

period of 0.5 h. After addition of the solution of 27 was complete, the resulting reaction mixture 

was left to stir at –78°C under an atmosphere of argon gas for 0.5 h after which, it was allowed to 

gradually warm to rt where it was left to stir under an atmosphere of argon gas for 16 h. After this 

time, the reaction was quenched via the dropwise addition of NH4Cl(aq) (50 mL) and then extracted 

with EtOAc (3x). The isolated organic layers were then combined, washed with K2CO3(aq) (10% 

w/v) followed by brine, dried over MgSO4, filtered, concentrated under reduced pressure, and 

purified via flask column chromatography (silica gel, EtOAc/Hex: 0%→15%→30%→45%) to 

yield 10 (1.86g, 48% yield) as well as its corresponding diastereomer (10’) (464mg, 12%) (d.r 4:1) 

both as yellow oils.  10: 1H-NMR (CDCl3, 400 MHz):  δ 5.82-5.63 (m, 2H), 5.19 (d, J = 3.9 Hz, 
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1H), 5.15 (s, 1H), 4.76 (d, J = 6.1 Hz, 1H), 4.31-4.22 (m, 2H), 3.62-3.54 (m, 1H), 2.61-2.51 (m, 

1H), 2.26-2.14 (m, 1H), 1.27 (s, 3H), 1.14 (s, 3H), 1.12-1.04 (m, 2H), 0.06 (s, 9H); 13C-NMR 

(CDCl3, 125 MHz): δ 179.3, 154.8, 132.8, 129.0, 119.2, 83.7, 67.1, 55.6, 44.3, 38.4, 29.7, 23.7, 

18.7, 17.5, 1.53; HRMS (ESI) m/ calculated for C15H27NO4Si [M+H]+: 314.1782, found 314.1786. 

10’: 1H-NMR (CDCl3, 400 MHz): δ 5.97 (s, 1H), 5.80-5.68 (m, 1H), 5.18 (q, J = 1.4 Hz, 1H), 

5.16-5.12 (m, 1H), 5.01 (d, J = 4.7 Hz, 1H), 4.24 (ddd, J = 8.3 Hz, 5.8 Hz, 2.1 Hz, 2H), 3.92-3.85 

(dt, J = 8.9 Hz, 5.3 Hz, 1H), 2.43-2.33 (m, 1H), 2.32-2.22 (m, 1H), 1.24 (s, 3H), 1.13 (s, 3H), 1.05 

(m, 2H) , 0.05 (s, 9H); 13C-NMR (CDCl3, 125 MHz): δ 179.9, 155.0, 133.4, 118.7, 81.2, 67.0, 

54.0, 45.2, 33.8, 29.7, 23.0, 19.1, 17.6, 17.4, 1.54; HRMS (ESI) m/z calculated for C15H27NO4Si 

[M+H]+: 314.1782, found 314.1784. 

 
 
Ethyl (S)-2-hydroxy-3-methylbutanoate (30)39 
 
 
 
 
 
To a 25 mL round-bottom flask (equipped with a stir bar) was added 48 (1.0 g, 8.5 mmol, 1.0 eq.) 

followed by EtOH (10 mL). To the resulting stirred solution was then added conc. H2SO4 (0.2 mL, 

3.6 mmol, 43 mol%) after which, the resulting reaction mixture was heated to reflux and then left 

to stir under an atmosphere of argon gas for 3 h. After this time, the reaction mixture was cooled 

to rt and extracted with EtOAc (3x). The isolated organic layers were then combined, washed with 

sat. NaHCO3(aq) followed by brine, dried over Na2SO4, filtered, and concentrated under reduced 

pressure to yield 30 (1.1 g, 80% yield) as a colorless oil. Crude 30 was carried forward to the next 

reaction without purification. All characterization data obtained for the isolated product was in 

accordance with literature reported data.39 
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Methyl (S)-2-((tert-butoxycarbonyl)amino)pent-4-enoate (35)113 

 
 
 
 
 
To a 250 mL round-bottom flask (equipped with a stir bar) was added Boc-L-allyglycine 

cyclohexylammonium salt (12.0 g, 30.3 mmol, 1.0 eq.) followed by Me2CO (138 mL). To the 

resulting stirred solution was then added K2CO3 (12.5 g, 90.8 mmol, 3.0 eq.) followed by MeI (9.4 

mL, 151.3 mmol, 5.0 eq.) after which, the resulting reaction mixture was left to stir at rt under an 

atmosphere of argon gas for 19 h. Note: During this time, the reaction mixture thickened and 

became hard to stir. For this reason, more Me2CO (50 mL) was added. After this time, the reaction 

was quenched via the dropwise addition of 1M HCl(aq) (to a pH of 1) after which, it was extracted 

with EtOAc (3x). The isolated organic layers were then combined, washed with brine, dried over 

MgSO4, filtered, concentrated under reduced pressure, and purified by filtration through a plug of 

silica gel using a 20% EtOAc/Hex solution to yield 35 (6.9 g, 100% yield) as a yellow oil.  All 

characterization data obtained for the isolated product was in accordance with literature reported 

data.113 

 
 
Tert-butyl (S)-(1-oxopent-4-en-2-yl)carbamate (36) 
 
 
 
 
 
 
To a 250 mL round-bottom flask (equipped with a stir bar) was added 35 (3.0 g, 13.1 mmol, 1.0 

eq.) followed by DCM (130 mL) after which, the resulting solution was cooled to –78°C. To the 

resulting stirred cold solution was then added DIBAL-H (1.0 M in in Hex, 19.6 mL, 19.6 mmol, 
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1.5 eq.) over a period of 1 h. After addition of the DIBAL-H solution was complete, the resulting 

reaction mixture was left to stir at –78°C under an atmosphere of argon gas for 4 h. After this time, 

the reaction was quenched via the dropwise addition of 1M HCl(aq) (50 mL) and then allowed to 

warm to rt. The reaction was then extracted with EtOAc (3x) and the isolated organic layers 

combined, washed with 1M HCl(aq) followed by H2O, dried over Na2SO4, filtered, concentrated 

under reduced pressure, and purified via flash column chromatography (silica gel, EtOAc/Hex: 

0%→10%→15%) to yield 36 (2.0 g, 76% yield) as a colorless oil. 1H-NMR (CDCl3, 500 MHz): 

δ 9.60 (s, 1H), 5.76-5.67 (m, 1H), 5.18- 5.15 (m, 2H), 5.08-5.06 (m, 1H), 4.27 (q, J = 7.1 Hz, 1H), 

2.62-2.55 (m, 1H), 2.52-2.49 (m, 1H), 1.45 (s, 9H); HRMS (ESI) m/z calculated for C10H17NO3 

[M+H]+: 200.1281, found 200.1279. 

 
 
Methyl (3R,4S)-4-((tert-butoxycarbonyl)amino)-3-hydroxy-2,2-dimethylhept-6-enoate (37) 
 
 
 
 
 
 
 
To a 10 mL conical flask (equipped with a stir bar) was added 36 (100 mg, 0.50 mmol, 1.0 eq.) 

followed by DCM (5 mL) after which, the resulting solution was cooled to –40°C. To the resulting 

stirred cold solution was then added BF3�Et2O (0.1 mL, 0.75 mmol , 1.5 eq.) followed by 1-

methoxy-2-methyl-1-(trimethylsiloxy)propene (0.2 mL, 1.0 mmol, 2.0 eq.) after which, the 

resulting reaction mixture was left to stir a –40°C under an atmosphere of argon gas for 2 h. After 

this time, the reached was quenched via the dropwise addition of sat. NH4Cl(aq) and then allowed 

to warm to rt. The quenched reaction was then extracted with EtOAc (3x) and the isolated organic 

layers combined,  washed with brine, dried over MgSO4, filtered, concentrated under reduced 
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pressure, and purified via flash column chromatography (silica gel, EtOAc/Hex: 

0%→10%→15%→20%) to yield 37 (99 mg, 65% yield) as  a white solid as well as its 

corresponding diastereomer (37’) (10 mg, 7%) (d.r 10:1) as a colorless oil. 37: 1H-NMR (CDCl3, 

500 MHz): δ 5.83-5.71 (m, 1H), 5.07 (dd, J = 18.6 Hz, 9.7 Hz, 2D), 4.62 (d, J = 9.7 Hz, 1H) , 3.85 

(q, 7.6 Hz, 1H), 3.78 (s, 1H), 3.69 (s, 3H), 3.54 (s, 1H), 2.31 (t, J = 6.9 Hz, 2H), 1.40 (s, 9H), 1.29 

(s, 3H), 1.19 (s, 3H); 13C-NMR (CDCl3, 125 MHz): δ 179.1, 155.4, 134.8, 117.7, 79.2, 77.9, 52.3, 

50.1, 45.0, 39.0, 28.4, 24.6, 20.6; HRMS (EI); HRMS (ESI) m/ calculated for C15H27NO5 [M+H]+: 

302.1962, found 302.1968. 37’: 1H-NMR (CDCl3, 500 MHz): 5.86-5.72 (m, 1H), 5.15-5.00 (m, 

2H), 4.55 (d, J = 9.7 Hz, 1H), 3.81-3.73 (m, 1H), 3.71 9s, 3H), 3.04-2.90 (br, 1H), 2.32-2.22 (m, 

1H), 2.22-2.10 (m, 1H), 1.57 (d, J = 3.5 Hz, 1H), 1.41 (s, 9H), 1.25 (d, J = 8.3 hz, 6H); 13C-NMR 

(CDCl3, 125 MHz): 178.6, 155.3, 134.5, 117.8, 79.3, 78.9, 52.2, 51.6, 45.1, 35.7, 28.4, 23.0, 21.4; 

HRMS (ESI) m/ calculated for C15H27NO5 [M+H]+: 302.1962, found 302.1959. 

 
 
Tert-butyl (4S,5R)-4-allyl-5-(1-methoxy-2-methyl-1-oxopropan-2-yl)-2,2-dimethyloxazo-lidine-
3-carboxylate (38) 
 
 
 
 
 
 
To a 100 mL round-bottom flask (equipped with a stir bar) was added 37 (1.3 g, 4.2 mmol, 1.0 

eq.) followed by DCM (35 mL). To the resulting stirred solution was then added 2,2,-

dimethoxypropane (Me2C(OMe)2) (2.6 mL, 20.9 mmol, 5.0 eq.) followed by p-Toluenesulfonic 

acid (pTsOH) (72 mg, 0.4 mmol, 10 mol%) along with Na2SO4 (500 mg) after which, the resulting 

reaction mixture was left to stir at rt under an atmosphere of argon gas for 4 h. After this time, the 

reaction was quenched via the addition of sat. NaHCO3(aq) and then extracted with DCM (3x). The 
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isolated organic layers were then combined, washed with brine, dried over Na2SO4, filtered, 

concentrated under reduced pressure, and then purified via flash column chromatography (silica 

gel, EtOAc/Hex:  0%→5%→10%→15%) to yield 38 (1.3 g, 92% yield) as a colorless oil.  1H-

NMR (methanol-d4, 500 MHz): δ 5.82-5.68 (m, 1H), 5.14 (d,  J = 5.1 Hz, 1H), 4.10 (d, J = 5.5 

Hz, 1H), 4.01 (br, 1H), 3.96 (br, 1H), 3.67 (s, 3H), 2.68 (br, 1H), 2.30 (br, 1H), 1.54 (s, 3H), 1.48 

(s, 9H), 1.43 (s, 3H) 1.19 (s, 3H), 1.16 (s, 3H); 13C-NMR (methanol-d4, 125 MHz): 176.1, 133.7, 

117.7, 82.9, 82.8, 80.4, 57.4, 51.1, 45.5, 38.2, 36.2, 27.3, 26.2, 20.4; HRMS (ESI) m/ calculated 

for C18H31NO5 [M+H]+: 342.2275, found 342.2278. 

 
 
2-((4S,5R)-4-allyl-3-(tert-butoxycarbonyl)-2,2-dimethyloxazolidin-5-yl)-2-methylpropanoic acid 
(34) 
 
 
 
 
 
 
To a 100mL round-bottom flask (equipped with a stir bar) was added 38 (1.2 g, 3.5 mmol, 1.0 eq.) 

followed by a solution of THF/MeOH (4:1) (35 mL). To the resulting stirred solution was then 

added lithium hydroxide monohydrate (LiOH�H2O) (487 mg, 11.6 mmol, 3.3 eq.) after which, the 

resulting reach mixture was heated to reflux and left to stir under an atmosphere of argon gas for 

24 h. After this time, the reaction mixture was directly concentrated under reduced pressure. Once 

done, the resulting material was dissolved in EtOAc, washed with 1M HCl(aq) followed by brine, 

dried over Na2SO4, filtered and concentrated to yield 34 (1.2 g, 100% yield) as a colorless oil 

which solidified into a white solid when stored in the freezer. While crude 34 was often carried 

forward to the next reaction without purification, an analytically pure sample can be isolated via 

flash column chromatography (silica gel, EtOAc/Hex: 0%→10%→20%) albeit with the loss of 
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some material (1.1 g, 91% yield). 1H-NMR (DMSO-d6, 500 MHz): δ 5.76-5.60 (m, 1H), 5.09 (d, 

J = 9.7 Hz, 2H), 4.02 (d, J = 5.5 Hz, 1H), 3.81 (br, 1H), 2.78-2.53 (m, 1H), 2.21 (br, 1H), 1.46 (s, 

3H), 1.40 (s, 9H), 1.34 (s, 3H), 1.06 (s, 3H), 1.03(s, 3H); 13C-NMR (DMSO-d6, 125 MHz): δ 

177.1, 151.2, 134.3, 119.0, 79.7, 57.3, 45.1, 40.6, 28.5, 21.6; HRMS (ESI) m/ calculated for 

C17H39NO5 [M+H]+: 328.2119, found 328.2122. 

 
 
N-methyl-L-alanine ethyl ester hydrochloride (43)86 

 

 

 

 

 

To a 250 mL round-bottom flash (equipped with a stir bar) containing  EtOH (110 mL) at 0 °C 

was slowly added SOCl2 (7.0 mL, 97.0 mmol, 2.0 eq.). After stirring for several minutes,  N-

methyl-L-alanine (5.0 g, 48.5 mmol, 1.0 eq) was added to the acidic EtOH solution after which, 

the reaction mixture was heated to reflux and left to stir under an atmosphere of argon gas for 6 h. 

After this time, the reaction mixture was cooled to rt and then directly concentrated under reduced 

pressure. The resulting solid was then stripped with Et2O (2x) to afford 43 (8.1 g, 100% yield) as 

a white solid. All characterization data obtained for the isolated product was in accordance with 

literature reported data.86 

 
 
Ethyl N-acetyl-N-methyl-L-alaninate (44) 
 

 
 
 
 
To a 1000 mL round-bottom flask (equipped with a stir bar) was added 43 (7.9 g, 47.1 mmol, 1.0 

eq.) followed by DCM (490 mL) after which, the resulting solution was cooled to 0°C. To the 
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resulting stirred cold solution was then added acetyl chloride (AcCl) (5.1 mL, 70.7 mmol, 1.5 eq. 

98%) followed by Et3N (20.4 mL, 146.1 mmol, 3.1 eq.) dropwise. Once done, the reaction was 

then left to stir at 0 °C for 0.5 h after which, it was warmed to rt and left to stir under an atmosphere 

of argon gas for 20 h. After this time, the reaction was quenched via the addition of sat. NH4Cl(aq) 

(300mL) and extracted with DCM (3x). The isolated organic layers were then combined, washed 

with brine, dried over MgSO4, filtered, concentrated under reduced pressure, and purified via short 

path vacuum distillation at 116°C–120°C to yield 44 (7.5 g, 92%) was a yellow oil. 1H-NMR 

(CDCl3, 400 MHz): δ 5.23 (q, J = 7.2 Hz, 1H), 4.30-4.00 (m, 2H), 2.94 (s, 3H), 2.12 (s, 3H), 1.38 

(d, J = 7.2 Hz, 3H), 1.26 (t, 6.9 Hz, 3H); HRMS (ESI) m/ calculated for C8H15NO3 [M+H]+: 

174.1125, found 174.1129. 

 
 
(S)-1,5-dimethylpyrrolidine-2,4-dione (39) (Initial Synthesis) 
 
 

  
 
To a 500 mL round-bottom flask (equipped with a stir bar) was added THF (67 mL) followed by 

potassium bis(trimethylsilyl)amide (KHMDS) (0.7M in toluene, 79.0 mL, 55.4 mmol, 2.4 eq.) 

after which, the resulting solution was cooled to –78°C. To the resulting stirred solution  cold was 

then added a solution of 44 (4.0 g, 23.1 mmol, 1.0 eq.) and 18-Crown-6 Ether (15.3 g, 57.7 mmol, 

2.5 eq.) dissolved in THF (144 mL) over a period of 2 h. After addition of this solution was 

complete, the reaction was then left to stir at –78°C for 2 h, after which, it was warmed to rt and 

left to stir under an atmosphere of argon gas for 18 h. After this time, the reaction was quenched 

via the dropwise addition of 1M HCl(aq) (to a pH of 1) and extracted with EtOAc (3x). The isolated 

organic layers were then combined, washed with brine, dried over Na2SO4, filtered, concentrated 
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under reduced pressure, and purified via flash column chromatography (silica gel, EtOAc/Hex: 

25%→50%→75%→100%) to yield 39 (2.0 g, 68% yield) as an orange oil. 1H-NMR (CDCl3, 500 

MHz): δ 3.91 (q, J = 6.9 Hz, 1H), 3.04 (S, 2H), 2.9 (s, 3H), 1.38 (d, J = 6.9 Hz, 3H); 13C-NMR 

(CDCl3, 125 MHz); δ 206.8, 168.4, 64.4, 40.3, 27.2, 15.1; HRMS (ESI) m/ calculated for 

C6H9NO2 [M+H]+: 18.0706, found 128.0707. 

 
 
N-methyl-L-alanine methyl ester hydrochloride (SI1)88 
 
 
 
 
 
To a 500 mL round-bottom flask (equipped with a stir bar) was added N-methyl-L-alanine (3.0g, 

29.1 mmol, 1.0 eq.) followed by MeOH (242 mL) after which, the resulting solution was cooled 

to 0°C. To the resulting stirred cold solution was then added acetyl chloride (AcCl) (20.7 mL, 

290.9 mmol, 10.0 eq.) dropwise. Once done, the resulting reaction mixture was gradually warmed 

to rt and then heated to reflux where it was left to stir under an atmosphere of argon gas for 6 h. 

After this time, the reaction was cooled to rt, directly concentrated under reduced pressure, and 

stripped with Et2O (3x) to yield S1 (4.5 g, 100% yield) as an opaque yellow oil. All characterization 

data obtained for the isolated product was in accordance with literature reported data.88 

 
 
Methyl (S)-3-((1-methoxy-1-oxopropan-2-yl)(methyl)amino)-3-oxopropanoate (46) 
 
 
 
 
 
 
To a 500 mL round-bottom flask (equipped with as stir bar) was added S1 (4.7 g, 30.6 mmol, 1.0 

eq.) followed by DCM (92 mL). To the resulting stirred solution was then added sat. NaHCO3(aq) 
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(153 mL) after which, the resulting mixture was vigorously stirred at rt under an atmosphere of 

argon gas for 0.5 h. After this time methyl malonyl chloride (3.8 mL, 33.7mmol, 1.1 eq., 95%) 

was added dropwise over 5 min. After addition of the methyl malonyl chloride was complete, the 

reaction was then left to stir at rt under an atmosphere of argon gas for 1 h. After this time, the 

reaction mixture was transferred to a separatory funnel, organic layer (DCM) isolated and the 

aqueous layer back extracted with DCM (3x). The isolated organic layers were then combined, 

dried over Na2SO4, filtered, and concentrated under reduced pressure to yield 46 (5.3 g, 80% yield) 

as a dark yellow oil. Crude 46 was carried forward to the next reaction without purification. 1H-

NMR (CDCl3, 500 MHz): δ 5.25 (q, J = 6.9 Hz, 1H), 3.75 (s, 3H), 3.71 (s, 3H), 3.50 (d, J = 6.2 

Hz, 2H), 2.95 (s, 3H), 1.41 (d, J= 6.9 Hz, 3H); 13C-NMR (CDCl3, 500 MHz) 171.8, 168.1, 167.7, 

53.5, 51.4, 40.4, 32.1, 14.16. 12.9; HRMS (EI) m/z calculated for C9H15NO5 [M+H]+: 218.1023, 

found 218.1020. 

 
 
Methyl (5S)-1,5-dimethyl-2,4-dioxopyrrolidine-3-carboxylate (47) 
 
 
 
 
 
 
To a 250 mL round-bottom flask (equipped with a stir bar) was added 46 (4.9 g, 22.6 mmol, 1.0 

eq) followed by MeOH (114 mL) after which, the resulting solution was cooled to 0°C. To the 

resulting stirred cold solution was then added freshly prepared NaOMe (1.0M in MeOH, 24.8 mL, 

24.8 mmol, 1.1 eq.) dropwise. Once done, the resulting reaction mixture was then left to stir at 0°C 

under an atmosphere of an argon gas for 10 min. After this time, the reaction was directly 

concentrated under reduced pressure and the isolated crude material dissolved in H2O, which was 

subsequently extracted with EtOAc (3x). To the isolated AQUEOUS layer was then added 1M 

N
OMe

O
O

OMeO

46

NO

O

MeO

O

NaOMe (1.1 eq.)

MeOH, 0°C 
10 min
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HCl(aq) (to a pH of 1) which was then extracted with DCM (3x). The isolated organic layers were 

then combined, dried over Na2SO4, filtered, and concentrated under reduce pressure to yield 47 

(3.5 g, 84% yield) as an off-white solid. 1H-NMR (CDCl3, 500 MHz): δ 11.20 (br, 1H), 4.01 (q, J 

= 6.6 Hz, 1H) 3.92 (s, 3H), 2.93 (S, 3H), 1.42 (d, J = 6.6 Hz, 3H); HRMS (EI) m/z calculated for 

C8H11NO4 [M+H]+: 186.0761, found 186.0766. 

 
 
(S)-1,5-dimethylpyrrolidine-2,4-dione (39) (Second Synthesis) 
 
 

 
 
 
To a 500 mL round-bottom flask (equipped with a stir bar) was added 47 (3.5 g, 18.9 mmol, 1.0 

eq.) followed by H2O (0.31 mL, 17.2 mmol, 0.91 eq.) followed by MeCN (250 mL) after which, 

the reaction flask was heated to reflux and then left to stir under an atmosphere of argon gas for 

12 h. After this time, the reaction mixture was then directly concentrated under reduced pressure 

and then repeatedly  azeotroped with toluene (3x) to yield 39 (2.4 g, 98% yield) as an orange oil. 

1H-NMR (CDCl3, 500 MHz): δ 3.91 (q, J = 6.9 Hz, 1H), 3.04 (S, 2H), 2.9 (s, 3H), 1.38 (d, J = 6.9 

Hz, 3H); 13C-NMR (CDCl3, 125 MHz); δ 206.8, 168.4, 64.4, 40.3, 27.2, 15.1; HRMS (ESI) m/ 

calculated for C6H9NO2 [M+H]+: 18.0706, found 128.0707. 

 
 
Methyl (S)-2-hydroxy-3-methylbutanoate (49)90 
 
 
 
 
 
To a 100 mL round-bottom flask (equipped with a stir bar) was added 48 (5.0 g, 42.3 mmol, 1.0 

eq.) followed by MeOH (50 mL). To the resulting stirred solution was then added conc. H2SO4 

MeCN, reflux, 12 h
NO

O

39

NO

O

MeO

O

 H2O (0.91 eq.)

47

HO
OH

O
HO

OMe

O

48 49

MeOH, reflux, 3 h
H2SO4 (43 mol%)
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(1.0 mL, 18.2 mmol, 43 mol%) after which, the resulting reaction mixture was heated to reflux 

and then left to stir under an atmosphere of argon gas for 3 h. After this time, the reaction mixture 

was cooled to rt and extracted with EtOAc (3x). The isolated organic layers were then combined, 

washed with sat. NaHCO3(aq) followed by brine, dried over Na2SO4, filtered, and concentrated 

under reduced pressure (at rt) to yield 49 (5.2 g, 93% yield) as a colorless oil. Crude 49 was carried 

forward to the next reaction without purification. All characterization data obtained for the isolated 

product was in accordance with literature reported data.90 Note: Due to the volatility of this 

compound, at no point was it placed under strong vacuum. 

 
 
Benzyl 2,2,2-Trichloroacetimidate (50)92 
 
 
 
 
 
 
To a 2000 mL round-bottom flask (equipped with a stir bar) was added benzyl alcohol (15.0 mL, 

144.8 mmol, 1.0 eq.) and trichloroacetonitrile (16.0 mL, 159.3 mmol, 1.1 eq.) followed by Hexanes 

(360 mL) after which, the resulting reaction mixture was cooled to 0°C. To the resulting stirred 

cold solution was then added DBU (2.2 mL, 14.5 mmol, 10 mol%) after which, the reaction was 

left to stir at 0°C under an atmosphere of argon gas for 40 min. After this time, the reaction was 

diluted with hexanes (360 mL) followed by sat. NH4Cl(aq) (720 mL). Once done, the organic layer 

was isolated and the aqueous layer back extracted with hexanes (3x). The isolated organic layers 

were then combined, dried over Na2SO4, filtered, and concentrated under reduced pressure to yield 

50 (35.1 g, 96% yield) as a colorless oil. Crude 50 was carried forward to the next reaction without 

purification. All characterization data obtained for the isolated product was in accordance with 

literature reported data.92 

HO
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DBU (10mol%)
Cl3C O

NH

Hex, 0°C, 40min
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Methyl (S)-2-(benzyloxy)-3-methylbutanoate (51)91 

 
 
 
 
To a 250 mL round-bottom flask (equipped with as stir bar) was added 49 (9.4 g, 71.1 mmol, 1.0 

eq.) followed by a solution of c-Hex/DCM (2:1) (104 mL). To the resulting stirred solution was 

then added Benzyl 2,2,2-Trichloroacetimidate (50) (14.5 mL, 78.2 mmol, 1.1 eq.) followed by 

triflic acid (0.94 mL, 10.7 mmol, 15 mol%) after which, the resulting reaction mixture was left to 

stir at rt under an atmosphere of argon gas for 1 h. Note: During this time the reaction transitioned 

from milky white to milky red in color. After this time, the reaction was filtered (to remove the 

white precipitate formed during the reaction) after which, the isolated filtrate was washed with sat. 

NaHCO3(aq) followed by brine, dried with Na2SO4, filtered, concentrated under reduced pressure, 

and purified via flash column chromatography (silica gel, EtOAc/Hex:0%→5%  ) to yield 51 (12.5 

g, 79% yield) as a colorless oil. All characterization data obtained for the isolated product was in 

accordance with literature reported data.91 

 
 
(S)-2-(benzyloxy)-3-methylbutanoic acid (51)91 
 
 
 
 
 
To a 250 mL round-bottom flask (equipped with a stir bar) was added 51 (11.0 g, 49.5 mmol, 1.0 

eq.) followed by MeOH (100 mL). To the resulting stirred solution was then added a solution of 

lithium hydroxide (LiOH) (4.7 g, 197.9 mmol, 4.0 eq.) dissolved in H2O (34 mL). Once done, the 

resulting reaction mixture was heated to reflux and left to stir under an atmosphere of argon gas 

for 3 h. After this time, the reaction was cooled to rt and then diluted with 1 M NaOH(aq) (to a pH 
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of 14 after which, the resulting basic solution was extracted with DCM (3x).  To the isolated 

AQUEOUS layer was then added 2M HCl(aq) (to a pH of 1) which was then extracted with DCM 

(3x). The isolated organic layers were then combined, dried over MgSO4, filtered, and 

concentrated under reduce pressure to yield 50 (9.0 g, 87% yield) as a colorless oil which solidified 

into a white solid when stored in the freezer. All characterization data obtained for the isolated 

product was in accordance with literature reported data.91 

 
 
(S)-3-((S)-2-(benzyloxy)-3-methylbutanoyl)-4-hydroxy-1,5-dimethyl-1,5-dihydro-2H-pyrrol-2-
one (53) 
 
 
 
 
 
 
 
 
To a 100 mL round-bottom flask (equipped with as stir bar) was added 39 (2.0 g, 15.7 mmol, 1.0 

eq.) followed by DCE (79 mL) after which, the resulting solution was cooled to 0°C. To the 

resulting stirred cold solution was then added HATU (7.2 g, 18.9 mmol, 1.2 eq.) followed by 

DMAP (576 mg, 4.7 mmol. 0.3 eq.) after which, the resulting reaction mixture was warmed to rt 

and left to stir under an atmosphere of argon gas for 7 h. After this time, KCN (358 mg, 5.5 mmol, 

35 mol%) was added to the reaction mixture followed by Et3N (3.3 mL, 23.6 mmol, 1.5 eq.). Once 

done, the resulting reaction mixture was left to stir at rt under an atmosphere of argon gas for 48 

h. After this time, the reaction was diluted with DCM (50 mL) and washed with brine, which was 

back extracted with DCM (3x). The isolated organic layers were then combined, dried over 

Na2SO4, filtered, concentrated under reduced pressure, and purified via flash column 

chromatography (silica gel, EtOAc/Hex + 1% AcOH: 0%→10→%20%) to yield 53 (3.3 g, 67% 

NO
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yield) as a red oil. The spectra of the isolated product was a mixture of at least 2 tautomeric species. 

Signals of the major tautomer are given:  1H-NMR (500 MHz, CDCl3): δ 7.36-7.28 (m, 5 H), 4.73 

(d, J = 7.3 Hz, 1 H), 4.54 (d, J = 5.5 Hz, 1 H), 4.48 (d, J = 3.8 Hz, 1 H), 3.68 (q, J = 6.9 Hz, 1 H), 

2.98 (s, 3 H), 2.15-2.03 (m, 1 H), 1.35 (d, J = 7.3 Hz, 3 H), 1.05 (d, J = 6.9 Hz, 3H), 0.94 (d, J = 

6.9 Hz, 3 H); 13C-NMR (125 MHz, CDCl3): d = 194.4, 185.7, 172.3, 137.9, 128.4, 128.9, 128.2, 

102.1, 80.5, 72.7, 62.7, 31.9, 26.9, 18.9, 18.6, 14.8; HRMS (ESI) m/ calculated for C18H23N2O4 

[M+H]+: 318.170, found 318.1702. 

 
 
(S)-4-hydroxy-3-((S)-2-hydroxy-3-methylbutanoyl)-1,5-dimethyl-1,5-dihydro-2H-pyrrol-2-one 
(6) 
 
 
 
 
 
To a 100 mL round-bottom flask (equipped with a stir bar) was added 53 (870 mg, 2.7 mmol, 1.0 

eq.) and Pd/C (10 wt. % Pd) (87 mg, 0.08 mmol, 3 mol%) followed by MeOH (55 mL). Once 

done, the reaction flask was evacuated of air and backfilled with H2 after which, the reaction 

mixture was left to stir at rt under an atmosphere of H2 gas for 6 h. After this time, the reaction 

mixture was purged with argon gas and the reaction mixture filtered through a plug of Celite®. The 

isolated filtrate was then concentrated under reduced pressure to yield 6 (617 mg, 99%) as a red 

oil. The spectra of the isolated product was a mixture of at least 2 tautomeric species. Signals of 

the major tautomer are given: 1H-NMR (methanol-d4, 500 MHz): δ 4.61 (d, J = 6.4 Hz, 1H), 3.91 

(q, J = 6.4 Hz, 1H), 2.98 (s, 3H), 2.09-1.97 (m, 1H), 1.35 (d, J = 7.0 Hz, 3 H), 0.98 (t, J = 7.0 Hz, 

6H); 13C-NMR (methanol-d4, 125 MHz): δ196.0, 195.2, 174.0, 98.6, 78.3, 60.8, 31.8, 25.1, 18.9, 

15.1, 14.2; HRMS (ESI) m/ calculated for C11H17NO4 [M+H]+: 228.1230, found 228.1225.  
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(S)-5-(2-(benzyloxy)-1-hydroxy-3-methylbutylidene)-2,2-dimethyl-1,3-dioxane-4,6-dione (54) 
 
 
 
 
 

 
 
To a 1000 mL round-bottom flask (equipped with a stir bar) was added 40 (10.0 g, 48.0 mmol, 1.0 

eq.) and EDC�HCl (11.6 g, 57.6 mmol, 1.2 eq., 95%) followed by DCM (480 mL). To the resulting 

stirred solution was then added DMAP (5.9 g, 48.0 mmol, 1.0 eq.) after which, the resulting 

reaction mixture was left to stir at rt under an atmosphere of argon gas for 0.5 h. After this time, 

Meldrum’s acid (7.6 g, 52.8 mmol, 1.1 eq.) was added to the reaction mixture. Once done, the 

resulting reaction mixture was left to stir at rt under an atmosphere of argon gas for 24 h. After 

this time, the reaction mixture was directly concentrated under reduced pressure, and the resulting 

isolated material dissolved in ethyl acetate and then washed with 1M HCl(aq) followed by brine. 

The isolated organic layer was then dried over Na2SO4, filtered, and concentrated under reduced 

pressure to yield 54 (16.0g, 100% yield) as an organize oil which solidified into a yellow solid 

when stored in the freezer. Because 54 was found to be unstable to purification via flash column 

chromatography, crude 54 was carried forward to the next reaction without purification. 1H-NMR 

(CDCl3, 500 MHz): δ 15.45 (s, 1H), 7.41-7.27 (m ,5H), 5.28 (d, J = 5.9 Hz, 1H), 4.55 (s, 2H), 2.17-

2.07 (m ,1H), 1.71 (d, J = 11.0 Hz, 6H), 1.03 (dd, J = 15.9 Hz, 6.9 Hz, 6H); HRMS (ESI) m/ 

calculated for C18H22NO6[M+H]+: 335.1489, found 355.1492.  
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Ethyl N-((S)-4-(benzyloxy)-5-methyl-3-oxohexanoyl)-N-methyl-L-alaninate (56) 
 
 
 
 
  
 
 
To a 500 mL round-bottom flask (equipped with a stir bar) was added N-methyl-L-alanine ethyl 

ester hydrochloride (43) (4.4 g, 26.2 mmol, 1.0 eq.) and 54 (10.5 g, 31.5 mmol, 1.2 eq.) followed 

by PhMe (218 mL). To the resulting stirred solution was then added Et3N (4.0 mL, 28.9 mmol, 1.1 

eq.) after which, the resulting reaction mixture was heated to reflux and left to stir under an 

atmosphere of argon gas for 22 h. After this time, the reaction was cooled to rt, directly 

concentrated under reduced pressure, and purified via flash column chromatography (silica gel, 

EtOAc/Hex: 0% 10% 20%) to yield 56 (7.0 g, 73%) as a yellow oil. The spectra of the isolated 

product was a mixture of at least 3 tautomeric species. Signals of the major tautomer are given:  

1H-NMR (DMSO-d6, 500 MHz): δ 14.70 (s, 1H), 7.41-7.09 (m, 5H), 5.55 (s, 1H), 4.93 (q, J = 6.2 

Hz, 1H), 4.65-4.52 (m, 1H), 4.43-4.30 (m, 1H), 4.17-4.01 (m, 2H), 2.91 (s, 3H), 2.15-1.90 (m, 

1H), 1.35 (d, J = 6.2 Hz, 3H), 1.17 (t, J = 6.9 Hz, 3H), 0.94-0.80 (m, 6H); 13C-NMR (DMSO-d6, 

125 MHz): δ 206.7, 176.2, 172.1, 171.5, 138.7, 128.7, 128.1, 89.0, 87.9, 72.6, 61.1, 52.6, 32.4, 

31.3, 19.4, 18.2, 14.7, 14.5; HRMS (ESI) m/ calculated for C20H29NO5 [M+H]+: 364.2119, found 

364.2122.  
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Ethyl N-((S)-4-hydroxy-5-methyl-3-oxohexanoyl)-N-methyl-L-alaninate (6’) 
 
 
 
 
 
 
To a 500 mL round bottom flask (equipped with a stir bar) was added 56 (8.9 g, 24.5 mmol, 1.0 

eq.) and Pd/C (10 wt. % Pd) (3.9 g, 3.7 mmol, 15 mol%) followed  MeOH (244 mL). Once done, 

the reaction flask was evacuated of air and backfilled with H2 after which, the reaction mixture 

was left to stir at rt under an atmosphere of H2 gas for 19 h. After this time, the reaction mixture 

was purged with argon gas and the reaction mixture filtered through a plug of Celite®. The isolated 

filtrate was then concentrated under reduced pressure to yield 6’ (6.1 g, 91%) as a red oil. The 

spectra of the isolated product was a mixture of at least 3 tautomeric species. Signals of the major 

tautomer are given: 1H-NMR (DMSO-d6, 500 MHz): δ 5.42 (d, J = 5.5 Hz, 1H) 4.85 (q, J = 7.3 

Hz, 1H), 4.17-3.98 (m, 2H), 3.85-3.50 (m, 2H), 2.85 (s, 3H), 2.04-1.86 (m, 1H), 1.28 (d, J = 6.9 

Hz, 3H), 1.18 (t, J = 7.3 Hz, 3H), 0.88 (d, J = 6.9, 3H), 0.79 (d, J = 7.7 Hz, 3H); 13C-NMR (DMSO-

d6, 125 MHz): δ 208.5, 171.6, 167.9, 81.0, 60.9, 52.9, 45.4, 32.9, 30.9, 19.7, 17.1, 14.6, 14.5; 

HRMS (ESI) m/ calculated for C20H29NO5 [M+H]+: 364.2119, found 364.2122.  

 
Tert-butyl (4S,5R)-4-allyl-5-(1-(((S)-6-(((S)-1-ethoxy-1-oxopropan-2-yl) (methyl) amino)-2-
methyl-4,6-dioxohexan-3-yl)oxy)-2-methyl-1-oxopropan-2-yl)-2,2-dimethyloxazolidine-3-
carboxylate (57)  
 
 
 
 
 
 
 
To a 25 mL round bottom flask (equipped with a stir bar) was added 34 (1.0 g, 3.0 mmol, 1.0 eq.) 

and 2-methyl-6-nitrobenzoic anhydride (MNBA) (1.5 g, 4.3 mmol, 1.4 eq.) followed by MeCN 
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(6.4 mL). To the resulting stirred solution was then added DMAP (373 mg, 3.0 mmol, 1.0 eq.) 

followed  by DIPEA (2.1 mL, 12.2 mmol, 4.0 eq.) dropwise after which, the resulting reaction 

mixture was left to stir at rt  under an atmosphere of argon gas for 0.5 h. After this time, 6’ (1.1 g, 

4.0 mmol, 1.3 eq.) was added to the reaction mixture. Once done, the resulting was left to stir at rt 

under an atmosphere of argon gas for 15 h. After this time, the reaction was diluted with EtOAc, 

washed with sat. NaHCO3(aq) followed by brine, dried over Na2SO4, filtered, concentrated under 

reduced pressure, and purified via flash column chromatography (silica gel, 0%→5%→10% 20%) 

to yield 57 (1.0 g, 58% yield) as a yellow oil. The spectra of the isolated product was a mixture of 

at least 3 tautomeric species. Signals of the major tautomer are given: 1H-NMR (CDCl3, 500 MHz): 

δ 5.81-5.67 (m, 1H), 5.33-4.79 (m, 4H), 4.38-4.09 (m, 3H), 4.00-3.84 (m, 1H), 3.70 (s, 1H), 2.89 

(d, J = 16.6 Hz, 2H), 2.83-2.58 (m, 1H), 2.41-2.21 (m, 2H), 1.55 (d, 16.6 Hz, 3H), 1.47 (s, 9H), 

1.28-1.22 (m, 6H), 1.20 (d, J = 5.9 Hz, 3H), 1.05-0.93 (m, 6H); 13C-NMR (CDCl3, 125 MHz): δ 

200.1, 175.7, 171.5, 166.9, 151.6, 151.3, 133.7, 118.7, 118.6, 94.8, 93.9, 86.5, 86.3, 82.5, 80.1, 

61.5, 61.2, 52.5, 46.8, 32.3, 31.4, 30.2, 28.4, 27.4, 27.2, 22.9, 22.7, 19.3, 19.0, 16.9, 14.3, 14.2; 

HRMS (ESI) m/ calculated for C30H50N2O9 [M+H]+: 583.3589, found 583.3591.  

 
 
(S)-6-(((S)-1-ethoxy-1-oxopropan-2-yl)(methyl)amino)-2-methyl-4,6-dioxohexan-3-yl (3R,4S)-4-
amino-3-hydroxy-2,2-dimethylhept-6-enoate (58) 
 
 
 
 
 
 
 
To a 10 mL round-bottom flask (equipped with a stir bar) was added 57 (264 mg, 0.5 mmol, 1.0) 

followed by a formic acid/H2O/THF solution (2:2:1) (5.5 mL) after which, the resulting reaction 

mixture was heated to 80°C and left to stir under an atmosphere of argon gas for 12 h. After this 

H2N
OH

O

O

O

58

N

O
OEt

O
80°C, 12 h

O
BocN

O O

O

57

N

O
OEt

O

HCO2H/H2O/THF
(2:2:1)



 248 

time, the reaction was diluted with EtOAc, washed with sat. NaHCO3(aq) followed by brine, dried 

over Na2SO4, filtered and, concentrated under reduced pressure to yield 58 (228 mg, 100% yield) 

as an off-white solid. Do the complex nature of the obtained NMR spectra, this product was 

characterized based on mass with its purity assessed via HPLC chromatograph readout. 

HRMS (ESI) m/ calculated for C22H38N2O7 [M+H]+: 443.2752, found 443.2756. 
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NMR Spectra 
 
Spectrum 3.8.1 1H-NMR spectrum of compound 15 (methanol-d4, 400 MHz) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Spectrum 3.8.2 1H-NMR spectrum of compound 17 (methanol-d4, 500 MHz)  
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Spectrum 3.8.3 1H-NMR spectrum of compound 18 (CDCl3, 500 MHz) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Spectrum 3.8.4 13C-NMR of compound 18 (CDCl3, 125 MHz)  
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Spectrum 3.8.5 1H-NMR spectrum of compound 14 (CDCl3, 500 MHz)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Spectrum 3.8 6 1H-NMR spectrum of compound 9 (methanol-d4, 500 MHz)  
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Spectrum 3.8.7 1H-NMR spectrum for compound 26 (CDCl3, 400 MHz)  
    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Spectrum 3.8.8 1H-NMR spectrum of compound 27 (CDCl3, 400 MHz)  
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Spectrum 3.8.9 1H-NMR spectrum of compound 10  (CDCl3, 400 MHz) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Spectrum 3.8.10 13C-NMr spectrum of compounds 10 (CDCl3, 125 MHz) 
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Spectrum 3.8.11 1H-NMR spectrum of compound 10’  (CDCl3, 400 MHz)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Spectrum 3.8.12 13C-NMR spectrum of compounds 10’ (CDCl3, 125 MHz)  
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Spectrum 3.8.13 1H-NMR spectrum of compound 36  (CDCl3, 500 MHz)  
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Spectrum 3.8.14 1H-NMR spectrum of compound 37 (CDCl3, 500 MHz)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Spectrum 3.8.15 13C-NMR spectrum of compound 37 (CDCl3, 125 MHz)  
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Spectrum 3.8.16 1H-NMR spectrum of compound 37’ (CDCl3, 500 MHz)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Spectrum 3.8.17 13C-NMR spectrum of compound 37 (CDCl3, 125 MHz)  
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Spectrum 3.8.18 1H-NMR spectrum of compound 38 (methanol-d4, 500 MHz)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Spectrum 3.8.19 13C-NMR of compound 38 (methanol-d4, 125 MHz) 
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Spectrum 3.8.20 1H-NMR spectrum of compound 34 (DMSO-d6, 500 MHz)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Spectrum 3.8.21 13C-NMR spectrum of compound 34 (DMSO-d6, 125 MHz) 
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Spectrum 3.8.22 1H-NMR spectrum of compound 44 (CDCl3, 400 MHz)  
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Spectrum 3.8.23 1H-NMR spectrum of compound 39 (CDCl3, 500 MHz)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Spectrum 3.8.24 13C-NMR spectrum of compound 39 (CDCl3, 125 MHz) 
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Spectrum 3.8.25 1H-NMR of compound 46 (CDCl3, 500 MHz)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Spectrum 3.8.26 13C-NMR of compound 46 (CDCl3, 125 MHz) 
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Spectrum 3.8.27 1H-NMR spectrum of compound 47 (CDCl4, 500 MHz)  
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Spectrum 3.8.28 1H-NMR spectrum of compound 53 (CDCl3, 500 MHz)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Spectrum 3.8.29 13C-NMR spectrum of compound 53 (CDCl3, 125 MHz) 
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Spectrum 3.8.30 1H-NMR spectrum of compound 6 (methanol-d4, 500 MHz)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Spectrum 3.8.31 13C-NMR spectrum of compound 6 (methanol-d4, 125 MHz)  
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Spectrum 3.8.32 1H-NMR spectrum of compound 54 (CDCl3, 500 MH)  
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Spectrum 3.8.33 1H-NMR of compound 56 (DMSO-d6, 500 MHz)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Spectrum 3.8.34 13C-NMR spectrum of compound 56 (DMSO-d6, 125 MHz) 
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Spectrum 3.8.35 1H-NMR of compound 6’ (DMSO-d6, 500 MHz)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Spectrum 3.8.36 13C-NMR of compound 6’ (DMSO-d6, 125 MHz)  
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Spectrum 3.8.37 1H-NMR spectrum of compound 57 (CDCl3, 500 MHz)  

 
 
 

 

 

 

 

 

 

 

 

 

 
Spectrum 3.8.38 13H-NMR spectrum of compound 57 (CDCl3, 125 MHz)  
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Chapter Four: Synthesis of OFCP-Derived Macrobicycles and Evaluation of their Biological 

Utility 

 
4.1 Introduction 

 
Reaction processes that form multiple covalent bonds while creating new rings and 

stereocenters are inherently valuable in organic synthesis. They advance an overarching goal of 

the field, which is to enable syntheses of value-added products from abundant raw materials in the 

most direct manner possible. Reaction cascades have been used effectively for the synthesis of 

diverse carbocyclic and heterocyclic ring systems, using both catalytic and stoichiometric 

methods.1,2 The typical objective is to streamline the assembly of molecules. However, multi bond-

forming processes can also manipulate the form and properties of pre-assembled structures. For 

example, we have developed reagents that can engage small peptides in successive ring forming 

reactions to afford polycyclic derivatives.3-11 In the example shown in Scheme 4.1.1B, three 

consecutive operations imbed the core of synthetic reagent 1 into unprotected tripeptide WWY. 

Four new bonds (red) are formed between the oligomer and the scaffolding reagent, resulting in 

four new rings and three new stereocenters.8 Other methods to cyclize unprotected peptides using 

native functional groups (e.g. Scheme 4.1.1A) achieve less bonding with the scaffold and install 

fewer conformational constraints.12-16 Using 1 and related reagents, it is possible to convert 

machine made oligomers systematically into stable composite macrocycles having diverse shapes 

and improved pharmacological properties.17 
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Scheme 4.1.1 Established methods for the cyclization of linear, unprotected peptides. (A) 
Common side chain engagements using native functional groups (refs. 12-15). (B) Our previous 
work - sequenced main chain and side chain reactions using multi-contact scaffolding. (C) This 
work - relative rate controlled polysubstitution cascades using perfluoro-cyclopentene. 
 
 

The scaffolding imparted by residual 1 (colored blue in 2) is hydrophobic. It was of interest 

to develop methods that could install scaffolding having polar elements and the potential for 

transannular hydrogen bonding. Here we describe new relative rate-controlled polysubstitution 

cascades that achieve this outcome (Scheme 4.1.1C). The reactions modify linear, unprotected 

peptides in a single flask at room temperature. They require no catalysts or heavy metals, and they 

generate a wealth of previously unknown heterocyclic ring systems with tunable properties.  
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Electron deficient aryl fluorides participate in nucleophilic ipso substitution (SNAr) 

reactions. Sanger’s method for N-terminal peptide sequencing is a seminal example.18 More 

heavily fluorinated aromatics such as hexafluorobenzene can engage two nucleophiles 

successively at ring positions 1 and 4. The reaction is efficient with sulfur nucleophiles and has 

been used to generate macrocyclic peptides via cysteine ‘stapling’.13 Polysubstitutions become 

possible when using perfluorinated cycloalkenes. For example, commercial 

octafluorocyclopentene (OFCP) reacts with simple nucleophiles at both its vinyl positions, and 

subsequently at its allylic positions to afford adducts having up to six fluorine atoms replaced.19 

We have discovered how to translate this incremental electrophilicity of OFCP into relative rate-

controlled substitution cascades. Using peptides as polynucleophilic partners, OFCP generates 

multicyclic products from linear precursors in a sequence dependent manner. We show how 

fluorinated thiazaspirodecenone intermediates can be intercepted to generate novel 

glycoconjugates, functionalization products and macrobicyclic composites using molecular 

inserts. We study the molecular properties of end products and computationally probe how 

fluorospirocyclic scaffolding can generate new structural mimics of major loop types observed at 

protein contact surfaces in the Protein Data Bank.  

 
 

4.2: Direct OFCP Macrobicyclization of Unprotected Linear Peptides 

 
Linear peptides having three proximal nucleophilic residues react with OFCP (1.5 eq, 25˚C, 

Et3N, DMF) according to the progression shown in Scheme 4.2.1A. Two successive vinylic 

substitutions occur rapidly (krel for Ser:Tyr:His:Cys ~ 1:30:45:1000) to afford macrocycles 6.20 

DFT calculations have been performed to elaborate details of this mechanism. The potent 

electrophilicity of OFCP is related to the high stabilization of anionic intermediates by negative 
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hyperconjugation. This is reflected, for example, in the highly delocalized HOMO calculated for 

the intermediate formed in the model reaction of ethyl mercaptide with OFCP (Scheme 4.2.1B). 

Fluoride loss from this intermediate is calculated to have a very low barrier (see Experimental 

Section for details). Excess OFCP (b.p. = 27˚C @ 1 atm) is removed from 6 in vacuo and the 

residue is redissolved in a DMF/THF solution containing excess Cs2CO3 or KOSiMe3. This 

initiates spirocyclization via Sn2’ displacement of a third fluorine atom (when Nu3 is a C-terminal 

carboxamide) to afford a new vinyl fluoride that is captured by a fourth competent nucleophile to 

give polycycles 8. Compounds 8 are stable, soluble and purified using standard chromatographic 

techniques. Linear peptide Ac-YNCTFC-NH2 reacts with OFCP at its two cysteine residues within 

minutes at 25˚C. Subsequent treatment with Cs2CO3 installs the thiazaspirodecenone motif while 

forming a new vinyl fluoride that then captures the N-terminal tyrosine residue to afford 9 in 41% 

isolated yield (Scheme 4.2.1C). By initiating reaction cascades at a C-terminal cysteine amide, it 

is possible to synthesize a range of macrobicyclic structures that are bridged by sulfide and 

imidazole linkages. There is flexibility in ring size on either side of the bridging residue and, in 

the case of histidine derivative 4, bridge position epimer 13 can be prepared readily. 

Diastereoselectivity at the newly formed spiro center is high (>10:1) across the series. Products 

show sharp, well resolved 1H NMR spectra at ambient temperature. By repositioning the cysteinyl 

amide off of a glutamate or aspartate side chain, it is possible to initiate alternate 

macrobicyclization cascades. For example, branched peptide Ac-YGAE(C)H-NMe2 affords the 

striking, double looped polycycle 16 when reacted successively with OFCP and KOSiMe3. To our 

knowledge, each of the ring systems shown in Scheme 4.2.1C are without precedent in the 

literature.  
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Scheme 4.2.1 Direct macrobicyclization of linear unprotected peptides. (A) Progression of 
substitution events during OFCP processing. (B) Computational rendering  of delocalized HOMO 
present in intermediate formed by model reaction of OFCP and ethyl mercaptide. Demonstrates 
negative hyperconjugation stabilization of substitution intermediates. See Experimental Section 
for computational details. (C) Products resulting from OFCP mediated direct polycyclizations. 
Linear peptides were synthesized on solid phase as N-terminal acetamides and cleaved as primary 
C-terminal carboxamides. Yields reflect preparative HPLC isolation wherein all histidine derived 
products were isolated as TFA salts. Reagent and Conditions: a) OFCP (1.5 equiv.), Et3N (2.5 
equiv.), DMF (5.0 mM), 0°C, 30 min; conc. then Cs2CO3 (6.0 equiv.), 1:4 DMF/THF (5.0 mM), 
0°C –> RT, 3 h, (>10:1 d.r.). b) OFCP (1.5 equiv.), Et3N (2.5 equiv.), DMF (5 mM), 0 °C, 30 min; 
conc. then KOSiMe3 (4.0 equiv.), 1:4 DMF/THF (5.0 mM), 0°C –> RT, 3 h, (>10:1 d.r.). c) same 
as b) except using solely DMF as solvent. 

 
 

It is possible to isolate and characterize vinyl fluorides 7 (Scheme 4.2.1A). As shown in 

Scheme 4.2.2A, treatment of linear peptide Ac-CWSC-NH2 with OFCP followed by KOSiMe3 

affords spiro tricyclic compound 17 (35%, >10:1 d.r.). Under identical conditions, the same 

sequence containing D-cysteine affords epimeric macrocycle 25 (Scheme 4.2.2B), while its homo 

cysteine variant affords spiro thiazepinone 26 in good yield and diastereoselectivity (>10:1 d.r.). 

Smaller ring analogs are also accessible. Omitting the tryptophan residue results in the formation 

of spiro tricyclic substance 24.  

The vinyl fluoride in 17 can be intercepted in bimolecular reactions to give a variety of 

substituted and homologated derivatives. It reacts with commercial β-D-thioglucose sodium salt 

within minutes at 25˚C to afford unprotected glycoconjugate 19 in near quantitative yield. By 

varying the peptide sequence and the thioglycoside used, amalgamations with OFCP could 

generate a new class of glycosylated cyclic peptidomimetics. Compound 17 also reacts with a 

coniferyl alcohol derivative to afford 20. The cinnamyl carbonate in 20 provides means to form an 

additional large ring via electrophilic capture of amines, carboxylates, imidazoles and pi basic 

aromatic residues (e.g. see Scheme 4.1.1B).3-11 Azidation of 17 with NaN3 in DMF provides vinyl 

azide 21 in >95% yield. This molecule participates in Sharpless/Huisgen ‘click’ cycloadditions 
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with terminal alkynes. Stirring 21 with 1.0 equiv. of propargyl alcohol in the presence of a 

phenylenediamine ligated CuII catalyst affords triazole 23 in 75% yield.21 Alternatively, azide 21 

can be hydrogenolyzed to afford β-thio enamine 22. This molecule can be purified without 

hydrolysis. Its amino group strongly resists acylation, even with Ac2O / DMAP. Proximal 

fluorination attenuates its nucleophilicity. In fact, inductive deactivation appears to have an impact 

on the stability of these structures in general. For example, 13 and 24 are stable (<5% loss by 

HPLC analysis) in aqueous buffer of varying pH for extended periods of time (72h at pH 4.5, 7.0 

and 10.0, 25°C). In addition, both compounds were stable to superstoichiometric amounts of N-

chlorosuccinimide (NCS) and 30% aq. H2O2 (2.0 eq. oxidant, pH 4.5 buffer / CH3CN, 25˚C) over 

72h. The alkene, the thioaminoketal, the imidazole and the sulfur atoms were unaffected in these 

experiments. For comparison, the disulfide derived from hexapeptide HFCASC (S30, the linear 

precursor to 10) decomposed at pH 10.0 and reacted readily with NCS (see Experimental Section 

for details). 
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Scheme 4.2.2 Intermediate spirocyclic vinyl fluoride derivatization with exogenous nucleophiles. 
(A) Bimolecular substitution reactions using compound 17. (B) Linear peptides were synthesized 
on solid phase as N-terminal acetamides and cleaved as primary C-terminal carboxamides. Yields 
reflect preparative HPLC isolation. Reagents and conditions: a) OFCP (1.5 equiv.), Et3N (2.5 
equiv.), DMF (5.0 mM), 0°C, 30 min; conc. then KOSiMe3 (2.0 equiv.), 1:4 DMF/THF (5.0 mM), 
0°C –> RT, 1 h, (>10:1 d.r.). b) beta-D-Thioglucose sodium salt (1.0 equiv.), DMF (50 mM), 0°C, 
1 h, >95%. c) Coniferyl Carbonate 33 (2.0 equiv.), KOSiMe3 (4.0 equiv.), DMF (50 mM), 0°C –
> RT, 12 h, 53%. d) NaN3 (1.0 equiv.), DMF (50 mM), 0°C, 1 h, >95%. e)  H2, Pd/C (10 wt %), 
EtOH, 35°C, 12 h, 87%. f) Propargyl Alcohol (1.0 equiv.), Phenylenediamine (15 mol %), Sodium 
ascorbate (10 mol%), CuSO4•5H2O (5 mol%), 2:3 H2O:tBuOH (0.2 M), 12 h, 75%. 
 
 
 
4.3: OFCP Macrobicyclization using Small-Molecule Inserts 

 

The reactivity of intermediate vinyl fluorides 7 (Scheme 4.2.1A) provides options to form 

a second large ring using molecular inserts. This markedly expands the diversity of possible 

outcomes. In these experiments (Scheme 4.3.1A), initial OFCP mediated macrocyclizations and 

base-induced spirocyclizations occur in one flask as before. The incipient spirocyclic vinyl 

fluorides are then captured in situ with a nucleophile that can be subsequently activated as an 

electrophile. For example, treating linear peptide Ac-YACFAC-NH2 with 1.5 eq. OFCP (Et3N, 

DMF) forms a macrocycle at 0˚C (Scheme 4.3.1B). Subsequent exposure to KOSiMe3 generates 

a spirocyclic vinyl fluoride that is intercepted in situ with hydroxymethylated thiazole thione 29 

to afford 30 in good yield.22 The strong nucleophilicity of the exocyclic sulfur atom in 29 permits 

biomolecular substitution to outcompete internal macrocyclization of the tyrosyl phenol in this 

system. Warming a MeNO2 solution of 30 containing 7.5 vol % TFA ionizes the primary hydroxyl 

group and the incipient methyldene thiazolium cation captures the tethered phenol via C-C bonding 

to generate macrobicyclic structure 31 in good yield.  
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Scheme 4.3.1 Synthesis of OFCP scaffolded macrobicyclic structures using small-molecule 
inserts. (A) Depict general use of small molecules inserts to diversify macrobicyclic products. (B) 
C-C bond formation with Tyr and Trp. (C) C-X bond formation with Asp and Glu. Linear peptides 
were synthesized on solid phase as N-terminal acetamides and cleaved as primary C-terminal 
carboxamides. Yields reflect preparative HPLC isolation wherein all histidine derived products 
were isolated as TFA salts. Yields shown for 40–49 refer to isolated yields from their respective 
linear oligomers. Reagents and conditions: a) OFCP (1.5 equiv.), Et3N (2.5 equiv.), DMF (10 mM), 
0°C, 30 min; conc. then KOSiMe3 (3.5 equiv.), thiazole 29 (1.2 equiv.), 1:4 DMF/THF (30 mM), 
0°C –> RT, 3 h. b) 7.5% TFA, MeNO2 (5.0 mM), 80°C, 12 h. c) OFCP (1.5 equiv.), Et3N (2.5 
equiv.), DMF (10 mM), 0ºC, 30 min; conc. then Cs2CO3 (6.0 equiv.) 1:4 DMF/THF (30 mM) 0ºC, 
1 h; then 33 (2.0 equiv.) 0ºC –> RT, 48 h. d) Tf2NH (5.0 equiv.), MeNO2 (2.5 mM), RT, 1 h. e) 
Sc(OTf)3 (1.0 equiv.), MeNO2 (5.0 mM), RT, 1 h. f) OFCP (1.5 equiv.), Et3N (2.5 equiv.), DMF 
(10 mM), 0ºC, 30 min; conc. then Cs2CO3 (5.0 equiv.), 1:4 DMF/THF (30 mM), 0ºC, 1 h; then 
cysteamine, 2-mercaptoethanol, or 29 (1.2 equiv.), 0ºC, 1 h. g). N-Chlorosuccinimide (1.5–3.0 
equiv.), 2:8 MeCN:NaOAc/AcOH (acetate buffer, pH 4.5) (1.0 mM), RT, 1 h. h) 
propanephosphonic acid anhydride (T3P) (1.5 equiv.), iPr2NEt (3.5 equiv.), DMF (5.0 mM), 0ºC, 
1 h. i) Macrolactonization done using EDC•HCl (3.0 equiv.), HOBt (2.0 equiv.), Et3N (5.0 equiv.), 
DMF (5.0 mM), 0ºC –> RT, 44–64 h. 
 
 

This alkylative macrocyclization is tolerant of varying ring sizes and substitution patterns. 

Reacting the 4-mer Ac-YCAC-NH2 with OFCP and 29 in the same process as above affords 

macrobicycle 32 wherein each large ring contains one less amino acid residue. Replacing 29 with 

coniferyl alcohol derivative 33 provides for further options. For example, treating linear peptide 

Ac-YGHAC-NH2 with OFCP (Et3N, DMF) followed by an excess of Cs2CO3 generates a 

macrocyclic vinyl fluoride that reacts with added 33 (2.0 equiv.) to provide phenolic ether 34. 

Relative to 29, the capture rate by 33 is slower but the product is stable under the extended reaction 

conditions and is easily purified. When 34 is treated with Tf2NH in MeNO2 at 25˚C for 1 h, 

preparative HPLC provides imidazolium bridged macro-bicyclic structure 35 in good yield. As we 

have shown previously, the cinnamyl cation, generated either as a solvated ion pair or in metal 

stabilized form, is adept at large ring formations. When liner peptide Ac-WCASC-NH2 is treated 

successively with OFCP and 33 as before and the resultant product is ionized with Sc(OTf)3 in 
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MeNO2, novel indole-linked macrobicycle 36 is produced. Internal cinnamylation engages the 

otherwise unreactive (towards OFCP) tryptophan side chain in C-C bond formation.  

The side chains of Asp and Glu were also potential sites for ring closures (Scheme 4.3.1C). 

However, free carboxylate groups caused OFCP reactions to be chaotic and low yielding. Bode 

had developed a cyanosulfurylide masked form of Asp (D*) to avoid aspartimide forming 

truncations during SPPS.23 We synthesized monomer 37 and its new one carbon homolog 38. Each 

proved to be an excellent surrogate for Asp and Glu, respectively, during peptide synthesis and 

OFCP processing. For example, linear peptide Ac-D*GSFAC-NH2 reacts successively with OFCP 

and Cs2CO3 to give a spirocyclic vinyl fluoride that is captured in situ with commercial cysteamine 

to form adduct 39 (>10:1 d.r.). It is not necessary to isolate this species. Rather, mild oxidative 

hydrolysis of the cyanosulfurylide (NCS, CH3CN /pH 4.5 acetate buffer, 25˚C) provides the 

corresponding carboxylic acid in high yield. Lactamization of the incipient amino acid then affords 

macrobicyclic compound 40 in 30% overall yield from the starting peptide. Product 40 contains a 

bridging serine residue. Identical OFCP processing of cyanosulfurylide residue containing 

peptides tolerates variations in peripheral functionality (see 41, 44, 45) as well as threonine 

bridging (42 and 46). The synthesis of imidazolium salt bridged macrobicycle 43 directly from 

linear peptide Ac-D*PNHFTC-NH2 highlights the complexity forming potential of the methods. 

Replacing cysteamine with 2-mercaptoethanol or thiazole thione 29 permits the EDC mediated 

synthesis of macrolactones 47–49. Structures of this kind are prototypes for a new class of hybrid 

cyclodepsipeptides.  
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4.4: Computational Evaluation of Loop Mimicry Potential 

 
Inhibiting protein-protein interactions (PPIs) with synthetic molecules remains a frontier 

of chemical biology and is a growing field in drug discovery.24 Recent work shows cyclic peptides 

and peptidomimetics are particularly adept at inhibiting PPIs due to their ability to serve  as potent 

and selective ligands for PPI mediating surfaces.25-26 While many PPIs have been successfully 

targeted by mimicking α-helices at protein-protein interfaces, the majority of characterized PPIs 

are mediated by non-helical, non-strand surface loops.27 In 2014, Kritzer and coworkers sought to 

comprehensively identify and analyze these loop-mediated PPIs by writing and implementing 

LoopFinder; a customizable program that could identify loop-mediated PPIs within all  of the 

protein-protein complexes deposited into the Protein Data Bank.28 Analysis of this entire set of 

25,005 interface loops revealed common structural motifs and features that distinguish loop-

mediated PPIs from other PPIs. Furthermore, the data showed that the large majority of these PPI 

mediating loops cluster into just 11 general structural types based on backbone torsional angles 

and hydrogen bonding patterns. These ‘Hot loops’, which Kritzer named in analogy to protein hot 

spots, were identified as loops with favorable properties for mimicry using synthetic molecules. 

Because spectroscopic data indicated the thiazaspirodecenone scaffolded double looped structures 

in Scheme 4.2.1C to be conformationally well defined, we hypothesized that selective mimics of 

Kritzer’s ‘hot’ loops might be devised by varying ring sizes on either side of the bridging residue.29 

To probe this idea, we started by creating an in silico library of hypothetical macrobicycles 

resultant from OFCP processing of linear peptides derived from the sequence Ac-X–(Ala)m–Y–

(Ala)n–Cys-NH2 sequences: where X = Cys, His and Tyr, Y = Cys and His and m, n = 1–5. Figure 

4.4.1 shows a visual schematic of how this library was generated. As indicated shown, library 

members were given five-digit alphanumeric codes for labelling and reference purposes, with 
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letters corresponding to 1 letter amino acid abbreviations and numbers representing the number of 

intervening L-alanine residues between nucleophilic amino acids. For this hypothetical library, L-

alanine was chosen as the generic amino acid with which to compose the macrocyclic rings due to 

its ability to capture key Cα-Cβ vectors which represents preferred projections of many amino acid 

combinations.30 In this way, we reasoned that the use of L-alanine would reveal conformational 

biases of the core structure, unperturbed by sidechain-to-sidechain interactions, allowing for a 

conformational search landscape which would necessarily encompass all conformations that could 

be accessed with more conformationally restrictive side chains. 

 
 
 
 
 
 
 
 
 

Figure 4.4.1 Creation of a hypothetical OFCP-derived macrobicycle library. General structure of 
OFCP-derived poly-alanine macrobicycles (left), a select example of an OFCP-derived poly-
alanine macrobicycle (center) and an explanation of library naming convention (right). OFCP 
processed macrobicycles are named based on the amino acid sequence of the peptide from which 
they are derived with letters corresponding to 1 letter amino acid abbreviations and numbers 
representing the number of intervening L-alanine residues between nucleophilic amino acids. 
 

 
Figure 4.4.2 shows the computational workflow we used to assess the mimicry potential 

of these hypothetical library members. As shown, the developed workflow begins with the 

geometry optimization of our 150 hypothetical library members. This was done using the 

AMBER* forcefield in a high dielectric solvent meant to simulate aqueous conditions. From the 

resulting 150 energy minimized structures, low energy conformations for each were identified 

using a Monte Carlo search algorithm using a search window of 5 kcal/mol from the lowest energy 

calculated structure (see Experimental Section for details). This resulted in a conformational 
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library composed of just over 5,700 members. With this conformational library in hand, we then 

selected a single loop from each of the 11 loop types identified by Krtizer to serve as a 

representative for it respective loop type. This was done by analyzing the average backbone 

torsional angles for each group and then selecting the member whose torsional angles were closest 

to the average for its respective group.  While we understood that this method of representative 

selection did not account for the varied torsional angles that might exist within a given group, we 

concluded this simplification necessary to minimize computational run-time in future steps. 

 

 

 

 

 

 

 

 

 

 
Figure 4.4 2 Computational workflow for determination of loop mimicry potential. Each of the 
150 hypothetical OFCP-derived macrobicycles used in this study were geometry optimized using 
molecular force fields and low energy conformations were identified using a Monte Carlo search 
algorithm. Low energy conformers of each library member were overlaid onto a representative of 
the 11 Kritzer loop types using the PyMOL® superposition function. The resulting generated 
MatchAlign scores were normalized relative to loop self-superimposed maximal values to yield 
‘similarity scores’. 
 

With all of the components needed for this analysis assembled, mimicry potential was 

assessed by systematically overlaying each member from the conformational library onto each of 

the selective loop type representatives. This was done using the PyMOL®  superposition function31 
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in conjunction with a custom Python script written by Dr. Declan Evans of the Houk Group. For 

this particular application, the superposition function was used, as opposed to the align or cealign 

function, as it has been found to be preferable when comparing proteins with relatively low 

sequence identity. This systematic alignment resulted in the generation of MatchAlign scores for 

each conformers/loop pair which is a non-linear function of the number of atoms used in the 

superposition as well as the root-mean-square deviation (RMSD) of those aligned atoms. Because 

these MatchAlign scores do not allow for appropriate comparison between various conformer/loop 

pairs for which the loops are of different size and composition, these MatchAlign scores were 

normalized relative to representative loop self-superimposed maximal values. In this way, obtained 

MatchAligned scores were normalized to yield ‘percent similarity’ scores which range from 0, 

indicating the conformer and representative loop share no structural similarity, to 100, indicating 

that the conformer and representative loop bear perfect structure similarity. This method to 

evaluate structural mimicry permits meaningful comparisons across macrobicycle and 

representative loop size variations.  

The percent similarity scores obtained from this systematic alignment was used to construct 

the heat map shown in Figure 4.4.3 with library members that best mimic each representative loop 

type plotted along the diagonal (top right to bottom left). This core data set identifies close mimics 

(percent similarity > 75%) for six of the eleven major PPI mediating loop types. Of these six, three 

appear quite selective, despite the analysis lacking side chain annotations. Visualization of these 

optimal overlays shows mimicry is calculated to occur at both the N-terminal loop (see 

2WAM/H5H2C overlay) and the C-terminal loop (see 2OL1/H1H5C overlay) as well as the 

composite surface created at the double loop junction (see 3N3R/Y4C1C overlay). This finding 

was not at all unexpected as we hypothesized that the dual-looped nature of these macrobicycles 
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would allow for multiple potential modes of mimicry. Visual overlays depicting the best mimic of 

each representative loop type are shown in see Figure 4.7.18. 

 

 

 

 

 

 

 

 

 
 

Figure 4.4.3 Results of determination of OFCP-derived macrobicycle loop mimicry potential. 
Heat map shows percent similarity scores between select OFCP-derived macrobicycles (x-axis) 
and select lop type representatives (y-axis). Data along the diagonal (top right to bottom left) shows 
those macrobicycles which best structurally mimics each loop type. See Figure 4.1.1 for library 
member naming convention. Reaction schemes to synthesize CXCXC and HXHXC derived 
macrobicycles are described in the Experimental Section. As shown, OFCP-derived macrobicycles 
demonstrate good loop mimicry utilizing their N-terminal loop (2WAM/H5H2C), C-terminal loop 
(2OL1/H1H5C) as well as the composite surface created at the double loop junction 
(3N3R/Y4C1C) of the macrobicycle. 

 

Analysis of the data generated from this systematic overlay shows that the size of the non-

mimicking loop has a marked effect on the conformational preference of the mimicking ring. This 

is well demonstrated in Figure 4.4.4.For example, the 4J07/H4H4C overlay has a similarity score 

of 79.8 while the closely related 4J07/H4H5C overlay, which differs by only a single alanine 

residue in the N-terminal ring, has a similarity score of 8.6. This suggests the ability to 

conformationally fine tune the mimicking ring by making small structural perturbations to the non-

3N3R / Y4C1C

overlay w/ 
S/T-Motif (3N3R)

RMSD = 1.11 Å
24 Atoms Aligned

Lo
op

 T
yp

e 
(P

D
B

 C
od

e)

S/T-Staple (1NVM)

β-Hairpin (1T3I)

αβ-Motiff (2DVT)

Schellman (2OL1)

γ-Turn (2WAM)

β-Turn (3A2V)

Asx-Motif (3B8I)

β-Bulge (3BGT)

S/T-Motif (3N3R)

Asx-Turn (4HN1)

S/T-Turn (4J07)

C3H
4C

H2H
4C

C3C
1C

H1H
5C

C2H
3C

Y4C
1C

H4C
4C

Y4H
4C

H3C
3C

H4H
4C

H5H
2C

2OL1 / H1H5C

overlay w/ 
Schellman (2OL1)

RMSD = 0.88 Å
26 Atoms Aligned

2WAM / H5H2C

overlay w/ 
γ-Turn (2WAM)

RMSD = 1.14 Å
33 Atoms Aligned

O

AcHN

N
N

O
N
H

Me

O

H
N

N

N

OHN

Me

O

N
H Me

ONH

Me

O

NH
Me

O

NH
Me

HN
N
H

S
O

F
F F

F

O

AcHN
O

O

NH
Me

O

HN Me
O

N
H Me

ONH

Me ONH

S
O

HN
Me

HN

F
F

FF

N
H

S
O

H5H2C

OFCP Derived Macrobicycle

Similarity Score (%)
AcHN
O

N N

Me NH

O

Me

HN

O
MeHN

O

Me

N
H O Me

H
N O

HN O Me

H
N

O
MeN

H

OHN
HN

S
O

N
N

FF F
F

Y4C1C

H1H5C

0 20 40 60 80



 296 

mimicking ring, just one of the many advantages afforded by the dual-turn surface nature of these 

compounds. 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 4.4.4 Analysis of loop mimicry potential with non-mimicking ring size variation. Figure 
shows the library members that best mimic each representative loop type (similarity score 
highlighted in yellow) along with the similarity scores of related library members that differ only 
in the size of the non-mimicking ring. 
 
 

While this computational study greatly suggests that these OFCP-derived macrobicycles 

can serve as selective mimics for a majority of Kritzer’s loop types, we are eager to prove this 

hypothesis. Towards this goal, we plan to use the use the data outlined in Figure 4.4.3 to create 

medicinally relevant PPI mediating loop mimics for each of the loop types identified by Kritzer. 

We feel that this method of experimental validation is the most straight forward towards proving 
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our hypothesis and will demonstrate the ability of our OFCP-derived macrobicycles to serve as 

selective and potent mimics of a wide variety of biologically relevant PPIs.  

 
 
4.5: OFCP-Derived Macrocycle and Macrobicycle Passive Membrane Permeability 
 
 

Computed backbone overlays generate hypotheses that can be validated in future 

experiments. The utility of those experiments will be broader if the macrocyclic compounds are 

membrane permeant. Intracellular PPIs are particularly challenging to target with peptidic 

structures. Cyclic peptides having mw > 1 kDa are rarely taken up passively into cells.32 Below 1 

kDa, numerous factors must be considered. The fluorinated polycycles generated in this study are 

new chemotypes that have not been evaluated for permeability in any format. OFCP derived 

macrocycles were analyzed in parallel artificial membrane permeability assays. Averaged data is 

plotted in Figure 4.5.1. Nearly 30% of the molecules tested showed Papp > 1.0 x 10-6cm/sec, a 

‘significant’ permeability benchmark recently advocated by Baker et al. in studies of 

computationally designed peptidyl macrocycles.33 Notably, Papp measured for several compounds 

approached that of diclofenac and chloramphenicol – low molecular weight, orally bioavailable 

drugs used as permeability standards. Both mono and bimacrocyclic structures were among the 

most permeable (see Figure 4.5.1).  
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Figure 4.5.1 Evaluation of passive membrane permeability in vitro using PAMPA. Bar graph 
shows averaged data from two independent experiments, each performed in technical replicate in 
a 96-well format via UV-vis detection (see Experimental Section for details and data). 
Theophylline, diclofenac and chloramphenicol were used as low, medium and high permeability 
standards respectively. See Experimental Section for a complete list of all molecules tested. 
PAMPA analyses of linear peptide precursors was complicated by their insolubility in assay buffer. 
Calculated low energy conformers of 13 and 15 were calculated using Schrodinger Maestro 
Macromodel® and rendered using CylView®. Annotated intramolecular hydrogen bonds were 
identified using Schrodinger Maestro Macromodel® with bond length given in angstroms (see 
Experimental Section for details). 
 
 

In general, macrobicyclic products from Scheme 4.3.1C show greater passive membrane 

permeability than their seco precursors. Imidazole bridged macrobicycle 13 has mass = 804 Da, 8 

H-bond donors and a calculated tPSA = 249 A2, yet it is one of the most permeable compounds 

tested. Calculated low energy conformations of 13 (free base) in a low dielectric field appear to be 

stabilized by transannular hydrogen bonding in both large rings (shown in Figure 4.5.1). Low 

energy conformers of doubled looped structure 15 are also calculated to be structured by internal 
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hydrogen bonding, involving both the bridging imidazole and peripheral functional groups. 

‘Chameleonic’ conformational behavior that can transiently shield polar surface area is thought a 

contributing factor for passive permeability observed in other ‘beyond rule of 5’ macrocycles.34 

However, experimental studies on larger compound sets will be needed to define parameters, 

including internal hydrogen bonding and peripheral fluorination, most correlated with passive 

membrane permeability in these systems.  

 
 
4.6 Conclusion 

 
Relative rate controlled polysubstitution cascades using perflurorocycloalkenes is new 

methodology to rapidly generate complex fluorinated composite macrocycles. OFCP can directly 

polycyclize linear peptide sequences using native functionality, or fluorospirohetero-cyclic 

intermediates can be intercepted with exogenous nucleophiles. The latter tactic can generate a 

range of molecular hybrids composed of peptides, sugars, lipids and heterocyclic components. The 

platform can create both single and double looped macrocycles in multiple stereoisomeric forms. 

Subsets of these molecules will have low energy conformers that shield polar surface area through 

intramolecular hydrogen bonding, a behavior that may correlate with passive membrane 

permeability. Ongoing studies are focused on OFCP mediated polycyclizations that generate 

fluorinated molecular probes for chemical biology research, new classes of glycopeptide 

conjugates, novel fluorinated antimicrobials and molecular ‘glues’, as well as stable shape mimics 

of diverse loop structures mediating intracellular PPIs.35 
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4.7 Experimental Section 
 
 
General Methods and Materials 
 
 

Unless otherwise specified, reactions were performed in flame-dried glassware under an 

atmosphere of argon using anhydrous solvents. Reagents were purchased from commercial 

vendors and used as received unless otherwise stated. Tetrahydrofuran (THF), diethyl ether (Et2O), 

acetonitrile (MeCN) and toluene (PhMe) were passed through a Glass Contour solvent drying 

system. Anhydrous N,N dimethylformamide (DMF) was purchased from Supelco, Inc – Sigma 

Aldrich. Yields refer to chromatographically and spectroscopically (1H-NMR) homogeneous 

materials, unless otherwise stated. Thin-layer chromatography (TLC) was conducted on precoated 

plates (Sorbent Technologies, silica gel 60 PF254, 0.25 mm) visualized with UV 254 nm. Column 

chromatography was performed on silica gel 60 (SiliCycle, 240−400 mesh). Purification of 

peptides was performed using an Agilent 1200 HPLC system equipped with G1361A preparative 

pumps, a G1314A auto sampler, a G1314A VWD, a G1364B automated fraction collector, and a 

Waters Sunfire C18 column (5 μm, 19 mm × 250 mm), unless otherwise noted. 0.1% TFA in 

MeCN/H2O solvent system. Analytical HPLC was performed using the same system, but with a 

G1312A binary pump. 0.1% TFA in MeCN/H2O solvent system. Mass spectra were recorded using 

an Agilent 6130 LC/MS system equipped with an ESI source. High-resolution mass spectra were 

recorded on Thermo Scientific Exactive® Mass Spectrometer with DART ID-CUBE Waters GST 

Premier, Waters LCT Premier, and Agilent 6545 LC-QTOF. NMR spectra were recorded on 

Bruker Avance spectrometers (400/100 MHz, 500/125 MHz, and 600/150 MHz). NMR spectra 

were recorded on Bruker Advance (300, 400, 500, or 600 MHz) spectrometers. HSQC, HMBC, 
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and COSY NMR experiments were used to aid assignment of NMR peaks when required. All 19F 

NMR spectrums used CFCl3 as a calibration standard. 

 
 
General Experimental Procedures 
 
 
Peptide Synthesis for primary C-terminal carboxamides: 
 

C-terminal carboxamide peptides were synthesized manually using standard Fmoc solid 

phase synthesis protocols on Rink Amide MBHA resin (200-400 mesh, 0.73 mmol/g, 1% DVB) 

on 0.37–0.50 mmol scale using a fritted glass reaction vessel. Fmoc-deprotection was achieved 

with 2%/5% DBU/piperazine in DMF (1 x 15 min). The reaction vessel was washed with DMF 

(2x), CH2Cl2 (2x), and DMF (2x). The vessel was then charged with the appropriate Fmoc-amino 

acid (3.0 equiv.) and HBTU (3.0 equiv.) followed by DMF (10–20 mL) and iPr2NEt (10.0 equiv.). 

The resin was shaken for 45 minutes, drained, and washed with DMF (2x), CH2Cl2 (2x), and DMF 

(2x). Couplings involving secondary amines such as Pro or Asp*/Glu* were left to shake for 90 

minutes. After all couplings were completed, the resin was cleaved by shaking with a solution of 

90:5:5 TFA/H2O/TIPS (27 mL of TFA, 1.5 mL of H2O and TIPS) for 90 minutes. The cleaved 

resin was filtered and rinsed with Et2O until ~200 mL of volume.  The peptide was then triturated, 

and this process repeated with Et2O (2x) to afford crude peptide. This crude peptide was then 

stripped with anhydrous PhMe (3x) to afford the desired linear peptide. If necessary, the resulting 

rude peptide was then purified via preparative HPLC. 

 
 
Peptide synthesis for secondary C-terminal carboxamides: 

C-terminal carboxamide peptides were synthesized manually using standard Fmoc solid 

phase synthesis protocols on 2-chlorotrityl chloride resin (100–200 mesh, 1.02 mmol/g, 1% DVB) 
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on 1.02 mmol scale using a fritted glass reaction vessel. Fmoc-deprotection was achieved with 

2%/5% DBU/piperazine in DMF (1 x 15 min). The reaction vessel was washed with DMF (2x), 

CH2Cl2 (2x), and DMF (2x). The vessel was then charged with the appropriate Fmoc-amino acid 

(3.0 equiv.) and HBTU (3.0 equiv.) followed by DMF (10–20 mL) and iPr2NEt (10.0 equiv.). The 

resin was shaken for 45 minutes, drained, and washed with DMF (2x), CH2Cl2 (2x), and DMF 

(2x). Couplings involving secondary amines such as Pro or Asp*/Glu* were left to shake for 90 

minutes. After all couplings were completed, the resin was cleaved by shaking with a solution of 

1:99 TFA:CH2Cl2 (3 x 33 mL, total of 100 mL). Filtered onto a solution filled with 1:9 

pyridine:MeOH (100 mL). Concentration under reduced pressure afforded desired crude peptide. 

This crude peptide was then capped with MeNH2. C-terminus capping was achieved following 

general EDC•HCl/HOBt coupling protocol. After capping, the crude peptide was purified via 

preparative HPLC.  

 
 

Scheme  4.2.1 General Procedure A: Direct Macrobicyclization  

To a flame-dried round bottom flask equipped with a stir bar was charged with linear 

peptide (1.0 equiv.), diluted with anhydrous DMF (5.0 mM), and then allowed to stir at 0ºC. Then 

OFCP (1.5 equiv., 1.0 M in MeCN) was added followed by NEt3 (2.5 equiv.). The reaction mixture 

was allowed to stir at 0 ºC for 30 min. When HPLC indicated macrocycle intermediate formation, 

the reaction mixture was concentrated under reduced pressure to dryness. The reaction residue was 

then diluted with 1:4 DMF/THF (5.0 mM) and stirred at 0 ºC. Then Cs2CO3 (6.0 equiv.) was added, 

and the reaction mixture allowed to gradually warm up to 23ºC for 3 h. When HPLC indicated 

reaction completion, the reaction mixture was quenched with AcOH (10.0 equiv.) and then 
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concentrated under reduced pressure to afford crude product. The crude product was then purified 

via preparative HPLC – see details for specific examples below.  

 

Scheme 4.2.1  General Procedure B: Direct Macrobicyclization 

To a flame-dried round bottom flask equipped with a stir bar was charged with linear 

peptide (1.0 equiv.), diluted with anhydrous DMF (5.0 mM), and then allowed to stir at 0ºC. Then 

OFCP (1.5 equiv., 1.0 M in MeCN) was added followed by NEt3 (2.5 equiv.). The reaction mixture 

was allowed to stir at 0ºC for 30 min. When HPLC indicated macrocycle intermediate formation, 

the reaction mixture was concentrated under reduced pressure to dryness. The reaction residue was 

then diluted with 1:4 DMF/THF (5.0 mM) and stirred at 0ºC. Then KOTMS (4.0 equiv.) was 

added, and the reaction mixture allowed to gradually warm up to 23ºC for 3 h. When HPLC 

indicated reaction completion, the reaction mixture was quenched with AcOH (10.0 equiv.) and 

then concentrated under reduced pressure to afford crude product. The crude product was then 

purified via preparative HPLC – see details for specific examples below.  

 
 

Scheme 4.2.1 General Procedure C: Direct Macrobicyclization 

To a flame-dried round bottom flask equipped with a stir bar was charged with linear 

peptide (1.0 equiv.), diluted with anhydrous DMF (5.0 mM), and then allowed to stir at 0ºC. Then 

OFCP (1.5 equiv., 1.0 M in MeCN) was added followed by NEt3 (2.5 equiv.). The reaction mixture 

was allowed to stir at 0ºC for 30 min. When HPLC indicated macrocycle intermediate formation, 

the reaction mixture was concentrated under reduced pressure to dryness. The reaction residue was 

then diluted with DMF (5.0 mM) and stirred at 0ºC. Then KOTMS (4.0 equiv.) was added, and 

the reaction mixture allowed to gradually warm up to 23ºC for 3 h. When HPLC indicated reaction 
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completion, the reaction mixture was quenched with AcOH (10.0 equiv.) and then concentrated 

under reduced pressure to afford crude product. The crude product was then purified via 

preparative HPLC – see details for specific examples below.  

 

Scheme 4.2.2 General Procedure A 

To a flame-dried round bottom flask equipped with a stir bar was charged with linear 

peptide (1.0 equiv.), diluted with anhydrous DMF (5.0 mM), and then allowed to stir at 0ºC. Then 

OFCP (1.5 equiv., 1.0 M in MeCN) was added followed by NEt3 (2.5 equiv.). The reaction mixture 

was allowed to stir at 0ºC for 30 min. When HPLC indicated macrocycle intermediate formation, 

the reaction mixture was concentrated under reduced pressure to dryness. The reaction residue was 

then diluted with 1:4 DMF/THF (5.0 mM) and stirred at 0ºC. Then KOTMS (2.0 equiv.) was 

added, and the reaction mixture allowed to gradually warm up to 23ºC for 1 h. When HPLC 

indicated reaction completion, the reaction mixture was quenched with AcOH (10.0 equiv.) and 

then concentrated under reduced pressure to afford crude product. The crude product was then 

purified via preparative HPLC – see details for specific examples below.  

 
 
Scheme 4.3.1 General Procedure F: Macrobicyclization via bond formations with Asp and Glu 

To a flame-dried round bottom flask equipped with a stir bar was charged with linear 

peptide (1.0 equiv), diluted with anhydrous DMF (10.0 mM), and then allowed to stir at 0ºC. Then 

OFCP (1.5 equiv., 1.0 M in MeCN) was added followed by NEt3 (2.5 equiv.). The reaction mixture 

was allowed to stir at 0ºC for 30 min. When HPLC indicated macrocycle intermediate formation, 

the reaction mixture was concentrated under reduced pressure to dryness. The reaction residue was 

then added 1:4 DMF:THF (30 mM) and cooled to 0ºC. Then Cs2CO3 (5.0 equiv.) was added, and 
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the reaction mixture allowed to stir at 0ºC for 1 h. When HPLC indicated full conversion to the 

desired vinyl fluoride then cysteamine, 2-mercaptoethanol, or 29 were added and the reaction 

mixture allowed to stir at 0ºC for 1 h. When HPLC indicated reaction completion, the reaction 

mixture was quenched with AcOH (10.0 equiv.) and then concentrated under reduced pressure to 

afford crude product. The crude product was then telescoped to the next step.  

 

Scheme 4.3.1 General Procedure G: Macrobicyclization via bond formations with Asp and Glu 

A 50% yield from General Procedure F was assumed when calculating stoichiometry for 

this general procedure. To the same round bottom flask used in General Procedure F, the crude 

product was diluted with a solution 2:8 MeCN:aqueous buffer pH 4.5 (NaOAc/AcOH, 0.1 M). The 

reaction mixture was then allowed to stir at 23ºC and then was added NCS in MeCN (1.0 M) 

portionwise (0.5 equiv.). Total NCS varied from 1.5–3.0 equiv. depending on substrate. When 

HPLC indicated full conversion to the desired free acid, the reaction mixture was quenched with 

Na2S2O3•5H2O (6.0 equiv.). The reaction mixture was concentrated under reduced pressure to 

afford crude product. The crude product was then purified via preparative HPLC – see details for 

specific examples below. Yields shown refer to yields from their linear peptides.  

 

Scheme 4.3.1: General Procedure H: Macrobicyclization via bond formations with Asp and Glu 

To a flame-dried round bottom flask equipped with a stir bar was charged with the seco-

acid intermediate (1.0 equiv.) and diluted with anhydrous DMF (5.0 mM). The solution was added 

iPrNEt2 (3.5 equiv.) and the reaction mixture allowed to cool to 0ºC. Then propanephosphonic 

acid anhydride in EtOAc (1.5 equiv., 50% wt.) was added and the reaction mixture allowed to stir 

at 0ºC for 1 h. After HPLC indicated reaction completion, the reaction mixture was quenched with 



 306 

AcOH (5 equiv.) and then concentrated under reduced pressure to afford crude product. The crude 

product was then purified via preparative HPLC – see details for specific examples below. 

 

Scheme 4.3.1: General Procedure I: Macrobicyclization via bond formations with Asp and Glu 

To a flame-dried round bottom flask equipped with a stir bar was charged with the seco-

acid intermediate (1.0 equiv.), EDC•HCl (2.5 equiv.), HOBt (1.5 equiv.), and then diluted with 

DMF (5.0 mM). The reaction mixture was then allowed to stir at 0ºC and then added NEt3 (5.0 

equiv.). The reaction mixture was then allowed to warm up to 23ºC and stirred for 44–64 h. After 

HPLC indicated reaction completion, the reaction mixture was quenched with AcOH (5.0 equiv.) 

and then concentrated under reduced pressure to afford crude product. The crude product was then 

purified via preparative HPLC – see details for specific examples below. 

 
 
Experimental Procedures and Product Characterization 
 
 
Scheme 4.7.1 Synthesis of Thiazole Thione Linker (29) 

 
 
 
 
 
 
Ethyl 2-bromothiazole-5-carboxylate (S8): 

To a flame-dried 500 mL round bottom flask equipped with a stir bar was charged with S7 

(10.00 g, 56.91 mmol, 1.0 equiv.), NaNO2 (4.32 g, 62.60 mmol, 1.1 equiv.), diluted with MeCN 

(58.68 mL, 0.97 M), H2O (30.76 mL, 1.85 M), and the reaction mixture allowed to cool to 0ºC. 

Then CuBr (8.98 g, 62.60 mmol, 1.1 equiv.) was added portion-wise followed by dropwise 

addition of HBr (46.27 mL, 1.23 M) at 0ºC. The reaction mixture was then allowed to warm up to 
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Scheme 1. Synthesis of thiazole thione 29
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23ºC and stirred for 16 h. After 16 h, the reaction mixture was diluted with ice water, CH2Cl2, and 

transferred to an Erlenmeyer flask. The solution was kept cool and gradually quenched with solid 

NaHCO3 and then transferred to a separatory funnel. The aqueous layer was extracted with CH2Cl2 

(3x), organic layers combined, washed with brine, dried over Na2SO4, filtered, and concentrated 

to afford crude product. The crude product was purified via flash SiO2 chromatography (gradient 

Hex → 2.5% EtOAc/Hex) afforded title compound as a faint-yellow oil (8.26 g, 62% isolated 

yield), Rf = 0.28 at 5% EtOAc/Hex. 1H NMR (DMSO-d6, 500 MHz) δ8.31 (s, 1H), 4.32 (q, 2H), 

1.29 (t, 3H) 13C-NMR (500 MHz, DMSO-d6) δ 159.47, 148.17, 142.19, 132.75, 61.94, 14.04 

HRMS m/z calc’d for [C6H6BrNO2S+H]+ 236.9375; found 236.9375; 0 ppm mass defect.  

 
 

Ethyl 2-thioxo-2,3-dihydrothiazole-5-carboxylate (S9): 
 

To a 100-mL round bottom flask equipped with a stir bar and a reflux condenser was 

charged with S8 (2.86 g, 12.11 mmol, 1.0 equiv,), NaSH (2.26 g, 24.23 mmol, 2.0 equiv., 60% 

wt.), and then diluted with anhydrous EtOH (26.92 mL, 0.45 M). The reaction mixture was then 

heated to 80ºC and stirred for 16 h. After 16 h, the reaction mixture was allowed to cool to 23ºC 

and then poured onto an iced solution of aqueous 1 N HCl. The mixture was then transferred to a 

separatory funnel and the aqueous layer extracted with CH2Cl2 (4x). The organic layers were 

combined, dried over MgSO4, filtered, and concentrated to afford title compound as a white-solid 

(2.26 g, 99% isolated yield) as a white-solid. HRMS m/z calc’d for [C6H7NO2S2+H]+ 188.991823; 

found 188.991208; 3.3 ppm mass defect. 1H-NMR (500 MHz, DMSO-d6) δ 13.80 (s, 1H), 8.08 (s, 

1H), 4.24 (q, 2H), 1.25 (t, 3H). 13C-NMR (500 MHz, DMSO-d6) δ 190.93, 158.87, 136.83, 118.59, 

61.43, 14.08.  
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5-(hydroxymethyl)thiazole-2(3H)-thione (29): 
 

To a flame-dried 250-mL round bottom flask equipped with a stir bar was charged with S9 

(2.26 g, 11.9 mmol, 1.0 equiv.) and diluted with anhydrous THF (85.3 mL, 0.14 M). The reaction 

solution was then allowed to cool down to –78ºC and stirred. Then at –78ºC was added dropwise 

DIBAL-H (37.0 mL, 37.0 mmol, 3.1 equiv., 1.0 M in hexanes). The reaction mixture was then 

allowed to stir at –78ºC for 30 min. Then after 30 min, the reaction mixture was allowed to warm 

up to 0ºC and stirred for 1.5 h. After 1.5 h, the reaction mixture was cooled to 0ºC and was added 

dropwise 1 N HCl and the mixture stirred. The reaction mixture was then transferred to a 

separatory funnel and the aqueous layer extracted with EtOAc (4x). The organic layers were 

combined (NOT washed with brine), dried over Na2SO4, filtered, and concentrated to afford crude 

product as a yellow-powder. The crude product was purified via flash SiO2 chromatography 

(gradient 35% EtOAc/Hex → 75% EtOAc/Hex) afforded title compound as a white-powder (1.18 

g, 67% isolated yield), HRMS m/z calc’d for [C4H5NOS2+H]+ 147.9890; found 147.9895; 3.1 ppm 

mass defect. 1H-NMR (500 MHz, DMSO-d6) δ 12.97 (s, 1H), 7.16 (s, 1H), 5.46 (s, 1H), 4.37 (s, 

2H) 13C-NMR (500 MHz, DMSO-d6) δ 188.59, 132.59, 125.19, 55.88. HRMS [M+1] calc’d for 

C4H5NOS2H 147.9891, found 147.9894. 

 

Scheme 4.7.2 Synthesis of Cinnamyl Phenol (33) 
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3-((tert-butyldimethylsilyl)oxy)-4-methoxybenzaldehyde (S11): 

To a flame-dried round bottom flask equipped with a stir bar was charged with 3-hydroxy-

4-methoxybenzaldehyde (10.00 g, 65.77 mmol, 1.0 equiv., S10) and diluted with anhydrous DMF 

(6.58 mL, 1.0 M) and added iPr2NEt (13.7 mL, 78.92 mmol, 1.2 equiv.). The reaction was cooled 

to 0°C and added TBSCl (10.86 g, 72.3 mmol, 1.1 equiv.) slowly then stirred for 16 h at 23ºC. The 

reaction was diluted with H2O then extracted with EtOAc (3x). The combined organic phases were 

washed with brine (3x), dried over Na2SO4, filtered, and concentrated under reduced pressure to 

afford crude product. The residue was purified by flash SiO2 column chromatography (gradient 

Hex → 15% EtOAc/Hexanes) to give S11 (16.98 g, 97%) as a clear oil. 1H NMR (CDCl3, 300 

MHz) δ9.81 (s, 1H), 7.47 (dd, J – 8.3, 2.0 Hz, 1H), 7.36 (d, J = 2.0 Hz, 1H), 6.94 (d, J = 8.3 Hz, 

1H), 3.88 (s, 3H), 1.00 (s, 9H), 0.16 (s, 6H). 13C NMR (CDCl3, 126 MHz) δ191.0, 156.7, 145.7, 

130.3, 126.4, 120.1, 111.3, 55.6, 25.7, 18.5, -4.6 HRMS m/z calc’d for [C14H22O3Si+H]+ 267.1416; 

found 267.1424; 3.0 ppm mass defect.  

 

Ethyl (E)-3-(3-((tert-butyldimethylsilyl)oxy)-4-methoxyphenyl)acrylate (S12): 

To flame-dried round bottom flask equipped with a stir bar was charged with S11 (10.00 g, 

37.58 mmol, 1.0 equiv.) and diluted with anhydrous CH2Cl2 (1252 mL, 0.03 M). Then to this 

stirred solution was added ethyl 2-(triphenyl-l5- phosphaneylidene)acetate (19.62 g, 56.37 mmol, 

1.5 equiv.) at 23ºC under inert atmosphere. The reaction mixture was stirred at 23ºC for 24 h. 

Solvent was removed under reduced pressure to afford crude product. The residue was purified by 

flash SiO2 column chromatography (gradient Hex → 15% EtOAc/Hexanes) to give S12 (8.84 g, 

70% isolated yield). 1H NMR (CDCl3, 500 MHz) δ7.58 (d, J = 15.9 Hz, 1H), 7.09 (dd, J = 8.2, 2.1 

Hz, 1H), 7.05 (d, J – 2.1 Hz, 1H), 6.83 (d, J = 8.2 Hz, 1H), 6.25 (d, J = 15.9 Hz, 1H), 4.25 (q, J = 
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7.12 Hz, 2H), 3.83 (s, 1H), 1.33 (t, J = 7.00 Hz, 3H), 1.00 (s, 3H), 0.16 (s, 6H). 13C NMR (CDCl3, 

126 MHz) δ167.5, 153.2, 145.3, 144.6, 127.6, 123.2, 119.8, 115.9, 111.8, 60.5, 55.6, 25.8, 18.6, 

14.5, -4.5. HRMS m/z calc’d for [C18H28O4Si+H]+ 337.1835; found 337.1836; 0.3 ppm mass 

defect. 

 

(E)-3-(3-((tert-butyldimethylsilyl)oxy)-4-methoxyphenyl)prop-2-en-1-ol (S13): 
To a flame-dried round bottom flask equipped with a stir bar was charged with S12 (5.00 

g, 14.87 mmol, 1.0 equiv.) and diluted with anhydrous CH2Cl2 (74.36 mL, 0.2 M). To this stirred 

solution was added DIBAL-H (46.1 mL, 46.1 mmol, 3.1 equiv., 1.0 M in hexanes) dropwise at 

23ºC under inert atmosphere. The reaction mixture was stirred at 23ºC for 24 h. After completion 

the reaction was concentrated under reduced pressure to afford crude product. The resulting 

residue was purified by flash SiO2 column chromatography (gradient Hex → 20% EtOAc/Hex) to 

give S13 (2.71 g, 62% isolated yield). 1H NMR (CDCl3, 500 MHz) δ6.95–6.90 (m, 2H), 6.79 (d, J 

= 8.9 Hz, 1H), 6.49 (d, J = 15.9 Hz, 1H), 6.20 (dt, J = 15.6, 5.9 Hz, 1H), 4.29 (dd, J = 6.1, 1.4 Hz, 

2H), 3.80 (s, 1H), 1.00 (s, 9H), 0.16 (s, 6H). 13C NMR (CDCl3, 126 MHz) δ151.0, 145.2, 131.3, 

129.9, 126.4, 120.6, 118.8, 112.0, 64.1, 55.6, 25.9, 18.6, -4.5. HRMS m/z calc’d for 

[C16H27O3Si+H]+ 295.1729; found 295.1735; 2.0 ppm mass defect. 

 

(E)-3-(3-((tert-butyldimethylsilyl)oxy)-4-methoxyphenyl)allyl isobutyl carbonate (S14): 
To a flame-dried round bottom flask equipped with a stir bar was charged with S13 (2.50 

g, 1.0 equiv., 8.50 mmol), diluted with anhydrous CH2Cl2 (17.0 mL, 0.5 M), and N-

methylmorpholine (4.21 mL, 38.25 mmol, 4.5 equiv.). The reaction mixture was then cooled to 

5ºC under argon. Isobutyl chloroformate (2.44g, 17.85 mmol, 2.1 equiv.) was added dropwise and 

continued to stir at -5°C until completion. After completion as observed by TLC (1 h), the reaction 
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was quenched with NaHCO3, extracted with EtOAc (3x), washed with NaHCO3 (2x), brine, dried 

over Na2SO4, filtered, and concentrated under reduced pressure to afford crude product. The crude 

product was pushed through a plug of silica (50% EtOAc/Hex) and pushed forward without further 

purification.  

 

(E)-3-(3-hydroxy-4-methoxyphenyl)allyl isobutyl carbonate (33): 

To a flame-dried round bottom flask equipped with a stir bar was charged with S14 and 

diluted with 10:1 DMF:H2O and added Cs2CO3 (1.38 g, 4.25 mmol, 0.5 equiv.). The reaction 

mixture was then allowed to stir at 23ºC until complete by TLC. The reaction mixture was then 

diluted with EtOAc, washed with brine (2 x), dried over Na2SO4, concentrated under reduced 

pressure to afford crude product. The crude product was purified by flash SiO2 column 

chromatography (gradient Hex → 30% EtOAc/Hex) to give 33 as a clear oil (1.79 g, 75% isolated 

yield). 1H NMR (CDCl3, 500 MHz) δ7.01 (d, J = 2.0 Hz, 1H), 6.86 (dd, J = 8.3, 1.8, 1H), 6.79 (d, 

J = 8.4, 1H), 6.58 (d, J = 15.7 Hz, 1H), 6.15 (dt, J =15.8, 6.6 Hz, 1H), 5.62 (s, 1H), 4.75 (d, J = 6.6 

Hz, 2H), 3.94 (d, J = 6.7 Hz, 2H), 3.88 (s, 1H), 1.98 (sept, J = 6.7 Hz, 1H), 0.95 (d, J = 6.7 Hz, 

6H). 13C NMR (CDCl3, 126 MHz) δ 155.4, 146.9, 145.8, 134.7, 129.9, 120.9, 119.5, 112.3, 110.6, 

74.3, 68.6, 56.1, 27.9, 19.0. HRMS m/z calc’d for [C15H20O5+H]+ 281.1389; found 281.1394; 1.8 

ppm mass defect. 
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Scheme 4.7.3 Synthesis of Fmoc-Glu*-OH (38) 

 

 

 

Compounds 37 and S16 were synthesized following manuscript reference 23. 

 

Fmoc-Glu*-OtBu (S18): 

To a flame-dried 250-mL round bottom flask equipped with a stir bar was charged with 

Fmoc-Glu-OtBu (15.0 g, 1.0 equiv.), 35.3 mmol) and then dissolved in CH2Cl2 (176 mL, 0.2 

M) until homogeneous. The solution was then added HBTU (16.2 g, 1.21 equiv., 42.7 mmol), S16 

(9.63 g, 1.5 equiv., 52.9 mmol), and iPr2NEt (18.4 mL, 3.0 equiv., 106 mmol). The reaction 

mixture was then allowed to stir at 23ºC for 16 h. The reaction mixture was then added sat. 

NaHCO3 (aq.) and then transferred to a separatory funnel. The aqueous layer was extracted with 

EtOAc (3x) and the organic layers combined. The organic layers were then washed with brine, 

dried over Na2SO4, filtered, and concentrated to afford crude product. The crude product was 

purified by flash SiO2 column chromatography (gradient 50% EtOAc/Hex → 80% EtOAc/Hex → 

EtOAc) to give S18 as a hydroscopic orange oil (17.9 g, quantitative yield). 

 

Scheme 3. Synthesis of 38

O

OtBu

NHFmoc

HO

O

NC Br
DMS (1.0 equiv)

NC S
Me

Me

Br

S15
S16

NC S
Me

Me

Br

S16
(1.5 equiv)

iPr2NEt (3.0 equiv)

CH2Cl2 (0.2 M), 23 ºC
16 h

O

OtBu

NHFmoc

O

S

CN

Me

Me

S18 (quant.)

O

OH

NHFmoc

O

S

CN

Me

Me

38 (94%)

1:1 TFA:CH2Cl2

23 ºC, 1 h

S17



 313 

Fmoc-Glu*-OH (38): 

To a 100-mL round bottom flask equipped with a stir bar was charged with S18 (17.9 g, 

35.3 mmol) and added 1:1 TFA:CH2Cl2 (20:20 mL). The reaction mixture was then allowed to stir 

at 23ºC for 1 h. After HPLC indicated reaction completion; the reaction mixture was concentrated 

under reduced pressure to afford a crude oil which was solubilized with a minimal amount of 

CH2Cl2. Then MeOH was added and evaporated several times, to afford crude product as a yellow 

solid. Then the crude product was subjected to a trituration with Et2O (3x) to afford 38 (15.0 g, 

94% isolated yield) as a white solid. 1H NMR (DMSO-d6, 600 MHz) δ 12.57 (s, 1H), 7.89 (d, J = 

7.50 Hz, 2H), 7.73 (dd, J = 7.38 Hz, J = 3.06 Hz, 2H), 7.66 (d, J = 8.04 Hz, 1H), 7.42 (t, J = 7.32 

Hz, 2H), 7.37-7.31 (m, 2H), 4.28-4.22 (m, 2H), 3.98-3.93 (m, 1H), 2.78 (s, 6H), 2.47-2.36 (m, 

2H), 2.04-1.99 (m, 1H), 1.82-1.73 (m, 1H), 1.29-1.21 (m, 1H) 13C NMR (DMSO-d6, 151 MHz) δ 

188.56, 173.74, 156.11, 143.85, 140.70, 127.64, 127.10, 125.29, 120.11, 119.57, 65.7, 54.7, 53.4, 

46.6, 34.4, 27.6, 26.2, 16.7 HRMS m/z calculated for [C24H24N2O5S+H]+ = 453.1484; found 

453.1487; 0.7 ppm mass defect.  

 
 
 

Synthesis and Characterization of  Scheme 4.2.1 Products 
 

Polycycle 9: 

Polycycle 9 was synthesized according to Scheme 4.2.1 General Procedure A (outlined 

above) using crude linear peptide Ac-YNCTFC-NH2 (60.0 mg, 1.0 equiv., 75.9 µmol). Purification 

by preparative-reverse phase HPLC (gradient 40% MeCN/H2O → 55% MeCN/H2O) afforded the 

title compound (29.1 mg, 41% isolated yield) as an off-white solid. 1H NMR (DMSO-d6, 500 

MHz) δ 9.51 (s, 1H), 8.33 (d, J = 9.5 Hz, 1H), 8.12 (d, J = 6.9 Hz, 1H), 8.05 (d, J = 8.2 Hz, 1H), 
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7.98 (d, J = 6.8 Hz, 1H), 7.69 (d, J = 7.7 Hz, 1H), 7.42 (s, 1H), 7.36 (d, J = 8.6 Hz, 1H), 7.30-7.17 

(m, 6H), 7.06-6.84 (m, 3H), 7.03 (s, 1H), 4.98 (brs, 1H), 4.84-4.79 (m, 1H), 4.72 (dd, J = 14.2, 6.8 

Hz, 1H), 4.60-4.55 (m, 1H), 4.55-4.48 (m, 1H), 4.41-1.34 (m, 1H), 3.74 (t, J = 6.9 Hz, 1H), 3.61 

(d, J = 14.0 Hz, 1H), 3.48-3.41 (m, 2H), 3.22 (dd, J = 14.0, 3.7 Hz, 1H), 2.97 (dd, J = 13.2, 5.1 Hz, 

1H), 2.89-2.82 (m, 3H), 2.70 (dd, J = 13.2, 10.1 Hz, 1H), 2.38 (dd, J = 15.6, 8.5 Hz, 1H), 2.32 (dd, 

J = 15.6, 5.0 Hz, 1H), 1.87 (s, 3H), 0.51 (d, J = 6.0 Hz, 3H). 13C NMR (DMSO-d6, 126 MHz) δ 

171.7, 170.8, 170.3, 169.5, 169.1, 168.8, 168.5, 168.0, 152.4, 139.2-138.8 (m, 1C), 137.8, 135.2-

134.9 (m, 1C), 32.1, 130.5, 129.1, 128.2, 126.4, 118.7-111.5 (m, 2C), 114.9, 68.6-68.1 (m, 1C) 

65.9, 62.1, 54.8, 53.6, 50.4, 48.4, 46.5, 38.4, 37.3, 37.2, 30.6, 22.4, 20.0 19F NMR (DMSO-d6, 282 

MHz) δ -103.2 and -119.2 (AB quartet, J = 252.2 Hz, 2F), -113.8 and -127.0 (AB quartet, J = 223.0 

Hz, 2F). HRMS m/z calculated for [C39H42F4N8O10S2+Na]+ = 945.2299, found 945.2327, 3.0 ppm 

mass defect.  

 

Polycycle 10: 

Polycycle 10 was synthesized according to Scheme 4.2.1 General Procedure B (outlined 

above) using crude linear peptide Ac-HFCASC-NH2 (50.0 mg, 1.0 equiv., 53.43 µmol). 

Purification by preparative-reverse phase HPLC – (gradient 10% MeCN/H2O → 50% MeCN/H2O) 

afforded title compound (13.76 mg, 27% isolated yield) as an off-white solid. 1H NMR (DMSO-

d6, 500 MHz)  δ 9.38 (s, 1H), 8.42 (d, J = 8.9 Hz, 1H), 8.36 – 8.28 (m, 3H), 7.93 (t, J = 8.2, 1H), 

7.31 (d, J = 9.2 Hz, 2H), 7.28 – 7.20 (m, 7H), 7.20 – 7.16 (m, 1H), 4.85 – 4.80 (m, 1H), 4.63 – 

4.53 (m, 3H), 4.31 (quint, J = 4.5 Hz, 1H), 4.20 (quint, J = 7.4 Hz, 1H), 3.82 (dd, J = 10.85, 5.1 

Hz, 1H), 3.52 (dd, J = 10.85, 3.80 Hz, 1H), 3.34 (dd, J = 12.6, 6.7 Hz, 1H), 2.92 – 2.86 (m, 2H), 

2.85 – 2.79 (m, 1H), 2.79 – 2.74 (m, 1H) 1.82 (s, 3H), 1.24 (d, J = 7.2 Hz, 3H). 13C (DMSO-d6, 
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126 MHz) δ 172.9, 171.4, 169.7, 169.6, 168.8, 167.8, 167.7, 137.3, 133.8, 129.2, 128.0, 126.3, 

61.2, 55.3, 53.5, 51.1, 51.0, 50.3, 48.6, 48.4, 46.4, 36.8, 33.7, 30.5, 30.1, 22.5, 17.6. 19F (DMSO-

d6, 282 MHz) δ -103.2 – (-104.7) (m, 1F), -114.0 – (-116.4) (m, 2F), -136 – (-125.2) (m, 2F). 

HRMS m/z calculated for [C34H37F4N9O8S2+H]+ = 840.2221; found 840.2233; 1.4 ppm mass 

defect.  

 

Polycycle 11: 

Polycycle 11 was synthesized according to Scheme 4.2.1 General Procedure B (outlined 

above) using crude linear peptide Ac-HFSCAC-NH2 (50.0 mg, 1.0 equiv., 53.43 µmol). 

Purification by preparative-reverse phase HPLC (gradient 10% MeCN/H2O → 55% MeCN/H2O) 

afforded title compound (21.4 mg, 42% isolated yield) as an off-white solid. 1H NMR (DMSO-d6, 

500 MHz) δ 9.10 (d, J = 7.7, 1H), 8.84 (s, 1H), 8.41 (d, J = 8.7 Hz, 1H), 8.07 - 8.01 (m, 2H), 7.63 

(d, J = 8.1 Hz, 1H), 7.54 (d, J = 7.65 Hz, 1H), 7.38 (s, 1H), 7.28 - 7.17 (m, 6H), 4.75 - 4.70 (m, 

1H), 4.68 - 4.62 (m, 1H), 4.62 - 4.56 (m, 2H) 4.52 (quint, J = 7.2, 1H), 4.43 - 4.36 (m, 1H), 3.80 - 

3.73 (m, 1H), 3.57 - 3.39 (m, 3H), 3.47 - 3.41 (m, 1H),  3.16 - 3.05 (m, 2H), 3.03 - 2.94 (m, 2H), 

2.94 - 2.81 (m, 3H), 1.77 (s, 3H), 1.31 (d, J = 7.3 Hz, 3H). 13C NMR (DMSO-d6, 126 MHz) δ 

170.6, 170.3, 170.1, 170.0, 168.9, 167.9, 167.5, 141.3 - 140.9 (m, 1C), 139.0, 137.5, 135.6, 132.8 

- 132.6 (m, 1C), 129.0, 128.2, 126.4, 117.6 - 115.8 (m, 2C), 117.6 - 115.8 (m, 2C), 114.5, 70.4 - 

69.7 (m, 1C), 61.3, 55.1, 53.8, 51.6, 51.1, 48.5, 47.1, 38.6, 37.8, 30.8, 29.8, 22.5, 16.0. 19F NMR 

(DMSO-d6, 282 MHz) δ -98.8 and -120.7 (AB quartet, J = 254.1 Hz, 2F), -117.2 and -127.3 (AB 

quartet, J = 222.4 Hz, 2F). HRMS m/z calculated for [C44H37F4N9O8S2+H]+ = 840.2221; found 

840.2213; 1.0 ppm mass defect.  
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Polycycle 12: 

Polycycle 12 was synthesized according to Scheme 4.2.1 General Procedure A (outlined 

above) using crude linear peptide Ac-YGHCAC-NH2 (100. mg, 1.0 equiv., 142 µmol). Reaction 

completion took 24 h. Purification by preparative-reverse phase HPLC – (10% MeCN/H2O → 

57.5% MeCN/H2O → 62.5% MeCN/H2O) afforded desired product. Desired product was then 

repurified via pTLC; 10% MeOH/CHCl3 solvent system; afforded title compound (35.7 mg, 30% 

isolated yield) as an off-white powder. 1H NMR (DMSO-d6, 600 MHz) δ 9.33 (s, 1H), 8.55 (d, J 

= 6.5 Hz, 1H), 8.26 (t, J = 5.5 Hz, 1H), 8.10 (d, J = 8.2 Hz, 1H), 8.04 (d, J = 7.7 Hz, 1H), 7.51 (s, 

1H), 7.10 (d, J = 8.6 Hz, 2H), 6.97 (d, J = 8.6 Hz, 2H), 6.91 (s, 1H), 6.64–6.60 (m, 1H), 4.64 (d, J 

= 8.8 Hz, 1H), 4.60–4.54 (m, 1H), 4.40–4.32 (m, 1H), 4.08 (m, 1H), 3.72–3.64 (m, 2H), 3.00–2.91 

(m, 2H), 2.88–2.78 (m, 2H), 2.66–2.58 (m, 2H), 1.72 (m, 3H), 1.18 (d, J = 7.4 Hz, 3H) 13C NMR 

(DMSO-d6, 126 MHz) δ 171.6, 170.9, 170.6, 169.5, 168.1, 167.2, 139.5, 138.8–138.7 (m, 1C), 

138.6, 135.2, 130.2, 130.0–129.9 (m, 1C), 122.3–122.2 (m, 2C), 116.0, 114.9, 113.5, 67.8–67.7 

(m, 1C), 53.9, 52.0, 49.6, 45.5, 42.1, 36.1, 30.2, 25.1, 22.5, 17.3 19F NMR (DMSO-d6, 565 MHz) 

δ -105.9 and -120.1 (AB quartet, J = 254.0 Hz, 2F), -114.1 and -126.1 (AB quartet, J = 225.8 Hz, 

2F) HRMS calculated for [C33H35F4N9O9S+H]+ = 810.2293; found 810.2329; 4.4 ppm mass defect.  

 

Polycycle 4: 

Polycycle 4 was synthesized according to Scheme 4.2.1 General Procedure B (outlined 

above) using crude linear peptide Ac-YGSHAC-NH2 (50.0 mg, 1.0 equiv., 63.15 µmol). 

Purification by preparative-reverse phase HPLC (gradient 10% MeCN/H2O → 60% MeCN/H2O) 

afforded title compound (23.3 mg, 40% isolated yield). 1H NMR (DMSO-d6, 500 MHz) δ 8.93 (s, 

1H), 8.58 (d, J = 7.0 Hz, 1H), 8.42 (d, J = 6.6 Hz, 2H), 8.34 (s, 1H), 7.78 (d, J = 7.8 Hz, 1H), 7.54 
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(s, 1H), 7.19 (s, 1H), 7.15 - 7.10 (m, 2H), 7.10 - 7.00 (m, 2H), 6.67 - 6.58 (m, 1H), 4.71 - 4.64 (m, 

1H), 4.58 - 4.51 (m, 1H), 4.27 (q, J = 6.4 Hz, 1H), 4.17 (q, J = 7.0 Hz, 1H), 4.09 (quint, J = 7.1 

Hz, 1H), 3.95 - 3.87 (m, 1H); 3.72 - 3.56 (m, 3H),, 3.45 (d, J = 13.1 Hz, 1H), 2.90 - 2.83 (m, 2H); 

2.82 - 2.73 (m, 1H), 2.68 - 2.58 (m, 2H), 1.79 (s, 1H), 1.24 (d, J = 7.2 Hz, 3H). 13C NMR (DMSO-

d6, 126 MHz) δ171.6, 171.0, 169.7, 169.7, 169.3, 169.0, 167.2, 151.0, 143.1 - 142.5 (m, 1C), 139.4, 

136.8, 135.7, 130.8, 128.2 - 127.8 (m, 1C), 119.7 - 113.0 (m, 2C), 119.7 - 113.0 (m, 2C), 119.2, 

118.09, 67.3 - 66.4 (m, 1C), 60.9, 55.8, 54.7, 50.8, 49.3, 46.3, 42.8, 36.7, 30.1, 29.8, 22.3, 17.3. 

19F NMR (DMSO-d6, 282 MHz) δ -105.9 and -123.8 (AB quartet, J = 257.6 Hz, 2F), -117.1 and -

127.2 (AB quartet, J = 223.6 Hz, 2F). HRMS m/z calculated for [C33H35F4N9O9S +H]+ = 810.2293; 

found 810.2294; 1.0 ppm mass defect; 0.1 ppm mass defect.  

 

Polycycle 13: 
Polycycle 13 was synthesized according to Scheme 4.2.1 General Procedure A (outlined 

above) using crude linear peptide Ac-YGSdHAc-NH2 (100. mg, 1.0 equiv., 126 µmol). 

Purification by preparative-reverse phase HPLC (gradient 10% MeCN/H2O → 55% MeCN/H2O 

→ 60% MeCN/H2O) afforded title compound (66.0 mg, 57% isolated yield) as a yellow-powder. 

1H NMR (DMSO-d6, 500 MHz) δ 9.25 (s, 1H), 8.75 (d, J = 6.6 Hz, 1H), 8.44 (d, J = 6.8 Hz, 1H), 

8.23 (t, J = 5.1 Hz, 1H), 7.33 – 7.28 (m, 1H), 7.26 (d, J = 5.76 Hz, 1H), 7.09 – 7.05 (m, 2H), 7.93 

– 6.98 (m, 4H), 6.19 (d, J = 8.6 Hz, 1H), 4.66 – 4.61 (m, 1H), 4.58 – 4.53 (m, 1H), 4.41 – 4.36 (m, 

1H), 4.08 (quint, J = 3.3 Hz, 1H), 4.0 (quint, J = 6.9 Hz, 1H), 3.91 (dd, J = 16.2, 5.2 Hz, 1H), 3.85 

(dd, J = 10.5, 3.8 Hz, 1H), 3.71 – 3.66 (m, 1H), 3.56 (d, J = 5.2 Hz, 1H), 3.54 – 3.48 (m, 1H), 3.06 

(dd, J = 15.4, 3.5 Hz, 1H), 2.96 (dd, J = 13.4, 3.78 Hz, 1H), 2.81 – 2.75 (m, 4H), 1.93 (s, 3H), 1.13 

(d, J = 7.3 Hz, 3H). 13C NMR (DMSO-d6, 126 MHz) 171.2, 170.7, 170.6, 170.1, 169.4, 168.9, 

167.0, 153.8, 139.6, 138.1–138.0 (m, 1C), 134.0, 131.2, 128.3, 127.6, 123.2–120.0 (m, 1C), 116.8, 
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115.3, 114.7–114.4 (m, 2C), 67.3– 67.0 (m, 1C), 61.5, 56.3, 52.9, 52.5, 50.0, 46.0, 43.0, 37.8, 30.2, 

28.1, 22.7, 16.7. 19F NMR (DMSO-d6, 565 MHz) -105.1 and -120.2 (AB quartet, J = 257.2 Hz, 

2F), -114.7 and -125.8 (AB quartet, J = 227.3 Hz, 2F) HRMS m/z calculated for 

[C33H35F4N9O9+H]+ = 810.2293; found 810.2293; 0 ppm mass defect. 

 
 

Polycycle 14: 
Polycycle 14 was synthesized according to Scheme 4.2.1 General Procedure C (outlined 

above) using crude linear peptide Ac-YGTMQVSHAC-NH2 (50.0 mg, 40.0 µmol, 1.0 equiv.). 

Purification by preparative-reverse phase HPLC (gradient 10% MeCN/H2O → 55% MeCN/H2O 

→ 60% MeCN/H2O) afforded title compound (24.6 mg, 45% isolated yield) as a yellow-crystalline 

powder. NMR of 14 contained complex mixture of rotational isomers; ratio ~ 1 : 8.5 . Major 

rotational isomer was characterized. 1H NMR (DMSO-d6, 600 MHz) δ 9.19 (s, 1H), 8.44 (t, J = 

5.6 Hz, 1H), 8.38 (d, J = 7.0 Hz, 1H), 8.15–8.11 (m, 2H), 7.99 (d, J = 7.1 Hz, 1H), 7.91–7.85 (m, 

3H), 7.79 (d, J = 7.4 Hz, 1H), 7.32 (d, J = 7.3 Hz, 1H), 7.13 (d, J = 8.6 Hz, 2H), 7.02–6.99 (m, 

2H), 6.84 (s, 1H), 6.65–6.60 (m, 1H), 4.62 (dt, J = 9.1, 2.9 Hz, 1H), 4.53–4.48 (m, 1H), 4.40–4.34 

(m, 3H), 4.27–4.21 (m, 2H), 4.17 (dd, J = 7.6, 3.5 Hz, 1H), 4.16–4.10 (m, 3H), 4.10–4.05 (m, 1H), 

3.86 (dd, J = 16.4, 5.3 Hz, 1H), 3.80–3.74 (m, 1H), 3.61–3.55 (m, 2H), 3.55–3.50 (m, 2H), 3.13–

3.08 (m, 1H), 2.97–2.91 (m, 2H), 2.85–2.80 (m, 1H), 2.70–2.62 (m, 1H), 2.45–2.40 (m, 1H), 2.13–

2.09 (m, 2H), 2.01 (s, 3H), 1.90–1.79 (m, 2H), 1.74 (m, 3H), 1.18 (d, J = 2.6 Hz, 3H), 1.16 (d, J = 

2.8 Hz, 1H), 1.06 (d, J = 6.3 Hz, 3H), 0.87 (d, J = 6.8 Hz, 3H), 0.82 (d, J = 6.8 Hz, 3H) 13C NMR 

(DMSO-d6, 126 MHz) δ 174.0, 172.0, 171.5, 171.2, 170.7, 170.5, 170.1, 170.1, 169.8, 169.8, 

169.4, 167.2, 151.3, 139.1, 136.5–136.3 (m, 1C) 135.6, 130.4, 130.0, 128.1–128.0 (m, 1C), 116.8, 

115.8–115.5 (m, 2C), 114.9, 67.3–67.2 (m, 1C), 67.0, 66.1, 58.6, 57.6, 55.3, 54.2, 53.0, 52.3, 52.0, 

52.0, 49.3, 45.7, 45.6, 42.5, 35.8, 31.5, 30.8, 30.7, 29.7, 22.3, 19.8, 19.2, 17.7, 17.3, 14.5 19F NMR 
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(DMSO-d6, 565 MHz) δ -106.8 and -120.8 (AB quartet, J = 254.9 Hz, 2F), -114.9 and -126.0 (AB 

quartet, J = 227.3 Hz, 2F). HRMS m/z calculated for [C52H68F4N14O15S2+H]+ = 1269.4444; found 

1269.4449; 0.4 ppm mass defect.  

 

Polycycle 15: 

Polycycle 15 was synthesized according to Scheme 4.2.1 General Procedure C (outlined 

above) using crude linear peptide Ac-D(C)VHSAY-NH2 (90.0 mg, 1.0 equiv., 94.9 µmol). 

Purification by preparative-reverse phase HPLC – (10% MeCN/H2O → 50% MeCN/H2O → 55% 

MeCN/H2O) afforded desired product. Desired product was repurified via SiO2 pTLC; 10% 

MeOH/CHCl3 solvent system (plate run up twice) afforded (10.6 mg, 10% isolated yield) as an 

off-white film. 1H NMR (DMSO-d6, 600 MHz) δ 9.42 (s, 1H), 8.79 (d, J = 6.0 Hz, 1H), 8.57 (d, J 

= 8.8 Hz, 1H), 8.30 (d, J = 5.7 Hz, 1H), 8.07 (d, J = 7.9 Hz, 1H), 7.89 (s, 2H), 7.64 (d, J = 5.9 Hz, 

1H), 7.54 (s, 1H), 7.83 (s, 1H), 7.14 (d, J = 8.6 Hz, 2H), 6.96 (d, J = 8.6 Hz, 2H), 6.90 (s, 1H), 4.86 

(t, J = 5.4 Hz, 1H), 4.74 (td, J = 7.5, 3.3 Hz, 1H), 4.67–4.63 (m, 1H), 4.53–4.48 (m, 1H), 4.39–

4.33 (m, 1H), 4.26–4.22 (m, 1H), 4.18–4.11 (m, 2H), 3.65–3.59 (m, 2H), 3.51 (s, 1H), 3.47–3.41 

(m, 2H), 3.17–3.13 (m, 1H), 3.03–2.98 (m, 1H), 2.98–2.91 (m, 2H), 2.87–2.77 (m, 2H), 2.66–2.62 

(m, 1H), 2.02–1.97 (m, 1H), 1.97–1.90 (m, 1H), 1.83 (s, 3H), 1.23 (d, J = 6.6 Hz, 3H), 0.83 (d, J 

= 6.8 Hz, 3H), 0.80 (d, J = 6.8 Hz, 3H) 13C NMR (DMSO-d6, 126 MHz) δ 172.8, 171.1, 170.5, 

170.1, 169.8, 169.6, 169.3, 169.1, 168.9, 153.8–153.6 (m, 1C), 138.1, 136.6, 135.4–135.3 (m, 1C), 

130.8, 129.7, 121.0, 116.5, 116.4–116.3 (m, 2C), 113.8, 69.8, 67.0, 61.3, 58.4, 56.0, 54.6, 53.9, 

51.5, 49.2, 48.4, 30.7, 29.0, 25.1, 22.5, 22.1, 19.0, 19.0, 17.5 HRMS m/z calculated for 

[C40H47F4N11O11S+H]+ = 966.3192; found 966.3155; 3.8 ppm mass defect.  
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Polycycle 16: 

Polycycle 16 was synthesized according to Scheme 4.2.1 General Procedure C (outlined 

above) using crude linear peptide Ac-YGAE(C)H-NMe2 (50.0 mg, 1.0 equiv., 59.0 µmol). Linear 

peptide was prepared via general solution phase protocols. Purification by preparative-reverse 

phase HPLC – (gradient 10% MeCN/H2O → 65% MeCN/H2O) afforded desired product. Desired 

product was repurified via pTLC; 10% MeOH/CHCl3 solvent system afforded title compound (4.7 

mg, 8% isolated yield) as a white-powder. 1H NMR (DMSO-d6, 500 MHz) δ 9.26 (s, 1H), 8.60 (s, 

1H), 8.49 (d, J = 8.1 Hz, 1H), 8.37 (d, J = 7.7, 1H), 7.7 (s, 1H), 7.65 (d, J = 10.1 Hz, 1H), 7.18 (s, 

1H), 6.99 (d, J = 8.7 Hz, 2H); 6.91 (d, J = 8.7, 2H), 6.70 (d, J = 6.2, 1H), 6.62 (s, 1H), 5.24 (quint, 

J = 7.1 Hz, 1H), 4.82 - 4.73 (m, 1H), 4.79 - 4.72 (m, 1H), 4.36 - 4.26 (m, 1H), 4.15 (dd, J = 17.3, 

7.4, 1H), 4.03 - 3.97 (m, 1H), 3.53 (dd, J = 17.3, 3.4, 1H), 3.16 (s, 3H), 3.12 - 2.98 (m, 1H), 3.04 

- 2.99 (m, 1H), 2.90 - 2.82 (m, 1H), 2.85 - 2.79 (m, 2H), 2.77 (s, 3H), 2.53 - 2.47 (m, 1H), 2.02 - 

1.96 (m, 1H), 1.72 - 1.66 (m, 1H), 1.96 - 1.91 (m, 1H), 1.71 - 1.67 (m, 1H), 1.84 (s, 3H), 1.22 (d, 

J = 6.70, 3H). 13C NMR (DMSO-d6, 126 MHz) δ 173.8, 171.2, 171.0, 170.8, 170.0, 169.7, 168.9, 

167.4, 153.2, 146.5 - 144.6 (m, 1C), 137.6, 136.9, 135.1, 130.2, 129.5 - 128.2 (m, 1C), 118.4, 

118.4, 118.1 - 117.0 (m, 2C), 118.1 - 117.0 (m, 2C). 19F NMR (DMSO-d6, 282 MHz) δ -111.1 –(-

112.2) (m, 1F), -115.8 – (-119.6) (m, 3F). HRMS m/z calculated for [C37H42F4N10O9S+H]+ = 

879.2871; found 879.2868; 0.3 ppm mass defect.  
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Synthesis and Characterization of  Scheme 4.2.2 Products 
 

Macrocycle 17: 

Macrocycle 17 was synthesized according to Scheme 4.2.2 General Procedure A (outlined 

above) using crude linear peptide Ac-CWSC-NH2 (300. mg, 1.0 equiv., 0.557 mmol). Purification 

by preparative-reverse phase HPLC afforded title compound (134.6 mg, 35% isolated yield). 1H 

NMR (DMSO-d6, 500 MHz) δ 10.88 (s, 1H), 8.61 (s, 1H), 7.82 (s, 1H), 7.64 – 7.54 (m, 1H), 7.54 

– 7.47 (m, 1H), 7.46 – 7.38 (m, 1H), 7.38 – 7.28 (m, 1H), 7.26 – 7.16 (m, 1H),7.11 – 7.02 (m, 1H), 

7.02 – 6.93 (m, 1H), 6.75 (bs, 1H), 5.22 – 5.11 (m, 1H), 5.07 – 4.99 (m, 1H), 4.55 – 4.45 (m, 1H), 

4.37 – 4.25 (m, 1H), 4.15 – 4.00 (m, 1H), 3.95 – 3.87 (m, 1H), 3.72 – 3.55 (m, 2H), 3.52 – 3.43 

(m, 1H), 3.26 – 3.13 (m, 3H), 2.74 – 2.65 (m, 1H), 2.02 – 1.93 (m, 1H). 13C NMR (DMSO-d6, 126 

MHz) δ 173.2, 171.1, 170.8, 169.8, 169. 4, 136.1, 127.2, 123.5, 121.0, 118.4, 118.0, 111.4, 109.4, 

64.9, 60.3, 57.4, 56.8, 51.7, 36.5, 34.4, 26.4, 24.3. HRMS m/z calculated for [C27H28F5N6O6S2+H]+ 

= 691.1432; found 691.1431; 0.1 ppm mass defect.  

 

Macrocycle 19: 
To a flame-dried 5-mL round bottom flask equipped with a stir bar was charged with 

Macrocycle 17 (20.0 mg, 1.0 equiv., 29.0 µmol), diluted with anhydrous DMF (0.58 mL, 50 mM), 

and cooled to 0ºC. To the flask was added beta-D-thioglucose sodium salt (1.0 equiv.) and stirred 

for 1 h. After completion the reaction was concentrated under reduced pressured and purified by 

reverse-phase to give Macrocycle 19 (25.1 mg, >95%).1H NMR (DMSO-d6, 500 MHz) δ 10.89 (s, 

1H), 9.19 (bs, 1H), 9.11 – 8.84 (m, 2H), 8.26 (d, J = 8.6 Hz, 1H), 7.50 (d, J = 7.8 Hz, 1H), 7.33 (d, 

J = 8.1 Hz, 1H), 7.19 (d, J = 9.3 Hz, 1H), 7.06 (t, J = 7.26 Hz, 1H), 6.98 (t, J = 7.2 Hz, 1H), 4.79 

(d, J = 9.2 Hz, 1H), 4.74 (d, J = 9.6 Hz, 1H), 4.66 (q, J = 7.6 Hz, 1H), 4.48 (q, J = 7.6 Hz, 1H), 
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4.38 – 4.31 (m, 1H), 3.85 – 3.77 (m, 1H), 3.64 – 3.54 (m, 3H), 3.53 – 3.43 (m, 3H), 3.30 – 3.21 

(m, 3H), 3.11 – 2.98 (m, 3H), 1.83 (s, 3H). 13C NMR (DMSO-d6, 126 MHz) 172.1, 169.9, 169.5, 

168.8, 167.6, 136.1, 127.1, 123.8, 120.9, 118.4, 118.0, 111.4, 109.3, 84.6, 81.3, 78.0, 73.5, 69.4, 

61.9, 60.7, 55.7, 55.3, 51.5, 46.1, 33.4, 30.7, 27.8, 22.5. 19F NMR (DMSO-d6, 282 MHz) δ -98.6 

and -112.7 (AB quartet, J = 248.8 Hz, 2F), -111.3 and -127.0 (AB quartet, J = 223.6 Hz, 2F). 

HRMS m/z calculated for [C33H38F4N6O11S3+H]+ = 867.1775; found 867.1776; 0.1 ppm mass 

defect.  

 

Macrocycle 20: 
To a flame-dried 5-mL round bottom flask equipped with a stir bar was charged with 

Macrocycle 17 (20.0 mg, 1.0 equiv., 29.0 µmol), diluted with DMF (0.58 mL, 50 mM), and cooled 

to 0°C. To the flask was added coniferyl carbonate 33 (2.0 equiv.), KOSiMe3 (2.0 equiv.), and 

stirred until completion observed by HPLC. After completion the reaction was quenched with 

AcOH (5 equiv.) and concentrated under reduced pressured and purified by reverse-phase HPLC 

to give Macrocycle 20 (14.6 mg, 53%). 1H NMR (DMSO-d6, 500 MHz) δ10.87 (s, 1H), 9.30 (s, 

1H), 8.62 (d, J = 9.3 Hz, 1H), 8.32 (t, J = 9.6 Hz, 2H), 7.49 (1H, J = 7.9 Hz, 1H), 7.33 (d, J = 7.9 

Hz, 2H), 7.27 (d, J = 1.8 Hz, 1H), 7.16 (J = 9.9 Hz, 1H), 7.11 (1H, J = 8.7Hz, 1H), 7.08 – 7.03 (m, 

2H), 6.98 (t, J = 7.1 Hz, 1H) 6.62 (1H, J = 15.9 Hz, 1H), 6.31 (dt, J = 15.9, 6.3 Hz, 1H), 4.87 (dt, 

J = 9.9, 2.6 Hz, 1H), 4.73 (d, J = 5.7 Hz, 2H), 4.66 – 4.53 (m, 2H), 4.46 – 4.44 (m, 1H), 3.89 (d, J 

= 6.6 Hz, 2H), 3.77 (s, 3H), 3.63 (d, J = 12.1 Hz, 1H), 3.55 – 3.49 (m, 1H), 3.38 (bs, 1H), 3.12 – 

2.98 (m, 3H), 2.93 (t, J = 12.2, 1H), 2.75 – 2.68 (m, 1H), 1.95 – 1.85 (m, 2H), 1.73 (s, 3H), 1.46 – 

1.41 (m, 1H), 0.89 (d, J = 6.6 Hz, 6H). 13C NMR (DMSO-d6, 126 MHz) 172.7, 169.7, 169.5, 169.1, 

168.5, 155.0, 150.3, 142.2, 136.6, 132.9, 129.3, 127.4, 125.4, 124.1, 122.8, 121.4, 118.9, 118.3, 

117.8, 113.6, 111.8, 109.6, 73.8, 68.2, 61.9, 61.2, 56.2, 56.0, 54.9, 52.5, 46.3, 30.5, 29.7, 28.4, 
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27.7, 22.7, 19.2. 19F NMR (DMSO-d6, 282 MHz) δ -103.1 and -119.0 (AB quartet, J = 252.3 Hz, 

2F), -114.2 and -127.7 (AB quartet, J = 222.7 Hz, 2F). HRMS m/z calculated for 

[C42H46F4N6O11S2+H]+ = 951.2680; found 951.2686; 0.6 ppm mass defect.  

 

Macrocycle 21: 
To a flame-dried 5-mL round bottom flask equipped with a stir bar was charged with 

Macrocycle 17 (40.0 mg, 1.0 equiv., 58.0 µmol), diluted with DMF (0.58 mL, 50 mM), and cooled 

to 0°C. To the flask was added NaN3 (1.0 equiv.) and stirred for 1 h. After completion the reaction 

was concentrated under reduced pressured and purified by reverse-phase HPLC to give 

Macrocycle 21 (41.4 mg, >95%). 1H NMR (DMSO-d6, 500 MHz) δ 10.88 (s, 1H), 9.16 (s, 1H), 

8.52 (d, 1H), 8.35 (t, J = 10.0, 2H), 7.49 (d, J = 7.8 Hz, 1H), 7.33 (d, J = 8.1 Hz, 1H), 7.12 (d, J = 

9.5 Hz, 1H), 7.10 – 7.03 (m, 2H), 6.98 (t, J = 7.4 Hz, 1H), 4.97 (bs, 1H), 4.81 (d, J = 9.2 Hz, 1H), 

4.64 – 4.53 (m, 2H), 4.38 – 4.30 (m, 1H), 3.89 – 3.80 (m, 1H), 3.59 (d, J = 13.2 Hz, 1H), 3.54 – 

3.46 (m, 1H), 3.23 – 3.13 (m, 2H), 3.09 – 3.02 (m, 2H), 1.79 (s, 3H). 13C NMR (DMSO-d6, 126 

MHz) 172.1, 169.4, 169.1, 168.6, 167.8, 136.1, 127.1, 123.7, 120.9, 118.4, 117.9, 111.4, 109.2, 

61.3, 55.3, 54.8, 51.9, 45.9, 32.1, 27.8, 22.4, 21.1. 19F NMR (DMSO-d6, 282 MHz) δ -102.8 and -

115.7 (AB quartet, J = 250.6 Hz, 2F), -113.5 and -126.5 (AB quartet, J = 224.7 Hz, 2F). HRMS 

m/z calculated for [C27H27F4N9O6S2+H]+ = 714.1540; found 714.1542; 0.3 ppm mass defect.  

 

Macrocycle 22: 
To a flame-dried 5-mL round bottom flask equipped with a stir bar was charged with 

Macrocycle 21 (15.0 mg, 1.0 equiv., 21.0 µmol), diluted with EtOH (0.420 mL, 50 mM) and 

flushed with argon. Pd/C (10 wt. %) was then added, flushed with hydrogen gas, and warmed to 

35°C. The reaction mixture was then stirred at 35ºC for 16 h. After completion the reaction was 
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filtered with celite and concentrated under reduced pressure. Purification by reverse-phase HPLC 

gave Macrocycle 22 (12.6 mg, 87%) as a solid. 1H NMR (DMSO-d6, 500 MHz) δ 10.88 (s, 1H), 

8.63 (s, 1H), 8.54 (d, J = 8.6 Hz, 1H), 8.41 (d, J = 9.2 Hz, 1H), 8.25 (d, J = 7.7 Hz, 1H), 7.50 (d, J 

= 7.5 Hz, 1H), 7.33 (d, J = 7.75 Hz, 1H), 7.16 – 7.03 (m, 3H), 6.98 (t, J = 7.0 Hz, 1H), 6.55 (s, 

2H), 4.74 (d, J = 9.2 Hz, 1H), 4.70 – 4.58 (m, 2H), 4.41 – 4.32 (m, 1H), 3.51 – 3.42 (m, 2H), 3.17 

(s, 1H), 3.06 (bs, 2H), 2.70 – 2.64 (m, 1H), 2.62 – 2.55 (m, 1H), 1.80 (s, 3H). 13C NMR (DMSO-

d6, 126 MHz) 172.2, 169.1, 168.9, 168.6, 168.0, 136.1, 127.2, 123.7, 120.9, 118.4, 118.0, 111.4, 

109.1, 61.4, 55.1, 54.7, 51.9, 45.7, 34.4, 31.3, 30.4, 29.8, 28.3, 22.4, 20.7. 19F NMR (DMSO-d6, 

282 MHz) δ –104.3 – (-106.0) (m, 2F), -111.5 – (-113.7) (m, 2F), -120.6 – (-122.5) (m, 2F), -126.7 

– (-128.6) (m, 2F). HRMS m/z calculated for [C27H29F4N7O6S2+H]+ = 688.1635; found 688.1637; 

0.3 ppm mass defect.  

 

Macrocycle 23: 
To a flame-dried 5-mL round bottom flask equipped with a stir bar was charged with 

Macrocycle 21 (15.0 mg, 1.0 equiv., 21.0 µmol), propargyl alcohol (1.0 equiv.), phenylenediamine 

(15 mol %), sodium ascorbate (10 mol%), CuSO4•5H2O (5 mol%) in 2:3 H2O:tBuOH (0.2 M). 

The reaction was let stir at 23ºC for 12 h until observed completion by HPLC. After completion 

the reaction was concentrated under reduced pressure and purified by reverse-phase HPLC gave 

Macrocycle 23 (12.1 mg, 75% isolated yield) as a solid. 1H NMR (DMSO-d6, 500 MHz) δ 10.89 

(s, 1H), 9.48 (s, 1H), 8.44 (d, J = 9.1 Hz, 1H), 8.32 (d, J = 8.32 Hz, 2H), 8.27 (d, J = 8.6 Hz, 1H), 

7.49 (d, J = 7.9 Hz, 1H), 7.32 (d, J = 8.1 Hz, 1H), 7.22 (d, J = 9.3 Hz, 1H), 7.10 (d, J = 2.2 Hz, 

1H), 7.06 (t, J = 7.3 Hz, 1H), 6.97 (t, J = 7.4 Hz, 1H), 4.87 (dt, J = 9.3, 2.5 Hz, 1H), 4.61 (s, 2H), 

4.47 (q, J = 7.7 Hz, 2H), 4.37 (quint, J = 4.2 Hz, 2H), 3.84 (dd, J = 10.8, 4.4 Hz, 1H), 3.72 – 3.65 

(m, 1H), 3.47 (dd, J = 10.8, 3.5 Hz, 1H), 3.26 (dd, J = 12.5, 8.1 Hz, 1H), 3.11 – 2.98 (m, 2H), 2.87 
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– 3.83 (m, 1H), 2.36 (dd, J = 12.5, 7.0 Hz, 1H), 1.74 (s, 3H). 13C NMR (DMSO-d6, 126 MHz) 

171.9, 169.6, 169.3, 168.6, 167.6, 149.1, 136.1, 127.1, 123.8, 123.1, 121.0, 118.4, 118.0, 111.4, 

109.0, 61.4, 55.6, 55.0, 54.5, 51.6, 46.1, 32.6, 30.8, 27.6, 22.3. 19F NMR (DMSO-d6, 282 MHz) δ 

-101.7 – (-103.2) (m, 1F), -113.1 – (-118.0) (m, 2F), -124.0 – (-125.3) (m, 1F). HRMS m/z 

calculated for [C30H31F4N9O7S2+H]+ = 770.1802; found 770.1806; 0.5 ppm mass defect.  

 
 
Macrocycle 24: 

Macrocycle 24 was synthesized according to Scheme 4.2.2 General Procedure A (outlined 

above) using crude linear peptide Ac-CSC-NH2 (100. mg, 1.0 equiv., 0.297 mmol). Purification 

by reverse-phase preparative HPLC gave Macrocycle 24 (62.0 mg, 43% isolated yield). 1H NMR 

(DMSO-d6, 500 MHz) δ 9.09 (d, J = 8.0 Hz, 1H), 8.90 (bs, 1H), 8.29 (d, J = 7.2 Hz, 1H), 7.76 (d, 

J = 9.8 Hz, 1H), 5.09 – 5.02 (m, 1H), 4.71 – 4.63 (m, 1H), 4.45 – 4.37 (m, 1H), 3.83 (dd, J = 11.2, 

5.6 Hz, 1H), 3.68 (dd, J = 11.1, 3.0 Hz, 1H), 3.64 – 3.57 (m, 1H), 3.53 (dd, J = 11.2, 4.0 Hz, 1H), 

3.48 (d, J = 13.7 Hz, 1H), 3.43 – 3.36 (m, 1H), 2.87 (dd, J = 13.9, 3.4 Hz, 1H), 1.92 (s, 3H). 13C 

NMR (DMSO-d6, 126 MHz) 169.5, 168.7, 168.0, 167.5, 150.6 – 150.1 (m, 1C), 127.5 – 125.8 (m, 

3C), 68.8 - 68.6 (m, 1C), 60.7, 60.3, 55.5, 51.1, 46.6, 31.3, 29.2, 22.4. 19F NMR (DMSO-d6, 282 

MHz) δ -105.7 (dt, J = 255.1, 15.9 Hz, 1F), -120.2 (dd, J = 221.5, 6.99 Hz, 1F), -123.9 (dt, J = 

255.4, 11.1 Hz, 1F), -125.0 (dd, J = 220.6, 13.3 Hz, 1F), -131.8 – (-132.1) (m, 1F). HRMS m/z 

calculated for [C16H17F5N4O5S2+H]+ = 505.0639; found 505.0640; 0.2 ppm mass defect.  

 

Macrocycle 25: 
Macrocycle 25 was synthesized according to Scheme 4.2.2 General Procedure A (outlined 

above) using crude linear peptide Ac-CWS-d-C-NH2 (100. mg, 1.0 equiv., 0.186 mmol). 

Purification by reverse-phase HPLC gave Macrocycle 25 (34.7 mg, 27% isolated yield). 1H NMR 
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(DMSO-d6, 500 MHz) δ 10.87 (s, 1H), 9.25 (s, 1H), 8.49 (d, J = 8.49 Hz, 1H), 8.40 (d, J = 8.4 Hz, 

1H), 8.29 (d, J = 7.2 Hz, 1H), 7.45 (d, J = 7.9 Hz, 1H), 7.32 (d, J = 8.1 Hz, 1H), 7.29 (d, J = 9.0 

Hz, 1H), 7.10 – 7.03 (m, 2H), 6.96 (t, J = 7.6 Hz, 1H), 5.07 (t, J = 5.3 Hz, 1H), 4.67 – 4.59 (m, 

2H), 4.53 – 4.45 (m, 1H), 4.23 – 4.18 (m, 1H), 3.72 (quint, J = 5.7 Hz, 1H), 3.55 – 3.49 (m, 1H), 

3.42 – 3.37 (m, 1H), 3.27 (dd, J = 11.0 Hz,, 4.5 Hz, 1H), 3.17 (d, J = 5.15 Hz, 1H), 3.12 – 3.05 (m, 

1H), 3.04 – 2.96 (m, 1H), 2.75 – 2.67 (m, 1H), 1.81 (s, 1H). 13C NMR (DMSO-d6, 126 MHz) δ 

172.5, 169.5, 169.0, 168.0, 167.4, 136.1, 127.1, 123.7, 120.9, 118.4, 117.9, 111.3, 109.1, 60.8, 

57.0, 54.8, 51.1, 46.4, 32.2, 30.5, 28.7, 22.2. 19F NMR (DMSO-d6, 282 MHz) δ -106.4 (dt, J = 

250.8, 14.7 Hz, 1F), -114.9 (dd, J = 222.0, 10.2 Hz, 1F), -121.5 (dt, J = 250.2, 11.7 Hz, 1F), -125.6 

– (-126.6) (m, 1F), -142.4 (t, J = 14.3 Hz, 1F). HRMS m/z calculated for [C27H27F5N6O6S2+H]+ = 

691.1432; found 691.1432; 0 ppm mass defect.  

 

Macrocycle 26: 

Macrocycle 26 was synthesized according to Scheme 4.2.2 General Procedure A (outlined 

above) using crude linear peptide Ac-CWS-homo-C-NH2 (100. mg, 1.0 equiv., 0.181 mmol). 

Purification by reverse-phase HPLC gave Macrocycle 26 (33.2 mg, 26% isolated yield) as a solid. 

1H NMR (DMSO-d6, 500 MHz) δ 10.89 (s, 1H), 9.47 (s, 1H), 8.58 (s, 1H), 7.51 (d, J = 8.6 Hz, 

1H), 7.32 (t, J = 8.55 Hz, 2H), 7.26 (s, 1H), 7.17 (s, 1H), 7.06 (t, J = 7.4 Hz, 1H), 6.84 (s, 1H), 

6.88 (d, J = 5.2 Hz, 1H), 5.02 (s, 1H), 4.33 – 4.26 (m, 2H), 4.12 – 4.07 (m, 1H), 3.83 – 3.78 (m, 

1H), 3.74 – 3.61 (m, 3H), 1.95 (s, 3H), 1.83 (s, 1H). 19F NMR (DMSO-d6, 282 MHz) δ -108.8 (dt, 

J = 252.1, 14.8 Hz, 1F), -112.6 (d, J = 218.1 Hz, 1F), -116.2 (d, J = 219.0 Hz, 1F), -120.1 – (-

121.2) (m, 1F), -136.4 (d, J = 14.8 Hz, 1F). HRMS m/z calculated for [C28H29F5N6O6S2+H]+ = 

705.1588; found 705.1590; 0.3 ppm mass defect.  
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Synthesis and Characterization of Scheme 4.3.1 Products  

Macrocycle 30: 

To a flame-dried round bottom flask equipped with a stir bar was charged with crude linear 

Ac-YACFAC-NH2 (219.9 mg, 1.0 equiv., 0.3063 mmol), diluted with anhydrous DMF (30.63 mL, 

10.0 mM), and then allowed to stir at 0ºC. Then OFCP (229.7 mL, 1.5 equiv., 1.0 M in MeCN) 

was added followed by NEt3 (107 µL, 2.5 equiv., 0.7658 mmol). The reaction mixture was allowed 

to stir at 0ºC for 30 min. When HPLC indicated macrocycle intermediate formation, the reaction 

mixture was concentrated under reduced pressure to dryness. The reaction residue was added 

thiazole 29, diluted with 1:4 DMF/THF (30 mM), and then stirred at 0ºC. The reaction solution 

was then added KOTMS (3.5 equiv.) and the reaction mixture allowed to gradually warm up to 

23ºC for 3 h. When HPLC indicated reaction completion, the reaction mixture was added AcOH 

(10 equiv.) and then concentrated under reduced pressure to afford crude product. The crude 

product was then purified via flash SiO2 chromatography (gradient CHCl3 → 5% MeOH/CHCl3 

→ 10% MeOH/CHCl3) afforded title compound (54.8 mg, 18% isolated yield) as a yellow-powder; 

Rf = 0.33 at 15% MeOH/CHCl3.  

 

Polycycle 31: 

To a flame-dried scintillation vial equipped with a stir bar was charged with 30 (22.8 mg, 

1.0 equiv., 22.9 µmol), diluted with anhydrous MeNO2 (4.57 mL, 5.0 mM), and then added TFA 

(344 µL, 7.5 vol %). The solution was then then purged with argon and added a screwtop cap. The 

reaction was then allowed to stir at 80ºC for 12 h. After HPLC indicated reaction completion, the 

reaction mixture was concentrated under reduced pressure to afford crude product. The crude 

product was then purified via reverse-phase preparative HPLC – (gradient 10% MeCN/H2O → 
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60% MeCN/H2O) to afford title compound (11.7 mg, 52% isolated yield) as an orange-powder. 

1H NMR (DMSO-d6, 600 MHz) δ 9.49 (s, 1H), 8.46 (d, J = 7.5 Hz, 1H), 8.39 (d, J = 8.3 Hz, 1H), 

8.26 (s, 1H), 8.15 (d, J = 7.7 Hz, 1H), 8.07 (d, J = 7.5 Hz, 1H), 7.65 (d, J = 8.0 Hz, 1H), 7.30–7.25 

(m, 2H), 7.23–7.18 (m, 2H), 7.18–7.15 (m, 2H), 6.86 (d, J = 7.3 Hz, 1H) 6.68 (d, J = 7.9 Hz, 1 H), 

4.70 (d, J = 8.2 Hz), 4.61–4.56 (m, 1H), 4.56–4.51 (m, 1H), 4.44 (dd, J = 14.1, 7.2 Hz, 1H), 4.25–

4.19 (m, 1H), 4.19–4.11 (m, 1H), 4.03 (d, J = 15.6 Hz, 1H), 3.90 (d, J = 15.6 Hz, 1H), 3.74–3.67 

(dd, J = 12.2, 7.1 Hz, 1H), 3.57 (d, J = 13.1 Hz, 1H), 3.53 (dd, J = 12.4, 8.1 Hz, 1H), 2.94–2.81 

(m, 4H), 2.74–2.61 (m, 1H), 1.86 (s, 3H), 1.18 (d, J = 6.6 Hz, 3H), 1.00 (d, J = 6.5 Hz, 3H). 13C 

NMR (DMSO-d6, 126 MHz) δ 171.6, 171,3, 171.0, 169.3, 169.0, 168.8, 167.6, 153.2, 152.8, 143.3, 

141.3, 137.9–137.9 (m, 1C), 136.6, 130.6, 129.5, 129.0, 128.3, 127.8, 126.6, 125.6–125.5 (m, 1C), 

124.4, 119.4–119.3 (m, 1C), 117.1–117.0 (m, 1C), 114.8, 70.1–70.0 (m, 1C), 55.4, 53.6, 52.1, 

48.5, 47.4, 46.5, 37.2, 36.1, 32.2, 30.4, 26.9, 22.5, 19.1, 17.3 19F NMR (DMSO-d6, 565 MHz) 19F 

(DMSO-d6, 565 MHz) δ -98.3 and -112.2 (AB quartet, J = 248.8 Hz, 2F), -113.0 and -128.2 (AB 

quarter, J = 223.8 Hz, 2F) HRMS m/z calculated for [C41H42F4N8O8S4+H]+ = 979.2023; found 

979.2048; found 2.6 ppm mass defect.  

 

Polycycle 32:  

Synthesized in same sequential procedure to make 30 and 31 using crude linear peptide 

Ac-YCAC-NH2. Acyclic macrocycle intermediate (36.9 mg, 1.0 equiv., 47.4 µmol) afforded crude 

product which was then purified via reverse-phase preparative HPLC (gradient 10% MeCN/H2O 

→ 65% MeCN/H2O → 70% MeCN/H2O) to afford desired product. Desired product was 

repurified via pTLC; 10% MeOH/CHCl3 solvent system to afford title compound (11.6 mg, 32% 

isolated yield) as a white-powder. 1H NMR (DMSO-d6, 600 MHz) δ 9.48 (s, 1H), 9.11 (s, 1H), 
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8.77 (d, J = 9.2 Hz, 1H), 7.96 (d, J = 7.3 Hz, 1H), 7.65 (s, 1H), 7.58 (d, J = 8.9 Hz, 1H), 7.53 (d, J 

= 9.6 Hz, 1H), 6.79–6.74 (m, 2H), 6.69 (d, J = 8.0 Hz, 1H), 4.73–4.67 (m, 1H), 4.58–4.52 (m, 2H), 

4.50–4.46 (m, 1H), 4.26 (d, J = 15.6 Hz, 1H), 3.83 (dd, J = 14.0, 4.8 Hz, 1H), 3.70 (d, J = 15.5 Hz, 

1H), 3.65–3.58 (m, 1H), 3.44–3.40 (m, 1H), 3.24 (dd, J = 13.1, 3.2 Hz, 1H), 2.91 (dd, J = 13.6, 3.7 

Hz, 1H), 2.42 (dd, J = 13.1, 7.9 Hz, 1H), 1.87 (s, 3H), 1.23 (d, J = 5.2 Hz, 3H). 13C NMR (DMSO-

d6, 126 MHz) δ 170.8, 170.6, 169.5, 168.5, 167.2, 154.2, 153.2, 143.9, 141.3, 136.9 (m, 1C), 135.5 

(m, 1C), 129.9, 129.8, 127.0, 125.6, 114.9, 67.0 (m, 1C), 53.8, 53.5, 48.0, 47.3, 35.7, 32.7, 31.0, 

26.7, 22.9, 15.5. 19F NMR (DMSO-d6, 565 MHz) -96.3, -114.0 (AB quartet, J = 250.6 Hz, 2F) -

119.1, -127.7 (AB quartet, J = 219.4 Hz, 2F) HRMS m/z calculated for [C29H28F4N6O6S4+H]+ = 

761.0968; found 761.1005; 4.9 ppm mass defect.  

 

Polycycle 34: 

To a flame-dried 50-mL round bottom flask equipped with a stir bar was charged with 

crude Ac-YGHAC-NH2 (135.0 mg, 1.0 equiv., 192 µmol), diluted with anhydrous DMF (19.2 mL, 

10.0 mM), and then allowed to stir at 0ºC. Then OFCP (287 µL, 1.5 equiv., 287 µmol, 1M in 

MeCN) followed by NEt3 (134 µmol, 2.5 equiv., 958 µmol) were added and the reaction mixture 

allowed to stir at 0ºC for 30 min. After HPLC indicated full conversion to macrocycle intermediate, 

the reaction mixture was concentrated to dryness under reduced pressure to remove excess OFCP, 

NEt3, and DMF. The reaction mixture was then dissolved in 1:4 DMF:THF (7.66 mL, 30 mM) and 

cooled to 0ºC. Then Cs2CO3 (375 mg, 6.0 equiv., 1.15 mmol) was added and the reaction mixture 

stirred at 0ºC for 1 h until full conversion to spirocycle intermediate was observed. The reaction 

mixture was then added phenol 33 (107.9 mg, 2.0 equiv., 129 µmol) and then allowed to stir at 

23ºC for 48 h. After HPLC indicated reaction completion, the reaction mixture was quenched with 
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AcOH (165 µL, 15.0 equiv., 2.87 mmol), and then concentrated under reduced pressure to afford 

crude product. The crude product was then purified via flash SiO2 chromatography (gradient 

CHCl3 → 5% MeOH/CHCl3 → 10% MeOH/CHCl3) to afford 34 (37.8 mg, 20% isolated yield) as 

a yellow-powder, Rf = 0.32 at 15% MeOH/CHCl3. HRMS m/z calculated for 

[C45H50F4N8O12S+Na]+ = 1025.3103; found 1025.3121; 1.8 ppm mass defect.   

 

Polycycle 35: 

To a flame-dried 15-mL round bottom flask equipped with a stir bar was charged with 

Polycycle 34 (18.0 mg, 1.0 equiv., 17.9 µmol) and diluted with anhydrous MeNO2 (3.59 mL, 5.0 

mM). The mixture was then added Tf2NH (25.2 mg, 5.0 equiv., 89.7 µmol) in dry MeNO2 (3.59 

mL, 5.0 mM) (total volume of 2.5 mM). The reaction mixture was then allowed to stir at 23 ºC for 

1 h. After HPLC indicated reaction completion, the reaction mixture was quenched with iPr2NEt 

(31.3 µL, 10.0 equiv., 379 µmol) and concentrated under reduced pressure to afford crude product. 

The crude product was then purified via preparative HPLC – (gradient 5% MeCN/H2O → 60% 

MeCN/H2O → 70% MeCN/H2O) to afford desired product. Desired product was then repurified 

via flash SiO2 chromatography (gradient CHCl3 → 5% MeOH/CHCl3 → 10% MeOH/CHCl3) to 

afford title compound (8.0 mg, 45% isolated yield) as a colorless-film. 1H NMR (DMSO-d6, 600 

MHz) δ 9.15 (s, 1H), 9.03 (s, 1H), 8.65 (d, J = 7.6 Hz, 1H), 8.39 (t, J = 5.6 Hz, 1H), 8.05 (d, J = 

7.6 Hz, 1H), 7.89 (m, 1H), 7.39 (m, 1H), 7.04–7.01 (m, 2H), 6.96 (s, 1H), 6.88 (m, 1H), 6.87 (m, 

1H), 6.85 (m, 1H), 6.70 (d, J = 8.3 Hz, 1H), 6.54 (m, 1H), 6.18 (dt, J = 15.9, 6.4 Hz, 1H), 6.07 (d, 

J = 15.9 Hz, 1H), 4.58 (m, 2H), 4.35 (q, J = 6.9 Hz, 1H), 4.14 (m, 1H), 4.01 (dd, J = 15.8, 7.0 Hz, 

1H), 3.80 (s, 3H), 3.47 (m, 2H), 3.42–3.34 (m, 4H), 2.91 (m, 1H), 2.77–2.71 (m, 2H), 1.84 (s, 3H), 

1.21 (d, J = 7.4 Hz, 3H) 13C (DMSO-d6, 126 MHz) δ 171.7, 170.7, 169.8, 169.0, 168.7, 167.2, 
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153.5, 147.9, 140.7, 138.4, 137.1–136.9 (m, 1C), 130.8, 130.5, 130.1, 129.7, 129.0, 127.9, 127.9, 

127.6, 125.4, 124.4, 117.3–117.1 (m, 1C), 117.0, 116.3–116.2 (m, 2C), 114.6, 112.9, 67.0–66.7 

(m, 1C), 55.9, 54.1, 51.3, 48.9, 45.8, 42.6, 37.3, 32.2, 29.8, 29.0, 22.6, 17.7 19F (DMSO-d6, 565 

MHz) δ -106.0 and -121.6 (AB quartet, J = 248.4 Hz, 2F), -116.0 and -126.1 (AB quartet, J = 215.6 

Hz, 2F) HRMS m/z calculated for [C40H40F4N8O9S+H]+ = 885.2653; found 885.2694; 3.1 ppm 

mass defect.  

 

Polycycle 36: 

A flame-dried round bottom flask equipped with a stir bar was charged with compound 

crude peptide Ac-WCASC-NH2, diluted with DMF (10 mM), added Et3N (2.5 equiv.), and cooled 

to 0°C. To the flask was added OFCP (3.0 equiv.) dropwise and let stir for 30 min. Then the flask 

was concentrated under reduced pressure. The crude intermediate macrocycle was then diluted 

with a DMF/THF mixture (1:4, 30 mM) a cooled to 0°C. To the flask was added 33 (2.0 equiv.), 

Cs2CO3 (6.0 equiv.), and let stir until completion observed by HPLC. After completion the reaction 

was quenched with AcOH (15.0 equiv.), concentrated under reduced pressured and purified by 

RP-HPLC. The acyclic intermediate (34.0 mg, 1.0 equiv., 33.3 µmol) was then diluted with dry 

MeNO2 (6.65 mL, 5 mM). To the flask was added ScOTf3 (32.7 mg, 2.0 equiv., 66.5 µmol) and 

let stir until completion observed by HPLC. Upon completion, the mixture was concentrated under 

reduced pressure and purified by reverse-phase HPLC – (gradient 10% MeCN/H2O → 65% 

MeCN/H2O) to obtain 36 (12.0 mg, 35% isolated yield) and two other regioisomeric products for 

a 70% combined yield. Only one of the regioisomeric products were characterized for NMR. 1H 

NMR (DMSO-d6, 500 MHz) δ 10.9 (s, 1H), 9.22 (s, 1H), 8.24 (d, J = 7.2 Hz, 2H), 7.94 (d, J = 8.8 

Hz, 1H), 7.60 (d, J = 7.6 Hz, 1H), 7.50 (s, 1H), 7.26 – 7.07 (m, 6H), 6.96 (dt, J = 29.7, 7.3 Hz, 
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2H), 6.64 – 6.45 (m, 2H), 4.86 (d, J = 5.7 Hz, 1H), 4.80 (d, J = 9.6 Hz, 1H), 4.64 – 4.54 (m, 2H), 

4.38 – 4.33 (m, 1H), 4.30 (t, J = 7.8 Hz, 1H), 3.82 (s, 3H), 2.44 – 2.16 (m, 2H), 3.13 – 3.06 (m, 

4H), 2.90 – 2.80 (m, 1H), 2.79 – 2.70 (m, 1H), 2.67 (d, J = 13.9 Hz, 1H), 1.70 (s, 3H), 1.24 (d, J = 

7.2 Hz, 3H). 13C-NMR (500 MHz, DMSO-d6) δ 173.2, 172.0, 169.3, 169.2, 168.1, 168.0, 148.9, 

141.8, 137.4, 134.7, 133.1, 130.2, 130.0, 129.2, 128.9, 128.2, 126.8, 125.3, 124.6, 120.2, 118.3, 

118.0, 117.2, 113.2, 110.6, 108.4, 74.2, 61.3, 55.9, 54.6, 54.2,52.7, 50.3, 32.9, 31.1, 30.7, 26.8, 

22.8, 17.9. HRMS [M+1] calculated for [C40H41F4N7O9S+H]+ =  904.2422, found 904.2423; 0.1 

ppm mass defect. 

 

Polycycle 40: 

Polycycle 40 was synthesized according to Scheme 4.3.1 General Procedure F,G and H 

(outlined above). To a flame-dried round bottom flask equipped with a stir bar was charged with 

crude Ac-D*GSFAC-NH2 (339.3mg, 1.0 equiv., 469.4 µmol), diluted with anhydrous DMF (46.94 

mL, 10.0 mM), and then allowed to stir at 0 ºC. Then OFCP (704.1 µL, 1.5 equiv., 1.0 M in MeCN) 

was added followed by NEt3 (196 µL, 2.5 equiv., 1.41 mmol). The reaction mixture was allowed 

to stir at 0ºC for 30 min. When HPLC indicated macrocycle intermediate formation, the reaction 

mixture was concentrated under reduced pressure to dryness. The reaction residue was then added 

1:4 DMF:THF (15.65 mL, 30 mM) and cooled to 0ºC. Then Cs2CO3 (917.6 mg, 6.0 equiv., 2.82 

mmol) was added, and the reaction mixture allowed to stir at 0 ºC for 1 h. When HPLC indicated 

full conversion to the desired vinyl fluoride then cysteamine (64.0 mg, 1.2 equiv., 563.3 µmol) 

was added and the reaction mixture allowed to stir at 0ºC for 1 h. When HPLC indicated reaction 

completion, the reaction mixture was quenched with AcOH (268.7 µL, 10.0 equiv., 4.694 mmol) 
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and then concentrated under reduced pressure to afford crude product. The crude product was then 

telescoped to the next step.  

Assumed a 50% yield from General Procedure F when calculating stoichiometry. To the 

same round bottom flask used for General Procedure F, the crude product was diluted with a 

solution 2:8 MeCN:aqueous buffer pH 4.5 (NaOAc/AcOH, 0.2 M). The reaction mixture was then 

allowed to stir at 23 ºC and then was added NCS in MeCN (1.0 M) portionwise (0.5 equiv.). Total 

NCS varied from 1.5–3.0 equiv. (1.5 equiv. for precursor that led to 40) depending on substrate. 

When HPLC indicated full conversion to the desired free acid, the reaction mixture was quenched 

with Na2S2O3•5H2O (6.0 equiv.). The reaction mixture was concentrated under reduced pressure 

to afford crude product. The crude product was then purified via preparative HPLC – (gradient 

10% MeCN/H2O → 55% MeCN/H2O) afforded the acyclic amino acid (161.5 mg, 41% isolated 

yield) as a white-powder. 

To a flame-dried round bottom flask equipped with a stir bar was charged with the acyclic 

amino acid (10.0 mg, 1.0 equiv., 10.4 µmol) and diluted with anhydrous DMF (2.08 mL, 5.0 mM). 

The solution was added iPr2NEt (6.3 µL, 3.5 equiv., 36.4 µmol) and the reaction mixture allowed 

to cool to 0 ºC. Then propanephosphonic acid anhydride in EtOAc (9.3 µL, 1.5 equiv., 50% wt.) 

was added and the reaction mixture allowed to stir at 0ºC for 1 h. After HPLC indicated reaction 

completion, the reaction mixture was quenched with AcOH (2.98 µL, 5.0 equiv., 52 µmol) and 

then concentrated under reduced pressure to afford crude product. The crude product was then 

purified via reverse-phase preparative HPLC – (gradient 10% MeCN/H2O → 65% MeCN/H2O) 

afforded title compound (6.4 mg, 74% isolated yield, 30% from linear peptide) as a white-powder. 

1H NMR (DMSO-d6, 500 MHz) δ 8.61 (d, J = 4.1 Hz, 1H), 8.07 (d, J = 7.5 Hz, 1H), 7.92 (d, J = 

7.7 Hz, 1H), 7.80–7.74 (m, 1H), 7.56–7.51 (m, 1H), 7.50 (d, J = 7.6 Hz, 1H), 7.41 (s, 1H), 7.32–
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7.24 (m, 2H), 7.26–7.21 (m, 3H), 4.97–4.91 (m, 1H), 4.86–4.80 (m, 1H), 4.55–4.49 (m, 1H), 4.26–

4.21 (m, 1H), 4.20–4.14 (m, 2H), 4.09–4.04 (m, 1H), 3.58–3.50 (m, 2H), 3.37–3.25 (m, 2H), 3.18–

3.06 (m, 3H), 3.03–2.95 (m, 2H), 2.87–2.83 (m, 1H), 2.47–2.40 (m, 1H), 2.32–2.26 (m, 1H), 1.80 

(s, 3H), 1.16 (d, J = 6.8 Hz, 3H) 13C NMR (DMSO-d6, 126 MHz) δ 171.4, 171.2, 170.9, 168.9, 

168.6, 168.3, 167.8, 162.3, 140.9–140.2 (m, 1C), 136.9, 129.0, 128.3, 126.6, 120.6–120.3 (m, 1C), 

118.5–118.1 (m, 1C), 116.1–115.7 (m, 1C), 71.3, 69.0–68.9 (m, 1C) 57.3, 56.4, 52.6, 50.4, 48.5, 

41.6, 41.1, 36.1, 35.8, 32.0, 30.3, 22.5, 16.0 19F NMR (DMSO-d6, 282 MHz) δ -103.5, -107.6 (AB 

quartet, J = 247.0 Hz, 2F), -115.3, -120.2 (AB quartet, J = 229.0 Hz, 2F). HRMS [M+1] calculated 

for [C33H38F4N8O9S2+H]+ = 831.2218; found 831.2225; 0.8 ppm mass defect.  

 

Polycycle 41: 

Polycycle 41 was synthesized according to Scheme 4.3.1 General Procedure F,G and H 

(outlined above).  Following Scheme 4.3.1 General Procedure F and G using crude linear peptide 

Ac-E*ASFAC-NH2 (126. mg, 1.0 equiv., 165 µmol) afforded crude seco-acid intermediate. Crude 

product was purified via reverse-phase HPLC – (gradient 5% MeCN/H2O → 45% MeCN/H2O) to 

afford macrocyclic intermediate (65.5 mg, 40% isolated yield) as a yellow-film. HRMS calculated 

for [C36H46F4N8O10S2+H]+ = 890.2715; found 890.2734; 2.1 ppm mass defect. Followed Scheme 

4.3.1 General Procedure H to obtain macrolactam from seco-acid intermediate (40.0 mg, 1.0 

equiv., 39.8 µmol) afforded crude product. Crude product was purified via reverse-phase HPLC – 

(gradient 5% → 70% MeCN/H2O → 85% MeCN/H2O) to afford title compound (27.8 mg, 80% 

isolated yield, 32% from linear peptide) as an off-white powder. NMR of 41 contained complex 

mixture of rotational isomers; ratio ~ 2:3 + minor isomers. All rotational isomers were 

characterized. 1H NMR (DMSO-d6, 500 MHz) δ 9.21 (d, J = 6.45 Hz, 0.62H), 8.78 (d, J = 5.75 
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Hz, 1H), 8.39 (d, J = 8.10 Hz, 1H), 8.29 (d, J = 8.45 Hz, 1H), 8.23 (d, J = 7.20 Hz, 1H), 8.07 (d, J 

= 8.65 Hz, 1H), 7.95 (s, 1.7H), 7.71 (d, J = 7.60 Hz, 1H), 7.62 (d, J = 6.45 Hz, 1H), 7.42 (s, 1.7H), 

7.32 (d, J = 17.55 H, 2H), 7.25-7.18 (m, 6H), 7.15-7.07 (m, 5H), 6.23 (d, J = 3.95 Hz, 1H), 4.98-

4.82 (m , 1H), 4.81-4.71 (m, 2H), 4.67-4.59 (m, 2H), 4.41-4.30 (m, 1H), 4.24-4.08 (m, 6H), 3.60-

3.42 (m, 4H), 3.38-3.28 (m, 2H), 3.28-3.16 (m, 3H) 3.16-3.04 (m, 4H), 3.03 (s, 3H), 2.99 (s, 3H), 

2.97-2.90 (m, 3H), 1.96 (s, 2H), 1.90 (s, 3H), 1.86-1.79 (m, 3H), 1.78-1.65 (m, 4H), 1.56-1.46 (m, 

2H), 1.23 (d, J = 6.55 Hz, 3H), 1.17 (d, J = 2.33 Hz, 3H) 13C NMR (DMSO-d6, 126 MHz) δ 173.7, 

172.3, 172.5, 171.8, 171.3, 171.3, 171.3, 171.3, 171.2, 171.1, 170.7, 170.6, 169.5, 169.3, 168.9, 

168.6, 147.0–146.9 (m, 1C),  141.1–141.0 (m, 1C), 137.3, 137.0, 128.9, 128.9, 128.2, 128.0, 126.3, 

118.9–118.8 (m, 1C), 116.6, 114.3, 112.0–111.9 (m, 1C), 71.3–71.1 (m, 2C), 59.3, 58.6, 58.4, 

53.5, 53.4, 53.2, 52.9, 48.3, 48.2, 47.5, 42.4, 35.8, 35.6, 34.8, 34.7, 34.0, 31.1, 30.3, 30.0, 29.9, 

29.3, 29.2, 28.5, 27.7, 26.6 HRMS calculated for [C36H44F4N8O9S2+H]+ = 873.2687; found 

873.2691; 0.5 ppm mass defect.     

 

Polycycle 42: 

Polycycle 42 was synthesized according to Scheme 4.3.1 General Procedure F,G and H 

(outlined above).  Following Scheme 4.3.1 General Procedure F and G using crude peptide Ac-

E*VTFAC-NH2 (100. mg, 1.0 equiv., 126 µmol) afforded crude seco-acid intermediate. Crude 

product was purified via reverse-phase HPLC – (gradient 5% MeCN/H2O → 55% MeCN/H2O) to 

afford seco-acid intermediate (42.5 mg, 33% isolated yield) as a yellow-film. HRMS calculated 

for [C38H50F4N8O10S2+H]+ = 919.3106; found 918.3110; 0.4 ppm mass defect. Followed Scheme 

4.3.1 General Procedure H to obtain macrolactam seco-acid intermediate (31.5 mg, 1.0 equiv., 

30.5 µmol) afforded crude product. Crude product was purified via reverse-phase HPLC – 
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(gradient 5% → 65% MeCN/H2O → 80% MeCN/H2O) to afford title compound (19.8 mg, 72% 

isolated yield, 24% from linear peptide) as an off-yellow powder. NMR of 42 contained complex 

mixture of rotational isomers; ratio ~ 2:3 + minor isomers. All rotational isomers were 

characterized. See VT NMR experiment. 1H NMR (DMSO-d6, 500 MHz) δ 8.36–8.30 (m, 1.5 H), 

8.09 (d, J = 7.8 Hz, 1H), 8.00 (d, J = 7.9 Hz, 0.5 H), 7.50 (s, 0.5H), 7.92–7.87 (m, 1.5H), 7.83 (d, 

J = 7.8 Hz, 1H), 7.79 (d, J = 7.9 Hz, 1H), 7.63 (d, J = 8.3 Hz, 0.5H), 7.40 (s, 1H), 7.34 (s, 1H), 

7.30–7.24 (m, 4H), 7.24–7.17 (m, 5H), 6.47 (t, J = 4.8 Hz, 1H), 5.12–5.04 (m, 1H), 4.61–4.50 (m, 

2H), 4.44–4.27 (m, 2H), 4.19–4.11 (m, 2H), 4.11–4.04 (m, 1H), 3.61–3.52 (m, 0.5H), 3.52–3.47 

(m, 1H), 3.45–3.32 (m, 1H), 3.30–3.18 (m, 1.5 H), 3.18–3.09 (m, 2H), 3.07–3.00 (m, 1.5 H), 2.99–

2.90 (m, 1H), 2.33–2.21 (m, 1H), 2.07–2.00 (m, 1H), 1.98–1.87 (m, 1.5H), 1.83 (s, 3H), 1.80 (s, 

2H), 1.44–1.39 (m, 4H), 1.25–1.22 (m, 1H), 1.20 (d, J = 6.7 Hz, 2H), 1.15 (d, J = 6.8 Hz, 3H), 

0.98–0.92 (m, 1.5H), 0.89 (d, J = 6.7 Hz, 3H), 0.86–0.82 (m, 4H), 0.81 (d, J = 6.7 Hz, 3H) 13C 

NMR (DMSO-d6, 126 MHz) δ 172.8, 172.4, 171.9, 171.8, 171.7, 171.7, 171.1, 171.7, 171.4, 170.9, 

170.7, 170.4, 168.7, 168.4, 167.7, 167.3, 147.2–147.1 (m, 1C), 145.8–145.7 (m, 1C), 140.1–140.0 

(m, 1C), 137.0, 136.8, 128.7, 128.5, 128.3, 128.3, 126.5, 126.4,  119.0–118.9 (m, 1C), 116.8–116.7 

(m, 1C), 114.5–114.2 (m, 1C), 112.2–112.0 (m, 1C), 64.3, 50.1, 56.3, 55.8, 53.3, 53.3, 51.8, 50.7, 

48.5, 48.3, 41.5, 41.3, 30.8, 35.5, 34.4, 33.6, 30.6, 30.3, 30.0, 29.9, 29.3, 29.2, 29.0, 28.7, 28.4, 

27.9, 26.8, 22.5, 21.0, 20.9, 19.8, 19.6, 17.0, 16.5, 16.4, 16.3, 16.2, 16.0 HRMS calculated for 

[C38H48F4N8O9S2+H]+ = 901.3000; found 901.3004; 0.4 ppm mass defect.  

 

Polycycle 43: 

Polycycle 43 was synthesized according to Scheme 4.3.1 General Procedure F,G and H 

(outlined above).  Following Scheme 4.3.1 General Procedure F and G using crude peptide Ac-
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D*PTFSC-NH2 (194.3 mg, 1.0 equiv., 181 µmol) afforded crude seco-acid intermediate. Crude 

product was purified via reverse-phase HPLC – (gradient 5% MeCN/H2O → 45% MeCN/H2O) to 

afford seco-acid intermediate (80.2 mg, 34% isolated yield) as a yellow-film. HRMS calculated 

for [C44H54F4N12O12S2+H]+ = 1083.3440; found 1083.3448; 0.7 ppm mass defect. Followed 

Scheme 4.3.1 General Procedure H to obtain macrolactam from seco-acid intermediate (40.0 mg, 

1.0 equiv., 30.5 µmol) afforded crude product. Crude product was purified via reverse-phase 

HPLC – (gradient 5% → 45% MeCN/H2O → 50% MeCN/H2O) to afford title compound (10.8 

mg, 30% isolated yield, 10% from linear peptide) as a yellow-powder. NMR of 43 contained 

complex mixture of rotational isomers; ratio ~ 1:10:35. Major rotational isomer was characterized. 

1H NMR (DMSO-d6, 500 MHz) δ 9.31 (s, 1H), 8.25–8.21 (m, 2H), 8.05 (d, J = 7.2 Hz, 1H), 7.84 

(d, J = 8.3 Hz, 1H), 7.74 (d, J = 6.4 Hz, 1H), 7.61 (t, J = 4.8 Hz, 1H), 7.57 (s, 1H), 7.39 (s, 1H), 

7.31–7.24 (m, 5H), 7.22–7.19 (m, 2H), 6.97 (s, 1H), 4.85–4.74 (m, 3H), 4.58–4.49 (m, 1H), 4.44–

4.32 (m, 2H), 4.29 (dd, J = 9.3, 2.1 Hz, 1H), 4.21 (dd, J = 8.5, 4.4 Hz, 1H), 4.18–4.12 (m, 1H), 

3.71–3.63 (m, 1H), 3.62–3.55 (m, 2H), 3.24–3.08 (m, 4H), 3.07–2.99 (m, 3H), 2.86–2.78 (m, 3H), 

2.71–2.67 (m, 1H), 2.28 (dd, J = 15.2, 8.9 Hz, 1H), 2.12–2.04 (m, 1H), 1.83 (s, 3H), 1.82–1.79 (m, 

2H), 1.77–1.74 (m, 2H), 0.96 (d, J = 6.3 Hz, 3H) 13C NMR (DMSO-d6, 126 MHz) δ 171.8, 171.3, 

171.2, 171.1, 170.9, 170.4, 170.2, 169.5, 168.9, 168.4, 131.4–131.3 (m, 1C), 129.3–129.2 (m, 1C), 

129.0, 128.3, 126.5, 117.1, 115.8–115.7 (m, 1C), 114.7, 112.5–112.4 (m, 1C), 67.5–67.3 (m, 1C), 

67.0, 66.5, 60.5, 58.8, 56.2, 53.6, 52.4, 49.7, 47.8, 47.1, 37.3, 36.3, 35.8, 33.0, 30.8, 29.0, 25.1, 

24.3, 22.3, 20.1 19F NMR (DMSO-d6, 565 MHz) δ -94.3 and -114.1 (AB quartet, J = 251.4 Hz, 

2F), -114.1 and -127.0 (AB quartet, J = 230.0 Hz, 2F) HRMS calculated for 

[C44H51F4N12O11S2+H]+ = 1065.3334; found 1065.3350; 1.5 ppm mass defect. 
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Polycycle 44: 

Polycycle 44 was synthesized according to Scheme 4.3.1 General Procedure F,G and H 

(outlined above).  Following Scheme 4.3.1 General Procedure F and G using crude peptide Ac-

E*PSFTC-NH2 (126. mg, 1.0 equiv, 165 µmol) afforded crude seco-acid intermediate. Crude 

product was purified via reverse-phase HPLC – (gradient 5% MeCN/H2O → 55% MeCN/H2O) to 

afford seco-acid intermediate (64.3 mg, 33% isolated yield) as a yellow-film. Followed Scheme 

4.3.1 General Procedure H to obtain macrolactam from seco-acid intermediate (20.0 mg, 1.0 

equiv., 19.1 µmol) afforded crude product. Crude product was purified via reverse-phase HPLC – 

(gradient 5% MeCN/H2O → 65% MeCN/H2O → 75% MeCN/H2O) followed by a repurification 

via  flash column chromatography SiO2 – (gradient CHCl3 → 5% MeOH/CHCl3 → 10% 

MeOH/CHCl3) afforded title compound (8.7 mg, 50% isolated yield, 17% isolated yield from 

linear peptide) as a white-film. NMR of 44 contained complex mixture of rotational isomers. Major 

rotational isomer was characterized. 1H NMR (DMSO-d6, 500 MHz) δ 8.13 (d, J = 7.5 Hz, 1H), 

8.06 (d, J = 8.4 Hz, 1H), 7.97 (t, J = 5.6 Hz, 1H), 7.94 (d, J = 8.2 Hz, 1H), 7.47 (d, J = 9.3 Hz, 1H), 

7.28–7.22 (m, 4H), 7.21–7.17 (m, 2H), 7.06 (s, 1H), 4.90 (dd, J = 6.3, 3.2 Hz, 1H), 4.85 (t, J = 5.5 

Hz, 1H), 4.61 (dd, J = 9.4, 3.1 Hz, 1H), 4.54 (td, J = 8.8, 3.3 Hz, 1H), 4.45 (q, J = 7.3 Hz, 1H), 

4.38 (dd, J = 8.2, 3.4 Hz, 1H), 4.35–4.29 (m, 1H), 3.73–3.66 (m, 2H), 3.60 (m, 1H), 3.50–3.41 (m, 

4H), 3.26–3.22 (m, 1H), 3.15–3.00 (m, 3H), 3.00–2.90 (m, 2H), 1.92–1.89 (m, 1H), 1.89–1.84 (m, 

2H), 1.81 (s, 3H), 1.77–1.69 (m, 4H), 1.04 (d, J = 6.4 Hz, 3H) 13C NMR (DMSO-d6, 126 MHz) δ 

171.8, 171.5, 171.1, 170.4, 169.9, 169.1, 168.0, 167.9, 138.0, 134.8–134.6 (m, 1C), 134.6–134.4 

(m, 1C), 129.1, 128.2, 126.3, 119.1–118.9 (m, 2C), 71.0, 71.0–70.9 (m, 1C), 61.6, 59.0, 55.9, 54.7, 

54.3, 51.7, 49.8, 46.9, 45.6, 35.9, 30.7, 29.0, 28.9, 28.6, 25.1, 24.3, 22.2, 15.4 19F NMR (DMSO-

d6, 282 MHz) δ -99.6, -118.1 (AB quartet, J = 252 Hz, 2F), -120.3, -133.0 (AB quartet, J = 232 
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Hz, 2F). HRMS m/z calculated for [C38H46F4N8O10S2+H]+ = 915.2783; found 915.2799; 1.8 ppm 

mass defect. 

 

Polycycle 45: 

Polycycle 45 was synthesized according to Scheme 4.3.1 General Procedure F,G and H 

(outlined above). Following Scheme 4.3.1 General Procedure F and G using crude peptide Ac-

E*VTFAC-NH2 (123. mg, 1.0 equiv., 158 µmol) afforded crude seco-acid intermediate. Crude 

product was purified via reverse-phase preparative HPLC – (gradient 10% MeCN/H2O → 55% 

MeCN/H2O) to afford seco-acid intermediate (50.3 mg, 31% isolated yield) as a yellow-film. 

HRMS calculated for [C37H46F4N8O11S2+H]+ = 905.2949; found 905.2978; 3.2 ppm mass defect. 

Followed Scheme 4.3.1 General Procedure H to obtain macrolactam 45. Seco-acid intermediate 

(40.0 mg, 1.0 equiv., 39.3 µmol) afforded crude product. Crude product was purified via reverse-

phase preparative HPLC – (gradient 10% MeCN/H2O → 70% MeCN/H2O → 85% MeCN/H2O) 

to afford title compound (25.2 mg, 72% isolated yield, 23% yield from peptide). NMR of 46 

contained complex mixture of rotational isomers; ratio ~ 2:1 + minor isomers. Both rotational 

isomers were characterized. See VT NMR experiment. 1H NMR (DMSO-d6, 500 MHz) δ 8.65 (d, 

J = 6.2 Hz, 0.5 H), 8.37 (d, J = 7.4 Hz, 1H), 8.31 (s, 0.5H), 8.24 (d, J = 5.7 Hz, 1H), 8.11 (d, J = 

6.0 Hz, 1H), 8.03 (dd, J = 11.8, 6.7 Hz, 1.4H), 7.93–7.88 (m, 1.5H), 7.86 (s, 0.5H), 7.82 (d, J = 7.9 

Hz, 1H), 7.50–7.44 (m, 1.5 H), 7.33 (s, 1H), 7.30–7.21 (m, 4H), 7.20–7.15 (m, 5H), 6.31 (t, J = 

4.0 Hz, 1H), 4.83 (d, J = 7.0 Hz, 1H), 4.74 (d, J = 6.8 Hz, 1H), 4.72–4.66 (m, 1.5H), 4.59–4.48 (m, 

2H), 4.38–4.31 (2H), 4.30–4.21 (m, 2.5H), 4.14–4.09 (m, 1H), 4.08–4.01 (m, 1H), 3.98–3.92 (m, 

2H), 3.89–3.84 (m, 1H), 3.75–3.71 (m, 0.5H), 3.60 (t, J = 6.5 Hz, 1H), 3.54–3.48 (m, 1H), 3.48–

3.32 (m, 4H), 3.31–3.14 (m, 4H), 3.13–3.05 (m, 2H), 3.04–2.98 (m, 2H), 2.90–2.83 (m, 1.5H), 



 340 

2.24–2.16 (m, 1H), 2.14 (m, 1H), 1.85 (s, 1.5 H), 1.83 (s, 3H), 1.19 (d, J = 6.6 Hz, 1.5H), 1.09 (d, 

J = 6.8 Hz, 3H), 0.91 (d, J = 6.8 Hz, 3H), 0.86 (d, J = 6.8 Hz, 3H), 0.80 (d, J = 6.7 Hz, 1.5H) 13C 

NMR (DMSO-d6, 126 MHz) δ 173.4, 173.4, 172.8, 172.4, 172.2, 172.1, 171.8, 171.8, 171.4, 171.2, 

170.5, 170.4, 170.2, 169.2, 169.0, 168.9, 148.6–148.5 (m, 1C), 145.7–145.6 (m, 1C), 139.6–139.5 

(m, 1C), 137.5, 137.4, 129.3, 129.0, 128.7, 126.9, 119.9, 118.5, 117.4–117.1 (m, 1C), 115.1–114.9 

(m, 1C), 112.6–112.5 (m, 1C), 70.3–70.2 (m, 1C), 58.7, 58.2, 57.5, 57.0, 53.6, 53.5, 51.3, 51.1, 

49.8, 49.0, 48.8, 46.2, 42.1, 36.4, 35.5, 34.5, 33.0, 31.0, 30.3, 30.2, 29.5, 28.8, 28.6, 27.9, 27.7, 

26.4, 25.6, 25.0, 24.2, 22.9, 20.3, 20.1, 16.7, 16.6, 16.1, 16.1 19F NMR (DMSO-d6, 282 MHz) δ -

103.7 and -106.0 (AB quartet, J = 251.1 Hz, 2F), -116.6 and -122.0 (AB quartet, J = 229.2 Hz, 2F), 

-106.2 and -120.8 (AB quartet, J = 250.5 Hz, 2F minor)-106.4 and -115.7 (AB quartet, J = 227.4 

Hz, 2F minor) HRMS calculated for [C37H46F4N8O9S2+H]+ = 887.2844; found 887.2851; 0.8 ppm 

mass defect.  

 

Polycycle 46: 

Polycycle 46 was synthesized according to Scheme 4.3.1 General Procedure F,G and H 

(outlined above). Following Scheme 4.3.1 General Procedure F and G using crude peptide Ac-

D*PTFSC-NH2 (130. mg, 1.0 equiv., 164 µmol) afforded crude seco-acid intermediate. Crude 

product was purified via reverse-phase preparative HPLC – (gradient 10% MeCN/H2O → 55% 

MeCN/H2O) to afford seco-acid intermediate (44.1 mg, 26% isolated yield) as a red-foam. HRMS 

calculated for [C37H46F4N8O11S2+H]+ = 919.2742; found 919.2754; 1.3 ppm mass defect. 

Followed Scheme 4.3.1 General Procedure H to obtain macrolactam 46. Seco-acid intermediate 

(35.0 mg, 1.0 equiv, 33.9 µmol) afforded crude product. Crude product was purified via reverse-

phase preparative HPLC – (gradient 10% MeCN/H2O → 55% MeCN/H2O → 65% MeCN/H2O) 
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to afford desired product. Desired product was then repurified via pTLC; 10% MeOH/CHCl3 

solvent system to afford title compound (7.2 mg, 24% isolated yield, 6% yield from linear peptide) 

as a colorless-film. NMR of 46 contained complex mixture of rotational isomers; ratio ~ 1:1 + 

minor isomers. Both rotational isomers were characterized. 1H NMR (DMSO-d6, 600 MHz) δ 8.61 

(d, J = 6.8 Hz, 1H), 8.37 (d, J = 8.9 Hz, 1H), 8.30–8.26 (m, 1H), 8.15 (t, J = 5.0 Hz, 1H), 8.03 (d, 

J = 7.6 Hz, 1H), 7.95 (t, J = 5.3 Hz, 1H), 7.73–7.65 (m, 4H), 7.44–7.41 (m, 1H), 7.26–7.21 (m, 

9H), 7.20–7.16 (m, 2H), 7.08–7.02 (m, 2H), 5.32 (t, J = 4.7 Hz, 1H), 4.91–4.87 (m, 1H), 4.80–

4.76 (m, 1H), 4.76–4.67 (m, 4H), 4.62–4.55 (m, 2H), 4.51 (m, 1H), 4.42–4.36 (m, 2H), 4.03 (dd, 

J = 11.4, 5.5 Hz, 1H), 3.91 (dd, J = 12.2, 6.1 Hz, 1H), 3.78–3.74 (m, 3H), 3.73–3.69 (m, 3H), 3.65–

3.62 (m, 1H), 3.61–3.59 (m, 1H), 3.51–3.57 (m, 1H), 3.45–3.42 (m, 1H), 3.42–3.39 (m, 2H), 3.34–

3.31 (m, 2H), 3.17–3.11 (m, 4H), 3.10–3.06 (m, 3H), 3.05–2.98 (m, 2H), 2.95–2.90 (m, 2H), 2.77 

(dd, J = 14.0, 11.3 Hz, 1H), 2.46–2.42 (m, 2H), 2.34 (dd, J = 16.8, 5.4 Hz, 1H), 2.26 (dd, J = 15.7, 

8.8 Hz, 1H), 2.04–1.96 (m, 3H), 1.94–1.90 (m, 1H), 1.86–1.80 (m, 4H), 1.76 (s, 6H), 0.85 (d, J = 

6.3 Hz, 3H), 0.63 (d, J = 6.1 Hz, 3H) 13C NMR (DMSO-d6, 126 MHz) δ 174.3, 173.5, 172.2, 171.6, 

170.7, 169.9, 169.9, 169.5, 169.4, 169.1, 169.0, 168.0, 167.7, 167.7, 167.6, 167.4, 138.4, 138.0, 

129.7, 129.1, 128.2, 128.0, 126.3, 126.1, 67.0, 66.7–66.6 (m, 2C), 66.3, 65.9, 65.7, 64.9, 59.1, 

55.3, 53.4, 53.0, 48.4, 47.7, 46.8, 46.7, 46.5, 37.4, 37.1, 36.5, 35.1, 33.1, 31.6, 31.3, 31.3, 30.7, 

29.1, 29.0, 28.8, 28.7, 28.6, 25.1, 25.1, 22.3, 22.3, 22.1, 19.8, 19.7, 14.0 HRMS m/z ratio calculated 

for [C37H44F4N8O10S2+H]+ = 901.2636; found 901.2702; 4.1 ppm mass defect.  

 

Polycycle 47: 

Polycycle 47 was synthesized according to Scheme 4.3.1 General Procedure F,G and I 

(outlined above). Following Scheme 4.3.1 General Procedure F and G using crude peptide Ac-
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E*PSFTC-NH2 (150. mg, 1.0 equiv., 186 µmol) afforded crude seco-acid intermediate. Crude 

product was purified via reverse-phase preparative HPLC – (gradient 5% MeCN/H2O → 55% 

MeCN/H2O → 65% MeCN/H2O) afforded acyclic seco-acid (108.2 mg, 62% isolated yield) as a 

light-yellow foam. HRMS calculated for [C38H47F4N7O12S2+H]+ = 934.2739; found 934.2773; 3.6 

ppm mass defect. Followed Scheme 4.3.1 General Procedure I to obtain macrolactone 47. Seco-

acid intermediate (40.0 mg, 1.0 equiv., 42.8 µmol) afforded crude product after 44 h. Crude 

product was purified via reverse-phase preparative HPLC – (gradient 10% MeCN/H2O → 60% 

MeCN/H2O → 65% MeCN/H2O) afforded title compound (16.4 mg, 42% isolated yield, 26% yield 

from linear peptide). NMR of 47 contained complex mixture of rotational isomers. Major 

rotational isomer was characterized. 1H NMR (DMSO-d6, 600 MHz) δ 8.52 (t, J = 7.6 Hz, 1H), 

8.29 (d, J = 8.5 Hz, 1H), 8.22 (dd, J = 7.3, 2.3 Hz, 1H), 8.02 (d, J = 8.4 Hz, 1H), 7.32–7.22 (m, 

5H), 7.19 (t, J = 7.0 Hz, 1H), 7.12 (s, 1H), 4.93–4.83 (m, 3H), 4.77–4.70 (m, 1H), 4.62–4.56 (m, 

2H), 4.54 (t, J = 6.0 Hz, 1H), 4.44–4.40 (m, 1H), 3.88–3.77 (m, 2H), 3.60–3.56 (m, 1H), 3.55– 

3.47 (m, 2H), 3.41–3.35 (m, 1H), 3.35–3.29 (m, 2H), 3.10–3.04 (m, 1H), 3.04–2.99 (m, 1H), 2.82 

(dd, J = 13.8, 10.4 Hz, 1H), 2.48–2.44 (m, 1H), 2.34–2.27 (m, 2H), 2.23–2.17 (m, 1H), 1.94–1.88 

(m, 2H), 1.84 (s, 3H), 1.82–1.79 (m, 1H), 1.66–1.58 (m, 1H), 1.08 (dd, J = 6.0, 1.4 Hz, 3H) 13C 

NMR (DMSO-d6, 126 MHz) δ 172.7, 170.1, 168.9, 168,8, 168.3, 167.5, 167.4, 167.3, 148.3–148.2 

(m, 1C), 144.5–144.4 (m, 1C), 137.6, 129.3, 128.1, 126.4, 117.1–116.9 (m, 1C), 116.1–115.9 (m, 

1C), 72.0–71.7 (m, 1C), 66.4, 61.2, 60.3, 58.2, 53.7, 51.4, 50.5, 49.4, 46.0, 37.4, 34.9, 30.5, 28.8, 

28.1, 25.1, 24.7, 24.3, 22.3, 16.2 19F NMR (DMSO-d6, 565 MHz) δ -98.53 and -118.6 (AB quartet, 

J = 251.1 Hz, 2F), -117.0 and -131.7 (AB quartet, J = -223.8 Hz, 2F) HRMS calculated for 

[C38H45F4N7O11S2+H]+ = 916.2633; found 916.2654; 2.3 ppm mass defect. 
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Polycycle 48: 

Polycycle 48 was synthesized according to Scheme 4.3.1 General Procedure F,G and I 

(outlined above). Following Scheme 4.3.1 General Procedure F and G using crude peptide Ac-

D*PNHFTC-NH2 (150. mg, 1.0 equiv., 157 µmol) afforded crude seco-acid intermediate. Crude 

product was purified via reverse-phase preparative HPLC –  (gradient 10% MeCN/H2O → 50% 

MeCN/H2O) afforded seco-acid intermediate (73.1 mg, 43% isolated yield) as a yellow-powder. 

HRMS m/z calculated for [C44H53F4N11O13S2+H]+ = 1084.3281; found 1084.3295; 1.3 ppm mass 

defect. Followed Scheme 4.3.1 General Procedure I to obtain macrolactone 48. Seco-acid 

intermediate (40.0 mg, 1.0 equiv., 33.4 µmol) afforded crude product after 64 h. Crude product 

was purified via reverse-phase preparative HPLC – (gradient 10% MeCN/H2O → 55% 

MeCN/H2O → 60% MeCN/H2O) afforded desired product. Desired product was repurified via 

pTLC; 10% MeOH/CHCl3 solvent system (plate was run up twice) to afford title compound (5.0 

mg, 13% isolated yield, 6% yield from linear peptide) as an opaque-film. NMR of 48 contained 

complex mixture of rotational isomers. Major rotational isomer was characterized. 1H NMR 

(DMSO-d6, 600 MHz) δ 9.41 (s, 1H), 8.15 (d, J = 7.6 Hz, 1H), 8.12 (d, J = 7.6 Hz, 1H), 8.07 (d, J 

= 8.3 Hz, 1H), 7.94 (d, J = 8.9 Hz, 1H), 7.84 (d, J = 1.1 Hz, 1H), 7.60–7.52 (m, 2H), 7.44 (s, 1H), 

7.42 (s, 1H), 7.30–7.26 (m, 2H), 7.22–7.17 (m, 3H), 5.16 (d, J = 5.2 Hz, 1H), 4.87–4.81 (m, 2H), 

4.76–4.71 (m, 1H), 4.38–4.32 (m, 1H), 4.28 (dd, J = 12.8, 7.4 Hz, 1H), 4.24 (dd, J = 9.1, 2.4 Hz, 

1H), 4.21–4.16 (m, 2H), 4.15–4.10 (m, 1H), 3.76–3.69 (m, 1H), 3.65–3.58 (m, 2H), 3.58–3.51 (m, 

1H), 3.19–3.13 (m, 1H), 3.05–2.97 (m, 2H), 2.92–2.82 (m, 3H), 2.72–2.69 (m, 1H), 2.44 (dd, J = 

15.4, 7.8 Hz, 1H), 2.24 (dd, J = 15.4, 10.4, 1H), 2.07–2.01 (m, 1H), 2.01–1.96 (m, 1H), 1.96–1.83 

(m, 3H), 1.81 (s, 3H), 0.97 (d, J = 6.4 Hz, 3H) 13C NMR (DMSO-d6, 126 MHz) 172.2, 171.5, 

171.2, 170.7, 170.5, 169.7, 169.2, 168.9, 168.0, 140.8, 138.9, 137.4, 131.3–131.1 (m, 1C), 129.8–
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129.6 (m, 1C), 129.0, 128.3, 126.4, 115.2, 112.2–112.1 (m, 2C), 67.7–67.4 (m, 1C), 60.6, 60.3, 

59.0, 56.0, 51.5, 49.7, 47.0, 46.9, 46.6, 38.1, 35.9, 35.4, 32.1, 30.4. 29.7, 29.0, 28.8, 24.3, 22.3. 

20.2 19F NMR (DMSO-d6, 565 MHz) δ -99.9 and -113.3 (AB quartet, J = 248.3 Hz, 2F), -114.5 

and -127.2 (AB quartet, J = 225.8 Hz, 2F) HRMS calculated for [C44H51F4N11O12S2+H]+ = 

1066.3175; found 1066.3180; 0.5 ppm mass defect.   

 

Polycycle 49: 

Polycycle 49 was synthesized according to Scheme 4.3.1 General Procedure F,G and I 

(outlined above). Following Scheme 4.3.1 General Procedure F and G using crude peptide Ac-

D*PTFSC-NH2 (150. mg, 1.0 equiv., 189 µmol) afforded crude seco-acid intermediate. Crude 

product was purified via reverse-phase preparative HPLC – (gradient 10% → 60% MeCN/H2O → 

65% MeCN/H2O) afforded seco-acid intermediate (67.2 mg, 36% isolated yield) as a yellow-foam. 

HRMS m/z calculated for [C39H44F4N8O12S3+H]+ = 989.2255; found 989.2239; 3.7 ppm mass 

defect. Followed Scheme 4.3.1 General Procedure I to obtain macrolactone 49. To a flame-dried 

25-mL round bottom flask equipped with a stir bar was charged with the seco-acid intermediate 

(24.5 mg, 1.0 equiv., 24.8 µmol), EDC•HCl (12.1 mg, 2.5 equiv., 61.9 µmol), HOBt (7.11 mg, 1.5 

equiv., 37.2 µmol, 80%), and then diluted with DMF (4.95 mL, 5.0 mM). The reaction mixture 

was then allowed to stir at 0ºC and then added NEt3 (17.3 µL, 5.0 equiv., 124 µmol). The reaction 

mixture was then allowed to warm up to 23ºC and stirred for 48 h. After HPLC indicated reaction 

completion, the reaction mixture was quenched with AcOH (14.2 µL, 10.0 equiv., 248 µmol) and 

then concentrated under reduced pressure to afford crude product. The crude product was then 

purified via preparative HPLC – (gradient 10% MeCN/H2O → 70% MeCN/H2O → 75% 

MeCN/H2O) afforded title compound (17.4 mg, 72% isolated yield, 26% from linear peptide) as a 
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white-powder. NMR of 49 contained complex mixture of rotational isomers. Major rotational 

isomer was characterized. 1H NMR (DMSO-d6, 600 MHz) δ 8.78 (d, J = 6.9 Hz, 1H), 8.29 (d, J = 

8.0 Hz, 1H), 7.84 (m, 1H), 7.85 (m, 1H), 7.84 (s, 1H), 7.38 (d, J = 7.8 Hz, 1H), 7.27–7.23 (m, 3H), 

7.22–7.19 (m, 2H), 7.09 (s, 1H), 5.31 (d, J = 13.0 Hz, 1H), 5.16 (d, J = 13.0 Hz, 1H), 4.87 (m, 1H), 

4.70–4.66 (m, 1H), 4.66–4.62 (m, 1H), 4.53–4.50 (m, 1H), 4.29–4.26 (m, 1H), 4.06 (dd, J = 7.9, 

4.2 Hz,  1H), 3.98 (dd, J = 11.3, 2.7 Hz, 1H), 3.91–3.88 (m, 1H), 3.85 (dd, J = 12.0, 3.1 Hz, 1H), 

3.65–3.62 (m, 2H), 3.51–3.46 (m, 1H), 3.35–3.32 (m, 1H), 2.94 (dd, J = 13.8 Hz, 5.5 Hz, 1H), 

2.84–2.75 (m, 3H), 2.54 (m, 1H), 2.06–2.02 (m, 1H), 1.81–1.79 (m, 1H), 1.79 (s, 3H), 0.94 (d, J = 

6.4 Hz, 3H) 13C NMR (DMSO-d6, 126 MHz) δ 171.4, 171.1, 169.9, 169.3, 169.1, 167.3, 166.8, 

161.3, 144.5, 137.6, 137.3–137.2 (m, 1C), 135.3, 135.2–135.1 (m, 1C), 129.1, 128.2, 126.4, 116.7–

116.6 (m, 2C), 114.3, 67.5–67.4 (m, 1C), 66.7, 59.9, 58.3, 58.1, 57.0, 55.8, 53.6, 48.8, 47.0, 46.9, 

37.0, 36.0, 35.8, 30.8, 29.2, 22.2, 19.7 19F NMR (DMSO-d6, 565 MHz) δ -99.5 and -118.5 (AB 

quartet, J = 255.5 Hz, 2F), -119.0 and -132.0 (AB quartet, J = 218.0 Hz, 2F) HRMS m/z calculated 

for [C39H42F4N8O11S3+H]+ = 971.2150; 971.2174; 2.5 ppm mass defect.  

 

Synthesis and Characterization of Figure 4.5.1 Compounds  

 
Polycycle 50: 

Polycycle 50 was synthesized according to Scheme 4.2.1 General Procedure A (outlined 

above) using crude linear peptide Ac-Dat-PCVAC-NHMe (50.0 mg, 1.0 equiv., 76.6 µmol) (where 

Dat = des-amino tyrosine). Purification via reverse-phase preparative HPLC – (gradient 10% 

MeCN/H2O → 75% MeCN/H2O) afforded title compound (15.7 mg, 26% isolated yield) as an 

opaque-film. NMR of 50 contained complex mixture of rotational isomers; ratio 1:1:4. Major 

rotational isomer was characterized. 1H NMR (DMSO-d6, 500 MHz) δ 8.31 (d, J = 9.4 Hz, 1H), 
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7.90 (d, J = 7.7 Hz, 1H), 7.70 (d, J = 6.9 Hz, 1H), 7.56 (d, J = 8.9 Hz, 1H), 7.30 (d, J = 8.2 Hz, 

2H), 7.19 (dd, J = 8.2, 2.2 Hz, 2H), 4.71 (d, J = 6.6 Hz, 1H), 4.40 (d, J = 6.6 Hz, 1H), 4.34–4.29 

(m, 1H), 4.25–4.18 (m, 1H), 3.96 (s, 3H), 3.94–3.88 (m, 1H), 3.63 (m, 1H), 3.49–3.41 (m, 2H), 

3.20–3.16 (m, 1H), 3.06–2.99 (m, 1H), 2.97–2.90 (m, 1H), 2.82 (m, 1H), 2.44–2.37 (m, 2H), 2.21–

2.17 (m, 1H), 2.08–2.02 (m, 1H), 2.02–1.92 (m, 2H), 1.89–1.82 (m, 1H), 1.70–1.65 (m, 1H), 1.31 

(d, J = 7.4 Hz, 3H), 0.81 (d, J = 6.4 Hz, 3H), 0.78 (d, J = 6.4 Hz, 3H) 13C NMR (DMSO-d6, 126 

MHz) δ 172.2, 171.9, 171.4, 170.4, 168.5, 167.6, 148.3–148.1 (m, 1C), 137.8, 131.5, 129.3–129.2 

(m, 1C), 118.6, 117.2–116.9 (m, 1C), 115.6, 114.9–114.6 (m, 1C), 74.7–74.5 (m, 1C), 60.1, 58.8, 

55.1, 52.1, 49.5, 48.4, 47.3, 35.5, 35.3, 33.8, 30.4, 29.5, 25.9, 24.3, 19.0, 18.5, 17.9 19F NMR 

(DMSO-d6, 282 MHz) δ -106.8 and -119.7 (AB quartet, J = 257.6 Hz, 2F), -113.5 and -120.3 (AB 

quartet, J = 229.7 Hz, 2F) HRMS m/z calculated for [C33H40F4N6O7S2+H]+ = 785.2414; found 

785.2419; 0.6 ppm mass defect.  

 

Compound S1 

To a stirred solution of Macrocycle 17 in DMF (50 mM) was added Et3N (2.2 equiv.) and 

1,4-benzenedithiol (0.5 equiv.) at 0°C and let stir and warm to rt. Upon completion as observed by 

HPLC, the reaction was quenched with AcOH (5.0 equiv.) and concentrated under reduced 

pressure. Purification by RP-HPLC afforded the dimerized product S1 (20%). 1H NMR (DMSO-

d6, 500 MHz) δ 10.91 (s, 2H), 9.51 (s, 2H), 8.50 (d, J = 9.1 Hz, 2H), 8.39 (d, J = 8.0 Hz, 2H), 8.31 

(d, J = 8.5 Hz, 2H), 7.69 (d, J = 19.5 Hz, 2H), 7.50 (d, J = 7.7 Hz, 2H), 7.38 – 7.29 (m, 6H), 7.22 

(d, J = 9.0 Hz, 2H), 7.13 (s, 2H), 7.07 (t, J = 7.3 Hz, 2H), 6.98 (t, J = 7.3 Hz, 2H), 5.02 (s, 2H), 

4.83 (d, J = 8.9 Hz, 2H), 4.66 (q, J = 7.7 Hz, 2H), 4.47 (q, J = 7.4 Hz, 2H), 4.42 – 4.33 (m, 2H), 

4.26 – 4.17 (m, 2H), 3.88 – 3.76 (m, 2H), 3.66 (d, 2H), 3.55 – 3.42 (m, 5H), 3.11 – 3.03 (m, 6H), 
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2.82 (d, J = 14.0 Hz, 2H), 1.79 (s, 6H). 13C-NMR (500 MHz, DMSO-d6) δ 171.8, 169.8, 169.5, 

168.7, 167.6, 167.0, 136.1, 131.6, 130.4, 129.7, 128.7, 127.1, 123.7, 121.0, 118.5, 118.0, 111.4, 

109.1, 79.2, 65.7, 61.6, 55.7, 55.0, 51.5, 46.1, 45.6, 36.0, 35.9, 35.8, 33.7, 33.0, 32.6, 31.9, 31.3, 

30.7, 29.0, 28.9, 28.7, 28.7, 28.7, 28.0, 27.6, 26.2, 25.8, 25.5, 25.4, 25.3, 22.5, 22.4, 22.3, 22.1, 

19.4, 19.1, 14.0, 14.0, 12.0, 11.2, 8.5. 19F NMR (DMSO-d6, 282 MHz) δ -96.8 – (-98.8) (m, 2F), - 

111.3 – (-113.8) (m, 4F), -127.0 – (-128.7) (m, 2F). 

 

Compound S5 

To a stirred solution of crude peptide Cbz-Glu(Cys)-Ala-Histamine in DMF (5 mM) was 

added Et3N (2.5 equiv.), and OFCP (1.5 equiv.) at 0°C and let stir for 30 min. After initial 

macrocyclization was complete, the mixture was concentrated under reduced pressure to remove 

excess Et3N, OFCP, and MeCN. The reaction mixture was then cooled once again to 0°C and 

added Me3SiOK (4.0 equiv.) and let stir at rt. After reaction completion as observed by HPLC the 

mixture was quenched with AcOH (10.0 equiv.) and concentrated under reduced pressure. 

Purification by FCC (0 - 10% MeOH/CHCl3) afforded S5 (41%). 1H NMR (DMSO-d6, 500 MHz) 

δ 9.96 (bs, 1H), 9.88 (bs, 1H), 8.48 (s, 1H), 8.01 (s, 1H), 7.67 (s, 1H), 7.46 (s, 1H), 7.42 - 7.24 (m, 

5H), 7.07 (s, 1H), 5.07 - 4.92 (m, 2H), 4.89 (s, 1H), 4.4 - 4.25 (m, 1H), 4.04 (q, J = 12.3 Hz 1H); 

3.09 (d, J = 13.0 Hz, 1H), 3.8 - 3.64 (m, 1H), 2.98 (d, J = 15.0 Hz, 1H), 2.85 - 2.63 (m, 2H), 2.29 

- 2.16 (m, 1H); 2.13 - 1.98 (m, 1H), 1.97 - 1.72 (m, 2H), 1.18 - 1.02 (m, 3H). 13C-NMR (500 MHz, 

DMSO-d6) δ 174.2, 171.3, 170.6, 170, 155.3, 140.6, 139.8 - 139.1 (m, 1C), 138.4, 137, 128.4, 

127.9, 127.8, 123.3 - 122.9 (m, 1C), 115.5 - 109.5 (m, 2C), 113.4, 65.4, 53.5, 47.5, 46, 35.5, 31.4, 

30.9, 29.9, 28.2, 17.9. 19F NMR (DMSO-d6, 282 MHz) δ -110.7 (dt, J = 251.3, 13.5 hz, 1F), -112.2 
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(dd, J = 223.7, 8.9 Hz, 1F), -116.9 (dt, J = 251.5, 12.5 Hz, 1F), -119.8 (dd, J = 224.0, 10.5 Hz, 1F), 

-146.4 (t, J = 13.9 Hz, 1F). HRMS [M+1] calc’d for C29H30F5N7O6SH 700.1977, found 700.1998. 

 

Compound S6 

TFA (10 ml) was added to a solution of SM (1.75 g, 3.84 mmol) in DCM (20 ml) and 

stirred for 1h at rt. The reaction mixture was concentrated by rotary evaporation to give a crude 

solid 12 (1.80 g, 3.84 mmol). The residue 12 (62 mg, 0.131 mmol, analytical) was dissolved in 

DMF (1.3 ml) and added 7 (43 mg, 0.144 mmol), cooled to 0°C, and then added iPr2EtN (34 ul, 

0.197 mmol). The reaction mixture was stirred for 2 h at rt, then added H2O, extracted with EtOAc, 

washed with 1N HCl, sat. NaHCO3 and brine. The organic layer was dried over Na2SO4, filtered 

and the solvent was removed by rotary evaporation to give crude 15. The residue 15 was dissolved 

in DMF (13 ml) and added Cs2CO3 (64 mg, 0.196 mmol) at 0°C, stirred for 1 h at rt,. The reaction 

mixture was added H2O, extracted with EtOAc. The combined extract was washed with brine (x5), 

dried over Na2SO4 and concentrated. Purification by column chromatography (SiO2, gradient 1-

5% MeOH/CHCl3) afforded the title compound (38 mg, 0.0619 mmol, 47% from SM) as a white-

solid. 1H NMR (DMSO-d6, 500 MHz) δ 8.14 (d, J = 4.4 Hz, 1H), 7.53 (d, J = 8.1 Hz, 1H), 7.32 (t, 

J = 5.4 Hz, 1H), 7.26–7.24 (m, 2H), 7.18–7.14 (m, 5H), 7.02 (d, J = 8.6 Hz, 2H), 4.31–4.27 (m, 

1H), 4.17–4.11 (t, J = 6.8 Hz, 2H), 3.73–3.71 (m, 1H), 3.60–3.57 (m, 1H), 3.19 (dd, J = 14.3, 4.0 

Hz, 1H), 3.05–2.96 (m, 1H), 2.99 (dd, J = 14.3, 10.0 Hz, 1H), 2.80–2.75 (m, 1H), 2.68–2.63 (m, 

1H), 2.02–1.89 (m, 2H), 1.43–1.28 (m, 2H), 1.00 (d, J = 7.2 Hz, 3H). 13C NMR (DMSO-d6, 126 

MHz) δ 172.6, 172.3, 171.0, 153.2, 138.8–138.3 (m, 1C), 138.3, 136.7, 130.6, 129.6–129.1 (m, 

1C), 128.8, 128.1, 126.2, 116.2, 116.2, 116.2, 115.6–105.7 (m, 3C), 72.9, 53.7, 50.5, 40.6, 35.8, 

33.7, 30.5, 24.5, 16.9 19F NMR (DMSO-d6, 282 MHz) δ -111.8 (d, J = 54.6 Hz, 2F), -112.5 (d, J 
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= 71.9 Hz, 2F), -128.6-(-128.8) (m, 2F). HRMS m/z calculated for [C28H30F6N3O5+H]+ = 

614.2084; found 614.2062; 3.6 ppm mass defect.  

 

Compound S30 

Crude peptide Ac-HFCASC-NH2 (50.0 mg, 1.0 equiv., 60.8 µmol) was diluted with H2O 

(1.0 mM, 60.8 mL). The solution was allowed to stir until the peptide was homogenous and then 

30% aqueous H2O2 (31.1 µL, 5.0 equiv., 304 µmol) was added. The reaction mixture was then 

allowed to stir at 23 ºC over 16 h. When HPLC indicated reaction completion, the reaction mixture 

was concentrated under reduced pressure to afford product. Crude product was then purified via 

reverse-phase preparative HPLC – (gradient 10% MeCN/H2O → 32.5% MeCN/H2O → 37.5% 

MeCN/H2O) afforded title compound (10.8 mg, 22% isolated yield) as a white-film. 1H NMR 

(DMSO-d6, 500 MHz) δ 8.96–8.90 (s, 2H), 8.54 (d, J = 6.0 Hz, 1H), 8.52 (d, J = 7.5 Hz, 1H), 8.13 

(d, J = 8.3 Hz, 1H), 8.07 (d, J = 7.6 Hz, 1H), 7.81 (d, J = 7.6 Hz, 1H), 7.38 (d, J = 7.6 Hz, 1H), 

7.28–7.23 (m, 1H), 7.22–7.18 (m, 3H), 7.07–7.03 (m, 1H), 4.59–4.54 (m, 2H), 4.53–4.47 (m, 2H), 

4.35–4.30 (m, 1H), 4.22–4.18 (m, 1H), 4.10 (q, J = 6.8 Hz, 1H), 3.74 (dd, J = 10.8, 5.4 Hz, 1H), 

3.63 (dd, J = 6.7, 4.2 Hz, 1H), 3.22–3.15 (m, 1H), 3.09–3.03 (m, 2H), 3.02–2.96 (m, 2H), 2.87–

2.80 (m, 3H), 1.80 (s, 3H), 1.30 (d, J = 7.3 Hz, 3H) 13C NMR (DMSO-d6, 126 MHz) δ 173.2, 

171.3, 170.6, 170.0, 170.0, 169.5, 169.4, 137.2, 133.8, 129.4, 129.2, 128.1, 126.4, 116.7, 60.1, 

55.9, 55.2, 53.8, 51.3, 51.1, 51.1, 45.7, 43.0, 26.9, 22.5, 20.4, 17.0 HRMS m/z calculated for 

[C29H39N9O8S2+H]+ = 706.2441; found 706.2472; 4.4 ppm mass defect. 
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Stability Tests 
 
 
Stability Studies on Macrobicycle 13 
 

 
 
Figure 4.7.1 Degradation Experiment of Marcobicycle 13 at pH 4.5. Compound 13 was subjected 
to a degradation experiment at pH 4.5 over a 72 h time course. No noticeable decomposition of 13 
was observed. 13 (1.0 mg, 1.0 equiv., 1.2 µmol) was diluted with NaOAc/AcOH (0.2 M) buffer 
pH 4.5 (1.0 mM, 1.2 mL). The solution was then allowed to stir at 25ºC for 72 h. Time points were 
taken at 1 h, 24 h, 48 h, and 72 h. Monitored via analytical HPLC (254 nm). The reaction was 
monitored by taking 10 µL aliquots at of the reaction mixture at the stated time points and diluting 
into 130 µL of 1% AcOH in MeCN. 
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Figure 4.7.2 Degradation Experiment of Macrobicycle 13 at pH 7.0. Compound 13 was subjected 
to a degradation experiment at pH 7.0 over a 72 h time course. No noticeable decomposition of 13 
was observed. 13 (1.0 mg, 1.0 equiv., 1.2 µmol) was diluted with KH2PO4/Na2HPO4 (0.05 M) 
buffer pH 7.0 (1.0 mM, 1.2 mL). The solution was then allowed to stir at 25ºC for 72 h. Time 
points were taken at 1 h, 24 h, 48 h, and 72 h. Monitored via analytical HPLC (254 nm). The 
reaction was monitored by taking 10 µL aliquots at of the reaction mixture at the stated time points 
and diluting into 130 µL of 1% AcOH in MeCN. 
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Figure 4.7.3 Degradation Experiment of Macrobicycle 13 at pH 10.0. Compound 13 was subjected 
to a degradation experiment at pH 10.0 over a 72 h time course. No noticeable decomposition of 
13 was observed. 13 (1.0 mg, 1.0 equiv., 1.2 µmol) was diluted with K2CO3/BK3O3/KOH (0.05 
M) buffer pH 10.0 (1.0 mM, 1.2 mL). The solution was then allowed to stir at 25ºC for 72 h. Time 
points were taken at 1 h, 24 h, 48 h, and 72 h. Monitored via analytical HPLC (254 nm). The 
reaction was monitored by taking 10 µL aliquots at of the reaction mixture at the stated time points 
and diluting into 130 µL of 1% AcOH in MeCN. 
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Figure 4.7.4 Degradation Experiment of Macrobicycle 13 with NCS. Compound 13 was subjected 
to a degradation experiment with NCS over a 72 h time course. No noticeable decomposition of 
13 was observed. 13 (1.0 mg, 1.0 equiv., 1.2 µmol) was diluted with 1:9 MeCN : NaOAc/AcOH 
(0.2 M) buffer pH 4.5 (1.0 mM, 1.2 mL). The solution was then added NCS (25 µL, 2.0 equiv., 
2.5 µmol, 0.1 M in MeCN) and the reaction mixture allowed to stir at 25ºC for 72 h. Time points 
were taken at 1 h, 24 h, 48 h, and 72 h. Monitored via analytical HPLC (254 nm). The reaction 
was monitored by taking 10 µL aliquots at of the reaction mixture at the stated time points and 
diluting into 130 µL of 1% AcOH in MeCN. 
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Figure 4.7.5 Degradation Experiment of Macrobicycle 13 with H2O2. Compound 13 was subjected 
to a degradation experiment with H2O2 over a 72 h time course. No noticeable decomposition of 
13 was observed. 13 (1.0 mg, 1.0 equiv., 1.2 µmol) was diluted with 1:9 MeCN : NaOAc/AcOH 
(0.2 M) buffer pH 4.5 (1.0 mM, 1.2 mL). The solution was then added H2O2 (25 µL, 2.0 equiv., 
2.5 µmol, 0.1 M in MeCN) and the reaction mixture allowed to stir at 25ºC for 72 h. H2O2 solution 
prepared from 30% aqueous H2O2. Time points were taken at 1 h, 24 h, 48 h, and 72 h. Monitored 
via analytical HPLC (254 nm). The reaction was monitored by taking 10 µL aliquots at of the 
reaction mixture at the stated time points and diluting into 130 µL of 1% AcOH in MeCN. 
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Stability Studies on Macrocycle 24 
 

 
 

Figure 4.7.6 Degradation Experiment of Macrocycle 24 at pH 4.5. Compound 24 was subjected 
to a degradation experiment at pH 4.5 over a 72 h time course. No noticeable decomposition of 24 
was observed. 24 (1.0 mg, 1.0 equiv., 2.0 µmol) was diluted with NaOAc/AcOH (0.2 M) buffer 
pH 4.5 (1.0 mM, 2.0 mL). The solution was then allowed to stir at 25ºC for 72 h. Time points were 
taken at 1 h, 24 h, 48 h, and 72 h. Monitored via analytical HPLC (280 nm). The reaction was 
monitored by taking 10 µL aliquots at of the reaction mixture at the stated time points and diluting 
into 130 µL of 1% AcOH in MeCN. 
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Figure 4.7.7 Degradation Experiment of Macrocycle 24 at pH 7.0. Compound 24 was subjected 
to a degradation experiment at pH 7.0 over a 72 h time course. No noticeable decomposition of 24 
was observed. 24 (1.0 mg, 1.0 equiv., 2.0 µmol) was diluted with KH2PO4/Na2HPO4 (0.05 M) 
buffer pH 7.0 (1.0 mM, 2.0 mL). The solution was then allowed to stir at 25ºC for 72 h. Time 
points were taken at 1 h, 24 h, 48 h, and 72 h. Monitored via analytical HPLC (280 nm). The 
reaction was monitored by taking 10 µL aliquots at of the reaction mixture at the stated time points 
and diluting into 130 µL of 1% AcOH in MeCN. 
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Figure 4.7.8 Degradation Experiment of Macrocycle 24 at pH 10.0. Compound 24 was subjected 
to a degradation experiment at pH 10.0 over a 72 h time course. Noticeable decomposition of 24 
was observed starting at 24 h. 24 (1.0 mg, 1.0 equiv., 2.0 µmol) was diluted with 
K2CO3/BK3O3/KOH (0.05 M) buffer pH 10.0 (1.0 mM, 2.0 mL). The solution was then allowed 
to stir at 25ºC for 72 h. Time points were taken at 1 h, 24 h, 48 h, and 72 h. Monitored via analytical 
HPLC (280 nm). The reaction was monitored by taking 10 µL aliquots at of the reaction mixture 
at the stated time points and diluting into 130 µL of 1% AcOH in MeCN. 
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Figure 4.7.9 Degradation Experiment of Macrocycle 24 with NCS. Compound 24 was subjected 
to a degradation experiment with NCS over a 72 h time course. No noticeable decomposition of 
24 was observed. 24 (1.0 mg, 1.0 equiv., 2.0 µmol) was diluted with 1:9 MeCN : NaOAc/AcOH 
(0.2 M) buffer pH 4.5 (1.0 mM, 2.0 mL). The solution was then added NCS (40 µL, 2.0 equiv., 
4.0 µmol, 0.1 M in MeCN) and the reaction mixture allowed to stir at 25ºC for 72 h. Time points 
were taken at 1 h, 24 h, 48 h, and 72 h. Monitored via analytical HPLC (280 nm). The reaction 
was monitored by taking 10 µL aliquots at of the reaction mixture at the stated time points and 
diluting into 130 µL of 1% AcOH in MeCN. 
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Figure 4.7.10 Degradation Experiment of Macrocycle 24 with H2O2. Compound 24 was subjected 
to a degradation experiment with H2O2 over a 72 h time course. No noticeable decomposition of 
24 was observed. 24 (1.0 mg, 1.0 equiv., 2.0 µmol) was diluted with 1:9 MeCN : NaOAc/AcOH 
(0.2 M) buffer pH 4.5 (1.0 mM, 2.0 mL). The solution was then added H2O2 (40 µL, 2.0 equiv., 
4.0 µmol, 0.1 M in MeCN) and the reaction mixture allowed to stir at 25ºC for 72 h. H2O2 solution 
prepared from 30% aqueous H2O2. Time points were taken at 1 h, 24 h, 48 h, and 72 h. Monitored 
via analytical HPLC (280 nm). The reaction was monitored by taking 10 µL aliquots at of the 
reaction mixture at the stated time points and diluting into 130 µL of 1% AcOH in MeCN. 
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Stability Studies on Disulfide S30 
 

 
 

Figure 4.7.11 Degradation Experiment of Macrocycle S30 at pH 4.5. Compound S30 was 
subjected to a degradation experiment at pH 4.5 over a 72 h time course. Noticeable decomposition 
of S30 was observed starting at 1 h. S30 (1.0 mg, 1.0 equiv., 1.2 µmol) was diluted with 
NaOAc/AcOH (0.2 M) buffer pH 4.5 (1.0 mM, 1.2 mL). The solution was then allowed to stir at 
25ºC for 72 h. Time points were taken at 1 h, 24 h, 48 h, and 72 h. Monitored via analytical HPLC 
(280 nm). The reaction was monitored by taking 10 µL aliquots at of the reaction mixture at the 
stated time points and diluting into 130 µL of 1% AcOH in MeCN. 
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Figure 4.7.12 Degradation Experiment of Macrocycle S30 at pH 7.0. Compound S30 was 
subjected to a degradation experiment at pH 7.0 over a 72 h time course. No noticeable 
decomposition of S30 was observed. S30 (1.0 mg, 1.0 equiv., 1.2 µmol) was diluted with 
KH2PO4/Na2HPO4 (0.05 M) buffer pH 7.0 (1.0 mM, 1.2 mL). The solution was then allowed to 
stir at 25ºC for 72 h. Time points were taken at 1 h, 24 h, 48 h, and 72 h. Monitored via analytical 
HPLC (280 nm). The reaction was monitored by taking 10 µL aliquots at of the reaction mixture 
at the stated time points and diluting into 130 µL of 1% AcOH in MeCN. 
  

t = 1 h

t = 24 h

t = 48 h

t = 72 h

O

NHAcHN
N

O

NH
O

N
H

S

O

H
N

Me

O

HN OH

O

H
N

S

H2N

S30

Buffer pH 7.0 (1.0 mM)

S30



 362 

 
 
Figure 4.7.13 Degradation Experiment of Macrocycle S30 at pH 10.0. Compound S30 was 
subjected to a degradation experiment at pH 10.0 over a 72 h time course. Noticeable 
decomposition of S30 was observed starting at 1 h. S30 (1.0 mg, 1.0 equiv., 1.2 µmol) was diluted 
with K2CO3/BK3O3/KOH (0.05 M) buffer pH 10.0 (1.0 mM, 1.2 mL). The solution was then 
allowed to stir at 25ºC for 72 h. Time points were taken at 1 h, 24 h, 48 h, and 72 h. Monitored via 
analytical HPLC (280 nm). The reaction was monitored by taking 10 µL aliquots at of the reaction 
mixture at the stated time points and diluting into 130 µL of 1% AcOH in MeCN. 
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Figure 4.7.14 Degradation Experiment of Macrocycle S30 with NCS. Compound S30 was 
subjected to a degradation experiment with NCS over a 72 h time course. Noticeable 
decomposition of S30 was observed after 1 h and complete decomposition observed after 24 h. 
S30 (1.0 mg, 1.0 equiv, 1.2 µmol) was diluted with 1:9 MeCN : NaOAc/AcOH (0.2 M) buffer pH 
4.5 (1.0 mM, 1.2 mL). The solution was then added NCS (25 µL, 2.0 equiv., 2.5 µmol, 0.1 M in 
MeCN) and the reaction mixture allowed to stir at 25ºC for 72 h. Time points were taken at 1 h, 
24 h, 48 h, and 72 h. Monitored via analytical HPLC (280 nm). The reaction was monitored by 
taking 10 µL aliquots at of the reaction mixture at the stated time points and diluting into 130 µL 
of 1% AcOH in MeCN. 
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Figure 4.7.15 Degradation Experiment of Macrocycle S30 with H2O2. Compound S30 was 
subjected to a degradation experiment with H2O2 over a 72 h time course. No noticeable 
decomposition of S30 was observed. S30 (1.0 mg, 1.0 equiv., 1.2 µmol) was diluted with 1:9 
MeCN : NaOAc/AcOH (0.2 M) buffer pH 4.5 (1.0 mM, 1.2 mL). The solution was then added 
H2O2 (25 µL, 2.0 equiv., 4.0 µmol, 0.1 M in MeCN) and the reaction mixture allowed to stir at 
25ºC for 72 h. H2O2 solution prepared from 30% aqueous H2O2. Time points were taken at 1 h, 24 
h, 48 h, and 72 h. Monitored via analytical HPLC (280 nm). The reaction was monitored by taking 
10 µL aliquots at of the reaction mixture at the stated time points and diluting into 130 µL of 1% 
AcOH in MeCN. 
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Computational Evaluation of Loop Mimicry 
 
 
Computational Methods 
 
 

Computational models of macrocycles and macrobicycle as well as all calculations 

performed on them (geometry optimization and conformational searches) were generated and 

carried out using Schrödinger’s Maestro Macromodel®.36.37 Geometry optimizations were carried 

out using the AMBER* force field minimization in water with default settings (Method: PRGC, 

Maximum iterations: 2500, Convergence threshold: 0.05). Low energy conformations of each 

geometry optimized structure were identified using a Monte Carlo search algorithm using the 

AMBER* force field in water with default settings (Method: PRGC, Maximum iteration: 2500, 

Convergence threshold: 0.05, Maximum number of steps: 1000, 21.0 kJ/mol energy window for 

saving structures). Low energy conformers of each library member were overlaid onto each of the 

11 Kritzer loop type representatives using the PyMOL® superposition31 function; generating 

MatchAlign scores for each confirmation-loop type pair. The generated MatchAlign scores, which 

are a function of root-mean-square deviation (RMSD) and the number of atoms used in the 

superposition, were normalized relative to loop self-superimposed maximal values to yield 

‘similarity scores (%)’. Normalizing each MatchAlign score in this way allows for appropriate 

comparison of confirmation-loop type pair overlays regardless of the length of the loop and/or 

macrobicycle. Determination of intramolecular hydrogen bonding (shown in Figure 4.5.1) was 

done using Schrödinger’s Maestro MacroModel® and verified using PyMOL®. 
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Supplemental Figures and Tables 
 
 

Table 4.7.1 Loop type representative information. The table above shows selected 
representatives for each of the 11 loop types identified by Kritzer. Representatives were chosen 
on the basis that they have backbone torsional angles closest to that of the average for each loop 
type. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.7.16 Images of loop type representatives. Depicted loops were extracted from protein 
crystal structures obtained from the Protein Data Bank (PDB) and are rendered using PyMOL®. 
 

Loop Type PDB 
Code 

Chai
n 

Lengt
h 

First 
AA 

Last 
AA 

Sequence Max Align. 
Score 

β-Turn 3A2V A 6 S207 F212 SLDWWF 30.7 
β-Hairpin 1T3I A 6 V264 F269 VFFDHF 30.7 
β-Bulge 3BGT A 6 H174 P179 HVDGSP 20.8 

Schellman 
Loop 

2OL1 B 6 S73 D78 SLKGID 20.8 

αβ-Motiff 2DVT D 5 I274 G278 ILEIG 19.8 
γ-Turn 2WAM A 7 T89 F95 TFKTDH

F 
36.7 

Asx-Turn 4HN1 A 6 S18 R23 SDHRGR 20.8 
Asx-Motif 3B8I C 5 G94 N98 GNALN 19.8 
S/T-Turn 4J07 A 7 R84 F90 RGDTPH

F 
26.7 

S/T-Motif 3N3R A 5 R40 P44 RDWWP 24.8 
S/T-Staple 1NVM A 6 V278 L283 VDRETL 30.7 

Loop Type: β-Turn
PDB Code: 3A2V

Loop Type: S/T-Turn
PDB Code: 4J07

Loop Type:β-Hairpin
PDB Code: 1T3I

Loop Type: β-Bulge
PDB Code: 3BGT

Loop Type: Schellman Loop
PDB Code: 2OL1

Loop Type: αβ-Motiff 
PDB Code: 2DVT

Loop Type:S/T-Motif
PDB Code: 3N3R

Loop Type: γ-Turn
PDB Code: 2WAM

Loop Type: Asx-Turn
PDB Code: 4HN1

Loop Type: Asx-Motif
PDB Code: 3B8I

Loop Type: S/T-Staple
PDB Code: 1NVM
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Table 4.7.2 Complete OFCP-derived poly-alanine macrobicycle library. OFCP derived poly-
alanine macrobicycles were categorized into groups based on the number of intervening L-alanine 
residues composing the B Ring and then into families based on the number of intervening L-
alanine residues composing the A Ring. Also, shown are the number of low-energy conformations 
identified for each of the 150 OFCP-derived poly-alanine macrobicycles. 
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Figure 4.7.17 Non-normalized version of heat map shown in Figure 4.4.1. Heatmap above shows 
non-normalized MatchAlign scores calculated using the PyMOL superposition function. 
 
 

Loop Macrobicycle Conf
. # 

RMSD # of 
Atoms 

Align. 
Score 

Max 
Align. 

% 
Similarity 

γ-Turn H5H2C 4 1.14 33 28.2 36.7 77.0 
S/T-Turn H4H4C 77 0.72 25 21.3 26.7 79.8 
β-Turn H3C3C 23 0.36 24 20.8 30.7 67.6 

S/T-
Staple 

Y4H4C 70 0.89 28 19.9 30.7 64.7 

β-Hairpin H4C4C 33 0.79 24 19.7 30.7 64.0 
S/T-Motif Y4C1C 22 1.11 24 19.3 24.8 77.7 
Asx-Turn C2H3C 9 0.27 16 16.1 20.8 77.3 
Schellman H1H5C 25 0.88 26 16.3 20.8 78.5 
αβ-Motiff C3C1C 2 1.39 23 15.5 19.8 78.5 
Asx-Motif H2H4C 3 0.77 18 13.8 19.8 69.5 
β-Bulge C3H4C 29 0.24 12 11.8 20.8 57.0 

Table 4.7.3 Data for best mimics of each loop type representative. Data in the table above 
correspond to the OFCP-derived poly-alanine macrobicycles/representative loop type overlays 
displayed along the diagonal (top right to bottom left) in Figure 4.4.1. 
 
 
  

MatchAlign Score 
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Figure 4.7.18 Visualized overlays of best conformer/loop type pairs. Depicted are the 11 loop type 
representatives super imposed onto their optimal OFCP-derived poly-alanine macrobicycle mimic. 
Overlays were performed using the PyMOL® super position function. 
 
 

RMSD = 1.14 Å
33 Atoms Aligned
Align. Score: 28.2
% Similarity: 77.0

2WAM/H5H2C
RMSD = 0.72 Å

25 Atoms Aligned
Align. Score: 21.3
% Similarity: 79.8

4J07/H4H4C
RMSD = 0.36 Å

24 Atoms Aligned
Align. Score: 20.8
% Similarity: 67.6

3A2V/H3C3C

RMSD = 0.89 Å
28 Atoms Aligned
Align. Score: 19.9
% Similarity: 64.7

1NVM/Y4H4C
RMSD = 0.79 Å

24 Atoms Aligned
Align. Score: 19.7
% Similarity: 64.0

1T3I/H4C4C
RMSD = 1.11 Å

24 Atoms Aligned
Align. Score: 19.3
% Similarity: 77.7

3N3R/Y4C1C

RMSD = 0.27 Å
16 Atoms Aligned
Align. Score: 16.1
% Similarity: 77.3

4HN1/C2H3C
RMSD = 0.88 Å

26 Atoms Aligned
Align. Score: 16.3
% Similarity: 78.5

2OL1/H1H5C
RMSD = 1.39 Å

23 Atoms Aligned
Align. Score: 15.5
% Similarity: 78.5

2DVT/C3C1C

RMSD = 0.77 Å
18 Atoms Aligned
Align. Score: 13.8
% Similarity: 69.5

3B8I/H2H4C
RMSD = 0.24 Å

12 Atoms Aligned
Align. Score: 11.8
% Similarity: 57.0

3BGT/C3H4C
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Table 4.7.4 Similarity scores of all the Schellman loops identified by Krtizer and coworkers in the 
Protein Data Bank (PDB) against theoretical OFCP-derived macrobicycle H1H5C having a score 
> 50%.  
 

 
 
 
 
 
 
 
 
 
 
 
 

Table 4.7. 5 Similarity scores of all the β-Bulges identified by Krtizer and coworkers in the Protein 
Data Bank (PDB) against theoretical OFCP-derived macrobicycle C3H4C having a score > 40%.  
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Table 4.7.6 Similarity scores of all the α,β-Motifs identified by Krtizer and coworkers in the 
Protein Data Bank (PDB) against theoretical OFCP-derived macrobicycle C3C1C having a score 
> 60%.  
 
 

 
 
 
 
 
 
 
Table 4.7.7 Similarity scores of all the Asx-Turns identified by Krtizer and coworkers in the 
Protein Data Bank (PDB) against theoretical OFCP-derived macrobicycle C2H3C having a score 
> 50%.  
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Scheme 4.7.4 Differential protecting group schemes to access macrobicycles derived from 
sequences of type HXHXC and CXCXC. Macrobicycles derived from linear peptides such as Ac-
H5H2C-NH2 can be accessed from differential protection of the histidine residue proximal to the 
N-terminus. Differential protection via known monomer S31.38 Macrobicycles derived from linear 
peptides such as Ac-C3C1C-NH2 can be accessed from differential protection of the cysteine 
residue proximal to the N-terminus. Differential protection via known monomer S32.39  
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Computations Related to Reactivity of OFCP 
 
 
Computational Methods  
 
 

All computations related to the calculations of the delocalized HOMO present in the 

intermediate formed by model reaction of ethyl mercaptide with OFCP (shown in Figure 4.2.1B) 

were carried out using the Gaussian 16 program40 and performed at the level of M062X-

D3/def2TZVP/SMD.41-47 Homo cube file was obtained using Multiwfn48 with picture rendering 

being done in PyMOL®. After detailed calculations of different nucleophiles, it can be shown that 

negative charge will always be delocalized which reflects the importance of negative 

hyperconjugation in lowering the activation energy of the reaction. 
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Parallel Artificial Membrane Permeability Assay (PAMPA) Data 
 
 

This assay was performed as outlined in the protocol of the parallel artificial permeability 

assay kit (BioAssay Systems Cat. # PAMPA-096). Incubation was performed at rt for 18 h. Data 

analysis was performed using a Tecan M1000 plate reader and  96-well UV plates purchased from 

BioAssay Systems (Cat. # P96 UV). UV absorbance was measured from 230 to 500 nm in 10 nm 

intervals to determine peak absorbance of test compounds and controls. The following equation 

used to determined Permeability Rate (Pe): 

 

Where ODA is the absorbance of Acceptor Solution minus Blank, ODe is the absorbance of 

Equilibrium Standard minus Blank, and, using an 18 h incubation, C = 7.72 x 10-6. Two PAMPA 

assays were run each in respective technical replicates. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.7.19 PAMPA average data set of select structures from two PAMPA assays. 
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Figure 4.7.20 Figure depicting structures of PAMPA tested compounds S1–S6. 

NH S

HN
H
N

O

O

O

NHAc

F

F

FF

HN
S

O

S

OH

HN H
N

S

N
H

HN O
O

O

AcHN

F
F F

F

N
H

S

O

OH

NH

S

S1

H
N

S

N
H

HN O
O

O

AcHN

F
F F

F

N
H

S
O

N

S2

MeHO

N

H
N

S

N
H

HN O
O

O

AcHN

OH

F
F F

F

N
S
O

O

Me

S3

Me

F

F

F
F

F
F

O

AcHN

S
O

H
N

NH

O

N
H

OH

O

HN

S

NH2

S4

CbzHN

O

O

N
H

Me

O

H
N

NH
N

N

F
F

F
F

HN
S

O

F

S5

F

F

FF

F

F

O

NH

Me
O

H
N

HN

O

O

O

S6



 376 

 
 
Table 4.7.8 Mean permeability rates (cm/sec) of select structures from two PAMPA assays. For 
more detailed breakdown see Table 4.7.4. 

Compound # Average Permeability
Theophylline 5.62389E-07
Diclofenac 3.94501E-06
Chloramphenicol 5.96548E-06

4 7.56292E-07
9 7.32926E-07
10 5.54279E-07
11 5.28474E-07
12 1.12019E-07
13 3.52671E-06
14 7.44164E-07
15 3.48058E-06
16 3.78308E-06
17 3.10102E-07
19 1.74545E-07
24 1.68976E-06
26 5.97371E-07
30 3.73806E-07
31 5.53492E-07
35 1.82988E-07
36 3.28936E-07
40 5.11253E-07
41 8.978E-07
42 1.81437E-07
43 6.65527E-07
44 2.28393E-06
45 1.77868E-07
47 4.39143E-07
48 3.76608E-07
49 1.74244E-07
50 2.73852E-06

S1 2.20475E-07
S2 1.16524E-06
S3 1.30106E-06
S4 1.48167E-06
S5 1.73852E-06
S6 4.15331E-06
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Table 4.7.9 Mean permeability rates (cm/sec) of all compounds from 2nd PAMPA assay averaged 
out with permeability values from 1st PAMPA assay. Value 1 and 2 reflect first independent 
PAMPA assay. Value 3 and 4 reflect 2nd independent PAMPA assay. 
 

 
  

Compound # Value 1 (1st Assay) Value 2 (1st Assay) Value 3 (2nd Assay) Value 4 (2nd Assay) Mean Permeability standard deviation
Theophylline 5.50506E-07 4.83665E-07 5.966E-07 6.18784E-07 5.62389E-07 5.96921E-08
Diclofenac 3.42111E-06 3.00558E-06 4.0553E-06 5.29804E-06 3.94501E-06 9.99975E-07
Chloramphenicol 4.4116E-06 3.77755E-06 9.6062E-06 6.06656E-06 5.96548E-06 2.61194E-06

24 1.21507E-06 1.12784E-06 9.09285E-07 3.50685E-06 1.68976E-06 1.2182E-06
26 1.03955E-06 5.67439E-07 4.78383E-07 3.04109E-07 5.97371E-07 2.72296E-07

S5 2.13268E-06 2.67784E-06 6.91806E-07 1.45176E-06 1.73852E-06 8.59366E-07
17 4.83377E-07 4.12442E-07 1.05394E-07 2.39193E-07 3.10102E-07 1.70715E-07

S1 9.67674E-08 2.31138E-08 3.5097E-07 4.11048E-07 2.20475E-07 1.89387E-07
16 7.37655E-06 2.83884E-06 2.45846E-06 2.45846E-06 3.78308E-06 2.40235E-06

4 1.19846E-06 1.02366E-06 4.28999E-07 3.74052E-07 7.56292E-07 4.16422E-07
11 4.60269E-07 4.86662E-07 8.92448E-07 2.74518E-07 5.28474E-07 2.60366E-07
10 8.1878E-07 7.11556E-07 4.01875E-07 2.84903E-07 5.54279E-07 2.51983E-07
13 6.70897E-06 6.13686E-06 7.24281E-07 5.36741E-07 3.52671E-06 3.35327E-06
36 3.83341E-07 2.30465E-07 3.5097E-07 3.5097E-07 3.28936E-07 6.73979E-08

S20 2.50116E-07 1.70253E-07 2.6509E-07 1.6248E-07 2.11985E-07 5.31241E-08
50 3.21103E-06 2.66217E-06 2.36361E-06 2.71726E-06 2.73852E-06 3.51238E-07
40 7.72644E-07 6.71728E-07 3.16438E-07 2.84204E-07 5.11253E-07 2.47374E-07
41 6.23807E-07 5.47747E-07 1.07896E-06 1.34068E-06 8.978E-07 3.77082E-07

S19 7.79745E-07 7.4254E-07 2.74762E-07 8.14067E-08 4.69613E-07 3.46093E-07
S27 1.01154E-06 1.1675E-06 9.66259E-07 6.30554E-07 9.43964E-07 2.26023E-07

9 8.3408E-07 7.82441E-07 1.09354E-06 2.21642E-07 7.32926E-07 3.67033E-07
S2 6.01863E-07 5.32625E-07 1.57178E-06 1.95467E-06 1.16524E-06 7.08538E-07
S3 1.37509E-06 1.13606E-06 1.43846E-06 1.25465E-06 1.30106E-06 1.33841E-07
S4 3.13019E-06 2.54358E-06 1.12293E-07 1.40623E-07 1.48167E-06 1.58313E-06
S28 6.58694E-07 4.42951E-07 1.05919E-06 1.52721E-06 9.22013E-07 4.77467E-07
S6 7.74549E-06 7.07376E-06 1.01577E-06 7.78212E-07 4.15331E-06 3.77131E-06
S29 9.88791E-07 8.93482E-07 1.47417E-05 1.23785E-06 4.46545E-06 5.93431E-06

30 Not Tested Not Tested 3.5365E-07 3.93963E-07 3.73806E-07 2.85059E-08
49 Not Tested Not Tested 2.05331E-07 1.43156E-07 1.74244E-07 4.39642E-08
14 Not Tested Not Tested 6.57418E-07 8.30909E-07 7.44164E-07 1.22677E-07
31 Not Tested Not Tested 7.63816E-07 3.43168E-07 5.53492E-07 2.97444E-07
44 Not Tested Not Tested 2.28393E-06 2.28393E-06 2.28393E-06 0
48 Not Tested Not Tested 2.61088E-07 4.92127E-07 3.76608E-07 1.6337E-07
47 Not Tested Not Tested 5.03657E-07 3.74629E-07 4.39143E-07 9.12366E-08

S22 Not Tested Not Tested 2.55718E-07 3.15952E-07 2.85835E-07 4.25921E-08
S24 Not Tested Not Tested 3.35705E-07 3.93103E-07 3.64404E-07 4.05865E-08

15 Not Tested Not Tested 1.84053E-06 5.12063E-06 3.48058E-06 2.31938E-06
43 Not Tested Not Tested 1.07582E-06 2.5523E-07 6.65527E-07 5.80248E-07

S23 Not Tested Not Tested 4.05224E-07 1.77479E-07 2.91352E-07 1.6104E-07
S21 Not Tested Not Tested 4.18909E-07 5.45585E-08 2.36734E-07 2.57635E-07

42 Not Tested Not Tested 1.71775E-07 1.91099E-07 1.81437E-07 1.36642E-08
45 Not Tested Not Tested 1.94224E-07 1.61512E-07 1.77868E-07 2.31308E-08
35 Not Tested Not Tested 7.75886E-08 2.88387E-07 1.82988E-07 1.49057E-07

S26 Not Tested Not Tested 1.03086E-06 3.87156E-07 7.09009E-07 4.55169E-07
S25 Not Tested Not Tested 5.14857E-07 5.91294E-07 5.53076E-07 5.40486E-08

12 Not Tested Not Tested 1.28136E-07 9.59019E-08 1.12019E-07 2.27928E-08
19 3.73191E-07 3.47748E-08 1.66028E-07 1.24185E-07 1.74545E-07 1.433E-07
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Figure 4.7.21 Figure depicting structures of PAMPA tested compounds S19–S29. 
 

Fig. SX. Structures of S19–29.
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Table 4.7.10 Permeability rates (cm/sec) of full library for 2nd PAMPA assay (including technical 
duplicates, permeability average, and standard deviations). 
  

Compound # Value 1 Value 2 Mean Permeability standard deviation
Theophylline 5.966E-07 6.18784E-07 6.07692E-07 1.56864E-08
Diclofenac 4.0553E-06 5.29804E-06 4.67667E-06 8.7875E-07
Chloramphenicol 9.60618E-06 6.06656E-06 7.83637E-06 2.50289E-06

12 1.28136E-07 9.59019E-08 1.12019E-07 2.27928E-08
S4 1.12293E-07 1.40623E-07 1.26458E-07 2.00326E-08

19 1.66028E-07 1.24185E-07 1.45106E-07 2.95874E-08
17 1.05394E-07 2.39193E-07 1.72294E-07 9.46101E-08
49 2.05331E-07 1.43156E-07 1.74244E-07 4.39642E-08
45 1.94224E-07 1.61512E-07 1.77868E-07 2.31308E-08

S19 2.74762E-07 8.14067E-08 1.78084E-07 1.36723E-07
42 1.71775E-07 1.91099E-07 1.81437E-07 1.36642E-08
35 7.75886E-08 2.88387E-07 1.82988E-07 1.49057E-07

S20 2.6509E-07 1.6248E-07 2.13785E-07 7.25569E-08
S21 4.18909E-07 5.45585E-08 2.36734E-07 2.57635E-07
S22 2.55718E-07 3.15952E-07 2.85835E-07 4.25921E-08
S23 4.05224E-07 1.77479E-07 2.91352E-07 1.6104E-07

40 3.16438E-07 2.84204E-07 3.00321E-07 2.27928E-08
10 4.01875E-07 2.84903E-07 3.43389E-07 8.27116E-08
36 3.5097E-07 3.5097E-07 3.5097E-07 0

S24 3.35705E-07 3.93103E-07 3.64404E-07 4.05865E-08
30 3.5365E-07 3.93963E-07 3.73806E-07 2.85059E-08
48 2.61088E-07 4.92127E-07 3.76608E-07 1.6337E-07

S1 3.5097E-07 4.11048E-07 3.81009E-07 4.24816E-08
26 4.78383E-07 3.04109E-07 3.91246E-07 1.2323E-07
4 4.28999E-07 3.74052E-07 4.01526E-07 3.88533E-08
47 5.03657E-07 3.74629E-07 4.39143E-07 9.12366E-08

S25 5.14857E-07 5.91294E-07 5.53076E-07 5.40486E-08
31 7.63816E-07 3.43168E-07 5.53492E-07 2.97444E-07
11 8.92448E-07 2.74518E-07 5.83483E-07 4.36942E-07
13 7.24281E-07 5.36741E-07 6.30511E-07 1.32611E-07
9 1.09354E-06 2.21642E-07 6.57592E-07 6.16526E-07
43 1.07582E-06 2.5523E-07 6.65527E-07 5.80248E-07

S26 1.03086E-06 3.87156E-07 7.09009E-07 4.55169E-07
14 6.57418E-07 8.30909E-07 7.44164E-07 1.22677E-07

S27 9.66259E-07 6.30554E-07 7.98407E-07 2.37379E-07
S6 1.01577E-06 7.78212E-07 8.96991E-07 1.67978E-07
S5 6.91806E-07 1.45176E-06 1.07178E-06 5.37371E-07

41 1.07896E-06 1.34068E-06 1.20982E-06 1.85064E-07
S28 1.05919E-06 1.52721E-06 1.2932E-06 3.30942E-07
S3 1.43846E-06 1.25465E-06 1.34656E-06 1.29979E-07
S2 1.57178E-06 1.95467E-06 1.76323E-06 2.70743E-07

24 9.09285E-07 3.50685E-06 2.20807E-06 1.83676E-06
44 2.28393E-06 2.28393E-06 2.28393E-06 0
24 2.45846E-06 2.45846E-06 2.45846E-06 0
50 2.36361E-06 2.71726E-06 2.54043E-06 2.50068E-07
15 1.84053E-06 5.12063E-06 3.48058E-06 2.31938E-06

S29 1.47417E-05 1.23785E-06 7.98976E-06 9.54864E-06
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Figure 4.7.22 Graph represents mean permeability values (cm/sec). See Table 4.7.6 above for a 
complete list of all compounds tested in 2nd PAMPA assay. 
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Raw Absorbance Data for 1st PAMPA Assay 

 

!"#$%$&'()*!$%% +, +- +. +/ +0 +1 +2 +3
-.4 45,, 45462 45461 45,4/ 45,.6 45,42 45,41 45,4.
-/4 4543/ 4542/ 45421 4543 45, 4543- 4543 4543
-04 4542, 4541. 45412 45413 4543/ 4542- 4542 4542
-14 4541, 4540. 45402 45403 4542, 4541, 4541 4541,
-24 4540. 454/0 4540, 4540 4541/ 4540/ 4540. 4540/
-34 454/3 454/, 454/1 454/0 45403 454/6 454/3 4540
-64 454// 454.3 454/, 454/, 4540/ 454// 454// 454/2
.44 454/, 454.0 454.3 454.3 454/3 454/, 454/ 454/.
.,4 454.6 454.. 454.2 454.1 454// 454.6 454.2 454/
.-4 454.3 454.- 454.1 454./ 454/- 454.2 454./ 454.3
..4 454.1 454. 454./ 454.. 454.6 454.1 454.- 454.1
./4 454.0 454-6 454.. 454.- 454.3 454./ 454., 454./
.04 454./ 454-3 454.- 454. 454.1 454.. 454. 454..
.14 454.- 454-1 454., 454-6 454./ 454., 454-3 454.,
.24 454.- 454-1 454., 454-6 454./ 454., 454-3 454.-
.34 454/- 454.1 454/, 454.3 454/. 454/, 454.3 454/,
.64 454., 454-0 454. 454-3 454.- 454. 454-2 454.
/44 454., 454-1 454. 454-3 454.- 454. 454-2 454.
/,4 454. 454-0 454-6 454-3 454., 454. 454-2 454.
/-4 454. 454-0 454-6 454-2 454., 454. 454-2 454.
/.4 454. 454-0 454-6 454-2 454., 454. 454-2 454.
//4 454. 454-0 454-6 454-2 454. 454-6 454-2 454-6
/04 454-6 454-0 454-3 454-2 454. 454-6 454-1 454-6
/14 454-6 454-0 454-3 454-2 454. 454-6 454-1 454-6
/24 454-6 454-0 454-3 454-2 454-6 454-6 454-1 454-6
/34 454-6 454-0 454-3 454-2 454-6 454-3 454-1 454-3
/64 454-6 454-0 454-3 454-1 454-6 454-3 454-1 454-6
044 454-3 454-0 454-3 454-1 454-6 454-3 454-1 454-3
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!"#$%$&'()*!$%% +, +-. +-- +-/ 0- 0/ 01 02
/1. .3.,4 .3-.1 .3-., .3.,5 .3-.1 .3.,5 .3.,6 .3.,4
/2. .3.42 .3.7 .3.72 .3.42 .3.7 .3.45 .3.46 .3.46
/5. .3.65 .3.4 .3.42 .3.66 .3.4- .3.64 .3.67 .3.67
/6. .3.52 .3.6 .3.65 .3.55 .3.6- .3.57 .3.57 .3.57
/4. .3.24 .3.51 .3.57 .3.27 .3.52 .3.5- .3.5- .3.5/
/7. .3.2/ .3.24 .3.51 .3.22 .3.2, .3.26 .3.24 .3.24
/,. .3.2 .3.2/ .3.24 .3.1, .3.25 .3.2/ .3.2/ .3.21
1.. .3.14 .3.2 .3.21 .3.14 .3.2/ .3.1, .3.2 .3.2
1-. .3.16 .3.17 .3.2- .3.15 .3.2 .3.14 .3.17 .3.17
1/. .3.15 .3.16 .3.1, .3.12 .3.17 .3.16 .3.16 .3.16
11. .3.11 .3.15 .3.14 .3.1/ .3.14 .3.12 .3.12 .3.12
12. .3.1/ .3.12 .3.15 .3.1- .3.16 .3.11 .3.11 .3.11
15. .3.1 .3.1/ .3.11 .3.1 .3.12 .3.1/ .3.1/ .3.1/
16. .3./7 .3.1- .3.1- .3./, .3.11 .3.1 .3.1 .3.1-
14. .3./7 .3.1- .3.1- .3./, .3.11 .3.1- .3.1- .3.1-
17. .3.17 .3.2 .3.2- .3.1, .3.2/ .3.2 .3.2 .3.2
1,. .3./4 .3.1 .3.1 .3./7 .3.1/ .3.1 .3.1 .3.1
2.. .3./4 .3.1 .3.1 .3./7 .3.1/ .3.1 .3./, .3.1
2-. .3./4 .3./, .3.1 .3./7 .3.1- .3.1 .3./, .3./,
2/. .3./4 .3./, .3./, .3./7 .3.1- .3./, .3./, .3./,
21. .3./4 .3./, .3./, .3./7 .3.1- .3./, .3./, .3./,
22. .3./4 .3./, .3./, .3./7 .3.1 .3./, .3./7 .3./,
25. .3./4 .3./, .3./, .3./7 .3.1 .3./7 .3./7 .3./7
26. .3./4 .3./, .3./, .3./7 .3.1 .3./7 .3./7 .3./7
24. .3./4 .3./7 .3./7 .3./4 .3.1 .3./7 .3./7 .3./7
27. .3./6 .3./7 .3./7 .3./4 .3./, .3./7 .3./7 .3./7
2,. .3./6 .3./7 .3./7 .3./4 .3./, .3./7 .3./7 .3./7
5.. .3./6 .3./7 .3./7 .3./4 .3./, .3./7 .3./4 .3./7
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!"#$%$&'()*!$%% +, +- +. +/ +0 +12 +11 +13
342 25206 2520. 2512/ 25124 25121 25163 25206 2520-
362 252., 252.. 252/6 252/6 252/ 25200 252., 252.6
3,2 252-. 252.1 252.- 252.- 252.1 25201 252-. 252-,
3-2 252,. 252,/ 252-. 252-. 252-1 252/. 252,/ 252,-
3.2 252, 2526- 252- 252- 252,4 252/1 252,1 25260
3/2 2526- 2524/ 252,6 252,, 2526/ 252-/ 2526. 2526,
302 25263 25244 2526. 25260 25264 252,6 25263 25261
422 25240 25243 25266 2526. 2526 2526- 2526 2524/
412 2524. 25241 2526 2526, 2524/ 2524/ 2524. 2524-
432 2524, 25230 25240 25264 2524- 2524- 2524- 25246
442 25246 2523. 2524. 25261 25246 25246 25246 25243
462 25244 2523- 2524- 2526 25246 25244 25244 25241
4,2 25241 25236 25246 25240 25243 25243 25243 2524
4-2 2524 25233 25243 25240 25241 2524 2524 25230
4.2 2524 25231 25243 2524/ 25241 2524 25241 25230
4/2 2526 25241 25263 2526. 2526 2526 2526 2524/
402 25230 25231 25241 2524. 2524 25230 2524 2523/
622 25230 25231 25241 2524. 2524 25230 2524 2523/
612 2523/ 25231 25241 2524- 25230 25230 25230 2523.
632 2523/ 25231 2524 2524- 25230 2523/ 25230 2523.
642 2523/ 25231 25241 2524- 25230 25230 25230 2523.
662 2523/ 25231 2524 2524- 25230 2523/ 25230 2523.
6,2 2523/ 25231 2524 2524, 25230 2523/ 2523/ 2523.
6-2 2523/ 25231 2524 2524, 25230 2523/ 2523/ 2523.
6.2 2523. 25231 2524 2524, 2523/ 2523/ 2523/ 2523-
6/2 2523. 25231 25230 2524, 2523/ 2523. 2523/ 2523-
602 2523. 25231 25230 25246 2523/ 2523/ 2523/ 2523-
,22 2523. 25231 25230 25246 2523/ 2523. 2523/ 2523-
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!"#$%$&'()*!$%% +, +- +. +/ +0 +1 +2 +3
-.4 45,,, 45462 45,4- 45,-- 45463 45460 45460 45421
-/4 45431 45422 45421 45433 45422 4542- 45420 4541-
-04 45420 4542 45410 45420 45416 4541/ 45413 4540.
-14 45410 4541 45400 4541. 45406 4540/ 45406 454/.
-24 45403 4540. 454/1 4540/ 4540, 454/1 4540- 454./
-34 4540. 454/3 454/ 4540 454/2 454/, 454/2 454-6
-64 454/3 454// 454./ 454/0 454/- 454.2 454/- 454-1
.44 454// 454/, 454.- 454/, 454.6 454.0 454.6 454-0
.,4 454/- 454.6 454., 454.2 454.2 454.. 454.2 454-/
.-4 454/ 454.3 454. 454.1 454.1 454.- 454.1 454-/
..4 454.3 454.1 454-6 454.. 454./ 454., 454./ 454--
./4 454.2 454.0 454-3 454.- 454.. 454. 454./ 454-,
.04 454.0 454./ 454-1 454., 454.- 454-6 454.- 454-
.14 454.. 454.- 454-/ 454. 454. 454-2 454., 454,6
.24 454./ 454.- 454-/ 454. 454. 454-3 454.- 454,6
.34 454/. 454/- 454.0 454/ 454/ 454.2 454/, 454-6
.64 454.- 454., 454-/ 454-6 454. 454-1 454. 454,6
/44 454.- 454., 454-0 454-6 454. 454-1 454., 454-
/,4 454., 454., 454-/ 454-6 454-6 454-1 454. 454-
/-4 454., 454. 454-0 454-3 454-6 454-1 454. 454-
/.4 454., 454. 454-0 454-3 454-6 454-1 454. 454-
//4 454. 454. 454-0 454-3 454-3 454-1 454. 454-
/04 454. 454. 454-0 454-3 454-3 454-1 454. 454-
/14 454. 454-6 454-0 454-3 454-3 454-1 454-6 454-
/24 454. 454-6 454-0 454-3 454-3 454-1 454-6 454-
/34 454. 454-6 454-0 454-2 454-3 454-1 454-6 454-
/64 454. 454-6 454-0 454-2 454-3 454-1 454-6 454-
044 454-6 454-6 454-0 454-2 454-2 454-0 454-6 454-
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!"#$%$&'()*!$%% +, +-. +-- +-/ 0- 0/ 01 02
/1. .3.,4 .3.,2 .3-/, .3-./ .3--5 .3.,6 .3-11 .3-16
/2. .3.7 .3.72 .3.,/ .3.4- .3.,- .3.76 .3.4/ .3-
/5. .3.6 .3.66 .3.4- .3.7 .3.41 .3.64 .3.71 .3.,7
/6. .3.2, .3.57 .3.7- .3.6 .3.71 .3.54 .3.61 .3.4,
/7. .3.2- .3.5 .3.61 .3.5/ .3.61 .3.5- .3.55 .3.72
/4. .3.15 .3.26 .3.52 .3.27 .3.52 .3.27 .3.5 .3.5,
/,. .3.1 .3.2- .3.25 .3.2- .3.24 .3.2/ .3.22 .3.5-
1.. .3./4 .3.1, .3.1, .3.1, .3.21 .3.2 .3.2 .3.21
1-. .3./7 .3.17 .3.16 .3.17 .3.2 .3.14 .3.14 .3.1,
1/. .3./6 .3.16 .3.15 .3.16 .3.14 .3.17 .3.17 .3.14
11. .3./5 .3.12 .3.11 .3.15 .3.16 .3.15 .3.15 .3.16
12. .3./2 .3.11 .3.1/ .3.12 .3.15 .3.12 .3.12 .3.12
15. .3./1 .3.1/ .3.1- .3.1/ .3.12 .3.1/ .3.11 .3.11
16. .3.// .3.1 .3.1 .3.1- .3.1/ .3.1- .3.1- .3.1-
17. .3.// .3.1- .3.1 .3.1- .3.1/ .3.1- .3.1/ .3.1-
14. .3.1/ .3.2 .3.1, .3.2 .3.2/ .3.2- .3.2- .3.2-
1,. .3.// .3.1 .3./, .3.1 .3.1- .3.1 .3.1 .3.1
2.. .3.// .3.1 .3./, .3.1 .3.1- .3.1 .3.1 .3.1
2-. .3.// .3./, .3./, .3.1 .3.1 .3.1 .3.1 .3./,
2/. .3.// .3./, .3./4 .3.1 .3.1 .3./, .3.1 .3./,
21. .3.// .3./, .3./4 .3.1- .3.1 .3./, .3.1 .3./,
22. .3.// .3./, .3./4 .3.1 .3./, .3./, .3./, .3./4
25. .3.// .3./, .3./4 .3.1 .3./, .3./, .3./, .3./4
26. .3./1 .3./4 .3./4 .3.1- .3./, .3./4 .3./, .3./4
27. .3.// .3./4 .3./4 .3.1 .3./, .3./4 .3./, .3./4
24. .3.// .3./4 .3./7 .3.1 .3./, .3./4 .3./, .3./4
2,. .3.// .3./4 .3./7 .3.1 .3./, .3./4 .3./, .3./4
5.. .3.// .3./4 .3./7 .3.1 .3./4 .3./4 .3./4 .3./4
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!"#$%$&'()*!$%% +, +- +. +/ +0 +12 +11 +13
342 25303 251-6 25134 254,/ 25310 25206 25204 25206
362 25321 2513. 2520. 25343 251., 252.4 252.4 252.4
3,2 25341 25144 252/. 251/. 25106 252-- 252-- 252-,
3-2 25331 2513- 252/4 25333 253,3 252,- 252,- 252,-
3.2 2516/ 25203 252/4 253-- 2541 25260 25260 25260
3/2 252/3 252-/ 252./ 253. 2543. 2526- 2526, 2526,
302 252,0 252,, 252- 25314 253/, 2526 25261 2526
422 2526. 2526, 252,6 2514/ 25310 2524/ 2524/ 2524.
412 25240 2526 252,- 252/6 251,, 2524. 2524. 2524-
432 2524. 2524. 2526/ 252,- 251 2524- 2524, 2524,
442 25246 2524- 25240 25261 252-. 2524, 25246 25244
462 25244 25246 25244 25246 252,1 25246 25244 25243
4,2 25243 25246 2524 25241 25266 25243 25243 25241
4-2 2524 25243 25230 2524 2524/ 25241 25241 2524
4.2 2524 25243 25230 2524 2524- 25241 25241 2524
4/2 2526 25261 2524/ 25240 25264 25261 2526 2526
402 25230 25241 2523/ 25230 25243 2524 2524 25230
622 25230 25241 2523/ 2523/ 25241 2524 2524 25230
612 25230 2524 2523/ 2523/ 2524 2524 2524 25230
632 25230 2524 2523. 2523/ 2524 2524 25230 2523/
642 25230 2524 2523/ 2523/ 2524 2524 25230 2523/
662 2523/ 2524 2523. 2523/ 2524 25230 25230 2523/
6,2 2523/ 2524 2523. 2523/ 2524 25230 25230 2523/
6-2 2523/ 25230 2523. 2523/ 2524 25230 25230 2523/
6.2 2523/ 25230 2523. 2523. 25230 25230 25230 2523/
6/2 2523/ 25230 2523. 2523. 25230 2523/ 2523/ 2523.
602 2523/ 25230 2523. 2523. 25230 25230 2523/ 2523.
,22 2523/ 25230 2523- 2523. 25230 2523/ 2523/ 2523.



 387 

 
  

!"#$%$&'()*!$%% +, +- +. +/ +0 +1 +2 +3
-.4 45436 45,43 4543/ 45462 45461 4546/ 45461 45436
-/4 45413 45423 4541- 4542. 45420 4542. 4542/ 45412
-04 45403 45413 4540/ 45411 45411 45411 45411 45403
-14 454/2 45402 454/. 45402 45402 45401 45402 454/2
-24 454/ 4540 454./ 454/6 4540 4540 4540 454.6
-34 454.0 454/0 454. 454// 454// 454/0 454/1 454./
-64 454.- 454/- 454-1 454.6 454/, 454/, 454/, 454.
.44 454., 454.6 454-1 454.2 454.3 454.6 454.6 454-6
.,4 454-6 454.2 454-0 454.0 454.1 454.2 454.2 454-3
.-4 454-3 454.1 454-/ 454.. 454.0 454.1 454.1 454-1
..4 454-2 454./ 454-- 454., 454.. 454./ 454./ 454-0
./4 454-1 454.. 454-, 454. 454.- 454.. 454.. 454-/
.04 454-0 454.- 454- 454-6 454., 454.- 454.- 454-.
.14 454-. 454. 454,6 454-3 454. 454. 454. 454-,
.24 454-. 454., 454,6 454-3 454. 454. 454. 454-,
.34 454.. 454/ 454-3 454.2 454.6 454/ 454/ 454.,
.64 454-. 454. 454,6 454-2 454-6 454. 454. 454-,
/44 454-. 454. 454,6 454-2 454-6 454. 454. 454-,
/,4 454-. 454-6 454,6 454-2 454-6 454. 454-6 454-,
/-4 454-. 454-6 454,6 454-1 454-6 454-6 454-6 454-,
/.4 454-. 454-6 454- 454-1 454-6 454-6 454-6 454-,
//4 454-. 454-6 454- 454-1 454-3 454-6 454-6 454--
/04 454-. 454-3 454- 454-1 454-3 454-6 454-6 454-,
/14 454-. 454-3 454- 454-1 454-3 454-6 454-3 454--
/24 454-. 454-3 454- 454-1 454-3 454-6 454-3 454-,
/34 454-. 454-3 454- 454-1 454-3 454-3 454-3 454-,
/64 454-. 454-3 454- 454-1 454-3 454-3 454-3 454--
044 454-. 454-3 454- 454-0 454-3 454-3 454-3 454--
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!"#$%$&'()*!$%% +, +-. +-- +-/ 0- 0/ 01 02
/1. .3.45 .3.,5 .3.,5 .3.,2 .3.,- .3.4, .3.,2 .3.,5
/2. .3.56 .3.67 .3.67 .3.62 .3.6/ .3.61 .3.66 .3.61
/7. .3.7, .3.56 .3.56 .3.57 .3.57 .3.55 .3.6/ .3.57
/5. .3.24 .3.76 .3.74 .3.75 .3.75 .3.75 .3.5- .3.76
/6. .3.2- .3.7- .3.7- .3.2, .3.2, .3.2, .3.7 .3.2,
/4. .3.15 .3.25 .3.26 .3.27 .3.22 .3.27 .3.27 .3.2/
/,. .3.11 .3.2- .3.2/ .3.2 .3.2 .3.2 .3.2- .3.14
1.. .3.1- .3.1, .3.2 .3.14 .3.14 .3.1, .3.1, .3.15
1-. .3.1 .3.16 .3.14 .3.15 .3.15 .3.16 .3.16 .3.12
1/. .3./, .3.17 .3.16 .3.17 .3.12 .3.16 .3.15 .3.1/
11. .3./6 .3.12 .3.17 .3.11 .3.11 .3.17 .3.12 .3.1-
12. .3./5 .3.11 .3.12 .3.1/ .3.1/ .3.12 .3.11 .3./,
17. .3./7 .3.1/ .3.11 .3.1- .3.1- .3.11 .3.1- .3./4
15. .3./2 .3.1 .3.1- .3.1 .3.1 .3.1/ .3./, .3./6
16. .3./2 .3.1 .3.1/ .3.1 .3.1 .3.1/ .3./4 .3./5
14. .3.12 .3.2 .3.2- .3.1, .3.2 .3.2/ .3.14 .3.15
1,. .3./1 .3.1 .3.1- .3./, .3./, .3.1- .3./4 .3./7
2.. .3./2 .3.1 .3.1- .3./, .3./, .3.1- .3./4 .3./7
2-. .3./1 .3.1 .3.1 .3./, .3./, .3.1- .3./6 .3./7
2/. .3./1 .3./, .3.1 .3./4 .3./4 .3.1- .3./6 .3./7
21. .3./2 .3./, .3.1 .3./4 .3./4 .3.1- .3./6 .3./7
22. .3./1 .3./, .3.1 .3./4 .3./4 .3.1 .3./6 .3./7
27. .3./1 .3./, .3.1 .3./4 .3./4 .3.1 .3./5 .3./7
25. .3./1 .3./4 .3./, .3./4 .3./4 .3.1 .3./5 .3./7
26. .3./1 .3./4 .3./, .3./4 .3./4 .3.1 .3./5 .3./2
24. .3./1 .3./4 .3./, .3./6 .3./6 .3./, .3./5 .3./2
2,. .3./1 .3./4 .3./, .3./4 .3./4 .3.1 .3./5 .3./2
7.. .3./1 .3./4 .3./, .3./6 .3./6 .3./, .3./5 .3./2
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!"#$%$&'()*!$%% +, +- +. +/ +0 +12 +11 +13
342 2520 252/0 2513/ 252// 252// 2512, 2520 2520.
362 252.3 252.1 25203 252.1 252.1 252/1 252. 252.3
3,2 252-, 252-6 252/, 252-6 252-4 252.1 252-3 252-1
3-2 252,, 252,, 252/ 252,, 252,6 252-1 252,3 252,
3.2 25260 2526/ 252.6 25260 2526/ 252,6 2526, 25264
3/2 25266 25266 252-4 25266 25264 25260 2526 2524/
302 2526 2526 252, 2526 2526 2526, 2524- 25246
422 2524/ 2524/ 25266 2524. 2524. 25263 25246 25243
412 2524- 2524- 2524/ 2524- 2524, 2526 25243 25241
432 2524, 25246 2524, 25246 25246 2524/ 25241 2524
442 25244 25244 25244 25244 25244 2524- 2524 2523/
462 25243 25243 25243 25243 25243 2524, 25230 2523.
4,2 25241 25241 25241 25241 2524 25246 2523/ 2523-
4-2 2524 25230 2524 25230 25230 25243 2523. 2523,
4.2 2524 2524 2524 2524 25230 25243 2523. 2523,
4/2 25240 25240 25240 25240 25240 25263 2524- 25246
402 25230 25230 25230 2523/ 2523/ 25241 2523- 25236
622 25230 2523/ 25230 2523/ 2523/ 25241 2523- 25236
612 2523/ 2523/ 2523/ 2523/ 2523/ 25241 2523- 25236
632 2523/ 2523/ 2523/ 2523/ 2523/ 2524 2523- 25236
642 2523/ 2523/ 2523/ 2523/ 2523/ 25241 2523- 25236
662 2523/ 2523/ 2523/ 2523/ 2523/ 2524 2523, 25236
6,2 2523/ 2523. 2523/ 2523. 2523. 2524 2523, 25236
6-2 2523/ 2523/ 2523/ 2523. 2523. 2524 2523, 25236
6.2 2523. 2523. 2523. 2523. 2523. 2524 2523, 25236
6/2 2523. 2523. 2523. 2523. 2523. 2524 2523, 25236
602 2523. 2523. 2523. 2523. 2523. 2524 2523, 25236
,22 2523. 2523. 2523. 2523. 2523. 25230 2523, 25236
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!"#$%$&'()*!$%% +, +- +. +/ +0 +1 +2 +3
-.4 45,- 45462 4546. 45462 45436 45460 4546- 45,,3
-/4 45433 45422 4542- 45422 4542- 4542/ 4542- 45432
-04 4542/ 45413 45410 45413 4541/ 45410 4541/ 45421
-14 4541- 45403 45401 45403 45400 45401 45400 45411
-24 4540. 4540 454/3 4540- 454/6 454/6 454/3 45403
-34 454/3 454/0 454// 454/1 454// 454/0 454// 4540,
-64 454/. 454/, 454/ 454/- 454/ 454/ 454/ 454/.
.44 454.6 454.3 454.3 454.6 454.3 454.2 454.2 454.3
.,4 454.2 454.1 454.1 454.2 454.1 454.1 454.1 454.1
.-4 454.0 454.0 454.0 454.1 454./ 454./ 454./ 454./
..4 454./ 454.. 454.. 454./ 454.. 454.. 454.. 454..
./4 454.. 454.- 454.- 454.. 454.- 454.- 454.- 454.-
.04 454.- 454., 454., 454.- 454., 454., 454., 454.,
.14 454. 454. 454. 454., 454. 454. 454. 454.
.24 454. 454. 454. 454., 454. 454. 454. 454.
.34 454/ 454.6 454.6 454/ 454.6 454.6 454.6 454.6
.64 454-6 454-6 454-6 454. 454-6 454-6 454-6 454-6
/44 454-6 454-6 454-6 454. 454-6 454-6 454-6 454-6
/,4 454-6 454-6 454-3 454-6 454-6 454-6 454-3 454-3
/-4 454-3 454-6 454-3 454-6 454-3 454-3 454-3 454-3
/.4 454-6 454-3 454-3 454-6 454-3 454-3 454-3 454-3
//4 454-3 454-3 454-3 454-3 454-3 454-3 454-3 454-3
/04 454-3 454-3 454-3 454-3 454-3 454-3 454-3 454-3
/14 454-3 454-3 454-2 454-3 454-3 454-3 454-3 454-3
/24 454-3 454-3 454-2 454-3 454-3 454-3 454-3 454-3
/34 454-3 454-3 454-2 454-3 454-3 454-3 454-2 454-2
/64 454-3 454-2 454-2 454-3 454-3 454-2 454-2 454-2
044 454-2 454-2 454-2 454-3 454-2 454-2 454-2 454-2
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!"#$%$&'()*!$%% +, +-. +-- +-/ 0- 0/ 01 02 03 04
/1. .5.6, .5.,1 .5.,4 .5-.4 .5-- .51/ .5-4- .5-/ .5112 .5-,,
/2. .5.7- .5.72 .5.73 .5.76 .5.61 .5/-6 .5-/4 .5.,3 .5/-6 .5-4
/3. .5.42 .5.47 .5.44 .5.46 .5.77 .5/3/ .5-/, .5.62 .5-73 .5-74
/4. .5.33 .5.37 .5.37 .5.36 .5.46 .5/2- .5-/- .5.76 .5/.2 .5//7
/7. .5.26 .5.3 .5.3 .5.3/ .5.36 .5-36 .5., .5.77 .5/21 .5/7,
/6. .5.22 .5.24 .5.24 .5.26 .5.3 .5.6- .5.4, .5.7/ .5/24 .5/,3
/,. .5.1, .5.2- .5.2/ .5.2/ .5.22 .5.33 .5.34 .5.34 .5-,4 .5/37
1.. .5.17 .5.16 .5.1, .5.1, .5.1, .5.2/ .5.24 .5.3- .5-/6 .5-,6
1-. .5.13 .5.14 .5.17 .5.16 .5.17 .5.11 .5.2- .5.31 .5.6 .5-2-
1/. .5.12 .5.13 .5.13 .5.14 .5.13 .5.1- .5.1, .5.27 .5.32 .5.,-
11. .5.11 .5.11 .5.12 .5.13 .5.12 .5./, .5.16 .5.16 .5.2- .5.4
12. .5.1/ .5.1/ .5.11 .5.12 .5.1/ .5./6 .5.14 .5.1/ .5.12 .5.24
13. .5.1- .5.1- .5.1/ .5.11 .5.1/ .5./7 .5.13 .5.1 .5.1/ .5.1,
14. .5./, .5.1 .5.1 .5.1/ .5.1 .5./3 .5.12 .5./, .5.1 .5.12
17. .5./, .5.1 .5.1 .5.1/ .5.1 .5./3 .5.12 .5./, .5.1 .5.1/
16. .5.1, .5.1, .5.2 .5.2- .5.2 .5.12 .5.21 .5.16 .5.2 .5.1,
1,. .5./, .5./, .5.1 .5.1- .5./, .5./2 .5.1/ .5./6 .5./, .5./6
2.. .5./6 .5./, .5./, .5.1- .5./, .5./2 .5.1/ .5./6 .5./, .5./7
2-. .5./6 .5./6 .5./, .5.1- .5./, .5./2 .5.1/ .5./7 .5./, .5./7
2/. .5./6 .5./6 .5./, .5.1 .5./6 .5./2 .5.1- .5./7 .5./6 .5./7
21. .5./6 .5./6 .5./, .5.1 .5./6 .5./2 .5.1- .5./7 .5./6 .5./7
22. .5./6 .5./6 .5./6 .5.1 .5./6 .5./2 .5.1- .5./7 .5./6 .5./4
23. .5./6 .5./6 .5./6 .5.1 .5./6 .5./2 .5.1- .5./7 .5./6 .5./4
24. .5./6 .5./6 .5./6 .5.1 .5./6 .5./2 .5.1 .5./7 .5./6 .5./4
27. .5./6 .5./6 .5./6 .5.1 .5./6 .5./2 .5.1 .5./7 .5./6 .5./4
26. .5./7 .5./6 .5./6 .5./, .5./7 .5./2 .5.1 .5./4 .5./6 .5./4
2,. .5./7 .5./6 .5./6 .5./, .5./6 .5./2 .5.1 .5./4 .5./7 .5./4
3.. .5./7 .5./6 .5./6 .5./, .5./7 .5./2 .5.1 .5./4 .5./7 .5./4
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Raw Equilibrium Solutions for 1st PAMPA Assay 

 
  

!"#$%$&'()*!$%% +, +- +. +/ +0 +1 +2 +3
-.4 ,56./ ,5.,. ,51/3 ,5/33 ,50-6 ,56- ,5101 ,5/32
-/4 451- 45- 45-- 45.4- 45..6 45.6 45.36 45.-2
-04 450-2 45,61 45,00 45-.- 45-11 45.,. 45.-6 45-6.
-14 450., 45-10 45,/0 45-.3 45-2/ 45.13 45.0, 45.,
-24 450-, 45.1. 45,-/ 45-/3 45-31 45/.2 45/,/ 45./,
-34 45/23 45//. 45430 45-.- 45-2/ 45/2. 45/23 45.36
-64 45.2/ 45/,- 4540- 45,20 45-,2 45/. 45/12 45.6-
.44 45-/, 45-/3 454.6 4543 45,- 45-3. 45.2 45..-
.,4 45,66 45463 454.0 45401 4546- 45,63 45-.6 45-.3
.-4 45,21 4540, 454.. 4540 4543- 45,,6 45,03 45,1.
..4 45,16 454/. 454., 454/3 45420 4542 45,-2 45,-
./4 45,03 454/- 454. 454/2 4542 4540/ 45,, 45,40
.04 45,01 454/- 454-6 454/0 45412 454/6 45,4- 45,4-
.14 45,0/ 454/, 454-2 454/, 4541. 454/1 45461 45462
.24 45,/. 454/ 454-0 454.3 4541 454/. 45436 45431
.34 45,.6 454/3 454.. 454/0 45412 4540 4546, 4543/
.64 45,-. 454./ 454-- 454.. 4540/ 454.2 45423 4541/
/44 45,,/ 454.. 454-- 454.- 4540, 454.1 4542/ 45406
/,4 45,43 454.. 454-- 454.- 454/6 454./ 4542, 45400
/-4 45,4. 454.- 454-- 454., 454/2 454./ 45416 4540-
/.4 45461 454.- 454-- 454. 454/1 454.. 45411 4540,
//4 4546- 454., 454-- 454. 454// 454.- 4541/ 454/6
/04 45433 454. 454-- 454-6 454/. 454., 4541- 454/2
/14 45430 454. 454-- 454-6 454/, 454., 4541 454/0
/24 4543, 454. 454-- 454-6 454/, 454. 45403 454//
/34 45423 454-6 454-- 454-6 454/ 454. 45402 454/.
/64 45420 454-6 454-, 454-3 454.6 454. 45400 454/-
044 4542. 454-6 454-- 454-3 454.3 454. 45400 454/-
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!"#$%$&'()*!$%% +, +-. +-- +-/ 0- 0/ 01 02
/1. -3142 -3555 132-6 -3216 -362- -36-/ -3246 -3142
/2. .3/27 .314- /3-4, .3/.- .315- .3442 .3/,5 .3/26
/4. .3-,- .3/77 -3,25 .3-15 .3/21 .3254 .3/./ .3/.7
/6. .3-65 .312/ -3,27 .3-.2 .3-,7 .31,7 .3-57 .3/-,
/5. .3-/4 .3157 /3./7 .3.54 .3-74 .3144 .3-6, .3/16
/7. .3.76 .3126 /3.14 .3.42 .3-6 .311, .3-55 .3//6
/,. .3.6 .3/2 -3557 .3.21 .3-/ .31.5 .3-74 .3-55
1.. .3.25 .3.,- -35-1 .3.1, .3.,- .3/2/ .3-61 .3-/7
1-. .3.2- .3.6 -366/ .3.16 .3.65 .3-6 .3--7 .3.7/
1/. .3.17 .3.44 -346 .3.14 .3.42 .3-.- .3.54 .3.44
11. .3.16 .3.4- -3262 .3.12 .3.25 .3.54 .3.42 .3.22
12. .3.14 .3.25 -31.1 .3.1/ .3.22 .3.64 .3.26 .3.2
14. .3.11 .3.21 -3-5 .3.1 .3.2- .3.6 .3.2/ .3.17
16. .3.1- .3.2 -3.47 .3./7 .3.1, .3.44 .3.2 .3.16
15. .3.1- .3.1, .3,2/ .3./5 .3.17 .3.4 .3.17 .3.14
17. .3.2 .3.27 .3765 .3.15 .3.26 .3.44 .3.26 .3.21
1,. .3./, .3.16 .37-6 .3./6 .3.14 .3.2 .3.12 .3.1-
2.. .3./, .3.14 .356/ .3./6 .3.14 .3.17 .3.11 .3.1-
2-. .3./, .3.12 .35/1 .3./4 .3.12 .3.15 .3.1/ .3.1
2/. .3./7 .3.1/ .367, .3./4 .3.12 .3.16 .3.1- .3./,
21. .3./7 .3.1/ .364 .3./4 .3.12 .3.14 .3.1- .3.1
22. .3./7 .3.1/ .36// .3./4 .3.11 .3.12 .3.1 .3./,
24. .3./7 .3.1- .34,4 .3./4 .3.1/ .3.11 .3.1 .3./,
26. .3./7 .3.1 .345 .3./4 .3.1/ .3.1/ .3./, .3./7
25. .3./5 .3.1 .3424 .3./4 .3.1/ .3.1/ .3./, .3./7
27. .3./5 .3.1 .34/2 .3./2 .3.1/ .3.1/ .3./, .3./7
2,. .3./5 .3.1 .34.- .3./2 .3.1/ .3.1- .3./, .3./7
4.. .3./5 .3.1 .3272 .3./2 .3.1/ .3.1- .3./7 .3./5
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!"#$%$&'()*!$%% +, +- +. +/ +0 +12 +11 +13
342 1521 15616 35261 15--- 15,66 151// 1532- 151,
362 2514- 253.6 25.6/ 254-6 25,1. 25333 251/0 2531.
3,2 252/0 25303 25-2, 253./ 25-3. 251.. 25143 251-.
3-2 252.3 254,3 25-1/ 253.. 25-4/ 251/ 2514. 25106
3.2 252-4 2541/ 25-1 253/0 25603 251.- 251,0 25341
3/2 252,4 2533, 25,,3 253/, 253./ 2516, 251/1 2536.
302 25261 251-. 256-6 25340 2511- 25123 25106 2533/
422 2524. 2516 254-0 2516. 252., 252./ 251., 251/.
412 2524, 25116 253/4 2512/ 252-4 252,, 25130 2514-
432 25244 25206 25316 252/1 252,. 2526. 252/3 25203
442 25241 252/4 251-- 252-1 252,4 25264 252,0 252.,
462 2524 252.. 25144 252, 252, 2526 2526/ 252--
4,2 2523/ 252-. 25120 25264 2526. 25240 25266 252-6
4-2 2523. 252,1 25206 2524/ 25264 2524. 25263 252-6
4.2 2523. 25240 252/, 2524- 25261 2524. 25261 252-1
4/2 2524- 25264 252/. 25264 2526/ 2526- 25260 252--
402 2523- 2524 252.1 25241 2524- 2524, 25240 252,-
622 2523- 25230 252-- 2524 25246 25246 2524/ 252,,
612 2523- 2523/ 252- 25230 25244 25246 2524/ 252,,
632 2523, 2523. 252,- 2523/ 25243 25244 2524/ 252,6
642 2523, 2523- 252,3 2523/ 25243 25244 2524. 252,3
662 2523, 2523- 25260 2523/ 25241 25243 2524- 252,3
6,2 2523, 2523, 2526- 2523. 2524 25243 2524- 252,1
6-2 2523, 2523, 25266 2523. 2524 25243 2524- 252,
6.2 2523, 25236 25263 2523. 25230 25241 2524, 252,
6/2 2523, 25236 2526 2523- 25230 25241 2524, 25260
602 25236 25236 25240 2523- 25230 25241 25246 2526/
,22 2523, 25236 2524/ 2523- 25230 25241 2524, 25260
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!"#$%$&'()*!$%% +, +- +. +/ +0 +1 +2 +3
-.4 -5342 ,5162 ,52,1 ,5.41 ,5/66 ,5.. ,5.-2 ,5.66
-/4 ,5.-/ 451,3 45/63 45.-0 45./- 45-6- 45-.- 45-.-
-04 ,5,1 451, 45/, 45-2- 45.,/ 45-43 45,61 45,6/
-14 ,5,1, 45011 45/0 45-11 45.0 45,12 45-43 45-42
-24 ,5-/1 45/-1 45/11 45-1, 45-60 45,/1 45,62 45,26
-34 ,5-0, 45-01 45/,1 45-/2 45,6, 45,,/ 45,/3 45,,3
-64 ,54,2 45,, 45.,. 45--2 45, 45463 45430 45416
.44 452 4541- 45,10 45-40 4541/ 45436 4540/ 454/6
.,4 450// 454/3 45,,- 45,20 454/6 4543- 454/. 454//
.-4 45/20 454/- 45461 45,-0 454/- 4542. 454.6 454/
..4 45//1 454/ 45430 45,43 454.3 4542 454.2 454.3
./4 45/,/ 454.6 45422 45461 454.1 45411 454.2 454.1
.04 45.6 454.3 45416 45461 454./ 45410 454.1 454.0
.14 45.16 454.1 4541- 45460 454.- 4541. 454.0 454.0
.24 45.-1 454.1 45406 4546 454.- 4541, 454.. 454..
.34 45.4, 454/0 45412 4546- 454/, 45411 454/, 454/,
.64 45-13 454./ 4540/ 4543/ 454. 45401 454. 454.,
/44 45-/ 454./ 4540- 4543- 454. 45400 454-6 454.,
/,4 45-,6 454./ 4540 4543- 454-6 4540/ 454-6 454.,
/-4 45-4- 454.. 454/3 4543. 454-6 4540- 454-3 454.,
/.4 45,31 454.. 454/2 45423 454-6 4540 454-3 454.,
//4 45,2- 454.. 454/1 45426 454-3 454/6 454-3 454.,
/04 45,03 454.- 454// 45423 454-3 454/3 454-3 454.,
/14 45,/2 454.- 454// 45423 454-3 454/2 454-2 454.,
/24 45,.0 454.- 454/- 45421 454-3 454/1 454-2 454.,
/34 45,-1 454., 454/, 45426 454-2 454/1 454-2 454.,
/64 45,,3 454., 454/, 4542. 454-2 454// 454-2 454.
044 45,,, 454., 454/ 45420 454-2 454/0 454-2 454.,
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!"#$%$&'()*!$%% +, +-. +-- +-/ 0- 0/ 01 02
/1. -32-1 -3415 -32-4 -312, -36/4 -375/ -3615 /372/
/2. .3112 .324- .3/,, .3-7 .324- .3-22 .311/ -3211
/7. .3/4 .311- .3/2- .3.,7 .32-4 .3.55 .3/6 -3146
/6. .3/,/ .3/47 .3/16 .3.47 .32-/ .3.62 .3/2 -32-5
/5. .3/45 .3/62 .3/// .3.47 .3162 .3.6/ .3//, -3142
/4. .3/-5 .3/64 .3-51 .3.47 .3/44 .3.71 .3/-- -3/4,
/,. .3--4 .3/6- .3--/ .3.54 .3/,7 .3.14 .3-74 -3.15
1.. .3.67 .3/-- .3.51 .3.6 .3//1 .3.12 .3-/2 .347
1-. .3.2, .3-1 .3.7, .3.25 .3-5 .3.1- .3-.4 .366
1/. .3.22 .3.67 .3.7/ .3.2 .3-/7 .3./5 .3.,1 .3765
11. .3.2/ .3.2 .3.7- .3.15 .3-/ .3./7 .3.46 .37//
12. .3.2 .3.12 .3.7- .3.12 .3-.4 .3./2 .3.4 .3257
17. .3.14 .3.1- .3.71 .3.11 .3-- .3./1 .3.54 .3225
16. .3.15 .3./, .3.71 .3.1- .3-- .3.// .3.57 .32/2
15. .3.16 .3./, .3.7 .3.1- .3- .3./- .3.5- .314,
14. .3.27 .3.1, .3.72 .3.2 .3.,1 .3.1- .3.56 .315
1,. .3.12 .3./4 .3.2/ .3./, .3.41 .3./- .3.67 .312/
2.. .3.11 .3./4 .3.2- .3./, .3.55 .3./- .3.6/ .31-5
2-. .3.1/ .3./5 .3.2 .3./, .3.57 .3./- .3.7, .3/,4
2/. .3.1/ .3./5 .3.1, .3./, .3.5/ .3./- .3.74 .3/4/
21. .3.1/ .3./5 .3.14 .3./4 .3.66 .3./- .3.77 .3/67
22. .3.1- .3./5 .3.15 .3./4 .3.62 .3.// .3.72 .3/7/
27. .3.1- .3./5 .3.16 .3./4 .3.6/ .3./- .3.7/ .3/14
26. .3.1 .3./6 .3.16 .3./4 .3.7, .3./- .3.7 .3//5
25. .3.1 .3./6 .3.17 .3./4 .3.74 .3./- .3.2, .3/-2
24. .3.1 .3./6 .3.17 .3./4 .3.75 .3./- .3.25 .3/.2
2,. .3.1 .3./6 .3.12 .3./5 .3.71 .3./- .3.26 .3-,7
7.. .3.1 .3./6 .3.12 .3./4 .3.72 .3./- .3.27 .3-46
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!"#$%$&'()*!$%% +, +- +. +/ +0 +12
342 15-24 15/3/ 1504- 35343 15/21 15604
362 25404 25.14 254-1 25,/- 254-/ 25133
3,2 2563 25.1, 25464 25611 254.4 252-
3-2 25623 25.43 25,-/ 25,3, 25,10 25263
3.2 253- 25-40 25..4 25-.- 25--/ 25243
3/2 2514, 256-. 25-60 25.26 25.1/ 2523/
302 2520 25403 25331 25,6/ 25-31 2523-
422 252-/ 25461 252.6 2543. 256-3 2523,
412 252, 254 252.1 251-3 2541 25236
432 25266 2536. 252,. 252.0 251./ 25234
442 2524/ 2536. 2526 2526- 25124 25233
462 25246 25331 25230 25243 252-/ 25231
4,2 25243 2533, 2523- 25230 252,3 2523
4-2 2524 2533/ 25236 2523. 25261 2521/
4.2 2524 25324 25236 2523- 25244 2521/
4/2 2526 251/6 25244 2524, 2524/ 2523/
402 25230 251.0 25234 2523, 2523, 2521/
622 25230 251-, 25236 2523, 25236 25210
612 2523/ 251-1 25236 2523, 25234 25210
632 2523/ 251,6 25236 2523, 25234 25210
642 2523/ 25161 25236 2523, 25234 25210
662 2523/ 2514- 25236 2523, 25234 25210
6,2 2523. 2514 25236 2523, 25234 25210
6-2 2523/ 2513, 25236 2523, 25234 25210
6.2 2523. 2513 25236 2523, 25234 25210
6/2 2523. 2511- 25234 2523, 25234 25210
602 2523. 2512/ 25234 25236 25234 25210
,22 2523. 2512/ 25234 25236 25234 2523
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Raw Absorbance Data for 2nd PAMPA Assay 

 

Wavelength A1 A2 A3 A4 A5 A6 A7 A8
230 0.106 0.097 0.093 0.094 0.145 0.238 0.093 0.085
240 0.077 0.07 0.068 0.074 0.093 0.094 0.076 0.067
250 0.068 0.061 0.06 0.065 0.077 0.074 0.068 0.059
260 0.059 0.052 0.049 0.056 0.064 0.057 0.059 0.049
270 0.051 0.044 0.042 0.048 0.056 0.048 0.053 0.041
280 0.048 0.04 0.038 0.043 0.05 0.044 0.05 0.037
290 0.044 0.037 0.036 0.041 0.044 0.04 0.044 0.036
300 0.042 0.035 0.034 0.038 0.041 0.037 0.042 0.034
310 0.04 0.033 0.033 0.036 0.038 0.035 0.04 0.032
320 0.039 0.031 0.032 0.034 0.036 0.034 0.038 0.031
330 0.037 0.029 0.03 0.033 0.034 0.032 0.036 0.03
340 0.035 0.028 0.029 0.031 0.032 0.031 0.036 0.029
350 0.034 0.027 0.028 0.03 0.031 0.029 0.034 0.027
360 0.032 0.026 0.026 0.029 0.029 0.028 0.033 0.026
370 0.032 0.026 0.026 0.029 0.029 0.028 0.033 0.026
380 0.042 0.035 0.036 0.038 0.038 0.038 0.042 0.036
390 0.03 0.024 0.025 0.027 0.027 0.027 0.032 0.025
400 0.03 0.024 0.025 0.027 0.027 0.027 0.032 0.025
410 0.03 0.024 0.025 0.027 0.027 0.027 0.031 0.025
420 0.03 0.024 0.025 0.027 0.027 0.027 0.031 0.025
430 0.03 0.025 0.025 0.027 0.027 0.027 0.031 0.025
440 0.03 0.025 0.025 0.027 0.027 0.027 0.031 0.025
450 0.029 0.024 0.025 0.026 0.026 0.026 0.03 0.025
460 0.029 0.024 0.025 0.026 0.026 0.026 0.03 0.025
470 0.029 0.024 0.025 0.026 0.026 0.026 0.03 0.025
480 0.029 0.024 0.025 0.026 0.026 0.026 0.03 0.024
490 0.029 0.024 0.025 0.026 0.026 0.026 0.03 0.025
500 0.029 0.024 0.025 0.026 0.026 0.026 0.03 0.024
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A9 A10 A11 A12 B1 B2 B3 B4 B5 B6
0.096 0.087 0.131 0.244 0.102 0.094 0.104 0.092 0.096 0.095
0.07 0.069 0.087 0.112 0.074 0.071 0.077 0.069 0.07 0.07
0.061 0.06 0.073 0.09 0.065 0.062 0.066 0.059 0.061 0.061
0.051 0.049 0.062 0.073 0.055 0.053 0.054 0.048 0.051 0.049
0.044 0.042 0.056 0.062 0.047 0.046 0.046 0.041 0.043 0.041
0.04 0.037 0.051 0.056 0.042 0.042 0.043 0.036 0.039 0.037
0.038 0.034 0.048 0.052 0.04 0.038 0.04 0.033 0.036 0.033
0.036 0.033 0.045 0.049 0.038 0.036 0.038 0.032 0.034 0.031
0.034 0.031 0.042 0.046 0.036 0.034 0.036 0.03 0.032 0.03
0.033 0.029 0.041 0.043 0.034 0.033 0.034 0.029 0.031 0.029
0.032 0.028 0.038 0.041 0.033 0.031 0.031 0.027 0.03 0.027
0.031 0.026 0.037 0.039 0.032 0.03 0.03 0.026 0.029 0.026
0.029 0.025 0.035 0.037 0.03 0.029 0.028 0.025 0.027 0.025
0.028 0.024 0.033 0.036 0.029 0.027 0.027 0.024 0.026 0.024
0.028 0.024 0.033 0.035 0.029 0.027 0.026 0.024 0.026 0.024
0.038 0.033 0.043 0.044 0.038 0.037 0.036 0.033 0.036 0.033
0.027 0.023 0.031 0.033 0.028 0.026 0.025 0.023 0.025 0.023
0.026 0.022 0.031 0.032 0.028 0.026 0.025 0.023 0.024 0.023
0.027 0.023 0.031 0.032 0.028 0.026 0.025 0.023 0.025 0.024
0.026 0.023 0.03 0.032 0.028 0.026 0.025 0.023 0.025 0.023
0.027 0.023 0.031 0.032 0.027 0.026 0.025 0.023 0.025 0.024
0.027 0.023 0.03 0.031 0.027 0.026 0.025 0.023 0.025 0.024
0.027 0.023 0.03 0.031 0.027 0.026 0.025 0.023 0.025 0.024
0.026 0.023 0.029 0.031 0.027 0.026 0.025 0.023 0.025 0.024
0.026 0.023 0.029 0.03 0.027 0.026 0.025 0.023 0.025 0.024
0.026 0.023 0.029 0.03 0.027 0.026 0.025 0.023 0.025 0.024
0.027 0.023 0.029 0.03 0.027 0.026 0.025 0.023 0.025 0.024
0.026 0.023 0.029 0.03 0.027 0.026 0.024 0.023 0.025 0.024



 400 

 
 

B7 B8 B9 B10 B11 B12 C1 C2 C3
0.096 0.095 0.106 0.108 0.096 0.097 0.095 0.099 0.098
0.071 0.069 0.078 0.071 0.071 0.076 0.074 0.071 0.073
0.062 0.06 0.068 0.06 0.062 0.068 0.066 0.062 0.065
0.052 0.051 0.057 0.05 0.052 0.058 0.056 0.052 0.056
0.044 0.044 0.049 0.042 0.045 0.051 0.049 0.044 0.05
0.04 0.039 0.046 0.037 0.041 0.046 0.046 0.039 0.045
0.04 0.036 0.043 0.034 0.039 0.042 0.042 0.036 0.04
0.038 0.034 0.041 0.033 0.037 0.039 0.04 0.034 0.037
0.036 0.032 0.039 0.031 0.035 0.037 0.038 0.033 0.035
0.034 0.03 0.037 0.03 0.034 0.035 0.036 0.031 0.034
0.032 0.029 0.034 0.028 0.032 0.033 0.035 0.03 0.032
0.031 0.028 0.032 0.027 0.031 0.032 0.034 0.029 0.031
0.03 0.027 0.03 0.025 0.03 0.031 0.032 0.028 0.03
0.028 0.025 0.029 0.024 0.029 0.03 0.031 0.027 0.029
0.028 0.026 0.029 0.024 0.029 0.03 0.031 0.026 0.029
0.038 0.034 0.038 0.033 0.038 0.039 0.04 0.035 0.038
0.027 0.024 0.027 0.023 0.028 0.029 0.03 0.025 0.028
0.026 0.024 0.027 0.023 0.027 0.028 0.029 0.025 0.028
0.027 0.024 0.027 0.023 0.028 0.029 0.029 0.025 0.028
0.026 0.024 0.027 0.023 0.027 0.029 0.029 0.025 0.028
0.026 0.024 0.027 0.023 0.027 0.028 0.029 0.025 0.028
0.026 0.024 0.027 0.024 0.027 0.028 0.029 0.025 0.028
0.026 0.024 0.027 0.023 0.027 0.028 0.028 0.025 0.028
0.026 0.024 0.027 0.023 0.027 0.028 0.028 0.025 0.027
0.026 0.024 0.026 0.023 0.027 0.028 0.028 0.025 0.028
0.026 0.025 0.026 0.023 0.026 0.028 0.028 0.025 0.028
0.026 0.024 0.027 0.023 0.026 0.028 0.028 0.025 0.027
0.026 0.025 0.026 0.023 0.026 0.028 0.028 0.025 0.028



 401 

 

C4 C5 C6 C7 C8 C9 C10 C11 C12
0.1 0.106 0.08 0.083 0.092 0.084 0.1 0.106 0.136
0.07 0.074 0.063 0.064 0.066 0.063 0.071 0.072 0.073
0.061 0.064 0.055 0.056 0.057 0.055 0.062 0.063 0.062
0.05 0.053 0.045 0.045 0.047 0.044 0.052 0.052 0.052
0.042 0.046 0.037 0.038 0.039 0.036 0.044 0.044 0.045
0.039 0.042 0.033 0.034 0.035 0.032 0.04 0.04 0.041
0.036 0.039 0.029 0.032 0.032 0.03 0.038 0.037 0.038
0.034 0.036 0.028 0.03 0.031 0.028 0.036 0.035 0.036
0.032 0.034 0.027 0.029 0.029 0.027 0.034 0.033 0.034
0.03 0.033 0.026 0.027 0.028 0.026 0.033 0.031 0.032
0.029 0.031 0.025 0.026 0.027 0.025 0.031 0.03 0.031
0.028 0.03 0.024 0.025 0.026 0.024 0.03 0.028 0.03
0.026 0.028 0.023 0.024 0.024 0.023 0.029 0.027 0.028
0.025 0.027 0.022 0.023 0.023 0.022 0.027 0.026 0.026
0.025 0.027 0.022 0.022 0.023 0.022 0.027 0.026 0.026
0.034 0.036 0.031 0.032 0.032 0.031 0.036 0.035 0.036
0.024 0.025 0.022 0.022 0.022 0.021 0.026 0.024 0.025
0.024 0.025 0.021 0.022 0.022 0.021 0.026 0.024 0.025
0.024 0.025 0.022 0.022 0.023 0.021 0.026 0.025 0.025
0.024 0.025 0.022 0.022 0.023 0.022 0.026 0.025 0.025
0.024 0.025 0.022 0.022 0.023 0.022 0.026 0.025 0.025
0.024 0.025 0.022 0.022 0.023 0.022 0.026 0.025 0.025
0.024 0.025 0.022 0.022 0.023 0.022 0.025 0.024 0.025
0.024 0.025 0.022 0.022 0.023 0.022 0.025 0.024 0.025
0.024 0.025 0.022 0.022 0.023 0.022 0.025 0.024 0.025
0.024 0.025 0.022 0.022 0.023 0.022 0.025 0.025 0.025
0.024 0.025 0.022 0.022 0.023 0.022 0.025 0.024 0.025
0.024 0.025 0.022 0.022 0.023 0.022 0.025 0.025 0.025



 402 

 

D1 D2 D3 D4 D5 D6 D7 D8 D9
0.118 0.1 0.125 0.097 0.096 0.12 0.093 0.105 0.122
0.086 0.072 0.083 0.072 0.068 0.081 0.067 0.075 0.085
0.076 0.063 0.073 0.063 0.059 0.07 0.059 0.066 0.075
0.066 0.053 0.065 0.053 0.049 0.058 0.049 0.057 0.067
0.058 0.047 0.059 0.045 0.041 0.048 0.043 0.05 0.062
0.053 0.044 0.053 0.039 0.037 0.044 0.039 0.046 0.056
0.048 0.04 0.043 0.035 0.034 0.039 0.036 0.045 0.046
0.044 0.039 0.037 0.033 0.032 0.038 0.033 0.042 0.04
0.041 0.036 0.032 0.032 0.03 0.035 0.031 0.039 0.035
0.04 0.033 0.03 0.03 0.029 0.035 0.029 0.036 0.033
0.038 0.03 0.029 0.029 0.028 0.033 0.028 0.033 0.031
0.036 0.029 0.027 0.027 0.027 0.033 0.027 0.032 0.03
0.034 0.027 0.026 0.026 0.025 0.031 0.026 0.031 0.029
0.031 0.026 0.025 0.025 0.024 0.029 0.024 0.03 0.028
0.032 0.026 0.025 0.025 0.024 0.029 0.024 0.029 0.028
0.042 0.035 0.034 0.034 0.034 0.04 0.033 0.038 0.037
0.03 0.025 0.024 0.024 0.023 0.028 0.023 0.028 0.026
0.031 0.025 0.024 0.024 0.023 0.029 0.023 0.028 0.026
0.031 0.025 0.024 0.024 0.024 0.029 0.023 0.028 0.026
0.03 0.025 0.024 0.024 0.023 0.028 0.023 0.028 0.026
0.03 0.025 0.024 0.024 0.024 0.03 0.024 0.028 0.026
0.03 0.025 0.024 0.024 0.024 0.03 0.023 0.028 0.026
0.03 0.025 0.024 0.024 0.024 0.029 0.023 0.028 0.026
0.03 0.025 0.024 0.024 0.024 0.03 0.023 0.028 0.026
0.03 0.025 0.024 0.024 0.024 0.029 0.024 0.028 0.026
0.03 0.025 0.024 0.024 0.024 0.029 0.023 0.028 0.026
0.03 0.025 0.024 0.024 0.024 0.03 0.023 0.027 0.026
0.029 0.025 0.024 0.024 0.024 0.029 0.023 0.028 0.026



 403 

 

D10 D11 D12 E1 E2 E3 E4 E5 E6
0.096 0.12 0.122 0.098 0.096 0.098 0.091 0.1 0.095
0.07 0.085 0.076 0.069 0.068 0.068 0.067 0.068 0.067
0.061 0.076 0.062 0.06 0.058 0.059 0.058 0.058 0.059
0.051 0.066 0.05 0.049 0.048 0.049 0.047 0.047 0.051
0.044 0.059 0.042 0.041 0.04 0.042 0.04 0.039 0.043
0.039 0.053 0.039 0.036 0.036 0.038 0.036 0.034 0.038
0.036 0.049 0.037 0.033 0.033 0.034 0.034 0.033 0.035
0.034 0.046 0.035 0.032 0.032 0.032 0.032 0.032 0.033
0.033 0.043 0.033 0.03 0.03 0.031 0.031 0.03 0.031
0.031 0.041 0.031 0.029 0.029 0.029 0.03 0.029 0.03
0.029 0.04 0.03 0.027 0.028 0.028 0.028 0.027 0.028
0.028 0.038 0.029 0.026 0.027 0.027 0.027 0.026 0.027
0.027 0.037 0.027 0.025 0.026 0.026 0.026 0.024 0.026
0.026 0.035 0.026 0.024 0.024 0.024 0.025 0.023 0.025
0.026 0.035 0.026 0.024 0.025 0.025 0.025 0.023 0.025
0.035 0.044 0.035 0.033 0.034 0.034 0.034 0.032 0.034
0.024 0.033 0.024 0.023 0.024 0.024 0.024 0.022 0.024
0.024 0.033 0.024 0.023 0.024 0.023 0.024 0.022 0.024
0.025 0.033 0.024 0.023 0.024 0.024 0.024 0.022 0.024
0.025 0.033 0.024 0.023 0.024 0.024 0.024 0.022 0.024
0.025 0.032 0.024 0.023 0.024 0.024 0.024 0.022 0.024
0.025 0.032 0.024 0.024 0.024 0.024 0.024 0.022 0.024
0.025 0.032 0.024 0.023 0.024 0.024 0.024 0.022 0.024
0.025 0.031 0.024 0.023 0.024 0.024 0.024 0.022 0.024
0.025 0.031 0.024 0.024 0.024 0.024 0.024 0.022 0.024
0.025 0.031 0.024 0.023 0.024 0.024 0.024 0.022 0.024
0.025 0.031 0.024 0.023 0.024 0.024 0.024 0.022 0.024
0.025 0.03 0.024 0.024 0.024 0.024 0.024 0.022 0.024



 404 

 
 

E7 E8 E9 E10 E11 E12 F1 F2 F3
0.098 0.09 0.097 0.101 0.101 0.094 0.107 0.099 0.118
0.069 0.066 0.067 0.072 0.07 0.067 0.081 0.068 0.077
0.059 0.058 0.058 0.064 0.061 0.06 0.074 0.059 0.068
0.049 0.048 0.048 0.054 0.051 0.05 0.064 0.049 0.059
0.041 0.04 0.04 0.046 0.043 0.042 0.058 0.041 0.051
0.037 0.036 0.036 0.042 0.039 0.037 0.055 0.037 0.044
0.033 0.033 0.033 0.037 0.036 0.034 0.047 0.034 0.04
0.032 0.032 0.031 0.035 0.034 0.032 0.046 0.033 0.038
0.03 0.03 0.03 0.033 0.033 0.03 0.046 0.032 0.034
0.029 0.029 0.029 0.032 0.032 0.029 0.046 0.031 0.033
0.028 0.028 0.027 0.031 0.03 0.027 0.045 0.03 0.031
0.026 0.026 0.026 0.03 0.029 0.026 0.044 0.029 0.03
0.025 0.025 0.025 0.029 0.028 0.025 0.043 0.028 0.028
0.024 0.024 0.024 0.028 0.027 0.024 0.042 0.026 0.026
0.024 0.024 0.024 0.028 0.026 0.024 0.042 0.026 0.026
0.033 0.033 0.033 0.037 0.036 0.033 0.052 0.036 0.035
0.023 0.023 0.023 0.027 0.025 0.023 0.041 0.026 0.025
0.023 0.023 0.023 0.027 0.025 0.023 0.04 0.026 0.024
0.024 0.024 0.023 0.027 0.026 0.023 0.04 0.026 0.024
0.023 0.024 0.023 0.027 0.025 0.023 0.04 0.026 0.024
0.024 0.024 0.023 0.027 0.026 0.023 0.04 0.026 0.024
0.024 0.024 0.023 0.027 0.025 0.023 0.04 0.026 0.024
0.024 0.024 0.023 0.028 0.025 0.023 0.039 0.026 0.024
0.023 0.024 0.023 0.027 0.025 0.023 0.039 0.026 0.024
0.024 0.024 0.023 0.027 0.025 0.023 0.039 0.026 0.024
0.024 0.024 0.023 0.028 0.025 0.023 0.038 0.026 0.024
0.024 0.024 0.023 0.027 0.025 0.023 0.039 0.026 0.024
0.024 0.024 0.023 0.027 0.025 0.023 0.038 0.026 0.024



 405 

 

F4 F5 F6 F7 F8 F9 F10 F11 F12
0.123 0.094 0.091 0.094 0.099 0.11 0.126 0.096 0.093
0.069 0.068 0.065 0.068 0.069 0.076 0.071 0.068 0.066
0.06 0.059 0.056 0.06 0.059 0.068 0.062 0.06 0.057
0.052 0.049 0.046 0.05 0.048 0.059 0.055 0.05 0.046
0.048 0.04 0.038 0.043 0.04 0.051 0.05 0.041 0.039
0.044 0.035 0.034 0.038 0.035 0.044 0.047 0.037 0.035
0.034 0.033 0.031 0.035 0.03 0.039 0.036 0.034 0.035
0.031 0.031 0.03 0.033 0.029 0.037 0.034 0.032 0.033
0.03 0.03 0.028 0.031 0.027 0.034 0.032 0.03 0.032
0.028 0.028 0.028 0.03 0.026 0.032 0.031 0.029 0.032
0.027 0.027 0.026 0.029 0.025 0.03 0.029 0.028 0.029
0.026 0.026 0.025 0.027 0.024 0.029 0.028 0.026 0.029
0.025 0.024 0.024 0.026 0.023 0.027 0.027 0.025 0.026
0.024 0.023 0.023 0.025 0.022 0.026 0.026 0.024 0.023
0.024 0.023 0.023 0.025 0.022 0.026 0.026 0.024 0.024
0.033 0.032 0.032 0.034 0.031 0.034 0.035 0.033 0.033
0.023 0.022 0.022 0.024 0.021 0.024 0.025 0.023 0.023
0.023 0.022 0.022 0.024 0.021 0.024 0.025 0.023 0.023
0.023 0.023 0.022 0.024 0.021 0.024 0.025 0.023 0.022
0.023 0.022 0.022 0.024 0.021 0.024 0.025 0.023 0.022
0.023 0.022 0.022 0.024 0.022 0.024 0.025 0.023 0.023
0.023 0.023 0.022 0.024 0.022 0.024 0.025 0.023 0.023
0.023 0.023 0.022 0.024 0.022 0.024 0.025 0.023 0.023
0.023 0.023 0.022 0.024 0.022 0.024 0.025 0.024 0.023
0.023 0.023 0.022 0.024 0.022 0.024 0.025 0.024 0.023
0.023 0.022 0.022 0.024 0.022 0.024 0.025 0.024 0.023
0.023 0.023 0.022 0.024 0.022 0.024 0.025 0.024 0.023
0.023 0.023 0.022 0.024 0.022 0.024 0.025 0.024 0.023



 406 

 

G1 G2 G3 G4 G5 G6 G7 G8 G9
0.101 0.152 0.118 0.131 0.13 0.105 0.092 0.112 0.101
0.073 0.107 0.07 0.085 0.086 0.069 0.064 0.07 0.067
0.064 0.094 0.059 0.069 0.074 0.06 0.056 0.06 0.057
0.054 0.082 0.049 0.056 0.065 0.05 0.045 0.05 0.046
0.048 0.076 0.041 0.044 0.055 0.043 0.038 0.042 0.038
0.044 0.076 0.036 0.04 0.047 0.039 0.033 0.038 0.034
0.04 0.068 0.034 0.036 0.04 0.036 0.03 0.034 0.032
0.038 0.066 0.032 0.032 0.036 0.034 0.029 0.032 0.03
0.036 0.064 0.03 0.03 0.033 0.032 0.028 0.031 0.029
0.035 0.066 0.029 0.028 0.032 0.031 0.027 0.029 0.028
0.033 0.061 0.027 0.027 0.03 0.029 0.026 0.028 0.026
0.032 0.06 0.026 0.026 0.029 0.028 0.024 0.027 0.025
0.031 0.055 0.025 0.025 0.028 0.027 0.023 0.026 0.024
0.03 0.05 0.024 0.024 0.027 0.026 0.022 0.024 0.023
0.03 0.049 0.024 0.023 0.027 0.026 0.022 0.024 0.023
0.039 0.059 0.032 0.033 0.036 0.035 0.031 0.033 0.032
0.029 0.046 0.022 0.023 0.026 0.025 0.021 0.023 0.022
0.029 0.045 0.022 0.023 0.025 0.024 0.021 0.023 0.022
0.029 0.043 0.023 0.023 0.026 0.025 0.022 0.023 0.022
0.028 0.042 0.023 0.023 0.025 0.025 0.022 0.023 0.022
0.028 0.042 0.023 0.023 0.026 0.025 0.022 0.023 0.022
0.028 0.041 0.023 0.023 0.026 0.024 0.022 0.023 0.022
0.028 0.04 0.023 0.023 0.025 0.025 0.022 0.023 0.022
0.028 0.039 0.023 0.023 0.025 0.025 0.022 0.023 0.022
0.028 0.038 0.023 0.023 0.025 0.024 0.022 0.024 0.023
0.028 0.037 0.023 0.023 0.025 0.024 0.022 0.023 0.023
0.028 0.038 0.023 0.023 0.025 0.025 0.022 0.023 0.023
0.028 0.036 0.023 0.023 0.025 0.025 0.022 0.024 0.023



 407 

 
 

G10 G11 G12 H1 H2 H3 H4 H5 H6
0.098 0.121 0.097 0.098 0.093 0.248 0.367 0.138 0.098
0.073 0.083 0.067 0.069 0.066 0.188 0.226 0.093 0.066
0.06 0.071 0.058 0.06 0.057 0.218 0.178 0.082 0.057
0.049 0.061 0.048 0.05 0.046 0.302 0.215 0.084 0.047
0.038 0.052 0.041 0.042 0.039 0.384 0.262 0.091 0.04
0.033 0.045 0.037 0.038 0.034 0.408 0.267 0.081 0.035
0.03 0.038 0.035 0.035 0.031 0.356 0.211 0.054 0.032
0.028 0.034 0.033 0.033 0.03 0.269 0.133 0.046 0.03
0.027 0.032 0.031 0.031 0.028 0.18 0.074 0.047 0.029
0.026 0.031 0.03 0.03 0.027 0.109 0.047 0.04 0.027
0.025 0.029 0.028 0.028 0.026 0.07 0.038 0.032 0.026
0.024 0.028 0.027 0.027 0.025 0.052 0.034 0.026 0.025
0.023 0.027 0.026 0.026 0.023 0.042 0.033 0.025 0.024
0.021 0.026 0.025 0.025 0.022 0.036 0.031 0.023 0.022
0.022 0.026 0.025 0.025 0.022 0.031 0.031 0.023 0.022
0.031 0.035 0.034 0.034 0.031 0.038 0.04 0.032 0.031
0.021 0.025 0.024 0.023 0.021 0.026 0.03 0.022 0.021
0.021 0.025 0.024 0.023 0.021 0.025 0.029 0.022 0.021
0.021 0.025 0.024 0.024 0.022 0.025 0.029 0.022 0.022
0.021 0.025 0.024 0.023 0.022 0.025 0.029 0.022 0.022
0.022 0.025 0.024 0.024 0.022 0.025 0.029 0.022 0.022
0.022 0.025 0.024 0.024 0.022 0.025 0.029 0.023 0.022
0.022 0.025 0.024 0.024 0.022 0.025 0.029 0.023 0.022
0.022 0.025 0.024 0.024 0.022 0.024 0.028 0.022 0.022
0.022 0.025 0.024 0.024 0.022 0.025 0.028 0.022 0.022
0.022 0.025 0.024 0.024 0.022 0.024 0.028 0.023 0.022
0.022 0.025 0.024 0.024 0.022 0.024 0.028 0.022 0.022
0.022 0.025 0.024 0.023 0.022 0.024 0.028 0.022 0.022



 408 

 
  

H7 H8 H9 H10 H11 H12
0.092 0.204 0.43 0.138 0.073 0.073
0.065 0.157 0.258 0.091 0.063 0.063
0.056 0.178 0.2 0.08 0.054 0.055
0.046 0.24 0.25 0.084 0.044 0.044
0.038 0.302 0.312 0.093 0.036 0.037
0.033 0.319 0.318 0.082 0.032 0.033
0.031 0.28 0.249 0.051 0.028 0.029
0.029 0.213 0.15 0.042 0.027 0.028
0.028 0.146 0.074 0.044 0.026 0.027
0.027 0.09 0.04 0.038 0.025 0.026
0.026 0.059 0.029 0.029 0.024 0.025
0.024 0.044 0.025 0.024 0.023 0.024
0.023 0.037 0.023 0.022 0.022 0.022
0.022 0.031 0.022 0.021 0.021 0.021
0.022 0.028 0.022 0.021 0.021 0.021
0.031 0.035 0.031 0.03 0.03 0.031
0.021 0.023 0.021 0.02 0.02 0.021
0.021 0.023 0.021 0.02 0.02 0.021
0.022 0.023 0.022 0.021 0.021 0.022
0.022 0.023 0.022 0.021 0.021 0.022
0.022 0.023 0.022 0.021 0.021 0.022
0.022 0.023 0.022 0.021 0.021 0.022
0.022 0.023 0.022 0.021 0.021 0.022
0.022 0.023 0.022 0.021 0.021 0.022
0.022 0.023 0.022 0.021 0.021 0.022
0.022 0.023 0.022 0.021 0.022 0.022
0.022 0.023 0.022 0.021 0.021 0.022
0.022 0.023 0.022 0.021 0.022 0.022



 409 

Raw Equilibrium Solutions for 2nd PAMPA Assay 

 
  

Wavelength A1 A2 A3 A4 A5 A6
230 1.501 1.376 1.55 1.014 1.327 !"#$
240 0.389 0.346 0.418 0.21 0.202 0.745
250 0.323 0.298 0.31 0.163 0.143 0.447
260 0.353 0.341 0.248 0.161 0.127 0.431
270 0.404 0.396 0.209 0.173 0.117 0.451
280 0.432 0.411 0.173 0.181 0.125 0.451
290 0.403 0.392 0.126 0.166 0.134 0.391
300 0.346 0.327 0.095 0.142 0.131 0.291
310 0.292 0.26 0.071 0.121 0.11 0.208
320 0.226 0.195 0.058 0.098 0.082 0.162
330 0.158 0.138 0.052 0.075 0.058 0.142
340 0.111 0.101 0.052 0.06 0.048 0.13
350 0.086 0.081 0.052 0.051 0.044 0.12
360 0.072 0.066 0.051 0.045 0.041 0.11
370 0.063 0.057 0.047 0.042 0.04 0.102
380 0.066 0.06 0.052 0.05 0.048 0.104
390 0.051 0.046 0.038 0.038 0.037 0.089
400 0.048 0.044 0.037 0.036 0.036 0.086
410 0.046 0.042 0.035 0.035 0.035 0.083
420 0.044 0.041 0.034 0.034 0.034 0.081
430 0.042 0.04 0.034 0.034 0.034 0.079
440 0.041 0.039 0.033 0.033 0.033 0.077
450 0.039 0.038 0.033 0.032 0.033 0.075
460 0.038 0.037 0.032 0.032 0.032 0.074
470 0.037 0.036 0.032 0.031 0.032 0.072
480 0.036 0.036 0.032 0.031 0.032 0.072
490 0.035 0.035 0.031 0.031 0.031 0.07
500 0.035 0.035 0.031 0.03 0.031 0.07
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B1 B2 B3 B4 B5 B6
1.505 1.566 1.834 1.451 1.201 1.84
0.292 0.361 0.496 0.332 0.138 0.186
0.22 0.263 0.394 0.271 0.089 0.106
0.204 0.217 0.393 0.265 0.088 0.083
0.225 0.194 0.425 0.235 0.096 0.071
0.289 0.164 0.429 0.171 0.099 0.063
0.326 0.119 0.367 0.125 0.09 0.056
0.277 0.085 0.311 0.105 0.075 0.052
0.191 0.064 0.262 0.087 0.057 0.048
0.112 0.054 0.21 0.065 0.042 0.046
0.061 0.052 0.151 0.056 0.036 0.044
0.045 0.053 0.106 0.052 0.032 0.041
0.042 0.054 0.086 0.049 0.03 0.039
0.04 0.05 0.075 0.046 0.029 0.037
0.04 0.043 0.07 0.045 0.029 0.037
0.048 0.047 0.076 0.052 0.038 0.046
0.036 0.033 0.061 0.04 0.028 0.035
0.035 0.032 0.054 0.039 0.027 0.035
0.034 0.031 0.048 0.038 0.027 0.034
0.034 0.03 0.045 0.037 0.027 0.033
0.033 0.03 0.043 0.037 0.027 0.033
0.033 0.03 0.04 0.036 0.026 0.032
0.032 0.029 0.039 0.035 0.026 0.032
0.032 0.029 0.038 0.034 0.026 0.032
0.032 0.028 0.036 0.034 0.026 0.031
0.032 0.028 0.035 0.033 0.026 0.031
0.031 0.028 0.035 0.033 0.026 0.031
0.031 0.028 0.034 0.032 0.026 0.03
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C1 C2 C3 C4 C5 C6
0.952 1.425 1.495 1.61 1.829 3.523
0.2 0.262 0.359 0.325 0.382 0.558

0.152 0.211 0.302 0.26 0.3 0.448
0.15 0.2 0.315 0.325 0.356 0.52
0.155 0.211 0.328 0.407 0.443 0.461
0.153 0.256 0.314 0.439 0.513 0.33
0.134 0.282 0.258 0.403 0.52 0.202
0.104 0.242 0.181 0.348 0.456 0.136
0.079 0.171 0.115 0.264 0.324 0.107
0.065 0.105 0.08 0.177 0.192 0.076
0.059 0.062 0.066 0.116 0.114 0.064
0.054 0.047 0.059 0.087 0.076 0.06
0.05 0.041 0.056 0.072 0.06 0.058
0.046 0.037 0.052 0.063 0.052 0.055
0.044 0.035 0.049 0.062 0.05 0.054
0.052 0.043 0.055 0.07 0.057 0.062
0.04 0.031 0.042 0.057 0.045 0.051
0.039 0.031 0.039 0.054 0.043 0.05
0.038 0.03 0.038 0.05 0.042 0.049
0.037 0.029 0.036 0.048 0.039 0.048
0.037 0.03 0.035 0.048 0.039 0.048
0.036 0.029 0.034 0.046 0.038 0.047
0.035 0.028 0.033 0.045 0.036 0.046
0.035 0.028 0.033 0.045 0.036 0.046
0.034 0.028 0.032 0.044 0.036 0.045
0.034 0.028 0.032 0.043 0.035 0.045
0.033 0.028 0.031 0.044 0.035 0.044
0.033 0.028 0.031 0.042 0.034 0.044
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D1 D2 D3 D4 D5 D6
1.439 1.442 1.041 1.294 1.554 1.607
0.274 0.264 0.177 0.224 0.214 0.327
0.223 0.205 0.133 0.184 0.153 0.255
0.233 0.198 0.127 0.232 0.145 0.263
0.235 0.213 0.126 0.284 0.128 0.276
0.214 0.247 0.111 0.252 0.093 0.263
0.171 0.256 0.082 0.196 0.064 0.209
0.126 0.213 0.059 0.17 0.052 0.114
0.096 0.157 0.044 0.125 0.046 0.087
0.083 0.107 0.038 0.082 0.043 0.076
0.076 0.074 0.035 0.057 0.041 0.069
0.069 0.061 0.033 0.046 0.04 0.065
0.061 0.054 0.032 0.042 0.039 0.062
0.053 0.046 0.031 0.038 0.034 0.059
0.049 0.041 0.031 0.038 0.03 0.056
0.055 0.047 0.04 0.047 0.036 0.062
0.042 0.035 0.029 0.036 0.024 0.047
0.041 0.034 0.03 0.035 0.024 0.044
0.039 0.033 0.03 0.034 0.024 0.043
0.037 0.031 0.029 0.034 0.023 0.041
0.036 0.03 0.029 0.033 0.023 0.04
0.035 0.029 0.029 0.033 0.023 0.039
0.034 0.028 0.028 0.032 0.023 0.038
0.033 0.028 0.028 0.032 0.023 0.037
0.032 0.028 0.028 0.031 0.023 0.036
0.032 0.027 0.028 0.031 0.023 0.036
0.031 0.027 0.028 0.031 0.023 0.035
0.031 0.027 0.028 0.03 0.023 0.035
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E1 E2 E3 E4 E5 E6
1.396 1.4 1.857 1.412 1.853 1.634
0.25 0.19 0.371 0.253 0.336 0.31
0.184 0.127 0.293 0.193 0.27 0.212
0.175 0.097 0.329 0.171 0.321 0.192
0.172 0.071 0.38 0.135 0.356 0.196
0.165 0.052 0.406 0.1 0.325 0.178
0.155 0.043 0.372 0.074 0.229 0.13
0.137 0.039 0.253 0.059 0.081 0.093
0.126 0.036 0.185 0.05 0.05 0.061
0.115 0.035 0.116 0.047 0.046 0.044
0.101 0.034 0.07 0.045 0.042 0.037
0.086 0.033 0.054 0.043 0.038 0.034
0.073 0.031 0.049 0.039 0.035 0.032
0.063 0.028 0.043 0.035 0.032 0.03
0.057 0.028 0.04 0.034 0.032 0.029
0.062 0.036 0.046 0.043 0.04 0.038
0.049 0.026 0.034 0.032 0.029 0.027
0.047 0.026 0.032 0.032 0.028 0.026
0.045 0.026 0.031 0.031 0.027 0.026
0.043 0.025 0.03 0.03 0.026 0.026
0.042 0.025 0.03 0.03 0.026 0.026
0.041 0.025 0.029 0.03 0.026 0.026
0.04 0.025 0.029 0.03 0.026 0.025
0.039 0.025 0.028 0.029 0.025 0.025
0.038 0.024 0.028 0.029 0.025 0.025
0.037 0.024 0.028 0.029 0.025 0.025
0.037 0.024 0.027 0.029 0.025 0.025
0.036 0.024 0.027 0.029 0.025 0.025
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F1 F2 F3 F4 F5 F6
1.299 1.437 1.789 1.65 1.3 1.525
0.401 0.284 0.502 0.147 0.166 0.363
0.35 0.195 0.405 0.083 0.113 0.298
0.312 0.171 0.408 0.087 0.097 0.298
0.286 0.164 0.395 0.107 0.082 0.306
0.259 0.168 0.355 0.106 0.069 0.307
0.221 0.17 0.307 0.044 0.062 0.348
0.173 0.149 0.242 0.033 0.049 0.305
0.117 0.11 0.19 0.031 0.042 0.254
0.076 0.074 0.152 0.029 0.039 0.205
0.058 0.055 0.12 0.028 0.038 0.186
0.051 0.048 0.098 0.027 0.037 0.169
0.047 0.045 0.081 0.026 0.037 0.164
0.044 0.042 0.071 0.024 0.035 0.158
0.041 0.041 0.066 0.024 0.034 0.151
0.047 0.049 0.071 0.034 0.041 0.15
0.035 0.037 0.056 0.024 0.029 0.139
0.034 0.036 0.052 0.024 0.028 0.135
0.033 0.035 0.048 0.024 0.027 0.132
0.032 0.034 0.044 0.023 0.026 0.129
0.032 0.034 0.042 0.024 0.026 0.122
0.031 0.033 0.039 0.024 0.026 0.119
0.031 0.032 0.037 0.024 0.026 0.117
0.03 0.032 0.036 0.023 0.026 0.114
0.03 0.032 0.034 0.023 0.025 0.112
0.03 0.031 0.033 0.023 0.025 0.11
0.03 0.031 0.033 0.023 0.025 0.104
0.03 0.031 0.032 0.023 0.025 0.107
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G1 G2 G3 G4 G5 G6
1.289 1.443 1.28 1.664 1.302 1.523
0.218 0.186 0.28 0.419 0.242 0.18
0.18 0.122 0.193 0.343 0.186 0.109
0.188 0.104 0.149 0.337 0.178 0.108
0.178 0.094 0.129 0.329 0.166 0.118
0.136 0.084 0.1 0.316 0.13 0.103
0.08 0.073 0.079 0.286 0.083 0.065
0.054 0.06 0.073 0.254 0.054 0.054
0.044 0.053 0.07 0.21 0.044 0.046
0.041 0.049 0.066 0.146 0.04 0.041
0.039 0.045 0.064 0.125 0.04 0.037
0.038 0.042 0.061 0.11 0.04 0.036
0.038 0.04 0.06 0.109 0.041 0.035
0.037 0.038 0.058 0.11 0.04 0.034
0.036 0.037 0.057 0.104 0.039 0.034
0.043 0.046 0.065 0.105 0.045 0.043
0.032 0.035 0.055 0.096 0.032 0.032
0.032 0.034 0.054 0.092 0.031 0.033
0.032 0.034 0.053 0.091 0.03 0.033
0.031 0.033 0.052 0.09 0.03 0.033
0.031 0.033 0.052 0.086 0.03 0.033
0.03 0.032 0.051 0.085 0.029 0.032
0.03 0.031 0.05 0.083 0.029 0.032
0.03 0.031 0.05 0.081 0.028 0.032
0.03 0.03 0.049 0.079 0.028 0.032
0.03 0.03 0.048 0.078 0.028 0.032
0.03 0.03 0.048 0.075 0.028 0.032
0.029 0.03 0.047 0.075 0.028 0.032
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DMSO-blank
H1 H2 H3 H4 H5 H6

1.626 1.831 1.644 2.043 2.018 1.565
0.494 0.683 0.302 0.508 0.371 0.128
0.587 0.538 0.296 0.35 0.346 0.061
0.599 0.434 0.409 0.451 0.575 0.044
0.466 0.35 0.524 0.586 0.788 0.035
0.267 0.273 0.561 0.61 0.665 0.03
0.111 0.193 0.49 0.475 0.234 0.028
0.071 0.14 0.367 0.279 0.078 0.027
0.059 0.1 0.244 0.126 0.071 0.026
0.053 0.079 0.144 0.057 0.058 0.025
0.049 0.071 0.087 0.036 0.041 0.024
0.046 0.065 0.061 0.029 0.031 0.022
0.044 0.06 0.048 0.027 0.028 0.022
0.04 0.054 0.039 0.026 0.026 0.02
0.038 0.048 0.033 0.026 0.026 0.02
0.046 0.053 0.038 0.035 0.034 0.03
0.034 0.04 0.026 0.024 0.025 0.02
0.032 0.038 0.025 0.024 0.024 0.02
0.031 0.037 0.024 0.025 0.024 0.02
0.03 0.036 0.024 0.024 0.024 0.02
0.03 0.035 0.024 0.025 0.024 0.02
0.03 0.034 0.024 0.025 0.024 0.02
0.03 0.034 0.024 0.024 0.024 0.021
0.029 0.033 0.024 0.024 0.024 0.021
0.029 0.032 0.024 0.024 0.024 0.021
0.029 0.032 0.024 0.024 0.024 0.02
0.029 0.032 0.024 0.024 0.023 0.021
0.028 0.031 0.024 0.024 0.024 0.021
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Crystallographic Data  
 
 

The diffraction data were measured 100K (2) on a Bruker Smart Apex2 CCD-based X-ray 

diffractometer system equipped with a Mo-Kα radiation (λ = 0.71073 Å). The frames were 

integrated with the Bruker Saint software package using a narrow-frame integration algorithm. 

The structure was solved and refined using the Bruker SHELXTL Software Package. All atoms 

were refined anisotropically, and hydrogen atoms were removed for clarity.  

Deposition Number 1946197 contains the supplementary crystallographic data for this 

paper. These data are provided free of charge by the joint Cambridge Crystallographic Data Centre 

and Fachinformationszentrum Karlsruhe Access Structures service 

www.ccdc.cam.ac.uk/structures.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.7.23 Crystal structure of polycycle 9. Structure was solved in space group P2 with 
ORTEP showing 50% probability. Both residual DMSO and water molecules can be observed 
within the unit cell. Water atoms can be seen localized between the two asymmetric units of the 
unit cell and may be providing additional stabilization effects through hydrogen bonding.  
  

Figure S1. Crystal structure of polycycle 9. Structure was solved in space group P2(1) with ORtEP showing 
50% probability. Both residual DMSO and water molecules can be observed within the unit cell. Water atoms 
can be seen localized between the two asymmetric units of the unit cell and may be providing additional 
stabilization effects through hydrogen bonding.  
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NMR Spectra 
 
Spectrum 4.7.1 1H-NMR of compound S8 (DMSO-d6, 500 MHz) 

 

 
 

 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
Spectrum 4.7.2 13C-NMR of compound S8 (DMSO-d6, 126 MHz) 
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Spectrum 4.7.3 1H-NMR of compound S9 (DMSO-d6, 500 MHz) 

  
Spectrum 4.7.4 13C-NMR of compound S9 (DMSO-d6, 126 MHz) 
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Spectrum 4.7.5 1H-NMR of compound 29 (DMSO-d6, 500 MHz)     

  
Spectrum 4.7.6 13C-NMR of compound 29 (DMSO-d6, 126 MHz) 
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Spectrum 4.7.7 1H-NMR of compound S11 (CDCl3, 300 MHz) 

 

Spectrum 4.7.8 13C-NMR of compound S11 (CDCl3, 126 MHz) 
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Spectrum 4.7.9 1H-NMR of compound S12 (CDCl3, 500 MHz) 

 
 

Spectrum 4.7.10 13C-NMR of compound S12 (CDCl3, 126 MHz)  
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Spectrum 4.7.11 1H-NMR of compound S13 (CDCl3, 500 MHz)  

 
 
Spectrum 4.7.12 13C-NMR of compound S13 (CDCl3, 126 MHz) 
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Spectrum 4.7.13 1H-NMR of compound 33 (CDCl3, 500 MHz) 
 

 
 
Spectrum 4.7.14 13C-NMR of compound 33 (CDCl3, 126 MHz) 
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Spectrum 4.7.15 1H-NMR of compound 38 (DMSO-d6, 600 MHz) 
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Spectrum 4.7.16 13C-NMR of compound 38 (DMSO-d6, 151 MHz)  
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Spectrum 4.7.17 1H-NMR of Polycycle 9 (DMSO-d6, 500 MHz) 

 
 
Spectrum 4.7.18 13C-NMR of Polycycle 9 (DMSO-d6, 126 MHz) 
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Spectrum 4.7.19 19F-NMR of Polycycle 9 (DMSO-d6, 282 MHz) 
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Spectrum 4.7.20 HMBC spectrum of Polycycle 9 (DMSO-d6) 
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Spectrum 4.7.21 HSQC spectrum of Polycycle 9 (DMSO-d6) 
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Table 4.7.11 Signal Assignment for Polycycle 9 (DMSO-d6) 
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Spectrum 4.7.22 1H-NMR of Polycycle 10 (DMSO-d6, 500 MHz) 
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Spectrum 4.7.23 13C-NMR of Polycycle 10 (DMSO-d6, 126 MHz) 
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Spectrum 4.7.24 19F-NMR of Polycycle 10 (DMSO-d6, 282 MHz)  
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Spectrum 4.7.25 HMBC spectrum of Polycycle 10 (DMSO-d6) 
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Spectrum 4.7.26 HSQC spectrum of Polycycle 10 (DMSO-d6) 
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Table 4.7.12 Signal Assignment for Polycycle 10 (DMSO-d6, 298K) 

 

13C 1H Key Correlation
1 22.5 1.77 (s, 3H) 1 -> 2 HMBC
2 168.9 - 1 -> 2 HMBC
3 - 7.63 (d, J = 8.1 Hz, 1H) 3 -> 2, 4 HMBC
4 51.1 4.68 - 4.62 (m, 1H) 3 -> 4 HMBC
5 29.8 3.16 - 3.05 (m, 2H); 2.94 - 2.81 (m, 3H) 4 -> 5 HMBC
6 139.0 - 4, 5 -> 6 HMBC
7 114.5 7.38 (s, 1H) 8 -> 7 HMBC
8 135.6 8.07 - 8.01 (m, 2H) 8 -> 7 HMBC
9 170.0 - 4 -> 9 HMBC
10 - 8.41 (d, J = 8.7 Hz, 1H) 10 -> 9 HMBC
11 55.1 4.43 - 4.36 (m, 1H) 10 -> 11 HMBC
12 37.8 3.03 - 2.94 (m, 2H); 2.90 - 2.81 (m, 3H) 11 -> 12 HMBC
13 137.5 - 12 -> 13 HMBC
14 129.0 7.28 - 7.17 (m, 6H) 12 -> 14 HMBC
15 128.2 7.28 - 7.17 (m, 6H) 14 -> 15 HMBC
16 126.4 7.28 - 7.17 (m, 6H) 15 -> 16 HMBC
17 170.1 - 11, 19 -> 17 HMBC
18 - 7.28 - 7.17 (m, 6H) -
19 53.8 4.62 - 4.56 (m, 2H) 20 -> 19 HMBC
20 61.3 3.57 - 3.39 (m, 3H) 19 -> 20 HMBC
21 - - -
22 170.3 - 19, 23 -> 22 HMBC
23 - 8.07 - 8.01 (m, 2H) 23 -> 24 COSY
24 51.6 4.75 - 4.70 (m, 1H) 23 -> 24 COSY
25 38.6 3.80 - 3.73 (m, 1H); 3.16 - 3.05 (m, 2H) 24 -> 25 HMBC
26 167.9 - 27 -> 26 HMBC
27 - 9.10 (d, J = 7.7, 1H) 27 -> 28 HMBC
28 48.5 4.52 (quint, J = 7.2, 1H) 29 -> 28 HMBC
29 16.0 1.31 (d, J = 7.3 Hz, 3H) 28 -> 29 HMBC
30 170.6 - 31 -> 30 HMBC
31 - 7.54 (d, J = 7.65 Hz, 1H) 32 -> 32, 35 HMBC
32 47.1 4.62 - 4.56 (m, 2H) HMBC 34 -> 32 HMBC
33 167.5 - 34 -> 35 HMBC
34 - 8.84 (s, 1H) 34 -> 36 HMBC
35 30.8 3.47 - 3.41 (m, 1H)  3.03 - 2.94 (m, 2H) 35 -> 36 HMBC
36 70.4 - 69.7 (m, 1C) - 35 -> 36 HMBC
37 117.6 - 115.8 (m, 2C) -
38 117.6 - 115.8 (m, 2C) -
39 141.3 - 140.9 (m, 1C) -
40 132.8 - 132.6 (m, 1C) -



 438 

Spectrum 4.7.27 1H-NMR of Polycycle 11 (DMSO-d6, 500 MHz) 
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Spectrum 4.7.28 13C-NMR of Polycycle 11 (DMSO-d6, 126 MHz) 
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Spectrum 4.7.29 19F-NMR of Polycycle 11 (DMSO-d6, 282 MHz) 
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Spectrum 4.7.30 HMBC spectrum of polycycle 11 (DMSO-d6) 
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Spectrum 4.7.31 HSQC spectrum of polycycle 11 (DMSO-d6) 
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Spectrum 4.7.32 COSY spectrum of polycycle 11 (DMSO-d6) 
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Table 4.7.13 Signal Assignment for Polycycle 11 (DMSO-d6, 298K) 

 

13C 1H Key Correlation
1 22.5 1.77 (s, 3H) 1 -> 2 HMBC
2 168.9 - 1 -> 2 HMBC
3 - 7.63 (d, J = 8.1 Hz, 1H) 3 -> 2, 4 HMBC
4 51.1 4.68 - 4.62 (m, 1H) 3 -> 4 HMBC
5 29.8 3.16 - 3.05 (m, 2H); 2.94 - 2.81 (m, 3H) 4 -> 5 HMBC
6 139.0 - 4, 5 -> 6 HMBC
7 114.5 7.38 (s, 1H) 8 -> 7 HMBC
8 135.6 8.07 - 8.01 (m, 2H) 8 -> 7 HMBC
9 170.0 - 4 -> 9 HMBC
10 - 8.41 (d, J = 8.7 Hz, 1H) 10 -> 9 HMBC
11 55.1 4.43 - 4.36 (m, 1H) 10 -> 11 HMBC
12 37.8 3.03 - 2.94 (m, 2H); 2.90 - 2.81 (m, 3H) 11 -> 12 HMBC
13 137.5 - 12 -> 13 HMBC
14 129.0 7.28 - 7.17 (m, 6H) 12 -> 14 HMBC
15 128.2 7.28 - 7.17 (m, 6H) 14 -> 15 HMBC
16 126.4 7.28 - 7.17 (m, 6H) 15 -> 16 HMBC
17 170.1 - 11, 19 -> 17 HMBC
18 - 7.28 - 7.17 (m, 6H) -
19 53.8 4.62 - 4.56 (m, 2H) 20 -> 19 HMBC
20 61.3 3.57 - 3.39 (m, 3H) 19 -> 20 HMBC
21 - - -
22 170.3 - 19, 23 -> 22 HMBC
23 - 8.07 - 8.01 (m, 2H) 23 -> 24 COSY
24 51.6 4.75 - 4.70 (m, 1H) 23 -> 24 COSY
25 38.6 3.80 - 3.73 (m, 1H); 3.16 - 3.05 (m, 2H) 24 -> 25 HMBC
26 167.9 - 27 -> 26 HMBC
27 - 9.10 (d, J = 7.7, 1H) 27 -> 28 HMBC
28 48.5 4.52 (quint, J = 7.2, 1H) 29 -> 28 HMBC
29 16.0 1.31 (d, J = 7.3 Hz, 3H) 28 -> 29 HMBC
30 170.6 - 31 -> 30 HMBC
31 - 7.54 (d, J = 7.65 Hz, 1H) 32 -> 32, 35 HMBC
32 47.1 4.62 - 4.56 (m, 2H) HMBC 34 -> 32 HMBC
33 167.5 - 34 -> 35 HMBC
34 - 8.84 (s, 1H) 34 -> 36 HMBC
35 30.8 3.47 - 3.41 (m, 1H)  3.03 - 2.94 (m, 2H) 35 -> 36 HMBC
36 70.4 - 69.7 (m, 1C) - 35 -> 36 HMBC
37 117.6 - 115.8 (m, 2C) -
38 117.6 - 115.8 (m, 2C) -
39 141.3 - 140.9 (m, 1C) -
40 132.8 - 132.6 (m, 1C) -



 445 

Spectrum 4.7.33 1H-NMR of Polycycle 12 (DMSO-d6, 600 MHz) 
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Spectrum 4.7.34 13C-NMR of Polycycle 12 (DMSO-d6, 126 MHz) 
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Spectrum 4.7.35 19F-NMR of Polycycle 12 (DMSO-d6, 565 MHz) 
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Spectrum 4.7.36 HMBC Spectrum of Polycycle 12 (DMSO-d6) 
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Spectrum 4.7.37 HSQC Spectrum of Polycycle 12 (DMSO-d6) 
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Spectrum 4.7.38 COSY Spectrum of Polycycle 12 (DMSO-d6) 
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Table 4.7.14 Signal Assignment for Polycycle 12 (DMSO-d6, 298K) 
 

 
 
  

13C 1H Key Correlation
1 22.48 1.72 (s, 1H) HSQC
2 169.50 –  1->2 HMBC
3 – 8.10 (d, J = 8.16 Hz, 1H) 3 ->2 HMBC
4 53.90 4.40-4.32 (m, 1H) 3 ->4 COSY, HSQC
5 36.05 2.66-2.58 (m, 2H)  4->5 COSY, HSQC
6 135.15 – 5 ->6 HMBC
7 130.20 7.10 (d, J = 8.58 Hz, 1H)  7->6 HMBC, HSQC
8 116.04 6.97 (d, J = 8.58 Hz, 1H) 7 ->8 HMBC, 7-> 8 COSY, HSQC
9 151.37 – 8 ->9 HMBC

10 171.57 – 11 ->10, 4->10HMBC
11 – 8.26 (t, J = 5.46 Hz, 1H)  11->10 HMBC, 11->12 COSY
12 42.10 3.72-3.64 (m, 2H)  11->12 HMBC, HSQC
13 168.13 –  14->13, 12->13 HMBC
14 – 8.04 (d, J = 7.74 Hz, 1H)  14->13 HMBC
15 52.00 4.60-4.54 (m, 1H)  15->16 HMBC, 15>16 COSY, HSQC
16 25.13 3.00-2.91 (m, 2H)  16->15 HMBC, 15->16 COSY, HSQC
17 138.59 –  16->17, 18->17 HMBC
18 113.52 6.91 (s, 1H)  18->17 HMBC, HSQC
19 139.53 7.51 (s, 1H) HSQC
20 170.85 –  21->20, 15->20 HMBC
21 – 6.64-6.60 (m, 1H) 21 ->20 HMBC
22 49.58 4.08 (m, 1H)  22->23 COSY, HSQC
23 17.26 1.18 (d, J = 7.38 Hz, 1H) HSQC
24 170.59 –  22->24 HMBC
25 – 8.55 (d, J = 6.54 Hz, 1H)  25->24 HMBC
26 45.53 4.64 (d, J = 8.82 Hz, 1H) 25 ->27 HMBC, HSQC
27 167.17 –  28->27, 26->27 HMBC
28 – 9.33 (s, 1H) –
29 30.22 2.88-2.78 (m, 2H)  26->29 HMBC, 26->29 COSY, HSQC
30 67.8-67.7 (m, 1C) – 28->30 HMBC
31 122.20-122.30 (m, 1C) – –
32 122.20-122.30 (m, 1C) – –
33 138.74-138.77 (m, 1C) – –
34 129.96-130.03 (m, 1C) – –

O

O

HN

O

N
H

OH
N

Me

HN

FF

F

F

N

N

HN S
O

O

N
HMe

O

1
2

3 4

5

6
7

8 9

10
11

12

13 14
15

16

17
18

19

20
21

22

23

24

25
26

2728
29

30

31

32
33

34



 452 

Spectrum 4.7.39 1H-NMR of Polycycle 4 (DMSO-d6, 500 MHz) 
 

 
  



 453 

Spectrum 4.7.40 13C-NMR of Polycycle 4 (DMSO-d6, 126 MHz) 
 

  



 454 

Spectrum 4.7.41 19F-NMR of Polycycle 4 (DMSO-d6, 282 MHz) 
 

 
  



 455 

Spectrum 4.7.42 HMBC of Polycycle 4 (DMSO-d6) 

 
  



 456 

Spectrum 4.7.43 HSQC spectrum of Polycycle 4 (DMSO-d6) 
 

 
 
  



 457 

Spectrum 4.7.44 COSY spectrum of Polycycle 4 (DMSO-d6) 
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Table 4.7.15 Polycycle 4 (DMSO-d6, 298K) 
 

 

13C 1H Key Correlation
1 22.3 1.79 (s, 1H) 1 -> 2 HMBC
2 169.7 - 1, 3 -> 2 HMBC
3 - 8.42 (d, J = 6.6 Hz, 2H) 3 -> 2, 4, 5 HMBC
4 55.8 4.17 (q, J = 7.0 Hz, 1H) 3, 5 -> 4
5 36.7 2.90 - 2.83 (m, 2H); 2.68 - 2.58 (m, 2H) 5 -> 4, 6 HMBC
6 136.8 - 4, 5 -> 6 HMBC
7 130.8 7.15 - 7.10 (m, 2H) 5 -> 7 HMBC
8 119.2 7.10 - 7.00 (m, 2H) 7 -> 8 HMBC
9 151.0 - 7 -> 9 HMBC
10 171.6 - 4 -> 10 HMBC
11 - 8.34 (s, 1H) 11 -> 10 HMBC
12 42.8 3.95 - 3.87 (m, 1H); 3.72 - 3.56 (m, 3H) 11 -> 12 HMBC
13 169.0 - 12 -> 13 HMBC
14 - 7.78 (d, J = 7.8 Hz, 1H) 14 -> 13 HMBC
15 54.7 4.27 (q, J = 6.4 Hz, 1H) 14 -> 15 HMBC
16 60.9 3.72 - 3.56 (m, 3H) 15 -> 16 HMBC
17 - - -
18 169.7 - 15, 16 -> HMBC
19 - 8.42 (d, J = 6.6 Hz, 2H) 19 -> 20 HMBC
20 50.8 4.71 - 4.64 (m, 1H) 19 -> 20 HMBC
21 29.8 2.82 - 2.73 (m, 1H); 2.68 - 2.58 (m, 2H) 20 -> 21 HMBC
22 135.7 - 21 -> 22 HMBC
23 139.4 7.54 (s, 1H) 24 -> 23 HMBC
24 118.09 7.19 (s, 1H) 23 -> 24 HMBC
25 169.3 - 26 -> 25 HMBC
26 - 8.58 (d, J = 7.0 Hz, 1H) 26 -> 25 HMBC
27 49.3 4.09 (quint, J = 7.1 Hz, 1H) 28 -> 27 HMBC
28 17.6 1.24 (d, J = 7.2 Hz, 3H) 27 -> 28 HMBC
29 171.0 - 28 -> 29 HMBC
30 - 6.67 - 6.58 (m, 1H) 30 -> 31, 32 HMBC
31 46.3 4.58 - 4.51 (m, 1H) 32 -> 32, 34 HMBC
32 167.2 - 33 -> 32 HMBC
33 - 8.93 (s, 1H) 33 -> 35 HMBC
34 30.1 3.45 (d, J = 13.1 Hz, 1H) ; 2.90 - 2.83 (m, 2H) 31 -> 34 HMBC
35 67.3 - 66.4 (m, 1C) - 34 -> 35 HMBC
36 119.7 - 113.0 (m, 2C) - 33 -> 36 HMBC
37 119.7 - 113.0 (m, 2C) -
38 143.1 - 142.5 (m, 1C) -
39 128.2 - 127.8 (m, 1C) -
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Spectrum 4.7.45 1H-NMR of Polycycle 13 (DMSO-d6, 500 MHz) 
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Spectrum 4.7.46 13C-NMR of Polycycle 13 (DMSO-d6, 126 MHz) 
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Spectrum 4.7.47 19F-NMR of Polycycle 13 (DMSO-d6, 565 MHz) 
 

 
  



 462 

Spectrum 4.7.48 HMBC Spectrum of Polycycle 13 (DMSO-d6) 
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Spectrum 4.7.49 HSQC Spectrum of Polycycle 13 (DMSO-d6) 
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Spectrum 4.7.50 COSY Spectrum of Polycycle 13 (DMSO-d6) 
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Spectrum 4.7.51 1H-NMR of Polycycle 14 (DMSO-d6, 600 MHz) 
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Spectrum 4.7.52 13C-NMR of Polycycle 14 (DMSO-d6, 126 MHz) 
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Spectrum 4.7.53 19F-NMR of Polycycle 14 (DMSO-d6, 565 MHz) 
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Spectrum 4.7.54 HMBC spectrum of Polycycle 14 (DMSO-d6) 
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Spectrum 4.7.55 HSQC spectrum of Polycycle 14 (DMSO-d6) 
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Spectrum 4.7.56 COSY spectrum of Polycycle 14 (DMSO-d6) 
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Spectrum 4.7.57 1H-NMR of Polycycle 15 (DMSO-d6, 600 MHz) 
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Spectrum 4.7.58 13C-NMR of Polycycle 15 (DMSO-d6, 126 MHz) 
 

 
  

CFCl3
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Spectrum 4.7.59 HSQC Spectrum of Polycycle 15 (DMSO-d6) 
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Spectrum 4.7.60 COSY Spectrum of Polycycle 15 (DMSO-d6) 
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Spectrum 4.7.61 1H-NMR of Polycycle 16 (DMSO-d6, 500 MHz) 
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Spectrum 4.7.62 13C-NMR of Polycycle 16 (DMSO-d6, 126 MHz) 
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Spectrum 4.7.63 19F-NMR of Polycycle 16 (DMSO-d6, 282 MHz) 
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Spectrum 4.7.64 HMBC spectrum of Polycycle 16 (DMSO-d6) 
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Spectrum 4.7.65 HSQC spectrum of Polycycle 16 (DMSO-d6) 
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Spectrum 4.7.66 COSY spectrum of Polycycle 16 (DMSO-d6) 
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Table 4.7.16 Polycycle 16 (DMSO-d6, 298K) 
 

 

13C 1H Key Correlation
1 22.4 1.84 (s, 3H) 1 -> 2 HMBC
2 168.9 - 1 -> 2 HMBC
3 - 8.37 (d, J = 7.7, 1H) 3 -> 2 HMBC
4 54.7 4.03 - 3.97 (m, 1H) 3 -> 4 HMBC
5 36.4 3.12 - 2.98 (m, 1H); 2.53 - 2.47 (m, 1H) 4, 7 -> 5 HMBC
6 135.1 - 4 -> 6 HMBC
7 130.2 6.99 (d, J = 8.7 Hz, 2H); 6.91 (d, J = 8.7, 2H) 8 -> 7 HMBC
8 118.4 6.99 (d, J = 8.7 Hz, 2H); 6.91 (d, J = 8.7, 2H) 7 -> 8 HMBC
9 153.2 - 8 -> 9 HMBC
10 170.0 - 4 -> 10 HMBC
11 - 8.49 (d, J = 8.1 Hz, 1H) 11 -> 12, 13 HMBC
12 41.0 4.15 (dd, J = 17.3, 7.4, 1H); 3.53 (dd, J = 17.3, 3.4, 1H) 12 -> 13, 10 HMBC
13 167.4 - 15 -> 13 HMBC
14 - 7.65 (d, J = 10.1 Hz, 1H) 14 -> 15 HMBC
15 42.9 5.24 (quint, J = 7.1 Hz, 1H) 15 -> 16 HMBC
16 19.0 1.22 (d, J = 6.70, 3H) 16 -> 17 HMBC
17 173.8 - 15, 16 -> 17 HMBC
18 - 7.18 (s, 1H) 18 -> 17 HMBC
19 53.0 4.82 - 4.73 (m, 1H) 18 -> 19 HMBC
20 29.0 1.96 - 1.91 (m, 1H), 1.71 - 1.67 (m, 1H) 20 -> 19, 29 HMBC
21 32.4 2.02 - 1.96 (m, 1H), 1.72 - 1.66 (m, 1H) 21 -> 22, 20 HMBC
22 169.7 - 21 -> 22 HMBC
23 - 6.70 (d, J = 6.2, 1H) 23 -> 22, 24 HMBC
24 49.3 4.36 - 4.26 (m, 1H) 24 -> 28, 25 HMBC
25 171.0 - 24, 28 -> 25 HMBC
26 - 9.26 (s, 1H)
27 69.5 - 67.8 (m, 1C) - 28 -> 27 HMBC
28 25.2 3.04 - 2.99 (m, 1H), 2.90 - 2.82 (m, 1H) 28 -> 27 HMBC
29 171.2 - 30 -> 29 HMBC
30 - 8.60 (s, 1H) 30 -> 29 HMBC
31 49.2 4.79 - 4.72 (m, 1H) 31 -> 34 HMBC
32 170.8 - 33 -> 32 HMBC
33 36.5, 35.8 3.16 (s, 3H); 2.77 (s, 3H) 33 -> 32 HMBC
34 26.3 2.85 - 2.79 (m, 2H) 34 -> 35, 36 HMBC
35 136.9 - 36, 37 -> 35 HMBC
36 118.4 6.62 (s, 1H) 36, 37 -> 35 HMBC
37 137.6 7.7 (s, 1H) 36 -> 37 HMBC
38 129.5 - 128.2 (m, 1C) -
39 146.5 - 144.6 (m, 1C) -
40 118.1 - 117.0 (m, 2C) -
41 118.1 - 117.0 (m, 2C) -
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Spectrum 4.7.67 1H-NMR of Macrocycle 17 (DMSO-d6, 500 MHz) 
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Spectrum 4.7.68 13C-NMR of Macrocycle 17 (DMSO-d6, 126 MHz) 
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Spectrum 4.7.69 1H-NMR of Macrocycle 19 (DMSO-d6, 500 MHz) 
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Spectrum 4.7.70 13C-NMR of Macrocycle 19 (DMSO-d6, 500 MHz) 
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Spectrum 4.7.71 19F-NMR of Macrocycle 19 (DMSO-d6, 282 MHz) 
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Spectrum 4.7.72 1H-NMR of Macrocycle 20 (DMSO-d6, 500 MHz) 
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Spectrum 4.7.73 13C-NMR of Macrocycle 20 (DMSO-d6, 126 MHz) 
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Spectrum 4.7.74 19F-NMR of Macrocycle 20 (DMSO-d6, 282 MHz) 
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Spectrum 4.7.75 1H-NMR of Macrocycle 21 (DMSO-d6, 500 MHz) 
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Spectrum 4.7.76 13C-NMR of Macrocycle 21 (DMSO-d6, 126 MHz) 
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Spectrum 4.7.77 19F-NMR of Macrocycle 21 (DMSO-d6, 282 MHz) 
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Spectrum 4.7.78 1H-NMR of Macrocycle 22 (DMSO-d6, 500 MHz) 
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Spectrum 4.7.79 13C-NMR of Macrocycle 22 (DMSO-d6, 126 MHz) 
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Spectrum 4.7.80 19F-NMR of Macrocycle 22 (DMSO-d6, 282 MHz) 
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Spectrum 4.7.81 1H-NMR of Macrocycle 23 (DMSO-d6, 500 MHz) 
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Spectrum 4.7.82 13C-NMR of Macrocycle 23 (DMSO-d6, 126 MHz) 
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Spectrum 4.7.83 19F-NMR of Macrocycle 23 (DMSO-d6, 282 MHz) 
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Spectrum 4.7.84 1H-NMR of Macrocycle 24 (DMSO-d6, 500 MHz) 
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Spectrum 4.7.85 13C-NMR of Macrocycle 24 (DMSO-d6, 126 MHz) 
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Spectrum 4.7.86 19F-NMR of Macrocycle 24 (DMSO-d6, 282 MHz) 
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Spectrum 4.7.87 1H-NMR of Macrocycle 25 (DMSO-d6, 500 MHz) 
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Spectrum 4.7.88 19F-NMR of Macrocycle 25 (DMSO-d6, 282 MHz) 
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Spectrum 4.7.89 HMBC spectrum of Macrocycle 25 (DMSO-d6) 
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Spectrum 4.7.90 HSQC spectrum of Macrocycle 25 (DMSO-d6) 
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Spectrum 4.7.91 COSY spectrum of Macrocycle 25 (DMSO-d6) 
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Spectrum 4.7.92 1H-NMR of Macrocycle 26 (DMSO-d6, 500 MHz) 
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Spectrum 4.7.93 19F-NMR of Macrocycle 26 (DMSO-d6, 282 MHz) 
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Spectrum 4.7.94 1H-NMR of Polycycle 31 (DMSO-d6, 600 MHz) 
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Spectrum 4.7.95 13C-NMR of Polycycle 31 (DMSO-d6, 126 MHz) 
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Spectrum 4.7.96 19F-NMR of Polycycle 31 (DMSO-d6, 565 MHz) 
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Spectrum 4.7.97 HMBC spectrum of Polycycle 31 (DMSO-d6)  
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Spectrum 4.7.98 HSQC spectrum of Polycycle 31 (DMSO-d6)  
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Spectrum 4.7.99 COSY spectrum of Polycycle 31 (DMSO-d6)  
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Table 4.7.17 Polycycle 31 (DMSO-d6) 
 

 
  

13C 1H Key Correlation
1 137.95-137.93 (m, 1C) – –
2 117.08-117.00 (m ,1C) – –
3 119.41-119.30 (m, 1C) – –
4 70.10-70.03 (m, 1C) – 9->4 HMBC
5 125.56-125.52 (m, 1C) – 25->5 HMBC
6 – 9.49 (s,1H) 6->7 HMBC
7 167.62 – 6->7 HMBC
8 46.53 4.70 (d, J = 8.2 Hz, 1H) 8->7 HMBC, HSQC
9 30.35 3.72-3.69 (dd, J = 12.2, 7.1 Hz, 1H) 3.53 (dd, J = 12.4, 8.1 Hz, 1H) 9->8 HMBC, HSQC

10 – 7.11 (d, 1H) 10->11 HMBC
11 171.57 – 10->11 HMBC
12 48.45 4.26-4.15 (m, 1H) overlap 12->13 HMBC, 12->13 COSY,  HSQC
13 17.29 1.18 (d, J = 6.6 Hz, 3H) 12->13 HMBC, 12->13 COSY,  HSQC
14 – 8.46 (d, J = 7.5 Hz, 1H) 14->12 HMBC
15 171.32 – 14->15 HMBC
16 53.59 4.56-4.50 (m, 1H) 16->15 HMBC, HSQC
17 37.19 2.95-2.85 (m, 2H) overlap 16->17 HMBC, HSQC
18 136.64 – 17->18 HMBC
19 129.00 7.15 (m, 2H) 19->20 HMBC, HSQC
20 128.35 7.20 (m, 2H) 20->19 HMBC, HSQC
21 126.64 7.30-7.25 (m, 1H) 20->21 HMBC, HSQC
22 – 8.39 (d, J = 8.3 Hz, 1H) 16->22 HMBC
23 168.70 – 22->23, 24->23 HMBC
24 52.14 4.44 (dd, J = 14.1, 7.2 Hz, 1H) 24->23 HMBC
25 32.34 3.57 (d, J = 13.1 Hz, 1H), 2.72–2.61 (m, 1H) 24->25, 25->27 HMBC, HSQC
26 – 8.07 (d, J = 7.5 Hz, 1H) 26->24 HMBC
27 168.80 – 26->27 HMBC
28 47.44 4.19 (m, 1H) overlap 29->28 HMBC, HSQC
29 19.14 1.00 (d, J = 6.5 Hz, 3H) 28->29 HMBC, HSQC
30 – 8.15 (d, J = 7.7 Hz, 1H) 30->28 HMBC
31 169.30 – 30->31 HMBC
32 55.41 4.61-4.56 (m, 1H) overlap 33->32 HMBC, HSQC
33 – 7.65 (d, J = 8.0 Hz, 1H) 34->33 HMBC
34 169.04 – 35-> 34 HMBC
35 22.48 1.86 (s, 3H) HSQC
36 36.14 2.97-2.83 (m, 2H) overlap 32->36 HMBC, HSQC
37 130.63 – 36->37 HMBC
38 129.45 6.86 (d, J = 7.3 Hz, 1H) 38->37, 39->38 HMBC
39 114.83 6.68 (d, J = 7.9 Hz, 1H) 38->39 HMBC
40 127.78 – 39->40 HMBC
41 124.40 – 43->41 HMBC
42 129.45 7.16 (d, 1H) 42->41 HMBC
43 26.88 4.03 (d, J = 15.6 Hz, 1H), 3.90 (d, J = 15.6 Hz, 1H) 43->44, 43->41 HMBC
44 143.31 – 45->44 HMBC
45 141.33 7.29 (s, 1H) 45->44 HMBC
46 153.19 – 45->46 HMBC
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Spectrum 4.7.100 1H-NMR of Polycycle 32 (DMSO-d6, 600 MHz) 
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Spectrum 4.7.101 13C-NMR of Polycycle 32 (DMSO-d6, 126 MHz) 
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Spectrum 4.7.102 19F-NMR of Polycycle 32 (DMSO-d6, 565 MHz) 
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Spectrum 4.7.103 HMBC spectrum of Polycycle 32 (DMSO-d6) 
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Spectrum 4.7.104 HSQC spectrum of Polycycle 32 (DMSO-d6) 
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Spectrum 4.7.105 COSY spectrum of Polycycle 32 (DMSO-d6) 
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Table 4.7.18 Polycycle 32 (DMSO-d6, 298K) 
 

 
 
 
 
 
 
 

13C 1H Key Correlation
1 22.87 1.87 (s, 3H) HMBC, HSQC
2 169.51 - 1->2 HMBC
3 - 7.58 (d, 1H) 2->3 HMBC
4 53.86 4.55 (m, 1H) overlap 3->4 COSY, HSQC
5 35.67 3.24 (dd, J = 13.1, 3.2 Hz, 1H), 2.42 (dd, J = 13.1, 7.9 Hz, 1H) HSQC
6 125.59 - 5->4 HMBC
7 127.03 6.76 (m, 1H) overlap 8->7 HMBC
8 114.9 6.69 (d, J = 8.0 Hz, 1H) HSQC
9 153.22 - 8->7 HMBC

10 129.82 - 12->10 HMBC
11 129.89 6.76 (m, 1H) overlap 10->11 HMBC, HSQC
12 26.65 4.26 (d, J = 15.6 Hz, 1H), 3.70 (d, J = 15.5 Hz, 1H) 13->12 HMBC, HSQC
13 143.94 - 13->12 HMBC, HSQC
14 141.26 7.65 (s, 1H) HSQC
15 154.22 - -
16 170.83 - 17->16 HMBC
17 - 7.96 (d, J = 7.3 Hz, 1H) 18->17 COSY
18 53.54 4.70 (m, 1H) 20->18 HMBC, HSQC
19 32.33 3.83 (dd, J = 14.0, 4.8 Hz, 1H), 3.62 (m, 1H) 18->19 COSY, HSQC
20 168.49 - 21->20 HMBC
21 - 8.77 (d, J = 9.2 Hz, 1H) 22->21 COSY
22 47.96 4.54 (m, 1H) overlap 23->22 COSY, HSQC
23 15.54 1.23 (d, J = 5.3 Hz, 1 H) HSQC
24 170.63 - 22->24 HMBC
25 - 7.53 (d, J = 9.6 Hz, 1H)
26 47.31 4.49 (m, 1H) 25->26 COSY, HSQC
27 167.24 - 26->27 HMBC
28 - 9.11 or 9.48 -
29 31.00 3.41 (m, 1H), 2.91 (m, 1H) 26->29 HMBC, HSQC
30 66.98 (m, 1C) - -
31 135.47 (m, 1C) - -
32 136.88 (m, 1C) - -
33 - - -
34 - - -
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Spectrum 4.7.106 1H-NMR of Polycycle 35 (DMSO-d6, 500 MHz) 
 

 
  



 524 

Spectrum 4.7.107 13C-NMR of Polycycle 35 (DMSO-d6, 126 MHz) 
 

 
 
  



 525 

Spectrum 4.7.108 19F-NMR of Polycycle 35 (DMSO-d6, 565 MHz) 
 

 
 
  



 526 

Spectrum 4.7.109 HMBC spectrum of Polycycle 35 (DMSO-d6) 
 
 

 
  



 527 

Spectrum 4.7.110 HSQC spectrum of Polycycle 35 (DMSO-d6) 
 
 

 
  



 528 

Spectrum 4.7.111 COSY spectrum of Polycycle 35 (DMSO-d6) 
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Table 4.7.19 Polycycle 35 (DMSO-d6, 298K) 
 

 
  

13C 1H Key Correlation
1 22.55 1.84 (s, 3H) 2->1 HMBC, HSQC
2 169.03 - 1->2 HMBC
3 - 8.05 (d, 2H) 2->3 HMBC
4 54.15 4.35 (q, 1H) 3->4 COSY, HSQC
5 37.25 2.94–2.89 (m, 1H), 2.77–2.71 (m, 1H) 4->5 COSY, HSQC
6 130.02 - 5->4 HMBC
7 127.58 6.87–6.85 (m, 1H) 8->7 COSY, HSQC
8 114.63 6.70 (d, 1 H) J = 8.2 Hz 7->8 COSY, HSQC, HMBC
9 153.54 - 8->7 COSY, HSQC, HMBC

10 129.02 - 12->10 HMBC
11 124.48 7.02 (m, 1H) overlap 6->11 HMBC, HSQC
12 32.15 3.42–3.35 (m, 2H) 13->12 COSY, HSQC
13 127.9 6.20–6.14 (dt, 1H) J = 15.9, 6.2 Hz 15->14 HMBC, HSQC
14 127.59 6.07 (d, 1H) J = 15.9 Hz 14->13 COSY, HSQC
15 116.98 - 14->15 HMBC, HSQC
16 130.49 6.89 (overlap, 1H) 15->16 HMBC, HSQC
17 147.89 - 16->17 HMBC
18 140.69 - 19->18 HMBC
19 112.94 6.84 (m, 1H) 20->19 COSY, HMBC, HSQC
20 125.41 7.04–7.02 (m, 1H) overlap 19->20 COSY, HMBC, HSQC
21 55.94 3.80 (s, 3H) 2->1 HMBC, HSQC
22 171.76 - 4->22 HMBC
23 - 8.39 (t, 1H) 22->23 HMBC
24 42.62 4.01 (dd, 1H) J = 15.9, 7.0 Hz 3.37–3.33 (m, 1H) overlap 23–>24 COSY, HSQC
25 168.67 - 24->25 HMBC
26 - 7.89 (d, 1H) 27->27 HMBC
27 45.82 4.57 (m, 1H) overlap 32->27 HMBC, HSQC
28 29.48 3.39 (m, 2H) 26->28 COSY, HSQC
29 138.44 - 30->29 HMBC, HSQC
30 116.98 6.52 (m, 1H) 29->30 HMBC, HSQC
31 130.83 6.96 (s, 1H) HSQC
32 169.64 - 33->32 HMBC
33 - 8.65 (d, 1H) 34->33 COSY
34 48.91 4.14 (m, 1H) 35->34 COSY
35 17.65 1.20 (d, 3 H) J = 7.39 Hz 34->35 COSY, HSQC
36 170.73 - 34->36 HMBC
37 - 7.39 (m, 1H) 36->37 HMBC
38 51.27 4.57 (m, 1H) overlap 37->38 COSY, HMBC, HSQC
39 167.22 - 40->39 HMBC
40 - 9.03 (s, 1H) 39->40 HMBC
41 29.04 3.47 (m, 1H), 2.75 (m, 1H) 38->41 COSY, HMBC, HSQC
42 66.82 (m, 1C) - 40->42 HMBC
43 117.18 (m, 1C) - -
44 137.02 (m, 1C) - -
45 116.29 (m, 1C) - -
46 116.29 (m, 1C) - -
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Spectrum 4.7.112 1H-NMR of Polycycle 36 (DMSO-d6, 500 MHz) 
 

 
  



 531 

Spectrum 4.7.113 13C-NMR of Polycycle 36 (DMSO-d6, 126 MHz) 
 

 
  



 532 

Spectrum 4.7.114 HMBC spectrum of Polycycle 36 (DMSO-d6) 
 
 

 
  



 533 

Spectrum 4.7.115 HSQC spectrum of Polycycle 36 (DMSO-d6) 
 
 

 
  



 534 

Spectrum 4.7.116 COSY spectrum of Polycycle 36 (DMSO-d6) 
 
 

 
  



 535 

Spectrum 4.7.117 1H-NMR of Polycycle 40 (DMSO-d6, 500 MHz) 
 

 
  



 536 

Spectrum 4.7.118 13C-NMR of Polycycle 40 (DMSO-d6, 126 MHz) 
 

 
  



 537 

Spectrum 4.7.119 19F-NMR of Polycycle 40 (DMSO-d6, 282 MHz) 
 
 

 
 



 538 

Spectrum 4.7.120 HMBC spectrum of Polycycle 40 (DMSO-d6) 
 
 

 
  



 539 

Spectrum 4.7.121 HSQC spectrum of Polycycle 40 (DMSO-d6) 
 
 

 
  



 540 

Spectrum 4.7.122 COSY spectrum of Polycycle 40 (DMSO-d6) 
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Table 4.7.20 Polycycle 40 (DMSO-d6, 298K) 
 

 
  

13C 1H Key Correlation
1 22.48 1.80 (s, 3H) 27->28 COSY, HMBC, HSQC
2 168.62 - 1->2 HMBC
3 - 7.92 (d, J = 7.7 Hz, 1H) 2->3 HMBC
4 50.39 4.52 (m, 1H) 3->4 COSY, HMBC, HSQC
5 35.79 2.42 (m, 1H), 2.29 (m, 1H) 4->5 COSY, HSQC
6 171.40 - 5->6 HMBC, COSY, HMBC
7 - 7.77 (m, 1H) 6->7 HMBC
8 41.11 4.17 (m, 1H), 3.55 (m, 1H) overlap 7->8 COSY, HSQC
9 52.58  3.14 (m, 2H) overlap 8->9 COSY, HSQC

10 167.23 - 11->10 HMBC
11 - 7.53 (m, 1H) 10->11 HMBC
12 41.59 4.16 (m, 1H) overlap, 3.55 (m, 1H) 11->12 COSY, HSQC
13 162.33 - 12->13 HMBC
14 - 7.50 (d, J = 7.6 Hz, 1H) 15->14 COSY
15 71.32 4.83 (m, 1H) 17->15 HMBC, HSQC
16 32.00 3.31 (m,2H) 15->16 COSY, HSQC
17 168.94 - 18->17 HMBC
18 - 8.61 (d, J = 4.1 Hz, 1H) 19->20 COSY
19 57.29 4.24 (m, 1H) 20->19 COSY
20 36.01 2.99 (m, 2H) 21->20 HMBC, HSQC
21 136.87 - 20->21 HMBC
22 129.00 7.32–7.21 (m, 2H) COSY, HMBC, HSQC
23 128.30 7.32-7.21 (m, 2H) COSY, HMBC, HSQC
24 126.60 7.32–7.21 (m,1H) COSY, HMBC, HSQC
25 168.23 - 19->25 HMBC
26 - 8.07 (d, J = 7.5 Hz, 1H) 27->26 COSY, HSQC
27 48.54 4.07 (m, 1H) 28->27 COSY
28 16.02 1.16 (d, J = , 3H) 27->28 HMBC, COSY, HSQC
29 170.94 - 27->29 HMBC
30 - - -
31 56.38 4.95 (m 1H) 32->31 HMBC, HSQC
32 171.19 - 33->32 HMBC
33 - 7.40 (s, 1H) -
34 30.29 3.11 (m, 1H), 2.86 (m, 1H) overlap 31->34 HMBC, COSY, HSQC
35 69.0–68.9 (m, 1C) - -
36 114.7–116.1 (m, 1C) - -
37 118.1–118.5 (m, 1C) - -
38 120.3–120.6 (m, 1C) - -
39 140.2–140.9(m, 1C) - -
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Spectrum 4.7.123 1H-NMR of Polycycle 41 (DMSO-d6, 500 MHz) 
 

 
  

~2:3 ratio of rotational isomers 
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Spectrum 4.7.124 13C-NMR of Polycycle 41 (DMSO-d6, 126 MHz) 
 

 



 544 

Spectrum 4.7.125 HMBC Spectrum of Polycycle 41 (DMSO-d6) 
 
 

 
  



 545 

Spectrum 4.7.126 HSQC Spectrum of Polycycle 41 (DMSO-d6) 
 
 

 
  



 546 

Spectrum 4.7.127 COSY Spectrum of Polycycle 41 (DMSO-d6) 
 
 

 
  



 547 

Spectrum 4.7.128 1H-NMR of Polycycle 42 (DMSO-d6, 500 MHz) 
 

 
  

~2:1 ratio of rotational isomers



 548 

Spectrum 4.7.129 13C-NMR of Polycycle 42 (DMSO-d6, 126 MHz) 
 

 
  



 549 

Spectrum 4.7.130 19F-NMR of Polycycle 42 (DMSO-d6, 565 MHz) 
 

 
  



 550 

Spectrum 4.7.131 HMBC Spectrum of Polycycle 42 (DMSO-d6) 
 
 

 
  



 551 

Spectrum 4.7.132 HSQC Spectrum of Polycycle 42 (DMSO-d6) 
 
 

 
  



 552 

Spectrum 4.7.133 COSY Spectrum of Polycycle 42 (DMSO-d6) 
 
 

 
  



 553 

Spectrum 4.7.134 1H-NMR of Polycycle 43 (DMSO-d6, 500 MHz) 
 

 
  

DMF



 554 

Spectrum 4.7.135 13C-NMR of Polycycle 43 (DMSO-d6, 126 MHz) 
 

 
  



 555 

Spectrum 4.7.136 19F-NMR of Polycycle 43 (DMSO-d6, 282 MHz) 
 

 
  



 556 

Spectrum 4.7.137 HMBC Spectrum of Polycycle 43 (DMSO-d6) 
 
 

 
  



 557 

Spectrum 4.7.138 HSQC Spectrum of Polycycle 43 (DMSO-d6) 
 
 

 
  



 558 

Spectrum 4.7.139 COSY Spectrum of Polycycle 43 (DMSO-d6) 
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Table 4.7.21 Polycycle 43 (DMSO-d6) 
 

 
 
 
  

13C 1H Key Correlation
1 1.83 (s, 3H) HSQC

2 168.93 - 1->2 HMBC

3 - 8.22 (m, 1H) overlap 2->3 HMBC

4 47.82 4.78 (m, 1H) overlap 3->4 COSY, HSQC

5 38.24 2.69 (dd, J = 10.3, 4.6 Hz, 1H), 2.29 (dd, J = 15.2, 9.0 Hz, 1H) 4->5 COSY, HSQC

6 171.85 - 5->6 HMBC

7 - 7.61 (t, J = 4.8 Hz, 1H) 6->7 HMBC

8 37.35 3.10 (m, 1H), 3.04 (m, 1H) overlap 7->8 COSY, HSQC

9 28.97 2.07 (m, 1H), 1.77 (m, 1H) overlap 8->9 HMBC, HSQC

10 - 9.31 (s, 1H) 11->10 HMBC

11 168.36 - 10->11 HMBC

12 67.3–67.5 (m, 1C) - 10->12 HMBC
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 560 

Spectrum 4.7.140 1H-NMR of Polycycle 44 (DMSO-d6, 500 MHz) 
 

 
  

CHCl3



 561 

Spectrum 4.7.141 13C-NMR of Polycycle 44 (DMSO-d6, 126 MHz) 
 

 
  



 562 

Spectrum 4.7.142 19F-NMR of Polycycle 44 (DMSO-d6, 282 MHz) 
 

 
  



 563 

Spectrum 4.7.143 HMBC Spectrum of Polycycle 44 (DMSO-d6) 
 
 

 
  



 564 

Spectrum 4.7.144 HSQC Spectrum of Polycycle 44 (DMSO-d6) 
 
 

 
  



 565 

Spectrum 4.7.145 COSY Spectrum of Polycycle 44 (DMSO-d6) 
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Table 4.7.22 Polycycle 44 (DMSO-d6) 
 

 
 
 

13C 1H Key Correlation
1 25.13 1.81 (s, 3H) HSQC
2 169.13 - 1->2 HMBC
3 - 8.13 (d, J = 7.5 Hz, 1H) 2->3 HMBC
4 49.77 4.45 (q, J = 7.3 Hz , 1H) 3->4 COSY, HSQC
5 29.02 1.86 (m, 1H), 1.72 (overlap, 1H), overlap 4->5 COSY, HSQC
6 30.71 3.09 (m, 1H), 2.97 (m, 1H) overlap 7->6 HMBC, HSQC
7 171.86 - 8->7 HMBC
8 - 7.93 (t, J = 5.6 Hz, 1H) 7->8 HMBC
9 28.58 3.10 (m, 1H), 3.25 (m, 1H) overlap 8->9 COSY, HSQC 

10 28.86 1.86 (m, 1H), 1.71 (m, 1H) overlap 8->9 HMBC, HSQC
11 170.39 - 4->11 HMBC
12 46.86 3.69 (m, 1H), 3.47 (m, 1H) overlap 14->12 HMBC, HSQC
13 22.23 1.84 (m, 1H), 1.76 (m, 1H) overlap 14->13 COSY, HSQC
14 45.61 3.70 (m, 1H), 3.45 (m, 1H) overlap 15->14 HMBC, HSQC
15 55.86 4.85 (t, J = 5.5 Hz, 1H) 16->15 HMBC, HSQC
16 171.47 - 17->16 HMBC
17 - 7.94 (d, J = 8.2 Hz,1H) 18->17 HMBC
18 54.70 4.32 (m, 1H) 20->18 HMBC
19 61.64 3.44 (m, 2H) 18->19 COSY, HSQC
20 169.87 - 21->20 HMBC
21 - 8.06 (d, J = 8.4 Hz, 1H) 22->21 COSY
22 54.28 4.54 (td, J = 8.8, 3.3 Hz, 1H) 23->22 COSY, HSQC
23 35.94 3.08 (m, 1H), 2.96 (m, 1H) 24->23 HMBC, HSQC
24 137.96 - 25, 26 ->24 HMBC
25 129.08 7.28–7.23 (m, 2H) HSQC
26 128.20 7.28–7.23(m, 2H) HSQC
27 126.33 7.21–7.19 (m, 1H) HSQC
28 171.13 - 22->28 HMBC
29 - 7.47 (d, J = 9.3 Hz, 1H) 30->31 COSY
30 51.70 4.61 (dd, J = 9.4, 3.1 Hz, 1H) 31->30 COSY, HSQC
31 70.99 4.90 (dd, J = 6.3, 3.2 Hz, 1H) 32->31 COSY, HSQC
32 15.36 1.04 (d, J = 6.4 Hz, 3H) HSQC
33 168.08 - 30->33 HMBC
34 - - -
35 59.03 4.38 (dd, J = 8.2, 3.4 Hz, 1H) 36->35 COSY, HSQC
36 167.08 - 35->36 HMBC
37 - 7.06 (s, 1H) -
38 24.26 1.90 (overlap, 1H), 1.73 (overlap, 1H) 35->38 COSY, HMBC, HSQC
39 70.7–70.6 (m, 1C) - -
40 119.1–118.9 (m, 1C) - -
41 119.1–118.9 (m, 1C) - -
42 134.9–134.6 (m, 1C) - -
43 134.6–131.4 (m, 1C) - -
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Spectrum 4.7.146 1H-NMR of Polycycle 45 (DMSO-d6, 500 MHz) 
 

 
  

~2:1 ratio of rotational isomers 
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Spectrum 4.7.147 13C-NMR of Polycycle 45 (DMSO-d6, 126 MHz) 
 

 
  



 569 

Spectrum 4.7.148 19F-NMR of Polycycle 45 (DMSO-d6, 565 MHz) 
 

 
  



 570 

Spectrum 4.7.149 HMBC of Polycycle 45 (DMSO-d6) 
 
 

 
  



 571 

Spectrum 4.7.150 HSQC of Polycycle 45 (DMSO-d6) 
 
 

 
  



 572 

Spectrum 4.7.151 COSY of Polycycle 45 (DMSO-d6) 
 
 

 
  



 573 

Spectrum 4.7.152 1H-NMR of Polycycle 46 (DMSO-d6, 600 MHz) 
 

 
  

MeCN

AcOH

1:1 ratio of rotational isomers
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Spectrum 4.7.153 13C-NMR of Polycycle 46 (DMSO-d6, 126 MHz) 
 

 
  

AcOHAcOH
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Spectrum 4.7.154 HSQC Spectrum of Polycycle 46 (DMSO-d6) 
 
 

 
  



 576 

Spectrum 4.7.155 1H-NMR of Polycycle 47 (DMSO-d6, 600 MHz) 
 

 
  



 577 

Spectrum 4.7.156 13C-NMR of Polycycle 47 (DMSO-d6, 600 MHz) 
 

 
  



 578 

Spectrum 4.7.157 19F-NMR of Polycycle 47 (DMSO-d6, 565 MHz) 
 

 
  



 579 

Spectrum 4.7.158 HMBC Spectrum of Polycycle 47 (DMSO-d6) 
 
 

 
  



 580 

Spectrum 4.7.159 HSQC Spectrum of Polycycle 47 (DMSO-d6) 
 
 

 
  



 581 

Spectrum 4.7.160 COSY Spectrum of Polycycle 47 (DMSO-d6) 
 
 

 
  



 582 

Spectrum 4.7.161 1H-NMR of Polycycle 48 (DMSO-d6, 600 MHz) 
 

 
  



 583 

Spectrum 4.7.162 13C-NMR of Polycycle 48 (DMSO-d6, 126 MHz) 
 

 
  



 584 

Spectrum 4.7.163 19F-NMR of Polycycle 48 (DMSO-d6, 565 MHz) 
 

 
  



 585 

Spectrum 4.7.164 HMBC Spectrum of Polycycle 48 (DMSO-d6) 
 
 

 
  



 586 

Spectrum 4.7.165 HSQC Spectrum of Polycycle 48 (DMSO-d6) 
 
 

 
  



 587 

Spectrum 4.7.166 COSY Spectrum of Polycycle 48 (DMSO-d6) 
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Table 4.7.23 Polycycle 48 (DMSO-d6) 
 

 
  

13C 1H Key Correlation
1 22.29 1.81 (s, 3H) HSQC
2 168.93 - 1->2 HMBC
3 - 8.07 (d, J = 8.3 Hz, 1H) 2->3 HMBC
4 46.62 4.87-4.81 (m, 1H) overlap 3->4 COSY, HSQC
5 35.43 2.24 (dd, J = 15.4, 10.4 Hz, 1H), 2.44 (dd, J = 15.4, 7.8 Hz, 1H) 4->5 COSY, HSQC
6 169.71 - 5->6 HMBC
7 60.31 4.15–4.10 (m, 1H), 3.76–3.69 (m, 1H) 7->6 HMBC, HSQC
8 38.06 2.89 (m, 2H) overlap 7->8 COSY, HMBC, HSQC
9 - 9.41 (s, 1H) 11->9 HMBC

10 168.05 - 9->10 HMBC
11 67.7–66.4 (m, 1C) - 9->11 HMBC
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Spectrum 4.7.167 1H-NMR of Polycycle 49 (DMSO-d6, 600 MHz) 
 

 
  



 590 

Spectrum 4.7.168 13C-NMR of Polycycle 49 (DMSO-d6, 126 MHz) 
 

 
  



 591 

Spectrum 4.7.169 19F-NMR of Polycycle 49 (DMSO-d6, 565 MHz) 
 

 
  



 592 

Spectrum 4.7.170 HMBC Spectrum of Polycycle 49 (DMSO-d6) 
 
 

 
  



 593 

Spectrum 4.7.171 HSQC Spectrum of Polycycle 49 (DMSO-d6) 
 
 

 
  



 594 

Spectrum 4.7.172 COSY Spectrum of Polycycle 49 (DMSO-d6) 
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Table 4.7.24 Polycycle 49 (DMSO-d6) 
 

 
  

13C 1H Key Correlation
1 22.23 1.79 (s, 3H) HSQC
2 169.05 - 1->2 HMBC
3 - 8.29 (d, J = 8.0 Hz, 1H) 2->3 HMBC
4 47.03 4.87 (q, J = 5.9 Hz, 1H) 2->3 HMBC, HSQC
5 35.79 2.78 (m, 1H), 2.52 (m, 1H) 4->5 COSY, HSQC
6 169.32 - 5->6 HMBC and 7->6 HMBC
7 58.29 5.31 (d, J = 13.0 Hz, 1H), 5.16 (d, J = 13.0 Hz, 1H) 6->7, 8-7, 9->7 HMBC, HSQC
8 135.26 - 9->8 HMBC
9 144.53 7.74 (s, 1H) HSQC, 7->9 HMBC, HSQC

10 114.44 - -
11 169.88 - 4->11 HMBC
12 55.82 4.68 (m, 1H) overlap 16->12 HMBC
13 35.95 2.80 (overlap, 1H), 2.53 (overlap, 1H) 12->13 HMBC, HSQC
14 29.18 2.03 (m, 1H), 1.84 (m, 1H) overlap 13->14 HMBC, HSQC
15 46.92 3.64 (m, 2H) 14->15 HMBC, HSQC
16 171.38 - 17->16 HMBC
17 - 7.38 (d, J = 7.8 Hz, 1H) 18->17 COSY
18 58.10 4.06 (dd, J = 7.9, 4.2 Hz , 1H) 20->18 HMBC, HSQC
19 66.74 3.90 (m, 1H) 20->19 COSY
20 19.71 0.94 (d, J = 6.3 Hz, 3H) HSQC
21 161.32 - 22->21 HMBC
22 - 7.85 (m, 1H) overlap 23->22 COSY
23 53.62 4.63 (m, 1H) overlap 24->23 COSY, HSQC
24 37.00 2.94 (dd, J = , 1H), 2.80 (overlap, 1H) 25->24 HMBC, 26->24 HMBC, HSQC
25 137.56 - 24->25 HMBC
26 129.12 7.27–7.23, 7.21–7.17 (m, 2) HSQC
27 128.22 7.27–7.23, 7.21–7.17 (m, 2) HSQC
28 126.45 7.27–7.23, 7.21–7.17 (m, 1) HSQC
29 171.08 - 23->29 HMBC
30 - 8.77 (d, J = 7.0 Hz, 1H) 31->30 HMBC, HSQC
31 48.82 4.51 (m, 1H) 30->31 COSY, HSQC
32 56.99 3.98 (dd, J =, 1H), 3.86 (dd, J=, 1H) 31->32 HMBC, HSQC
33 167.32 - 31->30 HMBC
34 - - -
35 59.90 4.28 (m, 1H) 38->35 HMBC, HSQC
36 166.82 - 35->36 HMBC
37 - 7.09 -
38 30.77 3.49 (m, 1H), 3.33 (m, 1H) 38->35 HMBC
39 67.3–67.5 (m, 1C) - -
40 116.6–116.7 (m, 1C) - -
41 116.6–116.7 (m, 1C) - -
42 137.2–137.3 (m, 1C) - -
43 135.1–135.2 (m, 1C) - -
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Spectrum 4.7.173 1H-NMR of Polycycle 50 (DMSO-d6, 500 MHz) 
 

 
  

rotational
isomers
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Spectrum 4.7.174 13C-NMR of Polycycle 50 (DMSO-d6, 126 MHz) 
 

 
  



 598 

Spectrum 4.7.175 19F-NMR of Polycycle 50 (DMSO-d6, 282 MHz) 
 

 
  



 599 

Spectrum 4.7.176 HMBC of Polycycle 50 (DMSO-d6) 
 
 

 
  



 600 

Spectrum 4.7.177 HSQC of Polycycle 50 (DMSO-d6) 
 
 

 
  



 601 

Spectrum 4.7.178 COSY of Polycycle 50 (DMSO-d6) 
 
 

 
  



 602 

Spectrum 4.7.179 1H-NMR of Polycycle S1 (DMSO-d6, 500 MHz) 
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Spectrum 4.7.180 13C-NMR of Polycycle S1 (DMSO-d6, 126 MHz) 
 

 
 
  



 604 

Spectrum 4.7.181 19F-NMR of Polycycle S1 (DMSO-d6, 282 MHz) 
 

 
  



 605 

Spectrum 4.7.182 1H-NMR of Macrocycle S5 (DMSO-d6, 500 MHz) 
 

 
  



 606 

Spectrum 4.7.183 13C-NMR of Macrocycle S5 (DMSO-d6, 500 MHz) 
 

 
  



 607 

Spectrum 4.7.184 19F-NMR of Macrocycle S5 (DMSO-d6, 282 MHz) 
 

 
  



 608 

Spectrum 4.7.185 HMBC Spectrum of Macrocycle S5 (DMSO-d6) 
 
 

 
  



 609 

Spectrum 4.7.186 HSQC Spectrum of Macrocycle S5 (DMSO-d6) 
 
 

 
  



 610 

Spectrum 4.7.187 COSY Spectrum of Macrocycle S5 (DMSO-d6) 
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Table 4.7.25 Macrocycle S5 (DMSO-d6) 

 
  

13C 1H Key Correlation
1a 127.8 7.42 - 7.24 (m, 5H) HMBC 2 -> 1d, 1c, 3
1b 128.4 7.42 - 7.24 (m, 5H) HMBC 1b -> 1c, 1d
1c 127.9 7.42 - 7.24 (m, 5H) HMBC 1c -> 2
1d 137 - HMBC 1d -> 2
2 65.4 5.07 - 4.92 (m, 2H) HMBC 2 -> 1d, 1c, 3
3 155.3 - HMBC 2,4 -> 3
4 - 7.67 (s, 1H) HMBC 4 -> 3,5
5 53.5 3.8 - 3.64 (m, 1H) HMBC 5 -> 6, 15
6 28.2 1.97 - 1.72 (m, 2H) HMBC 6 -> 5,7
7 31.4 2.29 - 2.16 (m, 1H); 2.13 - 1.98 (m, 1H) HMBC 7 -> 6,8
8 171.3 - HMBC 7 -> 8
9 - 9.96 (bs, 1H) COSY 9 -> 10
10 46 4.89 (s, 1H) HMBC 10 -> 14, 11
11 170 - HMBC 12, 14 -> 11
12 - 9.88 (bs, 1H) HMBC 12 ->  10
13 66.6 (m, 1C) - HMBC 14 -> 13
14 30.9 2.98 (d, J = 15.0 Hz, 1H); 3.8 - 3.65 (m) (1H) HMBC 14 -> 13, 10
15 170.6 - HMBC 5, 6 -> 15
16 - 7.07 (s, 1H) HMBC 16 -> 15, 17
17 47.5 4.4 - 4.25 (m, 1H) HMBC 17 -> 18
18 17.9 1.18 - 1.02 (m, 3H) HMBC 18 -> 17
19 174.2 - HMBC 17, 20 -> 19
20 - 8.48 (s, 1H) HMBC 20 -> 19
21 35.5 4.04 (q, J = 12.3 Hz 1H); 3.09 (d, J = 13.0 Hz, 1H) HMBC 21 -> 22
22 29.9 2.85 - 2.63 (m, 2H) HMBC 22 -> 23
23 140.6 - HMBC 22, 24 -> 23
24 113.4 7.46 (s, 1H) HMBC 24 -> 23, 26
25 138.4 8.01 (s, 1H) HMBC 24 -> 25
26 123.3 - 122.9 (m, 1C) - HMBC 24 -> 26
27 139.8 - 139.1 (m, 1C) -
28 115.5 - 109.5 (m, 2C) -
29 115.5 - 109.5 (m, 2C) -
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Spectrum 4.7.188 1H-NMR of Macrocycle S6 (DMSO-d6, 500 MHz) 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 613 

Spectrum 4.7.189 13C-NMR of Macrocycle S6 (DMSO-d6, 126 MHz) 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 614 

Spectrum 4.7.190 19F-NMR of Macrocycle S6 (DMSO-d6, 500 MHz) 
 

 
  



 615 

Spectrum 4.7.191 1H-NMR of Macrocycle S30 (DMSO-d6, 500 MHz) 
 

 
  



 616 

Spectrum 4.7.192 13C-NMR of Macrocycle S30 (DMSO-d6, 126 MHz) 
 

 
  



 617 

Variable Temperature NMR Experiments 
 
Spectrum 4.7.193 1H-NMR of Polycycle 42 (DMSO-d6, 500 MHz) 

 
 
Variable temperature NMR experiment of polycycle 42. Temperature range from 298 K – 343 K. 
At 298 K, diagnostic acetyl peaks are at a ratio of ~3:2 due to rotational isomers. Acetyl peak 
resolves into one major peak at 343 K. ~4.5 ppm is water hump. NMR sample was stored in the 
freezer from between taking of 298 K spectrum and 313 K – 343 K VT NMR experiment. 298 K 
proton spectrum was taken 2 weeks before VT NMR experiment.  
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323 K

333 K

343 K

Diagnostic acetyl peaks
resolve into one major peak at 343 K

Diagnostic acetyl peaks
are mixture of 2 major rotational 

isomers at 298 k
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Spectrum 4.7.194 1H-NMR of Polycycle 45 (DMSO-d6, 500 MHz) 

 
Variable temperature NMR experiment of polycycle 45. Temperature range from 298 K – 343 K. 
At 298 K, diagnostic acetyl peaks are at a ratio of ~2:1 due to rotational isomers. Acetyl peak 
resolves into one major peak at 343 K.  
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323 K

333 K

343 K

Diagnostic acetyl peaks
resolve into one major peak at 343 K

Diagnostic acetyl peaks
are mixture of 2 major rotational 

isomers at 298 k
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