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Chapter 1: Using Azides to Access Nitrogenous Heterocycles 

Parts of this chapter were reproduced from Org. Biomol. Chem. 2019, 17, 4406-4429 

with permission from The Royal Society of Chemistry. 
 

      A recent review showed that 59% of FDA approved pharmaceuticals contain a nitrogen 

heterocycle.1 The most common nitrogenous heterocycles are 5- and 6-membered rings 

and include both saturated and aromatic heterocycles (Figure 1.1). Shortening the synthetic 

route to some of these heterocycles could have a significant impact on the cost and rate of 

drug discovery.  

 

Figure 1.1. Common Nitrogenous Heterocycles in FDA Approved Pharmaceuticals.  

 

1.1 Allylic Azides as Precursors to Nitrogen Heterocycles 

      Allylic azides provide a unique scaffold to generate nitrogenous heterocycles. Azides 

and alkenes are both versatile functional groups and in combination can undergo many 

cyclization reactions. Azides can easily be converted into amines, imines, nitrenes, and 

diazo compounds in situ. These reactive intermediates can react with an alkene and/or 

insert into the substrate to generate a nitrogen heterocycle, which contains the original 

azide nitrogen(s). 

      For instance, pyridines and carboxyquinolines have been formed from allylic azides 

(Scheme 1.1). In 2016, Park and co-workers used diruthenium catalyst 1.1 to convert an 

allylic azide into a pyridine (Scheme 1.1a).2 In this reaction, catalyst 1.1 was used to 

convert the azide into the corresponding imine. Subsequent electrocyclization and 

oxidation led to the desired pyridine. In 2003, Sá and co-workers reported a Lewis acid 

catalyzed cyclization to form quinolines (Scheme 1.1b).3 Unfortunately, the yield was not 

optimized above 23% due to starting material decomposition. Yu and co-workers 

http://ppgqmc.posgrad.ufsc.br/marcus-mandolesi-sa/
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broadened the scope of this reaction by using NBS and visible light to initiate a radical 

cyclization (Scheme 1.1c).4 

Scheme 1.1. Cyclization of Allylic Azides to form Pyridines and Carboxyquinolines. 

 

Reductive cyclizations have also been used to generate nitrogenous heterocycles from 

allylic azides. Zanatta and co-workers used an aza-wittig reaction to form a variety of 2-

trifluoromethyl pyrroles (Scheme 1.2a).5 Simultaneous reduction of both the azide and 

alkene has been used to synthesize lactams (Scheme 1.2b and 1.2c).6–8 In 2006, Sudalai 

and co-workers reported the enantioselective cyclization of an allylic azide conjugated to 

an ester (Scheme 1.2b).7,9,10 This work empolyed a cobalt catalyst which can reduce the 

alkene with good stereoselectivity and reduce the azide to promote lactamization. Sudalai 

and co-workers demonstrated the utility of this method by performing an enantioselective 

total synthesis of (R)-(-)-rolipram, in which the cyclization proceeded in 92% yield and 

92% ee.7 Tjeng developed a similar global reduction, which resulted in the formation of 

pyrrolidines.11 Another lactamization of allylic azides was demonstrated by Murphy and 

co-workers in 2013  (Scheme 1.2c).8 Homolytic cleavage of the aryl-iodide bond is thought 

to initiate a radical cascade to form the desired lactam.  
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Scheme 1.2. Reductive Cyclization of Allylic Azides. 

 

     In 1993, Yang demonstrated that allyl azide and methyl acrylate can engage in a cascade 

reaction to form a bicycle nitrogen heterocycle (Scheme 1.3).12–14 This cascade reaction is 

interesting and will be described in more detail later (see Chapter 3).  

Scheme 1.3. Cascade Reaction Between Allyl Azide and Methyl Acrylate.  

 

      These examples highlight the unique capacity for allylic azides to form nitrogen 

heterocycles. Many nitrogen heterocycles possess useful biological properties but can be 

challenging to synthesize. This work focuses on developing new routes to these 

challenging, but useful, heterocycles by employing allylic azides.  

1.2 Azides as Precursors to Bromodomain Inhibitors 

      While azides can react with alkenes, they are more well-known for cyclizing with 

alkynes. The copper-catalyzed azide-alkyne cycloaddition (CuAAC), which was pioneered 

by Meldal and Sharpless in 2002,15,16 enables facile access to a wide variety of 1,2,3-

triazoles. These 1,2,3-triazoles, as well as many other N-heterocycles, are frequently used 
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as bioisoteres for amides to improve the potency, selectivity, and pharmacokinetic 

properties of pharmaceuticals.17,18  

      For instance, several nitrogen heterocycles have been used to mimic acetylated lysines 

in bromodomain inhibitors.20 To facilitate DNA transcription, bromodomains bind to 

acetylated lysine residues on histones (Figure 1.2).19 To inhibit these protein-protein 

interactions, many inhibitors have been developed which use nitrogen heterocycles to 

mimic the acetylated lysine.20 One promising bromodomain inhibitor (V) used an 

imidazole as the acetylated lysine mimic.21,22 However, this lead compound required 10 

linear steps to synthesize with a 4% overall yield.22 Optimizing the substituents on this 

scaffold would be a time-consuming process. This work focused on substituting the 

imidazole for a 1,2,3-triazole which allows facile access to a variety of analogs. This 

modification allowed efficient turnover of the designing/synthesizing/testing cycle.  

 

Figure 1.2. Imidazole and 1,2,3-Triazole Mimicking Acetylated Lysine. 

1.3 Conclusion 

      Overall, this Ph.D. thesis expands azide reactivity to enable efficient synthetic routes 

to nitrogen heterocycles. Initial efforts focused on developing a one-pot synthesis of allylic 

azides and performing a Wacker oxidation to form azido-ketones (Chapter 2). These allylic 

azides could also be used in a cascade reaction with acrylates and vinyl sulfones to form 

bicyclic nitrogen heterocycles (Chapter 3). Lastly, azides were used to shorten the synthetic 

route to a bromodomain inhibitor which allowed efficient optimization of the inhibitor’s 

selectivity and potency (Chapter 4).  
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Chapter 2: Wacker Oxidation of Cinnamyl Azides 

A report on this research project has been published [Org. Lett. 2018, 20, 1604-1607] and 

is reprinted (adapted) with permission.  

2.1 Wacker Oxidation of Terminal Alkenes 

      The first generation Wacker oxidation was performed in 1894 by Francis Phillips.1 

Phillips observed the conversion of ethylene to acetaldehyde with stochiometric palladium 

chloride (Scheme 2.1a). Over 60 years later, Smidt and co-workers at Wacker-Chemie 

revisited this reaction and found that palladium(0) could be re-oxidized to palladium(II) 

using copper(II) chloride  (Scheme 2.1b).2,3 Additionally, oxygen could be used to oxidize 

copper(I) chloride to copper(II) chloride. These two discoveries allow ambient oxygen to 

act as the stochiometric oxidant, which made the Wacker oxidation industrially useful. This 

method quickly spread throughout the globe and is used to produce over 100,000 tons of 

acetaldehyde per year.4 

Scheme 2.1. Original Wacker Oxidation. 

 

      While the mechanism of the Wacker oxidation has been studied extensively, there is 

still debate over the exact catalytic cycle, the details of which appear condition 

dependent.5,6 The overall catalytic cycle is shown in Scheme 2.2 with outer sphere 

nucleophilic attack. In the presence of chloride ions, palladium dichloride (2.2.1) exists in 

equilibrium with the anionic complex (2.2.2). One of the chloride ions is displaced by the 

alkene (2.2.3) and the second is displaced by H2O (2.2.4).  
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Scheme 2.2. Catalytic Cycle with Outer Sphere Nucleophilic Attack. 

 

      At this point, the reaction is thought to proceed by one of two mechanisms (Scheme 

2.3). The palladium-aqua complex (2.3.1) exists in equilibrium with the corresponding 

hydroxo complex (2.3.2) and either of the two species can undergo nucleophilic attack. 

The alkene in the water complex (2.3.1) can be attacked via the outer sphere mechanism 

generating the OH and palladium in a trans relationship (2.3.3). Alternatively, the 

hydroxide complex (2.3.2) could undergo a migratory insertion, which would place the OH 

and palladium on the same side (2.3.4). Both mechanisms are possible and the 

concentrations of chloride ion and copper chloride tend to dictate which mechanism 

predominates. At low concentrations of chloride ion and copper chloride, the outer sphere 

mechanism dominates, while at high chloride concentrations the inner sphere mechanism 

is major. In both mechanisms, nucleophilic attack occurs on the internal end of the olefin 

to place the sterically bulky palladium complex on the terminal end. 
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Scheme 2.3. Two Mechanisms for Nucleophilic Attack. 

 

      Going back to the catalytic cycle (Scheme 2.2), nucleophilic attack is shown occurring 

via the outer sphere mechanism (2.2.5). This is followed by dissociation of one chloride 

ion (2.2.6), which is thought to be the rate determining step (in the outer sphere 

mechanism). -hydride elimination results in the enol (2.2.7). Subsequent 1,2-insertion 

(2.2.8) and -hydride elimination generates the observed ketone (2.2.9). The resulting 

palladium complex undergoes reductive elimination to form palladium (0). In this example, 

copper is the stoichiometric oxidant which regenerates palladium chloride.  

      Traditionally, the Wacker oxidation has been performed on terminal alkenes to 

selectively generate the methyl ketone product (Scheme 2.4a).5 This selectivity allows the 

sterically bulky palladium complex to reside on the less hindered terminal carbon. This 

regioselectivity is also preferred electronically because alkyl groups are electron donating. 

Attack on the internal end places the greater partial negative charge on the less substituted 

carbon, which forms the less basic anion. As shown in Makabe’s total synthesis of (-)-

Cassine, terminal alkenes generally react significantly faster than internal alkenes (Scheme 

2.4b).7 Internal alkenes are sterically congested and thus slow to undergo nucleophilic 

attack. This allows regioselective oxidation of terminal alkenes in the presence of internal 

alkenes. 
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Scheme 2.4. Ketone Selectivity on Terminal Alkenes. 

 

      While the Wacker oxidation of terminal alkenes generally exhibits selective ketone 

formation, a few methods have been developed to obtain the aldehyde. In 2013, Grubbs 

reported selective aldehyde formation via single electron oxidation (Scheme 2.5a).8 The 

nitrite radical attacks the terminal end of the alkene (intermediate 2.5.2) to form the more 

stable secondary radical.9 This is an example of catalyst controlled selectivity. Substrate 

design can also control selectivity. Allylic heteroatoms can induce aldehyde formation as 

shown in Brimble’s total synthesis of (-)-Herbaric acid (Scheme 2.5b).10 The allylic 

heteroatom’s electron withdrawing ability causes the terminal end of the alkene to be more 

electron deficient (intermediate 2.5.5). This dipole causes nucleophilic attack to occur 

preferentially at that site. Oxygen coordination to palladium may also contribute to the 

observed selectivity.  

Scheme 2.5. Aldehyde Selective Oxidation of Terminal Alkenes. 

 

2.2 Wacker Oxidation of Internal Alkenes  

      While Wacker oxidations have traditionally been performed on terminal alkenes, they 

can also be used to functionalize internal alkenes. Internal alkenes are generally less 
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reactive and unselective resulting in low yields and mixtures of ketones. In the total 

synthesis of (+)-Artemisinin, Cook and co-workers performed a Wacker oxidation on an 

internal alkene (Scheme 2.6). The reaction proceeded in good total yield (92%) but 

generated a 2:1 mixture of the methyl and ethyl ketones.  

Scheme 2.6. Poor Selectivity for Wacker Oxidations on Internal Alkenes. 

 

      To achieve selectivity on internal alkenes, Sigman and co-workers used allylic 

heteroatoms to electronically bias the nucleophilic attack (Scheme 2.7a).11 In the optimized 

conditions, a bidentate ligand occupies two of palladium’s coordination sites and tert-butyl 

hydroperoxide (TBHP) and the alkene occupy the other two (2.7.1). Thus, the palladium is 

coordinatively saturated and the selectivity must be a result of the inductive effect rather 

than the coordinating effect. Unfortunately, only a few directing groups (e.g. OMOM) 

afforded high yields and selectivity. The system was particularly ineffective with cis 

alkenes and alcohol directing groups. Grubbs and co-workers also reported the Wacker 

oxidation of internal alkenes with allylic heteroatoms employing Pd(OAc)2, benzoquinone, 

and HBF4 (Scheme 2.7b).9 This method also produced variable selectivity and was largely 

substrate and directing group dependent. To increase selectivity, Grubbs switched from 

allylic heteroatoms to the more electron withdrawing CF3 group (Scheme 2.7c).12 The CF3 

group significantly improved the selectivity and all reported substrates had >20:1 ratios in 

favor of the distal ketone.  
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Scheme 2.7. Heteroatom-Directed Oxidation of Internal Alkenes. 

 

2.3 Azides as Effective and Versatile Directing Groups 

      While the CF3 group provides excellent selectivity, it is not easily diversified. We 

imagined that azides would be an attractive directing group.13 Their strong electron 

withdrawing nature should provide good selectivity and their versatile reactivity will 

provide a handle for further functionalization.14 Unlike allylic heteroatoms and CF3 groups, 

allylic azides can undergo a [3,3]-sigmatropic rearrangement, known as the Winstein 

rearrangement (Scheme 2.8).15,16 This causes many allylic azides to exist as a mixture of 

isomers (Scheme 2.8a). One way to bias the equilibrium is through conjugation. When one 

isomer is conjugated, the other unconjugated isomer is generally not observed (Scheme 

2.8b). I decided to optimize the Wacker oxidation on cinnamyl azides to minimize 

complicating factors caused by an equilibrating mixture.   

Scheme 2.8. Winstein Rearrangement. 

 

      Cinnamyl azides are a convenient starting material because we previously developed a 

route to synthesize them in one step from benzaldehydes and vinyl Grignard.17 Vinyl 

Grignard addition into benzaldehydes afforded the corresponding alkoxide (not shown). 
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Subsequent addition of diphenylphosphoryl azide (DPPA) generated intermediate 2.9.2 and 

azide anion. SN2 attack by azide anion generates the unconjugated isomer (2.9.3), which 

quickly rearranges to the more stable conjugated isomer (2.9.4). Alternatively, SN2’ attack 

by azide anion on intermediate 2.9.2 could generate the conjugated isomer (2.9.4) directly. 

Regardless of the mechanism, only the conjugated isomer 2.9.4 is observed after the 

reaction.   

Scheme 2.9. Direct Synthesis of Cinnamyl Azides.  

 

      With convenient access to cinnamyl azides, I focused on identifying a highly reactive 

catalyst (Table 2.1). Given the low reactivity associated with internal alkenes, I examined 

cationic palladium complexes to achieve the desired oxidation.9 Preliminarily, 

Pd(PhCN)2Cl2 was used as a convenient pre-catalyst and a variety of silver salts were added 

(entries 1-5). Chloride ions exhibit strong coordination and no Wacker oxidation was 

observed with the pre-catalyst alone (entry 1). Oxidation of the azide to the corresponding 

cinnamaldehyde was observed as a background reaction.18,19 However, in the presence of 

silver (I) salts, the desired Wacker oxidation was observed (entries 2-5). Presumably, 

halogen abstraction generates a more reactive cationic palladium species in situ. The 

conversion and yield increased with all of the examined non-coordinating counter ions. 

This suggests the formation of solvated Pd2+(MeCN)4 and a presumed leveling effect under 

the aqueous conditions. The addition of catalytic quantities of benzoquinone was 

advantageous (entry 5 vs 6). When benzoquinone was used as the stoichiometric oxidant, 

the yield was diminished (entry 7). Furthermore, control experiments revealed that silver 

is not necessary (entry 8), and that the nitrate ion is beneficial (entry 8 vs 9). Lastly, the 

procedure could be further optimized by reducing the amount of water used as a co-solvent 

and by adding the Oxone portion-wise to slow the background azide oxidation (entry 10 vs 

11). The final procedure is operationally simple, was conducted on the benchtop, and uses 

readily available materials.  
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Table 2.1. Optimization of the Wacker Oxidation 

 

entry [Pd] AgX Additive(s) Yield (%)b 

1 Pd(PhCN)2Cl2 - - 0 

2 Pd(PhCN)2Cl2 AgOTf - 33 

3 Pd(PhCN)2Cl2 AgSbF6 - 39 

4 Pd(PhCN)2Cl2 AgBF4 - 18 

5 Pd(PhCN)2Cl2 AgNO3 - 40 

6 Pd(PhCN)2Cl2 AgNO3 BQ 73 

7c Pd(MeCN)4(BF4)2 - 1.2 equiv. BQ, KNO3 51 

8 Pd(MeCN)4(BF4)2 - BQ 59 

9 Pd(MeCN)4(BF4)2 - BQ, KNO3 71 

10d Pd(PhCN)2Cl2 AgNO3 BQ 67 

11e Pd(PhCN)2Cl2 AgNO3 BQ 80 

aReaction conditions: substrate (60 μmol), naphthalene standard (12 μmol), [Pd] (6 μmol, 10 mol%), AgX 

(15 μmol, 25 mol%), benzoquinone (15 μmol, 25 mol%), Oxone (180 μmol, 3 equiv.), water (50 μL), MeCN 

(400 μL), under air, room temperature. bConversion and yield were determined by calibrated GC-FID 

analysis. Reactions were run in duplicate and the average value is reported. cReaction was conducted with 

1.2 equivalents of benzoquinone and no Oxone. dReaction was run using double the volume of water (100 

μL). eOxone was added portion-wise. 

 

      To determine the functional group tolerance of this Wacker oxidation, the robustness 

screen advocated by Glorius was performed.20,21 The full test set, plus a few additional 

additives, is shown in Table 2.2. Several of the functional groups were well tolerated 

including a free alcohol (2.2a), nitrile (2.2b), ketone (2.2c), heterocycle (2.2d), alkyl halide 

(2.2e), and aryl halide (2.2f). Readily oxidized functional groups such as aniline (2.2g), 

furan (2.2h), pyrrole (2.2i), and benzaldehyde (2.2j), were degraded. Acetal 2.2l 

hydrolyzed to benzaldehyde. Terminal alkenes (2.2m) underwent Wacker oxidation faster 

than the cinnamyl azide and alkynes inhibited the reaction (2.2n and 2.2o).  Additionally, 

as would be expected for an electrophilic metal center, good ligands inhibited the catalyst 

(2.2p-2.2q). In some cases, these limitations could be overcome. For instance, 2,6-lutidine 
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(2.2r) was not as strong of an inhibitor and acetanilide (2.2s) was tolerated even though 

aniline was not. 

Table 2.2. Robustness Screen 

 

A = additive % remaining; S = starting material % remaining; P = product % formed. Reported values 

determined by GC-FID analysis. A and S were determined based on a single point calibration. P was 

calibrated by linear regression. Values reported are the average of duplicate trials. bBenzaldehyde was 

observed as the major product. c4-Phenyl-2-butanone was observed as the major product. 

 

      A variety of substrates were examined (Table 2.3). Cinnamyl azide was oxidized in 

comparable yield to the model substrate (2.3b). Other electronically neutral or methylated 

aryl rings provided acceptable yields (2.3c – 2.3f). Double ortho-substitution was tolerated 

and ketone 2.3g was isolated in moderate yield. More electron rich aryl rings were the 

preferred substrates (2.3h – 2.3n). Even though benzyl acetal 2.3l was hydrolyzed, the 

BOM acetal present in 2.3n was compatible with the reaction. Lastly, the reaction was 

qualitatively slowed with electron withdrawing groups. This resulted in diminished but 

acceptable yields (2.3o and 2.3p). 
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Table 2.3. Substrate Scope of Azide Directed Wacker Oxidation. 

 

Yields are of isolated and purified material. Values reported are the average of duplicate trials. 

      This procedure was easily conducted on a gram scale (Scheme 2.10). The β-azido-

ketone was readily diversified. The ketone was selectively reduced to provide alcohol 

2.10.1. Allylation of the ketone was successful without azide elimination and afforded 

alcohol 2.10.2. A copper-catalyzed azide-alkyne cycloaddition afforded triazole 2.10.3.  

Scheme 2.10. Gram Scale Reaction and Diversification of Products. 

 

      I also performed this Wacker oxidation on an aliphatic azide (Scheme 2.11). This was 

complicated by the Winstein rearrangement, which causes most aliphatic azides to exist as 

a mixture of isomers.15,16,22 The equilibrium mixture of azides 2.11.1 and 2.11.2 was 

subjected to the reaction conditions. This reaction afforded an acceptable yield of ketone 

2.11.3, which was contaminated with small quantities of the regioisomer 2.11.4. Azide 
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2.11.2 provided aldehyde 2.11.5. Aldehyde 2.11.5 is not stable under the reaction 

conditions, and a number of over oxidized products were observed.  

Scheme 2.11. Wacker Oxidation on an Equilibrating Allylic Azide. 

 

      In conclusion, we developed a Wacker oxidation for cinnamyl azides that provides the 

aryl ketone with excellent selectivity. The procedure is operationally simple, conducted 

under air, and uses Oxone as the stoichiometric oxidant. A robustness screen was conducted 

that defines the limitations of this method. Many substrates provide a high yield of the 

ketone product and this procedure can be conducted on a gram scale.  

2.4 Experimental  

All the experimental details and characterization data from this chapter can be found in the 

supplemental information for Org. Lett. 2018, 20, 1604-1607. 
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Chapter 3: Cascade Reaction Between Allylic Azides and Michael Acceptors 

This chapter describes the outcome of a collaborative research project carried out with 

En-chih Liu. A report on this research project has been published [J. Org. Chem. 2020, 85, 

6044-6059] which has been reprinted (adapted) with permission. I started this project and 

performed the initial optimization and substrate scope. ECL helped complete the 

optimization of problematic substrates and expanded the substrate scope.  
 

3.1. Background on Tetrahydro-pyrrolo-pyrazole Heterocycles 

      Nitrogenous heterocycles are ubiquitous in pharmaceuticals, agrochemicals, and 

natural products. A 2014 analysis of FDA approved pharmaceuticals concluded that 59% 

of small-molecule active pharmaceutical ingredients contain a nitrogenous heterocycle.1 A 

recent analysis indicates, that in the last 3 years, over half of the newly FDA approved 

drugs contain a saturated N-heterocycle.2 Saturated heterocycles confer a number of 

adventitious properties relative to heteroarenes3–5 such as offering stereochemical 

complexity, increased aqueous solubility,6 and enhanced metabolic stability.6,7 Shortening 

the route to some of these heterocycles could have a significant impact on the cost and rate 

of drug discovery. One subset of nitrogen heterocycles that are particularly challenging to 

synthesize are bicyclic nitrogen heterocycles. This problem was emphasized by scientists 

at Merck in a recent review which stated that one “key unsolved problem in synthetic 

chemistry [is the] concise synthesis of highly functionalized constrained bicyclic amines.”8 

One such example that highlights this issue are substituted tetrahydro-pyrrolo-pyrazole 

heterocycles (Figure 3.1). These heterocycles are known to be biologically active with a 

variety of potential applications but can be challenging to synthesize.9–13  

Figure 3.1. Examples of Tetrahydro-pyrrolo-pyrazoles. 

 

    When the pyrrolidine moiety contains two carbonyls (e.g. compounds 3a and 3b), the 

heterocycles can easily be generated through cycloaddition of a diazo species to activated 

maleimide derivatives9 or via conjugate addition/cyclization with a hydrazone (Scheme 

3.1a).11  In this case, neither regioselectivity nor stereoselectivity are an issue. However, 



21 
 

when the pyrrolidine is not symmetrical (e.g. compound 3c), the synthesis becomes much 

more challenging. Compound 3c was formed through an alkene-hydrazone cycloaddition 

which generated two regioisomer, each as a pair of diastereomers. Preparatory HPLC was 

required to isolate the desired isomer.  

      One method to enforce the desired regio- and diasteroselectivity is through 

intramolecularity. Zard demonstrated that hydrazones with pendant alkenes can be 

oxidized to the diazo species (Scheme 3.1b, 3.1.5).14  Intermediate 3.1.5 can undergo an 

intramolecular diazo-alkene cycloaddition to form heterocycle (3.1.6) with excellent regio- 

and diastereoselectivity. However, this approach requires pre-installation of all the 

necessary functionality into one molecule. Jahn demonstrated a more modular approach to 

access the diazo-alkene intermediate (3.1.9, Scheme 3.1c).15,16 Treatment of amine 3.1.7 

with n-BuLi and an acrylate triggered an aza-Michael reaction to generate enolate 3.1.8. 

Subsequent addition of NfN3 initiated a diazo transfer reaction to afford diazo-alkene 

intermediate (3.1.9). This intermediate cyclized to form compound 3.1.10 albeit with 

variable diastereoselectivity. This sequence provides a more modular approach, but it 

requires an alkyl group on the amine, which can be hard to remove and may make the 

products less versatile. Additionally, the use of n-BuLi and NfN3 make it less attractive on 

a large scale and more complicated to perform. Yang and co-workers reported a different 

approach to accessing the diazo-alkene intermediate (3.1.13, Scheme 3.1d).17,18 Simply by 

mixing allyl azide with methyl acrylate, triazoline 3.1.12 is formed. Triazolines can exist 

in equilibrium with the corresponding diazo compound (3.1.13).19,20 Subsequent 

cycloaddition of diazo 3.1.13 generates tetrahydro-pyrrolo-pyrazole (3.1.14).  
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Scheme 3.1. Synthesis of Tetrahydro-pyrrolo-pyrazoles. 

 

 

3.2 Optimizing Conditions to Generate Tetrahydro-pyrrolo-pyrazole Heterocycles 

      While Yang’s report is exciting, the reported conditions were mostly restricted to allyl 

azide and our attempts to perform this reaction on cinnamyl azide proceeded in very low 

yields (~15%). We recognized that this could be a powerful reaction if the conditions were 

reoptimized to make it more widely applicable. When trying a slight variation of Yang’s 

conditions, large quantities of the triazoline intermediates were observed (Table 3.1). This 

prompted me to examine conditions that would promote triazoline conversion into the 

desired heterocycle. When mixed with TEA, triazoline 3.1a cleanly converted to the 

tetrahydro-pyrrolo-pyrazole (Scheme 3.2, 3.2.6) product in ~30 min at rt. Unfortunately, 

when TEA is added to the reaction, the TEA also promotes a subsequent conjugate 

addition. The mechanism of this cascade reaction involves several reactive intermediates 

that can undergo other side reactions. 
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Table 3.1. Synthesis of Triazoline Intermediates. 

 

Yields are reported for isolated and purified products. aReaction was run in DCM (3 M). bReaction was run 

in toluene (0.2 M) at 80 °C. 

A plausible mechanism for this cascade reaction and side product formation are 

shown in Scheme 3.2. This proposal is based on the work of L’abbe20,21 and Yang.18,22 The 

cascade is thought to proceed via an initial Huisgen cycloaddition to afford triazoline 

3.2.3.20,21,23–27 This cycloaddition generally proceeds with good selectivity, but the 

regioisomeric triazoline 3.2.2 was frequently observed (~5%).20 Triazoline 3.2.3 can 

equilibrate to achiral diazo species 3.2.4.19,20 Amine bases facilitate this equilibrium, which 

likely explains the observation that TEA facilities conversion from the triazoline to the 

fused ring product.20,21 Intermediate 3.2.4 can undergo an intramolecular diazo-alkene 

cycloaddition to afford compound 3.2.5.18,22 Alternatively, in the presence of excess 

acrylate, diazo 3.2.4 can intercept a second equivalent of acrylate to form product 

3.2.8.18,22,28,29 When compound 3.2.5 contains a hydrogen atom at the benzylic position, it 

can tautomerize to generate conjugated product 3.2.6.18,22 Cyclopropane 3.2.9 can arise 

from intermediate 3.2.5 via the loss of nitrogen.18,30  Lastly, products 3.2.5 and 3.2.6 are 

sufficiently nucleophilic to engage excess acrylate in a conjugate addition, affording 

compound 4.18,22 While TEA promotes product formation, it also facilitates this conjugate 

addition. 
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Scheme 3.2. Mechanism of Cascade Reaction. 

 

      En-chih Liu and I jointly completed the reaction optimization and substrate scope. 

Qualitatively, the cascade reaction appeared to proceed more efficiently with a cinnamyl 

azide featuring a polarizing aryl substituent. This was true regardless of if the substituent 

is commonly thought of as electron donating (e.g. OMe) or withdrawing (e.g. NO2) group 

(vide infra). The substrate 2-nitrocinnamyl azide (3.2a) was selected for optimization along 

with methyl acrylate due to the availability of 2-nitrocinnamaldehyde (Table 3.2). Solvents 

with a range of polarities were examined (entries 1-5). Polar solvents promoted the 

conjugate addition that formed product 3.2d (entries 1-2), while non-polar solvents 

suppressed the conjugate addition (entries 4-5). The observation that formation of product 

3.2d could be suppressed in non-polar media is consistent with the need to form ionic 

intermediates during conjugate addition. When hexane was used, a significant amount of 

the conjugate addition was observed because the product was insoluble in hexane, resulting 

in a reaction that was pseudo-neat in methyl acrylate (entry 3).  

Having identified THF and benzene as the optimal solvents, TEA and several other 

additives were examined. The addition of acetic acid or HFIP promoted the conjugate 

addition likely because the acidic reagents active methyl acrylate for nucleophilic attack 

(entries 6-7). Consistent with our previous observations, TEA and other amine bases were 

the most effective at converting triazoline intermediate 3.2b to the desired product (entries 

8-11). DIPEA was chosen as the optimal base because it efficiently converted the triazoline 

into the product without further promoting the conjugate addition. Given the complications 

associated with conjugate addition (e.g. polymerization of acrylate), it is perhaps 

unsurprising that DMAP and pyridine provided poor results and that less nucleophilic 

amine bases were preferred. Ultimately, conditions utilizing DIPEA in benzene (entry 11) 
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were chosen as the optimal conditions. Toluene and THF were suitable alternative solvents 

(entries 12-14).  

 

Table 3.2. Cascade Optimization with Methyl Acrylate. 

 

entry solvent additive 3.2b (%)a 3.2c (%)a 3.2d (%)a 

1 DMSO - n.d. 77 14 

2 MeOH - n.d. n.d. 95 

3 Hexane - n.d. 35 54 

4 THF - 34 46 n.d. 

5 C6H6 - 37 11 n.d. 

6 C6H6 AcOH n.d. n.d. 67 

7 C6H6 HFIP n.d. 17 55 

8 C6H6 DMAP n.d. 80 8 

9 C6H6 pyridine 5 41 n.d. 

10 C6H6 TEA n.d. 85 n.d. 

11 C6H6 DIPEA n.d. 91 n.d. 

12 PhMe DIPEA n.d. 83 n.d. 

13 THF TEA n.d. 72 n.d. 

14 THF DIPEA n.d. 78 n.d. 

aReactions were conducted with azide 1b (70 µmol), methyl acrylate (210 µmol), and additive (35 µmol) in 

solvent (0.2 M) at 70 °C. Conversion and yield were determined by calibrated GC-FID analysis. Reactions 

were run in duplicate and the average value is reported. Not detected = n.d. 

The optimized reaction conditions work well with a variety of cinnamyl azides 

(Table 1). Compound 3.3a was isolated in 94% yield. The product from cinnamyl azide 

(3.3b) was crystalline and diffraction analysis confirmed the structure (crystal structure 

was solved by Ryan Daley). Other cinnamyl azides containing electron donating groups 

(3.3c, 3.3d, and 3.3h) and electron withdrawing groups (3.3f, 3.3g, and 3.3i) were tolerated. 

Ortho substitution was tolerated (3.3a, 3.3h, and 3.3i). Lastly, products with an electron 
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rich heteroarene (3.3j and 3.3k) or an electron deficient heteroarene (3.3l – 3.3n) were 

isolated in good yield. It is worth noting that at the end of these reactions, the desired 

product frequently existed as a mixture of the two tautomers 3.2.5 and 3.2.6 (see Scheme 

3.2). TFA was added during the workup to convert the mixture into the more stable 

conjugated tautomer 3.2.6. In some instances, silica gel and DBU were also able to promote 

tautomerization.  

Table 3.3. Scope of the Cascade Reaction with Cinnamyl Azides. 

 

Yields are reported for isolated and purified products. Yield values reflect the average of duplicate trials. 

ORTEP structure of 3.3b shown with select hydrogen atoms displayed.  

      When the optimized conditions were used with more highly substituted allylic azides, 

diazo cycloaddition with a second equivalent of methyl acrylate was a major side reaction 

(product 3.2.8, Scheme 3.2). To mitigate this side product, a second procedure was 

developed for products where the intramolecular cyclization was slow (Table 3.4). The 

triazoline was pre-formed by mixing the azide and acrylate neat at room temperature. 

Excess acrylate was removed in vacuo. Then the triazoline was heated in the presence of 

DIPEA in C6H6, which triggered the remainder of the cascade. A methyl or a phenyl group 

could be incorporated adjacent to the azide (3.4a and 3.4b). A minor diastereomer was not 

detected for compound 3.4b and the relative configuration was assigned based on a crystal 
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structure (not shown). The relative stereochemistry of product 3.4a was assigned by 

analogy. For product 3.4a, a minor diastereomer was observed.31,32 A tertiary azide 

afforded product 3.4c. A methyl group could be incorporated in the α or β position relative 

to the arene, affording compounds 3.4d and 3.4e. A branched allylic azide was suitable and 

afforded product 3.4f. This product is noteworthy because significant eclipsing interactions 

likely exist between the bridgehead substituents. Furthermore, a cyclic azide afforded 

caged systems (3.4g-3.4h). A proximal arene was not required (3.4i).  

Table 3.4. Reaction Scope with Substituted Allylic Azides 

 

Yields are reported for isolated and purified products. Yield values reflect the average of duplicate trials. 
aInitial 72 h incubation at rt with an additional 24 h at 70 °C. bDiastereomeric ratio determined by crude 1H 

NMR spectroscopy. cReaction for 48 h at 70 °C. dReaction for 72 h at 70 °C. eInitial 48 h incubation at rt with 

an additional 24 h at 70 °C.  

A single enantiomer of azide 3.3.1 (>99:1 er) was utilized (Scheme 3.3).33 Product 

3.4h could be isolated with no loss in enantiomeric purity (>99:1 er). This represents a 

tremendous amplification of stereochemical complexity. Azide 3.3.1 contains only a single 

stereocenter. Product 3.4h contains four contiguous stereocenters, three of which are 

generated from this cascade reaction. Two stereocenters are formed at tetrasubstituted 

carbon atoms that bear a nitrogen substituent, which are known to be particularly 

challenging stereocenters to establish.8,34  



28 
 

Scheme 3.3. Stereospecific Cascade Reaction. 

 

      The reaction was investigated with other Michael acceptors (Table 3.5). Simple 

acrylates provided high yields (3.5a-3.5c). The use of methyl or benzyl crotonate afforded 

products 3.5d and 3.5e in high yield and modest dr. The relative configuration of compound 

3.5d was determined by X-ray diffraction analysis (En-chih Liu solved the crystal 

structure) and the configuration of product 3.5e was assigned by analogy. The use of 

methyl vinyl ketone afforded product 3.5f exclusively. The Michael addition could be 

suppressed by trapping the initial adduct with TsCl (3.5g). Other Michael acceptors 

including acrylamide (3.5h), acrylonitrile (3.5i), and diethyl vinyl phosphonate (3.5j) were 

effective. When diethyl vinyl phosphonate was used as the Michael acceptor, the 

regioisomeric triazoline (3.2.2, from Scheme 3.2) was a significant byproduct (ca. 1:1). 

Table 3.5. Reaction Scope with Different Michael Acceptors 

 

Yields are reported for isolated and purified products. Yield values reflect the average of duplicate trials. 
aReaction for 5 days at 70 °C. bDiastereomeric ratio determined by crude 1H NMR spectroscopy. cInitial 24 

h incubation neat at 40 °C. Then C6H6 and DIPEA were added for an additional 24 h at 40 °C. dReaction was 

heated to 90 °C.  

      To investigate the chemoselectivity of the final diazo-alkene cycloaddition, the reaction 

was run with acrylate 3.4.1. Azide 3.2a will form the triazoline and subsequently 
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equilibrate to diazo intermediate 3.4.2. At this point, the diazo can potentially cyclize with 

either pendant alkene to form two different [5,5]-fused ring systems (product 3.4.3 or 

3.4.4). In this reaction, only product 3.4.3 was observed. This may result from the most 

stable ester geometry placing the alkene away from the diazo.  

Scheme 3.4. Selectivity Between Different Alkenes.  

 

Conducting the cascade reaction in the presence of various electrophiles was a 

productive means to extend the cascade process (Table 3.6). The addition of Boc2O (3.6a), 

TsCl (3.6b), TrCl (3.6c), and CbzCl (3.6d) all afforded derivatized products directly in 

good yield.  

Table 3.6. Product Functionalization in Situ to Expand Cascade 

 

Yields are reported for isolated and purified products. aYield reflects the sum of both tautomers.  

The cascade cyclization could be conducted on a gram scale without any decrease 

in efficiency (Scheme 3.5). Each of the functional groups present in product 3.3a could be 

selectively derivatized. The nitro group could be selectively reduced to afford aniline 3.5.1. 

The ester present in product 3.3a could be reduced to afford alcohol 3.5.2 or hydrolyzed to 

acid 3.5.3. The pyrrolidine nitrogen could be alkylated, arylated, or acylated to afford 

products 3.6d, 3.5.4, and 3.5.5. Lastly, the hydrazine motif could be acylated, yielding 

compound 3.5.6.  These results clearly highlight how the dense functionality present on the 

pyrrolidine-dihydropyrazole core can be selectively elaborated and diversified. 
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Scheme 3.5. Gram Scale Reaction and Product Derivatization 

 

In conclusion, cinnamyl azides and Michael accepters can engage in a modular 

cascade cyclization to directly generate fused tetrahydro-pyrrolo-pyrazole heterocycles. 

The reaction proceeds on an array of coupling partners. Furthermore, the products can be 

derivatized in situ. This reaction rapidly amplifies the complexity of two trivial coupling 

partners and directly affords functionally dense bicyclic amine building blocks. This 

cascade is modular and amenable to diversification.  

3.3 Extending the Cascade Reaction with Vinyl Sulfones 

 

The cascade reaction between allylic azides and electron deficient alkenes can be 

extended by using a good leaving group as the electron withdrawing substituent (Scheme 

3.6). After the initial adduct (3.6.1) is formed, the leaving group can eliminate to generate 

the aromatic version of the heterocycle (3.6.2).  

Scheme 3.6. Extending the Cascade Reaction by Using a Good Leaving Group. 

 

The dihydro-pyrrolo-pyrazole ring system in compound 3.6.2 is found in a variety of 

biologically important molecules (Figure 3.2). This fused ring system is a key substructure 

in omarigliptin, which Merck developed to treat type 2 diabetes.5 Danusertib, which 
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entered clinical trials to treat chronic myelogenous leukemia (Figure 3.2),3,4 also contains 

this ring system. The dihydro-pyrrolo-pyrazole substructure also appears in a glycine 

transporter-1 inhibitor, a P21-activated kinase inhibitor, and elsewhere.6,7  

 

Figure 3.2. Select Biologically Active Molecules Containing a Dihydro-pyrrolo-

pyrazole. 

 

Versatile synthetic routes to dihydro-pyrrolo-pyrazole heterocycles are lacking, which 

is surprising in light of the stated utility. Current methods to synthesize dihydro-pyrrolo-

pyrazoles are primarily based on carbonyl condensation with hydrazine (Scheme 3.7). 

Exposing 1,3-diketones or β-keto-nitriles to hydrazine can generate the pyrazole (Scheme 

3.7a).8 Other prefunctionalized ketones can condense with hydrazine (Scheme 3.7b).5,8,9  

Alternatively, an intramolecular dipolar cycloaddition is operative (Scheme 3.7c).10,11 

While effective, these approaches require preformation of the substrate. Ideally, there 

would be a divergent method to generate a wide variety of these heterocycles directly from 

simple starting materials.  

Scheme 3.7. Prior Synthesis of Dihydro-pyrrolo-pyrazoles. 
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      Synthesizing these heterocycles from simple allylic azides and commercially available 

alkenes would provide a simple, modular approach. Sulfones were identified as a group 

that would both be electron withdrawing to lower the pka of the intermediate triazoline and 

a good leaving group that could readily eliminate. Using similar reaction conditions, the 

desired cascade reaction was performed on a variety of cinnamyl azides (Table 3.7). The 

yields for these reactions are modest, but acceptable given the complexity of the cascade 

reaction. The reaction can tolerate electron withdrawing (3.7a – 3.7b) and electron 

donating substituents (3.7c - 3.7d) on the arene. Also, the benzene ring could be replaced 

by a furan (3.7f), thiophene (3.7g), or benzothiophene (3.7h). More highly substituted 

azides also worked well in the reaction (3.7i – 3.7j). 

Table 3.7. Scope of Cascade Reaction with Cinnamyl Azides 

 

      In conclusion, two cascade reactions were developed to generate tetrahydro-pyrrolo-

pyrazoles and dihydro-pyrrolo-pyrazoles. These cascade reactions allow simple allylic 

azides and commodity alkenes to be converted into fused nitrogen heterocycles which can 

be challenging to access via previously reported methods.  

3.4 Experimental 

Most of the experimental details and characterization data from this chapter have been 

published.35,36 The unpublished experimental details are included below. 
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Compound 3.1a 

Cinnamyl azide (520 mg, 3.27 mmol) was added neat to methyl acrylate (1.5 mL, 16 

mmol). The reaction was sealed under air at rt. After 24 h, the product was concentrated 

under reduced pressure. Purification by column chromatography (0-80% EtOAc in 

hexanes) afforded triazoline 3.1a (484 mg, 60%) as a yellow oil.  
1H NMR (500 MHz,CDCl3) δ 7.40 (d, J = 7.5 Hz, 2H), 7.35 (t, J = 7.5 Hz, 2H), 7.31 – 

7.26 (m, 1H), 6.63 (d, J = 15.8 Hz, 1H), 6.24 (dt, J = 15.9, 6.7 Hz, 1H), 5.01 (t, J = 11.9 

Hz, 1H), 4.52 (dd, J = 15.0, 6.5 Hz, 1H), 4.36 (dd, J = 15.0, 6.8 Hz, 1H), 3.85 (s, 3H), 3.40 

(d, J = 11.8 Hz, 2H).  
13C NMR (126 MHz, CDCl3) δ 169.0, 136.1, 134.4, 128.7, 128.1, 126.6, 123.3, 78.3, 53.0, 

52.7, 46.9. 

IR (NaCl, thin film, cm-1): 3027, 2953, 1741, 1359, 1214, 1177, 1086, 970, 928, 750, 697.  

HRMS (ESI-TOF) m/z [M + Na]+ calcd for C13H15N3NaO2
+ 268.1056, found 268.1046. 

 

 
Compound 3.1b 

Cinnamyl azide (987 mg, 6.21 mmol) was added neat to N,N-dimethylacrylamide (1.9 mL, 

19 mmol). The reaction was sealed under air at rt. After 24 h, the product was concentrated 

under reduced pressure. Purification by column chromatography (0-30% IPA in hexanes) 

afforded 3.1b (702 mg, 44%) as a yellow oil.  
1H NMR (500 MHz, CDCl3) δ 7.37 (d, J = 7.5 Hz, 2H), 7.30 (t, J = 7.5 Hz, 2H), 7.26 – 

7.21 (m, 1H), 6.60 (d, J = 15.8 Hz, 1H), 6.23 (dt, J = 15.9, 6.6 Hz, 1H), 5.17 (t, J = 11.9 

Hz, 1H), 4.53 (dd, J = 15.1, 6.2 Hz, 1H), 4.25 (dd, J = 15.1, 7.0 Hz, 1H), 3.67 (dd, J = 11.7, 

9.8 Hz, 1H), 3.36 (s, 3H), 3.27 (dd, J = 12.0, 9.7 Hz, 1H), 3.01 (s, 3H). 
13C{1H} NMR (126 MHz, CDCl3) δ 166.2, 136.3, 134.1, 128.7, 128.0, 126.6, 123.8, 77.7, 

52.9, 46.5, 37.6, 36.2. 
IR (NaCl, thin film, cm-1): 3027, 2931, 1651, 1494, 1449, 1399, 1261, 1071. 

HRMS (ESI-TOF) m/z [M + Na]+ calcd for C14H18N4NaO+ 281.1373, found 281.1374. 

 

 

 

Compound 3.1c 

To a solution of cinnamyl azide (300 mg, 1.88 mmol) in DCM (0.70 mL) was added 1-

acryloyl-2-pyrrolidinone (305 mg, 2.16 mmol). The reaction was sealed under air at rt. 

After 24 h, the reaction was concentrated under reduced pressure. Purification by column 
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chromatography (0-100% EtOAc in hexanes) afforded triazoline 3.1c (321 mg, 57%) as a 

white solid. 
1H NMR (500 MHz, CDCl3) δ 7.41 (d, J = 7.7 Hz, 2H), 7.35 (t, J = 7.5 Hz, 2H), 7.31 – 

7.26 (m, 1H), 6.63 (d, J = 15.8 Hz, 1H), 6.29 – 6.18 (m, 2H), 4.56 – 4.53 (m, 1H), 4.50 (t, 

J = 7.7 Hz, 2H), 4.39 (dd, J = 15.1, 6.8 Hz, 1H), 4.14 – 4.07 (m, 2H), 3.54 – 3.38 (m, 2H). 
13C{1H} NMR (126 MHz, CDCl3) δ 167.6, 153.2, 136.1, 134.3, 128.7, 128.1, 126.6, 123.4, 

77.2, 62.5, 52.7, 46.5, 42.8. 

IR (NaCl, thin film, cm-1): 3367, 2923, 2103 (diazo), 1780, 1724, 1702, 1476, 1448, 1391, 

1364, 1272, 1224, 1120, 1043. 

HRMS (ESI-TOF) m/z [M + Na]+ calcd for C15H16N4NaO3
+ 323.1115, found 323.1118. 

 

 

 
 

Compound 3.1d 

Phenethyl azide (505 mg, 3.44 mmol) was added neat to methyl acrylate (1.5 mL, 17 

mmol). The reaction was sealed under air at rt. After 18 h, the product was concentrated 

under reduced pressure. Final purification by column chromatography (0-80% EtOAc in 

hexanes) afforded triazoline 3.1d (580 mg, 72%) as a yellow oil.  
1H NMR (500 MHz, CDCl3) δ 7.35 – 7.31 (m, 2H), 7.27 – 7.22 (m, 3H), 4.95 (t, J = 12.1 

Hz, 1H), 3.97 (dt, J = 14.6, 7.4 Hz, 1H), 3.84 (s, 3H), 3.82 – 3.74 (m, 1H), 3.33 (dd, J = 

12.1, 4.5 Hz, 2H), 3.03 (t, J = 7.3 Hz, 2H). 
13C{1H} NMR (126 MHz, CDCl3) δ 169.0, 138.4, 128.8, 128.7, 126.7, 78.1, 52.9, 51.8, 

47.7, 34.7. IR (NaCl, thin film, cm-1): 3028, 2952, 2860, 2089 (diazo), 1742, 1691, 1454, 

1362, 1207, 1104. HRMS (ESI-TOF) m/z [M + Na]+ calcd for C12H15N3NaO2
+ 256.1056, 

found 256.1047.  

 

 
Compound 3.1e 

To a solution of azide (46.8 mg, 0.235 mmol) in toluene (1.0 mL) was added methyl 

acrylate (0.10 mL, 1.2 mmol). The reaction was sealed under air and heated to 80 °C. After 

18 h, the reaction was concentrated under reduced pressure to afford triazoline 3.1e in 

quantitative yield as a 1:1 mixture of diastereomers. The diastereomers were separated by 

column chromatography (0-50% EtOAc in hexanes).  

 

Diastereomer 1:  
1H NMR (500 MHz, CDCl3) δ 7.37 – 7.34 (m, 2H), 7.33 – 7.28 (m, 2H), 7.27 – 7.22 (m, 

1H), 6.30 (td, J = 4.0, 1.5 Hz, 1H), 5.50 – 5.37 (m, 1H), 4.65 (dd, J = 13.2, 11.2 Hz, 1H), 

3.80 (s, 3H), 3.46 (dd, J = 11.2, 10.0 Hz, 1H), 2.93 (dd, J = 13.2, 10.0 Hz, 1H), 2.32 – 2.25 

(m, 2H), 2.08 – 2.00 (m, 2H), 1.86 – 1.77 (m, 2H).  
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13C{1H} NMR (126 MHz, CDCl3) δ 169.4, 139.9, 135.6, 131.5, 128.4, 127.2, 126.1, 76.9, 

54.8, 52.8, 43.7, 28.3, 25.7, 19.7.  

IR (NaCl, thin film, cm-1): 2938, 1741, 1461, 1444, 1224, 1118, 1080.  

HRMS (ESI-TOF) m/z [M + Na]+ calcd for C16H19N3NaO2
+ 308.1369, found 308.1365.  

 

Diastereomer 2: 
1H NMR (500 MHz, CDCl3) δ 7.34 – 7.27 (m, 4H), 7.25 – 7.20 (m, 1H), 6.28 (dt, J = 4.0, 

2.0 Hz, 1H), 5.31 – 5.26 (m, 1H), 4.81 (dd, J = 13.2, 11.3 Hz, 1H), 3.65 (s, 3H), 3.32 (dd, 

J = 13.2, 9.9 Hz, 1H), 3.18 (dd, J = 11.3, 9.9 Hz, 1H), 2.34 – 2.24 (m, 2H), 2.14 – 2.02 (m, 

2H), 1.83 – 1.77 (m, 2H).  
13C{1H} NMR (126 MHz, CDCl3) δ 169.0, 140.0, 135.8, 131.4, 128.3, 127.1, 126.3, 76.8, 

54.8, 52.7, 44.6, 28.5, 25.7, 19.3.  

IR (NaCl, thin film, cm-1): 2938, 1742, 1444, 1365, 1202, 1116, 1042.  

HRMS (ESI-TOF) m/z [M + Na]+ calcd for C16H19N3NaO2
+ 308.1369, found 308.1370. 
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Chapter 4: Mitigating the p38α Activity of Bromodomain Inhibitors 

This chapter describes the outcome of a collaborative research project carried out with 

Huarui Cui and Anand Divakaran (advised by William Pomerantz). Two reports on this 

research project have been published [J. Med. Chem. 2018, 61, 9316-9334 and ACS Med. 

Chem. Lett. 2019, 10, 1296-1301] and these reports have been reprinted (adapted) here 

with permission. I synthesized the triazole analogs and Huarui Cui and Anand Divakaran 

performed the bioassays.  

 

4.1. Introduction to Bromodomains 

      Bromodomains are an important part of DNA transcription. Specifically, they bind 

N-ε-acetylated lysine residues on histones and transcription factors to regulate cellular 

processes including the cell cycle, proliferation, and cellular differentiation.1 The 61 human 

bromodomains (BRD) have been subdivided into eight classes based on structural or 

sequence similarities.2 The Bromodomain and Extra Terminal (BET) family includes 

BRD2, BRD3, BRD4 and BRDT. These four proteins each contain two tandem 

bromodomains (D1 and D2) and an extra-terminal domain.  

      Inhibiting BET bromodomains from binding to N-ε-acetylated lysine residues is a 

key target for potential treatment of BET related diseases, including cancer, inflammation 

and heart diseases.2–5 For example, the BRD4 and BRDT bromodomains can recognize N-

ε-acetylated lysine residues on histones and recruit transcription factors to super-enhancer 

regions. Inhibition of BRD4 at super-enhancer regions can reduce c-Myc expression, which 

could be a therapeutic strategy for treating cancer.6 Given the significant roles that BET 

bromodomains play in oncogene expression and in inflammation, several clinical trials are 

underway to assess the therapeutic effects of BET inhibition.2,7 

      Bromodomain’s native ligands are acetylated lysines, which hydrogen bond to an 

asparagine in the binding site (Figure 4.1). To mimic this native interaction, bromodomain 

inhibitors generally contain a hydrogen bond acceptor that can engage this hydrogen bond. 

Figure 4.1. Native BRD Interaction. 
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      One method for identifying bromodomain inhibitors has been screening kinase 

libraries against the bromodomain of interest (Figure 4.2).8–13 The first dual kinase-

bromodomain inhibitor reported was Dinacicilib.12 This cyclin-dependent kinase (CDK) 

inhibitor was found to have modest affinity for BRDT. The pyridine oxide serves as the N-

ε-acetylated lysine mimic and is recognized by Asn109 on BRDT. In 2014, both Ciceri et 

al. and Ember et al. identified several dual kinase-bromodomain inhibitors including BI-

2536, which is a polo-like kinase 1 (PLK1) inhibitor with high affinity for BRD4-D1.8,11 

The dihydropteridinone carbonyl and the methylamino group function as the N-ε-

acetylated lysine mimic. Since these reports, developing bromodomain inhibitors by kinase 

library screening has attracted more attention.8,11,13,14  

      Urick et al. from William Pomerantz’s lab screened a library of 229 small molecules 

by protein-observed fluorine NMR and subsequently developed the dual p38α-BRD4-D1 

inhibitor compound V.13,15 While BI-2536 and Dinaciclib are pan-BET inhibitors, 

compound V was shown to selectively inhibit the N-terminal BET bromodomains with the 

highest affinity for BRD4-D1. The amino acid sequences of proteins within the BET family 

are highly conserved which makes this selectivity notable. I began collaborating with 

Huarui Cui and Anand Divakaran from the Pomerantz lab to investigate the source of this 

selectivity. Additionally, we endeavored to mitigate the p38a activity to create a selective 

bromodomain inhibitor. Although, dual kinase-bromodomain inhibitors may produce 

synergistic effects in some cases,9,11,14,16 selective inhibition is ideal for understanding the 

physiological and pharmacological effect of BET inhibition as well as minimizing potential 

side effects.17  

Figure 4.2. Examples of Dual Kinase-Bromodomain Inhibitors. 
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4.3 Source of BRD4-D1 Selectivity 

      As previously mentioned, the sequence identity is highly conserved among BET 

proteins. Because of this, most reported inhibitors are pan-BET inhibitors, such as (+)-JQ1 

(Figure 4.3), and do not discriminate among individual bromodomains.18,19 Ouyang et al. 

reported FL-411, which is selective for BRD4 over other BET proteins.20 Nevertheless, the 

potential off-target effects and dose-limiting thrombocytopenia associated with pan-BET 

inhibitors in clinical trials highlight the need for novel scaffolds with improved selectivity 

and/or potency.4,21,22 Compound V selectively inhibits the N-terminal BET bromodomains 

with the highest affinity for BRD4-D1.15 This level of selectivity within the BET family is 

unusual and warranted further investigation.  

Figure 4.3. State-of-the-art BET Inhibitors. 

       

      Recent computational studies suggest a possible explanation compound V’s unusual 

selectivity within the bromodomain family (Table 4.1).23,24 The BET bromodomains each 

contain a network of structured waters in the binding site, but the affinity of these networks 

varies between the bromodomains. BRD4-D1 and BRDT-D1 contain the weakest 

structured water networks, which implies that these waters are the easiest to displace. These 

two bromodomains also exhibit the highest affinity for compound V. It appears that when 

inhibitor V enters the binding site, it displaces the structured waters. Since the weakest 

water networks are the easiest to displace, compound V binds preferentially to the 

bromodomains with weak water networks. Such an effect would at least partly explain the 
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observed selectivity of compound V for BRD4-D1 and BRDT-D1 over the other BET 

bromodomains. 

Table 4.1. Stabilization Energy of Structured Waters and Compound V Affinity.15,23,24 

Bromodomain ΔGnetwork (kcal/mol) Compound V (µM) 

BRD2-D1 -2.5 ± 1.4 29 

BRD2-D2 -2.4 ± 0.9 67 

BRD3-D1 -3.2 ± 0.4 11 

BRD3-D2 -3.5 ± 0.9 >100 

BRD4-D1 -0.4 ± 1.0 1.8 

BRD4-D2 -4.2 ± 0.1 >100 

BRDT-D1 +0.2 ± 1.6 5.3 

      This hypothesis is further supported by co-crystal structures of DMSO and Compound 

V in BRD4-D1 (Figure 4.4). With only DMSO in the binding site, six waters are present 

including the four conserved structured waters. Three of the four structured waters are 

displaced when compound V is present, and the water network is reorganized by the 

fluorophenyl group. Based on these observations, it appears that changing the 4-

fluorophenyl group to a small methyl group would leave the structured waters intact. This 

should eliminate the BRD4-D1 selectivity. Additionally, a hydroxymethyl group might 

strengthen inhibition via hydrogen bonding to these waters.  

Figure 4.4. Co-crystal Structures of BRD4-D1 with DMSO and Compound V. 

 

 

      Before testing these hypotheses, a shorter synthesis was developed. The synthesis of 

compound V is 10 linear steps with a 4% overall yield. Synthesizing dozens of analogs via 

this route would be tedious. Switching the imidazole in compound V to a triazole (Scheme 

a. DMSO in BRD4-D1 b. Compound V in BRD4-D1 
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4.1, compound 4.1.1) could significantly accelerate analog synthesis. In compound V, the 

unsubstituted imidazole nitrogen hydrogen bonds to Asn140 in BRD4-D1 and acts as the 

N-ε-acetylated lysine mimic. Ideally, the analogous triazole could also fulfill this role.  

      A three linear step synthesis was designed to assemble the desired triazole analogs 

(Scheme 4.1). Triazole 4.1.1 could be generated from compound 4.1.2 via double Boc-

deprotection. A cross-coupling between triazole 4.1.3 and pyrimidine 4.1.4 was envisioned 

to construct compound 4.1.2. Triazole 4.1.3 and pyrimidine 4.1.4 could be formed via a 

copper-catalyzed azide-alkyne cycloaddition (CuAAC) and SNAr reaction, respectively. 

Thus, these triazole analogs should be accessible in 3 linear steps.  

Scheme 4.1. Convergent Synthesis of Triazole Analogs. 

 

      The first few analogs were synthesized in a six-step route (Scheme 4.2). Commercially 

available mesylate 4.2.1 was converted into azide 4.2.2 with NaN3 in DMF. A CuAAC with 

azide 4.2.2 and a variety of alkynes generated triazoles (4.2.3a - 4.2.3c). These triazole can 

be converted into the organozinc complex by deprotonating the triazole with n-BuLi 

followed by addition of ZnCl2. Subsequent addition of pyrimidine 4.2.4 and SPhosPdG3 

initiated a Negishi coupling to generate compound 4.2.5. Subsequent oxidation with 

Oxone® followed by an SNAr reaction with 3,5-dimethylaniline afforded compounds 4.2.7a 

– 4.2.7c. Treatment with TFA afforded the desired products (4.2.8a - 4.2.8c).  
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Scheme 4.2. First Generation Synthesis of Triazole Analogs. 

 

aThis reaction was run with NaHMDS at -78 °C. 

      These three compounds were analyzed by ALPHAScreen (a commercial assay 

performed by Reaction Biology) against 7 of the 8 BET bromodomains (Table 4.2). 

Substituting the imidazole ring in compound V with a triazole (compound 4.2.8a) resulted 

in a moderate loss of BRD4-D1 potency (IC50 = 1.8 μM for compound V vs. 27 μM for 

4.2.8a). Triazoles are less basic than imidazoles and likely form a weaker hydrogen bond 

to Asn140.25–27 Replacement of the fluorophenyl group with a hydroxymethyl (4.2.8b) 

group resulted in further reduced binding with IC50’s > 100 µM. Rather than providing an 

additional hydrogen bond, this polar side chain is possibly incompatible with the 

hydrophobic nature of the binding pocket. In contrast, truncation of the fluorophenyl group 

to a methyl in compound 4.2.8c enhanced binding 20-fold relative to 4.2.8a (IC50 = 1.3 µM 

for 4.2.8c vs 155 µM for 4.2.8a). The large gain in potency is consistent with the energetic 

penalty associated with displacing the structured waters. Additionally, the selectivity was 

lost, which is consistent with the hypothesis that displacing the structured waters imparts 

selectivity. A co-crystal structure of a similar methyl triazole and BRD4-D1 (see Figure 4.6 

below) showed that the structured waters are still in place and that the triazole binds in the 

same orientation as the imidazole. While the structured waters are likely an important factor 

in compound V’s selectivity, the fact that compound 4.2.8a does not exhibit the same level 

of selectivity indicates that other factors are also involved. 
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Table 4.2. ALPHA Screen Analysis of Compound V and Compounds 4.2.8a – 4.2.8c 

Against 7 of 8 BET Bromodomains. 

IC50 by ALPHA Screen (µM)a 

Protein 

  
  

BRD2-D1 29 43 >250 1.8 

BRD2-D2 67 30 260 12 

BRD3-D1 11 51 200 0.77 

BRD3-D2 >100 110 310 2.4 

BRD4-D1 1.8 27 160 1.3 

BRD4-D2 >100 75 102 0.56 

BRDT-D1 5.3 36 110 1.6 

aIC50 values were determined by ALPHA Screen which is a commercial assay performed by Reaction 

Biology. 

4.3 Mitigating p38α Activity 

      The second goal was to mitigate the p38a activity and make these compounds 

selective bromodomain inhibitors. This study began by studying how compounds like V 

bind kinases. Co-crystal structures of p38α and similarly structured hinge-binding kinase 

inhibitors provided hypotheses for a systematic SAR study aimed at mitigating p38α 

activity. These co-crystal structures indicate that one of the inhibitor’s pyrimidine nitrogen 

atoms serves as a hydrogen bond acceptor and the exocyclic N-H is a hydrogen bond donor 

(Figure 4.5); both interactions are made to the M109 peptide backbone in p38α.28–30 If the 

exocyclic N-H were replaced by an ether linkage, there would no longer be a hydrogen 

bond donor, which would weaken binding to p38α.30 Hypothetically, binding to M109 

could be further minimized by replacing the pyrimidine nitrogen with a C-H unit 

(pyridine), which would not be a suitable hydrogen bond acceptor.  
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Figure 4.5. Hydrogen Bonding in p38α Co-crystal Structures and Proposed Analogs 

 

      Given the significance of these two interactions, four inhibitors were synthesized, 

each with one of the four possible X/Y substitution combinations (Table 4.3). Switching 

from an exocyclic amine (4.2.8a) to an ether (4.3a) led to a ~50-fold reduction in p38α 

binding. A ~1000-fold reduction in kinase binding was observed with analogs of another 

dual kinase-bromodomain inhibitor, based on compound BI-2536.17 When the pyrimidine 

was replaced with a pyridine (4.2.8a vs. 4.3b), the p38α affinity was reduced by a factor of 

~3,000. Thus, in this scaffold, removing the pyrimidine nitrogen appears to be more 

important to mitigating the p38α activity than installing an ether linkage. This was 

supported by examining a compound with both an ether linkage and a pyridine ring (4.3c). 

This compound displayed significantly diminished p38α binding relative to the pyrimidine 

(4.3a), but it was on a par with the analog with the corresponding exocyclic nitrogen (4.3b).  

Table 4.3. Systematically Minimizing Binding to M109 in p38α 

 

Compound X Y p38α Kd (nM)a 

4.2.8a N NH 2.2 ± 0.63 
4.3a N O 120 ± 51 

4.3b CH NH 6500 ± 6300 

4.3c CH O 5000 ± 6100 
aKd values were determined by KINOMEscanTM. Data represents the mean and standard error from two 

independent trials. 

 

      In addition to hydrogen bonding to M109, the p38α binding affinity is likely enhanced 

by van der Waals interactions to the 4-fluorophenyl group in compounds 4.2.8a, 4.3a - 

4.3c. An analogous p38α inhibitor, SB220025, demonstrates this interaction where the 4-
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fluorophenyl ring sits in a hydrophobic pocket between L104 and T106.29–31 Reductions in 

p38α activity have been observed when the 4-fluorophenyl group is replaced with an ethyl 

group.32 Minimizing this van der Waals interaction would likely further mitigate the p38α 

activity and produce a selective BET inhibitor if bromodomain binding could be 

maintained.  

      Inhibitors containing a variety of alkyl chains were synthesized to investigate this 

hypothesis (Scheme 4.3). The sequence began with a CuAAC reaction,33 which afforded 

the respective triazole. The triazole could be directly coupled to an aryl halide through a 

metalation/Negishi cross-coupling reaction. The direct C-H arylation provided facile 

access to fully substituted triazoles in a regiocontrolled manner. The resulting product 4.3.3 

could be deprotected to yield amine 4.3.4. Subsequent guanidinylation (4.3.5) and 

deprotection afforded inhibitors 4.3.6a – 4.3.6d. The guanidine motif was added to increase 

solubility at the highest concentrations assayed. The key piperidyl amine (4.3.4) can 

synthesized in 3 linear steps. This allows much quicker access to a wide variety of analogs 

relative to the 10-step route required for compound V.15 

Scheme 4.3. Second Generation Synthesis of Triazole Analogs.  

 

aCompound 13d was synthesized through an alternate three-step route with an overall yield of 35%.  

 



48 
 

     Huarui Cui determined the activity of these compounds by fluorescence anisotropy 

against BRD4-D1 (Table 4.4). The 4-fluorophenyl containing compound (4.3a) was a weak 

BRD4-D1 ligand in this assay (>100 µM). The low solubility of 4.3a, 4.4a, 4.4b and 4.4c 

was an issue in the fluorescence anisotropy assay. Herein, the guanidine group was added 

to increase the solubility. Most of the alkyl groups yielded little activity except for the 

methyl group. The methyl triazole (4.3.6d) was much more potent. This is similar to the 

results in a SAR study with compound BI-2536 that demonstrated methyl was the optimal 

N-substituent in the N-ε-acetylated lysine mimic.17  

Table 4.4. Significance of R Group to BRD4-D1 Binding Affinity. 

 

Compound R X BRD4-D1 IC50 (µM)a 

4.3a 4-F-C6H4 H >100b 

4.4a c-hexyl H >100 

4.4b c-pentyl H >100 

4.4c t-Bu H >100 

4.3.6a i-Pr C(NH)NH2 >100 

4.3.6b n-Pr C(NH)NH2 >100 

4.3.6c c-Pr C(NH)NH2 61 ± 8.1 

4.3.6d Me C(NH)NH2 9.7 ± 1.8 

aIC50 values were determined by fluorescence anisotropy. Data represents the mean and standard deviation 

of three independent trials. bThe IC50 value could not be determined by fluorescence anisotropy. The IC50 

value was determined to be 27 µM by AlphaScreen by Reaction Biology.  

 

      Having identified that a methyl substituent significantly enhanced BRD4-D1 binding, 

attention was turned towards determining the pyrimidine ring’s significance with regard to 

BRD4-D1 binding. This seemed prudent given the findings on p38α activity in Table 4.3. 

Based on a co-crystal structure of BRD4-D1 and compound V, the 3,5-dimethylaniline ring 

appears to provide an edge-to-face π-π interaction with W81 and the pyrimidine ring 

occupies the WPF shelf through a non-specific van der Waals interaction (Table 4.5 shows 
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analogous interaction with compound 4.5b).15 This analysis indicated that, unlike binding 

to p38α, neither nitrogen atom in the pyrimidine ring provided a key binding interaction. 

Replacing the pyrimidine ring (4.3.6d) with a benzene ring (4.5a) had minimal impact on 

binding (Table 4.5), which is consistent with this analysis. Converting the pyrimidine to a 

pyridine ring resulted in mixed results. Improved binding was observed when the nitrogen 

atom was at the 1 position (4.5b). Placing a nitrogen atom at the 2 position was tolerated 

(4.5c), while placing the nitrogen atom at either the 3 (4.5d) or 4 (4.5e) position resulted 

in complete loss of affinity. By comparison to compound 4.3.6d, the loss in affinity of 

compounds 4.5d and 4.5e may indicate an unfavorable interaction of the nitrogen lone pair. 

The enhanced binding observed with compound 4.5b was exciting in light of the 

diminished p38α binding observed with the 2,6-disubstituted pyridine (4.3b - 4.3c, Table 

4.3).  

Table 4.5. Effect of Nitrogen Atom(s) to BRD4-D1 Affinity 

 

Compound N Atom 

Location 

BRD4-D1 IC50 (µM)a 

4.3.6d 1,2 9.7 ± 1.8 

4.5a none 12 ± 1.1 

4.5b 1 3.6 ± 0.05 

4.5c 2 97 ± 2.6 

4.5d 3 >100 

4.5e 4 >100 
aIC50 values were determined by fluorescence anisotropy. Data represents the mean and standard deviation 

of three independent trials.  

 

      The selectivity of compounds 4.5b and 4.6a was further characterized (Table 4.6). 

The BRD4-D1 Kd of these two compounds was determined by BROMOscanTM and was 
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consistent with the fluorescence anisotropy assay.34,35 The methyl triazole demonstrated 

minimal selectivity for the two domains in BRD4, which is consistent with other Pan-BET 

inhibitors. Minimal binding to SMARCA2 and CBP was observed (Table 4.6). SMARCA2 

and CBP were selected as representative non-BET family bromodomains. Prior work with 

compound V demonstrated modest binding to SMARCA2 and CBP.15 Most significantly, 

compound 4.5b did not demonstrate any detectible activity towards p38α (Kd >200 µM). 

This indicates that this SAR study was able to systematically reduce p38α affinity by 

>200,000 fold (relative to compound 4.2.8a, Kd = 2.2 nM).  

Table 4.6. Demonstrating Selectivity for Compound 4.5b and 4.6a. 

 

Protein Target X = O (4.5b) X = NH (4.6a) 

BRD4-D1 IC50 (µM)a 3.6 ± 0.05 4.5 ± 0.35 

BRD4-D1 Kd (µM)b 1.1 ± 0.63 1.2 ± 0.62 

BRD4-D2 Kd (µM)b 0.94 ± 0.48 2.1 ± 1.1 

SMARCA2 Kd (µM)b >100 >100 

CBP Kd (µM) >100 78 ± 48 

p38α Kd (µM)c >200 >25 
aIC50 values were determined by fluorescence anisotropy. Data represents the mean and standard deviation 

of three independent trials. bKd values were determined by BROMOscanTM. Data represents the mean and 

standard error from two independent trials. cKd values were determined by KINOMEscanTM. Data represents 

the mean and standard error from two independent trials.  

 

      To gain a structural understanding, a BRD4-D1 co-crystal structure was obtained with 

compound 4.6a (crystal structure was solved by Jorden Johnson). This information could 

be compared to a co-crystal structure of V (PDB ID 6MH1).13 The central triazole nitrogen 

(N2) in compound 4.6a serves as the N-ε-acetylated lysine mimic by forming a direct 

hydrogen bond to N140 (Figure 4.6a). This was somewhat surprising because the terminal 

nitrogen (N3) has been calculated to be more basic than the central nitrogen (N2).36 One 

explanation for this binding mode is that the terminal nitrogen (N3) in compound 4.6a is 

forming a hydrogen bond to Y97 via a bridging structured water molecule in the co-crystal 
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structure. Similar interactions are observed for methyl isoxazoles and pyrazoles.35,37,38 In 

the BRD4-D1 co-crystal structure with compound V, the 4-fluorophenyl group displaces 

three of four structured water molecules in this binding pocket relative to a DMSO co-

crystal structure (PDB ID 4IOR), including the water bridging to Y97.15 This mode of 

interaction was used to support the BRD4-D1 selectivity observed with compound V. The 

analogous structured waters in the co-crystal structure with compound 4.6a are still present. 

Overlaying the BRD4-D1 co-crystal structures containing compounds 4.6a vs V 

demonstrates that the pyrimidine ring and pyridine ring occupy similar binding poses 

relative to the WPF shelf (Figure 4.6b). This supports the notion that while the pyrimidine 

nitrogen atom in compound V is essential for p38α binding (Table 4.3), replacing the 

nitrogen with a C-H unit only minimally effects the BRD4-D1 binding.  

Figure 4.6. Comparison of BRD4-D1 Co-crystal Structures with Compounds 4.6a and V.  

 

aCo-crystal structure of compound 4.6a with BRD4-D1 (PDB ID 6MH1). Key interactions include a 

hydrogen bond of N2 to the amine of N140 (3.1 Å) and a water mediated hydrogen bond of N3 to the hydroxyl 

of Y97 (2.9 Å, 2.6Å). bOverlay of compounds 4.6a (green) and V (gray). cStructure of compound 4.6a. 
dStructure of compound V. 

      Anand Divakaran assayed these inhibitors in MM.1S cells. Multiple Myeloma cell 

strains from hematological cancers have a strong dependence on c-Myc.6 The survival of 

MM.1S cells are highly BRD4-dependent because of an IgH and MYC rearrangement.6 

Reports have shown that BET inhibitors effectively decrease c-Myc transcription, which 

results in decreased cell viability.15,39 In MM.1S cells, guanidinylated compounds 4.3.6d, 

4.5b, and 4.6a displayed weak activity (Table 4.7, EC50 > 50 µM). This weak activity may 
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be due to decreased cell permeability. To test this hypothesis, several analogs with a free 

piperidine NH were assayed. Compounds 4.7a - 4.7c demonstrated clear anti-proliferative 

effects in MM.1S cells (EC50 = 6.6 µM, 2.9 µM, and 6.3 µM, respectively). The observed 

EC50 values loosely correlate to the BRD4-D1 in vitro fluorescence anisotropy assay IC50 

values.  

Table 4.7. Viability of MM.1S Cells Treated with Bromodomain Inhibitors. 

 

Compound R X Y BRD4-D1 IC50 (µM)a MM.1S EC50 (µM)b 

4.3.6d C(NH)NH2 O N 9.7 ± 1.8 >50 

4.5b C(NH)NH2 O CH 3.6 ± 0.05 >50 

4.6a C(NH)NH2 N CH 4.5 ± 0.35 >50 

4.7a H O N 11 ± 2.5 6.6 ± 1.9 

4.7b H O CH 2.9 ± 0.07 2.9 ± 0.6 

4.7c H N CH 3.9 ± 0.35 6.3 ± 1.1 

aIC50 values were determined by fluorescence anisotropy. Data represents the mean and standard deviation 

of three independent trials. bData reported are mean ± SEM of 3 biological replicates, with 3 technical 

replicates each. EC50 values were determined using the Non-linear fit algorithm on GraphPad Prism.  

 

      In conclusion, we have both identified a likely source of the BRD4-D1 selectivity 

that compound V exhibits and have significantly mitigated the p38α activity. It appears that 

the 4-fluorophenyl group present in compound V promotes selectivity by displacing 

structured waters from the BRD4-D1 binding site. Since, the analogous water networks in 

other BET bromodomains are stronger, they are more difficult to displace. Originally, 

compound 4.2.8a demonstrated a >10,000-fold selectivity for p38α over BRD4-D1. By 

modifying the hinge binding motif and removing a hydrophobic 4-fluorophenyl group, 

compound 4.5b demonstrated a selectivity for BRD4-D1 and BRD4-D2 over p38α by 

>200-fold. This represents a >1,400,000 relative difference in binding. A co-crystal 

structure and cellular assays further support the binding mode of the triazole inhibitor and 



53 
 

the BET activity. In the future, this molecular design approach may be applied to other 

previously reported dual p38-BET inhibitors including V, SB-202190, and SB-203580. 

4.4. Improving Potency 

      The last goal was to improve the potency of these compounds. The phenol ring was 

identified an optimal site for late stage modifications. To synthesize the desired analogs, 

two divergent steps were employed (Scheme 4.4).  The ether linkage can be constructed 

via nucleophilic aromatic substitution with the desired phenol and fluoropyridine (4.4.1, 

approach 1). This method is convenient when the necessary phenols are commercially 

available. However, a thorough study of the size and position of phenol substituents 

requires many phenols which are not commercial and would likely be three steps to 

synthesize. To circumvent this issue, bromines were installed at the desired positions 

(approach 2). A subsequent Kumada or Negishi cross-coupling reaction allowed 

incorporation of many alkyl and aryl groups. Thus, each new analog only requires two 

steps (cross-coupling and deprotection) after the common bromine intermediate.  

Scheme 4.4. Divergent Synthesis. 

 

      Synthesizing the desired analogs proceeded smoothly (Scheme 4.5). Initial cross-

coupling between triazole 4.2.2 and 2-chloro-6-fluoropyridine produced fluoropyridine 

4.4.1 in 87% yield. It is worth noting that attempts to perform this same coupling with 2,6-

dichloropyridine resulted in only trace amounts of the desired product due to overwhelming 

double coupling of two triazoles to one pyridine. Treatment of fluoropyridine 4.4.1 with 

3,5-dibromophenol and K2CO3 afforded the desired divergent intermediate 4.5.1. The 

necessary Grignard or organo-zinc reagent and Pd(dppf)Cl2 were used to install various 

alkyl substituents (4.5.2a – 4.5.2f). Deprotection with TFA generated the desired analogs 

(4.5.3a – 4.5.3f).  
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Scheme 4.5. Synthesis of alkyl substituted phenols. 

 

 

      The affinity of these compounds for BRD4-D1 was examined (Table 4.8). Replacing 

the methyl groups (4.7b) with ethyl or cyclopropyl groups (4.5.3a and 4.5.3d) provided a 

modest improvement in the affinity. Larger alkyl groups (4.5.3c, 4.5.3e, and 4.5.3f) likely 

hindered the inhibitor from binding effectively. Since altering the alkyl substituents did not 

provide the desired improvement in affinity, hydrogen bonding and halogen bonding 

interactions were targeted. Adding a hydroxymethyl significantly weakened the BRD4-D1 

affinity likely due the hydrophobic nature of that region (4.8a). Incorporating bromines 

provided another small improvement (4.8c). 

Table 4.8. Affinity for triazole analogs with different phenol substituents. 

 

Compound R IC50 BRD4-D1 (µM) 

4.7b Me 2.88 ± 0.3 

4.5.3a Et 1.50 ± 0.2 

4.5.3b n-Pr 2.60 ± 0.1 

4.5.3c n-butyl 12.5 ± 1.0 
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4.5.3d cyclopropyl 1.42 ± 0.09 

4.5.3e cyclopentyl 21.8 ± 3.0 

4.5.3f cyclohexyl 75.8 ± 13 

4.8a CH2OH 40.9 ± 6.0  

4.8b Cl 2.40 ± 0.20 

4.8c Br 0.980 ± 0.10  

aIC50 values were determined by fluorescence anisotropy. Data represents the mean and standard deviation of 

three independent trials. 

 

      Given the improvement observed with the 3,5-dibromophenol analog, the 2,5-

dibromophenol analog (Figure 4.7, 4.7.1) was also examined which provided another small 

improvement in the BRD4-D1 affinity. In a separate project, Huarui Cui found that adding 

a N,N-dimethylethyleneamine group onto the piperidine on the imidazole scaffold provided 

a 2-fold improvement in the potency.40 This same modification provided a 7-fold 

improvement in the BRD4-D1 affinity with the 2,5-dibromo analog (compound 4.7.1 vs 

4.7.2) and a 20-fold improvement with the 3,5-dimethyl- analog (compound 4.7b vs 4.7.3). 

This could be due to an interaction between the dimethylamine and D144 in the BRD4-D1 

binding site (Figure 4.7). In the co-crystal structure of compound 4.7.1 and BRD4-D1, the 

piperidine nitrogen is 6.3 Å from D144. The N,N-dimethylamino group in compound 4.7.2 

may reach towards that residue and interact via bridging water molecules. 

Figure 4.7. Functionalizing the piperidine ring.  

 
aIC50 values were determined by fluorescence anisotropy. Data represents the mean and standard deviation of 

three independent trials. 
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      In conclusion, the synthetic route for these inhibitors was significantly shortened by 

switching from an imidazole to a triazole scaffold (Figure 4.8, V to 4.2.8a). Using this 

synthetic route, many analogs were synthesized which allowed invesitigation of three other 

goals. It was determined that the 4-fluorophenyl group in compound V is responsible for 

part of the unqiue BRD4-D1 selectivity. By removing the hydrogen bonding nitrogens and 

the 4-fluorophenyl group in compound 4.2.8a, the off-target p38α activity was reduced by 

>90,000 fold. Lastly, the potency was improved 10-fold by switching the 3,5-

dimethylphenyl ring (4.5b) to a 2,5-dibromophenyl ring (4.7.2) and adding a N,N-

dimethylethyleneamine group onto the piperidine ring.  

Figure 4.8. Summary of Results. 

 

4.5 Experimental 

Most of the experimental details and characterization data for this chapter can be found in 

J. Med. Chem. 2018, 61, 9316-9334 and ACS Med. Chem. Lett. 2019, 10, 1296-1301. The 

remaining experimental data is included below.  
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Compound 4.4.1 

To a solution of triazole 4.2.2 (77.6 mg, 0.292 mmol) in DME (2 mL) cooled in a dry 

ice/acetone bath was added n-BuLi (0.13 mL, 2.5 M in hexanes, 0.32 mmol). After 15 min, 

a freshly prepared solution of ZnCl2 (67.1 mg, 0.493 mmol) in THF (2 mL) was added and 

the reaction was warmed to rt. After 10 min, a solution of 2-chloro-6-fluoropyridine (77.5 

mg, 0.589 mmol) and SPhosPdG3 (9.3 mg, 12 µmol) in DME (2 mL) was added and the 

reaction was heated to 60 °C. After 4 h, the reaction was cooled to rt and quenched by the 

addition of saturated aqueous NH4Cl. The reaction mixture was extracted with EtOAc. The 

combined organic phases were washed with brine, dried (Na2SO4), filtered, and 

concentrated under reduced pressure. Final purification by column chromatography (40-

80% EtOAc in Hexanes) afforded compound 4.4.1 (91.8 mg, 87%).  

1H NMR (500 MHz, CDCl3) δ 7.98 (apparent q, J = 7.9 Hz, 1H), 7.37 (d, J = 7.4 Hz, 1H), 

7.01 (dd, J = 8.4, 2.8 Hz, 1H), 4.98 (tt, J = 11.3, 4.1 Hz, 1H), 4.26 (br, 2H), 2.89 (br, 2H), 

2.47 (s, 3H), 2.24 (br, 2H), 2.11 (apparent d, J = 12.1 Hz, 2H), 1.48 (s, 9H). 
13C{1H} NMR (126 MHz, CDCl3) δ 163.1 (d, JC-F = 241.9 Hz), 154.6, 146.1 (d, JC-F = 

14.4 Hz), 142.3, 142.1 (d, JC-F = 8.0 Hz), 130.7, 121.5 (d, JC-F = 4.2 Hz), 109.2 (d, JC-F  = 

36.7 Hz), 79.8, 57.3, 43.5 (br), 32.1, 28.4, 11.8. 
19F NMR (471 MHz, CDCl3) δ -64.83 (d, J = 8.1 Hz). 
IR (NaCl, thin film, cm-1): 2976, 2932, 2864, 1692, 1601, 1575, 1474, 1425, 1366, 1332, 

1246, 1166. 

HRMS (ESI-TOF) m/z [M + Na]+ calcd for C18H24FN5NaO2
+ 384.1806, found 384.1819. 

 

 
 

Compound 4.5.1 

General procedure I: To a solution of pyridine 4.4.1 (1.07 g, 2.97 mmol) and 3,5-

dibromophenol (1.07 g, 4.23 mmol) in DMF (5 mL) was added solid K2CO3 (637 mg, 4.62 

mmol) at rt. The reaction was sealed under air and heated to 90 °C. After 48 h, the reaction 

was cooled to rt, quenched by addition of H2O, and extracted with DCM. The combined 

organic phases were dried (Na2SO4), filtered, and concentrated under reduced pressure. 

Initial purification by column chromatography (5-30% IPA in hexanes followed by 30% 

IPA in DCM). Final purification by recrystallization (DCM/hexanes, ca. 1:10) afforded 

bromide 4.5.1 (1.22 g, 69%) as a white solid.  
1H NMR (500 MHz, CDCl3) δ 7.91 (apparent t, J = 7.9 Hz, 1H), 7.55 (s, 1H), 7.29 (s, 2H), 

7.24 (d, J = 7.4 Hz, 1H), 7.04 (d, J = 8.3 Hz, 1H), 4.63 (tt, J = 10.8, 4.0 Hz, 1H), 4.09 (br, 

2H), 2.63 – 2.49 (m, 2H), 2.47 (s, 3H), 2.10 (apparent qd, J = 12.0, 4.3 Hz, 2H), 1.83 – 

1.74 (m, 2H), 1.48 (s, 9H). 
13C{1H} NMR (126 MHz, CDCl3) δ 162.6, 154.6, 154.6, 145.5, 142.1, 140.9, 131.2, 130.8, 

124.1, 123.1, 119.6, 111.5, 79.8, 56.9, 43.0 (br), 31.9, 28.5, 11.9. 
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IR (NaCl, thin film, cm-1): 3073, 2929, 2862, 1691, 1566, 1566, 1418, 1298, 1244, 1165. 

HRMS (ESI-TOF) m/z [M + Na]+ calcd for C24H27Br2N5NaO3
+ 614.0373, found 

614.0357. 

 

 
Compound 4.5.2b 

General procedure II - To a solution of ZnCl2 (54.3 mg, 0.399 mmol) in THF (3 mL) at 

rt was added n-propylmagnesium chloride (0.10 mL, 2.0 M in Et2O, 0.20 mmol). After 10 

min, a solution of Pd(PhCN)2Cl2 (1.6 mg, 4.1 µmol), dppf (3.3 mg, 6.0 µmol), and bromide 

4.5.1 (52.3 mg, 88.2 µmol) in THF (4 mL) was added. The reaction was heated to 50 °C. 

After 20 h, the reaction was cooled to rt and quenched by addition of saturated aqueous 

NH4Cl. The reaction mixture was extracted with EtOAc. The combined organic phases 

were washed with brine, dried (Na2SO4), filtered, and concentrated under reduced pressure. 

Final purification by column chromatography (40% EtOAc in hexanes) afforded product 

4.5.2b (45.5 mg, 99%) as a white solid.  
1H NMR (500 MHz, CDCl3) δ 7.84 (dd, J = 8.3, 7.4 Hz, 1H), 7.17 (d, J = 7.4 Hz, 1H), 

6.98 (d, J = 8.2 Hz, 1H), 6.88 (t, J = 1.5 Hz, 1H), 6.79 (d, J = 1.5 Hz, 2H), 4.73 (tt, J = 

11.2, 4.0 Hz, 1H), 3.99 (br, 2H), 2.56 (t, 4H), 2.49 (s, 3H), 2.40 (br, 2H), 2.02 (apparent 

qd, J = 12.3, 4.2 Hz, 2H), 1.77 – 1.70 (m, 2H), 1.62 (hex, J = 7.4 Hz, 4H), 1.48 (s, 9H), 

0.94 (t, J = 7.3 Hz, 6H). 
13C{1H} NMR (126 MHz, CDCl3) δ 163.6, 154.5, 153.5, 145.4, 144.4, 141.9, 140.2, 131.3, 

125.5, 118.9, 118.3, 111.1, 79.6, 56.8, 43.1 (br), 37.9, 31.9, 28.4, 24.4, 13.9, 12.1. 

IR (NaCl, thin film, cm-1): 2960, 2931, 2870, 1695, 1589, 1572, 1468, 1452, 1427, 1302, 

1246, 1166, 1152.  

HRMS (ESI-TOF) m/z [M + Na]+ calcd for C30H41N5NaO3
+ 542.3102, found 542.3114 

 

 
Compound 4.5.2a 

General procedure II was used and product 4.5.2a (13.1 mg, 58%) was isolated as a white 

solid.  
1H NMR (500 MHz, CDCl3) δ 7.85 (dd, J = 8.3, 7.4 Hz, 1H), 7.18 (d, J = 7.4 Hz, 1H), 

6.99 (d, J = 8.4 Hz, 1H), 6.93 (s, 1H), 6.81 (s, 2H), 4.74 (tt, J = 11.2, 4.0 Hz, 1H), 3.98 (br, 

2H), 2.64 (q, J = 7.6 Hz, 4H), 2.49 (s, 3H), 2.38 (br, 2H), 2.02 (apparent qd, J = 12.3, 4.1 

Hz, 2H), 1.77 – 1.69 (m, 2H), 1.48 (s, 9H), 1.23 (t, J = 7.6 Hz, 6H). 
13C{1H} NMR (126 MHz, CDCl3) δ 163.5, 154.6, 153.6, 146.0, 145.4, 141.9, 140.2, 131.3, 

124.4, 118.4, 118.3, 111.1, 79.6, 56.8, 43.0 (br), 31.9, 28.7, 28.4, 15.4, 12.2. 
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IR (NaCl, thin film, cm-1): 2966, 2931, 2862, 1693, 1589, 1572, 1452, 1426, 1365, 1331, 

1302, 1276, 1246, 1166, 1152. 

HRMS (ESI-TOF) m/z [M + Na]+ calcd for C28H37N5NaO3
+ 514.2789, found 514.2798. 

 

 
Compound 4.5.2c 

General procedure III - To a solution of ZnCl2 (74.6 mg, 0.549 mmol) in THF (2 mL) 

was added n-butylmagnesium chloride (0.10 mL, 2.0 M in THF, 0.20 mmol) at rt. After 5 

min, the reaction was cooled in an ice bath. A solution of bromide 4.5.1 (48.6 mg, 82.0 

µmol) in THF (2 mL) was added followed by Pd(dppf)Cl2 (10.4 mg, 12.7 µmol). The 

reaction was removed from the ice bath and heated to 50 °C. After 18 h, the reaction was 

cooled to rt and quenched by addition of saturated aqueous NH4Cl. The reaction mixture 

was extracted with EtOAc. The combined organic phases were washed with brine, dried 

(Na2SO4), filtered, and concentrated under reduced pressure. Final purification by column 

chromatography (30% EtOAc in hexanes) afforded product 4.5.2c (40.3 mg, 90%) as a 

white solid.  
1H NMR (500 MHz, CDCl3) δ 7.84 (dd, J = 8.3, 7.4 Hz, 1H), 7.17 (dd, J = 7.4, 0.7 Hz, 

1H), 6.98 (dd, J = 8.3, 0.7 Hz, 1H), 6.88 (t, J = 1.6 Hz, 1H), 6.79 (d, J = 1.5 Hz, 2H), 4.73 

(tt, J = 11.3, 4.0 Hz, 1H), 4.01 (br, 2H), 2.58 (t, J = 7.8 Hz, 4H), 2.49 (s, 3H), 2.40 (br, 2H), 

2.03 (apparent qd, J = 12.3, 11.7, 3.3 Hz, 2H), 1.77 – 1.70 (m, 2H), 1.58 (p, J = 7.6 Hz, 

4H), 1.48 (s, 9H), 1.35 (hex, J = 7.4 Hz, 4H), 0.92 (t, J = 7.4 Hz, 6H). 
13C{1H} NMR (126 MHz, CDCl3) δ 163.6, 154.5, 153.5, 145.4, 144.6, 141.9, 140.2, 131.3, 

125.5, 118.8, 118.3, 111.1, 79.6, 56.8, 43.2 (br), 35.5, 33.5, 31.9, 28.4, 22.4, 13.9, 12.1. 

IR (NaCl, thin film, cm-1): 2957, 2930, 2859, 1695, 1589, 1572, 1468, 1453, 1426, 1302, 

1247, 1166, 1152.  

HRMS (ESI-TOF) m/z [M + Na]+ calcd for C32H45N5NaO3
+ 570.3415, found 570.3410. 

 

 
Compound 4.5.2d 

General procedure III was used and product 4.5.2d (16.3 mg, 35%) was isolated as a white 

solid.  
1H NMR (500 MHz, CDCl3) δ 7.85 (dd, J = 8.3, 7.4 Hz, 1H), 7.18 (d, J = 7.4 Hz, 1H), 

6.99 (d, J = 8.3 Hz, 1H), 6.65 – 6.61 (m, 3H), 4.77 (tt, J = 11.2, 4.0 Hz, 1H), 4.02 (br, 

2H), 2.52 (s, 3H), 2.47 – 2.34 (m, 2H), 2.09 – 1.96 (m, 2H), 1.88 – 1.81 (m, 2H), 1.77 – 

1.70 (m, 2H), 1.49 (s, 9H), 0.99 – 0.94 (m, 4H), 0.68 – 0.63 (m, 4H). 
13C{1H} NMR (126 MHz, CDCl3) δ 163.6, 154.5, 153.8, 146.0, 145.0, 141.6, 140.23, 

131.5, 119.6, 118.3, 116.1, 111.4, 79.6, 57.1, 42.2 (br), 31.9, 28.5, 15.4, 12.0, 9.45. 
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IR (NaCl, thin film, cm-1): 3081, 2973, 2866, 1691, 1589, 1571, 1467, 1452, 1427, 1366, 

1301, 1276, 1246, 1167.  

HRMS (ESI-TOF) m/z [M + Na]+ calcd for C30H37N5NaO3
+ 538.2789, found 538.2773. 

 

 
Compound 4.5.2e 

General procedure III was used and product 4.5.2e (35.3 mg, 82%) was isolated as a white 

solid.  
1H NMR (500 MHz, CDCl3) δ 7.85 (dd, J = 8.3, 7.4 Hz, 1H), 7.18 (dd, J = 7.5, 0.7 Hz, 

1H), 7.01 (t, J = 1.6 Hz, 1H), 6.98 (dd, J = 8.4, 0.7 Hz, 1H), 6.85 (d, J = 1.6 Hz, 2H), 4.76 

(tt, J = 11.2, 4.0 Hz, 1H), 4.18 – 3.75 (m, 2H), 2.96 (tt, J = 10.0, 7.4 Hz, 2H), 2.51 (s, 3H), 

2.36 – 2.24 (m, 2H), 2.10 – 1.91 (m, 6H), 1.84 – 1.75 (m, 4H), 1.74 – 1.62 (m, 6H), 1.61 – 

1.51 (m, 4H), 1.47 (s, 9H). 
13C{1H} NMR (126 MHz, CDCl3) δ 163.5, 154.5, 153.4, 148.2, 145.3, 142.0, 140.2, 131.1, 

123.0, 118.2, 117.7, 111.1, 79.5, 56.8, 46.0, 42.9 (br), 34.6, 31.9, 28.4, 25.4, 12.3. 
IR (NaCl, thin film, cm-1): 2954, 2867, 1694, 1589, 1572, 1469, 1452, 1426, 1303, 1246, 

1166, 1152.  

HRMS (ESI-TOF) m/z [M + Na]+ calcd for C34H45N5NaO3
+ 594.3415, found 594.3405. 

 

 
Compound 4.5.2f 

General procedure III was used and product 4.5.2f (30.2 mg, 60%) was isolated as a white 

solid.  
1H NMR (500 MHz, CDCl3) δ 7.84 (dd, J = 8.3, 7.5 Hz, 1H), 7.18 (d, J = 7.4 Hz, 1H), 

6.97 (d, J = 8.3 Hz, 1H), 6.95 (t, J = 1.6 Hz, 1H), 6.82 (d, J = 1.5 Hz, 2H), 4.76 (tt, J = 

11.2, 4.0 Hz, 1H), 4.11 – 3.81 (m, 2H), 2.51 (s, 3H), 2.49 – 2.45 (m, 2H), 2.33 – 2.24 (m, 

2H), 2.00 (apparent qd, J = 12.2, 4.1 Hz, 2H), 1.88 – 1.81 (m, 8H), 1.74 (apparent d, J = 

12.5 Hz, 4H), 1.47 (s, 9H), 1.44 – 1.32 (m, 8H), 1.30 – 1.17 (m, 2H). 
13C{1H} NMR (126 MHz, CDCl3) δ 163.4, 154.4, 153.4, 149.8, 145.4, 141.9, 140.2, 131.2, 

122.4, 118.2, 117.4, 111.1, 79.5, 56.9, 44.6, 42.9 (br), 34.4, 31.9, 28.4, 26.8, 26.1, 12.3. 

IR (NaCl, thin film, cm-1): 2926, 2851, 1694, 1589, 1572, 1449, 1426, 1304, 1246, 1166, 

1152.  

HRMS (ESI-TOF) m/z [M + Na]+ calcd for C36H49N5NaO3
+ 622.3728, found 622.3719. 

 

 



61 
 

 

Compound S1 

To a solution of pyridine 4.4.1 (45.1 mg, 0.125 mmol) and 3,5-Bis(hydroxymethyl)phenol 

(32.7 mg, 0.212 mmol) in DMSO (2.0 mL) was added Cs2CO3 (62.3 mg, 0.191 mmol) at 

rt. The reaction was sealed under air and heated to 110 °C. After 24 h, the reaction was 

cooled to rt and extract with EtOAc. The combined organic phases were washed with brine, 

dried (Na2SO4), filtered, and concentrated under reduced pressure. Final purification by 

column chromatography (40-75% EtOAc in DCM) afforded product S1 (33.1 mg, 53%) as 

a white solid.  
1H NMR (500 MHz, MeOD) δ 8.01 (dd, J = 8.3, 7.4 Hz, 1H), 7.36 (dd, J = 7.4, 0.7 Hz, 

1H), 7.21 (s, 1H), 7.14 (dd, J = 8.3, 0.7 Hz, 1H), 7.09 (s, 2H), 4.73 (tt, J = 11.2, 4.1 Hz, 

1H), 4.64 (s, 4H), 3.94 (dt, J = 13.7, 2.8 Hz, 2H), 2.61 – 2.47 (m, 2H), 2.42 (s, 3H), 1.89 

(apparent qd, J = 12.2, 4.3 Hz, 2H), 1.79 – 1.70 (m, 2H), 1.49 (s, 9H). 
13C NMR (126 MHz, MeOD) δ 163.7, 155.0, 154.2, 144.5, 143.8, 141.4, 140.9, 131.9, 

121.0, 119.0, 118.2, 111.6, 79.9, 63.1, 56.7, 42.2 (br), 31.6, 27.3, 10.1. 

IR (NaCl, thin film, cm-1): 3392, 2975, 2930, 2866, 1691, 1673, 1591, 1573, 1452, 1428, 

1367, 1302, 1277, 1247, 1166. 

HRMS (ESI-TOF) m/z [M + Na]+ calcd for C26H33N5NaO5
+ 518.2374, found 518.2390. 

 

 

Compound S2 

General procedure I was used and compound S2 (32.3 mg, 79%) was isolated as a white 

solid.  
1H NMR (500 MHz, CDCl3) δ 7.91 (dd, J = 8.2, 7.6 Hz, 1H), 7.25 (t, J = 1.8 Hz, 1H), 

7.23 (dd, J = 7.5, 0.7 Hz, 1H), 7.09 (d, J = 1.8 Hz, 2H), 7.04 (dd, J = 8.4, 0.7 Hz, 1H), 4.62 

(tt, J = 11.2, 4.0 Hz, 1H), 4.09 (br, 2H), 2.53 (br, 2H), 2.46 (s, 3H), 2.17 – 2.03 (m, 2H), 

1.86 – 1.69 (m, 2H), 1.48 (s, 9H). 
13C{1H} NMR (126 MHz, CDCl3) δ 162.6, 154.5, 154.5, 145.5, 142.1, 140.9, 135.5, 131.2, 

125.4, 120.8, 119.6, 111.6, 79.8, 56.9, 43.1 (br), 31.9, 28.4, 11.8. 
IR (NaCl, thin film, cm-1): 3070, 2975, 2929, 2861, 1692, 1589, 1578, 1423, 1246, 1165. 

HRMS (ESI-TOF) m/z [M + Na]+ calcd for C24H27Cl2N5NaO3
+ 526.1383, found 

526.1387. 
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Compound S3 

General procedure I was used and compound S3 (31.0 mg, 63%) was isolated as a white 

solid.  
1H NMR (500 MHz, CDCl3) δ 7.92 (dd, J = 8.3, 7.4 Hz, 1H), 7.53 (d, J = 8.5 Hz, 1H), 

7.37 (d, J = 2.2 Hz, 1H), 7.30 (dd, J = 8.7, 2.2 Hz, 1H), 7.20 (d, J = 7.3 Hz, 1H), 7.12 (d, J 

= 8.3 Hz, 1H), 4.58 (tt, J = 11.2, 4.2 Hz, 1H), 4.08 (br, 2H), 2.63 (br, 2H), 2.43 (s, 3H), 

2.08 (br, 2H), 1.72 – 1.60 (m, 2H), 1.49 (s, 9H). 
13C{1H} NMR (126 MHz, CDCl3) δ 162.4, 154.5, 151.4, 145.3, 142.0, 140.8, 134.4, 131.3, 

129.9, 127.7, 121.4, 119.5, 115.7, 111.1, 79.8, 56.4, 43.2 (br), 31.9, 28.5, 11.7. 

IR (NaCl, thin film, cm-1):2975, 2930, 2860, 1691, 1565, 1463, 1426, 1297, 1244, 1165. 

HRMS (ESI-TOF) m/z [M + Na]+ calcd for C24H27Br2N5NaO3
+ 614.0373, found 

614.0373. 

 

 
Compound 4.5.3a 

General procedure IV: To a solution of compound 4.5.2a (13.1 mg, 26.6 µmol) in DCM 

(0.5 mL) was added TFA (0.5 mL). After 1 h at rt, the reaction was concentrated under 

reduced pressure product, which afforded compound 4.5.3a (17.9 mg, quant.) was isolated 

as a white solid. Analysis by 19F NMR with 2,2,2-trifluoroethanol as the internal standard 

indicated formation of a bis-TFA salt.  
1H NMR (500 MHz, MeOD) δ 8.02 (dd, J = 8.3, 7.4 Hz, 1H), 7.39 (dd, J = 7.5, 0.7 Hz, 

1H), 7.12 (dd, J = 8.3, 0.7 Hz, 1H), 6.98 (t, J = 1.5 Hz, 1H), 6.86 (d, J = 1.5 Hz, 2H), 4.93 

– 4.83 (m, 1H), 3.37 – 3.33 (m, 2H), 2.71 (apparent dd, J = 12.7, 3.1 Hz, 2H), 2.66 (q, J = 

7.6 Hz, 4H), 2.46 (s, 3H), 2.32 – 2.20 (m, 2H), 2.04 (apparent dd, J = 14.1, 3.3 Hz, 2H), 

1.24 (t, J = 7.6 Hz, 6H). 
13C{1H} NMR (126 MHz, MeOD) δ 163.7, 154.1, 146.2, 144.2, 141.5, 140.9, 132.1, 

123.9, 118.9, 118.0, 111.6, 53.5, 42.7, 28.6, 28.3, 14.7, 10.2. 

IR (NaCl, thin film, cm-1): 2966, 2930, 2854, 1683, 1590, 1573, 1456, 1431, 1298, 1248, 

1202, 1178, 1135.  

HRMS (ESI-TOF) m/z [M + H]+ calcd for C23H30N5O
+ 392.2445, found 392.2432. 
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Compound 4.5.3b 

General procedure IV was used and product 4.5.3b (35.4 mg, 95%) was isolated as a white 

solid. Analysis by 19F NMR with 2,2,2-trifluoroethanol as the internal standard indicated 

formation of a bis-TFA salt.  
1H NMR (500 MHz, MeOD) δ 8.02 (dd, J = 8.4, 7.4 Hz, 1H), 7.38 (dd, J = 7.5, 0.7 Hz, 

1H), 7.11 (dd, J = 8.4, 0.7 Hz, 1H), 6.94 (t, J = 1.5 Hz, 1H), 6.84 (d, J = 1.5 Hz, 2H), 4.87 

(tt, J = 10.7, 4.1 Hz, 1H), 3.38 – 3.33 (m, 2H), 2.74 (apparent td, J = 12.7, 3.2 Hz, 2H), 

2.60 (t, J = 7.4 Hz, 4H), 2.45 (s, 3H), 2.31 – 2.20 (m, 2H), 2.03 (apparent dd, J = 14.1, 3.6 

Hz, 2H), 1.63 (hex, J = 7.4 Hz, 4H), 0.94 (t, J = 7.4 Hz, 6H). 
13C{1H} NMR (126 MHz, MeOD) δ 163.8, 153.9, 144.5, 144.2, 141.5, 140.9, 132.2, 

125.2, 118.9, 118.7, 111.6, 53.6, 42.7, 37.4, 28.6, 24.3, 12.7, 10.1. 

IR (NaCl, thin film, cm-1): 2961, 2931, 2871, 1677, 1591, 1573, 1453, 1431, 1298, 1248, 

1202, 1177, 1136. 

HRMS (ESI-TOF) m/z [M + H]+ calcd for C25H34N5O
+ 420.2758, found 420.2767. 

 

 
Compound 4.5.3c 

General procedure IV was used and product 4.5.3c (44.0 mg, quant.) was isolated as a 

white solid. Analysis by 19F NMR with 2,2,2-trifluoroethanol as the internal standard 

indicated formation of a bis-TFA salt.  
1H NMR (400 MHz, MeOD) δ 8.02 (apparent t, J = 7.9 Hz, 1H), 7.38 (d, J = 7.4 Hz, 1H), 

7.11 (d, J = 8.3 Hz, 1H), 6.93 (s, 1H), 6.82 (s, 2H), 4.85 (tt, J = 10.6, 4.1 Hz, 1H), 3.40 – 

3.33 (m, 2H), 2.75 (apparent td, J = 12.6, 3.1 Hz, 2H), 2.62 (t, J = 7.6 Hz, 4H), 2.45 (s, 

3H), 2.33 – 2.18 (m, 2H), 2.08 – 1.97 (m, 2H), 1.59 (pent, J = 7.5 Hz, 4H), 1.34 (hex, J = 

7.3 Hz, 4H), 0.91 (t, J = 7.3 Hz, 6H). 
13C{1H} NMR (126 MHz, MeOD) δ 163.8, 154.0, 144.7, 144.1, 141.4, 140.9, 132.2, 

125.1, 118.9, 118.6, 111.6, 53.6, 42.7, 35.0, 33.4, 28.6, 21.9, 12.8, 10.1. 
IR (NaCl, thin film, cm-1): 2958, 2931, 2859, 2741, 1677, 1591, 1573, 1455, 1431, 1298, 

1249, 1202, 1177, 1136.  

HRMS (ESI-TOF) m/z [M + H]+ calcd for C27H38N5O
+ 448.3071, found 448.3081. 
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Compound 4.5.3d 

General procedure IV was used and compound 4.5.3d (14.4 mg, 86%) was isolated as a 

white solid. Analysis by 19F NMR with 2,2,2-trifluoroethanol as the internal standard 

indicated formation of a mono-TFA salt.   
1H NMR (500 MHz, MeOD) δ 8.02 (dd, J = 8.3, 7.5 Hz, 1H), 7.39 (d, J = 7.4 Hz, 1H), 

7.11 (d, J = 8.2 Hz, 1H), 6.72 (t, J = 1.7 Hz, 1H), 6.65 (d, J = 1.6 Hz, 2H), 4.94 – 4.90 

(m, 1H), 3.42 – 3.35 (m, 2H), 2.72 (td, J = 12.8, 3.2 Hz, 2H), 2.47 (s, 3H), 2.32 – 2.23 

(m, 2H), 2.08 – 2.01 (m, 2H), 1.90 (tt, J = 8.4, 5.1 Hz, 2H), 1.02 – 0.97 (m, 4H), 0.71 – 

0.65 (m, 4H). 
13C{1H} NMR (126 MHz, MeOD) δ 163.6, 154.3, 146.3, 144.2, 141.6, 140.9, 132.1, 

119.1, 118.8, 115.3, 111.7, 53.6, 42.8, 28.6, 14.7, 10.3, 8.7. 
IR (NaCl, thin film, cm-1): 2999, 2726, 1678, 1589, 1572, 1470, 1456, 1430, 1297, 1247, 

1202, 1136. 

HRMS (ESI-TOF) m/z [M + H]+ calcd for C25H30N5O
+ 416.2445, found 416.2456. 

 

 
Compound 4.5.3e 

General procedure IV was used and product 4.5.3e (17.6 mg, quant.) was isolated as a 

white solid. Analysis by 19F NMR with 2,2,2-trifluoroethanol as the internal standard 

indicated formation of a tris-TFA salt.  
1H NMR (500 MHz, MeOD) δ 8.02 (dd, J = 8.3, 7.4 Hz, 1H), 7.39 (dd, J = 7.4, 0.7 Hz, 

1H), 7.10 (dd, J = 8.2, 0.7 Hz, 1H), 7.06 (t, J = 1.7 Hz, 1H), 6.89 (d, J = 1.5 Hz, 2H), 4.90 

– 4.83 (m, 1H), 3.37 – 3.33 (m, 2H), 3.02 (tt, J = 9.9, 7.5 Hz, 2H), 2.70 (apparent td, J = 

12.7, 3.2 Hz, 2H), 2.46 (s, 3H), 2.32 – 2.21 (m, 2H), 2.12 – 2.02 (m, 6H), 1.87 – 1.77 (m, 

4H), 1.76 – 1.66 (m, 4H), 1.62 – 1.53 (m, 4H). 
13C{1H} NMR (126 MHz, MeOD) δ 163.7, 153.8, 148.3, 144.1, 141.5, 140.9, 132.2, 

122.5, 118.9, 117.2, 111.6, 53.6, 45.8, 42.7, 34.3, 28.7, 25.0, 10.1. 
IR (NaCl, thin film, cm-1): 2953, 2866, 1677, 1590, 1572, 1455, 1430, 1298, 1248, 1201, 

1176, 1137. 

HRMS (ESI-TOF) m/z [M + H]+ calcd for C29H38N5O
+ 472.3071, found 472.3059. 
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Compound 4.5.3f 

General procedure IV was used and product 4.5.3f (28.1 mg, 81%) was isolated as a white 

solid. Analysis by 19F NMR with 2,2,2-trifluoroethanol as the internal standard indicated 

formation of a tris-TFA salt.  
1H NMR (500 MHz, MeOD) δ 8.01 (dd, J = 8.3, 7.4 Hz, 1H), 7.39 (d, J = 7.1 Hz, 1H), 

7.08 (d, J = 8.3 Hz, 1H), 6.99 (t, J = 1.6 Hz, 1H), 6.86 (d, J = 1.5 Hz, 2H), 4.87 (tt, J = 

10.6, 4.2 Hz, 1H), 3.36 – 3.30 (m, 2H), 2.72 (apparent td, J = 12.8, 3.0 Hz, 2H), 2.58 – 2.50 

(m, 2H), 2.46 (s, 3H), 2.32 – 2.22 (m, 2H), 2.10 (apparent dd, J = 14.1, 3.2 Hz, 2H), 1.85 

(apparent d, J = 8.8 Hz, 8H), 1.75 (d, J = 12.8 Hz, 2H), 1.51 – 1.37 (m, 8H), 1.36 – 1.25 

(m, 2H). 
13C{1H} NMR (126 MHz, MeOD) δ 163.6, 153.8, 149.9, 144.2, 141.5, 140.9, 132.3, 

121.8, 119.0, 116.9, 111.6, 53.6, 44.4, 42.6, 34.3, 28.7, 26.5, 25.7, 10.1. 
IR (NaCl, thin film, cm-1): 2926, 2852, 1677, 1590, 1572, 1449, 1430, 1310, 1248, 1201, 

1180, 1139.  

HRMS (ESI-TOF) m/z [M + H]+ calcd for C31H42N5O
+ 500.3384, found 500.3393. 

 

 
Compound 4.8a 

To a solution of alcohol S1 in DCM (1.0 mL) was added TFA (0.2 mL). The reaction was 

sealed under air at rt. After 20 min, the reaction was concentrated under reduced pressure. 

Final purification by column chromatography (5-50% MeOH in EtOAc with 1% TEA) 

afforded product 4.8a (9.9 mg, 54%) as a white solid.  
1H NMR (500 MHz, MeOD) δ 8.01 (dd, J = 8.3, 7.4 Hz, 1H), 7.35 (d, J = 7.3 Hz, 1H), 

7.22 (s, 1H), 7.14 (d, J = 8.3 Hz, 1H), 7.09 (s, 2H), 4.71 (tt, J = 11.4, 4.0 Hz, 1H), 4.65 (s, 

4H), 2.96 (dt, J = 13.5, 3.6 Hz, 2H), 2.42 (s, 3H), 2.29 (td, J = 12.7, 2.7 Hz, 2H), 1.98 

(apparent qd, J = 12.4, 4.2 Hz, 2H), 1.81 – 1.74 (m, 2H). 
13C{1H} NMR (126 MHz, MeOD) δ 163.6, 154.2, 144.6, 143.8, 141.3, 140.8, 131.7, 

121.0, 119.0, 118.2, 111.5, 63.1, 56.6, 44.3, 32.1, 10.1. 
IR (NaCl, thin film, cm-1): 3294, 2923, 2852, 1641, 1590, 1572, 1451, 1429, 1298, 1246, 

1191. 

HRMS (ESI-TOF) m/z [M + H]+ calcd for C25H30N5O
+ 416.2445, found 416.2456. 
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Compound 4.8b 

General procedure IV was used and compound 4.8b (15.7 mg, 76%) was isolated as a white 

solid. Analysis by 19F NMR with 2,2,2-trifluoroethanol as the internal standard indicated 

formation of a mono-TFA salt.   
1H NMR (500 MHz, MeOD) δ 8.09 (dd, J = 8.3, 7.4 Hz, 1H), 7.46 (d, J = 7.2 Hz, 1H), 

7.40 (t, J = 1.8 Hz, 1H), 7.31 (d, J = 1.9 Hz, 2H), 7.23 (d, J = 8.1 Hz, 1H), 4.89 – 4.83 (m, 

1H), 3.46 (dt, J = 13.1, 3.7 Hz, 2H), 2.95 – 2.84 (m, 2H), 2.44 (s, 3H), 2.39 – 2.27 (m, 2H), 

2.11 – 2.02 (m, 2H). 
13C{1H} NMR (126 MHz, MeOD) δ 162.8, 155.1, 144.2, 141.7, 141.5, 135.3, 132.1, 

124.9, 120.9, 120.2, 112.0, 53.3, 42.6, 28.6, 9.9. 

IR (NaCl, thin film, cm-1): 2968, 2730, 1680, 1577, 1425, 1247, 1202, 1134. 

HRMS (ESI-TOF) m/z [M + Na]+ calcd for C19H20Cl2N5O
+ 404.1039, found 404.1046. 

 

 
Compound 4.8c 

General procedure IV was used and product 4.8c (33.0 mg, quant.) was isolated as a white 

solid. Analysis by 19F NMR with 2,2,2-trifluoroethanol as the internal standard indicated 

formation of a bis-TFA salt.  
1H NMR (500 MHz, MeOD) δ 8.09 (dd, J = 8.3, 7.4 Hz, 1H), 7.68 (t, J = 1.7 Hz, 1H), 

7.48 (d, J = 1.7 Hz, 2H), 7.46 (dd, J = 7.5, 0.7 Hz, 1H), 7.22 (dd, J = 8.4, 0.7 Hz, 1H), 4.89 

– 4.83 (m, 1H), 3.47 (apparent dt, J = 13.1, 3.6 Hz, 2H), 2.90 (apparent td, J = 12.8, 3.0 

Hz, 2H), 2.44 (s, 3H), 2.40 – 2.28 (m, 2H), 2.08 (apparent dd, J = 14.5, 4.0 Hz, 2H). 
13C{1H} NMR (126 MHz, MeOD) δ 162.8, 155.1, 144.2, 141.8, 141.5, 132.1, 130.4, 

124.2, 122.7, 120.2, 112.0, 53.3, 42.6, 28.6, 10.0. 
IR (NaCl, thin film, cm-1): 2923, 2851, 1676, 1568, 1419, 1246, 1203, 1135.  

HRMS (ESI-TOF) m/z [M + Na]+ calcd for C19H19Br2N5NaO+ 513.9849, found 513.9851. 
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Compound 4.7.1 

General procedure IV was used and compound 4.7.1 (24.1 mg, 80%) was isolated as a 

white solid. Analysis by 19F NMR with 2,2,2-trifluoroethanol as the internal standard 

indicated formation of a mono-TFA salt.   
1H NMR (500 MHz, MeOD) δ 8.10 (dd, J = 8.3, 7.4 Hz, 1H), 7.67 (d, J = 8.6 Hz, 1H), 

7.60 (d, J = 2.3 Hz, 1H), 7.45 – 7.41 (m, 2H), 7.26 (dd, J = 8.4, 0.7 Hz, 1H), 4.86 – 4.80 

(m, 1H), 3.50 (dt, J = 13.5, 4.0 Hz, 2H), 3.01 – 2.91 (m, 2H), 2.41 (s, 3H), 2.35 – 2.25 (m, 

2H), 2.03 – 1.97 (m, 2H). 
13C{1H} NMR (126 MHz, MeOD) δ 162.6, 151.7, 144.0, 141.8, 141.5, 134.6, 132.1, 

130.0, 127.5, 121.1, 119.9, 115.7, 111.6, 52.9, 42.6, 28.4, 9.8. 
IR (NaCl, thin film, cm-1): 2985, 2848, 2740, 1676, 1567, 1466, 1428, 1388, 1203.  

HRMS (ESI-TOF) m/z [M + Na]+ calcd for C19H20Br2N5O
+ 492.0029, found 492.0019. 

 

 
Compound 4.7.2 

To a solution of compound 4.7.1 (183 mg, 0.302 mmol) in methyl ethyl ketone (6.0 mL) 

was added 2-chloro-N,N-dimethylethylamine (52.6 mg, 0.365 mmol), K2CO3 (136 mg, 

0.986 mmol), and NaI (50.2 mg, 0.335 mmol). The reaction was sealed under air and heated 

to 40 °C. After 18 h, the reaction was cooled to rt and quenched by the addition of saturated 

aqueous K2CO3. The reaction mixture was extracted with EtOAc. The combined organic 

phases were washed with brine, dried (Na2SO4), and concentrated under reduced pressure. 

Final purification by column chromatography (10-50% MeOH in DCM) afforded 

compound 4.7.2 (11.8 mg, 7%) as a white solid.  
1H NMR (500 MHz, MeOD) δ 8.07 (apparent t, J = 7.9 Hz, 1H), 7.65 (d, J = 8.5 Hz, 

1H), 7.54 (d, J = 2.3 Hz, 1H), 7.41 (dd, J = 8.6, 2.3 Hz, 1H), 7.38 (d, J = 7.4 Hz, 1H), 

7.23 (d, J = 8.3 Hz, 1H), 4.49 (tt, J = 11.5, 4.2 Hz, 1H), 3.00 – 2.90 (m, 2H), 2.60 – 2.53 

(m, 4H), 2.39 (s, 3H), 2.34 (s, 6H), 2.16 (apparent qd, J = 12.2, 3.6 Hz, 2H), 1.96 (td, J = 

12.2, 2.4 Hz, 2H), 1.74 – 1.67 (m, 2H). 
13C{1H} NMR (126 MHz, MeOD) δ 162.5, 151.6, 144.4, 141.5, 141.2, 134.7, 131.8, 

129.9, 127.5, 121.1, 119.8, 115.7, 111.3, 56.5, 56.0, 55.2, 52.6, 44.4, 31.4, 9.8. 
IR (NaCl, thin film, cm-1): 2922, 2850, 2816, 1596, 1581, 1565, 1463, 1427, 1384, 1296, 

1241. 

HRMS (ESI-TOF) m/z [M + H]+ calcd for C23H29Br2N6O
+ 563.0764, found 563.0756. 
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Compound 4.7.3 

To a solution of compound 4.7b (352 mg, 0.738 mmol) in methyl ethyl ketone (3.0 mL) 

was added 2-chloro-N,N-dimethylethylamine hydrochloride (117 mg, 0.815 mmol), K2CO3 

(310 mg, 2.25 mmol), and NaI (125 mg, 0.834 mmol). The reaction was sealed under air 

and heated to 40 °C. After 18 h, the reaction was cooled to rt and quenched by the addition 

of saturated aqueous K2CO3. The reaction mixture was extracted with EtOAc. The 

combined organic phases were washed with brine, dried (Na2SO4), and concentrated under 

reduced pressure. Final purification by column chromatography (5-30% MeOH in DCM) 

afforded compound 4.7.3 (22.7 mg, 7%) as a white solid.  
1H NMR (500 MHz, MeOD) δ 7.99 (dd, J = 8.3, 7.4 Hz, 1H), 7.34 (d, J = 7.4 Hz, 1H), 

7.09 (d, J = 8.3 Hz, 1H), 6.91 (s, 1H), 6.79 (s, 2H), 4.61 (tt, J = 11.7, 4.1 Hz, 1H), 2.85 

(apparent d, J = 12.6 Hz, 2H), 2.56 – 2.46 (m, 4H), 2.43 (s, 3H), 2.34 (s, 6H), 2.33 (s, 

6H), 2.13 (apparent qd, J = 12.3, 3.8 Hz, 2H), 1.78 – 1.70 (m, 4H). 
13C{1H} NMR (126 MHz, MeOD) δ 163.6, 153.9, 144.6, 141.3, 140.7, 139.3, 131.9, 

126.4, 119.1, 118.7, 111.5, 56.8, 56.1, 55.2, 52.5, 44.4, 31.4, 20.1, 10.1. 

IR (NaCl, thin film, cm-1): 3428, 2954, 2829, 1682, 1589, 1573, 1432, 1301, 1210, 1181, 

1135. 

HRMS (ESI-TOF) m/z [M + H]+ calcd for C25H35N6O
+ 435.2867, found 435.2884. 
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