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ABSTRACT 

SYNTHESIS OF LEUKOTRIENE A4 HYDROLASE (LTA4H) AMINOPEPTIDASE 

(AP) MODULATORS USING CROSS-COUPLING REACTIONS AND SYNTHESIS 

OF OXETANYL PEPTIDOMIMETICS 

Greg Petruncio, Ph.D. 

George Mason University, 2021 

Dissertation Director: Dr. Mikell Paige 

 

The leukotriene A4 hydrolase (LTA4H) enzyme is a potential biological target for 

treatment of inflammatory diseases. Most drug discovery efforts have focused on 

inhibition of the epoxide hydrolase (EH) activity but this strategy has failed to show 

promising results in human clinical trials. Activation of LTA4H’s aminopeptidase (AP) 

activity by 4-methoxydiphenylmethane (4MDM) was shown to resolve inflammation in 

chronic obstructive pulmonary disease (COPD) mouse models, providing an alternative 

strategy for treatment of inflammatory diseases. The bulk of this work focuses on the 

synthesis and enzyme kinetic evaluation of novel LTA4H AP modulators. The goal was 

to find a superior activator of the AP activity of LTA4H compared to 4MDM. A smaller 

portion of this work is dedicated to the synthesis of oxetanyl peptidomimetics, which are 

an emerging class of peptidomimetics that have potential applications in drug discovery.  
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CHAPTER ONE: SYNTHESIS OF LEUKOTRIENE A4 HYDROLASE 

MODULATORS 

1.1 Background 

Leukotriene A4 hydrolase (LTA4H) is a 69 kDa zinc metalloenzyme found in 

mammals.1 The first crystal structure of LTA4H reported in 2001 revealed the protein 

folded into three domains: N-terminal, catalytic, and C-terminal (Fig. 1).2  

 

 

 

 

Figure 1. Crystal structure of LTA4H with N-terminal domain highlighted blue, catalytic domain highlighted 

green, C-terminal domain highlighted red, and P-rich loop highlighted yellow. Figure taken from reference 1. 

PDB ID: 1HS6. 
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The N-terminal domain of the enzyme is rich in β-sheets and shares structural 

homology with bacterial membrane protein bacteriochlorophyll (Bchl) a while the C-

terminal domain contains a coil of α-helices resembling armadillo repeats, which are 

involved in protein-protein interactions.2 A proline-rich (P-rich) loop connects the C-

terminal domain to the catalytic domain. Together, these three domains form a deep cleft 

and create an L-shaped binding pocket within the catalytic domain.2 Within the L-shaped 

binding pocket is a Zn2+ ion complexed to a HEXXH-X18-E zinc-binding motif. This zinc 

ion is a key component to the enzymatic activity of the protein. The catalytic domain is 

structurally homologous to the bacterial protease thermolysin.2 This similarity to bacterial 

proteases led to the discovery of the enzymes aminopeptidase activity, which will be 

discussed later. 
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The enzyme plays a role in arachidonic acid metabolism, specifically the 5-

lipoxygenase pathway (Fig. 2).1  

 

 

 

 

Figure 2. 5-Lipoxygenase pathway of arachidonic acid.  

 

 

 

Its role in the pathway is in the conversion of leukotriene A4 (LTA4) to leukotriene B4 

(LTB4), which is known as the epoxide hydrolase (EH) activity of LTA4H (Fig. 3).  

 

 

 

 

Figure 3. EH activity of LTA4H.  

 

 

 

 LTA4 (1) is a fatty acid featuring an epoxide functionality allylic to a conjugated E,E,Z-

triene system. This structural feature is key to the metabolite’s reactivity and conversion 
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to LTB4 (2). The EH activity of LTA4H involves the stereoselective addition of water into 

C12 of LTA4, epoxide ring opening, and isomerization of the triene to afford LTB4.
1 

Mechanistically, LTA4 first binds to the L-shaped pocket of the enzyme in a bent 

conformation with its long, aliphatic tail buried in a lipophilic region of the binding 

pocket (Fig. 4).3 The electrostatic interaction between LTA4 and Arg563 stabilizes this 

placement of the substrate in the pocket and situates the epoxide of LTA4 near the 

catalytic zinc ion. In conjunction with Glu271 (E271), the zinc ion polarizes a catalytic 

water molecule to promote an acid-induced epoxide ring opening reaction via an SN1 

mechanism. This generates a delocalized carbocation across the triene moiety. Asp-375 

facilitates the stereoselective addition of another catalytic water addition to C12 of LTA4, 

generating LTB4.
3 
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Figure 4. Graphical representation of the L-shaped binding pocket of LTA4H (yellow) with bound LTA4 

substrate. 

 

 

 

 LTB4 is a lipid mediator of inflammation. The production of LTB4 signals the 

recruitment of leukocytes (monocytes, neutrophils, macrophages) in local tissue, 

initiating an inflammatory response.1,4 

LTA4H is unique among enzymes in that it possesses a second catalytic activity 

within the same L-shaped binding pocket. The aminopeptidase (AP) activity of LTA4H 
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catalyzes the hydrolytic cleavage of tripeptide Pro-Gly-Pro (PGP) (3) into Pro (4) and 

Gly-Pro (5) (Fig. 5).1  

 

 

 

 

Figure 5. AP activity of LTA4H. 

 

 

 

Mechanistically, the PGP substrate is anchored to the binding pocket through electrostatic 

interactions with Glu271 (E271), Arg563, and Lys565.3 The reaction is believed to 

proceed through a general base mechanism starting with activation of the N-terminal 

peptide carbonyl by the zinc ion. Glu-296 (E296) polarizes a catalytic water molecule and 
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allows for attack on the activated carbonyl while Tyr383 (Y383) protonates the N-

terminal peptide nitrogen atom.  

 

 

 

 

Figure 6. Graphical representation of the L-shaped binding pocket of LTA4H (yellow) with bound PGP 

substrate.  

 

 

 

It should be noted that other peptide substrates such as N-arginyl tripeptides and p-

nitroanilide peptides can also be cleaved by LTA4H with high efficiency, which makes 

LTA4H a promiscuous aminopeptidase.5 Cleavage of PGP by LTA4H prevents interaction 
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with downstream receptors and resolves inflammation.1 It was demonstrated by Blalock 

and coworkers that this activity was responsible for the clearance of neutrophils in the 

lungs of murine models of influenza pneumonia.6 

 The EH and AP activities of LTA4H are dichotomous. The EH activity is a 

proinflammatory pathway and exaggerated levels of LTB4 are associated with 

inflammatory diseases such as rheumatoid arthritis, cystic fibrosis (CF), chronic 

obstructive pulmonary disease (COPD), and inflammatory bowel diseases (IBS).1 In 

contrast, the AP activity is an anti-inflammatory pathway and loss of this activity leads to 

elevated PGP levels, which is also implicative of inflammatory diseases.7,8 Furthermore, 

overexpression of the enzyme has been noted in cancers such as esophageal 

adenocarcinoma and colorectal cancer.9,10 Correlation between the 

overexpression/dysregulation of LTA4H and a wide variety of diseases makes the enzyme 

a significant biological target, particularly for the treatment of inflammatory diseases. 

The two opposing functions of LTA4H present two possible strategies for small-

molecule drug development. Most strategies have focused on inhibition of the EH 

activity to prevent the formation of the neutrophil chemoattractant, LTB4. A lesser used 

strategy involves activation of the AP activity to accelerate the degradation of PGP. Both 

of these approaches have the potential to reduce inflammation in inflammatory diseases. 

1.1.1 LTA4H Modulators 

EH inhibitors are often designed with zinc-chelating groups to provide strong 

binding to LTA4H. In addition, some inhibitors contain large lipophilic portions to mimic 

the tail-end of LTA4. Bestatin (6) is a peptide-based EH inhibitor that binds to the zinc 
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ion of LTA4H using its α-hydroxy amide motif (Fig. 7).2,11 It was shown to be selective 

for LTA4H in the presence of other lipoxygenase enzymes in neutrophils and inhibit 90% 

of LTB4 production in erythrocytes. DG-051 (7) is an EH inhibitor that was developed 

through fragment-based crystallography screening (Fig. 7).12 It features a zinc-chelating 

carboxylic acid, an aliphatic chain, a water-solubilizing pyrrolidine ring, and a diaryl 

ether moiety. The inhibitor has high potency against the enzyme (Kd = 26 nM), good 

water solubility (> 30 mg/mL), and high oral availability (>80 across tested species). JNJ-

40929837 (8) and SC567461A (9) are structurally similar to DG-051 (i.e. one-atom linker 

between two aromatic systems, tertiary amine, aliphatic region, terminal zinc chelator) 

and are also potent zinc-chelating EH inhibitors (8 IC50 = 4 ± 2 nM, 9 Ki = 23 nM) (Fig. 

7).13,14  

 

 

 

 

Figure 7. Structures of zinc-chelating EH inhibitors of LTA4H. Zinc-chelator groups are circled.  

 

 

 



10 

 

 Despite the high potency of these EH inhibitors, translation of these compounds 

into viable therapies for certain inflammatory diseases have been hampered for various 

reasons. Clinical trials for treatment of lower limb lymphedema by 6 ceased due to no 

improvement over placebo.15,16 The clinical status of 7 is unknown.17 It was slated to 

undergo Phase 2 clinical trials for treatment of myocardial infraction and coronary artery 

disease but no data can be found in publications or trials registries. In clinical trials, 8 

failed to show beneficial effects over placebo for treatment of allergen asthma.18 9 was 

tested in clinical trials for the treatment of IBS but was withdrawn due to adverse side 

effects.14,19 

 It is hypothesized that the failure of these EH inhibitors in the clinic can be 

attributed to the simultaneous inhibition of the AP activity of the enzyme.20 As mentioned 

earlier, the two catalytic activities of LTA4H share the same binding pocket and both rely 

on chelation of the zinc ion (Fig. 4 and 6). Simultaneous inhibition of the AP activity by 

small molecules such as 6-9 prevents the degradation of PGP and may lead to the 

persistence of inflammation. Indeed, 6 was shown to inhibit the AP function of the 

enzyme along with the expected EH inhibition.11 These negative results have led to new 

generations of nonzinc-chelating EH inhibitors that selectively discriminate against the 

off-target AP activity. In addition, AP activators have been developed as an alternative 

strategy.  

 4MDM (10) is a small, highly lipophilic molecule that resembles a truncated 

version of 9 with no zinc-chelating functionality (Fig. 8). It was shown to augment the 

AP activity of LTA4H (AC50 = 50 μM) in vitro with the chromogenic alanine-p-
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nitroanilide (Ala-pNA) substrate (13).21 Treatment of pulmonary emphysema mouse 

models with 4MDM showed a reversal of disease progression in the lungs (i.e. reduced 

lung compliance, reduced lung volume, lower chord lengths). There was no statistically 

significant change in LTB4 levels in the bronchoalveolar lavage fluid upon treatment with 

4MDM, demonstrating the molecule’s selectivity for the AP activity of LTA4H.  

 ARM1 (11) emerged later and again shares a similar scaffold to 9 and 4MDM but 

contains an aminothiazole moiety (Fig. 8). The heterocycle does not function as a zinc 

chelator but rather anchors the molecule deep in the hydrophobic region of the binding 

pocket where the tail end of the LTA4 substrate would reside.22 This position affords EH 

inhibition (IC50 = 0.5 μM) in human neutrophils with preservation of the AP function of 

the enzyme, as evidenced by a PGP ninhydrin assay.  

Batatasin IV (12) is a dihydrostilbenoid natural product that has a similar 

inhibitory profile to ARM1 (Fig. ). Batatasin IV selectively inhibits the EH activity of 

LTA4H (0.5 ± 0.04 μM) while sparring de novo AP activity.20 The lack of a zinc-

chelating group along with side chain hydrogen bonding interactions drive the molecule 

to bind outside the zinc binding region of LTA4H, leaving room for the endogenous PGP 

substrate.  

 

 

 



12 

 

 

Figure 8. Structures of AP activator (10), nonzinc-chelating EH inhibitors (11, 12), and Ala-pNA (13).  

 

 

 

Clearly, the lack of zinc-chelating groups is key to preserving and/or augmenting 

de novo AP activity in LTA4H. This absence allows for these compounds to bind to the 

enzyme outside the zinc-binding region in the more hydrophobic region of the binding 

pocket (Fig. 9). 
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 4MDM stands in contrast to ARM1 and batatasin IV despite the structural similarities. 

4MDM is the only AP activator that does not perturb EH activity and the therapeutic 

potential of this molecule was demonstrated in emphysema mouse models. The question 

of why 4MDM activates AP and spares EH activity can be explained through enzyme 

kinetic experiments. The mechanism of AP activation by 4MDM was assessed through 

an Ala-pNA assay. 4MDM acts as a predominately catalytic activator in contrast to 

ARM1, which was shown to be a predominately mixed activator.23 This means that 

4MDM preferentially binds to the enzyme-substrate complex (the substrate in this case 

being Ala-pNA) rather than the free enzyme. This suggests that in vivo 4MDM allows 

Figure 9. Overlay of LTA4H crystal structures complexed with 4MDM (green), ARM1 (cyan, PDB ID: 

4L2L), and batatasin IV (yellow, PDB ID: 5N3W). Zinc atom highlighted dark grey. L-shaped binding 

pocket is outlined. The 3 compounds occupy the more hydrophobic region of the L-shaped binding 

pocket, leaving room for PGP to occupy Zn-binding region.  



14 

 

LTA4H to process LTA4 into LTB4 and only binds to the enzyme when PGP becomes 

bound. Assessment of 4MDM’s mechanism of activation with PGP substrate remains to 

be reported.  

The correlation between the more easily-assayed Ala-pNA substrate and the true 

endogenous substrate PGP has been questioned. Snelgrove and coworkers reported that 

4MDM did indeed accelerate AP activity of LTA4H with Ala-pNA as the peptide 

substrate but did not observe the same effect with PGP as the substrate.20 Despite this, 

4MDM did show therapeutic potential in pulmonary emphysema mouse models and gene 

knockout models supported the interaction between 4MDM and LTA4H to be responsible 

for the effect.21 This disparity calls into question the physiological relevance of PGP in 

the context of neutrophilic inflammation. Elevated levels of PGP serve as biomarkers for 

inflammatory diseases such as COPD and CF and support its chemotactic role in 

neutrophil recruitment.8,24 However, a study by Novartis concluded that PGP had no 

chemotactic potential given that injection of PGP into the air pouches of both wild-type 

and LTA4H knockout mice did not result in neutrophil influx.25 The same result was 

observed in human neutrophils in vitro. These conflicting results show the role of LTA4H 

in inflammatory response and disease pathology is complex. Additionally, it also 

suggests that there may be another substrate, most likely a tripeptide,5 whose cleavage is 

responsible for the reduction of inflammation observed with 4MDM.  

1.2 Objective 

Activation of the AP activity of LTA4H is a potential pathway for the treatment of 

inflammatory diseases. Despite the questionable role of PGP, evidence by Paige and 
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Shim suggests that small molecule activation of the LTA4H’s AP function is a viable 

strategy for resolution of persistent inflammation. 4MDM provides a starting scaffold for 

designing new AP activators. EH inhibitors that do not rely on zinc chelation also provide 

structural information that could be incorporated in the design of new LTA4H ligands.  

The main objective of this research is to discover novel AP activators that afford 

more potent AP activation compared to 4MDM (i.e. pharmacodynamic optimization). 

Improved “druglike” characteristics will also be pursued in the design of these novel AP 

activators to improve the bioavailability when translated to in vivo experiments (i.e. 

pharmacokinetic optimization).26 

1.3 Synthesis 

 Almost all the molecules synthesized during the course of this project were done 

so using a cross-coupling reaction as a key step in the synthesis. 

1.3.1 Cross-Coupling Reactions 

Cross-coupling reactions forge a new C–C bond from organometallic (R–M) and 

organohalide (R–X) starting materials through Pd(0), Ni(0), or Cu(I) catalysis.27,28 These 

reactions are generally classified by the organometallic used and by the hybridization of 

the carbon atoms in the newly formed C–C bond (Fig. 10a). For example, a cross-

coupling reaction between an aryl boronic acid and an aryl bromide would be referred to 
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as a sp2-sp2 Suzuki cross-coupling. A cross-coupling reaction between an alkyl Grignard 

and an alkyl halide would be referred to as a sp3-sp3 Kumada cross-coupling.  

 

 

 

 
Figure 10. General depiction of select cross-coupling reactions. 

 

 

 

  Some cross-coupling reactions do not require organometallic starting materials. For 

example, the Heck and Sonogashira cross-coupling utilize alkenes and alkynes as starting 

materials, respectively (Fig. 10b and 10c). Heteroatom cross-coupling reactions take 

advantage of the nucleophilicity in heteroatoms to form new carbon-heteroatom bonds 

(Fig. 10d). Pseudohalides such as triflates and diazonium salts can be used as 

electrophilic coupling partners in place of traditional halides such as bromine or iodine.  
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With some exceptions, cross-coupling reactions follow an oxidative addition 

(OA), transmetalation (TM), reductive elimination (RE) mechanistic paradigm (Fig. 

11).27 

 

 

 

 

Figure 11. General mechanism for certain cross-coupling reactions. 

 

 

 

 More detailed mechanisms reveal the many subtle differences that can arise between the 

cross-coupling reactions. More major mechanistic differences can be noted in the Heck, 
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Sonogashira (copper-free variant), Ullmann, and Buchwald-Hartwig coupling 

mechanisms, which all lack a TM step.  

 Palladium-binding ligands such as phosphines or N-heterocyclic carbenes (NHC) 

are often employed to accelerate the cross-coupling or prevent side reactions. 12-, 14-, 

and 16-electron Pd(0) complexes are all invoked as active catalyst species in cross-

coupling reactions and the nature of the ligand can favor the formation of a particular 

complex.28,29 Pd(0) complexes (14) are commercially available but are oxygen-sensitive. 

However, Pd(II) complexes are bench-stable and can be reduced to Pd(0) in situ through 

various mechanisms. This step is referred to as precatalyst activation. Regardless if a 

Pd(II) precatalyst or a Pd(0) catalyst are used, it is critical that cross-coupling reactions 

are run under an inert atmosphere such as N2 or Ar given that Pd(0) is the active catalyst. 

 One of the mores common mechanisms for catalyst activation involves oxidation 

of a sacrificial phosphine ligand (Fig. 12).30  

 

 

 

 

Figure 12. Precatalyst activation of Pd(OAc)2 via phosphine oxidation. 
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 Exposure of Pd(OAc)2 precatalyst to at least 2 equiv. of PPh3 forms the tetraligated 

Pd(II) complex (20). This complex undergoes an intramolecular redox reaction to 

generate an unstable monoligated Pd(0) complex (21), acetate, and a phosphonium salt, 

which can react further to become a phosphine oxide. Amines possessing β-protons can 

also act as precatalyst reducing agents.31Another pathway of precatalyst activation relies 

on homocoupling of an organometallic species. This pathway is invoked in the activation 

of the PEPPSI-IPr precatalyst (22) (Fig. 13).32  

 

 

 

 

Figure 13. PEPPSI-IPr precatalyst activation via organometallic homocoupling.  

 

 

 

 With the active Pd(0) catalyst generated (14), the OA step proceeds with Pd(0) 

insertion into the polarizable carbon-(pseudo)halogen bond (15), generating an oxidized 

Pd(II) complex (16). With a typical diligated 14-electron Pd(0) catalyst, the resultant OA 

complex has square-planar geometry (27). OA can proceed through a concerted or SN2 

mechanism to give a σ-bound OA complex. With aryl, vinyl, and alkynyl 

(pseudo)halides, OA favors a concerted mechanism (24) (Fig. 14).27 With alkyl, allylic, 

and benzyl (pseudo)halides, OA can follow an SN2 mechanism (25 and 26) (Fig. 14).27,33 
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Figure 14. Different OA pathways of Pd(0) dependent on the nature of the organo(pseudo)halide.  

 

 

 

  Another OA pathway observed with Ni(0) catalysts and organoiodine substrates is a 

radical mechanism.34,35 Cu(I) follows a similar mechanism to Pd(0) but becomes Cu(III) 

after OA.36 OA is frequently the rate-determining step in cross-coupling reactions. When 

this is the case the reaction rate is contingent upon the carbon-(pseudo)halogen bond 

dissociation energy (Fig. 15).28 

 

 

 

 

Figure 15. Relative organo(pseudo)halide reactivity in OA.   

 

 

 

 To aid in the OA process, electron-rich ligands with strong σ-donating and weak π-

accepting characteristics are used to increase the electron density around the Pd center. 

Buchwald ligands such as Me4t-BuXPhos (28) contain two electron-donating alkyl 
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groups bound to phosphorous (Fig. 16), which in turn increases the electron density on 

the Pd center when the complex is formed.29 This allows for OA into recalcitrant 

substrates such as aryl chlorides. Additionally, the steric bulk of these alkyl groups 

encourage the formation of 12-electron monoligated Pd(0) complexes (PdL1), which are 

more reactive towards oxidative addition than the typical 14-electron diligated Pd(0) 

complexes (PdL2).
29 NHC ligands (29) are strong σ-donors through the carbene sp2-

hybrdizied lone pair (HOMO) and weak π-acceptors (presumably due to π-donation from 

the nitrogen atoms into the empty carbene p orbital (LUMO)).37 Like the Buchwald 

phosphines, these ligands enhance the nucleophilicity of the Pd center and thus accelerate 

the OA step. 

 

 

 

 

Figure 16. Examples of ligands used to accelerate OA in cross-coupling reactions.  

 

 

 

TM involves the exchange of ligands between the OA complex (16) and the 

organometallic reagent (17), resulting in the formation of a diorganopalladium 

intermediate (18) and metal halide byproducts. The direction of TM is governed by the 
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thermodynamic stabilities of the preexisting and newly formed carbon-metal and metal-

halogen bonds.28,38 

For cross-coupling, TM events generally follow a metal exchange type 

mechanism, which involves a bimetallic 4-membered ring intermediate containing 

bridging halogen and R ligands.28,38 Density functional theory calculations on a model 

Stille cross-coupling support this mechanism, albeit with some differences (Fig. 17).39  

 

 

 

 

Figure 17. TM event in Stille cross-coupling.  

 

 

 

The computational predictions on the Stille coupling supported a two-step TM 

process involving a 4-membered ring transition state that fragments to the 

diorganopalladium intermediate. First, the vinyl group of the vinyl trimethyltin reagent 

(31) substitutes for a ligand on the Pd OA complex (30) via an associative mechanism 

(i.e. the ligand (L) disassociates from Pd after coordination of vinyl trimethyltin), 

generating 32. The second step proceeds through a 4-membered ring transition state (33) 

to afford the transmetalated product (34). Overall, this step was calculated to have the 
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highest energy barrier and is likely the rate-determining step for this particular Stille 

cross-coupling. The Stille coupling in particular shows the selectivity of ligand transfer in 

TM events. Unsaturated moieties such as the vinyl group in 31 transmetalate more readily 

than the “dummy” alkyl ligands.40  

Salt additives such as LiCl, tetra-n-butylammonium fluoride (TBAF), or 

hydroxide bases are often added to certain cross-coupling reactions to prime an 

organometallic for TM via formation of the more nucleophilic ate complex.41–43 

However, additives can also assist the TM step by acting as a bridging ligand in 

bimetallic intermediates rather than forming an ate complex. This was recently observed 

in a mechanistic study on the Suzuki cross-coupling reaction, which used rapid injection 

NMR to study transient pretransmetalation species.44  

Finally, usage of triflate electrophiles or ligands that favor the formation of 

monoligated Pd(0) complexes (Ex. 28 and 29) facilitates the TM step. Both of these leave 

a vacant site on the Pd center and allow for more facile approach of the organometallic.29  

RE is formally the inverse of OA. The process forges a new C–C bond (19) 

between substituents in 18 through reduction of Pd(II) to Pd(0). RE is concerted and 

proceeds through 3-membered transition state (36) (Fig. 18).28,38  
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Figure 18. RE of diorganopalladium intermediate to form final product and regenerate catalyst. 

 

 

 

 A geometrical requirement for this process is the cis orientation of the organic 

substituents in the square planar complex (35).38 This requires that a thermodynamically 

stable trans square planar complex isomerizes to the cis before RE. RE is facilitated by π-

acceptor or electron-deficient ligands, which decrease the electron density at the Pd(II) 

center, sterically bulky ligands, which force organic substituents into closer proximity for 

RE, and bidentate ligands, which enforce cis geometry in the square planar complex.28,29 

Additionally, Y-shaped planar Pd(II) complexes formed through OA of monoligated 

Pd(0) species undergo RE faster than square planar complexes.45 The Buchwald ligands 

such as BrettPhos possess sterically bulky R groups on the phosphorous center. These 

increase the steric congestion around the Pd(II) center in the diorganopalladium 

intermediate and facilitate RE.29 The ligands also can bind to Pd(II) through hemilabile 

aryl ring (38) or alkoxy interactions (39), which encourage persistence of monoligated Pd 

species and T-shaped geometry for facile reductive elimination (Fig. 19).29  
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Figure 19. Two different binding modes of BrettPhos in the diorganopalladium intermediate. 

 

 

 

 It should be noted that this is a broad overview of cross-coupling mechanisms 

with special attention given to the design and effect of Buchwald ligands, as these were 

heavily used in this research. As mentioned previously, many subtle differences can arise 

depending on various factors such as type, hybridization, electronics, and sterics of both 

the organometallic and electrophile. Specific mechanisms for the reactions carried out in 

this research will be presented in later sections.  

1.3.2 ARM1 Series 

 One of the first hypotheses proposed in this research was to combine the 

structures of 4MDM (10) and ARM1 (11) into a new hybrid molecule (40). As stated 

previously, 4MDM is an AP activator that spares de novo EH activity.21 ARM1 is an EH 

inhibitor that spares de novo AP activity.22 It was anticipated the combination of these 

two compounds into a hybrid molecule would provide a dual EH inhibitor-AP activator 

that does not rely on Zn chelation. A concurrent hypothesis was the exploration of 

different substituent electronics and positions with a fixed aminothiazole substituent (41-

48). This series would evaluate the effect of the substituents on AP activation (Fig. 20).23 
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Figure 20. ARM1 series.  

 

 

 

 Substituents such as methoxy, methyl, and trifluoromethyl were chosen for their varying 

electronic properties and placed at 2, 3, and 4 position. These substituents are expected to 

play an important role in AP activation due to their proximity to the AP active site. The 

aminothiazole group provides strong binding to LTA4H. 

 A general synthetic route to the analogs was achieved through sp2-sp3 

trifluoroborate Suzuki coupling.23,46,47 Potassium trifluoroborates (R–BF3K) are bench-

stable organometallics that act as “masked” boronic acids.48 The tetravalent structure and 

strong B–F bonds afford resistance to oxygen, moisture, and reactions that commonly 

affect boronic acids such as oxidations.48 Upon exposure to water or alcoholic solvent at 
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high temperatures, trifluoroborates (53) hydrolyze in situ to boronic acids (54), which 

enter the cross-coupling cycle (Fig. 21).48  

 

 

 

 

Figure 21. Mechanism of trifluoroborate Suzuki cross-coupling. 

 

 

 

 After OA of 49 into benzyl halide 50, hydroxide (generated under basic aqueous 

conditions) coordinates to 51 and displaces the halide ligand to give 52.44 This role of 

hydroxide differs from traditional mechanisms, which proposed hydroxide coordinated to 
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neutral boronic acid 54 to give an anionic boronate.44 On the basis on Denmark and 

coworker’s mechanistic studies, 52 and 54 likely join together to give pretransmetalation 

intermediate 55.44 TM through 4-membered transition state with bridging hydroxyl ligand 

gives the transmetalated product 56¸48 which undergoes RE to give diphenylmethane 57. 

The slow hydrolysis ensures a low concentration of boronic acid in solution, 

leading to less side reactions and higher yields. Transformation of commercially available 

2-amino-4-(4-bromophenyl)thiazole (58) to the corresponding potassium trifluoroborate 

would allow iterative Suzuki cross-coupling with benzyl halides to afford the desired 

series (Fig. 20). One method for synthesizing trifluoroborates involves a Suzuki-Miyaura 

borylation, which converts an aryl halide into an aryl boronic acid, followed by 

fluorination by KHF2.  

The original conditions for nickel-catalyzed Suzuki-Miyaura borylation reactions 

reported by Molander and coworkers did not provide access to the functionalized 

trifluoroborate handle.47 Borylation of heteroaryls such as pyrimidines, isoxazoles, and 

thiazoles were not achieved by Molander and coworkers, suggesting the aminothiazole 

was responsible for inhibiting the reaction.47 Replacement of the original 

NiCl2(dppp)/PPh3 system with Pd(OAc)2/SPhos afforded only an 18% yield of 

trifluoroborate even though completion of the reaction and presence of boronic acid was 

observed by TLC (Fig. 22).  
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Figure 22. TLC (curcumin stain) of Suzuki-Miyaura borylation reaction in 1:19 MeOH-DCM. Left lane: 

starting material. Right lane: reaction mixture. The orange spot in the reaction mixture indicates boronic acid 

product.  

 

 

 

The low yield was attributed to the fluorination step that involved treatment of the 

crude borylation reaction mixture with a freshly prepared aqueous solution of KHF2. An 

alternative fluorination procedure was adopted from the Molander group.49 This consisted 

of adding solid KHF2 to the crude first, followed by dropwise addition of water. 

Surprisingly, this improved the trifluoroborate yield to 46%. After trying multiple 

catalyst systems, an optimal yield of 94% was achieved with a combination of 5% 

Pd2(dba)3 and 10% SPhos (Scheme 1). The trifluoroborate (59) was confirmed by 1H-, 

13C-, and 19F-NMR. 
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Scheme 1. Trifluoroborate synthesis. 

 

 

 

With the trifluoroborate in hand, sp2-sp3 Suzuki coupling was carried out with 

commercially available benzyl chlorides/bromides (60) to afford the ARM1 series (61) 

(Scheme 2).23 PdCl2(dppf) was found by Molander and coworkers to be the most efficient 

catalyst for this type of cross-coupling.46 Cs2CO3 and the H2O cosolvent served to 

hydrolyze the trifluoroborate.  

 

 

 

 

Scheme 2. sp2-sp3 Suzuki cross-coupling between trifluoroborate and benzyl halides. New bond highlighted in 

red. 

 

 

 

Overall, yields ranged from low to moderate (20−50%). Benzyl bromides were 

effectively coupled with 5 mol % of PdCl2(dppf). Less reactive benzyl chlorides required 
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a higher catalyst loading of 20 mol % but were necessary for less stable substrates such as 

p-methoxybenzyl chloride. Benzyl halides with substituents in the para position were the 

most facile coupling partners, whereas substituents in the ortho position gave the lowest 

yields. A more active catalyst system involving SPhos was used in an attempt to improve 

yields, but this resulted in decomposition, revealing the sensitivity of the benzyl halide 

substrates. Other efforts to achieve higher yields involved increased reaction time, 

temperature, and catalyst loading but these were unsuccessful. Formation of the 

palladium catalyst in situ by combining 2 mol % PdCl2(PPh3)2 with 2 mol % dppf 

afforded slightly improved yields (10% increase).  

Cross-coupled products could be identified by TLC as a new UV active spot 

slightly more polar than the starting benzyl halide (Fig. 23). They were all isolated by 

column chromatography.  
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Figure 23. TLC (UV 254 nm) of Suzuki cross-coupling reaction. Left lane: trifluoroborate starting material. 

Middle lane: benzyl halide starting material. Right lane: reaction mixture. 

 

 

 

The structure of each ARM1 analog was confirmed by 1H and 13C NMR (Fig. 24). The 

purity of the analogs was determined by LCMS.  
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Figure 24. Yields of ARM1 series.  

 

 

 

The modest yields for the cross-coupling reactions can be attributed to several 

factors. Occasionally, trace amounts of protodeboronated side product (i.e. BF3K 

replaced by H) was identified by NMR, which was surprising due to the reported 

resilience of trifluoroborates to this common side reaction.50,51 In particular, a 1:1 ratio 

(by NMR) of the cross-coupled and the protodeboronated product was observed in the 

synthesis of 48. It is possible the steric bulk of trifluoromethyl group in the ortho position 

retards the catalytic cycle, causing too much free boronic acid to be present in solution 

and available for protodeboronation. The protodeboronated product could potentially be 

reduced by lowering the equivalence of water added to the reaction or by using a weaker 

base, but this strategy was not investigated.  

The acidic aminothiazole protons (pKa of 5.3 in water)52 were later suspected to 

interfere with the base and subsequent hydrolysis of the trifluoroborate, resulting in the 



34 

 

low yields. A dual protection of the amino group of 58 was carried out using a 

microwave-assisted Paal-Knorr pyrrole synthesis (Scheme 3) (Fig. 25).53  

 

 

 

 

Scheme 3. Dual protection of aminothiazole protons.  

 

 

 

 
Figure 25. TLC (UV 254 nm) of microwave-assisted Paal-Knorr pyrrole synthesis in 1:1 EtOAc-Hex. Left lane: 

starting material. Right lane: reaction mixture. 

 

 

 

The protected aminothiazole (63) was transformed into its corresponding 

trifluoroborate (64) and coupled with 4-methylbenzyl bromide (65) under the exact same 

conditions as performed with the unprotected aminothiazole (59). Indeed, protection of 

the acidic amino group resulted in a significant increase in yield (78%) (Scheme 4). 
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Scheme 4. Suzuki cross-coupling of (un)protected aminothiazole. Protection of aminothiazole moiety resulted in 

significantly higher yield. 

 

 

 

1.3.3 Total Synthesis of Batatasin IV 

 With several ARM1 analogs synthesized, attention was turned to the batatasin IV 

(12) scaffold. Batatasin IV is similar to ARM1 in that it is a selective LTA4H EH 

inhibitor.20 Development upon this scaffold could lead to new AP activators. The 

previously reported route to batatasin IV is a 7-step total synthesis with a 6.3% overall 

yield.20 The next hypothesis proposed in this research was to investigate a more efficient 

route towards batatasin IV and other potential analogs. An atom-economical sp-sp2 

Sonogashira cross-coupling reaction was envisioned as a key step in the proposed 

synthesis.54  

Formerly, a copper(I) cocatalyst was believed to be essential in the TM step of the 

Sonogashira cross-coupling reaction.55,56 The propensity of copper to promote oxidative 
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homocoupling (Glaser coupling) has led to the development of copper-free Sonogashira 

protocols.56–58 In some cases, traditional copper-mediated Sonogashira conditions 

retarded the reaction rate,59 or were completely ineffective when compared to copper-free 

conditions.60 Therefore, copper-free Sonogashira conditions were sought after for the 

total synthesis of batatasin IV. It was found that the Buchwald ligand SPhos (67) in 

combination with Pd(OAc)2 catalyzed room temperature, copper-free Sonogashira 

couplings between aryl bromides and terminal alkynes (Fig. 26).54  

 

 

 

 

Figure 26. Mechanism of copper-free Sonogashira cross-coupling.  
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 The copper-free Sonogashira coupling is mechanistically distinguished from some 

of the aforementioned cross-coupling reactions in that it does not have a TM step. 

Instead, coordination of the alkyne to Pd(II) followed by deprotonation serves as a 

surrogate TM step. OA of 68 on 69 proceeds to give 70. Loss of a ligand from 70 allows 

η2 coordination of alkyne 71 to give complex 72.57 The enhanced acidity of alkyne 71 in 

complex 72 enables deprotonation by amine base to give diorganopalladium intermediate 

73, which can then undergo RE to afford 74.57 Recent computational mechanistic studies 

suggest a Pd-Pd TM instead of alkyne η2 coordination in copper-free Sonogashira 

couplings.61 The proposed mechanism is reminiscent of the classical Sonogashira 

coupling mechanism, which proposes a Pd-Cu TM.61  

Usage of SPhos (67) for room temperature, copper-free Sonogashira coupling on 

aryl bromides is a slight improvement upon the conditions reported by Hughes and 

coworkers, which relies on the highly active, pyrophoric tri(tert-butyl)phosphine ligand.57 

Aside from the usual benefits that Buchwald ligands like SPhos afford in cross-coupling 

reactions (i.e. facile OA and RE), formation of three-coordinate Pd(II) species (i.e. 

L1Pd(Br)Ar) likely assists the alkyne η2 coordination step. This contribution by SPhos 

might be another reason why the copper-free Sonogashira on aryl bromides operates 

efficiently at room temperature, given that ligand dissociation to form three-coordinate 

Pd(II) species was found to be a rate-determining step in another study.61 

The substrate scope for the copper-free Sonogashira reaction was explored by 

coupling electron-neutral, electron-poor, and electron-rich aryl bromides to either 
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phenylacetylene (aromatic alkyne) or 2-methylbut-3-yn-2-ol (aliphatic alkyne) (Table 

1).54  

 

 

 
Table 1. Substrate scope for the copper-free Sonogashira reaction. 

 
Entry X R1 R2 Yield (%) 

1 -Br -H -Ph 99 

2 -Br -OH -Ph  — a 

3 -Br -CHO -Ph 35 

4 -Br -CH3 -Ph 66 

5 -I -Br -Ph 99 

6 -Br -NO2 -Ph 60 

7 -Br -CO2H -Ph 0 

8 -Br -H -CH(CH3)2OH 93 

9 -Br -OH -CH(CH3)2OH Traces 

10 -Br -CHO -CH(CH3)2OH 87 

11 -Br -NH2 -CH(CH3)2OH 46 

12 -Br -CH3 -CH(CH3)2OH 79 

13 -I -Br -CH(CH3)2OH 87 

14 -Br -NO2 -CH(CH3)2OH 92 

15 -Br -CO2H -CH(CH3)2OH 0 

a Homocoupled product (1,4-diphenylbutadiyne) was the only product observed. 
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Electron-neutral substrates were produced in excellent yield (Entries 1 and 8). 

Electron-withdrawing groups including a nitro or aldehyde substituent provided high 

yields (Entries 6, 10, and 14) with the exception of entry 3, which consistently gave 

modest yields. Interestingly, electron-rich substrates (Entries 4 and 12) provided similar 

yields to the electron-poor substrates. Entries 5 and 13 employed 4-iodo-1-bromobenzene 

as a substrate in order to determine the reaction selectivity. The reaction proceeded with 

excellent selectivity, substituting exclusively at the carbon-iodine bond. Surprisingly, 2-

methylbut-3-yn-2-ol provided higher yields (with the exception of Entry 13) than 

phenylacetylene. The results show that our conditions tolerate the 1,1-

dimethylpropargylic alcohol moiety which can be used in subsequent Sonogashira 

reactions after deacetonation. An anilinyl group was also tolerated (Entry 11). For entry 

2, where the Sonogashira reaction was performed in the presence of an unprotected 

phenol, the only observed product was 1,4-diphenylbutadiyne, which is the homocoupled 

adduct of phenylacetylene. Reaction of the same unprotected phenol substrate with 2-

methylbut-3-yn-2-ol only resulted in trace amounts of the Sonogashira product with 

significant amounts of impurities. Unprotected carboxylic acids (Entries 8 and 16) also 

did not result in a successful cross-coupling, indicating that relatively acidic protons are 

not tolerated in the reaction. 
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With the substrate scope of the copper-free Sonogashira coupling explored, the 

reaction was implemented as a key step in the total synthesis of batatasin IV (Scheme 5). 

 

 

 

 

Scheme 5. Total synthesis of batatasin IV featuring copper-free Sonogashira coupling. Key bond formation 

highlighted in red. 

 

 

 

 Monomethylation of 3,5-dihydroxybenzaldehyde 75 using iodomethane in the presence 

of potassium carbonate in acetone yielded product 76 in 40% yield. Benzyl protection of 

the resulting phenol was accomplished under similar conditions to give the protected 

compound 77 in 98% yield. This protection step was necessary for two reasons: 1) the 

substrate scope (Table 1) demonstrated a lack of tolerance for phenolic protons, and 2) 

ortho-halophenols can undergo ring closure benzofurans under certain Sonogashira 

conditions.62 The Ohira-Bestmann homologation reaction was carried out to convert 77 to 

terminal alkyne 79 in 82% yield (Fig. 27).63  
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Figure 27. TLC (UV 254 nm) of Ohira-Bestmann reaction in 1:9 EtOAc-Hex. Left lane: starting material 62. 

Middle lane: reaction mixture. Right lane: cospot of starting material and reaction mixture. 

 

 

 

The in situ preparation of 78 by imidazole-1-sulfonyl azide hydrochloride was found to 

produce 79 in low yield.64 It was more effective to synthesize 78 separately and then add 

to a solution of 77. The room temperature, copper-free Sonogashira reaction was then 

attempted between phenylacetylene 79 and o-(benzyloxy)bromobenzene 80. Presumably 

due to the bulky and electron-rich o-benzyl substituent, the reaction did not reach 

completion after overnight stirring at room temperature. Mild heating under microwave 

irradiation and higher catalyst loading was necessary for the reaction to reach completion 

and produce adduct 81 in 53% yield. This copper-free Sonogashira coupling formed a 

crucial sp-sp2 C–C bond and was a key convergent step towards batatasin IV. Exhaustive 
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hydrogenation and global hydrogenolysis was then affected by treatment with hydrogen 

gas and palladium on carbon in methanol for two hours to afford batatasin IV (12) in 96% 

yield (16% overall yield). The characterization data obtained for synthetic batatasin IV 

matched well with natural batatasin IV reported by Hashimoto.65 

This application demonstrated the capability of the copper-free Sonogashira 

reaction on highly electron-rich coupling partners bearing bulky ortho-/meta-substituents, 

albeit with mild heating. This total synthesis of batatasin IV is a shorter (5-step) and 

higher yielding (16% overall yield) route compared to the previous synthesis and presents 

a general route to potential batatasin IV analogs.20 

1.3.4 Diaryl Ether Series 

Potential pharmacokinetic (PK) issues were later noted in the ARM1 series. First, 

the ARM1 series shares a diphenylmethane scaffold that is susceptible to oxidation by 

cytochrome P450 enzymes at the methylene bridge.66 A second PK issue is found in the 

aminothiazole moiety, which is also susceptible to oxidation by similar enzymes.67 This 

led to a new hypothesis proposing diaryl ether analogs as nonoxidizable analogs. A 

concurrent hypothesis was inspired by the crystal structure of 4-OMe ARM1 (40) (Fig. 

28).23 
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Figure 28. Crystal structure of 4-OMe ARM1 showing hydrogen bonding interactions. PDB ID: 6O5H. 

 

 

 

 The hydrogen bonding interactions between the main chain residues of LTA4H and the 

aminothiazole moiety led to the proposal that alternative heterocycles with greater 

hydrogen bonding capabilities or different constitutions might lead to more potent AP 

activators (Fig. 29). 
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Figure 29. Diaryl ether series. 

 

 

 

82 was derived from 4-OMe ARM1 (40) by replacing the methylene bridge with 

an oxygen atom. The methoxy group of 40 posed chemical stability issues with the newly 

introduced oxygen atom21 and was substituted for a chlorine atom, which mimics the size 

of a methyl group. Thus, all the diaryl ether analogs incorporate this chloro substituent. 

Analog 82 would test the effect of these structural changes before introduction of a new 

heterocycle. 83 is identical to 82 with the exception of the sulfur atom in 82 being 

replaced with a stronger hydrogen bond accepting oxygen atom. 85 is similar to 82 and 

83 except it bears a hydrogen bond donating NH group. 88 is a constitutional isomer of 

85 and would assess the importance of the location of hydrogen bonding groups on the 

analogs. 86 was inspired by one of the analogs reported by the Novartis group.25 This 

analog would test the importance of the amino group on the heterocycle for AP 



45 

 

activation. 89 features a larger aminopyridine heterocycle and would allow for sterics to 

be considered. 84 and 87 are saturated heterocycles that structurally mimic the 

aforementioned analogs bearing 5-membered amino heterocycles. Saturated heterocycles 

present some attractive features over the aromatic heterocycles such as higher water 

solubility and greater metabolic stability.68 The 5‐oxa‐2,8‐diazaspiro[3.4]octane 

heterocycle in 84 appears to be a new kind of heterocycle that has not been previously 

synthesized. Lastly, 90 is identical to 82 with the exception of the bigger bromo 

substituent. 

 Ullmann cross-coupling was expected to afford facile entry into the diaryl ether 

scaffold. A useful feature of the Ullmann cross-coupling is its usage of readily available 

phenol and aryl halide starting materials. Its success across substrates of varying 

electronics and sterics give this C–O bond forming reaction superior scope to 

nucleophilic aromatic substitutions.69 The steric bulk of Buchwald ligands t-BuXPhos 

(91) and Me4t-BuXPhos (92) accelerate the rate-determining RE step (Fig. 30).  
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Figure 30. Mechanism of Ullmann cross-coupling. 

 

 

 

Usage of bulky ligands such as 90 or 91 is expected to favor the monoligated 

Pd(0) species 92, which undergoes rapid OA into aryl bromide 93.69 Under basic 

conditions, phenol starting material is deprotonated to phenoxide 95. 95 displaces the 

halide ligand to give 96. The Pd-arene interaction in 97 promotes T-shaped geometry.69 

This interaction coupled with the bulky phosphine alkyl substituents promotes rapid RE 
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to give 98. The additional methyl groups in 91 impart more rigidity in 97, which is 

responsible for the superior catalytic activity of ligand 91 compared to ligand 90.69 

 Overall, Ullmann cross-couplings were accomplished 50-80% yield and the 

analog structures (82-90) were confirmed by 1H and 13C NMR and LCMS (Scheme 6).  

 

 

 

 

Scheme 6. Ullmann cross-coupling. New bond highlighted in red. 

 

 

 

 Protection of acidic protons such as aminothiazole protons was absolutely necessary for 

the reaction to proceed. It was found that certain heterocycles such as oxazoles and 

pyrazoles poisoned the Pd(0) catalyst and prevented the reaction from occurring. 

Therefore, Ullmann cross-couplings were performed as early as possible to form the key 

diaryl ether linkage. This was followed by a heterocyclization to give the desired 

compounds in Figure 29. Occasionally, a transition metal-free Ullmann coupling with 

diaryliodonium salts (discussed later) was performed to avoid potential selectivity issues 

between aryl bromides and aryl iodides. 
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 Synthesis of analog 82 commenced with microwave-assisted diprotection of the 

acidic aminothiazole protons in 102 as a 2,5-dimethylpyrrole protecting group (103) in 

84% yield (Scheme 7) (Fig. 31).53  

 

 

 

 

Scheme 7. Synthetic scheme for analog 82. 
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Figure 31. (A) TLC (UV 254 nm) of Ullmann cross-coupling (Scheme 7) in hexanes eluent. Going from left: 1st 

lane: starting material 103. 2nd lane: starting material 100. 3rd lane: reaction mixture. 4th lane: cospot of reaction 

mixture and starting material 103. (B) TLC (UV 254 nm) of deprotection reaction (Scheme 7). Left lane: starting 

material 104. Right lane: reaction mixture.  

 

 

 

 Ullmann cross-coupling was then carried out under the conditions of Buchwald.69 TLC 

indicated the formation of new UV active spot with slightly lower Rf compared to 103. 

The cross-coupling was selective for the weaker C–Br bond in 103 over the C–Cl bond in 

100 and gave diaryl ether 104 in 69% yield. Direct cross-coupling between 102 and 100 

was not successful under Buchwald conditions. Deprotection of cross-coupled product 

104 was achieved through HCl under high temperature microwave conditions,53 affording 

compound 82 in 77% yield.  

 Synthesis of analog 83 began with Ullmann cross-coupling between phenol 100 

and aryl bromide 106 (Scheme 8) (Fig. 32).  

 

 

 

A B 
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Scheme 8. Synthesis of analog 83. 

 

 

 

 

Figure 32. (A) TLC (UV 254 nm) of Ullmann cross-coupling (Scheme 8) in 1:9 EtOAc-Hex eluent. From left: 1st 

lane: starting material 100. 2nd lane: starting material 106. 3rd lane: reaction mixture. 4th lane: cospot of reaction 

mixture and starting material 106. (B) TLC (UV 254 nm) of α-bromination reaction mixture. (C) TLC (UV 254 

nm) of urea cyclization reaction. Left lane: starting material 108. Right lane: reaction mixture. 
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 Again, the cross-coupling was selective for the C–Br bond and formed diaryl ether 107 

in quantitative yield with preservation of the ketone functionality. α-Bromination in 

DCM solvent gave 108 in 57% yield. Under microwave conditions, urea cyclized with 

108 to give the final compound 83 in 49% yield. 

The synthetic scheme for analog 85 is similar to Scheme 8 (Scheme 9) (Fig. 33).  

 

 

 

 
Scheme 9. Synthesis of analog 85. 
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Figure 33. (A) TLC (UV 254 nm) of 1st step of aminoimidazole cyclization (Scheme 9) in 1:19 MeOH-DCM 

eluent. Left lane: starting material 108. Middle lane: reaction mixture. Right lane: cospot of starting material 

108 and reaction mixture. (B) TLC (UV 254 nm) 2nd step of aminoimidazole cyclization (Scheme 9) in 1:19 

MeOH-DCM eluent. Left lane: starting material. Middle lane: reaction mixture. Right lane: cospot of starting 

material and reaction mixture. 

 

 

 

 Heterocyclization to the aminoimidazole was carried out in two steps under microwave 

conditions from diaryl ether 108 and N-acetylguanidine (109).70 The overall process was 

low yielding (28% over two steps) and could probably be improved by reacting 108 

directly with guanidine under microwave conditions. This would bypass the need to 

perform a low-yielding deacetylation step and would shorten the synthesis by one step. 

Moreover, the present two-step process in Scheme 9 results in the formation of some 

ethyl sulfate salt of 85, which seems to persist through workup and can be observed in the 

NMR spectrum.  

A B 
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 Analog 86 is an expedient synthesis starting with Ullmann cross-coupling on aryl 

bromide 110 (Scheme 10) (Fig. 34).  

 

 

 

 

Scheme 10. Synthesis of analog 86. 
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Figure 34. (A) TLC (UV 254 nm) of Ullmann cross-coupling (Scheme 10) in 1:9 EtOAc-Hex eluent. From left: 1st 

lane: starting material 100. 2nd lane: starting material 110. 3rd lane: reaction mixture. 4th lane: cospot of 2nd and 

3rd lane. (B) TLC (UV 254 nm) 2nd step of Van Leusen oxazole synthesis (Scheme 10) in 1:9 EtOAc-Hex eluent. 

Left lane: starting material 111. Right lane: reaction mixture. 

 

 

 

 Diaryl ether 111 was produced in 68% yield with preservation of the aldehyde. 111 was 

then subjected to a Van Leusen oxazole synthesis using TosMIC reagent (112), giving 

final compound 86 in 64% yield. Of note, Ullmann cross-coupling in the presence of 

oxazole heterocycle was not successful and therefore had to be performed before Van 

Leusen oxazole synthesis. 

 Synthesis of analog 88 was commenced by Ullmann cross-coupling between 113 

and 100 to give diaryl ether 114 in 83% yield with tolerance of methyl ester (Scheme 11) 

(Fig. 35).  
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Scheme 11. Synthesis of analog 88. 

 

 

 

 
Figure 35. (A) TLC (UV 254 nm) of Ullmann cross-coupling (Scheme 11) in 1:9 EtOAc-Hex eluent. From left: 1st 

lane: starting material 100. 2nd lane: starting material 113. 3rd lane: reaction mixture. 4th lane: cospot of 2nd and 

3rd lane. (B) TLC (UV 254 nm) of Claisen condensation (Scheme 11) in 1:9 EtOAc-Hex eluent. Left lane: starting 

material 114. Middle lane: reaction mixture. Right lane: cospot. (C) TLC (UV 254 nm) of aminopyrazole 

cyclization (Scheme 11) in 1:1 EtOAc-Hex eluent. Left lane: starting material 115. Right lane: reaction mixture. 
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 114 was transformed to β-keto nitrile intermediate 115 through a Claisen condensation 

with acetonitrile under reflux conditions. Crude 115 was characterized by IR 

spectroscopy and then subjected to a microwave-assisted heterocyclization with 

hydrazine to synthesis of aminopyrazole ring, giving final compound 88 in 80% yield 

over two steps. Of note, Ullmann cross-coupling in the presence of aminopyrazole was 

not successful. Furthermore, the method of Yoon for t-BuOK-mediated synthesis of 

aminopyrazoles proved difficult to reproduce.71 Thus, Scheme 11 presents an optimized 

route towards compound 88 and an efficient strategy towards aminopyrazole 

heterocycles.  

 Analog 89 is a longer synthesis featuring an alternative Ullmann coupling 

reaction (Scheme 12) (Fig. 36).  

 

 

 

 
Scheme 12. Synthesis of analog 89. 
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Figure 36. (A) TLC (UV 254 nm) of transition metal-free Ullmann cross-coupling (Scheme 12) in Hex eluent. 

Left lane: starting material 100. Middle lane: byproduct 116. Right lane: reaction mixture. (B) TLC (UV 254 

nm) of amino protection reaction (Scheme 12) in 1:1 EtOAc-Hex eluent. Left lane: starting material 120. Middle 

lane: reaction mixture. Right lane: cospot. (C) TLC (UV 254 nm) of halogen-magnesium exchange (Scheme 12) 

in 1:9 EtOAc-Hex eluent. Left lane: starting material 121. Right lane: reaction mixture. (D) TLC (UV 254 nm) 

of Kumada cross-coupling (Scheme 12) in 1:9 EtOAc-Hex eluent. Left lane: starting material 121. Right lane: 

reaction mixture. (D) TLC (UV 254 nm) of deprotection reaction (Scheme 12) in 1:3 EtOAc-Hex eluent. Left 

lane: starting material 123. Right lane: reaction mixture. 

 

 

 

 Initially, an aminopyridine heterocyclization reaction after Ullmann cross-coupling was 

proposed for synthesis of analog 89, as this synthetic strategy was successful for the other 

analogs. Unfortunately, there were no aminopyridine syntheses available in the literature 

that could afford access to the desired 5-aryl-2-amino substitution pattern. Thus, the 

revised scheme proposed a cross-coupling between halogenated diaryl ether 119 and 

protected aminopyridine intermediate 121. Formation of 119 under Buchwald conditions 

would require selectivity of OTf or I over Br. In order to avoid this potentially 

challenging regioselectivity issue, a diaryliodonium transition metal-free Ullmann 

reaction was carried out.72 Diaryliodonium triflates (Ar2IOTf) are hypervalent iodine 

electrophiles that undergo transition metal-free cross-coupling with O or N-

nucleophiles.72,73 Transition metal-free Ullmann couplings on these electrophiles offer a 

complementary method to Buchwald’s conditions.69 Buchwald’s Pd-catalyzed Ullmann 

A B 
C D E 
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coupling has high functional group tolerance, good atom economy, and employs readily 

available starting materials.69 The drawback to this method is the potential poisoning of 

the Pd catalyst by heteroatoms, which was an issue for some of the aforementioned 

schemes. Ullmann coupling on diaryliodonium triflates operate at mild temperatures 

without the use of transition metal catalysts and therefore can be tolerant of various 

heteroatoms.72 The drawback to this method is the low atom economy and preparation of 

the diaryliodonium triflates.  

 Treatment of 116 with m-CPBA oxidant and triflic acid leads to electrophilic 

aromatic substitution on 117. Diaryliodonium triflate 118 was precipitated from ether in 

23% yield and was confirmed through the 1H NMR spectrum, which matched the 

literature.72,73 The low yield was attributed to old m-CPBA and triflic acid reagents. With 

118 in hand, the transition metal-free Ullmann coupling with 100 was conducted at mild 

temperature with t-BuOK base and afforded clean conversion to diaryl ether 119 (68% 

yield).  

Attention was then turned to the aminopyridine fragment. Commercially available 

120 was diprotected via microwave-assisted Paal-Knorr pyrrole cyclization in 81% 

yield.53 Halogen-magnesium exchange between Turbo Grignard (isopropylmagnesium 

chloride lithium chloride complex) and 121 gave Grignard 122,74 which was immediately 

subjected to a Kumada cross-coupling with 119 using Pd2(dba)3 and SPhos. This gave 

123 in moderate 57% yield. Notably, Pd2(dba)3 and SPhos catalytic system afforded a 

higher yield compared to PEPPSI-IPr (22), even with partially oxidized Pd2(dba)3. 

Finally, the dimethylpyrrole protecting group was removed by HCl under microwave 
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conditions and gave final compound 89 in 26% yield.53 Basic removal of dimethylpyrrole 

protecting group using NH2OH could potentially improve the yield of this step.53 

Compound 89’s 2-aminopyridine moiety was noted to hydrolyze (as observed by loss of 

NH2 peak in NMR spectrum) when it was purified by HPLC. 

 Analog 90 was synthesized using a combination of reactions presented in 

Schemes 7 and 12 (Scheme 13) (Fig. 37).  

 

 

 

 

Scheme 13. Synthesis of analog 90.  
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Figure 37. TLC (UV 254 nm) of transition metal-free Ullmann coupling (Scheme 13) in 1:9 EtOAc-Hex eluent. 

Left lane: starting material 125. Middle lane: reaction mixture. Right lane: cospot.  

 

 

 

 124 was protected to avoid competing N-arylation by the aminothiazole group. 

Diaryliodonium triflate 118 was synthesized in improved 44% yield using fresh m-

CPBA. The transition metal-free Ullmann gave 126 in 75% yield, which was then 

deprotected to give final product 90 in 82% yield.  

 Analog 87 is one of the two analogs that contains a saturated heterocycle. This 

compound was afforded through a scheme similar to Scheme 12 (Scheme 14) (Fig. 38).  
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Scheme 14. Synthesis of analog 87. 

 

 

 

 
Figure 38. (A) TLC (UV 254 nm) of Buchwald-Hartwig cross-coupling (Scheme 14) in 1:9 EtOAc-Hex eluent. 

From left: 1st lane: Starting material 119. 2nd lane: starting material 127. 3rd lane: reaction mixture. 4th lane: 

cospot 2nd and 3rd lane. (B) TLC (UV 254 nm) of Boc deprotection reaction (Scheme 14) in 1:9 EtOAc-Hex 

eluent. Left lane: starting material 128. Middle lane: reaction mixture. Right lane: cospot. 
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 Diaryl ether 119 was produced in 65% yield through transition metal-free 

Ullmann cross-coupling.72 1-Boc-piperzine (127) was synthesized through dropwise 

addition of Boc2O into 6 equiv. of piperazine in DCM. This procedure minimized 

diprotection of piperazine. A Buchwald-Hartwig cross-coupling (amination) was used to 

forge a new Csp2–N bond between 127 and 119.75 Using Pd(OAc)2 and bidentate dppf 

ligand, the cross-coupling afforded 128 in 57% yield with regioselectivity for the C–Br 

bond of 119. Deprotection of the Boc protecting group of 128 was effected by anhydrous 

HCl. Evaporation of the solvent afforded compound 87 in 80% yield as the HCl salt. 

 The final analog 84 posed significant challenges and required several redesigns of 

the synthetic scheme (Scheme 15) (Fig. 39). 
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Scheme 15. Synthesis of analog 84. 

 

 

 

 
Figure 39. (A) TLC (UV 254 nm) of nitroaldol reaction (Scheme 15) in 1:9 EtOAc-Hex eluent. Left lane: starting 

material 111. Middle lane: reaction mixture. Right lane: cospot. (B) TLC (ninhydrin stain) of nitro reduction 

(Scheme 15) in 1:19 MeOH-DCM eluent. Left lane: starting material 129. Middle lane: reaction mixture. Right 
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lane: cospot. (C) TLC (KMnO4) of spiroaminoketalization with Teoc protecting group (Scheme 15) in 1:3 

EtOAc-Hex eluent. Left lane: starting material 130. Middle lane: starting material 131 with Teoc protecting 

group. Right lane: reaction mixture. (D) TLC (UV 254 nm) of attempted deprotection reaction (Scheme 15) in 

1:9:0.2 MeOH-DCM-NH4OH eluent. Left lane: starting material 132 with Teoc protecting group. Middle lane: 

reaction mixture. Right lane: cospot.  

 

 

 

 Diaryl ether 111 (also made in Scheme 10) was synthesized under Buchwald conditions 

in 79% yield with preservation of the aldehyde.69 A TBAF-catalyzed nitroaldol reaction76 

followed by nitro reduction afforded 1,2-aminoalcohol 130 with desired regioselectivity. 

This strategy solved a regioselectivity issue encountered in a previous scheme, which 

attempted to establish the 1,2-aminoalcohol through epoxide ring opening by an NH4OH 

under microwave conditions (85:15 mixture of regioisomers that were difficult to 

separate by HPLC).77 TLC ninhydrin stain confirmed the presence of primary amine 

functional group. Notably, the Raney-Ni reduction was carried out under poisoned 

conditions (i.e. formic acid, methanol solvent) to prevent hydrogenolysis of the Cbenzyl–O 

bond. 130 was exposed to various protected (Boc-, Cbz-, Teoc-) 3-azetidinones (131) in 

toluene solvent under microwave conditions. Both the spiroaminoketalization reaction on 

azetidinone substrates and the obtained 5‐oxa‐2,8‐diazaspiro[3.4]octane heterocycle 

(132) appear to be unprecedented in the literature. The quaternary spirocyclic carbon in 

product 132 was confirmed through 13C NMR. Yields for the spiroaminoketalization 

varied depending on the protecting group (66-93% yield).  

The protected spirocycle 132 was then deprotected under a variety of conditions. 

The Boc protecting group was successfully removed under typical anhydrous acidic 

conditions (HCl in dioxane) but the obtained solid was impure by NMR. Deprotection of 

the Cbz protecting group was attempted under standard reducing conditions (Raney-Ni, 
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H2 gas) but no reaction progress was observed by TLC, presumably due to catalyst 

poisoning. Superhydride afforded deprotection of the Cbz protecting group. Although 1H 

NMR seemed indicative of compound 84, 13C and DEPT NMR did not indicate a 

quaternary carbon peak around the expected chemical shift. Therefore, it was concluded 

that the hemiaminal group in 84 was partially cleaved to give a ring opened product. Teoc 

protecting group was the last attempted protecting group on 132 because of its mild 

conditions of removal. It was cleanly removed by TBAF at 50 °C, but the obtained 

product not only lacked the quaternary spirocyclic 13C resonance in the NMR spectrum 

but also could not be separated from TBAF byproduct, tributylamine. CsF was used as an 

alternative fluoride source that could be easily separated from the product. Again, clean 

deprotection was observed by TLC and the product was isolated by column 

chromatography. The 1H NMR spectrum seemed indicative of the desired product but 

showed small amounts of byproduct. 13C NMR did indeed reveal the desired quaternary 

carbon resonance but show many additional carbon resonances from the byproduct. 

Overall, this deprotection was the most promising for obtaining compound 84. However, 

despite the clean conversion observed by TLC (Fig. 39) and isolation of one spot in 

column chromatography, the resultant NMR spectrum revealed a byproduct bearing 

similar resonances to compound 84. Therefore, it was hypothesized that the compound 

can degrade via a ring opening reaction at the spirocycle either thermally or upon 

exposure to atmospheric water. This degradation, even in the absence of aqueous solvent, 

was troubling and hampered further pursuit of optimizing the synthesis of this analog.  
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 Although the deprotected 5‐oxa‐2,8‐diazaspiro[3.4]octane heterocycle (84) 

appears to be unstable, a protected variant (132) is a stable moiety (at least thermally). 

1.3.5 4MDM Series 

Much of the research presented so far focused on optimization of the ARM1 (11) 

scaffold. Although small and highly lipophilic, 4MDM (10) displays potent activation of 

the LTA4H AP activity in the Ala-pNA assay (shown later) and shows reversal of 

inflammatory disease progression in mouse models.21 Therefore, optimization of 4MDM 

scaffold alone, without influence from the ARM1 scaffold, could prove beneficial. The 

proposed hypothesis was to improve the PK and PD profile of 4MDM through the 

synthesis of saturated 4MDM analogs. Saturated carbocycles such as bicyclopentane or 

cubane have been implemented in drug discovery as benzene bioisosteres.78 The result 

can be improved potency (PD) and/or improved metabolic stability and bioavailability 

(PK).68,79 Another added benefit of saturated carbocycles is the increase in target 

specificity.  

With saturated carbocycles in mind, the following series was proposed (Fig. 40). 
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Figure 40. 4MDM series. 

 

 

 

Analogs 133-137 replace the benzene ring of 4MDM with saturated carbocycles 

cyclohexane, cyclopentane, cyclobutene, cyclopropane, and norbornane, respectively, 

while analog 138 is a homologated version of 133. Unfortunately, commercial 

availability was a limiting factor for some other hypothesized analogs such as 

cycloheptane or cubane analogs.  

 sp3-sp3 Cross-coupling between saturated organometallic species and p-

methoxybenzyl chloride (PMBCl) was expected to afford the series. sp3-sp3 Cross-

coupling is recognized as the most difficult type of cross-coupling due to slow OA, TM, 

and RE of sp3 organometallics and electrophiles.27 In addition to the sluggish catalytic 

cycle, side reactions such as homocoupling (radical fragmentation of R–M bond), β-

hydride elimination, isomerization, protodemetalation, and protodehalogenation can also 

be prevalent (Fig. 41). 
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Figure 41. sp3-sp3 Cross-coupling side reactions.  

 

 

 

A further complication is the unique reactivity and instability of benzyl 

(pseudo)halides such as PMBCl compared to other sp3 (pseudo)halides. For example, 

PMBCl (139) polymerizes over prolonged storage to a pink solid. A benzyl tosylate, tert‐

butyl 3‐{[(4‐methylbenzenesulfonyl)oxy]methyl}‐1H‐indole‐1‐carboxylate (140), 

decomposes on silica gel. A benzyl bromide, 3‐(Bromomethyl)pyridine hydrobromide 

(141), liberates Br2 upon treatment with base (Fig. 42). 
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Figure 42. Structures of select benzyl (pseudo)halides. 

 

 

 

Photoredox cross-coupling has emerged as a powerful tool to overcome the 

challenges associated with sp3-sp3 cross-coupling.80 At first, MacMillan’s 

decarboxylative sp3-sp3 metallophotoredox cross-coupling was carried out between 

PMBCl and cyclohexanecarboxylic acid (142) to afford analog 133 .80 Unfortunately, 

only an esterification product (143) was observed and isolated, which hinted at PMBCl’s 

high electrophilicity (Scheme 16). 

 

 

 

 

Scheme 16. Attempted photoredox sp3-sp3 cross-coupling for synthesis of analog 133.  
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 This prompted pursuit of alternative strategies for cross-coupling benzyl halides. 

Although methods for cross-coupling of benzyl halides with aryl organometallics (sp2-sp3 

coupling) appear to be numerous,46,81,82 few reports exist for the same cross-coupling 

with alkyl organometallics (sp3-sp3). Ni(acac)2 has proven effective for catalyzing the 

cross-coupling of alkyl Grignards with various benzyl chlorides at room temperature.83 

Of note, diallyl ether ligand was specifically required for productive coupling on PMBCl. 

A quinolinamide pincer Cu(II)-complex also proved capable for catalyzing similar cross-

couplings.84 However, it was noted that benzyl halides were less reactive compared to 

alkyl halides under the disclosed conditions.  

Given that Grignards and copper catalysts are often employed to carry out the 

challenging sp3-sp3 cross-coupling,85–87 we envisioned a combination of Knochel’s LiCl-

accelerated Grignard synthesis88 and Kambe’s CuCl2-catalyzed Kumada cross-coupling89 

would be an effective strategy for sp3-sp3 cross-coupling on benzyl halides (Scheme 17). 

 

 

 

 

Scheme 17. Proposed synthetic strategy towards 4MDM analogs. 

 

 

 

 LiCl has been shown by Knochel and coworkers to accelerate Mg insertion on alkyl 

halides via the formation of THF-soluble magnesiate species.88 These faster insertion 
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rates allow the preparation of Grignard reagents at room temperature in the presence of 

LiCl (Fig. 43). 

 

 

 

 

Figure 43. Typical appearance of a Grignard LiCl solution in THF.  

 

 

 

Additionally, LiCl pushes the Schlenk equilibrium towards the organomagnesium halide 

and breaks up Grignard aggregates, both of which enable more productive reactivity.74 

Kambe and coworkers showed CuCl2 catalyzed sp3-sp3 cross-coupling between 

Grignards and alkyl halides in the presence of a 1-phenylpropyne ligand.89 In the 

presence of phenylpropyne, the cross-coupling could be carried out at ppm level catalyst 

loading and achieve high yields.89 In the absence of phenylpropyne, various side 

reactions like those presented in Figure 41 occurred and rapid catalyst decomposition was 

noted.89 The phenylpropyne ligand increases the turnover number (TON) of the copper 
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catalyst and suppresses side reactions associated with sp3-sp3 cross-coupling through 

occupancy of vacant orbitals on the copper center.89 

 The LiCl additive from the Grignard synthesis would not only serve to accelerate 

the Mg insertion for the preparation of alkyl Grignards,88 but would also promote 

subsequent cross-coupling on benzyl halides through coordination of the leaving group.90 

Although not demonstrated on benzyl (pseudo)halides, Kambe’s CuCl2/phenylpropyne 

catalyst system appears promising for sp3-sp3 cross-coupling.87,89 A combination of these 

two methods has not been reported in the literature and could be potentially useful for 

cross-coupling of benzyl halides such as PMBCl.  

In the presence of copper catalysts, Grignards transmetalate to cuprates, which are 

the active organometallic in the cross-coupling reaction (Fig. 44).36,89 
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Figure 44. Mechanism for Cu-catalyzed cross-coupling.  

 

 

 

 Mechanistically, the CuCl2 precatalyst is reduced to the catalytically active 

organocopper(I) reagent through Grignard homocoupling. An additional equivalent of 

Grignard is expected to attack the copper center to give the anionic cuprate.36 η2 

Coordination by phenylpropyne enhances the thermal stability of the cuprate and allows 

its formation and cross-coupling to proceed at room temperature.89 The Lewis acidic Li+ 

counterion (from the Knochel Grignard synthesis) coordinates to the leaving group of the 

alkyl (pseudo)halide, making the σ* orbital (LUMO) more susceptible to nucleophilic 
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attack by the 3dz
2 orbital of the cuprate (HOMO).36 This results in OA to generate the 

square-planar Cu(III) complex that undergoes RE to give the cross-coupled product.  

 Overall, the method proved successful for synthesis of the desired analogs (133-

138) and due to the novelty of this synthetic strategy, a subsequent Grignard substrate 

scope for the reaction was explored (Table 2).  

 

 

 
Table 2. Grignard scope. 

 
Entry Grignard % 

Yield a 

Product % 

Yield 

1 

 

23-

56% 

 

77% 

2 

 

59% 

 

59% 

3 

 

51% 

 

70% 

4 

 

100% 

 

73% 

5 b 

 

15% 

 

48% e 



75 

 

6 

 

35% 

 

75% 

7 

 

100% 

 

63% 

8 c 

 

48% 

 

31% 

9 

 

0% --- --- 

10 d 

 

87% 

 

0% 

11 

 

14% 

 

73% 

a Determined by iodometric titration. 
b Exo-2-bromonorbornane was used.  
c 1.25 eq. of ZnCl2 in THF was added. 
d Prepared by direct Zn insertion. 
e 1:1 mixture of diastereomers. 

 

 

 

 Grignards were prepared at room temperature from the corresponding alkyl bromide 

according to the method of Knochel.88 Mg powder was reliably activated through a 

combination of catalytic I2, TMSCl, and 1,3-dibromopropane. A commercial solution of 

0.5 M LiCl in THF was used to introduce the LiCl additive and the alkyl bromide to the 
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activated Mg. After stirring for 2-3 h at room temperature, Grignard yields were 

determined through iodometric titration.91 Various secondary (Entries 1-5), primary 

(Entries 6-8), and tertiary (Entries 10-11) Grignards could be prepared in low to high 

yields. Cyclohexyl- (Entry 1, 144), cyclopentyl- (Entry 2, 145), and 

cyclobutylmagnesium chloride/bromide (Entry 3, 146) LiCl adducts were all prepared in 

moderate yields while cyclopropylmagnesium chloride/bromide LiCl adduct (Entry 4, 

147) could be prepared in 100% yield. Very fast insertion rates were noted in the case of 

Entry 4 as Mg powder was almost completely consumed within 15 min. of stirring at 

room temperature. The faster insertion rate and higher yield in Entry 4 can be attributed 

to the partial sp2 character of the cyclopropane system. Surprisingly, 

norbornylmagnesium chloride/bromide (Entry 5, 148) could only be synthesized in 15% 

yield and cyclohexylmethylmagnesium chloride/bromide LiCl adduct (Entry 6, 149) was 

produced in similar yield to Entry 1 despite being a primary substrate.  

Other Grignard reagents were prepared to further assess the substrate scope. A 

less sterically hindered primary substrate afforded 100% yield with tolerance of an alkene 

(Entry 7, 150). Ester functional groups could be tolerated by transmetalation of the 

Grignard LiCl adduct to an organozinc LiCl adduct in situ (Entry 8, 151). 

Propargylmagnesium chloride/bromide (Entry 9, 152) is a problematic Grignard to 

synthesize due to competing deprotonation of the acetylenic proton and additives are 

often introduced to overcome this.92 The LiCl additive failed to overcome this challenge. 

A difluoro ester organometallic (Entry 10, 153) could only be prepared by direct insertion 

of Zn metal as formation of the corresponding Grignard resulted in decomposition, even 
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in the presence of stoichiometric ZnCl2. Finally, the tert-butylmagnesium 

chloride/bromide LiCl adduct (Entry 11, 154) could only be prepared in low yield (14%).  

Increasing the stoichiometry of Mg activating agents, longer reaction times, and 

higher reaction temperatures did not improve yields. Surprisingly, heating the Mg 

insertion reaction—to improve yields—in the presence of LiCl resulted in 0% yield of 

Grignard by iodometric titration. This was surprising as Grignards/organozincs are 

traditionally prepared in refluxing THF. Similar yields for 144 were obtained regardless 

of the LiCl additive. Synthesis of 144 in the presence of LiCl required room temperature 

conditions whereas preparation of 144 in the absence of LiCl required reflux conditions. 

Based on the observations conducted in this research, it appears commercial 0.5 M LiCl 

THF solution causes the decomposition of Grignards/organozincs at reflux temperatures, 

which conflicts with results reported by Knochel.93 It is possible that hybridization of the 

organometallic plays a role in this decomposition. Mg source also affected yields and 

introduced reproducibility issues when new batches were purchased. 

Synthesized Grignards/organozincs were then added to a THF solution containing 

PMBCl (139), anhydrous CuCl2, and phenylpropyne at room temperature to initiate the 

sp3-sp3 cross-coupling (Table 2).89 The cross-coupling reactions were monitored by TLC 

and disappearance of 139 was usually observed and a more nonpolar spot could be 

visualized with KMnO4 stain (Fig. 45).  

 

 

 



78 

 

 

Figure 45. (A) TLC (UV 254 nm) of Table 2, Entry 4 cross-coupling reaction in Hex eluent. From left: 1st lane: 

starting material 139. 2nd lane: product 136. 3rd lane: reaction mixture. 4th lane: cospot of 2nd lane and 3rd lane. 

(B) TLC (KMnO4) of Table 2, Entry 4 cross-coupling reaction in Hex eluent. From left: 1st lane: starting 

material 139. 2nd lane: product 136. 3rd lane: reaction mixture. 4th lane: cospot of 2nd lane and 3rd lane. 

 

 

 

 The catalytic system proved effective for coupling most of the Grignards/organozincs to 

PMBCl in moderate to high yields. Analogs 133-136 and 138 were all prepared in 

similarly high yields (59-77% yield). Successful cross-coupling of cycloproyl (147) and 

cyclobutyl (146) moieties in high yields is particularly noteworthy.94 Analog 137 was 

produced in lower 48% yield as a mixture of diastereomers, indicating the lack of 

configurational stability of 148.  

Cu-catalyzed cross-coupling proved effective for the other Grignard reagents as 

well (Table 2). Compound 155 was formed in 63% yield with preservation of the alkene 

handle. Notably, trapping the Grignard as the organozinc (Entry 8, 151) allowed for 

cross-coupling in the presence of the ester functional group (156, 31% yield).88 The yield 

A B 
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could potentially be improved by lowering the temperature of the cross-coupling to 0 °C. 

The weak nucleophilicity of 153 (Entry 10) has been commented on in a previous 

report.95 Indeed, iodine titration failed to give any positive confirmation of the 

organozinc, which reveals its weak nucleophilicity even as the LiCl adduct. 

Unfortunately, this lack of reactivity was problematic for the cross-coupling as no 

product (157) was observed. Finally, the catalytic system was capable of coupling the 

sterically hindered 154 to PMBCl in 73% yield (158). 

According to mechanistic studies by Kambe and coworkers, the order of reactivity 

for the CuCl2-catalyzed Kumada is Br>OTs>F>Cl.87 PMBCl (139) is unique among 

benzyl chlorides as it reacted readily under Kambe’s conditions and afforded high yields 

of the desired 4MDM analogs and other cross-coupled products (Table 2). This can be 

attributed to the strongly electron-donating p-methoxy group, which activates the 

chloride leaving group through resonance. Other benzyl chlorides, bromides, and 

tosylates were explored as cross-coupling partners with 144 but most gave poor yields of 

products (Table 3).  

 

 

 
Table 3. Electrophile scope.  

 
Entry Electrophile Product % Yield 
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1 

  

2-OMe 

37% 

3-OMe b 

66% 

2 

  

21% b 

3 a 

 

 

40% 

4 

  

X = Br 16% 

X = Cl 35% b 

5 

  

22% 

6  

  

n.r. c 

a Only homocoupled product could be isolated. 
b 5 mol % CuCl2, 2.6 equiv. of 144. 
c n.r. = no reaction 

 

 

 

  It became apparent that the reaction was highly dependent on electronic activation 

of the benzylic position of the electrophile. o-Methoxybenzyl chloride (159, Entry 1) was 

expected to afford similar resonance activation of the benzylic chloride but steric 

hinderance is likely responsible for the diminished yield of 37% yield for product 165. 
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Again, heating the reaction to 60 °C resulted in 0% yield, which was attributed to 

decomposition of the Grignard reagent.  

A less sterically-hindered but unactivated m-methoxybenzyl chloride (159, Entry 

1) was produced in 66% yield through modification of the standard conditions: Grignard 

equivalence was increased to 2.6 equiv. and catalyst loading was increased to 5 mol%. 

The oxadiazole benzyl chloride (160, Entry 2) also reacted poorly and only gave product 

166 in 21% yield (Fig. 46). 

 

 

 

 

Figure 46. TLC (UV 254 nm) of Table 3, Entry 2 in 1:3 EtOAc-Hex eluent. Left lane: starting material 160. 

Middle lane: reaction mixture. Right lane: cospot left lane and middle lane. 

 

 

 

 Despite the low yield, consumption of starting material and production of isolable 

amounts of 166 is notable as 5-membered heterocycles tend to poison transition metal 
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catalysts and hinder cross-coupling. This was experienced frequently during synthesis of 

the diaryl ether series (Section 1.3.4). It is possible the phenylpropyne ligand protects the 

copper catalyst from poisoning, allowing the cross-coupling to proceed. The low yield 

can be attributed to the unactivated benzyl chloride leaving group and production of 

dehalogenated byproduct. Furthermore, starting material 160 appeared to have low 

solubility in THF. 

The poor reactivity of benzyl chlorides led to cross-coupling on more reactive 

benzyl bromides. When cross-coupling was attempted on 4-trifluoromethylbenzyl 

bromide (161, Entry 3), significant amounts of homocoupled product (167) was observed 

(40% yield). This was attributed to halogen-magnesium exchange reaction between 144 

and 161, which is favorable due to the electron-withdrawing group.96 The corresponding 

Grignard of 161 can then cross-couple with 161 to produce 167. Therefore, more 

electron-deficient benzyl bromides can be expected to produce homocoupled products. 

Cross-coupling on more electron-neutral/rich benzyl bromide 162 again gave low 

16% yield (168, Entry 4). This was surprising as cross-coupling on an alkyl bromide 

(171) bearing the same pinacolborane functional group was synthesized in good yield 

under the same conditions (Scheme 18). 
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Scheme 18. sp3-sp3 Kumada cross-coupling on an alkyl bromide. 

 

 

 

 The origins of diminished reactivity in benzyl bromides compared to alkyl bromides 

remains unclear. Switching to the corresponding benzyl chloride of 162 and increasing 

catalyst loading and Grignard equivalence resulted in slightly improved yield of 168 

(35% yield). A more reactive benzyl tosylate (163) was cross-coupled with 144 at room 

temperature and at -78 °C. Both trials produced 169 in 22% yield. The low yield in this 

cross-coupling reaction is unclear. Benzyl bromide 164 did not react with Grignard 144 

or the corresponding organozinc of 144 and only starting material was observed.  

1.4 Enzyme Kinetic Evaluation  

1.4.1 Ala-pNA Assay 

 The Ala-pNA (13) assay quantifies the rate of the AP activity of LTA4H. 

Cleavage of the peptide bond in Ala-pNA by LTA4H produces chromogenic p-

nitroanilide (174) (Scheme 19).  
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Scheme 19. Chemical reaction in the Ala-pNA assay. 

 

 

 

The optical density of 173 can be measured by a UV-Vis spectrometer and this 

information can be used to calculate the disappearance of Ala-pNA substrate over time, 

giving initial velocity (V0) of the enzyme. Plotting V0 against escalating drug 

concentrations affords an AC50 curve for each modulator (Fig. 47).  

 

 

 

 

Figure 47. Example AC50 curve. 
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The inflection point of the sigmoidal curve corresponds to the AC50 value of the 

modulator and represents its potency. The height of the curve corresponds to the 

maximum velocity of the enzyme and the dose-responsiveness of the modulator. 

The legitimacy of Ala-pNA as a model peptide substrate for LTA4H has been 

called into question. Paige and coworkers showed 4MDM (10) activates the AP activity 

of LTA4H and accelerates the cleavage of Ala-pNA.21 This was correlated with the in 

vivo performance of 4MDM. Snelgrove and coworkers observed the same AP activation 

with Ala-pNA substrate but when the endogenous PGP (3) substrate was used, modest 

inhibition of the AP activity was observed with 4MDM modulator.20 With the role of 

PGP in LTA4H AP activity also being questioned,25 Ala-pNA may serendipitously be a 

synthetic peptide substrate that predicts the in vivo performance of a modulator.    

1.4.2 Results 

 The ARM1 analogs (Section 1.3.2) were assayed against 4MDM (10) and ARM1 

(11) (Fig. 48).23  
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 Both 4MDM and ARM1 activated the AP activity of LTA4H with Ala-pNA 

substrate. In general, para-substituted ARM1 analogs (40, 43, and 46) were the most 

potent analogs. As the substituent was moved to the meta then ortho position, AP 

activation decreased and occasionally resulted in inhibition of the AP activity.  

Determination of the AC50 values revealed ARM1 to be a more potent AP 

activator (AC50 = 0.24 μM ± 0.0099) than 4MDM (AC50 = 4.83 μM ± 0.021) (Table 4).23 

 

 

 
Table 4. AC50/IC50 values of ARM1 series, 4MDM, and ARM1.a 

 

 

Figure 48. AC50/IC50 curves of ARM1 series, 4MDM, and ARM1. 
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Entry Compound AC50 [μM] IC50 [μM] 

1 4-Me-ARM1 (43) 0.083 ± 0.019 - 

2 3-Me-ARM1 (44) 4.81 ± 0.0039 - 

3 2-Me-ARM1 (45) 6.62 ± 0.0032 - 

4 4-OMe-ARM1 (40) 0.21 ± 0.0059 - 

5 3-OMe-ARM1 (41) 5.92 ± 0.0042 - 

6 2-OMe-ARM1 (42) - 0.10 ± 0.0011 

7 4-CF3-ARM1 (46) 1.39 ± 0.0051 - 

8 3-CF3-ARM1 (47) 69.0 ± 0.0032 - 

9 2-CF3-ARM1 (48) - 8.35 ± 0.0018 

10 ARM1 (11) 0.24 ± 0.0099 - 

11 4MDM (10) 4.83 ± 0.021 - 
a Data represented as mean ± standard deviation of three replicates (n = 3). 

 

 

 

 This result conflicts with Haeggström and coworkers’ original report on ARM1, which 

asserted ARM1 did not perturb AP activity of LTA4H.22 This discrepancy is possibly due 

to low correlation between Ala-pNA and PGP substrates in AP assays.  

It was hypothesized that the hybrid molecule 4-OMe-ARM1 (40)—designed from 

4MDM and ARM1—would afford a highly potent activator. The AC50 value (0.21 μM ± 

0.0059) was nearly equivalent to ARM1, which partly disagreed with the hypothesis. 

However, matching the potency of ARM1 made 4-OMe-ARM1 a more potent activator 

of the AP activity of LTA4H than 4MDM. In addition to AP activation, 4-OMe-ARM1 

demonstrated more effective inhibition of LTB4 synthesis (i.e. EH inhibition) in human 

neutrophils than bestatin (6) (Fig. 49). 
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Figure 49. Dose-dependent inhibition of LTB4 generation in the presence of bestatin (6) or 4-OMe-ARM1 (40) 

with freshly isolated human neutrophil from peripheral blood. All samples were prepared in 3 replicates, and 

the averaged data is shown.  

 

 

 

 It was also hypothesized that exploration of different ring substituents might 

afford an ARM1 derivative more potent than 4MDM, ARM1, and the hybrid 4-OMe-

ARM1. Indeed, 4-Me-ARM1 (43) demonstrated the most potent activation of the AP 

activity with an AC50 of 0.083 μM ± 0.019. Movement of this methyl substituent into the 

3 or 2 position resulted in gradual loss of activity. The CF3 analogs (46-48) also showed 

this trend.  

 Batatasin IV (12) (Section 1.3.3) was reported to have a similar modulator profile 

as ARM1 (i.e. EH inhibitor, no AP activation).20 Batatasin IV showed modest inhibition 

of the AP activity only at a relatively high concentration of the modulator (Fig. 50).  
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Figure 50. IC50 curve of batatasin IV. Each sample was prepared in 6 replicates (n = 6). 

 

 

 

The IC50 of 91.4 μM (Table 5) may support the observation by Snelgrove and 

coworkers;20 batatasin IV has no effect on the AP activity (within reasonable 

concentrations).  

 

 

 
Table 5. IC50 value of batatasin IV.a 

 

Entry Compound IC50 [μM] 

1 batatasin IV (12) 91.4 
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 Several diaryl ether analogs were found to be potent AP activators (Fig. 51) 

(Table 6).  

 

 

 

 

 

 
Table 6. AC50/IC50 values of diaryl ether series and 4MDM. 

 

 

Entry Compound AC50 [μM] IC50 [μM] 

1 Aminothiazole (82) 0.42 - 

2 Aminooxazole (83) 1.00 - 

3 Spirocycle (84) - 1.24 

4 Aminoimidazole (85) 0.12 - 

88 

82 

90 

86 

--- 

85 

89 

84 

83 

87 

4MDM 
 

Figure 51. AC50/IC50 curves of diaryl ether series and 4MDM. 
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5 Oxazole (86) 2.04 - 

6 Piperazine (87) - 3.33 

7 Aminopyrazole (88) 0.12 - 

8 Aminopyridine (89) 1.42 - 

9 Aminothiazole 

(bromo) (90) 

0.05 - 

10 4MDM (10) 4.83 - 

 

 

 

 Aminothiazole analog 82 was derived from 4-OMe-ARM1 (40) and expected to afford 

similar, if not more potent, AP activation and also bear superior PK properties. 82 had a 

comparable AC50 of 0.42 μM and also demonstrated better dose-responsiveness than 40. 

This proved the structural evolution from the ARM1 scaffold to the diaryl ether scaffold 

was beneficial for AP activation. Although aminooxazole analog 83 has a tabulated AC50 

of 1.00 μM (Table 6), observation of the AC50 curve shows very little AP activation as 

evidenced by the low maximum velocity. This result was surprising as the only structural 

change from 82 to 83 was the replacement of a sulfur atom for an oxygen atom.  

Aminoimidazole analog 85 and aminopyrazole analog 88 both showed potent AP 

activation (AC50 = 0.12 μM), supporting the hypothesis of greater hydrogen-bonding in 

the heterocycle resulting in greater AP activation. Observation of the AC50 curves for 

these two analogs shows 88 has a greater dose-responsiveness. The AC50 data points for 

85 (not the fitted curve) shows the modulator begins to inhibit the AP activity at higher 

concentrations. This effect was also observed for aminothiazole(bromo) analog 90, which 

had potent AP activation (AC50 = 0.05 μM) but inhibited the AP activity at escalating 

concentrations.  
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Oxazole analog 86 showed very little activation of the AP activity as evidenced 

by its AC50 curve. This revealed the importance of the hydrogen-bonding amino group 

shared by most of the diaryl ether analogs. The bigger aminopyridine analog 89 was a 

moderate activator (AC50 = 1.42 μM) that was not as potent as some of the 

aforementioned analogs but still exhibited better AP activation than 4MDM (Fig. 51). 

Finally, saturated heterocycle analogs 84 and 87 showed a reversal in activity and 

inhibited the AP activity of LTA4H. It was mentioned that analog 84 could not be 

successfully synthesized as a pure compound due to hypothesized ring opening (Section 

1.3.4). However, this product mixture was still tested in the Ala-pNA assay. The 

saturated heterocycles weakly inhibited the AP activity and it is hypothesized that these 

saturated heterocycles chelate the Zn2+ ion in the binding pocket, resulting in the 

suppressed AP activation.   

 The saturated 4MDM analogs did not show promising AP activation (Fig. 52) 

(Table 7).  
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Table 7. AC50/IC50 values of 4MDM series and 4MDM. 

 

 

Entry Compound AC50 [μM] 

1 Cy-4MDM (133) 184.31 

2 Cp-4MDM (134) 508.02 

3 CyBu-4MDM (135) 129.21 

4 CyPr-4MDM (136) 280.25 

5 NB-4MDM (137) 225.82 

6 homoCy-4MDM (138) 18.86 

7 4MDM (10) 4.83 

Cy-4MDM 

Cp4MDM 

CyBu-4MDM 

CyPr-4MDM 

NB-4MDM 

homoCy-4MDM 

4MDM 
 

Figure 52. AC50/IC50 curves of 4MDM series and 4MDM. 
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It is clear that replacement of the aromatic ring for a saturated heterocycle results 

in considerable loss of activity. Interestingly, the cyclobutane ring analog (135) retained 

the most activity out of all the analogs (AC50 = 129.21 μM) but was still too weak of an 

activator to be considered. Other saturated carbocycles such as cubane or bicyclopentane 

might afford better AP activation, as these have been regarded as bioisosteres of benzene 

unlike cyclohexane, cyclopentane, etc.68 Again, commercial availability hampered 

implementation of these bioisosteres.  

1.5 Conclusion  

LTA4H is a bifunctional zinc metalloenzyme with two contrasting inflammatory 

activities: a proinflammatory EH activity that converts LTA4 into LTB4 and an anti-

inflammatory AP activity that cleaves PGP. Most drug discovery efforts have focused on 

EH inhibition of the enzyme by designing zinc chelators. These EH inhibitors have failed 

to show clinical benefits presumably due to simultaneous inhibition of the AP activity. 

Newer strategies for targeting LTA4H involve nonzinc chelating EH inhibitors and 

nonzinc chelating AP activators (Section 1.1).  

Novel LTA4H AP activators were synthesized using a variety of cross-coupling 

reactions. A series of ARM1 analogs (Section 1.3.2) were designed from an ARM1 and 

4MDM hybrid molecule. The series was synthesized using trifluoroborate Suzuki cross-

coupling between an aminothiazole trifluoroborate and benzyl halides. This expanded the 

scope of sp2-sp3 Suzuki cross-coupling with benzyl halides. 4-OMe-ARM1 (40) and 4-

Me-ARM1 (43) were found to be potent AP activators (AC50 = 0.21 and 0.083 μM, 
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respectively) with the former also demonstrating EH inhibition in human serum (Section 

1.4.2). 

A more efficient synthetic route (5 steps) towards batatasin IV (12) was 

developed to give expedient access the natural product and other potential analogs 

(Section 1.3.3). A key step in the synthesis was a SPhos-mediated, copper-free 

Sonogashira cross-coupling. Batatasin IV was found to be a moderate inhibitor of AP 

activity with an IC50 of 91.4 μM. 

A series of diaryl ethers were envisioned to be more potent, metabolically stable, 

and water-soluble than the ARM1 series (Section 1.3.4). Pd-catalyzed Ullmann cross-

coupling and transition metal-free ether synthesis afforded the functionalized diaryl ether 

scaffold. The diaryl ether analogs varied by their heterocyclic substituent and it was 

expected that greater hydrogen bonding interactions from this moiety would lead to more 

potent AP activators. Indeed, this proved to be true, although the aminothiazole 

heterocycle still provided potent AP activation. Saturated heterocycles inhibited AP 

activity, presumably through Zn chelation. 

The 4MDM scaffold was also optimized through substitution of one of the phenyl 

rings for different saturated carbocycles (Section 1.3.5). A combination of Knochel 

Grignard synthesis and Cu-catalyzed sp3-sp3 Kumada cross-coupling was used to 

synthesis the 4MDM series. This presents a new strategy for sp3-sp3 cross-coupling on 

benzyl halides. Overall, this structural change was not beneficial for AP activation. It is 

possible saturated carbocycles such as cubane or bicyclopentane would provide better AP 

activation, as these carbocycles have been recognized as benzene bioisosteres.  
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The main objective of the research was to synthesize novel LTA4H AP activators 

that would show more potent activation than 4MDM and possess superior metabolic 

stability and water solubility. The long-term goal for the most promising AP activator is 

translation into a therapy for treatment of inflammatory diseases that find their pathology 

in dysregulated LTA4H function. Overall, the objective was accomplished with 4-OMe-

ARM1 (40), 4-Me-ARM1 (43), aminothiazole (82), and aminopyrazole (88) being the 

most promising activators. 

Additional benefits from this pursuit include new conditions for copper-free 

Sonogashira cross-coupling, a new synthetic strategy for cross-coupling benzyl halides, 

and a new EH inhibitor (4-OMe-ARM1 40) that demonstrates more effective LTB4 

inhibition than bestatin.  

Future directions of this research involve further optimization of the 4MDM 

scaffold and ARM1 scaffold to achieve low nM potency in AP activation (Fig. 53).  
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Figure 53. Proposed AP activators for future development. 

 

 

 

The most potent analog will then be tested for its efficacy and metabolic stability in 

mouse models. Targeting LTA4H for resolution of inflammation remains a complicated 

task as the enzyme possesses two opposing catalytic functions and processes a potentially 

undiscovered substrate. A difference in the mechanism of activation (catalytic vs. 

specific) might be a parameter that needs to be considered in future drug development on 

this intriguing biological target.23 
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CHAPTER TWO: SYNTHESIS OF OXETANYL PEPTIDOMIMETICS 

2.1 Background 

The functional group diversity, commercial availability, ease of synthesis, and 

chiral pool offered by amino acids has made them attractive building blocks in 

pharmaceuticals.97,98 However, the natural susceptibility of peptides to peptidases and 

poor bioavailability has prompted the usage peptidomimetics. Oxetanes, specifically 

amino-substituted oxetanes, present a newer, more unique class of peptidomimetics that 

substitute the carbonyl unit for an oxetane ring (Fig. 54). 

 

 

 

 

Figure 54. Structures of natural peptide and oxetanyl peptidomimetic. 

 

 

 

This substitution imparts hydrolytic resistance at the former amide/peptide bond. 

2.1.1 Physicochemical Properties 

 Oxetanes first gained prominence in medicinal chemistry literature as gem-

dimethyl surrogates.99 A metabolically labile methylene (CH2) group is often replaced by 

a metabolically robust gem-dimethyl moiety to enhance a drug molecule’s PK profile.99 

A consequence gem-dimethyl substitution is a significant increase in lipophilicity of the 
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compound, which may adversely affect its physicochemical and pharmacological 

properties.99 An oxetane ring can be viewed as a gem-dimethyl group that is cyclized by 

an oxygen atom. The polarity increase imparted by the oxygen atom is offset by the 

polarity decrease by the gem-dimethylene groups. Thus, substitution of a methylene 

group for an oxetane results in a liponeutral, steric bulk increase (Fig. 55). 

 

 

 

 

Figure 55. Physicochemical comparison between gem-dimethyl, methylene, and oxetane units. 

 

 

 

This provides metabolic stability to a drug molecule without perturbing its solubility 

properties.  

Oxetanes were later recognized as potential carbonyl surrogates due to their 

unusually high Lewis basicity and structural mimicry.99 The enhanced Lewis basicity 

arises from the compressed C–O–C bond angle (91∘) and sp3 hybridization of the oxygen 

atom (although epoxides have a smaller C–O–C bond angle, the partial sp2 character of 

the oxygen atom renders these ethers less Lewis basic compared to oxetanes).99 Oxetane 

Lewis basicity is lower than amides but higher than ketones, imparting moderate affinity 

for hydrogen bond donors. Structurally, the C–O bond distance in oxetanes is ~1 Å 
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longer compared to carbonyls but the C–C–C bond angle mimics sp2 geometry due to 

ring strain (Fig. 56a).99 

 

 

 

 

Figure 56. (a) Geometrical comparison between oxetanes and carbonyls. (b) logP comparison between gem-

dimethyl, oxetane, and carbonyl groups. 

 

 

 

Carbonyls such as aldehydes, ketones, and Michael acceptors are generally absent 

in drug discovery because of their metabolic liability.99 Substitution by an oxetane ring 

affords a structural mimic with comparable chemical properties and results in only a 

slight increase in lipophilicity. On the other hand, replacement by a gem-dimethyl 

induces a significant increase in lipophilicity. Thus, oxetanes are intermediate in polarity 

compared to carbonyls and gem-dimethyls but closer to the former (Fig. 56b).99 

Replacement of a carbonyl unit for an oxetane reduces the acidity of the former α 

stereocenter and can prevent epimerization. On the other hand, oxetanes are moderately 
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electron-withdrawing and can attenuate amine basicity up to ~3 pKa units when the 

oxetane is installed in the α position of the amine (Fig. 57).99 

 

 

 

 

Figure 57. Modulation of amine basicity based on oxetane location. 

 

 

 

Once oxetanes were recognized as carbonyl surrogates, amino-substituted 

oxetanes saw implementation as peptidomimetics.100 Oxetanyl peptidomimetics are 

effective electronic and geometrical mimics of peptides, as they possess a hydrogen bond 

donor, hydrogen bond acceptor, and chiral side chain; all of which are spatially-oriented 

in nearly the same arrangement as natural peptides.  

However, no peptidomimetic is without its deviations from standard peptides. 

One notable difference in oxetanyl peptidomimetics is the deviation from planarity. X-ray 

diffraction analysis of an oxetane containing tripeptide, Leu-Glyox-Ile (ox stands for 
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oxetanyl peptidomimetic), shows a ω angle of 60.2˚, deviating significantly from trans 

peptide conformation (ω=180˚) (Fig. 58).101  

 

 

 

 

Figure 58. Conformation of an oxetanyl peptidomimetic showing deviation from planarity. 

 

 

 

This difference in the ω angle can be attributed to the change in hybridization of the 

nitrogen atom and the loss of double bond character between the nitrogen atom and the 

former carbonyl carbon. 

Despite the potential of oxetanyl peptidomimetics (i.e. amino substituted 

oxetanes) in drug discovery, strategies for their synthesis are limited. Most reports 

implement a Glyox peptidomimetic as the synthesis of this oxetane building block is well-

documented.102,103 

2.1.2 Current Synthetic Methods 

 Commercially available oxetan-3-one (175) can be modified into a nitro alkene 

Michael acceptor (176).102,103 This building block has been widely used in oxetanyl 

peptidomimetic syntheses as it undergoes Michael additions with amines (177) (and N-

termini of resin-bound peptides).102,103 Reduction of the resultant nitroalkane (178) 

affords a Glyox peptidomimetic (179) that can undergo solution or solid phase peptide 

coupling reactions (180) (Scheme 20). 
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Scheme 20. Most widely used approach towards a Glyox peptidomimetic. 

 

 

 

The method is most effective for synthesis of Glyox mimetic due to the lack of a chiral 

side chain. Extension of this strategy to mimic other amino acids lacks stereocontrol and 

results in a mixture of peptidomimetic diastereomers (182) (Scheme 21).100 
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Scheme 21. Lack of stereocontrol to access other oxetanyl peptidomimetics. 

 

 

 

In a different approach that does not rely on nitro alkene Michael acceptors, 

Carreira and coworkers disclosed an extensive synthesis of numerous chiral oxetanyl 

peptidomimetics starting from Tris-base (Scheme 22).98  

 

 

 

 

Scheme 22. Synthesis of oxetanyl peptidomimetics from Tris-base. PG = protecting group. 

 

 

 

Chiral diamine oxetane building blocks (184) synthesized from Tris-base can be coupled 

to derivatized amino acids (185) to yield oxetanyl peptidomimetics (183). Of note, the 

peptide coupling step in this synthesis is an Umpolung peptide coupling. The drawback to 

this work is the high number of steps required to synthesize both 184 and 185. 
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2.2 Objective 

The objective of this research was to develop more facile synthetic routes towards 

oxetane building blocks like 184 (i.e. 3-amino substituted oxetanes). Ala and Pro 

oxetanyl peptidomimetics (Alaox and Proox) 186 and 187, respectively, were chosen 

synthetic targets because Ala is the simplest amino acid containing a chiral side chain 

while Pro possesses a more complex cyclic chiral side chain. These routes, if successful, 

would then be employed in the synthesis of oxetanyl peptidomimetics relevant to LTA4H 

such as Alaox-pNA (188) and Proox-Gly-Pro (189) (Scheme 23). 

 

 

 

 

Scheme 23. Incorporation of Alaox and Proox peptidomimetics into LTA4H-relevant peptides. PG = H or 

protecting group.  
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 These peptidomimetic substrates could be cocrystallized with LTA4H—without any 

susceptibility to cleavage—and studied in the binding pocket to glean information on 

how certain analogs accelerate AP activity on Ala-pNA (13) or PGP (3) substrates. 

2.3 Synthesis 

2.3.1 Alaox and Alaox-pNA 

 The original route towards the Alaox building block featured a key, stereospecific 

Curtius rearrangement step to establish the chiral side chain and amino group (Scheme 

24). 

 

 

 

 

Scheme 24. Original scheme for Alaox peptidomimetic. 
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Oxetan-3-one (175) was subjected to a Wittig olefination reaction with 190, giving 

Michael acceptor 191 in 70% yield. The next step would utilize chiral benzylamine 

reagent 192 in a Michael addition to generate a mixture of diastereomers that could be 

separated to give 193. To test proof-of-concept, 191 was dissolved in achiral benzylamine 

solvent and heated at 80 ∘C for 12 h. TLC showed little-to-no reaction progress. A more 

nucleophilic nitrogen source, ammonia, was then tested by microwaving 191 at 120 ∘C in 

an ammonia-saturated methanol solvent. Again, TLC did not show any reaction progress. 

The reluctance of 191 to undergo Michael additions was attributed to the weaker 

electron-withdrawing ester group and the steric hinderance of the β-position.  

Failure to progress past the Michael addition step in Scheme 24 resulted in 

redesign of the synthetic scheme (Scheme 25) (Fig. 59). 
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Scheme 25. Revised scheme for Alaox peptidomimetic and Alaox-pNA. 
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Figure 59. (A) TLC (I2 stain) of Ti-catalyzed condensation reaction (Scheme 25) in 1:1 EtOAc-Hex eluent. Left 

lane: starting material 194. Right lane: reaction mixture. (B) TLC (UV 254 nm) of nitroaldol reaction (Scheme 

25) in 1:1 EtOAc-Hex eluent. Left lane: starting material 195. Right lane: reaction mixture. (C) TLC (ninhydrin 

stain) of nitro reduction (Scheme 25) in 1:19:0.1 MeOH-DCM-NH4OH eluent. Left lane: starting material 196. 

Right lane: reaction mixture. (D) TLC (KMnO4 stain) of Teoc protection (Scheme 25) in 1:3 EtOAc-Hex eluent. 

Left lane: Teoc-OSu. Right lane: reaction mixture.  

 

 

 

175 was refluxed in DCM in the presence of racemic 2-methyl-2-propanesulfinamide 

(194) in the presence of strong Lewis acid Ti(OEt)4 to provide imine 195 in 60% yield.104 

TBAF was used as a weak base catalyst in a nitroaldol reaction between 195 and 

nitroethane to give the 3-aminosubstituted oxetane 196 in 82% yield as a yellow oil.76 

The tert-butyl moiety on the sulfinamide was expected to facilitate a diastereoselective 

nitroaldol but NMR analysis revealed a 1:1 mixture of diastereomers (Fig. 60A).  

 

 

 

A B C D 
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Figure 60. NMR analysis of 196 under different conditions.  

 

 

 

After sitting neat at room temperature for 4 days, compound 196, which was a yellow oil 

upon isolation, crystallized to a solid. NMR analysis of this substance revealed a 5.5:1 

mixture of diastereomers (Fig. 60D). After 1-2 weeks neat at room temperature, 

compound 196 had epimerized to a 20:1 mixture of diastereomers (Fig. 60E).  

While experimental NMR spectroscopy distinguishes the two diastereomers on 

the basis of chemical shifts, it does not identify which methyl doublet belongs to which 

diastereomer. NOESY NMR analysis was carried out on both the 1:1 mixture of 
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diastereomers as well as the 20:1 mixture to see which diastereomer of 196—the cis 

(196a) or trans (196b)—remained. Presumably due to the conformational freedom of 196 

no NOE correlation between the methyl and tert-butyl group were detected for either 

diastereomer. NMR prediction software shows identical chemical shifts for both 

diastereomers.105 Thus, determination of the relative configuration of diastereomerically-

enriched 196 would likely require X-ray crystallography, DFT NMR prediction, or a 

cyclization reaction followed by NOESY analysis. However, a prediction can be made 

based on the available experimental NMR data. The more upfield methyl doublet is 

preserved after diastereomeric resolution. The upfield methyl doublet is hypothesized to 

belong to the cis diastereomer (196a) on the basis of field effects.  

 The diastereomeric resolution from a 1:1 mixture to a 20:1 mixture only occurs 

for neat 196 and not in solution (Fig. 60B and 60C). It is postulated that the epimerization 

of 196 occurs through deprotonation of the remaining acidic α proton by the sulfinamide 

to afford an sp2 hybridized nitro enolate that can be reprotonated to give either 

diastereomer. While it is possible that the sulfinamide facilitates a diastereoselective 

protonation, this is unlikely as this likely would have been observed when 196 was 

dissolved in solution for 4 days (Fig. 60C).  

Crystallization seems to be a driving force for this epimerization as the resolution 

only happens for neat 196. Based on the observed crystallization during the course of this 

process, it is plausible that one diastereomer crystallizes (hypothesized to be 196a) while 

the other does not. As one diastereomer starts to crystallize, it is no longer available for 

epimerization and the reversible deprotonation event continues to drive the equilibrium 
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towards one diastereomer until a ~20:1 ratio is reached. This equilibrium crystallization-

driven epimerization sets the stereocenter of 196 [Since racemic 194 was used, 

diastereomerically-enriched 196 is a mixture of enantiomers]. Of note, treatment of the 

20:1 diastereomeric mixture of 196 with a catalytic amount of TBAF caused an 

immediate erosion of the dr. 

 With the stereocenter in 196 set, Raney-Ni reduction and Teoc protection afforded 

the orthogonally protected Alaox peptidomimetic (186) in 51% yield over two steps, 

which accomplished the first objective. The next objective was to functionalize the 

peptidomimetic with a p-nitrophenyl ring to synthesize Alaox-pNA (188). Exposure of 

186 to anhydrous HCl at 0 ∘C for 1 min. removes the sulfinamide auxiliary without ring-

opening of the oxetane, giving 197 in 83% yield.104 Several amination procedures were 

attempted to give 198: Pd-catalyzed amination,106 photoredox amination,107 nucleophilic 

aromatic substitution;108 but none were successful, presumably due to the steric 

hinderance of the amine.  

2.3.2 Proox and Proox-Gly-Pro 

 Unfortunately, the devised route for Pox (187) was not successful. The route 

featured an α-lithiation reaction of N-Boc pyrrolidine (199) to form a carbanion that can 

attack imine 195 (Scheme 26) (Fig. 61).109 Both tetramethylethylenediamine (TMEDA) 

and (+/–)-sparteine serve to increase the basicity of s-BuLi for α-deprotonation. Achiral 

TMEDA would first be used to observe the substrate-directed diastereoselectivity of the 

reaction. If the diastereoselectivity is poor, chiral (+/–)-sparteine could be used as an 

alternative to set a stereocenter on 199 (reagent-controlled stereoselectivity). Although 
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consumption of starting material was observed when TMEDA was employed, NMR 

analysis on new spots indicated the desired product was not formed. Therefore, sparteine-

directed lithiation was not pursued. 

 

 

 

 

Scheme 26. Unsuccessful scheme for Proox peptidomimetic. 

 

 

 

 

Figure 61. TLC (I2 stain) of unsuccessful α-lithiation reaction (Scheme 26) in 1:19:0.1 MeOH-DCM-NH4OH. 

Left lane: starting material 195. Middle lane: reaction mixture. Right lane: cospot of left lane and right lane. 
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2.4 Conclusion 

Overall, the objectives were not completely met but a synthetic route towards an 

Alaox peptidomimetic (186), featuring an equilibrium crystallization-driven epimerization 

to set a stereocenter, was developed. Usage of enantiopure 194 would allow synthesis of 

nonracemic 186 for potential application in Ala-containing peptides. Unfortunately, the 

expedient route to Proox (187) was not successful. 
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CHAPTER THREE: EXPERIMENTAL PROCEDURES AND 

CHARACTERIZATION 

3.1 LTA4H AP Modulators 

3.1.1 ARM1 Series 

For experimental details and characterizations see reference [23]. 

 

3.1.2 Total Synthesis of Batatasin IV 

For experimental details and characterizations see reference [54]. 

 

3.1.3 Diaryl Ether Series 

General. Chemicals were used as purchased without further purification. Toluene was 

stored over sieves and degassed with nitrogen prior to Ullmann cross-couplings. 

Tetrahydrofuran was distilled from Na benzophenone and stored over sieves under a 

nitrogen atmosphere. All heterocyclization reactions were heated in a Biotage Initiator 

whereas other reactions could be heated in a Biotage Initiator or oil bath. Reaction 

progress was monitored on SiliCycle F254 thin layer chromatography plates. Compounds 

were purified using silica gel chromatography with solvent mixtures specified in the 

corresponding experiment. 1H and 13C NMR spectra were obtained on a Bruker 400 MHz 

spectrometer and calibrated using the solvent residual peak. LCMS of final compounds 

was performed using Waters QTOF. 

 

 Ullmann Cross-Coupling. The procedure was adopted from Buchwald and 

coworkers.69 A flame-dried microwave vial was charged with a stir bar, t-BuXPhos or 

Me4t-BuXPhos ligand (3-10 mol%), Pd(OAc)2 (2-5 mol%), K3PO4 (2 equiv.), 4-
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chlorophenol (1.2 equiv.), and the aryl bromide (1 equiv.). The vial was sealed with a 

septum and purged with nitrogen gas. Toluene (5-8 mL) was degassed for 15 min. by 

bubbling with nitrogen and then added via syringe through the septum. The reaction vial 

was placed in a Biotage Initiator at 100-110 °C for 12-24 hr. When TLC indicated 

reaction completion, the reaction was filtered through a small pad of celite eluting with 

EtOAc. The filtrate was concentrated under vacuum and the crude material was purified 

with an EtOAc-Hex gradient. 

 

Characterization 4‐(4‐bromophenyl)‐2‐(2,5‐

dimethylpyrrol‐1‐yl)‐1,3‐thiazole (103). Procedure was adopted from Silverman and 

coworkers.53 A microwave vial is charged with a stir bar, 2-amino-4-(4-

bromophenyl)thiazole (500 mg, 1 equiv.) and p-TsOH monohydrate (37 mg, 10 mol%). 

Toluene (9 mL) and 2,5-hexadione (0.23 mL, 1 equiv.) are added to the reaction vial via 

syringe and micropipette, respectfully. Reaction is placed in a Biotage Initiator at 150 °C 

for 2 hr. TLC analysis confirmed reaction completion. Reaction was diluted with MeOH 

and concentrated under vacuum to remove residual toluene. Crude mixture was dry 

loaded onto a column and purified with 5% EtOAc-Hex. Product was isolated with minor 

impurities. Fractions containing product were concentrated under vacuum to obtain 549 

mg of orange solid (84% yield). 1H NMR (400 MHz, CDCl3) δ 2.29 (6H, s), 5.93 (2H, s), 

7.48 (1H, s), 7.56 (2H, d, J = 8.5 Hz), 7.79 (2H, d, J = 8.5 Hz). 13C NMR (100 MHz, 
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CDCl3) δ 13.58, 108.29, 112.88, 122.56, 127.87, 130.01, 132.09, 133.11, 151.73, 159.01. 

LCMS calcd. for C15H14BrN2S
+ (M+1)+ 335.0041, found 335.0030. 

 

4‐[4‐(4‐chlorophenoxy)phenyl]‐2‐(2,5‐

dimethyl‐1H‐pyrrol‐1‐yl)‐1,3‐thiazole (104). Following the Ullmann Cross-Coupling 

procedure, 4‐(4‐bromophenyl)‐2‐(2,5‐dimethylpyrrol‐1‐yl)‐1,3‐thiazole (155 mg, 1 

equiv.) was reacted with 4-chlorophenol (72 mg, 1.2 equiv.) and 2 mol% of Pd(OAc)2 

with 3 mol% of ligand to afford crude product. Purification with silica gel packed column 

using 3% EtOAc-Hex afforded 122 mg of yellow oil (69% yield) after removing residual 

solvent. 1H NMR (400 MHz, CDCl3) δ 2.29 (6H, s), 5.93 (2H, s), 6.98 (2H, d, J = 8.9 

Hz), 7.05 (2H, d, J = 8.8 Hz), 7.31 (2H, d, J = 8.9 Hz), 7.41 (1H, s), 7.9 (2H, d, J = 8.8 

Hz). 13C NMR (100 MHz, CDCl3) δ 13.55, 108.16, 111.83, 119.19, 120.38, 127.93, 

128.69, 129.86, 129.96, 130.02, 152.16, 155.78, 157.27, 158.83. LCMS calcd. for 

C21H18ClN2OS+ (M+1)+ 381.0828, found 381.0799. 

 

4‐[4‐(4‐chlorophenoxy)phenyl]‐1,3‐thiazol‐2‐

amine (82). The procedure was adopted from Silverman and coworkers.53 4‐[4‐(4‐

chlorophenoxy)phenyl]‐2‐(2,5‐dimethyl‐1H‐pyrrol‐1‐yl)‐1,3‐thiazole (122 mg, 1 equiv.) 
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was dissolved in 3 mL of EtOH and transferred to a microwave vial. Vial was charged 

with a stir bar and HCl (80 µL, 3 equiv.) via micropipette. The vial was sealed and placed 

in a Biotage Initiator at 120 °C for 30 min. TLC indicated incomplete reaction of starting 

material. Another 3 equiv. HCl was added to reaction vial and placed under same reaction 

conditions. TLC indicated faint amount of SM. Reaction was concentrated yielding a 

brown crystalline solid which was subsequently suspended in EtOAc. Organic layer was 

added to a separatory funnel and washed with 1 M NaOH to dissolve the solid. Aqueous 

layer was washed with EtOAc twice and the combined organic layer was dried with 

potassium sulfate. Dried organic layer was concentrated under vacuum and dry loaded 

onto a column eluted with 15% EtOAc-Hex. Residual solvent was removed from 

fractions containing product under vacuum to obtain 75 mg of orange solid (77% yield). 

1H NMR (400 MHz, DMSO-D6) δ 6.95 (1H, s), 6.98-7.11 (6H, m), 7.44 (2H, d, J = 9.0 

Hz), 7.81 (2H, d, J = 8.8 Hz). 13C NMR (100 MHz, DMSO-D6) δ 100.81, 118.71, 

120.31, 127.21, 127.27, 129.90, 130.87, 149.14, 155.39, 155.61, 168.20. LCMS calcd. for 

C15H12ClN2OS+ (M+1)+ 303.0359, found 303.0343. 

 

1‐[4‐(4‐chlorophenoxy)phenyl]ethan‐1‐one (107). 

Following the Ullmann Cross-Coupling procedure, 4-bromoacetophenone (185 mg, 1 

equiv.) was reacted with 4-chlorophenol (143 mg, 1.2 equiv.) and 2 mol% of Pd(OAc)2 

with 3 mol% of ligand to afford crude product. Purification with silica gel packed column 

using 5% EtOAc-Hex afforded 171 mg of amber oil (75% yield) after removing residual 
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solvent. 1H NMR (400 MHz, CDCl3) δ 2.58 (3H, s), 7.00 (2H, d, J = 8.8 Hz), 7.01 (2H, 

d, J = 8.9 Hz), 7.35 (2H, d, J = 8.9 Hz), 7.95 (2H, d, J = 8.9 Hz). 13C NMR (100 MHz, 

CDCl3) δ 26.61, 117.55, 121.51, 129.96, 130.24, 130.78, 130.81, 154.34, 161.65, 196.79. 

LCMS calcd. for C14H12ClO2
+ (M+1)+ 247.0526, found 247.0526. 

 

2‐bromo‐1‐[4‐(4‐chlorophenoxy)phenyl]ethan‐1‐

one (108). A screw cap vial was charged with 1‐[4‐(4‐chlorophenoxy)phenyl]ethan‐1‐one 

(277 mg, 1 equiv.), 3 mL of dry DCM, and a stir bar. Bromine (57.5 µL, 1 equiv.) was 

added slowly to the reaction vial via micropipette which was subsequently sealed and 

allowed to stir at rt for 24 hr. TLC indicated reaction completion and vial was quenched 

with 1 equiv. sodium bisulfite in 10 mL of water. Product was extracted with ether. 

Organic layer was collected, dried, and dry loaded onto a silica gel packed column eluted 

with 5% EtOAc-Hex. Fractions containing product were collected and residual solvent 

was removed under vacuum to obtain 128 mg of yellow oil (35% yield), which was 

contaminated with a plausible aryl bromination byproduct. Improved yield (57% yield) 

and purity was obtained when the reaction was cooled to 0 ∘C and the bromine was added 

dropwise. 1H NMR (400 MHz, CDCl3) δ 4.40 (2H, s), 6.99-7.05 (4H, m), 7.37 (2H, d, J 

= 8.9 Hz), 7.98 (2H, d, J = 8.9 Hz). 13C NMR (100 MHz, CDCl3) δ 30.63, 117.55, 

121.80, 128.90, 129.99, 130.35, 131.59, 153.88, 162.45, 190.07. LCMS calcd. for 

C14H11BrClO2
+ (M+1)+ 326.9609, found 326.9597. 
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5‐[4‐(4‐

chlorophenoxy)phenyl]‐1H‐imidazol‐2‐amine (85). Procedure was adopted from Lam and 

coworkers.70 N-acetyl guanidine (119 mg, 3 equiv.) was added to a flame dried 

microwave vial charged with a stir bar. 2‐bromo‐1‐[4‐(4‐chlorophenoxy)phenyl]ethan‐1‐

one (128 mg, 1 equiv.) was dissolved in 6 mL of MeCN and transferred to the reaction 

vial. Vial was sealed and put in a Biotage Initiator at 100 °C for 10 min. TLC with I2 

stain indicated reaction completion and residual solvent was removed under vacuum. 

Crude mixture was dry loaded onto a column packed with silica gel and eluted with 1.0-

2.5% MeOH-DCM. Fractions containing product were collected and residual solvent was 

removed under vacuum. Acetyl guanidine cyclization was confirmed via IR (amide 

carbonyl stretch at 1696 cm-1, Jasco-4100).  

Acetyl protected product was dissolved in 4 mL of dry EtOH and transferred to a 

microwave vial. Sulfuric acid (0.8 mL) was added slowly to the reaction mixture and 

sealed. Reaction was placed into a Biotage Initiator at 100 °C for 10 min. TLC indicated 

reaction completion and reaction was diluted with water, causing a white precipitate to 

form. Reaction was basified to a pH of 10 using 5 M KOH and washed three times using 

EtOAc. Collected organic layer and concentrated under vacuum to dry load onto a silica 

gel packed column. Column was eluted with 5% MeOH, 1% NH4OH, and DCM. 

Residual solvent was removed from fractions containing product under vacuum yielding 
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28 mg of orange solid (28% yield over two steps). Some of the isolated product was in 

the form of the ethyl sulfate salt. 1H NMR (400 MHz, CDCl3) δ 1.37 (1.8H, t, J = 7.2 

Hz), 4.21 (1H, q, 6.8 Hz), 6.70 (1H, s), 6.92 (2H, d, J = 8.8 Hz), 6.95 (2H, d, J = 8.8 Hz), 

7.28 (2H, d, J = 9.2 Hz), 7.45 (2H, d, J = 8.4 Hz). 13C NMR (100 MHz, CDCl3) δ 14.91, 

65.30, 107.53, 119.20, 119.58, 120.39, 125.94, 128.83, 129.75, 129.87, 148.28, 155.23, 

157.02. LCMS calcd. for C15H13ClN3O
+ (M+1)+ 286.0747, found 286.0750. 

 

Methyl 4‐(4‐chlorophenoxy)benzoate (114). 

Following the Ullmann Cross-Coupling procedure, methyl 4-bromobenzoate (200 mg, 1 

equiv.) was reacted with 4-chlorophenol (143 mg, 1.2 equiv.) and 2 mol% of Pd(OAc)2 

with 3 mol% of ligand to afford crude product. Purification with silica gel packed column 

using 5% EtOAc-Hex afforded 203 mg of clear oil (83% yield) after removing residual 

solvent. The spectral data matched the literature.110 1H NMR (400 MHz, CDCl3) δ 3.90 

(3H, s), 6.95-7.02 (4H, m), 7.34 (2H, d, J = 8.9 Hz), 8.01 (2H, d, J = 8.8 Hz). LCMS 

calcd. for C14H12ClO3
+ (M+1)+ 263.0475, found 263.0471. 

 

3‐[4‐(4‐chlorophenoxy)phenyl]‐1H‐pyrazol‐5‐

amine (88). 4 mL of THF was cooled to –70 °C in a round bottom flask under a nitrogen 
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atmosphere. LDA (0.57 µL of 2 M in THF/heptane/ethylbenzene, 6 equiv.) was added to 

the flask via syringe and allowed to stir. Once LDA is cool, MeCN (50 µL, 5 equiv.) was 

dissolved in 1 mL of THF and added dropwise to the flask. Reaction was allowed to stir 

for 10 min before bringing to –20 °C for another 20 min. Methyl p-(p-

chlorophenoxy)benzoate (50 mg, 1 equiv.) dissolved in 1 mL of THF was added 

dropwise once reaction has reached -10 °C, which was then brought to rt to reflux for 2.5 

hr under a nitrogen atmosphere. TLC indicated reaction completion and was subsequently 

quenched with water. Reaction was acidified to a pH of 4-5 and was washed three times 

with EtOAc. Collected organic layer was dried and had residual solvent removed under 

vacuum yielding the acetonitrile intermediate as a dark oil (93 mg).  

The procedure was adopted from Stephens and coworkers.111 β-Ketonitrile 

intermediate (93 mg, 1 equiv.) was dissolved in 3 mL of EtOH and transferred to a flame 

dried microwave vial charged with a stir bar. Hydrazine monohydrate (33 µL, 2 equiv.) 

was added to the reaction vial via micropipette and placed in a Biotage Initiator at 150 °C 

for 5 min. TLC indicated incomplete reactivity. An addition equiv. of hydrazine 

monohydrate was added and placed back into the Biotage Initiator under same 

conditions. TLC indicated reaction completion. Reaction was transferred to a round 

bottom flask and concentrated under vacuum. Crude material was dry loaded onto a silica 

gel packed column. Column was eluted with 50% EtOAc-Hex and flushed with 75% 

EtOAc-Hex. Fractions containing product were collected and residual solvent was 

removed under vacuum yielding 39 mg of white powder (80% yield over two steps). 1H 

NMR (400 MHz, DMSO-D6) δ 5.72 (1H, broad s), 6.97-7.11 (4H, m), 7.43 (2H, d, J = 
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8.6 Hz), 7.67 (2H, d, J = 8.0 Hz). 13C NMR (100 MHz, DMSO-D6) δ 119.03, 120.12, 

126.47, 127.11, 129.86, 155.28, 155.70. LCMS calcd. for C15H13ClN3O
+ (M+1)+ 

286.0747, found 286.0745. 

 

 

4‐(4‐chlorophenoxy)benzaldehyde (111). Following the 

Ullmann Cross-Coupling procedure, 4-bromobenzaldehyde (185 mg, 1 equiv.) was 

reacted with 4-chlorophenol (154 mg, 1.2 equiv.) and 2 mol% of Pd(OAc)2 with 3 mol% 

of ligand to afford crude product. Purification with silica gel packed column using 5% 

EtOAc-Hex afforded 208 mg of yellow oil (89% yield) after removing residual solvent. 

1H NMR (400 MHz, CDCl3) δ 7.00-7.09 (4H, m), 7.37 (2H, d, J = 8.9 Hz), 7.86 (2H, d, J 

= 8.8 Hz), 9.94 (1H, s). 13C NMR (100 MHz, CDCl3) δ 117.82, 121.80, 130.28, 130.34, 

131.75, 132.15, 153.91, 162.89, 190.82. LCMS calcd. for C13H10ClO2
+ (M+1)+ 233.0369, 

found 233.0367. 

 

5‐[4‐(4‐chlorophenoxy)phenyl]‐1,3‐oxazole (86). 4‐(4‐

chlorophenoxy)benzaldehyde (69 mg, 1 equiv.) was dissolved in 2 mL MeOH and 

transferred to a flame dried microwave vial charged with TOSMIC (58 mg, 1 equiv.), 

K2CO3 (41 mg, 1 equiv.), and a stir bar. Vial was sealed and placed in a Biotage Initiator 
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at 120 °C for 10 min. TLC indicated reaction completion. Reaction was transferred to a 

round bottom flask and residual solvent was removed under vacuum to dry load crude 

mixture onto a silica gel packed column. Column was eluted with 10-15% EtOAc-Hex. 

Residual solvent was removed from the collected fractions containing product to yield 51 

mg of white crystalline solid (64% yield). 1H NMR (400 MHz, CDCl3) δ 6.98 (2H, d, J = 

8.8 Hz), 7.05 (2H, d, J = 8.7 Hz), 7.28-7.35 (3H, m), 7.63 (2H, d, J = 8.7 Hz), 7.90 (1H, 

s). 13C NMR (100 MHz, CDCl3) δ 119.16, 120.63, 121.08, 123.39, 126.29, 129.04, 

130.05, 150.41, 151.21, 155.38, 157.56. LCMS calcd. for C15H11ClNO2
+ (M+1)+ 

272.0478, found 272.0468. 

 

4‐phenoxybenzaldehyde. Following the Ullmann Cross-

Coupling procedure, 4-bromobenzaldehyde (86 mg, 1 equiv.) was reacted with phenol 

(52 mg, 1.2 equiv.) and 2 mol% of Pd(OAc)2 with 3 mol% of ligand to afford crude 

product. Purification with silica gel packed column using 7.5% EtOAc-Hex afforded 52 

mg of clear oil (56% yield) after removing residual solvent. The spectral data matched 

the literature.112 1H NMR (400 MHz, CDCl3) δ 7.03-7.12 (4H, m), 7.23 (1H, t, J = 7.4 

Hz), 7.41 (2H, t, J = 7.5 Hz), 7.85 (2H, d, J = 8.7 Hz), 9.93 (1H, s). 13C NMR (100 MHz, 

CDCl3) δ 117.73, 120.57, 125.09, 130.29, 131.41, 132.09, 155.26, 163.39, 190.90. 
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5‐(4‐phenoxyphenyl)‐1,3‐oxazole. TOSMIC (47 mg, 1 

equiv.), K2CO3 (33 mg, 1 equiv.), and chlorophenoxybenzaldehyde (48 mg, 1 equiv.) 

dissolved in 2 mL of MeOH were added to a flame dried microwave vial and sealed. 

Reaction vial was placed in a Biotage Initiator at 120 °C for 10 min. TLC indictated 

reaction completion. Reaction was transferred to a round bottom flask and concentrated 

under vacuum to dry load onto a silica gel packed column. Column was eluted with 10-

15% EtOAc-Hex and fractions containing product were collected. Residual solvent was 

removed under vacuum yielding 42 mg of white crystalline solid (74% yield). 1H NMR 

(400 MHz, CDCl3) δ 7.02-7.08 (4H, m), 7.15 (1H, t, J = 7.4 Hz), 7.28 (1H, s), 7.39 (2H, 

t, J = 7.5 Hz), 7.62 (2H, d, J = 8.8 Hz), 7.89 (1H, s). 13C NMR (100 MHz, CDCl3) δ 

119.07, 119.47, 120.90, 122.97, 123.98, 126.20, 130.05, 150.34, 151.40, 156.67, 158.00. 

LCMS calcd. for C15H11ClNO2
+ (M+1)+ 272.0478, found 272.0468. 

 

bis(4‐bromophenyl)iodonium trifluoromethanesulfonate 

(118). Procedure was adopted from Olofsson and coworkers.73 Added 4-

bromoiodobenzene (500 mg, 1 equiv.) and 9 mL of DCM to a screw cap vial charged 

with a stir bar. Bromobenzene (214 µL, 1.15 equiv.) and m-CPBA (500 mg, 1.15 equiv.) 

were added to the reaction vial and cooled to –5 °C. Triflic acid (470 µL, 3 equiv.) was 

added slowly via glass syringe and left to stir for 1 hr at –5 °C. Reaction was 
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concentrated under vacuum at rt. Diethyl ether was added to the reaction and left to stir at 

–5°C. After a couple minutes, the product crashed out of solution and was filtered 

through a glass frit, obtaining 206 mg of white solid (20% yield). Using fresh m-CPBA 

afforded an improved yield of 44%. The spectral data matched the literature.73 1H NMR 

(400 MHz, DMSO-D6) δ 7.77 (4H, d, J = 8.6 Hz), 8.17 (4H, d, J = 8.6 Hz). 

 

1‐bromo‐4‐(4‐chlorophenoxy)benzene (119). Procedure 

was adopted from Olofsson and coworkers.72 A flame dried microwave vial was charged 

with 2 mL of THF, t-BuOK (36 mg, 1.1 equiv.), and a stir bar. 4-chlorophenol (37.5 mg, 

1 equiv.) was added to the vial and allowed to stir for 10 min at rt. 4-

bromophenyliodonium triflate (206 mg, 1.2 equiv.) was added and the reaction vial was 

sealed. Vial was placed in a Biotage Initiator at 40 °C for 1 hr. TLC indicated reaction 

completion. Reaction was quenched with water and washed with DCM three times to 

extract product. Collected organic layer was dried and concentrated under vacuum to dry 

load onto a silica gel packed column. Column was eluted with hexanes and fractions 

containing product were collected. Residual solvent was removed under vacuum yielding 

56 mg of clear oil (56% yield). The spectral data matched the literature.113 1H NMR (400 

MHz, CDCl3) δ 6.87 (2H, d, J = 9.0 Hz), 6.93 (2H, d, J = 9.0 Hz), 7.30 (2H, d, J = 9.0 

Hz), 7.44 (2H, d, J = 9.0 Hz). 13C NMR (100 MHz, CDCl3) δ 116.24, 120.34, 120.62, 

128.91, 130.05, 132.96, 155.55, 156.31. 
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5‐bromo‐2‐(2,5‐dimethyl‐1H‐pyrrol‐1‐yl)pyridine (121). 

Procedure was adopted from Silverman and coworkers.53 2-amino-5-bromopyridine (339 

mg, 1 equiv.), p-TsOH monohydrate (37 mg, 10 mol%), 2,5-hexadione (0.23 mL, 1 

equiv.), 9 mL of toluene, and a stir bar were added to a flame dried microwave vial. Vial 

was sealed and placed in a Biotage Initiator at 150 °C for 2 hr. TLC indicated reaction 

completion. Reaction was diluted with MeOH and concentrated under vacuum to dry 

load onto a silica gel packed column. Column was eluted with 2.5% EtOAc-Hex and 

fractions containing product were collected. Residual solvent was removed under vacuum 

to yield 310 mg of dark oil (63% yield). 1H NMR (400 MHz, CDCl3) δ 2.13 (6H, s), 5.91 

(2H, s), 7.13 (1H, d, J = 8.4 Hz), 7.94 (1H, dd, J = 8.4 Hz, 2.5 Hz), 8.66 (1H, d, J = 2.5 

Hz). 13C NMR (100 MHz, CDCl3) δ 13.34, 107.54, 119.05, 123.15, 128.75, 140.65, 

150.57, 150.87. LCMS calcd. for C11H12BrN2
+ (M+1)+ 251.0184, found 251.0171. 

 

5‐[4‐(4‐chlorophenoxy)phenyl]‐2‐(2,5‐

dimethyl‐1H‐pyrrol‐1‐yl)pyridine (123). Procedure was adopted from Buchwald and 

coworker.114 A flame dried microwave vial was charged with 2 mL of THF, 5-bromo-2-

(2,5-dimethyl-1H-pyrrol-1-yl)pyridine (111 mg, 1 equiv.), and a stir bar. The vial was 
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sealed and purged with a nitrogen atmosphere before adding i-PrMgCl•LiCl (0.96 mL, 

0.5 M THF, 1.3 equiv.) dropwise. This was allowed to stir overnight at 25 °C. TLC 

indicated the disappearance of starting material. To a separate flame dried microwave 

vial was added Pd2(dba)3 (7 mg, 2 mol%) and SPhos (5 mg, 3 mol%). This vial was 

sealed and purged with nitrogen gas. 2 mL of degassed, dry toluene was used to dissolve 

1-bromo-4-(4-chlorophenoxy)benzene (104 mg, 1 equiv.) and this was added to the vial 

containing the catalyst via syringe. The microwave vial was then heated to 60 ∘C for 20 

min. The vial was allowed to cool to room temperature before adding the Grignard 

solution dropwise allowing the reaction to stir for 3 h at room temperature. The reaction 

was diluted with brine and then added to a separatory funnel where the aqueous layer was 

washed with EtOAc twice. The combined organic layers were concentrated under 

vacuum and dry loaded onto a silica gel packed column. Column was eluted with 

hexanes, 5% EtOAc-Hex, and 10% EtOAc-Hex. Fractions containing product were 

collected and residual solvent was removed under vacuum to yield 73 mg of clear oil 

(57% yield). 1H NMR (400 MHz, CDCl3) δ 2.18 (6H, s), 5.93 (2H, s), 7.02 (2H, d, J = 

8.9 Hz), 7.12 (2H, d, J = 8.7 Hz), 7.29 (1H, d, J = 8.2 Hz), 7.34 (2H, d, J = 8.9 Hz), 7.61 

(2H, d, J = 8.7 Hz), 7.98 (1H, dd, J = 8.2 Hz, 2.5 Hz), 8.80 (1H, d, J = 2.2 Hz). 13C 

NMR (100 MHz, CDCl3) δ 13.39, 107.19, 119.39, 120.64, 121.85, 128.75, 128.83, 

128.98, 130.05, 132.39, 134.62, 136.06, 147.51, 151.10, 155.53, 157.63. LCMS calcd. for 

C23H20ClN2O
+ (M+1)+ 375.1264, found 375.0900.  
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5‐[4‐(4‐chlorophenoxy)phenyl]pyridin‐2‐amine 

(89). Procedure was adopted from Silverman and coworkers.53 5‐[4‐(4‐

chlorophenoxy)phenyl]‐2‐(2,5‐dimethyl‐1H‐pyrrol‐1‐yl)pyridine (32 mg, 1 equiv.) was 

dissolved in 1 mL of EtOH and transferred to a microwave vial charged with a stir bar. 

HCl (21 µL, 12 M, 3 equiv.) was added to vial via micropipette and sealed. Vial was 

placed into a Biotage Initiator at 120 °C for 30 min. TLC indicated reaction incompletion 

so 3 more equiv. of HCl was added to reaction and placed in the Biotage Initiator under 

previous conditions. TLC indicated reaction completion. Reaction was concentrated 

under vacuum and dry loaded onto a silica gel packed column. Column was eluted with 

50-70% EtOAc-Hex and fractions containing product were collected. Residual solvent 

was removed under vacuum yielding 12 mg of white solid (48% yield). 1H NMR (400 

MHz, CDCl3) δ 4.50 (2H, s), 6.58 (1H, d, J = 8.5 Hz), 6.97 (2H, d, J = 9.0 Hz), 7.05 (2H, 

d, J = 8.7 Hz), 7.30 (2H, d, J = 8.9 Hz), 7.47 (2H, d, J = 8.7 Hz), 7.64 (1H, dd, J = 8.5 

Hz, 2.5 Hz), 8.29 (1H, s). 13C NMR (100 MHz, CDCl3) δ 108.66, 119.37, 120.04, 126.64, 

127.70, 128.32, 129.76, 133.80, 136.52, 145.84. LCMS calcd. for C17H14ClN2O
+ (M+1)+ 

297.0795, found 297.0784. 
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1‐[4‐(4‐chlorophenoxy)phenyl]‐2‐nitroethan‐1‐ol 

(129). Procedure was adopted from Belén Cid and Ruano and coworkers.76 4‐(4‐

chlorophenoxy)benzaldehyde (208 mg, 1 equiv.) was dissolved in 1 mL of nitromethane 

and transferred to a screw cap vial charged with a stir bar. TBAF (178 µL, 1 M in THF, 

20 mol%) was added via micropipette to the stirring solution. Reaction was allowed to 

stir at rt for three days. TLC indicated reaction incompletion and another 1 mL of 

nitromethane and 20 mol% of TBAF was added to the reaction vial. Reaction was 

allowed to stir overnight, and TLC indicated reaction completion. Reaction was dry 

loaded onto a silica gel packed column and eluted with 75% DCM-Hex. Product was 

collected and residual solvent was removed under vacuum to yield 119 mg of orange gel 

(46% yield). 1H NMR (400 MHz, CDCl3) δ 1.99 (3H, broad s), 2.75-2.85 (1H, m), 2.95-

3.08 (1H, m), 4.57-4.67 (1H, m), 6.95 (2H, d, J = 9.0 Hz), 7.01 (2H, d, J = 8.8 Hz), 7.31 

(2H, d, J = 9.0 Hz), 7.38 (2H, d, J = 8.5 Hz). 13C NMR (100 MHz, CDCl3) δ 70.63, 

81.26, 119.16, 120.61, 127.77, 133.15, 155.40, 157.80.  

 

2‐amino‐1‐[4‐(4‐chlorophenoxy)phenyl]ethan‐1‐ol 

(130). 1‐[4‐(4‐chlorophenoxy)phenyl]‐2‐nitroethan‐1‐ol (114 mg, 1 equiv.) was dissolved 

in 4 mL of MeOH and 0.5 mL of 50% v/v of formic acid in water was added 
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subsequently. Raney nickel (0.2 mL, 50 wt% slurry in water) was added and hydrogen 

gas was bubbled through the reaction mixture for 1.5 min. After the addition of hydrogen 

gas, the atmosphere was replaced by nitrogen gas and allowed to stir for 4 hr. TLC 

indicated reaction completion, further supported by ninhydrin stain. The reaction mixture 

was decanted from Raney nickel and filtered through a pad of celite eluted with MeOH. 

The filtrate was concentrated under vacuum and dry loaded onto a silica gel packed 

column eluted with 5% MeOH, 1% NH4OH, 94% DCM. Fractions containing product 

were collected and residual solvent was removed under vacuum to yield 85 mg of clear 

oil which later solidified into a white solid (83% yield). 1H NMR (400 MHz, CDCl3) δ  

6.92 (2H, d, J = 8.8 Hz), 6.97 (2H, d, J = 7.1 Hz), 7.30 (4H, m). 13C NMR (100 MHz, 

CDCl3) δ 49.32, 73.83, 119.01, 120.13, 127.35, 127.60, 129.86, 137.84, 156.08, 156.41. 

LCMS calcd. for C14H14ClNO2
+ (M)+ 263.0713, found 263.0854. 

 

tert‐butyl 6‐[4‐(4‐chlorophenoxy)phenyl]‐5‐

oxa‐2,8‐diazaspiro[3.4]octane‐2‐carboxylate (132). 2‐amino‐1‐[4‐(4‐

chlorophenoxy)phenyl]ethan‐1‐ol (76 mg, 1 equiv.) was dissolved in 2 mL of toluene and 

added to a flame dried microwave vial charged with activated crushed sieves (100 mg, 

4Å MS), 1-boc-3-azetidinone (59 mg, 1.2 equiv.), and a stir bar. The reaction vial was 

sealed and purged with a nitrogen atmosphere before being placed in a Biotage Initiator 

at 130 °C for 2 hr. TLC indicated reaction completion. Reaction mixture was poured 
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directly onto a silica gel packed column and eluted with 1-5% MeOH-DCM (1% 

NH4OH). Fractions containing product were collected and residual solvent was removed 

under vacuum to yield 112 mg of yellow oil (93% yield). 1H NMR (400 MHz, CDCl3) δ 

1.45 (9H, s), 2.92 (1H, dd, J = 12.0 Hz, 6.8 Hz), 3.50 (1H, dd, J = 12.0 Hz, 6.2 Hz), 3.99 

(1H, d, J = 9.1 Hz), 4.03 (1H, d, J = 8.9 Hz), 4.19 (1H, d, J = 9.2 Hz), 4.24 (1H, d, J = 8.9 

Hz), 4.92 (1H, t, J = 6.5 Hz), 6.92 (2H, d, J = 8.9 Hz), 6.97 (2H, d, J = 8.6 Hz), 7.23 (2H, 

d, J = 8.5 Hz), 7.28 (2H, d, J = 9.0 Hz). 13C NMR (100 MHz, CDCl3) δ 28.49, 53.57, 

53.71, 71.14, 79.92, 92.11, 119.12, 120.19, 127.30, 128.52, 129.89, 135.83, 155.90, 

156.41, 156.71. 

benzyl 6‐[4‐(4‐

chlorophenoxy)phenyl]‐5‐oxa‐2,8‐diazaspiro[3.4]octane‐2‐carboxylate (132). 2‐amino‐

1‐[4‐(4‐chlorophenoxy)phenyl]ethan‐1‐ol (96 mg, 1 equiv.) and 1-Cbz-3-azetidinone (86 

mg, 1.13 equiv.) were dissolved in 3 mL of toluene which was then transferred to a flame 

dried microwave vial charged with activated crushed sieves (100 mg, 4Å MS) and a stir 

bar. The reaction vial was sealed and purged with a nitrogen atmosphere before being 

placed in a Biotage Initiator at 130 °C for 2 hr. TLC indicated reaction completion. 

Reaction mixture was poured directly onto a silica gel packed column and eluted with 1-

5% MeOH-DCM (1% NH4OH). Fractions containing product were collected and 

residual solvent was removed under vacuum to yield 107 mg of orange gel (66% yield). 
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1H NMR (400 MHz, CDCl3) δ 2.93 (1H, dd, J = 11.5 Hz, 6.4 Hz), 3.50 (1H, dd, J = 12.0 

Hz, 6.2 Hz), 4.08 (1H, d, J = 8.8 Hz), 4.12 (1H, d, J = 9.3 Hz), 4.27 (1H, d, J = 9.2 Hz), 

4.33 (1H, d, J = 9.0 Hz), 4.93 (1H, t, J = 6.5 Hz), 5.12 (2H, s), 6.92 (2H, d, J = 8.8 Hz), 

6.97 (2H, d, J = 8.6 Hz), 7.22 (2H, d, J = 8.6 Hz), 7.29 (2H, d, J = 8.9 Hz), 7.31-7.38 

(5H, m). 13C NMR (100 MHz, CDCl3) δ 53.50, 66.91, 79.40, 92.18, 118.99, 120.07, 

127.14, 127.99, 128.08, 128.42, 128.49, 129.77, 135.49, 136.51, 155.73, 156.42, 156.62 

LCMS calcd. for C25H24ClN2O4
+ (M+1)+ 451.1425, found 451.1425. 

 

2‐(trimethylsilyl)ethyl 6‐[4‐(4‐

chlorophenoxy)phenyl]‐5‐oxa‐2,8‐diazaspiro[3.4]octane‐2‐carboxylate (132). 2‐amino‐

1‐[4‐(4‐chlorophenoxy)phenyl]ethan‐1‐ol (57 mg, 1 equiv.) and 1-Teoc-3-azetidinone (58 

mg, 1.3 equiv.) were dissolved in 3 mL of toluene which was then transferred to a flame 

dried microwave vial charged with activated crushed sieves (100 mg, 4Å MS) and a stir 

bar. The reaction vial was sealed and purged with a nitrogen atmosphere before being 

placed in a Biotage Initiator at 120 °C for 45 min with external cooling. TLC indicated 

reaction completion. Reaction mixture was poured directly onto a silica gel packed 

column and eluted with 25-50% EtOAc-Hex. Fractions containing product were collected 

and residual solvent was removed under vacuum to yield 82 mg of white solid (85% 

yield). 1H NMR (400 MHz, CDCl3) δ 0.04 (9H, s), 0.99 (2H, t, J = 8.3 Hz), 2.93 (1H, dd, 

J = 11.7 Hz, 6.8 Hz), 3.50 (1H, dd, J = 11.8 Hz, 6.0 Hz), 4.04 (1H, d, J = 9.1 Hz), 4.08 
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(1H, d, J = 8.9 Hz), 4.17 (2H, t, J = 8.1 Hz), 4.23 (1H, d, J = 9.1 Hz), 4.29 (1H, d, J = 8.9 

Hz), 4.93 (1H, t, J = 6.3 Hz), 6.92 (2H, d, J = 8.1 Hz), 6.97 (2H, d, J = 7.9 Hz), 7.23 (2H, 

d, J = 7.8 Hz), 7.28 (2H, d, J = 8.1 Hz). 13C NMR (100 MHz, CDCl3) δ -1.41, 17.76, 

31.10, 53.53, 63.52, 79.38, 92.18, 118.99, 120.07, 127.16, 128.42, 129.77, 135.58, 

155.75, 156.61, 156.99. LCMS calcd. for C23H30ClN2O4Si+ (M+1)+ 461.1663, found 

461.1644. 

 

tert‐butyl 4‐[4‐(4‐

chlorophenoxy)phenyl]piperazine‐1‐carboxylate (128). Procedure was adopted from 

Buchwald and coworkers.75 Boc-piperazine (35 mg, 1.5 equiv.), t-BuONa (24 mg, 2 

equiv.), dppf (7 mg, 10 mol%), and Pd(OAc)2 (1 mg, 5 mol%) were added to a flame 

dried microwave vial charged with a stir bar. The vial was sealed and purged with a 

nitrogen atmosphere. 1 mL of toluene was injected into the reaction vial and allowed to 

stir for 15 min to activate the Pd catalyst. 1-bromo-4-(4-chlorophenoxy)benzene (35 mg, 

1 equiv.) was dissolved in 2 mL of toluene and injected into the reaction vial after 

stirring. The vial was subsequently placed in the Biotage Initiator at 100 °C for 19 hr. 

TLC indicated reaction completion. Reaction mixture was filtered through celite and 

washed with EtOAc. The organic layer was concentrated under vacuum and dry loaded 

onto a silica gel packed column eluted with 2.5-5% EtOAc-Hex. Fractions containing 

product were collected and residual solvent was removed under vacuum to yield 25 mg 
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(52% yield). 1H NMR (400 MHz, CDCl3) δ 1.49 (9H, s), 3.08 (4H, t, J = 5.1 Hz), 3.59 

(4H, t, J = 5.0 Hz), 6.88 (2H, d, J = 9.0 Hz), 6.93 (4H, m), 7.25 (2H, d, J = 9.0 Hz). 13C 

NMR (100 MHz, CDCl3) δ 28.44, 50.13, 79.94, 118.28, 118.92, 120.46, 127.41, 129.54, 

148.07, 149.95, 154.72, 157.06. 

 

1‐[4‐(4‐chlorophenoxy)phenyl]piperazine (87). tert‐

butyl 4‐[4‐(4‐chlorophenoxy)phenyl]piperazine‐1‐carboxylate (23 mg, 1 equiv.) was 

dissolved in dry MeOH (2 mL). Cooled to 0 ∘C and then added anhydrous HCl (44 μL, 4 

M in dioxane, 3 equiv.). Stirred at 0 ∘C for 1 h. When TLC showed no reaction progress, 

the solvent was removed in vacuum and replaced with 1 mL of anhydrous HCl (4 M in 

dioxane). The reaction was then stirred at room temperature for 30 min. When TLC 

indicated reaction completion, the solvent was removed by vacuum and the white solid 

was triturated with Et2O twice. After drying in vacuum, 17 mg of white solid was 

obtained (80% yield). 1H NMR (400 MHz, DMSO-D6) δ 3.22 (4H, m), 3.32 (4H, m), 

6.93 (2H, d, J = 9.0 Hz), 7.02 (4H, m), 7.39 (2H, d, J = 9.0 Hz), 9.05 (2H, s). 13C NMR 

(100 MHz, DMSO-D6) δ 43.17, 46.50, 118.32, 119.44, 120.90, 126.75, 130.17, 147.40, 

149.48, 157.36. 
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4‐[4‐(4‐chlorophenoxy)phenyl]‐1,3‐oxazol‐2‐

amine (83). 2‐bromo‐1‐[4‐(4‐chlorophenoxy)phenyl]ethan‐1‐one (50 mg, 1 equiv.), urea 

(90 mg, 10 equiv.), 1 mL of DMF, and sieves (50 mg) were added to a flame dried 

microwave vial charged with a stir bar. Reaction vial was sealed and placed in a Biotage 

Initiator at 120 °C for 1 hr. TLC indicated reaction completion. Diluted reaction mixture 

with EtOAc and washed twice with water then once with 10% LiCl. The organic layer 

was collected and concentrated under vacuum to dry load onto a silica gel packed 

column. Column was eluted with 25-35% EtOAc-Hex. Fractions containing product were 

collected and residual solvent was removed under vacuum to yield 21 mg (49% yield). 1H 

NMR (400 MHz, CDCl3) δ 5.12 (2H, s), 6.95 (2H, d, J = 8.9 Hz), 6.99 (2H, d, J = 8.7 

Hz), 7.29 (2H, d, J = 8.9 Hz), 7.40 (1H, s), 7.59 (2H, d, J = 8.7 Hz). 13C NMR (100 

MHz, CDCl3) δ 119.06, 120.09, 126.73, 127.01, 127.12, 129.71, 129.76, 139.45, 155.80, 

156.46, 160.45. 

 

4‐[2‐(2,5‐dimethyl‐1H‐pyrrol‐1‐yl)‐1,3‐thiazol‐4‐

yl]phenol (125). Procedure was adopted from Silverman and coworkers.53 4-(2-amino-

1,3-thiazole-4-yl) phenol (377 mg, 1 equiv.) and p-TsOH monohydrate (37 mg, 10 mol%) 

were added to a flame dried microwave vial charged with a stir. 2,5-hexadione (0.23 mL, 
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1 equiv.) and 9 mL of toluene were added to the reaction vial before sealing and placing 

in a Biotage Initiator at 150 °C for 2 hr. TLC indicated reaction completion. The reaction 

mixture was diluted with MeOH and concentrated under vacuum before dry loading onto 

a silica gel packed column. Column was eluted with 10-25% EtOAc-Hex. Fractions 

containing product were collected and residual solvent was removed under vacuum to 

yield 327 mg of yellow crystalline solid (62% yield). The spectral data matched the 

literature.115 1H NMR (400 MHz, DMSO-D6) δ 2.20 (6H, s), 5.89 (2H, s), 6.83 (2H, d, J 

= 8.7 Hz), 7.77 (2H, d, J = 8.6 Hz), 7.92 (1H, s), 9.65 (1H, s). 13C NMR (100 MHz, 

DMSO-D6) δ 13.56, 108.38, 112.17, 116.03, 125.50, 127.80, 129.40, 152.33, 158.08, 

158.19. 

 

4‐[4‐(4‐bromophenoxy)phenyl]‐2‐(2,5‐

dimethyl‐1H‐pyrrol‐1‐yl)‐1,3‐thiazole (126). Procedure was adopted from Olofsson and 

coworkers.72 A flame dried microwave vial was charged with 4 mL of THF, t-BuOK (62 

mg, 1.5 equiv.), 4‐[2‐(2,5‐dimethyl‐1H‐pyrrol‐1‐yl)‐1,3‐thiazol‐4‐ 

yl]phenol (100 mg, 1 equiv.), and a stir bar. Reaction vial was allowed to stir for 10 min 

at rt. 4-bromophenyliodonium triflate (261 mg, 1.2 equiv.) was added to the reaction vial 

and sealed before placing in a Biotage Initiator at 40°C for 1 hr. TLC indicated reaction 

completion. Reaction was quenched with water and was subsequently extracted with 

DCM three times. The organic layers were collected and concentrated under vacuum. The 



138 

 

crude material was dry loaded onto a silica gel packed column and eluted with 2.5-5% 

EtOAc-Hex yielding 117 mg of clear waxy oil (75% yield). 1H NMR (400 MHz, CDCl3) 

δ 2.29 (6H, s), 5.92 (2H, s), 6.93 (2H, d, J = 8.9 Hz), 7.06 (2H, d, J = 8.8 Hz), 7.41 (1H, 

s), 7.45 (2H, d, J = 8.9 Hz), 7.90 (2H, d, J = 8.8 Hz). 13C NMR (100 MHz, CDCl3) δ 

13.40, 108.03, 111.72, 115.97, 119.15, 120.63, 127.81, 129.80, 129.87, 132.78, 152.02, 

156.26, 156.98, 158.70. 

 

 

4‐[4‐(4‐bromophenoxy)phenyl]‐1,3‐thiazol‐2‐amine 

(90). Procedure was adopted from Silverman and coworkers.53 4‐[4‐(4‐

bromophenoxy)phenyl]‐2‐(2,5‐dimethyl‐1H‐pyrrol‐1‐yl)‐1,3‐thiazole (112 mg, 1 equiv.) 

was dissolved in 3 mL of anhydrous EtOH and transferred to a microwave vial charged 

with a stir bar. HCl (65 µL, 3 equiv.) was added via micropipette and the reaction vial 

was sealed. Vial was placed in a Biotage Initiator at 120 °C for 30 min. TLC indicated 

reaction completion. Reaction was diluted with EtOAc and washed with 1 M NaOH. The 

aqueous layer was washed with EtOAc twice and the organic layers were collected then 

concentrated under vacuum before dry loading onto a silica gel packed column. Crude 

material was purified with 10-25% EtOAc-Hex yielding 75 mg of white-yellowish solid 

(82% yield). 1H NMR (400 MHz, CDCl3) δ 4.95 (2H, s), 6.67 (1H, s), 6.90 (2H, d, J = 

8.9 Hz), 7.00 (2H, d, J = 8.7 Hz), 7.43 (2H, d, J = 8.9 Hz), 7.76 (2H, d, J = 8.8 Hz). 13C 
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NMR (100 MHz, CDCl3) δ 102.35, 115.69, 119.11, 120.43, 127.62, 130.56, 132.70, 

150.68, 156.31, 156.50, 167.04. 

 

3.1.4 4MDM Series 

General 

Commercial THF was distilled over sodium benzophenone and stored under nitrogen 

atmosphere. 0.5 M LiCl in THF was purchased from Aldrich. Magnesium powder and 

copper (II) chloride dihydrate were purchased from Strem. Copper (II) chloride dihydrate 

was dehydrated through heating under high vacuum and could be stored on the bench in a 

sealed vial. All other commercially available products were used as received without any 

purification. All reactions were carried out under a nitrogen atmosphere. TLC was 

performed on SiliCycle F254 plates and visualized under UV or with KMnO4 stain. 

Compounds were purified using silica gel chromatography. 1H and 13C NMR data were 

recorded on a Bruker AVANCE 400 MHz spectrometer and calibrated either by TMS 

internal standard or solvent residual.  

 

General Grignard Synthesis Procedure 

To a flame dried microwave vial was added a stir bar, Mg powder (2.5 eq.), and I2 (5 mol% 

relative to Mg). The vial was sealed and flushed with nitrogen gas. In a separate vial was 

added 1 mL of 0.5 M LiCl in THF and to this was added TMSCl (5 mol% relative to Mg) 

and 1,3-dibromopropane (5 mol% relative to Mg). This solution was then added to the 

sealed vial containing the Mg powder via syringe. An exothermic reaction ensued and the 
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dark red solution quickly becomes clear (if no exothermic reaction ensues, the vial can be 

heated in an oil bath or microwave until the dark red color disappears). To a separate vial 

was added the remaining 0.5 M LiCl in THF (1.25-2.5 eq.) followed by the desired alkyl 

bromide (1 eq.). Once the vial containing the Mg was cooled to room temperature, the 

solution containing the alkyl bromide was added via syringe and the reaction was stirred at 

room temperature for 2.5-3 hours. The Grignard solution was then titrated according to the 

method of Knochel.91 

General Cross-Coupling Procedure  

To a flame dried round bottom flask (rbf) was added a stir bar and a catalytic amount of 

anhydrous CuCl2 (<1 mol%-5 mol%) [when the amount was too small to weigh out on a 

balance the tip of a small spatula was used to deliver the CuCl2]. The rbf was sealed and 

purged with nitrogen. To the rbf was added 1 mL of sodium benzophenone distilled THF, 

followed by 1-phenyl-1-propyne (1 eq.), followed by the benzyl (pseudo)halide (1 eq.) [if 

benzyl (pseudo)halide is solid, it can be added with the CuCl2 to the rbf]. The reaction was 

stirred for 1 min. at room temperature before adding the Grignard solution (1.3-2.6 eq.) 

dropwise. Upon addition of the first few drops of Grignard the yellow solution turns red 

and then gradually fades to clear/yellow as more Grignard is added. The reaction was 

stirred overnight at room temperature under a nitrogen atmosphere. When TLC indicated 

reaction completion, the reaction was quenched with saturated aqueous NH4Cl solution and 

the product was extracted with diethyl ether. The organic layer was dried, concentrated, 

loaded onto a column of silica gel and purified using hexanes or a hexanes/ethyl acetate 

gradient. 
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1‐(chloromethyl)‐4‐methoxybenzene (139)  

To a screwcap vial was added a stir bar and 3 mL of aqueous HCl (37% by volume). p-

Methoxybenzyl alcohol (12 mmol, 1.5 mL, 1 eq.) was then added to the HCl solution at 

room temperature. The reaction was stirred at room temperature for 0.5 hours. After TLC 

indicated reaction completion, the reaction was diluted with hexanes and washed with 

deionized water three times. The organic layer was dried and concentrated to give 1 as a 

colorless oil (1.74 g, 93% yield). The spectral data matched the literature.116 

1H NMR (CDCl3, 400 MHz): δ 7.32 (d, J = 8.8 Hz, 2H), 6.89 (d, J = 8.4 Hz, 2H), 4.57 (s, 

2H), 3.81 (s, 3H). 

(pyridin‐3‐yl)methyl 4‐methylbenzene‐1‐sulfonate (163) 

2-pyridinecarboxaldehyde (500 mg, 4.66 mmol, 1 eq.) was added to a small, flame-dried 

round bottom flask and dissolved in sieve-dried MeOH (10 mL). The reaction was cooled 

to 0 ∘C and NaBH4 (176 mg, 4.66 mmol, 1 eq.) was added portionwise. The reaction was 

allowed to warm to rt over the course of 1 hour after which TLC indicated reaction 

completion. The solvent was removed in vacuo and replaced with THF (25 mL). Cooled 

the solution to 0 ∘C and added NEt3 (1.96 mL, 14 mmol, 3 eq.). Stirred the solution for 5 

min. and then added TsCl (1143 mg, 11.65 mmol, 2.5 eq.). The reaction was allowed to 

slowly warm to rt overnight. The solution was concentrated, diluted with saturated aqueous 

NaHCO3 solution and EtOAc, and then transferred to a separatory funnel where the layers 

were separated. The aqueous layer was washed with EtOAc again and the combined 
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organic layers were dried and concentrated. The crude was loaded onto a silica gel column 

and quickly purified with 1:3 EtOAc-Hex and then 1:1 EtOAc-Hex to obtain 313 mg of 

red liquid (25% yield over two steps). It is suspected that the product partially decomposes 

on silica gel. The spectral data matched the literature.117  

1H NMR (CDCl3, 400 MHz): δ 8.50 (dd, J = 4.8 Hz, 0.4 Hz, 1H), 7.82 (dd, J = 6.4 Hz, 1.6 

Hz, 2H), 7.67 (t, 8Hz, 1H), 7.41 (d, 8 Hz, 1H), 7.33 (d, 8 Hz, 2H), 7.21 (dd, 7.2 Hz, 2 Hz, 

1H), 5.13 (s, 2H), 2.43 (s, 3H).  

tert‐butyl 6‐(bromomethyl)‐1H‐indole‐1‐carboxylate (164) 

To a flame-dried round bottom flask was added indole-6-carboxaldehyde (225 mg, 1.55 

mmol, 1 eq.) and this was dissolved in sieve-dried DCM (10 mL). NEt3 (0.282 mL, 2 mmol, 

1.3 eq.) and DMAP (19 mg, 0.155 mmol, 10 mol%) were added followed by Boc2O (406 

mg, 1.86 mmol, 1.2 eq.). The reaction was stirred at rt for 30 min. after which TLC 

indicated reaction completion. To the reaction was added water and the reaction was then 

transferred to a separatory funnel where the layers were separated. The aqueous layer was 

washed with DCM again and the combined organic layers were washed with aqueous 

saturated NH4Cl. The DCM layer was dried and concentrated to give 335 mg orange oil 

(88% yield). This oil was dissolved in sieve-dried MeOH (5 mL), cooled to 0 ∘C, and then 

NaBH4 (52 mg, 1.36 mmol, 1 eq.) was added portionwise. TLC indicated reaction 

completion after 30 min at 0 ∘C. To the reaction was added water and the product was 

extracted with EtOAc twice. The combined organic layers were dried and concentrated to 
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give 335 mg of an oil. This oil was dissolved in 10 mL sieve-dried DCM and the reaction 

vessel was purged with nitrogen gas and cooled to -10 ∘C with an ice/MeOH bath. PBr3 

(0.175 mL, 1.84 mmol, 1.3 eq.) was added dropwise and the reaction was stirred at -10 ∘C 

for 40 min. When TLC did not indicate reaction completion, another 1.3 eq. of PBr3 was 

added and the reaction was allowed to slowly warm up to rt overnight. TLC still did not 

indicate reaction completion but the reaction was quenched by diluting with DCM and cold 

aqueous saturated NaHCO3. The DCM layer was separated and eluted through a plug of 

silica gel. Concentration of the DCM filtrate afforded 163 mg red oil, which later 

crystallized to a solid (34% yield over 3 steps). 

1H NMR (CDCl3, 400 MHz): δ 8.24 (broad s, 1H), 7.56 (d, 1H), 7.52 (d, 8 Hz, 1H), 7.28 

(dd, 8 Hz, 1.6 Hz, 1H), 6.54 (d, 3.6 Hz, 1H), 4.67 (s, 2H), 1.68 (s, 9H).  

  

1‐(cyclohexylmethyl)‐4‐methoxybenzene (133) 

Prepared according to the general cross-coupling procedure and eluted through silica gel 

using hexanes. Obtained 21 mg (77% yield) clear oil. The spectral data is slightly different 

from the literature.118 

1H NMR (400 MHz, CDCl3) δ 7.05 (d, J = 8.6 Hz, 2H), 6.82 (d, J = 4.3 Hz, 2H), 3.79 (s, 

3H), 2.42 (d ,J = 7.1 Hz, 2H), 1.68-1.65 (m, 5H), 1.48-1.43 (m, 1H), 1.26-1.15 (m, 4H), 

0.96-0.90 (m, 3H); 13C NMR (100 MHz, CDCl3) δ 157.8, 133.6, 130.1, 113.6, 55.4, 43.3, 

40.1, 33.3, 26.8, 26.5. 
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1‐(cyclopentylmethyl)‐4‐methoxybenzene (134) 

Prepared according to the general cross-coupling procedure and eluted through silica gel 

using hexanes. Obtained 23 mg (59% yield) clear oil. The spectral data matched the 

literature.119 

1H NMR (400 MHz, CDCl3) δ 7.08 (d, J = 8.7 Hz, 2H), 6.82 (d, J = 8.6 Hz, 2H), 3.79 (s, 

3H), 2.55 (d, J = 7.4 Hz, 2H), 2.05 (quint, J = 14.8 Hz, 1H), 1.71-1.59 (m, 4H), 1.54-1.49 

(m, 3H), 1.20-1.15 (m, 2H); 13C NMR (100 MHz, CDCl3) δ 157.7, 134.7, 129.8, 128.1, 

120.5, 113.7, 55.4, 42.3, 41.3, 32.6, 25.1. 

1‐(cyclobutylmethyl)‐4‐methoxybenzene (135) 

Prepared according to the general cross-coupling procedure and eluted through silica gel 

using hexanes. Obtained 58 mg (70% yield) yellow oil.  

1H NMR (400 MHz, CDCl3) δ 7.10 (d, J = 8.6 Hz, 2H), 6.83 (d, J = 8.6 Hz, 2H), 5.84 (tdd, 

J = 6.8 Hz, 2H), 5.00 (m, J = 1.8 Hz, 2H) 3.80 (s, 3H), 2.57 (t, J = 15.4 Hz, 2H), 2.09 (q, J 

= 7.8 Hz, 2H), 1.69 (quint, J = 15.2 Hz, 2H); 13C NMR (100 MHz, CDCl3) δ 157.8, 138.8, 

134.7, 129.4, 114.8, 113.8, 55.4, 34.5, 33.4, 31.0. 

1‐(cyclopropylmethyl)‐4‐methoxybenzene (136) 
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Prepared according to the general cross-coupling procedure and eluted through silica gel 

using hexanes. Obtained 123 mg (73% yield) clear oil. The spectral data is slightly different 

from the literature.120 

1H NMR (400 MHz, CDCl3) δ 7.18 (d, J = 8.7 Hz, 2H), 6.85 (d, J = 8.6 Hz, 2H), 3.80 (s, 

3H), 2.50 (d, J = 6.8 Hz, 2H), 0.96 (m, J = 2.4 Hz, 1H), 0.51 (m, J = 2.1 Hz, 2H), 0.19 (q, 

J = 4.8 Hz, 2H); 13C NMR (100 MHz, CDCl3) δ 158.0, 134.4, 129.4, 113.8, 55.4, 39.6, 

12.2, 4.7. 

1‐(norbornylmethyl)‐4‐methoxybenzene (137) 

Prepared according to the general cross-coupling procedure and eluted through silica gel 

using hexanes. Obtained 14 mg (48% yield) yellow oil as a 1:1 mixture of diastereomers.  

1H NMR (400 MHz, CDCl3) δ 7.09 (d, J = 6.7 Hz, 2H), 6.82 (d, J = 6.6 Hz, 2H), 4.12 (q, J 

= 7.1 Hz, 2H), 3.78 (s, 3H), 2.57 (t, J = 14.1 Hz, 2H), 2.31 (t, J = 14.1 Hz, 2H), 1.66-1.58 

(m, 5H), 1.25 (t, J = 14.2 Hz, 4H); 13C NMR (100 MHz, CDCl3) δ 173.8, 157.9, 134.4, 

129.4, 113.9, 60.4, 55.4, 34.8, 34.4, 31.3, 24.7, 14.4. 

1-(2-Cyclohexylethyl)-4-methoxybenzene (138) 

Prepared according to the general cross-coupling procedure and eluted through silica gel 

using hexanes. Obtained 26 mg (75% yield) yellow oil. The spectral data matched the 

literature.84 
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1H NMR (400 MHz, CDCl3) δ 7.09 (d, J = 8.5 Hz, 2H), 6.82 (d, J = 8.6 Hz, 2H), 3.79 (s, 

3H), 2.55 (t, J = 16.2 Hz, 2H), 1.71 (m, J = 6.8 Hz, 5H), 1.47 (q, J = 8.4 Hz, 2H), 1.27-1.16 

(m, 5H), 0.92 (q, J = 9.1 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 157.7, 135.5, 129.3, 

113.8, 55.4, 39.8, 37.4, 33.4, 32.4, 26.9, 26.5. 

HRMS: m/z [M]+ calcd for C15H23O: 219.1749; found: 219.1749. 

 5-(4-methoxyphenyl)-1-pentene (155) 

Prepared according to the general cross-coupling procedure and eluted through silica gel 

using hexanes. Obtained 111 mg (63% yield) clear oil. The spectral data partially matched 

the literature.121 

1H NMR (400 MHz, CDCl3) δ 7.10 (d, J = 8.6 Hz, 2H), 6.83 (d, J = 8.6 Hz, 2H), 5.84 (tdd, 

J = 6.8 Hz, 2H), 5.00 (m, J = 1.8 Hz, 2H) 3.80 (s, 3H), 2.57 (t, J = 15.4 Hz, 2H), 2.09 (q, J 

= 7.8 Hz, 2H), 1.69 (quint, J = 15.2 Hz, 2H); 13C NMR (100 MHz, CDCl3) δ 157.8, 138.8, 

134.7, 129.4, 114.8, 113.8, 55.4, 34.5, 33.4, 31.0. 

 Ethyl 5-(4-methoxyphenyl)-pentanoate (156) 

Prepared according to the general cross-coupling procedure except ZnCl2 (1.25 eq.) was 

added before bromocyclohexane addition in the Grignard synthesis. Eluted through silica 

gel using hexanes. Obtained 44 mg (31% yield) clear oil. The spectral data matched the 

literature.122 
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1H NMR (400 MHz, CDCl3) δ 7.09 (d, J = 8.6 Hz, 2H), 6.82 (d, J = 8.6 Hz, 2H), 4.12 (q, J 

= 7.1 Hz, 2H), 3.78 (s, 3H), 2.57 (t, J = 14.1 Hz, 2H), 2.31 (t, J = 14.3 Hz, 2H), 1.64 (m, 

3.1 Hz, 5H), 1.25 (t, 14.2 Hz, 4H); 13C NMR (100 MHz, CDCl3) δ 173.8, 157.9, 134.4, 

129.4, 113.9, 60.4, 55.4, 34.8, 34.4, 31.3, 14.4 

HRMS: m/z [M]+ calcd for C14H20O3: 236.1412; found: 236.1387. 

 1-(2,2-dimethylpropyl)-4-methoxybenzene (158) 

Prepared according to the general cross-coupling procedure and eluted through silica gel 

using hexanes. Obtained 17 mg (73% yield) clear oil. The spectral data matched the 

literature.119  

1H NMR (400 MHz, CDCl3) δ 7.05 (d, J = 8.6 Hz, 2H), 6.82 (d, J = 8.6 Hz, 2H), 3.80 (s, 

3H), 0.9 (s, 9H); 13C NMR (100 MHz, CDCl3) δ 157.9, 132.0, 131.5, 113.2, 55.3, 49.5, 

31.9, 29.4. 

 1‐(cyclohexylmethyl)‐2‐methoxybenzene (165) 

Prepared according to the general cross-coupling procedure and eluted through silica gel 

using hexanes. Obtained 19 mg (37% yield) clear oil. The spectral data is slightly different 

from the literature.123 

1H NMR (400 MHz, CDCl3) δ 8.52 (d, J = 4.32 Hz, 1H), 7.56 (td, J = 1.84 Hz, 1H), 7.08 

(td, J = 1 Hz, 2H), 2.65 (d, J = 7.12 Hz, 2H), 1.66 (m, 10H), 1.21 (m, 10H); 13C NMR (100 



148 

 

MHz, CDCl3) δ 157.8, 131.0, 130.0, 126.9, 120.1, 110.4, 77.5, 77.4, 76.8, 55.4, 38.3, 38.1, 

33.5, 30.0, 26.8, 26.5.  

 1‐(cyclohexylmethyl)‐3‐methoxybenzene (165) 

In a slight modification of the general procedure, 5 mol% CuCl2 (relative to amount of Mg) 

and 2.6 eq. of Grignard were used. Eluted through silica gel using hexanes. Obtained 20 

mg (66% yield) clear oil.  

1H NMR (400 MHz, CDCl3) δ 7.19 (t, J = 15.6 Hz, 1H), 6.74 (m, 3H), 3.80 (s, 3H), 2.46 

(d, J = 7.2 Hz, 2H), 1.69 (d, J = 10.4 Hz, 5H), 1.50 (m, 1H), 1.25 (m, 4H), 1.17 (q,  J = 9.2 

Hz, 2H); 13C NMR (100 MHz, CDCl3) δ 163.0, 146.5, 140.7, 139.6, 129.3, 128.9, 128.7, 

126.4, 77.5, 77.4, 76.8, 53.5, 38.3. 

 3-(5-Cyclohexylmethyl-[1,2,4]oxadiazol-3-yl)-pyridine (166) 

Prepared according to the general cross-coupling procedure and eluted through silica gel 

using hexanes. Obtained 13 mg (13% yield) yellow oil.  

1H NMR (400 MHz, CDCl3) δ 9.31 (s, 1H), 8.73 (d, J = 5.2 Hz, 1H), 8.34 (d, J = 6.4 Hz, 

1H), 7.42 (t, J = 2.8 Hz, 1H), 2.85 (d, J = 6.8 Hz, 2H), 1.96 (m, 1H), 1.72 (m, 6H), 1.19 

(m, 6H). 

HRMS: m/z [M+1]+ calcd for C14H18N3O: 244.1450; found: 244.1452. 
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1-(Trifluoromethyl)-4-[2-[4-

(trifluoromethyl)phenyl]ethyl]benzene (167) 

Prepared according to the general cross-coupling procedure and eluted through silica gel 

using hexanes. Obtained 22 mg (40% yield) white solid.  

1H NMR (400 MHz, CDCl3) δ 7.54 (d, J = 8 Hz, 4H), 7.25 (d, J = 6.8 Hz, 5H), 2.99 (d, J 

= 6.4 Hz, 1H). 

 4-(Cyclohexylmethyl)phenylboronic acid pinacol ester (168) 

Prepared according to the general cross-coupling procedure and eluted through silica gel 

using hexanes. Obtained 25 mg (16% yield) clear oil. 

1H NMR (400 MHz, CDCl3) δ 7.73 (d, J = 8 Hz, 2H), 7.16 (d, J = 7.6 Hz, 2H), 2.50 (d, J 

= 7.2 Hz, 2H), 2.37 (s, 1H), 1.66 (d, J = 12.8 Hz, 4H), 1.34 (s, 13H); 13C NMR (100 MHz, 

CDCl3) δ 145.0, 134.8, 83.7, 77.5, 76.8, 44.5, 39.9, 33.3, 26.7, 26.4, 25.0.   

 3‐(cyclohexylmethyl)‐pyridine (169) 

Prepared according to the general cross-coupling procedure and eluted through silica gel 

using hexanes. Obtained 13 mg (22% yield) clear oil. The spectral data matched the 

literature.124 



150 

 

1H NMR (400 MHz, CDCl3) δ 8.52 (d, J = 4.32 Hz, 1H), 7.56 (td, J = 1.84 Hz, 1H), 7.08 

(td, J = 1 Hz, 2H), 2.65 (d, J = 7.12 Hz, 2H), 1.66 (m, 10H), 1.21 (m, 10H). 

 2-(3-cyclohexylpropyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane 

(172) 

Prepared according to the general cross-coupling procedure and eluted through silica gel 

using 5-10% DCM in hexanes. Obtained 43 mg clear oil (63% yield). The spectral data 

matched the literature.125  

1H NMR (400 MHz, CDCl3) δ 1.67 (m, 6H), 1.39 (m, 2H), 1.23 (s, 12H), 1.18 (m, 5H), 

0.85 (m, 2H), 0.73 (t, J = 7.6 Hz, 2H). 

 

3.2 Oxetanyl Peptidomimetics 

 

2‐methyl‐N‐(oxetan‐3‐ylidene)propane‐2‐sulfinamide (195). In a slight 

modification of the procedure of Brubaker and coworker,104 a flame dried round bottom 

flask was charged with a stir bar, oxetan-3-one (0.45 mL, 1 equiv.) and Ti(OEt)4 (2.91 

mL, 2 equiv.). The flask was sealed with a septum and purged with nitrogen gas and the 

reaction was stirred neat for 5 min. in a 45 °C oil bath. (±)-2-methylpropane-2-

sulfinamide (920 mg, 1.1 equiv.) was dissolved in 10 mL of dry DCM and added via 

syringe to the reaction. The reaction was refluxed for 19 h under a nitrogen atmosphere 

after which TLC indicated reaction completion. The reaction was filtered through celite 
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and eluted with EtOAc. The filtrate was evaporated in vacuum and the crude was dry 

loaded onto a silica gel column and the product was subsequently eluted with 1:3 EtOAc-

Hex, giving 729 mg of a yellow oil (60% yield). 1H NMR (400 MHz, CDCl3) δ 1.26 (9H, 

s), 5.45 (2H, m), 5.64 (1H, ddd, J = 15 Hz, 4 Hz, 2 Hz), 5.79 (2H, ddd, J = 15.2 Hz, 4.4 

Hz, 2.4 Hz). 13C NMR (100 MHz, CDCl3) δ 22.43, 58.18, 86.13, 86.33, 176.43. 

 

 

2‐methyl‐N‐[3‐(1‐nitroethyl)oxetan‐3‐yl]propane‐2‐

sulfinamide (196). The procedure was adopted from Belén Cid and Ruano.76 To a screw 

cap vial containing 2‐methyl‐N‐(oxetan‐3‐ylidene)propane‐2‐sulfinamide (729 mg, 1 eq.) 

was added 3 mL (10 equiv.) of nitroethane solvent. TBAF (0.832 mL, 1 M in THF, 20 

mol%) was added via micropipette and the reaction was allowed to stir at room 

temperature overnight at room temperature. TLC indicated reaction completion. The 

reaction was immediately loaded onto a silica gel column and purified with 1:1 EtOAc-

Hex followed by 3:1 EtOAc-Hex to give 892 mg of yellow oil (86% yield) as a 1:1 

mixture of diastereomers. 1H NMR (400 MHz, CDCl3) δ 1.23 (9H, s), 1.25 (9H, s), 1.78 

(3H, d, J = 7.2 Hz), 1.81 (3H, d, J = 7.2 Hz), 4.07 (1H, broad s), 4.17 (1H, broad s), 4.59 

(2H, d, J = 7.6 Hz), 4.64 (1H, d, J = 7.6 Hz), 4.77 (1H, d, J = 8 Hz), 4.85 (1H, d, J = 7.6 

Hz), 4.92 (1H, d, J = 7.2 Hz), 4.97 (1H, d, J = 7.2 Hz), 5.01 (1H, d, J = 7.6 Hz), 5.13 (2H, 

q, J = 6.8 Hz), 5.14 (2H, q, J = 6.8 Hz). 13C NMR (100 MHz, CDCl3) δ 14.34, 14,43, 

14.75, 21.20, 22.53, 22.71, 57.03, 60.53, 61.15, 61.44, 76.16, 79.00, 79.26, 85.40, 87.02. 
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Upon letting the neat product sit on the bench for 1-2 weeks at room temperature, a 20:1 

mixture of diastereomers results. 1H NMR (400 MHz, CDCl3) δ 1.25 (9H, s), 1.78 (3H, d, 

J = 7.2 Hz), 4.18 (1H, broad s), 4.59 (2H, d, J = 7.6 Hz), 4.97 (1H, d, J = 7.2 Hz), 5.01 

(1H, d, J = 7.6 Hz), 5.14 (1H, q, J = 6.8 Hz). 

 

 2‐(trimethylsilyl)ethyl N‐(1‐{3‐[(2‐methylpropane‐2‐

sulfinyl)amino]oxetan‐3‐yl}ethyl)carbamate (186). The procedure was adopted from 

Carreira and coworkers.103 2‐methyl‐N‐[3‐(1‐nitroethyl)oxetan‐3‐yl]propane‐2‐

sulfinamide (616 mg, 1 equiv.) was dissolved in 15 mL of THF and added to a small 

round bottom flask. NaHCO3 (621 mg, 3 equiv.) was added followed by Raney-Ni (3 

mL, 50 wt% slurry in water). The reaction was sealed with a septum and H2 gas was 

bubbled through the THF solution for 2 min and then the reaction was allowed to stir 

overnight at room temperature under an H2 atmosphere. TLC indicated reaction 

completion. To avoid pyrophoric hazard while filtrating and drying Raney-Ni, the septum 

from the flask was removed and the THF solution was taken up by a glass pipette 

(avoiding taking Raney-Ni) and transferred to a separate round bottom flask. The Raney-

Ni flask was rinsed with a portion of EtOAc which again was taken up by a glass pipette 

and combined with the THF solution. To the flask containing the Raney-Ni was added 

water and this slurry was disposed of. The THF/EtOAc solution containing the product 

was eluted through a plug of celite using EtOAc and then concentrated in vacuum to give 

450 mg of crude red solid. This crude was dissolved in dry THF and Teoc-OSu (778 mg, 
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1.5 equiv.) was added and the reaction was allowed to stir at room temperature at 

overnight. TLC indicated reaction completion. The reaction was concentrated to a 

minimum volume of THF and then equal portions of EtOAc and water were added. After 

letting the biphasic mixture stir for 10 min., a glass pipette was used to collect the EtOAc 

layer. Repeated this process one more time. The combined EtOAc layers were dried with 

Na2SO4 and concentrated in vacuum. The crude was liquid loaded onto a silica gel 

column and purified with 1:1 EtOAc-Hex followed by 3:1 EtOAc-Hex to give 459 mg 

sticky solid (51% yield). 1H NMR (400 MHz, CDCl3) δ 0.03 (9H, s), 0.99 (2H, t, J = 7.6 

Hz), 1.11 (3H, d, J = 7.2 Hz), 1.30 (9H, s), 3.89 (1H, broad s), 4.15 (2H, m), 4.45 (3H, 

m), 4.64 (1H, d, J = 6.8 Hz), 4.71 (1H, d, J = 6.8 Hz), 6.05 (1H, broad s). 13C NMR (100 

MHz, CDCl3) δ -1.3, 14.87, 17.87, 22.68, 31.06, 50.88, 56.42, 63.35, 78.05, 79.93, 

157.10. 

 

 2‐(trimethylsilyl)ethyl N‐[1‐(3‐aminooxetan‐3‐

yl)ethyl]carbamate hydrochloride (197). The procedure was adopted from Brubaker and 

coworkers.104 2‐(Trimethylsilyl)ethyl N‐(1‐{3‐[(2‐methylpropane‐2‐

sulfinyl)amino]oxetan‐3‐yl}ethyl)carbamate (150 mg, 1 equiv.) was added to a screw cap 

vial and dissolved in dry MeOH. The solution was cooled to 0 °C and then HCl (0.1 mL, 

4 M in dioxane, 1.5 equiv.) was added. The solution was stirred for 1 min. at 0 °C after 

which a white precipitate formed. The solution was immediately removed in vacuum at 

room temperature to obtain a white solid, which was triturated with Et2O twice. Obtained 
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100 mg of white solid (82% yield). 1H NMR (400 MHz, MeOH-D4) δ 0.06 (9H, s), 1.01 

(2H, t, J = 8.4 Hz), 1.36 (3H, d, J = 7.2 Hz), 4.17 (3H, m), 4.58 (1H, d, J = 8 Hz), 4.61 

(1H, d, J = 8 Hz), 4.72 (1H, d, J =8 Hz), 4.76 (1H, d, J = 8 Hz), 7.23 (1H, broad s). 13C 

NMR (100 MHz, MeOD-D4) δ -2.92, 13.53, 14.12, 17.25, 22.82, 29.30, 60.20, 63.16, 

69.00, 74.33, 75.38, 99.81, 157.90. 
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