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Figure 1-10 Bode’s work with SnAP (top and middle) and SLAP reagents (bottom) on 

piperazines ring 

1.4.2 Annulation reaction via phenylvinyl sulfonium salts 

Cycloadditions are a common way to form six-membered rings and this does not exclude 

N-heterocycles. Aggarwal’s group demonstrated a [4 + 2] annulation reaction between β-amino 

amines and diphenylvinylsulfonium triflate to construct the piperazine motif. In the initial 

protocol there are two major setbacks (i) the preparation and scalability of the vinylsulfonium 

salt due to its sensitive and oily nature and (ii) inability for substituents to be placed on both 

sides of the ring. To overcome the first obstacle, conditions for in-situ generation of the 

vinylsulfonium triflate were investigated and optimized. This was done by using a bromoethyl 

sulfonium salt (18) and treating it with sodium hydride.47 The second setback was addressed by 

using α‑phenylvinylsulfonium salts (20), yet only phenyl groups were appended and yields and 

diastereoselectivity were fairly low (Figure 1-11).48 
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Figure 1-11 Two approaches towards functionalized piperazines via in-situ generated 

phenylvinylsulfonium salts (top) and pre-generated α‑phenylvinylsulfonium salts (bottom) 

 

1.4.3 Transition Metal Catalyzed Approaches 

Transition-metal based catalysis has also been employed to form highly substituted 

piperazines. This can be seen in the works of Wolfe and Nelson that used palladium catalyst 49 

and gold catalyst50, respectively (Figure 1-12). The merits behind these works is the asymmetric 

products that are achieved. Notably, Wolfe’s work is highly modular and stereoselective with the 

final product (28) having four substituents around the ring. This reaction uses a Pd-catalyst for 

carboamination across an alkene. This forms two new vicinal bonds, an intramolecular C(sp3)-

N(sp2) bond and intermolecular C(sp3)-C(sp3) bond to produce the piperazine. Additionally, 

Wolfe’s group demonstrated a vast selection of functionalization on the nitrogen atoms unlike 

other groups who required a Boc group or had no substituent. 
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Figure 1-12 Two transition metal-based strategies towards functionalized piperazines 

1.4.4 Formation of monoketopiperazines 

The interest for highly substituted piperazines is continuous which has lead groups to 

investigate piperazine derivatives such as vicinal ketopiperazines. This has led to multiple 

methods for the construction of this motif such as those employed by Dömling51, Viso52, 

Denoyelle53, Procopiou54, Powell55 and Kokotos56. Although useful, many of these tactics have 

major setbacks including lack of stereocontrol, lack of modularity, costly catalysts and/or 

excessive steps. It is important to mention that Viso’s synthesis, although step heavy, allows for 

isolation of various ketopiperazine derivatives along the way, all of which are potential 

pharmaceuticals.52 The acyclic precursors are highly accessible and can be treated with 

chloroacetyl chloride to generate N-sulfinyl ketopiperazines (29). Elimination of the sulfur 

moiety renders an imino ketopiperazine (30) which was used to add various alkyl tethers by 

nucleophilic additions. There is a slight drawback of the reaction since it requires a protecting 

group that is kept throughout. The Viso group demonstrated cyclization to a piperazine without 

the protecting group on a single substrate, yet the yield was compromised. 
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Figure 1-13 Preparation of functionalized monoketopiperazines 

1.4.5 Piperazine formation through a cascade reaction 

In organic chemistry, the pursuit for cascade reactions is significant since it lowers the 

number of steps and can increase the overall yield. This strategy has been employed by the 

Carreira group through ring expansion of spirocycles (34) derived from 3-oxetanone (33) to form 

N-heterocycles including morpholines, thiomorpholines and piperazines (Figure 1-14).57 A 

combination of two known forms of reactivity (i) ring strain and (ii) Lewis basicity of ethers 

were used as their starting point to explore cascade reaction conditions. A cyano nucleophile was 

appended onto the piperazine via trimethylsilyl cyanide (TMSCN) which allows for post-

diversification of the piperazine.  

 

Figure 1-14 Ring expansion protocol for functionalized piperazines 

1.5 Peripheral functionalization of intact piperazine rings 

Formation of highly functionalized piperazines from acyclic precursors is well 

established yet there lies an interest in peripheral functionalization on the piperazine ring itself. 

There are currently three main methods of α-C–H functionalization on piperazines: transition-

metal-catalysis, lithiation trapping and photoredox catalysis.  
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1.5.1 Hydroaminoalkylation promoted by transition metal catalyst  

As previously mentioned transition metal (TM)-catalysts are known to produce highly 

substituted piperazines from acyclic precursor. Fortunately, TM-catalyzed functionalization falls 

at both ends of the spectrum and can also be used for α-C–H functionalization on intact 

piperazines. As seen in Figure 1-15, through the use of a transition metal-catalyst such as 

tantalum, C(sp3)-C(sp3) bonds have successfully been formed using simple alkenes, styrenes and 

cycloalkenes via hydroaminoalkylation.58 This method has resulted in diastereoselective α-C–H 

functionalization on piperazines yet it has two main shortcomings: (i) costly TM-catalysts and 

(ii) the use of high temperatures for product formation.  
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Figure 1-15 Synthesis of carbo-substituted piperazines by tantalum catalyzed 

hydroaminoalkylation 

 

1.5.2 Enhanced method for lithiation-trapping on piperazines 

Direct α-lithiation and electrophile trapping for α-functionalization of N-Boc 

azaheterocycles involves more concrete and atom-economic procedures making it a prevalent 

used method. Originally, McDermott established the possibility of lithiation-trapping chemistry 

on piperazines.59 Unfortunately, yields and enantioselectivity were low. O’Brein proposed that 

the setbacks in McDermott’s work included (i) the electrophile and (ii) the second N-substituent. 

Development of an enantioselective lithiation-trapping protocol was rightfully anticipated after 

addressing the limitations.60,61 Presence of a sterically hindered N-alkyl group such as N-tert-

butyl or N-α-methylbenzyl increased the yield with N-α-methylbenzyl being preferred due to it 
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being readily removable. As suspected by O’Brien, the electrophile chosen was crucial for an 

increase of yield (Figure 1-16). 
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Figure 1-16 McDermott (top) and O’Brien (bottom) approach towards lithiation-trapping on 

piperazines 

 

1.5.3 Functionalization of piperazine by photoredox activation 

Lately, direct photoredox C–H activation of the α-position of amines, piperidines, 

morpholines and N-Boc piperazines has been an implemented for  functionalization.62 Excitation 

of an iridium III complex, such as Ir(ppy)3 by a photon from a 26-W light source generates an 

excited *IrIII(ppy)3  complex which is a reductant. A single electron transfer (SET) with an arene 

(45) produces an arene radical anion species and IrIV(ppy)3, the latter of which is an oxidant. 

Likewise, the newly formed complex can undergo a SET with an azaheterocycle (44) to generate 

a radical cation leading to the radical-radical coupling and formation of product. Unfortunately, 

photoredox catalysis for direct α-C–H functionalization of piperazines has not been highly 

explored and is currently limited on the number of examples (Figure 1-17).  
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Figure 1-17 Functionalization of intact piperazine ring by photoredox chemistry 

1.5.4 Enolate functionalization of piperazines 

Although these three previously mentioned strategies appear to be the most popular other 

methods are being introduced for α-C–H functionalization. Enolate functionalization has recently 

been used as a method to obtain substituted piperazines. In 2012, enolate functionalization on 

piperazines was demonstrated as an intermediate towards homopiperazines.63 Cossy’s work 

focuses on the formation of piperidines and azepanes with a sole example on the piperazine 

(Figure 1-18). Although the enantioselectivity is high on piperidines and azepanes, it was 

unreported for the piperazine example. This of course should not lead others from this type of 

carbon functionalization. Figure 1-18 also demonstrates Stoltz approach towards 

enantioselective decarboxylation allylic alkylation to produce highly substituted piperazines 

using enolate functionalization. There were two main setbacks as yields were low and hardships 

were faced in post-diversification of the N-substituents.64 However, both of these setbacks were 

addressed mainly by replacing the previous benzyl group with a Boc group. In this instance, the 

electron-withdrawing nature of the Boc group reduces the nucleophilicity of the nitrogen, 

allowing for formation of different piperazinones via enolate functionalization of the dicarbonyl 

precursor.65  



21 

 

 

Figure 1-18 Enolate alkylation as a precursor for ring expansion (top) and for enantioselective 

synthesis of gem-substituted piperazines (bottom) 

 

 1.6 Significance of fluorine chemistry 

In the previously mentioned syntheses, it was demonstrated that a fluorine atom can be 

incorporated onto the piperazine containing compound. Figure 1-19 illustrates an array of 

piperazine and fluorine containing compounds including those from Bode’s SnAP (13a) and 

SLAP protocols (13b), Wolfe (53), Nelson (54), Viso (55), and Stoltz (56) works. Integration of 

fluorine atoms in possible drug candidates has become a popular practice owing to its 

electronegativity, size, stability of C-F bond vs a C-H bond and lipophilicity compared to 

hydrogen.66 A fluorine atom is known to increase the bioavailability of drug sand drug 

candidates by three different modes: improving metabolic stability, increasing binding affinity 

and altering physicochemical properties.67  
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Figure 1-19 Representation of fluorine containing piperazines from previous examples 

Metabolic stability is a challenge that is continuously faced in the drug discovery realm 

which can be confronted by the addition of fluorine at the site of metabolic attack. Fluorine 

atoms stabilize the site of substitution, as well as adjacent and distal sites by inductive/resonance 

or conformational/electrostatic effects. Specifically, this can inhibit oxidative metabolism since a 

C–F bond is more resistant to metabolism than a C–H bond. A fluorine atom can take part in 

hydrogen bonding which increases binding affinity and stabilizes the compound at the drug-

receptor site. Many physiochemical properties are effected by a fluorine such as the pKa, dipole 

moment, chemical reactivity, stability, cLogP, ADME properties and solubility of the compound. 

The inductive effect attributed to F atoms can lower the pKa of the compound including 

heterocycles which become less basic with β-, γ- and δ- fluorine substituents. This can help in 

overcoming the lack of diffusion of drugs such as in the brain blood barrier.  Fluorine atoms also 

allow drugs to be more suitable for oral administration which is preferred by both physicians and 

patients.  
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1.6.1 Relevance of fluorine containing piperazine scaffolds 

As seen in Figure 1-20, there are currently a number of examples of fluorine present in 

compounds containing a piperazine ring.  

 

Figure 1-20 Examples of fluorine and piperazine containing bioactive compounds 

Sitagliptin (Januvia®) is a competitive inhibitor of dipeptidyl peptidase 4 (DPP-4) and is 

used to treat type 2 diabetes. Inhibition of DPP-4 increases activity of glucagon-like peptide-1 

(GLP-1) and glucose-dependent insulinotropic polypeptide (GIP) which are involved in 

stabilizing and maintaining the proper amount of insulin and glucagon.68 There are minimal side 

effects contributed with sitagliptin such as cardiovascular trouble69 and weight gain70 that can be 

seen in other similar drugs. Sitagliptin contains a trifluoromethyl containing triazole-fused 

piperazine along with a trifluorinated aryl ring. 

Vestipitant is a neurokinin-1(NK-1) receptor antagonist which binds substance P with 

potential for the treatment of insomnia and tinnitus. Substance P is a neurotransmitter and a 

neuromodulator. The effectiveness of vestipitant has been demonstrated on primary insomnia 

which improved sleep continuity by reducing wake after sleep onset (WASO), increasing total 

sleep time (TST) and increasing rapid eye movement (REM) sleep.71 These type of receptors are 

also located in the inner ear giving confidence for its potential treatment of tinnitus.72 There are 

three fluorinated positions including two trifluoromethyl groups and one monofluoro atom. 

Unlike other piperazine rings, one nitrogen atom does not have a substitutient. 
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1.6.2 Synthetic applications focused on fluorinated piperazines 

As previously stated, multiple groups have incorporated fluorine atoms yet the focus was 

not precisely on this modification. Bode adapted the SnAP protocol to an azido SnAP protocol to 

facilitated condensation between regular SnAP reagent and acyclic ketones (Figure 1-21).45 

Intermediate ketimines are formed by Staudinger and aza-Wittig reactions. Unfortunately, the 

three examples resulted in low yields (43% highest).  Likewise, Figure 1-21 also demonstrates 

Sánchez-Roselló reported fluorination of piperazines through the Ruppert-Prakash reagent 

trifluoromethyltrimethylsilane (TMSCF3).
73 Nucleophilic addition of the Ruppert−Prakash 

reagent has been a popular method in organic synthesis to add a trifluoromethyl group. Ellman’s 

N-(tert-butanesulfinyl)imine (60) was the key intermediate for addition of the trifluoromethyl 

group. The resulting diastereoselective –CF3 bearing piperazines are unique and unexplored, 

unfortunately the described synthesis is step-costly. The main issue being that the synthesis of 

the enantioselective diamine is step-uneconomical. 
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Figure 1-21 Preparation of fluorine containing piperazines 

 



25 

 

1.7 Statement of Purpose: The specific aims of this thesis are as follows: 

• Develop a modular and stereoselective protocol for the construction and post-

diversification of vicinally functionalized and fluorinated piperazines. 

• Investigate the scope and mechanism of intramolecular hydroalkylation of novel 

piperazinonates. 
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CHAPTER 2: MODULAR ACCESS TO VICINALLY FUNCTIONALIZED AND 

FLUORINATED PIPERAZINE DERIVATIVES USING A READILY AFFORDABLE 

CYCLIC ANHYDRIDE 

2.1 Introduction 

The prevalence of the piperazine ring in natural products and FDA-approved 

pharmaceuticals has granted it the status of a privileged scaffold. This title is aggrandized by the 

variety of biological activities it exhibits, including antidepressant, antipsychotics, antibacterial, 

and antiretroviral properties (Figure 2-1). 

 

Figure 2-1 Examples of bioactive (keto)piperazines 

The addition of a fluorine atom on organic compounds has become a common tactic to 

alter physicochemical properties and potentially enhance bioavailability.66,67,74 Specifically, 

fluorine atoms substitute hydrogen atoms in multiple ways including single hydrogen, methyl 

group and displacement of multiple hydrogens around a phenyl ring. This is explained by the 

relative small size of a fluorine atom (1.47 Å) and its high electronegativity.74 Therefore, 

merging these two components can be beneficial to the synthetic and medical communities.  
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As previously stated, methods for carbo-functionalization on piperazines are relatively 

scarce. Nevertheless, their prevalence in natural products and FDA-approved pharmaceuticals 

continues to attract the attention of many organic chemists. Some notable strategies include 

Bode’s SnAP44,45 and SLAP46 methodology, Agarwaal’s [4 + 2] cycloaddition using 

phenylvinylsulfonium salts47,48,75, transition-metal catalysis49,50,58, enolate functionalization as 

employed by Stoltz64,65, etc. Although successful, the necessity of costly catalysts, potential 

health hazards, step-uneconomical, limited modularity and lack of post diversification 

opportunities has maintained an interest for improved synthetic pathways to the piperazine 

scaffold. 

The Castagnoli-Cushman reaction (CCR) has been identified as a viable way to construct 

vicinally functionalized azaheterocycles in a modular and step-economical fashion. Advantages 

of the CCR is the use of feedstock chemicals such as aldehydes, amines and anhydrides, the 

highly diastereoselective and modular nature, which bodes well for structure-activity relationship 

(SAR) studies. Initial studies on the CCR were done through reactive cyclic anhydrides such as 

homophthalic anhydride76 (Figure 2-2A) and succinic anhydride.77 The scope of the CCR 

anhydride has also recently been expanded to functionalized sulfone- and cyano-substituted 

pyrrolidines78,79, piperidines80, morpholines and thiomorpholines81 and benzannulated 

azepanes.82 

Our group has contributed to the success of the CCR by reacting commercially available 

cyclic anhydrides such as glutaric anhydride and digylcolic anhydride with 1,3-azadienes to 

generate highly functionalized allylic piperidines83 and morpholines,84 respectively. The method 

included subjecting the lactamoyl ester precursor to a Vilsmeier-Haack reaction to append two 

functional handles; a chloride and a formyl group. The chloride handle was subsequently 
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employed as a functional handle for cross-coupling to arrive at 2,3,5,6 dihydropiperidines via 

transition-metal catalyzed cross-couplings.83 This highly modular approach allowed for efficient 

alkynylations, alkenylations and arylations of tetrahydropyridines. Additionally, we have also 

been able to access functionalized bicyclic morpholines.84 This was achieved by subjecting the 

lactamoyl esters to a Grignard addition to form a tertiary alcohol. The resulting lactam-bearing 

alkenol was engaged in a copper-catalyzed intramolecular dehydrogenative alkoxylation. 

In recent years, Krasavin and co-workers have revealed that tosyl-substituted N-

heterocyclic anhydrides such as 4 (prepared in at least three steps from commercially available 

diacids) participate in the CCR with aryl aldimines of type 5, leading to adducts such as 6 

(Figure 2-2B).81 Gleaning from these prior reports, and in the wake of our recent success with 

CCR methodology,85,86 we sought to evaluate the performance of novel and easy-to-prepare N-

heterocyclic anhydride 7 in annulation protocols featuring several reactive partners, including 

lactim ethers, imidoyl chlorides, aryl aldimines such as 5, and 1,3-azadienes of type 9 (Figure. 2-

2C/D). We reasoned that successful implementation of the planned strategy would likely expand 

the chemical space for the discovery of new fluorinated piperazine pharmacophores. Detailed 

efforts toward the implementation of our plans are herein disclosed. 
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2.2 Results and Discussion  

 

Figure 2-2. Previous studies on the CCR and our proposed plan for accessing fluorinated and 

vicinally functionalized (bicyclic) ketopiperazines 

 

We initiated studies on the construction and post-diversification of vicinally 

functionalized fluorinated ketopiperazines using commercially available lactim ether 2a as the 

model annulation partner for 7 (prepared in one step from commercially available iminodiacetic 

acid, see Scheme 2-1). Encouragingly, when an equimolar mixture of 2a and 7, in benzene, was 
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heated to 90 oC, a clean chemoselective annulation reaction occurred and CCR product 8a was 

obtained in 49% yield along with unreacted starting materials (Table 2-1, entry 1). Reaction 

optimization was carried out and it was established that toluene out-performs other reaction 

media (e.g., benzene, xylenes, chlorobenzene, 2-MeTHF, DMF and 1,4-dioxane). Much like 

homophthalic anhydride 1, the strong electron-withdrawing prowess of the trifluoroacetyl group 

presumably enhances the α-CH acidity of 7 and renders it a competent substrate for the 

annulation. Of note, [6,6]-bicycles of type 8a constitute the core of several pharmaceuticals, 

including the most recent antiretroviral approved for the treatment of HIV-1 infection (i.e., 

dolutegravir, see Figure 2-1). 

Table 1 Optimization of the annulation of lactim ether 2a with anhydride 7

 

As further illustrated in Scheme 2-1, 7 reacts satisfactorily with homologous lactim ether 

2b to furnish [7,6]-bicycle 8b. The ability to retain the methoxy group is noteworthy given that 

cyclic N,O-aminals of type 8a/b are suitable synthons for further diversification whereby the 

methoxy group serves as a functional handle.87–90  
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Scheme 2-1. Synthesis and annulation of anhydride 7 with lactim ethers 

 

Scheme 2-2. Annulation of 7 with imidoyl chlorides 

Imidoyl chlorides such as 2c/d react competently with 7 (Scheme 2-2). However, in this 

scenario, a cascade process ensues whereby decarboxylation and elimination are accompanied by 

concomitant chlorination of the inherently nucleophilic C3 position of the bicyclic enaminone 

(see 8c/d). The mechanistic nuances of this cascade process are still being fleshed out.  

Recognizing the merits of the Castagnoli-Cushman reaction77 (e.g., the use of feedstock 

chemicals such as amines, aldehydes and cyclic anhydrides to readily access nonplanar sp3-

enriched core structures bearing vicinal stereocenters), the performance of fluorinated anhydride 

7 in annulation protocols featuring aryl aldimines was evaluated. In the event, we found that 7 

undergoes a stereoselective and efficient cycloaddition with aryl aldimines of type 5 followed by 

methyl esterification to furnish vicinally functionalized ketopiperazines such as 10 (Scheme 2-

3). In all cases, the trans adducts were obtained as the predominant diastereomer (as judged by 
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coupling constant analyses). The relative configuration is also consistent with Krasavin’s 

complementary findings on N-tosyl anhydride 4.81 Imines harboring N-benzyl- or N-alkyl 

substituents outperform their N-aryl counterparts (see 10b vs 10c). The reaction tolerates mainly 

electron-rich aryl aldimines, including ones bearing benzyloxy (see 10j/m) and allyloxy groups 

(see 10k). As exemplified through the synthesis of thiophene-bearing 2-oxopiperazine 10p, 

heteroaryl aldimines react satisfactorily with 7. The successful annulation of 7 with 5 is 

noteworthy given that the N-Boc congener is an incompetent reactive partner.81 

 

Scheme 2-3. Annulation of 7 with diversely N-substituted aryl aldimines 
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Following successful construction of a small library of vicinally functionalized 

fluorinated benzylic 2-oxopiperazines, we next sought to prepare their allylic congeners. The 

installation of an alkenyl motif on the skeleton of a piperazinic acid could pave the way for 

harnessing reactivity modes such as halolactonization,91 dehydrogenative alkoxylation,84 and 

dehydrative coupling.86 Towards this end, the amenability of 1,3-azadienes of type 9 to a CCR 

with 7 was explored. We were cognizant of the notoriously promiscuous reactivity of 9 with 

cyclic anhydrides bearing relatively acidic α-CH protons. For example, homophthalic anhydride 

reacts with 9 to afford a plethora of products, including Tamura-like, Castagnoli-like, and 

Perkin-type products.92 Meanwhile, 9 reacts efficiently with glutaric anhydride and diglycolic 

anhydride to furnish exclusively the CCR products.85 In the event, 7 reacted chemoselectively 

with several differentially substituted 1,3-azadienes to afford the vicinally functionalized allylic 

ketopiperazines depicted in Scheme 2-4. Strikingly, unlike 7, tosyl-bearing anhydride 4 reacts 

non chemoselectively with 9 and furnishes a complex mixture. This result further highlights that 

minor structural modifications of the anhydride component can lead to profound changes in 

chemoselectivity when 1,3-azadienes are employed. 
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Scheme 2-4. Annulation of 1,3-azadienes with N-trifluoroacetyl anhydride 7 

A potentially beneficial aspect of this methodology is the scalable nature of the reactions 

given that products such as 8a, 8d, 10m, 11a, and 11c have been prepared in gram scale, without 

any compromise in efficiency. This has set the stage for post-diversification studies. For 

example, fully substituted dihydro-1,4-diazines are affordable when piperazinonates such as 11c 

are subjected to a lactam-selective Vilsmeier-Haack reaction (Scheme 2-5, see 12). This 

outcome illustrates an example of scaffold hopping through the construction of a diazinic 

topology from a piperazine, which is resident in various alkaloids that exhibit a wide array of 

biological activities, including antitumor and antiparkinsonian properties (e.g., saframycin).93 

One of the inherent limitations of CCR methodology is the futility of imines derived from 

enolizable aldehydes such as hydrocinnamaldehyde given that their enamine tautomers readily 

undergo acylation reactions with the anhydride component.81 Using the current approach, this 
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limitation can be side-stepped through catalytic hydrogenation of the alkenyl motif resident in 

allylic lactamoyl ester 11a (see 13). Sodium borohydride-assisted chemoselective reduction of 

the ester group present in 10m and concomitant removal of the trifluoroacetyl group affords β-

aminoalcohol 14 in good yield. We have found that removal of the trifluoroacetyl group under 

very mild conditions is achievable when a mixture of 10b in dichloromethane is stirred at room 

temperature in the presence of pyrrolidine (see 15). 

 

Scheme 2-5. Elaboration of functionalized fluorinated ketopiperazines 
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2.3 Conclusion: In summary, a small library of vicinally functionalized fluorinated bicyclic, 

benzylic, and allylic ketopiperazines has been constructed by engaging a readily affordable 

cyclic N-trifluoroacetylated anhydride in annulative protocols with lactim ethers, imidoyl 

chlorides, aryl aldimines, and 1,3-azadienes. The direct employment of cheap commodity 

chemicals such as amines, aldehydes and N-heterocyclic anhydrides in this multicomponent, 

chemoselective, and diastereoselective annulation protocol bodes well for future applications in 

medicinal chemistry. Post-diversification of the cycloadducts to piperazinyl methanols as well as 

highly functionalized dihydro-1,4-diazines has been accomplished. Leishmanicidal evaluation of 

these functionalized ketopiperazines is underway and the results will be disclosed in due course. 

2.4 Methods: General Procedure 

All experiments involving air and moisture sensitive reagents were carried out under an 

inert atmosphere of nitrogen and using freshly distilled solvents. Column chromatography was 

performed on silica gel (230-400 mesh). Thin-layer chromatography (TLC) was performed using 

Silicycle SiliaplateTM glass backed plates (250 µm thickness, 60 Å porosity, F-254 indicator) 

and visualized using UV (254 nm) or KMnO4 stain. Unless otherwise indicated, 1H, 13C, and 

DEPT-135 NMR, COSY 45, HMQC, and NOESY spectra were acquired using DMSO-d6, 

CD3OD or CDCl3 as solvent at room temperature. Chemical shifts are quoted in parts per million 

(ppm). HRMS-EI+ data were obtained using either electronspray ionization (ESI) or electron 

impact (EI) techniques.  

2.4.1 General Procedure A: Synthesis of Trifluoroacetyl cyclic anhydride 

To a stirring suspension of iminodiacetic acid (1 mmol) in dry ethyl acetate (15 mL) 

trifluoroacetic anhydride (TFAA) (3 equiv) was added. The reaction mixture was stirred for 3 
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days at room temperature. The mixture was washed with petroleum ether, then concentrated 

under reduced pressure to afford the trifluoroacetyl bearing cyclic anhydride. 

 2.4.2 General Procedure C/D: Synthesis of N-Benzyl cyclic anhydride 

A mixture of iminodiacetic acid (1 mmol) in acetyl chloride (3 mL) was heated at reflux 

for 48 h. The mixture was cooled to room temperature, concentrated under reduced pressure and 

washed twice with a 50:50 solution of petroleum ether and hexanes in the reaction vial.94  

2.4.3 General Procedure C: Reaction of imine component with anhydride  

A 5 mL screw-cap vial was flame-dried, evacuated and flushed with nitrogen. A solution 

of the 1,3-azadiene (1.0 mL, 0.10 M in freshly distilled toluene) was added to the vial at room 

temperature followed by anhydride 1d/e (1 equiv). The contents were placed in a pre-heated oil 

bath thermostatted 100 oC. After complete consumption of the 1,3-azadiene (as judged by TLC 

and NMR), the mixture/suspension was cooled to room temperature and washed several times 

with petroleum ether, then concentrated under reduced pressure to afford the crude cycloadducts. 

2.4.4 General Procedure D: Methyl esterification of cycloadducts 

To a stirring suspension of the acid (1 mmol), dissolved in DMF (5 mL), and K2CO3 (3 

equiv) methyl iodide (2 equiv) was added under nitrogen atmosphere. The reaction mixture was 

stirred for about 12 h (TLC monitoring). After complete conversion, it was diluted with water 

and extracted with EtOAc (2×20 mL). The combined organic extracts were washed with brine, 

dried over MgSO4 and concentrated in vacuo to give the desired ester, which was purified by 

flash chromatography on silica. 

2.4.5 Genreral Procedure E: Vilsmeier-Haack reaction 

To a cooled solution of DMF (6 mmol, 6 equiv) in CH2Cl2 (5 mL) at 0 oC, phosphorus 

oxychloride (3 mmol, 3 equiv) was added dropwise. The resulting pale yellow mixture was 



38 

 

refluxed for 1 hour. A solution of the lactamoyl ester (1 mmol, 1 equiv) in CH2Cl2 (5 mL) was 

added slowly. The mixture was then cooled to room temperature and stirred for the indicated 

time period (TLC and GC-MS monitoring was used to follow the extent of the reaction). Upon 

completion, the mixture was poured into a large flask containing crushed ice. After stirring at rt 

for 60 min, the layers were separated. The mixture was extracted with CH2Cl2 twice and washed 

with brine. The combined organic layers were dried over MgSO4 for 5 min. The mixture was 

filtered and concentrated under reduced pressure to give the desired product as an oil. 

 

  


