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Abstract: Piperazine ranks as the third most common nitrogen heterocycle in drug discovery, and 7 

is the key component of several blockbuster drugs such as Imatinib (also marketed as Gleevec) or 8 

Sildenafil, sold as Viagra. Despite its wide use in medicinal chemistry, the structural diversity of pi- 9 

perazines is limited, with about 80% of piperazine-containing drugs containing substituents only at 10 

the nitrogen positions. Recently major advances have been made in the C–H functionalization of the 11 

carbon atoms of the piperazine ring. Herein, we present an overview of the recent synthetic methods 12 

to afford functionalized piperazines with a focus on C–H functionalization.  13 
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 16 

1. Introduction 17 

Beyond doubt, nitrogen heterocycles constitute the most important structural motifs 18 

in medicinal chemistry and pharmaceuticals, making up for more than 75% of FDA ap- 19 

proved drugs [1]. Among nitrogen heterocycles, piperazine ranks as the third most com- 20 

mon nitrogen heterocycle in drug discovery, which is prevalent in diverse pharmacolog- 21 

ical agents with anxiolytic, antiviral, cardioprotective, anticancer and antidepressant 22 

properties, and the key component of several blockbuster drugs such as Imatinib (also 23 

marketed as Gleevec) or Sildenafil, sold as Viagra (Figure 1) [1,2]. Structurally, piperazine is 24 

characterized by the 1,4-relationship of the two nitrogen atoms that comprise the six- 25 

membered ring. These two heteroatoms improve the pharmacological and pharmacoki- 26 

netic profiles of drug candidates containing piperazines since the nitrogen atom sites 27 

serve as hydrogen bond donor/acceptor, thus tuning the interactions with receptors as 28 

well as increasing water solubility and bioavailability [3,4]. It is worthwhile to point out 29 

that the presence of the additional nitrogen permits for adjusting a 3D geometry at the 30 

distal position of the six-membered ring, which is not easily available with morpholines 31 

or piperidines as the closest six-membered ring heterocyclic analogues of piperazines. In 32 

this context, the effect of the piperazine ring on bioactive compounds and drugs under 33 

the pharmacophore approach should also be mentioned. As such, it comes as no surprise 34 

that piperazine has been positioned as the privileged structure in drug design of a pleth- 35 

ora of biologically active compounds [3]. 36 

Principally, piperazine derivatives are known for their broad therapeutic spectrum, 37 

including antidepressant, anthelmintic, anticonvulsant, antihypertensive, antibacterial, 38 

antifungal, antipsychotic, anti-inflammatory, antimalarial, anticancer or for the treatment 39 

of HIV [1-5]. In these cases, the biological properties of piperazines are ascribed to the 40 

presence of the additional nitrogen atom at the 4-position. However, only approximately 41 

20% of piperazines currently utilized in medicinal chemistry research feature additional 42 

substituents on the carbon atoms of the piperazine ring [1,2,5]. Indeed, compared to the 43 

well-established substitution patterns at the N1-nitrogen, the lack of structural diversity 44 
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at the carbon atoms hinders applications in medicinal chemistry and demonstrates the 45 

clear need for the development of new, efficient and selective methods to access carbon 46 

functionalization of the piperazine ring [6–8]. 47 

While traditional approaches used to introduce diverse substituents at the carbon 48 

atoms of piperazines are generally lengthy and limited by the availability of starting ma- 49 

terials [4–6], recently major advances have been made in C–H functionalization of the car- 50 

bon atoms of the piperazine ring. These approaches provide new attractive avenues for 51 

the synthesis of defined substitution patterns of piperazines and expand the growing port- 52 

folio of piperazine toolbox for broad applications in medicinal chemistry research. It is 53 

worthwhile to point out that the methods applied for the C–H functionalization of other 54 

heterocycles such as pyrrolidines or piperidines typically cannot be used for functionali- 55 

zation of piperazines due to the existence of the second nitrogen atom in piperazines, 56 

which results in the side reactions or inhibits the reactivity of the catalytic system [5]. In 57 

this review, we present an overview of the recent synthetic methods to afford carbon func- 58 

tionalized piperazines with a focus on C–H functionalization. We hope that the review 59 

will encourage future research on selective C–H functionalization of piperazine ring by a 60 

range of interested chemists. 61 

   62 

  63 

Figure 1. Blockbuster drugs that incorporate the piperazine ring. 64 

2. Discussion  65 

2.1. Photoredox C–H Arylation and C–H Vinylation 66 

Over the past few years, the interest in visible-light photoredox catalysis has risen 67 

dramatically as a mild and green alternative to classical methods [9–11]. The most com- 68 

mon catalysts include transition metal complexes of iridium and ruthenium, and organic 69 

dyes. The fundamental principle relies on the conversion of visible light energy into chem- 70 

ical energy generating highly reactive intermediates in a controlled fashion, which can be 71 

exploited for C–H functionalization of heterocycles [9–11].  72 

In 2011, MacMillan and co-workers reported one of the earliest examples of photore- 73 

dox catalysis for the synthesis of C–H functionalized piperazines (Scheme 1A) [12]. The 74 

photoredox-catalyzed C–H arylation of piperazines with 1,4-dicyanobenzene was discov- 75 

ered using high throughput technology, in which a pool of substrates was exposed to a 76 

series of photoredox catalysts. During optimization, commercially available Ir(ppy)3 gave 77 

the best results and found to be a suitable photocatalyst. Mechanistic studies showed that 78 
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this process proceeds via single-electron transfer. The authors proposed a mechanism in- 79 

volving the following steps (Scheme 1B): (1) upon excitation from the light source 80 

IrIII(ppy)3 becomes a powerful reductant; (2) in the presence of 1,4-dicyanobenzene, 81 

IrIII(ppy)3 donates an electron forming the arene radical anion; (3) the resultant IrIV(ppy)3, 82 

a strong oxidant, undergoes a single electron transfer with piperazine generating an 83 

amino radical cation of the N-Ph (vs. N-Boc) nitrogen and regenerating IrIII(ppy)3; (4) the 84 

piperazine C–H bond adjacent to the nitrogen atom undergoes deprotonation upon treat- 85 

ment with NaOAc to afford α-amino radical; (5) a coupling between the arene radical an- 86 

ion and the α-amino radical generates the -functionalized piperazine ring; (6) rearoma- 87 

tization occurs by elimination of the cyano group. This synthetic method provides a pow- 88 

erful entry to directly couple N-Boc piperazines with 1,4-dicyanobenzes to produce the 89 

corresponding -aryl-substituted piperazines. 90 

 91 

 92 

Scheme 1. Photoredox C–H Arylation of Piperazines. 93 

To expand the utility of this methodology, MacMillan and co-workers set to explore 94 

the application of this protocol to the direct C–H vinylation of piperazines (Scheme 2A) 95 

[13]. Vinyl sulfones were identified as the alkene coupling partners of choice for this reac- 96 

tion due to their electron deficient properties that facilitate the radical addition and pro- 97 

mote β-elimination. Although the proposed vinylation reaction proved to work under the 98 

previously developed conditions, efficiency of this protocol was further improved by 99 

changing the catalyst system to IrIII[dF(CF3)ppy]2(dtbbpy)PF6/CsOAc/DCE to provide the 100 

product with high E-selectivity. Using the identified reaction conditions (E)-(2- 101 

(phenylsulfonyl)vinyl)benzene was combined with the N1-Ph/N2-Boc piperazine to af- 102 

ford the corresponding product with an E:Z ratio of 94:6. Mechanistically, the authors 103 

proposed that C–H vinylation proceeded through a similar radical coupling pathway as 104 

C–H arylation (Scheme 2B). 105 
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 106 

Scheme 2. Photoredox C–H Vinylation of Piperazines. 107 

Based on their earlier work, MacMillan and co-workers reported the successful α-C– 108 

H heteroarylation of piperazines via a homolytic substitution pathway (Scheme 3A) [14]. 109 

In the previous protocols, functionalization was achieved using electron deficient benzo- 110 

nitriles or vinyl sulfones as coupling partners. Mechanistically, this first reaction pro- 111 

ceeded via a single electron transfer and radical-radical coupling, which generated an an- 112 

ion driving the reaction to completion. However, such transformation could be achieved 113 

by an alternative mechanism that would obviate the radical anion pathway. During opti- 114 

mization of the -heteroarylation reaction, IrIII(ppy)2(dtbbpy)PF6 was found suitable as a 115 

photocatalyst to oxidize the piperazine N-Ph atom via a single electron transfer. Mecha- 116 

nistically, the resulting amine radical cation is then deprotonated at the α-position of the 117 

nitrogen atom to give -aminyl radical (Scheme 3B). The intermediate is then coupled to 118 

a heteroarene through homolytic aromatic substitution. This intermediate undergoes re- 119 

duction with IrII(ppy)2(dtbbpy)PF6 via single electron transfer and the loss of chloride to 120 

afford the C–H heteroarylated product (Scheme 3B). This new mechanism permitted to 121 

utilize a range of heteroarenes to achieve the direct -C–H heteroarylation of piperazines. 122 

  123 

 124 

Scheme 3. Photoredox C–H Heteroarylation of Piperazines. 125 

 126 
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2.2. SnAP Reagents 127 

In an alternative mechanistic approach to a formal C–H functionalization of pipera- 128 

zines during their de novo synthesis, Bode and co-workers developed SnAP (stannyl amine 129 

protocol) chemistry as a convergent method for the synthesis of piperazines from alde- 130 

hydes (Scheme 4A) [15-20]. This strategy relies on a facile radical generation from the stan- 131 

nane reagent to achieve the combined cyclization/C–C bond addition to imines [15,16]. 132 

The tin-substituted starting materials are readily synthesized from the corresponding di- 133 

amines and tributyl(iodomethyl)stannane [15,16]. Mechanistically, the reaction is initiated 134 

by a copper-mediated oxidation of the C–Sn bond to form a heteroatom-stabilized -ami- 135 

nyl radical, which then undergoes cyclization with the intermediate imine (Scheme 4B) 136 

[16-17]. This methodology delivers access to diverse piperazines with the functionaliza- 137 

tion at the carbon atom by a streamlined condensation of aldehydes and the SnAP reagent 138 

to generate the imines, which are cyclized with stochiometric amounts of copper at mild 139 

room temperature conditions. 140 

 141 

 142 

Scheme 4. Synthesis of C–H Functionalized Piperazines with SnAP Reagents. 143 

This SnAP chemistry developed by Bode and co-workers offers several major ad- 144 

vantages in terms of ease of execution, functional group tolerance, and mild reaction con- 145 

ditions; however, the stochiometric use of copper decreases the efficiency of the reaction 146 

and limits its potential large-scale applications on industrial level [15-17]. Thus, research 147 

led by Bode and co-workers identified the conditions at which the synthesis of piperazines 148 

proceeds under catalytic amounts of copper by changing the solvent from 4:1 149 

CH2Cl2/HFIP to 4:1 HFIP/CH3CN (Scheme 5) [18]. Importantly, this improved procedure 150 

permitted to expand the substrate scope in the synthesis of piperazines to engage previ- 151 

ously inaccessible heterocyclic aldehydes for the functionalization at the C2 position, thus 152 

leading to a facile synthesis of -heteroarylated piperazines. 153 

Another area of improvement in the SnAP method for the synthesis of piperazines 154 

was to address the use of potentially toxic tin reagents and the complex workups to 155 
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remove copper salts. To circumvent these problems, Bode’s group introduced silicon 156 

amine protocol (SLAP) under photocatalytic conditions (Scheme 6) [19]. In this method, 157 

silicon was selected as a surrogate for tin in a radical-based process. Upon subjecting to 158 

the previous reaction conditions, SLAP reagents showed no cyclization; however, further 159 

studies revealed that IrIII(ppy)2(dtbbpy)PF6 as a promoter under blue light irradiation re- 160 

sulted in efficient cyclization to piperazine products. It is noteworthy from a practical 161 

point of view that copper was effectively replaced by a photoredox catalyst. Although full 162 

conversion was not observed when the N-Boc SLAP reagent was used, the corresponding 163 

N-Ph and N-Bn reagents afforded the piperazine products in high yields. This SLAP pro- 164 

tocol provides an attractive alternative to SnAP chemistry, showing high functional group 165 

tolerance, practical reaction conditions and the absence of tin and copper by-products.  166 

 167 

 168 

Scheme 5. Catalytic Synthesis of C–H Functionalized Piperazines with SnAP Reagents. 169 

 170 

 171 

Scheme 6. Photoredox Synthesis of C–H Functionalized Piperazines with SLAP Reagents. 172 

While SnAP and SLAP chemistry have become widely available for the synthesis of 173 

piperazines, including commercial availability of the reagents [20,21], incompatibility 174 

with select substrate combinations and toxicity of tin still limited applications of these 175 

methods. To address this problem, Bode and co-workers reported the use of photoredox 176 

catalysis under continuous flow conditions (Scheme 7) [22]. In contrast to the previously 177 

described SnAP methodology, this approach made use of a single photoredox catalyst 178 

replacing the combination of copper and amine ligands which resulted in a simplified 179 

reaction workup. Notably, unlike SLAP chemistry, which also uses a single catalyst, this 180 

flow method also allows access to synthetically easily modifiable N-Boc C-2 functional- 181 

ized piperazines. Perhaps most important is the operational mode of reaction under con- 182 

tinuous-flow conditions, which facilitates reaction scale-up and offers simplified opera- 183 

tional conditions. Thus, although tin reagents are still used, the continuous flow set-up 184 

makes this approach scalable and efficient, while safety concerns are at least minimized 185 

by limiting contact with the reagents.  186 

 187 
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 188 

Scheme 7. Photoredox Synthesis of C–H Functionalized Piperazines with SnAP Reagents 189 

in Flow. 190 

In line with the photoredox catalysis for the synthesis of C2-functionalized pipera- 191 

zines, Bigot and co-workers developed a photoredox CLAP protocol (CarboxyLic Amine 192 

Protocol) (Scheme 8) [23]. This method is based on a decarboxylative cyclization between 193 

a variety of aldehydes and amino-acid-derived diamine to access diverse C2-substituted 194 

piperazines. Parallel to Bode’s work, this new annulation process used an iridium-based 195 

photoredox catalyst to generate -aminyl radical that cyclizes with the intermediate 196 

imine. Interestingly, organic photocatalyst, carbazolyl dicyanobenzene (4CzIPN), also 197 

showed high efficiency. In this case, although batch conditions were not directly transpos- 198 

able to flow conditions due to the presence of a precipitate, replacement of KOH with a 199 

soluble base, DBU, allowed for this synthesis to be conducted in flow. In contrast to pre- 200 

vious reactions, this method offers a green approach for the synthesis of piperazines by 201 

the use of a purely organic photoredox catalyst to promote the radical generation [10, 24- 202 

28]. Successful transition of this method from batch to continuous flow conditions offers 203 

another advantage over other methods. Moreover, substrates derived from toxic reagents 204 

such as tin are avoided by using amino-acid-derived radical precursors through decar- 205 

boxylation, thus further improving the sustainability of the reaction. 206 

 207 

 208 

Scheme 8. Photoredox Synthesis of C–H Functionalized Piperazines with CLAP Reagents. 209 

 210 

2.3. Organic Photoredox C–H Alkylation 211 

Photoredox catalysis introduces sustainable and greener methods for chemical syn- 212 

thesis; however, due to the potential toxicity and cost associated with transition-metal- 213 
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catalysts, recent research has been directed towards the use and development of organic 214 

photocatalysts [10, 24-28]. Organic photocalysts offer significantly more sustainability as 215 

they can be synthesized from renewable organic materials. 216 

In this context, work by Nicewicz and co-workers has been focused on establishing 217 

alternative organic photocatalysts with comparable performance to that of transition- 218 

metal photoredox catalysts [29]. Recently, they reported substituted acridinium salts as 219 

organic photocatalysts for the C–H alkylation of carbamate protected piperazines (Scheme 220 

9) [30]. This reaction proceeds via coupling of α-carbamyl radicals with ,-unsaturated 221 

carbonyl compounds and is compatible with N,N-bis-Boc-piperazine, which allows to 222 

chemoselectively produce a single -C–H alkylation product in good yield.  223 

 224 

 225 

Scheme 9. Organic Photoredox C–H Alkylation of Piperazines. 226 

Inspired by this finding, Nicewicz and co-workers further developed a mild and site- 227 

selective approach to C–H functionalization of piperazines from its unsubstituted precur- 228 

sors and Michael acceptors using acridinium photocatalysts (Scheme 10A) [31]. This 229 

method relies on the electronic differentiation between the two nitrogen atoms of the pi- 230 

perazine core (Scheme 10B). For each of the nitrogen atoms, DFT natural population anal- 231 

ysis was performed to determine the relative electron density and predict the ease of for- 232 

mation of the corresponding radical cation. This model successfully predicted the major 233 

product, wherein the nitrogen atom that showed the most significant change in electron 234 

density between the neutral and radical cation intermediate underwent the alpha-alkyla- 235 

tion process. This sustainable and cost-efficient method offers synthetic opportunity for 236 

late-stage modifications of the piperazine core using Michael acceptors as alkylating rea- 237 

gents.  238 

 239 
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 240 

Scheme 10. N1 or N2-Guided Organic Photoredox C–H Alkylation of Piperazines. 241 

 242 

2.4. Direct C–H Lithiation 243 

Another successful approach to C–H functionalization of piperazines involves direct 244 

C–H lithiation of N-Boc-protected piperazines [32]. O’Brien and co-workers reported the 245 

synthesis of enantiopure piperazines by asymmetric lithiation-substitution of α- 246 

methylbenzyl piperazines (Scheme 11) [33]. This method utilizes s-BuLi/(–)-sparteine or 247 

(+)-sparteine surrogate to produce an -methylbenzyl functionalized N-Boc piperazines 248 

via asymmetric lithiation. The enantioselectivity was governed by the distal substituent 249 

and the electrophile. The method provides access to -functionalized piperazines with 250 

typically good levels of diastereocontrol. The utility of the method was highlighted in the 251 

asymmetric synthesis of Indinavir intermediate.  252 

 253 

Scheme 11. Direct Diastereoselective -C–H Lithiation of N-Boc Piperazines. 254 

Subsequently, O’Brien and co-workers reported a unified general procedure for the 255 

C–H functionalization of N-Boc-protected piperazines via direct lithiation/addition [34]. 256 

In situ IR monitoring revealed that diamine-free lithiation of N-Boc-N-benzyl is feasible, 257 

allowing trapping with a range of alkyl and acyl electrophiles (not shown). Furthermore, 258 

O’Brien and coworkers reported a protocol for the direct lithiation of N-Boc piperazines 259 

at temperatures higher than -78 °C (Scheme 12) [35]. Thus, asymmetric lithiation was suc- 260 

cessfully carried out at -50 °C for 3 min, affording the -acyl substituted product in high 261 

enantioselectivity. This method could potentially address some of the limitations of spe- 262 

cial reaction set-up required for direct lithiation methodologies of piperazine ring that 263 

need low cryogenic temperatures at -78°C.  264 

 265 
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 266 

Scheme 12. Direct -C–H Lithiation of N-Boc Piperazines at Higher Temperatures. 267 

3. Conclusions 268 

As the recent studies indicate, there is a pressing need for further structural explora- 269 

tion of carbon functionalized piperazines. As presented in this review, recent develop- 270 

ments have a significant potential to address the issue of the lack of practical and direct 271 

methodologies to perform direct C–H functionalizations of the piperazine core. In partic- 272 

ular, photocatalytic strategies have allowed the rational and strategic design of powerful 273 

synthetic methods including direct arylation, vinylation, heteroarylation, alkylation, 274 

SLAP, SnAP, and CLAP protocols. Recent developments in industry, such as the intro- 275 

duction of microreactors that allow automation of photoredox reactions, along with the 276 

synthetic potential offered by photochemical strategies are especially promising. Moreo- 277 

ver, based on the sustainability concept of photoredox catalysis, organic photocatalysts 278 

have been developed offering greener and more cost-efficient synthetic alternatives. An- 279 

other alternative involves direct -lithiation of N-Boc piperazines, a reaction that is par- 280 

ticularly suitable for introducing C2-acyl substitution of piperazines. More generally, the 281 

recent C–H functionalization methods of the piperazine ring should be compared and 282 

contrasted with pioneering examples of CH-piperazine functionalization, including Rh, 283 

Ta and Cu catalysis [36–38]. The reader is further encouraged to consult additional re- 284 

views on the topic of the synthesis and application of piperazines [39–41]. 285 

While significant progress has been achieved, several challenges remain to be ad- 286 

dressed. Photoredox reactions suffer from long reaction times which thwarts their scala- 287 

bility due to the need for a well-lit surface-to-volume ratio. Flow reactors provide prom- 288 

ising solutions for such problem; however, the reactions are often not readily transferable 289 

from batch to flow processes. Furthermore, the extensive use of metals presents another 290 

limitation in the future progress of photoredox catalysis. Organic dyes are one potential 291 

solution to this issue; nonetheless, the synthetic accessibility of diverse organic photocata- 292 

lysts prevents their more widespread use. Likewise, cryogenic temperatures are a limiting 293 

factor of direct lithiation methods; however, promising studies indicating the feasibility 294 

of lithiation at temperatures above -80 °C have already been reported. Nevertheless, re- 295 

cent advances in the direct C–H functionalization of piperazines provide great synthetic 296 

opportunities for the introduction of the much-needed structural variety at the carbon 297 

atoms of the piperazine core. 298 
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