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ABSTRACT:  Polyamines, such as putrescine and spermidine, are pivotal in various biological processes across living organisms. Despite their 
significance, structurally modified polyamines offer a less-explored avenue for discovering bioactive compounds. The limitation is attributed to 
the synthetic difficulty of accessing functionalized polyamines. In this study, we accomplished photoredox-catalyzed functionalization of poly-
amines to diversify their structure. The rapid functionalization allows attaching fluorophores to the target polyamine, facilitating the develop-
ment of molecular probes for advancing chemical biology studies.  

Polyamines, such as putrescine, spermidine, or cyclen (Figure 
1a), are alkylamines having two or more sp3-nitrogen moieties in 
their structures. Polyamines are ubiquitously found in almost all liv-
ing organism such as eukaryotic and prokaryotic cells and are pro-
duced during metabolism.1 They play crucial roles in various biolog-
ical processes such as cell growth, stabilization of chromatin struc-
ture, and differentiation, particularly in mammalian cells. Recent ad-
vancements in polyamine-related research in metabolism and mo-
lecular functions have garnered attention from a medicinal perspec-
tive for developing novel anticancer therapies.2  

Polyamines are not exclusive to mammalian; they are also pre-
sent in plant cells, contributing to plant growth and development, 
and stress tolerance.3 However, the mechanisms by which polyam-
ines regulate plants remain incompletely elucidated, and the func-
tions of structurally modified polyamines have yet to be thoroughly 
investigated. To explore novel polyamines as potential bioactive 
molecules, there is a need for a streamlined synthesis to access func-
tionalized polyamines. From a synthetic perspective, strategies for 
accessing functionalized polyamines have received limited attention. 
Polyamine derivatives have predominantly been synthesized using 
reliable but classical methods, such as the reduction of peptides or 
substitution reactions.4,5 For instance, the preparation of benzyl-sub-
stituted polyamines requires 6 steps from the starting nitro-phenyl-
alanine (Figure 1b).5 Synthesizing substituted polyamine derivatives 
often involves altering starting materials, necessitating additional 
multi-step syntheses. Consequently, the preparation of polyamine 

derivatives requires laborious synthetic efforts. In our group, we are 
exploring molecules that influence plants to impact agrochemical 
development.6 Our focus lies in multi-aminated molecules, such as 
SIM3* or m-bisBITC act as efficient stomatal opening inhibitors and 
stomidazolone as a novel stomatal reducer (Figure 1c). In our quest 
to discover new bioactive molecules for plants, we are intrigued by 
the potential of polyamines as a less-explored platform.  

To achieve the direct functionalization of polyamines, our atten-
tion has turned to the photoredox-catalyzed a-functionalization of 
alkylamine molecules.7,8,9 Recent developments in photoredox-cata-
lyzed oxidation of amine moieties allow the formation of α-ami-
nomethyl radical, enabling various transformations. In 2012, Miyake 
and Nishibayashi reported a pioneering example on photoredox-cat-
alyzed generation of α-aminoalkyl radicals and their addition to elec-
tron-deficient alkenes.9a Independently, the groups of Reiser9b, 
Yoon9c, and Rueping9d reported related transformation for a-func-
tionalization of alkylamines. In 2018, Nicewicz utilized highly reac-
tive acridinium-based photocatalysts to transform carbamate-pro-
tected amines.9e It should be highlighted that Nicewicz reported C–
H alkylation of piperazines, 6-membered dinitrogenated heterocy-
cles, in 2020.10 In this work, we conducted a study on the photocata-
lytic transformation of polyamines to investigate its applicability for 
the preparation of functionalized polyamines (Figure 1d). As the re-
dox potential of an amine moiety can be tuned with substituents, se-
lective functionalization can be achieved with a suitable 
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photocatalyst. The plausible reaction mechanism is depicted in Fig-
ure 1e, where PC+ is excited by blue light irradiation to give PC*+, 
which reacts with polyamine to yield amminium radical cation A. 
The resulting radical converts to a-amino radical B through spin-
center shift. Radical B reacts with olefin to form C, which then re-
duced with PC• to provide the product. 

 

 
 
Figure 1. Backgrounds of this research and this work.  
 
Herein we report the photoredox-catalyzed direct functionaliza-

tion of polyamines. Our investigation began with the reaction of 
Boc-protected 1,4,7-triazonane 1a (Figure 2a; Boc = tert-butoxycar-
bonyl). The reaction of 1,4,7-triazonane 1a with olefin 2a in the 
presence of photoredox-catalyst PC1 (E*red = 2.08 V) in 

dichloromethane under 456 nm LED light irradiation for 3a af-
forded the corresponding product 3a in 61% isolated yield (HPLC 
yield 75%). The addition of PC1 or blue light irradiation was crucial 
for the reaction, as no product was obtained in their absence. Cata-
lyst efficiency was compared in Figure 2b (with 2.0 equiv. of polyam-
ine). The use of acridinium catalysts PC2 (E*red = 1.88 V) or PC3 
(E*red = 2.17 V) resulted in similar yields (PC1: 63% vs PC2: 61% 
and PC3: 63%). Other catalysts such as PC4–7 (E*red = 0.77–1.62 
V) were far less effective where almost no products were obtained. 

With the optimized reaction in hand, we investigated the scope 
of olefin and polyamines. A variety of a,b-unsaturated ketones were 
applicable to the reaction (Figure 2c). The reaction of methyl vinyl 
ketone afforded 3b in 58% yield. Aryl vinyl ketones reacted with tri-
azonane to give the products 3c–3f regardless of the electronic effect 
on the aryl substituents. Other heteroaryl vinyl ketone, such as 
thienyl vinyl ketone gave 3g in 33% yield. We then explored the 
scope of polyamines (Figure 2d). Pivaloyl- or benzoyloxycarbonyl-
protected 1,4,7-triazonane reacted nicely to give 4a and 4b in 63% 
and 48% yields, respectively. The pivaloyl-protecting group exhib-
ited higher stability compared to the Boc group, enabling further 
transformation under the acidic conditions. Benzoyloxycarbonyl 
deprotection with hydrogen and Pd/C proved orthogonal to the 
acidic deprotection of the Boc-group. The reaction proceeded 
smoothly regardless of its ring size; Boc-protected 12-membered 
tetraazacycle was efficiently converted to 4c in 83% yield. A much 
larger 18-membered azacrown ether converted to 4d in 30% yield, 
with the reaction selectively occurring adjacent to the nitrogen atom. 
As functionalized azacrown ethers have been widely employed as 
functional materials,11 this transformation can be useful for the syn-
theses of novel azacrown ether-based materials. Unfortunately, tri-
tosylated 1,4,7-triazonane failed to react. After the reaction, tosyl-
ated alkene was observed by LRMS where tosyl radical was gener-
ated through detosylation of the starting material.12 

We then investigated polyamines having different protecting 
groups (Figure 3). As the detosylation was observed with PC1, we 
changed the photoredox catalyst to selectively oxidize the most oxi-
dizable aryl-substituted nitrogen, offering site-selective functionali-
zation of polyamines with better yields. After the screening, the em-
ployment of PC5, which can oxidize arylamine moiety but not tosyl-
amide or Boc-amide moieties, allowed selective functionalization. 
Treatment of 1f with methyl vinyl ketone in the presence of PC5 as 
a catalyst and CsOAc as a base in dichloromethane for 3 h under 456 
nm blue light irradiation selectively proceeded adjacent to the phe-
nylamine moiety, affording 5a in 54% yield. Other triamines 1g or 
1h reacted to furnish the corresponding product 5b or 5c in 42% or 
46% yields, respectively. Cyclic polyamines smoothly converted to 
5d and 5e in moderate yields. The resulting 5d could be alkylated 
under the same conditions to give 5f in 55% yield. The structure of 
5f was unambiguously confirmed by X-ray crystallographic analysis. 
When an excess amount of olefin was employed, dialkylation took 
place to provide 5g in 22% yield.  
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Figure 2. Optimized conditions for photoredox-catalyzed alkyl-

ation of polyamines. Reaction conditions: 1 (3.0 equiv.), 2 (0.10 
mmol), CH2Cl2 (1.0 mL) was used as the solvent. aHPLC yields are 
shown in parentheses. Reaction conditions: 1a (2.0 equiv.), CH2Cl2 
(0.50 mL) was used as the solvent. 

 

 
 

Figure 3. Selective alkylation. aReaction conditions: 1 (3.0 equiv.), 
methyl vinyl ketone (0.10 mmol), PC5 (5.0 mol%), CsOAc (2.0 
equiv.), CH2Cl2 (1.0 mL). bReaction conditions: (1.0 mmol scale) 
Phenyl vinyl ketone (1.0 mmol) was used as the olefin.  cReaction 
conditions: 1 (0.10 mmol), phenyl vinyl ketone (4.0 equiv.), PC5 
(5.0 mol%), CsOAc (3.0 equiv.), CH2Cl2 (1.0 mL) for 6 h.  

Not only alkylation but also arylation and acylation can be con-
ducted (Figure 4a). In the presence of dicyanobenzene, arylation ef-
ficiently proceeded to give 6a in 79% yield.13 Similarly, 6b was ob-
tained in 60% yield.14 Leveraging the rapid direct functionalization 
of polyamine, we achieved the streamlined synthesis of fluorophore-
conjugated polyamines. The reaction of 1a with alkyne-substituted 
a,b-unsaturated ketones gave 3h in 34% yield, with the alkyne moi-
ety remaining intact. Product 3h was then reacted with azidated 
fluorophore to give the corresponding products 7a and 7b in 88% 
and 67% yields, respectively. Given the potential bioactivity of poly-
amines, this methodology can be applied for further chemical biol-
ogy investigation, such as bioimaging or target identification.15 

In summary, we have developed a photoredox-catalyzed func-
tionalization of polyamines, enabling the one-step synthesis of poly-
amine derivatives. This study demonstrates that by adjusting the re-
dox potentials of photoredox catalysts, multiple nitrogen sites in pol-
yamines can be selectively functionalized. In addition to alkylation, 
arylation and acylation are also viable, enabling the synthesis of a di-
verse range of functionalized polyamines. The application of this 
method allows for the rapid synthesis of polyamines with attached 
fluorophores, suggesting promising prospects for future biological 
applications. 
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Figure 4. Application of polyamine functionalization. (a) aryla-

tion and acylation of polyamines. aReaction conditions: 1j (3.0 
equiv.), 1,4-dicyanobenzene (0.10 mmol), Ir(ppy)3 (1.0 mol%), 
NaOAc (2.0 equiv.), DMF (0.40 mL) for 12 h. bReaction condi-
tions: 1j (1.5 equiv.), propionic anhydride (0.10 mmol), 
Ir(ppy)2(dtbbpy)PF6 (1.0 mol%), NiCl2·glyme (5.0 mol%), 4,4’-di-
tert-butyl-2,2’-dipyridyl (7.5 mol%), sodium propionate (1.5 
equiv.), DMF (2.5 mL) for 16 h. (b) Rapid synthesis of fluorophore-
conferring polyamines through a larger scale alkylation. cReaction 
conditions: 1a (3.0 equiv.), 2b (1.0 mmol), PC1 (5.0 mol%), 
CH2Cl2 (1.0 mL) was used as the solvent for 3 h. dReaction condi-
tions: 1a (0.10 mmol), 5-azidofluorescein (1.1 equiv.), L-ascorbic 
acid (3.0 equiv.), CuSO4 (2.0 equiv.), DMSO (3.5 mL) was used as 
the solvent at 60 ˚C for 24 h. eReaction conditions: 1a (0.10 mmol), 
1-azidopyrene (1.2 equiv.), CuI (50 mol%), THF/H2O =2:1 (3.0 
mL) was used as the solvent at 50 ˚C for 24 h.  
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