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Transition Metal-Free, Visible-Light Mediated Synthesis of 1,10-
Phenanthroline Derived Ligand Systems 

Alyn C. Edwards,a Andreas Geist,b Udo Müllich,b Clint A. Sharrad,c  Robin G. Pritchard,a Roger C. 
Whitehead,a and Laurence M. Harwood*d 

A broad range of 1,10-phenanthroline substrates was efficiently C-

H functionalised, providing rapid, gram-scale access to substituted 

heteroaromatic cores of broad utility. Furthermore, this C-H 

functionalisation pathway was extended to the synthesis of 

previously inaccessible, ultra-soluble, 2,9-bis-triazinyl-1,10-

phenanthroline (BTPhen) ligands for advanced nuclear fuel cycles. 

The heteroaromatic, 1,10-phenanthroline scaffold is a 

ubiquitous structural motif in chelating agents, herbicides, 

luminescent materials and supramolecular assemblies.1–9 The 

cis-locked nature of the 1,10-phenanthroline core provides 

several distinct chemical and structural advantages over the 

more common 2,2’-bis-pyridyl system, including enhanced 

metal-ion complexation kinetics10 and nucleic acid 

intercalation potential.11,12 The development of synthetic 

methods for the selective functionalisation of the tricyclic-

scaffold has the potential to augment and expand such 

applications. Since its development over 40 years ago,13,14 

Minisci-type α-C-H functionalisation has undergone a 

remarkable renaissance15–18 and now acts as a mainstay 

transformation in the development of new, medicinally active 

pharmacophores.19–22 In more recent years, visible-light 

photoredox catalysis has emerged as a powerful alternative to 

traditional Minisci-type C-H-functionalisations, allowing 

selective and highly efficient heteroarylation reactions to 

proceed at ambient temperatures. A vast array of non-

conventional, synthetic transformations has since been 

achieved using photocatalysis and a diverse number of α-

carbon-centered radical coupling partners including 

acids,14,19,23 amines,24,25 amides26–30 (Fig. 1), ethers31–33, 

sulfinamides34 and boronic acids35–37. 

 Despite their many advantages, a large number of 

photoredox-catalysis methodologies involve the use of rare, 

expensive and toxic transition-metal catalysts, making them 

unsuitable for industrial deployment.38–41 More recent 

research efforts have focused on the generation of the sulfate 

radical anion (SO4
●-) using visible-light and persulfate salts 

(S2O8
2-), providing scalable, metal-free, hydrogen-atom 

transfer (HAT) induced couplings.29,42
  

In spite of such advances, only a limited number of Minisci-

type, C-H-functionalisation methods have been applied to 

1,10-phenanthroline substrates.43 One of the most recently  

 

 

 
Fig. 1. Photoredox mediated C-H functionalisations. 
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reported Minisci-type protocols to include a phenanthroline 

derivative was reported by Molander et al., and employed 

Fukuzumi's organophotocatalyst and a range of 

alkyltrifluoroborates in the presence of stoichiometric 

K2S2O8.
42xWe recognised the potential for such a protocol and 

set out to broaden the range of heteroaromatic moieties 

amenable to visible-light promoted photo-functionalisation. 

Herein, we report the highly efficient functionalisation of 1,10-

phenanthroline substrates using a transient α-amido radical 

under mild, metal-free conditions (Fig. 1). Furthermore, we 

report the application of this protocol towards a significantly 

improved synthesis of bis-triazinyl-1,10-phenanthroline 

(BTPhen) ligands. 

We initially commenced our studies with more traditional 

Minisci couplings employing cyclic ethers and peroxides and 

were able to bis-α-alkylate 3,4,7,8-tetramethyl-1,10-

phenanthroline with 1,3,5-trioxane in 49 % yield.44 Although 

these methodologies provided the desired target molecules, 

their inefficiencies were soon realised. The chemical lability of 

1,3,5-trioxane presented a number of challenges including 

polymerisation and premature hydrolysis; whilst the need to 

heat stoichiometric quantities of peroxide to high 

temperatures proved undesirable. In light of these findings, 

alternative functionalisation protocols were explored. In 

particular, we found the use of persulfate salt based initiators 

to be highly attractive due to their low-cost and variable 

modes of initiation. We were particularly interested in the 

installation of nitrile moieties, a common precursor to many 

heterocyclic cores45–47 and a prevalent motif throughout the 

pharmaceutical industry.48,49 Thus, we deduced that amide 

coupling partners would provide the most efficient access to 

nitrile bearing frameworks.  

The first selective carbomoylation of heteroaromatic bases 

was reported in 1970 by Minisci and employed metallic salts 

and peroxides.26 Since then, new and improved methodologies 

have been reported including a visible-light mediated 

methodology, employing a benzaldehyde photosensitiser, 

which was found to promote the decomposition of persulfate 

and thus the generation of the nucleophilic radical species.29 

We applied a modified procedure to our model 4,7-bis-chloro 

substrate (1a) and the desired bis-amido heteroarene (2a) was 

obtained in 82 % yield following irradiation of (NH4)2S2O8, 

benzaldehyde and formamide with a 23 W compact 

fluorescent lamp (CFL). Furthermore, analytically pure 2a was 

isolated following a simple filtration and trituration with water 

and diethyl ether. This protocol was then applied to a diverse 

range of substrates, which were commercially available or 

accessible via simple one-step modifications (Table 1). Firstly, a 

number of versatile halogenated materials including the 

unsymmetrical 7-chloro (1b) and symmetrical 4,7-bromo (1c) 

substrates were studied, providing yields of 88 % and 78 %, 

respectively. In an attempt to isolate 2,9-bis-amido-1,10-

phenanthroline selectively, our procedure was applied to the 

parent 1,10-phenanthroline core. Even after the addition of 2 

equivalents of H2SO4, none of the desired 2,9-amido product 

was obtained. We then set out to achieve the first reported 

tetra-formamidation. Gratifyingly, the desired tetra-amido 

product (2d) was obtained in 68 % yield. To examine the 

effects of 3,8-functionalisation on this transformation, both 

the 4,7-bis-methyl (2e, 75 %) and 3,4,7,8-tetra-methyl (2f, 62 

%) systems were compared. This 13 % variance in yield may be 

a result of both increased steric congestion and electron 

density in the latter. Following this, the substrate series was 

expanded to incorporate aromatic functionalised systems. The 

isomeric, aromatic bearing substrates 1g and 1h were 

successfully α/γ-C-H-functionalised in 75 % and 84 % yields, 

respectively. The increased yield of 2h versus 2g may be 

attributed to the increased solubility and thus homogeneity of 

the reaction mixture. Novel bis-(4’-t-Bu-phenyl) 1i was 

synthesised in 84 % yield from commercially available 1a, via 

Suzuki-Miyaura cross-coupling. Subsequent formamidation 

provided the desired target 2i in 65 %. The 4,7-bis-methoxy 

substrate (1j) was also successfully α-C-H functionalised albeit 

in a modest 53 % yield. Notably, no competing abstraction of 

the additional α-oxy C-H moieties was observed. 
 

Table 1: Additional 1,10-phenanthroline substrates employed in the photoredox-

mediated α/γ-C-H functionalisations. Reagents and conditions: phenanthroline (1 

equiv.), (NH4)2S2O8 (6 equiv.), benzaldehyde (2.0 equiv.), EtOAc: formamide (1:1), 

30 °C. [a] Reagents scaled to account for additional C-H sites. [b] Spiked with 

additional benzaldehyde. [c] H2SO4 (2 eqvs.) added to promote selective α-

functionalisation. 
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Finally, to explore the substrate tolerance of this methodology 

further, the pyrrolidine functionalised substrate 1k was 

synthesised from 1a. In this instance, the presence of multiple, 

α-C-H moieties gave rise to a variety of additional, unwanted 

side-reactions and none of the desired 2k was recovered. 

Analysis of the resulting experimental yields reiterates the 

enhanced susceptibility of electron deficient ring systems 

towards nucleophillic radical addition. The 4,7 and 7-chloro 

substrates provided the most efficient conversion whilst the 

4,7-methoxy bearing system provided the lowest yield of 

product. This procedure was found to be amenable to scale-up 

and targets 2e, 2f, 2g and 2i were readily prepared in multi-

gram quantities. The efficient γ-functionalisation exemplified 

by substrates 2b, 2d and 2h provides a facile route to the 

immobilisation of 1,10-phenanthroline cores onto a variety of 

membranes, 2D materials and solid-supports.   

The potential for this visible-light promoted 

functionalisation to provide access to previously inaccessible, 

CyMe4-BTPhen analogues was then examined (Scheme 1). 

Synthetic precursors 2e and 2i were dehydrated using in-situ 

generated Vilsmeier-Haack reagent to provide bis-nitriles (3a 

and 3b) in 63 % and 85 % yields, respectively. Further reaction 

of substrates 3a and 3b with N2H4.H2O at ambient 

temperature, yielded bis-aminohydrazides 4a (72 %) and 4b 

(95 %). Final coupling with diketone 5a furnished the desired 

CyMe4-BTPhen analogues 6a and 6b in overall yields of 30 % 

and 36 %, respectively.  

 

 

 

 

 

 

 
 

Scheme 1. Synthetic route to CyMe4-BTPhen derivatives. Reagents and 

conditions: (a)(i) (COCl)2, DMF, 0 °C, 5 h; (ii) pyridine, 25 °C, 1 h, 77 %; (b)(i) 

(COCl)2, DMF, 0 °C, 6 h; (ii) pyridine, 25 °C, 1 h, 85 %; (c)(i) N2H4.H2O, EtOH, 25 °C, 

72 h, 72 %; d(i) N2H4.H2O, EtOH, 25 °C, 72 h, 95 %; (e)(i) 3e (2.2 eqvs), EtOH, 78 °C, 

3 h,  71 %; (f)(i) 3e (2.2 eqvs), EtOH, 78 °C, 3 h,  68 %. X-ray crystallographic 

structures of ligands (6a) and (6b) are shown. Thermal ellipsoids are shown at 50 

% probability. Additional solvent molecules are omitted for clarity. 

This new, scalable, visible-light promoted protocol provides 

significantly enhanced overall yields of CyMe4-BTPhen derived 

compounds compared to previously reported syntheses, 

including the SeO2 mediated route we previously 

reported.10,50–52 Moreover, this protocol permits access to 

alkyl-substituted systems without any undesired allylic 

oxidations. 

The 1:1 complex of ligand 6a with Eu(NO3)3 was prepared 

and characterised by single-crystal X-ray diffraction (ESI). The 

resulting charge neutral, 10-coordinate [Eu(6a)(NO3)3] complex 

is shown in Fig. S1. Comparison of this complex with that of 

the free ligand (Scheme 1) highlights the change in molecular 

conformation when binding to a metallic centre. 

The ability of the bis-triazinyl-1,10-phenanthroline 

(BTPhen) ligands 6a and 6b to achieve actinide(III) / 

lanthanide(III) partitioning was then assessed using 241Am(III) 

and 152Eu(III) spiked extraction experiments. This separation is 

a key step in future, nuclear fuel cycles, as it allows for the 

recycling and reuse of the long-lived minor actinide (Am) in 

Generation IV reactors, reducing the radioactive burden on 

geological disposal facilities (GDF).10,53 As can be seen from Fig. 

2 both ligands 6a and 6b gave rise to process-applicable 

distribution ratios (DAm ≥ 50, DEu ≤ 5) at only 2mmol/L [ligand]. 

This resulted in excellent actinide selectivity, with separation 

factors (SFAm(III)/Eu(III)) ranging between 100 and 225. 

Furthermore, these ligands exhibited exceptional solubility in 

1-octanol (>24 mmol/L), providing a significant step forward 

from CyMe4-BTPhen10 and the analogous bi-pyridyl, CyMe4-

BTBP54 families, allowing highly concentrated actinide waste 

streams to be efficiently treated. The observed extraction 

behaviour of ligands 6a and 6b is in accord with our previously 

published hypothesis on the behaviour of BTPhen systems.52 

 

Fig. 2. Extraction of 241Am(III) and 152Eu(III), by 6a and 6b (2 mmol/L) in 1-octanol 

as a function of HNO3 concentration. Shaken at 2500 min-1 for 120 hours at 20 °C 

± 1°C. DM(III) = [M(III)Org]/[M(III)Aq].SFAm(III)/Eu(III) = separation factor = DAm(III)/DEu(III). 
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In summary, we have expanded the range of 

heteroaromatic substrates amenable to visible-light promoted 

α/γ-C-H functionalisation to include the use of 1,10-

phenanthroline systems. We have demonstrated the efficacy 

of this methodology on a broad range of synthetically 

divergent substrates and have implemented the first reported 

tri- and tetra-carbamoylations, providing access to complex 

molecular frameworks. Further application of this protocol has 

provided a streamlined, scalable approach to the synthesis of 

BTPhen ligands that exhibit promising extraction properties 

and, importantly, enhanced solubility. We anticipate that this 

methodology will find broad application in the synthesis of 

phenanthroline derived chelators, solid supports, 

semiconductors and supramolecular assemblies.    

We thank the EPSRC for funding a Nuclear Fission 

Research, Science and Technology DTC (Nuclear FiRST) 

studentship EP/G037140/1 (A.C.E). 
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