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Blue Emissive Cobalt(III) Complexes and Their Use in the 
Photocatalytic Trifluoromethylation of Polycyclic Aromatic 
Hydrocarbons 
 Amlan K. Pal,a,b Chenfei Li,b Garry S. Hanan*,a and Eli Zysman-Colman*,b 

 

Abstract: The first examples of room temperature (r.t.) luminescent 
Co(III) complexes (1 and 2) are presented that exhibit intense ligand-
to-metal and ligand-to-ligand charge transfer absorption in the low 
energy UV region (labs ~ 360-400 nm) and low-negative quasi-
reversible reduction events (E1/2

(red) = -0.58 V and -0.39 V vs. SCE for 
1 and 2, respectively). The blue emission of 1 and 2 at r.t. is due to 
the large bite angles and strong s-donation of the ligands, the 
combined effect of which helps to separate the emissive 3LMCT 
(triplet ligand-to-metal charge transfer) and the non-emissive 3MC 
(triplet metal-centered) states. 1 and 2 were found to be powerful 
photo-oxidants (ECo(III)*/Co(II) = 2.26 V and 2.75 V vs. SCE of 1 and 2, 
respectively) and were used as inexpensive photoredox catalysts for 
the regioselective mono(trifluoromethylation) of polycyclic aromatic 
hydrocarbons (PAHs) in good yields (~ 40-58%). 

The last decade has seen a renaissance in photochemistry as a 
tool to promote a wide range of organic transformations under 
mild conditions. Key to the popularity is the use of visible light with 
d6 metal complexes, typically those based on Ru(II) and Ir(III), that 
act as photosensitizers/photoredox catalysts to initiate radical 
cascade reactions mediated by photo-induced electron transfer 
processes.1 The excited state of these complexes is typically 
mixed charge-transfer (3CT) in nature with associated emission 
lifetimes on the sub-microsecond to microsecond regime. The 
toxicity, scarcity and associated elevated cost of these complexes 
has stimulated the search for replacement photocatalysts based 
on earth-abundant elements.2 While there is a plethora of 
examples of photoactive 2nd and 3rd row transition metal 
complexes, there is a considerable dearth of photoactive 1st row 
complexes due to presence of low-lying metal-centered (3MC) 
states that deactivate the CT excited state.3 Many strategies have 
been used to improve the photophysical properties of these 
complexes with the most popular focusing on the manipulation of 
the energies of non-emissive 3MC states relative to emissive 
triplet metal-to-ligand charge transfer (3MLCT) states.4 Some 
fruitful approaches to destabilize the energy of the 3MC states 

consist of (a) introduction of strong donor ligands and (b) the use 
of tridentate ligands that form 6-membered chelate rings to reduce 
the steric strain and achieve a more octahedral geometry 
compared to those bearing five-membered chelate rings. 
Following these approaches, Ru(II),5,6 Cr(III)7 and Fe(III, low 
spin)8 complexes with strongly s-donating tridentate ligands have 
been shown to have dramatically longer emission lifetimes. 
Another popular strategy to induce emission in 1st row transition 
metals is to use d10 metal-ions to avoid non-emissive d-d 
transition, e.g., Cu(I)9 Ni(0),10 and Zn(II)11; however, their MLCT 
excited states often undergo strong geometrical distortion12 and 
non-radiative relaxation to the ground state can be rapid. Recently, 
Wenger and Gray et al observed 3MLCT emission of earth 
abundant low-valent Cr(0),13  Mo(0)14 and W(0)15 complexes with 
arylisocyanide ligands.16 Some of these complexes have been 
explored as photoredox catalysts in Diels-Alder reactions,7 
alkylations and oxidative cyclisations,17 trifluoromethylation of 
alkenes,9 and polymerization.2 Much less explored as a strategy 
is the harnessing of LMCT states using electron-poor metals with 
electron-rich ligands.18 Recently a Zr(IV) photocatalyst17a was 
reported for dehalogenation, reduction of olefins and reductive 
coupling. While this report is important, the value of the excited 
state oxidation potential is very small owing to the low energy of 
the excited state and thus its reduction power is weak.  
 

Herein, we report the first examples of photoactive Co(III) 
complexes that were found to be deep blue luminescent at r.t. The 
two novel homoleptic Co(III) complexes, 1 and 2 incorporate six-
membered chelate ligands L1 (dgpy) and L2 (dgpz), respectively, 
that contain the strongly σ-donating hpp moiety (hpp = 
1,3,4,6,7,8-hexahydropyrimido[1,2-a]pyrimidine) (Scheme 1).19 1 
and 2 were found to be amongst the strongest photo-oxidants to 
date and this rare property was exploited in photoredox catalysis 
for regioselective mono(trifluoromethylation) of conjugated 
arenes as a proof of principle. The photocatalytic mechanism was 
found to proceed via a reductive quenching pathway that is 
distinct from the other earth-abundant photocatalysts reported to 
date.2 
 

Ligands L1 and L2 were synthesized following literature 
procedures.19b-d The reactions of L1 and L2 with 
[Co(OH2)6][(BF4)2]  in 2.2:1 stoichiometry provided 1, 
[Co(L1)2][(BF4)3] and 2, [Co(L2)2][(BF4)3] in good yields (Scheme 
1). Due to the strong electron donating nature of L1 and L2, 1 and 
2 were isolated directly as oxidized Co(III) salts. To compare the 
redox and photophysical properties of 1 and 2, a model complex, 
[Co(Ph-tpy)2][(PF6)3], 3 (Ph-tpy  =  4′-phenyl-2,2′:6′,2′′-terpyridine) 
was also synthesized (Scheme S1, ESI). 
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Scheme 1. Syntheses of 1 and 2, with their ORTEP views (CCDC no. 1011784, 
1011785). H atoms, anions, solvent molecules for 1 and 2 and a disordered part 
of the hpp moiety of 2 are omitted for clarity. Only one molecule in the 
asymmetric unit of 1 is shown. Ellipsoids correspond to 20% and 50% probability 
levels for 1 and 2, respectively. 

The low-spin nature of the Co(III) in 1 and 2 was confirmed 
by the diamagnetic nature of their 1H NMR spectra (Figures S1-
S4 in ESI). The appearance of multiple peaks over 0-4 ppm region 
in 1H NMR spectra of 1 and 2 suggests that upon coordination the 
exchange between the equatorial and the axial protons in the 
saturated backbone of L1 is slow compared to the NMR time 
scale.19 

 
The electrochemical behavior of 1, 2 and 3 have been 

examined by cyclic voltammetry (Figure S10-12 in ESI) and 
differential pulse voltammetry. The first oxidation and first 
reduction processes are monoelectronic. 1 and 2 show 
irreversible ligand-based oxidations at 1.75 and 1.98 V vs. SCE, 
respectively, assigned by DFT calculations (Figure 1 and Tables 
S3-S5 in ESI). The cathodic shift of Eox of 1 vs. 2 is a function of 
the increased electron richness of L1 compared to L2.  

 

Figure 1. Calculated Kohn-Sham energy level diagram and electron density 
distribution images of the HOMO, LUMO of [1]3+, [2]3+ and [3]3+ using DFT 
calculations. 

The higher energy calculated for the HOMO of 1 (EHOMO = -6.49 
eV) compared to that of 2 (EHOMO = -6.75 eV) corroborates this 
trend. 1 and 2 exhibit quasi-reversible reduction waves at -0.58 V 
and -0.39 V, respectively. Based on the DFT calculations, the first 
reduction wave in 1 (ELUMO = -2.51 eV) is assigned to the 
Co(III)/Co(II) redox couple while for 2 (ELUMO = -2.73 eV) it is 
assigned to the reduction of the admixture of the pyrazine moiety 
and Co(III). The electron-poor nature of the pyrazine stabilizes the 
ligand-based reduction compared to the metal-based reduction in 
1. 
 

The UV-vis absorption spectra of 1, 2 and 3 in MeCN 
solutions display ligand-centered (LC) π®π* transitions around 
220-330 nm (Figures S13-15 and Tables S6-S8 in ESI). Ligands 
L1 and L2 show lowest energy absorption bands at 311 and 340 
nm, respectively.19b,d The low energy bands of 1, 2 and 3 are 
assigned as a mixture of charge transfer transitions (see ESI for 
full assignments). The predicted oscillator strength values 
associated with the lowest energy singlet ligand-to-metal charge 
transfer (1LMCT) absorption transitions of 1 and 2 were found to 
be 0.0001 and 0.014, respectively (Tables S7 and S8, ESI). 

 
1 and 2 show unprecedented emission for Co(III) complexes 

at r.t. in degassed MeCN with emission maxima at  

Figure 2. Photoluminescence spectra of 1 and 2 in dry,degassed MeCN (lexc = 
360 nm) at r.t. Inset shows the excited state decay profiles of 1 and 2 (lexc = 378 
nm) in dry, degassed MeCN at r.t. 
 
440 and 412 nm, respectively (Figure 2 and Table S11 in ESI). 
Relevant photophysical data in MeCN, in butyronitrile matrix at 77 
K and for 10 wt% polymethylmethacrylate film are provided in 
Tables S11 and S12 (ESI). Ligands L1 and L2 were reported to 
be UV-emissive at 360 and 382 nm, respectively, in deareated 
MeCN.19b,d While 1 displays monoexponential emission decay in 
MeCN with a lifetime (tPL) of 5.07 ns at r.t., the emission decay of 
2 is biexponential with tPL of 3.21 (39%) and 8.69 (61%) ns 
(Figure 2). The photoluminescence quantum yields (FPL) were 
found to be 0.70% and 0.40% for 1 and 2, respectively in 
degassed MeCN at r.t. while in aerated MeCN the FPL values of 
1 and 2 are reduced to 0.40% and 0.12%, respectively. The 
similar FPL values of 1 and 2 are in line with the similar kr and knr 
values calculated for 1 and 2 (Table S11, ESI). The spin density 
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distributions of 1 and 2 are located mostly on the Co(III) ion, with 
some contribution from the central heterocycle of the hpp ligands 
(Figure S17, ESI). Based on the O2-sensitive nature of the 
emission, its origin in 1 is attributed to a triplet 3LMCT state. The 
bi-exponential decay profile in 2 suggests that the emission of 2 
arises from a different excited state than that of 1. In comparison 
to an isoelectronic FeII-NHC (NHC = N-heterocyclic carbene) 
complex (ET1 ~ 1240 nm, tPL = 528 ps) the tPL values of 1 and 2 
(Table S12, ESI)  are found to be ~ 950 times higher, presumably 
in part due to the very low energy of the triplet state in the iron 
complex.20 By contrast, 3 exhibits no emission. Thus, the 
combination of 6-membered chelates and electron-rich ligands is 
key to turn on the emission in Co(III) complexes by separating the 
3LMCT and/or 3LC states from the non-radiative 3MC state. 
 

1 and 2 exhibit blue-shifted emission at 437 nm and 395 nm, 
respectively, in butyronitrile matrices at 77 K compared to those 
in MeCN solutions at r.t, substantiating the CT nature of the 
emission at rt. (Table S11, ESI). The emission maxima of the 10 
wt% doped films in PMMA of 1 and 2 are 410 nm and 398 nm, 
respectively, with average tPL values of ~ 5 ns (Table S12, ESI). 
Similar to the trends observed in MeCN, the thin film FPL under 
degassed condition for 2 at 0.8% is similar to that found for 1 at 
1.1%. (Table S12, ESI). The emission maxima and tPLvalues of 1 
and 2 in doped films at 77 K were found to be similar to those at 
r.t. (Table S12, ESI). The excited state oxidation and reduction 
potentials, EOx* and ERed*, respectively, were calculated as EOx* = 
-1.26 V and -1.15 V and ERed* = 2.26 and 2.75 V vs. SCE, for 1 
and 2, respectively (Table S13, ESI).21 1 and 2 possess 
significantly higher ERed* values compared to those of benchmark 
photocatalysts such as [Ru(bpy)3]2+ (ERed* = 0.77 V),2 
[Ir(dF(CF3)ppy)2(dtbubpy)]+ (where dF(CF3)ppy = 2-(2,4-
difluorophenyl)-5-(trifluoromethyl)pyridinato-C2,N′), (ERed* = 0.89 
V),22 [Cr(Ph2phen)3]3+ (where Ph2phen = 4,7-diphenyl-1,10-
phenanthroline) (ERed* = 1.40 V)2, triphenylpyrylium (ERed* = 2.30 
V)23 and mesityl diaminoacridinium (ERed* = 1.25 V)24 thus making 
1 and 2 amongst the strongest photo-oxidants identified to date 
(Table S13, ESI).  

 
Considering the favorable excited state redox properties, we  

were interested in the unexplored field of photochemical 
regioselective mono(trifluoromethylation) of PAHs as a first proof 
of concept. In the context of organic transformations, 
trifluoromethylation of alkenes and arenes is particularly topical 
for its wide use of trifluromethylated compounds in medicinal,25 
agro-industrial26 and material chemistry27 (Figure 4). The 
pioneering work of trifluoromethylation of PAHs is based on the 
reaction of these arenes with trifluoroiodomethane (CF3I) under 
harsh reaction conditions (T = 360 oC, flame sealed ampoule) to 
afford multiple regioisomers and poor chemoselectivity as a result 
of poly(trifluoromethylation) (Figure 4).28 Recently, Harris et al 
reported photoinduced radical C-H (hetero)aryl 
mono(trifluoromethylation) of substituted-
benzene/furan/thiophene as an application in small molecule 
transformation.29 To the best of our knowledge, photocatalytic 
mono(trifluoromethylation) on PAHs has not yet been reported 
due to the lack of a suitable photocatalyst. 
 

Figure 4. Prior art of trifluoromethylation,28 importance of trifluoromethylated-
PAHs and significance of this work. 

The experimental conditions of our trifluoromethylation 
reaction are mentioned in Figure 4 (see also Figure S18 in ESI). 
TfCl was used for trifluomethylation instead of CF3I to avoid any 
competitive aryl iodination because of CF3-I homolysis.30 Under 
these conditions pyrene, perylene, 9,10-DPA and coronene were 
each active to chemoselective trifluoromethylation (Figure 4, see 
Figures S19-S21 for NMRs in ESI). Arenes such as benzene, 
naphthalene and phenanthrene were unreactive, suggesting that 
the substrate also acts as a photosensitizer. The presence of 1 or 
2, the requirement for light irradiation and the choice of base as 
K2HPO4 were all necessary for reaction progression. The use of 
K2CO3 as the base or its removal resulted undesired products as 
monitored by the comparison of the NMR spectra of the crude 
reaction mixtures (Figure S22, ESI). Replacement of 1 or 2 with 
a commonly used Ir(III) photocatalyst [Ir(dF(CF3)ppy)2(bpy)][PF6] 
(ERed* = 1.32 V)31 resulted in significantly poorer chemoselectivity, 
giving rise to multiple trifluoromethylated regioisomeric products, 
regardless the arene substrates used, all of which were found to 
be practically inseparable (Figure S23, ESI).  

 
A plausible reaction mechanism, using pyrene as the 

substrate and 1 as the photoredox catalyst, is depicted in Figure 
5. Notably, the PAHs are themselves photoactive and can 
participate as photosensitizers.32,33 At first, excitation of pyrene 
occurs to its triplet state (1) by means of energy transfer from the 
excited state of 1.34 Oxidative quenching via single-electron 
transfer (SET) of TfCl to form TfCl.- followed by fragmentation 
results in the generation of .CF3, 3,30 with concomitant formation 
of the pyrenyl radical cation, 2.33 The formation of the stable 
radical .CF3, 3 is entropically driven by the release of SO2 and 
chloride.30 This SET process is supported by the more negative 
excited state oxidation potential, calculated for pyrene (EOx*T = -
1.26 V vs. SCE) compared to the reduction potential of the TfCl 
(EOx = -0.18 V vs. SCE)30 and Stern-Volmer quenching of the 
emission of pyrene as a function of gradual addition of TfCl (Table 
S14 and Figure S24 in ESI). The electron-deficient .CF3 radical is 
then well-suited to add to the most electron-rich position of pyrene 
in a regioselective fashion. The resultant CF3-pyrenyl radical, 4 
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then undergoes a second SET event with the excited 
photocatalyst, 5 (here denoted as *[ML2]3+, where M = Co and L 
= L1 or L2) to generate the reduced photocatalyst [ML2]2+, 6 and 
CF3-pyrenyl cation, 7. The formation of 6 is supported by in situ 
reaction monitoring by UV-vis spectroscopy with the evolution of 
the band at 291 nm, which is a signature of [ML2]2+, itself 
independently obtained via chemical reduction of [ML2]3+ in the 
presence of excess hydrazine monohydrate (Figures S25 and 
S26, ESI). The two photocatalytic cycles are closed via a third 
SET wherein 2 is reduced to pyrene and 6 is oxidized to [ML2]3+. 
Finally, facile deprotonation of 7 with K2HPO4  
as the base affords the desired CF3-pyrene. Reaction kinetics for 
mono(trifluoromethylation) of pyrene using complex 1 was found 
to be slower, but results in a cleaner conversion to the product 
when compared to the similar kinetics using 
[Ir(dF(CF3)ppy)2(bpy)][PF6] as the photoredox catalyst (Figures 
S27-28, ESI). The two-photon excitation mechanism is supported 
by a quadratic dependency of the product yield on irradiation 
density as assessed by quantitative 19F NMR spectroscopy 
(Figures S29 and S30, ESI). 
 

 
Figure 5. Proposed mechanism of trifluoromethylation of PAHs. Values in 
maroon report the ERed and EOx* of CF3SO2Cl and pyrene, respectively. 

 

In conclusion, the need for abundant, cheap, low toxicity and 
environmentally friendly photocatalysts make 1 and 2 attractive 
alternatives to the more commonly used photocatalysts based on 
Ru(II) and Ir(III). Notably, Co(III)-based photocatalysts can 
become viable only when very electron-rich 6-membered chelate 
ligands such as L1 and L2 are employed. 1 and 2 were found to 
be deep blue emissive. These are very rare examples of LMCT 
emissive complexes with high excited state energy. 1 and 2 were 
used as photoredox catalysts for the selective trifluoromethylation 
of four different p-conjugated arenes to afford 
mono(trifluoromethylated) arenes in good yield. These earth-
abundant Co(III) complexes represent some of the most powerful 
photo-oxidants reported to date. 
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